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Purpose. Use of an improved numerical method of calculating transient processes in electrical circuits for modeling electro-
magnetic processes in nonlinear magneto-electric circuits, and also development of a circuit model based on this method, which
leads to the convenience of calculation.

Methodology. Approximation of functions by Chebyshev’s polynomials, numerical methods of differential equations integrat-
ing, matrix methods, spline interpolation, programming, theory of electric and magnetic circuits.

Findings. On the base of the well-known method of transient process analysis in linear electric circuits, the method of nu-
merical calculation of transient processes in nonlinear magneto-electric equivalent circuits of transformer has been developed. By
the help of the proposed method it is possible to reduce processing time for modeling electromagnetic processes in transformers.
The example of using the developed method is shown. The computer program for modeling of electromagnetic transient in a sin-
gle-phase transformer based on the described method has been developed. This example shows reduction of processor time by
more than four times compared to examples of calculations based on other known methods.

Originality. The method in which the solution of state differential equations is presented in the form of decomposition into a
series along orthogonal Chebyshev’s polynomials is used in this work. The polynomial approximation applied in this work is not
corresponding to the solution function itself, but its derivative, which significantly reduces the error of integration of differential
equations. Differential equations of state are transformed into linear algebraic equations for special images of solution functions. A
principle is developed of constructing magneto-electric substitution circuits in which images of solution functions appear. Images
of true dynamic currents and magnetic fluxes in the proposed equivalent scheme are interpreted as direct currents and direct mag-
netic fluxes. The used method has shown advantages in accuracy and time of simulation of electromagnetic transient over other
known methods based on application of magneto-electric substitution circuits.

Practical value. The developed method opens up the possibility of using the apparatus of the theory of electric and magnetic
circuits to work with images of currents and magnetic fluxes. Based on this, a universal software complex is being developed to
calculate transients in transformers of various constructions.

Keywords: transient electromagnetic process, differential equations, circuit model, polynomial approximation, Chebyshev’s polyno-

mials, transformer

Introduction. Modeling of dynamic processes in electrical
circuits is performed by many researchers using existing soft-
ware systems, such as EMTP [1], PSpice [2], Simulink [3] and
others. These software systems are based on equations of state
that are automatically generated by the program according to
Kirchhoff’s laws for instantaneous values of variables.

For the analysis of transient electromagnetic processes in
electric and magnetic circuits, hybrid circuits are successfully
used by combining the magnetic and electric circuits into a
single scheme. The combined magnetic and electric circuits
make up the so-called “magneto-electric” circuit. Magneto-
electric circuits are characterized by the presence of controlled
sources that mutually control each other. In this case, so-called
“algebraic loops” are formed, which are not allowed in the cal-
culation when using EMTP, PSpice, Simulink, and others.

The studied electrical circuits of real devices usually con-
tain hundreds of different elements, which leads to the large
systems of state equations in the analysis. Transients in trans-
formers can be very long, and the simulation time of such pro-
cesses can be significant, which is undesirable. Modern re-
quirements of design engineers are such that the speed of cal-
culations must be increased so that simulation in real time has
to be possible. Therefore, an urgent task is to develop an im-
proved method for calculation of electromagnetic processes
transient, which are faster than existing methods, stable and
no sensitive to “algebraic loops”.

Literature review. For the analysis of transients in electrical
circuits, numerical methods of integrating of ordinary differ-
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ential equations usually are used [4]. The same methods were
used to analyze transient processes in electrical circuits [5] and
magneto-electric equivalent circuits of electromagnetic devi-
ces [6]. In the work [7], the interaction of electric and mag-
netic circuits was carried out using gyrators or mutators [8],
which transform the function of magnetic flux into a derivative
of magnetic flux over time using capacitive elements.

The problem of increasing the rate of simulation of tran-
sients in magneto-electric substitution schemes led to the
search of new methods for numerical integration of differential
equations of state.

