CEKIUA «ETEKTPUIHI I EXIEKTPOHHI AITAPATW»

YK 621.355.9
Petro Andrienko®
lvan Zhezhera®
! Doctor of Technical Science, professor NU «Zaporizh zhia polytechnic»
2 PhD student NU «Zaporizh zhia polytechnic»
GENERAL LI-IONBATTERY MODEL WITH OVERCHARGE
PROTECTION

Nowadays lithium-ion batteries are considered as the most advanced batteries
technology. These batteries can be designed for high energy or high power storage
system. However, it is impossible to manufacture identical battery cells due to
fabrication process. If not to take some preventive measures, it would cause a big
difference between cells, which in its turn, to less lifecycle of battery or completely
fail the battery. Without an appropriate battery management system, it is impossi-
ble to make a variation between cells as small as possible [1].

In the first step of battery management system (BMS) development the gen-
eral battery model is needed. Matlab subsystem Simulink provides us with the
general battery model [2]. This model represents general dynamic model of the
most popular battery types: Lead-acid, Ni-MH, Ni-Ca and Li-ion. It may be useful
for checking the general discharge characteristic and aging or / and temperature
depended discharge characteristics. To validate this model the real data of Li-ion
battery cell LiFePo,4 A123 System AMP20m1HD-A was insert [3]. As a result, we
received the discharge characteristics that are almost the same with real ones, de-
spite the fact that real one use temperature dependent model. (Fig. 2). The figures
shows us discharging characteristics at 2C, 5C, 10C discharge. According to them
AMP20m1HD-A battery has good performance, the power drops are at acceptable
level and the power will be almost constant until 90% discharge even at high cur-
rent.
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a — real discharge characteristics; b — simulated discharge characteristics
Figure 1— LiFePo4 discharge characteristics
But, how to check the charging characteristic? It is needed to implement
equivalent circuit model (figure 2). This circuit represents general battery model,
the ideal energy source for charging battery cell, wires resistance and overcharge
protection. The charging characteristics is shown of the figure 3.



Figure 2 — Equivalent circuit model for battery cell charging

Figure 3— Charging characteristics

The charging characteristics show us exponential voltage increase when a
battery is charging and if compare it with discharging characteristic — they are
reversal. Moreover, these characteristics shows us correct operation of overcharg-
ing protection. The charging process stopped at 100% state of charge. If it would
not stop, the battery cell voltage will grow to the power source level, but in real
life, it will damage the cell or cause overheating and self-firing.

The proposed equivalent circuit for battery cell charging with protection de-
vice may be used as a part of battery cell pack and battery managements system.
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OCBITA B HCT (OAE)

Bumi xonemki texnosorii (HCT) B OO'emnanunx Apabcepkux EmipaTtax
(UAE) npeacTaBJIsiio Th 00010 Pi3HOBH ] YHIBEPCHUTETIB, 1 HABYAIOTh CTY ACHTIB 3a
nporpamMamu OakayiaBpiB i MaricTpiB. [ToTpeOu kpaiHu B TeXHIYHHX CHeEIlialicTax
00YMOBJICHI, B TOMY YHCI, HEOOXITHICTIO €KCIJIyaTanii MiAnpHeEMCTB I00YBHOT
TPOMHUCJIIOBOCTI, CKJIaJHOKO iHPPACTPYKTYPOIO MICT i TPAHCTIOPTHUX CHCTEM. MeTa
po06OTH - MOIMpPEHHS NOCBiny opranizaii ocBity B HCT.

HCT 00'enHy10Th KiJIbka 4OJOBIUMX 1 )KIHOYMX KOJICDKIB PO3TAMIOBAHUX B
pBHHX MicTaX KpaiHu. Konemki MaloTh OKyMEHT BU3HAYa€ CTPATETIIO IX JifJIb-
HOCTI Ha KiJbKa pOKiB. 30KpeMa, akTyallbHUMH LUSIMU TPOTOJIONICHI HaIaHHSI
cryneaTaM 1 HCT - crinbHOTI IHTEITCHTHOTO HAaBYaHHSA i HU(PPOBUX CUCTEM MOXK-
TMBHUX «anytime / anywhere / on demand learning», mo mependadae odHe Ta Tib-
puaHe (4acTKOBO JMCTaHIIIHE) HABYAHHS .

CrieniambHOCTI KOJIeKIB cepTH(dikOBaHI MDKHAPOJHWUMH OpTaHi3allisIMHU.
HaBuaHHS 32 KOXXHOIO CIEIiajIbHICTIO BEICTHCS CHHXPOHHO MO Beill kpaini. Cty-
JNEHTH B IHIIUX MICTaX CJIyXaroTh 1 JUBIATHCS JICKI[IF0 B CIEIiajbHO 00JIaTHAHUX
VIS Bifeo KoH(epeHniH aymTopiax. IcHye okpeMa mpodecis «TOCTAHOBHHK Ky P-
cy». | ie He 000B'sI3KOBO JIEKTOp. Y Jab0paTOPisiX BUKOPHUCTOBYETHCS 00JIa THAHHS
BiJ cremiaslizoBaHUX BHPOOHUKIB. Ckimaa oOmajHaHHS y BCiX KOJIEDKaX, sKi Be-
JyTh HaBYAHHS 32 JAHOIO CIICIiaIbHIC TFO, OJHA KOBHH.

MixnaposaHa HaykoBo-TexHiuHa koH(pepenuis HCT Advances in Science &
Engineering Technology ASET 2020 Innovations in Engineering Education Inter-
national Conference April 09, 2020 B ymoBax nmanaemMii npoBOMIaCh B PEXKHUMI
Bifieo KOoH(epeHIii 3 BUKOPUCTAHHAM IporpamHOTO 3aco0y ZOOM. CrnimbHa mo-
nmoBime BuKIamadis HY «3amopiseka nomitexuika» tTa HCT Gyna nmpucssiueHa cra-
Hy, IEpCIEKTHB PO3BUTKY Ta 3aCTOCYBAaHHS BiIJajIeHHX JabopaTopiil B iHKeHep-
Hi ocBiTi. Takuit ¢opmaT koH(DepeH i, Ikui OyJI0 MOTOPKEHO 3 OpraHi3aIieio
IEEE i noka3aB cBOO €()eKTUBHICTb i KOPUCHICTb.
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APPLICATION OF PERIPHERAL DEVICES SIMULATORS

Laboratory courses for the study of microcontrollers (MK) until recently used
available simulators that display only the status of the resources (registers, me m-
ory) of the MK. This causes difficulties when debugging interaction programs with
the control object and the operator, which require simulation of electro mechanics



and indication devices. Objective - to describe the experience of studying MK
using integrated simulators of MK and peripheral devices.

In 2020, in the training laboratory courses on the use of microcontrollers in
the departments of electrical and electronic devices and radio engineering and
telecommunications, freely distributed simulators UnoArduSim and EdSim51DI
were used. The screens of these simulators contain configuration elements of pe-
ripheral devices and dynamic circuits for their connection to the microcontroller.
The Peripherals for EdSim51DI are ADC, Comparator, Four 7-segment LED Dis-
plays, LCD Module, UART, Keypad, LED Bank, Bi-directional Motor, Switch
Bank, DAC (output displayed on oscilloscope). UnoArduSim I/O Devices are
Serial Monitor, Software Serial, SD Disk Drive, Shift Register Slave, Configurable
SPI Slave, Two-Wire 12C Slave, '1-Wire' Slave, One-Shot, Programmable 'l/O'
Device, TFT Display, Digital Pulser, Analog Function Generator, Stepper Motor,
DC Motor, Servo Motor, Piezo Speaker, Slide Resistor, Push Button, Coloured
LED, 4-LED Row, 7-Segment LED Digit, Analog Slider, Pin Jumper.

The topics of the laboratory work were the study of the simulator interface,
program structure, commands, procedures and functions of the programming lan-
guage, the simplest techniques for configuring and controlling sensors, actuators,
and indicating devices. The display of programming results in animation by the
actuator on the simulator screens increases students' interest in the topic under
study and stimulates independent experiments on programming microcontroller
systems.

YK 67.03
BacuneBcrku it B.B.l, IIuno C.I.2, Kamienko 0.0.2
! kann. Texn. HaykK, ctapui. Buki. HY "3anopizpka nomitexuika"
2 ctapir Buki. HY "3amopi3bka mojite xHika"
3ACTOCYBAHHS 3D APYKY JJIA IIPOTOTUITYBAHHSA TA
BUPOBHUIITBA JETAJENA EJEKTPOTEXHIYHUX IIPUCTPOIB

OnHi€ero 3 HalO UTbIT PO3MOBCIOPKEHNX TeXHOJIOTIH 3D NpyKy € TeXHOJIOoTisA
MOIIAPOBOTO HaKIajaHHs posmiaBieHoro miactuky (FDM, Fused Deposition
Modeling). o nmepesar BukopuctanHsi FDM MoxHa BiTHECTH BiIHOCHY JAOCTY Il-
HicTs 3D mpuHTEpIB, O MPALIOIOTH 33 LI€I0 TEXHOJIOTIEI0, a TAKOX PI3HOMAaHIT-
HICTh MaTepiafiB A ApYKy. 3 TOUKH 30py BHpIIICHHS 3aJadi NPOTOTUIyBaHHS Ta
BUPOOHHMIITBA JeTaleil eNeKTPOTeXHIYHUX MPHUCTPOIB BUMOTU 0 IUX MaTepialiB
AHAJOTIYH1 BUMOTaM JI0 €JeKTPOTe XHIYHU X TNIacT™Mac. HeoO XiaHumu €:

— 3a0e3nevYeHHs BUCOKUX €JIE KTPO130JII IfHM X BIIAC THBOCTEHH;

— JIOCTATHHO BHCOKI M€ XaHI4HI BIACTHBOCTI;

— BUCOKa CTIMKICTh 0 KOPO3ii Ta BHCOKa XiM i4Ha CTIHKIiCTh;

— HU3bKA TIrPOCKOT IYHIC Th.



HIupoxo BukopuctoBytoThCs At FDM npyky ABS mmacTuku Ta KOMIO3H-
wiliHi mosiMepHi Matepiamm Ha ix ocuoBi (ABS+, ABS Flex, ABS PRO Ta inmr.).
Enextpruna minuicte ABS nmactuky ckmagae 12 — 15 MB/M, nienekTpudaHa Ipo-
aukaicts € npu 10° T gopisrioe 2,4 — 2,5, snauenns tg8 = 0,008 — 0,02 (B mopis-
HSIHHI, eNeKTpUYHA MIHICTh nonicTupony I[1C 20 — 23 MB/m, € =24 — 2,8, tgd =
0,0002 — 0,0009), temnepatypa posm'skimernas 90 - 105°C. Boponormmuanus 1%
3a 24 romuuu npu 23°C [1]. Jouineaum € 3acTocyBants ABS mmactukiB mis Bu-
TOTOBJICHHSI KOHCTPYKIIHHUX Je TaJIeH eNe KTPOTe XHITHUX ITPp HCTPOTB.

PLA (moximaxTun) iHIIMH MOMYJHIPHAHN MaTepial I pYKY, Ma€ HU3BKY Te-
Mrepatypy posm'skmeHHs 50°C, BosoronorinHaHHA cTaHOBUTH 0,7% 3a 24 romi-
Hu mipu 23°C [2]. lle B KyIli 3 HU3BKOK MEXaHIYHOIO MilHICTIO poouts PLA He-
MPUJATHIM U IPYKY €JIeKTPOTeXHIYHMX BHPOOIB, ane He oOMexye Horo 3acTo-
CYBaHHS /Ul BUPIMIEHHS 33724 IIBUAKOTO NPOTOTHUITYBAHHS OKPEMHX AeTajlel Ta
BY3IB.

ABS T1a PLA BigHOCATBCS 10 TaK 3BaHWX CTAHJAP THUX (IIPOCTUX) ITACTHKIB.
Kpim HEX BiT4M3HAHI Ta 3apyOiKHI BUPOOHUKH NPOTOHYIOTh IHXKEHEPHI IJIAC TUKH,
AKi Bifip 13HAFO ThCS MMOKPANICHUMH €KCIIITyaTa ifHUMH BJIACTH BOCTAMH.

Tax IET (momieTnneHTepedTamaT) NIACTHKA MAIOTh EIEKTPHIHY MIITHICTH
140 — 180 M B/m, Temnepatypy po3m'skmieHHs: 245 — 248°C Ta BOJONOTIIMHAHHSA
0,3%. Bucoki MexaHIUHI BJACTHBOCTI JOCSTAIOTHCS HUIAXOM KpHCTali3allii BHp O-
6iB 3 TIET micms apyxy. Kpim Toro, mpyk i3 3actocyBanHsM IIET mepenbauae
JOCTATHRO BHUCOKY TeMIiepatypy ekctpynepa 3D mpuHTepa B nmiama3oHi 260 —
270°C.

MoniedipedipxeTon adbo PEEK mmactuk xapakTepu3yeTbcsi BHCOKHMH €JeK-
TPOTEXHIYHUMH, (Pi3UKO-MEXaHIYHUMU Ta TeINIO(I3MIHAMH BIACTUBOCTIMH. TeM-
nepartypa aepopmarii PEEK ckmamae 150°C a Temneparypa ekcmnyatanii BUpo6iB
— 250°C. Enextpruna minHicTs 20 kB/MM. 3actocyBanns PEEK mmactnkiB o6M e-
KY€ETBCS iX BICOKOIO BapTICTIO Ta HEOOXiHICTIO 3a0e3MedeHHs] BUCOKOT TemMIep a-
TypH ekcTpyaepa 3D npunTepa (6:m3pk0 400°C).

Mo>xHa 3pOOHTH HAC TyITHI BUCHOBKH.

1. IMupokuit Bubip MatepianiB Ja€ MOXIMBICTE BHKOPHCTOBYBATH TEXHOJIO-
rito FDM 3D npyky mst apibHOCEpiifHOTO BHpOOHHITBA KOHCTPYKUIMHUX, a Ta-
KO MPOTOTUIYBAaHHS EJEKTPOBOJSIMIMHUX AeTaleld i By3IiB €IeKTPOTeXHIYHUX
NIPUACTPOIB.

2. ®i3uKo-MexaHiuHi, TemIo(i3ndHi Ta eIeKTPUYIHI BIACTUBOCTI MIACTHKIB
st 3D ApyKy MOKYTh 3HAYHO Bap iFOBATUCS B 3aJIEXKHOCTI Big BUPOOHHKA Ta M O-
mdikanii KOHKpE THOTO MaTep iay.

CIIUCOK BUKOPUCTAHOI JIITEPATYPH



1. Hatypanbubiit ABC nmactuk ans 3D mpuntepa FDM [DnektponHbIil pe-

cypc]. — Pexum gmoctymy: https://monofilament.com.ua/products/standartnye-
materialy/abs/abs-plastic.
2. PLA yepubii [DOnektponusiii pecypc]. — Pexum moctymy:

https://monofilament.com.ua/products/standartnye-materialy/pla/pla-chernyj.
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AHAJIIB ICHYIOUUX CUCTEM KOMITPUMYBAHHSA

PoGota mnpucBsueHa aHamizy rasomnepekauyrouunx arperatiB (['TIA) sk
00’€KTIB TCXHOJIOTIH Ta30TPaHCIIOPTHOT CUCTEMH YKpaiHW Ui BHABICHHS CTPY K-
TYpH KJIacy 1 BiIHOIIEHb MK Horo eneMeHTaMu. Ha ocHOBI mporo Oyna moOymo-
BaHa 00 ’€KTHA MOJICTIb.

