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Résumé détaillé en francais

Résumé de these intitulée : Caractérisation des isolants de
bobinage des machines électriques alimentées par des ondes

de tension a forts dV/dt

La présente these est le fruit d'une collaboration entre I'Université Polytechnique
de Tomsk (TPU), en Russie, et I'Université Paris-Saclay, en France. Dans le cadre d'une
convention de cotutelle internationale, les travaux de recherche et la formation complé-
mentaire ont été menés au laboratoire Systemes et Applications des Technologies de I'In-
formation et de I'Energie (SATIE) de 'ENS Paris-Saclay - France et de la division Power
and Electrical Engineering de la TPU - Russie.

L'étude expérimentale et les simulations numériques réalisées dans le cadre de
cette thése se concentrent essentiellement sur les effets des ondes de tension a forts dV/dt
et de la fréquence de commutation élevée sur la robustesse de l'isolation du bobinage des
machines électriques alimentées par des onduleurs. Par conséquent, les travaux touchent
un certain nombre de questions liées a I'’entrainement a vitesse variable, a I'électronique
de puissance, aux machines électriques, aux matériaux diélectriques et aux décharges
partielles (DPs). La pertinence de ce travail est due a la mise en ceuvre de composants
a semi-conducteurs grand gap, tels que le Carbure de silicium (SiC), dans les convertis-
seurs de puissance qui peuvent intensifier les contraintes électriques dans les moteurs
entrainés, accélérant la défaillance d’isolation d’enroulement du moteur.

Le Chapitre[flest consacré a un état de I'art sur les machines électriques basse ten-
sion et leurs systéemes d’isolation. Il synthétise les facteurs affectant I'isolation du bobi-
nage des machines électriques lors de leur fabrication (la compatibilité des fils d’enroule-
ment et des compositions d'imprégnation) ainsi que leur fonctionnement (des contraintes
thermiques, électriques, et mécaniques, ainsi que des conditions ambiantes). Une atten-
tion particuliere devrait étre accordée aux contraintes électriques dues a la tension d’ali-
mentation du moteur entrainé par un onduleur. Comme on peut le voir dans la littérature,
lI'isolation des bobinages des moteurs alimentés par des convertisseurs statiques basés
sur la modulation de largeur d’impulsion (MLI) est soumise a des contraintes électriques

provenant de la forme d’onde de la tension d’alimentation. Les phénomenes de nuisances



RESUME DETAILLE EN FRANCAIS

électromagnétiques sur 'ensemble de la chaine de conversion, les ondes réfléchies dans
le cable d’alimentation, ainsi que la non-adaptation des impédances du cable et de I'en-
roulement de la machine, peuvent conduire a I’apparition de surtensions aux bornes de
la machine. Les surtensions peuvent étre suffisamment élevées pour dépasser la tension
d’apparition des décharges partielles (TADP). Lapparition de ces décharges partielles en-
traine alors la dégradation des isolants qui, a son tour, amene a une augmentation de la
fréquence des impulsions de DPs et de leurs amplitudes. Il en résulte une dégradation
de I'isolation entre les spires qui, a terme, peut avoir pour conséquence la défaillance de
la machine. Cela est particulierement critique pour 'isolation de Type I utilisée dans les
machines basse tension (jusqu’a 700V de tension nominale efficace).

Le développement de I'électronique de puissance ne s’arréte pas comme on peut
le constater avec 'implémentation des semi-conducteurs a large bande interdite, tels que
le SiC, qui permet la réalisation de convertisseurs de forte densité de puissance notam-
ment pour les systémes d’entrainement a vitesse variable des machines électriques. En
raison de vitesses de commutation plus élevées que les composants Silicium (Si), une fré-
quence de commutation plus importante peut étre obtenue avec des dispositifs a large
bande interdite, ce qui conduit a des contraintes électriques en dV/dt plus séveres sur
I'isolation des enroulements des moteurs alimentés par de tels convertisseurs. Les en-
roulements de la machine peuvent alors subir des surtensions plus élevées ce qui peut
augmenter le risque de DP et accélérer le vieillissement ainsi que la destruction de I'iso-
lant. A cet égard, les contraintes liées a la forme d’ondes de tension a forts dV/dt générée
par les onduleurs a base de SiC et leurs effets surl'isolation du bobinage nécessitent d'une
étude profonde.

Faisant suite al’état de I'art, le Chapitre[[] présente une étude des surtensions tran-
sitoires dans un moteur alimenté par un onduleur qui permet d’estimer les contraintes
électriques provoquant la dégradation accélérée de l'isolation du bobinage du moteur. A
cet égard, un modele hautes fréquences (HF) existant dans la littérature a été utilisé pour
des simulations du systeme d’entrainement a vitesse variable. Les modeles HF proposés
dans la littérature sont généralement destinés a examiner et prédire les phénomenes tran-
sitoires dans les machines asynchrones qui sont les machines électriques les plus utilisées
pour les applications industrielles. Or, d’autres types de machines utilisés dans les sys-
téemes d’entrainement a vitesse variable doivent étre considérées. Par conséquent, notre
étude se concentre sur la modélisation de la machine a réluctance variable (MRV) qui
est particulierement intéressante en raison de sa construction redondante et tolérante
aux pannes, sa commande particuliére utilisant un convertisseur de puissance en demi-
pont asymétrique et son bobinage concentré contrairement aux moteurs asynchrones.
De plus, 'absence dans la littérature de modeles de MRV pour I'analyse de leurs compor-

tements a haute fréquence en fait un objet d’études intéressant.
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En se basant sur les modeéles hautes fréquences développés pour les moteurs asyn-
chrones triphasés, le moteur a réluctance variable a double saillances (triphasé, a 6 dents
statorique et a 4 dents rotoriques, Vpc = 300V) a été modélisé par des circuits électriques
équivalents aux parametres RLC discrets. Lidentification des parametres du modele HF
est basée sur des mesures de I'impédance en mode commun et mode différentiel réalisées
en utilisant 'analyseur d'impédance (Agillent Technologies E5061B, 5 Hz - 3 GHz) dans la
gamme de fréquences de 30 kHz a 30 MHz (Figure/[I).

FIGURE 1: Banc expérimental de mesure d’'impédances de la machine a réluctance variable.

En faisant une validation du modele dans le domaine fréquentiel, nous avons ob-
servé une bonne corrélation entre les résultats mesurés et simulés présentés ci-dessous
dans la Figure[2] Nous avons étudié les surtensions transitoires a I'entrée du moteur com-
binant le circuit équivalent du moteur suggéré et un modele de cable d’alimentation com-
posé des associations de cellules élémentaires proposé dans la littérature. Les phases de
la machine a réluctance variable pouvant étre alimentées indépendamment, nous avons
effectué les observations des fronts de tension lors des commutations en mode mono-
phasé. L'onduleur est modélisé par un générateur d’'impulsions idéal avec des temps de
montée/descente et donc dV/dt spécifiés. Les résultats des simulations confirment que les
fronts raides de tension engendrent une surtension importante. Il est a noter qu’en cas de
temps de montée extrémement court, jusqu’a 10 ns, méme un metre de cable d’alimenta-
tion représente une longueur critique (Figure[3). De plus, 'augmentation de la longueur
de cable intensifie la surtension transitoire, affecte la fréquence d’oscillation et allonge
les oscillations transitoires (Figure [d). L'étude réalisée est en corrélation avec les travaux

précédents et met en évidence I'importance de la caractérisation des effets des forts dV/dt.
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FIGURE 2: Comparaison des impédances mesurées et simulées : (a) mode commun et (b) mode
différentiel.
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FIGURE 3: Formes d’ondes de tension simulées pour différents temps de montée avec une
longueur de cable de 1 m.
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FIGURE 4: Formes d’ondes de tension simulées pour temps de montée tz = 30 ns et une longueur
de cable différente : (a) L=5m and (b) L=10m.

Afin d’étudier les effets du dV/dt et de la fréquence de commutation, sur 'isolation
du bobinage des machines électriques, différentes méthodes d’essai sont proposées dans
le Chapitre ([T, Sachant que I'isolation entre spires est 'élément le plus faible du systeme
d’isolation de la machine électrique, nous avons effectué des essais d’endurance sur des
éprouvettes sous forme de paires torsadées constituées de fils émaillés conventionnels et
Corona résistants. De plus, une nouvelle forme d’éprouvette présentée dans la Figure
est proposée permettant de tester des fils rectangulaires émaillés, ce qui élargit la gamme

des moteurs étudiés.

(@) (b)

FIGURE 5: Eprouvette sous forme de bobine : (a) photographie et (b) section transversale.

Tout d’abord, le dispositif expérimental utilisé dans le but de comparer des ten-
sions de claquage et une endurance des fils émaillés sous tension sinusoidale de fré-
quence nominale de 50 Hz est présenté. Ensuite, je décris les essais d’endurance sous ten-
sion impulsionnelle de type MLI ayant des dV/dt relativement faibles de 0.4 kV/us avec un
temps de montée de 4 ps. Ce banc d’essai précédemment développé et installé a la TPU
(Russie), contient un générateur d’'impulsions permettant de reproduire des contraintes

électriques proches de celles typiques pour le fonctionnement des moteurs alimentés par
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des convertisseurs de puissance a base de silicium. L'association de ce générateur d'im-
pulsions avec une chambre thermique a permis de combiner les contraintes électriques
et thermiques au cours des essais d’endurance.

Dans le but d’appliquer sur I'isolation entre spires des contraintes électriques en-
gendrées par des interrupteurs commutant a haute vitesse et fréquences élevées, nous
avons développé un nouveau banc intégrant un générateur d'impulsions a base de SiC au
sein du laboratoire SATIE (France). Initialement, un onduleur monophasé en demi-pont
a été réalisé avec des transistors MOSFET SiC 1200V (Figure |§[) Un transistor de faible
capacité de sortie (et donc de résistance a I’état passant élevée) a été sélectionné afin de
maximiser les dV/dt en sortie de I’'onduleur. Les composants électroniques de puissance
utilisés permettent d’appliquer des impulsions de tension d’amplitude maximale égale a
1200V et de fréquence de commutation inférieure a 64 kHz. Cet onduleur nous a permis
d’ores et déja d’appliquer des fronts raides de tension (jusqu’a 30 kV/us avec une tension

de bus DC de 300 V) et nous a servi de premier prototype pour le banc d’essai a forts dV/dzt.

SiC MOSFET Sortie
transistors d’onduleur

‘ )
— N y
N

," ‘rﬂ: » K
i =N "/

T

: y/h |
7/
SiC MOSFET ?.Omréle.et Condensateurs Entrée
driver alimentation de découplage haute tension

du driver

(b)

FIGURE 6: Apercu d’ensemble du montage expérimental (a) et SiC onduleur (b).

Ensuite, un onduleur monophasé en pont complet a base de MOSFET SiC 1700V
a été développé au laboratoire SATIE. Les dispositifs électroniques de puissance utilisés
permettent de commuter des tensions allant jusqu’a 1700V avec une fréquence de com-
mutation maximale jusqu’a 125kHz. Le banc d’essai a forts dV/dt présenté dans la Fi-

gure (7| est assemblé et installé a la TPU. Il comprend un générateur de tension DC, le

X
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générateur d’'impulsions a base de SiC, une chambre thermique ol les éprouvettes sont
installées et le systeme de mesures. Le générateur d’'impulsions produit une tension im-
pulsionnelle a tres forts dV/dt : jusqu’a 60 kV/us appliqués a I'éprouvette testée. Les pa-
rametres des impulsions générées telles que 'amplitude, la fréquence de découpage et
le rapport cyclique sont réglables. En outre, la variation de la température est possible
lorsque des éprouvettes sous tension sont placées dans la chambre thermique. La possi-
bilité de varier ces parametres permet d’examiner leurs effets sur 'apparition des DP et

sur le vieillissement du matériau isolant.

Cage de Source de haute
Faraday tension Vpe

™2/

AN

a—

(a)

SIC MOSFET | Condensateurs
Transistors de découplage

/|

3 w

-

Eprouvette sous SIC MOSFET SIC MOSFET Entrée
tension Drivers Transistors haute tension
(© (b)

FIGURE 7: Apercu d’ensemble du montage expérimental (a), SiC onduleur (b),
éprouvette testée (c).

Etant donné que les surtensions dans un moteur alimenté par un onduleur peuvent
étre suffisamment élevées pour dépasser le seuil d’apparition des décharges partielles,

tous les essais d’endurance d’isolation entre spires ont été effectués en présence de dé-
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charges partielles représentant le principal facteur de vieillissement. Afin de les détec-
ter, j’ai utilisé des méthodes optiques, électromagnétiques et chimiques. Les DPs les plus
faibles ont été observées lors de I'application d'une tension sinusoidale, alors que la ten-

sion impulsionnelle a forts dV/dt donne lieu aux DPs les plus intenses.