Work [9] describes the principle of using Chebyshev’s
polynomials to solve ordinary differential equations. In work
[10] computational features of minimization of error of ap-
proximations of functions on Chebyshev’s interpolation nodes
are studied. The paper [11] shows the perspective of using
Chebyshev’s polynomials for analysis of transient processes in
transformers, and also in asynchronous motors based on mag-
neto-electric equivalent circuits. The works of many mathe-
maticians is devoted to the properties of Chebyshev’s polyno-
mials. Recently, interest in Chebyshev’s polynomials has not
faded, as it is evidenced by work [12] or work [13]. In work
[14], an approximation of the solution for the current function
in the electric circuit by series of Chebyshev’s polynomials is
used. As a result, the method is obtained that allows you to
significantly increase the simulation speed. When function is
approximated with the help of series of Chebyshev’s polyno-
mials, the condition of the collocation method is given. This
means that for the selected N node points with the value of
argument-time #,,, the approximated solution matches the ex-
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act solution, but some error is assumed at other points. The
error analysis of the method was carried out in work [14],
where it is demonstrated that the main error of the method
arises in the calculation process of the solution derivative.

To get rid of the procedure for calculating the derivative of
the solution based on the approximation of the solution by
polynomials in [12], it is proposed to apply Chebyshev’s poly-
nomials not to the solution function itself, but to the derivative
of the solution. Chebyshev’s polynomials have an important
property of uniformity of the approximation error over the
whole range of argument variation. The solution function itself
can be found by applying the integration operation, which has
a small error.

Purpose. The aim of this work is to modify a well-known
numerical method for analyzing transients in electrical circuits
for simulating transient of electromagnetic processes in trans-
formers based on magneto-electric equivalent schemes. A spe-
cial feature is the use of approximation of derivatives of the
solution by Chebyshev’s polynomials, and also using of special
value “magnetic current” — derivative of magnetic flux func-
tion of time. It significantly reduces the simulation time on
computer.

Results. We present a method for calculating transients in
transformers in this paper, using the method described in [15].
The basics of this method are as follows.

Let us consider a simple electrical circuit that contains ele-
ments included in series: resistive (R), inductive (L). When the
EMF source e(f) is switched on at the time 7 = 0, a transient
process i(t)occurs in this circuit, which is described by a linear
differential equation with constant coefficients

di(t)
dt

The solution is defined in the time domain ¢ € [a, b]. We
use a method that eliminates the appearance of errors associ-
ated with the calculation of production. To do this, we lay out
the series of Chebyshev’s polynomials not the solution func-
tion itself, but its derivative. Chebyshev’s polynomials are de-
termined on the segment of the argument x € [—1, 1]. When
moving to the time domain 7 € [a, b], the values of the argu-
ment are recalculated.

As in [15], the function for the current derivative in equa-
tion (1) is approximated by series p(x) of Chebyshev’s polyno-
mials of the degree N — 1.

L +Ri(t)=e(?). (1)

% =i'(x)= p(x)=c, Ty (x)+ T, (x)+-+cy_ Ty (x). (2
Let us select a series of N nodal points in the simulation
interval. All N nodal points with the value of the argument
t,(x,) form=0,1,2,..., N—1, correspond to the values of the
function (2): i'(x,,) = p(x,,). As a result, we get a system of N— 1
equations. Matrix form of this system has the following view

DC=T -1 3)
I=1i'Ce)  1'(xp) (eI
Ih=T forx=0.
C is the vector of coefficients in equation (2)
q T(x,) T(x,)

¢ | D T(x,) _T(xo)

Cn-i T(xy_y) T(x,)

where 7(x) = [Ti(x) Ty(x) ... Ty_(x)] is a vector-string of
Chebyshev’s polynomials as a function of x.

