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Abstract

Sol-chemistry is an efficient method for the preparation of porous glassy or nanocrystalline materials with tailored
electrical, thermal or optical properties. This presentation focuses on the dependence preparation—structure—physical
properties of hydrophobic silica aerogel granules, micro powders and composites all of which prepared under
subcritical drying conditions with potential application as optical materials and insulation materials. The so prepared
nanoporous hydrophobic silica materials are analyzed with electron microscopy (SEM and AFM), infrared
spectroscopy, differential scanning calorimetry, thermal conductivity measurements and luminescence / excitation
spectroscopy. It has been proven that a long solvent exchange times and surface hydrophobization lead to aerogel
micropowders with a specific surface Sger of about 800-900 m?/g and a bulk density of about 0.1 g/cm?.

Keywords: aerogels; composites; optical properties.

INTRODUCTION

Sol-gel chemistry is an efficient method for
the preparation of porous glassy or nano-
crystalline materials with tailored electrical,
thermal or optical properties. This speach
focuses on the dependence preparation —
structure — physical properties of hydrophobic
silica aerogel granules, micro powders and
composites all of which prepared under
subcritical drying conditions with potential
application as optical materials and insulation
materials. By changing of the physico-
chemical conditions of preparation, a variety
of materials with potential application in the
field of catalysis, optics and electronics can be
created.

EXPOSITION

What are aerogels — the answer is the
lightest known materials, with an application
as insulation materials, optical materials, water
cleaning medium by removing of oil, dyes and
other chemicals and also, catalytic medium
[1]. How to produce aerogels — the lightest
materials in the world? To answer this questions,

we need a short introduction in to sol-gel
chemistry.

From physico-chemical point of view, the
sol-gel process is a heterogeneous chemical
reaction, performed in two steps. Starting
chemical compounds are metal or silicium
alcoxides, the most widely wused are
tetraethoxysilanes, tributyl aluminium,
tetrabutyl zirconium and other, leading to the
most used ceramic oxides. The second reagent
is pure water. The formation of a gel takes
place in two steps [1-4]:

- Hydrolysis, which is acid catalyzed,
and leads to a dispersion (sol) consisting the
solvent and hydrated nanoparticles of metal
oxides of silica

- Condensation, which 18 basic
catalyzed, also called gelation, and leads to a
gel formation.

There are two basic reactions, involved in
the gelation scheme, water condensation and
alchohol condensation, both having different
physicochemical  constants  /equilibrium
constants, and rate constants/. Meanwhile, the
shape and density of the formed gels can be
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quantitatively controlled by the chemical
composition of the sol, especially the water
content, temperature and catalyst type and
content. Advantages of the sol-gel technology
are the efficient physico-chemical control, and
the possibility to prepare composites with a
huge application in the ceramic, optical and
electrical technologies. The liquid chemical
reagents allow preparation of complicated
compositions, at low temperatures. The gels
contains about 50% water, or other solvent. In
other words, we have a possibility to obtain
porous materials by drying the wet gel, and to
control the density of the products with the
temperature and rate of the process.

Disadvantages of the method are the
complicated chemistry, long process time and
the relative high price of metal and silicium
alcoxides (TEOS), compared to that of
commercial available oxide powders for
ceramic and glassy purposes. The sol-gel
composites and aerogels display poor
mechanical properties, due to the low degree
of densification, compared to the bulk oxide
ceramic or glass materials.

On the right part of the figure, the sol-gel
process is visualized, together with the main
applications of the products of the sol-gel
technology. First, we are starting from a metal
or silicium alcoxide solution, the next step is
of key importance - the disperse system (sol)
production. Having a sol, all basic elements of
production of a ceramic technology can be
realized — powders, xerogels, monodisperse
particles, thin films, fibers or even aerogels.
Two definitions — xerogel are dried gels,
where the porous system has been partially
destroyed by the driving force of the drying
process. Aerogels, on the other hand, are sol-
gel materials where the porous system has
been protected, preserved, by soft drying
conditions, leading to a very low density,
about 0.05 g.cm™, compared to that of bulk
oxide ceramic or glass materials .

After gelation, there is a wet gel, containing
about 50% of the solvent used. By changing
the drying conditions it is possible to obtain:

a) Aerogels by protection of the initial
porous structure of the gels. The pores are in
the nanoscale size region.

b) Xerogels, by drying with strong
densification, and collapsing of the initial pore
architecture.

hydrolysi
. ——Si—0CHs TLM—W—OH + GH:0H

reesterification

‘ water ‘
condensation
Si—0—Si +H,0

-«
hydrolysis ‘ ‘

la. —S§—0H + —Si—OH

alkohol
condensation

<«——— —Si—0——S— + ROH
alcoholysis ‘

2. S—O0H + S

Fig. 1. Basic chemical rections, included in the
sol-gel technique [4]

Depending on the chemistry and drying
condition used, bulk gels, granules, or powders
can be obtained. On the other hand, depending
on the doping such materials could be either
composites, or doped materials. Depending on
the chemistry, an additional classification,
inorganic, or hybrid gels could be obtained.
Summarizing, sol-gel chemistry together with
the extension for aerogel production, is an
ultimative chemical method for nanomaterials
production.

Xerogel film Dense film

Dense
ceramics

l:l Ceramic fibers
EEE

Sol-Gel Technologies
and
Their Products

Fig. 2. Application of the sol-gel technology [5].

Some examples of our research
activities include sol-gel preparation of
optical composites. Here, low and heavy
doped silica gels are visible. In these
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inorganic composites, the yellow coloration
comes from Sm(NOs3); nano-and mycro-
crystals, dispersed in the silica matrix. The
potential application of rare earth ion
doped sol-gel materials are as powder
coatings, pigments and UV — filters.
Bellow, zirconia gels, containing organic
molecules (chromophores), acetic acid and
acetyl acetone, are displayed. They also
have potential application as pigments, and
UV — filtering systems due to their very
strong optical absorption. The shape and
thickness of the bulky glassy composites
are fully reproducible, together with the
color intensity, controlled by the doping
concentration.  In addition, the mean
particle size of the dispersed optical active
species leads to a “newspaper effect” of the
bulky, transparent gels at water addition.
Drying of such species can be controlled
by reflectance optical spectroscopy, and
the rate of densification also can be
obtained. By changing the reaction volume
and physico-chemical condition, monodisperse
silica spheres “Stobers silica” [6], very
suitable for coating production, has been
prepared. Sol-gel technology also led to the
successful chemical stabilization of cubic
cristobalite for glassy industry purposes.
The chemical stabilization of cubic
cristobalite depend on the concentration of
the dopands, and on the sol-gel scheme
used for the preparation of powders.

Inorganic gels: 5i0; or ZrO, doped with Th, Sm, Ho, Eu ions

Formarion of transparent bulk samples or wifform microparticles, depending on sol-gel
chewistry, pH, drying conditions and temperature.

N, Danchova, S, Gutzov, Time evohsion of samarm doped silica sol-gel materials followed by optical
spectroscopy. J SobGel Sci Technol, 66 (2013) 248-252.

Fig. 3. Some examples of inorganic hybrid silica

and zirconia gels, prepared in the Department of

Physical Chemistry, Sofia University “St. Kliment
Ohridski”

As has been pointed out the preparation
of aerogels dramatically depends on drying
conditions. The first attempt to produce
aerogels was performed about 100 years
ago by Kistler, who is the inventor of the
so called “supercritical drying”, by using
of a supercritical fluid, carbon dioxide. The
idea of this approach is to go around the
evaporation line of the p-T diagram of a
one component system, and to dry the
system by saving its nanoporous structure
without pore collapse. The supercritical
fluid substitutes the initial solvent in the
pores of the gel.

The resulting products can be bulk
materials or powders, with a density of
about 1/100 of the theoretical materials
density [1,7-11]. The idea of such a drying
procedure is, that the surface tension of
liquids over the critical temperature
reduces to zero, so that the supercritical
fluid does not destroy the nanopores of the
gels.

Supercritical Drying

Table Critical Points of Various Fluids
P (MPa) drying path Fluid T. (C) P. (MPa)
A | 4 Vater HO 374.1 2204

Carbon dicxide CO, 31.0 7.37

itdal poir
| !Wet gl i Freon 116 (CF,), 19.7 297
| e : Acetone (CH.).0 235.0 466
TJ— 1 -
T poim eseenes . Nitrous oxide N.O 36.4 7.24
-~ Dried gel Vapor Methanol CH.OH 239.4 8.09
—_ T 22 Ethanol C;H.OH 243.0 6.3
The solvent in a wet gel is replaced by Critical point of a fluid is usually high

a supercritical fluid, and then
depressurize it to obtain a dried gel.

pressure and sometimes high
temperature. So SCD should be
Surface tension of the supercritical fluid avoided as far as possible.
is nearly zero, so the weak structure in

the wet gel is maintained.

Fig. 4. Supercritical preparation scheme for
aerogel production [1].

A new direction of aerogel
production is the use of 3D printing. An
interesting, and expensive approach which
seems to have a huge potential in creating
of microstructures for electronics, or even
for human implants.
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Fig. 5. Aerogels prepared using 3D - printing
[12].

Here, I am presenting two extremely
different kinds of aerogels, according to
their thermal and electrical properties,

carbon aerogels and silica aerogels.
Despite their so different physical and
chemical  nature, they  have a

morphological similarity — more than 95%
porosity, coming from nanopores. How to
produce a natural, organic carbon aerogel —
one possibility is to use a watermelon as a
precursor, having more than 90% of sweet
water and solvent, together with a
celluloide like network.

"

Fig. 6. Two extreme cases of bulk aereogels
concerning the thermal and electrical properties:
carbon aerogels, and translucent silica aerogels

[13].

The bulk aerogels, presented in this talk,
(Fig. 6) look nice, but they have two
significant disadvantages: poor mechanical
properties, and a very high price. Even a
hydrophobic or hydrophilic silica costs
about 30 €, and does not have any
interesting functionalities because of their
poor mechanical properties. There are,
however, technologies allowing the

International Scientific Conference

production of materials with improved
mechanical properties.

The industry needs aerogel granules or
powders, materials with

a) A very high specific surface area,
more than a few hundreds m?/g

b) High porosity, about 95% or more,
and a mean pore diameter in the nanometer
scale

c) A low density, significantly less
than 0.5 g/cm?® and hydrophobicity, which
means that the materials are water repelling

More than 30 years ago, a specific
physico-chemical =~ method  for  the
production of such a hydrophobic powders
and granules, for example the patent of
Brinker and coauthors. The idea of this
method is:

a) To protect the pore structure, of the
gelated metal oxide medium using a liquid
agent with low surface tension, for
example, ethanol

b) Creation of a hydrophobic surface,
using a hydrophobization agent, for
example TMCS, trimethyl chlorosilane,
which allows an effective solvent
evaporation by protection of the porous
system of the materials
c) Drying at subritical conditions, they
are softer, compared to that of Kistlers’
method

Nanoporous hydrophobic aerogel granules
=003 WmK, p<0.1 glem’, nanoporosity = 95%, Cp=1.44 I/g.K

§. Gutzov, N. Danchova, §. 1. Knmkashew, M. Khristov, J. Ivanova, J. Ulbikns, J Sol-Gel Sci Technod 0
(2014) $11-516

Fig. 7. Laboratory scheme for preparation of
aerogel granules and nanopowders using the
subcritical metod [4]. Water reppeling properties
of granules levitating on the water surface are
shown, stable at least 3 years.
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In our Department we created a
laboratory physico-chemical technology
for preparation of aerogel powders, based
on the subcritical approach. More about the
preparation conditions, and its variation,
are discussed in our papers [9,14,15]. The
materials properties of such kind of
superhydrophobic powders, levitating on
the water surface, are shown here. We
created granulated or powdered materials,
depending on preparation conditions, with
a very low thermal conductivity together
with a thermal capacity better than that of
the commercial available = CABOT
hydrophobic aerogel granules. In the
laboratory approach, we started from liquid
TEOS, followed by water addition, two
kind of catalists, an acid and a basic one.
The next step is solvent exchange, which
can be followed by electrochemical
measurements (pH vs time curves), and
hydrophobization. The latter step is
exothermic, and can be followed by
combined (pH + temperature vs time
curves). The final procedure is drying, with
typical  subcritical conditions, room
temperature up to 70 °C, and a pressure at
about 0.1 atm. SEM and AFM pictures of
the materials strongly respond to the
morphological definition of aerogels: solid
smoke, solid air, cloud like materials. The
key element in the developed laboratory
approach is the chemical surface
hydrophobization with TMCS.

In a recently published paper in
Molecules, 2021, we have developed a new
spectroscopic  method to follow the
hydrophobization of our powdres with
attenuation IR reflectance spectroscopy, by
monitoring the specific IR active Si-OH
and Si-O-Si1 vibration, and its replacement
with Si-C vibrations [15].

The texture properties, obtained
using liquid nitrogen absorption —
desorption isotherms are displayed. Some
of the samples are nanopowders, which
levitate in air, depending on the
preparation condition millimeter scaled

granulates can be produced. It is visible,
that we have a successful laboratory
approach, and that all the material texture
properties are reproducible. The texture
properties of commercial available
CABOT granules also are given for
comparison.

Nanoporous hydrophobic aerogel granules — texture properties

Sample Spere mig | Vi em¥g Dy it

51 796 340 17

12 powders c 6
D11 granules 798 253 13
SOF granules 785 3z 16

Cabot granules 699 X 21

Saimple Sger. VR W, em'ig D, fum

Y2 granules 871 334 15
YE granules 756 354 19
Y11 granles 787 419 21

N. Danchova, D. Paskales, S. OUIZOv. Aeregels — iew wmatesials With premusng applications, Bulgssisy
Clemscal Commumications, 50(2018). 172 -177.

Fig. 8. Texture properties of the prepared aerogel
powders and millimeter scaled granules [15].

The specific applications of aerogel
powders and granules are summarized
here, together with the characteristic
material properties, responsible for the
specific applications.

Specific applications of aerogel powders and compaosites
/ materials properties

*  Thermal insulation materials / low density and thermal conductivity

= Optical composites [ aptical transparency, possibility for deep
doping

* Water cleaning applications / nanoporosity, high specific area

* Catalytic applications / nanoporosity, high specific area, possibility
for doping
* Gas capturing [H,, CO,) / nanoporosity, high specific area

Fig. 9. Summary of the basic applications of
aerogel powders and composites (black) driven by
specific properties (red).

My lecture continues with optical
properties of aerogel composites. Our
target is to incorporate optically active
molecules into the aerogel matrix. In this
way, a typical optical composite is created:
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an aerogel matrix, containing an optical
center. Lets go now to the formation of the
optical center, responsible for light
emission and absorption. Our optical
properties are based on the luminescent
properties of the lanthanide ions (rear earth
ions). The optical properties of lanthanide
ions are shown here. We have sharp, weak
emission lines in the visible and IR spectral
region, at UV excitation. The most applied
ions europium (red), terbium (green),
thulium  (violet), neodymium (IR),
samarium (orange) emits light after direct
or UV (via the charge transfer transition)
excitation [16-21]. From physical point of
view, we have forbidden electric dipole or
magnetic dipole electronic transitions. The
emission is very weak, because of the
physical nature of the electronic
transitions. Thus, we need a way to
improve the emission! Here, I am
presenting to your attention the concept of
the energy transfer, or antenna effect
[22,23], in hybrid molecules, organic
complex. The UV — energy is absorbed by
an organic molecule, for example 1,10 —
phenathroline, B-diketonates, acetic acid,
acethylacetone, aromatic molecules and
other compounds. The physical mechanism
is well known as Forster-Dexter energy
transfer, its efficiency strongly depending
on the physical nature of the ligands
(energy of the singlet and triplet state), also
on the ligand to central ion distance.

Optical properties of lanthanide (Ln) 1ons: the optical active center

* Weak, forbidden electric dipole (ED) or magneticdipole (MD) f-f transitions
( #+11,), leading to an emission in the UV/Vis and NIR spectral region

MD transitions AJ=1: |5l if Ln{lll) occupies a center of symmetry {CS).

*  EDtransitions lgy>ly,, Al=2, 4, 6 if Ln{lll) occupies sites without a C5.

* > . ED transitions are responsible for luminescence properties of rare
earth ions.

*  AJ=2 ED strong “hypersensitive” transitions, very sensitive for structural.
*  Peak number & intensity are related to site symmetry.

1. Georgieva, N Treodafilova, T Zaharier, M. Danchova, S, Guesov. Theoretical insight b bighly hninesceat
properties of EulllT) complen with phenmthroline, Joumal of Luminescence 202 (301%) 193-205

Light production from hybrid optical materials: energy fransfer
leads to high quantum efficiency

sy oo

[ e
/—\ \/-\'. ¥; 1 si e

lem —: Ll |

J'Ir.’ hle ~ * e ;

Svethan V. Elisceva, Jean-Clwde G. Bunzli, Chem. Soc. Rev. 39 (2010) 189-227.

Fig. 10. Spectroscopic properties of rare earth
ions and enetgy transfer scheme from 1,10 —
phenanthroline to Eu’* ions [24,25]

On the next slide, a hybrid molecule,
[Tb(phen)>](NO3); is shown. The antena
here is the phenathroline molecule. We are
exciting the organic molecule by UV —
light, which is transferred to the Tb(III)
ion. The Tb(IIl) ion goes to an excited
state, and after that emits his characteristic
luminescence (green), In this way, the
quantum yield of the terbium emission is
increased by one order of magnitude, or
more. How to incorporate such an
complex into the porous network of the
aerogels? It is not easy, one way would be
to impregnate the porous matrix with an
organic complex solution. But lanthanide
complexes are unstable, and very low
soluble in organic solvents.

How to incorporate Ln(ITl) complexes into aerogels?
Two step in situ activation

10m] granules

G 10m] Th(NO3)3/E10H

Filtering and drying

5 Gutzov, D. Shandwrkow, N. Danchova, D. Enseling, T. Justel, T Zahwiew D Shandurkov. 5 Gutzov, N Trendafilova, D. Enseling.
Preparation and optical properties of functionalized hydrophobic T Justel, [ Georgevn, Phenmthroline chromophare as efficient
asrogel gramles, Proc of SPIE (2019) Vol 11332 p. 113320C-1, o amterma for Thi+ green busnescence: A theoretical smdy, Dyes md
10111712 2552727 Pigmerts 155 (20213 108590

Fig. 11. Incorporation of Th(phen)>(NO3); optical
centers into aerogel powders and granules
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Recently we developed a new, two-
step procedure for the activation of
aerogels with organic ligands, using
commercial or self made granules or
powders [26]. Fist, we created an inorganic
composite, using easy soluble nitrates of
the lanthanides. After that, we added a
phenathroline solution to the inorganic
composites. It is the case of an in situ
activation, because a controlled chemical
reaction takes place in the nanopores of the
aerogel matrix. The complex formation has
been confirmed by optical spectroscopy,
X-Ray diffraction analysis, and IR -
spectroscopy.

Green emitting aerogel composites containing Th{phen) ,(NO ) ;
1,10-phenathroline —Th’" energy transfer

QY of solid Tb(phen),(NO,), 13 %

Fig. 12. Optical properites of acrogel composites,
containing Tb(phen)>(NO3)s;. The quantum yield
(QY) of the pure solid complexes is also presented.

Red emitting aerogel composites containing Eu(phen) (NOy);
1, 10-phenathroline —Eu’* energy transfer

QY of solid Eu{phen),(NO,), 35%

Fig. 13. Optical properites of aerogel composites,
containing Eu(phen):(NO3)s. The quantum yield
(OY) of the pure solid complexes is also presented.

Specific optical spectra, emission and
excitation spectra of aerogels, containing

[Tb(phen)2](NO3); or [Eu(phen):](NO3)s.
The excitation spectra confirm that a
strong, effective energy transfer takes place
in the hybrid aerogels prepared. In other
word, it is possible to prepare red or green
emitting powders, and mix them for a
white light production. In such a way, the
preparation of materials with potential
application as smart optical sensors is
possible. Surprisingly, we found out that a
weak blue emission, coming from surface
complexes or defects is visible in our gels,
leading to an additional color change. Our
smart sensors give a triple response, red,
green or blue to UV — excitation.
Repeating, each color is connected with
different optical active molecules, so the
way for white light production from
aerogels is also open. Recently we also
found out, that the quantum yield of our
aerogel composites dramatically depends
on the mean pore diameter of the initial
aerogel matrix, opening the way for a
control of the chemical reaction, taking
place in the nanopores of the aerogel
matrix. On the other hand, the results
become more complex, and a dependence
between nanopore size and quantum yield
is visible.

SUMMARY

 Aerogel composites based on
hydrophobic silica, displaying a red, green or
blue luminescence coming from hybrid
molecules are prepared and characterized.

* A new laboratory method for
functionalization of doped silica powders and
nanoporous aerogel granules with organic
ligands is demonstrated.

* Aecrogel granules or nanopowders with
promising physical properties, low thermal
conductivity, increased thermal capacity and
specific area are prepared by a laboratory
subcritical approach at room temperature and
p=0.1 atm.

* The quantum yield of the optical
composites strongly depends on the physico-
chemical properties of the silica acrogel matrix.
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Abstract

The paper presents an atlas of solar radiation for the northern part of the Republic of Srpska formed by PVGIS
estimation utility. The atlas contains the results of calculating global solar radiation falling on the optimally placed
surface in several cities located in the northern part of the Republic of Srpska (Bijeljina, Samac, Derventa, Gradiska
and Novi Grad) in the period from 2007 to 2016. In addition, the intensity of global, direct and diffuse solar radiation
falling on the optimally placed surface in the northern part of the Republic of Srpska is given by months. The basic
characteristics of fixed, one-axis and dual-axis tracking PV solar power plants power of 1 MWp and the amount of
electricity that can be generated by them in the northern part of the Republic of Srpska, are also given. It was found
that with the one-axis tracking solar power plant 27.97-29.36% more electricity can be generated, and with the dual-
axis tracking solar power plant 30.80-32.32% more electricity can be generated as compared to the fixed solar power

plant.

Keywords: PVGIS program, solar irradiance, solar energy, PV solar power plants.

INTRODUCTION

In terms of solar potential, Bosnia and
Herzegovina belong to more favorable
locations in Europe, with the intensity of solar
radiation falling on a horizontal surface of
1240 kWh/m? in the north, and up to 1600
kWh/m? in the south of the country [1].
Although southern part of it has higher values
of solar radiation intensity, northern part of
Bosnia and Herzegovina is also very
convenient for solar systems installations.

PVGIS (Photovoltaic Geographical
Information System—PVGIS © European
Communities, 2001-2008,
http://re.jrc.ec.europa.eu/pvgis/apps3/pvest.ph
p) methodology comprises solar radiation data,
PV module surface inclination and orientation
and shadowing effect of the local terrain
features (e.g. when the direct irradiation
component is shadowed by the mountains),
thus PVGIS represents immensely important
PV implementation assessment tool that
estimates dynamics of the correlations
between solar radiation, climate, atmosphere,

the earth's surface and the PV technology
used. Several fast web applications enable an
easy estimation of the PV electricity
generation potential for selected specific
locations in Europe [1-5].

NORTHERN PART OF THE REPUBLIC
OF SRPSKA

The Republic of Srpska (RS) is located in
the central part of the Balkan Peninsula,
between 42°33” and 45°16’ north latitude and
16°11° and 19°37’ east longitude and occupies
the northern and eastern parts of the geospatial
area of Bosnia and Herzegovina. The Republic
of Srpska has atypical form of state territory
whose northern part is elongated west—east,
and eastern in the north—south direction. This
peculiar form is an aggravating circumstance
of internal communication and economic
integration of the interdependent western and
southern parts of the Republic of Srpska. The
Republic of Srpska covers an area of 25 053
km? or about 49% of the territory of Bosnia
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and Herzegovina. RS according to the 2013
census has 1 170 342 inhabitants [1].

On the territory of the Republic of Srpska,
there are three basic types of climate:
moderate continental, mountain and mountain
valley, and  Mediterranean. = Moderate
continental climate occurs in the north,
Mediterranean in the south, and the line
dividing these two regions is the area of high
mountains, plateaus, and ravines in which,
depending on the altitude, the mountain
climate dominates [1].

Moderate continental climate is present in
the north of the Republic of Srpska. It includes
Krajina, Posavina, and Semberija. In
Semberija, Pannonian (steppe) climatic
influence is felt due to the proximity of the
Pannonian plain. The main features of this
type of climate are warm summers and cold
winters. Summer temperatures can rise above
40°C, and the absolute maximum was
measured in 2007. In Bijeljina and Visegrad, it
tops at 43°C. The average air temperature in
the warmest part of the year (in July) ranges
between 20°C and 23°C, while the average
temperature in the coldest part of the year
(January) is about zero degrees Celsius.
Absolute minimum can reach up to —30°C.
The average annual temperature is above
10°C. The amount of rainfall in the RS is
affected by humid air masses coming from the
west (from the Atlantic) and from the south
(from the Adriatic). Precipitation is the most
viable climate parameter in terms of space and
time. In the area where temperate continental
climate is present, the highest precipitation
occurs in the warm part of the year and the
maximum occurs in June. Precipitation
amounts to around 750 1/m? per year in the
north along the Sava River and 1500 1/m in the
west of the Krajina. Moderate continental
climate part is also present in the mountainous
valley areas that are up to 1000 m above sea
level [1].

Fig. 1. Location of Bijeljina, Samac, Derve;ta,
Gradiska and Novi Grad in the Republic of Srpska [6]

Bijeljina is a city in the northeastern part of
the Republic of Srpska. Bijeljina is located at
44°45'16" north latitude and at 19°12'59" east
longitude, and at 90 m above sea level. In
2013, Bijeljina had 41121 inhabitants.

Samac is a town in the Republic of Srpska.
Samac is located at 45° 03' 36" north latitude
and at 18°28'08" east longitude. In 2013,
Samac had 5133 inhabitants.

Derventa is a city in the northwest part of
the Republic of Srpska. Derventa is located at
44°58'40" north latitude and at 17°54'28" east
longitude. In 2013, Derventa had 27404
inhabitants.

GradiSka is a town (city) in the Republic of
Srpska. Gradiska is located at 45°08'46" north
latitude and at 17°15'13" east longitude. In
2013, Gradiska had 13691 inhabitants.

Novi Grad is a town (city) in the Republic
of Srpska. Novi Grad is located at 45°02'51"
north latitude and at 16°22'50" east longitude,
and at 216 m above sea level. In 2013, Novi
Grad had 11063 inhabitants.

GLOBAL SOLAR RADIATION

The energy of global solar radiation falling
on a surface set at an optimal angle in Bijeljina
(34°), Samac (34°), Derventa (33°), Gradiska
(33°) and Novi Grad (33°) is given in Figures
2-6.

2007 2008 2009 2010 201 2012 2013 2014 2015

Fig. 2. The energy of global solar radiation falling
on a surface set at an optimal angle of 34° in
Bijeljina [7]

radiation [KWh/m2]

Monthly i

2008 2010 2012 2014 2016

Fig. 3. The energy of global solar radiation falling
on a surface set at an optimal angle of 34° in
Samac [7]
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Fig. 4. The energy of global solar radiation falling
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Based on the previous figures, it can be
concluded that in the period 2007-2016 there
was no significant deviation of the energy of
global solar radiation falling on the optimally
placed surface in Bijeljina, Samac, Derventa,

Gradiska and Novi Grad.

GLOBAL,

OPTIMALLY TILTED SURFACE

The intensity of global, direct and diffuse
solar radiation that falls on the optimally
placed surface by months, during the year in
Bijeljina, Samac, Derventa, Gradiska and Novi

Grad is shown in Tables 1-3.

Tab. 1. The intensity of global solar radiation that falls
on the optimally placed surface by months in Bijeljina,

Samac, Derventa, Gradiska and Novi Grad [7]

rgy of global solar radiation falling

rgy of global solar radiation falling
on a surface set at an optimal angle of 33° in Novi

DIRECT AND DIFFUSE
SOLAR RADIATION FALLING ON AN

Tab. 2. The intensity of direct solar radiation that falls
on the optimally placed surface by months in Bijeljina,
Samac, Derventa, Gradiska and Novi Grad [7]

Town Daily

irradiance

(W/m?%)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Bijeljina 147 210 362 436 456 517 588 620 438 350 238 139
Samac 146 187 352 448 470 503 595 617 442 352 227 123
Derventa 165 195 349 429 443 493 567 583 434 337 228 150
Gradiska 138 193 364 466 460 537 592 620 459 324 197 125
Novi 142 211 346 425 429 496 589 611 434 297 196 148
Grad

Tab. 3. The intensity of diffuse solar radiation that falls
on the optimally placed surface by months in Bijeljina,
Samac, Derventa, Gradiska and Novi Grad [7]

Town Daily

irradiance

(W/m?)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Bijeljina 146 184 230 262 263 255 240 220 222 191 168 134
Samac 142 183 230 269 269 254 227 219 214 189 162 130
Derventa 148 180 225 267 260 256 224 226 217 188 162 135
Gradigka 140 180 225 258 261 251 216 222 214 190 161 129
Novi 144 180 216 253 261 255 222 222 210 189 156 134
Grad

Tables 1-3 show the following:
- the intensity of global solar
radiation in the northern part of the
Republic of Srpska has the lowest
values in December (minimum value
of 255 W/m? in Gradiska), and the
highest values in August (maximum
value of 852 W/m? in Bijeljina);
- the intensity of direct solar
radiation in the northern part of the
Republic of Srpska has the lowest
values in December (minimum value
of 123 W/m? in Samac), except for
Novi Grad where the lowest value of
142 W/m? was recorded in January;
- the intensity of direct solar
radiation in the northern part of the
Republic of Srpska has the highest
values in August (maximum value of
620 W/m? in Bijeljina and Gradiska);
- the intensity of diffuse solar
radiation in the northern part of the
Republic of Srpska has the lowest
values in December (minimum value
of 129 W/m? in Gradiska), and the
highest values in May (maximum value
of 269 W/m? in Samac), except for
Derventa where the highest value of
267 W/m? was recorded in April.

SOLAR POWER PLANTS
The calculation results of the amount of

electricity that can be generated using the
fixed, one-axis and dual-axis tracking PV solar

ower plants in Bijeljina, Samac, Derventa,

Gradiska and Novi Grad, using the PVGIS

Town Daily

irradiance

(W/m?)

Jan Feb Mar Apr Ma; Jun Jul Aug Sep. Oct Nov Dec

Bijeljina 297 400 600 706 717 777 824 852 661 548 410 275
Samac 292 375 590 721 727 769 835 849 664 543 394 256
Derventa 316 380 582 708 708 751 805 822 661 530 394 288
Gradiska 281 377 597 734 725 792 819 851 669 518 363 255
Novi 289 396 569 687 699 763 823 841 641 491 357 285
Grad

program are given below.
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Fixed solar power plant

PVGIS characteristics of a fixed solar
power plant power of 1 MWp that would be
installed in Bijeljina, Samac, Derventa,
Gradiska and Novi Grad are given in Table 4.

Tab. 4. PVGIS characteristics of a fixed solar power
plant power of 1 MWp that would be installed in
Bijeljina, Samac, Derventa, Gradiska and Novi Grad

[7]

Location Bijeljina Samac Derventa Gradiska Novi Grad
1

Power of 1 1 1 1
photovoltaic
solar power
plant (MWp)

Power plant 14 14 14 14 14
losses (%)

Tilt angle (°) 34 34 33 33 33
Azimuth 0 0 0 0 0
angle (°)

Annual 1180536.78
electricity
production

(kWh)

1161638.61 1156601.46 1151430.06 1144201.19

One-axis tracking PV solar power plant

PVGIS characteristics of the one-axis
tracking PV solar power plant power of 1
MWp that would be installed in Bijeljina,
Samac, Derventa, Gradiska and Novi Grad are
given in Table 5.

Tab. 5. PVGIS characteristics of the one-axis tracking
PV solar power plant power of 1 MWp that would be
installed in Bijeljina, Samac, Derventa, Gradiska and
Novi Grad [7]

Location Bijeljina Samac Derventa Gradiska Novi Grad
Power of 1 1 1 1 1
photovoltaic
solar power
plant (MWp)
Power plant 14 14 14 14 14
losses (%)
Tilt angle (°) 36 36 36 36 36
Annual 1527103.13 1501207.36 | 1484124.7 1482526.26 | 1464234.26
electricity
production
(kWh)

Dual-axis tracking PV solar power plant

PVGIS characteristics of the dual-axis
tracking PV solar power plant power of 1
MWp that would be installed in Bijeljina,
Samac, Derventa, Gradiska and Novi Grad are
given in Table 6.

Tab. 6. PVGIS characteristics of the dual-axis tracking
PV solar power plant power of 1 MWp that would be
installed in Bijeljina, Samac, Derventa, Gradiska and
Novi Grad [7]

Location Bijeljina Samac Derventa Gradiska Novi Grad
Power of 1 1 1 1 1
photovoltaic
solar power
plant (MWp)
Power plant 14 14 14 14 14
losses (%)
Annual 1562084.74 1534268.32 1517303.42 1514494.95 1496661.83

electricity
production
(kWh)

Based on the data shown in Tables 4 and 5,
it can be seen that the one-axis tracking solar
power plant generates 29.36%, 29.23%,
28.32%, 28.75%, and 27.97% more electricity
in relation to a fixed solar power plant in
Bijeljina, Samac, Derventa, Gradigka and Novi
Grad, respectively. The dual-axis tracking PV
solar power plant generates 32.32%, 32.08%,
31.19%, 31.53%, and 30.80% more electricity
as compared to a fixed solar power plant in
Bijeljina, Samac, Derventa, Gradiska and Novi
Grad, respectively.

CONCLUSION

In the light of all said, it can be concluded
that:

- in the period 2007-2016 there is
no significant deviation of the energy
of global solar radiation that falls on a
optimally placed surface in Bijeljina,
Samac, Derventa, Gradiska and Novi
Grad;
- the intensity of global solar
radiation in the northern part of the
Republic of Srpska has the lowest
values in December (minimum value
of 255 W/m? in Gradiska), and the
highest values in August (maximum
value of 852 W/m? in Bijeljina);
- the intensity of direct solar
radiation in the northern part of the
Republic of Srpska in most cities has
the lowest values in December
(minimum value of 123 W/m? in
Samac) and the highest values in
August (maximum value of 620 W/m?
in Bijeljina and Gradiska);
- the intensity of diffuse solar
radiation in the northern part of the
Republic of Srpska has the lowest
values in December (minimum value
of 129 W/m? in Gradiska), and the
highest values for the most cities in
May (maximum value of 269 W/m? in
Samac);
- the one-axis tracking solar
power plant generates 29.36%,
29.23%, 28.32%, 28.75%, and 27.97%
more electricity as compared to a fixed
solar power plant in Bijeljina, Samac,
Derventa, Gradiska and Novi Grad,
respectively;
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- the dual-axis tracking PV solar
power plant generates  32.32%,
32.08%, 31.19%, 31.53%, and 30.80%
more electricity as compared to a fixed
solar power plant in Bijeljina, Samac,
Derventa, Gradiska and Novi Grad,
respectively.

ACKNOWLEDGEMENT

This paper was done with the financial
support of the project 19.032/961-100/19
approved by the Ministry of scientific and
technological development, higher education
and information society of the Republic of
Srpska.

REFERENCE

[1] T. Pavlovic Editor, The Sun and Photovoltaic
Technologies, Springer, 2020.

[2] T. M. Pavlovi¢, Y. Tripanagnostopoulos, D. Lj.
Mirjani¢, D. D. Milosavljevi¢, Solar energy in
Serbia, Greece and Republic of Srpska, Academy
of Sciences and Arts, Banja Luka, 2015.

[3] T. M. Pavlovic, D. D. Milosavljevic, D. Lj.
Mirjanic, Renewable Energy Sources, Academy
of Sciences and Arts, Banja Luka, 2013, (in
serbian).

[4] T. M. Pavlovic, D. Lj. Miranic, D. D.
Milosavljevic, Electric power industry in
Serbia and the Republic of Srpska, Academy of
Sciences and Arts, Banja Luka, 2018, (in
serbian).

[5] T. Pavlovic, B. Cabric, Physics and technics of
solar  energetics,  Gradjevinska  knjiga,
Belgrade, 2007, (in serbian).

[6] https://www.google.com/maps/

[7] https://re.jrc.ec.europa.eu/pvg_tools/en/tools.html

20

International Scientific Conference “UNITECH 2021” — Gabrovo



UNITECH::.

INTERNATIONAL SCIENTIFIC CONFERENCE
19-20 November 2021, GABROVO

HATOBAPBAHE HA ITOJYITPOBOJHUKOBUTE KJIFOYOBE HA
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YHueepcumem no Xxpanumeianu mexHojaocuu - HJlOGdUG

POWER SWITCHES STRESS ON A RESONANT CONVERTER AT A
VARIABLE FREQUENCY CONTROL

Angel Lichev
University of Food Technologies — Plovdiv

Abstract

An analysis of a bidirectional resonant DC-DC converter is conducted. An analytical model is developed, and the
dependencies of the output voltage and the current through the converter power switches are obtained. As a result, the

converter load characteristics are derived.

Keywords: resonant converter, variable frequency control

BBBEJIEHHE

B nmocnennuTe TOoAMHM MHBECTULIMHUTE BBHB
BB300HOBsieMH eHepruiiHu u3tounuim (BEN)
Oenexxat ctabmieH pbCT. ToBa ce ABIDKU Kak-
TO Ha 0E3CMOpPHUTE MPEAMMCTBA Ha 3€JcHATa
eHeprusi, Taka U Ha 0OCTOSITENICTBOTO, Y€ CEK-
TOPBT TOJIy4aBa pEAWIla CTUMYJIH OT IpaBU-
TeJCTBaTa Ha CBHOTBETHHUTE AbPHKABH, KOETO
0€3CIIOpHO OKa3Ba TMOJIOKHUTEITHO BIUSHUE
BbpPXY HEroBOTO pa3BuTHeE [1].

B ormameyeHuTe H3BBHIPAACKU panoOHH,
KBJIETO JOCTBIIBT JO €JIEKTPOIPEHOCHATA Mpe-
’Ka € OrpaHUu4cH, Bb3MOXKHO PELICHUE 34 OCHU-
rypsiBaHE Ha €JIIEKTPUYECKH MOIIHOCTH Cca
umenHo BEW. OcHoBen mpo0iieM B citydas ce
SIBSIBA HEBB3MOXKHOCTTA 32 MPOTHO3UPAHE Ha
IIPOU3BEKIAHOTO OT TSAX KOJIMYECTBO CHEPIUS.
[lopanu Ta3sm nNpUYMHA OCUTYPSBAHETO Ha
ABTOHOMHO €JIEKTPO3aXpaHBAHE E€IUHCTBEHO
Yype3 U3TOYHUK Ha 3€J€Ha €HEeprus € TPyIHO
MIOCTHKUMO. 3a ILeNTa c€ H3rpakaaT T.Hap.
XUOPUAHU €NEeKTPUUYECKU MHCTAJAINK B Chye-
TaHue ¢ OaTepuu, MpeHA3HAYCHU 3a ChXpaHsi-
BAHE HA EJIEKTPUYECKATA EHEPIHUsl.

VYhpaBieHUeTo Ha EHEPruiHUTE TMOTOLHN
MEXIy OTACTHUTE KOMIIOHEHTH B TaKHUBa CHUC-
TEMHU HAMa Kak Jla ce€ OChILECTBU 0€3 ChOTBET-
HOTO MpeoOpa3yBaTeNHO yCTPOMCTBO, a Ipa-
BUJIHUAT My H300p € CBBbp3aH HE CaMmoO C Ha-
JeKAHOCTTA HAa CHCTEMaTa, HO U C MOBHIIABA-
He Ha e(peKTUBHOCTTA U KaTO II5JI0.

Jlo6po perieHue B ciiyyasi ce sIBSBaT peBep-
CUBHUTE PE30HAHCHU MpeoOpa3yBaTenu. Xa-
paKTepHa 3a TAX € BB3MOXKHOCTTA 32 3HAYH-
TEJTHO OrpaHMYaBaHEe Ha KOMYTAI[MOHHUTE 3a-
ryou ype3 mpeBKIIIOYBaHE HA CUIIOBUTE MPHOO-
pH IIpU HYJIEBO HANPEKEHHUE WU HYJIEB TOK (B
3aBUCUMOCT OT paboTHara yectora). Ilo To3m
HAa4YMH ce JaBa NMpeArnocTaBka 3a paboTa mpu
BUCOKH YECTOTH, a CJIEIOBATEIHO M 32 OMNTH-
MHU3HpaHEe Ha pa3MepuTe Ha npeoOpa3yBaTens
(2, 3, 4].

B [5] e pa3paboTen aHamuTHYeH MOJEN Ha
npouecuTe B peBepcuBeH pesoHaHceH DC-DC
npeoOpasyBaresn, paboTern] mpu YecToTa Ha
pe3oHaHcHara. M3non3Ban € BapuaHT Ha (azo-
BO YIIpaBJICHHE, Ype3 KONUTO OT €JHa CTpaHa €
MOCTUTHATA JIMHEApu3alsi Ha PEryJIHpOBbHY-
HUTE XapaKTEePUCTUKH, a OT JIpyra — MOBHIIIA-
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BaHe Ha edekTuBHOCTTA. Ha 6asa momyueHure
MaTEeMaTHYeCKH 3aBUCUMOCTH € H3CJe/IBaHa
paborara Ha mpeoOpa3yBareisi IpH pa3inyHa
pa3cTpoiika Mo 4ecTora.

Hacrosmara pabota ce siBsiBa MpoIbJKe-
HUE Ha [5], KaTo 1eTa € Ja ce ONpeaeu aHa-
JUTUYHO HATOBAapBaHETO Ha MOJIYIPOBOIHUKO-
BUTE KIIIOYOBE Ha IIPpeoOpazyBarTesl.

IPUHINI HA TEHCTBUE

Cxemara Ha mpeobpasysatens (dur. 1) ce
CHhCTOM OT JIBA MOCTOBH WHBEPTOPA, CBHP3aHU
MOCPEACTBOM TpaHC(HOPMATOp U KalallUuTUBHU
¢bunTpu Ha ,,BX0/1a“ ¥ Ha ,,M3X0/aa".
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Due. 1. Cxema Ha npeobpasysamens

1%

KbM ,,BXOAHHMS HHBEpTOp™ (TPaH3UCTOPH
01-04) e TPUITIOKEHO TIOCTOSHHO HAINPEe)KCHUE
Ui, a xbM ,,u3x0aHus" (Tpanzuctopu Qs-0s) —
Hanpexxenue U,. HanpexxeHusita Ha nBaTa WH-
BEPTOpA, CbOTBETHO Uah U Ucd CA C TIOUTH TIPA-
BobI'bJIHAa dopma. [locpencTBom nuomute Dj-
Dg ce ocurypsiBa IpeHOC Ha €HEprusita U B
JIBETE TMOCOKH.
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@Due. 2. Bpemesu ouazpamu Ha OCHOBHU 8ETUYUHU

[IpeobpasyBarenar paboTu TpU YeCTOTa
Haj pe3oHaHcHara. [lopaau Ta3u MpuU4MHA TO-
KbT npe3 00OWHATa i, M30CTaBa OT HAMpPEkKe-
HUETO HA ,,BXOJIHUA" UHBEPTOP Uah HA BI'BI
(¢ur. 2). Korato TokbT mpe3 OoOmHaATa a0-
CTUTHE HyJIeBa CTOWHOCT 3amoyBar Ja Ipo-
BEXJAT TPAH3UCTOPHUTE KIIIOUOBE HA ,,U3XOJI-
Hus" nHBepTOp. Il0 TO3M HAUMH KIIIOYOBETE Ha
npeoOpasyBaresiss paboTAT B yCJIOBHs Ha MEKa
koMyTanus. CUIOBUTE €IEMEHTH Ha ,,U3XOJ-
HUS® MHBEPTOP M3KJIIOYBAT CJIe TE3U Ha
,,BXOIHUS clle]] BpeMe, CHbOTBETCTBAIIO Ha
BIBJI 0. Taka, upe3 nedaszupaHe Ha HaIpeKe-
HUSATA Uah U Ucqg (A3MEHEHUE HA BI'BII J) CE OCh-
IIECTBsIBA YIIPABJICHUETO HA MTpeoOpa3yBaTers.

bren d ce onpenens or cbopa Ha BIIIUTE o
U ¢, KOUTO U3pa3sBaT ChbOTBETHO: BPEMETO Ha
MPOBEXKIAHE HA TPAH3UCTOPUTE HA ,,U3XOHO-
TO® CTHNAJIO M BPEMETO HA MPOBEXKJAAHE HA
IUOJUTE Ha ,,.BXOAHUSA™ uHBepTOop. Ilo TO3M
HA4YMH, IPU CTOMHOCTH Ha @ U ¢ TIO-MAJIKU OT
n/2 (6 < m) eHeprusiTa ce mnpenasa B ,IpaBa‘‘
MOCOKA, WJIM OT U3TOYHUKA Ha HampexeHue U,
KbM TO3U ¢ HamnpexeHue Uy, a Ipu CTOMHOCTH
Ha JIBaTa Br'bjIa MO-TroJeMHu OT 1/2 (0 > m) —
eHeprusTa ce mpenaBa B o0paTHa ocoka.

VYnpaBieHueTo Ha MpeoOpasyBareis ce
OChIIIECTBSIBA KakTO B [6]. Tam e mpeacTaBeH
BapHaHT Ha YIPaBJICHWE, Ype3 KOWTO € TO-
CTUTHATa B 3HAYUTEJIHA CTETIEH JINHEeapHU3aIus
Ha PETyJIUPOBHLYHUTE XapaKTEPUCTUKU. ToBa
CTaBa KaTo ce yBeJaudaBa paboTHaTa yecTtoTa
3a CMeTKa Ha HAaMAJIIBAHETO HA W3XOJHUS TOK.

[To TO3M HauMH Hampumep, 3a CTOMHOCT Ha
BI'BJA O = 04 (dur. 3)

0 S

2 T
QDue. 3. Pecynruposwvunu xapakxmepucmuxu

ChOTBETCTBA TOYKa | OT XapakTepHuCcTUKaTa, 3a
KOATO U3XOOHUAT TOK Ma CTOMHOCT /.
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Bbpxy ’xenanatra XapakTepuCTHKa OTHOBO
32 BI'bJI O = 04 € MOJIyueHa TouKara 2.

Taka manpumep Ha ¢ur. 4 € MokazaHoO Ha-
pacTBaHETO Ha pas3CTpoilkaTa MO YECTOTa OT
MUHHMAJTHA Vpin = 1,15 (T. A) 10 MakcuMaiHa
CTOMHOCT Vipax = 1 27178 (t. B).

0,0 0,1 02 03 04 c
"1 k=1
1.5 Vinax
B
1,24 Vi
A
1,
1,0

T T I T T
67112 TzM12  8z/12 9z/12 10z/12 MzM12 O

Due. 4. HUzmenenue na pazcmpoixama no
yecmoma

B cnyuast ynpaBinsiBaiil mapameTbp ce siBsBa
HOpMaJTU3MpaHaTa MPOMEHJINBA ©, KOSITO ce
OTIpesiesisl CIIOpEe.] U3pa3uTe:

8§=(1+4+20)m1/2 (1)
V =Vnin + 2()-(Vmax - Vmin) (2)

MATEMATHYECKH MOJEJI HA
IMPOLECUTE B IIPEOBPA3YBATEJIA

C uen ynecHsiBaHE Ha aHaAJIM3a CE JOIyCKa, ye
BCUYKM €JIEMEHTH B CXe€mara ca WJCalHH, Ha-
MIPEKEHUSATA Uap U Ucd UMAT TIPABOBI'BIHA POP-
Ma, a myJicanuuTe Ha HanpexenusTa U;u U, ce
npeneOpersar. [1o To3u HauMH, pe30HAHCHATA
YECTOTA, XapAKTEPUCTUUHUAT UMIIEAHC U pa3-
CTpoiKara 1o 4ecrora ca:

1 _ L __ Wwg

Wy =—=; Zo= |=; v= 3
0 LC’ 0 c’ wo ( )

Cnopen npeacraBeHus B [S] Mozen, U3Xo-
HOTO HaIlpeKeHUE U MAaKCUMATHOTO Halpeke-
HHE BBHPXY PE30OHAHCHUS KOHJECH3ATOp Ce€
onpenensaT cnopea uzpazu 4) u 5)

ol

U =5 “

k sin(—n_M(ﬂ)—sin(—S—(p)
14 14

SR
1%

—(1 + kUy)

UCM:2

[Tpu MonenvpaHeTo Ha MPOIECUTE B Mpeodpa-
3yBaTeNs € BB3IPUET MOJIXO0, CIIOpE KOWTO BCe-

KU MOJIyIIEPUO/ Ce pa3/ielisi Ha TpPU UHTEpBaa.

I1o To31 HauuH 3a TOKa mpe3 UHAYKTUBHUA CJIC-
MEHT Ha Pe30HAHCHATA BEpUTa 32 TPUTE HHTEPBA-

Jila C€ Imojry4yaBa:

Iy = 0 ) (6)
I;,cos ( ) (UC1 UEQl)-

e = _ .Sin ((s‘:—(”) | 7
~ Ichos< ) (Ucz UEQZ).

s = _ .sin (%‘5) | ©®

HanpexxeHueTo BbpXy pe30HAHCHUS KOH-
JIEH3aTOp 3a ChOTBETHUTE €TalH €:

Uer = __UCM i )
ILlsm( ) + (UC1 UEQl)-
Uz = . (10)
.COS ( ) + Ugo1

ILzsm( ) + (UC2 UEQZ)-
Ues = (11)

cos( ) + Ugg2

CpenHuTe CTOMHOCTH Ha TOKA 3a €IHH IO-
JYTIEPHUOJT C€ OTPEACTIAT CIIOPET U3pa3uTe:

ILlsm( ) (UC1 UEQl).-
Lay1 = o (1 cos <6__¢>) (12)
L ' v _
-ILzsm( ) (UC2 UEQZ)-
Lav2 = (1 cos <";5)) (13)
L ' v .

b = 2"_” -ILgsm( ) (UC3 UEQg). .
.(1—cos (%))
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Ha 6a3a momy4eHuTe 3aBHCHMOCTH C€
OTIPEICTISAT TOKOBETE MPE3 TPAH3UCTOPUTE U
IuoauTe Ha ,.BXonHuA" uHBepTOop (los, Ipr) M
TPAH3UCTOPUTE U AUOJIUTE HA ,,U3XOAHUS" UH-
BepTop (Ior, Ipr):

lor = Lay1 + Lay2 (15)
Ip; = lays (16)
IQR = k. IAVl (17)
Ipgr = k. (Lay2 + Lyy3) (18)
o 7°

Uo

(o] 0.5 1 i) 2
Due. 5. 3asucumocmu Ha moka npes
mpaH3ucmopume Ha ,, 6X00HUs * UHGEpmMop om
U3XOOHOMO HANpexceHue

[ £t

(o] 0.5 1 1.5 2

Due. 6. 3asucumocmu Ha MoKa npes Ouooume Ha
,, 6XO0HUsL " UHBEPMOP O U3XOOHOMO HANPENCEHUEe

| lor

0 0.5 1 15 2

Que. 7. 3agucumocmu Ha MoKa npes
mpaH3ucmopume Ha ,, U3XOOHUs " UHGepmMop om
UBXOOHOMO HANPedCeHUe

Ot ¢durypute ce BWkAa, Y€ C U3KIIOUYCHUE
Ha JUOJUTE Ha UHBEPTOPHOTO CTBMANO, C Ha-
pacTBaHe Ha M3XOJHOTO HAIPEKEHHE HapacT-
Ba U TOKA IIPE3 CbOTBETHUS MOJIYNIPOBOJHUKOB
€JIEMEHT, KaTO 3a ONpPENEICHH CTOMHOCTH Ha
YIPaBIIsBALLUS [TApaMEThP Ta3U 3aBUCUMOCT €
MIPaBONPONOPIUOHAIIHA.

[or

Uo

0 0.5 1 15 2

Due. 8. 3asucumocmu Ha moka npe3 ouooume Ha
,, UBXOOHUSL " UHBEPMOP OM UZXOOHOMO
Hanpesicenue

3AKVIIOYEHUE

C HapacTBaHE Ha W3XOJHOTO HANPEKECHHE,
Ce yBeM4YaBa M HATOBapBAaHETO BHPXY KIIFOUO-
BUTE eJleMeHTH. Ta3su 3aBHCHMOCT, o0aue He
ce HaOJIf01aBa M TPU AWOANTE Ha WHBEPTOPA.
3a HIKOU CTOMHOCTH Ha bI'bjIa HA YIIPABICHUE
— HaTOBAapPBAHETO BHPXY NMPUOOPHUTE HaMassIBa
C yBeJIMYaBaHE Ha U3XOTHOTO HAIIPEKCHUE.

[TonyueHuTe pe3ynTaTH MOTaT Ja Ce M3I0JI-
3BarT 3a OBIEIN U3CICIBAHMNSL.
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Abstract

Currently, the COVID-19 pandemic has highlighted the issue of preventing new environmental pollution. Under these
conditions, lighting technology and disinfection technologies open up wide opportunities for the use of ultraviolet
radiation. The studies carried out made it possible to establish the possibility of using ultraviolet LEDs to process various
media for their disinfection, to develop a methodology and program for calculating ultraviolet LED installations for
disinfecting various media, including those infected with COVID-19, to develop the design and parameters of the

installation.

Keywords: lighting technology, ultraviolet LEDs, disinfection, installation for disinfection, COVID-19.

INTRODUCTION

During the pandemic, one of the main
questions was how to prevent the spread of
viruses. But human exposure to the
environment increases the risk of new
infections that can infect humans; along with
humans, more than 60% of such infections
come from animals - mainly those living in the
wild. Consequently, plans for recovery from the
COVID-19 pandemic, and in particular plans to
reduce the risk of future epidemics, should
focus on the root of the problem, not just the
early detection and control of disease
outbreaks.  Overexploitation of  natural
resources also increases the risk of outbreaks of
infectious diseases like COVID-19 - diseases
that are transmitted to humans from animals,
the UN said. The current pandemic is a clear
example of a threat to human well-being,

It is known that many viruses are transmitted
by airborne droplets and through contaminated
surfaces. As for the pandemic, all types of its
transmission are still unambiguously unknown.
It is believed that COVID-19 is predominantly
transmitted from person to person through close
contact. However, there is some uncertainty as
to the relative importance of the different routes
of transmission of the SARS-CoV-2 virus that
triggered COVID-19 in 2019. A growing body
of evidence suggests that once it enters the air,

the virus remains viable for a longer period of
time and is transmitted over longer distances
than previously thought. In addition to close
contact with infected people and touching
surfaces on which the virus persists,

As evidenced by the results of studies carried
out by Ukrainian and Japanese scientists (O. M.
Beketov NUUEK under the leadership of Prof.
Hovorov P.P., Nichia Corp. TOKUSHIMA in
Anan, Tokushima Prefecture, etc.), one of the
effective ways of disinfection the human
environment is the use of light sources with a
certain spectrum of radiation. The experience of
using such sources for the disinfection of the
environment has shown that its irradiation with
lamps in the ultraviolet spectrum with a
wavelength of 260-280 nm provides a high
level of bactericidal water purification,
especially in conditions of a multi-level
structure of networks and a multi-stage
technology for its disinfection. [5, 6]

The existing sources of UV rays in
bactericidal installations are mainly based on
the use of gas-discharge mercury-argon or
mercury-quartz lamps, in which UV radiation
of the bactericidal range is generated during the
electric discharge. They are installed in a quartz
sleeve at the location closest to the source of
pollution. Disinfection occurs by direct
exposure to UV rays on microorganisms. Under
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these conditions, the presence of harmful
substances in space leads to the absorption of
light radiation, which reduces the effectiveness
of disinfection. This requires constant cleaning
of the outer surface of the quartz cover from the
sediment that accumulates on its walls, and also
causes relatively high energy costs. Besides, the
design of such germicidal installations allows
cleaning only in places that have a very high
bacterial contamination. Unfortunately, in such
germicidal installations, there is no aftereffect,
which is unacceptable. In this regard,
installations for disinfecting the environment
based on bactericidal lamps are ineffective,
although quite attractive in general. Therefore,
the search for new and improvement of existing
technologies for the disinfection of the
environment is an urgent problem of great
importance, especially given the state and
consequences of the COVID-19 pandemic. In
this regard, installations for disinfecting the
environment based on bactericidal lamps are
ineffective, although quite attractive in general.

EXPOSITION

Analysis  of
publications.

Ultraviolet (UV) irradiation technology is
widely used. Ultraviolet light can be an
insurmountable barrier against all known
microorganisms. It is especially effective
against microorganisms resistant to chemical
agents. In order for the UV equipment to cope
with the tasks set, it is necessary to provide the
required radiation range and correctly select the
power of bactericidal radiation in order to
ensure the required disinfection effect. In
particular, for the disinfection of domestic and
urban environments, a UV dose of at least 30
mJ/cm? should be used. [1] But in practice, the
matrix of the medium is so unique that a given
dose can be either more than enough or not
enough at all. Ways to improve the methods and
technical means of disinfection in general
should be sought in new methods, providing for
the use of more flexible and energy efficient
systems. As the analysis shows, high technical
and economic indicators provide bactericidal
installations based on LED light sources,
which, along with improved energy
characteristics, also provide the possibility of

recent research and

dispersing bactericidal installations and the
possibility of multi-stage disinfection. At the
same time, studies of disinfection processes and
determination of requirements for germicidal
installations based on ultraviolet LED light
sources, especially for COVID-19 conditions,
have not yet been carried out. This applies to
lighting and electrical calculations of
germicidal installations based on LED light
sources, which hinders their introduction into
existing disinfection systems and determines
the low energy and lighting efficiency of such
installations and the unrestrained growth of
infection, primarily on COVID-19. The above
requires research on the creation of scientific
and methodological foundations for calculating
germicidal installations based on LED light
sources and determining the requirements and
parameters of germicidal installations based on
ultraviolet LED light sources, which is able to
ensure overcoming the consequences of the
COVID-19 pandemic. The first experiments on
inactivation of COVID-19 viral particles
indicated the effectiveness of using LED
sources of deep ultraviolet radiation under these
conditions, providing inactivation of 99.9% of
the proportion of coronavirus. [2]

Methods and technical
disinfection.

To solve the problem of environmental
pollution, a distributed disinfection system
based on the use of energy-efficient ultraviolet
LED light sources is being considered. This
opens up the possibility of locating bactericidal
installations at each source of infection, which
makes it possible to avoid the re-development
of microorganisms, since when organic cells
are exposed to various pathogens with
ultraviolet radiation of a spectral composition
from 200 to 400 nm, cell destruction is
observed. Since the purpose of the installation
of ultraviolet radiation is to neutralize bacteria,
then only photons with an energy that is capable
of breaking the bond of protein molecules by
radiation with a wavelength of A <300nm
should have bactericidal properties in them.
Analysis of the graphical dependencies shown
in Fig. 1 [3, 4, 5], leads to the conclusion that
the greatest efficiency of bactericidal
installations is provided by light sources with a
wavelength of 254 - 258 nm.

means of
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Fig. 1. Spectrum of effective bactericidal action of
radiation

In the research laboratory of the Nippon
Telegraph and Telephone Corporation, under
the leadership of Dr. Yoshitaka Tannyasu,
LEDs based on aluminum nitride have been
created, which allow emitting light in the
ultraviolet range with a wavelength of up to 210
nm. Their use is able to provide distributed
disinfection of a significant amount of
contamination of elements located over a large
area. However, the widespread introduction of
such light sources in bactericidal installations is
constrained by the lack of programs and
methods for the lighting design of installations
based on them. [6]

Calculation of UV LED light sources.

When calculating disinfecting emitting light
installations based on LED light sources, the
traditional approach to calculating the light
distribution of a single element that shines
cannot be applied, and requires calculating the
entire area within which the elements that shine
are located, taking into account the interaction
of these elements in creating a general light
distribution and their interactions with the
environment. As evidenced by the results of the
analysis, the patterns of light distribution of
LED light sources are insufficiently studied and
have a low accuracy of their description, the
calculation of the characteristics of UV light
emitters based on them is a rather difficult and
unsolved problem.

The studies carried out by the authors [3,4]
indicate that the structural model of
visualization of the light space created by UV-
LED light sources can be realized only for
individual LEDs. The lack of technical and
methodological ~ support  for  lighting
visualization programs based on LED light
sources leads to low efficiency of installations
based on them.

Analysis of publications devoted to
modeling a light space using LED light sources
and descriptions of methods for calculating the
light distribution of light sources and lighting
devices (LF) based on them [1, 5, 7] showed
that mainly publications are devoted to the
description of processes in LED light sources
for specific conditions.

The bactericidal installation considered by
the authors is based on the design of a UV-
emitting device, which consists of an n-th
number of LEDs, which opens up the
possibility of developing a wide variety of
design and technical solutions in their design.
Therefore, to determine the optimal number of
LEDs and their light distribution, taking into
account their relative position in the joint
venture at the design stage, it becomes
necessary to simulate the light distribution of
the joint venture and create on its basis a
technique for synthesizing installations with
specified properties. A detailed method was
developed by the authors and presented in [8].

The calculation of the number of
irradiators in the design of germicidal
installations is acceptable for practice. The
calculation of germicidal installations can be
carried out using the methods below.

The main parameter of the bactericidal
irradiator is the passport value of its

performance IIpg e M® /4 with  bactericidal
effectiveness Jgz = 95% for a sanitary
indicative microorganism, the following

parameters can be determined:

e Number of irradiators

Nog.(0,95) = Vu3600K, /IIpg o5 - t, pes., (1)

Where K3 = 1.1-1.5 - safety factor; t -
exposure time 900 s for open feeds, 3600 s for
closed ones.

e The performance of the irradiator at an
arbitrary value of the bactericidal efficiency, for
example, Jbk = 90%

Mpgo = Hp0,95[(1n(1 _]61<(0,95) : 10_2)/
(In(1 = Jsx09y - 1072)))], m*h  (2)

e Indicator of the efficiency of the

irradiator
M5 .060 = Hp/lo_spoﬁnuoma m3/kWth*UAH.,
3)

where P_s, —feed power, W; L_5,.-

irradiator price, UAH
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The introduction of a safety factor into the
formula allows us to take into account the
decrease in the effectiveness of germicidal
installations in real operating conditions due to
a number of factors affecting the parameters of
germicidal lamps. These include:

e Fluctuations in the mains voltage that
negatively affect the LEDs and can lead to their
failure.

e Reducing the bactericidal flux of lamps
during the service life up to 30% of the nominal.

e Influence of the relative humidity of the
room air. At a relative humidity of more than
80%, the bactericidal effect of ultraviolet
radiation drops by 30% due to the effect of
shielding microorganisms with water droplets.

e Dustiness of the lamp surface, which
can reduce the flux by up to 10%.

The above data allow, depending on the
specific conditions, to select the value of the
safety factor in the range of K3 = 1.1 - 1.5 in
order to compensate for the listed negative
factors. [9]

CONCLUSION

1. The studies carried out made it possible to
establish the requirements for ultraviolet
disinfection installations that can be applied in
the context of the COVID-19 pandemic.

2. For certain conditions and purposes, the
proposed energy-efficient disinfection unit
based on ultraviolet LED light sources.

3. The developed methodology for
calculating the parameters of bactericidal
installations allows for a comparative analysis
of various designs and various conditions for
the use of installations and choose their
economically feasible options.
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Abstract

This paper presents an artificial neural network (ANN) approach for design optimization of magnetic gear device.
Proposed approach employs the ANN as an optimization problem parameters preselection. ANN is trained over a finite
element method numerical magnetic model results. 3D solver based on T-Q formulation is used for axial magnetic gear
magnetic field modeling. Radial basis function (RBF) ANNs are used in the optimization method implementation.

Keywords: magnetic gears, optimization, artificial neural network.

INTRODUCTION

Design optimization of electromagnetic
devices is a complex computational problem.
Depending on wused problem formulation
electromagnetic design optimization can be
considered as ill-posed inverse problem [1, 2].
Many electromagnetic applications could
require solving of such inverse problems
concerning parametric design optimization, but
in complex devise structures computational
complexity could limit the quality of the
obtained solution [3-5].

Many engineering systems optimization
tasks are causing problems for which the
artificial neural networks (ANN) can be
successfully applied [6,7]. Real world tasks
lead to inverse problems which are in most
cases ill-posed. If a standard ANN approach is
applied to such inverse problems in a
straightforward manner, the model will either
converge approximating the target data and
representing their average value, or will not
converge in some cases of infinite number of
output values for each input. These approaches
frequently provide very poor performance,
since the average of the possible solutions is
not necessarily itself a solution. The ANNs
could be applied as a fast unstructured
algorithmic approach with low computational
cost in numerical field analysis both for
forward and inverse problems. At present
ANNs are well developed and documented
techniques for a wide range of data processing
applications. [3-7]

This paper presents an artificial neural
network  (ANN) approach for design
optimization of magnetic gear device.
Proposed approach employs the ANN as an
optimization problem parameters preselection.
ANN is trained over a finite element method
numerical magnetic model results.

AXITIAL MAGNETIC GEAR

The design of the axial magnetic gear,
under consideration, consists of a high-speed
rotor, modulating steel segments and of a low-
speed rotor. The permanent magnet pairs
mounted on the high-speed rotor are 2. The
modulating steel segments are 7. The
permanent magnet pairs mounted on the low-
speed rotor are 5. Fig. 1 shows the assembly
view of the magnetic gear.

\ - —
Low-speed rotor

m@nents

\
IIigh-speeé rotor

Fig. 1. Axial magnetic gear side view.

The sketch of the axial magnetic gear with
dimensions is depicted in Fig. 2.
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The used materials of the rotor’s yokes, of
the permanent magnets and of the modulating
steel segments are shown in Table II.

samm__ _ | o 5 mm
£ TABLE III AXIAL MAGNETIC GEAR’S ELEMENT DIMENSIONS
E
.S Symbol Quantity Units | Value
d inner diameter mm 30
1mm | | [1mm D outer diameter mm 50
(@ (b) . .
. . i . . Thsr thickness of the yoke of the high- mm 5
Fig. 2. Axial magnetic gear sized drawing. speed rotor
Axial magnetic gear design materials used Tpur | thickness of the permanent magnets of | mm | 5
i . the high-speed rotor
for the modeling are presented in Table II. The
number of the design elements are shown in S air gap of the high-speed rotor mm 1
Table I.
03 air gap of the low-speed rotor mm 1
TABLE L. NUMBER OF THE AXIAL MAGNETIC GEAR’S ELEMENTS . .
AND GEAR RATIO Tss thickness of the modulating steel mm 10
segments
Symbol Quantity Value
Trsr thickness of the yoke of the low-speed mm 8
1
i high-speed rotor’s permanent magnet pairs 2 rotor
Tpms thickness of the permanent magnets of | mm 5
)2 number of the modulating steel segments 7 the low-speed rotor
P3 low-speed rotor’s permanent magnet pairs 5 Lstack stack length of the axial magnetic gear mm 39
G; gear ratio 2.5
AXTAL MAGNETIC GEAR MODELING

The dimensions of the elements of the axial
magnetic gear are shown in Table IIL

3D Ansys-Maxwell solver based on T-Q
formulation is used for axial magnetic gear
magnetic field modeling. Specific formulation
details on similar 3D magnetic gear design
model could be found in [6]. The FEM mesh of
the axial magnetic gear model is depicted in
Fig.3. Surrounding free space domain is not
shown. The number of the finite elements of

the axial magnetic gear’s parts are shown in
Table IV.

TABLE IV NUMBER OF THE FINITE ELEMENTS OF THE AXIAL
MAGNETIC GEAR’S PARTS
Domains Number of Percentage
the finite coefficient of the
elements number of all finite
. - } . elements, %
. . . . . Air 253 984 54.02
Fig. 3. Axial magnetic gear model mesh isometric Yoke of the high-speed 3 406 1328
view. rotor
Yoke of the low-speed 52103 11.08
rotor
Modulating steel segments 13 946 2.97
TABLE 11 AXIAL MAGNETIC GEAR’S MATERIALS Permanent magnets 52448 11.16
- mounted on the high-speed
Material of the rotor’s yokes low carbon steel AIST 1008 rotor
- Permanent magnets 35251 7.50
Material of the permanent magnets NdFeB35 alloy mounted on the low-speed
Material of the steel segments low carbon steel AISI 1008 rotor
Total 470 158 100 %

International Scientific Conference

31
“UNITECH 2021” — Gabrovo



ANN FOR OPTIMIZATION

ANN Input/Output data training is a
directed method which leads to changes in
synaptic weights of the ANN neuron links by
adopting a set of known training examples.
Each example consists of a unique input signal
and desired response output. The training is
performed by continues ANN entrance data
variation of submitted sample signal and
corresponding synaptic weights changing so as
to minimize the difference between the
resulting output of the ANN and the desired
signal. This is repeated many times for all the
examples, while trained to achieve a state of
ANN for a modification of synaptic weights is
insignificant. This ANN is trained to match
inputs to outputs. ANNs have the ability to
change its synaptic weights depending on
changes in the environment. This allows to be
trained ANN and trained again in accordance
with changes in external conditions of ANNSs.
The combination of the architecture of the
ANN recognition with their adaptability makes
them a powerful tool for the realization of
adaptive classification and identification.

Accuracy of responses - in the context of
the problem of recognition, ANN not only
define an object belonging to a class, but also
provide information on how accurate is their
answer. This can be used to optimize the
classification process. Integrity of information
- knowledge is coded as a structure in the
ANN and the activation of neurons that build
them. Each neuron output weight coefficients
are potentially influenced by the activation of
all neurons. Therefore, global integrity of the
information is a major characteristic of ANN.
Error resistance - ANN have the potential to be
resistant to faults. This means that if a small
fraction of neurons does not work, the
responses of the network will not change
substantially. This effect is due to the
distributed nature of logic remembered by the
ANN.

Two parallel approaches are implemented
here for the electromagnetic  design
optimization. First one is with ANN for
objective function problem interpolation.
Second one employs the ANN as an
optimization problem parameters preselection.
In both cases radial basis function (RBF)
ANNs are used. In this specific optimization

application, we consider single hidden layer
RBF - ANN where a stochastic gradient
descent optimization algorithm is used for
backpropagation, and where the objective
function minimization is estimated by mean-
square error criterion. The output function y of
the ANN could be defined by the following
expression,

Y (x)= Zf(wix+bi)

(1)
where x is the input data vector, w; weight
coefficients matrix vector, the b; bias norm and
n is the number of the neurons in the hidden
layer.

Optimization objective function could be
directly associated with y = f(x), in that case
ANN is a direct interpolation of the
optimization objective function that maps the
search space [1-5]. That approach suffers from
many disadvantages in many design
parameters and multiobjective optimization.
Benefits are not so significant due to complex
trading and large data sets needed for that
purpose. Here to train the ANN in that
particular magnetic gear example was tested
and trained over a FEM numerical model,
where at the end the model is finally bypassed
the trained ANN. First design optimization
approach block scheme is demonstrated in
Fig.4(a).

jd
o |- -0
odel
H —
= ANN
Control Function
ANN
¥
f
§ Parameter > Optimization ]
s . Combinatorics Model
2 [ANN]

Fig. 4. ANN for objective function interpolation (a)
and optimization process control and
parameters preselection (b).

Second implemented design optimization
approach employs the ANN as an optimization
problem control and parameters preselection.
Optimization control approach block scheme
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is shown in Fig.4(b). ANN is trained over
optimization parameters control during the
ongoing optimization process. Gradient
descent directed method data has been
provided and wused for ANN training,
combinations of input design parameters are
selected by the ANN and gradient reposition
steep is also controlled by the ANN.

We consider RBF - ANN with one internal
hidden layer with 5 neurons, in the first layer
we have one input (gradient of objective
function) and three outputs at the third layer
for the predicted values of: magnetic gear
diameters, axial lengths and air-gaps.
Preselected predicted values are then used and
confirmed in the 3D FEM optimization model,
as it is shown in Fig.4(b).

ANN is implemented via a Matlab NNet
toolbox.

Training: R=0.99994

10.3267

10.3267

10.3266

10.3266

Output ~= 1*Target + 0.057

10.3265

10.3265

" " " "
10.3265 10.3265 10 3266 10.3266 10.3267 10.3267
Target

Fig. 5. ANN fit regression linearity.

Magnetic model data fit after the trading is
presented in Fig.5. Fig.6 and Fig.7, are
representing the ANN training iterative results
in 12 sequential epochs.

DISCUSSION

The two implemented here approaches are
tested on axial magnetic gear design
optimization problem.

First one is with ANN for objective function
problem interpolation. Second one employs the
ANN as an optimization problem parameters
preselection. In both cases RBF - ANNs are
used. In this specific optimization application,
we consider one hidden layer RBF — ANN.
Second one implemented design optimization
approach employs the ANN as an optimization
problem control and parameters preselection.
ANN is trained over optimization parameters
control during the ongoing optimization process.

Gradient descent directed method data has been
providled and wused for ANN training,
combinations of input design parameters are
selected by the ANN and gradient reposition
steep is also controlled by the ANN.

In first case under investigation the ANN is a
direct interpolation of the optimization objective
function that maps the search space. That
approach suffers from many disadvantages in
many design parameters and multiobjective
optimization. Benefits are not so significant due
to complex training and large data sets needed
for that purpose. Here we consider three
parameters convex problem with ANN with one
internal hidden layer with 5 neurons, in the first
layer we have three inputs (magnetic gear
diameters, axial lengths and air-gaps) and one
output at the third layer for the objective
function. Estimated ANN residual RMS error
after the dataset training is estimated below 10~
Outside the training dataset but within constrain
limits RMS drops to 102 Larger problems will
need exponentially increasing sizes of ANNs, so
this direct interpolation approach looks tapped
for a direct inversion. But in future stochastic
ANNs could bring light in the computational
bottleneck for larger inverse problems. Also
interesting direction is the complete bypass of
the computational field problems and coupled
field problems [5,6], where ANN interpolation
theoretically must provide strong benefits,
especially in cases with time-dependent
problems with repeating global matrices and
non-linarites with double skews. Not least such
ANN interpolations approaches have a huge
potential in the emerging field of 3D
visualization and virtual reality where the real
time processing and algorithm speed of reaction
has an advantage over the accuracy.

Neural Network Trainir

Best Training Performance is 1.733e-012 at epoch 12

Train
rrrrrrr Best

Mean Squared Error (mse)

0 2 4 8 10 12

6
12 Epochs

Fig. 6. Mean square error during training epochs.
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However, in the seconds investigated
optimization approach the considered ANN is
again with one internal hidden layer with 5
neurons, in the first layer we have one input
(gradient of objective function) and three
outputs at the third layer for the predicted
values of magnetic gear design parameters. In
that case the control function of the ANN is
not limited by the number of optimization
parameters. Even a small ANN could control a
huge multi-parametric optimization models if
trained properly. Such ANNs schemes could
mimic stochastic search algorithms as
evolutionary genetic algorithms, multi-agent
particle swarms, etc. ANNs will just mimic
effectively the stochastic search algorithm,
which means that search process is iterative
and the gain will come from the reduced
number of iterations from better adaptive
control strategy.

Neural Network Training Training State (plotramstate), Epoch 12, Ninimam gra.. = s e

Gradient = 2.9172e-006, at epoch 12

gradient
=

Mu = 1e-015, at epoch 12
g m’“’\
L 1 1 1 L

Validation Checks = 0, at epoch 12

AN SR I B A 2 D R D R R

val fail
o

L 1 1 1 L
0 2 4 6 8 10 12
12 Epochs

Fig. 7. ANN training iterative resullts.

CONCLUSION

Magnetic gear optimization approach by a
ANN controlled model has been presented. Two
parallel approaches are implemented. First one is
with radial basis function ANN wused for
objective function problem interpolation. Second
one employs the ANN as an optimization
problem  parameters  preselection. ANN
interpolation model that employs, in a natural
and effective way, an inversion algorithm
providing a solution of the electromagnetic
device design problem. Further development of
this optimization model can propose an efficient
general solution to the electromagnetic device

design problem from the same complexity class.
The interpolation ANN model and optimization
ANN control are both applied to the magnetic
gear design. The results obtained shows the
effectiveness of the proposed optimization
method with ANN.
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Abstract

This article presents a machine learning approach for electric arc discharge parameters estimation. The machine
learning approach is implemented on multilayer convolutional neural network trained over a video stream of electric
arc discharge in visible light spectrum. A convolutional neural network architecture performance is evaluated to
estimate the efficiency in that particular application. The measured parameters of the electric discharge process are
used in dedicated virtual instrument through which all needed dynamic and steady-state characteristics are calculated
in real time and compared with predicted neural network results.

Keywords: machine learning, convolutional neural network, electric arc discharge.

INTRODUCTION

Many physical systems cause problems for
which the artificial neural networks (ANN)
can be successfully applied [1-9]. Real world
tasks lead to inverse problems which in most
cases are ill-posed. If a standard ANN
approach is applied to such inverse problems
in a straightforward manner, the model will
either converge approximating the target data
and representing their average value, or will
not converge in some cases of infinite number
of output values for each input. These
approaches frequently provide very poor
performance, since the average of the possible
solutions is not necessarily itself a solution.
The ANNs could be applied as a fast
unstructured approach with low computational
cost in numerical field analysis both for
classification and pattern recognition. At
present ANNs are well developed and
documented techniques for a wide range of
image processing applications. Also ANNs are
used for image building, corresponding to
training data sets with hierarchical structures
between the building elements. [3-7]

This article presents a machine learning
approach for electric arc discharge parameters
estimation. The machine learning approach is
implemented on multilayer convolutional
neural network trained over a video stream of

electric arc discharge in visible light spectrum.
A convolutional neural network architecture is
evaluated in order to estimate the efficiency in
that particular application. The process
observations are performed by experimental
setup associated with DAQ (Data Acquisition)
device and a personal computer. Software
package LabVIEW is used together with
required drivers for data acquisition devices.
The measured parameters of the discharge
process are used in dedicated virtual
instrument through which all needed dynamic
and steady-state characteristics are calculated
in real time and compared with predicted
neural network results.

CNN ARCHITECTURE

In the field of Machine Learning (ML), the
Convolutional Neural Networks (CNN) are a
class of deep, feed-forward artificial neural
networks that has been applied successfully to
analyzing image data. They could be applied
as a fast unstructured approach with low
computational cost in numerical field analysis
both for forward and inverse problems. At the
present CNN are well developed and
documented techniques for wide range of
image processing techniques. Also CNN are
used for image building corresponding to
training data sets. [1-4]
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Fig. 1. CNN architecture.

