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EnekmpomexHika. BusHa4yHi nodii. CnasemHi imeHa
VJIK 629.7:930.1

doi: 10.20998/2074-272X.2019.6.01

M.U. Bapanos

AHTOJIOTHUA BBIJTAIOIIAXCA JOCTUKEHUM B HAYKE Y TEXHUKE. YACTb 52:
KOHCTPYKTOP PAKETHO-KOCMHWYECKOMN TEXHUKH MUXAWJI AHT'EJIb U ETO
CBEPILIEHUSA B PAKETOCTPOEHUH

Hagedeno naykogo-icmopuuHuil Hapuc npo 6u0AmMHO20 padAHCbK020 KOHCMPYKMOpa pakemuo-kocmiunoi mexniku Muxaiina
Ky3vmiua Snzensa, wjo cmag 00Onum 3 meopuyis imuyu3HAHO20 PAKeMHO-10€pHO20 «ujumay. Onucani 0CHO6HI HAYKOGO-MeXHIUHI
Odocaznennn M.K. Anzenn ¢ zanysi po3pooku i cmeopennsa ¢ CPCP 601106020 cmpameziunozo pakemnozo 030po€nuna i pakemuo-
KOCMIUHOT mexHiKu 01 MUpHo20 0ceoenna xocmocy. Ilokazano, wio I'onosenuit koncmpyxkmop OKbB-586 (Kb «lIliedenne», m.
/ninponemposcox) M.K. Anzenv € «6amvkom» padancoKux 0000GUX MidcKOHmMuHnenmanvhux oanicmuunux paxem (MBP)
nepuiozo (3 indexcamu 8K63, 8K65 i 8K64), opyzoco (3 inoexcamu 8K67, 8K69 i 8K67I1) ma mpemvozo (3 indexcamu 15414,
15415, 15416 i 15418) noxonains. Ilpu cmeopenni MBP uemeepmozo noxoninna (3 inoexcamu 15A18M, 157K60 i 157K61) oynu
3acmocosani iiozo ioei. /lani 6oiiosi MBP 3a6e3neuunu ¢ nepioo «xonoonoi giiinuy ona CPCP napumem 6 ceimogiit zonui
cmpameziunHux pakemno-adepuux o03opoens. bion. 24, Tabn. 2, puc. 13.

Kniouogi cnosa: pakeTHO-KOCMiYHA TeXHiKa, BUAATHHI PaJsiHCbKUH KOHCTPYKTOP PaKeTHO-KOCMiuHOI TexHikum Muxaiino
SHrenb, NOCSITHeHHsl y BilicbKOBOMY i MHPpHOMY pakeTo0y1yBaHHi, HAyKOBO-iCTOpHYHHUIi HapHC.

Ilpuseoen nayuno-ucmopuueckuii 0uepK 0 6b10AI0OULEMCA COBEHCKOM KOHCMPYKMOpPe PaKemHo-Kocmuueckoi mexnuxku Muxau-
ne Kysoemuue fAncene, cmaswem 00num u3 cozoameneii ome4yecmeeHno20 paKemno-adepnozo «uwuma». Onucanvt ochosHble
Hayuno-mexuuueckue oocmudcenus M.K. Anzena ¢ oonacmu paspadomxu u cozoanus ¢ CCCP boegozo cmpamezuueckozo pa-
KemHoz0 600pYyyHceHUA U PAKEMHO-KOCMUYECKOI MEXHUKU Ol MUPHO20 0c80eHua Kocmoca. Ilokazano, umo I'naguwlii koncm-
pykmop OKB-586 (Kb «IOscnoey, e. /lnenponempoeck) M.K. Anzenv agnaemca «0omyom» co8emcKux 60eavlx MeHcKOHmMuHeH-
mansHbix oannucmuyeckux pakem (MBP) nepeozo (¢ undexcamu 8K63, 8K65 u 8K64), emopozo (¢ unoexcamu 8K67, 8K69 u
8K67II) u mpemvezo (c unoexcamu 15414, 15415, 15416 u 15418) noxonenuit. Ilpu cozoanuu MBP uemeepmozo nokonenus (c
unoexcamu 15418M, 152K60 u 157K61) ovinu npumenenst e2o uoeu. /lannvie 6oesvie MBP obecneuunu 6 nepuood «xoa00Hou
eoutnvty 0nsi CCCP napumem ¢ Mupogoii 20HKe cmpamezuieckKux paKkemuo-a0epuuix eoopyycenuii. budin. 24, tabdn. 2, puc. 13.
Kniouesvie cnosa: pakeTHO-KOCMHYECKAsi TEXHUKA, BHIIAIOIIUIICS COBETCKUH KOHCTPYKTOP PaKeTHO-KOCMHYeCKOH TeXHHKH
Muxana SIHresib, 10CTHKeHHsI B BOEHHOM M MHPHOM PaKeTOCTPOEHNH, HAYYHO-HCTOPUIECKHIT 0UepK.

Beenenue. B Hacrosiee BpeMs ¢ y4€TOM IPOLLEIINX
JIET U PAacCEeKPEUMBAHMUSI MHOT'MX paHee HEeJOCTYIHBIX IS
[IMPOKOTO YUTATElsl MaTepuasoB, KAaCAIOIIUXCS CTAHOBJIE-
Hust U pasutus B ObBmieM CCCP pakerHO# oTpacim,
HAMEBIIICH BaKHOE BOSHHO-CTPATErHUecKoe 3HA4YeHHE, CTa-
HOBUTCSI M3BECTHBIM H TO, YTO JIyYIIFe COBETCKHE OOEBBIE
MEXKOHTHHEHTaNIbHBIE Oammmctideckue pakersl (MBP)
ObUTH pa3pabOTaHBI U CO3MAHBI HE MPOCIABICHHBIM KOHCT-
PYKTOPOM DPaKeTHO-KOCMHYECKONH TeXHUKH (I TaBHBIM KOH-
crpykropoM OKB-1, r. Kanmununrpan, MockoBckast 0011.),
nBaxel ['epoem Tpyna, akanemukom AH CCCP (c 1958 r.)
C.II. Koponesem [1], a ['maBHBIM KOHCTpYKTOpoM OKB-586
(Kb «tOsxnoe», r. Henponerposck) M.K. Suremem [2].
Nvenno M.K. SlHrenb npakTUUECKH «B3BAIWID) HAa CBOU
IUIeYH HEUMOBEPHYIO OTBETCTBEHHOCTb M BCIO TSDKECTb
o6oporst CCCP 0T MOTEHIMANBHOTO PaKETHO-SAEPHOTO
yrmapa Bpaxkeckux cwmwi 3amama. 3acmyru C.I1. Koponesa B
co3maHuy TepBhIX coBeTckux MBP, mocraBnenHbIx B 1956-
1968 rT. Ha BOOPY)KEHNE PaKETHBIX BOHCK CTPAaTErHYeCKOro
nHasHaueHns: (PBCH), HukTo He ymonser. B KOHKypeHTHO#H
6oppoe M.K. furens daxruuecku «passsizaimy pyku C.IL
KoponeBy misi coBEeTCKOro mpopbiBa B MHpPHBIH KOCMOC.
Tpebyercst Bo31aTh JODKHOE HENOOLEHEHHOMY B IMOJIHOW
Mepe B XX Beke, SIPKOMY M YCHEIIHOMY BBIJAIOIEMYCS
COBETCKOMY KOHCTPYKTOPY PaKeTHO-KOCMUYECKOH TEXHUKH,
nsaxael ['eporo Tpyma (1959 r.; 1961 r.), akanemnky AH
YCCP (c 1961 1.) u AH CCCP (c 1966 r.) Muxamny Ky3b-
vuay Srremo [2] (puc. 1). dnst storo B (opme HaydHO-
HCTOPHYECKOTO OYepKa O HEM BHECEM CKPOMHBIA BKIIAI U
MBI — HaceaHukH TpynoB M.K. Sxremns.

Heablo cTaThbM SBISETCS MOATOTOBKA KPATKOTO Ha-
YYHO-UCTOPHYECKOTO OYepKa O BBIAAIONIEMCS KOHCTPYK-

TOpE OTEUECTBEHHON PpPaKETHO-KOCMUYECKONM TEXHUKU U
OJTHOM W3 OCHOBHBIX CO3JaTeJCi paKeT-HOCHTENCH Iyis
COBETCKOT'0 pakeTHO-siepHoro «murta» M.K. Sxrene.

1. Havajo >KH3HEHHOT0 W TBOPYECKOr0 MYyTH
M.K. Surens. Pognncs Muxawun 7 Hos6ps 1911 . B Boc-
TOYHO-cHOUpcKkoil nepesHe 3vipsiHOBa (MpKyTckas ry-
OepHus, Poccuiickasi umMmneprs) B MHOTOJETHON KPecTb-
sHCKOM cembe Ky3pmbl JlaBpeHTheBHYa W AHTEIHHBI
[TerpoBubl SHrenmedi, umeBmmx 12 gereir [2]. Kak wmbl
BUJMM, UM U (haMHJIHSI 3TOTO MPOCIABICHHOTO B Oyy-
meM CBOMM THUTAHUYCCKUM TPYJAOM YCJIOBCKa OYCHL ac-
COLIMUPYIOTCS. B YEJIOBEUECKOM CO3HAHUHM C 0OXKECTBEH-
HBIM CJIOBOM «aHTEID), KOTOPBIH KakK ObI OBLT ITOCIIAH 3eM-
JIsTHaM ¢ HeOecC TS OCTYDKEHHS TAMHCTB HAIlleTo MUPA.

Puc. 1. Beigaronuiicsi COBETCKUI KOHCTPYKTOP
PaKeTHO-KOCMMUYECKOM TEXHUKH, ABaxabl I epoit Tpyna,
naypeat JIeHUHCKOH TpeMHH, JOKTOp TEXHUUECKUX HaYK,
akagemuk AH YCCP u AH CCCP Muxaun Ky3smuu SIHremns
(07.11.1911 r.-25.10.1971 1.) [2]

© M.U. Bapanos
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B 1926 r., nociie OKOHYaHMS IIECTOIO Kjacca Cellb-
CKOHM ILIKOJBI, OH Iepee3kaeT B I. MOCKBY K cTaplieMy
opaty Koncrantuny [2]. 3akoHUUB (paOpHIHO-3aBOJICKOE
yumiiie, B nepuoa 1929-1931 rr. Muxaun paboraer
NOMOIIHUKOM MacTepa Ha TeKCTWIbHOW (abpuke
(r. Kpacnoapmeiick, MockoBckas o0is.). B 1931 r. on
nocrynaeT B MOCKOBCKHI aBHAIIMOHHBIH MHCTHUTYT, KO-
TOopbiil B 1937 T. OKaHYMBAET C OTIUYHMEM M0 CHELUANb-
Hoctu «Camoneroctpoenue» [2]. B mepmonm 1935-1944
IT. IpopadoTai B Pa3HBIX AOJDKHOCTSX (HAYWHAS C Bedy-
Iero MHKEHepa W 3aKaH4dMBas AUPEKTOPOM) Ha 3aBOjIe-
¢unmane npu KB, pyKOBOJMMOM HM3BECTHBIM COBETCKHM
aBuakoHcTpykTopoM H.H. ITomukapmossim [3]. [Ipu aTom
OH Y4acTBOBaJI B pa3pabOTKe U JIOBOJIKE ero 0OeBBIX ca-
MoseroB-uctpedbutenein 1-153, U-180 u U-185 [2]. B
1944 r. ObLT 3aM. TTABHOTO WHXKEHepa aBuazaBoaa Nel55
P OIBITHO-KOHCTpYKTOpcKoM Oropo (OKB), Bozrmas-
JISIEMOM TIPOCJIABIEHHBIM B OyJyIieM aBHaKOHCTPYKTO-
pom A.U. MuxkosiHoMm, a B 1945 r. cran paborats Bemxy-
UM uHxkeHepoM B Kb H3BECTHOrO COBETCKOIO aBHAKOH-
cTpykTopa B.M. Mscumesa [2]. B nepuon 1946-1948 1r.,
pabotas B crmemnoraene MUHHCTEpCTBA aBHAIOHHON
npombiniieHHocTH CCCP, koopauHupoBai paboThl Kak B
00JTaCTH OTEYECTBEHHOTO CaMOJIETOCTPOSHHS, TaK M pa-
0OTBI ~ MHOTOYMCIEHHBIX  TAJAHTIUBBIX  HEMIICB-
pakeT4ynKoB, BeIBe3eHHBIX U3 I'epmanuu B CCCP [1]. Otu
JiBa rojia OOLICHUS] C HEMEIKUMH PaKeTYNKaMH U H3yue-
HUA Tpo(eiHbIX ToKyMeHTOB W3 ['epmanun B obiactu
pakeTHO# TexHUKH MHOTrO jJanu M.K. SlHrento B moHuma-
HUU IyTel cTaHOBIeHus pakeTHoil orpacnu B CCCP. B
1950 r. oH ¢ OTIMYMEM OKOHYMJ AKaJeMHUIO aBHAI[HOH-
Hoit mpomsimieHHocTd CCCP. C 12 ampens 1950 r. (B
Ooynymmuii Jleap kocmoHaBTHKH CCCP) HaumHaeTcs ero
ounmanbHOE «BXOXKIEHHE» B PAKETHYIO OTpacib Hallen
CTpaHsbl [2, 4]: BHayajie OH 3aHUMAET JOHKHOCTh Hadallb-
nuka otaena B OKbB-1 (r. Kamununarpaa, MockoBckas
0011.), co3maHHoro npu rojosHoi opranmzanuu CCCP B
obnactu pakeroctpoenns HUU-88 [1] u pykoBoaumoro
C.I1. KoponeBbiM, a 3aTteM ¢ 1951 r. cTaHOBUTCS OJHUM
n3 3aMectureneit I'masHoro konctpykropa C.I1. Kopose-
Ba. B mae 1952 r. oH Ha3HavaeTCs TUPEKTOPOM BEILYILETO
B CCCP npeanpusituss HUM-88, B coctaB KOTOPOro BXO-
UK 25 OTIeNoB, ONBITHEIN 3aBOI, 1Ba (uimana u Oonee
necsita Kb, B Tom uncine u OKbB-1 kpaitHe aMOUIINO3HOTO
U CTpEeMAIIerocs K cOOCTBEHHOMY €IWHOHAYAJIHIO B pa-
ketHoit orpaciim CCCP C.II. Koponesa. Buaumo, Takum
BBICOKMM HazHaueHnem M.K. SIHrems, xotopoMmy Temepn
00s3an Opin1 momunHATEC U C.I1. Kopones, myapoe co-
BETCKOE PYKOBOJICTBO (IIPEX/IE BCEro, B Jinile MuHHCTpa
BoopyxkeHuit CCCP, torma renepan-nonkoBHuka J[.@.
VYcrunoBa, crapuiero Brnociuenctsuu Mapmanom CCCP,
tpuwxkabl I'epoem Tpyna u CCCP u umeBmiero B Hamei
CTpaHe camoe OOJIbIIOE KOJIMYECTBO Op/eHOB JleHnHa —
10 mT. [5]) cTpeMUIOCh OTPaHUYHUTH PAKETHBIH «MOHO-
monmuzm» C.II. KopomeBa. Ykaxewm, uro ['1aBHBINH KOHCT-
pykrop OKB-1 C.II. KoponeB mposiBuin ¢ cedst B co31aB-
IIMXCS U1 HETO yCJIOBUAX HE ¢ JydIIel CTOpPOHEI [6, 7]:
OH JIEMOHCTPAaTHBHO HE SIBILLICS HA COBEUIAHMUS, ITPOBO-
nuMmbie ero HadanbHukoM M.K. fHrenem, yacto urHopwu-
poBai npukassl HoBoro aupekropa HUM-88 u ¢ Gosnbrim-
MU 3aACPKKaMHU BBITIOJIHA €0 PCHICHU. NmenHo ¢ 3To-
To N€proJia HAYaJIUCh «TAKECIIBIC) JIUIHOCTHBIC U B LIEJIOM

HETIPOCTHIE B3aMMOOTHOIIEHHS 3THX JIETCHOAPHBIX COBET-
CKMX KOHCTPYKTOPOB pakeTHON TexHUkH. IloHumas cu-
tyauoo, M.K. SlHrens B okts106pe 1953 r. npuHsiin Heop-
JIUHApHOE pellIeHHe — Mojal cBoeMy MMHUCTpY 3asiBiie-
HHE 00 OCBOOOXKAEHHH €ro OT 3aHHMaeMOHW JIOJDKHOCTH
mupexropa HUHM-88 mo cobcTBeHHOMY kenaHuoo. B HO-
sa6pe 1953 r. nmpukazom ykazanHoro Mununctpa J1.®. Yc-
THHOBA OH OBUT 0CBOOOYK/IEH OT JAOJIKHOCTH JUPEKTOpa U
HazHauyeH rinaBHbIM nHxeHepoM HUU-88. Tak M.K. SH-
Telb TI0CIIE BBIOIHEHMS aAMHUHHUCTPATUBHBIX OOS3aHHO-
CTEl CHOBa OKa3ajCsl B POJIHOM TBOPUECKON «CTHUXHUU»: Y
HETO TOSIBUJIACH BO3MOXHOCTh PAa3BUTHS HOBOTO HAlpaB-
JIeHUs] B PAKCTHOW HAyKe M TEXHUKE — IPHMEHEHUs B
MBP BBICOKOKUISIIIMX KOMIIOHEHT TOIUIMBA U aBTOHOM-
HOH cuCTeMbl uXx ynpasieHus. Ha 3T1o Bpems npuiiencs u
«UCXO0/I» HEMaJIo cleiaBmux B nepruoa 1945-1954 rr. non
pPYKOBOACTBOM copaTHHKa BepHepa ¢on bpayna ['enpmy-
Ta I'perTpyna i noabeMa COBETCKOM pakeTHOH TeXHU-
K1 00pyceBmmx HemueB-pakerdnkoB n3 CCCP B T'JIP [1].

2. OcnoBHble pocTu:keHusi MLK. SIurenss B pa-
KeTHOH TeXHHMKe BOeHHOro HazHauenusi (1954-1971
rr.). CriertnansabM [ToctanoBiernem CM CCCP B ampe-
ae 1954 r. Ha Ga3e cepuiiHOrO pakeTHOro 3aBoma Ne586
(r. AuenpomerpoBck) Opio co3maHo Ocoboe KOHCTPYK-
Topckoe Oropo Ne586 (OKB-586, craBiiee Ha3bIBATHCS B
1966 r. Kb «}OxHoe»), HaualbHUKOM U | JTaBHBIM KOHCT-
pykTropoMm Kotoporo Obu1 HasHaueH M.K. Surems [7].
OcHOBHBIM HampasieHueM JestensbHocTd M.K. SnHrens u
BosraaBisgemoro uM OKB-586 Ha MHorue roasl craHo-
BUTCS pa3paboTka W co3nanue 0oeBbIx coBeTckux MBP.
Pabotbl B 00acTH co3maHusi KOCMHUYECKHX aIllapaTtoB U
MHPHOTO OCBOEHHS KOCMOCa OBIIM JUIS HEro Ha BTOPOM
made. [lepeiMu s MK, fIHrens cranu pakeTsl cpen-
ueit (P-12) u mpomexyrounoii (P-14) mamenoctu [7, 8].
22 wroHa 1957 1. GBUIO MPOBEAECHO MEPBOE M YCIIEIIHOE
ucneITanie Ha monuroHe Kamyctun Slp co3maHHOW MM
pakets! P-12 (o repmunonorun HATO SS-4, puc. 2) [9].

Puc. 2. My3eiiHblii 5KCTIOHAT OAHOCTYIIEHYAaTON CTpaTeruyde-
ckoii paketsl Tuna P-12 (Boennslii uagexc 8K63) Ha craproBom
crone (1957 r., 'maBueiit koHCTpYKTOp — M.K. SIHTEND) [9]

B Ttabn. | nmpuBeneHBI OCHOBHBIC TaKTHUKO-
TEXHHUUYECKHE XapaKTepUCTUKH pakeTsl Tuna P-12 (8K63),
cosnanHoit B OKbB-586 nox pykosoactsom M.K. Snrens.
Ota OAHOCTyNEHYaTas pakeTa C KUJKUM BBICOKOKUIIS-
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UM TOIUTMBOM ObLTa TIEPBOM CTPATETHMUECKON PaKeTOM,
paspabortannoii B OKB-586 (r. JInenpomnerposck) [9, 10].

Tabmuma 1
TaKTHKO-TEXHUYECKHE XapaKTePHUCTHKN COBETCKOW 00eBOI
paxets! P-12 (8K63) ¢ TepmosinepHbIM 3apsiaom [9]

Ne HamnmMeHoBaHMe XapaKTepUCTUKU 3HayeHne

Jliuna kopmyca, M 21,1

Juametp xopmyca, M 1,65

CraproBas Macca, T 41,7

Mo1HOCTs MOHO3apsiAa 6OETOJIOBKY B 23
9

1
2
3
4 | Yucio cryneHei, mr. 1
5
6

TPOTHJIOBOM SKBHBaJeHTE, MT
JlanpHOCTB mosieta (CTpesIbObl), KM 2080

KomnoHeHThI BBICOKOKHUIIALICTO
PAKETHOI'O XXHUAKOT'O TOIINBA:

TZ MapKa ropr4ero TM-185
— MapKa OKUCIIHUTENs AK-271

3 [epnon HaxoKAEHNUS HAa BOOPY KEHHN 1959-
PBCH Cogetckoii apmMuu 1988 rr.

OtmertnM, 9TO Ha 0a3e cTparermdeckoi pakersl P-12
(cM. puc. 2), oTHOCSImEHCS K OOEBBIM pakeTaM TEepBOTO
MIOKOJICHHS U TIPETHa3HAYE€HHOM /Ul HA3eMHOT'0 CTapTa, B
OKB-586 Obuta paspaborana pakera P-12VY (BoeHHBINH
unaekc 8K63VY) ¢ moBBIIIIEHHON CTOWKOCTBIO K SJEPHBIM
yaapaM BEPOATHOI'O NMPOTHBHUKA, MPECAHA3HAUCHHAA JIid
[IaXTHOTO CTapTa. 3aMETUM, YTO IO CPABHEHHIO C TIEPBOH
pakeroit Tuna P-1 C.II. Koponesa [1], sBasiBIIeiics To4-
HOM KOIHMeW HEMELKOH OAHOCTYyNeHYaTol pakeTsl «Day-
2y ¢ xuaKocTHBIM paketHbiM neuratenem (JKPI) [11], mepBas
pakera P-12 M.K. farens, npousBeneHHas B KOJINIECTBE
2300 mT. ¥ HaXOOWBIIASCS HA OOCBOM JIEKYPCTBE OKOJIO
30 xet [9], mpu IPaKTHYECKH TOM K€ AUAMETPE U OOJb-
el AmuHe Kopiyca B 1,5 pa3za uMena JanbHOCTD IojeTa
(cTpens0b1) IpuMepHO B 7 pa3 60mburyio. I maBHOM mpu-
yuHOI ToMy OBLTO TO, uTO JXKPJI pakers! P-1 u Bcex mo-
cnenyronux paketr konctpykiu C.I1. Koposesa pabora-
JU Ha HU3KOKMIIAIIEM TOIUIMBE (KEPOCHHE) C JKUIKO-
kucnoponHeiM okuciutenem, a JXPJI Bcex paker M.K.
SlHrenst — Ha BBHICOKOKHMIISILEM TOIUIMBE C HOBBIMM THIIa-
MU okuciuTenei. [lanee nmocnenosanu paboThl IO co3a-
Huto paketsl P-14 (8K65) ¢ nanbHOCTBIO cTpensObl BIBOE
Oonpmei, vem y pakeTsl P-12. OcoOeHHOCTSIMH paKeThI
P-14 (mo tepmuuomornu HATO SS-5) 6sum [10]: Bo-
nepBbIX, npuMmeHenue tormiBa HJMI'; Bo-BTOpBIX, HC-
MOJIB30BaHUE THPOCTAaOMIM3UPOBAHOM MIATGOPMBI JUIs
ABTOHOMHOM MHEpPLUAIbHON CHUCTEMBI YIIPABIICHUS paKe-
TOM, MO3BOJIAIOLIEH CHU3UTh HHCTPYMEHTAJIbHBIE OIIHOKN
B CHUCTEME YIpaBJIeHHs M O00ecHeyuTh Oojiee BBICOKYIO
TOYHOCTH ee cTpenbObl. B utone 1960 r. Obu1 pou3BeeH
YCIIEUIHbIM MepBBIN MyCK PaKeThl MPOMEKYTOUHON Talib-
HoctH (1o 4000 kM) P-14, paspaborannoit OKb-586, mo
IIporpamMMe €€ JIETHO-KOHCTPYKTOPCKUX ucnbliTanuid [10].

HupextusasiMu opranamu CCCP mepen M.K. fu-
renem (puc. 3) u ero OKb-586 Obu1a mocTaBieHa HOBas
BaXKHas 3ajada:; pa3paborka mpoekra MBP Ha BBEICOKOKH-
AMUX 1 JOJIOXpaHUMbIX KOMIIOHEHTAaX TOILIMBA. Taxoit
paketoii ctana P-16, co3naHHas B 1OCTaTOYHO KOPOTKHE
CPOKHM U TOATOTOBKAa K IEPBOMY ITyCKy KOTOpod 24 Ok-
Ts10pst 1960 r. 3aBepiumiiace Haubosee KpYyITHOH KaTacT-
podoii B McTOpUN OTE4ECTBEHHOTO pakeTocTpoeHus [10].
Torna Bo BpeMsi BBINOJHEHUS IPEICTAPTOBBIX pPadoOT
(mpumepHO 3a 15 MHH. 1O HAMEYEHHOTO MCTIBITaTEIEHOTO

mycka niepBoit it M.K. fAnrens MBP) npownsomen He-
CaHKLIMOHUPOBAHHBIN 3aIlyCK JBHUraTesield BTOPOM CTyIe-
HU 3101 MBP 1 pakera P-16 (mo tepmunonorun HATO
SS-7) B3opBasiach MpsIMO HA CTAPTOBOW ILIOMIAAKE TOJIH-
rona baiikonyp [12]. B orHenHom cMmepue, pacxojuB-
HIeMCsI KOHIIEHTPHYECKHMH BOJIHAMH OT LIGHTpa CTapTa
Ha paccTtosHue 10 120 M, cpa3y 3auBO cropenu 76 ue-
nosek. Cpean Hux Obutn [2, 12]: komanayronmii PBCH
CCCP, mapman aprmwmuieprun M.U. HenenwH, rinaBHBEIE
KOHCTPYKTOPBI CHCTEM PAKETHI, HCIBITATENH, BOCHHbBIE 1
cotpyanuku psaga Kb. Bnocneactsuu B rocnuTansix u3-3a
0°KOTOB U OTPaBJICHHI CKOHYAJIOCH eme 16 uenoBek [12].

Puc. 3. I'maBHbIit kKOHCTpYKTOP coBeTckoro OKB-586, craBmero
B 1966 r. HazeBatbes Kb «tOxHoe» (T. JHenponerposcek), M.K.
STHrenb B «3€HUTEY paclBeTa KOHCTPYKTOPCKOTO TaJlaHTa U
TBOPYECKOTO TPya B 001aCTH pa3pabOTKH M CO3AAaHMS MOIITHBIX
oreuecTBeHHBIX 60eBbIX MBP ¢ XKPJI (doto 1950-x romos) [7]

I'maBubIit koHCTpYKTOp M.K. fHrens uynom yuenen
B JIJaHHOHM KatacTpode: OH M elle HECKOJIBKO YEJIOBEK 3a
HECKOJIbKO MHHYT 10 B3pbIBa pakersl P-16 oromumm or
MeCTa €€ cTapTa B CTOPOHY MOKYpHThH [2, 12]. Muxawnn
KyspMu4 TsSXKEIO NEepeHec 3Ty TpareIuio, Kpemko yaa-
PUBIIYIO, KaK TOBOPST y HAC, MpsaMo «mo aprx» OKB-586
U €T0 KOJUIEKTHB. 3aJaudl YKpeIUIeHHs OOOpOHBI CTPAaHBI
TpeboBany 3aBepuieHus padbot no pakere P-16 (8K64). 21
tespanst 1961 r. B8 CCCP ObI1 OCYIIECTBIIEH MEPBHIN yC-
nemHbld myck MBP tuna P-16 (SS-7), oTHOcsmeics k
0oeBbIM pakeram nepsoro nokoienus [10, 12]. MBP P-16
nepen scemu MBP C.II. KoponeBa umena psn npeumy-
uiecTB [12]: Bo-mepBbIX, OHA 3ampaBisiiacb HOBBIMU KOM-
MOHEHTaMH TOILIMBA, YTO JABAJIO € BOSMOXKHOCTH HaXO-
JIUTHCS B 3aIIPaBJICHHOM COCTOSIHMM /10 30 CyTOK, a 3aTeM
n Goiee; BO-BTOPBHIX, PaKeTa MMea aBTOHOMHYIO CHCTe-
My yIpaBlieHUs, TpuBoIAmIyo P-16 k memn 6e3 BCSKOM
CBsI3M C 3eMIIel; B-TPEThHUX, OHa OBbIJIa IPOIIe B IKCILTya-
Tanuu. B manpHeimeM sta pakeTta Obliia IPUHATA HA BOO-
pyKeHHne 1 IMeHHO oHa coctaBmia ocHoBy PBCH CCCP.

B naugane 1960-x rogoB B OKb-586 akTuBHO MpoOBO-
JIWIACH PaOOTHI MO MOJACPHHU3ANUU OOCBBIX CTpaTeruye-
CKHX pakeT nepBoro mokojieHus [13]: ux IryIaBHBIM Ha-
NIPaBJICHUEM CTAJIO aMITyJIM3UPOBAHHOE WCIIOJIHEHUE TOII-
JIMBHBIX €MKOCTEH PaKeT ¥ BO3MOXKHOCTh UX HaXOXKICHHS
B 3aIpaBJICHHOM COCTOSHHMH JI0 CEMH JIeT. B 310 Bpems B
CIIIA co3paBamace MBP «Twuran-2» maxTHOTO 0asupo-
BaHWS Ha BBICOKOKHMILIIIEM TOIUIMBE, CIIOCOOHAs HECTH
TepMosiIepHbIi 3apsa oonpmoi MomuocTd. B CCCP TO-
raa nogooHsIx MBP He Gbuto. B aTol CBA3M OCHOBHBIM
coerckuM pakeTHeIM OKDB 1upexkTHBHBIMH OpraHamu
CTpaHbl ObUTH BBIJAHBI 33/1aHKUS HA MPOPAOOTKY MOIIHBIX
pakKeT TSDKEJIOr0 U CBEPXTSDKENIOro kiaccoB. st peanu-
3anuu 3tux 1eneit OKB-586 ObuT mpenioxkeH MpoeKT pa-
KEThl CPEJHEro Kilacca, pealn30BaHHBII B pPaKETHOM
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komiuiekce P-36 (BoeHnsidt naaekc 8K67, mo TepMuHOIIO-
run HATO SS-9) B GammucTHdeckoM W OpOUTaIbLHOM
Bapuanrax paketr [13]. 28 cenrsOpst 1963 r. Obu1 npoBe-
JIeH TepBbI M YCHEIHBIH mMyck pakersl P-36, oTHOCS-
mieiics KO BTOpPOMY IIOKOJIeHHIO OoeBbIX paker. [lainee
nox pykosoactsoM M.K. Anrens B OKB-586 co3maercs
opburansHass MBP ¢ BoenneiM wmHmekcom 8K69 [13].
3tot knmacc MBP obnanan yHHKanbHBIM CBOWCTBOM: IpH
HEOTPaHWYEHHON AAIbHOCTH CTPEIbOBI OHA MOXKET J0C-
TaBJISITH 00EBOH 3apsia s 000POHAEMOTO TOCYAAPCTBA C
JBYX HarpaBJIeHUH — ¢ (POHTA U ThHUIA, YTO BBIHYXKIAJIO
BEPOSITHOTO TPOTHUBHMKA CO3/aBaTh IMPOTHBOPAKETHYIO
000pOHY Ha CBOMX I'paHMIAX OJHOBPEMEHHO C JBYX Ha-
npaBiieHHd. TeXHUYeCKH 3TO CBOWCTBO 00ecreunBalloch
crienudUIecKoi CXxeMoH 1oJieTa OpOUTaIBHON PAKETHI 110
HAaCTWJIbBHBIM TPACKTOPpUAM, B TOM YHCJIC U IO TPACKTO-
pum uckyccrBeHHoro crytHuka 3emim (MC3) [13]. B
nexabpe 1965 r. ObUIM NMPOBENCHHI NEPBbIE IYCKH TaKOH
OpOUTAIBHON COBETCKOM PAKETHI MO MPOrpaMMe ee JIeT-
HO-KOHCTPYKTOPCKUX HCIBITaHUA. B aBrycre 1968 r. c
COBETCKOTO HCIIBITATEIbHOTO TOJUIoHa ObLIA 3aIyIlieHa
HOBast MomHass MBP BToporo moxonerns 00€BBIX pakeT
paszpabotku OKB-586 — pakera ¢ BOCHHBIM HHIEKCOM
8K67I1, sBrstomasicss mogudukanueiit MbBP tuna P-36 ¢
BOEHHBIM HHAEKCOM 8K67 m mMeromas pa3aemnsionryocs
B TI0JIETE TOJIOBHYIO YacTh B COCTaBe TPeX OOEBBIX OJIOKOB
[13]. B mepuox 1964-1980 rr. 8 CCCP Obu10 pazBepHyTO
288 wT. Tskensix MBP tuna P-36 (paker SS-9, sBinss-
muxcs Ha 1965 T. caMBIMU MOIIHBIMHA OOEBBIMU PaKeTa-
MH B MHpPE C TEPMOSIEPHBIMU 3apsiiaMH) CO CTapTOBOU
maccoit 183 T npu Bece rosioBHo yactu B 5,8 T [12, 14].
B xonre 1960-x rogoB B CCCP mpown3somen kadecT-
BEHHBIH CKAa4YOK B CO3IAHUM CTPATETMYECKHUX PAKETHBIX
KOMIIJIEKCOB. Y CHIIMSIMM MHOTHX oTeuecTBeHHbIXx HUU n
Kb 6butn pa3zpaboTanbl HaJSKHBIE MaJIOTabapUTHEIE OOP-
TOBBIE LI(POBHIE BBHIYMCINUTENbHBIE MAIIUHBI, BBICOKO-
TOYHbIE KOMaHJHBIE NPUOOPBHI CUCTEM YIpABICHHS U
MPULEIUBAHNAS PAKET, TEPMOSIECPHBIE 3aPsiAbl C BBICOKHU-
MH YZAEIbHBIMH OOEBBIMU XapaKTepHCTHKaMu, Oojiee co-
BEpLICHHBIE paKeTHbIC JBUTATEIbHBIE YCTAHOBKH, HOBBIC
CXEMBl W CIIOCOOBI YIPOYHEHHS ITyCKOBBIX YCTaHOBOK
[15]. D10 crano ocHOBO# s co3maHusi 0oeBbix MBP
TpeTbero nmokoneHus. OIHOW W3 TIaBHBIX OCOOCHHOCTEH
TPEThero MOKOJNeHUs OoeBoil pakeTHoi TexHMKH CCCP
CTaI0 TPHUMEHEHHE «MHHOMETHOTO CTapTa» pakeT U3
TpaHcnopTHO-ITyckoBoro koHTewHepa (TIIK) [15]. IIpm
TaKOM BHJIE CTapTa pPaKeTa 3a CUeT cpadaThIBaHUS HOPO-
XOBOTO 3apsfa, yCTaHOBJIEHHOro B HipkHel wactu TIIK
(puc. 4), BbuleTana u3 KoHTelHepa (i1 unTaresns oopas-
HO CKa)keM Kak NpoOka M3 OyTBUIKHM IAMIIAHCKOTO), a
Jlajiee ee paKeTHbIE JBUTATeNM 3allyCKaluCh B II0JIETE
pakeTsl BHe KoHTeliHepa. Pemenne M.K. Surens o nepe-
xoJic Ha Takoi BuJ ctapta MBP Obu10 HACTOMBEKO HOBBEIM
M HEOOBIYHBIM, YTO MHOTMM ero koiureram m3 OKB-586
OHO Ka3aJI0Ch IMPOCTO (PaHTACTUIECKUM U PHCKOBAHHBIM.
2 cents0ps 1969 r. Beimmio 3akpeitoe [loctaHoBIE-
Hre CM CCCP «O pa3paboTke U U3rOTOBICHHH PaKETHO-
ro kommekca P-36M (15A14)» (celiuac oHO paccekpe-
4eHO), HampasyieHHoe Ha co3aanne B Kb «lOxHoey» (mmpa-
BonpeeMHUK ¢ 1966 r. nerenaaprHoro OKB-586) 6oeBoro
pakeTHOro KOMIUIeKca Tspkenoro kiacca P-36M (BoeH-
HbII nHAeke 15A14, no tepmunonoruu crpad HATO SS-

18 «Satany/«Carana») Bmecto Tspkenoit MBP tuma P-36
(Boennsiit maAekc 8K67, SS-9) [14].

Puc. 4. MomeHT 3arpy3ku Tspkenoit 6oesoit MBP tuma P-36M (Bo-
eHHbIi nHAeke 15A 14, no Tepmunonorun HATO SS-18
«Satan»/«CaraHay), pa3MeIeHHOH B MAaCCUBHOM CTEKJIOILIACTUKO-
BoM TIIK, B maxTHyI0 IMycKOBYIO ycTaHOBKY (1978 1.) [14]

OCKU3HBII MPOEKT COBETCKOW IBYXCTYIIEHYATOH TsI-
xenoit pakersl P-36M (15A14), BeITOTHEHHBIH IO PyKO-
BoactBoM M.K. fIHrens, Obul 3aBepilieH B PEKOPIHO KO-
poTKHE CpokH — B fekadbpe 1969 r. [14]. Ha nepBoii cTyme-
HH paketsl P-36M wucnonb3oBayicst OJOK W3 YeThIpexKa-
MepHbIX JKP/l 3aMKHYTO! cXeMBI, a Ha BTOPOU CTYHNEHU —
onHokamepHbiii MapieBblil JKPJ] 3aMKHYTOW cXeMbl U
4eTblpexkaMepHblil pyneBoil KPJ[ oTkpsiToil cxemsl [14].
B cocraB pazgemnsromietics ronoBHo# yactu (PT1) paketst
P-36M (15A14) BXxomuiu BoceMb 0OEBBIX OJIOKOB HHIMBH-
nyaneHOTO HaBeneHus (MH) ¢ TepMosnepHBIMA 3apsoaMu
[14]. Ucnionb3oBanue B Tspkenoi 6oeBoit MBP P-36M 60-
Jiee COBEPIIEHHON KOHCTPYKINH (0OJIETIEHHBIX Y3JI0B U HX
IUTOTHOW KOMITOHOBKH) K 0ojiee 3((EKTUBHBIX PAKETHBIX
JIBUTaTeNiell 3aMKHYTOM CXEMbI MO3BOJIWIIO MIPU MpaKTHYe-
CKH TeX e, uro u 'y 6oeBoit MBP P-36, rabaputax yBsenu-
YUTh CTapTOBYIO Maccy pakeTsl 10 209,6 T mpu Bece ee
ronoBHo# wactu (I'Y) mo 8,8 T [14]. danHas pakera pas-
Mellajgach B TOJICTOCTEHHOM cTekiomiactukoBoM TIIK
(cM. puc. 4), KOTOpBI yCTaHABIWBAJCSI B IepeodopyHo-
BaHHOW MmaXTHOH myckoBoil ycranoBke (LLITY) ot paketsr
P-36. LIITY 6oeBoit MBP P-36M mpencraBisina co6oit
COOpYXXEHHE C TIIyOMHOH BEPTHUKAJIBHOTO CTBONA 39 M H
IMaMeTpoM 5,9 M ¥ OTJIMYaIach MOBBIIICHHON 3alUINEH-
HOCTBIO M CTOHKOCTBIO K SIEPHOMY YAapy BEpPOSTHOTO
npotuBHUKa (puc. 5) [14]. Ha puc. 6 npuBeneH oOmuii By
MY3€HHOT0 9KCIIOHATa COBETCKOM TsDKEJIOH OOeBOM paKeThl
tuna P-36M, pa3zpabotanHoii u cozganHoii B Kb «lOxHOE»
(r. HenpomneTpoBcK) IoJ| PyKOBOACTBOM [ J1aBHOTO KOH-
ctpykropa M.K. fnrens [14-16].

Ha puc. 7 3amedarneH HIaxXTHBIM cTapT COBETCKOU
OoeBoif nByxcTynmeHdaToil Tspkenoit MBP Ttmma P-36M
(Boennsiit nHIeKC 15A14, o Tepmunaonmornn HATO SS-
18 «Satan»/«Catanay), coznanaoi B Kb «tOxnoe» [14].

B Tabn. 2 nmpuBeaeHbl TaKTUKO-TEXHUYECKUE XapakK-
TEPUCTHKHU coBeTcKoi 60eBoit MBP P-36M (15A14) [14].

YkaxeM, uro B ssHBape 1971 r. OblIM HayaThl «OpO-
CKOBBIE» HcHbITaHUs pakeTsl P-36M (15A14), B xone
KOTOPBIX OTpabaThIBAJICS €€ «MUHOMETHBIN cTapT» [14].
21 despans 1973 r. (B 310 Bpemsi qupekropoMm u ['ene-
panbHbIM KOHCTpyKTOpoM KB «lOkHOE» cTanm yueHuK n
copatauk M.K. Snrens, akagemuk AH YCCP (¢ 1976 1.)

6 ISSN 2074-272X. Enexmpomexuika i Enekmpomexanika. 2019. No6



u AH CCCP (c 1984 r.), Bergaroniicss y4eHbIA 1 KOHCT-
PYKTOp PAaKETHO-KOCMHYECKON TEXHUKH, ABaxIbl ['epoil
Tpyna (1969 r., 1976 r.) B.®. YTkus [17]) Hauanuce yiet-
HO-KOHCTPYKTOPCKHE HCIIBITAHUSI HOBOTO PAKETHOI'O KOM-
iekca P-36M (15A14) [14].

Puc. 5. O6mmuii Bug LITY ¢ ycTaHOBICHHOH B HEil COBETCKOM
6oeBoit MBP tuna P-36M (Boennslit uanexc 15A14, SS-18
«Satan»/«CataHa») BO BpeMs TEXHUYECKOTO 00CITyKHBaHHS
paKeThl BOGHHBIM NIEPCOHAIOM € OTKHIHBIX IUTOManoK [14]

Puc. 6. O0mmumii BUJ My3eifHOTO 3KCITOHATA COBETCKOI 60eBOM
IByXcTyneHu4aToi Tshkenoit MBP tuna P-36M (BoeHHBIH UH-
nekc 15A14, SS-18 «Satan»/«Caranay), crasiieii B 1970-x ro-

JlaX CaMOW MOIIHOW B MUpPE CTPaTETUIECKON pakeToit [14]

§=

Puc. 7. Moment «munometHoro crapra» u3 LLIITY coserckoit
6oeBoii 1ByxcTyneHdaroi Tspxenod MBP tuma P-36M (Boen-

HbIi nagexc 15A14, o Tepmunonorun HATO SS-18) [14]

OTMeTHM, YTO UCIIBITAHUS 3TOTO KOMIUIEKCA C Tpe-
Ms BUZAMH ero 00eBOM KOMIUIEKTallUH 3aBEPILIIINCH B
oktsiope 1975 r., a 30 mexaOpst 1975 r. coBeTckas Tsxe-
nast MBP tuna P-36M (BoenHslit nHaeke 15A14, no Tep-
munousiornu crpan HATO SS-18 «Satan»/«Carana») Obl-
na npunsta Ha BoopyxkeHne PBCH CCCP [14]. K 6osb-
LIOMY CO’KaJICHUIO, 3TOTO JHS HE JOXKAAJICS HaIll BEJIMKUHA

Tabnuna 2
TaKTHKO-TEXHUUECKHE XapaKTEPUCTUKU COBETCKOM OOCBOIt
Tsokenoit MBP P-36M (15A14, SS-18 «Cartanay) [14]

Ne | HaumeHnoBaHue XapaKTepUCTUKHU 3HaueHne
1 | JlnuHa Kopryca, M 36,6
2 | Jlnamerp Kopuyca, M 3,0
3 CraproBas Macca, T 209,6
4 | Yucno cTynesei, mr. 2
MoutHocTs 3apsia TOJIOBHON 4acTH Mopnyms 3:
(6oeronosku) B TpoTHIIOBOM dKkBHBa- | PI'Y MH
5 JICHTE, BHIITOJHIEMON B UETHIPEX Ba- 8%900 kT;
puanTax (MoHOONOUHBI: Mod 1 wmn | Moxyns 4:
Mod 2; PT'Y ¢ UH: moxyns 3 mwim PI'Y 1H
MOJYJb 4), KT 8x750 kT
- 16000 (yer-
kas ['Y);
- 11200 (1a-
6 | JdanpHOCTH moJieTa (CTPENbObI), KM senas TU);
- 10200 (PTY
¢ H)
Hecummer-
KoMIoHEeHTHI BEICOKOKHIISIIIIETO PHUYHBIN
PaKeTHOTO JKHJKOTO TOILIMBA! JUMETHII-
7 | —Mapka roprouero: THIpa3uH
(HAMD);
Terpaoxkcun
— MapKa OKHCIIUTEIS: Jra3zora
(N,Oy).
8 Macca tommBa, T 188,0
ABTOHOMHas
9 | Cucrema ynpaBieHuUs! paKeThI HHEpIHAaIb-
Hast
- 4163 (ma
YpOBHE MO-
10 | Cuna taru JXKP] 1-o0ii ctynenu, kH psi);
- 4520 (B
BaKyyMe).
Macca 60€eBoii TOIIOBHOH YacTH
11 8,8
(60€roN0BKHM) PaKEeTHI, T
- 2874 (ma
12 Y nenpHbIA UMITyJIbC 1-01 CTymeHn gg; BHE MO~
pakeTsI, M/c S 3120 (8
BaKkyyMe).
Iy c
13 | Tun myckoBOH yCTaHOBKH paKeThl «MIHOMET
HBIM  CTap-
TOM»

KOHCTPYKTOp OOE€BOH pPaKETHOW TEXHUKH, JBKIBI aKa-
neMuK (pecrryonukanckod u coro3znoid AH) ML.K. Sarens,
ckoH4aBImics 25 okTs0psa 1971 r. B r. MockBe oT oue-
penHoro ua(papkra [2]. CoBerckas 6oeBas Tsoxenas MBP
tuna P-36M (15A14, SS-18 «Satany/«Carana») crana
TpUyM(pOM KOHCTPYKTOPCKOTO TaJaHTa HAILIET0 cOoOoTede-
crBenunka M.K. Slarena. Co3maBan OH ee He IUId Hala-
JICHUS] U YHUYTOXKEHUS JIFOAEH, a PaAl BbDKHUBAHUS YEINIO-
BEYECTBA B OXBATHUBILEH BECh HAIll MUP OTOJITENIOH TOHKE
SEPHBIX BOOpYykeHUH. A ckoibko 0buto B CCCP BHaua-
Je ee pa3pabOTKH HPOTHUBHHUKOB Y 3TOrO T'PaHAMO3HOTO
pakeTHoro npoekra. Jlaxxe naBuuii copatauk M.K. SHre-
1151, TaBHBIA KOHCTpYKTOp coBerckux LIITY E.I'. Pyask u
TOT JIOKa3bIBAJl HECOCTOSATEILHOCTh MPOEKTa pakeTsl P-
36M (15A14) mpu ee «MHUHOMETHOM cTapTe» [12]:
«...IToobpocume, kax a6710K0, HCUOKOCMHYIO MAXUHY Ge-
com bonee 08yXcom MOHH — MO yucmenuul abcypoy.
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Ho M.K. Slurenp 3TOT abCcypn mpeBpaTii B CYILYIO pe-
anpHOCTh. K 1988 1. B CCCP Ha »To0li nereanapHori MBP
pacriojiarajack IOYTH IIOJIOBUHA BCEX TEPMOSIEPHBIX
6oeronoBok PBCH Haiueii ctpans [12].

B nanbueiimem B Kb «¥OxHoe» ¢ yderom uued u
Hapaborox M.K. SIHrens ObuIM co3/1aHBI YCOBEPLIEHCTBO-
BaHHble MBP TpeTbero mokosneHuss OOEBBIX PAKET IIaXT-
Horo ucnoiHenus [15]: pakerHble komruiekchl P-36M
VTTX (Boennsiit uaneke 15A18), ocHamennsie PTY ¢ 10
6oeseiMu Omokamu WH, u pakerHple Komrmiekcel MP-
YP100 (Boennsrii naaekc 15A15, puc. 8) u ero ycosep-
meHcTBOBaHHBIM BapuanT MP-YP100 YTTX (BoeHHBIH
unaeke 15A16), ocHamennsie PI'Y ¢ geThipbMs 60eBBIMU
6nokamu MH. B atux paspadorkax MBP 6buti Borutomie-
HbI BCC UMCIOIINECA HAa TO BPEMS JOCTHKCHUA COBETCKOM
Haykd M pakeTHOM TexHuku. yms M.K. Surens paboTs
HaJl COBETCKHMH CTPATETHUECKUMH PaKETHBIMH KOMILJIEK-
camu P-36M (15A14, SS-18) u MP-YP100 (15A15, SS-
17) cramm «iebequnoii necuen». Keraru, CILIA nmonano-
OWJIOCH TISATPH JIET TS MPAaKTUYECKOH pealn3aliy IOocie
CCCP «MHHOMETHOTO CTapTay C 3aridyOJIeHHBIX IIaxT
CBOMX CTPaTETHYeCKUX OaimcTudeckux paker [14, 15].

= 1 < :
Puc. 8. O6uwmii BUI My3eliHOro Kcronara copetckoit MBP MP-
YP100 (Boennsiii nanexc 15A15, no repmunonorim HATO SS-17)
¢ TIIK, pa3pabotanHoii u cozgannoi B Kb «tOxnoe» [18]

Jnst monHoThl «KapTuHbD AocTikeHUd Kb «HOx-
HOe» B obmactu co3xanus B epuoxa 1980-1991 rr. (B 310
BpeMsl €ro JUPEKTOpaMH u | eHepanmbHBIMHA KOHCTPYKTO-
pamu Obun yke ynoMmsHyTe B.®. VTKuH u TamaHTIH-
BbIil yuennk M.K. Surens u B.®D. VTkunHa, M3BECTHBII
YKPauHCKUH KOHCTPYKTOpP PaKE€THO-KOCMUYECKOW TEXHU-
kH, A.T.H., akageMuk HAH VYkpaunst (¢ 1992 1.), I'epoii
VYkpaunst (2004 r.) C.H. Konroxos [19]) Bricok0d(hdek-
TUBHBIX MOIIHBIX MBP uerBepTOro mokojenus 60eBbIX
pakeT OTMETUM, YTO MPH UX Pa3pabOTKe OCHOBHBIMHU Ha-
npaBieHUsIMA paboT cranu [20]: BO-TIEPBBIX, CO3/IaHUC
pakeT, COCOOHBIX CTapTOBATh HEMOCPEACTBEHHO B yCIIO-
BUSIX BO3JICHCTBUSl SEPHOTO ylapa MO MO3ULUOHHOMY
paiioHy; BO-BTOPBIX, CO3IaHHE TBEPAOTOILUIMBHBIX paKeT
MOOMIIBHOTO 0a3WpOBaHUs, KUBYYECTh KOTOPBIX TOCTHU-
raeTcs 3a CYET WX MOIBIKHOCTH W HEOIPEIEICHHOCTH
MecToHaxoxaeHuss. O0a 3T HampaBieHHs ObLTH peau-
30BaHbl B pa3paboraHHbiX Kb «HOxHOE» pakeTHBIX KOM-
mnekcax P-36M2 «BoeBoma» (BoeHHBINH nHAeKC 15A18M,
no repmuHosioru HATO SS-18-3) ¢ X)KP/] cranmonapHo-
ro LIAXTHOTO 0a3MpoOBaHUS U TBEPAOTOILIMBHBIX MBP
tuna PT-23 u PT-23 YTTX «Momnonen» (BOCHHBIC WH-

nekcbl 150K60 u 1561, mo tepmunomornn HATO SS-
24-1 n SS-24-2) MIaxTHOTO W MOABWYKHOTO IKEJIE3HOJ0-
poxHoro GasupoBanus [20]. HayuHble OCHOBBI Juisi CO3-
JaHUs OTUX COBETCKHX MOOHIBLHBIX PAKECTHBIX KOMIIJICK-
COB OBUIN 3aJI0’KEHBI TIPO3OPIIMBBIM M TaaHTIMBBIM M.K.
Surenem. C pacmagom CCCP paboter o paspaboTke u
CO3JIaHUIO HOBBIX PAKETHBIX KOMIUIEKCOB CTPATETHYECKO-
ro HaszHaueHUs B Kb «FOxHOey» Obutn npekparnieHs [20].
3. OcnoBHble pocTu:keHusi MLK. SIurenss B pa-
KETHO-KOCMHYeCKOii TeXHHKe MHPHOI0 Ha3HAYeHUs!
(1961-1971 rr.). OT™METHM, YTO B OOJIACTH CO3TaHHUS KOC-
mudeckux anmaparoB (KA) M.K. fnrens mobuics takxke
HeMaJbIx ycrexoB. Oco00 MHTEPEeCHBIM 311eCh OyIeT TOT
(haxt, yro M.K. SIHresnp, HECMOTpSI Ha «TSDKEIbIE» B3au-
MooTHoIIeHus: ¢ I'maBHpM koHCTpykTopoM OKb-1 C.II.
KoponeBeiM, mpunsn B 1960-x rogax akTUBHOE J0JIEBOE
yuactiue B co3naHuu B CCCP cBepXTsDKENol pakeTsl-
Hocutenst tuna H-1, npeaHa3HaueHHOM ISl moJieTa co-
BETCKOTO MIJIOTHpyeMoro kopabis Ha Jlyny [1]. ¥ M.K.
Surens OpTM COOCTBEHHBIE HApPaOOTKH MO CO3JaHUIO B
OKB-586 momobHO# pakeTsl-HOcuTeNs THia P-56 (ctap-
ToBOM Maccoit mo 1200 T), UMeEBIIEH B COCTaBe CBOCH
nepBoii crynenu Bcero uetbipe JKP/I ¢ Tsroit mo 640 T
Kaxaeii [2]. B mpoekte xe paketsi-HocuTens H-1 (I'mas-
Heii KoHCTpyKTOp — C.II. KoponeB) Ha mepBoi CTyneHH
JIOJDKHO OBLIO OBITH ycTaHOBIeHO 30 Manomoninbix JKP/I,
napajuieNbHO paboTaloIUX Ha KEPOCHHE W JKHIKOM KH-
cnopone [2]. JanbHeimme coObiTUs B peanu3anuu JIyH-
Ho#t porpammbl CCCP nokazaim, 4To ommO0YHBIN Moa-
xox C.I1. KoponeBa k BbOOpy Tuma JXPJ/ mis mepsoii
cTyneHu pakerbl-Hocuressi H-1 1 mpuBen k ee B3pbIBY Ha
CTapTOBOM CTOJIE U Pa3PYIICHHIO CTAPTOBOTO KOMILIEKCA.
Mpumu C.I1. Kopones mosummro M.K. SIHTens, BO3MOXKHO
COBETCKMH KOCMOHABT BCTYNHJ ObI MEPBBIM B HCTOPHHU
4enoBeyecTBa Ha mnoBepxHocTh JIynsl. Tem He MeHee,
pa3pabOoTaHHbBIN, H3rOTOBICHHBIA M anpOOUPOBAHHBIN
noJ, pykoBojctBom M.K. SIHrens Ha okoJj03eMHO# opOu-
Te syHHbIl Monynap OKB-586 mpoexra H-1-JI3 (610k
«E») okazancsa equacTBeHHBIM B CCCP MOJIHOCTBIO TOTO-
BBIM K KOCMHUYECKOMY TIOJIETY B paMKax coBeTckoi JIyH-
Hoi nporpammsl KA [2]. Kak Buaum, 31U gaHHBIE JONOJ-
HHUTEJIBHO IOJYEPKHUBAIOT HEOPIUHAPHOCTh JIMYHOCTH U
MHOTOTPAaHHOCTh HAay4yHO-TeXHHuYeckoro Ttamanta M.K.
SIHrens, Bceraa CTPEMHUBILETOCS MPHUCHIOCAOINBATh U 0-
pabaTbiBaTh OOEBBIE PAKETHI-HOCUTEINHN IJISI X HCIIOJIB30-
BaHMA B IEJSIX MUPHOTO OCBOEHUs KocMmoca. ITocTossHHO
BO3pacTaloOIIUE MOTPEOHOCTU PETYNISIPHOTO BHIBEJCHUS B
CCCP na op6utsl UC3 paznuuHoro HazHaueHus: 00ycCIo-
BWIM HeobOxomumocTh jgopaborku B OKB-586 Goesoii
paxetsl P-14 (8K65) ¢ menbio ee UCIOJIb30BaHUS B Kaue-
CTBE KOCMHUUECKOI pakeTbl-HOcuTeNst. Tak Oblia coznaHa
paxera-Hocutenb «Kocmoc-1» [7]. Ha 6a3e 6oeBoii 1BYX-
crynenuatoii pakersl P-36 (8K67) Obuia paspaborana
KocMmmdeckas pakera-Hocurenb «Kocmoc-2» [7]. [epBbrit
myck paketsl-HocuTenst «Kocmoc-2» Oput mpomsBeneH 18
aBrycta 1964 r. Becero O6pmo mpomsBeaeno 700 myckoB
paketbl-HOCUTeNsT «KocMoc-2», BBHIBUBIIEH Ha OPOUTHI
HC3 6onee 1000 pasnuunsix KA. Ha 6a3e 6oeBoii pake-
1h1 8K69 B Kb «}OskHOE» OblIa CO3/aHa paKeTa-HOCUTEIb
«uknon-2» (puc. 9), npeaHazHaueHHas ajs 3amycka KA
BOGHHOTO M I'PaXAAHCKOTO Ha3HA4YEeHUs] Ha HHU3KHE Kpy-
TOBBIC U JUTMITHYCCKHIE OKOJI03eMHBIC OpOuTHI [7, 16].
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Puc. 9. MomeHT crapra pakersl-Hocuteis «Llukinon-2y [4]

VYkaxkeM, 4TO NEpBbIA MyCK pakeTbl-HOcuTeNs «Lu-
kioH-2y» (I'maBHbIH KOHCTpYKTOp — ML.K. fAHTrens) cocro-
sticst 6 aBrycra 1969 r. ¢ kocmoapoma baiikonyp (Ka3zax-
cTaH), a mociennuii — B utone 2006 r. [4]. Hopaboras
MomHyto 6oeByto pakety 8K69, B Kb «tOxHO0e» co3zmammn
TpexcTymneH4yaryro pakery-Hocutenb «lluxmnon-3». Ee
nepBsIi myck ¢ KA cocrosuics ¢ kocmonpoma «Ilnecenx»
(P®) 24 nrons 1977 r., a nocnennuii — B ssuBape 2009 r.

B mae 1939 r. Upuna Bukroposna Crpaxesa (puc. 10)
CTaJia )KeHOHM BBIIAIOLIErocst B OyIylieM KOHCTpyKTOpa pa-
ketHO-kKocmuueckor TexHukd M.K. Sxrens [7, 8]. B ux
ceMbe poauuch 1o4yb Jlronmuna u ceiH Anekcanap. 1.B.
CrpakeBa cranma II.T.H. B paboTaiia B JOIDKHOCTH TIpodecco-
pa MockoBckoro aBuarpioHHOro uHCTHTYTa (MAUW) [2].
Otmetnm, uto ¢ KoHHIA 1960-x romoB ['TaBHBIA KOHCTPYK-
Top Kb «tOxHOE» cTan xuTh B ciyxeOHOM momuke. [lo
9TOr0 OH 12 JIeT pOoKMBaj B TOCTHHUIIE T. J[HEmpomneTpoB-
CKa, a Mo3Ke B HEOOJNBILIOI BYXKOMHATHOW KBapTHPE CO-
BMECTHO C CEMbEH ChIHA AJIeKCaHpa.

Puc. 10. ['eHnanbsHbIA COBETCKHI KOHCTPYKTOP PAKETHO-
kocMmudeckoi Texuuku M.K. Snrens ¢ xxenoit 11.B. CrpaxeBoi,
BHykamu [{umoit u Cepesxeit (meTbMu ux nodepu JIroqMuss1) Bo
BpPEMA UX COBMECTHOTO OTAbIXA JIETOM Ha IIOAMOCKOBHOU YIOT-

Holi naye Muxamna Ky3emu4a (1967 r., noc. bapeuxa, P®) [8]
4. Harpaasl, 3HaKH OTJIMYHS M NPHU3HAHUA 3a-

cayr MLK. SInrensi. DTOT BENMKHI KOHCTPYKTOP B 00-
JIACTH PAKETOCTPOCHUS M YUCHBIH-a3pPOMEXaHUK OBbLT Ha-
TPaXkACH CIEAYIOIUMHA COBETCKUMH TI'OCYIapCTBEHHBIMH
HarpajaMu 1 yAOCTOEH TaKUX MOYETHBIX 3BaHUi [2]:

e ByMs 30J0ThIMU Meaansimu ['epost Tpyna «Cepn u
Moo (1959 1.,1961 r.);

e ueThlpbMs opaeHamu Jlemmna (1956 r., 1959 r.,
1961 1., 1969 1.);

e naypear Jleanncko# npemun (1960 r.);

naypeart ['ocynapcrBennoit npemun CCCP (1967 1.);
axkagemuk AH YCCP (1961 r.);
axkagemuk AH CCCP (1966 1.);
3onotoit Menanbsto umern C.I1. Koponesa AH CCCP
(1970 1.);

e opreHoM «OKTA0pecKoi peBomonum» (1971 1.);

e Mezaanbio «3a 00opony Mocksb (1944 1.);

® TI0OYETHBIN JXUTEb (FpaXxaaHuH) I. baiikonyp.

[pesupent VYkpaunsl (B nepuox 1994-2005 rr.)

JL.A. Kyuma, pabGoraBummii B CBOe BpeMs IHUPEKTOPOM
3aBojia «tOxmai» U TIOTHO KoHTakTupoBaBiuuid ¢ Kb
«lOxnoe» mox Hauansom M.K. Slarens, xak ero Omaro-
JIapHBIA y4eHUK roBopuil [2]: «...Aneens panmacmuuecku
MAananmauesblll Y4eHvll U KOHCmMpPYKmop. HAneens JHcui, He
waos cebs. JKun 6e3 oensaoku, coicueas ceoe JNCU3HEHHOe
«monaugo». Mecayvl u 20061 Ha KOCMOOpOMAX — 6 He-
obxcumoti cmenu u maiiee». YMep BETHKUA KOHCTPYKTOP
PaKEeTHO-KOCMHUYECKOM TEXHUKU B I'. MOCKBE OT IATOrO
nHbpapKTa B I00MICHHBIN AeHb cBoero 60-ietust — 25 Ok-
Ts10pst 1971 r. [loxopoHeH oH ObUI ¢ TPeOyEeMBbIMH TIOYEC-
TssMu B T. MockBe Ha HoBoseBnubeM kiaaoduie (puc. 11)
[21]. ITo3xke psmom ¢ MuxamnoMm Ky3sMuuoM noxopoHu-
mu ero ceiHa Anexcanzapa (B 1989 r.) u xeny U.B. Crpa-
xkeBy (B 1995 r.). B pesynbrare BHemrHe Haarpooue M.K.
SlHrens u ero ONMM3KMX, Ha MOM B3IV, CTAIO MOAYEPKHU-
BaTh IIOCIECMEPTHOE CEMEHHOE €IMHEHHE U OOBEKTHBHO
MMEBINYI0 B HANpsHKEHHOW JKM3HU 3TOTO BBIIAIOIIEIOCS
YYEHOTO-KOHCTPYKTOpPa PAa3AENeHHOCTh W OJHOBPEMEH-
HOCTh €r0 BEpHOIO CIy)KEHUS] KaK CBOEH CeMbe, TaK U
JBYM OpaTCKMM HapojiaM — POCCHHCKOMY U YKPanHCKOMY.
Hapetroch, 4T0 3THM pacCyJEHHEM aBTOp HE HAPYILIHI HE
TOJIBKO 3aMBbICEN CKYJIBIITOPA, HO ¥ MOKOH yCOMIIINX.