IMpoBeneHo moriMOIeHUI aHami3 3 MOOYNOBOIO BiAMOBITHHX CHCTEM KOM IT-
pumyBanHa. Hadmommpenimum tunom I'TIA semmotscs I'TIA 3 razoTypOiHHEM
JIBUTYHOM Ta BiIEHTPOBHM HarHiTaueM, aje aBTOpaMHU PO3TILIAETHCS BiJUECH T-
POBUIf HaTHITAY 3 eJCKTPUIHAM ITIPUBO JOM, IO BianoBimHO o6iiiMae Bchoro 20 %
CHCTEM KOMITPHM YBaHHS.

Po3rstHyTO cHCTeMy aHTHITOMMIA)KHOTO PETYJIFOBAHHS SIK OHY 3 KIFOUYOBUX
CHCTeM 3aXICTy HarHiTada i 3a0e3neueHHs Oe3aBapiiiHoTo QyHKIioHYBaHHS [ TIA.
Bka3aHi OCHOBHI IpUHIUITN NOOYAOBY TAKHX CHCTEM 3 IX MepeBaraMi i HeJIoJliKa-
MH. Ha 0CHOBI IOTO 3aIIpOTIOHOBaHA METOJMKA OIIHKH MOYKIIMBAOCTI BHKOHAHHS
I'TIA 3 anTunmoMnaxkaum 3axuctom (AII3).

Cepen icHyrounX METOJMK BH3HAUCHHS MOMEHTY HACTaHHS MOMIIaXy Haii-
OiMbII XapaKTepHUMHU € CTATUIHHHA 1 TUHAMIYHUI MeTom. B po6oTi OinbIe nerta-
JBHO PO3MISHYTO JWHAMIYHHM METOJ, IO JO03BOJIIE€ BPaXOBYBaTH MHUTTEBI Hif0odi
3HAYEHHS BUTPAT Yepe3 KOMIIPECOP Ta TUCKY B CUCTEMI.

Crarnuanii Meton 0a3yeTbcs HAa CTATHYHOMY TOJIOXKEHHI JiHIi KOHTpPOIIO
IoMIMaXka, SIka BH3HAYA€ThCA 3 MEBHOIO MEpioUYHICTIO, i BU3HAYAE ITOJIOKCHHS
po00UOi TOUKM HaTHITa4a B KOOPJWHATAX CTyHiHb CTHCHEHHS - BUTpaTa (HamipHa
XapaKTepUCTHKA), a00 MOTYKHICTs - BUTpaTa. TOMy CHCTEMH, 3aCHOBaHI Ha CTATH-
YHOMY METO/i pery IIOBaHHS, MPEICTABISIIOTh COOOI0 He IO iHIIE, SIK peTy I TOPH
MPOTyKTUBHOCTI (BHTpATH) HATHITA4a, IO iICTOTHO 3BYXKYIOTh Jiama3oH poOOTH
HarHitTaua B CTifKiif 30H1 1 MPUBO I Th A0 MIEPEBUTPATH EHEPTOPECYPCIB.

JvHaMi4HUH MeTOJ BU3HAUYEHHS MOMEHTIB HACTAHHS MOMMAXHHUX SBHIL 3a-
CHOBAHMI Ha aHaJi3i 3MiH B MOTOIi ra3y yepe3 HarHiTad. [lommax — KoJIMBaJIbHUIMA
nporec, sKuii 00yMOBIEHHI 3pUBOM IMOTOKY ra3y Ha JOTaTkax poOo4yoro kojeca
HarHiTaua. 1k Oy Ab-AKuil KOJMBaJbHUH MpOIieC BiH Ma€ CBO1 mapamMeTpu i Kputep ii
omiHku. {7 1X aHaNi3y BHKOPUCTOBYIOTHCS YaCTOTHHM, CHEKTpaNbHUI 1 IHIII
Metou. KomBasbHi mpoLecu B MOTOL ra3y HeCyTh B co0i iHpopMaIlito mpo cTiii-



KICTh IMOTOKY 1 Horo TypOyieHTHICTh. [Ipn HOpMaNbHUX YMOBaX poOOTH HarHiTada
PO3MOIiN MapaMeTpiB razy OJM3bKO JI0O HOpMabHOMY 3akoHy ("Oumit mrym"). [Ipu
3apOJUKCHI 3PHWBHHUX SBHII Ha JIOMATKAX, TypOYJCHTHICT IOTOKY Ta3zy 3pOCTAE.
Tak sik ra3 € cepeloBHIIEM, 1[0 CTUCKAEThCS, TO PO3MOBCIOPKEHHS 3pHBHUX SIBUILL
00OMEXYETHCS MaJMM 00'eMOM (MDKJIOITAaCHAM). Y Mipy pO3HNOBCIO/DKCHHS 3pUBHUX
SIBUII KOJIMBaHHS (TypOyJIEHTHICTH) O XOILIIOI0Th 00'€M MiX JIOTIATKAMH, JOCTATH il
IS IX BHSABICHHS 1 jocAraloTh KoH(y3opa HarHiTawa. J{ng aHamisy 3MiH cTaHy
CHCTEMH JIOCTATHBO MapaMeTpa Mepernany TUCKY a3y Ha pOTOpHiil KOMIIPECOpHii
MaIuHi.

B 3arajeHOMYy po00Ta TpencTaBise co0OI0 CHCTEMAaTH30BAaHMN aHAJI3 BCiX
ICHYIOUM X CUCTEM KOMIIPUMYBAaHHS, 3 y3araJlbHCHUMH JaHHUMH NPO CHCTEMH aHa-
mi3y Ta kepyBaHHs [ TIA.

o
' B — — — — —

o6eprac

Pucynok 1 — C1pykryHa cxema icHyrounx ['TIA
Jlo Bullle MpuBeACHUX HEJOTIKIiB MOXKHA J0 JATH T II0 HE BPaXOBYETHCS Te-
IJIOMPOBIIHICTh CHUCTEM CTUCHEHHS Ta XIMI4HI BJIACTUBOCTI CTUCHEHOTO Tasy,
ajpKe Bif IOTO 3aJIeXHUTh BUOIpP CHCTEM KOMIIPUMYBAHHS, MOXKEXHA Oe3neka Bij-
nosigaoro I'TIA.
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JOCHII)KEHHSA EHEPTETUYHUX MNPOLECIB B CUCTEMI
ACHHXPOHHOTO EJTEKTPOIIPUBOAY B YMOBAX TPUBAJIOI'O
PEXHUMY POBOTU MEXAHI3MY

Po3BUTOK OE3KOHTAKTHUX CHUCTEM pEryJIOBAaHHS AaCHHXPOHHHMX JBUTYHIB
MIPHUBEJIO 10 3HIKCHHS KalliTaJbHUX BUTPAT HA MPOJIYKIIIO 1 MiBUIIECHHS CHEPTO-
e(eKTUBHOCTI BUPOOHIYNX MEXaH3M iB. 3aCTOCYBaHHS ICHYIOUHX CHCTEM PETyJIIo-
BaHHS JIO3BOJIIE JOCSATTH IJIABHOCTI PETYJFOBaHHS NMPHUBOJHUX IBUTYHIB, ITiJITP U-
MYBaTH IIOCTIHHMH MOMEHT B IiJICHHXDOHHOMY Jialla30HI 9acTOTH OOEpTaHHI
poTopa, 30epiraloun Ha BHCOKOMY piBHI KOE(QIi€eHT KOpUCHOI Aii 1 kKoedimieHT
MOTYKHOCTI eJlekTponpuBoay. OmHAK, Ui TaKMX CHCTEM EJIEKTPOIPHBOIY HE
JOCJII/DKEHO NMUTAHHA PO BH3HAYEHHS ONTUMAIBHOTO 3HAUYEHHS YacTOTH KOMYTa-
i CHJIOBUX KJIIOYiB TIepe TBOPIOBaya, Mo 3a0e3mneuye MiHIMaIbHAN PiBeHb BTPAT B
CHCTEMI IBUTYH-TIEpE TROPIOBaY.

B pesympTaTi IpoBeACHOTO MOCHTIPKEHHS PO3pOOJICHO MiACHCTEMH Mojelei
ACHHXPOHHOTO JIBUTYHA, MEPETBOPIOBAYA Ta CHCTEMH KEPYBaHHSA Ta PO3PAaXyHKOBY
MOJeJb BTpAT B €JEMEHTaxX nepeTtBopioBada. CTBOPEHO IMITalliifHy MOJENb aCHHX-
POHHOTO HPHBOAY U1 KOMIUIEKCHOTO JIOCIIDKCHHS €JICKTPOMArHITHUX Ta €Hepre-
THYHHX MTPOLECIB " MBUTYH-TIEpETBOPIOBaY", sIKa JIO3BOJIIE BPaXOBYBATH ITOCTIHHI Ta
3MiHHI BTpaTH B aCHHXPOHHOMY ABHTYHi, BTpaTH B HAIIBIIPOBIMHUKOBUX €IEMEHTaX
MepeTBOPIOBaYa Ta €HEPTil KOB3aHHSA POTOPA, IO IHBEPTYETHCSA y MEPEXKY, B 3aJe K-
HOCTI Bif YaCTOTH KOMYTaIlii HaIliBIIPOBITHN KOBHUX €JIEM €HTIB IIepETBOPIOBAYA.

IIpoBeneHO MOCTIMXEHHS Ta 3aMpONOHOBAHO MiAXiJ IIOJO BH3HAYEHHS OII-
THMaJbHOT 9acTOTH KOMYTalii CHJIOBHX KIIIOYIB MEpeTBOPIOBAUA, SIKUH IOJITaE B
(opmyBaHHA HiMbOBOT PYHKI[IT 3aJIEKHOCTI CyMapHHUX BTpaT B € IGKTPONIPUBOIIL BiJ

YacTOTH KOMYTAIlil CHJIIOBHX KJIFOUIB HepeTBoproBaya. /g AJ] moTyxkHic Tro PH =

480 kBT onTiManbHa 4acToTa KOMYTAaIlii pO3paxoBaHa 3a JOTIOMOTOI0 aHAJITHIHO-

f onm .. e
ro BUPa3y CTAHOBHTh I = (0,626 xI'11, 32 JOMOMOTOIO IMITAIIHHOTO MOJEIIOBaH-

HSA — fk0"m= 0,621 k['u. Taxum 4MHOM NMOXMOKA PO3paxyHKy He nepesunrye 3,5%.

3anponoHOBaHHUN MiAXiJ BU3HAYECHHS ONTHMAIBHOT YACTOTH KOMYTAIli CH-
JIOBOTO KIFOYa MO3Ke OyTH 3aCTOCOBAHO MPH IH)XEHEPHOMY MPOEKTYBaHHI, a TAKOXK
MPHU HAJIAro JHKyBaJLHUX poOOTaX MEPETBOPIOBAYIB B 3AJIC)KHOCTI BiJ KJIacy i Crmo-
co0y pobOTH €K TPOTIPHUBOIY .
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JOCJIIIPKEHHS TEINIOBOTO HABAHTAKEHHSI ACUHXPOHHOI'O
JIBUT'Y HA B Y MOBAX 3MIHHOI TPUB AJIOCTI IIUKJTY MEXAHI3MY

PeanbHuii excrilyaTanifHu it pe’knM aCHHXPOHHOTO €JIEKTPOTIPHBOJY iCTOTHO
BIAPIBHAETbCS BiJl YMOBHHX CTaHAAp TH30BAaHMX MOBTOPHO — KOPOTKOYACHHX pe-
JKUMIB 3 TpuBajicTiO mukiay 10 xB. (6 BKJIOYEHb B TOJWHY). BHcoka dactota
BKJIFOYCHb YWMHHUTH ICTOTHHH BIJIMB Ha TEMJIOBHHA CTaH i CKCIUTyaTalliiHy Hamii-
Hicte AJl. IIpu 1iboMy, MpHU 3aJaHii AiarpaMi HaABaHTAXKCHb HAWOIMBIIHIA BIJIMB HA
TeTJIOBUH CTaH HAmaloTh TpHBaNicTh BKmodeHHs ([1B) i TpmBamicts mukmy (t,).
Kpim Toro, 3 otHOTO 60Ky, HEOOXiTHO 3a0e3MeYNTH TOBHE BUKOPHUCTAHHS JBUTYHA
IO TeTJIOBUM pPEKUMaM, a 3 iHIIOTO 3aXUCTHTH JBHTYH Bil NEpeBaHTaXCHHA. Y
3B'I3Ky 3 IIMM, HE JOCJI/PKCHO MHUTAHHS IO 10 BIIJIMBY TPHUBAIOCTI MUKy 1 TpUBa-
JIOCT1 BKIIIOYEHHS Ha TeNJIOBUH cTaH A/l mpu poOoTi Horo Ha iCTO THil Ta MITy9Hii
XapaKTepUC TUIL1, [0 ICTOTHO BIJIMBAE Ha CKCIIyaTaIliifHy HaIIHHICTh KEPOBAHOTO
ALl

B pe3ynbTaTi MpoBEIeHOTO NOCIIMKEHHI YIOCKOHAICHO IMHAMIYHY TEIUIOBY
MOJeNb, ¥ BUTJLIAI CHCTEMH IM(EpeHIlialbHUX PIBHAHB MEPIIOTO MOPSIKY, SKa
OTIHCY€ TEIUIOBY CXeMY 3aMIlIeHHSA 3 MHOTOKOMIIOHEHTHHMH €JIeMEHTaMHU KOH C-
TPYKIIii aCHHXPOHHOTO JIBUTYHA 3 a3HUM POTOPOM, IO BPaxXoBY€E CKIAJHY KOH( i-
Typamilo MOBEPXHi OXOJIO/DKeHHS I 3MiHHI KoedillieHTH TeryioBingavi, pi3HOM a-
HITTI NUTOMHX TEIUIOBHX XapaKTCPUCTUK 130JMIIHHMX W aKTHBHUX Marepiais.
BuxoHaHa OIliHKa TETJIOBOTO CTaHY IPH TPUBAJIOCTI KTy POOOTH aCHHXPOHHOTO
JBUTYHA 3 (pa3HUM poTopoM. /loBeneHO, Mo 30UIb MIeHHS TPUBAIOCTI IUKIIY 1 KO B-
3aHHS 1pH poOoTi AJl Ha ICTOTHIH Ta IITYYHIH XapakTEPHCTUIl B MOBTOPHO -
KOPOTKOYACHOMY PeXHUMi po00oTH S3 MPU3BOAUTE IO CYTTEBOTO 3POCTAHHS TEMII e-
patypu AJl. OTpuMaHi 3aneXKHOCTI MakCUMalbHOI Temmneparypu y AJl Bix TpuBa-
JOoCTi MUKy 1 kKoB3aHHs A/Jl.

3 MeTol0 MiIBUINEHHS eKCIIyaTalliifHOI HaAiffHOCTI 1 MiATPUMKH HOMIHAJb-
HOT Temmnepatypu AJl Bu3HaueHi Koe(iMieHTH KOPEeKIii CTpyMOBOTO HaBaHTAaXe H-
Hi1 A/l MTH — 411 — 6, mo mpamtoe B HIOBTOPHO-KOPOTKOYACHOMY pexuMi S3 ais
ctangapTHUX [1B B mmpokoMy Aiama3oHi 3MiHM TPHUBANOCTI MUKy MEXaH3MY.