The vector of derivative values for nodal points follows
from equation (3)

I'=DC+1. 4)
The solution for the current function has the form

i(x)= j p(xX)dx +d, =

5
= j (e Ty (xX)+ T (x) + e, Ty(x) +---cy Ty (X))dx +d,. )

The integrals of expression (5) are taken from [15] and the
following is obtained

1(x) = (Sx(x) = S:(Xp) = (x = Xo) - Tpp)) - C+ (x = xp) - iy + d, (6)
where S,(x) is a vector-string as a function of the argument x
S,.(x)=

=B[Tz(x)],-- 2Tk+1(x)_Tk,l(x)’“ Ty(x) TNz(x)}' ™
(k+1) 2k-1)" 2N 2N-2)

For N — 1 nodal points with the value of the time argument
t,,, Which corresponds to the moments of the given argument
X,,, Which defines the values of function (7) as rows of the ma-
trix S.

For value x = x, we have S'= 5.

For N — 1 nodal points, equation (6) is a system of equa-
tions that can be represented in matrix form

I=V-C+A-iy+i, )
where
V=(S-S,-A-Ty); 9
X—x
X—X,
A=| . (10)
X=Xy

The differential equation of state for the circuit R-L-e has
the form (1). For nodal points with the value of the time argu-
ment ¢, (according to x,,) m=1, 2, ..., N— 1 corresponds to the
following equation in matrix form

LT + RI=e, (11)

where e is a vector of EMF values at nodal points; I is a vector
of current values at the nodal points; I' is a vector of current
derivative values at nodal points.

Let us substitute the expressions I' (4), 1 (8) in equation
(11) and get

(L-D+R-V)-C=e-R-A-Tj-R-iy—L-T). (12)

This is an expression of the second Kirchhoff law for im-
ages C. Solution of equation (12) gives the vector C. Then, for
known initial values of the current i, and the derivative of the
current £, it is possible to determine the current values at all
arbitrary points x on the segment [—1, 1] or at nodal points ac-
cording to (8).

Equation (12) in the work [15] is interpreted as follows:
“Let the real current i(?) flow in the original branch R-L-e.
The replacement branch corresponds to the original branch
(Fig. 1), via the which a certain image C of the real current i(7)
is flowing. The image C is a vector containing the coefficients
of expansion of the current i(7) in a series of orthogonal Che-
byshev’s polynomials. Resistive element R in the substitution
branch has a resistance R - V and a source of direct EMF hav-
ing value —R - (A - I + 1) is subsequently connected with it [ 15,
Fig. 1]. The inductive element L in substitution branch has a
resistance L - D, and a direct EMF source having value —L - I
connected in series with it”.

In [15], it is proved that “the first Kirchhoff law is also ob-
served in the nodes of the substitution scheme for images C”.

Thus, all images C;, of the original currents i,(#) in equiva-
lent scheme of electrical circuit satisfy to the Kirchhoff laws.
The state equations for the equivalent scheme for images are
linear algebraic equations. Therefore, for known values of
branches’ currents and their derivatives at the beginning of the
modeled time segment [£,, y_,], the system of equations for all
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nodes without one and for all main circuits compiled for the
equivalent scheme according to the first Kirchhoff law has a
unique solution. As a result of solving a system of linear alge-
braic equations, we obtain vectors C; (here & is the number of
the branch) containing the values of the coefficients of the
polynomial approximation of currents for all branches.

The order of numerical calculation of the transients in mag-
neto-electric equivalent schemes based on the use of Chebyshev’s
polynomials. In this paper, we will use magneto-electric equiv-
alent schemes (MEES) for numerical calculation of electro-
magnetic transients in transformers. A special feature of the
MEES is the use of the concept of “magnetic current” (the
derivative of the magnetic flux function of time). To solve the
equations of state, we will use the approximation of the deriva-
tives of the solution by expansion in a series of Chebyshev’s
polynomials. This method provides a number of significant
advantages when processes in equivalent magneto-electric
schemes of transformer are analyzed.

