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Purpose. To develop a digital model of electromagnetic devices for research and optimization of powerful secon-
dary electric power sources and electromagnetic converters.

Methodology. Nodal potential method, Contour current method, Topologically isomorphic transformations.

Findings. The purpose of this work is to create a mathematical apparatus that allows solving problems of model-
ing and researching electromagnetic devices in parts (by types of accumulated energy). This will simplify the research
and optimization of technical characteristics such as efficiency, weight and size indicators, etc. The proposed mathe-
matical model of electromagnetic circuits has the greatest degree of detail of the electric and magnetic circuit. The
magnetic circuit is represented in the same detail as the electric circuit, and is described by a contour matrix. A ma-
thematical description of electromagnetic devices is obtained in which inductive parameters are determined by the
geometric dimensions and characteristics of magnetic circuits. The topology of the electrical circuit is represented by
matrix blocks, which allowed obtaining a mathematical description, which simultaneously takes into account the distri-
bution of currents and charges in the elements of the circuit. The system of equations reduces to the Cauchy form and is
composed with respect to increments of magnetic fluxes and potentials on capacitors, which simplifies its solution by
numerical methods on a computer. Thus, it is convenient to monitor the energy processes in the reactive power-
consuming elements of the circuit. A stable and adaptive digital model of electromagnetic circuits has been developed
that makes it possible to combine several methods of integrating a system of differential equations. Feedback is pro-
vided through a special parameter. This makes it possible to maximize the correctness of the computations for the en-
ergy components in the simulation of the electromagnetic circuit. The originality of the mathematical description lies in
the fact that the topology of the electromagnetic circuit is represented in the form of separate matrices that are con-
nected by a matrix of coil connections. The practical value of the digital model of the electromagnetic circuit is that the
parameters of the magnetic circuits are introduced in the form of geometric dimensions of the magnetic circuits. This
eliminates the need for equivalent transformations to produce data for a specific model. This simplifies the study of sec-
ondary power supplies and other powerful electric power consumers by efficiency criteria, weight and size parameters.

Originality. The topology of the electromagnetic circuit is represented in the form of separate matrices that are
connected by a matrix of coil connections.

Practical value. The parameters of the magnetic circuits are introduced in the form of geometric dimensions of the
magnetic circuits.
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LINTRODUTION are also a kind of energy consumers, which is used to
control switching elements and is released as heat. The
amount of energy consumed by the converter affects the
economics of the autonomous system for the worse, and is
therefore often the criterion for research.

Modern computer-aided design systems require the
development of special mathematical software, which will
provide the most simulation for the devices being devel-
oped. The main requirements for the development of

models can be the greatest degree of detail, the permissi- Today, computer modeling of electrical and elec-

ble quality of modeling, the simplicity of obtaining model
parameters.

A special role is played by design automation in the
electric power industry [6], [11]. In autonomous electric
power systems, all devices can be divided into three
groups: power supplies, converters (or secondary power
supplies), and electricity consumers.

Among them, devices that belong to the second
group, by mass and size, are sometimes commensurate
with power supplies and often exceed by these parameters
consumers of electricity. In addition, electricity converters
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tronic devices continues to play a special role in develop-
ing economically and technically efficient devices for
various purposes. This allows not only to speed up the
calculation work and improve the design quality, but also
to create favorable conditions for the development of the
theory of modeling energy-intensive parts of electric
power converters.

The complexity of studying nonlinear electric and
magnetic circuits is that there are no general analytical
solutions of systems of nonlinear algebraic and differen-
tial equations. It is generally believed that the analysis of
essentially non-linear chains, with the exception of a
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small number of simplest cases, can be performed only
numerically.

This material was compiled from the results of [12],
[20] - [21].

I1. ANALYSIS OF LAST RESEARCHES

When modeling devices, it is very important to
choose a method that allows you to accurately estimate
the accumulation and loss of energy in the elements of the
circuit. This may affect the final result of the study, for
example, the efficiency, the power factor, and the like.

In the study of devices using computers, the princi-
ples of structure representation and methods for describ-
ing electromagnetic circuits (EMC) play an important
role. The principles of topological-isomorphic modeling
(TIM) are well studied and successfully used in the auto-
mation of EMC design [12]. However, modern electronic
devices with electromagnetic components in their compo-
sition usually have a large number of capacitive elements,
which requires the further development of TIM methods
and methods of EMC description. One way to solve this
problem is to divide the EMC into subcircuits.

Choosing the appropriate description for the study of
physical processes, you should take into account the pur-
pose, direction of development, the degree of detail of the
device nodes, are modeled. One of the most important
problems of automation of scientific research of electro-
magnetic devices (EMD) is the study of energy processes
and characteristics (efficiency, power factor, etc.). In this
case, it is necessary to take into account the energy losses
at each element of the circuit. A number of devices (elec-
tromagnetic converters, electric and magnetic energy sto-
rage devices, power supplies of electronic equipment,
etc.) include powerful magnetic systems where there are
losses to magnetic hysteresis and eddy currents. To take
into account the losses in steel, it is necessary to represent
the magnetic circuit in the same detail as the electric cir-
cuit.

