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ABSTRACT

Context. DC voltage converters (DCV) are part of modern power supply systems (PSS) and power supply ensuring the operation
of electronic and radio devices, telecommunication systems and communication and to a large extent determine their power con-
sumption, reliability, time of readiness for operation, weight, size and cost indicators. Even though there are a large number of differ-
ent software packages used in engineering practice for the study and design of radio engineering devices, such computer-aided design
(CAD) systems and virtual computer simulation of electronic circuits have some limitations that do not allow to quickly carry out the
entire complex of studies of DCV required for the analysis of electrical processes in various operating modes.

Objective. In this section, the goal is to select the most suitable methods and algorithms that allow the development of software
necessary for solving the problems of research and analysis of electrical processes for select energy parameters of the DCV of a
modular structure in a separate power channel (PWC).

Method. The paper proposes a method that consists in using mathematical models describing electrical processes in DC voltage
converters and creating, on the basis of the developed calculation algorithms, specialized software for the automated study of electri-
cal processes in the DCV of a modular structure using a computer.

Results. The paper discusses the main methods of automated research of radio engineering devices, which can be used to analyze
the electrical processes of pulsed DC voltage converters of a modular structure. Algorithms of calculation are given and, as an exam-
ple, some results of automated research obtained using this method.

Conclusions. The analysis of the known methods of automated research of DC voltage converters of modular structure is carried
out. Their advantages and disadvantages are given. It is shown that the most suitable method is based on the use of mathematical
models describing electrical processes in DC voltage converters of this type. On the basis of the mathematical models presented in
the second section of the work, algorithms and specialized software have been developed that allow them to be widely used in the
automated research and design of modular-structured DC voltage converters.

KEYWORDS: modular voltage converters, power channel, converter operation modes, research algorithm for electrical proc-
esses.

ABBREVIATIONS NOMENCLATURE
CAD is a computer-aided design system; U,y 1s an output voltage (load);
DCV is a DC voltage converter; I,y 1s an output current (load) DCV;
PWC is a power channel, L 1s an output current (load k-th PWC);
SPC is a single-phase pulse converter; N is a number of power channels DCV;
MPC is a multiphase pulse converter; fa 1s an accumulation factor;
SP is a software package; L1 is an inductance of the primary winding W1 of the
UHEF is a ultra high frequency. power choke;

7,1 is a transformation coefficient;
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Npax 18 @ maximum number of power channels DCV;

C;, is a capacitance of the input filter capacitor;

C o 1s a capacitance of the output filter capacitor;

U, is a relative supply voltage;

R, is an operating mode — stabilization (tracking);

R, is a conversion mode — SPC (MPC);

P, mode is a type of calculation: Py, =
(Poutk: COIlSt);

Rouk 18 a load resistance k-th PWC;

Py 1s a load power k-th PWC;

fax 1s an accumulation factor k-th PWC;

fu 18 a return factor k-th PWC;

Uini 1s an input voltage (power supply) k-th PWC;

for 1s a boundary value of the converting frequency;

T} is a converting period;

L1 1s a choke current ripple PWC on the accumula-
tion interval,

Lok 1s a choke current ripple PWC on the return inter-
val;

I is the average value of current consumption A-th
PWC;

U 1s a relative supply voltage k-th PWC;

Usuu is a relative load voltage k-th PWC;

I 1s a load current k-th PWC,;

L1, is an inductance of the primary winding W1 of the
choke k-th PWC;

L2, is an inductance of the secondary winding W2 of

the choke 4-th PWC.

const,

INTRODUCTION
Modern DCV of power supply and power supply sys-
tems, as a rule, use the high-frequency (pulse) principle of
power conversion. This allows you to create devices and
systems with higher power density and characteristics that
are unattainable using other methods.

The modular structure of the construction of pulse DC
voltage converters from N of the same type of inter-
changeable PWC simultaneously operating on a common
load provides increased reliability, reduced manufacturing
labor intensity, and increased level of unification and
standardization of DCV. The use of the modular principle
of construction of the DCV contributes to solving issues of
redundancy, increasing the reliability of converters, in-
creased manufacturability, adapting to changes in their
operating modes, and saving energy.

In the study and computer-aided design of radio-
technical devices, simulation of their operation on a com-
puter is widely used today, when instead of expensive
long-term experimental testing of electrical energy con-
verters on breadboards, research using mathematical
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models describing the processes of the devices under
study is used. Therefore, in the work are selected:

The object of study is the electrical processes in
pulse DCV of modular structure.

The subject of study is automated methods for study-
ing the electrical processes of modular DCV.

The purpose of the work is to develop the methods
and algorithms that allow the development of software
necessary for solving the problems of research and analy-
sis of electrical processes for select of energy parameters
of the DCV modular structure.

To achieve this, it is necessary to solve the following
tasks — to analyze modern methods of automated research
of radio engineering devices, using the selected mathe-
matical model to develop algorithms and software for
solving the problems of research and analysis of electrical
processes DCV and to analyze the obtained results.

To carry out a set of necessary studies, the software
must ensure the study of converters with SPC and MPC
principles of converting electrical energy, the results of
which are necessary in the design in order to improve the
technical and economic indicators of the DCV.

1 PROBLEM STATEMENT

Mathematical models described in [1, 2, 3] describing
electrical processes in a separate power channel and the
converter as a whole, allow investigating the depend-
ences: currents and voltages in the PWC elements, in its
supply circuits and the load of the converter at a given
operating mode. This makes it possible at any time to
determine the magnitude of instantaneous currents, their
maximum and minimum values, as well as the magnitude
of the absolute and relative ripple of voltages and currents
at the input and output of the DCV, respectively, with the
SPC and MPC, as well as other electrical and energy pa-
rameters of the modular structure converters required to
select the optimal parameters of the elements, operating
modes of the power unit and control algorithms.

The indicated mathematical models also allow us to
construct the dependences of the quality indicators of the
electrical processes of DCV and energy parameters on the
value of the values of the accumulation factors f, and the
transformation coefficient #,;, the numbers N of PWC and
other parameters for different modes of operation [1].

These dependencies make it possible to identify the
features of electrical processes (for example, under differ-
ent operating modes) with other parameters unchanged
(N, Ly, C;) and to assess the degree of influence of one
parameter or another on the nature of the dependence in
the entire control range, both in any individual PWC, as
well as and in the converter as a whole (Fig. 1).
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Figure 1 — Power section of the DCV of modular structure with parallel connection of a lower-type PWC with elements of transfor-

mation of chokes: a —

Thus, the software package for the study of DCV
should solve the following main tasks, which are pre-
sented in the form of an information model (Fig. 2):

1. Calculation of basic parameters;

2. Calculation of parameters in the time domain (tim-
ing diagrams of voltages and currents in the power sec-
tion, as well as in the input and output circuits of the
PWC and DCV);

3. Investigation of the parameters of electrical proc-
esses (values of voltages and currents on the elements of
the power section of the DCV);

4. Study of quality indicators of electrical processes
(absolute and relative values of voltage and current ripple
in the input and output circuits of the DCV);

5. Investigation of energy parameters (values of oper-
ating currents, power losses on the elements of the power
unit, efficiency factor of the DCV).

