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MopaeiloBaHHA Ta

TEeXHIKO0-eKOHOMIYHWH

PO3pPaxyHOK Ppo0oOTH

COHSIYHOI eJIEKTPOCTAHIII HA TATOBIM MiACTAHIIL

YV emammi pospaxoeano wopiuny ecemepayilo ma wopiuni émpamu 3 pi3HUMU MUNAMU MPEKEPi6 Y COHAUHIU
enrekmpocmanyii. Ilposedeno nopigHANbHUL aHANI3 OOYLIbHO20 BUKOPUCIAHHS MPEKepi8 Ha COHAYHIN eleKmpOCMAaHyii.
3a excnepumenmanvHUMU OGHUMU HA OCHOGI NpocpamHo2o komnuekcy PVsyst eumipano enepeiio, wo nepedaemvcs 00
Mepedci 8 PI3HUX 8apiaHmax KPINUIbHUX KOHCMPYKYil (cmamuunux i ounamivnux). Ompumano epagpixu eenepayii ma

empam y mpekeprHux cucmemax 3a 25 pokie excniyamayii.

Kniouosi cnosa: coumsuna enexmpocmanyis, COHAYHI NAHENi, CMAMUYHA CUCTHEMAd, OOHOGICHUL mpeKep, 080GICHUL

mpexep

IIpobJieMa NOCTAHOBKY JOC/Ti>KEHHS

YpaxoByroun cydacHi TEHICHIIi PO3BUTKY CBITOBOT
CHEPreTUKH, a TaKOX HASIBHUA MO3UTUBHUM nocBig AT
«YKp3aJi3HHIS» Yy  BHKODUCTAHHI  €JIEKTPOEHeprii
TCHEPOBAaHOI  BIJIHOBJIIOBAJIBHUX  JUKEpElT  eHepril
IPOTIOHYEThCSA 10 CXEMM J>KMBJICHHS BJIACHUX IOTPEO
JOAATH COHSYHI EJIEKTPOCTAHIII SIK OCHOBHE [DKEPEINOo
KUBJICHHS, TIPM [BOMY MOXIHMBOCTI PE3epBYBAaHHSI
BJIACHUX TMOTpeO 0Oe3 XKOTHHUX JDKepel, y TOMY YHCIi
CHCTEMH 30BHIITHBOTO €JIEKTPOIIOCTAYaHHS,
30epiraloTbcs. Y cTarTi  [6] PO3MIAHYTO  TATOBY
MiJICTAHIN, Ha SKIid BCTAHOBJICHO CTATUYHY COHSYHY
€JIEKTPOCTAHIIII0, TPOBEJICHO MOJEIIOBAHHS Ta OTPUMAHO
pe3ysibTaTd  BTpaT cUcTeMH. [IpoTe  BIpOBaKEHHS
TPEKEPHHUX CHUCTEM COHSIYHMX EJISKTPOCTAHIIIH Ha TATOBHX
MIJICTAHINSIX HE PO3TIIAAAIOCH. 3aMPONOHOBAHA KOHIICIIITis
MOJICpHI3allil CXeMH >KHBJICHHS BJIACHUX HOTPeO TSroBOi
miacTanmil Mae MM ABUIIIATH HaIIMHICTE
CJICKTPOIIOCTAYAHHS CIIOKMBAYiB BJIACHUX TOTpeO 3a
paxyHOK iHTerpamnii 0 CXeMH J0AaTKOBOTO HE3aJIeKHOTO
JoKepelta KUBIICHHS.

aHAJi3 MOXIIMBOCTI BUKOPUCTAHHS COHSYHUX TPEKEpiB y
TEXHOJIOTISIX COHSYHOI EHEPreTHKH JUIl aJbTepPHATHBH
30UTBIIICHHS 3aXOIUICHHS COHAYHOI pafiarii.

Mera crarTi

Mertoro CTaTTi € MOJACNIOBaHHA Ta MPOBEICHHS
TEXHIKO-CKOHOMIYHOTO PO3paxyHKy pOOOTH COHSYHOL
MiACTAHIIT 3 PI3HUMH THIIAMHU TPEKEPIB.

BuxkiageHHs1 0CHOBHOI0 MaTepiany

AHani3 ocraHHix myOJikauni

Bararo HayKOBHX  JIOCJIJUKEHb MIPUCBSIYCHO
MOJICTIOBAaHHIO 1 TEXHIKO-€KOHOMIYHUM pO3paxyHKaM
COHSYHHX eJeKTpocTaHIii. Lli JOoCiiKeHHS € ITOCHUTh
aKTyaJIbHUMHU JUIsl Hamiol kpainu. Y po6ori [1] posrisHyTo
TpaHcopMallilo COHSYHUX CHUCTEM Ha 3alli3HHI, HaJlaHO
METOIN Ta MMOTEHIIHHI METOIH OLIIHIOBAHHS
eHepro3abe3neueHHs]  3aJi3HUIll. TakoX MPOBEIEHO
€KOHOMIYHO-EKOJIOTi4Hi acTieKTH. Y CcTarTi [2] mpoBeneHo

© B. B. IIanuenko, P. O. Xapin, 2023

BBeneHHsS B €KCILTyaTall[il0 COHSYHUX CTaHIH Tyxe
TIO3UTHBHO TTO3HAYUTHCS HA €KOHOMIi pecypciB KpaiHu, a
Takok OyJe TIOMIYeHO TOJMINIICHHS  eKOJOTidHOi
00CTaHOBKH.

IcHye KinbKa TUMIB TPEKepiB U COHSYHHUX ITaHENEH,
10 KePYIOThCS PI3HUMH aJrOpPUTMaMU BHOOPY Opie€HTaIii
B TIIPOCTOpI 1 MalOTh pi3HI MEXaHI3MH CIPalbOBYBaHHS,
JIBA OCHOBHHX THUIIM CHCTEM JMHAMIYHOTO CTEXEHHS —
OJTHOBICHI Ta JiBOBICHI. Ha BiIMiHY BijI CTATHYHHX CHUCTEM,
He Moxke 30UIbIINMTH NpoayKTHBHICTE Ha 35-50 %
HPOTSTOM POKY.

IIepeBaru
€JICKTPOCTAHIIIH:

- HaWOuIbm e(eKTHBHE BHKOPHCTaHHS COHSYHOL
€Heprii MOPIBHSHO 31 CTATHYHOIO;

- 30inbmenHHsT BUpoOieHHs enekTtpoeHeprii 10 40 %
TIOPIBHSHO 31 CTalliOHAPHUMH CIIOpPYIaMHU;

- 3HayHe 30UIBIICHHS JOBrOCTPOKOBOTO HPHOYTKY.
Komry, BkimaseHi B COHAYHI TpekepH, OymyTh 30ibIIeHi
BTpHYi JI0 KiHIM Tepioxy [ii yKpaiHCBKOTO «3€JIEHOTO
Tapudy».

}II/IHaMi‘IHI/IX CUCTEM JUIIsL COHAYHHUX

IKC3T, 2023 Ne2
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BararopiuHa mpakTHka TOKa3ajia, 0 BUKOPHCTaHHS
TPeKepiB Ha COHAYHMX NaHENIIX INpalioe Iyxe aodpe,
30UIBIIYIOYHM MIOpiYHE BUPOOHMIITBO ENEKTPOEHEpril /0
30-35 %.

OueBHAHO, WIO JKOPCTKO 3aKpilyieHa COHSYHA
Oarapes, HalaIITOBAaHA HA IMOJyJIEHHE COHIIE, BHUPOOIIIE
HaHOUTBITy KIiNBKICTh €Heprii OmiBAHI, KOJH COHAYHI
MPOMEHI MAajaloTh BEPTUKANBHO Ha ii IOBEPXHIO.
YpaxoByroun ocoOmuBOCTI H0060BOi TpaekTopii CoHI,
MOXXHa CKa3aTH, M0 e(pEeKTUBHUI KyT MOBOPOTY ITaHENi
cragoBuTh Onm3pko 150 °. Ilamems, 3adikcoBana B
HaNpsIMKy, PIBHOMY CEepeiuMHI MiX TOYKaMH 3aXOly Ta
CXOQy COHLA, BTpadyae a0 75 % MakCHUMalbHO
MOJJIMBOTO BHpPOOJICHHS €Heprii BpaHIi Ta BBedYepi.
Tomy, sKmO KyT mMajiHHS NpPOMEHIB Ha OaTapero Oyxe
HEBCIHMKUM, KUIbKICTh BHPOOJICHOI eHeprii  pi3ko
3MEHILYETHCS. Taxox BAXKIIUBO BPaxOBYyBaTU

reorpadiuHi KOOPAWHATH  PO3TAllyBaHHSA COHSIYHOT
CTaHIil, OCKUIBKH KyT ONTUMAaJIbHOTO PO3TalIyBaHHS Ha
miBHOYI YKpaiHu Oyjae BiAPI3HATHCS BiJ KyTa Ha HiBIHI
Ta cxomi. BomHouac KOXKE€H BIAaCHHK Xo0d4e, H[00 HOro
COHSYHA E€JIEKTPOCTaHILis BHpOOJIsIA OIHAKOBO Oararo
€HEeprii AK IPOTATOM yChOTO IH, TaK i BIIPOIOBX YCHOTO
poky. JlocsArTH LuX IapaMeTpiB MOKHA 3a JONOMOTOIO
Tpekepa, SKHH  BUKOPUCTOBYe iH(opMmamiro  Bixg
CIelialbHUX [aT4YHKIB, [0 BH3HAYaTUMYTh HalKpalue
MOJIOKEHHS JUIA COHSYHHX Oatapeil i MmoBepTaTUMYTh
wiatopmy B moTpiGHuM# Gik 1 mix moTpibHUM KyTOM [3].

OcoOnuBicTio  Takoi Mojenmi  (GOTOENEKTPUIHUX
MOJIYJIB € IiBUIIEHA CTIHKICTh J0 BIUIMBY arpecUBHOTO
cepeloBUIa 1 MiHIMaJbHE MAAiHHS IPOAYKTHBHOCTI.
BupoOHuK nae rapaHTiio, 0 MOIyib OyJe BUIABaTH HE
Mmenuie 90 % HoMiHaBHOT MOTYKHOCTI Yepe3 10 pokiB i He
menme 80,7 % uepes 25 pokiB (puc. 1).

10 Year Product Warranty + 25 Year Linear Power Warranty
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linear performance warranty

Standard perl‘orm ance waranty

 Yedrs
25 Y

Puc.1. JliniiiHa rapasTisi MpOXyKTUBHOCTI

®oromnaneni Jinko Solar Eagle PERC JKM305M-60
MOXYTh OyTH BHKOPHCTaHI B HEBEIHKHX 1 BEIMKHX
COHSYHHX E€JIEKTPOCTAHIIIAX IS TeHepanii eneKTpoeHeprii
B 3arajibHy Mepexy. ['apaHTis Ha MPOAYKIIito, MaTepiaay —
10 poxkiB. 'apaHTist Ha BUPOOJIEHY MOTYXHICTh: 25 POKIB —
He meHute 80 %, 12 pokis — He menmte 90 %.

Jleepaoayis consaunux nanenei

[IponyKTUBHICTE COHSYHHMX MOJYJIB 3MEHIIYETHCS 3
yacoM. Sk mpaBuito, ferpajanis I€mo BUIIA B MEPIINH pik
BHACJIIOK  TMOYAaTKOBOTO  BIUIMBY  CBiTJIa,  TOTIM
CTabLTI3y€EThCS.

®dakropu, MmO BIUIMBAIOTH HAa CTYIiHb JAerpajialii,
BKIIIOYAIOTh Taki TMapaMeTpH, SK MaTepiagd, Mo

BUKOPHUCTOBYIOThCS ITPY BUPOOHUIITBI, TEXHIUHHIA ITpOILIEC,
SKICTh 30IpKM Ta NAaKyBaHHS EJIEMEHTIB y MOy,
KBaJTi(iKaIlis MpamiBHUKIB Ha Micusax. PerymsapHe TexHiuHe
00CITyroByBaHHSI Ta TPHOUpPaHHS OOJIaTHAHHA MOXYTh
3HM3UTH BIJICOTOK Jerpajamii, aje OCHOBHHMH BIUIMB
3aJIKHUTh Bl TUIy BUKOPHCTOBYBAHOTO ejeMeHTa. Tomy
MIPOBiJIHI BUPOOHHWKM COHSYHMX IaHENeH JyKe PeTesbHO
BIZICTEXXYIOTh SIKICTH TPOAYKTY 1 BIANOBIJHICTH OTO
MDKHapOJHUM BUMOT'aM 1 CTaHAApTaM.

Ha puc. 2 300pakeH0 merpajiariiro COHTIYHUX MaHeIeH
3. 20 pokiB 3 pI3HUMH THIAMH  TPEKepiB.
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Puc. 2. Jlerpanarist COHSIYHUX MaHeen
CoHstuHI MOIyJal MOXYTh MaTH JOBIOCTPOKOBY 3 1abi. 1 BUIHO, 110 3arajibHa FeHepallis COHTIHUX
MOTYXKHICTB, IMBUAKICTH Aerpanaiii Bif 0,3 10 1 % Ha pik.  maHeseil CyKymHO 3a 25 pOKIB CKJlana:
CrymiHb 1 XapakTep Jerpajarii Bapitoe cepen pizHUX - cratnyHa cucteMa — 316680 kBT;
TEXHOJIOTifl BHTOTOBIICHHA MOAATKiB. {7 KpHCTaIidHUX - onHOBicHUI Tpekep — 407882 kBT;
MOJYJIB €IEMEHTH MOXKYTh CTPaXXKIaTH BiJ] HE3BOPOTHOTO - nBoBicHUH Tpekep — 453770 kBT.
pylHYBaHHS, BHUKJIHKAHOTO Ji€l0 cBiTia. IlowaTtkoBa 3aranpHa BUpPOOJEHA TOTYXKHICTH PI3HUX THIIIB
Jerpajaiist BinOyBaeTbcsl depe3 Ae(eKTH, [0 aKTUBHO  COHSIYHHX CTaHIIH MOKa3aHa Ha puc. 3.
MPOSIBIIAIOTE ce0e MPH MOYaTKOBOMY BIUTHBI CBITIA [7].
Tabmuus 1

[opiuHa reHepallisi Ta BTPATH MOTYKHOCTI COHAYHOIO €IEKTPOCTAHIIIE0 3 PI3HUMH THIIAMHU TPEKEPIB

CratnyHui OnHoBiCHUH JIBoBicHUI
Pik ekcrutyarartii
[otyxHicTb, Brpary, [MotyxHICTB, Brparty, [otyxHicTB, Brpary,
kB1/p. kB1/p. kB1/p. kB1/p. kBT1/p. kB1/p.

0 13920 0 17929 0 19946 0

1 13781 139 17749 180 19746 200

2 13642 278 17570 359 19547 399

3 13502 418 17391 538 19348 598

4 13363 557 17212 717 19148 798

5 13224 696 17032 897 18949 997

6 13085 835 16853 1076 18749 1197
7 12946 974 16674 1255 18550 1396
8 12806 1114 16495 1434 18350 1596

5 IKC3T, 2023 Ne2
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[ponosxenns Tadbmumi 1

9 12667 1253 16315 1614 18151 1795
10 12528 1392 16136 1793 17951 1995
11 12389 1531 15957 1972 17752 2194
12 12250 1670 15777 2152 17552 2394
13 12110 1810 15598 2331 17353 2593
14 11971 1949 15419 2510 17154 2792
15 11832 2088 15240 2689 16954 2992
16 11693 2227 15060 2869 16755 3191
17 11554 2366 14881 3048 16555 3391
18 11414 2506 14702 3227 16356 3590
19 11275 2645 14522 3407 16156 3790
20 11136 2784 14343 3586 15957 3989
21 10997 2923 14164 3765 15757 4189
22 10858 3062 13985 3944 15558 4388
23 10718 3202 13805 4124 15358 4588
24 10579 3341 13626 4303 15159 4787
25 10440 3480 13447 4482 14959 4987
Cykynna
reHepanmisi X 316680 45240 407882 58272 453770 64826
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400000 -~
1 LA
350000 — 2~
.
300000 i =
[ /// /’ -
o 250000 gl CTaTHU4HUI
x 11 -
200000 ] = I
A AT =0 aHOBICHWI
150000 ]
< OBOBICHUIA
100000 %r’
50000 %-"
0
1234567 8 910111213141516171819202122232425
Pik

Puc. 3. 3aransHa BUpOOIIeHA TOTYKHICTh Pi3HUX THUITIB COHSYHHUX CTAHIH
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Jns  owiHioBaHHSA piBHA BTpaT OynM TpoBeaeHi
MaTeMaTHYHI PO3paxXyHKH Ta po3po0JcHa iMiTalliiHa
MoJZenb  o0’ekTa  JIOCHIPKEHHS B IPOIPaMHOMY
cepenoBuii PVSyst 3 TakuMu BUXIIHUMHU JaHUMHU: 00paHi
cousyni maneni mapku Jinko Solar JKM305M60 Eagle
305 Br, imBepropn mapku Ainelec K3 130-350 V/50Hz,
3amaHi KJIIMaTHIHI YMOBU XapKiBChKOI 00JacTi Ta Ioma
Jaxy TATOBOi migcraHmii [6]. 3arampHi BTpaTH 3a paxyHOK

JIeTpa/lallifHUX TPOILECIB Y COHSYHMX MAaHENAX 3 PI3HUMHU
THUIIAMH TPEKEpiB CYKYNMHO 3a 25 pOKIB eKcILTyartarii
cknanu (puc. 4):

- BTpaTu cTaTH4HOI cuctemu 45240 xBT;

- BTpaTu OJHOBICHOTO Tpekepa 58272 kBr;

- BTpaTH ABOBICHOTO Tpekepa 64826 kBT.

70000
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A |
_ 40000 oA )
@ 7 p = CTaTU4HMIA
= A A
30000 A N
7 L = O 4HOBICHWUI
pZevd
20000 e L BOBiCHWA
//
10000 -
0
1234567 8 910111213141516171819202122232425
Pik

Puc. 4. Brpatu noryxHocTi TpekepiB

Jnst migTBepIUKEHHST PO3paxyHKIB Oynu po3poliieHi

3D-momeni  consyHOi  enekTpocranmii.  [IpoBeaene
norepeHe  MojenmoBaHHs  TAroBoi mifctaHmii  (TII),
obmagHaHoi comsyHOIO —enekTpocraHmiero (CEC) 3

pisHUMH THIIAMH TpekepiB; Momenb TII MakcHMaibHO
HaOJIDKEHA IO PeaTbHOTO BUTIISY.

Cmamuyna cucmema

MoenoBaHHsT MPOBEIACHO 3 YpaxyBaHHIM yCix
KIIIMaTUYHUX YMOB XapKiBChkoro perioHy. Ha pwuc. 4

300paxeHno 3D-Mozenp TAroBoi mifcTaHiii, Ha naxy sKoi
po3mimeHo craruuny cucremy CEC, consuHi manemi
posramoBaHi B 4otupu psiau mo 10 maHenel 3aralibHOIO
moTyxHicTio 12,2 kBT i 3aiiMaroTh 3aranpHy mionty 65 M2
CoHsYHI TaHeNli BCTaHOBJIECHO 3 KyToM Haxmry 33 ° i
HalpaBJIeHO Ha CXiX U1 OTPUMaHHSA MaKCHUMAaJIbHHX
MTOKAa3HMKIB BUPOOHUIITBA CHEPTII.

PesynbraT MOJIENIOBaHHS HaBeIeHO Ha pHC. S,
TeHepamis MOTYXHOCTI CTaTHYHOI CHCTEMH — pHC. 6.

IKC3T, 2023 Ne2
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Perapectlve of the PV-fleld and surreunding shading scane

Zenlth

East .7

:-."-.'*.!':_.l'.. Soulkh

Main results

System Production 13916 kWhfyr Mormalized prod. 3.13 kWh/wp/day
Spedfic prod. 1141 kwhhkwpfyr  Array losses 038 kwhiwp/day
Performance Ratio 0.846 System losses 0.19 kWhiWwp/day

Puc. 5. Pe3ynbpTaTi Mo/ie/ItOBaHHS CTATUYHOT CUCTEMHU

3 pe3ysbTaTiB MOJENIOBAHHS CTaTHYHOI CHUCTEMHM eJeKTpu4HOi eHeprii 3a mepumid pik. CymapHi BTpaTH B
BUAHO, MO craHmigs 3reHepyBama 13916 kBt/rom wmacuBi Ta cuctemHi BTpatm ckianmaioTh 0,57 kBT/meHs.
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+ 200000
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Puc. 6. I'eHepattiss HOTYXHOCTi CTATUIHOT CHCTEMH
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OOHOBICHUI COHAYHUL MpeKep

JluHamiuHa cHCTeMa KpIIJICHHS MpU3HAYCHA IS
ropu3oHTambHOi  (ikcamii.  LliHHICTF  TpUCTpOO —
OPOTSTOM CBITJIOBOTO JIHS BIH aBTOMATHYHO 3MIHIOE
MOJIOXKCHHS  (DOTOMOIYJIIB  3aJeKHO BII  TpaeKTopii
TIepeMileHHs COHIIS B OJHIH TUTOMIKHI (TT0 BEPTHUKAITI).

Takok Taka chCTeMa KpIIUICHHS KOpPErye KyT HaXWiTy
Oartapeii BUXOISTYH 3 IOPH POKY.

IlepeBaru 0THOBICHOT TPEKEPHOI CUCTEMH:

- HamilHa CTIHKICTh IO 30BHIIIHIX BILTUBIB IPHUPOIH:
CHITOTIay, TYMaHy, BITPDOBUX HaBaHTaXXCHb, ONA/IIB, TPATy
ta iH. [lpy 1pOMy B 3MMOBHH CE€30H He IOTpeOye
OYHIIICHHS BiJl CHITY;

- JUIsl  BCTAHOBJEHHS KOHCTPYKLiI He HOTpiOHO
BEJIMKUX 4acoBHX YU (pisnyHMX BUTpAT. PeMOHTHI poOoTH
TaKOX BUKOHYIOTHCS OTIEPATUBHO 1 IPOCTO;

- TOJIOKCHHS JUIs COHSIYHUX MaHeleH 3 MiHIMaJIbHUM
OTOPOM TMOBITPSIHUM TIOTOKAM;

- TpuBaJNM{ rapasTiiiHuii nepiog — 12 pokis, aie
eKCITyaTalliiHUi TepMiH TPH 1IbOMY CTaHOBUTH 25-30
POKiB;

- pyxoMa ycTaHOBKa jgornomarae 30upartu Ha 25-40 %
OiNblie eHeprii, Hi’K CTATUYHI aHAJIOTH;

- piBHOMipHE 3aBaHTXCHHS COHAYHOTO iHBEPTOpA,
3HIDKEHHS BTPAT TeHepartii;

- BCTAaHOBJICHHS Ha IPYHTOBHX MailaHYMKax 3 Oyab-
SIKAM pebedom;

- TMpamioe TOBHICTIO aBTOMAaTHYHO O€3 BTpy4YaHHS
monuaH [4].

Ha puc. 7 300pakeHO MOJenb OJHOBICHOTO TpeKepa,
COHSYHI MaHeJi PO3MIIICHI TaK, SK 1 Ha CTATHYHIN cHCTEMI
— y yotupH psimu o 10 maHene# ropuzoHTanbHOI (ikcarii
1 3MIHIOIOTH IOJIO)KEHHS MOAYJIIB 32 TPAaEKTOPIEI0 COHIIS
(mo BepTuKkaii).

Morth

west

Perspective of the PV-field and surrounding shading scene

Main results

System Production
Spedfic prod.
Performance Ratio

17929 kih/yr

0.867

Mormalized prod.
1470 kWhiWpfyr  Array losses
System losses

4.03 kwhfkWwp/day
040 kWhfkWp/day
0.22 kWhfkWp/day

Puc. 7. Pe3ynbprat MOIETIOBaHHS OJTHOBICHOTO TpEKepa
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3 pe3ysbTaTiB MOJIENIOBAHHS OJHOBICHOTO TpeKepa,
PO3MIIIIEHOTO Ha JAaxy TATOBOI MiACTaHLil, BUIHO, LIO
CTaHIig 3reHepyBana 17929 xkB1/ron enexTpuyHOi eHeprii

3a nepmmit pik. CymMapHi BTpaTH B MacHBi Ta CHCTEMHI
BTpatu ckianarwTh 0,62 kBt/nens (puc. 8).
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Puc. 8. ['eHepatist MOTYKHOCTI OTHOBICHOTO TpeKepa

JlgosicHutl coHAuHUL mpexep

Pyxoma ycraHOBKa Ha [JBOX OCSAX JJIsl COHSYHHX
enektpocTaniiiii. Ile quHamiyHa CHCTEMa, IO BiJICTEKYE
MepeMIlIeHHs] COHII HPOTSITOM YChOI'O CBITJIOBOTO IHS,
KOperye Haxuj IaHelleid JUisi MaKCUMaJbHOTO OTPUMAaHHS
eHeprii. OTxe, MPOAYKTUBHICTh 00'€KTa albTCPHATHBHOI
e”eprii nopiBastHO 3 aHanoriuaumu CEC Ha cratmyHHX
ycTaHoBKax 30impuryerscst 10 45 %. KpimneHHs Takox
PETYIIOE TIOJIOKEHHS COHSAYHMX ITaHeJeH 3aJIe)KHO BiJ
CE30HY.

[lepeBaru qBOBICHOT TpEeKEPHOI CHCTEMHU:

- BHOHWpaE TMO3WUINI0 s TMaHeNed 3 MiHIMalbHUM
OTIOPOM IIOBITPSTHOTO TTOTOKY;

- NPUIHATHICTD  BCTAHOBJICHHS
0Oe3kapKacHUX JTOJIATKIB,;

KapKacHUX 1

- perymoBaHHA (POTOMOAYIIB y MABOX IUIOIIMHAX:
TOPU30HTAIbHIH, BEPTUKAIBHIN;

- yCi IpOIECH MOBHICTIO aBTOMATH30BaHi, TOMY IS
KepyBaHHsI 00JIaJIHAHHSM He MOTPiOHA Y4acTb JIIOMHMY;

- 3aXHUCT BiJ| OJIMCKABOK 1 NepeBaHTaKEHb, HASIBHICTh
JIaTYMKIB JILOJLY, CHITY, Tpajy Ta BiTpY;

- 30upaHHS COHSIYHOI €HEepTii HaBITh Yy MMOXMYPI JTHI;

- MOXJIMBICTP  KEpyBaTH, MOHITOPUTH  poOOTY
YCTaHOBKH JUCTAHIIHHO [5].

Ha puc. 9 300paxkeHO MoJenb ABOBICHOTO Tpekepa,
COHSYHI TaHeNi PO3MillleHi Ha YOTHPHOX Tpekepax mo 10
naHesel (Ba psay MO I'ATh COHSYHUX MaHeNeH) Ha JIBOX
0CsIX, CHCTEMa BIJICTEXKYE MEPEMIIIeHHsI COHIIS 1 KOperye
maHeni SAK 1[I0 TOPU30HTAmi, TaKk 1 BEePTHUKAII.
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Morth

Perspective of the PV-field and surrounding shading scene

West

Zenith

East .

3 pe3ysibTaTiB MOJENIOBAHHS JBOBICHOTO TpeKepa,
PO3MIIICHOTO HAa JaxXy TATOBOI MiJACTaHIIl, BHIHO, IO

~South
Main results
System Production 19946 k\Wh/fyr Mormalized prod. 448 kWhikWp/day
Spedfic prod. 1635 kwhikwpfyr  Array losses 0.46 kwhikwp/day
Performance Ratio 0.865 System losses 0.24 kwhiwp/fday

Puc. 9. Pe3ynpTaTu MOJICIIOBaHHS JBOBICHOTO TpeKepa

cTaHIis 3reHepyBana 19946 kBt/rox enekTpuaHOi eHepril

3a mepmuii pik. CymapHi BTpaTH B MacHBi Ta CHCTEMHI
BTpatH cknanawTs 0,70 kB1/nens (puc. 10).
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Puc. 10. 'eneparist moTy>XHOCTI IBOBICHOTO TpeKepa
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3 Tabi. 2 BHAHO, IO PI3HUIA MIDK OJHOBICHHM
TpeKepoM i craTu4HO cucteMoro ckinanae 4009 kBt 3a
nepmmii pik excruryatanii CEC, BapTicTh OJHOBICHOTO
Tpexepa craHoBuTh 88000 rpH [4], a cTaTHYHA cucTeMa He
notpedye MOJATKOBUX 3aTpar. Pi3HHI MK OJHOBICHHM i
IBOBICHUM Tpekepamu ctaHOBHTH 2017 kBT 3a mepmmii
pix excmnyatanii CEC, pi3HUIS BapTOCTi IIMX TpEKepiB
cranoButh 163000 TpH [5]. 3a MMM DaHWUMH MOXHA
3poOMTH BHCHOBOK, IO JOLUIBHINIE BCTAaHOBIIOBATH
onHoBicHUIT Tpekep Ha Taky CEC.

Tabnums 2
[TopiBHsUIBHI J1aHi Pi3HUX THIIB TPEKEPiB
[MoTyxHiCTb, Bapricts, rpH
kBT1/roj
CratuyHuii 13920 0
OnHOBiCcHMI 17929 88,000
JIBoBicHUit 19946 251,000
BucHoBku
Y crarti pO3MISIHYTO 1 TIPOBEIACHO  TEXHIKO-
CKOHOMIYHHUI PO3paXyHOK 1 MOJCIIOBAHHS COHSYHOT
MiJCTaHIii, BCTAHOBJIECHOI Ha TArOBI  mijgcTaHii,

pPO3paxoBaHO MIOPIYHY TEHEpAIlil0 Ta MIOPIYHI BTpATH 3
PI3HUMH THIIAMH TPEKEPIB.

3a TOMOMOTroI0 MPOTrPaMHOTO KOMIUIEKCy PVsyst Oyiio
OTPUMAHO pe3yJbTaTH MOJICIIOBAHHS DI3HUX THIIIB
TpekepiB. BcranoBneHo cykymHy TreHepanito CEC 3
pI3HUMH THUIIaMU TPEKepiB 3a 25 pOKIB eKcIUIyaTarii, Je
cTaTn4Ha cucteMa reHepye 316680 kBT, omHOBiCHHI
Tpekep rerepye 407882 kBT, OBOBiCHHIA Tpekep TeHEpye
453770 xBt. 3 ypaxyBaHHIM BapTOCTi TPEKEPHHX CHCTEM
HAMOLTBII TOMITFHOIO € CTAHIIIS 3 OJHOBICHOIO TPEKEPHOIO
YCTAaHOBKOIO, OCKUIbKM BOHa reHepye Ha 91202 kBt
Oinblie, HIX CTaTHYHA cUcTeMa 3a 25 POKiB eKCIuTyaTalii,
ane Ha 45888 kBT meHine, HiXk IBOBiCHA cHcTEMa 3a I
POKH, pi3HHUII B 1iHI ckiagae 163000 rpH.

3a paxyHOK TEXHIKO-€KOHOMIYHOTO pPO3pPaxyHKY
orpuMmaHo rpadiku reHepauii Ta BTpaT y TPEKEpHHUX
cucTeMax 3a 25 poKiB eKCInTyaTallii.

CnHCOK BUKOPHCTAHHX JIZKepeJ

1. The Potential of Photovoltaics to Power the Railway
System in China / Li Ji, Zhenwei Yu, Jing Ma, Limin
Jia, Fuwei Ning. Energies. 2020. 13(15). 3844.
URL: https://doi.org/10.3390/en13153844.

2. Indexes for the evaluation of a Solar Tracker / Carlos
R. Batista-Rodriguez, Rosa I. Urquiza-Salgado, Elio
R. Hidalgo-Batista Ingenieria y Desarrollo. 2018. Vol.
36. No. 1. P. 172-186.
URL: https://doi.org/10.14482/inde.36.1.10945.

3. 30UIbIICHHS TPOAYKTHBHOCTI COHSYHHMX MaHeNeH.
URL:  https://solarsystem.com.ua/ru  /zbilshennya-
produktyvnosti-sonyachnyh-panelej-sonyachnyj-
treker/.

4. Tpekep cnexeHus 3a conHIeM oaHooceBoit. URL:
https://www.solarstrategia.com /oborudovanie/treker-
slezheniya-za-solntsem/the-power-10p-single-60/.

5. Tpekep cnexeHus 3a conHieMm aByxoceBod. URL:
https://www.solarstrategia.com /oborudovanie/treker-
slezheniya-za-solntsem/dvukhosnyy-treker/the-power-
10p-60/.

6. ITamuenxko B. B., Xapin P. O. [ocmimkeHHsS BTpaT
eHeprii B COHSYHIM eNeKTPOCTaHNii Ha TIATOBIH
MiACTaHIl. 30ipHux Haykosux npayv Yxpaincekoeo
Odepaicagozo VHigepcumemy 3ANI3HUYHO20
mpancnopmy. 2021. Bun. 196. C. 149-160. URL:
https://doi.org/10.18664/1994-7852.196.2021.242262.

7. MwocemukeeB A. B, VYueOnas mporpamma 1o
IIOATOTOBKEC nu HepeHOI{FOTOBKe CIICIINAJINCTOB B
00J1acTH CONTHEYHOM eHepreTuky. MuHck, 2016.

Panchenko Vladyslav, Kharin Ruslan. Modeling and
technical and economic calculations of the solar power
plant work at the traction substation.

Abstract. In this study, the task of modeling and making
technical and economic calculations of the work of the
solar substation with different types of trackers was set.

Commissioning the solar power plants will have a
very positive effect on saving the country's resources, as
well as improving the environmental situation. Trackers
for solar panels come in several types, are controlled by
different algorithms when choosing the direction of spatial
orientation and have different drive mechanisms.

There are two main types of dynamic tracking systems
- uniaxial and biaxial.

Practice has long shown excellent results in the use of
trackers for solar panels with the maximum increase in
annual electricity production by 30 - 35%.

The efficiency of solar modules decreases over time.
As a rule, degradation is slightly higher in the first year
due to the initial exposure to light, then it stabilizes.

Factors influencing the degree of degradation include
parameters such as materials used in production, technical
process, quality of assembly and packaging of the
elements in the module, as well as the qualifications of
field workers.

The proposed concept of modernization of the traction
substation’'s own power supply scheme should increase the
reliability of electricity supply to consumers' own needs by
integrating an additional independent power supply into
the scheme.

To assess the level of losses, mathematical
calculations were performed and a simulation model of the
object of study was developed in the PVsyst software
environment with the following initial data: selected Jinko
Solar JKM305M60 Eagle 305 W solar panels, Ainelec K3
130-350 V / 50Hz inverters, climate conditions of Kharkiv
region and the area of the traction substation roof.
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To confirm the calculations, 3D models of solar power
plant systems were developed.

The results of the static system modeling show that the
station generated 13,916 kW / h of electricity in the first
year.

The results of the uniaxial tracker modeling, which is
located on the roof of the traction substation, show that the
station generated 17929 kW / h of electricity in the first
year.

The results of the biaxial tracker modeling, which is

located on the roof of the traction substation, show that the
station generated 19946 kW / h of electricity for the first
year.
Conclusions. In the article the technical and economic
calculation and modeling of the solar substation installed
on the traction substation are reviewed and carried out, the
annual generation and annual losses with different types of
trackers are calculated. The results of modeling different
types of trackers were obtained with the help of PVsyst
software. The total generation of the solar power plant
with different types of trackers during 25 years of
operation was determined, where the static system
generates 316,680 kW, uniaxial tracker generates 407,882
kW, biaxial tracker generates 453,770 kW. Taking into
account the cost of tracker systems, a uniaxial tracker
station installation is the most expedient, as it generates
91,202 kW more than a static system during 25 years of
operation, but 45,888 kW less than a biaxial system during
the same time, the price difference is 163,000 UAH.

On account of the technical and economic calculation,
graphs of generation and losses in tracker systems for 25
years of operation were obtained.

Keywords: solar power plant, solar panels, static system,
uniaxial tracker, biaxial tracker.
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(YkpalHChKHi TepKaBHUN YHIBEPCUTET 3a1I3HUYHOT'O TPAHCIIOPTY)

Cucrema «pO3yMHOr0» OCBIT/ICHHS

IIposedeno ananiz HABKOMUUIHBLO2O CepedosUd, WO GNIUBAE HA OCGIMIEHHS NPUMIWEHb, BUSHAYEHO ONMUMALbHI
NOKA3HUKU OJiA KOPUCMYBAY Ma OCHOGHI emanu CMEOPeHHs CUCeMU «PO3yMHey» ocgimuents 8 6younky. Ilokasano, wo
noby008y cxemu 0CGIMIEHHA CII0 NOYUHAMU 3 NOPIBHAHHS 3ANPONOHOBAHUX BAPIANMIE KOMNIEKMYIOUUX, WO 8X00SMb 00
cucmemu ma Malomsb XapaKxmepucmuky, 3a0aHi novamkosumu ymosamu. Pexomendosano pospaxysamu ckiadogy
npoeKmy uiiAxom nooyoosu depega piwiens. IIpogedeno po3paxyHok GIiHApHO20 Oepesa piuieHb I GUSHAUEHO, U0 0epedo
piutenb 6y0yemuvcs Nicas po3paxyHKy iHopmayitinoi enmponii.

Knrouosi crnosa: ingpopmayivina enmponis, «po3ymHuily 6yOUHOK, «PO3YMHe» 0CEIMIeHHs, OIHAPHe 0epe6o PilueHb.

Beryn

3 KO)KHAM JTHEM CMapT-TEXHOJIOTIi CTAlOTh yce OLIbII
3pYYHHMH JUI BUKOPHCTAHHS 1 IPH LIbOMY JCIICBIIAIOTE.
Tak 1Mo HEeMa HIYOro JAWBHOTO B TOMY, IO 3 PIAKICHOTO
SBUILA CMapT-MPUCTPOI TEPETBOPUINCS B HPAKTHYHO
MOBCsKIeHHI peui. Ile mae 3MOry CTBOPHTH CHCTEMY
«PO3yMHOT'0» OCBITJICHHS B KOKHOMY JIOMi, aje BHMarae
TOYHOTO PO3PaxyBaHHsS CHUCTEMHU, JUISl TOTO 1100 YHHUKHYTH
HETPUEMHUX HACJIAKIB.

ITocranoBKka aHAJI3  JOCigKeHb i

nyoaikanii

npodaemm,

CucremMa «pO3yMHOT0» OCBITJIEHHS B «PO3yMHOMY)
OyauHKY mependavyae E€KOHOMIYHICTh CJIEKTPOCHEpPTii Ta
po3noin OyIWHKY Ha 30HH, IO JO03BOJISIE MPOJOBXKUTH
CTPOK CITy>)KOW IlaMTI, 1 TIOBHE KEpyBaHHS KiMHATaAMH 5K
ABTOMATHYHO, TaK i B PyYHOMY PEXHMI.

@opMyBaHHS  CHCTEMH  «PO3yMHE»  OCBITIIEHHS
nepexbadae aHamiz (QyHKIIH, BHKOHYBaHHX TaKOIO
cucreMoro. J[ig mporo motTpiOHO BUSABUTH OaxkaHi QyHKIIT
CHCTEMH JJIsl KOPUCTYBaviB OyIMHKY, MO0y yBaT MOJEIb
HEYiTKOT KOTHITUBHOT KapTH B OHJIAlH cepenoBuii Mental
Modeler [1] i cTBopuTH AEpeBO pillleHb 32 IOMOMOIOO
oHnaitn cepenonuia Silver Decisions [2].

CuctemMn aBTOMAaTH3aIlil OCBITJCHHSA 3'IBIUINCS IIIE
HanpukiHi XX CTOJNITTS, aje TOSBY «PO3yMHOTO»
OCBITJICHHS MOXXHAIPUYPOUYUTH JIMIIE JIO aKTUBHOTO
BukopuctanHd LED-nmamn [3]. 3 moyaTkoM oOCHalIeHHS
JUKEpeJl CBiTJIa MOZIYJISIMH 3B'SI3Ky I0Yayiacs B3a€MOIis
kopHcryBaua 3 [oT TexHiKOIO, 110 PO3MIMPIOE MOKIMBOCTI
nepioro. IIpocTo HanamTyBaHHS SICKPaBOCTI 1 KOJBOPY, 1
TUM CaMHM aKIEHTYBaTH yBary Ha II€BHOMY O0'€KTi,
BIIKpUBAE MOJJIMBOCTI JJII MUCTEITBA, OE3MeKH 1
(hyHKIIOHATTFHOCT] B MOBCSAKIEHHHUX 3aBIAHHAX. 34 CMapT-
(YHKIOISIMA PO3YMHI CBITWJIBHUKH TOIUISIOTBECA Ha TPH
THIIH.

