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Abstract—The paper presents equations which allow us to

calculate directly flux densities and eddy currentdensities in E H,"‘,Z,B'"f’ EH,‘"m
electromagnetic fields. A new method of the notatio of the BP“\ Hyisa /A A Vi
magnetic and eddy current field components and theonnections 1= i A
of these components with space division networks Besented in Hose s-cofb-—A4e-— VA
this paper. Special attention is paid to taking inb account the e f ;’w;f < \‘/H,,,1
relations which associate flux densities and fieldntensities in ;i > L4 RN
individual parts of a ferromagnetic material. Fm- At A - b=/ B
Index Terms—Eddy currents, electromagnetic fields, / Hoozs ,/f Hyins /' Hpon
electromagnetic modeling, magnetic flux density. / V- -

Fig. 1. Four neighboring segments of the magriitid with
. INTRODUCTION a marked mestd,s; denotes a component of eddy current densities
The Maxwell equations are the basis of almost alhods

of electromagnetic field calculations. Examples and
advantages of the use of the Maxwell equationgeninitegral  AjyH + ApoH o + AyH 5 + AgH o = Sy Wy d, + W, 3, +34) (2)
form are presented in [}} [4]. The proposed method of the
formulation of the 3D electromagnetic field equatois
similar to the reluctance network method [4], [Blowever,
reluctances are not used in the creation of thenetagfield
network. The determination of the reluctance valoésa
nonlinear magnetic circuit is quite inconveniergpecially if
the hysteresis phenomenon is taken into account.

All equations can be written as

whereH,,;, H.., H, andH,, are the column vectors of thé,,
H., Hs, andH, components respectively.., A., A, and
A, are matrixes of the distancas S, is the matrix of areas,
J, andJ,, are the column vectors and of theJ, components
of eddy current densitie¥y,, andW,, are matrixes coupling
individual meshes of the magnetic field network hwit
appropriatel, andJ, components of eddy current densitigs,
is the vector of densities of external currents.

Using the Gauss law it is possible to write equegifor

Field spaces are divided into elementary rectamgulthe independent nodes of the network in the form
prism-shaped segments. The centres of segments are Is
connected by brancheR.is preferable to determine the so- Y ¢ B, =00r &, (3)
called tree as a system of branches connectingghges of k=1

all segments and not creating any closed path. fne whereBy is a flux density component, denotes the area of

density componerB,, and two field intensity componenith, the se o .
. . . gment face which is penetrated by the magfiet
and H.,, are associated with only one of the branches Wh'QBith the componenB,, andl; is the number of the magnetic

,?O%S] not btelong ft(ihthe tree. TPe co&nfhonemgre m(i;etcted flux density components associated with the giveden
dq f[aé:en tre_z Oth € segm?n S ar|1_| He compo tare The productcBy represents a certain magnetic flux which
irected outside the segments. BieHs, H,, components are flows into the segment or flows out of the segmeit.

asgomate;d with branches belqnglng to the tree.r Fogquations in the form (3) can be written as follows
neighboring segments are shown in Fig. 1.
CmBm"'Cpo= ¢ex (4)

Il. DIVISION OF FIELD SPACES

Ill. EQUATIONS OFMAGNETIC FIELD
Q where B,,, B, are column vectors of thB,, B, components

On the basis of the first Maxwell equation it isspible t0  respectivelyC,, C,are matrixes of the areas of segment faces.
formulate equations for independent meshes indfre f On the basis of (2) and (4) it is possible to folate one

8 equation in which th&,, column vector is unknown.
2 aH =5;J 1)
k=1

IV. EQUATIONS OFEDDY CURRENTFIELD

whereH, is a field intenSity componertd, denotes a distance The network of the eddy current space is Crea]rﬂ]jaly
between the centre of the Segment and the centrtheof as previous'y, but 0n|y one Component of the edd,yant
segment face) is the density of the current of an externaljensity is assigned to each branch. These compoimene
circuit or the density of an eddy current, asddenotes the the tsubscript if they are associated with branches not
area of the surface determined by a mesh. belonging to the tree, otherwise the componentse hie



w subscript. On the basis of the second Maxwell égunate the centre of this material (Fig. 2). On the basgighevoltages
can formulate equations for independent meshdwifiorm of measurement coils the flux densities were cated and
compared with the calculated flux densities.

a4 d
pg'ldk‘]k =58 a B (5) mezisuremj;lt coils
1
wherepis the resistivity of a ferromagnetic materidljs the "L/ 7
distance between the centres of segmehtienotes an eddy % /%
current density componers, denotes the area of the surface fe=re=
determined by a mesh, ari8l is the flux density of the Fig. 2. The cross-section of a steel plate
magnetic_ ﬂUX.WhiCh penetrates the sur_face_&re_a with a current-carrying wire and measurement coils
All equations in the form (5) can be written in myaform 03
d d 0.2 ,"'{\X )
p(DJ; + D,J,,) = Sg| W — By +Wg, —B, (6) /A= g1\
dt dt £ o1 / \‘\/ { |
where J,, J, are column vectors of thé, J, components §> A{/f"“a"- 2 /’J{/—-\
respectivelyD,, D,, are matrixes ofl, distancess; denotes the s ofy A N
matrix of areass, Ws, andWs, are the matrixes coupling the e L !
independent meshes of the eddy current network thith : \\ /: \ /
appropriate componenB;, andB, of the flux densities. -02 \ /." Y /,'
For each independent node of the eddy current mktwe ¥ N4
can formulate equations which have the followingrfo 0 0.01 Tqﬁ?i © 0.03 0.04
|
|
zs:|ka =0 @) Fig. 3. Changes of flux densities; continuous }rthe waveform determined
= on the basis of measured voltages, dashed line edleulated waveform
k=1
wherely is the area of the segment face which is peneitiate VI. CONCLUSIONS
the eddy current with the componeht and |, denotes the ) A
number of eddy currents flowing into the given segm The presented method of the formulation of equatism

The product,J. represents a certain equivalent eddy curreif€rtain modification of the reluctance network noeth
which flows into the segment or flows out of thgment. Al although reluctances are not used because it ie difficult

equations in the form (7) can be written as follows to dgtermine them for non-linear materials. Theppsed
notation of the field components allows us to redube

LJy+L,Jy, =0 (8) number of equations to the sum of the independeshes of

whereL,, L, are matrixes of the areas of segment faces. ,th? magngtic and eddy current. fields. By usingehg_gjations
On the basis of (6) and (8) it is possible to folat®i one It Is relatlve_ly easy to take _|nto account nc_mlmm of
equation in which thd, column vector is unknown. ferromagnetic material, especially the hysteresanpmenon.
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