CNN are organized as a typical radial basis
function neural network where data size is
reduced on each next network layer.
Convergence is based on stepwise local
filtering and aggregation with defined pooling
function. They are especially used for image
recognition  and  object  classification
applications on pixelated image data [2], [3].
In the proposed approach CNN architecture
(Fig.1) uses a multi-layered input image of an
electric arc discharge.

CNN architecture uses one convolutional
flow with multilayer filter 3 x 3 pixels with
stride steep 1 and convolution steep -I.
Laplace operator is used for pooling function.
Convolution function is presented on (1),

X, = ;VWU—@(j—c)Xi > (1)

where Xi, Xj are the vectors of the input and
output layers respectively, over n-sized filter,
with convolution descent c, by the gradient of
weighted coefficients wij. At the presented
architecture filter size is 3x3 (i=9), which is
forming 2x2 matrix of weighted gradients and
output vector Xj is with 2x2 size (j=4) in ¢ = -
1 convolution step.

Fig. 2. UV filtered optical picture of arc discharge
between round tips of two graphite electrodes, arc
length as electrode distance is set to 3 mm.

ELECTRIC DISCHARGE TESTING

All presented data are directly measured by
real-time data acquisition system with
sampling rate up to 50 kS/s. Results are
representing steady-state discharge, where

electric results are acquired at the 1st second
after ignition and contains 6 full 50 Hz periods
or complete of 120 ms of voltage and current
data. Acoustic results are recorder at arc
discharge ignition and have a duration of 3 s
after the beginning.

UV filtered optical picture arc discharge
between round tips of two graphite electrodes,
arc length as electrode distance is set to 3 mm.

Main harmonics are compressed and
approved for data collection of the sensing
node on every 20 s.
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Fig. 3. AC arc discharge current and voltage
oscilograms.

AC arc discharge current and voltage
oscilograms are presented in Fig.3. RMS
integrated current are around 22.3 A at voltage
of 18 V. Corresponding electric power is 400
W. Arc length is 3 mm. Load inductance is
negligible.

u, v
3

0 50 100 150 200 250 300 350 400 450 500
f,Hz

Fig. 4. Arc discharge voltage harmonic spectrum
content.

Arc voltage harmonic spectrum content
obtained by FFT at 10 Hz steps is presented in
Fig.4. Main harmonics are 3rd, 5th, 7th, etc.
Which are coming from ignition time
interruptions and power supply transformer
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nonlinearities. These data could be filtered
with the no-arc voltages harmonics which are
not related with arc discharge voltage.

0 50 100 150 200 250 300 350 400 450 500
f,Hz

Fig. 5. Arc discharge current harmonic spectrum
content.

Arc current harmonic spectrum content
obtained by FFT at 10 Hz steps is presented in
Fig.5. There is a relatively huge harmonic
distortion below 250 Hz, most of it below 150
Hz.

Electric parameters presentation is limited
to 500 Hz, after harmonic amplitudes are
becoming negligible compared to first main
harmonic.

AC arc discharge electric power is
presented in Fig.6. No-arc time periods with
zero current are visible. Peak arc power is
reaching 600 W or 400 W continues power
estimated by rms values of main harmonic.

0 5 10 15 20 5 30 35 0 45 50

t,ms

Fig. 6. AC arc discharge dynamic electric power.

Electric power harmonic spectrum content
obtained by FFT at 10 Hz steps is presented in
Fig.7 and Fig.8. Power spectrums are
separated into two frequency ranges, first up to
600 Hz and second from 600 Hz to 2000 Hz.
Discharge power has doubled the current and
voltage harmonics. So peak frequencies at
doubled i.e. 50 Hz, 100 Hz, 150 Hz are

observable as 100 Hz, 200 Hz, 300 Hz. In
second range, from 600 Hz to 2000 Hz,
amplitudes are reduced nearly 20 times, but
significant groups are easily detected around
800 Hz, 1200 Hz, 1600 Hz and 2000 Hz. In
Fig.8, FFT is performed again at 10 Hz bin,
where at 100 Hz bins groups will be boldly
groped and interconnected.

0 100 200 300 400 500 600
f,Hz

Fig. 7. AC arc discharge dynamic electric power.

Electric power arch discharge spectrums are
separated into two frequency ranges, first up to
600 Hz (Fig.7) and second from 600 Hz to
2000 Hz (Fig.8). Measured AC electric arc
discharge acoustic power spectrum from 1 Hz
to 2000 Hz is presented in Fig.9. Electric
results as power, voltage and current, have
been acquired at the 1st second after ignition
and contains 6 full 50 Hz periods or complete
of 120 ms of voltage and current data.
Acoustic results are recorder at arc discharge
ignition and have a duration of 3 s after the
beginning. Fig.9 spectrum is integrated for 3 s
interval of acoustic power in dBm.

P,.W
o

1

0
600 800 1000 1200 1400 1600 1800 2000
f, Hz

Fig. 8. Electric power harmonic spectrum from
600 Hz to 2000 Hz.
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Frequency and time samplings of electric
and acoustic spectrums are different. Electric
sampling is 50 kS/s, for 120 ms series, with 10
Hz bins in spectrograms. Acoustic sampling is
44 kHz, at 100 ms sample groups, with 50 Hz
spectrum bins.

Auto-Spectrum

wer

10

L L L L L L L L |
o 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency

Fig. 9. AC electric arc discharge acoustic power
from 1 Hz to 2000 Hz.

Frequency and time samplings of electric
and acoustic spectrums are different. Electric
sampling is 50 kS/s, for 120 ms series, with 10
Hz bins in spectrograms. Acoustic sampling is
44 kHz, at 100 ms sample groups, with 50 Hz
spectrum bins.
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Fig. 10. AC electric arc discharge acoustic power
amplitude (dBm), for frequency range from 1 Hz to
2000 Hz, at 0 to 3 s time series.

There is a good agreement between electric
power spectrum and acoustic power spectrum
of the AC arc discharge. Correlation is good
for electric power spectrum to acoustic power
spectrum, but not for current and voltage

repeatability frequencies. These means that
discharge acoustic spectrum is related mainly
with  pressure fluctuations, temperature
fluctuations, volumetric ionization and other
important effects, that could be detected by
acoustic spectrum measurements as an indirect
electrically decoupled source of information
for diagnostic and monitoring systems of LV
and HV electrical equipment.

Fig. 11. AC electric arc discharge image data.
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CONCLUSION

Measurements of atmospheric pressure AC
electric arc discharge by visual image processing
by CNN have been performed. Electric
parameters of  discharge are recorder
simultaneously. Correlation of visual image data
spectrum to electric voltage, current and power
has been estimated. Analysis of harmonic
spectrums by FFT of electric and visual image
discharge dynamic parameters has been
performed. Overlapping of electric and visual
results is presented in the frequency domain.
There is a good agreement between electric
power spectrum and visual image spectrum of
the AC arc discharge.

ACKNOWLEDGMENT

This work was supported by the National
Science Fund of the Ministry of Education and
Science of the Republic of Bulgaria under
contract DNI17/5 “Mechatronic magneto-
mechanical transmission systems”.

REFERENCE

[1] V. Mateev, R. Tanev, I. Marinova, "Simulation
of electric and thermal fields of high voltage
interrupter vacuum chamber," 2014 18th
International ~ Symposium  on  Electrical
Apparatus and Technologies (SIELA), 2014,
pp. 1-4.

[2] A. Gaunce et al., "DC Arc Flash: Expanded
Incident Energy Equation for 125 V Substation
Battery Backup Systems," in IEEE Transactions
on Industry Applications, vol. 57, no. 2, pp.
1183-1192.

[3]J. Chaparro, G. Ramos, D. Celeita, "The
Effects of Means of Grounding and
Asymmetrical Current on Arc Flash," 2021
IEEE/IAS 57th Industrial and Commercial

Power Systems Technical Conference (I&CPS),
2021, pp. 1-6.

[4] S. Huang, Y. Liu, L. Xiong, H. Zhang, F. Lin,
"Destruction Characteristics of Electric Pulse
Discharge," 2020 IEEE 1st China International
Youth Conference on Electrical Engineering
(CIYCEE), 2020, pp. 1-5.

[5] Z. Zhang, X. Tang, W. -J. Lee, "Preemptive
Medium-Low Voltage Arc Flash Detection with
Geometric Distribution Analysis on Magnetic
Field," 2020 IEEE Industry Applications
Society Annual Meeting, 2020, pp. 1-9.

[6] S. Saad, N. El Naily, A. Elhaffar, T. Hussein,
F. A. Mohamed, "Time-Current-Voltage
Overcurrent Scheme for Reliable Microgrids
Protection Considering Arc Flash Incident
Energy," 2020 11th International Renewable
Energy Congress (IREC), 2020, pp. 1-6.

[7] J. Onsager, M. J. Higginson, "Arc Flash
Energy Calculation Methods and Challenges for
Microgrids," 2020 IEEE/PES Transmission and
Distribution Conference and Exposition (T&D),
2020, pp. 1-5.

[8] V. Mateev, G. Ivanov, 1. Marinova, "Vibration
and Noise Analysis of a Coaxial Magnetic
Gear," 2019 1I International Conference on
High Technology for Sustainable Development
(HiTech), 2019, pp. 1-4.

[9] R. Tanev, V. Mateev, 1. Marinova, Coupled
field and circuit modeling of electric arc
discharge, 7th International PhD Seminar on
Computational electromagnetics and bioeffects
of electromagnetic fields — CEMBEF, Nis,
Serbia, 28-31 August 2013, pp 71-74.

[10] Z. Wang, R. Wang, C. Yan, L. Wang, J. Wu,
"Heat Dissipation Improvement of Medium-
Voltage Switch-gear: Simulation Study and
Experimental Validation," 2019 Sth
International Conference on Electric Power
Equipment - Switching Technology (ICEPE-
ST), 2019, pp. 522-526.

39

International Scientific Conference “UNITECH 2021” — Gabrovo



UNITECH:%:,

INTERNATIONAL SCIENTIFIC CONFERENCE
19-20 November 2021, GABROVO
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RESEARCH BREAK TIME OF RESIDUAL CURRENT DEVICE

Tsvyatko Kolev Varbov

Technical University of Gabrovo, Bulgaria

Abstract

To protect people against direct and indirect contact, use residual-current device. One of the most important
characteristics of residual-current device is the time to turn off automatically. In this paper is discussed test method for

research break time of residual-current device.

Keywords: residual-current device, short circuit, break time, leakage current.

BBBEJIEHHE

3a 3a1IMTa Ha XopaTa Cpelly IUPEeKTEeH U UH-
JUPEKTEH JONUP U Ha EJIEKTPUYECKH BEPUTH
Cpeliy moskap u3noj3Bame AudepeHIInaTHOTO-
KOBa 3amuTa. EqHa oT Hall-BaXHUTE XapaKTe-
PUCTUKH Ha TudEepEeHIINATHOTOKOBA 3aIlATa €
BPEMETO 3a U3KJItOUBaHe. B HacTosmaTa cratus
€ pasriielaH METO/l 32 U3CJIe/IBAaHE Ha BPEMETO
3a M3KJII0YBAaHE Ha JU(EpPEHIIMATHOTOKOBA 3a-
IIMTA.

N30 KEHUE

Bpemero 3a uskiouBane Ha AUQEpeHIIAAT-
HOTOKOBA 3allIMTA € CBbP3aHO C 3allUTaTa Ha
Xopara cpelry JTUpeKTeH U UHAUPEKTEH J0IHP.
ToBa BpeMe Ha U3KIIIOUBaHE € HOPMHPAHO B Ha-
penda Ne 3 ot 9 ronu 2004 r. 32 yCTpOMCTBOTO
Ha eNIEKTPUYECKHUTE ypeaOu U eNeKTPOIPOBO/I-
HUTe JMHUU. Pa3nopendurte B riaBa ceieM Ha
[MTUpaHaTa Hapeada ce mpuiaraT 3a 3aluTa
Cpeuly MOpa)XKeHHsl OT ENEKTPUYECKH TOK B
SJIEKTPUUYECKUTE ypenOHu ¢ HalnpeKeHUe 10 U
Hag 1000 V npu HOpmaniHa paboTa (3amura
Cpelly JUPEKTEH JONUp) U NPU YCIOBHSI Ha Jie-
(dhekT Ha n30yIanusTa (3aMnuTa P HHANPEKTEH
JONUP WK 3ammuTa rnpu nedext). Paznen mecr
€ CBBbpP3aH C MEPKH 3a €THOBPEMEHHa 3alluTa

cpeuly AMpeKTeH W MHAupeKkTeH nomnup. Cro-
pen Yn. 206. an.(1) He ce nomycka npu cxema
TN BpemeTo 3a aBTOMaTUYHO M3KJIIOYBAHE Ha
3aXpaHBAHETO J]a MPEBHINABAa CTOMHOCTHUTE, TIO-
coueHH B Hapezabara. Te3u BpeMeHa ce cuuTaT
3a JIOCTaThYHH 32 OCUTYpSBAaHE Ha 3allWTara
Cpeury TMOpaKeHUs OT EJEKTPUUECKU TOK,
BKJIFOUMTEITHO TIPU TPYTIOBU BEPUTH, 3aXpaHBa-
I MOABM)KHU U IPEHOCUMH €JIeKTPONoTpeou-
TEIW U PHhYHHU €NEKTPOUHCTpyMeHTH. [Ipu Ho-
MuHaAITHO (ha3oBo Hampexenue 220 (230)V Ha
MpekaTa, MAKCUMaTHOTO BpEME 3a U3KIIIOUBa-
He € 0,4s [1], [2] . B HacTosimaTta ctatus € pas-
TJIeJIaH METOJ] CBBbpP3aH C U3CJICIBAHE U U3MEP-
BaHE HAa BPEMETO 3a U3KJII0YBaHe Ha AUQEepeH-
[[MATHOTOKOBA 3aIlUTA.

JAndepennuannorokoBara 3alIMTAa
(AT3), (3amuTeH npexbcBay UM NPEeKbCBay 3a
OCTaThu€H TOK HA aHTJIMICKHU: residual current
device, RCD) e enexTpuyecku amapar, KOWTO
ce MOCTaBs B €JIEKTpUUYECKUTE Tabla Ha amap-
TaMEHTUTE W crpaaute. Ha pa3roBopeH e3uk
JT3 gecto ce Hapuya U deheKmHOmMoOKo8a 3a-
wuma.

OCHOBHOTO M MIpPEeHA3HAYCHUE €:

- Ja HaMalu pHCKa OT TOpPaXEHHE OT
€JIEKTPUYECKH TOK (IPOTHYaHE HA TOK Mpe3 TA-

noto Ha yoBek). Karo 3a menta TpsiOBa na
40
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M3KJIIOYM Bepurara 3a Bpeme, Mo-Majko OT He-
00XOUMOTO 3a HaHACSHE HA CEpUO3HU IMOpa-
KEHHS BbPXY YOBEK;

- Jla HaMaJld PUCKa OT MOXKapu MOpajJu Mo-
BpE/IU B E€IEKTPUUECKUTE MHCTAAUU JAbJDKA-
IIU CE Ha TOK HAa YTE€UYKa KbM 3eMs.

AKO 4OBEK HEBOJIHO C€ JOKOCHE JI0 4YaCTH OT
eJICKTpUYECKaTa MHCTANIALNSI, KOUTO HOPMAJITHO
ce HaMHpaT IOJl HampekeHue (AUpPEeKTeH I0-
MUp), Mpe3 HErOBOTO TSJIO MPOTHUYA TOK. To3u
TOK € OT MOpsAbKa Ha JAECETKU MIJIMaMIIEpH,
KOETO 03HauaBa, Y€ aBTOMATUYHUAT IPEKbCBAY
WM TIPENa3uTeNsT HIMa J1a U3KITI0Yar (Te cpa-
00TBaT MpU TOKOBE OT MOPSAIbKA HA JECETKU
amIepu) U CJIeI0BaTeHO HE MOraT Jja 3allluTAT
YOBEKA B TaKbB Cilyyall. EqUHCTBEHOTO cpen-
CTBO, KOETO O MOTIJIO J]a ce MOJI3Ba 3a 3alluTa
(HamansBaHE HA pPUCKa, @ HE CUTypHA 3allNUTa)
B cilydasi € qudepeHIIMaTHOTOKOBAaTa 3alIUTa.

[IparoBara CTOMHOCT 3a TOK MPE3 YOBELIKO-
TO TsUT0, IIPUETA 3a 3alllMTa Ha YOBEKa OT Bpe/-
HOTO JCHCTBUE HA eJIeKTpuueckus Tok, € 30
mA. CrnenoBarenHo auQEpeHIIMATHOTOKOBA
3amuTa ¢ 4yBCTBUTENHOCT 30 mA e curypHo
CPEICTBO 3a 3alliTa Ha XOopaTa OT MOpaKEeHUE
OT €NIEKTPUUYECKH TOK.

Homunanuusat Henskimousaiy gudepeHnna-
7eH ToK Iano HE TpsAOBa na ObJe MO-MATBK OT
MO0JIOBMHATA HA HOMHUHAJIEH U3KJItouBall naude-
peHuuaneH Tox Ian,

Judepenunannus TOK Ha cpaboTBaHe Iacp
TpsiOBa /1a € B [Uanas3oHa:
0,5Ipn < Ipep < Ipn = 30mA (1)

JndepeHnaTHOTOKOBUTE 3aIlUTH OuBaT
HsIKOJKO Tuma [3], [4] :

- tun AC — 3a IPWIOKEHUE B HOPMAJHU
MIPOMEHJIMBOTOKOBH BEpHUTd 0O€3 Haluduhe Ha
XapMOHMIIM WM MYJICHpAIId ChCTaBKU Ha MO-
CTOSIHEH TOK;

- TUN A — 3a TIpUJIOKEHUE BbB BEpUTH, ,,3a-
MBPCEHU" C XapMOHHIIM WJIM IYJICHPAILU ChC-
TaBKM Ha IMOCTOSIHEH TOK, C Ipeo0JiagaBaiiu
KOHCYMAaToOpH KaTo KOMIIOTPH, MU3MPABUTEIH,
JYMHHECLIEHTHO OCBETJICHUE U T.H.;

- tun F — mogo0en na Kitac A, HO ¢ o0xBar
Ha gevicteue 1o 1000 Hz u nocTosiHEH TOK IO
10mA;

- Tun B — ca moaxondim 3a 3amuTa Ha TOBa-
pU C HENMWHEWHA XapaKTepUCTHUKA, KOUTO MpU
3eMHO ChEIMHEHHE MOTaT Jla FTeHepupar TOKOBE
Ha 3€MHO CBhEAMHEHUE C BHCOKHU IMyJICHPALIU
CHhCTaBKH Ha IMOCTOSHEH TOK (TIOBeYe OT 6 mA)

W/WH BUCOKa dectoTa [1], [3].

[Ipu HapymeHa uzosnanus Ha MPOBOAHUIIUTE
MpOTHYa T. HAp. TOK Ha 3eMHO ChelrnHeHue (oT
($azoBUs POBOJHUK KBM 3€Msl B MSICTOTO Ha
MoBpeaTa Ha u3ojanusaTa). Te3u TokoBe, Aaxe
U Ja ca MaJKi, OCBEH Y€ MPEIU3BUKBAT OIlac-
HOCT 32 YOBEKa, ChIII0 TaKa pa3pyliaBaT ¢ Bpe-
METO M30JIalUsITa Ha MPOBOJHULIUTE, MPEIU-
3BUKBailku HarpsiBane. C BpeMeTo TOoBa MOXeE
7ia TOBEZIE 10 KbCO ChbEJUHEHHE U MOXKAP.

['onsiM TpOLIEHT OT MOKapuTe B Crpaau ce
J'bJKAT HA TIOBPEJIM B U30JAIUATA HA €JIEKTPU-
yeckaTa MHcTanamus. JlokazaHo e, 4e mpu CTou-
HOCT Ha TOK Ha yTeuka KbM 3eMs Hag 500 mA
Ce€ Ch3/1aBa CEPUO3€H PHUCK 32 Bb3HHKBAaHE Ha
noxap. Tl KaTo TOK € TaKaBa CTOMHOCT HE MO-
e J1a PEeAN3BHKA U3KIIFOYBAHETO HA 3aIlUTa-
BalllMsg aBTOMaTUYEH MPEKbCBAaY, HABPEMEHHO-
TO MU3KJIIOYBAHE HA NOBPEICHUS yUYaCThK MOXKE
na ObJie TapaHTHPAHO caMo C JePEKTHOTOKOBA
3amura [4], [5] .

3a 3ammTa OT oXKap MO JIEKTPUUYECKU MPH-
YUHHU C€ MpenopbuBa IU(EepeHIINATHOTOKOBU
3aIlUTH C TOK Ha CpabOTBAHE HE MO-TOJSM OT
300 mA.

Ha ¢urypa 1 e mokazana cxema Ha IocTa-
HOBKaTa 3a U3cjie/IBaHe Ha BPEMETO Ha U3KITI0U-
BaHe MU(epeHInaTHOTOKOBH 3amuTh TU AC.

Upes pesuctop R ce 3amaBa HeoOxomuMus
TOK Ha yTeuka 3a 3ajieiicTBaHe Ha nudepeHIu-
QTHOTOKOBATa 3amuTa. HampexeHueTo BbpXy
pesucrtop R ce mogaBa kbM TOKOU3IIPaBUTEIL.

Rz
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Due. 1. Cxema na nocmanoska 3a uscieoéane Ha
epememo Ha OuphepeHyuarHomoKosa 3auuma
mun AC

Ypes TOKOU3MpaBUTENs TOBA HAIIPEIKEHUE €
ce mpeoOpa3yBa OT MPOMEHJIMBO B IMOCTOSTHHO
HanpexeHue. [1omydyeHoTO MOCTOSHHO Hampe-
wenue Ug 3apexxna kongensarop C npes pesu-
ctop R». HampexeHnneTo BbpXy KOHJIEH3aTOpa
HapacTBa JI0 MOMEHTa Ha cpaboTBaHe Ha Aude-
pEHITMAIHOTOKOBaTa 3amuTa. HapacTBaHeTo Ha
HaAIMpPEeKEHUETO BbPXY KOHJAEH3aTOpa e 3aBU-
CH OT MHTCPBAJIa OT BpCMC MCIKAY MOMCHTA Ha
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MIPOTHMYAaHE HA TOK Ha yTeyKa U MOMEHTa Ha
cpaboTBaHe Ha JU(EPEeHIINATHOTOKOBATA 3a-
muta. Upes kimtou K u pesuctop Rs ce pazpex-
Jla KOHJIeH3aTopa 3a cieaBailo nsmepsase. Ha-
MIPEKEHUETO BbPXY KOHJIEH3aTOpa Ce U3MEepBa
¢ uupoB BOATMETHD V.

3a UHTEPBAIBT OT BPEME MEXKTY MOMEHTA Ha
[IPOTUYaHE HA TOK HA yT€YKa U MOMEHTa Ha
M3KJTI0UBAaHE Ha JU(epeHlnaTHOTOKOBATa 3a-
LIUTa CJIe] TOKOM3IIPABUTENS 1€ UMa HU3 OT
MOJIOKUTENHU Tonynepuonu. Hampexxenuero
Ha KOHJEH3aTopa Ill€ HapacTBa 10 MOMEHTa Ha
M3KJII0UYBaHE Ha JAu(epeHInaTHOTOKOBaTa 3a-
IIUTa U IIIe OCTaHe Ha Ta3u cTorWHocT. Ha du-
rypa 2 ca noka3aHu HU3 OT IOJIOKUTEIHH I0-
JYTIEPUOJIN U HAIIPEKEHUETO Ha 3aps]] Ha KOH-
JeH3aTopa.

@ue. 2. Bpemeouazpamu Ha HANPEHCEHUCTNO
cied Unpasumens u Ha HaANPeX CeHUemo 8bpxy
KOHOeH3amopa

Bpemenuarpamara Ha Hanpe>KEHUETO HA 3a-
psAI Ha KOHJICH3aTOpa € HEIMHEHHA C TIPOJIBII-
KUTEITHOCT CBbpP3aHa C BPEMEKOHCTAHTA OIpe-
neneHa ot Bepurara RoC. B camoTo Hauano Ha
BpeMeuarpaMara HapacTBaHETO Ha HampeKe-
HUETO € OJIN3KO 10 JIMHEHHO.

Ha ¢urypa 3 ca mokazanu Bpemenuarpamu
Ha HaIPEXXCHHUETO CJIe] M3MPABHUTENS U HA Ha-
MPEKEHUETO BbPXY KOHJIEH3aTOpa OT KOHKPET-
HaTa IMOCTaHOBKaTa 3a M3CJIeIBAaHE HA BPEMETO
Ha M3KJII0YBaHE HA JAU(EPEeHIIUATHOTOKOBH 3a-
muta T AC. I'pemikata MeX1y JTUHEUHOTO
HapacTBaHE U HAPaCTBAHETO HA HAMPEKEHUETO
Ha koHaeH3zaropa Uc 10 5-ta cekyHaa e nog 5%.

HapacteaHe Ha Uc

U,v

0 1 2 3 4 5 LS g

Ut ====- JNIMHEHMHO HapacTBaHe
Due. 3. Bpemeouazpamu c8vp3anu ¢ epewkama
om usmepeanuama

Hanpexxenuero Ha konaensaropa Uc B mMo-
MEHTa Ha M3KIIOYBaHE Ha AUQEPEHIIUATHOTO-
KOBaTa ce ONpe/esis OT 3aBUCUMOCT OJIU3Ka J0:

ue = Uy (1- e_%) )

Bpemekoncrantara T Ha RC rpymara R2C 3a
KOHKpETHaTa MOCTaHOBKa Ha ¢ur. | e 61u3ka 10
200s. Taka 3a BpemeHa 110 5s ce paboTu B 00-
JacT OT BpeMeauarpamara Ha 3apsi/] Ha KOHJICH-
3aTop OJIM3Ka 0 JIMHEWHA.

[Tpu pabora B nuHeitHaTa 00IACT MOXKEM Ja
U3IO0I3BaMe U 3aBUCUMOCT:

gt

Ue =7 3)

Ako u3bepeM eJIeMEHTHUTE C TMOIXOMISIIN

CTOMHOCTH MOKEM Ja IMOCTUTHEM OTHOIICHUEC-

I
TO % na ObJle paBHO HA €IWHUIA, TIPU KOETO

HAaIIPEKEHUETO 1IE ChBMAJA C BPEMETO Ha U3-
I
KJItouBaHe. Upes noaxoas1110 OTHOILIEHUETO %

MOXXEM Jia MOJIYyYUM HANpeKeHHE KpPaTHO Ha
BpEMETO Ha M3KJIFOYBAHE.

3a u3crienBaHe Ha BPEMETO Ha M3KJIIOUBAHE
Ha TudepeHIInaTHOTOKOBY 3alllUTH THTT A, TIO-
CJIeIoBaTeIHO Ha pe3ucTop R ce cBbp3a AuO/I.
ToBa 1ie J0Bene 40 HAJIUYHMETO HA ITOCTOSHHA
ChCTaBKa B TOKa Ha yTeuka. Ha ¢ur. 4a e moka-
3aHa MPOMSsHATA B TOCTAaHOBKATA 32 U3MEPBaHE
Ha BpEMETO Ha M3KIIIOUBaHE HA audepeHIma-
HOTOKOBM 3aIlIUTH THUIT A.

30mA
IL

L | —
30mA = ' > O

L a e 7 U
- >0 N b IF
1Tl SIZ 230V, 50Hz
N \J -U

DR1 230V, S0Hz 1 {2 EPEATEME NOCT2HORK
WM epEATENEA NOCTANOBKA I e
PE PE 7/
............ o LS &8
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Duz. 4. Cxema Ha nocmanoeKkama 3a U3cieosane
HA 8peMemo Ha OUPEPeHyUATHOMOKO08A 3auuma
mun A u mun B

3a u3crenBaHe Ha BPEMETO Ha M3KIIOYBAHE
I epeHIINaTHOTOKOBH 3amuTH Tun F u mude-
PEHITMATHOTOKOBH 3aIlIUTH TUTI B ce peanusupa
MMOCTAaHOBKA CBBbpP3aHa ¢ KOHKpeTHaTa (hopMa Ha
TOK Ha yTeuka. Ha ¢ur.46 e mokazan npumepeH
BapHaHT 3a U3CJIe/[BaHe HA JU(EPEHIIUATHOTO-
KoBa 3anura tun B. Upes nBoeH Koy ce ocu-
rypsiBa TOK Ha YT€YKa U CHUTHAT KbM H3MEpBa-
TeJIHATa MOCTAHOBKA.

42

Mesicoynapoorna nayuna kongpepenyus “VHUTEX 21" — I'abposo



3AKVIIOYEHUE

BpemeTo Ha m3kiIr0YBaHe Ha AuQepeHITHA-
HOTOKOBH 3aIllUTH € CBBP3aHO C 3aIl[UTa Ha XO-
paTa cpely MopaKeHUs NMPH TUPEKTCH W WH-
nupekteH nonup. [locoueHus MmeTos 3a u3cien-
BaHE IMO3BOJISIBA M3MEPBAHETO HA BPEMETO Ha
M3KIIIOYBAaHE Ha TU(EPEeHIIHATTHOTOKOBH 3aII[H-
TH. MeToIbT MOJKE J1a C€ M3IT0JI3Ba U IPH J1abo-
paTOpHM yTIpaXHEHHsI C 111 U3y4aBaHe Ha pa-
0ortara Ha TUGEPEHITNATHOTOKOBH 3aIUTH.
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Abstract

The paper inhere describes a study of leading-edge dimmers and trailing -edge dimmers which are attached to the
power boards of the electrical power supplying system. In that relation, the relevant parameters of electromagnetic
compatibility are presented. Graphically there have been presented the current curves in the phase and their harmonic
composition. The performed measurements’ results show that dimming setting of electrical lighting loads change the
harmonic composition of the current curve, which results in increased power and energy losses.

Keywords: Electromagnetic compatibility, Harmonics current, leading-edge dimmers, trailing -edge dimmers.

BBBEJIEHUE

Cseronuognute namnu (LED nammnu) cra-
Haxa JIOMUHUpALIN Ha 1Ma3apa nopajaud TEXHUTE
XapaKTePUCTHKHU, KaTO: €HepruiiHa eeKTHB-
HOCT, €KOJIOTOChOOPa3HOCT, TUMUPYEMOCT (pe-
ryJIUpaHe Ha SPKOCTTA HAa CBETIMHATA) U Bb3-
MOXXHOCT 3a MPOMSHA Ha CIHEKThp (M300p Ha
L[BETHa Temrepartypa) [1, 2].

Perynupanero Ha SpKOCTTa Ha CBETJIMHATA
MO3BOJISIBA /1A C€ YBEITUYH IOIBIIHUTEIIHO €HEP-
ruiiHata e()eKTUBHOCT H JIa C€ T0JI00pHu OCBe-
TEHOCTTa Ha paboTHOTO MscTo. [lopaam Taszu
MIPUYMHA TUMUPYEMOTO OCBETJICHHUE CTaBa BCE
[10-pa3IpPOCTPAHEHO B €KETHEBUETO.

Jlumepute ca yCTpOMCTBa, CBbpP3aHH KbM
OCBETUTETHO TSUIO M C€ M3MOI3BAT 32 HaMallsi-
BaHE Ha PKOCTTA Ha CBETJIMHATA U3TbUBaHa OT
mamnute. Hali-uecto TOBa ce moctura 4ypes
MPOITyCKaHEe caMO Ha YacT OT MOJyNepuo/ia Ha
cunycouzara (azoBo ynpasienue). [Ipobnem
MIPU IMMEPYEMOTO OCBETJIEHUE €, Y€ JOMbIHU-
TEJTHO CE yBEJIMYaBa ChCTaBa HA XapMOHUYHHU B
TOKa W ce Bjomana (aKTOPbT Ha MOIIHOCT

(coso).

I'enepupaneTo Ha TOMBIHUTEITHU XapMO-
HUYHHU CHCTaBKU U BIJIOIIABAHETO Ha (akKTopa
Ha MOIIHOCT, NMPEIU3BUKBA JOMBIHUTEITHH 3a-
ryOu B 3axpaHBalliaTa Mpeka 1 ApyTru HeraTuB-
HU siBieHus [3, 4, 5].

B EBpona OCHOBHHMAT HOPMAaTHBEH JOKY-
MEHT, perilaMeHTHPAI] TPAHUYHUTE CTOHHOCTH
3a U3 TbYBAHUS Ha XapMOHUYHH CHCTaBSIIU Ha
TOKa Ha OCBETUTEITHH YCTPONCTBA (BXOACH TOK
Ha YCTPONCTBA/CHOPHKEHUS 10 U BKIIIOUUTEI-
HO 16 A 3a ¢aza) e EN 61000-3-2:2014. B
€BPOINEHCKUTE CTAHIapPTH 32 EJIEKTPOMarHuTHa
cbBMecTuMocT (EMC) 1 Hanuure Ha XapMOHU-
I ca MOCOYEHH M3UCKBAHUS CaMO 3a OCBETJIe-
Hue 0e3 perynupane [6].

IlenTa Ha paboTara e fa ce uscinensa (axro-
PBT HA MOIITHOCT MPH U3TOJI3BaHE HA JUMHUPYe-
MO OCBETJICHHUE.

N30 KEHHUE

Corinacuo crangapta bJIC EN 61000-3-
2:2014 TexHUYECKHUTE CPEICTBA 3a €KCILIoAaTa-
IMs ce pa3nenar Ha 4 kiaca: kiac A; kiac B;
knac C; knac D.
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3a yCcTpo#cTBa C aKTMBHA MOIIHOCT MO-TO-
asaMa oT 25 W, rpaHU4YHHUTE HOPMHU 3a U3JIbUBa-
HUTE XapMOHMYHHU CBHCTaBSIIHA HA TOKA Ca IO-
Ka3aHu B Ta0nwmma 1.

3a ycTpoMCTBa C aKTUBHA MOITHOCT MO-MaJl-
ka oT 25 W, TpaHMYHUTE HOPMHU 3a U3JIbUBAHU-
T€ XapMOHHUYHHU CHCTaBSIIM HAa TOKa TPsOBa /1a
CHOTBETCTBAT Ha €/IHO OT U3UCKBAHMSITA I10 JI0-
ay:

- CTOMHOCTHUTE Ha XapMOHUYHUTE ChCTaBs-
1 Ha Toka Ha 1 W He TpsiOBa ga mpeBuIaBaT
HOpPMUTE TIOKa3aHU B Ta0Onwuia 2;

- CTOMHOCTTA Ha TPETU XapMOHUK U3Pa3€eH B
NpPOIIEHTH He TpsOBa na mpeBuinaBa 86% ot
CTOMHOCTTa Ha OCHOBHHUS XapMOHHUK, a CTOM-
HOCTTa Ha IIETU XapMOHHK U3pa3eH B MPOLEHTHU
He TpsbBa Aa npesumana 61% oT cToifHOCTTa
Ha OCHOBHHMSI XapMoHUK. ChIlo Taka, popmara
Ha CHTHAaJIa Ha BXOJHUS TOK TpsiOBa 1a Obje Ta-
KaBa, ue Ja JOCTUTHE HUBO Ha ToKa OT 5% mpe-
1y win Ha 60 °, 1a UMa MMKOoBa CTOMHOCT Mpeau
WiIx Ha 65 ° U 1a He maja ImoJ HUBOTO Ha TOKa
or 5% mnpenn 90 ° cnpsMO IPEMHUHABAHETO
Mpe3 HyJlaTa Ha OCHOBHOTO 3aXpaHBaIllO HATpe-
KEHUE.

Tabnuya 1
Howmep Ha MaxkcumanHo JIOILy CTUMH
XapMOHUK CTOMHOCTM  HAa  XapMOHUYHUTE
CbCTaBAIlM HAa TOKa B % OT
OCHOBHATa XapMOHHYHA
2 2
3 30*A
5 10
7 7
9 5
11<n<39 3
(camo HeveTHN)
A~ hakTOp Ha MOIITHOCT

Tabruya 2
Howmep Ha MakcumManHo JOImyCTUMH
XapMOHUK CTOMHOCTH Ha XapMOHUYHUTE
CBHCTaBSAIIM Ha TOKA 3a BaT
mA/W
3 34
5 1,9
7 1,0
9 0,5
11 0,35
13<n <39 3,85/n
(camo HeueTHH)

[TapameTpuTe HAa XapMOHUYHU ChCTaBAIIN
Ha Toka, ceriacHo IEC 61000-3-4, cripsamo u3-
clleaBaHus 00€EKT ca najeHu B Tadmmal.

B IEC 61000-3-4 ca BbEBEeIEeHU U CIEIHUTE
NePUHUITIH:

* Touka Ha obukHOBeHO cBBp3Bane (PCC):
TOYKa B OOIECTBEHATa MpEXa, KOSATO € Haii-
0JIN30 10 CHOTBETHUS MOTPEOUTEI U 10 KOSATO
IpyTH MOTpeOuTeNHn ca WIM Morar jaa Obaar
CBBP3aHH.

* JacTUYHO M3MEpPEHO XapMOHUYHO H3KPH-
BsiBane (PWHD):

(1)
Tabruya 3
XapMOHHYEH Jonyctuma Xapmonu | Jlomyctuma
HOMEp XapMOHHMYHA YeH XapMOHHYHA
CBCTaBsIIIA HA | HOMEp CBCTaBslla  HA
n Toka* n TOKa
In/I1, % In/I1, %
3 21.6 21 <09
5 10,7 23 0,9
7 72 25 0,8
9 3.8 27 <0,6
11 3,1 29 0,7
13 2 31 0,7
15 0,7 >33 <0.6
17 1,2
19 1,1
* 11 - TOK Ha OCHOBHATa XapMOHHYHA; In - TOK Ha N-s XapMOHHK

Tabnuya 4

IIponenypu Ha cBBp3Bane cbrmacHo 61000-3-4
CroitHoCcTH Ha eMIcHATe TOK Iipu ETamn 2 3a enrodasno,
Me:kayda3Ho 1 HebanancHpano TpudaszHo odopyaBaHe

Minimal | Tomycrnmm JlommycTrnMa XapMOHIIHa
Rsce TOTAIHI CHCTABAIIA HA TOKA

XapMOHIYIHI 33 OT/CTHHTE XapMOHITIHI

mkpuBsBaaniHa | L/1;

TOKa %

%

THD PWHD |I3 |I5 |I7 |I9 |I11 |I13
66 25 25 23 |11 |8 6 5 4
120 29 29 25 |12 |10 |7 6 5
175 33 33 29 114 |11 |8 7 6
250 39 39 34 118 |12 |10 |8 7
350 46 46 40 |24 |15 |12 |9 8
450 51 51 40 130 |20 |14 |12 |10
600 57 57 40 |30 |20 |14 |12 |10

3abenexka | — CpaBHHTETHATA CTOHOCT HA YETHHATE
XapMOHHYHHI (YHKIMAN He TPpOBa Aa HajBHInaBat 16/n%
3abenexka 2 — JInHeitHa MHTEPIIONATINA MEKTY
nocrefopareHu Rsce cTofiHocTH @ momycTMa
3abemexka 3 —B ciygail Ha HebanaHcHpaHO TpU(a3HO
0060pyaBaHe Te3Hu CTOHHOCTH Ca IIPUIOKIMI 3a BCsKa (asa
* ], = HoMHHaJIeH OCHOBEH TOK; [,;=XapMOHIYeH TOKOB
KOMIIOHEHT

B lenerupan pernament (EC) 2019/2015 na
KOMUCHSITA Ca BbBEJCHU U CIeIHUTE ae(pUHU-
muu [9]:

,,QIHKep* 03HaUYaBa BB3IMPHUEMAHETO HA BU-
3yaJlHa HEYCTOMYMBOCT, IPUYUHEHA OT CBETJIU-
HEH CTHUMYIJI, YUATO SPKOCT WJIM CIIEKTPATHO
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pasmpeneneHe ce KonedasiT BbB BPEMETO, OT
HETOJIBIDKEH HaOIo/aTeNl B CTaTUYHA Cpefa.
Konebanusara Moxke 1a ca TEPUOAWYHU U
HEMEePHUOANYHHU U MOKE J1a Ca TPUYHUHEHU OT Cca-
MUSI CBETIIMHEH U3TOYHHK, OT M3TOUYHUKA Ha 3a-
XpaHBaHETO WM OT Jpyru (aKTOpH Ha Bb3/CH-
CTBHE.

,»(DaKTOp Ha MONTHOCTTA (COS () 03HaUaBa
KOCHUHYCHT Ha ()a30BUsI BI'bI ¢ MEXKIY OCHOB-
HaTa XapMOHHWYHA ChCTaBKa HAa MPEXOBOTO Ha-
MpeKEeHUE U OCHOBHATa XapMOHHYHA ChCTaBKa
Ha TOKa B Mpexara. 3monssa ce 3a CBETIMHHU
M3TOYHHIIM, 3aXpaHBaHU OT Mpekara, paborte-
1 ChC CBETOJUOAM WU C OPTraHUYHU CBETO-
JMOAM KaTO TEXHOJIOTHUS 32 OCBETIICHHE.

@DakTOpHT HA MOIIHOCTTA C€ M3MEpPBA MPH
MaKCHMajHa MOUIHOCT criopes] 6a30BUTE KOH-
TPOJIHU HACTPOMKH, KOTaTo € MPUII0KUMO, KaTo
BCHUYKH YaCTH 32 PEryJIMpaHe Ha OCBETICHUETO
ca B peXXHM Ha ympaBJeHHUE, a Bpb3Kara C He-
CBBP3aHUTE C OCBETIICHUETO YaCTH € IPEKbCHA-
Ta, M3KIIFOUEHU Ca WK Ca HACTPOCHU HA MUHHU-
MajHa KOHCYMallds Ha €HEprusi B CHOTBET-
CTBHUE C NHCTPYKLMUTE HA MPOU3BOAUTENS [9].

Perynupanero mo Bpeme Ha mpefieH GpOHT
Ha TOJyIepuoja Ha CHHycOMJaTa ce Hapuya
Leading-Edge Dimming (cbmo Triac dimmer
nmu Forward phase dimmers) ¢wur. 1a. Perynu-
paHeTo Mo BpeMe Ha 3a/ieH (GPOHT Ha MoJyTe-
puoma Ha cuHycoumara ce Hapuya Trailing-
Edge Dimming (cwio Transistor dimmer umu
Reverse phase dimmers) ¢ur. 16. CouiectBy-
BaT AMMEPH, OCUTYPSBAIIH U IBETE BH3MOKHO-
ctu (Leading& Trailing-Edge Dimming) ¢ur. 1B.

LED namnure umaTr BrpajeH IpauBep 3a
npeoOpa3yBaHe HA TPOMEHIIMBO B MIOCTOSTHHO
HampeKeHue U Mo AbpKaHe Ha MOCTOSIHEH TOK
KBbM cBeTromuona. 3a na Moxxke LED nammara
umu ocerutenHoto LED Tsamo ga pabotu ¢
JTUMED C yIipaBJieHue 1o ¢aza, TpsOBa eIeKTPO-
HUKaTa Ha JpaiiBepa na Oble aganTHpaHa 3a
cbBMecTHa paborta. Ha masapa ce mpeanarar
LED nmamnu wim ocserurenau LED tena na
KOHUTO € 0TOeIsA3aH0, e ca IPEBUICHH 3a pa-
6ota ¢ numepu (dimmable lamp).

pezyauparie no
2aden ponm /

pezynupare no
\ npeden gponm

ON il

Dt | Reverse-phase
EI ,

s | Forward-phase o

Due. 1. Dazoso oumupane

3a J1a ce aHaIM3UPAT XapaKTEPUCTUKNATE Ha
JTUMHUPYEMO OCBETIIEHHE, OsiXa TECTBaHH pa3-
JUYHU JUMEpPHU IpPHU U3MOJI3BaHE Ha JIAMIIU C
byHKIUSA 32 AUMHupaHe. BCcUUky TecTBaHU JU-
MEpH ca MPOEKTHPAHU Ja paboTAT MpH Hampe-
xenue 220-240 V.

[Ipu nmpoBexaHe Ha U3CIEABAHETO 3a Xap-
MOHUYHU ,,3aMbPCSBaHUA U BIJIOLIABAHE Ha
(akTOp Ha MOIIHOCT B €IEKTPUUYECKUTE Ypel-
Ou, IPeIN3BUKBAHU OT U3IOJI3BAHETO HA TUMU-
pPYEMO OCBETJIEHHE, Ca W3MOJ3BAaHU IUMEpPU U
JaMITd Ha BOZAeU (pUpMH Ha OBIArapckus mna-
3ap. YMHIIUIEHO MMeHaTa Ha (QUpMHUTE HE ce
CIIOMEHAaBAT.

N3cnenBanusaTa Ha IMMEPUTE Ca peanu3upa-
HU ¢ Tpu Jamnu. [IspBara e xajnoreHHa jJama.
Bropara e numupyema LED namna c ronemu
MyJICAIIUU B CBETIMHHUS MMOTOK U C1a00 HaJIU-
Yyhe Ha XapMOHHMYHHM B TOKa. Tperara e quMu-
pyema LED yiamna ¢ MHOTO Majky MyJICalluy B
CBETJIMHHUA MOTOK M YYBCTBUTEIHO HaJU4yUe
Ha XapMOHUYHU B TOKA.

H3MepBaTe.THH

CHemaHe Ha JAHHH
C KOMIITH

OCHHTIOCKOI
Hantek
DSO5102P

JaMma Ceﬂggp

i s
Mpexos
AHAJTH3IATOP Tectsan
HT GSCS3N  ABMEP

Duz. 2. Onumua nocmanoska

3a ma ce u3cienBa TMMHPYEMO OCBETIICHHE
€ M3M0JI3BaHa ONMTHATA OCTAHOBKA ITOKa3aHa
Ha ur. 2. J[UMUPYEMOTO OCBETJIEHHE CE€ U3-
creBa MpU pa3iuyHa CTEHNEH Ha JUMHpPAHE.
Bceku aumMep e u3cneBaH CaMOCTOSATEIHO.

B tabnuim 5 u 6 ca moka3aHH 4acT OT pe3yJ-
TaTUTE MPU TE3U U3CIICIBAHUS.
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Tabnuya 5

Jumep ¢ ynpaieHue B Kiroua

Jannun 3anamna | LED  pamma | LED  nammna
12W 10W
CBETJIMHA CBETJIMHA
Makc. | MHH. | Makc. | MHUH.
CT-CT | CT-CT | CT-CT | CT-CT
Hanpexenue, V | 242 238 238 142

Tok, mA 57,6 17,5 1474 237
Mousoct, W 10,9 2,34 10,8 |35
cosQ 0,79 10,56 1096 0,61
THDL% 33,1 100 12,5 | 47
Tok, mA 1 | 54,7 16,7 | 46,8 |213
Ne na 3 [16,5 12 3,8 9,6
XapMOHUK | 5 | 4,7 9,9 4,2 2,7

7 14 7,4 1,4 1,1

9 121 54 - -

1112 3,4 - -

13 11,7 2,7 - -

15 | - 1,7 - -
Toxk, % 1 | 100 100 100 100
Ne na 3 1303 71,8 8,2 45
XapMOHUK | 5 | 8.7 59,1 9 12,4

7 |74 439 |3 5,3

9 139 324 - -
11 3,6 20,6 - -
13 | 3,1 16,2 46,8 21,3
15 - 10,2 3.8 9,6

U B Tabmnuma 5 u B Tabnuna 6 ce Hadirogasa
HapacTBaHE Ha aMIUIUTYJIaTa Ha XapMOHUYHU-
T€ MPU MUHUMAJHA CTOMHOCT Ha SPKOCT CHpsI-
MO MaKCHUMaJIHa CTOMHOCT.

B tabaumnu 5 u 6 ce BKAa U BIIOLIABAHE HA
(hakTOpBT Ha MOIIHOCT TPH PETYJIHpPaHE Ha
SPKOCTTa Ha cBeTIMHATa. llpy MHUHMMAaIHU
CTOMHOCTH Ha APKOCT, (haKTOPBHT HA MOIIHOCT
HMMa MHOTO MO-HUCKa CTOMHOCT CIIPSIMO MAaKCH-
MaJjIHa CTOMHOCT.

Tabauya 6

Jlumep ¢ AMCTaHITMOHHO YIIPaBJICHHE
Jaaan 3a | AUMHpyeMa IUMUpyeMa
Jamria LED gnamma | LED  namma

12W 6,5W

CBETJIMHA CBETJIMHA
Jaaan 3a | Makc. | MUH. | MakC. | MHH.
Jamra CT-CT | CT-CT | CT-CT | CT-CT
Hanpexenue,V | 247 247 247 247
Tox, mA 70,8 30,0 |40,7 |21,2
MomnocT, W 119 |04 6 0,2
CosQ 0,69 10,05 |0,68 |0,04
THDIL,% 19,6 | 55,2 | 23,1 | 387
Tox, mA 1 1692 |263 |40,7 |21,2
No Ha 2 133 3 34 2.9
XapMOHUK | 3 | 93 6,5 3,7 2,9

4 |27 2,3 2,9 2,3

5 |7 9,1 4 5

6 |19 1,7 2,1 1,8

7 147 4 3,2 -

8 |14 1,3 1,5 1,3

9 |27 5 3,7 3,2

10 | - - - -

11 ] - 3,4 1,9 1,1

12 | - - - -

13 | - 2,2 - 1

14 | - - - -

15 | - 2 1,1 1,4
Toxk, % 1 100 100 100 100
Ne Ha 2 148 11,5 | 8,5 13,7

XapMOHUK 13,6 24,7 |9, 13,7
4 8,9 7,2 11,1
2,8 344 199 23,8

3
4
5
6 |68 6,5 5,2 8,5
7
8

2 152 190 |-

4 49 [38 |65
9 192 |9 15,1
10 - -
11 13 |46 |54
12 - _
13 86 |- 5
14 - _
15 78 |28 |6

Ha ¢wur. 3 ca nokazanu Bpemenuarpamu Ha
HAIpEeKCHUCTO U TOKA IMOJJaBaHU OT AUMEP KbM
XaJloreHHa jamna. Perynupanero e mo Bpeme
Ha TpeleH (ppOHT Ha MOIyHepuoJia Ha CHHY-
comnmara mipu (Paza 90°. Mexnay Toka U Harpe-
KEHHETO Clie[] quMepa HsMma nedasupaHe, HO
uMa Jiehazrpane MeKIy TOKa U HAIIPEKEHUETO
Ha 3aXpaHBalllaTa MPeXa, KOETO € TTOKa3aHo Ha

¢wur. 5.

Due. 3. Bpemeouazpamu na Hanpedjicenuemo u
MOKA NOOABAHU OM OUMep KbM XAT02eHHA TAMNA
npu pe2yiupare no epeme Ha npedeH Gpoum
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Due. 4. Bpemeouazpamu Ha Hanpescenuemo u
MOoKa nO0asanu om OuMep KvM XAJI02eHHA NAMAd
npu pe2yrupane no epeme Ha 3a0eH hpoum

Ha ¢ur. 4 ca mokazanu BpemenuarpamMu Ha
HaAIMpPEeKEHUETO U TOKA MOJIaBaHU OT JUMEP KbM
XaJloreHHa Jlamma. PerynupaHeTo € mo Bpeme
Ha 3aJieH (POHT Ha MOJIyNepruoia Ha CUHYCOU-
nata ipu ¢daza 90°. Mexay Toka U Hampexe-
HUETO cIie/ TuMepa HiMa nedasupane, HO UMa
nedasupaHe MEXIy TOKa U HalPEeKEHUETO Ha
3axXpaHBalllaTa MpPEXka, KOETO € IMOKa3aHO Ha

¢wur. 6.

Due. 5. Bpemeduazpamu Ha HANPENHCEHUEO HA
3axpansawama mpesica u moka nooagat om
ouMep KbM XAN02eHHA TAMNA NPU pezyaupane no
epeme Ha npeder pponm

Menu

Due. 6. Bpemeduazpamu Ha HANPeENHCEHUENO HA
3axpansauama mpeosica u moka nooaéan om
oumMep KbM XAN02eHHA TAMNA HPU pezyaupane no
epeme Ha 3a0eH pponm

Ot Bpemeauarpamute Ha Gur. 5 u dur. 6 ce
BIXKJIa, Y€ OCBEH Je(a3upaHeTo MEXIY TOKa
HaIpe)KEHUETO Ha 3aXpaHBalllaTta Mpexa uMa u
npoMsiHa Ha XapakTepa Ha ToBapa. OT MHIYK-
THUBEH XapakTep (TOKa M30CTaBa OT Harpexe-
HUETO) (ur. 5 Ha KaraUTUBEH XapakTep (Toka
M3IpeBapBa HaAPEeKeHUeTo) ¢ur. 6.

Ha ¢ur. 7 ca nmoka3zanu BpemeauarpamMmu Ha
HaAIMpeKEHUETO U TOKA MOJIaBaHU OT JUMEP KbM
LED namna. Perynupaneto Ha ¢ur. 7 € 1o Bpe-
Me Ha npezieH (POHT Ha MoJIynepruoaa Ha CHHY-
couzara npu ¢asza 90°.

Ha ¢wur.8 ca mokazanu BpemenuarpamMu Ha
HaNpe)XEHUEeTO Ha 3aXpaHBallaTa Mpexa U To-
Ka nogaBanu ot aumep kbM LED namma. Pery-
nupaHero Ha ¢ur.8 e mo Bpeme Ha MpeIeH
(GpOHT Ha moynepuoAa Ha CHHYCOHAaTa MpHu
daza 90°. Ha ¢ur.7 u ¢ur.8 ce HabnagaBa um-
ITyJIC B MOMEHTA Ha OTIyIIBaHE Ha TpUaKa.

WWWWIWWW (W]

Due. 7. Bpemeouazpamu na nanpesjicenuemo u
moxa nodasanu om oumep kvom LED namna npu
pezynupare no epeme Ha npeden ppoum

WWWWWWI W] 4. Menu

o o 00V |56 20 83 2 CHI [ ¢ 51 13-Sey
Due. 8. Bpemeduazpamu Ha HAnpestCEHUEMO HA
3axpansawjama mpesica u moka nooagat om
oumep kom LED namna npu pecyrupane no epeme

Ha npeoer pponm
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Ha ¢wur. 9 ca nokazanu Bpemenuarpamu Ha
HaIpeKEHUETO U TOKA MOIaBaHU OT JUMEP KbM
LED namma. Perynupanero Ha ¢wur. 9 e o Bpe-
Me Ha 3aicH (POHT Ha MONyNepuoaa Ha CHHY-
comnpara mpu ¢aza 90°.

Ha ¢ur. 10 ca noka3anu BpemeauarpaMu Ha
HaIlpeXEHUETO Ha 3aXpaHBAIATA MPEXa U TO-
Ka nogasanu ot aumep kbM LED namma. Pery-
nupaHeto Ha ¢ur. 10 e mo Bpeme Ha 3aJeH
(GpOHT Ha MoNyneproAa Ha CHHYCOHAaTa MpH
daza 90°.

Menu

& 5.00 Bc 20 &F 20

@ue. 9. Bpemeouazpamu Ha HANPEICEHUEMO U
moxka nodasanu om oumep kvm LED namna npu
pezynupane no gpeme Ha 3a0en poHm

Menu

@Due. 10. Bpemeouazpamu Ha HANPeENCEHUEMO HA
3axpauneawama mpexca u moxka nodasar om oumep kom LED
JIaMna npu pezyiupane no epeme Ha 3a0er Qponm

Tabnuya 7
Perynmupasne mo npeieH GpoHT
Jumep kimtou Tpuak
¢daza Ha Uyep max | 90° | min
COS( CITPSIMO 1 0,79 | 0,31
c:?: B UMpe)Ka
£ Q COS( CITPSIMO 1 0,98 | 0,88
g g Uninep
3 2 | Ceeriunen 100 |50 |0
ols HOTOK, %
= ¢aza Ha Uninep max | 90° | min 110°
8 = —| cose cupsMo 0,99 | 0,89 | 0,72
—H B < UMpema

COS( CIIPSIMO 0,99 | 0,95 | 0,86

UHMMEP
CaeTJiiHEH 100 | 60 TpEINTEHE
IOTOK, %
¢aza Ha Uninep max | 90° | min
COS( CIIPSIMO 0,87 | 0,76 | 0,20
N
g UMpema
z COS( CIIPSIMO 0,86 | 0,85 | 0,80
= UHMMEP
a % CaeTnuHeH 100 | 84 14
H o HOTOK, %

B tabmmma 7 ca mokazaHu pe3yaATaTH OT
M3MEpBaHUsATA C TUMED C PETYIUPAHE 110 BpeMe
Ha TpeleH (ppOHT Ha MOIyHepuoJia Ha CHHY-
counata. lumepsT € TuMep KItoU TpUak € Bb3-
MO>KHOCT 3a pETryJIMpaHe U U3KJII0YBaHE Ha 3a-
XpaHBallOTO HampexeHue. V3mepBanusTa ca
pean3upaHu ¢ TpuTe onucanu jJamni. [lokasa-
HU ca pe3ynTaTH 3a cos@ cupaMO Uypexa, COSQ
crpsAMO Upuvep ¥ CBETIIMHEH NOTOK, %. Pe3yi-
TaTUTE OT U3MEPBAHUATA ca MPU HAYaIHO MO-
JIO’)KEHUE Ha peryjaTopa(max CBETJIMHA), 10JI0-
JKEHUE Ha peryiaTopa Ha ¢aza 90° cripsiMo Ha-
NPEeXEHUETO Ha 3axXpaHBallaTa Mpexa U Ipu
MUHHMAJTHO TIOJI0KEHHE Ha peryjaropa (min
CBETJIMHA).

B Tabnuma 8 ca mokaszaHu pe3ynTatu OT U3-
MEpBaHUs C IUMEp C PETyJIMpaHe 110 BpeEME Ha
3a/ileH GpOHT Ha MOIyHnepuoaa Ha CUHYCOMAa-
Ta. JluMepbpT ce ynpamisiBa ¢ JUCTAaHLIMOHHO
ynpasineHue. 3smepBanusTa ca peaanu3upaHu ¢
TpuUTe onrcany Jamni. [lokasanu ca pesyaratu
3a cos@ crpsimo Umpexa, cos¢ crpamo Unu-
MEp U CBETJIMHEH MOTOK, %. Pe3ynraTure ot u3-
MEpBaHMATA Ca IPU HAYaJIHO TI0JI0’KEHUE Ha pe-
ryjaTopa(max CBETJIMHA), TOJ0KEHHUE Ha PEry-
naropa Ha ¢aza 90° cnpsaMo HanpeKeHUEeTo Ha
3axpaHBalliaTa Mpeka 1 Ipyu MUHUMAJTHO MOJI0-
’KEHHE Ha peryjaropa (min CBETJIMHA).

Tabnuya 8
Perymupasne 1o 3ajeH GpoHT
JuMep ¢ IMCTAHIMOHHO YIpaBIeHHE
¢daza Ha Upuvep | max 90° min
COS( CIPSIMO 0,98 0,71 0,28
< B UMpe)Ka
£ Q| cospenpamo | 0,99 0,96 0,99
2 s U
o B JIuMep
5 2 | Ceemymnen 100 50 0
< 5 | norox, %
daza Ha Upyvep | max 90° min
— COS( CIPSIMO 0,9 0,62 0,13
< UM CKa
== y
m 2 & cose crpsMo 0,92 0,87 0,63
— 5 — U
JuMep
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CeeTnuHEH Onukep | Daukep
MOTOK, %0 100 68 0
¢aza Ha Upunep | max 90° min
~ COS( CIPSIMO 0,71 0,48 0,08
cé UMpen(a
z COS( CIPSIMO 0,74 0,80 0,67
= UI{I/IMCD
a % CeetnnHeH 100 85 0
= | norok, %

B Tabnuia 9 ca mokaszanu pe3ynratu OT U3-
MEpBaHUATA C JUMEP C PEryIUpaHe M0 BpeMeE
Ha 3aJieH (POHT Ha MOJIyNepruoaa Ha CUHYCOU-
nata. JIuMepbT € AUMEp KITI0U ¢ Bb3MOKHOCT 32
perynupaHe M U3KII0YBaHE Ha 3aXpaHBAILlOTO
HarnpexeHue. 3mepBanusTa ca peaiu3upatu ¢
TPUTE ONMUCAHU JIAMIIH.

Tabauya 9
Perynupane o 3aieH GpoHT
Jumep Kiod
daza Ha Upyvep | max 90° min
COS( CIPSIMO 0,97 0,82 0,23
< B UMpe)Ka
= Q| cose cpsamo 1 0,98 0,88
g U
= JIuMep
3 2 | Ceemymnen 100 50 0
< % | ook, %
daza Ha Upyvep | max 90° min
_ COS( CIPSIMO 0,97 0,74 0,47
Cé UMpe)Ka
z COS( CIPSIMO 0,99 0,98 0,8
= UI{I/IMCD
m 3 BETJINHEH Onukep | Pnukep
— ~ | notox, % 100 58 0
¢aza Ha Upuwep | max 90° min
~ COS( CIPSIMO 0,86 0,61 0,23
Cé UMpe)Ka
= COS( CIPSIMO 0,87 0,86 0,88
= B UI{I/IMCD
L% in | CeernuHeH 100 85 15
= | norok, %

B Tabnuua 9 ca mokazaHu pe3ynTaTutre 3a
cos@ cnpsAMO Uwpexa, COSQ cpAMO Upumep U
CBETJIMHEH INOTOK, %. Pe3ynrarure ot usmep-
BaHHUATA ca MPU HAYAIHO IMOJIO)KEHHUE Ha PEry-
naTopa(max CBETJIMHA), I0JI0KEHUE Ha perya-
Topa Ha ¢aza 90° cpsMO HANTPEKESHUETO Ha 3a-
XpaHBalaTa Mpexa U Ipu MUHUMAIIHO TOJIO-
YKEHHE Ha peryyaropa (min CBETINHA).

W npu nBara m3cneaBaHW HauWHA Ha PEry-
JUpaHe Ha OCBETIIEHUETO upe3 AumMep (1o mpe-
JeH W 3a7cH (POHT) TMpPH XaJOoreHHa JiaMIia
¥Ma IJIaBHO peryiupaHe 10 MUHUMYM. JlokaTto
IIpH eNeKTpo3axpaHBaHE Ha XaJOreHHa JiaMIia
0e3 nuMupaHe HSIMa XapMOHUYHU B TOKa, TO
py AUMHpAHE C€ MOSBABAT XapMOHUYHHU B

TOKa. PerynmpaHeTo Ha OCBETIEHUETO € CBBP-
3aHO ¢ BJIONIaBaHE Ha (PaKTOp Ha MOIIHOCTTA.
PerynupaHeTo Ha OCBETJIICHHETO C€ pealn3upa
4ype3 peryJIMpaHe Ha CBETIMHHUS UHTCH3UTET.

IIpu perynmpaHeTo Ha OCBETICHHUETO INpPU
mumupyema LED namna ¢ rosieMu myJicaiuy B
CBETVIMHHHUSA IIOTOK PETYJIUPAHETO € Bb3MOXKHO
10 MuHUMYM. [Ipy HUCKM HYBA HA CBETIIMHHUSA
IIOTOK C€ MOSIBSABAT TPENTEHUS U MPEKbCBAHNU.
[Tpu perynupane uma BioOIIaBaHe Ha (pakTop
Ha MOIIHOCTTa M HapacTBaHE Ha HMUBATA Ha
XapMOHHYHHUTE. Perynupanero Ha OCBETIEeHUE-
TO CE pealn3upa Ype3 MPOMsAIHA Ha ITUPOYMHATA
Ha MMIIYJICUTE Ipe3 KOUTO JlaMIlaTa CBETH
(IINM).

W npu nBara u3cnenBaHu Ha4MHA Ha PETy-
JMpaHe Ha OCBETJIICHUETO Ype3 aumep (I1o mpe-
7IeH ¥ 33/1eH ppoHT) npu qumupyema LED nam-
I1a C MHOTO MAJIKH ITyJICAllUU B CBETIIMHHHUS I10-
TOK UMa IUIABHO pEryJjiipaHe 10 MHUHHUMYM.
IIpy gumupaHe HapacTBa HUBOTO Ha XapMo-
HUYHUTE B TOKA. Peryimmpanero Ha ocBeTiie-
HUETO C€ pealn3upa 4pe3 peryjaupaHe Ha CBET-
JIMHHUS UHTCH3UTET.

IIpu nBaTa u3cineBaHN HAYMHA HA PETYJIH-
paHe Ha OCBETJIICHUETO Ype3 IUMEpP OCBEH Jie-
¢da3upaHe UMaMe U IPOMSHA HA XapakTepa Ha
TOBapa.

3AKVIIOYEHUE

Bb3 ocHOBa Ha mpoBeAeHO H3CieABaHE Ha
TUMEpH TP JUMHUPYEMH JIaMIId MOTaT Ja ce
HaHpaB}IT CJICOHUTC U3BOIU:

1. HamansBaHeTo Ha CBETJIMHHUS OTOK MPHU
,Z[I/IMI/IpaHe Ha XaJIOTCHHH J1aMIIU U CBCTOAUOI-
HU JIaMIIU € CBBP3aHO C TMOBHIIABAaHE HA Xap-
MOHUYHOTO 3aMbpCSIBaHE Ha E€JIEKTpUYecKaTa
Mpexa;

2. HamansiBaHETO Ha CBETJIMHHUS IOTOK pU
TUMHUpaHe Ha XaJIOTCHHH JIaMITU U CBETOIHMO/I-
HU JIAaMITU € CBBP3aHO C MOHWKaBaHe Ha (pakTo-
pa Ha MOIIIHOCTTA;

3. [Ipu aumepu ¢ perynupase Mo Bpeme Ha
npeacH GpoHT Ha MOTyNEPHO/Ia Ha CHHYCOU/Ia-
Ta, BCIEACTBHE Ha Jeda3supaHeTo MEXIy TOKa
W HaNpeXEHUETO, BEpUrara UMa WHAYKTHBEH
XapakTep;

4. ITIpun numepu c peryiaupaHe Mo BpeMe Ha
3a7ieH (PPOHT Ha MOJyNepruoia Ha CUHYCOMIa-
Ta, BCJICACTBUE Ha Meda3supaHeTO MEXIY TOKa
Y HaIlpeXeHUETO, BepuraTa uMa KaraiuTHBEH
XapakTep;
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BucokoTo chbabpikaHuE HAa XapMOHUYHUTE
CHCTAaBSIIIM HA TOKA U BJIOLIABAHETO Ha (HaKTO-
pa Ha MOUIHOCT MpHU TUMHUPAHE HE € MOKa3aHO
OT MIPOU3BOTUTEIS.
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Abstract

The paper in brief describes various methods for measuring of partial discharges in insulating structures of medium
voltage electric motors for the needs of their diagnostics. Measurements of the parameters of partial discharges of
medium voltage electric motors manufactured during the period from 1976 to 1988 have been carried out.

Keywords: partial discharges, medium voltage, electric motor

BBBEJIEHHE

Hennanupanute crnupanus Ha eleKTpUye-
CKUTE JABUTATENH OKa3BaT 3HAYUTENICH MKOHO-
MUYECKH €(PEeKT BBPXYy paOOTHUTE MPOIECH B
TEXHOJIOTUYHUTE TUHUU. 3aTOBA IIEJNITa € J1a Ce
ocurypu uHpopmanusi 3a TOYHOTO UM TEXHHU-
9YEeCKO ChCTOSIHUE. TeXHUKHUTE, KOUTO TTO3BOJIS-
BaT JUArHOCTHKA IOCPEACTBOM KOHTPOJI B
eKCIUJIOATAIMOHHU YCJIOBUS MoraTr aa ObaaT
M3MOJI3BaHU 3a ONTHUMU3HPAHE Ha MOAJPHKKA-
Ta, C Il MOCTUTaHe Ha HAIUEXKTHOCT MPH pa-
0ota B mpoabipKuTeneH pexuMm [1]. 3a Tazm
e Tpe3 MOCIEAHUTE TOAWHHU Ca Ch3IaCHU
pa3IMYHU TECTOBE M METOOU 3a H3MHUTBAHE,
KOUTO Morart aa Opaar ¢ u 6e3 U3KIII0UBaHe Ha
€JIEKTPUYECKOTO 3axpaHBaHe. M3nuTBaHe 6e3
M3KJTIOYBAHE WM MOHUTOPHHT MOXE Ja ce
MIpaBH 3a MPOIBIDKUTEIHO BpeMe Mpe3 Mepuo-
Jla Ha eKCIUIoaTalus U OlarogapeHue Ha ToBa
npesara Bb3MOKHOCTTA Ja C€ 3aluilaTr pas-
JUYHHA 3aBUCUMOCTH, OIPENENSIIU KUBOTA Ha
n3ojanusTa. ABTOMaTUYHOTO H3CJIE[BaHE Ha
TE3HW JAaHHU TO3BOJSIBA PAHHO OTKpUBaHE Ha
npencrosima mnospeaa. W3cneaBane Ha mapa-
MeTpuTe Ha yacTuuHu paspsau (UP) e enun ot
te3u metoau [3]. Te3u uzciaeaBanus ce MpaBsT

Hal-uecTo MpU NPOPUIAKTHYEH PEMOHT HIIU
MPU yCTAaHOBSIBAaHE HA MHPBUYHU WHIUKALWN
3a MoBpena.

N30 KEHUE

B 3aBucumocT oT GU3HYECKUTE MPUINHHA U
30HM Ha Bb3HMKBaHe, YP B wn3osannoHHuTE
CHUCTEMHU Ha EJIEKTPUUYECKUTE MAIIMHU Ca pa3-
JIeJIeHU Ha BBHHILIHU U BbTPEILIHU.

Boerpemnure YP BB3HUKBAT B MecTa C IIO-
HIKEHA eJIEKTPUYecKa SKOCT, Taka HapeYeHU-
Te "BKIJIIOUBAaHHUA", JOKAJIHO Ppa3MOJOKEHU B
o0eMa Ha m3omamnusaTa. Te Morar ma Opaar Me-
XypueTa U pa3lIupeHu KyXUHU, IBIIHEHU C ra3
U B MO-MaJIKa CTENeH YY>KIU TBBPAU METAIHU
W HEMETAJIHM BKJIIOYBaHUS (TIpax, MeETalHU
mabJIOHN) MIUIIOBE HAa BHTPEIIHHU MPOBOISAIIN
expanu. [losiBaTa Ha U3TOYHHUIIM HA BHTPEIIHU
UYP ce apJbkM Ha TEXHOJOTHMYHU HApYyIICHUS,
KakTO W Ha nedeKkThpaHe HAa H30JAIHOHHUS
Marepuan B mpoiieca Ha padota [4]. B 3aBucu-
MOCT OT BHUJOBETE BKJIIOYBAHUS MEXAHU3MBT
Ha Bb3HUKBaHE Ha BbTpemHM YP B TAX nma
CBOUTE Pa3JIMKH, HO BbB BCUUKH CIy4Yau C€ Ha-
Osro/1aBaT ONpezesieHd 3aKOHOMepHOCTH. Ya-
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CTHYHHU Pa3psIU BBB BKJIIFOYBAHETO Ce HAOJIIO-
JlaBaT MPU CICTHUTE YCIOBUS:

® JIOKQIHUAT MHTEH3UTET Ha CJICKTPHUCCKOTO
T0JIe BHB BKIIFOUBAHETO TPSIOBA /1a Ha/IBHIIIABA
JTUCIIEKTPUYHATA SKOCT Ha Ta30BUS CIIOH 3a Chb-
OTBETHUTE Pa3MepH 3a BKIIFOUBAHE;

® BB BKJIFOUYBAHETO TPSIOBA Jla MMa IOHE SHH
€IIEKTPOH, KOUTO Aa Tpeau3BHKa PUINICCKU
MEXaHH3bM Ha TPOOHMB B Ta30BHS CJIOM;

® TCOMETPUYHHUTE pa3Mepy HA BKIIOYBAHETO
TpsiOBa a ObJAT JOCTATHYHU 32 OCHIIECTBSIBA-
HE Ha MEXaHU3bM 32 JIABHHEH MPoOuB [5].

Boerpemnure YP npeacrasnsgBar 3Ha4UTEN-
Ha ONACHOCT 3a EJIEKTPUYECKUTE H30JIaluH,
HalpaBeHH Ha OCHOBaTa Ha TEPMOIUIACTUYHU
OpPraHUYHU JUENEKTPUIIM, KaTo Kabeiau ¢ Xap-
THEHO-MAacJeHa U TOJMMEpPHA H30JIalusi, Ma-
CJIEHH MMIIPETHUPAHU TpaHc(HOpMaToOpH U JIp.
3a pa3iMka OT TOBa, TEPMOPEAKTHBHATA CIIIO-
714, ChABpPIKAILA CE B M30JIALUATA HA T.HApP. BU-
COKOBOJITOBU €JIEKTPUYECKH MAIlMHU, MOXKE
na (YHKIMOHMpA HOPMAJIHO Npe3 Lenus ra-
PaHIIMOHEH €KCIUIOATallMOHEH CpPOK B IIpH-
CbCTBUETO Ha JI0CTa WHTEH3UBHU BBTPELIHU
YP. Tpsabsa na ce orOenexu, 4 MaKCUMaTHH-
ST MPUBUJEH 3apsA] Ha BbTpemHus YP B Taka-
Ba M30JIa[1sl MOXKE /1a TOCTUTHE CTOMHOCTH OT
nopsaabka Ha 102-10° nC (Nano-Coulomb, Ha-
Ho-Kyinon). B chiioTo Bpeme He ce Habmoaa-
Ba PSA3KO BIIOIIABAHE HA PECypcUTe, Mopaau
ceun(UYHATE CBOMCTBA Ha ChBPEMEHHATA
TEPMOpEaKTUBHA H30JIAlUs, ChIbpXKalla B
CbCTaBa CH CJIOIa — MaTepHall, XapaKTepu3u-
pal ce ¢ MakCHMajlHa yCTOMYMBOCT Ha Bb3-
neiicreuero or YP [3]. Bwnpeku ToBa, mnpu
OIIPEJICJIEHU YCIIOBUS, OCOOEHO NpPHU HPOABII-
KHUTEIIHO CTapeeHe B IPUCHCTBUETO HA ra30BU
BKJIFOYBAHMS B rojisiMa CTENEH, UHTEH3UBHOCT-
Ta Ha BbTpemHuTe YP MOXke npacTudHO Aa ce
YBEJINYH, KOETO BOJU /10 IPOTPECUBHO BIIOIIA-
BaHE Ha M30JIAIUATA HA ENEKTPUYECKUTE Ma-
IIMHY, T.€. C€ CIIy4Ba €JIEKTPUYECKO CTapecHe,
KOETO B KpaiiHa CMEeTKa BOJAU 10 IBJEH Ipo-
OuB (M3oJyanuATa € HapymeHa). ToBa ce JbJ-
KM Ha (axTa, ue B KOpIyca Ha U30JIAIUATa Ha
CbBPEMEHHUTE €JIEKTPUYECKH MAalluHK HMa
HEPABHOMEPHOCT Ha €JIEKTPUYECKOTO IIOJIE,
KOSITO CE OTYUTA C KOEYUIUEHT K ), :

KHep = (1)

KBACTO: Ecp € CpEOHUIT HWHTECH3UTET Ha

eNIEKTPUYECKOTO TOJIe, PAaBEH Ha CHOTHOIIE-
HHUETO Ha paboTHOTO HampexeHne Ux KbM Je-
OenMHAaTa Ha KOpITyCHATa U301amus d;

E,ae ~ MaKkCHMaleH WHTCH3MTET Ha

€JIEKTPUUYECKOTO I0JIE B M30JallUATa Ha KOp-
myca B KpaulliaTa Ha si[poTO Ha CTaTopa C pa-
IUYC ¥, A3UUCIIEH 110 U3pa3a:

U
E, e =;3\/1.8d /r+1 2)

[To To3u HauMH HaMalsIBAaHETO Ha pajguyca
Ha MPOBOJHMKA BOJU 10 YBEJIMYABAHE HA WH-
TEH3UTETa Ha EJIEKTPUUYECKOTO noje. B nonbi-
HEHHE, TOpaJAu TEXHOJOTUYHU 3aTpydHEHUs
10 BpeM€ Ha HaBUBaHE, B uejaTa Ha HAMOTKU-
Te (3aBOM W HAIlyKBaHUS Ha JICHTH, ChIbpiKa-
LU CJIIOJA, PA3CIIOSBAHE U Bb3/YIIHU MTOPH) Ce
dbopmMupar M30JAMOHHU ACPEKTH, KOUTO ca
W3TOYHULM HA UHTEH3UBEH BbTpelieH YP.

B pesynTar Ha TOBa B Tazu obsact, mpu pa-
OOTHO HaINpeKEeHHEe, UMa ToJiIMa BEPOSTHOCT
Ja Bb3HUKHAT Tporecu, Bojenm o YP. Ha
MeCTa C JIOKAJTHO YCUJIBAaHE Ha UHTEH3UTETa Ha
€JIEKTPUYECKOTO T0JI€ € Bb3MOXKHA IOsBaTa U
Ha BBHIIHMU, U Ha BbTpemHu YP. 3a pasnuka
oT BbTpemHuTe YP, pasnpenenuTeTHuTe 30HU
Ha Te3u UP He ce HamupaT BBTpE B U30JIalUsA-
Ta Ha €JICKTpUYECKa MaIlliHa, a U3BHH Hes (B
CTpaHMYHATa U MpeAHaTa 3aKpemnsaiia 00JacT
Ha HamoTkara). BeammauTe YP B m3onanuoH-
HaTa CHCTEMa HAa BUCOKOBOJITOBUTE EJIEKTPU-
YECKU MAIIUHHM CE€ XapaKTepu3upar ¢ BUCOKA
WHTEH3UBHOCT, NMPUBUIHMAT UM 3apsj MOXKe
na nocture croitHoctu ot 10° nC, a B KpaitHu
Cllyyau JOpU U MO-BUCOKHU. Ilo TO3M HaumH
BBHILHUTE YaCTH Ha M30JalUsiTa Ha HaMOTKa-
Ta, 0COOEHO B YEJHHTE 00JIaCTH, Ca MOIJIOKE-
HU Ha CEpUO3HO pasrpaxnaase [1].

