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ABSTRACT

A computer program is described, which is capable of sotving easily
a large number of eddy current problems, arising in electric pawer
enpincering. Both flat and axi-symmetric two dimensiomal prohlems
can be handled, and restrictions can be placed on the total oddy
currents flowing in the conductors, The greaker insight into the
nature of such problems which is gained by more accurate caleuia-
tions is often reflected im the designs themselves, and some examp-
les of this are presented.

1. INTRODUCTION

Reference 1 describes a finite element computer program for seluti-
on of the magnetic diffusion equation:

YR = wyGuk - B

One of the noyel features of this program is the way the curl free
vector field U (often an applied voltage) i3 determined from linear
relationships between voltages and induced currents. This makes it
possible to solve easily a large number of practical problems, in
which restrictions are placed on the total eddy currents Flowing in
the conductors.

2. AUTOMATIC GRIP GENERATION

Lt is essential that computer programs which are designed to solve
practical everyday problems for the industry are sufficicnlly casy
to use. Great emphasis has been placed on this, both in the present
progeam, and in other field programs, which have been made earlier
(Ref. 2, 3 and 4). A ligh degree of automatic grid peneration is
necessary in a finite element program in order to achieve this. The
way this is done is described in more detail in ReF. 2 and 3, and
only a brief review will be given here.

The program user decides on an initial grid, which is made up of
horizontal and vertical lines. As input to the propram he must give
the numbers and locations of so-called grid density break Lines,
vhich in the example in Fig. I are vertical lines 1, 7 and 14, and
horizontal lines 1, 17 and 20. Also, he must give a description of
the contour lipes and the boundary conditions. The entering of con-
tour lives is simplified by preprogrammed shapes, built into the

program. Both the circular arc and the rectangle with horizontal
and vertical sides in Fig. 1 are such shapes. The resultant grid,
which the program generates from this iuformation, is shown in Fig.
2.
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Fig.1l. Cylindrical conductor above plate.
Initial grid.

Fig.2. Cylindrical conductor above plate.
Final grid.



3. A TRANSTFORMER PROBLEM

In most transformers the windings can be considered to carry uniform
current, and eddy currents generated within the swall strands do not
have any appreciable effect on. the magnetic leakage Field (Ref. 4).
But this is not at all true if one of the windings is an aluminum
sheet winding.

In this case the problem is axi-symmetric, and each of the six turns
in the sheet winding is forced to carry the same current, because of
the series connection. Eddy currents are generated within the con-
ductors wiich tend te make the magnetiec field through the winding
almost purely axial.

Fig. 3 shows a design with equal lengths of the two windings. The
maximum current density in the end of the inner turn is 2.66 times
the average value.

In Fig. 4 the sheet winding is made longer. This tends to reduce the
amount of induced eddy currents regquired to straighten the [ield,
and the calculated maximum current density is now only 1.65 times
the average.

The program makes it possible to calculate accurately the optimum
axial displacement of the two winding ends, and at the same time to
judge accurately the adverse effect on the axial forces in the high
voltage winding. The eddy current loss in the tank can also be esti-
mated.
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Transformers with aluminum sheet winding.

&. A ROTATING MACHINERY PROBLEM

In some synchronous generators the amortisseur windipg carries cur-
rent continuously. This is true for example if the generator has an
unsymmetrical load, or if the load is de through a rectifier. In
such machines the amortisseur bars are sometimes made up of insula-
ted segments. The bars are twisted, so that each segment is forced
to carry the same total current, but with non uwniform distribution
within each segment.

Calculations are made for the two extreme positions of the segments
shown in Fig. 5, and the resultant resistance and inductance are ta-
ken as averages [rom the two calculations.
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Fig.5. Segmented amortisseur baz.

5. A BUSBAR PROBLEM

Fig. 7 shows a flux plot for a three phase busbar arrangemeant, where
eddy currents are induced both within the solid busbars and in an
adjacent plate. Total currents are specified in each busbar, and in
the plate the total current must be zero.



Fig.7. Busbars above plate.

Losses are calculated in each conductor as Elzr for all the Lriangu-
lar elements, and in each phase as Re[UI*]. With a sufiicicntly
fine subdivision into elements, the sum of the losses caleulated
botlh ways will come cut same, within numerical accuracy.

Forces on the busbars and the impedance per meter length [or each
phase are parts of the normal program output.

6. A BREAXKER PROBLEM

Fig. 8 shows a current carrying conductor inside a eylindrical steel
tank, where eddy currents are induced with a depth of penctration of
about 1.2 mm. This makes it impractical to use an initial grid with
lorizontal and vertical lines, and the progtam can therefore alse
have the initial prid consisting of radial lines and circular arcs,
as shown in Fig. 9.

The purpose of the unmagnetic steel insert is of course to interrupt
the otherwise high permeability Elux path throvgh the tank. The c¢np-
per bar provides a high conductivity path for return eddy curvents,
which would otherwise have to Flow through the steel. The cendition
which determines the voltage ¥ in the diffusion equation is now that
the sum of the induced eddy currents in the magnetic steel tank, the
unmagnetic steel insert and the copper bar should Le zero.
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Fig.8. Conductor in steel tank
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Fig.9. Initial polar coordinate grid.
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I'h. BAPRET et Y. COHOT ~ F.D.F. Etudes et Recherches - Service
Matériel Electrique

J. PLANCUARD et Mme D. HUTZLER - E.D.F. Ltudes et Recherches -
Service Informatique et ifathématiques
Appliquies

J.Y. BIDAN — E.D.F. Direction de 1'Equipement

Te caleul du régime asynchrone des machines synchrones i piles
salllants massifs concerne, entre autras, la prédarermination

du démarrage diveck sur le riéseau des groupes réversihles deaki-
nda A 1'sccumalation d'@nergie pac pompage et A aa restitution
par turbinage. On expose la mithode de caleul du romprrtement
#lectromdeanique du groupe, falsant notawment intervenic Ia rétso-
lution locale du champ électromagnétique dans l'entrefer ot dons
le fer massif en régime naturd. Le orogramme se pourswii par Ta
détermination des puissances localement dissipfes donz tes pites,
piis des températuresa, ekt enfin des contraintes mécaniques. Ta
comparaison entre les résultats du calecul et des exsais est faite
pour deux groupes riéversibles dont les puissances nowinales sont
respectivemant 72 VA et A4 MVA,

1. INTPORUCTION

La consowmation d'énergie €lectrique varie tr2s notablement on
fonction des leurss de la journde, des jours de In sevaine et

des saisons. Eo 1'ahsence de stockape d'Gnergin, qui n'est de kouw—’
tes Facons pas r2alisable sovus Forme électrique, il serait donc
nicessaive de 3'8quiper en moyens de production de puissance totale
au moins &pale {1 la puissance appelde & 1'inztant de la plus fortke
congommation, d'oit il résulterait fvidemment que certaines unitis
de production ne seraient utilisées que triés peu d'heures dans
1'annZe. Le stockape d'énergie permet de pallier cet inconviniant
en ukilisank les unités de production disponibles aux poments de
faible consommation (heures crewuses) pour accumuler de 1'Enerpie
et en la restituant awx moments de forte consommation (heures de
pointa), #conomisant 1'investissement des unitds de production
marginales.

La verzion la plus répandue de stockage consiste & utiliser la dif-
férence de niveau entre deux réservoirs, er pompant de 1'eau cn
heures crenses et en ln turbinant en heures pleines. La wachine
@lectrique utilisée est une wachine synchrone, qui peut ausai bien
fonctionner en moteur qu'en pénérateur. Son sens de rotation une
sera e méme dans les deux modes de Fonctionnement que si, sur son
arbre, sont accouplites une turbine et ume pompe distinctes, solu-
tion extrS8mement cofiteuse, notamment au point de vue génie civil,
On préfire pénéralement ne lui accoupler qu'une seule machine
appelée "turbine-pompe”, wais alors, le sens de rotation Ttant
opposé en turbinage et en pompape, 1l faut priéveir le démarrage

du groupe, en mobeur et pompe, i partir de la vitesse nulle. Les
solutions posaibles sont @

~ t'yrilisation d'un moteur de lancement de faible puissance dit
"moteur poney”

- le démarrape ] fréquence propressive & 1l'aide d’un convertisseur
statigue de Fréquence ou d'un autee groupe Fonctionnant en alter~
nateyr & vitessze variable .

- la selution la plus asouple ot la plus @conomifue consiste i (&=
marrer 1a machine synchrone comme un moteur asynchrens, en Lo
connectant directement au réseau flectrigue.

C'ost cette dernidre solution qui Eait 1l'ohjet de la présente
communication.

Ta technologie classique pour les moteurs synchrones démarrant

on nsynchrone consiste i rdaliser le civcuit magnétique du retor
cn tdles feuilletdes et 3 le munir d'une cage d'anortisseurs ana-
logue % la cape d'écurevil des moteurs asynchrones. Cette technique
n'est pas applicable awx groupes de pompage, du rmoins au-delil d'une
ezrtaine puissance, car 1'@nergie calorifique dissipite par effet
Juule danz la came d'amortissenrsdavient prohihitive. les pilas du



rotor sont alors réalis@s en acler massif, sans amortisseurs ; les
courants lors du démarrage asynchrone circulent dans les piles -
eux—Bmes, qui présentent A 1'Sgard de 1'affet Joule une bien plus
grande capacité calorifique. La Farmeture des courants de péle i
pble est souvent facilitée par des connexions en cuivre de forte
section ; nous nous sommes placds Jang ce cas, qui correspond en
particulier aux deux machinmes illustraat cet exposi.

Les pdles massifs pré&sentent cependant, en dimarrage asynchrone, 1'in—
convénient suivant : les courants qui s'y développent obfissent aux
1nis de I'eFfet pelliculaire jils sonr donc concentrfés dms ure couche de

I 52 em au woisinage de la surface, d’oli rEsultent des &chauffements
différentiels importants conduisant 3 des contraintes mfcaniques.

Tl y a lieu de variFier gue cas contraintes n'atteignent pas des
valeurs canwereuses et c'est la raison pour lagquelle on a Eté

eonduit ¥ matire au noint une métbode de calcul comportant les

Ztapes suivantes :

- calcul du champ &lectromagnitique dans la machine, notamment dans
1'entrafer et dans le Fer massif, en tenant compte de la glomd-
trie particulifre de ces domaines, de la saturatiom, ot des
conditions de raccordement au milieu exkérieur

- cateul du couple @lectromagnétique et du processus de moniie en
vitessa

- ¢ilenl de la puissance dissip&e localement dans le fer massif,
puis das tempdratures locales en fouction du temps

~ caleul des contraintes mécamiques fdues aux 8chauffements diffd-
rentiels,

2. CALCUT, FLECIRIOUE ©T FLECTROMAGMET LGUR
%.1. Deunviption

: = P . o s _
L4 machine synchrone est raccovdée au réseau électrique par 1'inter
madiaire d'un transFormateur. En schéma monophasé Equivalent ce
- -~ . z - w
raccordement se repritsente de Ffagop tris simple conformément 2 1a

Fig. 1 3
- le transformateur est reprisent® nir une rEactance X,

- le rigeau est représents par une sonrce de tension de vialear
efficace V de frigueace et A'arnlitude Fixes, en srie aveo une
rhactanen Xyque 1lon ditermineg > vartiv de la connaissance de la

-~ . . -
puissance de court—cirvcuit auw peint de raccordemant

~ 1a machine synchrone est raccordie en aval de ces deux riactances,
an droil de la tension ¥,. Le calcul électromagnétique est dis—
soeid en Adeux : les phdnomBues intéressant uniquement le stator,
qui est wourvy ¢'un enroulement tripltasé A champ tournant dont
les pronriftfs sonr bien connues, sont pris en corple sirplement

par la réactance de fuites ¥ en série avec la riésistance R,
lesquelles viennent donc Fig) 1 en série avec les réactances
précidentes. Les phi3noménes intéressant l'entrefer et le rotor
sont traitds par réselution des 3quations du champ &lectromagné-
tigue {Equations de Maxwell} . La frontidre entre les deux modas
de tyaitement,représentée fig. 1, est matdrialisse par le comn-
tour | fig., 2, figure ol apparaissent &galement les principales
particularités du votor : configuration 3 pSles saillants mulbi-
polaire ( p paires de pdles d'eii périodicité 2 x/p des gramdeurs
électromagnitiques),géométrie complexe de l'entrefer, présence de
1'enroulement inducteur de r#sistance R, qui, lors du démarraze
asynchrone,est ferm@ sur une résistance extdrieursa R,

2.2, Principe du ealeul

T.a mont8e en vitesse s'&tudie pas 3 pas {le pas étant de l'ordre

de 1 sec.), et la vitesse varie sufFisamment lentemeat pour qu'on
pulsse supposer 3 chaque pas le répime asynchrene établi. Dans ces
conditions les grandeurs &lectrmmagnétiques au rotor varient pdrio—
diquement au cours du temps avec la pulsation pw, g &rant le glis—
sement et w la pulsation du couwrant venant du rifzeaw, y &tant 1i@

i la vitesse angulaire du rotor 2. par la relation :

0= = {1 - g) (n

r p
On suppose 1. que les variations temporelles sont sinusoidales
2, fque walgrd la saturation du fer rotorique on peut appliquer 1
1'ensemble de la machine sync?rone et du riisean la mithode dite
"de Park" ouw "des deux axes", conduisant i considirer le régime
des prandeurs @lectromagnétiques comme la superpesition de deux
régimes, 1'un dit "d'axe dirvect” et L'autre dit "d'axe con guadra-
ture"” caractérisds l'un et 1'autre par des conditions de symétvie
rerarquables par rapport aux axes d et q de la fig. 7. ifous revien~
drons plus loin sur ces deux hypothires.