At present, methods for representing EMC have
been developed, where the separation of the circuit into
electric and magnetic circuits is used. To represent the
graph of a magnetic circuit, use an incidence matrix or,
more often, a contour matrix of magnetic bonds. The con-
nection between the magnetic and electric graphs is pro-
vided by the matrix W , the dimension of which depends
on the number of turns located on the magnetic rods and
the method of connections [12]. There are two ways of
forming W . In one case, the connection of the electric
branch to the magnetic flux circuit is realized, in the other
case the connection of the contour stream to the electric
branch is realized. The choice of the matrix is determined
by the concrete implementation of the mathematical mod-
els of the EMC.

The structure of electrical circuits is described by
matrices of incidents, contour currents, cross sections,
etc., makes it possible to widely use the theory of matrices
in the compilation of EMC descriptions. In turn, the the-

ory of matrices allows solving the problems of modeling
electric and magnetic circuits by parts [5], [7], [13], [16] -
[17], [23]. If all known types of elements (resistors, ca-
pacitors, inductors, etc.) are present in the circuits, then
the matrices that retain the electrical circuit structure do
not agree well with the mathematical description. In such
cases, the electrical circuit is divided into subcircuits in
which elements of the same type are localized. For exam-
ple, it is possible to isolate the linear resistive part of the
circuit, and the nonlinear elements and components ac-
cumulating energy are replaced by current sources and
electromotive forces. Thus, the designer of EMD must
deal with the transformation of the original and the con-
struction of a new (equivalent) scheme.

III. FORMULATION OF THE WORK
PURPOSE

In view of the above, it is possible to formulate the
goal of the work as follows: to develop a digital model of
electromagnetic circuits that is convenient for researching
and optimizing powerful secondary power supplies and
electromagnetic converters. In this model there should be
the following:

- separation of the elements of the scheme according
to the types of accumulated energy of the magnetic and
electric fields and the consumed energy radiated in the
form of heat;

- representation of the magnetic components of the
circuit in the form of their design parameters and the
magnetic properties of the material used;

- eliminating the need for an equivalent transforma-
tion scheme;

- adaptability to the use of application packages,
which by their organization use a matrix representation of
data (for example, MATLAB).

IV. DEVELOPMENT OF THE MATRIX-
TOPOLOGICAL MODEL OF ELECTRO-
MAGNETIC CIRCUITS

The review of the diagrams of the power part of the
EMU proposed in the theoretical and reference literature
[1]1-[2], [8], [10], [19], [24], etc. makes it possible to use
the following fragment of an electrical circuit, on the ba-
sis of which a mathematical model will be developed (see
Fig.1).

Limitations on the number of branches and the com-
plexity of magnetic structures are not superimposed. Ex-
ceptions are schemes with multiple multiplication of volt-
age (for example, the Latour scheme [12]), unified cir-
cuits for high-voltage transformer-rectifier modules [10]
and some others, the complexity of which lies in the fact
that in them capacitive couplings can not be represented
as a "star" (see Fig.2).

In these cases, it is necessary to solve the problem of
charge distribution between capacitors or to transform the
circuit by introducing an active resistance into some ca-
pacitive branches.
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Figure 1.Fragment of the electrical circuit of a static electromagnetic device
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Figure 2. Capacitive subcircuits
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Simulation of electrical circuits is greatly simplified,
if it can be solved with respect to electrical voltages on
capacitors. This follows from the fact that the number of
capacitive elements, as a rule, does not exceed 40-50% of
the number of components in the circuit. Therefore, the
problem of numerical modeling is simplified in the sense
of reducing the number of unknown variables.

Let the electrical circuits for which a mathematical model
is develop are represented with two-pole components.

Then, depending on the nature of the components, the
branches of the graph of electrical circuits are divided into
the following types:

1) branches of passive two-ports (capacitances);

2) branches of dependent and independent voltage
sources with linear and nonlinear active resistances.

Considering branches by types, the graph of the
electrical circuit can be conditionally divided into sub-
graphs: "capacitive" and "resistive". In the future, the
concept of "subgraph" will be replaced by a "graph" when
we consider them as separate structures. If you first num-
ber the branches and nodes of the arcs of the capacitive
graph, and then the branches and nodes of the resistive
graph, then the incidence matrix, which reflects the struc-
ture of the electrical circuit, is automatically divided into
blocks:

— A8 ASV
A, A
where matrix blocks are:
A, - incidence matrix of incoming branches of the

graph of the capacitive part of the electronic circuit;

A, - incidence matrix of outgoing branches of the

graph of the capacitive part of the electronic circuit;

A, — incident matrix, where the resistive branches

are incident with the capacitive;

A, - incident matrix, where the resistive branches
are not incident with capacitive branches.
Thus, the "capacitive" graph is described by a topo-

logical submatrix A, . The basic nodes of it are placed in

a separate block A4, . This block provides a connection

between the base nodes of the "capacitive" graph and the
"resistive" graph, which is represented by the submatrix

A, . Other nodes of the capacitive graph can be and are
most often associated with a "resistive" graph, and this
relationship is described by a submatrix 4, .