VK 621.316.71

Cinko O.B. l, Kouyp M..I. 2

L eryn rp. E-419m HY "3anopisbka mosite xuika"
KaHJ. TeXH. HayK, goll. HY "3anopizpka momitexHika"



JOCIIIKEHHS EJIEKTPOMAT'HITHUX ITPOLECIB
ACHHXPOHHOI'O ABUI'Y HA HA ETAIII IPOEKTYB AHHS

Ha ocHOBIi e1eKTpOMAarHiTHOro PO3paxyHKy MOe OYTH BH3HAYCHHH ITiJTHHA
psI eJCKTPOMArHITHUX 1 CHJIOBUX MapaMeTpiB 1 MPOLECIB SNCKTPUYHUX MAIIHH.
JIs MigBHUINEHHS TOYHOCTI aHAJTITHYHUX PO3PAXYHKIB €ICKTPOMEXAHIYHUX ITIPH-
CTpOiB MOIPHO IOTOBHIOBATH pPE3yJbTaTaMU MOJCIIOBAaHHS €JCKIPOMArHITHUX
TIOJTIB JIJISI €JIEMEHTIB MOJIENeH, 0 JACTh 3MOTY BPaXOBYBAaTH Pi3HOMAHITTI e(e K-
TiB 1 ABUII. 3aCTOCYBaHHs TAKOTO IiJX0Mdy, IO3BOJUTH IOEIHATH MIEPEBAard Cydac-
HUX METO TIB pO3PaXyHKY, IPOCTOTY 1 IIBH IKOIIIO METO Iy, Ta BUCOKY iX TOUHICTH.

B pe3ynbTaTi mpoBeAeHOTO JOCIIDKEHHS PO3pOO0JICHO MIACHCTEMH MOJACIeH
ACHHXPOHHOTO JIBUTYHA, IEPETBOPIOBAaYa Ta CHCTCMH KEPYBaHHS Ta PO3PaxyHKOBY
MOJIeNIb BTpAT B €JieMEHTaX IepeTBoproBavya. CTBOPEHO iMITAI[IHHY MOJICNh ACHH X-
POHHOTO MPHUBOJAY Ul KOMIUIEKCHOTO JOCIIi/DKCHHSI elIe KTPOMAarHiTHUX Ta eHepre-
THYHUX TpOIeciB "IBUTYH-TIepeTBOPpIOBaY", sIKa I03BOJSIE BPAaXOBYBATH HOCTIHHI
Ta 3MIHHI BTpaTH B aCHHXPOHHOMY JIBUTYHi, BTpAaTH B HaIliBIPOBIMHHKOBHX €JIe-
MEHTaX EPEeTBOPIOBAaYa Ta EHEeprii KOB3aHHS pPOTOpa, IO IHBEPTYETHCS Y MEPEXKY,
B 3aJIGXKHOCTI BiJl YaCTOTH KOMYTAIlii HaIliBITPOBITHUKOBU X €JICMEHTIB TIEPETBOP FO-
Baya.

IIpoBeneHo NOCTiKEHHS €JIeKTpOMarniTHoro mpoiecy B AJl. 3aBasku 4u-
CeNBHIN peanizalii po3nojaily eIeKTPOMAarHiTHOTO IO Y IOCKOHAJICHO ITiJIXiJl
LI0/I0 BU3HAYEHHS JI0 JATKOBHX Ta IOBEPXHEBHX BIPAT B €EMEHTAX PO3paXyHKO-
Boi ob6macti AJl, mo 103BOJsE OUIBII TOYHO BHU3HAYUTH MEXaHIYHY IMOTYXKHICTH
AJI sIK 15 CTAIlIOHAPHOTO Ta 1 BiJl 4aC03aJIe)KHOTO PO3PaXyHKY.

VK 621.316.71
Xowmenko JI.B.1, Komyp M.12
! ctyn tp. E-419m HY "3anopizpka mosritexHika"
KaHJ. TeXH. Hayk, fon. HY "3amopi3pka monitexHika"
JOCHIIXKEHHS TEIIJIOBOT'O HABAHTAXKEHHSA ACUHXPOHHOI'O
EJEKTPOIIPUBOAY B YMOBAX YACTHUX ITIY CKIB

ITix gac excryaTalii KpaHOBHX aCHHXPOHHUX NBUTYHIB (A/J]) 3 ¢a3HuM po-
TOPOM 31 3HAYHUMH IEPIOAMYHIMH KOPOTKOYACHIMH HaBaHTAXXECHHAMH MaroTh
MiCIIe KM TeMIIepaTypH, AKi € HeOe3NeUYHNMH JUI 130JIAIi1 0OMOTOK HE KepoBa-
HOTO A/l 1 MOXYTbh MpUBECTH A0 i1 pyitHyBaHHA. Yepe3 BeJMKy iHepUIiHHICTE CHC-
TeMH NPUBOMIB BaKKHX IIBHAKOXITHAX MOCTIB, TITUIOBHH pexuM A/l mpoTsrom
JEKUTPKOX MyCKIB MOJKE BHSBUTHCS BHIIE TOIYCTUMOTO, HaBiTh, SKIIO B CEpe JI-
HBOMY 3a TPHBAJMIl Iepiof, 9aCcTOTa MyCKiB HE MEPEBUIY€E IOy CTHMOTO 3HAYE H-
Hi. B manuii gac 3acTocOByeThCS psiA CydacHHX cucTeM perymoBaHHS AJl, mo
3a0e3neuyIoTh He TiJbKU ITiABHIICHHS €HEPTe THYHMX ITOKAa3HHKIB, aJie 1 IUIABHICTH
MEPExXiHNX TPOIECiB, 32 PAXYHOK SKUX JIOCATAEThCS 3HIDKCHHS IMIKOBOTO (yaap-



HOTO) TEIUIOBOTO BIUIMBY Ha aKTHBHI €JIEeMEHTH KOHCTPYKIii AJ] mig gac Horo
nycky. Ha nanuii vac He JoCTaTHRO BUBYEHE MU TAHHS 1I0JI0 BU3HAYEHHS ONTUMa-
JHHOT WIBMJIKOCTI 3MIHH ¥ B NPOIECi po3roHy A/l 3 KJIACHYHOIO CHCTEMOIO iMITy-

JBCHOTO PETyJIOBAaHHS, NMPHU SKi BeJIMYMHA yAApHOI CKJIAJO0BOi IHTEHCHBHOCTI
TEIJIOBUIIICHHS Ma€ HaliMCHIIIE 3HAYCHHSI.

B pesynbTaTi gochipKeHHS OyJO0 PO3IIIHYTO Ta CTBOPEHO IMITAI[IHHY MO-
JIeJTb ACHHXPOHHOTO MPHUBOY T KOMIUICKCHOTO JOCII/DKEHHS eJIe KTpPOMa THITHUX
i TemoBUX mporeciB B AJl, sika M03BOJIIE B 3aJI€XKHOCTI BiJ INBUAKOCTI 3MiHH
MIIJIBHOCTI KePYIOYOro CUTHANY Ha CHJIOBHMH KJIFOY BH3HAYMTH IOXiTHI MaKCHM a-
JEHU X 3HaYCHb TeMIEpaTyp B MPOIECi MyCKy Ta pO3rOHY ACHHXPOHHOTO JBUTYHA.

JocyipkeHHsT oKas3ao, M0 3aCTOCYBaHHs IMITYJBCHOTO peryyroBaHHS AJ]
IPH IMITyJIbCHOMY PETYJIFOBaHHI JO3BOJMTH 3HH3UTH IIBHIKICTE HAPOCTAHHI TeM-
nepatypu oOMOTKH cTaTopa 10 12 pasiB y MOPiBHAHHI 31 MIBUIKICTIO HAPOCTAHHS
TeMIIepaTypH MPH HOTo MPsIMOMY ITYCKY .

OnTuMansHAN TeIIOBHU pexuM misi AJl mpu IMITyJIbCHOMY PEryJlOBaHHI B
peXuMi IycKy 3a0e3nedyeThCs TP MIBU IKOCTI 3MIHH LiJBHOCTI IMITyJIBCY, P iBHO-
ro 0,16 o.e /cek. Ilpu npomMy TpuBaicTh po3rony AJl B 6 pa3iB MOBHHHA NIEPEBH-
LIyBaTH TPUBAJICTH HOTO PO3rOHY IPHU OPSIMOMY ITyCKY.

OtpuMaHi pe3yiIbTaTH TOCHIDKEHHS MOXYTh Oy TH BHKOPHCTAaHI I ONTH-
MaJIbHOTO MPOEKTYBAHHS CHUCTEM PEryJlioBaHHS, TeIJOBOTo 3axucty AJl mpu iM-
ITyJIbCHOMY PETYJIIOBaHHI, MPU3HAYEHOTO JJIT BAKKOTO PEXXUMY POOOTH, JIe 4acTo-
Ta myckiB fnocsirae 3000 BKJIIFOUEHB B IO MHY .

YK 621.3.048.1

AHIIpUEHKO It Cxkpynckas JI.C.%, Cannnkos M.P 3

! I-p TeXH. HayK, mpodeccop HY "3anopoxckas moymre Xauka"

2er. npen. HY "3anopoxckas nosmre xauka"

3 cTy L. rp. 33-419m HVY "3anopoxckas nosmrexunka"

MOAEJITHUPOBAHUE U HCCJIEJOBAHUE YACTUYHBIX PA3PSIIOB B
mOoJgAIUA Y HTUPYIOET'O PEAKTOPA

J'[orcanmaunﬂ YaCTUYHBIX paspsa0B B BbICOKOBOJIbTHBIX MIIYHTHPYIOIIUX
peaxTopax MoTpedisie T MHOTO PECYpPCOB M €e TOUHOCTh HeBennka. B paGorte Oblna
Hpe/WIoKEHa HOBasi TCXHOJOTHS JIOKaJIW3alUM YaCTHYHBIX Pa3psoB Ha OCHOBE
KOMIIBIOTEPHOTO MO/JICIMPOBAHMS AJI Y JIyYIICHUS JIOKAJIM3aluH e eKTOB.

AKTyaJTI)HOCTB HaCTOﬂHICﬁ pa6OTBI COCTOUT B IIOBBINICHHWKW TOYHOCTH H3M €-
PCHHUA YaCTUYHOIO pa3psdaaa Iy TCM yUe€Ta €ro 3aTy XaHHUs IPHU PO XOKACHU U 4€PE3
ycTpoiictBo HamoTKu. [locieHee peaimsyeTcs Iy TeM MOJEIMPOBAHUS peakTopa
OOMOTKHM M YaCTUYHOTO paspsijfia 10 MHOTOYJIEMEHTHOH cxeme. V3-3a Gombmoro
KOJIMYECTBA CTOXaCTHICCKHUX 3P (HEKTOB, BIMAIONMINX Ha (OpMHpOBaHHE ()SCHOMEHA
paspsaa, HEBO3MOXKHO CO3[aTh YUCTO ACTEPMHUHHUPOBAHHYIO MOJENs (OPMUPOBa-



HUS paspsima B m3osinnu. TeM He MeHee, B JaHHOW paboTe ObUIa paccMOTpeHa
MoJeib e ekToB. Mosie b ITyHTHPYIOIIET0 peakTopa CBA3aHa C MOJEIBI0 ede K-
TOB U U3YyYEH NEPEeXOAHBIA IPOLECC Pa3psAHONO0 MMIyJbca. JTO JA€T BO3MO XK-
HOCTh TIOHUMAaHHS TOYHOTO MECTOTOJIOKEHHS pa3psiia B M30JSIUU BBICOKO BOJIbT-
HOTO 000PYIOBaHMS HA OCHOBE H3MEPEHHOTO CHTHAJIA.

YacTaHBIE pa3pspl ABISIOTCS OAHUMH U3 BEAYIIMX METOIOB JHATHOCTHKH
1 IEHHBIMH WHCTPYMEHTAMH BBIIBIICHHUS CKPBITHIX JS(PEKTOB B W30 JMALNM TPaHC-
(hopMaTopHOTO 00OpPYIOBAaHMS BBICOKOTO HANpsDKEHHA. V3-3a BIMSHHS BBICOKO-
JaCTOTHBIX TIOMEX Ha MECTe U JaXke NMPH JJa00paTOPHBIX HAOIIO ICHUAX U H3MeEp e-
HUE YaCTUYHBIX Pa3ps0B SBILIETCS TPYIHON U PECYpCOEMKOM 3amauei, KoTopas
TpedyeT noporocTosinee 000pyIOBaHUE U DKCIIEPTHBIC 3HAH M. [ I O Ipee ieHus
TEKyIIEeTO COCTOSHUS H30JAIUU TpeOyeTcss BBIMOJHATH CIOXKHBIE 3aJaud, IS
KOTOpPO¥ HEOOX0MMO CIeNaTh 3aMepbl aKTHBHOHW dacTd. YTOOBI yMEHBIINTH JKC-
IUTyaTalMI0 U MHPOU3BOJCTBEHHBIE 3aTPAaThl BBICOKOBOJBTHBIX MNIYHTHPYIOIIUX
peakTopoB OBUI MPEJIOKEH HOBBII METOJ JOKAIM3alUK Ae(PEeKTOB, KOTOPHIH O c-
HOBAaH Ha MOJECIMPOBAHUH PEAKTOPa 0OMOTKH, H30JIIMU CHCTEMBI, CXeMbI H3Me-
PEHHUSI 9aCTHYHOTO pa3psja B M30IAIUH. MeToa MO3BOJSIET OIPEICMTh TO YHOE
MECTO PacHOJIOKEHHUs AedeKTa B 00IIeM U301 UK LIy H THPYIOIIETO PEaKTopa.

Jnst mpUMeHeHHs MpeIoKCHHOTO pelleHHs TpeOyITcs pacdeTHbIe mapa-
METpBl pEaKTOPHOM aKTHBHOW yacT. Pa3paboTaHHash KOMIBIOTEpHAs MporpaMMma
BBIUUCIISIET TapaMeTphl SKBUBATIEHTHON CXeMbl HMITyJbCHON Mepenadu pasp saa u
BBINOJIHSET MOJECIMPOBAHUE UMITYJIHCHOTO MEPEeXOJHOTO Ipolecca B 00OMO TKe.
Pe3ynbTaTel mpejacTaBICHB B Ka4eCTBE M3MEPEHHOTO HAMPSDKEHUS MPHU IIOM OLIH
OCLMIUIOTPaMMBI, KOTOpas MOXET HCIOIb30BaTbCsA, YTOObI chopmMupoBaTh yHU-
KaJIbHBIH O JHOCTOPOHHUHN aMIUIMTY IHbIA CHEKTp JJI1 ONpPEACJIEHHOTO WIYyHTH-
pyouiero peakropa u pacrnosoxenus nepexra. ChopMupoBaHHbIC XapaKTepUCTH-
KU TMIPUMEHEHBI K MCCJIEJOBAHUIO PEabHBIX alMapaTHBIX OCLHMILIOrpaMM Ui 3a-
KITIOYEHHS O COCTOSTHUU €TO 30 JIALUH.