—

Puc. 11. HaarpoOHbIif NaMATHHUK BETUKOMY COBETCKOMY KOHCT-
PYKTOpPY PaKeTHO-KOCMUYECKOH TEXHHUKH, IBaXIbI [ eporo
Tpyna M.K. Suremto (HoBonesuuse knanbuie, r. Mocksa) [21]

B 1991 r. B o3HamMeHOBaHue OOJNBIIMX 3aCIyr ObIB-
1Iero Aupexropa u ['1aBHOro KOHCTPYKTOpa JiereHAapHo-
ro OKb-586 Muxauna Ky3smuua Surens nepen oredect-
BEHHBIM DPaKETOCTPOCHHWEM €ro MMsi OBIJIO INPHCBOEHO
TlNocynapctBennomy npeanpusituio Kb «tOxnoe» [2]. Ha
Tepputopun orpomHoro 3aBoga «kOxwmam» u Kb «tOx-
Hoe» mMeHn M.K. SIHTenms OB yCTaHOBIICH MaMSITHHK
BEJINKOMY OTE€YECTBEHHOMY YYEHOMY-MEXaHHUKY U KOHCT-
pyKTOpY pakeTHo-KocMmmuyeckoi TexHukn M.K. SHremro
(puc. 12), BeuHO HaXOIAIIEMYCsI B «O0OEBOM CTPOIO» IMPO-
CJIaBJICHHOTO KOJUIEKTHBAa MMPOBOTO JIMZEpa IO paspa-
0OTKeE W CO3/1aHHI0 COBPEMEHHON paKeTHOW TeXHUKH [22].
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Puc. 12. [JaMATHHUK BBIIAIOIIEMYCSI COBETCKOMY yUCHOMY-
a’3poMexaHHKy U [ JTaBHOMY KOHCTPYKTOPY PaKeTHO-
kocmuueckoi Texuuku M.K. Sluremnto, ycTaHOBIEHHBIH Ha Tep-
puropun 3aBoaa «tOsxmarn» u 'ocy1apcTBEHHOTO IPEIPHATHS
Kb «tOsxnoe» (1991 r., r. [lHenponeTpoBck, YKpanHa) [22]

Co3zgarento rpo3HOTO COBETCKOIO PAaKETHOIO Opy-
KU BbDKUBaHHSA [23] OBUIM YCTAaHOBIICHBI IAMSTHEIC
6rocthl B T. JlHenponerpoBcke U T. baiikonype. Ero nme-
HeM ObpUIM Ha3BaHbl ynuisl B . Mockse, r. Kuese, T.
Huenponerposcke, r. balikonype, r. Bunnuue u r. bpat-
cke [2]. Ums M.K. fnrens Hocmn XapbKOBCKUN HHCTHTYT
paarodekTpoHuku (B mepuon 1982-1993 rr.). MMenem
M.K. Sarens Obuti Ha3BaHBI acTepous, Kparep Ha Jlyne,
mocenok B VpkyTckoit 0611., TopHeId MK Ha [lamupe u
okeaHCKul cyxorpy3 P® [2]. denepanun KOCMOHABTHKU
CCCP (P®) u YkpauHbl y4penauid MEIald €ro MUMEHH.
MemopuanbHble JOCKA B €ro 4eCTh YKpallaloT ceiuac
KUpIIMYHBIE CTEHBI 34aHUN ['0CyAapCTBEHHOrO Mpennpu-
stuss Kb «¥Oxnoe» (r. [uHenp, ObBmmid r. J{Hempomet-
posck), [THNWmam (6s1Bumit HUM-88, r. Kopones, Mo-
ckoBckas 061.) 1 MAU (. Mocksa) (puc. 13) [24].

SAEChH C 1931 T0AA 110 1937 T0A
YYUACH BHIAAIOUIMHCS YYEHBIR

W KOHCTRYKTOPABAXAbI FEPOM
COUMAANCTMHECKORD TP YAR:
TOCYAAPGTBEHHOM. TIPEMMH. CCCP

Puc. 13. MemopuanbsHas gocka Ha 30aHud MAU, rae yuuics
€ro 3HAMCHUTHIH CTYAEHT-CaMOJICTOCTPOUTEINb, Oy XyIIHii aka-
JIEMHUK U BBIJAIOIIMNCS COBETCKUN KOHCTPYKTOP PAKETHO-
kocmmyeckoit Texuuku M.K. Sarens (r. Mocksa, P®) [24]

M INK

BeiBoabl. Brigaroummiicss COBETCKMM — yUEHBIH-
A3POMEXAHUK U KOHCTPYKTOP PAKETHON TEXHUKU JBOIHO-
ro mpuMeHeHus, aBaxabl ['epoit Tpyma, akagemuk AH
YCCP u AH CCCP Muxaun Ky3smuu SHrens BHeC He-
OIICHUMBIH BKJAJ B YKpCIUICHHE OOOPOHOCIIOCOOHOCTH
CCCP B nepuon «xonoaHol BoiHb. Ilog ero Hay4HbIM
pykoBozactBoM B serenapHoM OKB-586 (Kb «lOxnoe»,
r. JlHenporeTpoBck) ObUTH pa3pabOTaHBI U CO3IAHBI BbI-
cok03(p(eKTHBHBIE 0OEBbIe MEXKOHTHHEHTAJbHBIE Oai-
JIMCTUYECKHE DPAKETHl, COCTABUBIIME OCHOBY PaKETHO-
SIIEPHOTO «IIHUTa» Hatiel crpadbl. OH BOIIEN B UCTOPHIO

MHPOBOT'O PAKETOCTPOEHMsI KakK [ JIaBHBIN KOHCTPYKTOP
camoii MotrHOU B Mupe 6oeBoit MBP Tuma P-36M (Boen-
HBIl nHACKC 15A14, o Tepmunonoruu crpan HATO SS-
18 «Satan»/«CaraHay), Hecymiel B CBOCH pa3iemsromeii-
Cs TOJOBHOM YacTH TEPMOSIEPHBIE 3apsiibl OIPOMHOMN
MOIIHOCTH C MHIVBHyalbHbIM HaBeqeHueM. [Ipunsarue B
CCCP Ha BOOpYXEHHE PAKETHBIX BOWCK CTPATETHUECKOTO
Ha3HA4YCHUs] 3TUX MOIIHBIX OOEBBIX MEKKOHTHHEHTAIb-
HBIX OAIMCTHYECKHX DPAKET C JAAIbHOCTBIO CTPENbOBI
(10,2-16) ThIC. KM Cpa3y «OXJIAIIJIO» TOPSYUE TOJIOBBI
IIpeCTaBUTENIell BOMHCTBYIOIUX CHUJ 3amaja U NPHHY-
JIMJIO MIX TIOWTH Ha CYIIECTBEHHOE COKpaIleHHWe HacTyIla-
TEJILHBIX SIAEPHBIX BOOpY)keHHMH. braromapst turaHmue-
ckoil pabore cnaxkeHHO (yHkunonuponasimx B CCCP
Oco0BIX KOHCTPYKTOpPCKUX Oropo, B ToM umcie u OKbB-
586, Bosrmasmsiemoro M.K. flaremnem, u BO€HHBIX OTpac-
JIeH POMBIIUIEHHOCTH 1 OBIT 0OectiedeH B epuoxa 1960-
1990 TO0B I COBETCKOM CTpaHbl MapHUTET B MOIITHOM
PAKETHO-SIEPHOM OPYXKMM OTPOMHOM pPa3pyLIMTEIbHOU
cuibl. HelHeIHNE MoKoseHus GarofapHbIX JIIOJEH ITa-
HETBI HAXOAATCA B BEYHOM AYXOBHO-HPaBCTBCHHOM J0JI-
ry nepea TakuMu ApKUMHU U TAJTaHTJIUMBBIMU IIPECACTABU-
TessiMU posa uenoBedeckoro kak M.K. SInrens, moGpo-
BOJILHO OTJaBIIMMHU ceOst Ha Anrtaps OTeuecTBa M I0JIO-
JKUBILIMIMHU CBOM JKU3HU PaJi COXpaHEHHs MHUpa Ha 3eMiie.
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An anthology of the distinguished achievements in science
and technique. Part 52: Rocket-space technology designer
Mikhail Yangel and his accomplishments in missile design.
Purpose. Preparation of short scientifically-historical essay about
the distinguished designer of domestic space-rocket technique and
one of basic creators of missiles for a Soviet rocket-nuclear «shieldy
Mikhail Kuzmich Yangel. Methodology. Known scientific methods
of collection, analysis and analytical treatment of scientific and
technical information, regarding becoming and development in the
USSR of space-rocket technique of the military and peaceful appli-
cations and resulted in scientific monographs, journals and inter-
net-reports. Results. A short scientifically-historical essay is re-
sulted about the distinguished Soviet designer of space-rocket tech-
nique of M.K. Yangel, becoming one of creators of domestic strate-
gic rocket-nuclear «shieldy. Basic scientific and technical achieve-
ments of talented and purposeful scientist-mechanic M.K. Yangel
are described, becoming in 1954 Head and Chief Designer of the
Special Designer Bureau No. 586 (SDB-586, Dnepropetrovsk city),
in area of development and creation of powerful battle ballistic
rockets of the strategic applications and missiles for the peacefiil
mastering of space. It is shown that under scientific guidance of the
Chief Designer of SDB-586 (in 1966 it began to be named DB
«Southerny) M.K. Yangel in the USSR were developed and accepted
on the armament of rocket strategic armies the Soviet army: battle
strategic rockets of the first generation (rockets with military in-
dexes 8K63, 8K65 and 8K64), battle intercontinents ballistic rock-
ets (ICBR) of the second (rockets with military indexes 8K67, 8K69
and 8K67I1) and the third (rockets with military indexes 15414 (on
terminology of NATO SS-18 «Satany), 15415, 15416 and 15418)
generations. At creation in the USSR of battle ICBR of the fourth
generation (rockets with the military indexes of 15418M, 15K60
and 15)K61) the ideas of M.K. Yangel were applied. These battle
ICBR provided in the period of the «Cold Wary for the USSR a
party in the world race of strategic rocket-nuclear armaments.
Powerful domestic missiles are «Space-1», «Space-2», «Cyclone-2»
and «Cyclone-3», created at SDB-586 (DB «Southerny) under the
guidance of M.K. Yangel on the base of the indicated battle ICBR,
executed the tasks laid on them in area of the peaceful mastering of
space. Originality. Certain systematization is executed known from
mass of scientific and technical materials media, regarding becom-
ing and development in the USSR of rocket industry, having an
important military-strategic and civil value. First for a wide reader
the concrete contribution of SDB-586 (DB «Southerny), headed in
the period of 1954-1971 by Academician of the Academy of Sci-
ences of the Ukrainian SSR and the Academy of Sciences of the
USSR M.K. Yangel is exposed in the concentrated kind, in creation
of powerful Soviet battle ICBR, making in the period of 1959-1991
basis of rocket-nuclear «shield» of the USSR. Practical value. Sci-
entific popularization and deepening for the students of higher
school, engineering-technical and scientific workers of physical-
technical knowledge in area of history of becoming and develop-
ment in the former USSR of military and peaceful rocket production,
extending their scientific and technical range of interests and fur-
ther development of scientific and technical progress in society.
References 24, tables 2, figures 13.

Key words: space-rocket technology, distinguished Soviet
designer of space-rocket technology Mikhail Yangel,
achievements in a military and peaceful rocket production,
scientifically-historical essay.
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EnekmpuyHi MawuHu ma anapamu
VK 621.311.25: 621.039: 621.313

doi: 10.20998/2074-272X.2019.6.02

K.M. Bacwuis, JI.I. Ma3ypeHnko

MATEMATHUYHA MOJEJIb EJJEKTPOTEXHIYHOI'O KOMILJIEKCY
JJIA ITPUBOAY I'OJIOBHUX HUPKYJIANIMHUX ITOMIT AAEPHOI'O PEAKTOPA
BBEP-1000 ATOMHUX EJJEKTPUUHUX CTAHIIN

CmeopeHno 3acodou KomMn’iomepHozo 00CTIOHCEHHA PEHCUMIE POOOMU ACUHXPOHHUX OBUZYHIE 20/106HUX WUPKYIAUYIUHUX HOMNA
a0epnozo peakmopa BBEP-1000 AEC. Po3pooneno mamemamuyHny mMooeny eneKmpomexniunozo komnnexcy: « CUHXpOHHUIL
mypo6ozenepamop enepzoonoky AEC — enekmpuuna mepesca enepzocucmemu — 06a mpanchopmamopu 61achux nompeo — 4o-
mupu acuHXpoOHHI O8UYHUY Y (ha3Hux KOOpOUHAmMax, OpicHMOBANY HA AGHI MEMOOU YUCEILHO20 IHMEZPYSAHHA cucmemu ouge-
penyianvnux pienans. Ha 6a3i mamemamuunoi moodeni po3pooneno npozpamne 3ade3neuenns, npuzHauene Onsa 00CHi0NceHns
eNIeKMPOMAZHIMHUX | eIEKMPOMEXAHIYHUX NPOUECI8 CUCHEMU ACUHXPOHHUX 0BUZYHIB 20J1086HUX WUPKYIAUIIHUX ROMR A0EPHO-
20 peakmopa BBEP-1000 ¢ pexscumax: onepamuenozo nepemuKanHs 6KII0O4YHO 3 NYCKOM i 6udicomM, nepexooy Ha pe3epeHe Hcues-
JIeHH3, CAMO3ANYCKY O6U2YHIE 3 6UDI20M mypOozeHepamopa i 6e3 ilo2o eubdicy. Buxonano docnioxycenns npouecie cucmemu acut-
XPOHHUX OBUZYHIB 6 PEHCUMI ONEPAMUBHO20 NEPEMUKAHHA RIO YAC IX HCUBNEHHA 6I0 MYpHOeHepamopa ma 6CMano61eHo 0CHO-
6Hi 3aKonoMmipHoCcmi iX nepeoizy é AKicHoMy ma KinvbKicnomy cnigsionouenni. bion. 10, puc. 11.

Kniouosi cnosa: sinepHuii peakTop, roJ10BHI WMPKYJISAUiiHI MOMIH, CHHXPOHHHUI TypOoreHepaTop, TpaHc(opMaTop, aCHHX-
POHHUIA IBUT'YH, IyCKOBI PesKUMH, CAMO3AIIYCK, MATeMaTHYHA MO/1eJIb, IH(epeHIiaabHi piBHAHHA.

Co30anvl cpedcmea KOMRBIOMEPHO20 UCCIE006ANUA PEHCUMO8 PAOOMbI ACUHXPOHHBIX Ogucamenell 2Ia6HbIX WUPKYIAYUOHHBIX
Hacocoe sadepnozo peakmopa BBIP-1000 A3C. Pazpabomana mamemamuueckas Mooenb J1eKMPOMEXHUUECKO20 KOMNIEKCa:
«Cunxponnutii mypoozenepamop nepzoonoka A3C — anekmpuueckan cemo IHEP2OCUCHEMbL — 06a mpancgopmamopa coocmaee-
HHBIX HYIHCO — Yemblpe ACUHXPOHHBIX 0GUZAMEN» 8 A3HBIX KOOPOUHAMAX, OPUCHMUPOGAHNAS HA AGHbIE MEMOObl YUCIEHHOZ0
unmezpuposanua cucmemst oudepenyuanvnovix ypasuenui. Ha 6aze mamemamuueckoit mooenu paspabomano npozpammmoe
obecneuenue, npeOHasHayennoe Ona UCCIE006AHUA INEKMPOMAZHUMHBIX U IJ1EKMPOMEXAHUYECKUX NPOUECCOE CUCIEMbL ACUH-
XPOHHBIX Osuzamesneil 2IAGHBIX YUPKYIAUUOHHBIX HACOCO8 A0epho20 peakmopa BBIP-1000 ¢ peixcumax: onepamuenozo nepe-
KII0YeHUA 6KIOUUMENIBHO C NYCKOM U 6bl0E2OM, Nepexo0a Ha pe3epeHoe numanue, CAMO3AnycKa oguzamenei c evloezom myp-
0ozenepamopa u oe3 ezo evibeza. Boinonneno ucciedosanue npoyeccos cucnmemsvl ACUHXPOHHBIX 0guzameneil 8 pexcume onepa-
MUEHO20 NEPEKIIOUeHUs NPU UX NUMANHUL O MYPOO2eHePamopa u ycmanosieHsl 0CHOGHbLE 3AKOHOMEPHOCHIU UX RPOMEKAHUSL
6 KauecmeeHHOM U KoaudyecmeeHHom coomruowenuu. butn. 10, puc. 11.

Kniouesvie cnosa: silepHblii peakTop, rJiaBHbIe IMHPKYJISIHHOHHbIE HACOCHI, CHHXPOHHBII TypOoreneparTop, Tpancdopmarop,

aCPIHXpOHHbIﬁ ABUI'aTe/b, IYCKOBbIEC PE€KUMBI, CAMO3aIlyCK, MaTeMaTH4YeCKasd MOe/Ib, Hﬂ(l)(l)epeﬂllﬂaﬂbﬂble YpaBHeHHUs.

IloctanoBka mnpobiaemMu Ta il aKTyaJbHICTh.
AHaJji3 HaykoBuX nmyOJikanii. Ha ceoromni B enepro-
cucremi Ykpainu ekciutyaryerbess 4 AEC Ha sikux Bcra-
HoBleHo 13 peakropie BBEP-1000 ta 2 peakropu
BBEP-440. Bono-BoasiHI siiepHI €HEPreTUYHI peakTopu
xiacy BBEP e nBoxontypaumu [1-3]. Tlepmuii koHTYp
MIpU3HAYEHNH 1JIs1 BiIBEICHHS TEIJIOBOI eHeprii Bix Ten-
JIOBUIIILHUX €JIEMEHTIB, SKi BCTAHOBJICHI B aKTHUBHIN
30HI pEeKTOpa i B SIKUX MICTUTHCS siICpHE MaJINBO Ta Bil-
OyBa€eTHCS PeaKilist MOIUTY sSAep il i€l TeIUIOBUX HE-
TpoHiB [1, 2]. TeruioHOCieM ciTyTye 3BUYaifHa BOAa, SKa
BOAHOYAC Mae€ (YHKIIIO CIOBUTHHIOBAYa HEUTPOHIB,
ampke peakropu kiacy BBEP mpamorors Ha TemnoBux
HeWTpoHax, TOOTO Ha HEHTpOHaX HU3bKHUX eHeprid. Te-
IUIOHOCIH IIUPKYITIOE TIEPIINM KOHTYPOM, OCIIIOBHUMU
JIAHKaMH SIKOTO CIYT'YIOTh TaKi KOHCTPYKIIIHHI eleMeHTH
SIIEpHOT €HEepreTUYHOI YCTAaHOBKH: aKTHBHA 30HA peak-
Topa, ronoBHi nupkymanidHi mommu (I'LIT), nmaporene-
paTopu Ta cUCTEMa BOJOBOJIIB.

s Bimbopy Teruta 3 aKTUBHOI 30HU peakTopa Heoo-
XiHO 320€3MeUnTH MUPKYIIII0 TEIUIOHOCIS B MEPIIOMY
koHTypi. Taky ¢yHkuito Bukonyrots ['LII [2, 3]. Ha sme-
puux peaktopax BBEP-1000 BcTaHOBIEHO TIO HOTHPH
roJIoBHI mupKysimivai momnu mapku ['TIH-195M moty-
xkuicTIO 10 6000 kBT 1 mogauero TerwioHOciI B 00cCs3i
20000 m*/roz1. KoKHa 3 IMX TOMII IepeKadye TErIOHOCiH
4yepe3 peakTop i maporeHepaTop, siKi pa3oM 3 MOMIIOH i
CHCTEMOIO TPYOOIIPOBOIIB YTBOPIOIOTH OJIHY METIIIO [2].

Koxna 3 yotuprox I'IIT npuBoasThCs B pyX OKpe-
MHM KOPOTKO3aMKHEHHM AaCHHXPOHHHM JIBUTYHOM Bep-

THKAJIbHOTO BHWKOHaHHS Mapkd BA3 215/109-6AMOS
notyxHictio 8000 kBT i Hampyror xuieHHs 6,3 kB
[2, 4]. TonoBHI HMPKYIISALiiHI TOMIU HaleXaTh 10 Bij-
MOBiZAILHUX MeXxaHi3MiB BiacHuXx mnotped (BII). 3ako-
HOMIpHO, 110 JI0 MexaHi3MiB BiacHux norped AEC cra-
BHUTHCS BHCOKI BUMOTH CTOCOBHO HAIIHHOCTI €JIEKTPO-
MMOCTaYaHHS JBUTYHIB, SKUMH TPHBOIATHCA B PyX IIi
MEXaHi3MU Ta J0 HaJilHOCTI iX poboru. BimMoBa enekt-
puunanx neuryHiB (E/) TLIT AEC gepes nepepBy B Xu-
BIIEHHI a00 IX MOJOMKY MOXX€ IPU3BECTH IO aBapiitHOL
3YNIHHKH PEeaKTopa Ta pO3BUTKY CHCTEMHOI aBapii — po3-
repMeTu3anii mepmoro KOHTYPY i, SIK HACHiAOK, — IO
BUKHIIB Yy aTMocdepy pamgiOaKTHBHHX EJIEMEHTIB, IIO0
CTaHOBUTh HEOE3MEKy AJIsl JKUTTS MEepPCOHANy eJEeKTpO-
cradiii, MOWKOMKEHHS i1 OCHOBHOIO OO0JaJHAaHHSI Ta
IIKIJJTMBOTO BIUIMBY Ha JOBKULIA. Tomy /i HamiitHOrO
€JICKTPOINOCTAYaHHsI CIIEKTPUYHHUX JBUTYHIB TOJIOBHUX
IUPKYJILIRHUX TOMI sipepHoro peakropa BBEP-1000
nepen0ayeH0 BUKOPUCTAHHS JBOX JDKEPEN JKUBIICHHS:
pobodoro Ta pezepBHOTO [2, 4].

Juis moTpuMaHHS niepeadadeHNX iHCTPYKIISIME TIpa-
BIJI cTocoBHO pexnmiB podotu EJ] T HeoOXimHO MaTH
9iTKe 1 OJHO3HAYHE PO3YMIHHSA Ta JOCTOBipHY iH(opMa-
i0 PO Tepedir eNeKTPOMAarHiTHUX 1 eJIeKTpOMeXaHid-
HUX TIPOLIECIB, SKi BiIOYBaIOTHCS B IHX JABHTYHAaX 3 Me-
TOI0 BYACHOTO MPHUUHATTS NMPABUIBHUX PIllICHb CTOCOBHO
X OmepaTHBHOTO MEPEMHUKaHHS, ITPOBEICHHS CaMO3aIlycC-
Ky, IIEpexo/ly Ha pe3epBHE Ta aBapiiiHe JKUBIICHHS 1 T.iH.
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AHaii3 JiTepaTypH BKa3zye Ha Te, IO NMpaBHIa eKCIDTya-
tarii EJ] '] BukianeHi TUTBKK B MTOCAOBUX 1HCTPYKITi-
ax st nepconany AEC [3], B sikux npomnucaHi anropur-
MU Jiii Ha BUKOHAHHS 3a3HAYCHUX OMepaIliii BKIIOYHO 3
NPOBEJCHHIM NMPO(IIAKTUYHUX PEMOHTIB Ta SKi IPYHTY-
FOTBCS JIMIIIE HA JIOCBiMI €KCIUTyaTallii 0e3 MmpeIMeTHOTO
aHai3y nepediry mpoueciB Ta npodiieM pexuMiB podoTH
JIBUTYHIB.

Heo0OxigHy iH(MOpMamiro mpo mepedir mpomeciB Mo-
JKHa OTPUMATH TBOMa criocobamu: 1) mpoBeneHHIM ¢i3u-
YHUX EKCIIEPHUMEHTIB Oe3locepeHh0 Ha EINEKTPUIHUX
meuryHax ['LII; 2) mpoBeaeHHAM KOMIT IOTEpPHOTO MOJIe-
JIIOBaHHS 32 JIONIOMOTOI0 IPOTrPaMHOro 3abe3redeHHs,
po3po0sIeHOro Ha 0a3i MaTeMaTHYHHUX MOJIENICH BUCOKOTO
piBHs afgekBarHocTi. [lepuuii cioci6 € qoBodi npobdiaeMa-
THUYHHM, IIIO NTOB’53aHO 3 OOMEXEHHSIMH JIOCTYITY IO CUC-
teM EJI T'LII1 Ta mpakTHYHOIO HEMOXKIUBICTIO MPOBE/ICH-
HSl BCIX HEOOXIJHMX EeKCIIepUMEHTIB. Jpyruil Takux o00-
ME)XEHb HE Ma€, a TOMY BBaXKA€ThCS IIEPCIIEKTHBHIM.

[MuTanHIO aHANi3y PEXUMIB POOOTH EIEKTPUIHUX
IBUTYHIB MexaHi3MmiB BIIl enekTpuuHuX craHmid mpumi-
JIeHa JTOBOJII BEJIMKA KiTbKiCTh HAYKOBHUX IIpallb, 8 BHKJIA-
JICHUI1 B IIUX TIpalsiX MaTepial IPyHTYEThCS Ha KITaCHYHIN
TEOpii eNEeKTPUYHUX MAIIUH Ta MOJAHUH y 3arajbHiil KOH-
LeNnTyanbHiil (opMi, 1110 poOUTH MPOOIEMATUYHHM HOTO
BUKOPHCTAaHHS CTOCOBHO KOHKPETHHWH CHUTYyalliil 3 JBUrY-
HaMHU Pi3HUX TUIIB PI3HOTO NPU3HAYEHHS Ta MOTYXHOC-
Tel, a TAKOXK 0COOIMBOCTEH CXEM eJICKTPOXKHUBIICHH. Lle
O3HAYae, 10 JUIs 3aCTOCYBAHHS IOJIOXKEHb IUX Ipalb B
MIPaKTHL eKCIUTyaTalil eJeKTPUYHNX JBUI'YHIB KOHKPET-
Hux arperariB BII enexrpuyHnx craHniii HeoOXinHi icTo-
THI TOOTIpAIfOBaHHA IIMX MaTepiamiB. B KOHTEKCTi cka3a-
HOTO OYEBHU/IHUM € T€, [0 Ha ChOTO/(HI HE TOCTATHHO YBa-
TH HAJAa€TbCsd THTAHHAM PO3pOOKH iHGOpMAaIiHHO-TEX-
HIYHUX 3aC00IB aHaNli3y PEXUMIB POOOTH EINEKTPUUHUX
neuryHiB BII enexkrpoctanuiit (EC), sxi Oy 6 npunaTai
JUIsl Oe3I0CepeIHbOrO 1X 3aCTOCYBAHHS B IPAKTUII €KC-
ryatanii EC 3aranom ta AEC, 30kpema.

OnHO3HA4HO, 1O OUTbLI JOCTOBIpHY iH(OpMaliio B
IMUTaHHAX PEXUMIB pOOOTH eleKTpuyHuX ABuryHiB BII
MOXKHa OTPUMAaTH Ha IiJCTaBi PO3B’SI3Ky cuUCTeMH Jude-
PEHIIaNbHHUX PIBHSHB, SIKI OIMMCYIOTH IPOLIECH HE JIMILE B
yCTaJIeHHX, ajle i B JUHAMIYHUX PEKUMAX POOOTH [(BHUIY-
HiB i3 3aCTOCYBaHHSAM Cy4acHUX KOMII FOTEPHHUX CHCTEM.

HaBenene Buille Ja€ MiJCTaBU CTBEPHKYBATH, IO
po3po0Ka 3aco0iB aHAITI3Y PEKUMIB POOOTH EINEKTPUUIHUX
JNBUTyHIB BiacHuX notped AEC, sikuMu ciyrymTh mare-
MaTH4HiI MOeNi 1 BiAMOBigHE M MporpaMHe 3a0e3nedeH-
HSl € aKTyaJbHOIO HAYKOBO-IIPAKTHYHOIO MPOOIIEMOIO.

MeTomw cTaTTi € po3poOdKka MaTeMaTHYHOI MOJEII i
BIAMOBIHOTO il mporpamMHoro 3a0e3rnedyeHHs K 3aco0y
JOCIIIJDKEHHST PEeXHUMIB POOOTH CHUCTEMH aCHHXPOHHHUX
IBUTYHIB (AJ]) TOJIOBHUX LUMPKYJSILIHHAX MOMI SIEPHO-
ro peakropa BBEP-1000 AEC 3a momomororw cydacHOl
KOMII FOTePHOT TEXHIKH.

BuxnaxeHHnsi o0CHOBHOTO mMatepiasy. 3rigHo 3 [2, 4]
posnoainsHi mpucTpoi BaacHuX morped AEC BUKOHYIOTH
3 OJHIEI0 CHCTEMOIO 30ipHUX IMUH 1 3 OAHAM BHMHKAYEeM
Ha npueaHanasd. KimbKicTh CeKIliii 30ipHUX IIMH BIACHUX
notped AEC nampyroro 6,3 kB a6o 10,5 kB HopmanbHOT
eKCIUTyaTallii BUOUParOTh 3aiekHO Bin: kinbkocTi T'TIIL,
JIOTTYCTUMOI KUIBKOCTI opHOYacHO miakmodenux [II1

0e3 crpailfoBaHHs aBapifHOrO 3aXUCTy peakTopa Ta Bix
KUTBKOCTI 1 MOTY>KHOCTI BCTAaHOBJICHHUX POOOYMX TpPaHC-
dhopmatopis BII. Ha peaktopax BBEP-1000 BcTanoBieHo
no 4 T'IIl, npuBOJHI aCUHXPOHHI JBUTYHU SIKUX JKHB-
JATHCS Bi 30ipHUX MIMH 4-X OKPEMHX CEKIii HOpMalib-
Hoi ekcmuryaranii (CHE), mepmii nBi 3 SIKMX JKUBIISITBCS
Bil JIBOX BTOPHHHUX OOMOTOK IEpImIOr0 poOoYoro
TpaHcdopmaropa Biacaux norped (TBIT) mepmoro cry-
neHs TpaHcgopmalii, a IepBUHHA 0OMOTKA IBOTO TPaHC-
(opMaTopa TPHEOHYETHCS OO MEPIIOTO BiATATYKEHHS
reHeparopHoro crpymomnposoxay. Jpyri asi CHE npuen-
HaHi 10 APYTOTO BiATradyKeHHS T€HEPATOPHOI'O CTPYyMOI-
poBoxay aHanorivHuM grHOM. OOnaBa pobdoui TBII Buko-
HaHi 3 OJHIEI0 TCPBUHHOIO 1 IBOMAa BTOPUHHUMHU OOMOT-
KaMu, 10 3a0e3Meuye HasBHICTh YOTUPHOX CEKIli HOp-
MaJlbHOT eKcintyaranii Ha Oyok. KoxkeH 3 aBoX poboumx
TBII eneprobnoky Ha 0a3i simepHoro peakropa BBEP-
1000 mae notysxHicts 63 MB-A.

Buxoasiun 3 [2-4] Ta omMcaHOro BHILE, CHUCTEMY
enektpuunHux auryHiB I'LIT okpecmumo sK enexTpo-
TEXHIYHAHA KOMIUIEKC, €JIEKTPUYHA CXeMa SIKOTO 300pa-
’keHa Ha puc. 1. Ha iboMy pucCyHKy NpHifHSTa Taka CUC-
TeMa MO3HA4YeHb: JiTepolo M mo3HadeHo TpudasHy enek-
TPUYHY MEpEexy, sIKa BKIIOYA€ CHEPrOCHCTEMY pa3oM 3
O6ournM Tpanchopmaropom; Hanmcamu 1B, T1, T2, B1,
B2, B3, B4 — napoBy TypOiHy renepartopa, Ba podoui
TBII Ta yoTHpH BUMHKaUi uepe3 SKi IiJKII0Yal0ThCs 00-
MOTKHM CTaTOPIiB aCHHXPOHHHX JABHUIYHIB 10 BTOPHUHHHUX
oomorok TBII, a mamucamu D1, D2, D3, D4 — gotupu
acuuxponHi aurynu ['IIIT; nireporo G mo3HaueHO CHHX-
ponnuii Typ6oreneparop (IT)); miteporo F — mxepeno
JKUBJIEHHS 00MOTKH 30ymkerHs T1; BS — reneparopHuit
BUMUKa4 eHeprooioky; P1 — P4 — romoBHi mUpKyIAIIiiHI
MOMIIH.

Pemta nmo3HaueHHs € TAKUMH: JIITEPOIO ¢ TIO3HAYECHO
MOTEHI[IaT HE3AJIC)KHUX BY3IIIB CXEMH, JITEpOO [ —
CTpyMH (ha3HUX TUIOK CTPYKTYpHHX €JIEMEHTIB, a JIiTe-
poro E — eJeKTpOopyIIiiiHy CHITy JKepesa MOCTIHHOI Ha-
NPYTH eNeKTPUYHOTO Kojia 30yIDKEeHHs TypOoreHeparopa.
B HIKHIX iHIEKcax YHMCIaMH MTO3HAYEHO HOMEpH He3a-
JISKHUX BY3JiB, HOMEpHU (ha3HUX TiJIOK CTPYKTYpHHX elle-
MEHTIB CXEMH Ta HOMEPH 30BHILIHIX TUIOK CTPYKTYPHHX
enemenTiB. bykBamu M, T, G, D, F y HmkHIX iHIEKCaX
MMO3HAYCHO HANISKHICTh CTPYMIB 1O 30BHIIIHIX TLIOK:
Mepexi, TpaHcpopmaTopiB, TypOoreHepaTopa, aCHHXPOH-
HUX ABUTYHIB, JUKepelsa KHUBJICHHS OOMOTKH 30YKEHHS;
Haamucamu M, Ta Tp — HaNeXKHICTH 10 BHYTPILIHIX CTPY-
MIiB Mepexi Ta TpaHchopmaTopiB. BykBow S y HHKHIX
IHICKCAaX ITI03HAYCHO HAJCKHICTh (Pa3HUX CTPYMIB [0
CTaTOpiB aCHHXPOHHUX [BUTYHIB 1 TypOoreneparopa, a
OykBOIO R — 110 cTpyMiB pOTOPIB aCHHXPOHHHX JIBUTYHIB.
Yucnamu B Ty’)KKax Yy BEpXHbOMY 1HIEKCI CTPYMIB IIO3Ha-
YEHO HOMEp eJIeMEHTa 3 IPYIH OJHOro THUIly (TpaHcgop-
MaTOpiB, BUMHKAUIB Ta IBUTYHIB), 10 SKOTO BiTHOCHTHCS
LeH CTpyM.

Juis mpakTukyM excruryartarii eHeproomoky AEC Ha
6a3i simeproro peaktopa BBEP-1000 akTyansHuM € aHa-
713 poOOTH CTPYKTYPHHX €JIEMEHTIB CUCTEMH aCHHXPOH-
HUX JIBUTYHIB, 300pa)xeHOI Ha cxemi puc. 1 B Takux oc-
HOBHUX pCKHUMaXx:

1) poGora Typborenepatopa G B HOpMaJIbHOMY PEKUMI
Ha eHeprocucreMy M 3 OJIHOYaCHUM €JIEKTPOIKUBICHHIM
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Tpanchopmaropi BiracHux motped T1, T2 i BiamoBimHO
acMHXpOHHUX ABUTYHIB D1 — D4;

2)xuBnenns TBII Bin eHeprocucremu uepe3 O104HMIA
TpaHcdopmarop, Kosiu TypOoreHepaTop BiliMKHEHUIT;

3)pobora acunxponnux apurysiB 'Ll B curyanii
aBapiifHOro 3HECTPYMJICHHSI 3 BTPaTOl0 3B’SI3KY 3 €HEep-
TOCHCTEMOIO 1 BUMKHEHHS TypOoreHeparopa 4epes HpH-
MMMHEHHS Nojavi mapu Ha TypOiHy, mo nepeBoxuts TI° B
pexxuM BuOiry. Takuit pexxuM KoHYE HEOOXimHWH mis
TIOJICTIICHHS TIePEX0y Ha IPHUPOIHY LMPKYJLSILII0 Tel-
JIOHOCIA B SAEPHOMY PEaKTopi;

4)BTpatn enexrpoxxusineHHs asurynis I'LI1 ta mepe-
X1l Ha TIPUPOJHY LHUPKYJSILII0 TEIUIOHOCIS B PEKUMI BU-

6iry arperariB ['LIIT (nBuryHiB pasom 3 mommnamu). s
30UIBIIEHHS Yacy BHOIry, 110 KPUTHYHO BasKJIMBO, ACHH-
XPOHHI JIBUTYHHU O0JIAIITOBYIOTh MaXOBHUKAMH,

S)mepexin Ha pe3epBHE KUBJICHHS ACHHXPOHHUX IIBH-
T'YHIB, 110 CYIPOBOJDKYETHCSI KOPOTKOYACHOIO IEPEPBOIO
nojayi Hanpyru Ha TBII Ha gac ii aBTOMaTUYHOTO BBIMK-
HEeHHs pe3epBy. BHaciiok HOBTOpHOI mojayi Hanpyru
BiZIOYBa€THCS JO3aITyCK ABUTYHIB, TOOTO 1X IOJasblIe po3-
KpPY4IyBaHHS J0 HOMIHAIBHOI YacTOTH OO0EpTaHHA 3i CTaHy,
B SIKOMY HasiBHA MEHIIIA BiJl HOMiHAJIFHOI CTapTOBA YacTOTa
o0epTaHHs OBHUTYHIB (B JITEPaTypi «CaMO3AITYyCK»);

6) peXUM OTIEPaTHBHOTO TEPEeMHUKAHHS ACHMHXPOHHHUX
neuryHis I'LIIT.
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P1
Puc. 1. Cxema cHIIOBOTO €JIEKTPUYHOTO KoJia cucteMu acuHxpoHHux neuryHiB 'L smepHoro peakropa BBEP-1000

MaremaTtiuHy MOJENb ENEeKTPOTEXHIYHOrO KOMII-
nekcy (ETK) «TT-EM—-T—A]I» po3pobumo Ha 0a3i Teopil
MaTEMaTUYHOTO  MOJIENIIOBaHHS  €JEeKTPOMAIIUHO-BEH-
tunpHuX cucteM (EMBC) [5] Ta Hu3km iHIIMX Hamnpa-
LIOBaHb, BUKIAAeHUX y [6-10]. OTxe, MareMaTH4YHOIO
monemmo ETK « TT-EM-T-A/l» € cucrema audepeHiia-

P3

JBHYUX PIBHAHB €JIEKTPHYHOTO CTAHy Ul CXeMH pHc. 1 Ta
JdepeHIiaIbHUX PiBHSIHb MEXaHIYHOTO CTaHy JUIsl aCUH-
XpoHHUX ABHUTYHIB pasom 3 ['lII1, Typboreneparopa pa-
30M 3 IapOBOIO TYPOIHOIO, SIKA CIYTYE JKEPETIOM IEepPBUH-
HOTO MEXaHIYHOI0 KPYTHJIBHOTO MOMEHTY TypOoreHepa-
Topa. [lepmia cucremMa piBHSHb ONKCY€ €JIEKTPOMArHiTHI
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MIPOLIECH BCI€T cXeMU puc. 1, a pyra — eneKTpoMexaHiyHi
MpOIeCH, SKi BiZOyBarOThCS B aCHHXPOHHHX IBUTYHAX Ta
TypborenepaTopi. Cucrema piBHSHb €JIEKTPUYHOIO CTaHy
3amucaHa y pa3HUX KOOpJMHATAX Ta Pa3oM 3 PIBHSAHHIMU
MEXaHIYHOr0 CTaHy OPIEHTOBaHA Ha SIBHI METOJIU YUCEIb-
HOTO iHTETpyBaHHS.

KoskeH 13 CTpyKTypHHX €JIEMEHTIB CXeMH (EJIEKTpH-
YHa Mepeka, TpaHc(opMmaTropH, BUMHKadi, aCHHXPOHHI
IBUTYHH, TypOOT€HEpaTop, IHKEPeo IMOCTIHHOI HAmpyTHh
JKUBIIEHHS 00MOTKH 30ymkeHHs TI') mpezncraieni Oara-
TOTNOJIFOCHUKAMH Y BHUTJISIII PIBHSHB, 3alIHCaHUX 3a JIpY-
rum 3akoHoM Kipxroda [5, 6].

PosrnsHeMo MareMaTH4HI MOZENi CTPYKTYPHHX
€JIEMEHTIB EJISKTPOTEXHIYHOTO KOMIUIEKCY Ha IMPHKJIai
MaTeMaTHUYHOI MO/JIelTi TypOOreHeparopa.

CucremMa piBHAIHb €JeKTPHYHOI Ta MeXaHIYHOL
piBHOBaru CHMHXPOHHOrO TypOoreHepaTtopa. 3riiHo 3
[5, 8] cuHXpoHHMI reHepaTop MPEeACTaBUMO BOCHMUIIO-
JIIOCHUKOM, III0 OXOIUTIOE TpH (ha3u craropa i 0OMOTKY
30yIKEHHS, SIKHl OTPHMAHU [IIIXOM BUKIIIOUSHHS KOH-
TypiB AdemrdepHoi 0OMOTKH, IPEACTaBICHOI TBOMA KOH-
TypaMH TI0 TIO3[IOBXKHi d Ta monepeyHii Bici g. demmde-
PHOIO OOMOTKOIO MOJETIOETHCS MacuB poTopa Typbore-
Heparopa.

EnexTpuyHuii cTaH CHMHXPOHHOTO TeHEepaTopa OIU-
IIEMO BEKTOPHUM DIBHSHHSM 30BHIIIHIX TUIOK, SIKE Mae
TaKUH BUTIIS,

Pic+tI'c ¢c+Tc=0, (1)
ne p=d/dt — omepatop mU(EpPEHIIOBAaHHS 3a YacoM f;
i6={iG,»iG,1Gy»iG4*1Gs*iGgriG2iGy) — BEKTOP CTPyMiB
BOBHIIIHIX TUIOK; ¢ = (@33, 39> Pu » P> Pa1s Pat>Pa1»Pa2)
— BEKTOP 30BHIIIHIX MOTEHITiAIiB TeHEPATOPa;
-1 -1 -1
ro=| k6 TEel go-| L6 |xE )
- LG LG - LG
— MaTpuis KOedimieHTIiB 1 BEKTOP BUIBHUX WICHIB.

KomnonenTrn marpuiii KoeiieHTiB i BEKTOpa Bijb-

HHUX YICHIB 3 (2) BU3HAYAIOTHCS 32 TAKUMH (HOPMYJIaMH:

Ld=(Lee~Lei LY Lie) s

E=poy” wG+Ri=Lei L}t (PoWphac+ Rpip) i(3)

cos(2y) cos(2y—p) cos(2y+p) 0
Lo Ld—Lg| cos(2y —p) cos(2y+p) cos(2y) O
ee 3 cos(2y+p) cos(2y) cos(Qy—p) 0
0 0 0 0
il Lo L Ladg
l
Lo Ld'L LatLy L Lo LatL Lad
Eialra TS Eialra %COS(}/—’D)
1
+
Ly La‘L Ly La'L Latly L Lad ’
?0, 6‘7 T‘L 6" 3"+T° K.cos(7+p)
1
L L L (Lad*+LGf)
Lad cosy) L4 costy - p) L9l cosy + p) 3 =942
K i i K;

ne p=2r/3; K;— koediuient npuseneHus crpymy 30y-
IDKEHHS 10 CTPyMy CTaTopa.

Marpunst B3a€EMHUX IHAYKTHBHOCTEH MiX 0OMOTKa-
MH cTaropa i 30y/DKeHHs, 3 OJHOrO OOKy, 1 KOHTypamu

nemriipepHOi 0OMOTKH 10 0csiX d, ¢, 3 APYroro OOKy, Mae
TaKWUW BUTJTIS

Laq ©0s(y) Laq sin(y)
Laa©08(y =p)  Lagsin(y — p)
Lei=|LagC0S(y +p)  Lagsin(y +p) |- @
2-K;

Marpuis BlIacHUX 1HIYKTHBHOCTEH KOHTYPIB JeMII-
(hepHOi 0OMOTKM Ma€ TaKMi BUTIISI

Li,i :diag(Lad+L0'dDa Laq+L0'qD) . (5)
Marpuisi B3a€MHUX I1HIYKTUBHOCTEH MIDXK KOHTY-

pamu pemndepHoi OOMOTKM 1 30BHIIIHIMH KOHTYypamu
(craTopa i 0OMOTKH 30yI)KEHHS) Ma€ TaKUil BUTIIS]

2| La€05¢) Lageostr—p) Lugcosty+p) et
Lie= E 2-K;
Laq Sin(}’) LaqSin(}/ - ,D) LaqSin(}/ + p) 0

(6)

Bekropu ', /), BusHa4aroThCs 3a popMynamMu

l//}/ :Lg,ei'i'Lg,iiD» !//}b:Ll}'/,eif (7

ne Lies Liis Lj, — NOXiTHA MATPUUL Lee,Le» Lie 32

KyTOM TIOBOPOTY Y; iD:(iDd’iDq) — BEKTOp CTPyMiB

KOHTYpiB JeMIipepHOi 0OMOTKH; | = (I'GS1 siGg, iy iG ) ).

V dopmynax (4) — (7) Ly Ly Lo — IHIYKTUBHOCTI 110
TIO3I0BKHIH, ONEPeYHii 0csAX Ta IHAYKTHBHICTH HYJBO-
BOI NMOCHIAOBHOCTI; Loy Lqq — IHIYKTUBHOCTI, 5IKi BiTIOBI-
JIAFOTh PeaKllii SKopsI 1O MO3I0BXKHIN Ta MONEePEeYHil 0CsIX
AKOPS; Loap,, Logp IHYKTHUBHOCTI PO3CISHHS JIeMII-
(hepHOT OOMOTKH 10 OCsIX d, q.

MexaHi4Hi nporecH, siki BinOyBalOThCs B TypOore-
Heparopi, onumeMo AudepeHialbHIM PIBHSIHHSIM Mexa-
HIYHOT PiBHOBArH, sIKe Ma€ TAKUil BUTIISI:

Umt+Je) pog—Mm—Mg) =0, 3

ne Jrp, J¢ — MOMEHT iHepIii TypOiHM Ta poTopa TeHe-
paropa; pwg — NOXiIHa MEXaHIYHOT KyTOBOI 4acTOTH 00e-
pTaHHSA poTOpa TreHepaTropa 3a dYacoM f; Mrz — Mexa-
HIYHUHA KPYTHJIbHUIT MOMEHT MapoBol TypOinu; Mg — ene-
KTPOMarHiTHUH MOMEHT TeHeparopa.

BpaxoBytoun, mo nudepeHiiaabHi piBHIHHS €JIeK-
TPUYHOTO TAa MEXAHIYHOTO CTaHIB MaTEeMaTH4YHOI MOJeli
OpIEHTOBaHI Ha SBHI METOIU YHCEIHHOTO iHTETPYBaHHSI,
BOXJIMBHM MOMEHTOM B QJTOPUTMi IHTEIPYBaHHS LUX
pIBHSHD € BHU3HAYCHHS BEKTOpA IHTEIPYBAaHHA, B SKOMY
CHCTEMAaTH30BaHI BCi KOOPAWHATH, SIKi BXOIATH 0 Iude-
peHIiaTbHUX PIBHSHB WA 3HAKOM MOXIiTHOI Ta sKi SIK
PO3B’SI30K OTPUMYIOTBCSI OE3MOCEPEIHBO ILIIXOM IHTEr-
PYBaHHS.

Bexrop iHTEerpyBaHHS 17151 CHHXPOHHOT'O TypOOTeHe-
paropa Mae TaKky CTPYKTypYy:

PvG = (pig sPig »Pig »PigsPig, Pig, P76 P@g) (9)
A€ ig,» ig,~ CTPyMH JemrpepHoi 0OMOTKH 110 OCsiX d, ¢;

Y6, WG — CNEKTPUYHUNA KyT ITOBOPOTY Ta MEXaHIdHA KyTO-
Ba yacToTa 00epTaHHS pOTOpa TeHepaTopa.
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MarematiuuHi Mojeni BHMHKA4iB po3poOiieHi Ta
omucaHi B [6] 3 TaKMM caMUM MiAX0J0M (32 MOAYJIBHUM
OPUHIMIOM), K 1 MaTeMaTHYHa MOJenb TypOoreHe-
paropa, a MaTeMaTHYHiI MOJIETi PEUITH CTPYKTYPHUX elle-
MEHTIB BKJIFOYHO 3 aCHHXPOHHHMH JIBUTYHAMHU PO3polite-
Hi aHAJIOT1YHUM YMHOM, BUXOSM4H 3 [5, 8].

BbesnocepenHbOMy 1HTErpyBaHHIO CHCTEMH JHde-
PEeHLIABHUX DIiBHSAHb ENEKTPHYHOTO Ta MEXaHIYHOTO
CTaHiB mepexye GOPMYBaHHA Ta PO3B’SI3yBaHHS JiHIHHOT
CHUCTeMH anreOpUYHMX piBHSIHH B 0a3nci MOTEHIIaJiB
HE3aJIe)KHUX BY3IIB EIEKTPUYHOI cxeMu puc. 1. s
LBOTO 3 CHCTEMH JU(epeHIiaIbHUX PIBHSIHb €NEKTPUY-
HOTO CTaHy BHKIJIIOYAETHCS MOXIJHI CTPYMIB BCIX €JIeK-
TPUYHHUX TiMOK cxemu. OTpHMaHa TaKMM YHHOM CHCTe-
Ma JIiHIHHUX anreOpUYHUX PIBHSIHB €JIEKTPUYHOTO CTaHy
Mae Takuil Burnsan [5, 6]:

A@+B=0, (10)
ne A — Matpuns kKoe(illieHTiB; B — BEKTOp BUTBHUX 4Ylie-
HIiB; ¢=(¢1, @2 ..., (Q42), — BEKTOpP TOTEHIiaJiB He3a-

JISKHHUX BY3JIiB CXeMH puc. 1.

Marpurst koedilieHTiB 4 Ta BEKTOp BUIBHUX WICHIB
B cucremu piBasHb (10) dopMyroTeCcst 3 MaTpuIb Koe-
(ilieHTIB, BEKTOPIB BUIGHMX WICHIB Ta MaTpPHIb IHIH-
JICHIIIi CTPYKTYPHUX €JIeMEHTIB CXeMH puc. 1.

Jo MaTeMaTHIHOI MOZETi eNeKTPOTEXHIYHOTO KOM-
IeKcy cxemu puc. | (Okpim cuctemu OudepeHIiaTbHIX
PIBHSIHb €JIEKTPHYHOTO T4 MEXaHIYHOI'O CTaHIB) BXOAWTH
TaKOXX CHCTEMa aBTOMATHYHOI'O KEPyBaHHS, sKa IPH3HA-
YyeHa JiUIs cTablni3yBaHHs Halpyru TypOoreHepaTopa I
Yac 301IbIICHHS Ta 3MEHILIEHHSI HAaBaHTa)KEHHS! HA HbOTO,
a TaKoX Ui CTaOLTi3yBaHHSA YaCTOTH OOCPTaHHSA POTOpPA
TeHepaTopa, SIKMH NMPUBOIMTHCS B PYX IapoBOIO TypOi-
Hoto. Jlyist crabumizanii Hanpyru reaepaTopa 3acTOCOBaHO
MIPOTIOPIIIfHO-1HTETPaJbHUI peTyniaTop, poboTa SKOTro
OIMCYETHCS TAKUM PiBHAHHSIM:

ur =Kup(uz—ugs)‘i‘Kuij(uz—uc)dt“‘upo, (11)

ac Upupy — TIOTOYHE Ta IMOYATKOBE 3HAYCHHS HAIIPYTH

36yﬂ)K€HH$I; Uz u(V;S — 3aJaHC 3HAYCHHA HAalIpyru Ta MO-

IyJTh 300pakyBaJIFHOT'O BEKTOpa (ha3HUX HAIPYT cTaTropa
rereparopa (ix ammiirtyna); K, ,.K,, — IPOIOPLIHHMH

Ta IHTErpabHUI KOSQIIIEHTH peryIsaTopa HapyTH.

Junst crabimizarii 4acToTH oOepTaHHs poTOpa reHe-
paropa 3acTOCOBaHO IIPOIOPIIiiHO-IHTErpaIbHO-AN(E-
PeHLIATBHUN PerynsiTop, podoTa SIKOTO OMHCYEThCS Ta-
KUM PiBHSHHSIM:

Mr =K, (0: —06)+ K, [(0: —oc)dt +

(12)
+K g Plo: w6 )+ My

Ae My, My, — TOTOYHE Ta NOYATKOBE 3HAYCHHS MeXa-

HIYHOTO KPYTWIBHOTO MOMEHTY TYpOiHH T€Heparopa; .,
®g — 3aJaHe Ta MOTOYHE 3HAYCHHS YaCTOTH OOCPTaHHS

poTopa renepatopa; K ©,’ K 4K, — Tpomopuiiinuii,

IHTEeTpaIbHAN Ta JUQepeHIiaTbHAN KOSQIIIEHTH Perys-
TOpa 4acTOTH 0OepTaHHS pOTOpa reHepaTopa.

AJTOPUTM PO3PaxXyHKY eJeKTPOMATHiTHUX Ta
eJleKTpoMeXaHiYHnX TpoueciB. OCHOBHHUMH BXiITHUMH
JaHUMH CIYTYIOTh KaTaJOXKHI MapaMeTpH: eJeKTPUYHOI
Mepexxi M; tpancdopmaropiB BinacHux morped T1, T2;

acuuxponnux apuryHis D1, D2, D3, D4; TypGorenepa-
Topa G Ta JpKepena nocTiiHOT Hanpyru F, a Takoxk moua-
TKOBI YMOBH, SKi CHCTEMAaTH30BaHI y BEKTOp IHTe-
TPOBaHMX 3MIHHHX, 1110 Ma€ TaKy CTPYKTYypY:
1
V=, VP v v Py,
V([l))a V([%)’ V(D3)a V(D4)9 Vg)’ VG; VF)
J(uz _uég)dta,[(a)Z - Q)G)dtvt):

:(lMel’ lMeZ’ lMe3’

PO B 1CO N SN

Tpy Tpo 1Ip Tpy

000, 8 02,19,
B B 8 B B B ) D)
10 150 190 (s 15 50575 0

.3) .3 .3) .3 .3 .3 3) 3
l(Dz,la l(Dg‘z’ l(D§3a l(DI)h’ l(DI)eza l([);3’7/D 90)(D)3

(4 (D) G TG I B C O B O B O
lDS]’lez’ DS3’ IDRI’ lDRz’lDRg,’}/D ,COD 5

.(5) (5 .5
1531)7 lea 1(33)9

iGSl’ iGS29iGS3ainaiGdaqua )/Gd’a)Gqs

J(uz—ugs)dt, [(wz - wg)dt, 1).
OCHOBHMMH IYHKTaMH aJITOPUTMY DO3PaxyHKY

MIPOIIECIB € TaKi Jil:

® Ha miAcTaBi MOYaTKOBUX YMOB Bektopa V (13) i xa-
TaJOXXHUX MAaHUX, (POPMYIOTHCS MATPHUIll Koe]iIi€eHTiB
Ta BEKTOPH BIJBHHUX WIEHIB CTPYKTYpHHUX €JIEMEHTIB
(nns TypOoreneparopa (2)) i uepe3 HUX MaTpuis kKoedi-
LIEHTIB A Ta BEKTOP BUIBHUX WICHIB B CUCTEMU PiBHSHb
enekTpuyHoro crany (10), sika po3B’sA3y€ThCS CTOCOBHO
BEKTOPA ¢;

® Ha 3BOPOTHOMY XOJi Ha IIiJICTaBi BEKTOpa ¢ MOTEH-
[iaJiB HE3aJeKHUX BY3JTIB CXeMH pHC. | BH3HAUYAIOTh
BEKTOp IHTETPYBaHHS pV, SIKUH JOPIBHIOE MOXiAHIN Bek-
Topa iHTerpoBaHuX 3MiHHMX V (13) 3a wacom ¢
(pV=dV/ds),

® OJHMM 3 SIBHUX METOJIB YHCEIBHOTO IHTErpyBaHH,
Ha MiJICTaBl BEKTOpa IHTErpyBaHHs p} Ta 3a1aHOT0 KPOKY
iHTerpyBaHHA Af, BU3HAYalOTh HOBE 3HAYEHHS BEKTOpa V

e omucaHa MpoLeaypa HIPOJOBKYETHCSA 0 BUXOLY I0-
TOYHOTO Yacy IHTCTPYBaHHS ! 32 MEXI 3aJaHOTO KiH-
LIEBOTO HOr0 3HAUYEHHS.

3a anropuTMOM MaTEMaTH4HOI MOJENi pO3pOOJIeHO

nporpaMHA KoMmIuiekc. Hirkde HaBeaeHO y3arajabHEHHH
aHaJi3 eJEeKTPOMArHiTHUX 1 eIeKTPOMEXaHIYHHX IIpole-
CiB, sIKi BiIOYBarOTbCS B CHCTEMI aCHHXPOHHUX JIBUTYHIB
I'IIT smeprOTO peaktopa BBEP-1000 mix gac kxuBIeHHS
TpaHc(hopMaToOpiB BIacHUX MOTped (a 3HAYMTH i acHWH-
XpOHHHX JBUTYHIB) BiJ TypOorenepartopa. B peaibpHuX
yMOBax poOOTH eHeproOJIOKy 4acToTa 00epTaHHs poTopa
TypOoreHepaTopa € NpakTHYHO CTaOULIFHOIO 1 TaKO0, 10
BIJIMIOBI/Ia€ YacTOTi HAINPyrd €HEPrOCUCTEMH. 3 METOI0
3a0e3MeuyeHHsl TaKhX YMOB BHUKOPHCTa€MO MOJKJIMBICTBH
MaTeMaTU4HOi MOZENl 1 MPOrpaMHOro KOMILIEKCY, SKa
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Jlae 3MOry 3a0e3nednuTH abCONOTHO CTalllbHY YacTOTy
o0epTaHHsI pOoTOpa reHepaTopa wg=const (Xoua, K 3a3Ha-
YEHO BUIIE, B MATEMaTHUYHIH MOJIET 1 MPOrpaMHOMY KOM-
TUIeKC] TiependaueHa MOXKIIMBICT PO3PaxyHKY 1 IMHAMid-
HOTO €JIEKTPOMEXaHIYHOT'0 IPOoIecy TypOoreHepaTopa).

B npoMy MaTeMaTHMYHOMY €KCIIEPUMEHTI Ul CTa-
OiTi3yBaHHs HAIpyrd TeHepaTopa IiJ 4Yac ONepaTHMBHUX
nepeMukanb aciHXpoHHUX IBUryHiB ['LIIT 3acTocoByeTh-
Csl BIANOBITHA CHCTEMa AaBTOMATHYHOTO KepyBaHHS
(CAK), sxa onrcana Bue (11).

PesynbTaToM MaTeMaTHYHOTO MOJENIOBAHHS CIYTY-
FOTh PO3PAaxXyHKOBI 3AJIKHOCTI OCHOBHUX KOOPIUHAT, II0
SIKMX BiJIHECEMO: HAaNpYTH Ta CTPYMH BCIX E€IEKTPHIHHX
riIOK cxeMu puc. 1, enextpomarHiTHi MoMeHTH AJl Ta
momenTu onopy I'LIII, a Takox yacToTH 0OepTaHHS acHH-
XPOHHHX JIBUTYHIB.

BXimHMMU JaHUMU CIIYTYIOTh KaTaJOoXHi JaHi Typ-
OoreHeparopa BKJIIOYHO 3 JAHUMH JDKepella JKUBIICHHS
Hioro oOMOTKHM 30yIKEHHS, aCHHXPOHHUX JIBUTYHIB, Tpa-
HC(OPMATOPIB BIACHUX NMOTPEO Ta ENEKTPHUUHOT MEPEexi.
TyT HEoOXigHO aKIEHTyBaTH yBary Ha TOMY, IO IYCK
AJl THUII saneproro peaktopa BBEP-1000 BuKOHY€TBCS
Ha TOBHY Hampyry 6 kB (mpsaMuii myck), a MeXaHI9HUI
MOMEHT iHepIlii 00epTOBOi MacH poTopa pa3oM 3 MaxOBH-
KOM JopiBHIOE 7250 Kr-M>. OKpiM IBOTO 110 BXiTHUX Ja-
HUX HAJISKUTh 1H(POPMAIIisl TOIOMIKHOTO XapakTepy, sKa
BU3HAYAE PESKUMU POOOTH MPOrPAMHOTO KOMILIEKCY
(KpOoK iHTEerpyBaHHS, KIHIIEBHIi 4ac IHTETpyBaHHi 1 T.iH.).

MopentoBaHHs €IEKTPOMArHiTHUX 1 elleKTpoMexa-
HIYHHX TIPOLIECIB BUKOHAEMO JUIS TAKOTO PEXKHUMY pOOOTH
acuaxpoHHux asuryHiB ['LIIl: B craHi pyxomoro 3 cuH-
XPOHHOIO YacTOTOIO pOTOpa TeHepaTopa B MOMEHT Hacy,
SIKMH TpuiiMaeMo 1oyaTkoBUM (¢ = () BMHUKaeThCs TpKe-
peno JKUBJICHHS OOMOTKM 30yIPKeHHs! reHepartopa. Ha
HACTYITHOMY eTarri gepe3 5 ¢ Ta 3 iIHTepBajioM 5 ¢ BUKOHY-
€ThcA Myck mepmmx Tprox AJl (y MoMmeHTH Wacy #=5 c,
t,=10 c Ta ;=15 c). Y momeHT vacy #,=30 ¢ BiAMHUKa€ETH-
Csl TPEeTiil JIBUT'YH, @ B MOMEHT 4acy £s=40 ¢ BMHUKa€eThCs
uie i yerBepTuil ABUryH. B MoMmeHT uacy #=70 ¢ BiaMu-
KalOThCS BCl TPU aCHHXPOHHI JBUTYHH, sIKI Ha el yac
NPaIoITh (MEPIINii, IPYTHil Ta YETBEPTHI).

Hwxue BuKIazieHO Tpadiku po3paxyHKOBHX 3aJIeikK-
HOCTEH OCHOBHHMX KOODJHMHAT BiJl 4acy Ta MpPOBEINCHO IX
aHaii3 Ha mpeaMeT (Di3MKW MpoLeciB 1 pobOTH eneKTpo-
TEXHIYHOTO KOMITJIEKCY MPHUBOJY aCHHXPOHHUX JIBUTYHIB
TOJIOBHUX IMPKYJMLIMHNX TIOMIT SIEPHOTO peakTopa
BBEP-1000 mix gac >kxuBJICHHS ABUTYHIB Bifl TypOOTeHe-
paTopa eHepro6JIOKy aTOMHOT €NeKTPUIHOT CTaHIIIi.

Ha puc. 2. 300paxeHi po3paxyHKOBi 3aJI€KHOCTI (a-
3HUX HaIPyT cTaTopa reHepaTopa.