Description of the structure of the magnetic cir-
cuit and its connection with the electrical circuit

The magnetic circuit is represented in as much detail
as the electric circuit and is described by a contour matrix
I',,. In order to describe scattering fluxes, when forming a

graph, each magnetic connected chain can be supple-
mented by an "air" branch [12].

The parameters of the magnetic branch can be calcu-
lated as follows (see Fig. 3).

Figure 3. Constructive parameters of the magnetic
branch

The rod made of magnetic material (length - £, cross-
section - s, gap — J) is wound with one or several windings
with a number of turns w. The magnetic resistance of the
branch is calculated by the formula

[-6 &

+_7
SHo SHy

Yy, =

where | - magnetic permeability of a rod, py - magnetic
permeability of a gap.

The cross-section of the gap and the rod is assumed
to be the same under the condition that 6<</. The induc-
tance of the branch can be determined by the expression:

The connection between the magnetic and electric
graphs is provided by the matrix W. Its dimension in rows

corresponds to the contour matrix I, , and by the col-

umns-the conductivity matrix Y. Elements of the matrix
are filled in the following way. If the beginning and end
of the electrical winding coincide with the chosen direc-
tion of the magnetic flux, then the number of turns with a
plus sign is inscribed in the corresponding cell, if the di-
rections do not coincide, then the number of turns with a
minus sign.

Topological-isomorphic description of the elec-
tro-magnetic circuit

Consider the electrical circuit of the static electro-
magnetic device in Fig.1. The numbering of branches and
knots is performed according to the above rules for form-
ing a matrix 4. From the general scheme, a capacitive
subscheme can be distinguished (see Fig. 2, a).

In what follows we confine ourselves to the consid-
eration of capacitive subgraphs of the "star" type. For
graphs such as "triangle" you need a special algorithm for
the redistribution of charges. After dividing the circuit
into resistive and capacitor nodes, we turn to the problem
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of the distribution of currents between the branches of
both subgraphs.

The instantaneous stresses of the branches of the
electric graph are determined by the potentials of the
nodes and the voltages on the capacitors. Let the node

¢,,+> (see Fig. 1) is not an incident capacitor and it is
necessary to find the voltage drop on the branch
Tiy5 —€ry5s — Wir.5. The sought voltage is determined

by the potential difference ¢,,,, and @,,, ;. The algo-

rithmic complexity consists in determining the node's
potential, if the capacitor is incident with it. Define it as:

P2 = Pm+s + Ueps

where u,; =—@,; - voltage on the capacitor (see Fig. 2,
a).
Then
Pims2 = Pps1 —Pes -

Using the block structure of the matrix 4, determine
the distribution of currents in the circuit as follows:

[=Y]4w, + 4V, - a4 )+ E-w'o'|. )
where I,E,®

forces and magnetic fluxes, and the component W'®’
takes into account the voltage drop across the magnetic
coils.

- respectively, currents, electromotive

Expression (1) implements the method of nodal po-
tentials using separate matrix blocks 4: 4., 4., 4,,

er’ 0
A4

.
The relationship between the magnetic flux and the

current of the electrical circuit is determined as follows:

WI=T,R I''® ()

m-"m-m = °

where R,, - diagonal matrix of magnetic resistances.

The derivative of the voltage on the capacitor is de-
termined by its charge current:

A.CAYV! =-A4,1. 3)

We draw a section covering both nodes to which the
capacitor is connected. Then the sum of the currents flow-
ing in the cut branches according to the first Kirgoth law
will be zero. Using the topological matrix 4, this law is
realized as follows:

AT — AyALA, 1 =0. 4)

The above relations relate all the main variables that
determine the state of the electric and magnetic circuit.
Thus, the matrix equations (1) - (4) form a complete sys-
tem of differential equations of the EMC.

The matrix form of the representation of the elec-
tromagnetic system is ideally suited to the realization of a

model on electronic computers using application software
packages, for example, MATLAB, in which all objects of
computation are represented by matrices [19].

The mathematical description (1) - (4) provides for
the use of resistors, capacitances, inductive elements and
EMF sources. However, in the converter devices there are
elements with nonlinear characteristics - controlled and
uncontrolled semiconductor diodes, transistors, cores of
magnetic material and the like. To model the converter
devices with these elements, without going beyond the
scope of the description (1) - (4), requires the use of spe-
cial mathematical models of the above elements, which
must be added to this model in digital implementation on
a computer. In this connection, only numerical methods
can be used to solve system (1) - (4). The abundance of

state variables in it: 1, D, D",V V! V.

> Ve, V., - complicates the
solution, in addition, requires the use of special iterative

methods.

Iterative methods for solving systems of differential
equations are well studied in [20], [22] and are success-
fully used in numerical study of nonlinear systems [20].
Attempts have been made to develop original simple fast-
acting methods [22], but the problems of the dimension of
problems, algorithmic difficulties in the iteration step and
their number remain.