2 REVIEW OF THE LITERATURE

In the process of automated research and design of
electronic devices, as a rule, it is necessary to use a whole
set of different software packages. Many sources provide
descriptions and examples of modeling electrical proc-
esses of radio engineering devices using well-known
CAD systems [7, 8, 9]. For example, at the stage of de-
veloping a structural diagram, programs such as SysCalc,
System View, Simulink, LabView can be used. And when
creating schematic diagrams — PSpice (as part of the Des-
ignLab package), Micro-Cap, Electronics Workbench,
and when designing UHF devices such specialized pro-
grams as Super Compact, Touchstone, Aplac and others
[1,2,4,8,9].

These software products allow engineering studies to
create, edit schematic diagrams and make a calculation of
a number of parameters, calculate frequency characteris-
tics and transients, perform a variety of device analyzes,
and implement other service functions [3, 5, 6].
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However, having some limitations, such software prod-
ucts do not allow to fully serve as a tool for researching
voltage converters. All these programs are quite expensive
and universal, and, as a rule, do not allow complex studies
of several parameters at the same time. Also, the construc-
tion of dependencies in a relative form, for example, such
as the ripple coefficients of voltages and currents, effi-
ciency and other parameters, becomes much more compli-
cated [3, 6, 7, 9]. Therefore, to study and analyze the speci-
fied parameters of various converter circuits under different
operating modes, it is required to create specialized soft-
ware — a software package (SP), which allows, using a
mathematical model [2, 3, 8] describing electrical processes
in the DCV, to carry out all the necessary calculations to
solve the problems of automated research and design of
converters of modular structure.

3 MATERIALS AND METHODS

When developing such a software package, the alloca-
tion of individual software modules — subroutines (SR) is
used to calculate the parameters corresponding to the
tasks being solved [2, 3, 5, 9]. This is due to the fact that
the main computational procedures and operations that
make up the individual stages of research should be inter-
connected and not be duplicated when solving various
research problems, which contributes to the reduction of
computational operations. Thus, a unified software algo-
rithm can be represented as a set of software modules that
will create the most clear and rational software structure.

As a result, the following basic requirements for a
software package for studying converters of a modular
structure can be distinguished:

1. The rational structure of the software information
model, reflecting information links between individual SR
when solving research problems, which helps to reduce
time costs and resources for software development.
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2. The software must ensure the study of the DCV at
various parameters of the PWC elements and the selected
operating mode for the SPC and MPC.

3. Availability of a separate software module (control
program) to control the operation of the software complex
(selection of research tasks, change of initial data, provid-
ing information links between individual SR at a given
stage of research), using the same initial data and calcu-
lated relationships of the used mathematical model.

In accordance with the tasks solved by the software
package for the study of DCV (Fig. 1) [2, 3, 5], the fol-
lowing parameters are related to the simulation results:

1. To study time dependences — instantaneous values
of currents and voltages in the input #;,(?), uinx(f) and out-
put iouu(?), uou(f) circuits of a single k-th PWC, their total
values for the DCV i;n(f), usin (), isou(?), Usou () at SPC
and iMSk(t)a uMS(t)’ iM.out(t)a uM.out(t) MPC.

2. To study the dependencies of the quality indicators
of the electrical processes of the DCV on the values of the
accumulation and transformation coefficients, the value of
the output power, the relative supply voltage and load, the
number of power channels, and other parameters:

— absolute ripple of currents Alins, Alouks Alsin, Al ous
AIM.im AIleout and VOItageS Aljink: AUoulks Al]s.im AUS.OUD
AU, in, AUy ou, respectively, at the input and output to the
PWC and DCV during SPC and MPC;

— the ripple coefficients of currents Ci i, Crsous Crmuin,
Crm.out and VOItagCS Crs.inua Crs.outu: Crm,inua Cnn.outu at the
input and output of the DCV at the SPC and MPC, re-
spectively;

— smoothing factor of the converter for current S; and
voltage S,;

— smoothing coefficients of the structure at the input
Sin, Sin and the output Syy;, Sour, In terms of current and
voltage;

—  adjusting
Uoul/ Uin:f(f;))'

In this case, the smoothing coefficient is determined
by the ratio S=C;ir/C:.outs Si= Cr.inu/Cr.ou 18 Used to charac-
terize the efficiency of suppression of alternating currents
or voltages in a device that has a filtering effect (for ex-
ample, a rectifier, converter, filter), where C.i, Cous
Crinws Croute — ripple coefficients, respectively, of the input
and output current or voltage at the input and output of
the DCV.

Smoothing coefficients of the structure of a modular
converter in the power supply circuits S;,, Sin, and loads
Souts Soure 1N terms of current and voltage characterize the
efficiency of suppression of alternating components in the
MPC, relative to the similar case of the SPC in the corre-
sponding circuits of the converter. For SPC S;;=S..=1,
Sin=Soutu =1 [7, 8]. For MPC S;,,,, Souu can be used as
indicators characterizing the efficiency of smoothing the
relative decrease in variable components in the MPC in
comparison with the SPC made of the same number N
PWC [6, 7].

3. To study the energy parameters of converters,
which include:

characteristics  (Up/Un=f;) or
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— effective values of currents on PWC elements /cinje,
Isikes Tpiker Ivpikes Traker Ir12kes Icoutkes their total values for
DCV Isie, I11e, Iypies 1126, 1120, While the effective values
of currents of capacitors of input and output smoothing
filters during SPC and MPC will be different (in MPC,
the maximum value of the corresponding currents is less)
and ICinMe < ICinse and ICoutMe < [Coutse~

— power losses on PWC elements Pcik, Psir, Prik
PVle, Psz, Plek, PCoutk, their total values for DCV PS],
Iyp1, Pr1, Pra, Pria, while power losses on capacitors of
input and output smoothing filters during SPC and MPC
will be different and (Pcy = Pciny T Pcoun) < (Pcs = Pcins +
+P, Couts)'

— the coefficients of efficiency of the power channel
Npwek and the converter of modular structure at SPC 1y
and MPC 1jyps.

Based on the foregoing, the tasks solved by the devel-
oped software will be a set of interconnected functional
blocks, which are presented in the form of an information
model, Fig. 2. With an automated study of converters of
modular structure in accordance with the information
model (Fig. 2), the software package allows you to:

1) study of the parameters of electrical processes in
the time domain for various parameters of the elements,
operating modes of both a single PWC, and the DCV as a
whole;

2) a study of the influence of the magnitude of the
values of the initial data and basic parameters on the qual-
ity indicators of electrical processes (on the absolute and
relative pulsations of voltages and currents in the input
and output circuits, and the smoothing coefficients) of the
converter;

3) study of the influence of changing the number N of
the PWC of the converter on the quality indicators of the
electrical processes of the converter.