© K. A. TpyouaninoBa, €. A. Yepkamus, 2023

[epmmit — mpucTpoi, SKUMU HE MOKHA KepyBaTu 3i
cmapthoHa abo TUTAHIIETa. Taki npUcTpoi
KOMIUIEKTYIOThCS IYJIETOM KEpPYBaHHS, BCTAHOBIIOBAHUM
y KiMHAaTi a00 OPYY 3 MicIleM OCBITJIICHHS. TaK0X TaKUMH
MIPUCTPOSIMA MOKHa KEpyBaTH 3 TOJOBHOTO IyJbTa
KEpPYBaHHS «PO3yMHHM» OyIMHKOM, ale IAKIIOYUTH iX
OesmocepenHEO 10 cMapTgoHa abo IUIaHIIeTa It
OTPHUMaHHS PO3IMIUPEHOT0 HAabOpy MOXIMBOCTEH He
BIACThCA. SIKIIO B OYIOMHKY € «pO3yMHHI» IyJibT abo
CMapT-CHCTeMa, TO MOXHa pPOOUTH Bce Te came, 10 3
NyJlbTa  KepyBaHHS  NPUCTPOEM, a  KpiM  TOroO,
BUKOPHCTOBYBATH CXEMH 1 clieHapii poOoTH, Ui TOro mob
CBITWJIBHMK CHpAallbOBYBaB 3a CUTHAJIOM JaT4yvka abo
nofiero [4].

Jpyruii TMI NPHUCTPOIB TEX 3aJEKUTh BiJ JATYHMKIB
CHCTEMHOTO OYIHMHKY, ajie B HUX Bxe € Wi-Fi abo ZigBee,
3a JIOTNIOMOTOI0 SIKMX MOJKHAa KepyBaTH NPHCTPOEM 3i
cmaprtdona [4].

Tperiit — camocTiifHi TOBHO(YHKIIIOHANBHI JEBaCH,
SIKUM HE TOTpiOeH a1 poOOTH KOAEH KEePYIOUHil TajKer.
Bu moxete miznB's3yBaTH ix 6e3nocepeHb0 0 cMapThoHa
gepe3 mepexki Wi-Fi abo ZigBee, mo0 motiMm kepyBatu
PpOOOTOIO CBITHJIBHUKA HABITH 1032 MEXaMHU OYyAWMHKY. Y
HUX BXXe € BOYZOBaHI JaT4UKU pPyXy 1 OCBITICHHS, 3a
SKAMH BOHU MOXYTh BMHKATHCS, HAIPHKIAJA, SKIIO B
KIMHATy 3axO0JuTh ItogMHAa abo CBITJIO 3 BiKHA CTae
3aHaJITO CIA0KUM, JTaMIa BMHUKAETHCSI aBTOMATUIHO [4].
BuxopucTaHHS AaTYHKIB OCBITJIEHOCTI B CHCTEMI
OCBITJICHHS JIa€ MOXKJIMBICTD peaizyBaTd (GpyHKIi0
«pPO3yMHOT'0» OCBITJICHHS, 1110 CAMOCTIl{HO BMUKae 1
BHMUKAE OCBITICHHS TOJi, KOJIX Iie moTpiOHO. JlomaBm
JIaTYNKU PYXy Ta iH(pavepBOHi AATYNKH BiJICTaHI, CBITIO
TIOYHE BMUKATHCS TIPH TOSIB1 200 3HAXO/KEHHI JIOJIUHU B
MIPUMIIICHHI.

«Po3ymue» OCBITJICHHS 3aCTOCOBYETHCS B
TPOMAJCHKUX KOpPHAOpaxX, KIMHATaX OYIKyBaHHSA, Ha
3YNUHKAX 1 B IHIIMX MICIAX, IO MOTPeOyIOTh OCBITICHHS
Ta ekoHoMii komTiB. Ha choromHi po3ymHe OCBITICHHS
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BCe YacTime 3’SBISEThCS B OyIMHKaX JIOAEH, 3 KOXHUM
JTHEM BapTICTh «PO3YMHHUX» NPHCTPOIB 3MEHIIYETHCS, a
MOMUT Ha EHepro3oepirarodi TEXHOJOTii 30ULIBIIyeTHCS,
TOMY PO3pOOJIEHHSI CUCTEMH aBTOMAaTu3alii MpUMIILEeHb 3
MOXJIMBICTIO ~ KepyBaHHI  poOoToro 11 00'ekTiB
(OCBITIIEHHSIM, ENEKTPOIIOCTAYaHHSAM) B aBTOMATHYHOMY
PEXUMI € aKTyalbHUM 3aBIaHHIM [5].

BuxiageHHs1 0CHOBHOI0 MaTepiany

Cucrema aBTOMaTH3alil Ta KEPYBaHHS «PO3YMHHM)
OCBITJICHHSIM SIBIISIE  COOOIO0 CYKYIHICTh amapaTHUX i
NporpaMHUX  3aco0iB, HaIICHMX  HacamIepes Ha
E€KOHOMIYUHICTh, TOOTO 3HIDKCHHS MOXIIUBUX BHTpPAT
(emexTpoeHeprii) KOpUCTyBaya, a TAKOXK MJa€ JOIAaTKOBI
MOJJIMBOCTi, HANPHUKJIAK KOHTPOJb IPHCYTHOCTI [6].
Po3pobneHHS ~ €KOHOMIYHO  30aJlaHCOBAaHOiI  CHCTEMH
aBTOMaTH3alii Ta KEPYBaHHA «PO3YMHHM) OCBITICHHSIM
CKJIAJIA€THCS 3 TAKKX eTariB (puc. 1).

Eran 1. [Mo6ygoBsa naaHy 6yANHKY

Etan 2. CreopeHHa UML giarpaMu-BMKopUCTaHHA

Etan 3. Mo6yzoBa FCM kaptu

ETan 4. Po3paxyHoK KOM@OPTHOCTI CUCTEMM OCBITAEHHSA KIMHAT Ta noby4oBa 6iHapHoro gepesa pilleHb

Puc. 1. CtpykTypa noOyJ0BM CHCTEMH aBTOMATH3Aallii Ta KEPyBaHHS «PO3YMHUM» OCBITICHHSIM

Eman 1. Ilobyooea nnany 6younky.

Ilnan OyaWHKY, MO CKJIAIa€ThCS 3 TPhOX KiMHAT
(criayipHsI, AUTSYA Ta TOCThOBA KIMHATH), KyXHI Ta BaHHOT
KiIMHATH, HABSICHUI Ha PHC. 2.

| e 7=~

[ A s

Puc. 2. IInan OyauHKy

Jnsi eheKTUBHOCTI INTYYHOTrO OCBITJIICHHS MOTPIOHO
CTBOPHUTH 30HYBaHHS KOXXHOI KIMHATH 1 BHM3HAYHTH, JI€
HaANOLIbIIE MPOBOIUTHCS YacC, I B TUX MICISAX MOCTABHTU

KOBTHM
BUIIPOMIHEHHS B KIMHATi, HEJJOCTATHHO JKOBTHM KOJILOPOM
— OlmbII PO3CISIHMI TPOMIHB 13 JUKEpena OCBITIICHHS.

MOTYXKHIII CBITJOBI IpPUCTPOi abo CBITJIOBI HpHUCTPOT
JICHHOTO OCBiTIeHHs. CxeMa BUIIPOMIHEHHs CBITIA B
OyIMHKY MMOKa3aHa Ha pucC. 3.

Puc. 3. Cxema BUITPOMiHEHHS CBITJIa B OyJIMHKY

Ha cxemi BuUnpoMiHeHHs CBiTJIa B KIMHATax SICKpaBO-
KOJILOPOM MIO3HAYEHO Haifsckpasimie
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OTxe, cxemMa BHUIPOMIHEHHS CBITIa B OYIMHKY
JIO3BOJISIE  pO3paxyBaTd €(EKTUBHICTH BCTAHOBICHHS
MITYYHOTO JKEpesa CBITIa B KOXKHIN KIMHATI.

Eman 2. Cmeopenns UML diazpamu-
GUKOPUCIAHHA.

Ilicns  300pakeHHs 1IaHy OyaWHKY IOTPiOHO

ctBoputu UML nmiarpamy-BHKOpHUCTaHHA, y sKiii Oyne
300pa)keHO BCi MOXJIMBI  BapiaHTH KOPHUCTYBaHHSA
CY4acHOIO CHCTEMOIO OCBITIICHHS.

UML — ne yHidikoBana moBa moznemoBanas (UML),
CTBOpeHa Al (OPMyBaHHS 3arajJbHOI, CEMaHTHYHO Ta
CHHTaKCH4YHO 0araToi MOBH BI3yaJIbHOTO MOJEITIOBaHHS
JUIL apXiTeKTypH, MPOEKTYBAHHS Ta peajizailii CKIaJIHuX
NPOTPAaMHUX CHUCTEM SIK CTPYKTYPHO, TaK 1 IOBEIIHKOBO.
UML wmae pomaTKoBi mHporpamu, OKpiM pO3pOOJICHHS
MPOTPAMHOTO 3a0e3MCUeHHs, TaKi SK TEXHOJOTIYHUMN
nporiec y BHPOOHHUNTBI. BiH aHAJOTIYHUN KPECICHHSM,
BHKOPHCTOBYBAaHMM B IHIINX cdepax, 1 CKIAMAETBCI 3
pi3HEX THOIB miarpaM. Y cykymHOcTi miarpamu UML
OIUCYIOTh MEXY, CTPYKTYpy Ta IOBEIIHKY CHCTEMH Ta
00’eKTiB y Hilt [7].

UML He € MOBOIO NpOTpaMyBaHHS, aje iCHYIOTH
IHCTPYMEHTH, sIKi MO’KHa BUKOPUCTOBYBATHU JUIsl FeHepallii
KOy pI3HUMHM MOBaMHu 3a jonomoroto niarpam UML.
UML mae npsiMe BiTHOILIEHHS 10 00’ €KTHO-OPi€EHTOBAHOTO
aHaJi3y Ta MPOEKTYBAHHS.

IcHye dyoTtupm kaTeropii Mojeneld  BUpIIICHHS
npobJieM: iMIiepaTrBHI, QyHKIIOHANBHI, EKIapaTUBHI Ta
00’€KTHO-Opi€HTOBaHI MOBH. B 00’€KTHO-Opi€HTOBaHUX
MOBAaX JITOPUTMH BUPAXKAIOTHCS BU3HAYCHHIM «00’€KTIB»
1 3abe3nmedyeHHsIM B3aemojii 00’ekTiB Mixk coboro. Ili
00’eKTH — pedi, SKAMH CIil MaHIITyJOBaTH, i BOHHU

iCHyI0OTh y peanbHOMY cBiTi. lle MoxyTth OyTu OymiBii,

BIJDKETH Ha poOOYOMY CTOJI ab0 JIIOIH.
OO0’e€KTHO-OpiI€HTOBaHI MOBHM JIOMIHYIOTH Yy CBITI

MPOrpaMyBaHHs, OCKUIBKH BOHH MOJIETIOIOTH 00’ €KTH

peampHOrO cBity. UML — 11¢ TO€AHAHHS JEKITBKOX
00’ €KTHO-OPIEHTOBAHHUX TO03HAYEHb: 00’€KTHO-
OpDIEHTOBAHOTO  IPOEKTYBAHHS, TEXHIKH 00 €KTHOTO

MOJICTIOBAHHS Ta 00 €KTHO-OpPiEHTOBAHOI
imkenepii [7].

UML BHKOPHCTOBYE CHIIbHI CTOPOHH IIMX TPHOX
MiAXOMIB, MO0 MOoAaTH OLTBII IOCHITOBHY METOIOJOTIIO,
npocTimry y BukopuctanHi. UML sBiste coboro HaWKpari
MIPaKTHKK TOOYJOBU Ta TOKYMEHTYBAHHS Pi3HHUX acIeKTiB
MOJICTIIOBaHHS IIPOrpaMHOro 3a0e3nedyeHHs Ta Oi3Hec-

MPOrpaMHOI

cuctem [7].
Ha puc. 4 300paxena UML niarpama BapiaHTIB
BHKOPHCTAHHS CHCTEMOID  «PO3YMHOTO»  OCBITJICHHSI

OyIHMHKY, Y SIKid TOJIOBHHM €JICMEHTOM € KOPUCTyBau —
User. KopucryBay Moe IepeBipATH CHCTEMY, CIiIKYBaTH
32  3araJlbHAM  OCBITJICHHSAM  KIMHAT, TNPHUPOJHUM
OCBITJICHHSAM KIMHAT, KIMHaTaM#, $Ki aBTOMATHYHO
PETYIIOIOTh XKAJI031, JOAAIOTE a00 3HIKYIOTH OCBITJICHHS
KIMHATH, pearyioTh Ha IIIyM y KiMHATI Ta 3aKpHUBalOTh a00
BIZIKDHBAIOTh LITOPH.

Jns 3a0e3meueHHs OE3MEYHOrO CBiTIa B KiMHATax
MOTPiIOHO IMpoaHaNi3yBaTH BCI YMHHUKU Ta MOOYIyBaTH
FCM «kapry, mo Jae 3Mory OulblI  JETajJbHO
[POaHaIi3yBaTH BIUIMB YHWHHUKIB 1 KOMIIOHEHTIB, IO
BIUIMBAIOTh Ha KOPHCTYBaua.

Puc. 4. UML giarpaMu-BHKOPHCTaHHS
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Eman 3. Iloéyoosa FCM kapmu.

FCM xapra moka3sye OifplIy Ta MEHIIY 3aJIeKHICTh
yCiX YMHHHUKIB y CHUCTEMI OCBITJICHHS, 1[0 BIUIMBAIOTH Ha
piBeHb oOcBiTIIeHHS B mpumimenHi. lle nae 3Mmory
BU3HAYUTH, SIKI YMHHUKA € OIIODHMUMH B CHCTEMI
ocpitnenHsa. KormitmBHa FCM kapra OCBITIEHHS B
OyaunHKY 300pakeHa Ha puc. 5.

Nature Light Level

Artificial Light Level

Comfort Ligth Level -
Energy Cost

Puc. 5. KornituBaa FCM kapTa OCBITJICHHS B Oy IMHKY

Amnamiz korHitTuBHOI FCM kaptm mokasye, 1o
TOJIOBHAM YMHHHKOM € HaTypaJbHE CBITJIO, K€ BH3HAYAE
OCBITJICHHSI KIMHATH 1 BapTiCTh CHOXHTOI €NEKTPOCHEPTii
3a TPOMDKOK dYacy, KOJH MpPHUPOIHE CBITIO Oyino Ha
BHCOKOMY piBHI BHIIPOMiHCHHS a00 HH3BKOMY piBHI
BUNPOMiHEHHs. Benwke 3Ha4YeHHS Mae TemiIoTa CBITJIA,

TOMY WIO TEIUIOTAa BIUIMBA€ Ha 3ip 1 KOHIEHTpAILIi0
KopuctyBaua. Jlns BenuKoi NPOXYKTHUBHOCTI JIIOAMHH
MOTPIOHO BBIMKHYTH SICKpaBO-OUIMI  Koxip, a s
BIJINIOYMHKY - BBIMKHYTH TEIUIO-)KOBTHH Kojip. Y cucremi
«PO3yMHOT'0» OCBITJICHHS Mae Oyt  pexuMm
PI3HOKOJIBOPOBOTO OCBITIICHHS, TAKHHA PEKUM A€ 3MOTY
KOPHUCTYBady MOPAJIHHO Ta EMOIIIITHO BiAITOYUTH.

[IpoananizyBaBmu mapamMeTpu 30BHIIIHBOTO
CepeIOBUINA, BU3HAYCHO TaKi TOJIOBHI MOKa3HUKH:
BapTICTh JIAMIIH, TPH;

HaTypajbHEe CBITIIO, JIIOKC;

IITYYHE CBITJIO, JIFOKC;

TEIUIOTY BUMPOMIHIOBAHOTO CBiT/A 3 JammH, K;
HAasIBHICTh MYJIbTHKOJILOPOBOTO pexumy, K.

Eman 4. Po3paxynox Komgpopmuocmi cucmemu
oceimieHHsa KimMHam [ nodyooea Oinapnozo oepesa
Dpiutens.

[licns aHamily MOKAa3HHWKIB CTBOPEHO TAONUIIO 3
po3paxyHKamMu KOM(OPTHOCTI CHCTEMH OCBITJICHHS i
KJIacH JaHMX, SKAM 3aJaHo IMeHa 1 [Jiama3oH IXHIX
3HaYCHb (pHC. 6).

[oxa3HUKM KOM(OPTHOCTI IS Pi3HUX KiMHAT OYAYTh
pi3HMMH y 3B’SI3KYy 3 THIIOM KOpUCTyBa4ya, TOOTO
KOoM(OpTHI yMOBH Uil JAWTSYOI KIMHATH  OyJayTh
BIZIPI3HATHUCS JUI HUX )K€, HANPUKIAJ, y BaHHIM KiMHATI.
Y po0OTi HaBeAEGHO MPHUKIAN JJIi JUTSIY0l KIMHATH.

SNENENENEN

1] P NL AL RGB H Comfort P NL AL RGB H
2 10 25 650 0 3500/ N.C »>=45 »>=100 »=650 »=1 >=3500
3 25 50 800 1 4150 C <45 <100 <650 <1 <3500
4 30 75 850 0 3800 N.C

5 | 15 300 50 1 J200N.C

6 | 45 350 300 1 3600 C

A 35 200 700 0 4500 C

8 | 70 250 950 1 300 N.C

9 85 100 750 0 3000 C

10| 90 70 600 1 2800 N.C

il 100 55 640 1 35856 C

Puc. 6. Po3paxyHOK KOM(pOPTHOCTI CHCTEMH OCBITIICHHS TUTSIY01 KiMHATH

3a pesympTaTaMH  aHamily — TaOMMI
KOM(OPTHI yMOBH U1 KOPUCTYBada CHCTEMH:

P (Price, 10 — 100 rpH) — BapTiCTh elEeMEHTA
OCBiTJIEHHs (cepeHst miHa 45 TpH 3a OJIMHUIIO JIAMIIN);

NL (Natural Light, 25 — 350 Lux) — wmarypambHe
cBiTIO (KOoMQopTHHI piBeHb cBiTaa 100 mrokciB abo
Ginbiie);

AL (Artificial Light, 50 — 900 Lux) — mty4He cBIiTIO
(xomdopTHHI piBeHb cBiTiIa 650 MoKCiB 200 OinbIe);

RGB  (Multicolor, 0 - 1) — migrpumka
PI3HOKOJILOPOBOTO PEKUMY (xopucHu piBeHB
PI3HOKOJILOPOBOT'O OCBiTIIEHHS - 1);

H (Temperature Light, 2800 — 4500 K) — Temora
cBiTia (komdopTHUil piBeHs Temiotu cBitiaa 3500 K abo
OinpIe).

CTBOPCHO

it Bizyauizarii 6iHapHOTO JIepeBa pillleHb MOTPiOHO
po3paxyBaTi KOM(POPTHI TOKa3HUKH T4 BU3HAYUTH OTIOPHI
TOYKH KOMGOPTHOCTI I KOKHOTO €JIeMEHTa PO3yMHOI
cucreMu ocBiTieHHs. Ha puc. 7 300paxxeH0 BU3HA4YeHI

OTOpHI TOYKH KOM(MOPTHOCTI CHCTEMH PO3YMHOTO
OCBITJICHHSI.
B ML AL RGB H
»=45 ==100 >=h50 ==1 >=3500
<45 =100 <B50 <1 <3500

Puc. 7. BusHaueHi onmopHi TOYKH KOM(POPTHOCTI

BH3HAYEHI
iHpopmariiina

Ha TOYKH

SHTPOITis.

Cnuparouncs
PO3paxoBYEThCA

OTIOpHI
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Ingpopmauiiina enmponia -
iHpopmauii. Bona mnoBigomuse, ckulbkn iHpopMaii
MICTUTH TMOfis. 3arajJoM 4YMM OUIBII TEBHOKO abo
JIETEpMIHOBAHOIO € TOAis, TMM MeHIue iHdopmalii BoHa
Mmictutume. Ilpoctumu cinoBamu, iHdopmaris — 1e
301IBIICHHS HEBU3HAUCHOCTI 200 eHTporii [8, 9].

Indopmaniitna  eHTpomisi  po3paxoBYeThCA
BizyaJizauii OiHapHOTo AepeBa pillieHb.

IIpu po3paxyHKy cIif 3BepHYTH yBary Ha 3a/iaHi qaHi
KOM(OPTHOCTI CHCTEMH OCBITICHHA MAWTAYO0I KiMHATH
(puc. 6):

° KITBKICTh JAHMX, IO 3aJ0BOJIBHSIOTE YU HE
33J0BOJILHAIOTE 3aJlaHi yMOBH OIIOPHUX TOYOK; IS
KOYKHOTO BUJTy TaHHX OyJe OKpEeMHI pO3paxyHoK;

. KUJIBKICTh KOM(OPTHHUX 1 HEKOM(OPTHUX JIaHUX,
3aJJaHuX Y MOTMEPEIHIX yMOBax.

Oppa3y Tmicis BH3HAYCHHS YMHHHKIB MOTPIOHO
OKpEMO BU3HAYHMTH KUIBKICTh JaHHX, IO 3aJ0BOJbHSIOTH

MOHATTS 3  Teopil

IS

3aJaHi yMOBH, 1 BHU3HAUUTH Cepell HUX KIJIBKICTh
koMpopTHUX  (33OBONBHSIOTE  BCIM  yMoBaMm) i
HEKOM(OPTHHUX JaHUX (4aCTKOBO 3aJJ0BOJIBHSIOTH JESKI 3
YMOB).

PosrissHeMo po3paxyHOK Ha NPHUKIAAI OJHOTO 3
TOJIOBHUX YMHHHKIB — P — 1e yMOBHa BapTicTh OJHOTO
eJIEMEHTa OCBITIICHHS, 10 Mae OyTH He OinbIre BKa3aHol B
TaOMUIli KOMQOPTHOCTI CHCTEMH OCBIiTIICHHS (puc. 6).
3a3HaueHa BapTICTh CTAHOBUTh HEe MeHme 45 TpH 3a
eleMeHT oOcBiTIeHHA. lle mae 3Mory cratm cucremi
€KOHOMIYHO-KOM(OPTHOIO i KOPHCTyBada, aje 3a
YMOBH, IO IiHII YMHHHMKMA TOTPAIUIIOTH JIO 3aJaHUX
rapameTpiB KOM(pOPTHOCTI.

Y Hamomy Bumaaky € 10 eleMeHTIB OCBITJICHHS,
cepell SIKMX I1SITh MalOTh BapTiCTh Big 45 TpH 1 Ounble, i
1€ II’STh, Y SKUX BapTICTh MeHIle 45 TpH, TOMY NOTPiOHO
ix BiJIOKPEMHUTHU Ha MOYaTKy PO3paxyHKIB:

Var P has value >=45 for 5 records out of 10 and 5 records with value <45 value.

Ilicns BiZOKpEeMIJICGHHS €IIEMEHTIB OCBITJIICHHS 3a
BapTICTIO MOTPIOHO BHU3HAYUTH MapaMeTpu KoM(popTHOCTI
y BIIOKpEMJICHHX eJIeMEHTax ocBiTieHHA. Ilapamerpn
KOM(OPTHOCTI 3aJIe)KaTh Bil XapaKTEPHUCTHK EJIEMCEHTIB
OCBITJICHHS: SKIIO BapTicTh 1 (QYHKUIT BiIIOBIIAIOTH
3aJJaHUM  yYMOBaM  KODUCTyBa4a, TaKHld  €JIEMEHT
BBaXKaeThCsl KOMGOPTHUM. B yMoBax BapTocTi eremMeHTa
Oinbmie 45 TpH TpPU elieMEHTH KOMQOpPTHI Ta JBa

HeKOM(]OpPTHi, IX TOTPIOHO PO3IUIMTH HIS TOYHOCTI
PO3paxyHKYy:

For Var P >= 45 & class == comfort: 3/5.
For Var P >= 45 & class == nocomfort: 2/5.

HactymHuM KpokoM moTpiGHO MopaxyBaTh HTPOIIII0
JUTSL TapaMeTpiB, 3aJjaHi yMOBAaMH BapTOCTI €JIEMEHTA
Oinbuie 45 rpH:

Entropy(3,2) =-1 * ( (3/5)*l0ga(3/5) + (2/5)*log2(2/5)) = 0,979.

Po3paxyHOK AJist €eMeHTIB, [0 KOIITYIOTh MeHIe 45
I'pH, BUKOHYETHCS aHAJIOT19HO.

[ po3paxyHKy 3arajJpbHOi eHTpomii BapToCTi
CJIEMEHTIB OCBITJIICHHS TOTPIOHO BKa3aTH IapaMeTpu
KOM(OPTHOCTI Ta EHTPOMil BIIOKPEMJICHHUX €JEMEHTIB
OCBiTIIEHHs. Bix oTpuMaHOro pesynabTaTy 3arajbHOi

SHTPOIIi 3aleKUTh OIiHApHE JEpeBO pIlIeHb: SKIIO
pesynbrar craHoBuTh 0, el mapaMeTp HE BIUIMBAE Ha
CHCTEMYy Ta HE IIO3HAYA€ThCSI Ha JepeBi pillleHb.
Po3paxyHOK 3aranbHOi EHTPOINii BapTOCTI EJIEMEHTIB
OCBITJICHHS] MaTUM€E TaKUi BUTIIAL;

Entropy(Target, P) = P(>=45) * E(3,2) +P(<45) * E(2,3)= (5/10) * 0,979 + (5/10) *0,979 = 1 — 0,979 = 0,021.

3arajgpHUM  BUIIIAJ ~ PO3PaxyHKIB 32  KOXKHUM
napaMeTpoM KOMQOPTHOCTI, 1110 BIUIMBAE HA €KOHOMIYHO
KOM(OpTHY cucTemy, Mae BUTIIA]

Var P has value >=45 for 5 records out of 10 and 5 records with value <45 value.

For Var P >= 45 & class == comfort: 3/5
For Var P >= 45 & class == nocomfort: 2/5

Entropy(3,2) =-1 * ((3/5)*l0g2(3/5) + (2/5)*log2(2/5)) = 0,979

For Var P<45 & class == comfort: 2/5
For Var P <45 & class == nocomfort: 3/5

Entropy(2,3) = -1 * ((2/5)*l0og2(2/5) + (3/5)*10g2(3/5)) = 0,979

Entropy(Target, P) = P(>=45) * E(3,2) +P(<45) * E(2,3)= (5/10) * 0,979 + (5/10) *0,979 = 1 — 0,979 = 0,021
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Var NL has value >=100 for 6 records out of 10 and 4 records with value <100 value.
For Var NL >= 100 & class == comfort: 3/6

For Var NL >= 100 & class == nocomfort: 3/6

Entropy(3,3) =-1 * ((3/6)*log2(3/6) + (3/6)*log2(3/6)) = 1

For Var NL<45 & class == comfort: 2/4
For Var NL <45 & class == nocomfort: 2/4
Entropy(2,2) = -1 * ( (2/4)*log2(2/4) + (2/4)*log2(2/4)) = 1

Entropy(Target, NL) = P(>=100) * E(3,3) +P(<100) * E(2,2)= (6/10) * 1 + (4/10) *1=1-1=0

Var AL has value >=650 for 7 records out of 10 and 3 records with value <650 value.
For Var AL >= 650 & class == comfort: 4/7

For Var AL >= 650 & class == nocomfort: 3/7

Entropy(4,3) =-1* ((4/7)*log2(4/7) + (3/7)*log2(3/7)) = 0,99

For Var AL<650 & class == comfort: 1/3
For Var AL<650 & class == nocomfort: 2/3
Entropy(1,2) = -1 * ( (1/3)*log2(1/3) + (2/3)*10g2(2/3)) = 0.92

Entropy(Target, AL) = P(>=650) * E(4, 3) +P(<650) * E(1,2)= (7/10) * 0.99 + (3/10) * 0.92 = 1 0,969 = 0,031

Var RGB has value >=1 for 6 records out of 10 and 4 records with value <1 value.
For Var RGB >=1 & class == comfort: 3/6

For Var RGB >= 1 & class == nocomfort: 3/6

Entropy(3,3) =-1 * ((3/6)*log2(3/6) + (3/6)*log2(3/6)) = 1

For Var RGB <1 & class == comfort: 2/3
For Var RGB <1 & class == nocomfort: 1/3
Entropy(2,1) = -1 * ((2/3)*log2(2/3) + (1/3)*10g2(1/3)) = 0.92

Entropy(Target, RGB) = P(>=1) * E(3, 3) +P(<1) * E(2,1)= (6/10) * 1 + (3/10) *0.92 = 1 — 1.476= 0,124

Var H has value >=3500 for 6 records out of 10 and 4 records with value <3500 value.
For Var H >= 3500 & class == comfort: 4/6

For Var H >= 3500 & class == nocomfort: 2/6

Entropy(4,2) =-1 * ( (4/6)*log2(4/6) + (2/6)*log2(2/6)) = 0.92

For Var H <3500 & class == comfort: 1/4
For Var H <3500 & class == nocomfort: 3/4
Entropy(1,3) = -1 * ((1/4)*log2(1/4) + (3/4)*log2(3/4)) = 0.843

Entropy(Target, H) = P(>=3500) * E(4, 2) +P(<3500) * E(4,2)= (6/10) * 0.92 + (4/10) *0.843 = 1 — 0.8852= 0.1108

OTtpumaHi pe3ynbTaTH 004YHCICHHS OiHApHOTO AepeBa  3aCTOCOBYBAaTH IIPH  Bizyautizariii

(puc. 8) 3a kpurepieM oTpuMaHHS iH(OpPMAIi MOXXHA  PIIICHB.

OiHapHoTO JEpeBa
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Puc. 8. binapHe nepeBo pimeHb A TUTAI0] KIMHATH

Y CBOIO uepry [epeBO pIllICHb Ja€ MOMKIUBICTh
CTBOPUTH KOHIIENT «PO3yMHOI0» OCBITJICHHS B IUTAYIH
KIMHAaTi Ta  BHU3HAYUTH  €(QEKTUBHICTh  CHUCTEMH
«PO3yMHOT0» OCBITJICHHs, TOOTO BHM3HAYaTH NOMHIIKH B
cucremi. Hampukian, sIKIO JTaTYMK CBITIIA, SIKHA BUHIIOB
i3 maxy, mepeaae Bia €MHI MOKa3HUKH Ha MiKPOKOHTPOJIEP,
TO 3a JOIOMOIOI JepeBa pilleHb CHCTEMa YHHKaE
HeraTUBHMX Hacmiakis [10-12].

Po3paxyHkH TOKa3HHKIB OCBITICHHS Ta NOOyHOBa
JepeBa  pimieHp UIsT  BCIX MPHUMIMIEHb  OYIUHKY
NPOBOJIATHCS 33 AHAIOTTYHUM aJITOPUTMOM.

BucHoBku

ITokazaHo, IO «pO3yMHHID» OYAMHOK 3aiiMe CBOE
Miciie y cdepi TOOyTOBOI ENEKTPOHIKM 1 BBilae B
TOBCSIK/IGHHE KHUTTS 0OaraThbox KopucryBadiB. lLlpomy
CIPUSATAMYTh 1 TIOSBa TIPOCTHX, (QYHKIIOHATHHHUX 1
BITHOCHO  JICHICBMX  KOHTPOJEPIB, 1  MiJABHIICHHS
00YHnCITIOBAILHOT MOTY>KHOCTI CMapT-PUCTPOIB.
PesynbraT poOOTH MOXKYTh OYyTH BUKOPHCTaHI ISt
PO3rOpPTaHHS CHCTEMH aBTOMATH3aIlil OCBITJIICHHS SIK Y
3BHYaiiHOMy  OyauHKY, Tak 1  CIeHiadi30BaHuX
NPUMILIEHHSX 3 OLIBII )KOPCTKUMH BUMOTaMH.
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Abstract. An analysis of the environment that affects the
lighting of the premises was carried out and the optimal
indicators for the user were determined. The main stages
of creating a "smart lighting in the house" system have
been determined. The construction of the lighting scheme
should begin with a comparison of the proposed options of
components that are part of the system and have the
characteristics specified by the initial conditions. Some
components have a negative effect on the lighting in the
rooms, which leads to impaired vision, reduced immunity
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and deterioration of health. In order to avoid problems
with vision and health, it is necessary to correctly calculate
the lighting in the rooms, for this, a lighting plan is built in
the house, which indicates artificial and natural light
sources that affect the user's condition. To build "smart"
lighting, a UML diagram of use cases is created, which
shows all the functions and shortcomings found in the
given system. When constructing a use case diagram, all
hardware capabilities and user preferences are taken into
account. In advance, you need to create a cognitive FCM
map in which to depict the relationship between the system
of components and the environment in the conditions of a
permanent stay in the house. The FCM map allows you to
depict the dependence of all user needs and their impact on
artificial lighting. The binary decision tree shows how
comfortable and economical the system is for the user, if
one of the factors does not meet the initial requirements,
then the system becomes uncomfortable to use. It is
recommended to calculate the project component by
building a decision tree. A binary decision tree was
calculated and it was determined that the decision tree is
built after calculating the information entropy, this makes
it possible to depict an economical and comfortable system
of "smart" lighting in the house.

Keywords: entropy, smart home, smart lighting, binary
decision tree.
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HEPYBALIbKMM B. I1., kaHj. TexH. HayK,

IIJIAXTIN O. A., KaHz. TeXH. HayK,

I'OPAIECHKO /1. A., aciipaHT,

OUIINT’€BA M. B., acniipanTka

(YkpalHChKHil TepKaBHUN YHIBEPCUTET 3aTI3HUYHOT'O TPAHCIIOPTY),

BAT'AY P. B., acmipanT (XapKiBCbKHiIl HalliOHATBHUN aBTOMOOUTBHO-I0OPOXKHIN YHIBEPCHUTET)

IHigBuIIeHHST TOYHOCTI MO/JEJIOBAHHS MepPexXigHUX TmpoueciB i
PO3pPaxyHKY BTpAT MOTYKHOCTI HANIBNPOBITHUKOBUX
nepeTBOpIOBaviB y mporpaMmuomy cepeaonuii NI Multisim

YV ecmammi nasedeno docnidowcenns nepexionux npoyecié i pe3yibmamu po3pPAxyHKi6 CMAMUYHUX i OUHAMIYHUX
empam nomyoicnocmi 6 cunosux IGBT- ma MOSFET-mpanzucmopax npu MoO0enos8anti y npocpamHux cepeoosunyax
Matlab / Simulink i NI Multisim. Busnaueno, wo moodemosanns ¢ NI Multisim 6inous xopexmmue i mouno 6i0obpasicye
nepexioni npoyecu 88iMKHEHHs Md GUMKHEHHS CUTO0B8UX MPAHIUCMOPIE I 360POMHO20 8IOHOGNEHH: 0i00i8, WO 0A€E 3M02y
BUZHAYAMU OUHAMIYHI 8MPAMU CUTOBUX MPAHZUCMOPIE | cunogux 0iodis. Ilokazano, wo Mooensb CUN08UX MPAHIUCTOPIE
v NI Multisim 8paxogye binvute copoka cemu napamempis, KIOUAOYU MeMNePaAmypHi XapaKmepucmuKy, napasumHi
6XIOHI ma UXiOHI EMHOCMI | IHOYKIMUBHOCMI, HENIHIUHOCMI 801bM-AMNEPHUX XAPAKMEPUCTIUK MPAH3UCOpie mowo. ¥
npoepamuomy cepeoosuwii NI Multisim pospobneno cxemy mparnsucmoprnoco MOSFET-xkntoua IRFZ44n, repysanms
30iticnioe Opatisep IR2104PBF. Ilooano adexeamuicmv 4acié 6GIMKHEHHs MA GUMKHEHHS CULO8020 MPAH3UCMOpA,
Xapaxmep nepexioHux npoyecie npu pe3UucmuGHoMy mda Pe3UCMUGHO-IHOYKMUGHOMY HABAHMAIICEHHI, 3AAE)HCHICIb
CYMAPHUX 6MPam NOMYHCHOCMI 8i0 Hacmomu KOMymayii.

Kniouosi cnosa: Matlab, NI Multisim, séonom-amnepna xapaxmepucmuxa, 6mpamu ROMY*CHOCMI, HANIBNPOBIOHUKOBULL
nepemeopiosay, nepexionuii npoyec, CUIoGUI MPaH3UCIOP.

Beryn —3py4yHHi iHTEepdelc, KU 3a paxyHOK CTBOPEHHS
OHUM 3 B@KIMBMX  HANPSMIB  JOCIIIKCHHS OJ0YHMX CX€M Jla€ 3MOry JOCHUTbh IIPOCTO 0€3 3HaHb MOB
HAIBIIPOBIJHUKOBUX [EPETBOPIOBAYiB € BH3HadenHs POTPAMYBAHHA CTBOPIOBATH JOCUTH CKIAIHI CHCTEMH

ixuporo koedimienTa KopucHoi ii Ta cknagoBux Brpar KEPYBaHHA,

MOTYXKHOCTI, @ TAKOXK JOCTIKCHHS MUIAXIB MOKPAIICHHS — HOTYXHHH BOYHOBaHHH MaTeMaTHqHHﬁ anapar, o
eHepreTuyHo1 edeKTHBHOCTI meperBoproBavis [1, 2]. [lpu A€ 3MOLY TIPOBOIUTH IyKE 0arato pisHHX BHJIB aHai3y
HbOMY KOMIT FOTEepHE MOJICITIOBaHHS pobotu (@yp’e-aHams,' alrOpPUTMH  CHHTE3y udpoBuX Ta
[EPETBOPIOBAUIB € BXKIIMBHM €TarloM y PO3poOieHHi Ta AHATIOTOBHX (inbTpiB, AITOPUTMH CHHTE3Y PErYISTOPIB i
JIOCITi JKSHHI E€HEePreTUIHUX nokasuukip T+ 11.)- ]

HAMIBIPOBITHUKOBUX IEPETBOPIOBAYIB IMiJ] 4Yac IXHBOTO Hos OTPUMAaHHA aJIeKBaTHUX pesynbrartiB
IPOEKTYBAHHSL. OnHIM i3 Haifnony spHimpux ~ MOCTIOBAHHS POGOTH ENCKTPHUHHX CXEM BAXIHBHM €
{HCTpyMeHTIB pu MO/TEITFOBAHHI cumopnx BPAxXyBaHHA  BHYTPIIIHIX OCHOBHMX 1 IapasuTHHX

HAITIBIIPOBITHUKOBUX IE€PETBOPIOBAYIB € IPOTpamMHe NapaMeTpiB  HAMiBIPOBiHUKIB, o He06xiggo JUTS
cepenosunie Matlab / Simulink [3, 4]. o mnepesar BHU3HAYCHHI — XapaKTCpy TICPEXIIHUX  IpPOLECCIB  [pH
MOJICIIOBAHHS  HAIIBIPOBIJHMKOBHX  IepeTBopioBauis ~KOMYTallil, a TaKOX BH3HAYEHHS BTPAT MOTYXKHOCTI Ta
MO3KHa BijHecTH [5, 6]: NeperpiBy CUIOBUX KIouiB [7, §].

