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Elsrh nux dasiq Ampj.m1.
Elcdic Field idensiry V.0i.
M,gndi. neE inr.nsi mp.m'l

Ihe l)qmcrbiliq Iienrym' 4 :

t'Myd[!d}aft,6iLtq

slrir ooducriviry dd p.rn@bilny
(/,-200). ltre lxrmal roues aE
saiidnary c@iat coits, trhi.h canr,
rrmlh moni. uimciha y €nnsr
curei$ The neady-.6r satys:s oa
this pmbrem r.!ds ro tine e iplic
panir dififfiriat .quartons eirh
disconri ous cos,ncien6. Aml)-rical
sor.riotr k po$ible oaly ir Eo.dioh
ha additionrl synn.ty- e.g.,
sphe cer or infinicly ronc cncubr
cylindriol co.ddor. Ii dll orhe.
.del nrn.n.at redoetrr is Equncn.
ldc., a geioal-pu.pose firirc

"ANSYS 5.4" is
consideEd ro mdta such a syst m in
o.d.r ro d4mniie rhc behavior ol rhe
induced .ddy curetrk ad !h.n Ia!
Io$er .wry*herc iBide .nc $re ot
rhe iumae. rn spircofthea$ufpiio6
or lindi!, rbr such a non-liier
sync $e obraried rc.uks *illqptain
what is goins on iGide aod d 1lr
surlres or n\e coE of 3uci r tuft@.
Ttis giv6 in invesris.rio0 abour rhe
gcicded cddy curmE md ih.it
retaliois whh rhe supplied cll]mr io
.he hrrnm sd rhc eflid or tufre

fhn. Er.mcn. Mdhdd
The fin e er.m.fu ndhod h ,
num qr mdhod Nhl.h pmids r
apphxin e solurion ol ihe bound,ry
varuetl problers whd. rh.

pdkl dlfiorenr iar €quarioE ro. which
rh.re is no visibrc an lrist soLuliotr.
It de v.s irs nam non the 66lc
.on.epr of rle merhod, which
i.volv6 the subdivi.ion or rh.
domain hdd cotrsideEriotr i'rh 'Nmbs or shall rcsions calld
eremeds. the ete'nena c.i h.Y.
dlrerenr lhapA.id can be pur
losdhn r. hod.t y iftquld aid

Iotrcduction
Ihe itulucrio. rtr'nu h simpty ad
A C. fed @it; ir oF is hc.ted due io
rrr ind@d endy cutuns piodu..d
ibloueh n nE inddiod hq ns is
oi. or lhe 

'non 
inmtui indsrirl

prlc*ses, $rl is x stsi aod
economi. mcftod ir hlar lralmenl or

The old d*isn or !u.h a hrdr@
d.pcnds otr *pericicd 6sc,ai.d *irh
.i apprcrim&rd ciruir ealysisl'1.
such . lype ot d6isn will b.
ciptnsiv. aid consuns a to! oftide
io be fiikhed, whirc ioradays rhe ne
!udi* xloid *ch tinirs tl- rie aid of

Ecd b sorrc fie pintxt diftMtut
equriions or such .onpticared ,nd
6ultidi$plin. !)nan, vhi.n is don.

Tlrh $ork p8sem $. appliBror oa
Fiii'c Ererafl! \,lerhod {FEM) ror rhe
itrhoical anaLvsn ol fin.u iidudion
devies *irh okr omt synmdry. T*o
i) p€! of furoac. corc. af. ana\z.d dd
slmuleled 'rhr coE orrhr 6tsr armm
is ! nomssiojc .oiducri're mdiun
wirh ro&riorar lyhtrlcrr.r, and a
connan nal mrdudiiy 3id
pmeabiliry (!, 1) rh. s6o c.(
h a n.8ndic condud ns mediufr wirhr alion syhmdry ald , @nnu



$mpl* objeis .onpo*d ol
difIeEnr mdsials x havc mikd
bobdary coDdnions. Iosidc er.h
ehnent rh. viridion ol fie unkm*i
fioid value c be appdinar.d b) a

&.esis. niir poiymmisl tunciion,
rhis ircrioi ir kio$n 6 rhe shapc
h'icliotr y ls 