In our case, the use of iterative methods of investiga-
tion would not be effective, since the task posed - energy
research, in particular taking into account dispersion and
accumulation of electrical energy on each element of the
scheme - will require additional computational costs of
the computer time [20].

In addition, modeling of nonlinear magnetic charac-
teristics of materials requires the development of special
models that should be included in the general algorithm
for the study of chains.

On the basis of the foregoing, machine time must be
saved, and this is achieved by using explicit methods of
numerical integration, the main advantages of which are
described in [9].

Reduction of the topologically isomorphic de-
scription of the EMC to a form convenient for solving
by numerical methods

When developing a mathematical model on a com-
puter using explicit methods of numerical integration, it is
necessary to solve the system (1) - (4) with respect to the
derivatives of the magnetic flux vectors @' and the ca-

pacitor voltages V7 .

To do this, we perform matrix transformations as
follows. We re-group the terms in (1) as follows:

I=Y|d - A a 4, + AV, + E-w'a| ()
We introduce a new topological matrix:

er e

A=A AL 4,4,

then
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A, =4, — A4 A,

If, we substitute expression (5) in (4), then we get:
A4 + A Y(A Y, + E-W'D)=0.

From here you can get V., to exclude it from equa-
tion (5):

v, =|aya ] aylwe —av, -E)

Eliminate the vector V, from equation (5) and ob-
tain:

1=valaya | aywae -4y, -£)- o
- Y(W‘cp' — ALV, - E)

We introduce the matrix of active parameters:
1
n=v|e-alayal'ay)

where € - unit matrix.

Then equation (6) takes the form:

[=v,(4 v, +E-w'a) %)
Thus, we obtained an equation in the form of nodal
potentials, where all the potentials of the electric circuit
graph are determined through potentials on capacitances
in a capacitive subgraph.
Eliminate the vector I in the description (1) - (4) by
substituting (7) into (2) and (3), which gives:

=T RT'D.

m="m-m

WY (4 v, + E-w'a)

From this we determine the derivative of the mag-
netic flux:

Q' = [WY,W’T] [WY (AérVg +E-F )]

(®)
where
F=T,R,,®.

Vector F can be defined and thus:
F=T,LH,

where L - matrix of lengths of magnetic cores; H — vector-
column of magnetic tension in rods.

We substitute equation (7) in (3):
A.CAV, =—A.V, (Aé,Vg +E- W’@’).

Let us single out the derivative of the electric poten-
tial vector on capacitors:

v, =|acal avwo-av,-E). ©

10

Thus, the system (1) - (4) is solved with respect to

the derived vectors @' and V . System (8) - (9) is a de-

scription of the electromagnetic circuit, resolved with
respect to magnetic fluxes and electrical potentials on the
capacitors. A feature of this description is that it allows
you to model ideal electromagnetic circuits, since it does
not have redundancy. Other special cases of calculating
such chains are known, for example, in [14]. In them,
ideal transformers are considered as additional structural
equations. However, this leads to a complication of the
mathematical model. In our case, the dimension of the
problem is significantly reduced. The system (8) - (9) is
written in the Cauchy form and is suitable for investiga-
tion by explicit methods of numerical integration.

The problem of rigidity

As the simulation results show, the mathematical
model of the EMC (8) - (9) behaved well when calculat-
ing the transformer circuit [20]. However, in the general
case there can be problems associated with the rigidity of
the equations and, in connection with this, with the con-
trol of the computational process.

In the general case, the components of the parame-
ters Y,C,R,, of electrotechnical devices can differ

greatly from each other. This leads to the rigidity of sys-
tems of differential equations. The concept of rigid equa-
tions was first introduced in 1952 by K. Curtis and D.
Hirschfelder [21]. A feature of such systems is the need to
reduce the interation step when using the classical meth-
ods of Euler, Runge-Kutta, Adams, and others:

h<Tb.l.’

(10)

where 4 - integration step; 7,; <b—a- boundary

layer [15]; [a,b] - a segment of observation (may corre-

spond to the period of the fundamental harmonic of the
process under study).

The fulfillment of condition (10) allows to display
high-frequency components, which are a consequence of
physical processes in charge circuits with small time con-
stants and in high-frequency oscillatory circuits.

However, the

TIZ.C.

where T - the period of the fundamental harmonic com-
ponent of the process under investigation may turn out to
be such that the use of standard methods will be unsuit-
able because of the long calculation time.

In this case, inverse methods of numerical integra-
tion are useful: the inverse Euler method [21], the trape-
zium method, the differentiation formulas back [21], etc.
These methods are good in that, depending on the step of
numerical integration, we get the corresponding "detail"
of the physical process, while the stability of the computa-
tional process is not violated.

It is known that the errors of the explicit and implicit
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methods are close in modulus and are proportional W’ ,
but are different in sign [21]. Therefore, combining these
methods, you can get a good approximation. This is
achieved by calculating the derivatives of state vectors

with respect to different points within the integration in-
terval [21].

