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The purpose of the work is to obtain the expressions for the intensities of the electric and magnetic components of
electromagnetic field at the action of two types of the basic sources of external field located near conducting half-space,
where the eddy currents flow. The basic sources are the rectilinear current of infinite length, parallel to the interface
between the dielectric and conducting media, and the magnetic moment, oriented along normal to the interface. The
solution for electromagnetic field at surface between the media is applied. It is valid for strong skin effect in the form of
expansion into an asymptotic series. Each term of the series is proportional to the derivative of corresponding order of
external field components. This allows taking into account the external field non-uniformity. It is shown that the
mathematical models with ideal skin effect have limited application. Then it is necessary to use more correct
mathematical models for non-uniform field and a bounded depth of skin layer. The obtained expressions for
electromagnetic field at the action of the basic sources of non-uniform external field allow us to use the principle of
superposition to determine the field distributions in electromagnetic systems with more complex three-dimensional
configuration. References 25, figures 5.
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Introduction. Despite significant progress in numerical calculation methods, the development of
effective methods for solving three-dimensional problems of electromagnetic field, including analytical ones,
in a fairly general formulation remains a topical problem. This is due to the wide use of the harmonic and
pulse fields in electrotechnical, electrophysical devices and in technological processes where the
electromagnetic field interacts with conducting bodies. As examples, we can mention the devices for
magnetic pulse forming of thin-walled metal products [1-3], the heat treatment technology for metal
products using induction heating [4-8], processing metal, in particular welded joints at the action of strong
electromagnetic field and high-intensity current to improve mechanical properties [9—14].

The general analytical solution of three-dimensional problem in the system of electromagnetic field
with arbitrary external sources near conducting half-space is summarized in [15] by results of numerous
articles. The solution has no restrictions on the electrophysical properties of media and field frequency. In
the case of the high-frequency and short-time pulse electromagnetic fields the strong skin effect occurs, then
the current and field are localized in the thin surface layer of conducting body. Under such conditions, the
problems are significantly simplified and the perturbation methods can be used [16, 17]. M. Leontovych
proposed to use the approximate impedance boundary condition in order to take into account the bounded

penetration depth & =/2/ (coupoy) of electromagnetic field with cyclic frequency ® and such properties of
conducting medium as conductivity y and relative magnetic permeability . At approximate approach, it is

assumed that the electromagnetic field locally penetrates into metallic body by the same way as a uniform
field penetrates into conducting half-space. The local value of the field is determined by the model of a body
with ideal conductivity, when the penetration depth is equal to zero 6 — 0 [18, 19]. Further, the approximate
approach using the impedance boundary condition was extended to bodies with different geometric and
physical properties of the boundary surfaces, and the acceptable methods for electromagnetic field
calculation were also developed [20-22].

This work demonstrates the results of simplifying the determined exact analytical solution of the
initial three-dimensional electromagnetic field problem in the case of strong skin effect in expanded
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statement, when the field penetration depth is small not only as compared with the characteristic size of the
body, but also with the distance » between the external field sources and observation points at the surface of
the body. The approximate solution was obtained b (, exsansion of the potentials and field vectors into an

V2r)<1[23].

The main difference from works on perturbation method consists in the substantiation of the results,
since they are obtained on the basis of the exact solution of the problem. The extended formulation of strong
skin effect along with the obtained results of series expansion allowed us to make conclusions regarding the
general features of three-dimensional electromagnetic field forming. In particular, it was established that at
flat boundary the field intensities are determined not only by the magnitude of the components of known
external field, as in the model for ideal skin effect, but also by its derivatives with respect to coordinate
perpendicular to media interface. So, the effect of field non-uniformity at the surface is determined, and the
field distribution at the surface does not require solving the additional boundary-value problems.

Despite the fact that the results are obtained for arbitrary configuration of external field sources, the
application of calculation expressions to solve a number of problems still requires an unreasonably large
volume of calculations. Such problems include, for example, solving the inverse problems of
electromagnetic field theory, optimizing the external source location, determining the necessary surface area
exposed to the field, other problems. Therefore, within the framework of the simplified method for
calculating three-dimensional electromagnetic fields, it is relevant to obtain the specific expressions for
typical elements of external field, which, using the principle of superposition with summation of the fields
created by a system of such elements, will allow developing the calculation algorithms for a wide range of
external field sources.