'lon 
lime 6 up ro

.iclih oaer (ror a 2-D c6.)
depeldlis o. rh. numbo of nods
rhar loms the ereo,i{:l.1h.dogrte
ofaccur@y ol!h! solurion dep€nds oi
boih rhe number of el.ments
d6*ibing rbe obld, md rhe d.grcd
o r rppdi'narioi o r rh. ficrd vaiaiion
inside rhe ehmenr (iumbs of nod6
d*cribi"g ,r elemoil. fie usual
clmeir lype in rhe 2-D
.lccrlmaen.tir doddins is rhe rhree
nodes lin4.ti63ular clcmcnt, or lhe
e chr nodes high*odfl qudri,r.€r

Halins soi a panir diffcrcdill
qlarioi. the pm€s ol lormlldion
by rh. lii il. .leh.rts nerhod rlroush

i. seleci ! pap{ r}pe of shape
run !ion, ic. theelemenrrype.
ii. work ror fiiding rh. dpiFsion ol
rhc cl€h6r md x h rems of th.
iodal dincisioi! die frdsial and rhe
Lotrd vsroi lhc dcrlvaiion ol rh.
.lcmenl ilatix oldre ekciomsgnelh
rmbl.n can be elrher 6aed on
minimizitrg rh. s.igy tuidioiat or
rhe h!11 domaii (he vindioml
ipp, oac\) or ninimrjnc rhe \.isnrn
ii&gral of the Esidual in an eki.enr
domin (nhe Gakrkh weighrcd
R*iduar Aprmsh) in *hich ttr
funcrioi is Dr.o ro be rhc srr:pe
ft'icrioi. Dd.irs or rhe dened
matix de.ivariotr by th. lwo
approehs .d be found ii many

iii. the eLdenr ndies m
Nenbhd ldo inc shbal makix and
an r lhe sub!trutiotr or lhe kiowi
bo!i&r, condnion nodal volues, a sel
of sintrhsous .quaiionr ol fie
lolLoringsmdal lorm is obhined.

[(]{r}=1/1...... .. ...... o)

*hde [K] G corred the $iffries
inarix. ir is symnrclh aid sPse;i
,] is thc iodar unrnortr vedor (or
rhe Deg@ Or Frc.dod, rDD aid
ii h rhe road vdoi soturioi io rre
rbov. equatioi can be obqined by
v.ioN matix r.hni,tues, cau$im
dnnif io.. Gau$ -si.dd dc More

Coijngat Cdlicd hahod .nd 6e
Fmnbl Sorver have b..n fo$d to be
efficiml in hardrrig ts€e spase
synems and aE nou popul ly used.
tfor an .lcd6nhsndj. deYi.e,
baicalln rhe lield is sencmld by rhe
cuftn! or by the pcmsn.d nagnd.
In mo$ crss .uftd rlovs .i!hn ii i
solid .ondudor or i. a sftnd.d oir. a

isoLated rums of thin 6ndudor, in
*hi.b .ddy cutrob . ndt

The uual nadc iomuldion of an
ele'nai milnr s6ds rion Mawdl\

v, {r}= Ui+1rr/a.}.... ... c)

NegLdi"s rh. disprd.fr .d.uncir

v"{r}=1./}.............. ....(,

v, {r)=-laBlar}.............. (,r)

e.18)=0 .................... ..(5)



Firite elemenis ana!),* of
ektoma8nctic devhcs usully
bu:ld lheir models considering rhe
cxcilalion coils as cundnr densiry
iegion ttEr follows ih. seu ltnown

'lhc .otr{i.urive 
'cta 

ons ihar
desribe rhr heharior da rhe
eledrrciE$dic m dlal.rc

lal= [,]rl .. . ........ .ro
[]= ["tr{r)l .... ........ or'Iht rcrion dehrs ! i'Ls'hsRror

1B)=v,{/J. ... .......... ..(s)

\Ej = -pA t al- ey .......... te)

lr] M"siai. *dq. or p"E.,hr

r = E (ti. $.l pocmhl

T}ese spcciiicaiiotrs dsure rhs
$lGrdiotrs or r*o ot M'ksett\
.qdiotrs (3) and (i). \+ar rcmaiis ro