35000 ey, Hog, Hag, Y
25000
15000
5000
5000
-15000
-25000

-35000

0 20 40 60 80 100 120 140 160 t,s

Puc. 2. UG UGs, UGy ~ (a3Hi Hanpyru reHeparopa

Ha puc. 3 300paxeHi po3paxyHKOBI 3aiexHocTI (a-
3HUX CTPyMIB reHepatopa. Xapakrep (asHuUX Hampyr ta

CTpyMiB Ha puc. 2 Ta puc. 3 BimoOpaxkae MPOIECH IIyCKy
Ta BUMKHEHHSI aCHHXPOHHHUX IBHTYHIB. [Ipu 1iboMy amm-
mityna (asHUX Hampyr puc. 2 3aJIMIIAETHCS MOCTIHHOO
mijg piero CAK, a amrmtityna ¢asHux cTpymiB puc. 3 3wmi-
HIOETHCSI 3AJIEXKHO Bifl pOOOTH aCHHXPOHHHX JIBUTYHIB.

iggrlag, oy, A

10000

5000 4

0

-5000 4

-10000 ; T T T T
0 20 40 60 80 100 120 140

160 ¢, s
Puc. 3. iGsl’ iGsz’iG53 — dasui cTpymu reHepaTopa

Binbpm BupasHy Ta npeaMmeTHy iHpopMariro npo xa-
paktep (ha3HUX Hampyr Ta CTPyMIB B IIbOMY PEXHMi poO-
0OTH TeHepaTOpa HAAAIOTh PO3PAXYHKOBI 3AJIEKHOCTI
MOJyJIiB 300pa)XyBaTbHUX BEKTOPIB (pa3HUX HAIMpPyT Ta
CTPYMIB cTaTOpa TeHepaTopa, sKi 300pakeHi Ha puc. 4.

v N
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40000

30000 { 11T .
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Puc. 4. y, ig, — MOy 306paXyBalbHUX BEKTOPIB (asHiX

HATpYT 1 CTPYMIB CTaTOpa TypOOTreHepaTopa

XapakTep KpUBHX HAMpyru Ta CTPyMy Ha pHC. 4 BH-
pa3HoO LIOCTPY€E 3aKOHOMIPHOCTI 3MIHM aMIUTITYAu (a3-
HHUX HAmpyr Ta CTPyMiB CTaTopa reHEepaTopa B PEeKUMIi
ornepaTUBHOrO mepeMukaHHsi A/, a Takok peakuiro Ta
Hacnigku nii CAK Hanpyru.

3 puc. 3 Ta puc. 4 BUIHO, IO HA MPOMDKKY Yacy,
ko AJl BumkHeHi (£>70 ¢) da3Hi cTpymu reHepaTopa
HE JOPIBHIOIOTH HYJIFO, XO4Ya HAIpyra 3aJIMIIAETHCS CTa-
OinbHOM0. 1le mosICHI0EThCS THUM, IO HA I[bOMY HPOMIXKKY
yacy oOunaBa TpaHcopMaropu BIACHHX MOTPEO, sKi
i’ €JHaH1 10 TeHeparopa, MpaiioloTh B PEXXUMI HEPOOo-
YOro XOIy, & 3HAUUTh B 1X TIEPBUHHUX OOMOTKAaX CTPyM
HE JIOPIBHIOE HYJIO B CUTYyallil 3 BAMKHEHUMH JBUTYHAMH
Ta Ma€ BiJMOBIZHE [[OMY PEKUMY 3HAUYCHHS.

Jo ¢yHkuiiiHo BaskimBoi iH(pOpMAaIii CTOCOBHO Te-
HepaTopa HAJICKHUTh 1HPOpMaLisl PO XapakTep Horo Ha-
NpYTU Ta cTpyMy 30ymkeHHs. Tomy Ha puc. 5 300paxeHi
PO3paxyHKOBI 3aJIeKHOCTI IIUX KOOPIMHAT.
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Bapto me pa3 3a3nHauntu, mo CAK Hanpyru crarto-
pa reHeparopa mpairoe came Ha (YHKIIT MOayis 300pa-
JKYBaJBHOTO BeKTOpa (hazuux Hampyr (11).

3 morssiny poOOTH CHCTEMH aCHHXPOHHHUX JIBUTYHIB
I'lIl BaximBO MaTH iH(OPMAIL0 PO OCHOBHI KOOp-
nuHaTH (Hampyru Ta ctpymu) TBII. B mpomy koHTeKcTi
PO3TIITHEMO Ta MPOAHAIi3yeMO HANpPYTH 1 CTPYMH NEpBU-
HHOI Ta JBOX BTOPMHHHMX oOMoTOK mepmoro TBII. Ha
puc. 6. 300paxkeHi PO3PaXyHKOBI 3aJEKHOCTI MOIYIIB
300pakyBaIbHUX BEKTOPIB (pa3HUX HATIPYT IMEPBHHHOI Ta
JIBOX BTOPUHHUX 00MOTOK mepmioro TBII.
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Puc. 6. y — MOJyJIi 300pa)KyBajbHIX BEK-

3 PUCYHKY BHHO, III0 HAaNpyra nepBUHHOI 0OMOTKH
Iy’ke OJM3bKa 10 Halpyru reHeparopa puc. 4, a Hampyra
JIBOX BTOPMHHHX OOMOTOK, 3HAYEHHS SIKMX 30iraroThCs,
BIJIMIOBIJIa€ NiFOYOMY 3HAUCHHIO Hampyru 6,3 kB, sKoro
KUBIITECS acuHXpoHHI aurynn ['LII. OgeBnano, mio
HAIpyTH MEPBUHHOT Ta JBOX BTOPUHHUX OOMOTOK JPYTo-
ro TBII OyxyTb iIEHTHYHHMH 3 HAIpPyTaMH IIEPIIOTO
TBII (puc. 6).

AHaNoriyHo Hampyram, po3rjissHEMO CTPYMH 0OMO-
TOK 00MIBOX TpaHc(hOpMaTopiB BiIacHUX noTped. Moymi
300pa)XyBaJIbHUX BEKTOPIB CTPYMIB IEPBUHHOI 1 JBOX
BTOpPUHHHX 00MOTOK nepuioro TBII 300paxeni Ha puc. 7.
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Sk 1 i mepioro — Moyl 300pakyBajIbHUX BEK-
TOpIB CTPYMIB IIEPBHHHOI 1 JJBOX BTOPUHHHUX OOMOTOK
npyroro TBII 306paxeni Ha puc. 8.
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CTPYMIB HEPBHUHHOI 1 IBOX BTOPHHHHUX 00MOTOK apyroro TBII

Po3paxyHKOBI 3a1€XKHOCTI MOyl 300paxyBaIbHUX
BEKTOPIB CTPYMIB BTOPHHHHX OOMOTOK HEPILOTrO Ta JIpy-
roro TBII, siki 300paxxeHi Ha puc. 7, 8 BUpa3HO LIIOCTpY-
I0Th PSKHMH POOOTH aCHHXPOHHUX JBWUTYHIB, SIKI JKHB-
JAThCS Bif BropuHHNX 00MoTOK TBII. Ha nux pucynkax
OJTHO3HAYHO Ta YIiTKO BHJHO MOMEHTH BBIMKHEHHS Ta
BUMKHEHHSI BCiX YOTHpHOX A/l, a TaKkoX BHIHO XapakTep
Ta KpaTHICTh MycKOBHX cTpyMmiB. Kpusi Ha puc. 7, 8 Ta-
KOXX HECyTh I1H(OpMAIil0 Tpo XapakTep Ta CIIiBBif-
HOIICHHA CTPYMIiB TEPBHHHUX 1 BTOPHHHUX OOMOTOK
TBII, a pazom 3 puc. 4 mie i Ipo CHiBBITHOIIEHHS CTPY-
MiB niepBuHHKUX 00MoTOK TBII i TypOoreneparopa.

Y BTOpHHHHX 00MOTKaxX TpaHc(opMaTopiB MpoTiKa-
I0Th Ti caMi CTpyMH, IIO 1 Y BiJIIOBIIHMX IM CTATOPHHUX
00MOTKax aCHHXPOHHHX JIBUT'YHIB, sIKi 3’€JJHaHI BUMHUKa-
yamu. ToMy aHani3 CTpyMiB BTOPUHHUX OOMOTOK TpaHC-
(hopmaropiB ciryrye BoHOYAC HUM K€ JUISl CTPYMIB CTa-
TopiB AJl. Ane ju1s oTpuMaHHs OLTBII OBHOI iH(OpMarii
PO CTPYMH CTATOPHUX 00MOTOK AJl TyT HaBeAEMO JIHIIIE
MHUTTEBI 3HAYCHHA (PAa3HUX CTPYMIB OJHOTO 3 JIOBIITBHO
BHOpaHNX aCHHXPOHHUX [IBUTYHIB, SIKUM € repuruii. OT-
JKe, pO3paxyHKOBI 3aJIe)KHOCTI MUTTEBHX 3HAYCHD (Pa3HUX

cTpyMiB niepuioro A/l 300paxeni Ha puc. 9.
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cTaTopa nepumoro aCHHXpPOHHOT'O ABUI'yHa

3 pHCYHKY BHIHO, IO KpuUBa MOAyJIA 300pa-
JKYBILHOTO BEKTOPa CTPYMIB MepUIol BTOPUHHOT 0OMOT-

K1 TIepIoro tpancdopmaropa i(Tl)Z Ha puc. 7 € TaKOlO, IO

OTMHA€E KPUBI CTPYMIB 3 pHC. 9, 1[0 OJHO3HAYHO BiAIMOBI-
Jae (i3uill eIeKTPOMAarHiTHUX MPOLECIB, SKi Bi0OyBalOTh-
ca B cuctemi AJl I'TIIT 3a cxemoto Ha puc. 1.

Buime My po3risiHy M Ta IpoaHasli3yBalld eJIeKTpo-
MarHiTHi IPOLECH, SIKi OMUCYIOTHCS €IEKTPUIHUMH KOOP-
JIUHATAMH, 10 SKHX HAaJeXaTh €ICKTPUYHI HAMpYrH Ta
CTPYMH.

Juis moBHOTH iH(pOpMaIii CTOCOBHO MOXKITHBOCTEH
MaTeMaTH4HOI MOJIeJi Ta IIPOrPaMHOr0 KOMIUIEKCY B TH-
TaHHI aHaNi3y PEKUMIB POOOTH aCHHXPOHHHX JIBUTYHIB
I'IT spepuoro peakropa BBEP-1000 mnpoananizyemo
eJIEKTPOMEXaHIuHi mpolecH, ki cTocoBHO AJl omucyro-
ThCSl iX KPYTWIBHHMH €JEKTPOMArHiTHUMH MOMEHTaMH
Ta MexaHiyHuMHU MomeHTamu omopy ['LIII. Ha puc. 10
300pakeHi po3paxyHKOBI 3aJIC)KHOCTI X KOOPIMHAT.

3 pHCYHKY BHJHO, IO Ha €Tami PO3roHy IEpIIOTo
AJl i BigmoBimHO mepmoi I'IIIT enexrpoMarHiTHHIA MO-
MEHT JBWTYHA iCTOTHO OLIBIIUI Bi MOMEHTY omopy. B
YCTaJICHOMY PEXIMi BOHH 3piBHOBa)KEHI, a Ha eTari BHuOi-
Ty eJeKTPOMArHiTHUA MOMEHT JBHI'YHA JOPIBHIOE HYIIIO,
a MEXaHIYHUI MOMEHT CIIaJIa€ i3 3aKOHOMIpPHICTIO 3MeH-
IIEHHsS] MEXaHIYHOI KyTOBOI YacCTOTH JBHUIYHA 3 MOMIIOIO
BiJIMIOBIJTHO JI0 MEXaHIYHUX XapaKTEPUCTHK IIJIOrO arpe-
rary ['TIIl. OueBumHO, IO 3aKOHOMIPHOCTI EIIEKTPO-
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MEXaHIYHUX MPOLECIB PEIITH TPHOX JBUI'YHIB € aHAJIOTI4-
HHUMH, TOMY HAaBOJHUTH IX HEMAae HOTPeOHL.
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- eHeKTpOMaI‘HiTHI/Iﬁ MOMCHT II€PIIOTro

B muraHHI aHanmizy eneKTpoMeXaHIuHHX MpOLECiB
AJl THIT snepuoro peakropa BBEP-1000 mpuniumnoso
Ba)XXJIMBO MaTu iHGOPMAIIIO IPO XapakTep Ta 3aKOHOMip-
HOCTI 3MIHM MEXaHIYHHX KyTOBHX YacTOT OOEpTaHHS PoO-
TopiB AJl, ajpke came Ii KOOpAWHATH BU3HAYAIOTH ITPO-
nykruBHICTH podotu I'LII, a BignoBigHO poboTH i siep-
HOTO peakTopa, i eHeproOoKy 3aranom. Tomy Ha puc. 11
300pakeHi pO3PaXyHKOBI 3aJ€KHOCTI MEXaHIYHUX KyTO-
BUX YacTOT o6epTaHH>1 acuuxpoHHux apuryHis ['LII1.
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obepranHs acHHXpoHHUX ABUTYHIB ['LII1

3 pucyHKy (Ha BiMiHY BiJi PUCYHKIB 3 KPUBUMH
CTPYMiB) BUPA3HO BHHO HE JIMIIE MOMEHTH BBIMKHEHHS
Ta BUMKHEHHs AJl, aie # wac iX po3roHy Ta BHOITY IO
MTOBHOI 3yNMWHKH. Taka iH(opMarlis € KpUTHIHO BaXIH-
BOIO B MTUTAHHSX 3a0€3MeUeHHs YCHIIIHOTO MEePeXoay Ha
MIPUPOTHY MUPKYIALIIO TEIUIOHOCIS B SAEPHOMY peakTopi
3a 00CTaBHMH aBapiHOTO 3HECTPYMJICHHS €HEeproOJyoky. 3
uietro metoro auryHu ['HI1 momatkoBo o0namrToByrOTh
MaxoOBHKaMH, MO0 30UIBIIMTH 4Yac BUOIry arperaty 3a
cucremoro AJI-T'TIIT.

VY3aranpHEeHU aHalli3 KpUBHX Ha puc. 11 Ta KpuBHX
BCIX IHIIMX KOOpAWHAT (MOMEHTIB Ha puc. 10, cTpyMiB i
Halpyr Ha BCiX PEeITi pUCYHKAaxX) MOKa3ye, o iX xapak-
TEp MOBHOIO MIPOIO € y B3aEMOBIAIIOBIAHOCTI Ta B TIOBHO-
My B3a€MO3B’S3KY 3 IOTILAY 3aKOHOMIPHOCTEH Tepediry
1 eJIeKTPOMATHITHHX, 1 €IEKTPOMEXaHIYHUX IPOIECIB, a
pa3oM 3 UM BKa3ye Ha JOCTaTHBO BHCOKHWII PiBEHD aJeK-
BaTHOCTI SIK MaTeMaTH4YHOI, Tak 1 IM(POBOi MoJeei.
Takwuii pe3ynbTaT JOCATHYTO OIMCOM €JIeKTPOMArHiTHUX 1
€JIEKTPOMEXaHIYHHUX TPOLECIB €IMHOI0 CHCTEMOIO aude-
peHUianbHUX piBHSAHBb BKMo4HO 3 CAK Hampyru rewe-
paropa Ta 4yacToTH 00epTaHHs pOTOpa reHepaTopa.

B mepcrnektuBi mependavacThCsi BUKOHATH JIOCII[-
JKEHHSI Ta IPOBECTH aHaJi3 MPOIECciB BKIIOYHO 3 Iepe-
XO/IOM Ha pe3epBHE )KHBJICHHS, JI03aITyCKy (CaM03aIrycKy)
AJl, a TakOXX aHaNi3 BXKE 3rajJjaHUX PEXHMIB poOOTH 3
BpaxyBaHHSAM JUMHAMIKH PyXy pOTOpa reHepaTopa.

Jlo BaIMBHX NMEPCIEKTUBHUX IOCITIKeHb (Ha He-
0OXiJJHOCTI ITPOBENCHHS SIKUX OCOOJHMBO HArOJIOIIY€EThCS
B HAYKOBO-TEXHIUHIH nitepaTypi [2, 4]) BimHOCATBCS J10-
ciimkenns: pexxumi podboru AJl T'LIT mix wac nepexomy
Ha IPUPOJHY LUPKYJISILIIO TEIIOHOCIS SAEPHOTO PEaKkTo-
pa i3 BUKOpPHCTaHHSIM BHOIry TypOoreHeparopa, 1o ode-
BU/IHO CTAaHOBUTH K TEOPETHYHWH, TaK 1 MPaKTUYHUN
iHTepec B ekciutyaratii eHeproomnokiB AEC Ha 6a3i sigep-
Horo peakropa BBEP-1000.

BucHoBkH.

1. AHaii3 HayKOBHUX JIITEPAaTypHHUX JDKEpe BKa3ye Ha
Te, 110 0COOJIMBOCTI eKCILTyaTamii eJIeKTPUIHUX JBUTY-
HiB ['L{I1 BuKnajeHi jauiie B MOCagqOBUX IHCTPYKISAX ISt
nepconany AEC, B sikux nmpomnucani npaBuia BUKOHaHHS
orepamnii: MycKy, caMo3amycKy, 3ylUHKH, ITepexoay Ha
aNbTEepPHATHBHI JDKepesia J>KUBJIEHHS Oe3 TpeaMeTHOTro
HayKOBOTO aHaJli3y 3aKOHOMIpHOCTEH mepeodiry exekTpo-
MAarHiTHHX 1 €JIEKTPOMEXaHIYHHUX MpolieciB. B HaykoBux
JiTepaTypHUX JDKEpesax SIBHO Opakye pe3yJbTaTiB ce-
[iaTbHAX HAaYKOBUX JOCITIIKEHb CTOCOBHO LBOTO IIH-
TaHHd. HasgBHICTP MaTeMaTWYHUX MOIENENH 1 BIAIIOBIA-
HOTO  MPOrpaMHOro  3a0e3led4eHHs SK  3acol0y
KOMIT'FOTEPHOTO JOCIIJKeHHsl Hajana O 3MOry MpoBO-
JIUTH JOCHIpKEHHS pexxuMiB podotu cucremu AJl I'TIIT
sanepHoro peakropa BBEP-1000, HeoOXimHUX sIK B T€O-
PETHYHOMY, TaK 1 B MPaKTUYHOMY acCHeKTi eKCIuTyararii
enepro6iuokiB AEC.

2. Po3pobieHo mMaTteMaTHYHy MOJENb CHUCTEMH acHH-
xponnux nsuryHiB ['LlIl, sika BpaxoBye HalBa)KIWBIIIi
BU3HAYaJIbHI YUHHUKH, 10 BIUTMBAIOTH Ha IEPeOir enexT-
POMAarHiTHUX 1 eJNEeKTPOMEXaHIYHMUX TMIPOIECiB, Ccepen
SAKUAX: B3a€EMHHH BIUIMB CTPYKTYPHHX €JIEMEHTIB CXEMH
cucremu AJl, BB CAK Ha poboty cructemu 30ymKeH-
us TT, B3aemunit BB AJl 1 T, siki npuBonsThest B
PyX LMMH ABUTYHAaMH, a TAKOX Ja€ 3MOTY IOCIIDKYBaTH
po6oty I'lIT mix wac camozamycky A/l Ta ix pobory min
yac BuOiry poropa TT.

3. Po3po0iieH0 MaTeMaTH4Hy MOJENb, SKa A€ 3MOTY
BUKOHYBATH JIOCHIPKCHHS] HAWBaKIIMBIIINX PEXHUMIB PO-
6otu cucremu acuHXpoHHHX IBUTYHIB I'LII1 32 momomo-
TOI0 CYy4acHOI KOMIT FOT€PHOI TEXHIKH.

4. B mepmoMy HaONMKEHHI MPOBEICHO MOCIIIKCHHS
€JIEKTPOMATHITHHUX 1 eeKTPOMEXaHIYHUX MPOIIECIiB CHC-
Temu acuHXpoHHUX nBUryHiB ['LII1. 3okpema, mocmimke-
HO MYCKOBI P&XKHUMH, OTPUMaHI SKICHI 1 KUIbKICHI mapame-
TPU BHOITY ABUTYHIB 3 BETMKHMH MaxOBHMH MAacaMH, IO
(Ha AyMKY aBTOpIB) TAKOX CTAaHOBHUTH IPEIMET HOBOTO
HAyKOBOTO Pe3yJIbTaTy.
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A mathematical model of the electrical engineering complex
for drive of main circulation pumps of nuclear reactor
VVER-1000 of nuclear power plants.

Tools for computer investigation of the modes of operation of
induction motors of the main circulating pumps of the VVER-
1000 NPP reactor have been created. The mathematical model
of the electrical engineering complex «synchronous turbogen-
erator of NPP unit — electric grid of power system — two trans-
formers of own needs — four induction motorsy in phase coordi-
nates, oriented on explicit methods of numerical integration of
the system of differential equations is developed. On the basis of
the mathematical model the software designed for the study of
electromagnetic and electromechanical processes of the system
of induction motors of the main circulating pumps of the VVER-
1000 nuclear reactor in the modes of: operative switching in-
cluding start and run, switching to standby power, self-start of
the motors with turbogenerator’s run-out and without it is de-
veloped. The investigations of the processes in the system of
induction motors in the mode of operative switching during their
power supply from the turbogenerator are carried out and the
basic regularities of their course in qualitative and quantitative
relations are established. References 10, figures 11.

Key words: nuclear reactor, main circulation pumps, syn-
chronous turbogenerator, transformer, induction motor,
starting modes, self-starting, mathematical model, differen-
tial equations.
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B.1. Munsix, JI.B. Illunkosa

YUCJEHHO-MOJEBON AHAJIN3 XAPAKTEPUCTUK TPEX®A3HOI'O
NHAYKTOPA MATHUTHOI'O ITOJIA 1JIs1 OBPABOTKH PA3JIMYHBIX BEHLIECTB
ITPH CTABMWIM3AIIMHU ET'O TOKA

Po3zenanymi meopia i pezyiromamu 4ucenbHo-noab08020 AHANI3Y eNEKMPOMAZHIMHUX GeIUYUH, IX ha3zoeux cnissionouwiens i
8iONOGIOHUX XAPAKMEPUCMUK MPUPA3HO20 IHOYKMOPA MAZHIMH020 noas. Indykmop nodionuii 00 cmamopa acunxponHnoz2o 06u-
2yHa i 3ab6e3neuye o0podKy piznux peuosun. Ile siodysacmuocsa 3a 00nomozo0 00ezacmux epomazHimHUx eiemenmie, wjo 3na-
X00AmMbCA 6 11020 pooouUill Kamepi i pyxaromsca 3 06epmosum mazHimuum nonem. Pozpaxynxoea mooenv kamepu npedcmasnena
AHI30MPONHUM MAZHIMHUM cepedosuuiem 3 PI3HOI0 MAZHIMHOI0 NPOHUKHICHIO NO iT RO006X cHil | nonepeuniii ocam. Po3paxyn-
KU XapaKkmepucmuk 6UKOHAHI 6 pexcumi HAGAHMANCEHHA IHOYKMOPA 3aNeHCHO 6i0 (ha306020 3cy8y maznimopywiiinol cunu 0o-
MOMKU cIamopa 6i0HOCHO N0006XHCHBOT 0Ci Kamepu i npu 3ade3neueHHi He3MIHHOT éeuyuHU cmpymy yiei 0omomku. Ompuma-
Ha CYKynHiCIMb XapaKmepucmuK ROGUHHA CRPUAMU NPOEKMYBAHHIO | 600CKOHANEHHIO IHOYKmMOpie po3znanymozo muny. Haoana
MemoOuKa € YHigepcaibHol i 0036015€ 8i000padxcysamu ix ocepos npaKmuuHo oyov-axoi ¢popmu. bion. 11, puc. 10.

Kniouoei cnosa: iHIyKTOp MarHiTHOro 1oJisl, CTATOP ACHHXPOHHOIO JBHTYHA, TeOPisl, YHCEJIbLHO-NI0/IbOBI PO3PAXYHKH, €1eKT-
POMAarHiTHi BeJJH4MHH, (pa30Bi CHiBBITHOIICHHSA, XADAKTEPHCTHKH.

Paccmompenst meopus u pe3ynvmamsl YUCIEHHO-NO01€6020 AHAIUZA ITIEKMPOMAZHUMHBIX 6€TIUNUH, UX (PA306bIX COOMHOULENI
U COOMEEMCMEYIOUUX XaAPAKmMePUCmUK mpexgasnozo unoykmopa maznumnozo noaa. Hnoykmop noodoben cmamopy acun-
XPOHHO20 0guzamena u obecneyueaem 00paAdGOMKy pa3nuUUHbLIX Geu4ecms. IMo NPOUCXOO0UNt C ROMOWLLIO OBUNCYUWUXCA C 8Pa-
WAIOWUMCA MAZHUMHBIM ROJIEM RPOO0IZ08AMbIX (EPPOMAZHUMHBIX INEMEHMO8, HAXOOAUWUXCA 6 e20 padoyeil kamepe. Pac-
yemHnan mooeib Kamepvl NPeOCmasiena anu30mponHol MAzHUMHOU CPeOOll ¢ PAZHLIMU MAZHUMHBIMU RPOHUUAEMOCIMAMU HO
ee npooonvroil u nonepeunoil ocam. Pacuemuvr xapaxmepucmuk npoeedenvi 6 pejcume HAzpy3Ku UHOYKMOPA 6 3A6UCUMOCHIU
om haz06020 cosuza MazHUmMOOGUICyulell Cuibl 0OMOMKU CINAMOPA OMHOCUMENLHO NPOOOJIbHOU OCU KAMEPbL U npu obecneye-
HUU HEeU3MEHHOU GenUYUHbl MoKa Imoit oomomku. Ilonyuennan co60KYRHOCIMb XAPAKMEPUCMUK O0NINCHA CROCOOCME08aANY
HPOEKMUPOBAHUIO U COGEPUIEHCMBOBAHUIO UHOYKINOPOE paccmompennozo muna. Ilpedcmasnennas memoouka Aenaemcsa yHu-
6epcanbvHoll, MaKk KaK no360asem omoopax3camsy ux cepoeHHUKU npaKkmuiecku a106oi ¢popmel. budn. 11, puc. 10.

Kniouesvie cnosa: WHIYKTOP MATHUTHOTO MOJISl, CTATOP ACHHXPOHHOIO JABUraTelisl, T€OPHs, YHCJIEHHO-TIOJIeBbIe PACYUEThI,

JJIeKTPOMArHUTHbIC BEJIMYMHDI, (l)a30Bl)Ie COOTHOLICHUSA, XaPAKTEPUCTUKH.

Brenenmne. B psife orpaciieii st oOecrieyeHus Tex-
HOJIOTHYECKUX IPOLECCOB MEPEMENINBAHNS PA3HBIX CMe-
cell WM pa3zeseHus] MeJIKUX OOBEKTOB C pa3HBIMHU 3JIEK-
TPOMarHUTHBIMH CBOICTBaMU HCIIOJIb3YIOT MarHUTHBIC
repeMermuBaTen u cemaparopsl [1-3]. Ctpykrypa u xa-
pakrep MarHUTHBIX nosner (MII), koTopbeie obecrieunBaOT
STH TIPOIECCHI, BeChMa pa3HooOpa3Hbl. Cpeny HUX HaXo-
I9T cBoe Mecto Bpamaromuecss MII, koTopsie Bo30yX-
JAI0TCd MHAYKTOPOM, MOJOOHBIM CTAaTopy Tpex(ha3sHOro
acuaxponnoro asuratens (TA/D).

OTnuuueM Takoro HHAYKTOpAa MArHuTHOTO II0JIA
(MMII) ot TAJ] aBaseTcs TO, UTO BMECTO pOTOpPA BHYTPH
cratopa pacroyaraercsi paboyas kamepa (PK), uepes ko-
TOPYIO IPOITYCKAETCs )KUAKASL WM CHIITydasi CyXasi CMECh,
HyXJaromascs B 00paboTke. DT0 OCYLIECTBIISETCS C I10-
MOLIBI0O MEJKHX (EPPOMArHUTHBIX 3ieMeHTOB (PJ),
nBrkymuxcs ¢ Bpawatomumess MII u cozpatonnx B PK
TaK Ha3bIBaeMEIH «BUXpeBou cioi» [1, 3]. [Ipenmonara-
ercs, uto OO BBHINOIHEHBI, HAIIPUMEDP, B BHIE HIOJIOUEK
WIN KOPOTKHX OTPE3KOB JKEJIE3HOH IPOBOJNIOKH, M OHHU
paBHOMepHO pacmpenenensl o PK, ToHkocTteHHas 000-
JIOUKa KOTOpOﬁ BBITIOJHACTCS U3 HEMAaronuTHOTO MaTepua-
sa u ¢ MII He B3auMonencTByer.

AHanu3 nuteparypsl nokaseiBaeT, uto VMII, He-
CMOTpSI Ha IIMPOKHE BO3MOXHOCTH NPHMEHEHHS B pa3-
JIMYHBIX OTPACIISAX MPOMBIIUIEHHOCTH, JI0 CHUX MOp elle
HE0CTaTOYHO M3ydeHbl. J[eno B TOM, YTO MCCieJOBaHHE
X OJJIEKTPOMAarHUTHBIX ITAPAMETPOB IIPOBOJUTCS, Kak
NpaBWJIO, HA OCHOBE TEOPUM MArHUTHbIX Lened. Ho B
YCIOBUSIX BecbMa OOJBLIMX 3a30pOB M AHW30TPOITHOTO
MaJIOMarHUTHOTO MPOCTPAaHCTBA IPEACTABICHUE CTPYyK-

Typsl MMII HECKOIBKMMM OJHOPOJHBIMH y4aCTKaAMHU
MarHUTHOH LI SBIISIETCS TPOOIEMATHIHBIM.

HoBble BO3MOXKHOCTH B HCCIEJOBAaHUSX U COBEp-
nIeHCTBOBaHUHU KoHcTpykuuu UMII nossunucek ¢ pasBu-
THEM MPOTPAMMHOTO O00ECHEUYECHHUs] YUCICHHBIX PACYETOB
MII. Ux s¢pdextuBrocts mus UMII yxe mokazana B [4]
npu aHaiuze MII B ero nmonepeyHoM U HpPOAOILHOM Ce-
YEHHAX Ha OCHOBE IIJIOCKO-OPTOTOHAJIBHBIX PAaCYETHBIX
MOJIENEN.

PaGounM HMHCTPYMEHTOM JUIS YHCJIEHHOIO pacdera
MII B [4] 1 B naHHO# paboTe NpUHsTA OOIIENOCTYIHAS U
pacnipocTpaHeHHas nporpamma FEMM [5].

B ynomsHyThIX padoTax pacuersl MII orpaHuyeHs
pPacCMOTpEHHEM peXUMa HJEAIbHOTO XOJIOCTOTO XO0Ja
(XX), T.e. 6e3 nanmuus B padboueit kamepe UMIT ©D. Otn
WCCJIEJOBAHMS 1NN TI0JIE3HYI0 MH(OPMAIMIO, HO HE MO-
ryT OBITh KOHEYHBIM MTOTOM. boiee coBepiIeHHBIE pac-
YeThl JIOJKHBI OBITh HANPABIICHBI HA UCCIIEIOBAHNE IICK-
TPOMAarHUTHBIX NapaMeTpoB M Xxapakrepuctuk HMMII B
peXnuMe Harpy3KH, KOTOpbIe IPOsBAT CyTh padoTsr MMII
B COCTaBE INIABHOI'O YCTPOWCTBA — IEPEMEINUBATENS UIIH
cernapatopa. M 31ech riaBHOM MpoOJieMON OKa3bIBaCTCS
yueT HamoJiHeHusi pabodell kamepbl PO, obecrieunBaro-
IIMMH paboyHii TPOLIECC.

[ToaToMy HenbI0 JaHHON PAdOTHI SIBJISIOTCS UCCIIE-
JoBaHus xapakrepuctuk MMII B pexxume ero Harpys3ku
Ha OCHOBE YMCJIEHHBIX pacdeToB MII ¢ ydyerom crabo-
MarHUTHOH cpelpl B ero pabodeit kamepe. s 3TOro BHI-
BEJICHBI COOTHOILIEHHS 3JIEKTPOMArHUTHBIX IApaMETPOB U
(hazoBeIX BenmmumH B mpexacraBieHHoM MMII ¢ Bpamaro-
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IOIMMCS MarHUTHBIM TIOJIEM, CO3JaBaeMbIM Tpexdas3Hoil
00MOTKO#1 B paboueii kamepe, HarmoJaHeHHOH 3.

O0BbeKkT Hccie10BaHMA. DIEKTPOMAarHUTHAS CHUC-
tema UMII sBisiercs Takoii, kak u B [4]. OHa moka3aHa
Ha pHc. | JHIIb ee MONepeYHbIM CEYCHUEM, Yero JI0cTa-
TOYHO JJIsl JOCTMDKEHHS LEeNH JNaHHOW paboTHL. 31ech
0003HAaYCHBI W JalbIlIe HCIOIB3YIOTCS MPSIMOYTOJIbHAS
(x, v) m monspHas cECTEMBI KOOpPIWHAT (7, 0) C HAYAJIOM
0TCYEeTa yTiia OT OCH .

N3 TexHOJOTMYECKHX COOOpakeHWH 3afaHbl mapa-
Metpel UMII: paguyc paboueit kameps! 7., = 0,15 M, mo
aKcHalbHOU ocH akTWBHAsA JuHa [, = 0,3 M. MII BHYTpH
PK pacnpeneneHo npakTHYecKd PaBHOMEPHO IIPH Mar-
HuTHOM mHaykuun (MU) B mentpe 0,24 Tn B pexume
UJICANTHOTO XOJIOCTOro Xoxa. Jlist Takoro pexkuma Ha-
MPsDKEHHUE U TOK CTaTopa CYMTAIOTCS HOMHHAITBHBIMH.

Puc. 1. OnexkrpomarautHas cucrema UMII: 1 — mmxToOBaHHBIH
cepaeyHuK; 2 — TpexdasHas oOMoTka; 3 — pabodas kamepa

OcTtanpHble mapaMeTpbl HHAYKTOpPa PACCUUTAHBI MO
METOJMKE, MPUOIMKEHHOU K Kiaccuuecko 1t TAJL [6],
C Y4€TOM OTCYTCTBHSI POTOpa. 13 OCHOBHBIX IapaMeTpOB
WHAYKTOpa TPEJCTaBUM: HOMHHAIBHBIC (a3HbIC HArps-
werne Ugy =220 B u Tok Iy =950 A, gactoTa f; = 50 I'm.
OH nmeert uncna a3 m, = 3 1 map MmoIkocoB p = 1, yucio
ma3oB O, = 42; 9HUCII0 MOCIeI0BATENbHBIX BUTKOB (Da3HOM
obmoTtku Ny = 28. Pagumyc pacTouku cepiedHuKa HHIYK-
Topa ry coctaBui 0,175 M, Tak Kak OH JOJDKCH OBITh He-
CKOJIbKO OoJibinie paauyca PK, 4ToObI UCKITIOUUTH U3 HEE
KOJIBIIEBOM 3a30p C HEIOCTAaTOYHO OJHOpoaHbIM MIL.
OOMOTKa HWHIYKTOpa IBYXCIIOHHAS, pacHpeicicHHas, C
OTHOCHUTEITFHBIM yKOpoueHueM [, = 18/21, cxema coemu-
HEHUSI — «3Be3/Iay.

Cepaeunnk VMMII BBITOJIHEH W3 3JEKTPOTEXHHUYE-
ckoit cramu mapku 2013, Tommuna uctoB 0,5 MM, KO3(¢-
¢unuent 3anonaenus Kr, = 0,97.

OCHOBBI YHMCJIEHHO-TIOJIEBBIX pacyeToB. lcTou-
HUKOM Bpamaromerocs MII B UMII sBusiercs Tpexdas-
Hasi CHMMETpPHYHAs CHCTEMa TOKOB B CTEPXKHSAX (Da3HBIX
obMoToK craTopa (puc. 1):

iy= Imcos((ot+[3);
ip :Imcos(mt—2/3n+[3); (1)
ic zlmcos(mt+2/3n+[3)’

roe I, =2, — aMIUIMTYyZ]a TOKOB B CTEPKHAX OOMOTKHU
m N

CTaTopa Mpu JEeUCTBYIOLIEM 3Ha4eHHU (ha3HBIX TOKOB I
® = 27f; — yrIoBas 4acToTa; ! — BpeMs; 3 — HadambHas
(aza TOKOB, KOTOpas 3a/1a€T HEOOXOAMMOE JIJIsi KOHKPET-
HOro pexuma pacuera MII yriaoBoe cmelleHue Hampas-
nenns MJIC oOMoTku cTatopa F OT OCH .
Ha puc. 1 moka3aHbl HampaBieHHsI TOKOB B CTEpPXK-

HSX 0OMOTKM TpH 3HauyeHusix ¢t = 0 u f = 45°, a takxke
MOKa3aHO MacIITaOMpPOBAaHHOE pPaclpe/ielieHne BEKTOPOB
MU B B COOTBETCTBYIOLIEM PEXHUME HArpy3kH, B KOTO-
pom MII Bpamaetcs ¢ yactotoit n,. Bunno, uro MII 8 PK
OKa3bIBaeTCsl MPAKTUYECKH OJHOPOIHBIM. UTo Kacaercs
MJIC obmoTtkm ctatopa F, TO OHA COPUCHTUPOBAHA YET-
KO I10/]] 33JJaHHBIM yTJIOM .

MII mHIyKTOpa B €r0 LEHTPaIbHOM IONIEPEYHOM Ce-
YEHWH OIMCBHIBACTCS OOMICW3BECTHBIM JBYXMEPHBIM
miudepeHnaIbHbBIM YpaBHCHHEM:

1 - -
rot —rot(kAZ) =kJ,, 2)
He
rae A., J. — akcHanbpHblE COCTaBIAOIINE BEKTOPHOTO Mar-

HUTHOTO TIoTeHImana (BMII) u mutoTHOCTH TOKA; k - OpPT
[0 aKCHAIBHON OCH Z; [l, — aDCOMOTHAsT MarHUTHAS TIPO-
HutaeMoctb (AMIT).

MHcTpyMEHTOM HCCIEN0BaHUN, KOTOpBIE IPEACTaB-
JIAI0TCA, SBJIAIOTCS 4MciieHHble pacdyersl MII mertomom
KOHEUHBIX 35ieMeHTOB 1o nporpamme FEMM [5] ¢ ympag-
JICHHEM CHO CO3JIaHHBIM cKpunToM Lua momobHo [7].

IIpu pacuere MII pacnpenenenne AMII B mmxTo-
BaHHOM CTaJIbHOM CEpACYHHKE U HEMarHUTHOM IMPOCTPaH-
CTBE YYUTHIBACTCS OOIIEH3BECTHEIM MerogoM. B MMII
HOBOW OKa3bIBaeTcs MpoOJieMa ydeTa MATHUTHBIX CBOWCTB
cpensl, Haxoxpsweiics B PK. [l nocTkeHus Lenu JaH-
HOH PaboTHI HEOOXOMMMO pElIeHHe BO3HHKIIEH mmpolire-
MBL. DTOMY TOCBSIIEH OTACIBHBIA 3Tal JaHHOM paboTEHI,
KOTOPBIH MpeIBapuM OITMCAaHUEM COCTOSHUS cpeasl PK.

Hpunuun aeiicreuss UMII u marauTHOe cocTosi-
Hue ero PK. IIpononrosarsie @3 B PK OynyT cTpeMuTs-
¢4 pacroyiaratbesi o cuioBbIM JMHUSAM MII u, 3HauwT,
1o HampasieHuto BekTopoB MU. OnHako mox Bo3geucT-
BHEM TOPMO3SIIETO JICHCTBHA 00padaThiBaeMOW CpeIbI
MEX1y HamnpaBJICHUSIMU BpalllAlOIIUXCS BMECTE€ MAarHWT-
HOTO TIOJSI M AJIEMEHTOB JIOJDKHO 00pa30BaThCS HEKOTO-
poe YIIIOBOE CMEMIeHHE. DJTO SIBISETCS YCIOBHEM BO3-
HUKHOBEHUS DJIEKTPOMArHUTHOTO MoMeHTa (OMM) M.,
Bo3zaercTByromero Ha MO, OT Yero 3aBHCAT MHTEHCHB-
HOCTh M Ka4eCTBO TEXHOJOTHYECKOW 00pabOTKH pa3HO-
POAHBIX CMECEH.

ITo cytn, DMM B UMII sBnserca peakTUBHBIM, a
npuHimn aevicteus UMII cooTBeTCTBYeT NpUHIUITY AeH-
CTBHSI CHHXPOHHOTO peakTuBHOro asurarens [8]. Ilo aHa-
JIOTUU ¢ CUHXpOHHbIMM MamuHamu, B PK mo nHampasie-
HUIO opueHTarmu @D Ha3HavaeTcs MpoIoibHAs OCh d, a
MEPIEeHIUKYISIPHO €l — monepeyHa och ¢. B ycTaHOBUB-
IeMcst pabovdeM pPexMMe OCH BPAIIAIOTCs BMECTE C STUMH
anemeHTamMu u MII.

Ha puc. 1, rme ampuwopu mMmoka3aH MTHOBEHHBIH
«CHHUMOK» 3JIEKTPOMAarHUTHBIX BEIHMYHUH, IPOIOIBbHAS OCh
d coBmagaer ¢ ocb0 y. BEeKTOpbI MarHUTHOW HHAYKIWU B
CMEIIeHHI 110 YTy OT ocH d B cTOpoHY BpameHus MII, a
Bektop MJIC F «uneT» BHepeau, Kak «BEeayIui» 3a co-
60i1 Bce ocTanbHOE.
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MaccuB COTJTaCOBaHHO OPHUEHTUPOBAaHHBIX DD mpu-
BEAET K Pa3JIMYMI0 MarHUTHBIX CBOHMCTB BHyTpH PK mo
Pa3HbIM HaIIPAaBJICHUAM, YTO BBIPAKACTCA Mar HUTHOHN aHU-
3oTponueit. [To mpomosHO# d 1 HonepeyHoit ¢ ocsim, 000-
3HA4YCHHBIM Ha pHUC. 1, OKa3bIBAIOTCA PA3HBIC 3HAYCHUA
coctapstomux AMIT p, u p,. OHu 3aBHCAT OT KOHGUTY-
pauuu, B3aUMHOTO PacloIoXKeHUs U KoHIeHTpauuu OO,

OnpeneneHue  HKBUBAJEHTHBIX  MArHMTHBIX
cBoiicTB padoueii kameppl UMII. Dta 3amaua B omu-
CaHHBIX YCIOBHUSX SIBISETCS BEChbMa CIIOKHOW U HE CTPOTO
JNETePMUHHAPOBAHHON BBUAY BO3MOXKHOHM «CTHXHUM» pac-
npenenenus @O B PK. [Tostomy, B mpuHIHIe, HA JAHHOM
JTane JOCTIDKUMBIM HIPEACTaBISIETCS €€ MPUOIKESHHOE
peieHue. 3aechk MpeIokeHa UAeaNU3UPOBaHHAs MOJIENb
3anonHeHuss PK u pazpaboTaH COOTBETCTBYIOIIUNA METOJ
OINPCACIICHNUA DSKBUBAJICHTHBIX €€ MAarHUTHBIX CBOﬁCTB,
KOTOpBIE MOJKHO MHCIIOJIb30BaThb B PACUETHOM MOJIEIU
HMII B uenom.

HcxomHbIMH JOTTYyIIEHUSIMA U1 (DOPMUPOBAHHS
MarHuTHbIX cBoicTB PK sBisroTest:

e Bce ®O B MII pacnonararorcs napamiensHO APYT
IpPYTy, YTO SIBISIETCS €CTECTBEHHBIM IIOJ BO3JCHCTBHEM
oaHopoanoro MII;

e @D mo obwemy PK pacmpeneneHsl paBHOMEpHO C
3a/1aBaeMBIM CMEIIEHUEM JPYT OTHOCUTEIBHO APYTa;

® MarHUTHBIE CBOMCTBA Cp€abl B MONCPCUYHOM CCUCHUU
PK sBis110TCS aHU30TPONIHBIMU 10 B3aUMHO NEPIEHAUKY-
JISIPHBIM OCSIM: TIPOAOJILHOM d 1 TTOTIEPEYHOH ¢

e nuckperHas wMarHuTHas cpema PK  3amensercs
CIUIOUTHOM CpeNoll ¢ SKBUBAJIEHTHBIMM MarHUTHBIMU
NPOHHIIAEMOCTSMH Ly H |y IO YKa3aHHBIM OCAM;

e MII B PK sBiseTcst mocTtaTo4Ho ci1abbIM M CBOMCTBA
@D COOTBETCTBYIOT HAaYalbHBIM ydYacTKaM HX KPHUBBIX
HAMarHMYMBAHUS, TI09TOMY 3HAYEHUS [ig M [, TIPU pacye-
te MII B UMII B 1enom npakTu4ecku He U3MEHSIOTCS.

B omnucanHON cuTyauuu 3ajzada OIpENEICHHs CO-
crapisironux AMII p; m P, TIpy 3aJaHHBIX pa3Mepax U
B3aMMHOM pacnosoxeHuu PO perraercss Ha OCHOBE YHC-
JIeHHBIX pacueroB MII B upeanu3upoBaHHON MOJENu 3a-
nonnenus PK, nokazannoit Ha puc. 2.
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Puc. 2. Pacuernas Monens paboueli kamepsl

Ha puc. 2,a nana 6a3zoBas Tpoiika @3 ¢ 0603HaUe-
HUEM HEO0O0XOJMMOr0 MUHHMYyMa Pa3MepOB, KOTOPbIE MO-
T'YT BapbHpOBaThCs. 3 3TUX 3JIEMEHTOB CTPOUTCS 3ar1oJ-
HCHHME BCEH pacueTHOM MOJENH, KakK, Hampumep, Ha

puc. 2,6. B obmem mpoctpanctBe PK, u3 kotoporo Bbize-
JIeHa pacyeTHas MOJeNb, JTUHUM TPaHWI g, €2, &3 U Q4
JOJDKHBI pacCMaTpuBaTbCsd KaK JIMHUU CUMMCTPUU WIIN
NEPUOANIHOCTH. B IMIPUHIHUIIC, MHHHUMAJILHON MOJKET
OBITH pacueTHasi MOJIellb, TI0OKa3aHHasl Ha pUC. 2,8, HO OHA
HE CTOJIb HATIAHA, KaK Ha pHcC. 2,0.

KnroueBbimu [u1s1 hopMHpOBaHUS 3aII0JIHEHUsT pado-
4eil KaMepbl SIBIIOTCS auamerp d, u Beicota b, P, a
TaKOKe 3a30pbl dy U d, MeXy HUMH. Y BEpXHEH U HIDKHEH
TPaHUI] PACIIONIATAFOTCS IOJIOBUHKH MOJHBIX AJIEMEHTOB.

JIJ1s TOITHOTO BOCIIPOU3BEACHUS PACUCTHON MOICITH
(puc. 2,0) 1OCTATOYHO elle 3a1aTh YUCJIO DJIEMEHTOB A,
o ee BeIcoTe. Ha puc. 2,6 1 HarIsIIHOCTH 1aH BapUaHT
IpH 71, = 2, HO NIPABUIILHBIE PE3YNILTATHI IOIyYaTCs U IIPU
MHOM 3HA4Y€HUHU 7, — IJ1aBHOE, YTOObI COOJIIOIAKCH 3asB-
JICHHBIE YCJIOBHS cuMMeTpuu. OcTanbHBIE ITapaMmeTphl
PK, Bkitouast u 4yncio aneMeHToB m, no mupune PK, Ha-
XOJIUITUCH C YCIIOBUEM, YTO d; ~ by,

Hnst obecnieyenust paborsl nporpammbl FEMM co-
cTaBlieH ckpunT Lua, KOTOpBIA aBTOMATHYECKU pPACCUU-
ThIBaeT napamerpsl PK, cTpouT ee reoMeTpudeckyro Mo-
JIeNTb ¥ OPTaHU3yeT NaJTbHEHIINE pacueThl, KaK 3TO MPeJ-
CTaBIICHO, HaTIpUMep, B [7] u psge apyrux paboT aBTOPOB
3TOM CTaThU.

B nomepedHOM CeYEHHMHM pPACUETHOW  MOJENIU
(puc. 2,6) MII onwmceiBaeTcss ypaBHEHHEM (2) W paccyu-
THIBA€TCS KaK IJIOCKOMapaUIeIbHOE. JTO 3HAYUT, YTO I10
aKCHAJIbHOW KOOpIMHATE CTPYKTypa MOJENH HE JOJDKHA
MCHATHCA, YTO HE BBINNOJHACTCA MPHU KPYIJIBIX CCUCHHUAX
®D B miockoctu xz (puc. 2,2). UroObl 000WTH 3TO, KPYT-
JIBIE CCUCHUA 3aMCHAIOTCA KBaApaTHBIMU CO CTOpOHOfl ae,
OnpeNesieMOi U3 YCIOBUSA COXPAHCHHUS IUIOMAAN Cede-

HHS, @ UMEHHO: d, =0,5+/md,. CooTBeTCTBEHHO Tiepe-

CUHTBHIBACTCS IKBUBAJIICHTHBIN 3a30p MEXKIY JICMECHTaAMU
0 NIMPHUHE KaMepsl dy, = d, + d, — a,.

Jis pacdeTHON MOJENIH BBIYHCISIOTCS OOIIast IUIo-
I MOTIEPEYHOTO CeUeHUS Sy = a, by, a TaKkKe ee JacTb,
3aHATas PeppPOMAarHUTHBIMHU NIEMEHTAMHU S, = 1, M, d, b,.
Torma x03h(UIMEHT 3amOIHEHHST padodell Kamephl 10
TUTOIAM [TOTIEPEYHOI0 CEYCHHUS COCTABIISCT: Kfps = S,/

IIpenmnonaraercs, 4To MO aKCHATBLHOW OcH z (pHC. 2,2)
®D pacnpesienieHbl C TOH K€ TUIOTHOCTBIO, YTO M B TOTIE-
peuHoM ceueHnd. Toria 1o 3Toi ocu OyIeT MPaBOMEPHBIM
TOT e KOAPQHUITUESHT 3aronHeHUs K s, 9TO OYAET YUHUTHI-
BaThcs Npu pacuere MII B 1ByXMepHOI IOCTaHOBKE.

Oo6mmee 3anonHenne oovema PK @D xapakrepusyer

06beMHBIi KoddduimenT 3anonnenus K g, :KIZ:ES .

CocraBnsromiue MarHUTHOH NPOHUIAEMOCTH IO
nByM ocsMm PK omnpenensitores yepes pacueT MarHMTHBIX
MOJIEH, OPUEHTHPOBAHHBIX Mo HUM. Takue MII dopmu-
PYIOTCSL MOCPEICTBOM 3aJaHHsl COOTBETCTBYIOIUX Ipa-
HUYHBIX YCIIOBHH Ha TpaHMIAX pacueTHor mopenn PK
(puc. 2,6) nyst BMII 4..

I'pannyHble ycnoBus s (OPMHUPOBAHHS MPOJIOIIb-
Horo MII umerot BU:

04
A2 =0; 4, z

. . a‘AZ

g4 = Bavag; —=|g1 =05 ==

v v

Hns dopmupoBanus morepedrnoro MII rparndnabie
YCIIOBUSI MEHSIOTCSI MECTaMHU, a IMEHHO:

04
A, ngO; 4, g3:Bavbs; —

ox

0.(3)

gl = g3~

o4,
=0,E\g4—0-(4)

g2
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B (3) u (4) dakropom Bo3Oyxaenust MII siBisiercst
npeznonaraemMoe cpenaee snauenue MU B, B PK.

BHyTpu obnactu pacuerHoir monenu (puc. 2,6) MII
paccuuTtbiBaetcsa no nporpamme FEMM Mmetonom koHed-
HBIX DJIEMEHTOB IOCPEACTBOM pEIICHHS JBYXMEPHOI'O
muddepennmansHoro ypasaenus (2). [Ipu sToMm y4uThI-
BAIOTCSl HEJIMHEWHbIE MarHUTHBIE CBOMCTBa PO, a Takxke
pa3pexeHHas! CTPYKTypa 00JIacTH pacueTa Mo aKCHaIbHOM
OCH — TIOCPEACTBOM ONPEACICHHOTO KOd(pHUIMEHTa 3a-
nonHeHU Kr,,.

JIyst TECTOBOTO BapHaHTa B3SThl 3HAUCHUS BEIWUHH:
d.=1mm; b, =238 Mm; dy = 1,43 Mm; d, = 1 mm; 1, = 1.
PacyeraMun 10 TpHUBHAIBGHBIM (OpMyTaM MONYYEHO:
m, =9; a, = 21,9 mm; b, = 24,8 mm; a, = 0,89 mm;
dee = 1,54 mm; Kgoy = 0,35; Kp,, = 0,122, MenHO Ais
TaKOW CTPYKTYpPbI pacyeTHOH Mojenu Ha puc. 3 u3oOpa-
»eHbl kKapTuHbl MII nipu 1ipo10a6HOM (@) W TTOTIEPEYHOM
(6) Bo3OYy>)neHuu.

& &

g[ g]
a 6
Puc. 3. PacuerHast Moenb ¢ KapTHHAMU HPOJIOJILHOTO (@)
Y TIOIEPEYHOT0 (0) MarHUTHBIX TOJICH

[Io MarHUTHOMY MOJIO ONPEAETSAIOTCS KOOPAHMHAT-
HBIE COCTABJIIOIIME €r0 HanpsukeHHocTu H, u H, mno
OCSAM X U ), a TI0 HAM — MaJCHUS] MAaTHUTHOTO HarpspKe-
HUSA 110 BEPTUKAJIBHOW U TOPU3OHTAIBHON JTMHUSIM:
b

S a.Y
Umagd = [ Hydy 3 Upagy = [Hdx . (5)
0 0

TOFJIa Cp€aAHUC 3HAYCHUA COCTABJIAIOLIUX 3TOH Ha-
MPSAKCHHOCTHU 1O COOTBETCTBYIOIIHUM OCAM:
Hyav = Umagd /bg; Hygy = Umagq /ag (6)

JAIOT MPOAOJBHYIO M MONEPEYHYI0 COCTABJIAIOIIMAE Mar-
HUTHOM MPOHULIAEMOCTH ISl SKBUBAJIEHTHOMN CpeablL:

— ayv l . _ BLIV 1
Hrd_H—'_’ p'rq_H T (7
yav Mo xav Mo

Hcnonp3oBaHue 31e€Ch MarHUTHON TOCTOSTHHOM |y
TO3BOJISIET Cpa3y NEPEUTH K OTHOCHUTEIBHOM MarHUTHOU
MIPOHUIIAEMOCTH (U1 MACHTH(PHUKAINN 3TOTO I00aBIICH
HWHACKC 7).

[Mporpamma FEMM o6ecrieunBaer nosiyueHue 3Ha-
yenud BeMUIMH U,ugi, Upagyy Hyoy M Hygy ¢ TIOMOLIBIO
CIIELMAJIBHOM IPOLEyphl, BKIIOUEHHOW B ckpunt Lua.
B urore nonydeno: U, = 1420 A; H,,, = 19090 A/m;
W = 105 Uyyugy = 8640 A; H,,, = 122600 A/m; p,, = 1,5.

B o6meit obmactu pacuera (puc. 1) MarHUTHOE TMOJIC
OITMCHIBAETCS TEM ke ypaBHeHHeM (2) c¢ 3amanuem B PK
BBISIBJICHHON MarHUTHON aHM30TPOIHH I10 IPOJOIBHON 1
nonepeuHoil ocsiM. Pacmpoctpanenne MII orpanuunsa-

eTcs BHEIIHEH IOBEPXHOCTBIO CEpJCUHHMKA HHIYKTOPA,
e 3a/1aHo rpaHnyHoe ycnoBue Jdupuxie: 4, = 0.

B kayectBe npumepa Ha puc. 1 oKa3aHO BEKTOPHOE
nosie MU, nomydyeHHOE B pEKUME HArpy3kd IpU yKe
00YCIIOBIICHHBIX 3HAUEHHUSX MarHUTHOH MPOHHUIIAEMOCTH,
BpeMeHu u yrna 3 = 45°. [Ipu aTom 3HayeHue Toka /i co-
cTaBIsUIO 455 A mipu (a3HOM HAIPsDKEHHH OOMOTKH CTa-
topa Uj, paBHoMm 220 B. B nenTpansHOll Touke paboueit
kamepsl MU coctaBumna 0,36 Ta.

KoauuyecTBeHHO-()a30Bble COOTHOIIEHHS 3JIEK-
TpoMarHuTHeIX BeiauunH B UMIL. Omnpenenenue ummn
3aJjaHue yKa3aHHBIX COOTHOIICHUH SBISIETCSI BaKHBIM U
HEOOXOAMMBIM TIpH pacueTe IPENCTaBISIEMBIX Jajee
3JIEKTPOMArHUTHBIX MTapaMeTpoB U xapakrepuctuk UMII.

ITo pesynpraram pacueta MII mporpaMMHBEIMU
cpeactsamu FEMM [5] momyuaercs MM dgepe3 TeH30p
MarHUTHOTO HaTsDKeHUsT MakcBeia mo gopmye [9]:

e |B.B,rdS , (®)
“’O(’/:S‘ = r) S
rae B, u B, — paguanbHas u yriaoas coctasisitomue MU;
7. M ¥y — PayChl OKPYXKHOCTEH, OrpaHUYMBAOLIHUX ILIO-
maae cedeHus 3azopa Ss co cropon PK u craropa.
OCHOBOM aHaiM3a JJICKTPOMAarHUTHBIX BEIUYUH
WUMII siBnsieTcss omepupoBaHHWE C MAarHUTHBIM ITOTOKOC-
uerienueM (MIIC) dasHoit 00MOTKH cTaTopa. JTa Belu-
YMHA BBIUUCISETCS MO pacnpeneneHuto BMII [9] uepes
YHCIICHHYIO PEaIM3alHIO BBIPAXKCHUSI:

K

N,/ NI, 2
\P:% [4.dS~—2%3 4, ,, AS;, )

J=1

J
¢ S, S

em

rae Sy, K, — miomajab ce4eHnst BCeX KOHEUHBIX 3JIEMEH-
TOB C TOKOM B (ha3HOIl 30HE OOMOTKH CTAaTOpa M YUCIO
TaKUX DIIEMEHTOB; A. g cpenHee 3HaueHue BMII
B j-TOM DJIEMEHTE IIoIaau AS;.

B nmporpamme FEMM ecthb cnienmaibHasi npoueaypa,
obecrieunBaronias onpeneneane MIIC (9), koropast aB-
TOMAaTU3UPOBaHa MOJ yIpaBieHueM ckpuntoM Lua [5, 9].

[Mocne pacuera MII npu ero pUKCHPOBaHHOM CTPYK-
Type «Macka» (ha3HOH OOMOTKH CTaTOpa YCJIOBHO pPacrio-
Jlaraercsi MooYepeTHO B 11a3aX CTaTOpa B Pa3HBIX YIJIOBBIX
MO3UIUAX Ol CO CIBUIOM Ha 3yOLI0BOE JEIEHHE.

B kaxmoil Mo3WIMM «MacKW», aHAJIOTUYHO H3JI0-
s)keHHOMY B [10], onpenemnsiercs MIIC o dopmyne (9) mo
BceM ma3aM (ha3HOW OOMOTKHM M IMOJy4aeTcsl AMCKPETHast
yrioBas ¢pynkius MIIC:

‘Pk((lk) . k:1,2,...,K,
e J0CTaTOYHOE uKcio nozuuuit K = Q,/2.

Ora nepuoanyeckas (GyHKIUS pacKiaJbIBacTCsi B
rapmoHndeckuit psg @ypee [9, 10], HO A Henu TaHHOM
CTaTbU AOCTaTOYHO NepBoi rapmonuku MIIC:

Y= ‘I’mcos(owryw).

(10)

(11)

BBuny Bpamenus MII ¢ ymioBoil CKOpPOCTBIO
Q, = o/p B (11) genmaercs 3ameHa o Ha (Q (¢, ¥ U HENOA-
BWOKHOHU (pa3Hoit oOMoTku MIIC craHOBUTCS BpeMeHHOU
(dyHKIUEH:

‘I’=LI’mcos((ot+yW). (12)

COOTBETCTBEHHO 3aKOHY DJICKTPOMArHUTHOW HH-
nykuun u3 (12) nomyuaercs 9/1C dazHoit oOMoTKu:
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(13)
rae BeIICITSIOTCS ee ammutyna E, = oV, n HadansHas
asa y, =y, —7w/2.

Torpma neiictByromee 3nauenue IJC ¢dasnoit 06-
MOTKH CTaTopa:

e=0Y¥, cos(cot+y\u —n/2),

E,=~2nf,¥,,. (14)

y‘[I/ITI)IBaeMHﬁ Ha6op BHeK’I‘pI/I‘IeCKI/IX BCJIIMYUH B

(l)a3HOI>'I 06MOTK€ CTaTOpa HpCZ[CTaBI/IM C IIOMOIIBKO CXEC-
MBI 3aMCIICHUA, KOTOpaﬂ M306pa>1<eHa Ha pI/IC. 4

Puc. 4. Dnexrpuueckas cxema 3aMenieHust pa3Hol 0OMOTKH
craropa

Kpome ¢asznbix Hanpspkenus Uy u Toka /i Ha puc. 4
pacIioyioXXeH HACAIBHBIM HCTOYHHK YXKE OINpe/IeICHHOH
OC E,, a Taxke uaeanbHble UHIYKTUBHBIA U PE3UCTUB-
HBIH DJIEMEHTBI, XapaKTepH3YIOINecs COOTBETCTBYIOIIH-
MH COIIPOTHBIICHUSMH: aKTHBHBIC CONPOTUBICHHUA R, U
R,1qg OTOOPAXKAIOT BIEKTPHYECKHE M MArHUTHBIE MOTEPH
MOII[HOCTH, PEaKTHBHOE CONpPOTHUBIEHHE X, — JI000BOE
paccesinue MIT oomoTku cratopa. IIpoune moToku pac-
cestaua yureHsl yxxe B MIIC W (9), ompenensemoM 1o
Bcemy MII B psIMONTMHEHHOM YacTH 0OMOTKHU CTaTOpA.

Conpotupnenuss Ry U X, BBIYHUCIAIOTCA COOTBETCT-
BEHHO KJIaccuueckuM metonam pacueta TAJL [6].

Jlns yuera MOIIHOCTH MarHUTHBIX TOTepb P, B
CXeMy Ha puC. 4 ¥ BBE/ICHO aKTUBHOE COIIPOTUBIICHHE!

P
Rmag = m_aé; > (15)
sTS
a 3Ta MOIIHOCTb ONpeAeNseTca B CepACUHUKE CTaTopa Mo
yTouHeHHOH Metonuke [11] mocne pacuera MII.

Jlist cxembl 3aMmenieHust (puc. 4) ypaBHEHHE PaBHO-

BECHsI HAIIPSDKEHUH B CHMBOJIMYECKOH (hopMe MMeeT BHI:

Qs =_Ea _Ev +QR> (16)

rae npeacraBieHsl J{C 0T MarHUTHOTO MOTOKA JI0OOBO-

rO paccesHus U MajJeHHE HANpPSDKEHUS Ha aKTUBHBIX CO-
HPOTUBJICHUAX

E,==jX,I;; Up=(R;+R (17

KonmuectBenHple W (ha30BbIE COOTHOLICHUS YXKe
YIOMSHYTBIX M €I psfa JIEKTPOMArHUTHBIX BEITHYMH
MPEIOCTaBUM C TIOMOIIBIO0 BEKTOpHOW aumarpammsbl (BJI)
Ha puc. 5,a. OHa CTPOWUTCS 1O BBIBICHHBIM COOTHOIIIE-
HUSIM 3JIeKTpoMarHUTHEIX BennmuuH B MMII ¢ cobGumone-
HHEM OOLICTIPUHSTBIX MIPABUII 2JIEKTPOTEXHUKH.