The purpose of the work is to obtain specific expressions for the intensities of the electric and
magnetic components of electromagnetic field under the action of two types of basic sources of the external
field located near conducting half-space, taking into account the eddy currents induced by a rectilinear
current contour of infinite length, parallel to the interface between the dielectric and conducting media, and
by magnetic moment, oriented along the normal to interface surface.

Mathematical model. Approximate solution of three-dimensional problem. The general
analytical solution of the linear three-dimensional conjugation problem of quasi-stationary electromagnetic
field at the flat boundary between the dielectric and conducting media is given in [15]. In the case of strong
skin effect (at € <1), the problem solution in dielectric region is presented in the form of asymptotic series,
each term of which is proportional to the derivative with corresponding order of the given components of
external field sources [23]. These expressions are basic to determine the field at boundary surface for typical

sources of external magnetic intensity H o - The calculations with sufficient accuracy can be performed for

asymptotic series in term of small parameter € = MS/

the small parameter €<0.3. This condition is fulfilled for many technological processes, where it is
necessary to ensure a strong interaction between the inductor and high-conductivity body. The resulting

expressions are presented separately for the tangential and normal components of electric E = EH +E | and
magnetic H = H, I +H | intensities.

The tangential component of electric intensity at the media interface is the same in the dielectric and

conducting media:
oM
Ez= 0 =G ) 2a, e, x H . 1
I ZO )u} {az ol} (1)

z=0
Here ¢ = p/y is the surface impedance, p =./iopp,y is the propagation constant, and i is imaginary unit.

The coordinate directed along the axis perpendicular to the surface is denoted as z. The factors q, (u) are

2
o0
the coefficients of the Taylor series for function 1/w= Zan (p)(x/ Ji ) where W(X) + 1+( ]
n=0 \/; M\/_
The number N of the terms of limited asymptotic series is determined, first of all, by the value of small
parameter ¢ .
The normal component of the electric field intensity is different at the sides of the dielectric and
conducting areas. The general property of field forming follows from the exact solution of the boundary-
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value problem, and consists in the fact that for any € at any point of conducting half-space, the component
of the electric field intensity directed perpendicularly to the surface is equal to zero [15]. And then at the

surface of the body in dielectric medium, the normal component of electric intensity EI is completely
determined by the induced electric field of external sources, which is considered as known:

E (z<0)=0. Ef =2i0dy,(z=0). 2)
Here A, (z =0) is the normal component of the vector potential of the magnetic field of external sources.

The same values for the tangential component of magnetic intensity at the different sides of the
media interface are as follows

6(n)HOH

N+1 n
H(z=0)==% 2a,_ S—FJ inl [ | B 3
(e=0)=- 3 20,6 57| 1 ®

z=0

where it is accepted that a_; = -1
Taking into account the continuity of the normal component of magnetic flux density, the

expressions for the normal components of intensities in the dielectric H| and conducting H| areas at
interface surface are determined by

N nH [ A(n+)
) . er 0 H
PERVERS SR €4 e Y

: 1
— i az n+
n=0 \/_ z=0

In the given expressions, the first term of the series expansion (# =0) corresponds to the simplified
model of the field at the surface of the body: the tangential component of the magnetic intensity H, H(Z = 0)

corresponds to the field for body with ideal conductivity; the tangential component of the electric intensity
E'H(Z=O) is related with the tangent magnetic field component by Leontovich's approximate impedance

boundary condition; the normal component of magnetic field H 1 for body with ideal conductivity is equal

to zero, so the first term of the series corresponds to the normal derivative of external field.

As seen from (1), (3) and (4), the powers of small parameter ¢ for each separate term of the series
coincide with the order of the derivative of external field components, which as a whole characterize the
non-uniformity of this field. The greater the value of ¢, the greater the value of the corresponding
asymptotic series term. From this point of view, the value of & can be considered as a characteristic of
external field non-uniformity near the media interface.