If the linear approximation is performed at the inte-
gration step, then increments A@ and AV, can be de-

termined by solving a system of algebraic equations. We
will show this with an example. Let

then
AX'=BX +CE, (11)
where A4,B,C - square matrices; X, E - vector columns.
We write the system (11) in the following form:
X'=47!(BX+CE). (12)

The increment at the integration step with respect to
different points within the interval

AX:;{A"B[X +%)+A_1CE] (13)
We solve system (6) with respect to AX :

AX{J_

We represent the derivatives (8) - (9) inside the in-
terval:

ha~'B

z

jhA_I (BX +CE). (14)

A
@’:F@((D+A—(D,Vg AV ,E+£] (15)
z z
Vv, = Fy(cp’,Vg + e ,E+£j (16)
z z

If you perform operations similar to (12) - (14) over
system (8) - (9), you can get:

W'wy,w'+z7'r,R, I

—h~' 4y,

-1 t
-z lwy, 4L,

Y,

-1 -1
h™ A.CAL +2 7" 4,,Y,

t
Agp

Ad | WYp(Angg+E)—F(¢)
x = (17)
Vel |-4,,7, (A;pVg +E)

Relatively 4@ and AV, system (17) can be solved
by any numerical method. Varying the value z, we can

11

change the methods of numerical integration, for exam-
ple:

a) at z =00 - explicit Eulerian method,

b) at z =1 - inverse Euler method;

¢)at z=_2 - trapezium method and others.
Parameter z can also take any non-integer value.

The square matrix in system (17) can be poorly con-
ditioned in one case, when there are capacitors with
"hanging" nodes in the circuit. This may occur in the
study of chains in parts. In this case, it is recommended to
shunt the "hanging" capacitors with resistors in one of the
above ways (see Fig. 4). The variant (Fig. 4, b) is prefer-
able, since it requires fewer additional elements.

Thus, a controlled digital EMC model (17) has been
developed that satisfies the requirements of stability under
stiffness conditions for systems of differential equations.
Obviously, it will be necessary to define a criterion for
optimizing a numerical solution that allows us to control
the computational process by means of z .

Figure 4. Methods for improving the conditionality of the
matrix (17) by shunting with resistors of "hanging"
capacitances

IV. CONCLUSION

1. The topology of the electrical circuit is repre-
sented by matrix blocks 4., 4., 4,, A,., which made

€r
it possible to obtain a mathematical description that si-
multaneously takes into account the distribution of cur-
rents and charges in the elements of the circuit.

2. A mathematical description of electromagnetic
devices (1) - (4) is obtained, in which inductive parame-
ters are determined by the geometric dimensions and
characteristics of the magnetic cores.

3. The matrix form of the representation of the elec-
tromagnetic system ideally approaches the implementa-
tion of the model on electronic computers using applica-
tion software packages, for example, MATLAB, in which
all the calculation objects are represented by matrices.
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4. Proceeding from the given structure of the ma-
thematical description of the EMC, it is expedient to use
the proposed model for the study of devices that have
magnetic cores in their composition that are powerful
enough to account for them. This model was used to in-
vestigate secondary power supplies and powerful current
generators.

5. In this paper, special attention is paid to the sim-
plicity of presenting the initial information, excluding
equivalent transformations of the electrical circuit.

6. A stable mathematical model of electromagnetic
circuits in the matrix form (17) is developed, which is
convenient for realization on digital computers. The
model is composed relative to the increments of magnetic
fluxes and potentials on capacitors.

7. Computational methods are controlled by the pa-
rameter z .

The developed software is well-algorithmized on
digital computers and can be used to create specialized
software systems.
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MATPUYHO-TONIOJIOTTYHA MOJEJIb EJJEKTPOMATI'HITHUX KIJI

CII€EJIEB ML KaHJl. TEXH. HAyK, JIOLEHT, JIOUEHT KaeJpy aBTOMATHKK Ta KOMII'FOTEPHO-IHTErPOBAHUX
TeXHOJOTiH YOPHOMOPCHKOTO HaliOHAIBHOTO YHiBepcureTy imeni [lerpa Morwm,
Muxkonais, Ykpaina, e-mail: nikolay.sidelev@chmnu.edu.ua;

Mema pobomu. Pospobumu yupposy moodenv enekmpoMazHimuux npucmpois 0 00CHONCeHHs ma onmumizayii
NOMYACHUX 6MOPUHHUX OdICEPETt HCUBLEHHS A eLeKMPOMASHIMHUX NePemEopIosayis.

Memoou docridocenus. Memoo 8y3n06ux nomenyianie, Memoo KOHMYPHUX CIMPYMIE, MONOIOSIMHO-I30MOPGHI ne-
DemeopeHHsi.

