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COMPUTER SIMULATION OF ELECTROMAGNETIC FIELD WITH
APPLICATION THE FREQUENCY ADAPTATION METHOD

Context. A modern stage of powerful radio-electronic and electrotechnical systems development, with a power more than 1 MW, imposes
increased requirements to their energy equipment, uninterrupted operation and power supply reliability in various operational modes. Field
simulation of such systems class is based on modern numerical realization methods of boundary value problems for Helmholtz and Maxwell
equations, both in single-connected and multi-connected domains. It imposes increased requirements to resources, computer hardware speed
and software computing efficiency, defining the relevance of a new mathematical apparatus development or its elaboration, including
combinations of analytical and approximate numerical methods.

Objective. The purpose of work is the elaboration a new numerical realization methods of field models taking into account AC
electrophysical processes with high frequency on the basis of Helmholtz equations in frequency formulations, adapted to software packages
use with a free license.

Method. A new method of frequency adaptation is elaborated, which provides systems of Helmholtz equations reduction in vector
magnetic potential formulations to the recurrent modified Maxwell’s equations, in analogies of DC formulation, and also provides high
precision and field simulation efficiency.

Results. The generalized spatial mathematical model of interrelated electromagnetic and electrothermal processes AC energy conversion
in current-conducting wires of powerful radio-electronic and electrotechnical systems is offered. This model considers operational modes,
nonlinear dependences of electrophysical properties in electrotechnical materials, replacement effects and outer superficial effects, self- and
mutual induction. A new method of frequency adaptation is elaborated, based on Helmholtz system of equations reduction in the vector
magnetic potential formulations, in frequency domain, to the recurrent modified Maxwell’s equations, in analogies of DC formulation, and also
provides high precision and field simulation efficiency. At numerical realization of frequency adaptation methods and finite elements, the
number of freedom degrees decreases twice. It is caused by step-by-step solution the recurrent modified Maxwell’s equations, in analogies of DC
formulations, for real and imaginary components of electric and vector magnetic potentials.

Conclusions. The elaborated new frequency adaptation method significantly expands possibilities of production design preparation for
powerful radio engineering systems. It allows using the software packages with a free license, reduces requirements to computing resources,
reduces time costs and provides high precision in electromagnetic fields simulation.

Keywords: radio-electronic systems, electrotechnical systems, electromagnetic field, finite element method, frequency adaptation, field
simulation, DC, AC, Helmholtz and Maxwell’s equations.

NOMENCLATURE

AC — alternating current;

DC — direct current;

FEM - finite element method;

MBE - boundary elements methods;

o — specific electric conductivity;

0 — local temperature;

[y — vacuum permeability;

K, — equivalent relative permeability;

o; — specific electric conductivity at i component of

o — angular frequency;

Aw — frequency step;

i — component of geometric domain,;

k, n — interval and step of discretization;
X, y, z — coordinate axes;

V — electric potential,

geometric domain,

6; — local temperature at i component of geometric
domain;
K — equivalent relative permeability at i component of
geometric domain,;
i, j, k — unit vectors;
f — frequency;
H — magnetic field strength;
E — electric field strength;
J — current density vector;
E , — projection of the E on the axis x;

V; — electric potential at i component of geometric
domain;

A — vector magnetic potential,

A, Ay, A, — projection of the A on the axis x, y, z;

Ay, A yi> A,; — projection of the A on the axis x, y, z at
i component of geometric domain; J . — projection of the J on the axis x;

Ql, Q2 — sections with different electrophysical
properties;
(Axi )ws (Ayi )m, (Azi )w — frequency derivatives of A ;, Hg,, Hgp, — magnetic field strength at Qf,

A, A Q2 sections;
© Yarymbash D. S, Yarymbash S. T., Kotsur M. I., Litvinov D. O., 2018
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A, V,, — frequency derivatives of A and V;
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Ja1, Jap — current density vector at ()], ()2 sections;

CRre > Cim — real part and imaginary part of coefficient
G

§ — field penetration depth;

¢ — speed of light (universal physical constant);

Zonq — final thickness;

E,.; — electric field strength at z,,;.
INTRODUCTION

A present stage of powerful radio-electronic and
electrotechnical systems development, with a capacity more
than 1 MW, imposes increased requirements to their energy
equipment, uninterrupted operation and power supply
reliability in operating modes [1-3]. High level of competition
in the international markets (in civil and defensive spheres)
and also essential restrictions on mass-dimensional
indicators and prices increase for electrotechnical materials
both conductive, and ferromagnetic, cause relevance of
creation a new domestic production at the level of the best
world samples. Therefore, at the production design
preparation stage of powerful radio engineering systems, it
is necessary to pay great attention to auxiliary systems and
structural elements, in particular, to the systems of special
current-conducting wires which are carrying out a reliable
power supply the basic modules and units.