OTcyeT yriaoBBIX KOOPAWHAT MPOBOIMTCS OT IPO-
nonsHOM ocu PK d, xotopas, kak u Ha puc. 1, mpoBeneHa
BepTUKaIbHO. OTHOCUTENBHO Hee MO 3alaHHBIM YITIOM [3
MPOBOJIUTCS BEKTOP TOKA [y, U MO YIJIOM HavyallbHO (a-
3Bl Yyq Haxogsmeics B (12), mpoBoautcs Bexkrop MIIC
Y¥,. Bexrop MIIC nmoboBoit yactu oomoTku ¥, mapaiie-
neH Bektopy I,. Bekrop BJIC E, coorBerctBenHO (13)
orcraet 1o daze ot ¥, Ha 90°, mosTomy BXousmii B (16)
BekTop —E, onepexaer ¥, va 90°. Cormnacuo (17), BeKTOp
—E, nepnieHauKyIsipeH, a Bektop Uy mapaieneH BeKTopy
Toka I, Bexrop HampspkeHus U, cTpoUTCAd Ha OCHOBE

mag )!s M

CyMMHUpOBaHHA BeKTOpPOB 10 (16). OTHOCHTENEHO BEKTO-
pa Toka [, BekTopbl —E£, U U, NOJy4nsIM ONEPEKAIOLIUE
(ha3oBbIe CIBUTH Qf, U (5, COOTBETCTBEHHO.

d

Puc. 5. BexTopHas quarpamMma 3JeKTPUUECKUX
Y MarHUTHBIX BeJIMYHMH (a3HON OOMOTKH cTaTopa

3unauenne DJIC E, nHaxoautcs no (14), a mo BJ] Ha-
XOJUTCS YIIOMSIHYTHIH YTOIT
Pra = 90° = ¥4, = 90° — B + Yy (18)
Torga moxHo Haiitu Uy u . st HarasiAHOCTH 3TO-
TO WCTOJB3YEeTCs YIPOIICHHEIN (TIOBEPHYTHIN U 0e3 Mac-
mrraba) pparment BJ] (puc. 5,6).
AxTtuBHas u peaktuBHas coctapistomue DJC E,:

E,,=E,c080p,; E,, =E;singg, . (19)
AHaHOFI/I'-IHBIe COCTAaBJIAIOIINC HaprI)KeHPIfI US:
Us,a = Ea,a - UR 5 Us,r = Ea,r - Ev (20)

JAaloT AeiicTByromee 3HadeHHe (pa3sHOro HampsDKEHWs H
ero (ha3oBbIii CIIBUT OTHOCHUTEIILHO TOKA:

Uy = U2, +U2, 5 oy =arctg(U, /U, ). (21)

B kauecTBe mpumepa MmpeacTaBUM pe3yiIbTaThl Tec-
TOBOT'O pacyera, MIPOBEJCHHOI0 NMPUMEHUTENBHO K pHC. 1:
P = 1906 Brt; R, =0,00304 Om; ¥, = 0,938 BO;
Yoo = 21,09° E, = 208 B; ¢g, = 66,09°% ¢, = 65,77°
E,=10,1 B; Ur = 6,8 B; M,,, =324 H-m. OtnenbHo onpe-
nenensl 3HadeHUA R, = 0,00968 Om u X, = 0,022 Om.

VIMeHHO 1O TakuM JaHHBIM alPUOPH TMOKa3aHa Ha
puc. 1 kaptuna pacupenenenus MU u mocrpoera BJl Ha
puc. 5,a. JlomonHUTENRHO Ha pUC. 6 M300pakeHa KapTHHA
cuoBbIX MMHUKA MII M B3aUMHOE COOTBETCTBUE YIIOMH-
HaBIIMXCSl yIJIOB MOBOPOTA PAa3HBIX BENMYMH Ul pac-
CMOTPEHHOr0 pexxuma Harpysku UMIL

v

Puc. 6. Kapruna MII B Buzie CHUIIOBBIX JIMHUI
1 YIJIOBBIE OTMETKH TS Pa3HBIX BETMYHH
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OOpainaer Ha ceds BHUMaHHE TOT (DaKT, 4TO YToi Yy,
HOJy4HyIcs CYIECTBEHHO MeHblIe, yeM . B To sxe Bpems
ObUIO BBISBJIEHO, YTO TpH 3amanuu B = 0, 3HAUCHHUE Yy,
MOJTyYHMJIOCH TaKKe PaBHBIM HYIIO M 3TO COOTBETCTBOBAJIO
pexumy XX, Tak kak IMM 110 (8) OBLT paBeH HyJIH0. YTOI
nosopota Bekropa MIIC ¥, ot pexnma XX B pexuM Ha-
TPY3KH, COTJIACHO TEOPHM CHHXPOHHBIX MammH [§8], 310
yron Harpy3ku. Ilostomy yrox yy, Ha puc. 5, — HE 4TO
nHoe, KaK yrox Harpysku UMIL, T.e. ® = yy,, 9TO 0TOOpa-
’KeHO U Ha pHc. 6.

[lo KoopIMHATHBIM COCTaBJISIIOIIMM Bekropa MU B

nentpe PK onpenenen yron noBopora BekTopa B :

ap=arctg(B,/B,), (22)

KOTOpBIA cocTaBuia 15,1°.

Oueprernyeckue napamerpsl UMII. Ilocne pac-
gera MII u ompeneneHus KOJTHYECTBEHHBIX U (Da30BBIX
COOTHOIIEHUH 3JIEKTPOMArHUTHBIX BEIIUYUH YK€ JIOCTa-
TOYHO ITPOCTO MOKHO BBIYHMCIIUTH SHEPreTHUECKUE Mapa-
MmeTpsl UMII.

MOITHOCTh 3JEKTPOMArHuTHas B 3JEKTPHUUECKOM
BBIP)KEHUU:

Pom =mgE 1 cos@p, . (23)

C apyroii cTOpOHBI, MOIIHOCTH YJIEKTPOMAarHUTHas B
MEXaHUYECKOM BBIPaKCHUH MOXKET PacCMaTPUBATHCS Kak

BBIXOJHAasA UJIH ITOJIC3HASA MOIITHOCTD:

Pom = Pout = M Q2 - (24)
MOHIHOCTB BXOJHas WA 3aTpavyCHHAA:
Py =mgUglcospy, (25)

rae Ko3((UIMEHT MOIIHOCTH COSQ, OINPENEISIETCS IO

BBIYHCIICHHOMY B cOOTBETCTBHH C (21) dasoBomy caBury
HaINpsDKEHNS ¥ TOKA OOMOTKH CTaTopa.

IToTepyn MOIIHOCTH COCTABISIFOTCS M3 MOIIHOCTH
JNIEKTPUYECKHX IIOTEPh B OOMOTKE CTaTOpa

Py =mRyI} (26)

Y YIIOMHMHABILIEHCS MOIIHOCTH MarHUTHBIX MOTEPD P00 B
CEepJCUHHUKE CTaTOPA.

Koaddumument monesnoro aevicteust (KI11) UMIT:

N=FLou/ By (27)

Xapakrepucrtukn UMIIL. Ilpencrasnennas teope-
THUYecKas 0a3a IMO3BOJSIET PacCUMUTATh LIENbIH P Xapak-
tepucTuk MMII, cBs3pIBatoIMX €ro 3JIEKTpOMarHUTHBIE
U DHEPreTHYecKHe MapaMeTpbl, a Takxke (a3oBble COOT-
HOIIECHHUS COOTBETCTBYIOLIMX BEJIMYMH B PEKHME H3Me-
HSIOLIEWCsT Harpy3ku. M3 MHOXkecTBa (UrypHPYIOIIUX
BEJIMYMH TPU M3YYEHHH XapaKTEePUCTUK TPaIULUOHHO
BBIJICIISIIOTCSL 0A30BbIE, @ OCTaJIbHBIC aHAIN3UPYIOTCSL.

B UIIM x 6a30BBbIM MOXHO OTHECTH HanpspkeHue U
1 TOK I; OOMOTKHM CcTaTOpa, SBJSIFOLIMECS Ul HETO BXO[-
HBIMH BeiaWduHaM. IIpy 3TOM BO3MOXKHBI /[Ba BapHaHTa
9KCIUTyaTallK C N3MCHEHHEM Harpy3KH:

1) HeM3MEHHBIM TIOAICPKUBACTCS CHCTBYIOIIEE 3HA-
YEeHUE TOKa [, a HAIPsHKCHUE M NPOYME BEJIUYUHBI pac-
CUUTHIBAETCS;

2) HEeM3MEHHBIM TIOJICPKHUBACTCS NCHCTBYyIOIIEE 3HA-
YyeHue HarpsokeHust U, a TOK U WHbIE BEJIMYMHBI PACCUu-
TBIBAETCSI.

B mnepBoM ciydae Bo3MOkHa 3¢ QEKTHBHAs HKC-
mryatanuss IMII Ha mpenensHo AOMyCTUMOM YPOBHE IO
UIEKTPUYECKUM TOTEPSIM MOIIHOCTH OOMOTKH cTaropa u

ec HarpeBy, OJIHAKO HEOOXOAUM COOTBETCTBYIOIIUI pery-
JSATOp HanpsbkeHus. Bo BTopoM ciydae Asi NMUTaHMSA
MOXHO HCIOJIb30BaTh UMEIOIIYIOCS JJIEKTPOCETh, HO 00-
MoTtka cratopa u UMII moryt paboTars B 3a1aHHOM Jina-
Ma30HE Harpy3KH ¢ HEJOCTATOUHBIM HCIIOJIb30BaHUEM.

B nmanmHO# paboTe paccMmarpuBaeTcs MEpBBIN BapH-
anT skcmryatanuu UMIT — co crabwimsanueit 3HaYCHHS
TOKa OOMOTKHM CTaTropa, OCTaBHB BTOPOH BapHaHT JUIs
MPOJIOJKEHNUS HCCIIEIOBAHHN B CIIEAYIOIINX paboTax.

[Ipu cTabunpHOM 3HAYEHWH TOKa OOMOTKH CTaTOpa
U3MEHEHHE MEXAaHUUYECKOM Harpy3ku IpH H3MEHEHHU
sanosnHenuss PK npuBomut x usmenenuto OMM 3a cuer
U3MEHEHMs yIila Harpy3kd M Opyrux (a3oBBIX COOTHO-
meHnd. V3 HUX 171 pacdera XapaKTEpUCTHUK BapbHpye-
MOW BEJIMYMHOW — apryMEHTOM YJIOOHO MpPUHSITH YroJi
0000meHHOl HavyanbHOH (a3l TOKOB OOMOTKH CTaTopa
B, Bxoswmii B (1).

Torma pemienwe 3ajaun pacyeTra XapaKTEPHCTHK
CTaHOBUTCS JOCTATOYHO MPOCTHIM: MPU 3aJaHUU JEHCT-
BYIOIIETO 3HAYEHUsI TOKa /; U yria 3 MpoBOJUTCS pacdyer
MII u no merojuke, Beipaxkaromieiics Gpopmyrnamu ot (1)
710 (27) moydaeTcs el psiji HEOOXOANMBIX BEJIHMYHH.

JIis monydeHus pa3IMyYHbIX XapaKTepUCTHK U3 pac-
CUNTAHHBIX YHCIIOBBIX MAaCCHBOB Pa3HBIX BEJIMYWH BIIO-
CJIEICTBUM KaKHe-TO MOXHO IPUHMMAaTh B KayeCTBE ca-
MOCTOSITEIBHOTO apryMeHTa, a W3 NMPOYMX — Ha3HayaTh
MHTEPECYIOIIe pacyeTunKa (QyHKIHH.

B KOHKpEeTHOM pacuyeTHOM IpPUMEPE XapaKTEPHCTHK
MpHUHATO 0a30BOE 3HAaUCHUE TOKa Iy = 455 A, KoTOpoe yxe
HCIIOJB30BAJIOCh B TECTOBOM pacueTe mnpu B = 45° u
U,=220B.

UYroOBbl MOJIyYHUTH MOJHBIE XapaKTEPUCTUKH, TPUHST
muamasoH yria ot 0 o 90°, KOTopbIif IS TOCTaTOYHOM
«TTIaJKOCTI TPaUKOB IPOXOJHICS € IIaroM 5°.

OCHOBHas 4acTb MOJTYYEHHBIX XapaKTEPUCTHK Mpe/-
ctaBneHa Ha puc. 7 — 10. Ux cyTe nposiBisercss 0603Ha-
YEHHBIMH Ha rpaduKax BEIMUHHAMH.

OO6parum BHHMaHue Ha To (puc. 8), uTo yribl f u @
COBIAJAIOT 110 3HAYEHUSIM B KpaiiHux Toukax — 0 u 90°. B
sToM ciryqae OMM paBeH HyIO, TO €CTb UMEET MECTO
pexxum XX. MakcumansHoe 3HaueHue OMM cooTBeTCT-
ByeT yriy B = 46° (puc. 7), U IpH 3TOM KPUTHUECKHHA
yroJt Harpy3ku O, cocrasiser 22,5° (puc. 8).

[To Teopnu CHHXPOHHBIX MaIllMH B JHara3oHE yria
® ot 0 1o O, pexxum padorsl UMII siBnsiercst ycToitum-
BbIM. UTOOBI MMETh JABYKpaTHBINA 3amac 1o OMM, HoMH-
HaJlbHBIM MO>KHO CUMTaTh YroJl Harpy3ku ©,,,, paBHbIH
IpUMepHO 7°, 4To oTBedaet yriy 3 = 17-18°.

Ha puc. 7 BugHO, uto or XX [0 3TOro yria Hamps-
xenue, MIIC, DJIC u conporusnenue R,,, TPUMEPHO
CTaOWIBHBI — TP HEKOTOPOM YMEHBIIEHHH C POCTOM
Harpy3ku UMII. To xe MOXHO cka3aTh O MarHHUTHBIX
motepsx (puc. 9), a IMEKTPUUECKUE MOTEPH HEH3MECHHBI
TI0 OTPE/ICIICHHIO, BBUY CTAOMIBHOCTH TOKA.

OJNEeKTPOMarHUTHAs MOIIHOCTh B 3JIEKTPHYECKOM
(23) n mexannveckoM (24) BBIpaKEHUSX UYHCICHHO OKa-
3aach WACHTUYHOU (pHUC. 9), 9TO MOXKHO paccMaTpHUBaTh
KaK MPOBEPKY NPAaBWIBHOCTH IMOJYYEHHBIX (Pa3oBBIX CO-
OTHOIICHHUH AIIEKTPUIECKUX BennmunH. Dopma rpadukoB
3THX MOIIHOCTEH, €CTECTBEHHO, MOA00Ha rpaduky IMM.

Xapaxkrepuctuku kodddummenta momuoct U KI1/]
(puc. 10) moka3pIBalOT €CTECTBEHHBI UX POCT C POCTOM
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Harpy3ku UMIIL. Yposens KII]] B ananazone ycroitunBoi
paboTBl COOTBETCTBYET KIACCHYECKHM DICKTPUICCKAM
MalHaM MaJIol U cpelHed MOIIHOCTH. A BOT ypOBEHb
KO3 PHUIMEHTa MOITHOCTH OKa3bIBACTCS BEChbMa MajIbIM,
YTO OOBICHSAETCS HaIU4YHeM OOJBIIMX HEMarHUTHEIX 3a-
30pOB U MaJOMarHUTHOM cpenoii B PK.

MOM-H‘M B| B§

- 240 1,2

5r 200F 1,0

4400160} 0,8

31300} 120} 0,6

»

212001 sof 0,4

1r100} 40} 0,2

»

p

ot ot ot o

0 15 30 45 60 rpaxn. 75 90

Puc. 7. Xapaxrepuctuku Hanpspkerns, MIIC, D1C, DMM
U aKTHBHOTO COIPOTHUBIICHUS I y4eTa MarHUTHBIX TOTEPh
90
rpan.
72

: ; : H B
0 15 30 45 60 rpan. 735 90
Puc. 8. Xapaxrepuctuxu ¢pa3zoBbix cootTHomeHuid B UMIT

i Bps

0 15 30 45 e0manis 90
Puc. 9. XapakTepucTHKH MOIIHOCTEH 1 MTOTEPh MOIIHOCTH

1,0 I i
B.O. i

0’4 B —

¢
0 15 30 45 e0rpan7s 90

Puc. 10. Xapaxrepucruku kodduuuenta moursocti 1 KITJ]

BoiBoabI.
1. YnucneHHO-NOJEBOM pacueT MO3BOJSIET AOCTATOYHO
TOYHO YYHUTBHIBATH T€OMETPHUECKUE (OPMBI CepICIHUKA
cratopa UIMII, ero HenMHEHbIE MarHUTHBIE CBOMCTBA U

AHM30TPOIHMIO MAarHUTHBIX CBOMCTB paboueil Kamepsl ¢
HPOAOJITOBATHIMHU (DEPPOMATHUTHBIMH 3JIEMEHTAMH.

2. PaccmoTpenHble (Da30BBIE COOTHOILCHHUS AJIEKTPO-
MarHUTHBIX ¥ CHJIOBBIX BEJIWYMH ITOKa3bIBAIOT, YTO MO
MIPUHITUITY JCHCTBHSI B COCTaBE YCTPOICTBA MO 00paboTKe
pasubix BemectB VIMIT nanGonee 611M30K K CHHXPOHHO-
MY PEaKTHBHOMY JIBUTATEIIIO.

3. OgHMM W3 KIIOYEBBIX 3JIEMEHTOB pa3pabOTaHHBIX
TEOPUH M METOIMKH PAcyeTOB HICKTPOMArHUTHBIX Mapa-
METPOB, MX (Pa30BBIX COOTHOWICHMI M XapaKTEPUCTHK
UMII sBasieTcst MpensioKEHHbIA METOJ y4eTa MarHUTHOU
aHM30TPONHMHK ero paboyell KaMephl ¢ HaroJHeHHeM dep-
POMarHUTHBIMHU 3JIEMEHTAMHU.

4. Ha y4acTke yCTOIUMBOI pabOThI B SHEPreTHYECKOM
otHomeHnn MMII xapaxtepusyeTrcst JOCTaTOUYHO BBICO-
kuM KIIJ] u BechbMa HH3KUM 3HAYCHHUEM KO3 GhHUIIMCHTA
MomHocTH. I[locnenHee cBsA3aHO ¢ HANTMYUEM B MAarHuT-
HOH cucTeMe MHIYKTOpa OOJIBIINX 3a30pOB W MajoMmar-
HHUTHOH cpebl B pabodeil KaMepsl.

5. Pa3paboTanHasi METOIMKA YUCIICHO-TIONEBBIX pacyde-
TOB XapaKTEPUCTUK JAET MHOTO IOJIE3HOW MH(popmanny,
KOTOPYIO MOXHO HCIIOJIB30BATh U MPOCKTUPOBAHUS U
cosepiueHcTBoBanus IMII.
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Numerical-field analysis of the characteristics of a three-
phase magnetic field inductor for the treatment of various
substances with current stabilization.

Introduction. A three-phase magnetic field inductor (MFI) simi-
lar to the asynchronous motor stator, which provides processing
of various substances, is considered. This is done by means of
oblong ferromagnetic elements moving with a rotating magnetic
field and located in its cylindrical working chamber. Problem.
The aim of the work is to develop the theory and conduct practi-
cal calculations of the parameters and characteristics of the
MFI that connect the electromagnetic quantities and their phase
relationships in the mode of its load. Methodology. The studies
are carried out on the basis of numerical calculations of the
magnetic field in the MFI taking into account the ferromagnetic
elements in its working chamber. The calculation model of the
chamber is represented by a homogeneous anisotropic magnetic
medium for which the method of determining different magnetic
permeabilities by its longitudinal and transverse axes is given.
In order to obtain the characteristics of the presented MFI, the
method of determining the electromagnetic parameters and
phase relationships of the quantities accompanying its operation
has been developed. Results. The theory and results of numeri-
cal-field analysis of electromagnetic quantities, their phase rela-
tionships and corresponding characteristics of three-phase MFI
are presented. Calculations of characteristics are made for the
inductor load mode depending on the phase shift of the magne-
tomotive force of the stator winding relative to the longitudinal
axis of the chamber and while ensuring the constant value of the
current of this winding. The characteristics include magnetic
flux coupling, EMF and stator winding voltage, phase shifts
between them and current, electromagnetic moment, input and
output power, electrical and magnetic loss power, power factor
and efficiency. Practical value. The technique of numerical-field
calculations of electromagnetic quantities and their phase rela-
tionships is developed, and also the set of characteristics which
should promote designing and perfection of inductors of the
considered type is received. The presented technique is univer-
sal as it allows to display their cores practically of any shape.
References 11, figures 10.

Key words: magnetic field inductor, asynchronous motor
stator, theory, numerical-field calculations, electromagnetic
quantities, phase relationships, characteristics.
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TexHika cunbHUX eJIeKMPUYHUX Ma Ma2HimHux nonie. KabenbHa mexHika
VJIK 621.3.022: 621.319.53: 629.7 doi: 10.20998/2074-272X.2019.6.04

M.U. Bapanos, C.I'. Bypsikosckuii, A.C. I'punienko, B.A. Koctrok

PE3YJIbTATBI UCCJEJOBAHUI TEPMUYECKON CTOMKOCTH OIBITHBIX
OBPA3IIOB MAHEJIEA U3 AJIJIOMAUHUEBOI'O CILTABA TOILIMBHOT'O BAKA
CAMOJIETA K IIPIMOMY BO3JENCTBHIO HOPMUPOBAHHBLIX KOMIIOHEHT
TOKA HCKYCCTBEHHOMW MOJIHUM

Haegeodeno pesynomamu oocnioxcens mepmiunoi cmiiikocmi 6uzomogieHUX 6 3a8600CHKUX YMOBAX 3 HEOOXIOHUMU NOKPUMMAMU
eunpodysanvruux 3paskie (B3) pozmipom 550 mm x 800 mm i mosuwgunoro 6io 1,2 00 4 mm nnockux nameneit 3 6UCOKOMIUHO20
antominieceozo cnaagy mapki B95 nanuenozo 6axa po3poonaemozo imuuznanozo aimaxa 00 npamoi 0ii na Hux ona 30n 1A ma
2A4 nopmosanux 3a eumozamu nopmamusnux ooxymenmic CILIA SAE ARP 5412 i SAE ARP 5416 A (D)-, B- i C'- komnonenm
cmpymy wmyunoi onuckaeku. Iloxazano, wio éxazani B3 naneneit nanuenoz2o é6axa nimaxa moswjunow 1,2 mm, 1,5 mm i 1,8 mm
ona 3onu 14 ma moewunoio 1,2 mm i 1,5 mm 0na 3onu 2A He 3a006016HA10Mb UMO2AM MEPMIYHOT cmiliIKocmi 00 npamoi 0ii Ha
HUX GUKOPUCMOBYBAHUX KOMROHEHM CHIPYMY WIMYYHOI ONUCKAGKU 3 HOPMOBAHUMU AMRJIMYOHO-4ACOGUMU NAPAMEMPAMU
(AYII). Po3paxynKoeo-eKcnepumenmanbHum Waaxom i3 3acmocy8aHHAM KARIAAPHOZ0 KOHMPONI0 6CMAHOGIEHO, W0 Ol 30H
14 ma 2A npama Oia 6i0nogionux Komnonenm cmpymy wmyunoi onuckaexku 3 nopmosanumu A4Il na B3 naneneii nanuenozo
baka nimaka 6KA3aHOI0 MOGU{UHOIO RPU3EOOUMb 00 IX HACKPI3HO20 NPONNAGNEHHA, 30aMH020 UKTUKAMU GUOYX NANUGHOI napu
6 bayi nimaxa, wio posznadacmoca, i iiozo kamacmpog)y. bion. 19, Tabdn. 2, puc. 17.

Knrouogi cnosa: 6imckaBka, NAJMBHUM 0ak JiTaka, 3pa30k naHe i NaJMBHOro 0aka, TepMiuHa 6JIMCKABKOCTiliKICTh, KOMIIO-
HEHTH CTPyMY 0JIMCKABKH, FTeHepaTop CTPyMY IITY4YHOI 0JMCKABKH, PO3PAaXyHOK, eKCIIepUMeHT.

ITpuseoensvl pesynivmamol uccie008anulli MepMuUYecKoli CHOUKOCMU U320MOGIEHHBIX 8 3A600CKUX YCTIOGUAX C HeOOX00UMBIMU
3AUUMHBIMU ROKPLIMUAMU UChbImamenbublx oopasyos (M0) pazmepom 550 mm x 800 mm u monwunoi om 1,2 00 4 mm nio-
CKUX naueneii u3 6bICOKONPOYHO20 AIIOMUHUEB020 chaasa mapku BI95 monnuenozo 6aka paspadameieaemozo omevecmeeHnozo
camonema K npamomy 6030eiicmeuto Ha Hux 014 301 14 u 2A Hopmupoeannvix no MpedvosaHUAM HOPMAMUBHBIX OOKYMEHMOE
CIIIA SAE ARP 5412 u SAE ARP 5416 A (D)-, B- u C"- komnonenm moka uckyccmeennoii monnuu. Iloxazano, umo ykazanusle
HO naneneit monnuenozo oaxa camonema monwgunou 1,2 mm, 1,5 mm u 1,8 mm 014 3onvt 1A u monwunoii 1,2 mm u 1,5 mm ons
30nbl 2A He y006emeopaom mpedosanusmM MmepMUecKoil CMOUKOCIU K NPAMOMY OCliCEUI0 HA HUX UCHOIb3YEMbIX KOMNO-
HeHm MOKaA UCKYCCIMBEHHOU MONHUU C HOPMUPOBAHHBIMU AMRAUMYOHO-8pemennbimu napamempamu (ABII). Pacuemno-
IKCREPUMEHMATILHBIM HYMeM C RPUMEHERUEM KANRUNIAPHO20 KOHMPOIA YCMAHO061eH0, Ym0 01 301 1A u 2A npamoe Odeiicmeue
COOMEemcmayIoumux KOMROHEHm MOKa UCKyccmeeHHoi moanuu ¢ nopmuposannvimu ABII na HO naneneii monaugnozo 6axa
camonema yKa3aHHol MOJuUHbL RPUCOOUM K UX CKEO3HOMY NPONNABIEHUIO, CHOCOOHOMY 6bI36aMb 63DPbl6 MONIUGHBIX NAPOE 8
paccmampueaemom bake camonema u ezo kamacmpogy. buéin. 19, raén. 2, puc. 17.

Kniouesvie crosa: MoJIHASL, TOIIMBHBIN 6ak camMoJieTa, odpa3el] MaHeJ N TOIUIMBHOIO 6aKa, TepMHYECKasi MOJHUECTOKOCTS,
KOMIIOHEHTBI TOKA MOJIHHH, FeHEPATOP TOKA HCKYCCTBEHHOH MOJIHUH, PacyeT, IKCIIEPUMEHT.

Beeaenmne. IIpu npsMbIX yaapax B JIETaTCIIbHBIC all-
napatsl (JIA) smHEHHON MOJIHMM, pa3BHBAlOIICHCS B aT-
Mocdepe Hamied IUIAHETHl CO CPEIHECTaTUCTHYECKOU
4acTOTON Mo BceMy 3eMHOMy miapy ao 100 paspsinoB B
cexyHny [1], ammntynHo-BpeMeHHbIe TapameTpsl (ABIT)
MIPOTEKAIOIIET0 MMITYJIECHOTO TOKA KaK HEMOCPEICTBEHHO
B IDTA3MEHHOM KaHale ee pa3psiia M HapyKHBIX KOHCT-
PYKIMOHHBIX 3neMeHTax JIA, Tak W B DJIEKTPUYECKUX
mensx OOpPTOBOTO pajno- M AJIEKTPOTEXHHUYECKOTO, a
TaKXKe pPaguoIeKTPOHHOTO obopymoBanus JIA wmoryT
MPUHUMATh ONACHBIE YPOBHHU JUIS AJIEKTPOAMHAMHUUECKON
U TEPMHUYECKON CTOMKOCTEN OCHOBHBIX YCTPOWCTB U CHUC-
tem JIA [2]. CornacHo TpeOOBaHMH JEHCTBYIOIIMX HOP-
matuBHbIX 1oKymMeHTOB CIIIA SAE ARP 5412 [3] u SAE
ARP 5416 [4], oTHOCSIIUXCSI K TIOJBEPraeMbIM B MOJIETE
MIPSMBIM yJapaM JIMHEHHOW MOJHHMU 00BEKTaM a’pOKOC-
MHYECKON TEXHWKH, UMITYJIBCHBIA TOK TPO30BOTO aTMO-
cepHOTOo pa3psaa COOCPKUT CICTYIOIINEe TPH OCHOBHEIC
COCTAaBJISIIOIIIE: UMITYJIBCHYIO A—, IPOMEXYTOUHYIO B— 1
mmTenpHyto C— KoMITOHeHTHI. [lpu 3ToM HOpMHpyemble
ABII uMmyneCHO# A— KOMITOHEHTHI TOKa MOJIHHH COTJIac-
HO [3, 4] IpUHUMAIOT CIICAYIOUINE YUCIICHHBIE 3HAYECHUS:
ammrtyna toka [,,,~=+200 xA (mpu nomycke +10 %);
unTerpan aeiicteus toka J,=2-10° A%c (mpu momycke
+20 %); Bpems 4, COOTBETCTBYIOIIEE aMIUIUTYJIE TOKA
L4, coctaBngeT f,,<50 MKC; NPOAOIDKUTENBHOCTD Tpy

NpOTEKaHHs TOKa JOMKHAa ObITh paBHOM 7,,<500 MKC.
Aneproanieckasl IPOMEXYTOUHasi B— KOMIIOHEHTa TOKa
MMUTUPOBAaHHOM MosHUU uMmeeT cienytomue ABII [3, 4]:
cpemuuii Tok I;5=+2 kA (npu pomycke £20 %); mepeHo-
CUMBIH AnmekTpuueckuil 3apsan gz=+10 K (mpm momycke
£10 %); MPOJOIKMTENBHOCTD T, NPOTEKAHUS TOKA CO-
CTaBIsAeT T,5~5 Mc (mpu pomycke 10 %). B paccmarpu-
BaeMOM ciydae Hopmupyemble ABII anepuoguueckoit
JATeNbHOW C— KOMIIOHEHTHI TOKa MOJHHH JIOJDKHBI CO-
CTaBJIATH CJICAYIOIINE YHCICHHBIC 3HadeHus [3, 4]: am-
mwmrtyna Toka [,=+(200-800) A; mepeHOCHMBI 37ek-
Tpuueckuit 3apsan g—+200 Kn (mpu momycke +20 %);
MPOJIOTKUTENIBHOCTh T,c NPOTEKAaHUs] TOKA COCTABIISET
7,c=(0,25-1) c. Kpome TorO, MoauUIpoBaHHAs (YKO-
poueHHasi) jumrenbHas C — KOMIIOHEHTa TOKAa MOJIHHH
xapakrepusyercs cieayromumu ABII [3, 4]: cpequuii Tok
He MeHee [;c+=+400 A; NpomoIKHUTENBHOCTD T,c+ IPOTE-
KaHHUSA TOKA COCTAaBIAET Tpc+—(15-45) Mc. YkaxeM, 4TO
MIPU UMHATAIMH B J1a0OPATOPHBIX yCIOBHUAX MOJTHOTO TOKA
JUHEWHOW MOJIHUHU ¥ HATYPHBIX UCHBITAHUAX HA MOJHHE-
CTOMKOCTh JIA BMECTO 4A— KOMIIOHEHTbI MOKET HCIIOJIb-
30BaThCcsl D— KOMIOHEHTa, uMeromas cienyromue ABII
[3, 4]: ammuutyaa Ttoxa [,,=+100 kA (mpu nomycke
+10 %); unrerpan aeiicteus Toka J,=0,25-10° A’-c (mpu
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nomycke £20 %); BpeMs t,p, COOTBETCTBYIOIIEE aMILIH-
Tyne Toka I,p, COCTaBISIET £,p<25 MKC; MPOJOIKUTEINb-
HOCTb rpD MPOTCKaHUd TOKa JOJDKHa 6bIT]) paBHOﬁ
7,p<500 MKc.

B nacrosee Bpems B Ykpause u crpaHax BocTtou-
Hoit EBponsl Tonsxko HUITKU «Monuus» HTY «XIIN»
o0yiaiaeT JEWCTBYIOIIMM MOIIHBIM BBICOKOBOJIBTHBIM
CHJIBHOTOYHBIM IeHepaTtopoM Toka monHuu (I'TM), obec-
MIEYNBAONINM BOCIIPOM3BEICHHE BCEX YKA3aHHBIX BHIIIE
KOMIOHEHT TOKa JTHHEWHOW MOJHHU ¢ HOPMHUPOBAHHBIMHU
o [3, 4] ABII Ha HCIIBITHIBAEMBIX Ha MOJIHUECTOMKOCTH
00BbeKTax aBUAIIMOHHON M PaKeTHO-KOCMHYECKON TEXHHU-
ku [5-7]. Hauueii 'TM tuna YUTOM-1 6wt pa3pabotan
u coznad B 2007 1. corpynnukamu HUIIKU «Monnus»
HTY «XIIN» [5]. Crannonapusiii 'TM tuna YU TOM-1
HOMHHAJIBHOW 3HeproeMkocThio a0 1,2 MJIx (mpu ero
croumocty He Menee 1,2 miH. $USA [8]), coneprxauuii B
CBOEM COCTaBE 5 OTHEIbHBIX U CHHXPOHHO paboTaroIux
Ha OOIIyI0 3JIEKTPUUYECKYIO HArpy3Ky MOIIHBIX BBICOKO-
BOJIETHBIX TEHEpaTopoB HMITyIbCHEIX TOKoB (I'MT) Ha
ANIEKTPHUECKOe HampspkeHne oT +£5 kB go +50 kB [5],
pa3MelieH Ha BRICOKOBOJIBTHOM HCIIBITATEIEHOM TIOJHIO-
He miomanpio 21 ra yka3aHHOTO MHCTUTYTa, TEPPUTOPH-
QIBHO PACTIOJIOKEHHOM B JKMBOITMCHOM JIECHOM MacCHBE
B 75 KM Ha 10T OT T. XapbKoBa BOJU3H I1.T.T. AHJIpEeBKa.

3agaun obOecneyeHus ANEKTPOJMHAMHYECKOH 1 Tep-
MUYECKOM CTOMKOCTeH paznuuHbix JIA (camomneToB, pake-
TOHOCUTENEH U JAp.) K MPSIMOMY BO3JECUCTBUIO B 3€MHOMU
BO3AYIIHOI aTMocdepe Ha X MeTalmndeckue (KOMIIO3H-
LIMOHHBIE) KOHCTPYKINH, OOPTOBBIE YCTPOICTBA U CHCTE-
MBI MOIIHBIX I'PO30BBIX Pa3psIOB SIBISIOTCS aKTyaJlbHbI-
MH BO BC€X IMPOMBIIUICHHO Pa3BUTHIX CTpPaHAX MHpa U
MIPEICTABISIONIMMHI OOJBIION MPAKTHISCKUNA HHTEPEC.

Heablo cTaTby SBIAETCS BBIIOIHEHHE PACUETHO-
SKCHEPUMEHTAIBHOTO OIpEEICHUs TEPMUUYECKON CTOM-
KOCTH CTEHOK MIOPAJTIOMHHHUEBBIX MaHENeW pa3iuuHon
TOJILUHBI TOTUITMBHOTO 0aka MPOEKTUPYEMOro B YKpauHe
camoJieTa K NMpsSMOMY BO3IEHCTBUIO HA HUX HOPMHPOBaH-
HbIX KOMIIOHEHT TOKa HCKyCCTBeHHOﬁ MOJIHUHU.

1. IlocranoBka 3agaun. bynem ucxoauts U3 TOro,
YTO Ha HUCIIBITHIBAEMBI HA MOJHHUECTOWKOCTH B pa3psi-
HOM LIENH YKa3aHHOTO BBICOKOBOJITHOTO CHIBHOTOYHOTO
I'T tuna YUTOM-1 [5] ombITHEI oOpasern IIocKoit
TIAHEIN U3 BEICOKOTIPOYHOTO AIFOMUHIEBOTO CIIaBa Map-
ku B95 (pasmepom B mane 550 mm x 800 MM W TOJIIH-
HOU h crenku: 1,2 mm; 1,5 mMm; 1,8 MMm; 2 Mm; 2.5 MMm;
3 mmM; 3,5 MM; 4 MM) TOIIMBHOTO 0aka pa3pabaThiBacMo-
TO OTEYECTBEHHOTO CaMOJIETa ¢ HEOOXOAMMBIMH IO TeX-
HOJIOTUYECKUM TPeOOBAHMAM [BYXCTOPOHHHMH 3aIlWT-
HBIMHU TTOKPBITUSAMHA BO3}1€I7[CTByeT CUJIbHOTOYHBIN IIJIa3-
MEHHBIM KaHaJl UMUTHPOBAHHOIO B JIA0OPATOPHBIX YCIIO-
BHSIX TPO30BOTO paspsiia mis 30H 1A (4-, B- u C - xom-
IOHEHTHI TOKa MonHuH [3, 4]) u 2A (D-, B- u C'- xomio-
HEHTHI TOKa MOJIHUH [3, 4]), IUIS KOTOPBIX HCIIOJIE3YEMBIe
KOMITOHEHTBI TOKa MCKYCCTBEHHOW MOJIHMH Y/IOBJIETBO-
pstoT HOpMupoBaHHEIM 10 [3, 4] ABIL. Cumraem, 4to
TepMUYeCcKas CTOMKOCTh HCIBITBIBaeMoro obpasma (MO)
MaHeIu TOIUIMBHOTO 0Oaka camolera OIpeelsieTcs TIy-
O6uHOM h; myHKM (KpaTepa) mporuiaBieHus creHku MO B
30HE IPUBA3KU HA €0 HApY’>KHOM IIJIOCKOW MOBEPXHOCTH
IUIa3MEHHOTO KaHaja MMHTHPOBAHHOTO B aTMochepHOM
BO3AyX€ TPO30BOTO pa3psijia, MMEIOIIEro IUINHIpUYe-

ckyto opmy [9]. Torma ycinoBue TepMHUIECKOH CTOUKO-
CTH HCCIIETYEMBIX NIOPATIOMHUHHUEBBIX MaHEJeH TOIIINB-
HOro 0aka camojieTa K NpsSMOMY JNEWCTBHIO Ha HUX BOC-
MIPOM3BOIMMOI B YCIIOBHSIX BBICOKOBOJIBTHOMH Jiaboparo-
PUH MOJTHMM MOXHO 3aIMCaTh B CJIEYIOIIEM HHTErpalib-
HOM BUJIE:
hy <h. €]
Cumtaem, 9TO B TpOIECCE MHPSMOTO BO3ACHCTBHUSA
IUTa3MEHHOTO KaHajla TPO30BOTO pPa3psaa Ha OIBITHBIA
oOpaser] maHenu TOILIMBHOIO Oaka camolieTa OKpyrJjias
30Ha €ro MPHBSI3KU PAAUYCOM 7 OCTAETCS MPAKTUYECKU
HEMOJBUKHON OTHOCUTEIBHO HApPYXHOM IUJIOCKOM MO-
BepxHoctu MO. [Jomyckaem, 9to o0beM V) paciiiaBiicH-
HOTO TOKOM HCKYCCTBEHHOH MOJIHMM MeTaia (CruiaBa)
creakn MO onpeznenser o0beM U XapakTep 30HBI €€ Tep-
MHYECKOTO TIOBPESKACHHUS OT NEHCTBUS B YKa3aHHOM Mec-
T€ MPHUBS3KH KaHAlla JAHHOTO T'PO30BOTO paspsma. Pac-
YeTHYI0 OIICHKY pe3yJIbTaTOB TEPMHUYECKOTO JEHCTBHA
yaapa IMHTHPOBaHHOI MoiaMU B VIO maHenu TOITUBHO-
ro 6aka camoliera BBIIIOJHUM B IPEINOI0KEHUH HEH3-
MEHHOCTH B TIPOILIECCE 3TOTO0 CKOPOTEYHOIo (AJIUTEIHHO-
cThio He Oonee 50 Mc) ymapa TeroGpU3nISCKUX XapaKTe-
PUCTHK MaTepuana HCCIeNyeMOW TIaHeNu TOIIMBHOTO
Oaka JIA. Ilycte Temneparypa T OKpyskarouieil mccie-
nyembie IO maneneii TormuBHOro Oaka JIA BO3IynIHOMN
Cpelbl COOTBETCTBYET KOMHATHOM u paBHo# 20 °C [10].
OmnbITHYI0 (DOTOpPETHCTPALIMIO TEPMUUYECKON HCKPBI,
MPOHUKAIOIIEH CKBO3b CTeHKy VMO maHeIn TOIUIMBHOTO
Oaka camonera IpH €€ CKBO3HOM IPOIUIABIICHUU IIIa3-
MEHHBIM KaHajJoM uMHUTHpoBaHHOW Ha ['TM Tumna
YUTOM-1 momuun, OyaeM OCyIIECTBIATh MPH HOMOIIH
pa3paboTaHHOTO HAMH OPHUTHHAIBHOTO TEXHOJIOTHYECKO-
ro mpuemMa, 0asupyromerocs Ha TPUMEHEHHUH H3O0JISIH-
oHHO# cBeroHenponunaemonn kamepel (CHK) B dopme
MpaBWJIBHON THpaMuibl BbICOTOM okono 1 M (puc. 1).
IIpu 3TOM B 30HE NPSAMOYIOJIBHOTO OCHOBAaHUS MUpPaMU-
nansHoi CHK >xecTko ¢ UCIoyIb30BaHUEM LIENIbHOM pe3u-
HOBOM mpoknanku 3akperuisiercss MO (cm. puc. 1), a B
30HE ee BepIIMHBI — (oroxamepa THma «3eHUT-12XP» ¢
uBeTHON 1wieHKol «Kodak», mMmeromeil cBeTOYYBCTBH-
tenpHOCTE He MeHee 200 equaut [SO. [IpenBapuTensHbie
OTIBITHEIC MICCIIEIOBAHMS MTOKA3aIM, YTO JJIS BOCIIAMEHE-
HUS TOIUIMBHBIX NMapoB B Oake camoyera TepMuUdecKas
HCKpa UMITyJIbCHBIM ITyTE€M IOJDKHA BBIACIATH B HUX (Ia-
pax) sHepruto, npuMepHo paBHyto He MeHee 200 Mk /[x.
VYkaxeM, 4To Hapsay ¢ paciIuPpOBKOil TaHHBIX (o-
topeructpaiu B CHK BO3MOXXHBIX HCKp HpU TepMHUUe-
CKOM IIPOXKOTe KaHaJIOM MOJIHMM CTEHOK HCIIBITBIBAEMBIX
00pasIoB X MOJHUECTOMKOCTh MOCIIE NPOBEIACHUs J1abo-
PaTOpHBIX MCHBITAHUH OyAeT Impyu HeoOXOIUMOCTH OIpe-
JIEJIATHCS TMyTEM TPOBEICHUS OTIEIBHOTO KAIMIUIIPHOTO
71a00paTOPHOTO KOHTPOIIS C IETBIO BBISBICHUS TPOHHUK-
HOBEHHUS AE(PEKTOCKOIMMYECKOTO IIEHETPAaHTa B TOYKAX
MI0JIa4X MCTIBITaTEIbHBIX UMITYJICOB Ha 3TH 00pa3usl [4].
[IpuHrMaem, 9TO TPH BBHIIOTHEHHWH YycinoBus (1)
reoMeTpuuecKkas KOHGUrypauusi JIyHKH IPOILIABICHHS
MeTalla CTEeHKHM IIaHeJM TOIUIMBHOro Oaka camoJiera
umeeT (HopMy KpYIjioro KOHyca BBICOTOH /; C OCHOBaHH-
€M paJuyCcoM 7y Ha Hapy>XHOM TOBEPXHOCTH MAaHENH U
BEpPLINHOMN, HANPaBJICHHON BHYTPb CTEHKH, a IIPH HE BHI-
nojHeHun ycioBus (1) W HeGOJBLIIOM CKBO3HOM MpO-
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nmnaBieHnu (mpoxkore) cTeHku (h;>h) paccMaTpuBaeMon
MaHENIN OT TEPMHYECKOTO NEWCTBHS HAa HEE MOJIHUM OHA
npuobperaer (GopMy YCEYEHHOI0 KpYIJIOro KOHyca ¢ 30-
HOM ero yceueHWs Ha ee BHyTpeHHel moBepxHocTH [11].
[Ipu 3HAYUTETHHOM CKBO3HOM MPOILIABIECHHH (IIPOXKOTE)
cTeHKH (h;>>h) maHenu TOIUIMBHOTO Oaka camoJieTa reo-
MeTpuyecKass KOHQUrypauust JyHKH €€ IpOIUIaBICHHS
tpaHchopmupyercs B popmy kpyriroro mmmHapa [11].

Hcrnonb3yeM MOATBEP)KAEHHOE COOCTBEHHBIMU MHO-
TOYHMCIICHHBIMH OITBITHBIMH JAHHBIMH TIOJIOXKEHHE O TOM,
YTO OINACHBIM IS JIOKAIFHOTO CKBO3HOTO IPOILIABICHHS
uccienyemoit crenku 6aka JIA o0beM V) pacruiaBieHHOTo
OT TpPSIMOTO JEWCTBUSI KaHajga TOKa I'PO30BOTO paspsiza
marepuasa MO naHenu TOILIMBHOro Oaka camoJiera omnpe-
Jensiercst JuuTenbHol C- MM YKOPOUEHHOM AIMTENBHOM
C'- KOMITOHEHTAMHI HOPMHUPOBAHHOTO TOKA HCKYCCTBEHHOI
mousiHuM [7, 11]. 3ametuM, 4TO € MO3ULMIA TEPMHUYECKOTO
JEUCTBHS HA KOHCTPYKLIMOHHBIE D3JIEMEHThl CaMoJjeTa
A (D)- 1 B- KOMIIOHEHTBI HOPMHPOBAHHOI'O TOKa UCKYCCT-
BEHHON MOJIHWH BBI3BIBAIOT JIMIIb HE OITACHOE VIS JKUBY-
yectd JIA BO Bpemsi rpo3bl NPUIOBEPXHOCTHOE OILIABIIE-
HHE METAIMYECKONW CTEHKH ero oommBky [7, 11].

JIisl MHULMMPOBAHMUS 3JIEKTPUYECKOro Mpo0osi BO3-
OYUTHOTO MPOMEXYTKa AIHHON A0 50 MM B ABYXdJek-
tpomHoit cucteme ([I9C) «BBICOKOBOJBTHBIN AJIEKTPO-
NO» u dopmupoBanust B Bozayxe Haa MO miazMeHHOTO
KaHaJla UCKYCCTBEHHOM MOJIHUHM HCIOJIB3yeM AJIEKTpHUUe-
CKHU B3pbIBaronlyrocs npososiouky (OBII) [3, 4]. B kaue-
ctBe OBII npuMeHUM TOHKYIO0 MEAHYIO IPOBOJOYKY JUa-
Metpom 0,1 MM u gmuHOM no 50 MM. Mexny minockoit
noBepxHocTeio O n kpaem DBII obecnieunm Hannune B
JA3C Bo3ayIIHOTO IPOMEXKYTKA AIMHOM He Ooree 2 MM.

Tpebyetcst cHawanma ocymecTBUTh 1o (1) mpubmm-
JKEHHYI0 DPACUETHYIO OLIEHKY TEPMHYECKOH CTOMKOCTH
OTIBITHOTO 00pa3iia yKa3aHHOW MaHeIH TOILIMBHOTO Oaka
camoJiera K mpsiMOMy JIEHCTBHIO Ha Hero (oOpaserr) KaHa-
Jla UMHUTHPOBAHHON MOJIHUH, a 3aTeM ¢ nomoiubto I'TM
tuna YUTOM-1 [5] BemmonHuTh A8 30H 1A u 2A 3kcre-
PUMEHTANbHYIO NMPOBEPKY TEPMUYECKON MOJHHECTOMKO-
ctu MO paccMmaTpuBaemoll maHenu K OpsIMOMY yJapy B
HEro MJIa3MEHHOr0 KaHala UCKYCCTBEHHON MOJIHUM.

Puc. 1. O0mmii Bug m3ossiponHo# mupamuaansaoit CHK ¢
BEPTUKAJIBHO 3aKpeIUIeHHbIM Ha ee Topiie MO miockoil naHenu
pa3mepoM B rane 550x800 MM U TONMMHOI #=3 MM TOIIIHMB-
HOro 0aka camMoJieTa, TalbBaHUYECKU ITOKIIIOUYCHHBIM K CHIIb-
HOTOYHOM pa3psiAHOMN 1IeNU BEICOKOBOJIBTHOM UCHIBITaTEIbHON
ycraHoBku Tuna YUTOM-1, 1o npssMoro Bo3AeHCTBUS Ha HETO
TUIa3MEHHOT0 KaHalla pa3psaja ¢ UMITYIbCHBIM TOKOM HCKYCCT-
BEHHOM MOJIHUU ¢ HOpMUpoBaHHbIMU ABII

2. PacyeTHasi OleHKA TEPMHMYECKOH CTOMKOCTH
00pa3noB naHeJell TOMJIMBHOIO 6aka caMoJieTa K TOKY
HMCKYyCCTBeHHOH MouHuMu. [Ipu pacueTHoil oneHKe pac-
IJIaBJICHHOT'0 HUJIMHAPUYCCKUM ITJIa3MCHHBIM KaHAJIOM C
TOKOM HCKYCCTBEHHOW MOJHHMU o0beMa V) Martepuaia
crenku B MO nropantoOMUHUEBON MaHeNW TOIUIMBHOIO
Oaka caMoJieTa WCIIOJB3yeM H3BECTHOE COOTHOIICHUE,
“Melollee CleAymui aHanuTuueckuit sua [12, 137]:

Vi :Uachd(;l[CO(Tm_TO)+Cm]_1, 2

rne U, MIPUAJIEKTPOAHOE TAJCHUE DIIEKTPUUECKOTO
HanpsbkeHus B 30He MO, Bemonnsitomero B 19C paspan-
HoW 1enu ycraHoBkd Tuna YUTOM-1 pone anexTpona-
aHOJIa IIPH 3a1aHHOM oTprarebHoi momspaoctr C (C)-
KOMIIOHEHT, B- KOMIIOHEHTHI U TEepBHIX MoIyBoyH 4 (D)-
KOMITOHEHT TOKa MCKYCCTBEHHOM MOJIHUH, B; gc — xonu-
4ecTBO dNeKTpHdecTBa (3apsma), meperocumoro C (C)-
KOMIIOHEHTaMH TOKa HCKYCCTBeHHOW MomHmH, Ki;, dy —
IUIOTHOCTh MaTepHaja IMaHeIu TOIIMBHOIo 0aka camolie-
Ta, kr/M”; Cy — yJelbHas TeMI0eMKOCTh MaTepHala aHe-
1M TorMBHOTO Oaka camonera, J[x/(kr-°C); C,, — yneinb-
Hag TCIUIOTA IUIABJICHUA MaTcpuajia NaHe/iu TOIJIMBHOTO
Oaka camonera, [x/kr; T, — Temmeparypa IUIaBICHHS
MaTrepuala MaHelu TOIUTMBHOTro Oaka camodnera, °C, T —
Temnepatypa okpyxatomei 1O Bo3aymHoi cpensl, °C.

B 1a6i1. 1 B mepBoM NPUOIIKEHHH C UCTIOIB30BaAHU-
€M KOJIMYECTBEHHbIX JaHHbIX U3 [7, 14, 15] npuBeneHst
OCHOBHBIE TEIIOU3NUYECKHE XapaKTEPUCTHKU VIS ajro-
MHHHEBOTO cIulaBa Mapku B95 mncciemyembpIX ONMBITHBIX
MaHeIel TOMBHOTO 0aka pa3pabaThIBAEMOT0O CaMOJIeTa.

Tabmmma 1
OCHOBHBIE TETIOPU3NUECKIE XapaKTEPUCTUKU MaTepraa
OIIBITHBIX JIOPATIOMUHUEBEIX MTaHENIeH TOINIMBHOTO Oaka
mpoeKkTupyemoro camonera [7, 14, 15].

XapaxkTepucTuka PasmepHocTh 3HaueHue
Use B 8,2
do Kr/M° 2790
G, Jx/(xr-°C) 920
T, °C 638
C, JIK/KT 390-10°

Hcnone3ys B mepBoM IPUOIMIKEHUH KOHUYECKYIO
(dopmy nyHKH (KpaTepa) MPOIUIABICHUS IUIOCKOW CTEHKH
naHenM ToIUMBHOrO Oaka JIA oGbemom Vi=rmriihi/3, ¢
yueToM (2) Juis ee riIyOuHBI /i B HCCIIElyeMOl CTEHKE OT
IPSIMOTO TEPMHUYECKOTO IEHCTBUS Ha Hee IUIa3MEHHOTO
KaHaJa paJiycoM 7 TPO30BOTO pa3psia HMeeM:

e =3(m2) Uaeacdo [Co(T ~T)+ Gl (3)
Jns oneHo4yHoro pacuera paamyca r; (M) KaHaja
HMHUTHPOBAHHOTO TPO30BOTO pa3psga C YKOPOUYCHHOM
IJIATEIHHOU C"- KOMIOHEHTOH TOKAa MOJHUH B €r0 OK-
pYIJ0i OMOPHOM 30HE Ha HAPYKHOW IUIOCKOH MOBEPXHO-
CTH HCCIIEAyeMOH MaHeNu TOITUTMBHOTO Oaka JIA mcmois-
3yeM CIEAYIONIyI0 SMINPHUIECKYIO 3aBHCUMOCTS [7, 16]:
e =011107(1 )2, 4)
rac ImC* - MO[lyJ'lb MAaKCUMAJIBHOI'O 3HAUYCHUS CUJIbI TOKA
JUIsT YKOPOUYEHHOW JITUTENbHOMN C"- KOMIIOHEHTBI TOKa
HCKYCCTBEHHOHN MOJIHUU B IJIA3MCHHOM LMIMHAPHIECCKOM
KaHaJIe pa3psia, IePeHOCSINEH IMEKTPUUSCKUI 3apsa ¢ cx.
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Torga NpUMEHHUTENBPHO K IMPOTEKAHUIO B KaHAJIE UC-
KYCCTBEHHOM MOJIHUM YKOPOYEHHON JUIUTEIbHOU C-
KOMITOHEHTHI ToKa u3 (3) u (4) s riyOounsl Ay (M) KOHH-
YEeCKOM JIyHKM TPOIUIaBICHHUS B CTEHKE MCCIeTyeMOon
MaHeJu TOIIMBHOIO 0Oaka JIA B OKOHYATEILHOM BHIE
MOJIy4aeM Clleayroniee NpUOIMKeHHOe COOTHOLIEHHE:

by =78.92-10°(  odo) ' Uyeq o [Co(T, —To) + Cpp ] (5)

Jns onenku padorocmnocodnoctu mpu 73=20 °C mo-
Jy4EHHOTO PAcUeTHOTO COOTHOMIEHHS (5), OMpenelsio-
IIeTo MPY NPSMOM yJape MOJIHHUHM B CAMOJET TIIyOuHY /iy
JYHKH TIPOIUIABIICHHUS B CTEHKE PAacCMaTPHBAEMOIl ILIO-
CKOU NaHEeN!U ero TOIUIMBHOTO 0aka, UCIIOJIb3yeM YUCIIeH-
Hble JJaHHBIE, IPUBEACHHbBIC B Ta0I. 1, a Takxke clienyo-
1€ UCXOHBIE TapaMeTPhl, COOTBETCTBYIOIINE YCIOBUAM
MpoBeAeHus Ui 30H 1A u 2A TepMUYECKUX UCIBITAHUN
Ha MonHuecTolikocTe MO Ha ycranoBke Tuna YUTOM-1:
1,c+=1000 A; gc+=6,1 Kn. [locne moacraHOBKY yKa3zaH-
HBIX WCXOJHBIX IAaHHBIX B (5) IMoirydaem, 9TO HCKOMas
BEJIMYUHA /; TIPHHAMAET YHCJICHHOE 3HAYEHHUE, PaBHOE
npumepao 1,48 mm. Otciona ¢ yuetom (1) u BEIIONTHEH-
HOH 10 (5) pacueTHOW OIEHKHU Ay A OMPENeIICHUs Tep-
MHYECKOIN CTOMKOCTH IIOCKOMN IMaHENH TOJIIHHON A TOI-
JUBHOTO 0aka camoJera K MpsSMOMY yaapy B Hee KaHajia
TPO30BOTO Pa3psga ¢ YKOPOUEHHOU AJUTEIbHOM C'- xoM-
MIOHEHTON TOKa MCKYCCTBEHHOM MOJIHUM MOXKHO IIpejBa-
PUTENBHO 3aKJIIOYHUTh, YTO UCCIEAYEMbIE AIOpPATIOMHUHUE-
BBIC MMAHENH YKa3aHHOTO 0aka TONIIMHOHN /4 cTeHKH 1,2 MM
u 1,5 MM ¢ OOJBINION BEpOSATHOCTHIO, a Tipu A=1,8 MM C
BO3MOXHOW J10JIe BEPOSTHOCTH MOTYT HE YAOBJIETBO-
PATH TMPUHSATOMY YCIIOBHIO MX TEPMHUYECKON CTOUKOCTH K
JEHCTBUIO0 HOPMHPOBAHHOTO UMITYJIECHOT'O TOKA MOJTHHU.

3. OGopynoBanue 1Jisl IKCIIEPUMEHTAIBHOM TPO-
BE€PKH TEPMUYECKOl MOJHUECTOHKOCTH 00pa3loB ma-
HeJiell TONJIMBHOIO 6aka camoJieTa. /[aHHYIO IPOBEPKY
OCYILIECTBUM IyTeM pa3MeleHus ykasaHHbix MO nropa-
JIIOMMHUEBBIX I1aHeJied TOIUIMBHOrO Oaka camolnera B
pa3pbIiB  CUIBHOTOYHOHN paspsagHoit nenu ['TM  Ttuna
YUTOM-1, oOmuii Bua KOTOPOro MpHUBEAEH Ha pHC. 2.

7 g

Puc. 2. O6mmii BUI BBICOKOBOJIBTHON CHIBHOTOYHOM HCITBITa-
TenbHOU yctanoBku Tuna YV TOM-1 (pa3padorunx — HUTTKU
«Momuus» HTVY «XIIW»), moxenupytoeii Ha 1O Metaimye-
CKO¥ MaHeNu TOIUTUBHOTO 0aka OTe4eCTBEHHOTO caMoJIeTa Mpsi-
MOE€ BO3JICHCTBIE OCHOBHBIX KOMIIOHEHT TOKA HCKYCCTBEHHOMI
MOJIHHH (Ha MEepeIHEM IUIaHe HaXOAUTCs paboduii CTox ¢ Tpex-
JNIEKTPOAHBIM YIIPABIISIEMBIM BO3IYIIHBIM KOMMYTaTOPOM Ha
a5eKTprdecKoe HanpspkeHue +50 kB u cucremolt Bo3nymiHoM
BBITSDKKH, @ Ha 33/{HEM IITaHE — MOIIHEIE BEICOKOBOJIBTHBIE T'e-
neparopsl 'UT-4, TUT-D, TUT-B, TUT-C u TUT-C*) [5, 6]

Ha puc. 3 noka3aHbl 3/1E€KTPUYECKHE CXEMBI 3aMe-
IIEHHUs Pa3psAHBIX LENell MATH MOIIHBIX BBICOKOBOJIBT-
Heix renepatopoB [MT-4, TUT-D, TUT-B, TUT-C u
I'NT-C*) ucnbiTarensHoit ycranoBku thna YWUTOM-1,
MOJIETUPYIOUINX COOTBETCTBEHHO A-, D-, B-, C- u C-
KOMITOHEHTHI TOKa UCKYCCTBEHHOW MOJIHMM U CHUHXPOHHO
paboTaronyx Ha OOIIyI0 MaJOMHIYKTUBHYIO U HU3KOOM-
HYIO cOCpelloToYeHHY0 R L; — Harpy3ky (R;=50 mMOwm;
L;=1 mxI'n) [5, 6]. BugHo, 9TO B pa3psoHOl IemH ¥C-
nosibdyemoro I'TM mocnenoBaTeslbHO € YKa3aHHBIM 3K-
BUBAJICHTOM DJICKTPHUYECKOI Harpy3Kd BKJIIOYCHO aKTHB-
Hoe compotuiieHue R¢=0,158 MOM HH3KOOMHOTO H3Me-
purensHoro mynTta tuna LIK-300M1, mpomeamiero ro-
CyJapCTBEHHYIO0 MeTpojornyeckyro arrecrauuio B [TI
«XapbKOBCTaHAAPTMETPOJIOTUS» (CBUIETEIBCTBO O IIO-
BEpKE CpeICTBa M3MEPUTEIbHON TexHuku Ne06/4113 ot
14.04.2017 r.). B Tabn. 2 npuBeaeHBl OCHOBHBIE TEXHH-
4yeckue xapakTepuctuku myHra tuna [IK-300M1 [7, 17].

L4 R6
X1 F1 F2 11,43MMH 2,74 Om
ﬁ@ '
T N
I X2
L1 L2 Lo J/ \L
2 MKTH 1,5 MKIH 1 MKIH I X3 IX4
L3
R1 R2 R 123 mMkTH
0,076 Om 0,26 Om 0,05 Om R4 R5
R3 1,090m | L120m
c1 c2 Re 0,50m
—‘7243 MKD T 90 mkd 0,158 MOM : 9(6:3M° T Cc4 _‘Zs 22 o
T . 1,40 m® 36 M
TUT-A R S IV rmT-C* mT-C
| Harpya__

Puc. 3. DnexTpudeckue cxeMbl 3aMeLIEHUs pa3psIHbIX Lenei
MSTU OTACTBHBIX BhICOKOBONBTHBIX [ UT (TUT-A, TUT-D, TUT-
B, TUT-C u TUT-C") u morsoro I'TM Ttima YUTOM-1 B neiom
C OZIHOH O01IeH MeKTPHUUECKON aKTHBHO-UHAYKTUBHON R L, —
Harpy3Kkoii (£}, F, — TpeX- U IBYXAJIEKTPOIHBIA BO3IyIIIHEIC
CHJIHOTOYHBIE KOMMYTaTOpPHI Ha HampsbkeHne +50 kB u £5 kB
COOTBETCTBEHHO; X1-X4 — 3IIeKTpHUIECKUE EPEMBIUKH;
R=0,158 MOM — akTHBHOE COIIPOTHBIIEHUE U3MEPUTEIILHOTO
KoakcuanbHoro myHTa tuma [1IK-300M1; R1-RS, L1-L3 — cob-
CTBEHHBIE 3J1ekTpuyeckue napamerpsl ueneit 'UT-4, TUT-D,
TUT-B, TUT-C" u TUT-C; R6, L4 — 3JIEKTPUYECKHE MTapaMeTphbl
¢dopmupyromux anemento ais teneit [UT-Cu T’ UT-C) [5, 6]

Tabmuna 2
TeXHUYECKHE XapaKTEePUCTHKU BBICOKOBOJILTHOTO
CHIIBHOTOYHOTO U3MepuTenbHoro myHTa IIHK-300M1 [17, 18]

HaI/IMeHOBaHI/Ie 3Ha‘{eHI/Ie XapaKTepI/ICTI/IKI/I
[IyHTa Rg, MOM K, A/B Macca, kr
Ko=12625
[IK-300M1 0,158+1 % 54 3,1
K=6312

Tpumeuanue. Kg=2/Rg— xodddunuenT npeodpa3oBaHus IIyHTA,
A/B; Kg — k03 duIiieHT npeodpa3oBaHus IIyHTa PH U3MEpe-
Huu B paspagHoil uenu I'TM ABII A- u D- KOMIOHEHT TOKa
HCKyccTBeHHOH MonuuH, A/B (¢ koakcuanpHoro passema 1:1
cneuuansHoro genuress Hanpspkenus (CHH) tuma CAH-300);
Kgc — xoadduiuent npeodpa3oBaHus NIyHTA IPH U3MEPCHUH B
paspsimHoit et I'TM ABIT B- ,C- u C - KOMITOHEHT TOKa HC-
KyccTBeHHOH MonHuH, A/B (c koakcmanpsHOro pazsema 1:2 co-
TJIACOBAaHHO BKJIIOYEeHHOTO jenurens HanpsoxeHus CIH-300).

