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ANALYSIS OF METHODS FOR CALCULATING ELECTRIC
CIRCUITS WITH DISTRIBUTED PARAMETERS
AND INTERPHASE CONNECTIONS

Lobodzinskiy Vadim

Igor Sikorsky Kyiv Polytechnic Institute

Keywords: distributed circuits, transients, calculation methods, opera-

tor method

Calculation and prediction of tran-
sient electromagnetic processes is not
an easy task. Transient occurring in
multiphase electric circuits with con-
centrated and distributed parameters
require in-depth study. In addition,
this task is static, which requires con-
sideration of a large number of vari-
ants in which different factors and
their combinations change. Consider-
ing such tasks and bringing them to a
technical solution is not always pos-
sible without the use of modern com-
puting tools. The use of computer
simulation is an understanding and
interpretation of the results that can
be obtained if you first solve the prob-
lem in a simplified form, which allows
you to bring it to an analytical deci-
sion [1-5].

For the analysis of transients in
multiphase electric circuits with dis-

tributed parameters, different meth-

ods of representation are used in
Fig. 1.

Analysis of methods: mathemati-
cal modeling, physical modeling, sta-
tistical, computational-statistical and
experimental approach shows that
these methods allow to investigate
physical phenomena occurring in the
electric circuit, but it is not always
possible to generate the necessary re-
sults. A number of difficulties are as-
sociated with the implementation of
full-scale models in practice, which
are related to specifications and finan-
cial costs.

In the calculation methods: opera-
tor, numerical, frequency, Fourier,
Dahlumber’s, based on the study of a
mathematical model of three-phase
circle with distributed parameters, in
all cases the coefficients included in
the equation are determined by the

parameters of the substitution scheme,

5
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«Methods for the study of electromagnetic transients» figure 1

which are either experimentally or by
calculation constructive data, which is
not always possible.

The operator method is the most
efficient method of obtaining solu-
tions, since it does not need to take
into account the sequential obtaining
of series coefficients, and therefore
the accuracy of this method does not
depend on the orthogonality of eigen-
functions.

The solution of this method can be
represented as forward and reverse
waves. To obtain the original by the
decomposition theorem it is neces-
sary to determine the spectrum of
natural frequencies. When solving
problems requires a mandatory re-
cording of the entire image, which

leads to an increase in the amount of

calculated data. The operator method
allows you to automatically take into
account initial and boundary condi-
tions.

Considering the methods of study-
ing electromagnetic transients, it is
concluded that for calculation of tran-
sient voltages and currents in mul-
tiphase electric circuits, the most ap-
propriate is the use of calculation
methods. These methods allow to in-
crease the accuracy of the results of the
calculation of transients, which re-
quires in some practical cases to aban-
don the assumptions of line symmetry
and to develop methods of calculation
of transients in asymmetric modes.

Jlitepatypa

1. Jlo6omsuucekuit B.IO. Ilepexinui npo-
Liecu B IPeACTaBIeHNX 6araToIoIIoc-
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HMKaMU TpyasHUX KOJaxX i3 posnopi-
JIeHMMI TTapaMeTPaMM Ta eIeKTPOMar-
HiTHUMY 3B’ 13KaMM. [IVIC.... KaHJI. TEXH.
Hayk. Kuis, 2019. c. 145.

. LA. Kurylo, V.P. Grudska, L.Yu. Spi-
nul, M.A. Scherba. Calculation of
transient processes in linear electric
circuits with lumped and distributed
parameters: Tutorial. - K.: NTUU
«KPI», 2016. - 241 p.

. TeopeTwyHi OCHOBM €/IeKTPOTEXHIKM:
Mipgpyunuk: ¥ 3 1. / B.C. Boiiko, B. B.
boiiko, 0. ®. Bugono6, I. A. Kypuro,

B. I. IllexoBoB, H. A. IllugnoBchbKa.
Kwuis: Ilomitexnika, 2004.- T. 1. -
272 c., 2008.- T. 2. — 224 c., 2013.- T.
3.-244 c.

. TeopeTquCKr/Ie OCHOBBI 93IEKTPOTEX-~

Hukm: B 3-x 1. Jemupusan K.C., Heii-
maH JI.P, Koposkuu H.B., Yeuypun
BJI. CII6.: Ilmrep, 2003. - T. 1. -
463 ¢, T.2.-576c.uT. 3. - 377 c.

. Wedepohl L.M., Welcox D.]. Transient

analysis of underground power trans-
mission systems. Proc. Inst. El. Eng,
1973. vol. 120, Ne2. P. 253-260.
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PROBABILISTIC AUTOMATON IN GAME EVENT

GENERATION

Maiorskyi K.V.
Student

Kharkiv National University of Radioelectronics

Keywords: event, game, scenario, branch, probabilistic automaton, state-

machine, probability, realistic, engaging.

Non-linear game stories or ran-
domly generated events add a good
amount of replayability to games and
have therefore been commonly used
in video games starting from about
the late seventies of the previous cen-
tury [1].

The application of non-linearity of
the story and in-game events usually
boils down to an extensive state-ma-
chine with different branches of
events that depend upon the choice
the player makes during gameplay.

The pros of such approach are ob-
vious — game designers can complete-
ly control all the game events or sto-
ries and can ensure they are engaging
and in general ‘make sense’ Such ap-
proach is also very easy to implement,
debug and balance because there’s still
a quite limited number of possible
game walkthrough paths that can be

taken.

If we take a different approach and
decide to generate story or events in
the game completely randomly, it’s
very difficult to keep the world from
becoming unrealistic and to build an
engaging narrative.

A possible solution that may fit cer-
tain games well and take the best prop-
erties from both approaches is the use
of probabilistic automaton [2,3].

Suppose we want to create a game
about journalism, and we want the
player to be confronted with daily
events and choices whether or not to
report those events and in which
manner to do that reporting.

If we use a linear approach, it won’t
be interesting to play that game more
than once because all sequences of
events will repeat themselves, at the
same time it will be quite easy to build
a narrative and sequence of events

that are realistic and engaging.

8
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If we follow a non-linear approach
using a state-machine with a big vari-
ety of branches - it's a much better
solution, but the set of possible expe-
riences players will get is still limited
because same choices will lead to
same outcomes.

Using probabilistic automaton, we
can define a large variety of events
and possible branches from them and
make the outcomes of previous events
influence future events, but in a non-
deterministic way. For a start, we will
need a set of world variables repre-
senting different world entities, their
states and relationships. For example,
we can define a number of countries,
their power and relationships between
one another. Then we pre-set a ge-
neric list of scenario units that are
comprised of events. For example,
scenario #1 says that ‘Country A shots
down a jet of country B in neutral
waters. This scenario is basically a
tree with different branches of sub-
events, which may include the reac-
tion of the attacked country, the
world’s reaction, etc. There are hun-
dreds of such preset scenarios and all
of them have branches of possible

sub-events as well as required ‘pre-

requisites, simply saying — a country
cannot shoot down another country’s
jet if that other country has no jets,
right?

Now let’s take a look at an algo-
rithm that can be used to create spe-
cific events:

1) When a new day starts, the
game engine estimates which scenari-
os are technically possible and would
make sense/look realistic (e.g. which
countries are currently at war, etc.) by
checking which scenarios pass the
pre-requisite requirements and set-
ting their probability according to the
world’s state variables.

2) The game randomly selects one
of possible scenarios (based on the
probability weight).

3) Having selected a scenario, all
the branches of that scenario receive a
probability score too, which is based
on the world variables. For example,
it's very unlikely Country B will an-
swer with a full-scale war against
country A if the latter is more power-
ful in terms of military capabilities.

4) Then again, a branch is selected
randomly, taking into account its
probability weight, and so on, until

there are no more possible sub-events

9
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in the scenario. At this point the sce-
nario is considered complete and is
displayed to the player.

As a result, the player receives daily
events that look realistic and these
events hardly ever look the same.
Even if the same scenario is chosen, it
can branch out very differently de-
pending on the world state and on the

random factor influencing all events.