IpennoxkeHHBIH MeTO MPOTECTUPOBAH HA HK3EMIULIpE UIyHTUPYIOMIETO P e-
aktopa 12 MBAp, 110 kB. OcuunnorpaMMbl YaCTUYHBIX Pa3psJIOB MOKa3bl BAIOT
NOCTOSHHYIO 3aJep>KKy BpEeMeHHU Npubmm3utesbHo Ha 0.5 Us ¢ MOMEHTa MHUIIM U-
pPOBAaHUS YaCTHYHBIX Pa3psAgoB K MOMEHTy Nepenaja HampsDKeHUs B U3MEpUTENb-
HOM Ipubope. ITO MOXKET ObITh 0OBSCHEHO OTPAaHMYCHHOCTHIO BOJIHOBOW CKOP O-
CTU paclpoCTpaHeHUs. Y 4acTUYHOTO UMITYJIbca paspsija ecTb pe3kas BOJHA Ip O-
JomwxutensHocTH 1oyt 0.06 — 0.08us, koTopast He3aBucuMa OT BpeMeHH. Takum
00pa3oM, M3y4CHHbIH YaCTHYHBIA pa3psy B ra30BbIX opax ¢ guamerpoM 500 pm
HNPOU3BOJUT OCUMILIMPYIOIIUI KOMIIOHEHT CO 3BYKOBBIM 3aTyXaHHEM Toka. Pac-
YETHBIH HyJeBOH K03()(DHUIMEHT IIepecedeHus U aMIUIM Ty IHbIC CIIEKTPBI SBIISIEO TCS
YHHUKaJbHBIMH XapaKTePUCTHKAMH JUISI KaXKJIOTO anmapaTa.

Bb1to o6HapyxKeHo, 4To Il BEIOPAHHOTO peakTopa OoJbIIas 4acTb U3 U3M e-
psAEMBIX KOMIIOHEHTOB HalpspkeHu st umeet dactotry 150 kI'n. C npyroit cTOpoHsl,



YacTOTHas XapaKTepUCTHKA BEIOPAHHOTO aHANM3aTOPa YaCTUIHBIX Pa3psiIOB IMEET
mosiocy nponyckanus 1.1-13,4 MI'n. Takum ob6pa3om, ObUTO OKa3aHO, YTO pac-
CMaTPUBAEMBII THIT YaC THYHOTO pa3psiia aHaIM3aTopa He MOJKET OBITh MPHMEHEH
TUISL pacCMaTPUBAEMOTO THIIA PEAKTOPA.

[penmnos>keHHBIH METO 1T OTPAaHWYCH TeXHHYECKIMH XapaKTepHUCTUKAMH peak-
Topa. OCOUIIIOTPaMMBl YaCTHYHBIX Pa3psiZiOB M3yUYaJNCh IS BEIOPAHHOTO THUIIA
peaxtopa. ToUHOCTP JIOKamM3anuu AeeKToB yBenmuuBaeTcs Ha 5—10%.

VK 621.314
Adanacses 0.1}, Isaxuenxo 1.B.2, Conosiio BM.?, ®ypca C.B.?,
I'onuapenko JIB3
KaHJ. TeXH. HayK, 1o1. HY "3anopizpka momitexHika"
2ctyn. rp. E-416 HY "3anopisbka mosiTe xuixa"
3 ctya. 1p. E-426a HY "3anopizpka moxite xHika"
JOCJIIAKEHHS BIIVIMBY KOHCTPYKTUBHUX PIIIEHb HA
PO3TIOA LI HATIPY )KEHOCTI EJIEKTPUYHOTI'O ITOJISL B
OBJIAJHAHHI BPII 330-750 KB

[MixcTanii Ta eeKTPUYHI Mepexi 3 KJIacoM HOMiHambHOT Hanpyru 750 kB €
0a30BUMHU CUCTEMO YTBOPIOIOUHMMH eleMeHTaMHu €auHoi EHepretmyHOl cucTeMu
VYxpainu. ToMy TiABHIIEHHS BUMOT 10 €KCIIJIyaTalliifHO 1 Ha AiifHOCTI e IeK TpUIHOT
YaCTHHU U X €JIEMEHTIB, HAPUKJAJ 130 IIHHUX KOHCTPYKI[il, € TOJIOBHOIO M -
TOIO SIK BUPOOHHKIB BHCOKOBOJIFTHOTO OOJaHAHHSA, TaK i ONEPAaTUBHUX CIYXO 1O
eKCIUTyaTallii miJic TaHIii. AHali3 00JaJIHAHHS PO3MOAIEHUX MPHUCTPOiB MOKA3aB,
0 BarOMUM CIIOCOOOM IMATPUMAaHHS BUCOKOTO PiBHS €KCIIIyaTalliifHO 1 HaliltHO C-
Ti BOJAIIHUX KOHCTPYKIIH € yIOCKOHAJICHHS OKPEMHUX KOHC TPYKTHBHUX P illICHb
AK caMo1i I30JIiHOT KOHCTPYKIil, TAK i CHCTeMU eKpaHyBaHHS I BUPIBHIOBAaHHS
PO3MOIiy HATIPYTH Ta HATIPYKEHOCTI MOJIS Y3JI0BXK 130111 11.

[ligBuieHHS BUMOT IO A0 €KCILTyaTalidfHoi HaAIHHOCTI 130 JSIIIHHNX KOHC-
TPYKIiH, y CBOIO 4epry, CTBOPIOIOTh HEOO XIAHICTH PIMICHHS 3a7adi pO3paxyHKy Ta
aHaJi3y MOKa3HUKIB HAAIHHOCTI B 3aJIEKHOCTI BiJl CTPYKTYPH OKPEMHUX ii eleMeH-
TiB. IIpy 11bOMY CyTTEBHH BIUIMB Ha pe3yibTaTH, 10 OyIyTh OTpUMaHi MaroOTh 5K
0COONHMBOCTI CTPYKTYpU Tak i 0coOIMBOCTEH ()i3MUHHMX MPOLECiB, MO [iIOTh HA
OKpeMi CKIaIoBi efleMeHTu. Sk mokasye aHaniz. TepMiH ekcIulyaTarii 130 i ifHOT
KOHCTPYKIIil Oy Ib-KOTO MPHU3HAYECHHS BU3HAYAETHCS JBOMA YHHHUKAMH, I[€ 0CO O-
JMBOC TAMH IIpamni 00JaJHaHHSA, IO IS KOHCTPYKI(iA MIATPUMYE, Ta PEKUMOM ele K-
TPUYHOTO HABAHTAXKEHHSI camoi 30JMIHHOT KOHCTPYKIil. SIKIIO mepumid YWHHHUK
JOCTATHBO CTA0IJMBHUM Yy mpoleci eKcilyaTalii, To APYTHid — CYTTEBO 3aJI€KHUTh
Bil YMOB eKCIUTyaTalii Ta KOHCTPYKTHBHUX OCOOJMBOCTEH, HANPHUKJIAJ CUCTEMH
eKpaHyBaHHSL.

OIHUM 3 BaXKJIMBUX CIIOCOOIB MOKpAIIECHHS YMOB Hpalli Ta IIiIBUIICHHS €KC-
TUTyaTalifHUX XapaKTepUCTUK 130JiALil B MpOLECi eKcIuTyaTallii € MoJieTmeHHs



YMOB Mpai 30JHIi1 DIITXOM 3HIKEHHS eJIeKTPUYHOTO HaBaHTaXXeHHS. Enextpmy-
Ha MIIHICTh OMOPHUX 130 JIIIHHIX KOHCTPYKI[ifl BH3HAYA€THCS XapaKTEpPOM elie K-
TPUIHOTO TOJ1, CYOPMOBAHOTO HA BUCOKOBOJFTHOMY 1 3a3€MJICHHM K iHIIIX BHCO-
KOBOJIbTHOT KOHCTpYKIii [1, 3]. B ymoBax pi3ko HEO MHOPITHOTO €JIEKTPHYHOTO
TTOJIST TULTHKH 130JBIiHHO T KOHCTPpYKIii, o HaOMDKEH1 0 eNeKTPO Iy 3 BUCOKHM
MOTEHIiaJIOM, HECYTh MiJBUINCHE eJIeKTpHYHE HaBaHTaxeHHs. lle Benme no Toro,
oo Ha HUX Oyne MSTH MiABHINEHA HANpy>KEHICTh TOJS, IO CIPHUSIE TOCTATHBO
MBUAKOT pyHHALii i30/smifHUX MatepiamiB. JJOCATHY TH 3HIDKCHHS HAINPY>KEHOCTI
noJs MoOIM3y BHCOKOBOJBTHOTO €JIEKTPOJda MOXJIMBO BCTAHOBICHHSM BiIIOBII-
HUX eKpaHiB, abo cuctemu expaHiB [1 — 3]. ToMy, BiJ ekpaHiB CYTTEBO 3aJIC)KUTh
e()eKTUBHIC Th BUKOPHUCTAHHS 130JISMI11 Ta HAAIHHIC T 11 mpairi.

VY cydacHHX cucTeMaX HMPHMYCOBOTO BHPIBHIOBAaHHS HANpPYXKEHOCTI MO
HaliOUbIIT MIMPOKE BUKOPUCTAHHS OTPUMANH TOPOiNaidbHI €KpaHH, SKi BCTAHO B-
JEOIOTHCS MOOJM3Y eNeKTPoJa 3 BUCOKMM Mo TeHmianom [ 1, 2, 4]. B ymoBax 3Bepx
BHUCOKUX Hanpyr, Hanpukiany BPII-750 kB, ae nHeo6xiaHo 6inbiu rimboke oOM e-
KEHHS MaKCUMaJIbHO1 HAIPyKEHOCTI MOJI1, BHKOPUCTOBYIOTh KOMOIHAIil BOX Ta
OiTpIe TOPOiniB, AKi po3TAaMIOBaHI HA PI3HUX PIBHAX IO BHCOTI BIiTHOCHO €JIEKTP O-
na 3 BH [4].

VY npomy 3B’I3Ky BHHHUKA€ HEOOXiJHICTP MPOBEACHHS POy HOCTiIKEHb IO
BIUIMBY CTIPYKTYpPH OKPEMHX €JIEMEHTIB CHCTEMM EKpaHyBaHHS Ha PO3MOJII Ha-
MPY>KEHOCTI Y3A0BXK 130 I iHHOT KOHCTpyKUii. J{71s OLiHKK epEeKTUBHOCTI BUKOP H-
CTaHHS CUCTEeMH EKPaHyBaHHS PO3pOOJeHa METOANKA Ta aATOPUTM OLIHKU PO3IO-
JTy Hampy»eHOCTI y3J0BX OMOPHOT 130 IS ii{HOT KOHCTPYKLii HA MPUKIA Il 130 5-
uiiiHoi kosoHu. Ha ocHOBI 1aHOT MeToIM KK po3p00JieHO porpaMHe 3a0e3neueHHs
SCR.OPT4, 32 10mOMOTO0 SKOTO MPOBEACHO AOCIIPKCHHS BILUTUBY KOHCTPYKTH B-
HUX YMHHUKIB Ta MapaMeTpiB HAaBaHTAXXEHHS Ha €()EKTUBHICTh BHUPIBHIOBAHHS
HAaIpy KEHOCTI 10JIs 33 JOTIOMOIOI0 CHCTEM EKPaHyBaHHS 3 PI3HUMHU CTPYKTypaMu
( OMHOYHI €KpaHU, MPOCTOPOBI €KpaHU Ta €KpaHH 3 Pi3HMMH IO TeHIianamu). Ha
OCHOBI OTPUMAaHHU X PE3yJIbTATIB CHOPMYIJIbOBaHI PEKOMEHAI T [0 Y JOCK OHAJICHHIO
CHCTEMU €KpaHyBaHHS 3 ypaXyBaHHAM OKPEMHX KOHCTPYKTHBHHUX PillICHb.

CIIUCOK BUKOPUCTAHOIJIITEPATYPH

1 Anexcanapos I'H. M3omsinusa 31€KTpUUECKUX annapaToB BBICOKOIO Ha-
npsokernst [texct] / T H. Anekcanapos, B.JI. Manos. — JI.: DHEpProatoMusaaT,
1984. - 208 c.

2. Anexcanapos B.H. Drmextpudeckme ammapatl BBICOKOTO HANPSDKEHHS
[teker] / T'.H. Anexcauapos, AWM. Adanacees, B.B. Bopucos u ap. [lox pexn. I'.H.
Aunexcannposa. — CII6I'TY, 2000. — 503 c.

3 Jmutpuesckuii B.C. PacueT u KOHCTpyHpOBaHHE 3JIEKTPUYECKON H30IIs-
uwuu [TexcT] / B.C. ImutpueBckuii. — M.: DHepromsart, 1981. — 392 c.



4 Anexcanapos I'.H. IlpoekrupoBaHie 3JeKTpUUECKHX ammnapaToB [Tekct| /
I''H.Anexcanapos, B.B.bopucos, I'.C.Kannaun u ap. Ilox pexn. I'.H.Anexcanaposa.
—JI.: Oneproatomuznart, 1985. — 448 c.
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JOCHI)KEHHS E® EKTUBHOCTI3HU/XEHHS BTPAT
MOTYKHOCTIB EJTEKTPUYHUX MEPEXKAX

w

4

IMpu mepenadi enekTpoeHePTii 3 NMIMH KXUBJSTYUX MIJACTAHINNA O CIOYKUBAYIB
YJacTHHA eJEKTPOSHEPrii BUTpadaeThCcs HA HATPIiB MPOBIIHUKIB, CTBOPCHHS EJIEK T-
POMArHiTHUX TOJiB Ta iHmi edext. L[i BUTpaTH MaroTh Ha3By BIpATH €ICKTPOE-
Heprii. BexmanHa UX BTpaT CyTTEBO 3aJIeXXHTh BiJ XapakTepy HAaBaHTAKCHHS Ta
HOTO 3MIHM y MeXax 4acy, 0 PO3MIAAAEThCS, a TAKOXK BiJ AKOCTI eJIe KTPOCH epTii
Ta 3aco0iB i1 3a0e3nedeHH. SKiCTh €NeKTpOEHEepTii XapaKkTeph3yeThes IO Ka3HU-
KaMH, SIKi BU3HAYAIOTh MIpy BiMTOBIAHOCTI HAIpyTd HOPMOBAaHUM 3HAYEHHSM IpH
HOMIHAJIBPHUX BEJIMYMHAX TAKUX TOJIOBHMX ITOKAa3HHUKIB, K YaCTOTA MEPexXi JKH B-
JIeHHS, HaNpyTa Ta CTPYM HaBaHTAXCHH .

VY 3aranpHOMY BHUIIAJKy IpoOiieMa SKOCTI eIeKTPOeHeprii CKialaeThes y mMi-
OTPUMIN PIBHIB HaIpPyTH Ta YacTOTH MeEpexi, Mo HaOIDKeHI 10 HOMIHAIBHUX
3Ha4eHb. B yMOBax eHEproeMHIX BUPOOHUITB BUKOPUCTOBYIOTh UM AL eIe K-
TPOCIOXMBaviB (MPOKaTHI CTAaHW, JYTOBi CTAJIETIJIABHJIbHI TIEUH, BHUIPSIMILIIOYH
MIPHUCTPOI, CHCTEMH ENEKTPOJI3y Ta iH.) 3 pi3KO 3MIHHMMH HaBaHTa)XKEHHAMH, ab0
HEPIBHOMIPHICTIO iX po3moiny 3a (a3aMu i HasSBHICTIO CTPYMIB Ta HANpyT, Gopma
AKAX CYTTEBO BIAXWISAE€ThCA Bif ciHycoimanpHOI L[i Buau coXwWBadiB BeIyTh MO
HNOPYIIEHHS SKOCTI €JICKTPOCHEPTii, TOJIOBHUMH MOKAa3HHKAMHU SAKOI € BiIXHIICHHS
HAIPYTH, PO3KHUJ 3MIiHEHHS HaNpyTH, Koe(il[ieHT HeCiHycoilaabHOCTI KpUBOi Ha-
pyry, koedilieHT 3BOPOTHIN MOCITiJOBHOCTI HANIPYT, BIAXMICHH S YaCTOTH Ta iH.