Despite the large volume of the researches connected
with similar systems design of current-conducting wires for
other industries [4-16] to provide adaptation of their results
for powerful radio engineering systems very difficult. This
is due to high density of their configuration and installation,
the electric power transmission with AC high harmonics
and, as a consequence, a significant influence of proximity
effects, self- and mutual induction, which are usually
neglected in common industrial equipment design. The
known calculation procedures and powerful systems design
of special current-conducting wires, which are based on
circuit simulation methods and root-mean-geometric
distances [4, 5, 17-19], do not satisfy the precision
requirements and reliability. Respectively, it should be
compensated for, by creating and testing prototypes, and
as a result, additional material expenses and financial
resources, labor costs and time for production preparation,
by increasing the final product cost.

Now mathematical simulation methods of electrodynamic
processes in high-frequency systems on the basis of
Helmbholtz [20—22] equations were widely adopted, which
are implemented by expensive specialized software packages
(ANSYS, Comsol Multiphysics, etc.). Their use leads to the
essential growth of financial costs on hardware and software
production design preparation, which becomes very difficult
at the existing crisis factors. In addition, the use of software
with a free license, for example, FEMM, for modeling the
electrophysical processes of high-frequency alternating
current is limited due to the absence of specialized software
modules in them. Besides, the software application with a
free license, for example FEMM, for AC high frequency
electrophysical processes simulation is limited due to the
absence in them specialized program modules. Therefore,
the elaboration problem of perspective approaches for field
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models numerical realization on the basis of Maxwell’s
equations in frequency statement should be consider
relevant. These approaches expand the area of software
use with a free license and adapted to production design
preparation requirements for special systems of current-
conducting wires of powerful power supply modules in radio
engineering systems.

The purpose of the work is the elaboration a new
numerical realization methods of field models taking into
account AC electrophysical processes with high frequency
on the basis of Helmholtz equations frequency formulations,
adapted to software packages use with a free license.

To achieve this purpose, the following tasks are
formulated: to elaborate new numerically-field calculations
methods of interrelated electromagnetic processes during
energy transmission, with AC high frequency, for special
systems of current-conducting wires; to verify these
methods on test mathematical models experimentally and to
elaborate on this base the recommendations about their
practical use.

1 PROBLEM STATEMENT

The electromagnetic field in geometric domains of
current-conducting components and their circumambients
is described by conjugate system of equations for vector
magnetic potential and electric potential complex amplitudes
[7-9, 11]:

Vx [(Houei)_IVXAi]= Jjoo;(0; XA; +VV;),
V- [0:(0,)-V 1] =—jeo V-(c;(0;)- A;). M

In the system of equations (1), the projections of A and
V' are parametric functions of AC angular frequency :

@

Ai :i'Axi((sz5yaZ)+j'Ayi(®>x5yaz)+k'Azi(o‘)axay5z)a
Vi =V(ox.y.2),

which have continuous derivatives in parameter o

(), = ol (0.5 20,

(Axi )w = 6[Axl.(03, X, y,z)l/am,(Ayi )m =
ol 020 (4), -

= 6[Azl.(o), x,y,z)]/@u),

Ai)(n = i’(Axi)m +j'(Ayi)w +k- (Azi)m'

)

The system of equations (1) is supplemented by
magnetic and electric fields conjugation conditions at
environment sections boundaries with different
electrophysical properties for magnetic field strength vectors
and current density in current-conducting wires [7-9]:

nop0x x(Ho —Hgy ) =0,
4
noar-(Jar—Ja2)=0, @
under boundary conditions on the external shields surfaces
[7-9]:

{A=0,n-J=0 )
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and on the symmetry planes [7-9]:
{axH=0,n-J=0. (©6)
2 REVIEW OF THE LITERATURE

The known engineering techniques of calculation and

current-carrying wires design [4—6, 17—19], based on the
electrical circuit’s theory, methods of generalized expressions
and mean geometric distances, have essential assumptions
and don’t answer modern requirements of precision. In
recent years, at high-frequency electromagnetic processes