Before considering the modeling of electromagnetic pro-
cesses in a transformer, we will describe the well-known prin-
ciple of MEES composition. Unification of the magnetic and
electric circuits into one, magneto-electric circuit, allows car-
rying out simultaneous research on interconnected magnetic
and electrical processes. In the work [6], so-called magnetic
capacitors are used, and in the work [7], gyrators are used.
Voltage sources controlled by the help of current or magnetic
flux are usually applied in magneto-electric circuits. By the
means of them interaction between processes in the electric
and magnetic circuits is realized.

The principle of compiling MEES is shown by the exam-
ple of a coil containing N,, turns. The coil is located on a closed
ferromagnetic core with a length of the middle line 1. We be-
lieve that the magnetic permeability of the magnetic core is
large and the whole magnetic field is concentrated in it.

If you connect an alternating voltage source e(?) to the coil,
an electric current i(f) will flow through the coils, and a mag-
netic flux @ is created in the magnetic circuit. According to the
law of total current

H-(=N,-i, (13)
where H is the magnetic field intensity.

Let us convert the expression (13) using the designation of
differential magnetic permeability

a_4dB

u dH’
Aoy di (14)
Sy dt v dt

where § is the cross-sectional area of the magnetic core; B is
magnetic induction.
Equation (14) is presented in a new form

do .
RI—=N_i*, (15)
dt
where * is magnetic current; R? is the differential magnetic
resistance of the magnetic core

¢ (16)

Equation (15) could be interpreted as follows. A “magnetic
current” flows through the magnetic core, whose value is equal
to the time-dependent derivative of magnetic flux @. In the
works by M. Shakirov, it is proposed to use the concept of
magnetic displacement current * = d®/dt by analogy with the
electric displacement current with density dD/dt. The term
“magnetic current” was proposed by O. Heaviside at first. Fur-
ther, the concept of magnetic current was used in the works by
other authors for the analysis of electromagnetic processes
based on MEES.

A coil mounted on a ferromagnetic core could be repre-
sented as a MEES (Fig. 1). Electrical part of the MEES con-
tains an EMF source e(7), some resistance R, and a voltage
source controlled by a derivative of the magnetic flux ®) with a
coefficient N,,.

The magnetic circuit contains a resistive element R and a
voltage source controlled by a current derivative i;” with a coef-
ficient N,. The element R has a value of differential magnetic
resistance. A “magnetic current” @’ passes through the mag-
netic circuit.

Based on the method given in [15], the scheme in Fig. 1 is
replaced by the scheme in Fig. 2 for images of current and
magnetic flux.

A transient of electromagnetic process which occurs when
a single-phase transformer is closed to a sinusoidal voltage
source is studied in [6]. In this paper we used the magneto-
electric equivalent circuit of the transformer. The calculation
was carried out using the well-known Geer numerical method.
The calculation of derivative currents was carried out by the
help of special differential circuits. Let us consider the same
example, but we will analyze it using the method described in
[15]. The design view in the section of a two-winding trans-
former is shown in Fig. 2 of the work [6]. In this figure mag-
netic flows flowing in elements of magnetic core (D3, ®6) and
in gaps (P4, ®5) are considered. Magnetic resistances of gaps
(dispersion channels) R4, R, are constant.

On the basis of the principles of construction of magneto-
electric substitution circuits for coils with ferromagnetic cores,
the single-phase transformer is replaced by a substitution cir-
cuit, which has the view shown in Fig. 3. The substitution
scheme takes into account the symmetry of the transformer
design. A special feature of this scheme is that “magnetic cur-
rents” pass in the branches of the magnetic part of the circuit.
In such a hybrid circuit the electric and magnet branches are
presented. Electric currents flow through the electric branch-
es, and “magnetic currents” pass through the magnetic
branches — time-derivative of magnetic fluxes. The use of
magnetic currents made it possible to stop using gyrators [9] or
mutators [10], which, using capacitive elements, transformed
the function of magnetic flux into a derivative of magnetic flux
over time. The scheme is simplified due to exclusion of ca-
pacitive differentiating circuits used in the work [6].