Les protocoles expérimentaux suivis des résultats obtenus et de leur analyse sont
présentés au Chapitre [IV| Dans le but d’estimer la résistance des différents fils émaillés
(sans imprégnation) aux décharges partielles et I'impact des décharges sur la durée de
vie des isolants, les essais sont poursuivis jusqu’a la rupture de 'isolation, ou claquage.
Le temps moyen jusqu’au claquage a été systématiquement déterminé en appliquant
diverses formes d’ondes de tension : sinusoidale, impulsionnelle a faibles dV/dt, impul-
sionnelle a forts dV/dt. Conformément a nos attentes, le fil Corona résistant a montré la
meilleure tenue vis-a-vis des décharges partielles par rapport aux fils conventionnels. Le
fil de section rectangulaire a également montré un temps moyen jusqu’au claquage plus
important que les autres fils conventionnels, ce qui peut étre lié a sa classe thermique plus
élevée et a son isolation plus épaisse.

En outre, nous avons mené une étude consacrée a l'influence des défauts dans
les couches d’émail sur I'endurance de I'isolation entre spires. A cet égard, des éprou-
vettes non-défectueuses non-imprégnées, défectueuses non-imprégnées et défectueuses
imprégnées par différentes compositions d'imprégnation, ont été testées sous tension
impulsionnelle de type MLI a faible dV/dt. En comparant les temps moyens jusqu’au cla-
quage, nous avons observé que, premierement, la présence de défaut méme sur un seul
fil d'une paire torsadée affecte de facon critique I'isolation entre spires lorsqu’ils sont sou-
mis aux DPs et, deuxiemement, 'imprégnation peut ne pas fournir de « recouvrabilité »
des défauts d’isolation suffisante ce qui met en évidence I'importance de la compatibilité
de I’émail et de la composition de I'imprégnation.

Les observations suivantes peuvent étre faites suite aux résultats expérimentaux
présentés dans le Chapitre[[V]:

e ['échauffement des éprouvettes dans la chambre thermique a la température cor-
respondante a leur classe thermique lorsqu’elles sont soumises aux DPs accélere
considérablement la destruction de 'isolant (mécanisme de défaillance d’origine

électrothermique).

* Le claquage d’isolation des éprouvettes testées sous tension sinusoidale avec une
fréquence de 50 Hz et sous une tension d’'impulsion de type MLI a faibles dV/dt avec
une fréquence porteuse de 5 kHz s’est produit en majorité de cas dans une zone dé-
fectueuse; le phénomene de « frost effect » et les endommagements localisés ont
été observés sur la surface de I'isolant (dominance des mécanismes de défaillance

d’origine électrique et chimique).
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¢ Les effets de carbonisation et de collage des spires ont été observés dans les éprou-
vettes testées sous la tension impulsionnelle a forts dV/dt d’amplitude élevée avec
une fréquence de commutation de 50 kHz (dominance du mécanisme de défaillance

d’origine thermique) comme présenté dans la Figure[8]

Corona resistant wire PETD2-K-180

Conventional wire PETD-180

(@ (b) (©

L m— Misidae

P e o

FIGURE 8: Photographie et images microscopiques des éprouvettes testées sous une tension
impulsionnelle a fort dV/dt, T=25°C, f; =50kHz: (a) V4. =1kV; (b) V4. =1.2kVet (c) Vg = 1.4kV.

Ces observations révelent que la tension impulsionnelle ayant un temps de mon-
tée tres court et une fréquence de commutation élevée donnent lieu a une concentration
d’ozone plus élevée et a une augmentation significative de la température ce qui raccour-
cit extrémement la durée de vie de I'isolation. Malheureusement, les effets des forts dV/dt
et de la fréquence de commutation élevée n’ont pas pu étre dissociés ce qui a compliqué
I'analyse de 'effet du seul dV/dz.

Les résultats expérimentaux présentés ci-dessus m'ont motivé a examiner de ma-
niere plus approfondie les processus de détérioration de l'isolation entre spires exposée a
une tension impulsionnelle a forts dV/dt, ainsi que les caractéristiques des décharges par-
tielles comme je le décris dans le Chapitre[V] Les éprouvettes sous forme de paire torsadée
ont été utilisées pour mener cette étude phénoménologique.

En premier lieu, les surtensions causées par la longueur de cablage entre le gé-
nérateur d’'impulsions a base de SiC et la paire torsadée au cours des essais ont été mo-
délisées et analysées en se basant sur 'approche électromagnétique et I’approximation

de la ligne de transmission a faibles pertes (Figure [9). Les résultats obtenus mettent en
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évidence I'importance de minimiser la longueur du cable pour limiter les oscillations de
tension et les surtensions (Figure ce qui est en phase avec les observations présentées
dans le Chapitre

1200 T T T T T T
{ Mesured waveform
900 Simulated waveform | |
(\ Ideal pulse generator
600 [ [\ l\ DA VAW ND VPN
5 bVVfVVVJV~‘“
% 300 |
]
G
S ol |
-300 H .
-600 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400

Time [ns]

FIGURE 9: Formes d’ondes de tension mesurées sur 'éprouvette mise dans la chambre thermique
et modélisées par le circuit équivalent RLC sous LTSpice.
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FIGURE 10: Formes d’ondes de tension avec le temps de montée de 27 ns modélisées pour deux
longueurs de cable.

Ensuite, nous avons caractérisé les décharges partielles dans la paire torsadée en
tant que décharges a barriere diélectrique (DBD) parce qu’elles se produisent dans I'air
entre les spires de paires torsadées (entre les deux conducteurs isolés). Ainsi, I'isolation
émaillée d'une paire torsadée a été représentée par les barrieres diélectriques et modé-
lisée par des capacités. Cela nous a permis d’analyser les caractéristiques de courant-

tension obtenues numériquement et expérimentalement, en reliant la géométrie del’éprou-
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vette et la permittivité relative a la TADP ainsi qu’en dissociant le courant de décharges
et le courant capacitif, lequel est particulierement significatif a forts dV/dt. Cependant,
les mesures de courant et de tension lorsque les impulsions de tension ont des temps de
montée tres courts est un défi a surmonter car cela nécessite une précision qui peut étre
difficile a atteindre avec nos sondes disponibles et concues en laboratoire. La Figure
montre une sonde de courant utilisé (shunt sur la Figure et des formes d’ondes de
tension et de courant mesurées sur les paires torsadées au-dessous (Figure et au-

dessus (Figure[l1c) de la tension d’apparition des décharges partielles.

no PD PD

1500 1 1500 1
— RC-divider
1000 ——— Current shunt 1000
— 0.
> 500
§° 0
S L E 500
-1000 -1000
-1500 -1 -1500 -1
0 50 100 150 200 0 50 100 150 200
Time [ns] Time [ns]

(@) (b) (9]

FIGURE 11: Mesure de tension et de courant sur les paires torsadées testées sous forts dV/dft,
f=20kHz: (a) dispositifs de mesure, (b) mesure avant apparition de DPs et (b) mesure en
présence de DPs.

Les mesures de courant, de température et de spectre d’émission optique montrent
une énergie élevée des décharges a barriere diélectrique augmentant avec 1’accroisse-
ment de la fréquence de commutation, ainsi qu’avec l'intensification du champ élec-
trique (également démontrée par des calculs électrostatiques effectués en utilisant la mo-
délisation par éléments finis). Les images microscopiques des décharges (Figure [12a) et
de I'érosion de surface de l'isolant (Figure mettent en évidence la structure filamen-
taire des décharges a barriere en les associant a I’érosion de I'isolant par les attaques chi-
miques dues aux filaments. Ainsi, le mécanisme de destruction de l'isolation entre spires
soumise a une tension impulsionnelle a forts dV/dt correspond au claquage di a une io-
nisation. Les décharges entre les barrieres diélectriques produisent de la chaleur et du
rayonnement ultraviolet (UV), générent de 'ozone et des NOx, accélerent les bombarde-
ments d’électrons et d’ions et réchauffe la surface diélectrique (barrieres diélectriques).
En fonction de la distribution de I’énergie entre les différents processus, le mécanisme de
défaillance d’origine électrochimique ou électrothermique se produira.

Pour aller plus loin dans I'étude expérimentale, nous proposons un banc d’essai
synthétique contenant deux sources de tension (la source de tension sinusoidale permet
de chauffer I'éprouvette et le générateur d’'impulsions d’appliquer la tension impulsion-
nelle) et la possibilité de controler la pression et le milieu (gaz, liquide) des éprouvettes

testées (Figure[13). Un exemple d'utilisation de ce banc d’essai est le test effectué sur des

XV
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€y (b)

FIGURE 12: Images microscopiques : (a) décharges a barriéere avec structure filamentaire et (b)
érosion de I'isolant par des attaques chimiques due aux filaments.

paires torsadées sous tension impulsionnelle et basse pression lequel nous a permis de vi-
sualiser les points d’isolation les plus faibles en présence de décharges partielles comme
le montre la Figure[14] Cette méthode pourrait étre utilisée pour I'estimation des défauts
d’isolation.

) Pulse generator _
Heating Heating

transformer 11\ transformer 2
A1l

(A1) (r2)-

N k. 4
wi w2 — w2 w1
air, gaz,
liquid
—
i ozone,
s NOx
Heating current
L¢ adjusting
Autotransformer
~220V, 50 Hz

FIGURE 13: Synoptique du banc d’essai synthétique.
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N

FIGURE 14: Visualisation des défauts d’isolation.

Les principaux résultats et contributions de la présente these sont les suivants :

* Elaboration d’'un modele a haute fréquence destiné a étudier des surtensions tran-

sitoires aux bornes d'une machine a réluctance variable alimentée par un onduleur.

e Conception d'un banc d’essai qui comprend un générateur d'impulsions a base de
SiC fournissant une tension impulsionnelle a forts dV/dt (jusqu’'a 60 kV/us appliqué
a I'éprouvette) avec une amplitude de tension jusqu’a 1700V et une fréquence de

commutation maximale jusqu’a 125 kHz.

* Conception d'une nouvelle forme d’éprouvette pour I'essai des fils émaillés de sec-

tion rectangulaire.

* Conception d'un banc d’essai synthétique associant deux sources de tension ce qui
offre la possibilité d’appliquer la forme d’onde de tension désirée a I'éprouvette et

en méme temps de contrdler sa température, sa pression et son milieu.

e Estimation des défauts d’isolation a I’aide de la visualisation des défauts lorsque les
éprouvettes sont placées sous la basse pression et soumises aux ondes de tension a
forts dV/dt dépassant la TADP.

» Caractérisation des décharges partielles dans l'air entre les spires de paires torsa-
dées comme des décharges a barriere diélectrique. Compte tenu du fait que la paire
torsadée représente un modele physique de I'’enroulement de la machine, les dé-
charges partielles dans I'enroulement peuvent également étre considérées et étu-

diées comme des décharges a barriere diélectrique.

e Révélation de la structure filamentaire des décharges a barriére diélectrique dans
les paires torsadées testées sous tension impulsionnelle a forts dV/dt avec haute
fréquence de commutation, ce qui provoque I'apparition de traces d’érosion pério-

diques sur la surface de I'émail.

* Démonstration de fait qu’en cas de décharges a barriere dans les paires torsadées
testées sous tension impulsionnelle a forts dV/dt a haute fréquence de commuta-
tion, le mécanisme de défaillance d’origine électrothermique peut prédominer sur

celui d’origine électrochimique.
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Le travail effectué ouvre des perspectives envisageables au terme de cette recherche
parmi lesquelles nous pouvons citer :
* Poursuivre le travail surla modélisation HF de la machine a réluctance variable inté-
grantles modeles de 'onduleur et du cable d’alimentation en étendant la gamme de
fréquences. Approfondir I’étude de surtension en proposant un modele permettant

de déterminer les répartitions de tension dans le bobinage concentré et distribué.

« Etudier la distribution probable des défauts dans l'isolation du bobinage qui, en as-
sociation avec la répartition de tension, permettra de prévoir avec plus de précision

les zones présentant un risque d’apparition de décharges partielles.

¢ Approfondir!’étude expérimentale des mécanismes de défaillance de I'isolation entre
spires soumise aux ondes de tension a forts dV/dt et hautes fréquences de com-
mutation en contraintes environnementales telles que la basse pression. A I'issue
de cette étude, développer un modele mathématique de la durée de vie de l'iso-
lation compte tenu des nouvelles contraintes imposées par I'utilisations des semi-

conducteurs a grand gap tels que le SiC.

* Approfondir I'étude des décharges a barrieres diélectriques : déterminer un bilan
de puissance (échauffement, production d’ozone, rayonnement UV, pertes diélec-
triques), examiner |'effet de la permittivité relative et de la capacité des fils sur I'ap-
parition des décharges, améliorer le modéle des barriéres diélectrique dans la paire
torsadée en tenant compte des capacités dynamiques qui évoluent en présence de

décharges, ainsi que la résistance variable caractérisant 'ionisation de Iair.

xviii
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FEM Finite Element Method.
GTO Gate Turn-Off thyristor.

HEV Hybrid Electric Vehicle.

HF High Frequency.

IEC International Electrotechnical Commission.

IGBT Insulated Gate Bipolar Transistor.



GLOSSARY

IM Induction Machine.

KI Potassium Iodide.

LEV Low Emission Vehicle.

MEA More Electric Aircraft.

MOSFET Metal-oxide-semiconductor Field-effect transistor.

NEMA National Electrical Manufacturers Association.

NOx Oxides of Nitrogen.

PA polyamide.

PAI polyamide-imide.

PCB Printed Circuit Board.
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PI polyimide.
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PU polyurethane.

PWM Pulse Width Modulation.

RLC Resistance, Inductance, Capacitance.