References
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PROJECT OF MICROPROCESSOR SYSTEM OF ACCURATE
POSITIONING BASED ON STEPPER MOTORS

Yurko Oksana,

Fourth-year student Speciality «Automation and Computer-Integrated
Technologies» Bohdan Khmelnitsky National university of Cherkasy,

Cherkasy

Due to the rapid development of
the latest technologies, age-old tradi-
tions have lost their popularity. The
masters who were famous for painting
Christmas decorations and Easter
eggs were forgotten. The project rel-
evance is to restore the age-old tradi-
tions in a new way. Designing a color-
ful eggplant device simplifies and
speeds up the ancient, painstaking
process of creating Easter eggs.

The main point of the project is to
use software to control the rotation of
“spheres” together with the position-
ing of a pencil or marker according to
the code generated on the PC based
on the graphic image.

To use this design, you need to find
the image you want, download it to a
special program of operating the de-
vice and specify the required image
size (according to the egg size).

The project purpose is micropro-
cessor system design of accurate posi-

tioning based on stepper motors. The

research object is the process of cre-
ating Easter eggs quickly and easily or
Christmas decorations using a device
based on stepper motors with soft-
ware. The research subject is device
based on stepper motors with soft-
ware, which is used to draw on spher-
ical objects.

The modern manufacturing more
and more goes toward the automa-
tion. The one of the automation ways
is the machine with computer nu-
merical control (CNC). CNC ma-
chine allows to quickly get a comput-
er-designed product, and to make
products much faster and more care-
fully than by hand. Accurate and eas-
ily customized CNC machine allows
to carry out projects which in other
case of using manual technology
would prove unworkable or unprofit-
able.

The microprocessor system of ac-
curate positioning based on stepper

motors is a simple drawing mecha-

11
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Figure 1- Microprocessor system for painting of spherical surfaces

nism that can draw on most spherical
surfaces.

The machine is controlled by two
stepper motors with high torque. The
mechanism of lifting the pen is a quiet
and reliable servos. A power driver is
used to connect stepper motors. A
control card is used to control the
power driver. All machine parts are
made by a printer 3D, it’s reduced the
cost of the creating a microprocessor
system.

The core of the device operation is
that the device perceives, transforms
and generates information from a

computer into G-code. By G-code

people interact with computerized
machines.

The programmed machine moves
the marker according to the instruc-
tions given by the G-code through
certain trajectories to obtain the
drawing according to the predeter-
mined image.

G-code is also used for cutting
technologies such as molding or pol-
ishing tools.

Reference Documents
1. SPHERE-O-BOT [Electronic re-
source]. - 2016. — Access mode: http://
www.zhildv.ru/sphere-o-bot/.
2. Stepper motors and their micropro-
cessor control systems [Electronic re-
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source] // asutpp. — 706. — Access 3. I.Artobolevsky. Mechanisms in mod-
mode: https://www.asutpp.ru/elek- ern technology. - M.: Nauka,
trodvigatel/shagovyj-dvigatel.html. 1970 in Russian).
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VIIK 621.316.1

CUCTEMA ITPAMOI'O KEPYBAHHA CTPYMOM
CTATYHOTI'O CMHXPOHOTI'O KOMIIEHCATOPA

M.W. Byp6eno,

TOKTOP TeXHIYHMX HAYK, Ipodecop

BiHHMIIbKMIT HalliOHa/IbHUI TEXHIYHUIT YHIBEpCUTET
10.B. JTo60oma

BiHHMIIbKMI HalliOHa/IbHUI TEXHIYHUIT YHIBEpCUTET

Ob6spyHmosano memoo npsAmMo20 Kepy8aHHs CHPYMOM CMAMU4H020
CUHXPOHH020 KOMNeEHCAmopa 3 opmyB8aHHAM HeCUHYCOIOHUX CUZHATIIB,
W0 00piBHIOIOMYb PI3HUYI CIMPYMIE HABAHMANEHHS Ma IX OCHOBHUX
2APMOHIK, 3 MEMOI0 KOMNEHCATT 6UULUX 2APMOHIK, 4 MAKOH CUHYCOIOHUX
HeCUMeMPUUHUX CUSHATIIB OTIST CUMEMPYBAHHS CIPYMI6 HABAHINANEHHT,
w0 00360714€ 3abesneuumu pPo30ieHHS KOHMYPi6 KepyBAHHS
PinompysanHs BUWUX 2APMOHIK MA CUMEMPYBAHHS HeNiHIHUX
HecumempuuHux HasanmaxceHv. Kpumepiamu efpexmusrocmi cucmemu
KepyBaHHSA NPUTIHAMO: CyMApHULL KoedilieHm eapMOHIUHUX CHONBOPeHb
CMPyMiB, HECUMEMPUUHICb CIPYMIB, 3HAUEHHS NYNIbCYIOUUX AKMUBHOT
ma peakmueHoi nomyxcHocmetl, AKi iHMe2PAnbHO XAPAKMeEPU3YIMmb
Hecumempilo ma 2apmoHiuHi cHOMBOPEHHS CMPyMi6 i HANpyz 6 nepexioHoMmy
pexcumi. bibn. 8, puc. 4.

KimrouoBi cmoBa: crarmynmit cuuxponHmit komnencarop (CTATKOM),
€JIEKTPUYHI MepexXi, HeCMMETPUYHI HECUMHYCOI[HI peXMMM, CUMETPUYHI
CKJIaJIOBi, BUIIIi FapPMOHIKMN.

Keyword: Static Synchronous Compensator (STATCOM ), electrical net-
works, asymmetric non-sinusoidal modes, symmetric components, higher

harmonics.

ITocranoBka mpo6memn. Ha eneKTpuYHNX Mepexax € OfHiew i3
CbOTOZIHIIIHII IeHb Ipo6IeMa SIKOCTi  aKTya/lbHUX. B 6inbInocti cyyacHux

€JIEKTPUYHOI €Heprii B pO3NOAINbYNX MiJIPUEMCTB BUKOPUCTOBYIOTh

14
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e/IeKTpOOIafHAHHSA, sKe 3HIDKYE SKICTb eeKTpu4yHOi eHepril. Jo Hux
BiJHOCATD: BULIPAM/IAYI, SIKi CIIOTBOPIOIOTH CUHYCOIfHICTh PpopMU CTPyMY Ta
HAIpyTy; IOTY)XHI opHOdasHi emexkTpompuiiMadi, IO CIPUINHIOOTH
BUHMKHEHHA HecuMeTpil HaBaHTaxeHb. lli dakropm npusBogATh MO
3aBYACHOTO BUXOJY 3 JIaZly TEXHO/IOTIYHOTO OOIaHAHHA Ta [0 301IbLIEHHS
BTpPaT €/IEKTPUYHOL €HePril.

OpHuM i3 crmoco6iB TOKpalleHHs SKOCTi e/lIeKTPUYHOI eHeprii €
BCTaHOBJIEHHA NPUCTPOIB AMHAMIYHOI KOMIIEHCAllil peaKTUBHOI IOTY>XHOCTI
TaKUX fAK cTaTN4Hi cMHXpoHHI koMreHcaropu (CTATKOM), mo Bupinryors
KOMIUIEKCHO HV3KY BKa3aHUX IPOOIeM.

IcHye Benmka KiNbKiCTb AK CUCTeM KEepyBaHHSA, TaK i CXeM BUKOHAHHA
cunosoro 6moky CTATKOM [1-3]. Bei ni Bapianii MaoTh sIK IepeBary, Tax i
HEZIOMIKM B MEBHUX PEXMUMax poOOTH pO3NOAimbumx Mepex. [lysxe Benmka
KiZIbKiCTh HAayKOBMX IIpallb IIOB’sI3aHi i3 BIOCKOHa/JeHHAM pOOOTH IUX
npucTpois [4-7].

Memotw pobomu € BEOCKOHAJICHHS CUCTEMM KepyBaHHA CTaTUYHMMMU
CMHXPOHHMMY KOMIIEHCATOpaMI.