— yHiBepCaJbHICTh, TOOTO MOXJIHMBICTh MOJAEITIOBAHHS
Oynb-sIKMX CHJIOBHX EJIEKTPUYHHX CXEM 3 MaJIUMH
CTpyMaMu Ta Oy/Ib-SIKHX CHCTEM KepyBaHHS;

© B. I1. Hepy6aubkuii, O. A. ILnaxriii, . A. Topaienxo, M. B. ®@inxin’eBa, P. B. Barau, 2023
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IMocTanoBka mnpodJjemMn, aHami3 JAOCTiIKeHb i
nyoJikaniii

IIpn BupimeHHi 3aBHAHHA JOCHI[KEHHS BTpaT
MOTY>KHOCTI B CHJIOBUX HaIBIOPOBITHUKOBHIX

MepeTBOpIoBadax 0a30BHH  (YHKIIOHAT IPOTPaMHOTO
cepenoBuia Matlab / Simulink mae pmocute CcyTTEBi
Hemoniku [9, 10]: mpu  MOJCMIOBaHHI  CHJIOBHX
MepETBOPIOBAYIB HEKOPEKTHO BH3HAYAIOTHCS CTATHYHI
BTpaTu notyxHocTi B cwioBux IGBT-, MOSFET-, GTO-
TPaH3MCTOPaX, a TaKOX IIOBHICTIO HE BPaXOBYIOTHCS
JUHAMIYHI BTpaTH MOTYXHOCTI. Lle moB’s3aHo 3 THM, IO
Matlab / Simulink He BimoGpaxkye mporecu 3pOCTaHHS Ta
CHamaHHs CTPYMY i HalpyTr® B 4aci mpu xomytarmii. Yepes
1lc BU3HAYCHHS AUHAMIYHHUX BTPAT MOTYKHOCTI B CHIIOBHX
TPAH3UCTOPAX MPAKTHYHO HEMOXJIMBO. | 1ie mpu ToMy, 110

OUHAMIYHI BTPAaTH TOTYXXKHOCTI CKJIAaNalOTh  OLIBIIY
YaCTHUHY BITHOCHO CTaTHYHHX BTPAT IIOTYXKHOCTI.
OxHuM 31 OUISXIB  TOYHOTO BpaxyBaHHS BTpaT

MOTY)KHOCTI B CHJIOBHX TPAH3HCTOPAaX y NPOrPaMHOMY
cepenoBuii Matlab / Simulink € cTBopeHHsT HOAATKOBHX
cyOMoJienei, 10 3IIHCHIOIOTh PO3paxXyHOK MHTTEBUX
3Ha4eHb CTATHYHMX 1 JUHAMIYHUX BTPAT MOTYXXHOCTI y
(yHKII{ 3HAYeHHS BETMYWHU MHUTTEBOTO cTpymy [11, 12].
L1i MeTOIMKH AIOTh 3MOTY BH3HAYATH BTPATH IOTYXKHOCTI
B CHJIOBHX TPaH3UCTOPAaX, IPOTE BUMATaloTh MONEPEIHBOI
JHIAHOT qn MOJIIHOMIaJIBHOT ampOKCUMAIIii
xapaktepuctuk  Ucee(l), Eon(l), Eori(l1), Erec(l). 3a
BiZICYTHOCTI IIMX XapaKTEPHUCTUK y TOKYMEHTAIlii HaBeICHI
METOJIMKH 3aCTOCYBAaTH HEMOXKJIMBO.

VY nyoOmikamii [13] mogaHO METOIUKY MOICTIOBAHHS
HepexiHUX MPOIECiB KOMYTAIlil CHJIIOBUX TPaH3HCTOPIB Yy
nporpamHOMy cepepoBuini  Matlab / Simulink  saxom
JOAaBaHHS /O MOJeNl  Mapa3uTHUX  IapaMeTpiB
IHIYKTUBHOCTI Ta eMHOCTI. [TpoTe neit MeTo He BU3HAYAE
3aJICKHOCTEH IePeXiIHOTro NPOLECy Bill MapaMeTpiB onopy
pe3ucropa 3aTBopa.

Y myOmikamii [14] HaBemeHO CYTTEBY PI3HUIO
pe3ynbTaTiB  MOJCTIOBAHHS  IEPEXiHUX  MPOIIECiB
KOMYTalil CHJIOBMX TPaH3UCTOPIB Yy HPOrpaMHOMY
cepemoBuii Matlab / Simulink, Spice-moxentoBanni Ta
PEe3yJIbTATIB peajbHUX OCIIMIOTPaM.

— IOCIIDKEHHS JeTalli3amil MOIEIIOBAHHSI CHIIOBUX

MeTta Ta 3aBIaHHA TOCTiIKEeHHSA

Metoro  pobOTH €  MiOBUINEHHS  TOYHOCTI
MOJICITIOBAHHS. ~ TEPEeXiHUX  TPOLECIB Y  CHIIOBHX
HaIiBIIPOBITHUKOBUX  TIEPETBOPIOBaYax, M0  JACTh

MOKIMBICTS GBI KOPEKTHO BH3HAYATH JHHAMIUHI
BTpPaTH MOTYXHOCTi. Jlms OCATHEHHS MeTH Oyio
MOCTaBJIEHO TaKi 3aBAaHHS:

— OISl MHEepexiflHOro  Mpoumecy B CHJIOBOMY
TPaH3UCTOPI i Yac KOMyTaIlii;
— BU3HAUEHHS HENOJIKIB MOJEIIOBAHHS CHJIOBHX

TPaH3MCTOPIB 1 Ji0AIB y NPOrpaMHOMY CEpeIOBHIII
Matlab / Simulink;

TPaH3HCTOPIB 1 MiONIB y TPOrPaMHOMY CEPEIOBHILI
NI Multisim;

— MOJIaHHS MEPeXiHUX HPOLECiB KOMyTalii CTpyMmy,
Hampyru 1 TOTYXXHOCTI B  po3poOyieHid  Mozemi
HaIBOPOBINHMKOBOTO Kiofowa Ha 0a3i  MOSFET-
TpaH3UCTOPA.

BuxknaneHHst 0CHOBHOT0 MaTepiaiy
Pospaxynox empam nomydxcnocmi 8 CUNOGUX

mpansucmopax i Oiodax. IlepeximHuii mpouec 3MiHH
HAIpPYyTH, CTPYMY Ta MOTYKHOCTI B CHJIIOBOMY TPaH3UCTOPIi
i1 4ac KomyTalii HaBeeHo Ha puc. 1 [15, 16].

~Y

Puc. 1. Tlepexignuii nporec y CUIIOBOMY TPpaH3UCTOPI
i yac KoMyTarii

Ha puc. 1 BU3Hau€HO YOTHPH IHTEPBAIN KOMYTALIii.

IurepBan to—t;. Ilum iHTepBAIOM YACY OMKMCAHO
BUMKHEHHH CTaH CWJIOBOTO TpaH3ucropa. Ha mpomy
iHTepBai Yacy Hamnpyra, NMpUKiIaZeHa J0 TPaH3UCTOpa, €
MaKCHMaJIbHOIO, ajleé CTPyM 4epe3 TpPaH3HCTOp He
mpoTikae. BiamoBimHO BTpaTH MOTY)XHOCTI Ha HBOMY
JOPIBHIOIOTH HYJIIO.

Iarepsan ty —to. Ilig yac wporo iHTepBany OMUCAHO
Mporiec KOMYTaIlii CHIIOBOTO TPAH3UCTOPA IMicCHs TOAAHHSA
Ha HHOTO CHTHaJy BBIMKHEHHs. Ha 1pomy iHTepBasi yacy
Hafpyra, NpPUKIaJeHa 0 TPaH3UCTOpPa, 3MEHINYEThCS 3
MaKCHMaJIbHOT JI0 BEJMYMHM TIPSIMOTO TIAAIHHS Hampyrd
Uce B TpaH3uCTOpi, @ CTPyM Yepe3 TPAH3UCTOP IOYMHAE
3pocTaTH 3 HyIS [0 MAaKCHMAalbHOTO  3HAYCHHS.
BiamosigHO eHepris, 1Mo BiJANOBiIa€ JUHAMIYHAM BTpaTam
MTOTY>KHOCTI Ha iHTepBali BBIMKHEHHS, BU3HAYAETHCA 5K
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t2
E,=]l.-U,-dt, (1)
t1l

ne le, Uce — Benmuuunm cTymMy Ta Hampyru B IPOBiTHOMY
CTaHl1 KJII04a.

IntepBan t, — 13 BigmoBimae mpoBigHOMY CcTaHy
TpaHsuctopa. lleff iHTepBas wacy BW3HAYa€ CTAaTHYHI
BTPaTH TMOTY)XKHOCTiI B TpaH3ucTopi. Ha mpomy iHTepBai
CHTHaJIM BBIMKHEHHS a00 BUMKHCHHS Ha TPaH3UCTOP He
nojarotecs. [Ipu npoMy Hampyra Ta CTpyM Ha TPaH3UCTOPI
BU3HAYAIOTHCSI CXEMOI0, Y SKil Ipalioe TPaH3UCTOP, TOOTO
MOXYTb OYyTH TOCTIHMMHM, HAIlpUKJIaJ Yy CXeMi uorepa,
abo 3MiHIOBaTUCh y 4aci, HampuKiax y cXewmi
M1 /1BUIIyBaJIbHOTO IMITyJILCHOTO MepeTBOPIOBaya.
BinmoBigHo eHepris, po3cifoBaHa Ha TPAaH3UCTOPI MiJ yac
IMITyJIbCY BBIMKHEHHS, BIJIOBIa€ CTaTUYHHM BTpaTam
MOTY)KHOCTI 1 aHAJOTIYHO BHU3HAYAETHCS IHTETPajOM
MHTTEBOT IIOTYKHOCTI K

t3
Econd = J. Ic ' Uce ' dt (2)
t2

Intepsan 13—tz BigmoBigae iHTepBamy mporecy
KOMyTalii BHUMKHEHHS CHJIOBOTO TpaH3ucTopa. Lleit
iHTEpBaJ 4Yacy BHM3HAua€ JWHAMIYHI BTPaTH MOTYXHOCTI
BUMKHEHHs. BimoBiiHO  eHepris, po3scitoBaHa Ha
TPAH3UCTOPI i1 YaC BUMKHEHHS, BIAMOBIAa€ TUHAMIYHUM
BTpaTaM MOTYXXHOCTI BAMKHEHHSI 1 BU3HAYA€EThCS SIK

t4
E, =]l -U,-dt ®)

t3

Y pexumi muUpoTHO-iMITyIbcHOT Momyismii (LLIIM)
Oph  pekuMmi  poOOTH TEepeTBOprOBada 3  TOCTIHHUM
HABAHTAXXCHHS Ta IMOCTIHHOI BEIUYMHOI Koe(illieHTa

3aroBHeHHss B IIIM crartuuni Ta JuHaMiYHI BTparu
MOTY>KHOCTI MOYKHA BU3HAUUTH 5K [17, 18]
Pcondzlc'Uce'y! (4)
Je y — koediuieHt 3anoBHeHHs B LM

Paw = Toum '(Eon +Eg )' ()

ne fpwm — wacrora komyrarii.

Y cuioBHX Aiofax HpoLec BUHUKHEHHS CTATHYHHX
BTpaT IOTYXHOCTI € aHanoriyHuMm. [Ipore nuHAMiuHI
BTPaTH IOTY>KHOCTI B CHJIOBHX J[I0aX BiAPI3HSIOTHCS.

Ha puc. 2 HaBeneHO OaMH i3 THNOBHX (parMeHTIiB
SIEKTPUYHUX CXeM 3 Ji0JaMH Ta HaMiBIPOBITHHKOBHMHU
kmoyamu. Ild  cxema BHU3HA4ae KOPCTKUIL  peXUM
BIZTHOBJIGHHS 3BOPOTHOI MpoOBigHOCTI miona. Ha mpuxmani

miei cXeMH IOSICHEHO IMPOLEC BiJAHOBJICHHS 3BOPOTHOI
MIPOBITHOCTI Aioja. A 4acoBi JiarpaMu CTpyMiB i HaIlpyr,
110 OIHCYIOTH IIPOLIECH Y CXeMi, HaBeJEHO Ha pHC. 3.
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Puc. 2. EnextpuuHa cxema HiIKII0YeHHS Jioaa

L+l

L~ “RRM

P R

D;J(\

=\

. tnwic.’r

o~

~Y

‘[RRJJ’
Uye

Puc. 3. [Iporiec 3BOPOTHOTO BiTHOBJICHHS 102

Y moyaTKoBHH Yac HaMiBIPOBIIHUKOBHH  KITIOU
3aKpPUTHUH, 1 CTPYM 1HIYKTUBHOCTI HOBHICTIO 3aMUKA€ThCS
yepes aiof. [licis momadi kepyrodoro imMIryabcy Ha 3aTBOP
TPaH3HCTOpPAa 1 TEPEeBUIIEHHS HUM JAEsiKoi HOporoBoi
Hanpyru BiOyBaeTbCs IIOCTYNIOBE 3POCTaHHS CTPyMY

uepes kmou lsw, mounnaroun 3 wacy tswitch. TIpu oMy
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cTpyM, mo Tmporikae uepes gmiox lp, mocrymoso
3MEHIIYETHCS,, OCKUIBKH CTPYM IHAYKTUBHOCTI ITOYMHAE
YaCTKOBO BHTIKaTH dYepe3 KII0Y, IO BiIKPUBAETHCI. Y
JIeSIKMiA MOMEHT 4acy (mo4arok intepsany fa), konu ctpym
IHAYKTUBHOCTI TOBHICTIO 3aMKHETBCS depe3 KoY
(I. = lsw), ctpym uepe3 niox 3MiHWTH CBili HanmpsaMok. Y
HepIiii MOJOBHHI IMIYJIBCY PEBEPCHOTO CTpyMy (Iepion
ta) BinOyBaeTbca pospan emHocTi P-N-mepexody, npu
IIFOMY Hampyra Ha MiOAi JAESKHH dac 3aJHIIaeThCS
HO3UTHBHOIO, a 3BOPOTHUH CTPyM JOCSTae MaKCHMyMY.
Jaii 3BOpOTHHIA CTpYM Hepe3 Ai0A MOYMHAE 3HWKYBATHCh
(mepiox 1g), a 3BOpoTHa Hampyra 3pOCTa€ 10 HAMpPYyrH
mxepena Upc.

t

E_=[1,-U,-dt, (6)

rec
A

ne Erec — enepris 380poTHOTO BiHOBIICHHS.

[lpy ubOMy BHPOOHHKH CHJIOBUX TpPaH3HCTODIB
HaBOJSATh Yy JOKYMEHTAallil Ha CHJIOBI TPaH3UCTOPU BIKE
BU3HAYCHI 3aJIC)KHOCTI €HEPrii BiTHOBJICHHS Bl BEJIMYUHU
KOMYTOBAHOI'O CTPYMY. 3aJIe)KHICTh €Heprii 3BOpOTHOTO
BIJIHOBIIIOBAHHS BiJl BEJIMYHHH KOMYTOBAHOTO CTPyMY
cunosoro niona RM1000DC-66F naseneno Ha puc. 4.

3.0 , ;
U, 1800 B |
L —150nln !
25b T .
2.0 1

~ ~
S n

Enepeis s6opomuozo eionocnenns, Jic/ivn.
;':.
n

800 1200 1600
Tpstmuii empym, A

0 400 2000

Puc. 4. 3anexxHicTh eHeprii 3BOPOTHOTO
BiJTHOBJIFOBaHHS BiJ] KOMYTOBaHOTO CTPYMY

3Hatoun (QaKTUUHE 3HA4YEHHS 3aJIEXKHOCTI eHeprii
BinmHOBIeHHs 3HadeHHA [IIM mpm pexumi pobotu 3i
CTaJIOI0 YaCTOTOI €HEPrisi 3BOPOTHOTO BiJIHOBJICHHS MOJXKE
OyTy BU3Ha4YEHA SIK

P.=E_-f

rec rec PWM * (7)

Jemanizayia modeneil cunoeux mpanzucmopie i
0iodi¢ y npozpamuomy cepedosuwyi Matlab | Simulink.
CratuyHi BTpaTH MOTY)KHOCTI TPaH3UCTOPIB 1 HiofmiB
BU3HAYAIOTBCSl 3HAUEHHAMH CTPyMy Ta Hampyrda y
npoBigHOMY ctaHi [19, 20]. [Ipu poMy Hampyra Ha Tiomi
Ta TPAH3MUCTOPI 3aJEKHUTh BiJ BEIMYHMHU CTPYMY, IIO
BU3HAYA€EThCS BOJIbT-aMIIEPHOIO XapakTepucTukoro (BAX)
kiaroya. [Ipy 1boMy 3HaueHHsS NAaiHHS HANpyrd, KpiM
CTpYMY, TaKOX 3aJIC)KUTh BiJ BEJIMYMHH TEMIEpPaTypH
HamiBIpoBinHUKAa. Ha puc. 5 HaBegeHO peasbHI BOJIBT-
aMmIiepHi XapakTepUCTHKH cuioBoro nioga RM1000DC-
66F 3 Hanpyroto 3,3 kB i HomiraneHEIM cTpymMom 1000 A i
BOJIbT-aMIICPHY XapaKTEPHCTHKY, 3a SIKOI0 MOIYIIOETHCS
pobora cumoBoro mioma Ta IGBT-tpam3uctopa B
Matlab / Simulink.

2000

1600

o, A

= 1200

800

Lpsamuit cmpy

400

0 1 2 3 4 5
Ipama nanpyea, B
Puc. 5. Boabr-amnepHa xapakTepucTHKa CHIIOBOTO

nioma RM1000DC-66F:
1 — peanshi; 2 — moganus BAX y Matlab / Simulink

SIk BUmHO 3 pHUC.S5, peambHi BOJBT-aMIEPHI
XapaKTepUCTHKH Tiofa npu Temmeparypax 25 °C, 125 °C i
150 °C marots mapabomiuny (opmy. UepBOHOK JIiHi€0
HaBeneHo BAX nmioma ta cunoBoro IGBT-tpaH3ucrtopa,
mo MojaemoeThesi B Matlab / Simulink 3navenHsMu 3a
3amoBuyBaHHsAM  (default settings). Bosbr-ammepna
XapaKkTepUCTHKa CUIIOBOTO jioga B Matlab / Simulink
MOJICITIOETHCSI SIK BEIIMYUHA MPSIMOTO maminHas Hanpyru Us
(cranmaptrHe 3HavyeHHs 0,8 B) 3 mocmigoBHUM akTHBHUM
onopoM Ron=1mMOwm. Ili 3HaueHHsS MOXYyThb OyTH
HaJalTOBaHUMHU, TIPOTe 3aMiHa mapabonn BAX mioga Ta
IGBT-Tpan3ucropa npsiMOI0 Tak YW iHAaKIIE B TOBHOMY
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Jiarna3oHi CTpyMy KIIOYa INPHU3BOAUTH A0 HOXUOOK Yy
pO3paxyHKax CTaTHYHUX BTPAT MOTY>KHOCTI.

CyTTEBUM HENIOJIKOM MOJIEIIOBAHHS POOOTH CHIIOBHX
TpPaH3UCTOPIB 1 JIOAIB € BIACYTHICTh Yy MOZAEISIX
Napa3uTHUX [apaMeTpiB  BHYTPIIIHIX €MHOCTEH Ta
IHAYKTUBHOCTEH, BHACHIZOK YOTO KOMYTAIlisfl CHIIOBHX
TpPaH3UCTOPiB  BiAOyBaeThCS 3a OOUH IPOTPAMHHA
inTepBan po3paxyHky B Mozeni Matlab / Simulink [21,
22]. Bracnigok mporo AMHaMika, a caMe 4ac BMHUKAaHHSA i
BUMHKAHHS CHJIOBHX TPAH3UCTOPIB y MOJIEIi iITHOPYIOTBCS,
IUHAMI9HI BTpaTh HOTYXHOCTI B cmwioBux MOSFET- Ta
IGBT-tpan3uctopax irHopyroThes. Ilpomec komyrarii
cunoBoro IGBT-TpaH3ucTopa, a camMe MHUTTEBI 3HAYCHHS
HaIrpyry, CTpyMy Ta IOTY)XHOCTI MiJl 4ac BBIMKHEHHS Ta
BUMKHCHHS, HABEJICHO Ha puC. 6.

6.78 6.7805 6.781 6.7815 6.782 %101, ¢

Puc. 6. PesynmpTat MOemoOBaHHS ITEPEXiTHUX
MPOLIECIB IPU KOMYTALi1
IGBT-tpansucropa B Matlab / Simulink

3 puc. 6 BHIHO, IO Yac BBIMKHCHHS 1| BUMKHCHHS
CHJIOBOTO TPAH3UCTOpa CKJIaga€ | MKC, TMpOTe IIe
3YMOBJICHO HE BIIACTHBICTIO MOJEIl TpPaH3UCTOpa, a
3arajJbHUMH  HAJNAIITYBAaHHSAMH  MIiHIMQIbHOTO  Yacy
JHCKpeTusanii  MojaemtoBaHHs B Matlab / Simulink.
BHacmilok 1mpOro MPOMIXHI TOYKH MHUTTEBUX 3HAYEHb
CTpyMy Ta Hampyrd 3HAXOAATHCS B MeXax OJHIET
JIICKPETH 4Yacy, TOOTO MHUTTEBHX 3HAYEHHAX CTPyMY i
HAMPYTd MK 3HAYCHHSMH BUMKHEHHS Ta BBIMKHEHHS
(t1=0,0678¢c i 1,=0,067801c), i mporpamor He
PO3paxoByrOThCs. IIpu 1bOMy (hOpMa HANpPyrd Ta CTPyMY
IGBT-xitoua  npu  Kkomyramii  PE3UCTUBHOIO  4H
PE3UCTHBHO-1HYKTUBHOTO HABAHTAXKCHHS HE

Bifpi3HseThcss. ToOTO mim wac komyTamii (cepeauHa
MIPOLIECy), KOJIM MUTTEBE 3HAUCHHS CTPpyMy ckiaaae 15 A,
3HAUEHHsS HaNpyru Ha TpaH3ucTopi JopiBHIoe 30 B,
MUTTEBE 3HAYCHHS MOTYXHOCTI Mae JopiBHIOBatH 450 Br.
[IpoTe BHACHIIOK TOTO, IO MPOMDKHI TOYKH CTPyMy Ta
HANPYTW KIF0Ya HE po3paxoByroThes, Matlab / Simulink
pO3paxoBye JIMINE MHTTE€BI 3HAUEHHA [0 Ta IICIA
KOMyTallii, BHACTIIOK I[hOTO TPOMDKHE 3HAYCHHS
MHUTTEBOI TOTY)KHOCTI TiJI Yac KOMyTamii BifoOpaxyeTbes
sk 15 Br. Kpim Toro, Matlab/Simulink e wmonemroe
MPOIleCH 3BOPOTHOTO BiIHOBICHHA CHJIOBHX JiOJiB,
BHACJIIOK YOTO €HEPTis BITHOBJICHHS JII0JIIB Y MOJIEIISIX HE
BPaxOBYETHCS.

OTxe, MOJIETIOBaHHS CHJIOBUX cXeM y
Matlab / Simulink npuHIHMIIOBO HE Ja€ 3MOTH BU3HAYATH
JMHAMIYHI BTPAaTH MOTYXKHOCTI B CWJIOBHX TPaH3MCTOPax i
nmionax. Illogo cTaTUYHUX BTpAT MOTYXKHOCTI, 38 PaXyYHOK
HaJAIITYBaHHS BEIMYMHHU NPSIMOTO TaAiHHA HANpPYrH Ta
BHYTPIIIHBOTO aKTHBHOTO OIOPY KIIOYa B IICBHOMY
qiama3oHi BeNWYMH CTPYMIB CTaTW4HI BTpaTH MOXKHA
MOJZEIOBATH KOPEKTHO, MPOTE Y BUIAAKY, KOJU MHTTEBI
3HAYCHHS CTPyMY KIIOYa 3MIHIOIOThCA BiJ HYyJIS M0
MaKCHMyMY, PO3PaxyHOK CTaTHYHHUX BTPaT IOTY>KHOCTI
Oyne matu noxubku. Kpim toro, Matlab / Simulink ue mae
3MOTH BU3HA4YaTH e()EeKTHBHICTh pOOOTH CHAOEPIB CHIIOBHX
TPAaH3UCTOPIB, HE JO3BOJIIE  JOCTIMXKYBATH  CHJIOBI
MepeTBOPIOBaYi B pexnuMax pobotu zero-voltage switching
Ta zero-current switching, BIUIMB 3aTBOPHOTO PE3HCTOPY
Ha  TPUBAJICTh  MHEPEXiJHOTO  TpPOLeCy,  BIUIUB
TEMIIepaTypHUX MapaMeTpiB i 0arato IHIIUX MapaMeTpiB
[23, 24].

Jemanizayia modeneii cunoeux mpanzucmopie i
diodie 'y npozpamnomy cepedosuwi NI Multisim.
[porpamue cepemoBume NI Multisim BHKOpHUCTOBYE
CXOXKHMH TIPUHLMUII MOJEIIOBAHHS €JEKTPUYHUX CXEM:
CTBOpEHHS cUCTeM Ju(epeHlialbHIUX pPIBHAHB, IO
ONHUCYIOTh CICKTPUUYHY CXEMY, 1 PO3B’sI3aHHS IIi€i CHCTEMHU
YHUCENIbHUMHU METO/aMH 3 3aJaHUM 4acoM JAUCKpeTH3alii
[25, 26]. TIpoTe 0a30Bi PO3paxyHKOBI MOJENI CHIOBUX
TPaH3MCTOPIB 1 IIOJIB CYTTEBO BiApi3HsroThCs. Mogerni
CHIIOBHX JHiofiB i Tpam3uctopiB y NI Multisim € cyrTeBo
CKJIQJIHIIIUMH Ta BPaxOBYIOTh 3HAYHO OLIBIIY KUIBKICTbH
rapaMeTpiB, a TaKOX BIUIMB Ha IapaMeTpH KIIOYiB
temneparypu [27, 28). Tak, Hanpuxiaza, mogens MOSFET
BpaxoBye 47 mapaMeTpiB KIIOYa, a MOJENb CHIIOBOTO
niosa BpaxoBye 28 mapamMeTpis.

Iepenik  mapamerpiB  SPICE-mopmeni  MOSFET-
TpaH3MUCTOpA Ta IXHI 3HaUYEHHS 3a 3aMoBUyBaHHAM (default
settings) HaBelleHO Ha pHC. 7.
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.model NMOS__TRANSISTORS_VIRTUAL_ 1 nmos Tools = Views -
Name Desaiption Value Units Use default ~
V1O Threshold voltage 0 ] E4
KP Transconductance parameter 2e-5 AN %]
GAMMA Bulk threshold parameter 0 Y 0.5 =]
PHI Surface potential 0.6 [ =]
LAMEDA Channel length modulation 0 N B
RD Drain ohmic resistance: o Q %]
RS Source ohmic resistance o Q %]
RG Gate ohmic resistance [ il 5|
RE Bulk ohmic resistance [l 4] =]
RDS Drain source shunt resistance 1} [+] =]
CBD Bulk-drain junction capaditance 0 F B
CBS Bulk-source junction capadtance 0 F B4
5 Bulk junction saturation current 1e-14 A B4
FB Bulk junction potential 0.8 v %]
CGs0 Gate-source overlap capadtance 0 Ffm =]
CGDO Gate-drain overlap capaditance 0 Ffm =]
CGBO Gate-bulk overlap capadtance 0 Fjm B
RSH Sheet resistance 0 Qfsq. B4
cl Bottom junction capadtance per area 0 Fjm2 B4
M1 Bottom grading coeffident 0.5 %]
cIsw Side junction capacitance per area 0 Ffm %]
MISH Side grading coeffident 0.33 =]
5 Bulk junction saturation current density 0 Fjm2 B
TOX Oxide thickness 8 m %]
[} Lateral diffusion 0 m %]
uo Surface mobility 00 aniy. %]
FC Forward bias junction fit parameter 0.5 %]
NSUB Substrate doping 0 1fam? =]
PG Gate type 1 =]
NSS Surface state density 0 1fan? B4
THNOM Parameter measurement temperature 27 o B4
KF Flicker noise coeffident 0 5|
AF Flicker noise exponent 1 %]
L Length 100e-6 m =]
w Width 10086 m =]
wo Lateral diffusion (Width) 0 m E
N Bulk PN emission coeffident 1 %]
IS5 Bulk PN saturation sidewall currentfle... 0 Afm %]
FESW Bulk PN sidewsll potential 0 v %]
™ Bulk p-n transit time 0 seC =]
NLEV Noise equation selector 2 B
GDSNOI Channel shot noise coeffident {used w... 1 B
T_MEASURED Parameter measurement temperature 27 o B4
T_ABS Absolute temperature 27 o %]
T REL_GLOBAL  Relative to current global temperature 0 o %] v

Puc. 7. ITapamerpu SPICE-moneni MOSFET-Tpan3ucTopa Ta iXHi 3HAYCHHS

BHacaimok OOCHTH TOYHOIL

neraizanii

Mozeaen

CHJIOBHX TPaH3UCTOPIB BOJBT-aMIEPHI XapaKTEPUCTUKU
CUJIOBHX TPAH3UCTOPIB 1 TIOMIB MOJCIIOIOTECS TOCHTH

NI Multisim

HABCIACHO

touno [29, 30]. BAX cunooro miona SURS8340T3G B

Ha puc. 8.
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W analyzer-XIW1

>

Components:

BIT NPM -
Current range (A)

F:| 3.253 A
I: | -284.451 ma

=]

Voltage range (V)

oo | [in ]

=]

2.2 v
1: | 200 m

i

=

Rewverse

E Simulate param

+ |[_b{im) -1.379 mv

7.071mA ->

IV analyzer-XIV1

X

Components:

______________________________________________

Diode

<

Current range (A)

Log Lin
F:
) ]

Voltage range (V)

I

Log in
F:i| 3
L3

"I
EE

Reverse

Simulate param.

[ -5.505mv

L

[ -720.15pA -+

o

Puc. 8. Moneni BAX naniBnposiauukis B NI Multisim:
a— n-p-n tpanzucropa NSS12501UW3T2G; 6 — cunosoro nioga SURS8340T3G

YV noxymentanii Ha miogq SURS8340T3G 3a3naueHo,
II0 TIpY BEJIMYHHI CTPyMY 3 A BeNMYMHA MaiHHS HAIPYTH
Ha HhOMY Oyme ckmamatu 1,25 B. Tlpu momenroBaHHI B
NI Multisim BennunHa maainHs Hanpyry ckiaagae 1,251 B.

Mooeniosannua nepexionux npouecie i empam
nomyxcnocmi 6 MOSFET-mpanzucmopi IRFZ44N. s

OIIIHIOBAaHHS aJE€KBATHOCTI MOJEIIOBAHHSA IEPEeXiTHUX
MPOIIECIB Y CHWJIOBHUX TPAH3UCTOpaX Yy MPOTPaMHOMY
cepenoBumi NI Multisim Oymo  po3pobiieHO  cxemy
CHJIOBOTO MOSFET-tpan3ucropa IRFZ44N, (e}
KepyeThest apaiiBepom IR2104 (puc. 9).
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. X8C3.

.. XFel. . .
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Puc. 9. Jlocninna monens BuzHaueHHs napamerpiB MOSFET-Tpansucropa IRFZ44N 3 npaiiBepom IR2104

Ha mopeni Oyno Bu3HaueHo: —BmwmB RC-cHabepa Ha BTpaTH MOTYKHOCTI B
—IepexiJjHi MpOLECH Hampyru 1 CTpyMy Ha CHJIOBOMY TPaH3HCTOPI.
TPaH3HCTOPI; [epexianuii mpouec KoMyTalii CTpyMy Ta Halpyrd B
—3aJIeKHICT,  BTpar moryxkHocti Big uyactotu MOSFET-tpansucropi IRFZ44N B NI Multisim HaBeneHo
KOMYTallii; Ha puc. 10.
Oscilloscope-XSC1 >
T T T T T T T
< >
TR et slomeny  2eery
T2 [#€ ]| 350.007us 28.072V 450,127 mv
T2-T1 -60.253 ns 27.362V 24,213V | Save | Ext. tringer
Timebase Channel A Channel B Trigger
Scale: Scale: [0won ] scales 10 vpoiv Edges | [ ="
% pos. O o | Yresom: R o Level: [a [v]
Add B/A AfB AC 0 AC 0 = | Single Normal Auto Mone |,
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Grapher View o x
File Edit View Graph Trace Cursor Legend Tools Help
gRMxBRHEM@|A M AlEGI @RI AW B BR| B
Osciloscope-XC1. | Oscloscope-X5C3 | Four channel osciloscope-X5C5 | GsdloscopeX5C1 | Osciloscope-X3€3 | Four channel osdlloscope-XSCS | Oscloscope-X5C1 | Osclloscope-X5C3 | Four channel oscloscopex5C5  Transient 1]
loss
Transient

——

Voltage (V)

419%8m 4.1899m 4 2000m 42001m 4.2002m 4.2003m 42004m 4.2005m 4.2006m 42007m

P@ -IVDD) (M wdd (10}

Trace: -1(VDD)*(Wivdd)-V(10))

Puc. 10. Ocuumnorpamu komyTaiii cuiioBoro Tpansucropa IRFZ44N npu komyTarii ctpymy 25A
3 PE3UCTHBHUM HABAHTAXKCHHSM:
a — Hampyra i CTpyM; 6 — MUTTEBE 3HAYCHHS TOTYKHOCTI1

Sk BumHo 3 puc. 10, ©pu  pe3UCTUBHOMY
HaBaHTaxeHHI 4ac BBiMKHeHHS MOSFET-tpan3ucTopa
ckimagae 60,25 HC, a uvac BumukadnHs - 20 Hc, MmO

Bimnosimae Benmumnax daciB fon 1 loff, Brasamum vy
JOKyMeHTalil Ha TpaH3uCTOp. MakcumalbHe IMIYJIbCHE
3HAYEHHS MHUTTEBOI MOTY)KHOCTI Ha TPAaH3UCTOPI CKIIAZAE
173 Br.

Cepemni Ha mepiofi 3HAa4YCHHS CyMapHHX BTpar
MOTY>XKHOCTI, II0 PO3CIIOIOThCS B CHIOBOMY TPaH3HCTOPI,
BU3HAYAKOTBCS SIK

T H 1 i
P ==]AP-dt, (8) S e
0 H H

=+~

0

00 00 0 -
ne AP — MWTTEBE 3HAYEHHS BTpaT MOTYXHOCTI Ha 0 100200 300400300 foyy <l

TpaH3UCTOPI.

3anexXHICTh CyMapHUX BTPAT MOTYXXHOCTI B CHIIOBOMY
MOSFET-Tpan3ucTopi BiIl 4acToTH KOMyTauii mpu
nocTiiHil ckBaxkHocTi B IIIIM (6e3 cHabepHOT JIaHKM) TIpH
HOMIHAaJbHOMY  HaBaHTaXEHHs  TpaH3ucropa 25 A
HaBeJieHo Ha puc. 11.

Puc. 11. 3anexHicTs CyMapHUX BTpaT MOTYKHOCTI BiJ
9acTOTH KOMYTAIlii IpH pe3UCTUBHOMY HaBaHTa)KEHH1

3a HagBHOCTI B KOJi IHAYKTHBHOTO HaBaHTa)KEHHS
NepexijiHi TpolLecH CTPyMy, Halpyrd Ta HOTYXXHOCTI B
CHJIOBOMY TPAH3UCTOPI 3HAYHO 3MiHIOIOThCA (puc. 12).
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Oscilloscope-X5C1 X

Ll
v

=l Time Channel_A Channel_B
g E% 0.000us  407.415mV 24573V

|| 20.000us 407,415 mv 24,573V
T2T1 0.000s 0.000Y 0.000 v T —
Timebase ) Channel & Channel B Trigger
Scale: ﬁ Scale: 20 V/Div Scale: 10 V/Div Edge: F I x [ a8 [ Bxt |
¥ pos. (Div): ¥ pos. (Div): -0 ¥ pos. (Div): 0 Level: |3 | y |
Cwm ] aed |[ Ba || am [ ac [ o [ bc ] [ac [ o J[oc ] -] [ sngle ][ Mormal || Auto |[ Mone L

a
Grapher View O x

File Edit View Graph Trace Cursor Legend Tools Help

B Q|9 X B HEM @[ ARG TR O A R [BE-

Osdllosmpe—XSCl] power loss ] power loss ] Osdllosmpe—x5C1] Osdllosmpe—x5C1] power loss ] power losz  power loss ] |T O
power_loss2
Transient
1.6k |
1.4k 4
1.2k
10k |
=) :
o 0.8k !
oh |
= |
' = 0.6k ]
= )
0.4k - i
0.2 j
PR - 2 ' Z
5220m 5225m 5.230m 5.235m 5.240m 5.245m 5.250m 5255m 5.260m
Time (s)
E-{V{vdd}\f{‘lﬂ}}'l{\u’DD} Dintegral[—{\u’{\rdd]»\u"{‘lﬂ]}'l{\u"DD}}"H]D
Selected Trace:- (Wivdd)-VO0*I(VDD)
o

Puc. 12. Ocumnorpamu KomyTaiii cruitoBoro tpansucrtopa IRFZ44N npu komyTariii ctpymy 25 A
3 PE3UCTUBHO-IHAYKTUBHUM HaBaHTaxeHHsM (1,12 Om i 1 MxI'H):
a — Hampyra i CTpyM; 6 — MUTTEBE 3HAYCHHS MOTYKHOCTI
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Sk BuaHO 3 pHc. 12, MpHU pe3UCTHUBHO-IHAYKTUBHOMY

HaBaHTaXEHHI  mepexigui mponecu B MOSFET-
TPaH3UCTOpPAX CYTTEBO 3MIHIOIOTBCS 1 HAOyBarOTh
KOJIMBAJIBHOTO XapaKTepy HANpyrd Ha TPaH3HUCTOPI MpH

BMHKaHHI. [Ipy 1pOMy 9ac BBIMKHEHHS Ta BUMKHEHHS
MOSFET -Tpan3ucropa 3HAYHO 301IBITYETHCS:
fon = 0,750 mxc, foff = 3,22 Mkc. IMmysnbcHe 3HAUYEHHS
MOTY)KHOCTI Ha TPAaH3UCTOPI TEX 3pPOCTAE Ta JOCSTAE
1,32 kBT, BIANOBITHO TpPU IIBOMY 3pOCTa€ 1 BEIUYMHA
JMHAMIYHHMX BTPAT MOTYXXHOCTI HA Tpau3ucropi (puc. 13).

Py, Bm
90
80
70
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40
30
20
1075

0

0 50 100 150 200 250 fup Iy

Puc. 13. 3anexxHicTh CyMapHUX BTpaT HOTY>XHOCTI Bif
YaCTOTH KOMYTallii IPH PE3UCTUBHO-IHIYKTUBHOMY
HaBaHTAXKECHHI

OTxe, MOJEIIOBAaHHSI B IPOTPAMHOMY CEPEIOBHIII
NI Multisim gae 3mory Oiiblil TOYHO BHU3HAYATH BILUIUB
poboTu npaiiBepa, BEIHMYHMHH OIOPY 3aTBOpa, POOOTY
cHabepiB, IO BIUIMBAa€ HAa Yac BMHKAHHSI Ta BHUMHKaHHS
TPaH3HUCTOPA, BU3HAYATH JUHAMIYHI BTPATH, IO TO3BOJISIE
ONTUMI3yBaTH BEIMYUHY BTpAT MOTYXHOCTi. Kpim Toro,
cyrrepumu  mepeparamu NI Multisim €  HasiBHICTB
6i0miorekun SPICE-mogeneit mocuTh Bemukoi KiJIbKiCTI
HAITIBIIPOBITHUKOBUX €JIEMEHTIB 1 MIKPOCXEM, TaKHX SK
CHWIIOBI TpaH3ucTOopH, npaiBepu, LIIM-koHTpodepu Ta
0araTo iHIIMX; MOXJIMBICTD 3aJaBaHHS TEMIIEPATYPH, IO
BIUTMBA€ HAa BOJIBT-AMIICPHI XapaKTEPUCTUKU Ta Mapa3uTHI
napaMeTpH KITIOYiB.