4) study of the influence of changes in these parame-
ters on the energy performance of the DCV in different
modes of operation.

In accordance with the tasks of the study of the DCV,
the following functions of the investigated parameters
have been identified, which are necessary to assess the
quality of electrical processes, energy parameters in the
PWC elements, as well as in the input and output circuits
of the converter (Fig. 2):

1. Functions of time — f{7).

2. Not being functions of time, for example, the accu-
mulation factor — f{f;), functions of the transformation
ratio — f{ny;) or functions of the number of power chan-
nels — f{N), functions of value relative supply voltage —
AUY.

To solve each of the tasks of the automated research,
the “Control program” [4] is used, which controls the
computational process, as well as the input of the initial
data, the output of the calculation results, including the
construction of graphs of the selected dependencies.

The control program carries out the required research
using separate functional (depending on the tasks to be
solved) program modules, implemented in the form of
dynamically linked libraries [4]. During research, the con-
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trol program uses a set of software modules in the form of
dynamic libraries containing a set of tools necessary for
solving a particular problem.

4 EXPERIMENTS

To perform these studies using a computer, it is advis-
able, on the basis of an analysis of all the calculated ratios
and the formulated research tasks, to divide the entire
process of calculating the processes and parameters of the
converter into a number of independent tasks. Next, dis-
tribute them (Fig. 3) by type of research and for each
problem to be solved, compose a calculation algorithm,
on the basis of which the software should be implemented
in the form of appropriate subroutines. After that, it is
necessary to combine all the subprograms into a single
software complex for the study of DCV, consisting of
software modules with various tasks to be solved.

Let us consider in more detail, taking into account the
adopted approach — separation into a separate software
module — a module for calculating basic parameters that
are common for any type of research.

Let’s select separate subroutines (SR), which are part
of the algorithm for studying the DCV (Fig. 3), imple-
mented in the form of a dynamically connected library:

1) SR “Calculation of basic parameters” serves for
preliminary calculation of parameters and their prepara-

tion as initial data for calculating the investigated quanti-
ties (block (bl.) 3, Fig. 3);

2) SR “Time dependencies” for calculating timing
diagrams (bl. 11, Fig. 3) both in the circuits of a separate
power channel, and at the input and output of the con-
verter as a whole (Fig. 1);

3) SR “Quality indicators” (bl. 10, Fig. 3) for calculat-
ing the dependences on the accumulation coefficient (with
the possibility of changing the number N of PWC, bl. 5,
Fig. 3 and the transformation ratio ny; — bl. 6, Fig. 3) qual-
ity indicators (Fig. 3) of the electrical processes of the
DCV (absolute pulsations, pulsation coefficients, smooth-
ing coefficients);

4) SR “Energy parameters” (bl. 9, Fig. 3) for calculat-
ing the effective values of currents in the elements of the
PWC, the converter, as well as the efficiency at different
values of the accumulation coefficients f, and transforma-
tion 7,1, values, output power P, and various the number
N of power channels of the DCV.

The algorithm of the software complex for the study
of DCV contains the following blocks and subroutines:

After the start of the program (bl. 1) of the algorithm
(Fig. 3), in bl. 2, the initial data are entered: the parame-
ters of the elements, the required type of research, the
required type of dependence that needs to be obtained.
Depending on the selected type of study, the type of de-
pendence in the subroutine (bl. 3), the basic parameters

Tasks solved by the SP

Y

y

Y

Investigation of DCV
parameters in the time

domain

Investigation of DCV
quality indicators

Investigation of the
energy parameters of
DCV

y

Input and processing of initial data

\

Calculation of time intervals

'

Calculation of basic parameters of
DCV

v

Calculation of parameters that are
functions of time

Y
Calculation of parameters that are not
functions of time

l I

A

Y

Calculation of DCV
parameters in time domain

Calculation of DCV
quality indicators

Calculation of energy
parameters of DCV

<l

A

\

-«

Output of calculation results in the form of tables and graphs

Figure 2 — Software Information Model
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Figure 3 — DCV research algorithm
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are calculated, which are used in the corresponding calcu-
lations (time dependences, quality indicators or energy
parameters) in the PWC or DCV. In bl. 4, depending on
the given type of the investigated dependence, the compu-
tational process branches out: bl. 5, if the selected de-
pendence on the accumulation coefficient — f{f,), or bl. 6,
dependence on the transformation ratio — ny; or bl. 7, if
the study of time dependences f () is selected. The speci-
fied bl. 5, bl. 6, bl. 7 are the beginning of the correspond-
ing cycles for the selected type of dependence. For exam-
ple, for dependence on the accumulation coefficient —
f(fa), in bl. 5, its minimum f;,;, and maximum f; .« values
are determined, as well as the step Af,, with which the
accumulation coefficient will change. The accuracy of the
calculation depends on the size of the step interval Af,.
With an increase in Af;, the error increases. A decrease in
Af, in order to increase the calculation accuracy leads to
an increase in the calculation time.

In addition to calculating the parameters of elements
and plotting dependencies, it is important to study the
characteristics of the device under various operating mod-
es and when changing the parameters of the elements.

To create the software, the calculation method was
used [4], while the study of electrical processes is imple-
mented in the form of an array of input data elements and
the corresponding array of elements of the calculation
results, that is, in the form of a function Y,=f(X,) where Y
is an array of calculation results, X is an array initial data,
m — element number in the array of calculation results, n —
element number in the initial data array. This makes it
possible at the program level to separate the study that
operates with the values of m and n from the mathemati-
cal model using the corresponding arrays of initial data —
X and calculation results — Y. In this case, the control pro-
gram is universal, and the change in the applied purpose
of the study can be carried out by replacing the mathe-
matical model and arrays X and Y, which are implemented
using a separate dynamically linking libraries (DLL) pro-
gram module. Therefore, to carry out any research using a
universal control program, it is sufficient to create addi-
tional DLL [4].

The principle of operation of a specialized program
for research is to calculate the array of results in the main
function using the appropriate subroutines (the required

set of DLL) based on the array of initial data and basic
parameters (Fig. 4) [4].

To carry out automated studies of the DCV, a program
was used that allows you to work with DLL [4]. At the
same time, the program itself is not tied to a specific ma-
thematical model and can be used to study a wide range
of technical devices. Changing the application purpose of
the program is done by replacing the dynamic library file
(mathematical model).

The algorithm of the program for the research is de-
scribed in detail in [4]. This control program, being a uni-
versal one, allows to carry out a wide range of automated
studies of DCV in accordance with the mathematical
model implemented in the DLL. When studying convert-
ers in the time domain, as well as the influence of the
value of the accumulation coefficient — f,, the transforma-
tion ratio — n,; and other parameters on the quality indica-
tors and energy parameters of the DCV of the modular
structure of construction, several directions can be distin-
guished:

1) Investigation of the influence of these parameters
on the quality indicators of the DCV at a constant load
power, when the load power P,,~=const, and the consump-
tion and load current of the &-th power channel is N times
less than the total current of the DCV P.=I.uUsu
Poutk:P()ul/N = (Uoutloutk/N)Uoub [outkzlout/N- Such a con-
struction of converters allows you to build converters
from low-power (low-current) and, accordingly, cheaper
element base with better dynamic characteristics. Here,
the output voltage and load current of the converter are
taken as the initial data, and the load resistance will be
determined as R,y = Uy /Lou, and in the k-th power chan-
nel it will be Ry = Ugut Loutr OF Rowti= Rou™ N.