7.3, Calcul Zlectrique

Par 1a transformation de Park, en régire asynchrone ftabli, 1a
tenzinn ¥ et le courant T de la fig. 1 sont reprisentés chacun

par deux comnpsantes (Vd et V_, T, et T{) variant sivnseldalement
A la r@re pulsation gw que 1led grandeuré roktoriques . ¥n appli-
quant 1» méthods de Park, on associe & ces prandeurs les deux
composantes ¢, et & Au Flux traversant la frontidére | du stator
{Fig., 2), chacune a8 ces composantes Arapts assocife A la dicompo-
sition Ade 1a distribntion sinusoidale d'induction selon les denx
azes d et ¢ (en quadrature vis—%-vis de la périodicit® Tn/p), &,
et & warient aussi 3 la pulsation gw et les &quations &lectriques
rrlidnt res grandeurs mezuvent &tre ferites en ntilisank la mfthoede
classique des norbres complexes, associZs & la pulsation gw, ce

qui donne ¢



Xﬂ =" p (L[d + ¢d) - (l-gw (Efﬂ + iﬂ) - Rs T
- o (2}

! T K - - T
v i po flfﬂ.+ @Q) + (F-pg)w (yzﬂ * Tﬁ? o Iq

vy et ¥, 8'expriment simplament en fonction de la tensiea du
£ 4
résnag ¢

Vv, =v /2 vy o= 3V 7 )
A q

L est 1'inductance associde A la sorme des 3 rfactonces de la

fFig. 1 :

+ X+ X

n T 5 i
L A o e 4)
et d'autre part le calcul Electromagnétique fournira Tes velatinoa
¥ ¢ ; Yo b autre park,
manequanktes entre fﬂ.EL Eﬂ d'une part, iﬂ ek Iq d'autre park

2.4, Calcul flectromapndtiaque

2.4.1. Principe. On utilise classiquepent le potentiel wvecteur ;

en cffet, ln ditection générale des courants stator ek rotor est
perpendiculaive au plan de la fip, 2. Le potentiel vecteur n'a Jdanc
en premifre approximation qu'une seule cowprsante zelou cottn
direction (ce risultat ne serait rigoureux que si la machine #tait
de longueur infinie. On tient compte de fagon apprachde de 1'in-
fluence des extr@mikfs en multipliank la réaistivitd du Fer dans 1o

rapport {1 + Sib ), b étaant la largeur du péle et I, sa lon-
gueur ) lLes phaiomines variant sinusoidalement au cours «n Cemps
# 1a pulsation g, le potentiel vecteur sera lui angsi reprizentd
par un nombre complexe et i1 ohZit aux Equations que nous donnons
pour le moment sana explication @

AL = o dans 1'air )
AA = JEs B, A dans le fer {”
L if dans 1'inducteur (7)

La quantité A sera nar la suite affectde de 1'indice ol coq pour
abtenit les deux composantes de 1a solution, mais au niwesn A
principe cette distinction est icutile.

FNous ne pouvong entrer dan? la qntnil de 1a m3thode que 1'on trou-

vara ecxposfe en datail en ot " . Nous en exposons soulemont Tes
grandes lignes.

2,6,2, Solution dans le fer. Dans !'équation (), n dfsiprs G
résistiviteé du fer ct p une perme1bllttL relative crwoplewa donpi-

n&e 1 tonir compte dg la saturation magnétique du fer ° 'Ftﬂn ta
mathede proposée en "3 1 ne dipand que de la composants (arpen=

tielle du champ magnftique & la surface du fer. Flle doit dae

gtre calcul@e localement sur cette surface et de plus le caleul du
. P : P P

régime est itdratif pulsque la caractériztique magnétique du for

esk non linéaire.

Pour le calcul Jlectromagnétinue 1'éruation (B)a &ré transformée

en siwple condition de surface 4 Ia limite entre le fer cbt 1'entre-
fer (fronktidres 3 & 7 [fig. 2}, en remarquant que, compte tenu
de la faible valeur de 1a profondeur de péndtration des phinomines
électromagnétiques et de la faible courbure de la Erontiére pricitie
dans les répions oit le champ est le plus fort (frontigre 3 prin-

cipalement), le terme prépondécant dans 3A est oA , n étant la

normale extdrieure i ia Frontizdre. L' equatlon(@ Ranw le Fer (indi-
ce £) au voisinage de la frontigre s'@crit donc simplement

A
f
2= A
an
jwegu o n
en posant 7 = "

d'oil 11 résulte, compte tenu du Fait que Ae =D sln=hH -

ﬁé$

’\n .E_‘...‘E

en chioisissant pour B la racine de pactie rfelle poritive,

A la traversée de lafrontiBre le potentiel vectenr est conservéd,
ainsi que la composante tangentielle du champ, Les conditions de
passage smont donc, on appelant A_ le potentiel vectenr danz 1'en-
trefer maja au droit de la frontidre

1 DA A

A = L B P
i W @n ] an
l("l— ‘0
dfoll en déFinitive la condition de surface # Ja Erontifire entrefer
fer massif, mais du cicsé de 1'entrefer @

.

2

LR

in

=
)

t e

f

Crice 1 ce traitement il ne reste plus qu'd risoudre lns &qua-
tions(%Yet (M dans 1'air, associfes A certaines conditions aux
limitea dont la condition (8).

Tl Faut hien noter que cette approximation n'est valable que pour
g gltﬁsemenrn #levds, c'est-A-dire tels que la profondaur de
pénétration soit Faible d'une part devent le pas polaire et A'angrs
patt devant le rayon de courbure de la frontifre dans les ritgions
5 fort champ. T1 =e trouve que los phiénornes lea plus contrai-
foants unur 1a pachines (températures, contraintan) interviennent
peadant gqu'on est encore dans te dnma1ne de walidit? de catte



approximation ; par contre le modiEle est un peu moins représentatif
aux glissements trés faibles, c'est—fi~dire lorsqu'on s'approche
du synchronisme.

2.4.3, Solution dans l'entrefer. L'entrefer est discrétisé selon
un maillage représentd A titre d'exemple fig. 3 (il varie d'une

machine 3 1'awvtre), Examinons par exemple la solution d'axe
(symitrie par rapport A 1'axe d, notée A,).

L'équation est (5)dans le domaine extérieur & 1'inducteur,(7)dans
le domaine occupd par l'inducteur ; dans cette &gquation J; est la
densiti moyenne de courant, rque 1'on peut considdrer macrascopi-
qitement comme constante dans le domaine compte tenu du fait que
1'inductaur comporte un grand nombre de spires. if est lié & Ly

. N —  w
dans ce domaine par la relation (issue de wot B = ~ =i | avec
—7 P e — 3r
B = rot A et J = oF)
inw ¢,
S ®

§ &tant la surface du rectangle tel que représent? fig, 2, et o
une conductivité @nuivaleate tenant compte du coefficient de Tem=
plissage, de 1'influence des tétes de hobines et de la rifsistance

extidricure Re'

Le prohl?me est carack&risd par les conditions aux frontitres 1
A 8 de la Fig., 2.

A la frontidre 1 1'influence du stator est caractfriséepar la
dengiti lindique de courant J, due au hohinage triphasé. Elle est
A digtribution sinuseldale et est &gale & la composante tangentiel-

le du champ au dreit de ta Frontidre d'ofl la coudition & la
frontifre 1

3n
L .
T Mo Jd sin p B

Aux Frontidres ? et 8 des considérations de symétrie entral-
nent :
Frontifire 2 A = o
-
Frontifre B8 L
R oo
n
Aux EFrontiéres 3 4 7 s'applique la conditien(d, avec 1'indice

d pour A

La mdthode de résolution est alors ia sulvante ; on a :

AA = L dans S

Aby =0 ailleurs dans l'entrefer

avec continuitd de éd nt de sa ditrivée normale A 1'interface.
Drapriz {Dab () k est une constante dépendant des valeurs de

A}

1

e - . c

dans 9, qu'on polirea deac dvaluer au cours du processus 1tératl

.
la disecitisation du domaine conduit 3 considérer ng points daas
1n zone & (Frontivre comprise) et N poiats sur la fromtifre du

domaine complet. On note A le vecteur Formé avec l'ensemble des

hE
n, valeurs de A, danz la zone § 2t on note A et s~ les vecteurs
f —d an

formis respecCivement avec les ¥ wvaleurs de A et les N valeurs
n :

de =% pour les points de la frontidire du doraine complet. T1 est
IR \ R
possiBle de trouver des matrices ' ol I' et das wostours N ef Votels
qua
A

an

1
z
5
¥

Ap = B+ KX

fiu effet, la résolution du problime de Dirichler par 1a méthoda
des Sléments finis f(nouws avons utilisd des fléments Lindaires)

AN =D sur 1'ensemble du domaiue
A, = 0

i
ﬂj =0 pour j = F A Y aver ] g& i

Fournik It i&me colonne de la matrice ! et Ta i&mo celonpe de la
matrice T,

fn réAsont ainsi I probl&mes en imposant successivement la valeur °
au potentiel vecteur rn I'un des noints de la frontifire, la valeur
Atant N pour tous les aubres points. En fait, on peut obtenir
directement M ek P & 1M afde d'un akgorithme Frontal appliqué aux
watrices de rigidité Slémentaires .

Tour ohtenir les vecteurs T 2b T, on conziddre le nrobifpe nuiwsnz @

82 =0 dans la zone extiéirienre 3 1'inducteur
sho= dans la zone eccupde par 1'inducteur (zone 1)
Lo nAGe to= [ BN

LaL”

£ H
PLALT.

Lptiele gki Liade aet aglle des Gléments
Ainei 1a solutien du prohlfme 3lectromapnétinue dans le ler et

dans 1'entrefer se ramdne 4 un crleul qui me Fait intervenir que
1 Frantifre do 1'inductenr, ainsi gque des noints nitufs dans la
114

Turfacs § (& couse da P'dquation (2)).



Selution d'axe g

La solution d'axe q {symétrie par rapport & 'axe q, potentind
vecteur unotd E() st ohtenuepar le meme processus, avec les dif-
[irences suivadtes :

= les symitries du courant 3, font que sa contribution aw potentiel
vecteur ast nulle, si bien que 1'dquation{S)AA_ = o s'applique
A tout le domaine. 4

- A la frontifire 1 1'influence du stator est caractdrisde par la
denaité lipdigue gq lige & la composante tangentielle du champ
oA

=
on nar

"

Ton Mo dy corp P

- Aux frontidres 2 et 8 1les considiérations de symdtrie nntraf~
nent i

an

Frontidre 2 —4 =0
mn

Frontisére 8 A =0

Aux Frontigres 3 & 7 s'applique toujours la cowlintion {3},
avec 1'indica q pour A.

