PC-Based BEM Software
ABSTRACT

The analysis of electric and magnetic field distributions is imperative for efficient design of
increasingly complex electromagnetic devices. In the past, finite difference and finite elements

were used for electromagnetic simulation on mainframe and mini computers. The introduction of

the boundary element method (BEM) in an easy-to-use field analysis package circumvents the
drawbacks of older methods and enables engineers to accurately analyze fields on microcomputers.
This paper presents an overview of BEM and its implementation on the PC. The efficacy of BEM is
discussed and a design example is presented.
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The snalysis of glectric and magnetic field Jin- ing mn miterfnatiwve of ckaice to the abeva twa
gributioss is imperative for efficient design af mathosds. The growing powsr &l the misrooomputer
Imgreseingly eonples slecktromagnetic devices. In mae put the Pinml Touch @A che sppasl of the
the past, finite diflerence and finite wlenents fmer o8| Epprosoh. Methods that enly & faw  years
wers used for plecironaghdlic &iMuilatiss Bh AEis- ago required S&cceiEa TE & BaiA TreTe or mini-
frama mngd mini compulers. The introdeotion of the computer can now Se appl led without sAy loss of
Bousdary EBlement mathad  [BEM) in sn ssey=to=uee graclsion or mpeed In the micrecompuier efviren-
fimld analysis packags cirowments The Jdrewbacks mant. Gaing In  mccuracy, cost-affectiveness and
of oider methods ard enables sngineers o accu- spEed have marked the snergence of Auser icsl solu-—
Fataly arslyre tields on microcomguters. This rians, The most commoniy used Aurerical  mecheds
paper presencs  an overview of BEW and its imple-

pre finite diffarences, finite slenants and bound-
mentat ian an the PC. The sfficacy of BEM Is dim= ary #lsmants,

cyudsad End B design szample is presented,
Users of the finite dillerence metmad Suet  forpt
deucribe & @rid in svery reglon to be svaluvarss

INTACOUCT 10N 11]. The number of unknowns produced s uowisldy

T | dewice boundaries are often  Inacocurately

Teday, the design and analysin of sleciromagnetic mode | ed.

wgu ipment i aided By & VEST B0 powEs fal Errey af

foolm. AScuracy |0 the calculation of fimld dis= In the finite olemant methad, regions sre divided

gfributissrs and device parameters revains bthe forse- imta & meak (20, The €lme and affors Fegquired ol

moit  Esnsideration in the choice of the speropris the wadd sight be scceptable wers It not for  the

stw toala, fal lowed By speed of molubicn and comt. largs mumbers @t unkagpwne  Ehat afe gecerabed,
Mumas ical diflarenciation af patential |3 used to

Tha thres major metrsds o Solufich S8 BE CETE- caleuwlsts Tinlds, lesding to imsoourate results,

gorized as snalyrical, ssger imental and nomerical.

Tha intent of thes geper I8 to Tocus o5 BEW, & Thedr dissdvanTeges may snplain why Fiald simula-

nigmar igal @ Chod . pian godld snly b done on Ferge mainfrene compuf-

wrs by Finkie wlement exparis,
The use af asalyrical mecheds in complas gEsmeo-

Flag rFeguireas iferative approximations, whigh BOUMDARY ELEMENT METHOO

iands to highly suspest reswlits, Des to the daily

mard oomples geomstsies regquicisg sciution, theds in the bourdary element methed, & veristion of
tools are no langer sufficient te preduca full and Marwnt Mithads (8], the Intsgral squatlos farmula-
pecprate Fadul td. Analyrical mEThods, Fimc liged Binig tion of the fimld Is sclved oilng wnknowna only an
the method of images. powdr A8F i8S EXpERS ichS End boundar iss. Atcuracy |8 net seerlPicsd lor eriti=
cognformal mapping afe modt waeful  In TEACing zal wmawings |m time snd user sffort, On the can-

e | em] S TROdS Erary, ths sccuracy shEaiasd id syperler 1o TRat

at Eha Tinies alevaar meched, (3], [8].
The wxperimestsl approach Bas the elear diasdvan-
thge of BEing SOST|y A MOST SlTustionE. As e,
thie praparatlon snd testing of o series of modain
consumes procious time, 1T |8 ASE uAkhowh T8 o id-
cowar THa! CHE SaCiafactory results of thae mini=
ETurs modEl oEnnot be replicated I the dull=gpize
ygraign, The mais vialue al IRis Speroach Ih mdarn
appl ications I8 ES & TESC fof FeSel0E  GBT&iAEd
withadf @nEIyEically orF nomerioslly.