2) Investigation of the influence of the above parame-
ters on the quality indicators of the DCV with a constant
power P,gu=const of the k-th power channel. Then the
load power will increase with an increase in the number
of power channels Py = NPouy = (Ioux Uow) N. Such a
construction of converters allows unifying the converter
modules and increasing its power by connecting addi-
tional modules. Here, as the initial data, the voltage U,y
and the current [,y of the load of the £-th power channel
are taken, and the load resistance of the 4-th power chan-
nel will be determined, as shown in Table 1, and in the
DCV it will be Ryy = Rouye V.

Control (universal) program

Specialized dynamically linking
library - DLL

Array of initial data  (X)

Mathematical model
for the study of DCV

Array of results (V)

Figure 4 — The structure of an automated study using a specialized program and DLL
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For both single-phase and multiphase converters at the
boundary mode of operation [5, 6], the regulation (stabili-
zation) of the output parameters occurs by changing the
frequency and duration of the control pulses, which com-
pensate for the change in the parameters of the input volt-
age and load resistance. But at the same time, the fre-
quency in individual power channels remains the same.

When researching converters of a modular structure
(when the number N of power channels is increased, con-
necting them in parallel to each other, their equivalent
inductance changes, and therefore the conversion fre-
quency fp, therefore the results obtained in this way are
incorrect. conversion f, it is necessary to ensure a constant
value of the equivalent inductance of the choke.

When the power channels are connected in parallel to
the total load, the resistance R, (current /,,) of the load
will be evenly distributed between the k-th power chan-
nels at a constant load power, when the load power
P=const, (Rouy = RouN) and, accordingly (Zyuy = Low/N).

The frequency of converting the DCV is determined
by the parameters of the inductances of the chokes L1,
and the load resistances Ry in separate power channels.
However, from [5] it follows that with a change (power
P.y), resistance Ry,y, at the same value of the inductance
of the choke L1;, the conversion frequency f, will change
accordingly.

So, the increase in the number N of power channels
connected in parallel with each other at a constant value
of the load power (P, = const) of the converter will not
cause a change in the conversion frequency (f;), since the
frequency is proportional to the value Ryuu/(2:-Llg),
where L1,y — the equivalent inductance of the choke

L1v=Ll;yue /N, which is obtained when forming the
equivalent circuit of the DCV from, for example, N,,,. = 8
the number of power converter modules of the same type
containing N equivalent power channels with the same
parameters of the elements of the power channels (Fig. 5).

In order to conduct research on converters of modular
structure at a constant value of the conversion frequency
fo, it is necessary to change the inductance L1, of the
chokes in proportion to the change in the resistance Ry
(power P,y ) of the load [5].

At the same time, to study converters of modular
structure with single-phase and multiphase principles of
transformation in the boundary mode of operation, an
algorithm (Fig. 9) and a technique for calculating the ba-
sic parameters are used [5].

Let us take the following assumptions: with a single-
phase conversion principle, the PWC of the converter
operate synchronously and in phase, and all chokes, as
connected in parallel, can be replaced with an equivalent
choke L1=L1;/N. Thus, a single-phase pulse converter of
N modules connected in parallel with each other — PWC
(Fig. 5a, 6a, 7a) can be considered as one power module
(Fig. 5b, 6b, 7b), with an equivalent inductance L1 with
the corresponding total currents in its circuits.

It should be taken into account that the distribution of
the load resistance and inductance of the choke will be
carried out in the SPC and MPC differently.

Depending on the direction of research, the inductance
of the choke, the load resistance and, accordingly, the
currents in the circuits (equivalent — Fig. 5b), 6b), 7b) of
the converter will be redistributed in different ways.
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Figure 5 — Converter of modular structure of N parallel-connected PWC (a), and its equivalent circuit (b) with n5; = 1
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Figure 6 — Converter of modular structure of N parallel-connected PWC (a), and its equivalent circuit (b) with 75, <1
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Figure 7 — Converter of modular structure of N parallel-connected PWC (a), and its equivalent circuit (b) with ny; > 1
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Figure 8 — Equivalent inductances L1,y obtained with a different number N of power channels connected in parallel to each other
on the basis (N, = 8) of eight PWC
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In this case, it should also be taken into account that if
the research is carried out at a constant value of the load
power P, = const, regardless of other conditions, then
with an increase in the number N of parallel-connected
power channels, the value of the total currents in the con-
sumption circuit /;, and load [, as well as their average
values will not change. And the currents in the circuits of
a separate k-th power channel will be N times less than
the value of the indicated total currents of the DCV.

In this case, the inductance of the choke will be dis-
tributed to N power channels L1=L1;/N. For example, in a
single-phase converter of a modular structure of 8 paral-
lel-connected PWC with inductance of chokes in separate
power channels L1, = 100 uH, the equivalent choke L1
will have inductance L1 = 100/8 = 12.5 pH.

When forming, for example, Ny, = 8, the number of
power converter modules of the same type containing N
equivalent power channels with the same parameters of
elements, their equivalent circuits can be considered as a
converter with N equivalent chokes L1;y= L1;ymax /N and
resistances Rouy = Routivmax /N k—X equivalent PWC.

If we replace the chokes L1.1, L1.2, ...L1;, ...L1y of
the converter of N power channels with equivalent Ly,
for example, for Ny, = 8, it can be seen that it is possible
by combining them to form a converter with the number
of N equivalent power channels (1 < N <8) — 8-channel, 4-
channel, 2-channel and SPC of 8 PWC. This approach is
illustrated in Figure 8, where it is shown how, on the basis
of the DCV of 8 PWC N,.x = 8, an equivalent DCV is
formed with parallel connection of the chokes, while en-
suring the constancy of the conversion frequency f,.

Table 1 shows how the equivalent resistances Ry and
inductances L1,y will be determined when forming N
channel converters of eight (N, = 8) identical k-th PWC.

Table 1 — Equivalent resistances and inductances of the SPC

at Nyax = 8
N 1 2 4 8
Rouiy Rowi/8 Rowi/4 Roun/2 Rouk
Ll L1,/8 L1,/4 L1,/2 L1

Carrying out research for SPC and MPC in different
modes of operation with a different number of N PWC,
provided that (P,,=const, I,,=const, R,,=const) and in
order to ensure the constancy of the conversion fre-
quency, the calculations must be carried out as follows:

The initial data in this case will be the parameters of
the DCV — the output voltage U,,, the load current I,
the number N PWC and the inductance of the choke L1.