B 3aBucuMocT ot nenute U KiacupuKanus-
Ta Ha M3NMUTBaHUATA, U3MepBaHeTo Ha UP B
M30JIallMOHHATa CHCTEMa Ha CcTaTopHaTa Ha-
MOTKa MOXE /1a C€ U3BBPIIBA KAKTO MPU HOP-
MajHa paboTa Ha €JIEKTPUYECKU MaIluHu, 0e3
Jla ce M3BEXJa OT eKCILIoaTalus, Taka U 10
BpEME Ha M3BEXKJAaHE OT EKCIUIoaTalus, Ha-
MpUMEp MPU TECTOBU U3MHUTAHMS MO BpeMe Ha
peMoHTHHU pabotu [5]. TecroBeTe B Te3u IBa
pexuMa UMaT 3HAYUTEIHU pa3iuku. B pexum
C M3BAXJAHE OT EKCIUIoaTalus, CTaTOpU C JIU-
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CTAaHLIMOHHU POTOPU WJIM CTaTOPHU HAMOTKHU
ce mojjiaraT Ha M3IUTBAaHE IIOCPEACTBOM IIpe-
HOCUMHM  BHCOKOBOJITOBM  HMHCTalallUd  C
gyecrora 50/60 Hz. M3mepBaneto Ha YP B u3o-
JalnyATa Ha HAITbJIHO MOHTHPAaHa CTaTOpHA Ha-
MOTKa C€ M3BbpIIBAa WHIUBUIYAJIHO B U30Ja-
nusaTa Ha Beska (asza, a Apyrute ABe (a3um ca
CBBbpP3aHM KbM 3eMsTa. B TO3M pexxum Moxe 1a
CE MPAaBAT U3MEPBAHUSA IIPY JIMIICA HA BHHIIHU
U BBTPEUIHM CMYIIEHUS, Ch3AaJCHH OT pabdo-
TarTa Ha camaTa eJIeKTpuuYecka mamuHa [4].
Tps6Ba obaue na ce ©Ma MpenBU, Y€ MPH U3-
MEPBAaHMATA B PEXHM HA HU3BEXKIAHE OT €KC-
I10aTalys CUCTEMAara 3a M30JMpaHe Ha sApo-
TO C€ MOoJJIara camMo Ha eJIEKTPHUECKU eeKTH,
3a pa3jiMKa OT pexuM, 0e3 Ja ce U3BekKIa OT
eKCIUIoaTanus, KbACTO MMa BBb3JCHCTBUE Ha
MHOTO ()aKTOPH, BKIIOUYUTETHO JOIBIHUTEIHA
TOIUIMHHY U MEXaHWUYHHU HATOBapBaHU [§].
N3non3BaHeTo Ha pekMMa MpU HU3BEXKIAHE
OT eKCIuIoaTanus odaue 1Mo3BoJIsABa HAKOM U3-
MepBaHMsl, KOUTO HE MOTaT /1a C€ U3BbpLIBAT B
pexxumM, 0e3 a ce U3BEKIa OT EKCIUIoAaTalus,
HaIp. eKCIEPUMEHTAIHO OINIPEAEIISHE HA CTOU-
HOCTHTE Ha HANpPEKXCHHETO Ha BB3HUKBAHE U
n3ue3Bade Ha YP. OcBeH TOBa € BH3MOXKHO Ja
CC M3MEPH 3aBUCHUMOCTTAa HA HWHTECTPATHUTE
xapakrepuctuku Ha YP oT TectoBOTO Hampe-
KEHHEe, KOeTO MoXKe Ja Obae MOJIE3HO Ipu
OIpe/ieiIIHE Ha CTENEHTA Ha CTapeeHe Ha HU30-
JanuaTa, 0oco0EHO aKO CBILUTE 3aBUCHUMOCTH
ca U3MEpPEHM B MOMEHTA Ha IyCKaHE B JIEH-
CTBHUE Ha eJICKTpuyecKaTa MamnHa. HezaBucn-
MO OT M3MOJ3BaHUs PEKUM HAa U3MEpPBAHE, CE
3allUCBAT CUTHAIM (EJIEKTPUYECKH, EIEKTpPO-
MarHMTHH, aKyCTUYHH, ONTUYHU U Ap.), KOUTO
ce nosiBsiBat o Bpeme Ha UP [7]. Ha Ta3zu 6a3a
MeroauTe 3a usmepsane Ha YP ca pasznenenu
Ha JIBa OCHOBHHU THIIA — €JICKTPUYECKH U HE-
eJIeKTpudecku. Te3um m3MepBaHUsS c€ PeryJiu-
paT B CbOTBETCTBUE CHC CHOTBETHUTE MEXKIY-
HapoJHM cTaHAapTu. Enekrpuyeckute MeTonu
MMaT CPaBHUTEIIHO BHCOKAa YyBCTBUTEIHOCT,
Taka 4e cera Te ca IMPOKO U3I0JI3BaHu. B 3a-
BHCHMOCT OT 3allMCaHUTE CHUTHAJIIU, T€ Ca pas-
JIEJIEHN Ha €JIEKTPOMArHUTHU U €JIEKTPUUECKU
MeToIU. EJeKTpOMAarHuTHUTE METOAM BKIOY-
Bar perucrtpupanero Ha UP ¢ momoinra Ha aH-
TEHH 3a BBHIIIHA WU BbTpELIHA paboTa.
EnexTpoMarHUTHUTE 3alKCBAaIld  yCTPOU-
CTBa ca IPOEKTUPAHU Ja paboTAT B [uana3oHa
Ha JbJDKMHA Ha BBJIHATA B MUKpOMETpH. B To-

34 Ciy4ail ce W3M0Jd3BaT CTalMOHAapHU
€JIEKTPOMArHUTHU JaT4ULM (QHTEHU), MOHTHU-
paHu B cTaTOpHUTE OTBOpH. Te3u ceH3opu ca
JTUHEHHM TACHOYECTOTHU aHTEHH, pabOTEeIIH B
yectoTHUg auanasod or 10 MHz mo 1000
MHz.

3a wm3MmepBane Ha YP B paboreH pexum
EJIEKTPUUECKUTE MAIIMHU U3MO0JI3BAT U BbHHILI-
HU CEH30pH, KOUTO ca paJMoaHTeHH, paboTe-
my B yectoTHua auamnasoH ot 200 kHz mno 20
MHz. CenzopbT npencrasisiBa 606una ¢ de-
pUTHA ChpLIEBUHA, KOSATO € CBbpP3aHa C OCLHU-
JIOCKOII € TIOMOIIITa Ha KOaKCHaJIeH KaOell.

CeH30pbT CKaHMpaA BBHHIIHATA MOBBPXHOCT
Ha M30JIalUsATa, KOraTo TECTOBOTO HaIlpeke-
HUE€ HaJBUIIM pa3Mepa Ha HAIpPEKEHUETO, HaJl
koeTo Bb3HUKBAT YP. 3a Ta3u uen ceHzopure
ca MOHTHPAaHM Ha JUENEKTPUYHU NPBTU, IO
BpEME Ha IBUKEHHETO Ha KOUTO, MO AbJKHHA-
Ta HA KaHAIHWTE Ha CTaTopa, ca GUKCUPAHU Me-
cra ¢ noBuiieH uHteH3uter Ha YP [6]. TaksB
M3MEpPBATEJICH METOJ MO3BOJIsIBA TOYHO J1a Ce
omnpeaenu paloHbT Ha nossa Ha YP. Enektpu-
YECKUTE METOJU CE€ OCHOBABAT HA PErUCTpUpa-
HETO Ha BHCOKOYECTOTHH TPENTEHUs B U3MEP-
BaTeHATa Bepura Mo Bpeme Ha pabora. Te3u
M3MEpBaTEIHU CXEMHU Ca HaMepWJIM Hal-IIu-
POKO MPUJIOKEHHUE, T.K. MO3BOJISIBAT HAJEKIHO
M3MEpBaHE Ha OCHOBHUTE XapaKTEPUCTUKU Ha
YP u ocurypsBaHe Ha BHCOKa 4YyBCTBUTEII-
Hoct. [Ipu peructpupane Ha YP B oTnennu Ha-
MOTBHYHHM €JIEMEHTH U MOHTHPAHU CTaTOPHU
HAaMOTKH Ha €JIEKTPUYECKH MAallliHU, ChIIIaCHO
craggapra IEC60270 Texnuku 3a U3NUTBaHE
Ha BHCOKO HaIlpe)KEHUE - W3MEpBaHUs Ha 4Ya-
CTUYHM pa3psau [2], ce u3Mmoyi3BaT U3MEpBa-
TEJHU BEPUTH C BKJIIOYBAHE HAa M3MeEpBaTElICH
HUMIIEIaHC Z;; B 3€MHUS KJIOH Ha CBbp3BalUs
KOHJIeH3aTop (KamanuTuBeH natyuk) Ck.

PE3YJITATH OT UBMEPBAHUSATA

W3mepBanusTa ca U3BBPIICHU C MOMOIITA
Ha ypel 3a U3MepBaHe Ha mapamerpu Ha YP
R400 na ¢upmara Dimrus B mpoabDKEHHUE Ha
20 muHyTH Ha 00ekT. B To3m ypen e u3moi-
3BaH €JEKTPUUECKU METO] 3a OIpenessHEe Ha
napaMeTpuTe Ha YaCTUIHHUTE Pa3psIu MO Bpe-
Me Ha pabota Ha obopyaBanero. M3cnenBanu-
T€ eNEKTPUYECKH JBHUTATEH Ca C HOMHHAIHO
3axpanBaio Hanpexenue Un=6 kV u MomHo-
ctu Pu=500-2500 kW. Enekrpuueckute ABH-
ratenu Ha o0ektH 1, 3,4, 5 u 7 ca CHHXpOHHH,
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a Ha 00eKTH 2 U 6 — aCHHXPOHHH, TTPOU3BEIC-
HU Mexay 1976 u 1989 r. OGekTuTe 3aABHXK-
BaT pa3jM4YHU MEXaHU3MU KaTo TOMIIH, pa3-
JIUYHU BHUJIOBE MEIIHUIIM, TYMEHO-TPAHCIIOPT-
HU JIHTH U Jp. V31M013BaHUST CEH30p € BUCO-
KOYECTOTEH TOKOB TpaHC(OpPMATOp, MOCTaBEH
BbB BEPUTUTE HA 3a3€MsBaHE.

1000
900
800
700
600
500
400
300
200
100

Uup (mV)

OBEKT Ne1
OBEKT Ne2
OBEKT Ne3
OBEKT Ne4
OBEKT Ne5
OBEKT Ne6
OBEKT Ne7

Que. 1. I'pagpuxa na Uup (mV) na uscneoganume
obexmu..

VYpenbT no3BoJIsiBa U3MEPBAaHE HA YACTHYHU
paspsanu B nuamnazona 0.5 MHz - 10 MHz. B
MOMEHTa Ha U3MEpBaHE TOBapbHT Ha EJIEKTPO-
neuratenute € mexay 70 % - 80 % ot HOMU-
HanHMs. TemmepaTypaTa Ha OKOJIHaTa cpena €
20°C.

800
700
600

OBEKT Ne1
OBEKT Ne2
OBEKT Ne3
OBEKT Ne4
OBEKT Ne5
OBEKT Ne6
OBEKT Ne7

Due. 2. I'pagpuxa na Qup (nC) na uzcredsanume
obexmu.

PDI (mW)
N w E-Y (9] o)} ~ (0]

OBEKT Ne1
OBEKT Ne2
OBEKT Ne3
OBEKT Ne4
OBEKT Ne5
OBEKT Ne6
OBEKT Ne7

Due. 3. I'pagpuxa na PDI (mW) na uzcieosarnume
obexmu.

40000
35000
30000
25000
20000
15000
10000

5000

Bp. Umnyncu (Sum PDl/sec)

OBEKT Ne1
OBEKT Ne2
OBEKT Ne3
OBEKT Ne4
OBEKT Ne5
OBEKT Ne6
OBEKT Ne7

Due. 4. I'paghuxa na o6pos umnyacu (Sum PDI /
sec) Ha uzcnedsanume obeKmiu.

3AK/IIOYEHUE

Ot pe3ynraTuTe Ha U3MEPEHUTE MapaMeTpu
Ha YP ce Bmxkaa, 4ye U30JIalMsATa Ha HAMOTKUTE
Ha M3CJeABAHUTE OOEKTH KbM MOMEHTA Ha M3-
MEpBaHMATA € BCE OIle B JOOPO TEXHHYECKO
CBhCTOSIHME W HsIMa OMACHOCT 3a TsAXHaTa pado-
Ta.

[To-HaTaTbIIHUTE TEPUOJUYHUA U3MEPBAHUS
Ouxa JI0OBeNH /10 paHHO OTKpUBaHe Ha AedekTu
B EJEKTPUYECKUTE IBUIaTENId, MOPOJECHU OT
JIOIIO CHCTOSIHUE Ha M30JIalMsATa Ha HAMOTKHU-
T€, KJIEMHUTE KYTHH, MPEKbCBAHUS HA KaOEIH-
T€ W M3BEXKJAHETO UM OT eKcIutoaTanus ToBa
1€ TTO3BOJIM IJIAHUPAHE HAa PEMOHT MPEIH Ha-
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CTBIIBAHE Ha IOBpeAa U CBBP3aHOTO C TOBA
aBapuUMHO CIUpaHE Ha TEXHOJIOTMYHATa JIU-
HUS.
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INDUCED VOLTAGES FROM ELECTRIC LINES OF RAILWAY
TRANSPORT

Krasimir Marinov Ivanov, Petar Kolev Petrov, Tsvyatko Kolev Varbov,

Georgi Conev Velev
Technical University — Gabrovo

Abstract

In the process of work, the magnetic influence of the traction network on the overhead line was calculated, the
electrical effect of the traction network on the overhead line was calculated. The parameters of induced voltages in an
adjacent line of railway transport are determined. Measuresare given to reduce the negative impacts.

Keywords: electromagnetic compatibility, harmonics current, induced voltage.

BBBEJIEHHE

B momenTta Ham 71% oOT JKeJIe30ITBTHUTE
TuHUM B bbirapus paboTsaT ¢ MPOMEHINBOTO-
KOBO 3axpaHBaHe. TsroBata eJeKTpUYECKa
MpeXka € MOYTH HAI'bJIHO aCUMETPUYHA U UMa
CUJTHO BB3JICMCTBHE BBPXY ChCEAHU EIEKTPO-
eHepruitau obextu [1, 9]. Okono nmpoBOAHU-
LHUTE, Mpe3 KOUTO MPOTHYA MPOMEHJIMB TOK,
Bb3HUKBA MMPOMEHJIMBO €JIEKTPOMArHUTHO TIO-
Jile, KOETO Ch3JaBa EJIECKTPOJABUKEIIM Harpe-
xenus (E/JH) BBB BCHUKHU ChCEIHH CHOPH-
KEHUs, PA3IMOJIOKEHN B TOBa TOJIe (EIEKTPO-
MIPOBOJM, BB3IYIIHNA U KaOEITHU KOMYHHUKAIIU-
OHHH JIMHUH, METAJTHA TPHOOTPOBOIH, OTPAIH
u 1p.). Tesu EJIH u TokoBe Morar aa mpenu-
3BUKAT OMAacCHU M CMYUIIABAIIH BJIMSHUS, TOECT
Jla Ch3/1aaT YCIOBHs 3a paboTara Ha eIeKTpHU-
YECKO U APYro o0opyaBaHEe, KOUTO ca HEChB-
MECTUMH C TEXHHUYECKUTE M3UCKBAHUS U Ipa-
Bwiara 3a Oe3omacHocT. HaroBapBanero Ha
BCSKA TATOBA IIOJCTAHIUSA € HEIOCTOSHHO H
HecuMeTpuyHO. To ce mpoMeHsl B 3aBUCUMOCT
0T Oposi Ha BarOHWTE Ha BIIAKOBETE, MECTOIO-
JIOKEHUETO MM B 30HATa MEXAY MOJACTaHIIUU-

T€ ¥ MOIIHOCTUTE, KOUTO T€ KOHCYMHUpAT, OC-
BEH TOBA TATOBaTa MpeXa MOXKE Ja ChIbpiKa
W3paBHUTEIHU TOKoBe. Ha mpakTnka n3mepsa-
HETO Ha MHIYKTHPAHU HANPEKEHUS B U3KIIIO-
YCHU JIMHUU TIPH MaKCHMaJTHHS paOOTEeH TOK B
KOHTAKTHaTa MpeXa € MPAaKTHUYECKH TPYTHO
peanu3yemo. ETo 3amo aHanmm3bT Ha mpoole-
MHUTE Ha €JIEKTPOMAarHuTHa ChbBMECTUMOCT Ha
ENEKTPUICCKHSI TPAHCIIOPT C TIOMOIITa Ha KOM-
MIOThPHATA TEXHUKA € BaXKHA B3MOKHOCT.
CeriacHo HOpMaTHBHATa ypeabda B o0acT-
Ta Ha EJEKTPOMarHUTHa CBBMECTHMMOCT OT
BCUYKH JIMHUH C TTO-HUCKO HUBO Ha MpeaBaHe
Ha EHEeprus, pas3MoJoKeHH B OJIM30CT [0
EIIEKTPUUYECKOTO BB3IAYIIHO 3axpaHBaHE Ha
KENe30MbTHUSI TPAHCIIOPT, ca OOEKT Ha
EJIEKTPOMArHUTHH BIIMSIHUS - BB3AYIIHA M Ka-
OeJTHM JIMHUHM Ha KOMYHHUKAINH, TeJeyIpaBie-
HUE W TEJCCUTHAIM3AINS, OCBETHTEIHU
EJIEKTPUUYECKH MPEXKH, €JICKTPOIPOBOAM C HU-
CKO HampeXeHUe, N3KIII0YeHA KOHTAKTHA Mpe-
’Ka Ha ChCEIHU KOJIOBO3M, KaKTO U MIPOBOISIIN
€JIEMEHTH HA METaTHU KOHCTPYKIIUH, HAJUIC3H,
TpBHOOIIPOBOIM, KaOETHU OOBUBKY U 1Ip.[2, 3, 4].
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N30 KEHHUE

OnacHHUTE CMyIIaBaly BIUSHUS CE TI0IPa3-
JEJST Ha ENEeKTPUYECKH, MarHUTHU U TrajBa-
HUYHU CIIOPE €CTECTBOTO Ha TSIXHOTO BB3-
HUKBaHE.

EnextpudeckoTo mosie ce cb3gaBa OT Ha-
MPEKEHUETO Ha BIMSIEIIATA JIMHUS, T10J] HEro-
BO BB3JICHCTBHE B OJM3KUTE €IEKTPOIPOBOIN
C€ MHAYKTUPAT HAMPEKEHUS, YUETO rOJIeMUHA
3aBUCH OT INUpHWHATa Ha cOmmkaBane. [Ipu
pascTosiHus, 1o-rojieMu ot 150 m enekrpuye-
CKOTO BJIMSIHME MOXe J1a ce nmpenedperne. Oc-
BEH TOBA Ha MPOBOJIHUIIUTE, JIEKAITU HA 3EMSsI-
Ta WK IO/ 3€MATa HSIMa Bb3JICUCTBHE, T.K. CH-
JIOBUTE JINHUM Ha €JIEKTPUUYECKOTO IOJIE ca 10
MOBBbPXHOCTTA Ha 3eMsTa [5, 6, 8].

MaruuTHO BIMSIHUE Bb3HUKBA, KOTATO IMPO-
THYa TTPOMEHJIMB TOK (WJIM BUCIIM XapMOHHUY-
HU CBhCTaBAILIM HA U3MPABEHUS TOK) MPE3 KOH-
TaKTHaTa MpEXka, KOETO MPEIU3BUKBA HHIYK-
tupade Ha E/IH B cbcennn nuaun. MarauTHo-
TO BIIMSHHE CE CUMTA 3a HAaW-CUIIHO, THhH KaTo
HEroBUAT e(eKT ce pa3mpoCTpaHsIBa HE CaMoO
KbM BB3JIYITHUTE JUHUU, HO U JIO TIOJI3EMHUTE
KaOeJIHU JIMHKMHM, a ChII0 Taka MMa JICKO HaMa-
JISIBaHE HA WHTEH3UTETA B 3aBUCHUMOCT OT pa3-
CTOSIHUETO U C€ MpOosiBABa IMpU IIMPUHA Ha
commkasane Hag 1000 m [7. 10].

Ha ¢urypa 1 gc e aktuBHaTa IpOBOAUMOCT
Ha M30JalusaTa U Bb3Ayxa; bkc - peakTuBHA
(KamauuTUBHA) TPOBOJUMOCT MEXKITY KOHTAKT-
Hus npoBoanuK (KIT) u apyra nunus.

TsaroBata Mpexa Ha eIeKTPUDUITUPAHUS
KEJIEe30IbTEH TPAHCIIOPT C€ ChCTOU OT HSIKOJI-
KO MPOBOJHMKA O] Harpexenue 27.5 kV:

* KOHTAKTHa MpeXa OT €Ha WM TOBEYEe JIH-
HUH,

* 3axpaHBaIlla CUCTEMa 3a HETATOBH MOTpPeOH-
tenu JIIP (1Ba mpoBOAHUKA).

YecTo uMa CUTyaIMH, KOraTo eIHa 4acT OT
IIPOBOJIHUIIMTE Ca O] HAIIPEXKEHNUe, a B Ipyra
[0 HSIKAaKBa NPHYMHA, HANPEKEHUETO € H3-
KIo4eHo. Pasriexname cxema Ha ABYI'bTHA
(1BOIHA) KT TUHUS U B HETIOCPEACTBEHO C HEsl
JIMHUA J1Ba IPOBOJHMKA, 3aXpaHBallla HETSIro-
BU MOTpeOHuTenH 1 Oau3Ka Bb3AyIIHA TpHdas-
Ha JIMHUSI CPETHO HAIPEKEHUE.

a

T

@Due. 1. Cxema, nosicnasawa enekmpuiecKkomo
eausHUe

Duz.2. [lpumepna cxema na dsoiina JKII aunus: 1 —
KOHMAaKmeH nposoo, 2 — Hocewjo evoice; 3 — TuHUs
JIIP; 4 — bnuzvk mpughazen enexkmponposod CH.

Y el it
1 2'] an N - a47 ‘ ‘ !
\" l 3&31—&447 L ——
———

Due. 3. Pazuemna cxema Ha 20pHUs 08YNbINEH
yuacmuvK

3a M3YUCIICHUSATA Ca HEOOXOAUMU CIICTHUTE
JAHHU:
hxn — BUCOYMHA HAa OKayBaHE HA KOHTAKTHHS
MIPOBOJIHUK;
hjnp — BHCOYMHA Ha OKayBaHE Ha JIMHUSATA
JIIP;
hgji.cip — BUCOUMHA HA OKauyBaHE Ha HaW-OT/a-
JiedcHaTra OT 3€EMsTa HOB’prHOCT Ha HpOBO,Z[-
Huka Ha BJI;
hCIlE — BHCOYMHA Ha OKAaUBaHC Ha HpOBO,Z[HI/I-
mute Ha BJI.
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3a 5a OmpOCTHM HM3YHCIIECHUSATA, IIIE 3ame-
HUM HOCEIIETO BBXKE M KOHTAKTHUSI MPOBOJI-
HUK C €IWH EKBUBAJICHTEH paJIuycC, YHITO
CTOMHOCT ce ompeaens no Gopmynara, m:

T, :n,/n-ro-rpn_l, (1)

KBJIETO:
N — YKUCJI0 HA MPOBOJHULIUTE (N=2);
o — CPEACH paanyC Ha KOHTAKTHHS TIPOBOTHUK
M HOCEIIETO BBXKE, M;
I, — Paauyc Ha OKPBKHOCTTA, MO KOATO Ce
pasmojarar mpoBOJHUIUTE, M.

CpenHudar paaiuyc Ha KOHTAaKTHHS MPOBOJI-

HUK ¥ HOCEIIOTO BBXKE C€ OINpeAeiis, KaKTo
cienBa, m:

I T 1,
r = e @
2
KbJIETO:
I, — PagMyC Ha KOHTAaKTHHUS HPOBOJHHMK;

I, — paanyc Ha HOCEILIOTO BbXKE.

PannychT Ha OKPBKHOCTTA, MO KOSTO C€
pasmoJjarat mpoBOAHUIIUTE, € KAaKTO CJIE/IBa:

ey 3)

_ Sxno—Hr
I'p = )

Jlunusita AP e mpuero, 4ye € u3nbjiaHeHa ¢
npopogHuuu  THN  2XAC-50. Bu3aymHuAar
enexkrporporon BJI CLb e usnbiHeH ¢ mpo-
BojHMIM 3XAC — 35.

3a ma ompeaenuM eIeKTPUYECKOTO BIIMS-
HUE, 1€ M3MOJ3BaMe METOJa Ha OIJICTAITHUTE
oOpa3su. 3a U3YHUCIEHNETO € HE0OX0IUMO JIa Ce
OTIPECTISAT PA3CTOSIHUATA OT TOYKATA HA U3YHU-
ClISIBaHE 10 TEOMETPUYHUTE LIEHTPOBE Ha IPO-
BoAHHIUTE. Pa3cTOsIHUATA OT TOYKaTa Ha TIpe-
CMsITaHe /10 TEOMETPUYHUTE LIEHTPOBE Ha MPO-
BOJHHIIUTE ca O0OOIIEHN B CHOTBETCTBUE C
¢durypa 2. PazcTostHusiTa b ce Hamupar criopes
[TutaropoBara Teopema, Karo ce H3MOI3BAT
XOPU30HTAITHUTE PA3CTOSIHUS MEXAY MPOBOJ-
HUIUTE:

by :\/h2+a12k . 4)

CoOCTBEHHTE M B3aWMHHUTE IOTCHIHMAJITHU

KOoe(DUIIMEHTH ce OmpeenaT mo Gpopmynara:

l[b] 5)

dim
3a cemeMIipoBOJHA CHUCTEMa, MOKa3aHa Ha
¢durypa 2 cbc crienpuuHA 3apsian 3a eIUHU-
na AbJIKHHA Ti1, T2, T3, T4, T5, Te, T7 U IIOTCH-

UK @1, P2, P3, Pa, Ps, Po, P7, YPABHEHHSTA HA
Makcyen mie Ob1aT, KaKTO CJIe/IBa:

(6)

Q= it T2ton T3t ous Tat ois Ts T e Te T 07" T7

@y=0t2 Tit 022" ToF 023" T3+ Olog " T4 T Olos™ Ts + Qlae " Te + 027" T7
Gy=oz Tt a3 Tat a3 T3t 0aa T4t 035" TsH A3e T T 0377 T7
Pyp=0ia Tit o4 T2t 03a T3t Olag T4+ Olas ™ Ts T Olas " Te T OLa7 " T7
Ps=0tis Trtos Tato3s T3+ Olas T4 T Olss  Ts T Olse " Te + OLs7° T7

Pg=0t16"Tit 026 T2t 036 T3+ Olag T4+ Olse™ Ts T Oles ™ Te T Ole7 " T7

P;=ou7 Tt o Tatasr T3t o Tat sy Tst g7 Tet 0777 T7

[ToTeHmanuTe B ypaBHEHUATO Ha Makcyen
MMaT CJIIETHUTE CTOMHOCTU:

(43 =27,5. 4y =Py = py =27.5-¢"%,
Thil KaTo (3, ¢, Ca HAMPEKCHUATA HA JBETE

3axXpaHBallll pPaMEHA HATATOBaTa IOACTAHLINA,
BIBIBT MEXKAY TAX € 120 rpagyca u OT KOUTO
Ce€ 3axpaHBaT MPOBOJHUILIM 3 U 4 HA JUHUSITA
JIIP. CToliHOCTUTE HA UHAYKTUPAHUTE IOTEH-
[MaJIM MOTaT Jja CEIPOMEHSAT B 3aBUCUMOCT OT
BKJIFOUBAHETO WJIN HU3KJIIOYBAHETO HA IPOBOJ-
HULIMTE HAa cucTeMaTa. B3 0CHOBa Ha TOBa ILE
W3UYUCIIMM Hali-OIaCHUTE E€JIEKTPUYECKH BIIHSI-
HUS BbPXY CbCEIAHH JIMHUM.

[le n3uucnsBamMe UHIYKTUPAHUS MTOTEHIIN-
aJl Ha M3KIIOYCH KOHTAaKTEH INPOBOJHUK Ha
I'bpBUS TBT (1,=0), BCHUKH JIPYTH IPOBOJAHULIN
Ha CHUCTEMAaTa ca BKJIIOYEHH, T.€. Ca CBBP3aHU
KbM HM3TOYHMK Ha 3aXpaHBaHeE.

ToraBa cucremara oT ypaBHeHus (6) mpue-
Ma BUja:

(7

Q=02 To+ 03" T3+ 04" T4 Qlas  Ts + Olog " Te+ 027" T7
P3=023 Tot 33" T3 Ol3a " Ta T O35 Ts T A36" Te T 037" T7
Py=0l24 T2 T O34 T3 Olag" Tat Olas Ts T Olag " Te + Qa7 " T7
Ps=0s TaT 035 T3 T 0las T4t Olss Ts t Olse " T T QLs7° T7
Pg=0l26" T2 T 036 T3+ Olag " Ta T Ols " Ts+ Oles ™ Te T Ole7 " T7

P;=0a7 T2t a3 T3t o7 T4t as7 Ts T Ole7 Te T 077 T7

Hamupame croiiHOCTMTE Ha T;, 3aMeCTBa-

M€ IIOJIy4YEHUTE CTOMHOCTHU B IIBPBOTO YpaBHE-
HUE Ha cucreMara (6), moiydaBame hopmyia-
Ta 3a HAMUPAHC Ha MHAYKTHPAHUS MOTCHIHUAL
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BbPXY KOHTaKTHUS TPOBOJHUK Ha ITbpPBUS
BT:

(8)

Q=02 T2tz T3t ous Tatous s+ oe Tet 07 T7

Ilo TO3W HauMH HOTEHIMATILT Ha TOYKa 1
1ie Ob/Jie paBeHHa:
@, =6,775kV.

W3uucnsiBame WHAYKTHPAHUS TOTEHIIHAI
BHPXY BB3JYIIHUS MPOBOJIHUK Ha BTOPUS MbT,
BCUUYKHM JAPYrH MNPOBOJHHUIM HA CHUCTEMara ca
MOJ1 HAIIpeKEeHUEe

KOHTakTHUAT NMPOBOJHUK HA BTOPHUS ITHT
(OTTyK HaTtaTbk 2) € WM30JupaH M 00e3TOYEH,
OCTAHAJIUTE TMPOBOJHUIIM: KOHTAKTHHUSAT TIIPO-
BOJIHMK Ha NbpBUS mbT, auHusTa JIIIP n nu-
HusATa Ha enektponposojga CLIb ca cBpp3anun
KbM M3TOYHMKA Ha 3axpaHBaHe (mo-momy 1, 3,
4,5, 6 u7), toraa 12 = 0. ToraBa cucremara
OT ypaBHeHUs (6) mpruemMa BHua:

©)

@ =0u1 Tt o3 T3t s Tat s TS T Ol Tt QL7 Ty
P3=03 Tt o33 T3 H0Ea T4t o35 Ts T 036" TeH 037" T7
Py=0la Tt 034 T3 Olag Ta+ Olas Ts T Olag " Te T Ola7 " T7
Ps=0ous T+ oas T3+ Ous Tat Olss ™ Ts + Olse " Te T Ols7 " T7
P =0li6 Tt 036 T3 Olag Ta+ Olse ™ Ts T Oles ™ T+ Ole7 " T7

P =07 Tt as7 T3t 047 T4t ols7° TsH 07" T+ 077" T7

PenraBame cucteMa OTHOCHO CTOMHOCTUTE
Ha T;, 3aMECTBaM€ IOJIY4YE€HUTE CTOMHOCTU B

IEPBOTO ypaBHEHHE Ha cuctemata (6), moiy-
yaBaMme (opmyIiaTa 3a HaMHpaHe Ha UHIYKTH-
paHHs TIOTEHIUAT BbPXY KOHTAKTHHS TPOBO/I-
HHUK Ha BTOPUSA IIBT:

. - (10)
=02 Tt o3 T3t oa Tat Olos Ts + 0o Te T 027" T7
Ilo TO3u HauuH INOTCHOUAJIBT Ha TOYKa?2
e ObJIe paBeH Ha:
¢, =7,047kV.

N3uncisiBaHe HA HHTEH3UTETA HA
€JIeKTPUYECKOTO T0JIe HA KOHTAKTHATA
Mpeka ¢ MPOMEHJIUB TOK, HHAYKTHPaH

BBPXY 00CTYKBAIIUS MEPCOHA
OnepaTuBHUAT NEPCOHAN, KOUTO W3BBPIIBA
pabota B o0acTra Ha eNEKTPUIECKO MOoJIe, UH-
OYKTHPAHO OT KOHTAKTHA MPEXka ¢ MPOMEHIIMB
TOK, HE TpsiOBa ja ObJie U3JIaraH Ha MpeBHUIIIA-
BaHE Ha yCTaHOBeHHUTE HOopMHU. HeoOxomumo e
Ja ce pasriiefla Bb3MOXKHOCTTA ONEPaTUBHUSAT

MepCcoHaJ J1a paboTH NUPEKTHO O] KOHTAKT-
HaTa MpEXa, MPHU YCIOBHUE Y€ Ca BKIIOUYECHU
BCUYKH MPOBOJHUIIM Ha cucTteMara. Ta3u or-
Us € HaM-oImacHara, Thil KaTO MHTEH3UTCTHT
Ha II0JIETO € C MaKCUMaJIHaTa CU CTOMHOCT.

- SR ass \

[ p—< VK] ﬁb:T ass 4)} |

< = ale 7 <

‘71997“ | ; a6 6

1} 2‘ ans I ‘473.4545»‘/7: ,
N% asz7

} } M a3 ————— > }

\ \ XM ol

| | LY L

/T/‘V 7Y ( Y W)

I I [

! I I ;o
————au—+—» |
f o ! o7
i aiz | M an | azs 5 ¥ !
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" ot e a3 ‘ - a47 41§—‘LH
\ \ de-—ed Ly |
1< - a7 a7 T ;

@Due. 4. Pazuemna cxema 3a onpeoensine Ha
UHmMeH3Umema Ha el1eKmpuieckomo nojie npu
08YNbIEH YYACBK

W3paszsiBame MOTEHIIHANIA Py YPE3 KOOPIH-
HATHTE Ha TOYKaTa M, 3a Ja HAMEPUM HHTCH-
3UTETA Ey:

(1)

@, (x.y)=1n

+1In|

+1In|

Yosek, KOWTO ce HaMUpa MEPIICHIUKYIISIPHO
Ha MPOBOJHULUTE, € TO0J BB3ICHCTBUETO H a
BEPTUKAJIHATA CHCTABSALIA HA E€IIEKTPUYECKOTO
1oJie, KOETO O3HayaBa, 4ye TpsAOBa Ja ce orpe-
JEIU CaMo Ey. Beprukannara cbcraBsma Ha

WHTCH3WTETAa Ha CIEKTPUYCCKOTO IIOJiE Ce
orpenens 4pe3 JudepeHIpaHe 0 OTHOIIe-
HUE HA Y:

E, = |d0u(uY)| (12)
dy

OrnpenensiMe MHTEH3UTETa HA BUCOYMHA HA
HUBOTO Ha TJlaBaTa Ha YOBEK, CTOSIII HA 3eMATa
(y=1,8 m), 1 Ha BUCOUMHATA Ha IJIaBaTa Ha 40-
BEK, paloTelll MoJ HampeXeHHe OT H30JUpaH
KpaH (y=6,24 m).

CepriacHO pe3ynTaTuTe OT H3YUCICHUATA
nmocrposiBamMe rpaguKkd Ha WHTCH3UTETa Ha
€JIIEKTPUYECKOTO TI0JIe, B 3aBHUCHUMOCT OT
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Pa3CTOSIHMETO J0 OCTa Ha KosioBo3uTe (y=1,8
muy= 6,24 m).

Ey=f(x), kV/m

r‘".’.“
- ,qm—w‘*””e" v **Sage $%2000..
o i

-30 -20 -10 0 10 20 30

—8—Ey, y=1,8m Eu, y=6,2m Egon=5kV/m

Que. 5. Kpusu Ha 3aeucumocmma Ha
UHMEH3UMema Ha eleKmpUYecKomo nojie om
Pazcmosanuemo 00 0cma Ha KO10803a

[TapameTpuTe Ha EIEKTPUUECKOTO TOJE 3a-
BUCAT OT Pa3CTOSHUETO CIPSMO M3TOYHHKA Ha
u3buBaHe. B pe3yaTar Ha TOBa MEPCOHANBT,
KOWTO W3BBpIINBA paboTa MO KEIE30IbTHUTE
KOJIOBO3M, HE € M3JI0KEH Ha MHTEH3UTET Ha
EIIEKTPUYECKO I10JIe, HA/IBUIIABAIIO JOMYCTU-
Mara ctoitHocT OT 5 kV/m. Ilpu paGora Ha
M30JIMpaH KpaH, eKCIUIOATAI[MOHHUAT IepPCo-
HaJl Ha KOHTaKTHaTa Mpexa € H3JI0XKEeH Ha
EIIEKTPUYECKO T0JIe HaJa JOMyCTHMAaTa CTOM-
HOCT, HO camo Ipu padoTa Ha pa3CTOsSHUE, MO-
Manko oT 0,5 m OT KOHTAaKTHHSI MPOBOJHUK.
BpemeTro 3a u3BbpuIBaHE Ha TakaBa padora
TpsiOBa 1a ObJe OrpaHUYCHO B CHOTBETCTBHE
ChC CAaHUTApPHUTE CTAHIApPTH, KOETO € He MOBe-
ge ot 180 munyTn. Heobxommumo e chio Taka
Jla ce OCUTYPST Ha MEepCOHaNIa JIMYHU Mpe/na3-
HU Cpe/CTBa (CIEeHaIHA KOCTIOMU).

3AKVIIOYEHUE

B®3 ocHOBa Ha MPOBCACHUTC U3CJICABAHUA
MOTaT /1a C€ HaMpaBAT CIECIHUTE U3BOJIU:

1. MHayKTHUpaHUTE €IEKTPUUECKU HaIlpe-
KEHHS BbB BB3AYLIHUS MPOBOJHUK HA IbpBa-
Ta JIMHUA, KOTaTO TA € U3KJIIIOYCHA, Ha XKII IBY-
KOJIOBO3HA JIMHUS O] BB3/ICICTBIE HA BTOpA-
Ta JIMHUA U 6JII/13KI/IT€ BB3AYUIHU JIMHUU C I10-
HUCKO HANpeXeHHEe JOCTUTAT OMAaCHU CTONHO-
CTH.

2. NHaykTUpaHuTE €JIEKTPUYECKH Harpe-
JKCHHA BBbB Bb3AYIIHUA MPOBOAHUK HA BTOpATa
JIUHUS, KOraTo TS € U3KIII0YeHa, Ha KM JBYKO-
JIOBO3HA JIMHUA 11O BBBHCﬁCTBHe Ha II'bpBaTa
JUHUS U OMU3KUTE BB3yIIHU JIUHUU C MO-HU-
CKO HaIpeXeHHUE OCTUTAT OMACHU CTOMHOCTH.

3. IIpu pabGota Ha KpaH moj pabOTEIIH J1BE
JIMHUU Ha JBYKOJIOBO3CH II'bT, CKCINIOATAIIUOH-
HUST TIEPCOHA] Ha KOHTAKTHATa MpeXa € H3-
JIO’KEH Ha EJIGKTPUYECKO IOJe HaJl JOMYCTH-
MaTa CTOMHOCT, HO caMoO NpH paboTa Ha pas-
CTOsIHHE MO-MalKo OT 0,5 m OT KOHTaKTHHS
MIPOBOTHUK.
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INVESTIGATION THE EFFECTS OF COMPENSATION OF REACTIVE
LOADS IN NONLINEAR REGIMES ON THE RELIABILITY OF
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Abstract

In the case of non-linear loading, the probability of the occurrence of resonant phenomena increases sharply,
especially in case of incorrectly calculated and realized compensation of the reactive loads. This leads to a deterioration
in the reliability and resilience of power supply systems. The aim of the present study is to determine the compensating
capacity of capacitor banks in the presence of higher current harmonics, as well as to establish its relationship with
electromagnetic compatibility and reliability of power supply. The methodology of the survey covers theoretical aspects
related to determining the compensating effect of capacitor banks in nonlinear modes, the analysis of electromagnetic
compatibility and resonant frequencies of the studied objects, as well as forecasting the characteristics of reliability
functions R (t) and failure intensity A (t). The results of the study are related to two industrial sites of metallurgy and
mining — Alcomet LTD and a large manganese mine. The relative load of the capacitor banks, THD;, the resonant
frequency fp, R () and A (1) were determined. The main sources of development refer to the cases of realized at medium
and high values of cosg in the conditions of strong nonlinearity, in which it is often appropriate to use passive or active
filters instead of excessively increasing the power of the capacitor banks. It is practically confirmed and quantified that
there are clear correlations between electromagnetic compatibility and reliability of power supply, which are largely
determined by the quality and technical and economic level of compensation of reactive loads. Such a research approach
is innovative and has substantial grounds for originality.

Keywords: reactive power compensation, reliability of electricity supply, electromagnetic compatibility.

I. BBBEJIEHUE

IIpn HenMHENHO HAaTOBapBaHE, OCBEH I10sBa
Ha JION'BJIHUTENHU 3aryOu Ha MOIIHOCT U el.
eneprus (EE), ps3ko ce noBuIliaBa BEpOSTHOCT-
Ta 32 Bb3HUKBaHE Ha PE30HAHCHHU SIBJIICHUS MIPU
HEMpPaBUIIHO pa3deTeHa M peaju3hpaHa KoM-
neHcanus Ha peaktuBHuTe ToBapu (KPT) u ot
TaM BJIOIIaBaHE HA HAJEKTHOCTTA HA EJICKTPO-
cHaOmsiBaHeTO. B Ta3m Bpb3ka € HEOOXOIUMO

Jla ce U3BBPIIBAT MPEIU3HUA H3UUCICHUS U IIPO-
THO3Y Ha ()aKTopa Ha MOIIHOCTTA U KOMITCHCH-
paiara crmocoOHOCT Ha KOHJIEH3aTOpHHUTE Oa-
tepuu (Kb) ¢ 1ien HamansiBaHe Ha Ta3u BEPOAT-
HOcT. OCBEH TOBa TO3U MOJXO]] 1aBa BH3MOXK-
HOCT 32 MoJI00psiBaHE HAa CKCIUIOATAI[HOHHHUTE
XapaKTePUCTHKU Ha EIEKTPOTEXHHYECKUTE
CHOPBHKCHUS, PECIIEKTUBHO YCTOHYMBOCTTA U
Oe3aBapuiiHaTa paboTa Ha eIeKTpooO3aBexaa-
HETO.
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II. N30 KEHHUE

[Ipn Hamuume Ha BUCIIM XapMOHUIIU (B.X.)
Ha Hanpexxenuero (U) u Toka (I) B Kb, 3arybu-
T€ B TAX CE yBEJIMYaBaT M CTOMHOCTTA Ha MOII-
HocTTa UM Qs 3a MbpBU XapMoHUK Ha U n [ ce
U3MEHS 10 CTOMHOCT 3a CHOTBETHATA HEJINHEH-
HOCT Q,, KATO BH3HUKBA BEPOSATHOCT OT MPETO-
BapBaHe, onpeesieHo ot u3paza[1, 2, 8, 9, 13]:

Qs = Yu-V1-Oxs €Y)

KBJETO: Yy U Y; ca napluaiHu KoeduuueH-
TH, XapaKTepu3upalu gepopmanusira Ha Gop-
Mara Ha kpuBaTa Ha U u [.

OnpenensiHeTo Ha KOCPUIIMSHTHTE Yy U
cTaBa B ChOTBETCTBUE ¢ U3paszu (2) u (3):

o =1+ i(vz -, (%) @)
v=2
v=1+ i(vz -1). (j—l)z ®3)

kpaeTo: Uy u Iv ca chbOTBETHO B.X. Ha Harpe-
eHueto u Toka; Ur u 1 — mbpBU XapMOHHIU
Ha HaNpeKEHUETO U TOKA; V — HOMEP Ha ChOT-
BETHHS XapMOHHUK.

Ot (2) u (3) e sicHO, Y€ Yy U y; UMaT CTOM-
HOCTH TIO — T'OJIEMU OT €AMHUIIA U B CHOTBET-
ctBue ¢ (1), mpy 3HAYUTEITHU CTOWHOCTH Ha Yy
U Y; € Bb3MOXHO Ja C€ MOJY4YH CBIIECTBEHO
nperoBapBaHe Ha Kb. OTHOCUTENHOTO N3MEHe-
Hue Qg Ha mperoBapBaneto Ha Kb Moske n1a ce
OIIPEZEIN C IOMOILTA Ha U3pa3a:

. — 1 1
Q;6:QK6—,QK6:1_ =1-=- (4
Qs Yu-Yi 14

KBJETO: ¥ = Yy.Y; — KOMIUIEKCEH KOe(UIIUEHT
Ha aedopmarus Ha popmaTa Ha KpuBara Ha U
ul

N3pa3 (4) BCHIIHOCT MOKa3Ba B KakBa CTe-
NEH B OTHOCHUTEIIHU €IUHMLM CE € Hamalluia
KoMrieHcupamara criocoonoct Ha Kb npu Tsx-
HOTO IIpeToBapBane oT B.X. Ha U u I, onpenene-
HO oT u3pasa (1). 'paduunoTo npeacTaBsHe Ha
u3pa3 (4) e mokaszano Ha ¢ur. 1, OT KOSTO MOXe

Jla ce HampaBH H3BOJA, Y€ KOMIIEHCHpaIlara
cnocobnoct Ha Kb, 3aBucemia penunpovyHo ot
U3MEHEHHUETO Ha Q 5, CHIIECTBEHO CE HAMAISIBA
C YBEJIMYaBAHETO Ha KOMIUIEKCHHS Koepuiu-
€HT Y, T.€. C yBeJIMYaBaHETO Ha Jedopmanusara
Ha (opmara Ha kpuBaTa Ha U u I, onieHeHu ¢
NapIuaTHUTEe KOCPHUIIUESHTH Yy U V.

Ors
0,7

0,6
0,5
0.4
03
0.2
0.1

0 '
1 15 2 2.5

Que. 1 3asucumocm Qrg =1 (v)

KPT nipu HenuHEHO HAaTOBapBaHE € MPSKO
CBBp3aHa C eJIEKTPOMArHUTHATA ChBMECTHMOCT
(EMC) ot kosTO B TroyisiMa CTETEH 3aBHCH
HaJIOKIHOCTTA Ha eNIeKTpocHabsBaHeTo [5,6,7,10].
W3cnenBanusTa 10Ka3Bar, 4e ChIIECTBYBa KO-
pelanoHHa 3aBUCUMOCT MEXKIY PYHKIHITA HA
HagexaHoCTTa R(t), 1 OTHOCUTEITHOTO U3MEHEe-
HHMe Ha MolnHocTTa Qg Ha Kb mpu HenmuHeeH
PEXKHM.

1. TTPAKTUYECKHU U3CJIEABAHUA

OOekT Ha M3ClenBaHe ca EIEeKTPOCHAOIM-
tennute cucremu (ECC) Ha nBe ronemu pupmu
0T MeTaJypruyeckara MpOMHUIIUIEHOCT U PYI0-
nobusa. B nmpennpusitero 3a mpou3BoACTBO HA
AITyMUHUEBU PODUIN aHATIU3a Ha EJIEKTPOIO-
TpeOJICHUETO Ce OCBHIIECTBSBA C MOMOIITA Ha
U3rpajieHa CUCTEMa 32 €HEPTUEeH MEHUKMBHT
Ha HEMCKaTa bupma YANITZA
ELECTRONICS [4]. HanpaBenute uzmepBa-
HUS JaBaT BH3MOXKHOCT J]a CE€ MOCTPOST 3aBU-
cumoctute Qs = f (y) 3a 12-Te ocHOBHH 1IeXa
Ha 3aBoja (Ha ¢ur. 2 ca MOKa3aHU JBE 3aBUCHU-
moctu 3a [{I1208 u I1I1209). B Tabnuyen Bujg
(Tabn.1) ca mpencraBeHH OCPETHEHU CTOHHO-
ctu 3a Qu, THDi, ¢akropa Ha MomHOCTTa
(cosg), pesonancHara yectora f,, R(t), u un-
TEH3MBHOCTTAa Ha OTKa3uTe A(t) 3a ChHIIUTE Iie-
XOBE€, MOJIYYeHU OT KOHKPETHUTE U3CIIECIBAHUS
a ChIIO TaKa U B Pe3yJTaT Ha MHOTOTOJUIITHU
aHaJIM3H.
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Tabn. 1 Xapaxmepucmuxu 3a LI na obexma

Ta6s1.2 Pesynratu oT n3MepBaHusTa 32 pyJJHUKA

. Sum .
Ne na IIIT [kVA] Qxs cos@ fp Mb) R(t) THD;

S |coSpp| Ok | OU | ev | & | THDy | THD:

L1120 630 0,64 0,87- 5775 0,0158 | 09842 | 273
0,94 v=11
1111207 400 0,62 0,82- 752.8 0,0181 | 0,9819 | 28.1
0,94 v=15

kVA - kVAr % % % % %

Tlooszemna yvam

111208 630 0,52 0,87- 538,7 0,0173 0,9827 29,1
0,96 v=11
111209 1000 0,64 0,88- 563,2 0,0162 | 0,9838 28,5
096 v=11

0,93 1,71 | 4,62 | 2,67 4,79
818 0,83 202 + + + + +
1,01 2,46 | 283 12,8 33,1

L1210 1000 0,54 0,82- 4587 0,0156 | 0,9844 | 19,1
0,92 v=9
211 1000 0,26 0,84- 468,5 0,0138 | 0,9862 | 16,3
093 v=9
212 1600 0,32 0,86- 4378 0,0126 | 09874 | 19,7
0,95 v=9
L1101 1600 0,38 0,89- 443 0,0118 | 09882 | 16,8
0,92 v=9
TII102 1600 0,59 0,84- 4395 0,0122 | 0,9878 | 19.1
0,94 v=9
LI11s 1600 0,48 0,38- 4427 0,0126 | 0,9874 | 20,5
0,93 v=9
1111203 1600 0,38 0,86- 4472 0,0114 | 0,988 | 11,3
0,95 v=9
L1231 1600 0,31 0,83- 4387 0,0121 | 0,9879 | 9.4
0,95 v=9

1
08

[una2os

0.6

0.5 cospy =086

0.4

P cosip;=0,88
0.2

s Tosipy=0,91

1 1.3 2

Qte
048

1209
07 -
g cosipy=0,
0.5

0.4

03 Cosp;=0,9
0.2 cosipy=0,88
0.1
1 1.5 2 L

Que. 2 3asucumocm Q;;= fv)za I1208 u 209

AnpoOaius Ha NpeacTaBeHara MOCTaHOBKa
€ HallpaBeHa B TOJIIMa MaHTaHOBAa MHUHa, 3a-
xpanBana ot 18a CT mo 630kVA. Ilo oTHomte-
HUE Ha HAJCKIHOCT Ha EJIEKTPOCHAOIsIBaHE,
o0ekTa e HyJieBa kareropus. M3cnenBanusira ca
HampaBeHU ¢ nomoinra Ha aHanuzatop ALPFA
P+, B 1Be KOHTPOJHM TOYKM Ha MOJ3EMHA M
Ha/I3eMHA YacT Ha pyAaHHKa. Yact oT pe3ynra-
TUTE HAa U3CIEABAHETO (CpelneH ToBap Scp,
COSQcp, CPEAHO OTKIIOHEHUE HA HATIPEIKCHUETO
OU, Koe(puIIMeHTH Ha HECUMETPHSI 110 TOK U TI0
HaTpeXXeHUe, €y U €1, HHTETPATHUTE KOSPHUITH-
CHTU Ha HECMHYCOWJAIHOCT MO TOK U MO Ha-
npesxxeaue THD; u THDuy) ca mpencraBenu B
tabx. 1 [3, 11, 12].

Haoszemna vacm

0,95 0,96 |3,15 2,12 4,55
632 0,88 136 : : : : +

1,03 1,97 14,7 9,85 27,8

IV.  3AK/IIOYEHHE

Hanpasenure uscnenBanus 3a [Bata 00eKTa
JaBaT BB3MOXKHOCT JIa C€ HAIMpPaBAT CICIHUTE
MO-Ba)KHU U3BOIH.

1. TIlpeanmpusaTHe 3a
npopuiu:

e (CpuiecTByBa BEpOSITHOCT 32 MOSIBAa HA PE30-
HAHCHU SIBJICHUS TIPU OMPENIEICHH ChOTHO-
IIeHMs] Ha KalalluTUBHUTE U MHAYKTUBHUTE
coenpotusieHus Ha Kb, CT u HenuHeNHuAT
ToBap. HanpaBeHurte nzuucienus nokasar,
4e Ta3W BEPOSATHOCT € Hall — roysiMa B Tpa-
Humure v = (9 + 15) XxapMOHHMK Ha TOKa KaTo
€ Bb3MOXKCH PE30HAHC U TIPU YETHU XapMO-
Hu (v = 12). 3a u30sArBaHe Ha pe30HAHCHU
SIBJICHHSI € HEOOXOAMMO J1a CE U3I0JI3BaT aH-
TUPE30HAHCHU (DUITPU, OCUTYpSBALIU He-
MoTalaHe Ha HATOBApBAaHUS B TO3M JHAra-
30H.

e Ot ¢dur. 2 ce BUXKAa, Y€ MPHU MO — TOJIEMH
CTOMHOCTH Ha cos@ (cosp > 0,85) e HeoOXo-
IUMO J1a ce 100aBH MO -TOJISIMO KamuTajo-
Bioxenue 3a Kb mpensup cb3naneHus ne-
¢bunuT, B CIEICTBUE 10 - CUIIHOTO HaMaJs-
BaHE HAa KOMIICHCHpAIaTa UM CHOCOOHOCT.
B Tax®bB ciyuaii moHsIKOra ce 0ka3pa I1o - I1e-
Jec00pa3Ho Ja ce Bb3JeiCTBa 32 Hamals-
BaHE Ha Y, T.€. IpUjlaraHe Ha MEpONpPUATHUS
3a MUHUMHU3HpaHE HUBOTO Ha B.X. [IpaBuii-
HOTO TEXHUYECKO pElIeHHE MOXE Jla ce 13-
Oepe cies1 U3BBPIIBAHE HA TEXHUKO - HKOHO-
MUYECKHS aHaJIU3 Ha JiBa BapUaHTA - yBeJIU-
yaBaHe Ha MomrHocTTa Ha Kb 1 nHCcTamupa-
He Ha QUITPO - KOMIIEHCUPALIY CUCTEMH 32
OrpaHHYaBaHE HUBOTO HA B.X. (MACUBHU U
aKTUBHU QUITPH).

ATYMHHHECBHU

2. MaHranosa MuHa:

o EHepI‘eTI/I‘IHI/ITe qacT Ha noAa3€MHaTra 4acT
Ha ECC Ha pyHHMKa ce XapakTepus3upa C ro-
JiiMa IMHaMHKa, HCONMPEACICHOCT U C MaJIKU
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BBb3MOXKHOCTH 3a TMporHo3upyemocT. Koe-
(GUIMEHTHT HA TOBapa B ce U3MEHs B LIUPO-
KU TPaHUIIY, CHIIOTO CE€ OTHACA U 32 COSP, a
Koe(DUIIMEHTUTE Ha U3IMOJI3BAHE U €THOBPE-
MEHHOCT UMAaT roJIEMH JUCIIEPCUOHHH ChC-
TaBsamy. ToBa Hajara 1a ce HaOeleKaT KOH-
KpPETHU MEPOIPHUITHS 3a HaMaJIsIBAaHE Ha 3a-
ryOuTe OT AUCTIEPCUOHHU CYOCTAHIIMU U Bb-
BEX/IaHE HA JUHAMHUYEH U aBTOMATU3UpPaH
peXUM Ha KOMIICHCAI[Usi Ha PEaKTHUBHUTE
TOBapH.

e KauectBoTo Ha EE B pynHuKka € B He3aBUIHO
ChCTOSIHME. PexkumuTe Ha pabota mMoraT aa
Ce XapaKTepu3upaT Karo CHUJIHO HECHMe-
TpUYHH U HecuHycouganHu. [loka3zarenure
eu, €, THDy u THD; n3nuzar u3BbpH orpa-
HUYECHUSATa Ha HOPMATHMBHUTE HW3HCKBAHUS
Ha penuia ctanaapta. Heobxomumo e na ce
HaOenexaT KOHKPETHH MEPOIPHSITHSI 32 TI0-
noopsisane Ha [IKEE, xarto ontummsupane
Ha PEKUMUTE Ha paboTa, CXeMOTEXHUYIECKU
MIPOMEHH, BBBEKIAHE Ha CUMETPO U PUITPO
- KOMIICHCHpAILd YCTPONCTBAa WIH Ja cC€
ontumusupa KPT c nen noBuiiaBane Ha Ha-
nexaaocrra Ha ECC.
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CPEJJHO HAITPEXXEHHME ITPU BJIOIIEHO KAYECTBO HA
EJEKTPUYECKATA EHEPI'UA

Wanes U.X.!, Tanues X.U.2, Togopos B.B.3

'Munno-eeonoxncku Yuusepcumem, Cogpus, Kameopa ,, Enexmpocnabossane u enexmpoob3zasedicoane
*Texnuuecku Ynusepcumem Bapna, Bapna, Kameopa ,, Enexkmpocnabossane u enekmpoobsagexucoane
*Munno-eeonoacku Yuusepcumem, Cogus, Kameopa ,, Enexkmpocnabossane u enexmpoobszasedicoane

RELIABILITY STUDY OF MEDIUM VOLTAGE GRIDS IN CASE OF POOR
POWER QUALITY
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Abstract

Deteriorated quality of electricity results in accelerated aging and deterioration of reliability, not only of the basic
electrical equipment (power transformers, electric motors, capacitor banks, etc.), but also of power cables and wires.
The aim of the development is as a result of many years of research to present the results of the impact of the deteriorating
quality of electricity on the reliability of medium voltage cable lines. The methodological statement covers the
examination of the main reliability indicators, such as the frequency of the failure (t) and the failure intensity 1 (t), as
well as the average duration of SAIDI power failures an d the average frequency of SAIFI power outages in accordance
with the EN50160 standard. The object of study are cable lines 6, 10 and 20 kV in the mechanical engineering industry,
for a 15-year period. The results of the research show that there is a significant increase of w(t) and SAIFI, in the range
(80 + 90)% for a sample with deteriorated electricity quality, compared to a sample with normal power quality indicators.
The SAIDI values for a sample with poor power quality are much higher than the average duration of interruptions,
which is about 11 hours for the specific study. The main conclusion of the development is that the quality of electricity
has a significant impact on the reliability of medium voltage cable lines, as their life is reduced by about two times. The
above fact determines the need to create a new original and innovative approach in the choice of cross-section of medium
voltage cable networks, taking into account the impact of electricity quality

Keywords: power quality, reliability of electricity supply, failure rate.

1. BBBEJEHUE Ha 3axpaHBanuTe Kadenu u mpoBogHULHA. Chb-

MECTBYBAT T'OJIIMO KOJUYCCTBO NPOMUIIIICHU

3axpaHBaHETO Ha MOTPEOUTETUTE B MPOMHU-
[IJICHUTE 00EKTH OOMKHOBEHO CE OCBHIIECTBIBA
¢ xabemuu muanu HH m CH, mosjoxeHu B Ka-
OenmHU KaHamW WU KabemHu ectakaaw. [Ipum
BJIOIICHW TIIOKazaTean Ha KadecTBoTo EE
(ITKEE) - BECOKH CTOHHOCTH HAa KOSPUITHECHTH-
T€ Ha HECUMETPHsI, HEYPAaBHOBECEHOCT U HECH-
HYCOUJHOCT, C€ MOJy4yaBa YCKOPEHO CTapeeHe
HE CaMO Ha OCHOBHOTO €JIEKTpOo0O3aBekIaHE
(cunoBU TpaHCPOPMATOPH, EIEKTPUUIECKH JIBU-
raTeNu, KOHJACH3aTOpHU OaTepuu U JIp.), HO U

00€KTH, TIPU KOUTO KOCPHUIIMEHTUTE HA HECH-
METpHSI 1 HEYPaBHOBECEHOCT HA TOK M Hampe-
XKeHue (&, €u, i, Ou,) ¥ HHTETPATHUAT Koehu-
[MEHT HAa HECHHYCOUJATHOCT TI0 TOK M Hampe-
xenue (THD1 u THDu) ca B rpanuiute, moco-
yeHu B Ta01.1.[2,3,4] OTKIIOHEHHETO Ha HATIpe-
»keHueto dU chIIo € IoKaszaTell, KOMTO OKa3Ba
CBHILIECTBEHO BIUSHUE BHPXY HAJEKIHOCTTA HA
enekTpocHaOasBaneTo. [Ipu moHmxkeHo Hampe-
KEHHE Ce HaMaJlsBa MPOITyCKATEIHATaA CTIOC00-
HOCTTa MPEXHUTE U MOXE Jla ce MpeInu3BUKaT
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aBapyM, KakKTO Ha KaOeJTHuTe JIMHHUH, TaKa U Ha
HOTpe6I/IT€.HI/ITe, KOHUTO CC 3aXpaHBaT OT THAX.

Taba.1 Pecucmpupanu énowenu [IKEE 6
NpOMUULNIEHOCIMA.

eil%1|leul%]1|ail%]|aul%]|THDI[%] | THDu[%] |8 U [ % ]

2,7-19,4 | 1,32-5,62 | 2,3-16,9 | 1,23-4,98 | 3,8-40,4 | 1,22-9,18 | -12 :+15

II. N30 KEHHUE

[loBHIIEHOTO HaANpEeKEHHWE MHOI'0 YeCTO
BOJIY /IO MTOBUIIIABAHE HA TOKA MPE3 MPEKUTE U
ChOPBKEHUATA U Ch3/1aBa YCIOBHS 33 Bb3HHK-
BaHE Ha MOBPEIU U aBapuH.

[Ipu TBBpHE BHUCOKMTE 3HAYEHUS 3a
THDi u THDu (ta6:.1), morydeHu BCIeACTBUE
Ha BUCOKHTE cToitHOoCcTH Ha 3,5,7,11,13,17 u 19
XapMOHWK, B H30JIAIUATa Ha KaOeIUTe HACThII-
BaT (PU3UKO-XUMHUYECKH MPOIECH, a TOKOIPO-
BOJISIIIINTE KHJIA PAOOTAT MPH YTEIKHEH TEPMHU-
4yeH pexxuM. ToBa BoAM 10 UyBCTBUTEIHO HaMa-
JIsIBAaHE HA EKCIUIOATAllMOHHUS pecypc M Ha-
NEeKIHOCTTa Ha KaOETHUTE MPEXH B MPOMHU-
[UIeHUTe 00eKTH. B MeramypruyHata mpoMu-
HNUIEHOCT €HEPreTUYHUTE MPOLIECH €A CHIIPOBO-
JICHU ChC CUJIHO M3pa3eHa TOKOBA U Hampeke-
HOBa HECUMETPHSI U TEHEPUPAHE HA YETHH U HE-
YETHU B.X. HAa TOKa U HANPEKEHUETO, OLICHEHU
ype3 koeduimenTute Ha xapmMoHuka Kiv u Kyy.
IIpu excrnoaranusta Ha 100 ToHHa 25 MW
€JIEKTPObIOBa MEIl, MPHU CHJIHO BIIOIICHU
[IKEE ca Bb3HUKHaAIM pelulia aBapUu HA ChO-
pBKeHus (pa3eInHUTENH, TPEKbCBAUN, TOKOBU
U HAIpPEKEHOBH TpPaHCPOPMATOPU H JIPYTH),
KaTo 3a 7-rOJIMIIEH MEPUOJI ca MOJMEHEH! HaJl
14 xm noBpenenu kadenu CH [2].

B xumunyeckata NPOMMIIEHOCT IPHU
eKcIUIoaTalusATa Ha MOIIHHU EJIEKTPOJIU3HU
ypendbu ce reHepupaTr B.X. Ha TOKa, KaTo
eKCTPEMYMBT Ha YECTOTHATa XapaKTEPUCTHUKA
npu 12-¢a3Hu HEeynpaBIsieMH U3IPABUTETH CE
Hamupa Mexay S5 u 13 xapMoHuk Ha Toka. ToBa
TpsIOBa J1a ce uMa MpeABu/ MpU U3CIeIBaHe Ha
BEPOSITHOCTTA 32 Bb3HUKBAHE HA PE30HAHCHU
sieHus B L-C KoHTypa Ha Mpekara, 0COOCHO
P KOMIIEHCALUsI HAa PEaKTUBHUTE TOBAPHU.
[Ipu nedexTupane Ha OTACTHU JUOIU WIH JU-
OJIHU TPYIU Ha U3NPABUTEIUTE MHOTO YECTO CE
IIOJTy4aBaT CUJIHO U3Pa3eHU HECUMETPUYHU pe-
KUMH, CBHIIPOBOJICHU C I€HEpPUpPAHE Ha aHOP-

MaJTHU XapMOHHITY Ha TOKa. ToBa ps3KO yBEIH-
YJaBa BEPOSTHOCTTA 32 Bb3HUKBAHE HA PE30HAHC
M BJIOIIaBa HAJEKIHOCTTa HA BCUYKU CHOPH-
wenusa or ECC. M3cnenBanusi, NpoBeleHU B
12-roguuieH mepuoji, B TOJAM XUMHUYECKHU 3a-
BOJI, IOKA3BaT, Y€ HHTCH3UBHOCTTA HA OTKa3H-
Te A(t) 3a paznuyHu cuioBH enemeHTd ot ECC
ce yBenuuaBa B rpanunure ot 38 mo 74 % ot
HOPMATHUBHUTE W3HUCKBAaHUS, KaTO OCHOBHA
npuynHa 3a toBa ca BiomeHute [IKEE.[2,5,6]
OcBeH aBapupajno en. o0O3aBeXmaHe, BCIEI-
CTBHE Ha YCKOPEHO CTapeeHe Ha M30JIAIUATA,
ca nedexTupaiu u ca MoAMEHEHU OKOJIO 9 KM
kabemu Ha CH (10 kV).

B [1] B cucTteMatu3upan BUJ ca mpeacTaBe-
HHM OCHOBHHUTE IOKAa3aTEIM 3a OICHKA Ha Ha-
JEKTHOCTTA B ChOTBETCTBUE C PA3IUIHU JINTE-
paTypHU H3TOYHHUIM. YecToTaTa HA OTKA3HUTE
o(t) ¥ WHTEH3UBHOCTTa Ha OTKa3zute A(t) ce
OTIPEMIEIISAT C MOMOIITA HAa U3PA3HUTE:

w(t) = IIVVLOT: [r™1] At) = % [r]

Ycp
1
= E (NHH + NMK)

KbJ1€TO: Nor- OpOSAT Ha OTKa3amuTe 00pas3Iu 3a
BpeMe t; N, - mbpBOHavasieH Opoit 006pasmu; Ny-
Opoii Ha m3npaBHUTE 00pa3iu; Nyucp- CpeieH
Opoii Ha M3MpaBHUTE OOpa3ld B UHTEPBAIA OT
BpeMe t; Nux ¥ Nux - OposAT Ha M3NpoOBaHHUTE
00pa3ny B HAYAJIOTO ¥ Kpasi Ha MHTEpBaJIa t.

OyHkmsITa HA HagexkAHOCTTa R(t) B [0.€.]
Cce OTIpe/iessi C OTHOIIICHHETO:

(1)

N():NPI+NOTK N

Hcp

NPI (No B NOTK) NOTK
R(t) = 2 = —1-
N, N, N,
R(t) = e* = e“t; (w = A); (2)

Rt)=1—At=1—wt

B teopusara Ha HageKAHOCTTAa aBapUHWHHUTE
CBhCTOSIHUS C€ Pa3IIekIaT KaTo MOTOK OT CIIy-
yaitHu cbOuths. [IOoTOKBT € cralrmoHapeH,
opAvHapeH U 0e3 MOCIEICTBUE, KOTAaTO Ce U3-
IIBJIHSBA YCIOBUETO B w = A = const. Iloro-
KbT € [loacoHOB, aKo €THOBPEMEHHO € Op/IMHA-
peH u 6e3 MocaeACTBUE, KaTO B TO3M CITy4ail Be-
POSITHOCTTA 32 N-0TKa3a B MHTEpBaJIa OT BpeMe
tP(n, wt) ce ompexenst upe3 3akoHa Ha [loa-
COH:

A" "
P(n,At) = “n et = (CD) et
n! n!
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3a olleHKa Ha MOKa3aTeJIUTe Ha HaJexK I
HOCTTA pa3riefaHu KaTo clydyailHa BeJINYMHA €
HeoOX0UMO J1a ce MO3HaBa 3aKOHBT Ha pas-
IIpeCIICHUE Ha Cily4yailHaTa BenuduHa. Haii-
4YeCTO U3MOI3BAHNUTE 3aKOHH 32 MOJIEIMpaHe Ha
BEPOATHOCTHUTE PAa3NpPEIEIICHUs Ha IT0Ka3aTe-
JUTE HA HAJEXKIHOCTTA Ca: EKCIOHEHIIMAIHO
pasIpenencHue,  JIOTapUTMHUYHO-HOPMAJIHO,
I'ama, Epnanr u BeitOyn paznpenenenus.

B cranmapra EN BJIC 50160 ce nedu-
Hupar “CpenHa NPOABLKUTEIHOCT HA MPEKb-
CBaHHUSTA Ha 3aXpaHBAHETO Ha Pa3TJICKIAHUS
ob6exT unu cvopbxkenne” (SAIDI) u “Cpenna
YEeCTOTa Ha MPEKbCBAHMSATA HA 3aXpPaHBAHETO
Ha pasriaekaaHnus OOCEKT WM ChOpBKEHHE
(SAIFI). ToBa ca NpOIBIKUTENHU CIydallHU
MPEKbCBAHUS HA 3aXPAHBAHETO C BpEMETpacHe
[I0-TOJIIMO OT TPU MHUHYTH, KOUTO CE OIpene-
JIST C IOMoIITa Ha (hOpMyIIHTE:

m Ti.Ni

SAIDI == [min);

m

i Nifop.
SAIFI =L[—
N

rof

kbpaeTo: Ti-BpemeTpacHe Ha i-TOTO NpEKbCBa-
He; Ni-OposiT Ha 00pa3uuTe 3acerHaTu oT i-To-
TO TIPEKbCBAaHE Ha 3axpaHBaHeTo; N-00111 Opoii
NpUCheIMHEHH 00pa3iy; m-0poil Ha MpeKbCBa-
HUSITA HAa 3aXPaHBAHETO.

ABapuute B KaOeITHUTE TUHUU HACTBII-
BaT MO CYOEKTHMBHU W OOCKTHBHH NPHYUHH.
KbM cyOexkTuBHHUTE (PaKTOpH OTHACSIME IIO-
TPEIIHNTE JIEHCTBUS Ha OOCITYXBalHs Mepco-
HaJI, B pe3yJITaT Ha HUCKA KBaJTM(UKAIMS U JIO-
I1a OpraHu3anus Ha pabOTHUS Tpolec, Helu-
CHMILTMHUPAHOCT 1 HEOpeKHOCT. CyOeKTHBHU-
AT XapakTep Ha OTKa3UTE MHOTO YECTO BOJH 10
TEXKH MEXaHWYHU MOBpEIU B KaOeTHUTE Tpa-
ceTa U KaOeTHUTE JIMHUM, MOHTAXHU AedeKTn
CbC CEpHUO3HM HETaTUBHH IOCIEACTBUS U Bb3-
HUKBaHE Ha EKCIUIOATAlMOHHW ABapUiHU CHU-
Tyauuu.

OOeKTHBHUTE NPUYMHH CE CBEKAAT 110
aMOpTH3aLUs U CTapeeHe Ha M30JalusiTa Ipu
BBH3HUKBAHE HA [IPEHANPEKECHUE U ITPETOBapBa-
He, paboTa B yCJOBUSATA HA HECUMETPHUYHU U
HECHHYCOUJATHN PEXKUMH, HENPAaBWIHH |
YTeKHEHH NPOYUIAKTHYHH H3NUTaHUs, ¢a-
OpuuHO-3aBOACKH nedexTu u np. Excroara-
U Ha 3aXpaHBaIllUTe MPEXHU B arpeCUBHA Cpe-

7la, XapakTepHU 3a XMMHYECKaTa MPOMHUIILIE-
HOCT, METAIyprusiTa, MalIMHOCTPOEHETO U AP.,
BOJIM JI0 Pa3BUTHE Ha KOPO3UOHHU U TajBaHUY-
HHU IPpOUCCU MCKAY IMPOBOAAIINUTC KUJIAa U MC-
TajmHaTa OpoHs Ha KabenuTe, KOeTO € MpUYrHa
3a YCKOpPEHa aMOpTH3allis U TMOBUIICHA aBa-
PpHUITHOCT.

III. TTPAKTHYECKH
N3CJIEABAHUA

[IpoBeneHo e u3cienBaHe HAa HAJIEKHOCTTA
Ha kKabenHurte muHUM Ha 6, 10 u 20 kV B otpa-
c¢ha MammHocTpoeHe 3a 15 roauiieH nepuo.
BposiT Ha u3cneaBaHUTE TPOMUIIICHH OOEKTH
B OTpachiia € 18 chC cyMapHa IbjIHA MOIIHOCT
Sy=568 MVA, a o0mara nb/DKMHA Ha U3CIE-
BaHWTE KaOemHu TuHuM € 183 KM, pa3BUTH KaTo
MarucTpaiy U paguaiy ¢ ool 6poi mpuodIn3u-
tenHo 720. Peructpupanure aBapuiiHu ChCTOSI-
HUs 3a nepuona ca 874 Ha Opoii, ¢ obma mpo-
JTBJKUTETHOCT HA aBAPUITHUS MPECTON OKOJIO
9600 yaca. He pnocraBeHaTa eyeKTpudecka
eneprus ¢ okoso 220 000 MWh, a 3arybute Ha
MIPOMUIIUICHUTE OOCKTH B OTPAChIIa OT MPEKb-
CBaHE Ha 3aXpaHBAHETO Ce OIEHSIBAT HA OKOJIO
92,5 MIIH. 1€Ba, KOSTO 03HAYaBa, 4e ¢AUH HEI0-
ormycHar MWh enexTpoeHeprus BoJu 110 IeTa
Ha MPOMUIIITICHUs 0OCEKT B pa3mep Ha 420 neBa.

B uscnensanero ca 000co0€HM IBE U3BAIKU
3a aBapUIHHUTE ChCTOSHUS - TBPBOTO B 00E€M OT
138 aBapum Ha kabeHu TuHUU Ha 6,10 1 20 kV
C IBJDKMHA OKOJIO 22 KM C€ OTHacs 3a IPOMHU-
nuteHu ooextu ¢ Biomenu [IKEE cbe croitHo-
CTH TPUOIM3UTETHO €AHAKBU C TE3H OT
Taba.1.BTopaTta u3Banka e ¢ ooem ot 143 aBa-
pUU C IBJDKWHA HAa KaOeIuTe OKOJIo 35 KM U €
cbe cpaBauTenHo HopmaiaHu [IKEE. Ha ¢ur.1
ca TPEJOCTaBeHH KPUBUTE HA M3MEHEHUE Ha
®(t) ChOTBETHO 32 U3BAJKATA C BIOIIECHU W HOP-
manuu [TIKEE.

ol §

[t i)
08 +

snowenw MKEE

Hopmannu MKEE

} 1 I I I I I I I i I I I I 1
T T 1 t T T 1 1 t 1 1 t -

T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 [

Que. 1 Kpusu na usmenenue na w(t) 3a erouenu
u nopmannu [IKEE
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ABapunte B KaOETHUTE JIMHUU HE CE pas3-
rIIexaaT qudepeHIupaHo, a ca aHATM3UPAHU B
00111 IIJ1aH - OTHACAT Ce 3a camus Kabe, kadeJ-
HUTE My}H, KaOeIIHUTEe HaKpalHULK (3a/1eM1Ka)
" KabeHara n3onanus. M3unciesure cTouHO-
CTH 3a (® ca OTHECEHM 3a | KM IbJDKMHA HA Ka-
OenmHaTa JMHUS. AHaNM3a Ha MPEACTaBEHUTE B
rpaduyeH BUJ pe3yATaTH MOKa3Ba, 4€ CTOMHO-
ctute 3a o(t) U mpu ABeTe rpaduKu HE Ce MO~
YUHSIBAT HA HUTO €JIMH OT 3aKOHHUTE 3a pa3mpe-
JielieHue Ha c.B., popmynupanu no-rope. Tosa
ce IBJDKU Ha PA3IMYHUTE YCIOBUS HA €KCIII0A-
Talus Ipu TBBPJE IBJITUS MIEPUOJ HA U3CIe-
BaHE, C MPOJIBJDKUTENHOCT OT 15 roxmuu. 3a
JIBETE KPUBHU CHILECTBYBa 00Ila TEHAECHUHUS 32
yBennuaBaHe Ha o(t), KaTo mpu KpuBaTa ¢ BIIO-
meHa [IKEE Ta3u TenaenIus e no-cuiHo u3pa-
3eHa ¥ o(t) e B rpanuuure 1,5 10 2,5 mbTH no-
rojsiMO B CpaBHEHHE C KpUBaTa C HOPMAallHU
INIKEE. 1 npu aBete KpuBU ce HaOII0/1aBatr
Cra/ioBe, KOETO Ce IBJKU Ha MOAMSHA Ha aBa-
pupanu kabenu ¢ HOBH WM 3aMsHaTa UM C Ta-
KHMBa C MO-TOJIIMO CEYEHHUE U MO-TOJISIMA MPO-
MyCKaTelIHA CIIOCOOHOCT, PECIEKTUBHO MO-TO-
JsiMa HaJIeKTHOCT.

Ha ¢wur. 2 ca npeacraBenu rpaduku Ha U3-
MeHeHue Ha SAIFI 3a BiomeHn U HOpMaIHU
[TIKEE. Cpaaurennus ananus 3a o(t) u SAIFI,
MOKa3Ba, Ye ChIECTBYBAT OOIN TEHICHIIUH 32
JIBETE XapaKTEPUCTUKH HA HAJICKTHOCTTA.

Pa3nukara Mexay TsX B TEOPETHYEH IUIaH U
KaTo MOJIYYEHH PE3YJITaTH €, ue Ipu o(t) u3uu-
CIIGHUATA CE MPaBAT, KaTo ce IMpHUemMa, 4e aBa-
pupare Kkabenu He ce MOAMEHSIT C HOBHU, JIOKATO
npu SAIFI Te ce mogmensart ¢ HOBU(No,<N).