Im oomper ison o She Flaite diftersnce &nd finite
wlgrant mathode, the Bavhdary alemant sethad gra-
duces ruliakle reswltes while regquiring less data.
Open Feglen problans S5 bE &olved & thout resorrs
ing te artiflelsl divisions. Complex geamstr iss
Era BB wudlly and socurately model led &8 &ispler
enes. [§],018],

An wpquivalent saurecs which woueld sustein the tield
Cwar  the last few decades, numerical sethods Rave in Pound By Parzing it to satisfy prescribed  con-
gainad im accuracy and applicamility, Thus pravids ditiakd whdes B Trée space Green's funoTion whics



relaEmd the locafigs &fd eftect ol The SourcE 18
@fiy pEanE anm ENE BESufdddl y.

Trhe wge ot Greaen’s tynciram dffEctovily &0 iMiNATES
Ehe need Far & Pamite element mesn o oor @ fanioe
difference grid.

Ofed the Saurce S determined, potentisl and lield
are computed by integrating Che source wikhout
interpalatien. Thia provides inkersnt stebilley,

The Bawndary &lesant method provides very SSCurdte
rasults o8 all parasarers sre calowlated by Inte=
grating the sguivalent Soufce. In tinice mlements,
fimlds sre calowlated by mumerically differ@ntoetr—
ing petantial which may give rise T8 &FrFoRecus
Fadul T8

The boundary element methed calculates Bath the
near and Par figlds at one time with the same
gcouracy. One cam Toom into any area and obtain
aocurabs results. iAn cha FEM, if ome were o oom
PATE @ Single elenest, afe woold anly ebtain
imtgrpelasions fram tme nodal values of thar @le-
AT

With BEM, Ehe probiesm «& NOT SOived Twick in order
e caloulace forces, Slabal &nd lacal forces are
caleulated &imply by iATEQrating The eross prodest
gl the curFr@nl dandily with the magnetic ndeo-
riegn. Torgue calgulatiorm are performed with The
SaTE EASE Aand ACCUTCACY

MAGNET IC FIELD EQUAT |DNS

Elgerramagnetic Field is described By Mazwsll's
gguations. Oepending an  the materials, Souhdary
gnndicaans and scurces, the Field can Be shaws Ba
me gowerned by ane ar mare partial ditferential
gyuatiens. Tha geosetry of The probfen usweally
detafmingd il B Twi- oF Three-dimensional analysis
will B Auitabla.

In fhig paper, = wil| FERETFICT Gl ETCEMAT ISR T
twoed imens icnal Stationary or slowly warying mag-
natic Fislds,

From Mazwal | "8 SQusCions wé have,
B =0 3]
TuH = 3 2

11] parmits us o define 3 magnetic westar paten=
rial A as,

B = s 131

Tha SoR&TITUTIVE FEl&Tion In &0 isofropis material
id

B o= piBIH 14}

Tawimg the sufl gf (4] ard Sxpanding Che rFignt
hand &ide wrtilizing & weli-Encen wveZESF sdentity
FEESI TS In,

TeB = PuiBleH + piBT=H 15
gubsritucing (31 wnd (2] imte (6] yields,
I;I'u_h& - I'.';I:H:I:E * ;[Bl-.'l' L&D
It f is independant of B, we have

Vu¥uh = pd {71

Far & rz-directed currenk
dimengione, (T] reduces to

densi by, [

e = pds 1 H

which ia Palsseon s squatian,

For probiens which cantain Iinear materials anly,
(0] im tha gowerning field sguatish. IA  problerd
mhich imclude son-iineer macar lale, (E)] Ras to Be
solved iterativaly [8).