Ompumani pesynomamu. Cyuacui cucmemu asmomamu308aH020 NPOEKMY8AHH BUMA2AIOMb PO3POOKU cheyidlb-
HO20 Mamemamuunozo 3abe3neyenns. OCHOBHUMU BUMO2aMU 00 PO3POOKU MoOeiel MoxCymb Oymu Haubintbua cmy-
niHbL demanizayii, OONYCMuUMa AKicms MOOeI08AHHS, NPOCMOMA OMPUMAHHA NaApamempis mooeui. B agmonomuux ene-
KMPOEHEP2EMUYHUX CUCTEMAX 6Ci NPUCTPOL MOJICHA ROOLTUMU HA MPU 2PYRU: 0dceped JCUBTIEHHS, Nepemeoposayi i
cnoxcusaui enekmpoenepeii. Ceped HUX npucmpol, wo eiOHOCAMbCsE 00 Opyeol epynu, 3a Macoio i eabapumamu iHOOI
CYMIDHI 3 Odicepenamu HCUBNIeHHS. | Hacmo Nepesuiyyoms 3a Yyumu napamempamu cnogcusaui enekmpoenepeii. Kino-
KICMb CROJMCUMOI eHepeii nepemeopiosaiem 8Nau6ae 6 2iputy CMopoHy HA eKOHOMIYHICIb A8MOHOMHOI cucmemu i mo-
My yacmo € Kpumepiem 0ocaioxcents. Memoio 0anoi pobomu € cmeopeHHs MamemMamuyHo2o anapamy, wo 003605€
supiwiysamu 3a0a4i MOOeMOB8AHHS MA OOCTIONHCEHHS eNeKMPOMACHIMHUX NPUCPOI8 NO YACIUHAX (3 8UOAMU HAKONU-
yyeanoi enepezii). Lle 0o36orums cnpocmumu 00CIONCEHHs | ONMUMI3AYII0 MAKUX MEXHIYHUX XAPAKMEPUCUK, 5K KO-
eiyicum KopucHoi 0ii, macozabapummui NOKA3HUKYU MOWO. 3anponoOHOBAHA MAMEMAMUYHA MOOETb eIeKMPOMASHIMHUX
KL Ma€e HAUOLbuwull Cmyninb 0emanizayii enekmpuyHo2o i MazHimHoz2o koia. Maenimue Koio npedcmasieno maxk camo
OOKIAOHO, WO | eleKmpuyHe Koo, i ONUCYEMbCSE KOHMYpHOT Mampuyeio. Ompumano MamemMamudHuil Onuc eiekmpo-
MAZHIMHUX NPUCMPOis, 8 KOMOPOMY THOYKMUGHI Napamempu UHAYAIOMbC 2eOMEMPUNHUMU POZMIpAMU I XapaKme-
pucmuramu mMazHimuoz2o xoaa. Tononozis enekmpuiHozo Koia npeocmagiend MampudHuMy O10KAMU, Wo 00360UN0
ompumMamu MamemMamudHul Onuc, KOMpui 0OHOYACHO 8PAX0BYE PO3NOOLL cmpymie i 3apadie 6 enemenmax cxemu. Cu-
cmema pieHAHb 3600umbcs 00 gopmu Kowii i cknadena 8i0HOCHO npupocmy MAasHIMHUX ROMOKI8 i NOMeHYIANi6 Had KOH-
OdeHcamopax, wjo CHPOuWYe ii pilueHHs YUCelbHUMU Memooamu Ha Komn'tomepi. Takum yunom, 3pyYyHO cmedxicumu 3d
EHepeemUYHUMU NPOYEeCaMU 8 PEaKMUGHUX eHEPLOEMHUX eleMenmax cxemu. Pospobiena cmiiika i adanmushna yugpo-
64 MOO€Ib eNEeKMPOMASHIMHUX Kill, W0 0036015€ 00'cOnamu Kiibka Memooie iHmezpy8anHs cucmemu Ougepenyiarbuux
PiHsHb. 360pomuiil 36'130K HA0AEMbCA Yepes cheyianvHuil napamemp. Lle 00360156 00MOSMUCA MAKCUMATLHOL KOpe-
KMHOCMI 00YUCAeHb OJi eHEPeeMUYHUX KOMNOHEHMI8 Npu MOOeT08AHHI eleKkmpomacHimuoeo Koid. OpuciHanbHicme
MAMeMAmuyHo20 ONUCY NOJIA2AE 8 MOMY, WO MONONO2IS eleKMPOMACHIMHO20 KOA NPeOCMABLeHa y 6Uisidi OKpemux
Mampuyb, Kompi N08's3awni Midxc o600 Mampuyer UMKo8ux 3ayeniets. Ilpakmuuna yinnicmos yugposoi moodeni ene-
KMPOMAZHIMHO20 KOIA NONA2AE 8 MOMY, WO NAPAMEMPU MASHIMHUX Kill 8800MbCS 8 8ULTAOL 260MEMPUYHUX PO3MIDIE
MaeHimonposodis. Lle sukaouac HeobXiOHiCmb NPOBOOUMU eKBIBANECHMHI NEePemEopenHsl OJisl NIO20MOBKU OAHUX KOHK-
pemuoi mooeni. L]e cnpowye ugueHHs 8MOPUHHUX 0XHCEPel HCUBTIeHHS MA THUWUX NOMYHCHUX CHOHCUBAYIE eleKmpoeHe-
peii 3a Kpumepisaimu eqoekmusHoCmi, 8a208UX i PO3IMIPHUX NAPAMEmpIS.