description, field simulation has become widespread [7—
16]. The analytical and numerical methods [23, 24] realized
on the computer can be applied to the problem formulations
of electromagnetic fields simulation given above. Numerical
methods are conventionally divided into three main groups
[24]: integral (a boundary elements method, a secondary
sources method, an integration method on field sources
and a inductively connected circuits method) [23, 25, 26],
differential (finite differences method and finite volumes
method) [27, 28] and variation (Ritz’s method, Galerkin’s
method, finite elements method) [29, 30, 31]. The MBE
belong to the most widespread integrated methods [26, 27,
32]. Their feature is that the integrated equation of rather
unknown quantities is formulated only on the computational
domain boundary. They are successfully applied to the linear
partial equations solution in private derivatives of elliptic
type. The FEM belongs to the variation methods based on
the use of variation statements equivalent to an initial
boundary-value problem [30, 33, 34]. FEM is based on the
fact that for the elements into which the investigated domain
is divided, an approximation of the required function is
described [34, 35]. And this approximation has to provide
this function’s continuity throughout the definition range.
FEM allow to realize rather large number of elements, when
using special algorithms for systems numerical solution of
algebraic equations with band matrix coefficients. The
elaboration of this method became possible thanks to
computer technology development and specialized software
with user-friendly interfaces. They are successfully applied
to the field problems solution in irregular geometrical shape
domains. FEM disadvantage is the stability lowering of
computational process for nonlinear frequency field models
and requirements for the use of specialized expensive
software [11-14] and significant computing resources [10].
Because of the essential differences in the elements
geometric dimensions of current-conducting systems, in
electromagnetic processes simulation, the authors [12—16]
significantly simplify computational models or consider
them in a plane-parallel statement [13, 14]. Also, the
community absence of approaches in describing and
simulating low- and high-frequency electromagnetic
processes leads to significant increase in computing and
time resources that complicate the use of field calculation
methods at production design preparation stages. It causes
need of elaboration new approaches based both on

analytical and numerical methods combination and on the
frequency formulations reduction of Helmholtz problems to
other types of problems.

3 MATERIALS AND METHODS

For synthesis a new method for system equations (1)
(3) solution, it is necessary to differentiate system equations
of (1) with respect to the parameter , neglecting magnetic
and electrical properties dependences of current-conducting
wires materials on AC angular frequency m:

Vx [(Hol»le)il 'VX(Ai)w]: —jGi(ei)[Ai +VVi]—
- joo; (ei)[(Ai)o) + (VVi)m]» %)
Vo160, v-02), |- ~¥o:(0)A, ) jovlo 0,)MA, ), )

Replacing continuous range domain of frequency «,

by the discrete sequence {U)O =0,0,...,0p,

(Dk+1,...,con=27'c~f}, transform this system of the

differential equations to an integrated form:

n—10ky

S [7), do=7 (005002705, ,2)

kOmk

n—10ky

> I(Axl')md@ =

k=0 o

Axi(wnﬂx7yﬁz)_Axi(oaxsysz)a

n—10k41
> j( )dco A (o),,,x,y,z)—
k=0 (o

Ayi(O,x,y,z),

®

n—10ky

z I(Azl.)wdo) = Azi(wn,x, y,z)— Azi(O,x,y,z),

k=0 o,
n—1®k4 n—1®+1 n—10k+

lz,[( Xz) d")ﬂz.[( )d“”kz,[( Zl) dw_
k=0 @, k=0 @, k=0 o,

= i~[Axl.(0)n,x,y,z)— Axl.(O,x,y,z)]+

+j- [Ayi(wn,x, y,z)— Ayi(O,x,y,z)].:,.

k~[Azl.(mn,x,y,z)—Azl.(O,x,y,z)]

For the left parts of system ratios (8) the next
designations are accepted:

(Vz) k= (Vl((’)k’x ».z )) ,

( ) ( (og,% 0.2 )) ’

(A y,) =&, (op50.2)) ©)
(A ) =(A;(0p.x 0.2 ))

Zi

and the right rectangles formula [36] is applied
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-1

3

Vj(mnaxay’ )

b

=0
A (mnax y’

n—1

,

n—1

Azi(mn’x’y’z): Z(Azi )w,k+1 '((Dk+1 -
k=0

Perform the averaging of system ratios (7) for frequency

parameter change range ((Dk SO +1)

[ X[(uoua)’1~VX(A) ]d“)— -J lﬂ JA;+v ]+
+o)cs,-(9,-)[Am,- +VVmi]}d(D- (In
O 41
[G 6 )w]d(o:
3
O
=—j TV 0,)A;)+oV(o (ei)(Ai)w)]dm‘ (12)

Oy

and apply the right rectangles formulas [36] to the left parts
in the systems (11), (12) and the left rectangles [36] for their

right parts. By reducing them to ((Dk 41 —(Dk), there are
obtained the recurrent equations of rather unknown

frequency derivative potentials (A, )(D r+ and (V, )m P

V(o )

<Ay |2 =0 A ) +

+V(Vi )k + 0y [(Ai)w,k + V(Vt )co,k]}’ (13)
{ lc ()cok+lJ le( (Vl)k)+
+ka( 10:XA), ) (14)

which allow solutions independent of each other.