R
e
Rd @
N
Nws' e(t)
/A
_/

Fig. 1. Magneto-electric scheme of interaction of current and
magnetic flux into the coil located on a ferromagnetic core

Fig. 2. Magneto-electric scheme of interaction images of current
and magnetic flux into the coil located on a ferromagnetic
core
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Fig. 3. MEES of a single-phase transformer:

a — magnetic circuit; b — primary winding, with a voltage source;
¢ — secondary winding with load resistance

Magnetic fluxes in the magnetic branch cause magnetic
voltage drops which are equal to product of magnetic-field in-
tensity H and the length of magnetic branch /.

The system of equations compiled according to the Kirch-
hoff laws for the circuit shown in Fig. 3 will take the form

-0y + D+ D, + DL =0
—R, @, — R, D+ N,ij=0

i _

Rys®5 = R, @ + Ny =2 =0

(17
R, ,®,— R, D=0

Ri,+ N\ @+ N @, + N D; =e(t)
Ryi, + N,®, + N, @, =0

Fig. 4 shows the MEES of the single-phase transformer for
images of electrical and magnetic currents according to the
principles stated in work [15].

For the scheme in Fig. 4, the system of equations com-
posed for images of electric and magnetic currents will take the
form

C,-C,-C,-C,=0
-KR,CD-K R, C.D+NK,CD=K,R, Dy +
+ K, R, 55 — N, K,jiny
K,R,;(CD+Dy;)-K, R, ,(C,D+dDy,)+
+ N,K,(C,D+i},)=0
K,R,,(C,D+Dy,)-K,R,;;(C;D+Dpp;)=0
R (C\V+iy +A-iy)+ K,N,(C;D+ D, +C,D+
+ D0y, +C,D+ D) =e
R, (C,V+iy, +A-ij))+ K,N,(C,D+ D, +C,D+
+®p,)=0

» (18)

where K, is the normalization coefficient associated with re-
placing the argument ¢ by x.
In matrix form, the system (18) has the form

Z-C=F, 19)

where according to (18)

o
Rm&*D RM¥P Rap
Rd6*®'06 . T
AZ Rma®'04___ Rd3‘®'03
() (]) 4
oS S T J
| Rms*o0s T
(1) N1*(C1*D+I'10)
Rd6*D A c3

+ C4
1> N1%(C1*D+I0) N1’(C1'D*l‘10)<>

0 N2*(C2*D+I'20)

C6 A
'C5 N2"(CZ’D+I’20)<)

a

N1*(D*C3+®'03+D*C4+®'04+D*C5+%'05)

R1*(110+ A*1'10)

e
01 R1"V b4 N

b
Fig. 4. MEES of a single-phase transformer for images of cur-
rents and magnetic fluxes:

a — magnetic circuit; b — primary winding with EMF source; ¢ —
secondary winding with load resistance

VI T J S E S E S B B B
—_————— e 4 A | R —
ND! O | O | 0 !-R,.D!/-R,D
"0 'N,DI 0 "R, RD | 0
Z=| b oI |; (20)
0 i 0 [ RyDIR,D | 0 | 0
RV | 0 [KNDIKNDIKND| 0
0 + RV IKNDIKNDI 0 1 0
L | | | | | .
_ o }
R P05+ Rys®ls = Moy __
—~(R s®)s— R, , D), + N,is,))-1
Felo S205 T T S04 T 2200000 e
_ T A E
e Rl + A1)+ K, N (Phy + Doy +Pos)
| Ryl + Avigy) + K, Ny (s + D)) 1|

C = [C] C2 C3 C4 C5 CG] T.
The solution of equation (19) can be found as
C=Z7Z"F. (22)