7.5. Raccordement du caleul électromapndtique ot du calcul tloc
fque

le calcul &lectromagnétique permet de déterminer Ad 114 Aq nn tonlk
oi le Ja Ir idre ia : . - -

point de la [rontitre, connaissant gd et Eq

Les Jdenaités lindiques de cowrant J, et J sont directement propor-
ticanelles aux composantes correspondantes du courant stator ld 1

Jﬂ’ la relation Ataant :

Lo Ly "R
A fpa'y

avee 1 ™ = rayea 1 1'aldzape stotor {Frontifre | Tip. 7)

n'q = pomhre de spires stator on sévie par pdle el phase.
—y >

N autrr part la relation ™ = rot A entraine, par applicttinn do

thitorime de Stokes et en prenant Nd comme origine des saples

fiz. 2, que :

Bgr Flox d'age direct, ezt nroportionmel d la solour 4n o on

i *ow .
droil du rayon R et des anales - gy (ces valenrs nomt evlen e

opposdes),

Les propriftds du bobimage stator des machines synchrones entrai-
nent qua les Elux intervenant dans les Squations(Zkorrespondent

i 1'inrdgrale de surface du ler harmonique de la décorposition en
séivie de Tourier de la distribution d'induction, en fonction de 8,
au droit du rayon R. On doit donc &tablir la proportionnalité do
Bg €t Qq now pas aux valeurs de A, et ﬂq aux angles préacitds, wais

A 1'amplitude du premier harmonigue de la ddcomposition dee distri-
butions de A, et A , au dreit du vayon R, en fonctien de 0, soient
£d| et f&“ d¥ofl les relations :

avec §,_ = longueur du circuit magnétioue du stator.
5

2.6, Processus itératif

Te calecul est nécessairvement itératif du Fait que la permiabilité
complexe pt en cluque point de la fromtidre du Fer massif dépend du
champ magiitique bangentiel appliqué. On profite alors de cette
circonstance pour tenir compte itérativement de la présence de

1'inducteur, 1'intdprale (Matant &valude % partir des valears de A,
ohtenues an pas précédent.

La présance de la saturation magnitigque introdeit on toute rigneur
une diasvmétrie dans le comportement des parties droite ef pouche
du pdle,

Tn effet, ce comportoment est la superprsition des solutfons dfaxe
divect et d'axe quadrature, qui conduikt snr tous les demi~pdles

oA 2,
de droite au champ tangentiel 1 24 s U er sur teus Tes demi-
n an an
¢ BA AA
~ . 1 ~d  _ T=q
piles de gauche au champ tangentiel —— | —— —_—
“n an I}n

Fort heureusement la nature dea phénomines est telle que la Jdiffé-

A, B .
rence des arpurents de —— ot est de L'ordre de 007, si bhien
n n

que les deux modules ci-dessus ne sont pasg notahlement «ifforents
et que, pour 1'évaluation du coupte Alectromagnétique ct des phéno-
ménes Alactriques, on peut conserver la syrétrie at évaluar p 0
partiv de la woyenne de ces deux rodules. Hotons que ce pracitds de
prise en compte de la saturation permet d'appliquer validerent Lle
procid® de superposition aux solutions d'axes d et q malpris le

caract¥re non linZaire du probléme.




3. CALCIM, DU COUPLE FLECTROMAGNETIQUE
FT DE LA LOT DE MONTEE EN VITESSE

Pour chaque valeur du glissement, le couple &lectromaznétique {(mo-
teur) a pour valeur :

_ 3p % *
Co = A Fa ( L4 iq Eq £q ]

(le symhole *signifiant "imaginaire conjugué").

g #tant li# @ la vitesse de rotation q_ par (1} 1'équation Au mou—
vement s'derit :
dﬂr
T (€ =J., — * C_, {(n)
FC (qf) ]1- de r ¢ j

Ji = moment d'inertie des masses tournaates
e, = couple résistant.

Ce et Cr dtant peu variables avec Qr du moins pendant la partie inté-
ressanke du démarrage (voir fie.S et 14), V'intépgration pas & pas peut se
faire sur des intervalles de temps relativement longs (de 1'ordre

de ! seec.).

4, CALOUT, DR PERTES DTSSTPRRS LOCALEMENT DANS T2 FrR

Llorsqu'on aborde le probldme des contraintes locales, i} convient
de tenir compte degdiffirences de comportement des parties dreite
et gauche du pdle. On utilise donc en tout point de la surface

la valeur exacte du champ tangentiel He {an valeur cfficace) obtenu

corme indiqué i la fin du par. 2.

- P - < 2 = [
Conform?ment A la thdorie développde en - , @ chaque &l8ment de

surface, soumise au champ Ht, peut 8tre attribufe uane puissance

dissinge o

L1 -

pom —— D
8
L)

avec 6 = —ﬁz— y et la y intervenant dans {

Lo
d&pendant lui-réne de "t

Par ailleurs on a nu montrer - qu'en rAzime satur® les pevrtes par
unitd de volume pouvalent &tre censid®rdes comme une fonction
linfairement dicraissante de la scule profondeur, s'apnulant & la
profondenr & /2, A’oli 1'évaluation de Jz puissance dissiple, pax
unité de volume, en tout point du phle : quelques apénapements de
ditail ont PtA apnnrtds A ce moddle pour tenir compre des régiona
aitutes au voisinase d'une Forte courhure ou ¢'un point anpuleux de
La surface,

5. CALCUL DRS TPMPERATURES LOCALES ET_DE LEUR VARTATTON
AU COURS DE DFMARPAGE

La température § (x, t) en tout point du pdle est relide aux pertes
Joule par 1'Aquation

pc ks (x, )= 2 a8 (x, ) =P (x, t) (1m
ot

¢t masse spécifique fdu pdle
: chaleur spBeifique

: cozfficient de diffusion thermique

o > D

¢ pertes Joule

Ou a supposé pour simplifier que le pdle n'avait aucun Gchange
thermique avec 1'air de 1'entrefer et le reste de la machine : les
conditions aux limites associfes & (1) sont alors

-—— = 0 sur la frontidre du pole.

on
11 faub &viderrent connaltre ia tempdrature initiale N du néle.
Inl
Le pble ayant une Forme relativement simple la discricisation sna-

tiale defiD) a &ré faite suivant la technique classicue fles Jif&s~
rences finfes, Te calcul est fait en glfométrie bidirensionnalle.

Fn effet, la densiti de courvanh dans le pdle messiFf varie assen peg
en fonetien de la coordonnfe axiale, surtout au regard Je zes wariz-
tions dans les deux autras directions, nonr qu'on puisse pénliser
cette varintion ; e'est pourquei au par. 4 les partes ont Sta
suppasies elles aussi indépendantes de cette coordonnda, et c'est
pourquei ici le calenl thermique est effectud seulerent dans le
plan <e la fig. 3 {ou 2). Cta a cependant- pris comme dormaire un

péle entier (angle-f }, puisque la distribution des rertes n'est
nas symétrigue. i

TLa digserétisation en temps est effectude suivant le schfma de
Crank~Micholsen :
-
| !
n - n
7] - 8 n o+ | n i I
pe - + A nA LS UG w AT e Peydr cbp

AL av ju
n

ofi & est Ta watrice approchant 1'opérateur - M de (10) .

¢ est un naramdtre compriz entre 1 et /7,



T'indice n signifie que les grandeurs sont prises & 1'instaat
k. = nAk,
n

l.a mithoda it#rative de surrelaxation est utilisé? pour résowdre,
1 chaque pas de temps, le systime linéaire en gl Y Une
Aizaine d'itdrations sont n&cessaires en meoyenne ponr chaque
rianlution.

Cette mithode numérique est inconditionnellement stable, et ie
pas de kemps choisi est At = | seconde.

6. CALCUL, DES CONTRATYTES MECAMTOURS B'ORIGINE THEFNTOUR

Sous 1'nffet de 1'ichaufEement & (x,t} — 00 (x), le matifriaw =e
dilats, mais comme 1'échauffement n'est pas homopéne, cctte dila-
tation ne peut s'cffactuer librement, d'oft l'apparition de con-
traintes micaniques A 1'intéricur du pdle.

-m, - . - - - .
Si u désivne le champ des déplacements, les contralabes mananiguas

a. P . .
it nont relides aux Achauffements par les Squations 3

3
2 D 2
T e g, = of 2, q=aun
k= ¢ Ay T P -2y 2xy
. i
v F — |5 aui
O = - div u + — —_
(F =% (1 - 2w Py 3y
T. nui Ju
M), ik
201+ V) nxk Ix.
N
avac
r module d'élasticité
v cnefficlent de Poissen
o corfficlieont lindique de dilatation.

Les condifions oux limites nrises pour les &quations -ont @

iy . ~
- déplacenent nul v = 0, sur te pied du péla.

K]
-\ . ocos (B8 =0, =183 sur la frontifre dn
ko= 1 il I

péle en contact avec l'entrefer {(pas de forces de ronback)Y,

-— - - —
1 est la normale extirieure A la sucface du pdle et e, est le
vecteur wvnitaire de 1'axe des x;.

Dans ces quations ont &té néglipSes : les forces de pesanteur et
les forces centrifuges.

Cowme le mat@iriau se dilate dans les trois directions, le calecul
wicanique a Gté fait en plométrie tridimensionmelle, coutrairement
aux calculs &lectromapndtiques et thermiques.

La méthode des &éldments Finisz a &té utilisée pour faire ce calcul
(8léments lindaites) , avec un algorithme de résolution de
type Efroatal.

$i on 5'int@resse seulement 3 la rontrainte maximale - la plus
intéressante sur le plan pratique — on peut la déterminer avec
une tris bonne approximation pac une formule trés simple asaimi-
lant le p5le 3 un demi espace en fer, limité par une surface plane,
infini dans la dirvection z perpendiculaire 3 rette surface, ot
goumis 3 un instant donné A une loi de température ne dépendant
que de z.
La conkrainte maximale, au centre de la surface dn pdle, est alors
donnde nar t
afl. (0, - 6 )
g = R . (t7)
IR

avec C” = température maximale en surface

0 = moyenne de la tempérakture, prise suc la hauteur du

pole jusqu'au point d'arrérage

Le caleul tridimensionnel n'est dFs lors pratiquement plus utilisé
compte tentt de son temps de calcul prohihitif.

7. CAHDAPATSON DES RESULTATS PR CALCULS RT BE IFRUNES

7.1. Vraliminaires thioriques

Les comparaisons fqui vont sulvre concernent toutes.des grandens
oltenues par los calcnls précéderment décrits, 1 ['exception de
grandeurs Alectriques anx bornes du stator. fu Eait de 1'aniso-—
tropic de la wachine les valeurs afficaces des tensions ob des
courants & 50 liz, ainsi que la puissance nctive et riactive,ne
sont pas constantes mais C[luctuent, 5 1a pulsation 2 gm, autour
d'une vnleur moyenne, On a utilisd des formutes aimples donnant
geulement 1a valeur moyenna de cen grandenrs.