For si'hpliciry dlfiercilist .qu ios

hdc,o,i!ni(UsiariicEknql

'llEse No equaliotr 6odekthe
oonducring r*ion in !r rhote
dom ain whi le lor non{onducting
rcgion the difeEnrirl equation h:

v,{"F,{.{}=]p} ........(r)
wl'i.rlhwhhh d6sib.s rhe col

v"{uF"lrl= Idlv,,=-r,

" Ia)+ IoWt t al+
{o} (ro)

t tt* r* -"ot a*,iry o.p n,
nmely eddy d \our@ rcsp riletr.
,^.orhcr differcnliat eqmlio ir rhd
whi.l de(dbs ihe 6re Egion A

v,tolv,{.,i= Iat{a,/al

mat,i* =t"l' Eqdi.' 03) i"
Edu.cd ibr rhe sbriq hotupi. o
dihemionsl pohlem 6 lhe \Etl
known Pohsor's e,imrion, whnc
, is rhe onry ompnn.il ot r.
nagndic vedor porniiaL, aid "fhA

04)

Ihir demenr rnari\ EpEsers a sd
or p:diar diffsierii&l .quation in
{hnh nodxl cicment msrdic vdor
Poenliar ,r?. is uikno*n (DoFr,

[ ] ",,. 
,",,"" ;"*,

*{*, Idl r, ,h" -"dudi"iry
-d [,] i" ,h. ,d*,i"iry

ta!')

vhci neEkdiiE rhe vetocny c,Td,
rhe a)pii.arioi or lbe fiine ehme
pmeduu or equ!'ioD (1r) ,id
.q!a.or (14) tads ro rhe elereir

rh.,l h, tl

Itc-i Lc-ll '
ll/..1 hn lriJt I : i,, =lf li irsr
I,(-l LolI " tu tl

v,l,,le



u'l 3 
'he 

$mr.ufts, dssry

'trFrfor 
dr€e.m$rMd i/ i s ,.

lokl currcn! densiry vecror for rhe
el.$$r sd cai b. asb.d as
unironnly distibftd cureor deisiry
o*ine o rhe in'prc*ed .unc ln
soiid condudor. Asenblirs Jll
clemeit nlrhes aid ,rplyiN rh.
boundaiy condirioE on dodcs wiLl
leads & lho solution i'1 !h! wholc

ndnes ddiv.tid are giv.n ii

The fid msLysis is done usi.E a
pubrhh.d d4a tn rcro$cx !,&71
lor R oon 

'nasndh 
ore itrdudlor

Iun'm in order to vrtii, lh. pieseir
sork lhe dara ae present.d in Table
-l- for a qlinJn.al spccih.d of i
ondoditrE matrial, rh. ms{sriotr
orrh. tutoaen$own in Fig.-l-.

Equarion (BlDlrl a.d rhrl by using
Hybid Melhod (ririre Ele'n.nt
M.nhod IoAerhc *ith Bouidary
Er.menb Merhod)(FEM-BEMy''l s
3hown in ris pa b) rhe 6urh
epftscnr ihe nontraliz.n higritial

!h. lharE. ,id-plain !ud&o valu6

, d -, ' .,"". .-r-
pmfilc 1o rhd Encn in borh

l4&!iq [!r!!E]! !
elrgi
To tulfrllllE rim oflhis €emh u
indudion hsriis coil havios a neel
corc of cllindricll fom. wirh
lollowing BmmdeE (q-:00. o=

oil fen by ans6nr cutun! demny
J'=2xro6 Am' *hh difi.rcnr
fiequenci* (50, 5oo,rK, 5() Hz rhc
aull. sho* thc diskiburio, of ihe
,nasn.iic inrensig, fitrx li.es md
cured dcnsir, cv.ry*her insid. ,nd
of r\e su.raEs oa re coE. Evaluaiion
oi ,and Jin h.gnnud.6d
dnedlotr is shoqn smphiqlly A
6rour plor is obrain.d to sl'ow rhe

,icaur ot thc po\rs lo$.s duc ro

shoss rh. fltrx pdh inside od outside
rhe luna one inskd depedins
oi rh. ph6c of supply .uft to$e