The electric and magnetic components of the field at the flat surface of conducting body are
calculated according to expressions (1)—(4) for external field created by the rectilinear current parallel to the
flat surface and the magnetic moment oriented perpendicularly to the media interface.

Rectilinear current of infinite length parallel to media interface. Since at quasi-stationary
approximation, contours with current are necessarily closed [24], the application of the model for straight-
line current can be considered with certain restrictions. For external field sources in the form of contours
with current, which are represented by a set of rectilinear sections (Fig. 1, a), the field can be considered at
distances  which are small as compared to the characteristic dimensions of the contour D, i.e. r/D<<1.

Since the field is considered at media interface, this condition is extended to the distance from the current to
the surface h/D <<1, where # is the distance between the-conductors of the contour and boundary surface

for each rectilinear section. The areas near the corner points of the contour are excluded from consideration.

In the case of external field source, which contains the curvilinear current contour, coplanar to
boundary surface (Fig. 1, b), the local replacement by rectilinear thread with current can be performed for
each specific point of the contour. The direction of the current thread is to be coincided with the direction of
the tangent vector to the contour ¢ . The local replacement of the curvilinear contour with rectilinear thread is
often used to determine the magnitude of magnetic field. The replacement is possible in a limited area near
the current at the distance that is much smaller than the radius of curvature of the contour r/R <<1. This
condition is added to the restrictions on contours with rectilinear sections.

As a result, we have the simple calculation model for rectilinear current, parallel to the flat media
interface at distance 4 from it and in this case directed along of the axis x of Cartesian coordinate system
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(x,y,z) (Fig. 1, ¢).

pe=1, y.=0

He= I, Yezo

K, Y

Fig. 1
The magnetic field created by direct current is well known. The field intensity at arbitrary point of
the space is determine by the following expression

. I ye.—(z-he,
H,= . Q)
2 )2 (z-h)?
Here (e, e, e, ) are the standard basis vectors of the coordinate system.

The field of rectilinear current is non-uniform. Therefore, the field distribution at the surface, which
is determined by the field of the external current and eddy currents in conducting half-space, is related with
the level of field non-uniformity, i.e. with the value of parameter ¢ and the corresponding derivatives of
external field in expressions (1), (3) and (4). The expressions are approximate, and for the specific
calculations presented below, the small parameter does not exceed permissible value —£ <0.3.

The parameter € depends on the distance » between the source and points of observation. At the
point O at the surface, the distance » =/ is minimal and then the parameter ¢ takes the maximum value

€y = ué‘)/ (h\/z ): er/h. At this point, the error of approximate calculation method is the largest. Using &

and ¢, , the surface impedance is equal to ¢ = \/;(ouohs n - Below we will use one common small parameter
g,, for analysis.

By substituting the value of external magnetic field (5) into the expressions for field intensities (1),
(3) and (4), we obtain their distribution along the media interface. The field distribution along coordinate y

depending on both parameter ¢,, and the height of location /4 is carried out with dimensionless quantities.
For the selected type of non-uniform external field, we introduce the following normalization of field

intensities: E|T = EH Ko/ and H =H I
21 2Tch

The expressions for normalized intensities under the action of external direct current field are as

follows
(n)(,_
E| =e g, Za ( j s - (Z th : (6)
Oz r I
N+l c 18( )( hj
H) =e? e 't - , 7
| = l;)a l[%j e @)
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where r =4/ y? +(z—h)2 .

Fig. 2 illustrates the effect of parameter ¢,, for the electric and magnetic field intensities at different
points of the surface. Since this parameter is proportional to the penetration depth of electromagnetic field, it
simultaneously shows the influence of the depth on field distribution for fixed distance /4. The electric field
intensity, which is zero for ideal skin effect at ¢,, =0, increases with growth of ¢,, almost linearly (Fig. 2,
a). The influence of external field non-uniformity is most strong for the points located at the smallest
distance from field source. The same tendency occurs for magnetic field intensity (Fig. 2, b), which has the
greatest value at ideal skin effect. As seen the decrease in magnetic field intensity with increasing parameter
g,, becomes less appreciable for more remote points of the surface from the source.

