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Za model vodi¢a i feromagnetske plo¢e napravljen je 3D proradun magnetskog polja pomocu inte-
gralnih jednadzbi za kvazistaticki sluc¢aj. Usporedeni rezultati prorauna i mjerenja dobro se slazu.
Pristup preko integralnih jednadzbi pokazuje se vrlo efikasnim u prostoru u kojem se trazi polje
daleko od izvora i u kojem nema puno razlic¢itih feromagnetskih materijala. Pri tome se pretpo-
stavlja da su vodljivost i permeabilnost feromagnetskog materijala konstantni.

Takoder je prikazan utjecaj feromagnetskog materijala na magnetsko polja vodica.

The 3D calculation of the magnetic field around a model of a current carrying conductor and
ferromagnetic plate has been performed by means of integral equations in the quasistatic case.
There is good agreement between the calculated and measured results. The integral equation ap-
proach is very effective in a space in which a field distant from the source is calculated and there
are not many different types of ferromagnetic materials. The conductivity and permeability of the
ferromagnetic materials are assumed to be constant. Furthermore, the influence of the ferromag-
netic materials on the magnetic field of a conductor is shown.
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Pri numeri¢kom proracunu magnetskog polja me-
todom konacnih elemenata u prostoru u kojem
se trazi polje daleko od izvora, moze se pojaviti
problem vrlo velikog broja potrebnih elemenata za
modeliranje kao i problem definiranja rubnih uvje-
ta na granici domene proracuna. Nasuprot tome
u pristupu preko integralnih jednadzbi potrebno
je modelirati samo feromagnetske materijale i ne
treba postavljati rubne uvjete, jer je domena pro-
racuna beskonacna. Citav se prostor promatra kao
slobodni (u=u,) u kojem postoje primarni izvori
(stvarni izvori) i sekundarni izvori (izvori koji mo-
deliraju materijal).

Prikazat ¢e se 3D proratun magnetskog polja preko
integralnih jednadzbi na najjednostavnijem modelu;
tanki vodi¢ kroz koji te€e struja, a u Cijoj se blizini
nalazi feromagnetska plo¢a u obliku kvadra.

MODEL ZA 3D PRORACUN

Na slici 1 prikazan je ispitivani model, a na slici
2 pojednostavljeni model za proracun u kojem su
zanemareni progib i promjer vodica.

Struja I, frekvencije f tece kroz vodi¢ duljine [ u
smjeru +x osi. Ispod vodi¢a simetri¢no je postav-
liena feromagnetska ploc¢a stalne specifi¢ne vod-
ljivosti y i stalne permeabilnosti u. Ishodiste ko-
ordinatnog sustava se postavlja u srediste vodica
prema slikama 1 i 2.

Zanemaruje se utjecaj svih ostalih izvora i ma-
terijala na polje promatranog vodi¢a osim same
feromagnetske ploCe. Polje ¢e se racunati samo
U smjeru 0si z .

INTRODUCTION

In the numerical calculation of a magnetic field by
means of the commonly used finite element method
in a space in which a field distant from the source
is being sought, problems in connection with the
very large number of elements required for mod-
eling and the definition of boundary conditions may
arise. However, when using integral equations, only
the ferromagnetic materials need to be modeled
and it is not necessary to set boundary conditions,
since the domain is infinite. All the space in which
the primary (real sources) and secondary sources
exist is regarded as free (u=u,).

The 3D calculation of a magnetic field by means
of integral equations will be shown for the simplest
model; a current carrying conductor and nearby fer-
romagnetic cuboid plate.

MODEL FOR 3D CALCULATION

The model studied is shown in Figure 1, while a
simplified model for calculation is shown in Figure
2, in which the deflection and diameter of the con-
ductor are ignored.

Current I, of frequency f flows through the conduc-
tor of length [ in the direction of the +x axis. A fer-
romagnetic plate is placed symmetrically beneath
the conductor. The plate has constant conductivity
y and constant permeability u. The origin of the co-
ordinate system is in the center of the conductor,
according to Figures 1 and 2.