If to perform summands regrouping between the left and right
parts of system (13), (14) integrated equations, then it is possible
to obtain the modified systems of equations in the form:

{VX l(Houa)_l X (Ai)m,k+l J: ~joi(6; ){(Ai )k *

+ V(VI )k T O [(Al )w,k + V(Vl )w,k]}’ (15)
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( )mk+1 (®k+1—®k)—
Z(Axl)w,m ()1 — 0 )—

Ay ((Dnax Y,z Z(Ayl) kil 0)k+1 (Dk)_

”_1 . . .
+j- Ayl_(O,x,y,z)—i-k . Azi(O,x,y,z)+ ,{Z‘il . (Axi)m,k+l +j (Ayi)m,kﬂ +k- (Ayi)

Vj (O, x,y,z),

A, (0,x,9,2),

4, (0,x,,2),
(10)

)= 4;(0.x..2),

i~Axl.(o)n,x,y,z)+j~Ayi((on,x,y,z)+k~Azl.(oon,x,y, )—1 A, (Oxy, )

k+l:|'(0)k+l_03k)

,

Vloit0))

==J [V(Gi (6; )(Vz )k )+ (Dk+1v(6i (6; XA, )m,k )l (16)

which differ from the recurrent equations (13), (14) by
frequency parameter .

wk+lJ

In the systems of equations (13)—(16) initial approaches
for vector magnetic and electric potentials are defined from
independent solutions of homogeneous differential
equations

(1o, ) v Ai]= 0,

{V X

(17)
V-[o;(6;)-v-¥;]=0
and can be considered as approximations to direct current.

Initial approximation for (Ai)w o and (Vl )m o are defined

from the system of equations solutions (7), independent
from each other under the condition wy =0

Vg, -9 (A ) [0, A )y +¥02),
V‘[Gi(ei)'v'(V) ]— ~jv(o/(0,)A; ) (18)

Thus, by transformations (8)—(14), the system of
equations in frequency formulation (1) adapts to the
mathematical description and approaches for solutions in
DC analogies (15)—(18). The main advantage of adapted
approach should be considered possibility of independent
solution the magnetic and electric fields equations with
respect to frequency derivatives of vector magnetic and
electric potentials on each step of frequency parameter
discrete change. Initial approximations of the vector
magnetic potential and electric potential are defined
according to direct current. Convergence conditions of
iterative process are defined by convergence conditions
for Euler’s method [37].

4 EXPERIMENTS

In data absence on the application new frequency
adaptation method (7)—(18), for realization electromagnetic
field problems, it is expedient to estimate its efficiency on
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the basis of a model problem, which has an exact analytical
solution. For this purpose there is considered a skin-effect
mathematical description in current-conducting components
of waveguide system [20]. There is investigated the
phenomenon of electromagnetic field localization and electric
current in the domain of electrically conductive plate, oo-
wide and « -extended, with z,,; (fig. 1). It is accepted that

current density vector will be directed along the Ox axis and

there is considered its projection jx,j = ijx(z) which

>

corresponds to condition div(J ): 0 and o extended system

along the Oy axis.
Since the electric current is a harmonic function of time
(with ®), then, taking into account the ratio

E =ol, = E-e/®, it suffices to consider Helmholtz

equation with respect to electric field strength amplitude [20]:

2
d f—jM%‘)GE:O- (19)
dz c
with boundary conditions in the form:
E(0)=E0, E(Zend)zEend’ (20)

General solution of equation (19) has the form [20]:

E(z)= CRe _ei\/—i4ncpm/c2 n Clm .e—iﬂ—i4ncum/c2 (2

Taking into account the expression for skin-effect layer

thickness
o= c/,/ZnGuoa, (22)

expression (21) can be transformed to the next form:
E(2)=Cpe omi(=i)z/8 Cien i)/ (23)

If to enter designation E = E(z)/E,

end >

then, satisfying

expression (23) to boundary conditions (20), we obtain an
analytical solution that describes distribution of the intensity

complex amplitude E in electrically conductive domain (Fig. 1):

(l_e(zm(m))/zs)_ I ST _1)_ei(1—i)z/8

Ez8)= O R e ) [ -(24)
A -
X
Z end
&/ 2 >V
O .
2
= ]
Figure 1 — Skin-effect simulation domain in current-conducting

WIre

By frequency adaptation method for a frequency step
equal to Aw = m, the approximate solution of equation (19)
with boundary conditions (20) will have the next form:

3 3
2_Zend+z

~ V2 2
EAm:m(Z’S)Nl*'gZ‘ Zond *Z 3 +’§Z‘(Z—Zend)- (25)
For analysis of approximate solution precision, obtained
by frequency adaptation method, there were carried out
electric field strength calculations for a planar conductor,
the thickness of which changed in a range

1.4-8<z,,5 <2.0-8 with Az,,; =0.2 step and there was

estimated the approximate solution error (25) with respect
to exact solution (24). A typical feature of frequency
adaptation method is the even number of iterations. On odd
iterations, the imaginary components of the solution are
specified, and on even ones, the real components. At the
same time the number of iterations for studied model doesn’t
exceed 4.

5 RESULTS

Results of numerical experiments for a research of
approximate solutions precision, obtained by an analytical
method and a new frequency adaptation method are
presented in Fig. 2. According to the exact solution, the
nonlinear character of the field strength distribution is
determined by the depth of its penetration into
electroconductive environment, mainly by AC frequency.
At electroconductive layer thickness

1.4-8 < z,,; <1.8-8 the distribution will have a parabolic

form. Comparison of exact solutions the system of equations
(1) and calculations by a new frequency adaptation method
(25), taking into account Am = o , confirms that the error of
this method is lower than 0,6% for parabolic form of field
strength distribution in current-carrying components domain
of current-conducting systems (Fig. 2a).