Baundary & sment matsod antalls the coswarsion ot
ok partial differential sguation Into an integral
wquaticn, ss owtlined in (3). The integrand con-
taipe Ethe wguivalent source and the Fras space
Green"s functiom er its normal der (vative depend—
ing on the Beundary condition. Alang imver Faces
the digcanCimiity in the Eangentisl component of
ragnatitatian |s wutilized te arrive st The inte-
gral sgquatios, impressed tields and Goaftribufions
trom permanent magnars  form part el the tercing
functigh,

The Integral egquation is disaretized slang Beuna-
= IS amd  interfaces waing cha Galarkin method
Galerkin marhad s one of the projeclian Sarhods
which ard mlga oalled methad al waighied resicuals
or moment methods [5],07),09].

Boursdar igs @nd laterfaces are diviaed inta small
mectishs whlch wsre referfed to &8 Boundary mie-
sants. This discrazization resaites in & &er af
jinaer  ®lmul tenesus  @gquations  for the unEnows
woulwalent  cwrraat density coefflcisncs. The
solutica af this systen of @guarcions, assuming the
matriz im mor slnguisr, yislds the sguivalent cur-
reny denaity distribution.

The aeeuracy of the spproximaticon &ill obwilous!y
dapend upon the chaice of the axpansios ard tesi=
ing funotigns, and the Aumber of them ceed. These
poordinate functicns must be | insarily ifde@pendent
as  linear dependence will resul?® if & Singuiar %
mEfrix,



Th# &S0wE &Tatad DOurdsry BlBRERT Sethod 18 imple-

ramTEd iR & magnErssielIS Fvela analysid grogram
MAGRE T

SOLUTION ACCUAACY

Wewd less to say, Ehe walue of @ methed |8 Seter-
mined By it agsuracy. The Dowundary &1sment meThosd
has wery powerful oaprions to Eest The sseorscy of
regylte and Fo WTel iorate them,

Far ®lactrostatic prablems, in arder ta werlfy the
mecarasy af resulcs, aftad  Tha aalarion Ie
abtminged the program cam be asked to calculate
waluss ga Ch# boundaries These velwes, compefad 1o
Efgigned wvalues represent THE Qreacesr arror in
the molwtion, Giwas Chat the salutiors of
Laplace's sguafign are BRarmdnic tusotions End that
such fumctians Rawe Their maeimem on the bowndary,
the wrrar whieh (s che difference befwsen the
Eetull mnd the calculated salutign, I8 greatedl on
the Bourdarny .

Finite sienent and fiaite diTlarencs miThads pro-
duce rewults which are interpalated Ffrom modal
vaiges. For Ehis reason The veritication possibie
mith tha Boundary slement be nel  acceadlbla with
thase methods. IR FEel, Such an agproath wowld
lead ta ChE aSSigned value, producing no usefol
Intarmation.

The calgylated ahd actual field disconticaibies
gan Be chaceed along intertaces. The ratie of mar-
mal eompenents of the field &6 either #i1de ia
imvarasly proportional o tRe ratio ol rFeEgEcEive
permeasil i Tiee.

In magretics problems, Amoere’s clfcwital léw can
B usEd to wer Py Ehe sccuracy al resulibs.

Ungatisfactary Fesults =am be imoroved with an
increases in Ehe Ausbhes & boundary slements on Ehe
sy faced, subareas in reglons ard re-salvisg  The
probl em.

N ICRDCOMITER (MPLEMENTAT | Gl

Mdarn microcomputers are randefed dally more pos-
grful; computstiond TREE were onck  possibie oaly
on  maimtrames and mini-comgutErs CAn now  be
handled wifh Base &7 & =oFESTET IS SQuipped with &
pargonal computar. The new micros after  high
sgead, aecuraey amd highly interactive graghlcs
cagalil itoks. The sopnistication of the FedulCs
pravided is limited only by the scops of the safg-
wEr udad .