BrmmB HH3BKOI SKOCTI eNeKTpOCHEPTii Ha poOOTy Mepex Ta eleKTpoodias-
HAHHA MOPOSABISAETECA y IHiJBUINEHHI BTPAT €NEKTPOCHEPTii, CKOPOUEHHI TepMiHiB
eKCIUTyaTalii o6Jsia JHaHHS, Te XHOJIOTIUHUX BTIPATaX, IKi BUPAXKAIOTCS y 3HIDKCHHI
BUPOOHMYUX MOXKIIMBOCTEH Ta MOTIpIIEHH1 IKOCTI PO Ay KILii, 110 BUPOOISIETHCS .

TakuM YWHOM, HAHOUTBII e(eKTH BHE 3HMKEHHS BTPAT MOTY KHOCTI MOXKIIHBO
JOCSATHYTH LIIXOM pEryJIIOBaHHS HANpyTH, SKe, Y CBOIO YEpry, 3aJIeHTh BiJ
BEJIMUMHH BTpaT HANPYTH Y MEPexi, IKM BU3HAYAIOTHCS i OMOPOM. Y PO3MOAITE-
YUX MepekaxX aKTHBHUHI Omop OilbIe peakTUBHOTO. TaKUM YUHOM HOTO peryo-
BaHHS HAMO b 111 e)EeKTUBHO 3AIMCHSATH 3MEHIIEHHSAM IUTOIII 3p i3y JiHi eleKTpo-
nepenaydi. Y KUBJSIYMX MEpeKax HaBMaKu — PEAKTUBHUI Omip Oisibllle aKTUBHOTO,



TOMY BTpaTH HalpyTH y 3HaYHIA Mipi BH3HAYAIOTHCS PEAKTHBHUM OIIOPOM JIHIMH,
AKAI MaJlo 3aJeXXHUTh BiJ ruromti 3pizy. HaOimemm 9acTo 3MIiHEHHS peaKTHBHOTO
OTIOPY BHKOPHUCTOBYIOTh /UIS PETYIIOBAaHHS HANPYTH MIIIXOM BKIFOUCHHS Y JHHIIO
KOHJICHCATOPHUX OaTapeil 3a CXeMaMHM IPOKOJBHOTO abo0 IOIEpPEYHOTO pEryJiio-
BaHHS.

AKTHBHY NOTY>XKHICTh )XUBIITINX MEPEXK HE MOXKIMBO BHKOPHUCTOBYBATH I
OTIEPATUBHOTO PETYJIOBAHHS HANpPYTH, TOMY HAHOUBII e(eKTHBHHM 3aco00M
3aJMIIAEThCS PEAKTHBHA MOTYXHICTh. [l 3MIHEHHS PEaKTUBHOI INOTY>KHOCTI
BUKOPHUCTOBYIOTh DPIi3HOMAHITHI PETYNIOI0YM MPHUCTPOI, cepelx SKUX HaiOimpm
[IMPOKE BUKOPHUCTAHHS OTPUMAIIH PUCTPOI HACTYIIHAUX BHAIB: OaTapel CTATHYHUX
KOHJICHCATOPiB, CHHXPOHHI KOMIICHCATOPH, CTATHYHI )Kepelia peakTUBHOT 110 Ty K-
HOCTI Ta iH.

Jist nocniukeHHS BTpAT MOTYXKHOCTI B €NEKTPUYHHUX MeEpekax po3poObieHi
AITOPUTMH PO3paXyHKy HEOOXiJHHX MapaMmeTpiB Ta TOJOBHHX MOKA3HUKIB SKOCTI
€JIEKTPOCHEPTii 3 ypaxyBaHHSIM KOHKPETHHX 0COOIMBOCTEH Mepexi Ta crenud iku
CMIOKMBAYiB eHeprii Ta cxeMH IiX migkmodeHHs. [lng 1poro pospobOieHa
KOMITFOTepHa MOJeNb AT MOJICII0 BaHHS IIPOLECIB MPOTiKaHHSA CTPYMIB Ta po3moO-
JiTy TOTY>XHOCTEH Ha MPUKIAJAI CXeMH PO3MOAIIBYOTO MPHUCTPOIO AJIS HKUBJICHHS
IHAYKIIMHIX Ie4ed MiaBUJIbHOTO BupoOHUNTBAa. Ha ocHOBI Iiei Mozeni po3po6-
JIEHO MpoTpaMHe 3a0e3neyueHHs], sIke J03BOJISIE OI[IHUTH T'0JIOBHI MO Ka3HUKHU SIKOCTI
€JIeKTPOEHEePTii Ta MPOBECTH ONTHM i3allil0 MPOIECY PETYIIOBAHHS Ta OLIHKY e(eK-
TUBHOCTI TUX, UM IHIIMX HOTO 3aCO0IB.

CIIUCOK BUKOPUCTAHOI JIITEPATYPH

1. Upempunk B.U. Dnextpuyeckue cucteMbl u cetd [texct] / B.M. Unens-
yuk. — M.: DHeproatomusaat, 1989. — 592c.

2. CropaBOYHHK OJJIEKTPOIHEPTETHKA NPEMIPUATHA I[BETHOH METaJLTypTHU
[texct] / Tlon pex. bacaneiruna M 4., Konbipuaa B.C. — Metamtyprus, 1991. — 384c.
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OCOBJIMBOCTI OIIHKHW HA JTAHOCTI BOJISIIIAHAX
KOHCTPY KI[I HA KJIACH HATIPYTH 10-35 KB

BomamiitHi koHCTPYKUii (OMOPHI Ta MPOXMHI I30JATOPH) OTPUMANH Haii-
OUTPII IMMPOKE BHKOPHUCTAHHSA B EJNCKTPHYHHX MEpekaxX Ta TpaHCPOPMATOPHHUX
MACTAHIISIX 3 KJacoM HoMiHaipHOT Hampyru (10-35) kB, sik roJioBHi eneMeHTH



KOMIUIEKTYIOUH X €JIEKTPUYHUX anapatiB. B 1MX yMoBax MiABUIIEHHS BUMOT [0
eKCIUTyaTaliffHOo1 HaJIHHOCTI IIMX EJIEMEHTIB € Oy’Ke BAXKJMBHM Ta aKTyalbHAM
3aBJIAHHSM IIPU PO3pOOIIi Ta MPOEKTYBAHHI eJIe KIPHIHUX MEPEK.

VY 3aranpHOMY BHUINAIKy HaTiHHICTh 130JIAIiHHOT KOHCTPYKIi I1e BIac THBICTH
BUPOOY BHKOHYBATH 3aBAaHi QyHKIii, 30epiraloun mpu NbOMY BIAcHI eKCIDTyaTa-
LidHI MOKAa3HUKM Ta MapamMeTpH Y BCTAHOBJICHHX MEXaX BIPOJOBX 3aBIaHOMY
MpOMDKKY 4acy ekcrutyataiii [1]. Sk mpaBuio, 130 as1[iiiH1 KOHCTPYKITii BiHOCS Th-
Cs JI0 CJIEMEHTIB, IO HE BiMHOBIIOIOTHCS Yy TpoIeci ekcrryartanii. B mux ymoBax
JUI. KOHKPETHOI 130JIIiffHOT KOHCTPYKUil, HaNpHKJa g NpoXigHHH abo omopHHH
30JITOp, OTIOPHA 30 ifHA MOKPHUITKA BUMIPIOBAIFHOTO TpaHc(opM aTopa Ta iH.,
HAIIHICTh XapaKTepHU3yeThCS IIJOI0 HU3KOI MOKa3HMKIB. HalOimpmmr mmpoko
BUKOPHCTOBYIOTh TAKU MOKA3HUKH, SIK HAIIPALIOBAHHS JI0 BiZIMOBH, CTPOK CIIykK0H,
AKi, y CBOIO 4epry, 3aJie’kaTh BiJ IKOCTI MaTepiaily, TOBINI 130111, eJe KIPHIHOTO,
TETJI0OBOTO, MEXaHIYHOTO HaBaHTAKEHHS Ta iH. OCKiNBKU OKpeMi 3 BHILE Meperi-
YEeHU X YNHHU KU B TPOLIEC € KCIUTya Tall il MOXKyTb 3M1HIOBATUCS, TO YHUH BIUIMB I X
YUHHUKIB Ha CTPOK CIIy>OHM 130JI9TOpa BH3HAYHTH HEMOXIHMBO. ToMy Moxe OyTH
3po6reHa TinbKM MpUOIM3HA OWIHKA, IO MAae€ Ti abo iHMMHA piBeHbP HMOBIPHOCTI.
B mux ymoBax B SIKOCTi Mipu OLIHKM HAJIMHOCTI 3pyYHO BUKOPHUCTOBYBATH TaKi
HMOBIPHICH1 XapaKTepUCTHKH, K IMOBIpHICTh 0€3BiAMOBHOI Iparlli, iHTCHCH BHIC Th
BiMOB Ta TycTuHa HMOBIpHOCTI BiamoB [1]. Jlnst 3py4HOCTI po3paxyHKiB Bci I
MOKa3HUKHU HaJIHHOCTI OB ’sA3aH1 MDK CO00I0 MPOCTUMH MaTeMaTUYHUMH CIIBBiJ-
HOLIGHHSMH AJI1 00PAHOTO TEOPETUYHOTO 3aKOHY PO3MOAiy BHIIAJKOBO T BEJIMY U-
HH, B SIKOCT1 AKO1 AJIs1 pO3paxyHKiB HaJIHHOCTI 3OJALIHHUX KOHCTPYKIIH 3pydHO
BUKOPHCTOBYBATH HaIPaLIOBaHH JI0 BiMOBH a00 HANPYTH IIE€p EKPHTTSL.

Sk moka3yroTh CTATUCTUYHI JaHi Mo eKcriyaTauii obsa HaHHS y PO3MOJi-
JBHUX MPHUCTPOSIX BUCOKOT Hampyru [2, 3], pe3ylbTaTd BUMIPIOBAHHS PO3PSIHHX
HaAIPYT 130 JATOPIB, AKi 3a0pyHEHI Y MPUPOTHUX YMOBAX MOKA3YIOTh, IO PO3KH I
LU X HAMPYT ONMHUCY€ETHCS HOPMAJIBHUM 3aKOHOM po3mofiity. Y poboTtax [2, 4] migk-
PECIIIOETBCS, 0 Y HOPMAIBHOMY PEKUMI KCIUTyaTalii i30JMIiiiHI KOHC TPYKIIi,
HaIPHKIIa ] OTIOPHO-I30JISALIHHI TIOKPUIIKKA Ta30HANIOBHEHUX BUMIPIOBAJIbHUX Tpa-
HC(hOpPMATOPiB, MPAIOIOTh B YMOBaX Pi3KO HEOJHOP IMHUX €JIe KTPUIHUX TOJIB. Y
IOMY BHMAJKy BEJIMYHMHA KoedillicHTa Bapiallii B yMOBaxX BUKOPUCTAHHS HOpMa-
JILHOTO 3aKOHY PO3M0jIy KoimBaeThest B Mexax (0,03 — 0,06). Onnax mpu oriH i
KIJTBKOCTI TIEPEKPUTTIB K JIHIAHOT, TaK 1 amapaTHOi 30JSIil Y HOPMaJIbHOMY €KC-
IUyaTalifHOMY PEXHMi JOBOJMTHCS ONEPYBaTH AOCTATHHO MAJIMMH HMOBIPHO C-
TAMU TIEPEKPUTTS, Ul SKUX CTBEP/DKCHHSI O HOPMAJIBHOMY 3aKOHI PO3INOAIIY
PO3PAMHUX HANPYT EKCIIEPUMEHTAJIBHO ITiITBEP AUTH JyXKe BakKo. ToMy MOIIMBO
3pOOUTH BUCHOBOK O YCIYCHHI 371iBa PO3IO iy HIMOBIPHOCTEH MEPEKPUTTI Y HO p-
MaJIbHOMY eKCIUTyaTalliiHoMy pekuMi. B oMy BHTIaAKy JJIS O ITiHKH TIOKa3HUKIB
HaJIHHOCTI B IKOCTI TEOPETUYHOTO MO>KJIMBO BUKOPHUCTOBYBATHU SIK 3CIUEHMI HO p-
MaJIbHUH, TaK 1 JI0 rapudMidHO -HOpM asbHUIT 3aKOHK po3mo miy [ 3, 4].



VY BHmazaky, mo po3rIAgacThCS UL MIATBEPHKEHHS MOXKINBOCTI BHKOPHC-
TaHHS JIOTAapUPMITHO-HOPMAJIFHOTO 3aKOHY pPO3NOJULy BHHHUKAE HEO0O XiJHICTh
MPOBEICHHA PSRy JMOCHiDKeHb JUIS BH3HAUEHHS IapaMeTpiB Jorapu(MidHO -
HOPMAaJIbHOTO 3aKOHY, SKAW OW BIJMOBiJaB HOPMAJILHOMY PO3MOJUTYy. AHAli3 3a-
KOHIB PO3IIO Ty, MO JOCHiDKYIOTBCS 3pYYHO NPOBOJUTH HA OCHOBI 3piBHSIHHS
OCHOBHHX XapaKTepHCTUK HaJIHHOCTI [1l], SKUMH € TycTHHA PO3IMO iy BiIMOB
(manpyr nepexputti) f(U) ta iimoBipHOCTi 6e3BiamoBrol npari P(U) 3a ymoBoo
PIBHO3HAYHOCTI IBOX MEPIIMX MOMEHTIB PO3MOAiTiB, TOOTO MaTeMaTHIHOTO OY i-
KyBaHHS Ta JHUCIIEPCil.

CIIUCOK BUKOPUCTAHOI JIITEPATYPH
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[texct] / I'.H. Anexcannpos, A.1. Adpanacwes, B.B. bopucos u np. ITon pen. I'.H.
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KIIACCH® UKAIIUSA TPAHC® OPMATOPHBIX TIIOACTAHIIUU

TpancopmaTopHO MOACTAHIIMEH HA3BIBACTCS MOACTAHIMSA C TpaHCHOPM a-
TOpamu, mpeodpasyronias 3JIeKTPOIHEPTHIO TOJIBKO IO HampspkeHHo. [ToHmkaro-
mue TparcopMaTopHbIC NOACTAHIIMN PEoOPa3yOT HANIPSDKCHHUE MTUTAIOIIEH CeTH
no 0oJiee HU3KOTO YPOBHS, IPH KOTOPOM 3JICKTPOIHEPTHIO MEepenaloT Mo TpeduTe-
JISIM, 110 IKTIOUE€HHBIM K IJaHHOM 110 Ac TaHIMH [1].

JIro6as TpaHcopMaTopHast IMOACTAHIINSA COCTOUT M3 HECKOJbKUX paclpene-
MU TENILHBIX yCTpoHcTB (PY) pasHbIX cTaHdap THBIX CTyTEHEH HaIpsKe HUSI, M €K Iy
KOTOPBIMH UMEIOTCS TpaHC(GOPMAaTOPHBIE WM aBTOTPAHC(HOPMATOPHEIE CBSI3H.