SAIFI,
[6p/r]
0,6
0,5

! snowenu MKEE

04
03
0,2

Hopmanuu NMKEE
0,1

Il Il ] il ] ] Il ] ] 1 } ] il } ]
1 2 3 4 5 6 7 8 9 10 11 12 13 18 15 [

Que.2 Kpusu na usmenenue na SAIFI 3a
enowenu u Hopmannu [IKEE

[To anamoruyeH HA4YMH ca HAPABEHU U34YU-
CJICHHS U € TpeJcTaBeHa rpaduuHa HHTEPIIpe-
Taus 3a mokasarens SAIDI 3a nBete u3Bagxu
Ha [IKEE, nokazanu Ha ¢ur. 3. Ot rpaduxure
ce BIK/IA, Y€ I0CTa YeCTO MOIYICHUTE CTOIHO-

ctu 32 SAIDI, ca mo-BUCOKHU OT BpEMETPACHETO
Ha cpeAHaTa IpOIBbJKUTETHOCT Ha MPEKbCBa-
HusaTa, KosaTo € 9600 h / 874 apapun = 10,98 ua-
ca3a enHa aBapusi. ToBa ce AbJKH Ha (hakTa, ue
JIBETE W3BAJIKU 3a BKJIIFOUCHH 3HAYUMHU aBapuii-
HU CBhCTOSIHHS C TOJSIMA MPOABJIKATETHOCT Ha
BB3CTaHOBUTENHUS Tiporiec. OCBEH TOBa Cpeli-
Hata npoabkuTenHocT Ha SAIDI 3a uzBaaka-
ta ¢ Bnoxxenu IIKEE e okomno 13 gaca u e 1o-
BHCOKa OT CpeJHaTa MNPOABIKUTEIHOCT Ha
SAIDI 3a uzBagkara ¢ Hopmannu [IKEE.

SAIDI, [u]
20 +

snowexn MKEE
15 4

10 +

sopmanuu NKEE

1 2 3 4 5 6 7 8 9 llﬂ 1‘1 1‘2 1.3 14 1‘5 tIrl
Due.3 Kpusu na usmenenue na SAIDI 3a
enowenu u Hopmannu [IKEE

Tosa mokasBa, ue BromeHute IIKEE mmar
HETaTUBHO OTPAKEHHUE HE CaMO BBPXY Opos Ha
OTKA3UTE, HO U BBPXY CIIOXKHOCTTA HA aBapuu-
HOTO ChCTOSIHUE, PECIIEKTUBHO BbPXY BPEMETO
3a Bb3CTAHOBSIBAHE HA aBapusTa.

IV.  3AK/IIOYEHHUE

[IpoBeneHuTe wW3cCnenBaHUS IOKA3BarT,
ye kadecTtBoTo Ha EE oka3pa BausHHE Ha Ha-
nexaHocTTa Ha KabenHute mpexu CH. Iomy-
YEHUTE KOHKPETHH pPE3yJITaTh J1aBaT OCHOBA-
HUE J1a CE HallpaBU U3BOJIBT, Y€ KUBOTHT HA Ka-
OemHUTE MpeXH, paboTelmy B YCIOBHUATA Ha
pinomeHu IIKEE, ce HamansBa 0koJIo JIBa IbTH.
OcBeH TOBa B pe3yJiTaT Ha [IPETOBapBaHE U Bb3-
HUKHQJIUTE HEOoOpaTuMH (HU3UKO-XUMHUYCCKU
MPOLIECH, OCBEH EKCIUIOATAIMOHHUST PECYpC
Ha KabenuTe, PSA3KO Ce HamMaysiBa TAXHATA Ha-
JIEKIHOCT U MOBUILIA BEPOSITHOCTTA 332 HACTBII-
BaHE Ha aBapHilHU ChCTOsIHUS. [loBHIIaBaHETO
Ha TOKOBOTO HATOBApBaHE B pE3yJTaT Ha Bb3-
HUKBaHE Ha MyJcUpamy W aepopMaluoHHU
MOIIIHOCTH BOJU JIO CHIIECTBEHO ITOBUIIIABAHE
Ha aKTUBHHUTE 3aryou. OTunTaiiku Te3u (paxTu
€ HEOOXOAMMO CEYCHHETO Ha KaOeIHUTE Mpe-
KU, pabOTelN B yCIOBUATA HA HECUMETPUYHU
Y HEJMHEWHU PEeXHUMHU, J1a CE MPEU3UUciisiBa B
CHOTBETCTBHE C BH3HUKHAJIOTO IIPETOBAPBAHE.

71

Mesicoynapoorna nayuna kongpepenyus “VHUTEX 21" — I'abposo



REFERENCE

[1] Panchev R.K. Iliev I.H.,Georgiev
G.A.,Chikov V.Ch., Assement and forecasting of
the electric power supply systems of industrial sites
in low-load mode.,Unitech 2018 Gabrovo, rtr.32
[2] Panchev R.K. Iliev I.H.,Georgiev
G.A.,Chikov V.Ch.,Study on influence of the
quality of the electrical enerdgy on the reliability of
the electrical equipment and systems. Unitech 2018
Gabrovo, rtr.37
[3] Cromnos, Us., K. IxycrpoB. HU3cnensane Ha
BHUCIIIUTE XapPMOHUIIM B €JICKTPUUCCKUTE MPEXKHU HA
MUHHN Tpennpustas. Exepruen ¢opym 2005,
Bapmna, Tom 2, 213-219 // Stoilov, Iv. K. Dzhustrov.
Izsledvane na vishite harmonitsi v elektricheskite
mrezhi na minni predpriyatiya. Energien forum
2005, Varna, tom 2, 213-219

[4] Crounos, Ws., K.JIxycrpo. Bucum

XapMOHHIIA B MPEXKH C MOIIHH BEHTHIHU
npeoOpazoBatent. lox. wHa MIY |, Cs.UBan

Puncku”, 2010, Tom 53, 121-124. // Stoilov, Iv. K.
Dzhustrov. Vishi harmonitsi v mrezhi s moshtni
ventilni preobrazovateli. God na MGU “Sv. Ivan
Rilski”, 2010 tom 53, 121-124.

[5] Dzhustrov K., N. Haralambiev, Electrical losses
in the electricity distribution networks when
connecting new generator power, Journal of Mining
and Geological Sciences, Volume 63, 2020, 142-
145

[6] CroumoB, Us., K.JIxyctpoB., T. Huxonos,
WscnenBane OTKIOHEHMETO W HECHUMETPHUATA Ha
HamnpeKeHHeTo  Npu  paboTa HA  MOIIHU
€JIEKTPOIbTOBU CTOMaHOI00UBHHU eIy,
Toguiiank Ha MUHHO-TEONOXKKHS YHHUBEPCUTET
,,CB. UBan Pwicku, Tom58, Ca. 111, 2015, 70-77 //
Stoilov, Iv. K. Dzhustrov, T. Nikolov. Izsledvane
otklonenieto i nesimetriyata na naprezhenieto pri
rabota na moshtni elektrodagovi stomanodobivni
peshti, Godishnik na Minno-geolozhki universitet
“Sv. Ivan Rilski”, 2010 tom 58, Sv. III, 2015, 70-77

72

Mesicoynapoorna nayuna kongpepenyus “VHUTEX 21" — I'abposo



UNITECH::.

INTERNATIONAL SCIENTIFIC CONFERENCE
19-20 November 2021, GABROVO

HPUJIOXEHUE HA METOJOJIOI'UA 3A AHAJIM3 HA CTATOPHUA
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APPLICATION OF METHODOLOGY FOR CURRENT SIGNATURE
ANALYSIS FOR DIAGNOSIS OF SHIP POWER PLANTS

Yulian Yordanov!, Milen Duganov?, Plamen Parushev3,Valentin Gyurov*
! Technical University of Varna
? Technical University of Varna
3 Technical University of Varna
* Technical University of Varna

Abstract

The diagnostics of the operational condition of the ship power plants is an actual problem related to the preventive
maintenance management in the ship power systems. This report presents the application of a methodology for
diagnostics of asynchronous electric motors and its improvement and adaptation for diagnostics of brushless
synchronous generators in shipboard electrical power systems. The main focus of the study is the assessment of the
possibility for adequate preventive management of marine power plants with the use of specialized methods and
measuring equipment. The presented approach allows monitoring of the condition of ship brushless synchronous
generators for the presence and significance of various mechanical defects. With the use of the present methodology it
is possible to assess the level of operational indicators for the reliability of electrical equipment and their dynamic
change over time, as well as to predict the probability of occurrence of emergency events.

Keywords: excitation disturbances; synchronous generators; MCSA; MVSA.

BBBEJIEHUE

OcHOBHU 33J1a4yu Ha TEXHUYECKaTa JUArHo-
CTHKa ca pa3paboTKaTa 1 U3MOJ3BAHETO HAa Me-
TOJIM, MOJICJI U aJTOPUTMH 3a 00paboTka Ha
nuarHoctuuHa uHpopmanus. OnpezensHe Ha
CBhCTOSIHUETO HAa CUHXpOHHU renepatopu (CI),
paboTtemu B ,,0CTPOBEH PEKUM Ha €KCILI0aTa-
nus’, € cnenudpuyHa TeMa W3UCKBAIlla CaMo-
CTOSITENTHO pa3riexjane. B mokmama ca o0Ch-
JI€HH CaMO 4acT OT MHOTOTO BB3MOXHOCTH 3a
nuarHoctrka Ha CI', M3non3Baliku METOIUTE
3a CIIEKTpaJIeH aHaJIu3 Ha CTATOPHHS TOK U Ha-
IIPEKEHUE.

N3nomBanero Ha MCSA (motor current
signature analysis) 1 MVSA (motor voltage
signature analysis) ce CBbp3Ba C OTKPUBAHETO
Ha HEM3MPaBHOCTH B ACUHXPOHHH JBUTATENU

AJl [3]. U3non3BaHeTo HAa aHAJIOTMYHU METO-
1 3a oTKpuBaHeTo Ha fAedekt B CI' e HambII-
HO BB3MOXXHO U IieJechoOpazHo. BuBexmpane-
to Ha moHsaTusATa GCSA (generator current sig-
nature analysis) u GVSA generator voltage
signature analysis), Mo3BoJIsIBa pa3rpaHuyaBa-
HE U M305rBaHe Ha KOJMU3UH C MMO3HATH TEXHU-
KW M3TOJI3BaHU 3a AuarHoctuka Ha AJl.

N30 KEHHUE

CBbBMECTHOTO WM CaMOCTOSTEIHOTO M3-
non3BaHe Ha GCSA u GVSA HM 1mo3BoJIsBa
JTUArHOCTUIIMPAHE Ha CIEIHUTE Je(EeKTH B
CUHXpPOHHU reHeparopu [1, 2,4, 5, 6, 7]:

» MexIyHaBUBKOBO KbCO ChEAMHCHHE B

poTOpHaTa HAaMOTKa
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I =11H, (M

Karo npusnanute ot 1 u 2 TpsabBa na ce
U3I10JI3BAT ChbBMECTHO.

J =2k, 2

» MexIyHaBUBKOBO KbCO CHEAMHCHHE B
CTaTOpHAaTa HAMOTKA.

J =3k, 3)

» MexaHWYHH HEW3NPABHOCTH Ha POTO-
pa, CTaTUYEH €KCLEHTPUTET, HEChOCHE.

fel,z = /1K, 4)

fi — yecToTa Ha reHEPATOPHOTO HATIPEIKEHUE;

fr — yecroTa Ha BepTEeHE Ha poTopa Ha CI'; fe1 m
feo — cmenMpUYHU YECTOTHU KOMIIOHEHTH TIO-
POJICHU OT NMPOMEHHUTE BHB BB3JYIIHATA MEXK-
nuHa; k — 1sto uucno 1,2,3...n.

CbBpeMEHHUTE AU3EN-T€HEpaTOpU BCE IO-
YECTO M3MOJI3BAT OE€3YETKOBH CHCTEMH 32 Bb3-
OyX/m1aHe, KOETO HECbMHEHO UMa ToJIeMU Tpe-
nuMcTBa. EMWH OT MajakoTO HENOCTAThIM Ha
Ta3u CTPYKTypHA CXeMa € JIMIIcaTa Ha JIeCeH
JOCTBIT IO TOYKH, ITO3BOJISIBAIN JTUArHOCTHKA
Ha TeHepaTopa M B YAaCTHOCT Bb30yIuTeNHATa
My cucrema [1, 2,4, 5,6, 7].

[TosiBaTa Ha myJicaluu ¢ ONpeJeNieHa YecToTa
U aMIUIUTyAa B HAIIPCKCHUCTO, CHOTBCTHO
TOKa Ha BB30yIWTENHATa BEpHUTa, TOECT B
poropnara HamoTka Ha CI, mMoxe na Obue
M3MOI3BaH KAaToO Ba)XKeH IMPHU3HAK 3a MOBpEAa.
[Tpunaraiiku yactu4yHa aHanorus ¢ paborara
Ha acMHXpoHeH asuraten (A/Jl), Moxkem 1a Ha-
IpaBUM HNPCAIIOJIOKCHUCTO, UC MPHU IMOABA HaA
myJicanu, T¢ Ou TpsOBaJIo Ja MHIYKTHpAT B
orpesesnieH Mamad ChIIUTE WM MOAYJIHMPAHU
YEeCTOTHM KOMIIOHEHTH B I'€HEpaTOPHOTO Ha-
MMPEKCHUC U TOK. HPGI[BI/I,Z[ Jaricara Ha XJIb3-
rane B CI', Moxe 1a ce mpeAnoyioKu nosiBsiBa-
HETO UM Ha YeCTOTa U3YUCIICHA OT:

fex1,2 = fl ifpuls )

S puis = IECTOTA HA BHECEHOTO CMYIUCHHE

CumyJannoHeH MojaeJ

3a HaJeXk/IHA MTPOBEpKa U BepuUKalUs Ha
HalpaBeHOTO TNPEAINOIOKEnue, € HU3MOJI3BaH
CUMYJIAIIMOHEH MOJIeNl Ha yueOeH cTeHn B TY-
Bapna, peanusupan B cpega Matlab Simulink.
Cumynanuara € Ha CHHXPOHHHU TE€HEepaTopu
(CI), paboTemu B “OCTPOBEH PEXHUM Ha €KCII-
noatarus”’. Cberon ce oT aBa Opost CI' 3an-
BIkBaHU 0T AJl ¢ yecTtoTHO ynpasienue. Cb-
OTBETHO HAaTOBapBaHE Ha TIEHEPATOpUTE Ce
OCUTYpsiBa upe3 OJIOK C aKTHUBHO-UHIYKTUBHO
TOBap W/WJIM MOMEHTHO BKJItOuBaHe Ha AJl.
BB30yxkmaHeTo ce OCBHIIECTBSBA OT MOIYJ
ACICI1 cwrnacno crangapt IEEE 421.5-2016.

@Due. 1. broxosa cxema na moden ¢ Matlab Simulink na cuxponnu eenepamopu, pabomewu 6 ,,0cmpogeH
peaicum”
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B HacTos1110TO CUMYTalIMOHHO U3CIIEABAHE
ca M3MOJ3BaHM IapaMeTpUTe Ha CHUHXPOHHU
TEeHEPAaTOpPH ¢ HOMUHAIHA MOIIHOCT 6.6 kKVA,
cuHXpoHHa ckopocT 1500 min!. OnuTure ca
npoBeneHu mpu cose=0.83 u 54%Sn=3.6 kVA
OT HOMHUHAJIHOTO HaTOBAPBaHE HA CHHXPOHHUS
re’epaTop.

Mony4yenu pesyaraTu

CnexkTpuTe Ha TOKAa W HAIpPEKEHHUETO Ha
¢urypu 2 u 3 moka3BaT Ha4aTHOTO CHCTOSTHUE
Ha cuctemara, 0e3 Ja ca BHECEHH MAOIBJIHU-
TEIHH CMYILEHUS BBB BH30OyIUTENHATa Be-
pura. Ciel BHACSIHE HAa CHUHYCOMJAIHO CMY-
menue ¢ decrora =250 Hz B cnektbpa Ha
ToKa Ic u Hanpexenunero Uc, SICHO ce oTiIMYa-
BatT fex1=200 Hz u fexo=300 Hz. Cumynamusra
Ha npoueca npu 300 Hz oTHOBO HM paBa u3-
gucieruTe no dopmyna (5), fexi2. Ha ¢urypu
8 1 9 ca mpeACTaBEHM CIEKTPUTE IPU OIUT C
nyncauun Ha 400 Hz. Ilpuuunara ga ce us-
MOJI3BAT CMYILEHUS B TO3U JIUAMA30H € MHOTO-
o0pa3ueTo Ha TEXHUYECKU PEIICHUS 3a BXOJ-
HUSI CUTHAJl HA BBPTALIUS C€ U3NPABUTEIN MPU
0€34eTKOBU CHUHXPOHHHU I'€HEpaTOpH.

Viagnizide squarec (dBY)
b

b L

250
eeeeeee H2)

Due. 2. Cnexmwvp Uc be3 sv30eticmsue

> 50.00 1z —
Y: 14.366 dBV

irzc (6EY)

e squ:

it

. *b/ L. I T T T

50

Frequency (H2)

Due. 3. Cnexmuvp Ic Oe3 ev30elicmaue

[E:

Magrituca-<3uarec

Magntude-<3uared BV}

Duz. 4. Cnexmwvp Uc 250 Hz

Megriuce-squarec BV

Maghituze-suared (dBY)
5 N L

w0 b/‘ f soooole |
[ o I A U A | A
@Duz. 5. Cnexmwp Ic 250 Hz
1B
Ky M M
@Duz .6. Cnexmwvp Uc 300 Hz
A 1 Y ) A A A
@Due. 7. Cnexmuvp Ic 300 Hz
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Magn ce-sq.ared idBY)

M\l 1

QDuz. 9. Cnexmuvp Ic 400 Hz

3AK/IIOYEHUE

[Tomyyenure pe3yntaTd OT TPOBEIECHOTO
CHUMYJIAIMOHHO W3CJIEIBAaHE HHU I0Ka3BaT
HAIMYMETO W BIMSHHETO Ha ITyJICAllMUTE B
HaNpe)XEHUETO U TOKA Ha BB3OYXKIaHE BBPXY
dbopmara Ha TEHEPAaTOPHOTO HANPEKEHUE W
ToK. ToBa BnusHUE MOXe /1a ObJIe U3MOI3BAHO
KaTo JAMArHOCTHYEH MPHU3HAK 332 CHCTOSHUETO
Ha Bb30OynuTenHara cucrema. OCBEH 3a TOYHO
YCTaHOBSIBAHE HAJIMYMETO W MpOMSHATa Ha
CMYIIIaBaIIOTO BH3/ICHCTBHE, KOHCTaTHpaHAaTa
3aBHCHUMOCT TMpemjiara Bb3MOXKHOCTTa Jia ce
OTCTPAHAT TE3M YECTOTHU KOMIIOHEHTH NpHU
aHamM3upaHe Ha Jpyrd aedekTh wim aa ce
B3eMaT IOJ BHUMaHHME IPH BEPOSATHOCT 3a
CBBIIAJICHHEC Ha TMpPH3HALNUTE HA PA3IUYHU
nospeau. Mznonsanero Ha GCSA u GVSA
MOXKE 3HAYMTENHO Ja YJIeCHH W Toao0pu
JMAarHOCTHKaTa HAa CHUHXPOHHU TEHEpaTOpH,
paboremnu B ,,0CTPOBHA cxema’.

IIpeocmasenomo usciedsane e uacm om
pabomama no npoexm HII1/2021 ,, Paspa-

bomeane Ha KOMNIEKCHU MemoOu 3a aHANU3 U
OUACHOCMUKA HA CbCMOAHUEMO HA KOpaOHu
enekmpoyenmpanu’’, @uuancuparn no @Pono
HayuHu uzcrneosanus — Texnuuecku ynugepcu-
mem - Bapna.
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PRACTICAL APPROACH FOR DETERMINATION OF POWER
TRANSFORMERS PARAMETERS IN SIMULATIONS MODELS OF
SHIPBOARD ELECTRICAL SYSTEMS

Milen Duganov, Plamen Parushev, Valentin Gyurov
Technical University of Varna, Department of Electric Power Supply and Equipment

Abstract

The use of simulation models for analysis of operating modes and regimes in marine energy systems is a modern
widespread method. The adequate use of the models and their equivalence to real technical systems is related to the
determination of a certain number of parameters of the elements in the scheme. This report discusses the part related to
the simulation of power transformers in Sim Power Systems (Matlab). The specificity in this case is the need to
determine parameters required by the sofiware, which in most cases are not provided by the manufacturers. The report
presents the methodology for determining the necessary parameters with the use of catalog data of the transformers,
which are well known and they are indicated on the signboard of the transformers. This approach allows the creation of
simulation models for different types of existing transformers without the need to require detailed information from
manufacturers. The presented methodology for determining the parameters for specific types of MV/LV transformers is

applied in the simulation of container ship.

Keywords: ships transformers, transformer simulation, ships electrical systems, onboard electrical equipment

BBBEJIEHHE

W3non3BaneTo Ha CUMYJIAIMOHHU MOJIETH €
IIUPOKO Pa3MPOCTPAHEH METO/| 32 M3CIICIBaHE
U aHaJU3 Ha PEeXKUMHTE B CIOXKHU TEXHUYECKU
cucremu. [lomyyaBaHeTo Ha aJeKBaTHU PE3YJI-
TaTU OT HW3CIEABaHUATA, € CBBP3aHO C IIpe-
[M3HO AcPUHHpAHE Ha MapaMeTpUTe Ha ele-
MEHTUTe Ha Mojena. HacTtosmusat mpoxman
MIPEJICTaBs METOJIMKA 32 OMpEEeIsTHE Ha mapa-
METpUTE Ha KOpaOHU CHIIOBU TpaHCHOpMATO-
pH, KOUTO ca HEOOXOIUMHU 3a CUMYJIallMOHHU-
te momenmu B Sim Power System (Matlab).
OcobeHocT Ha pas3riexaaHus MpoodIeM € HyX-
nata oT JedUHUpaHe HA MapaMeTpUTe Ha Ma-
THUTONPOBO/A, TbPBUYHATA U BTOPUYHATA Ha-
MoTKa — Rm, Xm, Ri, X1, R2 u X; B meiicTtBu-
TETHU WJIM OTHOCUTETHHU €AUHHIIM, B 3aBUCH-
MOCT OT HW3IMOJ3BaHaTa BEpCHsl Ha MPOAYKTA.

Te3u mapameTpu B OOIIHS CiTy4yail HE ca BKIIIO-
YEeHU B KaTaJoKHaTa HHPOpMAalKs Ha CHIIOBH-
te Tpanchopmaropu. [IpencraBenara cuHTe3u-
paHa METOJMKa IO3BOJISIBA OMPEIEISTHETO Ha
THPCEHUTE MapaMeTpu OT OOIIOAOCTHITHUTE
KaTaJIOJKHHU JaHHU WU TaGGHKI/ITe Ha TpaH-
chopmaTopute. JIeMOHCTpUpPAHO € MPHIIONKE-
HHUC HaA METOoAuKaTra 3a CHCI_[I/I(I)I/I‘-IHI/I TpaHC-
dhopmatopu kopabHo u3nbiHeHHE 6.6/ 0.38 KV
[4], kaTO 3a mpUMEp € MpUeTa CXeMa Ha €JIeKT-
pOeHepruiiHa CUcTeMa Ha Kopal 3a IpeBO3 Ha
TOBapH THUI ,,KOHTEHHEPOBO3™ .

METOAMKA 3A OIIPEJAEJISIHE
ITAPAMETPUTE HA CHJIOBHU
TPAHC®OPMATOPHU B MATLAB

Meroaukara ce 0a3upa Ha H3MOJ3BAHETO
Ha ,,T” 3aMecTBaIlM CXeMH Ha CUJIOBUTE TPaH-
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chopMaTopu M mapaMeTpH MpHU ONMUT Ha Ipa-
3€H XOJ U KbCO cheauHeHue. [lo oTHomeHue
Ha T 3amecTBamara cxema TpsOBa ga ce otoe-
JIeKH, Y€ ca HaJIWIIEe JBA BapUaHTa Ha U3IOJ3-
BaHETO U — C MOCJIEA0BATEICH MAaTHUTEH KOH-
Typ Rm, Xm, KaKbBTO € H3MOI3BaHUA B ObJ-
rapckata auteparypa (Purypa 1), u ¢ mapase-
JIeH MarHuTeH KOHTYp, KaKbBTO C€ M3MOJ3Ba
npu aepuHUpaHETO Ha BenmuuHHTEe B Matlab
(®urypa 2).

3a BXOJHU BEIUYHMHH CE€ W3IOJ3BAT Kara-
JIO)KHUTE JJaHHU Ha TpaHcdopmaropa, KOUTO
ca TMOKa3aHU M Ha HEeromara ykaszareiHa Tabe-
na. Tosa ca BeanunnauTe SN [KVA] — HOMUHAN-
Ha MoIHOCT Ha TpaHchopmaropa; Ui[kV] —
HOMHMHAJIHO MbPBUYHO JIMHEHHO HAIMPEKEHUE;
Uz — HOMUHAJIHO BTOPUYHO JIMHEHHO HAampe-
KEHHE, Ucs% [%0] — HApeKEeHUe Ha KbCO Che-
nuHenue, loy, [%] — Tok Ha mpazen xox, APo
[W] — 3aryoum Ha mpazen xoxa, APsc — 3aryou
Ha KbCO ChEIUHEHUE.

OO010N3BECTHO €, e 3aMecTBalla cxema Ha
Tpuda3zHu TpaHchopMaToOpu c€ ChCTaBs KaTo
3a eqHodaznum [1], [2], [3].

R1 X1 R2' X2

Rm

jXm

G ©

Que. 1. ,,T” cxema cve cepuen HaMazHUMBAW
KOHmMyp

R1 X1 R2' jx2'

o— ANA—"YY Y AAN—YYY o

Rm Xm

<, ©

Que. 2. ,,T” cxema c napanenen HamazHUmMeauy
KOHMYp

Teii karo TtpudasHure TpaHchopmaTopu
MMAaT pa3jIu4yHU TPYNU U CXEMH Ha CBBP3BAHE,
3a MNpEeriaeAHOCT Ha METOJUKAa ce Ipensara
nMeHnyBaHneto HanpexxeHuara Ha Uct u Ucy -

HaIPEe)KEHUS BbPXY HAMOTKATa Ha IIbPBUYHA U
BTOpHUYHA CTpaHa Ha TpaHchopmaropa; Ic1 u
Ic2 — TOKOBe, MPOTHYAIIM B TPBUYHATA U BTO-
pUYHaTa HAMOTKa Ha TpaHchopmaropa

[To TO3M HaYMH MeTOAMKATA Ie ObJe MPHU-
JIO)KUMaA 34 BCUYKH BUJOBC CBBpP3BAHUS HA HaA-
MOTKHUTE, T.K. 3aMeCTBaIllaTa CXeMa Ce pasr-
JeKIa 3a €AHOTO SAPO Ha TpaHcdopmaTopa.
[Tpunarar ce GpopmynuTe B ClieAHATA MTOCIIEI0-
BaTeHOCT [5]:

]0%

100

n 1, = 1ie (2

Lo ==t
1C 3U1

Toka Ha mpaseH xox Iom, KOHCYyMHpaH OT
Mpexara, me 0b1ae lom=Io — mpu cBBbp3BaHe Ha
IPBIYHATA HAMOTKA B 3Be371a HiH lom=Y3.Io —
IpU CBBbpP3BaHE Ha M'bpPBUYHATA HAMOTKa B
TPUBI'bIIHUK.

ChnpoTUBJIEHUATA HA MPa3eH XOJ HA TpaH-
chopmartopa ce onpenenst ¢ hopmyau (3), (4)
u (5).

U P

Z ==L R =—90_
0 IO (3) 0 3 . [5 (4)
X, =+Z; —R; (5)

CBOTBETHO 3a IMOCIENOBATEICH HAMarHUT-
Balll KOHTYp Ha TpaHc(hopMaTopa ce morydaBa

(6), (7):

R,=R, (6) X,=X, (O

3a 3aaBaHe HA MapaMETPUTE B CUMYAIIIIU-
oHHUs Mojien Ha Sim Power Sysetms (Matlab)
€ HeoOX0AMMO TIPeoOpa3yBaHETO HA CHIIPOTHU-
BJICHUSTA OT M3YMCIEHHUTE 3a CEPUEH KbM Ry
n Xm 3a MapajieJleH MarHuTeH KOHTyp. Tas3u
Tpanchopmarus ce u3BbpiiBa ¢ hopmyiu (8)
u (9).

R> + X7
Xy == (8)
0
R>+ X7
Rm = OR : (9)
0

78

International Scientific Conference “UNITECH 2021” — Gabrovo



NupykTtuBHOTO ChIpoTHBIEHUE Lm ce u3-
yucisiBa 1o gopmysna (10).

L, =—= (10)

ChIpoTHBICHHATA HA KBCO ChEIMHEHUE Ha
TpaHchopMmaTopa ce OmpeAeisaT ¢ (GopMyiH

(11), (12) u (13).

X = \]Z§C _Réc (13)

KbAeTO Isc=lic — HOMUHAIHUAT TOK Tpe3 Ha-
MOTKaTa Ha TpaHchopmaropa, mpoTHyanl mnpu
OTHT Ha KbCO ChEMHEHUE C TTOHMKEHO Harpe-
xenue Usc (14).

u
U — SC% U
N 100 1C (14)

C npubmmxenue ce npuema Z1=7», OTKbJe-
TO 3a ompeneisHe Ha napamerpure Ri, Xi, R
1 X2 ce u3nois3BaT GopMyIIuTe:

R
&=§%a® R, =R, (16

X
Xy=—5an X=X, @9

kbaero: R u X' ca npuBeaeHuTe ChbIpoTU-
BJICHUSI KbM ITbpBHYHATa HaMOTKa. JlelcTBU-
TEITHUTE CBHIPOTHBIICHUS C€ OMPEACNAT TI0
dbopmynu (19) u (20).

’ ’
2 2

R
Ro="2 19 Xo=—5
KbJIeTO: k — KoeduinenTa Ha Tpanchopmarus,

ompeneseH no Gpopmysara:

Ul C
UZC

(20)

k= 1)

International Scientific Conference

CrnenBa na ce uma npenBul, 4ye B ciiyyas 3a
M3UYUCISIBAHETO Ha k ce M3moi3Bar Harpeke-
HHSTAa HA HAMOTKUTE, KOUTO Ca Pa3jIuyHU MpHU
pa3IM4YHU TPYIH Ha CBBP3BAaHE, a HE OTHOLLIE-
HUETO Ha OpOsl HABUBKM HA HAMOTKUTE.

NuanyktuBHocTuTe L1 m Lo ce u3BbpIiBa C

bopmynu (22), (23).
X X
L=—" @ L=""7> @
w o

3a Bepcuu Ha Matlab, mon3Bamm BTOpa Te-
Hepalysi CHUMYJIALMOHHU OJIOKOBE (BepcuU
2013-2017), mapamerpute Ha TpaHCHOPMATO-
puTe MoraT na Owpaar 3amazeHu B cuctema Sl
WIA B OTHOCUTEIIHU €TUHHUIH (p.U.).

3a BepcHMH TMOJI3BAIM TPETO IOKOJIEHUE
6moxoBe (2019 u mo-HOBM), 331aBAaHETO € CAMO
B OTHOCHUTEITHH EIUHWIIM, TNPUBEICHH KbM
IbPBUYHATA HAMOTKA. 3a 0Aa3UCHO ce mpuemMa
CBIIPOTUBJICHUETO Ha HAMOTKaTa MPU HOMH-
HaJHO HaToBapBaHe (26)

Z, = (26)

N3uncnaBaHeTo Ha MapaMeTpuTe B OTHOCH-
TEJTHU €UHUII CE U3BBPIIBA C (OPMYITHTE:

. . X
R === X =l
m Zb (27) m Zb (28)
* * R
R =R =—L
1 2 2 (29)
. e X
X =X =21
: =7 (30)

C momolnra Ha CHHTE3MpaHATa METOJHMKA
e Ob/Ie HarpaBeHa CUMYyJIaIus Ha crernudud-
HU KOpaOHU CHIJIOBH TpaHC()OpMaTOpH, UMAIIU
rojisiMa MOIIHOCT OT mopsabka Ha 2-5 MVA,
HO MpOEKTHpaHu 3a HuBa 6.6/0.38 kV.
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IMPUJIO’KEHUE HA METO/IUKATA 3A
CJIOBUA TPAHC®OPMATOPHU B
KOPABHHU EJIEKTPOEHEPT UMHU
CUCTEMH

3a neMoHCTpalus Ha METoAMKara € u3bpa-
Ha CXeMa Ha KOHTEWHEpOBO3, MOJ3BaIla TPaH-
copmMaTropu CpeaHO KbM HHCKO HAIPEKEHHE
(durypa 3). Cxemara uznonzsa 6 6p. CT 3000
kVA, 6.6/0.38 kV ¢ mapamerpu uscy%=6[%],
APo= 6500[W], APsc=35000[W].

W3uncnennte mapameTpu Ha TpaHchopma-
TOpHUTE ca nokazanu B Tabmuma 1.

Tabnuya 1.H3uucnenu napamempu

Rm[ohm] | 2.01.10* | R¥u[pu] | 461.538
Xp [ohm] | 4.039.10° | X*»[p.u] 92.726
R, [ohm] 0.254 R* [pu] | 5.833.10°
X, [ohm] 1.282 X, [p.u.] 0.029
R:[ohm] | 2.808.10% | R* [pw] | 5.833.10°
X;[ohm] | 1.416.10% | X* [p.u.] 0.029

L [H] 12857 | L*n[p.u] o ce

L, [H] 4.08.10°3 L* [p.u.] | u3nonssar B

L, [H] 4.509.10° | L*,[p.u.] | CHMyrauuira

3a mpoBepKa aJeKBaTHOCTTA Ha METOJUKATa
npu npwioxeHueTo B Matlab ca paspaborenu

CUMYJIaIUOHHU MOJACIIN 3a BCPCHU

reHepauus’ u ,,TpeTa reHepanus’ .
Cumynayus c 610ko08e ,,6mopa ceHepayus’”
CuMynanMoHHUTE MOJICNIA Ca MOKa3aHW Ha

@urypa 4 u @urypa 5.

E2] E=] #

,,BTOpa

|

N

MSBP

i
i
i
i 6.6 kV 1 60 Hz
1
i
i
]
i
i

N )
1

Continuous
\

L ¢
]

powergui Power Measurement
(Tnree-Phass)

=

\F@) 8 A ap
2 c 0T “Yoch

Due. 4. Mooen ¢ Matlab ,,6mopo noxonenue” —
CUMYAAYUA HA MPAHCHOPMAOP HA NPAZEH X0O

Continuous
v 2.115e+04]
Active power
eactive poer

Continuous

powergui

A A Vabel
labc|

W i

Due. 5. Mooen ¢ Matlab “emopo noxonenue” —
CUMYAAYUS HA MPAHCHOPMATNOP ONUM HA KbCO
CcveOuHeHue

o Cumynayus c 610Ko08e ,,mpema ecenepayus’’

CuMynallMOHHUTE MOJENH ca MOKa3aHU Ha
Qurypa 6 u @urypa 7. B pexum Ha npaseH
XOJ € 3aJaJieH TOBap C MpeHeOpexrma CTOMU-
HOCT — 1 W, KOITO HE OKa3Ba BIUSIHUE CIIPSIMO
MOIIIHOCTTA Ha TpaHchopmaropa.

@
@
=]
T
g

F 3x85mm?
A'20m

6.8 kv / 440V
2500 kA

E | 18(1x300mm?}
1 20m

- | F@Bmm?
- 20m

6.8 K\ /4400
2500 kVA

Z | 18(1x300mm?)
“ 20m

6.6 KV / 440V
2500 kWA

20m

ES Fi i £ 24 i

g £ g E E E.
Ee EE Ee SE SE SE
B8 &8 a8 0 o 3
= 2" kS A 2% 2=
-3 3 @ & -3 3

' P P i : P

PR i i TP21 {oiTPat I TPat | 1 TPSAM | !

i [ i [ i

i TPE. |
i i

B.6 KV / 440V
2500 kA

6.6 KV / 440V
2500 kWA

6.6 kv / 440V
2500 kA

20m

)

&(1x300mm®)
75m

6(1%300mnY)
20m

& 1x300mm)
255m

6(1x300mn?)
200m

B(1x300mme)
285m

G(1x300mme)
230m

H it [ ! i ! i i
iTP12 | I TR22| I TP32 | i TRa2 | 1 TPs2 | !
i [ i i i [ i i

|
i TPE.2
1 1

Due 3. EononuneliHa enekmpuyecka cxema Ha Kopab 3a npeso3 Ha moeapu mun ,, KOHmeuHeposos”
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Continuous
v P

Reactive power
| a

[Active power] 3801

Power Measurement
(Three-Phase)

—

Generator 1
hdse voltages and Line Currents

> RMS
Phase Voltage
F——

v | Line Current

— - -1 I -1 2
-2

o

2.489

-

@Duz. 6. Mooen 6 Matlab ,,mpemo noxonenue” —
CuMynayus Ha Mpancopmamop Ha npa3eH Xxoo

Conlinuous

2.40+04]

| a

Power Measurement
(Three-Phase)

—0)

Generator 1
Phdse voltages and Line Currents

> RMS
Phase Voltage p
M
v Line Current
L - “1 ! -1 -2 i ’
- \ c |
=0 =

Due. 7. Mooen ¢ Matlab ,,mpemo nokonenue” —
CUMYAAYUS HA MPAHCHOPMAMOP HA NPAZEH X0O

JlaHHH OT CHMyJalMUTE 33 W3IMOJI3BAHHUTE
TpaHchopmaTopu ca rnokazanu B Tabmuna 1.

Taonuya 1.Cpasnenue Ha napamempu

apaversp | "OCERC | crottmoor | Pemsa %

Cumynayus ,, Bmopa eenepayus’”

APq [W] 6500 6485 0.23

APsc [W] 35000 35100 0.29

usc [%0] 396 391 1.26
Cumynayus ,, Tpema cenepayus”

APy [W] 6500 6606 1.63

APsc [W] 35000 35500 1.57

usc [%0] 396 391 1.26

[Tomyyenara rpemka MEXIy HapaMeTpHUTE
Ha TpaHcPopMaATOPUTE 3aqaJCHU MO KaTallor
uau Tabenka Ha TpaHchopmaTopa U IOIyde-
HUTE OT CUMYJIALIMUTE pe3ynTatu € 10 2%.

International Scientific Conference

d 2.801e+04)
]

£]

3AKVIIOYEHUE

Pesynrarure mokaszBaT paboTOCIIOCOOHOCT-
Ta Ha MpeJCcTaBeHaTa METOANKa 3a JeduHupa-
HE MapaMeTpuTe Ha CUJIOBH TpaHchopma-Topu
B KOpaOHU ENEeKTPOCHEPTHMHU CHUCTEMH.
[IpencraBenata MeTroAuKa € MPUIIOKKUMA 3a
CUMYJIAIIMOHHU MOJIEH OT BTOPO M TPETO TO-
kosienue. [IpennokeHusT CHHTE3UpaH MOAX0]T
3a neduHUpaHEe Ha MapaMeTpPUTE Ha CHIIOBU
TpaHcGopMaTOpH M B YaCTHOCT HA CIICLIAAIIH-
3UpaHu 3a KOpaOHO TMPUIIOKEHHE - TaKUBa C
MOIIHOCTH 2+5 MVA, HO OTHOCHUTEIIHO HUCKH
CTOMHOCTH Ha CTpaHa CPeIHO HampexeHHe —
6+7.2 kV, ce xapakTepusupa ¢ aJeKBaTHOCT U
BHCOKAa 3a IIpaKkTHKaTa TOYHOCT OT 1-2%.
Tps6Ba na ce orGenexu, e Ta3u Tpelka € oT
MopsiIbKa Ha Tpemrkara Ha (PU3UYECKOTO W3-
MepBaHe MpH OIpe/essHe Ha apaMeTpuTe Ha
TpaHcGopMaTOpUTEe U 3aKPBIICHUETO HA OT-
JICIHATE KaTalloKHU BennyuHHU. ChllecTBeHa
0CcOOEHOCT 3a MPUJIOKEHUE HAa METOJMKATa, €
HayMHA 32 BBBEXKIAHETO HA MapaMeTpuTe B
cuMyJnaroHHuTe OnokoBe Ha Matlab B 3a-
BHUCHMOCT OT BepcHsTa. V3mon3BaHeTo Ha Be-
JTUYMHUTE B OTHOCUTEIIHUA EAVHHIIM € CBBP-
3aHO C W3MO0JI3BAHETO Ha TNPUBEJIEHUTE UM
CTOMHOCTH KaKTO KbM IbPBHYHATAa HAMOTKA,
Taka U KbM 0a3UCHOTO CHIIPOTUBIICHUE.

Pesynrarure morar ga ObAarT MoOJe3HU 3a
CHEIMAIMCTH B MPAKTUKATA, U3CIEI0BATEIN U
CTYJCHTH.

IIpeocmasenomo uscnedgane e yacm om
pabomama no npoexm HII1/2021 ,, Paspabom-
6aHe Ha KOMNJIEKCHU Memoou 3a aHaiu3 u ou-
ACHOCUKA HA  CbCMOSHUEMO HA KOpaOHu
enrekmpoyenmpanu”’, Guuancupan no Dono
HayyHu uscneoeanus — Texnuuecku yHugepcu-
mem-Bapna.
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RESEARCH AND ANALYSIS OF INDUCED VOLTAGES FROM URBAN
ELECTRIC TRANSPORT

P. K. Petrov!, Kr. M. Ivanov!, G. Ts. Velev!, Ts. K. Varbov'
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Abstract

The report analyzes the process of capacitive charging of large vehicles (cranes, buses, etc.), as well as transporting
petroleum products and other flammable liquids when moving under the catenary of trolleybuses. Calculations have
been made regarding the safety of the people in them and the possibility of an explosion.

Keywords: electromagnetic compatibility.

BBBEJIEHUE

[To ynumwmTe, Mo KOUTO MPEMUHABAT JIMHUU-
T€ Ha TPaJICKUs TPOJeOyceH TpaHCHOpPT, Mpe-
MHUHaBa TOJIsIMa YacT OT TPaJICKHs aBTOOYCEH U
ToBapeH Tpaduk. CbBMeCTsIBaHETO Ha Tpadu-
Ka C€ OCBHINECTBABA HA NBJITU Y4YacCThILHU, MPH
koeTto mbTHO TipeBo3HO cpenctBo (IIIIC) mo
IBITH Y4acThIU C€ JABWXKAT IMOJ KOHTAKTHATA
eJeKTpUIECKa TposieiibycHa Mpexa. Ts e mo-
CTOSIHHOTOKOBA JIBYNPOBOJHA, M30JIMpAaHA OT
3eMATa C HOMUHAJIHO Harnpexenue 600 V [1].

Koncratupanu ca ciiydyan Ha HUCKpOB pas-
psA MpU TOoNMHMpaHe HA MBTHUK JI0 METalHaTa
YyacT Ha aBToO0yca, OOMKHOBEHO NpPU KadyBaHE
[2]. Tl kaTto 3axpaHBaliaTa KOHTaKTHa Mpe-
’a € IMOCTOSTHHOTOKOBA, JIMTICBA MarHUTHAaTa
ChCTaBsIlla HAa WHIYKTHPAHUTE HaNpPEKECHUS
pu TpeHeOperBaHe HATMYHUTE XapMOHHYHHU
B u3MpaBeHoTo Hamnpexkenue [7]. Ilpenmosnara
ce, Ue IMOBUILIABAHETO HA EJIEKTPUUYECKHUS I0-
tennuai Ha [1T1C ¢ ronemu rabaputu e Beiea-
CTBHE Ha 3aps]l PU JABMKEHUETO MY TOJ MpPO-
BOJHMIIUTE HA KOHTaKTHAaTa Mpexka. To3u 3a-

pAIl ce HaTpyIBa OT E€NEKTPOCTAaTUYHA MHIYK-
s, BB3HMUKBAIlA MEXy IPOBOJHHUIINTE Ha
KOHTaKTHaTa Mpexa M HU30JUPaHOTO 4upe3 Ty-
MHUTE CH TPEBO3HO CPEICTBO IMPU TPUCHETO
BBB Bb3/lyXa NPH JABMKEHUETO CH 0]l TOKOBO-
nemute npoBogHuln [4, S5]. To3u 3apsa Moxe
Jla OKa)ke HETaTHMBHO BB3JeHcTBHE HA mudpo-
BaTa TEXHWKA, KOSTO HABJIHM3a U B €IIEKTpHUUC-
CKH TpaHCIopT. 8]

N3J10KEHHUE

3a Jou3sICHSABAaHE Ha TOBa SBJICHUWE MOrat
Jla C€ TIOCTABST CIIETHUTE BBIIPOCH:
- KOS OT JIBETE€ CHCTaBSIIHM € TpeobiagaBaiia -
KaIralyuTUBHATA ChCTaBAIIA HA HHIYKTUPAHUTE
HaIpeKCHUSI WM HATPYMBAHETO HA EJIEKTPO-
CTaTHYHU 3apsiiu;
- KakBW EJIGKTPUUYECKH IMOTEHIMAIu Ouxa ce
MOSIBIJIM, aKO BBhPXY KOHTaKTHATa MpeXa WU
B OJIM30CT 10 Hes MagHe MBJIHUS,
- KaKkBa OMNACHOCT OT BB3HHKBAHE Ha B3PUB
WJIU TIOXKap OM BB3HWKHAJIA, aKO O] KOHTAKT-
HaTa Mpexa Cce HaMHupa aBTOLMCTEpHA, IMpe-
BO3Ballla 3aIllaJINMHU BEIIECTBA.
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lJﬂ q| LJ% qz
C, C,
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u —c  |]n
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LRGN EINI0000000000000000000000000000¢

Due. 1. lpunyunua cxema 3a onoenedssane Ha
BBLIHUKBAHEMO HA KANAYUMUBHA CbCABAWA HA
UHOYKIMUPAHUME HANPEIHCEHUSL.

[Torenmmanst Up Ha IIIIC ce onpenens ot
kananutetute Ha Tenata C;, C> u Cp [3, 6].
[Ipu nonup Ha YOBEK 10 MeTagHaTa KOHCTPYK-
mus Ha IITIC HeroBusT MOTEHIMAJI cHaxa 10
MHUHUMAaJIHa CTOMHOCT, Thil kKaTo Cp c€ LIyHTH-
pa OT aKTUBHOTO CBIIPOTUBJICHUE R Ha YOBEIlI-
koTo Tsuto. Ha ¢ur.1 ToBa ce mmoctpupa che
3aTBapsAHe Ha kitoua K. [Ipe3 4oBEemKoTo TS0
CbC CBIIPOTUBJICHHUE R 1€ NIPOTEYE TOK, KOUTO
ce U3passiBa C yCTaHOBEHAa M CBOOOJIHA ChCTa-
BSIIIIH.

i =iy + ice (1)

Benmunnure Uy, Iy, i., MOTaT 1a ce onpene-
JIAT, KaTO CC HU3II0JI3BAaT NOTCHIUAJIHUTC ypaB-
HeHus1 Ha Makcyen:

U =a,q9, +a,9, +a,q
U, =ay9,+0,q, + 059 ()
U =a,9, +aq, +ayq

kbaeTo: U, g ca nmorenman u 3apsa Ha [1T1C.

3a ynoOcTBoO mpu 00paboTkaTa, cucrema (2)
MOJKE J1a C€ 3aIuIlle B MATPHYUCH BHI:

[Uq> ] = [ad> 1[‘]@ ]+ [ac ]q
U= [apl[Qcp]""aooq ’
kbero: [Us), [qo] ca matpuum cTbhiabose or
3apsainuTe (1,42,

3)

a (04
[acb]: ! N ;[ap]: |a10 0{20|.
Ay Oy

Ot mppBOTO ypaBHEHUE Ha (3) ce onpeaens

[qo]:
90 1= a0 ] (Us ]-lac ko) - 4)

ToBa pelieHHe ce 3amMecTBa BBB BTOPOTO
ypaBHEHHE Ha cucteMara (3) u ce mosryJasa:

U =la, Jae I [0 ] bt (e, T ] e
(5)

KbaeTo: chriuacuo [1] - U, = [a,, ][a ]_l [U q;.] ;
A=ay~[a,]a, ] [ec].

Crnen 3amectBaHe (5) noOvBa BUaA:

U=Uy+Aq. (6)

AHanmu3bT Ha (6) ce U3BBPIIBA B CleqHATA
II0CJIEI0BATEIHOCT:
- MOMEHTHAaTa CTOMHOCT Ha MOTEeHIMajla Ha
[IIC npenu gomup Ha 4oBek me Obae U =
Uy, ol Kato q = 0;
- CcleJ JOTMHP Ha YOBEK A0 MPOBOJIALIUTE 4Ya-
ctu Ha IIIIC norenuuana ce ompenenst OT
AKTUBHOTO CBHIIPOTHBIICHUE Ha YOBEKA R U I¢4 T.€.

U=Ri (7)

CBoOogHara chCTaBsIla Ha TOKa aOOMBa
BHUIA:

) d

iy =1L (8)
dt

Crnen 3amectBane Ha (8) B (7) ce momy4aBa

u3pa3 3a HalpeKeHUeTo, KOMTO MOKe Ja ce 3a-

mectu B (6). [TonmyuyaBa ce ypaBHeHHE IO OTHO-

IIEHNE Ha 3apsja ¢, YNeTO PEIICHHE € Mpe-
craBeHo B (10).

dgq
—RI——-A4q9g=U,, 9
dt q 0 ()
A
Uo “ri'
=—|e —-11. 10
9== (10)

Cren 3amecTBaHE Ha PELIEHHETO 3a ¢ OT
(10) B (8) 3a cBOOOHATA CHCTABSINA CE TMOJTY-
yaBpa:

A
U. —t
ics :?Oe R (11)
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Toi KaTO KOHTAKTHATa MpeKa € MOCTOSH-
HOTOKOBA yCTaHOBEHA CHCTaBsIA 32 TOKa Hs-
Ma Jla UMa, a Hal-roJiiMaTa CTOMHOCT Ha Mpo-
THUYAIHUA TIPe3 YOBEKA TOK I1ie Oh/Ie B MOMEHTA

Ha jomwmp, T.€. npu = 0 (11) noOuBa BuAa:

by =— - (12)

BpemekoHcTaHTata Ha 3aTMXBaHE Ha MPO-
meca e opae:

_RI

y (13)

T

Cxemara, MoKa3Balla MapaMeTpuTe, KOUTO
y4acTBaT NpPU M3YMCIISIBAHETO HAa MOTEHIIHA-
HUTE KOe(HUIMEHTH € oKa3aHa Ha ¢ur. 2, aHa-
JUTUYHUTE U3pa3u ca gaacHu B (14).

Due. 2. Cxema, onacnedsnsawa napamempume 3a
UBYUCTABAHE HA NOMEHYUATHUME Koepuyuenmu

1 2h
G = = 2r e IHT
0
1 (2n) + D?
alZ a2] 1
2w g, D
oy = 5 1 ln% (14)
TE, T
d !
a, = L jp %o
2r g, r
ay = L Gt
2re, dy

O3HaveHusTa Ha QUT. 2 ca KaKTO CJe/IBa:
h — Bucounna Ha KoHTaKTHaTa Mpexa (A = 4 m);
hyo — Bucounna na IIIIC (aBTOOyC, aBTOLU-
crepHa) cripamo 3emata (lg= 2,5 m);
7' — paauyc Ha IPOBOJIHUIINTE HA KOHTAKTHATA
mpexa (¥ = 8,55.107 m);
7o — paaryC Ha €KBUBAJCHTHOTO IPOBOJISIIO
15110, Koeto umutupa II1C (o= 1,25m);
D — pascrosnue Mex1y KOHTAKTHUTE IIPOBOJI-

auy (D= 0,9 m).

le =d20 = (gj +(h_ho)2
; (15)

’ ! D 2
dy =dy = (?j +(h+h0)2

Us — HanpexeHre Ha KOHTAKTHUS TPOBOIHUK
(Us = 600 1),
- 3a aHaJM3a ce MpueMa ChIIPOTHUBIICHHUE-
TO Ha YoBeka (R = 1000 Q);

[ — memxuna Ha ITIC (/= 10m);

Cnen peanu3upaHe Ha M3YHUCICHHUSATA IO
MOCOYEHUTE U3XOAHM JIaHHU C€ TI0JydaBaT
CIIETHUTE pe3yNTaTu:

Upy=17697V: A=1,835.10"%
US;  ivax=76,97 mA.

T = 0,545

Karo ce uma npensun daxra, 4e MUHUMAII-
HaTa eHeprus Ha Bb3IJIaMEeHsIBaHEe Ha OCH3UH €
Whan=0,15.103J [3], a npubIM3UTETHUAT Ka-
naruter Ha [IIIC wanpumep OEH3WMHOBO3 €
C =1000pF, makcuMajaHO JONMYCTUMOTO Ha-
npekenue Ha I1I1C cnipsmo 3ems, Ipu KOWTO €
Bb3MOKHO Bb3HUKBAHE HA B3PUB €:

01%,
U == =173.27

Ot TOBa CJIciBa, Y€ MNpHU ABUXKXCHHUC I10J
KOHTaKTHaTa Mpexka 3apeXIaHeTo € 2,3 mbTH
no-mMayiko oT Umsx M CIAEIOBATEITHO OMACHOCT
OT B3PUB HE CHILECTBYBA.

3AK/IIOYEHUE

OT MOoNay4YeHUTE YUCIEHU PEe3yJTaTH MOorat
Jla CE HAMPABST CICTHUTE U3BOJIH:
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- [I'sTHOTO TIPEBO3HO CpencTBO (aBTOOYC, ITH-
CTepHA) Ce 3apekJa 10 CPABHUTEIHO HHUCKHU
CTOMHOCTH Ha HAINPEKEHUETO, KOETO HE MpeJ-
CTaBJISIBA ONTACHOCT 32 YOBEKa;
- Ilonexxe BpeMeKOHCTaHTaTa € Majka, pasps-
BT TPOTHYA 32 KPATKO BpeMe, KOeTOo € OJiaro-
MPUSATHO;
- OT MPEeAXOIHUTE JBa U3BOJAA CIEABA, Y€ Ch-
MIPOBOXKJIAITUAT pa3psiga 3BYKOB eekT (mmyka-
HE) MOXE Ja MpeAu3BHKA CTPECOBa OTBETHA
peakuus (ps3KO JpbIIBaHE, HEBOJEH YJap,
MPEIrbBaHe U T. H .), KOETO J1a 3aBBPILU C TPAB-
Ma;
- TIpe3 JIETHUSI CE30H, KOTaTO MMa MPOJBIKU-
TETHO 3acylllaBaHe M BHUCOKH TEMIIEpaTypH,
MPEBO3HUTE CPEJCTBA HATPYIBAT €IEKTpPUYC-
CKHU 3apsid OT TPUEHETO BBbB Bb3AyXa U HbT-
HaTa HacTWiKa 10 HampexeHus 170-500 V
[4,5], KOoeTO TpeBHIlIaBa 3HAYUTEITHO U3UHCIIE-
HuTe. OOMKHOBEHO TE€ Ca MPUYMHA 33 MPOsIBa-
Ta Ha OMUCAHUTE MO-Tope ePeKTH;
[Tpenoppusa ce IIIC u ocobeno aBTodycH-
T€ J]a UMaT aHTUCTaTH4YHA Bpb3Ka C I'bTHATA
HACTHUJIKA, Ype3 KOATO JIa ce HamallsiBa HUBOTO
Ha EJIEKTPUYECKHUsS TIOTEHIMal. 3a aBTOLHU-
CTepHHU, TIPEBO3BAIM METPOIHH MPOTYKTH
CIIOMEHaTaTa aHTUCTaTHMYHA Bpb3Ka C MMbTHATA
HACcTUJIKa € 3anbipkurenHa cbriiacHo IIIT Ha
3aKoHa 3a JBUKEHHE 10 MbTUIIATA.
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Abstract

Reactive load compensation is still one of the effective solutions for increasing efficiency and reducing losses in the
transmission and conversion of electricity. The paper inhere proposes generalized and practically applicable models for
determining the reactive power consumed or generated by the elements of the power supply systems of industrial sites

(PSS of 1S), of public and residential buildings.

Keywords: reactive power, mathematical models for determining the consumed and generated power of the elements of

PSS of IS.

BBBEJEHUE

W3non3BaHero Ha CTaTUYHM TUPUCTOPHU
komrneHcaropu (CTK) mo3BoisiBa KOMILJIEKCHO
Jla ce pemiaBaT MpoOJIEeMUTE Ha EJNEeKTPO-Ma-
THUTHATa CbBMECTUMOCT U KOMIIEHCALIUATA Ha
peaKTUBHATA MOITHOCT.

Ha npomunuienute npeanpusaTus ca Hame-
punu npunoxenue asa tuna CTK: ¢ npasa u
KOCBEHA KOMIIEHCALIHSL.

CTK ce u3non3BaT Hali-IIMPOKO B CUCTEMU-
T€ 3a eJIeKTpOCHAOJsBaHE Ha peaulia MpPOu3-
BOACTBA B MCTATyprusta U B AbroBUTC ICIIN 3a
MIPOMEHJINB TOK, KOETO OCUTYPsIBa Bb3MOKHOCT
3a HaMaJsIBAaHE HUBOTO Ha KoJieOaHWE Ha Ha-
MPEKEHUETO M Koe(dUlMeHTa Ha HECUHYCOU-
JAITHOCT Y HECUMETPHUSl Ha HANpPEKEHUETOo, a
CHILIO TaKa W 3a MOBHIIaBaHe Ha (hakTopa Ha

MOIIHOCT COS(Q Ha TE€3U EJIIEKTPONOTPEOUTEITH.
B nutepatypara [1 - 3] ca npuBeaeHu cxemu u
napamerpu Ha CTK ¢ momrHoct 10 180 MVAr.
OnutsT ot exciuroaranusaTa Ha TCK mokassa,
ye Han-HagexaHu ce sBsiBaT CTK ¢ xocBeHa
KOMIIEHCAIUSI.

bvp3oaeiicTBaliuTe CTAaTUYHU TUPUCTOPHU
KOMIIEHCATOPH Ha P€aKTHBHA MOLIHOCT Ca Iep-
CHEKTHBHO pElICHUE MPU HATMYKUE HA EJIEKTPO-
MOTPeOUTENM ¢ UMIYJICEH PEeKUM Ha pabora
(EIIN) 3a KOMIIEHCHpaHETO Ha pPEAKTHUBHA
MOIIIHOCTH IIOBMIIIABAHE HAa KadyeCTBOTO Ha
€JIEKTPOCHEPIUsTa, YUATO CXeMa € MOKa3aHa Ha
¢wur.1.

[IpuHIMIIBT HA EWCTBHE HA TO3U THUII CTa-
THUYHU KOMIIEHCATOPHU Ha PEAKTUBHA MOIIHOCT
Ce 3aKillouaBa B PETYJIMPAHETO Ha HaMpexe-
HUeTO Ha GuIThpeH apocen L;, KaKTO IO
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aMIUTUTY/a, Taka 1 110 (a3a 3a CMeTKa Ha U3Me-
HCHUCTO HAa HAITPCIKCHUCTO HA U3XO0Ja HA TUPU-
cropuus [IIMM-nipey6pa3zysaren [5].

Ao
Bo
Co
o e §1§1£1
VS
L Ll At
4 A et 1T ]
VD L |
3 6
6 ~ 3
5 E # 2
a2 C S
<t
C
IL
| W

D
¢ue. 1. Bvpzooeticmeawy cmamuien mupucmopeH
KOMNEHCAMOp HA PeakmueHa MOWHOCH

To3u THN KOMIIEHCATOPH UMAT MPEIUMCTBA
npen CTK:

= [lo3BoussBaT 1a ce reHepupa U peryaupa
MMOTOKBT Ha PEaKTUBHA MOIITHOCT, KAKTO C Ka-
MAIUTUBEH, TaKa U C MHIYKTUBEH XapaKTep;

= Hmar mo-BucOKO Obp30/ICHCTBHE;

* Hmat mo-rosieMd (yHKIIMOHAIHU BbH3-
MOXHOCTH TIPH YIPABJICHHETO HAa HW3XOIHUS
TOK;

= Hmar mo-goOpu cnenuduyHd Macora-
OapUTHHU TIOKA3aTENH.

Cnensa na ce OTOCICXKH, Ye TE CE SABABAT
€IUH OT OCHOBHHTE EJIEMEHTH IpPH pealn3a-
[IMATA HA ThBKABU JIUHUU.

K®M HemocTaTbKa Ha TO3H THII KOMIIEHCATO-
pu TpsiOBa /1a ce MOCOYM BHCOKaTa MM IICHa.

N30 KEHUE

1. MaTemaTH4yecKu MO/eJIM 32 Onpe/esisiHe
HA peaKTHBHATA MOIIHOCT, TeHEPHPAHA OT
U3TOYHHMIM HA PEAKTHBHA MOIIIHOCT

Ille ce pasrimemar pa3JIu4yHU €IEMEHTHU OT
€JIEKTPOCHAOJUTEIHUTE CHUCTEMU Ha MPOMHU-
[IJICHUTE OOCKTH U IIIe€ C€ TPEACTaBAT CUCTe-
MaTU3UPaHO MaTeMaTUYECKU 3aBUCHU-MOCTH 3a
OIIpezieiIsiHE Ha peaKTUBHATA MOIIHOCT, KOHCY-
MHUpaHa OT TsX, KaKTO U U3pa3u 3a pecMaTaHe
Ha reHepupaHaTa peakTHBHAa MOIIHOCT OT 4e-
CTO M3IIOJI3BaHM B TpaKTHKaTa CpEICTBa 3a
KOMIIEHCAIIUs Ha pEaKTUBHUTE TOBApH.

1.1. EneKTpONpoOBOIHH JUHUH
3a ompenensiHe Ha TeHEpUpaHaTa peaKTHUBHA
MOIIHOCT OT €JIEKTPONPOBOJHU KaOEIHU JIU-
HUHU C€ U3MOJI3Ba U3paza

Q = U?b,l; (1)
b, = 2nfC,,
KBJETO:

Q — peakTHBHA KamalMTUBHA MOIIHOCT, TCHE-
pupaHa oT eJeKTponpoBoaHa JuHus, kKVAT;
b,- crnemuduuHa peakTUBHA MMPOBOJUMOCT Ha
Kabemn, S/km;

| — memKYHA Ha ENEKTPONPOBOAHATA JTUHUS,
Km;

Cp — crenupuIeH pabOTeH KamaluTeT Ha Ka-
oena, F/xm.

1.2. Konnenszatopuu ypeaou (KY)
I'enepupanara /otaaBaHa/ peakTUBHA MOIII-
HocT oT KV ce onpenens no uzpaza

Q. = UV*wC, (2)
Qxy = P (tgp: —tge,),
KBbACTO:

Q,.— peakTMBHa MOIIHOCT, T€HEpUpaHaTa OT
KV, kVAr;

Cy — KamaruTeT Ha KOHJIeH3aTopa, F;

Qxy - HeoOXoaWMa peakTHBHA MOIIHOCT Ha
KY, kVAr;

P ,- cpennoroauuieH akTuBeH Tosap, kW;
tg@1- TaHTEC Ha BI'BJI (P, KOUTO CHIIECTBYBA JI0
KOMITCHCHPAHETO Ha PEaKTUBHATA MOIITHOCT;
tg,- TaHTEC Ha BI'BI (P, KONTO Ce U3UCKBA CIIE]T
M3T0JI3BAaHETO Ha KOMITIGHCUpAHEe Ha peaKTHBHA
MOIITHOCT;

w — BIJIOBA YECTOTAa, rad/s.

1.3. CUHXpOHHHU ABUTATEH

MaxkcuManHata KOMIIEHCHpAIa CIoco0-
HOoCcT Ha cuHXpoHHU aurarenu (CJI) B exc-
TJI0ATAIUs Ce OMPEIeIs 110 u3pas3a

qd max = %100 = [sin(p +(1-
B).(o—+04)| 100 3)

48singp—32

Qmax — AmaxPuom tg(pHOM. (4)
Nuom

KBJCTO:
q max— MaKCUMaJHa KOMIICHCHpAIIA CII0C00-
Hoct Ha C/1, %;

f — xoedpunment Ha HaToBapBane Ha CJ] mo
aKTHBHA MOIITHOCT;

Qmax- MaKCUMaJiHa pEaKTUBHA MOIIHOCT, KOSI-
TO € Bb3MOXxHO n1a reHepupa CJI, kVAr;
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Amax — MAKCUMAJIHO JOMYCTHMO IIPETOBapBa-
He Ha C/] o peakTMBHA MOIIHOCT;

Pioms t9 Proms Muom- CHOTBETHO  HOMMHAJHA
MOIIHOCT, TAHTEC OT Py, ¥ K111 HA C/I.

1.4. CHHXpPOHHH KOMIICHCATOPH

OtnaBanara (reHepupaHaTa) pEaKTHBHA
MOIITHOCT OT CHHXPOHHH KOMIIEHCAaTOpHU ce
oTIpesieNis o u3pasa:

Qck ﬁﬁ + @(1 _ﬁ) U_Z(l Xe )’ (5)

Xdz Xdz Xdx Xdx Xdx Xdx

KbJIETO:
Qck - peakTHBHA MOITHOCT, OTJaBaHa OT CHH-
xponnu kommnercatopu (CK);

E, — wsuumcn. croiiHoct Ha e.x.c. Ha CK;

X - CBIIPOTUBJICHHE Ha €]1. Mpexka, L2;

X 4x- 3aMectBaio cwraporusienue Ha CK (u3-
YUCIUTENIHA CTOMHOCT) 2.

2. MaTeMaTH4YeCKH MOJeJIM 32 ompeessiHe
HA peaKTHBHATA MOIIHOCT, KOHCYMHPAaHAa OT
ACHHXPOHHHM  €JIeKTPOJABHUIraTejJH  4pe3
M3M0JI3BaHe HA KATaJI0)KHUTE UM JaHHHU

PeakTuBHaTa MOIIHOCT, KOHCYMHpaHa OT
ACMHXPOHHU JIBUTATEIHN CE OMPEIENIT 1Mo (op-
MYJIUTE C W3MOJ3BaHE Ha KaTaJlO)KHUTE (Ia-
CIIOPTHUTE) UM JIaHHU, TOKa3aHu B Ta0muma 1.

B Tabnuna 1 ca npuetn ciegHuTe 03HaYe-
HUSL:

L,

1,,,,,- HOMHHajeH ToK Ha AJl, A;

- TOK Ha mpa3eH xo11 Ha AJl, A;

P,,,- HOMHHaJIHAa MOUIHOCT Ha Baia Ha [IJI,
KkW;
[ — xoedunueHT Ha HaToBapBaHe Ha A/;

Q,,,, — HOMHHAJIHA pEaKTHBHA MOIIHOCT Ha
AJl, kVAr;

COS Py 1,,,~ CHPOTBETHO HOMHUHAIEH (HAKTOP

Ha MOIIMHOCT (COS®) W HOMUHAJIEH Koe(HIIH-
€HT Ha MOJIE3HO JICUCTBUC;

Knax - KOGDUIIMEHT HA MAKCUMyMa TI0 aKTHB-
Ha MOILHOCT;

P, ,Q., -cpeaHa CTOMHOCT Ha aKTUBHATA U Pe-
aKTHBHAa MOIIIHOCT, KOHCYMHpaHa OT TIpyma
€JIEKTPOTIOTPeOUTENH Tpe3 Hail-HaToBapeHaTa
cMsaHa, KVAr;

Kjnax — KOCQHUIMEHT HA MaKCUMyMa I10 peak-
TUBHA MOII[HOCT.

Tabnuya 1

Neo | Ompenensina
BEJIMYHMHA

®dopmyna

Peaktusna
MOII[HOCT Ha
HaMarHUTBaHE L Bion

Q, =
Ha “ IHOMnHOMCOS(pHOM
ACHHXPOHEH

JIBUTATEN

PeakTuBHa B2P.on

Q- =
MOIIOHOCT Ha I
P t _—x
IIOJIETO Ha ( TIHOM) ( G Puon IHOMCOS(pHOM)

pasceiiBaHe

PeakTuBHa
MOII[HOCT TIPH
pabota Ha Quom(2,22 — 2,12 cos@yom)
3 IpaseH XOJ Ha Ox = tgPuon
ACHHXPOHCH

JABUIaTC]I

Koncymupana
peakTHBHa Y Q=
MOIIHOCT  OT
rpymna
ACHHXPOHHHU
JBHUTATENN

‘max Qcm
= KnmaxPon t99;
20 = KnaxQcun

3. IlpakTHyecku ciay4yai 3a mnoqoopsiBaHe Ha
¢dakTopa Ha MomHOCT Ha TpHU(a3eH
ACHMHXPOHEH JIBHUTraTeJI

Pasrnenan e clegHUAT NPAaKTUYECKH CIIy-
yeu:
Ha TtaGenkara Ha TpudazeH acCHHXPOHEH
EJIEKTPOBHUTATEN Ca MOCOYCHH CIICTHUTE aH-
HU:
P =40 kW - MOIIHOCT Ha IBUTATE;
Uy =400V - HOMMHaIHO 3aXxpaHBallo
JIMHEWHO HAIPEKCHUE;

Iy =105A - HOMHMHAJIEH CTaTOPEH TOK;
n=0,85 - K.II.JI. Ha JIBUTaTes;
f=50Hz - yecroTa Ha 3aXpaHBAILOTO

HanpeXeHue.
Ha taGenkara e mocoyeHo, ye HAMOTKUTE
Ha craTopa Ha JBUTATENs Ca CBbP3aHU B TPU-

BI'BITHUK.

Ot TabenkaTa Ha IBUTATENS HE MOXeE Ja ce
nmoryyu uHGOpMaIs 3a CTOMHOCTTA Ha (ak-
TOpa Ha MOLTHOCT COS .

Jla ce pemaT cieHUTE 3a1a4H:

1. Jla ce onpexnenu croifHOCTTa Ha (pakTopa
Ha MOUTHOCT Ha JIBUTaTelisi COS @

2. Jla ce ompenenu ¢ KakBa CTOMHOCT LIE ce
HaMaJld CTaTOPHUS TOK Ha JBUTATENs, aKO
¢dakTOpa Ha MOIIHOCT ca YyBEIWYM [a
CTOMHOCT €OS @ = 1 c momoIra Ha KOH-
J€H3aTOPH.
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3. Jla ce ompeneny KamaimuTeTa Ha KOHJIEH-
3aTopuTe, 3a J1a ce MOBHUINK (akTopa Ha
MOIIIHOCT Ha JBUTATelsd A0 CTOHHOCT
cosg = 1.

4. Jla ce ompenenu KakBa peakTUBHA MOII-
HOCT III€ C€ KOMITEHCHUpa C BKJIIOYBAHETO
Ha KOHJIEH3aTOpUTE IIpHU COS @ = 1.

Pemenue:
1. OmnpenensHe Ha KOHCYMHUpaHaTa OT IBUTa-
TEJI1 MOIIHOCT:
p, 40

P, = —— =47 kW
17 " 0.85

P3 — MOIIHOCT, KOSITO CE€ pa3BHUBAa OT JIBU-
raTels U ce mocoyBa Ha Tabenkara (P, =
40kW)

2. Onmnpenensne ¢akropa Ha MOIIHOCT Ha
JBUTATEN C:

P, =+/3.Uy.1,.cos @;

1
V3.Uy. 14
4. OmnpexnensiHe CTaTOPHUS TOK Ha JBUTaTe-

751 Ipu aKTOp Ha MOIIHOCT, COS @ = 1:
P, = V3. Uy.1,.cos @,
cos@, =1->P, = \/?UH.I

_ Py 47000 _
I—ﬁuﬂ—ﬁ400—67.8A.

Ccos @, = = 0,65

[TonydyeHnaTa CTOMHOCT Ha TOKa € aKTHUB-
HUS TOK npu €os @ = 0,65, Tvii kato I, =
I,.cos¢p; =105.0,65=67,84

HamarautBamusar (peakTUBHHSAT) TOK,
KOWTO MPOTHYA B 3aXpaHBAIIUTE (JIMHCHHM)
MIPOBOHHUIIM JI0 MTOA0OpsBaHETO Ha (pakTopa
Ha MomHocT 1me Obne Ip = I4.sin@q =
105.0,76 = 80,1 A.

4. 360p Ha KOHJEH3AaTOPH 32 KOHJIEH3aTOP-
HaTa rpyrmna

Konnenszaropure ot ¢ur. 2 ce cBbp3BaT B
TPUBI'BIHUK, KaTO JI0 MOA0OpsBaHETO Ha (pak-
TOpa Ha MOIIHOCT B JIMHEHHUTE MPOBOIHUIIM
IIpoTHYa peakTuBeH ToK Ip = 79,8 A. ®a3Hu-
AT TOK, KOMTO 1€ TpoTeye Npe3 KOHACH3aTOPH-

Te me 6Bae ¢ V3 mo-mamek, T.e. I, = % =
80,1 _
Nl 46, 3A.

HanpekeHneTo Ha BCEKHM KOHICH3AaTOp €
PaBHO Ha JMHEWHOTO HAIIPEKECHHUE HA MpeKaTa
400 V.

| L€

Due. 2 Cxema Ha c8bp368aHe HA KOHOEH3AMOPHUME
bamepuu

KaHaLII/ITI/IBHOTO C’prOTI/IBJIeHI/IC Ha KOH-
JieH3aTopa 1e 0bae:
1 U

¢ wc I
Ot ropHara gopmyna ce onpeaens Kanamu-
TeTa Ha KOHJIEeH3aTopa:

=t = % _368.107°F = 368 uF.

Uw 400314

KoM Tpudaznus apuraten tpsoBa ga Obae
CBBP3aH KOHJCH3aTOPEH OJIOK ¢ OOII Karaiu-
ter: C = 3.368 = 1104 uF B pe3ynrar, Ha
KoeTo (pakTOpbT Ha MOIIHOCT II€ CE€ MOBUIIU
710 COS ¢, = 1, a TOKBT B MpeKaTa Iie ce HaMa-
mm ot 105 A no 67,8 A.

OmpenensHe Ha oOmaTta peaKkTHBHA MOIII-
HOCT, KOSITO C€ OCUTYpPSIBa OT KOHJICH3aTOPUTE:
Q =3.U.I, = 3.400.46,3 = 55 560 VAr =

= 55,6 kVAr.
B To3m ciydail ABUTATENAT 1€ KOHCYMHpA
OT Mpekara caMO aKTHBHAa MOIIHOCT P; =

47 kW.

3AK/IIOYEHUE

1. KomneHcupaneTo Ha peakTUBHUTE TO-
BapH B €JIEMEHTUTE Ha €NEKTPOCHAOAUTEI-HH-
T€ CUCTEMH Ha MPOMUIIIJICHUTE OOCKTH € aKTy-
aJlHa 3aj]a4a 3a M3CJIe/IBaHe U pelraBaHe B 00-
JIaCTTa Ha ChbBpPEMEHHATa EHEPreTHKA U C TOJIAM
WKOHOMHYECKHU e(eKT.

2. IlpennoxeHu ca 0000IIEHN MaTeMa-TH-
YEeCKU MOJICTIH 32 OIpeIesTHE Ha KOHCY-MHUpa-
HaTa ¥ TeHepHpaHaTa peakTHUBHA MOIIHOCT OT
pa3IUYHU €IIEMEHTHU Ha €NEKTPOCHAOAUTEITHU-
T€ CUCTEMH.
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3. IlpennoxkeHn ca MaTeMaTUYECKH U3pa-
3 3a OMpeAeNiiHE HAa PEaKTUBHATA MOIIHOCT,
KOHCYMHpaHa OT aCUHXPOHHHU JIBUTaTENU Upe3
H3M0JI3BAHC HA MAaCIOPTHUTC UM JIaHHU.
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Abstract

A new kind of FIR (Finite Impulse Response) digital filter is recently described, which is intended for the filtering of
impulse periods. This filter is by nature a Frequency Locked Loop (FLL), which is based on the measurement and
processing of the input periods only. In this article, the general equations for transfer functions of FLL of any order are
derived, as well as the general Z transformations of the FLL outputs. These general equations enable fast and simple
adapting FLL of any order to function as digital filter, using Mat-lab tools, dedicated for the design of the classical FIR
digital filter. The application of these equations is demonstrated on the development of digital filter based on FLL of the
fifth order. The filtering ability of the fifth-order FLL is demonstrated for one practical example.

Keywords: Digital circuits, Digital filters, PLL, FLL, Pulse circuits.

INTRODUCTION

It was shown in ref. [1] that, Mat-lab
tools intended for classical FIR digital filters,
can be used for frequency analysis of the
Frequency Locked Loops (FLL), which are
based on the measurement and processing of
the input signal periods only (called period
FLL). Using the theory and tools of classical
FIR digital filters, it was demonstrated in ref.
[2], how a new type of FIR digital filters can
be designed from period FLL (called FLL
digital filters). These new FLL digital filters
(type FIR) are intended for the filtering of the
pulse signal periods.

Ref. [2] points out the differences and
similarities between amplitude processing in
classical digital filters and period processing in
FLLs. For the further development of FLL
digital filters, it is of interest to define its
difference equation of M-th order and to
compare it with the same difference equation
of the classical FIR digital filter. Since there is
an inevitable overlap between the input and
input periods of the same order, when
processing periods, a time difference between
the input and output periods t was introduced
in refs. [1] to [10], as a variable that shows
how much this overlap is in the positive or

negative direction. Time difference t can
always be easily translated into a phase
difference between the input and output
periods. In addition, as shown in ref. [1], the
time difference t also contains information
carried by the input period. Time difference t
has a different transfer function and different
filter characteristics compared to the output
period, and provides an additional range of
FLL applications.  Therefore, in the
generalization of the theory of FLL digital
filters, the time difference t should also be
included as the second output variable,
together with the output period.

In the papers [3] to [12], the period FLLs
and period Phase Locked Loops (PLLs) were
applied in the field of frequency averaging,
phase shifting, time shifting, phase control,
tracking, predicting, frequency synthesizers,
noise rejection, frequency multipliers and the
others. Besides refs. [1] and [2], they are also
closely related to this paper. The rest of
articles and books [13] to [18] in the
references, are used as the theoretical base.