3

A droit de VI Figure 1 les carposantes T, ot lﬁ sont donniles por
1e caleul ghnfral, nar contre les connosantes Y, ot 2q1 de VI scnt
danniaa nap



Yap # Vgt O (g X Ioow Gy O+ X)) Ly

Fa! " lr<| R (XR * XT) Ed * e (XR * xr) Iq

Les valours moyennes sonk alors donndes par les expressions

Courant T {(valeur cEficace)
T, - 51

3

1= |8 ____I

27

Tension ¥, aux bormes du stator (valeur efficace, entre phase et

neutre)

- ¥
3 -q

v
v, = =
W

Puissance active absorbfe aux bornes du statow

s o 3 * *
P==3 R [E‘HIdl A qu}

7.2. Machine n® 1

Ses caraclkéristiques nomimales sont les suivantes :

Puissance sppareate norinale 72 MVA

Yitesse isominale iS50 tfmn {p = 20}

Yensior verinale 10,73 kY

Ta Iei dn moptde an vitesse est vepr@sentde fig. 4. La concerdrace
entre Lo teul et 1a mesure est hoone, et laisse prisumer que la
caractiri
renrdgentie fig, 5, nnb correcte. Sur cette figure ost fpnlement
représent ‘w11 caragtdristiaue du couple rdsistaut, fournie nav
e constructeur, nécessairve pour pouvolr résoudre 1'Squimiion duy
monverear,

3ur les fiz. 6 ot 7 sont représentfes les lois de variation da Ia
tensien, Jdu courant, Jde la puissance active et vlactive aux hornes
du srarer,

que e¢rlenlde du couple moteur en fonckion de la vitesse,

fur la Fig. 8 est repriasentée la variation de 3famplitude du

couraat alternatif indnit dans 1l'enroulement inductenr, Ta bonne
concordance des deux courhbes, pendart la plus grande partie du
dimavzage, est un bon garaat de 1~ Finesse de la rmithode car elle
montre que la distribution du flux est assez correctement prise
en compbe méme dans 1'espace interpolaire, 13 ol pourtant les
hypothd#ses oayant prisids A la prise enm compte du fer massif
pourraient apparaitre les plus contestables, du fait des nombreux
woincs anpuleux que présente le contour du for dans cette région.
Les Jfcarts ¢ue présentent les deux courbes en fin de démarrage
sonk surtont dus A l'efEet d'anisetropie @ auw couple mayen, lo
seul nris en compte dans notre calcul, se superpose comme il a
Etd dit un couple variant & la pulsation 2 gw, qui entraine sur—
tout au veisinage du synchronisme 1'importantes Fluctuations de
vitensse d'ofi un comrortement perturbé du courant indecteur. 'est
13 ua asnect de la mAthode qui pourrait 8tra amfliord, mais dont
neus n'tvons pas tenu compte du Failk que les contraivtes lew plus
s5&viras nour la machine ont liew hien avant L'apparition de ces
perturhatinng,

Les trois fimures suivantes (7, 1, 1)) concernent l'dvolubion des
Aebaulferents en des noints oft ‘taient placdes des soudes thormi-
fques. L'emnlacement de ces noinks est repdrd sur la i 1, et
Tongitudinalement 115 sont tous =ituds enviren au milieu de la
Tongueur dn pdle. Le noint % {et son symétrique B'} sent sigwis
A ertrmitds de 1 zone ofl 1a surface du pfile esk concentrinoe
Ay seater, o npint & fob oaen wirrigue A') <onl sikata aur
exurinipte dos Covpes polaires. Les points €, D, U seet situds

a dreibt de traxe 4, € an aurface, D3 19 sm de profopdenr,
7R

m de nrofandeur. M nnte o sewlement Lo bonae coneay-
dance entre les rnesures et les coleuls, pais Cpalewent le [
les Aifl#rences de comportement des points 5, 0, "' o«

qus
ub correcto-

Sealufeg, Ies points B et € ovhisant un Sehnagf Foment sené-
T oette dissvndtrie awart S onrine en comple corme

i1 e ES indiqui T onrenes du ealenl des puissances didaiatos lo-

Eafin sur 11 Fia, 12 est reportiz la contrainte aw point € (Fig. 3),

c'est-"Jdire auw contre de la surfaze du pdla, I'n e point (comre
on Je momrenx autres) avalent 63 placites des javres de contrain-
tos. “ear la janpe longitudinale an € gqui de toutes a donnd 1a

contrainre maximale (en conmpressinn), ce gque laissze priveir In

thitori~ * 12 contrainte caloulfe 2 'té obrenue 3 1'aide de la

forrnle 1ifide (17). La valeur maximaie atteinte (17 @ 38 bb)
est bria infirieure 5 la limpite ad-iagible,

T'angarhle des corpiralsons s machine |, neut 8tre consi-

A3 ecomea tnut PRl satisf

Tas earaer tritbicgnes pominnles sont les suivant




Tuissance apparente nominale 64 TVA
Vitesse nominale 166,7 t/frm  (p = 1R)
Tension nominale 10,3 LV

Sur les fig. 13 3 17 sont repor

Lé
1a machine |, sur les Fig. 4 & 8
lui ftre apnliquis.

das les mEmes prandevrs que, pour
; les m8mes commentaires neuwvent

Sur 1la fig. 18 eat report3 l'achaulfement calculd au ponint Ie nlies
chaud. Lo weximim est akteint au bout de 8 see., ot il vaur 1I0° O
Lors des ms=1is le pdle &tait dquipd seulement d'indicateurs
coloris nui n'ent donc permis d'anpricier que la tempdrature maxi-
mile atteinte ek non son &volution dans le temna. On awva’t dinposs
nlusienrs s35ries d'indicatenrs i 1a sucface die phle, an woisinape
du centra dans le sena lonpitudinal mais couvrant toute la larpeur
du pHle : Y11 tempdratures maximales observées par ce wayan Staiant
comprises entre 121°% et 130°C, ce qui recoupe bien fe malcul, ia
températurs initiale (Stat froid) ayant &ré eatimée & 57 C.

Enfin & partir de la carte des temndrotures on pent esbi-er la
contrainte maximala, par la formule simplifide (17). On trovve
35 hb {en compression, dans le sen: longitwlinal, an cenrre de
1a surface *u nBle}, valenr tris infFariewre d la limite = ris:

A, CORCLUSTORY

Ta nithede nroposde de calenl du démarrage asynchrone deo: parbinee
aynchrones % pSles saillants massifs conduit i ume hrime concor-
dange tas srondeurs calculies et mesurfes, du moins eon ce gnd
concerne les deux machines sur lesquelles la compavaisen a pu fepe
Faite, Catie concordance concerne les grapdeurs électrorasn®tiques.
dlactriquen, thermiques et mécaniques et congtitue dope uee justi-
ficarinn “das hypothfses simplificatrices adoptées A chacune des
fitapes fy caleul.

L'intargr Jda catte mithoda, au—dell de la simple appréhenzion par
le calenl fn nhinomsnes physigques condujsant @ dez calenls rela-
tivement cormlezes, est hian &viderment de permettra fa fteredina-
tion des limites d'erploi du démarrape asynchrone ukilisant les
nfiles maseifa par 1"appriciation den contraintes maximatss subies
nar 1o Far, ~k dans lea cas limites de suider d¢'éventuet”
ficakiora conatructiven ramenant ces contraintes dans lo- ticdres
toldrastog,

5 ek

a, AIrLSEF
“ous souhiitont remercier tont particuligrerent :

v M, AUFMTR et tme TRVSLT poar 1'7Yaboration den pragre e qle
calecul Flectromagndtisque.

4

M. NENJAMEN qui a mis au peint le caleul rridimensionnel dos
contraintes rmécaniques

1a

I'os nolligues de la Bivision chhnLque Cénérale (Service de
Production Fydraullque) d'F.D.F. qui ont rdalisd toute la par:ie
expnrlantﬂlE asnocide 3 cette Etude.
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FLUX DISTRIBUTION IN TRANSTORMER CORES

A. Basak, C.R.G. Nigps and A.J. Moses
Wolfson Centre for Magnetics Technology, Department of Bliectrical
and Electronic Engineering, University College, Cardiff, UK

ABSTRACT

A new method of computing the magnetic fields in clectrical steel
laminations has bcen applied to determine the Flux distribution in
transformer cores. An isotropic material, a simple peometry with-
out any joint at T sections or corners and a single value I-11 curve
were considered [or the numerical work. The results were compared
with the experimental results obtained Crom similar material with
identical geomettry. 1In the case of fundamental conponents of flux
the agreement was within 12 percent, whereas there was a large dis-
crepancy in the case of magnitudes of the third harmenier, though in
both cases Flux components were found to circulate in the T sections.

1. TINTRODUCTION

In modern transformer cores, iron losses are quite low because of
improvements in usage of material and better quality electrical
steel. However, there is still room for considerable improvement,
much of which can be brought about by obtaining a better under-
standing of localised Elux and loss diskributions in cores. 1t is
still not possible to predict with any confidence the flux (inclu-
ding harmonies) which determines the localised losses apart [rom in
devices with very simple geometries. Even then a 'building [actor'
ig applied to the nominal core loss in order to estimate the losses
on assembly. The building factor may be as high as 3, i.e. the
measured core loss can be three times the nominal steel loss. What
determines the building factor is not understoed althoygh an iwpor-
tant aspect is undoubtedly Elux distortion in the core’. 1In the
plane of the laminations the rotational and circulating (huxes in
addition to the alternating flux make large contribuktions to the
total power loss. The rotational flux occurs in the T joints
causing localised areas of high power loss, whereas circulating
fluxes occur in the limbs and yokes of the core and cause an
increase in loss of wp to twenty percent?s3. In the vieinity of the
T and corner joints Flux transfcr From layer to layer occursh,
Though this normal flux is small, it produces considerable amount of
loss in the laminations”’,

For the last few ycars, a wide range of experimental work had heen
carried out with the aim of determining the localised [lux and loss
distributions in transformers having different core and joint con-
figurations built from various types of electrical steel lamination;
but assembling different cores for measurement in this way is a
laborious and time consuming processZ,%,6, Recently, attempls have
been made te predict the flux distribution in transformer rotes
using computational techniques?,8,9, but nov direct comparison with
measurements have been made to assess their accuracy. The pnrpose
of this paper is to describe how a computation technique developed

Fig. 1 - Discretised traunsfotmer geometry without any joint.
s 1 £

at Rutherford Laboratory, UK, has been used to analyse the flux
distribution in a 3-limbh, 3-phase transformer core built from
isotropic material without joimt. At present a programme is being
developed to include the T and corner joints of a trans{ormer core.
A direct comparison has been made hetween the computed and cxperi-
mental results.

2. COMPUTATIONAL METHOD

The fields are calculated using a technique developed by J. Simkin
and C.W. Trowbridgelo. This technique, known as PE2D, solves the
problem using a finite element method, The infermation which i=
required to be fed into the system is the dimension of the core, the
B-H curve of the material, the position and dimension of the exci-
ting coils and the current densities in each coil at different
instants of magnetizing cycle. The interval was chosen to be 10
but much smaller intervals for more accyrate resuits of harmonics
are desirable, Though the initial study has been done on a twe
dimensional basis, this method can be extended to three dimensional
problems at a latey stage.

3. TRESULTS AND PISCUSSTON

Initially, a single-layer 3~limb transformer geometry without any
joint was considered. The material chosen wos isotropic. Since
the peowmetry was synmetrical-only the top half of the core and the
surrounding area were discretised inte 1080 elements with 592 nodes.
Figure 1 shows the transformer geometry and the exciting ceils
around the limbs. Current densities in the windings were chosen
so that a peak flux density of 1.5 T was obtained in the Limbs.
Current dengity in the riﬁht Limb was leading those in the centre
and the teft limbs by 1200 and 240 vespectively. Figure 2 shows
the B~ characteristic of the material which was employed to build
experimental transformer core and used for the computation. The
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Fig. 3 - Direction of total fluxes at an instant when wt = 150°.

instantaneous values of the x and y components of [lux densities
in all the elements of the configuration were cowmputed over the
half of a magnetizing cycle at an interval of 10°. The direction
of totalofluxes in the elements at two instants (wt = 150° and

wt = 1807) of Ltbe magnetizing cycle are shown in Figs. 3 and 4.
The Fourier analysis of x and y components of total [lux gives the
amplitudes and directions of the fundamental and the harmonic com—

ponents. Fipure 5 shows the fundamental flux vectors in some of the

elements at T and corner joints and also at the middle of the limbs
and the yokes. The third harmoniec flux vectors in the same element
were also plotted, see Fig. 6.

One layer of a& 3-limbed transformer core with the same geometry as
used for computation was punched out from a single sheet and used
for experiment. It was supplied From a 50 Hz, 3~phase supply and
the core Elux density was set at 1.5 T. The localised flux density
was measured by search coils and B and K wave analyser employing
the technique described by Meses, Thomas and Thowpsonll. The flux
vectors were calculated and plotted for each test point. Winding
of search coils is a tediocus process amd therefore, in this case,
test points were limited to only one corner, T section and middle
of the centre limb. Figures 7 and 8 show the fundamental and third
harmonic f[lux density vectors experimentally obtained im those
areas.

The discrepancy batween the results obtained using the computation
and the experimental methods varies between 57 to 12% in the case
of Fundamental flux densities; but in the case of third harmonics,
not only larger discrepancy in magnitude was found, but also direc—
tion of the vectors were different. lowever, in both cases similar
patterns of circulating third harmonic flux in the T section were
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observed. This verified the prediction by Brailsford and anznj.
The digerepancy results partly due to assuming single value Bl
eurve for the computational study and alse having large time inter—
vals over a magnetizing cycle. The third harmonic componeut cir-
colating in the limbs and the yokes as found previously by experi-
ment in transformer core models built with anisotropic material

and joints at T sections and corners, was Lound in neither the
experimental nor the computational studies. This shows that cir-
culating harmonics in the iimbs originate Erom the joints and may
be affecked by anisotropy of the material.