An  wlecrromagnetic field problem is descs ibed by
datimlmg the geometry. material propartiss and
moundaery canditiars. T is  the geometry o1 ERE
problen which wsually detérmines T & Dwo= ar
threa-dimansional analysis I8 nost AEPropr iave.

The womulabign af fisldd afd Théd B oresompy ber

requiras the input of The EboVE, FhE  namar a1
golution of the fleld sguatign &nd guiput of
demired pafanelers. The process & FEPRALES  until
potimum walued for the dJdeslgh Pparsmeters are
abraimed. The stficisacy af ChE procedure is meas-
wrad By Eha emount of tims required 1o easpiats
The design.

Tha facesrs that affect oha afticiency are  ©he
wade of vam, the ascwrasy af resulte, EBhe cspabil=
Ities and mpewd af Tha progrem,

Ipdustrinl wasra Sgras That perRags The mosST  &igs
nlfigant ledug I The time Freguoired to defime The
problem. lA & Boundary wietent package, the user
@oes nat mesh wwery reglan. This is By Par the
Biggear Tims Eaver.

Ease of wse |® not & concspt totslly (ssiated from
the mnumerical Téshaigus used, Thars afe & numBar
of imperstaar factors which are bBrought  abour By
the wmolwtion Cachalgue eesed |5 the packags whish
Eantribute Te the sass of yse,

Tha waid (Atarfeos  In WAONETD was decigned to
reguire minimal  Esybosrd entry and Rand motias,
Menud &f@ @trugtured ta falles the natural pattern
af delinlng and Bolwing » probies end To |nooerpo-
Fate Che samne sebs al coTmards that opesrate  &n
ditferent obiscta. On=llne Hhealp I8 provided in
WyEry s,

The geometry, materisl properties, and  other
imtormaklon &&f Ba asntEred with the halp el &
mouyse mnd Iemediscely displeyed., This spprosch
minimiges homan error asd Ehe ¢lMme FEduired To
wnter or madify B partiouler problem.

The special Taaruras of the microcompuldf Ehvirans
ment (e.g. tTest calar graphlce, salar printer,
mouss 8Ff Efybaard sstry, math Soa-profadsor, hard
digk, AW disk]l are folly utllizesd ta sntegrate
probien def initien, amalysis, data storage, drates
ing and presentation cepabilities.

A SANPLE AMALYSIS

This #ample ssalyals furnishes & prasentation of
moanl ing, #alwing, wnd displaylag Fasults for  one
provies. All calculations wars done and all 1 1lus=
trations were ganarated oaing MAGNETO an an  IEW
PL-TypR MiCrocompuier.

The sxaerela |8 & twenty-four mlot parmanent maghset
meter. The probiss geomatry e shown Ia Fig. !
Tha cuter dlssater af Che atator ie 4.0 inches and
the outer dlameter af The permanent mageets is 1.8
i mEha



Fig- t: A rwwn Dy~ four ®iaT permanent ragnet ROCOr.-

The prodlem s modelad by sniefing the gecmatry.
nen=i |nmar B=W cwrwes for the scesl prd permaneht
magnate, permanent magnet dirmcrions, and volume
curFEnts. Bowndary elements ars  than digcFaEily
placed pn Regnents whars thay are required and
Subaress @fE gEnecated in regions sghtaialng wol=
[P B -Th g 1= 8

iy sssigning an appropriate Bowndary oonditian,
aniy malt of the proplem needs To be madelsd. This
nat amly reduces &eT-up Gime, Bub the solutios
Pl B3 WD,

Tha matar geometry iG given in inches. This can be
shemes to be  Che system af umics for data @RLry
sl ragult sutput. The progrem pearmite ssiection
al warious Sysrems of wnits including the weer's
O

After tha selection el The proper whil aysism &nd
the real nanser FafgE in cartesian or palar ogar=
dinaTes, the gEeometry af Che proolem & wntered,
This |s doms through the geosetrie medelar wh i gh
i an imEegral part Bt [he @rogram. Either the
EEyDoard ar Che mouse af & digitiger can be used
fo Ehol pUrposEda.