The influence of other sources and materials (ex-
cept the ferromagnetic plate) on the magnetic field
of the conductor is ignored. The field will only be
calculated along the z axis.
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— efektivna vrijednost struje koja te¢e kroz vodic,
— frekvencija,

— duljina vodica,

— progib vodica,

— promjer vodica,

— duljina feromagnetske plo€e u smjeru x-osi,
— duljina feromagnetske plo¢e u smjeru y-osi,
— duljina feromagnetske plo¢e u smjeru z-osi,
— z koordinata donje plohe feromagnetske ploce,
— vodljivost feromagnetske ploce,

— permeabilnost feromagnetske ploce (u=u,u.),
U, — permeabilnost zraka (u, = 1,256-10° H/m).

T"RY O QAT ~Sh 2~

Zbog kvazistati¢nosti polja (f= 50 Hz), proracun
¢e se provesti u kompleksnom podrucju pa ¢e sve
vremenski ovisne veliine imati to¢ku iznad naziva
(fazor). Ako veli¢ina ima i vektorski karakter, onda
¢e naziv biti podebljan (bold) (npr. H).

— effective value of current flowing through
conductor,

— frequency,

— length of conductor,

— deflection of conductor,

— diameter of conductor,

— length of the ferromagnetic plate in the x-axis
direction,

— length of the ferromagnetic plate in the y-axis
direction,

— length of the ferromagnetic plate in the z-axis
direction,

z, — z-coordinate of the bottom surface of the
ferromagnetic plate,

— conductivity of the ferromagnetic plate,

— permeability of the ferromagnetic plate
(u=uyp,)

Uy — permeability of the air (x4, = 1,256-:10° H/m)

b

o

v
u

Because the field is quasistatic ( f = 50 Hz), the
calculation will be performed in a complex plane so
that all time-dependent variables will have a point
above the symbol (phasor). If the variable is a vec-
tor, it will have a bold symbol (e.g. H).
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Slika 1

Ispitivani model vodica i
feromagnetske ploce
Figure 1

Studied model of

a conductor and
ferromagnetic plate

Slika 2

Pojednostavljeni model
za proracun magnetskog
polja

Figure 2

Simplified model

for magnetic field
calculation



PRORACUN MAGNETSKOG CALCULATION OF A ,AND H,
POLJA VODICA (BEZ FOR A CONDUCTOR (WITHOU'IQ
FEROMAGNETSKE PLOCE) A FERROMAGNETIC PLATE)

Dogovorno ¢e sve veli¢ine koje uzrokuje primarni All the variables which are caused by primary
izvor (vodi¢) I, imati indeks 0. Vektorski magnetski source I, will have an index of 0. (vector magnetic
potencijal A, i jakost magnetskog polja H, proracu- potential) and (magnetic field intensity) will be cal-
nat ¢e se prema Biot-Savartovu zakonu. Buduci culated according to the Biot-Savart law. Since the
da struja u vodi¢u te¢e samo u smjeru +x 0si, U current in a conductor only flows in the direction
promatranoj to¢ki prostora vektorski magnetski of the +x axis, the vector magnetic potential at the
potencijal imat ¢e samo x komponentu, a jakost observation point on the z-axis will only have an x
magnetskog polja y i z komponentu. component, while the magnetic field intensity will

only have a y and z component.
Vektorski magnetski potencijal i jakost magnetskog
polja u bilo kojoj to¢ki (x,y,z) dani su sljede¢im Vector magnetic potential AO and magnetic field in-
izrazima: tensity at any point (x,y,z) are calculated as follows:

-':I‘., = .Ir"ll‘h:.'I'.‘L'I'.ﬂ:'l.ll aprll, =

_:‘}h
-Irt {1:+: j
@)
.I‘Ilfll
+ - -
dm(y +27)
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POSTAVLJANJE INTEGRALNIH
JEDNADZBI ZA MODEL

Neka se prema slikama 1 i 2 promatra navedeni
model vodi¢a i feromagnetske ploCe za kvazistaticki
slucaj.

Pretpostavlja se da su sve vremenske promjene
sinusne s kruznom frekvencijom w.