First a typical B-ll characteristics of the material was used For
computation, but later the B-H curve for the test material was
obtained experimentally. The improvement in the result was not
significant.

A transformer geometry with joints was olse considered. Tipure 9
shows a model with wmost popular 45 -90° T joint and 457 corner
joint. The air paps were discretised in such a way that the
elements in there matched those in the irom parts. The current
densities in the exciting coils were chosen to be the same as in
the previous case and as expected the flux densities thus obtained
were only a fraction of the values found in the geometry without
joints. ‘The air pap increased the reluctance of the mapgnetic path
congiderably. Computation was also carried out with the B~
characteristic of another isotropic material and at the moment both
the experimental and computational results are beiog analysed.

4. CONCLUSIONS

Both the experimental and numerical work has been carried out on

a simple 3-limb transformer peometry without any jolnt at T sections
or corners and the material chosen was isotropic. The results
obtained by the computational method agreed with the experimental
results in the case of the fundamental component of flux; hut there
was discrepancy in the case of the third harmonic [lux vectors;
though in hoth methods the latter was Found te cirentate in the

T sections. The x and y components of total flux werve computed at
an interval of 10° over a magnetizing cycle. The accuracy com be
larpgely improved by choosing an interval of 5. TFlux transfet

from layer te layer due to the joints is one of the most tmportant
things to consider and therefore, at present, work is hetng carried
out to include the T and corner joints in the programme. At a
tater stage, three dimensional solution will be attempted for
several layers. The experimental results on transformer wodels
published previously would be then directly compared with the com-
puted results, When the distribution of Flux in and normal to the
plane of the laminations in a transformer core is well understoad,
the localised losses can be calculated from the knowledge of toss
datp under different Flux conditions. A signilicant part of the
core logs can be attributed to the stress in the Lamination!Z,13
and in order to obtain more thorough knowledge of localised loss
distribution it is desirable to include the effect of stress.
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Fig. 5 - Magnitude and direction of fundamental component of
Eluxecs obta%ned by numerical method, at an instant
when wt = 07,
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Fig. 6 =~ Magnitude and direction of thivd harmonic component

of fluxes obtained by numerical method, at an instant
when wt = 0.
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Fip. 7 - Fundamental flux vectors obtained experimentally, at
an instant when wt = ¢ .
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Fig. 8 = Third harmonic flux vectors obtained experimentally,
at an fnstant when wt = 0°.

Fip. 9 - Discretised transformer geometry with T and corner
jeints.

Eventually, the techniques will be used to investigate the Ikux
and loss distributicn in vavious types of joints employing dil-
ferent kinds of electrical steel laminations.
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THO-DIMFEHSTONAL FLUX PENETRATION INTO SATURATING 110H

E.M. Decley and D.A. Lowther
(Dr. T.M. Denley is with King's College, London.)
{Dr. D.A. Lowther is with Imperial College, Londen.)

ADBSTRACT

Studies have Leen made of the mechanism of flux pemelration inke
saturating iron using a differential method, for materials having
magnetization chiracteristics which can be represenled firstly by
a step-function, ard secondly by the well-known Frohlich express-
jon. The results using a step-function approximation lave ass-
isted the development of a model of two-dimensional penelration
which will enable a method of computation to be developed which
makes use of Field parameters only at the surface of lhe iron,
The results using the Fréhlich expression are compared with oxp-
erimental results from a test rig.

1. INTRODUCTIOR

In many calculations of eddy-current losses in machines and other
magnetic structures it is necessary to take account of the salor-
aiion oF the iron to eblain sufficient accuracy. The mechanism
of flux penetration for a sinusoidal surface magnelic Field has
been cxamined in a one-dimensional situation for a medium having
a B-ll characteristic in the form of a step function's?, the babta-
viour being explained in terms of a wave-front which penetrates
the medium From the surface in front of which the electric Tield
is zero. Behind this wavefront the electric Field varies with
time, but at any instant is the same throughout the medium.
Another study has shown that for a given saturation flux donsity
the eddy-current loss calculated from this model iz lavger than
that using a more practical form of B-ll curve, and a universal
loss chart for one-dimensional penetration has been prepared by
approximating the practical B-H curve to the well-knoum reéhlich
curve?.

The present contribution describes a Field computation which s
been used to study the process of flux penetration in two dimon-
sions into a medium represented by a step-Tfunction B-ll claracter-
istic, and also to compare computed Elux peneirations with thoge
measured for a particular experimental arrangement, for which the
Bl curve of the material is represented by the Irihlich express-
ion. A differential method based on finite differcices has heen
used as Lhe formulation is more straightforward [hin the linile
olement method for the relatively simple gecmetrical arrangements
studied.

2. THY COMPUTATIONAL HETHOD

Methods for computing the penctration of fiux into non-1 incar
media have been described by several authors, the nomlinesrity

heing being represented either by an analytic oxpression" or hy a
piecewise-linear model3™?, The essential foatures of the metbod
used in the present study have been described previouslyl? in
which the nonlinearity is represented by an expression of the
Frohlich type:

||
-mm-'r cil Pes s rerstesrra s aneuna veaena (1)

Because of convergence problems it has been found impracticable in
the present study to use the step-function nonlinearity directly
and the function is approximated by using small values of the
constants a and ¢ in equation(l). In the jterative adjustment

of vector potential values at each node successive overrelaxation
is combined with a MNewton-Raphson method for calculating the
adjustment required, which leads to a rate of conwvergence approach-
ing that for 4 linear problem having the samc pgeometry. The advan-
tages of the Hewton Raphson method have been pointed oot before in
relation to finite-clement maethods5s7 and in general leads to more
rapid convergence than when separate under-relaxation of reluctiv-
ities is employed. The method romains satisfactory even for

severe nonlinearity approaching the form of a step function,
although a somewhat smaller value of acceleration factor must be
used in the earlier stages of the iteration which is then allowed
to increase towards the optimum value as the iteration progressas.
For the steel used in the experimental arrangement the values of

a, b and ¢ in equation (1) have been determined experimentally.

3. WAVETRONT MODEL OF FLUX PEHETRATION

A one-dimensional model of flux penetration into iren baving a
step-function B-H curve has been studied by Maclean! and by
Aparwal?. This penetration is characterized by a wavefront which
sweeps into the medium and at which the flux reverses suddenly in
direction, being returned to its original direction enly on the
arrival of the next wavefront, A wavefront moves intc the medium
from the surface whenever the surface tangential magnetic field
passes through zero, giving two wavefronts per cycle of excitation.
These wiaveFronts penetrate to a certain maximum depth, beyond
which the flux density from this source is at all times zero.

The present computational method has been used to obtain an under-
standing of penetration in two dimension into such a medium. This
is important for the purposes of reducing Flux penetration into
non-linear media to surface wmodels, and although for .dron sur-
faces under many conditions a one-dimensional model is adequate,

a two-dimensional model is nocessury in some situations such as
close to corners, in small structures and when the conductivity is
low, ‘The arrangement studied comprises two parallel bundles of
conductors carrying opposite currents, situated in air above a
semi-infinite medium. The half region to the left of the

symmetry axis is illustrated in Fip 1, the whole region heing
represented by a 35xM0 square mesh with the conductor bundie

[



situated tvo node spacings above the medium as shown. The medium
exterds Lo a depth of 15 nodes. Zero vector potential is imposed
along the boundaries of the region representing the symmetry axis
on the right and the unpenetrated medium along the lower boundary.
The other two boundaries are sufficiently far removed from the
conductor teo have only a small effect on the resulting flux
distribution which does nol in any case affsct the conclusions to
be drawn. Two-dimensional conditions are produced in this system
by using a sufficiently large exeitation, and each half cycle is
divided into 16 time steps. Transients last For approximately
one-quarter of a cycle in these severely nonlinear conditions, and
equipotential distributions obtained under steady-stale conditions
are illustrated in Fig. 2. Four distributions are shown, for
¢ = wfh, %/2, 3In/M and 1w, where the phase ¢ = 0 corresponds to the
peak value of exciting current. The approximate position of the
wavefront is illustrated by the broken line in each diagram, and
its progress inte the medium over one-half cycle is demonstrated.
The distribution remaining from the previous penetration is
progressively overtaken by the new wavefront with a new distri-
bution forming behind it.
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The relationship which must exist between the old and the new
distributions at the wavefront is also illustrated in these
figures. It can easily be shown that an equipotential crossing
the waveform suffars a discontinuous change in divection so that
it makes the same angle with the wavefront on esither side of it.
This feature is not obvious at every point of intersection of the
wavefront and the equipotentials shown in Fig. 2 because of the
interpolation performed to plot them within the mesh of nodes. As
the surface potentials change it is this equal-angle requirement,
together with that for equally spaced equipotentials, that
determines the exact form and progress of the wavefront. fThe flux
density vector at any point therefore experiences a sudden junp
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Conductors




Fig.2(contd)

through an angle of betwoen 0P and 180° (depending on position) as
the wavefront passes, followed by a contimious rotation until the
total rotation iz 100°. Delow that point on the surface where the
field hag its maximum value the discomtinuous part of the rotation
can rcach 180%, whereas away from these regions the discontinuous
rotation is smaller.

In many practical sitvations inveolving iron the depth of pene-
tration is small compared with other dimensions so that over plane
surfaces the mechanism described above is compressed into a narrow
region. The equipotentials are then everywhere nearly parallel to
the surface and the whole process becomes an aggrepate of one-
dimensional. processes. This is not true at and near corners
however, where the equipotentials make significant angles with the
surfaces. .

The features outlined above emable surface equations to be writlen
for plane surfaces and for corners, which for problems involving
solid iron obviate the need to compute nodes within the iron
region. This use of these equations will be deseribed elsewhere.

4. TIE EXPERIMENTAL SYSTEM

The experimental arrangement used consists of an exciting coil
mounted above a stack of circular steel laminations of 30 cm
outside radius, carrying a central hole through which a separate
exciting conductor can be passed as illustrated in Fig. 3. This
conductor enables core Flux to be included in the circumferential
direction as well as that penetrating the laminations due to the
exciting coil. A specially prepared lamination carries a number
of concentric search coils set into shallow tracks etched into
both surfaces, so that the electric field at various radii and
depths can be measured by arranging this amination within the
others. The voltage waveforms from each of these search ceoils

is sampled at B0 samples per cycle and the amplitude and phase of
each harmonic component computed digitally. .
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5. COMPARIGON WITH EXPERIMENT

For computational purposes the experimental arrangemen? %s Tepre-
sented in cylindrical gecometry by a pattern of nodes §;m11ar ?o
that shown in Fig. 1, except that a rectangular mesh is used in the
lamination region to correspond to the 1aminqtlo? thickness. A
further air region is included below the laminations as in the ex-
perimental arrangement. For a given excitation a comparison has
been made of the fundamental and third barmonic components of
electric field as a function of radiusat various levels within the
lamination stack. The excitation corresponds to that giving a max-
imum peak value of surface tangential magnetic field of about