BucuHoBkn i
BUKOPHCTAHHS

pexoMeHaauwii 100 MOAAJBLIOTO

Ha mizncraBi mpoBeieHUX TOCITIIKEHh MOYKHA 3pOOUTH
TakKi BUCHOBKH:

— PO3TIISTHYTO TEPEeXiTHUH TMpoleC Yy CHIOBOMY
TpaH3MCTOpl I 4Yac KoMyTamii, IO CKJIQJAETBCS 3
YOTUPHOX IHTEPBAIIIB, KOKEH 3 SKUX BH3HAYA€ IHMHAMIYHI
BTPATH MOTYXHOCTI;

— BU3HAUYCHO, IO MOJICITIOBAHHS MEPEXiTHAX MPOLECIB
y CWIOBHX TpPaH3UCTOpPAaxX ICHJIOBHX  Jiojgax Yy

nporpamMHomy cepenosuiii Matlab / Simulink 3ymoBioe
PN HENONIKIB, cepel SIKMX BIICYTHICTH Yy MOJeNi
rapaMeTpiB Mapa3UTHUX €MHOCTEH Ta iHAYKTHBHOCTEH, a
TaKoX HEJIHIHHOCTEH BOJBT-aMIEPHUX XapaKTCPUCTHK,
BHACJIJIOK YOro MepexiJHi MpOoLecH KOMYyTalii CHIOBHX
TPAH3UCTOPIB BiTOOPAXYIOTHCSI HEKOPEKTHO, a TOMY
BU3HAYCHHS IMHAMIYHUX BTPAT HOTYKHOCTI B CHJIOBHX
TPAH3HUCTOPAX € HEMOXKIIMBUM;

— TI0OKa3aHO, II0 B MOJEISAX CHJIOBHX TPAaH3HUCTOPIB i

miomie y mporpamHoMmMy  cepemommmii NI Multisim
BpPaxOBYETHCS 3HAYHO OUThIIA KUTBKICTH ITapaMeTpiB,
KOPEKTHO BiZJOOpaXKyI0ThCs BOJIbT-aMIIepHi

XapaKTepPUCTUKH, a TaKoX Iapa3uTHI IHIYKTUBHOCTI Ta
€MHOCTI, BHACJIIOK YOTO MOKHA BM3HAYaTH K CTATHYHI,
TaK 1 JWHaMIi4HI BTpPaTH TOTY)XHOCTI B CHIJIOBHX
TPaH3HCTOpaxX, a TaKOX BTPATH €Hepril BiJHOBJICHHSI
CHJIOBUX IIO/IiB;

—IOAaHO TIePEeXifHI TPOLECH KOMYTalii CTpyMy,
HATIPYTH 1 MOTYKHOCTI, 3aJIC)KHICTh BTPAT MOTY>KHOCTI BiJ
gactotu komytanii MOSFET-tpan3ucropa IRFZ44N mpu
PE3UCTHBHOMY, @ TaKOX pE3HCTHBHO-IHAYKTHBHOMY
HaBaHTAKCHHI, IPU [IbOMY CHTHAJI KEPyBaHHS (DOPMY€EThCS
MIKpOCXEeMOI0 JpaiiBepa BepxHboro ruieda [IR2104.

Cmammio ni0ocomoseneHo 6 pamkam NpoBeoeHHs.
docnidoicents 3a 0epaicoroddcemnoro memoro «Po3podxa
HAyKo8UX ocHos niosuwenns eHepeemuyHoi
epexmusHocmi ma NOKpPAweH s SKOCmi el1eKmpoenepeii 6
CNEKMPUYHUX Mepexcaxy (0epicasHUull peccmpayiiHull
nomep 0121U109440).
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static power losses of power diodes and transistors in
Matlab / Simulink is carried out with a significant error
due to incorrect representation of the current-current
characteristics of diodes and IGBT-transistors. It is shown
that for more correct and accurate modeling of transient
power transistors, including the determination of static and
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simulations in the Multisim program. Models of power
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Oco0suBOCTI CHUVIBHOI PO0OTH PpaXioOCTAHWIA 3 PI3HUM YaCTOTHUM

PO3HECEHHSIM KaHAJIIB

Ypaxosyrouu cucmemy opeanizayii padiosze’szky,

Wo CKIanacsa Ha 3ani3HUysx, I

akmyaﬂbHicmb numaHsb

8NPOBAOCEHHS Db CYUACHUX MEXHIYHUX 3aco0i8, y cmammi po32IssHYMO OCHOBHI ACNeKmU CRINbHOI eKcnayamayii

paoio3acobis 3 pisHUM KAHALHUM PO3HECeHHIM.

YV nepexionuii nepioo 6yoyme oonouacho ¢hynkyionysamu padiozacodu 3 piSHUMU CMYeamMu GURPOMIHIOBAHHA |
npuiimanns. Pospobneno pexomenoayii 3 ynopaokyeanus Hymepayii, npuceocHua ma eubopy uwacmom. Posenanymo
ocobaugocmi pobomu padiocmanyiti 3 pisHUM 4aACMOMHUM POSHECEHHAM I YCYHEHHAM HeOONYCIMUMUX 83AEMHUX 348a0.

Kniouosi cnosa:
xapakmepucmux paoio3aco6ig, ymosu cniibHol pobomu.

BANBHUYHULL  MEXHON02IYHULL  padio3e 30K,

Beryn

Ha 3amizHmmsax VYkpaiHu ckianacss po3rairyXeHa
CHCTEMa MEpEeX pajio3B’si3Ky METPOBOTO  Jliala3oHy
pamioXBWIb 3 KPOKOM KaHaIbHOI citku 25 k[
Po3poOnieni HOpMaTHBHI JOKyMEHTH 3  Oprasizarii
pamioMepex, PO3MOALTY POOOYHX YACTOT MIXK PI3HHUMHU
ciyx6aMu Ta po3paxyHKy KaHawiB [1, 2].

Y po6oti [3] po3rISHYTO OCHOBHI OpraHi3afiiiHo-
TEeXHIUHI 3aX0AM, M0 Oe3MOoCepeHhO BUILIUBAIOTH 3
NPUHHATOTO DINIEHHS IpO 3aMpOBAPKEHHS KaHAIbHOL
citku gacrot 12,5 x['m mis pagiozaco6iB YKX niamazony,
3a pob6oToro [4]. Po3rnsHyTO NPUHIMIIN BH3HAYCHHS
HOMIHQJNIB POOOYHMX YACTOT, HyMepamii KaHamiB i
MOETAIHICTh NEPEXOIy.

Take pimeHHS BIATIOBia€e  CBITOBOMY  TPEHIY
PO3BUTKY  pPYXOMOTO  pajio3B’si3Ky:  3MEHIICHHIO
YaCTOTHOTO PO3HECEHHS MK CYCIIHIMH KaHajlaMu Ta
MOCTYIOBIH 3aMiHI aHaNoOroBux paaio3acoOis. [Ipu npomy

eJNIeKTPUYHI napameTpu pamiocTaHIIii MaroTh
3agoBosbHATH  BuMorn JICTY 4184:2003 [5], mo
OJTHOYACHO HOPMYE TMapaMeTpH pajio3acobiB 3 KPOKOM

ciTkd yactoT 25 1 12,5 k1.

3apa3 akTyalbHI 3aBIaHHS MOJEPHI3alil 1CHYIOUHMX
MEpeX 3a PaXyHOK BIIPOBA/DKCHHS CYYacHHUX ITU(PPOBHX
TEXHIYHHUX 3ac00iB [6, 7]. 3pocTaHHS KUTBKOCTI KaHAIIB
Ja€  3MOTY 3alpOBaJMTH BUKOPUCTAHHS LUPPOBUX
CTaHOApTIB, M0 MPAIOITE Yy AYIUIEKCHOMY Ta
JIBOYACTOTHOMY CHMIUIEKCHOMY PEKHAMaX.

Paniozacobu mudposoro cranmapty DMR mpairoroTh
y CMyrax 4acToT, BIiIBEJACHHWX JUIsl 3aji3HUIL 3
po3HeceHHaM KaHauiB 12,5 kI [8].

BiTum3HsHa TPOMHUCIOBICTE BXE OCBOiJa BHITYCK
panio3aco0iB 3 po3HeceHHsM KaHauiB 12,5 k[, 1o MaroTh

© C. L. lIpuxoasko, A. O. €xizapenko, 2023

yacmommne  pO3HeCeHHs KaHanis, eﬂeKmpulmi

MOJIMIIEH]  TEeXHIKO-EKCIUTyaTalliiiHi ~ XapaKTepPUCTHKH,
Hacamrepe], 3MEHIICHHS Macu Ta0apuTHHX IOKa3HHUKIB,
€HeproCIIOKMBAHHS Ta MiJABHIIEHHs HaaiitHOCTI [5, 9].

OTxe, 3alMpoOBa/DKCHHA CYYacHHX paaio3acobiB 3
KaHAIBHOIO ciTkoro 12,5 k[l MOXHa pO3TIIAgaTH SK
TIEPIIHIA eTaI MOJCpHi3allii pamio3aco0is.

Jo3Bony Ha eKCIUTyaTallilo panio3aco0iB IOJOBKEHO
0 3aKiHYeHHS TEpMiHy iXHBOI [ii, TOMy B MepexiTHHui
mepiox OyIOyTh CIUIBHO €KCILUTYaTyBAaTHCh pPanio3aco0H 3
pI3HMM YacTOTHUM pPO3HECEHHSM KaHANliB, Y SIKHX
BIIPI3HSIIOTHCSI MApaMeTPU BHUIIPOMIHIOBAaHMX CHUTHAJIB 1

XapaKTePUCTHKH BHOIPKOBOCTI, M0 CTBOPIOE TEBHI
npooJieMu.
IocranoBka npodaeMu

AmHaniz  pi3HMX  acHekTiB  cymicHOi  poOoTH
pamio3acobiB 3  pI3HUM  YAaCTOTHHM  PO3HECECHHSM
KaHaJbHOI CITKM 4YacTOT Yy Mepexi 3ai3HUYHOrO

TEXHOJIOTIYHOTO Pai03B’ I3KY.

OcHOBHI pe3ybTaTH

IcHytoui Mepexi 3aJi3HHYHOTO  TEXHOJIOTiYHOTO
pamio3B’si3Ky  METPOBOTO JianmazoHy — pagioXBUIIb
moOyZ0BaHi Ha OCHOBI pPaaio3acobiB 3 PO3HECEHHIM

cycigHix kaHamiB 25 k['m. Bymu po3poGneni pekomenaartii
3 BUKOPHUCTAHHS KOHKPETHHX KaHATIB MDK pPIi3HUMH
CIIy’)k0aMu, MiIPO3AUIaMU 1 BHIAMH Pamio3B'si3Ky I
oprasizarii paJiioMepesx IIeBHOTO NpHU3HAYeHHs [2, 6].
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Y  nmepeximHWil  mepioJ  mpuU  3amnpoBaJUKEHHI
panio3aco0iB 3 KPOKOM KaHAJIBHOI CiTKH 4actoT 12,5 k['1y
ciig  3a0e3neyuTH  CHUTbHY — eKCIUTyaTallilo  pi3HHX
panio3acoOis. HeoOxignHe pO3po0IeHHS HOBOT'O
YaCTOTHOTO IUIaHy, SKHA OH BIOPSAKYBaB CHIIbHY
eKCIUTyaTarifo panio3acobiB 3 KpPOKOM CITKH YacTOT
12,5 k' 1 panio3aco6iB 3 po3HeceHHAM KaHaiiB 25 k['11 3
ypaxyBaHHAM CHCTEMH HOPMAaTHUBHO-TEXHIYHOTO
3a0e3meyeHHs], 1110 CKJIagacs.

B  ycix  HOpMAaTHBHO-TEXHIYHHX  JIOKyMEHTax
BUKOPHUCTOBYIOTH YMOBHY HyMeparito KaHaJiB,
NpU3HAYCHUX JJIsI OpraHizamii Mepex BiJ IepLIoro
1 (151,725 MI') mo 133 (156,000 MI'1), a BiamoBigHi iMm
po0OYi YaCTOTH MOXKHA BU3HAYUTH 32 CITKOO 4acToOT.

Jis HOBOI CITKM YacTOT, Ha BIiJMIHY BiJ{i YWHHOI,
NIPOTIOHYEThCS. BECTH HyMmepauilo nounHaoun 3 201
KaHanmy a1 vactotu 151,725 MI'm. B o06ox cucremax
HyMepallis 4aCcTOT HellapHUX KaHaJliB 30iratoThCsl.

VY Tabn. 1 HaBeeHO (parMeHT BiIMOBIAHOCTI HOMEPIB
KaHATIB Ui CITKH 3 KpokoM dactoT 251 12,5 xI'm. Ipm
MMOANTFIIIOMY BIIPOBA/DKEHHI HOBHX paznio3acobiB Oyxe
PO3IINPIOBATUCH BUKOPUCTAHHS KaHAJIB BiANOBITHO [0
citkn gacrot 12,5 xI'm.

Y mojanemoMy 9acTOTHHUH IJIaH Oye MICTUTH TiJTbKU
YacTOTHI NMPHUCBOEHHS 3 HOMepamu KaHamiiB 201 — 464. Ha
Halll ITIOTJIAJ, BUKOPHCTOBYBATH YMOBHI HOMEPH KaHaJiB
3pydHille, HDK CEeMHU3HayHy UU(pPYy HECyd4oi 4YacTOTH.

Tabmuns 1

BinnoBignicTs HOMiHAJIB YacTOT i HOMePIB KAHAJIB JJIs1 CITKU 3 PO3HECEHHSAM 4acTOT KaHaiB 25 i 12,5 kI'n

Yacrora, Homep Howmep Yacrora, Homep Homep Yacrora, Homep | Howmep
MI'g KaHaiy, KaHaiy, MI'g KaHaiy, KaHaly MI'n KaHaly. | KaHally
25 kI'n 12,5 xI'ng 25 kI’ 25 kI'n
151,7250 1 201 152,2750 23 245 152,8250 45 289
151,7375 202 152,2875 246 152,8375 290
151,7500 2 203 152,3000 24 247 152,8500 46 291
151,7625 204 152,3125 248 152,8625 292
151,7750 3 205 152,3250 25 249 152,8750 47 293
OxpeMy npobieMy TpH BIPOBa/DKCHHI HOBHX OKpeMy po0ody dactoTy. [IpH LBOMY YacTOTH Mepex
pamio3aco0iB  CTBOPIOIOTH ~ MHUTAHHA  3a0€3MEUYCHHS MArOTh OYTH IHTEPMOIYJSAIIHHO CYMiCHUMH.
eNeKTpOMarHiTHOi  cymicHocti. Ilpm  po3poOieHHi Y r1abnm. 2 HaBegeHO (parMEHT  KOMIDICKTY

YaCTOTHO-TEPUTOPIANFHOTO IUIAHY MEPEK BHPINIYIOTHCS
MUTaHHS 3a0e3MeUeHHs HeOOXiTHUX 30H 00CITyrOBYBaHHS
Ta €JEKTPOMArHiTHOI CYMICHOCTI. YMOBHM YHUKHEHH:
B3a€EMHUX 3aBa]] BHPILIYIOTBCS 32 PaxyHOK YacTOTHOTO i
TEPUTOPIAILHOTO PO3HECCHHS CTAI[lOHAPHUX PaiOCTaHIIIH
32 YMOB BUKJIIOUEHHS OJOKYBaHHS Ta IHTEPMOIYJISIIHHUX
3aBajl.

Haii0inpimr  e)EeKTHUBHUM  METOJOM  BHUKJIFOUCHHS
IHTEepMOIYJISMIHHUX 3aBajll, OCOOJIMBO HAa CTaHINAX, €
miabip IHTEpPMOIYIAMIHO cyMicHUX 9acToT. ToOTO MarTh
OyTH BHUKIIOYEHI Ha0OpW dYacTOT, MO BUKJIHUKAIOTH
inTepmonymsauiiiai srmusu Bursany 2f, —f, = f poc - AT
KokHOi ~ Kareropii aOoHeHTIB chopmoBaHi TaOIHUIi
pPEKOMEHIOBaHUX dYacToT. lIpum po3moxini KaHAIBHUX
YacTOT BUKOPHUCTAHO TpynoBui minxia. Jo onmiel rpynu
BKIIIOYAIOTHCS a0OHEHTH, IOB’S3aHI 3 TEPUTOPiaTbHUM
po3TamryBaHHAM a00 TEXHOJIOTIYHUM IIPOLECOM POOOTH.
Jns kokHOT 3 pasioMepex HeoOXiJHO BHKOPHCTOBYBATH

IHTePMOIYISAMIHHO CYMiCHUX YacTOT JJISI TEXHOJOTIYHHX
aboneHTiB craHmiif. IlokasaHo kareropii aOOHEHTIB,
YaCTOTHI IIPUCBOEHHS Ta HOMEPU KaHAIIB Yy pI3HHX
cucTeMax Hymeparii.

Le no3BosIsie BUKOPUCTOBYBATH BCI YMHHI HOPMATHBHI
JOKYMEHTH 3 PO3IOJIiTY KaHaJiB MK PI3HUMH CIlyk0amu,
nioopy IHTEPMOAYJSILIIMHO CYMICHUX YacTOT JJIsl MEPex
PI3HOTO TPU3HAYCHHS HA OCHOBI TAOJUIN BIIMOBIAHOCTI
KaHAJIiB.

Jiit poOOTH [MiI0YMX aHAIOTOBHX CHUCTEM 1 Mepex
panio3B's3Ky B HepexiaHui nepion MOKeE
BUKOPHCTOBYBATHCS KpPOK ciTkM 4YacToT 25 k['m, a mnpm
MOJIepHi3alii Ta OyIiBHULTBI HOBUX aHAJOTOBHX CHCTEM i
mepex — 12,5 kl'm. Amnamorosi pajgiozacobu cucrem i
MEpEeX pagio3B'sI3Ky 10 MOJEpHi3allii MalOTh MPAIOBATH B
CUMIUIEKCHOMY PEXHMi 3 BUKOPHCTAaHHSAM OJHi€l 1 Tiel
camMoi 4acToTH I npuitMaHHA 1 mepemaui. Lludposi
pamio3aco0m CHCTeM 1 MepeX pamio3B'a3Ky MaroTh
MPAIfOBATH B PEXHUMI JBOYACTOTHOTO CHMIUIEKCY abo
JYIUIEKCY.
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Tabnums 2

@parMeHT KOMILIEKTY iIHTepMOAYIANiHO CYMiCHMX YacTOT /ISl TEXHOJIOTiYHUX A00HEHTIB CTAHIIMH

Howmep rpynu kanainis
1 rpyna 2 rpymna
IIpusHayeHHs yacToT Yacrora, Howmep Howmep Yacrora, | Homep Howmep
MI'n KaHay KaHaIy MI'y KaHary KaHay
25 k' 12,5 k' 25 xI'n 12,5 xI'g
ITynkr
TEXHIYHOTO 151,950 10 219 152,375 27 253
) orIsy
Mepexi C Pyvam——
.\, TaHIIHHAN
CTAHLITHOTO TeXHOOTIYHHii 152,025 13 225 152,400 28 255
paniosB’si3Ky
LIEHTP
A . OxopoHa 152,125 17 233 152,800 44 287
TEXHOJIOTIYHUX
abOHEeHTIB IysKr
KOMEpLiHHOTO 152,175 19 237 152,475 31 261
ornsiay
[MpaniBauku 1Y 152,500 32 263 152,675 39 277
BanTaxxuuii asip 152,700 40 279 152,625 37 273

BigminHOCTI B mapamerpax nepeaadi pamiocTaHuiil 3
PI3HUM YaCTOTHHUM DPO3HECEHHSM KaHAJIB MPHU3BOJATH JIO
MOTIPIIEHHS] SIKOCTI NpPUAMaHHS B CIIJIBHOMY KaHaIi.
Hey3romkeHIiCTh aMILTITYy THO-4aCTOTHOT XapaKTepHUCTHKH
npuiimMava paziocTaHLii 3 XapaKTePUCTHKAMH
BUIIPOMIHFOBAaHOTO CHUTHAJY HPU3BOAUTH JIO MOPYILCHHS
HOpPMAITbHUX aMIDNTYAHUX 1 ()a30BUX CIIBBiIHOIICHb Y
CIIEKTPl CHTHANY, L0 NPUAMaTh. Y IBOMY BHIAIKY

sKa BHM3HAYa€ CTYMIHb AacUMETpii CHEeKTpy Ha BXOJi
JIETEKTOpA.

3MeHIIeHHss  AeBiamii  4YacTOTHM  CHTHAJIB, 110
HAJIXOJSITh BiJl MepeaBaviB PadiOCTAHIIN 3 PO3HECCHHIM
12,5 «[m, 3HIWKYE BHXIJHY IOTYXHICTh CHUTHAIY
npuiiMayda paxiocTaHiii 3 po3HeceHHsM 25 kI 1.

Bigmosimao mo JCTY 4184:2003 po3pi3HAOTECS
XapaKTEPUCTUKU BUIPOMIHIOBAHOTO CHrHamy. Y Tabi. 3

NpUiiMaHHS CHT'HAJIB y NpUMavyax 3 BYKUYOI CMYTOO
NPONyCKaHHS  MOXE  CYNPOBOJDKYBATHCS  IOSIBOIO
HENHIHHUX CHOTBOpEHb. A 1€ BHKJIMKAa€E HE TUIbKH
3HW)KEHHSI p030ipJMBOCTI MOBH, aje€ 1 MPU MEBHUX PIBHAX
MIPUITMHEHHSL TIpUHMaHHS 1H(popMamii depe3 BUMHKAHHS
LIYMOIIO/IaBJIIOBAYEM TPAKTy HU3BKOI YacTOTH, IO pearye
Ha 3pOCTaHHA piBHI MIyMiB y KaHami. Xapakrep
CIIOTBOPEHB 3aJICKHUTh Bijl pi3HUIN MiX yactotamu fo u f,,
HaBEJCHO OCHOBHI XapaKTepUCTHUKH BHUIIPOMIHIOBAHHS 1
BUOIPKOBOCTI  pajgio3acobiB. HomiHanbHe  3HAYEHHS
HIMPUHKA CMYTH IIPOITyCKAaHHs NPUHMaYiB NPUIAMaEThCS Ha
piBHi MiHyc 6 1b i mae Oytu BcranoBieHo B TY Ha
pamiocTaHIlil KOHKPETHOTO THIy B Mekax Big 14,5 1o
22 x['u, TOOTO HE YHOPMOBAaHO TaK JOPCTKO, SIK
XapaKTEePUCTUKU BUITPOMIHIOBaHHSI.
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Tabnuus 3

OCHOBHI XapaKTepHCTUKH BUIIPOMiHIOBaHHS i BHOipKoBOCTi pagio3aco0iB

OCHOBHI €NEeKTPUYHI TapaMeTpH NepeaBaya
3HaueHHs TapaMeTpa npu
HOMiHaJIbHIH YacTOTHIH PO3HECEHOCTI
[TapameTtp oo MK
cyciiHimMu KaHaigamu, K[
12,5 20 25
1. MakcuManbpHO JOIyCTHMA fAeBianis yacTotu, K['1I, y Meskax? +2,50 +4,00 +5,00
2. BigxuieHHs 4acTOTH NepeaBaya BiJl HOMiHAJILHOTO 3HAYCHHS, KI 11,
y MeXax, y CMy3i 4acToT:
10 47 MI'n +0,600 +0,600 +0,600
Bix 47 mo 137 MI'g +1,00 +1,35 +1,35
. +1,00 (b)
Bix 137 mo 300 MI'g +150 +2,00 +2,00
. +1,00 (b)
Bix 300 mo 500 MI'g 2,00 (M) +2,00 +2,00
Bix 500 mo 1000 MTI'1t 42,5 +3,00 (M) 1(91,\,/?)0
3. llluprHa CMyTH YacTOT BUIIPOMIHIOBaHHS IepeaaBaya, kI 1, He
OisbLIe, JUIS CMYTH MOy 1b0BaHuX yactoT Bix 300 mo 3000 'y
(ix 300 1o 3400 ') Ha piBHAX:
Mminyc 30 1b - KOHTPOJIbHE 11,8 (12,2) 16,00 (16,80)
minyc 40 nb 12,1 (12,6) 21,90 (23,10)
Minyc 50 nb 17,2 (18,1) 27,10 (28,80)
Mminyc 60 nb 22,6 (23,9) 32,90 (35,20)
OCHOBHI €NIeKTPUYHI IapaMeTpH NpuiiMaya
1. BuGipkoBicTh mpuiiMaya 3a cyciiHiMHi KaHaliamu, 1b, 50,00 60,00 60,00
HE MEHIIIE (60,00)V (70,00)Y (70,00)*
2. BubipkoBicTh npuiiMaya 3a moOiYHUMHU KaHanamu, 1b, 65,00(700,00)"
HE MEHIIIe
3. MakcuManbHa 9yTINBICTh ipuiiMada, MKB, He OinbIe:
- A MOBH 4 (2)Y
- JTaHHUX 2,8 (1,4)Y
4. InrepmomysmiiiHa BUOIpKOBICTh IpHiiMaYa Bij 3aBaf, 1b, He MeHIIe:
- g 6azoBux (B) cranmii 65,00 (70,00)Y
- pyxomux craniii (M) 60,00 (65,00)Y
5. TloripiueHHs 4yTIMBOCTI B YINIEKCHOMY pexuMi, 1b, He Oinbie 3,0
6. KoedimienT moMmiok 3a Oitamu 104

[pumitka. Y [lpu HOpMaNbHUX KIIMATHYHUX YMOBAX i HOMiHAIbHIN HAMPY3i JKUBJICHHS.

Ha rpadikax pucyHka NOKa3aHO XapaKTepHUCTUKH po3HeceHHI kaHamiB 25 k['m. [l MOpiBHSHHS IOKa3aHO
BUIIPOMIHIOBaHHS CHTHAIIB 3 PpI3HUMH TapaMeTpaMH  XapaKTePUCTHKH BHUIIPOMIHIOBAHHS IIPH PO3HECEHHI MiX
JeBialii 4acTOTH 1 KaHaJIbHOTO PO3HECEHHs CUTHaIiB. pobOounmu yactoramu 12,5 ko
KpuBa 1 BimnoBimae XapakTepUCTHII BHIPOMIHIOBAHHS
npu posHeceHHi kaHamiB 12,5 k', a xpuBa 2 — mpwm
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Puc. XapakTepucTHKU BUIPOMIHIOBaHHS Pajio3aco0iB 3 Pi3HUM YaCTOTHUM PO3HECEHHSIM KaHaIliB

besnocepenHbo 3 aHalizy BUNPOMIHIOBAHUX CHIHAIIB
Ha PUCYHKY BHIUIMBA€ MOXIIMBICTH MEPEKPHUTTS CHEKTPIB
BUNIPOMIHIOBAaHAX CHUTHATIB 3 KpokoMm 251 12,5 k[ Ha
cycimHix kaHamax. [y MiHIMi3amil B3a€MHHUX BIUIMBIB, IO
3aBa)KAIOTh MDK MepeXaMH pi3HOrO IPHU3HAYEHHS, HE
PEKOMEHAYETbCSI BHUKOPHUCTOBYBAaTH HOMIHQJIM 4acTOT
CYCITHIX pagioYacTOTHUX KaHAJIB MPH KPOIli CITKU 9acTOT
12,5.

I'padikn  pmaroTh  ysBIEHHS NP0 PI3HUIIO
XapaKTEePUCTUK BUIPOMIHIOBAHMX CHTHANIB MpPU PIi3HIN
neBiamii vactotu. [Ipu mpuilMaHHI CHUTHANIB 3 OLIBIIOND
JieBlalLi€ro B TpuiMauyax 3 po3HeceHHsAM 12,5 kI
HEJIHINAHL CIIOTBOPEHHS CHJILHO 3aJIe’KaTh Bix
BIJITIOBITHOCTI YaCTOTH CHTHAY ICHTPANbHIA YacTOTi
CMyTM TIPONYCKaHHS TPaKkTy NPOMDKHOI dYacToTH. Llg
o0CTaBHHA HaKJaJa€ OUTBII JKOPCTKI BHUMOTH IIOAO
TOYHOCTI YCTAHOBJICHHS YacTOT IepejaBadiB i MpuiiMadis i
3000B'A3y€ TOCTIHHO KOHTPOJIOBAaTH iX Yy mpoueci
CYMICHOI eKCInTyaTartii.

Y [miIoMy  CHOCTEepira€TbCsi  BUCOKWUH  piBEHB
pOo30ipAaMBOCTI MOBH TpU poOOTI pamio3acobiB 3 pi3HUM
YaCTOTHUM PO3HECEHHSM, [0 MOXXHA IOSICHUTH JBOMAa
npuunHamu.  [lo-mepmie, peadbHi MOBHI  CHTHAJIN
CTBOPIOIOTH JIEBiaIlil0 YacTOTH B TepeAaBadi iCTOTHO
MEHIIE JIONYCTUMOi, TOMY CIIOTBOPEHHSI CUTHAly OyIyTb
He3HauHi. [lo-npyre, 30UIbIIeHHS KOoedillieHTa TaApMOHIK y

MIEBHUX MEXKax He Ma€ 3HAUHOTO BIUIMBY Ha PO30ipJIMBiCTh
MOBH, JIHMIIE JACHIO MiABHIIYE MOPIT YyTHOCTI BHACIIIOK
MacKyBaHHS, CTBOPIOBAHOTO TapMOHIKAMH KOPHUCHOTO
KOJIMBaHHS.

[pn mpuiiMaHHI CHTHANIB BiA pamioCTaHIA 3
MEHIIIOI0 JIEBIAIICI0 YaCTOTH SHWKEHHS BUXIJTHOT
Hamlpyrd B IIUIOMY HE3HAayHe, 1 BHXiNHA TNOTYXHICTh
npuiiMayda 3MEHIIY€eThCsl He Oiibln Hixk Ha 15 %.

Jdnst  3a0e3neyeHHs] E€JNEKTPOMArHITHOI CYMiCHOCTI
paniomepexx HeoOXiqHo, 00 Ha BXOAI NpuiiMadviB piBHI
CHUTHAJIIB B PpamiOCTaHIN{, 10 3aBa)kal0Th, HE
NEPEBUIIYBAIN JOMYCTUMOTO 3HAYCHHS JUISI [IbOTO BHIY
BILIMBIB

U 23a6 S U 23ae6.00n " (1)
BrokyBanHs HOPMYETBCS B mapamMmeTpax
BHOIDKOBOCTI, XO4Ya € JWHAMIYHUM  Jialla30HOM

CITIBBIJJHOILICHHS 3aBa’Kaf0dOro Ta KOPHUCHOTO CHUTHAJIB.
IIpu 306imBIIEHHI KOPHCHOTO CHTHATy MOXE 3pPOCTH 1
3aBakarounii. ToMy JOMYCTUMHUH piBEHb 3aBaKalOUOTO
CUTHAJTy B ITbOMY BHITIQIKy BU3HAUAIOTh K

U 23a6.00n.(Br) = SH2 + ASZ (Af ) + U 2min (2)
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ae U, oon(sn JOIMYCTUMHMH pIBEHb 3aBa’Karoyoro

CHTHAIY;
SH2 -
BUOIPKOBOCTI IO CYCiTHbOMY KaHaiy, 1b;
AS, (Af) — nonmatkoBe 3GiNBIICHHS IBOCHIHANBHOI

HOpMATHUBHEC  3HAYCHHA JIBOCUTHAJIbHOT

BUOIPKOBICTI TpW 30UIBIIEHHI YaCTOTHOTO PO3HECEHHS
MK KaHanamu, 1b;

U — MiHIMaJbHUI pPIBEHb KOPUCHOTO CHIHAIY,

NPUHHATHI Y parioMepexi, 1b.

3a HOpMaTHUBHUMHU MOKa3HUKAMU CTaHAAPTY [5], Aemio
noripuyerbcs 3adezneyennss ymoB EMC nnst pagiozaco6is
3 posHeceHHsM 12,5 k['n. BubipkoBicTh HO CYCiTHBOMY
KaHaJy IpH Kpoui citku yacror 12,5 k[' cknanae 50 nb, a
st kKpoky 25 k[ — 60 nb. 3menmeHHs BHOIpKOBOCTI 1O

2min

CYCITHBOMY KaHaIy motpebye 301IbIIICHAS
TEPUTOPIATBLHOTO Ta YaCTOTHOTO  PO3HECEHHS  MiX
aHTCHAMH  paJiOCTaHIIii. 30UIBIIIEHHA  IMOKa3HHUKa
IBOCHUTHaNBHOI BHOipkoBocTi Ha 10 b gocsraerpes

OpUOMU3HO TIpH 30UTBIICHHI YacTOTHOTO PO3HECCHHS
kaHaniB Ha 150 — 200 x['1.

Jns  [guisHOK  3MIHHOIO — CTPyMy — IIPOCTOPOBE
PO3HECEHHsST aHTEeH CTALllOHApHHUX paJioCTaHLid npHU
pobori Ha cycigHix kaHamax npu U, . =1405uxB

CTaHOBUTh r =570m, a Ha [JUISHKAX 3 IOCTIHHHM
np

2min

CTPYMOM Yy pe3yJibTaTi 3MEHIICHHsS NPUIHATOTO piBHI
KOPHUCHOTO CUTHAITY U =80bhuxB MIPOCTOPOBE

2min

posHeceHHs 3poctae A0 I, =850 .

[lpy  KOHKPETHOMY  4YacCTOTHO-TEPUTOPIaJILHOMY
TUIaHyBaHHI BUPIIICHHS MUTaHb 3a0e3nedeHHs
€JIEKTPOMArHITHOI CYMICHOCTI MDK paaiOCTaHIsIMH 3
pI3HMM YacTOTHMM pO3HECEHHSIM KaHaliB MOXe OyTH
3nificHeHO Ha OCHOBI po3paxyHkiB ymoB EMC 3a

METOIUKOIO [1] npu BIINOBITHUX  IapaMeTpax
BHOIPKOBOCTI.

BucHoBku

1. 3anpoBa/ykeHHsI KaHAIBHOI CITKM  4acToT 3

posHeceHHssM 12,5 k[l cTBOproe HHM3KY OpraHizamiiHo-
TEXHIYHUX TMTaHb PO3MOAINY, CTBOPEHHS Ta CHUIBHOI
pobotu pamioszacoOis.

2. Po3pobnieno nponosutii 3 Hymeparii, po3noaity Ta
BUKOPHCTAHHS PaJi04acTOT y CKOPErOBAaHOMY YaCTOTHOMY
TUIaHI.

3. 3anpornoHOBaHO HAKJIJIEHUH METOJl HPHCBOEHHS
pamioyacToT, TpH SKOMY BCi 3HAYEHHS HOMiHATIB
HEMapHUX YacTOT KaHAaJiB 30iratoThbes, IO JA€ 3MOTY B
MepexigHuid mepion 30eperTé HOPMATHBHI JOKYMEHTH 3
MpU3HAUYCHHS pOOOYHMX YaCTOT KaHANiB 1 CHPOCTHTH
3a0e3neueHHsI eNeKTpoMarHiTHoi cymicHocTi. Ilpu mpomy
3abesnieuyeThesi  30epexkeHHs  ymoB  EMC  mpum
BIAMOBITHOMY BHOOpI po0OYMX HYACTOT 1 JAIBHOCTI

panio3B’si3Ky NpU YacTKOBOMY BHMKOPHCTaHHI 1CHYIOYOT
iH}pacTpyKTypH.

4. PoOora B criiJIbHOMY KaHaJi paJioCTaHLil 3 Pi3HOO
JIeBialli€l0 4acTOTH MOKe OYTH BPEryJbOBaHa 332 PaXyHOK
KOpEeryBaHHs  aMIUTITYyJJHO-4YaCTOTHHX  XapaKTepHCTHK
TPaKTy NpUIMaHHS.

CrnHcoK BUKOPHCTAHUX JIKepeJ
1. TIpaBmia opranizaiii Ta po3paxyHKy MepeX IOi3HOTO
panmio3’szky LII-0058. [lepxaBHa aaMiHICTpaIlis
3aJI3HUYHOTO TPAHCIOPTY YKpaiHW YKp3ai3HHLS.
Kwuis, 2009. 123 c.

2. Ilman BHUKOpPHUCTaHHS  PaAioOYacTOTHOTO  pecypcy
Vkpainu: 3atB. [loctanoBoro KabGinety MinicTpis
VYkpaiau Bim 09.06.2006 p. Ne 815. brojereHs

HauioHanbHOi KOMICIT 3 MUTaHb PeryJIIOBaHHs 3B SI3KY
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Prykhodko Sergii, Yelizarenko Andrii.
Peculiarities of joint operation of radio stations with
different frequency diversity of the channel frequency
grid.

Abstract. The existing networks of railway technological
radio communication of the meter range of radio waves are
built on the basis of radio equipment with a diversity of
adjacent channels of 25 kHz. In the transition period, it is
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necessary to ensure the joint operation of various radio
equipment when introducing radio equipment with a
frequency channel grid step of 12.5 kHz.

The paper proposes a unified numbering of channel
assignments of radio networks based on the principle of
superimposed frequency grid. This allows you to use all
current regulatory documents on the distribution of
channels between different services, the selection of
intermodulation compatible frequencies for networks of
various purposes based on the channel compatibility table.
At the same time, the frequencies of all odd channel
numbers in different numbering systems will match.

In radio communication channels, when transmitting
signals with a maximum deviation of 5 kHz and in
receivers with a frequency difference of 12.5 kHz, there is
a discrepancy between the radiation parameters and the
bandwidth of the receiver. When the nominal frequencies
of transmission and reception differ, nonlinear distortions
increase, which leads to a decrease in speech intelligibility.
When transmitting signals in the reverse direction, the
reception volume deteriorates in receivers with a channel
separation of 25 kHz. Studies have shown that when radio
stations with different frequency deviations work together,
satisfactory conditions can be ensured by adjusting the
amplitude-frequency characteristics of the transmission
and reception paths.

When using radio stations with a channel spacing of
12,5 kHz, the conditions for ensuring electromagnetic

compatibility deteriorate somewhat. But with the
appropriate choice of operating frequencies, the
preservation of the conditions of electromagnetic

compatibility and radio communication range is ensured,
with partial use of the existing infrastructure.
Keywords: railway technological radio communication,
frequency diversity of channels, electrical characteristics
of radio equipment, conditions of joint work.

Haoitiwna 06.04.2023 p.

Ilpuxoowvko Cepeiii leanosuu, 00kmop mexHiuHux HayK,
npogecop, 3a8idysau Kagedpu mpaHCROPMHO20 38 A3KY,
Vrpaincoruii deparcasnuii yrigepcumem 3a1i3HUYHO2O
mpancnopmy, Xapxie, Yrpaina. E-mail: tz@kart.edu.ua,
https://orcid.org/0000-0001-6535-8351.

€nizapenko  Audpiii.  Onexcamnoposuu,  KaHouoam
MEXHIYHUX HAYK, OoyeHm Kageopu mpaHCnOpmHO20
383Ky, Yipaincoxuii  oeporcasnuii - ynieepcumem
3anizHuyHO20 mpancnopmy, Xapxie, Ykpaina. E-mail:
elizarenkol@ukr.net,  https://orcid.org/0000-0002-8567-
7576 .

Prykhodko Sergii, Doctor of sciences (engineering),
Professor,  chief of department of transport
communication, Ukrainian State University of Railway
Transport, Kharkiv. E-mail: tz@kart.edu.ua,
https://orcid.org/0000-0001-6535-8351.

Yelizarenko Andriy, Associate Professor of transport
communication department, Candidate of Techn. Sciences,
PhD, Ukrainian State University of Railway Transport,
Kharkiv, Ukraine. E-mail: elizarenkol@ukr.net,
https://orcid.org/0000-0002-8567-7576.

42

IKC3T, 2023 Ne2



mailto:tz@kart.edu.ua
https://orcid.org/0000-0001-6535-8351
https://orcid.org/0000-0002-8567-7576
https://orcid.org/0000-0002-8567-7576
mailto:tz@kart.edu.ua
https://orcid.org/0000-0001-6535-8351
https://orcid.org/0000-0002-8567-7576

IHOPOPMAIIIMHO-KEPYIOUI CUCTEMHU HA 3AJII3BHUYHOMY TPAHCIIOPTI

VIIK 658.274

DOI: 10.18664/ikszt.v28i2.283462

KPAIIEHIHIH O. C., a.1.H., npodecop (YKpaiHCbKuil AepKaBHUM YHIBEPCUTET 3aJ1I3HUIHOTO

TPaHCIIOPTY),

SKOBIJIEB C. C., k.1.H. (PerionansHa ¢inis «[liBnenna samizauiyg»y AT «Ykp3amizHUALS),
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I'OJIOBKO 4. O., marictp (YkpaiHCbKUI Jep>KaBHUM YHIBEPCUTET 3aJII3HUYHOTO TPAHCIIOPTY)

OuinoBanusa ¢axkropis,
CHCTEMH JIOKOMOTHBA

mo 3a0e3me4ylTh HAJIMHICTL PpodOTH

B ymosax noginenozo onoenents msaeo8020 pyxomo2o ckaaoy i 0Oe@iyumy Ho8020 NAPKY 10KOMOMUEIE 015 6a2ambox
0eno cmae aKkmyanbHuM 30CepeONCen s y8azu Ha NiOGUeHHI HAOIIHOCMI poOomu OCHOBHO20 OONAOHAHHA I cucmem

JIOKOMOMUBIB.

Y cmammi na niocmasi ananizy meopemuynux nioxodie 6naugy CKIA008UX elleMeHmie cucmem JOKOMOMUBA Hd
3a2anbHy HAOIIHICMb cucmeMu UOLIEHO CNeyianbHi KpumepianbHi akmopu, wo eupaxicaroms npupicm KITbKiCHUX i

SKICHUX NOKA3HUKIE HAOIUHOCMI.