Calculation results:

— DCV output power — Poy = Loyt Uouts

— Load resistance DCV — Ry = Ugut Lout;

— Output power of the k-th PWC — Py, = Pout/ N;

— Load resistance of the &th PWC -
Routk:(Pout 'N)/]vmax;

— Load current of the k~th PWC — I,y = Uout/Routi;

The inductance of the choke of the k-th PWC
L1;=(L1°N)/Npax, Where Np.c is the (basic) maximum
number of PWC from which the DCV is formed. For ex-
ample, as shown in Figure 8, Ny.x = 8.
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Further in Table 2, the main (basic) parameters of in-
ductance, resistance, power and current of the k-th power
channel corresponding to the indicated type of research
are given, with P,,=const.

Table 2 — Main (basic) parameters of DCV at P, = const

Py = t N | Ll Rou Pou Lowk
I"“‘; ((;((:rl;lsst 8 L1 Roul Paux/g Iom/S
Roul —const LA [ L12 | Row/2 | Pou/4 | lowt4

out
fl; = const 2 L1/4 | R4 Poul2 Tou/2
1 | L1/8 | Ruw/8 Py Tou

When conducting a study of the dependences of qual-
ity indicators on the parameters of the elements of the
power channels in various modes of operation with a dif-
ferent number N of PWC, provided that (P,,=const,
Iy=const, R,y=const) with the same constant frequency
as in the previous case conversion fy,, calculations must be
carried out in accordance with Table 3.

The initial data in this case will be the output voltage
Us,ui, the load current I, of the k-th PWC, the number N
of power channels and the inductance of the choke L1.

Calculation results:

— Output power of the k-th PWC — Py = Uyt Lousis

— DCYV output power — Poy = Pouy * N,

— Load current DCV — Iy =l N,

— Load resistance of the k<th PWC — Rou = Uout Aouis;

— Load resistance DCV — Ry = Ugui Aous;

— The inductance of the k-th PWC choke L1,=L1.

Taking into account the foregoing, the following algo-
rithm for analyzing the electrical processes of the DCV
with increasing N number of power channels with a con-
stant power of the k~th PWC P, = const (proportional
increase in the output power of the DCV and at a constant
load power P, = const (implementation of the DCV from
a larger number N of power channels of lower power).
Thus, the equivalent inductance L1,y and the resistance
Rouv of the k-th power channels will be determined dif-
ferently (Tables 2, 3).

Table 3 — Main (basic) parameters of DCV at P, = const

P,y = const N Rou Pou Low
1 qux = const 8 Rou/8 | 8Pou | 8louu
RouM = const 4 Roul/4 4Poul 419ul/c
o = const 2 Rouw/2 | 2P | 2L
le = const 1 Roul Poul Ioulk

To obtain correct results, it is necessary to take into
account the indicated features of calculating the parame-
ters of the DCV when studying the electrical processes of
the converter, both in the time domain and the depend-
ences on the accumulation coefficients (f,), transforma-
tion (7)), the value of the relative supply voltage (Up,),
the number N of power channels and value of output
power (Pyy) of the DCV.

For all the specified studies of the DCV, the basic pa-
rameters (]in’ T:ﬁ)a L2k’ Routka Rout: Iina Pina Poula ]mla Im2 nec-
essary for carrying out the necessary studies will be calcu-
lated in the SR, the conditional name of which is “Basic
parameters” The initial data in the SP for calculations will
use the parameters presented in Table 4.
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Table 4 — Initial data for calculating electrical processes

Ne Designation Name
1 Uou Output voltage (load)
2 Lo Output current (load) DCV
3 Lok Output current (load of the k-th PWC)
4 N The number of power channels DCV
5 fy Accumulation factor
6 L1 Primary winding inductance of the choke W1
7 Ny Transformation coefficient
8 Nax Maximum number of power channels DCV
9 Ciy Capacitance of the input filter capacitor
10 Cout Capacitance of the output filter capacitor
11 Ui, Relative supply voltage
12 R, Operating mode — stabilization (tracking)
13 R, Conversion mode — SPC (MPC)
14 P,umode Type of calculation: P,,=const, (Pyy=const)

The main basic parameters of the k-th power channel
PWC (coefficients of accumulation f,, and return fy,
power supply voltage Uiy, load resistance Ry, conver-
sion frequency fo;=1/T};, accumulation time 7, and return
time ¢ of energy by a power choke, current ripple ranges
L Loy of the choke, average values of current consump-
tion [, and load Iy, out power Pyy) are presented in
Table 5.

In the case under consideration, with the symmetry of
the electrical processes and the identity of the parameters
of the elements in the k-th PWC DCV Ug=Uiy,
Uoute=Uouts Jox=for To=To=1lfos Jax=fas Ju=hs Wu= Wi,
Wu= W, tu=ty, ta=t, Li=li/N, Lows=low/Ny Lnix=In1,
Im2k:1m2-

In this case, the indicated intermediate (basic parame-
ters) will be preliminarily calculated, which are the initial
data for subsequent calculations and studies using the
ratios that are presented in Table 5.

Table 5 — Basic parameters of electrical processes of k-th PWC

INe  [Designation Name

1 Rou Load resistance k-th PWC

2 Pou Load power k-th PWC

3 ok Accumulation factor k-th PWC

4 j Return factor k-th PWC

5 Usnk Input voltage (power supply) k-th PWC

6 Jor The boundary value of the conversion frequency

7 Tk Conversion period

8 Lk choke current ripple on accumulation interval

9 Lok Choke current ripple on return interval

10 Lk Average current consumption k-th PWC

11 Ui Relative supply voltage k-th PWC

12 Uqu Relative load voltage k-th PWC

13 Towk Load current k-th PWC

14 L1, Inductance of winding W1 of the inductor 4-th PWC
15 L2, Inductance of winding /2 of the inductor k-th PWC

Using a mathematical model [2, 3] and algorithms
(Fig. 3, 9), software has been developed for the automated
study of DC voltage converters [6, 7].

5 RESULTS
Using the specified software, the dependences of the
energy parameters were obtained (Fig. 10 — Fig. 12). The
dependences of the relative effective values of the cur-
rents of the switch S1, and the diode VD1, are shown in
Fig. 10. The first study (Fig. 10 a) was carried out at a
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fixed load voltage and a variable input voltage (the input
voltage was set in such a way that at a given accumulation
factor f, the output voltage remained constant. The second
study was carried out at a fixed ratio of input and output
voltages Uy, of the converter (Fig. 10 b).

The analysis of the conducted studies shows that the
influence of the transformation ratio of the choke on the
relative effective values of the currents of the keys S1;
(IeSlk/Ioutk) and Vle (IeVle/Ioutk) (Where Ioutk is the load
current of the power channel) is quantitatively and quali-
tatively the same as for a fixed power of the power
P,=const (when the power of the converter is propor-
tional to the number of power channels Py, = NPquy), and
for a fixed power of the converter P,,~=const (when the
power of PWC is inversely proportional to the number of
power channels Py = Pou/N).