B pawniit po6oTi 6yn0 3ampoNOHOBAaHO MiAXif [O MOOYAOBU CUCTEMIU
IpAMUM KEPyBaHHAM CTPYMOM 3 BUKOPUCTAHHAM CTPYMiB 3BOPOTHOI
HOCTIZOBHOCTI i, Ta iqz.

OO6rpyHTYBaHHA pe3yIbTaTiB. YMOBM CHUMETPYBAaHHA CTpPyMiB 3a
CUHYCOIJHMX HaNpyr i CTPyMiB OTPUMYIOTb 3 KpUTEpPilB KOMIIeHcalii
PeaKkTUBHOI CKIaJiOBOI CTPYMy IPsAMOI HOCIIOBHOCTI Ta 000X CK/IafOBUX
CTpyMiB 3BOPOTHOI Ta HY/ZIbOBOI IIOC/TiIOBHOCTEN HaBaHTaKeHH:A. KoMIeKkcHi

cTpymu (a3 KOMIIEHCATOpa MOXYTb OyTI BI3HA4YeH] 3a OfiHi€I0 3 popMyIL:
A1 11 jhImi

1% a> a1 k2]§‘ ; m
I§‘ a a1 kolg‘

15
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& % 1 1 1 Reff 1k ImIE

% % 4 a1 0 @
I §‘ I% a a* 1 0
_ j1200 B . kit ko ko .
oe a=e¢ ¢asoBuit onepatop; A1, K2, K() — cTymeHi koMmmeHcarii,

BiJIITOBiJJHO, peaKTUBHOI OTY>KHOCTi, CTPYMY 3BOPOTHOI Ta HY/JIbOBOI IIOCTi-
JIOBHOCTEI.

BusHaueHHA CTpyMiB KomImeHcaTopa 3a ¢gopmynown (1) BigHOCUTBCA 7O
merony npamoro kepyBaHHsA crpymoM CTATKOM. Busnauennsa crpymis
KOMIIeHcaTopa 3a popMysIoo (2) BiffHOCUTBCA O OIIOCEPEKOBAHO BUSHAYECHHSA
crpymis CTATKOM, mio peanizoBaHO, HaIpUK/Iafl, B METOAI CMHXPOHHOTO
TDEeTeKTYBaHHA.

JInsa oTpuMaHHA MUTTEBUX CTPYMiB IIPAMOI Ta 3BOPOTHOI IIOC/TiJOBHOCTEN
MOXXYTb OyTM BMKOPUCTaHI /iHiliHI IepeTBOPEHHS MUTTEBUX CHHYCOIJHUX
cTpymiB [8]:

i) = jg(ia () —i'g (z)); i(1)= }6(1@ (D+i'g (t)), 3)

ne g (0) =}6(2u<t) —ig(t)=ic(®) . (1) =}2(z"B 0 -ic®) -

MUTTEBI CTPyMM B CUCTeMi af-KOOpAMHAT; IITPUXOM IO3HaUYeHO (pa3oBuMit
3CYB MUTTEBUX BeIM4MH Ha —90 e rpagycis.

Ockinbky mepeTBOpeHHs (3) € JOCTaTHBO CKIAJHMMU B peanisalii, To ix
MO>KHA 3aMiHUTY HaO/MVDKeHVIMM BUpPa3aMu:

() %i () i (t T/4) i) %i & i@ T4,

1
nei (t T/4) 5 igt TI4) ic(t T/4)
Bim cTpyMmiB mpsAMol Ta 3BOPOTHOI IOCTiJOBHOCTEN MOXXHa IEPENTH IO

CHCTeMU dg-KOOPAMHAT:

iq1(t) =01 (?) -sinot; ig(t) =i (1) - cosot; (5)

16
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iq (1) =ip(1) -sinot; ign (1) =ir(t)-coswr. (6)

Ina KoMmIleHcallii BMIGVX TapMOHIK IPOIOHYETHCA METOJ, IPAMOTO
¢dopmyBanHsa crpymiB ¢a3 CTATKOM, srigHo 3 sAkuM 3a QasHuMu
HECUHYCOIJHUMI CTPyMaMy HaBaHTa>K€HH:A BU3HAKOTbHCA IX [Jif04i 3HaYEeHHHA i
($opMYIOTbCS CUHYCOINHI OAVHMYHI CUTHaIM 3 MOYAaTKOBMMM (asamu, AKi
NOPIBHIOIOTb MOYaTKOBMM (pa3aM HeCUHYCOIfHUX cTpyMiB. JoOyTok mux
Be/IMYMH 3abe3neyye GpOpMyBaHHA CHHYCOIJHMX CTPYMIB, IO HOPiBHIOKOTH
OCHOBHIJl TapMOHIIli HECMHYCOIHUX CTPYMiB (a3 HaBaHTAKeHHA. PisHuis
CTPyMiB HaBaHTXeHH: i CPOPMOBAHNX CUHYCOITHNX CTPYMiB KOMIIEHCYETHCS
CTATKOM.

Peanizanis metony npsimoro kepyBanus crpymom CTATKOM 3o6paskena
Hapuc. 1. Hacxeminosnayeno: PLL1 - 6710k Tppox ogHOpa3HUX (pa3049acTOTHUX
aBTOHAJIATO[KYBauiB wacToTy; RMS1 - 610K TpphOX oOfHODAZHUX
epeTBOpIOBauiB  e(deKTMBHUMX 3HAYeHb; MePeTBOPIOBAYI KOOPAMHAT
«a,b,¢/1,2,0», «1,2/d,q», «d,ql af», «af0/a,b,c»; BI — 610k inTerpysanus; PLL2 -
610k TpudasHoro (paszoyacTOTHOro aBTOHANArofKyBada vactoTy; IIIM-
KOHTPOJIED.

B 6moni PLL1 3a ¢pasHMMM HeCMHYCOITHIMY CTPYyMaMy HaBaHTa)KeHH
$OpMYIOTbCA CMHYCOIHI OAMHMYHI CUTHAIM 3 ITOYaTKOBUMM (aszamu,
AKi JOPIBHIOIOTH ITOYaTKOBYUM (pa3aM HeCMHYCOIfHUX cTpyMiB. B 6roni
RMS1 Bu3sHaoTbcA [iO4Yi 3Ha4eHHA HECUHYCOIJHMX CTPYyMiB
HaBaHTaXeHHA. 3a [OIOMOTOK IIepeMHOXXEHHSI UUX BeIUYMH
3abesnevyerbca GOPMYBAaHHA CUHYCOIJHMUX CUTHAIIB, IO JOPiBHIOIOTH
OCHOBHIll TapMOHIIli HeCMHYCOITHUX CTpyMiB ¢da3 HaBaHTaXeHHA. Ha
BUXOAi (GOpMyeTbCcA pi3HMIA CTPYyMiB HaBaHTaXXeHHA i copMoBaHMX
CUHYCOIZHUX CTPYyMiB. Lleil cMTHaM BUKOPUCTOBYETHCA /14 KOMIIEHCallii
BUIIMX TAPMOHIK.

ITpoMi>kHMII CUTHAN 3 BMXOAy TOMHOXKYBada IPONOPLiiHMII OCHOBHIif
rapMoHini ¢asHux cTpyMmiB HaBaHTaXeHHA. OCTaHHINl IIPOIOHYETHCS
BMKOPVICTATH /Il CUMETPYBAHHA HaBaHTa)XeHb 32 3BOPOTHOIO Ta HYTbOBOIO

HOC}IiJIOBHOCTHMI/I.
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Puc. 1. briok kepyBaHHsi Ha OCHOBI NpsAMoro goopmMyBaHHs cTpymiB CTATKOM

B moganpioMy BMKOHYIOTBCA TaKi fii:

1. [lepeTBOpeHHs CUHYCOIJHUX CTPYMIB B CUCTeMY d,g-KOOPIVHAT;

2. IHTerpyBaHHA CTpPyMiB IpAMOI Ta 3BOPOTHOI IIOCTiJOBHOCTEV],
Ipe/ICTaBIeHNX B CUCTeMi d,q-KOOPAMHAT;

3. IlifTpMaHHA Ha 3aJaHOMY PiBHi Hampyrum B KOJi IOCTiIHOTO
CTPYMy B CTaTMYHMX i JMHAMIiYHUX peXMMax HUIAXOM BU3HAYeHH:A
aKTUBHOI IOTY>XHOCTi, fAKy IOBMHEH TeHepyBaTu abo CIIOXMBATU
CTATKOM.