For exact solution, at z,,; > 2.0-9, the parabolic form of

field strength distribution is transformed into a flattened form
(Fig. 2), and the error of frequency adaptation method
increases to 5.1% due to the effect of the “false” local
convexity on the symmetry axis of current-conducting wires.
This negative effect is easily compensated by a step reduction
of frequency adaptation to Aw =0.5-®, and by increasing
the number of iterations up to 4, at the same time the error
decreases to 1.2% in comparison with exact solution (Fig.
2b). It confirms high precision of the offered frequency
adaptation method, which can be also realized in structure of
application programs packages for stationary field simulation,
as a rule, having a free license (for example, FEMM).

For current-conducting wires with a rectangular plan
configuration, field calculations were performed in Comsol
Multiphysics software structure for frequency model (1)—
(6) and in the FEMM software structure for frequency
adaptation model (18). Field calculations in Comsol
Multiphysics and FEMM structures used triangular finite
elements, the number of which was 55264. When comparing
the arrays of local values for magnetic field strength module,
the relative discrepancy deviation for these methods did
not exceed 1.24% for Aw=w and 0.75% A®=0,5-®. As
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Figure 2 — The exact (24) and approximate (25) solutions comparison of Helmholtz equation (14):

a—for Awm=w; b—for Aw=0.5-®

the number of freedom degrees on each frequency
adaptation step decreases twice, time consumption for
numerical realization the frequency adaptation stationary

model (18) decrease by 2.4-2.8 times at Aw=w. At
Ao =0.5-@ time consumption is decreased by 1.12—1.18
times in comparison with numerical realization frequency
model (1)—(3).

6 DISCUSSION

Thus, the frequency adaptation method has a simple
numerical implementation and doesn’t require the use of
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specialized commercial software. This method can be used
in conjunction with final elements method and can be realized
in the FEMM structure. At the joint application the
frequency adaptation methods and final elements method,
the numerical realization efficiency is caused by reduction
the problem dimension on each step in frequency twice. It’s
provided by step-by-step realization the recurrent equations
(18) both for the real, and for imaginary components of
potentials. Error’s growth of the frequency adaptation

method at z d22.0~ 8 can be compensated by decreasing
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the frequency step from Aw=o to Aw=0,5-w. The
frequency adaptation method’s error for problem solution
of AC electric field in a one-dimensional statement doesn’t
exceed 0.6% for Aw =, in 1.4-8 < z,,; <1.8-drange, and
1.2% for Aw=0.5-w,in 1.8-8 < z,,; <2.0-6 range. Thus,
the frequency adaptation method provides good
computational accuracy for engineering calculations. This
method can be used in problems of calculation and analysis
of electromagnetic fields in one-dimensional, two-
dimensional and three-dimensional formulations. Numerical
realization data, in Comsol Multiphysics and FEMM
structures for frequency adaptation to stationary field
models, correspond with high precision to numerical
realization data for frequency field models, but the time
consumption are reduced from 1.12 to 2.8.

CONCLUSIONS

A new method of frequency adaptation is elaborated,
which provides systems of Helmholtz equations reduction
in frequency domain to the recurrent Maxwell’s equations
in DC analogies, high precision and field simulation
efficiency. At the joint realization the frequency adaptation
methods and final elements method the number of freedom
degree decreases twice, which is provided by step-by-step
realization the recurrent modified Maxwell’s equations in DC
analogies, both for the real, and for imaginary components of
the electrical and vector magnetic potentials. The frequency
adaptation method’s error for problem solution of AC electric
field in a one-dimensional statement doesn’t exceed 0.6% for
Aw=ow, in 14-8<z,,; <1.8-5 range, and 1.2% for

Aw=0.5-0,in 1.8:8<z,,; <2.0-8 range. At calculating
the plane-parallel electromagnetic field for current-conducting
components of current carrying systems the frequency
adaptation method’s error doesn’t exceed 1.24%, and time
consumption are reduced from 1.12 to 2.8.

