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Purpose. To evaluate the real usefulness of the topological-isomorphic model of powerful electromagnetic circuits
on the example of the study of pulse current generators.

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

Findings. The mathematical apparatus created and implemented as a program in MATLAB allows solving the
problems of modeling and research of electromagnetic devices in parts (by types of stored energy).This makes it
possible to simplify the research and optimization of such technical characteristics as efficiency, mass-dimensional
indicators, etc. The magnetic circuit is depicted in the same detail as the electric circuit, and is described by a contour
matrix. The mathematical description of electromagnetic devices determines the inductive parameters due to the
geometric dimensions and characteristics of the magnetic conductors. The topology of the electrical circuit is
represented by matrix blocks, which allows obtaining a mathematical description that simultaneously takes into
account the distribution of currents and charges in the elements of the circuit. The system of equations is reduced to the
Cauchy form and is composed taking into account the increments of magnetic fluxes and potentials on capacitors,
which simplifies its solution by numerical methods on a computer. Thus, it is convenient to control the energy processes
in the reactive energy-consuming elements of the circuit. The paper presents an example of research of a charger of a
pulse current generator with an inductive-capacitive converter. In the research example, the expected qualitative
characteristics were obtained.

Originality. The mathematical model of electromagnetic circuits does not provide for equivalent transformations
associated with the geometric configuration of magnetic conductors. The topology of the electromagnetic circuit is
presented in the form of separate matrices, which are connected by a matrix of coil connections.

Practical value. The implemented software in the MATLAB shell uses the parameters of magnetic conductors in
the form of geometric dimensions of magnetic conductors and their technical characteristics. The results of modeling a
powerful electromagnetic devices allows you to estimate the accumulated energy of the electric charge in capacitors
and the magnetic field in magnetic circuits and to analyze the efficiency and pos-sible impact on the environment. The
presented data preparation technology allows us to investigate processes in more complex magnetic structures, for
example, in magnetic flux-controlled transformers.

Keywords: electro-magnetic circuits; topological-isomorphic model; inductive-capacitive converters; pulse
current generator; static electromagnetic devices; secondary power supplies, magnetic flux-controlled transformers.

I. INTRODUTION

Pulse current generators (PCG) are secondary power
sources for various technological processes. They are
distinguished by high output power, so it is important to
study their energy performance and -characteristics.
Among the loads for PCG, capacitive energy storages
(CES) are often used; they are widely used in physical
experiments due to a number of advantages: low internal
resistance (< 10° Ohm); low inductance (up to 10° H).
This makes it possible to ensure a short discharge time
(10°-10"% ), high efficient energy transfer to the load,
and the possibility of achieving record values of power
(up to 10" W) and current rise rate (10"* A/s). In addition,
CES have a number of operational conveniences: the
absence of moving elements, ease of maintenance, a
modular design principle that allows you to turn off and
easily replace elements in case of accidental damage.
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Computer modeling of electrical and electronic
devices still plays a special role in the design of
economical and technically efficient devices for various
purposes. The main requirements for models should be
the greatest degree of detail and ease of obtaining model
parameters.

Design automation plays a special role in the power
industry and, accordingly, in power electronics [1]. The
development of automation in design tools is gaining
momentum [2]. The derivation, modeling and control of
power converter systems [3], a review of methods for
verifying control algorithms in power electronics systems
are considered in the works [4]. Attention is paid to the
development of a model of converter losses that takes into
account the physical dimensions of components,
temperature dependence and parasitics of the circuit [5].
Research on the energy efficiency of powerful
installations operating at industrial facilities and other
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uses of mathematical modeling in the power industry have
become very common [6].

In autonomous power systems, all devices can be
divided into three groups: power sources, converters (or
secondary power sources) and power consumers.

Technological devices that use electric discharge in
a liquid [7] are used for drilling, crushing rocks [8], in
water treatment technology for the decomposition of
micropollutants [9], [10], in electric discharge plasma
technology for wastewater treatment [11]. With the
growing demand for energy and the associated emissions
of greenhouse gases that reduce the available fossil fuels,
technologies for processing heavy hydrocarbon raw
materials and renewable energy sources, such as biofuels,
are developing [12].

The working body of these devices are pulsed
current generators (PCG), which use the energy of a
charged capacitance. To charge capacitor banks, special
chargers (chargers) are used that convert mains energy
into high voltage energy. The efficiency and economy of
the PCG as a whole depend on the circuit diagram and
parameters of the charger. Therefore, increasing the
efficiency factor (EF) of storage devices is a paramount
task in their design.

II. ANALYSIS OF LAST RESEARCHES

The group of secondary power sources includes
electronic and electrical devices that provide the
conversion, accumulation and transformation of
electricity into a load. Despite the different weight and
size characteristics, the specifics of the circuit design and
the method of energy transfer, for all secondary power
supplies there are indicators that are always sought to be
improved during design - these are EF, stability of
external characteristics, stability during disturbances, etc.