FLL DIGITAL FILTER OF M-th ORDER

A general case of an input signal Sin and an
output signal Sop of period FLL is presented
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in Fig. 1. In comparison to the classical PLL
and FLL, the input and output frequencies are
changed by the input and output periods in
Fig. 1, and the phase differences are changed
by the time differences. The periods TIx and
TOk, as well as the time difference, occur at
discrete times f, fx+1, tk+2,...tk+M, fim+1, wWhich
are defined by the falling edges of the pulses
of Sop in Fig. 1. The first important difference

=TI —et Tl 1 =TIk 42—

Sin]]
ki T e TO2 | TOkara

so L

t:1<+1 t:k+1 t:k+3 I:1<+M1 tk?l—M

B

Ty Tt Trrz Ty Trama Tiam

# et

Fig. 1. The time relations between the input and
output variables of period FLL of M-th order.

between the processing described by the
classical digital filters and the processing of
the period FLLs is the fact that instead of the
amplitudes, the period FLL uses the input
periods in the processing. Secondly, unlike the
amplitudes which are sampled with the
constant time intervals, the input and output
periods TIk and TOx as well as time
differences Tk, are distributed in time in Fig. 1,
so that every input period overlaps with the
output period of the same order. Due to this
distribution and overlapping in time, it is not
possible to calculate, for instance, the output
period TOk+ as a function of Tlk+1, because
the calculation of TOx+1 must be finished up to
discrete time #+1, 1.e. before the input period
Tlk+1 is expired, see Fig. 1. At discrete time
f+1 the realization of TOx+1 should start. In
other word, in the real time applications, any
output period can be calculated only using the
previous input periods of the lower order.
Taking this fact in account, the general
difference equation which describes the period
FLL of the M-th order, corresponding to Fig.1,
is presented in eq. (1). Note that because of
simplicity, all discrete times in brackets are
changed with the corresponding index marks
in eq. (1). For instance, TO(k+M) is changed
with TOw+m, TI(k+M-1) is changed with Tli+m-
1 and so on. Equation (1a) is the shorted form
of eq. (1). It comes out from eq. (1), that there
are "M" system parameters of FLL of M-th

order. These are bj, ba... bm. If we want to
complete the calculation of TO(k) with all
system parameters, it is necessary "M" input
periods. Another equation describing the
natural relation between the input and output
variables, which comes out from Fig. 1, is
shown in eq. (2).

T0 =bTI +bTI +.-+b TI @)
k+M 1 k+M-1 2 M k

k+M -2

M
TOk+M - élbi .le-v-M—i (1a)

1

T,,=7,+T0O, -TI, 2)

It is very useful to compare eq. (1a) with
the difference equation of classical FIR digital
filters of the M-th order, which is shown in eq.
(3), where the output of a digital filter y(k) is
the sum of products of (M+1) filter
coefficients bo, by, bo,... bum and the
corresponding samples of the input signal x(k-
). Note that the variable "k", represents the
discrete time t« when an amplitude of the input
signal is sampled, measured and taken in
calculation. According to eq. (3), there are
(M+1) calculations of the outputs and (M+1)
filter coefficients. Note that, to the case i=0
corresponds the coefficient bo in eq. (3), so
that the calculation of y(k) can be performed
using an input of the same order x(k).
However, the parameter bp does not exist in

eq. (1a).

M
y(k)y = X by -x(k—i) 3)

In order to find out the transfer functions of
the period FLL it is necessary to determine the
Z transforms of TOx+m and Tk+1, given by egs.
(1) and (2). The Z transform of egs. (1) and (2)
can be derived in two ways. The first way is to
develop it directly from eqs. (1) and (2). The Z
transformations of a M-th order FLL can also
be performed from the multiple Z
transformations of lower-order FLLs. We will
apply the second approach, as the first
approach would take up a lot of space. For
FLL of the second order, ref. [1], TO(z) and
1(z) are shown in egs. (4) and (5). Following
the example of the second-order FLL,
described in ref [1], the difference equations
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for third-order FLL are: TOk+3=biTlk+2
+b2Tlk+1+b3Tlk and  Tk+1=tk+TOK-Tlk. Using
the same procedure, like in Ref. [1], TO(z) and
t(z) for FLL of the third order are developed
and shown in egs. [6] and [7]. Based on egs.
(4), (5), (6) and (7), we can derive the Z
transforms of the M-th order FLL, given in
eqs. (8) and (9). The shorted form of eqgs. (8)
and (9) are presented in eqgs. (10) and (11),
where  Hto(z)=TO(z)/TI(z) and Hi(z)=
1(z)/TI(z) are the transfer function of the M-th
order FLL. The transfer functions are
presented in eqs. (12) and (13). TOo and 7o in
eqs. (4) to (11) are the initial conditions of the
corresponding output periods and time
differences. R(z)=(TOop + zt0)/(z-1) in egs. (5),
(7) and (9).

TO(z) =TI(z)-(zb, +b,)/ z* + TO, (4)
7(2)=TI(z) [~z +(b,—1)]/ 2 + R(2) (5)
TO(z)=TI(z)-(z’b, + zb, +b,)  ° +TO,  (6)

7(z) =TI(z)-[-2" + z(b, 1)

; (7
+(b, +b,—-1)]/z" + R(z)

T0,,(z)=TI(z)-(z""'b,+2"7b, +...

8
+zb,,  +b,)/z" +TO, ®

t,(z)=TI(z)-[-z"" + 2" (b =D+
M7 (by +by =D+t z(by, , +..tb=1) (9
+(b,,_, +..tb =11/ 2" + R(z)

T0,(2)=TI(2)-H,, (2)+T0, (10)

TM(Z)=T[(Z)'HT’ (2)+(TOy+z-7y)/(z—=1) (11)

M .
H (2)=T0,(2)/TI(z)= X b-z"" /2" (12)
M i=1

H_()={-z""+
(13)

M-1 . i
Y ML(E by -113 2
: -

= J

—_—

Although eq. (13) looks complicated, it is
together with eq. (12) very useful, because

using them, we can easily derive Z transforms
of the transfer functions of any order FLL,
escaping long mathematical operations.
According to refs. [1] and [2], in order to adapt
a FLL to function as a digital filter, it is
necessary to determine the transfer function of
FLL. Using eqgs. [12] and [13], let us
determine the transfer functions for M=5, i.e.
for the FIR FLL of the fifth order (FIR FLL5s),
which is also described in ref. [2]. If we enter
M=5 in eqgs. (12) and (13), we will get the
transform functions Hros(z) and Hxs(z) for FIR
FLLs, shown in egs. (14) and (15). Using egs.
(10) and (11), the Z transform of the FIR FLLs
outputs are determined and shown in egs. (16)
and (17). Comparing eqs. (14) and (15) with
the corresponding Hros(z) and Hqs(z) in Ref.
[2], we can see that they are identical.
Comparing eqgs. (16) and (17) with the
corresponding TO(z) and t(z) in Ref. [2], we
can also see that they are identical, proving so
the correctness of all previously presented
maths in this article.

It follows from the previous conclusions
that, using equations [10] and [11], we can
determine the Z transformations TO(z) and
t(z) for a FLL of any order. Also, based on
equations [12] and [13], we can determine the
transfer functions Hro(z) and Hz(z) for a FLL
of any order. After determining these transfer
functions, using the rules of Mat-lab, we can
determine the corresponding vectors "b" and
"a" used in Mat-lab for the FIR digital filters.
In ref. [1], it is shown that based on these
vectors “b” and “a”, detailed analyzes of a
FLL in the frequency domain can be
performed, using Mat-lab tools intended for
the design and analysis of the FIR digital
filters. This whole procedure of the design and
analyses is also described in detail in ref. [2]
for the fifth-order FLL.

H,,(z)=(z'b +2'b, + 2°b, + zb, + b)) | 2’ (14)

H.(z)=[-z'+Z2 (b 1)+ 2’ (b, +b, 1)+ (15)
+z(b, +b, +b, 1)+ (b, + b, +b, +b —1)]/ 2’
TO,(z) =TI(z)-H,,.(z) + TO, (16)

1.(2) =TI(z)- H,(2)+(TO, + z-7,) | (z—1) (17)
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In the adapting a FLL to function as FIR
digital filter in ref. [2], the system parameters
of a FIR FLLs are changed by the coefficients
od the classical FIR digital filter of the fourth
order. It is not necessary to repeat the
description of this procedure in this article.
Instead of that, let us only demonstrate some
filter characteristics of the low pass digital
filter (type triangle) based on the fifth-order
FLL. Let us suppose that the filter is defined
by the cutoff frequency fg=2000 Hz and
sampling frequency fs=14000 Hz. The input
period TIk+1 1s supposed to be TI(k+1)=
10+S1(k)+S2(k) [time units], where Si(k)=
6-sin[2n/fs-fi'k] and  Sa(k)=6-sin[2n/fsf2-k].
The values of frequencies f1 and f; are f1=1500
Hz and f,=4500 Hz. The time unit [t.u.] can
be, usec, msec or any other, but assuming the
same time units for all time variables. It was
more suitable to use abbreviated [t.u.] in the
text and to omit [t.u.] in a diagram. Following
the same procedure of analyses, which is
applied in ref. [2], the frequency spectrums of
the input and output periods are determined
and presented in Fig. 2 in the whole sample
rate. It is visible in Fig. 2 that signal S; at 1500
Hz, is only slightly attenuated, since fi is less
than cutoff frequency f,=2000 Hz. At the same
time signal S> at 4500 Hz is suppressed,
because £>=4500 Hz is greater than cutoff
frequency f;=2000 Hz. In other word, it
belongs to the stop band of the low pass digital
filter based on FLLs. It can be also seen in Fig.
2, that the zero component at frequency close
to zero is not attenuated, just like in ref. [2].

1.E-10% T
[ Input spectrum of TI

110°

0
1.5-105‘

1500 4500

Cutput spectrum of TO
HF |

DM—HE

0 1500 45007 5000 10000 14000

Fig. 2. The input spectrum of Tl and the output
spectrum of TO.

CONCLUSION

This article represents important contribution
to the theory and application of new FIR FLL
digital filters, which are intended for filtering of
impulse signal period. Namely, in the procedure
of filter development it was necessary, as the
first step, to determine the transfer functions of
the filter outputs (output period and time
differences). This step precedes the application
of the Mat-lab tools in which the zeros of a
classical digital filter are assigned as zeros of
the FLL in order for the FLL to function as a
digital filter, refs. (1) and (2). However, the
process of performing transfer functions can
be very long and complex mathematical
procedure. It takes long time, with very small
probability to escape mistake. For a FLL of very
high order, which is expected to be used in
filtering, to perform this task without mistakes,
becomes almost impossible.

Besides the transfer functions, since FLL
functions in real time conditions, the
development of Z transformations of the output
variables (output period and time differences) of
a FLL is necessary for the different kind of
analyzes.

The derived equations enable fast, simple and
secured derivations of the transfer functions and
Z transformations of the outputs of a FLL of any
order. At the same time, this step simplifies the
design of any order FLL digital filter and
almost reduces it to designing a classic digital
filter. In this article, the application of these
equations is demonstrated on the development
of the FIR FLL digital filter of the fifth order.
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Abstract

This article describes a new kind of IIR (Infinite Impulse Response) digital filter, which is intended for the filtering
of impulse periods. This filter is by nature a Frequency Locked Loop (FLL), which is based on the measurement and
processing of the input and output periods. The paper shows how a digital filter can be designed from one FLL using
the theory of classical IIR digital filters. All mathematical analyzes were performed using Z transformation and the
theory of linear discrete systems. To illustrate this approach a Butterworth IIR digital filter is designed, which is based
on a third-order FLL. The filtering ability of the third-order FLL is demonstrated for one practical example.

Keywords: Digital circuits, Digital filters, PLL, FLL, Pulse circuits, Linear discrete system.

INTRODUCTION

The field of the special type of Frequency
Locked Loop (FLL), recently described in the
literature, which is based on the measurement
and processing of the pulse signal periods, has
acquired its new, very important role in theory
and practice. Namely, for a special choice of
FLL parameters, this system becomes a digital
filter like a classic digital filter, but such a
system filters the pulse signal periods. It was
shown in ref. [1] that, Mat-lab tools intended
for the classical Finite Impulse Response (FIR)
digital filters, can be used for the frequency
analysis of FLL, which are based on the
measurement and processing of the input
signal periods only. Using the theory and tools
of the classical FIR digital filters, it was
demonstrated in ref. [2], how a new type of
FIR digital filters can be designed from a
period FLL. In refs. [1] and [2], the described
FLLs process only the input signal periods. In
accordance with the already known term from
the theory of FIR digital filters, in which the
filter processes only the samples of the input
signal, we called the described filters FIR FLL
digital filters.

This paper describes a methodology for
designing a FLL digital filter that processes
both, the input and output signal periods. In

accordance with the adopted terminology from
the theory of the Infinite Impulse Response
(ITR) digital filters, let's call these systems the
IIR FLL digital filters.

The refs. [3] to [11] describe the period
FLLs and period Phase Locked Loops (PLLs),
whose construction and functioning are the
same as the FIR FLL and IIR FLL digital
filters. However, for the different choice of
parameters, they were applied in the field of
frequency averaging, phase shifting, time
shifting, phase control, tracking, predicting,
frequency  synthesizers, noise rejection,
frequency multipliers and the others. The rest
of articles and books [12] to [17] in the
references, are used as the theoretical base.

DESIGN OF IIR FLL DIGITAL FILTER

For simplicity, the IIR FLL digital filter
design will be demonstrated on the third-order
FLL. The same principles that apply to the
third-order FLL can be used on any higher-
order FLL in order to design an IIR FLL
digital filter. A general case of an input signal
Sin and an output signal Sop of the third-order
FLL is presented in Fig. 1. The periods Tlx and
TOk, as well as the time difference tx, occur at
discrete times f#x, fx+1, fk+2, fx+3...., Which are
defined by the falling edges of the pulses of
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Sop in Fig. 1. The input and output periods Tl
and TOx as well as the time differences tx, are
distributed in time in Fig. 1, so that every input
period overlaps with the output period of the
same order. Due to this distribution and
overlapping in time, it is not possible to
calculate, for instance, the output period TOx+3
as a function of Tlk+3, because the calculation
of TOx+3 must be finished up to discrete time
tr3, 1.e. before the input period TIlk+3 1is
expired, see Fig. 1. At discrete time #+3 the
realization of TOx+3 should start. In other
word, in the real time applications, any output
period can be calculated only using the
previous input periods of the lower order.
Taking this fact in account, the general
difference equation which describes the third-
order FLL, corresponding to Fig.l, is
presented in eq. (1), where b1, by, b, a1, a; and
a3 are the system parameters. Following the
same idea, presented in ref. [2], that the FLL
parameters should be changed by the
coefficients of a classical digital filter, let us
first compare eq. (1) with the difference
equation of the second order FIR digital filter,
which is presented in eq. (2). Note that y(k) is

Tl THet 1 oo THeA 2 Tt 3—,
S]] | | | M

#=TO g oo TOH e Tl DT T3
Sep M T 1

by beg  tkr bz Ta

B | |}

Ty Tt Ten Trs Ty

Fig. 1. The time relations between the input and
output periods and the time differences of the
third-order FLL.

TO =bTI +bTI,  +bTI +
k+3 1 k+2 2 + 3k (1)
aTO +aTO, +aTO
1 k+2 2 + 37 Tk
aodyk+2 + aldyk+1 + azdyk = bdek+z +

bldxk+1 + bdek

2

the calculated output and x(k) is the sampled
input in digital form. All coefficients in eq. (2)
have suffix “d”, to signify that they belong to
the digital filter. Coefficient aoa is always
equal to one in a FIR digital filter. Note that in
eq. (1), parameter ao, which should be attached
to TOk+3, 1s also equal to one. Equation (2)
corresponds to the form recognized by Mat-

lab, while eq. (1) corresponds to a form which
is suitable for the mathematical analysis of a
real-time FLL. Including aoq and ao, we notice
that eq. (1) contains 3 parameters "b" and 4
parameters "a", while equation (3) contains 3
coefficients bq and 3 coefficients "aq". In order
to equalize the number of parameters with the
number of coefficients, we must omit
parameter a3 in eq. (1). Equation (1) changes
to modified form, given by eq. (3). Another
equation describing the natural relation
between the input and output periods and time
differences tx, which comes out from Fig. 1, is
shown in eq. (4). In order to compare eqgs. (2)
and (3), let us write eq. (2) in the form, similar
to eq. (3), shown in eq. (5).

TO =bTI _+bTI  +bTI
k+3 1 k+2 2 + 3 0k

(3)

+aTO +aT0O,,,

1 k42 2 +
7,,=7,+7T0,-TI, 4
yk+2 = bdek+2 + b1dxk+l + bzdxk (5)

Y T DV

To design an IIR FLL digital filter of the
third order (IIR FLL3) using the Mat-lab tools,
we need to find the Z transforms of the
transfer functions of the described FLL using
equations (3) and (4). The Z transforms of egs.
(3) and (4) are presented in eqs. (6) and (7). In
egs. (6) and (7), TOo, Tlp and 1o are the initial
conditions of the variables TOx, Tl and tx.
Based on eq. (3), for k=-2, TO1=b1Tlp+ a1TOo
and for k=-1, TO»=bTI;+b,TIp+a; TO+a2,TOy.
Using the given expressions and eq. (6), TO(z)
is calculated and shown in eq. (8), where
R(2)=2*TO0/(z*- Z*ai- za). It is now of interest
to investigate under which conditions this IIR
FLL3 is the stable system. To do that, let us
suppose that the step input is TI(k) = TI =
constant. Substituting the Z transform of TI(k)
i.e. TI(z) = TI-z/(z-1) into eq. (8) and using the
final value theorem, it is possible to find the
final value of the output period TOw«, which
IIR FLLj3 reaches in the stable state. We can
calculate TO» = lim TO(k) if k—oo, using
TO(z). This is shown in eq. (9). It comes out
from eq. (9), that TO-=TI if eq. (10) is
satisfied. Changing TO(z) given by eq. (8) into
eq. (7), 1(z) is calculated and shown in eq.
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(11), where Sap= bz + b1 + a2 + a;-1. Based on
eqs. (8) and (11), we can define two transfer
functions Hro(z) and Ht(z)= t(z)/TI(z), shown
in egs. (12) an (13).

2’TO(2) - 2°TO, - 2°TO, - zTO, = b [2°TI(z)

—2°TI, — zT1, |+ b,[ zTI(2) - zTI, |+ b, TI(z) +  (6)

a, [2°TO(z) - 22T00 - 270, 1+ a,[zTO(z) - zTO, ]
zt(z) —zt, = 7(2) +TO(2) = TI(z2) @)

zzbl +zb, + b,

TO(2) = TI(z) == +R(2) (8)
zZ —Z Cll - Za2
7O, =lim[(z - 1)TO(2)],_,, =TI [;1+b2+b3 9)
—-a,—-a,
b+b,+b,+a +a,=1 (10)

~z' +z2(b, +b -)+S,, R(z)+z1,
+

7(z) = TI(z) (1)

3 2
z -za -za, z-1

_TO(z) _ z2°by+zb,+bs
H,,(2) = TI(z) 3 (12)

z —22a1 —za,

—z* 4 z(b, +b, —1)+b, +b +a, +a, —

H,(2)= L 13

3 2 _
z —z (ll ZCl2

Modified eq. (3) of FLL is structurally the
same like eq. (5) and the next step is to simply
change parameters in eq. (3) with the
corresponding coefficients of the digital filter
so that bj= bod, b= b4, b3= baq, a1= -a14 and
a>= -a2q. The transfer function Hro(z), eq. (12)
turns to eq. (14). The transfer function of the
digital filter Hpr(z), according to eq. (2) or eq.
(5) is shown in eq. (15). The transfer functions
Hto(z) and Hpt(z) cover the same zeros and
poles, but the difference between them is in
their denominators. Namely, their relation can
be expressed as Hro(z)= Hpr(z)z'. This
means that the magnitudes of the frequency
responses of Hto(z) and Hpr(z) will be the
same. But due to one step delay, which refers
to factor “z'”, IIR FLL3 will introduce an
additional delay of -m [rad] on the output
signal, in relation to the phase which the
digital filter makes on its output signal. Based
on the Mat-lab rules for definitions of vector
“b” and “a” of the IIR digital filters, we can
define vectors bpr and bro, as well as vectors
apr and aro, using the transfer functions
Hpr(z) and Hro(z), eqgs. (16), (17) and (18). If
we change bi= boq, b2= big, bs3= bag, a1= -aiq

and a)= -axq in eq. (13), we can determine
vectors br and ar, which correspond to eq. (13).
Vectors b: and a: are shown in egs. (19) and
(20). All of vectors are necessary for the
frequency analyses of the described IR FLL;3
and the digital filter, using Mat-lab tools
intended for the IIR digital filters.

_TO(z) _ 2°byy+zbig+by =

H (z)= = 14
m( ) TI(z) z2+za1d+a2d ( )
2

H _2(2) _ Zhytzbthy 15

br @) x(2) 22+za1d+a2d ( )

bDF :[bOd bld b2d] (16)

bm =[0 bOd bld bZd]:[O bDF] (17)

Apr =Arp = {1 A, Ay, (18)

bT=[0 -1 (b2d+bm—l) (19)
(bZd +bld —dy, — 4y - D]

Ar =app =dpp = 1 Ay Ay, (20)

After we developed vectors “a” and “b”,
based on the transfer functions of the IIR FLL3
outputs TO and 7, the further procedure of
frequency analysis of these outputs can be
performed in a completely identical way. In
the following text, we will give the emphasis
to the design and analysis of the filter
characteristics of IIR FLL3; using output TO
and comparing it with the corresponding
digital filter. In order to design an IRR FLLs3,
we have to first design the corresponding IIR
digital filter of the second order (IIR DF>). Let
us design Butterworth low pass IIR DF»,
defined by the cutoff frequency fg=2000 Hz
and sampling frequency fs=10000 Hz. Using
Mat-lab command [bpr, apr] = butter (N, f,),
where the filter order N=2 and fi=fy/(fs/2), we
can get vectors bpr=[0.1867 0.3734 0.1867]
and apr=[1 -0.4629 0.2097]. Note that eq.
(10) is satisfied, if we change b1=0.1867,
b2=0.3734, b3=0.1867, a;=-(-0.4629) and ar=-
0.2097. This means that after changing the
parameters with the coefficients of IIR DF>,
IIR FLL; will stay stable. Since vectors bpr
and apr are now determined, bro and ato are
defined by eqgs. [17] and [18]. Based on these
vectors and using Mat-lab commands freqz
(bro, aro, 1024, fs) and freqz (bor, apr, 1024,
fs), the frequency responses of IRR FLL3 and
IRR DF», are determined and presented in Fig.
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2 for the half of the sample rate. It can be seen
that the magnitudes of the IIR DF. and IIR
FLL; are identical. Since both of IRR FLL3
and IRR DF; are the IIR digital filters, no one
of their phases is linear, but for the half of the
sample rate, the phase of IIR FLL;3 is -360°
and the phase of IIR DF> is -180°. The phases
which two systems introduced into the output
signals differ for expected -180°, for the half
of the sample rate. This proves that the
adaptation of the third-order FLL, with the aim
of functioning as a second-order IIR digital
filter, has been successfully realized.

a e

= :,\-24_5 dB Hro(z) =
5 -100
=
-200 Hz
= 0
5, gl Hrg (Z)
@ "0 e B TN
£ T —
o -4nn e
— 0 e = S
%,_ Hpr(z) B
S -100
=
=200 Hz
- O
E’ '“"=--.___H Hpe(z)
& -10o -170° T s
= o —
o 200 i
0 1000 2000 3000 4000 5000

Fig. 2. Magnitudes and phases of the frequency
responses of Hro(z) and Hpr(z).

Let us demonstrate the filter characteristics
of the Butterworth low pass digital filter based
on the designed third-order FLL. Suppose that
the input period Tl+1 is defined as TI(k+1)=
6+S1(k)+ Sao(k) [time units], where Si(k)=
5-sin[2n/fs-fi'k] and  Sa(k)=5-sin[2n/fs-f2°k].
The input periods are continuously changing
under effects of two sinusoidal signals S; and
S». Suppose that the values of frequencies are
fi=1000 Hz and f;=4000 Hz. Note that the
frequency fi is less than the cutoff frequency
f;=2000 Hz and the frequency f> is greater than
fo. The time unit [t.u.] can be, usec, msec or
any other, but assuming the same time units
for all time variables. It was more suitable to
omit [t.u.] in the diagrams. The first step in
this presentation is to form vector TI of 10000
values of TI, using the above equation for
Th+1. Based on the vector TI, the output
period vector TO = filter (bro, aro, TI) is

determined. This vector can also be formed on
the basis of egs. (3) and (4). After that, using
the "fft" command, the input and output
vectors of IIR FLL3 are formed as X = fft (TI)
and Y = fft (TO). Finally, using the command
"stem", stem (abs (X)) and stem (abs (Y)), the
spectrums of the input and output periods are
presented in Fig. 3. These spectrums present
the absolute values of the amplitudes, covering
the whole sample rate. They appear as positive
values in the symmetric second half of the
sample rate. It is visible in Fig. 3 that signal S,
at 1000 Hz, is only slightly attenuated, since fi
is less than cutoff frequency f;=2000 Hz. This

7104
5‘ Input spectrum of TI
0 e
1000 2000 4000
7104
‘ Qutput spectrum of TO
5

0 e
0 1000 2000 4000 &000 8000 10000
Fig. 3. The input spectrum of TI and the output
spectrum of TO.

agrees with magnitude of the IIR FLL3
frequency response shown in Fig. 2, since at
fi=1000 Hz, the attenuation is close to zero.
At the same time signal S> at 4000 Hz is
suppressed for about -24.5 dB in Fig. 2,
because =4000 Hz is greater than cutoff
frequency f;. It can be seen in Fig. 3, that the
zero component at the frequency close to zero
is not attenuated, what is also in agreement
with the magnitude of IIR FLL3, shown in Fig.
2. A more complete description regarding the
zero component are presented in ref. [1] and

[2].

CONCLUSION

Unlike refs. [1] and [2] which describe the
new kind of FIR digital filters based on the
processing of the input periods only, this article
presents the design of a new kind of an IIR
digital filter, based on the processing of the input
and output periods. Both of them use the theory,
respectively, of the classical FIR and IIR digital
filters. They are both of them intended for the
filtering of impulse signal periods.
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This article represents an important
contribution to the theory and application of new
kind of IIR FLL digital filters, based on FLL.
The shown adaption for the third order FLL to
function as an IIR digital filter, using the theory
of the classical IIR digital filters, can be applied
to a FLL of any order.

This article opened the wide possibilities
for the usage of IIR FLL digital filters in
electronics, telecommunications, control and
measurements, which use the different forms
of periodic and non-periodic pulse signals.
There is an obvious need to filter them in some
of the applications.

However, the shown mathematical process
of adaption can be very long and complex
procedure, especially for a FLL of very high
order, which is expected to be used in filtering.
Because of that, in the next step, it is necessary
to develop all the necessary equations, used in
this adaptation, for FLL of the N-th order. This
will enable short, simple and safe adaptation,
which will be almost reduced to the
development of a classical IIR digital filter.
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Abstract

This paper presents a computer simulations of the distribution of the magnetic field density in a model of an inductive-
resonant wireless power transfer system with a passive resonant circuit. The utility of the passive resonant circuit and its
influence the field distribution on the individual windings in the system is visually demonstrated. For comparison of the

obtained results, a model of the same system without passive resonance circuit is presented. The advantage of an additional

passive resonant circuit in the contactless charging systems for electric vehicles has been proved.

Keywords: Wireless Power Transfer, magnetic resonance, efficiency, coupling coefficient, simulation.

INTRODUCTION

Rapid development in the field of Wireless
Power Transfer System (WPT) has been
observed over the past few decades. Devices of
this type have long been available to the
average consumer — contactless chargers for
mobile phones, laptops, tablets, etc. Studies and
practical trials are carried out in many other
areas of WPT systems - for charging electric
vehicles, for transmitting energy and direct
power supply of aircraft, Unmanned Aerial
Vehicle (UAV) and even to spaceship. In
medicine, there is a particular interest in these
systems, because they allow charging of
rechargeable batteries of implants without
connecting wires.

EXPOSE
I. TIPES OF WPT SISTEM

Basically, WPT system can be divided into
two groups: for long-distance energy
transmission with electromagnetic radiation
(radiative) (microwave and laser) and for the
transmission of energy over small distances
without electromagnetic radiation (non-
radiative), (capacitive, inductive and inductive
resonance) (Table 1).

Table 1
Average values of WPT systems
Method Transmission Efficiency Power Frequency Influence
distance on living
objects
Capacitive up to3 mm up to 60% up to 10 uptol Low
w MHz
Inductive up to30cm up to 90% up to up to 100 Low
300 kW kHz
Inductive upto2m up to 80% up to 50 upto5 Moderately
resonance kW MHz
Microwave up to 50 km up to 60% up to up to 300 Dangerous
100 kW GHz
Laser up to 100 up to 50% uptol over 1 THz Dangerous
km MW

The first group is utilized to transfer energy
over a greater distance, from a few tens of
centimeters to tens of kilometers or even
hundreds of kilometers. The second group is
utilized in the transfer of energy over a small
and a medium-range distances, from a several
millimeters to a several tens of centimeters.

Microwave Power Transfer (MPT). Itis a
method using electromagnetic radiation. This
method is the oldest, if you take into account
the radio communication, which began as early
as the 19th century, because it is essentially a
transfer of energy. In the early 1960s, W.
Brown in laboratory conditions was able to
transfer energy using a frequency of 2.45 GHz,
using magnetrons and clystrons with special
horn antennas as an antenna, and for receivers
using a rectifying antenna ("rectenna") created
for receivers. In 1975, he was able to transferred
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495W of energy at a distance of 170.2 cm with
54% efficiency. In the same year, he transferred
30 kW of power at a distance of 1640 meters.

Laser Power Transfer. This method also
uses electromagnetic radiation with a frequency
greater than 1 THz. Energy transfer can take
place over very long distances reaching tens of
kilometres in the presence of direct visibility
between the transmitter and the receiver, as the
energy is concentrated in a narrow beam and
dissipates very little upon distance. Different
types of lasers can be used as a transmitter.
Photovoltaic elements are used as a receivers,
which is also associated with one of the main
limitations of its application, and their low
efficiency, usually about 12 %.

Capacitive Power Transfer. It belongs to
the group of non-radiative methods. So far, this
method has found almost no practical
application. This is mainly due to the fact that
in order to transfer energy, an equivalent
capacitor (or capacitors) is created in order to
carry out the two main schemes in the practical
realization of this method — bipolar capacitive
connection and unipolar capacitive connection.
The amount of energy transferred from the
source to the load, which reaches several tens
of watts, is determined by the size of the plates
of the equivalent capacitors, the distance
between them and the operating frequency.
This method does not allow reduction of the
overall dimensions of the devices and an
increase in the distance at which energy can be
transferred through it. However, in 2011
Toyota Central R & D Labs., Inc. and
Toyohashi ~ University of  Technology
conducted research to perform WPT of a car
while driving using this method. Their aim is to
avoid the problem of accurate positioning of the
vehicle during movement, because the plates of
the equivalent capacitors worked in the road
surface can be made with a sufficiently large
width.

Inductive Power Transfer (IPT). This
method is non-radiative. Until now, it has found
the most widespread practical application.
Capacities up to a few dozen kilowatts at a
distance of up to a few tens of centimeters and
even meters can be transmitted through it. The
principle of energy transfer in this method
resembles the work of a transformer, the

primary and secondary coils of which are
separated by a large air gap and lack a core (if
used, it is also separated by the gap). An AC
current  flows  through the  primary
(transmission) coil, which creates an AC field,
which in turn creates an AC current in the
secondary (receiving) winding. As the distance
between them increases, the electromagnetic
connection coefficient reduces the overall
EFFICIENCY of the system. At a distance
bigger than one quarter of the diameter of the
coils (D), the magnetic coupling coefficient (k)
decreases a lot and reaches a value below 0,17
[1]. To avoid this problem are done and
continue to do research in this direction, but
they are not completed.

Inductive-resonant Power  Transfer
(IRPT). To avoid the disadvantage of the IPT,
in 2007 [2], researchers from MIT introduced
an additional resonance circuit (or circuits) that
allows increasing the distance of WPT, at
efficiency up to 80%. Resonance circuits are
consistently related inductance and capacitor.
When the operating frequency increases,
resonance can also be obtained without the use
of consistently connected capacity and
inductance, but the capacity of inductances
involved in the system can also be used. When
the distance increases, the magnetic coupling
coefficient (k) decreases rapidly, but its
compensation can be done with the increasunr
the quality factor (Q) of the circuits.

The above advantages of this method
relative to the inductive method make it very
promising in its use in a lifestile — for charging
different mobile devices, as well as for directly
powering those with low power consumption —
TV sets, radio receivers, etc. It can be used in
medicine to charge rechargeable batteries to
medical implants, thereby eliminating the need
for connecting wires or surgical intervention for
the replacement of devices, which reduces
patients' discomfort. In the automotive industry
and in general in transport, this method
provides the ability to charge the batteries of
electric vehicles by reducing the need for
accurate positioning and giving advantages in
charging them while driving. In these cases, the
receiving part is incorporated into the frame of
the electric vehicle and this predetermines a
relatively large distance to the roadway where
the transmitter coil is built.
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II. SIMULATION RESULTS OF
INDUCTIVE POWER TRANSFER SISTEM
WITHOUT AND WITH RESONANT
CIRCUIT

For output data for computer analysis of
magnetic flux density in IRPT system, a model
of an inductive resonance energy transfer
system [3], consisting of a transmiter and
reciver coil and a passive resonance circuit shall
be used. The parameters are — a three equal coils
of 60 mm external diameter (D), made of ten
turns of copper wire (litz wire) with a diameter
of 2 mm. The operating frequency of the system
is 30 kHz and power of 500W.

Initially, the magnetic flux density of the
system without a resonant circuit is simulated,
at a distance between transmitter and receiver
coil of 5, 15, 25, 40 millimeters (Fig.1) to serve
as a subsequent comparison of the results.

9] d)
Fig.1 WPT system without resonant circuit.
Distance between transmitter and receiver are:

a)- Smm, b)- 15mm, c)- 25mm, d)- 40mm.

From the presented results it can be seen
how the field strength, which completely
envelops the receiving winding, decreases with
increasing distance, as at 5 millimeters it is
6,4.e 3T, then it becomes
5.3.e73T, 4,3.¢73T and at a distance of 40
millimeters it has dropped to 3,7.e73T.

The second simulation was made at a
distance between the transmitter and receiver
coils of 25 mm, but with a passive resonance
circle introduced, successively placed at a
distance of 5, 10, 15 and 20 millimeters from
the transmiter coil (Fig. 2).

c) d)
Fig.2 WPT system with resonant circuit and
distance between transmitter and receiver 25 mm.
Distance between transmitter end resonant coil
are: a)- Smm, b)- 10mm, c)- 15mm and d)-20 mm.

It can be seen how the field strength around
receiver coil gradually increases, starting from
4,35.e73T and passing through 4,8.e73T,
5,5.e73T and reaching 6,1. e 3T (at maximum
approach of the resonant circuit to the receiver
coil).

The third simulation was made at a distance
of 40 millimeters between the receiver and
transmitter. The resonant circuit is located at a
distance of 5, 15, 25 and 35 millimeters from
the transmitter, respectively (Fig. 3).

©)

Fig.3 WPT system with resonant circuit and
distance between transmitter and receiver 40 mm.
Distance between transmitter end resonant coil
are: a)- Smm, b)- 15mm, ¢)- 25mm and d)- 35 mm.

The field intensity values around receiver
coil are: 4,0.e73T, 4,2.e73T, 4,7.¢73T and
5.3.e73T. And in this case, the values increase.

CONCLUSION

1. As evidenced by the results obtained,
when increasing the distance between the
transmitter and receiver coil above 1/4 D (15
mm) and using a resonance circuit, the
magnetic flux density around receiver coil can
be maintained within very good limits. Thus, a
high efficiency of the whole system can be
achieved with a correctly selected position of
the additional resonance circuit and correct
adjustment. In both cases (Fig.2 and Fig.3), a
good distribution of the magnetic flux density
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around the receiver coil is obtained at
maximum approach of the resonant coil to it.

2. At a distance of 15 mm (1/4D) between
the transmiter and receiver coil without
resonance circuit, the field intensity shall be
5,3.e73T. At a distance of 25 mm between the
transmiter and receiver coil with a resonance
circuit, increase to 6,1.e~3T. But at a distance
of 40 mm between the transmiter and receiver
coil with resonant circuit the field density is
5,3.e73T. The magnetic flux density remains
the same, while the energy transfer distance
increases 2.66 times (from 15 millimeters to 40
millimeters), while the whole efficiency of the
system preserves.

3. In the presented configuration, the
receiver and resonant coils are located very
close. It is suitable for WPT charging of electric
vehicles due to the fact that these two coils can
be deployed in the vehicle. With different
placement of the resonant coil can be obtained
better transmission efficiency regardless of the
clearance of the vehicle.
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Abstract

One of the green technologies that can be used to increase energy efficiency by recovering a part of waste heat as
electrical energy is thermoelectric generators (TEG) by using the Seebeck phenomenon. Conventional and modern
maximum power point tracking (MPPT) methods used to deliver maximum power from energy sources frequently appear
in the literature. The biggest disadvantage of TEGs is their low efficiency. Therefore, MPPT methods are expected to
deliver the highest power from the TEG in the shortest time and this is important to obtain the best result. The most
common MPPT method in the literature is the Perturb and Observe (P&O) MPPT method. In this study, an improved
version of the P&O MPPT method is used. With this method, it is aimed to obtain the maximum power from the TEG in
a shorter time. The simulation results show that with the improved method, more power is delivered from the TEG in a

shorter time. In addition, steady-state oscillations are also reduced.

Keywords: Thermoelectric Generators, Maximum Power Point Tracking, Perturb and Observe, TEG model.

INTRODUCTION

Low efficiency is a disadvantage of TEG
systems and it is necessary to improve the
performance of the TEG and extract the
maximum power to operate close to its full
capacity. For this reason, power conditioning
methods are used to extract maximum power
from TEG systems [1]. Power conditioning
methods include impedance matching and DC-
DC converter implementations. The impedance
matching contains a balancing the total internal
resistance, Rrgp; and load resistance, R;.
Appropriate impedance matching is important
to transfer the maximum power to the load. In
order to transfer the maximum power to the
load, the optimum electrical load must be same
as the internal resistance of the TEG (Rrg; =
Ry) [2].

As shown in Figure 1, the electrical
equivalent circuit of the TEG consists of a
temperature dependent voltage source and an
internal resistor, R;,;. The load, R;, is
connected to deliver power from the TEG.
When the load value and the internal resistance
of the TEG are equal (R;,,; = R;), the delivered
power from the TEG reaches the maximum
power point (MPP) [2]. As the load value

changes, the delivered power value from the
TEG decreases.

Rz’m ’ [TEG

Fig. 1. Electrical equivalent circuit of TEG

When the power value delivered from the
TEG is at the MPP, the open circuit voltage and
short circuit current are at their half values as
explained below:

Vupp = Voc/2 and Iypp = Isc /2 (1)

where, Vypp and Iypp are voltage (V) and
current (A) at maximum power point,
respectively. I is the short-circuit current (A).
With these values, MPP can be determined. The
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current value passing through the TEG is given
below:

Itge = Voc/(Rint + Ry) (2)

where, I7gg, Rine, and R are TEG current (A),
TEG internal resistance (€2), and load resistance
(Q), respectively. The power delivered from the
TEG depending on the load resistance and
internal resistance is as follows:

p=—Yc_.p 3
" (Rine+RD? O E (3)
where, P is the power (W) delivered from the
TEG. As can be understood from Equation 3,
the power delivered from the TEG depends on
the internal resistance of the TEG, R;,;, and the
load resistance connected to the TEG, R;.
Maximum power point tracking (MPPT)
methods are used with a converter to deliver
maximum power from the TEG by equating the
load resistance to the internal resistance of the
TEG.

When the load is connected directly to the
terminals of the TEGs, if the connected load
and the internal resistance of the TEG are not
equal, the efficiency of the TEG drops further.
This is referred to as impedance imbalance [1],
[3]. To avoid this situation, converters capable
of both MPPT and power regulation are used
with TEGs [4]. MPPT is a well-known control
method that can enable the TEG waste heat
recovery power system to operate at maximum
power capacity under various loads and
temperature differences.

PERTURB AND OBSERVE ALGORITHM

Perturb and Observe (P&O) algorithm,
whose flow chart is given in Figure 2, is the
most popular among MPPT methods. When
power is taken from TEGs, not only the change
in load, but also the change in temperature
results in a change in the MPP value. In this
case MPPT is required. The P&O MPPT
algorithm performs impedance matching by
adjusting the duty cycle of the switching
element in the converter used in the system.
Firstly, current and voltage values are
measured. Secondly, the power value is
calculated and the change in power and voltage
is found. Then, the change in power is

questioned and the duty cycle is adjusted
according to the power change until the MPP
value.

GD

Calculate
P(k) = I(n)*V(k)
dP = P(k) - P(k-1)
dV = V(k) - V(k-1)

Fig. 2. Perturb & Observe algorithm [9]

Although P&O is a simple and reliable
algorithm, it has two main drawbacks. First,
tracking causes oscillations in output power as
it approaches the MPP. Second, the P&O
algorithm cannot handle the change in
environmental conditions and deviates from the
MPP [5]. In order to overcome these
drawbacks, modifications and improved
versions of the P&O algorithm have been
studied. Dalala et al. proposed a new P&O
MPPT algorithm based on the application of
open-circuit voltage detection and short-circuit
current estimation methods for TEGs in [6].
Nakayama et al. proposed a simple MPPT
algorithm that consumes less energy. In this
method, the open circuit voltage of the TEG is
monitored without measuring it and there is no
need to measure and compare the voltage
frequently in [7]. Bond et al. proposed a duty
cycle-based MPPT method with current
sensorless power estimation. This method
includes a P&O-based reference voltage
generator and overcomes this disadvantage as it
does not require disconnecting the source and
load for current or open-circuit voltage
measurement [8]. MPPT algorithms, which
were first used in photovoltaic (PV) systems,
are also adapted to TEG systems due to the
similar characteristics of TEGs with PV systems.
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In this study, an adaptive P&O algorithm
previously proposed for PV systems is adapted
to a new simple TEG model. Using a TEG
model formed in Simulink, the performances of
the Improved P&O algorithm and the
conventional P&O algorithm are compared.

IMPROVED P&O ALGORITHM

P&O MPPT algorithm is the most widely
used MPPT algorithm due to its simple
structure and easy applicability. It gives reliable
results and converges to the maximum point
fast. However, the two biggest drawbacks of the
P&O algorithm are that it uses a fixed duty
cycle, causing oscillations in the MPP, and
inability to make accurate decisions in rapidly
changing environmental conditions. Because
the P&O algorithm cannot detect whether the
power fluctuation is caused by environmental
conditions. Singh et al. [10] have overcome
these  drawbacks by developing the
conventional P&O MPPT algorithm for PV
systems. In this improved method, changes in
current are included in the process along with
changes in voltage, thereby accelerating the
decision-making process. In addition, the
oscillation problem at the MPP is reduced by
the non-constant duty cycle. Figure 3 shows the
flow chart of the improved P&O algorithm.

Start Drift free
P&O Algorithm
Update values

Track Ip/k and (k)
Compute k)= L (0*V,,k)
Compute 1’,.\([-I)= Infk-1) ”",n(k-/)

Improved
P&O loop

Increase duty
ratio (D)

Increase duty dDEQTCﬂSE
ratio (D) u"‘I )rauo Decrease duty
4 ratio (D)

v v v v

Increase duty rati
(D)

Fig. 3. Improved Perturb and Observe algorithm
[10]

METHODS

In this study, the improved P&O MPPT
algorithm given in reference [10] and described
in the previous section is applied to a TEG

system consisting of 40 TEG modules. Two
groups consisting of 20 serially connected TEG
modules are connected in parallel to form a
TEG system in the simulation environment. By
connecting a constant load to this system, the
hot surface temperature is changed and the
simulation is performed according to the
temperature change. The duty cycle used in the
simulations is kept constant for the
conventional P&O algorithm. For the improved
P&O algorithm, different duty cycles are used
according to the size of the power change.
According to the simulation results, the
improved P&O algorithm reaches the MPP
point faster and generates more power than the
conventional P&O algorithm. With constant
load connected to the system, the hot surface
temperature is first set to 160°C, then 200°C at
0.35 s and 180°C at 0.7 s.

RESULTS

The simulation results are shown in Figure
4. Under variable surface temperature, the
improved P&O algorithm reaches the MPP
with 1% error in 0.15 seconds and the
conventional P&O algorithm in 0.21 seconds.
Maximum power delivered from the TEG
system with Improved P&O is 261.5 W, 448.8
W and 348.8W at 160°C, 200°C and 180°C,
respectively. The maximum power achieved
with conventional P&O is 236 W, 403.8 W and
3152 W at 160°C, 200°C and 180°C,
respectively.  With the improved P&O
algorithm under variable surface temperature,
10% more power is received 40% faster than
the P&O algorithm. In addition, it is observed
that the oscillations in the MPP are reduced
with the improved P&O algorithm.

Constant Load, T, = 160°C, T, = 200°C, T, , = 180°C

450 2618

2617
400 P ¥
2616 -~

350 2615

—_ L 2614 ’
2 300 03226 03228 0323 03232
= 250

0 200
o

1 = [ A
2357 = -Conventional P&O
Ir 03226 03228 0323 0.3232

I—ImprO\{ed P&O'

L L L L L
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Fig. 4. The obtained power with conventional and
improve P&O MPPT algorithms
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CONCLUSION

The maximum power obtained from TEGs
depends on the temperature difference between
the surfaces of the TEG. This is achieved by
means of MPPT algorithms. The most widely
used MPPT algorithm in the literature is the
P&O MPPT algorithm, however, it needed to
be improved due to its inability to respond
quickly to changing environmental conditions
and the lack of oscillation in MPP. In this study,
a simulation study is carried out with varying
surface temperatures using the improved P&O
algorithm and compared with the conventional
P&O algorithm. The simulation results show
that the improved P&O algorithm obtained
higher power from TEG than the conventional
P&O algorithm and reduced the oscillations in
MPP.
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Abstract

Thermoelectric Generators (TEG), developed using the Seebeck phenomenon, recover some of the waste heat as
electrical energy. TEGs are one of the green technologies that can be used to increase energy efficiency. TEG models,
which are generally used in simulations in academic studies, are run at certain temperature differences by keeping some
parameters constant. However, when the temperature values on the TEG surfaces change, the internal resistance of the
TEG changes depending on the temperature, even if the temperature difference remains constant. In this study, a TEG
module, which is commercialized and also used in academic studies, is modeled according to datasheet information. In
this model, the power delivered from the TEG, open circuit voltage, short circuit voltage and internal resistance of the
TEG match the data of the real TEG module depending on the hot surface and cold surface temperatures. The simulation

results with the TEG system created using this model show that this new model produces more realistic results.

Keywords: Thermoelectric Generators, Thermoelectric Module, Simulink Model, Seebeck.

INTRODUCTION

Thermoelectric  generators (TEGs) are
semiconductor devices that convert the
temperature difference between their surfaces
directly into electrical energy using the Seebeck
Phenomenon [1], [2]. To increase the voltage
produced by TEGs, p and n type
thermoelements  (TEs) are  connected
electrically in series and thermally in parallel to
increase thermal conductivity [3]. They are
used as small-powered electrical energy
sources to recover electrical energy from waste
heat and to increase energy efficiency [4].

When the load is connected directly to the
terminals of the TEGs, if the connected load
and the internal resistance of the TEG are not
equal, the efficiency of the TEG drops further.
This is referred to as impedance imbalance [5],
[6]. To avoid this situation, converters capable
of both maximum power point tracking
(MPPT) and power regulation are used with
TEGs [7]. Tsai and Lin proposed a model for
TEGs in [8]. In this model, they designed a
user-friendly interface with a dialog box similar
to the Simulink library. But in this design, every
parameter must be defined as a function.
Similarly, Kennedy's TEG model uses current

and voltage functions [9]. Burnete et al.
proposed a detailed Simulink model for TEGs
[10]. This detailed and well-organized model
can be a bit of a challenge for researchers who
are just starting to work on TEGs. However, in
TEG models used in simulation studies, the
temperature-dependent internal resistance is
usually not taken into account and is not
mentioned.

In this study, a simple TEG model is
proposed that calculates the temperature-
dependent internal resistance and Seebeck
coefficient parameters of a TEG module using
manufacturer data. In this method, comparison
tables are prepared in Simulink using
manufacturer data and graphics, and output data
is sent according to the incoming information.
It is a simple model with very little processing
overhead. The biggest disadvantage is that a
separate dataset must be formed for each
module that is planned to be used. However, the
model formed with the dataset constituted once
can be used continuously. In this study, TGM-
199-1.4-0.8 [11] thermoelectric module is used
for simulations and testing. By means of the
proposed model, more realistic results have
been obtained.
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THERMOELECTRIC MODULE POWER
GENERATION PRINCIPLE

As shown in Figure 1, the electrical
equivalent circuit of the TEG consists of a
temperature dependent voltage source and an
internal resistor, R;,;. The load, R;, is
connected to deliver power from the TEG.
When this load value and the internal resistance
of the TEG are equal (R;;,; = R}), the delivered
power from the TEG reaches the maximum
power point (MPP) [12]. As the load value
changes, the delivered power value from the
TEG decreases.

Rint » ITEG

AVAYAY ®

Fig. 1. Electrical equivalent circuit of TEG

When the power value delivered from the
TEG is at the MPP point, the open circuit
voltage and short circuit current are at their half
values as explained below:

Vupp = Voc/2 and Iypp = Isc/2 (1)

where, Vypp and Ipp are voltage (V) and
current (A) at maximum power point,
respectively. I is the short-circuit current (A).
With these values, MPP can be determined. The
current value passing through the TEG is given
below:

Itge = Voc/(Rint + Ry) (2)

where, I7gg, Rine, and R;are TEG current (A),
TEG internal resistance (2), and load resistance
(Q), respectively. The power delivered from the
TEG depending on the load resistance and
internal resistance is as follows:

2
_ Voc

P = 2
(Rint‘I'RL)

Ry 3)

where, P is the power (W) generated from the
TEG. As can be understood from Equation 3,
the power generated from the TEG depends on
the internal resistance of the TEG, R;,;, and the
load resistance connected to the TEG, R;.
MPPT methods are used with a converter to
deliver maximum power from the TEG by
equating the load resistance to the internal
resistance of the TEG. However, when making
this impedance matching in simulation studies,
the TEG internal resistance, R;,;, Wwhich
changes with temperature, should also be taken
into account and should not be used as a fixed
value. Because, in experimental studies, R;,;
TEG changes due to the nature of the module
and temperature changing. Maximum power
can be reached when impedance matching is
done with MPPT algorithms.

If the temperature-varying R;,; is not
modeled in simulation studies, there will be
discrepancies between the simulation results
and the experimental results. Therefore, in this
study, a temperature-dependent internal
resistance change model is proposed for the
TGM-199-1.4-0.8 TEG module.

METHOD

The proposed Simulink model uses the
manufacturer data of the TEG module and
produces results compatible with these data.
Firstly, the information presented graphically in
the manufacturer's data is converted into usable
data in Matlab with curve fitting methods and
methods of obtaining data from the graph [13].
These data are then used as comparison tables
in the Simulink. By using the temperature and
temperature difference information, the R;,;
value closest to reality is used in the model
through comparison tables. After the R;,,; value
is modeled in accordance with the module data,
the Seebeck coefficient, whose information is
not given in the manufacturer's data, is also
modeled depending on the temperature.
Because the Seebeck coefficient also changes
depending on the temperature fluctuations [14].

Simulation studies are carried out by
keeping the cold surface temperature, 74,
constant at 30°C and varying the hot surface
temperature between 40°C and 220°C. The
variation of the calculated Seebeck coefficients
are shown in Figure 2.
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Fig. 3. Power values according to Seebeck Coefficient with variable load

The constant Seebeck coefficient is used as
0.053, and the variable Seebeck coefficient
ranges from 0.058 to 0.0472. Figure 3 shows
the comparison of the effect of Seebeck
coefficients on power with the manufacturer's
data.

CONCLUSION

To deliver maximum power from TEG
modules depends on the temperature difference
between the hot surface and the cold surface. The
greater the temperature difference, the greater the
power supplied from the TEG module. The
internal resistances and Seebeck coefficients of
TEG modules change depending on the
temperature. Since these values change because
of the nature of the modules in experimental

studies, impedance equalization can be fulfilled
automatically with the converter and MPPT
algorithms and does not pose a problem.
However, keeping the internal resistance of the
module and the Seebeck coefficient constant in
simulation studies would cause incorrect results.
In order to prevent this, the internal resistance of
the module and the Seebeck coefficient should be
modeled in a way that changes depending on the
temperature in simulation studies.

In carried out the study, TGM-199-1.4-0.8
module has been modeled. The Seebeck
coefficient and the internal resistance of the
module, which vary with temperature, allowed to
obtain results closer to the manufacturer's data.
With this method, more accurate simulation
results could be obtained. As a disadvantage, this

method have to be designed specifically for a
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TEG module. But once the model is created, it
could be used continuously.
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ALGORITHM OF CONTROL OF TWO-PHASE INTERLEAVED DC - DC
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Abstract

The present material discusses the topology of Two-phase Interleaved DC — DC converter and its applicability in
electric transport systems. In the material, various modifications of the topology are considered. The creation of a control
algorithm in which an additional system for measuring the parameters of the battery is used is also discussed.

Keywords: Interleaved DC — DC converter, MATLAB, PIC microcontroller, Li-ion battery

BBBEJIEHHE

CuiioBUTE €NEKTPOHHM MPeodpaszyBaTen Ha
eJIEKTpUYECKa €HEprusi, c€ OCHOBHO Ipeolpa-
3yBalll0 3BCHO HAa E€HEPIUs B CHBPEMCHHUTE
BB30OHOBSEMU €HEPTUMHU W3TOYHHIIM, €JIeKTPU-
YEeCKHS TPACIOPT, MPOMUIIJICHUTE KPAHOBE, aB-
TOMAaTU3UPAHUTE CUCTEMHU U JIPyTru. XapakTep-
HO 32 TAX € eeKTHBHOCTTA MpHU MpeodpaszyBa-
HETO Ha eNeKTpuyecka eHeprus. B chBpemen-
HaTa CHUJIOBA €JIEKTPOHUKA, PA3BUTUETO HA Ta3H
rpyrna CHJIOBH CXEMH, € HACOY€HO KbM XHOpH/I-
HU MpeoOpa3yBaTeIl U CHIOBH KJIFOYOBE C HO-
BU MoJI00peHn xapakTepucTuku. [lono0HM Xu-
OpunHu TIpeoOpaszyBaTend 3a €IWHUIIA BpeMe
MoraT Jia nmpeoOpa3yBaT HSKOJIKO HMUBA Ha Ha-
MpeXEHWE OT JBa WJIM MOBEYE W3TOYHUKA OT
paznuyeH Tumn (Oarepusi, CyNEpKOHAECH3ATOp,
IIIMHA 32 TIOCTOSIHHO HAIPEKEHUE U APYTH).

TOIIOJIOT' S HA CHUJIOB
ITPEOBPA3YBATEJI C PEAYBAIIIU CE
3BEHA

CunoBuTe eNeKTPOHHU IMpeoOpasyBaTeian C
pedyBally ce 3BeHa € KOMIUIEKCHA TOTOJIOTHS,

Ch3/laJiecHa OT CBBP3BAHE Ha JIBE WJIM IOBEUE
napajeHu TOMOJIOTHUHU NpeoOpa3yBarTenu (MOBH-
maBail, MOHWXaBall U Jp.). Ta3u Tomojaorus
ce XapakTepu3npa ¢ MUHUMAIIHA CTOMHOCTH Ha
HaIlpe)KCHUETO Ha BXOJd, MajKh 3aryOu oOT
MPEBKIIIOYBAHE HA CUJIOBUTE KIIFOYOBE, BUCOKA
edekTuBHOCT. B cpaBHEHHE C OCHOBHATa KOH-
BCHIIMaHAJIHA TOIIOJO0IHA, OT KOATO € H3rpaz[eH,
HETOBUTE IMPEUMYIIECTBA OIIEC Ca CBBpP3aHU C
HaMaJsiBaHE Ha pa3Mepa Ha YCTPOWCTBOTO U
MO-BHCOKa HaaexxaHoCT [1].
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Que. 1. Ilpunyunna cxema Ha cunog
npeobpasyeamei ¢ pedysauu ce 36eHa
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AJTOpUTBMBT 3a €AUH CWIOB IpeodpasyBa-
TN ce ch3/1aBa Ha 0a3ara Ha HSIKAKBO yIpaBlie-
HUE Ha “30paHa TONOJIOTHUSI CHJIOB €JIEKTPOHEH
npeoOpaszyBaren. B cinyuas ce usnonssa [IBy-
CTENEHEH CWJIOB IpeoOpasyBaren ¢ peayBallu
ce 3BeHa. /By M ueTupu cTeneHHUTe npeodpa-
3yBaTelu OT Ta3M TOIOJIOTHsS, C€ H3MOJ3BaT
IIMPOKO B apXUTEKTypara Ha XHOPUAHH H
eNeKTpuiecKn aBToMoOwmn [2]. OcBeH HsKa-
KbB KpaTeH Opoil 3BeHa, Ha 0a3aTa Ha TO3H
npeoOpasyBaresn, Moxe 1a 0bae ch3ganaeH N -
KpaTeH CHJIOB MpeoOpasyBares, 3a MO-BHCOKH
MOIIIHOCTH U MOIIIHOCTH M3UCKBAIIN Pa3IuYHU
HUBA Ha npeoOpazyBane. Ha ¢urypa 1, e noka-
3aHa cXeMa Ha JBYCTENeHEeH Mpeoldpa3yBaren ¢
penyBaiiu ce 3BeHa. Enexrpudeckara eHeprus,
abcopOupaHa OT MHAYKTOPUTE MOXKe jJa Obe
u3paseHa upe3 popmynara:

Wr=UnxILxDxTs(l)

Kbaero Uin € BxomHOTO Hampexenue, IL e uH-
JTYKTOpHUS TOK Ts — BpeMeTo 3a MPeBKIIIOYBAHE.

[IpomsiHaTa Ha WHIYKTOPHUS TOK CE OTpa3siBa
BBPXY e(eKTHBHOCTTA Ha ympasiieHueTo. [lpu
pa3IMYHH YNPaBISBAllld CUCTEMH  ILTH3rallo
YOpaBlIEHUE, XUCTEPE3NCHO YIIPABJICHHUE U
yrpaBieHue 0a3upaHO Ha WM3KYCTBEHHs HHTE-
JIEKT, MHAYKTOPHHUS TOK € OCHOBHA KOMITOHEH-
Ta B YIPaBIISBAIINS MTPOIEC U HEroBaTa MpoMsi-
Ha ce ompenens oT popmyraTa:

AlL= (D x Un)/(L x fsw) (2)

KbzeTo, D e pabotHus nmukbia, Ui € BXOTHOTO
Hamnpexenue, L — cToiiHOCTTa Ha MHIYKTOpa,
fsw € gectoTaTa Ha IpeBKItOUBaHe [3].

NunykTtopa Ha momobeH mpeoOpasyBaren, ce
n3bupa ot ciuenHaTa hopmyna:

Li=(DxUn)/(A4IL x N x fsw) (3)

Konnenszaropa Ha mpeoOpa3yBarens, ce u3doupa
OT clieHaTa Gopmya:

Co=(D x1)/(Uo x N x fow) (4)

KkbaeTo I, € u3xoneH Tok, a U, € U3XOQHO Ha-
npexxeHue. JIBymocodeH cUIIOB mpeoOpasyBa-
TNl C peayBalll c€ 3BE€HAa C NIPHIOKEHUE B
EIEKTPUYECKH TIPEBO3HU CPENICTBA, MOXE Ja
Urpae poiisiTa Ha YMHOXXHUTET WIH ACITUTEN Ha
HalpeXeHUe MEXIy OaTepusiTa W 3aJBHKBaA-
s 6710K. B 3aBUCHMOCT OT TOBa anu padoTu
B TMIOBWINABAIl WA TIOHWXKABAIll PEXKHM,
YCTPOMCTBOTO pabOTH C BUCOKO HHMBO Ha Ipe-
oOpasyBane. TakuBa BUCOKM HHMBa Ha MpeoOpa-

3yBaHE Ha HaNpeXEHUe, ChIIECTBYBaT B
eJIeKTPOTpaHcropTa (pa3liuka MEXIy CTOHHO-
CTHTE Ha HaIlPe)KCHHUTA Ha OaTepusTa U MIMHA-
Ta 3a TIOCTOSHOH HampexeHue), Xubpuanu ¢o-
TOBOJITAMYHU CHCTEeMH U apyru. [IpeoOpasysa-
HETO C€ W3BBPIIBA MPHU €IHAKBA YECTOTA Ha
MpeBKIIIOYBaHe M (a3oBo u3zMmectBane [4][5].

AJI'OPUTHM 3A YIIPABJIEHUE

[IpoexkTupaHeTo Ha aJIrOPUTHM € CIIOKEH
npoiiec, Ipu KOMTO upe3 3a/laBaHe Ha MalluHEH
KOJ, C€ 3a/JaBaT YIpPaBJIABAIlld CUTHAIU KbM
cuioBara cxema. OCHOBHO TO3M aJTOPUTHM
TpsiOBa ja OBaE CHOOpa3eH C MapaMeTpuTe Ha
npeoOpasyBarens, ToBapa, HapaMeTpPUTE Ha CH-
JIOBUTE KJIIOYOBE M TSAXHATa CUHXPOHU3ALUS C
OCTaHAJIUTE KOMIIOHEHTHU[6]. Anropurbma Ha
npeoOpa3yBarensi, OKa3Ba BIUSHHE Ha edek-
TUBHOCTTa Ha CHJIOBOTO YCTPOMCTBO M PabOT-
HUTE IIMKJIM J1a chBHOanar ¢ yecrorara Ha HIMM
curnanute. Ha ¢urypa 1 e nmokasana GiokoBa
CXeMa Ha MpeaJioKeHUsl aJropuThM 3a yIpa-
BJICHHE Ha JBy(da3eH mpeoOpasyBares. AJro-
PUTHBMBT € MPOEKTHPAH 3a MPHIOKEHHUE B JIBY-
¢aneH nperuieTeH cUIOB ImpeoOpa3yBaTesl ChC-
TaBEH OT HAKOJIKO OJI0Ka: 1) MHKPOMPOIIECOpEH
yIpaBisiBail, oopaTHa Bpbh3ka — ChCTaBEHa OT
OTIEpallMOHHHU YCHJIBaTeIH 3) U3MepBaTeliHa
cucTeMa 3a BXOJHO-M3XO/JHM MOIIHOCTH Tapa-
METpH Ha TpeoOpasyBarens 4) NOMbIHUTEIIHA
WHTEJIUTEHTHA — U3MEPBATEIHA CUCTEMA, KOSTO
Ja OTpassBa MapaMeTpuTe Ha OatepusTta (Oc-
HOBHU U JOMBIHUTEIHN).
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@Due. 2. brok cxema Ha aneopumvm 3a ynpasieHue
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[Ipu mpoekTupaHeTo Ha MOAO0OEH anropu-
ThM, € BaXHO Ja c€ CHHXpOHHu3upa paborara
MEXJy U3MEpBaTEIIHUTE CUCTEMH B oOpaTHaTa
BpPb3Ka U OT TaM Ha CUTHAJIUTE KbM MUKPOIIPO-
1ecopHaTta cucreMa. ToBa Moxe na Oble mo-
CTUTHATO Ype3 MOJIXOAAII0 WHHIMATU3HpAHE
Ha BXOJHHUTE KaHAJIW HAa MHUKPOIPOILIECOPHOTO
ycrpoiicTBo. JlepuHUpaHEeTO Ha BEKTOPUTE OT
BXOJIOBE U HaIlPEKEHUE OT aHAJIOT0BO - Ludpo-
BU TpeoOpaszyBaTeay OT MHKPOIPOIIECOPHOTO
YCTPOICTBO c€ M3BBHPILIBA OT OCHOBHOTO TSUIO,
KOETO Je(uHMpa TJIaBHUTE NIPOMEHJIMBU B al-
roputbMa: unsigned int dacVout = 0x00FF; //
unsigned int adcVin = 0x00CC — nedpunupane
Ha MIPOMEHJIMBYU U3MEPBAaHU OT ONEPALUOHHUTE
ycuiBaTenu. Bceku curHan, mpemMuHaBail OT
€IMH TaKTOB MEPUOJ KbM JpPYT, IIe UMa IMpo-
OneMH ¢ HacTpoMKaTa M 3aJbpKaHETO Ha UM-
myJica o BpeMe Ha paboTara Ha yCTPOMCTBOTO.
3a 1a ce HaMaly BIMSIHUETO Ha T.Hap. “‘danmu-
BM’ BpPEMEHA HA MPEBKIIOYBAHE, KbM YIIpaBIIe-
HUETO MOXKE J1a ObJie HHTETpUpaH, AOIbIHUTE-
JIeH CUHXPOHM3ATOp, KOMTO MOCTaBsl TPaHUIN
Ha paboTHara dectora [8].

JIOIIBITHUTETHUTE TAKTOBU YECTOTHU C€ MOy~
YaBaT, ako KbM IpeoOpasyBaress € 100aBeHO
JOMBHUTEIIHO MHKPOIPOLECOPHO YCTOPICTBO
WIM € UHTETPUpPaH B Jpyra KOMIIOThPHA CHC-
tema [9][10]. B ciaydas CMHXpOHHM3UpPAHETO €
HYKHO, TIOHEXEe TpeoOpasyBaTenss U HUHTEIU-
TeHTHAaTa CUCTEeMa, C€ YIpaBisiBaT OT JIBE OT-
JIeTHU MUKPOMpoIiecopHu cuctemu. Karo 110
B €IHO MOJ00HA CUCTeMa, C JIBE WUJIU IOBeue
MHUKpPOIIPOIIECOPHU yCTPOMCTBAa, aKO HMa n
ACUHXPOHHHU TaKTa, TO MpPH MPOEKTUPAHETO €
HY’)kKHO Aa uma n (n-1). Ilpu usnmomsBane Ha
npuMepHu cuHXpoHu3upaniyn TtaktoBe uClk u
vClk e HyXHO 71a ce AepUuHUpAT CUHXPOHU3U-
paluTe TaKTOBE 4Ype3 CIIETHUTE MPOMEHINBHU
sync u2v u sync v2u. AKO yIpaBJIEHUETO C€
n3BbpuIBa upe3 PID MukpokoHTposep, To mpo-
M3BOJIHATA KOHCTaHTa Ha M3X0Ja, 1e Objae u3-
YHCJIEHA Ype3 CIETHOTO YpaBHEHUE:

Vo= (Kp+ s Kq+ (Ki/s)) x E(s) (5)

B cpenara 3a nporpamupane Marmna0, e cb3-
nazeHa O0JIOKOBa Ha cxema Ha mpeoOpasyBarers
c penyBamuTe ce 3BeHa. [IpencraBen e mpeod-
pasyBaTelsd, KOWTO € mapajieaHa KOMOMHAIMs
OT JIBa TIOBUINIABAIIMU c€ Mpeoldpa3yBaTels Che
cusioBu kimouoBe Q1, Q2 ,Q3 Q4. OT HHUCKaATa B
BHCOKaTa CTpaHa Ha MOJENa ca Pa3loJ0KEeHU

OatepusTa (kieTka oT Oarepun) u ToBap Load.
MonensT € nokaszan Ha gurypa 3. UHTenurent-
HaTa CUCTEMa € BrpajieHa B Oj0Ka 3a OaTepuw,
T U3MEpPBa CHCTOSIHHSTA HA 3apsii U pasps,
TEPMHUHAIIHOTO HaIpEeKEHUe, Pa3psiHUs TOK U
TeMIeparypara.
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Due. 3. Mooden na cunos npeobpazysamen ¢
peoyeauju ce 36eHa

Ha ¢urypa 4, e npencraBen 6J0KOB MOJET
Ha ymnpaBleHue. B Hero ca peanusupanHu OJIOK
3a ympaBJIeHUE TI0 TOK Ha JIBYIIOCOYHHSI PE00-
pasyBareln ¢ penyBallly ce 3BeHa. MoaennupaHu
ca ympaBJeHHETO 1O TOK (0OpaTHa BpbB3Ka,
JTAHHU OT TOKOB CEH30p M HeroBaTa pedepeHT-
Ha CTOWHOCT, CpaBHSBAIl OTCPAIIMOHEH YCHII-
BaTen U Tpurep, popmuparin padornara [LINM).
Jpyrust OJ0K Ha cHUCTeMaTa, ca MOJCIHpaHH
OJIOKOBETE 3a JOMBJIHUTEIHUS OJIOK Ha U3MeEp-
BaHE 32 yIpaBJCHUE — JOIIBIHUTEIIHA H3MEPBa-
TeTHA WHTEIIMICHTHA CHCTEeMa, CIEMSIa Ipo-
[IECUTE Ha 3apsj M pa3psl CbCTaBeHa OT (CEH-
30pHM Ha cHCTeMaTa 3a U3MEpPBAaHE Ha Hampexe-
HUETO W TOKa, M3Mpalia JaHHU KbM HHTEIH-
TeHTHATa CHCTEMa U YIIPABICHUETO Ha MpPeod-
pasyBarens, Tpurep 3a ¢opmupane Ha [1INUM).
JIBaTa curHama ot oOpaTHara Bpb3Ka OT yIIpa-
BJICHUETO 10 TOK W MHTEIIMTCHTHATa CHCTEMA,
Ce M3MmpaIaT KbM CpaBHSBAI KOMIIApaTop.

Current control Feedback converter

A THo=t e e
-

Ampifier Feedback

D tigger PWM

Due. 4. Mooen naynpasienuemo - oopamuama
spw3ka u LLIUM 3a0asawus Opaiieep na cunog
npeobpaszysamei ¢ pedysawju ce 36eHd

Peanusupanero Ha GU3MYECKU MPOTOTUI HA
IropuThMa 3a yHpaBJIeHUE MOXKE Ja pealln3u-
pa upe3 MHUKPOKOHTPOJEPHO YCTPOMCTBO OT
damunusara PIC [11]. MukpokoHTpoiepure OT
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cepusita PIC16XXX Ouxa OCBIIECTBUIN TOJ-
XOIsmI TpaHchep MexaAy BCHUKH KaHAIM Ha
yIpaBlieHHE: OT oOpaTHaTa Bpb3Ka Ha CHUJIOBHS
npeoOpazyBaren KbM U3XOJHUTE JaHHH U3IIpa-
TEHU U 3allaMeTeHH, KOUTO CIEIST MPOLECUTE
3a 3aps U pa3psia Ha OatepuiiHaTa kiaetka. Oc-
HOBHU NPEIUMCTBA Ha MHUKPOKOHTPOJIEPHOTO
ycTpoiicTBo: 32 - GuToBU peructpu, 16 -6uro-
BU KaHaJM 3a MPEeHAcsIHe JaHHUTE OT U3MepBa-
HeTo. Jlpyro M3KIIOUUTETHO BaXXHO IPEUMY-
IIECTBO Ha T€3U MHUKPOKOHTPOJIEPU € TAXHATa
BB3MOXKHOCT 32 KOMyHHUKaIusi. MUKPOKOHTPO-
nepute nonabpkar uHTepdercure: CepueH,
12C, u Cricket Bus.

Due. 5. Xapoyepen pecypc 3a pearusupame Ha
CUNOBUSL eeKMPOHEH Npeodpaszyeamern
(npoepamamop 3a cemeticmeo om PIC

MUKPOKOHMPOJIEPHO YCMPOUCMEO, USMEPSALYU
OnepayuoHHU ycuigameni)

ANTOpUTHEMBT Ha YHpPABICHHE € OCHOBaH
Ha YIPAaBJIEHUETO MO TOK, KOWTO € BXOJAI 3a
cwiioBusl mpeoOpa3yBaten. Toil ce cienu u B
MHTErpupaHaTa HHTEJIUTeHTHA CHCTEMa,KOSITO
€ JMPEKTHO CBbp3aHa C OJIOKa 3a yIpaBieHHE
Ha cwioBHs npeodpaszysaren [12][13]. Ts cb-
10 kato oOpaTHaTa Bpb3ka Ha mpeoOpas3yBare-
Js clenu JBa MapaMerbpa: BXOAHHUS TOK Ha
npeoOpasyBarens U BXOJHOTO HANpEXEHUe, a
OCHOBHUTE HM3MEpPBAaHU MapaMEeTpu OT UHTEIH-
TE€HTHATa CUCTEMa ca Pa3psAHUS TOK U TEPMH-
HAJIHOTO HalpexeHue Ha Oarepusita. OT ToBa
clie/iBa, Ye KaHajia Clied 00110 5 MPOMEHIMBH:
2 OT yNpaBJICHUETO IO TOK U 3 OT U3MepBaTe-
HaTa cucreMa. OT eHa CTpaHa TOBa OCUTYpsiBa
[0 IpPELH3eH KOHTPOJ W OT TOBa Clie[Ba IO-
MPELU3HO YIpaBJiIeHUE TI0 TOK Ha IMpeoOpa3yBa-
tens[14]. Jpyra mon3a oT Ta3u MHTEJIUICHTHA
M3MEpBaTEIHA CUCTEMA,e Bb3MOXKHOCT 3a yBe-
JUYaBaHEe Ha TMPELUU3HOCTTa Ha YIMpaBJeHHE,
Mopajau TOBA, Y€ MHTEIUICHTHATA CUCTaMa MO-
e Jla u3MepBa U JAPYru napaMmerpu Ha Oate-
pusita (kieTkaTa oT O0aTepuu) KaTo KOMILJIEKC-

HO CBIIPOTHBIICHHE HA OaTepHsITa, MPOMEHSIIIA-
Ta ce TeMIieparypa o Bpeme Ha paboTa u mpo-
BomuMoOcTTa. HemocrarpluTe Ha Ta3W AONBII-
HUTEJIHA U3MEpBaTeIHA CHCTEMa Cca CBbP3aHu C
JOIIBJIHUTEITHOTO YCJIOXKHIBAaHE Ha MPEOKTHPA-
HE Ha IsU1aTa CUCTeMa 3a MPOCKTHpAHE U yBe-
JrYaBaHe Ha BEPOATHOCTTA Ha Tpelika OT W3-
MepBaHe, KOSITO MOXKE Ja Ce U3Pa3H upe3 Ciel-
HaTta ¢popmyIa:

€ = Viet— 0Vout (6)

VYcunBanero B T.Hap. “OTBOPEH KOHTYp,
MOXeE J1a c€ U3Paau upe3 CIETHOTO ypaBHEHHE:

Vout (8)/ Vin (s) = (H(s))/(1+ H(s)G(s)G1(s)) (7)

B tabnuia ca mpeacraBeHu mapameTpuTe Ha
[IpeoOpasyBaren, 3a KOWTO ajropuThma Ha
yIpaBlieHUE, MOXKe J1a ObJe IPUITOKEH:

[TapameTsp CroitHoCcT
Bxoano nanpexenue[ V] 200
M3xoxHo Hampexkenwne [V] 400
Yectora Ha mpeBkmouBane | 20

[kHz]

MaxkcuManHa CTOMHOCT Ha | 25
WHIYKTOPHUSA TOK [A]

Maxkcumanna u3XojHa | 5
MoIHoCT [kKW]

Wnaykrop [puH] 100
Kongensarop [UF] 200

Taonuua.1. OcrosHu napamempu Ha CUIOBUS
npeobpasysamer ¢ pedysauju ce 36eHa,3d Koumo e
NPOEKMUPan aneopunmvma

3a nma ce pazdepe kKakBa €(PEKTHBHOCT I
uMa alropuThMa Ha paboTa, € HYKHO J1a Oble
HalpaBeH MaTeMaTHYECKH MOJEN Ha YIpaBie-
HHUETO U mpeoOpaszyBaTens. B cnenpamara Ta-
OnuIa ca TIOKa3aHW OCHOBHHTE MapaMEeTpH H3-
NIOJI3BaHU 3a MOJIeNIUpaHe Ha OaTepusiTa Ha CH-
noBus ipeoOpazysaren|15].

TabnuyHO TpencTaBsHE Ha MPOMEHIIMBH
CBBp3aHU C alTOpUTHMa: KOCPHIIMEHT Ha
YMHOXKE€HHUE Ha u3MepBaH Tok ki = 0.08 ; xoe-
dbunMeHTa Ha U3MEpPeHo HanpexeHnue Ky = 0.21;
koeuuueHT Temmneparypa ki = 0.25 ; Kommo-
HeHTu oT I[{udposo-anamorosus npeodbpaszysa-
ten 0,02722V, ; 0,0371], ; BpemeHa Ha Ipe-
KbCBaHE MEX]y M3MEPBaHUITA HA IBETE CUCTE-
MU — 2|IS; U3UMCJIEH HAKJOH 3a CMsHA Ha Ha-
KJI0Ha Ha 6aTepusaTa - 6Cap/=0,01203 min™!
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[TapameTsp CroitHoCcT
Pasmep Li-ion 30kWh
Tepmunanao 200V
HanpeKeHHe

Pa3psizeH Tok 25A
Kanarmrer 200Ah

[TukoB TOK Ha pa3psy 200A

Lin Laisch Gin Gaisch
12.2 12.18 15.1 15.1
12.9 12.87 16.1 16.1
15.2 15.17 16.3 16.3
17.5 17.48 17.1 17.102
19 18.98 17.5 17.5
21 20.97 17.9 17.92

Tabauyu.2 u 3 . Ochosnu napamempu Ha KiemKama om
bamepuu 3a cunosus npeobpazyeamein ¢ peoysawju ce
36eHa u Ynpaenseawu KoHcmaumu om obpamuama
8pb3Ka HA ynpasienuemo no mox (i, — usmepean mox Ha
bamepusma Gix -  Koeuyuenm wHa ycuisawe Ha
obamnama 6pwv3ka) u unmenucenmuama cucmema (I, —
usmepsarn mox na bamepusma Gi, - Koeguyuenm Ha
VCUNBAHe HA UHMETUSEHMHAMA CUcmema)

TabmuHo TIpeacTaBsiHE Ha KOHCTAHTUTE 00-
paboTBaHu OT oOpaTHaTa BPb3Ka,3a€3HO C WH-
TEJIMIEHTHATa cucTeMa. B mmoBHIIaBall M1 I0-
HUKaBalll PEKUM, OCHOBHHSI BEKTOp Ha ayro-
pUTHMA 1€ UMa ciieHus BUI: X = [iL Vo Vin]

3AKVIIOYEHUE

B Hacrosmus matepuai € nIpeayIoKeH auro-
PHUTBM 32 CUJIOB €JIEKTPOHEH MpeoOpaszyBaTel C
penyBamu ce 3BeHa. IlocoueHu ca OCHOBHHTE
CTBIIKM IIPH TNPOCKTUPAHETO, OCHOBHUTE MY
(YHKIMOHATHY 3B€HA U JIOMBIHUTEIIHA U3MEp-
Baia cuctema. CbcTaBeHa € OJI0KOBa cXeMa Ha
MaTeMaTUYeCKU MOJE] Ha IIPEACTABEHUS IIpe-
oOpa3yBaTess ¥ yIpaBIeHUETO My B cpeJara 3a
nporpamupane — Marna0. HanpaBen e ananus
Ha CbCTABSHETO HA alrOpUThbMa U (hopMupaHe-
TO Ha OCHOBHUTE MY ()YHKLIMOHAJIHU 3BEHA.
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YIIPABJIEHUE HA HHBEPTOP CbHC SIC TPAH3UCTOPH
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CONTROL OF AN INVERTER WITH SIC TRANSISTORS
FOR INDUCTION HEATING

Dobroslav Dankov, Petko Marinov
Technical University - Gabrovo, Department of Electronics

Abstract

This paper addresses the issue of controlling a resonant induction heating inverter with SiC MOSFET power tran-
sistors, in which there is an abrupt change in the load parameters during the heating process. The output power control
capability is also considered and the frequency range of the inverter is investigated in terms of the frequency capabili-
ties of SiC MOSFET transistors. Possible failure modes and technical solutions for overcurrent, overvoltage and over-
temperature protection of the transistors are described. The results of simulation and experimental investigations of the
control system under load resistance variation presented by the inductor-detail system are presented.