The elaborated frequency adaptation method
significantly expands possibilities of production design
preparation for the powerful radio engineering systems,
allows to use software packages with a free license, reduces
requirements to computing resources, reduces time
consumption and provides high precision of electromagnetic
fields simulation.
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’KaH]. TeXH. HayK, JOLEHT, JOUEHT Kadeaphl NEKTPHUCCKUX MAIIHH 3alopOXCKOro HaI[HOHAIBHOTO TEXHUYECKOTO YHUBEPCHTETA,
Vkpauna

SKaHJ. TexH. HayK, JOLEHT, JOUEHT Kadeaphl MEKTPHUCCKUX MAIIHH 3alopOXCKOro HaI[MOHAIBHOTO TEXHUYECKOTO YHUBEPCHTETA,
Vkpauna

‘Crapinii pernogaBareis KaQeapsl MMEKTPUIECKUX MAIIHH 3aOpOXKCKOr0 HAIIMOHAIBHOTO TEXHUYECKOTO YHUBEPCHTETA, YKpauHA

KOMITIBIOTEPHOE MOJIEJIMPOBAHUE SJIEKTPOMATHUTHOI'O ITOJISI C IPUMEHEHAEM METOJA YACTOTHOM
AJANITALIUN

AKTyaabHOCTb. COBPEMEHHBIH 3TaIl Pa3BUTHSI MOLIHBIX PaIUOAIEKTPOHHBIX U AJIEKTPOTEXHHYECKUX CHCTEM C MOIIHOCTBIO Ooiee 1| MBT
MIPEIBSBISET MOBHIIICHHBIE TPEOOBAaHUS K MX YHEPTOOCHAIIEHHOCTH, OecrepeOOMHOCTH W HAJEKHOCTH YHEProoOecredeHus] B pa3InIHbIX
IKCITyaTallHOHHBIX pexuMax. [loeBoe MopennpoBaHie TaKOTro Kacca CHCTeM 0a3upyeTcs Ha COBPEMEHHBIX METO/IaX YHCIICHHOW pean3aiuu
KpaeBbIX 33124 JJIsI ypaBHEeHuit [ enpMronbia 1 MakcBesia Kak B OlTHOCBSI3HBIX, TAK 1 B MHOTOCBSI3HBIX 00JIACTSIX. DTO MPEABSBIISIET MTOBHIIIICHHBIE
TpeOOBaHUs K pecypcaM, OBICTPOACHCTBHIO CPEACTB BBRIYMCIUTENLHON TEXHUKH M K BRIYHCIUTETBHON 3 PEKTUBHOCTH IIPOrPaMMHOTO 0bectie-
YEeHUsI, ONPEIeNsisi aKTyalbHOCTh pa3pab0TKH HOBOTO WM PA3BHUTHE HCIOJIB3yEMOT0 MaTeMaTHYECKOTO aImapara, B TOM 4Kcie KOMOMHAIHun
AHAMTHYECKUX U TPUOIIDKEHHBIX YNCIICHHBIX METO/IOB.

Lenpio padoThl sBIsETCS pa3paboTKa HOBBIX METOJIOB YHCICHHON peaM3alny MOJIEeBbIX MOeel AeKTPOU3NIECKUX MTPOIIECCOB Tepe-
MEHHOTO TOKa BBICOKOI 9aCTOTHI Ha OCHOBE YaCTOTHBIX (POPMYITHPOBOK YpaBHEHHH [ ebMronbia, aaanTHpOBaHHBIX K HCIIOIB30BAHHIO TTAKETOB
MPOrpamMM CO CBOOOIHOM JINIICH3HEH.

Mertoa. Pa3paboTan HOBBII METOI YaCTOTHOM alanTallii, 00eCIeYnBAIONINNA PEIYKIUIO CHCTEM ypaBHEHHH [ enpMronbia B (OopMyITHpOB-
Kax BEKTOPHOTO MAarHUTHOTO MOTEHIHANa K PeKypPEHTHBIM MOAH(DHUINPOBAHHBIM YpaBHEHHSIM MakcBelula B aHAJIOTHAX (hOPMYIUPOBOK TI0-
CTOSTHHOTO TOKA, BBICOKYIO TOYHOCTh U 3()()eKTHBHOCTH TOJIEBOrO MOJEIHPOBAHUSI.

PesyabTaThl. [Ipemnoxena o0o0IeHHast MPOCTPAHCTBEHHAS MaTeMaTHIECKasi MOJIENb B3aMMOCBSI3aHHBIX AJIEKTPOMArHUTHBIX MPOIECCOB
peo0pa3oBaHus YJHEPTHUH EPEMEHHOTO TOKa B TOKOITPOBOAAX MOIIHBIX PATUOIEKTPOHHBIX U JJIEKTPOTEXHHYECKUX CHCTEM, KOTOpasl yIUThI-
BaeT JKCIUTyaTallOHHBIE PEKUMBI, HEJTMHEITHBIE 3aBHCUMOCTH AJIEKTPO(YU3HIECKUX CBOMCTB JIEKTPOTEXHUYECKIX MATepHaJIoB, () (HEKTHI BbI-
TECHEHHsI U BHEIIHNE TOBEPXHOCTHBIE 3(p(peKThI, caMo 1 B3aMMOWHAYKIHIO. Pa3paboTaH HOBBII METOJl YaCTOTHOW a/laNTallii, OCHOBAHHBINA Ha
PeAYKIMH CHCTEM ypaBHEHHH [empMronsia B (OpMyIHpOBKaX BEKTOPHOTO MArHHTHOTO ITOTEHIIMAa B YACTOTHOHW 00JAaCTH K PEKyppEHTHBIM
MOIU(HUIMPOBAHHBIM YpaBHEHUSIM MakcBellla B aHAJOTUSAX MOCTOSHHOTO TOKa, 0OECTIEYHBAIONINIA BBICOKYIO TOYHOCTh M BBIYUCIHTENHHYIO
3¢ dexTHBHOCTD. [IpH YHCIEHHOH peann3aiuy METOI0B YaCTOTHOW alaTallii U KOHEYHBIX 3JIEMEHTOB YHCIIO CTETIeHeH CBOOOIBI YMEHBIIAETCS
B JIBa pa3a, 4YTo 00YCIIOBJIEHO IMO3TAITHBIM PEIIeHHEM PEKYPPEHTHBIX MOTU(PUIIMPOBAHHBIX YpaBHEHUIT MaKcBeslIa B aHAIOTHIX (POPMYIHPOBOK
TTOCTOSTHHOTO TOKA ISl IEHCTBUTENBHBIX U MHUMBIX COCTABIIIIOMINX IEKTPUIECKUX U BEKTOPHBIX MATHHTHBIX ITOTEHIIHAJIOB.