4. 3HaxoKeHHA OaXKaHOI 3aJe)XHOCTI KOMIIEHCALIIIHOTO CTPyMy
CTATKOM B cucreMi aff-koopauHar Ta B cucteMi ¢pasHux a,b,c-koopanHar.

5. QopMyBaHHA iMITy/IbCiB KePyBaHHA TPAH3MICTOPAaMy iHBEPTOPa HAIIPYTH.

Mopemopanass CTATKOM 3 cucTteMoOr0 HpsIMOrO KepyBaHHA CTPYMOM
BuKoHaHo B Matlab Simulink. Ha puc. 2 mpepcraBieni yacosi 3amexxHoOCTi
CTpyMiB HaBaHTaXeHHs. B inrtepBani uacy 0,1-0,18 ¢ BigOyBaeTbcs Haxup

ofHO(a3HOTrO JTiHITHOro HaBaHTaXXeHH: Ha ¢asy A.

18
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Puc. 3. CTpymn mepexi y pasi KomneHcauii peakTUBHOI MOTY>XHOCTI

Kpurepisimn epeKTMBHOCTI cucTeMM KepyBaHHS NPUITHATO: CyMapHMUI
koeil[ieHT rapMOHIYHIX CHOTBOPEHb CTPYMiB (pa3 Mepexi, HeCUMeTPUYHICTDb
cTpyMiB ¢a3 Mepexi. SKiCTb mepexiTHOro peXxuMy Ipy 3MiHi HaBaHTaXKEHHS
MO)KHa XapaKTepusyBaTy Koe(il[ieHTOM IlepeperyIioBaHHS Ta TPUBATICTIO

nepexigHoro npouecy. Ille omHUM KpuTepieM AKOCTI NEePeXifHOTO PEXUMY €
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Puc. 4. MNynbcytodi NOTYXXHOCTI Mepexi y pasi KoMneHcaLil peakTUBHOI NOTYXHOCTI

3HaYEHHA Iy/bCYYMX aKTMBHOI Ta PpEaKTMBHOI IIOTYXXHOCTEN, AKi

IHTErpabHO XapaKTePU3YITb HECHMETPiK0 Ta TapMOHIYHI CIOTBOPEHHA
CTPYMiB i HampyT.

Ha puc. 3 300pakeHO 3a/leXHOCTI CTPyMiB Mepexi 3a HasBHOCTI
CTATKOM.

3HayeHHSs (l)iSI/I"IHI/IX BEIMYMH 3a HECMMETPUYIHOIO HCCV[HYCOiI[HOFO
HaBaHTa>KC€HHA

3Ha4YeHHs i3UYHMX BENUYUH AN daza A ®daza B daza C
HECYMETPUYHOIO PEXUMY

Hitoyi 3HaueHHs1 CTpyMiB HaBaHTaxeHHs (83,64 e¥47  |41,16 €257 41,16 €77
(I, A)

KoedilieHT HeniHIMHOrO CNOTBOPEHHSA 5,78 12,8 11,75
CTpymiB HaBaHTaxeHHsa (THD, %)

[itodi 3HaveHHs ctpymiB mepexi (I, A) |47,08 e° 47,08 €240 147,13 e/'0
KoeiuieHT HeniHinHoro cnotBopeHHsa | 0,34 0,44 0,34

ctpymis mepexi (THD, %)

SIx BuIIMBaE 3 TabOMMIlI, TOYHICTh CUMETPYBaHHS HaBaHTaKeHb Ta SKiCTb
kommeHcanii Bumux rapmonik CTATKOM 3 npsAMuM KepyBaHHAM CTPYMOM
JIIOCTaTHbO BUCOKI.

Ha puc. 4 306pakeHO 3a/Ie©)KHOCTI Iy/IbCYIOUMX aKTMBHOI Ta PeaKTUBHOI
noty>xHocTeir Mepexi 3a HasiBHOCTI CTATKOM.
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BucHoBku

Po3po6neHo MeTOf HpAMOrO KepyBaHHA CTPYMOM 3 BUKOPMCTaHHAM
CTPYMiB 3BOPOTHOI NOCTIZOBHOCTI B dg-KOOpAMHATAX, IO [JO3BO/ISE OiIbII
epextuBHo kepyBatm CTATKOM 3a paxyHOK pO3JileHHA KOHTYpPY
BJM3HaY€HH:A FApMOHIYHIX CLIOTBOPEHD Ta CTPYMiB CMMeTPyBaHHA. 32 PAXYHOK
IIbOTO IIAXOAY 3a HEeOOXiJHOCTI MOX/IMBe OOMEXEHHS fAK KOMIIeHcaIil
PeaKTMBHOI OTY>KHOCTI, TaK i CMMeTpyBaHHA HaBAaHTA>KEHHS.
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OCOB/IMBOCTI OYMITEHHA TA ITEPEPOBKIM 3EPHA

I'OJIO3EPHOTO BIBCA

Kyctos 1.O.
K.T.H., CTapUINIi BUK/Iafay,

Opecpbka HaljiOHa/IbHA aKafleMis Xap4oBMX TeXHOJIOTIN

Kyspmenko 10.4.
K.T.H., CTapIINii BUK/Iajiay,

Opecpka HaliOHa/IbHA aKafleMisd Xap4oBMX TeXHOJOTIN

Yepuumosa O.0.
CTapH.II/If/I BUK/Iagad,

Opecbka HallioHa/IbHA aKajieMisd XapuOBUX TEXHOJIOTiN

ITigBuieHHA PiBHSA NPOFOBOILYO-
ro BUKOPUCTAaHHA 3epHa BiBca Ta
361/IblIIeHHA BUXORY Ta SAKOCTI KpPyIl
Ta IUIACTIiBLiB MOXX/IMBE IIPU BUKO-
PUCTaHHi y TEXHOIOTIYHOMY IIPOLIECi
COPTiB BiBCa 3 MOKpPALIEHNMMI TEXHO-
JIOTIYHMMU BJIACTUBOCTSAMM Ta XiMi4-
HIUM CKIaloM. Bukopucranus cyyac-
HUX CENEKLITHMX TO/I03€PHUX COPTiB
BiBca I BUPOOHMIITBA Xap4OBUX
IPOJYKTIB 3a PaxyHOK BiZCyTHOCTi
Ha [TIOBEPXHI 3€pHA KBITKOBUX IIJIIBOK
3abesnedye 3MeHIIEHHS KilbKOCTI
TEXHOJIOTTYHMX OIlepaliil Ta IMPOTX-
HICTb TEXHOJOri4YHOTO IpoLecy Ta
IO3BOJIIE OTPUMYBATH 30i/IbIIEHMIT
BUXiJI Ta KPYIT AAHi IIPOJIYKTU BMCOKOI
AKOCTI.

[7151 mepepoOKY rONI03epHOTO BiBCa

B KPYII AAHi IPOJ[YKTN Y TEXHOJIOTi4HO-

My Tpolieci Iepen6adyeHo OYMIIEHH
3€pHa Bif [IOMIIIOK, mni(l)yBaHHH,
COpPTYBaHHSA IPOAYKTiB NUTipyBaHHS,
3BOJIO>KeHH (TIpy BUPOOHMIITBI ITIO-
IIeHNX HPOAYKTIB), NPONAPIOBaHHSA,
cyuiHHA (mpy BUpoOHMUTBI 6opor-
Ha), IUIIOIeHHS (11 OTpUMAaHHS
IUTIOLIEHNX HIPOAYKTIB), 3ApiOHIOBaH-
HA Afpa B OGOpOIIHO, COPTYBaHHA,
KOHTPO/Ib TOTOBOI IIPOAYKILii.