RMS Root Mean Square.
Si Silicon.
SiC Silicon Carbide.

SRM Switched Reluctance Machine.
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TEAM Thermal, Electrical, Ambient and Mechanical stresses.

UV Ultraviolet.

VDF Variable Frequency Drive.

VPI Vacuum Pressure Impregnation.

WBG Wide Bandgap.
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General introduction

Context

Electrical insulation quality plays a vital role in providing electrical machines reli-
ability. This essential component of electrical machines operates under combined [Ther-|
[mal, Electrical, Ambient and Mechanical stresses (TEAM)|[1], [2], [3], [4] and [5]. It results
in ageing and gradual deterioration of insulation properties that can reduce machine’s

service lifetime. As reported by [2], [6], [7] and [8], one of the most common reasons of
induction motor breakdowns is a stator winding turn insulation fault which accounts for
36-37% of all the failures. Thus, the turn insulation, consisting of enamelled wire and
impregnating compound, is the weakest element of the machine’s insulation system.

The impact of these factors on dielectrics ageing and deterioration depends on
the electrical machine’s environmental conditions (temperature, humidity and pressure),
the power supply and the control system. In case of sinusoidal 50-Hz[AC| supply voltage,
thermal stresses are the main cause of low voltage electrical machines insulation deterio-
ration [2] and [3]. This is due to the fact, that voltage magnitude and surges are not high
enough to cause an insulation breakdown or an ionization process.

Nowadays, the energy consumption due to electrical machines utilized in indus-
try represents 40% of the total worldwide generated electrical energy [9]. The objective to
reduce the environmental impact of transportation system inspire the hybrid, electric ve-
hicles, and more electric aircrafts technologies continuing development. These advance-
ments can also increase the electrical energy consumption that demands high-efficient
motor drives design and electrical machines eco-conception [10], [11], [12], [13] and [14].

Aforementioned challenges highlight the importance of efficient variable-frequency
control allowing to reduce energy losses and to adapt the electrical machine torque and
speed to the load. At the same time, electrical machines being a part of
lquency Drives (VDFs)|are subjected to repetitive surges issued from impulse voltage wave-

form with steep rising and falling edges when supplied from power converters [3], [4] and

[15]. The arising electrical stresses can drastically accelerate the electrical insulation age-

ing and lead to[Partial Discharges (PDs)|inception in low voltage electrical machines [16],

[17], [18] and [19]. This phenomenon, previously considered only in high voltage electri-

cal equipment, provokes complex physico-chemical processes and decreases notably the
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low voltage insulation service life.

The negative effect of impulse voltage becomes more important with the imple-

mentation of[Wide Bandgap (WBG)|power semiconductors as|Silicon Carbide (SiC)} The

modern advances in semiconductors technology allow to create powerful inverters with
higher switching speed and frequency range in comparison with Silicon technology, pro-
viding losses reduction, compactness, and lower weight [12], [20], [21], [22], [23], [24] and
[25]. Due to these features power semiconductor devices are especially attractive for
motor drives in automotive, aerospace, and industrial applications where power density
and weight are the main factors for power electronics dimensioning [12], [23] and [26].
Nevertheless, resulting electrical stresses are severe for the controlled motors: high|[dV/d{
pulses with very fast rise time (about 10-50 ns), raise of common mode currents and elec-
tromagnetic radiation [24], [27] and [28]. Due to this fact, will occur with higher prob-
ability and the motor insulation ageing will be accelerated shortening the service life.
Since the presence of in inverter-fed low voltage motors have been recog-
nized, numerous studies were related to characterize [PDs| inception conditions and the
influence of their presence on the insulation [16], [17], and to compare enamel winding
wires’ endurance to partial discharges (also referred as corona resistance) [29], [30], [31],
[32], or to detect insulation defects [33]. Insulation lifetime models depending on the ap-
plied stresses and their interaction are described in [34] and [35]. Thermal, mechanical
and electrical stresses effects on turn insulation were studied separately in [36] using ex-
perimental setups, without consideration of factors interaction effect. In [37] analysis and
predetermination of voltage distribution and spikes in motor windings were carried out.
In thesis [4] the voltage distribution modelling in simplified motor winding represented
by equivalent circuit and the method to evaluate the risk of[PDs|occurrence are proposed.
The use of power electronics in motor drives requires new methods and ap-
proaches to study [PDs| effect on motor winding insulation. In reference [27] the experi-
mental setup is performed using[SiC|components reproducing environmental and oper-
ational conditions. Nevertheless, the fact that the tests are conducted on complex motor
drive system makes them relatively expensive and difficult to use in order to study the
physical processes of dielectric ageing, or to utilize in motors conception. Therefore, age-
ing and deterioration process in insulation subjected to impulse voltage, in particular,
with high dV/dt and high commutation frequency are not thoroughly investigated. More-
over, considering the influence of thermal stresses affecting the insulation during motor

operation, the process of electro-thermal ageing needs to be considered.
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Objectives and methods

Having regard to the above, this study is dedicated to investigate the constraints
applied to solid dielectrics used in inverter fed motors and their effects on motor windings
considering the high dV/dt and high switching frequency specific to[SiC}based inverters.

To achieve these goals, the work is focused on the following axes:

* Develop models for determine voltage transients and surges at machine’s terminals
characterized by high dV/dz.

* Define the methodology for estimating the endurance of insulating materials used
in low voltage electrical machines fed by inverters. In particularly, the turn insula-

tion endurance in presence of partial discharges will be studied.

* Design the experimental test bench for reproducing the constraints imposed by im-
pulse voltage waveform with high dV/dt and high switching frequency. The temper-

ature effect also should be considered.

* Investigate the processes of electro-thermal insulation ageing and destruction due

to partial discharges activity in inverter fed machines.

Main contributions

One of the main contributions of this work consists in revealing the influence of
combined electrical and thermal effects on the enamel insulation resistance to partial
discharges and insulation lifespan. It should be noted, that the high frequency impulse
voltage waveform with steep edges is a limiting factor that determines the applicability of
insulating materials in inverter fed motors. This is confirmed by experimental results of
endurance tests when an accelerated deterioration and a change in insulation destruction
mechanism were observed on wires’ specimens subjected to voltage pulses having high
dV/dt ratio and high switching frequency.

The partial discharges arising in air gaps between turns of winding wire’s speci-
mens subjected to high dV/dt impulse voltage having high commutation frequency have
been characterized as filamentary dielectric barrier discharges; having regard that the
twisted pair represents a physical model of machine’s winding part, the within the
winding may be also considered and studied as dielectric barrier discharges.

The proposed testing methods and experimental benches allow to conduct accel-
erated ageing and endurance tests of enamel insulation under electrical stresses engen-
dered by conventional and modern [SiC|inverters. Furthermore, a novel spec-
imen’s shape for testing enamelled rectangular winding wires is proposed that expands

the range of studied motors.
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Another contribution is a method of detecting insulation defects such as air gaps
and cracks testing under the impulse voltage at low pressure. The random and artifi-
cial defects have been detected during the experimental study of partial discharges phe-

nomenon on winding wire’s specimens.

Outline

This thesis is organized into five chapters. The final part provides the main con-
clusions drawn from this work and future research axes.

The first chapter is devoted to factors affecting the insulation reliability of low-
voltage electrical machines powered by inverters. The influence of defects and turn insu-
lation components compatibility on mechanical and electric strength is considered. The
negative effects of variable frequency control on the motor insulation system are identi-
fied, and the main solutions of the mentioned problems proposed in literature are dis-
cussed.

In the second chapter the high frequency model of the electric drive system com-
posed by inverter, supply cable and motor is suggested. The main goal is to provide the
analysis of overvoltage at motor terminals caused by high dV/dt and impedance mismatch
between the inverter, cable and the powered motor, which plays an important role for
motor insulation robustness. This study is focused on the modelling of a three-phase
Switched Reluctance Motor (3-phase, 6-slot, and 4-pole). The high frequency model of
the studied motor represents an equivalent circuit model with lumped parameters
extracted from common mode and differential mode impedance measurements. The
supply cable model existing in literature is used. In the proposed electric drive model,
the study of a single commutation is performed. In this regard, the inverter is modelled
by an ideal pulse generator.

The third chapter presents the experimental study of winding wires endurance
when subjected to electrical and thermal stresses provoking partial discharges activity. At
the beginning of this chapter, the brief review of existing testing methods aimed to in-
vestigate partial discharges in electric motors and winding wires, as well as to determine
wires insulation endurance is provided. Then the proposed methods and experimental
benches allowing to perform insulation electro-thermal accelerated ageing tests are pre-
sented. The original test bench with the objective to study the effect of electrical stresses
on motor winding insulation engendering by[SiC/high-speed switches has been designed.

The fourth chapter gathers the experimental protocols and obtained results fol-
lowed by statistical analysis and main observations. Firstly, the results of breakdown volt-

age tests carried out under sinusoidal voltage are given. Then, the results of endurance

tests conducted on studied winding wires under sinusoidal voltage, [Pulse Width Modu-|
ation (PWM)|low dV/dt impulse voltage (us-level of rise time) and rectangular high dV/dt

6
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impulse voltage (ns-level of rise time) are presented. The influence of voltage waveform
on turn insulation ageing and endurance, as well as the effect of thermal stresses are dis-
cussed.

The fifth chapter presents a phenomenological study of deterioration processes in
turn insulation under [PDs|when subjected to high dV/dt impulse voltage. The high dV/dt
bench and tested twisted pairs are modelled using different approaches. The partial dis-
charges in twisted pair have been characterized as dielectric barrier discharges that offers
an opportunity to apply the methods developed for ozone generators to our study using
common aspects. The characterization of insulation deterioration processes in twisted
pairs subjected to high frequency impulse voltage with high dV/dt allows a better under-
standing of winding insulation destruction of motors powered by [SiC}based power con-

verters.
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CHAPTER 1. FACTORS AFFECTING LOW VOLTAGE ELECTRICAL MACHINES FED BY
INVERTERS: LITERATURE SURVEY

1 Introduction

[Variable Frequency Drives (VDFs)| are widely used throughout industry, electri-

cal energy production and transportation systems, providing energy savings and equip-

ment performance improvement due to adjustable speed control of electrical machines.
Electrical machines operate converting electrical energy in mechanical energy in “motor”
mode or inversely in “generator” mode (regenerative braking). Schematic representation
of typical system usually used in industrial applications composed of an induction motor

fed by a power converter through a long supply cable is given in Figure [[.1][38].

~T T T T T T T T T )
| Rectifier DC Link Inverter |
|
Grid | ’ | : e
. ] — T -
| | "\ / ) .ll1
— - .
| I / Induction
- Motor Drive | Long Cable Motor

Figure I.1: Typical motor drive system with a long supply cable [38].

Depending on applications, the distance between machine and feeding converter
can be shorter. For example, in automotive systems adopted electric propulsion, the trac-
tion electric motor and the controlling power electronic block can be disposed in close
proximity. Figure [[.2| depicts traction and charging power systems installed on-board of
Renault’s electric vehicle: ZOE [39].

Another example of propulsion system for electric vehicles is a wheel motor tech-
nology [40] and [41]. The Michelin Active Wheel concept (Figure|l.3) was firstly presented
at “Challenge Bibendum 2004’s edition”. In-wheel electric drive integration is a promising
technology, which combines mechanical and electrical components giving opportunities
for suspension’s mass reducing and driving strategies optimization. With the purpose to
obtain more compact embedded systems, deep converter-integration concepts, consist-
ing of electrical machine and integrated are designed [14] and [42].
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1 CHARGING STATION 5 JUNCTION BOX
2 CHARGING CABLE 6 POWER ELECTRONICS BLOC
3 ELECTRIC MACHINE & POWER ELECTRONICS 7 ELECTRIC MOTOR & REDUCER

4 HIGH VOLTAGE LIION BATTERY

Figure 1.2: Traction and charging power trains on-board of Renault’s electric vehicle: ZOE [39].

INVERTER

INTERNAL -
COMBUSTION —@:@-,
ENGINE L

|
| SR p——
BATTERY | ! '

PACK

(a) (b)

Figure 1.3: Michelin Active Wheel System:
(a) image of propulsion, brake, energy recovery and suspension;
(b) vehicle powertrain scheme [41].

Regardless of integration technology, electrical machine being part of electric drive,
constitutes the final element of a chain of energy conversion; it is at the interface between
the power converter and the mechanical system. Therefore, it constitutes a preferred
route for the transmission of electromagnetic interferences in the environment and is
also influenced by electrical stresses characterized by steep rising and falling pulses with
very straight fronts (high dV/dt) generated by [Pulse Width Modulation (PWM)| convert-

ers, reflected waves in cable line, mismatching of cable and motor winding impedance
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caused by high frequency component in systems. The complexity of these compo-
nents, their three-dimensional character, the operational conditions and multi-materials
are very difficult objects to study and model in this context. Furthermore, for the power
converters used in transport applications, maximum temperature at which they will op-

erate trends to rise to about 120 °C for automobile and 200 °C for aeronautics. This devel-

opment therefore is due to the use of a new generation of|[Wide Bandgap (WBG)|semicon-

ductors, such as|Silicon Carbide (SiC)l The modern advances in semiconductors technol-

ogy allow to create powerful inverters with high temperature capability, higher switching
speed and frequency range in comparison with Silicon technology, providing losses re-
duction, compactness, and lower weight [12], [20], [22], [23], [24], [25] and [26]. Due to
these features, [SiC|power semiconductor devices are especially attractive for motor drives
in automotive, aerospace, and industrial applications where power density and weight are
the main factors for power electronics sizing (see Figure [43].