7500 A/m under the exciting coil. Experimental points on the B:H
curve for the steel are shown by the squares and triangles in Fig.
4, while the sclid Xine corresponds Lo the Frohlich expression used
to £fit these points. Referring to equation 1 the constants used 1o
produce this curve are:

a = 1/20000p0
b = 171.53
= 205

where p_ is the permeability of free space. Also used was the
measured value of conluctivity of 1,350, 000 S.
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Illustrated in Fig. 5 is the variation in amplitude with radius
of the fundamental component of magnetic field on the surface of
the laminations and at iwo levels within the stack. For the
sarface values the cemputed results represented by curve A and

the exporimental values shown by the neighbouring triangles are

in ¢lose agreement. Curves B and C show the computed amplitudes
below the third and sixth laminations respectively, with experi-
rental results (shown by circles and by crosses respectively) in
good agreement below three laminations -and less so below six, The
computed Flux density is quite sensitive to changes in mapgnetic
properties at greater depths however, so this amount of disagree-
ment: is not unexpected. The central hole is only crudely modelled
in the computer simulation being only one node separation in
radius, but there is agreement in the form of the resulis obtained
in this region. The phase of the fundamental component of electric
field with respect to that of the exciting current is shown in
Fig. 6 at the same three levels, the same trerd being followed by

computed and experimental resulis although with some small differ-
ences.
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: : Solid Rotor Induction Machines" . Proc. I.E.E. 119
Trom the insight gained inte the penétration process it is possible . pp 877-82 (July 1972)
to develop surface equations which can be used to replace lengthy H
computations made within the medium, These can be used in eithep ; 9. ALDEFELD B. "“Electromagnetic field Diffusion in Ferromag-
an integral or a differential time~stepbing method to find the [ netic Materials" Proc. I.E.E. 125 pp 278-282 {(April
field distribution, and this will be deseribed in greater detail ! 1978)
elsewhere. . i
10. DEELEY E.M. & HAYALI L. "Fields involved in magnetic
The penetration of Flux into a stack of steel laminations has been recording on moving steel strip” Proceedings of
studied both experimentally and by computation and the results

Compumag Conference. pp 183-90 {(OxFdrd '78)
compared. Good agreement is obtained for the amplitude of the

fundamental component of electric field, and although certain
differences have yet to be explained rezsonable agreement for the
phase of the fundamental, and for the amplitude and phase of the
third harmenic component, are obtained.
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PROCEDE D'ANALYSE DES CHAMPS ELECTROSTATIQUE
ET NMAGNETOSTATIQUE DANS LES STRUCTURES PLANES
ET DE REVOLUTION : PROGRAMME DIFIMEDI

H. LAJOIE-MAZENG - J. HECTOR - R. CARLSOH
Laboratoire d'Ctecirotechnique et d'Electronique
Industrielle - 2 rue Camichel 31071 Toulouse-Cédex

ERA CHRS n° 536

RESUHE

Le programme DIFIMEDI présentd permet le calcul des champs &lectro-

statique et magnétostatique & partir d'une description systdmatique

de 1a structure étudiée. La procédure proposée est suffisamment gé-

nérale pour autoriser le traitement de systémes plans et de révolu-

tion comportant des courants et/ou des aimants permanents ainsi que

la prise en compte des conditions aux frontiéres du demaine d'étude

les plus courantes. Les @quations aux dérivées partielles du polen-

tiel, discrétisées par 1a méthode des différences finies, sont ré-

soTues par une méthode directe utilisant un stockage dans une $truce
ture d chainage.

Au niveau de 1'analyse des résultats, i1 est possille de visualiser

les lignes équipotentielles sy moyen de programies de tracés.Mais en
outre, le procédé pronosé est suffisamment performant pour permettre
la réalisation de films d'animation visualisant le mouvenent des 1i-
gn§§]d'induction dans des circuits magnétiques comportan! une partie
mobile,

1 - INTRODUCTION

Le but proposé lors de 1a concepltion du programme DIFINED] o &LE la
mise au point d'un outil d'analyse des propriétaés fondamentales de
structures magnétiques. Ce besoin d'analyse apparait en effet au
cours des études que nous développons sur fes machines spéciales
commutation Glectronique pour lesquelles i3 est nécessaire, dans une
premigre phase, de vérifier les principes de fonctionnement avant
2'aborder un calcul prenant en compte tous Tes détails de Ta struc-
ure,
Dans cette optique, nous avons cherché 3 rendre aussi simple que pos-
sible 1a mise en veuvre du calcul du chanp. dans les systémes les
plus couramment rencontrés en électrotechnique, quitte 3 ce que cela
conduise & simplifier l&gérement, dans certains cas, la structure
étudiée. Cette préoccupation correspond au besoin que nous ressentons
de posséder un outil relativement performant mais surtoul d'emploi
suffisamment aisé pour ne pas hésiter 3 faire souvent appel & Tui,
Pour cela, nous pensons gue les conditions suivantes doivent &lre
rempiies :

- Possibilité de prendre simplement en compte la plus grande vari-
&té de types de problémes,

- Description simple et rapide de la structure,

- Ecriture et résolution systématique des &quations & partir de
cette seule description.

- yisualisation immédiate des résultats.
L'originalité du programme DIFIMEDI réside surtout dans le fait qu'il
a eté congu pour essayer de répondre aux critéres que nous venons
d'énoncer.

2 - PRESENTATION DES PRODLEMES TRAITES

En considérant tout d'abord le champ magnétostatigue, les sources

prises en compte sont les courants, caractérisés par leur densité

volumique 4 , et les aimants permanents , caractérisés par leur ai-

mantation M (fonctionnement sur une droite de recul connue). En uti-

Lisagt le poltentiel vecteur A et en introduisant 1a réluctivite V

es différents milieux, 1'équation du champ magnétostatique est :
rot (yrofzj’).__ Z”_,_ rol'Vi{ avec en général V= )V/ 7}

Le programme que nous présentons permet la résofution de cette équa-
tion pour les systémes 3 deux dimensions : plans et de révolution.
Les premiers peuvent étre représentds en utilisant soit les coor-
données cartésiennes x, y soit les coordonnges polaires r, ¥ alors
que les deuxigmes sont représentées en coordonndes cylindriques r,

9,3 dans le plan r +% . Dans les deux cas, le potentie? vecteur
n'a qu'une seule composante et son éyvation aux dérivées partielles
s'explicite facilement en fonction des sources © et M .
La prise en compte des conditions aux frontiéres du domaine d'étude
absolument quelcongues n'étant pas facile dans ume description sys-
tématique, nous n'avons retenu que les cas les plus typiques sui-
vants ¢

- conditions de Dirichlet sur les guatre cOtés,

- conditions de Dirichlet sur trois cités + condition de Neumann
sur le quatriame coté,

- condition de Dirichlet sur deux cdtés opposés + (anti) périodi-
cité sur les deux autres cétés.
Ces différents cas permettent, en particulier, de traiter la plupart
des probidmes propres aux machines électriques.
Remarquons enfin que la prise en compte de systémes dont les équa-
tions sont formeilement identiques d celles décrites ci-dessus est
immédiate. Hous citerons en particulier les systémes magnétiques et
glectriques décrits avec le potentiel scalaire, la réluctivitéd étant
alors remplacée par la perméabilité ov 1a constante diélectrique.

3 - PRESENTATION DE LA METHODE DE RESOLUTION

La méthode de discrétisation retenue est celle des différences fi-
nies avec résolution directe du sytéme d'équations. Pans ce cas, la
prise en compte de 1a non-lingarité due 3 la dépendance V = J/A)
peut s'effectuer par Te procédé de la quasidindarisation. La procé-
dure décrite ici concerne uniquerent la résolution du probléme 1iné-
aite {c'est aussi une &tape du calecul av cours du procédé de quasi-
lindarisation).
Toujours avec le souci de simplifier la mise en oeuvre de la méthode
numérique, le processus adopté utilise des maillages possédant les
proprigtés suivantes :

- 1e maillage est réalisé en utilisant uniquement des lignes de
coordonnées dy systéme de repérage choisi,

- chacune de ces lignes traverse le domaine de part en part,



- les Timites de discontinuité entre deux milieux de caractéristi-
ques différentes (réluctivités, courants, aimants) coTncident avec
les Tignes du maillage.

Ces conditions peuvent apparaitre trés restrictives car elles condui-
sent parfois & modifier légérement la structure du systéme &tudis.
Cependant, par expérience et en fonction du but recherché {analyse
des propriétés fondamentales des circuits magnétiques) nous pensons
qu'il est préférable de rechercher une mise en oeuvre 1a plus sim-
ple et la plus systématique possible plutot qu'une précision socuvent
illusgire,

L'utitisation d'une méthode directe de résolution nécessite 1a cons-
truction de la matrice des coefficients duy systéme et de la matrice
des seconds menbres (sources). Le probiéme principal de la méthode
directe étant un probléme de taille mémoire et de temps de calcul,
i1 faut tirer au maximum parti des propriétés particuliéres de Ta
matrice des coefficients. Dans tous les cas envisagés, 1a matrice
est trés creuse et présente une structure bande . La durée du calcul
étant directement 1igée & 1a largeur de cette bande, le programme
détermine autonatiquement le rangement des Tnconnues qui minimise
cette largeur de bande. Le choix entre un rangement suivant les 1i-
gnes verticales ou horizontales prend -en compte les nombres respec-
tifs des Tignes verticales ou horizontales ainsi que 1a nature des
conditions & la frontiére du domaine.

En ce qui concerne la définition des sources, le programie permet la
construction de plusieurs matrices des seconds membres correspondant
pour un méme systéme & différentes combinaisons d'aimants et de cou-
rants. kEn effet, dans le cas d'un systéme 1ingaire, les solutions
pour plusieurs seconds membres peuvent ainsi &tre trouvées i partir
d'une seyle fnversion de la matrice. Ceci permet une &conomie con-
sidérable en temps de calcul pour 1'analyse d'un systéme magnétique
dans lequel la saturation n'existe pas ou n'est pas le phénoméne
principal (par exemple analyse de la forme de la courbe de variation
du couple en fonction de 1a position rotor-stator d'une machine &lec-
trique}.

4 - MISE EN OEUVRE DE LA MCTHODE DE RESOLUTION

L'algorithme de résolution choisi est 1'algorithme classique de
triangutarisation de Gauss d’application suffisamment générale pour
englober tous les cas envisagés ici. L'utilisation d'une structure

a chainage permet le stockage des seuls &léments non nuls de la ma-
trice tout en rendant possible toutes les opérations nécessaires a
la triangularisation de cette matrice : création, recherche, modi-
fication, suppression des éléments.

En outre, afin de minimiser e nombre d'opérations, i1 est automati-
quement tenu compte dans 1'appiicalion de 1'algorithme des proprigtés
particuliéres des matrices relatives aux différents cas traités :
largeur de la bande et symétrie. On &vite ainsi par exemple la re-
cherche dans la structure & chainage d'éléments dont on peut prévoir
& priori qu'ils n'existent pas.

Un des problémes principaux de 1a méthode directe pouvant souvent
étre la taille mémoire disponible, une procédure de délestage auto-
matique sur disque a &té mise ay point. Cette procédure gui tient
compte du déroulement chronologique des opérations permet pratique-
ment de se libérer des contingences de place pour les systémes com-

portant un grand nombre de noeuds.

Nous signalerons enfin qu'au cours de Ta résolution, c'est 1'opérati-
on de triangularisation de la matrice qui prend le plus de temps. En
effet, le temps d'obtention de la solution par &limination & partir
de ta matrice trianguiarisée est relativement réduit. Aussi, on peut
traiter simultanément plusieurs seconds nombres sans une augmentation
prohibitive du temps de calcul. Mous avons souvent tiré profit de
cette possibilité pour 1'analyse de systémes &lectromécaniques non
saturés.

5 - UTILISATION PRATIQUE

Le processus de calcul se déroule en trois phases indépendantes et
complémentaires : entrée des données, résolution, sortie des résul-
tats. La résolution est completement automatique, les donndes et les
résultats peuvent &tre sauvegardés pour une utilisation ultdrieure.
Le programme DIFIMEDI peut étre exploité au moyen d'un programme
principal sur cartes perforées ou sous forme conversationnelle 3
partir d'une console graphique.

la préparation des données qui consiste 3 définir e systéme physi-
que Etudié conformément aux conventions adeptées comporte les &tapes
suivantes :

- définition du type de prob]émeésous forme d'indices ou de guesti-
ons et réponses correspondant aux différentes conditions aux fron-
tigres ci-dessus envisagées),

- définition du systéme de coordonnées (sous forme d'indices ou de
queséﬁons et r?ponses correspondant aux trois systémes retenus !

NI o ’

1‘— définit;%h du maillage (mombre de Tignes et coordonnées de ces
ignes),

- garnissage des réluctivités des différentes mailles,

- garnissage des différentes configurations de sources,

- appel de la predédure de résolution.

Dans la version conversationnelle les possibilités graphiques de la
console sont targement utilisées.

A titre documentaire, ta préparation du calcul d'une machine électri-
que semblablie & celle représentge sur la figure ci-dessous demande
dans 1a version utilisant les cartes perforées, environ 50 instruc-
tions Fortran et ne nécessite pas, dans la version conversationnelle
plus de 10 minutes.