To reduce the error on large intervals of simulation time,
all the simulation time is divided into N, intervals and equation
(22) is solved at each interval. An iterative cycle is organized at
each interval for sequential recalculation of the values of mag-
netic resistances basing on the magnetization curve. The mag-
netization curve is set by arrays of values B, H, and the calcula-
tion uses spline interpolation, which is worked out by Carl de
Boor [16]. Usually 5—7 iterations are enough for the calcula-
tion error to be practically acceptable, i.e. the maximum error
does not exceed 2 %. If the number of iterations exceeds the
specified maximum value, the current time interval 7 is re-
duced by half. If the number of iterations becomes less than
the specified minimum number during the specified number
of steps, the time interval is doubled in the computer program.
The maximum value of the iterations number is set by selec-
tion based on the actual simulation time and calculation error.

Calculation algorithm and the computer program
Tr1_VDW_C were created according to the developed meth-
od. The simulation results are shown in Fig. 5.
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Fig. 5. Dependence of primary winding current on time:

a — in the initial section of the transient; b — in the section of the
steady-state process

It is seen from Fig. 5 that scheme in the transformer is a
very long one. At the initial moment the magnetic circuit en-
ters in saturation and the current value in the windings is in
many times greater than it value in the steady state. The cur-
rent waveform is much distorted. In the steady-state mode, the
current waveform becomes a sinusoidal one. However, the cal-
culation with the help of the proposed method is more quick-
acting if it has the same accuracy.

Conclusions. The calculation of transients in electromag-
netic devices based on magneto-electric equivalent schemes
reduces to solving a system of differential-algebraic equations
of state. A feature of the MEES used in this work is the apply-
ing of the concept of “magnetic current” — the time derivative
of the magnetic flux. The proposed method allows reducing the
differential equations of state to algebraic equations. The meth-
od is based on approximation of the derivative of the solution
by Chebyshev’s polynomials. This representation is well suited
for the approximation of the magnetic currents by MEES. It is
proposed to use a special equivalent scheme of electric and
magnetic currents’ images for creating equations of state for
images of currents. Computer program for modeling the tran-
sients in a transformer was developed to demonstrate the meth-
od and verify its adequacy. Comparison of the processor time
for calculating the transient process, when the transformer is
switched on, using the proposed method and the Geer method
described in [6] has showed that for the same set error, the pro-
posed method has reduced the processor time by four times.
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IJISI MOJIEJIIOBAHHSI €JIEKTPOMArHiTHUX MPOLIECiB Y HEMiHii-
HUX MarHiTOeJeKTPUYHUX KOJIax, a TAKOX pO3podKa CXeMHOI
MOJIeJli METOY, 1110 TPUBOAUTH 0 3pYYHOCTI PO3PaXYHKY.

Metoauka. Anipokcumaltist (pyHKIiif moxiHomamu Yeodu-
11I€Ba, YMCJIOBI METOJM iHTErpyBaHHS IudepeHLiaIbHUX PiB-
HSIHb, MAaTPUUHI METOAU, CILJIAaH-1HTEPIOJISALIsI, TporpaMmy-
BaHHS, TEOPisl eJIEKTPUYHUX i MATHITHUX KiJl.

Pe3ynbraTn. Ha ocHOBI BimoMoro Meroay aHasizy nepe-
XiIHUX TPOLECIB Y JiHIMHUX eJEKTPUYHUX KOJIaX po3podiie-
HO METOJ] YMCIIOBOTO PO3PaXyHKY MEPEXiTHUX MPOIIECiB y He-
JIIHIMHMX MarHiTOeNeKTPUYHUX CXeMaX 3aMillleHHs TpaHC-
¢dopmaTopiB. 3anpOIOHOBAHUI METO JO3BOJISIE CKOPOTUTH
MPOLECOPHUIA Yac MpU MOJEIIOBAaHHI €JIeKTPOMArHiTHUX
npolieciB y TpaHcdopMaropax. [TokazaHo ITpUKIIaL 3aCTOCY-
BaHHS po3pobJieHoro Metoay. Ha miacrasi onucaHoro MeTo-
Iy po3po0JieHa KOMIT I0TepHa Mporpama sl MOJAeTIOBaHHS
MepeXiTHOro eJIeKTPOMArHiTHOrO Ipolecy B oaHO(ha3HOMY
TpaHchopmaTopi. JlaHWii TpUKIam TOKa3aB CKOPOUEHHS
MPOLIECOPHOTrO Yacy OiMIbIIl HixK Y YOTUPU pa3u B MOPiBHSAHHI
3 MpUKJIagaMU pO3paxyHKiB, BAKOHAHUMMU Ha MiACTaBi iH-
LIKUX BiTOMUX METO/IiB.