SiC Application Areas — Early Adopters

Heavy Duty Vehicles Traction APU PV / Solar Induction Heating

Electric Vehicles &

Energy Storage Welding

Chargers
1/11/2017 Confidential © 2016 AgileSwitch, LLC 7 ) AgileSwitch’ 5

Patents and Patents Pending

Figure 1.4: SiC Application areas presented in AgileSwitch SiC Product Overview [43].

Figure|l.5[shows inverters developed by ROHM demonstrating the power devices
technology evolution in sport electric vehicles of Formula E, all-electric-powered FIA (Fédéra-
tion Internationale de I’Automobile). The new embedded Full[SiC| Power module makes
200 kW inverters 43% smaller and 6 kg lighter [44] compared with [Silicon (SD}based con-

verters.
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Utilizing SiC SBD
Hybrid module
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/ weightg ? Full SiC Module
. “Weight:15kg - 1 9 % e ;mgmg 3
Max.200KW S1Ze Max. 200KW - 30%
Season2 Season 3 size

(Oct.2016)

*Weight:9kg

Max. 220KW

-6kg -43% el

weight size of inverter

Figure 1.5: Si and SiC inverters comparison [44].

At the same time, the advent of@ devices provokes the rising of electrical stresses
in controlled motors windings affecting their electrical insulation and shortening the ser-
vice life. Development in power electronics that provokes changes in motors operation
makes it necessary to determine the main influencing constraints and to refine the exist-
ing approaches to assess the winding insulation endurance.

Having regard to the above, this Chapter presents a literature survey on low volt-
age motors and their insulation systems, detailing the key factors affecting motor winding
insulation. There, the influence of impulse supply voltage on the electrical machine con-
trolled by[PWM]inverters will be studied and negative effects caused by long supply cable

will be discussed.

2 Electrical machines

Electric motors consume large part of worldwide produced energy. They cover a
vast number of applications everywhere in industry, transport, and household appliance,

with different sizes and supply voltages. The electric motor is also the central component

in [Hybrid Electric Vehicles (HEVs)| and [Electric Vehicles (EVs), Concerning automotive

applications, there are many types of motors that could be used in electric traction drives

and[EVs|[14] and (see Figure|[L.6).

Regarding aeronautics and aerospace applications, a particular attention is given
when selecting electric motor type and drive topology. It is especially crucial in

[Electric Aircraft (MEA)| where electric driven systems replace conventional mechanical,

hydraulic, or pneumatic systems providing technical and economic improvements. An
overview of motor drive technologies used for safety-critical MEA]applications is given in

[46]. According to this overview, the feasible candidate machines are limited to motors
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Electric motors for HEVs and EVs

Asynchronous Synchronous
(induction) (Permanent Magnet and wound)
|
y
Cage Variable Permanent Salient pole
induction reluctance Magnet (PM) wound rotor
Wi ite
N .ound 1.”0t0r N Switched Interior PM
mnduction reluctance
Doubly-fed Doubly-fed
N oubyIe Inset PM
mnduction reluctance
. Synchronous
—»{  Unipolar — Surface PM
reluctance
Hybrid and
_’ .
PM assisted

Figure 1.6: Chart of possible motor choices for HEVs and EVs [45].
shown in Figure To ensure safe, reliable and efficient operation, a number of fac-
tors should be considered such as environment, thermal robustness, efficiency, weight,

volume, life, controllability, torque, speed, power source. Figure|l.8|gives a performance

comparison of motor technologies that can be used in aerospace applications.

Induction /
Synchronous reluctance
Reluctance 4 Switched reluctance
Brushless DC
PM <

Figure 1.7: Machine options for the MEA drive system [46].

Squirrel cage

Electrical
motors

Brushless AC
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Performance [M-cage SR PMAC
Fault tolerance low high high
Power density moderate moderate high
Robustness V v x
Efficiency moderate high high
Cost low low high
Wide speed range X V v
Open-loop control v X x
Close-loop simplicity v v \
Torque ripple X high low
Acoustic noise X moderate low
Areas of application actuators high-temp. fuel pump
engine actuators

Figure 1.8: Performance comparison of motor technologies [46].

Among electric motors shown in Figures [.6| and [I.7} there are traditional widely
used motors and recently developed. These motors differ in control and operational

modes, costs and efficiency, having their advantages and disadvantages. In this research

we will be focused on two types of low-voltage electrical machineﬂ Induction Machine|

(IM)|as the most used, and|Switched Reluctance Machine (SRM)|as competitive and promis-

ing for electric vehicles and fault-tolerant aerospace applications.

2.1 Induction machine

The fields of application of induction machines comprise a significant part of the
industry applications, owing to their reliability, ruggedness, robust construction, and lower
cost of maintenance compared with synchronous electrical machines and motors,
and also their ability to operate in hostile environments [1], [45], [47] and [48]. In automo-
tive drives[IMs|are utilized in such vehicles as Renault Kangoo, Daimler Chrysler Durango,
Chevrolet Silverado, BMW X5, and Tesla [47]. One of the most widely utilized type of
is the well-known cage (or squirrel cage) induction motor. The cage induction motor pre-
dominance is attributed to the simplicity and ruggedness of the rotor [1]. Figures|l.9|and
show the construction and magnetic circuit of an induction motor respectively [8].

Induction motors main drawbacks are high losses (stator copper losses, core (iron)
losses, stray and mechanical losses), low efficiency, and low power factor. To improve
their efficiency and performance, should be controlled through power converters as
shown in Figure [[.1|and different minimum-loss control schemes and strategies can be
utilized, as described in [49] and [50].

! According to IEC classification, low-voltage refers to motors that operate at voltages less than 1000V
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.. Terminal box

Cooling fan

Drive shaft

D-end N-end

Stator Slot

Stator Laminatlons
Shaft

Alr Gap

Rotor Laminations

Rotor Slot

Figure 1.10: Magnetic circuit of induction motor’s stator and rotor [8].

2.2 Switched reluctance machine

Compared with mature motor technologies such as the induction motor, shunt

motor, and the more recent brushless|Permanent Magnet Synchronous Machine (PMSM),

offers a competitive alternative to its counterparts [14] and [51]. The numerous ad-
vantages such as high torque density, simple construction, robustness and low manufac-
turing cost make this type of machines attractive for researchers and manufacturers [52].

The most used conventional [SRM| have different numbers of salient poles on the
stator and rotor. There are two windings of different phases in the each slot of the stator.
The rotor does not contain any windings or excitation system which allows reaching very
high speeds [53]. Moreover, by contrast withPMSM] this machine do not contain costly
rare earth permanent magnets. As an example, the construction of three-phase 12/8[SRM]
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(12 stator poles and 8 rotor poles) and its magnetic circuit are depicted in Figures
and respectievely [54].

The operation principle is based on variable reluctance. The torque is pro-
duced by the tendency of the rotor poles to align with the excited stator poles (see Fig-
ure[[.11b). During rotation of a rotor, the reluctance and, consequently, the phase induc-
tance vary between their minimal and maximal values. When operated as a motor, the
phase windings are excited during the period in which the inductance is increasing as the
rotor turns. When operated as a generator, the phases are commutated on and off dur-
ing the period when the inductance is reduced as the rotor turns. The higher the ratio of
aligned inductance to the unaligned inductance, the higher the torque [55] and [56].

Stator

Three-phase SR Motor stator and rotor h
(a) (b) (c)

Figure I.11: Three-phase SR Drive®stator and rotor (graphic of NIDEC Motors) [54]:
(a) SRM construction; (b) principle of operation; (c) magnetic circuit.

Based on the previously mentioned, the torque T of three-phase [SRM|can be de-

fined as follows:
1 .2 dLa 1 .2 dLb 1 .2 dLC
== +—ii——+ =
2'aa9 T2 a0 T2 a0

where i; and L; are the corresponding phase currents and inductances; 0 is an electri-

T

(L.1)

cal angle that defines a rotor position. As shown in [52] the mutual inductance between

phases for conventional can be neglected due to its winding configuration.

According to the expression [.1, the torque is directly proportional to % and I?,
where the last one is always positive regardless of the sign of excited current, so the exci-
tation can be unipolar. Unipolar operation requires nonstandard power electronic mod-
ules: [SRMJis mostly driven by asymmetric half-bridge power converter [57] (see Figure[[.12).
Another converter’s topology can also be employed depending on applications and re-
quirements, e.g., bipolar excitation can be used to increase the torque density and reduce

torque pulsations (see Figure|[.13).
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ol

Figure 1.12: Three-phase SRM driven by asymmetric half-bridge converter [57].
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Figure 1.13: Conventional excitation (a) and bipolar overlapping excitation (b) [56].

There are different types of[SRM] where the stator and rotor poles number combi-
nations and phase’s number determine the machine and drive configurations and perfor-
mances. Increasing stator/rotor poles number allows to produce the higher power factor
and torque density with lower torque ripple. On the other hand, it reduces the constant
power capability and the overload capability. A larger number of phases improves the re-
liability and fault tolerance, but complicates the inverter and requires a higher operating
frequency for a given speed [55] and [56].

Overviews [14], [45], [47], [56], [58] and research works [53], [59], [60] and [61] on
automotive propulsion systems demonstrate that switched reluctance motors are recog-
nized to have a potential for applications. Examples of drives automotive
application are Land Rover Defender, presented at the 2013 Geneva Motor Show [62], the

Australian hybrid ECOmmodore and hybrid aXcessaustralia|[Low Emission Vehicle (LEV)|
(60].

The main disadvantages of this type of electrical machines are the high torque
ripple, the acoustic noise and vibrations (especially at low speeds), undesirable in mod-
ern vehicles [51]. These drawbacks can be minimized by optimization of control strategy
(torque/current control) and motor design. The[SRM|with controlled torque can find ap-

plication where standard variable frequency drives are common.
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3 Electrical machine winding

As can be seen from the foregoing, two types of electrical machines (cage induc-
tion motor and switched reluctance motor) are considered in this work. Thus, only stator

winding insulation systems will be discussed.

3.1 Distributed winding

Like mostlow voltage motors, the cage induction motor has a randomly distributed
stator winding. The construction of a random wound winding is given in
[Electrotechnical Commission (IEC)|standard 60034-18-41:2014 and depicted in Fig-
ure([[.14} the stator winding photograph is shown in Figure [[.15][64].

a — phase insulation and overhang
insulation;

b — mainwall (slot) insulation;
1 — phase to phase insulation;
2 — phase to ground insulation;

3 — turn to turn insulation.

1 IEC 0565/14

Figure 1.14: Section of stator winding [63].

Figure 1.15: Distributed stator winding [64].
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Random wound winding consists of round insulated conductors, called winding
wire or magnet wire. This wire is wound continuously (by using a winding machine or
by hand) through slots in the stator magnet core to form a coil: turns of wire connected
in series, arranged to link or produce magnetic flux. These turns are placed randomly in
coils, thus the term “random”. The first and the last turns can be adjacent, and in this case
turn insulation is subjected to the entire voltage of the coil [1I]. The winding insulation

system’s components will be detailed in Section 4]

3.2 Concentrated winding

By contrast with induction motors, switched reluctance motors usually have a
concentrated coil winding configuration. Comparison between distributed and concen-
trated winding design is demonstrated in Figure[[.16|by the example of synchronous per-
manent magnet machine stator structures given in [65]. As can be seen, overlaps between
coils referring to the different phases are eliminated in concentrated winding. The pho-

tograph of concentrated stator winding is shown in Figure

(a) (b)

Figure 1.16: Distributed (a) and concentrated (b) winding configurations [65].

In case of conventional switched reluctance motor, winding is wound around each
tooth of the stator that allows to minimize magnetic coupling between phases and make
easier electrical feeding [51] and [52].

Both round and rectangular sections wires can be used to constitute winding coils.
The use of rectangular winding wires allows to increase a slot filling factor (or space fac-
tor), the ratio between the total conductor area in a slot and slot area, as shown in Fig-
ure [67]. This parameter determines the motor’s rated power. By improving the slot
filling factor the power density may be increased and the winding losses may be re-
duced [68].

The coil concentrated winding configuration simplifies mechanical design and
manufacturing process as well as machine’s maintainability by offering a stator modular-
ity possibility [68]. It makes possible to arrange turns in winding coils in order to assure

better electric field distribution compared with random wound winding.
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Figure 1.17: Concentrated winding configuration of a Hyundai Sonata 2011 motor [66].

(a) (b)

Figure 1.18: Difference between rectangular (a) and round (b) conductors placed in stator slot
[67].

The multiphase concentrated winding can improve the electrical machine’s fault
tolerance [69]. Nevertheless, the turn insulation tends to be exposed to higher mechani-
cal stresses during the coil-forming process, creating insulation stretches and cracks [1].
Furthermore, distributed windings demonstrate higher torque and power density perfor-
mances compared with concentrated winding [68]. The stator winding topology should
be selected regarding electrical machines speed and power range, and respecting torque,

volume and efficiency requirements.