Fig. (l) lhors a lonsihdinal sedion
or dr. rufr&e dd i$ boudkr reion
a a cnde ol . mdius n.a y !h.e

so eisynnctic iddel is .ofuid{ed
n lhL *udy. Tuo ,lequetr.ies arc
.onsidsed (4.{7 Hz aod rrHz) in
sorvins rr,. fod.L. rh. oir h
6nsideEn 6 d 6dmr o'rert red
stedcd coll! , supplied vi$ a culml
density ( J'=2r106 A.rj). Ine BUlb
sho$ . good aqEmd vnh tui
oblau'edbyu:nuBountlarylnEgd



liiB smenied d s.von inshnt shor
a !i'nc tor quins .yck of rlic suppl)

red, $rdins nont Fi3. G-al at
a,glFo' (corcspondir! b limc r=0
se..)\h.i rh..umly oner is ii irs
narinus valre 8nd lis (r b) shows
ihe dcrribuion at ach-t5"_ ind so
on trp ro 

'js 
(r-s) $lich $oN rh.

disdbdioi n angl. - 90d (con6poi-
diisrori,n! I = 14 sc., T-1/0 ehilh
,.Eese'b rh. 0ux rn- *hs rlr
iN'lnEMagpplyfundt=0
Ampere ar rhh iRsa Fie. (, h
drom ror ! supply dft or 50Hz
ior th. masEiic corc described
above. TrE resurrs sr,ow tid the rlux
dcnsiry is tro(he sme * sn p6rE .f
To evaluale the magnnud. ol
Li.side ilE coie, cendin leveh
are chosen ed l,el i5 dB\r as a

tunclion or coE radius ioi
didercnr lelek 6 shosn ih Fig
(4). This g.aph is gn€n 6i 50Hz
supply c!ftenri it sh.ws fiar thc
core canle. sill have lhe l,igher
inensiry near the surLlce and n h
reduccd rowards rhe 1op surlaft ot
the orc. fi!. (5-al ihows the
vector reFeserlltion of rYai five
levek i.side the core ar time r=0
soc ][is t8urc shows po$ibie
dircrions of ,t in rhB (x.Y) plane,
end ils magnilude is posnion
depc.derl the highe. mrgniiude is
at the soiflik oa$e lovsl(a-b) at
the €ncr oa th€ coE. olher
component disappear due ro rhen
low ralues. Fie. i5-b) sholr only
the diection ofall ,conpoienrs.
The ma8nnude and dtcction oru
are not co.sideren becadse of de
linerity ssumprion ol the

^!d)o.rd\qrsGh!r 
nq

nrasNiic ciEtrn and thereioE

Tltr cutr$1 densny Jdisprslcd ii
five hyes shoM i, Fic. (6) s a

Lrishsr compoEr is oi rfe surfacc of
ihe liyer ar E €ftr and nrii
s pon d (du.en srdlnlr- ur ro

Trrc r$!rs h figwe. 5 rd 6 rho{
th. nrgnirude atrd dn ltloi lor
l/a .r (F0) Lf e&h vEror of
xtry dai.il iolloued d a rime $ep
ror a ooriod ofo'rcyck iirillsho*
armplde sirusoidsl Mvlfonn ar lhe
sa'ne rEqtrei.y 6 t]d of rhe soutr
cutr(, bur Nirh differenr racgiiS
ph . aige d qch chikil or rhe

To {udy ihc efft.r ot difcigi!
fEqtroci.\ on the opsarioo or rh.
iiduciion fdnDe Fig 7 show fie
iom.llzod mr$irude of 17$ I
fundion or Hdius oa the $*iden ar
d'e .enbr r.yer (i b) for rhe
ffquhn$ (r0r00,rK, & 5K) Hz
Thn ,igure sbow $. skin cfecr
clealy, and n show a sood rcEirtrr
*nh $e aulrs obiaii.d hv rufrgi..r
[ras].rig 1r1 srro-s ""-.1^a,v dndburiotr of !hc* tilquencies

on r,e b.Dn&4 (ho p h biifig (r,
b), iid ir shov\ ii dp{.ed

Thc rimulaEd rsuhs obrra.d \hov
rhe validily or th. r_inib Etem.d
coDptrrr Fck4e (ANSYS j 4) ii
snayzidg rlre iidtrcrion rediog coih
due td rhc lollopi.s pmp.di.s which
provide , su,hbte rooL ild Dake il
e6y ror fte resrchd ro inlginc rh.