Calculation of EF of devices is impossible without
accurate calculation of energy in all elements of the
circuit. The mathematical model used in this work is
focused on this class of problems and is described in the
following publications. In the article [13], a mathematical
model of electromagnetic circuits with the highest degree
of detail of both the electric and magnetic circuits was
developed. The magnetic circuit is presented in the same
detail as the electric one, and is described by a contour
matrix. A mathematical description of electromagnetic
devices was obtained, in which the inductive parameters
are determined by the geometric dimensions and
characteristics of the magnetic cores. The topology of the
electric circuit is represented by matrix blocks, which
made it possible to obtain a mathematical description that
simultaneously takes into account the distribution of
currents and charges in the circuit elements. In the work
[14], the system of equations was reduced to the Cauchy
form, which simplifies its solution by numerical methods
on electronic computers. A stable mathematical model of
electromagnetic circuits with feedback in matrix form [15,
16], convenient for implementation on digital computers,
has been developed. The model is constructed with
respect to the increments of magnetic fluxes and
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potentials on capacitors.

The mathematical model of electromagnetic circuits
(EMC), described in [16], is presented in the following
form:

h'wyw'+z'T,R,T), —z WY A, )
—h A YW W' A4,.CAL+ 274, Y 4L
s [wilap,+B)-F(@)
X = / 5 (1)
AVe] | -4y, (ASPVE + E)
where

@ - vector of magnetic fluxes in magnetic circuits;

V. - vector of electrical potentials on capacitors;

E - column vector of electromotive forces (EMF);
C - matrix of capacities of the electrical part of the
circuit;
Yo
circuit;
W - matrix of coiled engagements [13];

- conductance matrix of the electrical part of the

R,, - diagonal matrix of magnetic resistances;
I,

m
the circuit;

F(®)=T,R,[®;

h - integration step.

Matrix A is represented by a set of blocks described
in [16]:

- the incidence matrix of the magnetic part of

AS ASV
4, A,

b

where matrix blocks are:

A, — Incident Matrix of incoming branches of the
graph of the capacitive part of the electronic circuit;

A, - Incident 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.

Relatively A® and AV, system (1) can be solved
by any numerical method. Varying the value z, we can
change the methods of numerical integration [16].

III. FORMULATION OF THE WORK PURPOSE

The main purpose of this work is to demonstrate the
application of the matrix-topological model (1), described
in [13]-[16], to the study of pulsed current generators
containing massive magnetic parts of the circuit.

IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

Among all types of chargers, circuits with inductive-
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capacitive converters (ICCs) make it possible to obtain
the maximum efficiency and, in the case of high ohmic
resistance of the charging circuit, are optimal [7].

Let's consider the scheme of the charger with the
ICC, shown in Fig.1.
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Figure 1. Electrical schematic diagram of the
charger with ICC. The dotted line shows the graph
of the magnetic circuit

To a three-phase alternating current network,
represented by ideal sources of electromotive forces
(EMF) E;—-E; and active resistors R; —R;3, an ICC is
connected, consisting of capacitors C; —C; and a three-
phase choke. Structurally, the choke consists of a
magnetic core with air gaps 0; —J3, on which windings
with a number of turns W, —W; and active resistances
R, — R4 are mounted. A step-up transformer is connected

to the output of the ICC, where - low voltage windings
(LVW) and - high voltage windings (HVW). The active
resistance of the LVW in the diagram (Fig.1) is R; — Ry,

HVW, respectively, R;y—R;,. The leakage magnetic
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fluxes of the inductor and transformer can be taken into
account by introducing additional magnetic branches
(branches 7 and 8 in Fig.1).

The alternating current at the output of the
transformer is rectified by semiconductor diodes D; — Dy

and used to charge the capacitive energy storage C,.

The graph of the electric circuit of the charger (Fig.
1) consists of 11 nodes and 22 branches and is represented
by a topological matrix 4 (see Fig. 2).
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Figure 2. Incident matrix for a charger circuit with
an ICC

According to the number of capacities, 5 branches
and 5 nodes belonging to the capacity subgraph are
separated into a separate block A4,.. The remaining

branches and nodes make up a resistive subgraph (block
A,).
7%

The graph of the magnetic circuit is shown in Fig. 3.
The branches are numbered in accordance with Fig. 1.
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Figure 3. Graph of the contour matrix of the
magnetic circuit

The directions of the contours of the magnetic
circuit were chosen and the contour matrix G,, was
compiled (Fig. 4).

The magnetic connection between the electric and
magnetic graphs is provided by a matrix W (Fig. 5).