Ha puc. 4 npuBeneH oOumid BUI U3MEPHUTEIHHOTO
JIUCKOBOT0 KoakcuanbHoro mryHta tuna [IIK-300M1, a Ha
pHC. 5 — BUA JaHHOTO LIyHTa B cOOpe C IKPaHUPOBAHHOU
KOaKCHAJIbHOU JIMHUEH CBA3M MU3MEPUTEIBHOIO TPAKTA U
COTJIACOBAHHO BKJIIOYEHHBIM B 3TOT TPAKT JAEIUTEIEM
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Hanpspkeanss CJIH-300, xoakcuanbHble pasbembl 1:1 u
1:2 KOTOPOTO MOAKIIOYAIOTCA K KOAKCHaIbHBIM BXOJaM
Tpex 1udpoBbIX 3amomuHaromux ocipuuiorpados (1130)
s peructparuu ABIT A4 (D)-, B- u C (C')- KOMIOHEHT
TOKa HMCKyccTBeHHOW MonHMU. B kawectBe L[30 Obuin
ucrons3oBanbl  ociuutorpadsl  thna Tektronix TDS
1012, mpomeamye MeTpoONOrndyeckyro mnosepky B ITI
«XapbKOBCTaHAAPTMETPOJIOTHSD (HanpuMep, cepTH(hHUKAT
kxammOpoBku Ne08/2128K ot 16.05.2017 r.) u pa3menieH-
HBIE B 3anNTyOJICHHOM HM3MEpPHUTEIIbHOM METa/UIMYECKOM
OyHkepe, ynmaieHHOM OT YyctaHoBkn YUTOM-1 misa
YMEHBILICHHUS BIMSIHUS TOMeX Ha pacctosauu 60 M [7, 17].

Jas. No

Puc. 4. O0Omuii BUI H3MEPUTETHHOTO JUCKOBOTO ITYHTA KOAK-
cuanbHol koHcTpyKuuu tuna [1IK-300M1, ycranaBimBaeMoro B
CWJIBHOTOYHOH pa3psiIHON e BHICOKOBOJIBTHOM UCIIBITATENb-

Holt yctanoBkH Tina YUTOM-1 u ucnosnas3yemMoro i 0JHO-

BPEMEHHOI PEerucTpalyy Ha IKpaHax cpasy Tpex HU(GPOBBIX
3amoMuHaromEX ocummorpapos ABIT A (D)-, B-u C (C)-
KOMITOHEHT TOKa UCKYCCTBEHHOH MoiHuU [17, 18]

Puc. 5. O6muii BUJ N3MEPHUTEIHHOTO JUCKOBOTO KOAKCHAIIBHO-
ro myHra tuna [IK-300M1 B c6ope ¢ 3xkpaHHPOBaHHOI TPHAK-
CHAITbHOM KaOenbHOM TMHUEH CBsI3H (AauHOM 70 M) U coriaco-
BaHHO BKJIIOYEHHBIM B U3MEPUTENBHBIH TPAKT CHIELUATBHBIM
nenuteneM HampsoxeHus tTuna CAH-300 ¢ aBymst koakcuanb-
HBIMH pa3bemamu 1:1 u 1:2, moncoeanHsAeMbIMU KOPOTKHUMHU
oTpe3KaMHu Kabelst K KOaKCHAIBHBIM BXOAaM COOTBETCTBYIOMINX
OU(POBBIX 3aIIOMHHAIOIIUX ocIiutorpados [7, 17]

W3 paHHBIX pHc. 3 BUAHO, UYTO B Pa3psIHBIX IIEIIAX
renepaTopoB [ IT-4 u 'MT-D ycTaHOBIEH yIpaBiseMblit
TPEXEKTPOIHBII BO3AYLIHBII KOMMYTAaTOp /| C MacCUB-
HBIMHU CTaJIbHBIMH 3JI€KTpoAaMu Ha HampspkeHue +50 kB,
a B paspsaaHbix nemsx reseparopos I'MT-B, TUT-C u
TUT-C* — nByXdJEKTPOTHBIN BO3AYIIHBIA KOMMYTATOP
F, ¢ rpaduTOBBIME 37EKTpOJAMH Ha HampsbkeHHe +5 kB
[5, 19]. Ilocite omHOBpEMEHHOTO 3apsga OT OBYX Hapai-
JICIBHO Pa0OTaroIIKUX OT OAHOGA3HOW MPOMBIIUICHHON
cetd yactotoi 50 'l MOBBICUTENLHO-BBHITIPSIMUTEIBHBIX
YCTPONCTB BBICOKOBOJBTHBIX KOHAEHCATOPOB COOTBETCT-
Bytomux I'UT ucneitarensHoit ycraHoBku YU TOM-1 no
TpebyeMoro 1o ycioBusM obecrieueHus nonyuenus: B 1O
HeoOXxoauMbx cornacHo [3, 4] ABII uMiynscoB TOka
HCKYCCTBEHHOM MOJHUHU TIOCTOSSHHOTO 3JIEKTPUYECKOro

HaNpsDKEHUST OTPULATENbHON MONSIPHOCTH (IJIs1 KOHJEH-
catopoB 'UT-4 u TUT-D no nampsokenus Uqy B nuana-
30He —(21-21,5) ¥B; mis xouaencaropos [UT-B u TUT-C*
no Hanpspkenust Uge B nnanazone —(3,1-3,8) kB) u nogaun
OT creunuajbHOro reHeparopa paspadorkn HUIIKN
«Monuus» HTY «XIIW» nompkuraromero MUKpOCEKYH/-
HOTO MMITyJIbCa HaNpsDKEHUs] OTPULATENBHON MOJIIPHOCTH
ammumtyoid 1o 100 xB [5, 19] Ha xommyTtarop F) (cM.
puc. 3) TMPOUCXOOWMI CHIBHOTOYHBIA paspsi IpeaBapH-
TENBHO 3apSHKEHHBIX BBICOKOBOJIBTHBIX KOHIEHCATOPOB
npuMeHsieMblx reneparopoB [T Ha HapyXHYIO IIOCKYIO
noBepxHocTh MO maHenm TOIMBHOTO 0aka camosiera.

Ha puc. 6 npuBeneHa ncnpITaTeNbHAS CXEMa BBICOKO-
BOJBTHOH ycTaHOBKM THna YU TOM-1, cooTBeTCTBYIOMIAs
CIIy4ar0 HCIIOJIb30BAaHUS AJISI LeNed AKCIIepUMEHTAIbHOM
npoBepku MoyHuecToiikoctTn MO mnaHenel TOIIMBHOIO
Oaka JIA K BO3IEHCTBUIO Ha HUX OT TUT-C" mums C*-
KOMITOHEHTBI TOKA UCKYCCTBEHHOI MOJHUU.

Puc. 6. UcneiTaTenbHas cxeMa ¢ IPUMEHECHUEM BBICOKOBOJIBT-
HOHU cUIbHOTOYHOH ycTaHOBKU THIa YU TOM-1 st onpenene-
HHSl MOJIHUECTOMKOCTH ONBITHBIX 00Pa3LOB INIOCKUX MaHenel
TOIUTUBHOTO 0aKka OTEYECTBEHHOTO CAMOJIETa TIPH PSIMOM BO3-
JIEUCTBUM Ha HUX BO3AYIIHOTO rpo3oBoro paspsana ot I'UT,
HMMHTHPYIOIIETO TOJIBKO MOAU(MHIUPOBAHHYIO (YKOPOUEHHYIO)
HTenbHyio C - KOMIOHEHTY TOKA MCKYCCTBEHHOH MOIHHM
(TUT-C = reseparop, Bocupoussoadmuit C " KOMIIOHEHTY
Toka MonHuM; MO — ucneiThiBaeMbIit 00paser;; BD — Bbicoko-
BOJIBTHBIH 3J€KTPO/, Ha KOTOPOM 3aKPEILIAETCS AMEKTPUIECKH
B3pBIBAIOIIAsACS TOHKas MeaHas nposonouka; CHK — ceerone-
IpoHHUIaeMast Kamepa Juist (oTOpPerucTparuy TepMUIECKOI
uckpbl; DK — sxpaHupoBaHHBINH Kabeinb KOAKCHAILHON JIMHUU
cs3u; 130 — mudposoii ocrmmutorpad; LK — auckoBblil Koak-
CUabHbIA MIyHT 11 u3Mepenus ABII ummynbcoB Toka uckyc-
CTBEHHOW MOJIHAH, IMEIOIINH aKTHBHOE COIIPOTHBIICHHE
R¢=(0,158+0,001) MOM n ko3¢punuenTs npeodpazopanus Kg,
paBHble 12625 A/B (st u3Mepenust A- u D-KOMIIOHEHT TOKa
mounHuH) U 6312 A/B (1i1s m3mepennst B- u C*-KOMIIOHEHT TOKa
momHum); R=~3,83 OM, L~=11,43 MI'H, Cc=1,4 MD — anexrpuye-
CKH€E MapaMeTpbl pa3psaHoi nenu TUT-C"; F, — JIBYX3JIEKTPOI-
HBIHA BO3YLIHBIH KOMMYTaTOP ITUT-C" na HanpsbkeHue +5 kB
¢ rpaUTOBBIMH JIEKTPOJAMH, YIIPABIIEMbIH B paboTe nmogadei
MOKUTAIOIIET0 MHUKPOCEKYHIHOTO UMITYJIbCa HANPSKESHHS
ammutyoi —100 kB Ha Tpexas1eKTpoAHbIi BO3AYIIHBIN KOM-
Mmytartop F (Ha Hanpspkenue £50 kB) B paspsinoii nenn ' T-4
(T'UT-D); Ucc — 3apsimHOE HANIPSIKEHUE FI/IT-C*)

OmnsITHOE ompeneneHue MojHuectoikoctn MO ma-
Hellel TOIUIMBHOro Oaka camoJieTa IpH HEroCpeICTBEH-
HOM BO3JI€HICTBMM Ha HUX IJIa3MEHHOTO KaHaja pa3psia
UMHUTHPOBAaHHON MOJHUU NPOU3BOAMIOCH HAa YKAa3aHHOU
ucnbITatenbHol ycraHoBke tunma YUTOM-1, conmepxka-
meit yersipe ykaszanuelx [UT (cm. puc. 3). [Ipuuem, npu
MOJICIIUPOBAHUH IS 1eneid ucnbitanuii 1O uMITyiscoB
TOKa MCKYCCTBEHHOW MOJHHU JJIs 30HBI | A MCTONB30Ba-
JUCH TpH mapauienbHo padoratomux [UT: TUT-4, TUT-
B u TUT-C". Ilpu Bocmpou3BeneHHH K€ B IpoIEcce
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ncnbrraniid MO UMIynbCHBIX TOKOB IMHUTHPOBAHHON MOJI-
HUH JUIA 30HBI 2A TIPUMEHSUINCH CIIEAYIONINe TPU Mapa-
nensHO padoraromux ['UT: TUT-D, TUT-B u TUT-C g
Ornenka MonHuectoiikoct MO maHenel TOIIHMBHO-
ro 0aka camosera Iocie 1oja4yd Ha HUX TpeOyeMbIX CO-
[JIACHO PEKOMEHJAIN, yKka3aHHbIX B JokyMmeHTax CIIIA
SAE ARP 5412 [3] u SAE ARP 5416 [4], umnyabcoB
TOKa MCKYCCTBEHHOW MOJIHMH IIPOU3BOMIIACE ITYTEM:

e BHemHero ocmorpa MO maneneii TommmBHOTO Oaka
caMoJIeTa ¢ LENbI0 ONPENENICHNS IEJIOCTHOCTH UX KOHCT-
PYKIIMH B 30HE MPSIMOTO yAapa B HUX KaHala MOJIHHUH;

e ¢oropeructparuu ¢ momoinpio CHK u ¢porokamepst
(puc. 7) BO3MOXKHBIX TEPMHUYECKHUX HCKP C BHYTpEHHEU
iockoi noBepxHocTy MO B mporiecce npsiMoro Bozjeii-
CTBUA OT YKa3aHHBIX BbIIIE BBICOKOBOJIBTHBIX I'€HEpPATO-
pos I'MT ucneiratensHoit ycraHoBkH Tuna YUTOM-1 Ha
MX BHEIIHIOIO ITOBEPXHOCTh COOTBETCTBYIOLIUX HMITYJIb-
COB TOKa UCKYCCTBEHHON MOJIHUM JUid 30H 1A u 2A;

e IIPOBE/ICHMS I10CIIE€ BHICOKOBOJBTHBIX CHIJIBHOTOY-
HBIX HCHBITAHUH OTBITHBIX IOPATIOMHHMEBBIX NaHEIeH
Ha ['TM Timra YUTOM-1 kammmsipaoro konTpois NO.

—

Puc. 7. Buemnuit Bun nupamunansHoit CHK ¢ dpoTokamepoii Ha
€€ MaJioM TopIe (KaMepa yKpbITa CBETOHETIPOHUIIAEMbIM 3a-
IIMTHBIM YE€XJIOM YEPHOTO [[BETA) B IPOLECCE TEKYIEH perucT-
panuu TepMUYECKUX UCKp ¢ BHYTpeHHel moBepxHocT U0,
JKECTKO M BEPTUKAJIBHO 3aKPEIIEHHOT0 Ha ee GOJIBIIOM TopLe

4. Pe3ynbTaTbl HCIBITAHHI Ha TePMHUYECKYIO
MOJTHHECTOHKOCTh 00pa3loB MaHedeil TONJIHBHOIO
O0axa camoJuieta ajs 30H 1A u 2A. Ha puc. 8 mokazan
obumii Bug MO wmcceayeMoil Ha MOJTHUECTOMKOCTh Ta-
Henu (A=3 MM) TOIUIMBHOTO 0aka camoJieTa cpa3y IHocie
psAMOro BO3HeﬁCTBHH Ha HETO IMOJHOI'0 HOPMHUPOBAHHO-
I'O TOKa UCKYCCTBEHHOH MOJIHUH, XapaKTepHOTO JUIsl 30HBI
1A. DOxcnepumeHTanbHas mpoBepka Ha [I'TM Tuma
YUTOM-1 (cM. puc. 2) TepMHYECKOH MOJIHHUECTOHKOCTH
MO mnockux na”eneu ToamuHon 4 MM, 3,5 MM, 3 Mm, 2,5
MM, 2 MM, 1,8 MM 1 1,5 MM TOIIMBHOro 0aka camoJjeTa
Uit 30H 1A u 2A mokazajna, 9TO CKBO3HOTO IMPOTLIaBJIe-
HUSI UX CTEHKHM BH3yallbHO He Habmronmaercsi. OOpaboTka
MO3XKe IUIEHOK ¢ (JOTOKaMepbl, YCTAaHOBJICHHON Ha TOpLe
CHK u peructpupytomeil BO3MOXKHbIE TEPMUYECKUE HUC-
KpHBI ¢ BHyTpeHHeH noBepxHoctu MO naneneil, nokasana,
4YTO TCPMUUYCCKUX TOYCK U UCKPCHUA Ha BHy’I’peHHeﬁ CTO-
pOHE yKa3aHHBIX MaHelNel Takxke 3aHMKCHPOBAHO He Obl-
no. Ilpu npsimom BozaeiicTBuM Ha ykazanHble 1O mnane-
JIel TOIIMBHOTO 0aka camoJjieTa IUIa3MEHHOI'O CHJIBHO-
TOYHOTO KaHAJIa TOKa MCKYyCCTBEHHOH MOJIHMH C HOPMH-

poBauubiMi ABII ero 4 (D)-, B- 1 C - KOMIIOHEHT HMeJI0
MECTO JIMIIb JIOKAJIIFHOE OIUIABIICHHE HAPY)KHOH IOBEpX-
Hoct MO B 30HE MPUBSI3KM HA HEW NaHHOTO CUIBLHOTOY-
HOTO KaHaja BO3YLIHOTO HMHUTHPOBAHHOIO T'PO30BOTO
paspsiia ¢ o0pa3oBaHHEM, BO-TIEPBBIX, OKPYIJIOH JIYHKH
oraBienust (ot aeictBusi A (D)- KOMIIOHEHT TOKa MOJI-
HUH) THaAMeTpoM 10 60 MM U HE3HAYHTEIIEHOW TITyOHHOM
(mo 50 MKM) U, BO-BTOPBIX, LIEHTPAILHOTO OKPYTIIOTO
KpaTepa oruiasienns (0T aeiicTBus C - KOMIIOHEHTBI TOKA
MOJTHHUH) IHAMETPOM 10 7,4 MM U TIyOnHOM 10 1,5 MM.

OnbITHBIE PE3yIBTATH MPOBEICHHOTO TIO3XKE MIEPCo-
HajoM crenuaibHoro moapazaeneHuss ['TI «AHTOHOB»
J1a00paTOPHOTO KamWIISIpHOTO KOHTposisi MO BeIsIBHIH
MPOHUKHOBEHHUE JC(PEKTOCKOMUIECKOTO IMEHETPaHTa Ye-
pe3 UCIBITaHHBIE IS 30HBI 1A NlopantoMUHUEBbIEC TTaHe-
nu tonmuHou 1,5 MM 1 1,8 MM, a Takke dyepe3 UCTIbITaH-
HBIC JUTSI 30HBI 2A TIOpaTFOMHHHUCBBIC ITAHEIN TOJIIHHON
h=1,5 MM. DTHU pe3yIbTaThl CBUICTEIBCTBYIOT O HATHYHH
B MO 11st yka3aHHBIX CITy4aeB CKBO3HBIX J1e(DEKTOB.

]

Puc. 8. O6mwuii Bug MO miockoii manenu pa3MepoM B IUTaHE
550x800 MM (TONMIIKMHON A=3 MM) TOILUTUBHOTO Oaka caMmoJieTa,
BEPTUKAIBHO 3aKPEIUIEHHOT0 Ha Topie u3ossiunonHoit CHK n
TIOAKIFOYCHHOTO THOKNMH MAaCCHBHBIMU MeIHBIMHU IIMHAMH K

CUJILHOTOYHOM pa3psiAHON LIeNU BBICOKOBOJIBTHOM UCIIBITATEINb-
HOM ycraHoBku tuna YU TOM-1, cpa3y nocie npsMoro Bo3aen-
CTBHS Ha HETO (CIpaBa BBEPXY) INIa3MEHHOTO KaHaja pa3psija ¢
HMITYJIbCHBIM TOKOM HCKYCCTBEHHOH MOJIHHH, MOJICIUPYIOIIUM
npsiMoe TepMuueckoe aeiictere Ha VIO HOpMHPOBaHHBIX
HMITYJIbCOB TOKa BO3YIIHOTO IPO30BOT0 pa3psiza Juis 30HbI 1A

VYka3aHHBIE BBIIIE IKCIEPHUMEHTAIBHBIE PE3yIbTaThl
XOPOLLIO KOPPENUPYIOT C paCYETHBIMU JAHHBIMH, MOTYUYCH-
HBIMU 10 (4) s paguyca #7~=3,6 MM (tipu [,c+=1110 A)
u 1o (5) mnst rayounsr 7~1,4 mm (pu gc+—=06,4 Kir) ok-
PYTIION JTYHKU TPOTUIABICHUS CTEHKH HCITBITHIBAEMOW Ha
OTHMCAaHHOM MOITHOM BBICOKOBOJIETHOM CHJIBHOTOYHOM
I'TM tunma YUTOM-1 miiockoii TIopairoMUHUEBOM MaHe-
JIM TOTUTMBHOTO 0aKa MPOEKTHPYEMOTO CaMoJIeTa.

Ha puc. 9-11 mpuBeneHsl ocHUIIOIpaMMBI Xapak-
TEPHBIX JJIs 30HBI 1A KOMIIOHEHT TOKa HCKYCCTBEHHOM
MOJIHUH, BO3ACHCTBYOIUX B pa3psaHoi nenu ['TM tuna
YUTOM-1 nwa YO rtommmuoi A=1,5 MM IUTOCKOW Iropa-
JIIOMMHHMEBOW IaHeN TOIUIMBHOrO Oaka camoiiera. Buzy-
anpHOe o0cienoBanue droro MO mociie ero ucnelTaHuil B
nenw ['TM Ha TepMHYECKYI0 MOHUECTOHKOCTE (puc. 12)
HE J1aJI0 TMPSMBIX Pe3yJIbTATOB O HAJTMYHH B €T0 CTCHKE OT
npsMoro ynapa 4-, B- u C"- KOMIIOHEHT TOKa HMUTHUPO-
BaHHOW MOJIHUU ¢ HOopmupoBaHHBIMH ABII ckBO3HOTO
nporuiaBieHusi. ToJIbKO MPUMEHEHHE B JaJIbHEHIIEM Me-
TOJa KaWUIIPHOTO KOHTPOJIS MECTa TePMHYECKOro TO-
BpexxaeHus MO 11t 30HBl 1A moaTBepauio Halnu4ue B
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HEM CKBO3HOTI'O IPOILIABICHHS CTCHKH TIOPATIOMHUHHEBOI
MMaHEeX TONIIMHON A=1,5 MM ToruBHOrO 6aka JIA.

Tek 1L

[F] Ready

t Pos: 200,005 CURSOR

Type

Source
CH1

Delta
15.8Y

[EEREINRN]

Cursor 1
.oy

: : : : coooo] Cursor 2
- : : - S A
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Puc. 9. OcuminorpaMma UMITyJIbCHOM 4- KOMIIOHEHTHI TOKa
HCKYCCTBEHHOI MOJIHHH, BO3AeHCTByomei Ha MO (Touka 5,
30Ha 1A) tommuHo# A=1,5 mm 7,,,=—15,8 Bx12625 A/B =
=-199,5 KA; t,,,~42 Mkc; J,=1,98-10° A%c)
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Puc. 10. OcuuuiorpaMma NpoMeKyTO4HOH B- KOMIIOHEHTBI TOKa
HCKYCCTBEHHO# MOJIHHH, Bo3/ieiicTByromeil Ha MO (Touka 5,
30Ha 1A) rommuuo# A=1,5 mm (1,,3=—0,944 Bx6312 A/B
=-5958 A, ILB:qB/TpB: —2400 A, TPBZS'MC; q5= -12 KH)

CURSOR
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Puc. 11. OcuumiorpaMmma yKOpOUEHHOU AIUTENbHON C"- xom-
IIOHEHTHI TOKA HCKYCCTBEHHON MOJIHMH, BO3ACHCTBYIOLLICH Ha
MO (touka 5, 30Ha 1A) rommuno# ~A=1,5 mm (1,,c=0,176
Bx6312 A/B=—1111 A; I, c+=qc+/T,c+=426 A; 7,0+=13,6-Mmc;
qc=>5,79 Ki)

Puc. 12. O6mmii Buz co CTOPOHBI 30HBI IIPUBSI3KH HA HAPYKHOH

noBepxaoct MO mnockoit mropamomunieBoit nanerm (A=1,5 Mm)

TOIUIMBHOTrO 0aka caMmoJieTa IJIa3MEHHOI0 KaHajla HIMUTHPOBaH-

Horo Ha ycraHoBke Tuna Y TOM-1 rpo3zoBoro paspsia

Ppe3yabTaTOB NPSAMOTo Bo3aeicTBUs Ha gaHHbI MO st 30HBI

1 A HOpMHUPOBAHHBIX KOMIIOHEHT TOKA HCKYCCTBEHHOH MOJIHUH,

XapaKTepHU3YIOLIHXCS JOKAIBHBIM TEPMUYECKUM TTOBPEXKACHUEM

crerku MO maHenM B MecTe yJapa B HEro KaHaua MOJTHUH

Ha puc. 13-15 npuBeneHs! OCIMIIIOTPAMMBI Xapak-
TEPHBIX A 30HBI 2A KOMIIOHEHT TOKa HCKYCCTBEHHOI
MOJIHUH, BO3JEHCTBYIOIIUX B pa3psaHoi nenu ['TM tuna
YUTOM-1 na MO tommuHON A=1,5 MM MJIOCKOW ropa-
JIOMUHHEBOM NaHe W TOIUIMBHOro Oaka camoiiera. U3
JTAaHHBIX BU3YaJIBHOTO 00cienoBanus nanHoro MO crieny-
€T, 4TO AJIs1 30HbI 2A HCIOJIB3YEMbIC MPHU HCHOBITAHUAX
O TtommmHON /A=1,5 MM IUIOCKOH AIOpaTIOMUHHEBON
naHenu Oaka camonera D-, B- u C"- KOMIIOHEHTHI TOKa
HCKYCCTBEHHON MOJIHUHM HE BBI3BIBAIOT BUAMMOTO HEBOO-
PYKEHHBIM TJIa30M CKBO3HOTO TPOIUIABIICHUS €r0 CTEHKH.
OO0 5TOM CBUAETEIBCTBYIOT M PE3yNIETAThl PETUCTPAIIH
JUst 30HBI 2A ¢ momonrsio ycranoBieHHoH B CHK ¢oTto-
KaMepbl BO3MOXKHBIX TEPMHUYECKHUX HCKpP C BHYTPEHHEH
noBepxHoctd MO tommuHol A=1,5 MM ero crenku. B To-
JKe BpeMsi Ha BO3MOXKHOE CKBO3HOE IPOIUIABJICHHE B 3TOM
cllydae paccMaTpUBacMOW CTEHKH TOMIMHOW A=1,5 MM
TOIUIMBHOTO Oaka JIA yka3bIBarOT pacyeTHbIE JaHHbBIE MO
(5) riryounst 7;~1,3 MM (ipu gc+=6,16 Kir) u o (4) pa-
mayca r=3,7 mm (ipu 1,,c=1148 A) okpyTiO¥ ITyHKH ee
MPOIUIABJICHUS M3-32 JCHCTBUS Ha Hee KaHaIa MOJTHHU.
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Puc. 13. OcuunnorpaMma NOBTOPHON UMITYJIbCHOM D- KOMITO-

HEHTHI TOKa MOJIHIH, Bo3aelicTBytomei Ha 11O (Touka 3, 30ma

2A) Tommmnou ~A=1,5 mm (1,,p=—8,08 Bx12625 A/B=-102 kA;
tnp=20 MKc; Jp=0,26:10° A%-c)
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Puc. 15. OcuumiorpamMmma yKOpOUEHHOU AIUTENbHON C"- xom-
IIOHEHTHI TOKa MOJIHHH, Bo3elicTByromeii Ha MO (Touka 3,
30Ha 2A) tommuHo# A=1,5 MM (1,,c+=—0,182 Bx6312 A/B=

=— 1148 A; I} c=qc+/tyc=—416 A; 1,0+=14,8-MC; g»=—6,16 Ki)

[Ipumenerne Ha (UHAIHHON CTAaIWH BEHITOJHEHHBIX
MIPUKJIAAHBIX HCCIEAOBAHUN K WMCIBITAHHOMY JUISI 30HBI
2A Ha TEPMHYECKYI0 MOJHHECTOMKOCTh B DPa3pAIHOI
uenu ycranoBkd YU TOM-1 o6pa3ily maHenu U3 BbICOKO-
MIPOYHOTO AJFOMHHUEBOrO CIulaBa Mapku B95 tommuHoit
h=1,5 MM MeToja KalWJUIIPHOTO KOHTPOJSI MecTa IIo-
BpexkaeHus MO ot mpsmoro ynapa kaHajla UMUTHPOBaH-
HOW MOJIHMH TIO/ITBEPANIIO €r0 CKBO3HOE MPOILIABIICHHE.

Ha puc. 16 nmoxa3aHsl pe3ynbTaTsl OPSIMOT0 AEUCT-
Bus ans 30HBI 1A Ha MO 1utockodl IIOpamtOMHUHHEBOI
MMaHeNX TOIIUHON A=1,2 MM TormuBHOro 6aka JIA coot-
BETCTBYIONINX KOMIOHEHT TOKa MCKYCCTBEHHOW MOIHUHU
¢ HopmupoBaHHbIMU ABII. SIBHO BHIHO, YTO Takoe aeH-
cteue Ha 1O umurupoanHoro Ha I'TM tuna YU TOM-1
IUTa3MEHHOTO KaHajla TPO30BOTO pas3psiia MPUBOIUT K
CKBO3HOMY IMpOIUIABJICHUIO CTEHKU JIOPATIOMUHHEBOU
naHesu 0aka camoJieTa B MecTe ero (KaHalla) IPUBSI3KH Ha
HapyxHoi moBepxHoctu MO. Ilpu sTOM 3apeructpupo-
BanHble Ha [[30 ABII KOMIIOHEHT TOKa HMCKYCCTBEHHOU
MOJIHMHM JUIs1 30H 1A U 2A HE3HAYUTENbHO OTINYAIUCh OT
YHUCIICHHBIX JTaHHBIX, XapaKTEPHBIX JUIS WX OCIHILIO-
rpamM, IPUBECHHBIX BBIIE Ha puc. 9-11 m 13-15.

1 i
Puc. 16. O0mmii BUI CO CTOPOHBI 30HBI IPUBSI3KU Ha HAPYKHOU
noBepxaoct MO mnockoii aropamomunieBoit nanem (A=1,2 M)
TOIUTMBHOTO 0aka caMoJIeTa IIa3MEeHHOT0 KaHala IMUTHPOBaH-
Horo Ha ycraHoBke Tuna YU TOM-1 rpo3zoBoro paspsiza pe-
3yJIbTaTOB NPsMOro Bo3neiicTeus Ha 3ToT MO amst 301 1A
HOPMUPOBAHHBIX KOMIIOHEHT TOKA UCKYCCTBEHHOH MOJIHUH,

XapaKTEPH3YIOLUIUXCSI CKBO3HBIM JIOKAJIbHBIM MIPOILIABICHUEM
crenkn MO manenu B MecTe yaapa B HETO KaHajla MOJHAN

OtMeTHM, 4TO Ha JaHHOE CKBO3HOE IPOIUIABICHHE
OT NPSIMOTO TEPMHUUYECKOTO ACHCTBUS TUIA3MEHHOTO KaHa-
Jla IMUTHPOBAHHOT'O I'PO30BOT0 Pa3psiia CTEHKH IIOCKOH
JIIOPAIFOMHUHHUEBOM TIAHEIM TONIIUHON #=1,2 MM TOIUIHB-
Horo Oaka camojera (cM. puc. 16) 0JHO3HAYHO yKa3bIBa-
IOT KaK pe3yJbTaThl ()OTOPETUCTPAIMH B H30JISIIMOHHON
nupamuaanbHoil CHK Ttepmuueckux HCKp ¢ BHYTpEHHEH
nosepxaoctd MO, Tak u pacueTHoil oneHku 1o (5) riy-
OuHBI /1 1 110 (4) paanyca ry IyHKH €€ MPOIIIaBICHUs.

Ha puc. 17 npuBeneHs! pe3yabTaThl IPSMBIX YIapOB
umutupoBaHHEIX Ha ['TM Ttima YUTOM-1 rpo3oBBIX
pa3psiioB ¢ HOpMUPOBaHHEIMA 3HaYeHUsAMH ABII ux TO-
KOBBIX KOMIIOHEHT Ul 30HBI 1A B CTEHKY TOJIIMHON
h=1,2 mm O co cTOpOHBI €T0 BHYTPEHHEH TTOBEPXHOCTH.
DKCIepUMEHTAIbHBIE TaHHbIE, TPUBEACHHBIC HA puc. 17,
MOJITBEPKIAIOT BBIBOJ O TOM, 9yTO0 MO ¢ HEOOXOJUMBIMU
3alllUTHBIMU TOKPBITUAMU TIAHCIW H3 aAJTFOMUHUEBOIO
crutaBa Mapku B95 rtommuHON A=1,2 MM TOIUIMBHOTO
Oaka camouieTa JUist 30HBI 1A HE yJOBJIETBOPSET YCIOBHIO
(1) u sBNAETCA TEPMUYECKN HECTOMKHM K MPSMOMY BO3-
IEeNCTBHUIO Ha HEro A-, B- u C"- KOMIIOHEHT TOKa HCKYyC-
CTBEHHOM MOJIHHH ¢ HOPpMHUPOBaHHBIMH 110 3, 4] ABIIL.

{4 (r.?;‘.
BuyTre

Ll

B . 4

Puc. 17. O6umii Bun MO mimockoii AIopamtoMIHHAEBOH TaHETH

(h=1,2 MM) TOIITUBHOTO 0aKa camMoJIeTa CO CTOPOHBI €T0 BHYT-

peHHell TOBEPXHOCTH, Hapy KHasl IIOBEPXHOCTh KOTOPOTO B pa3-
JIMYHBIX TOYKAX MCIBITHIBANIA B Pa3psIHOI eI yCTaHOBKU

tuna YUTOM-1 npsimble yapbl COOTBETCTBYFOIIUX JUISl 30HBI
1 A MMITyJIbCHBIX KOMIIOHEHT TOKa HCKYCCTBEHHOI MOJIHUN

36 ISSN 2074-272X. Enexmpomexuixa i Enexmpomexanixa. 2019. Ne6



BoiBoabl.

1. Pesynprarer BemosHeHHBIX B HUIIKM «MomHuIS»
HTY «XIIN» pacyeTHO-3KCIEPUMEHTAIBHBIX HCCIIENO-
BaHUA TEPMHUYCCKOW CTOWKOCTH OIBITHBIX C HEOOXOIH-
MBIMU T10 TEXHOJIOTUYECKHUM YCJIOBUAM 3allIUTHBIMU I10-
KPBITHSMH IIOCKUX HPSMOYTOJBHBIX MaHeIel TOIUTUBHO-
ro 6aka pasmepoM 550 mm x 800 MM U TOJIIUHOH s OT
1,2 10 4 MM U3 BBICOKOIIPOYHOTO aJFOMUHHMEBOTO CILIaBa
Mapku B95 npoekTipyemMoro ore4ecTBEHHOTO caMoJieTa K
NpSIMOMY BO3JECUCTBUIO Ha HUX COIJIACHO JAEHCTBYIOLIMX
TpeboBaHuii HopMaTuBHBIX HoKyMeHTOB CIIIA SAE ARP
5412 u SAE ARP 5416 A-, B- u C"- KOMIIOHEHT TOKa HC-
KyccTBeHHOW MoiHWHU (1A 30HA), a Takke D-, B- u C-
KOMITIOHEHT TOKa WCKYCCTBEHHOM MomHuH (2A 30Ha) C
HopMmupoBaHHEIME ABII yka3pIBaroT Ha TO, 9TO HCCIeIye-
MEbIE€ HaHeau ToauHon h=1,2 MM, h=1,5 MM u h=1,8 Mm
JUTst 30HBI 1A, a Takke Toimmuon A=1,2 MM u h=1,5 MM
JUISL 30HBI 2A SIBJISIFOTCSL TEPMHUYECKH HEeCTOHKUMU (h<hy)
K NIPSIMBIM yZ1apaM B HUX IUIa3MEHHOTO KaHajla MMUTHPO-
BaHHOTO B JJaAOOPATOPHBIX YCIIOBHSX IPO30BOTO paspsija ¢
HCIIOJIb3yEMBIMH KOMIIOHEHTAaMH HMMITYJIECHOTO TOKAa HC-
KYCCTBEHHOM MOJIHHH.

2. Tepmuueckas MOJHUECTOMKOCTh HCCIIELyEMBIX Ma-
HeJIeW TOJIIMUHON /s TOTUTMBHOTO 0aka camolieTa ompee-
nsercst ABII ykopodeHHOH AMTUTETBHON C"- KOMITOHEHTEI
TOKa WCKYyCCTBEHHOH MOJIHHH, BBI3BIBAIOIICH IMOSBICHUE
B HHUX OKPYIVIBIX JIYHOK IPOILIABIIEHUS PagUuyCoOM 7y U
nIyOuHOU /. JIyis HaXOXKACHUS BEIHYUH 7y U /i B yKa-
3aHHBIX MaHeJsIX TOIUIMBHOTO 0aka camoJera, Iopaxae-
MBIX B 36MHOI BO3IYIIHOH arMocdepe NpsMbIM yIapoM B
HUX UMHUTHPOBAHHOTO TPO30BOTO Pa3psija, peKOMEH0Ba-
HBI TIPHOJIMDKEHHBIE pacyeTHble cooTHoureHus (4) u (5).
PaboTocmmocoOHOCT, ITaHHBIX COOTHOIICHHWH MOITBEp-
JKJI€HA PEe3yNbTaTaMH BBHIIOJHEHHBIX C MOMOIIBI0 MOII-
HOTO TEHEepaTopa HMITyJIbCHOTO TOKa HCKYCCTBEHHOM
monHuH tuna YU TOM-1 HaTypHBIX SKCIIEPUMEHTOB.

3.B cnyyae mpsmoro ymapa B HaXOISIIUIICS B BO3-
JyliHoW aTMoc(epe caMoJieT MIa3MEHHOro KaHajia MOJI-
HUM ¢ HopMupoBaHHbIMH ABII yka3aHHBIX KOMIIOHEHT €€
UMITYJIbCHOTO TOKa [UIsi MPEJOTBpAIlEeHHs] BOCILIaMEHe-
HU TOIUIMBHBIX IMApPOB B UCCIICAYyEMOM 6a1<e CO CTCHKaMH
13 BBICOKOIIPOYHOTO aJJFOMUHHMEBOTO CIlIaBa Mapku B95 n
COOTBETCTBYIOIIMMH JIByXCTOPOHHHUMH 3aIUTHBIMH I10-
KPBITUSMH TPOESKTHPYEMOTO CaMOJIeTa U ero KatacTpodsl
TOJIIIMHA /1 CTEHKW JAHHOI'O TOIUIMBHOIO 0Oaka IOJDKHA
COCTaBIIATH HE MeHee 1,8 MM IpH pacroiioKeHnn 0aka B
30HE 2A ero MopakeHHus MOJIHUEH W HE MEHee 2 MM TpH
pacnionoxeHuu 6aka B 30He 1 A ero mopaxeHusl MOJTHHUEH.
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Results of investigations of thermal resistibility

of prototypes of aluminum alloy panels of fuel tank

of airplane to direct action of normalized components

of artificial lightning current.

Purpose. Implementation of calculation-experimental determina-
tion of thermal resistibility of walls of aluminum alloy panels of
different thickness of fuel tank of the airplane designed in Ukraine
to direct action on them of normalized components of current of
artificial lightning. Methodology. Theoretical bases of thermo-
physics, bases of theoretical electrophysics, bases of measuring
technique, electrophysics bases of technique of high-voltage and
large pulsed currents. Results. The results of calculation-
experimental investigations of thermal resistibility of prototypes
with the necessary sheeting flat rectangular panels of fuel tank of
the designed airplane are resulted measuring 550 mm x 800 mm
and from 1.2 to 4 mm thick of aluminum alloy B95 is easily soiled
to direct action on them in obedience to the operating require-
ments of normative documents of the USA SAE ARP 5412 and
SAE ARP 5416 of A-, B- and C*- component of current of artifi-
cial lightning (14 area), and also D-, B- and C*- components of
current of artificial lightning (24 area) with the normalized am-
plitude-temporal parameters (ATPs). It is determined that the
tested panels of fuel tank of airplane in 1.2 mm, 1.5 mm and 1.8
mm thick for an area of 14 and 1.2 mm and 1.5 mm thick for an
area of 24 are thermally unstable to the direct shots in them of
plasma channel of a storm discharge imitated in laboratory terms
with the indicated components of current of artificial lightning. It
is shown that thermal resistibility to lightning of the tested panels
of fuel tank of airplane is determined of ATP shortened protracted
C*- components of current of artificial lightning, causing appear-
ance in them of the rounded small holes of melting the radius of vy
and depth of hy. For finding by a calculation by the sizes of ri, and
hy in the indicated panels of fuel tank of airplane, struck in an air
atmosphere a direct blow in them the imitated storm discharge,
the proper close correlations are recommended. The capacity of
these calculation correlations is confirmed results executed by the
powerful high-voltage generator of impulsive current of artificial
lightning of type of UITOM-1 of model experiments created in
Ukraine. Originality. The calculation and experimental estima-
tions of thermal resistibility of flat duralumin panels of fuel tank of
the airplane designed in Ukraine are first executed to the direct
action on them for the areas of 14 and of 24 of plasma channel of
the imitated storm discharge with the normalized indicated docu-
ments of ATP flows on it (to the channel) A (D)-, B- and C*- com-
ponents of current of artificial lightning. Practical value. Taking
into account the executed calculation-experimental investigations
a practical conclusion is done that for prevention in the case of
direct blow in the being in an air atmosphere airplane of plasma
channel of lightning with normalized ATPs indicated components
of its pulsed current of self-ignition of fuel steams in the examined
duralumin tank of the designed airplane and its catastrophe the
thickness of wall of an aluminum alloy B95 of this tank with the
proper sheeting must make no less than 1.8 mm for the area of 24
and no less than 2 mm for the area of 14. References 19, tables 2,
figures 17.

Key words: lightning, fuel tank of airplane, prototype of
panel of fuel tank, thermal resistibility to lightning, compo-
nents of current of lightning, generator of current of artifi-
cial lightning, calculation, experiment.
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YW CJEHHBIE OIIEHKA TOKOB U CHJI B JIMHEWHBIX AHCTPYMEHTAX
MATHATHO-UMITYJIbCHOI'O IPUTKEHUSI METAJIJIOB. YACTD 2: METAJLIBI
C BBICOKOH YAEJBHOMU JIEKTPOITPOBOJHOCTbBIO

Mema. Memoro pooomu € o0rpynmysannsn Oi€z0amuocmi JHIHUX THCMPYMEHMIE MACHIMHO-IMAYIbCHOZ0 NPUMAZAHHA MOHKO-
CHMIIHHUX TUCIMOGUX MEMANi6 3 6UCOKOI0 RUMOMOIO e1eKMPONPOGIOHICIIO, RPUHUUR Oii AKUX 3ACHOBAHUI HA CUTIOGIH 63AEMOOIT
NPOGIOHUKIE 3 OOHOCHPAMOBAHUMU CIIPYMAMU NPU IHMEHCUGHOMY NPOHUKHEHHI 30y0xcenux nonie. Memoouxa. /{na uucenvnux
OUIHOK BUKOPUCMOGYBATIUCA AHATIIMUYHI 3AIEHCHOCHI, OMPUMAHI 34 OONOMO2010 MeMmOO0ie meopii e1eKmpPoMazHimnozo nons, i
cmanoapmui npozpamu 3 naxemy «Wolfram Mathematicay. Pe3ynemamu. Ilposedeni oouucnenna inrocmpyoms amniaimyoHo-
uacosi 3anexicnocmi Ona 30y0)cenux cmpymie i cuni npu HeoOXiOHOMY 3HUNCEHHI POOOUUX Yacmom OiloHuUX e1eKmpOoMAacHImHUX
nonie. O0rpyHmoeano Oi€gicmo JHIHUX MAZHIMHO-IMNYIbCHUX IHCIMPYMEHMIB, 3ACHOGAHUX HA 30Y0HCEHHI CUTI 63AEMHO20 NPUM -
2aHHA NPOGIOHUKIE 3 HU3LKOUACMOMHUMU 00HOChpaAmosanumu cmpymamu. Haykoea nosuzna. Ha npuxnadi 3 anominiem, axuii €
OCHOBHUM CUPOBUHHUM MAMEPianiom y Cy4acHomy aeia- md agmomoodinedyoysanti, 6CMaHo6NeHO, W0 O MEmauié 3 GUCOKOIO
RUMOMOIO e/1eKMPONPOGIOHICHI0 NOMPIOHO 3HAUHE 3HUNCEHHA POOOYUX uacmom, w0 Heo0XiOHo 0na inmencugikayii npovecie
NPOHUKHEHHA OiloYuX Nonie i, 6i0n06IOHO, 01A 30y0xceHna peanvHux cun npumsazannua. Ilpakmuune 3nauenna. Pezynomamu po-
bomu 0o036ona10mb chopmyniogamu 0OIPyHMOGaHi peKomMeHOayii w000 cMmeopeHHA Mma NPAKMUYHOZ0 3ACHOCYEAHHA NIHIIHUX
iHcmpymenmie MAazHiMHO-IMRYIbCHO20 NPUMAZAHHA 8 NPOZPECUBHUX MEXHON0ZIAX GIOHOBNIEHHA NOUIKOOMHCEHUX OLIAHOK KOpnyc-
HUX ROKPUMMIE 3 MOHKOCHIHHUX TUCIOGUX MEMANi6 3 6UCOKOI0 NUMOMOI0 eleKmponposionicmio. bion. 10, puc. 4.

Knrouoei cnoea: merau 3 BUCOKOK IUTOMOIO €1eKTPONPOBIAHICTIO, iHTEHCHBHE NIPOHUKHEHHS 110151, MATHITHO-iMITyJIbCHE NIPU-
TATAHHSA NPOBIAHUKIB 3 OAHOCTPAMOBAHUMH CTPYMAMHU, JIiHiHHUH iIHCTPYMEHT yCyHEHHsI BM'AATHH B KOPIMYCHUX MOKPUTTSAX.

Lens. Llenvro pabomor agnsemcsa 060chosanue 0eecnocoOHOCU TUHCIIHBIX UHCIPYMEHINO06 MAZHUMHO-UMNYIbCHO20 NPUMS-
Jcenus MOHKOCMEHHBIX TUCHOBBIX MEMANI08 C GbICOKOIL YOenbHOIll INeKMPONPOSOOHOCINbIO, NPUHUUR O0eliCEUs KOMOpPbIX
OCHO6AH HA CUTIO60M G3AUMOOCHCMEUN NPOBOOHUKOE C 0OHOHANPAGIEHHBIMU MOKAMU NPU UHMEHCUEHOM NPOHUKHOGEHUU 603-
oyacoaempix noneii. Memoouka. /[na 4ucieHHbIX OUEHOK UCNONB308ATIUCH AHATUMUYECKUE 3A6UCUMOCHU, NOIYYEHHblE C NO-
MOWBIO MEN0008 Meopul IIEKMPOMAZHUMHOZ0 RO, U CManoapmuble npozpammst u3 naxema «Wolfram Mathematicay». Pe-
synomameot. IIposedennsie ebiuucienus WiIOCMPUPYIoOm AMRIUMYOHO-6PEMEHNDLE 3AGUCUMOCIU Ol 8030YHCOAEMBIX MOKOG U
Cul npU Mpedyemom NOHUNCEHUU PADOUUX YACIMOM OelCMEYIOU{UX INEKMPOMAZHUMNBIX noneil. Obocnosana delicmeenHoCHb
JUHEHHBIX MAZHUMHO-UMAYIbCHBIX UHCIMPYMEHM 08, OCHOBAHHBIX HA 6030YHCOCHUU CUJI 63AUMHO20 RPUMANHCEHUA NPOBOOHUKOB
¢ HU3KOYACMOmMHBIMU 0OHOHanpagiennvimu mokamu. Hayunas noeusna. Ha npumepe c aniomunuem, KOmopulii A811emcs oc-
HOGHBIM CbIPLEGLIM MAMEPUATIOM 8 COBPEMEHHOM AGUA- U AGMOMOOUIECIMPOEH UL, YCMAHOBIEHO, YMO 0J15 MEMANL08 C 8bICOKOIL
YOenbHOoIl INEKMPONRPOBOOHOCHILIO MPEOYemc 3HAYUMENbHOE NOHUMCEHUE PADOUUX YACHON, YO He00X00UMO 0N UHMEHCU-
dukayuu npoyeccoe nponuKHoBeHUA OelicCMEYIOWUX NOell U, COOMEEMCMEEHHO, 0N 6030YHCOCHUA PEAIbHBIX CUTI NPUMAICe-
nua. Ilpakmuueckoe 3nauenue. Pesynomameol pabomol noszeonaiom chopmynupoeams 000cHo6anHble PEKOMEHOAUUU NO CO30a-
HUIO U NPAKMUYECKOMY RPUMEHEHUI0 JTUHEHHbIX UHCHPYMEHIMO08 MAZHUMHO-UMAYIbCHO20 RPUMANCEHUA 8 RPOZPECCUBHDIX
MEXHOI02UAX 80CCMAHOBICHUSI NOBPENHCOEHHBIX YHACMKOE8 KOPRYCHBIX ROKPIMUI U3 MOHKOCIEHHbIX JIUCHOBbIX MEMAILIL08 C
8bICOKOUL YOenbHOul I1eKmponpoeoonocmuro. budn. 10, puc. 4.

Kniouesvie cnosa: MeTalIbl ¢ BBICOKOH yAeJbHOH 3JIEKTPONPOBOAHOCTHI0, HHTEHCHBHOE NMPOHHKHOBEHHE I10J151, MATHUTHO-
HMIYJIbCHOEe MPHTS/KeHHe NMPOBOAHMKOB C OJHOHANPABJIEHHBIMH TOKAMH, JUHEHHbI/i HHCTPYMEHT yCTPAaHEeHHs BMATHH B
KOPHYCHBIX MOKPBITHSIX.

BBenenne. Bcé Bo3pacTaroiuii ”HTEpEC K Mporpec-
CHUBHBIM 3KOJIOTHMYECKH YUCTHIM BBICOKOIPOHM3BOJUTEIH-
HBIM TEXHOJIOTHAM, OCHOBAaHHBIM Ha WCIIOIb30BaHUH
SHEPruM HMMIIYJIBCHBIX MarHUTHBIX I0JIel, OOYCIIOBIIEH
NPaKTHYECKUMH TOTPEOHOCTSAMH Ppa3IMuHBbIX OTpacien
COBpeMeHHOﬁ MIPOMBIIIJICHHOCTH, BKJIFOYAIOIIHUX HE
TOJBKO IPOU3BOJICTBO HOMEHKJIATYPHBIX MPOAYKTOB, HO
U UX BOCCTAHOBJICHHE IpPHU TOBPEKACHUAX B IPOLIECCE
sKcrtyarauuu [1-3].

OOWHUpPHEINA CEeKTOp 00padaTHIBAIOMINX TEXHOJOTHH,
pa3BUTHE KOTOPBIX OOYCIIOBICHO TPeOOBaHUAMH, HAIIPH-
Mep, TPOU3BOIUTENCH TPAHCIOPTHBIX CPEACTB, 00BEIH-
HSET COBOKYITHOCTh METOJIOB PECTaBpallMH METaJInye-
CKUX TOKPBITUH 3J€MEHTHOH 0a3bl MX KOPIYCHBIX CO-
CTaBJLIIONIMX. BOCTpeOOBAaHHOCTh TAaKUX TEXHOJOTHH
ClleyeT W3 HEraTHBOB AKCIUTyaTaIl[MOHHON TpPaKTHKH.
TaK, BMATUHBI Ha MOBEPXHOCTHU JIETATCIBHOI'O arrapara
IPUBOJAAT K U3MEHEHHIO €r0 a’dpOAMHAMHUYECKUX Xapak-
TEPUCTHUK U 1I€JIOMY DSy BO3MOKHBIX aBapHHHBIX CUTya-
uii. [loBpexaeHust KOpIycOB BOAHBIX M Ha3eMHBIX BH-

JIOB TPAHCIOPTA — 3TO HE TOJIBKO HAPYIIECHHS 3CTETUKU. B
M3BECTHBIX (HOPC-MaKOPHBIX OOCTOSTENBECTBAX OHU MOTYT
CTaTh NPUYMHOM KPYLIEHUH HAa BOAE M CMEPTEJbHBIX
MIPOUCIIECTBUI Ha Joporax [4].

O030p saurtepatypsl. V3BecTHbIE M IIMPOKO pac-
MPOCTPaHEHHBIE MEXAHUYECKHE TEXHOJIOTUH YCTPaHCHHS
BMSITHH MIPOCTBl U OTHOCUTENBHO AELIEBBI B pean3alluu.
Ho ux mpousBoguTenbHOCTh, HaAEKHOCTb, KAYECTBO M
MOKA3aTeH SKOJOTHYECKOW YHCTOTHI OCTAIOTCS BechMa
HU3KAMHU. Tak, TOBOJBHO YacTO MEXaHWYECKOE BBITSTH-
BaHWEC MCTaJlJIa BMATUHBI NPUBOAUT K HAPYLICHUIO €TO
1esocTHOCTH. Bo3Hukmast mpobiema TpedyeT yxKe CBOETo
OTJIENEHOTO TIOAX0/1a K €€ PEIICHUTO.

Hcnonp3oBaHne 3HEPTUM MMITYITECHBIX MAarHUTHBIX
nojeun OTKPBIBA€T HOBBIC BO3MOXHOCTU [JIA CO3JaHUA
MIPOTPECCUBHBIX PECTABPALIMOHHBIX TEXHOIIOTHI, CBOOO-
HBIX OT BBIIIENEPEUNCICHHBIX HeA0CTaTKOB. Cpeln HHUX
YCTpaHEeHHE BMATHH C TIOMOUIbIO JIMHEHHBIX WHCTPYMEH-
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TOB MAarHUTHO-UMIIYJIBCHOTO TPUTSDKEHHUS ITOBPEXKIEH-
HBIX YYaCTKOB TOHKOCTEHHBIX JIUCTOBBIX METAJUTMICCKUX
MOKPBITHH aBTOMOOWMJIBHBIX Ky30BOB, KOPITyCOB JI€Ta-
TENBHBIX alllapaToB M BOIHBIX BHAOB TpaHCIOpTa. B oc-
HOBY JEHCTBEHHOCTH TAaKHX WHCTPYMEHTOB IIOJIOKEH
3aKOH AMIepa, COrJIaCHO KOTOPOMY IIPOBOJHHUKHU C OJJHO-
HalpaBJICHHBIMU TOKaMU HCHBITBIBAIOT B3aMMHOEC IPUTA-
xkerne [5, 6]. KoHCTpYyKTHBHO TaKMMH MPOBOJHUKAMH B
JIMHEITHOM WHCTPYMEHTE SIBIISIIOTCS OCHOBHOH TOKOIIPO-
BOJ (aHAJIOr MHAYKTOpPAa B TPaIMLUUOHHOM MarHUTHO-
HMIYyJI6CHON 00pabotke meramioB [1, 3]) m pecraBpu-
pYeMBIil y4acTok noBpexn&éHHoro Metamia. ['eomerpuue-
CKH OHM (TOKONPOBOJA W 00padaThiBaeMblii MeTail1) mHa-
payuIeTbHBI. DIEKTPHYECKH X COCTUHEHNE OTHOCHUTEIb-
HO OOIINX TOYEYHBIX KOHTAKTOB C BBHICOKOBOJBTHBIM HC-
TOYHUKOM MOIIHOCTHU MOXKET OBITH napaJijiCJibHbIM WU
nocinenoBarenbHbiM [1, 7, 8]. Kak cnexyer u3 ¢usmue-
CKUX COOOpa)keHHH, OCHOBHBIM IIPETATCTBHEM K 3] dek-
TUBHOMY BO30Y)XICHHUIO 3JIEKTPOJMHAMHYECKUX  CHII
B3aMMOJICHCTBHS MEXIy MPOBOJHUKAMHU B TAKOH CHCTEME
CTaHOBSTCS WHIYKIMOHHBIE 3(P(EKTH, COOTBETCTBEHHO
KOTOpbIM TOK B OCHOBHOM TOKOIPOBOJIE HHAYLUPYET
NPOTUBOTOK B JIICTOBOH 3aroTOBKE, a TOK B €€ Merasuie
WHAYIMPYET MPOTUBOTOK B OCHOBHOM TOKOIIPOBOJIE.

B nenom, riaBHEIE JOCTOMHCTBA JIMHEHHOTO MHCT-
PYMEHTa MarHUTHO-UMITYJIbCHOTO TIPUTSKEHUS JINCTOBBIX
METaJUIOB — 3TO, B MEPBYIO OYepenb, IPOCTOTa TeXHUYe-
CKOH peanm3anny, BEICOKHE IMPOMU3BOJICTBEHHEIC MOKa3a-
TEIUM W HaAEKHOCTh BBINOJHAEMOM IPOU3BOJACTBEHHOM
ormepannu (B CMBICIE COXPAHHOCTH PECTaBPHPYEMOTO
obwekra) [8]. Cpenu MepCHeKTHBHBIX TEXHOJIOTHHA Mar-
HUTHO-UMITYJIbCHOTO MPUTSAKCHUA JIMCTOBBIX METAJJIOB,
MIO3BOJISIIOIMX BOCCTAHOBJIICHUE TOBPEXKIEHHBIX Y4acT-
KOB C BHEIIHEH CTOPOHBI KOPILyCOB TPAaHCIOPTHBIX
CPE/CTB, CIEAYyEeT OTMETUTHh TEOPETHYECKH M OKCIEpH-
MEHTAJIFHO O00OCHOBaHHBIE MpEMIOXKeHHs, chopmynupo-
BaHHbIE aBTOpamH pador [9, 10].

3akarumnBas 0030p MyONUKaIuii IO paccMaTpUBaeMON
TeMe, TOIYEPKHEM YHUBEPCAIBHOCTh HMHCTPYMEHTOB
MarHATHO-MMITYJIECHOTO CHJIOBOTO BO3JICHCTBHS Ha JIHC-
TOBBIE METAUIBI C PA3IUYHBIMU DIEKTPOPUINICCKUMHI
xapakrepuctTukamMu. OObEeKTHI 00pabOTKH MOTYT OBITH HE
TOJIBKO M3 CTaJId, HO U U3 aJIIOMHUHHUCBLIX CIIJIaBOB. HpI/l-
4éM TIOCJICHUE HAXOJAT BCE Oojiee MIMPOKOE MPHUMEHE-
HUC 11 U3TOTOBJICHUA JNErKuX U IMPOYHBIX TEXHUYCCKUX
KOHCTPYKIMH pa3zHoro HazHayeHus. C puzndeckoit Toukn
3pEHUs] OTMEUYEHHasl YHHBEPCAIBHOCTh 00ECreYnBacTCs
BO3MOXKHOCTSIMU DEryJIMPOBKH PabO4nX YacToT OT HC-
TOYHHUKA JCHCTBYIOMIMX JJICKTPOMATHUTHBIX TIOJEH, UTO
MTO3BOJISICT OCYIIECTBUTH NMPHUTSHKCHNUE WM OTTAIIKHBaHUE
3aJaHHBIX YYaCTKOB JIUCTOBBIX METANIOB B JIFOOBIX
IITAMIIOBOYHBIX U PECTaBPALMOHHBIX IPOU3BOICTBEHHBIX
onepanusx [1, 3, 7].

Henbro cratbu SABISAETCS ONPEIECICHUE YCIOBUN U
OlLleHKa PabOTOCIOCOOHOCTH JIMHEHHBIX WHCTPYMEHTOB
MAardiuTHO-UMITYJIbCHOI'O TPUTSOKCHUA 3aJaHHBIX Yy4YacT-
KOB JIMCTOBBIX ME€TAJIJIOB C BBICOKUM 3HAYCHUEM Y/CIIb-
HOM 3JIEKTPOIPOBOJHOCTH.

Jnst moCTrKeHWsI TIOCTaBJIGHHOM Ienu HeoOXOAuMO
paccyuTaTh XapaKTEPUCTHKU AJIEKTPOANHAMUYECKUX HpO-
[IECCOB TIPU TOHIDKEHMH pabOYMX YacTOT TOKOBBIX HM-

MyJIbCOB, YTO, (PU3MIECKH, MO3BOJISET BAPbHPOBATH UHTCH-
CHBHOCTb IPOHMKHOBEHHMS BO30Y>KIaEMbIX IOJIEH B MeTall-
JIMYECKUE DIIEMEHThI 00bEeKTa UcCieloBaHus. Pe3ynpraTom
BBIYMCJICHUH JOJDKHBI CTaTh YHUCJICHHBIC OLICHKHU U (l)I/I3I/lKO-
MareMaTHYeCKHe WLTIOCTPAIMK, HEOOXOMMBIe JUIsl Olpe-
JIeJIeHNsT yCIOBUH 3()(EeKTHBHOTO BO30Y)KAEHHUS 3JIEKTPO-
JMHAMHYECKUX YCHINH B pabouMX 30HaX JIMHEHHBIX MHCT-
PYMEHTOB MarHUTHO-UMITYJILCHOTO NpUTsDKeHus. CripaBen-
JMBOCTH DAyl CIEIyeT OTMETHTh, YTO IMOAOOHAs 3a/1aqa
YK€ paccMaTpHBAIMCH aBTOpamu mybnukammit [7, 8]. Ox-
HAaKO, HEMOCPEICTBEHHOE HCIOJb30BAHUE IOMYYCHHBIX
uMu (HopMyIT I IPOBEASHUS PacyETOB U aHAIN3A TIPOTe-
KaroIMX MPOLECCOB HE MPEICTABIACTCS BO3MOKHBIM M3-32
OTPaHWYEHHOCTH HaieHHbIX B [7, 8] pe3ynbTaToB ycio-
BUSIMH TIOCTAHOBKH U PEILICHHs] paCCMaTPUBAEMBIX 3a/1a4.

IIpu pemieHny MOCTABIEHHOW 33/1a4 BOCIOJIb3YEM-
¢ (U3MKO-MATEeMaTHYECKOH MOJEIBI0 HCCIELyeMOro
MHCTPYMEHTa MAarHUTHO-MUMITYyJIbCHOTO TPHUTSDKCHHS W
(DYHKUIMOHAJIBHBIMU 3aBUCHMOCTSIMU JIJISI XapaKTEPUCTUK
MPOTEKAIOIIUX 3IEKTPOJIUHAMHUYECKUX MPOLIECCOB, OIH-
caHHBIMH B pabote [6]. Ins scHOCTH HanpHEHIIero ms-
JIOKEHHsI YKa)KEM OCHOBHBIE MOJIO0XKEHHS, YAaCTUYHO II0-
BTOPSIOIINE MaTepHal myonmukanuu [6].

[IpunsiThIe JONMyIIEHHS] U TOCTAHOBKA 3a/1a4N:

® [PUHIMITHAIBHBIE CXEMBl pealn3allid MarHUTHO-
HUMITYJIbCHOT'O TMPUTSKEHUSA TOHKOCTCHHBLIX MCETAJJIOB B
JIMHEHHBIX MHCTPYMEHTAX, a TaKXe pacuyéTHas MOJENb
(monepeyHbIid pa3pe3 uccieryeMoil CHCTEMBI) MPEACTaB-
JIeHBI Ha puc. 1;

® MPUTSDKEHHUIO TOJUICKUT JINCTOBOM HEMarHUTHBIN
MeTalul (HampuMep, allfOMAHHUHA WM €T0 CIUIaBBl) C JOC-
TATOYHO OOJBIIMMM TONEPEUYHBIMU pa3MepaMH, TOJIIH-
HOW — d 1 yIeNbHON 3JIEKTPOIPOBOAHOCTEIO — ¥;

® MMEET MECTO I'€OMETPUYECKass CUMMETPHS OTHOCH-
TEJIFHO KOOpAMHATHOM mmockocti ZOX. Bnons ocu abe-
mucc OX wmccienyeMasi cucteMa 00JamaeT JOCTaTOYHO
0OJBIION TPOTSHKEHHOCTHIO, TAK YTO COOTBETCTBYIOIIHIA
ornepatop auddeperuposanus — 0/0x = 0;

® B HOZ[KJ'IIO'-IéHH])lX K BBICOKOBOJIbTHOMY HWCTOYHHUKY
MOIITHOCTH OCHOBHOM TOKOIIPOBOZE W MapaJUICIbHOM Y4a-
CTKE JINCTOBOTO MeTajula BO30Y)KIAloIUe TOKH C 3aaHHbI-
MH aMIUIMTYJHO-BPEMEHHBIMA XapaKTEPUCTUKAMHU IIPOTE-
KaloT TOJIBKO B MPOJIOJILHOM HarpasieHuu (puc. 1,b).

Aaroput™ pemennsi. Kak cienyer M3 NpUHSTBIX
JIONYLIEHUH, B MCCIEAYEMOH CHCTeMe BO30YKAalTCs
HETPUBUAIbHBIE KOMIIOHEHTBI BEKTOpa 3JEKTPOMArHUT-
Horo noys: E, # 0, H,.# 0, KOTOpble HAXOAATCS UHTETPH-
poBaHueM ypaBHeHUM Makcsesua.

N3 3akoHa Oma B muddepennumansHoit Gopme mo
M3BECTHON HANpPSDKEHHOCTH 3JIEKTPUYECKOTO MO OIpe-
JIETISIIOTCSL TOKH, MHIYLIUPOBAHHBIE B OCHOBHOM TOKOIIPO-
BOJIE U COOTBETCTBYIOIIEM YYacTKE JIMCTOBOTO METala.
Cymneprio3ust TOKa OT BBICOKOBOJBTHOTO HMCTOYHHKA
MOIIHOCTH M WHIYLMPOBAHHOTO TOKa IO3BOJIAET HAWTH
AMIUTUTY JHO-BPEMCHHBIC XapPaKTCPUCTUKU CYMMAapHbIX
TOKOB B K&KZOM W3 MPOBOJIINX 3JIEMEHTOB JIMHEHHOTO
MHCTPYMEHTa MarHUTHO-UMITYJILCHOTO TIPUTSKEHUSL.