3epHO Trono3epHOro BiBca i3 OyH-
KepiB /11 HEOUMIEHOTO 3epHa Haj-
XOAUTb Ha IOIEPENHE OYMIIECHHS Y
ckanmprneparop. [laHa TexXHONMOTiYHA
omneparia 3abesmedye BUJiIeHHA i3
3epHa HailbiMpIIMX 3a po3Mipamu
rpyOouX JOMILIOK, fAKi 3HAYHO OinbIui
po3MipiB 3epHa OCHOBHOI KyIbTypU,
TOMY IX BWIy4eHHS IpPOBOAATH HA
CUTax 3

KPYIIHUMM  OTBOpaMU
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20%20 MM Ta 10x10 mm. ITicna mporo
3€pHO IIE€pef; €TallOM OCHOBHOT'O OYM-
LIeHHA 3Ba)KYIOTb Ha aBTOMATUYHUX
Barax.

Ha HacTtymHOMy eTami BOHO Haj-
XOOUTb B CUTOIOBITPAHMII CeIapa-
TOP, Jie CXOJOM BEPXHBOIO CUTa BM-
ny4atoTh Bigxogm I..II xareropii,
IIPOXOJIOM HIDKHBOTO CUTa Bifbmpa-
I0Th ApibHe i IjyIUIe 3epHO pasoM i3
npioHrMy gominikamu. OCHOBHe 3ep-
HO HaJXOIUTb y IMHEBMaTUYHMII Ka-
Hajl celapaTopa [JId BUIyYeHH:A ae-
POOVIHAMIYHO JIETKMX 1 NMJIOBUIHMX
poMimok. ITicna nporo y MarHiTHoMy
cenaparopi Y1-bM3 npoBopsaTh BU-
Ja7eHHs MeTa/lOMarHiTHUX JOMIIIIOK
Ta y KaMeHeBinOipHiit mammui P3-
BKT - minepanbHux pomimox. Oun-
IleHe TaKMM YMHOM 3€pHO TOJI03ep-
HOro BiBca 1A QpakuioHyBaHHSA
HAJXOAUTb Y KPYIT SIHUIT PO3CIiIHUK,
lie OTPMMYIOTb KpPYIHy Ta HApiOHY
¢pakuito 3epHa. [IpibHa ¢pakuisa

3€pHa HagXOAMTb Ha OYMINEHHA Y

mpiep-kyKonesiobipHux nicns 4oeo ii

cnpamosyromo Ha nepepobky. Kpymna

bpaxuis,
BMIiCTOM IIepeBa)KHO KPYIIHUX JOMi-

o XapaKTEepU3yeETbCA

IIOK, Pa30M i3 HEOOPYIIEHUM i IITiB-

YJaCTVIM 3€pHOM HaAXOOUTDb CIIOYATKY

Ha cenapyBaHHA Yy Tpiep-BiBCIOTOBifI-
OipHMK Ta y HAKOIMYYBaIbHUIT OYH-
Kep. I3 6yHkepa 3epHO KpyIHOI Pppak-
Lii CIpsAMOBYETbCA HAa KOHTPOJIb Ha
OJIHY CHCTEMY Majifli-MallliH, AKa 3a-
Oesmedye OCTaTOYHe BMIAJICHHA i3
3epHa HeOOPYIIEHOro Ta IUIIBYacTOro
3epHa. [licns yoro kpynHy ¢pakitio
TaKOX CIPAMOBYIOTb Ha IIepepoOKY.
[TpoBeeHHs OYMIEHHA 3€pHA rO-
JI03€PHOr'0 BiBCa 32 TAKOKW CTPYKTY-
pOI0 [O3BONUTDL IPOBOJUTU Haii-
OinbII TOBHE BUTy4eHHA AOMIIIOK i3
3€pHa, IO JO3BONMNUTb MiIBUIIUATU
eeKTUBHICTb HACTYIHMX eTaIliB Ie-
pepobku Ta 3a 3abe3nednThb CTAOINIb-
HY AKiCTb TOTOBOI NPOAYKIIil.
Ouuwiere 8i0 0OMIUIOK OOHUM NO-
moxom abo posdineHe Ha KPynHy i
0pibHy pakuyii 3epHo 207103epHO20 Bi-
6ca HA0xo0umov Ha winipysanns. Ja-
Huli eman TPOBOAATD y MUTidyBasb-
HUX MAIIMHAX, fAKI HpanooTbh 3a
IIPYHIIUIIOM iHT€HCUBHOTI'O CTUPAHH:A
ob6omonok Tumy Al-3IIH. Cymim
IpOAYKTiB 1UTiQyBaHHA HAIpaBiIA-
IOTh Ha COPTYBAaHHA fAKE 3[iJICHIOIOTh
y KPYIT'sSIHUX PO3CilfHMKaxX Ha BifiIo-
BiJHUX CUTaX OTPUMYIYM IPU IIbO-
MY KpymnHy i gpi6bny ¢paxuii nurigo-
BaHoOro sAxpa. KoxxHy ¢paxiiio okpe-
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MO KOHTPOJIIOIOTh IIJIAXOM IOCTifJOB-
HOIO IIPONYCKY Kpi3b CHUCTEMHU
MOBITPAHUX CENApaTOPiB Ta HA BMICT
MeTa/IOMarHiTHUX JOMIIIOK Y MarHiT-
HIX ceTlapaTopax.

OTrpuMaHe TaKMM YMHOM HITi(HO-
BaHe A7IpO T'O/I03€PHOTO BiBCa ABJIAE
co6o10 HaniBabpyKaT KU MOXK/IN-
BO HAIIPaB/IATU Ha ¢pacyBaHHA Ta BU-
KOPMCTOBYBAaTM B fKOCTI IOTOBOIO
HPOAYKTY.

[Tpn mopanpuiiit mepepobui sAApPoO
000x ¢pakuiil 06’€THYIOTh CIIPSAMO-
BYIOTb Ha eTall BOJHOTEIUIOBOI 00-
POOKM sAKUIT B 3a/IeXKHOCTI Bif Imo-
TA/bLIOTO JI0TO BUKOPMCTAHHA MPO-
BOAATh a00 3a METONOM TIapsuoro
KOHAUIIiIOBaHHsS (IIpOnaproBaHH:A),
a60 BK/II0Ya€E KOMOIHOBAHMII METO
XOJIOIHOTO 1 rapsAA40ro KOHAMIiI0OBaH-
HA (3BOJIOXKEHHS Ta BifJBOTIOKEHHS
Axpa nepey IpONapoBaHHIM).

[Ipu BupoOHMITBI i3 sAxpa mIHO-
LIeHUX IPOJYKTIB JI0r0 Ha MEpIIOMY
eTali 3BOJNIOXKYIOTb Ha 3-5 % micia
YOTO BiIBOJIOKYIOTH i HAIIpaBJIAIOTh
Ha IpOIAPIOBaHHA, IpU BUPOOHU-
UTBi Kpynu i 60opourHa Aapo Bifpasy
HaJXOIWTh Ha MPONAapIOBaHHA.