23



CHAPTER 1. FACTORS AFFECTING LOW VOLTAGE ELECTRICAL MACHINES FED BY
INVERTERS: LITERATURE SURVEY

4 Electrical machine winding insulation system

Electrical machine’s insulation system is a combination of dielectric materials. Ac-
cording to 60034-18-1:2010 [70], its role is to provide insulation of conducting parts
from each other and grounded ones, to prevent short-circuits between winding turns, and
thus to ensure reliable electrical machine operation.

In the following sections components of stator winding insulation systems, as well
as the main factors affecting them during machines operation will be discussed.

As previously noted, winding insulation system comprises slot insulation, phase to
phase, phase to ground and turn insulation. The slot insulation, phase to phase and phase
to ground insulation are usually made of paper or organic laminated materials based on
polymers (Nomex®, Mylar®) providing good dielectric strength, flexibility, mechanical
toughness and thermal conductivity. This insulation has a greater thickness compared
with the turn insulation composed of winding wire and impregnating composition [1], [3],
[4] and [71]. Whereas the turn insulation is mostly subjected to failures, this component

of insulation system will be studied in detail.

4.1 Winding wires

Winding wires having thin enamel insulation (enamelled wires) are mostly used in
low voltage electrical machines windings. The thinner insulation allows to assure a higher
slot filling factor. Moreover, overall dimensions of motor can be decreased by reducing the
insulation thickness while keeping the energetic parameters [72].

The enamelled winding wire is a copper or aluminium conductor coating with a
polymer film insulation composed of one, two, or three types of enamel varnish — insulat-
ing layers (Figure[[.19). In modern winding wires the combination of different chemical
compositions is often used to provide the required electrical, thermal and mechanical

parameters [73].

1 2 3
Figure 1.19: Enamelled wire with double layer insulation:

1 - copper conductor; 2 — inner insulating layer (base), 3 — outer insulating layer (top).

Enamel varnish is a solution of high-molecular-weight film-forming compounds
in organic volatile compounds, where the volume of a dry (solid) substrate in average

corresponds to 28-32% [74] and [75]. Depending on required winding wire insulation
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properties and motor operation conditions, different chemical compositions can be ap-

plied. The most common are the enamel varnish based on|polyester (PE)} [polyimide (PI),
[polyurethane (PU), [polyamide (PA), [polyamide-imide (PAl), and|polyester-imide (PEI)|

The enamel film should be applied to the wire continuously and as thinly as pos-
sible. Firstly, it allows to have a good filling factor of wound stator, as it was mentioned
above. Secondly, it prevents the falling drops of liquid varnish which tend to distribute
unevenly over the wire. Therefore, each insulating layer (of one chemical composition)
consists of a number of very thin coats (Figure[[.20), which are applied sequentially pass-
ing through an enamel applicator. This reduces amount of defects and micro-voids in the
enamel insulation resulting from the volatilization of low-molecular additives and sol-
vents. The number of these single layers can reach up to 20-30 um and the total thickness
of the enamel film comes to be from 30 to 60 um [74] and [75]. Depending on the insu-
lation range of thickness or grade, enamelled wires are categorized in accordance with
the 60317-0-1:2013 [76]. The insulation grade is defined by external wire’s diameter
D (Dgrager < Dgrage2 < Dgrages)- Therefore, properties which depend on the thickness of
the insulation (e.g., electrical breakdown voltage, resistance to abrasion, springiness, etc.)
vary from one grade to the next. A higher grade number means that wire has higher elec-

tric strength.

LTI AR R T L A L Eay T

Ho999 2 ICF DENKENDORF
91 x 31Z P36<-11L.TIF

Figure 1.20: Scanning electron microscopy image of enamelled wire, chemical composition PAI
and PE]J, 13 layers, total thickness 50 pm [75].

The copper round enamelled wire is the most prevailing winding wire type by rea-
son of production process features and product quality. The interest in aluminium con-
ductor is based on its lower costs and low-weight properties especially attractive for air-

crafts and automotive applications. The main drawback of aluminium is the lower perfor-
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mance compared with copper, consisting in higher resistivity, lower tensile strength and
higher coefficient of thermal expansion. Moreover, to improve aluminium winding wire
quality, special methods and equipment are required in manufacturing processes. Special
lacquer layer called “primer” should be firstly applied to assure good enamel film adhe-
sion to aluminium conductor [74]. To this purpose, an additional lacquer unit is used.
Since the electrical equipment operating temperature is often the dominant age-
ing factor affecting insulating materials, one of the most important parameters of wind-
ing wires is their thermal class (or temperature index). A thermal class shall be assigned
to the insulation materials and systems used in electrical machines in accordance with
TEC|60085:2007 standard [77]. This is a temperature numerically equal to the temperature
at which the breakdown voltage (or other parameter) remains above a certain predeter-
mined level for at least 20.000 h. In this regard, the classification of the winding wires is
carried out over a long permissible operating temperature. Insulating materials intended
for use in rotating electrical machines correspond to the heat resistance classes 130 (B),
155 (F) and 180 (H) [48] and [77]. According to [73] and [74] in Russia enamelled wires hav-
ing the thermal classes of 155 and 180 are mainly produced. Furthermore, higher winding
wire thermal class allows to increase electrical machines power density or to reduce their

size and weight that is especially crucial for traction drives.

4.2 Winding impregnation

With the purpose to consolidate winding’s turns, the winding is impregnated with
a liquid impregnating composition (compound, resin or varnish). Epoxy, polyester or sil-
icon resins are often used. The impregnation reduces air voids inside stator slots and
between winding wire’s turns, prevents winding moisture and contamination, improves

winding mechanical strength and heat transfer.

For wound stator impregnating, dipping, trickling or[Vacuum Pressure Impregna-|

technologies can be used. In dipping method, the winding is fully immersed in
reservoir containing liquid impregnating varnish until air gaps filling with following cur-
ing in an oven and cooling. Trickling impregnation process is performed at a very slowly
rotating wound stator and the impregnating material is dripped over. During this process
a current circulating in winding increases its temperature due to Joule effect to cure the
impregnant. In impregnation processing, the wound stator is placed under vacuum
to remove air from winding gaps and pores, and placed in impregnation resin bath. Then
the excessive pressure is applied to force impregnating material penetration into the sta-
tor winding. After that, draining and baking processes follow to cure the impregnant.
impregnation allows to improve air gaps filling between conductor strands minimizing

voids in turn insulation and providing a greater bond strength [I].
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As an alternative to impregnation self-adherent enamelled wires can be used. Their
thermo-adhesive external layer, e.g., made of aromatic polyamide, allows to solidify wind-
ing turns by bonding at elevated temperature. To this effect, winding heating is usually

achieved by circulating current that cures wires’ enamel top coat [3].

4.3 Impregnating compositions and wires enamel insulation compati-
bility

As far as the winding insulation system includes the winding wire enamel film
and the impregnating composition, winding insulation reliability is determined by qual-
ity and compatibility of both insulating materials. Differences in chemical and physico-
mechanical properties of these components may cause negative effects on insulation sys-
tem performance [75].

The impregnant, the enamel film and the conductor are held together by adhesive
forces. These forces create intermolecular bonding between contacting surfaces and pro-
vide system mechanical integrity. System components are forced to be deformed together
under thermal cycling or external loads, but differences in materials’ coefficient of ther-
mal linear expansion and modulus of elasticity lead to unequal deformations. As a result,
subsurface stresses appear in insulation. Engendered mechanical integrity deterioration
facilitates penetration of moisture, oxygen and corrosive components into windings, in-
tensifying turn insulation ageing processes and decreasing breakdown voltage [73] and
[74].

Solvents contained in impregnating compositions affect enamel insulation dur-
ing impregnation process and subsequent curing. As a result, enamel insulation soft-
ening, swelling or cracking may occur. Swollen enamel film adhesion often decreases
while heating that leads to contact imperfections with conductor. Solvent negative in-
fluence increases with heating and mechanical stresses in enamel insulation caused by
wires stretching and bonding when stator is wound [74]. Depending on impregnating
composition (varnish, resin, compound, with solvent or solvent-free), impregnation tech-
nique and conductor strands density, turn insulation may have different microstructures.
A complete filling of interturn space allows to obtain a monolithic turn insulation mi-
crostructure (Figure [[.21a). When an impregnant is partially leaked or solvent is evapo-
rated during curing process air pockets (cavities) appear in impregnated winding. The
cured impregnating material is distributed around wires as a film with uneven thickness.
Such insulation microstructure is called cellular (Figure [71].

The real winding usually has mixed microstructure. The monolithic and cellular
microstructures ratio depends on used impregnating material, its technological features
(viscosity, non-volatile matter content), impregnating method and quality, as well as on

wire’s diameter, slot filling factor and winding design. Turn insulation microstructure,
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(a) (b)

Figure 1.21: Turn insulation microstructures microscopy images:
(a) monolithic microstructure; (b) cellular microstructure;
1 —winding wires’ conductors, 2 — impregnating material, 3 — enamel insulation film [71].

polymers properties and adhesive forces determine crack formation mechanisms.

The minimum level of impregnant and enamel film adhesion should ensure wind-
ings integrity. Adhesion increasing leads to rising internal mechanical stresses in the im-
pregnating material and affects defect formation processes. Therefore, turn insulation
destruction processes start with impregnating material cracking caused by internal me-
chanical stresses. When a crack reaches enamel insulation, its propagation mechanism
depends on adhesive forces in “impregnating material - enamelled wire” interface and
eventual surfaces imperfections. The mechanism is described in [71]. In front of the
crack tip, which is a stress concentrator, the local internal mechanical stresses magni-
tude is significantly higher than in the rest of the polymer’s volume. If interface adhesive
force is higher than internal mechanical stresses in impregnating material, the crack can
pass through the enamel film and reach the wire’s conductor (Figure[[.22a). A crack prop-
agation can be suspended if a tensed zone, moving in a form of a wave in front of a crack,
causes an appearance of a cavity at the interface (Figure [.22b). The resulting cavity be-
comes a trap for the crack, and further crack propagation is suspended. The microscopy

images of two described cases of the crack propagation in turn insulation are given in

Figures[[.23aland [.23b] [71].
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Figure 1.22: Crack propagation mechanism in turn insulation:
1 - impregnating material; 2 — enamel film; 3 — conductor; 4 — crack in the impregnating material;
5 — delamination of impregnating material from enamel film (secondary crack) [71].
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(a) (b)

Figure 1.23: Crack propagation in turn insulation microscopy images:
(a) crack in impregnating material passed through enamel films and reached conductors;
(b) crack in impregnating material with delamination from enamel film [71].

Having regard on above stated, turn insulation components should be selected
considering their chemical and physico-mechanical properties and their compatibility
characterized by interface adhesive forces that will allow to obtain the insulation system

having minimum defects.

5 Operational factors affecting winding insulation

During production and operation processes, insulation is influenced by[Thermal,

[Electrical, Ambient and Mechanical stresses (TEAM), including also pressure, moisture,
and corrosive substances [1], [75], [78], and (see Figure [801). It results in

ageing and time-depended deterioration of insulation properties that can reduce motor’s

service lifetime.

Environmental humidity influences on electrical machines time between failures,
because moisture adsorption and sorption processes in insulating materials reduce its
dielectric strength. Moisture effect is especially significant in poorly impregnated wind-
ing. In this case, moisture penetrates into unfilled space and diffuses into insulation’s
pores. Reducing insulation resistance and dielectric strength, moisture creates conditions
for leakage currents appearance. Chemically active substances, such as oils and solvent
vapours, influence on insulation leading to its deterioration. A dust contained in the air
has an abrasive effect on insulation and reduces its insulating resistance [3] and [79].

Mechanical and thermomechanical factors can also reduce insulation service life.
Thermomechanical loads in electrical machines are the results of windings heating and
cooling cycles. Mechanical loads result from electrodynamic forces, centrifugal forces, ro-
tating parts unbalance, shocks and jolts from a drive or a driven mechanism. In automo-
tive transportation systems, electrical machines are also subjected to external vibrations
depending on traction mode; these efforts are usually alternating and cyclical. During

transients, vibrations magnitudes increase (the quadratic dependence of electrodynamic
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Factors affecting winding insulation

Operational Insulating materials Designing and
stresses properties and technological
compatibility parameters
Thermal Impregnating Insulation
stresses compositions thickness
Mechanical (solvents) Wire diameter
stresses Internal interface .
hanical Slot filling
Electrical mechanica factor
stresses
stresses I ;
. mpregnation
. Interface adhesive preg
Environmental filling factor
forces
stresses
Insulating
materials
imperfections,
defectiveness

Figure 1.24: Main factors affecting winding insulation during electrical machines manufacturing
and operational processes [80].

forces on current). Cycles of mechanical and thermomechanical loads damage the insu-
lation system integrity [80].

In case of sinusoidal 50-Hz supply voltage, the temperature effect is consid-
ered as one of the main operational factor causing the low-voltage insulation properties
degradation [1], [2], [3], [8] and [81]. The low-voltage winding insulation is primarily de-
termined by the electrical stress [1].