Ilo Ha3HAYEHUIO 1O IC TAHIIMY MO a3 ICJISTI0 TCS Ha CJIEAyOIIne TUTIHI [2]:

— TOTPeOUTETBCKUE, KOTOPBIC MpeIHA3HAYCHBI ISl DJICKTPOCHAOKECHHS 10~
TpeOuTeielt, KOTOphIe TEPPUTOPHAITHFHO MPUMBIKAIOT K HUM. OHH XapaKTepu3yIo T-
sl yCTAaHOBKOM, KaK MPABUJIO, IBY XOOMOTOUYHBIX TPAaHC(OPMATOPOB;

— CeTeBble, KOTOphIC MPEIHA3HAYECHBI I DJICKTPOCHA0KEHUS HEOOJBIITNX
TepPUTOPHUAIBHBIX palioHOB. Hapsiiy ¢ TpaH3MTOM OTHOCHTEJFHO HEOOJBINO
MOIIHOCTH Ha CTOpPOHE BhIcHiero HanpsokeHus (BH), oHM nMeroT Ha CTOpOHE HHU 3-
mrero Hanpspkerus (HH) 3HaunTe IbHBIE MECTHBIE, @ HA CTOPOHE CPEHETO HAIpsI-
sxerust (CH) — palioHHbBIE HATpy3KH;

— CHCTEMHBIE, KOTOPbIE OTINYIAIOTCS OT IO TPEOUTEIHCKUX U CETEBBIX IO [T-
CTaHIIUI 3HAYUTENHLHBIM OTOOPOM MOIIHOCTA M OCYIICCTBICHHUEM YIIPABICHHS
TIepETOKOM MOIIHOCTH B SHEpProcucTeMe M0 MarucTpaibHbiM ceTiM BH, a taxke B
cets CH.

ITo cnoco0y mpucoeauHEeHUs] K CETH TOJIC TAHIIUHU TOpa3 e TCS Ha CIie-
QY IOILIUE BUBI:

— TYNHKOBBIE TIOCTAHIUH, MOJy4aloT NUTAHUE [0 OJAHOW WJM JIBYM TYIH-
KOBBIM BO3JIYIIHBIM JIMTHHAM 3JIeKTpOTepeaayu;

— OTBETBHTEJIbHBIEC IO CTAHIUH, TPUCOEIUHSIIOTCS OTBETBJIEHHUEM K OIHOM
WM IBYM TPOXOJAIIMM BO3AYIIHBIM JIMHUSM C OJHOCTOPOHHHM WM JIBY XCTOPO H-
HUM TUTaHUEM

— TMPOXOJHbIE MOJCTAHIMH, KOTOPHIE BKJIOYAIOT B PAacCceyKy OJHOU HIIH
JBYX TPOXOJSAMIMX BO3AYIIHBIX JUHHHA C OJHOCTOPOHHUM HIIM JBY XCTOPOHHUM
MUTaHUEM

— Y3JIOBbIE 110 ICTAHIIMU, KOTOPbIe KPOME MUTAIOLIH XJIM HU 3 IEKTpomepeaa-
YU, UMEIOT O TXO JUIIUe paJrabHbIe UM TPAH3U THbIE BO3IyLIHbIC JUHUHU.

o ciocoOy 3auuThl C MIOBBIX TPAHC(HOPMATOPOB HOACTAHIIMU OBIBAIOT:

— C TIIpeJI0 XpaHUTEJSIMHU (TOJILKO JI0 HanpsikeHus 35 kB);

— C KOPOTKO3aMbIKaTeJISIMU U OTJIE I TEIISIMU;

— C KOPOTKO3aMbIKATEISIMU U BB KIIIOUA TENISIMU HATPY3KH;

— C CUCTEMaMU Iepeaadyy TeleOTKI0OYAIOLIEro UMITyJIbCa U pe3epBUpPYIOIe-
IO €ro KOPOTKO3aMBbIKaTe s ¢ BHIKJIIOYATEJISIMU.

[lo Tumy ycTaHaBIMBaeMOW KOMMYTAIMOHHOW ammapatypbl Ha ctopoHe BH
pasIuyaroT:

— MoJcTaHUUH 0e3 BBIKJIIoYaTeJieil, Ko Topble B CBOIO O4Yepe/lb NOAPa3aeIsIoT
Ha TPU NOATPYIIbI:

a) C BBIKJIIOYATEILIMU HAarpy3KH;

0) C OTACTUTCISIMU;

B) C pa3beIMHHUTEILIMH, CHAOXCHHBIMH JMCTAHIUOHHBIMH HPHBOJAMH,
BKIIFOUCHHBIMH B IIMKJI aBTOMATHKH;

— INOJCTAHLIMY C BBIKJIIOYATEIIMH;



— KOMOMHHMpOBaHHBIE MOJCTAHINN, HA KOTOPBIX MPUMEHSIOTCS BBIIIE TIepe-
YHCIICHHBIE KOMMYTAIIHOHHBIE allapaThl B Pa3JIMYHBIX COUCTAHUIX.

Io crtocoOy ympaBieHus MOIC TAHIIMHA MOTYT OBITh CJie Iy FONIM X THITOB:

— TeJIeyNpaBIsIeMbIC C TeJIeCUTHA IM3aINCH;

— TOJIBKO C TeJIeCUTHAM3aI Nei;

— ¢ TeJeCHUTHAJIM3alueil W ynpaBIeHHEM C ONEPAaTUBHOTO IMyHKTa yIpaBile-
Hus (OITY). OHm omepaTHBHO O0OCIyKHBAIOTCS NOCTOSHHBIMHU NEKYPHBIMH Ha
IMUTe yNpaBICHUS, JEXKYPHBIMHU Ha JIOMY, OTIEPAaTUBHO — BBIC3AHBIMHU OpHUTagaMu.
PeMOHT moaCTaHIMH OCYIIECTBICTCS CIEIMATN3UPOBAHHBIMH BBIC3IHBIMH Op H-
raJjaMH [EeH TPaJN30BaHHOTO PEMOHTA MJIM MECTHBIM IIEPCOHAJIOM OJIC TAHIIA H.
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[puHIKMOHa IbHOW OCOOEHHOCTBIO CYINECTBYIOIICH B HACTOSAIIEE BpeMs
CTPYKTYPBl 3HEPTOPECYpCOB MPOMBIILICHHBIX NPEMIPUATAN SBISETCA TO, YTO
9JIEKTPOIHEPIHA COCTaBIsIeT 0OJiee MOJIOBHHBI BCEX SHEPrOPECYPCOB, NOTpelIsie-
MBIX OTpaciibio. JlajbHeiilee pasBUTHE U COBEPILICHC TBOBAHUE MPOM3BOJCTBA BO
MHOTOM OTIpEAC/IETCS YPOBHEM Pa3BUTHS HCTOYHHKOB 3JIEKTPHUYECKOM SHEPIHH,
CYIIECTBEHHO BJMSAS B CBOIO OYepe/b HA Pa3BHTUE 3JIEKTPOIHEPTETHKH. AHaJM3
JAHHBIX TI0 PO JOJDKUTEJIBHOCTH SKCIIIyaTallid OCHOBHBIX BHJIOB JIEHC TBYIOIIETO
3JIEKTPO0OOPY IOBaHHs MMOKA3BIBACT, YTO 3HAUYMTEJILHAS €70 4acTh (KOMIUICKTHBIC
pacrpeieMTebHbIe  YCTPOMCTBA, BBIKIIOYATENIM, Pa3beIMHUTEIIH, CHJIOBBIE H
U3MEpHUTEIbHBIE TpaHCHOPMATOPhl U Jp.) O0TPaboTago OOJBIIYI0 YacTh CBOETO
pecypca. [TosToMy mpoiiecc MOIEPHHU3AINH 3JICKTPHUECKUX TETeH MpeLyCcMaTp U-
BACT CJIC Iy OIIME OCHOBHBIC HAIIPABJICHHMS ;

— PEKOHCTPYKIIMIO W HOBBINICHAE HAJIEKHOCTH CHCTEM BHEIIHErO JICKTP O-
CHa0KCHUS;

— MOJICpHH3AIH [TPe0OPa30BaTEIBHbIX 10 JIC TAHIIHH;

— 3aMEHa U COBEPIICHCTBOBAHHME YCTAPEBIIET0 CHIIOBOTO 3JIEKTPOOOOpYI0-
BaHUS;



— pa3paboTKa ¥ BHE APCHUE CPE ICTB Yy UIICHNS KadecTBa 3JIe KTPOIHEPTHUH;

— BHEJIpEHHE aBTOMAaTH3UPOBAHHBIX CHCTEM YTPABICHHSA CUCTEMaMH 3JEK-
TpoCHAOXKEHUSI.

CHabxeHre MpeapUiTHN JJIEKTPOIHEPTUEH NOKHO OBITH OCOOCHHO Ha-
JIEXKHBIM, TaK KaK OOJBIIMHCTBO MX OTHOCHTCSA K NEPBOH TPYIIIE MO YCIOBHSIM
TeXHOJIOTHH, 0€30TacCHOCTH OOCIyKHMBAIOIIET0 IEePCOHANA, OKPYXKAIOIMEeH cpesl.
OTKIIOYECHHE 3JIe KTPOCHAOKEHUST TAKOTO MPEANPHUATHAS BeJET K OOJBIIOMY yIIep-
Oy WM He IOy CTUMBIM BBIOpPOCaM BPEIHBIX ra30B.

OneKTpONpUEMHNKH, KOTOPBIE MUTAIOTCSA OT MOJACPHU3UPYEMOTO paclpere-
JUTEIBHOTO YCTPONCTBA IO ACHCTBYIOIIMM IpaBUJIAM YCTPOMICTBA 3JIEKTPOYCTa-
HOBOK [1] oTHOCHTEIEHO oOecrieueHus Ha IEKHOCTH DJIe KTPOCHAOKEHHS OTHOCS T-
s K mepBoit kateropun. {1 He€ mepepsiB 3IeKTPOCHA0KEHUS MOXKET IOBJICYb 32
co00if OmacHOCTh I KU3HH JIOJeH, 3HAUHUTEJIbHBIN ymepO I XO3SHCTBE HHOH
JIeATeIIBHOC TH, TOBPEXKACHHE HOPOTOCTOSIIET0 OCHOBHOTO 00OpYIOBAaHMUS, MAaccC 0-
BBIH Opak MPOIyKIMH, PACCTPOICTBO CIOXKHOTO TEXHOJOTHYECKOTO MpOoIecca,
HapyLIeHue (yHKIHOHUPOBAHUA 0CO00 Ba)KHBIX IEMEHTOB KOMMY HAJIBHOTO XO-
3qiicTBa. B 5TOll KaTeropmm BBIACJSIOT OCOOYIO TPYHIy 3JIEKTPONPUEMHHKOB,
OecnepeboiiHas paboTa KOTOPHIX HEOOX0AMMa ISl O€3aBapUHHOTO OCTAHOBA TP O-
M3BOJCTBA C IENBIO MPEIO0 TBPAIEHHS YIPO3bI XKU3HH JIO IeH, B3PHIBOB, MOKApPOB,
MOBPEXKJCHUS JOPOTOCTOAIIET0 060pyA0BaHHUS.

IIpu peKoHCTPYKIMK CHCTEM 3JIEKTPOCHAOKEHHS U OTIEJBHBIX 3IEeKIPOY C-
TAHOBOK HEOOXOAMMO yYHTHIBATH, YTO 3JIEKTPONPUEMHUKH | KaTErOpUU IOIDKHEI
obecrneunBaThCs MEKTPOIHEPTHENH OT ABYX HE3aBHCHUMBIX B3aUMHO pe3epBHPY IO-
IUX UCTOYHUKOB MUTAHUS M MEPEPBIB UX JJIEKTPOCHAOXKEHUS MPH HAPYLICHUH
97EeKTPOCHA0KEHUS OJTHOTO U3 UCTOYHUKOB MU TAHUS MOKET OBITh JOMYIIEH JIHUIIb
Ha BpeMsl aBTOMaTH4YECKOTO BOCCTAHOBJICHUSI MU TaHMUS.

Jnst anexTpocHabxkeHuss 0co060# rpynmnsl 2MeKTPONPUEMHHUKOB 1 KaTeropun
HEO0X0 AUMO MpeayCcMaTpHUBaTh JOTMOJHUTEIPHOE MUTAHUE OT TPETHETO HE3aBUCH-
MOTO B3aUMHO PE3epBUPYIOLIETO UCTOUHUKA. B kauecTBe TpeThEro HE3aBUCUMOTO
UCTOYHHUKA MU TAHMA A1 0COOOH TPYTIIBI SNEKTPONPUEMHHIKOB M B KaueCTBE BTO-
pOTO HE3aBUCHMOIO MCTOYHHKA MUTAHUS JJIA 3JIEKTPONPUEMHHUKOB | KaTeropuu,
KaK TMpaBUJIO, UCMOJb3YIOTCS MECTHBIE TEIJIOBBIE JIEKTPOCTAHI[MHU, 3TI€KTPOCTAH-
LIUHM SHEPTOCUCTEMBI, MECTHBIE IU3ENIbHBIE DJIEKTPOCTAHIIMHU, a TAKKE aKKyMYyJd-
TOpHBIE OaTapen.
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ANALYSIS OF EXTERNAL INSULATIONOF OPTIC - FIBER 35 KV
CURRENT TRANSFORMER

Current transformers (CT) are designed for reducing alternating current to
controlled level in proportion to the corresponding original values. They provide
halvanic isolation of measuring devices, counters, relays, etc. from the high-
voltage (HV) circuit. Principle of their operation is based on the electromagnetic
induction law.

Digital (microprocessor) systems of relay protection, automation, automatic
control, measurement and dispatching systems are modern trends in the world
power industry, along with the existing traditional systems of relay protection,
emergency control, measurement and metering at power plants and substations,
And this situation leads to an increase in the load on CT and, as a result, to a dete-
rioration in the accuracy class of CT.

Grechukhin V.N. [1] analyzed the economic conditions for the functioning of
power energy enterprises and energy systems in his work “Electronic current and
voltage transformers”. According to this work, it is necessary to increase the accu-
racy of electricity monitoring signals. Digital metering systems can achieve it, but,
the insufficient accuracy class of conventional CTs is a barrier on this path.

World leading companies’ designers strive to develop CTs of a higher accu-
racy class (better than accuracy class 0,2S and 0,2) with greater load capacity.
Satisfying these requirements will inevitably lead either to an increase in weight
and size indicators (larger amount of electrotechnical steel, copper and other high-
cost materials), which is undesirable under the conditions of current economy
situation. The identified problems have led to more intensive use of insulation, and
according to international normative documents, this question remains open and
relevant.

On the modern stage of the HV technology development conventional trans-
formers have reached the limit of their capabilities and can hardly meet new re-
quirements and tendencies, such as digitalization, safeness, and compactness.

Search for an alternative technical solution measuring current and voltage of
high voltage electric power plants started a long time ago both in our country and
abroad.

These researches have become more relevant considering the intensive proc-
ess of introducing microprocessors into control systems, measurement, relay pro-
tection, emergency control at substations.