Keywords: SiC MOSFET; Induction Heating; Full Bridge Serial Inverter.

BBBEJEHUE

WHAYKIIMOHHUTE TEXHOJOTMH CE XapakKTe-
pu3upaT ¢ TMHAMUYHO U3MEHEHHE Ha Mapame-
TPUTE HA CUCTEMATa MHIYKTOp-AETall B Mpo-
1eca Ha HarpsiBaHe. ToBa BoAM 70 UBMEHEHHE
Ha €KBUBAJIEHTHOTO CHIIPOTHUBIIEHUE HA TOBa-
pa, KOeTo BiIMsie HA U3MEHEHUE Ha eleKTpuye-
CKUTE NapaMeTpu B MHBEPTOpPA, KOWTO € W3-
TOYHHUK HAa BUCOKOYECTOTHA €HEpPrus, He0OXo-
JMa 3a Jja c€ OCBIIECTBH IIpoLeca Ha UHAYK-
nuonHo Harpsieane /MH/. 3a nma ce pasmmpu
(YHKIIMOHATHOCTTAa Ha 3aXpaHBAaIIUTE M3TOY-
HUIM 332 WHAYKIMOHHU TEXHOJIOTUH, MO CIie-
LMAJIHO 3a 3aKaJsBaHE U MHIYKIMOHHO CIOf-
BaHE, € HEOOXOIUMO Ja ce paboTH B IIUPOK
gectoTeH Auama3on ot 20 go 440 kHz. C nos-
Bata Ha HoBHTE MmMpoko3oHHH MOSFET
TpaH3ucTopu Ha ocHoBaTa Ha SiC u GaN, ToBa
CTaBa OCBHIIECTBUMO, Thil KaTO T€ MPEBBHIXOXK-
nat macoBo pasnpoctpanenure Si MOSFET u
IGBT Tpan3ucropu [5], [6].

Llenta Ha HacTosIIATa MyOJIMKALIUS € 1A Ce
MIPEeJICTaBU CHCTEMa 3a YNpaBJiIeHHE Ha MOCTOB
xiac DE kBasu-pesonancen unseprop 3a MH

cbe SiC TpaH3ucTopu, paboTen] B IUPOK Yec-
TOTEH JIAIa30H.

N30 KEHUE

YecToTHUTE BBH3MOKHOCTU HA KIHOYOBHUTE
TPAH3UCTOPU B NHBEPTOPHUTE CXEMU CE OIpe-
JEJST OT BpEMEHAaTa Ha MPEBKII0YBAHE, KOUTO
ca MpSAKO CBbP3aHU C AMHAMUYHUTE UM 3aryou
npu ,,TBBpAA“ KOMyTalus, OCOOCHO NpHU
[II1M perynupane Ha U3X0JHATa MOIIHOCT Ha
unBepropute 3a MH. SiC MOSFET Ttpan3u-
CTOpPUTE ca HSIKOJKO MbTU MO-ObpP3U OT pas-
npoctpanenute Si MOSFET npu enuu u cb-
II¥ TOK U HampexeHue. J[ombIHUTENHO 3a Ha-
MaJsiBaHe Ha JUHAMHYHUTE 3aryOu ce M3Moi3-
BaT MHBEPTOPHHU CXEMH C ,,ME€Ka"* KOMYTAaIMS.
KoMOuHmMpaneTo Ha aBata MeTOJa 3a Hamalls-
BaHE HA JMHAMHYHHTE 3aryOn 0COOEHO € TO/I-
xomsu10 npu moctoBus kinac DE kBa3su-peso-
HaHceH uHBepTop [1]. Thil KaTo MHBEPTOpA 1IE
ce usnoisBa 3a UH, to mapamerpure My ce
omnpeaessT cnopen Meroaukara B [2]. Ceriac-
HO aHajM3a Ha TO3M KJIAC CXEMH, MPOEKTHpa-
HETO MOXE Jla C€ M3BBPIIU aKO CE MO3HaBaT
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€KBUBAJICHTHUTE WHIYKTUBHOCT Lind M CHIPO-
TUBJICHUE Ha TOBapa Ring, kKakTO M paboTHaTa
yecToTa fo M HaNMpeKEHUETO Ha 3axXpaHBaIUs
n3TOUHMK E 1 u3xomaara MomHoCT Poyt .

OOukHOBeHO ce 3amaBaT: Pout, Lind, Rind;
umu Ring 1 cosing; fo, E. Meroaukara npu mo-
JyMOCTOBaTa U MOCTOBa CXeMa C€ pasjindyaBa
caMo 0 CTOMHOCTTA Ha 3aXpaHBalIOTO HAIpe-
»kenue — E/2 unu E.

W3uncasgsa ce cTOMHOCTTa HA KOMIICHCH-

pariust KOHJIEH3aTop OT U3pa3a 3a COOCTBEHATa
PE30HaHCHA YECTOTa Kpbra:

1 (1)
R 2
Ling a)é +[2Lind J
ind

[Ipu n3uncaeHneTo Ha CTOMHOCTTA Ha pe3o-
HAHCHUS KOMYTallMOHEH KoHaeH3arop Cr mpu
HOMHMHAJIEH pEeXuM, TpsOBa na ce H3YHCIU
MaKCUMAaJIHUA bI'bJI HA IIPOBOJUMOCT HA TpaH-
3UCTOPHUTE Amax.

ﬂ’max = 7T —arccos IAV'” B 20)N 'Cr E (2)
I,,.7+2(2k-1)w,.C,E

KbAETO lav-cpemHa CTOMHOCT Ha TOKa Mpe3
tpansuctopute, on=(1,1-1,3).0.

MHoro e BaxxHO 3a paboTara Ha HHBEPTOpa
bI'bJIa HA NPOBOAUMOCT [1a HC MPCBUIIIN BI'bJId

Amax, Thii KaTo TOBa OM J0BEJIO 70 HApyIIaBa-
HETO Ha YCIOBHETO 3a ZVS KomyTanusi Ha
TpaH3uCTOpa MpHU U3KiIrouBane. OcurypsBaHe-
TO Ha AA<AAmax MOXE Ja CE€ OCBHIIECTBH IIO
HSKOJIKO HaYMHA: aKo MMaMe CHCTeMa 3a YII-
paBienne /CVY/, KOSTO TOIABpkKA BHHA-
TH COS @ ~ | B TPENTAIIHS KPBT, T.e. padOTH ce

BUHAarl B PE30HAHC, B HOMUHAJIEH PEXHUM C€
orpaHuyaBa Koe(HIMEHTa Ha 3aIllbjJBaHe Ha
YIPaBISABALIUTE HMMIIYJICH 1O JOCTUTaHE Ha
A Amax; BBBEXKJIaHE HA WHIYKTHUBHA Pa3CTPOM-

,
Ka, KaTo C€ M3MEHs ChOTHOIICHHETO — >1.
0]

ToBa ycnoxHsiBa cucremara 3a YIpaBJiCHHUE,
HO Ype3 TOBa CTaBa BB3MOXKHO Ja Ce ChIiiacy-
Ba paboraTa Ha MHBEPTOpa KbM TOBapa B -
POK YeCTOTEH IMara3oH, KaTo ce 3ara3Ba pa-
6oTocnocoOHOCTTa My M ycinoBueTo 3a ZVS
U3KJII0YBaHE Ha TpaH3UCTOpHTE. ToBa Baxku U
3a CIIy4auTe, KOraTo ce MpoMeHs A A C Iel pe-
T'yJIMpaHe Ha MOIITHOCTTA.

CpenHata CTOMHOCT Ha BXOJHHMSI TOK CE€
HaMHMpa OT Wu3pa3a 3a IMOCTOSHHOTOKOBAaTa
MOIIHOCT P =El,,. BXOOHHAT TOK, KOUTO c€

YepIy OT 3aXPaHBAaHETO CE MPEACTaBsA U KaTo:
A
Ly :ljlm.sinwtd(a)t):I—m[cos/i—l] (3)
5 pia

OT Tyk HamMMpaMe MaKCHUMajlHaTa CTOMHOCT
Ha TOKa Ipe3 TPaH3HCTOPUTE MpU H30paHUTE
CXEMHHU eleMeHTH. M3XonHaTa MOIIHOCT Ha
MHBEPTOpA €:

Py~ e eost17=2) O

7R, 2

Ot Tyk ompenensiMe CTOMHOCTTa Ha HE0O-
XOJUMOTO CBIPOTHBIIEHHE HAa TOBapa 3a IO-
Jy4aBaHETO Ha U3XOJHATa MOILIHOCT:

2
R, ~ 82E cos’ (z-2) (5)
7P, 2

AxoR_ # R, ,Tpsa0Ba 1a ce M3MON3Ba CBI-

JacyBall M3XoJieH TpaHcopmarop ¢ koedu-
IMeHT Ha TpaHchopmanus > _Rie u Tpsa6Ba

e

Aa TpUBCICM CTOMHOCTUTE Ha OCTaHAJIUTe

€NIEMEHTH KbM IIbpBHMYHATA — T.e. L =140,
n

Ce:C.n21/15=2RLe . (6)

€

Twi KaTO ypaBHEHUATA 3a TOKOBETE W Hall-
PEeKEHUATA ca CIOXKHU U PEeKypEeHTHH, PBUHO-
TO UM pellaBaHe € MHOIO 00eMHUCTO. 3a 1enTa
ca pa3paborenu nporpamu Ha MAPLE, kouto
JlaBaT peuleHusATa B Lu(poB BUJI.

C uen oHarnensBaHe Ha pe3yJiTaTUTE OT
IIPOEKTUPAHETO U aHalu3a, ca IpeICTaBEHU
rpaduuHN pelIeHUs MPH MPOCKTHPAHETO Ha
MocToBus kiac-DE uaBepTop 3a UH cbc SiC
Tpansucropu. Ha ¢ur. 1 e npeacrasena 3-D
rpagukaTa Ha 3aBUCUMOCTTa Ha TOKa Ha U3K-
JI0YBaHE Ha TpaH3uctopa Ivrefy OT M3MeHe-
HHUETO Ha BI'bJIa HA IPOBOJUMOCT ZA U paboT-
HaTa 4ecToTa O.

Due. 1. 3asucumocm ua lyrop om LA u om @.
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Buxna ce, ue HIMaMe JIMHEEH XapakTep Ha
M3MEHEHUETO Ha CTOMHOCTTAa Ha TOKa Ivr(off),
T.€. IPU U3MEHEHUE Ha YecToTaTa € HeoOXo-
IMMO U M3MEHEHHE Ha Koe(UIMeHTa Ha 3a-
II'bJIBAaHE U OOPAaTHO 3a Ja ©Mame MUHUMallHa
CTOMHOCT.

Ha ¢wur. 2 e moka3zaHa 3aBUCHMOCTTa Ha
bIbJIA HA pPEryJiMpaHe OT CpeJHaTa CTOMHOCT
Ha TOKa [av M OT CTOMHOCTTa Ha PE30HAHCHUS
koHzaeH3atop C;, MapajeaHO CBbp3aH Ha TpaH-
3UCTOpPUTE, Ype3 KONTO 3aeAHO C pexuMa Ha
paboTa ¢ MHAYKTHBHATA Pa3CTpOiBa Ha Tpe-
TSIIUSL PE30HAHCEH KPBI' C€ OChIIECTBsIBA ZV S
KOMYTallKs MPU U3KIIOUBAHETO HA TPAH3UCTO-
pure.

Due. 2. 3asucumocm na ZAom Ly u om Cr.

PesynaTarure OT MpOEKTUPAHETO W aHATHM3a
npu X A=m-ty: ca 0606menn B Tadi. 1. U3xon-

HaTa MomHOCT € 3 kW u mpu qBeTe TeXHOJO-
TUYHU MPUIIOKEHUS, HO YeCcTOoTaTra B IbPBUS
cinyuait e 20 kHza BB BTOpHs ciyuaii 440
kHz. brnokoBara cxema Ha Ha MocToB Kjiac DE
KBa3u-pe3oHanceH uaBeptop 3a MH cbre SiC
TPaH3UCTOPH € MpejicTaBeHa Ha Qur.3.

3a xmro4oBH TpaH3ucTtopu ca u3bpanu SiC
MOSFET Ttpanszucropu tun SCT2280K Ha
¢upmata Rohm Semiconductors [3]. W3mon3-
BaHH ca pa3paboTeHHUTe CHeHUaNTU3UPAHU
npaiiepu 3a ympasinenue Ha SiC MOSFET
Tpan3uctopu [4]. CxemaTa Ha cujgoBaTa 4act
Ha WHBEpTOpa € jaajeHa Ha ¢ur.4. J{paiiBepure
Ha TPAH3UCTOPUTE Ca 3aXpPaHEHU C HE3aBUCHU-
MU HMITYJICHA 3aXpaHBaHUS C TaJlBaHUYHA
pa3Bpb3Ka ¢ Orjies pa3IuyHUTE MACH.

Tabnuya 1. Illapamempu om npoexmuparne.

y

Wanpasuten ——— WHeepTop

[pavisep 1
[Oparisep 2
[parisep 4

» Opavisep 3 >

Cuctema 3a ynpasneHue c

O.B. no Tok 1 HanpexeHne

Que. 3. Cxema Ha 610KOBeme CbCMABAUIU
uneepmopa.

3axpaHBaHe

[pu obemHo HarpsBaHe Ha 3aroToBkH ¢ D=30mm — gecrora 20kHz

Lin Rind C C E tv U - - Ivr- Ivp- X
d,uH ,mQ ,uF r,nF Vo | ruS ff,A LV 2,A | U2,V | avA AVA 2o

1,0 0,3 5 4 3 2, 1 2 18 9,0 1,46 80
77 2 8,9 7 30 5 97 38,1 877 | 4,7 9 5 ,8

[Mpu naaykimonHa 3akanka ¢ D=30mm — yecrora 440kHz:

Lin Rind C C E tv Io U - - Ivr- Ivp- X
4,uH ,mQ nF r,nF vV rRNS ff,A 1,V 12,A | U2,V | avA AV,A Ao

0,9 0,1 1 1 3 1 8, 2 5 25 9,0 0,84 80
52 2 38 30 00 98 43,2 | 595 |67 9 3 ,8

Konpenzatopute C1-C4 ca pe3oHaHCHU

KOHJICH3aTOPU ChC CTOMHOCT OMpefelieHa OT
m3uncienuero 3a C; ot (2) mpu yecrora 440
kHz. Pesuctopute RCI1-RC4 ca mocraBeHu
caMo 3a €BEHTYaJIHO U3MEpBaHe Ha TOKa Mpe3
PE30HAaHCHUTE KOHJEH3aTOPH C 1I€J1 HaCTpOHKa
paboTtaTta Ha MHBEpTOpA. 32 U3MEpPBAHE HA TO-
Ka ce u3Mnon3BaT Reurentl MM IMHEEH CEH30p 32
TOK Ha ©0azara Ha edekT Ha XoI THI
ACS758xCB. 3a KOHTpOJl Ha TeMIieparypara
Ha BCEKHM TPAH3UCTOP Ca MOCTAaBEHU CEH30pH
tun LM35CZ. [dpaiisepute ¢ UC ACPL-339
ca ¢ BIrpaJeHU 3allUTd 3a TPETOBapBaHE Ha
TPaH3UCTOPUTE IO TOK, Upe3 ClIe[ieHe Ha Maja
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Ha HaIpeXeHUe MEXAY ApeiHa U copca B OT- tpansuctop, tun 1.5KE400CA. IIpenBuaeno e
MyHIeHO chcTosiHUE[4]. 3a 3amuTa nmo Hampe- BB3AYIIHO OXJIAXKJIAHE HA TPAH3UCTOPUTE C
KEHHE Ha TPAaH3UCTOPHUTE CE€ H3MOJI3BAT OBp- WHIUBUAYAJICH palaTop C BEHTUIATOP.

3UTE TPAHCWUJIM, CBbP3aHHU MAPAJIEIHO HAa BCEKU

Retfaror Z
o Dr2 z
E . H neveer 7 SCT280KEC =
ETemp s R SCT22 :
emp2 GNDE—= e e @
E p eme2 O H veer v »L—‘ RS P
g LM35CZ GND G G
i verter OUTPU
¥ Foul2| 2] pur b [3 Inverter OUTPUT
S LM35¢7 X s g !
Driver g 2
BZX85V018 BZXSS VOIS 3oV, BZXSSVOIS  BZXSSVOIS
| pODCT GND L w1
24y 2 +Outr E ! 2]
e ; :
4002 3DC/DC 18V
g DC/DC 18V 1.5KE400CA GND3DC/DC 18V
Z Reurrentl
N L
j— 2 +H2V Zv G\
0 2 .
H 0.01/25W sy
2 13 4 GND
PwIN DC/DC4 24V TarOuts 2v
2 b 2 ' 3 wn 3 Inverter Current out
1P ’ o 4 DC/DC 12V
HEADER 2 L & 3
Radiator =
= Radiator 2
i
g v T aE |,
@ R6 3 5 | vos
D Z Re scmasokE =
s . >Z§vw 3 §Z§
Ry = 411 5KE400CA 2N
GNDf—2H b 6 = ] R3S | S
Fould}—— wavr p (S— = = (O
Slne s 2 EN Y
Drivar < VD15 VD16 -
2
Tempd BZX85VOIS _BZXS5VOIS
us
LM35CZ,
VENT4
= 12
P
1 VENT3
GND 22y
HDR2X1-P254-V:M
HDR2X1-P25iM0M
X2 5V 24VGND24V 2 *24V3 X3 Control
Foutlb——— [~ Foul2 o aw GND2 GND3 Foult ——rroue
Fouls———— 3§ Foult4 . ‘”“‘l:_ 3 Fould
Inverter Currentl—— 5 6 Inverter Current2 GNp Inverter Current out
PWATOR PWATOR

PowerDrsV PowerDRVI  poesin ) FowerDRV3

Due. 4. Ilpunyunna cxema na kaac DE keaszu-pezonancen uneepmop 3a UH cvc SiC mpanzucmopu.

1C301A c302
LM393N

+12V

100 g
o

Inverter Voltage

Tank Voltage?

= ic30A

LM324N Ci04
; } 1000
B
N
1

GND D308

1C301B
LM393N

103038

RP301 »
IM32N 307

R31S

N
IN4148

IN4148

1C303D
LM324N

@Duz. 5. Cxema 3a ynpasneHue Ha UHBEPMOpA.

Ha ¢ur. 5 e mpencraBena cxemara Ha 4act- KpBI' M OCUTypsiBa OOpaTHa Bpb3Ka, 32 J1a KOH-
Ta OT YMpaBJICHHUETO 3a PopMHUpaHEe HA CUTHA- TPOJUpPA KOE OT ABETE UMa IMPUOPUTET. J(BeTe
JIUTE OT OOPATHUTE BPBH3KH. HamnpeKeHus1 ce u3psa3Bar ot auonure D301-

Ts cilenu OCHOBHMTE ITOKA3aTENIM: TOKA Ha D304 u ce npeBpbLIaT B NIPAaBOBI'BIHU CUTHA-
WHBEpTOpa (OTYMTA CE€ C IIYHT WM CEH30p Ha mu ot IC301. dazara ce pasno3HaBa or XOR
X0 3a MPOMEHJIMB TOK), HAIPEKEHUETO Ha cxemMa /m3kmiouBamo WJIMA/ (cberaBeHa OT
WHBEpTOpa (M3XOJHOTO MPABOBI'BIHO HAIpe- 1C302), duntpupa ce or R308 u C303 u ce
KEHHE) ¥ Hampe)KEHUETO Ha PE30HAHCHUS CpaBHSBa C MPOMEHJIMBO HANPEKEHUE IO MaK-
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cumyM +V/2, cporBeTrcTBamo Ha AA = 90°.
Karo ce u3kimtoun Gpa3oBHUAT JETEKTOP, APYTHU-
T€ JIBE CBOWCTBA - HANPEKEHHE U TOK - CE€
mojjaraT Ha MoAoOHW CpaBHEHHs. THH Kato
cxemara IMPOMEHs YecToTaTa Ha JIOKAJIHHUS re-
Heparop Ha [IIIUM MC B cpaBHEHuE ¢ HacTpo-

eHa Bepura (KOsITO MMa MOCTOSIHHA PE30HAHC-
Ha YECTOTa CHpsSMO Bepurara) ce ooOpaszyBa
PLL (Phase Locked Loop). Ha ¢ur.7 e npenc-
TaBeHa reHepaTopHaTa 4yacT Ha cucTemara 3a
yrpabiieHue Ha kjac DE kBa3u-pe3oHaHCHUA
nHBeprop 3a MH.

12v ‘\‘(ZN)

4010

1000

Low Side Driver Output Sbl

1C203.1

1€2042

1C2044

R209
1470

SW2p1

4010

+5VREF
OSC/SYNC (<2
SEN+  CMPEN

Low Side Driver Output
High Side Driver Outpuf

>

cT COLL A

RT  COLLB
EMITA
oo emir A

SG3524N

rmnn}\’ Foullf 12
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Due. 6. Cxema 3a ynpasieHue Ha UHBEPMOPA.

JIsaBara vact Ha cxemara ¢ UC 1C202 u
IC203 cnyxu kaTo 3amuTa 3a NMPETOBAPBAHE
cbe curHanu Foult ot gpaiiBepute, KoATO 3a-
csira KOHTPOJIa Ha paOOTHUS IIUKBI B CIydail
Ha PSA3KO HapacTBaHe CTOMHOCTTa Ha TOKa (To-
Ba C€ CIy4YBa KOTaTo KOJIEKTOPHOTO HampeKe-
Hue Ha SiC MOSFET Ttpan3ucropute HapacHe
PSA3KO, JOKAaTO T€UTOBOTO HANpPEKEHHE € BU-
COKO) WM JApyra IpeToBapBalla CHUTYyalusl.
SG3524 uma cnenmajieH M3KIIOYBAIll M3BOJ,
TOI € 3aHyJIeH MOopajau TOBa, Y€ € MOCTOSHHO
aKTHUBEH: BMECTO TOBa € M30paHo J1a ce IIyH-
THpa YMOpaBIsSBAlIOTO HAMpPEKEHUE BBHIIHO
(61M3KO 10 TOBA HA BBTPEIIHOTO CHCTOSHUE
Ha HEMHBEPTHUpAIIMs U3BOJ Ha yCHIJIBATENs 3a
obparna Bpb3ka). SW201 u RC enementute
R208, R209 u C205 oOpasyBar u3KJIOUYBaIia
BEpUra, KOSTO OCUTYpsiBa OTPHUIATEIICH TOKOB
umnyiic upe3 IN+ 3a na m3kmoun 1C201, karo
3aeqHO cbe D201 paspexna 3apsna va C205.

Toma TpsiOBa ma pecraptupa cxemata 3a 20
IS, JOCTaThYHO OBP30 3a J1a MOXKE J1a CTapTH-
pa otHoBo ako Foult cheTosiHueTo € Bee omie

akTUBHO. ['eHeparopbT € usrpagen c¢ [1C201
SG3524, kato Morar Ja ce U3N0a3BaT U Apyru
nonoonn MMM HC - MB3759, KA7500,
TL494 u npyru ot SG cepusita KOUTO ca T'eHe-
patopu cbec HIMUM mopynarus u ¢ push pull
u3xoj. Yecro cpemanu ca IC cbe Oumnonsipen
U3XOJEH TPAaH3UCTOP KOETO O3HAYaBa, Y€ MO-
KE Jia Ce 3aMacAT EMUTEPUTE U J1a C€ U3IO0J3-
BaT OTBOPCHUTE KOJIEKTOPH, WU J1a CE€ BKIIIO-
4aT KbM +V U JUPEKTHO €MUTEpUTE Aa YII-
paBisBaT ApaiBepu wiu Oumnonspau JlapauHr-
toH uim MOSFET tpan3ucropu.

[TukoBuUs TOK MUHABAII TIPE3 ApaiBepa TpsOBa
7la € OKOJIO amIlep, 3a MO>KE TPaH3UCTOopa J1a ce
3allylld 3a OKOJIO IIOJOBMH MHKpPO-CEKyHZA.
3apaay TOBa BUCOKO CHCTOSIHUE Ca BKJIFOUYEHU
KOH/IEH3aTOpH 3a Oaiimac OT 3aXxpaHBaHETO.
Ha ¢ur.7 e mokazana peanusupaHaTa IuIaTka
Ha yNpaBJIEHUETO, a Ha (UT.8 € MoKa3aH eAuH
oT apaiiBepute, ynpasissaiy SiC TpaH3HUCTO-
purte. CunoBara miartka Ha kiac DE kBa3u-
pe3oHaHcHus uHBepTOop 3a MH 6e3 pammaro-
puTe € mokazaHa Ha ¢ur.9.
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Due. 8. CHumka Ha Opaiieepa ynpasisieauy
SiC (Top Side).

Duz. 9. Chumka Ha cuioeama naamka
Ha uHeepmopa.

Ha ¢wur.10 u 11 ca nagenu Bpemenuarpamu
OT CUMyJalMK Ha paboTaTa Ha MHBEPTOpaA C
M34YUCIeHUTe B Tabiuna | croiiHOCTH HA ma-
pamerpuTte npu 440kHz.

Y.
I

=
P

e
Y wos  amow oo 0 wos oo s000u

@Due. 10. Pesicum na paboma Ha mpar3ucmop
VT4, Hanpeocenue na cevima UGS, Hanpesicenue
na opetina UDS' , Tox npes opetina ID.

et

o0 000
CVMAZO) o IDMA] ¥ V(M) 10

QDue. 11. ZVS xomynukayus npu uskuoysane Ha
mpanzucmop V14,

OcmuiorpaMuTe Ha H3XOAHUTE CHTHAIH
KbM H3XOJHUTE JpaliBepu OT CUCTEMara 3a
yrmpaBieHue ca naneHd Ha ¢wur.12 m 13. 3a
nMHUTalusg Ha CUTHAJIUTE OT O6paTHI/IT€ BPB3KU
[0 TOK U HalpeXeHHe € M3IOJI3BaH 3a/1aBall]
reHepaTop HACTPOEH Ha CbOTBETHATA YECTOTA.

Time gk

Due. 13. Ynpasriasawu umnyacu npu 400 kHz.

3AKVIIOYEHUE

HampaBeno e mnpoektupane Ha cujoBaTa
YacT U Ha cUcTeMaTa 3a yrnpaBjeHUe Ha IIHUPO-
KonuanasoHeH kiac DE  kBasu-pe3oHaHceH
nuaseptop 3a MH cwe SiC Tpansucropu. [lpen-
CTaBCHU Ca CUMYJIAIIMOHHU U CKCIICPUMCHTAJI-
HU pe3yiTatu 3a paboTaTa Ha MpejcTaBeHaTra
cUCTEMa 3a yIlpaBlieHue Ha uHBepTopa 3a MH.
[Ipeacron w3cnenBaHuss Ha pabOTOCIOCOO-
HOCTTa Ha HMHBEPTOpa C peajHUu TPENTALIU
KpBIrOBE U peajHd TOBapH, KOUTO Ja JOKaXat
(YHKIIMOHATHOCTTA Ha MPEAJIOKEHATA CHCTE-
Ma 3a yTmpaBJIeHHE.
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Abstract

The paper considers a model-based optimization of a series resonant inverter with reverse diodes. The optimization
is performed in terms of achieving a certain nature and duration of the transition process. Two cases of reference
curves are considered: with respect to the voltage of the resonant capacitor and with respect to the resonant current. As
a result of the optimization, values of the circuit elements have been obtained, which guarantee the output indicators
and the determined duration and nature of the transient start-up process. The obtained results are useful from the point
of view of control synthesis and for the design and training in power electronics. In this regard, this approach,
combined with classical design methods allows for the integration of modern mathematical methods for modeling and

calculations in power electronics.

Keywords: serial RLC converter, wrap separation, model-based design

BBBEJIEHUE

Ilo cBosiTa CHIIHOCT, Pa3BUTHE U MIPHIIOKE-
HUS CHJIOBaTa EJIGKTPOHHKA € HHTEPAMCIIU-
IUIMHApHA, KaTo KOHLIEHTpUpa Hal-pazHO00-
pa3Hu 00JacTH HE caMO Ha TeXHHMKaTa, HO U Ha
MKOHOMHKaTa, (u3MKata MU mMaremMarukara. B
pe3ysTaT Ha HEMHOTO pa3BUTHE KbM HACTOS-
M. MOMEHT ce HaOJI0aBa ToJIsIMO Pa3HO00-
pa3ue KakTo Ha TOIMOJIOTUU Ha CUJIOBUTE CXe-
MH, Taka U Ha pabOTHH pexumu. B TO3M
aCreKT eHH OT Pa3mpOCTPAHUTE KATO yIOTpe-
0a, yCTpOMCTBO U MOAJIPBKKA U ChIIEBPEMEH-
HO Hail-moOpe M3y4YeHH ca MOCIeI0BaTEIIHUTE
RLC wunBepropu [1-3]. OT cBos cTpaHa npu
OTpe/ieNIeH! CHOTHOILIEHUS HAa CXEMHHUTE UM
€JIEMEHTH T€ MOraT Ja paboTiT B Pe30HAHCHU
WM anepuoguyHu pexxumu [4-6]. B Hacros-

mara paboTa € MpeACTaBeH MOAXOJM 3a OIMTH-
MU3aIUsl Ha IIOCIEJIOBATEIICH pPE30HAHCEH
WHBEPTOP 4Ype3 H3MOI3BAHETO HA T. Hap. 00-
BHMBKa Ha HampexeHunero. Karo menra Ha Ha-
MpaBeHaTa ONTHUMH3AIMS € J1a ObJIe OTpaHrYeH
MO0 CTOWHOCT OTrope M KaTto BpeMeBa MpOIb-
KUTEITHOCT MPEXOJHUAT MPOIeC. 3a pelaBa-
HETO Ha MOCTaBeHaTa 3ajlada € Ch3JalleH MO-
nen B Simulink. Peanmusanmsara Ha camara
ONTUMU3AIMS € H3BBpIICHA C TIOMOIITa Ha
aBTOPCKU MPOTPaMH, HAMHUCAHU U H3IBIHECHU
B cpemara Ha Matlab. ot apyra crpana B u3-
CJICIBAHUSTA HA HSIKOW aBTOPH UHTETPUPAHETO
Ha TOPEHU3JIOKEHUTE ONTUMHU3AIOHHH TPOIIe-
oypu ce neuHUpa KaTto Mpujiarane Ha TeXHU-
KM Ha W3KYyCTBEHUS HMHTEIEKT B CHJIOBAaTa
eJieKTpoHuka [7, 8]
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N30 KEHHUE

Ot npuHUMNa HAa ACHCTBHE W aHAIU3a Ha
€IIEKTPOMArHUTHUTE TIPOIIECH B CXeMara €
U3BECTHO Y€, pasriiekJaHusl UHBEPTOp € TO-
gacTu JMHeHHa cuctemMa. OOMKHOBEHO HEro-
BOTO MOJIeJIMpaHe Ce U3BBPILBA C IOMOIITA Ha
cuctema OT nuepeHINATHU YpaBHEHUS, KOU-
TO OMHCBAT NPOMEHJIMBUTE Ha CHCTOSHUETO
BbB Bepurara [4, 5]. Ot nmpyra crpaHa npu
ChCTaBSIHETO Ha MOJEIUTE ce MpeHeOpernaT
3aryOuTe B TpaJBHUTE EJIEMEHTH, a ChIIO 3a-
XpaHBalIUTe U3TOYHUIIM CE TPUEeMAT 3a Ujeal-
HU. B ppKomuca u3cneBaHUATa ca HaPaBEHU
Ha 0azaTa Ha MOCTOBaTa CXeMa Ha IMOCJe0Ba-
TEJICH MOCTOB HMHBEPTOpP C OOpaTHHU IHUOMH,
KOSTO € TIoKa3aHa Ha ¢urypa 1.

+ KTF I’T_‘k

| R L EF
U t————""
\ i u Y
- VT4 VT3

@Duzypa 1. Ob6w moden na nocreoosamenern RLC
uHgepmop

CunoBara yacT Ha HUHBEPTOpA C€ ChCTOU OT:
[TonynpoBOAHUKOBH KIIIOUOBE C JBYIOCOYHA
npoBogumoct V11 + VT4, pe3oHaHCEH KOH-
nenzarop C, akTMBHO CBIPOTHBJICHHE Ha TO-
Bapa R u pe30HaHCHA UHAYKTUBHOCT L BBPXY
ToBapa. CTOMHOCTUTE Ha CXEMHHTE MapamMe-
TPUTE NMPU KOHKPETHOTO M3CIIEABaHE ca Jajie-
Hu B Tabnuna 1.

Tabnuya 1

Ud =100 V — BXOHO HampeKeHne

R =1 Q — cpnpoTuBIEeHNE

L =10 pH - uHgyKTUBHOCT

C =10 pF — kanmanuTuBHOCT

f = 1/T=80000 Hz -
IPEBKIIIOYBAHE.

qyecToTa Ha

[To cBost HaumH Ha paboTa KOHBEPTOPHT €
CUCTeMa C MPOMEHsIa ce CTPYKTypa, Karo
MPCBKIIIOYBAHCTO MCKAY ABCTC CHCTOSAHUA CC
U3BbpIIBA OT CHUCTEMarTa 3a yIpaBlieHue. 3a
CUHTE3a Ha OOIIMs MOJEN CE M3IMO0JI3Ba METO-
BT Ha npeBkrovBamiara Gynkmus [9]. Tlopa-
AW CBOUTC MPCANMMCTBA U HAIJICIHA (1)143qucm
MHTEpIIpeTalysl TO3W METOJ] HaMHpa TOJIIMO

IIPWIOKECHUE 33 U3CIEABAHE HA EJICKTPHYECKU
npeoOpa3yBaTesy, W3MOM3BALIM KOMIIOTHPHU
Meronu. Ilpu uscnensanara cxema B paMKHTE
Ha €IMH IIEpUOJ CTPYKTypaTa ce IPOMEHs ABa
nbTH. [IpoMsAHaTa ce cbcToM B NpOMsHA Ha
3Haka Ha Uy To3m mpouec Ha NMpEeBKIIIOYBAHE
MEXIy Pa3iIu4HHUTE CTPYKTYypH CE MOJEIUPA
ype3 yMHOKaBaHe Ha Uy ¢ pyHKIusATa control.

VYpaBHEeHMATA 3a MOJENMpPAaHE Ha JTHHAMHU-
KaTa Ha MHBEpTOpa ca:

duic
dt

=i

L%+uc + Ri=U ,control(t)

(1)

3a
—1, for odd half period

control(t) = Lo
1, for even half period

KbJIETO Uc € HAIpPEkKEHUETO BBPXY pe30-
HAHCHUS KOHJIEH3aTOp, a iz — HWHBEPTOPHUS
TOK. OOMKHOBEHO METOAUKHUTE 3a MPOEKTHpa-
HE Ha CHJIOBH €JIEKTPOHHU YCTpPOMCTBA M CHUC-
TeMH ca 0a3upaHU Ha aHAIM3a B YCTaHOBEH
peXuM Ha paboTa ciie]l 3aBbpPIIBAHETO Ha Ipe-
xoaHute npotecu. I1o To3u HauMH Taka ompe-
JIeIEHUTE CTOMHOCTH Ha pe30HaHCHATa MHAYK-
TUBHOCT M KOHJIEH3aTOp, HE Ca CBBP3aHHU C
MPOTUYAHETO  ONpPENENCHU IO XapakTep u
OPOABIDKUTETHOCT TMpexogHu mpomecu. Ot
Ipyra CTpaHa TEXHHTE CTONHOCTM OKa3Bat
3HAYUTEIHO BJIMSHUE BBPXY IMyCKOBUTE MPO-
LIeCH M JWHaMUKaTa Ha cXeMaTa, KOETO € OT
CBIIECTBEHO 3HAYCHHME U 3a CHHTE3a Ha yIpa-
BJICHHE.

OmnpenensiHETO U pelIaBaHETO Ha ONTUMHU-
3allMOHHU 33J]a4d € OCHOBEH WHCTPYMEHT 3a
MPOEKTHUPAHE HA CHIJIOBH €JIEKTPOHHHU CXEMU U
ycTpoicTBa. Paznnunu npumepu 3a peliaBaHe
Ha ONTHMM3ALMOHHU 33/1a4M Bb3 OCHOBA Ha
pa3paboTeHn COOCTBEHH NPOTPaMH, KaKTO H
Yype3 M3MOJI3BAHETO HA MAaTEeMaTHYECKU COPT-
yep ca pasriielaHu B JTUTEpaTypara, Xapakrep-
HO € 3a BCEKH Jla 3ajlaBa OIlpeJiesieHa LieeBa
¢dbysknus (MakcuMmaiHa e()EeKTUBHOCT, MUHU-
MaJHU 3aryou) W OrpaHuyeHus (TpaHuYHU
CTOMHOCTH Ha eJIeMEHTHTEe Ha Bepurara), a
IIPU pEIIaBaHETO Ha MO-CJI0KHU 3a/1a4M Ce U3-
M0JI3Ba MHCTPYMEHTAPUYMBT 32 MHOTOKPHTE-
puasHa ontuMusanus [10-14].
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ABTopuTe Cca H30paJii M3MOI3BAHETO Ha
onTuMH3alys, 6a3upaHa Ha MOJEN, ThU KaTo
4ype3 Hes MOrar Ja ObJaT BHEIPEHU KaKTO
CTaHIApPTHHU (CTHOKPUTEPUATHH), TaKa U TIO-
CIIO)KHM ONTHUMH3ALMOHHU IPOLENYpH, Upe3
U3IM0JI3BaHE Ha CIENMAIHO Ch3/aJeHa Mporpa-
mMa MATLAB. Ilo to3u HaunH ce neduHupa
METO/I 32 IPOEKTHPAHE HA CUJIIOBH €JIEKTPOHHU
YCTPOMCTBAa U CHUCTEMH, KOWTO HE OTpHYa, a
HaJrpakaa U pa3BHBa KIACMYECKUTE METOJU,
OCHOBaHM Ha aHajJu3 CamMO B CTallMOHApHU
ChCTOSIHUS TpH pabora. Taka Ha mpakTHKa ce
IIOCTUTa UHTETPUPAHETO HA ChbBPEMEHHUTE UH-
(dbopMallMOHHU ¥ KOMYHHUKAIIMOHHU TEXHOJO-
MM B HAayYHUTE U3CJIEIBAHUA U OOYyYEHUETO
[0 CUJIOBA EJIEKTPOHMKA, KOETO YCKOpsiBa M
mo100psiBa npoiieca Ha NPOTOTUITUPAHE U BHE-
JpsiBaHE B IPOU3BOJICTBOTO.

B 1031 KOHKpeTeH cily4ail 11e Bb3AcHCTBa-
Me BBPXY (opmaTa Ha HAMPEKEHUETO BBPXY
pPE30HAHCHMSI KOHAEH3AaTOp Uc, KaTO OTHOBO
ONTUMHU3MpPAME CTOMHOCTTa Ha KOHJEH3aTopa
C. To3u mpobnem 3a onTHUMH3AIMS HE MOXKE
na ObJie pelieH ¢ MOMOIITa Ha BrpajieHa Mpo-
uenypa B MATLAB, Thit kKaTo Hanpe:KeHUETO
uc e npomennnBo (AC) 1 He € Bb3MOXKHO J1a ce
3a/1a/1aT OrPAHUYEHHUSI 32 HEroBara rOJEMUHA.
3a ma ce pemu TO3W mpooOieM, TpsOBa ga ce
HaIpaBH MOJIXO/AIIO MpeoOpa3yBaHe Ha CTOM-
HOCTTa Uc, KaTO Ce€ 3ama3u pabdOTHUS PEXUM
Ha MHBEPTOpPA, Ype3 NOATIbPKAHE HA MOCTOSH-
Ha PE30HAaHCHA YECTOTa Ha IOCJIEI0BATEIHATA
pe3oHaHCHa Bepura - ycnoBuero LC = const.
B koHKpeTHHs cily4ail TOBa Ce€ IIpaBU CIEJ
CBBbP3BaHE HAa BCUYKH MAKCUMYMH B IOJOXKHU-
TeJHaTa MOJyBbJIHA HA HAMPEKEHUETO BbPXb
pPE30HaHCHMSI KOHAEH3aTOp, KaTo IO TO3M Ha-
YUH ce o0pa3zyBa KpHBa, [OKa3zaHa Ha (urypa
2 B yepBeH UBAT. Ta3u KpuBa IpeAcCTaBIIsABa
MmoJIoKuTeTHaTa "0OBHBKA" HAa HANPEKEHHUETO
uc. Ha mocouenara ¢urypa ca u3nonsBaHu
cieqHUuTe 0003HAYEHUSI: CUHBO - JIEHCTBUTEI-
HaTa ¢popMa Ha HAIPEKEHUETO Uc; YEPBEHO —
0oOBHBKaTa Ha uc; YEPHO — 3a/1aJieHaTa eTajloH-
Ha OOBHUBKA.

\w ‘\“H M‘ w i M‘l M‘l ‘\“H M‘l Ml

o h
Quezypa 2 Ob6ueKa, emanoH u CMOUHOCH HA

Hanpescenuemo uc

Pesynrarure, npeacraBenu Ha ¢urypa 2, ca
MOJIy4EHHU B CJIEICTBUE HA U3IMOI3BAHUTE IIBP-
BOHAQYaJHU CTOMHOCTU Ha CXEMHHUTE E€JIEeMEH-
TH, JageHu B TaoOmura 1.

OnpenensiHeTO U pelaBaHeTO Ha ONTHMHU-
3allMOHHU TIPOOJIEMHU € OCHOBEH HHCTPYMEHT
3a MPOEKTHPAHE Ha CUJIOBU €JIEKTPOHHU CXEMU
U YCTPOMCTBA C TapaHTHpPAaHU TIOKA3aTEIH.
Pasnuynu mpuMepu 3a ToBa ca MOKa3aHU B
[11-14]. B mpoueca Ha onTUMH3alUs IIE Ce
omuTame J1a HamacHeM (opmara Ha ,,00BHUBKa-
Ta“ Ha HAPEeXKEHUETO Uc, KbM U30paHara pe-
dbepenTHa TpaekTopus Ha ¢ur. 2 (depHo). 3a
Ta3® 1e’ pyHKIHOHAIA 32 OMTHUMU3AIIHS MIPH-
noOvBa BUIA:

Leng

I(C) = I(Wf’ap(uc) Uc o )zdt —)mln ()
0
KbJeTO ¢, =le—3
N3bupame ypaBHEHHWE Ha eTaJOHHAaTa 00-
BHUBKaA €.

iy=51-e"")ynT, =510 (3)

stat

Ontummsanusara Ha ¢yHKIHOHama (2) ce
HU3BBPIIBA IPU OrpaHUYCHUSA THUIL paBeHCTBa

(1) m mepasencrBa C ,, <C<C_
Coin—C<0
(4)
C-C,..<0
Orpannyenne ¢ 3amageno C . =0.5C n

C,.. =5C(cprmacHo mIBpBOHAYAIHATA CTOM-

HocT ot Taom.1).

Ot npyra cTpaHa mpu 3aJaBaHe Ha OrpaHu-
YEHUsITa CE€ U3MbJHABA YCIOBHETO 32
MoAIbpKaHE Ha M30paHusl MpU MPOEKTUPAHE
paboten pexum: LC = const .

[TonyuenaTta B pe3yJsiTaT Ha pelIaBaHETO Ha
OINTHMH3AIIMOHHATA 3aja4a cToiHoCT 3a C, 3a-
BHCHU OT U300pa Ha rojieMUHATa Ha feng. TOBA €
Taka, 3alI0TO CyMapHaTa Ipelika ce Mojy4yaBa
OT HATPYIBaHETO Ha IPEUIKUTE MO BpeMe Ha
MPEXOHUS MPOLEC U MO BPEME Ha YCTaHOBE-
HUS pexxkuM. [Ipu manka CTOMHOCT Ha fend 1IE
JOMUHUpA TpelIKkaTa MojydyeHa Mo BpeMe Ha
MIPEXO/IHUS MPOLIEC, a MPU TojsMa - 1ie mpeod-
JajaBa rpelikaTa B YCTaHOBEH pexuMm. B
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KpaiilHa CMeTKa YCIENIHOTO pellaBaHe Ha
ONTUMHU3AIMOHHATA 3a/1aya 3aBUCH OT OCHIIe-
CTBABAHETO Ha J0O0Bp OasaHc mpu m3bopa Ha
tend .

To3u npobnem 3a ONTUMHU3ALUS CE perIaBa
B cpegata MATLAB, Ho 3a Ta3u 11e11 ce cheTa-
BsI aBTOpCKa mporpama (m-daiin).

MonenbT Ha IpeoOpaszyBaTes, pealu3upaH
¢ nudepeHmanHuTe ypaBHenus (1), yuactsa B
mporpamMara, KaTo camara ONTHMH3AIUs Ce U3-
BBpIIBa ¢ KomaHaaTta fminbnd [15].

v=fminbnd(@FunOptim,5e-6,5¢-5,0options);

B ta3u nporpama nudepeHnuaniHuTe ypas-
HEHMs ca BrpajeHu BbB (QyHkimsaTa FunOptim
u ce pemasar no Mmeroma ode45. Toukure,
MIpeICTaBJIsABAIIM OOBUBKATA HA UC, C€ OTICIISAT
OT PEIIEHUETO Ha uc C TIOMOIITA Ha CHeIral-
HO pa3paboTeH koza. Muterpan (2) ce 3ameHs
ChC CyMaTa OT KBaJpaTH Ha Pa3INKUTE MEXIY
TOYKHUTE Ha OOBUBKaTa wrap(Uuc) ¥ eTaJlOHHATa
0OBHUBKA UC ref.

Pe3ynTarsT OT M3MBIHEHHUETO Ha MpOrpa-
Mara e TIoKazaHo Ha ¢durypa 3.

Func-count X f(x) Procedure
1 2.21885e-005 388.289 initial

Optimization terminated:

the current x satisfies the termination criteria using OPTIONS.TolX of 1.000000e-004

C =

2.2188e-005

L =
4.5068e-006

@Duzypa 3 Kpaen pezynmam om usnviHeHUemo
Ha npozpamama

Crnen u3MBIHEHUETO Ha Mporpamara ce Io-
JydaBa CJIEIHMST PE3yNTaT 32 CTOMHOCTUTE Ha
pe3onancure enementu: C = 2.2188e-05, a un-
OYKTUBHOCTTa C€ IIpecMATa OT YCIOBHETO
LC = const, 1.e. L =4.5068e-06. CnegBamara
CTBIIKA, 32 pelIaBaHe Ha MOCTaBeHaTa 3ajJaya €
Jla ce MPOBEPU Al MOIYYEHUTE CTOHHOCTU
3a MHIYKTUBHOCTTAa M KamaluTeTa ca OMNTH-
MaJHU U YJIOBJIETBOPSIBAT JU IOCTABEHUTE B
ONTHMHU3AIIMOHHATA 3a/1a4a YCIOBUSI.

C Taka HaMepeHUTE ONTUMAIIHU CTOMHOCTU
3a L u C ca cumynupaHu TpapuIHUTE PE3yJi-
TaTH Moka3aHu Ha ¢urypa 4. Ot ¢urypara ce

BIDKIAT HSIKOJKO ChIlecTBeHH Hema. I[IbpBo
YCIEIIHO € HaMaJIeHa MMKOBaTa CTOMHOCT Ha
HAMpe)KEHUETO Ha PE30HAHCHHS KOHJEH3aTOp
II0 BpeMe Ha mIpexoaHusaT npoinec. Hamanena
CHII0O Taka M camaTa MPOIBJDKUTENIHOCT Ha
IIPEXOHUAT Ipolec. B ycTaHOBEHHAT mpoLec
pasiuKaTa Mexay OOBUBKAaTa Ha uc U €TaJIOH-
HaTa KpuBa € MUHMMH3UpaHa. ToBa mokassa,
4ye WU3MOJ3BaHUAT MaTeMaTU4YecKu crnocol 3a
ONTUMHU3ALMS JOBEXAA A0 TBPCEHUTE YIO-
BJICTBOPUTEIIHU KpaltHU pe3yiTaTH.

I

l

‘l|wh

I \ & l

Duzypa 4 [ pagura na pesyrimamume, npu
usnonzeane na onmumanrume cmouinocmu na L u C

H

3AKVIIOYEHUE

B pesynrar Ha mpeacraBeHUTE H3CIElBa-
HUS W peayin3upaHaTa Ha 0a3zara Ha Mojena
OIITUMH3alIUA Ha KOHerTHO CHUJIOBO
€JIEKTPOHHO YCTPOWCTBO Ca HANpaBeHU CIICII-
HUTC U3BOAU.

1. M3non3BaHeTo Ha cpeacTBaTa 3a MaTeMa-
TUYECKO MOJIeTMpaHe U pa3paboTBaHe Ha CIie-
[AATU3UPAHA MOJICTT TI03BOJISIBA PEIIaBaHE
Ha HpO6HeMI/IT€ Ha OoIITUuMmu3alnusTa HpI/I HpO-
EeKTHUPAHETO Ha CHJIOBU EJICKTPOHHH YCTPOM-
CTBa U CHUCTEMM, KaToO IO TO3W HAYMWH CE OCH-
rypsiBa OINTHMaJlHaTa paboTa Ha CaMHuTe
YCTpOWCTBA, BeU€ B MpOIeca Ha MPOECKTUPAHE;

2. W3non3BaHeTo Ha 0asWpaHa HA MOJEITH
OIITUMMH3aIUA pemaBa paBHI/I‘IHI/I 3a4da4u 3a OII-
TUMH3AIMS Ha e€Tana Ha MPOEKTHPaHE, KOETO €
B2XHO 32 KOMEPCHAIM3AIMITA U MPOTOTHUIIH-
paHETO Ha CHJIOBU €JICKTPOHHU YCTPOMCTBA U
CHUCTEMHU C paS.HI/I‘-IHI/I HpI/IJIO)KGHI/I}I.

[IpeacraBeHoTO HW3CIEaBaHE HE OTpUYA a
paBBI/IBa C’bH_IeCTBYBaH_[I/ITe MCTOAUKHN 3a HpO-
eKTHpaHe, KaTo IOJyYeHHWTe Ha TsAxHa Oaza
CTOﬁHOCTH Ha CXEMHUTEC CIICMCHTU Ca OTHpaB-
Ha TOYKa 3a TAXHOTO ONTHMAJHO OMpEIesHa
HpI/I 3a1aBaHCTO Ha paSJII/I‘IHI/I OI‘paHI/I‘-IeHI/I}I n
nenesu ¢yHknuu. Pa3dupa ce onTumMuzamnusaTa
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HE MO>KE€ /1a pelId HAI'bJIHO 33Ja4yaTa 3a HeJo-
MyCKaHE Ha TMPEHANPEKEHUS U CBPHXTOKOBE
10 BpeMe Ha MPEXOIHUTE MPOLIECH, HO CE SIBSI-
Ba €IWH N00BpP MHCTPYMEHT 3a MOCTUTAaHE Ha
MakcUMyMa Ha BB3MOXXHOCTHUTE Ha CHJIOBAaTa
cXeMa, Karo 1Mo TO3U HAuWH Ce YJECHSIBA 3HA-
YUTEJTHO M CHUHTE3a M HacTpoWKaTa Ha KOHTPO-
nepa.
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Abstract

This article describes a solution of the constant DC current sensor with quasi-digital output and continuous auto-
calibration measurement procedure. This solution is designed to be connected with a PC and it is based on the
universal transducer interface UTI-03, resistive shunt and a general purpose 8-bit microcontroller. The results,
obtained in the reference laboratory show a good agreement with the theoretical assumptions.

Keywords: quasi-digital, UTI-03, resistive shunt, calibration, microcontroller, LabView.

INTRODUCTION

Current measurement or current monitoring
within electronic circuits is a frequent need in
many types of applications. The measurement
range, costs and performances, and the
accuracy, are critical parameters during a
current sensor choice [3, 4, 6]. The response
time may also or may not be critical,
depending on the application. Current
measurements based on the resistive shunt are
mainly the most accurate and fastest but for
relative low current and with loss insertion [8].
Other current measurement techniques are
based on the magnetic field measurement and
on the current transformer.

Owing to the high resolution A/D
converters, current sensors based on the
resistive shunt can achieve high accuracy.
However, such A/D converters are typically
expensive and mainly slow [7].

This article represents a new approach
of the designing current sensor with quasi-
digital output signal, compatible with analog
and digital domains. The high accuracy is
achieved by applying the three signals
technique which eliminates the first order
errors such as offset error and gain error. For
the realization of the current sensor is used
universal  transducer interface  UTI-03,
produced by the Smartec [1] and a general
purpose 8-bit microcontroller.

UTI-03 INTERFACE

As has been said, the heart of the proposed
current sensor represents selected universal
transducer interface UTI-03 [1]. This
dedicated integrated circuit is designed for
connection with more types of sensors as
capacitive and resistive sensors, resistive
bridges, potentiometers and their
combinations. The output of the UTI-03 is a
period modulated signal consisting of three
phases. Figure 1 shows the functional block
diagram of the UTI-03 interface. Selection of
any of the sixteen operating modes of the UTI-
03 takes place by setting four mode-bits SL1
to SL4. The low-frequency interference is
removed by an advanced chopping technique.

Voo

Driver

UTI
AMH Voltage to Frequency
c'_\”’ [ Period ——| Divider | QuUT
Divider Converter

e

Logic control circuit

|
BB

Vss S SL2 SL3 SL4 CML SF PD

Fig. 1. Functional block diagram of UTI-03
transducer interface.
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As can be seen in Fig. 1, main blocks of the
interface are capacitance-to-voltage converter
and voltage-to-period converter. Various analog
sensing elements can be directly connected to
the multiplexed nodes A to F, depending on
selected operating mode. The UTI-03 outputs
a microcontroller compatible period modulated
signal and excitation signals to drive the
sensing elements. The number of measurement
phases in a complete output cycle depends on
an operating mode of the UTI-03 and it varies
between 3 and 5.

THREE-SIGNAL TECHNIQUE

This technique eliminates the unknown
offset and the unknown gain of a linear system
owing to the cognition of two reference
signals. The UTI-03 interface outputs
independent and consequent three up to five
phases which make one measurement cycle
[1], Figure 2,

Fig. 2. The output signal of the UTI-03 for a three-
phase mode.

where 7 is the period duration proportional to
the unknown sensor parameter as resistivity
for example, T the period proportional to the
known reference parameter and 7oy double
period proportional to the offset of the
measurement system. The reference and
unknown parameters should be the same
nature, as for example voltage, capacitance, or
resistivity.
If a system has linear transfer function in the
form of:

M, =kE + M,

then for three different input
E =0,E,=E, and E;=E,
the three measured output values are
M =M,
M2 = Mref = kEl’ef + Moﬁ'
M, =M _=kE +M,,

values

The calculated ratio

_M,-M, _ M. -M, _E,
Mz _Ml Mref _Moff Eref

eliminates the influence of unknown offset
M, and unknown gain k of the measurement
system. In such a way the calculated value of
M represents the ratio between the values of
the unknown sensor element and the known
reference element. The values of offset and
gain can vary over the time but measuring
system based on the UTI-03 is self calibrating.
The duration of one complete cycle of the
UTI-03 output signal is about 10 ms when the
UTI-03 working in the fast mode and about
100 ms in the slow mode. The better resolution
and linearity are achieved in the slow mode.
The implementation of the three-signal
technique requires a microcontroller, which is
used to digitize the period-modulated UTI-03
output signals and perform the data storage
and calculations.

DC VOLTAGE MEASUREMENT WITH
THE UTI-03 IN THE OPERATING MODE
11 (IB2)

Despite the fact that the interface is
designed as a transducer, by selecting the
appropriate operating mode the UTI-03 can be
efficiently used for accurate measurements of
low voltages such as a voltage drop on the
resistive shunt [1].

The operating mode 11 (ib2) of the UTI-03
interface has the goal of the voltage signal
measurement from resistive bridge or platinum
resistor [1], but the same mode can be slightly
modified for the DC voltage measurement.
This mode is similar with mode 5 (Pt) of the
UTI-03 but instead four only three phases have
to be measured, as in Figure 2. Figure 3 shows
the way of connection the UTI-03 interface
with the reference and unknown DC generator.

\’/7 E UTI-03
S Ve
P
Vier o Selt
S Sel2 |—
B Sel3
—0 Sel4

SF—
Voo 4% ¢ z?/l\_ _—
i oS, out —1—1+
D
[
.
Fig. 3. Simplified scheme of the UTI-03 interface
in the mode 11 for DC voltage measurement.
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The switches S; to Ss form a chopping for
the measured voltage signals and they are
controlled by the driving signals from pins E
and F. The voltage Ver is bipolar square wave
with amplitude Vpp at % of the internal
oscillator frequency. In practice, only one
signal from node E or F should be used. The
resolution and accuracy for the voltage signal
measurement could be 13 bits and 11 bits,

respectively. The DC voltage signal is
obtained from equation
T, —-T T -T
Ve __CD “off o —_x Toff o (1)
Typ— Tq[f Tref - Toﬁ"

In according with the producer specifications,
the reference voltage should be up to 200 mV
as well as the unknown DC voltage.

As shown in (1) Vs must have a good long
term stability due to the fact Vpc is given as a

fraction of V.. This low V. can easely be
made by a normal bandgap reference and a
resistor divider.

CURRENT SENSOR ARCHITECTURE

The proposed current sensor is intended for
the constant DC current measurement up to
100A. It consists of the three parts: DC
resistive shunt of ImQ [2], measuring module
and microcontroller. The task of the measuring
module is the generation of the measuring
phases wusing the UTI-03 interface and
additional electronics to configure the
interface in Ib2 mode (mode 11). A voltage
drop on the resistive shunt, converted into the
quasi-digital signal, is processed using the
microcontroller and the result is delivered to
the PC. The detailed scheme of the measuring
module is shown in Figure 4.

Vee =5V
ADG774  |1®
S1A 2
L o o2 D1 10
Multi turn S1B 3 1 o "l A
Vee =5V potentiometer ( +— .
LTCE655 1.25V S2A 5 1 1
200E D2 5
Vin Vout_f 12k s —011—1:}_
C 2B 1 —-0———— B
SHDN Vout_s ua H c({/ c }
Cin 1 6 Cout S3A 11 H | g
T GND T o ot D3 . g5
T S3B 10 1 L A_+__07 c o2
s S4A 14 1 1 o =0
L ! o oTA—} 12 D4 1 :‘:j T
T osepl Lo h ° es
1 1 1
1 l
GND 10F 2
8 DECODER 16
F E |17

EN |15

1IN

Fig. 4. Detailed scheme of the measuring module with the DC resistive shunt.

As mentioned above, dominant influence
on the accuracy and repeatability of the
measurement has the accuracy and stability of
the voltage reference, as can be seen from the
expression of the relative measurement error
of the DC voltage (2)

oV,
ref +

Vr'ef

a(r

X

(7, -

TOﬁ') _ a(Tref _Toﬁ')
(r

TO.ff) ref TOff)

Wpe _

VDC

2)

Because of that, the special care is dedicated to
the proper selection of voltage reference.

As can be seen from Figure 4, the reference
voltage is implemented by the careful selection
of the low noise, low drift and precision
bandgap voltage reference-LTC6655 and by

the fine tuning voltage divider. This bandgap
voltage reference has the temperature drift of
the output voltage of 2 ppm/°C or 2.5 pV/°C,
while the output voltage accuracy amounts
+0.025 % or +312.5 pV. By the multi turn
trimmer potentiometer, the voltage on its
wiper is trimmed to 100.00 mV exactly.

In order to reduce the effect of the lead wire
and the switch ON resistance, the analog
switch with low leakage current should be
used. The ADG774, comprising four 2/1
multiplexer/demultiplexers, with the very flat
ON resistance profile over the full analog
input range and with the bandwidth greater
than 200MHz is selected in this solution. Such
selection guarantees very fast chopping for the

measured voltages using only one control
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signal from the node F of the UTI-03 as in the
Figure 4. At the end, the heart of the
measuring module - UTI-03 chip is used for
the conversion of the small voltage drop on the
resistive  shunt into the quasi-digital,
microcontroller compatible output signal.
Moreover, the same chip together with
microcontroller is used for the continuous
auto-calibration of the measurement procedure.

The selected resistive shunt is a DC shunt
with the nominal resistance of 1 mQ at 25 °C
and the tolerance of +0.25 % or £2.5 Q. A
highly stable (£15ppm/°C or =15 nQ/°C)
manganin sensing-element provides a wide —
40°C to 60°C operating temperature range [2,
8]. Because of their inherent added series
inductance the frequency response of the
device is limited. In order to provide
protection of the device from high voltage
transients, two opposite fast diodes are
incorporated as in the Figure 4.

The main task of the microcontroller
PIC18F2550 (Microchip) is the quantization of
the measurement phases, i.e. digitizing the
period-modulated UTI-03 output signals, the
data storage and calculations. The ECCP
module of the microcontroller in the capture
mode is utilized for implementation of
standard direct counting method of frequency-
to-code conversion. The next task of the
microcontroller is establishment of the serial
communication with a IBM compatible PC.
The integrated USB V2.0 periphery of the
microcontroller using the appropriate driver is
utilized for the conversion USB to UART. In
that way the simple protocol is enabled
between the current sensor and a PC. Figure 5
shows the microcontroller connected with the
connectors CN1 and miniUSB. HSPLL quartz
crystal oscillator with PLL enabled and with
primary clock up to 48 MHz is selected.

—
Res O
j‘ N
O
O
ORrA4 B  RB2 o
18p w
gras & re 2
4“{ vss % Reo
B our —osct & Voo 3
N o THOSC2 & Vvss [
4|_—L‘7 Orco RC7 [ o —
1 gret RrCE ] 3
LOrec2 RCE/D+
_’_—E Vuse RC4/D- %:k H
4700 T = ToPC

MiniUSB
Fig. 5. The microcontroller PICI8F2550 as the
part of the current sensor.
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THE FIRMWARE AND PC
APPLICATION

The firmware is written using the CCS
(Custom Computer Services) C compiler IDE.
The ECCP module of the microcontroller
captures the 16-bit value of the timer 1 module
every time when a rising edge occurs on the
corresponding input of the ECCP module
connected to the UTI-03 output. The timer 1
overflows are recorded as the content of the
highest word of the 32-bit timer in the timer 1
interrupt routine. The second interrupt routine
is the CCP1 routine which stores eight states
of the 32-bit timer for eight rising edges of the
input pulses. In that way, the seven periods
measurements are made. Such approach
guarantees the measurement of a full
measurement cycle, consisting of three phases,
regardless of the initial rising edge of the
pulses which may be arbitrary.

The main function starts in the do-while
loop when receives a character from the PC
application. By enabling the interrupts, the
counting of eight rising edges of the pulses
begins. After calculation of the duration of
seven periods, the identification of the starting
period is performed. Then, by knowing the
reference voltage and shunt resistance, the
current intensity is calculated and sends to the
PC application. After that, the main function
disables the interrupts, restarts variables and
returns on the top of the do-while loop where
waits for a new character reception.

The PC application is implemented using
the LabWindows CVI 9.0. It is the simple
application for the current intensity
presentment in the analog and digital form, as
shown in Figure 6.

MEASUREMENT!

_booo

Fig. 6. The PC application.
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After selection the serial port number, by
pressing the button ‘MEASUREMENT’ the
application sends a character to the current
sensor and then gets the current intensity string
which converts to the float number. Such
number will be displayed to the analog and
digital ampermeter. The application will be
closed by pressing the button ‘OUT".

RESULTS

Checking the accuracy of the proposed
current sensor 1is done in the reference
laboratory of the Electrical Engineering

0.06

Greska merenja [A]

Izlomljena kriva
-0.01fp e Fitovana kriva

0.02 L L L L L L L L L
0 10 20 30 40 50 60 70 80 90 100
Referentna struja [A]

Institute Nikola Tesla in Belgrade on two
ways. A simple test procedure is based on the
variable source of the DC voltage in the range
from 0 mV to 100 mV which serves for
emulation the voltage drop on the resistive
shunt. The changes of this voltage are
measured using precision digital voltmeter
(4+4/5 digits) with resolutions of 1 pV in the
range up to 50 mV and 10 puV in the range
from 50 mV to 100 mV. By comparing the
measured values with the readings from the
PC application, the absolute and relative

measurement error is obtained, Figure 7a and
7b.

0.6

Izlomljena kriva

,,,,,,,,,,,,,, Fitovana kriva

Relativna greska merenja [%]

L L L L L L L L
10 20 30 40 50 60 70 80 90 100
Referentna struja [A]

Fig. 7. The experimental and fitted curves of the: a) absolute error b) relative error, obtained during simple
test procedure.
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Fig. 8. The experimental and fitted curves of the: a) absolute error b) relative error, obtained for continuous
current excitation of the resistive shunt.

The obtained absolute measurement error is
in the range from 17 mA to 53 mA. It
corresponds to the class of accuracy of
0.053%.
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The second testing is executed under the
real conditions when through the resistive
shunt flows the continuous current. The stable
DC current generator for the current range
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from 4 A to 100 A, manufactured by the
Electrical Engineering Institute Nikola Tesla
in Belgrade and traceable to the measurement
standards of the Institute Nikola Tesla, is
utilized in experiment. The secondary standard
resistor of 1 mQ, produced by the Otto Wolf
and traceable to the national measurement
standards of Serbia as well as the FLUKE
multimeter, traceable to the measurement
standards of the Institute Nikola Tesla are also
used in experiment. The current intensity is
tuning continuously with the approximate step
of about 5A. The measurement errors are
obtained by comparing the reference current
readings from the digital voltmeter (the
voltage drop on the standard resistor of 1 mQ)
as well as the readings from the PC
application, Figure 8a and 8b.

As can be seen from Figures 8a and 8b, the
measurement error increases at larger current
intensities, approximate over 50A. Namely,
because of the continuous current excitation,
the increase of the measurement error in the
upper half of the measuring range is the result
of increase of self-heating of the resistive
shunt due to increased dissipation, as well as
relatively low upper limit of operating
temperature of the shunt of just 60 °C.

The relative measurement error is less than
0.2% for the currents up to 50A, while over
this margin it increases rapidly. At the end of
the measuring range, the relative error reaches
the value of about 0.95%. In accordance with
the producer specification, if continuous
current is required, a shunt must only be
allowed to carry 2/3 of its maximum
nameplate amperage. The 2/3 derating factor
provides an adequate safety margin for
convection cooled shunts operating in an
ambient temperature of +25°C. At an elevated
ambient temperature the allowed current is
even less than 2/3 of nameplate amperage.

Better results may be expected in the case
of intermittent current excitation of the shunt
and therefore less self heating.

CONCLUSION

The new measurement concept for the current
sensors based on the resistive shunt is
analyzed in this paper. The realized sensor is

based on the UTI-03 interface with quasi-
digital output and microcontroller. Despite the
fact that the interface is designed as a
transducer, by selecting the appropriate
operating mode the UTI-03 can be efficiently
used for accurate measurements of low
voltages such as a voltage drop on the resistive
shunt.

Due to the continuous self -calibration
procedure, which uses three-phase technique
for offset and gain error eliminating, greater
measurement accuracy is achieved.

The described solution is suitable for
intermittent constant DC current measurement
or for continuous current less than or equal to
2/3 of maximum nameplate amperage of the
shunt.

Further improvement of the accuracy and
the measuring range increase may be expected
by a fan installation near the shunt in order to
decreasing its self heating.
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Abstract

Contactless device for determining the direction of rotation of shafts, containing a multipolar magnetic system
(actuator) in the ring form and digital Hall circuit, is investigated. An alternating sequence of identical in shape and
induction north (N) and south poles (S), as well as neutral zones (nu) are located on ring periphery. The digital
integrated Hall is located near to the actuator. The sensor chip contains an analog orthogonal Hall element and
electronic module with one input and one output for converting the Hall signal into digital one. The Hall output is
connected to the input of the module. The direction of rotation of the actuator - clockwise or counterclockwise is
determined by the very different characteristics and type of the digital module output voltage. This new device possesses
universal applicability in contactless automation, robotics, energetic plants, etc.

Keywords: Digital Hall sensor circuitry; contactless automation; crankshaft direction of rotation; magnetic modulator

system.
BBBEJIEHUE

PoOoTukaTra, O€3KOHTAaKTHATa aBTOMATHKa,
TOYHOTO  MAaIIMHOCTPOEHE, CHEPreTHKara,

EJIEKTPOIIPOU3BOJCTBOTO, aBTOMOOUIOCTPOE-
HETO, U JIp. Ca KJIKYOBU IIPWIIOKECHUS HA CEH-
30pUKaTa Ha MarHUTHOTO 110JIe. B ocHOBara Ha
Ta3W TEXHOJIOTHS HA YIPABIEHUE € MPOMsHA
BbB B3aUMHOTO pa3IOJIOKCHUE HA MarHUTHa
cucTeMa U rnpeodpasyBaTes Ha MarHUTHO I10JIe
- MOJIYNIPOBOJHUKOB €JIEMEHT Ha XOJI, MarHu-
TOTPaH3UCTOp, PUA-pENe, MArHUTOIUON, Ma-
THUTOPE3UCTOp, U Ip. B ompocreH Bua Haii-
4eCTO €€ M3I0JI3BA JIMHEHHO NMPEMECTBAaHE Ha
€AVMHUYECH IIOCTOSHEH MAarHuT CbC ChOTBETHA
KOH(UIrypalus Ha ABara I0JII0Ca, IPUKPENECH
HETOJBI)KHO KbM OOEKT, 4acT OT KOHKPETEH
IIpoLEC B IPOU3BOJACTBOTO. B pesyinrar Hampe-
XKeHrueTo Ha Xos € QYHKUHS OT TOJIeMUHATa

Ha MEXaHMYHOTO mpemectBaHe. Lludposuza-
[UATA HA aBTOMATHYHOTO YNPABICHUE U3UCK-
Ba CBUICCTBEHO I10-CJIOKHM MAarHUTHU CUCTE-
MU, U3BECTHM KAaTO MOAYJIATOPHH WIN aKTya-
TOpPHU. B MHAYyCTpHaNIHKs CEKTOP HaU-Pa3IIpo-
CTPaHEHHU Ca MAalIMHUTE, TCHEpUPAIU BbpPTE-
JIMBO JBUYKEHHUE, HAa KOETO C€ KOHTPOJIUpAT Xa-
PaKTEPUCTHKM KAaTO CKOPOCT M IIOCOKa Ha
BBpPTEHE, BPEMETPACHE U PEBEPCUPAHE HA IIPO-
neca u ap. HezaBucumo ot mporpeca B 0€3-
KOHTAaKTHOTO YIIPABJIICHUE, BKIIOYUTEIHO U C
€JIECMEHTH Ha W3KYCTBEH HWHTEIEKT, €AWH OT
HEU3SCHEHUTE B JIOCTaThyHA CTEMEH Mpoobie-
MU Ha aBTOMaTH3alUATa € ONPEIEISIHETO Ha
MOCOKaTa Ha BBPTEHE Ha BaJOBe, TYpOMHH,
€JIEKTPOMOTOpH U Ap. M3nmonsBanuTte 3a nenra
peLIeHus ChbAbPKAT MOHTUPAHA HAa BaJl MHOTO-
IIOJIFOCHA MarHUTHA CUCTEMa BbB BUJI HA PHUHT,
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o nepudepusTa Ha KOWTO EeKBUAMCTAHTHO ca
Pa3MOJIOKEHH €THAKBU 10 (hopMa W UHAYKIIHS
ceBepHu (N) u roxuaM (S) MoMIOCH, pemyBaIiu
ce nocaeaoBareaHo ... —N—-—S—-N-S ... uT.
H. B 6u3oct 10 nepudepusita Ha TO3M PUHTOB
MarHiT ¥ Ha (PUKCHUPAHO PA3CTOSIHUE OT HETO
MMa JIBe UHTErpaJiHu cXeMHu Ha Xoi ¢ nudpo-
BU u3X0au. Te chabppKaT aHAJIOTOBU YETHPHU-
KOHTaKTHU MHUKpPOCEH30pu Ha XOJj, U3XOAUTE
Ha KOUTO Ca CBBP3aHH C BXOJIOBETE HA MOIYJIU
3a npeoOpa3yBaHe Ha CEH30PHMSI CUTHAJI B LIU-
¢GpoB BuI. BaxkHO M3MCKBaHE € MHTETPATHUTE
CXEMH Jla ca Pa3MoJIOKEHU C BHCOKA TOYHOCT
€/IHa CIIPSMO JIpyra Ha pa3CTOsSHUE Y42 OT pas-
Mepa Ha KOUTO M Aa € oT noitocute N unum S.
TpurepHOTO NMPEBKIIOYBAHE HA U3XOAHHUTE HU-
Ba max — min ce OCHILECTBABA OT IPEMHUHABA-
IIUTE TOJIOCH Ha BBPTAIIATA CE MarHUTHA
cucTeMa, Karo MuppoBUTE CUTHAIU ca aeda-
3upanu Ha 90 rpanyca. M3xomure Ha MHTe-
rpadHUTe cxeMu Ha XOJ ca CBbpP3aHU C
€JIIEKTPOHEH OJIOK C JIBa BXOAA W €IUH U3XO[I.
[Tocokara Ha BbPTEHE Ha MAarHUTHUSI aKTyaTop
— 10 YaCOBHHMKOBATA CTPEKa WJIK OOpPaTHO Ha
Hesl ce Ompeiens 0 XapaKTepUCTUKUTE U (op-
Mara Ha U3XOJHUs curHai, [1-5].

Henocrarbk Ha yCTpOWCTBOTO € YECTO Bb3-
HUKBAIIlaTa TPEIIKa B YCTAHOBSBAHE MOCOKATA
Ha BHPTEHE Ha Bajla C MarHUTHATa CUCTEMa B
pe3ysiTaT Ha OTPaHUYCHHUTE BH3MOXKHOCTH 32
BHCOKOTOYEH MOHTaX Ha MHTETPATHUTE CXEMU
Ha XOJN elHa COpsSMO JApyra M Ha HYKHOTO
¢buKcupaHo pa3CcTosHUE OT puHTra. [pyr mpo-
05eM € yclo)KHEHaTa KOHCTPYKIIUS, U3UCKBa-
a 3aJbJDKUTENIHO JABE UACHTUYHU HMHTErpall-
HU CXeMHU C IU(PPOBH M3XOIH, OMPEICICHU
ype3 npensaputeneH noadop. Ot 3HayeHHe €
KOMIUTHIIMpAaHATa CXEMOTEXHHKA - HEOOXOIU-
MOCT Ha J[Ba KaHaja 3a Bpbh3Ka Ha UHTErpaTHU-
T€ CXEMH C JIOMBIHUTEIHUS EICKTPOHEH OJIOK
3a 00paboOTKa W JUTHTAIM3UpAHE Ha JBara
AQHAJIOTOBU CUTHAJIM OT CeH30puTe Ha Xoi. B
HACTOAIaTa CTaTHUsl € MPEeIJI0KEHO HOBO 0e3-
KOHTaKTHO YCTPOMCTBO 3a OMpPEIENSIHE MOCO-
KaTa Ha BbPTEHE C MHIYCTPHAIHA MPHIOKH-
MOCT, B KOETO ITIOCOYEHUTE MPOOIEMH ca MPeo-
JIOJICHH.

KOHCTPYKIMS U IPUHIMIT HA
JEUCTBHUE

MHoBaTtuBHATa 33/Ja4a € pealu3upaHe Ha
MEXaHU3bM 3a ONpeZeisiHE MocoKaTa Ha Bbp-

TEHE Ha BaJIOBE C MUHUMAJIHA TpelliKa U Ompo-
CTEHA KOHCTPYKUUSA U cxemorexHuka. Ha ®u-
rypa 1 e mokaszano yctpoictBoTo. To chabpixka
BBPTSAL] C€ MHOTOIOJIIOCEH MarHuT | BbB BUJ
Ha pUHT, N0 nepudepusTa Ha KOUTO ca pas3mno-
JIOKEHU M0 €IUH M ChII Opoill enHaKBU IO
dbopma u uHnykuus ceBepHu (N) 2 U FOXKHH
nontocu (S) 3, KaKTO W HEYTpPaJHU 30HU (nu)
4, HeChABPKALIY MarHUTH.

i

|
Y

L

@Due. 1. Koncmpykyus na ycmpoucmeomo 3a
onpeoenisine NOCOKAMA HA GbPMeHe
(0b03HAUEeHUAMA Ca YKA3AHU 8 MEeKCMa)

[TocnenoBarenHOTO UM pelyBaHE € KaKTO
CJeIBa: CEBEPEH 2, I03KEH MOIIOC 3, HeyTpaiaHa
30Ha 4, ceBEpEH 2, I0KEH NOJIIOC 3, HEYTpaJIHA
3o0Ha 4 U T. H. (... N, S, nu, N, S, nu,...). B
O6mu3ocT A0 nepudepusTta Ha MarHUTHATa MO-
IyJIaTOpHA cUcTeMa 1 € MOHTUpaHa eaHa WH-
TerpajlHa cxema Ha Xou 5, C¢bCTosIa ce OT
aHajoroB ceH3op Ha Xoa 6 u moaya 7 3a npe-
oOpa3yBaHe Ha CEH30PHUS CUTHAI B U(POB C
elIMH BXOJI 8 M eIMH u3Xod 9, cheIMHeHa C TO-
kou3TouHuK 10. U3X0abT Ha aHATOTOBUS CEH-
30p 6 € CBbp3aH ¢ BXxoAa 8 Ha MojayJa 7, Kato
UGPOBUAT U3X0 9 € U3XO01 Ha YCTPOUCTBOTO.
[TocokaTa Ha BbpTEHE Ha puHTa 1 — O YacoB-
HUKOBaTa CTpelika WK OOpaTHO Ha Hes ce
onpezens Mo XapaKTEPUCTUKUTE U BUIA HA U3-
XOJIHHSI CUTHAJI Ha YCTPOMUCTBOTO.