Prolonged heating during the electrical machine operation is inevitably accom-
panied by the winding insulation system thermal ageing and deterioration provoked by
chemical reactions of oxidation in air-cooled machines [1]. The chemical reaction rate
can be estimated using empirical Arrhenius law. In [82] it is proposed to use the Arrhe-
nius chemical reaction rates relationship formulated in the exponential form to predict

insulation life depending on expected service temperature:

L=AeT 1.2)

where L is insulation life time in hours; T is the absolute temperature in Kelvin, A and B

are constants dependent on environmental conditions.
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The known “10 °C half-life rule” approximates this equation: every 10 °C increase
in operating temperature above the winding insulation system thermal class (tempera-
ture limit) reduces the expected insulation service life by half [1], and (Figure
[83D).
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Figure 1.25: Expected insulation life vs. operating temperature for different thermal classes [83].

5.1 Failures in motor windings

Electrical machines insulation should be selected considering constraints men-
tioned above and be enable to ensure specified service lifetime. As reported by [2], [6],
[7] and [8], one of the most common reasons of induction motor breakdowns is a stator
winding turn insulation fault which accounts for 36-37% of all the failures. A significant
part of failures occurs during the machine’s running-in period, generally caused by latent
defects and imperfections in winding insulation. These defects appear due to wires’ in-
sulating technology, copper conductors having sharp burrs utilization, wires’ stretching
and hits during windings manufacturing process, as well as during electrical machines

operation.
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Figure demonstrates the following induction machine stator winding failures
18l:
a inter-turn short circuits between turns of the same phase (turn-to-turn fault);

b short circuited winding (coil-to-coil fault);

¢ short circuits between winding and stator core at the end of the stator slot (coil to

ground fault);
d short circuits between winding and stator core in the middle of the stator slot;
e short circuit at the leads;

f short circuit between phases (phase-to-phase fault).

Figure 1.26: Insulation damage caused by inter-turn short circuit of the stator windings in
three-phase induction motors [8].

5.2 Effect of impulse supply voltage on winding insulation

The impact of described above factors on dielectrics ageing and deterioration de-
pends on the electrical machine’s environmental conditions, the power supply and the
control system. As previously noted, in case of sinusoidal 50-Hz[AC|supply voltage, ther-
mal stresses are the main cause of low voltage electrical machines insulation deteriora-
tion. This is due to the fact, that voltage magnitude and surges are not high enough to
cause an insulation breakdown or an ionization process.

Numerous studies [1I, [3], [4], [15], [84], [85], [86], [87] and put into evidence
that the use of based inverters increases electrical stresses in low voltage electrical
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machines (see Figure [[.27). Voltage inverters are made on the basis of power semicon-

ductor devices - electronic switches, e.g.,|Gate Turn-Off thyristor (GTO)}|Bipolar Junction|

[Transistor (BJT)}|Insulated Gate Bipolar Transistor (IGBT)|andMetal-oxide-semiconductor

I[Field-effect transistor (MOSFET)| Depending on type and characteristics of used semi-

conductor devices the switching frequency could reach dozens of kHz and the impulse
voltage front duration can be from tens of nanoseconds to several microseconds [89] and

[90] creating high dV/dt slopes and oscillating frequencies up to several megahertz.

PWM converter cable induction motor
o %
3. © ——

S, Usg

3

: Upp
T
dc link voltage converter output voltage motor terminal voltage t
Uy (phase-to phase) (phase-to phase)

Figure 1.27: Principle of induction motor adjustable speed drive with its schematic voltage
characteristics [88].

The impulse voltage rise time ¢, is defined in 60034-8-41:2014 [63] and TS
60034-25:2014 [91] standards as the time required for the voltage U to rise from 10% to
90% of the peak voltage (from 0,1 Uj, to 0.9 U, in Figure|[.28).

v\

U voltage
f time
b
0,90,
0,1
-
f.
IEC 0561/14

Figure 1.28: Voltage impulse waveform parameters [63].
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It should be noted, that there are two different definitions for this important pa-

rameter. The impulse rise time calculated in accordance with the standard|National Elec-|
[trical Manufacturers Association (NEMA) MG1 Part 31 definition will have a smaller

value for the same voltage waveform as it shown in Figure[[.29]

Rise-time
(0.5ps) Rise-time
l | (0.23us)
}f‘i ! 90% peak [‘\
i I
‘ / p N j 190% ultimate value| ™
LN Y AT NA T A
I \L ‘{ "E peak I \ [10% ultimate value |
= vl I

(a) (b)

Figure 1.29: Different definitions of impulse rise time:
(a) IEC TS 60034-25:2014 and (b) NEMA MG1 Part 31.

The impulse voltage waveform with steep rising and falling edges creates a nonlin-
ear voltage distribution along feeding motor windings. Indeed, overvoltage at motor ter-
minals can occur due to reflected waves phenomena in cable line caused by mismatching
of inverter, supply cable and motor winding impedances [15], [84], [85], [86], and [90].
Overvoltage at motor terminals depending on voltage rise time and drive to motor cable
length is shown in Figure[[.30][90].
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Figure 1.30: Inverter fed motor pu overvoltage vs. cable length and impulse voltage risetime [90].
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Another example of supply cable length influence on motor voltage waveform is
given in Figure The phase-to-phase voltage was measured at motors connected us-

ing different cable lengths [84].
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Figure 1.31: Phase-to-phase voltage waveforms during motor operation at the motor input with a
30m, 25m and 15 m length connecting cable [84].

Moreover, in a random wound motor winding, the first and the last turns of one
or more coils may be adjacent and be exposed to the entire terminal voltage [3], [84], [86]
and [88]. The increased voltage amplitudes and the transient voltages uneven distribution
lead to rise in voltage amplitude stressing the turn insulation up to ten times compared
with machines operated at sinevoltage of 50 or 60 Hz frequency [88].

The negative effect of repetitive impulse voltage becomes more important with the
implementation of wide bandgap power semiconductors as Silicon Carbide in inverters.
The modern advances in semiconductors technology allow to create inverters with high
temperature capabilities, lower conduction and switching losses, higher switching speed
and frequency range in comparison with[Sitechnology, providing compactness and lower
weight [12], [20], (211, [22], [23], [24] and [26]. Due to these features, [SiC|power semicon-
ductor devices are very attractive for motor drives in automotive, aerospace, especially
for concepts, as well as in industrial applications where power density and weight
are one of the main factors for power electronics sizing [12], [20], [22] and [26]. Neverthe-
less, resulting electrical stresses are severe for the controlled motors: dV/dt with very low
rise/fall times (10-50 ns), raise of common mode currents and electromagnetic radiation
131, 124], 1271, (28] and [93].

Overvoltage in inverter-fed motor winding can be higher than the value of
IDischarge Inception Voltage (PDIV)|that provokes partial discharges in winding insula-

tion leading to early insulation degradations and/or failures.
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According to [90] and [94] partial discharges comprise local discharges on surface
or inside insulation such as a corona, a creeping discharge, or an insulation element local
breakdown, which shunts a part of insulation between electrodes having different poten-
tials. The corona, local internal and surface discharges are partial discharges that occurs
at the threshold applied voltage caused ionization of the air around conductors. These
partial discharges lead to failures in local areas with high voltage intensity and weakened
insulation. The term “corona” here is used for a surface discharge in electrical machine’s
winding insulation (Figure[[.32|[95] and [96]).

Figure 1.32: Electrical discharges in stator windings [95] and [96].

[Partial Discharges (PDs)|mainly occur in air gaps, voids and defects appearing in
insulation due to wires’ insulating technology, windings manufacturing, and electrical
machines operation [80] and [97]. In electrical machines corona and can be located

in stator end winding contacting with air, stator slot insulation, in the insulation between

different phases (in the case where interphase insulating films are not correctly placed),
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or between winding’s turns (defects of impregnation). The partial discharges activity pro-
vokes the complex physico-chemical process caused by accelerated electrons and ions
bombardments, gas-discharge radiation, temperature rise, chemically active substances
produced by these discharges (nitric oxides and ozone), and increased local electrical in-
tensity in affected areas [17], [18], [19], (98I, [99], [100], [1I01] and [102]. It causes dielectric
material erosion and accelerated degradation (Figure [[.33][102]).

Thin polymer

insulating layer Abrasion caused

by PD

Copper

No abrasion at
the contact point

Copper
Figure 1.33: Microscopy images of turn insulation aged by [102].

As the insulation degrades, the partial discharges number and pulses magnitude
will increase shortening the insulation lifetime. In low voltage electrical machines [PDs
occur as a result of thermal, mechanical and electrical ageing. Under normal operating
conditions, |PDs| appearance is a symptom of the degradation process of the insulation
that can lead to a final failure. The studies show that humidity impact on partial dis-
charges appearance has lower significance than the pressure and the temperature one [3],
[103] and [104]. Thus the conditions leading to insulation breakdown are the low pressure
and high temperature [102]. Typical situation is, for example, encountered in aeronautic
applications.

Partial discharges activity accelerates insulation ageing and deterioration processes
that requires to change the approach to model the low-voltage insulation lifetime con-
sidering the effect of electrical stresses. In this case, the inverse power model has been

proposed to describe the effect of voltage level V on the insulation lifetime L in [1] and

(101]:

L=cV™" (L.3)

where cis a material constant and 7 is the power law constant.
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Alot of researches have been devoted to develop detection methods, to elim-
inate electromagnetic interference effects and to analyse measured characteristics [96],
[105], [106], [107], [108], [109], [110] and [111]. In electrical detection methods ultra-high
frequency sensors or antennas, high-frequency current transformers and coupling capac-
itors are employed. Partial discharges in high voltage cables can be detected using acous-
tic technique (piezoelectric sensor). Optical detection (optical fiber based sensors, ultra-
violet cameras) and chemical methods (e.g., analysis of gases dissolved in transformer oil
and liquid chromatography) are also proposed.

Partial discharges measurements are often used for insulation condition and fault
diagnostics in high voltage cable lines, electrical machines and transformers. This allows
to identify insulation defects at the earliest stages of its occurrence, to monitor their prop-
agation, to evaluate insulation current state and further operation. In [84] it is proposed
to use partial discharge measurements also for low-voltage electrical machines condi-
tion monitoring. However, in case of electric motors having Type I insulation system [63],
which are not expected to withstand [PDslactivity, the presence of partial discharges might

indicate a critical insulation condition.

In the order to eliminate or limit electrical discharges in electrical machine’s wind-
ing different solutions may be employed. Firstly, the risk of partial discharge inception
can be decreased by limiting electrical stresses in motor winding insulation using filters
to adapt cable impedance and inverter-fed motor impedance [3], [4] and [112]. It reduces
surges and inverter voltage front steepness, and can also decrease the voltage distribution
non-linearity in motor winding. Another way is to use a multi-level inverter topology.
The use of multi-level inverter creates a higher number of voltage levels and, therefore,
increases the number of impulse voltage fronts, but decreases their amplitude, which re-
duces overvoltage and extends insulation lifetime [63] and [113] (Figure [.34). However,

this solution leads to a rise in electric drive cost and size.

Upklpk

U'piipk

IEC 0362/14

Figure 1.34: Five step phase to phase voltage at the terminals of a machine fed by a 3-level
converter [63].
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On the other hand, inverter-fed motor windings can be designed considering the
risk of partial discharges activity. In order to improve the electrical machine winding re-
liability, corona resistant enamelled wires containing inorganic nanoparticles, e.g. alu-
minium oxide filler, can be used. The specific composition of the corona resistant nano-
filled wire makes possible a better resistance to degradation caused by partial discharges,
providing improvement in terms of mechanical and chemical erosion due to[PDs} electri-
cal breakdown/endurance behaviour, and space charge mitigation compared with con-
ventional enamelled wires [29], [32] and [114]. The filled enamel film structure provide
a longer electrical breakdown path improving insulation electrical strength (Figure
[115].

» -
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Figure 1.35: Electrical breakdown path through inorganic filler spherical particles [115].

6 Conclusion

The present Chapter was devoted to an overview of factors affecting low voltage
electrical machines fed by inverters. Firstly, different types of electrical machines which
could be used in automotive and aeronautical applications are shortly discussed focusing
on induction machines as commonly used and switched reluctance machines as promis-
ing competitive alternative to another electrical machines’ types. For these machines
construction and components of distributed and concentrated stator windings are given.
It is shown, that the turn insulation composed of winding wire enamel insulation and im-
pregnating material is the weakest element of winding insulation system. In this regard,
the described technological parameters and operational stresses is presented in relation
with their impact on the turn insulation.

The conducted literature survey reveals the negative influence of impulse supply
voltage on winding insulation in electrical machines fed by inverters compared with si-
nusoidal voltage supplied machines. Arising overvoltage and uneven voltage distribution
creates conditions for partial discharge ignition in winding insulation.

The implementation of wide bandgap power semiconductors as|SiClin recent years
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allows to create very powerful inverters with high switching speed and frequency enhanc-
ing electric drives efficiency and reducing their size and weight. However, resulting elec-
trical stresses are severe for controlled motors: dV/dt with ns-level of rising and falling
time, high switching frequency, raise of common mode currents and electromagnetic ra-
diation. Due to this fact, partial discharges will occur with higher probability, and the
winding insulation ageing and failure will be accelerated.

Thus, the aim of this work is to investigate the influence of voltage waveform on
turn insulation ageing and destruction processes, highlighting the effect of high dV/dt and
switching frequency. To achieve this objective, test benches allowing to perform insula-
tion electro-thermal accelerated ageing tests were designed. These test benches make it
possible to reproduce the stresses affecting the winding insulation of motors fed by in-
verters based on Silicon technology as well as inverters using high speed [SiC|switches.