Jns makcuMyma CHUJIOBOTO B3aUMOJEMCTBUSL IPO-
BOJIHMKOB MPOTEKAIOIINE B HUX TOKU JOJKHBI OBITh OJHU-
HaKOBBIMHU (3TO YCIIOBHE IpPAaKTHYECKH 00ecreynBaeTcs
COOTBETCTBYIOUIMM BBIOOPOM IapamMeTpoOB JIMHEHHOTO
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HHCTpyMeHTa). B 3TOM ciydae, coryiacHO 3akoHy Amiie-
pa, cuia TpUTSDKEHHs, Bo30ykmaemas B pabodeil 30He
MEXIy OCHOBHBIM TOKOIIPOBOJOM M JINCTOBBIM MeETal-

JIOM, HAXOAWTCS KaK BEIMYMHA, NPOMOPIMOHATBHASL
KBaJpaTy MPOTEKAIOMINX B HUX TOKOB.

C K

11 Vv

[ 1]

l

OCHOBHOH TOKOIIPOBOS,

h

Omyckass TpOMO3JIKHE pacuéTHbIC aHATUTHYECKHE
3aBUCHMOCTH JIOCTATOYHO CTPOr0 OOOCHOBAaHHBIE U MPH-
BeJIeHHbIe B [6], mepeiinéM K YHCICHHBIM OLIEHKaM Xa-
PaKTEepUCTHUK U aHAJIU3Y MPOIECCOB B JIMHEHHOM HMHCTPY-
MEHTE MarHUTHO-UMITYJIbCHOTO NMPUTSKEHHUS.

C -
1 e
| § |

(OCHOBHOH TOKOIIPOBOJ

I
= L

JIucToBOk MeTalt d JIucToBoit MeTant
a b
+ Z OCHOBHOH TOKOIIPOBOJ,
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DT JIncTOBOM MeTalI
h
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l &) ] v
d
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Puc. 1. JIuneitabsie HUHCTPYMCHTBI MAarHUTHO-UMITYJIBCHOT'O IIPUTSXKEHUA TOHKOCTCHHBIX JINCTOBBIX METAJIJIOB: @ — IIPUHOUITHAJIBHAA
CcXeMa IapauiCJIbHOTO IMMOAKIIIOYCHU, b— HNpUHIWINHAJIbHAsA CXeMa MOCJICA0BATCIIbHOIO OAKIFOYCHUS; C — paC‘IéTHaS{ MOZCIIb,
C — eMKOCTHOW HaKOIIUTEIh OHCEPIUH, K- KOMMYTAaTop; J] 2 — IIPOTCKAIOMHKE TOKH B TOKOIIPOBOAC U O6pa6aTLIBaeMOM MCTaJllIC

YucjieHHbIe OLEHKH TIPOBENEM ISl CIIEAYFOLINX
WCXOJHBIX TaHHBIX:

1. IedopMupoBaHUIO TOJIEKAT ATIOMHUHUEBBIC JIHIC-
ToBBIEe 00pa3mbl TommuHoN — d = 0,0008 M U ynenpHOH
3JIEKTPOIPOBOIHOCTBIO — ¥ = 3,75:107 1/OM-M.

2. OCHOBHOM TOKOINIPOBOJ MHCTPYMEHTa TAaKXXe€ BBI-
MIOJTHCH M3 aJIOMHHHUS TOW JKE TOJIIMHBI, 4TO U 00pada-
TBIBAEMBbIH O0BEKT (paccMaTpuBaeTCsl 3JIEKTPOJIMHAMUYE-
CKasl CHCTEMA — «IIOMHHUH-TIOMUHUI ).

3. Inunaa u mupuHa padoueit 30861 — / = 0,06...0,1 M
u 2a = 0,01 M, COOTBETCTBEHHO, PACCTOSIHUE MEXAY MPO-
BOJHUKAaMH THHEWHOTO HHCTpyMeHTa — A = (0,002 M.

4. OCHOBHOH TOKOIIPOBOJI ¥ 33/IaHHBIN y4acTOK oOpada-
THIBAEMOTO METaJUIa MJCHTUYHBI, TCOMETPUUECKH U JIEK-
TPUYECKH MAapaUICNbHBI, TaK YTO BO30Y)KAAIOLINE TOKH,
MIPOTEKAOIIHUE B 1IN KAJKI0TO M3 HUX, OAMHAKOBBL

Ipumeuyanue. CorjgacHo 3aKoHy Amrmepa Iocien-
HAg UCXOAHad MPEANOChUIKA MO3BOJIACT JOCTUYDL MAKCHU-
MyMa Cull B3aHMO)IeﬁCTBHﬂ IMPOBOAHUKOB C OAHOHAIIpaB-
JICHHBIMH TOKaMH [5, 6].

[TapameTpbl TOKOBBIX MMITYJIBCOB OMPEIEISIOTCS
XapaKTEepUCTHKaMH HMCTOYHHKA MOIIHOCTH — MarHUTHO-
AMIYyJIbCHON ycTaHoBkH MUYC-2, pa3paboTaHHOH U
co3nanHOH B JlabopaTopuu 3I€KTPOMarHUTHBIX TEXHOJIO-
ruii kadenpsl (pusuku XapbKOBCKOTO HAIMOHAIBHOTO
aBTOMOOMIIBHO-IOpOKHOTO yHHBepcuteTa [1]. Ilpumem,
YTO JUIS1 YKa3aHHON 3JI€KTPOYCTaHOBKU:

1. MakcuManpHOEe HaINpsHKEHUE Ha €MKOCTHOM HAaKO-
nurene — U= 2000 B.

2. CobOctBenHnass pabowas uactora (B KOPOTKO-
3aMKHYTOM Pa3psHOM KOHTYPE) — fuax = 7000 I'm n ot-
HOCHUTEJBHBIN K03 duumeHT 3aryxanus — Jo = 0,3.

3. Bpemennast hopma Bo30y>KAaIOIIEro Toka B orepa-
UM MPUTSHKCHUS — allePUOAMYCCKUA YHUTIOSPHBINA CHT-
HaJl ¢ paboueii yactoroi — f, = 1000...1500 ' 1 otHOCH-
TeNBHBIM KO3 PHIneHToM 3atyxanust — Jw ~ 0,3.

4. IHCTpYMEHT TIOJKITIOYACTCS K MCTOYHHUKY MOITHOCTH
gepe3 COIIAcyIoIIee YCTPOHCTBO, 00eCIeUNBAOIIee MTOHH-
KeHue padoyeil 4acToThl 0 TpeOyeMoro 3Ha4YeHus, ¢ Kodd-
(bULIEHTOM TIepe/1adun SHEPTHU B pabouyro 30Hy — K ~ 4.

Pacuérsl IpOBOAMIINCH AaHAIOTHYHO TOMY, KaK 3TO ObI-
JIO CIeNiaHo B [6] C WCMOJIb30BaHWUEM CTaHIAPTHBIX IPO-
rpamm u3 nakera « Wolfram Mathematica». OtnensHo cre-
AYET yKa3aTb, YTO Mar€éMaTH4eCKasi CTPOroCTb BBLINIOJIHCH-
HBIX pacyéToB (C MOTPEITHOCTRIO B cpemHeM 1o ~ 7,5 %)
YCTaHABIMBAIACH COOTBETCTBYIOIINM BEIOOPOM HHTEPBAJIOB
YHCIICHHOTO MHTETPUPOBAHUS M KOJIMYCCTBOM CIIATAEMBIX B
CyMMaX JUCKPETHBIX Pa3OKCHUH B BBIPKEHUSIX UL Xa-
PaKTEPHUCTHK HCCIIEIYEMBIX 3JIEKTPOMATrHUTHBIX TIPOIIECCOB.

I'paduku BOo30YXJaEMBIX TOKOB W AJIEKTPOIMHAMH-
YECKUX CHJI TPHUTSHKEHHS B 3aBUCHMOCTH OT uX (ha3sl
(¢ = w't, ® — KpyroBasg 4acToTa, { — BpeMs) MpeCTaBIe-
HBI Ha puc. 2-4.

L

i F i 4 5 €

o, rad

ool |
soaol ]
essol ]|\
J
I

Puc. 2. Bo30yxnaromuii TOK OT BRBICOKOBOJIBTHOTO HCTOYHHKA
MOILIHOCTH
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o, rad

Puc. 3. CymmMapHbIil TOK B KaX/10M U3 IIPOBOJHUKOB JIMHEHHOIO
HHCTPYMEHTa

250 [ N

> o, rad

i a 3 4 s €

Puc. 4. B036y>i<,uaeMa;1 ChJia MarHUTHO-UMITYJIbCHOI'O ITPUTS?KECHUSA

AHanu3 pe3yJbTaToOB IPOBEICHHBIX BBIYUCICHUIT
MOKa3bIBAET, UTO:

® B IIPUHATBHIX YCJIOBUSX PabOTHI JIMHEHHOTO MHCTPY-
MEHTa WHAYKIUOHHBIC 3(P(EKThl OKa3hIBAIOT CYNIECTBEH-
HOC BJIHMSHUE Ha 3JCKTPOMArHHTHBIC MPOLECCH B IPO-
BOJIHUKAX HCCIICAYEMON CHCTEMEI,

® aAMIUTUTyJa CYMMapHOTO TOKa B OCHOBHOM TOKO-
MPOBOZIC M JIMCTOBOM METAIe MaJaeT M COCTABISET
10 ~ 49 % aMIDIMTYIBI TOKA OT BEICOKOBOJIBTHOTO MCTOY-
HHUKa MOIIHOCTH (~ 32 KA — UCTOYHHK, ~ 15,7 KA — uH-
IYLUUPOBAHHEIA TOK, ~ 16,3 KA — cyMMapHEIi TOK);

® aMIUTUTyJa BO30YXIA€MOH CHIIBI  HPUTSKCHUS
onm3ka k ~ 1520 H;

e B IIPUHATHIX YCIOBUAX JAHHBIN CUIIOBOM IOKA3aTellb
JOJIZKECH O6eCHe‘lI/ITb MAaruuTHO-UMITYJILCHOC IMPUTKCHUEC
JIUCTOBOTO AOMUHMS (METaJla C BBICOKOW YICIBHOU
AJIEKTPOIIPOBOTHOCTHIO) C IMOMOIIBI0 PACCMATPUBACMOTO
JTUHEHHOTO MHCTpyMeHTa [3];

® COOTBETCTBYIOIIMU BHIOOp TeomeTpuu paboueit 30-
HBbl U BPEMEHHBIX XapaKTEPUCTHK BO30YXKIAMOIIET0 TOKA
MO3BOJISIET TOJIyYUTh JOCTATOYHO OJIM3KHME YHCIICHHBIC
MOKAa3aTesl AIEKTPOJMHAMUYIECKUX IIPOLECCOB B HCCIIe-
JyeMoii cucteme npH padoTe, Kak ¢ IIOMHUHUEM, TaK U CO
CTaIBIO [6].

BriBoabI.

1. Ha mpumepe 0o0OpabOTKH QIFOMUHHS OIPEICICHBI
yCIoBHS pabOTOCIOCOOHOCTH JIMHEHHBIX HHCTPYMEHTOB
MarHATHO-UMITYJIbCHOTO TPUTSDKCHUS 3aJaHHBIX y4acT-
KOB JIACTOBBIX METAJJIOB C BBHICOKAM 3HAYCHHEM YICIb-
HOH 3JIEKTPOIIPOBOJHOCTH.

2. VCTaHOBIGHO,  4YTO,  YCICHIHOE  MArHUTHO-
HMITyJIbCHOE MPUTSDKCHHE BO3MOXHO IPU JIOCTATOYHO
HU3KHX paboymxX dacToTax BO3OYKAAIOUINX TOKOB
(~ 1500 I'm), uto obecrednBaeT UHTCHCUBHOE MMPOHUKHO-
BEHHE 3JICKTPOMArHUTHBIX MOJICH B MPOBOJHUKU HHCTPY-
MEHTa IPOU3BOJICTBCHHON oOmepalyu 4 BO30YXKICHHE
MOIIHBIX CUJI MAarHUuTHOI'O JaBJICHUS U3BHE.

3. Iloka3aHo, 4TO B HNPUHATHIX YCIOBHUSX HHIYKIMOH-
Hble 3(QEeKThl 0Ka3bIBAIOT CYLIECTBEHHOE BIMSHHE Ha
AJIEKTPOMAarHUTHBIE MPOLECCHl B MPOBOJHHUKAX JIMHEHHO-
IO MHCTPYMEHTa U CHIDKAIOT BO30Y)XJaeMble TOKHU
Ha ~ 45 % OTHOCHUTENBHO TOKa OT BBHICOKOBOJBTHOI'O HC-
TOYHUKA MOIIHOCTH.

Pabota npoBoaunace xkadenpoi ¢pmsukn XHALY B
pamkax Hayunoro uccienoBanus: «Heprocoeperaromiye
MaJo3aTpaTHbIE TEXHOJIOTHU NMUTAaHMS U PEMOHTA TPaHC-
mopTHEIX cpeactB» 08-53-19, dwmHancupyemoro MwuHU-
CTEPCTBOM 00pa30BaHMs M HAYKH YKpaHHbI.
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Numerical estimates of currents and forces in linear tools of
the magnetic-pulse attraction of metals. Part 2: High electri-
cal conductance metals.

Purpose. The purpose of the present work is substantiating
workability of the linear tools of the magnetic-pulse attraction of
thin-walled sheet metals with high electrical conductance, the
principle of which is based on the force interaction of two con-
ductors with unidirectional currents during intensive penetra-
tion of the acting electromagnetic fields. Constructively, one of
these conductors in the linear tools is the so-called main current
lead (an analog of the inductor in EMF) and the second one is
the part of the sheet metal which has to be deformed. Methodol-
ogy. For numerical estimates the analytical dependences are
obtained with help of the methods of electromagnetic field the-
ory as well the standard programs from the Wolfram Mathe-
matica package used. Results. The fulfilled calculations illus-
trate the amplitude-temporal dependences for the excited cur-
rents and forces under the demanded decrease of the operating
frequencies of the acting electromagnetic fields. The efficiency
of the linear magnetic-pulse tools is based on the excitation of
the mutual attraction forces of conductors with low-frequency
unidirectional currents. Originality. By the example of alumi-
num, which is the main raw material in modern aviation and
automotive industry, it has been found that for processing the
metals with high electrical conductance demand a significant
decreasing operating frequencies, what is necessary for intensi-
fying the penetration processes of acting fields and, accordingly,
for exciting the real attractive forces. Practical value. The re-
sults of the work allow formulating the based recommendations
for the creation and practical application of the linear mag-
netic-pulse attraction tools for the progressive technologies of
restoring the damaged areas of bodies coatings from the thin-
walled sheet metals with the high specific electrical conductiv-
ity. References 10, figures 4.

Key words: metals with high electrical conductance, intensive
field penetration, magnetic-pulse attraction of conductors
with unidirectional currents, linear tools for eliminating
dents in body coatings.
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A.B. becnipo3Bannbix, A.B. Porunckuit

3OOEKTUBHOCTh IPUMEHEHUWSA TOJYITPOBOISIINAX MMOKPBITAM _
JJIA PET'YJIMPOBAHUSA DJIEKTPUYECKOI'O I10JIA B BBICOKOBOJIBTHOU
n30Ji 01U JIEKTPUYECKUX MALINH

Ilpedcmaenena memoouka po3paxynHKy po3nooiny eieKmpuinozo nojaa no noeepxui i30nauyii i RPomieoKOPOHHO20 HANIENPOGIo-
HO020 NOKpUMMA 6 N0606ili YACMUHI CMPUMICHA BUCOKO080NbMHOT eneKmpuyunol mawunu. Ompumano ¢ 3anexdcHocmi 6i0 numo-
MO20 NOGEPXHEE020 ONOPY HANIGNPOGIOHOZ0 NOKPUMMA PO3NOOIN eNeKMPUUHO20 ROMEHUIALYy NO NOGEPXHI NPOMIGOKOPOHHO20
nokpumms ma izonayii. O6rpynmoeano dianazon 3HAYEHL RUMOMO20 NOBEPXHEEO20 ONOPY NPOMICOKOPOHHO20 HOKPUMMSA O/
ehexkmuenozo pezyniosannsn enekmpuunozo noas. /Jocmosipuicme po3paxynkie niomeepoinceno eKcnepumeHmanbHumMu 00ci-
O0XHCEHHAMU PO3NOOILY ROMEHYIAIY NO NOBEPXHI NPOMIBOKOPOHHO20 HANIGNPOBIOHO20 HENIHINIHO20 NOKPUMMA Y3008X4C 1000801
yacmunu 3paskie cmpuiicHie 2iopozenepamopa na ainiuny nanpyzy 20 kB. Ilpedcmasneno pe3ynromamu eKcnepumeHmaibHoi
nepegipku cmapinoHocmi HeNIHIIHUX 61acMUBOCell NOKPUMMIE 8 NPoyeci Mpusanozo eneKmpuynozo i menioeozo CmapiHHs
cneyianvHo euzomoenenux 3paskie nokpummsa. Egpexmuenicme pezyniosanna enekmpuunozo nonsa HanienpogioHUMU nOKpun-
mamu niomeepoiceHo pe3ynbmamamu eUnpooyeansy 3paskie cmpudicnie ziopozenepamopa CB 1500/100-12 ¢ nouamxosomy
cmati i nicia KOMNIEKCHO20 MPUBAN0Z0 HIUEY eNeKMPUUHO20 noaa | memnepamypu. bion. 14, puc. 6.

Knrouoei cnosa: 1000Ba 4aCTHHA CTPUIKHS, 30BHIIIHI YaCTKOBi po3psiaM, eJeKTPUYHE I0JIe, PEryJI0BAHHS €JICKTPHYHOIO
10Jisl, MPOTiBOKOPOHHE HANIBIPOBiIHE MOKPHUTTS, MUTOMHUI NOBEePXHEBHUH OMip, PO3MOiJ eJIEKTPUYHOT0 MOTEHIiaTy, cTali-
JIbHICTB HeJliHIHHUX BJIACTHBOCTEH, TPUBAJIE eJIeKTPUYHE | TEI10Be CTAPiHHSA.

Ilpedcmasnena memoouxka pacuema pacnpedenenus I1eKmpuseckKozo noas no ROBEPXHOCMU U30NAYUU U RPOMUBOKOPOHHO20
ROYRPOBOOAULE20 NOKPBLMUA 6 1000601 YACIMU CINEPHCHA BbICOKOBONbMHOIL INeKmpudeckoll mawunsl. Ilonyueno ¢ 3asucumo-
cmu om yoenbHo20 NOGEPXHOCHIHOZO CORPOMUBTIEHUA NOTIYRPOEOOAULE20 ROKPLIMUA PACHPedesieHUe IIeKMPULEeCKO20 NOMeH-
Yuana no nOBEPXHOCIMU NPOMUEOKOPOHHO20 NOKpuimusa u usonayuu. O60ocHoean Ouanason 3HaveHuil y0eabHo20 NO8EPXHOCH-
HO20 cOnpOmMu6IeHUA NPOMUGOKOPOHHO20 NOKPbIMUA ONA IPPEeKmMusHoz0 pezynuposanus rneKkmpuieckozo nona. /Jocmosep-
HOCIMb pacuenos nOOMEePHCOeHA IKCHEPUMEHMANLHLIMU UCCIE008AHUAMU PACHPEOe/IeHUA NOMEHUUANA NO NOGEPXHOCHU
HPOMUBOKOPOHHO20 NONYNPOBOOAULE20 HENUHETIHO20 NOKPBIMUA 600b 100060 HacmU 00pPa3y06 cmpedicHei 2udpozenepamopa
Ha nuneinoe nanpaxcenue 20 kB. Ilpeocmaesnenvl pe3ynomamol IKCREPUMEHMATLHOU RPOGEPKU CMIAOUILHOCIU HETUHETHBIX
C80IiCIME NOKPLIMUIL 6 NPoOYecce OIUMENbHO20 IIEKMPULECKO20 U MENI06020 CIAPEHUA CREUUATbHO U320MO061EHHBIX 00PA3H06
nokpvimus. dpexmuenocme pezynuposanun INeKMpUUECKo20 NOAA NOAYRPOEOOAUUMU NOKPLIMUAMU ROOMEEPHCOEHA pe-
3yIbmamamu UCnblManuil 0opasyoe cmpexycueil zudpozenepamopa CB 1500/100-12 6 ucxoonom cocmoanuu u nocie Kom-
NJ1EKCHO20 ONUMEeNIbHO20 6030€lCINEUA IIEKMPULECK020 nona u memnepamypul . butn. 14, puc. 6.

Kniouesvie crnosa: 1060Basi 4aCTh CTEP:KHS, BHEIIHHE YACTHYHBIE Pa3psiabl, JIeKTPHYECKOe M0JIe, PeryJIMPOBAHHE JIeKTPH-
YeCKOro I0Jisl, NPOTHBOKOPOHHE MOJIYNPOBOAsiIee MOKPBITHE, yAeJbHOe NMOBEPXHOCTHOE CONMPOTHBIEHHE, pacmpeneeHne
3JeKTPHYECKOro MOTEeHIHAIA, CTA0MILHOCTh HeTHHEIHBIX CBOHCTB, JJINTeIBHOE JIEKTPHYECKOe U TEeIJI0BOe CTApeHHe.

Beenenne. OqHON U3 TIABHBIX MPOOJIEM MPH H3TO-
TOBJICHUH BBICOKOBOJIBTHBIX UIEKTPUUECKUX MAIIUH SIB-
JsIeTCsl OAABJICHNE BHEIIHUX YaCTHYHBIX Pa3psoB, BO3-
HUKAIOUINX B Ia30BOM 4YacTH OOMOTKHM M3-32 pPa3HOCTH
MOTCHIMAJIOB MEXAY HOBEPXHOCTHIO M3OJISILMHA U Cep-
JEYHUKOM CTaTropa M B JIOOOBOH 4YacTH M3-3a2 PE3KOr0
CKauKa HaNpsDKCHHOCTH 3JEKTPUYECKOro IOJsI B MeCTe
BBIX0J1a 0OMOTKH 13 ma3a [1-3].

PerynupoBaHue 31eKTPHUECKOro MOJS B H3OJSLMUU
CTaTOPHOW OOMOTKH, OOECIIEUHBAIOIIEro I0IaBJICHHE
YACTUYHBIX Pa3psJiOB B BO3AYIIHBIX 3a30pax MEXIy IMO-
BEPXHOCTBIO U30JISILUM U CTEHKAMHU Ia30B U YCTPAHEHHE
CKOJIB3AIIUX PA3pPAI0B M0 NOBEPXHOCTU U3O0JSALUH B MEC-
Tax BBIXOAa OOMOTOK M3 I1a3a CTaToOpa, COCTOMUT B IIPHMe-
HEHMH TIPOBOASAIIMX U IOJYHNPOBOMSIINX ITOKPBITHH.
ObocTpeHne KOHKYPEHIIUNA W CTPEMIIEHHE CHU3UTh CTOH-
MOCTb IEKTPUYECKHX MAIIUH BBHICOKOTO HANIPSHKEHHS 32
CUET CYIIECTBEHHOTO YBEIMYEHHS DJICKTPHUECKUX U TEIl-
JIOBBIX HAarpy30K 3JIEKTPOU30JIALUOHHON CHCTEMBI HpH-
BOJAT K YCJIOKHEHUIO PabOTHl HMPOTUBOKOPOHHBIX I10-
KPBITUH Ha ITOBEPXHOCTU W3OJISILIUM CTATOPHOH OOMOTKHU
U TIOBBILIICHHUIO MHTEHCHUBHOCTH PAa3pAIHBIX IPOILIECCOB,
KOTOpBIE CYLIECTBEHHO COKPAILAIOT CPOK CIIY)KOBI M30JIs-
LMY NpH OTKa3ze NOKpeITHH [4-9]. B cBs3u ¢ BblecKa-
3aHHBIM BO3HHMKAeT HEOOXOIMMOCTH IPUMEHEHHS IPOTH-
BOKOPOHHBIX TOKPBITHA, 00ECTIEYNBAOIINX Y(PPEKTHBHOE

peryJIMpoBaHue 3JIEKTPUYECKOrO IOJIsl B HPOLECCe IKC-
IUTyaTalnuy BEICOKOBOJIbTHBIX AJIEKTPHYECKHUX MAIHH.

Henpio craTbu sBISIETCS aHATH3 3PPEKTHBHOCTH
BBIPAaBHUBAHUS 3JIEKTPUUYECKOTO IOJSI 10 TOBEPXHOCTH
M30JIIUU CTATOPHOM OOMOTKHM BBICOKOBOJIBTHBIX 3JICK-
TPUYECKUX MAIIUH IOJYIPOBOAALINMH IPOTHBOKOPOH-
HBIMH HOKPBITUSIMH.

ITocranoBka npobJembl. KoprycHas u3osmust cra-
TOpPHOW OOMOTKHM SIBJISICTCS HanOojiee Harpy)KCHHBIM 3Jie-
MCHTOM, NNOABCPraromumcss OAHOBPEMCHHOMY BO3)16171CTBHIO
9JIEKTPHYECKOTO TOJIS, TEeMIEpaTrypbl M TepMOMEXaHHYe-
ckux HanpspkeHnd. Oco0o0 BBICOKHE TPeOOBaHHS K COBpE-
MEHHBIM H30JISIIMOHHBIM CUCTEMaM IPEIbSIBISIOTCS B CBSI3H
C NPOEKTUPOBAHWEM M HM3TOTOBJIICHHEM MOIIHBIX TypOore-
HEpaToOpoB C BO3IYIIHBIM OXJaxaeHueM. Jlomyctnmas pa-
Oouasi HANPSHKEHHOCTH AJIEKTPHYECKOTO IIOJIST KOPITyCHOH
M30JIAIMH (B 001aCTH TUIOCKOM CTOPOHBI CTEPKHS) TOCTHTa-
er 3HauyeHuit (3-3,2) kB/MM 171 M30IIMH, U3TOTOBJICHHON
METO/IOM BaKyyM-HarHeTaTelbHON MPOMUTKU TSI TIPOBOJI-
HHUKOB C ONTHMM3MPOBAaHHOW TeoMeTpuell (C 3aKpyTJIeHHBI-
mu yriami) [2, 3]. TloBblenre TpeOoBaHMid K HaAEKHOCTH
MOIIIHBIX JJICKTPUYCCKUX MalllWH MPUBEIIO K HGO6X0£[I/IMO-
CTH WCHOJIb30BaHMUS TIPH M3TOTOBJIEHUH CTaTOPHOM KOpITyC-
HOM M3OJAIMM MaTepHaJIOB, XapaKTEPU3YIOLIMXCS IOBBI-
IICHHOM CTaOMIBHOCTBIO (PU3MKO-XMMHYECKUX M 3JIEKTPO-
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M3OJISILIMOHHBIX CBOMCTB. TpaMIIMOHHO JUIi 3TOM UeNu
TIPUMEHSIOTCSI KOMOMHHUPOBAHHBIE CITFOIOCOAEPIKAIIINE JICH-
ThI, B KOTOPBIX B KaYeCTBE IOJUIOKKH UCIOJIB3YIOTCS CTEK-
JIOJIEHTBI, @ B KQUEeCTBE JMIJIEKTPUUECKOro Oapbepa — CIIto-
[lO6yMal" 1, MPONUTAHHBIC 3IMOKCHHOBOJIAYHBIMH CMOJIaMHU.
[NoBbImenne conepkaHus CIOBI B CItogo0yMarax odecrie-
YHMBAET CYIIECTBEHHBIH POCT UIMTENBHOW SJIEKTPHYECKOH
npouHocTH 3oy [10]. YpoBeHb HANPsKEHHOCTH DIIEK-
TPUYECKOTO TOJNS, TMPHU KOTOPOM PadOTAeT 3JIEKTPUUECKas
M30JBSIIHST T1a3a CTEPIKHS, 3aBHCHT KaK OT HOMHHAJIBHOTO
HAIpPSOKEHVST MAIIWHBI, TOMIIIWHBI W30JSIINN, TaK U KOH(H-
Typalyy MOBEpXHOCTH MEIH CTEPXHS M Maza cratopa. Kax
MIPaBIJIO, COBPEMEHHBIE MOIIHBIE TypOOreHepaToOphl HMEIOT
Nasbl U CTEPXKHU NPsIMOYTOJIbHOM (opmbl. [Ipu Takoit dop-
M€ 3JIEKTPOJOB MaKCHMaJbHbIe 3HAUCHHsl HAIPSHKEHHOCTH
ayeKkTpudeckoro mofs [11] uMeroT MecTo Ha yrilax TOKOBe-
Ioymiero crepxkss (puc. 1, KpuBas 5: SKBUIIOTCHIHATLHAS
TIOBEPXHOCTh () = 7T, HOMEP CWJIOBOW JIMHMHU paBeH i = 0), a
M30ISIIMSL TI0 00BbEeMy Ta3a Harpy)kaercst KpaliHe HepaBHO-
MepHo. B yriry maza, T.e. ipu ¢ = 0 1 i = 0, HaNPsHKEHHOCTH
anekTprdeckoro noist paBaa 0 (puc. 1, kpusas 3). CrerneHs
BBIPaBHUBAHMS DJIEKTPHIECKOTO TIOJS B T1a3y CTATOPa Xapak-
Tepusyercss Ko3((HUIMEHTOM HEPAaBHOMEPHOCTH 3JIEKTpHYe-
ckoro 1noJisi K, paBHbIM OTHOIIEHUIO MaKCHUMAIbHOW Harpsi-
JKEHHOCTH NOJIA £, MMEIOLIEH MECTO B a3y, K HaIpPsDKEH-
HOCTH PaBHOMEPHOTO MOJIA E,;y, T.€. IPU JOCTATOUHOM y[a-
JIHUM OT yIJIa TOKOBeAyllero crepxHs (puc. 1, xpusas 1:
SKBHUIOTEHIMAIbHAS TOBEPXHOCTD () = 71/2 ¥ Yy—>00).

[Ta3oBast 4acTh CEKIMM CTaTOPHOH OOMOTKM ycTa-
HaBJIMBAETCS B 1143 CEpACYHMKA CBOOOHO, CYIIECTBYIO-
e HEPOBHOCTHU M pa3dpoc B pa3Mepax Ias3a cepJeyHNKa
U CeKIIMW OOYCIIABIMBAIOT HAJHIUE HEKOTOPOTO BO3IYII-
HOTO 3a30pa (He 6onee 1 MM) MEXIy MOBEPXHOCTHIO H30-
JSIKU U cepedHukoM. OOpasyercst IByXCIOHHasT U30J1si-
LIMOHHAsI CHCTEeMa: TBEpAas HM30JBILHs — ra3000pa3Hblii
IVRIEKTPUK (Bo3ayx). IIpoGoit BO3AYIIHOW IMPOCIONKH
(JacTHuHBIN pa3psn), HaXOAsIIeHcs B YCIOBUSAX CUIIBHO-
r0 HEOJHOPOJHOIO 3JIEKTPUYECKOro MO, Mpou3oiiner
NpY HaNpsDKEHUHU, MeHblie padouero [11-13].
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Puc. 1. Koaddurment HepaBHOMEPHOCTH JIEKTPHIECKOTO OIS
K B ma3y cratopHoit 00MOTKH TypOOreHepaTopa Ha JHHEHHOES
Hanpspkenue 20 kB: kpusast 1 — g=n/2 1 y—o0;
kpuBast 2 — p=n/4 u y=0; kpuBas 3 — ¢=0 u y=0;
kpuBast 4 — p=3/4x u y=0; kpuBas 5 — p=r u y=0

HOBer H30JIAIUN CTCPIKHA HAHOCHUTCA IMOJYIIPOBO-
AAIIe€ NOKPBITHUC, SJICKTPUYCCKHU COCAUHACMOE CO CTCH-
KamH 11a3a. Takoe IMOKPBITUE C HU3KUM 3HAYCHUEM YACIIb-

HOTO IMOBEPXHOCTHOTO COIPOTHUBIEHUS («Nposoodsuyeer)
obOecrieyuBaeT KOHTAKT BO MHOTHX TOYKaX MEXIy IIO-
KPbITUEM M CTCHKaMH I1a3a, TO €CTb BCA IMOBEPXHOCTH
Ma30BOM YacCTH OKa3bIBaeTCs 3a3eMJIeHHOW. B pesynbrare
YCTPAHACTCA PA3HOCTH IMOTCHIMAJIOB MCEKAY IMOBEPXHO-
CTBIO M30JIALUH M CTEHKOH ma3a. OOBIYHO 3TO JIEHTa WIH
nmak Ha ocHoBe rpagura. C OIHOH CTOPOHBI, IPOBOJU-
MOCTb TIOKDBITHS JIOJDKHA OBITH JIOCTaTOYHOM, YTOOBI
YCTpaHATh YaCTHYHBIE Pa3psAbl B a3y, KOTOPHIE pa3BU-
BAIOTCS TPH BOZHUKHOBEHHUH PA3HOCTH MOTEHINAJIOB Me-
KAy MMOBEPXHOCTHIO M30JAIMU U ctaTopoM. C nmpyroit —
HE JIOJDKHA OBITh MEHBIIE ONPEAETICHHOTO YPOBHS, MPH
KOTOPOM NIPOUCXOJAUT 3aMbIKaHHE JINCTOB CTaTOpa, YTO B
CBOIO OYEpCIb NPUBOAUT K IMOABJICHHUIO BUXPEBBIX TOKOB
1 BO3pAcTaHUIO NMOTEPh. YIENbHOE MOBEPXHOCTHOE CO-
IMPOTUBJICHUC TTa30BOI'0 MOKPLITHA Pg JICKUT B JUAIIa30HE
(107 = 10* Om, uTo OBecreunBaeT yMEHbIICHHE BEPOST-
HOCTH TIpO0O0sI BO3AYIIHBIX 3a30pOB MEXAY CTEP)KHEM U
CTEHKOM 1a3a UCKIIIOYaroTCsl.

B 11000BBIX 9aCTAX CTEPKHHU C U3OJLAIUCH HAXOMATCS
B ra3oBOH cpene. bompimas 4acTe HampsDKeHHS MamacT Ha
Ta30BbIC TIPOMEXKYTKH. B 3TOM cilydae cocTaBIsitoIas Ha-
MPSHKEHHOCTH 3JIEKTPUYIECKOTO TMOJS BIONb HOBEPXHOCTH
CTaHOBUTCS MEHBIIIE KPUTHIECKON HAMIPSHKCHHOCTH Havdajia
MOHM3aIMU Bo3Ayxa wim Bojopoxa [11-13]. IlazoBoe
(poBoJIsilIee) TOKPHITUE BBIXOAWUT 3a MPENeibl mas3a s
YCTpaHCHUSI KOPOHUPOBAHUS B MECTE BBIXOZ[da OOMOTKH 3
Ia3a, TJie HalpspKeHHOCTh JIEKTPHUYECKOTO0 MOJIS B BO3LyXe
JIOCTATOYHO BBICOKA /IS Pa3BHUTHS pa3psIHBIX MPOIECCOB.
ITpu oTCYTCTBHMHM 3aIIUTHBIX MEP B MECTE BBIXOJIA CTEPIKHS
13 11a3a MPOUCXOAUT PE3KUH CKaYOK HAIPSHKEHHOCTH HJIeK-
TPUIECKOTO TTOJISL, KOTOPBIA MOXKET TIPHUBECTH K BO3HUKHO-
BEHHIO BHEITHUX KPAeBBIX Pa3psioB (KOPOHBI M Pa3psIoB
BJIOJIb TTOBEPXHOCTH TBEPIOW M3OJIIIMHI) HA TOBEPXHOCTH
J000BOM YaCTH KaTyIIKA WA CTEPXKHS DIIEKTPUYECKOM
MamuHbl. J{s ycrpaneHus: ¢ dexra KOpOHUPOBAHUS He-
00X0ZIMMO O0ECIIEUUTh IJIABHOE paclpeesieHie 3JIeKTPH-
YeCKOTro MOTEHIHaIa MO MOBEPXHOCTH M30JIALUH JIOOOBBIX
qacTeil CTepKHEH.

PeryaupoBanue 3JeKTPHMYECKOro moJisi B J1000-
BOIl 4acTH HM30JAIUM CTATOPHOIi O0OMOTKH BBICOKO-
BOJIbTHBIX 3JIeKTPHYECKHX MammuH. B y1000Boi vacTn
MPUMEHSIOT TIPOTUBOKOPOHHOE TIIOKPHITHE, HMMEOIIee
OorpIIue 3HAYCHHUS YACIHHOTO MOBEPXHOCTHOTO COIPO-
tusierns (10>-10%) Om [6-8]. B 0GOBBIX 4acTsAX MONY-
MIPOBOJAIINNA CJIOW HakaabiBaeTcs Ha jumHe 20-25 cM.
Jns 3TOro MCHONB3YIOTCS MOIYMPOBOISAIINE MOKPHITHS,
BBITIOJTHEHHBIE HA OCHOBE 3MajH [6-8], B KOTOPBIX HAIOJI-
HUTCIISAIMU  AABJIAKOTCA HPOBOJAAIINEC MOPOMIKU: Caya HIN
rpaduT ¢ JIMHEHHOI BOJIBT-aMIIEPHOH XapaKTEPUCTHKOM.
JlucnepcHOCTh Cakk WM rpadurta CyLIECTBEHHO BIIHUSET
Ha SKCIUTyaTallMOHHBIE CBOMCTBA IPOTHMBOKOPOHHOH 3a-
wuThl [9].

Hambonee mnpenmnoyTHTEIBHBIMHA SIBIISTFOTCS HEIH-
HEHHBbIE MOKPBITUSL C PE3KO BBIPAXEHHOW HapacTarolel
3aBUCUMOCTBIO YAEIbHON MOBEPXHOCTHON MIPOBOJUMOCTHU
OT HANPSHKEHHOCTH JIEKTPUUECKOTO OIS (puc. 2).

[ToxpeITHE CO3MaeT y9acTOK UIMHOHN [ C yIETbHBIM
MMOBEPXHOCTHBIM COIPOTUBJICHHEM p, (puc. 3), mpuuem
TMOBEPXHOCTHOE COIIPOTUBJICHUEC IMMOKPBLITHUA 3HAYUTCIBHO
MCHBIIC MMOBEPXHOCTHOI'O CONPOTUBJICHUSA U3OJIAIUN P jy5.
T.x. ps<<Pins, TO COCTABIIAIONIAS HANPSHKEHHOCTH 3JIEK-
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Tpuueckoro moisisi Ep; BIOJNb NOBEPXHOCTH H3OJSALMUA B
toukn O ymenbiraercsa. Ho y koHma nokpertus (B Touke K)

o0pasyeTcst HoBasi 00JIaCTh C PE3KOOJHOPOTHBIM TIOJIEM.
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Puc. 2. DxcnepruMeHTaIbHAS 3aBUCUMOCTD HANIPSDKEHHOCTH
INEKTPHIECKOTO MOJS BBIIPSIMICHHOH YaCTOTHI YAEIBHOTO HO-
BEPXHOCTHOTO CONPOTHBIEHHS IIPOTHBOKOPOHHOTO ITOKPBITUS
Ha OCHOBE HEJIMHEWHOT0 KOMIayHAa (KpHUBast 1) 1 IIOKPHITHS B

BUJIE JICHTHI (KpHBas 2)

Cepneunnk
craropa

[IpoBoasimee IIpoTHBOKOpOHHOE
MOKPBITHE MOKPBITHE

DnexTpuueckas
U30JISLHS

Puc. 3. CxemaTn4aHOE TpecTaBlIcHNE PparMenTa J000BoH
YaCTH CTEP)KHS ¢ H30JIIUEH M IIPOTHBOKOPOHHBIM ITOKPBITHEM

B orcyTcTBHE MOITYIPOBOAAIIETO MOKPHITUS HAIIPSI-
JKEHHOCTD AJIEKTPUYECKOTO MOJIS B TOUuke O

Ey=U, vV wpinsscs =U, \ PPins gelh, (1)

rae U, — noternuan (HanpsbkeHue) B Touke O; o = 27af —
kpyrosas dactoTa; C; = &€/ h — eMKOCTh H30JISIIAN TOJI-
OIMHOM /A C JMANEKTPUYCCKOW IPOHUIIAEMOCTHIO &
&= 8,85-10712 ®/M — 3JEKTpUYECKasT TIOCTOSTHHAS.

[Mpy HAIWMYMK TOJYHPOBOJSIIETO TOKPHITUS Ha-
MPSHKEHHOCTD 3JIEKTPUUYESCKOTO OJIsi CTAHOBUTCS PABHOM

Eps=U, Y wpgegeh ()
T.€. IOKpBITHE 0OECTIeYuBAET CHIKEHUE Eoy B \[p; / pg

pas.

EMKOCTHBIE TOKH, MPOTEKAIOIMINE TI0 MOIYIPOBOIS-
IIEMy TOKPBITHIO, BbI3BIBAIOT MAJCHUE HANPSLKCHUSA
BIONb MOKPBITHSA, BCICACTBHE 4ero £Ey CTaHOBUTCA
MEHBbIIIE B CPABHEHUH C E,,, T.€. B OTCYTCTBHE MOKPBITHSL.
HanpskeHHOCTB 3JeKTPUYECKOro MO y Kpas MOKPBITHS
OTIpeNIeNIeTCs BBIPAKECHUEM

Eg=2U, \/a)pmssgog/h exp(—x/a)psgogﬂh 15).(3)

[TonOopom 3Ha4YeHMit /s M p; MOIKHO JTOOMTHCSI CHU-
skenus E,, u Ex 10 IOIyCTUMBIX YPOBHEH, IIPU KOTOPBIX
OTCYTCTBYIOT ITOBEPXHOCTHBLIC pa3psAbl.

VYcnoBueMm [ BbIOOpa 3HAu€HUIl yIEIBHOIO IIO-
BEPXHOCTHOI'O COINPOTHUBJIEHUS P, HOIYIPOBOIALIETO 110-

KpBITHSI SIBISIETCSI HEPABEHCTBO Eo; < Ep, KOTOPOE BMeE-
cTe ¢ BeIpaxeHueM (1) IS onpeaeneHus HanpsHKEHHOCTH
aneKkTpryecKoro mois B Touke O E,, 1aeT BO3SMOXHOCTb
ONpEAC/INTh BEPXHIOIO I'paHUILly YACIbHOI'O MOBEPXHOCT-
HOT'O COIIPOTHUBJICHUS MMOJYIIPOBOAAIICTO ITOKPBITUA
 S——, )

weyeU g,
rne Uy, — pacueTHOe 3HAYeHUE HampsokeHus, Egy — J0-
MycTUMasi HalpsDKeHHOCTh B Touke O (B BO3AyXe, MpH
HauOOJIbIIEM pabovyeM HANMPSDKEHHUH POMBIILICHHOM
9acTOTHI), ONpenesieMoe, HapuMep, Ha OCHOBAHUU HM-
nupudeckoro 3akona I[lamieHa st ra3oo0pa3HBIX -
aneKTpuKoB [13, 14].

Breibop  ammHBL
YCIIOBHS

MOKPBITHS [, ompenensercss u3

OPins €0
Exy h

2
[ > 2h In Yso
WpsEnE

)

JomycTumoe 3HaueHNe HANPSHKEHHOCTH JJIEKTpUYe-
ckoro nonst Ex; B Touke K 3aBHUCHT OT TOJIIWHBI H30JI-
WA /1, 3TEKTPOPU3UIECKUX XapaKTEPUCTHK H3OJISALUNA 1
MOJTYIPOBOJISIIETO MOKPBITHS COOTBETCTBEHHO.

Ha puc. 4 noxazaHo BIHMSIHUE YAEIBHOTO ITOBEPXHO-
CTHOTO CONPOTHUBIICHUSI IPOTHBOKOPOHHOTO MOKPBITHS Py
Ha pacIpejeleHle MOTeHLUaNa IO MOIYINPOBOIAIIEMY
MOKPBITHIO (KpuBbIe 1, 2 ¥ 3) U MO MOBEPXHOCTU H30JIS-
uuu (kpuBble 1°, 2’ u 3’) craTopHOil OOMOTKH BBICOKO-
BOJITHOW DJIEKTPHYECKOM MalIMHBI Ha JIMHEHHOE Harpsi-
xenue U; = 20 kB Bronb 1000Bo# yacTu crepxkuel. Kpu-
Bole | u 1’ COOTBETCTBYIOT 3HAUEHHSIM YIEIBHOTO II0-
BEPXHOCTHOTO COINPOTHUBJIEHUSI MPOTHBOKOPOHHOTO II0-
KPBITHS P =5-10° Owm; KpuBBIE 2 U 2° — pq =5-10" Owm;
KpuBbIe 3 U 3’ — p, =5-10° Om (puc. 4). Bénbmme 3Have-
HUSI YZAENBHOTO HMOBEPXHOCTHOTO COMPOTHBIECHUS IIOJY-
MPOBOAAILINX CJIOEB NMPHUBOAAT K MEHBIIUM 3HAYEHHSIM
HAlNpsDKEHUS] Ha W30JIILMU JIOOOBBIX YacTel CTepiKHeu
(cpaBHUM KpuBble 1’ 1 3’ B 00JIaCTH MaibIX 3HAYCHUH /).
VYBenu4yeHue yIeapHOro IHOBEPXHOCTHOTO COIPOTHBIIE-
HUSI TIOKPBITHSI 00yCJIaBIMBAaeT YMEHbBLIEHHE JJIMHBI I10-
JIYIPOBOJISIIETO TOKPBITHSL.

0 0.05 0.1 015 0.2 0.25 0.3 0.35I 0.4
s, m

Puc. 4. PacripeneneHue noTeHIManNa 1mo moBepXHOCTH IPOTUBO-
KOPOHHOTO IOKPHITHS (KpuBbIe 1, 2 u 3)
1 u30JsinuH (kpuBble 1, 2° 1 3”) COOTBETCTBEHHO

Veemuuenue p; ¢ 5:10° Om 10 5-10° OM npuBoauT
K IIEPECEYCHUI0 KPUBBIX paclpeeseHus MOTeHIHala 1o
MMOBEPXHOCTHU HNPOTHUBOKOPOHHOTO IMOKPBLITUA M H30JIA-
oy, T.C. PAaBCHCTBY IMOTCHUHAJIOB, MNpHU 3HAYUTCIIBHO
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MEHBIINX, OoJiee 4eM B 25 pa3, 3HaUCHUAX PACCTOSIHUS /g
(cpaBuum kpuBsie 1, 1’ u 3, 3’ Ha puc. 4). lnuHa noiy-
IMPOBOJAAIICTO IMOKPBLITHA, o6ecneqMBalou1a;1 YMCHbBIIC-
HUE ToTeHIana B Touke K He MeHee, ueMm B 10 pa3 oT-
HOCHUTCJIIBHO MAaKCHMAJIbHOI'O 3HAUYCHHS B TOYKE O, MO-
XKeT OBITh MpHHATA paBHOM 27,5 ¢cM U 7 ¢M ISl TOKPBI-
THI CO 3HAYEHUSIMHU YJICIIEHOTO MOBEPXHOCTHOTO COMPO-
tuBnenns 5-10" Om u 5:10° OM cooTBeTCTBEHHO (cm.
kpuBble 2’ u 3’ Ha puc. 4). B TakoM ciyuyae HampsoKeHHE
Ha MOBEPXHOCTH HM3OJIUU He mpeBbimaer 1 kB. [ns
MTOJIYIIPOBOJAIIETO IMOKPBITUS C YASTBHBIM TTOBEPXHOCT-
HbIM compoTuBicHieM 5-10° OM 3(hdEKTHBHOCTH BBI-
pPaBHUBAHUS IIEKTPUUYECKOTO TOJSA KpaiHE HU3Kas (CM.
KpuByto 1’ Ha puc. 4).

CooTBeTCTBHE MEXIY pacueTHbIMU (KpuBble 1 u 2)
U DKCIIepUMEHTaIbHbIMU (TOukU 1o Ne3-6) pesynbrara-
MU pacIpeJieNIeHNs] HIEKTPUUECKOTro MOTEHIMaNa 1o I10-
BEPXHOCTH TPOTHBOKOPOHHOTO TOKPHITUS BJOJb JI000-
BOM yacTH mpuBeneHO Ha puc. 5. B obOpasuax crpexuei
runporeneparopa CB 1500/100-12 mpumeHeHO TIPOTHBO-
KOPOHHOE TIOKPBITHE Ha OCHOBE HEIMHEHHOTO KOMITayHIa
(cumBoiel o Ne3 u 4) u B BHIE JCHTHI (CHUMBOJIBI IO
Ne5 wu 6). [lpwiokeHHOE HAIPsHKEHHE BBITPAMICHHON
gacToThl cooTrBeTcTBYeT 10,5 KB (cMBombl mox Ne3 u 5
Ha puc. 5) u 15,75 kB (cumBoss! mog Ne 4 u 6 Ha puc. 5)
COOTBETCTBEHHO. Mo/ieNIbHbIE 3aBUCUMOCTH pacipeese-
HUS IOTEHIIMANA 110 TOIYIPOBOSIIEMY MOKPBITHIO (KpH-
Bole 1 1 2 Ha puc. 5) s cTraTOpHOW OOMOTKH BBICOKO-
BOJITHOM DJIEKTPUUYECKOI MAIIWHbI Ha JIMHEHHOE Harps-
xeHue 20 kB coOTBETCTBYIOT yIEIbHOMY IOBEPXHOCT-
HOMy conpoTuBienno 5-10° Om (kpusas 1) u 5107 Om
(kpuBast 2) COOTBETCTBEHHO.

US, \ T T

10"

107}

2]

10 0 0.05 0.1 0.15 0.2
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Puc. 5. K nocroBepHoCTH pe3yIbTaToOB pacueTa paclpeeseHUs
MOTEHIIMAA MO TIOBEPXHOCTH MPOTUBOKOPOHHOTO TMOKPBITUS
BJI0JIb JIOOOBOH YacTH CTPEXXHEH BEICOKOBOJIBTHON AIIEKTpHYC-
CKOW MAallMHBI

CTa0uJIbHOCTh HEJHHEHHBIX CBOICTB MOIyNPOBO-
AAIIUX TNPOTUBOKOPOHHBIX MNOKPBITHI B mpouecce
3J1eKTPUYECKOr0 M TemIoBoro crapenus. [Iposepka cra-
OWJIBHOCTH HEJTMHEHHBIX CBOMCTB IMOKPBITHIA IPOBEACHA 0
pe3ynbTaTaM JUIUTENBHOTO 3JEKTPHYECKOTO M TETIOBOTO
CTapeHHs CHENHaTbHO M3TOTOBIEHHBIX 00pas3moB. OOpas-
bl B KoaudecTBe 10 MITYK A1 KaXKIOTrO THUIA HOKPBITHS
HOJBEPTHYTHI IEKTPUUYECKOMY CTApPEHHIO MPHU HATPSDKEH-
HOCTH 3JIeKTpHYecKoro nojis 2,5 kB/cM mpoMsliiuieHHON
9acTOThI B TeueHue 220 4acoB ¢ MOCIEAYIOIUM TEIUIOBBIM
crapeHueM npu Temneparype 175 °C na npotspkeruu 100
4acoB. DJIEKTPUUECKOE CTapeHUE MPOBEACHO B JBa IUKJIA:

nepBbiii — 60 yacoB, BTopoii — 160 wacoB. B mcxomHom
COCTOSIHUM W TIOCJE KKIOTO IUKJIA AJIEKTPHUECKOTO U
TCIJIOBOI'O CTAapC€HUSA MPOBEACHBI HU3MCPCHUA YACIbHOI'O
TMOBEPXHOCTHOTI'O CONPOTUBJICHUSA TIPHU BBIIPAMIICHHOM
WCTbITaTeIbHOM HampspkeHuu. Ha puc. 6 npuBenena 3D
JarpaMMa JMHAMUKA W3MEHCHUH YAEIFHOTO TOBEPXHO-
CTHOTO COIIPOTHBJICHHS 0OPa3IOB HEIWHEWHOTO TPOTHBO-
KOPOHHOTO TTOKPBITHS B MPOIIECCE CTAPEHUS (py,) OTHOCH-
TEJIFHO HWCXOMHOTO, IO CTapeHHs, COCTOSHUSA (p;) B 3aBH-
CHUMOCTH OT HAIPsDKEHHOCTH dJIeKTprdeckoro mois. Lug-
PHI Ha pHC. 6 OTHOCSTCS: K IIPOTHBOKOPOHHOMY TTOKPBHITHIO
Ha OCHOBE HEJIMHEHHOTOo KommayHaa — 1, 2, 3; mpoTHBOKO-
POHHOMY HEIMHEHHOMY MOKPBITHIO B BHIIE JICHTH B OAWH
CJIOH B MONMepeKpoITusi — 4, 5, 6 U B J1Ba CJIOSI B TOJIMEpe-
KpbITUS — 7, 8, 9 TOC/e IUKIIOB AJIEKTPHUUYECKOTO M TETLIO-
BOTO CTapEHHsI COOTBETCTBCHHO.

E, kV/sm

Puc. 6. Jlunamuka U3MEHEHHs! Y/ICJIbHOTO IIOBEPXHOCTHOTO
COIIPOTHBIICHUS IPOTUBOKOPOHHBIX MOIYPOBOASIIMX TTOKPbI-
THH B IIPOLIECCE JUIUTEIBHOTO 3IEKTPUUECKOTO ¥ TEITIOBOTO
CTapeHus 00pas3noB

J1s1 HenmMHENHOro MOKPBITHS B BUAE KOMIAyHJa OT-
MEUaeTCs POCT YACIBHOTO ITOBEPXHOCTHOTO COIPOTHBIIC-
HUSI TIOCITC IUKJIOB CTAPEHUS, YTO CBS3aHO, OYEBHUIIHO, JO-
MOJMMepHU3aIieii KoMIIayHIa Mo ACHCTBUEM SJIEKTpUYe-
CKOTO ¥ TEIIOBOTO BO3JCHWCTBHSA, BBHICTYTAIOIINX B POIH
HMHULIMATOPOB IMpoLEcca NoaUMepu3auy. s HeTMHeHHo-
TO TIOKPBITHS B BUJIE JICHTHI TIOCIIE IIUKJIOB AJIEKTPHIECKOTO
CTapeHUs] Tak)Ke OTMEYAETCs] POCT YIENBHOTO MOBEPXHO-
CTHOTO COTIPOTHBJICHUSI OTHOCUTEIBFHO HCXOIHOTO COCTOS-
Hus. Ilocrme TeruioBoro crapeHHMss — HE3HAYHUTEIBHOE
YMEHbUIEHUE py;. BakHO, YTO BO BCeM Juamna3oHe Hamps-
KEHHOCTH 3JIEKTPHYECKOTO MOJISi COXPAHSETCS HEeInHEeH-
HOCTb YZJACJIBHOI'0 IMOBEPXHOCTHOI'O COIPOTHUBJIICHUA I10-
KpbITHH. HWOKHAS TpaHUIA pg; TTOCIE TEIIOBOTO CTAPEHHUS
cootserctByer 10" OM (cM. puc. 6, wadpsi 3, 6 i 9), uTo
CBUIICTEIBCTBYET O OCTATOYHOH 3(p(peKTHBHOCTH peryIm-
POBaHMS IEKTPHUECKOTO OIS (CM. pHUC. 5, KpuBble 1 1 2).

CTaOWIbHOCTh CBOWCTB HEIMMHEWHBIX IPOTHBOKO-
POHHBIX ITONYNPOBOMAIINX IMOKPHITUH TTOATBEPKAAETCS
pe3yiapTaTaM¥ HCIIBITAHUH 00pa3IoB CTPEXHEW THApOTre-
uneparopa CB 1500/100-12 B HCXOAHOM COCTOSIHUHU U TI0-
clle KOMIUIEKCHOTO BO3/ICHCTBUSI 3JIEKTPUYECKOTO OIS
Halps>KECHUEM HpOM]:llIJJ'leHHOﬁ 4JacCTOThlI, paBHOI'O
2,5~U1/\/3, u temmepatypsl 120 °C B Teuennu 260 gacos.
B HCXOIHOM COCTOSHMHU: paclpenesieHHeM JJIeKTpHYe-
CKOTO TOTCHIMANA BIOJb HEIUHEWHOTO MPOTUBOKOPOH-
HOTO TIOKPBITUS IO JUIMHE J000BOH Yactu (cM. puc. 3).
[Mocne KOMITIEKCHOTO BO3JICHCTBHS: BH3YalbHBIM OTCYT-
CTBHEM CBEUCHHS TPHU MOJade HCHBITATEIHHOTO HAIps-
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JKeHHS, TPeBBIIIAoNeM HoMmuHaibHOEe Ha 50 %; BH3Y-
AIBHBIM OTCYTCTBHEM CKOJIB3AIINX Pa3psAIOB MPH HCIIBI-
TaHUW H30JI1UU a30BOM 4YacTH CTep)KHeﬁ HUCIBITATCIIb-
HbIM HalpsKEHUEM, PaBHBIM (3U;/\/3+3) kB; BHEWIHUM
BUIOM TOKPBLITUA; BBICOKUMH 3HAUYCHUAMU HAIPSAKCHUA
TIEPEKPBITHS 110 U3OJISILIUH.

BeiBoasbl. [Ipeanoxena Meroauka Juis pacyera pac-
MIPEAEIeHUs 3JIEKTPUYECKOro MOTEHIHaIa 0 MTOBEPXHO-
CTH H30JISIIHN BIOJNH JIOOOBOI YacTH CTPEXHEW BBICOKO-
BOJIBTHOW DJIEKTPUYECKON MAIIMHBI TpPU TPUMCHEHUH
MTOTYTIPOBOISAIINX TOKPBITHHA, 00ECIIEYMBAIOIINX BhIPaB-
HUBaHHE HAMPSDKEHHOCTH 3JICKTPUIECKOTO OIS M yCTpa-
HEHHE CKOJIB3SIINX Pa3psioB.

Iomy4eHo pacnipeneneHne MeKTPUUECcKOoro NoTeHIHa-
Jia TI0 TIOBEPXHOCTHU MPOTUBOKOPOHHOI'O MMOKPBITHA U U30JIA-
MU B JIOOOBO# YaCTH CTEP)KHS BHICOKOBOJIBTHOM dJICKTpHYC-
CKOW MallIMHBI NIPH BapUalysiX YIEIbHOTO MOBEPXHOCTHOTO
COIPOTUBIIEHUS OTYIPOBOISILIETO HOKPBITHSL.

[MpennoxeHHass METOMKA MOXKET OBITH ITPUMEHEHA
U1 000CHOBaHMA UTMHBI TIOKPHITHS B JIOOOBOW YacTH
BBICOKOBOJIBTHBIX JJIEKTPHUECKUX MAIINH B 3aBHCHMOCTH
OT DIIEKTPOPUIUIECCKUX XAPAKTEPUCTHK MOKPHITHS, DITEK-
TPUYECKON M30JSIIHUN U TOIIINHBL

[TomyuyeHHbIE pacueTHBIE TAHHBIE COTJIACYIOTCS C
OKCIICPUMCHTAJIbHBIMU HCCJICAOBAHUAMU PACIIPCACIICHUA
MOTCHIIMAJIa MO MOBEPXHOCTH MPOTHBOKOPOHHOTO IIOJIY-
MPOBOJAINEI0 HETUHEHHOTO TMOKPHITHA BJOJb JIOOOBOH
yacTH 00pasloB CTPEXHEH r'miporeHepaTopa Ha JIMHEH-
Hoe HanpsbkeHue 20 kB.

BemonHena sKcrepyMeHTalIbHAs MPOBEpPKa CTaOMIIb-
HOCTH HEJIMHEWHBIX CBOMCTB CITCIMABHO HM3TOTOBJIEHHBIX
00pa3loB TOKPHITHS B TPOIECCE UTUTEIBHOTO AIIEKTPHYIC-
CKOTO H TEIUIOBOTO CTapeHHs, a TAKXKE 00pa3IOB CTPEKHEH
rugporedepatopa CB 1500/100-12 B MCcX0mHOM COCTOSTHUM
1 TI0CJIe KOMIUIEKCHOTO BO3ICHCTBHSA IEKTPHIESCKOTO TIOJIS
HanpspkeHueM 26,25 kKB mMpoMbIIIIeHHON YacTOThI U TeMITe-
parypsr 120 °C B Teuenue 260 gacos.
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Efficiency of application of semiconductive coatings

for regulation of electric field in high-voltage insulation

of electric machines.

Introduction. Intensification of competition and the desire to re-
duce the cost of high-voltage electric machines due to a signifi-
cant increase in the electrical and thermal loads of the electrical
insulation system complicate the operation of anti-corona coat-
ings on the insulation surface of the stator winding and increase
the intensity of discharge processes, which significantly reduce
the life of the insulation in case of failure of the coatings. Pur-
pose. The analysis of the efficiency of alignment of the electric
field along the insulation surface of the stator winding of high-
voltage electric machines with semiconductor anti-corona coat-
ings. Methodology. A method for calculating the electric potential
distribution along the surface of the winding insulation during the
use of semiconductive coatings providing alignment decrease the
electric field and eliminating the appearance of moving dis-
charges. The reliability of the calculations is confirmed by ex-
perimental studies of the potential distribution over the surface of
the anti-corona semiconducting non-linear coating along the
frontal part of the samples of the rod of the hydrogenerator for a
linear voltage of 20 kV. Practical value. The proposed methodol-
ogy for calculating the distribution of the electric field over the
surface of the insulation and the anti-corona semiconductive coat-
ing can be applied to justify the length of the coating in the frontal
part of high-voltage electrical machines depending on the electro-
physical characteristics of the coating, electrical insulation, and
thickness. The results of an experimental verification of the stabil-
ity of the nonlinear properties of coatings during prolonged elec-
trical and thermal aging of specially made coating samples are
presented. References 14, figures 6.

Key words: frontal part of the rod, external partial dis-
charges, electric field, regulation of the electric field, semi-
conductive coating, surface resistivity, distribution of elec-
tric potential, stability of nonlinear properties, long-term
electric and thermal aging.
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EnekmpuyHi cmaHuii, Mepexi i cucmemu
VK 621.3.013

doi: 10.20998/2074-272X.2019.6.07
B.1O. Pozos, B.C. I'pundenko, A.B. Epucos, I1.H. Jlobponees

IOPEKTUBHOE KOHTYPHOE OKPAHUPOBAHUE MATTHUTHOI'O ITOJISAA
TPEX®A3HBIX KABEJbHBIX JTUHUI ITPU OTPAHUYEHHOM TEILJIOBOM
BO3JIEICTBUU HA CWJIOBBIE KABEJIA

3anpononoeano Hoeuli Mun NACUBHO20 eKPAHY O 3MEHUEHHA MAZHIMHO20 NONA MPUPa3nux Kadeavnux ainiil enekmponepe-
oaui i3 NPOKNAOAHHAM Kabdenie 3a cxemoro «y niowiuniy. Po3poonenuiit 00HOKOHMYPHULL eKPAH MAE HeCUMEMPUYHUI MAZHIM-
HUll 36'A30K 3 KAOEAbHOIO JIIHIEI0, 00YMOBICHUI BUKOPUCMAHHAM 080X PIZHUX (PEPOMAZHIMHUX 0CEPOb, MA XAPAKMEPUYEMbCA
niOMeEEPOHCceHOo10 eKCREPUMEHMATIbHO 6UCOKOI0 eheKmUBHICMIO eKPAHYBAHHA NPU MIHIMAILHOMY MEN1060MY 6NIUGI HA KaDe-
JIbHY JiHII0 30 PAXYHOK 6i00anenna 6i0 Hel eKpaHHux kaodenié na giocmans 0,2+0,3 m. Ompumano cniegionouwtenna 014 6uU3Ha-
YenHs eheKmusHocmi eKpanysants, napamempie ekpany ma ocepos. bion. 18, puc. 5.

Kniouosi cnosa: kaGenbHa JiiHisl, MarHiTHe 1oJie, eKpaHyBaHHs, KOHTYPHHIi eKpaH, (pepoMarHiTHe ocep/si.