From the graphs (Fig. 10) it can be seen that by choos-
ing the transformation ratio of the choke, it is possible to
increase or decrease the relative currents of the power
switching elements. In this case, the degree of influence
of the transformation ratio of the choke depends both on
the value of the accumulation coefficient and on the value
of the relative supply voltage.

With the accumulation coefficient f, = 0.5 and the
transformation ratio of the choke n,; = 1, the relative ef-
fective current of the key S1; is equal to the relative effec-
tive current of the diode VD1, (Fig. 10 a). This is due to
the equality of both the relative durations of the open state
of these power switching elements (f, = f;) and the range
of their pulsations (Z,,; = I,,») (Fig. 11 a). This feature of
the operation of the power section of the converters is
useful in practice, since it allows the use of power ele-
ments S1; and VD1, with the same installed power or, in
the case when a transistor is used instead of the diode
VD1,, the same elements. The operation of the converter
at a different value of /in leads to a redistribution of the
effective values of the currents of the power switching
elements. With an increase in f,, the relative effective
current of the transistor S1; increases, the diode VDI,
decreases (Fig. 10 a). A decrease in kn leads to the oppo-
site phenomenon: a decrease in the relative effective cur-
rent of the transistor S1k and an increase in the relative
effective current of the diode VD1,.

Choosing the transformation ratio of the choke allows
you to align the relative effective values of the currents of
the power switching elements. So, for example, with the
accumulation coefficient f, = 0.2, the equality of the rela-
tive effective values of the currents g = Lypix occurs
when using a choke with a transformation ratio 7y, = 2,
and for f, = 0.8 — at ny; = 0.5 (Fig. 6, but). The diagrams
of the choke currents for this case are illustrated in the
figure in 11, b, c.

The dependence of the relative operating currents of
the switches S1; and VD1, on the value of the transforma-
tion ratio n,; at various values of the relative supply volt-
age U, is shown in Fig. 12.

It can be seen from the graphs that an increase in the
transformation ratio n,; leads to an increase in the relative
effective current of the switch S1;, and a decrease in the
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relative current of the diode VD1, at any values of the
relative supply voltage Uy,

However, the degree of influence of the transforma-
tion ratio of the choke on the values of the relative effec-
tive currents of the power elements is different. Thus, in

1

C

Start

Y

)

the range 1 < ny; <5, the relative effective value of the
diode current decreases by 0.75 times, while the relative
effective value of the current increases by 1.5 times
(Fig. 12).
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Figure 9 — Algorithm for calculating basic parameters
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Figure 10 — Dependences of the effective currents value of switches S1; and VD1, on f, (a), and on Uy, (b) for different values 7,,
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Figure 11 — Timing diagrams of choke currents of the PWC i,,(?) at, Uy, = const, fo= 0.5 and 1y, =1 (a), fr= 0.2 and n,; = 2 (b),
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Figure 12 — Dependence of the effective value of the currents of the keys S1; (a) and VD1, (b), on ny; at different values of the
relative supply voltage U,

6 DISCUSSION

Thus, to equalize the effective values of the currents in
the power switching elements in the tracking mode with
the accumulation ratio f, < 0.5, it is necessary to use a
choke with a transformation ratio n,; <1, with an accu-
mulation ratio f, > 0.5, it is necessary to use an inductor
with a transformation ratio n,; > 1. In the stabilization
mode, to equalize the effective value of the current be-
tween the power switching elements with a supply voltage
to load ratio U, > 2, it is necessary to use a choke with a
transformation ratio n,; > 1, with U,, <2, the transforma-
tion ratio of the choke should be less than one ny; < 1. It
should also be noted, that when the effective values of the
currents in the power switching elements are equal, the
relative effective value of the current in them is 50% of
the load current (s = Lyp1=0.5).

CONCLUSIONS

Based on the results of this article, the following con-
clusions can be drawn:

The paper discusses the main methods of automated
research and design of radio engineering devices that can
be used to analyze the electrical processes of pulsed DC
voltage converters of a modular structure.

The main tasks to be solved by the developed software
are formulated; the basic requirements for the software for
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the study of pulsed DCV are given; with the help of the
information model of the software complex, the connec-
tion of the research tasks to be solved with individual
software modules is shown.

Algorithms of calculations are given, the analysis of
research results obtained using the proposed method is
given.

The scientific novelty of obtained results is that the
algorithms and software modules have been firstly devel-
oped that constitute the computational basis for the analy-
sis and study of electrical processes and energy parame-
ters of converters of modular structure.

The practical significance of obtained results is that
the developed calculation algorithms and software can be
used to solve the problems of analysis and research of
DCV, which have increased functional capabilities in
comparison with the existing CAD systems of radio engi-
neering devices.

Prospects for further research — the proposed ap-
proach is the basis for solving the problems of research
and design of DCV of modular structure, plays an impor-
tant role in identifying the features of functioning, choos-
ing the optimal modes of its functioning and the option of
circuit design.

19



e-ISSN 1607-3274 PagioenexTpoHika, iHpopmaTuka, ynpasiinss. 2022. Ne 3
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2022. Ne 3

REFERENCES 6. Mikhailenko V. S., Kharchenko R. Yu., Shcherbinin V. A.

Mikhailenko V. S., Kharchenko R. Yu. Analysis of tradi-
tional and neuro-fuzzy adaptive systemof controlling the
primary steam temperature in the direct flow steam genera-
tors in TPS, Automatic Control and Computer Sciences,
2014, Vol. 48, No. 6, pp. 334-344. DOI
10.3103/S0146411614060066

Analysis of the Predicting Neural Network Person Recogni-
tion System by Picture Image, Automatic Control and Com-
puter Sciences, 2020, Vol. 54, No. 3, pp. 249-258.
DOI 10.3103/S0146411620030037

Mikhailov S. A., Kharchenko R. Yu. Intelligent climate
management in vessels, Ships’ electrical engineering, elec-

2. Kadatskyi A. F., Rusu A. P. Analysis of conversion power tronics and automation, Materials of the 10th international
of switched-mode buck converters with two power sources, scientific and practical conference Odessa, 24.11.2020 —
Proceedings of the O. S. Popov ONAT, 2019, No. 2, pp. 52— 25.11.2020, proceedings. Ukraine, NU «OMA»: 2020,
60. DOI 10.33243/2518-7139-2019-1-2-52-60 pp. 217-219. DOI 10.31653/2706-7874. SEEEA-2020.11.1-

3. Andreev A., Kochetkov A., Kupratsevich A. Increasing of 245
order astatism in amplifiers of D class with combined con- Kharchenko R. Yu. Modern possibilities of intelligent cli-
trol, Proceedings of the International conference TSET2006 mate control for enclosed spaces, About the problems of sci-
. 28 Feb.— 4 March 2006, proceedings. Lviv, Ukraine, ence and practice, tasks and ways to solve them : The VI th
IEEE, 2006, pp. 534-534. DOI 10. 1109 / TCSET. 2006. International scientific and practical conference, Milan, 26—
4404619 30 October 2020, Library of Congress Cataloging-in-