Hayxosa nosusna. Tononoeis eniekmpomazHimuoz2o Koia npeocmagnena y eueisioi OKpemMux mMampuyp, 3'€OHanux
Mampuyeio UMKOSUX 3a4eNnIeHb.

Ilpaxmuuna yinnicme. Ilapamempu MacHimHux Kin 6600mbCs Y 8USNA0L 2eOMEMPUYHUX PO3MIPI8 MASHIMHUX KL

Kmiouoei cnosa: cmamuyni enlexmpomazHimui npucmpoi; mMonoao2iuHo-i30MoppHe MOOENI08AHHS, MAMPUYHUY
MONONOSTHHUL ONUC; MONONOIYHE MAMPUYI, Mampuyi iHyudenyil, 610K08a CMpPYKmMypa monoio2iYHoi mampuyi; mam-
PuUys GUMKOBUX 3a4eNIeHb; BMOPUHHI OJICEPena HCUBNEHHS, 2EHEPaAMOPU IMIYIbCHUX CIPYMIE.

MATPHUYHO-TOIOJOTHYECKAS MOJEJb 3JIEKTPOMATHUTHBIX
HEMNER

CHUJEJIEB H.N. KaHA. TeXH. HayK, JOIEHT, [OLEHT KaeIphl aBTOMATHKA M KOMIBIOTEPHO-
MHTErpUPOBAHHBIX TEXHONOTUH UepHOMOPCKOrO HAIMOHANLHOTO YHHBEPCHTETa MMEHH
[Tetpa Moruiel, Hukonaes, Ykpanna, e-mail: nikolay.sidelev@chmnu.edu.ua,

13



ISSN1607-6761 (Print) «EJEKTPOTEXHIKA TA EJIEKTPOEHEPTETUKA» Nel (2018)
ISSN 2521-6244 (Online) Po3ain «EaekTporexHika»

Llenv pabomwi. Paspabomams yughposyio mooens 51eKmpOMASHUMHBIX YCIMPOUCME 01l UCCAe008AHUSL U ONMUMU-
3ayuU MOUWHBIX BMOPULHBIX UCIMOYHUKO8 NUMAHUSL U JIeKMPOMASHUMHBIX npeobpazosamernel.

Memoowt uccnedosanus. Memoo y3106bIX NOMEHYUAN08, MeMmoO KOHMYPHbIX MOKOS8, MONOL0SUYECKU-
uzomop@uvie npeobpazosanusl.

