aim/v M/ QTiBKBx iBQM Q7 HBM2@bi i S2 K
JQiQ b

hBM:iBM:; .BM;

hQ +Bi2 i?Bb p2 " bBQM,

hBM;iBM; .BM;X aim/v M/ QTiBKBx iBQM Q7 HBM2@bi i S2°K M2Mi J
>2M B SQBM+ "0 @ L M+v R- kyRRX 1M;HBb?X LLh, kyRRL LRyyRk X

> G A/, iI2ZH@yRd9eR89
?2iiTbh,ff? HXmMBp@HQ  BM2X7 fizZH@yRd9el
am#KBii2/ QM kN J * kyR3

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X



AVERTISSEMENT

Ce document est le fruit d'un long travail approuvZ par le jury de
soutenance et mis ~ disposition de I'ensemble de Ila
communautZ universitaire Zlargie.

Il est soumis "~ la propriZtZ intellectuelle de l'auteur. Ceci
implique une obligation de citation et de rZfZrencement lors de
|Outilisation de ce document.

D'autre part, toute contrefason, plagiat, reproduction illicite
encourt une poursuite pZnale.

Contact : ddoc-theses-contact@univ-lorraine.fr

LIENS

Code de la PropriZtZ Intellectuelle. articles L 122. 4

Code de la PropriZtZ Intellectuelle. articles L 335.2- L 335.10
http://www.cfcopies.com/V2/leg/leg_droi.php
http://www.culture.gouv.fr/culture/infos-pratiques/droits/protection.htm




FACULTE DES SCIENCES ET TECHNOLOGIES

U.F.R. Sciences & Techniques Mathéatiques, Informatique, Automatique

Ecole Doctorale I.A.E.M Lorraine

Département de Formation Doctorale “Electronique et Electrotechnique”

THESE
présentée pour I'dbntion du titre de
Docteur de I'Université Henri Poincaré, Nancy |

en Geénie Electrique
par
Tingting DING

Master en Génie Electrique de Shandong University - Chine

Etude et optimisation de machines a aimants permanents a

démarrage direct sur le réseau

(Study and optimization of linestart Permanent Magnet Motors)

Soutenance publiguement le 8 avril 2011

Membres du jury :

Président : J.M. KAUFFMANN Professeur, Université de Franche-Comté, FC-Lab
Rapporteurs : A TOUNZI Professeur, Université de Lille 1, L2EP
A. DJERDIR MCF-HDR, UTBM, Belfort, SeT
Examinateurs : A. REZZOUG Professeur, UHP, Nancy |, GREEN
Dir. de Thése: F.M. SARGOS Professeur, INPL-Nancy, GREEN
Co-directeur : N. TAKORABET Professeur, INPL-Nancy, GREEN
Invités : F. MEIBODY-TABAR Professeur, INPL-Nancy, GREEN
X. H. WANG Professeur, Shandong University — China

Groupe de Recherche en Electrotémique et Electronique de Nancy
Faculté des Sciences & Technologies, BP 239
54506 Vandoeuvre-lés-Nancy Cedex






REMERCIEMENTS

Les travaux de recherche exposés dans ce mémoire ont été menés au sein du
Groupe de Recherche en Electrotechniqueet en Electronique de Nancy (GREEN).

J'adresse mes respectueux remerciement& Monsieur A. REZZOUG, Professeur a
I'Université Henry Poincaré de Nancy et ancien Directeur du GREEN qui a bien
voulu m’accepter dans son laboratoire pour I'élaboration de cette these et de m’avoir
fait 'honneur de faire partie de mon jury.

Je tiens a exprimer ma sincere gratitude a Monsieur F. M. SARGOS, Professeur
Emérite a 'INPL de Nancy, pour avoir été mon Directeur de thése. Ses connaissances
et son expérience ont été une source constante de savoir.

Je tiens de remercier de tout cceur Monsieur N. TAKORABET, Professeur a
'INPL, pour avoir encadré ma these. Son engagement scientifique et ses précieux
conseils m’ont aidé a me dépasser durant ces années.

Je suis particulierement sensible a I'honneur que m’ont fait Monsieur
J.M.KAUFFANN, Professeur Emérite a Univer sité de Franche-Canté, en acceptant
d’étre Président du jury ainsi que Messieurs A.TOUNZI, Professeur a I'Université de
Lille 1 et A.DJERDIR Maitre de Conférences a I'Université de technologie BELFORT-
MONTBELIARD, qui ont accepté d'étre rappo rteurs de ma these et pour leurs
précieuses remarques.

Mes remerciements s'adresse aussi aMonsieur X.H.WANG, Professeur a
I'Université de Shandong, pour I intérét qu’il porte & mon travail.

Je tiens de remercier Monsieur J.P CARON, les techniciens I. SCHWENKER et
F.TESSON du laboratoire GREEN pour leurs conseils et leur aide pendant les
manipulations.

J'ai sincerement apprécie durant ces années la bonne et chaleureuse ambiance
entretenue par les doctorants et les docteus du laboratoire GREEN que je remercie
vivement. Je tiens a saisir cette occasion pour remercier P.MAGNE, R.ANDREUX,
S.ZAIM, M.ZANDI, B.HUANG, A.PAYMAN, D.LEBLANC, N. LEBOEUF,
S.CHAITHONGSUK, R.GAVAGSAZ, O.BERRY, A.E.M.SHAHBAZI, N.VELLY.
B.VASEGHI M.PHATTANASAK, W, KAEWMANEE, A.B.AWAN, et tout le corps de
recherche du laboratoire du GREEN et leur souhaite du succés dans tout ce qu'ils
entreprendront.

Je voudrais remercier mes copines X.Y.HE et X.Q.MAO pour leur sympathie et
leurs conseils et leur aide.

Je souhaite aussi remercier toutes legpersonnes qui m’'ont encouragé durant ma
vie par leur savoir et leur gentillesse.

Je suis immensément reconnaissant a mes parents, mon oncle, ma tante qui m'a
soutenu tout au long de ma vie.






Contents

RESUME DETAILLE EN FRANCAIS 1
INTRODUCTION 13

I. WHY USE LINE START PM MOTORS IN_THE CONTEXT OF ENERGY SAVING? 19

[.1. INTRODUCTION 19
[.2. A SHORT HISTORY OF ELECTRICAL MACHINES AND THEIR PROGRESS 19
[.2.1. ROLE OFMATERIALS IN ELECTRIC MACHINES 21
[.2.2. THE SUPPLY BY INVERTERS 24
[.3. ENERGETIC EFFICIENCY OF ELECTRIC DRIVES 24
[.3.1. ENERGETIC STANDARDS FOR ELECTRIC MOTORS 24
[.3.2. SHARE OF ELECTRIC MOTORS IN ENERGY CONSUMPTION 26
[.4. CHOICE OF ELECTRICAL MACHINES IN INDUSTRIAL APPLICATIONS 27
[.4.1. INDUCTION MOTORS 27
[.4.2. SYNCHRONOUS MOTORS 28
[.4.3. LINE-STARTPM SYNCHRONOUS MOTORS 28
[.4.4. LINE-STARTPMSM FOR OIL PUMP APPLICATION 31
[.4.5. REQUIREMENTS OF THE Al PUMP APPLICATION 32
[.4.6. THE THREE ARCHITECTURES OF LINSSTART PM MOTOR 33
Il.  STUDY OF THE SYNCHRONOUS OPERATION 37
I1.1. INTRODUCTION 37
[1.2. MODELLING OF THE PERMANENT MAGNET MACHINE 37
[1.2.1. STATOR CONFIGURATIONS 37
[1.2.2. ROTOR CONFIGURATIONS 41
[1.3. NO-LOAD CHARACTERISTICS 42
[1.3.1. CALCULATION OF THE BACK-EMF 42
[1.3.2. SPECTRALANALYSIS OF BACK-EMF 50
[1.3.3. ELECTROMAGNETIC TORQUE 56
[1.4. COMPUTATION OF EXTERNAL PARAMETERS 66
I1.4.1. INTRODUCTION 66
[1.4.2. RESISTANCE 66
[1.4.3. SELF AND MUTUAL INDUCTANCES 67
[1.4.4. DIRECT AND QUADRATUREINDUCTANCES 70
[1.L5. COGGING TORQUE ANALYSIS 76
[1.5.1. INTRODUCTION 76
[1.5.2. PRINCIPLE OF COGGING TORQUE MODELLING 76
[1.5.3. PRINCIPLES OF COGGING TORQUE REDUCTION 81
[1.5.4. SURFACE-INSETPM MOTOR 82
[1.5.5. SOLID-ROTORIPM MOTOR 84
[1.5.6. U-SHAPEIPM MOTOR 85
[1.6. SYNTHESIS AND DISCUSSION 88
[1.7. CONCLUSION 88



lll.  STUDY OF ASYNCHRONOUS OPERATION 93
[11.1. INTRODUCTION 93
l1.2. LINE-START CAPABILITY 93
11.3. MODELLING OF LSPM MOTOR AT ASYNCHRO NOUS OPERATION 95
111.3.1. CIRCUIT MODEL 95
[11.3.2. COUPLEDFIELD-CIRCUIT MODEL 102
[11.4. TRANSIENT CHARACTERISTICS —STARTING CURRENT AND TORQUE 107
[11.4.1. SURFACEINSETPM MOTOR 108
[11.4.2. SOLID-ROTORIPM MOTOR 113
[11.4.3. U-SHAPEIPM MOTOR 115
[11.5. STEADY STATE PERFORMANCES : POWER FACTOR AND EFFICIENCY 117
[11.5.1. SURFACEINSETPM MOTOR 117
[11.5.2. SOLID-ROTORIPM MOTOR 118
[11.5.3. U-SHAPEIPM MOTOR 119
[11.5.4. CONCLUSION 120
[11.6. COMPUTATION OF THE THERMAL EFFECT DURING STARTING 121
[11.6.1. SURFACE-INSET PM MOTOR 122
[11.6.2. THE SOLID-ROTORIPM MOTOR 123
[11.6.3. U-SHAPEIPM MOTOR 124
[11.7. CONCLUSION 125
IV. EXPERIMENTAL VALIDATION 129
IV.1. [INTRODUCTION 129
IV.2. REQUIREMENTS OF THE EXPERIMENTAL STUDY 129
IV.2.1. STATOR GEOMETRY 129
IV.2.2. PRE-DESIGN OF THE ROTOR 130
IV.2.3. THEORETIC PREDICTION OF THE PROTOTYPE PERFORMANCES 133
IV.2.4. PROTOTYPE MANUFACTURING AND TEST BENCH 135
IV.3. EXPERIMENTAL RESULTS 136
IV.3.1. THE NO-LOAD TEST 136
IV.3.2. STARTING OPERATION TESTS 140
IV.3.3. STEADY STATE LOAD TESTS 141
IV.4. CONCLUSIONS 142
CONCLUSION 145
BIBLIOGRAPHY 149

APPENDIX A.1 159
ANALYTICAL ANALYSIS OF COGGING TORQUE IN U-SHAPE IPM MOTORS 159



Résumé deétalillé en
Francais






Résumé détaillé de la thése

Résumeé détaillé de la these :

Introduction

L’accroissement incessant du co(t de I'énergie et la nouvelle |€gislation européennes en
termes de performances énergétiques pousseotegructeurs ainsi ques utilisateurs des
systémes énergétiques a favorigsrdispositifs les moins gourmds en énergie. Le domaine
des entrainements électriques nambe pas a cette réalité conparaine, et particulierement
dans le secteur industriel ; en effet, il s'a/&ue plus de la moitié de la consommation de
I'énergie électrique en Europe, est due autems électriques, principalement les moteurs
asynchrones utilisés dans les pompes, les ventilateurs ou les compresseurs. Ces moteurs sont
caractérisés par des rendements et des faaleupsiissance relativement faibles comparés a
ceux des moteurs a aimants permanents.

Il est possible d’améliorer les rendements d&chines asynchrones de forte ou moyenne
puissance avec un surcolt acceptable, mais fEsummachines de ifdle puissance, les
contraintes mécaniques sur les dimensiorss efgrefers restent un obstacle important pour
obtenir de tres bonnes performances.

Les machines a aimants permanents présentent de trés bons rendements et facteurs de

puissance méme pour les faibles puissancedalsse du colt des aimants observée durant

ces deux derniéres décennies les rend tres ciivpétur le marché. Ces machines ont fait

une véritable percée dans le domaine de Bénément électrique a vitesse variable grace,
aussi, aux développements des convertissatatigues et des méthodes de commande
vectorielle. Néanmoins, pour lepplications a vitegsconstante, ces convertisseurs statiques
représentent un surcodt inutile, si bien quen@chines synchrones a aimants permanents ne
leurs sont pas parfaitement adaptées.

Les machines a aimants permanents ayant la capacité de démarrage autonome lorsqu’elles
sont connectées au réseau, présententintérét certain pour remplacer les moteurs
asynchrones dans les entrainements a vitessestante. Elles ne nécessitent pas de
convertisseurs statiques tésentent de trés bons rendetsest facteurs de puissance. La
capacité de démarrage autonopwt assurée par des partiemauctrices au rotor sur le
principe des machines synchrones a rotor r@liémarrant en asynchrone. Cependant, ces
machines ont des comportements particulgudl convient d’étudier de prées, tel que le
courant de démarrage élevé qui risque dmadgétiser les aimants. De plus certaines
structures présentent une saillance au rotoriggue de remettre erause I'accrochage au

réseau.

Cette thése traite de I'étude et I'optimisation de trois structures de rotor pour les machines
a aimants a démarrage autonome sur le réseau pour une applicatgineihelue moyenne
puissance. Le mémoire de thése s’articulegsiatre chapitres que nodécrivons ci-dessous.

Chapitre 1 :

Les machines électriques furent inventpear la premiére fois au début du"1%siécle ;
elles n'ont cessé de s'améliorer en termesid®glicité de fabrication, d’'encombrement, de
codt de fabrication ou alors de rendementaeteur de puissance. Plusieurs facteurs ont
contribué a cette évolution spactilaire en si peu de temps: I'inventivité des chercheurs qui
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n'ont cessé d’imaginer et de tester de nouvedlieactures de machines de plus en plus
innovantes, et les progrés considérables demgprincipaux matériaux qui constituent une
machine électrique a savoir :

Les conducteurs de courant électriquee cuivre et I'aluminium sont les principaux
matériaux utilisés dans les machines élegésy Néanmoins, certains alliages permettent
d’avoir de trés bonnes conductivités tout en leur alliant des propriétés meécaniques ou
thermiques indispensables dans certaines applications.

Les matériaux magnétigues daufour canaliser le flux magnétique, la perméabilité
magnétique est une propriété importante rectéergbar les fabricants de moteurs mais les
pertes spécifiques sont aussi un parametre important permettant d’augmenter le rendement.
Ces propriétés ont connu une évolutimportante durant Isiecle dernier.

Les aimants permanents : ces matériaux ont connu efie é¥olution durant les années
1960 ou les aimants a base de terres rares fdemloppés. Leur colt de fabrication n'a
cessé de baisser alors méme que lparrmances n’ont cessé d’augmenter.