4. Kochetkov A. V., Gaur T. A., Mashin V. N. The enterprise Publication Data. ltaly, 2020, pp. 487-490. DOI
information security risk assessment system based on fuzzy 10.46299/1SG.2020.11.VI
logic, Proceedings of the O. S. Popov ONAT, 2019, No. 1, Kharchenko R. Yu., Kochetkov O. V. Energy parameters of
pp. 91-104. DOI 10.33243/2518-7139-2019-1-1-97-104 DC voltage converters of the modular structure at the

5. Kharchenko R. Yu., Kochetkov O. V. Efficiency increasing boundary mode of operation, Using the latest technologies :

of the ergatic control systems on ships, Trends in the devel-
opment of modern scientific thought : The X th International
scientific and practical conference, Vancouver, 23—-26 No-
vember 2020, proceedings. Canada, 2020, pp. 682—685.
DOI 10.46299/1SG.2020.11.X

Abstracts of Ill-rd International Scientific and Practical
Conference, Groningen, 26-27 February 2021, European
Conference. Netherlands, 2021, pp. 86—89. URL: https://eu-
conf.com.

Received 21.07.2021.

Accepted 18.08.2022.

VK 621.362.2
AHAJII3 METOJIB ABTOMATH30BAHOI'O JOCJII’KEHHS IIEPETBOPIOBAYIB IIOCTIMHOI HAIIPYT'HA
MOJIYJIbHOI CTPYKTYPU
Xapuenko P. FO. — kanz. TexH. HayK, ZoLeHT Kadeaprn MOPCHKOTo pasio3B’s3Ky, Harionansnuii yHiBepeureT «Oecbka MOpCh-
Ka akaneMmisi», Omeca, YkpaiHa.
KouerkoB O. B. — kaH1. TexH. HayK, JOLEHT KadeapH eKcIuTyartauii CyTHOBOTO eIeKTPOOoOIaJHaHHs Ta 3ac00iB aBTOMATHKH,
Onechkiil HaioOHATBHUM MOpChKUil yHIBepcuTeT, Oneca, Ykpaina.

Mmuxaiinenko B. C. — kaHA. TexH. HayK, JOLEHT KadeapH eleKTpooOTagHaHHS Ta aBTOMATHKH CyAiB, HamioHampHMIA
yHiBepcuTeT «Omecpka MOpChKa akageMisy, Oneca, YkpaiHa.
AHOTAULIA

AxTtyansbHicTs. [leperBoproBaui noctiiiHoi Hanpyru (IIITH) Bxoasarts no ckiaxy cydacHux cucreM enekrpoxxusieHHs (CEX) ta
SJIEKTPOIIOCTaYaHHs, 3a0€e3MMeUyour PoOOTy EINEeKTPOHHUX Ta PaJioTeXHIYHHUX IIPUCTPOIB, TEIEKOMYHIKaliHHNX CHCTEM Ta amapary-
PH 3B’513KY, 3HAUHOIO MipOO BU3HAYAIOUH 1X €HEProCIoXKMBAHHs, HA[IIHICTh, YaC TOTOBHOCTI 10 poOOTH, Maco-rabapuTHi Ta BapTic-
Hi moka3HukU. He3Baxaroun Ha Te, IO B {H)KEHEPHIH NMPAKTHI[I BUKOPUCTOBYETHCS BEJIMKA KUIBKICTh PI3HHX IAKETIB IPOTrpaM UL
JOCII/DKEHHS Ta MPOSKTYBAaHHs PaJiOTEeXHIYHUX MPUCTPOIB, Taki cUcTeMU aBToMaTn3oBaHoro npoekryBanus (CAIIP) Ta BipTyass-
HOT'O KOMII’IOTEPHOTO MOJICIIIOBAHHS €JIEKTPOHHUX CXEM MalOTh AEsIKi OOMEXKEHHS, 1110 HE JO3BOJIAIOTH MIBH/KO IIPOBECTH BECh KOM-
wiekc gocuimkens [1ITH, HeoOXigHU 115 aHANI3Y eIeKTPUYHMX MPOIIECIB 3a PI3HUX PEKUMIB pOOOTH amapaTypH.

Hine. B nanoMy po3aini MeToro € BUOIp HAROUIBII MiAXOSIINX METOMIB Ta aJTOPHTMIB, IO JO3BOJIATH PO3POOHUTH MPOTpaMHe
3a0e3nedueHHs, HeoOXiHe Ay BUPIMICHHS 3aBAaHb JOCITIIPKSHHS Ta aHANI3y eJCKTPUYHHUX NPOLECIB Ta CHEPreTHIHUX IapaMeTpiB
INITH MomybHOI CTPYKTYpH B OKpeMo B3siToMy critoBoMy kanani (CK).

Metoa. B po6oTi 3anpornoHoBaHuii METOI, SIKMI MOJSAra€ y BUKOPHCTaHHI MaTEeMaTHYHHUX MOJEJeH, 110 OIHCYIOTh eIeKTPHYHI
IIPOLIECH B IIEPETBOPIOBAYAX IOCTIHHOT HAIIPYTH i CTBOPEHHI Ha 0a3i pO3pOOICHUX aIrOPUTMIB PO3paxyHKY, CIIeLialli30BaHOTO MPO-
IpaMHOTro 3a0e3MeYeHHs ISl aBTOMAaTH30BaHOTO JJOCII/UKEHHs eNeKTpuaHuX npoteciB B [IITH MoxynbHOT CTPYKTYpH 33 JOIIOMOTOI0
EOM.

PesyabraT. B po6oTi po3riisiHyTi OCHOBHI METOAM aBTOMAaTH30BAHOTO JOCII/DKEHHS PaJiOTEeXHIYHUX HPHUCTPOIB, SIKI MOXKHA
BHKOPUCTOBYBATH JJISl aHAIi3y €JIEKTPUYHUX MPOIECIB IMITyJbCHUX NEPETBOPIOBAYIB MOCTIHHOI HANPYTH MOIYJIBHOI CTPYKTYPH.
HaBeneHo anroputmu po3paxyHKY i, sSIK MPUKIAJ, IesKi pe3ybTaTd aBTOMAaTH30BAHOTO JOCHTIKEHHS, OTPHUMaHI IIPH BUKOPHCTaHHI
JTAHOTO METOY.

Bucnoskun. [IpoBeneHo aHami3 BiJoOMHX METOAIB aBTOMAaTH30BAHOT'O JOCITIIPKEHHS MEPETBOPIOBAYIB MOCTIHHOT HANIPYTH MOJY-
nbHOT cTpyKTypH. HaBeneHo ix nepeBaru Ta Henoniku. [TokazaHo, 1110 HAHOLIBII MiIXOSIIMM € METOM, 3aCHOBAaHUI HA BUKOPHUCTAaH-
Hi MaTeMaTUYHHUX MOJIEJeH, 110 ONUCYIOTh eJIEKTPUYHI MPOIECH B MEpPeTBOPIOBaYax IOCTIHHOI Hampyru aaHoro tumy. Ha ocHOBI
HaBEJCHHX y IPYroMy PO3Aiii poOOTH MaTeMaTHIHUX MOJeleid, Oyiin po3po0IeHi alropuTMH i CrielianizoBaHe mporpaMHe 3adesre-
YeHHs, SIKi T03BOJISIFOTH IIHPOKO iX BUKOPUCTOBYBATH IIPU aBTOMATH30BAHOMY JOCII/DKEHHI 1 MPOCKTYBaHHI MEpPEeTBOPIOBAYIB 1M0-
CTifHOT HAIPYTH MOAYJIBHOI CTPYKTYPH.