BoiBoabl. Pa3zpaGoTaHHbI HOBBI METO YaCTOTHOM aJamnTalliH CYHIECTBEHHO PACHIMPSET BO3MOKXHOCTH KOHCTPYKTOPCKOH IMOATOTOBKU
MIPOU3BOJICTBA MOIIHBIX PaJHOJIEKTPOHHBIX H JIEKTPOTEXHHUECKHX CHCTEM CHCTEM, ITO3BOJIIET UCIIONB30BATh MAKETHI MPOrpaMM €O cBOOOI-
HOW JIMIEH3HEH, CHIDKAeT TpeOOBaHHS K BBIYUCIHTEIHFHBIM pecypcaM, COKpaliaeT BpeMeHHbIE 3aTpaThl H 00eCIeYUBAET BBHICOKYIO TOYHOCTD
MOJIETPOBAHMUS HIEKTPOMATHUTHBIX MOJIEH.

KiroueBble ¢JI0Ba: paauodIeKTPOHHBIE CHCTEMBI, JIEKTPOTEXHUIECKUE CUCTEMBI, JIEKTPOMAarHUTHOE T10JIe, METOJ] KOHEYHBIX 2JIEMEHTOB,
YacTOTHAsI aJjanTanysl, oJeBoe MOIEIMpOBaHue, ypaBHeHUs [ enpMronbia u MakcBeria.
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’KaH[I. TexH. HayK, JIOLEHT, JOLEHT KadeApH eNeKTPHYHNX MAIIMH 3aI0pi3bKOro HALIOHAJIBHOTO TEXHIYHOIO yHiBepcurery, YkpaiHa

*KaH[. TexH. HayK, JIOLEHT, JOLEHT KadeApH eIeKTPHYHNX MAIIMH 3aI0pi3bKOro HALIOHAJIBHOTO TEXHIYHOIO yHiBepcurery, YkpaiHa

‘Crapumii BUKIaza4 Kadeapy eIeKTPUYHIX MALIMH 3aI0pi3bKOro HaliOHAaJIBHOTO TEXHIYHOIO yHiBepcurery, YkpaiHa

KOMIT'FOTEPHE MOJEJIOBAHHS EJEKTPOMATHITHOI'O NOJISI 3 BUKOPUCTAHHSAM METOIY YACTOTHOI
AJAIITALIIE

AkTyanbHicTh. CydacHuil eran po3BUTKY IOTYXHUX PaJiOeIeKTPOHHMX i €JEKTPOTEXHIYHUX CHCTEM 3 IOTYXHICTIO nmoHaj 1 MBT
BUCYBA€ MiJIBUIIEHI BUMOTHY 10 iX eHeproo30poeHHs, 6e3nepediifHOCTI Ta HailfHOCTI eHepro3abe3neueHHs B Pi3HUX eKCIUTyaTallifHUX pexu-
Mmax. [lonboBe MOJeMIOBaHHS TAKOrO Kiacy CHUCTeM 0a3yeThbCsl Ha CydyaCHMX METOIAX YMCENbHOI peanizauii kpaioBHX 3anay Juis piBHSIHb
lenpmronbiia Ta MakcBesia sIK B OJHO3B SI3HHX, TakK 1 B 0araTo3s’s3HHX oOnacTsax. lle BHCyBae MiIBHINEHI BUMOTH JIO0 pECypCiB, MIBHIKOALT
3ac00iB 00YMCIIOBANIBHOI TEXHIKU Ta [0 OOYHMCIIIOBAIBHOI e(hEeKTHBHOCTI IIPOrpaMHOro 3a0e3NeueHHs, BU3HAYal0uU aKTyaJbHICTh PO3pOOKU
HOBOTO 200 PO3BHTOK ICHYIOYOIO MaTeMAaTH4HOIO alapary, B TOMY 4YHCIi KOMOIHALil aHaNITHUHKX 1 HAOMIKEHUX YHCENbHUX METOIB.