IIponaproBaHHA 3[iJICHIOIOTH IIpU

HaJJIMIIKOBOMY THUCKY IIapy y IIPO-

mii
[13-1 Ta B 3a/1€XKHOCTI Bifi IPOAYKTY

IaproBayi IepioguIHOI TUITY
CIIPSIMOBYIOTDb 200 Ha CYILIiHHA, a60 ¥
O6yHkepu ms TemiepyBaHHs. Ilifcy-
UIYBAaHHA AJpa IPOBOAATH Ha BEPTHU-
Ka/JIbHMX NapoOBUX CylIapKax TUITY
BC. Ilpu BupoOHULTBI Kpymu sfpo
IIiC/IA IPOINApIOBaHHA CYIIATh [0 BO-
norocti 12-13 % Ta mic/isa KOHTPOIIo
CIIPAMOBYIOTb Ha KOHTPOIb (acy-
BaHHA roToBOI mpopykuii. Ilpu Bu-
pPOOHMIITBI IIIOLIEHMX TPOAYKTIB
APO Mic/A MpoNaplOBaHHA TEMIIEPY-
10Tb npoTAroM 10-15 XB i HanpaBA-
I0Th Ha IUTIOLIeHHA. B 3amexHocTi Bif
ACOPTUMEHTY HPOJYKTIB IO BUPO-
O/15€TbCS IUIIOIIEHHS NPOBOAATH Ha
Ba/IbIIbOBYX 200 IUTIOLIMIBHUX Bep-
cTarax Ha IMagKux abo pudeHnx
Ba/lIbLAX. M>KBaZIKOBIII 3230 pery-
JIIOIOTh TaKVM YMHOM 1100 OTpUMaTn
IUIACTiBLi 13 TOBIIMHOIO XapaKTep-
HOIO JIIA JIaHOTO BUAY IUIIOIIEHMX
nponykris. IIpopykTy nrolieHHsA
IIPOCIIOI0Tb Ha CUTOIOBITPAHUX Ce-
IIapaToOpax Ha BiIIOBIJHNX CUTAX BU-
NS0T YaCTMHKYU IO[PiOHEHOro
appa ta 6opomenne. Ilicna nporo
MIPOBOJATb KOHTPOJIb Ha IBOX CUCTe-
Max aclipaliifHUX KOJIOHOK Ta y Mar-
HITHUX

cenaparopax. OTpumani
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IIACTiBLIi HANpaBAKTb y OyHKepu

IJIs TOTOBOI MPOAYKIiL.
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Abstract: The article is devoted to semiconductors with low-dimensional sys-

tems, which are actively developing and are a relatively new direction. The concept

of quantum wells, quantum threads, and quantum dots is revealed in the paper.
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An important component of mod-
ern semiconductor physics is a rela-
tively new, actively developing area —
the physics of low-dimensional sys-
tems. Semiconductor low-dimension-
al systems include, first of all, various
nanostructures — superlattices, struc-
tures with quantum wells, systems of
quantum wires and dots, the practical
development of which is supported by
the ever-increasing capabilities of new
technologies. Along with the fact that
such structures already serve as the
elemental basis of modern micro and

nanoelectronics, they are objects of

promising research on the creation of
fundamentally new quantum devices
(spintronics devices, quantum com-
puters).

The physical properties of a solid
are determined by the pattern of in-
teraction of its constituent particles —
electrons and atomic nuclei. Particle
motion is always subject to the laws of
quantum mechanics [1]. One of the
most important manifestations of
quantum laws is that the energy spec-
trum of a particle moving in a limited
volume consists of discrete levels.

This fact is easy to explain on the basis

26



SCIENCE,RESEARCH,DEVELOPMENT Ne26

of the concept of the wave function of
a particle with momentum p charac-
terized by a de Broglie wavelength of
A=2xh/ p. Indeed, if the electron
motion is limited by a region of space
with a linear size L, then outside this
region the wave function vanishes,
and inside it necessarily has an integer
number of nodes. In other words, an
integer number of halves of the wave-
length fits into the length L, so that
the pulse can take only discrete val-
1, 2,..
Substituting these values of p in the

ues: p=gxhn/L where n =

formula for the energy E = p* /2m of

an electron with effective mass m, we

find that the energy spectrum is dis-

crete, and the gap between the lower
energy levels is.

e

2 ml? (1.1)

The linear dimensions L of macro-

scopic bodies far exceed the atomic
unit of length - the Bohr radius
a, ~10"'nm . If the dimensions of the
body significantly exceed the nano-
meter scale, then in most problems
the discreteness of energy can be ne-
glected. For example, let it be the
electron energy in the conduction

band of a semiconductor with an ef-

fective mass m of the order of the
electron mass m, in vacuum, and the
sample size in all directions has a mi-
cron scale (L ~10° nm~10%a,)[2].

Then the scale of energy discrete-
ness (1.1) will be only AE ~10°eV,
which is much less than the energy of
thermal fluctuations k,T at any tem-
perature of the sample under ordinary
conditions; here k; is the Boltzmann
constant, T is the absolute tempera-
ture. At AEU k,T, the interaction
with thermal vibrations of the crystal
lattice scatters electrons over an ex-
tremely large number of discrete en-
ergy levels, and in this case it can be
assumed with reasonable accuracy
that the electron energy spectrum is
described by the E = p* /2m formula
with continuous momentum values p.
The larger the sample, the better the
idea of a continuous energy spectrum
is justified.

Now we reduce the thickness of the
sample in one of the directions, for
example, along the z axis, to the values
L ~10nm[2]. This will lead to a
sharp increase (by a factor of 10 - ac-
cording to the law of 1/ L) of the in-
terval AE between the energy levels

corresponding to the motion of the
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electron along the z axis. If, in addi-
tion, we take a semiconductor mate-
rial with a small effective electron
mass, mU m,, then in a wide tem-
perature range we can achieve the in-
equality

AET k,T (1.2)

Under such conditions, the ther-
mal vibrations of the lattice, like any
external perturbations with an energy
low compared to, do not lead to elec-
tron transitions between levels corre-
sponding to different states of motion
along the z axis. In other words, an
electron in a sufficiently thin film
“loses” the degree of freedom associ-
ated with movement across this film.
At the same time, the motion in the
two remaining dimensions (in the x, y
plane) at large sizes L, and L, retains
its continuous character. Therefore,
we can say that in this example we are
dealing with a two-dimensional sys-
tem of electrons enclosed in a quan-
tum well. Similarly, in the quantum
wire — an elongated conductor with a
sufficiently small transverse dimen-

sions - the quantization of energy

becomes important to have two de-
grees of freedom of an electron, and
the motion of the continuous energy
spectrum is one-dimensional. Finally,
at the so-called quantum dot, the con-
dition of substantial discreteness of
the energy spectrum (1.1) is satisfied
for all three orbital degrees of free-
dom of the electron; in this sense, a
quantum dot can be called a zero-di-
mensional system. Quantum wells,
wires and dots make an elemental
basis to build more complex struc-
tures of semiconductor nanoelectron-
ics. Such objects are usually called
quantum-dimensional structures or
low-dimensionally structures.
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IpyHT - crienmdivHmil KOMIIOHEHT
6iocepn, OCKiNbKM BiH He /MIIe Teo-
XiMiYHO aKyMYIIO€ CKIAJHNUKN 3a-
OpynHeHb, ale € mpupopHuM Oyde-
PpOM, AKUIT KOHTPOJIIOE IepeHeCEeHHA
XiMiYHMX €TIEeMEHTIB i CIONyK B aT-
Mocepy, rigpocdepy i xusy pedo-
BuHY [1, 2].

Bax/MBOI0 BIaCTUBICTIO IPYHTIB €
ixHA poprodicTb. ToMy oxopoHa IpyH-
TiB, palliOHa/lbHE IX BUKOPUCTAHHA,
30epeXXeHHsI Ta MifBUILEHHS IXHBOI
PpOAOYOCTi — HeogMiHHA yMOBa IIO-
[aJbLIOTO CTAa/Zoro0 E€KOHOMIYHOro
po3BUTKy cycminbcrBa. Hadra i Ha-
(TOIPOAYKTU € OFHMMM 3 HAVIIOMIN-
peHimmMx Ta HeOe3NeYHNX TeXHOTeH-
Hux 3abpygHioBauiB. Ile symoBieHo

3[ATHICTIO BYITIEBOJHIB yTBOPIOBATHI

TOKCMYHiI CHOMYyKM B IPyHTaX, IO-
BEPXHEBMX Ta Mif3eMHMX BOJAX. 3a-
OpynHeHi HapTOIPOAYKTAMM IPYHTHU
BTPAYalOTh 3IaTHICTb BOMpaTy i 3a-
TpumyBaTu Bojory. Hapronpongykru
MalOTb BJIACTUBICTD PO3YMHATUCA Y
BOJIi Ta CIIPOMO>XXHICTb BCMOKTYBATH-
cs1 B mopucti marepiamu (IpyHT). Y
3a0pygHeHUX HaPTONPORZYKTAMU
I'PyHTax NPUTHIYYETbCA Mikpobioro-
riyHa [iAbHICTH, IO HETATUBHO
BIUIMBA€E Ha €KOJIOTIYHMUII CTaH CaMo-
ro IPYHTy Ta Ha BMKOHAHHA HUM
eKoJIoriyHMx QyHkuii [2, 3, 9].