KJIFOYOBI CJIOBA: MoxynbHI IepeTBOPIOBaYi HANPYTH, CHJIOBUI KaHAJ, PSKUMH POOOTH MEPETBOPIOBAaYA, aITOPHTM JOCIi-
JDKSHHS! €JIeKTPHYHUX TIPOIIECIB.
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AHHOTADIUA

AxTyansHoOcTb. [Ipeobpa3zoBarenu nocrosiuHoro Hanpspkerus: (IIHH) BxomsT B coctaB COBPEMEHHBIX CUCTEM JJIEKTPOIHUTAHUS
(COII) u snexTpocHabxeHUs, obecrieunBasi paboTy SMEKTPOHHBIX M PAJAUOTEXHHUECKUX YCTPOHUCTB, TEIEKOMMYHUKAIIMOHHBIX
CHCTEM M alIaparyphl CBSI3H, B 3HAUMTEIBHON CTENEHM OMPEJENsis X 3HEPronoTpedieHne, HaJexKHOCTh, BPEMSI TOTOBHOCTH K
paboTe, MaccorabapuTHBIC ¥ CTOMMOCTHEIE ITOKa3aTenu. HecMOTps Ha TO, 9YTO B MHXKEHEPHOH IPAaKTHKE HCIIOIB3yeTcs OObIIoe
KOJIMYECTBO Pa3JIMYHBIX MAKETOB IIPOTrPaMM JUIS UCCIICAOBAHUSA U NPOEKTUPOBAHUS PAAMOTEXHUUYECKUX YCTPONCTB, TAKUE CUCTEMbI
aBToMatu3upoBanHoro npoektupoBanus (CAITP) ¥ BHPTyaJbHOTO KOMIIBIOTEPHOTO MOJICIHPOBAHUS JJICKTPOHHBIX CXEM HMEIOT
HEKOTOpBIC OTPAaHMYCHHUS, HE IO3BOJIAIOIINE OBICTPO MPOBECTH Bech KoMIuiekc uccnenoBanuil [1ITH, HeoOXxomumblid 11 aHanuza
NEKTPUIECKHUX MPOLECCOB MPH PA3IUUHBIX PEXHUMAX PAOOTHI anmapaTypel.

Heab. B mannoM pasiene menbio SBISETCS BRIOOP HanOosee MOAXOIANINX METOAOB U alTOPHTMOB, YTO MO3BOJIAT pa3padoTaTh
IporpaMMHOe o0ecliedeHne, HEeOOXOAMMOe JUIsS peIIeHHS 3aJad HCCICJOBAaHMS M aHadW3a ODJICKTPUYECKHX IIPOLECCOB U
sHeprerrdeckux napamerpos [1ITH MoxyapHOM CTPYKTYpBI B OTACNIBHO B3TOM cHiIoBOM KaHaie (CK).

Metoa. B pabote mpemioxkeH METOX, KOTOPBIH 3aKIIOYaeTcss B HMCHOJIB30BAHMM MATEMaTHUECKUX MOJEINCH, OMHCHIBAIONINX
UIEKTPUIECKHE IPOIECCHl B MPeoOpa3oBaTessiX MOCTOSHHOIO HANpsHKEHHS M CO3JaHMM Ha 0a3e pa3pabOTaHHBIX AJITOPHUTMOB
pacuera, Criel{HaJIN3UPOBAHHOIO IIPOrPAMMHOI0 00€CIICYEHHUS JULSl aBTOMATH3UPOBAHHOIO MCCIIE0BAHUS SIEKTPUUECKUX IIPOLIECCOB
B [1ITH moxynbHOH cTpyKTypbl Ipu oMoy DBM.

Pe3yabTathl. B paboTe paccMOTpeHbl OCHOBHBIE METO/IBI ABTOMATU3HPOBAHHOTO MCCIIEJOBAHUS PAJHOTEXHUIECKUX YCTPOHUCTB,
KOTOpBIE MOXKHO HCIONB30BaTh AJIS aHATH3a MEKTPHIECKUX IPOIIECCOB UMITYIIbCHBIX IPeoOpa3oBaTesiel HOCTOSHHOTO HANPSDKCHUS
MOIYJIBHOH CTPYKTYpHI. IIpHBeIeHbI anropuTMBI pacdera M, B KadeCTBE IPHMepa, HEKOTOPHIE Pe3yIbTaTbl aBTOMAaTH3HPOBAHHOTO
HCCIIEN0BAHMS, TOTyICHHBIE IPU UCIIOIb30BAHUHN JAHHOTO METOIA.

BruiBoasl. IlpoBeneH aHaM3 M3BECTHBIX METOJOB AaBTOMATH3MPOBAHHOIO HCCIENOBaHUS IpeoOpazoBaTeiedl MOCTOSIHHOTO
HanpsHKeHUsT MOJAYJIBHOW CTPYKTyphl. [IpuBeleHBl MX HpeuMyluecTBa M HeJOCTaTKH. [lokasaHo, yTo Haubonee MOIXOISIINM
ABISIETCS. METOJ, OCHOBAHHBI HAa WCIOJIB30BAHUM MAaTeMaTHYeCKUX MOJeNel, ONUCHIBAIOLIMX IEKTPUYECKUE IPOLECCHl B
nmpeoOpa3oBaTesiX IOCTOSHHOTO HampshKeHHs JaHHoro Ttuma. Ha ocHOBe NpHBEAEHHBIX BO BTOPOM pasjene pabGoThI
MaTeMaTHYEeCKHUX MOJENSIX OBUIM pa3pabOoTaHbl aATOPUTMBI M CIEHHAIU3UPOBAHHOE IPOTrPaMMHOE OOECHEeUeHHe, KOTOpbIE
MO3BOJISIIOT IIMPOKO HX HCIOIB30BAaTh IIPUM aBTOMATH3MPOBAHHOM HCCIIEIOBAHWM U TIPOSKTHPOBAaHMH HpeodpasoBaTeneit
TIOCTOSIHHOTO HAIPSDKEHUST MOYJIBHOM CTPYKTYPBI.

KJIFOYEBBIE CJIOBA: monynbHBIE TpeoOpa3oBaTeN HANpPsDKCHHS, CHIIOBOM KaHal, PeKUMBI paboTHl Ipeodpa3oBaTeds,
ITOPUTM HUCCIIEJOBAaHUS MIEKTPUUECKUX IIPOLECCOB.
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