6 - EXPLOITATION DES RESULTATS

Des sous-programmes permettant 1'exploitation des fichiers de résul-
tats sauvegardés sont en cours de développement en ce qui concerne

Te calcul des grandeurs physiques (flux, forces...). Un effort parti-
culier a &té fait en ce qui concerne les tracés des équipotentielles.
Ceux-ci peuvent &tre obtenus en ligne sur imprimante ou sur console
et hors 1igne sur traceur. :

L'ensembte du procéddé ainsi mis sur pied s'est révéla suffisamment
performant pour obtenir sans dépenses excessives un nombre relati-
vement important des tracés. Ceci nous permet d'envisager le tour-
nage de films d'animation visualisant le mouvement des lignes d'in-
duction dans des circuits magnétiques comportant des parties mobiles.



Un premier Fitm & déja eté reéalisé par les auteurs et présenté a Com-
pumag : "Equiflux en libertg”.
Bans ce court-métrage (7minutes) sont montrés successivement

- T'attraction et Ta répulsion de deux aimanis permanents en lerrite,

~ Le mouvement du noyau d'une inductance i noyau droit,

= le fonctionnement d'un prototype de machine & aimants permanents
lors d'une marche § vide, d'une alimentation & courant constant et
d'une alimentation par convertisseur statique,

- la figure ci-dessous montre quelques tracés extraits de ce film.
L'animation du champ magnétique par ce procédé cinématographique cons-
titue, & nolre avis, (et 1'examen de ce premier film fe confirme) un
outit d'analyse plus approfondie que Te simple examen des braces (i-
gés qui traduisent assez mal le caractére dynamique des machines tour-
nantes. Aussi, nous envisageons de poursuivre dans cette voie pour
laquelle le procédé DIFIMEDI nous semble relativement bien adapts.
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COMPUTATION OF THREE-DIMENSIONAL MAGNETIC FIELD IN
POWER TRANSFORMES

M. Lovenjak

Eleklrotehnicki institut "R. Konfar", Zagreb, Yugoslavia

ADBSTRACT

By the application of the scalar magnetic potential Tunclion Lhe
three dimensional distribution of leakage flux of a power lrans-
former was computed. Only one phase was taken into conside-
ration, while eddy currenis, hysteresis, nonlinearity and an-
isotropy ol steel were neglecled. The field was calculaled in a
quarter of space of one of the transformer legs. ‘The [inite
dilference method in the cylindrical co-ordinate system was
applied. The compulatlion is general with respect he core,
winding and tank geometries, which makes it applicable to a
transformer from the produclion.

Since the well known methods were applied, the paper gives
only some principles which ensured their practical and rational
applicalion. A method of field transformation in a transformer
with any number of windings, their arrangement and dimensions
is explained. It is also shown in which way in this type of
problem a uniform mesh can be applied in the compulalion by
finite difference method. At the end, some of the computation
results are given and compared with the results of the Rabin’s

method.

1. INTRODUCTION

Power translormers generally have several dilferent windings.
They can differ in dimensions, current dirgciion, average cur-
rent densily, arrangement etc. Moreover, it often happens Lhat
the same winding is not homogeneous along its heiglt but it
consists ol several homogencous parls (sections). Such unhomo-
geneitics are applied In oreder that the transformers should
satisfy some basic requirements such as : withstanding of short
circuit forces, of impulse voltages, limiting of overheating of
windings etc. On the other hand these unhomogeneilies can have
essential influence on distribution of leakage flux and must not
be neglected regardless of created complications in the comp-

tation.

2. MATHEMATICAL MODEL

The computation has been carried aut for the transformer model

shown on fig. 1. Which exibits one quarter of the transformer

leg I Perpendicular
\ ' symmelry

A \ D_ __._longitudinol

symmelty

Yoke

windings

Fig.1. Transformer model



core leg area. It has been assumed that the core leg considered

has two boundaries of symmetry (AB and CD) and that the core

and the tank are made of ideal steel n = 00 and = 0.
Fe Fe

In practice, the symmetry conditions are not perfectly fulfilled,

but it can be easily concluded that the unessential dilferences

in the geomelry of adjoining quarters do not have an essential

influence on the field distribution in the gquarter of the area

considered, and that, by repeating the computation for the

remaind quarters, the field distribution of the entire transformer

can be obtained.

A very simple principle of defining of a mathematical model of

transformer by scalar magnetic potential function for general ar-

rangement of the windings is applied in the mentioned compu-

tation. The principle is based on the superposition method.
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Fig.2. Field transformation process

According to the above mentioned criteria the windings are
divided into sections. The procedure of field transformation is
applied to each section in such a way that the currents are
translated to the surface of the transformer core leg in the
equivalent surface current {Fig. 2) In this case the distribution
of surface density of magnetic mass (p) remains on its bases,
while inside its space there is a magnetic field veclor (Ho)'
When this procedure is carried out for all the sections, a
resultant space distribution of magnetic mass density and
magnetic field vector is obtained, and on the core leg there is
also the resultant distribution of surface current { A ).
Integration of the surface current along the height gives the

distribution ot the magnetic potential on the core leg:
2

Q,(®) :fﬂ.(ﬁ) dz
o
It is assumed that the sum of amperturns (IN) in the trans-

former is equal to zero and that the value of potential in olher

places of the core is also equal to zero.

3. APPLICATION OF FINITE DIFERENCE METHOD

The given mathematical model can be very easily solved by the
finite dilference method, but only if a uniform mesh is applied.
However, in this case the limits of individual segments of
winding very often will not correlate with mesh planes (Fig.3)
and the section cannot be exactly defined by equivalent values in

the mesh nodes.
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Fig.3. Winding section in the mesh plahe K = const.

A very approximate solution {depending, of course, on sclection
of mesh) is obtained if the density of magnetic mass is dis-

tributed to adjacent mesh planes according to:

p (LINLK) = o, (1)

P (1, aned, k) = = (1= -p(1)
£y Ne-h kY = (-ely) LI
P LI, M2, K) = odyep (1)

where: o, = pD—E; and ofy = %‘ y whereas p(1) is lhe densily

of magnelic masses in the I-th mesh plane determined according

to:

P(I)z A !‘(I)éRi
P(I) = f St Ri £ r(D)£Ro
Ro - Ri
pi) =0 r(1)= R,
IN .
where: B, = - and r{1} is the radius of I-th mesh plane.

The applied procedure is checked by analylical melhod according
to Rabins {harmonic analysis} in 2-I} system, and the dif-

{erences in resulis were negligible.

4. DESULTS

The computation has been applied to the transformer 1 ARZ
150 000 kVA. Considering that it is practically Impossible to
illustrate a space distribulion of induction, figures 4, 5 and 6
show only few diagrams presenting the influence of space

geometry on the field distribution.

Table 1 compares results of winding losses (skin-eflect).
Compared are results of the 2-D computation for the transformer
withant and with the tank, observed in the core (transversal
symmetry AB). Losses {in %)} are assesed on the basis of an

2. . . .
average amotnt of B in axial and radial direction.
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TABLE 1.

Compares results of stray losses in winding (%)

COMPUTATION TWO — DIMENSIONAL THRE DIMEHS.
CASE WITHOUT 1ANK WITH 1ANK WITH TANK
CROSS-SECTION AD As Al a8 —
Pr *h 100 149 18 168
Pq e 190 % 102 EE
i * 100 w1 e 145 125
gh s 100 94 102 ag 99




5. CONCLUSION

The described principles have enabled elaboralion ol a very
simple but al the same time [lexible programme for compulalion
of 3-D leakage magnetic field in power transformers.

Dy their application the scope of possible users of the computation
becomes considerably larger, because the inpul data of the
programme do not contain data about mesh and other data

connccted with the applied methods.
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FINITE ELEMENT ANALYSIS OF MAGHETIC FIELDS RY USING GAP ELEMENTS

Takayoshi Makata, Yoshiyuki Ishibara and Morio Takahashi
School of Engineering, Okayama University

ABSTRACT

The conventional finite elements are not puitable for the analy-
sis of the magnetic field of a reglon containing very narrow alr
gaps. Then, a new element which is called "gap element®! has been
conceived. The gap element has no area, but has nearly the same
energy as the gap. This element is applicable to the place where
its reluctivity is much laxger than that of the adjacent parts and
its width is also negligibly small compared with its length, The
gap element has the following advantages:

{a) It is easy to set new gaps or to modify the gap width.
{b) More accurate solution can be obtained when the gap is very
narrow.

The principle and the finite element formulation of the gap
element are described. The error due to this element is discussed
and the limitations of this element are also clarified. A few
examples of application are shown.

The gap element is especially useful when the effect of the
gap width on the magnetic characteristics of electrical machinery
is lnvestigated.

1. INTROOUCTION

Recently the flux distributions in electrical machingry have
been analyzed in detail by using the finite element method?” Very
narrow air gaps often exist unavoldably in magnetlc circuits. When
the characteristics of such magnetie clrcuits are analyzed by using
the conventional finite element method, the gaps are usually neg-
lected or subdivided into small triangular elements. hs the mag-
netic reluctance of the air gap is much larger than that of the
steel part, the influence of the gap on the magnetic characteristics
cannot be neglected. Therefore, the calculated results obtained by
neglecting the gaps do not agree with experimental ones. If the
narrow gap is subdivided into many small triangular elements, the
size of matrix hecomes enormous and it is not economical. Usuvally
the microscopic characteristics in the neighborhood of the. gap are
not necessary, but the effects of the gap energy on the macroscoplc
characteristics of the magnetic clrcuit are the major interest.
Therefore, the gap need not be subdivided into many small triangular
elementsr, ’

A new element which has no area but has nearly the same enexgy
as the gap is concelved. It is called "gap element". Ms this ele-
ment has no area, it is easy to set new gaps on the optional posi-
tions of the subdivision or to remove some gaps from the subdivision
without any re-subdivision. Moreover, the gap width can also be
fresly changeable. This property is especially convenient for the
analysis of the effect of the gap width on the magnetic character-
istics - the characteristics of the attractive force of an electro-
magnet for example.

In this paper, first an outline and features of the gap ele-

ment are explained. The finlte element formulation for nonlinear
analysis i=s also described. Tha Newton-Raphson process® is used
for nonlinear iterations,

The error due to the gap element is guantitatively examined.
The range of applications where the gap element is more powerful than
the conventional elements is clarified.

Lastly the gap element is applied to the analysis of trans-~
former cores with butt joints and an eglectromagnet in order to verify
the usefulness of this new element.

2. GAP ELTGMENT

A gap element is shown by the thick line 1-2 in Fig. 1(b).
This element corresponds to the air gap in Fig. l{a}. It has no
area, but has neacly the same enexrgy as the gap. The gap element
has the Following advantages:
{a) As this element has no area, it is easy to set new gaps on the
optional positions of the subdivision or to remove some gaps from
the subdivision without any re-subdivision.
{b) As the modification of the gap width D is also easy, the influ-
ence of U on the magnetic characteristics can be easily examined by
using this elcment.
{c} #hen the gap becomes narrow enough, the accuracy of the solution
is better than that obtained by wsing the flat triangular element.

D
3 e I}IR GAP
AR |/
- i { 1
t ,x\___jijx LINE
\[ STEEL | [ STEEL ] 2
AR 24
{a} region with a gap (b) finite element subdivision

Fig. 1. Gap element.

The reluctlvity of air is thousands times as large as that of steel.
Therefore, the flux in the air gap is perpendicular to the boundary
between the alr gap and the steel as shown in Fig. 1. Then, the
following equations can be assumed among the vector potentials Ay-A,
at the nodes 1-4 in ¥ig. 1{a).

Ay = A, Ay = A4 oo SV
From the facts that the gap width is small enough and the re-
lations among vector potentials are approximately given by Eq. (1},
both nodes 1 and 3 or 2 and 4 can be moved each other to the center
of them as shown in Fig. 1(b).
3. PINITE ELEMENT FORMULATION

The condikion which minimizes the total energy W is given by
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=52t g g - M) =0 (2)

EY 3 adg g
where A; is the vector potential of a node %. Wy is the total appar-
ent energy of the whole region, and it is calculated on the assump-
tion that the reluctivity of each gap subdivided into gap elements
has the same value as the adjacent steel parts respectively. Wg is
the total actual energy of the gaps. AWg is the total imaginary ener-
gy of the gaps, and it is calculated by using the following equatiocn.