Oyintosanhs yux Gaxmopie 0ac 3mMo2y GUIHAYUMU CUCMEMU JTOKOMOMUGBIS, WO 3a6e3neyyioms MAKCUMATbHUL
npupicm HAOIHOCMI, a npu OYONIOBAHHI eleMeHMI8 cCucmeMm Riosuwysamu Kiibkichutl npupicm naditinocmi. Kpim moeo,
NOKA3aHA MONCTUBICTNG GUIHAYUMU npiopumemu (yepzy) 6i0H06IeH s enemenmis cucmem 0Jis 3a0e3nevents HadluHocmi

cucmemu.

Knrouosi cnoea: msieosuii pyxomuii ckiao, eremenmu cucmemu, siKiCHI i KIIbKICHI pakmopu HaditiHocmi,
A6MOHOMMULL PYXOMULL CKILAO, eHePReMUYHI XAPAKMEPUCMUKU, HAOTUHICIb, NPOSHO3YBANHS PECYPCY

ITocTaHoBKa MpoGaeMu

3aJi3HUYHUIA TPAHCIOPT 3 BEJIMKOK HANpPYyrow i
BTpaTaMH IpOJIOBXKYE 3a0e3neuyBaTH KpaiHy IOCIyramu
Ha IepeBEe3CHHs] BaHTAXIB 1 MAaCAXHUPIB. 3arajibHUH CTaH
3aJI3HUYHOTO TPAHCHOPTY INOPOKY MOTIPIIYETHCS 3
6araTtbOX MPHYMH, y TOMY YHCII Yepe3 MOBUIbHUI mporec
OHOBJICHHS PEMOHTHOI iHPPACTPYKTYpPH 1 HABIThH ii MOBHY
BTpaTy. Ae 3aBIsKH TpodecioHami3My i 3aIisHHIO BCiX
MOXJIMBHX PE3€PBIB 3II3HUYHUHA TPAHCIIOPT 3TUIIAETHCS
OCHOBHHMM IIOCTAQUaJIbHUKOM IIOCIYT JUIsi TI€PEBE3CHHSI.
IIpote pecypcn 3ami3HUIE He O€3MeXHi, 0COOIHMBO 1T Yac
BOEHHMX [if, 10 TOTpeOye BIPOBAKEHHS HOBHUX
IHHOBAI[IMHUX TEXHOJOIM BITHOBJACHHS 1 KOHTPOJIIO
TEXHIYHOTO CTaHy CHCTEM JIOKOMOTHBIB.

3MiHa JAUCIIOKalil PecypciB JIOKOMOTHBHHMX JENO B
IHINI €m0, IO 3HAaXOMATHCS I103a 30HOK HEOE3IEeKH,
3alydeHHs JO OpraHizamii CcHCTeMH eKcIulyaramii i
YTPUMaHHS JIOKOMOTHBHOI'O MapKy CIELIaJiCTIB 1 BUCHUX
3 IHIOMX Tamy3ed NPOMHUCIOBOCTI 1 HayKM JacTh
MOJKJIUBICTH BiJIIITYKATH HOBI MiJIXOX B LI CIIpaBi.

3aMMIaoThCs aKTYaJIbHUMH TMTaHHS MOAEpHi3amii
CHCTEM JIOKOMOTHBIB Ha OCHOBI SIKICHMX 1 KUIBKICHHX
MiXOMIB 3 MiABUINEHHS iXHBOT HAAIHHOCTI. OnpaltoBaHHsI
BapiaHTIB 1 NO€AHAHHS BapiaHTIB HUX MiAXOMIB JacThb
MOXIMBICTP ~ BH3HAYUTHCSA 3  MpIOpUTETaMH  TIpH
MOJIepHi3allii CHCTEM JJOKOMOTHBIB.

AHani3 ocTaHHIX JocaiTxKeHb i my0aikaniii

3a ocraHHiii yac Oarato JOCTI[KEHb  OyIO
CIpsIMOBAaHO Ha IPOOJEMH ONTHMi3alil BHUTpaT Ha
CHCTEMYy  YTPUMaHHS  JIOKOMOTHBIB  SIK  MIOJO

nepiogmarocti nposenenHs TO, TIP, tak i koperyBaHHS
o0csriB poobit [1].

Tak, y poborax [2, 3] posrmsgHyTO mpOOIEMH
OILIHIOBaHHSA BHUTPaT 3 METOI iXHBOI MiHIMI3amii Ha
YTPUMaHHS JJOKOMOTHBIB 3a XUTTEBUH LIUKII.

A B poboTax [4, 5] po3risioanucs IpUKIaHi aceKTH
3aMpOBaJPKEHHST HOBOI'O PEMOHTHOTO 1 JiarHOCTHYHOTO
o0J1aIHaHHS B JIOKOMOTHBHHUX JETIO.

3HayHa yBara MNPUIUSUIACS IUTAHHAM YTPUMAaHHS
3aKOPAOHHOI'O PYXOMOIO CKJany, JJs SIKOro 3a Iepiof
eKCIuTyaTarii He MPOBEACHO JKOJHOTO KaIiTaJbHOTO
PEeMOHTY, a BEJMKiI [EMOBChKI PEMOHTH HE 3aBXIH
BiIMTOBIZAJIM BUMOTaM MOCTAYaIbHUKIB [6].

Tomy B pobotax [7-9] 3HauyHa yBara NpHUAiICHA
ITUTAHHSAM 3alIPOBAPKEHHS 3MILIAHOI CUCTEMH yTPUMAaHHS
JIOKOMOTHUBIB, BKIIOo4Yaroun TexHonorii TO, TIP 3a
TEXHIYHUM CTaHOM.

Pa3om 3 THM OnpaItbOBYIOTHCS MMUTaHHS €(EKTUBHOCTI
MOJIEpHi3allii CHCTEMH i JOKOMOTHBIB y IIJIOMY B pamMKax
xutTeBoro numkiny [10, 11, 14-16]. Ane cmifg
OIpalbOBYBaTH MUTAHHS MaTEeMAaTHYHO! OLIHKH DillleHb,
MOB’SI3aHUX 3 MIABMINEHHSAM  HAIIMHOCTI  CHCTEM
JIOKOMOTHBIB.

© O. C. Kpaumeninin, C. C. SIkoBies, A.C. 3aaara, 1. O. T'osoBko, 2023
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Mera cTaTTi moysrae B OIIHIOBaHHI (PaKTOPIB, IO
3a0e3neuyroTh Ha liiiHICTh POOOTH CHCTEM JJOKOMOTHBIB 32
paxyHOK TPHUPOCTY CKIAJOBHUX HAJIIHHOCTI €JIEeMEHTIB
cucrteM (TiICUCTEM) Yy SIKICHOMY 1 KiJIbKICHOMY CEHCI.

BinnoiznHo 3 1uM c(hopMyIIbOBaHO TaKi 3aB/IaHHS:

1. Obpatu mincucTeMu, M0 MAlOTh KPUTHYHHNA BIUIHB

Ha  Ha;ifHICTH CUCTEMH IS MIEPIIOYEPTOBOTO
o0ciyroByBaHHSI.
2. OmiHATH  TPHUPICT  HATIMHOCTI 32  PaxyHOK

IyOITFOBaHHS MiJICCTEM.
3. OmiHnTH pamioHaNPHUI TpiopUTeT (Yepry) IpH
BIAHOBJIEHH] HAIIMHOCTI ITiJICUCTEM.

Buxiag oCHOBHOTO Marepiany

OmHUM 3 HaWBaXUIMBIMHUX eTamiB  (QOpPMyBaHHA
TEXHIYHOI CHCTEMH € palioHaibHa 00ya0Ba ii CTPYKTypH

JUIL  MOXJIMBOCTI  BU3HAYCHHS  HEJIOCKOHAJOCTEH i
parioHaaIbHOTO BIUTUBAHHS Ha HEl.
JIis  KUTBKICHOTO — OIIHIOBaHHS  HAQAIWHOCTI, IO

nependavyae BH3HAYEHHS HaAIMHOCTI Ipu AyOirOBaHHI
€JIEMEHTIB CHUCTEMH 1 € 0e3po3MipHUM (OCKUIBKH
00yMOBJIEHO MHOXMHOIO ~HMOBIPHOCTEH), a TaKoX
MOJJIMBOCTI 3’SCYBaHHS pONi 1 BIUIMBY KOHKPETHHX
MiJCHCTEeM Ha 3arajbHy HaAIWHICT, 3alPONOHOBAaHI
CremiajgbHiI XapaKTePUCTHKH: Bard, 3HAYYIIOCTi 1 BHECKY B
3a0€e3MeyeHHs HaIifHOCTI CUCTEMU.

Tax, «Bary» ¢byHKIii B OpPTOTOHANBHIN
U3’ FOHKTHBHIA HOpManbHiA ¢opmi (OJHD) wmoxna
MOJAATH SIK

k P
G{y(x1,...X4)} :Zz”*zjzzn—zf Zzn—zg, (1)

i f 9
ae J :1,...,i; f :1,k,g :1,... p,|+k+ p=m;

Z;,Z;,Z, — PaHTH CIEMEHTAPHUX KOH TOHKIIIH;

I,k, p— KinpKiCTh KOH FOHKIIiH, IO MiCTATh X ;

| -it

X, — I-fi eneMeHT cHCTeMH HE BKJIIOYAE
apryMeEHT;
m-—3arajbHa KUIBKICTh KOH’IOHKIIIH y BHXIigHIN

¢yskumii anredpu JT0TIKH;
N — KUTBKICTh He3aJIeKHUX 3MIHHUX BHXiIHOI QyHKIII].
XapakTepucTuKy «3HauymocTi» ¢pysakmii B OJHD, 3a
poboToto [ 1], 3aUCyIOTh K

E =ap{y(xl...,xn):1}=aRc . (2)

; P {x =1} oR

Tobro 1e € yacTMHHA TMOXifHA Bixg IMOBIpHOCTI
0e3BiIMOBHOI  poOOTH ~cucTeMH R 3a  iMOBIpHICTIO

0e3BiIMOBHOI pOOOTH MigcUCTEMH R. .

A 17151 MOHOTOHHUX CTPYKTYP

- R _po_Ro, ®3)

E =
X aRI G Co

e RS)ZP{VF)(Xi---’Xn)Zl}

0€e3BIIMOBHOI

IMOBIpPHOCTI

pobotn cucremMu Tpu  abCONIOTHIH

HaJIiHHOCTI 1 a0CONMOTHIM BiAMOBI migcucTeMu X; .

MOoOHOTOHHA CTPYKTYpa BiATIOBiTa€ TAKIM yMOBAM:

1. TIpu BTpaTi BciMa eleMEHTaMH Mpare3gaTHOCTI i
CHCTEMa BTpavae Mpare3iaTHiCTh.

2. Ilpu BiAHOBICHHI BCiX CIIEMEHTIB 1 BCS CHCTEMa
BiJTHOBITIOETHCSL.

3. Ilpu BiZMOBI OyAb-KOTO €JIEMEHTa CHCTEMH
TEXHIYHUN CTaH CUCTEMH TUIbKH MOTIPIIYETHCS.

I came 1m0 TakMX CHUCTEM HajekaTh yCi CHUCTEMH
JIOKOMOTHBA 1 TIOKOMOTHB Y IILJIOMY.

migcuctemu X,y

«BHECKIB» ;

y(xl"“’xn) €

iMOBIpHOCTI G€3BiIMOBHOT pOOOTH MigcHCTEMH R, Ha Horo

XapakTepucTUKa

HagIMHICTE  CHCTEMH BEJIMYNHOIO

«3Hauymicte» [13].

R, —PY _
B, =R R, _ R ——= =R —RY. 4
! R, R g

Leit kpurepiit xapakrepusye TNpHpICT HAIIHHOCTI

macucremMua X 3

BiTHOBJICHHS ;

CHCTEMH  IICIISA

HEMpale3AaTHOTO CTaHy B MMpale3/1aTHU.
XapakTepuCTHKa «BITHOCHHNA BHECOKY» ITiJICHCTEMH

X; 'y HaziiiHicTs cucremu Y(XL,“,Xn) € HOPMOBaHUM

«BHECKOMY LIi€] MIJICUCTEMH.

b oo D (5)
X~ n
z Bxi
i=L
Yei HaBeZIeH1 XapaKTepUCTUKH  OIiHIOBAHHS
BiZTHOBJIIOBaHOCTI mijicucreMu MaroTh pi3Huit

iHpopmaniiiauii ceHc. Tak, KpuTepiil «Baray» MiJCUCTEMH
g, XapakTepu3ye TiIbKA MiClle 3HAXOJDKEHHS i€l
X

nigcucTeMu X; B CTPYKTYPi CHCTEMHU Y(Xi,...Xn).
Kpurepiii «3nauymocri» migcucremu & — me i
3aJIeXKHICTh BiJ] IMOBIpHOCTI 0€3BiIMOBHOI poOOTH BCiX
IHIIUX MiACUCTEM, CHCTEM, KpiM camoi | -1 migcucTemu.
A xpuTepili «BHeCOK» Tiacuctemn B, BKmowae Bei
1

CKIaJOBi, y TOMYy  9YHCIIi l-ry  migcucremy.
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Ocxkinbkn QyHkumis HagidnocTi R, 3amexuts Bix P

JIHIHHO, TO «3HAYYIIiCTH» MigcUcTeM X YHMCETIHHO

JIOPiBHIOE MIPUPOCTY HAJIIHHOCTI CHCTEMU NIPH 3MiHi R; BiJ

HYJISL 10 OJTUHUIII.
VY 3araqbHOMY BHIIQJIKy MPHUPICT HATIHHOCTI CUCTEMH
JIOPIBHIOE

BIJJHOBJICHHS:

- sKICHE IiJBMINEHHS HAIAHOCTI IiJCUCTEM 3a
paxyHOK KpalluxX MarepiajiB, Cy4aCHHX TEXHOJIOTIH,
MOJICpHI3aIii AR, AK.;

- KUIbKICHE IABHINEHHS HAIIHHOCTI IIJCUCTEM 3a
paxyHOK pe3epByBaHHs okpemux mifacucrem AR, .xin.

3aramoM NpUIMArOTh 3a HYJIBOBHHA PiBEHB 1 IMOYATOK

R 6 migpaxyHky AR, sk CTpyKTypy = CcHCTEMH  IIpH
AR, =—=AR- © . - :
T AR piBHOHanilHMX migcuctemax 3 R =Q =0,5. s
1
IcHye [Ba MIAXM TiBUINEHHS TIOTPiOHOT iMOBIpHOCTI ~ pealbHMX — migcucreM, sk mnpasumo, R =05 i
0e3BiIMOBHOI  poboTHh CUCTEMH BUKITIOYAI0OYHN
_ -n+1 -n+2 =n+l
AR .= Y 2" AR + Y 2"™ARAR + D 2™ARAP,...AR +ARAR,...AR, . ()
ieM; i,jeM, i,j,..KeM,
SIKmo 3a HYJIbOBHH pIBEHb SKICHOTO MPHPOCTY
HAIIHHOCTI CHUCTEMH B3STH OyAb-SKHH pIiBEHb, MOXKHA
ckopucratucs Bupasom [12, 13]
OR 62 'R
AR .= —SAR+ D ——ARAR;+ Y ———"—ARAR,..AR +...+ARAR,...AR, (8
4 R = 8R18R 54 ORER. R,
i
VY 3aranpHOMY BHIIQJKY TpU AYOJIOBaHHI NEKUTBKOX
MMACACTEM OO MaKCUMaJIbHOT MOXJIMBOI IXHBOI KUUIBKOCTI N
maemo [13]
Pt
ARKM—ZRQ +ZR QQI + Y. RR..ROO,.. Qk— +RR,...R00,...0,- 9)
i, R i jem, 8R6R i\ ke, ORiCR; ...0R
bynemo BBakaTH  JIOKOMOTHB  CHCTEMOIO, IO X, — XapaKkTEpHCTHKa TPAlE3aTHOTO  CTaHy
CKIAJA€TbCA 3 MOCHIZOBHO 3'€AHAHMX MIACHCTEM, 1  1opnyorg macoca BHCOKOTO THCKY;
BU3HAYMMO SIKICHHH 1 KUIbKICHHH MPUPICT HaliHHOCTI SK X, XBpAKTCPHCTHKA  [IPANESTATHOTO  CTAHY
(dyHKIIIO pare31aTHOCTI CUCTEMH
(hopcyHOK.
_ [HIT1 eeMeHTH MaNuBHOI CHCTEMHU HE PO3TIISIIAI0THCS,
yl(xl’XZ""’Xn)_Xi’Xj’Xn’ . .
OCKITBKH ~ 3a0e3rmeuyioTh  (QYHKI[IOHYBaHHS  OOpaHHX
) o migcucteM 1 (aKTHYHO XapaKTepU3YIOTh IXHIO 3arajibHy
ne X;,...,X, — BUIIOBi/IHI XapaKTEPUCTUKH MPAUE3NATHOTO  yariifHiCTD.

crany | -mijzcucrem.

[IpoimocTpyeMO METOAMKY OIIHIOBaHHS 3a3HAYCHHX
KpHUTEpiiB HAa TPHUKIAIi BU3HAYCHHA BIUIMBY SIKICHHUX 1
KUTbKICHHX TPUPOIICHh HAIIMHOCTI JJS IMOCHTiI0BHOT
CTPYKTYPH, SIKOIO TIOJTA€THCS MaJMBHA CHCTEMAa TEIUIOBO3A.

VY 1pOoMy BHNA/IKY PUHMAEMO TaKi IIO3HAYESHHS:

X, — XapaKTepuCTHKa Mpale3JaTHOro  CTaHy
MAJTMBOITIIKAYYIOYOT0 HACOCA;
X, — XapaKTepHCTUKa MPaNe3JaTHOro CTaHy (inbTpa

rpy0Oro OYHIIEHHS MTaIHBa;

X; — XapaKkTEepHCTHKA NPALE3NaTHOTO CTaHy (inbTpa

TOHKOT'O OYUIIICHHS I1aJIUBA,

Sk XapakTepUCTHKY Mpale3faTHOCTI CTaHy wi€l
cructemu 0bepemMo iMOBipHiCTh Oe3BiaMoBHOI poboTtu P, :

R =0,8P,=0,7;P,=0,9;P, =0,95;R, =0,09.

Buznaunmo
cucremu P, 1ipu

Cynou.

HYJBOBHW piBEHb HAMIWHOCTI  Mi€l

p:p:p:azgzaa
=0,5" =0,03125.

clnou
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Bigmykaemo — sKicHe  IIPUPOLIEHHA  HAAiHOCTI  BigMOBiAHO HPHPOIIECHHS AR:
nanuBHOI cucremu 3a Qopmynoro (7), mnpuiimMarouu

AR =P,-0,5=0,3,AP, =P,~0,5=0,2;AP, = P,~0,5=0,4;AP, = P, —~0,5=0,45; AP, = P, -0,5=0,4.

Toni

AP, sx.=27°"(0,3+0,2+0,4+0,45+0,4) +
+27°%%(0,3%0,2+0,3%0,4+0,3%0,45+0,3%0,4 +
+0,2%0,4+0,2%0,45+0,2%0,4+0,4%0,45+0,4%0,4+
+0,45%0,4)+2°"(0,3%0,2%0,4+0,3%0,2*0,45+
+0,3%0,2%0,4+0,2%0,4%0,45+0,2%0,4+0,4+
+0,2*0,45%0,4+0,4%0,45%0,4+0,3%0,4*0,45+
+0,3%0,4%0,4)+2°(0,3%0,2%0,4%0,45+0,3%0,2%0,4%0,4 +
+0,3%0,4%0,45%0,4+0,3+0,2%0,45%0,4+0,2%0,40,45%0,4) +
+0,3+%0,2%0,4%0,45%0,4=0,3987

Toni 3aranbHa HaAidHICTH 338 PAaXYHOK IiJBHIIEHHS n

SAKICHUX MTOKA3HUKIB CKIaJe R.= H R
i=1l
R, =P, +AP.axk., (10)

PCl =0,03125+0,3987=0,43. .
Busnauumo  «Bary» 1

(11

Pc, =0,8%0,7%0,9%0,95%0,9=0,43 .4

«3HAYYIIICTh» OKPEMHUX

MACHCTEM TIPU TIJBHUIICHHI HAMIHHOCTI CHUCTEMH 3a

IlepeBipuMO  TPABWIIBHICTH  PO3PAXyHKY  IHIIUM dopmynamu (1) i (2):
crocoOoM 3a (popMyIIoI0
. =9, =9 =2"=2"=0,063,
«3HaYYIIICT: EX1 =P, *P,*P,*P,=0,7%0,9%0,95%0,9=0,539 .
Ex2 =R *P,*P,*P,=0,8+0,9%0,95%0,9=0,6156;
E, = B*P,*P,*P, =0,8%0,7+%0,95%0,9=0,479;
E, =P *P,*P*R=0,8+0,7%0,9%0,9=0,454;
E, =R *P*P*P =0,8%0,7%0,9+%0,95=0,479.

«Bara»: 9, =0, =0,

KinbkicHuit npupict HagiiHOCTI NpH TyOItOBaHHI, 3a
(opmyxoo (6),
AP kin.=E, * F*Q, = EMF{(l—Fi) =0,539x%0,8x%0,2=0,086,
AP, xin.=0,616+%0,7+0,3=0,129,
APCSKI'JL =0,479%0,9%0,1=0,043,
AP, kin.= 0,454+%0,95+%0,05=0,022,
AP, kin. = 0,479%0,9+0,1=0,043.
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ToOTO SKII0O € MOXJIMBICTh pE3CPBYBATH OJHY
HiICKCTeMy, TO 1IIe Mae OyTH TMiJCHCTeMa Tpyooro
OYHIIEHHS IaJMBa, OCKIJIBKA 3HAYEHHS APCZKiﬂ.:O,129 €

MaKCHMaJIbHUM.

Cuctema 3  JayOJIbOBAaHOI  MiJCHCTEMOIO X,

(Xg — myOTIOrOUa MizicKCTeMa) Ma€ BULJISL

Vo (X X Xg) = % [ 2% X, X
Toni
P=P_ +AP_ +AP |, (12)

R, =0,0315+0,3987+0,129=0,56 .

%
X

X3
X5

Va(Xisenny Xgy X;) =
AP

CaKill.

X5+ Xy + Xs s

A0 11e 3HaUYEHHSI OTPUMYEMO SIK

R, =RA-A-R)1-F))-P-P,-F. (13)
Ilpu P, =R, =0,7
R, =R-(-R)")-P-P R, (14)

2

R, =0,8(1-0,3%)-0,9-0,95-0,9=0,56.

PosrnsHeMO MOXIHBICTH IyONIOBAaHHS TepIioi Ta
apyroi micucTeM 3a dopmymoro (9):

=E-B-Q+EPRQ,+R-P-F-P-FK-Q-Q-Q-Q-Qs,

AP, =0,086+0,129+0,8-0,7-0,9-0,95-0,9-0,2:0,3=0,24.

3Bigcu
P% = Pclym +AP_ + APCam =0,03185+0,3987+0,24=0,67.
AG0 iHImIKMM crocoOOM TEPEBIPEMO  MOXKIIHBICTh

JyOJIFOBaHHSI MepIIoi Ta Apyroi MiJCucTeM:

P, =1-1-R))A-U-PR)")-R-R-R, (15)

2 2
P, =(1-0,2%)(1-0,3%)-0,9-0,95-0,9=0,67.

SIk BUJIHO 3 PO3paxyHKiB, NpHU AyOIIOBaHHI IMiJICUCTEM
NajJMBOIO/A4i 1 TpyOOro OUMILNEHHS MaJMBa MOXXHA
MIABUIUTA HAMIAHICTh BIMHOCHO [iF0Y0i CHCTEMH 1 MpHU
JyOJIFOBaHHI TIJIBKU IPYTol MiICHCTEMH BiIIOBITHO.

AH:PcS_Pq'
AR, =P, P,
AR, :Pcz_Pq’

AP, =0,56—-0,43=0,13,
AP, =0,67-0,43=0,24,
AP, =0,67-0,56=0,11.

BuCHOBKM 3 0CJTiIKEeHHsI i NMepCcneKTUBU MOAAJIBIIOTO
PO3BUTKY B IbOMY HanpsiMmi

Ha mizcraBi BUKIIaeHOrO HaAIHICTh CHCTEMH MOYKHA
MOJaTH SK CyMy IIOYaTKOBOi HAQMIHHOCTI 1 CKIIQJIOBUX
TXHBOTO SIKICHOTO 1 KIJIBKICHOTO IPUPOCTY.

1. Tloka3zaHo, 1110 KPUTEPil «3HAYYLIICTBY MIICHCTEMU
Ja€ 3MOTY BHM3HAUUTH MiJCHIECHHS, w10 3abe3nedye
MaKCUMallbHUH MNpUpICT HamiiiHOcTi. A came i
nigcucremu rpy6oro ounmenss maamsa E, =0,6156.

2. Ipu 3anpoBapKeHHI AyOIFOBAHHS MiICHCTEMH CIIi
KepyBaTHCS  3HAYCHHSAMH KUTBKICHOTO MIPUPOCTY
HaJiitHOCTI cucTeMu. SIK BHIHO 3 PO3pPaxyHKIiB, IpH
IOyOnroBaHHI ofiHI€T miicMcTeMu HaliitHICTh 3pocna Ha 13
%, a ipu 1yOJIFOBaHHI ABOX mifcucTeM — 110 24 %.

3. IMokazaHo, 1110 BUKOPUCTAHHS KPUTEPII0 «BHECKY»

Ja€  3MOTy  pAI[iOHaJbHO  BU3HAYWTH  YEProBiCThH
BITHOBJIEHHS ITiICHCTEMH.
Y npoMy BHIQAKY  HaWOUIbIIE  ITiJBUIICHHS

HaIIHHOCTI 3a0e3Me4YeHo Mpu TpyOOMy OUYHWIICHHI IManuBa,
3a NOpiBHAHHAM 3HaueHHs AR, .
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Krasheninin O., Yakovlev S., Holovko Y. Assessment of
factors that ensure the reliability of the locomotive
system.

Abstrfct. In conditions of slow renewal of traction rolling
stock and a shortage of new locomotive fleets, it is
becoming urgent for many depots to focus attention on
increasing the reliability of the main equipment and
locomotive systems. In the article, based on the analysis of
theoretical approaches to the influence of constituent
elements of locomotive systems on the overall reliability
of the system, special criterion factors expressing the
increase in quantitative and qualitative indicators of
reliability are selected. The assessment of these factors
makes it possible to determine the locomotive systems that
provide the maximum increase in reliability, and to
increase the quantitative increase in reliability when
elements of the systems are duplicated. In addition, it is
shown the possibility to determine the priorities (queue) of
restoration of system elements to ensure system reliability.
Keywords: traction rolling stock, system elements,
qualitative and quantitative factors of reliability.
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YK 004.9:621.7 DOI: 10.18664/ikszt.v28i2.283273

®UJIb H. 10., k.T.H., IOLIEHT,

(XapkiBChbKUi HALlIOHATBLHUN aBTOMOO1TBHO-TOPOKHIH YHIBEpCHUTET),
I[EleEKO K. B., K.T.H., OOIIEHT,

(XapkiBChbKUI HALlIOHATBHUNA YHIBEPCUTET PaliOeIEKTPOHIKN)

Bubip nporpamHoro 3a0e3meYeHHsi JJS PEBEPCHOr0 iHXKUHIPHUHIY
NMPOMMCJIOBUX 00’ €KTIB

Y menepiwni sasicku uacu 0nsa YKpaiHcoKoi eKOHOMIKU AKMYANbHUM € BNPOBAONCEHHS MEeXHONO02I pegepcHoco
inoicunipuney. 3a donomoeoro 3D-ckanysanus cmeoproemubcs yugposa mooeiv pisHux 06 ’ckmie. Pesepc-inocunipune
BUKOPUCIOBYEMBCA 8 PI3HUX 2ANY35AX NPOMUCTIOBOCMI. Asmomamusayis npoyecy 6npoeaodHcents mexHoI02ii pesepcrHoo
IHHICUHIPUHZY NPOMUCTI08020 00°€cKma nompedye HAYKOB020 GUPIUIEHHA HU3KU 3a80aHb. OOTPYHMYBAHHA 6UOOpY
epexmusHoco Memoody pesepcHo20 IHICUHIpuH2Y; eubopy epexmuenoeo 3D-ckanepa 3 ypaxysanusm ocobaueocmet
APOMUCTOB020 00 €kma; UOOPY epekmusHo2o npocpamMHo20 3abe3nedents ma anapamuozo 3abesneuents. Memoro
pobomu € po3pobleHHs MAMEeMAmuyHoi MoO0eli 8ubOpy NpOSPAMHO20 3abe3neuentsi Ol PeBepPCHO20 [HICUHIPUHZY
3a1€XHCHO 8i0 6a2amboX MEXHIYHUX XAPAKMEPUCUK | 8UMPAMHUX NOKA3HUKIG, WO 0A€ 3MO2Y CKOPOMUMU MEPMIHU
BNPOBAONCEHHS PEBEePCHO20 THIHCUHIPUHZY ma 3HU3umu Qinancosi pusuku. Po3pobreno moodenv 8ubopy npocpamnozo
3a0e3neueHts 015 Pe8ePCHO20 THIHCUHIPUHZY NPOMUCTI08020 00 €KMA, AKA CMOCYEMbCA Mooenell 6a2amoKpumepiaibHo2o
OUCKpemH020 npozpamyeants. Bukopucmanua 3anpononoganoi mooleni ubopy npocpamHozo 3abe3neyeHHs OJis
DPEBEPCHO20 THAHCUHIPUH2Y NPOMUCIO8020 00 €KMa 0acmb 3M02Yy CKOPOMUMU Y4AC NPOEKMYBAHHS MEXHO02II pegepCcHo2o
THIICUHIPUNZY, SHUSUMU PUBUKU HE3ANIAHOBAHUX GUMPAM HA 000amK0o8e npocpamue 3abe3nedeniss 0 GUPIUEHHS 8CiX
3a680aHb pe8epCHO20 IHAHCUHIPUHZY NPOMUCT08020 00 €Kma.

Knrouosi cnosa: pesepc-indcunipune, mooeiv, Kpumepil, npocpamuull 3acib, eapmicmo, (QYHKYIOHATbHA NOBHOMA,
OuckpemHe npocpamyeanHs.

Beryn daxiBui CTBOPIOIOTh 1HM(MPOBI MOJET 3amnacHUX

Tlepen mianpueMcTBaMu YKpaiHu CTOITh 3aBiamms —UACTHH JUIf obnasHaHHs 32 A0MOMOToK 3D-ckaHyBaHHS.
LIBUJIKOTO Bi/HOBJIEHHA BUPOGHMLTBA, IO HEMOMKIHBO CTBOpeHHS SKICHOI IM(POBOT MOJETI MOXIIMBO JIHIIE 32
Ge3  3a0c3MeueHHss  3AMACHMMM  YacTHHAMM  fjis  YMOBHM  BHKODHCTAHHS — e)CKTHBHOTO — IPOTPaMHOrO
3pyHHOBAHOTO 0GNajHAHHA. BUPOGHUITBO  3amacHHX 3a0e3neueHH s, 10 € 3MOTY MPOEKTYBATH T€OMETPHYHO

. 1 o '
yacTMH U8 3pYiHOBAHOrO OOJNaiHAHHA JoUibHO ICHTHYHHH O0'eKT.

BUKOHYBaTH B YKpaiHi. Take BUpPOOHHMUTBO JIacTh 3MOTY
He JIMIIE CTBOPMTH HOBi po6oui Mics, a if ckopoTuts yac ~ AHAaJI3 myoJikamii

JUI BiHOBIICHHS IIINPUEMCTB. Ayie IS BHUPOOHUIITBA [IpobmemMaM  BHKOPHCTaHHS  peBepC-IHKUHIPUHTY
3amacHUX YacTHH Uil 3pYWHOBAHOTO OOJamHAHHA PI3HUX 00’€KTiB IPUCBIYCHO 0AraTo mpanp BITYU3HSHUX i
noTpibHa TEXHiYHA JIOKyMEHTallis He TiIbKM Ha BCe 3apybikKHMX aBTOpiB. Y poboti [1] posrisparorses THIHM
YCTaTKyBaHHsl, ajl€ HA KOXHY JieTanb OKpemo. OTKe, Yy peBepcHOro  IHXHMHIDHHIY, BHKOPHCTOBYBAHOIO  IPH
HUHINIHIX BaXXKUX A7 YKPaiHCBKOI €KOHOMIKM YMOBAaX BiATBODEHHI pi3HHX JeTajdeidl 1 By3IOiB, TEXHIYHHX
aKTyalbHHM € BIPOBA/UKEHHS TEXHOJIOTii PEBEPCHOTO  XapaKTEPUCTHK i TEXHIYHOI JOKYMEHTAIii 3a HasBHAMHM

IHKUHIPUHTY JUIS BUPOOHUIITBA IPOMHCIIOBUX 00’ €KTIB. 3paskaMu BUPOOiB. BCTaHOBIEHO, IO CyMapHa BapTiCTh

Pepepc-imkuHipuHr  —  TPOHEC  PO3POONCHHS  MPOEKTY 3BOPOTHOTO IHXHHIPUHTY Mae OYTH MEHILOKO,
KOHCTPYKTOPCBKOI JOKyMEHTallli Ha OCHOBI BHXIHMX HiX 3aJMIIKOBA BAPTICTh i BAPTICTH MOMKIMBOIO PEMOHTY.
JAaHUX, OTPUMAHHX Y BUTJISAI TOTOBOTO 3pa3ka HEOOXiTHOT YV  po6ori [2] BH3HAa4YE€HO, IIO BUKOPHMCTAHHS

Aetaii. BuKOpUCTaHHS pPEBEPC-IHKMHIPUHTY 1a€ 3MOTY  peBepCHOTO iHKHMHIPHHTY 1a€ 3MOTY 3HH3HTH BHTDATH
CTBOpUTH 33 Jionomorow  3D-ckaHyBaHHs UM(PPOBY  pecypciB Ui BUPOOHHMIITBA Pi3HHX JeTaneil. SHMKEHHS
mozens  CAD  perami  oOmapmanns. Lleli  MeTOX  coGiBaprocTi BUPOOHMITBA € AKTYalbHAM MHMTAHHAM JUIS
BUKOPUCTOBYETLCS B 0araTbox rainys3sax HpOMI/ICJ'IOBOCTi, MaIHI/IHO6yHiBHI/IX l'[i,HHpI/ICMCTB YKpaTHH.

BKJIIOYAI0OYHM BUPOOHHULTBO BiiicbKkoBOI TexHiku [1].

© H. 10. ®iab, K. B. leiinexo, 2023
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Y poborax [1, 3, 4] aBTOpamMu BH3HAYCHA
NOCHIIOBHICT, ~ BHKOHAHHS  3aBJaHb  PEBEPCHOTO
IHKUHIPHHTY NPOMHCIOBUX 00’€kTiB. Ha meprmomy erami
NPOBOJUTECS.  BHUMIDIOBAHHS  peajibHOro  00’ekTa i
BU3HAYAIOTHCS rnapameTrpu 00’exTa. Hani
BUKOPHCTOBYETBCSl ~ CllellianbHe ycrarkyBanHs — 3D-
CKaHep /I CKaHyBaHHS o00’ekTa. 3a JIOIOMOTOI0

MPOrpaMHOro 3a0e3NEeYEeHHS] CTBOPIOETHCS HOro 1uppoBa
MOJIeTb, IO MOKe OYTH BHKOPHUCTaHA HE TITBKH IS
BIITBOpEHHsI 00’€kTa, a 1 HWOTO IOCTIKEHHS 3 METOI0
MOKpAIIEHHs HOT0 TEXHIYHMX XapaKTEPUCTHK.

Ykpaiaceke mignpuemctBo Bibus cremianmizyerscs Ha
BiTHOBJICHHI KOHCTPYKTOPCHKOi JOKYMEHTAII{ I Pi3HIX
0o0’exktiB Ha ocHOBi 3D-ckamyBamHs. [ 1poro
BUKOPHCTOBYETBCS CIeliajibHE NpOrpaMHe 3a0e3redeHHs
JUISL (dbopmyBaHHs 3D-11oBepXOHb. OTtpumana
KOHCTpYyKTOpchbka jgokymenTauis i CAD moznens 00’exra

Jae 3Mory (QaxiBml0 OTpUMAaTH BCIO  HEOOXigHY
iHpopmatito [5].

Jns  craHmapTH30BaHMX ~ JeTanedl  po3poOiieHO
QITOPUTM  JUIs  peBepc-imkuHipunary  [6].  ABTopum

BU3HAYAIOTh, 0 BIJCYTHICTh TEOPETHYHHX PO3POOOK
MIOJI0 MOCIITOBHOCTI Il BIAMOBITHOT MHOKHWHU TIPOIICAYD
JUISL PEBEPCHOTO 1HXKUHIPUHTY MPHU3BOIUTH J0 BTPAT 4Yacy
Ta (iHaHCIB.

IIpu peBepc-iKUHIpHHTY iCHYe iHBapiaHTHa 10
00'eKTa MHOYKHHA IIPOLIEAYpP, BUKOHYBaHa 3aBxkuu [ 7, 8].

PeBepc-iHOKUHIPUHT — TEXHOJIOTIS, IO ChOTOMIHI
IHTCHCUBHO PO3BUBAETHCSA Ta IIUPOKO BUKOPHUCTOBYETHCS

y BchoMy cBiti. lis  aBTOMarm3aiii  mporecy
BIIPOBAIKCHHS TEXHOJIOTIi peBepC-IHXUHIPHHTY
MNPOMHUCIIOBOTO  00’e€KkTa HEOOXIAHO BHPIIIMTH  TaKi
3aBJaHHS:

—BuOip edekruBHOrOo 3D-ckaHepa 3 ypaxyBaHHSIM
0COOIMBOCTEH IPOMHUCIOBUX 00’ €EKTIB;

— BHOip epeKTUBHOTO MPOTPAMHOTO 3a0e3NCUCHHS;

— BUOip epeKTUBHOTO anapaTHOTO 3a0e3MeUeHHS.

3apmaHHs BHOOPY mporpamHoro 3abesmeucHHs (I13)
JUIL  BUpPIMICHHS 3aBIaHb PEBEPCHOTO IHKHHIPHHTY
NPOMHCIIOBUX  OO’€KTIB €  aKTyaJbHHM  HayKOBO-
NPHUKJIAIHAM 3aBIAHHSIM.

00’€KTa MOXUIMBE BHKOPHCTaHHS pPI3HOTO IPOTPaMHOIO

3a0e3neuyeHHs,  e(EeKTUBHO  3aCTOCOBYBAaHOTO  JUIsl
BUPIILIEHHS Pi3HUX 3aBJIaHb.

Hampuknan, mnporpamui cucremu ICEM  surf,
Imageware UG, ProEngineer, Solidworks

BUKOPHCTOBYIOTBCSL Uit oTpuMaHHs CAD-mogmenedt i
TPIaHTYJAIMIHHIX MOZETed Ha OCHOBI CHCTEMH TOYOK,
OTPUMAaHUX TIpH CKaHyBaHHI 00’ekTa [5].

I13 Magics RP, DeskArtes, Catia Shape Sculptor ta
Viscam RP BHUKOpHCTOBYIOTBCS Al  peAaryBaHHS,
Mosudikamii Ta onrumizamnii 3D TpiaHTymALiiHOT Mozmemi
[5].

[loBHMIT HaOip IHCTPYMEHTIB OOpOOKM JaHHMX Ui
peBepc-imkuHIpUHTY 3abesneuye Ttake [13: GSI Studio,
CopyCAD, Rapidform, Gcomagics, Polyworks (Modeler) i
Paraform [5].

Jnsi OBEpXHEBOTO MOJICIIOBAHHS Ta peAaryBaHHs
CAD-mopeneii abo eneMeHTIiB IPH BHKOHAHHI PEBEPCHOTO
IHKMHIDUHTY ~ MO)XKHa ~ BHKOPHCTOBYBaTH  Take [I3:
PowerSHAPE, ProEngineer, UG, Solidworks, Catia Ta
Rhino [5].

Jns BukoHaHHS 3D-KOHTPOITIO, CTBOPCHHS Ta aHATI3Y
KapTH MOXMOOK 1 BEJEHHsS IOKYMEHTAIlli AJIsl PeBEpCHOTrO
iKkuHIpuHry — BukopucToByeThesi [13  COMETinspcect,
Metris Focus Inspection, PowerINSPECT, PolyWorks
Inspector Ta Geomagic Qualify [5].