HaykoBa HoBHM3HA. Y naHiii poOOTi BUKOPUCTOBYETHCS
METO/1, B SIKOMY pillleHHsI TudepeHI1liaIbHUX PiBHSIHb CTaHY
TPENCTABICHO Y BUTJISIII PO3KJIANAHHS B PSZT 32 OPTOTOHAIb-
HUMU nojiiHoMamu Yeobuiesa. Y poOoTi 3acTocoBaHa MoJli-
HoOMiaJIbHa arpoKcuMallisi He camoi (yHKIIl pileHHs, a ii

MOXiZHOT, 1110 3HAYHO 3HUXYE MOXUOKY iHTerpyBaHHs qude-
peHUianbHUX piBHSAHD. ndbepeHianbHi piBHSIHHS CTaHy 1e-
PETBOPIOIOThCS B JIiHilHI anreOpaiuHi piBHSIHHS ISl CHelli-
aJbHUX 300paxkeHb (YHKIIiN pileHHs. Po3pobieHo mpuH-
AT TIOOYIOBY MAaTHITOSIEKTPUYHUX CXeM 3aMillleHHsS, B
SKUX QirypyroTb 300paxkeHHs (PyHKIIii pimeHHs. 300pa-
>KEHHS ICTUHHUX IMHAMIYHUX CTPYMiB i MArHiTHUX MTOTOKIB y
3aIPOIIOHOBAaHII cXxeMi 3aMillleHHST IHTEPIPETYIOThCS SIK 110~
CTiliHi CTpYMHU i MOCTiitHi MarHiTHi moToku. Bukopucranuit
METOJ, IoKa3aB IepeBaru B TOYHOCTI i 4yaci MoIeIoBaHHS
MepexiIHUX eJIEKTPOMArHiTHUX MPOLIeCiB Nepel iHIIUMU Bi-
IIOMAMM METOIAaMM, 3aCHOBAHMMHU Ha 3aCTOCYBAHHI MarHi-
TOEJIEKTPUYHUX CXEM 3aMilllEHHSI.

IIpakTiyna 3HaunmicTb. Po3poGieHuit MeTon BimKpuBae
MOXJIMBICTh BUKOPUCTAHHS anapary Teopil eJeKTPUYHUX i
MarHiTHMX KiJ 1J1s1 poOOTH i3 300paXkeHHSIMU CTPYMIB i Mar-
HITHUX TOTOKiB. Po3pobyieHa KoMIT'toTepHa mporpama st
aHaJTi3y MepexiTHUX MPoLeciB B oMHO(Ga3HOMY TpaHCchOopMa-
Topi. Ha mincragi 1iboro po3pooJisieThes yHiBEpcallbHUIA MPO-
IrpaMHUI KOMILJIEKC ISl PO3PaXyHKY MEePeXiTHUX MPOLIECiB y
TpaHchopMaTOpax pisHUX KOHCTPYKILIT.

KirouoBi cnoBa: nepexionuii eaekmpomaeHimuuii npouec,
Jughepenuyianvii piGHAHHA, CXeMHA MoOenb, NOAIHOMIAAbHA
anpokcumauis, norinomu Yebuwesa, mparcpopmamop
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