The geanerr|c modslef provides coTmands far efmag-
ing, modifying and Enguiring Aoout tha gQEometry.
Thess comrasds ars very &imilar to thoas Poumd &
a drafting package, First one slot |4 modelsd. 44
in Fig. 2. This is Be&T achieved 1n & wnall win-
dowar.

oy p e pimedlen el
|kl sepmnva, i puiais, B emyimm

Lesaas 5 mas smmnsn il ]

Fig. 2: Ons miot of the geomatric model.

The remainlng =iots sed  testh &F& QERGFETEd By
ratating mnd deplicating the Tiret slot. The rest
g the pgeomatry I8 eatersed =i th the sene sads,

Begions that canfain current mast be divided inca
gral laf afFddd for soourate intsgratisn &l SOuroes.
These smal| swbaress can ohly be generated in
tour=sided reglens. Tharsfors, cuts are iAlFeduced
in alars whers the windings are loceied. These
cuts are wmhows ia Blum. The rofor gecmeiry &
entered et using B arocs and T line segeencs. The
tinal mode! e shows Ga Flg. 3.

L
Lamats o raime mmisis

Fig. 3: Geomatrio model af ©he magar.

Thig I3 &l the usar has to do for sntering Che
guomatsy. One omn miwsys ges the on-0lne help 1o
sbtain sxplEastishn Efn comTands. A help Ecfeen 18
shwn In Flig. 4.
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B EEIEY seed (@ omsd
kel msd in bEe DormE sEeR En dekrisd 559 FEakies
el Ay smmary gea 1 gena feeefem sy
il o el o kil TR AR W laees

e T T L -
PR, LIRS, SEPRER, BRRET. e s e
P L L T o e
meEp uEs gmEE e aed see tEe Dl Eiies s Spard
Hhmiciia 1§ Bl EAPRidE WEE.

Fig. &: On=line halp scrasn.

After the conmdletion of the geometric model it s
saved In the databass, Next &Tep |la tha dJefinition
gl the materials, cwrremts and persarsnt magnets.
Trame properties are sntered Ehrough &m aEEribube
mandi@r which fares the second imparrant module af
tha Qroge am.

The firme Step is ©8 ERAign materisls 0o spprogri-
s regions of the geometry. The mater being
modeled confaine Ehéme maAtaf i&ld -Zogper , Earbon
sieel, #d mEagrels.

MAGHMETD 5 auppligd wich a defawlt tabie aof 1§
mater ials, as shown in Fig. 5,

e

o [P

ii!giﬂi

| oo wsans] 1
Metnr reintaey Eeemkalitn. 008 |

Fig. S A defaulr marerial raole.

Since Fhe materisls wsed iA Che mOTor probism ace
not mmeng those ligied In Ehe Rfable, They &re
#3ded B Eha table uEing The Appropriste mesy com=
[~ Tesi [

The copper in the moror is @ linear materisl, The
parmaspility af & !irpsar materisl |8 |sdepandant
or can be sssumed indspendent of the magretic
induc i ign Condyctar® sush a8 copper, ailver, and
gold have perseabilifties almost agusl [a frae
apace and are practically indepesdent af  Tha
Fiwnd.

in MAGHETO, mwes o Dwsniy points defime tRa pRar-
malifed B-H eurve. To gensrsts the Aormal ized BeH
curve for the carban Stesl, Teelve poinis =ere
sicracted frem che cwres provided By the sanufac-
turer. The paints In the form [W B} are as foi-

I (o o), 42,9008, (4, 85301, (8, 128001,
{10, 138201, (20, 050000, (40 VEEQQ], (30, 01TEQO),
(200, 189041 , {ang, daan, [9600, 219000,

(E0G0, 26R00) . The cwrve Then sppears &8 in Fig. 6.

[

@

o R
E-RiEE SR ESIES pEins

Al gminis = et

L __ L1

Fig. &: The nan-|insar B=H curve for carbon stesl.