PEAJIN3AIIUSI HA YCTPOMCTBOTO

3a0KeHUAT NPUHLUI Ha (QYHKLIHOHUpPaHE
Ha cucremara or ®ur. 1 ¢ OE3KOHTAKTHOTO
orpezeNisiHe Ha Crenu(UIHOTO PA3MOI0KEHUE
Ha MarHuti ... N-S-N-S... upe3 u3X0AHOTO Ha-
MpEeKEeHUEe Ha MHTerpaigHara cxema 5. Td cb-
J'bpKa aHAJIOTOB C OPTOTOHAIHO AKTHUBU3HPA-
HE YETUPUKOHTAKTEH eleMeHT Ha Xoi 6, u3-
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XOJIHUST CUTHAJI HA KOMTO € JIMHENHA U NOJIsAp-
Ha (QYHKIUS OT CTOMHOCTTA M MOCOKAaTa Ha Ma-
THUTHOTO mnone B, [2-7]. HampexeHuero or
aHaAJIOrOBUs CEH30p 6 MOCTBIIBA HA BX0/a 8 Ha
UHTETpUPAHUS B CHIIMS CUJIMUIMEB YHUII
CIIEKTPOHEH MOMAYN 7, ChIbpKaml IudepeH-
[[MaJIeH yCHUJIBAaTeJ, KOMIIApaTOpH U TPUTEPH.
AHaOroBusT X0JOB CHUTHAJI ce 00paboTBa M
npeoOpasyBa B IU(PPOB BUI, IIPHU KOETO HA U3-
xoxa 9 ce ¢opmupa HUPPOB CUTHAT, CHABP-
Kalll B€ Bb3MOXKHU HUBA — BUCOKO max U HU-
CKO min. B 0TChCTBHE HAa MarHUTHO II0jie, B =
0, U3XOOHOTO HANpEXKEHHEe Ha AaHaJOTOBHS
CEH30p 6 € ChC CTOMHOCT, paBHA HA MOJOBHUHA-
Ta OT MOJIaJICHOTO HAa HETO 3aXpaHBaIl0 HaIpe-
KEeHue OT Tokom3zTouHuka 10, T.e. renepupa ce
cpenHoTo HUBO. Tas3u cuTyauus ce peanusupa,
KOTaTo MpH BBPTEHETO Ha akTyaTopa l, cpemry
nudpoBara UHTETpaJIHA cxeMa Ha XOoia S5 mpe-
MUHaBa HeyTpajHata 30Ha nu 4, Owur. 1.
AKTyaTopHaTa cHcTeMa | ce OChIlIEeCTBIBA
gype3 (opMHupaHe Ha OTHOCHUTEITHO THHBK IIH-
JUHAUPYEH OJIOK OT HEMarHUTeH Marepual
WM KOMITayHJ 1Mo TexHonorus 3D mpuHTHpa-
He, 1o nepudepusTa Ha KOUTO ce pas3mojarar
otnennuTe mMaruut, Our. 1. Kato maruutu e
1enecr00pa3Ho J1a ce M3IMON3BaT TaKUBa C BU-
coka koepueruBHa cuna H ot tun Alnico SH
unu Alnico 8H. B Hsaxon ot mpuiiokeHusITa ca
HEOOXOUMHU CYNEPCUITHUTE MAarHUTH THUII
SmCo28H. B nHoBanusTa Morar J1a ce npuJio-
KaT TpurepHu cxemu ot Tin A 3421 u A 3422
Ha Allegro Microsyst., cbabpkamy U HE00X0-
IUMaTta JIOTHKa 3a MOANOMAaraHe yCTaHOBSIBa-
HETO TMocokaTa Ha BbpTeHe. ChIO YJauyHO €
npuioxennero U Ha IC cxema MLX90224 na
Melexis Corp. B cmydante Ha AuCKpeTHa pea-
TU3aldsl Ha €ICKTPOHHHS MOJIYJ 5 KaTo aHa-
JIOTOBU CeH30pu Ha XoJ1 6 Morar ja ce u3moJi-
3BaT KaKTO €JIEMEHTH C OPTOTOHANHA aKTHBa-
11, Taka U Ipeodpa3yBaTesid ¢ paBHUHHA Ma-
THUTOYYBCTBUTEITHOCT — HAIllpUMeEp C TPH, Ye-
TUPH, TIET, IIECT U MOBEYE OMUYHU KOHTAKTH,
[2,6,7].

NIAEHTUOUKALUA HA IOCOKATA
HA BHBPTEHE

[Ipu BBpTEHE Ha MarHUTOMOJYyJIaTOpHATa
cucteMa l, Koratro cpeily akTHBHATa MOBBPX-
HOCT Ha ceH3opa Ha XoJs1 6 MpeMuHEe €IUHUST
OT MarHUTHUTE TOJIOCH (HaIpUMeEp, CEBEPHUS
N 2), u3XOAHUAT CUTHAI OT eJieMeHTa 6 € ¢

dbopma, moto0Ha HA OTPUIIATEIIHA CHHYCOHHA
IIOJIyBBJIHA, PA3NOJIOKEHA M3LSIO0 MOJ Cpen-
HOTO HHUBO. AKO NpPH BBPTEHETO Ha puHra 1
Cpelly MOBBPXHOCTTA Ha €JlIeMeHTa Ha Xoia 6
MIPEMHUHE JIPYTUSAT MAarHUTEH IMOJIOC (FOKHUAT
S 3), U3XOAHUAT CUTHAI OT HEro e ¢ (opma,
Mo100Ha Ha MOJIOKUTEIHA CHUHYCOUHA MOJY-
BBJIHA, KOSITO € pa3MoJOKEeHAa H3II0 HaJ
cpenHoto HuBO. [Ipu 3aBbpTaHe Ha akTyaTopa
1 B egHaTa OT JBETE€ Bb3MOXXHHM MOCOKH — Ha-
MpUMep IO YaCOBHHKOBATa CTpPEJKa, CpeIry
aKTUBHATa MOBBPXHOCT Ha ejemMeHTa 6 Ma-
THUTHUTE MOJOCH ... — N —S — N — S ... npe-
MHUHaBaT IIOCJEN0BAaTEIIHO B CTPOTO OIpene-
JIEH pell — HeyTpaJiHa 30Ha 4 - 0KEeH MOoJIIoC 3
- CEeBEepeH NOJIC 2 — HeyTpajdHa 30Ha 4 —
I0’KEH TOJII0C 3 — ceBepeH Momoc 2 U T. H (...
nu-S-N-nu-S-N...).

(a)

(b)

Due. 2. M3x00HU CUSHAU HA AHATIO208USL CEH30D

Ha Xon - (a) u hHa OueumaiHomo yCcmpoucmeo 7 -

(b), no koumo eOHO3HAUHO ce onpedensi NOCOKama
Ha 8bpmeHe — NO YACOBHUKOBAMA CMPETIKA.

[Ipu ToBa Ha KW3X0Ja HA AHATIOTOBUSI CEH30]P
6 ce ¢popmupa curHai, mokaszan Ha ®Our. 2(a),
ChAbpXKAI MOCJIEI0BATETHOCT OT pa3IuYHU
KpUBHU, CHOTBETCTBAILM HA pela, B KOHWTO TO-
mocute | mpeMHHaBaT Cpelly MOBbPXHOCTTA
Ha ceH3opa Ha Xona 6. [locnenoBaTenHocTTa €
CJIe/IHaTa: OTCEYKa ChC CPEHO HUBO — IOJIO-
KUTEJIHA CHHYCOH/IHA MOJIyBBJIHA HaJl CPETHO-
TO HHBO — OTPHIIATEITHA CUHYCOUTHA TIOTYBbII-
Ha TOJI CPEJHOTO HUBO — OTCEYKA CHC CPEIAHO
HUBO — TMOJIOKHUTEITHA CHHYCOUTHA MOJTYBBIIHA
HaJ CPEIHOTO HUBO — OTPHUIATENIHA CUHYCOUI-
Ha MOJIyBbJIHA MO/l CPEAHOTO HUBO U T. H.

[Ipu 3aBbpTaHe Ha aktyatopa 1 B apyrara
Bb3MOXKHA IOCOKa (MPOTUBOIOJIOKHATA) —
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MIPOTUB YAaCOBHUKOBATa CTpEJKa, CPelly ak-
THUBHATa MOBBPXHOCT Ha ceH3opa Ha Xou 6
MarHMTHUTE TOJIOCH Ha cuctemara 1 mpemu-
HaBaT ChHILIO MOCJIEAOBATEIIHO B CTPOTO OIpe-
JIeJieH pell, KOWTO o0ade ChUIECTBEHO Ce OTJIU-
YyaBa OT NMPEAUIIHMS: HEyTpajHa 30Ha 4 — ce-
BEPEH MOIIOC 2 — F0KEH MOJI0C 3 — HeyTpajaHa
30Ha 4 — ceBepeH NOJI0C 2 — I0KEH MOIIC 3 U
T. H (... nu-N-S-nu-N-S...).

@

b

Due. 3. H3x00HU CucHAU HA AHATIO208USL CEH30D
Ha Xon - (a) u Ha OueumaiHomo yCcmpoucmeo 7 -
(b), no koumo eOHO3HAUHO ce onpedens NOCOKama
Ha @bpmeHe — 00PAMHO HA YACOBHUKOBAMA
cmpenxa

[Ipu TOBa Ha M3x04a HaA ceH30pa Ha Xoia 6
ce popmupa HampexeHue, MokazaHo Ha Owr.
3(a). [TocnemoBareTHOCTTa OT U3XOAHUTE KPH-
BU, CbOTBCTCTBAIIIKM HA pcaa, B KOUTO MarHur-
HUTE TOJIOCH Ha Mojyiaropa | mpeMuHaBaT
Cpellly aKTMBHATa MOBLPXHOCT Ha CEH30pa 6 €
KaKTO clie/iBa: OTCEYKa ChC CPETHO HUBO — OT-
punarciiHa CUHyCOUJHA MOJIYyBbJIHA 110 CPpCa-
HOTO HUBO — TOJIO’KUTENIHA CHHYCOUIHA Oy~
BbJIHA HaJd CpCIHOTO HHUBO — OTCCUYKA CbHC
CpPeIHO HHUBO — OTPHIIATEIHA CUHYCOUJHA TIO-
JYBBJIHA TIOA CPCAHOTO HUBO — IMOJIOKHUTCIIHA
CHUHYCOM/IHA MOJYBbJIHA HaJl CPEAHOTO HUBO U
T. H. CJ'IGI[OBB.TG.HHO Ha BCsdKa OT OBETC BbB3-
MOKHU MOCOKHM Ha BBbpPTEHE Ha aKTyaTOpHAaTa
cucreMa 1 1mo- uiu MMpOTHUB- YaCOBHUKOBATa
CTpeJKa ChbOTBETCTBA U3XOJCH CUTHAT OT CEH-
30pa 6 ¢ TouHo ompexaeneH Buf (hopma). Tesu
JIBa U3XOJHM CUTHaJA (3a BCSKA OT JBETE Bb3-
MOXXHH TIOCOKHM Ha BBPTEHE), TMOKAa3aHU Ha
@wur. 2(a) u dur. 3(a) ce oTaUYaBaT CHIIECT-
BEHO IO BHJIA CH €IUH OT JIPYT, KOETO HE Ce
Ha00aBa B M3BECTHOTO pemienue, [1,3,4].

CnenoBatenHo (opmara Ha U3XOJHHUS CUTHAI
oT eneMeHTa Ha Xoi 6 ChAbpKA TOYHATA WH-
(dbopMarius 3a mocokara Ha BBPTEHE Ha PUHTA C
MarauTute 1.

CepriacHO omucaHaTa Mo-rope CXxemMHa pea-
TU3alus, Py TOIXOASI T0I00p HA TIPAaroBH-
T€ HaNpeXeHUs Ha KOMIIApaToOpure OT
SJIIEKTPOHHUS MOJYN 7, 3a €AHAaTa BH3MOXHA
MIOCOKa Ha BbpTEHE Ha Moxaynaropa 1 ce dop-
MUpa MEePUOINYCH MPABOBI'BIICH CUTHAJ C KOE-
(UIMeHT Ha 3ambJIBaHe Ha ummycurte 1/3, mo-
ka3zaH Ha @wur. 2(b). 3a gpyraTa Bb3MOXKHA I10-
coka (MPOTUBOIOJIOKHA HA IbpBaTa) Ha BBP-
TeHe Ha akTtyaTopa | ce ¢popmupa nepuoaudeH
MPaBOBI'BIICH CUTHAJ C KOS(UIIMEHT Ha 3aIlbJI-
BaHE Ha wummyicute 2/3, mokazaH Ha Owur.
3(b). ITo To3u HAYMH, KOHTPOJIHUPAUKH HA H3-
xoJa 9 Ha ycTpoHcTBOTO 7 TOBA HaIIpEKEHUE
ype3 OCHHWJIOCKON (WM 4Ype3 H3MepBaHe Ha
cpeqHaTa My CTOMHOCT C BOJTMETBp), MOXKE
€JIEKTPOHHO Ja c€ WACHTU(UIKpa TOocoKaTa
Ha BbpTeHe. [Ipu u3xoneH curnan 9 ¢ koedu-
IIMCHT Ha 3aIrbJIBAaHE HAa UMIyscute 2/3, cpen-
HaTa CTOWHOCT Ha U3XOJIHOTO HaIpekeHue 9 e
JIBa MbTU MO-BUCOKA, OTKOJKOTO MPH MU3XOJIEH
curHan 9 ¢ KoeUIMEHT Ha 3aI’bJIBAHE HA UM-
nyncute 1/3. ToBa mMo3BoJIsIBa €IHO3HAYHO J1a
ObJe uaeHTeduUIMpaHa MOCOKaTa Ha BBPTEHE
[0 HM3MEPEHOTO TOCTOSIHHO HAampeXeHHe Ha
udposus u3xon 9.

MNPUWJIOKHUMOCT HA
YCTPOMCTBOTO

[IpunoxumMocTTa Ha yCTPOUCTBOTO OT Dwr.

1 ce OIpeaAciii OT NOCTUTHATUTE MPECAUMCTBA
[0 OTHOILIEHUE Ha M3BECTHOTO pemieHue. [lpu
oTpesielisiHe MOCoKaTa Ha BLPTEHE TpellKara B
perucTpupaHe Ha IOCOKaTa € MHUHMMallHa B
pe3ynTaT OT OmpoCTeHaTa KOHCTPYKIIHS, W3-
MoJI3Ballla caMO €Ha MHTerpajiHa CXeMa Ha
Xon. Tsa ce moHTHpa cpenry nepudepusTa Ha
punr-marauta 1, ®ur. 1, 6e3 HE0OXOAMMOCT
OT MPCHHU3HO YCTAHOBABAHC CHPSAMO OIIPCIAC-
neH Mapkep/mapkepu. C momoinra Ha OIMpo-
CTeHAaTa CXEMOTEXHHWKAa OTMaga HeoOXomau-
MOCTTa OT HW3MOJ3BaHE Ha JIOMbBIHUTENIECH
CJICKTPOHCH 6JIOK C Ba BXOJa U €JUH HU3XO0[
3a 00paboTKa Ha JIBa CEH30PHU CHUTHaJA 3a U3-
BJIMYaHe Ha MH(OpMAaLUATA OT TIX 3a MOCOKa-
Ta Ha BbpTeHe. HamaneHnuat Opoii KOMIOHEH-
TH B KOHCTPYKLHMSTA ¥ MPOUTUYAILIUTE OT TO-
Ba peAyLHPAHU BPB3KA MEXAY TAX IMOBUIIABA
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HAJEXKJAHOCTTA MPU OMNpEIEsiHE MTOCOKaTa Ha
BBPTEHE 3a LIEJINTE HAa MHAYCTPUATHUTE IPHU-
JIO)KECHMUSL.

Te3u npeumyliecTBa ca CBbp3aHHU C NHOBA-
THBHATa PUHIOBa KOHPUIypalus Ha aKTyaTop-
HaTa cucreMa | ¢ BrpaZieHUTe B Hes HEyTpall-
HU 30HU nu 4. B pesynrar Ha wu3xona 9 Ha
YCTPOUCTBOTO ce (hopMHUpaT JBa SCHO pa3iu-
YUMHU 110 CBOUTE XapaKTEPUCTUKHU U popMa U3-
XOJJHU CUTHAaJja, OT KOUTO Jia CE U3BJIEUE €IHO-
3HayHa MHOpMaIs 3a MOCOKAaTa Ha BbPTEHE
Ha puHr-maraura 1. Teil karo “upeHTHdHKa-
nMATa” Ha MOCOKaTa Ha BbPTEHE € 3aJI0KEHA B
MarHUTOMOJyJIaTOpHATa CUCTeMa (MHOTOIIO-
JIIOCHUS Mar"ut 1 ¢ BKJIIOYEHH 10 nepudepus-
Ta My JOIBJIHUTEIHU HEYTPAJIHU 30HU nu 4),
rpeukara € JpacTu4Ho HamaneHa. OT KIII04o-
BO 3HAYEHHE HAa HOBOTO PELIEHUE €, Y€ CE U3-
M0JI3Ba caMoO €/1Ha HU(pPOBa UHTErpajgHa cXe-
Ma Ha X0d 5, KO€TO HE HM3HCKBa CHElHUalIeH
BHUCOKOTOYEH MOHTaX CHOPSIMO MAarHUTHUS
aktyarop 1.

- Rate of Rotation
Proportional to

>« Fluld Flow Rate
N

Fluid
Enters Exits

Due. 4. Jlonamxosa MacHUMO-mo0YIAmMoOpHa
cucmema 3a usmepeamne 0eduma u Koauiecmaomo
Ha JecHo 3ananumu Gayuou — Oensun, Hegm,
Mmemat, cvenacto [1].

[IpennoxeHoTo yCTpONCTBO 3a ONpENeIsIHe
MOCOKaTa Ha BbPTEHE HAa BAJIOBE MMa IHMPOKa
rama oT npuioxkeHus. EAHO OT TsX, MpHUBIU-
Yamio CHelHUajIHO BHUMaHHE, € (IOYyMEeThp 3a
U3MepBaHe JebuTa U KOJIUYECTBOTO Ha JIECHO
3ananuMu  paynaum — OeH3uH, HedT, MeTaH,
0COOEHO aKTyaJIeH B JIGMHOCTTAa Ha OCH3UHO-
CTaHILIMHU, TAaHKEPHU C TOPUBO, 100MBa Ha HePT
u ap. [IpenumMcTBO B TO3M Ciy4ail €, 4e rOpuB-
HUTE TEYHOCTH HSMAT HHUKAKBB KOHTAKT C
€JIEKTPUYECKU BEPUTH, KATO IsyIaTa €NeKTPO-
HUKa € W3HECeHa HM3BBH NMPOTOYHHUTE TPBHOH.
KoHTakThT € caMo ¢ pUHT-MarHuTHaTa CHCTe-
Ma 1, KOSITO € pasnoio’keHa Ha JIOAaTHO KoJie-

JIO KOETO ce 3aJBWKBa OT IpeMUHaBaIlara
TEYHOCT Wi ra3, dwur. 4, [1].

Bucokara epexkTHBHOCT Ha MPEAIoKEHOTO
pelieHne 3aBUCU ChILIO OT CTOMHOCTTA HA Te-
HEPUPAHOTO HEEJAHOPOJHO MArHUTHO IIOJIE
VB, Tononorusta Ha KOETO € CBbp3aHa C Bbp-
TEJIMBOTO JABWKEHHE Ha akTyatopa 1, dwur.l.
3a Ta3u 1eN € NPOEKTHpaHa U KOHCTPpyHpaHa
MarHMTOMOJIyJIaTOpHA CUCTeMa 1, MarHUTHUTE
..N-S... B KOATO ca 3aMeHEHH C KOH(UTrypa-
11, ChbpIKAIla ABOWKH MarHUTH, TeHEpUpPa-
I OKOJIO JIBAa IbTU MO-CUJIHA OCTAThYHA WH-
nykiust Be. To3u pe3yaTaT € mOCTUTHAT C JBa
OOMKHOBEHH U JIECHOJIOCTBHIIHU MOCTOSHHU
Marauta ot 6apueB ¢eput BaO(Fe203)s ¢ uH-
nykuus Be = 0.1 T. B Hamms cinyvail xapak-
TepHaTa 0COOEHOCT €, Y€ €AHAKBUTE MarHUTH
ca HEIMOCPEACTBEHO ChEAMHEHH C €IHOUMEH-
HHUTE CHU moJitocu, Hanpumep Ni-No uiu S1-Sa,
MPOTUBHO HAa WM3BECTHUTE PEIICHUS B KOUTO
JBOMKUTE MAarHUTH Ca OPUEHTHUPAHU WU Che-
JUHEHU €/IUH C IPYT C Pa3HOMMEHHUTE CH T10-
mtocu N-S. Ta3u HecTangapTHa KOHGUTYpAIUS
€ pas3MojoKeHa BbPXY ILWIMHAPUYHUS HEMar-
HuteH puHr, @ur.l. IIpu HEemocpeaCTBEHOTO
cBBbp3BaHe Ha momtocu Ni-No (wmm Si-Sz) ce
MOCTUTa MPAKTUYECKH yIBOSBAaHE HA MarHUT-
HUTE CWIOBH JUHUM (notouutre @1 m @;) 1o
CheIMHUTEIHATA 30HA Ha MarHuTute, [2,6].
[To Ta3m npuymHa U3XOJHUAT CUTHANI 9 € J0-
CTaThYHO YCHJIEH OT KOHCTpykuusTa. Ekcre-
PUMEHTH C MPOTOTHITH JI0Ka3axa MeIechoopas-
HOCTTa Ha Ta3M akTyaTopHa KoHurypamus 1 B
onpeJesiHe TOCoKaTa Ha BbPTEHE Ha BAJIOBE.

3AK/IIOYEHUE

[IpennoxeHoTo yCTpPOMCTBO OCBEH OpPUTH-
HaJIHATa KOHCTPYKLUS, NpeACTaBisBa 0a30Ba
wiargopma 3a eKCliepuMeHTHpaHe Ha pa3iind-
HHU 6€3KOHTaKTHI/I peuicHusd, CbAbpiKalllyu MO-
IyJaTOPHU MarHUTHU CHCTEMHU 3a LIEJIUTE Ha
aBTOMaTu3anuAaTa. To3u reBKaB noaxon Ipe-
J0CTaBsd BB3MOXKHOCT 3a ONTHMHU3HMpAHE Ha
KOHKPETHH pa3paboTKu 3a HHIYCTPUAITHU
MIPUJIOXKEHHUS B €IEKTPOTEXHUKATa, aBTOMOOU-
JIOCTPOEHETO, CHEPreTUKAaTa U Jp.

Hscneosanusma ca ocvujecmeenu CbC Cb-
Oeticmeuemo Ha Hayuonannus yenmvp 3a
KOMNemenmHocm
QUASAR Ne BGOSM20P001-1.002-0006
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N3MEPBAHE HA EMII C U3110JI3BAHE HA MHOI'OOBOPOTHA
POTAIIUA HA CKAHUPAIIIATA AHTEHA
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EMF MEASUREMENT USING MULTI-TURN
ROTATION OF THE SCANNING ANTENNA

Kliment Angelov!, Hristo Hristov?
2 Technical university of Sofia

Abstract

In this study an innovative method for EMF measurements in the environment using multiple rotation with constant
speed of the scanning antenna has been presented. The theoretical basis and the principal algorithm for processing the
periodically repetitive signal during the scanning has been described. Some conclusions for future improvement of the

method have also been discussed.

Keywords: EMC, Antenna Measurements, Multi-turn Scanning.

BBBEJIEHHE

B 1MHaMUYHOTO U TEXHOJOTHYHO HACUTEHO
eXKeHEeBME HaTOBApPEHOCTTa Ha edupa e cepu-
o3Ha. [loHacrosimem paboOTAT 3HAYMMO MHO-
KECTBO OT O€3KMIHU KOMyHUKAITMOHHU TEXHO-
noruu [1][2][3] (manp. 2G, 3G, 4G, 5G, DAB,
DVB-T, WiMax, WiFi, LoRa u T.H.), KOUTO 13-
JTBUBAT CBOOOAHHM E€JIEKTPOMArHUTHU BBIHU
(EMB), a ocBeH TsX ©Ma U Apyru HEKOMYHUKa-
LMOHHHU M3TOYHUIM Ha €JIEKTPOMArHUTHU TO-
nera (EMII) ¢ emucun B pa3nuyHu 4ECTOTHH
oOxBaTH. Bcuuko TOBa BOAM 10 YCIIOXKHSIBaHE
Ha eTIEKTPOMAarHiuTHaTa 0OCTAaHOBKA U CHOTBET-
HO JI0 HEOOXOAMMOCT OT J0OpO IUIaHUpaHE U
ONTUMAJTTHO YIIPABJICHHUE HAa TO3W CTpaTeruye-
cku pecypc. [Ipu BCHUKM MOJIOKEHUS € He0O-
XOJIUMO U KOHTPOJI Ha €IEKTPOMAarHUTHUTE W3-
nwpuBanus (EMU), koeTo Moxke 11a ce u3BbPIIH
Yype3 U3MEpPBAHMUS.

3a uzmepBane Ha EMII ce u3nonszsar pas-
JTUYHU TIOJIXOH, OOIIOTO MEKIY KOUTO € HE0O-
XOJUMOCTTa OT HW3MEpBaTellHa amaparypa u
€TAJIOHHA CKaHUpallla aHTeHa. B 3aBHCHUMOCT
OT HYXJIUTE MOXE Jla ce MpaBu pas3felisHe Ha
m3tounuiure Ha EMII B yecToTHM 00XBaTH,

KaKTO U CIIPSIMO TSAXHATa MPOCTPAHCTBEHA KOH-
duryparus B JaieHaTa TOUYKa Ha HAOIIOCHHE,
a € Bb3MOXKHO J]a C€ M3UCKBA U MPOCTO KOM-
IUICKCHA M30TPOIHA OIEHKAa 3a HHUBOTO Ha
EMMU, kakBOTO ce mpaBu HaIp. IpH KOHTPOJ OT
rlieJIHa TOYKa Ha HOpMHUTE 3a Oe3omacHocT [4].
Bcuuko ToBa moctaBs M3MCKBaHUS 3a YECTOT-
HUs 00XBAT M IMHAMUYCH TMANa30H Ha U3MEP-
BaTEeJIHMSI ype/ U €TaJIOHHATa aHTEeHa, HO 00Yy-
CJIaBsl ¥ MTapaMETPUTE HA CUCTEMATa KaTo 1510,
KOSITO MO’KE J1a BKJIIOYBA U @HTEHHO MO3UINO-
HHUpALIO yCTPOUCTBO.

B HacTosmaTa craTus € onucaH mojaxoja Ha
M3MEpBaHe € MOMOIITa HA MHOTOOOOPOTHO 3a-
BbPTaHE Ha CKaHUpallaTa aHTeHa, MpU KOUTO
MOCPEJICTBOM MareMaTHuecka oOpaboTka Ha
JAHHUTE OT CKAaHUPAHETO Ce MOoJTydyaBa JeTail-
Ha kapruHa Ha EMMW no npocrtpaHcTBeHU Ha-
MIPaBJICHUA U B PA3JIMYHU YECTOTHU JICHTH.

N30 KEHHUE

B ocHoBara Ha npejicTaBsHaTa B HACTOSIIA-
Ta cTaTus ¢4 € Bb3MOXHOCTTA 3a ocnrypﬂBa-
HE Ha MHOYKECTBO TIOBTAPSIIHM CE U3MEPBAHUS,
KOHUTO JIa TIO3BOJISIBAT UPE3 YCPEIHABAHE /1a Ce
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MOCTHUTHE TT0-BHCOKA TOYHOCT Ha H3MEPBAHETO.
[TomoGHO mOBTOpEHHE OM MOTJIO J1a ce peaju-
3Wpa JIECHO 4Ype3 MHOTOKPATHO 3aBbpPTaHE Ha
CKaHMpalllaTa aHTEeHa C M3BECTHA HacoueHa
nuarpama Ha HacodeHo nericteue (JIHJI). Ha
¢ur. 1 e mokazaHa CXeMaTHYHO HJeATa Ha
CTEH/I 32 MHOTOOOOPOTHO 3aBbPTaHE Ha €Ta-
JIOHHA CKaHMpallla aHTEHa C MIOCTOSIHHA BIJI0BA
CKOPOCT @.

Reference Scanning
Antenna

Computer

Spectrum
Analyser

Stand for
Continious Rotation

@ue. 1. Cucmema 3a MHO200O0OPOMHU USMEPBAHUSL

[Ipuerure oT ckaHupaliaTa aHTeHa CUTHAIIN
ce MOoJIaBaT Ha BXOJla Ha CIEKTPAJICH aHalIn3a-
Top wuimu codryepHo AehUHUpPAHO PaATHO
(Software Defined Radio — SDR) [5] u HuBata
3a OTAENTHUTE YECTOTH C€ 3alKCBar Mpe3 onpe-
JIeJIeH IIEpUOJ Ha quckperusanus Is B KOMIIIO-
Tbp. [lpy HW3BECTHM 3adaZeHU CTOMHOCTH 3a
BIIIOBATa CKOPOCT @ U 3a mepuoabT Ts MOke n1a
Ce OMPEENN bII0BaTa CTHIKA Gmin, IPE3 KOATO
€ TIpaBU CKaHUPAHETO B PAMKHUTE Ha €AWH 000-
poT:

Omin = 6.Ts. w, (1

kb1eT0 Ts € B CEKyH/IH, @ € B 000POTH B MUHY-
ta (RPM), a Omin — B rpagycu. Cnen MHOro-
KpaTHO TMOCTOSHHO 3aBbPTaHE Ha aHTEHATa B
KOMITIOTBpA I1I€ CE 3aMuIIIaT JaHHH 3a BCAKA Ye-
CTOTa, KOUTO II[C UMAT TIEPHOIUYEH XapaKTep.

Ha ¢ur. 2 e mokasan ciekTbpa B 4€CTOTHUS
nrana3oH 915 + 960 MHz B HauamHUS MOMEHT,
Ipeny 3aroyBaHE Ha pPOTAIUsl Ha aHTEHAaTa.
Morar na ce oTauyaT TpU KaHaja ¢ LIMPOYUHA
200 kHz v Tpu kaHana c IUpUHA HAa Y€CTOTHATA
nenta 5 MHz. Toa ca downlink kananu 3a mo-
OWJIHO paguomnoKpuTHe choTBeTHO 3a 2G u 3G
KJIEThYHU MPEXKH, KATO TOBA MPABU, OTUUTAUKHU
HaJIMYMETO Ha TPU MOOHIIHM oOrepaTopa, Mo
€MH KaHaJl 32 BCEKU ONEepaTop OT JIBETE IMOKO-
JICHUS] TEXHOJIOTUH.

-60 . :
635
70 3G Channels 26 Channels

75

-85

Level, dBm

90 -
o5 Operator #1

-100

) wkwwmfw

-1 L
915 920 925 930 935 940 845 850 955 960

Frequency, MHz

Due. 2. Cnexmpanna kapmuna 6 ouanazona 915 +
960 MHz

Cren npucTblIBaHe KbM pOTallUs Ha CTEHAA
HUBaTa 3a BCUYKU KaHAJM 1€ 3all04HaT Ja ce
IIPOMEHST, IPEABU Ha pa3IMyHaTa IPOCTPaH-
CTBEHA OpHUEHTalMs Ha 0a30BUTE CTAHLMHU Ha
TpUTE OIepaTopa CIpPsSMO TOUKaTa Ha U3MepBa-
HE M TOBA Ha KbJI€ € HACOUEHO B JAJIEHUS MO-
MEHT eTaJloHHaTa cKaHupaia anteHa. Ha ¢wur.
3 e mokazaHa TPUM3MEPHO H300pakeHHE Ha
IIPUETUTE HUBA B MPOABIDKEHHE HA 5 MUHYTHU
(300 s) 3a pasraexaaHaTa 4eCTOTHA JIieHTA. 3a-
BBPTAHETO HA AHTEHATa € ChC BIJIOBA CKOPOCT
1 RPM, koero o0ycnaBs, 4e B paMKUTE Ha Tie-
pHoJa Ha U3MEPBAHETO Ca OCHIIECTBEHU MET
00opoTa Ha aHTeHaTa, KaTo MEePHOABT HA OTUH-
TaHe U 3anuc Ha gagaute € Ts = 250 ms.

Level, dBm

100

Time, s o 915 Freguency, MHz

@Due. 3. [lepuoouuno nosmapsauy ce CneKmsp npu
MHO20000pOMHA pomayus Ha ckanupawama
anmena
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Ot Taka 3amucaHUTe NEPUOAUYHU TAaHHU
MOJKeE J1a C€ U3BJIeYe NEPUOABT Ha TIOBTOPCHHE-
TO UM BbB BpeMeTo. ToBa MOXke J1a ce OChllle-
CTBH Ype3 YeCTOTHO IpeodpazyBaHe OT BUA:

S(F) =F {s(0)}, 2

KbJIeTO s(t) mpeacTaBisiBa 3alMUCcaHusl CIEKTbP
110 BpeMe Ha CKaHupaHeTo. ToBa mpeoOpa3yBa-
HE JIJaBa Bb3MOXKHOCT JIa CE€ HallpaBU MaTeMaTu-
yeckara 00paboTka 0e3 ja € M3BeCTHa TOUHATa
BIIIOBA CKOPOCT HA BBPTEHE (@, KATO TOBA BOJIU
CHOTBETHO JO MO-HUCKU M3UCKBAHUS KBM TEX-
HUYECKUTE M TEXHOJOTHUYHU TMapaMeTpuTe Ha
AQHTEHHUS TO3WIMOHUPAILl CTCHJI, CTHTa J1a Ce
OCUTYpU PaBHOMEPHOCTTa Ha 3aBHPTAHUATA.
Crnen obpatHo mpeoOpazyBaHe NpPH H3BECTCH
OCHOBEH IMepHoJ OM MOTJO Ja c€ MOIy4Yd
YCPEIHECHHS CIIEKThP B PAMKHUTE Ha BpEME C
MPOIBIDKUTEITHOCT €/IUH IEPUO]T Ha 3aBbPTaHE:

5(0) =F 7 {s(FM} 3)

[TomyueHUAT MO TO3W HAYWH YCPEAHEH pe-
3yJATaT MOXE Ja MOKaXe OTHOCHTETHOTO IPO-
CTPAHCTBEHO HAMPABJIICHHE HAa W3THUBAHUATA
Ha OTACITHUTC U3TOYHUIU ITOMCIKIY UM ITOpaan
IpaBaTa B3aUMOBPBH3KA MEXKy BPEMETO M I10-
coKaTa Ha CKaHUpaHe Mo a3umyT. To#, obaue,
HE MOXeE J1a TOKa)Ke a0COJIFOTUTE HAIIpaBJICHUS,
MOpaix JIUTCa Ha JIETEpPMUHUPAHE Ha HAaYaJTHU-
T€ YCJIOBHUS HA MHOTOOOOPOTHOTO 3aBbpTaHE.

[TocnenausT pobseM Moske 1a Ob/Ie PeIIeH
KaTo B TOYKa C M3BECTHA IO3UIIHS CE ITOCTaBU
JONBIHUTENICH H3TOYHUK Ha MHAJIOTEH CHTHAIL.
CkaHupaHUAT CIIEKTHP MpHU 100aBEeH IpeaaBa-
ten ¢ uectota 920 MHz e nokasan Ha ¢ur. 4.

i}
815 820 925 230 935 940 945 950 955 960
Frequency, MHz

Due. 4. Cnexmuovp 6 ouanasona 915 + 960 MHz ¢
3aceuen nunomen cuznan ¢ yvecmoma 920 MHz.

B xoHKpeTHUs mpuMep e u30paHo TO3U Ipe-
JlaBaTel Jja ce MOCTaBu Ha Mo3uIus ¢ a3umyT 0°

CHPSIMO TOUYKATa, B KOSITO C€ U3BbPIIBA CKAHU-
paHerTo.

Ha ¢wur. 5 e mokazano n3zo0paxeHue Ha rpa-
¢uuHaTa MpoMsiHa Ha HUBOTO 3a yectora 932,5
MHz B paMKuTe Ha U3CJE€IBaHUS UHTEPBAI OT
5 muHyTH. Ta3u yecToTa ce ABsiBa LICHTPAJIHA 32
3G kanana Ha Omneparop 1. 3a0ens3BaT ce met
NEpUOANYIHO MOBTAPAIIN CEC MAKCUMYMH, OTTO-
BapsIIM Ha 3aBbPTAHUSATA Ha CKaHUpaIlaTa eTa-
JIOHHA aHTEHA B I0COKAa HA MECTOIIOJI0KEHUETO
Ha 06a30BaTa CTaHIIMS 3a TO3H OMEepPaTop.

Level, dBm

Wl | vl / .
tp oM T ! Ul ! i
-100 If Wi W ! LIy Il 1
i l:|<'\“"'/.<;' i ‘t‘”'"\‘f ! .“ ol W | iy ]

i |

'
o 50 100 150 200 250 300
Time. s

Due. 5. Ilepuoouuno nosmapauo ce Hugo 3a
yecmoma 932,5MHz nopadu 3a6vpmanemo Ha
CKAHUpawama anmena

Crnen ycpennsiBaneto cwriacHo (2) u (3) ¢
MOMOIIITA Ha [6] ce mojiy4aBa U3MEHEHUETO Ha
HUBOTO Ha CUTHaja B pAaMKUTE Ha €UH 000pOT
Ha 3aBbpTaHE Ha CKaHUpallaTa aHTeHa (B CIIy-
yas 60 s). [lopagu ananorusita Bpeme — bIriioBO
3aBBbPTAHE CHIIOTO U3MEHEHHUE CE€ SIBSBA U IO
Harnpasienus 0° + 360°. Ha ¢wur. 6 ca mokazanu
TE3U U3MEHEHHUs Ha HUBATa 3a CIIOMEHATAaTa 10-
rope yectoTa 3a 3G kanan Ha Oneparop 1. Ha
MO-TOpHATa OT JIBeTe Tpa(HKH TOBA HUBO € BbB
(GyHKIUS OT BpEMETO, a Ha MO-A0JHaTa — BbB
(GYyHKIMA OT a3UMYTAIHUS BI'BJ, KaTO TO € KO-
pUrvpaHo u ¢ oturTtaHe Ha peanHara /IH/[ na
CKaHupalaTa aHTEHa.

Level, dBm
2 o
g8 B
f
L

Level, dBm

110 L L L L L L
0 50 100 150 200 250 300 350

Azimuth, *

@ue. 6. [lepuoouuno nosmapauo ce HUGoO 3a
yecmoma 932, 5MHz 6 unmepsana 0 + 60s (0°+ 360°)
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[Tonoben aHanm3 MoXke J1a ce HampaBu 3a
BCUYKM KOMYHUKAIIMOHHH KaHAIH, 3aCCUYCHU
Npu u3MepBaHeTo. B koHkpeTHus ciyyai 2G u
3G kaHaJIUTE 3a BCEJIM OMEpPaTop B TOUKATA HA
CKaHUpaHe ce SABABAT OT €HO U CHIIO Hampa-
BIICHHE, 3aII0TO CE M3TbYBAT OT €IHA U ChINa
HeroBa 0a3oBa crannus. Ha ¢ur. 7 e mokazana
WHTEH3WBHOCTTA Ha W3IIBYBAHETO OT Pa3ind-
HUTE ONEePaTOpH, KAKTO U Ha MUJIOTHUS CUTHAJI,
10 HAIMPABJICHHUS.

Pilot signal 3G Channel, Operator 1
% 90
120 39 60 120 . 60
150 ©.30 150 1 . 30
180 : 0 180l 0
210 .0 - 30 210 <7330
240 "7 300 240 0 300

3G Channel, Operator 2
90 9

3G Channel, Operator 3

120 7. 60 120 6. 60
150 . #7030 150 . .ig. 30
180 - : 0 180 ‘0
210 v 7330 210 gt 1330

240 0 7 300 240 7 300

270 270

Que. 7. Hanpasnenus Ha MaKxCUMaiHa cuid Ha
npuemus 8 U3CIe08AHAMA MOUKA CUSHATL 3
mpume onepamopa

B Tabn. Nel ca momecteHu pesynrature 3a
CKaHMPAHETO, TOKA3Balllk MOCOKATa, OT KOSATO
ce MoJIy4aBa Hail-CUJTHO U3I'bUBAHE HAa CUTHAJIA
cpsiMo 0a30BOTO HUBO 3a TPUTE OMepaTopa.
W3BecTHata mo3uius Ha mpefaBaTens 3a IH-
JOTHUS CUTHaN (IIPEeJBAapUTEIHO YrOBOpEHa B
KOHKpeTHHs ipumep 0° - ceBep) AaBa Bb3MOXK-
HOCT 3a JIeTepMUHUpPAHE Ha reorpadckute Ha-
MIpaBJICHUS HA U3TbYBAHUSATA.

Tabauya Nel — [lokaszamenu no nanpasieHus 3a
mpume onepamopad U 3a NUALOMHUS CUSHATL
Onepamop 1 2 3
Maxcunaino | ¢ o5 11,25 5,72
nueo, dB
A3zumym, ° 60 122 249
Hanpaeﬂeime CCBCPOM3TOK | KOIOM3TOK rorosarnan

3AKVIIOYEHUE

Ot pesyrarartute, NOIYYCHH B HACTOSIIOTO
H3CJICABAHC MOraTr Aa CC HallpaBAT CICIHUTC
W3BOJIN:

- Ilpennaranus merox 3a MHOT0O0OOPOT-
HU aHTEHHHM W3MEpPBaHUS J1aBa OOHAJEeKIaBa-
I pE3yJITaTH 3a aHAJIM3 HA HUBATA U IIPO-
CTpaHCTBEHUTE HampasieHus Ha EMU;

- IlogoOHM n3MepBaHUs ca MOJE3HU U OT
TJIe/IHa TOYKa paboTa Ha TEPEH U MO-KOHKPETHO
OIMPCACIIIHC Ha HAIIPABJICHHUA HAa HACOUBAHC HA
aHTEHH, IETCPMUHUPAHE HA CMYIICHHS U JIp.;

- lenecwobpa3Ho e ma ce u3cienBa Tou-
HOCTTa Ha METO/Ia;

IMPU3HATEJHOCT

Paborara, onucana B HacTosIaTa cTaTHs, €
¢uHaHCHpaHa W U3BBPLICHA IO JOTOBOP
Ne 211MUXBB0003-07 / 2021r. xbM HaydeH
IIPOEKT ,,ABTOMaTHU3MpaHa CUCTEMA 32 AHTEHHU
M3MEPBAHUS U/WIIN OLIEHKA Ha eJIEKTPOMarHuT-
HaTa CbBMECTUMOCT,, , PEAJIM3UPALLl CE€ 110 UHHU-
nuaruara CTyJIEHTCKM HMHOBAaTHBEH XbO Ha
Hayuno-U3cnenosarenckusa Cextop kpM Tex-
Hu4ecku yHuBepcuteT — Codus.
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Abstract

This paper presents an approach for prediction variance of the average served traffic on the basis of artificial
intelligence. The objective of quantitative analysis is the traffic flow of users’ requests through the server stations of the
telecommunication system M/M/c/k. Regression modeling procedures were performed by Generalized Regression
Neural Networks (GRNNs), Feed-Forward Neural Networks (FFNNs) and Cascaded-Forward Neural Networks
(CFNNs). Neural architectures with different numbers and combinations of predictors have been tested. FFNNs on the
basis of Levenberg-Marquardt (LM), Bayesian Regularization (BR) and Scaled Conjugate Gradient (SCG) learning
algorithms were examined. The factors influence on the target forecast parameter has been analyzed. In the course of
the research, satisfactory levels of different criteria — Mean Squared Error (MSE), Mean Absolute Error (MAE) and
Correlation Coefficient R, have been obtained. Advantages of FFNN and CFNN models over GRNNs were established.

Keywords: teletraffic system; traffic load; factor combinations; regression modeling; neural networks.

BBBEJIEHHE

Cropen HayyHUTE H3CJEIBAHUS TMPOTHO3-
HUSAT aHAIU3 B cdepaTa HA KOMYHUKAIIUUTE
3acsra JIB€ OCHOBHH HaIlPaBIICHUSA:

e HaMaJsABaIlUsS IPUTOK OT MOTpPeOUTENH
Ha YCJIyTd B MOOMIJIHATa TE€IEKOMYHHKA-
LIMOHHA MHIYCTpPUS MOpaad Bb3HHUKHA-
JM TPEeKbCBAaHMUA WM HENPeIBUICHU
CHLOUTHS,

® ISUIOCTHUSA TpadUK OT MOCTHIMIU TO-
TPEOUTENCKU 3asiBKU B OOCITYXBaHHU B
TenekoMyHukanuuonuu, LTE mpexu.

OCHOBHUTE HWHCTPYMEHTH, W3MOJ3BaHU 3a
KOJIMYECTBEHO MPOTHO3UPAHE IO OTHOIIEHUE
Ha TAX, Ca MAIIMHHOTO OOydYeHHeE, MPUII0KHA-
Ta CTaTUCTUKA M W3KYCTBEHUTE HEBPOHHU
Mpexu. Tyk mMorar ga ObJaT ClIOMEHATH, Kak-
TO ClIC/IBA:

METOJ Ha onopHUTe BekTopu (SVM);
METOJ IbPBO HA PEIICHUSATA;
beiicoBu mpexu;
JIOTHCTUYHA PErpecHs;
MHOT'OCJIOMHU IIEPCENTPOHU;
PEKYPEHTHU HEBPOHHU MPEXU;
PErpecCHOHHN MOJIENM Ha OCHOBATa Ha
SVM i SVR mopenu;
KOHBOJIIOITMOHHN HEBPOHHH MPEXKHU;

® QJaNTUBHU HEBPOHHO-Pa3MHUTH HHTEP-

(etican cuctemu [1-6].

OOekT Ha u3cieaBaHe B HACTOSIIIUS JOKIIa
ca MIMHUTAI[MOHHO MOJIEIMPAHH TE€JIEKOMYHHKA-
LIMOHHU CHCTEMH C OIAIIKOBA OPraHu3anus oT
Buna ,,MapkoBcku Bepuru“ M/M/c/k. Paz-
IIeXIa ce 3aJadaTa 3a CHMHTE3 Ha MOJETH 3a
MPOTHO3EH aHAIM3 Ha MOTEHIUAIHUS CpPeleH
cyMapeH TpaduK 3asiBKU B OMalIkaTa U 00ciy-
KEHU 3asBKH, KOUTO MOrar na 0wnaat oopabdo-
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TEHU OT CHUCTEMHHUTE CTPYKTYpHU CTaHIHUH
,»y' . BXogHu nmapaMeTpu 3a MOJEIUTE ca:
e cpemHara CKOpPOCT Ha MOCTBHIIBAaHE Ha
MMOBHKBAHUSA ,,X1°;
® CpemHOTO 0OCTYXKBAIO BpEME ,,X2";
® MaKCHUMAaJHUAT KamaluTeT Ha 3asBKUTE
- ONAIIKATA ,,X3 .
3a menTa € MPEeUIOKEH MOAXOJ Ha OCHOBaTa
Ha M3KYCTBEHH HEBPOHHU MPEXKH C PaAHAITHO-
0a3ucHU (PYHKIIMU, TIPABO Pa3MPOCTPAHCHHUE
Ha CUTHAJIUTE U OOPAaTHO Pa3IpPOCTpaHEHUE Ha
rpemkara — GRNNs, FFNNs u CFNNGs.

N30 KEHUE

IIpedsapumennu uzcnedsanus, 6a3upanu Ha
pezpecuoHer ananusz npu obekmua menempa-
¢uuna cucmema M/M/1

B nauanna ¢asza ot umscneaBaHusaTa Oerie
HampaBeHa OIEHKa Ha MPHIOKUMOCTTa Ha
armapara Ha KJIaCHYECKHs PErPECHOHCH aHAJIN3
CIIPSMO IBPBHUTE J1Ba Ne(PUHUPAHU YIIpaBIIsiC-
Mu ¢akTopa Bepura Ha Mapkos M/M/1. bemie
aHaTM3UpaHa aJeKBaTHOCTTa Ha MOJEIU OT
HyJIeBa, ’bPBa U BTOpa CTENECH KAaTo pe3yJiTa-
TUTE ca MoKa3aHu Ha ¢wur. 1.

Regression Summary for Dependent Variable: y1 {m-m-1)
R= 75137946 R?= 56457109 Adjusted R?= 53818146
F(2,33)=21,394 p=,00000 Std.Error of estimate: 1,0366
b* Std Err b ‘ Std Err | t(33) ‘ pvalue
N=36 of b* of b
Intercept | 242048 0,550424| -4,39749| 0,000108
x1 0.5043207 0,114869| 4.44143|1.011622| 4.39040| 0,000110
x2 0.556985 0,114869 1,88663| 0,389085| 4.84889| 0,000029
a)
Regression Summary for Dependent Variable: y1 (m-m-1)
R=,90029822 R?= 81053688 Adjusted R?= 79277471
F(3.32)=45.633 p<.00000 Std.Error of estimate: 69438
b* Std.Emr. b Std.Err. t(32) ‘ pvalue
N=36 of b* of b
Intercept | 0.92390) 0,636538 1,45144 0,1563M1
x1 -0.445059] 0,166183 | -3,91953 1,463532| -2,67813 0,011587
x2 -0,604608| 0,195959 -2,04794) 0663757 -3.08537 0,004172
x12 1580058 0.245145 983642 1.526114] 6.44540 0,000000
0)
Regression Summary for Dependent Variable: y1 (m-m-1)
R= 94190570 R?= 88718634 Adjusted R?= 86838407
F(5.30)=47.185 p<.,00000 Std.Error of estimate: 55339
b* Std.Err. b ‘ Std.Em. | t{30) ‘ pvalue
N=36 of b* of b
Intercept | 3.3100) 0.757580| 4.36915) 0,000137
x1 -1.4040170,361046| -12,3648| 3.179645| -3.86673| 0,000518
x2 -1.66469 0,315829| -5,3000| 1,069781| -4,95424| 0,000027
x12 1,58006| 0195369 9.8364) 1.216242| 8§,08755) 0,000000
x11 0.97480 0.341430| 10,5565| 3.697493| 2.85506| 0,007734
%22 0.98375 0281281 1,9130| 0546966 3.49738| 0,001487
6)

@Due. 1. Pesynmamu npu nposepka
HA A0eK8AMHOCIING Ha MOOETU OM a) HYe6d, 6) Nbped
u 8) emopa cmenen omnocHo y npu M/M/1

YCTaHOBEHH ca CIIeHUTE KOe(UIIMEHTH Ha
onpenenenoct R? = 0.56457109, R? = 0.81053688
u R? = 0.88718634 3a oTkinka Ha 00eKTa y,
OTIpeIeNAIH TMHEHHN MOJIEN KaTo HeaaeKBa-
ten. Ilopamy perMCTPUPAHOTO IMO-3aHUKEHO
CXOJICTBO MEKy TEOPETHUHUTE U TIPOTHO3HHU-

Te pe3ynTaTh, Ha 06a3ara Ha cToifHOCcTH Ha R?
OJIM3KH, HO TIOJ TIpara or ,,0.9“, BBh3HHMKHA He-
00X0UMOCTTa OT THPCEHE Ha MO-e(heKTHUBHU
HHCTPYMEHTH 3a IPOrHO3€H aHAIU3 CIIPSAMO
pasriiexjaaHara M OCHOBHATa TeneTpaduaHa
cuctema M/M/c/k.

Cunmes na GRNN moodenu 3a npocrHozeH
amanuz Ha Hamoseapsanemo npu Maproecka
eepueca M/M/c/k

Cw3nanenn ca GRNNs npu ¢ukcupanu 45
CTPYKTYpHU HW3YHUCIUTEIHU €AUHULIM B paju-
anHo-0a3zucHuTe cioeBe. CHIIMHCKUTE MPOlie-
CH Ha M3clie[[BaHe Osxa pa3zielieHu B Tpu (asw,
CBCTOSIIIH C€ B MOAOOp HA apXUTEKTypH Ha Oa-
3ara Ha pa3jIMYHO KOJMYECTBO OT 0OyuaBaliu
MIPOMEHJIMBH, ChOTBETHO:

® CIUHUYHU BXOJIHU BB3JCHCTBUS;

e KOMOWHAIIMW OT JIBa yHpaBisieMH (ak-

TOpa;
e Habop OT TpH HE3aBHCUMH HH(OpPMa-
THUBHHU MPU3HAKA.

bsixa oueHenn aBa Oa3UCHHM IOKa3aTels,
pecriektuBHO “Mean Squared Error” and
“Mean Absolute Error”, mpu CTBIKOBO Ha-
pactBaHe Ha ,,spread” indicator nmpu uaeHTHY-
HHU HUBA OT ,,0.15% 10 ,,0.95* oTHOCHO CTpYyK-
TYpHUTE HEBPOHU C paJuaiHo-O0a3UCHUTE
CIIOeBe.

[Ipunaranero Ha WHIUBUAYATHH BXOJHHU
MIPOMEHJIUBH X| U X2 C€ CBBbP3Ba ¢ HaOII0JaBa-
HU 3HAYMTENIHU CTENICHW HA HapacTBaHE Ha I0-
Ka3aTeluTe 3a KayecTBO MPHU yBEIMYaBaHE Ha
CTOWHOCTTA Ha spread MHAUKATOpa. 3HAYUTEII-
HO TOJ00psIBaHe Ha MoKa3aTenauTe Oerle ycTa-
HOBEHO TPU MOJIENH C M0/IaBaHEe HA yNpaBIIs-
eM ¢axTtop X3. Ilpu m3non3BaHe Ha KOMOMHA-
LMW OT JIB€ BXOJHHM BXOJHHM NPOMEHJIMBU ca
KOHCTaTHUpPaHU Hal-HUCKU WHIUKALUU 3a Ka-
YeCTBO MpHU JBOMKa “X1 U X2”. OTKposiBa ce
3HAYUTEIHO TMOo-100para e(eKTUBHOCT NpHU
apXUTEKTypU C TNPWIOKEHH KOMOMHALUU OT
MPOMEHJIMBH “X1 ¥ X3~ 1 “X2 U X3”. ChI110 Taka
ce 3a0ensA3Bar JIEKM MPEUMYIIECTBA MPH He-
BPOHHUTE MPEXH, 0O0ydeHH “Xi W X3”, mpen
OCTaHAJIUTE MPUIIOKEHU JBOWKH OT yIpaBiIsie-
MU (PaKTOPH.

[Tocnennara ¢asa ot cunte3 Ha GRNN Mmo-
Jend 3a TMPOTHO3EH aHalu3 Ce€ CBhCTOU B
ornenka Ha MSE and MAE unaukaropu crpsi-
MO TuTaBHO YyBenuuaBane of the spread
parameter 3a cilydass Ha HM3MOJ3BaHE HA TPH
BXOJHM npoMenuBHU. [Ipu mogaBane Ha BXOA-
Ha KOMOMHanus “Xi, X2 and x3” 0sxa momyye-
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HU Hai-m00py KOJMYECTBEHU WHIUKATOPH B
X0Jla Ha HAIPaBEHUTE HW3CIICBAHUS, CIPSIMO
kouto ykazanara GRNN apxutexrtypa ce ore-
HSIBAa C Hal-BHCOKAa CTCIICH Ha aJCKBATHOCT.
VcTaHOBEHH Cca 4YHCIOBH JHWAla30Hd  OT
4.8341e-04 no 6.3031e-04 orHOocHO MSE 1 ot
0.0196 no 0.0211 3a MAE xpurepuu, KakTo
MOXe Ia Oblie BUAsSIHO OT Tabmuna 1.

Taonuua 1. MSE u MAE noxazamenu npu cunmes Ha
0000WeHU pespecuoHHU He8POHHU MPediCU 3d
NPOcHO3UPaHe HA 0OCTYIHCEAHUME 3AABKU NPU epuea Ha
Mapkoe M/M/c/k npu npunaeane na mpu 6xo0Hu

NPOMEHIUBYU
Spread MSE MAE
HHAUKATOP X1,X2 M X3
0.15 4.8341e-04 0.0196
0.20 4.9686e-04 0.0199
0.25 5.0315¢-04 0.0200
0.30 5.0649¢-04
0.35 5.0809¢-04
0.40 5.0848e-04
0.45 5.0859¢-04 0.0201
0.50 5.0985e-04
0.55 5.1345e-04
0.60 5.1987e-04
0.65 5.2899¢-04
0.70 5.4050e-04 0.0202
0.75 5.5414¢-04
0.80 5.6983e-04 0.0205
0.85 5.8766e-04 0.0207
0.90 6.0776e-04 0.0209
0.95 6.3031e-04 0.0211
4\ Generalized Regression Neural Network (view) = [m] X

a)

Due. 2. Hzcneosanu apxumekmypu Ha 0000uenu
PecpecuoHHU HeBPOHHIU MPENCU 3d NPOCHO3UPAHE
Ha obcayceanume 3as16Ku npu eepuca Ha Mapkog
M/M/c/k npu a) eona, 6) 0se u 8) mpu 6x00Hu
NPOMeHUBU

Ha ¢wur. 2 e oHnarnenen BUABT HA aHAIU3HU-
paHUTE ApXUTEKTYPH HAa OOOOIICHU perpecu-
OHHM HEBPOHHHU MpPEXHU MpHU €IHA, ABE U TPHU
BXOJHU TpoMeHymBH. [lo OTHOIIEHWE Ha 1Ie-
JIUTE HA IPOTHO3HUS aHAJIU3 HA MOTEHIMAHO-
TO CpeaHO TpaUUHO HATOBAPBAHE HA CHPBBP-
HU cTaHimu npu Bepura M/M/c/k ca nzbpanu
MOJIETIH TIpU KOMOMHAIIMY “X| U X2, “X1 U X3”,
“X2 M X3 ¥ HAMepeHaTa ¢ Hail-IoOpH Mmokas3a-
ten GRNN npu “xi1, X2 ¥ X3” 0pu Haill-Maika
IUPOYNHA HA paguaiHO-0a3HCHUTE (PYHKITUN
Ha HMBO ,,0.15%

Cenexyuss na FNNN apxumexmypu 3a npo-
2HO3€H aHaNu3 Ha HAMOo8ApeaHemo npu meje-
mpaghuuna cucmema M/M/c/k

basupaiiku ce Ha yCTaHOBEHUTE MPEIUM-
CTBa MpHU TOJTy4YaBaHE HA MPOTHO3HH MOJETH
Yype3 U3KYCTBEH MHTENEKT ce (hopMUpa OCHOBA
Ha pa3lIMpsBaHE HA U3CIICABAHMITA B TOBA Ha-
npasiieHre. B Ta3u mocoka Geriie 3anoxeHa 3a-
nagara 3a cuHre3 Ha FFNN mMozxenu npu tan-
TeHC-CUTMOUJIaJIHA U JIMHEeWHA aKTUBAllMK 3a
NPOTHO3EH aHaJIU3 Ha MapaMeTbpa CPEeIHOTO
TpauUHO HATOBaBaHE MPU PA3IUYHU JBOUKH
MIPOMEHJIMBU U TPU ympaBisieMu (akTopa Ha
o0eKkTa B X0/Ja Ha CJIEIHHUTE OOydyaBaily Tpa-
JTUCHTHU MTOIXOJTH:

e Levenberg-Marquardt (LM);

e Bayesian Regularization (BR);

e Scaled Conjugate Gradient (SCG).

BbBenenu 6azucHU KpUTEpPUH BbB Bpb3Ka C
OIICHKa Ha e()EeKTUBHOCTTA ca ,,CpPEAHOKpaIpa-
TUYHATA TpemKa’ u ,,KOPEIAIMOHHUIT Koedu-
LIUEHT" KaTO IBPBUAT € INPHUET C IO-BUCOKA
3HauyuMocT. [lokazaTenure ca OTYETEHU Cb-
[JIACHO TECTOBUTE MPOLECH HA IICJIIEBUTE He-
BPOHHHM apXUTEKTypU NpHU 3a1aJeHO KOJIH-
YECTBEHO U3MEHEHUE Ha CKPUTUTE HEBPOHU OT
5 no 15. IlpenBupa peructpupaHuTe NOPSAbIU
»-€-2° | ,,..e-3“ Ha mpeoOnamaBaiia 4act OT
CPEIHOKBAJPAaTUYHUTE TIPEUIKU — Talnuma 2
1o tabnuua 4 npu KoMOMHANUs “Xi, X2 U X3”,
m3non3Banuar SCG ce ompenens KaTo Hai-
Manko edekTuBeH. Haii-Bucoka cremeH Ha
a/IeKBaTHOCT CIIPSIMO 3ajayaTa 3a MPOTHO3EH
aHanu3 Oeme ycraHoBeHa mpu BR oOyuenue
3a pas3riekJIaHuTe Cllydyad OT BXOJHU Bb3ZeH-
CTBUS.
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Tabnuya 2. Pesynmamu npu FFNN moodenu 3a
NPOSHO3€H AHANU3 NPU 6XOOHU NPOMEHIUBU X1,X2 U X3 30
LM obyuenue

Levenberg-Marquardt
MSE npn R npu
TeCTBaHe TeCTBaHe

Ckputn
HEBPOHH

5 4.45379¢-5 0.999953
6 1.92693e-5 0.999974
7 2.03792e-4 0.999765
8 5.36125e-5 0.999932
9 2.52754e-5 0.999972
10 2.96257e-5 0.999971
11 2.17546¢-5 0.999946
12 5.18882e-5 0.999932
13 3.82764e-5 0.999971
14 9.36914e-5 0.999794
15 4.31546¢-5 0.999974

Tabnuuya 3. Pesynmamu npu FFNN moodenu 3a
NPOSHO3€H AHAIU3 NPU 6XOOHU NPOMEHIUBU X1,X2 U X3 30

LM obyuenue
Cxpurn Bayesian Regularization
HEBPOHH MSE npu R npu
TeCTBaHe o0y4eHue
5 1.84230e-5 0.999949
6 3.52834e-5 0.999977
7 2.75634e-5 0.999975
8 1.19765¢-5 0.999982
9 2.78891e-5 0.999986
10 2.05384e-5 0.999990
11 2.27914e-5 0.999955
12 1.43303e-5 0.999972
13 8.88908e-6 0.999975
14 3.22447e-5 0.999974
15 2.24857¢-5 0.999975

Tabnuuya 4. Pesynmamu npu FFNN mooenu 3a
NPOSHO3€H AHANU3 NPU 6XOOHU NPOMEHIUBU X1,X2 U X3 30
LM obyuenue

Scaled Conjugate Gradient |

Ckputn

HEBPOHH R npn R npu

BaJIMUpPaHe TeCTBaHE
5 4.25524e-4 0.999586
6 2.09231e-3 0.998037
7 1.79957e-3 0.997545
8 4.03832¢-3 0.999654
9 1.67612e-4 0.999211
10 1.19369¢-3 0.998780
11 3.40757e-3 0.991529
12 1.46945e-2 0.990674
13 7.13208e-3 0.990926
14 1.94604e-2 0.976522
15 5.76271e-3 0.975872

BbB Bpb3Ka ¢ npuiaraHeTo Ha KOMOMHALUU
OT JIB€ BXOJIHU MPOMEHIIUBU Ca OTUETEHH TIO-
JIO)KUTEIHU WMHJUKALMKM Ha MoJoOpsBaHE Ha
HuBata Ha MSE B cpaBHenue ¢ GRNNs. B
eTara Ha U3CJIeIBaHusITa IPU X1, X2 U X3~ Bb3-
JecTBHS Os1Xa YCTAHOBEHW MUHUMATHH TTOKa-
3anust MSE = 1.92693e-5, MSE = 8.88908e-6
and MSE = 1.67612e-4, pecnektuBHO TipHu 6,
13 1 9 cTpyKTYypHM CKPUTH HEBPOHA IIPH IIO-

cnenoBarenHo mpuiaarane Ha LM, BR and
SCG anropurmu. Peructpupanure MSE B mu-
HUMaJHU TPaHULM OT MOPSABK ,,..e-6% maBaT
ocHoBanue FFNNs na 0b1aT onpeneneHu KaTo
MHCTPYMEHT 3a PErPECHOHHO MOJEIUpAaHE ¢
NOTBBpPJICHA TO-100pa €PEeKTHUBHOCT CIPSMO
amapata Ha GRNNs. ®urypa 3 npexacrass
kpaiinute cenexktupanu FFNN monenu npu 8,
10, 12 1 13 HEBpOHU B MEXKIUHHUTE CIOEBE 32
yKa3aHUs aITOPUTHM, PECIIEKTUBHO MPH MOAA-
BaHE Ha “X1 M X2, “X1 U X3, “Xo ¥ X3” ¥ “X|,
X2 U X37.

Neural Network

Hidden Output
Input Output
- E’Oﬁ}/ ﬂﬁ%—'
a)
Neural Network
Hidden Output
Input Output
= Eﬁﬁ}/ iﬁﬁ}“—l
0)
Neural Network
Hidden OQutput
Input Output
o iﬁﬁ}“ Epﬁ‘}’—'
6)
Neural Network
Hidden Qutput
Input Output
o i’ﬁ% ﬁpﬁ}‘—l
2)

Due. 3. Cunmesupanu feed-forward neeponunu

MoOenu 3a NPOZHO3eH AHANU3 HA MPADUUHOMO

Hamosapeane na basama na BR obyuenue npu
a)xXjuxz 6) X uxs 8) X2UX3U2) X1, X2 UX3

Uszcneosane na CFNNs 3a npoenosen ana-
U3 Ha mpaguuHomo Hamosapeane npu
Mapxoscka sepuea M/M/c/k

[TocnenHusT eram OT U3CAEABAHUATA CE OT-
Hacsi /10 TMpuiaraHe Ha pPa3HOBUAHOCT Ha
FFNN apxurekrypure, npu KOATO € HalULE
CTPYKTypHa Bpb3Ka MEX]y BXOJAHUS U U3XOJ-
HUs ciod win Taka HapeudeHute Cascade-
forward Neural Networks 3a ampoxcumarnmus
OTHOCHO OTKJIMK Ha 0obOekTta y. [lo oTHOmEeHue
Ha U3XOJHHUSA JIMHEEH CJIOM J00aBsSHETO Ha
(yHKIIMOHATHA BpB3KAa C€ OTpassiBa BHB
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BKJIIOUBAHE Ha BTOpa TErJOBHA Marpuiia. BsB
Bpb3Ka ¢ oOyuennero Ha CFNN oTHOBO € u3-
MoJI3BaH  anropurbMbT Ha  Levenberg-
Marquardt mpu TeCTOBU MOJIEH ChC ChABPKA-
HHE OT 5 10 15 CKpUTH HEBPOHHU C TAHTE€HC-CHU-
TMOUJIATHA AaKTUBAIIHSL.

B tabmuna 4 m tabmuma 5 ca 0000meHu
JAaHHYW 32 CPEIHOKBAJpaTHMYHATa TpEIIKa BHB
Bpb3ka ¢ CFNNs npu aBo¥iku U HAOOp OT TpHU
ynpasisieMu ¢akropa. OO0Imia xapakTepucTuKa
Ha TECTOBUTE MOJIEIH Ca PErMCTPUPAHUTE U3-
Menenust Ha MSE ot nopsiibka ,,e-05¢.

3a BcsAKa aHaNIM3UpaHa KOMOWHAIUS OT
BXOJIHM TIPOMEHJIUBH - “X1 M X2”, “X1 U X3, “X2
1 X3” U “X1, X2 1 X3, e uzbpana CFNN apxu-
TEKTypa C Hal-pUEMJIMBH HHBA CHOOPA3HO
M3HMCKBAaHUATA 32 MUHUMU3ALMS Ha KPUTEpUs
MSE, cworBetHo MSE = 8.1190e-06, MSE =
9.4212e-06, MSE = 7.6726e-06 u MSE =
9.2107e-06. Yka3HUTE CTOMHOCTUTE Ha Ipelll-
KaTa ca oTdyeTeHu npu monenu ¢ 11,7, 6 u 13
MEXIUHHU HEBPOHA, TIOKa3aHU Ha ur. 4.

Taonuua 4. Pezynmamu npu uscreosane na CFNNs 3a
npocHosen ananuz npu “x; ux2”, “x;uxz”

npu LM obyuenue

Ckputu MSE npu MSE npu

HEBPOHH X1 M X2 X1 M X3
5 2.8061¢-05 1.3164¢e-05
6 1.1751e-05 1.1977e-05
7 2.0405¢-05 9.4212¢-06
8 9.8043¢-06 1.3144e-05
9 1.8516e-05 1.4764e-05
10 1.7005e-05 2.9226e-05
11 8.1190e-06 1.2741e-05
12 8.3677e-06 1.4098e-05
13 2.6177¢-05 2.9015¢-05
14 1.0827e-05 9.8218e-06
15 1.0253e-05 1.8246¢-05

Taénuua 5. Pezynmamu npu uzcaeosane na CFNNs
30 NPOSHO3eH ananus npu “xz u x3”,
“X1,x2 u x3” npu LM obyyenue

Ckputu MSE npu MSE npu
HEBPOHH X2 H X3 X1, X2 M X3
5 4.8955¢e-05 1.0164e-05
6 7.6726e-06 1.6125e-05
7 2.0250e-05 2.2224¢-05
8 1.2254e-05 1.0584e-05
9 1.0857e-05 6.1230e-05
10 1.9434¢-05 1.0617e-05
11 1.5408e-05 3.4340e-05
12 1.9071e-05 2.1702e-05
13 3.4903e-05 9.2107e-06
14 2.0853¢e-05 2.2893e-05
15 3.7645e-05 1.3529¢-05

4\ Cascade-Forward Neural Network (view) = m] X

4\ Cascade-Forward Neural Network (view) == u] X

0)

4\ Cascade-Forward Neural Network (view) == u] X

4\ Cascade-Forward Neural Network (view) = o x

Due. 4. Cenexmupanu cascade-forward nHeeponHu
apxumexmypu 3a NPOSHO3eH AHAU3 HA
obcayosrceanume nompedumen npu a) xX; u xz, 6) x;
U X3, 8) X2 UX3U2) X1, X2 UX3

3AK/IIOYEHUE

[To oTHOLIEHNE HA MOJENNUTE 32 MPOTHO3EH
aHaJIM3 Ha MOTCHUUAIHUS 00CIy>KBaH Tpapuk
nmpu M/M/c/k ca mpoBeleHH IOMBJIHUTEITHU
MPOLIEYPH IO OIleHKa Ha e(heKTUBHOCTTA, W3-
pa3sBally Ce B:

e wu3Bexnane Ha MSE 3a MpexoBo o0yue-

HUE, BAIUUPAHE U TECTBAHE;

® T[IOCTPOSIBAHE HA JIMHEWHU PErPEeCHOHHH

3aBHCHMOCTH 32 MPEKOBHUTE U3XO/H;
e TreHepupaHe Ha XUCTOIPaMU Ha TPeIIKH-
T€;

e Bepudukanus ¢ UHOOPMAIIMOHHHU €Ta-
JIOHM W3BBH W3IOJ3BAaHUTE B XOJa Ha
CHHTE3.
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IN RADIO FREQUENCY AMPLIFIER CLASS F
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Abstract

Balance of Efficiency and Quality Indicators in RF Amplifier Class F: This paper presents results and analyses of
an exploration of powerful RF class F amplifier performance when an optimal balance between power efficiency and
quality of the processed signal is required. A class F amplifier is simulated as an active two-port network and is
optimizing the electronic components’ parameter values of a particular 3.5 MHz radio frequency of a power RF
amplifier in order to achieve an acceptable tradeoff between the efficiency and quality of the signal conversion at the
output. A simulation model, developed as a software tool for future design and exploration of similar devices but in
different frequency bands and DC power supplies, is described here. It could be useful either for designers or students
to synthesize design schematics of new RF devices or to optimize some existing schemes for an optimal overall

performance.

Keywords: RF class F amplifier; power efficiency; simulation model.

BBBEJIEHHE

Baxen eran npu npoekTUpaHETO Ha pajuo-
YECTOTHU YCHUJIBATENIN, OCOOCHO 3a BUCOKHU Ye-
croru (Hag 100 MHz), e ycraHoBsiBaHeTO Ha
IpUEMIIUB OaJlaHC MEXAY TOJTYUYCHUTE KauecT-
BEHU TOKa3aTeld M MBJIHUS KOe(UIUEHT Ha
noJie3Ho jeiicreue. KpaitHo HeoOxoaumo e na
ObJle CHUXKEHA /10 Bb3MOXHHUS MHUHUMYM 3a-
ryOHaTa MOIIHOCT, Thi KaTO KpaHUTE pajno-
YeCTOTHM YCHWJIBaTEIM ca Hal-eHEeproeMKUTe
3BEHA OT cCXeMaTa Ha IIPUEMO-IpeJaBaTeIHUTE
MOJYJIH BbB BCHUUYKH MOOWJIHHM KOMYHHKAIIH-
OHHU YCTPOICTBA, KOUTO U3MOI3BAT OE3KUUCH
oOMeH Ha jgaHHU. KakTo e u3BecTHO, B 00U-
YallHUsI CH pEXUM Ha U3IMO0JI3BAaHE TE3U
YCTpOICTBa ce 3aXpaHBaT OT pa3HOOOpa3HU MO
CBOS KamalMTeT aKyMyJaTOpHU OaTepuu, HO
IIPU BCUYKU TSX, 0€3 U3KIIOYEHHE, ONTUMU3U-
paHUAT pa3XxoJ Ha EJIEKTPUYECKa EHEprus e
KJIFOUOBO Ba)KEH 32 OCUTYpsIBaHE Ha HAJIeXK/IHA
MOOMJIHOCT TpU TNPOIBIDKHTENHA paboTa ¢

KOHKPETHOTO YCTpOHCTBO. Bece mo-oTtroBopHu
1 BCE MOBEYE JICMHOCTU €€ U3BBPIIBAT OT MO-
OWJIHM KOMYHUKAIIUOHHH YCTpPOICTBa, MOpaan
KOETO CTaBa HEMPHEMIIUBO Ja OBJe KOMIIPO-
MEeTUpaHa MOOMITHOCTTA Ha TE3U JEHHOCTH MO-
paau HeolpaBlaH Npepa3Xxoi Ha EHEprus B
€JIEKTPOHUKATa U ObpP30 M3TOLIABAHE HA TEX-
HHUTE aKyMYJIaTOpH.

N30 KEHUE

B Hacrosmara pa3paboTka € INpencTaBeH
CHMYJIAIMOHEH MOJIET 32 aBTOMAaTHU3HUPAHO pe-
IIIaBaHE Ha Ta3M CJIO’KHA ONTHMM3ALMOHHA 3a-
naga. 3a IenTa € MPOeKTHpaHa W Criio0eHa B
CHMYJIalIMOHHA cpesia paboTHA cXeMa Ha Kpai-
HO YCHJIBATENTHO CTBHIAJO, pabOTEemo B PeXu-
MmeH knac F (¢ur.1). [Ipunoxen e moxen Ha
npefaBaTeHa JMHUSA, KOSTO 3aMecTBa KOHDH-
rypauust ot 06e3kpaeH Opoil cepuitHO CBbp3aHU
napaselIHi TPENTAIN KPbroBe, BCEKH OT KOU-
TO € HACTPOCH Ha YECTOTaTa Ha CHOTBETHHS
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BHUCIII XapMOHHK Ha CHTHAJla C OCHOBHA Y€CTO-
ta. CxeMaTa MMa KJIaCU4YeCKa TOTOJOTHS, W3-
MOJI3BaHa OT MHOTO aBTOPH 3a Pa3HOOOpa3HU
pcam3aliui Ha PpaJuOYCCTOTHU YCHUJIBATCIIH,
paboremy B pexxumeH kiac F.

B HacTosmoTo u3cnenBaHE KAaTo aKTUBEH
EIEMEHT B CXEMaTa € H3MOJ3BaH IPEIH3CH,
MPEABAPUTEIHO CH34aAEH OT aBTOpa CUMYJIa-
IIMOHEH MOJIeN, M3TpajieH Ha 0a3aTa Ha Kara-
JIO)KHUTC NAaHHU Ha pCaJIHO ChIICCTBYBAIl MO-
mieH nosieBu Tpanzuctop IRFP450 (dur. 1).

Due. 1. Cxema na onumnama nocmaHoexka

3a KOpeKTHA CUMYJIAIIMOHHA peanu3alus Ha
pexumeH knac F ¢ BKiItoueHa 74 BbIIHOBA IIpe-
AaBaTeiiHa JIMHUS B U3XOJHATa BCpHUIra CC U3-
M0JI3Ba pasjiaraHe Ha CUTHaja B pex Ha Dy-
puc, CpAbpKALL CaMO HCUYCTHUTC XapMOHUIIU
clie]l OCHOBHHSI, TPU KOETO MOMEHTHaTa CTOM-
HOCT Ha HaIPEeKEHUETO APEHH-COpPC MOXE Ja
ObJie IPEACTaBEHO C 0000IIEHUS U3Pa3:

). o i O

Ups = Upe + :
bs be .cos (2n-1) e, t

n=1

OtuuTaiikun (akra, 4e aMIUIUTyIUTe Ha
BHUCIIATE XapMOHMIM Ca B MPOINOPLMOHAIIHA
3aBUCUMOCT OT aMIUIMTy/1aTa Ha OCHOBHUS
XapMOHMK, PECIEKTHMBHO OT CTOWHOCTTa Ha
ITIOCTOSTHHOTOKOBOTO HAIIPEXEHUE OT 3aXpaH-
BaIllMs U3TOYHUK, U3Pa3bT NPUI00HBA M10-y10-
O€H 3a MPaKTUUYECKO U3YUCIICHNE BUJI:

4 Upp 4 Uy

———cos @t -
Fia Fia

-

‘U,D5= LDC- CCGS.;COGI +

417 - 4T
+ —2Los S, t -—2Ecos Tt + ... (2)
5 Tr

Ot u3paza (1) ce Bkaa HATUIUETO HA TIO-
CTOSIHHOTOKOBATa ChCTaBKa, OCHOBHUS XapMO-

HUK U O€3KpacH Opoil HEYETHH XapMOHHWIIM Ha
HAMPEe)KEHUETO B M3XOJHATA BEPHUra HA TpPaH-
3UCTOpA.