Des études statistiques ont montré que laaongation de I'énergie éttrique en Europe
est principalement due aux moteurs éleai) dont les moteurs asynchrones, de faible
rendement, utilisés dans les pompes, les ventilateurs ou les compregsqureninent la plus
grande part. C’est beaucoup d’énergie qui essammée sous forme de pertes ! Il est donc
intéressant, voire urgent de remplacer ces machines asynchrones par des machines ayant un
meilleur rendement. L'utilisation des machines a aimants permanents, ayant de meilleurs
rendements et facteurs de puissance, est int@tessais ces machines nécessitant 'usage de
convertisseurs statiques. Ledrainements électriques a vitesse constante ne nécessitent pas
de convertisseurs statiquesjtilisation des machines a ainta permanents ayant le pouvoir
de démarrage autonome sur le réseau estsohdion trés intéreamte. Cependant, ces
machines ont des comportements spéciauxetfes combinent deux modes de conversion
différents et qui se contrariependant les phases de démarrafjefaut donc étudier ces
machines de trés pres et tenter d’optimiser la structure du rotor pour concilier bon démarrage
et bonnes performances en régime permanenpiogdemes qu'il faut regder de pres sont :

¥ Le courant et le couple lors du démarrage
¥ Le rendement et le factede puissance en charge.

Pour une application de pompage utilisdéja des moteurs asynchrones, nous allons
étudier trois configurations de rotors sans modifier le stator afin de réduire les colts de ce
remplacement. Le stator est caractérisé parbches, 3 paires de pbdles alimentés sous une
tension de phase de 230V a la fréquence inelstde 50 Hz. La puissance nominale de ce
moteur est de 22 kW.

Les trois topologies de rotors étudiés sprésentées sur la figure 1. Le premier rotor
porte des aimants en surface entourés dahmmise (fréte) conductrice servant de cage
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destinée au démarrage ; le second rotdise@itdes aimants insérés dans un cylindre massif
conducteur et massif servant de cage a 6 bataesoisieme topologie utilise un rotor a cage
classique dans lequel sont ingdés aimants en forme de U.

a) Surface inset b) Solid rotor ¢) U-shape

Figure 1 : Les trois architagtes rotoriques étudiées

Chapitre 2 :

Dans un premier temps, nous étudions tieés machines comme s'il s’agissait de
machines synchrones a aimants standards; albmss dimensionner ces trois machines et
étudier leurs performances en régime pmremt en faisant abstraction des éléments
conducteurs qui servent au démarrage.

Le premier objectif est d’obtenir les machirgps satisfont le cahier des charges avec le
minimum d’ondulations de couple ; Pour cedainous pouvons agir sur le mode de bobinage
au stator ainsi que leur dimensions du rotor.

Le nombre d’encoches au stator et la polaraé@téixés, I'action sur le stator est restreinte
a l'étude des coefficients de bobinage #nction des différents raccourcissements
envisageables. Le raccourcissement 8/9 semhdel@&tmieux adapté car il présente le plus
faible taux d’harmoniques. Une modélisation gtigle permettant de déterminer I'induction
dans I'entrefer en fonction des données géonqes pour les trois strtures du rotor a été
mise en ceuvre. Elle sert au dimensionnmamdu rotor et a la prédiction du contenu
harmonique de l'induction d’entrefer qui est ehation directe avec les harmoniques de la
force électromotrice.

D’un autre coté, I'étude de l'influence desgmétres géométriques des différents rotors
sur le contenu harmonique de la force électroic®m@ vide a permis de définir une premiére
version de chacune des tragschitectures. Nous avons introduit la notion de taux de
distorsion harmonigue modifié « THliig » faisant intervenir uniquement les harmoniques
génants pour les machines triphasées, qui sont de la @krnde Ce critére est utilisé pour
comparer les trois machines étudiées. Aetiifexemple, nous prédens sur la figure 2
I'évolution du THDngifie €n fonction de quelques pardmeé géométriques pour les trois
moteurs.
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Magnet span(°) magnet height (mm) Magnet angle D, (°)

a) Surface inset b) Solid rotor ¢) U-shape

Figure 2 : Evolution du THRqiie pour les trois moteurs en fonctions de paramétres géométriques
Pour le calcul du couple ékeomagnétique et I'analyse @en contenu harmonique, nous
avons supposeé que le stator est alimenté paralgants sinusoidaux en phase avec les fem.
Différentes méthodes de calcul on dé&eloppées et mises en ceuvre :

Le modele externe (circuitest basé sur le schéma équivalent : simple a mettre en
ceuvre mais ne tient pas compte de la réaction magnétique de I'inatibétit le couple de
détente par superposition et donc, avec une précision réduite.

Le modele interne (charpst basé sur un calcul numérique complet et utilisant les
grandeurs dans le repere de Park combiées calcul par éléments finis. Le calcul du
couple peut se faire delifférentes manieres (Tenseur denttaintes ou travaux virtuels). Ce
modéle est plus lourd a mettre en ceuvre maisrit correctement compte de la saturation, de
la réaction de I'induit et de la commande.

Par ailleurs, un calcul de la répartition optimaéss courants suivantdexes d et g permet
d’augmenter le couple a pertes Joule constdNdes avons comparé les résultats donnés par
les différentes méthodes de calpalr les trois moteurs étudiés.
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a) Surface inset b) Solid rotor ¢) U-shape

Figure 3 : Allures des formes d’ondes du couple pour les trois moteurs
Les trois moteurs donnent sensiblementmiéme couple moyen mais avec des taux

d’ondulation différents. Nous regupons dans le tableau suivded résultats obtenus par les
trois méthodes et pour les trois moteurs :
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External circuit model Field model Optimum
To(Nm) "T/T, (%) | T, (Nm)  "T/T, (%) | T, (Nm) "T/T, (%)
;‘;gfce' 206.9 11 205.98 9 208.65 9.3
Solid-rotor 207.8 22 208.6 26 208.8 27
U-shape 206.3 23 193.3 27 206.6 25

L'analyse spectrale des ondulations doumle montre que les harmoniques d’ordre
multiples de 6 sont prépondérants dans les spectres des différentes couples, les harmoniques
de rangs difféerents et surtodiordres supérieurs sont dasi couple de détente que nous

analysons plus loin dans ce chapitre.

Dans un second temps, nous nous sommee§#es au calcul desrpmetres du modele
circuit équivalent. Nous avons calculé lexductances et mutuelles des trois phases
statoriques, et mis en évidence l'effet desédllance et de la saftion. Dans ce type de
machines, il est plus commode d’identifier lesapaétres du modéle de Park équivalent. Pour
ce faire, nous avons développé une démarchmalbell des inductancelirecte et transverse
ainsi que les mutuelles entre les deux bobines équivaldéhtesL'effet de la

saturation est clairement mis en évidence ainsi I'effet croisé caractérisé par des valeurs
non negligeables d# ;. par rapport aux induataes propres. Ce type d’identification peut

paraitre inutile lorsque lanachine n’'est pas alimentée par un convertisseur statique,
néanmoins, elle est tres utile pour la miseanre d’'un modeéle circuén régime transitoire

L, etL

q?

gue nous présentons dans le chapitre suivant.

La derniere partie de ce chapitre est eonée a I'étude du couple détente qui résulte
de l'interaction entre un rotor aimanté et unatatenté. Les architectures des rotors sont
différentes et complexes ; les régles classs connues pour les machines a aimants en
surface ne sont pas applicables. Nous aw@veloppé des modeles de calcul du couple de
détente basé sur le principe de la décompusipectrale des grandsuntervenant dans son
expression. Cette démarche facilite I'étudeap@etrique et identifie les parameétres dont
I'influence est trés marquée. Nous montrons sur la figure suivante les allures du couple de
détente des trois machines sume période en fonction de paraires variables et différents
d’'un rotor a un autre.
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Dans ce chapitre, nous avons étudié et apéintes trois topologies de rotor pour une
méme application et avec les mémes contraititesété I'occasion de développer différents
modeles et méthodes de calcul de différents phénomenes intervenant dans les machines
synchrones a aimants permanents. Ces étodéslbstraction du phénoméne d’induction dd a
la présence de pieces condwss dans le rotor et qui nengent qu’au démarrage ; ce sera
I'objet du chapitre suivant qeist spécialement dédié aux régimes dynamiques et en charge de
ces moteurs.

Chapitre 3 :

Dans le troisieme chapitre, nous étuditesnachine en régime dynamique ; nous nous
intéressons particulierementx performances lors du démarrage. Nous commencons par
mettre en ceuvre un modéle circuit en méyi dynamique qui permet de prédire le
comportement de la machine en régime traimsitdJn modele couplant le calcul interne par
éléments finis et le comportement externe (circuit) est mis en ceuvre a l'aide d’un logiciel
commercial adapté (Flux2D). Nous nous intévassa I'étude de I'influence des parametres
géométriques et les propriétés des matériaulesdgémarrage de la machine. Nous focalisons
I'étude sur le couple de démarrage qui doit 8triéisamment grand pour assurer le démarrage
en charge et éviter le phénoméene de rampage (Gorges) au voisinage de la moitié de la vitesse
de synchronisme ; ce phénomene est bien catams les machines a fortes saillances
démarrant en asynchrone. L’autre critére impudrgaiquel nous nous intéressons est le pic du
courant de démarrage. Contrairement aux mmashsynchrones a rotor bobiné démarrant en
asynchrone et pour lesquelles deurant de démarrage n@e conséquence que sur le
bobinage statorique, les machines a aimantsts@smsensibles a cewant a cause du risque
de démagnétisation des aimants rotoriqueNous définissons donc les rapports
admissibles_ /1, et T,/T, du courant de démarrage sur le courant nominal ainsi que du

couple de démarrage sur le couple n@hgue nous évaluons dans notre étude.

Pour chacune des trois structures, nous avamifet les parametres influents et effectué
une étude paramétrigue. La machine a aimants en surface munie d’'une fréte conductrice
(surface inset), est naturellement sensible aails§eur de la frete et au matériel qui la
constitue. Plus la fréte est épaisse, moins elle est résistive et a un meilleur pouvoir
d’accrochage mais I'entrefer magnétique deviemportant affaiblissant ainsi le facteur de
puissance en régime permanent. Par ailldergic du courant est plus grand lorsque la
résistance rotorique équivalente est faible. Plusieurs solutions peuvent étre envisagées ; mais
la préférence est données a unesfagt aluminium d’épaisseur 1 mm.

En ce qui concerne la struceé ayant des aimants insémns un rotor massif (solid
rotor), le matériau du rotor massif ainsi quse tBmensions des aimants sont les principaux
parametres sur lesquels nous pouvons agistliprévisible qu’une bonne conductivité du
rotor permet de se rapprocher plus de l@sge de synchronisme et par le fait facilite
I'accrochage au réseau. Par ailleurs, moins le rotor est résistif, plus grands sont les courants de
démarrage. La figure 5 montre une illustration de I'évolution des critérel, et T, /T,

en fonction de quelques paramétres géométriques.
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Figure 5 : Evolution dd /1 , et T, /T, en fonction de quelques paramétres géométriques

Par ailleurs, I'étude des caractéristiquesdéenarrage permet d’avoir une vision plus
compléete du processus. Nous montrons, adiggemple, quelques courbes de démarrage en
fonction de quelques parameétres géométriques ou physiques. La figure de gauche montre
I'influence de I'épaisseur de la frete d’aluminium pour leteno « surface-inset » tandis que
la figure de droite montreififluence de la résistivité du rotor massif du moteur « solid-
rotor ». Nous observons que le temps denaléage varie du simple au double et que
'accrochage au réseau (synchronisation)faié plus ou moins facilement suivant les
structures.
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Figure 6 : Caractéristiques de démarrage en - étude paramétrique

Dans une autre partie de ce chapitre, noudigts les performances des machines en
régime permanent et a puissance nominalemretion des mémes parametres géometriques et
physiques. Nous nous intéressons particulierement au rendement et au facteur de puissance.
D’une maniére générale, plus la quantité d’aimants est importante meilleur est le facteur de
puissance, mais au dela d’'une certaine limite, la machinereésn comportement capacitif
en fournissant de I'énergi€active au réseau. A I'imagedeachines a rotor bobiné, nous
pouvons comparer le volume d’aimant au cotiraducteur et nousquvons méme tracer un
équivalent des courbes de Mey pour trouver le volume aimant optimal. La figure 7
donne un exemple de courbes obtenues pour lésunso« solid-rotor » et « U-shape ». Les
minima observés correspondent aux maximdagteur de puissance que nous montrons sur
la figure 8.
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Figure 7 : Courant statorique en fonction du volume d’aimants en charge - Courbes de Mordey

Par ailleurs, les rendements ahie atteignent des valeurs tiegressantes pour des jeux de
parametres en concordanceales études précédentes.
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Figure 8 : Evolution du rendement et du facteur de puissance — étude paramétrique

En derniere partie, une petite étude mhigue permet d'évaluel’élévation de la
température lors du démarrage. Elle révele quéawuffement est modéré et n’affecte pas le
comportement global de la machine dans lsureou il n’y pas de démarrages répétés. Une
comparaison des trois architectures montre lgumoteur a aimants insérés dans un rotor
massif semble étre un bon comprerantre simplicité et efficacité.

Chapitre 4 :

Devant l'originalité des stictures de machines étads, nous avons voulu mettre en
pratiqgue quelques-uns des résultats obtenusikstudes précédentes, le but principal étant
de montrer la faisabilité de ces machines et de vérifier, au moins qualitativement, quelques
idées. La reéalisation d’'un prototype n’est jasnane chose simple si I'on veut fabriquer
exactement la machine optimale étudiée. Nouss sommes contentées de dimensionner un
rotor similaire a la structure « solid rotorpour qu'il s’adapte au stator d’'une machine
asynchrone de faible puissance existante auatdice. La démarche consiste a trouver les
dimensions des aimants pour que la machine puisse s’accrocher au réseau avec un couple de
démarrage suffisant est avec un courant de démarrage pas trop élevé.
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La fabrication du rotor a suscité quelqubfiicultés techniques auxquelles nous avons
trouvé des solutions. En effet, les parties masstloivent étre magnétiquement séparées pour
ne pas court-circuiter les aimants. L’arbre doit étre creux ou amagnétique; le
dimensionnement de la parie inférieure ded@ahe est effectué pourdni saturer cette zone
sans nuire a la tenue mécanigieel’ensemble. Les figures saimtes montrent le rotor ainsi
gu’une vue de 'ensemble du banc d’essais.

Figure 9 : Détails de fabrication du rotor et banc d’essai

Torque
tenso

Figure 10 : Banc d'essais

Les premiers essais ont été effectués poliderale principe du démarrage autonome sur
le réseau, nous montrons sur les figures suigaeteouple et le courant instantané lors du
démarrage ainsi que taontée en vitesse.
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Figure 11 : Couple, vitesse et courant lors du démarrage (Relevés expérimentaux)

Lors des essais, des courant trop élevésaduise erreur de manipulation a provoqué la
démagnétisation des aimants. Ceci a pour dftdtaiblir les performances du prototype par
rapport au dimensionnement initial. Un essagjénératrice a permis de confirmer cet incident
dans la mesure ou I'on obtient des formamndes des fém a vide ideques a celles prévues
par le calcul mais a un coefficient pret’analyse spectrale des fém confirme ce propos
(Figure 12). A partir de ce constat, il étaiecessaire d’identifier quels aimants ont été
démagnétisés et a quel degréuPce faire, il a fallu retirer leotor, mesurer le champ a sa
surface et comparer les résultats des nmessa ceux donnés par des calculs numériques
effectués dans les mémes conditions. Il s’est avéré qu’un aimant a été fortement démagnétise,
ce qui montre par ailleurs au fanagedpidité du phénomene de démagnétisation.
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Figure 12 : Affaiblissement de la Fém a vide (comparaison des mesures aux prévisions)

A travers cette erreur de manipulationgpus avons pu étudier un cas concret de
démagnétisation du rotor qui nous souligne I'importance des études faites au troisieme
chapitre cherchant a limiter le courant de démarrage. Il n'empéche que cette étude
expérimentale méritant d’étre faite et donne premiere expérience pour la fabrication et la
manipulation des machines a aimants avec un démarrage autonome sur le réseau. Elle donne
aussi I'occasion de faire des essais sur les machines présentant un défaut d’aimantation pour

de futurs travaux.