Optic-Fiber Current Transformer (OFCT) is next generation transformers. In
our country many transformers are approaching deadline of service life. Implemen-



tation of the modern technologies makes senseless replacing the old current trans-
formers (CT) with the similar new ones, as they can be hardly paired with digital
communication methods.

Aimof the work: Analysis of materials and shapes used in external insulation
design, in terms of optimal protection of optical sensors from natural phenomena
and breakdowns

Conclusion: The external insulation of OFCT 35kV is researched for 3 con-
tamination types of insulation. The further research intention is to develop more
economically effective optic current sensor. It is obvious, that the development of
digital current transformers and their use together with microprocessor-based
measurement devices at substations with the prospect of a transition to a "digital”
substation, where all information flows are circulated and processed in digital form
is a promising area of research.
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OPTICAL CURRENT AND VOLTAGE SENSORS

At the current stage of development of the electric power industry, with the
widespread usage of current transformers (CTs) and voltage transformers (VTSs),
the most actual is reliable measurement of current and voltage to ensure high reli-
ability and safety of industrial systems and networks. These measurements take an
important part of the substation's working and protective functions [1].

The unflagging interest in optic current and voltage sensors, over the years, is
associated with the high potential capabilities of these devices and also significant
operational advantages compared to traditional current and voltage measurement
technologies. They provide a natural galvanic denouement of the high-voltage and
measuring parts while reducing the overall dimensions, increasing the safety of
their operation and decreasing the installation costs. Various types of current and
voltage sensors are used for monitoring and diagnosing of circuits, launching of
protection schemes, detecting failures of electrical equip ment and emergency con-
ditions of various types of loads [2].

Advantages of digital current and voltage sensors [3]:



— wide dynamic range of measurements (currents up to hundreds of kA,
voltages up to hundreds of kV);

—the sensing element is naturally disconnected fromthe voltage line;

— high resistance of fiber optic information channels to external electro mag-
netic interference;

—extremely fast response time with high measurement accuracy;

—smaller overall dimensions compared to existing technologies;

— they do not explode in catastrophic destruction, unlike oil-filled electrical
insulating supports.

In addition, they are inherently non-magnetic saturated and, as a rule, have a
measurement bandwidth in the kHz range. Bands in the range of tens or hundreds
of kHz are also possible. As a result, fiber-optic current transformers produce
within their measurement range a true image of the primary current, including in
the case of fast transient currents, short-circuit currents and alternating current with
DC bias [1].

The operation of the optical current sensor is based on the Faraday's effect,
which consists in changing the polarization of the light flux under the influence of
a magnetic field. The specific implementation of sensors using this effect can be
different and is patented by manufacturers.

The optical circuit of the current sensor contains an optical signal source.
This signal is converted, with the help of a splitter, into two right- and left-
polarized signals with opposite directions of rotation, which enter the optical loop
made of turns (N) of optical fiber. The magnetic field created by the current (1)
flowing through the wire, in accordance with the Faraday effect slows down one
signal and accelerates another. Both signals reach the next circular polarizer, which
converts them into linearly polarized light fluxes with polarized planes shifted by
an angle, (1):

Ap=4V -N-1, @)
where V is the Verdet constant.

Verdet constant is a quantity characterizing the magnetic rotation of the plane
of polarization in a substance. Its value depends on the properties of the substance,
wavelength and monochromatic radiation [4].

The operation of the optical voltage sensor is based on the Pockels' effect,
which consists in the appearance of birefringence in optical media when a direct or
alternating electric field is applied, which is observed in crystalline piezoelectric,

(2):
E
Ap=m-L-K.-—, 2
p=m 5 @)



where E is the electric field strength; L is the plate thickness; A is the wave-
length; K is electro-optical coefficients.

As follows from the proposed review, optical current and voltage sensors oc-
cupy a significant place in monitoring, controlling and management systems in the
energy sector, as well as in other engineering branches. New generation sensors
significantly increase production efficiency and give a good economic e ffect.
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SULFUR HEXAFLUORIDE GAS BENEFITS IN RELATION TO OIL AND
CELLULOSE INSULATION IN VOLTAGE TRANSFORMERS

Insulation is used in most areas of voltage transformers designing, beginning
from transformer winding insulation and ending with sulfurhexafluoride(SF6) gas,
transformer oil, and cellulose insulation for dry transformers.

The insulation that separates the current-carrying partsfrom each other and
from the grounded parts in power transformers is performed in the form of struc-
tures made of solid and liquid dielectrics [3].

In SF6 gasvoltage transformers, sulfur hexafluoride is used as insulation and
refrigerant, which makes it possible to abandon the fire extinguishing system since
sulfur hexafluoride is not combustible, and it also removes the need for oil collec-
tors and gutters around the transformer [1].

In case of internal malfunctions, the pressure in the tank is very small in
comparison to the strength characteristics of the tank, which ensures that the tank
does not explode and the equipment around it does not suffer [1].


https://kruso.su/main/4478-preimushhestva-opticheskih-datchikov-toka-i-napryazheniya-i-transformatorov.html
https://kruso.su/main/4478-preimushhestva-opticheskih-datchikov-toka-i-napryazheniya-i-transformatorov.html
https://kruso.su/main/4478-preimushhestva-opticheskih-datchikov-toka-i-napryazheniya-i-transformatorov.html

Since neither an expansion tank, nor a pressure relief device, which are im-
portant components of an oil transformer, are needed, it becomes possible to sig-
nificantly reduce the height of the substation [1].

A significant decline in the cost of substation building or a room for a trans-
former is achieved by increasing the compactness of the transformer [1].

It is also worth noting that, unlike oil-insulated transformers, the total cost of
the transformer decreases with a decrease in size and the absence of an expansion
tank and an oil pan, as well as additional costs for building the premises.

The main and indisputable advantage of dry type transformers with cellulose
insulation is an operational safety [2].

In areas with increased safety requirements (educational, medical institutions,
park recreation areas, etc.), the use of dry transformers is more than justified [2].

Since dry type transformers meet all fire safety requirements, they can be in-
stalled directly in production rooms or in a special roomnear a residential building.

Due to the design features, namely the absence of flammable liquids in the
design, unlike oil, dry transformers have a significantly lower probability ofcatch-
ing on fire during a short circuit or from any external mechanical impact, but are
still inferior to SF6 gas transformers in terms of fire safety [2].

In conclusion we can briefly highlight the advantages of sulfur hexafluoride
over other types of insulation, namely fire safety, explosion safety, compact design
of the transformers, lack of need for additional pressure and oil control units.
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BENEFITS OF FIBER OPTIC CURRENT TRANSFORMER

Introduction. At the present stage of the development of high-voltage tech-
nology, classical methods of measurement based on the electromagnetic principles
have reached the limit of their capabilities and cannot satisfy new requirements.



They have arisen due to technological revolution of the last several decades. As
noted in their work Zubia, Casado, Aldabaldetrek and others, “Unimaginable tech-
nological advances in the area of information and communications technology
(ICT), the electrical sector had turned into an anachronism using the technology of
last century”. Therefore, modern development of electrical complexes and systems
require the introduction of the latest designs of instruments and equipment. As a
result, the so-called optical-electronic (OE) measurement methods make it possible
to realize the requirements of consumers. They are based on the use of optical
communication between the primary and secondary transducers of the measuring
system. Such methods use a completely different, more promising approach, based
on the use of the magneto-optical Faraday's effect. Most often, this effect realized
in fiber optic current transformers (FOCT) used in combination with modern digi-
tal signal processing and data transmission technologies.

Currently, the development of the FOCT is produced by leading companies
around the world. Such transformers are considered to be the next generation of
transformers, because they eliminate defects of the analog transformers and meet
all the necessary requirements.

Faraday’s effect. Nowadays FOCT use the magneto-optical Faraday's effect,
which is a fundamentally different promising approach.

Khairullin, Giniyatullin and Pashali, speaking of the magneto-optical effect,
write that “In 1845, Faraday discovered a phenomenon that became one of the
main steps in the development of optical current converters — the phenomenon of
rotation of the plane of polarization of linearly polarized light in a constant mag-
netic field”, as in Figure 1.
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Figure 1 — Schematic diagram of the Faraday's effect

1- laserdiode; 2 — polarizer; 3 — Faraday's element (twisted optical fiber); 4
—analyzer; 5- photodiode; 6 — electric current conductor



Benefits of FOCT. In comparison with conventional transformers, optical fi-
ber ones are compact and lightweight, also they are easy to install. Another advan-
tage is flexibility of transformer. This is possible thanks to its insulation. Ins ulation
is an essential element of electrical apparatuses and has a significant impact on
both its design and operational reliability. Also they are fire and explosion proof.
At the same time the sensor element is naturally decoupled from the voltage line.
And there is minimal electrical interference on the signal line.

Conclusion. Based on these benefits it is safe to say that FOCT is the trans-
former which will be used all around the world because they eliminate defects of
the analog transformers and meet all the necessary requirements.
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3AXUCT JIHIA EJEKTPOIIEPEIAY

TpamumiiiHo 3aXWCT JNHIHA enekTporeperadi Bil NPSIMUX yAapiB OJMCKaBKH
3IIHCHIOETHCS 3a JOMMOMOTOIO 3a3eMJICHHX TpociB. OnHaK, B palioHax i3 3a0pyaHe-
HOIO aTMOCc(heporo TPO303aXUCHIIA TPOC CXUIBHUH 10 KOPO3ii, 0 MPU3BOIUTH JIO
MOTIPIICHHST HOT0 MeXaHIYHOT MIITHOCTi, OOpWBY 1 MOJATBIIOMY PO3BHTKY TEXHO-
norigHoro mopymeHHsA. Hepimko oOpuB TpociB BinOyBaeThCS IMPH OKeEJIe THO -
BITPOBMX HAaBAaHTAXKCHHAX, B TOMY UYHCJi Ha BEJIMKHX IEPEX0Jax uepe3 MpHUpOHi
MIEPETIKOM 1 IHKEHEepH1 CIIOPY/M, @ TAKOXK y BAXKKOJOCTYTHUX paioHaX.

Po3psiHUKH 3aCTOCOBYIOTHCS 3 TI€I0 METOIO, OO 3a0e3MeuyBaTH pe3y JibTa-
THBHY 3aXHCT BHCOKOBOJBTHHX JIHIH elekTporepenad 3-x($a3HOTO 3MIHHOTO
CTPYMY Bil IHIyKTHBHHUX IEPEHANIPYT, YaCTO 3apOKYIOThCS ITi 9ac rpo3, a TaK0XK
THX JOCHUTh BaXKMX HACIIJKIB, IKHMH BOHH 3aTPOXYIOTh. Taki HOBiTHI amapaTu
MOXYTh BCTAHOBIIIOBATUCS SIK HA HEI30IbOBAHMUX, TAK 1 HA i30/IbOBAaHUX MPOBOJAX,
B TeMIlepaTypHOMY amiana3oHi Bix -60 ° C no +50 ° C, a yac X BUKOPUCTaHHS CTa-
HOBUTh He MeHmre 30 pokiB. IX mMHPOKO BUKOPHCTOBYIOTh HAa BHUCOKOBOJLTHHX
TiHIX eIeKTpoIepead B CAMHUX Pi3HUX Ky TOUKaX HAIIOT KpalHH.

Jns migBuineHHs epeKTHBHOCTI TaCiHHS CyIPOBODKYIOUOTO CTPYMY MPOTIO-
Hy€eTbCsl OaratopaszoBe (B 4-20 pasziB) 30iJbLUICHHS JOBXHHHU €JIEMEHTApHOTO MpO-
MiXKy (B OmHIM po3psmHoi kamepi) B mopiBHAHHI 3 MKC. Husske po3psiaHa Ha-
npyra MKC HoBoTO THITy MOXe OyTH 3a0€31e4eHO 3aBAIKH JBOM €(PEeKTiB:

1) 3MiHHOTO pO3psmy

2) KackaJHOCTI CTIpalboByBaHHs Kamep B naHioxk Ky MKC (Puc.1).

Binoma cnabka 3ajexHiCTe pO3pSAHOT HAIPYTH KOB3AIOYOTO PO3PSAIY Bif Bi-
JICTaHI MDK eJeKTpoJaMHU, TOOTO JOCHUTh BEJIMKY BiICTaHb MOKe OyTH MEpeKpHUTO
MY BiIHOCHO HEBEJIMKIN Hampy3i. KackaHICTh CTBOPIOETHCS 32 PAXYHOK BILIMBY
JOJATKOBOTO €JIEKTPOJa, 10 BCTaHOBIOETHCS y310BXkK Bciei MKC (Puc. 1). Leit



€JICKTPOJI 3'€ THAHWUH 3 OCTAHHIM €JICKTPOJOM OCTAHHBOT KaMepH 1 i30JIbOBaHUH BiJl
BCIX IHITM X €JICKTPO/TiB.

Ha pucynxy 1 moka3anwmii BapianT BukoHaHHS MKC 3 enekTpogamu y BUTIIA-
Ii BiNpi3KiB TpyOKM 3 Hep:>kKaBifodoi cTaii i JOJATKOBHM EJICKTPOJOM Y BHUIILATI
KabeJo, MO MPOX0 M Th BCEPEMHI IUX €JIEKTPO/IiB, IPHIOMY JIOBKUHA PO3PSIIHO-
TO MPOMDKKY JOJaTKOBO 30i/bIIeHAa 32 PaXyHOK JiaroHaJlbHOTO (KOCOTO) pO3Ta-
ITyBaHHSA PO3PSIHOI MUTHHHU. 3aBIIKN TaKilf KOHCTPYKIii 3a0e3medyeThes Oinbima
xomnaktHicTe MKC, a kpiM TOTO B I[bOMY BHIAAKY €MHICTh €ICKTPOXAIB Ha J0JA T-
KOoBUI enekTpona (kabems) CO 3HAYHO OiNbIe, HDK €MHICTP MDK €JEKTPOJAMH
oaHieT razopo3psmHoi kamepu Cl, M0 MPU3BO MM TH IO e O UTh 0T, HDK B IHITHX
Bapiantax MKC, HepiBHOMIPHOCTI PO3MOAily HAIPYTH IO KaMepax, i, BiAMOBIIHO,
JI0 HU3bKHX PO3PAIHHUX HATIPYT.
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Pucynok 1 — Ecxiza MKC 3 nogaTkoBUM eneKTpo 1oM (Kabenem), Mo mpo X0 M Th

gyepe3 TpyO9acTi OCHOBHI €JIEKTPOM, 1 KOCUMH PO3PSAHAMH IIiITMHAM U

1 — BHCOKOBOJIE THHH €JIEKTPOT; 2 — HU3bKOBOJIbTHHH enektpox;, 3 — tinmo MKC i3
CHJTIKOHOBOT T'yMU; 4 — pOo3psaHa M UTHHY; 5 — JI0 JaTKOBHIA eJIeKTpo | (knia Kabe-
J0); 6 — 130JIsAIIis Kabemo; 7 — KaHAJ po3psay; 8 — eJIeKTPOaU KaMep

3a pesyibTaTaM¥ MPOBEACHUX JOCHTIDKeHb, 13 3allpOTIOHOBAHMX BapIiaHTIB,
CaMHM epO3iifHO-CTIHKUM BHSBUBCS Bobppam. Ciigom iny e 3ami3o, ciinaB Cu +
Ni + Fe, i Mmigp.