We begin the work of the charger model under the
following initial conditions: the voltage on all capacitors,
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the currents and magnetic fluxes in all branches are equal
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Figure 4. Contour matrix of the magnetic circuit 105
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During the operation of the charger, the charging
current is parametrically stabilized by the phenomenon of
voltage resonance in the ICC, and is independent of the 10907

capacitor bank voltages C,. To ensure that the voltage on

the capacitance C, grows linearly (Fig. 6) due to the
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constant charge current (Fig. 7), the ICC must allocate
linearly increasing energy to the load.
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This is provided by a ramping current at the input of

600 . ' w
the ICC (Figure 8) and a ramping voltage at the output of ~ © © | '
the ICC (Figure 9).

Figure 6. Voltage on the capacitance grows linearly

L
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Figure 9. A ramping voltage at the output of the ICC
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At the same time, the constancy of the amplitude
value of the current is ensured at the output of the ICC
(Fig. 10).
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Figure 10. The current at the output of the ICC

Figure 11 shows the magnetic fluxes in the three
cores of the ICC and separately the magnetic flux of
leakage on it.
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Figure 11. Magnetic fluxes acting in the magnetic
cores of the ICC (fi;»;) and in external space (fi;)

Efficiency calculation. The efficiency is calculated
as follows:
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W,

where W, is the energy accumulated in the capacitor

Cy for the entire charge time (z,); W,- active energy
consumed from the network during the time ¢, .

The simulation results of the ICC charger (Figure 1)
can be explored with experimental tests. The efficiency of
the model is 92%, according to the experiment - 90%. The
result turned out to be overestimated due to the fact that
the model did not take into account the hysteresis losses
in the magnetic cores.

In this paper, some graphs of the process of charging
the load capacity are given, however, diagrams of
currents, voltages and magnetic fluxes can be obtained in
all branches and nodes of the circuit. The high
information content of the software makes it possible to
increase the efficiency of the study of chargers, for
example: to check the reliability of the simulation, to
identify resonant circuits and evaluate their frequency, to
investigate the effect of nonlinearities of magnetic
components, etc. Modern computing tools enable the
developer of complex technological devices to increase
the share of creative work and improve the quality of the
products being developed.

V. CONCLUSION

1. The developed software (software), compiled
according to the mathematical model (1), successfully
implements calculations for powerful technological
devices with electromagnetic circuits.

2. The software simplifies the preparation of data
for the model by not using preliminary calculations of the
parameters of the magnetic part of the circuit.

3. The software allows you to obtain graphs of
instantaneous values of voltages and currents of the
transient process in all elements of the electrical part.

4. The software allows you to obtain graphs of
instantaneous values of magnetic fluxes in the metal cores
of electromagnetic converters and magnetic fluxes of
dissipation.

5. The result of modeling a powerful
electromagnetic device allows you to estimate the
accumulated energy of the electric charge in capacitors
and the magnetic field in magnetic circuits and to analyze
the efficiency and possible impact on the environment.
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ABTOMATHU3AIIA JOCIIIKEHDb 'EHEPATOPIB IMITYJIbCHOI'O
CTPYMY HA OCHOBI TOIOJIOTI'TYHO-I30MOP®HOI MOJEJII
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Mema pooomu. Oyinumu peanvbHy KOPUCHICIb MONOI02IMHO-I30MOPGHOT MOOEi NOMYIHCHUX eleKMPOMASHIMHUX
Kil Ha NPUKIA0i O0CHIOHNCEHHS 2eHepamopie iMNYIbCHO20 CIPYMY.
Memoou docnioxncenna. Memoo eyznoeux nomenyianie, Memoo xonmypuux cmpymie, Tononoeiuno-izomopgHi

nepemeopeHHsi.