Preceding the experimental study, a high frequency model of electric drive system
composed by an inverter, a supply cable and a switched reluctance machine is proposed.
The main goal is to study voltage transients and surges at motor terminals caused by high
dVldt and impedance mismatch between the cable and the motor fed by the [SiC}-based

inverter.
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CHAPTER II. HIGH-FREQUENCY MODELLING OF INVERTER-FED MOTOR DRIVE

1 Introduction

With the objective to estimate the electrical stresses, arising in inverter-fed elec-
tric motor windings and causing their insulation degradation, the motor terminal tran-
sient overvoltage should be studied. The overvoltage at motor terminals is caused by
impedance mismatch between the inverter, cable and the powered motor provoking prop-
agation and reflexion phenomena along the cable [1], [2] and [3]. Overvoltage magnitude
depends on the impedance of the machine, cable length and impulse voltage rise and fall
times [1]. Hence, the use of fast switching electronic devices leads to higher dV/dt
and consequently to higher overvoltages [4], [5], giving rise to partial discharges and ac-
celerating the insulation degradation.

To study and predict transient phenomena in[PWM]drives a[High Frequency (HF)|
model-based approach is proposed in literature [4], [6], [7], [8], [9], [10] and [11]. The

analysis of electric drive’s high frequency behaviour includes a study of [ElectroMagnetic]
IInterference (EMI)|considering thelCommon Mode (CM)|and the[Differential Mode (DM))

for overvoltage transients.

In this regard, the present chapter is oriented toward the high frequency modelling
of the electric drive system composed by inverter, supply cable and electric motor con-
sidering[CM]and [DM]parameters. This study is focused on the modelling of a three-phase
The suggested [HF equivalent circuit model of[SRMJis based on RLC-parameters ex-
tracted from[CM]and[DM]impedance measurements. In order to complement this model
the power cable model proposed in [12] is used. Considering that in the present electric
drive model the study of a single commutation effect is performed, the inverter is mod-

elled by an ideal pulse generator.

2 High frequency electrical machine modelling

2.1 High frequency motor models: literature review

Since the transient overvoltage problems in variable frequency drives has been
known in 1980 [1], many research works were dedicated to this phenomena. The anal-
ysis and prediction of overvoltage requires high frequency modelling, the maximum fre-
quency of which depends on the rise time f,. The frequency range is defined considering
that the differential mode voltage spectrum contains a rise time frequency component

determined as f; =1 / nt, [3], or that the highest significant frequency of the spectrum

corresponds to the inverse of the voltage rise time f;,4, =1 / t; [13]. Numerous motor
models have been proposed for overvoltage and analysis, as well as for filters
conception. The existing models have a similar topology but different calculation meth-

ods; some of them are presented below.
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CHAPTER II. HIGH-FREQUENCY MODELLING OF INVERTER-FED MOTOR DRIVE

In paper [14], a[HF model of three-phase [AC motor’s stator winding is proposed
and analysed in frequency and time domains. The model of a random wound winding
consists in a cascade connection of single-coil models (lumped equivalent circuits) and

inductive couplings among the phases as shown Figure[[L.1]
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Figure II.1: HF equivalent circuit of a random wound coil [14].

The model parameters represent overall coil inductance, capacitance and losses
(iron losses, losses caused by dissipative phenomena due to high frequency capacitive
currents and dielectric losses), as well as capacitive and inductive coupling. Their identi-
fication was performed by “trial and error” method fitting the phase-to-phase and phase-
to-ground impedance measurements in frequency range from 10 kHz to 1 MHz. The time-
domain numerical analysis was carried out using PSpice and shows a good agreement
between calculated and experimental results.

A high frequency model of induction motor based on lumped parameters approach
is presented in [6]; the proposed equivalent circuit is given in Figure The model
parameters are evaluated basing on impedance measurements in the frequency range
from 1kHz to 1 MHz. Lately, authors have been refined this model by adding parame-
ters considering the skin-effect as shown in Figure [I5] and [16]. In order to obtain
a global solution taking into account the high- and low-frequency phenomena of the in-
verter-motor system, the HF model is connected to the dq dynamic model [15]. The
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model was extended in [16] to other types of AC/motors such as synchronous reluctance
(without interior permanent magnets), and brushless motors with acceptable accuracy
using “trial and error” procedure for model parameters identification. Moreover, the inte-
gral [HF model of drive system for[EMI|analysis is discussed in paper [17] where
a simplified motor model is used considering the predominant effect of the input capaci-

tance due to the winding insulation and the motor frame resistance.
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Figure I1.2: Single-phase HF equivalent circuits:
(a) model without the skin effect [6], (b) model taking into account the skin effect [15].

The authors of [9] have proposed a model of an induction motor providing
simulation of both common and differential modes behaviour in frequency range from
10kHz to 30 MHz. The proposed model composed of three electromagnetically coupled
phase circuits as shown in Figure The paper details the procedure of and
impedance measurements (star connected windings) and following model parameters
identification from characteristic points and corresponded simplified circuits. The mea-
surement setup is schematically represented in Figure and the obtained simulation
results are given in Figure A model extension was also proposed (additional capac-
itance and resistance in series resonance with the stray inductance) in order to increase
the accuracy. The values of additional parameters are adjusted to better model fitting.

Basing on above described model, the improved HF motor model is proposed in
[11]. A series Ry, L;, C; branch is introduced as shown in Figure and analytical cal-
culation of these parameters from the impedance measurements (delta-connected wind-
ings) is provided. The authors affirm that the three-phase model is valid indepen-
dent of the stator windings connection (delta- or star-connection). Figure demon-
strates the measured and fitted motor impedance for differential and common mode.
This equivalent circuit model shows a good accuracy in the frequency range from 100 Hz
to 10 MHz and keeps physical meaning of its parameters. Moreover, the induction mo-

tor drive system including the feeding cable is modelled in discrete time domain using
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Figure I1.3: Induction motor HF model: (a) per phase circuit, (b) three phase model [9].
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Figure II.4: HF model approach based on impedance measurements:
(a) scheme of measurement setup, (b) comparison of measurement and simulation results [9].

transmission line modelling approach with the purpose to analyse transient overvoltage
as shown in Figure

A high frequency lumped parameters model of induction motor similar to [16] and
[9] was recently used to study overvoltage at motor terminals in m electric drives in [4].
The same impedance measurement technique in frequency range from 1 kHz to 100 MHz
is used, but the model lumped parameters values are obtained from the Laplace domain
transfer function formulas. A power cable(HF model with lumped parameters is also pro-
vided that allows to model the overvoltage in the electric drive with different cable lengths.
The evolution of overvoltage depending on the impulse voltage rise time and cable length
is given in this paper and shown in Figure[[1.7] The fact that the overvoltage never reaches
2 times of[DCbus voltage level is explained by losses presented in power cables. The sim-

ilar results have been obtained by simulations in [5].

Other techniques and approaches for electric motor modelling can be found in
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Figure I1.5: Induction motor HF model: (a) HF per phase equivalent circuit,
(b) measured and fitted impedances [11].
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Figure I1.6: Measured and simulated voltage waveforms at the motor terminals
for 70-m cable [11].

literature. In paper [7] an analytical model of |[Adjustable-Speed Drive (ASD)| motor was

elaborated using a developed mathematical formula basing on Maxwell’s equations; the
simulation was performed using Matlab Simulink software.

In [18], the model of synchronous machine is proposed. Parameters of the
equivalent distributed circuit are derived from the measured voltage waveforms at the
beginning and the end of the machine’s winding basing on the transmission line theory.
The winding voltage is obtained by calculating the developed mathematical model.

A combined low and high frequency model of induction motor is developed in
[12]. Impedance measurements to establish the equivalent circuits were performed. In
order to determine the low frequency parameters, the tests were carried out at 50 Hz. The
inductive effects as well as skin and proximity effects are observed up to 100 kHz, and

capacitive couplings are defined accurately up to 100 kHz.
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Motor Overvoltage vs Rise Time
for various Cable Lengths
(2 Level Inverter without filter)
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Figure I1.7: Overvoltage evolution as function of the inverter’s rise time for different cable lengths
[4].

In theses [13], [19] and [20], the parameters of proposed electrical machine wind-
ing [HF model are identified using[Finite Element Method (FEM)| The advantage of this
method results in the possibility of predictive analysis of transient overvoltage and

propagation knowing the electrical machine geometry. On the other hand, the anal-
ysis is often conducted on stator winding prototypes, and the model complexity for real-
size electrical machine can be a limiting factor of this method.

The presented models allow to investigate machine behaviour in frequency and
time domains. Typically, the models are developed for induction motors. The frequency
depended parameters (caused by skin and proximity effect) can be represented by ad-
ditional fixed values in the model circuit in order to provide the time-domain analysis.
Motor winding impedance has distributed parameters, but the utilization of distributed
parameters is avoided in [HF modelling because it increases significantly the calculation
time. Instead, a number of cells or equivalent circuit per winding phase with lumped pa-
rameters is often used. The model frequency range and accuracy depends on the number
of circuit parameters. Equivalent circuit of electric motor and associated parameters can
be established from the motor impedance characteristic measurements and/or its geom-
etry. In this work, the[HF motor modelling is based on methods described in [9] and [11],
where the equivalent circuit parameters are extracted from|[CM]and DM]impedance mea-

surements.
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2.2 Switched reluctance motor modelling

As it was shown in Chapter [} the switched reluctance machine is a promising and
attractive electrical machine which may be used in many industrial and transport applica-
tions. The main advantages of this machine are its simple construction, robust structure,
and its reliability. In contrast with the induction machine having distributed (random
wound) stator winding, the conventional switched reluctance machine has concentrated
stator windings made with round or rectangular wires. The concentrated windings offer
the possibility to make fault-tolerant multiphase electrical machine: the larger the num-
ber of phases, the greater the reliability and the lower torque pulsations. In turn, the large
number of phases requires high operating frequency and accurate control of switches.
The fact that the rotor does not contain windings or magnets makes suitable for very
high speeds that also necessitates high switching frequency [21], [22]. On the other hand,
the literature review shows the absence of high frequency model proposed for this ma-

chine’s type that makes it a relevant task.

2.2.1 Proposed motor models

The high frequency models proposed for modelling correspond to the equiv-
alent circuit models described in [9] and [11]. Two types of per phase circuits having rela-

tively simple structure as shown in Figures|[[.8aand [I1.8b|are studied. In these schemes,

the parameters have physical meaning. Thus, the parasitic capacitance and resistance
between the motor frame and stator winding phase are modelled by Cg; and Rg;. The par-
asitic capacitance and resistance between the motor frame and stator neutral are mod-
elled by Cg» and Rge. The inductance of the electrical machine stator winding L; can
be represented by the mutually coupled stray inductance Ly, and main inductance Ly,
where L; = Ly + Lys. The copper losses are represented by resistance R, (neglected in
[11]) and iron losses are represented by R,. The series branch R;, L; and C; introduced in
[11] is intended to improve the model fitting to the measured motor impedance simulat-
ing a second resonance in this characteristic. These parameters may be associated with
inter-turn effects and skin effect.

Common mode and differential mode impedance frequency responses were mea-

sured for model parameters identification.
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Figure 11.8: High frequency per phase equivalent circuits:
(a) simplified model defined in [9],(b) extended model defined in [11].

2.2.2 Motor impedance measurements

The studied electrical machine is a three-phase switched reluctance motor having
six slots, four poles and concentated winding made with rectangular wires. Figure
provides the front-view of this motor demonstrating a simple access to stator winding
coils terminals. During the impedance measurements, the winding is star-connected.

Figure[[[.9]shows the measurement setup equipped with the network analyzer Ag-
ilent Technologies E5061B having a frequency range from 5 Hz to 30 MHz of gain-phase
test port. In order to minimize the influence of external parasitic inductances during mea-
surements, the shortest cable connections were used. These cables were installed before

the analyzer calibration procedure.

(a) (b)

Figure I1.9: Studied switched reluctance motor: (a) front-view, (b) setup for impedance
measurement.
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The impedances were measured in frequency range from 30 kHz to 30 MHz.
Firstly, the common mode impedance was measured as schematically represented by Fig-
ure[l1.10, The cables connections were placed between the phase A and the motor frame,
three per phase circuits are connected in parallel, the winding neutral is not grounded.
Secondly, the differential mode impedance was measured in accordance with connec-
tions scheme given in Figure[[I.11] Two per phase circuits B and C were connected in par-
allel, the both were connected in series with the phase A. The impedance was measured

between these phases.

| A B C
A A 0O 060 00

—_
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Figure I11.10: Common mode impedance measurement: (a) per phase circuit connections, (b)
winding coils connections.
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Figure II.11: Differential mode impedance measurement: (a) per phase circuit connections, (b)
winding coils connections.
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The tests were performed connecting the impedance analyzer to different phases,
and it was observed that the three phases have almost the same frequency response.
Measurements performed at different rotor positions shown that it slightly affects the
impedance. On the other hand, the changing in impedance magnitude and
phase (keeping the similar curves shapes) was observed in frequency range from 30 kHz
to 5 MHz which is related to the construction and operation. The motor’s inductance
depends on rotor position: maximum inductance when rotor poles are aligned with the
stator poles, and minimum inductance at the unaligned position [23].