=21 f

Vanjski vremensko promjenjivi izvor I'0 u feroma-
gnetskoj plo¢i uzrokuje magnetizaciju i vrtlozne
struje $to se modelira sljede¢im sekundarnim
izvorima [11 i [2]:

J, - gustocéa vrtloznih struja (A/m?) koja se razvija
. unutar volumena V feromagnetske ploce,

K, - linijska gustoca magnetizacijske struje (A/m)
koja se javlja na povrSini S feromagnetske

) plo¢e (magnetizacijski strujni oblog),

o, — plosna gustoéa elektri€nog naboja (C/m?)
koja se pojavljuje na povrsini S feromagnetske
ploce,

Prema [1] i [2], ukupno magnetsko polje kojeg
stvaraju navedeni primarni i sekundarni izvori u
bilo kojoj toCki prostora je:

Hl’ {r}=.n":’,,{rb-- h:,. (ri+ f;'al_r}_

R

gdje je:

Ho(r) - magnetsko polje koje u toCki r stvara pri-
) marni izvor I, ,

H (r) — magnetsko polje koje u tocki r stvara se-
) kundarni izvor J,,

H (r) — magnetsko polje koje u tocki r stvara se-
kundarni izvor K ,

r — radij vektor promatrane tocke (slika 3) u
kojoj se racuna polje (moZze biti bilo gdje u
prostoru; unutar volumena V na povrsini S
ili izvan volumena V),

SETTING THE INTEGRAL
EQUATIONS FOR THE MODEL

Let us consider the model of the current carrying
conductor and ferromagnetic plate for the quasi-
static case according to Figures 1 and 2.

It is assumed that all the time variations are sinu-
soidal with angular frequency w:

®)

The outer time varying source 1'[, causes magnetic
polarization and eddy currents in the ferromagnetic
plate, which can be modeled by the following sec-
ondary sources [1] and [2]:

jv — surface eddy current density (A/m?), which
appears inside the volume V of the ferroma-
) gnetic plate,

K, — line magnetizing current density (A/m), whi-
ch appears on the surface S of the ferromagne-
tic plate,

— surface electric charge density (C/m?), which
appears on the surface S of the ferromagnetic plate.

o

v

According to [1] and [2], the total magnetic field
caused by the previously mentioned primary and sec-
ondary sources at any point of the space is as follows:

" £ I l ® R
H(r)=Ho(r)+ 22 [ e )x =dF's— [Ka(r)x —=d§", )
{ -I:r:,] } R -IJ':_,I R

where:

H\(r) — the magnetic field at point r caused by the
) primary source I,
H (r) — the magnetic field at point r caused by the
) secondary source J,,
H(r) - the magnetic field at point caused by the
secondary source K,
r — the radius vector of the observation point
(Figure 3), in which the field is calculated
(can be anywhere in the space; inside the
volume V, on the surface S or outside volu-
me V),
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r’  —radij vektor tekuce tocke integracije (slika r’  —radius vector of the integration point (Figure
3) (moze biti samo unutar volumena Vil 3) (can be either inside the volume Vor on
) na povrsini S), ) the surface S),
R — vektor udaljenosti (slika 3). R — connecting vector (Figure 3).
F=X-ds+ ¥V dy+I-4;, (6)
r'=x"a.+ y-a,+za:, 7
R=r-r, @)
r 1 ]
R=J{x-x ) +[_1'—_r']E wz-2) . ©)
Slika 3
Radij vektori
Figure 3 A

Radius vectors

Vektorski magnetski potencijal u bilo kojoj tocki The vector magnetic potential at any point of the

prostora dan je sljede¢im izrazom [11i [2]: space can be calculated as follows [1] and [2]:

Airy=Aalr)+ Aviry+ Asir), (10)

L ¥ 0 R0 L RE | R | A Ry .y

A(r) =Aolr)+ Ji(r') —=—+— |Kalt')—, (1)
T 4 -r & 4:1! R
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gdje je:

A(r) - vektorski magnetski potencijal kojeg u

) toCki r stvara primarni izvor I,

A(r) - vektorski magnetski potencijal kojeg u

) to€ki r stvara sekundarni izvor J,,

A(r) - vektorski magnetski potencijal kojeg u
tocki r stvara sekundarni izvor K .

PloSni naboj o, stvara skalarni elektri¢ni potencijal
¢ koji je u bilo kojoj toCki prostora dan izrazom
[11i[2]:

- I ® , d_l,:‘l
= W ]_1
or) dne, _;.[ﬂ r R

gdje je g, relativna dielektri¢na konstanta u zraku:
&= 8,854-10"?2F/m.

Djelovanjem operatora grad na potencijal ¢, za
tocku koja ne lezi na S dobiva se:

s 8 R
ad = - W )—d§
grad p(r) [o(r )=

N8, 3

Za to¢ku na grani¢noj plohi S vrijedi (s unutrasnje
strane povrSine S feromagnetskog materijala) [1]:

where:

A(r) — the vector magnetic potential at point r cau-
) sed by the primary source I,
A (r) —the vector magnetic potential at point r cau-
) sed by the secondary source J, .
A(r) - the vector magnetic potential at point r cau-
sed by the secondary source K .

Surface charge o, creates electric scalar potential
¢. At any point of the space, this potential can be
calculated, as follows [1] and [2]:

where g, is the relative dielectric constant in the air
&= 8,854-10?F/m.

If the operator grad is applied to the potential ¢, S
can be written as follows for any point that does not
lie on the surface:

For a point on the surface § (from the inner side
of the surface S of the ferromagnetic material), the
following can be written [11:

gmn.lr:':{rl-fur]=;1—'—4:: J&.ir'}%dﬁ". (14)
a8y £y

U bilo kojoj to¢ki r unutar volumena V vrijedi [31:

a

.i’.lfrl=}'-E..'i_r]-—-;.‘r

—_umn;lu;lir:l—jru;l{rj

At any point r inside the volume V, the following
can be written:

\
(15)

E
J
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Uvrstavanjem izraza (11) i (13) u (15) dobiva se: Inserting expressions (11) and (13) into (15), it

follows:
- = i . I_n'l E = - ] i & &
7+ 220 () LA L (&) LB = J'r:r.{r‘}—'ﬂ;d.‘i'
4 R 4 7 R Aane,;
J'.Fl' . . (16)
=—joy Aulr) .
U bilo kojoj tocki r na povrsini S vrijedi [11: At any point r on the surface S, the following can

be written [11:

Kalr)= Eri.m-.F-ﬂr]xnf,r}= 24 l}..[rj-ib F;'h.{r]+f-h-.{r} “nir) a7

gdje je: where:
n(r) - okomica na povrsinu u tocki r. n(r) — Normal at the point r.

Usmjerena je iz feromagnetskog materijala prema The direction is from the ferromagnetic material

van. towards the outside:
Y e
=, (18)
. +1
UvrStavanjem izraza (5) u (17), dobiva se: Inserting expression (5) into (17), it follows:
. i . R . . R
ﬂ'm{rl—"’—'i’_r J APV — [ xm{rd V-2 _[ Kulryx— | xnir)d 8
m R s - R
ror (19)

s E-J.n-;fuﬂr]:ﬁﬂ{f}.

Takoder se za bilo koju to¢ku r na povrSini § moze At any point r on the surface S, the following can

napisati [3]: also be written [3]:

L L ¥
E(r)=—gradplr)— jeu Alr). (20)
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Iz uvjeta na granici feromagnetski materijal-zrak
dobiva se [11:

Eir)-nir)=0.

MnoZenjem (20) sa n(r) i uvrStavanjem (11), (14)
i (21) u (20), slijedi:

Jl"'-'."..l .

o (Fy 4 30l jm_r:mral ¥ J‘J . | dis

= =2 joue, Ao} s{r).

Izrazi (16), (19) i (22) su integralne jednadzbe iz
kojih se dobivaju trazeni sekundarni izvori.

DISKRETIZACIJA .
INTEGRALNIH JEDNADZBI

Da bi se odredili J, (unutar volumena V), K ,i g,
(na povrsini S feromagnetske ploc¢e), volumen V
se dijeli Nyna volumnih elemenata, a povrSina S
(oplo$je kvadra) na Ny povrSinskih elemenata (slika
4). Ny je broj podjela u smjeru x osi, Ny broj podje-
la u smjeru y osi i N, broj podjela u smjeru z osi.
Kao elementarni volumen AV uzet ¢e se kvadar
zbog konstantnih granica integracije. Elementarna
povrSina AS je pravokutnik.

A
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From the conditions at the boundary between the
ferromagnetic material and the air, it follows [11:

Multiplying (20) by n(r) and inserting (11), (14)
and (21) into (20), it follows:

mirh | rr(r]ﬂ:‘” ¢

' §

Pl

(2)

Expressions (16), (19) and (22) are integral equa-
tions from which secondary sources are calculated.

DISCRETIZATION OF
INTEGRAL EQUATIONS

In order to find J (inside the volume V), K", and ¢ o,(on
the surface S of the ferromagnetic plate), volume V is
divided into N, volume elements, while the surface
S (surface of the cuboid) is divided into Ny surface
elements (Figure 4). Ny is the number of divisions in
the direction of the x-axis, Ny is number of divisions
in the direction of the y-axis and N, is the number of
divisions in the direction of the z-axis. Elementary
volume AV is cuboid because of the constant borders
of integration. Elementary surface AS is rectangular.
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Slika 4

Podjela volumena Vi
povrSine S feromagnetske
plo¢e na elementarne
volumene AV i
elementarne povrSine AS
Figure 4

Division of the volume

V and surface S of the
ferromagnetic plate into
elementary volumes AV
and elementary surfaces
AS.



Prema slici 4 vrijedi:

According to Figure 4, it follows:

Ny,=N_-N -N

x F

Ny =2N N +N_ N, +N_N,).

(23)

Pretpostavit ¢e se da je J, konstantan unutar sva-
kog elementarnog volumena AV te da su K,,i ¢
konstantni na svakoj elementarnoj povrSini AS.

v

Integralne jednadzbe (16), (19) i (22) napisat ¢e
se u obliku skalarnih jednadzbi po komponentama.
JednadZbe ¢e se postavljati u tezistima volumnih i
plodnih elemenata.

Za bilo koju to¢ku r, teziSta elementarnog volume-
na AV, vrijedi (r' je teziSte tekuéeg volumnog ili
povrSinskog elementa po kojem se integrira):

It will be assumed that J is constant inside every
elementary volume AV and that K ,and o, are con-
stant on every elementary surface AS.

Integral equations (16), (19) and (22) will be writ-
ten in the form of scalar equations for the compo-
nents. The equations will be set in the center points
of the volume and surface elements.

For any center point r, of elementary volume AV;the
following can be written (r,' is the center point of
either volume or surface element being integrated):

Tl

]

}+_|cu'"|rr,,;: ZJ““ ) Idl jfu},ril,zxm{r ]I

Y Zn.{r,’} I'TJ;.,:IIL‘IS' =—j:r.r,‘.-'.11:“lfr, b

(26)

Jeaptio g, d qu,l;u.,
O Yo Wow Ykt 1]’

ful
rleE

4ru.

o =l

27)

= = jey Aos (1) ).
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Za bilo koju toc¢ku r, tezista elementarne povrsine For any center point r; of elementary surface AS, the
AS; vrijedi: following can be written:

h"m{rh

Y {v-—r}u(rh{- =y ir) ;
EJH dy'-
x5 v ]I R

1 Ny o — Ny SREL
LI Sy B If-"”—!"a"'dpr Attty ;: Bt 3% 5y [EEDA0) 4,
ir 3 LT R AN, R

(y=¥ ln{r}+{-—'}nlr]
Ka:(r") d§'- (28)
§ | v
3 Ny
"'"m ) 1 {t‘ l."] H'{J"} f 1--: :I T}":r.. ]
:_E. ’IT 5 gxuq j_rR—dS

;1-;h-[f;ru}{rl ].1.-1,1,1-,.]—.*};.{:; | " (r }].

Kmvl‘,r}— ZJ"t ) j“.—]n{r}dlﬂ

=l

WA A Y bRy

:'m Hy Z*""'[ }!fh'—v AACIRT

zﬁﬂﬂl }I r—rin[ri};{-—'}ntr}ds,
inll
r'lu'
‘- | J—
_.inz el lj——;‘ Y3indny e
- ' |

1}

2'-I'-'.P‘(—'!'lrlh{ri}'”,{nj*"r}{'liﬂ}lnl[’.ﬂ:}
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Budu¢i da ukupno postoji 3Ny + 4Ng nepozna-
tih sekundarnih izvora u teziStima volumnih i
povrSinskih elemenata, potrebno je napisati isto
toliko skalarnih integralnih jednadzbi. U tu se
svrhu svaka od jednadzbi (25), (26) i (27) postav-
lja u svim tezisSnim toCkama volumnih elemenata
(ukupno 3N, skalarnih jednadzbi), dok se svaka od
jednadzbi (28), (29), (30) i (31) postavlja u svim
teziSnim tockama povrSinskih elemenata (ukupno
4N skalarnih jednadzbi).

RjeSavanjem linearnog sustava od 3N, + 4N
jednadzbi sa 3N, + 4N, nepoznanica, dobivaju se
trazeni sekundarni izvori u tezistima volumnih i
povrSinskih elemenata.

Magnetsko polje u bilo kojoj tocki r prostora je:

g r;{m:\.:r:.} _:_:'d.:’;-'" 3 .I%ll.ilr:lj -'1—-_;Eds.
Z I } Z j L]
] ik R Ll A5 R ]

N

H,(r) = Hn.{m— anj—w

[ s - : ! A Xy -
E[—zhmtq :J?d.ﬂz.ﬁ

H.(r)= Hm:rh—-— ZJ..{J‘ ) j——d:f' ZJ“qr

----[Zﬁm.:r rJ'— Y 45 Eh.mlir nj'- --—'.1:;'-

|‘.|I

Za navedeni model u kojem se polje racuna u
smjeru osi z je Hyy = Hy, = 0.
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Since there are 3N, + 4Ng of unknown secondary
sources in the center points of the volume and
surface elements, it is necessary to write the same
number of scalar integral equations. Therefore,
equations (25), (26) and (27) are set in all the
center points of the volume elements (a total of 3N,
scalar equations), while equations (28), (29), (30)
and (31) are set in all the center points of the sur-
face elements (a total of 4N scalar equations).

By solving the linear system of 3N, + 4Ny equations
with 3N, + 4Ng unknowns, the secondary sources at
the center points of volume and surface elements
are obtained.

The magnetic field at any point r of the space is as
follows:

‘Z"}“ [i‘:'} I:R;:-.dl"ll‘_‘it}m::ﬂil jjﬁ;lhlld J:'”

‘._.ll

(33)

2 d';'l.

(34)

For the defined model, Hyx = H,, =0.
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MODEL /
Model

1

2
3
4
5

I,
(A)

5,26
5,26
5,26
5,26
5,26

Magnetska indukcija B se dobiva mnoZenjem ma-
gnetskog polja sa u,:

.I;.‘f-.l:r:l=.|'|'"'.lr+i|l-.'r}.
.:i‘_utr] =, -f:f_xtr],

B.(r)=p - Halr).

Efektivna vrijednost magnetske indukcije u bilo
kojoj tocki prostora je:

Es,m{.

B.ry +

b, 1
Bir)= ULH-;{ +

\

PRIKAZ REZULTATA
MJERENJA

Mjerenje magnetskog polja obavljeno je na pet
modela prema slici 1. Podaci o modelima nalaze
se u tablici 1.

f l P d

(Hz) (m) (m) (m)

50 7,3 0,175 0,005
50 7,3 0,175 0,005
50 7,3 0,175 0,005
50 7,3 0,175 0,005
50 7,3 0,175 0,005

Krivulje izmjerenih vrijednosti magnetske induk-
cije po z osi na modelima prikazane su na slici
5. Vidljivo je da se umetanjem feromagnetske
ploce ispod vodi¢a smanjuje magnetsko polje is-
pod ploce, dok se magnetsko polje iznad vodica
neznatno povecava. Sto je plo¢a deblja, prigusenje
polja ispod ploce je vece.

Magnetic flux density B is obtained by multiplying
the magnetic field intensity by u,:

(3%)

(36)

(37)

The effective value of the magnetic flux density at
any point of the space is as follows:

MEASUREMENT RESULTS

Magnetic field measurement was performed on five
models according to Figure 1. Model data are given
in Table 1.

Tablica 1 — Podaci modela
Table 1 — Model data

a c %,
(m) (m) (m) (m)
0,51 0,80 0,00125 -0,146
0,51 0,80 0,00250 -0,146
0,80 0,51 0,00125 -0,146
0,80 0,51 0,00250 -0,146

The curves of the measured values of the magnetic
flux density along the z-axis are given in Figure 5.
It can be seen that the inserted ferromagnetic plate
beneath the conductor decreases the magnetic field
under the plate and slightly increases the magnetic
field above the conductor. The thicker the plate, the
greater the attenuation of the field under the plate.
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z(m)

=

0,5

1,5 2

model 5/ model 5
-0,5 -

wr &

model 3/ model 3

USPOREDBA REZULTATA
PRORACUNA | MJERENJA

Kao s$to je ve¢ receno, proracun magnetskog polja
na modelu napravljen uz zanemarenje progiba i
promjera vodi¢a te zanemarenje utjecaja svih osta-
lih izvora i materijala na polje vodi¢a (osim na-
vedene feromagnetske ploce). Krivulje usporedbe
mijerenih i racunskih vrijednosti B za modele 1 do
5 prikazane su na slikama 6 do 10. Usporedene
krivulje dobro se slazu.

Odstupanja od oko 15 % postoje u najviSim mjer-
nim to¢kama iznad vodi¢a (cca na 1 m iznad vo-
di¢a) zbog utjecaja polja ostalih izvora.

z(m)

0,5 e

model 4 / model 4

B(uT)
45

model 2 / model 2
model 2 / model 2

COMPARISON OF THE
CALCULATED AND MEASURED
DATA

As previously stated, the deflection and diameter of
the conductor are ignored in the calculation of the
magnetic field intensity of the model. Furthermore,
the influence of other sources and materials (except
the ferromagnetic plate) on the magnetic field of the
conductor is ignored. The measured and calculated
curves of B for models 1 to 5 are shown in Figures 6
to 10. The compared curves have good matching.

Deviation of approximately 15 % exists only in the
highest measured points above the conductor (ap-
proximately 1 m above the conductor) due to the
influence of the other conductors.

B(uT)
45

Model 1/ Model 1
Samo vod bez feromagnetske ploce /
Only conductor without ferromagnetic plate

Legenda / Legend
=+ Mjerenje / measurement
prorac¢un / calculation

Cuci¢, B., 3D proratun kvazistatickog magnetskog polja ..., Energija, god. 56(2007), br. 6., str. 712-729
Cuci¢, B., The 3D Calculation of the Quasistatic Magnetic Field ..., Energija. vol. 56(2007). No. 6, pp. 712-729

Slika 5

Krivulje izmjerenih
vrijednosti B po z osi na
modelima

Figure 5

Curves of the measured
values of B along the
z-axis for the models

Slika 6

Usporedba krivulja
izmjerenih i racunskih
vrijednosti B za model 1
Figure 6

Comparison of the
measured and calculated
curves of B for Model 1



Slika 7

Usporedba krivulja
izmjerenih i ratunskih
vrijednosti B za
model 2

Figure 7

Comparison of

the measured and
calculated curves of B
for Model 2

Slika 8

Usporedba krivulja
izmjerenih i ratunskih
vrijednosti B za
model 3

Figure 8

Comparison of

the measured and
calculated curves of B
for Model 3

Slika 9

Usporedba krivulja
izmjerenih i ratunskih
vrijednosti B za
model 4

Figure 9

Comparison of

the measured and
calculated curves of B
for Model 4
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ZAKLJUCAK

3D proracun kvazistatiCkog magnetskog polja
preko integralnih jednadzbi pokazuje se vrlo efi-
kasnim u prostoru u kojem se trazi polje daleko od
izvora i u kojem nema puno razli¢itih feromagnet-
skih materijala. Pri tome se pretpostavlja da su
vodljivost i permeabilnost feromagnetskog materi-
jala konstantni.

Za navedeni model vodic¢a i feromagnetske plo¢e
postoji vrlo dobro slaganje rezultata mjerenja i pro-
racuna. Feromagnetska plo¢a, umetnuta ispod vo-
di¢a, smanjuje magnetsko polje vodi¢a u podrucju
ispod feromagnetske ploc¢e, a neznatno povecava
magnetsko polje iznad vodica.
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CONCLUSION

The 3D calculation of a quasistatic magnetic field
by means of integral equations is very effective for
a space in which the field to be calculated is far
from the source and in which there are not many
different ferromagnetic materials. The conductivity
and permeability of the ferromagnetic material are
assumed to be constant.

For the defined model of the current carrying con-
ductor and ferromagnetic plate, the results of the
measurements and calculations are in good agree-
ment. The insertion of a ferromagnetic plate be-
neath under the conductor decreases the magnetic
field under the plate and slightly increases the mag-
netic field above the conductor.
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Slika 10

Usporedba krivulja
izmjerenih i ratunskih
vrijednosti B za
model 5

Figure 10
Comparison of

the measured and
calculated curves of B
for Model 5