lobbinins rlre oprlmm mcshiis
size end distihulion foi lhe finir.
elshents in rhe model io be studied
in order ro rclievc rhe non &cude
Bnlr ri6 5hond procssiu rime
z.Sp*i$ing rh8 nrasrieri. ti.ld
quanitiA (8,1r, J) in both spc od
rlme domsii by drawiog d y.ror ptor
ror iodrL rcsulrs rid .re'idtr rcsuhs
ror lhc quetni.s al my lnranr md d
liy seleded Flh io rhe mdd. Thh
{ r r.ad ro d..rr. rh.ir idasimiion
rd b.havior in such domins.
3.cdculaiion or rhc r€al d
inlgi&ry conoonen$ of rh. .bov.
p amereB. *rrich wi[ make ir.3s] ro
obrai, rhe pesl sdrh.r.ms v'ru.r

4.Abilliy to shoy a ontour plor
happing lor fiur prrh aid orher $rlt
q@iirj.! lik powc md jouk hsr
difrihution mlah.r in,idc the

Th. achievemenr ofihis woA, id spir
or rhe aseem. of .he obhined

surrte Fig. (?) sho*s rh ihk
distiburio, 6 r lundion or rhe
supp[.n frcquency (eth .ou$.ni
c r.ni density) *hich shos rhc stin
ered Ttu .ip(Ed Bsulrs lor Aar
rhe samesrharof fl siice, = /r.

The cur.il dcd.ny "Iofe.cheGmenl
hxs a pulsdlns mmpoietu in +z
dircdior and thn ompon nrvries itr
sinusidar waverom *ir[ rim. a. rh.
s,n. t quooq (0 or ihe supply
cuMr bui * h ditre.enr hsgric
phase agle aeri. . This rcsuti r6dsb
d!. oillusion thar eich elmcnl ar
rh. 3pelmen sedioi siil 6ndud a
cure.r itr a shod .irdr.d rub. ol
.ontudor eouid 6e 5pecl'ns *irh r
mdi6 !hi.h depmds on rhe losirion
or rh. elcm.rt ii thn secllon md wlih
cros{edional ffi. equal 1o thtrr or
rhc erem.nr Hem., if*e ssuhc lhe

.l!me a.B as ,.r, rhe elemetu
ptrbrishenL"l, is ns rbiriry ro s[ow
re b€hrvio, orr, aid Jin rlme

domrin (by ciklkriig .a.h
compor r indirtuc iinm6).

.iiusdidal vdarjor ofrh6.q6ni r*

E..h oic has a pulsnitr8 $npoidr
i,r :x & rY dnrtiois in ech
ele'.ri ehi.h v is srnusoldal
wav.lom wirh iime, and 4 arequ.ncy
(rl (,lrrrc-f" is rhc rt q€n.) orihe
supp\ .m.ftotlhe turmeco ) bur
*ith diftrenr ralgilg $a. eg].
emhi !o rh. resulranl val& ror ,or
,{ nay hke any dnedior jn rhe (x.
1',) prin. n my iishn( rn. Buxs in
Fls. (6.a) show rhat the distibudoi or
/, G i.r unifom nside th. orc add

t,=lr"l 4. .........116)

R, - pQ. / A.)......... (11)

*hcrc l. = 2 x, x." , md r, isrhe
disree bs(i rhe sp.imd .enb
liie ind rhe demert .enta. Hei..,
nE poBs roses or rhlr rub. of

P, =(.r.)*',&.... (,s)

Th. rorrl powo lGses wirr b€ d1c
summariotr or$e p.w6 ro* in erch
demmEy tob. oacuncit in rhe ore