For ideal skin effect (ideal electrical conductivity of the medium), the normal component of
magnetic field intensity is equal to zero. But this component occurs in the case of diffusion of non-uniform
electromagnetic field into body at ¢,, >0 (Fig. 2, ¢). As following from (8), the normal component of
magnetic field is an odd function of coordinate y and therefore directly under external current at y =0 the
field intensity is equal to zero. The non-zero value of the normal component of magnetic field intensity takes
place at points on the surface at | y| >0 and ¢, >0.

IE.| \H,| ||
0.6 2 03
y/h=0
/h=0
0.4 ’
0.5
1.5 \
0.5
0.2 .
0.7 0.9 07
0.9 ]
1
00 0.1 02 g, 0 0.1 02 g,
a b c
Fig. 2

The electromagnetic field distributions in the form of dependences on the relative value y/h at
different parameter €,, are shown in Fig. 3. The more external field non-uniformity, which, as noted above,

is characterized by parameter ¢, , the greater the magnitude of-electric field intensity (Fig. 3, @). It should be

noted that the value of e=¢,, / Vi+(y/ h)2 decreases as the distance from point O is closest to current. It is

shown in the reduction of the effect of field non-uniformity at more remote points of the surface.
In the case of ideal skin effect, the tangent magnetic field component is equal to double value of
tangent external field component (Fig. 3, b, curve for ¢, =0). With increasing of ¢, , i.e. an increasing in

the depth of eddy current flow, the field intensity at the surface decreases.
Fig. 3, ¢ shows that the normal component of magnetic field intensity has a non-monotonic
character. It reaches its maximum value at the points of the surface y/h~0.5+0.75 for the range of

m <0.3. The greater the value of parameter ¢,,, the greater the maximum value of this magnetic field
component. When ¢, =0.3 the maximum normal component constitutes 23% of tangential component, and
the normal component cannot be neglected.
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Magnetic moment oriented perpendicularly to the interface of media. The sources of the
external field are not only contours with alternating current. The external field sources can also be
represented by a system of magnetic moments [25]. The field of the magnetic moments is also non-uniform,
and therefore for its determination with eddy currents in conducting body having flat surface, it is necessary
to use calculation method that takes into account the field non-uniformity. When strong skin effect takes
place, the application of analytical method, using expressions (1)—(4) is advisable.

The use of the field of magnetic moments is also useful for calculating the electromagnetic field
when the external field is represented by contours with alternating current. This is due to the fact that for
quasi-stationary approximation the contours should be closed and each of them cannot be divided into parts

[24]. At the same time, the principle of

dm Az superposition is valid for magnetic field
| of the system of magnetic moments. Each
=5 y contour of arbitrary configuration with

current / can be replaced by the surface
bounded by closed contour with field
sources in the form of a double layer of
magnetic charges (magnetic moments),
dm =nyldSn , where pgln is the vector

of surface density of the distributed
magnetic moment which is directed along
the normal n to the surface (Fig. 4).

Each magnetic moment m is a
separate field source with magnetic field intensity. The expression in vector form for the intensity at arbitrary
point of space is as follows

Fig. 4

1|{3m-rr m
| ©)

Hy=—
04nrr

where vector r is directed from source point (from moment m ) to point of observation.

As in the previous case, we will consider a basic external field source in the form of one magnetic
moment that varies in time according to a sinusoidal law. In this paper, we will consider only the magnetic
moments directed perpendicular to the flat surface of body m =m_e,, which is located at distance 4 above
the surface of conducting body. The system of such moments with expressions (1)—(4) makes it possible to
determine, in particular, the field under the action of planar current contours parallel to media interface. In
this case there is the same limitation on configuration as in the previous case with the rectilinear current.