Ompumani pezyromamu. Cmeopenuil i npoepamuo peanizoeanutt mamemamuynuil anapam y MATLAB doszsonse
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supiwiysamu 3a0a4i MOOeN08aHHA MA OO0CAIONCEHHs eleKMPOMASHIMHUX NPUCMpoi8 No dacmuHax (3a euoamu
HaxonuueHoi enepeii). Lle 0ae 3mocy cnpocmumu OOCHIONCEHHA MA ONMUMIZAYIIO0 MAKUX MEXHIYHUX XAPAKMeEPUCTUK,
5K Koeghiyienm KopucHoi 0ii, macoeabapummui ROKAXNCUUKU mowo. Macnimonpogio 306panxcyemvcsi mak camo
0emanvHo, K i eeKmMpUdHa cxemd, i ONUCYEMbC KOHMYPHOIO Mampuyero. Mamemamuunuti onuc enekmpomMazHimHux
npucmpoie eusHayae IHOYKMUGHI napamempu, O00OYMOGIEH] 2eOMeMPUYHUMU POSMIPAMU, XAPAKMEPUCUKAMU
Mazuimonpogodie ma 0oMomounumu oanumu. Tononozis enekmpuiHo2o Koia npeocmagieHa MAmpuyHuMy 6J10Kamu,
Wo 003601A€ OMPUMATNY MATNEMATNUYHUT ONUC, AKUH 0OHOUACHO 8PAX08YE PO3NOOIN CMPYMIE T 3apsdie 6 elemeHmax
enekmpuynoeo kona. Cucmema pignanb npusedena 00 Gopmu Kowii ma ckiadena 3 ypaxy8awHsm npupocmis
MAZHIMHUX NOMOKI6 | NOMEHYIanie HA KOHOEHCAMOpax, wio Cnpowye il po3e s3y8aHHs YUCETbHUMU Memooamu Hd
eNeKMpPoOOUUCTIOBANbHUX MawuHax. Takum YUuHOM, 3PYYHO KOHMPOIIO8AMU €HePemUdHi npoyecu 6 pPeaxmugHUux
eHep2oCnodcusaouux — enemMeHmax —cxemu. Po3pobnene npocpamue 3abesneuenns (I13) 3a npedcmasnenoro
MAMEMAMUYHOIO  MOOENNI0, YCRIWHO peanizye pO3PAXYHKU Ol NOMYJCHUX —MEXHONORIMHUX —NPUCTPOI8 3
enekmpomazHimuumy aanyroeamu. 113 cnpowye niocomogky oamux 00 MoOeni 3a PAxXyHOK He GUKOPUCTAMHSA
NONnepeoHix po3PAxyHKi8 napamempie MAeHimHOI YACMUHU KOAd, O03601A€ OMpUMamu 2pagixu MUmMmesux 3HavyeHb
Hanpye i cmpymie nepexioHozo npoyecy 6 YCiX eneMeHmax eieKmpudHoi yacmuHu, 003801A€ ompumamu pagpixu
MUMMEBUX 3HAYEHb MASHIMHUX NOMOKIE 6 Memanesux CepoeyHUKax eneKmpomMazHimHux nepemeoproeaiie ma
MASHIMHUX NOMOKIE PO3Cito8aHHs. Y pobomi Haselenutl npuriad OOCHIONCEHHS 3apSOH020 NPUCTPOIO 2eHepamopda
IMRYIBCHO20 CMPYMY 3 THOYKIMUBHO-EMHICHUM Nepemeoprosayem. Y npukiadi 00CriodceH s OYiu OmpumMani o4ikyeani
SAKICHI Xapakxmepucmuku.

Hayxosa nosusna. Mamemamuyna mooens eneKmpoMazHimuux Kii He nepeodayae exgieaieHmHUX nepemeopeHd,
NOB'A3AHUX 3 2e0MEMPUYHOIO KOHDi2ypayicto Macnimonpogodis. Tononozia e1ekmpomMacHimHo20 Koaa npedcmaeieHa y
8UNA0I OKpeMux mampuysb, AKi 3'€OHani mampuyero 3'€OHaHb KOMYUOK.

Ilpakmuuna yinnicmes. Peanizosane npocpamne 3abe3neuennss ¢ obononyi MATLAB euxopucmosye napamempu
MasHimonpogooie y 6uisioi  2eOMempUdHUX PO3MIpI6  MACHIMONPOBOOI6 Ma IX MEXHIYHUX XAPAKMEPUCUK.
Pesyromamu mMo0ento8anus NOMY*CHUX eNeKMPOMAZHIMHUX NPUCIPOi8 00360IAI0Mb OYIHUMU HAKONUYEH) eHepeilo
eNeKMPUYHO20 3aPAJY 8 KOHOCHCAMOPAX i MAZHimHe noJe 8 MAeHIMONPo8o0ax, NPoaHanizyeamu KoeQiyicHm KopucHoi
il [ ModcIusull 6nIué Ha HABKOMUWHE cepedosuuje. llpedcmaenena mexHono2isa ni020mMoGKU OAHUX 00360J1€
docioxcysamu npoyecu 8 Oinbld CKIAOHUX MACHIMHUX KOHCMPYKYIAX, HANPUKIao, K 8 mpancgopmamopax, ujo
Kepylomu sl MASHIMHUM HOHOKOM.

Knwuosi cnoea: enexmpomaznimui Kona; mMoOnonoziuHo-izomopua  mooenv;  iHOYKMUBHO-EMHICHI
nepemeoprosaui; 2eHepamop IMNYJabCHO20 CIPYMY; CHAMUYHI e1IeKMPOMAZHIMHI RPUCMPOT; 6MOPUHHI ddicepena
JICUGICHHA; MPAHCHOpMamopu 3 KepyeanHAM MAZHIMHUM HOMOKOM.
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