MeTo10 po60oTH € po3poOKa HOBHX METOMIB YMCENbHOI peai3auii MOJbOBUX MOAENEH eNeKTPO(i3MYHUX MPOLECIB 3MIHHOTO CTPYMY
BUCOKO{ 4aCTOTH Ha OCHOBI YacCTOTHHX ()OpMyYIIOBaHb PIBHSAHb [enbMronbua, aJanToBaHUX N0 BUKOPUCTAHHS MAKETiB IPOrpaM 3 BUILHOIO
JLeH3ielo.

Metoa. Po3zpobieHo HoBuil Merox 4acTOoTHOI ajanrauii, mo 3abe3nedye pepyKiilo cucTeM piBHsAHb [enbMronsua B (OPMyIIOBaHHIX
BEKTOPHOIO MarHiTHOIO MOTEHIialy 10 PeKypEeHTHUX MOAM(IKOBAHUM PIBHAHHAM MakcBeia B aHAJIOrisAX (opMynoBaHb HOCTIHHOTO CTpyMY,
BUCOKY TOYHICTb 1 €)eKTUBHICTb I10JILOBOTO MOJEIIIOBAHHSI.

Pe3ynbTaTH. 3anpONOHOBAHO y3arajlbHEHY IPOCTOPOBY MaTE€MaTHYHY MOJEIb B3a€EMO3AJIEKHUX €IE€KTPOMArHITHUX HPOLECIB I1EPETBO-
PEHHsI eHeprii 3MiHHOTO CTPyMy B CTPYMOIIPOBifiaX HOTYXHHMX pafiOeNeKTPOHHUX Ta €IEKTPOTEXHIYHUX CHCTEM, SIKa BPAXOBYE EKCILTya-
TaliifHi peXXMMHU, HeNiHiiHI 3a1eXHOCT] e1eKTPOo(I3HYHUX BIACTUBOCTEN €JIEKTPOTEXHIUHUX MaTepiaiB, e()eKTH BUTICHEHHs 1 30BHIIIHI T0BEp-
XHeBi epeKTH, camMo- Ta B3aeMOiHAyKLil. Po3pobi1eHo HOBHUI MeTO 4acTOTHOT afanTalii, 3aCHOBaHUi Ha penyKuii cucreM piBHAHB [enbMronbua
B (pOpMYIIOBAaHHAX BEKTOPHOIO MArHITHOTO IOTEHIiady B YacTOTHIH 00JacTi 10 peKypeHTHHX MOAU(]IKOBAHUM pIBHAHHAM MakcBemia B
aHaJIOTiAX MOCTIHHOTO CTPYMYy, 1110 3a0€e311euye BHCOKY TOUHICTb 1 00uncIoBaibHy edekTHBHICTb. [Ipy uncenbHiil peanizarii MeToniB 4acTOTHOL
ajanrauii 1 CKIHUEHHX €NEMEHTIB YMCIIO CTYIEHIB CBOOOJM 3MEHIIYEThCS B [IBAa PasH, 110 3yMOBJICHO IIOETAIIHUM PIlIEHHAM PEKypEHTHUX
Moau(ikOBaHUX PiBHAHL MaKcBellUIa B aHAJIOTisAX (OpMyIIIOBaHb HOCTIHHOTO CTPYMy IS AiMCHUX 1 YABHHMX CKJIAJOBUX €IEKTPHYHUX 1 BEKTOP-
HHMX MaArHITHUX IOTEHI[IaJIiB.

BucHoBku. Po3po0rnennii HoBUil MeTo YaCTOTHOI afanTawii icTOTHO PO3MIMPIOE MOXIMBOCTI KOHCTPYKTOPCHKOI ITIITOTOBKH BUPOOHHULTBA
HOTYXKHUX PaliOeIeKTPOHHUX Ta €IeKTPOTEXHIYHUX CUCTEM, JJO3BOJISIE BUKOPHCTOBYBATH IIAKETH IPOIpaM 3 BUIBHOIO JILEH3I€l0, 3HUXKYE
BUMOT'U 110 OOUMCIIIOBAILHUX PECYPCIB, CKOPOUY€E BUTPATU dacy i 3abe3neuye BHCOKY TOUHICTh MOJETIOBAHHS €IEKTPOMAarHiTHUX I10JIiB.

KuouoBi c10Ba: pajioeneKTpOHHI CUCTEMH, €IEeKTPOTEXHIYHI CHCTEMH, €1eKTPOMArHiTHE I110j1€, METO/ CKIHUEHHX €JIEeMEHTIB, YacTOTHA
ajlanTais, NoJIbOBE MOJIENIOBAaHHS, pIBHAHHS ['enpMronbua i Makcsenna.
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