Conclusion ;

Cette these traite de I'étude et de I'optiatien de machines a aimants permanents avec
un démarrage asynchrone sur le réseau. Ces rneaohin de trés bons rendements et facteurs
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de puissance et ne nécessitent pas de coss@uts pour I'assistance au démarrage. Elles sont
certainement une solution intéressante pourptacer les machines asynchrones dans les
applications mono-vitesse pour une meilleure compétitivité en terme de rendement
énergétique et de God’exploitation.

Face a certains comportements ipatters lors du démarrage, ekt nécessaire de bien les
dimensionner pour éviter une désaimantatites aimants ou un rampage empéchant la
synchronisation au réseau. Leshatectures envisageables sditerses et variées a I'image
des rotors de machines synchrones a aimants standard. Cependant, nous avons étudié trois
architectures de rotor couvrant les trois grandes familles de rotor.

Pour I'aboutissement des travaux que nous avons présentés dans ce mémoire de these,
nous avons été amenées a développer des mattehaachines a aimants en régime statique
et dynamique en utilisant nos propres codegaleuls ou alors delegiciels spécialement
dédiés a ce type d'étude. Par ailleurs, navens recherché les moyens de réduction des
phénomenes indésirables tels que le cowdedétente ou les harmoniques de la force
électromotrice en nous appuyant kusavoir faire du Laboratoire.

11
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Introduction

The constantly increasing cost of energyl dhe new European legation in terms of
energy effectiveness incite manufacturers amsdrs of energy systems to promote devices
which consume less energy. The field of electric drives does not escape from this recent
reality, especially in industrial applications.deed, it appears that more than half of the
electric energy consumption in Europe is due to electric motors, mainly induction motors used
in pumps, fans or compressors. These mot@sharacterized by relagly low efficiencies
and power factors compared to permanent magnet motors. It is possible to improve the
efficiency of high or mediunpower induction motors with an acceptable extra cost, but for
low power machines, the mechanical dimensiohghe gaps remain a major obstacle to
obtain high performances.

Permanent magnet machines have very goodi&fities and power factors even for low
powers. The decrease of magnet cost observedgdine past two decades makes them very
competitive, so that they have been widelgdisn electric variable speed drive as well,
thanks to the development of static convertend control methods. However, for constant
speed applications, these static convertepgesent an unnecessary expense so that the
permanent magnet synchronous machines are not quite suitable for such applications.

Permanent magnet motors having the capacigetffstarting when connected to the grid
(line), henceforth called “Line-8it PM motors”, are interestj to replace induction motors
in constant speed drives. They do not requacstonverters and have very good efficiencies
and power factors. The seliasting capabilityis ensured by conducting parts in the rotor
following the principle of wound rotor syhmonous machines witasynchronous starting.
However, these machines have specific behavithatsshould be closely studied, such as the
high starting current that could demagnetize the rotor magnets. Also, some structures have a
saliency in the rotor which can make the synchronization with the grid difficult.

This thesis deals with the study and the oj#ation of three structures of line-start
permanent magnet motors for amdustrial applichon of medium power. The thesis is
structured in four chaptetbat we describe below.

The first chapter begins with a brief st of electrical machines by tracing their
evolution from the early 1 century. The main parametersfluencing the performance
improvement are then presented with a specitienéion to the role of materials. Then we
emphasize the economic and energy issueweak as actual standards corresponding to
electric motors used in indugtrThis section introduces and justifieethse of line start
permanent magnet (LSPM) motors in many appicnns. We present at the end of chapter
three rotor architectures that wilé studied throughout this thesis.

The second chapter is devoted to the study @ptimization of the three structures of
LSPM motors as if they were conventionghshronous PM motors operating in steady state.
As the stator lamination andetlpole number are fixed, the inopement of the waveforms of
electromotive forces in terms of harmordontent passes throughspectral study on the
winding and the effect of theotor component dimensions. We have developed our own
computation models based on finite elementhmetin order to have a greater flexibility in
the parametric study. Furthermore, we studypbdormance in terms of average torque and
torque ripple as well as the reduction of coggiorque by appropriate techniques. In a second
part, we have developed a model parametéeulzion in the two-coordinate frame of
references (Park frame) to highlight the influe of the saturation aride stator teeth on the
direct and transverse inductances as welthesmutual between the two equivalent coils
which allows to take into account the crossiging effect. This idetification model is the
basis for the dynamic modelddoped in Chapter I
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In the third chapter, we study the machohgmamic behaviour and we are particularly
interested in performance during starting ragien. To do this, we have implemented a
parametric study by varying the geometry anel type of materials to achieve the desired
performances. The study is focused on the statrque, which must be greater than three
times the rated torque, and the starting current which must be less than ten times the rated
current. Following the geometry optimizing therformance in startingperation, steady state
performances are investigated and the effecdoofie geometrical parameters is highlighted.
This study confirms the results obtained in ¢kajl and provides additional information that
the static model does not take into account. Alsthermal study is carried out to evaluate
the temperature rise during stagioperation. It shows &h this increase of the temperature is
weak and does not affect the overall behaviadhefmachine if there are no repeated starts. A
comparison of the three architectures shoves the solid rotor LSPM motor with magnets
inserted in a solid rotor seems to be a gomapromise between simplicity and efficiency.

In the fourth chapter, an experimental studgdsried out to validatthe principle of self-
starting and the synchronizationttee network for one of threstructures selected above. We
describe the conditions of mafacture and design of a prototype of reduced power. The
developed models are carried out to design the satdhat it can be combined with the stator
of an existing induction motor; this approaalows a gain in the dation and the cost of
manufacturing. The prototype is tested intgtgroperation, steady s&ain both no-load and
full load operations. The measurements camaerinly the current, the torque and speed
curves versus time in starting operation while we focus the measurements on the efficiency
and power factor in full load steady state operation. Unfortunately, a handling mistake has
caused too strong currents to demagnetize sorgaets This has led to the weakening of the
prototype performance compared to thoséalty predicted by the design. The research on
the nature of the demagnetization has beesubgct of several ingtigations, by comparing
field measurements and finite element calculations.

For the achievement of the work that will be presented in this thesis, we have been led to
develop models of permanent magnet machinestatic and dynamic conditions, using our
own calculation codes or specialized softsvasuch as Flux2D. Iraddition, we have
investigated some techniques to reduce unalglsi phenomena such as cogging torque or
harmonics of electromotive force basmdthe expertise of the host laboratory.
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I. Why use Line Start PM motors in the context of energy
saving?

[.1. Introduction

Electric machines are now used everywhiereour daily life andindustry; they have
different shapes, sizes, furatis and different powers. Most existing machines are motors.
Generators are mainly located in power isted but also on cars, or are isolated or
autonomous power systems using fossil fuels as a primary source. If try looking around, we
realize that these electromechanical convegersound us in our daily lives even we do not
pay attention to them. The motors are present in domestic appliances (refrigerator,
dishwasher, blender ...), in computers (diskeBjfans ...) and in owars (starters, window-
lifts ...) etc. Their shapes are more complexdret all based on the same basic principles of
electromechanical conversion.

This energy conversion cannot be done wauthloss, this revealing the concept of
efficiency to which we are natareful when using a machine doill a hole in the wall or
when using our robot to premashredded carrots! However, the managers of large industrial
parks involving many motors of medium omghipower begin to thinkeriously about this
issue, due to the constant growth of thergy cost. Indeed, the energy bill becomes heavier
if the motors are of poor perfoance. Moreover, prate individuals are ab beginning to be
aware of this problem by looking carefully at the energy label in major household appliances
before to engaging in a new purchase.

The share of electromechanical conversiorthim energy consumptiois significant, so
that increasing its performance becomes iateresting point. Improving the energy
performance of a motor can be carried outegithy keeping a basic structure and using more
efficient materials or by a radicahange of the conversion modeplacing the initial motors
by more appropriate and more efficient ones. This thesis lies in this last theme and this first
chapter introduces the subject with emphasisl@aling with the improvement of efficiency
of motors.

We begin this chapter with a brief history of electric machines since the invention of the
first machine in 1821. We then describe the oflenaterials in terms of motor performances.
In a third step, we present the share of electrotors in the energy consumption and energy
standards applied to them. Thetlgart of this chapter is deted to the desiption of the
main types of electric motors used and the justification for the use of line start permanent
magnet motors in oil pumping applications. Adtlave describe the three motor topologies we
plan to study throughout this thesis.

1.2. A short history of electrical machines and their
progress

In 1821, soon after the Danish @igist and chemist, Hans Christian @rsted discovered
the phenomenon of electromagnetism, Michael dardouilt two devices to produce what he
called electromagnetic rotationcantinuous circular motion frortihe circular magnetic force
around a wire and a wire extending into a pafaihercury with a magnet placed inside would
rotate around the magnet if slipd with current from a chemical battery, Fig. I.1. The device
is known as the first motor in the world.
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Fig.l. 1: The first electrienotor (Michael Faraday 1821)

The firstcommutatoitype direct current electric mateapable of turning machinery was
invented by the British scientiilliam Sturgeonin 1832. Following Sturgeon's work, a
commutator-type direct-current electric tmo made for a commercial use was built by
AmericansEmily and_Thomas Davenpaaihd patented in 1837. Thenotors ran at up to 600
rpom and powered machine tools and a printingspr Due to the high cost of the zinc
electrodes required by primary battery poweg thotors were commercially unsuccessful
and the Davenports went bankrugeveral inventors followe8turgeon in the development
of DC motors but all encountered the same cost issues with primary battery power.

Fig.l. 2: The first commutator type DC motor (William Strugeon 1832)

The induction motor (IM), invented by Nizo Tesla in 1888, has become the most
common motor used in industand public life applications for the last hundred years. Its
good features include simple construction do@ maintenance. Recent development of
semiconductor switches and controllers for inmexthas allowed inductih motor to be used
even when close control over speed and tjposiis required. Howeer, the IM has an
inherently lower efficiency than the permahemagnet motor as itsrigue is produced by the
interaction of the currents in theagtr windings and the rotor windings.
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Fig.l. 3: the first three phas motor (Nicola Tesla 1888)

The permanent magnet motor was invente@32lbefore the induction motors, but it was
not popular until the commercial permanenigmet materials AINiCo was produced in 1931.
However, the easy demagnetization charactesifitiited its use in large power motor. Since
the 1970s, the use of rare earth permanergnetahas been a great contribution to the
progress of the PM motors due to their highesrgn density. It has suessfully replaced the
other motors in a broad power range from oMW in many areasf applications.

For almost two centuries, electrical ma&snhave increased steadily in terms of
innovation, specific power or performanc&éhese improvements are due to constant
technological advances and strong demand fugers. Significant developments have taken
place in recent years thanks to advancethanfields of materials in terms of magnetic,
mechanical or thermal properties and the adeain power electronic control. All these
advancements apply to varioagpplications with constant epd or variable effectively.
Currently, specific torques of electric machines can reach tens of Newton-meters and
efficiencies of permanent magnets machines are often above 95%.

[.2.1. Role of Materials in Electric machines

The physical properties of the materialsedisin electrical mehines have a great
importance for the quality of the electromedicahconversion. Both ettrical conductivity
and magnetic permeability are required. Howethez,properties of specific losses of the iron
lamination and thermal conductivity are alsiesirable qualities to reduce losses and
eventually to conduct thesht to the environment.

[.2.1.1. Conducting materials

Copper and aluminium play an important rsléhe development of electrical conductors.
They are also the basis of the developnwrdlloys which achieve compromises demanded
by some applications and are also found enlilmetallic and metal coating. The reduction of
Joule losses requires the use of materials wittery good electricatonductivity but some
other technical or economic constraints may leathe use of other metals or other alloys,
such as brass. The following table gives tesistivities of some materials and their
temperature factors. We can see that silvea \ery good material; but its cost remains a
major obstacle to its use in electric machines.
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Currently, research is conducted on supeducting materials of which electrical
resistance is theoretically zero. However, tt@shnology leads to loér problems such as
cryogenics and mechanical stress. We will not discuss about these items since they are not the
case of the subject of my thesis.

Table.l. 1 Electric conductivities of some metallic materials

Resistivity = and temperature coefficien’” of the materials and conductive allo

Materials or alloys {,at 20°C(0°® : ) L at 20°C0° k™)
Aluminium 2.8 4

Silver 1.6 3.8

Copper 1.72 3.9

Gold 24 3.4

Sodium 4.6 4.8

AGS alloy 3.25 3.6

AGS alloy is the alloy of magnesiyrsilicon and aluminium in which_aluminum
(Al) is the predominant metal

1.2.1.2.  Soft magnetic materials

Iron is a material fulfilling the requirement tife electric machines, but it is electrically
conductive and has a significant memory effegdted “magnetic hysteresis”. The addition of
low doses of some materials (such as silicon, cobalt or niakelys achieving alloys more
suitable for electrical engineering. Reduction of hysteresis losses and induced current in the
magnetic circuits, more commonly known as thenilosses", is always a constant concern
for improving the performance of electrical mas. For instance, we show on Fig.l.4 the
evolution of specific lossesn(iW/kg at 1.5T and 50Hz) of saftagnetic materials during the
20" century. This property has registered a significant improvement which has accompanied
the evolution of electric motors. On thehet hand, induction of saation and relative
permeability value of the iron cores should be as large as possible to reduce the ampere-turns
required for the magnetization of the circuit and consequently to improve the power factor of
the machines.

Fig.l. 4: Evolution of specific losses (in g of soft magnetic materials during thé"2fentury [Lebouc-05]
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1.2.1.3. Hard magnetic materials

Hard magnetic materials commonly known as Permanent Magnet materials have been
used since the earliest days of electrical engineering, but only quite recently the high
performance rare-earth magnets became availaiile a sufficient energy density to be used
in demanding applications. Reduced magnet costsadvantages of size and efficiency make
PM motors even more popular.

The permanent magnet materials are charaetéby the following main parameters.

Remanent flux densi, : the maximum magnetic flugensity of the magnets

without external fied in a short-circuited magnetaircuit. Any reluctance in the
circuit will of course reduce this flux density.

Coercive forced,: the value of demagnetizing field intensity required to bring the

magnetic flux density to zero. High coereiforce means that it can withstand
high demagnetisation field.

Maximum magnetic energy densiBH ... the maximum magnetic energy that

max *

can be produced by a permanent magnet in the external space.