The external magnetic field of magnetic moment m | =r_e, is characterized by axial symmetry and

it is convenient to write the expression in cylindrical coordinate system (p,6,z ) with unit vectors e, eq. e

directed along the corresponding coordinates. In this coordinate system, the external magnetic field (9) can

8 ISSN 1607-7970. Texn. enekmpoounamira. 2024. Ne 2



be represented as two components along the directions e, and e,
. . . ) .
H():L 3M_ﬂ Mz 3M_L e2+&3wep. (10)
4r rs ]/-3 4r r5 ]/‘3 4n ]/'5

We will analyze the electric and magnetic field intensities using normalized values, defined in this

case as follows: Ef =E‘| (Hom coj H" H/( 3j
4mh? 4mh

The external field of the magnetic moment is non-uniform. Therefore the expressions for field
components at the surface will contain the terms of asymptotic series that are proportional to the derivatives
with respect to the vertical coordinate and parameter ¢,, raised to corresponding power. The tangential

component of electric field intensity has only azimuthal component
o (z_p
E—eex/_6 € a[ Jhn+4 ( j
| " Z Vi "\l

where r=+/p? +(z—h)2 .

; (11

z=0

The normalized values of the tangent and normal components of magnetic field intensity are given as

N+1 (n)
. 0 z—h
H| =-e,6- Zan 1( J e n( E : (12)
Oz r S
N nl (1) (o _ P — 02
H =e.2) a2 s @ Az=h) —p” | (13)
\/; aZI’H—l r5
n=0 z=0

Fig. 5 shows the dependences of the field variation along the surface at different small
parameter g, for the modules of normalized complex amplitudes of electromagnetic field intensities.

For ideal skin effect at ¢, — 0, the tangential electric field intensity and normal magnetic field
component are equal to zero. That is why these values are not presented in Fig. 5, a, c¢. On the contrary, the
tangential magnetic field H , is equal to double value of the tangential component of external magnetic field

[23]. It reaches its maximum at the points of the circle with radius p=/4/2 and, as following from (12), it is

—6-0,5/y0,5% +1=-1,717.

equal to H Jmax = —‘H ;

max
Eo'| IH,| H.'|
2 1.5
0.3 6. =0
/\ €,=0.2 15 €,=0.2
0.2 X 0.1 1 /
0.15 1
0 0.15 0.1
0.1 AN 05 0.5
0.2 : 0.05
0.05 0
0
0 1 2
0 1 2om 0 Pl 1 2 plh
b c
a
Fig. 5

When parameter ¢, increases, that is, with the increase in external electromagnetic field non-
uniformity, the field distribution within the surface changes. The tangential component of electric field
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(Fig. 5, @) is no longer equal to zero and increases with increase of €, . On the contrary, the tangential
component of magnetic field intensity decreases with increase of ¢, . This is due to the increase of skin layer

thickness and, accordingly, the decrease in field of the currents flowing through surface layer.
For non-uniform field and bounded skin layer thickness, that is, at €, >0, the normal component of

magnetic field intensity is no longer zero. Note, already for €, = 0.2 the normal component ‘H : becomes

commensurate with the tangential component ‘H ; , and the neglect of this field component in simplified

models can lead to significant calculation errors. Also note that the normal component of magnetic field
becomes insignificant at distance p/h>0.8. As the analysis shows, this is due to the fact that the phase shift

of normal field component changes sharply within the range of p/h~ 0.8 +1.0 by approximately 180°. This

means that over this range the change in the direction of normal field component as compared to the
direction at p/h < 0.8 takes place.

Conclusion. The proposed specific expressions for electromagnetic field at the interface between the
dielectric and conducting media in the case of strong skin effect are directly determined by the known field
of external sources. This condition greatly simplifies the solution of field problems, as there is no need to
solve separately the field equations at the surface. The principle of superposition with the help of obtained
specific expressions for the basic elements of external field in the form of the rectilinear current and magnetic
moment, which change in time according to sinusoidal law, can be used to solve a certain class of three-
dimensional field problems with strong skin effect.

As following from the analysis of obtained results for the basic elements of external field, the
mathematical models with ideal skin effect have a limited scope of application. In the case of non-uniform field
of the external sources, when the penetration depth of the field is commensurate with the distance between the
source and conducting body, it is necessary to use more correct mathematical models for electromagnetic field.
The analytical approaches using the expansion of field intensity components into an asymptotic series with
introduced small parameter are a convenient way to describe the electromagnetic field.