In the present study this changing is not considered and the model parameters are
extracted from the motor impedances measured when rotor was stationary and its poles
were aligned with the stator poles. The obtained impedances are provided in Figures [I1.12
and The characteristic points used for model parameters calculation described in

the following section are shown in these figures.
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Figure II.12: Measured CM impedance of SRM.
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Figure I1.13: Measured DM impedance of SRM.

2.2.3 Model parameters identification

The parameters of switched reluctance motor model are identified using the char-
acteristic points from andDM]impedance measurements. As for induction machines
studied in [9] and [11], the impedance is mainly capacitive in common mode. The
point CM3 corresponding to the first series resonance indicates an influence of [CM]in-
ductance of studied motor, and the last series resonance is mainly due to the effect of
measuring cable connections and motor internal feed lines stray inductance.

Coming now to the measured differential mode impedance. At low frequencies
and up to the parallel resonance (point DM5), the impedance of the studied is
mainly inductive. Then, the series resonance at point DMy, which may be associated with
winding inter-turn effects, is observed. After that, the impedance becomes mainly
capacitive until the last series resonance (point DM3) due to the effect of stray inductance.

According to the calculation methods described in [9] and [11], the model param-

eters discussed in Section are derived as follows.
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1
Basing on the equation C = et the low- and high frequency |CM| capacitances

Croral (point CMy) and Cyr (point CM;) are derived from the measured [CM|impedance.
Then, the resonance frequency f;.s; and corresponded impedance magnitude Z,,,;,; (point

CM3) are identified. Using the obtained values, the following model parameters are cal-

culated:
1
Cg1 = §CHF (II.1)
1
Cg2 = 5 (Crotar — CHF) (I1.2)

The inductance Lcy required for further calculations is determined from the

resonance at point CMs:

1

= (I1.3)
127 Cg2fr2631

Lem

Z
Using the measured [DM|impedance and basing on the equation L= ﬂ’ the DM
T
inductance Lpys (point DM;) is calculated. The impedance magnitude Z,,, is identified

on the global maximum (point DM,). Moreover, the impedance magnitudes Z,,;,> and
Z min3 on global minima (points DM3 and DM,), the respective resonance frequencies fes2
and fr.s3, as well as the phase 673 at point DMy, are extracted from the[DM]impedance.
The copper losses R, according to [9] can be estimated by a value less than 5Q
for this model. The iron losses R, are estimated by[[I.4} The equation[[L.5|gives the stray
inductance of measuring cable connections and motor internal feed lines L., and the

equation gives the parasitic resistance Ryg;.

2
Re~ = Zmax (I1.4)
3
= (IL5)
167 CglfreSZ
2
Rg] = §Zmin2 (11.6)

Using the common mode and differential mode inductances Lcy, and Lpyy, the

inductance L; can be calculated.

4
Lg=Lcy + §LDM (11.7)

The parasitic resistance Rg» can be approximately calculated by[[1.8|or more accu-

rately — by[[.9] In the present study, the second equation is used.
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1
RgZ = §Zmin1 (I1.8)
9R,(27fres1Lenr)?
Rg2=3Zmin1 = —5 f’f; 3 (1L9)
Re + 36T 51 Lo

Finally, with the purpose to catch the resonance at point DMy, according to [11]

the parameters R;, L; and C; are calculated as follows.

Ry =Z,,in3¢c08073 (II.10)
1
G~ E(Cgl + ng) (II.11D)
1
L= N2 £2 (II.12)
4m C'tfresé’

The Table summarize the obtained model parameters values, which are used

in further simulations.

Table I1.1: Calculated parameters of switched reluctance motor HF model.

Model parameter Value Model parameter Value
Cg1, pF 103.43 Re, kKQ 1.087

Cgo, DF 204.18 Lg, uH 142.58

Rg1, Q 11.702 Ly, nH 236.01

Rgo, Q 89.55 C;, pF 51.268

Rey, Q 4 R;, Q 656.88

L, uH 71.577

2.2.4 Comparison of measured and simulated motor impedances

With the objective to test the effectiveness of the chosen models for the stud-
ied switched reluctance motor modelling as well as the model parameters identification
method, the measured and simulated motor impedances are compared. To this purpose,
the frequency-domain numerical analysis was performed using LTSpice powered by Mat-
lab software.

Firstly, the switched reluctance motor is modelled by the simplified equivalent cir-
cuit proposed in [9]. Figure shows the studied per phase circuit. The three-phase
equivalent circuit model is obtained assuming a star-connection of three per phase cir-
cuits as during the impedance measurements. Figure[[I.15| provides the obtained simula-

tion results in common and differential modes superimposed with the measurements.
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Figure I1.14: Simplified HF per phase circuit motor model basing on [9].
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Figure I1.15: Comparison of measured and simulated by simplified HF model motor impedances:
(a) CM and (b) DM.

The simulation results of the model having previously calculated parameters show
the similar trend of the impedance magnitude and phase angle. However, the resonances
of simulated impedance are shifted in frequency. The low frequency slope of sim-
ulated DM]impedance unfits the measured one. Moreover, the resonance at point DM,

cannot be reproduced by this simplified circuit.
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With the purpose to improve the model accuracy, the extended model from [11]
is tested for our switched reluctance motor. The equivalent per phase circuit is given
in Figure The model parameters provided in Table are used in the simulation.
Figure[[[.17|demonstrates the obtained results.
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Figure I1.16: Extended HF per phase circuit motor model basing on [11].
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Figure I1.17: Comparison of measured and simulated by extended HF model motor impedances:
(a) CM and (b) DM.

By adding the series R;, L;, C; branch, we reproduce the second resonance in dif-

ferential mode improving the model accuracy. The extended model shows a better corre-
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lation. In spite of this, an adjustment of model parameters is still needed to fit the simu-
lation results to the measured ones considering the fact, that the choice of certain char-
acteristic points and parameters’ values is arbitrary. In this regard, the “trial-and-error”
method or optimization algorithms are often used in literature, e.g. in [14], [16] and [9], in
order to increase the model efficiency.

Table[[l.2demonstrates the model parameters influence on the simulated impedance

curves basing on the performed simulations.

Table I1.2: Influence of model parameters on the CM and DM impedance magnitude curves.

Model

parameter Effect
CM: modify the low-frequency slope (having point CM3), resonance
y g
c at point CMs, high-frequency slope (having point CM;), and shift
gl

the frequency of the last resonance

DM: shift the resonance frequency at point DM, high-frequency
slope, and shift the frequency of the last resonance

CM: modify the low-frequency slope (having point CM) and the
o) shape near to point CM3

DM: no effect

CM: modify the last resonance amplitude

Fei DM: modify the last resonance amplitude
B CM: modify the shape near to point CM3
& DM: no effect
R, CM: no effect
DM: slightly modify the low-frequency slope (having point DM,)
R, CM: modify the shape near to point CM3
DM: modify the amplitude of resonance at point DM,
L, CM: modify the shape near to point CM3
DM: modify the low-frequency slope (having point DM;) and the
resonance at point DM,
L. CM: modify the last resonance amplitude and frequency
DM: modify the last resonance amplitude and frequency
CM: modify the resonance at point CM3
Ct! Rt! Lt

DM: modify the resonances at points DM, and DMy

These observations correlate with [4] where the equivalent circuit model similar
with [9] is studied. It should be noted that the changing in the model parameters values
affects both common and differential modes. However, it is observed that improving in

simulation accuracy of one mode results in decorrelation of another mode.
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The parameters representing the skin and proximity effects should be frequency-
dependent for better model accuracy, but it complicates the time-domain analysis.
Moreover, specific features of concerning its winding construction and consequent
minimum magnetic coupling between phases, as well dependence of the machine reluc-
tance on its rotor position [22] are not considered in the studied models. At the same
time, it is noted that differences observed at last impedance resonance can be neglected
considering the significant influence of measuring cable connections.

Although the mentioned above imperfections, the conducted study in frequency-
domain shows that the extended [HF|equivalent circuit model may be used for modelling
switched reluctance motors. Therefore, this motor model is retained for further time-

domain modelling.

3 High frequency cable modelling

In the order to predict the overvoltage at inverter-fed motor terminals, an accu-
rate high frequency model of the feeding cable is also required. As for the electric motor,
the cable impedance behaviour over the frequency range should be reproduced. Differ-
ent approaches to model cables for electric drives exist in literature. Cable models hav-
ing distributed [5], [10] and [24] or lumped parameters [4], [8], [11], [12], [25] and [26]
are proposed for time-domain analysis. In order to provide a good accuracy of lumped-
parameter model considering the distributed parameters effect, an adequate number of
cells or segments corresponding to elementary cable length should be used. The model
parameters values can be extracted from differential mode impedance measurements
(open circuit and short circuit impedances) [4], [12] or calculated using the finite-element
method [5], [10], [24], transmission-line modelling technique [11] and modal transforma-
tion method [26], or evaluated by applying evolutionary algorithms [25]. By analogy with
the motor model, the validation of proposed cable model is performed through the
simulated and measured impedances comparison. The models taking into account
skin and proximity effects as well as dielectric losses show the best accuracy.

With the purpose to perform the transient overvoltage analysis, the[HF/cable model
proposed in [12], which provides a good compromise between model complexity and ef-
ficiency, is chosen. This model represents a cascade of cells (equivalent circuits) with
lumped parameters and is compatible with the described above equivalent circuit model
of switched reluctance motor. In this model, the lumped parameters R-L are cascaded
in order to reproduce the skin and proximity effects. The dielectric losses are neglected.
Figure provides the equivalent circuit (or cell) modelling the cable having two sym-

metrical cores (phases) and metal shield.
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Figure I1.18: Two-wire shielded cable: (a) cable’s structure, (b) HF equivalent circuit model basing
on [12].

In order to approximate the distributed parameters effects along the cable, a multi-
cell model should be used for a long cable modelling. In this case, one cell or equivalent
circuit should correspond to electrically short cable length [ at the maximum signal fre-

quency fmnax. According to [27] I= E)\’ where A is the wavelength which in cable line is

defined by (II.13).

1
A=v
fmax

The signal propagation velocity v depends on the surrounding medium. Electro-

(II.13)

magnetic waves in cable line can be expressed in terms of the cable insulation permittivity

€

(I1.14)

where c is the speed of electromagnetic propagation in free space. The permittivity of
polyethylene is equal to 2.3, thus the propagation velocity v=2 x 108m/s.

Thus, for the frequency of 30 MHz, the minimal cable length adequately repre-
sented by its equivalent circuit should not exceed 0.67 m. In case of impulse voltage hav-
ing very short rise time, e.g. t, = 10ns, the induced waveform should have significant
spectral content up to around 1/10 ns = 100 MHz [27]. Therefore, the corresponded cable

length modelled by the equivalent circuit model should be no more than 0.2 m.
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In this Chapter, we focus on the motor modelling, therefore the cable parameters
used in our simulations are based on values obtained by C. Vermaelen in [12]. In his work
RLC-parameters of the proposed equivalent circuit correspond to 1 m of cable length for
the frequency range up to 10 MHz. As discussed above, in order to investigate the effect
of very short rise time, the minimal cable length should not exceed 0.2 m. Thus, the
model corresponding to cable of one meter length is composed by five equivalent circuits
and the RLC-parameters values are divided by 5. Table[[.3|provides the parameters values

of the equivalent circuit.

Table I1.3: HF cable model parameters basing on [12].

Model parameter Value
Rpns, Q 0.012
Phase resistance Rpn2, Q 1.8
Rpn3, Q 200
Rgp1, Q 0.012
Shield resistance Rgpo, Q 0.6
Rsh3» Q 60
Ly, utH 0.1018
Phase inductance phi- H
Lpnz, uH 0.4
Lg,;, uH 0.14
Phase inductance shi,
Lo, pH 0.28
Capacitance between phases Cr1, pF 20
Capacitance between phase and
’ chicld Crsh PE 40
Coefficient of inductive coupling K, 0.65
between phases
Coefficient of inductive coupling Ko, 0.83

between phase and shield

4 Simulation of transient overvoltage in inverter-fed motor

drive

In order to analyse the overvoltage phenomena at inverter-fed motor terminals
the numerical study is performed. The system, consisting of a pulse voltage source, the
equivalent circuit of feeding cable and the motor equivalent circuit, is simulated in time-
domain using LTSpice software. The inverter voltage is approximated as trapezoidal pulses
(the inverter internal impedances are neglected) with specified rise and fall times as in [8],

[17] and [5]. Moreover, considering the particularity of switched reluctance motor supply-
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ing when its phases are energized independently, a single-phase study may be sufficient.
To study the effects of a single commutation the inverter can be modelled by an ideal
pulse generator.

Firstly, the voltages applied to motor winding (the phase is energized) are simu-
lated using simplified and extended motor models based on [9] and [11] respectively. The
obtained waveforms are shown in Figure Taking into account the rated voltage of
the studied the voltage of the ideal pulse generator is set at 300V, the pulse rise
time is equal to fg = 30 ns, and the single phase cable model corresponds to cable length
L=1m. The similar results are obtained using the simplified and the extended models.

The extended motor model is retained for the further simulations.
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Figure I1.19: Voltage waveforms for 