Croronni Ha puHKy [13 icHye OaraTo pi3HHX CHCTEM,
SIKI MOXKYTh BHKOPHCTOBYBATHCS /U BUPIIICHHS 3aBJaHb
PEBEpCHOTO  IHKHHIPHHTY  TPOMHCIOBHX 00 €KTIB.
BingcyTHICT "iTKHX pekoMeHmamii moo Budopy [13 ve mae
3MOry 3poOuTH Iell BHOIp HayKOBO OOIPYHTOBaHHUM 3
ypaxyBaHHAM OCOOJMBOCTEH KOHKPETHHX IIPOMHCIOBUX
00’€KTIB.

Mosenn BUGOPY MPOrpaMHOro 3ade3nevyeHHs

MeTta Ta mocTaHOBKa 3ajadi

Metoro € pospobneHHs Moxenei Bubopy [13 mms
PEBEPCHOTO IHKUHIPHHTY IPOMHUCIOBUX 00’ €KTIB 3aJIC)KHO
Big 0araTtbox (pyHKIIOHAIBHUX 1 BAPTICHUX KPHUTEPIiB, 110
JlacTh 3MOTY CKOPOTHTH 4ac 1 (piHAaHCOBI BTpaTH IiJ| 4ac
BIPOBAKEHHS MIPOEKTY peBepc-iIHKUHIPHHTY
MPOMHCIOBUX 00’ €KTIB.

Jlns  JMOCATHEHHS IIOCTaBJIGHOI METH HEOoOXigHO
PO3IIISIHYTH XapakTepucTiku [13, BAKOPUCTOBYBAHOTO JIJIst
3aBJIaHb PEBEPCHOTO IHKUHIPUHTY IPOMHUCIOBHUX 00’ €KTIB;
BUOpaTH i MPOBECTH aHANI3 KPHUTEPIiB, AKi BIUIMBAIOTH HA
BHOip IpOrpaMHOT0 3a0€3MMeYCHHS.

IIpn pozpobmenHi 1mppoBoi Mozeni HPOMHCIOBOTO

Posrmsaemo mopens Bubopy I[I3 mis pesepcHOrO
IHKAHIPUHTY TIPOMUCIIOBOTO 00’ €KTA.

[pu BHKOHaHHI PEBEPCHOTO IHKAHIPUHTY
TIPOMHUCIIOBOTO 00’€KTa HEOOXiZIHO BHKOHATH MHOXHHY
omepaniii R = {R]. } (j = ry), Ae j'— KiIBKICTh Omeparii,
SKi HEOOXiJJTHO BHKOHATH JUIsi PEBEPCHOTO IHXKHUHIPHHTY
TIPOMHCIIOBOTO 00’ €KTA.

KokHa omepariss peBepCHOTO IHXHHIPUHTY MOXE
OyTH BHKOHaHa MHOXWHOW pisHuX [I3 Zj :{ZJY},

(i=17;
OyTH BHKOpPHCTaHi

PEBEPCHOTO IHXHUHIPUHTY.
Beeaemo 3miHHY Xjy = {0;1}, ne XjY =1, SKIIO

Y :1,7'}/j ), ne y! — xinskicts I13, siki MOXYTH

AJs  BHKOHAaHHA  j-i  omepanii

oOpanuii y € I13 gna peamisanii j-i MHOXMHM omepaniil

PEBEPCHOTO  IHXKUHIPUHTY IIPOMHCIOBOTO 00 €KTa, Y

NPOTUJICIKHOMY BHITAJKY XJY =0,lj= ]Tj'; Y= 1,yj )

Beeaemo xoedirieHT ij = {0;1}, e YJ,y =1, SKOIO
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y-m II3  3abe3neueno

PpeBepCHOTO

j-TY MHOXHMHY omnepamii

IHKUHIDHHTY TIPOMHCIIOBOTO 00’€KTa, Yy
0.(j=17; v=1v)
[13 mae ¢yHKIiOHaNbHI, TEXHIYHI, IHTErpaliifHi Ta
BapTICHI XapaKTEPHCTHKH.
OyHKIIIOHATBEHUMHE XapakTepuctukamu Y -ro I3 e

MPOTHJICKHOMY BHMAAKY Y| =

fioro ¢yHKOioOHaTpHa TOBHOTA [I3 Py 1 HasBHICTH

IHTYITHBHO 3po3ymisioro iHtepdeiicy I13 F, (y = ﬁ)

I3 e
3amam'sITOBYI04YOro

TexHiYHUMH ~ XapakTepUCTHKaMH | -TO
HEeoOXiqHUH 00’€M  OIepaTUBHOTO

npuctporo (O3II) VyO3H 1 HeoOXigHui 00°eM mocTiitHOrO
3anam'aToByroyoro npuctporo (I1311) VyH3n (y = 17 )
Y-ro II3 e

TIOKa3HUK, o Bu3Havae cymichicts K -ro 11313 ¥ -m [13 y

= {0;1}, e SYk =1, sxmo Y -it

[HTErpamiitHoro  XapaKTePUCTHKOIO

BUTJIAI KoedilieHTa SYk
13 cymicho 3 K-m II3, y mpotunexsomy BuMaaKy
S, =0, (k,yzl,yi).

Takox iHTerparniitHoro xapaktepuctukoro Y -ro I13 €

MOKa3HMK, 110 BU3HA4Ya€ B3aeMo3aMiHbicTs 7Y -ro II3 Ha
= {0;1}, e Byk =1,
k-m I3, vy
0, (k,y =1,7yj )

Bapricanmu  xapakrepuctukamu Y -ro [I3 € iioro

K -it T13 y Burnsazi xoedimienTa BYk
Y -i

MNPOTHUJIC)KHOMY BHUIIAJIKY Byk =

SIKIIIO I3 MoxHa 3aMiHUTH

BapTICTh C, 1 BapTICTh TEXHIYHOTO CYIPOBOKEHHS Ta

oberyrosysanns C°, (y = l,T(J)

Mognens BHOOpPY HpOrpaMHOrO 3a0e3MedeHHs Mae
TAKWil BUTJISI.

YacTkoBi KpUTEpil ONTHMI3aIIii:

— MakCHUMasbHa ()yHKIIOHaJIbHA TIOBHOTA

vl

P= ZJ:ZPYXJY»max; 1)
=1y

— MiHIMaJbHa BapTICTh TEXHIYHOTO CYMPOBOJKCHHS
Ta o0cimyroByBaHHs Ha Y -my 113

iz

=Y CI°X] - min; @)
j=1 y=1

— MiHiMaJbHa BapTicTh Y -ro [13

i

— MmiHiManeHui 00°eM O3I1

i/
V=33 VX T - min; Q)
j=1 y=1

— MmiHiManeHui 00’ eM TI311

i
VIPE=%" %V BIX T — min - (®)
j=1 y=1
OOnacte  JMOMYCTHMHX  DIMICHh  BHU3HAYAETHCA
O0OMEXEHHSIMU:

— yci oneparrii MaroTh OyTH 3abe3mneueHi oopanum I13

DYXT 21 Fj=1j'" (6)

—  BapTICTh  TEXHIYHOTO  CYNpPOBOMKCHHS  Ta

TC
obcayrosysanHs 113 He Mae nepesuutysaru saganux C -

o

J

S Crex < ™

j=1 y=1

— 3 miaMHOXKMHU M, B3aemosaminnux I13 mae Oytu

obpano juie oxud [13

>B,X] =1y=17 ivB; =1 j=17 %=1y ()

1eMg

— yci o6pani I13 MaroTh OyTH CyMiCHUMHU

By XX/ =1iy=Ly-1, y=y+1y' VB, =1; 9

— HeoOximHuii 00’em II3I1 He Mmae Oyru Oinbiue

WAL
3a/1aHoTo V0

]

y
MBIy 7 <\ B
ZVV xi —Vw
y=1

(10)

-

Il
[EN

i

— HeoOximauit 00’em O3I1 He Mae Oytu Oinbiie

V o311
3aJaHoro san

]

/ZVOSHXV <VO3H ,

v

(11

M-

1]
5N

j=1 =1

I v . ae VO — 06’em O3I1, HeoOXinHil 1y 3a0e3meueHHs
C=>>C X! >min; 3 Lo .
Py HajiiHOI po6oTH HaOIBI BUMormBoro I13.
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Hasenena marematuuna mozens (1)-(11) HanexuTs 10
3a1a4 0araToKpUTepiaIbHOTO JMCKPETHOTO
NporpamMyBaHHSl Ta, Ha BiAMIHY Bl BIZIOMHX, YpaxoBye
CHCTEMHI BHUMOTH JO IpPOrPaMHOro 3a0e3nedyeHHs s
PEBEpPCHOTO  IHXKMHIPUHTY MHPOMHCIOBOTO 00’€KTa B
iTomy.

Pesymbratn BupimeHHs 3aBmaHHS Buoopy II3 €
BUXIZTHUMH JaHAMH I 3aBJaHHSA BHOOpY amapaTHOTO
3a0e3meueHHs] PeBEPCHOTO IHKUHIPUHTY MPOMHCIOBOTO
00’eKTa.

BucHoBku

Y poGoTi pO3IIAHYTO OCHOBHI 3aBIAHHS PEBEPCHOTO
IIKWHIPUHTY ~ TPOMHUCITIOBOTO  00’¢kTa. BmsHaweHo, 110
aBTOMaTH3allisl Mpolecy BIPOBAKCHHS TEXHOJIOTIl peBepc-
IIKWHIPUHTY TIPOMHCIIOBOTO 00’€kTa TOTpeOye HayKOBOTO
TIXOy.

Po3pobneHo Mozienb BUOOPY HPOrpaMHOTO 3a0€3MeUCHHS
JUISL PEBEPCHOTO 1HXKMHIPUHTY HPOMHECIIOBOrO 00’€KTa, IO
HaIOXUTh 10 KJIacy Mojeneld  OararoKpuTepialbHOro
JIUCKPETHOTO TPOTpaMyBaHHS Ta, Ha BIAMIHY BiJ BIIOMHX,
YpaxoBye CHUCTEMHI BHMOTH 0 MPOTPAMHOIO 3a0e3redYeHHs
IUISL PEBEPCHOTO IHXKHHIPHHTY MPOMHUCIOBOTO 00’€KTa B
IJIOMY.

VY  nojanplioMy —IUIAHYETBCS  PO3POOHTH  CHCTEMY
TIITPUMKA TPUAHATTS PIllleHHS MO0 BUOOpPY MPOTPaMHOTO
3a0e3MeUeH s Ul PEBEPCHOrO 1HXUHIPUHTY IPOMECIOBOTO
00’exTa.
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Fil N. Yu., Deineko Z.V. The challenge of choosing
a software tool for reverse engineering of industrial

products.
Abstract. In the current difficult times for the Ukrainian
economy, the introduction of reverse engineering

technology is relevant. 3D scanning is used to create a
digital model of various objects. Reverse engineering is
used in various industries. Automation of the process of
introducing reverse engineering technology of an
industrial object requires a scientific solution to a number
of problems: justification for choosing an effective reverse
engineering method, the choice of effective 3D scanner,
taking into account the characteristics of the industrial
object, the choice of effective software and hardware. The
aim is to develop a mathematical model for selecting
software for reverse engineering, depending on a variety
of technical characteristics and costs, which can reduce
the time of implementation of reverse engineering and
reduce financial risks. A software selection model for
reverse engineering of an industrial facility, which refers
to multi-criteria discrete programming models, is
developed. The use of the proposed software selection
model for reverse engineering of an industrial facility will
reduce the design time of reverse engineering technology,
reduce the risks of unplanned costs of additional software
for all reverse engineering tasks of an industrial facility.

Keywords: reverse engineering, model, criterion, software
tool, cost, functional completeness, discrete programming.
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ITAHYEHKO C. B., a.1.H., npodecop (YkpaiHCbKHil IepKaBHUN YHIBEPCUTET 3aJII3HUYHOTO
TPaHCIIOPTY),

BYHUYKOB O. A. ([lemapTaMeHT aBTOMaTHKH Ta TeJIEKOMYHIKAIii YKp3ali3HUIL),
KYCTOB B. ®., x.T.H., IOIICHT,

COTHHUMK B. O., k.T.H., 1OIIEHT

(YkpaiHChKHii Aep:KaBHUN YHIBEPCUTET 3aIi3HUYHOTO TPAHCIIOPTY)

Y10CKOHA/IEHHS SIKOCTI OUIHIOBAHHA (QYHKUIHHOI 0€3MEeYHOCTi CUCTEM
3aJII3HUYHOI ABTOMATHKH 32 HASIBHOCTI KPATHUX He0e3leYHUX BiIMOB
Yy KaHAJIaX pe3epBYBAHHS

Y cmammi posensnymo numarnHA YOOCKOHANEHHS NOKPAUWleHHS AKOCMI OYIHI08AHHA (YHKYIUHOI Oe3neuHocmi
cucmem 3aNI3HUYHOT ABMOMAMUKY, ) AKUX BHACIIOOK 8IOMO8 i 300168 00IAOHAHHS MOJHCYMb BUHUKAMU Hebe3neuHi CIaHu
i nog’azami 3 Humu asapii ma kamacmpogu noizdis, Hedonycmumi 30UmKU WOO0 300p08’a [ Hcumms Jaroell,
NOWIKOOJICEH ST MAUHA ma He2amueHull enaue Ha 0oskiuiA. Haeedeno npaxmuumne i meopemuune 0OIPYHMYSAHHS
MOHCIUBOCTI NOABU OOHOUACHUX KPAMHUX HeDe3neunux 6i0Mo8 y Kananax pesepgyeanis. Pospobreno mamemamuuni
MoOeli 0J11 po3paxy8anHsi NOKA3HUKIE QYHKYIUHOI Oe3neyHocmi 3 ypaxy8aHHsaM 0OHOUACHO20 GNIUBY 0eCMAOINIZYIOHUX
YUHHUKI6 HA 6CI KaHanu pesepeyeamnms eionogioanvhux npucmpoie i cucmem. Chopmynbosano 6uUCHOGKU NPo
PO3pO0ONEHHs Ma eKChAyamayilo nPUcmpois 3axucmy 6i0 YOApHUX 6NIU6i6 HA 6CI KAHAU pPe3ep8YBAHHs I KPAMHUX
Hebe3neyHux 8i0MO8. Pezynomamu docridoicens MOdICYymb oymu KOpUCHUMU ons
€NIeKMPUYHUX/ENIeKMPOHHUX/NPOSPAMOBAHUX €IeKMPOHHUX CUCTHEM KEPYBAHHSL 3 NIOSUWECHUMU UMO2AMU 00 QYHKYIIHOT
besneunocmi, y momy 4ucii Ha AMOMHUX CIAHYIAX, 6 asiayii, KOCMIYHIU MeXHIYi, XIMIYHIT NPOMUCIO80CTI, MEOUYUHI,
CUCMeMax 80E€HHO20 NPUSHAYEHHS.

Knrouosi cnoea: asapii, enexmpuuni/eneKmpoHHI/APOSPAMOBAHI eNleKMPOHKI CUCeMU Kepy8aHHs, Kamacmpogu,
HaoiliHicmb, Hebe3neuni i0Mo8U, HeDe3NeyHi CMAaHU, CUCmemMy 3aNI3HUYHOT A8MOMamuKy, OyHKyiuHa Oe3neyHicme.

Beryn IHocTaHoBKa Mpo0JeMH
CyuacHi 1 TEPCIEKTHUBHI CHCTEMH 3ai3HUYHOL OcuoBui Bumoru 1mogo Db i wmamiitnocti C3A
aBromariku (C3A) OyaylOThCs HA OCHOBI BUKOPDHCTAHHS HABEJAEHO B  HAIIOHAJNBHUX  craHpaprax [1-3] i

€JISKTPOHHHX Ta €JIeKTPOHHUX/IPOTrPaMOBaHNX NPUCTPOIB,
y TOMY YHUCIi Ha 0a31 MIKpOIIPOIIECOPHUX KOHTPOJIEPIiB Ta
EOM. V nmx mpucTposix BHHUKAIOTh HE TUTBKH 3aXWCHI
3001 Ta BiIMOBH, IO MPU3BOAATH IO 3aTPUMOK MOIi3MIB,
e 1 BHACHIOK CHMETPHUYHMX BiJMOB €JIEKTPOHHHUX
€JIEMEHTIB MOXYTh (hopMyBaTHCsl HeOe3NeuHi cTaHu, sKi
MOXYTb NPHU3BOJUTH JI0 HECAHKLIOHOBAaHHMX KEPYIYHX
BIUIMBIB (TIEPEBEACHHS CTPUIOK IIif IMOT370M, BiJKPHUTTS
JIO3BIJIBHUX II0Ka3aHb CBITIIOQOpIB Ha 3aifHATI KONiKHI
JUTBHUII, BCTAHOBIICHHS JIOOOBHX MapIIPYTiB Ha CTAHIIISAX

Tomo). ToMy TOJOBHOIO YMOBOIO  BBEJICHHS B
eKCIUTyaTallilo  EJIEeKTPOHHHX  CHUCTEM  3aJi3HWYHOL
AaBTOMATHKH € 3a0e3le4yeHHs IXHbOI  (YHKIIHHOT

oe3neunocti (OB).

HOopMaTtuBHUX HokyMeHTax AT «VYxp3amizaumsa» [4, 5].
OcHOBOIO Ul  BIPOBA/PKEHHS Ta  BBEACHHS B
ekcruryatariro C3A e «/loka3 QyHKIiHOI 0€3MeYHOCTI,
po3poOroBaHnil BUPOOHUKOM TpOAyKwii, i «BHCHOBOK
o0 QYHKIIIHOT 0€3MeYHOCTI», 0 HATAEThes (PaxoBOIO
opratizauiero rany3i. HeoOXimHMM mepIIOYEpProBUM
eranioM JnoBeneHHs Pb e pospaxyBaHHs ii NMOKa3HHKIB.
OueBHOHO, MO SIKICHE OLIHIOBAHHS 1 IPaBUJIbHE
po3paxyBanHs @B € OIHUM i3 YHHHUKIB BU3HAYCHHS Ha
panHiXx ertamax  po3poOseHHs C3A  MOXJIHMBOCTI
BUHMKHEHHS TPH eKcIulyartalii HeOe3leYHUX CTaHiB i
TIOB’SI3aHNX 3 HUMM HEJIONYCTHUMHUX 30MTKIB, BAHUKHEHHS
aBapiii i karacTpo(, a TAKOXX IPOBEAECHHS JOOIPAIFOBAHHS
C3A no Bumor crannapris 3 Ob.

© C. B. I1anuenko, O. A. Bynuykog, B. ®. Kycros, B. O. CorHuk, 2023
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[Ipn npoBeneHHi po3paxyHkiB moka3HukiB ®b C3A
3TiIHO 3 3aTBEPKEHOI0 METOJUKOIO B 3aJII3HMYHIN Tay3i
[4] BUKOPHCTOBYIOTH MaTeMaTH4HI MOJIEN, 1€ BPaXOBYIOTh
TIMBKYM He3alexHi BimMoBH. J{ilicHO, y 0arathox BHITaIKaX
BIIMOBM HAcTalOTh IMOCHIZJOBHO B daci 1 MaioTh
HAWMPOCTIIWH TOTIK BiIMOB, Y TOMY YHCIIi HeOE3ITeUHHX.
AJe B pealbHHX yMOBaX EKCIUTyaTamii MOXYTh OyTH i
KpaTHi BiIMOBH, TOMY HEOOXiTHO BH3HAYHTH HMOBIpHICTH
HOSIBY TAaKUX BIAMOB, IO MOXYTh IPHU3BECTH JO
HeOesmeunux cradiB C3A, JOCHIAUTH  MOXKJIUBICTH
ypaxyBaHHI IX Y MaTeMaTHYHAX MOJENAX 1 po3poOuTH
peKoMeHaNil o0 HAKpaIoro 3aX1cTy Bijl HUX.

AHaJIi3 0CTaHHIX JOC/HiIzKeHb i myOJsikanii

Hdus  3abesnedenHs OB HeoOXigHO HacamIepen
BU3HAYUTH HOPMAaTHUBH Ta METOAM ouiHioBaHHS OBb.
OcHOBHI MeTomu OOTPYHTYBaHHS KiTBKICHHMX BHMOT 3
JIOTTYCTUMOI IHTCHCHBHOCTI HEOE3MEUHUX BIIMOB (YHKIIii
6e3neuHocTi sk At C3A B LIOMy, Tak 1 OKPEMHUX KaHaJiB
pe3epBYBaHHS HaBEJCHO B poOoTi [6], y K Takox
OOIpYHTOBaHI JOMYyCTUMI HApPOOITKH MO0 HeOe3meyHol
BIZIMOBH OKpEMHX KaHaliB pe3epByBaHHs. OcoOnmBOCTI
ctpateriii HopmyBaHHI @b Ta pospotienus Bumor 3 Ob
JUISL CHICTEM 3aJI3HWYHOI aBTOMAaTHKN HAaBEIECHO B pOoOOTAaX
[7, 8]. MaremaTudHi MOpeNi I OCHOBHHX CITOCOOIB
pe3epBYBaHHSA JOCTiIKEHO B HayKOBUX mpaipx [9, 10].

OcobmmBocTi  po3paxyBaHHA 1 (GopMynn (QyHKIIHHOT
0e3IMeYHOoCTI Ta 0€e3BIIMOBHOCTI BiTHOBJIFOBAHHUX
TEXHIYHUX 3aC00IB NPH BUKOPHUCTaHHI Ma)KOPHTApHOTO

pesepByBaHHs «2» i3 «3» HaBemeHo B poboti [11].
PosrasayTO TaK0X 0COOJTHUBOCTI 3a0e3meueHHs
¢dbyHKIIOHATEHOT 0€3MeKH  MIKPOMPOLIECOPHUX CHUCTEM
KEpyBaHHS Ta KOHTPOJIIO Ha 3ali3HHYHOMY TpPaHCIIOPTI
[12]. Cnig 3a3HauuTH, W0 HEJAOCTATHHO  YBaru
NPUAUTIETHCS BpaXyBaHHIO KPaTHUX HeOE3NEYHHX BiMOB
AK y HAayKOBHUX JOCHIUKEHHAX, TaK 1 HOPMaTHBHHUX
JOKyMEHTax Taiysi.

BupineHHss HeBHpilleHUX paHille YAaCTHH 3arajbHoOI
npodaeMu Ta GOpMYJIIOBAHHS LiJIei

Juss  BupimeHHS 3arajdpHOl  MPOOJIEMH  SIKICHOTO
moenenHss @B mpoBememMo  aHalmi3  MOMKIJIMBOCTI
BUHUKHCHHS OIHOYACHHX JECTAa0LTI3yIOUMX BIUIMBIB Ha
C3A, a TakoX IIJIAXM BU3HAYEHHS TNOKa3HUKIB Db 3
ypaxyBaHHSIM MOXIIHBOCTI TIOSIBE B HHX KPaTHHX
3aneXHUX HebesnmedyHux 300iB 1 BIAMOB 1 pexoMeHmarii
IIO0 BHUKOPUCTAHHSA IPHCTPOIB 3axHCTy Big IX
BUHHUKHCHHS.

Buxkiaa 0CHOBHOIo MaTepiajay q0C/aizKeHHs

Iopymenns ¢yHKIiitHOT 6€3MeYHOCTI B MEpIly 4epry
BiOyBa€THCS IPY BUHUKHEHHI OJTHOKPATHHX 1 HE3aJIEKHUX
BiIMOB  KOMIUIGKTYBaJJbHMX  €JIE€MEHTIB 1  KaHaliB
pe3epByBaHHS.

Teopernuno HeOe3neyHHH CTaH CHCTEM 3aJi3HUYHOI
ABTOMATHKH MOX€ BHHHMKAaTH TaKOX 1 BHACIIJOK BiJIMOB
HaWOUTBII YYTIMBHUX A0 TEIUIOBOTO MPOOOIO €JIEMEHTIB y
pI3HMX KaHajax pe3epBYBaHHS, HANpHKIa[ IIiJ dac
HEeraTHBHOI i MOTYXHHUX EJICKTPOMarHiTHUX 3aBaj
(TpO30BUX TEpeHAIPY)XEHb, TATOBOTO CTPYMY TOIIO)
OMHOYACHO Ha JBa (OTOTPAHZUCTOPH IyOIHOBaHHUX
OIITPOHIB KOHTpPOJIEPiB BUBEICHHS IVCKPETHOT
iHpopMaii, o BMHUKAIOTh BiINOBIJaNbHI BUKOHABYI pelie
B KaHaJllax pPe3epBYBaHHS 3a BapiaHTOM «I», mo Moxe
MIPU3BOJUTH 10 HECAHKI[IOHOBAaHOTO BMHKAHHS ABHUTYHIB
CTPUIOK YU  BIJKPUTTA JO3BUIBHUX CHTHAJiB  Ha
3aJI3HUYHUX CBITJIO(Opax 3amMicTh 3a00pPOHHUX.

Teopernune OOIPYHTYBaHHS OJHOYACHOIO BIUIUBY
JeCcTablTi3yIounX YHHHUKIB Ha BCi KaHaJ M 3arajbHOrO
HaBaHTAXYBAILHOTO pe3epBYBaHHA 4YHM Oyab-sKi JBa
KaHalll Pe3epBYBAaHHS Ma)KOPHTAPHHUX CHCTEM «2» 3 «3»
MOJXKHa IMATBEPANTH TPAKTUUYHUMHU TPHUKIAJaMH, IO
BUSIBJICHO IIPY BIPOBAIKCHHI MIKPOIPOILIECOPHHUX CHCTEM,
y ToMmy umcii 3a ydacti aBTopiB. Tak, y C3A MOXyTbh
BUHUKATH KpaTHI HeOe3MeuyHi BiAMOBH, HANpPUKIAN MpPH
OIHOYACHUX BIUIMBAX NECTA0LII3YIOUNX YWHHHKIB Ha BCI
KaHaJl pe3epByBaHHS:

- Bi TNOTY)XHUX €JEKTPOMArHiTHUX  3aBaj
BHACHINOK  [Oil  TIpO30BUX  NEpPEHANpyXeHb YU
KOMYTalIfHUX TPOLECIB B €JIEKTPOTAroBiii Mepexi. Tax,
IpO30BI NEpeHANpyXeHHs IpH3BENM 1O OnHieEl 3
HaAMOUTBIINX PE30HAHCHUX 3ali3HUYHHMX KaTtacTpod y CBITi
Ha BICOKOIIBUIKICHHAX MUISTHKAX — Y KATaWCHKiH IPOBIHIIIT
Berwkoy BHachmimok mii ONHCKaBKH Ta BiJICYTHOCTI
HEoOXiTHOT arapaTypy 3aXUCTy CUTHAJIBHOI allapaTypH Bif
TpO30BHX BIUIMBIB Oyna cpopMoBaHa HeOe3leYHA BiqMOBa
y BUTIAAI XUOHOI BUTBHOCTI KOJNil, Ha SKi CTOsB
BHCOKOIIBUIKICHUM TOi3M, IO BIAKPWIO IO3BITHHUA
CHTHAJ Ha BXIiOHOMY CBiTIOGOpI I 0e33yNMUHHOIO
OPOMYCKaHHS 1HIIIOIO BUCOKOIIBUIKICHOTO MOi3/a MO it
3alHATIA KONl 1 NpU3BENI0 IO 3ITKHEHHS MOi3IiB 3
KAXJMBUMHU HAaCNiZIKAMH, TpPU I1IbOMY YOTHUPH BaroHH
HepILoro Noi3zaa mie i Branu 3 Biaayka 3 BUcoTu Big 20 10

0wm;

- MiABUIICHHS TEMIIEPATypH BHACHTITOK BiJIMOBH
MIPUCTPOIB BEHTWIALI] UM KOHAWIIOHYBaHHS IIOBITPSI B
macgax, J1e pO3MILIYIOTBCS BCI KaHAJIM pe3epBYBaHHS Ha
6a31 EOM 4n MiKpOIIpOIleCOPHUX KOHTPOJEPiB KepyBaHHS
Ta KOHTPOJIO  (peanbHi NPUKIAAW:  HEJOIMYyCTHMeE
MiABUIEHHS TEMIIEpaTypH MpH BUMKHEHHI BEHTHIATOPIB
y madi EOM 3anexxHoCcTel MIKpPOMPOIIECOPHOI CHCTEMHU
eJIeKTPUYHOI IEHTpalizamii CTPIIOK 1 CHUTHANIB IOCTa
«[liBneHHMi?» AJIEBCHKOTO METaypriiHOTO KOMOIHATY
M7 Yac IyCKOHAJaro[KyBalbHUX pOOIT NPHU3BEIO 0
300iB 'y pob6ori EOM 3anexHOCTEW, YBIMKHEHHX 3a
BapiaHTOM Ma>KOPHTapHOTO HaBaHTAXXYBaJIbHOTO
pe3epBYBaHHA «2» 3 «3»; MiABUIIEHHS TeMIlepaTypu B
magax 00’€KTHUX KOHTPOJIEPIB BHACIIZOK HECBOEYACHOTO
BCTAHOBJICHHSI KOH/MIIIOHEPIB B allapaTHOMY HPUMILICHH]
MIKpONpOIECOPHOT IeHTpallizamii CTPIIOK 1 CHUrHajiB
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crannii «llepenaya-lonenpk» 3AO «JlOHEUBK-CTATBY
OPU3BOAMIO  JO  ONHOYacHMX  3001B y  po0oTi
MIKpOIIPOLIECOPHUX KOHTpOJIEPiB CBITIO(OPIB,
YBIMKHCHHX 32  BapiaHTOM HaBaHTAXKYBaJIbHOTO

pe3epByBaHHS «2» 3 «2» 3 PO3B’SI3YBUILHUM €JIEMEHTOM
«I»);

- CYTTEBOTO M IABUIIICHHS BOJIOTOCTI "
TEMIEpaTypu  BHACHIOK  TOPYIIEHHS  LUTICHOCTI
TpyOOIPOBOMIB 3 TapsUOl0 UYMW XOJIOJHOI  BOIOIO
(moTpamisHHA ~ rapsdoi  BOAM 3 IyXE  BHCOKOIO
Temneparyporo Ha npomucioBi EOM ta MikporporecopHi
KOHTPOJIEPH  PeJICHHO-MIKPOTIPOLIECOPHOT  IEeHTpatizawii
3ami3HUYHOi  cTaHmii  «BamHsHA» — MeTamypriiHOrO
KoMOiHaTy iM. iutiva (M. Mapiymosns)).

3 ypaxyBaHHSM MOJXJIMBOCTI BHHHKHEHHS KpaTHHX
HeOe3MeYHUX BIIMOB Taki BIUIMBH  INPOIOHYETHCS
Ha3MBaTH yJapHUMH BIUIMBAMU 1 BUKOPHCTOBYBATH JJIs
HUX MPUCTPOI 3aXUCTy Bix yaapHux BummBiB (II3VB). dis
3abe3neueHHsT HEOOXiqHOI (YHKIIHHOI Oe3MeYHOCTi mpH
HaBITh My MalWX 3HAYCHHSIX IMOBIPHOCTEH BiIMOB
TaKAX TPHUCTPOIB 1 HETATHMBHUX HACIIOKIB BiJl yJapHUX
BIUIMBiB HEOOXiTHO BUKOPHCTOBYBATH JOJAaTKOBI pe3epBHIi
I13VB.

BukopuctaHHs A 1BOTO  HABaHTAXKYBAJILHOTO
pesepByBanns aias [I3YB He morpebye «ifeambHHX»
NepeMuKayiB, aje OJHOYACHUH BIUIMB HAa HUX, HAIIPUKIIAJL
IPO30BUX  IEpEHANpyXeHb, MOXE IIPU3BECTH  JIO
OJTHOYACHOI IXHBOT BIIMOBM 1 MOSIBU KpaTHUX BiJIMOB Y
cHCTeMax aBTOMAaTH3amil.

ToMy pO3riIsHEMO MOMXJIHMBICTE 1  OCOOJHMBOCTI
BUKOPHUCTAHHS B [13YB y nepiy yepry
HEHaBaHTa)KyBaJIbHOTO pe3epByBaHHA Ta fforo

MiHIMaJIFHOTO BapiaHTa — MyOIIOBaHHS.

OueBHAHO, MO WMOBIPHICTE HEOE3MEYHOI BiIMOBH
CHUCTEM aBTOMaTu3allii He Mae OyTu OuLIbIIO 3a
IMOBIPHICTh ~BUHHMKHEHHsI Takoi KpaTHOI  BiJIMOBH,
CIPUYMHEHOI YAApHUMH BIUIMBaMHU. T0OTO IHTEHCUBHICTD
BimMoB Takux I[I3YB Mae OyTu MeHIIEe AOMyCTUMHUX
craniaptu3oBanux piBHiB SIL 3 ¢yHKniiiHOI 6e3nevHoCT
[1, 3]. AHami3 UX HOPM IMOKAa3ye, IO JYXE CKJIaIHO
3a0e3meunTH  3aXMUCT  BiX  yHapHUX  BIUTUBIB 3
IHTCHCUBHICTIO BIiJMOB HIDKYE [OIYCTHMHUX HOPM 3a
HaWOLTBII >KOpCTKIM deTBepTuM piBHeM SIL. IIpu mpomy
Tpeba BpaxoBYBaTH, IO Ha HagiHHICTE POOOTH,
HalpuKiag OOMEeXyBadiB Hampyru Il 3aXUCTy BiA
IPO30BUX  IEpEHANpYXeHb, BIUIMBAIOTh HE  TUIBKU
HaOIWHICTP  IXHIX  KOMIUIEKTYBIBHUX  €JIEMEHTIB
(po3psiTHUKIB, BapuCTOpPIB, CYIpecopiB ToOmI0), ame M
napaMeTpu KOHTYPY 3a3eMJICHHS (aKTHBHA Ta iHIYKTHBHA
CKJIQJIOBI Horo omopy, IO 3alexarh BiJl Marepiary,
JOBXKHHM Ta (opMH Tepepizy IIHH 3a3eMIICHHS), a TaKOXK
3MiHa OMOpYy 3eMJli B MiCLSIX PO3TALIyBaHHS KOHTYpPY
3a3eMJICHHS 32 PaXyHOK IIPOMEpP3aHHs IPYHTY, 3MEHIIEHHS
HOT0 BOJIOTOCTI TOIIIO).

Y  Oumpmocti  BumaakiB  BigmoBu  [I3YB €
HEKOHTPOJIbOBAHMMH, TOMY MIpH Jii TakMX YHHHHKIB

MOXYTh OYyTH KpaTHI OJHOYAacHI BIIMOBH B pI3HHX
KaHaJIax pe3epBYBaHHd, y TOMYy 4YHCIi H HeOe3medHi

BiZIMOBH.
Tak, y HaiOIbII PO3MOBCIOMKEHUX CHOCO0AX
pe3epBYBaHHA —  3arajJbHOMY  HaBaHTAXXYBAILHOMY

nyOmoBaHHI «2» 3 «2» 1 MaXOPUTApHOMY pe3epBYBaHHI
«2» 3 «3» HeOe3meyHUil CTaH MOXXE¢ BHHUKHYTH B pasi
JIBOX OJHAKOBHX HEOE3NEeYHHWX BiMOB y pI3HHX KaHajlaX
pe3epByBaHHA, OCOOJIMBO TIPM BHKOPHCTaHHI B HHUX
OJJHAaKOBOTO arlapaTHOTO Ta MPOTPaMHOTO 3a0e3NeUeHHs, a
TaKOX 3a HAsBHOCTI B KaHAJaX PE3CPBYBAHHSA OJHAKOBHX
HAMOLIBII CTAOKKUX IO TAKUX yIAPHUX BIUIMBIB €JIEMCHTIB.

1. OuinropanHsa ¢yHkuiiinoi 6e3neuynocri C3A npu
BuUKopHucTaHHI 1s HuX [I3YB 3 HeHaBaHTaKyBaJIBHAM
1y0II0BAHHSIM

3aranbHy ~— WMOBIPHICTH  HEOE3MEYHOI  BiIMOBHU
mpuUCTPOIiB 3axucty Bixm ymapuux BmmuBiB (II3YB) mpu
BUKOPHCTAaHHI ULt HHUX HEHABaHTa)KyBaJbHOTO
OyONMIOBaHHS MOKHa BH3HAUWUTH 32 QHAJOTIEI0 3
(dbopMmynaMu U po3paxyBaHHA (QYHKIIHHOI O3IIEYHOCTI B
Takuii crociod [9]:

Q) =1-e 1+ A1), @

ne A, — iHTeHCHBHICTH BiaMoB [13YB, mo npusBoasaTs 10

KpaTHHX HeOe3MEeYHNX BiIMOB
0E3MeYHOCTi.

OuiHoBaHHS QYHKIIHHOT 0€3MEeYHOCTI 32 HACTYIHO
dbopMysI0I0 1 Aami y CTaTTi NMPOBOIUTHCS IS MOJIENeH
HalOIbII NOMIMPEHOTO JUI po3paxyHKiB HaxiiHocTi 1 OB
EKCIIOHCHINAJIBHOTO 3aKOHY PO3MOALTY BIIMOB SIK IS

BUKOHAHHS (YHKIIN

KOMIUICKTYBaJIbHMAX  €JIEMEHTIB, TaK 1  KaHajiB
pe3epBYBaHHSI.

JIOIiIbHO ~ PO3IJISIHYTH  J[BA&  BapiaHTH  TaKoro
pe3epBYBaHHS:

1) At nabarato menmre 0,01;

2) At nmopisaroe 0,1, Habararo G6inbme 0,01.

BapianT 1

3nauenns A t menme 0,01.

ImMoBipHicTH HeGe31IeYHOT BiIMOBH MPUCTPOIB 3aXUCTY
Bin ynapuux BrumsiB [13YB (komn At menme 0,01) 3a

paxyHOK poskiafaHas B psag Dyp’e excrnoHeHIiaabHOL
¢yukuii y hopmymni (1) 6yze mopiBHIOBaTH

Q) =1-A-4H+4). o

Take cripoIeHHS € JOMYCTHMHM, TOMY IIIO TIPH HOMY
B OLIBIIOCTI BUMAJIKIB TOXHOKA Ma€ TyKe Mayie 3HaYEHHS i
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HaBiTh HE TIOTIpUIye MOKa3HUKK Oe3mednocti. Ilicis
HECKJIaJJHUX NepEeTBOPIOBaHb BUpasy (1) oTpumaemo

QM) =(An" ©)

HopmaTtuBHIM 1oka3HUKOM (yHKIIHHOT Oe31me4HOCT],
3a ctaHgapToM [1], € WMOBIpHICTH HeOE3MeUHOI BiIMOBU
32 KOXKHY TOJMHY eKCIUTyaTalii B po3paxyHKy Ha OIHY
BiINOBiaNbHY (QYHKII0. SIKIIO TO3HAYNTH HOTO K A

st pisHEUX piBHIB kopcTtkocti (SIL1-SIL4)), Tomi 3
ypaxyBaHHIM (opmyiH (3) oTpuMaeMo

Ay = = ’Inzt' (4)

Amnani3z HaBeneHHX (OpPMYI MOKa3zye, 10 (YHKIIHHA
6esneunicte [13YB cyTTeBo MigBHIIYETHCS 3a paxyHOK
HEHABaHTa)KyBaJbHOTO PE3EPBYBAHHS TLIBKU TOMI, KOJH

3HAYCHHS /1Ht menme 106, ane Taki 3HaueHHA gOCATTH Ha

MPAKTHIL TykKe BAXKKO.
3 wie€i Qopmynn MOXHA 3HAUTH MaKCHMAaJbHO
JIOITyCTUMY iHTEHCUBHICTB BinmoB [13YB:

A=y ©

Jomyctumy TpuBanicTh excrutyaraitii [I3YB moxHa
TaKoX BU3HAYUTH 3 hopmyiu (2):

t - ﬂ'u,z)on . (6)

0on 2
ﬂ, "

Amnamiz Qopmymu (4) ToOKasye, OO0 TPH peaTbHUX
TepmiHax ekcmoryatamii  (10-20 pokiB  eKcruryarariii)
3a0e3MeunTH  eKCIUTyaTalifHy IHTCHCHBHICTH BigMOB
[I3YB ny»xe cknajiHo, yacTillle peajbHO HEMOKIINBO.

11106 3a0e3neynTn MPaKTHYHO JOMYCTUMY TPUBAIICTD
excrutyaranii [I3YB, Tpeba, 106 kBajpaT IHTCHCUBHOCTI
HeOe3neunnx BigmoB [I13YB Oy Habarato MeHie
JIOTyCTHMOI 1HTEHCHBHOCTI HeGe3meunux BiamoB (SIL).
e Takox y GiNMBIIOCTI BUMAAKIB pealbHO HEMOKIIHBO.