AHalOrMyHo MOMEHTHATa CTOWHOCT Ha
JPEHHOBHS TOK I1I€ OBC:

. Ipa | Ipu
Ip = +—cosw T
] a
¥/ .
I ” -E-D"‘H—:
el - L cosne,t, 3)
1 —m
n=1

KbaeT0 Ipy € MakcMMajHaTa aMIUIUTYa Ha
JPEHHOBHS TOK.

[TocrosiHHaTa ChCTaBKAa HA IPEWHOBUS TOK
€ paBHa Ha TMOCTOSHHUSA TOK OT 3axXpaHBalllUs
U3TOYHMK U € IPOIOpIHoHanta Ha Iy

I
Ipc == )

AMIIIUTYIUTE HA BUCIIUTE TOKOBU XapMO-
HULM Ca B NPONOPLHUOHATIHA 3aBUCHUMOCT OT
MaKCUMaJHaTa CTOMHOCT Ha JAPEUHOBHS TOK,
KOATO CE€ U3YUCIISIBA HA TI0-PaHEH €Tall B ajro-
pUTBMa Ha npoekTupaneTo. Cien KaTo aMILIH-
TyAUTE HA BHUCIINTE XAPMOHULHM Ha TOKa ce
IPEJCTABAT M0 TO3U HAYMH, U3pa3bT IPUI00H-
Ba CIIEAHUS U3UUCIUTEIICH BU:

I T 21
. _ ‘DM DM < LDM -
ip =—+t—vcosw,t + Cos Lo T —
) o o
iT s T
27T 21 -
- A’rcosciwot +ﬂcasomgt + .. (5)
15w 15w

Bucmmre xapMoHUIIM B chCTaBa Ha I ca
caMo 4yeTHU. ToBa € Taka, ThH KaTo mapajen-
HUST TPENTSAI] KPbI MPAKTUYECKHU JaBa HAKHCO
BCUYKM BHUCIIM XapMOHHUIIM HA HAIPEKEHUETO
ApeiiH-copc, a YeTBBPT-BBIHOBATa IpeaaBa-
TEJHA JIMHUS OCHILIECTBSBA CBHP3BAHETO HAKD-
CO CaMO Ha XapMOHHUIIUTE C YETHU HOMepa U
OCUTYpsIBa TMpPaKTUYECKH Oe3KpailHO ToiIsIM
UMIIEJAHC 32 BCHYKH HEUYETHH XapMOHUIIU
cinen ocHOBHUA (¢ur.2).

To4yHO MPOTHBOIONIOKEH €PEKT ce MoTyya-
Ba 32 BHUCIIUTE XapMOHMIIM Ha TOKAa B HU3XOJ-
HaTa BEpUTa HA AKTUBHUS EIEMEHT, KOETO €
rJIaBHaTa Iel, 3a J1a ObJie peaanu3upaH BUCOKO-
eeKTHBeH pexxuM kiac F.
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Due. 2. Cnexmovp HA YCUNBAHEMO NO HANPeXCeHUe
U MOK 8 U3XOOHAMA 8epUca HA AKMUBHUSL e1eMeHM

B pesynrar Ha TOBa mpH cuMyNanusTa ce
MoJTydaBa HampexeHue IperH-copc ¢ ¢dopma
Oym3Kka 10 mpaBobreaHaTa (ur. 3), mpu KoeTo
TPAH3UCTOPHT Beue pabOTH HE KATO M3TOYHUK
Ha TOK, a Karo ,,eJIeKTPOHEH KIIoY, Mpe-
BKJIFOYBAll MCKAY OTIYIICHO W 3allyllICHO
CbCTOSIHUE C YECTOTaTa Ha OCHOBHHUS XapMoO-
HHK.

bl |
S N

f \f / L\ P
Y ! L
= i I 3
L/ . N\

0 113.929 227.857 341.786 455.714 569.643
Bpeme t, ns

@Due. 3. Bvinosa ¢hopma Ha HanpedsiceHuemo u
MOKa npe3 MpaH3ucmopa 8 Kilouo8 Pexcum

Hanuumero Ha caMO HEYETHH BHUCIIU Xap-
MOHUIY Ha HAIPEKEHUETO U CaMO YETHH Xap-
MOHHUIIM Ha TOKa B M3XOJHATa Bepura olOycia-
Bl MHOTO T'OJISIM KOS(HIIMEHT Ha YCUJIBAHE IO
MOIIIHOCT Ha OCHOBHHS XapMOHUK W KJIOHSALIU
KBbM HyJ1a KOe(HUIIMEHTH HA YCUIIBaHE HAa BCUY-
KM OCTaHaJIU XapMOHUIIH.

ITocTOsTHHOTOKOBaTa MOIIHOCT OT 3axpaH-
BalllMs U3TOYHUK €:

— _Upclpy (6)

EdexTuBHaTa CTOMHOCT Ha TOJIE3HATA H3-
XOJIHa PaJiMOYECTOTHA MOIIHOCT OT 3aXpaHBa-
IIUS] U3TOYHUK €:

P, =2 (Upe— Upsyn) , (7)

Kb1eT0 Upgpi © MHUHEMAITHOTO HaIpeXEHHE
JIPENH-COPC, KOETO € KATaJIOKEH NapaMeTbp
Ha W30paHus MOJIEBU TPAH3UCTOP.

MaxkcUMamHHUAT ApPEHHOB KOe(DUIIMEHT Ha
MOJIE3HO IEUCTBUE €:

— Po — 7 Ubswmi

e = = - == 8

D Ppe Upe ®)
KoedunmeHThT Ha H3MOJ3BaHE HA MAaKCH-

MaJIHATa MOILHOCT €:

— Po — 7 Ubsmm
c =—2=/-—" " 9

I'padukara Ha ¢ur.4 nmokassa CrieKTpUTE Ha
MOIIHOCTTAa Ha BXOJHHUA MU HM3XOJHUA CHUI'HA,
HACJIO’)KEHH B €/IHA M ChIlla KOOPAMHATHA CHUC-
TeMa 3a y100HO BU3YaHO CPaBHEHUE.
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Duz. 4. Cnexmpu Ha MowHoCmMume,
npeobpazysanu om ycuneamelis 6 pexcum kiac F

[Ipu pa3xon Ha 3axpaHBailia MOCTOSHHO-
TOKOBa MOITHOCT OT 229 W u BXOJieH CUTHAJI ¢
MOIIHOCT Ha OCHOBHHUA XapMOHHUK OT 4.7 W
cjie/l ONTUMU3HUpaHa CUMYJIallUsl € MOCTUTHATA
M3XO0JIHA TOJIE3HA PaJOYECTOTHA MOIIIHOCT OT
186 W, oTnanena Ha 4MCTO aKTUBEH TOBAp OT
50 Q. KoedurnueHThT Ha yCHIIBaHE IO MOII-
HOCT Ha OCHOBHUs XapMoHuKk ¢ 40 (32dB).

CymapHara 3aryOHa MOIIIHOCT Ha BHCIIUTE
XapMOHMYHU CBbCTaBKM Ha curHama € 43 W
nma  18.8% oT wn3non3BaHaTa 3axpaHBalla
MOIIHOCT.

N30poennTe CTOMHOCTH ca TONY4YEeHH OT
CUMYJIALIMOHHO HW3MEpPBaHE, HAMpPaBEHO MpPHU
CIIETHUTE 3a/laZIeHH U3XOJHU JTaHHU: CUHYCO-
WJaleH BXOJIeH curHai ¢ ammautyaa Uy, = 10
V ¢ uecrota f, = 3.5 MHz ot reneparop, cu-
MYJIMPaH C TOTOB MOJIeJl OT CUMYJIallMOHHATA
cpena Ha Keysight Genesys umneaanc Ha mpe-
maBaTenHaTa JUHU OT Z7r = 25 Q.

158

Mesicoynapoorna nayuna kongpepenyus “VHUTEX 21" — I'abposo



Ha ¢wur.5 ca mokazanu cumysanmoHHO CHe-
TUTE 3aBHCUMOCTH Ha KOC(QUIMEHTHTE Ha
yCWJIBaHE U KOe(ULMEHTUTE Ha IOJIE3HO Jeii-
CTBHE OT MMIIE]aHCA Ha MPEHOCHATa JIMHUS
ZtL. Bknaa ce, 4e nmpu HErOBOTO HAapacTBaHE
ot 0 1o 50 Q, xoeduMEeHTUTE HA YCUIIBAaHE U
Koe(UIUEHTUTE Ha TMOJIE3HO AEHCTBHE NOCTU-
raT CBOMTE€ MaKCUMYMHU NIPHU Pa3IMYHU HETOBU
croriHocTU. ToBa cTaBa B cieanus ,,pen’: Koe-
(UIUEHTHT HA YCWJIBAaHE MO TOK MMa MaKCH-
MyM nipu Ztr, = 12Q), koeHUIUEeHTHT HA yCHII-
BaHE 110 HAIpPEKEHUE J0CTUra MAKCUMYM IpHU
Ztr = 17€), a KoOePUIIUESHTHT Ha YCUJIBAHE IO
MOIIHOCT UMa MaKCHUMAaJIHa CTOMHOCT IIpU ZTL
= 14Q. JIpeiHOBHAT KOS(HUIIMEHT Ha MOJIE3HO
JeiicTBUe € MakcumalieH npu Zro = 36 Q, a
meaaHUAT KIIJ[ goctura cBosita MakcHMaiHa
croitHocT nipu Z1L = 30 Q.

100

20 J 0.9

Koedmmment [—K]
ma ycnasane no [ —14 Ohm, 73.66 40" +O4 . HApeitnos KILT
Mommocr, [-] PEAK =

o~ aaday 36 0hm, 0717

80

°
»

=
3
°

N
3
e
2

w
g
e

17 Ohm, 70.008 30 Ohm, 0.73
- " PEAK
i £17 Ohm, 0.586
14 Ohm, 0.483 yeus
D pp—

I 7

5
g
e
=

n )
WAL HOY OHEOLTON €I HLHAMI N2 0Y]

Koeguument na
yemasane o

e

Koeduumentn na yenmsane, [-]

50 75

HMne1anc Ha npeRocHATa HEHS, [Q]

Due. 5. Koeuyuenmu na ycunsane u
Koeguyuenmu Ha nOIe3Ho Oelicmaue Kamo
@yHKYUU HA UMNEOAHCa HA NPEHOCHAMA TUHUS

N360pbT HA ONTHMAJICH KOMIPOMHC MEXTY
TE3U CTOMHOCTH 3aBHCH OCHOBHO OT H3HMCKBa-
HUATA KbM yCI/IHBaTeJIH — JaJI1i € IMIO-BAXXHO 14
MMa TOJSIMO YCHJIBAaHE 3a CMETKa Ha IO-He-
edeKTUBHO W3MOJ3BaHE Ha 3axpaHBallaTa
MOIIHOCT WJW WKOHOMUYHHUSAT pa3xoJ Ha
€Heprusi € C MPUOPUTET, aKO KoeUIIMeHTUTe
Ha YCHJIBaHE ca TIOHIWKEHU JI0 TPUEMIIMBU
CTOMHOCTH.

Baxxno e nma ce orOenexu, ye xapakTepH-
CTUYHHUAT UMIICAAHC Ha U3XOJHATa Bepnra U B
YaCTHOCT Ha MPEHOCHATA JIMHUS CUJTHO 3aBH-
CH OT KauecTBeHHS (DaKTOp Ha MapayieTHHs
TPENTSIL KPBT.

Ha ¢ur.6 e mokazaHa 3aBUCUMOCTTa OT TO-
JIEMUHATa Ha TOBapa Ha JiBa OT BaXXHUTE Ka-
YCCTBCHU IIOKA3aTCJIM Ha yCI/IJIBaTe.H}I — KOC-
(DUIIMEHTHT HA W3MOJ3BaHE HA MOIIHOCTTA M
KOG(bI/II_[I/IGHT’bT Ha HGHHHGFIHPI I/IBKpI/IB}IBaHI/IH.

OT npoBeEHOTO CUMYJIAITMOHHO H3MEpBa-
HE € MOJIyYeH ONTUMAaJeH JUana3oH OT CTOM-
HOCTH 3a M300p Ha TMOAXONAII MO TOJEMHUHA
YUCTO AaKTHUBEH TOBAap IMpHU TaKa 3aJaJCHUTE
W3XOJIHU TaHHH.
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Due. 6. Koepuyuenmvm na usnonzeame na
MOWHOCIMMA U KOePUYUEHMBIN HA HeTUHEUHU
UBKPUBABAHUS KAMO DYHKYUU HA MOBApa

MaxkcumanHata CTOWHOCT Ha KOoepHIMeHTa
Ha u3noiizBaHe Ha mMouHocTTa Cppp = 0.14 €
JIOCTUTHATa 1pu ToBap R; = 27 ), npu KOWUTO
KOe(UUUEHTHT Ha HENUHEWHU W3KPHUBSIBAHUS
kap = 1.69%. Ot npyra cTpaHa, MUHUMAJIHHSIT
Koe(DUIIMEHT HAa HEIMHEWHU U3KPHUBSBAHUS CE
Mnojy4daBa npu ToBap R; = 12 Q , npu KOWUTO
I'bK KOC(QUIIMEHTHT Ha U3IMOJI3BAaHE HA MOII-
HoctTa € 0.138. R; = 9 () € MUHUMATHUAT TO-
Bap, IpU KOMTO JBaTa KOE(UIMEHTA OCTaBaT
0e3 3HaYMMH OTKJIOHEHHUS OT €KCTPEMHHUTE CH
cTOMHOCTH — CHOTBETHO Cppp = 0.138 1 kup =
1.51%.

3AKVIIOYEHUE

OT HampaBeHOTO M3CIIEABaHE MOrar aa O0b-
JaT HallpaBeHW HAKOW BakHW HM3Boau. OnTH-
MHU3alMOHHATA 3a/1aya 32 HaMUpaHe Ha TIPUeM-
JIUB KOMITPOMHUC MEXTy Ka4YCCTBCHHUTE ITOKa3a-
TCJIN HA yCI/IJ'IBaTe.H}I n pa3x0z[a Ha eneKTque-
CKa MOIIIHOCT MOXe Ja ObJie pelleHa KaTto ce
ChCTaBH CHUCTEMa OT AU(EepeHLInaNIHN ypaBHE-
HUS C MOJXOISINN HadatHu ycioBus. [Tomyde-
HUTC B aHAJIUTUYECH BU]L peI_HeHI/IH Ha Ta3u CHUC-
TeMa — (YHKIIMOHATHH 3aBHCHMOCTH MEKIY
KaueCTBEHUTE TOKA3aTelld U EIEKTPHUECKUTE
HapaMeTpH Ha HJIKOHU OT FpaI[I/IBHI/ITe CIICMCH-
TH OMXa JaJid BB3MOXKHOCT Ja OBJaT MoJTyde-
HU B YUCIOB BH]J KOHerTHI/I CTOﬁHOCTH Ha

159

Mesicoynapoorna nayuna kongpepenyus “VHUTEX 21" — I'abposo



YAOBJIETBOPUTEIHUS KOMIIPOMHC, KaKTO H
BB3MOXKHUS IMAINa30H HA U3MEHEHHE.

Koraro Taka cb3maneHusiT MaTeMaTU4ecKu
Mojien ObJie BBBE/ICH U ,,HAATPAIEH " B TTOJIXO-
JS11 CUMYJIAIIMOHEH MOJENl 3a M3IO0JI3BaHaTa
KOMITIOTbPHA IpOrpaMa 3a LSJIOCTHO H3CIIe-
BaHE Ha EJIEKTPOHHHU CXEMH, KOMIIPOMHCHUTE
peeHust Morar ja Ob1aT HaMUpaHU U rpado-
aHAIUTUYHO. Te3u (YHKIIMOHATHOCTH JaBaT
BB3MOXKHOCT Ja ObJaT CpaBHSBAHU €THOBpE-
MEHHO U B pPEajJHO BpeMme royisiM Opoil Ba-
pUAHTH HA OTTOBApSINK HA TEXHUYECKOTO 3a-
JaHHE CHOTHOILEHUS MEXIY KOCPUIIMEHTUTE
Ha YCWJIBaHE M KOCHUIIUCHTHUTE, OMPEICIISIIN
e()eKTUBHOCTTA.

Bernpeku 4e u3ciaeaBaHETO € MPOBEACHO 3a
CPaBHHUTEIHO HHUCKa paJlo4yecToTa, TO3U CHU-
MYJIAlMOHEH TOXO0/ € HAITBIHO MPUIOKHIM 32
u3cneaBaHe Ha pexxuMeH kiac F 3a mHoro mo-
BHUCOKHU YECTOTH. 3aXpaHBAILIUTE MOITHOCTH U
aMIUTUTYIUTE (HMBaTa) HA BXOJIHUTE CHUTHAJH
ca B oOpaTHa TPOMOPIKs C YBEIMYABAHETO HA
pabotHara yectota. B Te3u ciyuam e HeoOxo-
TMMO J1a C€ oJI0epe aKTUBEH €JIEMEHT C BHCOK
M0 KaTaJOXXHU JaHHU KOC(PUIMEHT Ha MOJIe3-
HO JieficTBHE U KOS(UIIMEHT Ha U3IO0I3BaHE HA
MaKCcHMajHaTa MOUIHOCT 3a ChOTBETHAaTa 4e-
CTOTHATa JICHTa W J1a C€ aJanTHUpa HETOBUSIT
3aMecTBal] CUMYJIallMOHEH MOJIEIL.

PazpabGotkara moxe na Obae JOpa3BUTa B
MIOCOKA Ha BKJIIOYBAHE B ONTUMU3ALMATA U Ha
YCIIOBHSL 32 YCTOMUMBOCT Ha PaJuOYeCTOTECH
ycuiBates, chilo padoreny B pexum kiac F,
KaKTO U 3a M3CJIEJIBAaHE Ha HEWHOTO aKTyaJHO
MIPUJIOXKEHUE TIPU IPYTH KJIacoBe KIIIOUOBH pe-
KUMU Ha YCUIIBAHE.
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Abstract

This paper is critical overview about technics for time series prediction with neural networks. Main accent is paper
published last year. Many different new approaches have been applied such aslong-short term echo state network, deep
hybrid neural network, intelligent models and so on. Multi-currency and further forecasting the exchange rates are
important aspects in resent days. Also control in anomaly, congestion and bandwidth require precise time series
prediction with minimum error. Other interesting topic is multi-step ahead prediction. There are few milestones like
algorithms for training process, prediction strategy and criteria for stop training. Prediction of time series is an attempt
to predict an evolution of a system through previously observed values. Many real world problems are well defined with
related time series and multiple seasonal patterns

One dimensional time series prediction is major problem nowadays. These series can describe physical
phenomenon, traffic flow, economics dilemma and so on. Focus is on discrete processes nevertheless it is refer to short
or long term forecast. New method for process, analysis and segmentation of information are discuss. Also performance

of different structure neural network models are examine.

Keywords: neural networks, one dimensional time series, long-short term forecast.

BBBEJIEHHE

Ot riegHa TOYKa HAa YOBEK, BCHYKH (pr3HIHM
MPOIIECH MTPOTHYAT BB BPEMETO, KaTO MOCIIEI0-
BaTEIHOCTTAa BHHATH € MHHAJIO-HACTOSIIe-0b1e-
me. OrpoMHa 4acT OT BBIPOCHUTE MPOIECH,
MOTarT Ja ce ONUIIAT C €THOMEPHH BPEMEBH IO-
penuIy, KOUTO CleIBaiKA MaTeMaTHuHaTa (hop-
MaJTHOCT Ca HENpeKbCHaTH M JucKpeTHH. Ot
nHPOpPMAIIMOHHA TJeHa TOYKa HEMpPEeKbCHAT
CUTHAJI, MOJKE Ja ce TpaHc(hOpMHpa B JUCKpeE-
TeH (c ompexerneHu 3aryou). Taka MHOTO ToJIs-
Ma 4acT OT 3a00MKaJISAIIUTE HU €KETHEBHU IPO-
O6nmemMH - MOTPEOJICHUETO Ha EJIEKTPUYECTBO B
JoMa HH, TeHepupaHus HH(POpMAalMOHEH Tpa-
¢uk, pongoBara 6opca ¥ MHBECTUIIMOHHUS TIa-

3ap IUII0OC MHOTO JIPYTH - MOraT Jia ce ImpeJcTa-
BAT C IUCKPETHU €THOMEPHU TTOPEIHIIH.

Hesponnute mpexu (HM) ot cBost cTpaHa ca
N00Bp HMHCTPYMEHT 3a KiIacu(UIMpaHe, arpo-
KCHUMHUpaHe U He Ha MOCJIEeIHO MACTO IMpe/cKas-
BaHe. CrenBaiiku TO3HW peJ Ha MHUCIH HACTOS-
HIMAT JTOKJIa € pa3/iesieH Ha CIEAHHUTE YacTHU:
Cekuust 2 € MOCBETEHa Ha KPAaTKOCPOUHOTO
npeackasBane, nokato B Cekuus 3 e pasriena-
HO JBJITOCPOYHOTO MPEACKa3BaHe U ca MpeIcTa-
BEHU MHTEPECHU HOBU MOXBATH 3a MOBHUIIIABAHE
TOYHOCTTA Ha TpeacKazBane. Hakpas mokymeH-
Ta 3aBbpLIBA C KPUTUYEH aHAIM3 Ha pasriena-
HUTE METOJU - TEXHUTE MPETUMCTBA U HEAOCTa-
THIH.
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KPATKOCPOYHO IIPEJICKA3BAHE

Korato craBa BbIIpoC 3a mpeacka3BaHe eA1H-
CTBEHO Ha CJie/IBalllis CEMITbJI BbB BpeMeBa I0-
penuia, ToBa OONIIMHCTBOTO aBPOTH CUUTAT 3a
KpPaTKOCPOYHO M3rOTBSIHE HAa MpPOrHosa. Bb3-
MOXKHa € W KJIacu(uKaiys ChIriIacHO MPOIOop-
OUATa MEXKIY Ib/DKMHATA Ha Pas3TIIeKIaHUs
"ucropudecku" WHTEpBAl U OBJCIIUA TaKbB
KOMTO MCKaMe Ja NpeacKakeM. ECTECTBEHO HE €
M3KJTIIOYEH W CIICHapWi NMpU KOWTO TpsOBa 1a
ObJie MpeACcKa3aHO MOBEJACHUETO HAa CHUCTEMAaTa
HaImpe. camo Mo €IUH OTYET.

Konkoro mo-nenpenckazyeMo U XaOTHYHO C€
IbPKU €IHAa CTOXaCTUYHA CHUCTEMa, TOJKOBa
MO-TPYJHO € Ja C€ OTraTHe HEeWHOTO OBACIIo
noBeneHne. ABropure B [1] mpencraBsT 1bia60-
ka xubpugHa HM 3a mpenckasBaHe Ha XaoTHU-
HU BpemeBU cepud. I[lpennoxkeHuar Moaen
BKJIFOYBA BCHUYKH J00pe MO3HATH CTBIKU IO
npeaoOpaboTka Ha JaHHUTE, CIIEJ] KOETO Te Ce
IoJaBaT Ha BXoJa Ha kKoHBoaronuoHHa HM c
JIBa CJIOS TUTIOC eauH T.Hap pooling crmoii. ITo-
HataTbk ciaensar: connect, GRU, dropout wu
attention cioeBe Mpenu TeHEPUpPAHE Ha W3XOJ-
HUS CUTHAJ, KOWTO ce MmojaBa Ha T.Hap OJOK 3a
nogoOpeHa audepeHmanHa epomorusa. Ilo-
CIIETHUST CIyXKH 3a oOpaTHa Bpb3Ka W JIOHA-
CTpOIBaHE Ha TerjaTa MEXIy OTICITHUTE Clloe-
Be. MimocTpanus Ha KOHUENUUATAa € MoKa3aHa
Ha ¢wur.1.

Hybrid neural network

‘GATED RECURRENT UNIT NEURAL NETWORK
A

Que. 1 ovrboxa xubpuona HM ¢ nooobpena
ougepenyuania esonoyus 8 MonoiocuIma Ha
obpamnama epwv3xa [1]

JlaHHUTE C KOUTO € MPOBEpPEH Mojena ca
Xa0THYHATa BpemeBa cepus Ha JlopeHil, oOmmsT
CpelieH Mece4eH Opoil CTbHUEBU METHA W KOH-
LEHTpALUATa Ha Ta3 B MUHU 32 KAMEHHU BBIJIHU-
ma. IIpskoTo cpaBHEHHUE C APYTH €BOJIOLUOHHU
QITOPUTMH TOKa3Ba MO-HUCKA CPEIHO-KBaJpa-
TUYHA IPeIlKa U MO-KPaTKO BpEME 3a JI0CTUTaHE
Ha pe3yJTara.

Hpyr xubpuaeH Monen 3a Mpencka3BaHe Ha
MpexoBH Tpaduk € mpeactaBeH B [2]. AkieHTa
€ HacodeH KpM 5G Tpaduka Ha pa3nTuIHH Mpe-

KU, KaTo IeNnTa € Kiacu(uKanus u/uim mpe-
CKa3BaHE HE3aBHCHMO OT KOHKpETHara 00JacT
Ha npuinoxenue. [Ipemnoxenara paMmka e moka-
3aHa Ha ¢ur. 2.

° Preprocessing Stage For Improving The Existing Time Series Models

Que. 2 emanu no npedobpabomka 3a
nooobpssamne Ha CbUleCmeysa Mooeu Ha
epemesu cepuu [2]

Pasriienanu ca ClOXKHHU CLiCHapHUil BKIJIFOYBa-
11 XOPU30HTAJIEH U BEPTUKAJIEH XeHI0(], HaITy-
CKaHe Ha eJIUH BHUJ Mpeka U MPEBKIIOYBAHE HA
JIpyT, KaKTO U MHOTO JIpyru "paskioHeHus". B
cTpykrypara Ha deep learning LSTM anroputs-
Ma Ha BXoja 4upe3 o0paboTka ce B3UMa IMpereH-
Ka 332 3HAYEHUETO Ha BCEKH ceMITbi. M3uncnsBa
ce "HoBa" maMer, cieq KOeTo ce MpeleHs Ba Ja-
JM IPEIXOJHUAT CEMIThI TpsiOBa 1ia ce 3a0paBu.
Ha u3xona ce mpereHsiBa BpeMETO Ha KHUBOT
(eKCTIO3UIIHsI) HA TEKYIIUSI CEMITHII C KOWTO € 3a-
XpaHEH MOJenbT. B kpaliHa cMeTka pe3yiTaTu-
TE€ OT MPEACKA3BaHETO Ha TpaduKa ca 1mo-100pu
(B cmuchiia Ha MSE) OT TeKyImuTe MOJIEIH.

Hpyr KpaTKOCpou€H MOJEI 3a Mpe/CKa3BaHe
oOMsIHaTa Ha MHOXECTBO BaJyTH MOXE J1a Ce
Hamepu B [3]. Ilpunoxenn ca SVR (Support
Vector Regressor) u HM ¢ kpatkocpodHa mamet
3a Ipe/cKa3BaHe Ha KYpPCOBETE MEXIY Hail-1o-
nysipaute Banyta (USD/PKR), kato o6xBarta e
10 39 roguHu.

CobriacHo aBropute B [4] TepMuHa "XeTepo-
JTUMEHCHUOHHO-MHOT033/1adHa HEBPO-EBOJIIO-
nus" € U3MOJ3BaH 3a MpeACcKa3BaHE HAa XaoTHY-
HU BPEMEBH cepuu. AHallM3a 3arno4yBa ¢ PeKOH-
CTpyupaHe Ha (a30BOTO MPOCTPAHCTBO B KOETO
BCSKA TOYKA MPEACTaBIsABA €IHO OT Bb3MOXKHU-
Te ChCTOSIHUS Ha cucrteMara. Ciensar ner MyJ-
TU(HAKTOPHAITHU ONTUMHU3AMMOHHU AJITOPUTMHU
ONKCBAIlM TEHEPUPAHETO HA MHIWBUIU OT PO-
TUTeNn (ChC CHOTBETHUTE TEHOMH) IMOMYJIAIUs
ype3 KpPbCTOCBaHE, MYyTalus, BepTUKaIHA
Tpancmucus U T.H. Ha ¢ur. 3 e umoctpupana
OCHOBHATa Ues - TerjaTa MeXIy CBbpP3aHHUTE
HEBPOHU Ca OTJEIHU T'€HH Ha POAUTENIU, KOUTO
3a Jla TeHepupar Ccje/lBallo MOKOJEHHE T.Hap
nomyJamnus (Jena) mpeMuHaBaT Mpe3 CIoMeHa-
TUTE TMO-TOPE aITOPUTMHU.
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Que. 3 nHaeneoHo onucanue Ha 2eHU KOUMo ca
meana mexcoy omoennu cebp3amnu Hesponu [4].

bazute nanHu ¢ KOouTO € MpoBepeHa paboTo-
crnocoOHOoCcTTa ca no0pe u3BecTHUTE JlopeHi,
Mackey-Glass u Ta3u ¢ Oposi Ha CIBHUECBHUTE
neTHa. OCBEH KOHKYPEHTHHTE pe3yiTaTd, CKO-
pocCTTa ¢ KOSITO aNropuThMa KOHBEpPrupa € mo-
BHUCOKa OT TPpAAULIUOHHUTC CBOJIIONMOHHU aJIro-
PUTMH.

Metoau 3a mpeacKka3BaHe HAa BPEMEBH CEpUU
C MHOXECTBO IMPOMEHJIMBU MOCPEACTBOM pa3-
MHUTH IMO3HABATCIIHU KapTHU OT BUCOK PCII U Clia-
CTUYHHU MPEXHU € M3JI0KEHO B [5], Kato Ha ¢wur.
4 e mokaszaH mMpUMeEp 3a pa3MHUTa MO3HABATEITHA
KapTa C IeT Bb3eJa.

N\ \ xn

) ) +0.23
/ -0.62
W ={+0.29
+0.29 -0.18 A
7 0
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—0.85
@ +0.34 @ +0.51

Que. 4 npumep 3a pazmuma nOIHABAMETHA KAPMA C
nem 6v3eina. JIaso - epaghuuna cmpyxmypa, 0sAcHO -
npedcmassme ¢ meanosHa mampuya [5].
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Ha Bxozxa Ha Tasu cucreMa ce 1oaaBaT MHO-
xecTBo BpemeBu cepun oT EKI' curnanu, kouro
CC ONTUMH3UpAT 4Ype3 €JAaCTUYHU MPEKU U Ha
u3Xo/la ce reHepupa TerioBa Mmartpuua. Ena-
CTUYHUTE MPEXKHU OT CBOS CTPaHa IIPEMHHABAT
npe3 mpolec Ha JAEKOMIo3upaHe-00yueHne-00-
patHo kommosupane. Beceku EKI' curnan (BbB
BPEMETO) IPEJCTaBIsIBA Bb3€] B TE3U €JIacTUU-
HU MPEKHU, a Pa3INYHUTE KPOC-KOPEIALMOHHU
BEJIMYMHHU ca TerjaTa MeXIy Te3u Bb3iau. Taka
pa3paboTeHaTa paMKa 3a NpeAcKa3BaHe U Kila-
cuduIrpaHe Ha HECTAIMOHAPHU BPEMEBH IOpe-
UMLK 0a3upaHu Ha €THOMEPHA KOHBOJIIOLMOHHA
HM u pasMuty no3HaBaTeIHU KapTH I103BOJIABA
IIPEICKAa3BaHe Ha IIECT JCHCTBHS C IO-BUCOKA
TOYHOCT OT JIOCETAIIHUTE MOJIEIIH.

B [6] e mpencTaBeHO BISTHUETO HA JAbJKAHA-
Ta Ha namerta Ha HM 3a npenckasBaHe Ha 3ae-
TOCTTa Ha CIEKTbpa B HA3eMHHM MOOWJIHHM pa-

Ino-1eHTy. To3u poa KaHad ce ONMCBAT Hau-
YeCcTO ¢ BpEMEeUeCTOTHATa KapTa, KOsTO MOKa3Ba
3a€TOCTTa. ABTOPUTE CpaBHSIBAT 3a€TOCTTa Ha
pPa3IUYHM MO TUN KaHAJIW - MOCTOSHHO 3aeTu
(100% oT BpemeTo); UMITYJICHO 3a€TH U ci1abo-
3aetn paykryupamu kananu. [logpoOHo e omnu-
cana paborata Ha LSTM (Long-Short Term
Memory) KIeKTUTe 3a KpaTKO-IbJIrOCTOYHA Ma-
MET, KOMTO ca pa3riieflaH MOo-IAeTailIHO B CIE-
Bamata cexiua. Our. 5 nokaszsa LSTM kieTka.

t1it

5 Ctt T C
(X
& &
[ o] A
hes X
t
i Qutput
X t1it h,

Que. 5 LSTM xknemxa [6].

OTr Taka mnpencTaBeHUTE TpPU MoOJeNa 3a
npeackazBane (HM cbc 3akbCHUTENHU €l1eMeH-
™, LSTM u cesonna ARIMA Auto-Regressive
Integrated Moving Average), € HalpaBeHo CpaB-
HeHue B paMkutTe Ha 50 wacoBa mporHosa. Cb-
JEHKH 110 pe3yJTaTUTE € OUEBHUJIHO, Y€ MameTTa
Ha LSTM mnomoOpsiBa TOUHOCTTa Ha TMpeCcKa3-
BAHETO HE3aBUCUMO OT BpPEMEBHUS XOPU3OHT
rienad Hanpen. Taka KOJKOTO Mmo-Hampes Tpsio-
Ba J1a ObJIe U3rOTBEHA MPOTHO3A 32 CIEKTpaiHa-
ta 3aerocT (Hanpumep B [oT cpena) LSTM mo-
Jena JaBa TMO-HAACKIHU PE3YyJTaTH CIPSMO
"oOukHOBeHHHU" HM m TakuBa cbhC 3aKbCHUTEIN-
Ha JIMHUS Ha BXOJ1A.

ABJTIOCPOYHO INTPEJCKA3BAHE

JlbarocpoyHara mporHo3a BKJIOYBa B cebe
CH U KpaTKocpouHa TakaBa. Kato ce mobaBu u
edekTa OT HaTPyNBaHE Ha IpelIKaTa KbM BCEKU
clIeBall OTYET, MOXKeE J1a ce pazdepe mHTepeca
Ha MOBEYETO aBTOPU KbM IBJITOCPOYHOTO MPO-
THO3HMpAHE.

WNHTepecen mpumep 3a U3I0I3BAHE HA PEKY-
pentHa HM 3a npenckasBane Ha TeMIiepaTypa B
[oT npuokeHust KOHTPOIUPAIIU JOMA MOXKE J1a
ce Hamepu B [7]. OOpaTHaTta Bpb3Ka Ha PEKy-
pentHatra HM 3a MuHamus, HacTOSII U ObJaEI
oTueT € "pasrpHara', Taka ye Ja MMa JUHEHa
nocnenoBarenHocT. LSTM OGnoka e chImsr
KakTo B [6]. [I[porHo3upaHa € CTOMHOCTTa Ha OT-
HOCHUTEJIHATAa BJIAXHOCT U TeMIIEparypa B pam-
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KMTE Ha 24 4yaca Hampel, KOETO € BaXHO IpH
YMHHU CTpajy U CUCTEMH 3a MOHUTOPUHT U OT-
JajledeH KOHTPOJ. ABTOPHUTE ca M3CIEIBAIU U
BIMsiHUETO BBpXY MSE Ha oTnennute mapame-
TpH KaTo Opoii OTYEeTH, eMOXH, IPaBUIIA 3a Mpe-
KpaTsiBaHe Ha 00Y4YEHHETO U T.H.

LSTM namer 3a npeacka3BaHe Ha MPEXOBU
Tpaduk e u3non3Bana u B [§]. Bpemeure cepuu
ca C MPOABHKUTEIHOCT OT NET MUHYTH, 4ac U
neHoHorye. OOIIOTO 3aKIIOYeHHUE, € Ye Mpesyio-
KEHHAT aJITOPUTHM C€ CIpaBsl M0-100pe B AUPEKT-
HO cpaBHeHue ¢ ARIMA u pexypentan HM.

Omie eqHa rieHa TOYKa 3a IpeIcKa3BaHe Ha
MHO’KECTBO "X0J0BE" Hampea Ha cCUCTEMA € W3-
noxeH B [9]. [lo-cienuaaHoTO TyK ca MHOXECT-
BOTO M3XOJIM Ha HUTEPATUBHO IIPEJICKA3BAIIMS
mozen ¢ LSTM ¢yHKIMOHATHOCT. APXUTEKTY-
parta Ha TO3U MOJIEJ € WIIOCTpUpaHa Ha ¢ur. 6

LSTM layer 1 LSTM layer2  LSTM layer 3

XI
__ Fully-connected layer
— LSTM LSTM
X @ @ o -
Xom  —> CLsT™ stV
A deopost L mit ) ity a T R |
=R — :
¥ . . . &
- it s
R D o < v
o 64 Neurons 128 Neurons 32 Neurons
| —
Multi-input Multi-output

3 Hidden layers

Que. 6 apxumexmypa Ha Mooena npeonodicet 6 [9].

WNuTtepecHo e nga ce orOenexu, ye Opos Ha
HEBPOHHUTE B CKPUTUTE CIIOEBE HE CIIe/IBA €IUH-
Ha TIOCIIEIOBAaTETHOCT Ha pexayiupane. OcBeH
TOBAa HEBPOHUTE B IIbPBUTE JIBa CKPUTH CJIOS ca
kakto LSTM knerku, Taka u dropout Takusa.
HeBpoHuTe MeXay CbCEAHUTE CIOEBE Ca HAIlbJI-
HO cBbp3aHu. CaMUAT Ipolec 10 TPEHUpPaHe Ha
MoJiesla BKJIIOUBA OCBEH OOMYallHUTE €Talu Io
npenoopaboTka, HOpMaTU3aIKs U pa3JeNsHe Ha
"mopruu" ome M300p Ha pa3Mepa Ha Hal-mal-
KWUTE MmapTuam 3a oOyuenwue, trial and error mpo-
Lelypa, OIpeelsiHe Ha pa3Mepa Ha CThIIKATa 3a
o0y4YeHHe U OIlle MHOTO IpyTu (pUHHU HACTPOH-
KM 3a TPEHUpPaHEe, KOUTO c€ M30uUpar CHpsaMo
BxoaHata uH(popmarusa. Ctparerusra 3a npen-
CKa3BaHE € MoKa3aHa Ha ¢wur.7.

Historical values
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Predicted values
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Que. 7 cxemamuuna ouaspama npeodcmasauya
npeonodcenama 6 [9] cmpameaus 3a npedckazéare
HA MHOJICECMB0 Omyemu Hanpeo.

CuUMyTallMOHHUTE E€KCIIEPUMEHTH Ca IMPOBe-
JICHU BBPXY 0a3W JaHHH ChIABPXKAIINA PEATHU
WH)XEHEpHU M3MepBaHui (engineering datasets).
Criopenl aBTOpHTE, MPEIIOKESHUETO UM € C T0-
n00Bp eeKT OT MOoJeNuTe MPEIIOKEHH 10 TO-
3M MOMEHT, HO IPOU3BOJIUTEITHOCTTA, KAKTO OT-
Oensi3BaT T€ 3aBHCH OT XapaKTepa Ha BpeMeBa-
Ta Cepusl.

Exo Mpexu 3a KpaTKO MU JBITOCPOYHO Mpe/-
CKa3BaHe ca u3cieasanu B [10].

Long-term reservoir k=3

[5% t
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e time O

S
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O ty ty O
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@ ':.. :
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J '.. @ e

Que. 8 obwa apxumexkmypa Ha exo Mpexcama
npednoxcena 6 [10].

KakTto ce Bmwkna ot ¢ur. 8, Momena ce cbc-
TOH OT MHOXKECTBO HE3aBUCHMH PE3EpBOAPH,
BCEKH C pasjindyHa pEKypeHTHa Bpb3ka. Haii-
TOPHUST pe3epBOap € 3a MPUXBAIIAHE HA JIBJITO-
CpPOYHM 3aBHCUMOCTHU U "dyepTH" BbB BpemeBara
nopenuua. Toil e HacTpoeH 3a CThIKA Ha "Mpo-
nyckane" (skip step) paBHa Ha TpH, Taka ChC-
TOSIHUE 4 3aBUCH AMPEKTHO OT ChCTOAHME |1 Ha
cucremara. OOMKHOBEHHS PE3epBOAp B cpeaara
Ha cxemara (typical reservoir) W3moJi3Ba XHITO-
Te3u Ha MapKoOB U ChCTOSIHUE 4 3aBUCU JTUPEKT-
HO OT cbTOoAHME 3. Hail-0T10/1y € moMecTeH pe-
3epBOapa 3a KpaTKOCpo4yHa rnaMmer. B ciyudait, ye
HETOBHUAT MapaMeThp € HaCTPOeH Ha 3, TO ChC-
TOsSIHUE 4 Ha CUCTEMAaTa IIe 3aBUCU OT MPEIX0]I-
Hute nBe (2 u 3). Hapkast BCHUKU CHCTOSIHUS OT
OTJIEJIHUTE pe3epBoapu ce "ciensar'" B MHOTO-
Maiia0Ha BpeMeHHa KapTHHa U Taka ce 1ojaBar
Ha U3XOAHUSA CJIOW 3a KpalHa mporHosa. Tasu
KOMIUIEKCHA CHCTEMA € TEeCTBaHa C Pa3jIMyHU IO
xapaktep naHuu - Cpenen Opoil Ha CTbHUEBUTE
neTHa, JIopeH1l, HaToBapBaHE Ha €JEeKTpUYECKa-
Ta Mpeka Ha ompeneneH peruoH u ap. Hosust
MeToJ naBa Hal-manka MSE copsimo kiacuue-
CKHM €XO MpPEXH, KaKTO U TaKMBa C KPaTKO WU
IbJrocpoyHa namert. Hakpas ca usBeneHu 3aBu-
CUMOCTH MEXJy JBa OT T.Hap XUIleprapaMeTpu
Ha eX0 Mpexara - skip step u Oposi CTBIIKH, KOU-
TO pe3epBoapa 3a KpaTKOBPEMEHHU 3aBUCHMO-
CTH TJiefa Ha3zan. Karo Obaemnio pasimupenue Ha
cuUCTEeMara ce MocouYBa BB3MOXKHOCTTA 3a MpH-
XBalllaHe Ha MHOTOBAPUAHTHHU BPEMEBU CEPUU.
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HM c o6paTtHo pa3npocTpaHeHUe Ha TpelKa-
Ta U MHGOPMAIMOHHU TpaHyIH € IOKa3aH B
[11]. B HauanoTo MeToAa CEerMEHTHPA BXOAHUST
BpPEMEBU MOTOK C I1eJ1 U3BAXKIaHE Ha TPEHI0BE U
npyru crienuukn. ToBa € 9acT OT 3aAbIHKATEI-
Hata 00pa0oTKa 3a TOYHA IBITOCPOYHA ITPOTHO-
3a. O0miara pamka 3a MpOTHO3UpaHE € ToKa3aHa
Ha ¢ur. 9.

ical t i ime series granulation
Value ¥ Principle of e
justifiable granularity
et

Automatie linear trend extraction

Que. 9 pamka 3a npocHosupare ¢ UHGOPMAYUOHHU
epanyau [11].

B HauanoTo BpemeBara nopezauiia ce pasaens
Ha MHOXXECTBO IO-MaJIKH BPEMEBH CIIOTOBE U OT
TAX ce popmupar rpanyinure. B mocneacTsue ot
BCSIKA TpaHyJia ce U3BJIMYA TPEHJIA upe3 JTHHEH-
Ha oOpaboTka. Ciesl ToBa CXOIHUTE TPEHIOBE
ce KOMOMHHpAaT U ce€ KOHCTpyHpa HOB Habop
JaHHY C OTNpejeNieHN XapakTepucTuku. Hakpas
€ erama 3a IMPOTHO3UpPAHE, CHhCTOSI CE OT JBE
¢da3u. B mepBara iepapxus ot HM ¢ obGpaTtHO
pasnpocTpaHeHne Ha Tpellkata HaMHUpa OMNTH-
MajieH Opoil OT MpeAXOIHUTE TPaHyIH, CIIEl
KOETO MpPEeICKa3BaHETO C€ KOHCTpyHpa OT IIOo-
paHoO TOJy4YeHUs ONTHMalieH Opod rpaHyiIu U
Taka ce M3rOTBS MPOTHO3HUS BekTop. Ilpemsno-
eHata repapxusita oT HM e mokazana Ha ¢wur.
10. B mbpBuAr cnoit ce tpenupar HM or cro-
MeHaTaTa Hepapxusi, KaTo HENpPEeKbCHATO Ce
ciequ RMSE. BbB BrOpuAT cioil ce u3BIM4a
nH(popManus 3a TPEHAOBETE OT OBACIIUTE Tpa-
HYJIH.

Layer 1 Layer 2

For p=1top,,.. Popt
s | g TR
Training dataset 7r, W) Neural network 1 | | Test dataset 7e; WM Neural network | | |
i | 1 i
i | y H i
Training dataset Try ‘ Neural network 2 | ! Test dataset Te, ‘ﬂ Neural network 2 |
H i i H
1
L —
i | i i
i =
‘Training dataset Tr,, WO/ Neural networkm | | Test dataset Te,, ‘ﬁ Neural network m |
'..__‘ _____________ 1]
. - The trend information of future granule
C n:ltlulate RMSE, EIN T T I T e T

Pop=argming gy, .. RMSE, Information granule with linear trend

Que. 10 iiepapxus na muoscecmeo HM 3a
mpeHupane u ussnudane Ha mpenoose [11].

BpemeBute pemoBe cpemry KOUTO € U3Mpoo-
BaHa cucrtemara ca Mackey-Glass, nenara Ha
eIIeKTpUYecKaTa €Heprusi, MeceuHus Opou

crpHYeBH NeTHa, River Flow u pena Ha qHeBHU-
Te Temmneparypu. CrpsmMo ApYyruTe aaroOpuTMH
[11] moka3Ba Haii-Hucka RMSE.

3AKVIIOYEHUE

HeszaBucuMo oT mpuiaraHusi MareMaTU4eH
amapar, U3roTBSIHETO Ha “TIpe/icKa3zaHue’” 3a Bpe-
MEBH CEpHH BHHATH IIIE € B 00JIacTTa Ha MPOTHO-
3UTE U LIE € CBBbP3aHo ¢ rpemku [3-5]. [locneanu-
T€ TEHJEHIIUU Ca CBBP3aHU C U3BJIMYaHE Ha BCe-
BBH3MOKHU CTATUCTUYHHU BEIMYMHU HA BPEMEBUTE
penoBe. Te oT cBos cTpaHa OuBaT MoJaBaHU Ha
CJIO>KHU ¥ KOMILJIEKCHH aJITOPUTMH C TTOMOIIITA Ha
KOMTO ce TeHepuwpa mporHosara [4-7]. OOmoro
MHEHHE Ha MOBEUYETO aBTOPH, € Ye HsIMA YHUBEP-
CaJTHO pellleHHe 32 BCHYKU TUIIOBE BPEMEBU PEIO-
Be. [1o ckopo chllecTBYBaT NOIXOASAIIN CTPYKTY-
PH U QJITOPUTMHU, KOUTO CE CHPaBST Mo-100pe mpu
OTpeieie ! YCIoBus OT pyru [3, 7, 8, 9].

BJIAT'OJAPHOCTH
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Abstract

The report presents simulation studies of the model of a DVB-S2 system with a Gaussian channel for connection at
different values of the signal-to-noise ratio in Matlab. The number of errors Errorl and Error2 is presented as well as
the received signal constellations for received QPSK signal constellations at values of the parameter different values of
SNR at constant power of the transmitted signal, respectively P1 = 3W, P2 = IW, P3 = 0.5W and P4 = 1.5 W.
Decreasing the SNR value increases the effect of noise on the received signal and scattering the vector constellation.

This leads to a greater number of errors.

Keywords: DVB-S2, Simulation Matlab, QPSK signal, SNR.

BBBEJIEHUE
DVB-S2 e BTopoTo noKkojeHrue cTaHaapT 3a
uudpoBo  BuAeopasnpbckBaHe. Cucremara

MPEACTABISIBA CHBPEMEHHO pElIeHUE 332 KOJHU-
paHe Ha kaHanu. Cxemarta 3a KOJAUpaHE Ce OC-
HoBaBa Ha oOemuHsBaHe Ha LDPC (mpoBepka
Ha 4YeTHOCTTa ¢ HHUCcKa IbTHOCT) 1 BCH ko-
noee. LDPC xopoBeTe, MoraT a IOCTHTHAT
M3KJTIOYUTETHO HUCKHM HUBA Ha TPEIIKU B OJH-
30CT JI0 KalaluTeTa Ha KaHala ype3 U3IM0JI3Ba-
HE Ha aJITOPUTHM 3a UHTEPATUBHO JIEKOIUpPAHE
¢ Hucka cioxHocT. Brammante BCH konose
Ce U3MOJ3BaT 3a KOPUTHpPAHE Ha CIy4dailHU
rpemku, nonycHatu ot LDPC nexoxepa [1, 2,
3,5, 10].

Konosere nHa xananute 3a DVB-S.2 ocury-
psIBaT 3HAUYMUTENIHO YBEJIMYaBaHE Ha KarlaluTe-
Ta Hag DVB-S nipu cbimmTe yciaoBus Ha mpe-

JaBaHEe W MO3BOJIIBAT paboTa 6e3 rpemku (ue-
CTOTa Ha Ipeliky B nakera nox 10-7) npu oxo-
70 0.7 dB no 1 dB ot orpannuenuero Ha Ille-
HOH, B 3aBHCHMOCT OT peXHMa Ha IpeJaBaHe

[3,5,8,9].

CUHTE3UPAHE HA
CUMYJIAIIMOHEH MOJEJI B MATLAB
B Matlab cpena cme mMozenupaiu OCHOB-
HUTe OJIOKOBE Ha KaHaia 3a Bpb3ka - BCH ko-
nepa, LDPC kogepa, interleaver (pasmecrtBa-
HE), MOAyJaTopa, KaKTO U TEXHUTE aHaJIO3U B
IIPUEMHMKA, cbIylacHO cTanaapra DVB-S2. Ha
¢ur.1 e mpencraBeH cUMYyJAllIOHEH MOJEN Ha
u¢poBa TEIEBU3MOHHA CHCTEMa M0 CTaHIApT
DVB-S2 3a cumynanimoHHO U3CieIBaHEe B IIPO-
rpamuaust Moyt SIMULINK (Matlab).
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@ue. 1. Mooen na DVB-S.2 cucmema

Mopenst Ha DVB-S2 npencrasnsBa ych-
BBPILIEHCTBAH BapUaHT HA CXeMa 3a KOAHpaHe
Ha KaHAJIM, U3I0JI3BaHa BB BTOPO MOKOJICHUE
CTaHIapT 3a IUGPOBO BUICOPA3NPHCKBAHE
(DVB-S.2). Cxemara 3a KOAMpaHE CE€ OCHOBA-
Ba Ha MOCJIEIOBATEHOCT OT Bpb3ku Ha LDPC
u BCH xonose [4, 6, 7].

Konosere na kanamute 3a DVB-S2 ocury-
psBaT MO-TOJSAMO yBEIMYaBaHE Ha KamaruTe-
Ta, cpaBHeHO ¢ DVB-S npu cemure yciaoBus
Ha IpeJaBaHe U MO3BOJIABAT paboTa Oe3 KBa3u
rpeniky (4ecToTa Ha TPEHIKU MpU MaKeTH MOoJ
10-7) mpu okozo 0,7 dB no 1 dB ot rpannyna-
Ta croitHocT Ha IllaHoH, B 3aBUCMMOCT OT Ha-
YiHA Ha IpeJaBaHe.

Mopenst chabpxa BCH enxoaep, LDPC
eHKoJiep, interleaver, MmomynaTop, KakTo M TeX-
HUTE aHAJIOTMYHU B MIPHEMHATa CTpaHa OJ0KO-
Be€, ChriacHo cranaapta DVB-S2.

DVB-S2 mozenst B Moayna SIMULINK
TpsiOBa J1a M3M'BJIHIBA MOCIIEIOBATETHO (DYHK-
LHUOHAIHUTE ACHUCTBUSL:

e ['enepupane Ha BBFRAME or ciyyaen
CUTHAT;

e BCH koaupaHe - KOIUMpaHE Ha BCUUYKU
napametpu 1 HopmasiHa FECFRAME;

e LDPC komupane - kogupaHe Ha BCUYKHU
napamerpu 1 HopMainHa FECFRAME;

e Interleaving (pa3mecTBaHe Ha MOCIEIO-
BaTEITHOCT OT OMTOBE OT PEIOBE B KOJIOHH);

e Moaynamus (QPSK wm 8PSK);

e AWGN(AnutuBeH Oss1 TaycoB IIyM) -
MOJIeTTUpaHe KaHaJIH;

e Soft-decision demodulation - Bug merto-
1M 3a JeKOAWpaHe, MPU KOUTO C€ W3IMOI3BaT

QITOPUTMHU 32 JCKOJUpaHe HAa JaHHU, KOJIUpa-
HU C KOJI 32 KOPUTHUPAHE Ha TPEIIKY;

e Deinterleaving (Bb3cTaHOBSBaHE Ha TIO-
CJIEZIOBATEITHOCT OT OUTOBE OT KOJIOHU B PEZIOBE);

e LDPC pexonupane ¢ momolna Ha ajiro-
PHUTHM 3a NpeaBaHe Ha CbOOILECHUS;

e BCH nexonupase;

e BBFRAME unbuffering.

B crpykTypaTta Ha Mozena ChIIO0 Taka UMa
u OJoKOBe 3a OpOoeHE W M3BEXKIaHE Ha TpPeIl-
kute B maketutre, LDPC OuToBHTE TrpelIku,
otHomeHruero curHan/mym - SNR (Signal to
Noise Ratio) Ha xanana 3a Bpb3ka. ChIllo Taka
MMa BKJIIOYEH JHCIUICH 3a BU3yallu3UpaHe Ha
M3KPUBSIBAHUSTA HA MPEIaBaHUs CUTHAI B Ka-
HaJja.

PE3YJITATU OT CUMYJALIMOHUTE
N3CJIEJIBAHUS HA MOJEJIA HA DVB-
S2 CUCTEMATA

[Ipu crapTupaHe Ha cuMmyJjanusTa ce BU-
3yajqu3upa Ch3BE3AUETO HA MOJYUYECHUS] MOIY-
JUpaH CUTHal. BposAT Ha IpeurHo mnpueTuTe
outoBe Ha LDPC curnana (JIMHEEH KOJ C KO-
PEKIMS Ha TPEIIKK) U OpOST Ha TPEIIHO TpHe-
TUTE TAKETUTU C€ TMOKAa3BaT OT OposYMTe Ha
TPEUIKM U aKTyalu3upaT HENpeKbCHATO BbHB
BpPEMETO.

®ur. 2 nokas3sa u epexkruBHocTTa HA LDPC
KOJI0BETE IpH n3non3Banyu napamerpu: QPSK,
ckopocT 72, Es/No = 1dB u 50 urepauuu npu
nexogupanero. M mpu mo-Manku CTOWHOCTH
Ha SNR, LDPC pexomepbT psaKo AOMycKa
rpenika. Pa3npbcHATOTO Ch3BE3AME HArJIEAHO
MOKa3Ba KOJIKO IIyMEH € KaHaJja.
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Axo croiiHocTTa Ha Es/No ce Hamanm, Ha-
npumep 10 0,5 dB, crenenra Ha rpermku B Ou-
ToBere Ha LDPC me O0bxe MHOro Io-rojisma.
ToBa € B CbOTBETCTBHE CbC CTPBMHU KPUBHU Ha
edextuBHOCTTa HA LDPC KonmoBere.

Quackature Ampltutz

3 2 3

=i ] i
In-phase Amplituds.

@Due. 2. Ilpuemo QPSK cuenanno cv3gezoue npu
SNR=10 dB

B tabmumu 1, 2, 3 1 4 ca mokazanu pe3yJ-
TaTd OT WU3BBPIICHH CUMYJIAIMOHHU H3CIEA-
BaHuA Ha mojzena Ha DVB-S.2 cucrema ¢ 'ay-
COB KaHaJl 3a Bpb3Ka MPHU PA3TUYHU CTOMHOCTH
Ha OTHOILIeHHeTo curHan/mym. IlpencraBeHu
ca Opost Ha rpemkure Errorl u Error2 xakro
Y TIOJTyYEHUTE CUTHAIHU CHh3BE3/IUS 3a pa3ind-
HU cToiiHOcTH Ha SNR npu moctosiHHa MoII-
HOCT Ha TpelaBaHUsl CUTHAJ, CBHOTBETHO
P1=3W, P2=1W, P3=0.5W u P4=1.5W. Hama-
nsiBaHeTo Ha crorHoctTta Ha SNR Bomu a0
yBeIMYaBaHE Ha BIMSIHHETO Ha IIIYMOBETE
BbpXY NPUETHS CUTHAN U pa3ceiiBaHE HA BEK-
TOPHOTO Cbh3Be3/ue. ToBa BOAU 10 HAJTUUHUETO
Ha MO-TOJIsIM OpOH rpenIKy.

Tabauua 1. [lpuemu QPSK cuenannu cv3ee3ous npu
cmotinocmu Ha napamemvpa SNR om 10dB 0o 5.2dB
npu nocmosna Pl na npedasanus cuenan no kanaia 3a
eépv3ka Pl = 3W
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Tabauya 2. [lpuemu QPSK cuenannu cv3ge30us npu
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OTHOILICHUETO CUTHAI/IIYM NpPU Pa3IUYHU
CTOMHOCTH Ha MOIIHOCTTA Ha MpeAaBaHUs CU-
rHaiu P.
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Mexay 2 u 3 dB e nuHeliHO HamaIsIBaIIo.
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3AKVIIOYEHUE

Ot mosyuenure pesyiaratd Ha ¢ur. 3 ce
YCTaHOBSIBa, 4e ¢ HapacTBaHe Ha SNR 3aBucu-
MocTuTe | 3a asere MomHoctd (3W u 1W) ca

AQHAJIOTUYHU U EKCIOHEHIMAIIHO HaMaJlsiBaIlu
C pasznuka B HEOOXOAMMOTO OTHOIIEHUE CHU-
rHar/mym ot 4,8 dB. 3aBucumoctute 3a
Error2 B camoTo Havalio ca JIMHEHHH.

Ot cpaBHsiBaHEe Ha rpaUUHUTE 3aBHCUMO-
CTH, MOKa3aHu Ha ¢ur. 3 u 4, ce yCcTaHOBsIBa
pa3IMYHUAT XapakTep Ha HaMalsBaHE Ha
croiiHocTuTe Ha rpemkute Errorl u Error2
IIPU Pa3IMYHU MOIIHOCTH HA NPEIaBaHUS CHU-
THaJI, KaTO MPH MO-MAJIKK MOIIHOCTH 3aBUCH-
moctTa Ha Errorl e nmHeWHO HaMmagBalia.
IIpy mo-Manku CTOMHOCTH, HE3aBUCHMO OT
MaJIKUT€ CTOMHOCTM HAa OTHOIICHUETO CH-
rHa/mryM, e€peKTUBHOCTTa W Ha JBaTa BHJA
KOJIMpaHE W MHOTO TOJsIMa, KaTo B KPaeH pe-
3yJTaT Ce MOJy4aBaT HyJIEBU IPELIKH.

VcranoBsBa ce, Ye HaMaJIsIBAaHETO Ha CTOM-
HoctTa Ha SNR Boaum 10 yBenuuaBaHe Ha
BIIMSHUETO Ha LIYMOBETE BBPXY INPUETHS CHU-
THaJI U pa3ceiiBaHe Ha BEKTOPHOTO Ch3BE3JIUE.
Tosa oOycnaBsi HATUYUETO HA TMO-TOJISAM OpOi
TPEILKH.

BJIATOJAPHOCTH

To3um moKiaj M W3CIEABAHUATA B HETO ca
peanu3upaHu Mo MpoekT ,.Pa3zpaborka u u3-
clle/iBAHE HA WHOBATHBHU HWH(OPMAIMOHHO-
0a3upaHu MOJYJIM M CUCTEMH 32 KOMYHHKAIUU
B UnTtepHer Ha Hemata (1oT)”, norosop 1910E
/2021 r. xbm YHHUT npu TY — I'abpogo.
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Abstract

In this paper, robustness analysis of SD watermarking algorithm in IS mapping using COMB filter has been
performed. The first part of the paper describes SD algorithm for inserting and extracting a watermark into an image.
After that, conversion of the image has been performed. Converted image with inserted watermark into audio signal
was filtered with COMB filtering. The second part of the paper presents an experiment in which robustness of the Schur
algorithm in relation to COMB filtering has been tested. The COMB filter has been realized with scaling factor o. and
the delay length K. The obtained results were analyzed using objective (MSE and SSIM) and subjective (visual quality)

quality measures.

Keywords: keywords, keywords, keywords, keywords, keywords, keywords, keywords.

INTRODUCTION

The rapid development of modern
information and communication technologies
has enabled a fast and intensive exchange of
multimedia content. Also, the intensive
development of software packages enables
easy and fast downloading, editing of audio
contents. However, this situation also affects
malicious users, which leads to problems
related to copyright protection. [1] - [3]. In
order to solve the problem of copyright
protection and proving the ownership of
multimedia content, the principle of inserting
hidden data is used. Inserting hidden digital
data is called watermarking [4], [S]. The basic
features of a digital watermark are
insensitivity, robustness, capacity, non-
inversibility and the ability to provide secure
proof of ownership. [6]. A watermark can be:
a) visible and b) invisible. An invisible
watermark is inserted invisibly into another
image so that it does not distort the visual
characteristics of the image and can be
extracted later for the purpose of proving
copyright [2]. Many complex transformations
are used to insert a watermark into an image,
such as DCT [3], [7] (engl. Discrete Cosinuse

Transform), DWT [6], [8] (engl. Discrete
Wavelet Transform), SVD transformation [2],
[7], [8] (engl. Singular Value Decomposition)
and Schur decomposition (engl. Schur
Decomposition, SD) [9], [10].

During digital processing, it is possible to
translate the sound into an image for the
purpose of visualization and vice versa, to
translate the image into a sound [11]-[14]. The
technique of converting an image into a sound
is called image to sound (IS) mapping (engl.
Image to Sound mapping) [15]-[17], [18].
There are many techniques of converting the
image into the sound [19]-[21].

The authors of this paper came up with the
idea to test the algorithm for inserting a digital
watermark so that after inserting the
watermark, the image will be IS mapped in
order to obtain an audio signal. The SD
watermarking algorithm based on Schur
decomposition was wused to insert the
watermark into the image. [9]. A Comb filter
was applied over the audio signal, after which
the audio signal was converted by an inverse
method into an image from which a digital
watermark was extracted. The robustness of
the SD algorithm was tested by objective MSE
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and SSIM, subjective (visual quality testing)
quality measures.

The paper is organized as follows: SD
algorithm for insertion and extraction of digital
watermark and Comb filter are presented in
section II. Section III describes the experiment
and presents the results. The conclusion is
given in section IV.

ALGORITHMS

A. Shur decomposition
Schur decomposition applied to matrix 4 as
a results returns two matrices, matrix U and D:

A=UxDxU", (1)

where U is a unitary matrix, U'is a transposed
matrix, and D is an upper triangular matrix.
Two significant characteristics of the unitary
matrix U that refer to the elements of the first
column are: a) all elements are of the same
sign and b) their values differ slightly [9].
Analysis of a large number of images and their
Schur matrices in the transformation of blocks
dimensions 4 x4 showed that the strongest
correlation between the elements w21 and u3;
[9] therefore inserting of the watermark could
be performed by modification of these
elements.

B. SD algorithm
The SD algorithm for watermark insertion,

proposed in [9], is based on Schur
decomposition and is performed in the
following steps:

Input: original image Awmxy, Binary

watermark Wwzxnz, block dimension AMp X Np.
Output: Watermarked image A,.
Step 1: The dividing the original matrix 4
dimensions XxY is performed on blocks

Hwxnp, where X =[ M /M, | and Y =[ N/ N, |.
Step 2: Applying the Schur decomposition
over blocks H:
H,,=U, xD_xU/, (2)

where U represent unitary matrix, D uper
triangular matrix and 1<i<[M/M,]| and

I<j<[N/N,].

Step 3: Elements u>; and u3; of each block
of matrix U are modified to obtain a modified
block U" in accordance with the information of
inserted binary watermark W.

Watermark insertion is performed in
accordance with the (3) and (4). The binary
watermark W is inserted by a modification
made between the second element (u2,) and
the third element (u3,1) in the first column:

Z’1'21 :Sign(MZI)*(Uavg +T/2)
w,=Ly 7 ’ , (3
u'y, = szgn(um) *(Uavg -T/2)
u'y, =sign(u, )*U,, —T/2)
w, =04 MR e . @
”'3,1 = Slgn(u3,l)*(Uavg +T/2)

where sign(x) represent the sign of x and
Uavg = (|u2,1 | + |u3,1 |) / 2 ’
value of x.

Step 4: Reconstruction of the block with
inserted watermark:

x| represent absolutely

H,,=U, %D, xU/, (5)

Step 5: Creating the image with the
watermark 4,, from the blocks H".

SD algorithm for watermark extraction is
performed in the following steps:

Input: 4,- Watermarked image, MyxN) -
block dimension.

Output: W'yxn. - reconstructed binary
watermark.

Step 1: Dividing of matrix 4,, dimension
XxY on blocks H'wpxne 1s performed,
where X =[M /M, [ and Y =[ N/N,].

Step 2: Applying the Schur decomposition
on the blocks H".

H,;=U, ;<D ;x(U, )", (6)

where U represent unitary matrix, D' represent
upper triangular matrix and 1<i<[M /M, |

and 1< j<[N/N,|.

Step 3: Watermark bit extraction bw' from
the matrix D':
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0, if u',,>u'
W'. 4 :{ 2,1 3,1 ’ (7)

. 1 1
L, if Uy, Su'y,

Step 4: Creating the watermark W' from od
extracted bits w;;'.

The effect of the Comb filter was realized
by applying the filter shown in Fig. 1 [14].

p—

Delay >

x[n] ‘;O—)y[n}

Fig. 1. Block diagram of the Comb filter

EXPERIMENTAL RESULTS AND
ANALYZE

A. Experiment

For the purpose of testing the influence of
Comb filter filtering on the robustness of the
extracted digital watermark in IS mapping, the
following experiment was performed:

Input: X-Image Cameraman, W-digital
watermark, T — watermark inserting
coefficient, My xNp. block dimensions.

Output: V. — extracted digital watermark.

Step 1: Using the SD algorithm, a digital
watermark was inserted into the image.

Step 2: The image with the watermark is
transformed into the audio signal, x.

Step 3: A Comb filter was applied to the
audio signal with the inserted watermark x,
with with a scaling factor o (0 <a <1) and the
delayed signal, delay length K, varied in range
(1<K <20).

Step 4: From the signal, over which the
Comb filter was applied, y, using the
algorithm shown in section II the audio signal
is transformed into an image Awn.

Step 5. From the image Awny a digital
watermark has been extracted.

Step 6: A comparative analysis of the
extracted digital watermark was performed
Wen with original watermark W by applying
objective quality measures.

For an objective quality measurement, the
mean square error was applied:

S (WG, )W, G0))

MSE = =L/2! TN , (8)

and Structural symilarity index:

D (W)W, G.1))
SSIM = ——12 9)

Ji W) Ji(%a,mz

M:

Jj=1 J=1

The Comb filter is described by the
difference equation:

y(n):x(n)+a~x(n—K) (10)

where o (0 <a <1) is a scaling factor applied
to the delayed signal, K is the delay length
(measured in samples, 1 <K <20).

The z transform of of the equation (10)
yields:

Y(z)=(1+az ™) X(z) (11)
The transfer function is defined as:

H(Z):%=1+OCZ_K =ZKZ:a

(12)

Amplitude characteristic |H| is calculated in
the z-plane on the circle » = 1.

N i

WA N\ \/, M

AV -l
B a

Fig. 2. Amplitude characteristics of Comb filter
for:a) K=10anda =1, b) K=20and o =1, ¢)
K=10and o =0.1 and d) K =20 and a. = 0.1.
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In the experiment image Cameraman
dimension 256 x 256 is used (Figure 3.a) in
which a digital watermark dimension 64 x 64
was inserted. Watermark is specially generated
for the purposes of the experiment (Figure
3.b). The watermark was generated by
randomly generating 50% of black and 50% of
white pixels. The image is translated into the
sound. The sampling frequency of the obtained
audio signal is Fy= 16 kHz. Filtering with a
Comb filter was performed with a scaling
factor a (0<a <1) and the delayed signal,
delay length K, varied in range (1 <K <20).
The watermark was inserted using the SD
algorithm for insertion and extraction of the
watermark, with the coefficient insertion 7= 0.01.

Amplitude characteristics of Comb filter is
presented in figure 2: a) K=10 and aa =1, b)
K=20and a=1,c) K=10and o =0.1 and d)
K=20and o =0.1.

a)
Fig. 3. Images used in the paper: a) Lena, and b)
Watermark.

B. Results

Realization of experiment resulted with:

a) in fig. 4. the appearance of the image
obtained from the signal over which the Comb
filter was applied, has been presented, with the
scaling factor a and the delayed signal K: a)
K=1 and a=0.1, b) K=1 and a=1, ¢)
K=10 and a=0.1, d) K=10 and a=1, ¢)
K=20and a=0.1 and f) K=20and a = 1.

b) in fig. 5. the appearance of the extracted
watermark from the signal over which the
Comb filter was applied, has been presented,
with the scaling factor o and the delayed signal
K:a)K=1landa=0.1,b) K=7/and a=1, ¢)
K=10 and a=0.1, d) K=10 and a=1, ¢)
K=20and a=0.1 and f) K=20and a = 1.

c) in fig. 6. is presented MSE for extracted
watermark (insertion factor 7=0.01), and
varied the delay length K (1 <K <20), and
averaged for scaling factor a. In fig. 7. is

International Scientific Conference *

presented MSE for extracted watermark
(insertion factor 7=0.01), and varied the
scaling factor 0 <a <1, and averaged for
Delay length is set on value K.

d) in fig. 8. is presented SSIM for extracted
watermark (insertion factor 7=0.01), and
varied the delay length K (1 <K <20), and
averaged for scaling factor a. In fig. 9. is
presented SSIM for extracted watermark
(insertion factor 7=0.01), and varied the
scaling factor 0<a <1, and averaged for
delay length is set on value K.

€)
Fig. 4 Visual appearance of image after applying the Comb

filter for:a) K=1and a=0.1,)) K=1anda=1,¢c) K=10
anda=0.1,d) K=10and o =1, ¢) K =20 and o = 0.1 and

HK=20ando=1.
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Fig. 5. Visual appearance of extracted watermark
(T = 0.01) after applaing the Comb filter: : a)
K=1landa=0.1,b) K=1ando=1,¢c) K=10
anda=0.1,d) K=10anda =1, e) K =20 and
oa=0.1andf) K=20ando = 1.

0.5
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Z 46t
045t
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(23

Fig. 6. Diagram of MSE for extracted watermark

(T = 0.01), averged for the delay length K (1 <K <20).

0.47

046
L0457

0441

0.43
0 5 10 15 20

K
Fig. 7. Diagram of MSE for extracted watermark
(T = 0.01), averged for scaling factor o. (0 <o, <1).

0 02 04 06 08 |
Fig. 8. Diagram of SSIM for extracted watermark
(T = 0.01), averged for the delay length K (1 <K <20).
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(23
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K

Fig. 9. Diagram of SSIM for extracted watermark
(T = 0.01), averged for scaling factor a. (0 < a
<1).

C. Analyze of the results

Subjective comparative analysis of the
visual quality of the extracted watermarks
presented in fig. 5. (insertion coefficient 7 =
0.01) cannot show the significance of
degradation of the extracted watermark.

Objective analysis was conducted based on
the MSE results shown in fig.6. and fig.7., and
SSIM shown in fig.8. and fig.9. The analysis
of the results concludes that after applying the
Comb filter to the audio signal, the quality of
the extracted watermark is poorer for higher
values of the delay length K. Higher values of
scaling factor a causes higher values of MSE,
extracted watermark is with lower quality.
Based on the results (SSIM) shown in fig.8.
and fig.9. it can be concluded that after
applying the Comb filter to the audio signal
the quality of the extracted watermark is
poorer for higher values of the delay length K.
Higher values of scaling factor a causes lower
values of SSIM, extracted watermark is with
lower quality.
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CONCLUSION

In this paper is analyzing the robustness of
the SD watermarking algorithm in IS mapping,
on the Comb (audio signal) filtering. Comb
filter was performed with a scaling factor a
(0 <a <1) and the delayed signal, delay length
K, wvaried in range (1<K<20). The
watermark was inserted using the SD
algorithm for insertion and extraction of the
watermark, with the insertion coefficient
T=0.01. After a detailed objective (MSE and
SSIM) and subjective (visual quality) analysis
of the extracted watermark, it was concluded
that the quality of the extracted watermark is
poorer for higher values of the delay length K.
Higher values of scaling factor a causes higher
values of MSE, extracted watermark is with
lower quality. Higher values of scaling factor
o causes lower values of SSIM, extracted
watermark is with lower quality.
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Abstract

The first part of the paper describes an algorithm for estimating the fundamental frequency of a speech signal using
the autocorrelation function. The fundamental frequency is determined based on the position of the maximal component
of the autocorrelation function. Due to the discrete structure of the autocorrelation function, an estimation error
occurs. The second part of the paper describes an algorithm for estimating the fundamental frequency in which
parametric convolution with a 1P Keys kernel is applied. The last part of the paper presents the results of an
experiment in which the optimal parameters of the 1P Keys kernel for some classical, time symmetric, window functions
were determined. Comparative analysis of the results showed the high precision of the proposed algorithm.

Keywords: Fundamental frequency. Parametric Convolution. Convolution kernel. Speech signal.

1. INTRODUCTION

With the intensive development of the
information technologies, the possibilities for
wide implementation of Digital Signal
Processing (DSP) have drastically increased.
In this way, it is possible to archive a large
amount of data, as well as their transmission
via communication systems [1]. Among other
things, DSP systems are used in the processing
of the audio, speech and music signals, image
and video signal processing [2].

In Digital Speech Processing, intensive
work is being done on the development of
algorithms for: a) speaker recognition, b)
semantic speech recognition, c) speaker health
analysis, d) language recognition, e€) speech
extraction from the background noise, f)
dereverberations, d) echo suppression, h)
speech signal quality corrections, etc. [1,3].
Modern information systems are applied to
music, starting from composing, performing,
archiving, to transferring music material over
the Internet, etc. [4]. In addition, analyzes and
evaluations of certain parameters of musical
instruments are performed. By analyzing the
work of musical instruments and forming its

model, virtual musical instruments are created
that sound to a large extent like the original
[5]. Algorithms for analysis of the music
signals are current, as well as information
systems in which they are implemented, for: a)
detection of instruments and timbre colors, b)
note onset time detection, ¢) recognition of
chords and their transcription, e) beat and
rhythm, f) isolation and transcription of solo
and bass lines, d) Singing Voice Extraction,...

[6].

Many of the mentioned algorithms are
based on the estimation of the fundamental
frequency, Fo, audio and speech signal. A
number of algorithms for estimating Fo have
been developed. Analyzes are performed in: a)
time-domain (TD) and b) frequency-domain
(FD) [7]. The time domain estimation
algorithms are based on the analysis of time
waveforms. If the waveform of the signal is
periodic, then the period can be observed and
Fo can be estimated on its basis. The TD
algorithms intensively uses autocorrelation
functions [8] to detect the pitch period. In [7],
an algorithm, called the YIN algorithm, where
the estimation is performed using the
autocorrelation function (ACF), was proposed.
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The ACF of a discrete periodic signal is a
discrete and a periodic function [11]. The ACF
components have a time interval witch equal
to the sampling time periods, Ts, of the signal.
Determining the period of the discrete signal
implies locating the first, dominant peak, at the
ACF. Then the fundamental frequency is equal
to the reciprocal of the time shift of the peaks
in relation to the beginning of the ACF. Here,
the problem of estimating of the fundamental
frequency arises when the actual dominant
peak of ACF is not located on an integer
product of Ts, but somewhere between two
adjacent components with the highest energy.
In this case, estimation of the position is
performed by selecting the position of the peak
and, thus, a significant estimation error Fjo
occurs. The estimation error reduction can be
done by applying an interpolation algorithm.

This paper describes the algorithm for
estimating the Fo of the speech signal using: a)
autocorrelation function and b) parametric
cubic interpolation.  Interpolation  was
performed using a 1P Keys kernel [9]. An
experiment, in which some standard, time-
symmetric window functions (Hamming,
Hann, Blackman, Rectangular, Kaiser and
Triangular) are modified: a) specially designed
audio test signal and b) speech signal, is
described. After that, an estimate of the Fo was
performed, the MSE was defined and
determined, and, based on it, the optimal
values of the aopt kernel parameter for various
window  functions  were  determined.
Comparative analysis determined the window
function with the lowest MSE. The efficiency
of the proposed algorithm, by comparative
analysis with the results of the Fo estimate
based on finding the ACF maximum, was
determined.

The further organization of this work is as
follows. Section 2 describes the fundamental
frequency estimation error. Section 3 presents
an algorithm for estimating the fundamental
frequency using an autocorrelation function.
Section 4 describes the experiment, presents
the results, and performs a comparative
analysis. Section 5 is the conclusion.

2. ESTIMATION Fo USING
AUTOCORRELATION

Correlation is a measure of the similarity of
two signals. It is defined as the similarity of
one signal at time k and another at time & + m.
In this case, the correlation function is cross
correlation. The autocorrelation function is a
measure of the similarity of the same signal at
time k£ and at time k + m. For a discrete signal
x(n), whose length is N, an autocorrelation
function is defined by [11]:

1

corr = %Z x\n

n=

n+m m=0,1,2,... (1)

In fig. 1.a the Speech test signal x(n) is
shown. Its autocorrelation function rcorr is
shown in Fig. 1.b. The waveform of x can be
complex and unsuitable for determining
periods. The autocorrelation function rcorr is
more suitable for calculating the signals
period. In fig. 1.b the position of the maximum
of the autocorre