Ha repuropii IlepepkapnarTs of-
Hi€I0 3 TaKuX eKOJIOTiYHO 3abpynHe-
HUX TEpUTOpiil BBaKawTb BuTKiB-
CbKUIT HaTOrasoBMIT IPOMICET,

pO3TalIOBAaHMII A[IMiHICTPAaTMBHO B
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Mekax cenuina butkiB Ta cena ITacig-
Ha HapsipHAncbKoro paiiony Isano-
®pankiBcbkoi obmacti. et paiton
IpUBepPTaE 3HauUHy yBary depes Te,
IO MA€ HAJOBIIY icTopito BuA0OYB-
HOI IiIZIBHOCTIi, ITOYAaTOK SIKOI CsTae
kinns XIX cromirTs [2, 4, 5].

BigHOBNEeHHSA €KOMOriYHUX Ta
NpoAyLitHNX (YHKLiM [gerpagoBa-
HUX TIPYHTIB € OfIHi€I0 3 HallHEBIf-
KJIafHIINX [pob/ieM Cy4acHOCTI,
TOMY CTOITb HarajibHa IIoTpe6a y pos-
pOOJIeHHI TeXHOJIOTiil peKy/IbTUBaLii
Ta peBiTasisanii TeXHOTeHHO 3a0py-
HEHOTO I'PYHTOBOT'O ITOKPUBY.

g BUpoOlLIyBaHHA Ha PEKY/IbTU-
BOBAaHMX TEPUTOPIAX 9aCTO BUKOPUC-
TOBYIOTb POCIIMHM 3 HEBVCOKOIO BM-
6arnMBiCTIO IO IPYHTOBMX YMOB (He-
BUOAIIMBICTD O BMICTY NOXVMBHUX
PEYOBMH Ta MOX/IMBICTb POCTy Ha
6igHOMY TIPYHTOBOMY CcybcCTparti),
HIBUJKMM POCTOM Ha II0YaTKOBIil
crafiii pO3BUTKY KOPEHEBOI CUCTEMMU
Ta Ha3eMHOI JacTuHu [8].

CaMe Tako0 HeBMOAITIMBOIO POC-
NMMHOIO € Bepba eHepreTuyHa. [l ii
BYPOLIYBaHHA MiIXOAATb Majopo-
JI04i JerpajoBaHi 3eMJl, 30KpeMa
3eM/Ii AKI NPaKTUYHO HENPUAATHI

IJIsL BUPOIYBaHHA Oi/bIIOCTi THIIO-

BUX CilIbCBKOTOCIOAPCHKUX KYIIb-
Typ. Kopenesa cucrema ii Moxe csra-
TV [IMOVHY TIOHAJ 5 — 8 M, Yepes 110
KOPEHi IIPOHM3YIOTh HE JMILIE BepX-
Hill 1Iap I'PYHTY, aje I IPOHUKAIOTh
3HAYHO I/IMOIIe B MiAIPYHTOBI HIapu
[4, 10]. Ba>x/iMBUM YMHHUKOM IIiBI-
IIeHHs IPOJYKTUBHOCTI arpodirore-
HO3iB BepO1 eHepreTUYHOI € 3aCTOCY-
BaHHs OCajly CTIYHMX BOJ SIK BOOpuU-
Ba, IO 3yMOBJIIOE HE TiIbKI 3POCTAH-
Hs BUXOAy 6ioMacy 3 OAVHMII] IIO],
a il IOKpalljaHHA eKOJIOTiYHOTO CTaHy
IPYHTY Ta BiflHOB/IEHHsI JI0r0O BIACTH-
Bocrel [6, 7].

MeTo0 HamuX JOCiIPKEHD € PO3-
po6/IeHHS Ta BUBYCHHS eeKTUBHOC-
Ti TexHONOTii1 pexynbTUBaii HadTO-
3a0pyIHEHUX TePUTOPIIL.

JocnipKkeHHA TpOBOAMIN Ha [Ii-
NAHKax y ¢. butkis HagBipHAHCbKOTO
paiiony IBano-@pankiBcbkoi obmacTi
Ha 3-X PEKyIbTMBOBAHMX MiIAHKAX
BUAoOyTKYy HadpTu PpisHOTO BIiKY
BIpojoBx 2016 — 2019 poxkis.

CxeMa flocrtifly BK/IIOYasa TaKi Ba-
piaHTH:

1. BapiaHT 1 — KOHTpOJIb, HA TEPU-
TOpil KOJEKLiMHO-[AOCIiJHOrO IOMA
IBaHO-®paHKIBCHBKOTO  KOTEMXY

JIHAY B c. YykaniBka TucmeHupKko-
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Tabnuua 1

BwmicT Baxkkmx meTanis B I'pyHTi Ha No4aTKy Ta Ha KiHUi nepiogy Beretawii Bepou
eHepreTnyHoi, Mr/kr rpyHTy (cepegHe 2016 — 2019 pp.)

Ne | Ha nouatky nepioay Beretauii Ha kiHui nepioay Beretauii

3/ [pp [pp™ [Cd* [Cd*™ [Co* [Co™ |Pb* [Pb™ [Cd* [Cd™ [Co* [Co*
1 13,68 |3,76 [0,59 (0,19 |21,73 2,08 (13,67 |3,75 |0,59 [0,19 (21,72 |2,06
2. 31,99 (8,99 (384 1,22 |5198 (6,27 |30,94 (895 |3,82 [1,20 (50,96 |6,20
3. 31,73 6,44 (310 |0,88 |50,82 [531 |30,70 (6,39 |2,99 |0,85 (49,80 |5,29
4. 29,95 |558 (2,83 |0,69 |49,63 (4,60 (2991|555 |2,80 |0,67 (48,60 |3,57
roK (30,0 (60 (30 |07 (50,0 (50 |300 (60 (3,0 (0,7 |50,0 |50

* MiIfHO3B s13aHa popma

**pyxoma dpopma

O pajioHy /i/Is IOPiBHAHHA Ta BU3HA-
YeHHA JIOCTOBIpHOCTI pe3ynbTariB
aHasisy;

2. BapiaHT 2 - #inAHKa BUAOOYTKY
HadTM, Ha SKiNl BUPOOHMYA [isi/Ib-
HicTb npunuHeHa 10 pokisB ToMy;

3. BapiaHT 3 - minAHka BUZOOYTKY
HadTy, Ha sAKill BUpOOHMYA [isi/b-
HICTb IPUIINMHEHA 25 POKiB TOMY;

4. BapiaHT 4 - fingHKa BUOOYTKY
HadTM, Ha SAKiNl BUPOOHMYA [isi/Ib-
HICTb NpUNMHeHa 45 poKiB TOMY.

Hacammepen mnposenyu puUXIeHH:A
I'PYHTOBOTO IIOKPUBY MOCTiHUX Hi-
JISTHOK, 3TOJOM BHEC/IN OCaJ, CTiYHUX
BOZ 3 IBaHO-PpaHKiBCHKOI CTaHIi
aepanil y Hopmi 60 T/ra, AKuii 3aopo-
Ba/IM Ha rnM6I/[Hy 0,20 - 0,25 m. Hop-
Ma BHECEeHH:s peKOMEeHJ0BaHa Hallll-
MU TIONepeHIMU JOCTiIKeHHAMY [4,
7]. PaHo HaBecHi IPOBOAVIN BUCa-

JDKeHHs BepOu eHepretuyHoi. [Ioma

0071iKoBOI mimaHkM — 25 M2 Cxema
caginusa 30 x 70 cm. Ilaronm 3aBoBXK-
Ku 20 — 25 cM 3aMo4dyBanu Ha 24 Tof.
Y BOJi, Il Kpalloro MpYOKUB/IIOBaH-
HAL

OpraziyHa pe4oBMHA Ta MOXKMBHI
peYOBMHY, AKi MICTATbCA B OcCapi
CTIYHNX BOJI, CIPMAITb aKTUBi3amil
Mikpo6iomoriyaux mpouecis. Ile, B
CBOIO 4Yepry, CIpusAe IPVOKUBIIIOBA-
HOCTi pOCIMH Ha 3a0pyjHeHill Ha-
¢dronpopgykramu Tepuropii. 3 iHmoro
601<y, BMICT Ba)XXKIMX MeTajiB B Ocaji
CTIYHUX BOJ MOXKe 3JiJICHIOBAaTU He-
TraTYBHUI BIUVIMB Ha €KOJIOTiYHUN
CTaH IPyHTY [4, 7].