Bapiaur 2
3nauennst A U Ginbie 0,01.

Q,()=1-e ™ (L +A}). )

Y 1poMy BHNaJKy HMOBIpHICTH HeOe3NMeYHOT BiIMOBH
npy TyOJIFOBaHHI MOKHA BU3HAYKMTH 3a (hopmyiioro [9]

EdexTuBHiCTh Takoro BapiaHTa pe3epBYBaHHS IPHU
BEIIMKUX 3HAYEHHAX At € Jy)e HE3HAuHOW (naHi

PO3paxyHKiB HaBEJICHO B TaOJIHIII).

$ynxuiiinoi
AT HHX

2. OuiHIOBaHHA NMOKA3HUKIB
oesneuynoctri II3YB mnpu BuxopucraHHi
HABAHTAKYBaJbHOI0 1y0.JII0BAHHSA

VY meskux BUITagKkax MOKHa BHKopucToByBaTH [I3VB
3 3araJIbkHUM HaBaHTAXXyBaJbHUM pezepByBaHH:IM (3HP) 3
KpaTHiCTIO M=2 (mpu xyOnroBaHHI), KOJIH OJHOYAcHA
BiIMOBa OCHOBHOTO Ta pe3epBHOro I13YB mae nyxe mamy
HWMOBIpHICTB (HapUKIa U NPUCTPOIB BEHTUIIALLIT).

Slxmio 3HadeHHs At OynyTh HabaraTo MeHIIE 3HAYEHb
0,01, Tomi BimmoBimHI QopMymH I pO3paxyBaHHS
BUTpally BiA HaBaHTaXYBAIbHOTO MyONIOBaHHA Ui
OUTBIIOCTI  MPAaKTHYHUX BUIAIKIB (3  TPUHHATAMH
NPUIYUICHHAMH 32 MalMMU 3HAYeHHAMH At) OyayTth

ananoriuni Qopmynam (3)-(6), TOOTO OJHAKOBUMH 3
HEHAaBaHTA)XXyBaJbHUM pPE3EePBYBaHHAM. SIKIIO 3HAYCHHS
At Oynyth Ginbue 0,01, Toai po3paxyHKOBi 3HAYEHHS, 3a
HaBYaJILHUM MociOHUKOM [1], OyayTh Biapizasatucs. s
pisHuX 3HadeHb A t i Coco0iB pe3epByBaHHS PO3PAXYHKH

nMoBipHOCTel Hebesnmeununx BiamoB [I3YB HaBexeHo B
TaOIHII
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Tabmuus

3nauyenHs imoBipHocTi HeOe3neunux BinMoB [13YB 3asexkno Bia cnocodiB pezeppyBanns (3HP — 3aranbhe
HaBaHTaxyBaJibHe pe3epByBanHsi, SHHP — 3arajibHe HeHaBaHTa:KyBajibHe pe3epBYBaHHs), iIHTEHCUBHOCTI
Hebe3nevHHX BiAMOB i yacy excnuryaranii (A,t)

ImogipHocti HeGesneunux BigmMor II3YB 3anexHo Big 3Hayenus At i cnocody pesepByBaHHs
(0e3 mepioAMYHOr0 KOHTPOJIIO TA BiTHOBJICHHS)

ﬂHt 10° 103 0,01 0,05 0,1 0,25 0,5 1,0 2,0 3,0
bes
pe3epBy- 10% 103 0,01 0,049 0,095 0,221 0,39 0,63 0,86 0,95
BaHHS
3HHP 10 5
(m=2) 10 10 0,0001 0,0015 0,0045 0,026 0,0895 0,264 0,592 0,8
Burpaiu
Big SHHP 10° 1000 100 32,7 17,14 8,5 4.36 242 1,45 1.19
(m=2)
3HP 10 5
(m=2) 10 10 0,0001 0,002 0,009 0,049 0,152 0,4 0,74 0,9
Burpaiu
Big 3HP 10° 1000 100 24,5 10,43 4,5 2,57 1,56 1,16 1,06
(m=2)
Burpam
SHHP 1 1 1 1,33 2,0 1,88 17 154 | 124 | 113
TIOPiBHSTHO
3 3HP

AHaniz  TabnuIi  MOKa3ye, M0 BHKOPHUCTAHHS Y 6inbIIOCTi BUMAAKIB CTyMiHb Habarato mewme 0,1,
HEHABaHTaKyBaJIbHOTO Ta HABaHTAXYBAJILHOIO  TOMY IO 1HAEKC BiTHOBIEHHS Ng=gd A, TMEpeBaXKHO Mae

nyomoBanHs s [I13YB gae cyTTeBuii BUTpaIl TUTBKH MIPH
JyKe At,
NPaKTUYHAX BUMAJKIB HE MOXE 3a0e3NeunTH KOPCTKI

BuMoru 3 (¢yHKmiHOI Oesmewynocti C3A Ta iHmHUX
BIANIOBIAJIBHUX CUCTEM aBTOMAaTU3ALli].

MaJIUX 3HAYEHHSIX aje B OUIBIIOCTI

3. OuinoBaHHsA NMOKA3HUKIB dynxuilinoi
o6esneynocti II3YB npu BHUKOpPUCTAHHI I HHX
HEHABAHTAKYBAJIbHOIO JIyOMIOBAaHHA 3 MepPioAUYHUM
KOHTPOJIeM i CBO€YaCHUM BiTHOBJICHHSIM

ImoBipHicTs  Oe3mewynoi  pobotm  II3YB  mpm
BUKOPDHCTaHHI HEHABaHTAXXYBAIGHOTO ayONIOBaHHA 3
NEepIOANYHUM KOHTPOJIEM 1 CBOEYACHUM BiJHOBIECHHSIM

MOXKHa BH3HAYUTH 33 aHAJOTIEI0 3  HaBYAJIBHUM
nocioHnkoM [9]:
_ A t
N, 5+2
P (t) =e . (8)

3 miei ¢dopMynm MOXKHA BH3HAYUTH IMOBIPHICTH
6e3neunoi poootu [13YB:
A

0

Q,(t)=1-e ™.

©)

3HauenHs Oimpiie 100, a iHTEHCHBHICTH HEOE3MEUHHX
BiIMOB Takox Habarato weHme O0,1. Tomy mpu
po3kiananHi B psg Dyp’e eKCIIOHEHTH OTPUMAEMO

(10)

HopmaruBHuii mnokazHuk (QyHKUIHHOT 0e3rneqHocTi
OyJie TOpiBHIOBATH

. A
Asil =Q, (t) /[t=—"—. 11
Q, () N +2 (11)
MMicns  3aminu Ng=g/An Ta  TEpPeTBOPIOBAHbL
OTpUMaEMO
: AT
Asil =Q,(t) /1t = —*—. 12
Q./t=— T (12)

V Gigemiocti BUmankis 3HaueHHs 2A4,Té Habarato
menme 0,01, tomy Bupa3 (12) 3Ha4HO CHpONIyeTHCA i
JIOPIBHIOE
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Asil =Q,(t)/t=A%T,. (13)

3a  miero  QopMylor0  MOXHA  pO3paxyBaTH
MaKCUMaJbHO JOMyCTUMY IHTEHCHBHICTH BigMoB [I3VB i
MaKCHMaJbHO  JIOIYCTUMY TPHUBAJICTb  BIiIHOBJICHHS
3aJIeXKHO BiJl OIYCTUMHX PIBHIB QYHKIIHHOI Oe31eqHOCTI
SIL:

zh=/§§2 14)
Asil
8 = 12 : (15)

3 ypaxyBaHHSM TOTO, IO WMOBIPHICTh HeOe3medHOi
BIIMOBH 3a KOXHY TONUHY eKCIUTyaTtalii IOpiBHIOE B
OLJIBIIIOCTI MPAKTHIHUX BUIIAIKIB JIOTTYCTAMIH
inTeHcuBHOCTI HeOesmeunnx BimmoB [I3YB, nomyctumy
IHTCHCHUBHICTh BIIMOB 1 MaKCHMalbHy TpPHBaIiCTh
excrutyartanii [13YB MoxHa Takox BH3HAYUTH 3 (HOPMYI

(11)-(13):

A4
T, —/“1‘;"”. (16)
A
A, = e, 17
=3 @)
4. OuiHloBaHHA NMOKA3HUKIB dynxuilinoi
o6esneynocti II3YB npum BukopucTaHHI IS HHX

HABAHTA:KYBAJILHOTO yOJIIOBaHHS 3 TepPioguYHUM
KOHTPOJIeM i CBO€YaCHUM BiTHOBJICHHAM

Just OimpmmocTi mpakTHYHUX BHUMAAKIB (Ipu Ngs >
100), 3a ananoriero 3 pobororo [9], iMOBIpHICTH Oe3mMeTHOT
po6otu [13YB O6yne nopiBHIOBaTH

21‘11 t

P(t)=e "o

(18)

3 i€l popMynu MOKHA TAaKOX BU3HAYUTU IMOBIPHICTH
Hebe3neunoi Biamou [13VYB:

22,

Q) =1-e ",

(19)

Y Ourmemocti BUMAnkiB cTymiHe y ¢opmym (19)
Habarato menme 0,01 (gk i Mpu HEeHaBaHTaXyBaJIbHOMY
pe3epByBaHHI), TOMy aHamoriyao g0 (opmymun (10)
OTPHMAEMO

24, ¢
N _+3

60

Q.(1)= (20)

HopmaruBHuii mnokazHUK (QYyHKIiHOT 0e3rnedHocTi
Oyne TOpiBHIOBATH

Asil =Q, (t) /t = NZ%

60

(21)

ITicns 3aminu N,, = M o3 YPaxyBaHHAM ;- i (nns
H o
eKCIIOHECHIIIaJTbHOTO PO3MOITY TPUBAJIOCTI BiIHOBICHHS),
OTPUMAEMO

H™ 6

34,T,+1

22T

Asil =Q, (t)/t = (22)

VY oOumpmiocti BUMAAKIB 3HaueHHA 34,16 Habarato
menmie 0,01, Tomy Bupa3 (22) 3HaYHO CHPOLIYETHCA 1
JIOPIBHIOE

Asil =Q,(t)/t=24%T,. (23)

3a  miero  QopMmynoro  MOXHa  poO3paxyBaTH
MaKCHMaJIbHO JIONYCTUMY iHTeHCcHBHIcTh BiamoB [I3YB i
MaKCHMallbHO  JIOIYCTUMY TPHMBAJIICTh  BIJIHOBJICHHS
3aJIe)KHO BiJI AOIMYCTUMHX PiBHIB QYHKIIHHOT Oe3me4HOCTI
SIL:

Asil
A= = 24
H ZTS ( )
Asil
= . 25
TR (25

3 ypaxyBaHHSM TOTO, IO HMOBIPHICTh HeOE3me4YHOT
BIZIMOBH 3a KOXXHY TOAMHY EKCIUTyaTalii JOpIBHIOE B

OibLIOCTI MIPAKTUIHUX BUII4/IKIB JIOMYCTHUMI
IHTEHCUBHOCTI ~ HeOe3NeYHWX  BiAMOB,  JOIMYCTHMY
IHTEHCHUBHICTP BIJMOB 1 MaKCHMaJbHY TpPHUBAIICTb
eKCIITyaTamii I13YB JUIs HABaHTa)KyBaJIbHOI'O

pe3epBYBaHHS MOXKHA TaKOX BHM3HAuUTH 3 Gopmyn (24),
(25):

T, :—;’;g"; (26)
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A
l — Hdonl 27
= T (@7)
Ananiz  ¢opmyn  (23), (25) nmoxkazye, 10
HCHAaBaHTAXXyBAJFHE  pE3epBYBaHHA B  OUIBIIOCTI

PO3DIIHYTHX BUIIAJAKIB Ja€ BUTpall 3 HOPMAaTHBHOIO
MOKa3HWKa (QYHKIIAHOI Oe3medHocTi y ABa pasd, Ui
HBOTO 4Yac TMEPiOANYHOTO KOHTPOJIO Ta BiTHOBJICHHS
MOJKHa CKOPOTHTH BJIBiUi MOPIiBHAHO 3 HABAaHTAXXYBaJIbHUM
pe3epByBaHHSM.

BucHOBKHM 32 pe3yJabTaTaMH A0CTiTKeHHA

1. Bukopucranasa HepesepBoBaHux [I3YB  moxe
NPU3BOAUTH A0  KPaTHUX  HEOE3NeYHHX  BiAMOB
enekTpoHHux C3A.

2. BukopuctaHHus HEHABaHTAXXyBaJIbHOTO Ta

HaBaHTAXXYBAJIbHOTO  pe3epBYBaHHS 3 KparHicTIoO 2
(nyomroBannst) g [I3YB mae Burpamr mMmopiBHSHO 3
HEpE3epPBOBAaHMM BapiaHTOM, aji¢ B OUTBLIOCTI BUMAIKIB HE
MOXe 3a0e3NeYuTH IKOPCTKI BHUMOTH 3 (yHKUIHHOT
6e3neunocti C3A.

3. Bukopucranus HEHaBaHTaKyBaJIbHOTO
IyONIOBaHHS 3 MEPIOAWYHUM KOHTPOJIEM 1 CBOEYACHUM
BingHOBieHHAM [13YB nae cyrteBuii BUrpam, npu oMy B
OUTBIIOCTI BUIAIKIB TaKWH BapiaHT MOXe 3a0e3MeYuTH
JTy’Ke KOPCTKI BUMOTH 3 (yHKIiiHOT O6e3meynocti C3A ta
IHIIAX BiANOBiJAIIEHUX IPUCTPOIB aBTOMATH3AIIII.

4. JInst CcBOEYAcCHOTO BIAHOBIEGHHS Tpeba MaTu
rapaHToBaHuil  KOHTpoib  cmnpaBHocti  [I3YB i
3a0e3neueHHs JI0IyCTUMOT TPUBAJIOCTI HOTO BiIHOBJICHHS.

5. lns  xoutpono cmpaBaocti [I3YB  HeoOximHO

BUKOPHUCTOBYBATH  CICI[iafibHI  HaAidHI  aBTOMAaTHYHI
npucTpoi  KOHTpOJt0  abo  NepioAMYHUIl  KOHTPOJIb
O0OCIIyTOBYIOUMM  TEPCOHANIOM  3TigHO 3  rpadikom
TEXHOJIOTIYHOTO TIPOIIECy.

6. Ilpn BUKOPHCTAHHI HEHaBaHTa)XyBaJIbHOTO

pe3epBYBaHHS JAyKEe BaXKJIIMBO 3a0E3NCUYUTH T'apaHTOBAHO
(3 HEOOX1THUM piBHEM JOCTOBIPHOCTI) TaKi YMOBH:

- BU3HAYCHHS! HeOE3MeYHOi BIIMOBH OCHOBHOTO
[13YB oapa3y micns ii BAHUKHEHHS;

- nepemukanss [13YB Ha peseps;

- nepemukanHs ~ H3YB Ha  pe3epB 3a
MaKCHMaJIbHO JIONYCTUMY TPHUBAIICTh BIIHOBJICHHS 3
ypaxyBaHHSM 3alPONOHOBAHUX y CTATTi (OPMYII.

7. OTpuMaHi pe3ysibTaTH MOXYTb BUKOPHCTOBYBATHUCS
HE TUIBKH JUIS CUCTEM 3alli3HWYHOI aBTOMAaTHKH, ajie |
OLIIHIOBaHHS ¢$yHKLiHOT 6e3reqHocTi
CJICKTPUYHHX/EJIEKTPOHHUX/IPOTPAMOBaHNX €JIEKTPOHHUX
cucTeM KepyBaHH: (E/E/TIEC = E/E/PES,
electrical/electronic/programmable  electronic  control
system), y SKHX BHACIiZIOK BiMOB 1 3001B 0OJiagHaHHSI
MOXXYTh BUHUKATH HEIOMYCTHUMi 30WUTKH HIOJ0 30POB’S
Ta KUTTS JIFOJISH, TOIIKO/PKEHHST MaliHa Ta HEraTHBHOTO
BIUIMBY Ha JOBKIiJUIS.
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Panchenko S. V., Bunchukov O. A., Kustov V. F.,
Sotnyk V. O. Improving the quality of assessment of the
functional safety of railway automation systems in the
presence of multiple dangerous failures in reservation
channels
Abstract. The article deals with the issues of improving
the quality of the assessment of the functional safety of
railway automation systems, in which, due to equipment
failures and malfunctions, dangerous conditions and
related train accidents and disasters, unacceptable damages
to human health and life, damage to property and negative
impact on the environment. Practical and theoretical
substantiation of the possibility of the appearance of
simultaneous multiple dangerous failures in the
redundancy channels is given. Mathematical models have
been developed for calculating functional safety indicators,
taking into account the simultaneous influence of
destabilizing factors on all backup channels of responsible
devices and systems. Formulated conclusions regarding
the development and operation of shock protection devices
for all backup channels and multiple dangerous failures.
Research results can be useful for
electric/electronic/programmable electronic control
systems with increased requirements for functional safety,
including at nuclear power plants, aviation, space
engineering, chemical industry, medicine, and military
systems.

The results of the study can be useful for the research
and development of high-risk applications.

Keywords: accidents, electrical/electronic/programmable
electronic control systems, disasters, reliability, dangerous

failures, dangerous states, railway automation systems,
functional safety.
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Simulation of The System of Provision of Target Braking of Rolling
Stock

This research presents a framework simulation model that can be used to simulate target braking of rail rolling
stock, with a particular focus on target braking in metro systems. The model takes into account various factors that
might affect stopping accuracy, including errors in speed measurement and track sensors' positioning. The research
considered the possibility to minimize the required equipment for the target braking system, with its conclusions
providing insights for possible solutions that would require minimal additional equipment or infrastructure
modifications. Through simulation in MATLAB®/Simulink® environment, this study investigates the individual impact of
these factors on the target braking precision of rail rolling stock. By identifying these critical factors that affect braking
accuracy and quantifying their impact, this research provides valuable insights into strategies for optimizing braking
performance and enhancing passenger safety and comfort.

Keywords: railway operation; urban rail transport; automatic train operation; mathematical model; uncertainty impact;

time saving; traffic optimization.

The aim of the article is to develop a technology for
the selection of means of ensuring target braking of rolling
stock by modelling using automated and automatic train
control systems. One of the key aspects of developing such
a technology is, on the one hand, the creation of reliable
equipment that ensures the transmission, processing and
storage of a large amount of data and knowledge, and, on
the other hand, minimising resource consumption.

This area of research opens up great opportunities for
improvement of train control systems, ensuring their safety
and optimising their performance. The research results can
be of great importance for the development of both railway
and urban transport, in particular for improving the
processes of target braking of rolling stock, ensuring
traffic safety and reducing the risk of accidents.

Ultimately, the results of this study are intended to
improve future practices in the design, maintenance and
operation of automated rolling stock control systems, as
well as to contribute to the safety of passengers and
improve the quality of service of their demand for
transportation.

Problem statement

The relevance of the study of precision braking
systems is closely related to the importance of improving
rail transport systems in general. The introduction of
automatic train operation systems and, in particular,
automatic target braking systems is possible and
appropriate both on mainline railway transport and urban
rail transport, in particular, on subways. The tasks that can
be solved with the help of precision braking systems and
the priorities for their implementation depend on many
factors and the specifics of the transport system in which
they are intended to be implemented. The list of tasks can
include both reducing energy consumption for traction and
optimising traffic schedules or increasing the system'’s
capacity [1]. This study will focus on off-street urban
railways - metros. The peculiarity of subways is their high
route capacity, which reaches and exceeds the figure of 50
thousand passengers per hour per direction [2]. This high
figure is achieved due to the specific nature of the metro as
an urban railway.

© V. Liashenko, S. Yatsko, Y. Vaschenko, M. Khvorost, 2023
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Subway systems are separated from any street traffic
and use their own right of way [2], which determines their
location underground or on elevated tracks. This allows
metro systems to provide high route speeds with a
significant passenger capacity per unit (train) compared to
other forms of urban transport.

The development and expansion of cities and the
growth of their population are inevitably associated with
an increase in demand for passenger transport in the city
and an increase in the average distance travelled by
transport. The growth of both of these values entails
increased requirements for the capacity of the urban
transport systems. At the same time, the reserves of the
metro systems themselves for increased traffic are limited
by their technical capabilities. This makes it necessary to
implement such measures as increasing average operating
speeds, acceleration and braking rates, etc. The
introduction of targeted braking systems is the most
effective measure to achieve the maximum possible
deceleration rate during braking while maintaining a high
level of comfort for passengers.

investigate the separate influence of such factors as
deviations in the location of track sensors, changes in the
diameter of the wheel set with wear, and errors in speed
measurement.

The main part of the material

Analysis of recent research and publications

A number of studies have been devoted to the
problems, theoretical foundations and economic basis for
the introduction of automatic train operation systems,
particularly in the context of integration them with rail
traffic control [1, 3-6]. Much attention is paid to the
problems of modelling of rolling stock dynamics [7-11].

Recognizing the high scientific and practical value of
the above works, it should be noted that at the moment the
problem of creating systems for automatic train operation
and automatic targeted braking has not been given enough
attention. It is important to use a comprehensive
systematic approach to the problem, which simultaneously
takes into account both the advances in the field of rolling
stock dynamics and automatic operation systems and the
economics of railway enterprises. The topic of automatic
train operation and targeted braking requires further
research and development.

Statement of the problem

The main issue that will be considered in this article is
the creation of a mathematical model to evaluate the
technology for implementing the targeted braking system
under conditions of external perturbations and
imprecisions. Thus, the purpose of this work is to create a
framework model that would allow testing the train
precision braking system with the ability to adapt it to the
specifics of any rail rolling stock, as well as with the
possibility of including certain solutions for implementing
the algorithm. In particular, this paper will consider the
study of the accuracy of the implementation of the targeted
braking algorithm under conditions of uncertainty and
incomplete input information. A mathematical model
created in MATLAB®/Simulink® will be used to

Automatic targeted braking of rolling stock is the
process of controlling the speed of trains in deceleration
mode, which ensures its reduction to the required value or
stopping at a given point on the track. For suburban and
metro electric trains, the typical operating modes are
acceleration, coasting, and braking [12]. The introduction
of intense targeted braking has a significant and
comprehensive effect on the performance of rolling stock.
When braking manually, the electric train driver chooses
the moment of braking start with a margin for his own
mistake or incorrect choice of braking mode. This limits
the average deceleration of the train, even if it is
technically possible to apply more rapid deceleration. As
optimization of driving method is one of possible ways to
achieve energy savings [14], targeted braking is an
effective way not only to improve the quality of passenger
service and reduce the workload of the train driver, but
also to increase the carrying capacity of the metro and
reduce electricity consumption for rolling stock traction.

Different deceleration levels are set to regulate the
braking force during targeted braking, and if only one level
can be set, gradual stepped braking is used. The braking
mode is selected depending on the deviation between the
train's programmed speed and the actual speed, and in
some systems, the derivative of this deviation. In some
systems, the speed is set by a software device located
along the track. In this case, the value of the set speed is
determined by the distances between the elements of the
ground applications or the frequency of the electrical
signal. In other systems, the speed is set as a function of
the measured path or is calculated based on the leading
solution of the equation of train motion [5].

The calculated trajectory of the targeted braking as a
function of the path is based on the value of the average
deceleration rate of the train. However, the actual braking
trajectory will certainly differ from the calculated one,
since the train speed during braking is influenced by many
factors, and they cannot always be accurately taken into
account. For example, to ensure the comfort of passengers,
a rapid change in braking modes is unacceptable, as it
leads to unpleasant jolts during movement. Therefore, in
general, it can be assumed that the train speed when
braking when approaching a station is a function V = f(V',
a, j...), where V' is the initial speed when approaching the
station, km/h; a is the deceleration value when braking,
m/s?; j is the jolt, m/s3, etc. In turn, a train is also a
complex dynamic system with a large number of nonlinear
connections between structural elements [10, 15]. It should
be emphasized that traction rolling stock is a very complex
engineering structure and, as a result, is a complex object
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of simulation [16]. Therefore, in general, it is possible to
raise the question of the "level of detail" of modelling of
train dynamics, which will be defined as the number of
factors and dependencies taken into account in the
modelling of movement. In this paper, a train is considered
as a material point whose movement is affected by
acceleration and deceleration from the operation of traction
motors and brake systems, as well as by the main
resistance to movement. To determine the main resistance
to movement, studies conducted on the Kharkiv metro
were used [7].

The main characteristic of automatic targeted braking
is the accuracy of stopping. The smallest permissible error
(within £0.3...0.45 m) is required for closed-type stations.
At open-type stations, where the length of the boarding
platform slightly exceeds the length of the train, the
acceptable accuracy of stopping is £1.5 m [5].

The introduction of an automatic targeted braking
system requires significant capital investment, since not
only the rolling stock but also the track sections are

D, D,

changed. The issue of reducing such capital investments is
quite evident and requires a more in-depth consideration.
Given the need to reduce costs, the targeted braking
system proposed in the model consists of the following
main elements:

1) a braking microcontroller based on fuzzy logic that
makes decisions on the application of different braking
modes in accordance with the deviation of the actual train
trajectory from the calculated one;

2) a trajectory calculation system;

3) three track sensors that indicate the current
coordinate of the train;

4) speed measurement system;

5) a system for calculating the current coordinate of
the train based on the readings of the speed measurement
system.

The arrangement of the track sensors (D1, D, and Ds)
used in the model is shown in Figure 1. Point D4 indicates
the target stopping point of the train.

10 m+0.5

S~

<

< »
<

<

S+=500 m#+25

5, =30 m+1.5

vy

Fig. 1. Layout of track sensors

Since such a system does not use a large number of
track sensors to continuously monitor and correct the
current coordinate of the train's location, it is beneficial in
terms of capital investments, as it minimizes the amount of
equipment required. At the same time, such a system relies
on the measured (using analogue axial sensors) speed of
the rolling stock to calculate the current position of the
train. It is sensitive both to its own internal measurement
errors and to changes in the diameter of wheel sets as they
wear out. In combination with the possibility of improper
positioning of the track sensor that signals the current
coordinate to the rolling stock, the resulting deviation of
the actual stopping point from the target point can be
unacceptably large.

Therefore, when calculating the distance travelled by a
train, a certain measurement calibration is required. To do
this, at a predetermined distance (the model assumes 10 m,
which corresponds to approximately four revolutions of a
normal-diameter metro car wheel set), a second track
sensor Dy is installed after the first track sensor D1, which
transmits a second, corrective coordinate to the train. The
measured distance between these sensors is compared with

the nominal distance between them, and then a corrective
coefficient is calculated.

The third track sensor is located 30 meters from the
stopping point. After this sensor is passed, the current
coordinate of the train calculated by the braking system is
reset to 470 meters (Sst - Sss), while the previously
calculated corrective coefficient is still used to further
calculate the braking trajectory.

The flowchart of the developed simulation model is
shown in Figure 2. A general view of the brake controller
of the model developed in MATLAB®/Simulink® is
shown in Figure 3. The brake controller used in the model
is built with fuzzy logic [17] using the Fuzzy Logic
Toolbox™ package of MATLAB® and uses two input
parameters for control: AV (the difference between the set
speed V' and the current measured speed V), and j (jolt,
rate of change of acceleration). The membership functions
of the linguistic terms used in the fuzzy controller for
targeted braking are shown in Figure 4. The ruleset used
by the controller is shown in Figure 5. The output surface
of the controller is shown in Figure 6.
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Fig. 2. Flowchart of the framework model for simulation of automatic target braking system
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Maximum decceleration

Fig. 3. Simulation of the brake controller of automatic target braking system

The stopping error is defined as: Here S, is the actual value of the distance travelled
by the train after passing the first track sensor (point D,
ASSS,- & (1) in Fig. 1) in metres, and Sy is the distance between the

first track sensor D and the calculated stopping point in
metres (normally equal to 500 m).
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Fig. 4. Membership functions for input variables “Speed”, “Jolt” and output variable “Mode”
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Fig. 5. Ruleset of the fuzzy controller of automatic target braking system
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Mode

Fig. 6. Output surface of the fuzzy controller of automatic target braking system

The simulation considered the following principal
factors that could affect the accuracy of the calculation of
the current coordinate by the rolling stock, and as a result,
the stopping error:

e variation of the wheel set diameter in the range
between 790 and 725 mm (respectively for a new and a
fully worn bandage);

e measurement error of the current speed value by
axial sensors in the range of £2.5 km/h;

e error of the positioning of the first (D1) and
second (D2) track sensors between each other (distance
S12 in Fig. 1) in the range of £0.5 m

e error of the positioning of the third track sensor
(D3) relative to the stopping point (D4) in the range of
+1.5m;

e positioning errors of the first group of track
sensors (D1 and D2) relative to the stopping point (D4) in
the range of £25 m.

By gradually changing each of these factors within the
specified limits, their individual impact on the accuracy of
targeted braking is determined. Thus, in the course of the
research, it was found that the diameter of the wheel set
(Fig. 7) and the error of the speed measurement system
(Fig. 8) do not have a significant effect on the stopping
error. Variation of the wheelset diameter in the entire
possible range of its values did not lead to a significant
deviation of the actual stopping point of the train from the

calculated one as it remained within £0.1 m. Similar error
margins were observed when changing the error of speed
measurement.

Regarding the change of the relative position of the
track sensors among themselves, it was found that the
stopping error is directly proportional to the error of their
positioning. This is true both for the relative position of
sensors D1 and D2 (Fig. 9) and for the positioning error of
sensor D3 relative to the stopping point (Fig. 10), with the
positioning accuracy of sensor D3 having a slightly greater
impact on the accuracy of targeted braking. At the same
time, due to the use of the third sensor D3, which updates
the coordinate of the train while it is moving within the
station, even very significant disturbances in the location
of the first group of track sensors (D1 and D2) relative to
the station are compensated. Thus, a variation of their
placement within +15 meters (3%) did not lead to
unacceptable deviations from the stopping point (Fig. 10);
it should also be noted that a deviation of the location of
the first group of sensors towards the station leads to a
more rapid increase in the stopping error than a deviation
in the other direction.
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Fig. 7. Impact of the wheelset diameter on the precision of automatic target braking
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Fig. 8. Impact of the speed measurement error on the precision of automatic target braking
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Fig. 9. Impact of error of positioning of corrective sensor D> relative to initial sensor D1 on the precision of
automatic target braking
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Fig. 10. Impact of error of positioning of corrective sensor D3 relative to the stopping point D4
on the precision of automatic target braking
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Fig. 11. Impact of error of positioning of the first group of track sensors (D1 and D, combined) relative to the
stopping point D4 on the precision of automatic target braking

Conclusions

As part of the study, a mathematical framework
model was created for the development and testing of an
automatic targeted braking systems. As an example, this
paper considered a system based on a fuzzy controller with
the Mamdani algorithm. Modelling with the consecutive
addition of input deviations that may occur during the use
of the system made it possible to track the influence of
each individual factor on the resulting braking precision.
The modelling showed the following:

o rolling stock elements, such as wheel set diameter
or speed measurement system error, can be accounted for
by using a corrective coefficient and do not have a
significant impact on braking accuracy. This means that
the rolling stock itself does not necessarily need to
implement new speed measurement systems and can use
existing devices;

e even with significant deviations (up to 3-5%) in
the installation of track sensors, the train stopping position
remains within acceptable limits. This makes it possible to
use a lower accuracy rating when placing track sensors.

The conclusions from the modelling are particularly
relevant in the context of reducing capital investment in
the implementation of train control systems in general and
automatic targeted braking in particular.
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Jswmenko B. M., flubko C. 1., Bamenko 5. B., XBopoct
M. B. MopeaoBaHHs CHCTEeMH 3a0e3mevYeHHs
NPUIITBHOIO raJbMYBaHHSI PyXOMOI0 CKJIAAY.

AHoTanigs. Y jgaHOMYy JOCHiDKCHHI IIPEICTAaBIICHO
CTPYKTYpHY IMiTaIiiiHy —MoJenb, sKa MOXe OyTH
BUKOpPHCTaHa iV} MOJIETIOBaHHS HPHULTEHOTO

TaJbMYBaHHS 3aJi3HUYHOTO PYXOMOI'O CKJIamy, 30KpeMma,
MIPUIIJIBHOTO TajbMyBaHHS B CHUCTEMax METPOIOJITEHY.
Mogenb BpaxoBye pi3Hi (akTOpH, sSKi MOXKYTb BIUIMHYTH
Ha TOYHICTh 3YNUHKH, BKIIOYAI0YH TTOXUOKH BUMIipIOBaHHS
IIBUAKOCTI Ta IMO3UI[IOHYBaHHS KOJIWHHX JaT4YMKIB. Y
JOCHTIDKCHHI ~ PO3MJISHYTO  MOXJIMBICTH  MiHIMi3aIii
HEOoOXiHOTO oOJagHaHHA Il CHUCTEMH IPULIIBHOTO
TaJbMyBaHHS, a HOrO BHUCHOBKM MAIOTH YSBICHHS IIPO

MOXJIMBI  pilleHHS, #AKi TOTPeOyIOTh HAWMEHIIOrO
IOTaTKOBOTO oOJaTHaHHA abo Monudikariit
iHppacTpykTypu. 3a  [OMOMOTOI0  MOJEIIOBAaHHS B
CepeIOBHIIL MATLAB®/Simulink® B BOMY

JOCHIJKCHHI BHWBYAETHCSA IHIUBIAyaJbHUM BIUIMB X

(dakTOopiB Ha  TOYHICTH  IIJHOBOTO  TralbMyBaHHS
3aTI3HUYHOTO  PYXOMOTO  CKiIaay. BusHauuBmm i
KpUTHYHI  (aKTOpPH, M0 BIUIMBAIOTh HA TOYHICTH

rajJbMyBaHHs, 1 KUIbKICHO OI[HMBIIN iX BIUIMB, 1€
JOCII/DKCHHSI Ja€ ysBJCGHHS NpO CTpaTerii onTuMizarii
TaTbMIBHUX XapaKTePHCTUK 1 MiABHIICHHA OC3MEeKH Ta
KOM(OPTY IMacaxxupis.

KarouoBi caoBa: excroryaTamis 3alli3HUIB, MiCHKHA
3aI3HUYHUHA TPAHCIOPT; aBTOMaTHYHE KEPYBaHHSI PyXOM
NOi3/iB; MaTeMaTH4Ha MOJEJb; BIUIMB HEBH3HAUCHOCTI;
€KOHOMIs 9acy; ONTHMI3aIlis pyXy.
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Improvement of the logistics of container transportation at border
stations and terminals

Abstract. Improving the quality of transportation services requires carriers to find better methods of optimizing routes
and work with containers when traveling from Ukraine to EU countries. It has been established that container
transportation already occupies a significant share of the market and the tendency to use it is only increasing. Ukraine, as
a transit state, has great potential for the development of its own railway transportation system. This article studies the

optimization of border crossings passage to implement and expand transport capabilities of Ukrainian railways.
Keywords: Ukrainian railways, container, transportation, Ukraine, rail transport.

1. Introduction

Currently, due to political situation in Ukraine, there is
an increasing interest in the cooperaion with the EU
countries. This creates the need to improve terminals or
railway stations of Ukraine, since it is our country that is
primarily interested in integration into the EU logistics
system. Ukraine's favorable geographical position allows
this idea to be implemented. There are 4 out of 10 existing
pan-European transport corridors pass through the territory
of Ukraine. Due to its location, Ukraine has the highest
transport transit rating in Europe - 3.11 points. For
instance, Poland has much smaller territory and a transport
transit rating of only 2.72 points [3], earns almost 4 billion
dollars profit from transportation every year. Ukraine has
much better potential. The article primarily considers the
involvement of rail transport, which occupies 18% of all
container transportation in Ukraine and has a number of
advantages that rail transport can provide [10].

Recently, container transportation occupies an
increasingly important share in all freight traffic. On
practice container transportation allows to reduce the cost
of packing operations by more than 2 times, increase labor
productivity by 4-5 times, and provide conditions for
complex mechanization and automation of transshipment
operations[13], [14].

Transport and logistics system of Ukraine is at a rather
low level compared to other countries of the world.
Transport corridors’ development and arrangement level
does not meet the growing needs of trans-European
communication. Only 70% of the transit potential is used.
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International transport corridors passing through the
territory of Ukraine do not meet international requirements
and the market itself is not well-structured. Most of the
problems in this area are related to the disproportionate
development of transport and logistics services. As a
result, according to the logistics efficiency index Ukraine
ranks 102nd among 155 countries. Based on this, it is
proposed to modernize and expand border terminals and
stations, with further integration into the European
transport system.

2. Relevance

Despite of the great potential, Ukrainian railways have
currently stuck at a rather low level of providing the
transporting service. It is clear that this problem has to be
resolved in order to have a chance for integration in
European rail system and have access to EU market. Thus,
we have a challenge of modernizing the border container
terminals in Ukraine. The method we propose would help
our rail system to resolve a number of issues concerning
with delays and safety of cargo during its transportation
through the border terminals. It would greatly benefit the
country in general and will boost the development of our
rail infrastructure.

74 TKC3T, 2023 Ne2




IHOPOPMAILIMHO-KEPYIOUI CUCTEMMU HA 3AJIIBHUYHOMY TPAHCIIOPTI

3. Literature Review

Prominent scientists of different countries and cultures
made a significant contribution to the study of the
problems of the development of container transportation
[14, 15, 16]. A thorough technical analysis of foreign
experience in the organization of trailer transportation and
features of the technical support of the relevant
transportation is carried out in the article[9]. The need to
ensure the development of container terminals is a priority
task for the modernization of the transport industry in
general. At the same time, today the issue of the
development of Ukrainian terminals has not been fully

transportation, no technical solutions have been invented
that could offer a solution to certain problems and
contradictions that cause delays at border terminals.

4. Research Methodology

The railway transport network of Ukraine allows
efficient transportation of containers to EU countries with
further integration into the European logistics and
transport system. The border with Poland has 2 railway
crossings that can handle container trains. According to its
structure, this is a two-stage transport task, when the
transportation of products is carried out in two stages: first
from the shipper to the border crossing, then from this

investigated. There is no plan for the development of border crossing to the receiver (Fig. 2)
engineering and technical support for container
F
Ist Stage 2nd Stage
Shipper g Bnrd?r o Beceiver
CrOSsig

Fig. 1. - Visualization of the two-stage transport problem

Setting up an economic-mathematical model.
Transportation from the starting point to the final point
takes place in 2 stages. First from the shipper to the border
crossing point, and then from the intermediate point to the
receiver. We denote the number of shippers by m, and the
amount of products available to each of them by
a,(i= 1,m). We denote the number of receivers by n, the

demand of each recipient by b.(j = 1,n). The number of

border crossings is denoted by p, and the capacity of each
k- border crossings point is denoted by ¢, (k = 1,p)- The
costs of transportation of a unit of production from the i-
shipper to the k-border crossing point are denoted by
s, (1=1,m;k = 1,p), and the costs of transportation for

T =

m P
i=1 k=1 =

i k=1j=1

P P n
Z SikXik T Z ay (v, T i) + Zztkihi — min
k=1

a unit of production from the k-border crossing point to the
j-receiver - through t,: (k= 1,p;j = 1,n). We need to
find volumes ;). transportation of products from shipper
to border crossing points (i = 1,mk= ﬁ) and
volumes  ¥y; transportation of products from border
crossings point to receivers (k =1,p;j=1,n),s0 that

the total costs z for all routs would be minimal.

Under the given conditions and designations, the
economic-mathematical model of the two-stage transport
problem can be expressed as:

1.1)
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i=1,m; (1.2)
k=1
P
z}rl{i = b|r 1= 1! I; (13)
k=1
m n
ink = }’k, i: C[.;r k = 1) Pi (14)
=1 =1
X, = 0, i=1m, k=1,p; (1.5)

The cost function (1.1) of the problem (1.1) — (1.6)
reflects the requirement to find the most economical
(currency) plan for product transportation.
ak — volume of transportation for k terminal,
fx — waiting costs for k terminal;

Vi - tariff cost of transshipment for k terminal, USD/t.

Other conditions of the problem mean, that:

(1.2) — the volume of products to be exported from
each sender must not exceed the available stock;

(1.3) — the volume of products imported to each
receiver must correspond to its demand;

(1.4) — all freight brought to each border crossing pint
from the shipper must then be sent to the receiver, and the
bandwidth capacity of each border crossing point should
be taken into account;

(1.5), (1.6) — volumes of transportation for each of the
routes must be integral.