Ilpeonosicen no6wlii Mun NACCUBHO20 IKPAHA O YMEHbULEHUA MAZHUMHO20 NONA MPEXPA3HbIX KAOENbHbIX TUHUT INIeKmpone-
peodauu ¢ npoKknaoKoil Kaobenei no cxeme «8 naockocmuy. Paspabomannsiii 00HOKOHMYPHBLI IKPAH UMeEEm HECUMMEMPUUHYIO
MAZHUMHYIO C6A3b C KAOEnbHOU TuHuell, 00yCl061IEHHYI0 UCNOIb308AHUEM O06YX PA3HBIX (PePPOMACHUMHBIX CEPOEUHUKO8, U
Xapaxkmepuzyemcs HOOMEEPHCOCHHOU IKCNEPUMEHMATLHO 6bICOKOU IPheKmusHoCnbIO IKPAHUPOBAHUA NPU MUHUMATLHOM
Men0eom 6030elicmeuu Ha KadenbHylo TUHUIO 34 cuem YOaneHus om Hee IKpaHHuvix kaodenei na paccmoanue 0,2+0,3 m. Iony-
YeHbl COOMHOUWEHUA 01 OnPedeeHUs I hekmusHocmu IKPARUPOBAHUA, RAPAMEMPO8 IKPAHA U cepoeynukos. buodin. 18, puc. 5.
Kniouegvie cnoga: kadeabHasi TMHASI, MATHUTHOE 10J1e, IKPAHUPOBaHUE, KOHTYPHBI IKpaH, (peppoMArHUTHBII cepAeYHHK.

Beenenne. BricOKOBONIBTHBIC TpexdasHble Kadeib-
veie guEAK (KJI) mImMpoko HCHoOnB3yroTCs B Pa3BUTHIX
CTpaHaxX MHpa AJIS Nepegadd 3JIEKTPUUECKON 3HEpPruu B
ropogax, U ABJIAIOTCA Ha1/16onee TNEPCIICKTUBHBIM CPEICT-
BOM Ie€peJau 3JIEKTPUUECKON SHEpruu U JUIsl YKpauHBI.
310 00ycnosneHo TeM, uto KJI umeror psix npeuMyIecTs
Ha/l TPaJUIMOHHBIMHM BO3IYIIHBIMH JIMHUSIMH 3JEKTPO-
nepenaun (BJI).

Bo-mepBrix, mmpuHa oxpanHoi 30HBI BJI 110 kB,
IIMPOKO UCTIONB3YEMBIX B TOpoaax, cocTaBisieT 40 M, B TO
BpeMs Kak mupuHa oxpaHHoit 3086 KJI 110 kB He mpe-
Bermaet 2 M [1]. IToatomy Tpacca KJI e TpeOyer oTayx-
JeHUs] OONIBIINX W JOPOTOCTOSIIUX TOPOJACKUX 3EMEIb-
HBIX YYacCTKOB. BO-BTOpBIX, ypOBEHb MAarHMTHOTO IIOJIS
BJI He ynoBneTBOpsieT COBpPEMEHHBIM TpeOOBAaHUSIM B
YacTH 9KOJIOrMYecKoil OezomnacHoctu. Tak, B COOTBETCT-
BuM ¢ [l,2] MarHuTHOE MOJIe MPOMBINUIEHHONW YaCTOTHI
(MIT) ne momxno mpesbimars 0,5 MKTII BHYTPH KHIIBIX
nomeuiennit 1 10 MxTn B 30He xuioi 3actpoiiku. B
[3, 4] sKciepUMEHTATBHO M MYTEM YHCIEHHOT'O MOJEIH-
poBaHusl nokazaHo, yto MII B nomax, pacrnonoXeHHbIX
O3 BJI, MOXET TpeBHIMIATh MPEAeTbHO JOMYCTHMBII
ypoBerb 0,5 MxTmn. [Jms MII KJI pmanHbBIii HOpMaTHB
OOBIYHO BBINOIHSAETCS, TOCKOJIBKY DPACCTOSIHUE MEXIY
kabemsamu KJI Ha mOpsSAOK MEHBIIE PACCTOSHHS MEXIY
npoBoaamMu BJI u, cOOTBETCTBEHHO, HHTEHCUBHOCTD CIla-
naaug MII npu ynanenuu ot KJI e [5].

B 1o xe Bpemsi, HenocpeacTBenHo Haa KJI Benuuu-
Ha MII 3agacTyio mpeBBIIACT MPEIETIbHO JOITYCTHMBIN
ypoBenb 10 MxTn s 30HBI kuaoi 3acTpoiiku. CoBpe-
MeHHbIe Tpex(dazubie KJI BBINONHSIOTCS M3 OZHOMKHIIb-
HBIX Kalellell ¢ M30JISIIUeENl U3 CIIMTOrO MOJIMATWIEHA. B
30Hax My¢ToBbIX coemnuHerni KJI 35+110 kB paccros-
HUE MeXay kabemsimu cocraBisieT He MeHee 0,5 m [1, 2].
Ipu 3Trom MII KJI MoxeT mpeBbIaTh JOMYCTHUMBIA Ypo-
BEHb OoJiee YeM B 4 pasa, 4TO BBI3BIBACT HEOOXOIUMOCTh
MIPUHSTHS MEP AT €r0 yMEHBIICHUSI.

Jna ymenpmenus MII KJI MoryT mcrnosib3oBaThCst
KaK pa3NU4Hble TUIBI MACCUBHBIX 3KpaHOB [6—12], Tak u

CHCTEMBI aKTHBHOTO dKpaHupoBanus [13, 14]. IIpenmy-
[IECTBOM IACCHUBHBIX JKPAHOB SBIISETCS OTCYTCTBHE HC-
TOYHHKOB 3JIEKTPUYECKONH IHEPIUH, KOTOPBIE HMCHOJIB3Y-
KOTCA B AKTHUBHBIX CUCTEMaxX JI1 CO34aHUsA KOMIICHCHU-
pytomiero MII. Tlo mpuHIMIy AEWCTBHUS MAaCCUBHBIE JK-
paHBI MOXHO pa3JeiUTh HA 3JICKTPOMATHHUTHBIC 3KPaHBI
[6, 7], MmarHuTHBIC (MarHUTOCTaTHUYeCKUe) [8, 9] U KOH-
typuble [10-12]. HanbGosiee TEXHOJOTNMYHBIMH SIBIISTIOTCS
KoHTypHBIe dKpanbl Tria HMCPL ¢ deppoMarHUTHEIME
JJIEMEHTAMH, 33 CUYET NMPUMEHEHHS KOTOPBIX TOCTUTACTCS
CPaBHUTENHHO BBICOKAs 3(P(PEKTUBHOCTh SKPAHUPOBAHUS
MII [10, 11]. IIpuMep mpakTUUIECKOW peann3aiy dKpaHa
HMCPL nokasan Ha puc. |. CymecTBeHHBIM HEHZOCTaT-
KOM 3TOTO JKpaHa SIBIAETCS OJIM3KOE PacIoNOKEeHHE JK-
paHHBIX KaOeneil k kabemsm KJI, oOyciioBieHHOe HE0O-
XOJUMOCTBIO oOecmedeHuss Tpebyemoro ko3¢ duireHrta
OKpaHUPOBaHMH. 9T0 MpUBOAUT K AOIMOJHUTCIbHOMY Ha-
rpeBy KJI 1 cHIKEHUIO ee MPOIyCKHOM CIIOCOOHOCTH.
Hennio gaHHON pabOTHI SIBISIETCS pa3padOTKa KOH-
TYpHOTO 3KpaHa JJis YMEHBIICHWUS MAarHUTHOTO TIOJIS B
30HaX MY(TOBBIX COCTUHEHWIH KaOENbHBIX JIMHHUHA, OKa-
3BIBAIOMIETO MHHHAMAIBFHOE TEIDIOBOE BO3ICHCTBHE Ha
KaOenpHyI0 JIMHHUIO TIPH COXPAHEHUH BBICOKOH 3(dek-
TUBHOCTH SKPAaHUPOBAHUSI.

SHELDING
oo CABLES(12)
L

B e i
Puc. 1. KontypHsiii sxpan HMCPL ¢ peppomaruutHeIMu cep-
JIeYHUKaMH, SKpaHHbIE KaOesn KOTOporo pacnoioxeHs! Ha KJI
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O6nekToM uccnenoBanus ssisercs MIT KJI mpu
MPOKJIaKe Kabeneil mo cxeme «B IUIOCKOCTH, HCIIOJNb-
3yeMoii B 30HaX My(TOBBIX coenuHeHu [1, 2].

OcHoBHasi uyesi pabOThl 3aKIIOYACTCS B MPUMEHE-
HHUH 9KpaHa, COCTOSILIEr0 M3 OJHOIO IMPOBOASIIETO KOH-
Typa W JIBYX (EppOMarHUTHBIX CEPIACYHHMKOB (pHC.2).
Takoit skpaH oOecreuynBaeT KOMIEHCALUIO JWUMOIBHON
cocrastromneir MIT KJI, mpeobnamaromiei B Togkax HOp-
mupoBanust MII, ynanennsix ot KJI Ha paccrosame, 60-
Jiee YeM BABOE MPEBBIIIAIONICe ee IMUpHuHY. [Ipm 3TOM
kabenu 3xpana ynanessl ot KJI Ha paccrosane 0,2+0,3 M,
YTO TMO3BOJISICT MHHHMHU3UPOBATh TEIJIOBOE BIIMSHUE K-
pana Ha KJI, a peppoMarHuTHbie CepJCYHUKN YCHIHBAIOT
MarHuTHYIO CBs3b Mexay dkpaHoM u KJI, obecneunBas
BBICOKYI0 () ()eKTUBHOCTb 3KPAaHUPOBAHHUSL.

OOHOKOHTYPHBIH 3KpaH ¢ ¢(eppoOMATHUTHBIMU
cepIeYHMKAMH M HeCMMMETPUYHOH MArHMTHOIN cBf-
3610 ¢ KJI. B [15] nokasano, 4To ucnonb3ys npeobdpaso-
BaHue Kiapk Toxu TpexdasHol JIMHUK MOTYT OBITH Ipe.-
CTaBIICHBI KaK CYIMEPIIO3UIUS TPEX KOMIIOHEHT: TOKOB Ol
KOMIIOHEHTHI, TOKOB [3-KOMIIOHEHTHI M TOKOB «HYJICBOW»
KOMIOHEHTHl. Eciu IMHUS 3IeKTpomnepenadyn SBIIETCS
CUMMETPUYHOM, TOKH «HYJEBOW» KOMIIOHEHTHI DPaBHBI
Hyio. Ha ocnoe atoro B [16] MII tpexdazHoii nuHun
3JIEKTPOIEPEaddl C PACIONOKEHHEM MPOBOIOB B OIHOI
TJIOCKOCTH (TOPU3OHTANILHOM WJIM BEPTUKAIbHOM) pac-
CMOTPEHO Kak cyneprnosuiusi o-kommoneHTtsl MIT u B-
KOMIIOHEHTb MII, KOTOpBbIE CO31al0TCA COOTBETCTBYIO-
IIMMHU KOMIIOHEHTaMH TOKOB. Takxe ObUIO IMOKa3aHo, 4To
BennurHa P-xkomnoHeHTsl MII B Heckoyibko pa3 mpeBoc-
XOAUT BEJMUYMHY O-KOMIOHEHTHI. KadecTBeHHOE 00BsicC-
HeHune naHo B [17], rae oTrMmeuaercs, 4To [-KOMITOHEHTa
MII KJI 1o cyTH SIBIIsI€TCsI €r0 IMIOIABHON COCTaBIISIFOILEH.

CormacHo [15] TOk B-KOMIOHEHTBI, TIPH TPOKIIAIKE
Kabenell Mo cxeme «B IUIOCKOCTH», TeYET M0 3aMKHYTOMY
KOHTYpY, OOpa30oBaHHOMY JKWJIaMH KpalHHUX KaOeleil.

AMIMTyna TOKa [(-KOMIIOHEHTHI B \E/Z pa3 OGoublie

aMIUTUTY Bl TOKA B KM€, a (Hha30BbIil CIBUT OTHOCUTEIb-
HO TOKa JKWJIbl COCTABIISET 17/6 B 3aBUCHMOCTH OT Ka-

oems. [l kommeHcarmu B-kommoHeHTH MIT KJI yuactku
PP, nu P;P, mpeanaraeMoro OZHOKOHTYpPHOIO 3KpaHa
(puc. 2, @) pacnionoxeHsl mapamienbHo kabdemsm KJI. Otu
ydacTky ynaneHs! oT KJI u HaxonaTcsi Ha HEeKOTOPOH BBHI-
cote H At MUHUMHU3aIUH TEIIOBOTO BO3/IEHCTBUS TOKOB
skpana Ha KJI.

Jnuna yuactkoB PP, u P;P, o0o3HaueHa gepes /.
XapakrepHble pasmepbl ydactkoB P4P; u P,P; namuoro
MEHbIIE /, T03TOMY / MOXKHO CUMTATh JUIMHOM DKpaHa.

Ha yuactke P,P; ycranoBnens! nBa deppomarant-
HBIX CEpJCYHHKA, OXBATHIBAIOIINE KaOeb 3KpaHa U COOT-
BercTBytonnii kabemp KJI. Kaxnprid cepaedHUK BBIMIOI-
HEH Pa3pe3HbIM ATl YNPOIIEHHUS MOHTaXKa MpelaracMo-
ro KOHTYPHOTO dKpaHa (puc. 2, 6). JIutepsl MapKHUpOBKH
CEpICYHIKOB COOTBETCTBYIOT OOO3HAYCHHAM Kabemei
KJI, xotopsle oHM OxBaThIBalOT. CepAeuHUK XapaKTepH-
3yercsi TpeMsi mapamerpaMu: (G QGEKTHBHONH MarHUTHOU
NPOHUIIAEMOCTBIO [, CEYCHUEM S,y U JUIMHOH /oy, CPEA-
HEU JINHUU CEpJCUHUKA.

B nenom, npeacraBieHHBI KOHTYpHBIA JKpaH Xa-
PaKTepHU3yeTCs CIEAYIOINMH TapaMeTpaMu:

Scare e .

Puc. 2. KoHCTpyKTHBHOE HCIOHEHHUE TIPEIaraeéMoro OJHO-
KOHTYPHOT0 3KpaHa (a) ¢ )eppOMarHUTHEIMH CepACIHUKAMH (0)

— BbIcoTa H pacnonoxxenus skpana Haa KJI;

— IIUpHUHA JKpaHa 2a, (pacCTOSHHE MEXIy Iapall-
NenpHBIMU yuacTkamu PP, u P3P,);

— mnHa / 9kpaHa (airHa ydactkoB PP, u P;Py);

— yIenpHas IPOBOJUMOCTh G U paJnycC » IOTeped-
HOTO CeueHUs Kaleel skpaHa;

— Habop mapaMeTpoB W, S.pre 5 leore AT KAXKIOTO W3
CepICYHHUKOB (T/Ie MHACKC core IPUHIMAET 3HAUYCHUS A U
C 1 cepAeyHUKa Ha KpaifHEM JIEBOM U KpailHEM MPaBoOM
kabeJie, COOTBETCTBEHHO).

¢ PexTHBHOCTE OJHOKOHTYPHOro 3kpana. Ilo-
CKOJIbKY JIUIMHA 3KpaHa [ B HECKOJIbKO pa3 Oosblie 2a, u
XapakTepHoro pasmepa yuyactka P4P,, To xoppexkTHO mpo-
BoaUTH aHam3 MII B pamMKax IBYMEPHOTO PUOIIKEHIS.
Bribepem cucteMy KoopAMHAT TakuM 00pa3oM, YTOOBI
och abcruce Haxoawiaach Ha BbicoTe 0,5 M Haj 3eMIIEH,
T.€. Ha YPOBHE, HA KOTOPOM coriacHo [1] Hopmupyercs
MII, a och OpAMHAT MPOXOJAWIA YEPE3 LEHTPATIbHBIA Ka-
oems KJI (puc. 3). Torma s Todek, JEXKAIIUX Ha OCH
abcmucc, coocrsennoe MIT KJI (t.e. MIT KJI B otcyrct-
BUE JKpaHa) OyJeT MaKCUMaJIbHO B Ha4yajie KOOPHHAT.

BBICOTaA

OKpAHHBIE |
! HOPMHPOBaHUSI

Kabenun

hy

Puc. 3. Ceuenne kabenbHOM TMHAY (YSPHBIE TOUKH)
1 kabeJielt KOHTYPHOTO 9KpaHa (Cephle TOUKH)
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Bynem cumrath, uyTo TOoKH TpexdazHon KJI obpa3zy-
0T TpAMYI0 IOCIeNoBaTelbHOCTE. (COOTBETCTBEHHO,
KOMIUIEKCHBIE aMILIUTY/ bl TOKOB B kabessix KJI paBusbr

2 2

. -J= . . J=
Iy=v21e " 3, Ig=v21, Ic=21¢ 3, (1)
rie / — neficTyromee 3Ha4YeHUE TOKa; j — MHUMast eJMHHIIA.

[Ipumensis npeodpazoBanne Kiapk k cucteMe TOKOB
(1) m paccunteiBast OEHCTBYIOIINE 3HAYCHHUS O- U [-
komnoHeHT MIT KJI B Touke Havana KOOpAMHAT, OTY4acM:

2
Mol a Mol
= B3 S ()
“onhy a2enr’ 7 2ah @i

ahy

rae h, — paccrossare ot KJI 10 miiockocTw, Ha KOTOPOWM
Hopmupyercss MII; a; — paccrosHue Mexny COCEIHUMU
kabeasmu KJT; p0=47t~10'7 I'a/M — MaruuTHAS IOCTOSIHHASL.

[Mockonbky BekTopsl o- ¥ B-komnoHenT MIT KJI B
TOYKE Hayasla KOOPAWHAT B3aUMHO NEPIEHANKYJIISPHBI, TO
BernruuHa MIT KJI paBHa kBagpaTHOMY KOPHIO U3 CyMMBI
KBapaToB B, n By. VI3 NPUHATOrO BBIILIE MPEANONIOKEHHS
O TOM, 4TO KOHTYpPHBIH 3KpaH KOMIICHCHUpYyeT [3-
komnonednty MII KJI, u ucrions3ys (2) momydaem BEIpa-
JKEHUE 711 MaKCUMalbHOU 3¢ (EKTUBHOCTH 3KpaHUPOBaA-
Hug SF, KOTOpas paBHAa OTHOIUEHHIO BEJIUYMHBI COOCT-
BerHoro MII KJI k BennuuHe skpanupoBanHoro MIT:

\/ B +Bj Y
SF =————= 143 —| .

a aj

€)

Jist ocTHXKEHUsT MakCHMallbHOM 3ddekTHBHOCTH
SKpaHUPOBAHUS MOJE, CO3JaBAEMOE KOHTYPHBIM YKPAaHOM
B TOYKE Havana KOOPIAMHAT, IOJDKHO OBITH IPOTHBOIIO-
JIOXXHO HampaBieHo [-kommoHeHTe mois KJI. M3 atoro
YCIIOBHUSI ITOJy9aeM BbIpaKCHHE Ui KOMIUIEKCHOH am-
IUTUTY b1 TPEOYEMOTro TOKa B SKpaHe:

. - a22 +h22
I, =1 i m—
as aj +h1

rae h, — pacCTOSHHE OT JKPAHHBIX KaOenel 10 INIOCKO-

“4)

cTH, Ha KOoTOpoi HopMupyercss MII; jl =J %1 — KOM-

IUIEKCHAsl aMIUTUTY 1 B-KomroHeHTh Toka KJI.

OTMeTl/IM, 4YTO BbICOTA PACIIOJJIOKCHHUA KOHTYPHOI'O
9KpaHa (BHE 00JACTH pPacCIIOJIOKEHHs CepIEeYHUKOB) Hall
KJI cocrasuster H=h,—h,.

OmnpenejieHne mnapamMeTpoB (peppoOMarHUTHBIX
cepaeunnkoB. /Iy aHaiM3a TOKA, HABEACHHOTO B KOH-
TYpHOM 3KpaHe, Bocmojib3yeMcs: moaxomom u3 [18]. Ha
OCHOBaHWH 3akoHa OMa B KOMITJIEKCHOM (hopMe M 3aKOHa
ANIEKTPOMArHUTHOW MHIYKLUH 3aIlUILIeM CJIEIYIOIIee CO-
OTHOIIIEHHE JIJIS 3aMKHYTOT'O KOHTYpa dKpaHa:

j2'2R:—ja)'(d)1+d)2+d)A+d)c), (5)
rac R ZZ/(O'ﬂ'I”Z) — AKTUBHOC COIIPOTUBJICHUC YYaCTKa

PPy 0=21-50c! — yrinoBast yacrora Ttoka; @y, D, —
KOMILUTEKCHBIE aMIDIUTYAbl moTokoB MII, cooTBeTcTBEH-
Ho, KJI 1 Toka skpaHa yepe3 MIolagb, OrpaHUYECHHYIO
KOHTYpoM 3kpaHa; ® 4, O — KOMIUIEKCHBIE aMILTUTYIbI
1noTokoB MII, MpOHU3BIBAIOIINX CEPACUHUKU C JTUTEpaMU
A u C, KOTOpble HaxOJIATCS Ha KpaiHeM JIEBOM U KpaitHeM
TpaBoOM KabeJie, COOTBETCTBEHHO.

Beipaxxenus ans noroxkos MII umeror cnepyromui
BU;

by =M-Ip, w= b0 g laar) (b =h)’
27 (ay—ay )’ +(hy —hy )

CbzzL'jz, LZZ&[%-Flnﬂj,

; i i HHy o4

(DA:_LA.(IA_IZ)’ LA:+’
A

CDC:LC'([C-"_IZ)? LC:%'
C

[oncrasmsiem (6) B (5) 1 perraeM ypaBHEHHE OTHO-
CUTETIFHO 12. CpaBHHBas TONy4eHHOEe pemieHue c (4),
MPUXOJUM K CIIEIYIOLIEMY:
23R a a22 + h22
o ay a}+ht’
oLy —Le)L-243RM

o(Ly—Lc)-243R

[Momyuennsie BeipaxkeHus (6)—(7) MO3BOJIAIOT Ompe-
JIeNTUTh BEJMYMHBl WHIYKTUBHOCTEH, IpPUBHECEHHBIC
(eppOMarHUTHBIMU CEpACYHUKAMH, U, COOTBETCTBEHHO,
OTIPEJIETINTh UX TMapameTpbl. OTMETUM, YTO MHIYKTHBHO-
¢t Ly 1 Lc MOTYT NIPUHUMATh KakK IOJIOXKUTEIbHBIE, TaK
W OTpHIATENbHbIE 3HAUYCHHS. 3HAK WHIYKTHBHOCTH OIIpe-
JIeTsieT B3aUMHYI0 OPHEHTAlWI0 CEepleYHHKa W KOHTYpa
sKkpana (puc. 4).

B of6mem cnyuae BenuuuHbl Ly U Le pa3iuyuHbl U
MOTYT OTJIIMYATHCS OoJiee yeM Ha MOPAIOK, Y4TO SBIAETCS
OJHUM M3 OTJIMYMTEIBHBIX INPH3HAKOB IPEIIaracMoro
9KpaHa, KOTOPBIH MOXXHO KJIACCU(HUINPOBATH KAaK OIHO-
KOHTYPHBIH 3KpaH C HECHMMETPHYHOW MarHUTHOM CBsI-
3bI0 C KaOeJIbHOM JINHUEH 3JIeKTpOoIepeayH.

Oco0eHHOCTH NPOEKTHPOBAHUS OJHOKOHTYPHOTO
JKpaHa ¢ HeCMMMETPHYHON MarHMTHON cBs3bI0. [Ipu
BBIOOpE BBICOTHI H pacrionoxeHus 3kpana Haj KJI u mm-
PHHBI 3KpaHa 2a, UMEIOT MECTO IBa KOHKYPHPYIOLIHX
(hakropa. C OmHOW CTOPOHBI, YMEHBIIIEHHE STHX Iapa-
METPOB NPUBOAWT K YBEIMUYECHHIO TpeOyeMOoro TOKa B
aKkpaHe coryiacHo (4) u k cOmmkenuto dkpana u KJI. Co-
OTBETCTBEHHO, YBEIMYMBAETCS TEIUIOBOE BO3JEHCTBHE Ha
KJI. C ppyroit cropoHnsl, aHanu3 pacmpenencHus MII
BIIOJIb OCH X TIOKa3bIBaeT, YTO yMeHbllleHue H u 2a, mo-
3BOJISIET O0ECIEUUTh BBICOKYIO I(P(EKTHBHOCTh CHIKE-
Hust MII B Oostee MUPOKOH 00JIACTH DKPAHUPOBAHHMS.

LA —LC =
™)

LA+LC =—

dilz | wully ?UZ

core C

A B C A B
a 0
Puc. 4. Bzaumnas opueHTanys cepACUHUKOB
u KoHTypa 3kpana: (a) L,>0, L>0; (6) L>0, Le<0
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IIpoBeneHHBbIN aHaIU3 B COBOKYIIHOCTH C Pe3yJIbTa-
TaM{ pELICHMs TEIUIOBOM 3aJaul, HE NPEICTaBICHHOHN B
JAHHOW CTaThe, MO3BOJISIOT PEKOMEHIOBATh 3HAYCHHS
H=0,4-a,+0,6:a,, a,=1,5-a,. [lpyrumu cioBamu, e€cju pac-
CTOSIHHE MEXIly COCETHUMHU KaOesIMU JIMHUU 3JIEKTPOIe-
penadn IpUHATH 32 COUHUILY, TO PEKOMEHJOBAaHHAS IIH-
pHHA DKpaHa COCTABISIET 3 €AWHMIBI, a pacrojarath K-
paHHBIE KaOeny HaJl JIMHUEH dJIeKTporepesadll peKOMeH-
nyercs Ha Beicote oT 0,4 no 0,6 egwaut. [Ipu BeIONHE-
HUM 3THX YCJIOBUH SKpaHHBIE KaOelu pacIioioXeHbl Ha
BeicoTe 0,2+0,3 M Hax 30HOM MydTOBEIX coequaeHnit KJI
U NIPaKTUYECKH HE BIMAIOT Ha €€ TEIUIOBOM PexXuM.

Jns onpenenenust umHBL [ 5KpaHa (pHC. 2) MOXKET
OBITh UCIIOJIH30BaHA METOINKA, H3JIOKCHHAS B [2].

TpeOyemble 3HaueHWs MHAYKTHBHOCTeW Ly u L¢
(eppOMarHUTHBIX CEPACYHUKOB, HCIIOJIB3yEMBIX B KOH-
CTPYKLMH DKpaHa, paCCUUTHIBAIOTCS MTPH TIOMOIIH (7).

Ecnu 3Hauenust Ly u L MOJNOXKUTETBHBL, TO CEpACY-
HUKHM YCTaHaBIIMBAIOTCS TaK, KaK IOKa3aHO Ha pHcC. 4, a.
Ecnu onHO M3 3HauY€HUH OTPULATEIBHO, TO OPUEHTALUS
HalpaBJIeHNs] TOKA B 9KPaHE OTHOCHTEIFHO CEpIAeUHHKA
JIOJDKHA OBITh M3MEHEHA Ha ITPOTHUBOIIONOXHYIO. Jli1s 3T0-
TO Clly4asl B3aIMHOE PACIHOJIOKEHNE CEPACUHUKOB U KOH-
Typa 3KpaHa [T0Ka3aHo Ha puc. 4, 6.

MaruuTHass IPOHHUIAEMOCTb, IJIOIIAAb CEUCHUS U
JUIMHA CPeAHEH JIMHUM IS KaXIOro M3 CepIevyHHKOB
BBIOMPAIOTCSL UCXOJ U3 aOCONIOTHBIX 3HAYCHUH WHIYK-
TUBHOCTEH coracHo (6).

Kak BugnO 13 (3), 3(h(eKTHBHOCTH SKPaHUPOBAHUS
MII npm momMon pa3padOTaHHOTO SKpaHa SBIISETCS
¢ynkipei oTHomenus paccrosiaus oT KJI no miockoctn
HOPMHPOBAHHUS K PACCTOSIHUIO MEXIY COCEIHHMH Kale-
qamu KJL

IMTonHomacmTabHas MOZENb IMPEI0KEHHOTO OIHO-
KOHTYPHOTI'O 3KpaHa ¢ HECUMMETPUYHON MarHUTHOM CBsI-
3bI0 HCCIIEZOBaHA Ha 3KCICPHUMEHTAJIbHOW YCTaHOBKE
(puc. 5), conepxameid pU3MIECKUil MaKeT ydacTka TpeX-
¢aznoit KJI nmunoii 10 M. Bricota HopmupoBanus MIT —
2 M, paccrosiaue Mexnay kabemsmu KJI — 0,5 M. Dkpan-
HBI{ KOHTYp BBIIOJHEH W3 OIHOXHIBHOTO MEIHOTO
Ka0eJst, CepIedHIKH — U3 TPAHC(POPMATOPHOH CTaJIH.

IIpu mmpune skpana 1,5 m u Beicote 0,3 M pacmno-
noxeHust 3kpana Hajx KJI sKcriepuMeHTaIbHO MOATBEp-
KaeHHas 3PPEKTHBHOCTH dKpaHupoBarus MII cocrapms-
eT 7 eqUHUILI.

OKpaHHBIC Kabenu

B .
Puc. 5. OxcnepuMeHTanbHAs YCTaHOBKA AJIS HCCIICIOBAHUS
a¢dexruBHocTH FKpaHupoBanus MIT KJI oqHOKOHTYpHBIM
9KpaHOM C HECUMMETPUYHON MAarHUTHOM CBSI3bIO

BbiBoasl.

1. IlpemnokeH OTHOKOHTYPHBIN 3KpaH ¢ (eppomar-
HUTHBIMH CE€PI€YHUKAMHU U HECUMMETPUYHON MarHUTHOM
CBSI3bI0, KOTOPBIH MpH o0ecriedeHnH BbICOKOH 3 dexTB-
HOCTH SKPaHHUPOBAaHMUs MarHUTHOTO IOJISA yAaJeH OT Ka-
OenbHOM JIMHUU Ha BHICOTY, paBHylo 0,4+0,6 paccTosHus
MEXIy COCEJHUMH CHJIOBBIMU KaOeJIIMH, 4TO MO3BOJISIET
MUHHMHU3HPOBATh TEIUIOBOE BO3JECHCTBHE Ha KaOEIbHYIO
JVHUIO B CPaBHEHWH C M3BECTHBHIMH KOHTYPHBIMH 3Kpa-
HaMH aHAIOTUYIHOH 3()(HEeKTHUBHOCTH.

2. Teoperndeckn OOOCHOBAaHO W SKCIIEPUMEHTAIBLHO
HOITBEPIKACHO, YTO NPH TUIMYHOM UL 30H My(TOBBIX CO-
emuHeHni paccrosiaun 0,5 M MEXJIy COCETHUMH KabesmMu
KaOeJbHOM JIMHUM, PEKOMEHIOBAHHOW LIIMPHHE 3KpaHa 1,5 M
Y TIPY €T0 PAcIIOIOKEHUH HAJl KaOeIbHO! JIMHKEH Ha BBICO-
te 0,3 M, 3h(heKTHBHOCTD KPaHUPOBAHHSI MATHUTHOTO TTOJIS
Ha BBICOTE HOPMUPOBAHHUSA 2 M COCTaBIISIET 7 €IUHULL
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npozpammul «Iliompumka po3eumky npiopumemuux Hanps-
Mi¢ Haykoeux oocnioxcens (KIIKBK 6541230)».
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Efficient shielding of three-phase cable line magnetic field by
passive loop under limited thermal effect on power cables.
This paper deals with a mitigation of a three-phase cable line
magnetic field by a new type of passive shield. We consider a
cable line with a flat arrangement of cables. The developed
single-loop shield has an asymmetric magnetic coupling with
the cable line, due to the use of two different ferromagnetic
cores. Its high shielding efficiency is experimentally confirmed.
As the developed shield is 0.2+0.3 m away from the cable line,
its thermal effect on the cable line is negligible. As the result, we
obtain expressions for the shielding efficiency, parameters of the
shield and the cores. References 18, figures 5.

Index terms: cable line, magnetic field, passive loop,
shielding, magnetic core.
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A. Hinda, M. Khiat, Z. Boudjema

FUZZY SECOND ORDER SLIDING MODE CONTROL
OF A UNIFIED POWER FLOW CONTROLLER

Purpose. This paper presents an advanced control scheme based on fuzzy logic and second order sliding mode of a unified power
flow controller. This controller offers advantages in terms of static and dynamic operation of the power system such as the control
law is synthesized using three types of controllers: proportional integral , and sliding mode controller and Fuzzy logic second
order sliding mode controller. Their respective performances are compared in terms of reference tracking, sensitivity to
perturbations and robustness. We have to study the problem of controlling power in electric system by UPFC. The simulation
results show the effectiveness of the proposed method especially in chattering-free behavior, response to sudden load variations
and robustness. All the simulations for the above work have been carried out using MATLAB / Simulink. Various simulations
have given very satisfactory results and we have successfully improved the real and reactive power flows on a transmission line as
well as to regulate voltage at the bus where it is connected, the studies and illustrate the effectiveness and capability of UPFC in
improving power. References 25, tables 2, figures 10.

Key words: UPFC, FACTS, PI, second order sliding mode, fuzzy logic.

Ilens. B nacmoaweii cmamove npeocmasnena ycoeepuieHCmE06aHHaAA CXeMa YnpaeneHus, OCHOGAHHAA HA HE4emKoll JlozuxKe u
pedcume CKObIHCEHUs GIMOPO20 NOPAOKA YHUDUUUPOBAHHO20 KOHMPOTIEpA nOmMoKa mowinocmu. /lannvlii KoHmponnep ooénaoaem
npeuMywiecimeamy ¢ MOuKU 3PeHUs CIMAMU4ecKol U OUHAMUYECKOU pabomvl IHEPZOCUCHEMbl, HANPUMED, 3AKOH YNPAGIEHUs
CUHME3UPYEMCA C UCHOIb306AHUEM MPEX MUNOE KOHMPOINEPOs: NPONnOPUUOHANbHO-UHMEZPATbHOZ0, KOHIMPONNEPA CKONb3AULE20
pexcuma u KOHMpoNnepa CKONb3Aue20 pexrcuma Heuemkoll 102uKu 6mopozo nopaoxka. Hx coomeemcmeyrwujue xapaxkmepucmuku
CPAGHUBAIOMCA C MOYKU 3DEHUA OMCAEHCUSAHUA IMATIOHO06, UYECMEUMENbHOCHU K 803MyMwieHUAM U Hadexchocmu. Heooxooumo
u3yuUmy nPoOIEMy YNpaeieHUs MOUHOCIBIO 6 IHEP2OCUCHIEME C NOMOWLIO YHUDUUUPOSAHHO20 KOHMPOEPA NOMOKA MOUWHOCIU
(UPFC). Pe3ynbmampl mo0enuposanus noKazuleaiom IIQhekmuenocmo npedioHceHHo20 memood, 0CO0eHHO 6 OMHOWIeHUU
omcymemeus eubpayuu, peaKyuu Ha 6He3AnHble UIMEHEHUA HAZPY3KU U ycmoiuusocmu. Bee pacuemut ona eviueykasannoit padomot
Oblnu evinonnensl ¢ ucnonvsosanuem MATLAB/Simulink. Paznuunsie pacuemnsle ucciedo8anus 0anu 6ecoma yooei1emeopunenvHole
Ppe3yibmamol, U Mbl YCHEWIHO YIIYHWIUIU NOMOKU PEansHOl U PeakmuGHoil MOWHOCIU HA JIUHUN IJIeKmponepeoayu, a makice
pecynuposanue HAnNpAMNCeHUA HA wiuHe, K KOMOpOI OHA NOOKTIOHeHA, YMO NO360NACH U3YHUUMb U RPOUIIOCIPUPOSAMY
apghexmuerocme u 603moxcnocmu UPFC ona yeenuuenusn mowgpocmu. bu6n. 25, tabn. 2, puc. 10.

Knrouegvie cnosa: ynnpuuupoBannbiii kKoHTposuiep noroka MomHoctu (UPFC), ru0kas cucrema nepesadu IepeMEHHOIO TOKA

(FACTS), PI (nponopuuoHaJbHO-HHTErPAIbHBII) KOHTPOJLIEP, CKOIBL3SIIMIA PeKIM BTOPOI'0 HOPSI/IKA, HeYeTKas JTOTHKA.

Introduction. In recent years, the electrical power
distribution system are suffering from significant power
flow quality (PQ) problems, which are characterized by
low power factor, poor voltage profile, voltage stability,
load unbalancing, and supply interruptions. These power
quality issues have attracted attention to the researchers
both in academic and industry. As a result, many power
quality standards were proposed in [1]. By the reason of
these power quality issues, the use of flexible AC
transmission system (FACTS) controllers in power system
has been of worldwide interest for increasing the power
transfer capability and enhancing power system
controllability and stability due to their speed and
flexibility. In addition, converter based FACTS
controllers are capable of independently controlling both
active and reactive power flow in the power system [2].

Unified power flow controller (UPFC) is the member
of FACTS device. It is the most versatile and powerful
FACTS device [3]. The fundamental theory of UPFC is
that, the phase angle affects flow of real power and the
magnitude of voltage affects flow of reactive power [4, 5].

This device consists of two other FACTS devices:
the Static Synchronous Series Compensator (SSSC) and
the Static Synchronous Compensator (STATCOM), the
SSSC injects a an almost sinusoidal voltage, of variable
magnitude in series with the system voltage provides the
most cost effective solution to mitigate voltage sags by
improving power quality level that is required by
customer and the STATCOM connected by a common
DC link capacitor. It can simultaneously perform the

function of transmission line real/reactive power flow
control in addition to UPFC bus voltage/shunt reactive
power control [6].

Though UPFC implies many advantages, but its
controller design still being a matter of challenge since it
is a multi-variable controller. In literature, a lot of works
have been presented with diverse control diagrams of
UPFC for various power system applications. Recently,
the sliding mode control (SMC) method has been widely
used for robust control of nonlinear systems. Several papers
have been published based on SMC of UPFC [7-9].
Nevertheless, the deficiency of this type of control, which is
the chattering phenomenon caused by the discontinuous
control action. To resolve this problem, several
modifications to the usual control law have been
proposed, the most popular being the boundary layer
approach [10, 11].

Fuzzy logic is a technology based on engineering
experience and observations. In fuzzy logic, an exact
mathematical model is not necessary because linguistic
variables are used to define system behavior rapidly. One
way to improve sliding mode controller performance is to
combine it with fuzzy logic to form a fuzzy sliding mode
controller. The design of a sliding mode controller
incorporating fuzzy control helps in achieving reduced
chattering, simple rule base, and robustness against
disturbances and nonlinearities.

This paper discusses the capability of UPFC on
controlling independently the active and reactive power in

© A. Hinda, M. Khiat, Z. Boudjema
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the power transmission line and the improvement of the
transient and dynamic stability of the power system by the
UPFC are examined. Active and reactive powers are
controlled using three types of controllers: Proportional-
Integral (PI) and SMC and Fuzzy logic second order sliding
mode controller (FLSOSMC). Their performances are
compared in terms of reference tracking, sensitivity to
perturbations and robustness.

Structure of the UPFC. For many years, UPFC is
considered as the most versatile of the FACTS device one
that can be used to enhance steady state stability, dynamic
stability and transient stability, which combines the good
features of STATCOM and SSSC. Fig. 1 shows the basic
structure of UPFC which is consists of two voltage
sourced converters (VSC) and used to provide galvanic
isolation and adjust the voltage levels in the supply
system. It is composed of two inverters with PWM
control (Pulse Width Modulation), which are operated
from a DC link provided by a dc storage capacitor. One is
connected in parallel and the other in series with the
transmission line [12]. The detailed structure and the
functionality of the UPFC can be found in [13].

sending efd receiving

d

Series

en
Transformer
LACAA
Y YN Transformer

VSCl o v§C2
ﬁz - ﬁz

Fig. 1. Basic structure of the UPFC.

Shunt

The modeling of the UPFC. Figure 2 represents the
simplified model circuit of the UPFC.

r L Is

‘Fﬁfw—’
T

(Sending End) (Receiving End)

Fig. 2. Equivalent circuit of the UPFC

Applying Kirchhoff law on equivalent circuit shown
in Fig. 2, the dynamic equations of the UPFC series
branch is

J Iy, —-r/L 0 0 Iy,

Z Isb = 0 —I’/L 0 Isb +
I 0 0 —r/L I 0
1/ L 0 0 Vsa - Vca - Vra

+| 0 l/L 0 Vsb _Vcb _Vrb .

0 0 1/L|V,-

v,

cc ™

v,

rc

Using Park transformation, the equations (1) will be
written as

d | Lsa _ —r/L +o ||y N
dt [sq a - - I"/L ISL]
i I/L 0 Vsd _Vcd _Vrd
0 1L|Vs—Veg=Vn i
The modeling of the UPFC shunt branch. The

complete mathematical model of the UPFC shunt is given
similarly by the following matrix

@

| ~r,/L, 0 0 1,
E Ipb = 0 — p/Lp 0 Ipb +
1 0 0 —-r /L 1
pe p/-p pe
3)
YL, 0 0 [Viu=Veu—Vra
+ 0 l/Lp 0 Vpb_Vcb_Vrb N
0 0 YLy | Vye—VeeVie

Since the system is assumed to be a balanced one, it
can be transformed into a synchronous d-q-o frame by
applying Park’s transformation. The matrix form (3) is

given as follows
2 :||:Ipd:|
- p/ Ly [ {pq

d1pa|_|=rp/Lp
dt | 1 pg e

. l/Lp 0 WVpd=Vea =V
0 l/Lp Vg =Veqg =V
The modeling of the UPFC continues branch. For
the DC-side circuit, based on the power balance equation
in the output and input of UPFC, The net real power
exchanged by both the converters through DC side should
be zero to keep the capacitor voltage constant [14]. The

DC voltage V,. dynamics across the capacitor is given by
the following equation
dVy, 1

dt :%(Pe_})ep)v (5)

where P, — active power absorbed of the AC system

Pe = vca'i.va + Vcb'isb + Vcc'isc;
where P,, — active power injected by the shunt inverter
AC system

“

Py, = Voaripg T Vopripy + Vperlipe-
By performing Park transformation, the DC voltage
V4. dynamics across the capacitor can be described by the
following equations
dv, 1
Td(:: CVye (vl’d Apa*VpgLpg=Ved Ird ~Veq '[rq)' (©)
Control of the parallel converter. The ordinary
working principle of the parallel compensation of
STATCOM is described as follows: active power control
which means stabling the capacitor voltage of the DC
side; reactive power control which means stabling the
terminal voltage [15]. According to the system of
equations (2) the control strategy of parallel compensation
(STATCOM) is decoupling of the two current loops
control, to reduce the interaction between the active and
reactive power. The control block diagram is shown
in Fig. 3.
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Table 1
Optimal parameters of the proposed controllers

Lygrer | _
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Fig. 3. Control system of shunt part

Control of the series converter. The SSSC regulate
the active and reactive power flow on the transmission
line where the UPFC is installed by injection voltage of
which the amplitude and the phase both can be adjusted.
The control strategy of the series compensator is
decoupling of the two current loops control. The diagram
of control circuits of SSSC is given in the Fig. 4.

1 sd_ref I sd
Regulator > >
+ UPFC
Series
Isarver + Model
Regulator » >
- I sq

Fig. 4. Control system of series part

In this section, we have chosen to compare the
performances of the UPFC with two different controllers:
PI and SMC.

PI controller. This controller is simple to elaborate.
Fig. 5 shows the block diagram of the system
implemented with this controller. The terms k, and k;
represent respectively the proportional and integral gains.

!re,f + 1 I
K.+ »
Ps S+t
L
T,
de ref K K; N 2 o
S I o P
) Vl!'c

Fig. 5. System with PI controller

The regulator terms are calculated with a pole
compensation method. The time response of the
controlled system will be fixed at 7= 5 ms. This value is
sufficient for our application and a lower value might
involve transients with important overshoots. The
calculated terms are represented in Table 1.

Controller | Controller shunt Controller
series part part continues branch
K, 1z /7 C-/2
| e (2
* K; —|K — K Céo
Regulator J_A i ( p p
+ . - UPFC L Ly

It is important to specify that the pole compensation
is not the only method to calculate a PI regulator but it is
simple to elaborate with a first order transfer-function and
it is sufficient in our case to compare with other
regulators.

Sliding mode controller. Sliding mode control is
one of the effective nonlinear robust control approaches
since it provides system dynamics with an invariance
property to uncertainties once the system dynamics are
controlled in the sliding mode [16-18]. The main feature
of Sliding mode controller (SMC) is that it only needs to
drive the error to a switching surface it consists of three
parts Fig. 6.

Sliding
surface

x(to) Reaching
\ Phase
>

Sliding phase

Fig. 6. Phase portrait of sliding mode control

The switching surface choice. The design of the
control system will be demonstrated for a nonlinear
system presented in the canonical form [17]:

X = f(x,t)+ B(x,t)- V(x,t),
xeRnV e Rm,ran(B(x,t)) =m,
where flx, £), B(x, f) — two continuous and uncertain non-
linear functions, supposed limited.
We take the general equation to determine the
sliding surface proposed by J.J. Slotine [20, 21] given by

(N

n—1
S(X)z(%+/1j e e=x —x, ®)

where e — error on the signal to be adjusted; 4 — a positive
coefficient; n — system order; x* — desired signal; x — state
variable of the control signal.

Convergence condition. The convergence condition
is defined by the Lyapunov equation [14]; it makes the
surface attractive and invariant :

5-S<0. )

Control calculation. The control algorithm is

defined by the relation [17]:

yen=y yyt, (10)
where V" is the control vector, V! is the equivalent
control vector, V" is the correction factor and must be

calculated so that the stability conditions for the selected
control are satisfied

V" =Ksat(S(X)/5),
sign(S) if |S|>5;
S/s if |S]<s;

an

sat(S(X)/8)= (12)
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where sat(S(x)/0) is the proposed saturation function,
o is the boundary layer thickness.

In our study, the errors between the references and
measured /; and /, currents have been chosen as sliding
mode surfaces, so we can write the following expression

Sd:[sdiref_lsd; (13)
Sq =Lsq_ref ~Lsq-

The first order derivate of (8) gives
S:d:I'sdiref_{sd; (14)
Sq =Lsq_ref ~1sq-

Taking its derivative and replacing it in the current
I <4 and I sq eXpression (2) we get

. . r 1
Sd :[sdiref _a)lsq +Z[sd _Z(vsd ~Ved _Vrd);
(15)
. : r 1 (
Sq :Isqiref +a)[sd +Z[sq _I Vsq ~Veq ~ Vg

Replacing the expression of v, and v, in (10) by
their expressions given in (15), one obtains

. : r 1
Sd :[sdiref _w[sq +z[sd _Z(vsd _(ng +V§Z)_vrd)

(16)

. ; r 1
Sq = 1sq_ref T Olsa + 7 1sq _z("sq _(ng +Vgg)_vrq)

1, will be the component of the control vector used

to constraint the system to converge to S=0. The control

vector v/ is obtain by imposing S=0 so the equivalent
control components are given by the following relation

VA ==Ly yor + Lol gy~ oy + Vg =V an

eq _
ch - _Llsqiref _La)lsd _ﬂsq +Vsq _qu'

Using the same procedures as for part shunt we get
the following expression:

eq _ _ / _ _ .
Ved = Lplpdiref +Lpa)1pq rplpd +vpd Vid s

. (18)
vgg:—Lpl a)lpd—rl +v,, —V

pq,ref_Lp pipqg " Vpqg T Vrq-

To obtain good performances, dynamic an
commutation around the surface, the control vector is
imposed as follows [19]

v=v" + K -sign(S). (19)

The sliding mode will exist only if the following

condition is met
5-5<0. (20)

Fuzzy logic second order sliding mode controller
(FLSOSMC). The sliding mode control is a widely
studied control scheme that provides robustness to certain
disturbances and system uncertainties [7, 9] Nevertheless,
a few drawbacks arise in its practical implementation,
such as chattering phenomenon Such chattering has many
negative effects in real world applications since it may
damage the control actuator and excite the undesirable
unmodeled dynamics In order to reduce the effects of
these problems, second order sliding mode seems to be a
very attractive solution [22].

This method generalizes the essential sliding mode
idea by acting on the higher order time derivatives of the
sliding manifold, instead of influencing the first time

derivative as it is the case in SMC, therefore reducing
chattering and while preserving SMC advantages [23].

In order to ensure the active and reactive power
convergence to their reference, a second order sliding
mode control (SOSMC) is used. Considering the sliding
mode surface given by (15), the following expression can
be written:

. . r 1
Sd =Lsa_ref =®lsq+ 7 Lsa =7 (Vsa =Ved = Vra)

S.d = Yl(ta x)+ Al(t’ x)vcd’
and

1)

Sq =Lsq_ref
S, =Yyt x)+ Ay (t, x v,
where Yi(t, x), Ya(¢, x), 4:(¢, x) and A,(¢, x) — uncertain
functions which satisfy
Yl > 0, Y1|>j,1, 0<Km1 <A2 < KMI’
Y2 > 0, |Y2|>},2, O<Km2 <A2 < KMZ'

Basing on the super twisting algorithm introduced
by Levant in [24], the proposed high order sliding mode
controller contains two parts [25]

V

r 1
—olgy +Z[sq _Y(Vsq “Veq _qu)

e

Ved =V +V2 . (23)
With
v =—ky -sign(Sy);
vy =—1-|Sy|" - sign(Sy); (24)
Veg =W + W
and with

iy =k, -sign(S, )

wy =[] -sign(S,).

In order to ensure the convergence of the sliding
manifolds to zero in finite time, the gains can be chosen
as follows [25]

ki>i

mi
liz > 44; .KMi(ki"'/li);
K,%,i Kpi (ki = 7;)
0 < y< 05.

=12;

In order to improve the SOSMC of the UPFC and
more and more decrease the adverse effect caused by the
sign function, we propose in this paper to use the
(FLSOSMC).

For the proposed FLSOSMC, the universes of
discourses are first partitioned into the seven linguistic
variables NB, NM, NS, EZ, PS, PM, PB, triangular and
trapezoidal membership functions are chosen to represent
the linguistic variables for the inputs and outputs of the
controllers.

The fuzzy labels used in this study are negative big
(NB), negative medium (NM), negative small (NS), equal
zero (EZ), positive small (PS), positive medium (PM) and
positive big (PB).

These choices are described in Fig. 7.
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Input Membership function

NB

Degree of
Membership

>

10 6 4 2 0 2 4 6 -10

Output Membership function

NB NS Ejz PS PM PB

Degree of
Membership

>

10 6 4 -2 0 2 4 6 .10
Fig. 7. Fuzzy sets and its memberships functions

Simulations and results. In this section, simulations
are realized with a UPFC coupled to a 220V/50Hz grid.
The system parameters are given in Table 2. The whole
system is simulated using the Matlab/Simulink software.

e e ——— e
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Table 2
The parameters of the laboratory UPFC model

Parameter name Symbol | Value | Unit
Network voltage V. 220 | V
Voltage of the receiver Vs 220 | V
DC voltage Ve 280 | V
Network frequency f 50 |HZ
The capacity of the common circuit DC C 2 | mF
Inductance 1 L 1.125 | mH
Resistance 1 r 100 | Q
Inductance 2 L, 1.125 | mH
Resistance 2 7 100 | Q

In the objective to evaluate the performances of the
controllers, three categories of tests have been realized:
pursuit test, sensitivity to introducing perturbation and
robustness facing variation of the reactance XL.

Pursuit test. This test has for goal the study of the
three controllers (PI, SMC and FLSOSMC) behavior in
reference tracking. The simulation results are presented in
Fig. 8. As it’s shown by this figure, for the 3 controllers,
the active and reactive power track almost perfectly their
references but with an important response time for the PI
controller compared to the SMC and FLSOSMC. Therefore
it can be considered that the two types of sliding mode
controllers have a very good performance for this test.

1500

I
1000 | it

~ 500 _
©
b
o]
3
a8 0 -
()
=
&
[9)
II -500 | T T -
| | |
| | |
| Qs-reference
-1000 - - ; ‘ - = Qs-PI H
‘ ‘ Qs-SMC
} } Qs-FLSOSMC
_1500 1 | | |
0 0.2 0.4 0.6 0.8 1

Current Ids (A)

Ids-SMC M

Ids-FLSOSMC

2 ‘ ‘ ; ;

0 0.2 0.4 0.6 0.8 1
Time (s)

Fig. 8. Reference tracking test
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Robustness. We tested the robustness of the used
controllers for a variation of the reactance XL. The results
presented in Fig. 9 show that reactance variation presents
a clear effect on the active and reactive powers of the two

1500

1000

|
|
|
500 ! |
|
s 1
O | —
6 |
; |
[e] |
o |
2 500 ; _
o |
< |
|
|
-1000 ! : -
Ps-reference | l
1500 Ps-PI | ‘
el Ps-SMC I Tpm——"—
Ps-FLSOSMC | |
2000 l l l l
0 0.2 0.4 0.6 0.8 1

Time (s)

used controllers and that the effect appears more
significant for PI controller than that with the SMC and
FLSOSMC. Thus it can be concluded that these last are
robust against this parameter variation.

1500

1000

— 500 N
i
2
[
=
8 0 _
[
=
I3
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[
x _504 _

Qs-reference
-1000 --| — Qs-PI -
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-1500 : :
0 0.4 0.6 0.8 1

Time (s)

Fig. 9. Sensitivity to the reactance variation (XL —30 %)

Sensitivity to a sub-voltage perturbation. The aim
of this test is to analyze the influence of a sub-voltage
perturbation (+50 %) in the time interval ¢+ = 0.6 s and
t = 0.62 s on active and reactive powers for the
3 controllers. The simulation results are shown in Fig. 10.
This figure expresses that the introducing perturbation

2000 i i i i
| | | |
| |
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- k |
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i
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-2000 : : ‘ ‘
0 0.2 0.4 0.6 0.8 1

Time (s)

produced a slight effect on the power curves with PI
controller. While the effects are almost negligible for the
system with the two other controllers. This result is
attractive for UPFC applications to ensure stability and
quality of the active and reactive powers when the voltage
is varying.

1500

w1

— 500 ,,,,,, S $r_ _ _ _ _ _ I— — =
5 : |
% | |
| |
% | |
o OF----- Rl Bl - - —
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0 0.2 0.4 0.6 0.8 1

Time (s)

Fig. 10. Sensitivity to sub-voltage perturbation (+50 %)

Conclusion. A robust control method based on
variable structure technique of a UPFC has been
presented in this paper. Simulation results verified the
effectiveness of the control strategy that allows
independent control and decoupled active and reactive

power of these devices by minimizing the interaction
effect between these powers. The Fuzzy logic second
order sliding mode controller controller ensures a perfect
decoupling between the two axes comparatively to the PI
one where the coupling effect between them is very clear.
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Results comparison between conventional PI Controller
and the proposed Fuzzy logic second order sliding mode
controller based controller for UPFC indicates that the
proposed Fuzzy logic second order sliding mode
controller based controller has less steeling time and less
overshoot and compared with the conventional
Proportional-Integral Controller.

Basing on all these results the UPFC device, can
adjust the distribution the system power flow among the
transmission line quickly and smoothly, and have no
significant impact to other operating parameters of the
system.
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UNBALANCED LOAD FLOW WITH HYBRID WAVELET TRANSFORM AND
SUPPORT VECTOR MACHINE BASED ERROR-CORRECTING OUTPUT CODES FOR
POWER QUALITY DISTURBANCES CLASSIFICATION INCLUDING WIND ENERGY

Purpose. The most common methods to design a multiclass classification consist to determine a set of binary classifiers and to
combine them. In this paper support vector machine with Error-Correcting Output Codes (ECOC-SVM) classifier is proposed to
classify and characterize the power quality disturbances such as harmonic distortion, voltage sag, and voltage swell include wind
farms generator in power transmission systems. Firstly three phases unbalanced load flow analysis is executed to calculate
difference electric network characteristics, levels of voltage, active and reactive power. After, discrete wavelet transform is
combined with the probabilistic ECOC-SVM model to construct the classifier. Finally, the ECOC-SVM classifies and identifies
the disturbance type according to the energy deviation of the discrete wavelet transform. The proposed method gives satisfactory
accuracy with 99.2% compared with well known methods and shows that each power quality disturbances has specific deviations
firom the pure sinusoidal waveform, this is good at recognizing and specifies the type of disturbance generated from the wind
Ppower generator. References 22, tables 8, figures 9.

Key words: unbalanced load flow, wavelet transform (WT), support vector machines (SVM), power quality disturbance,
wavelet energy.

Leny. Haubonee pacnpocmpanennsle Memoobl ROCMPOECHUA MYTbIMUKAACCOGOU KNACCUDUKAYUU 3aKIIOUAIOMCA 8 Onpedesienuu
Habopa 06oUYHBIX Kaaccuuxkamopoe u ux o6veounenuu. B Ooannoii cmamove npeonoxicenHa Mauiuna ONOPHLIX 6€KMOPO8 C
Knaccugukamopom 6vIxo0uvIx k0006 ucnpaenenusa ownooxk (ECOC-SVM) ¢ yenvio knaccuguyuposame u xapaxmepusoeamso
makue HapyuwieHUs Kavyecmea 3JIeKMpPOIHEPIUU, KAK 2aAPMOHUYECKUE UCKANCCHUA, NAOeHUEe HANPANCEHUA U CKAYOK
HARpPAJCEHUA, GKNIOUAA 2eHEPamop GempoGvIX INEKMPOCMAHUUL 6 cucmemax nepedauu nekmpodrnepeuu. Crauana
GLINOIHACMCA AHAU3 NOMOKA HEeCUMMEmPUYHON HAzPy3Ku mpex a3 0nsa pacuema pazHOCHMHBLIX XAPAKMEPUCHMUK
INEKMPUYEcKoil cemu, ypoeHeil HANPANCEHUs, AKMUGHOU u peakmugnoii mownocmu. Ilocne ymozo Oouckpemnoe egeiignem-
npeobpazosanue o00veounsemcsa ¢ eepoamuocmuoi mooeavto ECOC-SVM ona nocmpoenus knaccuguxamopa. Haroneu,
ECOC-SVM knaccugpuyupyem u udenmuuyupyem mun 603IMYW|CHUsA 6 COOMGENICEUU ¢ OMKIOHEHUeM IHepeuuU
oucKkpemnozo geiignem-npeoopazoeanus. Ilpeonosrcennviit memoo oaem yooenemeopumenvuyio mounocms 99,2% no
CPAGHEHUIO C XOPOWIO U36ECHIHbIMU MEMOOaMU U NOKA3bleAeN, YMo Kajcooe HapyweHue Kauecmea 31eKmpoInepzun umeem
onpeodenennvie OMKIOHEHUA OM YUCHO CUHYCOUOANLHOU (OPMBL 6ONIHBL, UMO CROCOOCIMEYem PACNO3HAGAHUIO U ONPeeeHUI0
muna 03MyuieHUsA, 2EHEPUPYEMO20 8eMPOBLIM 2eHepamopom. bubn. 22, tabm. 8, puc. 9.

Kniouesvie crnoea: HecOaIaHCHPOBAHHBIN NMOTOK HArpy3KH, BeiiBier-npeoOpazoBanue (WT), MalIuHbI ONOPHBIX BEKTOPOB

(SVM), HapyuieHHe KayecTBa JJIeKTPOIHEPIrHH, JHepPIrus BeiiBiera.

Introduction. The quality of energy has become an
important issue for electric users and their customers.
With the rapid increase of wind energy, this quality can
be easily disturbed by the distortion in the supply of the
electric power network that can lead to high costs and
create many problems.

Problem statement and definition. To improve and
ensure the quality of the electrical energy, the
disturbances must be detected and if possible the
detection must be close to the source of these
disturbances. Several criteria can set the quality of energy
which includes the voltage waveform, harmonics, inter
harmonics, transient voltage, frequency voltage,
frequency stability, voltage fluctuations (flicker)...etc [1].
To improve the power quality in [2] found that the load
flow analysis is an important part and essential step for
any power system network computation and it has always
been useful by many power system engineers in this
domain. Furthermore, they propose a novel approach
using a 25 IEEE bus test system to solve the reorder of the
unbalanced distribution network including optimal
distribution network including optimal location of
dispersed production units. By the comparison with other
results obtained before, the results of this new technique
are better to reduce losses and improve the PQ
characteristics in distribution network level. With a same
way, In [3] a modification has been done for the CPC
power theory to four-wire unbalanced power, for

objective to gives the smallest possible line losses in the
same transferred of the active power to the load in non
symmetrical and unbalanced distribute voltage. For this
reason a load flow is an important analysis tool to
improve the PQ [4].

On the other hand, the wavelet transform has an
important part in power system, and the development of
this tool allowed many scientists to operate in various
domains among them power quality. First applied of
wavelets transform in power system by Ribeiro and
Robertson in 1994 [5, 6]. From this year till now the
number of publications in this domain has increased and
the most popular wavelet analysis in power systems are
used and applied for amelioration of power quality.

Overview of the most well-known evolutionary
classifier on the topic. In the literature various methods
based on wavelet transform (WT), fuzzy logic, neural
network (NN), support vector machine (SVM), particle
swarm optimization (PSO) and genetic algorithm (GA)
have been proposed and implemented for PQD
identification and classification.

In [7] present a combination of binary classifiers
method, the proposed PQD classifier is based on WT and
SVM, this method uses a one-vs-one multiclass SVM
(four SVM nodes) each node is contain one event and
trained individually allowing them to be parallelized. In
general, the results display a good performance and the
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PQ events can be detected. A novel method of automatic
classification of hybrid or single PQD is proposed by [1],
this proposed algorithm depend of the Discrete Wavelet
Transform (DWT) and Probabilistic NN based Artificial
Bee Colony (PNN-ABC) optimal feature selection of
PQD, the DWT utilized for the feature extraction of the
disturbances and the PNN is applied as an operative and
dynamic classifier for the classification of the PQD. After
the results, they found that the proposed algorithm is a
significantly upper technique forcharacterize and
identifying the single and various PQD. On the other
hand, [8] are presents a new approach consisting linear
Kalman filter and fuzzy-xpert system for identification
and classification of voltage and current disturbances in
power systems. Linear Kalman filter together with DWT
is used to extract the parameters and these parameters are
the inputs to fuzzy-xpert system that uses to identify the
class of the PQD. A new method to classify and detect
PQD in power system based fuzzy logic (FL) and neural
networks basis radial function (RBFNN) are suggested in
[9], RBFNN used the feature extracted by wavelet as
inputs to generate membership function in FL and
features to collect various events using FL detection and
classification. The comparison showed that the
classification accuracy of the fuzzy logic is improved just
by the help of PSO, more details in [10]. Other techniques
based on fuzzy and WT have been presented in [10, 11].
In [12] is presented another methodology that uses a
maximal overlap discrete wavelet transform (MODWT)
technique to recognition and locating of different PQD,
the coefficients extracted from MODWT used like input
for the classifiers. The obtained results show that the
Decision Tree (DT) provides better classification
accuracy than the SVM at every case with and without
noise. Otherwise, the selection tree is working
satisfactorily ~ with  synthesized or real signals.
Probabilistic neural network (PNN) has been used in [13]
as a function approximation tool for PQD classification
and genetic algorithm (GA) is used to optimize the PNN
parameter and the results demonstrate that the method is
more accurate than the other methods presented. Another
method has been presented in [14], S-transform with
double-resolution (DRST) combined with directed acyclic
graph based on support vector machines (DAG-SVMs).
First, DRST are used for an effective feature extraction
from power signals. Then, the DAG-SVMs classify and
predict the PQD. Obtained results of this proposed show
that the automatic classification algorithm is powerful and
has the ability to distinguish and to detect different power
quality phenomena classes easily. In [15] is displayed a
performance enhancement scheme for the recently
developed extreme learning machine (ELM) for
classifying PQD wusing particle swarm optimization
(PSO), the results indicated that the proposed algorithm
faster and more accurate in discriminating PQD, and
overall accuracy was 97.6 %. Other methods based on
SVM and WT have been presented in [7, 16], wavelet and
neural network [1, 17].