Po3po0iieHO0 MyNbTIKAMEPHOTO CHCTEMH, IO 3a0e3MedyIoTh TaciHHA JAyTH
IMITyJIbCY TPO30BOTO IEpEHANpPYKEHHA 0e3 CyHpOBOJIKYIOUOTO CIPYMY MeEpeixi,
IO JIO3BOJIMTH 3aCTOCOBYBATH PO3PSIHUKA Ha IX OCHOBI B Mepekax 3 BEJIMKHMHU
CTpyMaM¥ KOPOTKOTO 3aMHKaHHS (0/m3bpko 30kA). 3a po3paxyBamn i moOyxyBaym
rpadiku CTPyMiB i MepeHanpyr B KaMepax. 3MOAeTbOBaHO NPHUHIIUIIOBY CJICKTPH U-
HY CXeMy st BUTIpoOyBaHb B cepeosuini Simulink.



CIUCOK BUKOPUCTAHOI JIITEPATYPU

1.  Paspsmuuxku  [DnextponHblii  pecypc]. —  Pexum  gocrtymy:
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2. Tpoaykuus koMmmnanuum [DJIeKTpOHHBIH pecypc]. — Pexum poctymy:
https://sicame.ua/

3. CtaTTs BUNPOOYBaHHS PO3PIAHHUKIB [DJIeKTpOHHBIN pecypc]. — Pexum mo-
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2 cry . rp. E-417 HY "3anopisbka mouite xHika"
T'OJIOBHUH ITPUBOJI CTAHY TOPSIYOIi IPOKATKH

OcHOBHE 3aBJaHH MPOKATHOTO BUPOOHHUIITBA MOJISITa€ B 3a0e3ledeHHi He-
00xigHO1 sAIKOCTI mpoKaTy, TOOTO B 3a0e3NedeHHi BiAMOBIAHOCTI T€OMETPUIHHX
po3MipiB, popMHu, Pi3UKO-MEXaHIYHUX BJIACTUBOCTEH 1 CTaHy MOBEPXHI MPOKATY
3aJJaHIM BUMOTaM.

IIpokaTka MeTady € OCHOBHOIO TEXHOJIOTTYHOIO OIEpali€lo Mmpolecy BHPOO-
HUIITBa MPOKaTy. Pelta TeXHOJOTIYHI oneparii 3a0e3ne4yrTh MOXIMBICTh 311k C-
HEHHS NPOKATKU Ta OTPUMAaHHA HEOOXiJHOI AKOCTI MPOKaTy. YCTaTKyBaHHs I O-
KaTHOTO CTaHy MiJAPO3IiIA€ThCS HA OCHOBHE 1 gomoMmbkHe. OcHOBHE 00JaHAHHSI
3a0e3neuye BAacHE MPOKATKYy METaJly 1 CKJIaJaeThesl 3 OHIET ab0 AeKiTbKOX po0o-
YU X KITITeH, B AKUX PO3MIIIYIOTHCSI IPOKATHI BaJIKH, a TAKOX MPHUBOJIIB 00EpTaHHA
NpOKAaTHUX BaJIKiB. JlomoMiKHE 00JaIHAHHS CTaHA BKJIOYAE arperatd, MPHCTPOl
Ta CHCTCMHU, MPHU3HAYCHI U1 MEPEeMIlIeHHs MPOKATYBaHOTO MeETaly, HOro po3Mm o-
TYBaHHS 1 3MOTYBaHHs B OyHTH a00 pyJOHH, MAIrPiBYy Ta OX0JIOHKCHHS, Pi3aHHsI
Ta BUKOHAHHS HIIUX JOMOMDKHHX OTIepaLlid.

OdyHKITIOHATBEHA CXeMa CHCTEMU MpeacTaBiieHa Ha puc. 1. Jlo i1 ckimagy BXo-
JUTh NpuBOIHUIA MBUTYH I1/], B SKOCTi SKOTO MOKEe OYTH BUKOPUCTAHUI HEKEp O-
BaHHM{ IBHUTYH HOCTIHHOTO a00 3MIHHOTO cTpyMy. [IpHBOJHUM NBUTYHOM HPHBO-
IMTHCS B OOEpPTAHHS SIKip KEPOBAHOTO EJEKTPOMEXaHIYHOIO IepeTBOploBada -
reHepatopa abo eJeKTpOMaNIMHHOTO mifcuimoBaya . besmocepemHpo 1o sKipHOT
00OMOTKH reHepaTopa MiIKIF0YaeThCs IKipHa 00MOTKAa BHKOHABYOTO JIBUTYHA J].

[naxom 3minu B6pana Uy, Ha kepyrouoi oOMoTUi 30y AxkeHHs renepatopa OY
MH MOXEMO PETYJIIOBATH MOTIK 30Y/DKCHH S, O TXKE, 1 HAIpyra Ha BUXOM1 reHepaTo-
pa, ToOTO Hampyra Ha OOMOTII SIKOPSI IBUTYHA, 1 TAKMM YHHOM KEPyBAaTH HUM.
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Pucynox | — ®yHkijioHaIbHA CXeMa CHCTEeMH F'eHepaTop — MPUBO JHUH
JBUTYH
Jng Toro mo6 oTpuUMAaTH eleKTpOMEXaH{YyHI XapaKTePUCTUKH NPUBOAY He-
o6xigHoi ¢opmu B cuctemi -/ (Puc. 2) BUKOPHCTOBYIOTh 3BOPOTHI 3B'3KU MO
PBHUX KOOpAMHATaX. Y JAHOMY PO3JiJi MU PO3IISHEMO CTATUYHI BJIACTHBOCTI
CHCTEM 3 )KOPCTKOIO 3BOPOTHUM 3B'3KOM I10 OJAHIH 3 KOOPAUHAT.
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PucyHnok 2 — @yHkuioHabHa cxema cucteMu I —/1 31 3BOPOTHIM 3B'I3KOM 32
CTPYMOM

Pe3ynbTaTi pOBEICHUX PO3PAXYHKIB 1 MOOYI0OBA MO MEPEBIPIi IO TYKHOCTI
meuryHa MIIIC 11500-63 103B0JI110 Th 3pOOUTH HAC TY TH1 BUCHOBKH :

[o HarpiBaHHIO JIBUTYH 3aJI0BOJIGHSE YMOBI IPOKAaTKH HAaiOINbII €HEProe M-
HOTO 3JITKA.

B ychomy miama3oHi IIBHIKOCTSH ABHIYH BHIIPOOYe HaBaHTA)XKEHHS MO M O-
MEHTY 1 CTpYMY HI)KYE NPUIYCTHMHX, TOMY IIO B HaiOIbII Ba)KKOMY BHIAIKY
(meB'aTHIT MPOITyCK) NEpEeBaHTAXKCHHs [0 MOMEHTY CKJaJa€ 2 BiJl HOMIHAJIBHOTO
IPH IPUITYCTAMOMY po00YOMYy NepeBaHTaXeHHI 2.2.

Ipoxatauii euryH MIIC 11500-63, 11000 kBT, 900B, 63/90 06/xB Mae m0-
CTaTHIlf 3aIIac MOTY>KHOCTI, IO JIO3BOJISIE TOBOPHTH PO MiABHUIICHHS HOTo poOoTH.
[Tpu IbOMY BapTO MaTH Ha yBa3i, MO 3aJaHUH Tpadik MPOKATKH CKIAACHH N 3 YM O-
BHU 3a0e3MedeHHs MaKCUMaIbHOI poaykTMBHOCTI 400 1/T0o uHa. PesepBy moTy k-



HOCTI JBHTYHa ITUIKOM JOCTaTHBO 1 IJI1 MOJKIMBOI MOJEpHi3alii MeXaHIIHOTO
yCTaTKyBaHHS OJIOMIHTA.
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CHUCTEMA KEPYBAHHS EJIEKTPOIIPUBOJ0OM HACOCHOiI
YCTAHOBKH 3POLIYBAHHSA CUCTEMU TY MAHOYTBOPEHHS

CHucTeMU TyMaHOYTBOPEHHS (AMMKH) BCE YacTillle 3aCTOCOBYIOTh B TEIIJIM Y-
HOMY TOCIIOJIAPCTBI 1 B opamkepesx. [Ipu IX mpaBUIBHOMY MPOEKTyBaHHI, yCTaHO-
BIl 1 eKCIIyaTamii I[i CHCTEMH MOXYTh POOWUTH iCTOTHUH BIJMB Ha MPOJIY KTH B-
HIiCTH TETJIUILI.

IIpoayKTHBHICTh TETJHMIII 3aJI€XKUTh BiJ 0araTh0X YMHHHUKIB: TeMIepaTypa,
BOJIOTICTh, COHSIYHE CBITIIO, SKICTh MOBITPSIHOTO CEPEOBUINA, KOHIICH TPAIlis BY I-
JIEKHCJIOr0 Ta3y, BMICT BOJIOTH i CTaHy IPyHTy. XO4Ya CHCTEMH JJisi CTBOPEHHS
TyMaHy HE MOJXyTh BIUIMBATH Ha BCi i MapaMeTpH, BOHH MOXYTb HAJJABaTH MO3H-
THBHHH BIJIMB Ha MPOAYKTHBHICTH 32 PAXyYHOK PEryJIOBaHHS TEMIIEPATypH, BOJIO-
ToCTi 1 BMICTY BOJIOTH B Termili. [liATpuMyI0oun Taki mapamMeTpyu Ha ONTHMaIbHUX
PIBHSIX, BOHH CTBOPIOIOTh HAlTydTie YMOBH I BETe Tallil pOCIHH.

CucTeMH TyMaHOYTBOPEHHS ICTOTHO IOJIMIIYIOTH YMOBH Mpami Ta MiaBHU-
LIYIOTh TPOYKTUBHICTh B OPAHKEPEsAX, BHOCSIYHU BEIHKUI BHECOK Y MPUCKOPEHHS
BereTallii Ha PI3HUX e€Tanax, IPOPOCTAHHS HACIHHSA, I BUPOOHHIITBA OPTaHIIHOT
pedoBHUHN a00 BHPOUTYBaHHS TKAHWHM KIITHH. Taki CHCTEeMH 3a paxyHOK 00'eMHO-
TO BIUIMBY ONTHMAJbHI U POCIHH, IO CTEIMOTHCSA, OBOUIB, KBITiB a0 po3cam



IepeB. 3aBIIKM CHCTEMaM TYMAaHOYTBOPEHHS MOXIHMBO 3a0€3MEYUTH BHCOKY
IIUTBHICTE TOCAJKH POCIMH 0e3 MOOOIOBaHHS PO3BUTKY XBOPOO 1 OJHOPIMHOCTI
Bpoxaro. CucteMa MOKe BUKOHYBATH BCE 1€, yCYBarO4M ""BOJSHUN CTpeC pociMH",
- OJH 3 HalO1IbOI iCTOTHNX (PaKTOPIB, IO BH3HAYAIOTH 3POCTAHHS BCiX POCIIHH.

3riguo 3 Bumoramu CHill HacocHi cTaHIii BCiX NpHU3HaUYeHb MOBHHHI IPOE K-
TyBaTHCH, SIK IPABUJIO, 3 YIPABIIHHAIM 0€3 HOCTIHHOTO 00CIyTOBYyIOYOTO MEPCOH a-
Jy: aBTOMATHYHUM - B 3aJISKHOCTI Bl TEXHOJIOTIYHMX IapaMeTpiB (piBHSA BOIWM B
€MHOCTAX, THCKYy 200 BUTpATH BOJH B MEPEXi); IMCTAHIIHHUM (TeJeMe XaHITHHIM )
- 3 IyHKTYy YIPAaBIiHHS; MICIEBUM - MEPIOJUIHO IPHUXOAITh MEPCOHAIOM 3 mepe-
Ja4ero HeOOXiMHWX CHTHAJIB Ha IMyHKT yNPaBIiHHSA a00 Ha IyHKT 3 NMOCTIHHOIO
HPUCYTHIC TFO 0OCIyTOBYI0OUOTO IIEPCOHAIY.

VYrpaBniHHA peryIbOBaHUM €IeKTPOIPHBOJOM B OCHOBHOMY CIifJ 3MiHCHIO-
BaTW aBTOMATHYHO B 3aJIEXHOCTI BiJf THCKY B JMKTYIOTh TOYKaX MEPEXKi, BUTPATH
BOJM, IKa MOJIA€ THCS B MEPEXKY, PIBHS BOJM B pe3epByapax.

VY HC cnix nepenbavat BUMIPIOBaHHS THCKy B HAIIpHHUX BOJOBOJAX 1y KO-
JKHOTO HAaCOCHOTO arperary, BUTpaT BOM Ha HAaIlipHUX BOJOBOJAX, a TAKOXK KOH T-
poJb PiBHS BOJM B JPEHAKHHUX MPHAMKAX 1 BAKyyM-KOTII, TEMIIEpaTypH MiAmuI-
HUKIB arperatiB (Ipu HEOOXiHOCTI), aBapilfHOTO piBHS 3aTOIUICHHS (IIOSIBU BOJM B
MaIIMHHOMY 3ajJi Ha piBHi (yHIaMeHTIB enekTponpuBoxiB). Ilpu moTyxkHOCTI
HacocHoro arperaty 100 kBT i 6i1p11e HeoOXiqHO mependayaTd mepioguvHe BH-
3HaueHHsS KKJ] 3 mo xubkoro He Oinbie 3%.

Y mamzani HC posmimeno ocHoBHe i gonoMmixae o6saaanas HC. OcHoBHe
obnamHanns Bkmouae Hacoc LH1, enextponpuBox M 1. [lo cknagy AOTOMDKHOTO
o0JlaHaHHS BXOATh: JPEHAXHI, MOXKEXKH1, BAKyyM-HAaCOCH; 3aCyBKH; BEHTUJIITO-
pu; o6irpiBaui Ta iHme oGjagHaHHA. Y IPABIiHHSA HUM 3IIHCHIOETHCS 3a JOTMOM O-
rO0 BUKOHaBUMX MexaH13MiB IM1 — Imn.

Jna otpuManHs iHGoOpMaIlii Mpo 3HAYEHHS PEryJbOBaHUX MapaMmeTpiB CIIy-
kate maTamkd 1 — JIM.

CurHaiM ynpaBiiHHS 1 BUMIpPIOBaJbHI cCHTHANU Bij o0maaHanns HC 30upa-
10Thest B a1 ynpasiiaasa LY. TyT ke BinOyBa€eThecs iX 00'eIHAHHS B OJHY 3ara-
JBbHY iH(GOpPMAIHHY JiHI0 3B'I3KY, SKa MIIKIIOYAETHCS IO TEXHOJOTIYHOTO KOH T-
ponepy TK.

OCKUTbKHM TIpH CcTabimi3alii HAMmopy CUCTEMa MPAIOE€ B MaJUX BIIXHIICHHIX
10710 po60Y0i TOYKU CcTAdITi3aIil, MOYKIIMBE BUKOPUCTAHHS JIHIHHOT MOJIe T ac -
HXPOHHOTO JIBHTYHa

Jnst cuHTe3y peryjaTopiB CHCTEMHU YIpPaBIiHHA OyJe BHKOPHCTOBYBAaTHUCH,
Tak 3BaHa, JiHeapuzoBaHe Mojaenb AJl. CIpyKTypHY cXeMy JIMHEapH30BaHHOI
MOJIeN aCHHXPOHHOTO JIBUTYHa MOXKHA NMPEICTABUTH Y BUIIIAII, MOJCII, HaBEIe-
HOi Ha puc.1:
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