8Wg = TvgSyBg /2 e {3)

Where vg and By are the-average reluctivity and the f£lux density of
the steel parts adjacent to the gap respectively. qg is the area of
the gap. [ means the summation for the total gap elements. When
the reluctivity of steel is much smaller than that of air and 8 is
negligibly small, AWy can be neglected. Then, Eg. (2) can be
writiten as follows:

My + g

k1
o g s 4
ady "oy T day C° 4
For Fig. 1, the energy Hg of the gap is calculated by using the
following equation.

_L Ay - Ap e e
Wy = 3 vgl=g—=¥ LD (5}

Where I is the length of the gap element. Then Eq. {4) can be
written for the nodes 1 and 2 as follows:

w) () (2 o,
1 ady L 5 1
= L~ 3 I L S (6)
wl sl 7o o,
s 942 L L 2

For the nonlinear analysis, quick convergence can be obtained
by using the Newton-Raphson process®. fThe solution is approached
by constructing the following iterative process.

(K+1) X
a; = A7 b emg” ——————— (7

Where the superscripts denote successive lterations. 84; is the so-
lution of the Following simultanecus equations in each step.

A . A A

Ay 3y ) oy 94,

. 2% oo | e Tlaw]

3A; A Z Ly (8)
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aZNVaAiaﬁj is calculated for the nodes 1 and 2 as follows:

%W 3w 3% 2w, [

XXV IEY VY M B YN Y TV PEY I ¢
= + vy -—- (9

33w 13 3% 2% »p 0

[aaz My UMy |4y Ay a4y T L

The first terms on the right of Egs. {6) and (9} correspond to the
conventional finite elements without gap, and these are easily caleu-
lated®. The second terms are due to the gap element. BEquations (6)
and {9) show that the magnetic field of a region containing gaps can
be easily analyzed only by adding the simple terms.

4. ERROR OF THE GAP ELEMENT

The main causes of the error of the gap element are as fol-
lows:
(1) The boundaries between the gap and the steel are moved each
other to the center of them as shown in Fig. 1. Thexefore, the flux
line passes through the different route compared with the actual one
as shown in Fig. 2{a).

calculated flux line imaginary flux line

7

2
actual flux line actual flux line
(a) error due to change of {b) error due to angle of
node position incidence

Fig. 2. Potential error.

(2} It is assumed that the angle of refraction qg is equal to 0°
independently of the angle of incidence as shown in Fig. 2(b).
Hlowever, the actual angle 9, depends on the angle of incidence 0g.
When 8g approaches 90°, the error due to thisg assumption cannot be
neglected.

(3} In Fig. 2(b), the relation between the imaginary flux density

ﬁg in the gap and the flux density Bg in the steel is denoted by the
ollowing eguation.

Bg = Bgeosgg e (10}

The ratio of the imaginary energy AWg in the gap to the actual ener-
gy ﬁb in the gap is obtained from Egs. (3) and (10) as follows:

AW, 1

W T Ng | .. e (11}
q. 2
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Equation {(11) shows that AHg is not negligible compared witl: g when
W?/va is small or O; approaches 90°. Moreover, when the area of the
gap is not negligibly small compared with that of the total region,

Al cannot be neglected. In those cases, Zg. {2) must be used in- |
stead of Bg. (4).
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Fig. 3. Gap model to be {a) small triangular elements
investigated. {b} flat triangular elements

{c) gap elements

Fig. 4. varlous finite clement
subdivisions,

Figure 3 shows a model which is used to investigate the error
caused by the gap element. As the flux distribution in this reglon
is symmetrical, only a quarter of the reglon is subdivided into a
set of finite elements as shown in Fig. 4. fThe natural boundary
conditions are satisfied on the boundaries A-B and G-D. The un-
known equipotential condition’ 15 satisfied oh the boundary A-C, and
the Dirichlet boundary condition on the boundary B-D. Three kinds
of subdivisions are used to thé air gap in Fig. 3 to compare the
aceuracy of vector potentials on each subdivision. Figuce 4{a), (b}
or (¢} shows the subdivision each gap of which is divided Into many
small triangular elements, a few flat triangular elements or a few
gap elements respectively. The gap length is normalized to I in all
subdivigions. The ratio of the reluctivity of alr to that of steel
is fixed at ten thousand.

An error measure E.M. defined by Eg. (12) is used ko compare
the errors.

®¥ 100 (%) = ———m—— (12}

Where Ag; is the veckor potential obtained for the subdivision shown
in Fig. 4(a). A; is the vector potential obtained for the subdi-
vision to be compared. The number of typical checking nodes Ne is
B80. Figure 5 shows the effect of the gap width I on the error
measure. The rate of Flatness is defined as the ratio of the helight
to the base of the flat triangular element.

The main error of the
flat triangular subdivision FLAT TRIANGULAR
shown in Fig. 4(b) 1s caused i ELEMENT y
by the ill-condition of the ”
coefficient matrix. This
error is especially serious
vhen the gap width approaches
zerao,

o

The error measure of
the gap element is smallex
than that-of the flak tri-

GAP ELEMENT

ERROR MEASURE {*)
=)
e

angular element when the 1 A

gap width ia smaller than 00 0004 0008
0.004. If the allowable GAP WIDTH D
value of the error measure N N .
is within 1%, the gap ele- oo’ 1000 100 50

ment can be used practically

under the condition that the RATE OF FLAT NESS

gap width is smaller than Fig. 5. Error measures of vector
0.008 in this example. potential ,

5. SOME EXAMPLES OF APPLICATION

In order to verify the usefulness of the
gap element, a few computational trials are
carried out. ’

5.1 Single-Phase, Two-Legged Transformer Core

The magnetizing currents of a single- Let60 met-173 -
phase, two-legged transformer core with butt
jointas shown in Flg. 6 are analyzed. The thick
lines represent the joints of sheets. The core
1s made of grain-oriented silicon steel sheets
(Grade 1 MIST-68, H-5) and they have extremely
large anisotropy.

The waveshapes of the magnetizing cur-

Y s m— 11 W

rents %w for two kinds of gap widths are Fig. &. single-phase,
shown in Fig. 7. The maximum flux density two-legged transformer
Bieg of the leg is equal to 1.7 T. K) is core.

defined by the followlng equation.



_ gap width .
£ = leg width (13) K1=0.0023
I’—-“\

Figure 7 shows that the waveshape of the E /’ \
magnetizing current becomes sinusocidal when i \
the gap width is increased. The broken lines N
show the experimental results as a compari- A7 NN
son. -, \

Zero time is taken to be the instant ~ =0.0008 »')
when the flux density of the leg is equal to , . R
zero. In our calculation, the magnetiec hys- 0 ) 120 180
teresis is neglected. Therefore, there is wt{deg.)
no phase difference between the flux and the ——galculated resulks
magnetizing current. But the experimental ---experimental results

results show some phase differences. Fig. 7. Magnetizing

current waveshapes.

5.2 Single-Phase, Four-Legged Transformer Core”

The magnetic characteristics of a single-phase, four-legged
transformer core shown in Fig. 8 are analyzed. The thick lines rep-
resent the joints of sheets. 1In this case, the joints are assumed
to be butt joints. The flux densities of the inner leg, the yoke
and the cuter leg are denoted by blegr by and b}, respectively as
shown in Fig. 8.

& > i N g
Aa\.q‘ A{‘ /An
!

270
g
ANV AT
S

GEKS] 90 []90 | bieg l

y-‘-‘-’

Fig. 8. single-phase, four- Fig. 9. Finite element subdivision.
legged transformer core.

As the flux distribution in this core is symmetrical, only a
quarter of the core is subdivided into a set of finite elements as
shown in Fig. 9. The thick lines denote the gap elements. The
vector potentials AD and Au are the boundary values.

AM denotes the unknown equipotential boundary value' The natural
boundary conditions are satisfied on the center llnes denoted by
chain lines.

The flux distributions at wé = 90° are shown in Fig. 10. X,
is defined by the following eguation.

- gap width _ 4
& inner leq width (14)

The influence of the gap width on the flux distribution can be seen
by comparing Fig. 10{a) with (b}.

(a) Ry = 0.0 (b} X, = 0.002

(IO

Fig. 10. Flux distributions (Bzg, = 1.7 T, wt = 90°

—

E 20+ = 20f
& K
1.6 16}
T //.‘
1.2 1 7N
II/ ‘
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Kz = 0.002

e 0.0 } calculated resuilts

w— -+~ experimental results

Fig. 11. Flux density waveshapes (Bleg =.1.7 T},

The flux density waveshapes
of by and by and the magnetizing
current waveshapes i are shown
in Figs. 11 and 12 respectively.
Increasing the gap width, the
maximum flux density in the yoke
is increased and that in the
outer leg is decreased as shown
in Fig. 11. Because the magnetic
characteristics of the core be-
come nearly linear when the gap
width becomes larger. Figure 12
shows that the gap width has a

—Ky; = 0.002
great influence on the magnet-
izing current 4. m-—Kp = 0.0

In Figs. 1l and 12, the ex- — —¢Xperimental results
perimental results are shown by Fig. 12. Magnetizing current
chain lines as a reference. The waveshapes,

o] 60 1?0 180
wt(deg.)

} caloulated results

[T



layers of the laminatlons of the measured transformer core are placed
so that the gaps between lamination ends of one layer are overlapped
by the lamination in the next layer. These figures show that a
certain degree of gap should be taken into account to analyze the
real transformer core by using the two-dimensional method.

5.3 Electromagnet

The attractive forces of an electromagnet shown in Fig. 13 are
calculated by using the gap element. The core is made of permalloy.

As the flux distribution in the core ig symmetrical, only a
half of the rcore is subdivided into a sct of finite elements as
Shown in Fig. 14. The thick line shows the gap elements. The
Dirichlet boundary condition im applied on the boundary A-O-C-D-E-F
and the natural boundary condition is satisfieq on the boundary A-F.
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100
Fig. 14, Finite el t
Fiy. 13. Electromagnet, s;%divislon. elemen
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: § t
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s |
D= 0.0005mm D = 0.0030m D = 0.0005mm U = 0.003mm
{a) M.M.F. 1= equal to 1 At (b) M.M.F. is equal to 30 A&

Fig. 15. Flux distributions in electromognets,

Figure 15 shows the flux distributions in the cores baving two
kinds of gap width D for respective magnetomotive forces., Potential
difference between two adjacent flux lines is 0.0002 wh/m. Figure
15(a) shows that the flux distributions are greatly affected by the
gap width. On the contrary, when M.M.F. becomes larger, the Elux
distributions are not so aEfected by the gap width as shows in Fig.
15 (b).

The characteristics of the attractive force are shown in Fig.

16. 7This figure shows that 0.5]-
the attractive force ig great- ~
ly affected by the gap width Ehi- — HME=I0M
when the core is not saturat- []
ed. These curves are easily 50.3) 5 Al
obtained by using the gap
element. 0.2
0.1
1A1
1
o 0.00 0002 0.003

gap widlth D{mm}

Fig. 16. Forces of electromagnet,
6., CONCLUSIONS

The investigated results of the gap clemeht are summarlzed as
follows:

(1) The memory storage and the computing time can be considerably
reduced compared with the conventional methods.

(2) The program ean be easily constructed by adding a few dozen
steps te conventional programs. )

{3) The gap element is effective at the place where the ratio It of
the gap width to its length 1s less than 0.008 under the condition
that the relative permeability is egual to 10,000.

{4} HWhen R is less than 0.004, the solution obtained by using the
gap element is more accurate than that obtained by using the Flat
txiangular element.

As it ls difficult to examine generally the error of the gap
element, one example is discussed in detail in this paper. In
future, the validity of our conclusions should be examined from more
general viewpoints.

’ It is hoped that the range of application ls enlarged by
applying this element to the problems such as the analysis of mag-
netic fields in rotating machines and electrie flelds in high
voltage apparatua. In high voltage apparatus, the gap element may
be used at the cooling oil ducts. But our gap element cannot be
applied directly to these problems without any modification. Be-
cause the potentials in electric fields must be the scalar ones.
Moreover, the ratic of permittivity 1s not so large as that of relue-
tivity. 1t is hoped that a new gap element which is suitable for
the analysis of electric fields iy concelved.
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