Mathematically, problem (1.1) — (1.6) is a linear
programming problem with continuous non-negative
variables. It can be solved using the simplex method, or it
can be reduced to a classic one-stage transport problem
and solved using the potential method.

The conditions for the existence of a solution to the
problem are as follows:

1) the total stock of products of all shippers allows to
satisfy the aggregate demand of all receivers:

n
=)h
i=1

m

S

i=1

1.7)

2) the bandwidth capacity of all border crossing points
is sufficient to process the total flow of products in the
transport network:

(1.8)

If the specified condition is not fulfilled, the witing
costs for k-border crossing point are entered:

Qi
f, =CH, +—;
TR s (1.9)

CHy — the cost of waiting time at the terminal, cont/h;

Qx — the total number of containers for processing at
k transition, cont;

Sk — processing capacity of transition k per day, cont.

5. Results and Discussion

Most of the freight that run through the territory of
Ukraine is transported by rail or road transport, which
creates fierce competition within the country's freight
transportation market. However, considering the focus on
the European freight transport market, there are some
factors that will proof rail transport benefit [12]. For
example, EU countries pay considerable attention to
reducing carbon dioxide emissions. The EU has set itself
the goal of reducing greenhouse gas emissions by 55% by
2030. According to preliminary data, net EU emissions in
2020 were 34% below 1990 levels. This means that the
majority of road freight transportation at a distance of
more than 300 km is planned to be transferred to other
modes of transport, for example, railway or sea transport
[1]. Transport accounts for 27% of Europe’s total CO2
emissions. Rail is the most energy efficient mode of
passenger transport. If more people were to travel by train
and more freight transported by rail (rather than more
polluting modes) then the CO2 emissions from the
transport sector would be greatly reduced [8], [11].

Ukraine has a great transit potential; it is one of the
most powerful railway countries in Europe. Ukraine’s rail
network is managed by the state and is one of the most
extensive in Europe, with over 20,000 km of track (not
including the occupied territories, the network of which is
not operating today), of which 45% is electrified [7]. In
terms of freight transportation, Ukrainian railways rank
fourth on the Eurasian continent, losing to the railways of

76

IKC3T, 2023 Ne2




IHOPOPMAILIMHO-KEPYIOUI CUCTEMMU HA 3AJIIBHUYHOMY TPAHCIIOPTI

China, Russia and India. The load capacity of Ukrainian
railways (annual volume of transportation per 1 km) is 3-5
times higher than the corresponding indicator of developed
European countries.

There are 3 railway transport corridors pass through
the territory of Ukraine - No. 3, 5, 9. Through the
Ukrainian ports of Ismail and Reni, there is interaction
with the pan-European corridor No. 7, which passes
through the Danube River. The current length of the
national network of railway transit corridors in Ukraine is
3162 km. These are mainly two-track electrified highways
equipped with self-locking, characterized by a high level
of use of technical means. In addition, transportation along
the TRACECA international transport corridor (Europe —
Caucasus — Asia) is getting developed.

Ukraine pursues an active policy of supporting
European initiatives on the ITC, offers its options for
corridors to the European Community.

According to the results of English Rendell Institute
research regarding the transit ratio (the ratio of the number
of physical tons transshipped by the direct option to the
total number of transshipped physical tons) [4]. Ukraine
ranks first in Europe, but the utilization of Ukraine's
transport infrastructure is still quite low. The creation of
transport corridors and their entry into the international
transport system is recognized as a national priority for the
development of the transport and road infrastructure of
Ukraine.

As of November 16, 2022, 5,045 wagons with
products were sent abroad and 1,310 wagons with products
were imported through the 1zov - Hrubeszdw crossing, of
which 1,851 - with grain, 1,352 - with containers, 820 -
with metal products, 141 - with ore . The average daily
processing decreased by 36 cars compared to October - to
398 (315 in export, 82 - in import), in particular due to a
significant decrease in the transportation of raw ore
materials. Currently, the share of such products among the
entire cargo flow is 10%, while ore used to occupy up to
60% of the volume.

Therefore, the crossing lzov — Hrubeszéw is
underloaded by 50% of its capacity (six trains are served
daily instead of 12).

1,361 wagons with goods were exported through the
Yagodyn station, and 933 were imported. The Polish side
reported that the crossing is underloaded with bulk
products, as a result of which it loses one train per day in
processing. This month, the average daily rate of

processing of the fleet is 143 cars (85 - abroad and 58 - to
Ukraine).

At the crossing Mostyska 2 - Medyka this month, the
daily transfer of rolling stock increased by 33 cars to 209.
In total, 2,008 cars were transferred from Ukraine. There
are 712 wagons in the queue (-147 compared to the
beginning of the month).

The representative of PKP Cargo reported that the
operator is ready to provide locomotives for receiving
cargo at night. However, in light of recent events, the
company has yet to develop a clear regulation of the
actions of co-workers during air-raid alert.

Ukrainian shippers initiated the process of approving
the passage of rolling stock with an axle load of 25 tons
through this transition. During the meeting, it was
concluded that the Ukrainian rail near the border is not
adapted to such process of. Meanwhile, the rails in Poland
are designed for the movement of such transport, with the
exception of non-general use rails of some terminals.

Only 92 wagons were processed at the Rava-Rusk -
Verkhrat crossing in 16 days of November, the daily
transfer was reduced from 12 to 6 wagons in October. The
receiving stations (Verhrata, Szczecin) are clogged with
wagons with clay. The representative of the Polish
operator assumes that the acceptance of clay will resume
under the conditions of reducing the accumulation of such
rolling stock to 200 units. However, other products can be
accepted without delay.

Based on the purpose of this article, the ability of
Ukrzaliznytsia stations to process container trains bound
for EU countries is considered. Currently, Ukraine has at
its disposal 5 container terminals at the border stations of
Ukraine. That is why it is advisable to highlight the

terminals at the border crossing segment:

1. Mostyska-Medyka (Poland)

2. Jagodin-Dorohusk (Poland)

3. Vadul Siret - Dornesti (Romania)

4. Chop — Chierna nad Tisou (Slovakia) / Zahon

(Hungary) [9]

All processing capacity data are listed in the table
below.
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Table 1. Transshipment terminals at border stations of Ukraine

Termina Name of the transition Station/ Processing
I No Terminal (Ukraine) capacity
wagons/day
1 Mostyska-Medyka Mostyska-2/MC Lviv 180
2 Yagodin-Dorogusk Yagodin/Avtokom 25
3 Vadul Siret - Dornesti Vadul-Siret/MC Lviv 70
4 Chop — Chierna nad Chop/MC Lviv 25
Tisou Chop/Lesky 50
Chop/Exporttransbud 25
Batiove/Terminal Karpaty 25

Based on the above-mentioned data, the Mostyska-
Medyka and Chop — Chierna nad Tysou crossings are the
most in demand, demonstrating the processing capacity of
180 and 125 wagons per day, respectively.

Taking into account the queue of wagons for foreign
operators in the UZ (Ukrzaliznytsia) network, as of
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25 wagons
20 wagons
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— T ) g £ o
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January 4, 18,800 wagons addressed to foreign operators
are waiting in the UZ network, in particular, 32 were
loaded before November 1, 3,119 - in November, 12,900 —
in December, etc.

;
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19 Detober
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&
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30 November
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-

Fig. 2. Dynamics of changes of wagons awaiting transfer through land border crossings, thousands of units

The method proposed above will significantly improve
the process of identifying problems at transport border
crossings. This will make it possible to develop a plan for
the modernization of terminals depending on the number
of incoming containers. Moreover, the method allows you
to choose the most optimal way of distributing containers
in order to reduce the business of terminals. The method

will find application based on Ukraine's interest in
integration into the European transport market.

6. Conclusion
The introduction of this method allows us to highlight
certain advantages:
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- investing in the development of logistics border
centers that increase the efficiency of logistics operations
and the indicators of container processing;

- development of the transport system, optimization of
container transportation routes;

- increasing the competitiveness of railways compared
to other modes of transport;

- creation of a favorable climate for Ukraine's
integration into the EU transport system;

- the cargo owner receives a better delivery time to the
reduction of wagon waiting hours, and the carrier
improves the quality of service provided, expanding the
number of customers;

- opens the prospect of modernization and expansion
of border crossings, due to the identification of
shortcomings and problems.

In 12 months of 2022, 150.6 million tons of freight
were transported, which is 52.1% less comparatively to the
previous year. According to the results of December,
Ukrzaliznytsia transported 10.2 million tons of cargo,
which was the worst indicator since July. The best figures
in 2022 were pre-war January and February - 26.2 million
and 22.3 million tons, respectively. March was the worst
month - 8.3 million tons. From then until the end of the
year, volumes increased by 23%.

More than half of the freight had to be transported
within Ukraine, 39.4% for export, 8.2% for import, and
1.8% for transit. 76.1 million tons were inside the country,
59.4 million tons were exported. The largest amount of
grain was transported for export - 22.5 million tons, in the
total amount of export, grain makes up 38%. Cargo
transportation in containers was 257.2 thousand TEU [6].

To draw the conclusion, it would be fair to mention
that rail container transportation is quite sought —after in
Ukraine and has a positive tendency to use in the
future. Therefore, based on the  above-mentioned
statistics and method we consider it one of the most
efficient way of modernizing the Ukrainian border
terminals.
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BEPECTOB 1. B., k.T.H., JOILIEHT,

KOJIICHHUK A. B., K.T.H., IOLICHT,

ITECTPEMEHKO-CKPUIIKA O. C., K.T.H., cTapiiuii BUKjIaaay,
BOI'AYVYK /. I1., crynent

(YkpalHChKHi IepKaBHUN YHIBEPCUTET 3a1I3HUYHOT'O TPAHCIIOPTY)

OOrpyHTYBaHHS JOUUIBHOCTI TPAHCHOPTYBAHHS COHSIIIHMUKOBOI OJIil 3
BUKOPHUCTAHHAM  (PJIEKCITAHKIB 'y  CHCTeMi  IHTepPMOJAJIbLHHUX
nepeBe3eHb

Y pobomi docrioacyromovcsi mexnonozii mpancnopmyeants HATUSHUX 8AHMAIICIE PISHUMU CROCOOAMU 3d YHACMIO
3ani3HUYHO20 mpancnopmy. Busieneno, wo 3a ocmanni poxu 6i00ysacmuvcs ekcnopm Ol COHAWHUKOB80I 3 Ykpainu
HauHUMU obcseamu 6 pisui kpainu. Haubinowii 06cseu ykpaincokux oniuHux kyaemyp ma onii y 2021 p. 3akynunu Kkpainu
Asii ma €eponu. Himewuuna, sika saxynuia mauxce uweepmv — 23,9 % — yrpaincokoeo excnopmy yv020 6udy
azponpodykyii, € nidepom Ydce uemeepmuil pIiK NOChilb. Y cmammi 0OIDYHMOBAHA eKOHOMIYHA OOYLIbHICHb

BUKOPUCMAHHS (DIEKCIMAHKIE NOPIBHAHO 3 ITHUUMU CROCODAMU MPAHCROPMYBAHHSA O1Ii COHAUMHUKOBOI.
Kniwouosi cnosa: inmepmoodansui nepegesenns, Qaekcimanky, Konmeunepu, 3a1i3HU4Hu mpaHcnopm.

Beryn

Ha cporoaHi TpaHCTIOpTHA TalTy3b € OAHIEO 3 6a30BUX
ramy3eii exkoHomikm. Y 2020-2021 pp. Ha TpaHCIOPT,
CKJIQJICBKE TOCIIOApCTBO, IMOMITOBY Ta Kyp €PCBKY
IisUTBHICTh Tpumagano Ommspko 6,4 % BBII i 6 %
3arajbHOi KUIBKOCTI 3aifHATOrO0 HaceieHHs. TpaHCHOpTHI
MOCIIyTH MOXXYTh 3a/I0OBOJIbHUTH HOTPeOM HaceleHHS Ta
€KOHOMIKH B IEPEBE3CHHSIX 3a 00CArOM, alle He SIKICTIO.
Toil craH, y sKOMy 3apa3 3HAXOIUTLCSA TPAHCIOPTHA

rajtysb, He BIJIOBiJIa€ TOBHOIO MIpOI0 BHUMOTram
eekTUBHOT  peanizamii  €BpOIHTErpamiiHOrO  Kypcy
VYkpainu Ta iHTerpauii HamiOHANBHOI TPAaHCHOPTHOI

Mepexi B TpaHc’eBponieliCbKy TPaHCIIOPTHY MEPEKY.

OnHUM 3 TPIOPUTETHUX HANPAMIB, MO TOTpedye
YIOCKOHAJICHHS Ta MOKPANICHHS SKOCTI MOCIYT II0JO0
I[bOTO, € IEPEeBE3CHHS BAHTAXIB 3ali3HHUICIO, a caMe
HaJINBHUX BaHTAXIiB.

VY cBiTi icHye 0araTo TEXHOJOTiH, IO AaIOTh 3MOTY
NEPEeBO3UTH HAJIMBHI BaHTaXl 3ali3HUIECI0 PI3HUMHU
cnocobamu. Pinki BaHTaxi, mepeBe3eHi B HHMCTEPHAX 1
OyHKEpHMX TIBBaroHax, 3aiiMalOTh Yy BaHTaXo00iry
3ami3Hnne Oimpme 15 %. HammBom y mucrepHax i
OyHKEpHHX MiBBaroHaXx MOXYTh IEPEBO3UTHUCH OijbIle
300 mwalfimMmeHyBaHb pi3HHX BaHTaxiB. HaiOimpm
po3noBcrojpkeHi Hadra 1 mpoAaykTH ii  mepepoOku
(6eH3uH, Ta3, JOU3ENBHE IAJIWBO, Mas3yT, OIii,
HapTOOITYMH Ta iH.); HIPOAYKTHU Xap4oBoi
IPOMHUCIOBOCTI  (POCHMHHI OJii, CHUPT ETHUIOBHH,
TBapUHHMN XHp, NAaTOKA Ta iH.).

HaOyBae momyssipHOCTI BUKOPUCTAHHS IIEPEBE3CHHS
HaAJIMBHUX BaHTaXIB Y TaHK-KOHTeHHepax 1 (uiekciTaHkax.
Takuii BUI TpaHCHOPTYBaHHS Mae Oe3nid Iepesar,
OCHOBHA 3 SKHX MOXJIMBICTh MEPEBO3UTH OUIbINI 00’eMU
BaHTaXy, HIK y Oy/Ab-sKiif iHIIIHM Tapi, TOMY € BUTLIHIIINAM
1 MOKE€ CKOPOTHUTH Yac JIOCTaBKH.

AHaJii3 0CTaHHIX J0CHi:KeHb i myOJikaui

[Muranusam YIIOCKOHAJICHHS TPaHCTIOPTYBaHHS
HaJMBHUX BAaHTAXIB 3a Y4YacTIO 3ali3HHUII B CcHUCTEMI
IHTEpMOJIANIbHUX TEPEeBE3eHb 3aiiMalIUCh SIK 3aKOPJOHHI,
Tak 1 BiTum3HsAHI BueHi: JlomoTeko 1. B., Korenko A. M.,
KoganboB A. O., 3anapa B. M., Crpoiiko T. B. 1a iH.

Y pobori [2] 3a3HaYyeHO TMPO  HEOOXITHICTH
YJIOCKOHQJICHHS ICHYIOUHMX 1 IOIIYK HOBUX TEOPETHKO-
METOJIOJOTIYHUX 1 MPAKTHIHHUX acIeKTiB GOopM i METOIB
JieprKaBHOT HiATPUMKH PO3BHUTKY €KCIIOPTHOT
IHPPACTPYKTYpH ONIHHO-)KHPOBOI Tady3i 3 ypaxyBaHHSIM
HIepeI0BOTO CBITOBOTO ¥ BITYM3HSHOTO JOCBiMy. Y poOoTi
[3] posrisiHyTO CydacHy TEXHOJIOTII0 TPaHCTIOPTYBaHHS
onmii — mnepeBeseHHs Yy ¢uekcitankax. Taki crnocobu
nepeBe3eHHs1 npornonye kommaHis «JIYKPO» mist cBoix
kmienTiB 'y 2022 p., y ToH Yac, KOJIM TOPTH YKpaiHU
ONMHWIINCS B HEII€31aTHOMY CTaHI uepe3 BiHCHKOBHH
CTaH, IO INPHU3BEJIO /0 TOTO, WO CKJIAACHKI MOTY>KHOCTI
KJI€HTIB Oynu repenoBHeHi. Y crarti [4] OKpeciieHO poItb

© I. B. Bepecros, A. B. Koaicauk, O. C. [lecrpemenko-Cxkpunka, /1. I1. Borauyk, 2023
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BaHTA)XHOTO TPAHCIIOPTY B YMOBaxX TPaHCIOPTYBaHHS
BaHTAXIB,  BH3HAYCHO  JIOTICTUYHY  IOCJIJIOBHICTh
TPaHCIOPTYBaHHS  BaHTaXIB 1  BCIX  YYaCHHUKIB
JIOTICTUYHOTO mporecy. [IpoBeeHoO aHali3 CTaHy pedew i
BU3HAYEHO OCHOBHI  TEHJACHIII Cy4yaCHOTO PHHKY
TepeBe3eHb COHANTHUKOBOI OJIii, 0COOIMBOCTI OpraHizamii
JIOTICTUYHOTO JIAHIIOTA Ta IXHi XapaKTePHCTHKH.

BukJian ocHOBHOTo MaTepiany

Bu3HaueHHSI MeTH Ta 3aBJAaHHA ZlOCJIi}I)Re}IHﬂ

Buxos4u 3 aHasi3y BUIICHABEACHUX HAYKOBUX MpaIlb
MOCTa€  THMTAaHHS  PO3MISAY  BIJOMHX  TEXHOJIOTIH
TPaHCIIOPTYBaHHS HAJTWMBHUX BaHTAXIB 3aJi3HUICIO B
VkpaiHi Ta 3a KOPJOHOM 1 BH3HAUEHHS HAHOUIBII

BUTIJHOTO CIIOCOOy MEpeBEe3CHHs HAJIMBHHUX BaHTaXIB,
TaKMX SIK OJIisl COHSIIHMKOBA, 3 MIHIMAJTbHUMHU BUTpPaTaMH
Ta MaKCUMAaJIbHO MIBHAKO IJIS 3aJTy9eHHS HOBHX KIIEHTIB 1
TPaHCTIOPTHUX

MHiIBUIIIEHHS
MOCJIYT.

e(eKTUBHOCTI  HaTaHHSI

AHai3 CTaTUCTUYHUX JaHUX IIPO BaPTICTh 1 IMOMHUT Ha
eKCIOPT HACIHHS Ta IUIOAIB OJIMHHUX KyNbTyp 3 YKpaiHu
30LTBITy€eThCA 3 KOKHUM pokoM. Tak, 3a 2021 p. BapTicTh
eKCIOPTY ONIHHUX KyNbTyp y pi3HI KpaiHu ckimama 2.4
MIpI Joi., o Ha 33 % mepeBuinye nmokasHuku 2020 p..
Haii6inpii obcsirn yKpaiHChbKHMX OJIIHHUX KYJbTYp Ta OJii
y 2021 p. Oy1no ekcriopToBaHo B Kpainu A3ii Ta €BponH.

COHSIIIHUKOBA 0J1isl YKPaiHCHKOTO BUPOOHUIITBA Cepejt
BEIMYE3HOI HOMEHKJATYpH HAJIMBHUX BaHTaXIiB €
OCHOBHMM TOBAapoOM, IO EKCIIOPTYETHCS BEIHKUMHU
obcsraMu B pi3HI KpaiHW CBiTy. He3Bakarounm Ha
3MEHIIEHHS 00CATIB €KCIMOPTY IHOTO MPOAYKTY B OCTaHHI
poku, a came mopiBHsAHO 3 2021 p., ekcrmopt y 2022 p.
3MeHIIUBCA Ha 16 %, IpoTe Bce OJHO JiAUPYE, TOXOIU Bif
MIPOAAXy COHSIIHUKOBOI ol ckianu 5,5 mipx nox. CLIA.

CratucTudHi  TNOKAa3HUKH, IO  JEMOHCTPYIOThH
PO3MOJIN  eKCIIOPTY OJIii COHSIIHMKOBOI cepel KpaiH-
MOKYIILIB I[bOTO BUAY TOBAapy YKpaiHCHKOTO BUPOOHUIITBA,
HaBesIeHo Ha puc. 1.

W HigepnaHau

M benbria
HimeyunHa

M TypeyuynHa

M [NakicTaH
DpaHuin

M Benuka bputaHia

W [HwWwi

Puc. 1. Po3noiin OCHOBHUX KpaiH-MTOKYIIIB OJ1ii COHSIITHUKOBOI YKpaiHChbKoro BupoOHuITBa 3a 2022 p.

Jlinepom cepex TOKYMOI[B  OJil  COHSIIHHUKOBOI
YeTBepTHH PiK 3aiuIIaeThesi HiMeudnHa, yacTka 3akymiBii
ckmamgae 23,9 %. Ha apyromy wmicui benwris, dactka
EKCIIOpPTY 0JIii COHSIIIHUKOBOI B 10 KpaiHy ckiana 9,5 %.
Typeuunna mocrynwiacs, 3aiimae m’site micue — 7,7 %.
Hinepmanam 30UThIIMIM CBOI OOCATH 3aKyIiBIi  OJIii
COHSIIHUKOBOT 110 8,1 % 1 po3ALIAIOTh OHAKOBY HO3HIIIO
3 Ilakicranom — 8,1 %. UYactka ekcnopry ol
COHSIIIHUKOBOT y @paHmito ckiaamgae 6,9 %, dvactka
3akymiBii Benukoi bpuranii — 6,7 %, Binopyci — 6,2 %
[5].

OO6csru  excriopTy coeBoi omii ckimanmu 241 Tuc. T,
pinaxoBoi ouii — 166 TuC. T.

Hani Jlep>xaBHoi MuTHOI ciyxOu YKpaiHU CBin4aTh
PO IiJBUIIECHHS BapPTOCTI €KCIOPTY HACIHHSA Ta IUIOAIB
onmiitHuX KymeTyp y 2022 p., mo ckianxa Maibke 3,8 mipa
gon. CHIA, mo nemMoHCTpye TEHICHIII0 301IbLISHHS
BaprocTi Ha 54 %, Hix y 2021 p. Lle cBiguuTh HE TITBKH
NP0 MiABUIIEHHSA IiH, aje 1 30UIbIICHHS IIONMUTY Ha
eKCIIOPT HACIHHSI Ta IUIOJIIB OJIIHHUX KYJIBTYP.

AHaNi3ylouM CTAaTUCTUYHI JIaHi 3a OCTaHHI POKH,
MOHA 3pOOUTH BUCHOBKH, IO KiJIBKICHI 00CSATH TIOCTAaBOK
OCHOBHHX TOBapHUX IO3UIil mpomaykmii miei rpynmu Ha
30BHIIIHI PHHKA CYMapHO 3pOCIH MPUOIU3HO BIBIUi.
Crocrepiraemo TEHIECHLIIO 30UIBIIIEHHS o0csTiB
excnopty: pimaky — Ha 0,4 muH T mopiBasHO 3 2021 .,
coeBux 606iB —Ha 0,9 Mma T [11].
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Ha puc. 2 HaBexeHna auHaMika OOCSTIB EKCIIOPTY
COHAIIHUKOBOI omii 3a 2021-2023 pp., 3 4oro MoxHa
3pOOHTH BHCHOBKH, 110, HE3BOKAIOUM Ha BOEHHUH CTaH,
MIOMUT HA 3aKYIMIBIIO YKPaiHCHKOI COHSIIHMKOBOI OJIiT HE
3MEHIIYETHCS,, a B JEAKi MepioJu Mae TEeHJCHIII0
3pocTanHs: 3a 6epeseHb 2023 p. nopiBusiHO 3 2021-2022
Pp. crocTepiraeMo TEHACHINI0 30UIBIICHHS SKCIIOPTY OJIii
Ha 23 %.
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TPaHCIIOPTYBaHHS

39

Buxonsun 3 BUIIEHABEAECHOTO aKTyaJbHUM ITHTaHHSIM
€ BH3HAYECHHS ONTUMAJIBHOTO CIIOCO0Y TPaHCIOPTYBaHHS
0J1ii COHALIHUKOBOI, IO JacTh 3MOTY HPHUIIBUIIINTH Yac
JIOCTaBJICHHS BaHTaXYy, 3MEHIIUTH BapTICTh
Ta MIHIMI3yBaTu KUTBKIiCTh
HaBaHTa)KyBaJlbHO-PO3BAHTAKYBAJIbHUX OHNEpallii  mpH
BUKOPHCTaHHI DI3HUX BHIIB TPAHCIOPTY B CHCTEMI
IHTepMOJATFHUX TIEPEBE3CHb.

364
267 279
02
155
11

\4

0

"o

00

9‘0 &

m2021/22 wm2022/23

Puc. 2. Jlnnamika po3noaiiny oOCsriB eKCIIOPTY COHSIITHUKOBOI OJTii
3a2 2021-2023 pp., THC. T

OpHuM i3 BiIOMHX CHOCO0IB, BUKOPUCTOBYBAHUX SIK B
VYkpaini, Tak i 3a KOPJIOHOM, Ha ChOTOJHI € MEPEBE3CHHS
HAJIMBHUX BaHTaXIB, a came oJIil y (iiekciTaHkax.

OnekcitaHku  SBISIOTH  CO0OK0  M’SIKY,  JIETKY,

repMeTHYHY €EMHICTh (TaKoX 3BaHUH Quiekcibar), 3a3Bnuyait
JOCTYIIHI

BUTOTOBJICHY 3 TMOJIETHIICHY, o0’emoM 10

24000 n, poamimyoThess B craHmaptHomy 20-¢GpyToBoMy
KOHTEHHepI.

TexHoorist 3aBaHTa)KeHHs (IIEKCITaHKA BiZ0yBa€ThCS
B Jekinbka eramiB. Cro4atky HEOOXIAHO MiATOTYyBaTH
KOHTEWHEp /10 3aBaHTAXCHHs, a/pke (DICKCITaHK — I1e Taka
€MHICTb, 1[0 YKJIAIAa€ThCs B KOHTEHHEp ISl TepeBE3CHHS
HAIIMBHUX BaHTaxiB (puc. 3).

Puc. 3. IligroToBka KOHTeiHepa Ta ykiIagaHHA (JIeKciTaHKa B KOHTEHHEP
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Hactymumii eran — ¢uekciTaHk ykiagaeTbess B Jlami HEOOXiTHO BCTAHOBUTH INUT, Yepe3 SKUH 3roJoM
KOHTEWHEp, J€¢ WOro TMOJIOKEHHS MOTPIOHO BHUPIBHATH. IiIKIIOYAETHCS 3aJMBHUMN ILIAHT 10 (uiekcitaHka (puc. 4).

Puc. 4. BupiBHIOBaHHS IOJIOKEHHS (PIICKCiTaHKA B KOHTEITHEpi Ta MiArOTOBKA (JIeKciTaHKa
JUIsL BCTAaHOBJICHHS IITUTA

TToTtim qyepes 3aIMBHUHA  IIIAHT 3aBaAHTAXKYETbHCSA
q)HCKCiTaHK, HallpyuKJIaa 3aJIMBa€ThCsA OISl COHALIHMKOBA

(puc. 5).

Puc. 5. BcraHoBIIeHHS 1IUTa Ta 3aBaHTa)KeHHS (DIeKciTaHKa Yepe3 3aJIMBHUMN IAHT

3aKpHUBaETHCS TOPJIOBUHA, 3aBaHTAKCHUI KOHTEHHED
IUIOMOYETBCS 1 TOTOBHI 10 BiANIPaBIEHHA 3 3aBOAY (pHC.
6).

NPEAYNPEAMTENSHAR
HAXNENKA: "BHYTPH
MPYMEHBM ONEXCH-TAHK
NEBYYO AABEPL

HE OTKPRIBATR"

Puc. 6. [InoMOyBaHHSI KOHTEWHepa Ta MATOTOBKA O BIANPABICHHS
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BimoMo, 110 XapuoBi HAaJIMBHI BaHTaXi MOXHA
NEepeBO3UTH B  KOHTeHHepax aBTOMOOUILHMM  abo
3aJI3HUYHUM TpaHCIIOPTOM. B 000X BHUNaJKax MOKIMBE
BUKOPHCTaHHS (DJIEKCITaHKIB.

Jns  BHU3HAueHHS  E€KOHOMIYHOiI  e()eKTHBHOCTI
TPAHCIIOPTYBAaHHS HAJHMBHOTO BaHTaXy PI3HUMH BHIAMH
TPAaHCHIOPTY HEOoOXiTHO BH3HAYUTH BapTICTh
TPAHCIIOPTYBAaHHS.

Bapricte  TpaHCHIOPTYBaHHS  pO3paxyeMo  Ha
peampHOMY TPHUKIAAi TEPEeBE3CHHS ONii 3a JOIIOMOTOI0
JIEKUTBKOX BHOIB TPaHCHOPTY, a caMmMe 3alli3HUYHO-
MOpPCBKOT0 200 aBTOMOOLIEHO-MOPCHKOTO.

Jnst oOrpyHTYBaHHSI JOLIJIBHOCTI TPaHCIIOPTYBaHHS
omii  COHAMIHUKOBOT y  (ekciTaHkax  3aJi3HHULECIO
po3paxyeMo BapTicTh YOTHPHOX 20-()yTOBUX KOHTEHHEPIB
(4x20) i3 COHSIIHMKOBOIO OJI€IO: MYHKT BiANpPaBICHHS —
3aBoz y M. Jlninpo (YkpaiHa), OyHKT NPU3HAYECHHS — IHOPT
X'tocton (CIIHA). V 1mpoMy BUNAQAKYy HalKpamum
BapianToM Oyme BukopucTanHs cepsicy block train
Jarchkol JiHii Maersk, 1o mporoHye JOCTaBKy BaHTaXy
BiJl 3ali3HUYHOI cTaHMmii HWKHBOTHIIPOBCEK 1O TOPTY
I'mancek. HaBemeHi mnpuOMW3HI  CKJIAMOBI  BapTOCTI
TPaHCIIOPTYBAaHHS LIbOTO BaHTaXy OyJM BHKOPHCTaHI Ha
OCHOBI JIaHUX OJTHI€T 3 JIOTICTUYHHUX KOMITaHii YKpaiHu.

Bapricte mnepeBe3eHHs CrOcOOOM  3ali3HHLS-MOpE
CKJIQIA€EThCSl 3 TAKUX CKJIAJOBUX, SIK BapTICTh JOCTaBKH

C3

IIpu po3paxyBaHHI BapTOCTi TPaHCHOPTYBaHHSA OJii
THM CaMHM  MapLIpyTOM, aji¢ 3 BHKOPHUCTaHHSIM
ABTOMOOUTBHOTO 1 MOPCBHKOTO TPAHCIOPTY, BHTPATH
OyoyTh CKJIaaTHUCh 3 BHKOPHCTaHHS (iekciTaHka s
HepeBe3eHHs OJii B KOHTEHHEpi, aBTOJOCTABKH BaHTAXY
10 nopty ['TaHCBK, TOPTOBOrO O(OPMIICHHS Ta MOPCHKOTO

¢bpaxty:

C:HT = CaET + CT + Cn.o. + CMd:» J (2)

ae  Cupr BUTpaTH Ha TPAHCHOPTYBAaHHA OJii B

KOHTeHHepax aBTOMOOUIBHUM TPAHCIOPTOM, MPUIIMaeMo
216 600 rps;

«OCTaHHBOI MHJII», BUTPATH Ha TPAHCIIOPTYBAHHS BAHTaXYy
3aJI3HUIICI0, OPCHIY TPAHCHOPTHUX 3aco0iB, Tapu JUis
BaHTaXy, IepeBaHTaXyBaJlbHi poOOTH B MOPTY 1 (paxT
CyZHa!

C;HT = CMHJ‘[i + Caaﬂ + CT + C1'1.0. + CMdJ ' (1)

A€ Cyuni — JOCTaBKa BIACHMM aBTOTPAaHCIOPTOM abo 3
BUKOpHMCTaHHAM cepBicy last mile mimii mo 3aBomy-
BiZpaBHUKA (y I[bOMY BHIIAJIKY L€ O/IEPXKYBad IIOPOKHBOT
TapH MiJ 3aJIMBaHHS 0Ji€l0), mpuiiMaemo 4104 rpH;

Caan BUTpaTH Ha TPAHCIIOPTYBaHHA oOyii B
KOHTeWHepax 3aIi3HUIICIO, 3aITi3HUYHUI Tapud
HoBomockoBebk — I’ ancek, npuiiMaemo 125400 rps;

C, — BuTpatm Ha BHKODHCTaHHSA Tapu, y IbOMY
BUIAJKy BCTaHOBIECHHS (JIEKCITaHKa B KOHTEiHep,
npuiimaemo 20140 rpH;

Cp o, — BUTpaTH Ha HOPTOBE O(YOPMIICHHS, TPUHMAEMO
1900 rpH;

Cmb — BHUTpaTH Ha MOpPChKUil (paxrt, mpuiiMaemMo
177004 rpH.

Butparn Ha TpaHCOpTYBaHHS OJii y (IieKciTaHKax 3a

Sar = 4104 + 124400 + 20140 + 1900 + 177004 = 168 Tuc. 248 rpH.

3aJaHUM  MaplIpyTOM 32  Y4YacTI0O  3aJIi3HUYHOTO
TPAaHCHOPTY CKJIAAYTh
C,. — BUTpaTd HAa BHKOPUCTAHHS Tapd, y LBOMY

BUII4JKy BCTaHOBIIEHHS (UIEKCITAHKA B KOHTEHHEp s
ABTOMOOLIBHOTO TPAHCTIOPTY, NpuiiMaemo 42750 rpH;

C,; o, — BUTPATH HA OPTOBE O(POPMIIEHHS, IPUAMAEMO
1900 rpH;

Cud
177004 rpH.

Butparu Ha TpaHCcOpTyBaHHs Ol y (IieKciTaHKax 3a
3aJaHUM  MaplIpyTOM 32 Y4YacTI0O aBTOMOOUIBHOTO
TPaHCIIOPTY CKJIAAYTh

BUTPAaTH Ha MOPCHKUH (paxTt, mnpuiiMaeMo

Clur = 216600 + 42750 + 1900 + 177004 = 438 Tuc.254 rpH.

Buxomsun 3 BUILEHABEACHUX  PO3PaxyHKIB,
MOPiBHIOIOYN BHUKOPHCTAHHS 3a{3HUYIHOTO abo
aBTOMOOUTBHOTO  BHIIB  TPAaHCHOPTY B  CHCTEMI

IHTEepMOJATbHUX TIEPEBE3CHb UIA TPAHCIIOPTYBAaHHS OJIii
COHSIIHUKOBOI, MOYKHa 3pOOWUTH BHCHOBKH, IO BapTiCTh
IpH TEepeBe3eHHI BaHTAXy 3a YYacTi 3ali3HHIHOTO
TPAHCHOPTY MEHIIIE.

Takox Oyna po3paxoBaHa BapTiCTh TPAHCIOPTYBaHHS
OJ1i1 COHSIITHMKOBOI 3aJ1I3HUIIEIO 3 BUKOPHCTaHHAM Pi3HUX
croco0iB, a caMe B NUCTEpHAX, TaHK-KOHTEHHepax, 3

BHKOpUCTaHHAM 0090k (0,25 T) y KOHTeifHepax, a TaKOX
(ekciTaHKiB y KOHTeifHepax. Pe3ymbraTn po3paxyBaHHs
BapTOCTI JOCTAaBKH OJii 3 BHKOPHCTAaHHSIM 3ali3HHII 3
3aBony 1o mopty Ogmeca pi3HUMHU croco0aMm HaBeIeHO Ha
puc. 7.

IIpu TpancnopTyBaHHI 0Jlii B KOHTeiHepax y OOodUKax,
SIK cBim4aTh nani podotu [10], oOcsar BaHTaXKy MEHIIE, HiX
IIPU BUKOPUCTaHHI (DJICKCITAHKIB: YOTHUPH KOHTEIHHEpH,
HaloOBHEHI  XapyoBOIO  OJI€l0, JIOPIBHIOIOTH  TPHOM
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KOHTeHHepaM  ()JIEKCITaHKIB, HAlNOBHEHUX XapyOBOIO
OTIi€l0.

20000000

15000000

10000000

BapTictb, rpH.

5000000

Cnocif TpaHCnopTyBaHHA

B uMcTepH M TaHK-KOHTelHepu M 60YKKM + KoHTelHepax M dNeKCiTaHKU+HKOHETHHEPKU

Puc. 7. BapTicTh TpaHCHIOPTYBaHHS OJIii COHSIITHUKOBOI Pi3HUMH CIIOCO0aMHU
3a y4acTIO 3aJIi3HUII

Hapenennit BUILE TPUKIIa]] nae 3MOTyY
BAHTaXXOBiAMpaBHUKaM ab0 BUPOOHHMKAM XapdoBOl OJIii
TPaHCHOPTYBaTH OUIBIIY KUIBKICTH Xap4yoBoi omii B
MEHIIIH  KUTBKOCTI  KOHTeWHepiB. Sk pe3ynbrart,
(bnekciTaHKH 301TBIIYIOTH BaHTaXHHH TIPOCTIp,
OJTHOYACHO 3MEHINYIYM MoTpedy B KOHTeiHepax. Kpim
TOr0, BUPOOHMKH MOXXYTh NaKyBaTd i 30epiraTv xapuoBy
ONIiF0 Ha CKJagaxXx [0 BIANPaBICHHSA 3a OMOMOIOI0
(hrekciTaHKiB.

BucHoBku

AHani3 ICHYIOYHX TEXHOJOIiH TpPaHCIIOPTYBaHHS
COHSIIHUKOBO{ ol 3aJI3HUIEIO B cucremi
IHTEpPMOJATIbHUX repeBe3eHb MOKa3as, 1110
HaWONTHMANBHIIIMM  CHOCOOOM €  BUKOPUCTaHHS
(hrIekciTaHKiB, a/pKe 3a TXHBOIO JOMOMOIOI0 301IBIIYETHCS
BaHTAXHUH MpPOCTip, IO Ja€ 3MOTy 3HA4YHO OinbIe
MIEPEeBO3UTH BaHTaXy: YOTUPU KOHTEHHEpPH, HAIOBHEHI
XapuoBOIO OJII€I0, JOPIBHIOIOTH TPHOM KOHTEHHEpam

(riexciTaHKiB, HANOBHEHHMX XapyoOBOIO  OJI€l0, IO
3MEHIINTh BapTICTh INEPEBE3CHHS HAJIMBHUX BAaHTaXIB 1
TUM camMnuM npu3Bee JI0 ITiIBUILICHHS

KOHKYPEHTOCIIPOMOYKHOCTI ~ 3aJII3HWYHOTO  TPAHCIIOPTY.
Po3paxyHkn mokazand, 1m0 BHUKOPUCTAHHS 3aJIi3HUYHOTO
TPAHCIIOPTY MOPIBHSIHO 3 aBTOMOOUTEHUM, TSI TIOJOJIAHHS
YaCTWHH  MapImpyTy B  CHCTeMi  IHTEpPMOJAIbHUX
nepeBe3eHb CKOPOUYYE BapTiCTh JOCTABKH OB HiXK HA
50 %.
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Berestov I, Kolisnyk A., Pestremenko-Skrypka O.,
Bogachuk D.  Ustification of the feasibility of
transporting sunflower oil using flexitanks in the
intermodal transportation system.

Abstract. The work examines the technology of
transporting bulk cargoes in different ways by part of the
inbound transport. It was revealed that sunflower oil has
been exported in significant volumes to various countries
in recent years. The main buyers of Ukrainian oil crops
and oils in 2021, as in previous years, are Asian and
European countries. The leading position among importers
of Ukrainian crop oils will be maintained for the fourth
year in a row by Germany, which purchased almost a
fourth - 23.9 % - of Ukrainian exports of this type of
agricultural product. The economic expediency of using
flexitanks in comparison with newer methods of sunflower
oil transportation is substantiated.

After all, with the help of flexitanks, the cargo space
increases, which allows you to transport much more cargo:
four containers filled with edible oil are equal to three
containers of flexitanks filled with edible oil, which will
reduce the cost of transporting bulk cargo, thereby
increasing the competitiveness of railway transport. Ro-
calculations showed that the use of railway transport,
compared to road transport, to cover a part of the route in
the system of intermodal transportation, reduces the cost of
delivery by more than 50 %.

Keywords:  intermodal flexitanks,

containers, rail transport.
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