Curie temperature: the temperatat which the magnetisation ceases.
Intrinsic demagnetization curve the portion of the hysteresis loBp f(H)
located in the second quadtas shown on Figure 1.7.
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Fig.l. 5: Hysteresis loop and demagnetima curves of permanent magnet materials

The first record of the application of permanent magnet materials was Ferrites, which are
discovered in China and firstly used in fhrémitive spoon compass about before 4000 BC. In
the early 20th century, gredevelopments of the commeatly useful permanent magnet
materials are made since an aluminium-nigadalt alloy (AINiCo) was found in Japan and

still used in special applications. Boecause of its low coercive forék, it will be gradually
replaced by the more commercial materials whvele introduced in the 1950’s called ferrite

permanent magnets3CFe0s) ) |t was much cheaper and had higher coercive force and
maximum magnetic energy. The next step of the permanent magnet materials in advance is
the rare-earth magnets, in particular samarium-cobalt alloys SmCo (1970). These PMs
generate high remanence and high coerciveefoesulting in a significantly higher energy
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product than ferrites can achieve. These proedia the large reversible demagnetization
range (high intrinsic coercive foreg, ) made these magnets to be the superior choice for high

performance machines. This resealeth to the nowadays well known neodymium-iron-
boron NdFeB magnets, introduced in 1983. Although cheaper than SmCo and of even higher
energy density, NdFeB is not always superioimgwto its lower thermal stability, caused by

the lower Curie temperature, and its reagtiwhich leads for instance to corrosion problems

and subsequently loss of magnetic properties. Another rare earth mateFel;N, magnet

is still on going; it is a promising new candidate for permanggnet applications for their

high resistance to demagnetisation, high magaiedis and increased resistance to corrosion
and temperature when compared with neodymium iron boron.

Today, high performance raearth magnets are widespread in small motors. The PM
machines are gradually employed for themmmercial applications in higher power
machines. Permanent magnet motors have constybeen made more attractive in the last
two decades by the availability of much iroped PM materials. Although SmCo has the
advantage of withstanding high temperaturée® lower price and etessary volume of
NdFeB make it a likely choice for a commonplace motor.

[.2.2. The supply by inverters

In the last decade, invertervlrs have become widely available. Fast switching of devices
such as MOSFETs and IGBTs has allowed PWM synthesis of sinusadaforms, with
quite low harmonic content. The voltage magnitude and frequency caaribd according to
programmed sequences, and motor speed or position may be fed back or estimated to allow
induction motors or synchronous motors to kesely controlled. As well as soft-starting the
motor, and good effects on motor life and thp@y voltage, inverter dres allow efficient
operation at variable speed. When a speedctenfucan be used in place of throttling the
fluid flow, very large energy savings can be obtained.

In spite of the improvements in inverter drives, a motor that operates efficiently and
without any power electronics is likely toave the advantage for simple, single speed
applications, as long as enough such motorpro@uced to keep the stolower than a motor
with its inverter.

|.3. Energetic efficiency of electric drives

As in all sectors, the energy saving wasnighed in the recent years and of course it
concerns the field of electrical machindsnergy standards are in place to classify the
electrical machines and the machine manufacturers are making considerable efforts to
improve the energy performance of their mstdo be competitive in the market of
electromechanical conversion.

1.3.1. Energetic standards for electric motors

The classification of the electric motors aating to their efficiesy began in 1999, with
collaboration between CEMEP (Europe®@ommittee of Manufacturers of Electrical
Machines and Power Electronics) and the EeaspCommunity. It aims to clarify the range
and improve the energy efficiency of motorksm On the figure give below, (Fig.l.6), we
can see the efficiency curves versus the mptover and pole numbeFhe levels 90%, 85%
and 80% define the classifications EFF1, EFF2, EFF3 which can bedajgpiealify electric
motors in terms of energy saving. EFF1 clasatibn is equivalent to the energy label A,
found on domestic devices such dsigerators, sold in commerce.
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Fig.l. 6 : Definition of effciencies and EFF standafd®1]

The international Standard IEC 60034 ampli® three-phase sqrel cage induction
motor with a single-speed, defines #féciency classes EFF1-3 as[@?2]:

EFF1 : high efficiency motors
EFF2 : improved efficiency motors
EFF3 : normal motors

The high-efficiency motors (class EFF1) can reduce an average of 40% in energy consume.
For instance, a 15 kW motor EFF1 running dolong period (6000 hours per year), means a
saving of 3.6 MWh per year. With a lower cost, increased motor exifigi (class EFF 2)
allows an average of 20% reduction in gyelosses. It will crea an economy of 0.6 MWh

per year (when the motor operates 2000 hours per year).

The standard IEC 60034 is now amendedPiayt 30 (IEC 60034-30)ield classes for
three-phase cage induction motors with a single-speed (IE code). It proposes an
internationally unified standarthat ranks low voltage induoth motors in new classes of
performance:

X IE3 Premium efficiency
X IE2 High efficiency
X IE1 Standard efficiency

This classification replaceke existing classes EFNEMA/EPAct, see Fig.l.7.

The Regulation establishes the requiretee for eco-design for marketing and
development of electric motors, including motorsorporated into other products. From June
16, 2011, all sold motors must be markedacordance with Regulation IE. The mandatory
marking on the motors must at least contain:

Efficiency at 100, 75 and 50 percentrated load at rated voltage
Class of performance IE2 IE3 (IE1 can no longer be sold)

Year of manufacture.

25



Chapter | : Why use Line Start PM motors in the context of energy saving?

Fig.l. 7 : New IE Standards

[.3.2. Share of electric motors in energy consumption

Many motor manufacturers make energy efficietiwir battle cry. For an electric motor,
the cost of purchase is less than 5% of totats. Except maintenance cost (estimated at
1.5%), the cost of the motor operation is duernergy. Electric motors in Europe are one of
the main sources of electricity consumptiord ahis expense is up to 70% in the industrial
processes. Therefore, when buying a motois iessential to take into account its energy
consumption and seek to minimize it. Figure 1.10 shows the hiistvn of the energy
consumption of electric power industry in Europbere the electric motors take the lion's
part (70%) in consumption. Othe other hand, among the apations that use electric
motors, we note that the pumps, compressamd fans represent more than half of
consumption. Note that most of the motorghase applications wor&t constant speed and
seldom require the uss static converters.

According to a recent study, the equiptneh many companies is oversizedBB, for
example, considers that 90% of pumping lfaes are badly sizednd consume unnecessary
energy. Manufacturers such a48B, Leroy-Somer and Siemensdefend high efficiency
motors. Siemens estimates that from 2000 hotigperation per year, the high performance
motor EFF1 is always more economical. And &pplications withshorter operating times,
the adequate motor will be an impravefficiency motor of class EFF2

Fig.l. 8 : Electric energy consumption in Europe [Mesures803]
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Naturally, it is necessary to increase thiciency of electric machines in industries
where energy costs represent a significast.docreasing energy egfency can be done by
different ways:

a better adequation of the motorstheir functions by a good design in
terms of power,

a good adaptation of operating speégsusing adapted variable speed
drive

the use of higher efficiency motors.

For technical or economic reass, these three items can $imultaneously or individually
operated depending on the application. For exantgkejnconceivable t@onsider a variable
speed drive which is too expensive in water pumping purposes while the pressure must
remain constant. Moreover, in some cases idlifScult to get very high efficiencies for
induction motors without paying a high pric®ther solutions are possible to adapt a
particular type of motor ta particular application.

Discussion :

Through this paragraph, in general purposewaated to show thenportance of energy
efficiency of electric motors in industrgnd the arising of economic and environmental
issues. Indeed, we all know thie less is the consumeceetrical energythe less is the
rejection of CO, in the atmosphere or the use of uwamin our nuclear power plants. These

are issues that should motigatmanufacturers of electric meos to innovate or improve
electrical machines they are going to bring in the industry which will consume thousands of
Mega-Watt-hours in the forthcoming decades. Ag paour thesis we can ask ourselves the
following question:

What type of motor is best suitidwhich type of application?
and how to improve the energifiegency of industriabpplications basedn electric drives?

|.4. Choice of electrical machinesn industrial applications

The wide spectrum of electrical machinemd their applications requires some
classification of the applications and the adégugpes of electric motors. The drive systems
can be classified as either variable or constant speed. Variable speed drives are used in
applications such as robotics, traction, pssgeg, manufacturing etc. Constant speed drives
are used mainly for various types of massdfansuch as fans, pumps and conveyor belts.
For each type of application there are sevali@rnative motor type which can be used.
There are motor types which are normally only usgdne of the drive systems, and others
which are common to variablnd constant speed drives. Two of the most common motor
types used in constant spesid/es are induction motors and synchronous motors.

[.4.1. Induction motors

Induction motors have traditionally been used only in constant speed drives but are
gaining popularity in variablespeed drives thanks to their ruggedness. Induction motors
dominate the market for constant speedves of moderate power. For high power
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installations, synchronous motors are more papak they allow the reactive power to be
controlled.

It is well known that inductin motors have generally a lower efficiency than synchronous
or permanent magnet motors. There are olesatd introduce higheefficiency induction
motors in some industrial applications becaak¢he extra investment required by nature.
The efficiency of small induction motors is lamd it is costly to improve to a large degree,
due to the fact that there is a limit on how small the air-gap can be allowed to be. The
tolerances on the die stamping of the laminatisriairly low, so to improve matters the rotor
iIs generally machined as a final step before assembly. For small induction motors the
efficiency is thus limited and other motor types can provide superior performance.

[.4.2. Synchronous motors

Generally wound synchronous motors are avoided in many drive systems because of the
drawbacks due to the ring-brushes system. Begshinotors are preferred in such situations.
Permanent Magnet Synchronous Motors (PMSM) are good candidate to replace induction
motors in many applications. Comparedthe traditional inductiormotors, the permanent
magnet synchronous motors operate under thelasi principle as the electric excited
synchronous motors. For induction motor, the statwrent consists of two components: the
magnetising current and the torque currdhbwever, in a permanent magnet motor the
magnets produce the flux in the air-gap insteddhe excitation widing and the stator
current can be entirely used as a torque ctriiérere are no rotor aents and consequently
no rotor losses, increasing the efficiency. Iscalhas a relatively simple structure, no
collecting ring and no brush, which improves thigal®lity of operation and also reduces the
cost of maintenance. As permanent magastsnow produced at low prices, the use of PM
motors has increased during the past decades.

For energy concerns, the permanent magnévrsicoecome a good option for all kinds of
applications. They are widely used in indystrgriculture, vessels, aeronautics and domestic
life: servo drives, vehicle drives, automatiprocess, traction motors, fans, pumps and the
electrical equipments in our families. Thegn have larger air-gaps without affecting the
efficiency to the same degras in induction motors. Withger air-gaps the required amount
of magnet material, and the asgted cost, increases but for small motor sizes the magnet
cost is not so troublesome. For small motorsthe PMSM can provide a high efficiency at a
competitive cost. The PMSM however requires a variable frequency drive (VFD), for the start
sequence; this is generally considered asetqeensive for constant speed applications and
also reduces the overall efficiency.

1.4.3. Line-start PM synchronous motors

In the case of constant speed drives such as pumps or fans, the use of synchronous motors
with a self starting ability should be interegtito take advantage of the high efficiency of
synchronous motors. Wound synchronous motatk gelf starting abity have been used
since many decades and the additional rotor ageed as dampers to improve the stability
of the machine in transient operation. A similar idea is envisaged for PM motors which are
more efficient than wound synchronous mottiranks to the absence of rotor losses. The
combination of the self stadbility as aninduction motor and the synchronisation with the
grid as a synchronous motor generally known as Line &t Permanent Mgmet Motor,

(LSPM) motor. It has the ability to start when connected directly to the line (mains).
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1.4.3.1. History and Principle

The history of line start permanent magnet n®twan be traced back from at least 50
years. The idea of combining the high epfficientyhe PMSM with the starting ability of an
induction motor drive dates back to the 185{Kodeer-07]. The LSPM motor has had a
limited market penetration, probably due to maegsons such as the extra cost of magnet
material compared to induction motors ahé complex rotor construction. Another major
reason is probably that the motor market islfatonservative and that there has been little
incentive to develop high efficiency motorshe cost of high performance magnets has
decreased since the introduction of neodymmagnets in the 1980’s but it is not until the
last decade that LSPMSMs have bec@wailable in a commercial setting.

The rotor of line start PM motors iftted with conducting components and also
permanent magnets with several locations anrtitor structure to pride the rotor poles.
The conductors on the rotor provide asynchronous torque to accelerate and run up the rotor
from standstill to synchronous speed and the permanent magnets provides the synchronising
torque to lock the rotor at synchronous speed. Once tioe i® synchronised, the rotor
conducting parts no longer carry currents, so that rotesel are significantly reduced
compared with a conventional cage motore Thachine requires no power electronics for
asynchronously starting and it operates asyachronous motor in steady state. This
combination provides the steady state pemntmmce of a permanent magnet motor, higher
efficiency and power factor, without the need of an expendrive system. On Fig 1.21, we
can see an example of rotor architecture bSBM motor which contains a classical cage as
in induction motor and inserted PMs azimubhahagnetized like in concentrated flux PM
motors. Many other topologies have been studied either for three phase or single phase
applications. All the rotor topogies of standard PM motocan be imagined with conducting
parts providing starting dlty. Generally, the use of inset Pitchitecture is easier and more
efficient but it uses non-smooth rotors anduoces some problems during starting operation
due to the reluctance torque. On thé&eothand, the use of 9at PMs requires some
techniques which create flux barriers to avoitkfleakage in the rotor. That is why surface
mounted topology can be competitive is some cases.

Fig.l. 9 : An example of rotor aritbcture of LSPM mtwor [Kurihara-03]

There are many technical papers and patentiseirfield of LSPM mtors in both single-
and three-phase applications. Miller [Miller-84] was probabéy fitst who explained clearly
the synchronization process taking intocamt the categories of torques acting during
starting operation. Remarkable technical sohgiare patented by Boyd [Boyd-99], Kliman
[Gerald-96] and Stephens [Stephens-99]. Aaristing “spoke-rotor” LSPMM is reported by
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Kurihara and Rahman [Kurihaf@8] with design and experimental results. A. Knight gave
also a significant contribution the study of single phase LSPM motors in terms of structure
design [Knight-99], [Knight-00]Chinese and Korean researchers have investigated LSPM
motors in the recent years especially dlmmestic applications [Wang-10] [Jung-07] [Soo-
whang-10] [Liang-09].

The transient operation of line start PM motors has been widely studied due to the
inherent difficulties of synchronizing thimotor. Indeed, during starting operation, the
braking torque due to the magnets makes thérgjgrrocess different from that of a classical
induction motor and the saliency of thetaio makes this operation more complicated
[Soulard-00] [Liang-09-2].

Fig.l. 10 : Some topologies of LSPM motor with a capagitéang-10,Liang-09-2]

[.4.3.2. General characteristics

The LSPM motor is similar to permanent magnmettors of the surface-inset or interior
magnet type. Permanent magnet motors lgoad operation characteristics at synchronous
speed, but the induction cages ugedstart them require laggstarting currents and give
highly variable starting torques. The high 8tay currents for the induction starts undesirably
tend to demagnetize the permanent magnet materials. Demagnetization renders the motor
inoperative as a synchronous motor. Another prabgthat since the indtion torque is zero
at synchronous speed, the permanent magnet rotor does not always pull it into synchronism
especially with a high inertia load; failure paill into synchronization causes overheating and
the motor does not run as a synchronous motor. It is an objectmevae a permanent
magnet motor having large starting torque andhdisg current no larger than 10 times of the
rated current of the motor.

High efficiency is the major reason for chaagia LSPM motor naturally as soon as there
are requirements on the efficiency. High e#inty is attractive as the motor can be
potentially more environment friendly but tineain driving reason is the reduction of total
cost. High efficiency reduces tledectricity cost for the end-consumer but if the power factor
is low the cost can still be unnecessarilghi Current harmonics can generally be kept
acceptably low to meet regulatory standardsresicconsiderably affect the power factor.