Tlonyuennvie pesynomamut. Cospemenible CUCMEMbl A8MOMAMUUPOBAHHO20 NPOEKMUPOBAHUsL mpedylom paspa-
bomxku cneyuanbHo2o mamemamuiecko2o obecnevenus. OCHOGHLIMU MPeDOBAHUAMU K PA3PAOOMKe MoOenell Mo2ym
ObImb HauborLULAs CMeneHb Oemanu3ayuu, OONYCMUMOe Ka4ecmeo MOOeIUpOB8anUs, NPOCmoma NOJIY4eHus napamen-
pos modenu. B asmonomuuix snekmposnepzemuieckux cucmemax 6ce YCmpoucmeda MONCHO NoOpa30eiums Ha mpu
2PYRNbL: UCMOYHUKU NUMAanus, npeobpaszosamenu u nompebumenu snexmposuepeuu. Cpeou Hux ycmpoucmed, OmHo-
csuecst Ko 8Mopotl epynne, no macce u 2abapumam uH020d COUSMepUMbl ¢ UCIOYHUKAMU NUMAHUS U YACMO NPegbl-
waiom no 3mum napamempam nompebumenu saekmposuepeuu. K momy oice npeobpazosamenu snexmposnepauu max-
Jkce AGNAEMCS C80€20 pooa NOMpedUumensaMu dHepeuu, KOmopas UCNOab3Yemcs ONsl YNPAGIeHUs KOMMYMAYUOHHLIMU
neMeHmamu u evloensiemcs 6 sude menia. Konuuecmeo nompebnennou suepeuu npeobpazogamenem gnusiem 8 XyouLyio
CHOPOHY HA 9KOHOMUYHOCTD AGMOHOMHOU CUCMEMbL U HOIMOMY YACMO SAGNAEMCsl Kpumepuem ucciedosanust. Lleavio
OaHHOU pabombl AGNAEMCS CO30AHUe MAMEMATNUYECKO20 ANNapama, N0360sSI0OUE20 PEUamy 3404y MOOEIUPOBAHUS U
uccne008aHus INeKMpPOMASHUMHBIX YCMPOUCME N0 4acmAM (RO 8UOAM HAKANIUBAEMOU SHepaul). Imo no360aum ynpo-
CmMums UCCIe008anue U ONMUMUAYUIO MAKUX MEXHUYECKUX XAPAKMEPUCIUK, KAK KO3 duyuenm noiesno2o oelicm-
susl, maccoeabapumuvie noxkasamenu u m.o. Ilpednodcennas mamemamuueckas MOOeb dNEKMPOMASHUMHBIX Yenell
umeem HaubONLULYIO CIMenelb 0emanu3ayuu JNeKmpu4eckol u MaeHum1ou yenu. Masnumuas yens npedcmasnena max
JKce ROOPOOHO, YMO U INEKMPULECKAs Yenb, U ONUCLIBAEMCs KOHMYPHOU mampuyel. [lonyueno mamemamuieckoe onu-
canue INeKMPOMAHUMHBIX YCIMPOUCME, 8 KOMOPbIX UHOYKMUBHbIE NAPAMEMPbL ONPEOeSIOMCsl 2e0MempU4ecKuMu
pazmepamu u XapaKmepucmukamu MazHumHuix yeneil. Tonono2ust s1eKmpuyeckoli yenu npeoCcmasiena MampuyHblMu
OnOKaMU, YMO NO360IUL0 NONYYUMb MAMEMAMUYECKOe ONUCAHUe, KOMOPOe 0OHOBPEMEHHO YHUmbvledaem pacnpeoese-
HUe MoKo8 u 3aps0os 8 snemenmax cxemvl. Cucmema ypagnenuii ceooumces k gopme Kowwu u cocmaenena ommocu-
MENbHO NPUPAWEHUtl MASHUMHBIX NOMOKO8 U NOMEHYUANI08 HA KOHOEHCAMOPax, Ymo Ynpowaem ee peuieHue YucieH-
HbLMU Memooamu Ha Komnvlomepe. Taxum 06pazom, yOOOHO C1e0Uumb 30 IHEPSeMULecKUMU NPOYeccami 8 peaKmueHbix
9HEepP20eMKUX demeHmax cxemvl. Paspabomana ycmouuueas u adanmusHas yu@poeas Mooendb 3J1eKmpoMASHUMHBIX
cxem, No3601A0WAsL 00bEOUHUMb HECKONLKO Memo008 UHMEeSPUPOBAHUsL CUCmeMbl OUD@EPeHYUATbHbIX VPAGHEHULL.
Obpamnasi ces136 NPeOOCMABISIEMCsL Yepe3 CHeYUAIbHbLIL napamemp. Dmo no3gojsem 006umvcs MaKCUMAIbHOU KOp-
PEKMHOCHU GbIYUCTEHUTE OISl IHEP2ETNUYECKUX KOMNOHEHMO8 NPU MOOETUPOSaHUU diekmpomazhumnot yenu. Opueu-
HAbHOCHb MAMEMAMUYECKO20 ONUCAHUS 3AKTIIOYAEMCsl 8 MOM, YMO MONOL02UsL INEKMPOMAZHUMHOU Yenu npeocmag-
JleHa 8 8uoe OMOeNbHbIX MAPUY, KOMOopble C8A3AHbL MeXHCOY COO0U Mampuyeli 8umKo8wvix 3ayenienutl. Ilpakmuyecxas
YEeHHOCMb YUupposou Mooenu I1eKmpOMASHUMHOU Yenu 3aKI04aemcst 8 oM, Napamempvl MASHUMHBIX yeneti 66005m-
Csl 6 BUOE 2eOMEMPUUECKUX PAZMEPO8 MACHUMONPOBOO08. DMO UCKIIOUAEn HEOOX0OUMOCTb NPOBOOUMb IKEUBALEHN-
Hble nPeodpPazo8anus 0t HOO2OMOBKY OAHHBIX KOHKPEMHOU Modenu. Dmo ynpowaem u3yyeHue mopuidHblx UCMOYHU-
KO8 NUMaHusi U Opyeux MOWHuIX nompeoumenei d1eKmpodHepauy o Kpumepuam dpgdexmuernocmi, 6ecoulix u pas-
MEPHBIX NAPAMEMPOS.

Hayyna nosusna. Tonono2usi 21eKmpomMazsHumnol yenu npeidcmaeiena 6 6Uoe OmoeibHblX Mampuy, COeOUHEHHbIX
mampuyeti BUMKOBbIX 3aYyenieHUl.

Ipaxmuueckas yennocms. [lapamempvl MacHUMHBIX Yenel 6600AMCsL 8 GUOe 2e0MEeMPUUECKUX PA3MEPOS Md2-
HUMHBIX Yenell.

Kniouesvie cnosa: cmamuueckue SNIeKmpomazHummvlie ycmpoﬁcmea; mononozuqecxu-womopdmoe Modeﬂupoea-
Hue, Mampu4ro-monoaocu4ecKoe onucanue;, monoJjocudecKue mampuysblt, mMampuybl um;u()em;uﬁ; bnounas cmpyKmy-
pa MONON02UYECKOU mampuybl, mMampuya 6umixoevlix 3auemteuuﬁ; B6MOPUUHbIE UCMOYHUKU NUMAHUA, 2eHepamopul
UMNYTbCHBIX MOKOE.
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