Generally, each research has a different strategy and
this is good for providing information and to predict the
classes of PQD and each method has its negatives and
positives, also the significance of the importance of

unbalanced load flow analysis is needed for more
information and good contribution and to generalize all
PQD especially in transmission network to reduce power
losses and to improve the PQ characteristics for electric
users and their customers.

The goal of the paper is to overcome the
advantages we propose in this paper a recognized method
based unbalanced load flow to extract and calculate
difference system data such as voltage, reactive and active
power. After, this data are used to calculate the energy
deviation of the waveform signal using the discrete
wavelet transform, in which the support vector machines
with  Error-Correcting Output Codes (ECOC-SVM)
locates the importance values including to classify some
kinds of power quality disturbances produced from the
wind energy.

Wavelet transform. Discrete wavelet transform
(DWT) is an implementation using a discrete set of scales
and wavelet translations obeying certain rules. With

a=ay and b=nbyay , where ay > 1, by > 0, and m, n
are integers
+00
DWT = (m,n)= Ix(t)y*(t)dt , )
—00
where «m» scale and «n» shift (translation)
ﬂ
Vet lninfat) o
In other words, this technique decompose the signal
into a set of mutually orthogonal wavelets, which is the
major difference with continuous wavelet transform.
Energy of signal. The energy of the disturbed signal
will divided into different resolution levels by different
ways depending on the power quality events at hand. So,
the standard deviation at different resolution levels of the
decomposed signal (Equations (1) and (2)) and MRA is
proposed in this technique as feature to classify different
power quality problems. The energy used in our study in
equations (3), is the vector containing the percentages of
energy corresponding to the details at different resolution

levels, given by
C
Ed(K):—Z( ZKz)z

where C is the vector contains the wavelet decomposition
and C, is the vector contains the detail coefficients at
level k, using the DWT.

All of the waveforms in this paper are simulated in
MATLAB Simulink with IEEE 9 Bus system [18]. We
generated pure sine wave (frequency 60 Hz and the
amplitude in p.u).

Proposed method. The block diagram in Fig. 1
demonstrate the proposed method. Where the Support
Vector Machine (SVM) with Error-Correcting Output
Codes (ECOC) classifier is proposed to classify and
characterize the power quality disturbances such as
voltage sag, voltage swell and harmonic distortion, which
are possible to be produced from the wind energy.

100, 3)

ISSN 2074-272X. Enexmpomexnika i Enexmpomexanixa. 2019. Ne6 63



= " Three phase
Start and simulate Unbalanced load
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PQD Classification Train the SVM I
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Fig. 1. Block diagram representing the simulation steps

Firstly, 3 phases unbalanced load flow analysis is
executed to calculate different electric network
characteristics, levels of voltage, active and reactive power.
After, a wavelet transform is applied to decompose the
signal by DWT. Using the equation (3), we calculate the
energy of the decomposed signal. Finally, the ECOC-SVM

Bus B

SRS

Bus2 ™

classifies and identifies the disturbance type according to
the energy deviation of the DWT.

Applications and results. Possible causes of the
voltage sag include short circuit faults, electric motors
starting, turning on of heavy equipment, capacitor
switching, etc. Sag can occur on multiple-phase or on a
single phase, and are often accompanied by voltage swells
on other healthy phases. Where, the harmonic currents
produced by some nonlinear loads on the system, such as
adjustable speed drives, arc furnace loads, computers,
copiers, etc. The wind power generator has a possibility to
generate all this kinds of disturbances. By this way, we
have generated different power quality problems using the
IEEE 9 Bus model (Fig. 2).

Fig. 2. IEEE 9 bus system network

In this study, sag and swell voltages caused by a
short circuit fault at bus 6 and the rectifiers (diode) are
used in our study as source of harmonics on the network
at the same bus with 90 % power factor (cos6 = 0.9) in
Bus 6, take in consideration the main characteristics of
event in power system [19].

Unbalanced Load Flow Results. Load flow
analysis is an important part and essential step for any
power system network computation and it has always
been useful by many power system engineers in this
domain to improve the power quality and to reduce the
power losses. Most methods use a balanced load flow
(single or simple phase), this gives low information
quantity, especially in three phase system in transmission
or distributed network. For this reason, unbalanced load
flow is needed to extract a maximum of information in

each phase. Table 1, 2 and Fig. 3 presents 3 phase
unbalanced load flow results.

Phaze A
e NG

+—Fall
+—Hamonics |

Valage (F.u)

Watage (P u)

$44

1 1 1 1 ki ]
: 5 n 5 & s 4 5
Bus

Fig. 3. Voltage profile of the three phase load flow results
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Table 1 represents the phase magnitude voltage,
angle, active and reactive powers in each generator bus and
Table 2 represent the load buses. It can be seen the non-
symmetrical values in some buses, especially in case of the
manager's fault (phase C), where Fig. 3 shows in detail the
voltage profile and the minimum voltage found in case 4
(harmonics + fault), especially in phase C at bus 6 and its
observed also near to this bus. Furthermore, in the
harmonic disturbance results, there is a difference between
all buses, this is due to the location of the harmonic source
(bus 6) and the total distortion harmonic (THD) in each bus
when THD in bus 1 was 1.16 % in bus 6 30.29 % and 21.3
% in bus 5, The same thing for the other disturbances.

DWT Results. The appropriate select of the mother
wavelet perform an important part in detecting, localizing
and analysing different kinds of signal variations, the
choice relies on the nature of the application. For
detection of low amplitude, short duration, fast decaying
and oscillating type of signals, the most popular wavelets
are Daubechies and Symlets families (db2, db3 and sym2,
sym3... etc). Wavelet Daubechies «db4» is used to
execute the DWT with 11 decomposition levels.

Figure 4 shows the distorted energy distribution at
each level, we could not actually recognize the features.
High and low frequency disturbance come in 5th, 6th and
9th level. The results showed that the sag energy
deviation levels are less than the pure energy deviation
levels, and minimum values concentrates between 6th and
9th levels. Contrary to the value of energy in voltage
swell is more than the pure signal, also the voltage swell
has the maximum energy deviation at level 8. These
figures have been tested and proved using the IEEE 9-bus
network (Fig. 2).

Sag disturbance

e 22 g0 |[—Pure signal
o 340 lI- = ~Voltage Sag /
22 2
2 )

O]

T2 3 4 5 s 7 8 9 w©on T 5 7 e o 0 1
Decomposition levels Decomposition levels
Swell disturbance

o 80 o 80 P
= = ®[|——Pure signal \
@ o
) 3% |- - ~Voltage Swell
So S
2 g
) S= /
- =
T s« s s 7 e

K

12 3 4 5 & 7 8 o W n 1
Decomposition levels Decomposition levels

Harmonics
[—Pure signal A
10|~ = ~Harmonics A\
E VA
2 s 4 s

vz 3 4 s 8 7 8 v W m 1 s 7 & v 1w om
Decomposition levels Decomposition levels

Fig. 4. Distortion energy distribution in each level

Table 1
Unbalanced load flow results for the Generators Buses
Phase A Phase B Phase C Total
Voltage Power Voltage Power Voltage Power Voltage Power

pu |angle| MW |Mvar| pu | angle | MW | Mvar | pu | angle | MW |Mvar| p.u |angle| MW | Mvar

Normal (pure) | 1.04 | 0 | 274 |-0.67| 1.04 | -120 | 274 | -0.67 | 1.04 | 120 | 274 |-0.67| 1.04 0 |8221|-2.02

BUS 1 Harmonics 1.04 | 0 |2589|2.04|1.04 | —120 [25.89| 2.04 | 1.04 | 120 | 25.89 | 2.04 | 1.04 0 |77.67| 6.13
Fault (phase C) | 1.04 | 0 |25.72| 3.87 | 1.04 | —120 [31.33|-15.15| 1.04 | 120 |106.98|31.07| 1.04 0 [164.04| 19.80
Harm + Fault | 1.04 | 0 | 8.85| 881 | 1.04 | —120 |12.92|-18.22| 1.04 | 120 |106.74|47.96| 1.04 0 [128.51| 38.57

Normal (pure) |1.025| 9.54 |54.32|-2.36|1.025|—110.46 |54.32| —2.36 [1.025|129.54| 54.32 |-2.36| 1.025 | 9.54 |162.97 | —7.07
Harmonics  |1.025] 9.96 |54.33|—1.54|1.025|-110.04 | 54.33| —1.54 |1.025|129.96 | 54.33 |-1.54| 1.025 | 9.96 | 163 | —4.63

BUS 2 Fault (phase C) | 1.025|14.26|54.33 | 0.53 | 1.025| —114.3 |54.33| —2.4 |1.025|113.85| 54.33 | 6.30 | 1.141 | 4.61 | 163 | 4.44
Harm + Fault |1.025|19.15|54.33|-4.82(1.025|-111.17|54.33| —9.57 | 1.025|114.46| 54.33 | 2.58 |1.0091| 7.49 | 163 |-11.81

Normal (pure) |1.025] 2.74 | 28.3 | 7.61 | 1.025|-117.26| 28.3 | 7.61 |1.025|122.74| 283 | 7.61 | 1.025 | 2.74 | 84.90 | 22.83

BUS 3 Harmonics  |1.025] 3.16 |28.33| 9.14 |1.025|-116.54|28.33| 9.14 |1.025|123.46| 28.33 | 9.14 | 1.025 | 3.46 | 85 | 27.42
Fault (phase C) [1.025] 9.93 |28.33| 2.43 |1.025|-122.03 |28.33| 20.59 |1.025|101.67 | 28.33 |38.26|1.0042|-3.46| 85 | 61.28
Harm + Fault |1.025]15.32|28.33|-3.53|1.025|-118.58|28.33| 20.94 |1.025|100.97 | 28.32 |51.27|0.9942|-0.73 | 84.99 | 68.69
Table 2

Unbalanced load flow for the Load Buses
Phase A Phase B Phase C Total
Voltage Power Voltage Power Voltage Power Voltage Power

pu |angle| MW |Mvar| p.u angle | MW |Mvar| p.u | angle | MW |[Mvar| pu | angle | MW |Mvar

Normal (pure) |0.9777 |-3.66|41.63[16.58|0.9777 | —123.66 |41.63|16.580.9777|116.34 |41.63|16.58|0.9777 | —3.66 | 124.89 (49.75
Harmonics | 0.9748 |-3.44|41.67|16.67|0.9748 |—-123.44 |41.67|16.67|0.9748 | 116.56|41.67|16.67|0.9748 | -3.44 | 125 50

Bus3 Fault (phase C) |0.9713|-1.85|41.67|16.67|0.9957 | —125.56 | 41.67 | 16.67|0.9093 | 104.58 | 41.67|16.67|0.9541 | -7.42 | 125 50
Harm + Fault | 1.0103| 2.33 [41.67|16.67|1.0495| —122.4 |41.67|16.67|0.9413|105.86|41.67|16.67|0.9933 | —-4.48 | 125 50
Normal (pure) |0.9879(—4.73(29.88| 9.93 |0.9879|—124.73 |29.88| 9.93 |0.9879|115.27|29.88| 9.93 |0.9879 | —4.73 | 89.64 (29.78
Harmonics |0.9789|-3.86(28.47| 13.8 |0.9789|-123.86 |28.47 | 13.8 |0.9789|116.14|28.47| 13.8 |0.9789| -3.86 | 85.4 |41.4

pUs e Fault (phase C) | 1.0646 |-0.74| 30 10 {0.9382|-124.77| 30 10 |0.7239| 86.77 | 30 10 |0.8835[-10.62| 90 30
Harm + Fault | 1.0933| 2.09 [28.47| 13.8 |0.9448|-119.96 |28.46| 13.8 | 0.5869| 80.18 |28.45| 13.8 | 0.8369 | —7.67 | 85.38 |41.39
Normal (pure) |0.9661 |—1.72(33.42|11.65|0.9661 | —121.72 {33.42|11.65|0.9661 | 118.28 |33.42 | 11.65|0.9661 | —1.72 | 100.25 |34.94
Harmonics | 0.9651| —1.1 [33.33|11.67/0.9651 | —121.1 |33.33|11.67/0.9651 | 118.9 |33.33|11.67|0.9651 | —1.1 100 | 35

BuSs Fault (phase C) | 0.9788 | 4.54 |33.33|11.67|0.9475| —126.1 |33.33|11.67|0.9023 | 99.21 {33.33|11.67|0.9276| —7.09 | 100 | 35
Harm + Fault |0.9984|10.31(33.33|11.67/0.9572|-122.34|33.33|11.67|0.8940| 99.2 |33.33|11.67|0.9273| -3.54 | 100 | 35
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Using the proposed rules extracted from MRA
technique at different levels with MRA curve the
recognizing waveform problem becomes more easily and
we can localize and detect and also classify several PQ
events. When sag occurs, the 8th level also when the
signal suffers harmonic distortion the 5th and 6th levels
show noticeable variations, and this is clear in Fig. 5.

The percentages of energy depend on many factors,
value of the disturbance, the duration, the location of this
disturbance (in which bus) also the parameter of the
network system as lines, load, voltage source...etc.

However, to preserve the complete information Std-
MRA curve values of all levels of MRA are considered as
an input to SVM to classify the power quality events.

T T
—Voltage Swell
Swell and I - - ~Puresignal
Sag zone Voltage Sag
I —Harmonics [
1
Fal
>
2
1]
cak
w Y
High and low
frequency zone
(Harmonics)

becomposition levels
Fig. 5. Families of energy deviation curve for different PQD

Support Vector Machine results. A Support
Vector Machine (SVM) is a special classifier formally
and known by a separating hyperplane. In the other
words, given name as training data (supervised or control
learning), the algorithm outputs an optimal hyperplane
which classify new examples (Fig. 6). For that reason our
objective should be to obtain the line passing as far as
possible from all points. Then, the process of the SVM
algorithm is based on locate the optimal hyperplane that
determinate the largest distance between the two class to
the training examples. In this case, the classification
becomes very dynamic and more precise. Different kernel
functions are used and applied in the literature. The
Gaussian kernel (Equation (4)) is an example of radial
basis function kernel which gives the best results is
selected [20]

- oA

klx,y)=exp| ———|. 4
(x,7)=exp 3 C)
The adjustable parameter o represent a significant
role in the behavior of kernel, and should be carefully
adjust to the problem at hand. If overestimated, the
exponential will behave almost linearly and the higher-
dimensional projection and forecast will start to lose its
non-linear capacity. In the other hand, if underestimated
the function will miss regularization and the decision limit

will be highly sensitive to unrest in training data.
Two-Class Support Vector Machine. From the
simulated signals, DWT is applied to the signals
waveforms. After, the energy of the decomposition levels

obtained using the DWT are used for SVM. The basic
idea of SVM is to plan the training data from the input
area into a higher dimensional feature space through
Gaussian kernel function. By this away, space optimal
hyper plane is specified and determined to maximize the
generalization ability of the classifier. Before the training
process, input data are normalized and divided into 500
sets for training and 300 sets for test. A structure of the
support vector machines consists of 2 or 3 inputs (Energy
level), for example [Ed6 — Ed8] or [Ed6 — Ed8— Ed9] as
illustrated in Table 3. The output variables of the support
vector machines are designated as value range from 1 to
6, which corresponds to the different power quality
problems:

A: «1» corresponds to Voltage swell;

B: «2» corresponds to Voltage sag;

C: «3» corresponds to Harmonic;

D: «4» corresponds to Voltage swell + Harmonic;

E: «5» corresponds to Voltage sag + Harmonic;

F: «6» corresponds to pure (without problems).

We have 5 Two-Class SVM models are used and
each model contains 2 types of the power quality
problems (Table 3). For each SVM model, the adjusted
parameters out-of sample classification error are
investigated as the most appropriate parameters so that the
obtained output is only specified or determined the effect
of choice or with energy level are good for the training of
the SVM and also for the classification. After the training
process, case studies are varied so that the decision
algorithm capability can be verified. The total numbers of
the case studies are 300.

BVM twio classes
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Fig. 6. Classification by two-class SVM between Voltage swell
and Voltage swell + Harmonic

Table 3
Out-of sample classification error for two-class SVM
l\/?(ZiI:Ils Ed6 & Ed9 | Ed8 & Ed6 | Ed8 & Ed9 Ed6]<§chgd8&
A&B 0% 2% 2% 0%
B&C 0% 0% 0% 0%
C&E 27 % 7% 10 % 0%
C&D 16 % 13% 21 % 9%
D&E 12 % 3% 5% 0%
Average 12 % 5% 7.6 % 1.8 %
Multi-Class SVM (ECOC-SVM). The most

common framework or methods already used Kernel
functions. Well known classic SVM was developed for
binary classification, if a multi class classifier is needed
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such as the case of PQD classification, particularly where
the signals include more than one disturbance or more
problems, in this situation the SVM needs to be achieved
in several steps. The natural extension is to combine
various binary classifiers to response and to comply a
binary decision tree. Error-Correcting Output Codes
(ECOC) represent a effective structure to handling with
these kinds of problems. However, the performance is
influenced by the size and degree of the problem. In
addition, for the particular case analyzed in this paper,
multi ECOC technique or Fit multiclass models for
support vector machines (fitcecoc) are used [21]. Multi
ECOC technique is based on a reduction of multiclass
classification problems to a set and combination of binary
SVM where certain decoding scheme and coding design
are used for the prediction of classification results
according to binary SVM predictions (Fig. 7):

- max objective evaluations of 30 reached;

- total function evaluations: 30;

- total elapsed time: 50.6946 sec;

- total objective function evaluation time: 8.1846.
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Fig. 7. Min objective vs Number of function evaluations
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Fig. 9. Frequency, current and voltage waveform at bus 3

In this part we will divide the signal produced from
the wind generator at bus 3 into 3 parts (0-0.5 s, 0.5-1 s,
1-5 s), and we will try to detect the different perturbation
on this signal using ECOC-SVM classifier. Table 5 shows
the classification results.
Table 5
PQD classification generated by the wind generator
using Ecoc-SVM classifier

[0-0.5s] | [0.5-1s] | [1.5-4.55]
PQD class D E F

SIGNAL PART

Comparing performance with other classifiers.
Tables 6 and 7 demonstrate the ability of the proposed
method to identify and classify PQD with very high
accuracies averaging to 99.2 %.

Table 6
Percentage of classification by ECOC-SVM

Table 4 d oth .. lassifi
Out-of sample classification error for ECOC-SVM and other existing classifiers
Ed 8 & | Ed 6 & Ed | All Energy levels Type of power | ST with | S-transformand | Proposed
Ed6 | 8&Ed 10 (Ed1-Ed11) quality problem |CFDT [22]| DAG-SVMs [14] | ECOC-SVM

P A 98.66 % 98.5 % 100 %

Out-of sample classification 10.8 % 10 % 329 ° 0 °
error ECOC-SVM B 97.33 % 99 % 100 %

C 100 % 99.5 % 98 %

Wind turbine simulation and results. In this D 98 % 97 % 98 %
section, reconﬁguratlor} of the transmission network in thp E B 995 % 100 %

presence of power wind generator. As we know, this . . ;
reconfiguration can disturb the network parameters and Average 98.49 % B.7% 99.2%

create some PQD (Harmonics and voltage perturbation), Table 7

as seen in Fig. 9, by replacing the generator in bus 3 by a
wind farm power generation and keeping the same power
generation 85 MW (figure 2).

Figures 8 and 9 represent the simulation results,
where Fig. 8 represent the mechanical power of the
turbine and the speed of the asynchronous machine. On
the other hand, Fig. 9 present the frequency, current and
voltage waveform at bus 3 and table 8 represent the 3
phase load flow results with and without wind energy.

Classification accuracy rate of the proposed method compared
with other methods

Method Classification
Proposed method (ECOC-SVM) 99.20 %
Neural network with DWT and fuzzy logic [10]| 98.17 %
Wavelet and fuzzy logic [11] 98.02 %
Wavelet and SVM [7] 93.43 %
PSO-ELM [15] 97.60 %
Fast Dyadic ST with CFDT [22] 98.66 %
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The performance and the efficiency of the proposed
method and algorithm is also compared with other
existing classifiers, including wavelet transform and
neural network, wavelet transform and neural fuzzy,
wavelet and SVM. The most common methods to design
multiclass classification is to determine a series of binary
classifiers and to combine or collect them [14-16]. This

work represents an effective framework to compact with
these types of problems.

The results showed significant performance by
different device and strategy of new problem dependent
designs based on the ternary ECOC-SVM with out-of
sample classification error are relatively low with 3.2 %
(Table 4).

Table 8
Load flow results with and without wind energy in some buses
Phase A Phase B Phase C Total
Voltage Power Voltage Power Voltage Power Voltage \ Power
pu |angle| MW [Mvar| p.u angle | MW |Mvar| p.u | angle | MW |Mvar| p.u |angle| MW | Mvar
Without wind | 1.025 | 2.74 | 28.3 | 7.61 | 1.025 |-117.26 | 28.3 | 7.61 | 1.025 | 122.74| 28.3 | 7.61 | 1.025 | 2.74 | 84.90 | 22.83
BUS 3
With wind 1.02 | 1.11 |28.33| 5.14 | 1.02 | —116.1 [28.33| 5.14 | 1.02 | 123.5 |28.33| 5.14 | 1.02 | 1.15 85 15.42
Without wind | 0.9661 |—1.72|33.42 | 11.65|0.9661 | —121.72 {33.42|11.65|0.9661 | 118.28 |33.42|11.65|0.9661 |—1.72 | 100.25 | 34.94
BUS 8
With wind 0.9555| 2.1 [33.99]10.41{0.9555| —117.9 {33.99|10.41|0.9555{121.9633.99|10.41|0.9555| 1.88 | 101.97| 31.23
Without wind | 0.9879 |—4.7329.88| 9.93 |0.9879 | -124.73 |29.88| 9.93 | 0.9879 | 115.27|29.88| 9.93 {0.9879 |4.73 | 89.64 | 29.78
BUS 6
With wind | 0.9620 | 3.27 {29.77| 8.96 |0.9620 | —-115.84 |29.77 | 8.96 |0.9620|122.90(29.77| 8.96 | 0.9620 | 3.52 | 89.33 | 29.6
Conclusion. distribution systems. Advances in Electrical and Computer

The paper introduces the application and the
implementation of wavelet transform and multiresolution
analysis signal decomposition as a powerful analysis tool
in power system, the property of this wavelet demonstrate
the capacity of this technique to extract significant
information from the analyzed distorted signal. This
information is partitioned into different zones where each
zone can be used to observe and classify power quality
problems. The results show clearly that the precision of
the combination of discrete wavelet transform and support
vector machines algorithm is highly acceptable as shown
in previous tables. In the other hand, the proposed method
is able to recognize and classify different power
disturbance types efficiently with 99.2 % compared with
well known methods. The further work will be the
improvement of the algorithm by taking in consideration
the real signals for the development of the practical
protection system, it can also help in finding and locating
the source and the cause of disturbance.
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CONSTRUCTIVE SOLUTION OF HIGHLY EFFECTIVE PHOTOENERGY MODULE:
DEVELOPMENT AND EXPERIMENTAL TESTING

Based on experimental study and computer modeling of working temperature influence on the efficiency of Chinese production
silicon solar cells identified temperature dependence of efficiency shows the feasibility of using Chinese production Si-SC in the
construction of photovoltaic thermal system, which together with the heat pump is part of a combined system for hot water supply,
heating and air conditioning. Based on a detailed analysis of the working temperature influence on the efficiency of photovoltaic
processes that determine the solar cells work, it has been developed the optimal construction and technological solution of hybrid
solar generated module, the main feature of which is the heat exchange block, designed to reduce the solar cells working
temperature. The experimental testing of hybrid modules samples equipped with developed cooling system, high-voltage part of
power take-off system demonstrates their reliability and high efficiency which allow to achieve the such module efficiency up to
18.5 %. References 19, tables 1, figures 8.

Keywords: silicon solar cells, working temperature, efficiency dependence, diode and output parameters, cooling system, solar
irradiation concentration, hybrid solar generating module.

Ha ocnoge IKcnepumenmanbHoz0 UCCIe006AHUA 6 KOMRIEKCe ¢ KOMRBIOMEPHLIM MOOEIUPOGaHuem 6IUAHUA paboyei
memnepamypol Ha  IPHEKMUBHOCIb KPEMHUEEIX COJHEUHBIX INIEMEHMO6 KUMAIICKO20 NPOU3BOOCHEA  6blAGIeHA
memnepamypuaa 3agucumocms ux Ipgpexmusnocmu. Temnepamypnas 3asucumocmsv noOKa3zvléaem uenecooopasHocms
UCHONB306ANUA CONHEUHBIX INIEMEHNO06 KUMAIICKO20 RPOU3600CmEa 6 cocmase (homodneKmpuuecKkoil menniogoil cucmembol,
Komopasa emecme ¢ MeNN06bIM HACOCOM AGNAEMCA HACHIbI0 KOMOUHUPOGAHHOUW CUCHEMbL 20pAYEZ0 6000CHADICEHUS,
omonnenua u KoHOuuyuonupoeanus 6o030yxa. Ha ocnoge Oemanvnozo ananusza enusanusa paboyeil memnepamypsl Ha
appexmusnocmo pomodrnexkmpuueckux npoyueccos, OnpedeAIWUX pPAdomy COTHEYHBIX INEMEHNO08, Obl10 pa3padsomano
onmumanvHoe KOHCHMPYKMUGHO-MEXHOIO0ZUYECKOe peutenue ZUOPUOHO20 COJIHEUHO20 2eHEpUpyIouiez0 Mooy, OCHOGHOI
0COOEHHOCMBIO KOMOPO2O ABNIAEMCA MENN000MEHHBLIL 10K, NPEOHA3HAYEH 01 CHUNCEHUA PAboUeli meMnepamypsl COTHEYHbIX
nemenmos. DKCnepuUMeHmAanbHble UCHLIMARUA 00PA3U06 MAKUX MOOYiell, OCHAU{EHHBIX pA3PAOOMAHHOL CUCHEMOU
0XNaMcOenus U GbICOKOBOILMHOI CUCMEMON O0MOOPa MOWHOCIU, OEMOHCHIPUPYIOM UX HAOEHCHOCHL U  GbICOKYIO
sppexmusnocmo, nozsonarougue docmuuv KII/[ zubpuonozo mooyns oo 18,5 %. butn. 19, rab6n. 1, puc. 8.

Kniouesvie cnosa: KpeMHUeBbIe COJTHEYHBIE JeMEHTHI, padodasi TeMepaTypa, 3aBHCHMOCTE 3¢ (eKTHBHOCTH, THOAHBIE U
BBIXOJHBIE TAPAMeTPhI, CHCTeMA OXJIAKIeHHs, KOHIEHTPAILUS COJHEYHOr0 H3Ty4eHHs], THOPUIAHBII COJHEeYHBIH MOy Ib.

Introduction. Now by increasing the efficiency of
industrial production monocrystalline silicon solar cells
(Si-SC) up to 17-18 % while significantly reducing their
cost Chinese manufacturers were the largest exporters of
photovoltaic products in the world [1]. A significant part
of the manufacturers engaged in industrial production of
solar modules, using Chinese-made solar cells. In
addition, the largest segment of the market of imported
solar modules also is occupied by Chinese
manufacturers. For selling solar cells Chinese
manufacturers in addition to efficiency and output
parameters indicate the open circuit voltage (U,.), short-
circuit current density (J,.), the fill factor (FF) of the
illuminated current-voltage characteristic (CVC) which
are measured at room temperature 25 °C.

However, during Si-SC working, according to the
efficiency value only a small part of solar energy using to
generate electricity. The majority of solar radiation has
converted to heat in the device structure. This leads to an
increase of Si-SC working temperature, which reduces
their efficiency. In a significant amount of research works
have been analyzed the influence of temperature on the
efficiency of monocrystalline Si-SC, which are produced
in European countries and Russia (see, [2-4]). Thus,
established physical mechanisms lead to lower efficiency.
At the same time, similar studies of Chinese production
Si-SC with a few exceptions was not carried out [5]. Now
a popular option for increasing a power of solar energy
stations is the equipment of solar generating module
(SGM) by low solar concentration system. Using low-

concentration of solar radiation is economically justified.
The equipment of photovoltaic modules, by concentrators
single or double-sided flat focline type, as shown in
Fig. 1, with the degree of concentration up to 2, which is
optimal for solar cells of conventional design based on
single-crystal silicon allows to twice reduce the number of
used solar cells, thereby reducing consumption of
semiconductor material.

However, preliminary calculations of thermal
parameters for SGM equipped with concentrator show
that without cooling systems such wusing low-
concentration solar radiation increases the SGM
equilibrium temperature up to 55 °C, close to the
maximum operating temperature of the Si-SC.

. e -
Fig. 1. Example of SGM module, equipped with a one-sided
low solar concentration system
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Thus, the study of temperature influence on the
efficiency of photovoltaic processes in industrial samples
of Chinese production Si-SC should be consider as
relevant research objective, which has great practical
importance. In the first phase were carried out, the
experimental study the effect of temperature on the output
diode parameters of industrial samples Chinese
production Si-SC.

In the second stage, we analyze the physical
mechanisms of the temperature effect on the output and
diode parameters industrial samples of investigated
Si-SC. Based on the experimental data obtained in the
third step was the development of a hybrid solar
generating module concept.

Aim of the investigation development of highly
effective photoenergy module based on silicon solar cells
construction solution and their experimental testing.

1. Experimental technique. According to the
equivalent Si-SC circuit quantitative characteristics of
photovoltaic processes that occur in such device
structures are diode characteristics: density of the
photocurrent (J,;), the diode saturation current density
(J/,), the coefficient of diode ideality (4), series
resistance (R,) and shunt resistance (Ry;), calculated per
unit area of SC.

By the analyzing the literature [6], it can be shown
that with increasing J; Ry, and with decreasing J,, 4, R,
increases the efficiency of solar cells. The photocurrent
density, which quantifies the effectiveness of
nonequilibrium charge carriers generation and diffusion
processes, determined by the number of photons arriving
to the base layer, a quantum yield of the photoelectric
effect and the of nonequilibrium charge carriers lifetime
in the base layer. The values of the ideality coefficient
and density of diode saturation current, which
quantitatively characterize the efficiency of the of
nonequilibrium charge carriers separation in Si-SC,
controlled by the recombination speed in the space charge
area and the energy structure of the separation barrier.
Shunt resistance is included in the equivalent circuit of
solar cells in order to take into account the influence on
the efficiency photovoltaic processes of low resistivity
local parts of the device structure and the end surfaces.
The series resistance of solar cells, the amount of which
determines the nonequilibrium charge carriers collection
efficiency depends on the electrical conductivity of the
base Si-SC layer, the contact resistance and the
recombination speed of nonequilibrium charge carriers on
the back and front contacts.

In this work calculation of output and diode
parameters for investigated SC was carried out using the
developed analytical processing program based on an
approximation of the experimental illuminated CVC by the
theoretical expression from [6]. Illuminated CVC Si-SC
measured by the loaded method during Illumination SC
by the solar radiation simulator for terrestrial conditions
with the light power up to 100 mW/cm®. Measuring
scheme, which has shown in Fig. 2,a, as a source of
simulating solar radiation includes LED Illuminator
(Fig. 2,b) with microcontroller control.

The variable load resistance having six decades with
the corresponding resistance values, which allows

precisely vary value when measuring the CVC in the
range from 0.01 up to 1000 Ohm. Registering of voltage
value on load resistance has carried out by digital
multimeter Mastech MS8226 DMM. Initial registering
and control during measurements the value of radiation
power on the SC front surface, were performed using
standard Si-SC having a known value of the short-circuit
current, and place it near the investigated Si-SC. By
changing, the distance between the Si-SC and LED
illuminator emitting element achieved the compliance
with the actual value of I, for standard Si-SC to its value
at 100 mW/cm? irradiance power, after that investigated
Si-SC has been connected to the measuring circuit.

£l |

Fig. 2. Measuring scheme for investigated loaded current-
voltage characteristics (@) and the appearance of the LED
illuminator (b), the inset shows the location of the LEDs on the
radiating element
(I — LED Illuminator; 2 — investigated Si-SC; 3 — variable load
resistance; 4 — multimeter to measure the voltage on the load
resistance)

3. Results and its discussion. For the experimental
studies of the temperature effect on the output and diode
parameters of Si-SC were selected monocrystalline
Chinese production Si-SC with the characteristic values
of efficiency, which represent the minimum, maximum
and average values for the device structures on the
market.

For this samples at temperatures from 0 °C up to
50 °C illuminated CVC were measured. As a result of
subsequent analytical processing measured illuminated
CVC were determined output and diode parameters
investigated Si-SC.
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The analysis shows that with increasing temperature,
observed practically linear decrease of efficiency (Fig. 3,
on this and other figures 1, 2, 3 is the numbers of
investigated SC).

0 10 20 30 40 1°% 60
Fig. 3. Effect of working temperature on the Si-SC efficiency

The reduction factor, which describes the relative
change of efficiency when the temperature changes by
one degree, is 0.7 %/°C. For the open-circuit voltage and
short circuit current density also observed reduce their
values with increasing operating temperature (Fig. 4,a,b).
Fill factor of the illuminated CVC does not change
substantially with increasing temperature.
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Fig. 4. Effect of working temperature on the Si-SC short circuit
current density (a) and the open circuit voltage (b)

Analysis of the diode parameters showed that the
recorded decrease of efficiency due to the increase of the
diode saturation current density (Fig. 5,4) and a decrease
of shunt resistance (Fig. 5,b).

The analysis of the physical mechanisms of the
temperature effect on the output and diode parameters for
Chinese production Si-SC industrial samples shown that
experimental results are only partially can be commented
upon in the framework of traditional ideas about the
influence of temperature on the efficiency of photovoltaic
processes in the Si-SC, which has described in [7].
According to traditional views, which correspond to the
experimental studies of Si-SC at increasing the

temperature the diffusion length of the nonequilibrium
carriers in Si increases. This is because the diffusion
coefficient is not changed or increased, and the minority
carrier lifetime increases with increasing temperature. The
increase of minority carriers diffusion length leads to an
increase of short circuit current density with increasing
temperature. However, this effect is small and its value on
level 0.07 %/°C. Reduction of the open circuit voltage
significantly exceeds the increase of short circuit current
density and its value is up to 0.4 %/°C. Smoother shape of
illuminated CVC at higher temperatures leads to reduce
the fill factor of illuminated CVC. Overall, therefore,
increase of temperature leads to a relative decrease of the
efficiency on level of 0.5 %/°C.
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Fig. 5. Effect of working temperature on the density of diode
saturation current (a) and shunt resistance ()

According to the experimental data practically for
Chinese-made solar cells relative efficiency reduction
higher and its value is at 0.7 %/°C. At this the short-
circuit current density decreases, and the fill factor of
illuminated CVC practically unchanged.

According to the existing physical representations
the density of the diode saturation current is the most
important diode parameter, which effect on changes of SC
output parameters with changes the working temperature.
The exponential increase of diode saturation current
density evidence that basic physical mechanism of J,
increase is thermally activated growth of the charge
carrier’s concentration. Since experimental dependence
Jo(T) is not a linearized in InJ, — 1000/T coordinates, the
mechanism is not only one, above mentioned. On its
existence indicates the experimentally established
unconventional decline of short-circuit current density
with increasing of working temperature.

Analysis of diode parameters shows that the
abnormally high efficiency reduction and non-traditional
decrease of short-circuit current density due to
experimentally registered decrease of shunt resistance.
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Current in high conductivity areas reduce the contribution
of the photocurrent in the short-circuit current and this
current is additional physical mechanism that reduces
efficiency.

Development of a hybrid photovoltaic module
concept carried out based on experimentally established
data about high speed of efficiency reduction for China
production Si-SC. This fact reduces their relatively high
initial output parameters and determines the feasibility of
using them as a part of the hybrid solar generating module
(HSGM), which is a hybrid of solar cells and solar
thermal collector and allows to ensure cooling of the
silicon device structure due to coolant circulation.
Depending on the necessary technological requirements
worked out three basic modes of HSGM working [8]:
ensuring the most efficient power generation, ensuring
maximum efficiency of thermal energy and maximizing
the overall efficiency. In [9] developed designs that for
maximize the electric power ensure the heat extraction
from SC front surface to the environment and from the
rear surface to the coolant circuit. The main feature of the
module design that meets this working regime is the
absence of air layer between the solar cells and
translucent coating. With this working regime, the coolant
temperature in the circuit must be less than 35 °C.
However, since fluid heated by module has a low
temperature, it is required that a further heating, which
leads to the need for additional hardware. For example,
this HSGM working regime enables combined system for
hot water supply, heating and air conditioning based on
heat pump and HSGM [10].

In this paper, for cooling Chinese production Si-SC
we propose a simple and reliable design of a hybrid solar
generated module. To realize the cooling system via a
compound with heat conductivity (1.04-1.44) W/(m'K) is
assumed to provide a thermal contact between the back
surface of the solar module and aluminum absorber to
which are welded aluminum tubes through which water
flows.

We propose to gluing by this compound plate
aluminum absorber with welded tubes directly to the back
surface of the solar module (see Fig. 6).

Fig. 6. General view of HSGM module, equipped
with a cooling system on the back side

Temperature changes were calculated in the layers
included in the standard solar module design (see Fig. 7).

3 e

-

Fig. 7. Construction of hybrid solar generated module:
1 — glass; 2, 4 — EVA film for laminating; 3 — silicon SC;
5 — protective PVC layer; 6 — heat conductive compound;
7 — aluminium absorber; 8 — coolant (water)

In calculating we the expected natural air cooling
from front surface and cooling of back surface with the
coolant. Area of SC with size 158 mm x 158 mm was
0.02496 m’, thermal energy, absorbing by SC taking into
account the conversion of solar energy into electrical
energy is 24.96 W/m’. Thermal resistances R,(K/W) and
temperature changes A7(K) on the layers that make up the
construction solar module were calculated [11, 12].
Results are presented in Table 1.

Table 1
Calculated values of heat resistance R(K/W) and temperature
differences AT(K) on layers that make up a construction of
hybrid solar generated module

Thickness Heat conc!uction R. AT,
Layers 4, um coefficient, K/W K
i W/(m'K)

Glass 4 1.15 0.1390 -3.48
EVA 0.5 0.33 0.0161 -1.52

Si-SC 0.15 150 0 0
PVC 0.5 0.33 0.0110 -1.52
EVA 0.5 0.19 0.1050 -2.63
Compound 0.25 1.28 0.0080 -0.20
Al absorber 2 236 3.4-10* | -0.01

For minimize expends of generated electrical energy
to coolant circulation, we proposed to use a thermosiphon
system with slight overheating (5-7)° against to the
environment. Then, taking into account the calculated
temperature differences in the layers of the solar module
its overheating against to the environment is reduced up
to a (10-12) °C, which reduces the efficiency losses from
heat more than twice.

Based on the analysis of Table 1, the highest thermal
resistance after the obligatory top glass has a protective
PVC film. Changing it to a thin PET (polyethylene
terephthalate or polyester), which is produced in thickness
(20-150) um and is close to the PVC value of the thermal
conductivity ¥ = 0.24 W/(m'K) will reduce the AT in the
protective layer up to (0.2-0.4) °K. It is also possible to
reduce the EVA layer thickness from 0.5 mm to 0.3 mm,
which will reduce AT in this layer up to 0.9 °K. As a
result of measures to reduce the system thermal resistance
we can achieve the excess of SC temperature above water
temperature less 1.5°C.

In addition to the heat exchange units which fixed
directly on the HSGM, cooling system also includes the
supply and offtake coolant collectors, radiator which cools
the coolant, expansion tank and connecting hoses [12-14].
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Collectors are used to organize the coolant flow and
carried out the distribution of uniform coolant flow from
the radiator into the six flows in the number of heat
exchange blocks and reverse association coolant flow at
the outlet of heat exchanging blocks for supplying the
radiator. Collectors are made from standard water pipes.
Joining the collectors (Fig. 6) with a heat exchange block
to prevent galvanic corrosion and thermal stress
compensation is performed through the adapter in the
form of segments of reinforced PVC hose. Cooling of the
coolant, in which can be used as water or ethylene glycol
aqueous solution, is carried out by passing it through the
radiator of the tubular structure, made of steel tubing.
Tubular radiator design simplifies manufacturing and
provides sufficient heat dissipation area for effective heat
dissipation extracted from cooled HSGM [15].

Since the cooling circuit is closed, at change the
temperature changes the volume of fluid and to
compensate for changes in the volumes it is necessary to
use expansion tanks. The proposed cooling system can
use standard diaphragm expansion tanks, designed for
heating systems with solar collectors. They have a
working pressure of 6 atm, maximum up to 10 atm, the
maximum flow temperature 70 °C, volume (33-40) 1 and
equipped with the necessary fastening elements [16-18].

The experimental testing of the developed HSGM
constructive solution carried out by field testing during
the week by using generating stand consist from two
HSGM samples, equipped according to the developed
constructive solution and using a high-voltage power
take-off system.

The experimental dependence of generated power
distribution during the day is shown on Fig. 8. The
analysis of this dependence makes it possible to conclude
that the results of the calculation the optimal values of
HSGM vertical installation angle allowed to achieve the
character of power, generated by HSGM dependence
which corresponds to the position of the Sun on the sky.
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Fig. 8. Distribution of relative power generated by HSGM
depending on daytime

During the tests, the working of HSGM cooling
system, high-voltage part of power take-off system and
the accuracy of HSGM installation angles were checked.
The HSGM cooling system, built on the principle of
coolant thermosiphon circulation, has been showed high
efficiency — depending on the intensity of the incident
solar radiation and the ambient temperature, the module
temperature does not exceed 20-25 °C. Due to the design

features, the cooling system operates completely
autonomously, and coolant circulation is only ensured
when HSGM photoreceiving surface is actually heated.
The absence of temperature sensors and circulation
pumps increases its reliability and minimizes energy
needed for its working.

Concentrators of sunlight, made in the form of flat
mirrors and installed on HSGM, have shown their
resistance to wind and rain. The implemented angle of
concentrators installation provides an effective self-
cleaning from rain drops, while washing away the dust.

High-voltage DC-DC power take-off system [19]
demonstrates their high reliability during testing.

In general, the implementation of the developed
HSGM design solution allowed to achieve the efficiency
this modules up to 18.5 %.

Conclusions.

The study of working temperature influence on the
efficiency of Chinese production silicon solar cells shows
that the reduction of efficiency is 0,07 %/°C when
working temperature increases, that is significantly higher
than in the device structures of European and Russian
production and a due to the unconventional decrease of
short circuit current density.

By the computer modeling of the quantitative
influence of diode parameters on efficiency, it has been
shown that Chinese production Si-SC efficiency decrease
is due to not only by the growth of the traditional diode
saturation current density, but also a decrease of shunt
resistance.

Identified temperature dependence of -efficiency
shows the feasibility of using Chinese production Si-SC
in the construction of photovoltaic thermal system, which
together with the heat pump is part of a combined system
for hot water supply, heating and air conditioning. Based
on a detailed analysis of the working temperature
influence on the efficiency of photovoltaic processes that
determine the solar cells work, it was proposed the
optimal construction and technological solution hybrid
solar generated module, the main feature of which is the
heat exchange block, designed to reduce the HSGM
working temperature.

The experimental testing of HSGM samples with
developed cooling system, high-voltage part of power
take-off system demonstrates their reliability and high
efficiency which allow to achieve the HSGM efficiency
up to 18.5 %.
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KOeinei

TOJIMAYOB CTAHICJIAB TPOXUMOBHNY

(mo 80-pivyst 3 THS HAPOJHKECHHS)

Tommauos CranicnaB TpoXuMOBHY — JOKTOpP TEXHi-
YHUX HayK, podecop, 3aBinyBau kadeapu ereKkTpoMmexa-
Hiku KpHBOPI3bKOr0 HalllOHAIBHOTO YHIBEPCHUTETY, aKa-
neMik Axanemii TipHHYHMX HayK YKpaiHH HapOIUBCS
06 rpymas 1939 poky y M. Kpuomy Posi. V 1961 pomi
3aKkiH4MB KpuBOpI3bKHMI TipHUYOPYAHUHA 1HCTUTYT (HHHI
KpuBopi3bkuil HalllOHAIBHUN YHIBEPCUTET
— KHY) 3a  ¢axom  imxeHep-
enekTpoMexaHik. 3 1961 poky mpamroe B
ObOMY YHIBEPCHTETI Ha Kadenpi OCHOB
SNIEKTPOTEXHIKH Ta ENEKTPUYHHX MAIIUH
(3 1995 poky — kadenpa enexTpoMexaHi-
ku): 1961-1964 pp. — acucrenr, a 3 1964
mo 1981 pp. — acmipadHTt, crapumit
BuKiaaad, qoueHt. Y 1981 porri obpanwmii
3aBiyBaueM Kadelnpu eJIeKTpOMEeXaHiKH,
SKy OYOJIOE JI0 TENEPIlIHbOIO Yacy.
Y 1967 poui 3aXuMCTHB KaHIUIATCHKY
mucepranito, a y 1985 poui B IHcturyti
SJICKTPOMHAMIKH AH YPCP -
JIOKTOPCBKY nucepranilo Ha Temy «Teopus W MeToJIbI
HEJIMHEWHOH MAarHUTOCTATHKH CIOXKHBIX CPEI M CHCTEM»
3a crenianbHiCTI0O «TeopeTHyHi OCHOBH €IEKTPOTEXHi-
km». Y 1987 pori mpucBO€HO BUEHE 3BaHHA Ipodecopa.

TonmmauoB C.T. € 3aCHOBHHKOM HAyKOBOi IIKOJH 3
pPO3pOOKK MaTeMaTHYHMX MOJEICH Ta METOIIB IOCIi-
IDKeHHS CKJIagHUX eNeKTpodisndHMX cucreM Ta iX
KOMIT' FOTepHOI peaiizauii. Mae BH3HaHI y IIMPOKUX KO-
JlaX HayKOBILIIB JOCSITHEHHS B PO3poO0Li HeNiHIHHOT Teopii
moist. 3okpema BiH chopMyiioBaB (DyHIAMEHTAIBHUN
MIPUHIMI B32aEMHOCTI Ui OOOPOTHHX MpOLECIB Yy HeJli-
HIHMX aHI30TPOIHUX CepeNIOBHUINAX, BIEpIIE PO3pOOHB
TEOpil0 Ta MPaKTHYHI MOJETI BEKTOPHOTO TicTepe3ucy
MarHITHO-TBEPANX CIUIABIB, SKi 320€3MEYMIN MOXIIUBICT
ypaxyBaHHS «MarHITHOI icTOpii» MpH MaTeMaTHIHOMY
MOJIEJIFOBAHHI MAardiTHOIO MOJII B CUCTEMAax 3 IOCTIMHU-
MH MarHitamu. JlIs CKIIagHMX CHCTEM 3 HETiHIHHUMU
aHI3OTPOITHUMH BJIACTUBOCTSAMH EJICMEHTIB 3alpoIOHY-
BaB yHiBepcallbHe Moan(iKOBaHEe IHTErpajibHe PiBHSIHHS
BITHOCHO BEKTOPY HaAMarHiueHOCTI (moJisipu3aitii). 3HayHe
Mmicue B HaykoBuX po3poOkax CranicnaBa TpoxumoBuua
3aliMaroTh TEOPETHYHI Ta MPAKTUYHI ACTIEKTH JOCITIHKEH-
HS YIIOPSIIKOBAaHHMX T'€TEPOreHHHX cepenoBuil. Ha ocHOBI
MYJIBTUIIOJIFHOTO PO3KJIaJIaHHSl BHCOKHMX HOPSAIKIB Kila-
cu4Hi pe3ynbraTet MakcBena i Penes mist munmiHApUIHUX i
cepUIHHX eJIEeMEHTIB Y IPSIMOKYTHIM MaTpuIli HUM OyiH
y3arajgbHEHI Ha eNINTHYHI IWIHApH Ta chepoimambHi
enementu. C.T. TonmmadoB Brepie po3risiHYB y 3arajib-
Hill TIOCTAHOBII JBOSIKOIEPIOAUYHY 3a7ady JJsl HeNiHii-
HOT'O cepcaoBuIla 3 TUCKPETHUMHU BKIIOYCHHAMU }IOBiJ'H)-
HOi reomerpii. 3anpornoHOBaHI HUM METOAU IOJBbOBOIO
aHaiizy Oynu Bukopuctani y 1980-1982 pp. mpu po3po6-
i 3a MDKJEp)KaBHOIO YToZ010 (Ykpaina-
UYexocnoBauynHa) ToJirpagieHTHOr0 cenaparopa BI'C-
100/2. OcHoBHi HaykoBi pesynsratn C.T. Tommadosa
BHKIAAeHI B MoHOTpadii «CrieruanbHple METOIBI pele-
HUSA 3a/1a4 MarHATOCTaTUKID.

3a poku poOOTH B yHiBEpCHTETI, y T.4. 32 38 ocTaH-
HIX pOKiB Ha mocani 3aBimyBaua kadenpu, Cranicnas

TpoxumMoBHY TIPOSIBHB ceOe yMIIMM OpraHizaTOpoM Ha-
BYaJIbHO-METOJMYHOT Ta HAYKOBOT pOOOTH, BUCOKOKBAJIi-
(hiKOBaHUM BHKJIAaJa4eM-HOBATOPOM Ta HayKOBLEM. Sk
OJIMH 3 IHII[IATOPIB IIHPOKOTO BIIPOBAKCHHS B HABYAJIb-
HHUH Tpoliec Ta HAyKOBI JOCIIKEHHsI 3aC00IB 00UYHCIIIO-
BaJIBHOI TEXHIKM Ta aKTMBHHUX ()OPM HaBUaHHs, BiH 3pO-
OMB 3HAUHMI BHECOK B OpraHi3alliro pooir
3 [IABMINEHHS  SKOCTI  MIATOTOBKH
¢axipmiB. Ilig HOro KepiBHUITBOM Ha
kadempi  po3poOiieHWI!  HaBYANBHUA
mociOHNK «ENeKTpoHHUH TpaKkTHKyM 3
TOE», sxuii BUKOPUCTOBYETHCS Y
HaBYAJIBHOMY TIporeci Bxke wmaibke 20
pokie. 3 2019 p. B psagi 3BO VYkpainu
BIIPOBAUKY€THCS nepepobiieHe Ta
JONOBHEHE  2-¢  BHJAHHS  IbOTO
HPOTPaMHOTO KOMIUIEKCY.

Pe3ynbpraT  HayKOBO-TEAaroriyHoi
IISUIBHOCTI C.T. TonmauoBa
omyOuikoBaHi y monHan 250 HaykoBHX 1

HaBYAJIbHO-METOAMYHUX podoTax. BiH € cmiBaBTOpOoM 15

aBTOPCHKUX CBIIONTB Ta MATEHTIB Ha BHHaxoaW. lliaro-
TyBaB OJHOTO JOKTOpA, IIiCTh KAaHAWIATIB HAYK Ta Oilb-
mre 20 MaricTpis.

OcuoBui nexuiiHi kypcu C.T. TommauoBa — 11e:
«TeopeTruHi OCHOBH €JIEKTPOTEXHIKM», «OCHOBHU CIICKT-
poMexaHOTpOHIKKY, «OCHOBH €HEPreTHYHOI TPaMOTHOC-
Ti», «EHeproedexkTHBHI CUCTEMH Ta TEXHOJIOT», «OCHO-
BU HAYKOBHUX JOCIIDKEHBY, «METOIMKa BUKIAIAHHS [TU-
CIIMIUTIH 3a (haxom».

Tonmawo C.T. ycmimHO MOETHYE HAYKOBO-
nenaroriuHy poboty 3 rpoMaJIChbKOI0 HisutbHICTIO. OOpa-
HUH wieHOM-KopectoHaeHToM (1991 pik) Ta akamemikom
(2017 pix) AxameMii TipHUYMX HAyK YKpaiHH, TPUBAIHHA
gac OyB WICHOM HayKOBO-MeTonu4HOi komicii MOH
Ykpainu 3 ramy3i 3HaHb «EekTpoTexHika Ta eIeKTpoMe-
xaHikay. Sk 0JHOTO 3 MPOBiAHUX (axiBIIB YHIBEPCUTETY
B rany3i eneproedexkruBHocti TonamauoBa C.T. y 2007
poii OyJ0 3aTBEpHKEHO IUPEKTOpOM «PerioHaabHOro
HEHTPY ©(EKTUBHUX TEXHOJIOTIH 3 €HEPro30epeKCHHS.
Lle crayio moyaTkOM HOBOTO HAIPSIMKY B HOrO HayKOBO-
[e1arorivyfii JisjIbHOCTI.

3a JOCATHEHHS B OCBITHBO-HAYKOBIH [isSUTEHOCTI
CranicnaB TpoxumoBud Haropomxkenuil IlouecHoro rpa-
MoTtoro MinictepcrBa Bummoi Ta cepenHpoi ocBitu CPCP
(1982 pix), MinicrepcTBa ocBiTh i Hayku Ykpaiau (2007
pik), 3HaKOM «BimMinHUK ocBitH Yikpainm» (2002 pik),
moyecHuM 3HakoM MOH Vkpainu imeni Ilerpa Moruiu
«3a po3BuTok BumIoi ocBiti» (2010 p.), HU3KOIO [ToUEC-
HUX rpamMoT JIHIMponeTpoBcbKoi 001acHOT paau, MiChK-
BUKOHKOMY Ta YHIBEPCHUTETY.

PexTopar KprBOpi3bKOro HaliOHaILHOTO YHIBEPCH-
TETy, CHIBPOOITHUKH €JIEKTPOTEXHIYHOro (aKyybTeTy,
kadenpu enekrpomexaniku KHY, npysi ta kosern Bita-
10Th CranicnaBa TpoxuMoBHYa 3 10BiJIeEM, 0aXKaIOTh 3/10-
POB’s il aKTHBHOTO JIOBTOJNITTS, HATXHEHHS Ta HOBUX TBO-
pumx ycmixiB. Pemakmifina xomeris xyprary «Emektpo-
TEXHiKa 1 eJIeKTpOMeXaHiKa» MPUENAHYETHCS 0 MUX IIH-
pHUX MoOaKaHb.
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ITYMLIOB IOPIii AHJIPIMOBUY

(1o 85-piyus 3 THS HAPOPKEHHS )

21 rpynus 2019 p. BUNOBHUIIOCS 85 POKIB 3 JIHS HApO-
JDKEHHS BIZIOMOTO BYEHOTO-€JIEKTPOMEXaHIKa, JIOKTopa TeX-
HIYHUX HayK, npodecopa FOpis Anxpiiiosuya llyminosa.

[Micms  3akiHYeHHS CcepemHbOl
LIKOJM BCTYIHB IO €JIEKTPOTEXHIY-
Horo (axynprery KuiBchkoro modi-
TEXHIYHOTO IHCTUTYTY, SKWH yCITilll-
HO 3akiHuMB y 1956 p., oTpuMaBIIH
KBaTi(iKaIlifo IHKEHEepa-eICKTPOME-
XaHiKa 3a criemianpHicTio «Enexrpu-
YHI MalIMHHU 1 anapaTwy». 3a po3nozi-
JIOM TPU POKHU TpalLlfoBaB Ha Spocnas-
CbKOMY €JIEKTPOMEXaHIYHOMY 3aBOJIi
IEDKEHEpOM 1 CTapIIMM iH)KEHEpPOM-
KOHCTpyKTOpoM. Y 1959 p., mosep-
HyBIIKCH 10 KueBa, BcTymuB 10 ac-
MpaHTypu Tpu Kadempi eneKTpud-
HUX MaurH KHIBChKOTO MOMITeXHIY-
HOTO iHCTHTYTY. B 11bOMY cnaBeTHO-
My 3axnani FOpiit ArapiifoBry mpo-
nipattoBas noHaz S0 pokis. [o 3akiH-
yeHHi acmipantypu lO.A. Illyminos
MPOUILIOB IILISAX Bl aCHUCTEHTa JI0
3aBimyBaua kadenpu, 3 1999 p. 3aiimaB nocany npodecop
katdenpu. Hapasi 3 Bepecus 2013 p. mpamtoe B ITAT
«YKpaToMeHeprooym:» pagHAKOM TOJIOBU IIPABIIHHS
LBOTO 3aKJIAY.

VY 1964 p. 3axucTHB KaHIUAATCHKY, B 1981 p. — mok-
TOpPCHKY amcepramito. Y 1968 p. iomy Oyno mpucBoeHe
3BaHHA JOIeHTa, B 1984 p. — mpodecopa.

Y 1965 — 1966 naBuanbHoMy pori FO.A. Illyminos
cTaxxyBaBcs y Buiiit TexHiunii mkoni y M. [aHHOBepi,
®PH., Ha xadenpi eNSKTPUUHUX MAIIIKH, /I IPAIFOBaB i
KEpPIBHUITBOM BiJJOMOro (haxiBLsl B raiy3i BiOpOaKyCTHKH
enekTpuuyHMX MammH npodecopa [aituna Mopmama. B
1972 — 1973 p.p. BOPOIOBK MIECTH MICAIIB IepedyBaB Ha
HaykoBiit podori B ®PH, IlIBeiinapii i ['oyutannii sk crtu-
menpiat FOHECKO, a y 1979 p. — aBa wmicsni y Binen-
CHKOMY TEXHIYHOMY YHIBEpCHUTETI.

Mpod. F0.A. LlyminoB mae monan 140 HayKoBUX Ta
HayKOBO-METOJMYHMX TIpallb, HAJPYKOBAHHX Y BITYM3HSI-
HUX 1 3aKOPIOHHKMX BUAAaHHAX. OKPIM TOTO, BiH € aBTOPOM
15 aBTOPCHKHX CBiZOLTB PO BHHAXOM Ta JBOX IIATEHTIB.
Mepmmm B PansHcbkomy Coros3i 1 YkpaiHi 3acTocyBaB
YHCENbHUI NOJNBOBUH METOJ (METOJ CKIHYEHUX eleMeH-
TIB) U BHpILIEHHS NMPOOJIEMH aHaji3y 1 CHHTE3y Majo-
BiOPOAKTHBHUX 1 MAJIOLTYMHHUX €JIEKTPUYHHUX MAILHH.

Hayxosi po3po6ku FO.A. IllyminoBa Oyno BrnpoBa-
JUKEHO B 0araThOX Cepisix aCHHXPOHHHX JIBUTYHIB 3ara-
JIBHOTIPOMHUCJIOBOTO 1 CHELiaJIbHOTO NMpH3HAaueHHs. Tpuyi
cTaBaB JaypearoM mpemii MiuBysy YPCP 3a xpamry
HAyKOBY IIPALO.

I0.A. llyminoB migroryeaB 4-x HOKTOpiB i 15 kaH-
nunatiB Hayk. Haropomkenuii Menamito pexropa Jloa3us-
CbKOT TOJIITEXHIKH «3a MiJrOTOBKY HAYKOBUX KaapiB». Y
1993 — 1997 p.p. OyB WiIeHOM EKCIEPTHOI Py 3 ENEKTPO-
TexHiku 1 eHepretikn BAK Ykpainu, uieHoM BueHOi paan
IO 3aXUCTy TOKTOPCHKHX JIMCepTalii mpu [HCTUTYTI enek-
tpomuHamiki HAH YPCP i HAH VYkpainu, a Takox die-

HOM BYEHOI paJiil O 3aXMUCTy JOKTOPCHKUX AWCEpTaLii npu
HIII «JIpBiBChKa mMoONITEXHIKa». BiH OyB wieHOM cekiil
«Po3paxyHKH MAarHiTHUX TOJIB» BimAuUieHHs «Di3mgaHi
mpobieMu enekTpoeHepreTukmy AH
CPCP, a Tako) iHO3EMHHM 4YJIEHOM
[HCTHTYTY iH)KEHEpiB-ENEKTPHKIB Ta
enextponnukis CIIIA. Bararopa3zoBo
BUCTYIaB OQiLiHUM OIIOHEHTOM Ha
3aXUCTaxX KaHIUOATCHKUX Ta JOKTOP-
CBKUX JUCEPTaIliid.

I0.A. IllyminoB Bosomie Hime-
LBKOK 1 aHITIHCBKOK MOBaMu. 3a-
BISIKM HOTO 3yCHJUISIM Kadenpa elex-
tpomexaniku HTYY «KIIl» nanaro-
JUAJIa MDKHAPOJHI 3B’SI3KH 3 1HO3EM-
HUMH BHUIIMMH HAaBYAIBHUMH 3aKiIa-
mamu ®OPH, TMonemi, Kuraro, Bemu-
kol bpurasnii Ta Itamii. ITig kepiBHUII-
tBoM [O.A. IllyminoBa xadexapa rui-
JHO CIIBIpaIfoBaja 3 yHiBepCcUTETa-
mu Anrmi (M. baac), Iornangii
(M. EninOypr) rta Irtamii (M. Typin)
B MeXax [OINEPEJHbOrO IPOEKTY
TEMITYC (TACIC) minm nHazBoro «IlimBUINCHHS SKOCTi
rOTOBKYM (haxiBIIiB B rayly3i eHEPreTHKU Ta TPAHCIIOPTY».
3a Hioro cripusHHS BIIepIe B icTopii kadeapu m’aTepo CTy-
JIeHTIB Kadeapn MpOWIUIN MepeIIuIUIOMHY TPaKTHKy Ha
Kadenpi eNneKTpUIHUX MAIIUH i MPUOOpPiB MIOHXEHCHKOTO
TEXHIYHOTO YHIBepCHTETy. TaM jke CTaXyBallUCh IBOE
HayKOBIIiB Kadeapu.

I0.A. llymizoB OyB 4JI€HOM HAyKOBO-METOAUYHOT
paau 3 enekrpoMexaniku MiuBy3y CPCP, ouontoBaB cek-
1iro «EnexTpuyHi MalllMHU 1 anapaTH Ta eJIEKTPOTEXHIYHI
KOMIUIEKCH» HayKOBO-METOJIUYHOI pajiv 3 €JIeKTpOMEXaHi-
ku MiHicTepcTBa OCBITH 1 Hayku YKpaiHH, a TaKOXK OYO-
JIF0OBaB po00Yy IpyIy 3 po3pOOKH CTaHAAPTY BHIIOI OCBITH
31 crieniastbHOCTI «ENEKTpUYHI MaIlMHH 1 anapaTny.

10.A. llyminoB HanucaB KHUTY «JKUTTEBI crioramm»,
sKa BHHNUIA ApykoM B mucromani 2004 p. V Hill BiH
JIUTHTBCS CIIOrafiaMy MPO CBOE KOPIHHS, TUTHHCTBO, JKUTTA
B KwueBi mixg wac okymarii, TOBOEHHI POKH, CTYICHTCHKi
POKH, IIPALiO Ha 3aBOJI, & TAKOXK IIPO HAYKOBY Ta IeJaro-
TYHYy isUIBHICTh, SIKOIO BiH 3aliMaBCsl, BHUKJIAJal04d Ha
kadenpi enekTpuyHUX MammH (enekTpomexaniku) HTYY
«KIIl» monan 50-u pokiB. B kHHM3I € 0araro IiKaBHX
CTOPIHOK TMPO 3aKOPAOHHI MaHIPU BYCHOTO, SKUH TITHO
[IPE/ICTaBIISAB CBOIO KpaiHy.

UucnenHi apysi, komern, yuni IOpis AngpilioBmua
IIMPO BITAIOTh HOTO 3 IOBiJIeeM, OaxaroTh oMy HoOporo
3I0POB’Sl Ta aKTUBHOTO JOBrOMITTA. Pemakmis xypHamy
«EnekrporexHika 1 eJEKTpOMEXaHikay, MPHEIHYIOUYHCH
JI0 IMX To0axaHb, BiJ3HAYaE€ BUIATHY poiib npodecopa
I0.A. llyminoBa B CTaHOBJICHHI HAIIOr0 XypHAIy —
IOpiit AHapilioBUY BXOAMB 0 MEPIIOr0 CKIAAY pelak-
IIHOT KOJIeTIi, SIK aKTUBHUI aBTOP BiH BII3HAYMBCS BXKE
y nepmomy Bunycky EIE, a motim, nporsirom 6arathox
POKIB IIPOJIOB)XKYBaB aKTHBHO IyOJIIKyBaTHCSI.

e pa3 Bitaemo Bac, IOpiit AnzpiiioBuy, BUCIOBITIO-
104n Bam Hamy mppy noBary Ta HalKparii HoOa)aHHs..
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