Finally, we can assume that LSPM motoosild be good candidates to replace induction
motors in many applications, especially if thetor has to operate continuously as in pumps
or fans. Domestic devices such as refrigemause small induction motors with poor power
factors. It should be interesy to introduce single phase LSPM in these applications in order
to improve the energetic label stich devices. In this thesis, we decided to deal with an
industrial application witla higher rated power whids described below.
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[.4.4. Line-start PMSM for oil pump application

In refineries, filling and emptying of tanks of oil and their derivatives as fuel and kerosene
is a common operation that uses pumps powarigldl induction motors of medium power
(several tens of kilowattsT.hese motors operate for long periods and consume a huge amount
of energy that should be reduced in order {élfiuropean standard®r the energy saving
and economic criteria, that wesdussed earlier ithis chapter.

Considering the energy savirtfe line-start permanent magrmotor has features which
make it attractive for this application. As noticed in the beginning of this chapter, it has been
estimated that in Europe, induction ma&snconsume around 50% of all electricity
generated. It is also true in China, electyicdbnsumptions occupies a large share of more
than 60% of the total industrial electricigpnsumption. Cage induction motors have been
widely used because of their low price, rdbess and minimum maintenance. However, cage
induction motors have a lower power factodaa lower efficiency(lesthan 0.9), the losses
caused temperature rise resulting in the @tamnreduction of the use-life and high
maintenance of motors, especially wherrkirng in a poor environment of oil fields.

In general, the line-start PM motors canjlified as an econowal alternative because
of the annual saving of the electric energy. Haiging of energy is aifiction of the hours of
operation per year and the energy consumed. Fanicst we try here to evaluate the cost of
operation in an application of oil pumping whasing either an induction motor or a line start
PM motor.

For example, we consider a 22kW, 1000 rpiiapump motor with an average annual
operating time of 2000 hours andtast of the electric powesf 0.16 Euro/kWh. Below, we
list the main data of the example:

Standard induction motor effency =88% , price : 500 Euros
Power input=22/0.88=25 kW

LSPM motor efficiency83% ; price 1500 Euros

Power input=22/0.93=23.65kW

Annual energy saving =(25-23.65)*2000=2700kWh

Annual power cost saving=2700*0.16=432 euros

Initial cost difference=1500-500=1000 Euros

Time to recover initial cost=1000/432:3 years

For this application, ib simple example indicates a vdayvourable cost/benefit ratio for
this application when using a LSPM motostead of an induction motor. We show on
Fig.l.11 the total cost due to the use of both induction motor and LSPM motor versus the
operating time in years. We can see thatratte third year, the cost of induction motor
becomes higher than that of LSPM motor. didiéion, it must be noticed that the cost of the
consumed energy per year is very high comgaio the price of both motors as it was
mentioned in the beginning of this chapter.
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Fig.l. 11 : The cost of operation versus time

Although the economics vary by applicatica,line-start PMSM motor under typical
operation will often pay for reduced energy billghin three years despite its higher purchase
price.

1.4.5. Requirements of the oil pump application

In this thesis, we will deal with an oil pomp applicatiof 22kW usingnduction motor
which should be replaced by line start PM motéowever, the study could be carried out on
any other application using an induction motor during a long period.

A 22kW, 6 pole motor is required with spiec starting and steady performances. The
starting performances requireceanainly a low starting curremind a high starting torque in
order to achieve the starting operation withosiirig any damage to the electrical equipment
even at full load. The required specifications the steady state eqtion performances
concern the power factor and the efficiefoy thermal and economic considerations. The
designed motors are expected to achieve thpseifications as a robust line start structure
which has a power factor highthan 0.93 and a high efficienc For starting operations, the
starting torque is expected to be three timesr#tted torque at least, and maximum values of
starting current less than ten times of thedaterrent. Some other portant specifications
are given in the following table.

Table.l. 2 : Required performances and specifications

Performance VALUE
Output power kw 22
Speed rpm 1000
Torque N.m 210
Voltage \Y 380
frequency Hz 50
Starting/rated current 10
Starting/rated Torque 3
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|.4.6. The three architecturesof line-start PM motor

Different architectures of the rotor can btudied for the purpose of our thesis. We
decided to compare three important and sigaift architectures covering a wide range of
LSPM motors. The consideredpblogies in this study are basen the principle of surface-
inset and tow types of buried permanent magnetors; these types ¥ their advantages
and their drawbacks, which will be considecadefully to meet our requirements. For all the
studied topologies, the statorchitecture is that of a classil three phase induction motor,
which will be detailed in the next chapter.

.4.6.1. Surface-inset LSPMSM

The first rotor has surface-inset magnetshwa conductive ring made of conductive
materials, such as aluminium and copper rajiegy as a solid cage (Fig.l.12). The magnets
are placed in the grooves of the outer peripleérihe rotor laminations. The conductive ring
was assembled out of the rotoThis arrangement is mucmore mechanically robust
compared to surface mounted miaels, as the magnets are futijnbedded in the rotor giving
it mechanical strength from flying out. It shdube noticed that the surface is not magnetic
uniform as the equivalent air-gap in dit@xis larger than in quadrature axis.

Fig.l. 12 : The surfaceset PM architecture

.4.6.2. Solid-rotor LSIPMSM

The Fig.l.13 shows the configuration of a satwh rotor with interior permanent magnets
azimuthally magnetized. This machine is called: solid-rotor PMSM. The pole arc can be
optimized by changing the size of the wedgkich maintains the magnets; the magnetic
fluxes are effectively concentrated in thaddle of the magnetic poles. The solid iron
between the magnets operates as a solid rotimdattion motor. It allows the flow of eddy
currents in transient state.

To reduce the flux linkage through the sectlmetween magnets and shaft, this section
was designed to be strongly satied. The structure of magnessmechanically robust and
suited for high-speed applicatidhhas usually higher efficiencgnd smaller stator excitation
compared to the surface-mounted motor for the same power output.
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Fig.l. 13 : Cross-section of the solid-rot interior permanent magnet synchronous motor

1.4.6.3. U-shape LSIPMSM

The third rotor is similar to a cage indion rotor with interior U-shape magnets

(Fig.l.14). The magnets are inserted into et slots in the laminated rotor iron. Flux
concentration can be achieved as the solid-i@tit motor, which inducekigher air gap flux

density.

Fig.l. 14 : Cross-section of the U-shape IPM synchronous motor

Remarks :

It can be noticed that the surface-insetorocommonly used, is easy and cheap to
manufacture. The two other structures, solitrand U-shape IPM motors, more expensive,
provide a greater air-gap flux density due to a higher excitation, and a higher torque.

With the three proposed configurations, the motor geometrical axttiehl parameters
will be studied to predict the motor performances during synchronous operation. Also,
according to the required performances, wk gdtermine the parameters mentioned above
for each motor. Comparison among three motolisten be discussed to find the best motor

configurations.
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Il. Study of the synchronous operation

[1.1. Introduction

With the introduction of recent permanent magnets with a high reméngntensity
along with a high coercivity, permanent magnetar®become an attractive alternate in the
oil-pump applications and fans. Compared wiitle brushless DC motor with square wave
currents, the sinusoidally excited permanengmedt synchronous motors are preferred in the
power range of a few kilowatts.

In this chapter, we propose three geometoiea 6-pole rotor for a line-start permanent
magnet synchronous motor. Finite elementhod modelling is employed to compute the
steady-state motor performances. Different irstieng features of the proposed geometries are
discussed. In order to fulfil the required overall performance of the motor, various
calculations of the performances aomsidered in the design procedure.

We will calculate the back-EMF harmonics, #neerage torque, the torque ripples and the
circuit model parameters of each of thehaiectures. Then a comparison of the three
architectures is presented. Considering thgymatic vector potential formulation in two
dimensions, the finite element method is ukedthe field calculations. External parameters
such as inductances and electromotive fo(Bask-EMF) are calculated for the three motors.

1I.2. Modelling of the permanent nagnet machine

The three PM machines are modelled heresutide demand of certain performances at
steady state. For each motor, the synchronous performances are calculated and illustrated
according to stator laminations and rotor configurations.

The PM motors are normally designed anddelled using the fite element method
(FEM), which gives good resultst steady state. It is suitable not only for the linear case,
which can give information on performancestlod motor properties at no-load, but also for
the nonlinear case, when thaturation is considered.

We will analyze the stator and rotor configimas for each PM motor: surface-inset, solid
rotor inset and U-shape inserted Motors. A fiawdi pitch stator winding is used to minimize
the harmonics of back EMF. The effect ofgnat geometries on thern@onic content of the
air-gap flux density is highlighted. Finally therfimances of the three motors are discussed
and compared.

[I.2.1. Stator configurations

To have a self-starting caphty, the rotor architecture Isaeither a starting cage as
induction motor or a solid conducting materiatiswuas iron or aluminum. A Typical stator
made up of laminated steel with uniform tlmy along the inner diaeter is considered.
Copper coils, insulated for the appropriate volteyel, are located inside the slots to flow
the supply currents.

In order to reduce the manufacturing cost @f tbquired motors, a constraint is added on
the stator lamination. Indeed, it is recommendedeal with the same stator lamination used
for the induction motors actually used foristrapplication as prested in the previous
chapter. The stator lamination has 54 sld230 mm inner diameter and 327mm outer
diameter. The other specifications are presgnn table 11.1. The stack length and the
winding arrangement are two adjaiske specifications; they can be optimized to obtain the
required performances. The geometryhef stator slot is shown on Fig.1l.1.
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Table.ll. 1 Geometrical parameters of the stator

Parameters symbol Value and unit(mm)
Outer stator radius Rso 163.5
Inner stator radius Rsi 115
Axial stack length L 220
Number of pole pairs p 3
Number of stator slots Ns 54
Slot opening width Pso 35
Slot opening height hso 0.8
Slot width bss 5.8
Slot height hss 19.7
Slot bottom width Bsm 8

Fig.ll.1 : Dimension of the stator slot

The slot currents can be calculated with ee$go the phase currents according to the
winding arrangement by introding the connection matri€. Therefore, the curren't5 in
each slot is defined by.

3
i, 1 Cyiy (II. 1)
k1

wherei, is the phase current.

The connection matrix is obted with respect to the gmwented (Fig.ll.2) winding
arrangement with two layers and 3 slper pole per phase in our case.

38



Chapter Il : Study of the synchronous operation

Fig.ll. 2 . Stator Configuration

a221 0 0 000 1 2 2 1000 0 0 1o
C 00000 1221000001 2 2 1” (Il. 2)
00 1 2 2 1000 0 0 1221 0 0 0y,

On Fig.11.2, we show the winding with a pitofi 8/9 as an examgland the corresponding
connection matrix in equation I.2. An analysisthe winding factor will be carried out on
certain winding pitches to analyse theeeff of the winding arrangement on the motor
characteristics.

11.2.1.1. Study of the winding factor

The permanent magnet synchronous motor dedidpeee, is based on an existing stator
structure of induction motor. We take the wirgllayers into consiration for the primary
step. In small motors, the single-layer winding is quite generally used for its convenience in
coil assembly. The two-layer coils are commom$ed for medium or large motors. Because
they can have a fractional dit@ reduces the end-winding lethgand gives a more favourable
MMF pattern. Moreover, the exposed surfacehef coil ends will be greater for the double-
layer winding than for the single-layer oneyigg a better heat dissiion. The double-layer
has the further advantage of a lower leakaggetance. Hence, we will apply the two-layer
winding for the motor topologies in the followg study. With respect tthe existing stator
configuration, focus has been uniquely placadthe winding factors with different winding
pitches.

Given a stator winding withN turns per phase, supplied bysinusoidal current with
angular frequency: 2§ and amplitudé , the stator equivalent complex current sheet can
be expressed with its harmonic components.

J.(Tt) % : k(nel’™® (II. 3)

n

where p is the number of polesk (n aje the winding factorsvhich depend on different
winding techniques and can be expressed by:

K ko k(0 k() k(n) (.4
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where:

X k,(n)is the slot opening factor,

sin(n //2)
k.(n) YT (1. 5)

where / is the slot opening in electrical radians

Xk, (n)isthe winding distribution factor

sin(hg./2)
ky () asinn J12) (. 6)

where Jis the tooth pitch irelectrical radians and is the number of slots per pole and per
phase

Xk, (n)is the winding pitch factor
k, (n) sin(h £5/2) (I.7)
where ESis the coil pitch in electrical radians.

x k(n)is the skewing factor

sin(nz$/2q)
k (n) W (I1. 8)

where z is the skew in number of slots

As the stator lamination and the number of poles are fixed, the winding pitch factor is the
unique parameter we can optimize. A star @mtion is chosen to eliminate the harmonic
orders; which are multiple of three. The remaining harmonics will be reduced by an
appropriate choice of differemtinding factors, rotor configations and magnet dimensions.

It is well known that theskewing of winding can effectly eliminate some high order
harmonics. However, the stator laminatiomdag skewed in this study for economic reasons.
The slot opening and distribution factor are fixed due to thengre®metry of the lamination.
Therefore, the unique parameter that we cangah is the pole pitc Four winding pitches
areconsidered: 9/9, 8/9, 7/9, 6/8he winding factors will be analyzed according to these four
pitches.

oslll - I mil---1
06l
0.4l -- -7 - -
0.2l --
0 i 1
0 15 20
Harmonics

Fig.ll. 3: Winding distribution factor

40



Chapter Il : Study of the synchronous operation

1

| | | | I 9/9
| | | | I 3/9
08 [ - - - I, . 4o l:l?/g—
1 1 1 1 EE6/9
osfll e
o) | | | |
= 1 1 1 !
04 ””” - T T T T T (L E R ]
0.2 e } ffffff .
0 5 10 15 20 25 30

Harmonics

Fig.ll. 4 : Winding factors
The figures 11.3 and 1.4 show the winding pitch factéggn and winding factorsk,(n )

for the four configurations. Wealculated the winding factor up harmonic order 29. It is
noticed that the winding pit@s 7/9 and 8/9 are more attractive, since they reduce the
harmonic orders 5 or 7. The wimdj pitch 7/9 produces the lowest Barmonic compared to

the other three windings, while ¢h8/9 winding presents lower"7harmonic value as
illustrated in Fig.1.3. Besides thé"@nd " harmonics, some other harmonic orders such as
the 17" and 19" are due to the number of slots, 18, for one period. The other harmonics are
also considered for the following stuttychoose the best winding arrangement.

11.2.2.Rotor configurations

Depending on the desired line s$taharacteristics, the rotor configuration contains the
permanent magnets and some kind oftistgarcomponents to produce an asynchronous
acceleration torque dimg starting operatiorPermanent magnets are either installed on the
surface, with a radial magnetization, orledded between magnetic poles, with azimuthal
magnetization. Three rotor configations with different locations of the permanent magnets
and different starting components are proposed in this section.

The three rotor architectures are shown onllFi§. The first rotor (a) has surface-inset
magnets with a conductive ring made of condwctnaterials, such as aluminium or copper,
operating as a solid cage. The second configuraid) has a solid iron rotor with interior
permanent magnets azimuthally magnetized; the magnetic flux is effectively concentrated in
the middle of the magnetic pole. The third rofo) is similar to a cage induction rotor with
interior U-shape magnets. It cée noticed that the rotor)(acommonly used, is easy and
cheap to manufacture. The two other structurgsufll (c), are more expensive; they provide
a higher air-gap flux density and a higher torque [Kurihara-04].

fon LI

Ly

(a) Surface-inset PM (b) Solid-rotor IPM (c) U-shape IPM

Fig.ll. 5: The three rotor architectures
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With the proposed three configurations, thergetrical and electrical parameters will be
studied to predict the motgrerformances during synchronous operation. According to the
required performances, we will also determine these parameters mentioned above for each
motor. A comparison of the three motors wiitlen be discussed to find the best motor
configurations.