Bigomo, o Ba)KKi MeTanu B I'pyH-
Ti MOXXYTb IIepeOyBaT B pi3HOMaHiT-
HUX (popMax 3a piBHEM PO3YMHHOCTI
Ta PYXOMOCTi, a came: HepPO34YMHHI,
AKI BXOJATH [IO CK/Ia[y IPYHTOBMX

MiHepasiB; oOMiHHI, siKi mepebyBa-
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Tabnuusa 2.

BmicT Baxkkmx MeTaniB B 3ereHi Maci Ta KOpEHEBKX CUCTEMax BepOn eHepreTuyHol,

Mr/Kr 'pyHTY (cepegHe 2016 — 2019 pp.)

Ne B 3eJieHi maci B KOPEHSX POCJIUH

3/n [cq Pb Co Cd Pb Co

1 0,53 0,21 0,24 0,67 0,38 0,30
2. 0,56 0,25 0,29 0,71 0,41 0,35
3. 0,63 0,30 0,35 0,78 0,49 0,41
4 0,67 0,35 0,41 0,83 0,52 0,44

I0Tb y JVHAaMi4yHiil piBHOBa3si 3 ioHa-
MM BM3HAa4Y€HOTO METa/ly B IPYHTOBO-
My PpO34YMHi; pyXOoMi Ta PO3YMHHI
¢dopmu. Mixx HuMU icHye He TiTbKM
TiCHUII B3a€EMO3B’A30K, a il MOXK/IVBE
OVHaMi4He IIepeTBOPEHHA OFHUX
¢dopm B inmi. Pyxomi popmu meranis
MO>XYTb HaIPOMaJPKYBATUCA B IPYHTI
70 BENMKUX KOHLIEHTpaLili, AKi 3y-
MOBJIOIOTh 1X TOKCUYHICTb SK s
IPYHTY, TaK i iy pocnuun. Tak, Bcra-
HOBJIEHO, 110 CBMHELb IIOPiBHAHO 3
IHIIMMY BOXKMMM MeTajaMM, MEHII
pyXoMmii Ta, B OCHOBHOMY, HaKOIN-
Yye€TbCA B BEPXHbOMY TOPM3OHTI
I'pyHTOBOTrO IOKpMBY [10].

BMicT BaXKMX MeTajiB y IDYyHTI
BM3HAYa/IM Ha IIOYATKy Ta BKiHI Be-
reTanii pOC/IMHMN.

PyxomicTp KagMmilo B I'PYHTI 3aie-
JKIUTD BiJl cCepefOBUIIA i OKMCIOBAIb-
HO-BiJHOBHOTO IOTeHLiany. 3abpyxn-
HEHH:A IPYHTOBOTO IIOKPVBY KaJiMieM

BBAXKAETHCA ONHMM 3 HalOinblI He-

6e3neyHMX eKONOTiYHMX SABMII, TaK
AK BiH HAKONMYYETbCA B POCIMHAX
BUILle HOPMM, HaBiTbh IPU CITAOKOMY
3abpynHeHHi IpyHTY. Tako>x Heo6xifi-
HO BpaxoOBYyBaTl, IO POCIMHU IIO
pi3HOMY 3acCBOIOIOTH [efAKi MeTau,
HaIlpUK/Iafl, CBMHEIb, HaBiTb 3a BUCO-
KOi KOHIleHTpauii B IpyHTi, nepeby-
Ba€ B CMaOOPO3YMHHMX CIOMYKax i
TOMY piBeHb JIOT0 B pOCIMHAX Oyne
menmuM [10]. OTxxe, CBUHEID — C/1a-
60 HaKONMUYYETbCA i cnmabo yTpumy-
€TbCA B POC/IMHAX.

3rifHO OTpUMMaHUX HaMU pe3y/ib-
TaTiB AOCITiIKEHb, BMICT BaXKKIX Me-
TajiB B I'PYHTi Ha KiHelb Ilepiofy Be-
reranii BepOyu eHepreTMYHOI 3HU3MB-
csA TIOpPiBHAHO 3 IIEpPiOJOM IIOYATKY
Beretanii pocauan Ha 0,1 - 3,2%
minHo3B s13aHa opma Ta 0,3 - 0,7%
pyxoMa ¢opma MeTasiB.

Jna MOHITOPMHIY Ba)KKMX MeTa-
MiB B cucremi I'PyHT — POCIMHA, 3pi-

3aJIM TI0 Ki/lIbKa MaroHiB BepOu eHep-
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TeTUYHOI 3 KOXKHOI'O BapiaHTy HOCTi-
J>KeHb Ta BU3HAYaJIM BMICT e/IeMeHTiB
B 3€JI€Hill Maci Ta B KOPEHEBUX CUCTe-
Max pocnuH (tabm. 2).

3rifIHO pesy/NbTaTiB HAIIMX JOCITi-
JI>KeHb BMICT BaXXKKUX MeTasliB B KO-
PeHsIX Ta 3e/eHiil Maci poc/iuH Bepou
€HEPreTNYHOI 3aCBOIOETHCA Y CIIiB-
BigHomenni 1,5: 1. Otxe, 6inpma
YacTKa BMICTY BaXKUX MeTajiB 30-
cepe/pkKeHa B KOPEHEBUX CUCTeMax
BepOu eHepreTn4HOI. Pesynbraru fo-
CHIiJKeHb CBif9aTh IIPO BMCOKMII pi-
BEHb aKyMY/IALII i0HIB BAXKKIX MeTa-
JIiB y KOpEHAX POC/INH.

Ha ocHOBI ipoBeieHX TONTbOBUX i
7abopaTOPHMX [JOCTIIIB MOXKHA 3pO-
61T BUCHOBKI, 1110 HAIIOI/IbII HEOE3-
reyHi XiMiuHi enemMenTH (Kagmiii, cBU-
Helb Ta KOOa/bT), AKi MICTATHCA B 3a-
OpynHeHOMY  HaTONPOAYKTaAMU
I'PYHTi, 9aCTKOBO 3aCBOIOIOTbCA POC-
JIMHaMM BepOU eHepreTUYHOI. A 1epe-
BOXKHA 4YacTMHA 30CEPEeIKYETbCA B
KOpeHeBill cucreMi. BracTusicTb Bep-
OV eHepreTYHOI HAKOIIMYYBATH BaXK-
Ki MeTamm Mo)ke OyTM BMKOPMCTaHA
SIK OfIMH 13 METOAIB peMepialil Ta pe-
Ky/IbTUBAIi 3a0py/IHEHNX IPYHTIB.

BupouryBanHs BepOu eHepreTmd-

HOI 3 BHECEHHAM 0CaJly CTiYHUX BOJL Y

HopMi 60 T/ra Ha HaTO3aOpyIHEHNX
TEPUTOPIAX CIpUAE TpaHCIOKALil
Ba)XKIX MeTAJIiB B KOPEHEBUX CUCTe-
Max pOCIIVH, 110 3yMOBIIIOE 3HVDKEH-
HA piBHA 3a0pyJgHEHHS I'PYHTOBOTO
IIOKPMBY Ta IiJBUILEHHA JIOTO 3/jaT-
HOCTi O CAMOBiJTHOBJIEHHS.
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