Further development of the study can be aimed to determine the field under the action of other
sources of non-uniform external field and to find the impedance boundary condition for such fields. It allows
applying the known approaches to solve the boundary-value problems of electrodynamics.
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EJEKTPOMATHITHE IOJIE HA IIJIOCKI IIOBEPXHI EJJEKTPOITPOBIJIHOI'O TIJIA, OGYMOBJIEHE
CTAHIAPTHUMMU JKEPEJIAMHU HEO/IHOPI/THOI'O 30BHIIIHBOT O ITOJIA

}O.M. Baceubkmuii, 10KT. TEXH. HAyK
Incruryr esexkrpogunamiku HAH Ykpainn,
np. Bepecreiicbkuii, 56, Kuis, 03057, Ykpaina, e-mail: yuriy.vasetsky@gmail.com.

Memoio pobomu € OmMpUMAHHA KOHKPEMHUX 6UPA3i8 Ol HANPYICEHOCMEU eNeKMpPUYHOi ma MAcHIMHOL CKAA008UX
eNIeKMPOMACHIMHO20 NOoJsi Yepe3 Oil0 080X MUNI6 eNeMEeHMAapHux 0dicepen 306HIUHbO20 NOs, PO3MAUOBAHUX NOOAU3Y
€/1eKMpONPOBIOHO20 NIGNPOCNOPY, 3 YPAXYSBAHHAM GUXPOGUX CMPYMIG: NPAMONIHINHO20 CMPYMY, NAPANENbHO20 NOBEPXHI
nooiny dieneKmpuyno2o ma eneKmponpogiono2o cepedosuly, i MaeHimHO20 MOMEHMY, OPIEHMOBAH020 83006JIC HOPMANI 00
N0BEPXHI eNeKMPOnPOGiOH020 Mina y pasi nposasy CUIbHO20 CKiH-ehexmy. 3acmocosano po36 30K 0 e1eKmpOMASHIMHO20
NoJs Ha NOBEPXHI NOOINY cepedosuUly, Wo CNPAGeONUBULL 3 CUNLHO20 CKiH-eghekmy y 6unsidi pO3KIA0aHH: 6 ACUMRMOMUYHUL
PAO, KOJICEH YJleH 5IK020 NPONOPYItHULL NOXIOHOI 8i0N0BIOH020 NOPAOKY 8I0 KOMNOHEHM 308HIUHBOZO NOJS, WO O0dE 3MO2Y
8paxyeamu 6naUe HeoOHOPIOHOCMI 308HIWHb020 noA. Tlokasano, wo mamemamuuni mooeni 3 i0eanbHumM CKiH-eghexmom
Maroms obmednceny 001ACmb 3ACMOCYBAHHS, WO 00YMOGIIE Ol HEOOHOPIOHO20 Noisi | KiHyegol 2nubunu CKiH wapy
3acmoco8yeants Oinbul KOPeKmHUX mamemamudnux mooeneu. Ompumani eupasi O eleKmpomMacHimHo2o noas 3a Oii
efleMeHmapHux 0dicepen HeOOHOPIOHO20 308HIUHBLO20 MO 0AIOMb 3MO2Y GUKOPUCMOBYBAMU NPUHYUN CYNEPNo3uyii 3a0s
BUZHAYEHHSA PO3NOOINY NOJIG 8 eNeKMPOMASHIMHUX CUCmeMax Oinbul CKIaoHoi mpusumiproi Kongicypayii. bion. 25, puc. 5.
Knrwuesi cnosa: TpuBHMIipHE KBasicTalllOHapHE EJIEKTPOMArHiTHE TOJe, CHIbHUN CKiH-€()eKT, 30BHIIIHE TOJE MPSIMOTO
CTpyMy 1 MarHiTHOTO MOMEHTY, aCHMIITOTHYHHII METOA, aHATITHYHUHA PO3B’A30K.
Hapiiinura 23.02.2024
Ocratounuii Bapiant 25.03.2024

ISSN 1607-7970. Texn. enexmpoounamixa. 2024. Ne 2 11