Bagnets are Salined By sntering the.r sscond qua~
drant - or damagnatization =curves,

After tha materials for the problem have Deem def-
jnid, they are placed in the &pprogriate regians
by =electing them from the mand snd lacatong the
purgor In the desired ragion. The closed regicns
are determined By the progren sutomatically from
the topalegy. Tha Finsl step In dallning & magnet
ia to specify ite dirsstion of magnetizatian. The
B s Eppasrs s In Fig. 7.

.
=1

e mw i e oo b I‘i
B e i T TE )

Fig. T: Tha mator model with the materiais

wiE | phEd,

idrer rohe currents In the wond ingd and symmetry
comditions are SEsighed, the boundary @lemants and
subareas are  genarated. Subsress are nesded |for
sccurate integratian of seurces) whErever  wolune



SuFrEATE  exaRl., 16 [AIE Prodlem, wOlum Currencs
Fave EEN asEigoead o the four upper slats and the
e slots on the ledt and righo.  Each alar has
w0 Fegians. Subafeas are requifed, theralore, in
a ftotal ol disgedh FEJ 008

Tha moar arucial part &0 scelwing Cche probies sesu-
rately s the genecatign of Doundary ®@eTenilE.
Boundary @lemants are generated only on sepments
between digdim: l&Ff media or with bourdary condi=
tiogng or with sgurlaces cwrrents. For Ehis probles
274 maumdary &lements are used a8 anown in Fig, @,

f e TE——n
A et a8 seial
Friryi joge=t

Fig. B: The boundary &l@nent discr ibution.

The proGlem & fow comaletely Qedined. Depesding
an the type of compuber used, the analysis may
taka from 15 to 150 minuoes.

AFrar tEe calsylations are completed war lous par=
amBLEFA Saf Be cbhraimed. The torgque has been cal-
culabad 5 Ba A% Ib ® Iném and the massured
torgue =as BB6 fh = indm, The diflafence which is
legn than 41 may be aftf Buléd 1o Cha and effEcts.

Arrow plots of the magretic field can Be calcu-
latwd in any window, Oraphs af field values can be
abitained along any arb.trary [ime or curved Seg-
manc. Fig. ¥ shows a graph of the normal componant
af the B-field aleng the top af the SEnlEr magnet.

| L]
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Le LI ST . F o |
| ey e |

Fig, 9: Marsal comganant of @-tieid,

Grapn utifIEies provide various sprions for  inte-
grarion and sonotation. For ENaTolE, inEegranios
af the gragh in Fig. 9 vimlds ©the tlux crossisg
the surface of the magaez. Fig. 10 shows Ehe flux

dimtributigh TRFoughout the croseestien ol  The
sarar.

mETE dsre File
IF Fimld esdewr, o GiliE s,
LEL W T Al S = L

Fig. 19: Flux distrfoution in the motor,

It would be (iAteresting o see the sffect af
ghanging the current fram 10 aspers-turns o 490
amd B0 empere-turns. TRis Sen Be donl guite &fF0i-
cigntly using tha batch eption. Many what=it cases
Ean be mAE|yZed unatiended.

COWCLUS | OMS

The bourdary elesent mathed has bees shown o be
an efficient technigue for the Simularion of &lec-
tromaghetic design probliess @n & personal eom-
puter.

The main agvantages ot this method sre the redus-
rign of one in probles disefdisnality, acocurate
medaling af geometry. ! iminstion of giftesentia-
pien and imterpolation B calsulacs patential or
ith derivatived, precise results dee ta Tha
wncathrasd of the IAtegral opsrates (4] &nd fownd
maara tor ohEcking the sccurscy af tha salution.

Imductances are onlculated from The snergy definuo-
tign. Other parsneters ara calcuisted by incegrac-
ing the mguivelant current.

Tri Baufdiry &l #sEnT method, comblned wits @
highiy interastive user InEeFtecE on a perssnal
computer , automates the @nElydid &7 @l&cTromag-
aeTiz Pisld discributions and provides ASCuracy,
spesd snd mEsE of use.

Progiem geosatriss, mater (als and boundary Sondi-
Eighs @A be conveniently described from the con-
coprusl sSrege esd analyied to Gbtain  CRe  OpTimem
design.
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