[1.3. No-load characteristics

R iL 2

Fig.Il. 6 : Equivalent circuit of synchronous motor

Two-dimension field calculations are carriedt with finite elenent method (FEM) to
study the motor characteristics. The FEM uses formulations in terms of the magnetic

vector potentiaP. No-load back electromotive forceagk-EMF) can be calculated from the
magnetic vector potential after successive magnetostatic dadtailations. The parameters

(resistanc®, inductancd. and back-EMFE) of the equivalent circuit shown on Fig.ll. 6
can be determined under any geometrical data.

[1.3.1.Calculation of the Back-EMF

Ay
1 < 2
A?/ /{Azz
1 2
} S - X>
y4 X Z

Fig.ll. 7 : Computation of the magnetic flux

In two-dimensional field analysis, the surface integral is replaced by a line integral by
using some mathematical theorems. For instance, the magnetic flux through a surface
characterized by the normal unity is defined as the surface integral of flux derﬁii.ty
A(Qplying Stokes theorem, it can be obtained by @ iimegral of the magnetic vector potential
A over a closed path(s) bordering the surface. Refer to Fig.ll. 7, the magnet flux is equal

to the difference of\; between the two points, multiplied the lengthin z-axis direction.
M B3Ids 33 UATds
S S
& & & (1. 9)
B ATd AD AQL,
S
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Chapter Il : Study of the synchronous operation

In the case of massive conductors, it is cormanto consider the average value of the
magnetic vector potentiaf, on the surfaceS,,.Especially, in the case of electrical machines
the coils are manufactured fraamcertain number of wires locatadone slot, we consider the

“average value” of the vector famtial over the slot surface. Therefore, we can define the
“slot flux” of the sloti as:

M Lsu 333gds (. 10)

wherel, is the axial active length of the windings.

The connection matri€ has been previously introduced tdide the current in the slots as a
function of the phase currents. The connectionrimids also used to determine the phase
fluxes from the slot fluxesThus, the flux linkage [, ,k 1. Bof the phasé is calculated.

NS

I N Ve, m (. 11)

t/'s ki
i Il

where N,; N/(gp )s the number of turns per slot.

The fluxes are computed for different values of the positionf the rotor over one
electrical period. The back-EMF can be obtained by the derivation of the flux according to:

“p: (1. 12)

where : lp% is the mechanical speed.

The Fourier analysis is applied to analyae harmonic components of the back-EMF based
on the following formula:

N,
En( 7 : Ee"’ (Il. 13)
nl

E, %gﬁ( yeld T (Il. 14)

To evaluate the harmonic effects and tbgrehoose the optimal rotor configuration and
the winding arrangement, a léxaf harmonic distortion is defed and called “modified total

harmonic distortion” {HD,,). In this definition, we consider only the harmonics that we

wish to minimize, such as 5, 7, 11, 13, 15, 17, 19, 23 and 25. Some harmonics, like the
multiples of three, will be eliminated by applying star connection to the stator windings.

THD, (&
E| (Il. 15)
| B | B |EL |EL |E) [Ed [E] |EA
E]

The corresponding study will be shown in section 11.3.2.1 and the evolution of the back-
EMF and its harmonic contents according to défe rotor geometrieand winding pitches
will be presented.
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Chapter Il : Study of the synchronous operation

The whole design of the PM motor requitte analysis of the air-gap flux density
provided by the magnets. This analysis will be performed in the following.

[1.3.1.1. Spectral analysis of back-EMF as function of magnets

In permanent magnet motors, back electromdtivees are induced in the stator winding
by the variation due to the rotor motion thie flux provided by maggis. To predict the
harmonic content of back-EMF, it is suitalite analyze the harmonic content of the flux
density in the air-gap. The harmonic content ndgpend on several geometrical parameters
which are different for the three studied arattilees. These harmonic contents are directly
affected by the dimensions of magnets, sashmagnet span, thickness and height. We have
studied the normal flux densityn the air-gap of a smooth stator with different magnet
configurations. In the present calculatitme slot effect is not taken into account.

A. Surface-Inset PM motor

Fig.Il. 8 : Surface-mounted PM rotor

The magnet flux line couples the stator amdor fields in the direction of magnet
thickness. Neglecting the slot effect and introducing Carter coefficient [Hanselman94], an
equivalent smooth air-gap is obtad. Assuming that the iron armatures have infinite relative
permeability, the flux density amplitude in air-gap can be given by:

B B & (1. 16)
° T a euk,

where B, is the remanent flux densitf the permanent magnetjs the magnet thickness,
is the mechanical air gap, akd is the Carter coefficient.
Reciprocally, the thickness of the magnet can be calculated by:

B. /B, 4

_Pe!Pr & (II. 17)
1 B,/B, ‘

The shape of the air-gap flux density isosih on Fig.ll.9, where the magnet span is
called /.
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Fig.ll. 9 : The radial air-gap flux dsity with the smooth stator (a=8mm,=41°)

Assuming that this shape is close to a square wave offgpdhe flux density in the air-
gap can be approximately expressed as:

B.(7 : B,sin(n 7 (Il. 18)

n

4 )
where BB —B.sin(h D /2
n n S e ( % )

An example is presented on the following Fibd;. we consider a smooth stator to analyze
the flux density provided by the magnet and its harmonics according to the magné&f .span

1.4

1.2

1

0.8

0.6

Flux density (Tesla

0.4

0.2

%5

Magnet span(°mec)

Fig.Il. 10 : Harmonic contents of the flux density with smooth stator

In the figure 11.10, we plot the harmonic cortemwith variations of magnet span from 36
to 54 mechanical degrees. hoslld be noticed that the haomic orders of the flux density
provided by the magnets contain the multiples cée¢halong with usual harmonics as 5, 7, 11,
and 13. But the star connection of stator windings will eliminate the effect of the harmonic
orders, multiple of three.

To reduce the total harmonic distortion, an appiate value of magnet span is chosen in
general to reduce the overall rate of the leames instead of a particular one. The minimal
values of fifth and seventh harmonics are obtained with the magnet spans 50°and 52.5°.

Therefore, we will choose the magnet spéb1 mechanical degrees to reduce bdtrasd
7™ harmonics.
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Harmonic magnitude (Tesla)

Harmonic order

Fig.Il. 11 : Harmonic components in air-gap (magnet span 51°, a=8mm)

The amplitudes of harmonic contents for this magnet dimension are smaller than 0.1T
(Fig.ll. 11). Similar harmonic calculations and analysis will be processed for the two other
motors, which will be compared with the surface-Inset PM motor.

B. Solid-rotor interior permanent magnet motor

Fig.Il. 12 : Motor toptogy with smooth stator

The flux density in the air-gagiepends on the magnet geometry, shown in Fig.11.12 with a

smooth stator. Appling the above analysis, we can obtain the fhsitgas [Fordorean09]

B r

(. 19)
D p 2e uk,
a

2s, W,
Vis the coefficient of the fluxelkage of the magnet .In genertals neglected or set tol to
1.15 according to finite element resultS, and S, are the section areas of the rotor pole and

B. S
4

of the magnet/, is the relative permeability of the magnéts.is the magnet width.
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Fig.ll. 15: Harmonic catents with smooth stator

With a smooth stator, the flux density in the air-gap depends on the polg, and the
magnet widtiw,,,. Fig.ll.15 shows the harmonics content of the flux density versus the

magnet width without considering the saturatitins observed thathe fundamental value
grows with magnet width; the other harmoniontents have a verglight increase. The

harmonic values are smaller than 0.12T. In this simulation, the pold ardoes not vary
significantly. That is why the harmonics havenakt constant values whenever the thickness

W, iS.

B. U-shape interior permanent magnet motor

Fig.ll. 16 : U-shape IPM motor topology with smooth stator
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Chapter Il : Study of the synchronous operation

The size and the inclination of the magnetsl éhe shape of the rotor bars affect the
saturation of the rotor, so the flux densitytle air-gap due the U-shape permanent magnets
depends on many parameters. The exampleseahithgap flux densityvaveform and of its
spectral components are shown in Fig.11.17.
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Fig.Il. 17 : flux densitycurve and its spectral,, 6mmh,.  38mm, [, 402q

From the path of the flux line shown in HIgL6, the flux density in the air-gap supplied
by the magnets can be calculated as [Fordorean-09]:
2X
max 3hm
' 2RI‘O [)u € uI‘(C Pa
3h,p w

B B

r

B, B

(Il. 20)

m

where:

B, .« IS the amplitude of flux density in the stator steel,

w_ and h_are the magnet width and height respectively,
R, Is the rotor outer radius,

x the distance between the magnets,

L, is the radian angle between two magnets.

Due to the presence of the rotor bars, ftbg density curve is not smooth; it presents
ripples with a period depending timle number of rotor bars (Flg17). The results shown on
Fig.l.17 are obtained with a matowning seven bars per polé.can be seen that thd'7
harmonic is very low. The other harmonidepend on the magndieight and width
respectively.

To analyze the effect of magnets, harmonic eotst of the flux density in the air-gap are
studied according to different s of the magnet heighti(), magnet width ) and

magnet angle {,) with a smooth stator. Finite elemenethod is used for this purpose.
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Fig.Il. 18 : Harmonics contents versus andlg( W, 6mm b 38mm)

First, the computation of the flux densityrinic components is aa&d out versus the
magnet angle, which varies from 36.6° to 51°. The fundamental component has a slight
decrease when the magnet angle incredsesnoticed that the magnet angle we defined
in this motor is similar to the magnet spanthe surface-inset motorherefore, this motor
should show the similar harmonic formsimshe case of surface-inset motor. THeadid 11"
harmonics have their minimum value fd; about 40°, while the"5and §' harmonic orders

show minimum value arounf|, 44(q In practice, a value close to 42° is chosen to
minimize most of the harmonics
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Fig.ll. 19 : Harmonic contents versus magnet hellgm( W, 6mm/, 42q
Fig.ll. 20 : Harmonic components versus magnetwidth( .~ 38mm [, 42q

In a second step, the effect of magieometry parameters (magnet heightmagnet
width a) is illustrated in Fig.11.19 and Fig.ll. 20. The magnet height varies from 33 mm to 42
mm and the magnet width vas from 3 mm to 9 mm.

It can be seen from the previous studgttthe harmonic content of the flux density
waveforms mainly depends on the magnet openinthe U shape, whereas the height and
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width of the magnet have an effect on the amgétof the flux density. It is somewhat to the
equivalent ampere-tas of a wound rotor synchronous machine.

D .Conclusion

From this analysis, we can conclude that tiagnet height has an effect on the amplitude
of the flux density whereas the span or poteaifects the harmonic content. The harmonics
of the flux density and the winding arrangembate an important effect on the back EMF
harmonics. This point is discussm the following section.

11.3.2.Spectral Analysis of Back-EMF

The back-EMF and its harmonic content aralgsed versus the winding arrangements as
well as the magnet span for the three rotoritectures. All the following results are provided
by the external model using the finite element method.

A. Surface-mounted PM motor

Since there are 9 slots perl@ofour winding pitch facte 6/9, 7/9, 8/9 and 9/9 are
adopted for the following study. We have canga the back-EMF waveforms of the machine
at a synchronous speed 1000 rpm. On Figll.21shev the back-EMF waveforms of the four
windings, where the magnet span is 47 mecresss, which corresponds to 78% of the pole
pitch.

It is noticed that the 6/9 pitch winding hid® most sinusoidal curve. Indeed, this winding
pitch eliminates the '3 harmonic. The 9/9 pitch windings has the higher fundamental

component of the back-EMF becausgrnésents the highest winding factiiy and winding
pitch factork (n) 1 n. (Figll.3). In order to highlighthe effect of the magnet span, the

spectral analysis of the back-EMF waveformpasformed for the 4 windings. The amplitude
of the harmonics orders 1, 5, 7, 11, 13 and 17 are shown on Fig.ll.22.

LEERRY ] 7/9

Time (Mms)

Fig.ll. 21 : The waveforms of back-EMF for four windings (magnet span 47°)
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Fig.Il. 22 : Harmonic contents of Back-EMF

For all the windings, the sp 48° corresponds td, |4 ¢/ Bives the smallest fifth
harmonic. In the same way, the span 51.4Pesponds to the minimum seventh harmonic. In
general, magnet span is selected by aevatureduce these two harmonic orders which
correspond td,, | 6 ¢/ 7It can be seen that the smallealues of the harmonic orders 5 and
7 are achieved with 7/9 and98pitch windings respectivelfhe 8/9 and 7/9 pitch windings
present the minimum values of th&1and 18" harmonics.

From these results, it is not easy to define which winding and which span is the only best
one. Therefore, as presented in chapter1l].8ve compute the modified total harmonic

distortion THD,, according to the equation 11.15. Fig.I.23 shows the harmonic level of back-

EMF for each magnet span. The optimal magnah p obtain the lower harmonic level can
be chosen when the magnet spabslO$and the winding pitch factor 8/9.

0.16 , : : :
l 1 1 ——6/9
0.14---- u AR ] — /o
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' ' & —9/9
€ 0.1 S 7~ 1N S
!E 0.08 - ) o A

0.06 \\S¥ .~

0.04t - T

Magnet span(®)

Fig.ll. 23 : THD of four pitch windings

It appears from this figure that thensling pitches of 7/9 and 8/9 present lowdrD,,
than the other two windings. The smallddtiD,,is obtained from the configuration with a

winding pitch of 8/9 and a corresponding magneinsp0°,which is lower than 0.04. Another
possibility consist in choosing magnet span 43° which corresponds to the second

minimum of thelHD,,. This will be discussed in the next chapter.
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B. Solid-rotor IPM motor

For the solid-rotor interior permanent gmet motor, two geometric parameters are
combined: the magnet height, and the magnet width,,. The back-EMF and its harmonics
are studied according to these two paramdterghe four windings presented before.As for

the first motor configuration, the back-EMF cesvare plotted for thé windings (Fig.11.24).
The same set of harmonics is also analyzed in the following.

——— G/O
sammnn 7/9
8/9

-100*‘

-200

-300
(¢}

aF---

Time (ms)

Fig.ll. 24 Back-EMF waveform of solid-rotor IPM motor
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Fig.Il. 26 : THD,, with different magnet heigHﬂm(Wm 12mm)
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We plot the curves of the harmonic amplitudes andlthi, on Fig.I1.25 and Fig.ll. 26,
when the magnet height varies from 44mnd&mnm and the magnet widts fixed to 12mm.
It is noticed that the ™ harmonic is much lower than th& Dne. The 8/9 pitch winding
achieve smaller values ofdhharmonic orders 7 and 11, and the 7/9 pitch winding gets
smaller values for harmonirders 5 and 13. For the 1 iarmonic, the 6/9 winding gets the
smallest value. Finally the analysis of ti&iD,, curves (Fig.Il.26) shows that the pitch

winding 8/9 gets a minimum value 0.138WfD,, when the magnet height is 48mm.
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Fig.ll. 27 : Harmonic contents of the back-emf versus magnet Wil hm 48mm)
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Fig.Il. 28 : THD, with magnet widthW,,

The same calculations are performed when the magnet width varies from 12mm to 27mm
with a magnet height set to 48mm. Similar results are obtained for the harmonic content

analysis, we get the smalleBHD, with the 8/9 pitch winding on Fig.1.28.

C. U-shape IPM motor

Similar calculations of Back-EMF and its tmaonic contents are carried out for the U-
shape interior permanent magnet motor. The back-EMF and its harmonic contents are
calculated when the magnet angle varies from 36° to 52.5°.It corresponds the 60% and
87.5% of the pole pitch. On Fig.Il.29, weveaplotted the back-EMF waveforms for the 4
winding pitches with £, 40(QThe results are shown on Fig.83. It is observed that the
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7/9 winding presents the lowe$HD, when the magnet angld,is 39.2°, which will be
chosen to reduce the harmonantents of the back-EMF.

400

-300
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Time (ms)

Fig.ll. 29 : Back-EMF waveform of the U-shafféM motor
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Fig.Il. 30 : Harmonic contents of the back-emf versus magnet afigle

0.14
0.12
0.1

¢ 0.08

THD

0.06

0.04

0.02

Magnet angle B, (°)

Fig.Il. 31 : Harmonic contents versus magnet anqjle
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For commercial and practical concerns, welgtthe harmonic contents when the magnet
height varies from 33mm td2mm and the magnet anglé,is constant. The following
figures display the harmonic compotenf the back-EMF in detail.
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o
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Fig.ll. 32 : Back-EMF waveform of the U-shalfeM motor (£, 392qh, 38mm)
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Fig.Il. 34 : THD, with magnet heighhIm

As it can be seen on Fig.11.33 for harmonic osdé and 11, the 8inding presents the
lowest amplitudes, while the 7/9 winding obtains a significantly sm&ll H8monic. The

55



Chapter Il : Study of the synchronous operation

parameterTHD_, has a very slight change about ¥#en the magnet height varies from

33mm to 42 mm. The 7/9 wimtty has the relatively loweBHD_,,when the magnet height is
39mm.

D. Conclusions and discussions

We have analyzed the harmonic contentthefflux density in the air-gap, the back-EMF
and its spectral components due to theectffof magnet dimensions and the winding
arrangement. For the surface-inset PM motas, shown that the combination of 8/9 winding

and magnet sparl., | 50 gpresents the lowest harmonic components. For the solid-rotor
IPM motor, the optimal size of the magnet shouldjpe 48mm, a 12mm. For the U-shape

IPM motor, we found the magnet thicknes§, 392 qand length i, 39mm present the
minimumTHD,, . These dimensions of the magnets we obtained here will be applied for the

following calculations. These values shoulddmimized regarding the performances at full
load and transient state. Itlihbe discussed in the followingections and the next chapter.

The optimal geometrical parameters chosentlier three architecturesre gathered in the
following table:

Table.ll. 2: The geometrical parameters of three motor

Magnet span L, 50q [, 392q
Magnet thickness (mm) w,,, 8 W, 12 w, 6
Magnet height (mm) h, 48 h h, 39
Pole pitch 8/9 8/9 7/9

11.3.3. Electromagnetic torque

11.3.3.1. Torque components and calculation - theory
When the motor operates at synchronous spibedelectromagnetitorque is composed
of three parts.

X The synchronous torque produced byititeraction between currents and magnets

X The reluctance torque due to a possibleeral of the rotor (i the case of insert
permanent magnet)

X The cogging torque due to the dgrisce of magnet and stator slots

The first two parts have a non-zero averagkie and a pulsating component while the
third one is purely oscillatory.

The calculation of the torques can be ieménted in two possible methods which are
defined as the internal and external models.
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For the internal model, the torque is congautvith field calculation in two ways. The

first one is based on the Maxwell stress tensor and trendegay uses the virtual work
principle, which evaluates thariation of magneticoenergy for different rotor positions

For the external model, the torque can deutated by means of the interaction between
back-EMF and current components, combiwveth the interaction between magnets and
stator slots. The latter torque componentknown as the cogging torque which will be
discussed at the emd this chapter.

[1.3.3.2. Electromagnetic Torque calculation with external circuit model

Fig.ll. 35: Three phasercuit model of the PM motor

The simplified external circuit model is shown in Fig.ll.35. The self and mutual
inductances of the stator e depend on the rotor positionin this model the saturation is
not considered so that the inductances do not depend on the stator currents. The effect of the
saturation on the inductancediviie discussed at chapter Il.4he electric equation of this

model is:
V> RQA %% > @ (II. 21)

where: 1> L@ 1 >, @ > @
L( )>is the st@or inductance matrix which depends on the rotor position
i is the flux vector through the stator phases provided by the magnets.

mag

The input power is given by:
' >.
Pou 1V @R 1@7 1 2 w@ >p:@ |>ﬂ@> T@Y@ﬁgb(@zzp@@
© W w7/ 1

where p: di/dt is the electrical speed.
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The third term of the left hand side of (11.22) represents the transmitted power which is
converted onto mechanical power. The elecagnetic torque can then be expressed by:

T, () D§|>—@WL >@@—1\"’" @ (1. 23)
© W w/ i

The first term represents the torque duehi® saliency (reluctancerque) whereas the
second term is the interactidarque. The cogging torque_( j)is not considered in the

tog
model shown in Fig.11.35. It will be compute@parately by finite element method and added
to the expression given in (11.23). The electromagnetic torque can be defined by

§ W@ g -
T(4) PE©|>4W@> @—W?%i@'cog(ﬁ (1. 24

The 3 components of the electromagnetic uer@re retrieved adescribed above. The
average value of the electromagnetic torqugiven by the two first terms while the third
term T__( ) has a null average value. The torque leppare due to the 3 terms even if the

cog

currents are purely sinusoidal.

With the external model, the computation of tlorque can be performed with the following
steps:

¥ Computing of the no-load quxesmag> througr@he statowinding versus the
rotor position over one elaal period. By considering sinusoidal current

supply computing the term': |>\—"@9_
\

% Computing of the inductance matrix as a function of the position@
perform a numerical derivation vess rotor position and computing the

term:” | >LL_@| > @@
Wi

¥ Computing of the cogging torqug, (j) with currentless stator slots versus
the rotor position.

Under the hypothesis of linear magnetizatiourve of the iron and neglecting the
magnetic field due to the stator current, the total torque can be considered as the sum of the 3
components computed above. A special carethdse taken on the time references of the
currents and rotor position. Indeed, in the first and second steps the phase shift of the current
of a given rotor position must be identical irtlbealculations. In the third step, only the rotor
position has to be controlled.In the case obsth rotor machines, the inductance matrix does
not depend on the ratposition. Therefore\ L @ ;0 and there is no reluctance torque, the

average torgue is only due to the interacti@tween stator currents and rotor magnets. The
non-salient PM motors driven with PWM invedare generally controlled with zero current

in the direct axid, 0. In other words, the stator curtsrand the back-EMFs have the same
phase angle.

The case of salient pole PM machines is difieteecause the optimal torque is not obtained
with a zero phase shift between EMand stator currents i.e'td (z0). In general, the inverter

supplying the motor is driven so that the torgueaximal with a constant value of the stator
current. A combination between the direct aaisl quadrature axis currents is considered.
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The case of line start PM motors (LSPM)also different because they are directly
connected to the grid and there is not cortfdhe stator currents. The phase angle between
the currents and the fluxes depends on the toeglie and stator voltage. The aim of this
study is to compare the performances af three architectures of LSPM under similar
operating conditions. Therefore we consider di@#ar operation mode in our simulation to
perform the torque calculation and also the comparison of the performances. The case of
I, O corresponding to stator currents and thekeEMFs having the same phase angle is
considered. The full study takimgto account the load torquelilbe presented and discussed
in the next chapter. In this case time stepginige element method will be used to study the
transient state operation.

For the three motors, we have considerédSapitch winding pitch and it is supplied by
sinusoidal current of amplitude,,, 517A. This value is calculated from the requirement
imposed for the oil-pump;, \/_Zeﬁ JP /(\/_:BJ cos /Y. The torque is computed from the

interaction between the Back-FEAMd the stator current according to the first step described
above. The fluxes are calculatediwequation 11.11. The torquepple is defined as the ratio
between the peak-to-peak torqu& T, T,,and the average torqlig:

' T Tmax Tmin
T 2T

av av

(II. 25)

Results:

On the left side figures, we have preserttegl cogging torque and the interaction torque
separately. On the right sidgtires, we have summed the 2 gaments in order to obtain the
total torque waveform during one electrical period.

The obtained average values of the torque are:
X Surface inset motor : 206.9 N.m with torque ripples of 11%
x Solid rotor motor : 207.8 N.nmwith torque ripples of 22%

X U-shape interior motor: 206.3 N.m with torque ripples of 23%.

It can be seen that the minimum torque m@pEtio is obtained with the surface inset IPM
while the highest value of the torque ripplasio is provided by the U-shape IPM. These
results are caused by tHeHD,, computed in the previous section in which the solid-rotor

motor presents the higheBHD,,. The amplitude values of the cogging torque are:

x Surface inset motor : 22 N.m thatl0.6% of the average torque
x Solid rotor motor : 7 N.m that is 3.3% of the average torque

X U-shape interior motor : 45.5 N.m that22.8% of the average torque

It is clearly seen that the surface inset #relU-shape motors present high values of the
cogging torque since we havetéken the reduction techniquesaraccount. This latter can
be reduced by different techniques depeld by different authors [Zhu-00, Hwang-94,
Bianchi-00]. One of the most evident methods consists in the skewithg atator slots or
rotor PMs. However, this technique is notye#&s manufacture for high or medium power
machines. A detailed study of the cogging torgilebe presented in the end of this chapter.
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Fig.ll. 36 : Torque waveforms with circuitodel for surface-mounted motor (magnet span 50°)
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Fig.ll. 37 : Torque waveforms withrcuit model for solid-rotor IPM motordd  12mmh_,  49mm)
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Fig.ll. 38 : Torque waveforms with circuit model for U-shape IPM molyr ( h,  39mm)

11.3.3.3. Electromagnetic Torque calculaton with internal field model

The circuit model presented above usegdirlement method for the identification of
| nag” @NA L( @. The fie@ created by the statcurrents is not taken into account. It is based

on the principle of superimposition addes not correctly considére saturation. Indeed, the
calculation of the fluxes is penfmed with nonlinear magnetostatic finite element code. This
model has the advantage ofirge easy to implement and is not CPU time consuming in
comparison with the other methods.

In order to take intaccount both saturatioand stator currents eifft, it is pasible to
perform finite element computati with supplied slots and the presence of the magnets. This
is so called internal field model. It is bdsen the complete numerical calculation using the
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variables of park and finite element.The cohtrfodirect and quadrature axis currents can be
considered by using Park transformation. Than idea consists in introducing sinusoidal
stator current according to the rotor position.

For a given position of the rotor] is defined as the electrical angle between the magnet axis
and the axis of the phase of the stator winding. Parkansformation can be introduced so
that [Sargos04]:

oo TooP( B ogq @ (1. 26)
Where:
| . > :istl®@ phase currents vector

abc

logg - IS the vector of direcbés and quadrature axis currents

T,,  :isthe Concordia matrix
P(7) :is the rotation operator

With this definition the stator currents can be controlled in our finite element simulation
as it is done with a PWM inverter supplying the motor.

Fig.Il. 39 : Definition ofthe electrical and mechaai angles in dg-FE model

On the following figures we shothe flux lines due to the statcurrentsand the magnets
remanenc is set to zero, in two cases : @) :0,i, |, and (b)i, I i, O.

max q

The plotted flux lines are effectively in the desired direction in both cases. For the full load
simulation, both stator currents and magnats considered and dhflux density in the
machine is due to both sources. In this case the saturation of the iron is correctly taken into
account and as well as te&tor current reaction.

The developed model is able to modify eashe position of the rotor. So it can be
performed for different positions of the rotor owme electrical period. The output torque can
be computed over one electrical period by usietfdfformulation. In this way, the effect of
stator and/or rotor saliency is taken into account. This model consists in solving successive
magnetostatic field problems. Transient stteulation taking into account eddy currents and
asynchronous torque, will be cadsred in the next chapter.
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Fig.ll. 40 : Flux linesn different configuration

The torque is computed in the air-gap in two different ways:

Maxwell stress tensor:A circular path, of radiuB,, in the air-gap is defined. The torque
IS computed by:

T |§Lu235hbnd7 (II. 27)

where hy andb, are the tangential field and the normal flux density components along the
considered path. This is easily implemented in this internal field model mentioned above.

Virtual work principle: For fixed current distributin and a given rotor positiop, the
co-energy is computed by:

WT LY L 3sm@dsoh b3xdh (I 28)

where h andb are the magnetic field and the flux density vectors over the surface cross
section S, of the motor. The simulations are perf@d for different values of the position

and the torque is given by:

T(T1,,>) W@, @Qwr (1. 29)

The two methods are implemented in the model to compute the tartuevo different
ways. The torque waveforms are calculated with the above methods for the three architectures
of line start motors in two cases:

Caseli, Oi, |

q max

For the three cases we have sgt 0,i, |, as described above. The parameters of the

motors are those used in the circuit model gmésd in the previous section. The current and
torque waveforms are preged in the following figures.
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Fig.ll. 41 : Phase current and fildlad torque of surface-mounted PM
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Fig.Il. 42 : Full-load teque of solid-rotor IPM & 12mnfn,~ 49mmand U-shape motor
(h, 39mm/L, 392¢

The three motors are designed to have the same torque; therefore, the three simulations are
carried out with the same supgliphase current. The valuestbé average torque and torque
ripple are different for the three motors. We obtain:

x Surface inset motor : 205.98 N.m with torque ripples of 9%
x Solid rotor motor : 203.7 N.m itk torque ripples of 26%

X U-shape interior motor: 193.3 N.m with torque ripples of 27%.

It can be seen that the U-shape motor presents the lowasigavtorque as found with the
circuit model. It maybe caused by the effectlod saliency of the rotor structures. In other
words, if we want to obtain the same load torque, the U-shape PM motor requires higher
phase current than the other two motors.

Case 2 Optimization of the torque:
In this case, we compute the iopal values of the currenig and i, which maximise the

torque T p(lj, (Ly L,)i,) withthe constraint; i; constant

Such optimization should be interesting to perform if the reluctance torqueL , L,)i,i,

is significant. In the case of the studied machines we expect that it is too weak compared to
the interaction torque | ;i,.The obtained torque waveforrage given the following figures.
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Fig.ll. 43 : Optimal torque waveforms of three motors

The values of the average torque and torque ripple are different for the three motors. We
obtain:

X Surface inset motor : 208.65 N.m with torque ripples of 9.3%
X Solid rotor motor : 208.8 N.m ith torque ripples of 27%

X U-shape interior motor: 206.6 N.m with torque ripples of 25%

It can be seen that the values of the agertorque obtained in the cases 1 and 2 are
similar and the optimisation of the currents sle®t improve the toque significantly. As it
predicted the reluctance torque is weak because the inductances arsowbak the term
pLy L4, is notsignificant in the torque expression.

11.3.3.4. Comparison of the two models

The values of the average torque obtained Wiehtwo models are close to each other. In
the same way we can see that the solid rotor motor presents the highest average torque. All
these results are gathered in the following table:

Table.ll. 3 the torques values of three motor

External circuit model  Internal Field model  Optimum

T,Nm) | "TIT, ) | T(Nm) | T/T,, (%) | T, (Nm) | "T/T, (%)
Surface-inset| 206.9 11 20598 9 208.65 9.3
Solid rotor 207.8 22 208.6 26 208.8 27
U-shape 206.3 23 193.3 27 206.6 25

The torque waveforms and their spectral analysis are obtained with the two models and
shown in the following figures.

64



Chapter Il : Study of the synchronous operation

250 18

: : : [ IField model : : :
| 16{ I External circuit model [~ — - - - —— -7 -~ - 1
| | i i | | |
200K - i - 7 - i B ) 14F - - - - e e —
| | | | | | 1 |
_ | | | B SRR EEEEt Rl [ESEEEEEEES
E 150 - - - - - -F--——-—-— - - £ I I I I I
z | | | Z 10 - - - - - ———+-—-——-+-f—1-———+--- -
° I I I o I I I I I
5 | : : B DR IRRRRRE R
g 100F ===~~~ Co T oo roT T ° | | | | |
| | | 6fF - - — - |-+ -————r-fr1-————+---—1
| | | | | | | |
| | | T
50 -----~ | | [ 4 | | | | |
: : External circuit model 2F——— : ———Jr **‘r* ——:————Jr —————
! ! Field model | | | | |
0 i i T 0 i i i i ali a
0 5 10 15 20 0 5 10 15 20 25 30
Time (ms) Harmonic order

Fig.ll. 44 : Torque curves and harmonid#wviwo methods of the surface-inset PM motor

In the case of surface-inset permanent magnet motor, the torque waveforms obtained from
the circuit and field models adose to each other, but the torque obtained with the field
model presents some harmonics which do mgear with the circuit model. Indeed, the
circuit model considers the harmonic ranks of 6 which are due to the interaction between the
back-EMF harmonics@k r )and the current. The field mddakes into account the torque

ripﬁles due to the slotting effect and the effetsaturation also. The main harmonic is the
18" one with a value about 18N.m.
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Fig.ll. 45: Torque curves and harmonigth two methods of t solid-rotor IPM motor

In the case of solid rotor permanent magmetor, which uses bigd magnets leads to
flux concentration in the poles, the saturationtte rotor and stator armatures has a great
effect on the flux density in the air-gap. Thegnetic air-gap of this machine is smaller
cgtTpared with the first one, so the iron is lygtaturated. The highest harmonic order is the
18" too.
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Fig.ll. 46 : Torque curves and harmonics with two methods of the U-shape IPM motor
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Similar calculations are implemented for the U-shape IPM motor to show the harmonic
components. The existence of the rotor bars makes the harmonic contents more important
than in the other two topologies. But harnw@implitudes are not very large. The main
existing harmonics are of orders 6, 12, 18, G6mparing the three topologies, the U-shape
IPM motor presents the highdsirmonic ratio value, around 278baverage torque while the
others are about 9% and 26%.

From the torque results calculated with two methods, it is noticed that the values of torque
obtained from two models areosk. It can be seen for the three motors, that the torque
undulations computed by the field model arerenimportant than those obtained by circuit
model because it takes into account phenomeat ttie circuit model neglects such as
saturation, cogging torquaa stator slots reaction.

It is obvious that to reduce the torque ripples have to reduce the harmonic contents of
the back-EMF or the cogging torque. Wevéiashown in the previous section some
techniques to reduce harmonics of the EMF; the cogging t@aaelation will be presented
in the end of this chapter.

II.4. Computation of external parameters

[1.4.1.Introduction

The knowledge of the machine parametergngortant to predicthe behaviour of the
machine for a given operation point. In theseaf line connected machines, there is no
control of the stator currents so that a precise identification of the parameters is required.

Because of the complex geometries of shiedied permanent magnet motors, the most
appropriate approach is the finite elemenéthod in order to takento account local
saturation. Different procedures have bemveloped for the parameter identification and
behaviour prediction. In this section, we wdikal with the calculation of impedance for the
three motor architectures; both static andchatyic inductances will be calculated. The
inductances of the d-g model are also definatitha cross coupling effect will be highlighted

[1.4.2. Resistance

The winding resistance is generally detemwirby analytic formulas taking into account
the total length and the crossction area of theopper wires. Temperature influence can be
introduced to take into acant the increase of the resistance due to the heat flow.

In the range of calculation accuratlye obtained value per phase is:

R(M) L QT To)Lf—"” (Il 30)

coil
Where:

{, is the resistance temperature cagdfnt of the copper at the temperatiige
L, is the resistance temperature coefficient
|1 Is the length of the coill

S..i IS the cross area of the coil
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[1.4.3. Self and mutual Inductances

The calculation of inductance in permanengn& motors can be performed in different
ways that depend on the degree of assumption taken in the model. With respect to the linear
materials, the presence of flux supplied by the magnets does not affect the values of the
inductances. In practice, the mt@are designed so that the irgperates at given level of
saturation, so that it is necessary to take amoount the effect of the magnets. In addition, it
is interesting to compute the inductances in the direct and quadrature axes which directly
depend on the magnet flux. These two approaches will be discussed in the following.

11.4.3.1. Linear model

When the iron core is nottssated, the inducteces do not depend on the flux provided by
the magnets. In this case, the self- and mutual inductances can be calculated by computing the
flux linkage when only one phase supplied and when the rpganent magnet remanence is
set to zero. We call thigtgation “switched off magnetsThe flux through the phase is
defined by:

| (1. 31)

c mag

where lg,is the self inductance of phaseMy, is the mutual inductance between phase a
and b,Mg is the mutual inductance between phases a ang,¢.is the flux of the phase a

due to the magnets.

M. e (Il. 32)

!
L. —=a M b . :
* I a , mag O’Ib,c 0 Lo | O'Ib,c 0

“ |l Oipe O

Due to the saliency of the three rotors theuctance calculation is performed for different
values of the rotor positioover one electrical period.

The figures 11.47, 11.48 and 11.48how the self and mutual inductances versus the rotor
position for the three motors. In the case & Hurface-inset motor, we observe that the
maximum value of the selhductance is about 3 mH whitee minimum value is 1.5mH.
These two values correspond to tases where the magnets and plaaaees are orthogonal
and parallel respectively. Similar resulte abtained for the solid rotor motor though the
maximal value of the inductance is higher (ab6i& mH); this is due to the fact that the
magnetic air-gap of this motor is relatively dlmathan that of the surface-inset motor. The
effect of the saliency on the inductances didswmtor motor is important. The U-shape IPM
presents smaller variations of self andtmall inductances because the rotor is more
magnetically homogeneous. These results givedea about the values of the inductances.
The calculation method does not take intooacdt saturation so these values are not
significant and cannot be usgedthe circuit model.
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Fig.Il. 47 : Inductance waveforms versus rotor position for surface-inset PM motor
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Fig.ll. 48 : Indutance waveformsersus rotor position for solid-rotor IPM motor
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Fig.ll. 49 : Inductance waveforms versus rotor position for U-shape IPM motor

11.4.3.2. Nonlinear model

In order to take satation into account, the magnets hawgebe considered in the finite
element simulations, so their remacermust be set at its normal vale 1.2T . We can
call this situation “switched-on magnets”.

When the rotor operates in nowdar case, the magnetic maadsiof the rotor and stator
are set nonlinear. In addition, the armature reaawill change the saturation level when the
load changes, along with the phase current. ilitlactances can be calculated by the ratio
between the flux linkage variatiomsd the slight increase ofetlcurrent. The flux depends on
both stator currents and positibn 1,(1). When the slots are currentless, the flux

through the phasais only due to the magnets:
[, 0 | (1. 33)

mag
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If the stator slots are supplied by a currénthe obtained flux is:

L) e L(DI (1. 34)
The static inductance taig into account the saturati can be determined by:
) lla(l 0 L(I) (Il. 35)

The dynamic inductance can be determined with the following formulation:
) vvia(;,I)d T ”a("l)dl
w7 W
In the previous equationm ,(51)/ \ {Lg, represents the dynamic inductance. It can be
determined by performing two finite elementadhtions where the phase a is supplied by the

dl

(Il. 36)

currents | and | 'l successively. The correspondinglues of the flux are:l (I and
[.(I ') respectively. So we have:
L (ol 1) 1,(51) 1. 37)

dyn 1 |

In this formula the rotor pason is fixed. In fact, the inductances depend on the rotor
position as seen in fig 11.47 11.48 and 11.49. Se ttalculations can be performed for different
values ofi. In practice the flux isomputed on a meshi(l ) and the values of the inductance

can be calculated on this grag a 3D surface. This kind of results will be presented in the
next subsection.

| | | |
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Fig.Il. 50 : Inductances versus phasrrent for surface-inset PM motor

We present in the Fig.I.50, 11.51 and 11.52tHux linkage and the inductances for one
value of the position i, when the direct axis is align on the axis of phase A for the three
motors. The effect of saturation on the inductancebserved. The inductances decrease
when the phase current increases. When the phase current is high, the inductances almost
keep constant due to the saturation of the motor.
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1.5

Flux linkage (wb)

Inductance (H)

|

|

|

i
0 50 100 150 200
Absolute value of phase current [j (A) Phase current (A)

Fig.ll. 51 : Inductances versus phase current for solid-rotor IPM motor
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Inductance(H)
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Fig.Il. 52 : Inductances versus phase current for U-shape IPM motor

11.4.4. Direct and quadrature Inductances

In the design procedure of permanent magnébmmuch consideration has been paid to
estimate the direct and quadrature inductances. They are essential for predicting the
performances. The overload capability and flux weakening range can be improved by
increasing the saliency ratig/L,. Furthermore, special attéont has to be paid to these

parameters for precise control andfpemance improvement of the motors.

The magnetic saturation and saliency are important factors which must be taken into
account in the parameteadentification. They have a venoticeable effect on PM machines
behavior. The parameter identdigon will be performed in the d-q frame. The direct and
quadrature inductances are cadtad in nonlinear case, where teaturation of the teeth and
magnetic wedge are taken in cumlesation. The effect of cross coupling effect due to the
saturation is studied for the three machines.

Because of the saturation, the flux linkages aki$ and g axis are proved to be dependent.
The flux linkage of direct and qdrature axes can be definedtlas functions of direct and

quadrature axis currey,, i,; and the rotor positiort

[ I { },idgiqs) and lqs lqs( ],ids,iqs). (1. 38)
Yields:
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\M ds(‘:' ds’lqs)d T \ , ds( -"I ds’lqs)dids \ , ds( h ds’ dl (||_ 39)

w7 s Wi *
VV’ qs( ]'I ds'iqs) d 7. \ , qs( ]'I ds'iqs) dids \ , qs( ]!I ds’iqs)

w7 Wis Wi
The direct and quadrature fluixare due to the excitationroents and to the permanent

magnets. Their derivative versus current regmés the dynamic inductances in direct and
quadrature axis .The voltage equationghefPM motor in the d-q system are:

,ds( 7'1 ds’ I qs)

,qs( ! ds’ )

dig (1. 40)

- . dl
?,\/ds Rslds de Z,qs
dt (1. 41)
°dig
qus Rslqs T Z'ds
They can be rewritten as
awl ds wi W ds aw| ds | o
Y, 0 AaR00d, 0 Wy W J4 qu Cwr 247 (.42
» < » K » >
yqs Ya -DR 1/4J|qs 1/4 Wl Wil o >dt J|qs Ya «W g I » dt
[ om— - » «—7_ ds Y,
« Wiy qu v, a3 W 4

The direct and quadrature indacces are defined as therti derivation of the flux
linkages

de W ds | I ' ds . M o b | & )
st ' Ids IqS cte \Mjs I Ids IqS cte
W " '

Ly | =] M 4 M |4 (I1. 43)
W les |ls ClE W, ls |bs Ct€

The classical d-q model, uncoupled, linear aiitti wonstant parameterapplied to salient
pole synchronous machines may be inadedfmatan accurate modelling and characteristic
prediction of our permanent magnet synchrornoosors because of the phenomenon of cross
coupling [Stumberger-03]. The cross-coupling is the magnetic intandmtioveen the d and g
axes, which is essentially due the saturation. This phemenon may be interpreted as
follows: the magnetic flux produced by the direcurrent saturates some zones of the
machine, distorting the flux linkage produced by the quadrature current, and vice versa. A
special care is taken to the negative valueg,oivhich represent a flux weakening operation

mode. In this case, the iron is not satiedaand the cross-coupling is too weak ( | ) But

for small or positive values of direct currettie machine is highly saturated and the cross-
coupling mutual inductance is high atejpends on the position of the rotor.

11.4.4.1. Calculation results and discussion

To perform the whole calculation processuiable program package is developed using
FEMM- and Matlab coupled softwares, and is applied to compute the d-q parameters of the
three motors. Firstly, the automatic generatiof the FE is performed. Secondly, the
definition of the direct and quadrature curreistapplied as presented in Eg. (11.26). Finally
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the procedure presented in sulteecll.4.4 is applied to compute,, L, and M, curves
according to Equations: 11.43. The results obtained are displayed in the following figures.

A. Inductances of Surface-inset PM motor

On figure 11.53, we show the inductancés,(iy, i apd M, (4, 7). The quadrature
currenti, is controlled to keeponstant at the rated value.€Tfotor position varies from 0O to

40 electrical degrees which represent two sltithgis. The slotting edtt is observed on the
figures; we effectively remark that there &n® periods. The highest value of the inductance
Ly(y4, 7) reaches 2.4 mH.

On figure 11.55, we show the inductanceg(i,, i andM ,(i,, i) The direct current,

is set to a small value. The quadrature induct@¢arger than the dioe one because of the
saliency due to the existence mmagnets in direct axis. Theghest value of the inductance
L, (4, 1) reaches 5 mH which is lower than thgtest value obtained by the linear model.

This result is predictable because the sditon provokes a reduction of the inductance.

The mutual inductancese in the range 00.ImH which is almost 10 times lower than
the values of the self inductances.

i 1000 Position(°elec) i,A 1000 Position(°elec)

Fig.ll. 53 : <4, <4in function of j and rotor position (sface-inset PM motor)

i 100
i) 0

Position(°elec) iyA 100 o Position(°elec)

Fig.ll. 54 : Lgg, Mggin function of j and rotor position (surface-inset PM motor)
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100 0

i) 00 Position(°elec) i) Position(°elec)

Fig.ll. 55 : <y, <qin function of j and rotor position (gface-inset PM motor)
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Fig.Il. 56 : Ly, Mgqin function of j, and rotor position (surface inset PM motor)

B. Inductances of the Solid rotor IPM motor
Fig.11.57, and 11.59 show the curves of the fluxds, and |, versus the currentg and

i, respectively. It can be seeratithe quadrature inductanck(i,, i i) greater than the

direct inductancke (i, i Yoecause the interior magnets work as a flux barrier on the direct
axis flux(Fig.ll.58 and Fig.Il.60)The quadrature axis flux does not transverse the magnets.

That’'s why the inductance in this direction is too high. The cross coupling inductance is too
weak because of the existence of the mesginethe path of the stator flux lines.

C. Inductances of U-shape IPM motor

In the U-shape IPM motor, the direct and quadrature self-inductahggs,, )
L (4, 7) have almost the same behaviour as & dbove two motors. Their highest values

are quit similar. The slotting effect is not impartas in the two first motors because of the
simultaneous presence of slots on bothostatnd rotor armatures. The corresponding
permeance harmonics are of high oraled their effect is negligible.

D. Discussion

The effect of saturation appears througle thariations in thedirect and quadrature
inductances. Different saturatidevels in direct and quadtae axes cause a different
variation of self and crosseuapling inductances. For the threensidered motors, the direct
inductance is high for negative values of thieect current because of the flux weakening
effect. In the same way, high positive valueshef direct current increase the saturation effect

and so decrease the values of the inductapdeg, ; . The quadrature inductantg (i,, i )
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