Eq&1(Mqr,vdaN.6,!s

(or specimei). Thc elem..@y rub.
cuffi6 aE Hlly, *bar is known a
"cdd) c,ftnta, and rhe !.su ts shop
thot dPsc .urenb e of di&qeni
masnnud* bd taggtus aishs wih
rcsp.ct ro rhe ei.i'4ron cu.Hr (he
$!rca cE. n). so the m'gniiud. ,id
phBe a,gle oI crcrr .undr d$md on
lbe posirlon or irs pdh. 1lte Lalu.icy
usd, a rhe nar..ial paranEes
rrom rhe prcviou dn.u$ion md ty
kiowing ihe ofier .apabiliricr or
ANSYS pelage rhe 6e*dr?s .ry
sudyrhcelLrofdenon lirE ty tn
thc a4ncriTdion chq&reislics aTbe
B-H cryE) on rhh pmes. Ako by
&ing 0E oupliis facili!. bdwcei
d'rerci! disciprims . $ud), or rhe
"Thmar andysh " of rhe iumrc.
cin be donc in ords ro ..hiev. e
co'npl4! simuralron, bul rhB {itl L€d
!o 6k lhe effer ol rhe noi-ltier
d.pendetr.e oftrre BisriviO, p aad rhe
clativo pameabilirr !, wnh rhe
,cmtrm'uE orrhe tumsr. B) Etrns
nl or ih.s. notrl,n.ar ,$ rh
cons iddd ion rhe si,i ularion *ill 1. 4
&& a posibl. 10 Eitiry. such a
n y {ilr :hor a n, iume cat
con'puter aided ldndion lhee
desisn, which wiLl aid nP dslsnerc ro
buird.ua 6 effictar and cconon,ic

r Drvies, J. add sihpson, P.,

M.Gaw Hirr Book cornpay (uK),

srrvisrr,"Fiiite Elesc Airysn
or Masn.li.llly-SaruRred DC
Mshii6,! IEEE rnm. P^s e0,

I HonE Cheig Lat, Co pti.s F iire
nre,nc4 Meshes for ModcLins
Mol.ncd ii El.q.onne.eric
Devi.$. Ph.n. nresk, uiiYr6iry

1M.v.K. chui .nd P. Silrilc.,
riin c Ekmed ii Ehcricrr and
Matndic Filld Prcb:cms, iohi

5 S. Rao. The Flril. ELeme M,hod
ii E.Ei[€ins, PeEamon Pr.$,

6 Birc, Oszk$ bd rreis. Kuft. "or
Thc lhs of Msgndic voctor
P.tenlial ln Tr'. Finir. tlemenl
Anal),sis of Tb.e Dimeislo il
Eddy curen6", rtrEF. Trans on
Magnetuq Vor 25, No.4, (1939).

7T I, F8S'J, K F. ALi, Ad P. EA
B'uk. Boutuli! hresml Eqtr{iois
AuLy* ofrnducf.i Devner rnh
Roraiioiar symfrery", raul] Trtns
oi ]lrrsneti.i vot MAc 19.
No !,pp 3644Jar(r93r,

slud) rf Desip criErh ot
l dudioD Ftrn&.s, Ms. n,esh
Uiivdsirr ol Bqhdida ad, ( r994).



Fic.(1.i)
Acrc$'s.dloi n rhe fumace w rh rhe boDdory ngioi

Fis (1"6)
A loisirtrdhalsrjoi iiihccoru oailre fumke n$ss rhe syrdsrb- fte area

(abji) ii rh. rld qsner i\ considdrd ii rhcdirysis.rhe tiosG b), G d), G.0,
{s.h), & (i-) arc rh. Ivs tevds used ror exindins rh. auL6.



^shlrdrdy.urc$ n !Li!{

-/
-l

ibrig a ll-rcn 7obs. 
'.J 

rc,*;.,.r*,snd.
la) 

^ 
v,eii,(,tLre!!, br

rbtAtotrsrhrd,@.er,ob.



Fis. (l)Disfiburiotrof r9 rnh corc mdtus ro. djf|.Mr leveh insid h.@rc



' 
e,' 

; "l: bb. ":..to"i,T" :.';;lt._*r ;,,,.;-" ..



iiside rhe orc lhow rhe po$irrle
(b)

Fi& (51 Vecbr Ep-lakioi of 1, itr file t.v.]s
naEnilude sd didrioi dfihh ved qumlty

(b) utrirom mrgnihde.



Asd}fEdd'oeis[!Lh.&

U,

i.,

ris t6)stroq!6!\um &tr ry lon roisr,ri hfi\.laror
L Magn ud( blsed ibrun form magi [d.



Fis.(3) Disaiburio. orf1J ror diff.@r n.qucn.ics

:


