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IHIIAHOBHI YUTAYI!

Haykoeo-npaxmuunuii yncypuan <«Enexmpomexuixka i Enekmpomexanika» — nepeoniamue 6UOAHHA.
Bapmicmp nepeonnamu na 2019 pix — 644,94 zpu., na oea micayi — 107,49 epu., na womupu micayi —
214,98 2pH., na wicmo micauie — 322,47 2pH., na gicim micauie — 429,96 epn., na decamsb micauie — 537,45 zpH.
Ilepeonnamnuii indexc y kamano3i AT «YxkplIlowma». 01216.
HIAHOBHI ABTOPH KYPHAJIY!

Ilocmanosor npe3udii BAK Ykpainu 6io 15 ciuna 2003 p. Ne 1-08/5 nayxoso-npaxkmuunuii scypuan
«Enekmpomexnixka i Enexmpomexanixa» eneceno 00 Ilepeniky naykosux gaxoeux eudanv YKpainu,
6 AKUX MOXCYMb NYONIKyeamuca pe3yibmamu Oucepmauiitnux pooim Ha 3000ymmsa HAYKOGUX CHYNEHie
ooxmopa i kanouoama Hayk ma nepepeccmposano Haxazom MOH Ykpainu Ne 1328 ¢io 21 epyonsa 2015 p.
Kypuan 3apeecmposano ak gpaxosuii 3 No 1 2002 poxy.

3ziono Haxazy MOH Ykpainu Nel412 gio 18.12.2018 p. naykoeo-npaxmuunuii yxcyprnan «Enexmpomex-
Hika i Enekmpomexanika» éxnioueno 0o naiteuujoi kamezopii «<A» Ilepeniky ¢haxosux eudanv Yxpainu
3 MeXHIYHUX HAYK.

Houunarouu 3 2005 poxy 32i0n0 3 002060pom mixc pedaxuicto scypuany <Enexmpomexuixa i Enexmpo-
Mmexanika» ma Bcepociticokum incmumymom Haykoeoi ma mexuiunoi ingpopmauii Pociticokoi akademii nayk
(BHHHUTH PAH), inghopmauia npo cmammi 3 sxcypnaiy 3a eid6opom excnepmie BUHUTH posmiugyembca
y Pegpepamusnomy scypnani (P2K) ma bazax oanux (B/]) BHHHTH.

IHlouunarwuu 3 Nl 3a 2006 p. 32iono 3 Haxazom MOH Ykpainu Ne688 gio 01.12.2005 p. scypnan
naocunaemoca 0o YkpIHTEI.

Enexmponna xonia scypuany <Enexmpomexnixa i Enexmpomexanixa», 3apeccmposanomy y Misicnapoonii
cucmemi peecmpauii nepioouunux eudans nio cmanoapmuzosanum kooom | SSN 2074-272X, naocunaemes-
csa 0o Hauionanwvnot éioniomexu Ykpainu im. B.I. Bepnaocvkozo i, nouunarouu 3 2005 p., npedcmasnena
Ha caumi 6ioniomexu (http://nbuv.gov.ua/) ¢ pozoini «Haykoea nepioouxa Ykpainu», a maxosic Ha oiyiii-
Homy caumi ycypuany (http://eiekhpi.edu.ua/).

Houunarouu 3 Nel 3a 2016 p. yci cmammi na caiimi 0ocmynHi Ha 080X M0BAX — 0008 A3K0BO AH2NIICHKOIO,
a makoic pociiicekoro abo ykpaincokoro. Taxoxc KodxcHili cmammi 6 HcypHAI NPUCBOIOEMBCA YHIKATbHUTL
yughposuii ioenmugpixamop DOI (Digital Object | dentifier) 6i0 opeanizauii Crossref (http://crossref.org/).
Kypuan «Enexmpomexnika i Enekmpomexanixa» exmiouenuii y 006ionux nepioouunux eudans Ulrich’'s
Periodical Directory, npeocmaenenuii y 3azanvrooepascasnii pegpepamuenii 6azi danux «Yxpainixa Hayxosa,
pedhepamusenomy acypnani «/rcepeno», indexcyemvca y naykomempuunii 6asi oanux \Web of Science Core
Coallection: Emerging Sources Citation Index (ESCI), wo pexomenoosana MOH Ykpainu, a makosic y maxkux

Mmicnapoonux oazax oanux:. Index Copernicus (ICV 2017: 100.00), Poccuiickuit Huoexc Hayunozco Llumupo-
éaHus — PHHII (ELIBRARY), i 6x00ums 0o 6a3 oanux EBSCO, ProQuest, GALE, DOAJ mowo.

: %(I)T%F;%r‘: ' I N T E R N AT I O N A L wovswssecmosss s ;

A e, Research cLIBRARY.RU w

Ly BSCO Databases L E\_"‘}I'li(:]I'LﬂJ Library of Ukraine

~', GALE
3eepmacmo ysazy asmopie Ha HeoOXiOHicmb oghopmnenna pykonucie cmameii 8ionogiono 0o Bumoz, axi
HaeedeHi Ha ogiyiitnomy caiimi sncypuany (http://eiekhpi.edu.ua/), pesmiwenomy na nnamepopmi «Hayxosa
nepioouxa Ykpainu» (http://journals.uran.ua/). Cmammi, ogpopmneni 32iono 3 Bumozamu, oyoyms nyonixy-

W, _. INDEX ( COPERNICUS
EMERCGING ¢
DOAJ
1~ CENGAGE Learning d ErossXx)
eamucsa y neputy uepey.
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EnekmpomexHika. BusHayHi nodii. CnasemHi imeHa
YJIK 629.7:930.1

M.U. bapanos

AHTOJIOI'USA BBIJAIOIXCA I[OCTH)KEHHﬂ B HAYKE U TEXHUKE.
YACTD 48: ABUAKOHCTPYKTOP AHAPEU TYINOJIEB U EI'O CBEPIIEHU A
B CAMOJIETOCTPOEHUUA

Hagedeno kopomkuili HaAyKoeo-icmopuuHuii HAPUC PO UOAMHO20 PAOAHCLKO020 agiakoHcmpykmopa Andpia Mukonaiiosuua
Tynoneea, wio cmas 00HUM 3 OCHOB0ONOJI0HCHUKIE C8iM06020 iMaKooydysanusa. Onucani 0CHOGHI HAYKOB0-MeXHIUHI 00CAZHEN-
Ha A.M. Tynoneea 6 zany3i 1imaxo0yoysanus, wjo npugenu padsaHcybKy 6iliCbKogy i YUGIbHY asiayilo Ha HebdaueHi ceimosi uco-
mu. Ilokazano, wo A.M. Tynonee € 3achoénukom 6i0omoi ¢ ceimi asiayiiinoi HaAyK06oi WKOIU, W0 euxoeana 6azamo UOHUX 6
konuwnvomy CPCP agiakoncmpykmopis. ITio kepienuymeom eenuxozo agiakoncmpykmopa 20-20 cmopivua A.M. Tynoneea 6
CPCP 6yno po3pooneno nonad 100 munie nimaxie 6ilicbk06020 i yuginbHozo npusnauenus, 710 3 AKUX 6uU20MOBAATUCA AGLAYIl-
HO10 npomucnogicmio Kpainu cepiiino. bi6n. 15, puc. 12.

Knrouosi crnoea: aBiauisi, BUAATHHI paasstHCbKHUil aBiakoHCTpYKTOp AHApiii Tynoses, iioro 0CHOBHI JOCATHEHHS B JITaKo0y-
JyBaHHi, HAYKOBO-iICTOPHYHUIi HapHC.

doi: 10.20998/2074-272X.2019.2.01

Ilpueeoen Kkpamxuii HAYUHO-UCMOPUYECKUIL OUYEPK O 8bIOAIOU|EMCA CO8EMCKOM aguakoncmpykmope Anopee Hukonaesuue Ty-
nonege, cmaguiem 0OHUM U3 OCHOBONOIONCHUKOB MUPOBO2O camoiemocmpoenus. Onucansl 0CHOGHblE HAYYHO-MEXHUUECKUE
docmudicenusn A.H. Tynoneea ¢ o6nacmu camonemocmpoenus, npugeduiue coO8emcKyI0 60CHHYI0 U ZPANCOAHCKYIO aGUAUUI0 HA
nesuoanuste mupogvie evicomol. Iloxazano, umo A.H. Tynonee senaemca ocnosamenem u3gecmHoii 6 mupe aguauuoOHHOl Hayy-
HOUl WKO0bl, 60chumasuieii MHo2ux euonwvix ¢ ovieuiem CCCP asuaxoncmpykmopoe. I1oo pykoeoocmeom eenukozo asuakoncm-
pykmopa 20-20 cmonemusa A.H. Tynoneea ¢ CCCP 6vino paspabomano ceviute 100 munoe camonemoe 60ennozo u zpa)3coancko-
20 naznayenus, 710 u3 KOMOPLIX U320MAGNUBANUCH AGUAYUOHHOI NPOMBIULIEHHOCHbIO cmpanyl cepuiino. bubin. 15, puc. 12.

Kniouesvie cnosa: aBuanmsi, BbITAIONINIICSI COBETCKHiI aBHAKOHCTPYKTOpP AHapeii TymoJieB, ero ocHOBHBIE TOCTH:KEHHUS B

CaMOJIETOCTPOCHUH, Hay‘lHO-HCTOpH‘leCKHﬁ O'€EpK.

Beenenue. OnMH W3 MMOHEPOB COBETCKOTO BEPTO-
neroctpoenus, akagemuk AH CCCP Bopuc HuxoraeBna
OpeeB cumtan, uro [1]: «..H3yuenue ucmopuu nayxu u
MEXHUKU CNOCOBCMEYyem CHAHOGICHUIO UHMICEHEPO8 U
VUEHDBIX, KOMOPbLe NOLYHAIOM WUPOKULL 63271510 HA PA3EU-
mue meopueckoll mvicau. [IpUMeHsIst 3T0 Myapoe Hayd-
HOE TOJIOKEHHE K TaKOH HAYKOSMKOW M Ba)KHOW 00JIacTH
COBPEMEHHON TEXHHKH KaK CaMOJICTOCTPOCHHE, 00pa-
THMCSL K BBIJAIOIIMMCSL HAYYHO-TEXHHYECKUM ITOCTHKE-
HUSIM OJTHOTO U3 OCHOBOIIOJIOXXHMKOB MHPOBOI aBHAIIUH,
[POCIIABICHHOTO COBETCKOTO aBHAKOHCTPYKTOpA, aKajie-
muka AH CCCP (c 1953 r.) Auapest Hukomaesuga Tymo-
neBa (puc. 1), KOTOPBIA TBOPHUI B aBHATEXHUKE TPAKTH-
YEeCKM B TOXE BPEMs, YTO W BBINAIONIMNCS YKPaWHCKO-
aMmepuKaHckuil aBuakonctpykrop N.W. Cukopckwii [2].

Puc. 1. Bergaromuiicst COBETCKUI aBUaKOHCTPYKTOP, TPHKIBI
I'epoit Tpyna, nokTOp TEXHHUUECKUX HayK, akanemMuk AH CCCP
Aununpeit Hukonaesua Tymones (10.11.1888 r. —23.12.19721.) [3]

Ileabio cTaThu SBJISETCS MMOArOTOBKA KPAaTKOTO Ha-
YYHO-MCTOPUYECKOT0 OuYepka 00 OJHOM M3 OCHOBOIIO-
JIO)KHUKOB MHPOBOTO CaMOJIETOCTPOCHHUS, BBIJAIOIIEMCS
coBeTcKOoM aBHakoHcTpykTope A.H. Tynonese.

1. Hayaso kM3HEHHOT0 M TBop4eckoro mytn A.H.
TynoneBa. Popuicst on 10 HosiOpst 1888 r. B Poccuiickoit
ummepun (ceno ITycromasoro, Teepckoii rybepHun) B ce-
MBE PYCCKOTO IPOBHHIIMAIBHOTO HOoTapuyca Hukomas
HBanoBuua TynoneBa, SABJIABIICIOCA BBIXOALIEM U3 CI/l6l/Ip'
CKHMX Ka3aKOB W YYHMBILErocs Ha ropucta B [lerepOyprckom

yHuBepcuTere (mocie yOWIiCTBA — PEBOIIOLIMOHEPAMH-
HapoJgHUKamu Taps Anekcadnpa |l 6sur BeicaH u3 T. [le-
tepOypra) [3]. [lo matepu Aune Bacuibere (B aeBHIECT-
Be JlucuuplHa, 3akOoHYMBIIAS MApPUMHCKYIO KEHCKYIO
TMMHA3UI0 B T. TBEpH) IPOMCXOXKICHUEM U3 JBOPsH. Ilo-
cne oxkoHuaHMs TBepckod rumHazuu Angpeit Tymones,
TIPOSIBIISSL MHTEPEC K TOYHBIM HayKaM W TexHuke, B 1908 r.
noctymuin B Wmmeparopckoe MOCKOBCKOE TEXHHUUECKOE
yummme (UMTY), craBiiee B COBETCKOE BpeMs Ha3bl-
BarbCsi MOCKOBCKHMM BBICHIMM TEXHHYECKHM YUMIIUILEM
(MBTY) umenu H.D. Baymana [3]. ITo3xe oH 0 rogax cBo-
eif FOHOCTH IymieBHO BermoMuHan [4, 5]: «.. Kww mbl
ckpommo. YV mens oviiu cmapuue o6pames Cepeeil u Huxo-
aati, a maxoice cecmpwvl Hamanws, Tamvaua, Bepa u Ma-
pus. Mams omoasana Ham 8ce C80U CUbL, 8CIO CEOI0 OYULY.
Hawa cemvs Ovina ouenv bonvuias u opyosicnas. He nam-
puapxanvras, Ho, HecoMHenHo, nepedogas». C OKTAOps
1909 r. nekuun no Bo3ayxomiaBanuio B UMTY ero kypcy
CTaJl YUTaTh U3BECTHBIA POCCHUIICKUIN Y4eHBIH, mpodeccop
Huxonait Eroposuu JXykoBckuii. 3HakoMcTBO AHApes
Tynonesa ¢ H.E. XykoBckum B BozgyxomnaBaTensHOM
kpyxke rpu UMTYVY okazanock Uit HEro Cyab00HOCHBIM.
ITo cnosam camoro A.H. Tynonesa [5]: «...C amoeo mero-
BEHUsL HAYANACL MOSl ABUAYUOHHAs dicu3Hb». OH OBICTPO
ctail ofHUM U3 aktuBHemmx ydyeHukoB H.E. JKykoBcko-
TO, TPOSBIISSL IIPU 3TOM CIIOCOOHOCTH KaK HAY4HOTO HC-
cJIe/IoBaTelis, TAK M KOHCTPYKTOpA JICTATENbHBIX ammapa-
ToB (JIA). M3-3a moHOCA B APCKYIO TIOIMIMIO HEU3BECTHO-
O O ero MOJIMTUYECKOW HebIaroHane:KHocTH emy B 1911 .
IIPUIIUIOCH NTOKUHYTh «CTeHb» UMTY Ha HECKOIBKO JIET.
Hecmotpst Ha Bce TpyanoctH, oH B 1918 r. ¢ ommuuem
amuTid B UMTY nunmomHblid npoekt Ha Temy «Onbim
C030aHUsT 2UOPONIAHA NO OAHHBIM UCHBIMAHULL 8 a3poou-
HaMuyeckux mpyoax» v cTall HHKESHEPOM-MEXaHHKOM [5].
[Mocne 3aBepuieHust yueObl OH B KAauecTBE MperoaBaTes
ObuT ipuHAT Ha padoty B UMTY. B mepron 1919-1920 rr.
A.H. Tynomes untan crygearam UMTY nekuun mo «Oc-
HOBaM a’pOANHAMHYECKOTO pacdera», «Teopun asporuia-
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HOB» U «Teopuu TUAPOIUIAHOB». 3aTeM OH Iepelien Ha
paboty B LIeHTpaNbHBIN a3pOrHIPOTUHAMUYCCKIA WHCTH-
tyr (IIATH), xoroperi Bosmmasiastt H.E. JKykoBckwuii.
3nech OH 3aHsJI JOJDKHOCTh HAdallbHUKA aBHAI[MOHHOTO
OT/IeNla, B KOTOPOM HCCIIEAOBAINCH, Pa3pabaThlBAIUCh U
HCTIBITHIBATIMCEH HOBBIC poccuiickue JIA. B 1924 r. nporutu
ycremHsle JieTHele ucnbiTanus nepsoro B CCCP nensHO-
MeTtayeckoro camonera tua AHT-2 (puc. 2), paspa6o-
TaHHOTO 101 pykoBojcTBoM A.H. Tymosesa [5].

Puc. 2. OuH U3 MEpBbIX [ETFHOMETAIIMYECKUX COBETCKUX
BHUHTOBBIX MOPIIHEBBIX camoiieToB Tuia AHT-2 paspaborku
Mostooro asuakoncrpykropa A.H. Tymonesa (1924 r.) [5]

Tak mar 3a marom B LHAI'U ¢opmupoBaics mpous-
BOJICTBEHHBI M KOHCTPYKTOPCKHUN KOJUIEKTHBBHI, Halle-
neHHble Ha co3fanue B CCCP HOBOI aBMAIlMOHHOW TeX-
HHKH, B KOTOPOW HYX/aJach apMusi U OOILECTBO B LIEJIOM.

2. OcHOBHbIE /OCTH:KEHHSI ABHAKOHCTPYKTOpa
A.H. TynoseBa B caMOJIETOCTPOCHHH. XapaKTEepHOI
ocobeHHOCTRIO B pabore A.H. Tymonmea ObutO0 TO, YTO
OH, ONHPAasCh Ha JHWYHBIA ONBIT ABHAKOHCTPYKTOPA,
BKIIIOYAJl B CBOM MPOEKTHI CAMOJIETOB TOJIBKO MUHUMAITh-
HBIII 00BEM HOBOTO, HEOCTATOYHO IIPOBEPEHHOTO B JIET-
HOM pabote. B cBoel KOHCTPYKTOPCKOH ESATETHPHOCTH OH
HEYKJIOHHO HCIIOJIb30BaJl NPHHIUI MOCIEI0BATEIHHOTO
npoektupoBanusi JIA [5], cormacHo KOTOpOMy HOBbIE
KOHCTPYKIIMM CaMOJIETOB 0a3MpoBaJCh HAa XOpPOUIO OT-
paboTaHHBIX paHee B «METAJIe» MPEIbLIYIIHX BapuaHTax
noctpoenus JIA. TakuMm moaxomoM oH oOecreyrBan Ha-
JIeKHOCTB pa3pabaThIBaeMbIX UM KOHCTPYKIMH JIA.

Cunraercsi, 4YTO OJHAM W3 3HAMEHHMTBIX COBETCKHX
JIA sBisieTCs IENPHOMETAIUIMYECKHIN OJHOABUTATEbHBIN
camonet tuia AHT-25 (puc. 3) [5, 6]. ['MaBHBIMH KOHCT-
pykropamu ero cramu A.H. TymoneB u B Oyaymiem BBI-
JAroIuiics poccuiickmii aBuakoHcTpykTop IlaBen Ocwu-
nmosuy Cyxoii (1933 r.). [IpenHasHadeHn ObLT 3TOT camo-
net s ycranoBineHus: B CCCP MHPOBBIX PEKOpPAOB IO
JlabHOCTH Oecnoca oqHoro nepenera. OCHOBHbBIE TaKTH-
KO-TEXHUYECKHE XapaKTepUCTUKU camorera Tuma AHT-
25 [5]: manbrOCTH mONteTa — 13000 kM; moTosOK (BBICOTA)
BO3lylIHOro noasema — 7850 M; MakcUMallbHasi CKOPOCTh
mojieta Ha BbIcOTe — 246 KM/4; MakCUMaJbHAs B3JIETHAS
macca — 11500 xr; B3nerHas macca 6e3 rpysa — 4200 Kr
pasMax KpblibeB — 34 M; IIOmAb KPbUibeB — 88,2 M
OIIMH TIOpITHEBOH mBuratens Mapku 11J11-M34P mormHO-
crero 900 in.c.; sxmmax — 3 yen. Ha sToMm THIle camosera
opun cosepmreHsl B 1936-1937 r1r. mereHmapHbIe BO3-
JylIHbIE OeCrocagovHbIe MepeseThl 3HAMEHUTBIM COBET-
CKUM JIeTHBIM 3KkumniaxkeM B. Ukanosa, I'. BaiinykoBa u A.
bensikoBa 1o pekopaHbBIM JaJIbHUM MaplupyTaM MockBa-
3emist Opanna-Nocuda-Ilerponasnosck Ha Kamyatke u
Mocksa-Tloprenenn (CIHA) uepes CeepHbiii mosoc [5].

B nepuon 1922-1936 rr. A.H. TynoneB kak ruas-
el koHCTpykTOp KB LJAT'M mo mnpoexTtupoBaHHIO U
MIPOM3BOACTBY IIEJTHHOMETAUNIMYECKUX CaMOJIETOB pas3-
JIMYHBIX KJAaCCOB CTaJ OJHHM W3 co3Jareseil Hay4dHo-
texHnaeckol 6a3er LIATU. B 1937 r. aBnakoHCTpyKTOpa
A.H. TynoneBa no HagyMaHHbIM NPUYMHAM TOT'O JKECTO-

KOro BpeMeHH (u3-3a OOBHMHEHHS BO BpEIUTENbCTBE U
HIMHOHAXE B 1M0JI63y PpaHIK) OTCTPAHIIMN OT PabOTHI B
Kb IJAI'M u HeobocHOBaHHO apectoBamnm. Jlanee mocie-
JoBan npuroBop BoeHHoil komnernn BepxoBHoro cyna
CCCP — mumienue cBoOons! Ha 15 yer ¢ mopakeHHeM B
npasax Ha 5 jer [3]. Haxonsce B TIOPEMHOM 3aKirOye-
HUHM, OH paboran B crneuuanbHoM 1IKB-29 mpu HKB/I
CCCP (Bnocnencrsun 310 Kb monyuwnno Ha3sanue «Ty-
MOJIEBCKas Iapara»). Y IMBUTEIbHO, uTo 31ech A.H. Ty-
TMOJIEBBIM M €ro KOHCTPYKTOPCKO# Opuranol ObL1 co3aH
OIMH W3 Iy4ylIMX nepuoga Bropoil MupoBoil BOWHEI
(bponTOBBIX 60MbapaupoBiKoB THa Ty-2 (puc. 4) [3].

Puc. 3. CoBerckuit BPIHO];OI\/II OIHOMOTOPHBIN JanbHUi (pe-
kopaHslit) camoner AHT-25 pa3paGoTku aBHaKOHCTPYKTOPOB
LIATU A.H. Tynonesa u I1.0. Cyxoro B CIIA (1937 r.) [5]

Puc. 4. COBe_TCKHﬁ- BI/IHTOBOﬁ ;[ﬁyXM-OTobHLIﬁ (bpoHTOBOIA
nUKHpyoumii 6ombapauposiuk tuna Ty-2 paspaborku A.H.
Tynonesa B Tiopemuom [IKB-29 mpu HKBJ] CCCP (1941 r.) [5]

OCHOBHBIE TaKTHKO-TEXHHYECKHE XaPaKTEPUCTUKH
camosieta THma Ty-2 ¢ IBYXKWJIEBBIM omepeHueM [5]:
nanpHOCTh nojiera — 2020 KM, MakcUMallbHas B3JIETHAs
macca — 11767 kr; B3nerHas macca 6e3 00eBoro rpysa —
7601 xr; MakcHMallbHasi CKOPOCTb II0JIETa Ha BBICOTE —
521 km/d; mBa MOPIUIHEBBIX IBHUTATENs BO3AYIIHOTO OX-
naxnennss mapku AllI-82 momuocteio 1700 n.c.; moTo-
5ok (Beicora) moasema — 9000 m; anuna — 14 M; sxunax
— 3 yen. Coii nepBbIif nosieT GpoHTOBOM GOMOapANPOB-
muk tuna Ty-2 coBeprmn 29 suBapst 1941 r. Cepuitnbiii
BEIITYCK 3TOTO caMoJieTa Havaics B 1942 r. u mpomomxai-
cst 1o 1952 r. B o6meit cioxxkaoct B CCCP 6pu10 M3ro-
ToBiIeHO 2649 1mT. qaHHOoTO GoMOGapaMpoBIMKa [5]. DTOT
caMoJieT ObUI OJHOM M3 JIy4IIMX MAlIMH CBOETO BPEMEHHU.

IlepBbIM COBETCKMM IIOCIEBOCHHBIM HOCHTEIEM
SIIEPHOIO OPYXKHSI CTall BUHTOBOM IOPLIHEBOM YEThIpEX-
MOTOPHBII CTpaTrerndyeckuit 6omodaparpoBivk tumna Ty-4
(1947 r.), siBnsiBIIMiiCS TOYHOW KOMMEH aMEPUKAHCKOTO
6ombapauposinuka Tuna B-29, ¢ 6opra koToporo 6 u 9
aBrycra 1945 r. CHIA Obuin cOpoIIeHBI Ha SIOHCKHE
roposa Xupocuma u Haracaku cOOTBETCTBEHHO ypaHOBast
W IUTyTOHHEBas aToMHble 60MOBI [5, 7]. K koniy 1940-x
TO/IOB COBETCKMM aBHAKOHCTPYKTOpAM CTAIO SCHO, 4TO
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Oynymiee najbpHE OOMOapIMpPOBOYHOM aBHanuu OyaeT
MIPHUHAJUIeKATh caMoJIeTaM ¢ TYpOOBHHTOBBIMU U Typ0o-
pEaKkTUBHBIMU ABUTaTeasiMU. B aToil cBsisu mepen A.H.
Tymoneseim u ero OKb nupextuBHbIME opranamu CCCP
Oblia MOCTaBJICHAa BaXKHEHIIast 3a7a4a O CPOYHOM CO3/a-
HHUW COBETCKOTO NajbHETO CKOPOCTHOTO OOMOapIupoB-
mrKa-pakeroHoca. B 1953 r. nannas 3amada ObLia BbI-
noaeHa. B CCCP nosiBuiicst IepBBId PEaKTUBHBIA CTpa-
termdeckuii 6ombapauposiuk trmna Ty-16 (puc. 5) [5, 6].

Puc. 5. CoBerckuii peakTHBHBIH ABYyXMOTOPHBIN JalbHUI pake-
ToHOCcen-60MbapaupoBiuk Tuna Ty-16 («Pycckuit 6apcyk» o
tepmunosioruu crpad HATO) paspa6orku A.H. Tynonesa
(1953 r., rnaBusil KOHCTPYKTOP MatuHbl — J[.C. Mapkos) [5]

Ero co3nanue — HeoObIYHOE SBJICHHE HE TOJBKO B
COBETCKOM, HO M B MUPOBOM CaMOJIETOCTpoeHHH. boeBrie
camoeTbl THna Ty-16 mpu MHHUMYyME SKCIUTyaTal[HOH-
HBIX J0pabOTOK HCIHOJIB30BAIMCh BOCHHO-BO3IYIIHBIMU
cunamu (BBC) CCCP u Poccum Brutots 10 1994 r. Onu
CTAIM OJHUMHU H3 CaMBIX <IOJTOXHBYIIMX» BOCHHBIX
CaMoJIETOB B COBETCKOW aBuaiuu. OOyCIIOBIEHO 3TO ObI-
JI0 UCKJTFOYMTETIBHON HAJEKHOCTHIO MX KOHCTPYKIMH H
6oproBoro obopynosanus [9]. Kcraru, anekrpoobopymo-
BaHMe Ha camojiere Tuna Ty-16 010 OCTPOEHO 1O 0f-
HONPOBOJHOW CXeMe ¢ OOIIMM «MHHYCOM» Ha METalllH-
4ecKkoM Kopiyce (00pTy), H3rOTOBICHHOM M3 HOBOTO Ha
TO BpPEMS JIETKOT0 U MPOYHOTO AIOPATIOMHHHEBOTO CILIA-
Ba Mapku JI16T. B xadecTBe MCTOYHHKOB ITOCTOSIHHOTO
TOKa HWCIIONB30BAUCH YeTblpe reHeparopa Tuma ['CP-
18000 (o aBa Ha KaXkJOM JIBUTaTej€) U JBE CBUHIIOBBIE
akKymyIsiTopabie Garapen tuna 12CAM-55 (kaxmast Oa-
Tapesi cocTosia U3 AByX akkymyissitopoB 6CAM-55, co-
eMMHEHHBIX Tocea0BaTenbHo). Ha camonére npumens-
Jlach dJIEKTpHYecKas ceTh HanpspbkeHueMm 115 B u uacro-
to 400 I'n, 3amuTaHHas OT JBYX O3JEKTPOMAIIMHHBIX
npeobpasoBateneit Tuna [10-4500 [9]. Heobxomumo oT-
METHUTh, YTO TIOMUMO 3THUX HCTOYHHUKOB TOKA, HA Pa3HBIX
Moaudukanusax Ty-16 NONONHUTENEHO yCTaHABIMBAIICH
pa3nMYHBIE IPeoOPa30BaTENN HICKTPOIHEPTUH JUTS MTUTA-
HUS JONOJHUTEIBFHO YCTAaHOBJICHHOW Ha OopTy ammapa-
Typsl. boeBas mammnHa tima Ty-16 crama mist coBeTckoit
aBHAIIMOHHOW HAyKH HACTOAIIMM IIEPBONPOXOALIEM B
KJIacce TSDKENBIX PEaKTHBHBIX caMoyieToB. TOJBKO ame-
PHKAHCKHMI CTpPAaTernyecKuii OOMOapaMpOBIIMK THAa B-
52 u coBerckuii cTparernyeckuii 60MOapANPOBIIKK THIIA
Ty-95, 0 KOTOpOM peyb NOHAET YyTh HHXKE, MOTYT CpaB-
HHUTBCS C HUM IO «onronetuio». B teuenune 40 jet ero
00eBoii «cIy»)O0b» ObUTO co3maHo okoyio 50-Tu MomUdpH-
Karuii camorniera Tuna Ty-16 [9]. Ero cuioBast ycraHoBka
comepkana JBa TypOopeakTuBHbix apuratens (TPH)
Mapku PJI-3M c¢ Taroit 9500 krc xaxnmsiii. OCHOBHEIE
TaKTUKO-TEXHUYECKHE XapaKTePUCTUKH CaMOJIeTa THUIIa
Ty-16 [9]: maneHOCTE MosTeTa — 6350 KM; MakcHMabHas
B3nerHast Macca — 79000 kr; macca 6e3 ToIuMBa U rpy3a —
37200 kr; MakcuMaibHass CKOPOCTh IOJIETa Ha BBICOTE —
1050 km/4; otonok (Beicota) moasema — 12300 M; mirHa
— 34,8 M; pa3max kpbUlbeB — 33 M; ILIONI[h KpbUIA —

164.,6 M2; MakcuMallbHasg Macca TorumBa — 36000 kr;
akunax — 6 gen. I1o cBOMM TEXHHMYECKUM XapaKTepUCTH-
KaM ¥ KOMITOHOBKe 0oeBoii camoneT Ty-16 okasaics Ha-
CTOJIBKO YJA4HbIM, 4TO 3T0 no3poiwio A.H. TynoneBy u
ero OKb 0e3 0coObix mpobieM B KOPOTKHE CPOKH CO3-
J1aTh Ha €ro OCHOBE IEPBBIA COBETCKUM MACCaXUPCKUN
peakTuBHBIIH aBuanaiinep tumna Ty-104 (puc. 6) [6, 9, 10].

.
i
/i

Puc. 6. OnuH U3 epBBIX B MUPE COBETCKUN PEaKTHBHBII MHO-
TOMECTHBIN Maccakupckuii camonet tuna Ty-104 («Pycckuii
BepOo» 1o TepmuHoioruu crpad HATO) pazpabotku A.H.
Tynonesa (1956 r.) na Gase GoeBoro camosera tuma Ty-16 [6]

Jlerunk-ucnbitarens 10. Anamees 17 urons 1955 r.
MOJMHSUT B BO3IYX OIBITHBIA 3K3EMIUISP TPaXKITaHCKOTO
camouieta Ty-104, a co cnenyromero roga B CCCP Haua-
JIOCh CepUIHOE MPOU3BOJCTBO ATOM MAIMHBI Ha Xaphb-
koBckoM aBmazaBoje [10]. B 1956 r. CCCP, Gmaromaps
co3manuio camoiieta tuna Ty-104, ynamock mopasuTth
3amaJHbIi MUp, KOT/1a BO BpeMs BusuTa ero juaepa H.C.
Xpymépa B AHIMIHIO MOCIEOHUN C MPABUTENBCTBEHHOMN
Jenerauueil npuieren B I. JIOHAOH Ha 3TOM aBUaslaliHEpeE.
OCHOBHBIC TAKTHKO-TEXHHYCCKHE XapaKTCPUCTUKU CaMO-
nera tuma Ty-104 ¢ neyms TP mapku AM-3 (c TsrOi
8750 krc) [10]: makcumarbHas B3jeTHas macca — 74500
Kr; Macca myctoil mammHbl — 42800 Kr; KOMMepUecKast
Harpy3ka — 9000 kr; 3amac TorumBa — 26500 kr; mMakcu-
MajbHas JaJIbHOCTb IOJIETa ¢ KOMMEPUYECKOM Harpy3kou
— 2120 kM; MakCHMaJIbHAsI CKOPOCTD I0JIETa Ha BBICOTE —
950 km/4; moronok (BeicoTa) mogbema — 11500 M; Kou-
4yecTBO naccaxupos Ha 6opty — 50-110; miuna — 38,9 Mm;
pa3max kpeuiheB — 34,5 M; mmomans kpeuta — 174,4 MZ;
skunax — 5 yen. boproBoe 00opymoBaHUE MacCaKUPCKO-
ro camonéra Ty-104 Bo MHOTOM OBLIO aHANIOTHYHO 000-
pynoBanuio 6oeBoro camosera Ty-16. B ero cocra Bxo-
mwn [10]: aBrommmor AIl-5-2 wmu AII-6; Bapuomerp
BAP-30-3; Beicoromep BJI-20; yka3zarenb CcKOpoCTH
KYC-1200; pamgmoBeicoromep PB-2; actpokommac AK-
49; pagvoTeXHHYECKas CHUCTeMa OJMKHCH HaBHTaI[MH
PCBH-2; GoptoBasi paguosnokanuonHas cranuus (PJIC)
PBII-4I'; pagmoxommac APK-5; ruponomykommac ['TIK-
52; muctaHUMOHHBIN rupoMarHuTHRIA Kommac JITMK-7,
Kypco-riuccannas cucrema CII-50 «Marepuk», Kypco-
rnuccagnas cucrema MJIC (kypcoBoit paauonpuéMHHK
KPII-®, rauccanubiii paguonpuémuuk I'PII-2, mapkep-
Hblid pagnonpuémunk MPII-48 unu MPII-5611); cBs3nas
pamuocrannus (npuémuuk YC-9, nepenarunk 1-PCB-70).

[osBnenne naccaxxupckoro camosnera Ty-104 nosso-
so CCCP B kpaTyaiiiiiie CpoKH BBINTH Ha MEKIYHAPO-
HBIH YPOBEHb aBHANEPEBO30K. Ha HEM IpaIaHCKUM IOJTh-
30BatelieM «A3po(uIOTOM>» BBIIONHSIIACH MEXITyHAPOI-
HBIC ¥ BHYTPEHHHE PEHCHI CpeTHEH MPOTHKEHHOCTH. DKC-
ryatanums camonera tuna Ty-104 «AspodaoTom» 3aBep-
mmtack B fexadpe 1979 r. OmeiT co3maHus JaHHOTO TTac-
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CaXHPCKOro camoriera Obut ncnonb3osad A.H. Tyronesbim
u ero OKB 1ipu IpoeKTHpOBaHUH HOBOTO COBETCKOTO aBH-
anmaitaepa tnna Ty-134 (puc. 7) [10].

SN\

Puc. 7. CoBerckuii cpeHeMariucTpaibHbIli peaKTHBHBIH ABYX-
MOTOPHBIH Haccaxupckuii camonet Trna Ty-134 pa3paboTku
A.H. Tynonesa (1967 r.) [6]

IMaccaxkupckuil  CpeAHEMarucTpanbHbId  caMOJET
trmna Ty-134 okasancs BecbMa yJadHBIM aBHAlIaifHEPOM-
«JIOJITOXKHTETIEM», IKCIUTyaTallsi KOTOPOro Ha TEPPHUTO-
puu Poccun mpomormkaeres ¢ 1967 1. u o ceit neHsb (6o-
nee 50 ner!) [10]. OTMeTM, YTO 10 CO3JaHUS caMOJIeTa
Ty-134 A.H. TynonessiM, Ha3HaueHHbIM B 1956 r. ['eHe-
panbHbiM  KOHCTpykTopoM OKB-156 MuHaBuanpom
CCCP, 0ObuH pa3pabotaHbl OMKHEMArHCTPAIBHBIE PeaK-
THBHBIC MAaCCAXUpPCKHe camonersl Tuna Ty-110 (1957 r.)
u Ty-124 (1960 r.), a TakKe CBEpX3BYKOBOW PEAKTHUBHBIN
6ombOapauposuiuk Tuna Ty-22 (1959 r.) [5]. Toraa sxe
A.H. Tynones u ero komneru no OKb aktuBHO nponoi-
Kanu paboThl MO CO3JAAHHIO ISl JANIbHEI aBHALUM TYp-
OOBHHTOBOTO CTPATETHIECKOTO OOMOApAHMPOBIIHKA THIIA
Ty-95 (puc. 8), craBiero oTAENBHOM APKON «CTPAHUIIEH
B Hay4YHO-TEXHUYIECKOH Ororpaduu storo yderoro [11].
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Puc. 8. CoBerckuii TypOOBHHTOBOI 4eTHIPEXMOTOPHEIN CTpate-
rudeckuii 6omGapauposiuk Tuna Ty-95 (KATOMHBINH MeIBEAbY
o Tepmunonoruu crpad HATO) paspaborku A.H. Tymonesa u
ero Kosuier-apuakoHctpykropos no OKB-156 (1956 r.) [7, 8]

YauBUTENbHBIM (AaKTOM B aBHALMM SIBISIETCS TO,
9TO cTparermyeckuii 6omGapaupoBumk trma Ty-95 (3ta
«IeTarolas KpernocTb» ¢ HECKOJIBKUMH TEPMOSJICPHBIMU
3apsaamu Ha 6opTy [7, 8]), paspaboTaHHbIN U CO3MaHHbIH
moxt pykoBojictBoM A.H. Tynosnesa 6osiee 60-TH jieT ToMy
Ha3aj, JI0 CUX IOp HaxoauTcs B 00eBoM «cTpoio» BBC
Poccun n obecnieunBaeT B BO3IYIIHOM HPOCTPAHCTBE €€
000pOHOCTIOCOOHOCTD. TaKMX MPUMEPOB «IOJITOJIETHS» B
ABUALIMOHHOM TEXHUKE KpailHe Majio. B 3TOM OTHOLIEHUHU
¢ BoeHHBIM TY-95 MOXXeT CpaBHUTHCS JHIIb HAII OTEYe-
CTBEHHBIH MAcCa)XKUPCKUH BUHTOBOW OJHOMOTOPHBIN ca-
mouteT thurma AH-2 ¢ mopimHeBsIM IBUTATENEM, pa3pado-
TaHHbI B 1947 T. BBIIAIOIIMMCS] YKPAWHCKUM aBHAKOHCT-
pykropom Oserom KoHcTanTHHOBHYEM AHTOHOBBIM [5)].

VYkaxkeMm, 4TO B 3pejoM BO3pacTe OCHOBHBIM Ha-
MpaBJICHUCM HAYYHO-TEXHUYECKOr0 TBOpYECTBA aBHUa-
koHCTpykTOopa A.H. Tymonesa sBIAINCH TSXKEIbIE caMo-
JIETBI C BBICOKOW TOJIC3HON Harpy3koil. B3se 3a 6a30ByI0
KOHCTpYKIHIO0 00eBoi camoner tumna Ty-95, on B 1958 r.

B cBoeM OKDbB co3man yHukanbHbIl naccaxupckuil JIA
tuna Ty-114 (puc. 9), HAMHOTO OIepeUBIINII CBOE Bpe-
mst [5]. Hamexubiit cBepxmaibHUil a’poOyc Ha MHOTHE
TO/BI 3aBOEBAN JIMIEPCTBO HA JIMHUAX OOJIBIION HpOTS-
JKEHHOCTH, He UMesl B MUpPE aHaJIOTOB 10 IKOHOMHYECKOM
3¢ GeKTHBHOCTH. 3a TOABI SKCIUTyaTalluy camosaeramMu Ty-
114 nocraBineHo 32 MHUPOBBIX PEKOpAAa M OTCYTCTBYIOT
JIaHHBIE B rpade JIETHBIX MPOKCIIECTBHH ¢ atuMu JIA [5].

Puc. 9. CoBerckuit MarucTpaabHbiil (MEKKOHTHHEHTAIBHBIN)
TypOOBHHTOBOH YETHIPEXMOTOPHBIH ITACCAKUPCKUN CaMOJIeT-
aspoOyc tuna Ty-114 paspaborku A.H. Tynosesa (1958 r.) [6]

31 nmexabps 1968 r. BmepBBIE MOTHSIICA B BO3IYX
NEPBBIA B MUPE CBEPX3BYKOBOM MACCAKUPCKUN CaMOJIET
tuna Ty-144 pa3pabotku A.H. TymonmeBa m ero cwiHa
A.A. Tynonesa [5]. B HacTosiiee Bpemst 3TOT THIT CaMO-
JeTa u3-3a psja NpH4YMH B Poccuu CHAT ¢ 9KCILTyaTalH.

B 1971 r. Ha TMHMUAX COBETCKOTO «A3poduioTa Ios-
BWJICSI CPETHEMATrnCTPAJIbHBIA PEaKTUBHBIN TPEXMOTOPHBII
MacCaXUPCKuil camoneT-aspodyc Ty-154, Haxomsuuiics 10
CHX TIOp B POCCHICKOM JIETHOM «CTporo» [11].

OnuueTBOpeHneM poCCUICKON aBUALIMOHHOM MOoIIU
B HACTOSILIEE BpEMs SIBISIETCS CBEPX3BYKOBOM PEaKTHB-
HBI CcTpaTernyeckuii 6OMOapIUPOBILHK-PAKETOHOCEL
tuna Ty-160 (puc. 10), paspaborannsiii B 1980-x romax B
OKB mmenn A.H. Tynonesa [12]. Dtor camoner 06opy-
JOBaH KPbUIOM M3MEHSeMOH cTpesioBUIHOCTH. OH CHOCO-
0eH HEeCTH KpbUIaThIe PAKeThl C TEPMOSICPHBIM 3aPSI0M.
Ha Boopyxenuu camoner tuna Ty-160 cocrout ¢ 1984 r.
Bcero 6bu10 ioctpoeno 35 takux camosetos. ITo cocros-
nuro Ha 2013 r. B cocraBe BBC Poccun Haxoaminoch 16
camouetoB Tumna Ty-160 [12]. Ou cran orBetom Poccun
Ha BoeHHyto nporpammy CIIIA AMSA («Pa3Buthiii mu-
JOTUPYEMBIi CTPATErHYECKHil caMoJIeT»), B paMKax Ko-
TOPOi OBLIT CO3aH W3BECTHBIA aMEpHKAHCKHUIl CTpaTeru-
yeckuii bomOapauposiuuk tuna B-1 «Lancer» [6, 12].

Puc. 10. Poccuiickuii peakTHBHbII 4eTHIPEXMOTOPHBIN CTpaTe-
rudeckuii bombapauposmmk tumna Ty-160 («benblit tebeap» mo
tepmunosioruu crpad HATO) paspaborku OKB umenu A.H.
Tymnosesa (1984 r., rinasubiii KoHcTpyKTOp — B.W. Biinzniok) [6]

Ceepx3ByKkoBo# pakeToHocer tuna TY-160 Obut 3a-
IylieH B cepuiiHoe mpousBoacTBo B 1984 r. nma Kazan-
CKOM aBHAIIMOHHOM 3aBoje. JlanpHuii 60MOapANPOBIIHK-
paketoHocer Ty-160 sBnsieTcss ZOPOTOCTOSIIAM BOSHHBIM
MPOJIYKTOM C YHHKAJIbHbIMU TEXHHUYECKHUMH XapaKTepH-
ctrukamu. CTOMMOCTb U3TOTOBJICHUS OJIHOIO PAKETOHOCLA
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tina TY-160 cocrapisier nopsimka $250 muH. Ykaxem
HEKOTOphIE TaKTHKO-TEXHMYECKHUE XapaKTePHCTHKH Cca-
moreta Ty-160 ¢ TypOOpeakTHBHBIMU BUTATEISIMA THIIA
HK-32 [12]: makcumaibHas gaapHOCTH mojera — 12300
KM; MakCHMaibHas ckopocTh mostera — 2200 km/4; kpeii-
cepckast CKOpocTh mojiera — 960 km/4; jIvHA MAIIUHBL —
54 m; pasmax KpbuibeB — 56 M. SIBIISETCS eIMHCTBEHHBIM
B Poccun BOGHHBIM M3aenueM, MOMYYMBIINM COOCTBEH-
HO€ WM. DTH CaMOJIETHI HOCAT MMEHA HM3BECTHBIX poc-
cuiickux Oorateipeit (Hampumep, «Mimes Mypomen),
KOHCTPYKTOpOB (Hampumep, «Buramuii Komsuios»), net-
4yrkoB (Hampumep, «Banepuit Ukanos») u 1p.

BenukuM aBHAIMOHHBIM KOHCTPYKTOPOM XX Beka,
n.1.H., akagemukoM AH CCCP, reHepan-moJIKOBHHKOM-
nmxenepoM A.H. TymoneBsiM Oblta co3gaHa U3BECTHAS B
MHpE aBHALMOHHAS HAy4YHAs IIKOJIA, BOCIIUTABIIAS TaKUX
BHJIHBIX POCCHICKMX aBHAKOHCTPYKTOPOB kKak [5]: B.M.
ITernakos, I1.0. Cyxoi, B.M. Mscumes, A.U. [Iytunos,
B.A. Ymxkesckuii, A.A. Apxanrenbckuii, M.JI. Mub,
A.Il. T'onyokor, N.®. Heseans, C.A. JlaBoukun u A.A.
Tynones. On sBisinacs B CCCP eqUHCTBEHHBIM aBHAaKOH-
CTPYKTOPOM, PELIABLIMM 33Ja4M CO3JaHUS TSDKEINBIX JI0-
U CBEPX3BYKOBBIX CaMOJICTOB pa3HbIX Ha3Ha4yeHui [11].

3. OdureyesioBeYecKHe Ka4ecTBa aBHAKOHCTPYK-
Topa A.H. TymoseBa. KakuM 4denoBeKoM B KH3HU OBLIT
STOT BBINAIOMIANCS POCCHHACKUN aBHAKOHCTPYKTOp? SIB-
JISASACH KPYITHBIM YUEHBIM U KOHCTPYKTOPOM, PYKOBOJHUTE-
JIEM OTPOMHOTO MHOTOTBICSYHOTO KOJIJICKTHBA HHXXCHE-
POB, TEXHOJIOTOB, JIETYMKOB-HUCHBITATENEH, TEXHHUKOB H
pabounx Anjpeii HukomaeBuu Bcerma OcCTaBajicsi OY€Hb
MPOCTBIM H JPYXKeM0OHbIM uesnoBekoM [5, 13]. Jlrooun
CBOIO CEMbIO, JOPOXKHUI CBOMMHU OJIM3KUMH, 000KaJl MPH-
poly, KOMIaHUIO Jpy3el n BKycHYIO eny. B ObITy OH OT-
JMYacs KpaWHeW KOHCEPBATUBHOCTBIO. IPEITIOYUTAI
HOCHTH CTapyio, HO yIOOHYI0 omexmay. JIroOwn myrerre-
CTBOBaTh. B MENOBBIX 3apyOeKHBIX MOE3AKaX M3ydal He
TOJIBKO WHOCTPAaHHYI0 HAyKy M TEXHUKY, HO U MECTHYIO
pupoxy, Moael u ux odsraau. Ha orasixe B [Tommocko-
BbE NPEINOYTEHHE OTAABaJl OXOTE, PHIOAJIKE W UTPE B
Boueiibon. Ilepen cCHOM peryssipHO YHTal XyJOXKECTBEH-
Hyl0 Juteparypy. Ero peub oTiiMuanach KpaTKOCTBIO U
eMKocTbhlo. Ero MHOrMe dpassbl cranu adopuzmamu cpean
xomer. Anapeit HukomaeBuu mojmep)xuBan Apys>KeCKue
orHouienust ¢ U.B. KypuatossiM, A.Il. BunorpanoBbim,
A.T. Teapnosckum, M.B. Kengpimewm, I1.JI. Kanuueit u
MHOTHMH JPYTUMH BBIIAIOIIMMHUCS JIIOJBMH TOTO BpeMe-
HH, B KOTOPOM OH X1 1 TBopwi. K Hemy Ha paboTy dacto
mpuexan nobdecemoBath Cepreit IlasmoBua Kopones,
CTaBIIMH BBIJAIOIIMMCSI COBETCKHM W BCEMHPHO H3BECT-
HBIM KOHCTPYKTOPOM PaKETHO-KOCMHYECKOH TEXHUKH.
ITozxxe C.II. KoponeB B CBOMX BOCHOMHWHAHHAX O TeX
Bcrpeudax ¢ A.H. TymosaeBbIM TOBOPHII O TOM, UTO KVUUICSA
y Anopes Huxonaesuua cmunto padomor» [5, 13]. Kcrary,
noj pykooactBoM Annpes HuxonmaeBuua Cepreit Kopo-
JIEB BBIIOJHUI CBOM [[HHHOMHbIﬁ MPOCKT U CTAJl MHIKCHE-
poM-MexaHHKOM. J[0 CBOMX MOCIEIHMX THEH JKU3HH OH
nHTepecoBaics ponsBoacTBeHHbIME aenamu B OKB. Ilo-
xoponeH Ha HoBoneBuubem knanoumie (puc. 11) [3, 5].

B 2001 r. Ha O0gHOM W3 CTEH BCEMHUPHO H3BECTHOTO
MOCKOBCKOTO TOCyIapCTBEHHOTO TEXHHUYECKOTO YHHBEP-
curera (ObBrrero MBTY) umenn H.D. Baymana mnosiBu-
nmace OpoH30Basi MeMopuaibHas mocka (puc. 12), ycra-
HOBJICHHAsI B YECTh CBOETO BBIJAIOIIETOCs cTyaeHTa [15].

s %

Puc. 11. HaarpoOHbIi maMATHUK BEJIMKOMY aBUAKOHCTPYKTOPY
XX Bexka, Tpuwkasl ['eporo Tpyzna A.H. TynoneBy (HoBogesuube
Kianouite, r. Mocksa, 2012 r.; ckynsirop —I'. Tounze) [14]

. o

Puc. 12. Bpon3oBas MmeMopuainbHast gocka B 4ects A.H. Tymo-
JIeBa Ha 3/[aHUH MOCKOBCKOTO TOCYIapCTBEHHOTO TEXHHUYECKO-
ro ynusepcurera umenu H.D. baymana, rae yunncs A.H. Tymno-

neB (otkpbita 17 mast 2001 r.; ckynsnrop —I'. Mensaes) [15]

4. Harpaas! u 3uaku npusHanus A.H. Tynonesa.
3a cBOM BBIIAIOIIUECS 3aCIIyTH B CAMOJIETOCTPOSHUU AH-
npeit HukonaeBud TymosieB ObLT HArPaXKA€H TPEMsI 30J10-
TeiME Mepamsmu [epost Tpyma «Ceprt u Mosor» (1945
r.,1957 r.,1972 r.), 14 coserckumu (1933 r., 1936 r.,
1944 r., 1945 r., 1947 r., 1949 r., 1953 r., 1957 r., 1958
r., 1968 r., 1971 r., 1972 r.) U OJHMM HMHOCTPAHHBIM
(1964 r.) opnenamu. SBmsieTcst naypeatom st ocyaap-
crBennbix npemuii CCCP (1943 1., 1948 1., 1949 1., 1952
r., 1972 r.) u ognoii Jlennnckoit mpemun CCCP (1957 r.).
Ou cran [TouetHbIM TpaxaanuHoM T. [Tapmka (1964 r.),
r. Heto-Mopka (1964 1.) u r. Kyxosckuii (MocKoBCKOit
0011, 1968 r.). EMy ObUIM MPUCYXACHBI IPEMUsT UMEHU
H.E. Xyxosckoro AH CCCP (1958 r.), 3010Tasi Meaaib
MEXKAyHapoaHOU aBuanmoHHoi (eneparmu FAl (1958
T.), MEeXIyHApOIHAs peMust UMeHn JleoHapno na Bunum
(1971 r.) u 30mnotas Menans OOIIECTBA OCHOBOIIOJIOKHH-
koB apuanuu Opannun (1971 r.). On 6bu1 u36pan Ilo-
YETHBIM WIeHOM KOpoJaeBCKOTO aBUAIlMOHHOTO OO0INEeCTBa
Bemuko6puranun (1970 r.) 1 AMEpHKaHCKOTO HHCTUTYTA
a’poHaBTUKH U actpoHaBTukd (1971 r.). EMy Obn ycTa-
HOBJIeH OpoHn30BbIi OtocT I'epost B 1. Kumpser (TBepckas
00611, Poccus). Umenem A.H. TymoseBa ObUIH Ha3BaHBI
HabepexxHast B T. Mockse, ynuipl B r. Cankt-IlerepOypre,
r. Kuese, r. YinbsHoscke, r. Kumpax u r. JKykoBckom.
WNms aBuakoHcTpyktopa A.H. TymomeBa HOCHUT B Ha-
cTosiiee Bpemsi B T. MOCKBE [IMPOKO U3BECTHBIN B MUpE
pOCCUMCKMIT ABHALMOHHBI HAyYHO-TEXHUYECKUHA KOM-
wieke (mpomoiskarens Tpaaunuit serengapaoro OKB
nmenn A.H. Tymonesa). Ero mmst 6si10 mpricBoeno Ka-
3aHCKOMY aBHAI[MOHHOMY MHCTHUTYTY. OIMH U3 OCTPOBOB
Poccuu B Kapckom Mope ObLIT Ha3BaH B €ro 4ecTh [3, 5].

BoiBoabl. Beinaromiumiicst aBuakoHctpykTop 20-ro
cronetusi A.H. TymoneB ocTaBui 3aMeTHBIA «Clem» B
pPOCCHICKOM W MHpPOBOM camojieroctpoenun. Iloa ero
HAy4HO-TEXHUYECKUM PYKOBOACTBOM OBUIO pa3paboTaHo
cepiire 100 THIIOB BOSHHBIX M IPaXKIaHCKHX CAMOJIETOB,
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70 ¥3 KOTOPBIX BBIMTYCKATNCH ABHAIMOHHOW IPOMBIIII-
neHHocTbro CCCP cepuitno. OH BHEC OIPOMHBIN JTHMYHBIN
BKJIaZ B obecredeHne 00OpPOHOCIIOCOOHOCTH COBETCKOI
cTpanbl. B Hapoxnoit mamsatu akagemuk AH CCCP A.H.
TymnoneB ocraercss OAHUM M3 CO3AATENEH MIMPOKON ram-
MBI CaMOJIETOB TAaCCAKUPCKOTO aBUAIMOHHOTO TapKa.
Ero typ6opeakTuBHBIE MACCAKUPCKHUE CaMOJIETHI, a TakK-
e TsDKenble TYpOOBHHTOBBIE M TypOOpeaKTHUBHBIE CTpa-
Ternyeckue O0OMOApPAMPOBIIUKH IO CHX IMOP «OOpPO3AAT»
MHPOBOE BO3YIIHOE MPOCTPAHCTBO U BBIMOJHSIIOT BO3-
JIO’)KEHHBIC HA HAX OOIIErpaXKIaHCKUE U OOCBBIC 3a1a4H.
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An anthology of the distinguished achievementsin scienceand
technique. Part 48: Aircraft designer Andrey Tupolev and his
accomplishmentsin airplane design.

Purpose. Preparation of a short scientifically-historical essay
about one of founders of world airplane design, prominent Soviet
aircraft designer AN. Tupolev. Methodology. Known scientific
methods of collection, analysis and analytical treatment of scien-
tific and technical information regarding becoming and develop-
ment of Soviet and world aviation and resulted in scientific mono-
graphs, journals and internet-reports. Results. A short scientifi-
cally-historical essay is presented about a prominent Soviet air-
craft designer Andrey Nikolaevich Tupolev, becoming in the 20"
century one of founders of Soviet and world aviation. Basic scien-
tific and technical achievements of A.N. Tupolev indicated in area
of airplane design, bringing Soviet military and civil aviation
around to extraordinary world heights. Basic tactical and techni-
cal descriptions are described regarding created under his scien-
tific and technical guidance of such known types of civil airplanes
as ANT-25, Tu-104, Tu-134, Tu-154 and Tu-114, and also mili-
tary airplanes of type Tu-2, Tu-16 and Tu-95. Short information is
resulted about flying descriptions of the modern Russian super-
sonic strategic bomber of type Tu-160, created in 1980-th in the
design bureau name after A.N. Tupolev. It is marked that under
guidance of A.N. Tupolev over 100 types of airplanes of the mili-
tary and civil setting were developed in the former USSR, 70 from
which are produced by aviation industry of country serially. It is
indicated that Doctor of Technical Sciences, Academician of the
Academy of Sciences of the USSR, Colonel-General-Engineer
AN. Tupolev was a founder known in the world of aviation scien-
tific school, preparing many famous Russian aircraft designers.
Information, touching handed him domestic and foreign govern-
mental rewards and other authoritative signs of confession of
prominent merits of great aircraft designer A.N. Tupolev world
scientific and technical public is resulted in airplane design.
Criginality. Certain systematization is executed known from sci-
entific publications and other scientific and technical materials
media regarding becoming and development of Soviet and world
aviation and considerable scientific and technical contribution to
the military and civil airplane design of prominent Soviet aircraft
designer A.N. Tupolev. Practical value. Sientific popularization
and deepening for the students of higher schools, engineering,
technical and scientific workers of scientific and technical knowi-
edge in the field of history of becoming and development of Soviet
and world airplane design, extending their scientific and technical
range of interests and further development of scientific and tech-
nical progressin society. References 15, figures 12.

Key words: aviation, prominent Soviet aircraft designer
Andrey Tupolev, his basic achievements in airplane con-
struction, scientifically-historical essay.
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EnekmpuyHi mawuHu ma anapamu
V]IK 621.313.33:62-83-52

doi: 10.20998/2074-272X.2019.2.02

B.C. Mansp, A.B. Mansp, A.C. Axapeimua

METO/J PO3PAXYHKY MEXAHIYHUX XAPAKTEPUCTHUK
ACHUHXPOHHHMX JIBUT'YHIB 3 KOPOTKO3AMKHEHHM POTOPOM

3anpononosano anzopumm po3paxyHKy MexXaHiuHUX XapaKmepucmuxk acCUHXPOHHUX 08UZYHIE 3 KOPOMKO3ZAMKHEHUM POMOPOM
npu pizHUX yacmomax Hanpyzu dHcusieHHua. B ocnoey pospaxynky noxknadeno mamemamuyuny mooens AcCUHXPOHHO20 06UZYHA, 8
AKIil 8PAX08YEMBCA HACUYUEHHA MAZHIMONPOGOOY i BUMICHEHHA CIMPYMY 8 CHEPHCHAX KOPOMKO3amKHeno20 pomopa. Enexmpo-
MazHimHi npoyecu y 08UZyHi ORUCYIOMbCA CUCHEMOI0 HENTHINHUX PIGHAHb eJIeKMPUYHOT pi6HO6azU, 3aNUCAHOT 8 NePemeoPeHUx
00 OpMOZOHAILHUX OCell KOOPOUHAM, AKA PO36’ A3yembCa imepayiiinum memooom Hviomona pazom 3 memooom npooosrceHHn
no napamempy. /[na o6uucnenna nomoko3uenieHv KOHmMypie ma OughepenyiansHux iHOYKMUHoOcmell 6UKOPUCMOGYIOMbCA
XApaKmepucmuKy HAMAzHiuy8aHHA OCHOGHUM MAZHIMHUM NHOMOKOM, 4 MAKOMC HOMOKAMU PO3CII06AHHA cmamopa i pomopa.
/Ina ypaxyeanus 6umicHeHHA CIMPYMY 6 CHIEPHCHAX POMOPA KOPOMKO3AMKHEHA 00MOMKA NOOAEMBCA Y 6U2NIAL Oazamouiapoeoi
CMpYKmypu, ymeopenoi pozoummsam cmepicnie no eucomi na xinvka wapie. bion. 10, puc. 3.

Kniouoei cnoea: acHHXpOHHMIl JABHMIYH, KOPOTKO3aMKHeHa O0MOTKA, CTATHYHI XapaKTePHCTHKH, HACHYECHHSl, BUTiCHCHHs

CTpyMYy.

IIpeonoicen anzopumm pacuema mexanuyeckux XapaKkmepucmuK acuHXpoOHHBIX 0guzameneil ¢ KOPOMKO3AMKHYMbIM POMOPOM
RpU PA3HBIX YACMOMAX HARPAINCEHUA RUmManun. B ocnogy pacuema nonoscena mamemamuueckas mooenv acuHXponHozo 06u-
2amens, 6 KOMOPOU yUUMblACMCA, HACLIEHUE MAZHUMONPOGOOA U GbIMECHEHUEe MOKA 8 CIMEPHCHAX KOPOMKOZAMKHYHO20
pomopa. Dnexmpomaznumnsle HPoueccvl & Ogucamene ORUCLIGAIOMCA CUCHIEMOU HETUHEUHBIX YPAGHEHUN INEKMPULECKO20
Ppasnogecus, cocmasnieHHoli 6 RPeOOPA3OCAHHBIX K OPHIOZOHATILHBIM OCAM KOOPOUHAN, KOMOPAA PEUiaemcs umepayuoHHvIm
memooom Hviomona emecme ¢ memodom npodonicenus no napamempy. /Ans eviuucienus nOmMoOKOCUENIeHULl KORMYPOS U
OoudppepenyuanbubIx UHOYKIMUGHOCHEI UCNOIB3YIOMCA XAPAKMEPUCIUKYU HAMAZHUYUGAHUA OCHOGHLIM MAZHUMHBIM HOMOKOM,
a maKoice NOMOKAMU PAcCCeanUun cmamopa u pomopa. /Ina yuema simecuenus moKka 6 CHEpPIHCHAX POMOPa KOPOMKO3AMKHYMAA
00MOMKA NPEOCMAasnAemcsa 6 sude MHOZOCIONUHOI CIPYKMYPbL, 00PA306AHHOL pa3oumuem cmepicHeil no 6bicone Ha HECKOIb-
Ko cnoeg. bu6an. 10, puc. 3.

Knoueevie ciosa: acCHHXPOHHBIH BHIaTe/Ib, KOPOTKO3aMKHYTasi 00MOTKA, CTATHYECKHE XaPAaKTEPUCTHKH, HACHILIEHHE, BbI-

TECHCHHUE TOKA.

Beryn. B cydacHHX aCHHXPOHHHMX EJIEKTPONPHUBO-
Jax JUId PETyJIOBaHHS IIBHUAKOCTI OOEpTaHHA poTopa
3aCTOCOBYIOTH IIEPETBOPIOBAdl HYacTOTH. Takwii cmocid
perymioBaHHS 3a0e3ledye BHCOKI TEXHIKO-€KOHOMiYHi
NOKa3HUKH, OCKUIBKM YaCTOTHO-KEPOBaHHH €JIeKTPONpH-
BOJI BIIKPHBAE INMUPOKI MOXKIMBOCTI BUKOPUCTAHHS aCHH-
XpOoHHUX MBUTYHIB (AJ]) B sIKICHO HOBHX TEXHOJOTTIHUX
mpouecax 1 3a0e3nedye BHCOKY eHEproe(eKTHBHICTb.
Po3poGiienHss HamiiiHMX 1 SKICHUX MiKpOIPOLIECOPHUX
CHCTEM JIa€ 3MOTY 3 BHCOKOIO TOYHICTIO KepyBaTH po0o-
TOIO €JIEKTPOIPUBOY BiAMOBIIHO 10 BUMOT KOHKPETHOT'O
TEXHOJIOTIYHOTO TIPOLIECY, 110 He TUTHKH 3a0e3Medye Horo
SKICTh, aJle i €KOHOMIiI0 eneKTpoeHeprii. TeopeTuuHi i
NPaKTHYHI aCHEeKTH YacTOTHOTO KepyBaHHS BHUKJIAIEHI B
GaraTbox (yHmaMeHTadpHUX Tpaisix [1-4], a ocobmuBoc-
Ti i aHaN3 CKaJISIPHOTO Ta BEKTOPHOTO KEPyBaHHS — B
OTJBSITOBUX CTATTAAX [5, 6]. OnHak nmpobiema po3pobIeHHS
METOJIIB JIOCIIJDKEHHS MEXaHIYHUX Xapakrepuctuk AJ]
NpU Pi3HUX 3aKOHAX 3MiHM HANpyrd JKMBJICHHS, HE3Ba-
JKAFOYX Ha BEIUKY KUTBKICTh ITyOJIKAIlil, 3aUIIAETHCS HE
BUPILIEHOIO Ha HAJIGKHOMY PiBHI.

Sk BimoMo, 3MiHOIO YaCTOTH HATIPYTH KUBICHHS Al
MOKHA IJIABHO PETYIIIOBATH KyTOBY LIBUJKICTH 00epTaH-
HSl MarHiTHOTO TIOJISl CTAaTOpa, IPHYOMY KOB3aHHS POTOpa
IIPH IBOMY HE 3MIHIOEThCA. [ eneKTponpuBoOIiB 3 Ma-
JIUM Jialla30HOM PETYJIIOBaHHA 1 MOPIBHAHO HEBUCOKUMU
JMHAMIYHIMH BJIACTHBOCTSIMH BUKOPHUCTOBYIOTH TaK 3Ba-
He cKaysipHe KepyBaHHs [1, 4], sike € MOPiBHIHO MPOCTUM
B peaiizauii. Ha BiqMiHy BiJi BEKTOpPHOTO, BOHO 3aCHOBa-
HEC Ha BI/IKOpI/lCTaHHi MOJIyJ'liB BCJIMYUH, AKUMH BH3HaA4Ya-
€TBCS €JIEKTPOMArHiTHUHA MOMEHT. OCKUIBKM eJIeKTpoMa-
THITHI TIpOIleCH 3aJIeXaTh BiJI BHYTPIIIHIX IapamerpiB

A]l, TO HETOUHICTP iX BU3HAUYEHHS MPU3BOIUTH 0 HETOU-
HOCTI BH3HAYEHHS ENEKTPOMArHITHOTO MOMEHTY 1, fK
HaCiIOK, 3HAYHUX BIOXWJIEHb IIBHUAKOCTI OOEpTaHHS
potopa Bia 3aganoi [1]. Ile 3yMOBI€HO THM, 1110 B iCHYFO-
YUX aIrOpUTMax KepyBaHHSA YaCTOTHO-PEryJIbOBAHUMU
ACHHXPOHHUMU €JIEKTPOIIPUBOAAMU BHKOPUCTOBYIOTHCS
MmaremarniHi Mojeni A/Jl, moOynoBaHi Ha OCHOBI 3acCTyIl-
HHUX cXeM a0o JiHiHUX qudepeHianbHuX piBHAHb [1-4],
a MEXaHIYHI XapaKTEePUCTHKH pPO3PaXxOBYIOThCA 3a (op-
myzoro KiocCa, sika € HaOmkeHoro. 3MiHa NapameTpiB
KOPOTKO3aMKHEHOTO POTOpa, 30KpeMa aKTUBHOT'O OIOpY,
HE BpPAXOBYETHCS a00 BPaxOBYETHCS BiAMIOBIIHUME KOe-
(hinieHTaMU. BUKOpPHCTaHHS KIACHYHUX 3aCTYITHUX CXEM
HE JIa€ MOXJIMBOCTI aJIeKBaTHO BpaxyBaTH BCI YMHHHKH,
10 BIUIMBAIOTH HA MPOIECH B ABUTYHI IPU 3MiHI 9aCTOTH,
1 He rapaHTye JIOCTOBIPHOCTI PE3yJIbTaTiB pPO3pPaxyHKY,
ocobmuBo st mbokonaszHux AJl. He Bupinytors npo-
0JIeMH aJIeKBaTHOCTI Pe3yJIbTaTiB MAaTEMATUYHOI'O MOJIe-
JIIOBAHHS 1 3aCTYIHI CXEMU i3 3MiHHUMH 4aCTOTHO3aJICK-
HUMH TTapaMeTpaMu, OCKIJTbKU BHACIIIOK HACHYCHHS Ma-
THITOIPOBOJY MTOTOKO3YCIUICHHS KOHTYpiB AJl, a oTxke i
€JIeKTPOMATHITHI TMMapaMeTpy HENiHIMHO 3alie)XaTh Bix
ycix Horo CTpyMiB i IX 9acTOTH.

Jus kepyBaHHs pob6oToro AJl, SIKH TIPaIfoe B CHC-
T€Mi YaCTOTHO-PEryJIbOBAaHOTO EJIEKTPONPHUBOJIA, HE00-
XiIHO 3HATH 3HAYEHHS WOTO BHYTPIIIHIX IapaMmeTpis,
30KpeMa aKTHBHHUX W PEaKTUBHUX OMOPiB 0OMOTOK CTATO-
pa Ta poropa, sIKi HelepepBHO 3MiHIOIOThCS. be33anepey-
HO, 110 HAWOLIBII TOYHO IX MOYXHA BU3HAYUTU HAa OCHOBI
pO3B’s3yBaHHS 3a7avi B TOJBOBiH mocranoBi [7, 8],
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OHAK TakKi MPOTpaMH NOTPeOYIOTh 3HAYHOTO O00CATY
Iam’ sITi Ta 9acy Ha PO3paxyHOK, a TOMY HE MOXYTh 3a/10-
BOJIHUTH BUMOT L1010 IIBUJKO/II pearyBaHHs 4aCTOTHO-
ro meperBoproBaua Ha nepeOir npouecy. [IpomixHe cra-
HOBHUILE 3aiMalOTh KOJOBI METOAN PO3PaxyHKY €JIEKTpO-
MAarHiTHUX MapaMeTpiB Ta akTUBHUX omnopiB. OTxke akry-
QIBHOIO € 33j7a4ya po3poOJIEHHS MaTeMaTHYHOI MOJei,
sIKa J1a€ 3MOTy PO3paxoBYBaTH MEXaHIYHI XapaKTepHUCTH-
KM 3 ypaxyBaHHSIM 3MiHH TapaMeTpiB BHACIIZOK HACH-
YEeHHS MarHIiTOIIPOBOAY 1 BUTICHEHHS CTPYMY B CTEPIKHSIX
KOPOTKO3aMKHEHOT OOMOTKH SIK TaKHX, III0 MarfOTh BU3Ha-
YaJlbHUN BIIMB Ha xapaktepuctuku AJl. Kpim Toro, ans
e(EeKTUBHOTO YaCTOTHOTO KEPYBAaHHS EJIEKTPOIPHUBOJIOM
BAXKIMBUM 1 BU3HAYAJIbHUM YHMHHUKOM € IIBHAKOMIA 1
IPOMI3JKICTh MpOrpaM po3paxyHKy YaCTOTHHUX XapakTe-
PHUCTUK aCHHXPOHHHUX €JIEKTPONPHUBO/IB, SKi IOK/IaAEH] B
OCHOBY QJITOPUTMIB KE€pyBaHHS.

MeTto10 po6oTH € pPO3pOOIICHHST YHUCIIOBOTO METO.LY
PO3paxyHKy MeXaHIYHHMX XapaKTEPHCTHK IIPH Pi3HHX 3a-
KOHAaxX 3MiHM Harpyru >xuBjeHHs AJl Ta 11 yacToTH 3 BU-
KOPUCTaHHSM MaTeMaTH4HOi MOJIelli, B OCHOBY SIKOi I10-
KJIaJICHO PIBHSHHS EJIEKTPOMArHiTHOi piBHOBAar# KOHTY-
piB IOBUTryHA, SIKi JaIOTh MOJMUIMBICTh BPaXOBYBAaTH HACH-
YEeHHS MarHITOTPOBOAY 1 BUTICHEHHS CTPYMY B CTEPIKHSX
KOPOTKO3aMKHEHOTO POTOpa.

MartemaTuuna Moaeab. O0 €KTOM IOCIHIIKEHHS €
AJl 3 KOPOTKO3aMKHEHOIO OOMOTKOIO POTOpa, KW KH-
BHUTKCS Bifl TpH(A3HOT MEPEXKi 3 CHMETPUIHOK CHCTEMOIO
Hanpyr. J[ist aHani3zy eleKTpOMarHiTHuUX mpoiecie B AJ]
BUKOPHCTOBYETBCSI MaTeMaTH4YHa MOJIeNIb, CTBOpEHa 3
BUKOPHCTaHHSIM OPTOTOHAJbHUX KOOPAMHATHHUX OCEH,
sKa JTa€ 3MOTY 3MIMCHUTH aHalli3 MPOIECiB MUITXOM
KOMIT IOTEPHOTO MOJICTIIOBaHHS 3 YpPaxyBaHHSM SIK HACH-
YEeHHS, TaK 1 BUTICHEHHS CTPYMY B CTEP)KHSIX KOPOTKO3a-
MKHEHOi OOMOTKH POTOpa 3 MiHIMAIEHIM 00CSITOM O0YH-
cieHb. Jlns BpaxyBaHHS HAaCHYECHHS BHKOPHUCTOBYIOTHCS
XapaKTEepPUCTUKN HaMarHidyBaHHS SIK OCHOBHHM MarHiT-
HUM TIOTOKOM, TaK i MOTOKaMH PO3CiIOBaHHS, a JUIsl Bpa-
XYBaHHSI BUTICHEHHS CTPYMY CTEpPXHI pa3oM i3 KOpPOTKO-
3aMHUKAIOYUMHU KUTBIIMA PO3AUISIOTECS 1O BHUCOTI Ha N
1rapiB, BHACIIOK YOTO HA POTOPi OTPUMYEMO N OOMOTOK,
SKi OXOIUIEH] PI3HMMH MAarHiTHUMH HOTOKaMH pPO3Cito-
BaHHs. Iest Takoro migxony BukianeHa B [9]. Sk mokasa-
Ho B [10], Ha npaktuui N < 5. TpudasHy oOMOTKyY crato-
pa Ta 6araroaszHy 0OMOTKY poTopa HPUBOANMO JIO ABO-
(hazHIX 0OMOTOK 32 3aralbHOIPUUHSATOI0 METOAHUKOIO.

EnexkTpomarHiTHI TpomecH B AWHAMIYHUX pPEKAMaX
AJl OTUCYIOTBCSI CHCTEMOIO IH(epeHIiaTbHAX PiBHSIHB,
fKa B CHCTEMI OPTOTOHAJIBHUX OCEHl X, Y 3a yMOBHU IIO-
CTilfHOT MBHIKOCTI 00EpTaHHS POTOpa 3BOIATHCS IO all-
reOpuyHEX. SIKIO0 CyMICTHTH 300pakyrounii BEKTOp Ha-
NPYTH XKHUBJICHHS 3 BICCIO X, 1110 3a3BUYall IPAKTUKY€ETHCS,
15l CUCTEMa Ma€e BUIJISIA

oY sy —Trisc tUm =0;

0¥ sx — rsiw =0;
Sy — Mirx =0;
—SwoW/r1x —firty =0; D

Swo¥ rny — Mirnx =0

=S¥ rnx — Tnirny =0,

ae Un — amMmutiTyaHe 3HadeHHs (GasHOT HalPYTH; Ve, Wy,

Wito Wiy oo Wine Winy — TTIOTOKO3YEIUICHHS Ta CTPYMH lg,
Isys Ir1xs Irayseees g Irny — IEPETBOPEHUX KOHTYPIB CTAaTOPA 1
poTopa BiANOBINHO; I, It ,..., Iy — AKTHBHI OTIOPH ITUX

KOHTYDIB; ® — KyTOBa 4acTOTa HANPYTH JKHBICHHSI; S —
KOB3aHHsI pOTOpA.

[TOTOKO3YEIIEHHS! KOHTYPiB BU3HAYAIOThCS Ha OC-
HOBI BMKOPUCTAaHHs KPMBHX HAMAarHidyyBaHHS OCHOBHHM
MAarHiTHUM TOTOKOM I, Ta MOTOKaMU PO3CiIOBaHHS 00-
MOTOK Y/,s CTAaTOPA Ta W,y POTOPA

V= Vi), Wos= Wos(is),  Wor = War((in).
I€ iy, Is iy —MOmyIi 300paXKyBaJbHUX BEKTOPIB BiAIOBi-
HHX CTPYMiB. HAMArHi4yBaHHs, CTATOPa Ta POTOpa

i :\/(iy +irx)2+(isy +iry)2 ;

is=iZ+i2 1 i =yfiZ+id .

OCKIUTBKM CTEp)KEHb PO3AUICHWH IO BHCOTI Ha N
€JIEMEHTIB, TO CTPYMH POTOpa BHM3HAUYAIOTHCS K CyMa
CTPYMIB Y HUX

n n
=iy = Dy
j=1 j=1

EnextpomarnitHuii MmomeHT AJl, B KOOpPAWHATHUX
0CsIX X, Y BU3HAYAETHCS 32 (OPMYJIIO0

Me :]-vSpO(‘//sxiw_‘//syiy)’

i€ Po — KUTBKICTB Tap IOIOCIB.

AKTHBHA 1 peaKkTHBHA ITOTY>KHOCTI BU3HAYAIOTHCA 32
tdhopmynamu

P=15usis —Usisy )i Q=15ugisx —Usdsy)-

ANTropuTM pO3paxyHKy Xapaktepuctuk. OcHo-
BOI0 QJITOPUTMY € PO3PAaXYHOK YCTAIEHOTO PEXHUMY pO-
6ot AJl mpu 3amaHOMy KOB3aHHI S, SIKMH ONHCY€ETHCS
CHCTEMOI0 anreOpuyHux piBHsAHB (1), a cTaTmyHa xapak-
TEPUCTUKA PO3PAXOBYETHCS SIK CYKYITHICTh YCTaJIeHUX
pexxuMiB. CyTh po3paxyHKy yCTaJICHOTO PEKHUMY ITOJIsITae
Yy BU3HAYCHHI BEKTOPIB CTPYMiB Ta ITOTOKO3YEILUICHb KOH-
TYpiB JBUIYHA, 3 BUKOPUCTaHHIM SKHX MO)KHAa BH3HAUM-
TH €JICKTPOMArHiTHUI MOMEHT, aKTUBHY 1 PEaKTUBHY I10-
TY>KHOCTI TOIIIO.

3a yMOBM 3a/laHUX 3HaUY€Hb HANPYTH JKUBJICHHS 00-
MOTKH CTaTopa 1 KOB3aHHS PO3PaXyHOK YCTaJIEeHOI'O pe-
KHMMY 3BOJUTHCS IO PO3B’s3yBaHHsS CHCTEMHU aiuredpud-
HuX piBHAHB (1). BHacmizok HacHYEHHS MarHiTOMPOBOIY
AJl eneKkTpoMarHiTHi 3B'S3KM MK HOrO €IeKTPUYHUMHU
KOHTYpaMH HeJiHI}HI, OT)K€ MMOTOKO34EIUICHHSI KOXKHOTO
KOHTYPY HENIHIIHO 3aJIeXHTh BiJl BEKTOpa CTPYMIB

i :coIon(lsxvlsy,|r1x,|r1y,...,|mx,|my ,
K1 3aJIe)KaTh BiJl 3HAYEHHS HAMPYTH )KUBJICHHS 1 BU3Ha-
YAIOTHCS CNIEKTPOMArHiTHUME mapametpamu AJ.
OmgHuM 13 HaWOUIBII  e()EKTUBHUX  METOIIB

PO3B’ sI3yBaHHS HENHIMHUX CHCTEM IT€OpUYHHX PiBHIHB
€ itepariitanii Metoq HpioTOHA, 3riHO 3 SKHM Ha KOX-

HOMY K-My KpoOKOBi iTepariii BexTop I
bopmynamu
k) 7 (k) _ A7) aaT k) ZGlk), )

YTOYHIOETHCSA 3a

e Q(k) — BekTOp HeB' 130K cucrem (1) pn i = T(k) ;
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A — marpuns Sko0i, eneMeHTaMu sIKOi € TudepeHiaabHi
iHgyKTHBHOCTI LK KOHTYpIB (BnacHuX mpu j = K i B3aem-
HuX TpH | # K) 1 iXHi akTHBHI omopH.

Jnst 3abe3neueHHst 301KHOCTI iITepaniiHOro IpoIecy
HEOOXiZHO OTPHMATH MMOYATKOBE HAONMKEHHS BEKTOpa
HEBiJJOMHUX, SIKE 3HAXOJHUThCS B 30HI NPUTATAHHS METOLY.
s 3amaya po3B’si3yeThes AU(EpEHLIaTbHUM METOAOM,
CYTb SIKOTO CTOCOBHO pO3B S3yBaHOI 3ajadyi TOJSrae B
HACTYITHOMY.

VBegemo B cuctemy (1) ckamsipHuit mapamerp &
LUISXOM MHOXKECHHSI Ha HBOTO Hampyri Usg = U B pe-
3ynbTaTi Iu(EpeHIifoBaHHS OTPUMAHOI HETiHIHHOI CHhC-
TeMHU 10 & oTpuMaemo JIP Burmsany

A=l -, @3)

ne G =colon(U,,0,...,0).

[aTerpyBanHs 1o napamerpy £ B Mexax Bij € = 0 1o
&= 1 exBiBaJIeHTHE 30UIBIICHHIO TPUKJIA/ICHOT HAIPYTH BiJ
HYJIS IO 33/IaHOTO 3HA4YeHHs. [104aTKOBI yMOBH (3HAUCHHS
BEKTOpa | ) — HyJIbOBI, OCKIIBKH TpH & = O BEKTOp MpH-
KJIaZIeHUX HAIpyr JOpPiBHIOE HyI0. Ha KOXKHOMY KpOKOBI
iHTErpyBaHHs YTOYHIOEMO BEKTOp | MeTomoM HekoToHa.
IToctynoBe HapoulyBaHHs MPUKIAAECHOI HAIPYTH A€ 3MO-

Ty Ha KO)KHOMY KPOKOBI 320€3MeYnTH 301KHICTE iTepariii-
HOTO TIPOIIECY, a OTXKE 3a KiJIbKa KPOKIB IHTErpyBaHHS Me-

tomoMm Eifnepa oTpuMati 3HAYCHHS BEKTOpa CTPYMIB |
TIPY 33/1aHOMy 3Ha4eHHi aMIutiTy ] hasaux Hanpyr Up,

OTpuMaHi 3HAUCHHS € TOYaTKOBUMH YMOBaMH JUIS
PO3paxyHKy XapaKTEpPHCTHK SIK 3aJIC)KHOCTEH KOOpIMHAT
BIJI KOB3aHHS.

TakuM 4MHOM, aNTOPUTM PO3PaxyHKY ITyCKOBOi cTa-
THYHOI XapaKTEPHCTHKH CKJIAJA€ThCSl 3 JBOX ETalliB. Ha
MEPLIOMY 3IIHCHIOETBCS PO3PAXYHOK YCTAICHOTO PEKHMY
pobotu AJ] npH 3aaHUX 3HAYECHHSX KOB3aHHS 1 HANPYyTru
KMBJIEHHSI OOMOTKH CTaTOpa, a Ha JPYroMy — pO3paxyHOK
6araToBUMIpHOI CTaTUYHOI XapaKTEPUCTUKH SIK 3aJIeKHOC-
Tel T:T(s) KOOp/IMHAT BEKTOpa CTPYMIB KOHTYpIB BiX
KoB3aHHA. [Ipy 1bOMy Hampyra i 4acToTa MpPUHMAarOThCs
HE3MIHHUMH, a KOB3aHHs 3MIHIOETBCS B 3aJaHHX MEXKax.
30Kkpema, IS pO3paxyHKy CTATHIHOI MEXaHIYHOI XapaKTe-
puctuku AJl mpu 3amaHiif 9aCTOTI HANPYTH KUBJICHHS HeE-
00XIOHO 3aJaTHUCh 3HAYEHHSIM KOB3aHHSI S = 1 1 3a BHKIIA-
JICHUM BHIIIE aJrOPUTMOM BHM3HAUMTH 3HAYCHHS KOOpAU-
HAT PSKUMY IIPU 33JlaHOMY 3HA4Y€HHI aMIUIITyH Halpyry
XKUBJICHHS, @ TOTIM, IIOCTYIIOBO 3MEHILIYIOYHM BEIUYUHY
KOB3aHHSl 3 KPOKOM AS JI0 HyJs, ITepalifiHUM METOIO0M

poO3paxyBaTy GaraTOBUMIPHY 3aJI€XKHICTh | = (S), a OTXKe
i 7 =y(s) Ta enextpomarsitHOro MomenTy M =M (s).
Ha x0)XHOMY KpOKOBI iHTETpYBaHHsI, a TaKOX iTepa-
[IHHOTO YTOYHEHHs BekTopa | MeTomoM HproToHa He-
00XiHO BM3Ha4yaTH nudepeHmianbHi iHTyKTHBHOCTI KOH-
TYpIB SIK € HeJiHiiHI QyHKIIT BeKTOpa | CTPyMiB.
Pesyabratu jnociimkennb. [lpukian pesynbraTis
PO3paxyHKy XapakTEpHCTHK IBOX THIB AJl omHakoBoi
HIOTYKHOCTI, SIKi BiIPI3HSIOTHCS KUJIBKICTIO T1ap IMOJIIOCIB,
OMH 3 SIKMX Mae 3BHYaiiHe BUKOHaHHS (4A160A4Y 3,
P=15kBrt, U =220B, | =292 A, po = 3), a npyruii —
M ABALLEHUI IIyCKOBUI MOMEHT (4AP1604Y 3,

P =15«Bt, U =220 B, | = 29,9 A, py = 2) 3a paxyHOK
MOJIBIMHOT KITITKM pOTOpa HaBeAeHO Ha puc. 1.

1. 0a
0Zay
0 Bay
0 My
0 17 34 51 6% &5
a
il
1 Day, —
0 ey
0.6
0 M,
0 1.5 3 45 f 75
b

Puc. 1. Mexaniuni xapakrepuctuku npurynis 4A160S4Y 3 (a) i
4AP160S4Y 3 (b), pozpaxoBaHi npu HE3MiHHIH aMILTITY i
HANPYTH XUBICHHS 1 pi3HUX 1i yactorax f

Ha puc. 2 HaBeneHi MexaHIYHI XapaKTEPUCTUKHU JIBU-
TYHIB, pPO3paxoBaHi MPH Pi3HUX YaCTOTaX HAMPYTH >KUB-
JIeHHS 32 YMOBH PETYNIOBaHHS HAIpYTH 3TiTHO i3 3aKo-
som U, /f = const.

&y

1.0a,
02wy

0.éay

1.0ay

0.2ay

0.6 a1,

+

0 M,
0 0.5 1 15 2 25
b
Puc. 2. MexaniuHi xapaktepucTuki asuryHis: 4A1604Y 3 (a) i
4AP1604Y 3 (b), po3paxoBaHi npu pi3HHX YaCTOTaX HAMPYTH

KUBIICHHS 32 YMOBH PETYJIFOBaHHsI Harpyry 3a 3akoHom U,/f = congt
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Awaii3 pesynbTatiB pospaxyHkiB (puc. 1, 2) cBin-
YHTB, 10 3arajbHUI BUIIISA XapaKTePUCTHK eJIeKTpoMar-
HITHOTO MOMeEHTY i1 AJl 3 pi3HOIO hopMOrO Ta3iB KOpo-
TKO3aMKHEHOT 0OMOTKH POTOpa CYTTEBO BiAPi3HIAETHCS, a
3HIW)KEHHSI HAMTPYTH MPOIOPIIHO 10 3MEHIIIEHHS YaCTOTH
He 3a0e3neuye HEe3MIHHICTh MePEeBAHTAKYBAIBHOI 3/1aT-
HOCTI AJ.

HaBenenum Ha puc. 2 XapakTepHUCTHKAM eJIeKTpoMa-
THITHOTO MOMEHTY BiJITOBi/Ial0Th XapaKTEPUCTHUKH aKTHBHOI
noTyskHoCTi (puc. 3).

il

1.0y —
0.2ay
0.6 a,
N F
0 0.7 14 21 28 35
a
1.0a, 0
D.Emu
0.6 &y,
0 P
0 0.7 1.4 21 28 35
b

Puc. 3. XapakrepucTHKH aKTHBHOI MTOTY>KHOCTI, SIKi BiIIOBia-
10Th 300pakeHUM Ha puc. 2,8,D MexaHIYHIM XapaKTePUCTHKAM

Buchoskn.

1. 3anporoHOBaHMI METOJ PO3paxyHKy Ja€ 3MOTY Me-
TOZaMH MaTeMaTHYHOTO MOJCTIOBAHHS 3IIHCHIOBATH
aHAJII3 MEXaHIYHUX XapaKTEPUCTUK aCHHXPOHHHX JIBUTY-
HIB 3 KOPOTKO3aMKHEHUM POTOPOM 3 ypaxyBaHHAM HacH-
YEeHHS| Ta BHUTICHEHHS CTPYMIB y CTEp)KHSIX pOTOpa Ipu
PI3HUX 3aKOHaX PEryJIOBaHHS HAIPYTH Ta YacTOTH 3 Me-
TOI0 3a0e3redyeHHss HeOOXIHOTO 3aKOHY 3MIHH €JIeKTpPO-
MarHiTHOTO MOMEHTY.

2. Po3po0Onennii anroputM po3paxyHKy Mae B CBOIH
OCHOBI MaTeMaTn4Hy Mozaenb AJl, B sIKiii BUKOPHCTOBY-
IOTBCSI peasibHi, pPO3paxoBaHi Ha OCHOBI reoMeTpii MarHi-
TonpoBoay A/l XapaKTepUCTHKU HaAMarHidyBaHHs, H po3-
IUTIeHHS 10 TIHMOWHI Ta3iB CTEPXKHIB KOPOTKO3aMKHEHOT
0OMOTKH Ha €NeMEHTapHi, IO J1a€ 3MOTY afeKBaTHO Bpa-
XyBaTH HACHYCHHS Ta BUTICHEHHS CTpyMy, YHM 3a0e3Ie-
YYETHCS] TOYHICTD PE3YJIbTATIB PO3PAXYHKY.

3. Po3po0iiena MaTeMaTH4yHa MOJIEINb 1 CTBOpEeHUit Ha 11
OCHOBI QJITOPUTM PO3PAXyHKY MOXKe OyTH BHKOPHCTAHO
JUISL IPOEKTYBAHHSI YaCTOTHO-PETYJILOBAHUX €JIEKTPOIPH-
BOJIIB 3 METOIO (hOPMYBaHHsI HEOOXiTHIX XapaKTCPUCTHK.
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A method for calculating mechanical characteristics of
induction motor swith squirrel-cagerotor.

Purpose. Development of a method for calculating mechanical
characteristics of induction motors, taking into consideration

saturation of the magnetic path and displacement of the cur-
rent in the rotor bars. Methodology. The algorithmis based on
calculating the steady-state mode of induction motor operation
for a set dlip, described by a system of non-linear algebraic
equations of electrical equilibrium, whereas the mechanical
characteristic is evaluated as a set of steady-state modes using
parameter continuation method. The idea of the steady-state
mode calculation consists in determining vectors of currents
and flux linkages of the motor circuits, using which makes it
possible to evaluate the electromagnetic torque, active and
reactive powers, etc. Results. The study resulted in the devel-
opment of a method and algorithm for calculating static char-
acteristics of induction motors, which allows looking into the
effect of different laws of voltage regulation on the mechanical
characteristics, depending on the frequency change. Original-
ity. An algorithm for calculating mechanical characteristics of
the squirrel-cage induction motor was developed based on the
mathematical model of the induction motor in which electro-
magnetic parameters are calculated using real saturation
curves for the main magnetic flux and leakage fluxes, and
displacement of the current in the rotor bars is evaluated by
presenting the rotor winding as a multi-layer structure. Apply-
ing the transformation of the electrical equilibrium equations
into the orthogonal axes enabled a significant reduction of
calculation volume without impairing the accuracy of the re-
sults. Practical value. The developed algorithm allows study-
ing the effect of different laws of scalar regulation of the volt-
age on the mechanical characteristics of the induction motor
in order to obtain the necessary torque-speed curves for their
optimization. It can be used for programming freguency con-
verters. References 10, figures 3.

Key words: induction motor, squirrel-cage rotor, static char-
acteristics, saturation, displacement of the current.

I SSN 2074-272X. Enekmpomexnika i Enexmpomexanixa. 2019. Ne2 13



VK 621.313.333 doi: 10.20998/2074-272X.2019.2.03

B.C. llerpymwun, FO.P. [Tnotkun, P.H. Enokraes, H.C. IIpokonenko

HCCJIEJOBAHUE TUHAMHAYECKHNX XAPAKTEPUCTUK ACHHXPOHHBIX
ABUI'ATEJIEHN B QJIEKTPOIIPUBOJAX C COIVIACYIOIIUMU
TPAHC®OPMATOPOM U PEAYKTOPOM

Po3zenanymo euxkopucmanns po3podnenux anzopummis 0711 MoOenI08AHHA OUHAMIYHUX PEIHCUMIE 060X ACUHXPOHHUX OBUZYHIE 8
e1eKmponpusooax, wo npayloioms Ha NeGHy YUKI0ZPAMY HAGAHMANCEHHA, NPU BKIIOUEHHI Y3200)1Cy8anbHUX mpanchopmamo-
pa i peoykmopa. Bpaxosano minnugicme napamempis cxem 3amiuieHHs 08UYHIB, NOG' A3AHA 31 3MIHOI HACUYEHHA MAZHIMHUX
Kin i gumicHenHuam cmpymie 6 00momkax pomopie. Ompumano i 3icmasieHi OUHAMIUHI XAPAKMEPUCMUKU CIMPYMIE | ROMYIHCHO-
cmell, cnoycusanux osuzynamu. 3anexncnocmi KK/l i koegiyiecuma nomyscnocmi 06uzynie 003601u1u 6UZHAYUMU CEPEOHbOUU-
Kiuni eHepzemuyni nokazHuxku. 3naiioeno macozadapummi i 6apmicHi NOKA3HUKU 6apIaHmMie eIeKMPOnPUEodie, uio 0ano Modxc-
aueicmov, npu GI0OMUX CePEOHbOUUKTIUHUX eHepeMUUHUX NOKA3ZHUKAX NPUE0Oie, Po3paxysamu cepeoHbOUUKIIuHI npugeoeni
eumpamu enekmponpueooie. OGrpyHmMoeano Moxcaugicms sUOOpy Kpaujozo éapianmy npueooy 3a 6UULEEKA3AHUMU NOKA3HU-
Kamu, a maKoxyc 3a MiniMymom empam enekmpoenepeii 3a pix. bion. 17, tabx. 2, puc. 8.

Kniouogi crosa: acMHXpOHHHUI ABHUIYH, IMKJIOIPAMa HABAHTA)KEHHS, PEIYKTOp, TpaHCcGOpMATOpP, MaTeMAaTHYHA MOJE]b,
cepeHbOLUKIIIYHI KpuTepii, eHepreTH4Hi NOKA3HUKM, IPUBeleHi BATPATH.

Paccmompeno ucnonviosanue paspabomanHpix anzopummos 0ist MOOEIUPOSAHUSL OUHAMUYECKUX PENCUMOE 08YX ACUHXPOHHBIX
oguzameneii 8 I1eKMPONPUGOOAX, PADOMAIOUUX HA ONPEOCNEHHYI0 YUKIO0ZPAMMY HAZPY3KU, NPU GKAIOUEHUU CO2LACYIOU{UX
mpancgopmamopa u pedykmopa. Yumeno nenocmoancmeo napamempos cxem ameujenus oguzameneii, c6A3anHoe ¢ umeHe-
HUeM HACLIUEeHUA MACHUMHBIX Uenell U 8blmecHeHUeM moKo8 8 oomomkax pomopoe. Ilonyuenst u conocmasnenst ounamuue-
CKUe XapaKkmepucmuxku mokoe u mouwjnocmeii, nompeonsemoix oguzamenamu. 3asucumocmu KII/l u koyghpuyuenma mougno-
cmu Osuzameneil NO36ONUU ONpedeums cpeoHeyuKudeckue IHepeemuydeckue nokazamenu. Haiidenvt maccozabapummnsvie u
CMOUMOCHHbIe NOKA3AMeNU 6aPUAHNIO8 IIEKMPONPUBOOOE, UIMO OAI0 803MONCHOCHb, NPU U3EECHHBIX CPEOHEUUKTUYECKUX
IHepzemuUecKuUx noKazamesneil nPUE0O0E8, PAcCUUMams cpeoHeyUKIUYecKue npueedenHvle 3ampamsol INeKmponpueodos. Oovoc-
HOGANA 803MOICHOCHIL GbIOOPA IYHUIEZ0 GAPUAHMA NPUEOOA NO BLIUEYKA3AHHBIM NOKAZAMENAM, 4 MAKMCE O MUHUMYMY NO-
mepo InekmpoInepzuu 3a 200. bubn. 17, rabn. 2, puc. 8.

Kniouesvlie cnoéa: acCHHXPOHHBII IBUraTe b, HUKJIOrPaMMa HArpy3KH, peayKTop, TpaHcdopMaTop, MaTeMaTH4ecKasi MOJeb,
CpeHeNUKJINYeCKHe KPUTEPUH, JHepreTHYecKue MoKa3aTeJd, IPUBeJeHHbIE 3aTPaThI.

Beenenue. PazHooOpasue 3nextponprBonos (elec-
tric drives — ED), skcrulyaTtannoHHBIE XapaKTEPUCTHKH
KOTOPBIX COOTBETCTBYIOT 3a/IaBAEMbIM TPEOOBAHUSIM T10-
Tpeburenel mpu oOeCNeYeHNH HAEKHOW W IKOHOMHY-
HOU paboThI B TEUEHHE OINPEAEICEHHOTI0 pecypca BpeMEHH,
XapaKTepu3yeT MHOrooOpas3ue CXeMHbBIX PEelleHUH, B TOM
YHCJIe C UCIOJIb30BAHUEM COTJIACYIOUIMX TpaHc(opMaro-
POB H penyKTOpoB. BemuunHa Harpy3Ku MPUBOJA MOXKET
MEHSATBCSI BO BPEMEHH, YTO XapaKTEpU3YeTCs PEXHMOM
paboThl, OIMUCHIBAEMBIM IMKJIOrPaMMOi Harpy3ku. OT
pexxuma paboThl, T.€. OT COOTHOIIEHUS [UIUTEIBHOCTH
MEPUOIOB PabOThl M May3 MEXIy HUMH HIH IEPHUOJOB
paboTHI ¢ MOTHON MIIM YaCTHYHON HArpy3KOH, OT YaCTOTHI
BKJIFOUEHHUS] MalIMHBI M XapakTepa MPOTEeKaHHs Nepexoi-
HBIX MPOLIECCOB, 3aBUCHT HArpeB AJIEKTPUYECKON Mallu-
Hel. Hapsity co cTaHIapTHBIMH pexxumaMu paboter [1],
BO3MOXHBI M Hectanmaptaeie [2, 3]. CraHmapTHbie Xa-
PaAKTEpPU3YIOTCSl Pa3IMYHBIMH BPEMEHHBIMH IOKa3aTelsi-
MH (IPOIOIKATENEHOCTHIO BKITIOUEHHUS, TPOIOIIKUTENh-
HOCTBHIO Harpy3kH, MPOJOJDKHTENLHOCTBIO PaboThl, dac-
TOTOM BKIIOUEHHMS U T.JI.).

[TpaBUIIBHBIH BEIOOD AJIEKTPOIIPUBO/A JIOJKEH obec-
NEYUTh BBICOKUE SHEPreTHYECKUE [T0KA3aTeH B MPOLIECcCe
9KCIUTyaTalllM, CBUAETEILCTBYIONINE O €ro panuoHaIb-
HOM HCTIONIb30BaHMH. [Ipu comsmepuMocTH BpeMeHH pa-
60TBI acCMHXPOHHBIX aBurareneii (inductions motor — IM)
B YCTaHOBHBIINXCS W HEYCTAHOBHUBIIUXCS (ITyCK, TEPEXOJT
C OJIHOW HArpy3KH Ha JPYTyI0) PEKHUMaX, IEPEXOIHBIC
MIPOLIECCHI OKAa3bIBAIOT CYIIECTBEHHOE BIIMSIHAE Ha TOKa-
3aTeny 3JIeKTPONpHBoaoB. B psne ciydaeB IM skcmiya-

TUPYIOTCSI B MEPEMEIKAIONIMXCS PEKHUMAX, CBSI3aHHBIX C
YyepesoBaHueM pabOTHI IBUTATENS Ha PasHBIE 110 BEIUYH-
He Harpysku. [lepexomnsie mpomeccs! B IM paccmaTpuBa-
JIUCh PsAZoM aBTOpoB [2, 4]. Bmecre ¢ TeM, OTKa3 OT Mc-
MOJTb30BAHMS HEKOTOPBIX JOMYMICHHHA MPH MOIEITHPOBa-
HUM JUHAMHYECKUX PEeKUMOB pabotel |M mozBomsier
YTOYHHUTHL MaTeMaTudeckue mojean (MM) [5].
Hcnonp30BaHke COMACYIONIUX TPAHCHOPMATOPOB U
PEIYKTOPOB 3HAYUTEIHHO HU3MEHSET JKCIUTyaTallHOHHbIE
xapakrepuctuku ED. BonpmmuCTBO cTaTeii mocBAmeHO
MonenupoBanuio ED 6e3 Takmx 31ieMeHTOB Kak B CTaTH-
YeCKHX, TaK U B TUHAMHYECKHX pekuMax [2, 4-7]. B psne
pabot [8-11] aHanu3 BBHIMOJHSETCS C ydeToM TpaHcdop-
MatopoB W penaykTopos. llemecooGpa3Ho paccMOTpeTh
MojenupoBanus ED ¢ ucrnonb30BaHreM 3THX JIEMEHTOB.
Iesbi0 cTAThU SIBISIETCSI KCIOJIB30BaHUE pa3pado-
TAHHBIX AJITOPUTMOB Il MOJICTUPOBAHUS JTUHAMHYECKUX
PEXUMOB pabOTHl ACHHXPOHHBIX JBUTATENICH B SJIEKTPO-
MPUBOJIAX C COTJIACYIOIIMMH TpaHc(opMaTopaMud H pe-
JIYKTOpaMHu U 060CHOBAHKME BO3MOKHOCTH COTIOCTABIICHHS
paccMaTpruBaeMbIX 3JIEKTPOIPUBOIOB MO MaccorabapuT-
HbIM, CTOMMOCTHBIM, OHEPICTUYCCKUM U 3aTpaTHBIM II0-
Kas3arelsiM, a TAKXKe 1O TOJOBBIM 3aTpaTaM dIEKTPOIHEp-
MU C LEJIbIO BEIOOPA PAI[MOHAILHOTO BAPHAHTA PUBOJIA.
IMocranoBka 3agauu. Bee paccmatpuBaembie mpu-
BOJIBI PaboTAlOT Ha OMPEIEeTEHHYI0 HATPY30UHYIO [IHKIIO-
rpaMMy u O0ECIEeYMBAIOT Ha MeXaHW3ME MPaKTHIECKH
OJIMHAKOBOE YHCIIO0 000POTOB. B Momersix cormacyromumx
TpaHC(HOPMATOPOB U PEMYKTOPOB HCIOIB3YIOTCS HCXOMI-
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HbIC IaHHBIC, OMNPEACIIIOIINX KaK (YHKIHOHAJIbHBIC
CBOJCTBA, TaK ¥ MacCOrabapUTHBIC U CTOMMOCTHBIC TIOKa-
satenu. IlocieaHue Oar0T BO3MOXHOCTH PacCMOTPETh
sxonomuueckue acnektsl ED. K unciy GpyHKIMOHATBHBIX
OTHOCATCS: JUIA PEAYKTOpa — NepeaaTodyHoe YHCIO (ired),
UIA TpaHcopmaropa — Ko3QPHUIUEHT TpaHCPOpPMALUU
(kyr). KoppekTHOCTh pacueTa SHEPreTHIECKOTo Oanamca
anektporpuBoaa Tpedyert ucrnonszoBarus KIIJ[ paccmat-
PHUBaEMBIX 3JIEMEHTOB (7red, 7). Momenmupyst ED ¢ BKiTIO-
YEHHEeM PEAyKTOPOB U TPAHC(HOPMATOPOB B CTATHYCCKHX
U JUHAMHYECKUX PEXMUMaxX, ONPEICIBIIOTCS YacToTa Bpa-
wieHUS] (Nyecn) U MOMEHT (Mipecn) Ha TPUBOJHOM Mexa-
HHU3Me, ToTpebisiemMast puBooM MoIHOcTh (Pgp), KITJ]
npuBoAa (#7gp), MOIIHOCTH HAarpy304HOr0 MeEXaHH3Ma
(Pmecn). Kpome Toro, mpescraBisiercss BO3MOXHBIM pac-
CUMTATh MAacCcOrabapHTHBIC W CTOMMOCTHBIC MTOKA3aTeIn
Bcero ED mpu ncmons30BaHUM TEX WITH HHBIX PACCMATpPH-
BaEeMbIX KOMIIOHCHTOB.

BeipakeHus1, YUUTHIBAIOLIME BKIIOYCHHE PELyKTOpa
u tpanchopmatopa B ED mpm paccmoTpeHmm cratude-
CKHX PEKUMOB, UMEIOT BUI

Mhnech = —— (@
Ired
M mech =M\ “ired Tred s 2
Prrech = PiM “Tred ©)
Pgp =P+ (-ny)- Py, 4)
NED =M e “Tred» )
Uy
Uz K (6)

rae N — YacToTa BpalleHus ABHUrateis; My — MOMEHT Ha
Bally ABWrarens; P\, — mMoie3Has MexXaHWdecKas MOII-
HOCTh Ha Bally JBUTATEINsA; P; — moTpebnsiemas akTUBHAS
MOLIHOCTH JIBUT'aTEJId, U]_ — NEPBUYHOC HAIIPSKECHUE Tpa-
Hchopmaropa; U, — BTOprdHOE HampspkeHne TpaHchop-
MaTopa.

MareMaTHYeCcKiue MOJICITH, HCIIONB3yeMbIC JJIS UC-
CJICJIOBaHUS TECPEXOJHBIX JJIEKTPOMATHUTHBIX H 3JICK-
TPOMEXaHIMUYECKUX MPOIIECCOB B ACHHXPOHHBIX JIBHTATE-
JSIX, OCHOBAHBI HA CHCTEMaX HENWHEHHBIX TudQepeHin-
albHBIX YPAaBHEHUI PaBHOBECHS HAIIPSDKEHUN U TOKOB B
cHcTeMeE MPeoOpa3oBaHHBIX KoopauHar [6, 7]:

e = (- TA O (O 00 0, 0)

%9@,; —Ug ()~ 1A OF g5 (1) — 30 OF15 (D)

d
g e =EPor 0 -1 04O OO
_XI\/I(t)lPsx(t)],
%yjrﬁ =[pay - #p(t) -1 (A (O[Xs (V) F75 (1) -
—Xm % )],
do —i{ﬂd(t)x (O[Psp OF0 (1) —Fr5 (1) P, (D] -
dt _J 2 M ) ra rg So

~M (o) (ied “1red )}
rae P (t), Ps(t), Pra(t), 1 Prp(t) — moToxocuemnenus cra-
TOPHBIX U POTOPHBIX OOMOTOK MAIIIWHbI, COOTBETCTBEHHO

0 OCSIM o ¥ f3; w; — yIJI0Basi 4aCTOTA BPALICHUS JBHIATE-
Js; p — YMCIO Map IONIOCOB; J — CyMMapHBIA MOMEHT
WHEPIUH [PHBOJA, MPUBEACHHBI K Baly BUTATEIS;
M, (t) — 3aBHCUMOCTh MOMEHTA COTPOTHBIICHHUS MEXaHU3-
Ma oT BpeMeHH; I's, I(t), X{t), X (t), Xu(t) — akTHBHBIE K
MOJTHBIC PEAKTUBHBIE COMPOTHBIICHHSI OOMOTOK CTaTopa H
poTOpa U CONPOTHUBIICHUE B3aUMOUHAYKIIUU, IIPUYEM BCE
OHH, 332 MCKIIOYCHHEM [ M3MCHSIOTCS Ha KaKIOM LIare
urTerpuposannst; d(t) — BcromorarensHas TepeMeHHAs
d(t) = [xs(t) % (t) — (D)7 Ugi(t) m Ugy(t) — MrHOBEHHEIE
3HAYCHUsI HANPSDKCHUI 1O OCSIM o U f§, KOTOpBIE OIpejie-
JSTFOTCSL aMILTUTYAON HanpspkeHuss Uy U yIIIOBBIM IOJIO-
JKEHHEM 0000IIEHHOTO BEKTOPA HAIIPSHKEHUS (1!

Usy (1) =Um(t)-cospy), Usp(t) =Umn(t)-sin(er). (8)
Bblpa)KGHl/ISI, CBA3BIBAKOIIINUEC MI'HOBCHHBIC 3HAUYCHUA
TOKOB ¥ IIOTOKOCLEIUIEHUH, UMEIOT CIEAYIOIUN BU!

s (1) = (1) X () ¥sq (©) =X (O, ()],

s (0 = d(1)-[x ()65 0) — X OF 50
TIe s, isp — TOKH CTATOpa 10 OcsAM o U . MrHOBEHHO®
3HAUYCHUC TOKa CTaTOpa:

() =\/§[isa 02 +igp 2]

Maremarnueckass MoOJeNb, NOCTpOEHHass Ha 0Oase
BBILICONUCAHHBIX TU(QepeHHanbHbIX YpaBHEHUH, I0-
3BOJIIET NPOBECTH pacyeThl YACTOT BPAILCHUS, TOKOB B
(hazax 0OMOTOK, SITEKTPOMArHUTHBIX MOMEHTOB, TIOTEPE.

B kaxaoM M3 ypaBHEHUN HUMEIOT MECTO HeJIMHEH-
Hble KO3()(DUIMEHTHI — TapaMeTphl IBUTATENs], HU3MEHSIIO-
LIHECs B KAKIO0H paboueii TOYKE, B TOM YHCIIC U BCICACT-
BHE SIBJICHUI HACHIIEHUS] MAaTHUTHOW CHCTEMBI M BBITEC-
HEHHs TOKa B 00MoTKe poTopa [12, 13]. Oaun u3 momxo-
JIOB K aHANHM3y OTUHAMUYECKHX XapakrtepucTuk |M mpen-
rmoJlaraeT IpeaBapUTEIbHOE OTpeneieHne 3TuX kKodhdu-
LIMEHTOB ISl HEOOXOANMBIX padounx Touek. [loaromy 1o
aHaM3a IEepPeXOJHOro Ipolecca IMPOBOAATCS PACUETHI
YCTaHOBHBIIHMXCS PEXHMMOB C IIEJIbIO0 MOTYyYEHMs 3Haue-
HUM BCEX MapaMeTPOB CXEMbI 3aMEIIEHHS C y4ETOM BbI-
TECHEHMsI TOKa B OOMOTKE pPOTOpa M HACHILICHUS] MarHu-
TOIPOBOAA JJIsl HEOOXOUMBIX pabounx Touek. [ist aToro
ucnonb3yrcs MM ycraHoBuBlMXCA pexUMOB. Ilpu
pacyerax AMHAMHUYECKHX PEKHUMOB YUHTHIBAIOTCS H3Me-
HEHHUS Ha Ka)KIOM LIare HHTErPUPOBAHMS CHCTEMBI, T.C. B
OIIPEZIETICHHBIX TOYKaX XapaKTePHCTHKH Iepexoia OT
OJJHOTO MOMEHTa HArpy3Kd K JIpyroMy, IapaMeTpoB CXe-
MBI 3amerieHus. [Ipu peanusanuu takoro moxaxonaa obec-
[1eYMBACTCs MOBBIILIEHUE YPOBHs aieKkBaTHOCTU MM.

B psne pa6or [14-16] B orTiaMuMe OT KIaCCHYECKOM
TEOpUH, COIVIACHO KOTOPOM 3HA4YE€HHsS MOIIHOCTEN pac-
CUNTHIBAIOTCSI KaK MHTETPAJIbHBIE, WCIIOJIB3YIOTCSI MIHO-
BEHHbIE 3HaueHWs MomHocTel. Torma mnorpebnsiemas
JIBUTATEJIEM yCJOBHAs aKTUBHAs MOIIHOCTH B JUHAMHYE-
CKUX PEXHMMax IPH YCIOBHH CHHYCOWAAIBHOTO Harps-
JKCHUsI TMTaHUS PACCUUTHIBAETCS Yepe3 MIHOBEHHBIE
3HAYEHHs HAIIPSHKEHUH U TOKOB!

PO =2 e 0160 O+ 05 0115 O] (D)

PeanpHass morpeOisiemMasl akTUBHAs MOIIHOCTh Pj
OoJibIlle YCIIOBHOW Ha BEIWYHMHY CYMMBI HEYYTEHHBIX

9

(10)
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norepb (OCHOBHBIX B MArHUTONPOBOAE APg pase, A00a-
BOYHBIX B MArHHTONPOBOIE APg adq » MEXAHHYECKUX
APech » A00aBOUHBIX APagq ):

P1(t) = P1(t) + APgt pase(t) + APgt aqa (1) +

+ APmech (1) + 4Pagq (1)
MOIIHOCTh Ha Bajly JBUTATesl MOXET ObITh OIpe-
JCJICHa 'lepeB IIOTOKOCLECIIJICHUA U TOKU C UCIIOJIb30BaHU-
€M 3HaY€HMS 4aCTOThI BPALLICHUS POTOPA:

P (0= 01 2 fp 010 ) ira (O O]

— APech () — APagq (1)

Mruosennoe 3Hauenue KIIJ| ompenensercs oTHO-
IIEHHEM MTHOBEHHBIX 3HAUYE€HHUH MOJIE3HOW MOIIHOCTH Ha
BaJly OBUTATENS Py K MOTpeOIsieMOl aKTUBHOW MOIITHO-
CTH P3.

B kauecTtBe KpuTEpHEB BHIOOpA MPHBOAA MOTYT UC-
MOJIb30BAThCSL Macca, rabdapuThl, CTOMMOCTH JIBHUTATEIIs
WU TIPUBOJIA, CPEIHEIIUKINYECKUE MTPUBEACHHBIE 3aTpa-
TBI Ha u3rotoBiieHne u skcruryararmio (RCy), cpemne-
nuKIndeckue sHeprerudeckue mokazarenu (KIII u ko-
3 HUIHEHT MOIIHOCTH), JTHOO MOXET OBITh MPUMECHEH
0000IIeHHBI KpUTEPHH, YIYUTHIBAIOIINN B KadecTBE CO-
CTaBIISIONINX BBINICIICPEUUCICHHBIC KPUTEPHUU. Y CJIOBHO
KPUTEPUH MOTYT OBITh pa3zeicHbI Ha JBE CPYIIBI. Mac-
corabapuTHYI0O W CTOMMOCTHYIO; SHEPreTHYeCKyI0 U 3a-
TpaTHy0. Pe3ynmpTaTel BEIOOpa U3MEHSIOTCS TIPU Pa3iiid-
HBIX HCIOJB3YEMBIX KPUTCPHUSIX WM HPU PA3TAIHBIX HX
COCTaBJISIOLIMX B 0000IIEHHOM KPUTEPHH, a TaK)Ke 3aBU-
CAT OT 3aJaBaeMbIX KOI(PQPUIIMEHTOB 3HAYUMOCTU ITHX
cocraBisronmx. [Ipu pacdere KpUTepHUeB MOTYT MPHHU-
MaThCsl BO BHIMAaHUC WX 3HAYCHHS B MCPEXOJHBIX PEXKH-
Max pa0oThl. Takoi MOAXOM IMO3BOJIAET OCYIICCTBIATH
BBIOOp KaK Ui PEKUMOB pabOTHI, B KOTOPBIX TPOIOIKH-
TEJBHOCTHU TMEPEXOJHBIX PEKUMOB 3HAYUTEIHHO MEHBIIC
MPOIOJIKUTEIBHOCTEH pabOThl B YCTAHOBUBIIUXCS PEIKU-
Max, TaK ¥ Ui peKUMOB IPU COM3MEPUMOCTH BBHIIIEYKa-
3aHHBIX MPOJOIDKUTEITBHOCTEH.

B cmydae ydera mepexoqHBIX PEKHMOB SHEPIETH-
YecKo3aTpaTHas TPyIa KPUTEPUEB JIBUTATEIS WM TPH-
BOJIa OTIpeIeTIAETC:

(12)

(13)

tend
1
TmeM@ED) =7 5 jUIM(ED)(t) dt, (14)
tend —tsart -

t

1 end
: JCOS€0|M(ED)(t) dt, (15

COoS =
#meim (ED) tend —tstart t

start
t

1 end
: IRCIM(ED)(t) dt, (16)

RC =
meIM(ED) tend _tstartt

start
rae teng — BpeMs KOHIA UKNA,; te,g — BpEMs Hadasa qUKJIIa.

ITpu M3BECTHOM MOJHOW CTOMMOCTHU JBHrartelis Cim
3HaUEHUE KPUTEPHS ONPEAETAETCS KaK:

RCim = (cim+Crim)[ 1+ Tn(kgetks)] + CLyw,

rae Cyy — CTOMMOCTB 3aTpaT Ha KOMIICHCAIIHIO PEaKTHB-
HOU MoIHOCTH, TpH; CL | — CTOMMOCTb MOTEPh AIICKTPO-
SHEPruu 3a rof, rpH; 7y — HOpPMaTUBHBIA CPOK OKYIIaeMO-

CTH ABHUTATels, JeT; Kye — 0N 3aTpaT HA aMOPTH3AIHOH-
HBIE OTUHCIIEHNS; Ks — 10715 3aTpaT Ha 06CITy)KUBaHKE TIPH
IKCIUTyaTaI[H JBUTATEIS.

Junst obmenpomblnuieHHbIx |M npuHHMMaroTcs 3Ha-
yenns Ty = 5 xner, Kge = 0,065, ks = 0,069. Torna RCyy =
= 1,67(cim+Cjy) + CLim, tie Crm = CerePa1(tger — 0,484)
1 Cliy = CeeP1(1,04 —1pin), Crae — KO3 DHUIIHEHT, YUH-
THIBAOIINI CTOMMOCTb OTEPh AKTHBHOM 3HEPrHH, Ipe.-
craBjsronuii co6oi npomssenenne crommoct 1 KW-h
JNIEKTPOIHEPTUH B TEUCHHUE CPOKA CIYXObI JBHraTels
(0,05 c.u. 3a kW-h), uucna yacoB paboThl ABHTaTens B
roxay (2100), gucia et paboTh 10 KalMTAIbHOTO PEMOH-
ta (5) 1 K03 HUIMEHTa OTHOCUTELHOM 3arPy3KH JIBUTa-
terst (1,0), Coe — KOIPDHUIMECHT, YUHTHIBAIOMIKN CTOH-
MOCTh KOMIICHCALIMM PEAKTUBHOM SHEPTUH M IMPEACTaB-
JSTFOIIHME coboi mponssenenne cronmocti 1 KVATr peak-
THUBHOM MOIIHOCTH KOMITEHCHPYIOIIUX ycTpoicTs (15 c.u.
3a 1 KVATr), koaddummenta yqacTusi ABUTaTensi B MaKkCH-
Myme Harpysku cuctemsl (0,25) u kosdunuenTa oTHO-
CHUTENIPHON 3arpy3kd. AHAJIOTMYHBIM 00pa3oM MpU H3-
BECTHOM CTOMMOCTH BCero 3jekTpornpueona ced ompene-
JISIFOTCS IpUBEIeHHBIE 3aTpaThl npuBoaa RCep.

Ecnu B kauecTBe KpuTEpHs BbIOOpa HCIOJIL30BAThH
TaKOW SHepreTwdeckwid mokasaTtenb, kak KIIJ], Oymer
obecrmieumBatbcsi  dHeprocOeperaromasl  IKCIUTyaTaIys
JIBUTATEIS.

PesyabTatel ucciaenoBanmii. B cootBercTBUU C
BBILIECKA3aHHBIM Ha Kadeape dIIEKTPHUYECKUX MalliH
OneccKoro HaMOHANBHOTO MOJUTEXHHYECKOTO YHHUBEP-
curtera ObUT pa3paborana mporpamma DIMDrive, anano-
ruanast mporpamme DIMASDrive [17]. IIporpamma ocHo-
BaHA HA CHUCTEMHBIX NPHUHIUIAX, MO3BOJLSIONIMX YYECTh
HaJIUYUE ONPEJIENICHHBIX BO3MOXHBIX KOMIOHEHTOB JJIEK-
TponpuBoaa. B CBA3M € 3TUM B COCTaB KOMILJIEKCHOM
TPOEKTHON MOJesH Hapsay ¢ moaensmu |M (amst yerano-
BUBILIETOCsl PeKMMa, OCHOBaHHOM Ha T-o0pa3Hoil cxeme
3aMelIeHHMs], Ul JMHAMHYECKOrO PEXUMa — HA CHCTEME
b depeHInanbHBIX YpaBHEHUH 0000LICHHOW MAalIWHbI)
BXOIUT M MOJENb HArpy304HO# nuarpammer M(t), a Tak-
ke, MPH HEOOXOJUMOCTH, MOJIEIN COTJIACYIOIETrO BelH-
YHHBI HATPSDKEHUH CETH W ABMraTelisi TpaHchopmaropa u
peaykropa (MeXmIy OBHTAaTe]IeM W Harpyskoi). Momernu
JIBUTATENS MPEANONAraloT PAacCMOTPEHHE MAIWH pas-
JIMYHBIX KOHCTPYKTUBHBIX HCHOHHCHHﬁ, CTeNneHen 3aliu-
ThI, CHCTEM BEHTWIISILIUK, THIIOB POTOPOB U T.I. U YYHThI-
BalOT M3MCHEHHUE ITapaMeTPOB CXEM 3aMEILCHUs JBUraTe-
JsI BCIICACTBHE HACBHIILICHUS CTAi MAarHUTONPOBOAA H
BBITECHEHHS TOKOB B OOMOTKax JBUTATENs, HAINYUE OC-
HOBHBIX U J00AaBOYHBIX MOTEPh B CTAIM B CTATUYECKUX U
JMHAMHYECKUX pPeXHUMax paboThl JBUTATENsl, HaJH4He
BBICIIUX IMPOCTPAHCTBECHHBIX I'APMOHHWK MArHuTHOTO IIO-
mst. [IpemycMoOTpeH aHamu3 3JEeKTPOMATHHTHBIX, 3JIEK-
TPOMEXaHHYECKUX, IHEPreTHYCCKUX, TEIUIOBBIX MPOLEC-
coB npu pabote |M Ha pa3nuyHbIe O BEIUYHHE U PEKH-
My paboThl Harpy3ku. IIporpamma MO3BOJISICT PeaH30-
BaTh KOMIUIEKCHBIH aHann3 paboTel |IM, Ha ocHOBE KOTO-
pPOro paccMaTpUBAIOTCsSI BCE HanOoyiee BaXKHBIE ACTIEKTHI
(YHKIHMOHUPOBAHUS IBUTATEJIS.

BeiiieykasanHass mporpamma Obiia HCHOJIB30BaHA
JUISL MOZICIIUPOBaHUs pabOThl ABUTATENICH U 3JIEKTPOIPH-
BOJIOB IIPY PELIEHUH TAaKOM MPOU3BOACTBEHHOM 3aauu.
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Harpy3ka omnuchIBaeTCcs CleIyrOLIed LHMKIOIpaM-
Mmoit: 2 S—50 N'm, 1 s—98 N-m. PaccmarpuBarorcs de-
THIPE BapHaHTa JJICKTPONPUBOJOB NPU HATPSHKCHUU ITH-
tarorier cetu 380 V u yacrore cetu 50 Hz, yto oTpaxke-
HO Ha puc. 1.

Puc. 1. OKHO BapuaHTOB IEKTPOIPHUBOJIOB IIPOTrPaMMBI
DIMDrive

Ucnons3oBanuce nsurarenn 4A16054 u 4A160S8. B
pa3HBIX BapHaHTax ObUIM pa3jM4HbIe CyMMapHbIE MOMEH-
Thl HHEPLIUH, YYUTHIBAIOLINE MOMEHTBI HHEPLUU BUTATE-
15 1 mpuBoHOro Mexanmma (ED ¢ 4A160S4 — 0,3 kg-n?,
ED 4A160S8 — 0,5 kg-m?). Jlisi obecreueHns oXHHAKO-
BOI'0 4uciia 000POTOB MEXaHM3Ma B BAPHAHTHI C JIBUraTe-
nem 4A160S4 BxioueHs! peaykTopsl. IlapameTpsl pe-
JYKTOpa TpeJICTaBiIeHbl Ha puc. 2. J{ist yrnpoleHus: Mac-
corabapuTHbE M CTOMMOCTHBIE IIapaMeTphl pPEemyKTopa
B3sITHI yciioBHO paBHeIMH 100.

]

# Reductor data - RED, i=2

Reduction ratio

Effeciency 0e %
Cost. cu. 100 %
wieight, kg 100 hd
Height, mm 100 -
‘width, mm 100 -
Depth, mm 100 -
“ Change | Recower |

Puc. 2. Oxno mapametpoB pemykropa nporpammer DIMDrive

B nByx BapmaHTax Ha BXOJ€ IPHBOJA UCIIOIB30BAI-
csl TpaHcdopMarop, napamMerpbl KOTOPOTO IOKa3aHbl Ha
puc. 3. lnst ynpouieHuss MaccorabapuTHble U CTOMMOCT-
HBIE TapamMeTpsl TpaHc(hopMaTopa B3SATHl YCIOBHO paB-
seiMa 100. [Ins momydeHus: 3HaYeHUH COSPmeep HCIIOINB-
3yercsi K03((GHUIMEHT MOIIHOCTH TpaHcopMaTopa pac-
ueTHsbIH (Ko = 0,8):

COSPmegp = COSPmem * Kptre - a7

IIpoBeneHHbIE TEIIOBBIC pacyeTsl (3aJaH MaKCH-
MaJIBHBI MOMEHT W3 [UKJIOTPAaMMBI JUISl YCTaHOBUBIIIETO-

Cs PeKXMMa) IMOKAa3ald IPEBBIICHHE TEMIePaTypbl 00-
MOTKH CTaTopa ABHTAaTeNs BbIme fnomyctumoit B ED ¢ IM
4A160S8 ¢ TpanchopmatopoMm (puc. 4). Beumy sTOro
JIAHHBIN BapuHaHT TPHUBOJAA Jajiee HE paccMaTpUBAETCS.
Hymepanuss XapakTepUCTHK COOTBETCTBYET BapHAHTY
HyMepamuu SJIeKTPOIIPUBOAOB B Tadn. 1, a mMmeHHO: 1 —
ED c IM 4A16034 c penykropom; 2 — ED ¢ IM 4A160S8
6e3 penykropa u Tpanchopmaropa; 3 — ED ¢ IM
4A1604 ¢ penykropom u Tpanchopmaropom; 4 — ED ¢
IM 4A160S8 ¢ Tpancdopmaropom.

@@ Input transformer data

==

Prower, k' 15 -
Input valtage, ¥ 280 -
Input frequency, Hz a0 -
Tranzformation factor 0e -
Effeciency m
Cost, c.u. 100 -
weitht, kg o~
Height, mm 100 -
Yfidth, i 100 -
Diepth, mm lm—L|
v Change | Recowver ‘

Puc. 3. OxHO mapaMeTpoB TpaHcHOpPMaTOpa IMPOTPAMMEI
DIMDrive

0,°C
300

4

=

250

200

150

100

50

0

730 732 734 736 738 740 742 744
n, rpm

Puc. 4. TemnepaTypsl CTaTOPHBIX OOMOTOK JABUTATENCH

JluHaMu4YecKue XapaKTePUCTHKH, MPEACTABISIOIINES
c000i1 3aBUCHMOCTH M3MEHEHHsI AJIEKTPUUECKHX, IHEpre-
THYECKUX BEIMYMH BO BPEMEHM HA BXOJE IBUIATelsd,
TpenCcTaBleHbl Ha puc. 5-8. Hymepamus xapakTepuCTHK
COOTBETCTBYET BapHAHTy HYMEPALHHU 3JICKTPOIPHBOIOB B
tabu. 1. [porpamma DIMDrive mo3Bosisier mpu paccMoT-
PEHHH JAMHAMHYECKHX XapaKTePHCTHK HCKIIOYaTh H3
NIPECTABIICHUS ITyCKOBOW PEXHUM, YTO M CIEIAaHO B JAJlb-
HelIeM. AHAJIOTHYHO MOTYT OBITh PACCUMTAHBI JHHAMU-
YecKHe XapaKTePUCTHKU U Ha BXOJle IPUBOJA.

B Tabn. 1 mpuBeneHsl 3HaYeHHs NOKas3aTened pac-
cMOTpeHHBIX ED, K 4HCIly KOTOPBIX OTHOCATCS CpeiHe-
muknaeckue  KITJ]  (17me), KO3GbQUIHMEHT MOIIHOCTH
(COSpn), mpuBenennbie 3atpaThl (RCpy), @ Takke Macco-
ra0apuTHBIE U CTOMMOCTHBIE IIOKa3aTelM Kak JBUrarte-
JIed, TaK U PUBOJIOB.
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Puc. 5. 3aBucumoctu TOKOB, HOTpe6H$[eMI)IX JABUTaTCIIAMU

Puc. 6. 3aBucuMOoCTH MOTPEOIIIEMBIX ABUTATEISIMH AKTHBHBIX
MOITHOCTEH

Puc. 7. 3aBucumoctu KI1/{ nBurareneit

Puc. 8. 3aBucumocty k03 PuUIHIEHTa MOIIIHOCTH JBUraTEICH

MoeT OBITh BBIIOJHEH pacdeT CTOMMOCTH MOTEPh
aKTUBHOM 3HEPTUU 3a roA;

Cy =C Tyear - K -Pep - (140,04 171cep ) / Tmeep > (18)

rae C = 0,05 c.u. —uena 3a 1 kW-h; Ty, = 2100 — uncro
yacoB pabotsl ED B roay; K. — koadduuunenr zarpysku
(mpurumaetcst paubiM 1,0); 0,04 — otHOCHTENIBHAS BETH-

YHHA OTEPh B PACIPENSIIUTEIbHON CETH MOTPEONTEII.

Tabmuma 1
CpaBHeHue noka3areneii pa3nuyaeix ED

=3 Z

2z | Bz5 | 3z%

g & g e2¢g Q 2&

ED| =& TEE| ZE%

< 2 < 28 < 28

o o873 o S

IMoka3arenu L& 48 g (v'j &K

U apaMeTphl g ° P - g ° B

=
N [M, % 76,54 72,89 62,16
COSPmcl M, r.U. 0,636 0,551 0,276
me ED, % 61,23 72,89 39,78
CoSpmc ED, r.u. 0,636 0,551 0,221
RCcIM, c.u. 2172 1980 3146
RC, ED, c.u. 2932 1980 5181
Macca IM, kg 118,9 111,8 118,9
O6mvem IM, dm® 9,62 10,73 9,62
Croumocts IM, c.u. 642 552 642
Macca ED, kg 218,9 111,8 318,9
O6wem ED, dm® 10,62 10,73 11,62
CroumocTts ED, c.u. 742 552 842

BBIIosIHEHO comoCTaBlIeHHE PacCMOTPEHHBIX Bapu-
antoB ED mo croumMocTH moTeph aKTUBHOH SHEPrHH 3a

rox (tabu. 2).
Tabmuua 2
CpaBHEHHE CTOMMOCTEH NOTEPh AKTUBHOM HHEPruu pasnnyHbix ED

g 2
2,
2
2z [Beg | Bzt
g & S 2¢g Q28
= 5 = E 2 = &g
< £ < ¥ & < E &
ED < 2 SE2 | $2¢9
o g o273 o B
g | o 192
ITokazarenu E o % 8 & E o §
1 TTapaMeTpsl = =
e ED, % 61,23 72,89 39,78
CroumocTh NOTEPD
aKTHBHOM 3Hepruu 3a 541 279 1768
rox, C.u.
BriBoabI

1. Pazpabotana mporpamma DIMDrive, mo3sosstorast
aHAJIM3MPOBaTh JIMHAMHYECKHE PEXHUMBI PabOTHI acuH-
XPOHHBIX JIBUTATENIEed, B TOM YHCIIE B CUCTEMAX 3JIEKTPO-
MIPUBOJOB C COTJIACYIOUIMMH TpaHc(opMaTopamMu W pe-
OYKTOpaMU W SBISFOIIasicss 0a30il AN MpOCKTHPOBAaHUS
JIBUTATENEH I pa3InIHbIX PEKUMOB PabOTEHI.

2. JInst comocraBiaeHuss 3(PPEKTHBHOCTH pPacCMaTPH-
BAaeMBIX AJIEKTPOIPUBOJIOB MPEIIAraloTCs CPeIHEIUKIIHU-
YECKUE KPUTEPUM 3HEPreTUYECKOM U 3aTpaTHOW IpyI,
KOTOpPBI€ YUHUTBHIBAIOT COOTBETCTBYIOLUE MOKA3aTEIN Kak
B YCTAHOBMBIIMXCS, TaK U B IEPEXOIHBIX PEXKHUMAaX.

3. 13 Tpex paccMOTPEHHBIX JIIEKTPOIPHUBOIOB IIpe-
nmymectBo umeetr ED ¢ mpuratenem 4A160S8 6e3 pe-
IYKTOpa M TpaHchopMaTopa 1o CIeAyIOINAM MPHIuHAM:

e HamOoJblIee 3HAUYCHHE CpemaHerukmmdeckoro KIIJ]
AIEKTPOIIPHUBO/IA,

e HaUMEHbIIEE 3HAYCHUE CPEIHELMKINYECKUX MPUBE-
JCHHBIX 3aTpaT JJICKTPOIPUBO/A,
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e HaNMEHbIIEEe 3HAYCHHUE CTOMMOCTU IOTEPb AKTUB-
HOM 3HEepruu 3a roj.

4. Ecnu B KayecTBe KpUTEpHUsl BbIOOpA HCIIOJIB30BATh
CpeHEIMKINYECKUI KO3()(UINEHT MOIIHOCTH 3JIEKTPO-
MpHUBOJa, TO mHpeumymiectBo mmeer ED c nBurarenem
4A 1604 C pemyKTOpOM.
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Resear ch of dynamic characteristics of induction motorsin
electric driveswith matching transformer and reducer.
Introduction. The variety of electric drives, the performance
characteristics of which correspond to the set requirements
of consumers while ensuring reliable and economical opera-
tion for a certain time resource, characterizes the variety of
circuit solutions, including using matching transformers and
reducers. Problem. The use of matching transformers and
reducers units significantly changes the performance charac-
teristics of the electric drive. Most articles are devoted to
modeling an electric drive without such elements. It is advis-
able to consider simulations of electric drives using these
elements. Methodology. In the models of matching trans-
formers and reducers, the initial data are used, which deter-
mine both the functional properties and the mass and size
parameters. The latter provide an opportunity to consider the
economic aspects of the electric drive. For the correct calcu-
lation of the energy balance of the electric drive, the effi-
ciency of the elements under consideration is taken into ac-
count. Results. The use of the developed algorithms for mod-
eling the dynamic modes of two induction motors in electric
drives operating on a specific load diagram, with the con-
nection of a matching transformer and reducers, is consid-
ered. Dependencies of efficiency and power factor of motors
have allowed to determine the medium cyclic energy indica-
tors. The mass- size and cost indicators of variants of elec-
tric drives were found, which made it possible to calculate
the average cyclic reduced costs of electric drives. Practical
value. The possibility of choosing the best variant of the
drive based on various indicators, including the minimum
amount of energy losses per year, is substantiated. Refer-
ences 17, tables 2, figures 8.

Key words: induction motor, load cyclogram, reducer, trans-
former, mathematical model, average cyclic criteria, energy
indicators, reduced costs.
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EnekmpomexHi4yHi Komriiekcu ma cucmemu. Cunoea eJsIeKmpoHika
UDC 621.3.01
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B.l. Kuznetsov, T.B. Nikitina, 1.V. Bovdui, B.B. Kobilyanskiy

IMPROVING OF ELECTROMECHANICAL STABILIZATION SYSTEMSACCURACY

Aim. Improving of accuracy parameters and reducing of sensitivity to changes of plant parameters for nonlinear robust tank
main armament guidance and stabilization electromechanical systems based on synchronous motor with permanent magnets and
vector control. Methodology. The method of multiobjective synthesis of nonlinear robust control by nonlinear tank main
armament stabilization electromechanical system taking into account the elastic oscillations of the tank gun barrel as a discrete-
continuous plant and with parametric uncertainty based on the multiobjective optimization. The target vector of robust control
choice by solving the corresponding multicriterion nonlinear programming problem in which the calculation of the vectors of the
objective function and constraints is algorithmic and associated with synthesis of nonlinear robust controllers and modeling of
the synthesized system for various modes of operation of the system, with different input signals and for various values of the
plant parameters. Synthesis of nonlinear robust controllers and non-linear robust observers reduces to solving the system of
Hamilton-Jacobi-| saacs equations. Results. The results of the synthesis of a nonlinear robust tank main armament guidance and
stabilization electromechanical systems are presented. Comparison of the dynamic characteristics of the synthesized tank main
armament stabilization electromechanical systems showed that the use of synthesized nonlinear robust controllers allowed to
improve the accuracy parameters and reduce the sensitivity of the system to changes of plant parameters in comparison with the
existing system. Originality. For the first time carried out the multiobjective synthesis of nonlinear robust tank main armament
stabilization electromechanical systems. Practical value. Practical recommendations are given on reasonable choice of the gain
matrix for the nonlinear feedbacks of the regulator and the nonlinear observer of the tank main armament stabilization
electromechanical systems, which allows improving the dynamic characteristics and reducing the sensitivity of the system to plant
parameters changing in comparison with the existing system. References 24, figures 1.

Key words: tank main armament guidance and stabilization electromechanical systems, nonlinear robust control,
multiobjective synthesis, dynamic char acteristics.

Lens. Ilosvluenue napamempos mMoYHOCMU U YMEHbUIEHUE HUYGCIMEUMENbHOCMU K UIMEHEHUAM NApamempog odvekma
YRPAGNEeHUA HENUHEHHOU POOACHHOIL INEKMPOMEXAHUUECCKOI CUCIEMbl HAGEOEHUA I CIAOUIU3AUUN MAHKOGO20 600DPYIHCEHUS
HA OCHO6e CUHXPOHHO020 O6U2AMENA ¢ NOCHOAHHBIMU MAZHUMAMU U 6€KMOPHO20 ynpaenenus. Memooonozua. Memoo
MHO20KPUMEPUANbHO20 CUHME3A HeIUHENUHbIX POOACHMHDIX PeZYyNIAMOPOs ONA YNPAGNeHUA HeIUHEUHOU I/IeKIMPOMEXAHUYECKOT
cuUCMeMOll CmaduUIU3AYUL MAHKOB020 600PYHCCHUA C YUEMOM YRPY2UX KOJIeOaHUil CIME01a MAHKOE0 NYyWKU KaK OUCKPEemHo-
KOHMUHYAIbHO20 00beKma ynpasieHus ¢ Napamempuieckoll HeonpeoeieHHOCMmbl0 OCHO6aH HA 6blOOpe 6ekmopa uenu
pobacmuozo  ynpasieHus  nymem — peuieHUA  COOMEEMCmEyIowell  3a0a4u  MHO20KPUMEPUATbHO20  HEUHEIIHO020
nPOZPAMMUPOGAHUA, 6 KOMOPOU GbIHUC/ICHUE 6EKMOPO8 UENe6oll (YHKUUU U O2PAHUYEHUIl HOCUM an20PUMMUYECKUIL
Xapakmep u CéA3AHO C CUHME3IOM HEeTUHEUHBIX POOACMHBIX PEYIAMOPOE U MOOETUPOBAHUEM CUHMEIUPOGAHHOU CUCHIEMbL 0/1A
PAa3IUYHBIX PENHCUMOE PAbOmMbL CUCMEMbl, NPU PASTUYHBIX GXOOHBIX CUZHANAX U ONA PA3TUYHBIX 3HAYEHUI Napamempos
oovexkma ynpaenenusn. Cunmes HeIUHEUHBIX POOACMHBIX Pe2YIAMOPO8 U HeIUHEUHBIX POOACMHbIX HADII00ameneil c600Umca K
pewenuto  cucmemuvt ypasnenuit Iamunomona—fkoou—Aizexca. Pesynomamot. Ilpusodamca pe3ynbmamsl cunmesa
HeNUHENNOo POOACMHON INEKMPOMEXAHUYECKOT CUCMEMbl HABCOCHUA U CIADUNUZAUUL MAHK06020 600pyicenus. Cpasnenue
OUHAMUYECKUX XAPAKMEPUCIMUK CUHINE3UPOBAHHOU I/IEKMPOMEXAHUYECKOIL CUCIMEMbl HAGEOCHUA U CINADUAUIAUUL MAHK0E020
600PYICEHUA NOKA3QJI0, YMO NPUMEHEHUE CUHMESUPOCAHHBIX HEUHEHHBIX POOACMHBIX PezZyiAmopos no3601:1em NOGbICUMb
napamempsvl MOYHOCHMU U CHU3UMb YYECIMEUMENbHOCIb CUCHEMbl K UIMEHEHUI0 Napamempos o00bveKma ynpasieHus no
cpasHenuio ¢ cywjecmeyrouieli cucmemoii. Opuzunanvnocms. Bnepevle npoeeden MnozoKpumepuaibHolii CuHme3 HeauHeiinoll
PoOACMHOIl  INEKMPOMEXAHUUECKOU CUCIMEMbl HAGEOEHUA U CIMAOUAU3AUUU MAaHK06020 eoopyycenun. Ilpakmuueckas
uennocmy. Ilpueooamca npaxkmuyeckue peKoMEeHOAUUU RO O0OOCHOBAHHOMY 6blOOPY Mmampuy KoIdpduuuenmos ycunenus
HeNUHENNbIX 00OPAMHBIX C6A3€Ill PeyNAMOopa U HeNUHENn020 HAOI00amens I1eKmpoMexXaHuuecKoii cucmemsl cmaduIu3ayuu
MAHK08020 GOOPYMHCEHUA, UINO NO36ONACH YIAYUUIUMbL OUHAMUYECKUE XAPAKMEPUCMUKU U CHU3UMbL YYECHIGUMENLHOCIND
cucmembl K U3MEHEHUI0 NAPAMEmMPOE 00bEeKMa ynpasieHus no CPAGHEHUIO ¢ cyujecmeyrouieli cucmemoii. buon. 24, puc. 1.
Kniouesvie cnosa: 31eKTPOMEXaHHYECKOH CHCTEMbl HABEACHHSl M CTA0M/IM3allMM TAHKOBOIO BOOPY)KeHHMs, HeJIHHeliHas
podacTHOe ynpaB/ieHUe, MHOTOKPHTEPHAJIbHBIH CHHTE3, IMHAMHYECKHE XaPAKTePUCTHKH.

Introduction. Ukraine is a tank country, which has
plants for the production and repair of tanks and tank
equipment. Ukrainian tanks have rather high tactical
technical characteristics and are well bought by many
foreign countries [1]. Most tanks of the Ukrainian armed
forces are T-64 tanks which was developed in the 60s and
which need to be modernized. Ukrainian «Bulat»
T-64BM tank is the result of a deep modernization of the
T-64 tank [2]. It was developed by the A.A. Morozov
Kharkiv Machine Building Design Bureau. The upgraded
«Bulat» T-64BM tank is equipped with a modern
command and control system with a livelihood that
provides the shooting of the gunner and the commander
with a high probability falling from the first shot [2]. It

should be noted that the cost of the «Oplot» tank
production is equivalent to the cost of upgrading ten T-64
tanks to the «Bulat» T-64BM tank level [3]; therefore, the
modernization of T-64 tanks is also reasonable from an
economic point of view.

The basis of combat in modern conditions is
shooting on the move at high speed and maneuverability
of tank movement [1, 2], therefore all modern tanks of the
world are equipped with stabilizers of tank armament,
which alow to conduct aimed fire on the move [4-8]. The
likelihood of fire damage to the target at maximum speeds
of movement, high maneuverability and effective
engagement of the tank from the fire damage of the
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enemy is largely determined by the accuracy of
maintaining a given direction of tank weapons on the
target with intense disturbing influences from the tank
hull [1, 2]. Therefore, the issues of further improving the
accuracy of stabilization of main tank armament are a real
problem, both in the development of new systems of tank
weapons and in the modernization of existing systems that
areinuse[1-3].

One of the areas of modernization of the T-64 tank
is to improve the accuracy of control of the main
armament to increase the likelihood of target destruction.
The guidance and stabilization system for the main
armament of the T-64 tank contains a DC electric drive
with an electric machine power amplifier in the azimuth
(turret) axis of the tank turret and an electro-hydraulic
drive of the tank gun in the in the elevation (gun) axis[1].
To improve the accuracy of controlling the main
armament of «Leopard» 2A5/6, «Merkava» MKk-3,
«Abrams» M1 tanks modern AC electric drives are being
developed to replace existing electro-hydraulic and DC
electric drives [10]. The «VNII «Signa»« scientific and
industrial production unit developed and conducted
experimental studies of 2E58 Electric Gun and Turret
Drive Stabilization System with AC electric drive based
on a synchronous motor with permanent magnets
(PMSM) and vector control (VC) to replace existing DC
drives and eectro-hydraulic drives of main tank
armament guidance and stabilization systems [11, 12].
Such an AC dlectric drive allows for higher speeds and
accelerations of the tank turret and gun compared with
existing electro-hydraulic drives and DC drives to
improve the accuracy of the guidance and stabilization
system. Experimental studies of such AC electric drives
for controlling the turret and gun of the T-72 tank made it
possible to improve the transfer speed by up to 1.5 times
(up to 45 degrees/sec) and daso to improve the
smoothness of the drives at low speeds [10].

Note that the American firm «HR Textron», the
Israeli firm «Elbit» based on the developed system for the
«Merkava» Mk3 tank, the European concern «EADS»
and others offer afully electric guidance and stabilization
system (Electric Gun and Turret Drive Stabilization
System) by the main armament for the modernization of
Ukrainian tanks [10].

As numerous tests and analysis of test results have
shown, that the accuracy of firing on the move is
significantly affected by the tank gun barrel elastic
oscillations [2, 8]. «Bulat» T-64BM tank gun 2A46-2
barrel undamped oscillations frequency experimentaly
determined and is equal 10.14 Hz [8], which holds back
the improve by the tank tower and gun guidance and
stabilization systems accuracy.

Mathematical model of the tank gun as a plant,
taking into account the gun barrel elastic oscillations as a
discrete-continuous plant developed in the [8]. The gun
barrel is considered as an elastic beam in the form of a
distributed load, rigidly fixed in the breech. But this
model does not take into account the turret imbalance,
which leads to the removal of the turret with gun from the
target direction. Note that the Ukrainian tanks turret
unbalance moment reaches 40 kN-m against 1-1.5 kKN-m
at the foreign tanksturret [11].

The problem of parametric synthesis of guidance
and sabilization systems, taking into account the
elasticity of the tank gun barrel also is given in the [8].
However, these systems use the classical structure of
regulators with feedbacks from electric angle gyros sensor
and electric rate gyros sensor on the gun in the elevation
(gun) axis and the turret in the azimuth (turret) axis,
which limits the possibilities of obtaining high accuracy
of the system.

On the other hand, the emergence of modern micro
gyros and high-speed computing means alows us to
reduce the weight and dimensions of the control system
and implement more complex control algorithm.

The goal of thiswork isto improve of the accuracy
parameters and reduce of sensitivity to changes of plant
parameters for electromechanical tank armament
stabilization systems with synchronous motor with
permanent magnets and vector control based on
multiobjective synthesis of nonlinear robust control.

Problem statement. Consider the mathematical
models of the electromechanical gun stabilization system
taking into account the gun barrel elastic elements
oscillations as a discrete-continuous plant [8]. Model
consists of an elevation (gun) axis model and an azimuth
(turret) axis model. Imagine a gun model in the form of a
solid body and an elastic element. In addition to rotation
relative to the axis, the gun performs elastic oscillations.
Denote by the ¢(t) — elevation angle and y(t) — azimuth
angle of gun and turret rotation as the solid body, ys(X, t)
and yr(x, t) —the deviation of the points of the rod from its
undeformed state in elevation and azimuth axes. For the
gun and turret dynamics, the torques applied to the solid
body equals the actuator torques Tag(t), Tar(t) plus the
disturbance torques Tpg(t), Tor(t) acting on the gun and
turret, minus the turnnion friction torques. Trg(t), Ter(t).
The disturbance torques Tpg(t), Tor(t) acts relative to the
elevation and azimuth axes of rotation of gun and turret as
solid body, and the distributed forces Fog(X, t), For(X, t)
acts adong the length of the tank gun barrel as elastic
element in elevation and azimuth axes.

The equations of plant movement relative to its
elevation and azimuth axes of rotation can be written as
follows

r+l

306 200 [ 02 Yo g, o)+

dt? ot? D
+Tpa(t)-Tea t):

d2pt rtl 82y X, t
o - [ e )+,

'
+Tor (t)-Ter ()
where Jog, Jor — moment of inertia of gun and turret as the
solid body relative to the elevation and azimuth rotation
axes, my(X) — the mass of the rod, which is connected with
the running weight of the rod m(x) in the ratio
my(X) = m(X)(x + r), in which r — the distance of the point
of attachment of the rod to the axis of the gun gate.
This equations (1), (2) describes the free movement
of the electromechanical system as a discrete-continuous
plant, in which Jog, Jor has the characterization of the
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electromechanical system as a solid body, and my(X)
characterizes the mutua influence of the motion of the
solid body and the oscillations of the elastic bar as a plant
mechanical part with distributed parameters. The
functions yg(x, 1), y1(x, t) in (2), (2) satisfies of the elastic
beam oscillation equations

d?plt) 0%yg(x, t) a*ys (%, t)
) o) g Iefet) ) P6ls),

Byalt) ©)
X
+&El (X)% = Fog(x.t)

d?y(t) o%yr (xt) o*yr (xt)
my (x)—5= dl/; +m(x )at—+E|( )T+ @
o%yr(xt) X
+¢El (X)W— For (x.t),

where EI(X) and & — tank gun barrel distributed rigidity
and internal damping coefficient; Fos(X, t), For(x, t) —
external disturbance distributed over the tank gun barrel
due to hull oscillationsin elevation and azimuth axes.

We represent in equation (3), (4) the functions
Ya(X,1), yr(X, t) in the form of the following series

40)= 2 i (MW ) ©
)= 2 e oW ), ®

where n — the number of forms of plant elastic oscillations
taken into account.

The equations obtained from (1)—(6) describe the
motion of an electromechanical system as a discrete-
continuous plant under the action of an actuator torques
Tac(t), Tar(t), disturbance torques Tpg(t), Tpr(t), turning
friction torques Trg(t), Ter(t), as well as the length
distribution of the tank gun barrel of external
perturbations Fog(X, t), For(X, t) which is due to hull
oscillations in elevation and azimuth axes;

W) (e =

r

300 8 %olt) Zn:

at? 5 dt?
=Tpc(t)+ Tog(t)-Trs ()

()

dz n d2V\/i r+|
A3 Ll -

=Tar (t)+TDT (t)_TFT (t),

o), e oMl
m 0ol

Jor

(8)

3 ety ), ©

i=1

| (X)Zn: 0% (x) AW (%)

o i Foc(Xt):

i=1

ELTONE it
( dt2 +m( Zyl EI()IZigT...(lo)
Wy 1)+ 1 (3 22 )"W'T( ) For ()

i=1 6X4 dt

The control precision is largely determined only by

the first form of tank gun barrel elastic oscillation. Taking
into account only the first basic form of elastic
oscillations in expresson (5), (6) the function is

represented
yo(x.t)= o6 (XMog t); (11)

Yy (X, t) =Yor (X)‘NOT (t) . 12)

Then the equations of the dynamics of the

electromechanical system as a discrete-continuous plant

(7—12) in eevation and azimuth axes will take the
following form

2
Joc dd(t/]Z(t) ~ G dzv(\i/?ze(t) =Tac(t)+ Toe(t)-Teo(t): (13)
2 2
Jor ddl:/?(t)_aOT d \;\gr(t):TAT )+ Tor () -Ter (t); (14)
d2ft)  dWps(t) dWog (t)
%067 +00GT0§3+§<3130G$+'“(15)
+boaWog (t) = fos (t)
d2y(t) d Wy (t ) dWOT( )

Br =7 Tor 2 *er bor —
+borWor (t) = for (t).

Coefficients agg, agr, Coss Cor and bgg, bgr in
equations (13)—(15) are obtained by substituting
expression (5), (6) into equation (8), (9) multiplying both
parts of the resulting equation by »s(X), %r(X) and
integrating both parts of the equation in the range from r
to(r +1).

In the elevation and azimuth axes there are two types
of external disturbance. The first type of externa
disturbance is related to the hull longitudinal angular
oscillations. These disturbances cause a disturbance
torques that acts on the gun and turret

(16)

Mo = dﬁ';t( ) a7
Mpt = 1o deHt & , (18)

where g — constant coefficient, which is determined
experimentally; dey(t)/dt and dyy(t)/dt — hull angular rate
in elevation and azimuth axes.

The second type of externa perturbation is
associated with hull accelerations relative to its elevation
axis. These accelerations, being annexed to the distributed
masses of the gun, cause its elastic fluctuations.
Distributed forces applied to the gun and turret and
included in the equation of its elastic oscillations are
determined by the following dependencies

Foclot)= 20, 19
For (ut)=mp 922, @)

dt?
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where m(x) — the weight of the gun elastic part; d %zg(t)/dt*
and d ?z(t)/dt > — hull acceleration relative to its elevation
and azimuth axes. Then we will get

r+| 2
d“zs(t).
fost) X)dx = kg @
d?z r+l dez
forly)- 2 jm(x barox=kr 1.

External perturbatlons acting on the hull in the
elevation and azimuth axes are to a large extent
determined by the longitudinal angles and hull vertical
and horizontal fluctuations. Note that using equations
(16), (18) and (20), disturbing moments due to the tank
turret imbalance are also taken into account. Using
equations (15), (17) and (19), disturbing moments due to
the tank gun imbalance are al so taken into account.

With direct torque control (DTC) by a synchronous
motors with permanent magnets (PMSM) [13] actuator
torques Tag(t), Tar(t) motion equations can be written as
follows[14, 15]

dTpct
T gf( )+TAG (t)= KagU act) (23)
dTat(t
4 SI( )+TAT (t)= KatU At (t) (24)
where Upg(t), Uar(t) — inputs control, 7 — equivalent

constant times and Kag, Kar — contour gains of DTC.

Method of synthesis. Let us write down the origina
turret and gun model (13) — (22) of the electromechanical
system as a discrete-continuous plant taking into account
the moles of the executive motors (23), (24), hull
suspension effects and sensors as plant of robust control
system with a state vector x(t) in the standard form of a
state equation

St (x0.00.00.000),

where u(t) is the control, a(t) and 7(t) are the vectors of
the external signal and parametric perturbations, f — is a
nonlinear function.

The mathematical model (25) takes into account the
nonlinear frictional dependencies on the shafts of the
drive motor, the rotating parts of the reducer and the gun
and turret, the gear gap between the teeth of the driving
and driven gears, the constraints for control, current,
torque and motor rate, as well as the plant moment of
inertia

In particular, the model of turnnion friction torques
Te(t) of drive motor, reducer and plant adopted in the
following form[7]:

T, if [T| <Ts and|w| < 0.001;

(25)

T =
F (Tk"‘(T “Ty)-e (“’/‘"S)jsign(a))+v-a),if | > 0.001,

where T — the moment of friction; T — the moment
applied to the shaft that is cracking; Ts — moment of
friction of rest (static friction); Ty — the moment of kinetic
friction.

Measured output vector of theinitial system
y(t) = Y(x(), (), u(t)) (26)
is formed by different sensors which measured the
angular, rate and acceleration of turret, gun and hull in
elevation and azimuth axes and placed at the turret, gun
and at the hull [7].

The task of synthesis is the determination of such a
regulator [16, 17] which, based on the measured output
(26) forming control u(t) using a dynamic system
described by the difference state equation and output

d
S0t e .u.000.100) Z;e 0=
~Y(E®, (), u(t)
3
u() = 2 Ui, yo), (28)

i=1
wherei isthe order of the forms G; and U;.
The synthesis of the regulator (28) is reduced to
determining the matrix of the forms of the regulator gain
U; by minimizing the norm of the target vector

4
Z(x(®),u(t), n(t)) = > Zi (x(®),u(t), n(t))
i=2
on control vector of u(t) and maximization of the same
norm on a of plant uncertain vector 7(t) for the worst case
disturbance.

The synthesis of the observer (27) is reduced [18] to
determining the observer gain coefficients G; by
minimization of the error vector of the recovery of the
state vector x(t) of the initid system (25) and
maximization of the same norm of the error vector along
the plant uncertainty vector 7(t) and the vector of external
signal influences (t), which also corresponds to the
worst case disturbance.

Matrices of the regulator U; and observer G; gain
coefficients are found from approximate solutions of the
Hamilton-Jacobi-lsaacs equations [18, 19], in which the
matrices of linear forms being found from the four Riccati
equations solutions. This approach corresponds to the
standard 4-Riccati approach to the synthesis of linear
robust or anisotropic regulators [19].

To determine the regulator (28) for plant (25) with
target vector (29) consider Hamiltonian function

H (x(¥), u(t), 7(t)) = V5 (x(),u(®), 7)) (x(V),...
u(R),7(0) + 2" (x(1), (), n()2(x(t), u(t), 7 ().

— T (),

(29)

(30)

here V, are partial derivatives with respect to the state
vector X(t) of the infinite-horizon performance functional
(Lyapunov function), y — weighting coefficient which
determines the conservatism degree of the synthesized
robust regul ator

To determine the robust regulator (28) it is necessary
to find the minimum norm of the target vector (29) along
the control vector u, and the maximum of this norm along
the externa perturbations vector 7, which reduces to
solving the minimax extremal problem of Hamiltonian
function [16]
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H (x())= minmax{H (x@),u®), 7))} (31)
u®n

The necessary conditions for the extremum of the

Hamiltonian function (31) both in the control vector uy

and in the external perturbation vector 7, are these

equations
Hux(0).u" (xO) 7" ()= 0 (32)
H, [x),u" (x)7" (x®))=0, (33)

which are Hamilton-Jacobi-Isaacs eguations. Here H, and
H, are the partial derivatives of the Hamiltonian function
with respect to the control vector u(t) and with respect to
the external perturbations vector 7(t).

Note that these equations (32), (33) are aso
necessary conditions for optimizing a dynamic game, in
which the first player — the regulator which minimizes the
target vector, and the second player — externa
disturbances which maximizes the same target vector.

The difficulty of obtaining a nonlinear control law is
due to the fact that the difference Hamilton-Jacobi-Isaacs
equations (32), (33) is a nonlinear partial differential
equation. In this paper we use an approximate solution of
the Hamilton-Jacobi-1saacs equation (32), (33) assuming
the analytical dependences of the nonlinearities of the
origina system (25), (26), (29) in the form of the
corresponding series [19]. Then the linear approximation
of the Hamilton-Jacobi-lsaac equation (32), (33) are the
algebraic Riccati equations

ATP+PA+ P{%B,]B; - BUBJ}P+CZCZ =0, (34)
y

here, the matrices A, B,, B, C, in (34) ae the
corresponding matrices of the linear system obtained by
linearizing the original nonlinear system (25), (26), (29).

Similarly matrices of the observer G; gan
coefficients (27) are found from approximate solutions of
the Hamilton-Jacobi-Isaacs equations [18].

Feed forward control synthesis. When the tank
was moving, the error of the stabilization system of tank
armaments was caused by the action of disturbance
torques Tpg(t), Tor(t) that acts on the turret in the azimuth
axis and on the gun in elevation axis from the side of the
tank hull. Sensors that measure the hull angular position,
hull angular rate, hull acceleration, etc in elevation and
azimuth axes are mounted on the tank hull. These sensors
can be used to observer disturbance torques Tpg(t), Tor(t)
and their derivatives and implement open-loop control to
improve the accuracy of the tank weapon stabilization
systems when firing on the move. We introduce the state
vectors Xqg(t), Xgr(t) of the of external perturbation
models, the components of which is the disturbance
torques Tpg(t), Tor(t) that acts on the turret in the azimuth
axis and on the gun in elevation axis and its derivatives.

We write the mathematicd models of externa
disturbances in the following form
dxqe (t
(:j—(t;() = fa6(Xds (0. @4 (), 746 (1)) (35)
dxqr (t
3—1() = far (X1 (), 00T (©), 7747 (1)), (36)

where wgs(t), wgr(t), 74s(t), nar(t) are the vectors of the
external signa and parametric perturbations [7, §],
fae, far — are anonlinear functions.

To redlize the quas invariant feed forward control
by these disturbance torques Tpg(t), Tpr(t) in the plant
model (25) aso introduced the externa disturbance
models (35), (36).

Then with the help of the observer (27) the externa
disturbances torques Tpg(t), Tpr(t) and its derivatives also
are observed [20] by measurement signals (26). Then the
quasi-invariant feed forward control by externa
disturbances (35), (36) realize in form (28) by observer
external disturbance state variables (27).

Multiobjective synthesis of nonlinear robust
control. For tank main armament guidance and
stabilization systems sufficiently stringent requirements
are set for the performance indicators in various modes. In
the guidance mode it is necessary to control by the gun
rate and turret rate. In the stabilization mode it is
necessary to control by the gun position and turret
position. We bring a part of such performance indicators
[7, 8]. Time of working out of a given angle of error.
Acceleration time to rated speed and deceleration time to
full stop. An error in working out a harmonic signal of a
specified amplitude and frequency. Stabilization error
when moving along a normalized path with a random
profile change with a given speed. Maximum speed of
guidance. Minimum speed of guidance. Failure of
guidance at minimum speed. Naturaly, this should take
into account the voltage and current limitations of the
anchor chain of the drive motor, as well as the speed of
rotation of the drive motor.

Dynamic characteristics of synthesized system
including a nonlinear plant (25) that is closed by a robust
controller (26), (27) are determined by the control system
model of the system (25), the parameters of the measuring
devices (26) and the target vector (29). For the correct
definition of the target vector (29), we introduce the
vector of the unknown parameters y = { Zi(X, Ux, 74}, the
components of which are the required weight matrices of
the norm Z(X., U, 7). We introduce the vector of the
objective function

Fz)=[F(x) F2(x)- Fl(2)T", (37)

in which the components F;i(y) are direct quality indicators
that are presented to the system in various modes of its
operation such as the time of the first coordination, the time
of regulation, overshooting, etc[7, 8].

To calculate the vectors objective function (37) and
constraints on state variables and control, the initia
nonlinear system (25), (26) is modeled by a closed
synthesized nonlinear regulator (27), (28) in various
modes of operation, with different input signals and for
various values of the plant parameters [8]. This (37)
multiobjective nonlinear programming problem [22, 23]
is solved on the basis of multi-swarm stochastic multi-
agent optimization algorithms from Pareto optimal
solutions [22, 23].

Computer simulation results. Comprehensive
research of dynamic characteristics and sensitivity to the
plant parameters change of the electromechanical tank
armament stabilization systems with synchronous motor
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with permanent magnets taking into account the gun
barrel elastic oscillations as a discrete-continuous plant
with parametric uncertainty [8] with synthesized
nonlinear robust regulators were conducted. As an
example Fig. 1 shows state variables random processes
implementation of the synthesized electromechanical tank
gun stabilization systems in the elevation axis when the
tank moves at a speed of 8 ms™ dong a standard tank
route. On Fig. 1 shows such state variables of a closed
system: a) the angle ¢(t) of deviation between the axis of
the object and the given direction, and b) its derivative
do(t)/dt; c) the value of the function Wyg(t) in the
representation yg(x, t) of the function, which characterizes
the deviation of the tank barrel axis points from its state in
the elevation axis, which is not deformed, and d) actuator
torque Tac(t).

-3
15 ¢, rad: ‘10

Fig. 1. State variables random processes implementation of the
synthesized electromechanical tank gun stabilization systemsin
the elevation axis

As can be seen from Fig. 1.d, the actuator torques
Tac(t) acting on the gun reaches 100 N-m. The magnitude

of disturbance torques Tpg(t) acting on the gun, depends
on the tank speed and the quality of the road surface.
When moving along a mid-intersected area, these
disturbance torques Tpg(t) reach values 800 N-m [8]. With
an increase the tank movement speed, the action of
external disturbances gun weakens. This is explained by
the fact that in the 46 ms™ movement speeds range, the
resonant properties of the tank training system are
manifested, and at speeds exceeding 8 ms™, the tank
overcomes small effects, almost not responding to them.
At the same time, with increased of the tank movement
speed, the average frequency of oscillations of the
function Fog(x, t) in (19) significantly increases, which
reduces the accuracy of aimed shooting on the move.

As can be seen from this figure, the error of
stabilization of a given angle of a tank gun is about
0.1 mrad, which is about 1.7 times less than the error of a
system with a typical proportional-differential controller
[2, 10] and corresponds to the «Leclerc» tank weapons
stabilization system accuracy [10, 24].

During the simulation of the dynamic characteristics
of the synthesized electromechanical tank armament
stabilization systems, it was found that the use of
nonlinear robust control made it possible to reduce the
time spent on working out the initial angular mismatch of
0.1 rad between guns and targets directions. When the
plant inertia moment was changed by 30 %, the mining
time was changed by less than 10 % while maintaining
the level of overregulation, while in the system with a
typical regulator, the mining time was changed to 30 %
with a significant change in the system overshoot. Thus,
the use of nonlinear robust controllers aso made it
possible to reduce the sensitivity of the system to changes
in the parameters of the control object as compared to the
existing system.

Conclusions.

1. For the first time the method of multiobjective
synthesis of nonlinear robust control by electromechanical
tank armament stabilization systems with synchronous
motor with permanent magnets taking into account the gun
barrel elastic oscillations as a discrete-continuous plant and
tank turret imbalance and with parametric uncertainty is
developed.

2. Synthesis of nonlinear robust regulators and nonlinear
robust observers reduces to solving the system of
Hamilton-Jacobi-Isaacs equations. Robust control target
vector is determined by solving the multi criterion
nonlinear programming problem in which the components
of the vectors of the objective function are direct quality
indicators that are presented to the system in various modes
of its operation.

3. Based on the computer model dynamic characteristics
andysis of the synthesized electromechanical tank
armament stabilization systems with synchronous motor
with permanent magnets as a discrete-continuous plant
shown that the use of synthesized nonlinear robust
regulators made it possible to reduce by 1.7 times the error
of stabilization of a given angular position of a tank gun
when moving the tank, reduce by 1.8-2 times the time
spent working off the initial angular misalignment of
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0.1rad between the gun and target directions, reduce by
20 % the system sengitivity to plant parameters changes in
comparison with the existing system with standard
proportiona-differential regulator.

4. The results of the synthesis of electromechanical tank
armament stabilization systems with synchronous motor
with permanent magnets are recommended for use in the
modernization of the T-64 tanks family.
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TeopemuyHa esleKmpomexHika ma ennekmpodiszuka
VJIK 620.179.147:519.853.6 d

oi: 10.20998/2074-272X.2019.2.05

B.4. Tl'anbuenko, P.B. Tpem6Oogserpka, B.B. Tuukor

MNOBYJIOBA RBF-METAMO/IEJIEHA CTPYKTYP 3BY/IKEHHS PYXOMOI'O
KOHIEHTPUYHOI'O BUXPOCTPYMOBOI'O TIEPETBOPIOBAYA

Po3pobneno npozpamue 3abe3neuenns 05 po3PAXyHKY PO3ROOLLY ZYCHIURU GUXPOGUX CIPYMIG 6 30HI KOHMPOIIO HAKIAOHO20 6U-
XPOCIPYMO06020 NEPemeoplosaua i3 6paxy8antam eQexmy weuoKocmi 3a <MOYHUMUY eIeKMPOOUHAMIYHUMU MAMEMAMUYHUMU
Mmooenamu. Pospodneno npozpamme 3abe3neuenns 0na hopmysanns mouoK niamy ekcnepumenmy i3 euxopucmannam JIII—
nocnioognocmeii, w0 003601u0 30ilcHIoeamu 8i0OIp naanie 3 piGHOMIPHUM 3ANOGHEHHAM MOYKAMU 2inepnpocmopy nowiyky. /lns
HepyxXomoz20 ma pyxomozo HAKIAOHUX GUXPOCHIPYMOBUX NEPEmEOPIsatie CIEOPEeHO Helupomepedcesi memamooeni Ha padianbHo-
oazucnin ¢ynxuii I'ayca. Oyineno adexeamuicmos ma inghopmamusHicms OMPUMAHUX MEMAMOOENEl HAKNAOHUX 6UXPOCIMPYMOBUX
nepemeopiosauie. Pezynomamu 00cnioxceHHa moxcyms 6ymu 6uKOPUCMAHI RPU CUHME3] PYXOMUX HAKIAOHUX 6UXPOCINPYMOGUX
nepemeopiosauie iz anpiopi 3a0anum po3nooiiom 2yCIMuHU GUXPOGUX CHIDYMIE 6 301 Konmposo. bion. 22, tabn. 6, puc. 8.

Kniouogi cnosa: HakIaqHUii BAXPOCTPYMOBHII epPeTBOPIOBAaY; PO3IOIij I'YCTHHH BUXPOBHX CTPYMIB; CTPYKTYpa 30y/1KEHHSI;
MaTeMaTH4YHA MOJeJIb; ONTUMAJIBLHHIT CHHTE3, KOMI I0TepHUIi I1aH excriepumenty; JIII,—mocainoBuicts; RBF—MeTamonens;
KOMITeT HeilipOHHMX MepexK.

Paspabomano npocpammnoe obecneuenue 01sa pacuema pacnpeoeienus NIOMHOCHIU GUXPEBBIX NMOKOE 8 30He KOHMPOn Ha-
K/1AOH020 6UXPEMOK06020 NPeodpazoeamens ¢ yuemom Ighpekma ckopocmu no <moYHbIM>» INEKMPOOUHAMUYECKUM MAMeMa-
muyeckum mooenam. Pazpabomano npozpammnoe obecneuenue ona opmuposanus mouexk niana IKCNEPUMEHma ¢ UCnoJb30-
sanuem JIlIt-nocnedosamensnocmeii, ¥mo no3601U10 OCYULECHEIAMb OMOOP NIAHOE C PAGHOMEPHBIM 3ANOIHEHUEM MOYKAMU
zunepnpocmpancmea noucka. /lns HenooGUICHO20 U OBUICYULE20C HAKIAOHBIX GUXPENOKOGLIX Npeodpazosameneil co30anvl
Hellpocemeagvle Memamoodenu na paouanvro-oazucrnou yynxkyuu I'aycca. Oyenenst adekeamnocmy U UHGOPMamueHocme noy-
YEeHHBIX Memamooeneii HaKNAoOHbIX GUXPEMOKO8bIX npeobpasosameneii. Pesynivmamul uccnedosanus mozym 6bime ucnoib3oea-
Hbl NpU CUHMe3e OGUNCYUUXCA HAKTAOHBIX UXPENOKOGHIX Npeodpazosameneii ¢ anpuopu 3a0anHbIM pacnpedeseHuem niom-
HOCHU GUXPEBbIX MOKO0G 8 30He KoHmpoas. bubin. 22, tadn. 6, puc. 8.

Kniouesvie cnosa: HakiIagHOW BHXPETOKOBBI Npeodpa3zoBaTelib; paclpeeieHne MIOTHOCTH BHXPEBBIX TOKOB;, CTPYKTypa
BO30Y:K/I€HHsI, MaTeMaTH4YecKasi MoOJeJib, ONTHMAJbHBIN CHHTe3; KOMINBIOTEPHBIi MIaH J3Kcnepumenrta; JIIIT—
nocJieioBaTeIbHOCTh, RBF—MeTamoe/b;, KOMUTET HEHPOHHBIX CeTei.

Beryn. BuxpocTpyMoBuil METOZ KOHTPOJIIO Ta NpU-
Jlali Ha WOr0 OCHOBI 3HAaXOAAThH IIMPOKE 3aCTOCYBaHHS
JUIL BH3HAUEHHsl IapaMeTpiB pIi3HOMaHITHUX 00’ €KTiB
kouTpoimo (OK): nmedekrtiB HecywinbHOCTI MaTepiaiy,
koHTpouto po3mipiB OK i mapamerpiB BiOpariii, KOHTpO-
JIIO SIKOCTI TepMIYHOI 1 XiMiKO-TepMidHOi 00poOKM nera-
JIeH, CTaHy MOBEPXHEBHX MIAPIB MiCIs MeXaHIIHOT 00p0o0-
KH{, HassBHOCTI 3aJIMIIKOBHX MEXaHIYHHMX HAlpyXKeHb, pe-
KOHCTPYKIi{ pO3MOIiTy eNeKTPOIpPOBITHOCTI Ta MAarHIT-
HOT IPOHUKHOCTI BCepPEeNHI 00’ €KTIB Ta 1HIIII.

[Topsix i3 BArOMHUMH IIepeBaraMy BUXPOCTPYMOBOMY
METOJy KOHTPOJIO NMPHTaMaHHI AEsKi HEIOTIKH, HaIpu-
KJ1aJl, MOXKJIMBICTb KOHTPOJIIO TUIBKH CTPYMOIIPOBIJIHUX
00’ eXTIB, BIIHOCHO Majia TIMOMHA TPOHUKHEHHS BUXPO-
BUX CTPYMIB, HEOIHOpiJHA YyTJIMBICTh NEPETBOPIOBAUIB
KJIACUYHUX KOHCTPYKIIIH.

KiacuuHuM HakIagHUM BHXPOCTPYMOBUM IIEPETBO-
proBauam (HBCII) BiacTHBHMI XapaKTEPHHM pO3MIOIiI
rycruau Buxposux crpyMis ([BC) B OK, sikuii 3a1eKuTh
BiI TEOMETPHYHHUX, CIIEKTPOMATHITHUX IapaMeTpiB Ta
B3aEMHOTO PO3TaIlyBaHHS HOTO 30Yy/KYyIHOUOi KOTYIIKH
BiZIHOCHO KOHTpoJboBaHoi moBepxHi. B HBCII I'BC mak-
CUMaJbHa B TIOBEPXHEBOMY IIIapi CTPYyMOIIPOBIIHOTO
00’ €KTY Ta 3MEHLIYETHCS [IPU BiIJaJICHH] BiJl BUTKIB KO-
TYIIKH 30y/KeHHSI B3MOBXK MoBepxHi (puc. 1,a) i B Oinbi
MIMOOKKX Iapax 3a €KCIOHCHI[aJbHUM 3aKoHOM. ToOTO
npu TakoMy HeoaHopigHomy posmozini ['BC (puc. 1,a)
B3aemHe posrtauryBanHsi HBCII BimHocHo OK cyrreBO
BIUIMBAaE€ Ha YYyTIHMBICTH MeTomy. B nedexrockormii, Ha-
NPUKIIAL, Y BUIAAKY PO3TAIIYBaHHS IIOBEPXHEBOI TPIiLIH-
HH KIHLIEBOI JOBXHHHU i TEOMETPUYHAM LEHTPOM KO-
TYIIKA 30yIKEHHS YyTIUBICT Oyne ONM3BKOI0 IO HYJISA
(puc. 1,6), MiHIMaTbHA YYTIMBICTH CIOCTEPIraeThCs IS

BHUITAJIKy PO3TAIIyBaHHS MOBEPXHEBOI TPINIMHK Mapaie-
JBHO 70 BUXpoBHX CTpyMmiB (puc. 1,2); MakcumanbHa —
SKIIO TPIIIHHA MEPICHIUKYIAPHA 10 HAMPSMKY BHXPO-
BUX cTpyMiB (puc. 1,0).
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Puc. 1. OcobmmBocti HBCIL: posnozin I'BC, npuramanHmii
KJIACHYHAM KOHCTPYKIIiSIM IIEPETBOPIOBaUiB (a); piBHOMIpHHI
posnozin I'BC (6); uyTnuBicTs Giu3bka 10 HyJs (6);
MiHIMaJlbHa 9y TJIUBICTH (2); MAKCUMaJIbHA Yy TJIHBICTH (0)

Jst Toro, mo6 3MEHIUTH e(PEeKT 3aIeKHOCTI IyT-
JIUBOCTI IIEPETBOPIOBaYa A0 Ae(hEKTy HE3aJIeIKHO BijJ HOro
po3TanryBaHHs B 30HI KOHTPOIIIO, Oa)KaHO MaTH PO3TOIiT
I'BC B wHiii omHopimuum (puc. 1,6). Bunukae 3amaga
crBopenas HBCII 3 ogHopiaHOO Yy TIIHBICTIO, @ BiJIOBI-
IHO U omHOpimHUM posnoxaiioM ['BC B 30HI KOHTPOIIO
00’ exty. [lany 3amady MOXJIMBO BHUDILIMTH B paMKax 3a-
Jladi ONTHUMAIILHOTO CUHTE3Y B Pe3yJbTaTi BU3HAYCHHS
parioHanbHOI CTPYKTYpH cuctemu 30ymxenns HBCII 3
BIIMIOBITHIMH TIapaMeTpaMu, M0 3a0e3MedyroTh Heoo-
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xigauit po3nogin 'BC. BaxianBo TakoxX MOCSITHYTH OJ-
Hopinuoi wytimBocti HBCII, ski He TinbKU Hepyxomi
BigHOCHO OK 4M nepeMillyroThCsl 3 HEBEJIMKOIO MIBUAKIC-
TIO, KOJIM €()EKTOM BHHUKHEHHS CTPYMIB IIEPEHOCY MOXK-
Ha 3HEXTYBaTH, aje i Uil pyXOMHX [IEpETBOPIOBAYIB.

Orasip aitepatypu. B po6ori [1] posrisaarorses 3a-
nagi niHifHOTO cHHTE3y Hepyxomoro HBCII, ne B sikocTi
BUXITHUX NaHUX MPUAMAETHCS 3AJICKHICTh BUX1THOTO CHT-
HaJly BiJ] 3a30py 4M IHMTOMA EJISKTPUYHA MPOBIJIHICTh JIO-
cItiJpKyBaHoro 00’ exty. [list po3B’ 13Ky HEKOPEKTHOT 3a1a4i
CHHTE3Y 3aCTOCOBAaHO METOJ peryJisipu3ailii, ToOTo Ha IIy-
KaHi (yHKUIT BBEACHO MeBHI oOMexeHHs. B poboti [2]
PO3IJISIHYTI TMTaHHS JIHIMHOTO CHHTE3Y HEpPyXOMOTI'o
HBCII. ITnomHa 30HE KOHTPOJIO MapajielibHa 10 po0o-
YOro TOpLS IEPeTBOPIOBaYa, Jie 1 CTBOpIOBAacs 3ajaHa
CTpyKTypa MaruiTHoro mossi. B po6oti [3] npeacrasnenmit
AITOPUTM HENIHIHHOTO CHHTE3y MArHITHHX IIONIB 30y-
mxeHHs Hepyxomoro HBCII 3 momepenHso BU3HAYEHOIO X
KoHpiryparieto. PimeHHs 3agadi oTpuMaHO OUIIXOM MiHi-
Mi3alii cepeHhOCTEIIEHEBOI alpOKCUMAaIlii MiHIMAKCHOTO
¢yHKUiOHay, 10 3a0e3neyye MiHIMaJIbHE BIAXHMJICHHS
IIyKaHOTO PO3IOJLTY €JEKTPOMAarHiTHOro MoJisi Bii 3ana-
Horo. B po6ori [4] BUKOHAHO CTPYKTYpHO-ApaMeTPHIHHI
cuHTe3 cucrtemu 30ymkenns Hepyxomoro HBCII. Hlyka-
HUMH [TapaMeTpaMH € KUIbKICTh CEKIiH, iX paaiycu Ta Ko-
opauHaty. [lomyk ONTHMAanbHOTO pIilIeHHS BHKOHYBAaBCS
3a JOTIOMOTOI0 TeHETHYHOTO anroputMmy. OTpuMaHi onTu-
MallbHI 3HAYCHHS TapaMeTpiB CEKIill KOTYIIOK, a TaKOX
HAMOUTBII KOHCTPYKTHUBHO MPOCTi CHCTEMH 30y HKEHHS, SKi
3a0e3MeuyroTh 3aJaHuil PO3MOALT 30HAYIOUOTO TMOJISI B
mpoctopi. JlocATHYTO 3HAYHE IOKpAIeHHS SKOCTI 3reHe-
POBAHOTO TOJISI CHHTE30BAHOI MarHITHOI CHCTEMH, CYTTEBE
CIPOIIIEHHS CTPYKTYPH 3a KUIBKICTIO CEKIIii Ta 3MCHIIICHHS
JIOBXKMHH CUCTEMH, a TAKOK 3MEHIIEHO KUIbKICTh BUTKIB B
CEKIIISIX MPU OJJHAKOBHMX 3HAYEHHSX CTpyMiB. B poGoTi [5]
3aIpONIOHOBAHO METOJOJIOTII0 ONTHMIi3alil KOHCTPYKLIi
KOTYILIKH BHUXPOCTpYMOBOro neperBoproBada (BCII), sika
JI03BOJISIE MAKCUMAJIbHO HAOIN3UTHUCS 10 11€aIbHOTO MOJIs
30y/oKeHHS B OaraTomiiboBiil mocTaHOBLI 3a1a4i. B moci-
JUKEHHSX TpeICTaBlIeHni croci® onTumizamii KOHCTPYKIIT
cucrteMd 30y/DKEHHS UIA OTPHUMAHHS TAaHTEHIaIbHOTO i
PIBHOMIPHOTO  PO3MOALTY MYJBTWIIHIMHUX BHUXPOBHX
crpymiB. B po6orti [6] po3pobiero Metoa omrumizariii ma-
paMeTpiB KOTyImKH 30y/HKEHHS OUITXOM pilleHHs Oararo-
napaMeTPUYHOI 0araToliIbOBOT 3a/1adi ONTHUMI3AIT. 3ii-
CHEHO IMiTaIliiiHe MOJICITIOBaHHS MOBEIIHKNA HECKIHUCHHOT
KOTYIIKH 3 TaHTEHIIaJIbHUM PIBHOMIPHUM I10JIEM Ha MOBe-
pxHi OK. B pesynprari orpumaHa HepiBHOMipHa Oarato-
mapoBa kKoHcTpykuist koryniku BCII, sika 3a0e3neuye on-
HOpijHe oJie 30ymkeHHs. B pobori [7] 3acTocoBaHo rexe-
TUYHUHA alTOPUTM BHPIIMICHHS ONTHUMi3aliiiHOI 3a/1adi BU-
6opy mapametpiB moist 30ymkerHs BCIL. Insg xoTymkw
30y/DKEHHSI TIepeTBOPIOBada OTPHMAHO ONTHMANBHI 3Ha-
YEHHS 4YaCTOTH Ta PO3MIipH.

TakuM YUHOM, paHille OMyONiKOBaHI JOCIIHKECHHS,
npucBsiueHi murandsM cunte3y BCIT [1-7] i3 3a1aH0r0 KOH-
(irypariero 30HIYHOYOro MOJs B 30HI KOHTPOITIO, PO3IJIsia-
mm Hepyxomi OK Ta He BpaxoByBalli peakmito eIeKTPOIpo-
BijiHOTO cepenoBuia. [Ipy boMy OCTaTHBO OYJIO CTBOPH-
T cuctemu 30ymkenHst HBCII i3 piBHOMIpHUM PO3IOIiIIOM
€JIEKTPOMArHIiTHOTO T10JIs, 1[0 TapaHTOBaHO 3a0e3IedyBao
piBHOMipHHIT po3moznin I'BC B OK. BpaxyBanHs mBHIKiC-
HOro edeKkTy rnepeadavyace CHHTE3 OJHOPIAHOTIO PO3MOALIY
I'BC B cepenoBumii OK, 1110 € MPUHIMIIOBOIO BiIMIiHHICTIO

Bil pe3yJbTaTiB MONEPEIHIX NOCHIHKEHb i He MOXe OyTH
31HCHEHO 3aPOIIOHOBAHMUMH PaHIIIE 3ac00aMHu.

Mera Ta 3amaui gocaimkxenns. OO0 exkm Oocii-
0JiceHHs1 — TIPOIIECH BUXPOCTPYMOBOTO KOHTPOIIO SKOCTI
00’ exTiB. [Ipeomem OocniddceHHs — PYyXOMHUA KPYTOBHUHA
HBCII 3 ogrOpiganM po3nozinom ['BC B 30HI KOHTPOIIO.
Mema pobomu — ctBoperHss RBF-metamoneni pyxomoro
KoHIeHTpryHOTOo Kpyrosoro HBCII, sxy MokHa BUKOpH-
CTOBYBAaTH IJisi po3paxyHKy posmoniry I'BC B obmacti
KOHTPOJBHOI 30HM Ta MPHUIATHOI JUIsl BUKOPUCTAaHHS B
3a/ja4ax ONTUMAIILHOTO CHHTE3Y .

MatemaTuuHa moaeas pyxomoro HBCII. B sikoc-
Ti IIOYaTKOBUX Bl/IXiI[HI/IX JaHUX IJ1s1 HpOCKTyBaHHH B 3a-
nauvi cuaTesy HBCII B 3arasibpHill MOCTAHOBIII BUKOPHUCTO-
BY€eThCs anpiopi 3aganuit 6axxanuii po3moait [ BC Jreterence
B 30HI KOHTPOJIO. 3 METOIO JESKOTO CIIPOIICHHS 3aaadi
00MEXHMOCS CIIOYATKy OTPUMAHHSM JaHOTO PO3MOILTY
I'BC na moBepxni OK, 3amarouncy MeBHUMH 3HAYCHHSIMHI
I'BC y cykynnocti N KOHTpoapHHX TO4UOK Q.

Crpykrypa 30ymkenas HBCII cknamaerscst i3 cuc-
TeMH M KOTYIIOK 13 PI3HOMaHITHOIO BHCOTOIO PO3Tallly-
BaHHA Zgy, K = 1...M BignosigHoi koTymku BigHocHO OK
Ta pagiycamu . Cxema iX BKIIOYEHHS — 3yCTpidHa abo
Y3ro[KEeHa, a CTPyM KUBJIEHHS | Moke OyTH SIK OJHAKO-
BHM, TaK 1 PI3HUM IJI KOXKHOI 13 KOTYIIOK. SIK BapiaHT
CTPYKTYpH 30Y/DKEHHS Ha pHC. 2,0 TOKa3aHa CHCTEMa
KOHIEHTPHMYHUX KOTYIIOK i3 PI3HMMH pajaiycaMu, IO
po3TaloBaHa Ha OJHAKOBINM BHcOTI Zy Hax OK. Ha puc.
2,0 ToKa3zaHa cucTeMa 30Y/DKEHHS 13 KOTYIIOK PI3HHX
paziyciB, IO PO3TAIIOBaHI Ha OJHAKOBIM BHCOTI, IIPH
IFOMY LEHTPH KOTYIIOK 3MIIIE€HI, TOOTO KOTYIIKH HE
KOHIIEHTpHYHI. PHUC. 2,6 1EMOHCTPYE CUCTEMY KOTYILOK i3
PI3HMMH paaiycaMH, KOTPl PO3TalIOBaHl Ha PI3HUX BHCO-
Tax Ta 31 3MIIIEHHSM LIEHTPIB OJJHOTO BiTHOCHO iHIIHX.

B [8-13] po3pobieHo MaTeMaTHYHy MOJENb OJHHO-
yHoi KoTymku 30ymkenHs HBCII, mo no3Boinsie BU3HA-
ypti posnoain 'BC B OK, siky noMoBHUMOCS Ha3uBaTu
«TOYHOO». J[JIs IIHOTO MPHUIHATO HACTYITHI MPUITYIICHHS
cepenoBHIIe JiHiHE, oxHOpinHe, 13oTponHe; OK pyxo-
MUH, CTPYMOIIPOBITHUH, HECKIHYCHHOI IIUPHUHU 1 IOBXHU-
HU Ta Ma€ KiHIEeBY TOBIMMHY d; KOTyIIKa 30YIKyeThCA
3MIiHHUM CTPYMOM [/ 49acTOTOIO ; TIPOBITHUK KOTYIIKH
MIPEICTABISAETECA HECKIHYCHHO TOHKHM; EJIEKTPHYHA
MPOBIHICTh O, BIJHOCHA MAar”iTHa MPOHHUKHICTH L4 1
HIBHKICTH PyXy MEPETBOPIOBaYa U = (UX,Uy,O) € CTaJu-

MU. BignoBigHO 10 1€l MaTeMaTHYHOT MO PO3IIIsiia-
JMCS. TPU PO3PAaxXyHKOBI 00JyacTi, B SKUX BU3HAYAIMCS
KOMILUIEKCHI 3HAYEHHS MArHiTHOT 1HTYKIT:

e B oOmacTi 0<z<z

B, =B+ 6,
5 —rotA A =20
B =rotA, A ML
AB, =0, rotB, =0,

IS Bi OIIUCY€ BJIACHE MArHiTHE I10JI€ BUTKA JOBXXHUHOXO I

sa

= )

Ta rycTuHO0 cTpymy J, a B, — marsiTHe mose BUXpO-

BHX CTpyMiB, HaBeeHUX B cepepoBuii OK;
e B obOmacti—-d<z<0
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e B obOmacri z<—d

AB3=0, rotB; =0.

Puc. 2. 'eomerpuuni Mozeni crpykryp 30ymxenns HBCII:
CHCTEMa KOHIICHTPHYHUX KOTYILOK, ¢ KOTYIIKH PO3TaIlIOBaHi
Ha OJHIN BUCOTI Zy (a); cHCTEMA KOTYILOK, JI€ KOTYIIKH pO3Ta-
[IOBaHi Ha OJHIN BUCOTI Zg, LIEHTPU KOTYILOK 3MiwieHi (6); cuc-
TeMa KOTYIIOK, [e KOTYLIKK PO3TAIIOBaHi Ha Pi3HUX BHCOTaX,
LEHTPH KOTYIIOK 3MillleHi (6); 3arajgbHe po3TallyBaHHs riroba-

JIBHOI Ta JIOKATBHUX CHCTEM KOOPAMWHAT KOTYIIOK (2)

Pose’si30k cucremu piBasiab (1)-(3) y cykymHoCTI 3
YMOBaMH HEINEPePBHOCTI TaHI'CHIIAIILHOT CKJIaJ0BOI Ha-
MPY>KEHOCTI MarHiTHOrO TOJISi Ta HOPMAaJbHOI CKJIAIOBOT
MArHiTHOI IHAYKIIi Ha TPAHUIIIX PO3aiuTy cepemoruiy Z = 0
Ta Z = —d, 03BOJIsIE OTPUMATH PO3IOLT KOMIIOHEHT MarHi-
THOT IHIYKIIIT B cepenonsmui OK:

ﬂo Hr -
BZX r

= ey
e(%\/ﬁ}d

[ {1+ 2g)- €279 +vq- LS

(4)

(7—x/§z+f72)'d
+:1+dg-vg-€ e |x
Xe*ZO'szJrUZ -S(f,?])‘e_j(x'g-'—yﬂ)dfd?]
#o H T
Bay = r I .[ | _e27d
_JE24n2 |d

x —(1+lo)'e2'7'd+vo-e(7 = j &

®)

e(V—W )'d 7

+41+ 9 —vgp- e 7% |x

xe 2 g2’ S(&,)- e‘j(x'5+y"7)de§d77

J‘I £2+n°

e )

[7—W j-d

x| {=([+29)- €279 4vg-€ e

(6)
(7—\/@ )d
e

— 1+10—V0' 977'2 X
2,2 :
xg ZVETH -S(g‘,y;)~e_1(x'§+y"7)d§d77

ne By, By, By, — ckianosi marniTHOT iHAyKLil Mo npocTo-
poBuM koopauHatam; & 77) — byHKIis GopMU KOTYIIKH,

S(};n):_j.ﬂ

2, z'Jl(r'V"fz*”z);
n

2 2
/] —J-0~ﬂo-ﬂr-(vx-§+vy-f7)+
+lwo- gy

}/:

B L YR T )
2 2
(7+ﬂr-«/§2+772j —(7—/4 g +772) g2
4'#r'7’“,§2+’72' (\/ﬁ y)d
Vo = )

(7+/1r -WJZ—(%M ~W]Z-e‘zy‘d

Je Uy, Uy — CKIal0Bi WBUAKOCTI pyxy kpyrosoro HBCII
Bigaocuo OK; d — toBumua OK; & 77 — 3MiHHI iHTErpy-
BaHHS.

L1i Bupa3u € aJieKBaTHUMH Y JIOKQJIBHIH cucTeMi Ko-
opmunar (JICK), ge mo4aTok KOOpPAMHAT CIIBIAIAE 3
LEHTPOM BHTKA. KpaTHi HEBIIACHI IHTErpajid MEpIIoro
poay, siKi BOHH MICTATh, PO3PaxOBYIOTHCSI YHCEIBbHO Me-
TOJIOM yCIUCHHS.

Bupasu (4)-(6) 103BOJSIFOTH OTPUMATH «TOYHY> Ma-
TeMaTuuHy Mojenb posnoxaity I'BC B OK mis xpyrosoro
HBCII. Cxnanosi 'BC no npoctopoBuM KOOpAMHATaX X,
Y, Z BIINIOBiIHO BU3HAYAIOTHCS 32 POPMYIIaAMHU:

3, - 1 '_6822_8523/_;
Mo~ Hy | O oz |
5 = 1 [8Byy 3By, | @)
Mo-py | 0Z x|
5,1 [ B2y By |
Ho-py | OX oy |
Koopauuatu kouTposipaux Todok Qj, i = 1...N 3a-

Jar0Thes B riobanbHii cuctemi koopaunat (I'CK), motim
nepepaxoByrotees B k-ry JICK. B JICK pospaxynox 'BC
BUKOHY€ThCS B KOXHIH KOHTPOJIbHIN TOYIIl, a HOTIM pe-
3yJIbTYIOUI 3HA4YEHHsI OTPUMYIOTBCS SIK CYNEpPIIO3MIIsSI B
koxHi# Tourti | = 1...N Big Bcix M koTymok (puc. 2,2).

B 3aranbHOMy BUNaKy 1iboBa (GYHKIIS 1J1s 3a1a4i
ONTHUMAaJIBHOIO CHHTE3y B KJIACHYHIM MOCTaHOBLI Mae
BUTJISIT
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N (M 2
Farget = Z Z‘Jik = Jreference | — Min, 8

i=1\k=1
1€ Jreference — OAKAHE 3HAYCHHS T'YCTHHU BHUXPOBHX CTPY-
MiB B KOHTPOJIbHIN TOUII; Jix — TYCTHHA BUXPOBOIO CTPY-
My B KOHTpOJIbHIN Toulli OK 3 HOMepoM i, cTBopeHa K-or0
kotymkor cucrtemu 30ymkenas HBCII; N — kimbkicTh
KOHTPOJBHUX TOYOK B 30HI; M — KUIBKICTh KOTYIIOK Y
cucreMi 30ymkeHHs kpyrooro HBCII. B pesymerarti
CHHTE3y OTPUMYIOTH MPOCTOPOBY KOH(irypamiro Ta reo-
METpHYHI napamerpu cTpykrypu 30ymkennss HBCII, siki
B CYKYITHOCTi 3a0€3MeUyIOTh peani3anilo HeoOXiJHUX Xa-
pakTepucTHK. Peamizariis 3amadi ONTHMAIBHOTO CHHTE3Y
nepeadavae 0araTOKpaTHEe BUPIIICHHS 33134l aHaTi3y JUIs
KOKHOT MOTOYHOI CTPYKTYpH 30yJDKEHHS LUIIXOM 4YHCe-
NbHUX po3paxyHKiB. B [14, 15] BcTaHOBIECHO, IO po3pa-
XYHKH 32 IJUMH BHPa3aMH € BEJIbMHU 3aTPATHUMH B CEHCI
00YHMCITIOBAJILHUX Ta YaCOBHX 3aTPaT, 110 YHEMOXKIIUBIIIOE
O3B’ 30K 3a7a4i CHHTE3Y .

OmHHUM 13 IDIIXIB BUPIMICHHS POOIEMH KPUTHIHOL
PECYPCOEMHOCTI € 3aCTOCYBaHHS TEXHOJIOTIH CyporaTHOI
orntuMizanii [16, 17] Ta cTOXacTHYHOI METAaeBPUCTHYHOI
orrramizartii [18, 19]. To6To mist popmysroBaHHs GyHKIIT
LTl B paMKax 3aadi ONTUMAaJIbHOTO CHHTE3y MOXHA BHU-
kopucraru Meramozeinb HBCII, sika 3HauHO mpocrima B
peanizaii i MeHm pecypcoemna [14, 15] Ta siBisie co6oro
ATIPOKCHMAIIIF0 «TOYHOI» €JICKTPOIUHAMIYHOT MOECIII.

JInst JOCSITHEeHHSI IOCTABJICHOI METH BUPILTyBaJIMCS Ha-
CTYIHI 3aJa4i. CTBOPEHHS IPOIPaMHOTO 3a0e3MeUeHHs s
po3paxynky posnoairy I'BC B 30ni kontporro HBCII i3
BpaxyBaHHAM €(eKTy MIBHAKOCTI 32 «TOYHHUMU» €JICKTPO-
JMHAMIYHAMH MaTeMaTHYHHUMH MOJEIISIMH; CTBOPEHHS IIPO-
rpamMHOro 3abe3medeHHs Ui (OPMYBaHHS TOYOK IUIAHY
eKcriepuMeHTy 13 BukopuctanHsaMm JIII-mocimoBHOCTEH
Cobomst mst Bubopy HaHOUTBII JOCKOHANHX IDIaHIB €KCIIe-
PUMEHTY IHAMBIAYaIbHO IS alPOKCUMOBAHUX TMOBEPXOHb
BIITyKy, CTBODUTH T'€OMETPUYHI MOJENl CTPYKTYp 30Y-
mokenHst kpyrosux HBCII i3 oHOPiAHOIO YYTJIMBICTIO IS
X ONTUMAJILHOTO CHHTE3Y i3 ypaxyBaHH;IM e()eKTy LIBHJIKO-
CTi; YJOCKOHAJINTH OOYHMCIIOBAIBGHY METOAMKY IMOOYyI0BH
Meramozeniell 00’ €KTiB, IO XapaKTepH3YIOTHCS 3HAYHOIO
OOUYHCITIOBAIFHOIO PECYPCOEMHICTIO TIPH MOJETIOBaHHI (bi-
3U4HUX TporieciB; crBoputn RBF-MeTamozeni koHIeHTpH-
yroro kpyrosoro HBCII Hepyxomoro Ta 3 ypaxyBaHHAIM
edeKTy MBHUAKOCTI.

Jns po3paxyHKy «TOYHHX» EJIEKTPOAUHAMIYHUX
MareMatuyHux monueinei (4)-(7) po3pobieHo mporpamHe
3abesneyenns B maketi MathCAD 15.

Pospaxynok posmoainy 'BC st BUTKa KOTYIIKH
30yKeHHST Kpyrioi (opMU 3 METO Horo Bi3yamizariil
BHUKOHYBABCSl ISl BUIIAJKY BapilOBaHHs JIBOX ITapaMeTpiB
J = f(X, y) (puc. 2,a) ta dikcopaHux iHIHKX 3a Gopmyna-
M (4)-(7) «ro4HOI» MaTeMaTHYHOI MOJEII TMPH HACTYII-
HUX BHXITHUX JaHUX: I BUMAnKy Hepyxomoro HBCII —
X =0...30 MM, y = 0...30 mm, I = 5 MM; Ans BUDAIKY py-
xomoro HBCII — v = (40; 0; Q) m/c; x = =30...30 mm,
y=0...30 MM, r =5, 10, 15 MM; TOBIIHHA CTPYMOIIPOBII-
Horo matepiany d = 10 MM; BHCOTa pO3TallyBaHHS BUTKA
korymku Hag OK Zy = 3 mm; wacrora f = 100 I'mr; enext-
pobisnuni mapamerpn matepiany o = 3,74510° Cwm/wu,
=1, ctpym| =1 A.

Ha puc. 3,a-3 nokaszano 3D-posmoain I'BC ta minii
piBHS 17 ESIKUX pajiiyciB BUTKIB KOTYIIKH 30yKEHHS.
Tak, Ha puc. 3,a,6 HaBEJCHO PE3yJbTATH MOJICIIOBAHHS
st Hepyxomoro HBCII, a Ha puc. 3,6-3 — pe3yibraTu
po3paxyHky posnoairy I'BC mpu BpaxyBanHi edekty
MIBUIKOCTI.

OOumncoBanbHa CKJIaJHICTh OJHOKPATHOTO po3pa-
XyHKy posnoginy 'BC 3a «To4HOI0» MareMaTu4HOI MO-
JIEJITIO TIPHM BapifoBaHHI TUTBKH JABOX MPOCTOPOBHUX KOOP-
munat J = f(X, y) mpu r = CONSt € MOCTaTHBO BEIHKOIO i
cKkJragac Bix 5 no 8 roguH.

OcHOBHI NOJ105keHHAI Ta Po3po0Ka MeTaMoeIei.
B po6Gorax [14, 17] aBTopamu 3anporoHOBaHA 3arajbHa
00YKCITIOBAIbHA METOJIUKA MOOYJAOBH MeTaMozenei 3
BUKOPHMCTaHHSIM CY4acCHHX JIOCSATHEHb B 00JIACTI MITYYHO-
ro IHTEJEeKTy Ta Teopii IUlaHyBaHHS eKkcrepuMeHTiB. Ha
PAAl TPUKIAAIB JTOBEACHO SPEKTHBHICTH il BUKOPUCTAH-
Hs1. s moOynoBU MoJeNi-3aMiCHAKA BUKOPUCTOBYBAIIH-
Cs HeWPOHHI MEpexKi, Kl HaJIaroTh MOXIIUBICTh IIBUIKO-
IO Ta HECKJIIAAHOTO PO3PaxXyHKY BUXOIY MEpexi, HaBiTh
IIPU JIOCHUThH BENHUKiH KITBKOCTI HEWPOHIB Yy MPHXOBAHUX
mrapax. B [15, 16] po3ristHyTO Jeski 0COGIHMBOCTI 3aCTO-
CyBaHHS ITi€l TEXHONIOTIi cTocoBHO 3axay cuaTe3y HBCII.
Hapmani yBary mpu AOCHiIKEHHSX CKOHIIEHTPOBAHO Ha
netansx moOymou Metamonener kpyrosux HBCII 3 me-
BHUMHU CTPYKTYpaMH CHCTeMH 30yIDKEHHs, a came Bapia-
HTY, UIIOCTpOBaHOMY Ha puc. 2,a, TOOTO ampokcumarii
J=1(xyr).

Ha BimMiHy BiJ momepemHix IOCIHiIKEHb aBTOPIB,
MIJBUIIEHHS TOYHOCTI HEHPOMEPEIKEBOTO PIIICHHS aIpo-
KCUMaLiiHUX 3aja4 OyJI0 TOCATHYTO 3a JIONOMOTOI0 KO-
Mmitery Heiiponnux mMepex [20]. Komirer npuiimae KiHie-
B€ DIIICHHS, BUKOPHCTOBYIOYM OKPEMi DIllICHHS JEKUTb-
KOX HEHpOHHHX Mepex, ToOTo Meromonorito bagging.
TakuM 4yMHOM, JUTS 3MEHIIECHHS KOPEJsLii IIOMMUIOK Heil-
POHHHX MepexX 3acTOCOBYeThCs bagging-komirer. Jlama
METOJIOJIOTisI Tiependayae HaBYAHHS HEHPOHHUX MeEpex
Ha bootstrap-subipkax, sKi ABJIAIOTE 0000 Habip eneme-
HTIB 13 TIOBTOpPaMH 3 MOMEPEAHbOI HAaBYAIBHOI MHOKHUHHU
nanux. Bagging 3abesneuye HaiOiLIby €PEKTUBHICTE Y
BHITAJIKy JOCHTh BEJIMKOI KiTBKOCTI BUXITHUX HaBYaIb-
HUX JaHuX. TakuM YMHOM, JJIsl TOOYIOBH ampoKCHMa-
LIAHOT MOJEeNIi 3aCTOCOBYBABCS MaTEMaTHYHHN arapar
HITYYHUX HEHPOHHUX Mepex, a came bagging-komiter
RBF-mepex 3 simepHoto ¢yHKIi€to akTuBanii ['ayca.

CrBOpeHHs MeTamoieni nepeabayae moOyI0By I1a-
HY KOMIT IOTEPHOTO OOYHCIIIOBAIBEHOTO EKCIIEPUMEHTY, B
TOYKaX SKOTO po3paxoByeTbes posmonin I'BC 3a «rod-
HOIO» MaTeMaTHYHOK MOJCIUII0, MMOOYAOBY alpoKCHMa-
mifHOI Mofenmi Ta TepeBipKy BaJiAHOCTI OTPUMAHOI
MOJEI.

[lnan exkcnepuMeHTy peai30BaHO 3a JOIOMOTOI0
PIBHOMIPHOTO KOMIT IOTEPHOTO 3allOBHEHHS TOYKaMHU
TPUBUMIPHOTO MPOCTOPY IMOLIYKY, a caMe, 3 BUKOPUCTaH-
usam JII-nocnigoBrocteit CoGonst [21]. Touku r1uiaHy
eKCIIEpUMEHTY 3reHepoBaHO 3a jgomomororo JIII -
nocmimoBHOCTeH ({3, &5, £4) 1 X 3aranpHa KiTBKICTH cTa-
HOBUTH. I BUNaaKy Hepyxomoro HBCIT — N = 2048 ta
N = 3315 — st pyxomoro HBCII. Ha xoxHwuii 3pi3 nose-
pXHI 1Mo pamiycy mnpumangae npuOmmsHo Ny = 146 Ta
Neut = 255 TO490K BiANOBIgHO.
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Puc. 3. Touna dynxuis posnoginy 'BC Ha nosepxni OK B 30Hi koHTpomto 30x30 mm: HBCIT HepyxoMuii, KoTy1Ka 30yPKEHHS
r =5 wmwm (a, 6); HBCII pyxomuii, Kotyiuka 30y mkeHss I = 5 mu (8, 2); HBCII pyxomuit, kotyiuka 30ymkerns I = 10 mm (0, e);
HBCII pyxomuii, kotymika 30ymkenss I = 15 mm (orc, 3)

Otpumani 3HaueHHs [ BC B ToUkax miaHy BUKOPHC-
TaHO SK BHUXIIHI JaHi A7 BUKOHAHHS HACTYITHOTO €TaITy
— moOynoBu Metamoneni. KilbKicTh TOYOK pO3paxyHKY
CYTTEBO 3aJIEXKHUTH Bif cuMeTpii posnoairy I'BC BigHOCHO
KoopAMHAaTHUX ocedl (puc. 3), Tak [T HEPYXOMOTO
HBCII Touku mnany 3amarotbes B | kBagpaHTi, a U1t py-
xomoro —B [ Ta Il kBagpanrax.

Hactynuuii puc. 4 HaBEJCHO 3 METOK HAOYHOIO
ysIBJIEHHS TUIaHy ekcriepumeHty. Ha puc. 4,a mokazaHo

posramryBauHs Touok JIII -mocmigoBHOCTEH I Maoi ix
kinmekocTi N = 250 B TpuBHMipHOMY TipocTopi K = 3, a Ha
puc. 4,6 — po3ranryBaHHS BKa3aHHUX TOYOK B MiANIPOCTO-
pax MeHmioi posmipHocTi K = 2 i nmoeaHanux (haxTopis
(&, &, &). Ha puc. 4,6-¢ mpencraBieHO TPHUBUMIPHHMIT
posmoin Touok st ikcoBanux paaiycis 1, 5, 10 ta 15
MM IpH iX TeHepyBaHHI 32 IIUM IUIAHOM.

Jis peamizamii Apyroro eramy BHKOPHCTOBYETHCS
eBPHUCTUYHUI cToci6 moOymoBH MeTaMoneneil 3a Ioro-

32 | SSN 2074-272X. Enexmpomexnixa i Enexmpomexanixa. 2019. Ne2



MOro10 HelpoHHUX Mepex. [Tooynosa RBF-meTamonenei
BHKOHaHA 32 JONIOMOTOI0 aBTOMATHYHOI CTpaTerii Ta Me-
TOIOM 0araTOKpaTHUX IMiABHOIPOK.

B aBromarnuHOMy pexuMi BHOIPKH (OPMYIOTHCS
BMITAJKOBUM ITOAiI0M y cmiBBigHomenHi: 70 % — HaBua-
nbHa, 15 % — koHTponbHa, 15 % — TecToBa, A€ TECTOBA
CYKYIIHICTh BUKOPHUCTOBYBAJIACS ISl KPOC-TIEPEBIPKH.

B apyriii cepii moOynoBu MeTamojenei i3 3acrTocy-
BaHHAM MeToNy OaraTOKpaTHHX MiJBHOIpOK 3airydaBcs
anroput™ bagging, B sIKOMy Ha OCHOBi HaBYaJbHOI MHO-
*HUHU reHepyBaiocs: 20 BUOIpOK 3 MOBTOpaMHU Ta BUKOHY-
BaJIOCS] HABUAHHS Ha OCHOBI 1ux bootstrap-suGipok 20-Tu
HeWpOHHUX Mepex. EneMeHTH, 1110 HE MOTpanuiIu B 4ep-
TOBY BHOIpKY, BHKOPHCTOBYIOTHCS B SIKOCTi TECTOBOI

3D Scatterplot for 10, x .y
radws 5 mm

0,0080 | T

- )

— o g
T Y
0BV onB

005 X

an \ -
0899 oo
L

6 2

MHOKHHH JJIS1 BiAMOBiNHOI HEHpOHHOI Mepexi. [l Heil-
POHHHX MEPEK MpUTAMaHHA MPOOIJIeMa «IIePEHABYAHHS,
sKa TIOB's3aHa 13 KIIBKICTIO HEHPOHIB B NPUXOBAHOMY
mapi. Ilin yac HaB4aHHS MepeKi BUKOPUCTAHO TEXHIKY
peryisipu3aiiii, 10 J03BOJISE YHUKHYTH MEepEHABYAHHS
Helipomeperxi. HeBnaii BapiaHTH Mepex, 10 MarOTh MPO-
nykruBHicTh MeHine 90 %, BigciroBaiucs. Bei iHmi me-
pexi ouiHIOBaKCS Cy0 €KTHBHUM aHAII30M TicTOrpam
3aIIMIIKIB, JiarpaM pO3CiFOBaHHS Ta YHCELHUMHU 3HAYEH-
HSIMH IIOKa3HHUKIB. Koe(DIlieHTy aeTepMiHaLil R (npony-
KTHBHICTB), BiJIHOIIIEHHS CTaHIAPTHHUX BiIXHIIEHH IIOXHO-
KM MPOTHO3Y Ta HaBuaJdbHUX manux SD.ratio, cepenusoi
BITHOCHOI BeJTMYNHN MozelbHOI Toxuokn MAPE, 3amnm-
KOBOTO CEpeIHbOTO KBampary MSg.

3D Scatiarpit for 10, 1 y
radwus 10 mm

0 e

Puc. 4. Posramnysanus To4yok JIITt-niocnigoBHoctel (&, &, &) B TpuBUMipHOMY (hakTopHOMY mpocTopi: s r = 1...15 mm,
kinbkict Touok N = 250 (@); MaTpuuHe npeacTaBieHHs nociinoBaocteit (&, &, &) B ABOBUMIPHHX MpoeKUisX (6);
IUTSL pajiiycy BUTKA KOTYIIKH 30ymxerHs 1 MM (6); s paaiycy 5 mum (2); s paaiycy 10 mm (0); st pagiycy 15 mu (e)

st nobynou Mmeramozeni Hepyxomoro HBCII npu
BapiloBaHHI TppOX mMapamerpiB B Mexax X = 0...30 mm;
y =0...30 mm; r = 1...15 mm cTBOpeHo maiixe 320 RBF-
HelipoHHUX Mepex s wiaHy N = 2048 3 kinpkicTio Tpu-
xoBaHuX HelpoHriB Bix 280 mo 350, 3 axux BiniOpani Haii-
kparti (tabi. 1) 3a BKasaHMMM MOKa3HUKaMH. Mepexi i3
MpoayKTUBHICTIO Olbie 0,9 BUKOPHCTOBYBAIUCS Pa3oM,
OpraHi3yBaBIIN KOMITET MEPEXK.

[Tpu upOMY B SIKOCTI MpaBuiia MPUHAHSTTS PillICHHS
JUTS TIJIBUILEHHS TOYHOCTI 3aCTOCOBYETHCS CEPEIHE 3HA-
YeHHsI MepeX, L0 BBIHILIM O KomireTy. s komirery
HelipoMepex Ha puc. 5,0,e,e HaBeIeHO JiHIT PiBHS MOBEP-
XHI BIATYKY B paHinie oOyMOBJIEHHX [iarna3oHax Bapiamii
3MiHHUX, MO BiaTBOpeHi Ha 2048 Toukax HaBYAIBHOT
BuGipKkH. Ha Ko)XHMIA 3pi3 MOBEpXHi 10 pajiycy npunaiae

6mu3bko 145 Tovok. B Tabu. 2 HaBeneHO pe3ynbTaTH arl-
pokcumanii posnoniry 'BC cTBOpeHUM KOMITETOM JUIst
paaiycie 5, 10, 15 mm.

Hnst mobynosu meramozeni HBCII mpu BpaxyBaHHi
edexry mBuakocti v = (40; 0; 0) m/c Ta BapiroBaHHI
TphoX mapameTpiB B mexkax X = —30...30 mm; y = 0...24
MM; I = 2...15 mm ctBopeno maibke 95 RBF-Heiiponunx
Mepex ms wiany N = 3315 3 KiIbKIiCTIO MPUXOBaHUX
ueiiponiB Big 200 mo 700, 3 skux BimiOpaHi Ha#kparii
(tabn. 3, 4) 3a BKazaHUMH OKA3HUKAMHU.

s xomiteTy HelipoMepex Ha puc. 6,0,e,e HaBeJJeHO
niHii piBHA NMOBEpXHI BiATYKy, mo BiaTBopeHa Ha 3315
TOYKaX HaBUAIbHOI BHOipkM. Ha KoXHUMI 3pi3 MOBepxHi
0 pajiycy B ILOMY IDIaHi pumagae 255 To4ok.
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Tabmumsg 1
Kpami RBF-meramoneni nepyxomoro HBCIT

Ne /| Heitpomepexka | R® w1 HABYaIbHOI, KOHTPOIBHOI Ta TecToBoi BHGipok |S.D.ratio MAPE,%.] MSg
1 |RBF-3-282-1(156) 0,9949; 0,9946; 0,993 0,086 22,6 | 0,00057
2 |RBF-3-293-1(218) 0,993; 0,994; 0,994 0,0904 27,9 |0,000614
3 | RBF-3-293-1(219) 0,994; 0,992; 0,989 0,0939 28,6 |0,000674
4 | RBF-3-300-1(254) 0,9949; 0,993; 0,989 0,0891 26,8 |0,000631
5 |RBF-3-322-1(284) 0,995; 0,992; 0,988 0,09 22,9 |0,000613
6 | RBF-3-343-1(307) 0,996; 0,993; 0,996 0,0739 22,1 |0,000424
Tabmuns 2
Pesynpratn anpokxcumarii posnoginy 'BC komiterom mepex mis Hepyxomoro HBCII
Paniyc, Mm S.D.ratio MAPE,% MSy

5 0,164 13,08 0,000506

10 0,061 5,89 0,000316

15 0,083 6,43 0,000947
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dplan_norm = radius 10 mm
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Line level maps for Jptan_norm and x and v, Subgroup
Tabin_2048_sont by mdius 23v * 2073 nes
Jplsn_narm = 15 mm radius
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Puc. 5. Jlinii piBust noBepxHi Biaryky aepyxomoro HBCII: mnan excriepumenty N = 145, HaneceHuid Ha JIiHiT piBHS «TOYHOT» MO,
IUIst 3pi3iB moBepxHi pamiycis r =5, 10, 15 mum BignosiaHo (g, 6, 0); MOBEPXHsA BIArYKY, BIATBOPEHA HA TOYKAX HABYAILHOI BUOIPKU
3a JIOIOMOT 010 KOMITeTy Mepex (6, 2, €)

Tabmuus 3
Kpami RBF-metamoneni pyxomoro HBCIT

Ne /| Heiipomepexa R? 115 HABYANBHOI, KOHTPOJILHOI Ta TecToBoi BHGipok | S.D.ratio| MAPE,%.| MSg
1 RBF-3-610-1(2) 0,944; 0,933; 0,926 0,278 46 0,00458
2 RBF-3-620-1(8) 0,958; 0,942; 0,935 0,263 41,2 10,00355
3 | RBF-3-627-1(15) 0,96; 0,941, 0,918 0,272 44,1 | 0,00367
4 | RBF-3-635-1(28) 0,96; 0,947, 0,933 0,265 37,74 ]0,00345
5 | RBF-3-635-1(29) 0,96; 0,949; 0,924 0,261 38,3 [0,00349
6 | RBF-3-665-1(31) 0,958 0,95; 0,938 0,261 39,2 |0,00347
7 | RBF-3-665-1(34) 0,96; 0,948; 0,937 0,262 32,9 |0,00341

Tabmuis 4
Pesynbratu anpokcumanii posnoziay I'BC komiterom Mepex st pyxomoro HBCIT
Paziyc, Mm S.D.ratio MAPE,%. MSg
5 0,242 31 0,001151
10 0,293 23 0,002382
15 0,381 21,7 0,008434
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Projection graphs for Jplan_nom - ensemble 72+ 8 + 15+ 26 + 20+ 31 + 34 and
xand y, category by subgroup
Table_x_y_r_vx_40_leacting 24 11w * 34345
Jplan_narm - ensemble Ne2 + § + 15+ 20 + 20 + 31 + 34 = radus S mm
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Puc. 6. Jlinii piBas noepxHi Binryky must pyxomoro HBCIT: man excniepumenty N = 255, HaneceHuH Ha JIiHIT piBHS «TOYHOI» MOJIENI,
JULst 3pi3iB moBepxHi paaiycis r =5, 10, 15 mm BiamnosinHo (4, 6, 0); BiATBOpEHa KOMITETOM MEPEXk Ha TOYKaX HAaBYAIbHOI BUOIPKU
MOBEPXHs BIATYKY (0, 2, €)

Baainauisi Ta Bepudikanis meramoneneids HBCII.
OpmHuM i3 KpHUTEpiiB sIKOCTI OaratodakTopHOi perpeciiHol
MOJIeNi € TepeBipKa MPaBIIBHOCTI BIATBOPIOBAHOCTI II0-
BEpXHI BIATYKY 32 JOMOMOTOI0 OTPUMAaHOI MaTeMaTUIHOT
MoJieni y Beiit obnacti MonentoBanns. Ha puc. 7 HaBene-
HO pe3yJIbTaTh BiJHOBIICHHS MOBEPXHI BIATYKY JJIsl HEPY-
xomoro HBCII, orpumanoi 3a 10MOMOIOI0 KOMITETY HE¥-
pOMepeK, II0 BUKOHAHO y BChOMY Jliama3oHi Bapiarfil
3MIHHHX Ha 3HA4YHO 301ibIIeHiH KinbKocTi Touok 7154. B
JJAaHOMY BUIIaJKy Ha 3pi3u NOBepXHi 3 paxiycamu 5, 10, 15
MM npunanae mo 511 toyok.

Ha erami BiATBOpEHHS MOBEPXHI BIATYKY aJcKBa-
THICTh OTPHMaHOT METaMOJENi OIlIHIOBaJIAaCs 3a IMOoKa3-
HHAKaMH. cyMa KBaIpaTiB BIATIOBIAHO perpecii, 3aimumi-
KiB, 3arajgpHOI; CepeaHiX KBaapaTiB; mucrepcii BiATBO-
PIOBAHOCTI, aeKBATHOCTI, 3arajbHOl; CTAHIAAPTHOI I10-

XUOKH OILIHKU BIATBOPIOBAHOCTI, OI[IHKH aJ¢KBaTHOCTI,
3aranpHOl; KOeQilieHTy [eTepMiHamii, BiTHOMICHHS
CTaHJApPTHUX BiAXWJIEHb; CEPEOHBOI BiHOCHOI BEIH-
YHHA MOJENbHOI TOXHOKH (abo cepemaHboi MOXHOKH
anpokcumartii) [22]. OriHKy maHuX MOKa3HUKIB 3Beje-
HO B Ta0. 5.

Ha puc. 8 HaBeneHo pe3yabTaT BiJIHOBJICHHS MOBEp-
XHI BIATYKY, OTPUMAaHOI 32 JIOIOMOI'OI0 KOMITETy Hewpo-
Mepex anst pyxomoro HBCII, mo BHKOHaHO y BCHOMY
niama3oHi Bapiamii 3MiHHEX Ha 6643 Toukax. Ha 3pi3u
noBepxHi pazaiycis 5, 10, 15 MM B 11poMy npHKIazai npH-
mazgae 511 Toyok.

JUIs  CTBOPEHOTO KOMITETY HEHpOMEpek OIiHEHO
MTOKA3HUKH, 10 XapaKTePH3YIOTh aNeKBaTHICTH Ta iH(DO-
PMAaTHBHICTh METaMOJIesi, Pe3yJbTaTH SKUX 3BEACHO B
Tabi. 6.

Tabmuis 5
INepeBipka anexBaTHOCTI Ta iHpopMaTUBHOCTI MeTaMoeni Hepyxomoro HBCII
e Ny . . .. . CranzpapTHa
Kommnonentu aucnepcii (N = 7154): Cywma kBazparis | Cepenniif kagpar | Jlucrepcis TOXHOKA OLIHKI
perpecii SS, =369,265 | MS, =123,088 | o°p = 0,051537| Sp =0,227018
3aJIMLIKIB SS=191 MSk = 0,000266 | 6% = 0,000266 | Sg = 0,016325
3arajibHOI SS; = 374,088 | MS;=0,052221 | 6% =0,052210| Sr=0,228496
PV experimental table value experimental _ . tablevalue _
kputepiit ®imepa F Fovpwe F3.7150 =193,74; Fo 0537150 = 26079
xoedimient gerepminarii R? 0,9945
6 r=5mm 16,56 %
cepeHs NoxuOKa arpoKcuMaliii, — 0
MAPE, % r =10 mm 5,92 %
r=15mm 5,41 %
BIZIHONIEHHS CTaHAapTHUX Biaxuiens S.D.ratio 0,071445
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Level line maps for Jplan_norm - ensemble 21568 « 216 « 219+ 254 + 284«
307 and x andy, Subgroup
Tabde x y_r0_Responsble 7166 points
Jplan_norm -7 156 + 218 + 210 + 254 « 284 + 307 = radius 5 mm
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Puc. 7. BigHOBIICHHS IOBEPXHI BIATYKY 3a JOMOMOTOI0 KOMITETY Helipomepex s Hepyxomoro HBCII.
Jlinii piBus, BigrBopeni Ha N = 511 toukax myst 3pi3iB noBepxHi 3 pagiycamu 5, 10, 15 mm Bianosiaso (a, 6, 6)

a

6

Projection graphs for Jplan_norm - ensemble 72 + G+ 16+ 28« 0+ 31 + 34
and x and y, caegory by subgroup

Table_x_y_r0_vx_40_30x24_restoration1 1v * 6763c

Jplan_rom - ensemble 72 « 8+ 15+ 28+ 20 « 31 + 34 = radus 15 mm

0024 5

ooz

Puc. 8. BigHoBIeHHs TOBEPXHI BiATYKY 3a IOMIOMOI0I0 KOMITeTy Helipomepesx st pyxomoro HBCII.
Jlinii piBus, BixrBopeni Ha N = 511 toukax s 3pi3iB noBepxHi paaiycis 5, 10, 15 mm Bianosigso (a, 6, 8)

Tabmuus 6
IepeBipka anexBaTHOCTI Ta iHpopMaTHBHOCTI MeTamozeni pyxomoro HBCIT
A . .y . CrannaptHa
Kommnonentu aucnepceii (N = 6643) Cywma kBazpariB | Cepenniii kagpar | J{ucrnepcis TOXHOKA OLHKI

perpecii SSp =244,1923| MS,=81,397 | o’ =0,036111| Sp=0,190030

3aJIMLIKIB SS;=27,5733 | MSgz=0,004077 | o’ =0,004077 | Sk =0,06385

3arajibHOl SS; =278,9221 | MS;=0,041248 | 6% =0,041248| S =0,203097

= i experimental table value experimental _ . tablevalue _
kputepiit Pimepa FVDJVR > Fa;vD;vR F3; 6639 =8,857; F0,05;3;6639 =2,6079
xoedimient gerepminawii R? 0,901353
5 r=5mm 40,38 %
cepeHs HoXUOKa alpoKCHMallii, — 0

MAPE, % r =10 mm 2354 %
r=15mvm 24,79 %
BIZIHOLICHHS CTaHAapTHHX Biaxuienp S.D.ratio 0,314381

PesynbraTi HOCHIIKEHHS MOXYTh OyTH BUKOPHUCTA-
Hi nipu cunTesi pyxomux HBCII i3 anpiopi 3aganum po3-
nmonisiom 'BC B 30H1 KOHTPOJTIO.

BucHoBkH.

1. Bnepmre ctBopeHo RBF-meramoneni xoHumeHTpud-
Horo kpyrosoro HBCII Hepyxomoro Ta 3 ypaxyBaHHSIM
e(eKTy HIBUIKOCTI.

2. Ha ocHOBiI cyyacHMX KOMIH IOTEPHHX METOJIB Iljia-
HYBaHHS €KCIIEPUMEHTY, LITyYHOTO IHTENEKTY Ta iHTele-
KTyaJbHOI'O aHaJli3y JaHuX YAO0CKOHaJeHa 00YUCIIIOBAIIb-
Ha METOJIMKA MMOOYIOBH METaMOJeIeH, 0 XapaKTepH3y-
IOTHCSI MEHIIOI0 OOYHCITIOBAIEHOIO PECYPCOEMHICTIO TIPH
MOJIEJIFOBAHHI.

3. Brepime 3anpornoHOBaHO T€OMETPHUYHI MOJENI CTPY-
KkTyp 30ymkenHs kpyrosux HBCII i3 ogHOpigHOIO WyT-
JMBICTIO JUIA iX ONTHMAJBHOTO CHHTE3Y 13 ypaxyBaHHIM
e(eKTy LIBHIKOCTI.

4. BupilieHo 3aBIaHHA CTBOPEHHS IPOIPaMHOrO 3a-
Oe3neucHHs 11 po3paxyHKy posnoaity 'BC B 30H1 KOH-
tpommo HBCII i3 BpaxyBaHHsSM e(eKTy IIBHAKOCTI 3a
KTOYHUMU» eJ'ICKTpO}II/IHaMi'-{HI/IMI/I MaTEMAaTUYHHUMU MO-
JiensiMi. BupilieHo 3aBIaHHS CTBOPEHHS HPOrPaMHOTO
3abe3nedeHHs Uit (OPMyBaHHS TOUYOK IUIaHY €KCIEpH-
MeHTy i3 BukopuctanasaMm JII1 —mocnigosHocTeit Cobos,
IO JO03BOJIMIIO 3[iHCHIOBATH BUOip HAWOLIBIN TOCKOHA-
JUX TUTaHIB €KCIIEPUMEHTY iHAWBIAYaTbHO IS ampOKCH-
MOBaHHX [TOBEPXOHb BiATYKY.
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Development of excitation structure RBF-metamodels

of moving concentric eddy current probe.

Introduction. The work is devoted to metamodels creation of sur-
face circular concentric eddy current probe. Formulation of the
problem. In the problem of surface circular concentric eddy cur-
rent probe synthesis in the general formulation, apriori given
desired eddy currents density distribution in the control zone was
used. The realization of the optimal synthesis problem involves a
multiple solution to the analysis problem for each current struc-
ture of numerical calculations excitation, which are very costly in
terms of computational and time costs, which makes it impossible
to solve the synthesis problem in the classical formulation. By
solving the critical resource intensiveness problem, there is the
surrogate optimization technology using of that uses the surface
circular concentric eddy current probe metamodel, which is much
smpler in realization and is an approximation of the exact elec-
trodynamic model. Goal. Creation of surface circular concentric
eddy current probe RBF-metamodels, which can be used to calcu-
late eddy currents density distribution in the control zone and
suitable for use in optimal synthesis problems. Method. To de-
velop an approximation model, a mathematical apparatus for
artificial neural networks, namely, RBF—networks, has been used,
whose accuracy has been increased with the help of the neural
networks committee. Correction of errors in the committee was
reduced by applying the bagging procedure. During the network
training the regularization technique is used, which avoids re-
learning the neural network. The computer experiment plan was
performed using the Sobol LPzsequences. The obtained multi-
variable regresson model quality evaluation was performed by
checking the response surface reproducibility correctness in the
entire region of variables variation. Results. The modelling of
eddy currents density distribution calculations on exact electrody-
namic mathematical models in the experimental plan points are
carried out. For the immovable and moving surface circular con-
centric eddy current probe, RBF—metamodels were constructed
with varying spatial coordinates and radius. Scientific novelty.
Software was developed for eddy currents density distribution
calculation in the surface circular concentric eddy current probe
control zone taking into account the speed effect on exact electro-
dynamic mathematical models and for forming experiment plan
points using the Sobol LPzsequences. The geometric surface
circular concentric eddy current probe excitation structures mod-
els with homogeneous sensitivity for their optimal synthesis taking
into account the speed effect are proposed. Improved computing
technology for constructing metamodels. The RBF-metamodel's of
the surface circular concentric eddy current probe are built and
based on the speed effect. Practical significance. The work results
can be used in the surface circular concentric eddy current probe
synthesis with an apriori given eddy currents density distribution
in the control zone. References 22, tables 6, figures 8.

Key words: surface eddy current probe; eddy currents den-
sity distribution; excitation structure; mathematical model;
optimal synthesis; computer experiment plan; LPt—
sequence; RBF—metamodel; neural networks committee.
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TexHika cunbHUX eJIleKMPUYHUX Ma Ma2HimHux nonie. KabenbHa mexHika
VJIK 621.3.022: 621.315.3: 537.311.8 doi: 10.20998/2074-272X.2019.2.06

M.U. bapanos

PACYETHO-3KCHIEPUMEHTAJIBHOE OIIPEJAEJIEHUE KPUTHYECKHUX CEYEHUHA
IJIEKTPHYECKHUX ITPOBOJOB U KABEJIEN B IEIISZIX YCTPOUCTB
BbBICOKOBOJIbTHOU CHJIBHOTOYHOU UMITYJIBCHOU TEXHUKH

Haoani pesynomamu po3poonenozo enekmpomexniunozo nioxody 00 po3paxyHKo6020 6udOpy 3a yMOE0I0 eeKMPUUHOZ0 eUlyxy
(EB) cmpymonpogionux uacmun KabeaibHo-npoGioHUK060i NPOOYKYIl KpUMUUHUX nepepizie Scci Hei301b06aHUX OPOMIE, a4 MAKOIHC
i301b06anux opomie i kabenis 3 nonisininxnopuonoro (ITBX), zymosoro (I') i noniemunenosoro (IIET) izonauicio 3 mionumu (aromi-
Hicsumu) sncunamu (06010HKAMU), NO AKUX 6 KOJIAX 6UCOKOGONbMHOI cunbHocmpymnoi imnyavcroi mexuixu (BCIT) npomikae im-
nynscnuit axciansuuii cmpym i(t) 3 dosinsnumu amnnimyono-uacosumu napamempamu (A49II). Ha niocmagi ybozo nioxody npo-
0eMOHCHPOBAHI pe3yibmamu 6uOOpy KpumuuHuX nepepizie Scci 01s exazanux enexkmpuunux opomis (kaéenie) cunosux xin BCIT 3
imnynvcuum cmpymom, AYII axozo 3 amnuimydamu | n,=(0,1-1000) kA 3mintoiomeca no anepioduunomy 3aKony abo 3aKomny 3amy-
Xawouoi cunycoiou é Hamo-, MiKpo- i miniceKynonomy uacoeux oianasonax. Ilpeocmasneni pezynomamu po3paxynkoeoi ouiHKu
Kpumuunux amniimyo winoHocmelii dcci imnynscie cmpymy in(t) uux uacosux gpopm y éxazanux enekmpuunux opomax i Kkabpenax
kin BCIT. Bukonana ekcnepumeHmansHa nepesipka npaye3oamuocmi 3anponoHo6aHux po3paxyHKoeux cnigeioHoueny 0 6ubo-
Py nepepizie Scci | winbnocmeti dcci cmpymy 6 opomax (kabensx) npu ix EB. Ompumani pesyiomamu cnpusmumyms 3a0e3neuen-
HIO e1eKmpomepMiunoi CmillKocmi e1eKmpu4HUX Hei301b08aHux Opomis, a makoic izonvosanux opomie i kaoenie 3i IIBX, I' i IIET
i3onauyiero, AKi WUPoKo 3acmocosyiomuca y cunogux konax BCIT. bion. 15, Tabn. 7, puc. 6.

Kniouogi cnosa: BUCOKOBOJIBTHA CHJIBHOCTPYMHA iMIIyJIbCHA TeXHiKa, eJeKTPU4YHi ApoTH i Kabesi, po3paxyHkoBuii BuGip
KPUTHYHUX Nepepi3iB ApoTiB i kabesiB B Ko/1axX iMIIy/IbCHOI TeXHiKH, eKCIIEPUMEHT.

Ilpusedenst pe3yn1omamst pazpadomaniozo I1eKmpomexHuuecKozo no0xXo0a K pacuemHtomy 6b100py no yciosuio I1eKmpuiecKo-
20 e3poiea (IB) mokonecywyux yacmeii KadeaibHO-nPOGOOHUKOBOU NPOOYKUUU KPUMUYECKUX CedeHUull Scci HeU301UposaHHbIX
nP060008, 4 MAKIHCE U30IUPOGAHHBIX NPOB0006 U Kabenell ¢ nonusununxiopuonou (ITBX), pesunosoii (P) u nonusmunenosoii
(II2T) uzonayueit ¢ meonvimu (antomunuesvimu) scunamu (06010uKamu), RO KONMOPLIM 6 YENAX BbICOKOBOIbMHOI CUTLHOMOY-
noti umnynvcuoit mexuuxu (BCHT) npomexaem umnynvcuotii axcuansuwviit mox iy(t) ¢ npoussonvmeimu amniumyouo-
spemennvimu napamempamu (ABIT). Ha ocrnosanuu 3mozo nooxo0a npooemMoHcmpuposansl pe3yibmamsol 6bl60pa Kpumuieckux
ceuenuil Sccj 07151 YKA3AHHBIX JIeKMPUYecKux npoeooos (kabeneii) cunosvix yeneis BCHT ¢ umnynscuvim moxom, ABII komopo-
20 ¢ amnaumyoamu | ,,;=(0,1-1000) kA uzmenaomes no anepuoOutecKoMy 3aKOHy U 3AKOHY 3AMYXAIouiell CUHYCOUObL 6 HAHO-
, MUKDO- U MUJULUCEKYHOHOMY 8pemeHnbIX ouanasonax. Ilpeocmaenenst pe3yiomamot pacuemuol OyeHKU KPUMUYECKUX aM-
naumyo nnomuocmeii dcci UMNYIbCO6 MoKa iy(t) paccmampugaemvlx 6pemennbixX Hopm 6 YKA3AHHBIX INEKMPULECKUX NPOE0OAX
u kabenax yeneii BCUT. Bvinonnena sxcnepumenmanvhas npoeepka pabomocnocooHoCmu npeonazaemplx pacuemnovlx coom-
HowleHuil 01 6b160pa ceuenuil Scci U NIOMHOCHENl dcci MOKa 6 nposodax (kabensax) npu ux IB. Ilonyuennsie oannvie 6yoym
cnocobcmeosams ofecneueHuIo INEKMpPoOmMepMutecKoli CMoIUKOCmU INeKMPUUecKUX Heu3oaupoeantslX nPoeooos, a makxice
npoeooos u xkabvenei ¢ IIBX, P u II2T uzonayueii, wiupoko npumensemuvix 6 cunosvix yensx BCHT. bubin. 15, Ta6n. 7, puc. 6.
Kniouesvie cnosa: BbICOKOBOJIBTHAS CHIILHOTOYHASI MMITYJbCHAsl TEXHHKA, dJeKTPHYEeCKHe MPOBOJA M KaleaH, pacyeTHBIH
BBIOOP KPUTHYECKUX CeYeHUil MPOBOI0B U KadeJsieil B ensiX HMIYJIbCHOI TeXHUKH, JKCIEePUMEHT.

BBenenne. Ha mpakruke npu pa3paboTke, CO3IaHUH
U JKCIUTyaTalii MOUIHBIX 3JIEKTPOYCTAHOBOK B 0ONACTH
BBICOKOBOJIBTHOW CHJIBHOTOYHOW HUMITYJbCHOW TEXHUKHU
(BCUT) crenmanuctaM HEOOXOAMMO YMETh OMPEACTATH
KPUTHYECKHE MOMEPEYHbIC CCUCHHS Scoj MPUMEHSEMBIX B
UX LeISX IEKTPUUYECKUX IMPOBOJOB M Kabenel, conep-
Kamux Mertamdeckue xuibl (i=1) u obonouku (i=2).
Ioa KpUTHYECKUMH CEYEHUSIMU Sccj MPOBOIOB (Kabereit)
MOHUMAIOTCS UX TaKHe TONEPEYHbIe CEYCHHs, KOTOpbIC
HE B COCTOSHMH BBHIJICPKHBATh BO3AEHCTBYIOIIME HA HUX
TOKOBBIC HAIPY3KH C TEMH HJIM WHBIMH aMIUTUTYHO-
BpeMeHHbIMU TapameTpamu (ABII), npuBomsiime K BO3-
HUKHOBCHHUIO SIBJICHUS dlieKTpudeckoro B3psiBa (OB) me-
TaTHIecKux ki (0000YeK) yKa3aHHBIX MPOBOJOB U
KaleJeil 1 COOTBETCTBEHHO K BBIXOAY MX M3 cTpos [1, 2].
3ameTuM, 9TO siBJIeHHE DB TOKOHECYIMHMX YacTe MOXKET
HaOJIIOIATHCSI U B 00JIACTH NPOMBILUICHHOI 3IIEKTPOdHEp-
TeTHKH, Korja He OOOCHOBAaHHO HCIIOJIb3YEMBIE B CHIIO-
BBIX 3JIEKTPOCETSIX MPOBOJA M Kabenu He pacCUMTaHbl Ha
NPOTEKaHHE Yepe3 HUX OOJBLIMX TOKOB KOPOTKOI'O 3aMbl-
kanus (K3), ngocturaromux npu JTHTEIBHOCTIX UX MPO-
tekanus 10 (60-100) mMc ammnTyaHBIX 3HaYeHui 1o (10-
100) kA [3]. OnHoit U3 0COOEHHOCTEHN 3EKTPOYCTAHOBOK
BCUT, B oTamume OT 3IEKTPOYCTAHOBOK MTPOMBIIUICHHOM
3IIEKTPOIHEPTETHKH, SIBISIETCS TO, YTO [0 TOKOHECYIHM
YacTAM HX DJIEKTPUYECKUX LEeNei MOryT IPOTEKaTh UM-
MyJIbCHBIE TOKHU pa3nuuHblx ABII, oTHOCAmMXCA K HAHO-,

MHUKpPO- U MHUINCEKYHIHOMY BPEMEHHBIM IHAaIla30HaM.
[Ipn 5TOM aMIUTMTYIHBIE 3HAYEHUS |nyp TAKMX HUMITYIIBC-
HBIX TOKOB MOTYT JIOCTHTaTh 3Hau€HWH, OOBIYHO H3Me-
mstrormxcst B auanasone (0,1-1000) kA [1, 2]. B [4] aBro-
poM ObUI TpHBEJECH OOOOUIEHHBIN 31EKTPOTEXHUUECKHUN
MOAXOJ, MO3BOJISAIOLIMUI 110 YCIOBUIO TEPMUYECKONW CTOM-
KOCTH KabenpHO-NpoBoaHHKOBOH mpoaykuun (KIIIT)
OCYIIECTBIJISATh HPUONMKEHHBIH pacyeTHBI BBIOOpP Ipe-
JIENIbHO JOIyCTUMBIX MONEPEYHbIX CeUCHUH yjj HEN30IH-
POBaHHBIX MIPOBOIOB, H30JIMPOBAHHBIX IPOBOJOB M Kale-
Jell ¢ MeAHbIMU (QTFOMHUHUEBBIMH) KuiaaMu (0000uKa-
MH) ¢ nonuBuHmIxIopuanoi (ITBX), pesunosoii (P) u
nonmatiieHoBo# ([19T) n3onsuueit, TOKOHECYIIUE YaCTh
KOTOPBIX HCHBITBHIBAIOT B aJHa0aTHUECKOM PEXUME IPs-
MO€ BO3/IeiCTBHE aKCHAIBHOTO HMITYJIbCHOTO TOKa ip(t),
ABII xotoporo ¢ ammmutygamu 0,1 kA<I;;<1000 xA
MOT'YT M3MEHSITHCSI B HAHO-, MUKPO- ¥ MHJUIMCEKYH/IHOM
BPEMEHHBIX /Ihana3oHax. B 3Toi CBA3U BONPOCHKI ompeie-
JICHUSI YHMCJICHHBIX 3HAYCHUH KPUTHUECKHX MOINEPEUHBIX
CEUCHUHN ¢ AIIEKTPUUYESCKUX MPOBOJOB M Kabemei mpu-
MeHHUTENbHO K cuioBbIM 1ensM BCUT ocrarotcs akrty-
IBHBIMH B MUPE U MOJICKAIIMU CBOEMY PEIICHHIO.
Lleanio cTaThu SBISETCS BBHIOJIHEHHE PACUETHOTO
U 3KCHEPUMEHTAIBHOTO OMPEAEICHUH KPUTHUECKHX I10-
MepeUHbIX CEUYEeHHH S M MIIOTHOCTEH Jcci TOKa B HPO-
Bomax W kabemax wmemeit BCUT, xapakrepu3yrommuxcs
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MmpoTekaHueM 1o TokoHecymuM dbactsam ux KIIIT wnwm-
MyJIbCHBIX aKCHAIBHBIX TOKOB ip(t) ¢ pasmmunsivu ABILL
1. MocTtanoBKka 3agaun. PaccMoTpuM MmHPOKO ¥HC-
MONTb3yeMbIe B CHIIOBBIX 3JeKTpuueckux memsx BCUT
HEHU30JMPOBAHHBIE MEIHBIC M allOMHHHEBBIC NIPOBOAA, a
TaKKe HM30JMPOBAHHBIE MPOBOJA WU KabeNu C MEIHBIMU
(auIFOMHHHEBBIME) BHYTPCHHHMH JKHJIAMH M HapyKHBIMH
obomoukamu (0OpaTHBIMH TOKOIPOBOJAMHE) C yICTBHOMN
3IIEKTPONPOBOTHOCTBIO Yo MX HEMArHUTHOTO MaTepHara,
umerone 0o0braro [IBX, P u IIOT wuzomsimio [1-3].
[puHuMaeM, 4TO TO KPYIJIbIM CIUIOIIHBIM KT paciien-
JICHHBIM MEAHBIM (aJTIOMHHHEBBIM) XuiaM (000JI04YKaM)
yKa3aHHBIX MPOBOJOB W KaOeneil aMeKTpuueckux lenen
BCUT B ux mpoAoiIbHOM HANPABICHWH MPOTEKAIOT M-
IyJIbCHBIC TOKH ip(t), ABII KOTOPBIX COOTBETCTBYIOT Ha-
HO-, MHKpPO- HJIM MUJUIMCEKYHIHOMY BPEMEHHBIM JIHara-
30HAM C aMILUTHTYAAMH |y, H3MEHSIOIMMHUCS B ANAIa30-
ue ot 100 A mo 1000 kA. ITomaraem, 9To paccMarpuBae-
MBl€ NIPOBOJA M KaOenu pa3MelleHbl B OKPYXKaIoIeH BO3-
IYLIHOM cpene, TeMIeparypa KOTOPOM COOTBETCTBYET
KOMHATHOU ¥ paBHOit 6y = 20 °C [2]. Cuutaem, uTo mpes-
BapHUTENbHAS TOKOBas 3arpy3ka TOKOHECYIIMX dYacTei
KIIIT cunoseix neneit BCUT orcyrcrByert. [loaTomy mep-
BOHauanbHas Temmeparypa Oc (OO0 BO3mEHCTBUS HM-
nynbcHOro ToKa ip(t) Ha KIIIT) marepumana sxuisl (060-
no4kM) npoBoza (kabemnst) OyaeT paBHa Temmeparype Go
OKPY’KarolIero Bo3ayxa. Vcrosp3yeM IOMyLieHHe O TOM,
YTO MMIIYJIbCHBIH aKCHaNbHBIH TOK ip(f) IpakTuHyecku
PaBHOMEPHO paclpesesieH N0 NOIepPeYHOMY CEYCHHIO i
XKWIbl ¥ 000J104KH (3Kkpana) nposoza (kabeis). [Ipu sTom
IOMHHM, 4TO T/1yGHHa poHHKHOBeHHs A6ty (Tuoya)]
B KBA3HCTAIMOHAPHOM pexmMe, rae to=4m-10"" Tu/m —
MAarHuTHas TMOCTOSIHHAS [2], UMITyJbCa a3sUMyTAIBHOTO
MArHUTHOTO IOJIS CO BpeMeHeM tm, COOTBETCTBYIOIINM €0
aMIUTMTyZe, HampuMmep, AJIS anepHOIMYeCKOro MHKpOCe-
KyHIHOTO HMITYJIbCA TOKAa HMCKYCCTBEHHOW MOJIHHH Bpe-
MeHHOH (opmbl 7i/7,=10 MKc/350 Mmxc (1,~1,6z~16 Mxc)
[5], rae 1, 7, — COOTBETCTBEHHO JUIMTENFHOCTh (PPOHTA H
JUTUTENILHOCTD UMITYJIbCa TOKa Ha YPOBHE €ro Mmoiycnaja,
B HcCleqyeMble HedeppOMarHUTHBIE MaTepHabl JKUJIBI
(o6omoukm) mpoBoma (kaOesst) COCTABISET Ui MEIH
mpumepso 0,65 mm, a s amomunus — 0,82 mum [4]. Vka-
3aHHBIC YHCIICHHBIC 3HAYeHHs Aj 3a4acTyl0 OKa3bIBAIOTCS
COM3MEPUMBIMH C PEATHHBIMHU PATUyCAMH KK M TOJIIH-
HaMHu 00O0JIOUEK paccMaTpUBaeMbIX MPOBOIOB (Kaberei),
B KOTOPBIX MOXET HaOutoaarhbes siBieHue DB TokoHecy-
mux vacred KIIII. i MWIIMCEKYHIHBIX aKCHAJIbHBIX
UMITYJIbCOB TOKA ip(t) IpHHATOE HOIyIIEHHEe O paBHOMED-
HOM XapakKTepe ero paauajbHOr0 PaclpeiesieHUs] B HC-
crmenyeMbix skuimax (000J0YKax) TPOBOJOB M Kaberei
CTAQHOBHTCA eme Oolyiee IpaBoMepHbIM. Tak, Hampumep,
IUTSL ANIEPHOJMYECKOT0 MUJUTUCEKYHTHOTO UMITYJIBCA JUTH-
TenbHOH C-KOMIIOHEHTBI TOKa HMCKYCCTBEHHOH MOJIHHH
BpeMeHHO#T dopmbl 7i/7,=7 Mc/160 mc (t,=11 mc) pac-
cMaTpuBaeMas TNIyOMHAa NPOHMKHOBEHUS A UIi MeIu
paBHa npuMepHO 17 MM, a i amomuHust — 22 MMm. Uc-
HOJIB3yeM YCJIOBHE annabaTHYecKOro XapakTepa MpoTe-
KaIOIMX [IPH BPEMEHAX ASHCTBUS MMITYJILCHOIO TOKa ip(t)
He Oosee 1000 mc B Matepuanax xui (000104eK) Hccie-
nayemoit KIIIT snexTporepMu4ecKkux MpOLECCOB, MPU KO-
TOPOM BJIMSIHUEM TEIUIOOTAAYH C MOBEPXHOCTEH UX TOKO-
HEeCylIMX 4YacTed, HMMEKIINX TEeKYILYI TeMIepaTypy
0ci>6o, M TEIUTONIPOBOHOCTH CIIOEB UX JJIEKTPOIPOBOAS-

IAX MaTepHaIOB KUIBI (000JTOYKH) U M30JSIHK Ha KO-
yneB HarpeB TokoHecymmux dacteit KIIII mperebperaem.
TpebyeTcst pacueTHBIM IyTEM B MPHUOIMKCHHOM BU-
JIe ONpPENeTNTh KPUTUIECKUE CEUCHHUS ocj TOKOHECYIITHX
qacTeil Ul HEM30JMUPOBAHHBIX MEIHBIX (aTFOMHHHEBBIX)
MIPOBOJIOB, a TAKXe IJIs1 H30JIMPOBAHHBIX MPOBOJIOB U Ka-
Oeneil ¢ MeaHbIMH (aTFOMUHHEBBIME) Kuiamu (000J109-
kamiu), [IBX, P u [IDT wusosnsiueii, UCOIb3yEMBIX B Iie-
max BCUT u UCTIBITBIBAIOIIUX TPSAMOE BO3JCHCTBHE aK-
CHAJFHOTO UMITYJIbCHOTO TOKa ip() pasIMIHbIX aMILIUTY X
lmp, M3MEHSIONIErocs B HAHO-, MMKPO- M MMJIIMCEKYH/I-
HOM BpPEMCHHBIX AHana3zoHax. Kpome toro, HeoOXoaumo
SKCIEPUMEHTANBHBIM IIyTEM MpPOBEPUTh Ha IEHCTBYIO-
mux osnekrpoycranoBkax BCHUT pabotocrnocoGHOCTH
MOJTyYSHHBIX COOTHOIICHHUH ISl MPUOIMKEHHOTO pacueTa
KPUTHYECKUX CeUeHHH Scoj MpoBOJOB (kabeseil) U Kpu-
THYECKHX IUIOTHOCTEI! dcci MMITYJIBCHOTO TOKA ip(t) B HUX.
2. DJIEKTPOTeXHUYECKU TMOAX0 K PacUYeTHOMY
BBIOOPY KPUTHYECKHX CeYeHMiT Scci M IUIOTHOCTEMH ¢y
TOKAa B JJIEKTPHYECKHX MPOBOJAX M KadeJsix Lemeii
BCHUT. [ KPUTHYECKHX IOMEPCUHBIX CEYCHUH Scgi
TOKOIPOBOAIIUX kUi (000J0UEK) paccMaTpHUBAEMbBIX
He- 1 u3onupoBaHHbX ¢ [IBX, P u I19T u3omnsmueit smex-
TPUYECKUX MPOBOJOB U Kabenei B nemsx BCUT ¢ um-
IyJIbCHBIM aKCHAIbHBIM TOKOM ip(t) mponsBonbHbIx ABII
U3 YpaBHEHHUsS MX TEIJIOBOTO OajlaHca B aqnabaTHUCCKOM
pexumMe JKoyneBa HarpeBa TokoHecywmux udacted KIIII
ClIelyeT Cleayloliee pacyeTHoe cooTHomnenue [1]:

Scci =(Jcin)"? 1 Deik 1)
Tp
roe Jcia= Ii%(t)dt—HHTerpan JEHCTBHUST UMITYJIECHOTO
0
TOKA ip(t) ¢ JIMTENBHOCTBIO €r0 IPOTEKAHUS % B KIIII u
sananneiva ABII, A2c¢; Doy = (JCik)llZ, AcInZ Joi —
KPUTHYECKOE 3HAUCHUE HWHTETpajia TOKa JJIs Marepuaia
TOKOHECYIIHX XM (000JI0UEK) UCCIEAYEMBIX DIICKTPHYE-
CKHX TIPOBOJIOB U Kabenei neneit BCUT, A2cim*,

B Ttabn. 1 npu =20 °C npuBeneHsI U3BECTHBIE YHC-
JICHHbIC 3HAYEHWS IUIA TaKUX OCHOBHBIX XapaKTEPHCTHK
MEJHBIX W aTIOMHHHMEBBIX KM (00O0J0YEK) HCCIEMyEMBIX
npoBo1oB (kaberneit) cunoBeix eneid BCUT kax yg 1 Jeik.

Tabmuma 1
Temnopusnyeckne XapakTePUCTUKU MaTepuala paccMaTp1Bae-
MBIX X1 (000JI04YCK) IICKTPHYCCKHX POBOIOB U Kabereit
cuioBbix neneit BCUT 1o Bo3aelcTBUS HA HUX UMITYJIBCHOTO
aKcuajpHoro Toka ig(t) (nmpu 6,=20 °C) [2]

Marepuan
xuibl (000-
JIOYKH) POBO-
na (kaberist)

YucneHHoe 3HaYCHUE XapaKTECPpUCTUKHN

yai, 107 (Om-m) ™ Joik 107 AZem™

Mens 5,81 1,95

AMoMUHUN 3,61 1,09

Yro Kacaercs pacdeTHoro ompenernenus B (1) umre-
rpaia JedcTBus Jeia HMITYJIBCHOTO aKCHAIBHOTO TOKA ip(t)
¢ mpou3BonsHBIME ABII, TO s cimydas ero n3MeHeHHs
BO BpeMeHH t 10 areprouIecKkoMy 3akoHy Bua [1]

ip(t) = Kol pplexp(-aat) —exp(-aat)],  (2)
rae a1=0,76/t,, 0,~2,37/t; — coOTBETCTBEHHO KO3(dHLIY-
€HTHl (POPMBI ANEPHOINYECKOTO UMITYJILCA TOKA C 3a/1aH-
HbeiMu  ABII, mporekamoliero B 3JIEKTPUYECKOW LENu
BCUT; ky=[(a/o)™ — (/o) — mopmupyrommii
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ko3 durment; MFay/(a—a1); N=all(a—0), pacuerHoe
BBIp2KEHHUE ISl HHTErpaja AeHcTBHS Joia IPOTEKAIOIIETO
B cunoBoii nenn BCUT ummysnsca Toxa ig(t) npunumaer
CIe YOI MPUOIMKESHHBIN aHaNUTHYeCcKuil BUx [4, 6]:

Join ~ k21 2o [0,6587 , — 0,633 | @3)

B cinyuae u3MeHeHus BO BpeMeHH t BO3IEHCTBYIO-
ero Ha Marepuaisl npoBoaa (kabens) BCUT ummysbca
TOKa ip(t) 1o 3aKoHy 3aTyxaroueii cuaycouzas! Buja [1]

ip(t) = Kp2l mp1 eXp(-at) sin(et) , (4)
rae 0=Ap/T, — kosdpunuent 3aryxanus Toka;, w=2m/T, —
KpyroBas yacToTa KosnebaHui Toka; T, — nepuon kosneda-
Hui ToKa; Ag=IN(lnp/lmps) — Jorapudmuyeckuii nexpe-
MEHT KOJI€OaHMH MMITYJIECHOTO TOKa C NEPBOH lmy M
Tpetbell |z ammiomTymamu B uenu  BCUT;
koo=[eXp(-Ay/27-arcctgA,/2r)sin(arcctgA /27)] ™t —  Hop-
MUPYIOIIMHA KOI(QOUIMEHT I 3aTyXaloIEero CHHYCOH-
JAIBHOTO TOKA, TO NPHOIMKECHHOE PacueTHOE BHIPAKEHHE
JUTSL MHTErpaia JeUCTBHS Joja MPOTEKAIONMIET0 B CHJIOBOH
et BCUT uMITyIbCHOrO aKCHaIbHOTO TOKA ip(t) mpuHM-
MaeT CIeMy oMl YIPOIICHHBIH aHATMTHYCCKUA BUT [4]:

Jcia ~ kol FpalTp(4A )t = A pT (407, +167%) 1. (5)

3Has U3 HOPMATHMBHBIX JOKYMEHTOB WJIM DKCIEpH-
MEHTAJIbHBIX JAHHBIX YUCJICHHBIC 3HAYEHUS BENIMYHH |y,
Ti, Tp, Ap, Tp, C YUETOM OLIEHKH 3HAYEHUH HOPMHUPYIOLIMX
k033G uLenToB Ky 1 Koo 10 (2)-(4) 1u1st yka3aHHBIX IBYX
BPEMEHHBIX (OpM H3MEHEHHS HMITYJIBCHOIO TOKa ip(t)
MOTYT OBITh B MPUOIMKEHHOM BUJIE (C MOTPELIHOCTBIO HE
6onee 10 %) paccuuTaHbl KPUTHYECKHE TIONEPEYHbIE Ce-
YeHUsT Scei TOKOTPOBOASAIINX KM (000JI0UEK) MTPOBOIOB
u Kkabenei, IPHUMEHSEMBIX B DJICKTPUYECKUX CHIIOBBIX
nensx BCUT. Halinsg uncineHHble 3HaY€HUS CEYEHUN g,
C Y4ETOM IPUHATHIX AOMYLIEHUH MOTYT OBITH B IEPBOM
HOPUONIKEHUN U3 COOTHOLICHHS BUIA Occilmp/Scci om-
peneneHbl U KPUTHYECKUE aMIUIUTYIBl IUIOTHOCTEH Ocgi
MMITYJILCHOTO TOKa ip(t) ToM mnu uHOIl BpemeHHOI hop-
MBI B 3JICKTPUYECKUX MPOBOAaxX U kKabemsx reneit BCUT.

3. PacyeTHBbIii BHIOOP KPUTHYECKHX CeYeHHIT S
U IUIOTHOCTEH Jcci TOKA B IJIEKTPUYECKHX MPOBOIAX
(kabessix) 151 HAHOCEKYHJIHBIX HMMYJbCOB TOKAa B
nensix BCUT. OcraHoBuMcs Ha ciydae, KOrga IO Me-
HeiM (amroMuHKEEBBIM) xuiaaM (o6omoukam) KIIIT npore-
KaeT anepHoANYEeCKUN MMITyJIEC TOKa BPeMEHHON (OpPMBI
7i/7,=5 Hc/200 He, MCIONB30BABLIMHCS B CBOE BPEMs IPH
UMHUTAIMA DJIEKTPOMAarHuTHoro ummyiabca (OMU) BbI-
COTHOTO S/IEPHOTO B3PHIBA M HCHBITAHUIX DPA3THYHBIX
O00BEKTOB BOGHHOTO W TPXKIAHCKOTO HA3HAYCHHUS HA
CTOMKOCTB K MOpaXkaroleMy IeicTBUI0 ykazaHHoro OMU
[4, 7, 8]. U3 (2) naxoaum, 4TO JUIs JaHHOTO PacYETHOTO
cirydast K03 GHUINEHTH QOPMBI (1 U (i UCIIONIB3yEMOTO
UMILYJIbCa TOKA ip(t) IPHHUMAIOT CIICAYIOIHE YUCIICHHbIE
3HAYEHUA: oc1:3,8-106 c_l; 0(2:4,7-108 ¢t [Ipu sTOM HOP-
Mupyomuii ko3ddunuent Ky okxaspiBaeTcs NPUMEPHO
paBHbIM K;;~1,049. B tabi. 2 ¢ yuerom (3) mist KOHKpeT-
HOro HaOopa 3HAYeHUH TOKOBOW aMILIUTYIbI |y, Ipen-
CTaBJICHBI YHCIICHHBIC 3HAUCHUS WHTErpasia IeHCTBUS Jcia
OPUMEHUTENFHO K TMPOTEKAMONIEMY IO TOKOHECYIIUM
MEJIHBIM M ATIOMUHHUEBBIM YaCTSAM HCCIEAyEeMbIX MPOBO-
JOB U KaleJiell anepuoAnveCKOMY HAHOCEKYHIHOMY HM-
yJIbCy TOKA BpeMeHHOH dopmel 7/7,=5 uc/200 He [4, 9].

3Hast YMCIICHHBIC 3HAUYCHHUS MHTErpaja JIeHCTBHS TO-
Ka Jcia (cM. Tabu. 2) u unTerpaia toka Jeik (cM. Tadmn. 1),
no (1) cpaBHUTENBHO JETKO MOTYT OBITH OIpENeSICHBI

KPUTHYCCKHE CEUCHUS Scci PacCMaTPUBACMBIX 3JICKTPU-
YecKHX MpoBOJOB (kabeneii). B Tabn. 3 nmpuBeneHs! pac-
cuntanueie 1Mo (1) YHCIEHHBIE 3HAYEHUS KPHUTHUECKUX
CeUeHUN S U HEW3OIMPOBAHHBIX TPOBOAOB C MEI-
HBIMH  (JTFOMHHUEBBIMH) SKAJIAMH M HM30JHPOBAHHBIX
npoBooB (kabeneit) ¢ MeaHbIMU (aJTJFOMUHHEBBIMH) JKH-
namu (o6omoukamu), IIBX, P u IIDT wusonsiuei, HCIIbI-
THIBAIOIIUX JEHCTBUE allepHOANYECKOT0 HAHOCEKYHIHOTO
HMITyJIbCa TOKA BpeMeHHOIT GopMsl 71/7,=5 1e/200 He.
Tabnuua 2
UncneHHble 3HAaUCHHUS UHTETpajia JeUCTBHUA Jeja [UTA HAaHOCE-
KyHJHOTO allepHOJUIECKOT0 UMITYJIbca TOKA BPEMEHHOH (hOPMBI
5 1c/200 He, MpOTEeKAaNIEro B TOKOHECYIIMX YacTsAX paccMar-
pusaemoii KIIIT [4]

3Hauenne aMIHTY Ib! | = lyp1 | 3HaUenue unTerpana aeicr-
HMITyJIbCA TOKa BpeMEHHOW (op-|  BHS Jgja HMITYJIbCA TOKA
b1 5 1c/200 He, KA 5 1e/200 He, Ac
1 0,141
10 14,13
30 1,27-10°
50 3,53-10°
70 6,92-10°
100 1,41-10°
200 5,65-10°
500 3,53:10°
1000 1,41-10°

Tabnmma 3
UncneHHble 3HAYCHHUS KPUTHIECKUX CEYCHUH Sej U1 IIPOBO-
10B (kabeneit) ¢ MeaHBIME (ATIOMUHUEBBIMM) XKKTaMu (0605104-
Kamu) B ciitoBbIX 1emsix BCUT ¢ HaHOCEKYH/IHBIM HMITYJIBCOM
toka Buaa 5 He/200 He, aMIUTHTYIa KOTOPOTO H3MEHSETCS B
nuanaszone ot 10 kA no 500 kA

Bun uzons- 2
3HaueHUe CeYeHHs Sccj, MM

LJAM B IPOBO- Marepuan Seais

ne (kabene) | ZKAIBI (06o- Amnnutyna |y, MMITyIbca ToKa

JIOYKH) POBO-

CHJIOBOM LieIH 5 1c/200 He, KA

BCUT na (kabens) 67T 59 [ 100 | 500
Bes m3ons- |nfen 0,008 | 0,042 | 0,085 | 0,425
uu, [1BX, P
n I[19T wu3o- .
TS AnroMuHuR 0,011 | 0,057 | 0,114 | 0,569

W3 nanHbIX Taby. 3 BBITEKAET, YTO OLEHOYHBIE KpPH-
THYECKUE aMIUIMTYIBl IIOTHOCTEH Occi™limp/Scci HaHOCe-
KYHITHOTO MMITyJIbca TOKa BpeMeHHO# Gopmsbl 5 He/200 He
KakK JJIsl HEU30JIMPOBAHHBIX MTPOBOJOB, TAK U MPOBOJIOB U
KaOejeld ¢ MemHbIMH (QIOMUHUEBBEIMK) KuiaaMu (000-
noukamu) u [IBX, P u IIDT usonsnuell COCTABISAIOT CO-
OTBETCTBEHHO MpUMepHO 1176 kKA/MM? 1 878 KA/MM?.

4. PacueTHbIii BHIOOP KPUTHYECKHX CeYeHMI Sc
U IUIOTHOCTEH Jcci TOKA B JIEKTPHYECKHX NMPOBOAAX
(xabesisix) IS MHKPOCEKYHIHBIX HMIYJbCOB TOKA B
nensx BCUT. Ha puc. 1 npuBeaeHa TunuyHas 0CLUUILIO-
rpaMMa UMITYJIbCHOW A- KOMIOHEHThI TOKA MCKYCCTBCH-
HOW MOJIHMH, (OPMUPYEMOH B CHIILHOTOYHOW pa3psiiHON
e BEICOKOBOJIBTHOTO reHeparopa Toka Mosiuuu (I'TM)
JUISL UCTBITAHMHA OOBEKTOB ABHAIIMOHHOW M PaKETHO-
KOCMHYECKON TEeXHHKH Ha MOJHHECTOWKOCTH MO Tpebo-
BaHUsAM HOpMaTHBHBIX nokymentos CIIIA [10, 11]. Bun-
HO, YTO 3Ta KOMIIOHEHTa MMIIYJIECOB TOKa in(t) mmutHpye-
MOii B JJa0OPATOPHBIX YCIOBUSIX MOJHHH BO BpeMeHH t u3-
MEHseTCsl 10 3aKOHy 3aTyxaromleid cuHycomabl. Ocymiect-
BHM BBIOOP KPHTHUYCCKHX CEYCHHMH Scj M IUIOTHOCTEH Ocg
TOKa B TOKOHECYIIHX Kuiax (000109Kax) MpoBOIOB U Kabe-
Jei ans paspsaHod nenu I'TM IpuMEHUTENBHO K IIpuBe-
JIeHHOMY Ha puc. 1 nMiryiscy Toka ip(t) MomHum.
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W3 ONBITHBIX JaHHBIX, MPEACTABICHHBIX Ha pHc. 1,
MoJy4YaeM, 4TO IJIsi HCMOJB3YEeMOro B MPUONMKEHHBIX
pacueTax KpUTHYECKHX CEUEHUH St OOJIBIIOro 3KCIo-
HEHIMAJIBHO 3aTYXaIOIIEero CHHYCOUIAIBHOTO HMITYJIbC-
HOTO TOKa JIEKPEMEHT ero KoyieOaHUi OKa3bIBaeTCs paB-
HBIM Ap=IN(lypa/lp3)=2,505. U3 (4) mnst sT0oro BUIa UM-
Hylbca TOKa HaxoauM, 4to koddduument Kp=1,731.
Hwxe B Tabn. 4 npuseneHsl paccuutanHbie mo (5) umc-
JICHHbIE 3HAYeHUsI MHTerpana AeHcTBHA Jcia U1 MHKPO-
CEKyHIHOTO MMITYJIbCa TOKA, H3MEHSIOIIETOCsI BO BpeMe-
HE t 110 3aKOHy 3aTyxaromieii cuayconas! Buaa (4) [12].
Tek - L @ Acq Comnplete M Pos 200,005 CURSOR

Type

f

_..__.,: Source
: : : : CH1

cb i T ] Delta

EEEETREE

............................................... Cursor 1
.00

Cursar 2
: =154y

CHT 5.00VEy 1 50.0us CHT ™ —600mY

Puc. 1. TunnyHas ocuyuiorpaMmMa MUKPOCEKYHIHOM HMITYJIbC-
HOI A- KOMIIOHEHTBI TOKa HCKYCCTBEHHON MOJIHHUH, TPOTEKAI0-
e B pa3psaHOii Henu BrIcOKOBOIBTHOTO I'TM (I ~—207 KA,
Imp3=—16,9 kA; T =185 MKkc; maciuTab no BepTukanu — 56,3
kA/nenenue; maciutad no ropusoHranu — 50 mkc/nenenue) [12]

Bocmnone3oBasiuuce (1) U cBeAeHHBIMU B Tal1. 4 pe-
3yJIbTaTAMH PAcYCTHOTO OINpPEICIICHUST WHTErpaja JeicT-
BHS Jgia MMITYJIECHOTO TOKA ip(t) Buna (4), Haxonum KpUTH-
YeCKHe CeUeHHs o IS MCCIIEAyeMBIX TPoBOIOB (kabe-
neid) B cuioBbixX Hensx BCUT, B KOTOPBIX MPOTEKAET MUK-
POCeKyHAHBIH MITYITsC Toka Bua (4) ¢ ABII, cootBetcT-
BYIOLIMMH OTBITHBIM JJAHHBIM, XapakTepHbIM Juts puc. 1. B
Tabn. 5 mpeacTaBieHBI PE3yJbTaThl TAKOTO PacYETHOTO
OTIPEJICTICHUS] KPUTHICCKUX CEUCHHMH g [UI PaccMaTpH-
BAaCMbIX TPOBOJIOB M KaOesei, MIUPOKO MPUMCHSEMBIX B
paspsiaHbIx crioBbIx nensx BCUT [1, 2, 12].

Tabnuma 4
3HaueHus HHTErpana IeHCTBU Joja LIS MMITyIbCa TOKa ig(t),
U3MECHAIOLICTOCSI B MUKPOCEKYHTHOM BPEMEHHOM JAHAIIa30HE T10
3aKOHY 3aTyxaroleil cuaycouas! Buaa (4)

3HaueHue NepBoi aMIIUTy bl |1 | 3HaUEHHE UHTErpaa aek-
3aTyxa}0Luero CI/IHyCOI/I,IlaHLHOFO CTBUSA ‘]CiA I/IMl'IyJ'Ibca TOKa
UMITyJIbCca TOKa, KA suza (4), A%c

10 4,7710°

30 4,29-107

50 1,19-10°

70 2,34-10°

100 4,77:10°

207 2,05-10°

300 4,29.10°

500 11,92.10°

700 234.10°

1000 47,7-10°

W3 npuBeieHHBIX B Tabj1. 5 pacyeTHhIX JaHHBIX Clie-
JIyET, UTO OIEHOYHBIE KPUTHUECKHE aMIUTHTYIbI TIOTHO-
crell JdcciFlmpy/Sco MUKPOCEKYHIHOTO HMITYJIbCa TOKa
ip(t) ¢ ABII, COOTBETCTBYIOLIUMH OIBITHBIM JAHHBIM PIC.
1, xaK JJ1s HEN30JMPOBAHHBIX MPOBOJOB, TAK U IPOBOJIOB
(kabereii) ¢ MEJHBIMH U aJFOMHHUEBBIMH kuiamu (000-

noukamu), [IBX, P u 19T usossuuei YUCIEHHO COCTaB-
JITFOT COOTBETCTBEHHO OKOJI0 64 KA/MM? 1 48 KA/MM.

Tabnmma 5
UmncneHHbIE 3HAYCHUS] KPUTUICCKUX CEUCHUH Sccj M IPOBO-
10B (kabeeit) ¢ MeaHBIME (AIIOMUHUEBBIMM) XKaMu (0005104-
kamu) B ensix BCUT ¢ MUKPOCEKYH/THBIM UMITYJIbCOM TOKa
BuJa (4), nepBas aMILIUTY A | mp1 KOTOPOro M3MEHsETCA B 1ua-
mazone ot 30 KA o 207 kA

Bun usons- Matepuan 3Hauenue ceveHns Scci, MM’
LMK B [IPOBO- 6
Je (kabene) | M (060~ [ Teppas ammuryza I rp2 BM-

JIOUKH) IIPOBO- nyJsbca Toka Buja (4), kA

CHJIOBOM LIEITH
na (kabens) ™o 50 | 100 | 207

BCUT
bes nsonun, Menb 0,469 | 0,781 | 1,564 | 3,243
IIBX, P u
TI9T wu3ons- .

1S Amomunnii | 0,627 | 1,045 | 2,092 | 4,337

5. PacueTHblii BIOOP KPUTHYECKUX cedeHHiT Scq
U IUIOTHOCTEH Jcci TOKA B JIEKTPHYECKHX NMPOBOAAX
(xaGesisix) IS MUWIJTHCEKYHIHBIX HMIYJbCOB TOKA B
nensix BCUT. Ha puc. 2 nokazana THIMHYHAS OCIHILIO-
rpamMma JUIMTeNnsHOi C- KOMITOHEHTHI TOKa MCKYCCTBEH-
HOW MOJIHMH, T€HEpUPYEMOH B JIaDOPATOPHBIX YCIOBHUSIX
corsacHo Tpebosanuit [10] B paspsauoii e I'TM s
LeJel IKCIEPUMEHTAIBHOTO OINPEeNICHNUs] MOJIHHECTOMH-
KOCTH OOBEKTOB a3POKOCMUYECKOH TEXHUKH B YCIIOBHUSIX
OpsMOro yjiapa B HUX JIMHEWHOM MOJHMU. M3 naHHBIX
pHuc. 2 BUIHO, YTO alepUOIUYECKHIl MMITYJIbC TOKaA ip(t)
WCKYCCTBEHHOW MOJIHMM OTPHULATENIBHON MOJISPHOCTH
3TOM KOMITOHEHTHI MOJHOTO TOKa IPO30BOTO paspsiia H3-
MEHSETCSI B MHWUIMCEKYHIHOM BPEMEHHOM AHana3oHe.
Ero ammmryna |y npy t=11 Mc cocTaBiseT NpUMEpHO
835 A. Ilpu 3TOM IIMTEIBHOCTH ()POHTA UCIIBITATEIIHHO-
TO MMIIYJIbCa TOKA COCTABIISIET OKOJIO 74=7 MC, a €ro JUIi-
TenpHOCTh Ha ypoBHE 0,51, — 7,160 mc. Kpome Toro, u3
JIAaHHBIX PUC. 2 CIIEYET, YTO IOJHAs JUINTEIBHOCTH MPO-
TEeKaHHs NCHOJIb3yeMOii KOMIIOHEHTBI UMITYJIbCa TOKA ig(t)
WCKYCCTBEHHOW MOJIHUM B pa3psAHONH LENH BBICOKO-
BoJIbTHOTO I TM nocturaer 31Hayenus okoio 1000 mc. Ha
OCHOBaHHMH{ NPEAIaraeéMoro 3JeKTPOTEXHUYECKOro MOA-
XO0Jla BBIIIOJIHUM BBIOOP KPUTHYECKHUX CEYeHHH S Mpo-
BOJIOB (KaOeueit) mis paspsaHoit nenu ['TM, ydactyro-
el B GOpMUPOBAHIHN YKa3aHHOTO UMITyJIbca TOKa ip(t).
Tek - Niw @ Acq Cornplete M Pos: 00.0mms CURSOR

Type
Voltage

1 Source
4 [Exi

Delta
1d8my

[EREEIRER]

Cursor 1
.00y

Cursor 2
—148mY

CHT ™ -40.0mY

CHT S0.0rm'Ey M 100ms
Puc. 2. TunuvHast ocHMIIIOrpaMMa MUJUTUCEKYHAHOM UTHTEINb-
HOU C- KOMIIOHEHTBI TOKa UCKYCCTBEHHO!N MOJTHHH, IPOTEKA0-
i B pa3psIHON ENH MOIIHOTO BBICOKOBOJIbTHOrO ['TM
(I,Tp:7835 A; =7 Mmc; 7;=160 Mc; maciuTab no BepTukanu — 282
Alnenenne; mactura6 mo ropuzontanu — 100 mc/menenne) [12]

W3 (2) npu =7 Mc 1 75=160 Mc Haxonum, uro 01~4,75
¢, a 4,3,38-10° ¢*. Torma Hopmupyowmmit Ko3(dum-
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eHT Ky IPUHUMAET YHCIICHHOE 3HAa4eHHE, PaBHOE OKOJIO
Kx1=1,077. Uctions3ys (3) 1 BapbUpys 3HAYCHHEM aMILIH-
TYZAB! |, MOXKHO pAacCUMTaTh YHCICHHBIE ITOKA3aTeIH
UHTErpana AeicTBUst Joja VI UCIOJIB3YEMOr0 MUJLIHCE-
KYHJHOTO uMIyjbca Toka ip(t). B Taba. 6 mpuBeneHs!
YKCJIEHHbIC 3HAYCHUSI BETMYUHBI Joia IS PSa aMILTUTY T
| mp MMITyJIBCa TOKA i5(t) BpemeHHOit Gopmbl 7 mc/160 mc.
Tabnuna 6
YucieHHbIE 3HAYCHHS HUHTEIrpaia Z[eﬁCTBPIH ‘]CiA JUI UMITyJibCa
TOKa ip(t), m3mensomerocs B et BCUT B MunmicexyHIHOM
BPEMEHHOM JIHaIla30He 110 3aKOHY Buja (2)

3Hauenue aMIHTY B! | =l | 3HaueHHe uHTErpana nei-
yHI/IHOJ'DIpHOFO MI/IJ'IJII/ICSI(yH,E[HOI‘O CTBU Jc, A MI/IJIJ'II/ICGKyHZ[-
alepuoOIMYCCKOro UMIIYJIbCAa TOKA | HOI'0 UMITyJibca TOKa 7
7 mc/160 mc, A Mc/160 mc, A%c
100 1,17-10°
200 4,68-10°
300 1,05-10
400 1,87.10
500 2,92.10*
700 5,73.10*
835 8,15-10*
900 0,95-10°
1000 1,17.10°

Torma ¢ yueToM nauHHbIx Tabn. 6 mo (1) B mpuHsTOM
NPUOJIMHKCHUU MOXKHO HANTH KPUTHUYECKUE CEUCHHS S
JUT HEW3O0JMPOBAHHBIX M HW30JUPOBAHHBIX IPOBOIOB U
kabeneid ¢ MeaHbIME (aJIOMHHHEBBIME) xunamu (060-
aouxamu), IIBX, P u IIDT u3omsuueii, UCIBITHIBAIOIINX
BO3/ICUCTBHE aKCHAIBHOTO MUJLIHCEKYHIHOTO arepUOTH-
4eCKOro MMIyibca Toka ip(t), ABII koToporo coorBerct-
BYIOT JaHHBIM pHc. 2. B Tabn. 7 mpuBeieHbl pacueTHbIE
YHUCIICHHBIC 3HAYCHUS KPUTHYECKUX CEUeHWH St LIS
yKa3aHHBIX MNpOBOAOB (Kabenell) ¢ MHJUTHCEKYHIHBIM
alepHOAMYECKUM UMITYJILCOM TOKa ip(t) BpeMeHHOU dop-
Mbl 7 Mc/160 Mc, HalEHHBIX ONMMUCAHHBIM BBILIE MIYTEM.
HMcxons u3 COOTHOWICHHS BHIA Occi™lmp/Scoi, NaHHBIE
TabJ. 7 TO3BOJIAIOT OLEHUTh YMCIICHHBIE 3HAYEHUS KpH-
THYECKHUX IUIOTHOCTEH Jcci B mpoBojax (kabensix), mo
KOTOPBIM B MPOJOJFHOM HANpaBICHUH MPOTEKAET MII-
JIMCEKyH/IHBIH allepHOANYeCcKUi MMITYJIbC TOKa ip(t) Bpe-
MeHHOH dopmer 7 Mc/160 mMc ¢ ammutynoi |y, u3Me-
HsItonIelics B mupokom auanaszone ot 100 A mo 1000 A.

Tabnuua 7

YucneHHble 3HAYCHHST KPUTUUSCKUX CEUCHUN Scej TSl HEH30IIH-
POBaHHBIX IIPOBOJIOB M H30JIMPOBAHHbIX MIPOBOOB (Kabereit) ¢
ME/IHBIMH (aJTFOMUHHEBBIMHU) KuIamu (06onoukamu), [IBX, P u
[I5T m3ostueti B nenssx BCUT, HCHBITRIBAIOMINX BO3ICHCTBUE

MHUJUTUCEKYHIHOTO HMITYJIbCa TOKa BpeMeHHOit (hopmbr 7 mMc/160
Mc, aMIuIITya |y, koToporo usmensiercs or 100 A no 1000 A

Bun nzons-
LIUH B TIPOBO-
ne (kabere)
CHUJIOBOM LIETIH

2
Matepua 3HaueHue ceueHUs Seoj, MM

sxutbl (060-
JIOYKH) [POBO-

Ammuryga |y, HMITyIbca TOKa
7 mc/160 mc, A

Beut | 7@ (<abens) oa T e00 | 835 | 1000
be3 uzomsiun,
TIBX. P n Menn 0,077 | 0,387 | 0,647 | 0,775
TI9T wmzons- .
st Amomunnii | 0,103 | 0,518 | 0,865 | 1,036

W3 npuBeneHHbIX B TaOs. 7 KOJMYSCTBEHHBIX JaH-
HBIX cneuyeT, YTO OLICHOYHBLIC KpI/lTl/I'-IeCKI/le aMHHI/ITy[l])l
IIOTHOCTEH Occi~lmp/Scai MHILIMCEKYHIIHOTO allepHOaY-
4eCKOTo MMITyJIbca Toka ip(t) dhopmsr 7 Mc/160 mc ¢ ABII,
COOTBETCTBYIOIIMMH OCHMJIOrPAMME Ha pHUC. 2, JUIsl He-

M30JIMPOBAHHBIX MPOBOJIOB C MEAHBIMU U ATIOMHHUCBbI-
MH JKHIIAMH, a TaKXkKe MPoBoI0B (Kabeeit) ¢ MEeTHBIMH U
AMIOMUHUEBBIMA  KHIAaMH  (00OJIOUKAMM), HMMEIOIIUX
I[IBX, P u IIDT I/I3OJ'DILII/I}O qucneHHo COCTaBJIAIOT MpU-
mepHo 1,29 kA/Mm? i 0,97 KA/MM? COOTBETCTBEHHO.

6. Pe3ysibTaThl KCIHEPUMEHTAILHOH NPOBEPKHU
PACYeTHBIX COOTHOINEHHi ISl BHIOOPA KPUTHYECKHX
cedeHuil Sce M MUIOTHOCTEH Jcci TOKA B MpoBoaax (Ka-
oensnx) uemeidi BCUT. [lannyro npoBepky paboTocmo-
COOHOCTH PEKOMEH/IYEMBIX JJIsl pACYETHOTO OIpeIelICHH s
MO0 COOTHOIICHUIO (1) KPUTHYECKUX CeUCHU Scoj MPOBO-
noB (kabeneif) ¥ 10 COOTHOIMIEHUIO Jcci™lmy/Scoi KpHTH-
YECKHX aMILIUTY]] ILIOTHOCTEH MMITYJIbCHOTO TOKa ip(t) B
ux xmiax (00009Kax) OCYIIECTBUM Ha MOIIHOM CHJIb-
HOTOYHOM BbICOKOBOJbTHOM I'TM [13], Mmozmenupyromiem
HopmupoBanubie mo [10] ABII ummynbcHON A- KOMITO-
HEHTBl TOKa MCKYCCTBEHHOH MojHMH (cM. puc. 1) u oc-
HAII[EHHOM [OBEPEHHBIMU T'OCYAaPCTBEHHON METPOJIOTH-
YeCKOH Cy’k00i COOTBETCTBYIOLIMMH CPEACTBAMH H3Me-
purtenpHON TexHuku [15]. linst aToro BHaYasme OCyIecT-
BUM Ha YKa3aHHOM I'EHEpaTtope BO3ACHCTBHE ITOW KOM-
MOHEHTHI TOKA MOJIHUM C HOPMUPOBAHHBIMH 110 TpeOoBa-
HusiM [10] ABIT (1yp1~—205 KA; Inps=—16,9 xA; T,~200
MKc; ANl /1 mpa)=2,495;  1,~38 MKkc; Joia=2, 17 10°
A? :C), MpEeABapUTENIBHO TMONyYaeMOi Ha JKBHUBAJICHTE
Harpysku (kabere Mapki PK 75-17-31 ¢ MemHOM KXUIOM
ceuennem 10,2 mm?), Ha onbITHEIH 06paszern (00) wiHHOI
0,55 M nposoga mapku [1B-2,5 ¢ [IBX wuzomsueit u ce-
YCHHUEM PACUICTTICHHON MEIHOW JKWIIbI, paBHBIM S1~2,5
MM?. COTJIACHO yKA3aHHBIM BBIIIE HCXOIHBIM JAHHBIM
11st ABIT ncnonib3yeMoro 3aTyXaroiero CHHyCOUIalbHO-
T0 WMITYJIbCa TOKa MHKPOCEKYHIHOTO auamasona u (1)
KPUTUYECKOEC CCYCHUE [JId HCIBITBIBAEMOI'O MeﬂHOFO
IIPOBO/IA OKA3BIBAETCS IPUMEPHO PABHBIM Scci™3,34 MM,
DTOMy KPHUTHYECKOMY CEYEHHIO NPH |lmpi[<205 KA coot-
BETCTBYET KPUTHUCCKAs AMILIMTYJIa IUIOTHOCTH JIaHHOTO
HMIyJIbCa TOKA, YUCICHHO paBHas Jcc1~61,4 KA/MMA.
BunHo, 4T0 S1<Sccr. B 3T0i#1 cBsA3M MOXKHO OBLIO erie 10
MPOBEJCHUS 3aIUIAHUPOBAHHOTO JKCIIEPUMEHTa 3aKIIo-
YUTh, YTO MCCIICAYEMBIil IPOBOJ MPU BO3ACHCTBHHU HA €0
MEJTHYIO KITy CeueHHeM Si~2,5 MM® HMITy/IbCHON A-
KOMIIOHEHTBl TOKa MOJHHM C HOpMHpoBaHHbIMU ABII
JIOJDKEH MoABeprHyThCst OB u BeIiTH U3 cTpos. [leiicTBu-
TEeNbHO, JAHHOE 3aKII0YCHHE MOATBEPIHMI MPOBEICHHBIN
Ha YKa3aHHOM CWJIbHOTOYHOM ['TM B ycCioBUSIX BBICOKO-
BOJIBTHOH 11a00OpaTOPHH COOTBETCTBYIOIIUIA 3JIEKTPOdH-
3UYECKUI IKCIIEPUMEHT, PE3YJIbTaThl KOTOPOI'O MPUMEHH-
TENbHO K XapaKkTepy Pe3KOro M3MEHEHHs BO BpeMeHH t
u3-3a DB MeaHOM Kbl ceuenneM Sey<2,5 MM HCTIBITHI-
Baemoro rnpoBoaa Mapku I1B-2,5 ¢ [IBX usomsanuet uc-
XOZHOTO UMITyJIbca TOKa in(t) mpencrasiens! Ha puc. 3.

W3 mannbix puc. 3 cinexyer, uro OB B paspsaHoii
menu ykazanHoro ['TM MemHOM KUJIBI cedeHneM 1~2,5
MM ripoBosa Mapku [1B-2,5 ¢ TIBX u3osiueii BbI3bIBaeT
PE3KYI0 1ehOpMALMIO IPOTEKAIOLIETO 110 HEMY HMILyJIbCa
TOKa ip(t) mo cpaBHEHMIO C ero McxomHoH (opmoit (cM.
puc. 1). W3 ocmmutorpaMMbl Ha puc. 3 BBITEKAaeT, YTO
SKCIICPUMECHTAJIbHOC 3HAYCHUC Kpl/ITPl‘leCKOﬁ AMIIIUTYy bl
IUIOTHOCTH dccy MUKPOCEKYHIHOTO MMITYJIbCa TOKA ip(t) B
MPOBEICHHOM 3IIEKTPOPU3HIECKOM OmbITE COCTABIISET
1puUMepHO et || mp1l/Sci=66,7 kA/Mm2. TTo CPaBHEHHIO C
PpaCyYC€THLIM 3HAYCHUEM Kpl/ITI/I'-IeCKOI/l AMIUIATY bl IJIOT-
HOCTH Jccy MCTIONB3YEMOr0 B 9KCIIEPUMEHTE 3aTyXarollle-
IO CHHYCOMJQIBHOIO MMIIJIbCa TOKA in(D), COCTABIISIIO-
UM 1™l mp/ Scc1®205 kA/3,34 MM 2261,4 kA/Mm?, T0-
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Jy4eHHOE ONBITHOE 3HAYEHHE U1 KPUTHIECKOH IUIOTHO-
CTH Jcc1 TOKA OTJIIMYACTCS OT Hero npumepHo Ha 8 %.
@ Acq Complete M Pos: 2000 us CURSOR

Delta
14.8Y

Cursor 1
0.0y

Cursar 2
: : : =14.8Y
CH1 S0y 1 50008 CH1 S =100y

Puc. 3. OcumiorpaMma UMITYJIBCHOM 4- KOMITOHEHTHI TOKa
HCKYCCTBEHHOW MOJIHUH, 1e(OPMHUPOBAHHON TporieccoM OB B
paspsaanoit uenu I'TM paciuernieHHONH MeIHOM XKUJIbl CEYEHUEM
S~2,5 mm? nenbiteiBaemoro OO mpooga Mapku 11B-2,5 uim-

Hoii 0,55 M ¢ IIBX m3onsumeit (I ~—166,7 kA;

Occt mp1l/ Sc1~66,7 kA/MM%, MacurTa6 o Beprakany — 56,3

KA/kierka; MaciuTab o ropusonTtain — 50 Mxc/kierka) [1, 14]

Ha puc. 4 noka3zan oOmmuii Bux paboyero crosia Bbl-
COKOBOJIbTHOrO cuiibHOTOYHOrOo I'TM, Ha KoTOopoMm 3a-
KpEIJICH UCIBITHIBAEMbII Ha JIEKTPOTEPMHUUECKYIO CTOH-
KOCTb K BO3JICUCTBUIO UMITYJILCHOM 4A- KOMIOHEHTHI TOKA
HCKYCCTBEHHOW MOJIHUM ¢ HOpMHUpOBaHHBIMH 110 [10, 11]
ABIT (lypn=—205 KA; Inp3~—16,9 xA; T=200 mkc; t,~38
MKC; ApIN(lppr/l 1pa)=2,495; Jia=2,17-10° Ac) OO pa-
muodactotHoro kadens mapku PK 75-4-11 mmnaow 0,55 m
CO CILIOIIHOM MEIHOM miIoi ceuenneM S1=0,407 MM 1
MEJHOM OILUIETKOM ceueHneM ,=2,44 MM JI0 BO3JEHCT-
BUSI HA HETO YKa3aHHOTO MHKPOCEKYHHOT'O UMITYJIbCHOTO
ToKa ip(t). BHyTpeHH:sa MenHas skuIa U Hapy)XKHAs MefHas
000J109Ka-0IuUIeTKa Ha Kpasx 3Toro kabens ObUn coeqrHe-
HBI [TAPAUICIBHO M BMECTE TOIKITIOYEHBI K Pa3psIIHON 1ie-
ITH CHJIBHOTOYHOTO BEICOKOBOJILTHOrO I'TM [14].

L g
Puc. 4. O6mwuii Bug padouero crosna I'TM c xxecTko 3aKperuieH-
HBIM Ha €r0 MacCHUBHBIX ATFOMHHUEBBIX DIICKTPOAX HCIBITHI-
Baemoro OO paanovacrotHoro kabesns mapku PK 75-4-11 jym-
Hoit 0,55 M co crutomHoi MeaHOM )uoi ceueHrueM S1=0,407
MM | MEJIHON 000JI0YKOM-OIJICTKON ceueHueM Sp=2,44 MM
10 BO3JICHCTBHSI HA HETO UMITYJILCHON A- KOMIIOHEHTHI TOKa
HCKYCCTBEHHOM MOHIUU ¢ HOpMupoBaHHbIME ABII (kuna u
000JI04Ka-0IIETKA Ha KOHI[AX ATOr0 KaOesst ObUIH BKIIOYEHBI B
CHJIBHOTOYHYIO paspsianyto uens I'TM napamiesnsHo) [1, 14]

Ha puc. 5 npuBeneHa ocuuyuiorpamMma HCIOIb3ye-
MO B 3KCIIEPUMEHTE UMITYJIbCHONW A- KOMIIOHEHTHI TOKa
HCKyCCTBEHHON MOJHHH, NeopMHpOBaHHONH DB MemHBIX
TOKOHECYHIMX 4acTed ucnbiThiBaeMoro OO panuovactor-
Horo kabens mapku PK 75-4-11 ¢ cyMMapHBIM IOIIEPEYHBIM
CEUYCHUEM XKUJIbI U OIUIETKH, PaBHBIM (Sc1+Sc0)~2,85 MM

CURSOR

@ Acq Complete B Pos: 20000 us

Delta
164

RN R RN R R RN NN NN

Cursor 1
000w

Cursar 2
=164y

CHT ™ =100

i 50,005

Puc. 5. OcumorpaMMa UMIyJIbCHON A- KOMIIOHEHTHI TOKa
HCKYCCTBEHHOH MOJIHHY, AeopMHpOBaHHOI OB B pazpsaHoi
menu ['TM crutomHo#i MeaHOM Kuibl ceueHueM S-1=~0,407 MM

H MeJIHO# OIUIETKH cedeHHeM Scp=2,44 MM HCIIEITHIBACMOTO

OO mmuHoit 0,55 M panuogactoTHOro Kabens mapku PK 75-4-11
¢ IIOT momsrmeit (Imp~—184,7 xA; dcci™|l mpal/ (Sc1+S2)~64,8
kA/MMZ; MaciTab no Beprikanu — 56,3 KA/KieTka; MacuITab

o ropusontany — 50 mkc/kierka) [1, 14]

CHT Su00v

Ha puc. 6 moka3aH BHeUIHHH BUI padO4ero croia
I'TM cpa3y mnocie BO3AEHCTBUS YKa3aHHOI'O HMITYJIbCA
TOKa ip(t) Ha MCIBITBIBaEMBIH B €ro CHIBHOTOYHOH pa3-
psaaHoi niem OO kabens mapku PK 75-4-11 ¢ T19T wuzo-
JSIMEH W TIOJHBIM CEYCHHEM €Tr0 METHBIX TOKOHECYIIHX
qacreit (SeitSer)~2,85 mm?. Us-3a Hactymusinero B OO
kaOeJst siBieHuss OB ero CriomHoi MeAHON JKHIIBI U T0-
JIOW MEIHOM 000IOYKH-OIIIETKH MIPOU30IILIA CyOIMMaItis
€ro MeIHBIX TOKOHECYIINX YacTel ¢ pa3pylleHHeM Mosic-
HoW 1 3amuTHOH 10T M30sIMK HCTBITEIBaEMOTO 00pas3-
1a kabens. V30JA1MOHHBIC U METAIMYSCKUE IJIEMCHTBI
pabouero croma ['TM moxBeprivch aKTHBHOM MeETaJUIH-
3alMy Tapamu Meau Oypo-kpacHoro mBeTa (cM. puc. 6).
Ha manaom croie B 30He OB ncneiteiBaemoro OO kabens
HAOJIOMaeTCs MPHUCYTCTBUE MEJIKUX PACIUIABICHHBIX U
00yTiIeHHBIX PparMeHToB ero 3amutHoi [13T m3omsiun.

Puc. 6. Buemnwmii Buj pabdouero croixa I'TM nocne 9B Tokone-
CyIIUX YacTel UCTIBITHIBAEMOTO B €r0 CUJIbHOTOUHON Pa3psqHON
uenu OO anuHo#t 0,55 M paguouacroTHoro kadens mapku PK
75-4-11 ¢ [10T n3onsauueil ¥ BKIIOYSHHBIM B pa3phlB pa3psiAHON
LIeTTY BEICOKOBOJIBTHOT'O T'€HEePaTopa CyMMAapHBIM CEYEHUEM €ro
MEJTHOM JKUIIBI ¥ MEIHOM OIIETKH, paBHbIM (Sc1+S:2)~2,85 MM?
(Irpr=—184,7 kA; Seclmpal/(SertSc2)64,8 kA/MM?) [1, 14]

N3-3a TOTO, YTO JUIsl UCTIBITEIBAEMOTO Kadelss MapKu
PK 75-4-11 Beimonusercs HepaBeHcTBO BHa (ScitScr)<Scei
€ro TOKOHecylure MeaHble yactu Bmecte ¢ [IBX wuzomns-
[Uel OBUTH Pa3pyIICHBI MPOSBISIOMIAMCS B IIPOBEICHHOM
omnbiTe DB CIUIONIHOM KPYIIIO# KUIIBI U TIOJIOH 000JI0YKH-
omieTku BhIOpaHHOTO THIOpa3sMmepa KIIII. IIpu pacuer-
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HOM 3HaueHud 10 (1) KPUTHYECKOro cedeHHs I 3TOro
TUNa Kabens, paBHOM Sci~3,34 MM2, pacyeTHas KpUTH-
Yyeckas aMIUIUTYAa IUIOTHOCTH Jcci IPUMEHEHHOTO B
OIIBITe MUKPOCEKYHJIHOTO HUMITyJIbca TOKa iy(t) 11 Hero
YUCJIEHHO COCTaBIsIA  Jcgi™l my/Sci=61,4 KA/mm?. U3
OCLIMJIOTPAMMBI Ha PHUC. 5 BBITEKAET, YTO IKCIEPHMEH-
TaJbHOE 3HAYCHHE KPUTHYECKON aMIUIUTYIbI INIOTHOCTH
Occi YKa3aHHOTO HMITyjbca ToKa ip(f) okaspiBaercs 1o
MOJYII0 YHCIEHHO pPaBHBIM  Occil mp/(ScitSc2)~64,8
KA/MMZ. BHIHO, 4TO MOTYYEHHOE ONMBITHOE 3HAYECHUE JUTA
BEJINYMHBI KPHTHYECKON aMIUTUTYIbI ITIOTHOCTH Jcci UM-
IyJibca TOKAa MHUKPOCEKYHIHOW JUIMTEIBHOCTH B HCCIe-
IyeMoM Kabele OTJIMYaeTcs OT €€ COOTBETCTBYIOLIETO
pacueTHOro 3HaueHus He Oosiee yem Ha 6 %. Takum 00-
pa3oM, BBIIIOJIHEHHBIE Ha CHIIBHOTOYHOM BBICOKOBOJIBT-
HOM I'TM skcnepuMeHTaIbHbIE UCCIEA0BAHUS IPUMEHU-
TEJIBHO K MHKPOCEKYHIHOMY HMILYJIbCY ToKa ip(t) mox-
TBEPIWIN PabOTOCHOCOOHOCTh MPEUIOKEHHBIX pacyer-
HBIX COOTHOILICHUH 110 ONPEeTICHHI0 KPUTHYECKUX cede-
HUN Scoj M KPUTHYESCKUX aMIUTUTY]I INIOTHOCTEH Jccj TOKA
IUIsl YKa3aHHOTO BPEMEHHOIrO JHaIia3oHa B TOKOHECYIINX
9acTAX MPOBOJIOB U Kabeei cumoBbix neneid BCUT

BeiBoasbl. 1. IlpeanoXeHHBIH IEKTPOTEXHIIESCKHA
ITOIXO TIO3BOJISAET IO yciIoBuio DB B atmMocdeprOM BO3-
nyxe TokoHecymux yacted KIIII ocymectBiste mnpu-
OJMKEHHBIN pacyeT KPUTHYECKHX ITONEPeYHBbIX CEYeHHI
Scci ¥ aMIUTUTY]T TUIOTHOCTEH dcgy TOKA Uil HEM30JIUPO-
BaHHBIX MPOBOAOB C MEAHBIMH (aJTIOMUHHUECBBIMHU) JKUJIA-
MH, a TaKXKe I W30JMPOBaHHBIX MPOBOIOB M Kaberneil ¢
MeJHbIME (QTFOMHHHEBBIMH) SKHIaMu  (000I0YKaMu) €
I[IBX, P u II9T usonsuuei, mo KOTOPHIM NPOTEKAET UM-
HyIbCHBIH TOK ip(t), ABII KOTOpOro U3MEHAOTCA B HAHO-,
MHKPO- U MIJUTUCEKYHTHOM BPEMEHHBIX JUaNa30Hax.

2. Ha ocHOBaHWMH TOJyYEHHBIX MPHOIMKEHHBIX pac-
YETHBIX COOTHOLICHNH NPOJIEMOHCTPUPOBAHbI KOHKPETHbIE
BO3MOXXHOCTH  HPEJIOKEHHOTO  3JIEKTPOTEXHHYECKOTO
MO/IX0Ja 10 BHIOOPY KPUTHYECKHX IONEPEYHbIX CEeUeHUH
Scci ¥ aMIUIUTY [ IIOTHOCTEH Jcci TOKA B YKA3aHHBIX MPO-
Bozmax W kKabemsix cunoBeix nemneir BCUT, mo Toxonecy-
LIMM YacTsIM KOTOPBIX MPOTEKAIOT OOJbIINE UMITYJIbCHBIC
akcuanbHble TOKHM ig(t), n3meHstommecst Bo BpeMeHH t 1o
arneproJNYeCKOMY 3aKOHY WJIM 3aKOHY 3aTyXalolled CUHY-
COMJIBI C TIEPBOM TOKOBOM aMIUTUTYA0H .

3. PacueTHbIM MyTe€M YCTAHOBJCHO, YTO KpHTHYE-
CKHE aMIUTUTYIbI INIOTHOCTEH Occi™l mp1/Scei MMITynbcHO-
IO TOKA ip(t) IUIs1 €ro pacCMOTPEHHBIX BPEMEHHBIX GOpM B
MEIHBIX (ATFOMUHHEBBIX) JKIJIAX HEH30JIMPOBAHHBIX IIPO-
BOJOB M M30JMPOBAHHBIX NPOBOAAX M KabGeJsx ¢ MeIHbI-
MU (aIOMUHHEBBIMK) XuiaaMu (o6osoukamu), IIBX, P u
[I9T wm3onsmuen A HAHOCEKYHIHOTO BPEMEHHOTO JIHa-
[1a30Ha YHUCIEHHO COCTAaBIIIIOT COOTBETCTBEHHO NpHUMEp-
HO 1176 (878) KA/MM?, [Isi MHKDPOCEKYH/IHOTO BPEMEH-
HOro jauanasona — 64 (48) KAMM? 1 s MUJLTHCEKYHI-
HOTO BPEMEHHOro auanasona — 1,29 (0,97) kA/mm?,

4. BBINONHEHHBIE C MOMOIIBI) CHIFHOTOYHOIO BbI-
COKOBOJILTHOTO ['TM 3KCHEpUMEHTHI MPUMEHUTENIBHO K
BO3ICHCTBUIO HA MEHBbIC TOKOHECYIHE YacTH MPOBOAA
mapku [1B-2,5 ¢ [IBX uzomsmueii u kabens mapku PK 75-
4-11 ¢ 19T m3onAuuel MUKPOCEKYHJHOTO 3aTyXaroIero
CHHYCOMJAJBHOTO HMITYJIbCa TOKA MCKYCCTBEHHOH MOJI-
HUKM ¢ HOopMmupoBaHHBIMH ABII cormacHo TpeGoBaHMi
JEHCTBYIOIIEro B 00JaCTH MOJHHUE3AIIUTEl OOBEKTOB ad-
pokocmuueckoi TexHuku pokymenra CIIIA SAE ARP

5412: 2013 noarBepanian pabOTOCIOCOOHOCTh PEKOMEH-
JOyeMBIX PACUETHBIX COOTHOLICHHH JUIs ONpeIeTCHHs
KPUTUYECKHUX CEUCHUH Scoj M aMIUTUTY]T IIOTHOCTEH Ocgi
TOKa B YKa3aHHBIX ITPoBOAaxX M kabemsix ueneir BCUT.

5. Tlony4ueHHbIe pe3yJbTaThl U KPUTHYECKUX Ce-
YeHUH Scoj ¥ IDIOTHOCTEH dccj TOKA MOTYT OBITh HCIOJb-
30BaHbI TAKXKE B MPAKTUKE OCYIIECTBICHHUS B aTMOChep-
HOM BO3IyX€ C IMOMOIIBIO 3ekTpoycTanoBok BCUT sB-
neHus OB HEW30IMPOBAaHHBIX TOHKUX METAJULIMYECKUX
TPOBOJIOB (IIPOBOJIOYEK), MPUMEHSIEMOTO B PsjIE COBpe-
MEHHBIX [IPUKJIAIHBIX IEKTPOPU3NUECKUX TEXHOJIOTHIL.
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Calculation and experimental determination of critical
sections of electric wiresand cablesin the cir cuits of devices
of high-voltage high-current pulse technique.

Purpose. Implementation of calculation and experimental de-
terminations of critical sections and current densities in electric
wires and cables of circuits of devices of high-voltage high-
current impulse technique (HHIT), characterized flowing of
pulse current iy(t) with different amplitude-temporal parameters
(ATPs). Methodology. Electrophysics bases of technique of
high-voltage and large pulse currents, theoretical bases of elec-
trical engineering, bases of electrical power energy, technique
of high electric and magnetic fields, and also measuring tech-
nique. Results. The results of the developed electrical engineer-
ing approach are resulted in calculation choice on the condition
of electric explosion (EE) in atmospheric air of current-carrying
parts of cable-conductor products of critical sections of S¢; of
the uninsulated wires, and also the insulated wires and cables
with polyvinyl chloride (PVC), rubber (R) and polyethylene
(PET) insulation with copper (aluminum) cores (shells) on
which in the circuits of HHIT the pulse axial-flow current iy(t)
flows with arbitrary ATPs. On the basis of this approach the
results of choice of critical sections S; are shown for the indi-
cated eectric wires (cables) of power circuits of HHIT with pulse
current, ATPs of which with amplitudes of I,=(0.1-1000) k4
change on a aperiodic law or law of attenuation of sine wave in
nano-, micro- and millisecond temporal ranges. The results of
calculation estimation of critical amplitudes of current densities
dcci Of -pulses of current iy(t) of the examined temporal shapes
are presented in the indicated electric wires and cables of cir-
cuits of HHIT. By a calculation way it is set that critical ampli-
tudes of current densities dcq; of pulse current ig(t) for its indi-
cated temporal shapes in the copper (aluminum) cores of the
uninsulated wires and insulated wires and cables with copper
(aluminum) cores (shells), PVC, R and PET insulation for nano-
second range are numerically 1176 (878) kd/mn¥, for the mi-
crosecond range 64 (48) k4/mn? and for the millisecond range
1.29 (0.97) kda/mn?. By the powerful high-voltage generator of
current of artificial lightning experimental verification of appli-
cability of the offered calculation relations is executed for the
choice of critical sections S¢; and amplitudes of current densi-
ties dcci in wires (cables) at their EE. Originality. First by a
calculation way for the specific temporal shapes of pulse cur-
rents iy(t) in the discharge circuits of HHIT, changing in nano-,
micro- and millisecond temporal ranges with the wide change of
the amplitudes Iy, on an aperiodic law or law of attenuation of
sine wave, the numeral values of critical sections S¢; and am-
plitudes of current densities dcc; are obtained for the uninsu-
lated wires, insulated wires and cables with copper (aluminum)
cores (shells), PVC, R and PET insulation. Practical value.
Application of the obtained results is in practice of tests of ob-
jects of electrical power energy, aviation and space-rocket tech-
nique on resistibility to action of pulse currents iy(t) with differ-
ent ATPs of natural (currents of the imitated lightning) and arti-
ficial (discharge currents of HHIT) origin will be instrumental
in the increase of electro-thermal resistibility of the uninsulated
wires, and also the insulated wires and cables with PVC, R and
PET insulation of HHIT widely applied in power circuits. Refer-
ences 15, tables 7, figures 6.

Key words: high-voltage high-current pulse technique, elec-
tric wires and cables, calculation choice of critical sections of
wiresand cablesin circuits of pulse technique, experiment.
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ON-LINE VOLTAGE STABILITY EVALUATION USING NEURO-FUZZY INFERENCE
SYSTEM AND MOTH-FLAME OPTIMIZATION ALGORITHM

Purpose. In recent years, the problem of voltage instability has received special attention from many utilities and researchers. The
present paper deals with the on-line evaluation of voltage stability in power system using Adaptive Neuro-Fuzzy Inference System
(ANFIS). The developed ANFIS model takes the voltage magnitudes and their phases obtained from the weak busesin the system as
input variables. The weak buses identification is formulated as an optimization problem considering the operating cost, the real
power losses and the voltage stability index. The recently developed Moth-Flame Optimization (MFO) algorithm was adapted to solve
this optimization problem. The validation of the proposed on-line voltage stability assessment approach was carried out on | EEE 30-
bus and |EEE 118-bus test systems. The obtained results show that the proposed approach can achieve a higher accuracy compared
to the Multi-Layer Perceptron (MLP) and Radial Basis Function (RBF) neural networks. References 37, tables 3, figures 10.

Key words: voltage stability, line voltage stability index, M oth-Flame optimization, adaptive neur o-fuzzy inference system.

B nocneonue 200v1 npoonema necmadunbHOCMU HANPANCEHUA NPUBTEKIA 0CODOE BHUMAHUE MHOUX CIYHCO IKCHAyaAmauyuu u
uccnedosamenei. Hacmoawas cmamos nocesauiena ouenKe @ pexcume OHINAUH CIAOUILHOCHII HANPINCEHUs 6 IHep2ocUcmeme
C UCHOIb306AHUEM AANMUGHON Helpo-HeuemKou cucmembl évleoda (ANFIS). Paspabomannas modens ANFIS npunumaem ¢
Kauecmee 6Xx00HbIX NEPEMEHHBIX GeTTUUUHBL HANPANCEHUS U UX (a3bl, nonyuennsle om wun ¢ cucmeme. Hoenmugpukayun wun
chopmynupoeana Kak 3a0aua ONMuUMU3AyUY, YUUMsléaou|as IKCRIyamayuoHnsle pacxoosl, peansHsle NOmepu MOUHOCHU U
noxkaszamens cmabunvnocmu nanpscenus. Heoaeno paspabomannviii anzopumm OnmuMuszayuu Memooom MOMbBLIbKA U
naamenu (MFO) adanmuposan ons pewenus oannoii 3ad0auu onmumusayuu. Ilposepka npeonoryceHno20 nodXo0a K OHAAIH
OUeHKe CMAOUIbHOCIMU HANpAXsceHus 6 cemu npoeoounacy na mecmosvlx cucmemax |EEE ¢ 30 wunamu u |EEE co 118
wiunamu. ITonyuennvie pesynvmamovl noOKazvleaiom, 4mMo npeonazaemvlii NOOX00 Modcem obecneuums 0onee GblCOKYIO
mMoYHOCMb RO CpasHeHuio ¢ mhozoyposnesvimu neiponnvimu cemamu (MLP) u neiponnsimu cemamu c paouanvuvimu
oasucnvimu Gynxyuamu (RBF). butn. 37, Tadn. 3, puc. 10.

Kniouesvie cnosa: cTadMIBLHOCTH HANPSIKEHHs, TOKa3aTeJb CTAOMJILHOCTH HANPSLKEHWS CeTH, ONTHMM3AIUs MeTOHAOM

MOTBHUIbKA M INIAMECHH, aJaniTUBHAsA Heﬁpo-ﬂequKaﬂ CHCTeMa BbIBO/JA.

Introduction. The changes in power systems
parameters such as loading, generator reactive power
limits, action of tap changing transformers, load recovery
dynamics and line or generator outages may cause a
gradually and uncontrolled drop of voltages leading to
voltage instahility [1]. Severa methods have been proposed
for voltage stability analysis, such as modal analysis [2],
sensitivity analysis [3], continuation power flow [4], and
voltage stability indices [5]. However, these methods are
inappropriate for on-line voltage stability evaluation due to
the time consumption and computational requirement,
mostly in the case of large power systems.

In recent years, the application of Artificial Neural
Networks (ANNs) in voltage stability assessment has
atained increasing importance. The main reasons are its
ability to do parallel data processing with high accuracy
and fast response [6]. Several ANN architectures have been
proposed in the literature for on-line voltage sability
monitoring. Debbie, et al. [6] presented an ANN-based
Multi-Layer Perceptron (MLP) method for on-line voltage
stability monitoring. Chakrabarti [7] developed a new
method for on-line voltage stability monitoring using MLP
network and regression-based technique of selecting
features for training the network. A single ANN trained by
the back-propagation algorithm to evauate the voltage
stability of power system incorporating FACTS devices has
been proposed in [8]. Further enhancement of ANN
performance in an on-line monitoring of voltage stability
has been achieved by reducing the input data into an
optimal size using Z-score-based agorithm [9]. It is
worthwhile to note that the load real and reactive powers
are generaly used as the input information for the ANN.
The application of ANN-based Radid Basis Function
(RBF) for on-line voltage stability evaluation has been

performed by severa researchers [10-13]. Although the
ANN has gained attention from researchers as atool for on-
line voltage stability evaluation, it requires an extensive
training process and a complex design procedure [14].

The ANFIS is a powerful artificial intelligent
technique that combines the advantages of fuzzy logic and
neural network. It has been applied to different power
system areas such as transmission line faults [15], power
quality [16], frequency control [17], and power system
stability [18]. One of the first voltage stability approaches
in which ANFIS agorithm was applied is reported in
[19]. In [20], a novel approach for voltage stability
evaluation using ANFIS model has been developed. The
developed method is constructed in conjunction with the
input information of voltage stability indices termed as
the VOSTA, while the MW distance between the
operation point and the collapse point is taken as the
output vector. Authors in [21] used a subtractive
clustering (SC) method and ANFIS to predict the Voltage
Stability Margin (VSM), where different voltage stability
indices are used as input variables. The ANFIS model has
been also adapted to predict the loadability margin of the
power system incorporated STATCOM and SVC, the real
and reactive powers at all buses are used as the input
variables [22, 23]. However, for large power systems,
training ANFIS model with large input features consumes
large training time.

In this paper, ANFIS soft computing technique is
applied with the aim of developing an on-line voltage
stability evaluation model. The developed ANFIS model
takes the voltage magnitudes and phase angles obtained
from the weak buses in the power system as the input
features. In order to identify the weak busesin the system,
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an optimization problem considering the operating cost,
the real power losses and the voltage stability index is
formulated. The recently developed Moth-Flame
Optimization (MFO) agorithm [24] is adapted to solve
the optimization problem. The proposed approach is
implemented on IEEE 30-bus and IEEE 118-bus test
systems. The results of comparison indicate that the
proposed model could achieve more accurate results than
the Multi-Layer Perceptron (MLP) and Radial Basis
Function (RBF) neural networks techniques.

ANFIS architecture. ANFIS introduced by Jang
[25], is a machine learning technique incorporates the
advantages of ANN and fuzzy logic system. The ANFIS,
which is based on the Sugeno—fuzzy inference model,
constructs an input—output mapping according to both
fuzzy if—then rules and stipulated input—output data pairs
[26]. The fuzzy if-then rules are given by the following

equations [25]:
Rulel:if xisA;andyisB;
f1=px+qy+r, )
Rule2: if xisA;andyisB;
fo = poX+apy+r2, 2

where x and y are the inputs, A, and B; are the fuzzy sets, f;
is the i™ output, pi, g and r; are the design parameters
determined by the neural network.

Generally, the ANFIS consists of five layers
configured analogously to any multi-layer feed-forward
neural network. The functionality of these five layers is
given asfollows[25]:

o Layer 1 every nodein thislayer isgiven by:

Oy = up(x), 1=1,2; 3

Oy = ugily), i1=1,2 @)
where ux(X) and ugi(y) can adopt any fuzzy membership
function (MF).

e Layer 2 this second layer is considered as a rule
layer. The inputs of this layer are the MFs and the outputs
aregiven as.

W= (%) pgi(y), 1= 1,2; (5)

e Layer 3 the nodes in this layer play a normalization
role.

W = W =12 (6)
Wi +W5

o Layer 4 nodes are adaptive with node function given
by Layer 1 for a first-order model, and with parameters
referred to as defuzzifier of consequent parameters.

e Layer 5 consists of single node, which makes the
sum of all therules' outputs.

In this paper, ANFIS with Subtractive Clustering
(SC)-based learning technique [27] has been used. The SC
technique has the advantage among others clustering
methods that its computation is simply proportional to the
number of data points and independent of the dimension of
the problem under consideration. This is a very useful
feature to benefit from regarding the need of fast calculation
time [21]. Details of the algorithm can be found in [28].

Determination of weak buses using Moth-Flame
Algorithm MFO Optimization.

Line voltage stability index (L.y,). Voltage stability
evaluation is currently one of the most important research

areas in the field of electrica power system. Several
methods have been used for voltage stability evaluation
and weak buses identification, such as P-V and Q-V
curves [29], continuous power flow [30] and voltage
stability indices [5]. In this paper, the line voltage stability
index Ly, [31] is used for on-line voltage stability
evaluation. The L, index is defined as follows:

4XQr
L = —Q2 <10, @

[Vssin(-5)]
where X is the line reactance, Q; is the reactive power at
the receiving end, Vs is the sending end voltage, @ is the
line impedance angle and ¢ is the angle difference
between the supply voltage and the receiving voltage.

The value of L, index ranges from 0 (no load) to 1
(voltage collapse) and it must be less than 1 for stable
systems.

Problem formulation. In this section the
methodology to find the weak buses in an existing power
system is presented. The main reason for the voltage
collapse is the sag in reactive power at various locations
in power system. Therefore, the weak buses in the power
system can be identified as the buses which need reactive
power support. In this context, the identification of the
weak buses can be mathematically formulated as a non-
linear optimization problem, where the main objective is
the determination of the optimal location for var sources.
The objective function, which has been handled by using
meta-heuristic algorithms, includes the fudl cost, real
power losses and voltage stability index. The general
optimization problem can be written in the following
form:

NG NL
min[f]:Zfi+P|_oss+ZLmn, (8)
i=1 i=1

where f; is the fuel cost of the i™ generator, NG is the
number of generatorsin the power system.
Thefud cost curveismodded by quadratic function as:

fi=a +bPg +GPR ©
where Pg; is the actual power produced in the i generator
a;, by, and ¢; are the invariant factors.
The active power loss is expressed as follow:
Plos= D Psi— DR -
ieNG jeNL
The Ly, index is considered as the third part of the
objective function. The equality and inequality constraints
to be satisfied while searching for the optimal solution
can be described by (11) — (15). The equality constraints
represent the real and reactive power equations, which are
expressed as follows:

(10)

Nb
Pgi — Pdi :|U||Z‘UJ‘<G|J COSé‘ij + Bi] Sné‘”}
i=1
b (11
Qqi — Qui :|Ui|Z|Uj|(Gij cosdjj + B Sinf'fij)
j=1
The system inequality operation constraints include:
PN < Py < P (12)

Q" < Qg <QF*; (13)
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Vg;inin Svgi SVéPaX; i=1,2, ..., Ny (14

VM <V <™ =12, 0, N, (15)
where N, is the number of buses, Py and Qg are the active
and reactive power generations at i" bus, P, and Q; are the
active and reactive power demands at i bus, P; and Q are
the active and reactive power injections at i bus, G, By
and J; are the conductance, the admittance and the phase
difference of voltages between thei" and | bus.

The Moth-Flame Optimization (MFO) algorithm
developed by Seyeddi Mirjaili [24] is a novel meta-
heuristic optimization technique inspired by the
navigation of moths in nature called transverse
orientation. In this method, moths fly in the night by
maintaining a fixed angle with the moon, a very effective
mechanism for traveling in a straight line for long
distances [24]. However, sometimes these insects are
cheated by human-made lights. Since such light is very
nearly compared to the moon, using the same navigation
method by maintaining an analogous angle with the light
leads to a worthless spiral fly path, and the moth
ultimately convergesto the light as shown in Fig. 1.

,',T:_> Y &T“

Fig. 1. Spiral flies of moths around a human-made artificia light

Moth-Flame agorithm utilizes this demeanor to
achieve the optimal solutions and presumes moths as the
candidate solutions and their positions in the space as the
optimization problem’s variables. The flames are related
to the optimal solutions (positions) that moths traversed
so far in the optimization process [24].

MFO agorithm is a population-based algorithm, so
the set of mothsis represented in amatrix M

M1 M Mhq
M| T2t T2 Ted (16)
M1 Mo Mh,d
The set of flames can be a so represented by
F F F
F=| 2t 722 2 17)
I:n,l I:n,2 I:n,d

where n is the number of moths and d is the number of
variables.

For evauating each moth, the fitness function
should be given during optimization process, and the
matrix OM and OF are employed to store the fithess value
of moths and flames, respectively

OM;

oM,

OM=|".“; (18)

oM,

OF;

OF,

OF=| .%|, (19)

OF,

where n is the number of moths and d is the number of
variables.

In order to mathematically model the transverse
orientation, the position of each moth is updated with
respect to aflame using the equation

M; = S(M;,F;)=D; -€* -cos(2z 1)+ Fj, (20)
where M; indicates the i moth; F; indicates the " flame; and
Sis the spiral function; D indicates the distance of i"" moth
for | flame, b is a constant for determining the shape of the
logarithm spiral, and t isarandom number in [-1, 1].

D; is calculated as follows

Dy =|F —M;]. (21)

Another concern here is that updating the position of
moths with respect to n different locations in the search
space may degrade the exploitation of the best promising
solutions. To resolve this concern, an adaptive mechanism
is used to provide the number of flames. The following
formulais utilized in this regard:

flameno= round(N -1 N?_lj (22
where iter is the current number of iteration, N is the
maximum number of flames and max_ iter is the
maximum number of iterations.

The gradual decrement in number of flames balances
the exploration and exploitation of the search space.

Weakest buses identification. The implementation of
MFO optimization agorithm in weak locations
identification is represented in Fig. 2 and summarized into
the following steps:

o Step 1. Read power system data (bus data, line data,
and generator data);

o Step 2. Set the values of MFO parameters such as:

- the number of moths;

- the maximum number of iterations;

- the number of variables;

- the upper and the lower bounds of variables (the
real power outputs and the location of reactive power
support). The candidate locations are in the range [1 Ny,
where Ny, is the number of load busesin the system;

e Step 3. Initidlize the position of moths and the
number of flames;

o Step 4. Update the flame number;

e Step 5. Input the positions of moths into the power
flow program and compute the fitness value of each moth
according to the objective function;

e Step 6. The population of moths with the optimal
fitness values will be selected as the flames;

e Step 7. Update the position of moth with respect to
its corresponding flame or one flame;
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e Step 8. Obtain the best moth and fitness value;

e Step 9. If the stop criterion is achieved, go to the
Step 10. Otherwise, repeat steps 4 to the 9;

e Step 10. The best moth comprised the best fitness
value was selected and the best location for reactive
power support was obtained.

Read power system data

|

Set the values of Moths

!

Imitialize the position of moths
and the number of flames

Update the flame
number

|

compute the fitness value of
each moth according to the
objective function

A

Select the optimal fitness values of
moths as the flames

Updatethe position of moth with respect to
its corresponding flame

l

‘ Obtainthe best moth and

Next iteration

fitness value

1

)

Satisfy stopping
creterion

|G

Obtaine the best location for

reactive power support

Fig. 2. Flowchart of the proposed weak buses identification
method

Voltage stability Assessment Using ANFIS Model.
In this section, the proposed methodology to assess the
voltage stability using ANFIS model is described. The
main idea of the proposed method is presented in Fig. 3.
The first step in the off-line phase involves the data
preparation for the training and testing steps of the
ANFIS model. The training and testing data sets are
generated by varying both of the real and reactive powers
at al system buses. The load is increased from the base
value until the system achieves the maximum loading
point leads to the collapse in a power system operation.
Simultaneously, the L, is calculated corresponding to
the different operating points.

The voltage magnitudes and phase angles extracted
from the weak buses in the system are taken as the input
variables of the ANFIS model. While the maximum
corresponding values of L, are considered as the output

variables. In order to evauate the performance of the
proposed ANFIS model, the difference between the
predicted and the actual output values was assessed
according to the correlation coefficient (R), the root mean
square error (RMSE) and the mean absolute percentage
error (MAPE). These indices are represented by the
following eguations [27, 28].

Z:(a ~ar-P)

R=——I= ; (23)
(Sl -aF S -of
AN p)
RMSE = ni;(a, R); (24)
vape - 10 5|3 =R ‘ (25)
i1l &

where a and P denote the actual output and predicted
output sets, respectively, nisthe total number of data.

Fig. 3. Schematic of the proposed on-line voltage stability
evaluation method

Simulation and results. This section presents the
details of the simulation studies carried out on IEEE 30-
bus and 118-bus test systems. The |IEEE 30-bus power
system consists of 6 generators, 41 branches, 4 tap
changing transformers and 2 capacitors as shown in Fig. 4.
The IEEE 118-bus system consists of 54 generators, 186
transmission lines, 9 tap changing transformers and 14
capacitors as shown in Fig. 5. The data of the generators,
loads, and transmission lines for both test systems are
given in [32]. The simulation was done using the
computer with specification Intedl® Core™ 15
2328MCPU@2.20GHz.

Fig. 4. Line diagram of the IEEE 30-bus system
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Fig. 5. Line diagram of the IEEE 118-bus system

Weak Buses Identification and Ranking. As it is
mentioned above, the proposed method to find the weak
buses is based on the determination of the optimal
location for Var sources. The identification and the
ranking of the first five weak buses in the system are
performed using the MFO optimization technique where
the buses are ranked starting with the most critical bus.
The obtained results in the case of |IEEE 30-bus system
are tabulated in Table 1. This Table shows adso a
comparison between the results obtained by using the
proposed method and the results found by other existing
methods in the literature. It is clearly shown form this
Table that the buses 30, 26 and 29 are identified as the
weakest |ocations in the IEEE 30-bus test system.

Tablel
Weak buses ranking for |EEE 30-bus system
Ref [33] 30, 26, 29, 25, 27
Ref [34] 30, 26, 29, 14, 23
Ref [35] 30, 26, 29, 19, 20
Ref [36] 30, 26, 29, 21, 24
Proposed method 30, 26, 29, 28, 7

The proposed method is applied also to determine
the weak buses in the 118-bus system. This power system
can be regarded as a redlistic transmission level power
network in terms of number of buses and branches. It
consists of 118 bus and 186 branches. By using the
proposed method, the first five weakest buses in the 118-
bus system are fond to be 118, 88, 57, 16 and 117.

4
Y- : :

12F-
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—
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Application ANFIS model in voltage stability
assessment. In this section, the ANFIS-based Subtractive
Clustering SC method has been developed to estimate the
Lm index. The input variables of ANFIS model are the
voltage magnitudes and the phase angles of weak buses,
while the output is the corresponding highest value of Ly,
index. The dataset is generated, using conventional power
flow, by varying the load at all buses from the base case
to the collapse point. 80 % of the generated data are used
as the training samples, while the rest 20 % are used to
test the ANFIS model. Afterward, to evauate the
performance of ANFIS model, the difference between the
predicted and actual output values were evauated
according to the correlation coefficient (R), the root
means square error (RMSE) and the mean absolute
percentage error (MAPE).

In order to generate fuzzy rules, using SC technique,
it is critical to determine the adequate value of cluster
radius. According to [37], good values for cluster radius
are usually between 0.2 and 0.5. Table 2 presents the
ANFIS model performance for different cluster radius
values. It is clear from the results that the best value of
cluster radius was 0.2 for both test systems.

Table 2
RMSE results under different cluster radius

Power Cluster radius values

system 0.2 0.3 0.4 0.5

IEEE | 5243710 |8.6545.10%| 13107 14.107*
30-bus . ' . ' " )

IEEE 11 428510 |2.1324.10|2.6604.10|2.5255.10
118-bus

Based on the above settings, the ANFIS model was
trained for the base case and for the different operating
conditions. Fig. 6,a,b depict the training curves of ANFIS
model in the case of the IEEE 30-bus and |IEEE 118-bus
systems. Fig. 7, 8 shows the comparison between the
calculated L, index using conventional load flow and the
estimated ones in the case of |EEE 30-bus and |EEE 118-
bus test systems, respectively. It is clearly seen that the
ANFIS predictions are in good.

Training Error

100 150 200 250 300
Number of Epochs

b

Fig. 6. Training curves of ANFIS modelsin the case of |EEE 30-bus system (a) and |IEEE 118-bus system (b)

Accordance with the load flow values in both steps.
Fig. 9,a,b shows the testing absolute error between the Ly,
index predicted using the ANFIS model and the Ly, index
computed by the conventional load flow in the case of
|EEE 30-bus and IEEE 118-bus test systems, respectively.

It is clearly shown from this Figure that the ANFIS output
values are very close to the target values with maximum
absolute error equal to 0.81-107 in the case of IEEE 30-bus
and 1.39-107 in the case of |EEE 118-bus system.
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Fig. 9. Absolute error in the case of IEEE 30-bus system (a), |EEE 118-bus system (b)

Fig. 10 shows the Linear fits between the actual and  with that of Multi-Layer Perceptron (MLP) and Radial
the predicted values of L, index for both test systems. Basis Function (RBF) neura network [9, 13].
The ANFIS predictions yield a correlation coefficient of  comparison of the statistical indicators values and
0.9823 and 0.9573, in testing phase, for both the IEEE 30-  computation time, for the different models, is listed in
bus and IEEE 118-bus cases, respectively. The obtained Table 3. It is clearly seen, for both case studies of IEEE
results reveded that the ANFIS model has a good 30-busand IEEE 118-bus systems, that the ANFIS model
prediction capability. acquired relatively lower values of RMSE and MAPE, this

In order to further assess the performance of the means that the trained ANFIS model has a superior
ANFIS model in the prediction of the L., index, the performance compared to the MLP and RBF networks.
obtained results are compared, using the same dataset,
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Fig. 10. Linear fits between the actual and the predicted values of L, in testing phase for IEEE 30-bus system (a),
|EEE 118-bus system (b)
Table 3
Performance Comparison of ANFIS, MLP and RBF
Power system Pe(for.mance Training Testing
indices ANFIS MLP RBF ANFIS MLP RBF
RMSE 3.01-10% | 0.0029 | 0.0020 | 524.10* | 0.004 | 0.0032
|EEE 30-bus MAPE 0.0748 0.6504 | 0.3238 0.1090 0.9657 | 0.6004
Time () 6.989 1.9940 | 0.6470 0.0800 0.0060 | 0.0040
RMSE 9.38.10° | 0.0025 | 0.0015 | 1.42.10* | 0.0025 | 0.0015
|EEE 118-bus MAPE 0.02700 0.8410 | 0.4552 0.04030 0.8833 | 0.4542
Time (s) 6.2018 3.5690 | 1.1384 0.07980 0.0065 | 0.0088
Conclusion. This paper presented the application of 5. Modarres J., Gholipour E., Khodabakhshian A. A

an Adaptive Neuro-Fuzzy Inference System (ANFIS) in
on-line voltage stability assessment. The input features of
the developed ANFIS model were the voltage magnitudes
and phase angles obtained from the weak buses in the
system. The problem of weak buses identification is
formulated as an optimization problem and solved using
Moth-Flam Optimization (MFO) algorithm. The ability of
the developed ANFIS model to predict the voltage
stability margin was carried out on IEEE 30-bus and
IEEE 118-bus test systems. Three statistical performance
indices of correlation coefficient (R), root mean sgquare
error (RMSE) and mean absolute percentage error
(MAPE) were considered to further assess the modeling
performance. Through the comparison with MLP and
RBF neural networks, the ANFIS model shows
superiority in the accuracy of estimating the L, index.
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B.B. Kupuk, O.C. Boromonosa

OBIPYHTYBAHHS OIITUMAJIBHOI'O MICLS HIAKJIIOYEHHS J)KEPEJIA
PO30OCEPEJI’)KEHOI'O TEHEPYBAHHS TA 3HAYEHHS MO0 MOTYKHOCTI

Posznanymo nioxio 0o eusnauenns nomyxycnocmi oxcepena poszocepedrcenozo zenepysauns (AP ma onmumanvnozo micys
11020 NiOKNI0YeHHA 011 3a0e3neueHHs MIHIMAIbHO20 3HAYEHHA 6MPAm AKMUEHOT ROMYHCHOCMI 8 3AMKHEHIN eleKmpuuHii
mepesici nanpyzoro 110 kB. Bukonano ananiz éniugy ROMyMCHOCHMI COHAYHOL eJ1IeKMPOCMAHYIL HA PEXNCUMHI napamempu mepe-
Jci. 3anpononosano Kpumepiii eusHauenua 3nauenna nomyxcrnocmi [PI" ¢ ey3nax moxcnueozo nioxkniouennsa. Po3pooneno
PeKomenoauii 00 6U3HAYUEHHA ONMUMATBLHOZ0 8Y3/1a NIOKAIOYEHHA 0MCeEPeNa PO30CePeOHCEH020 2eHepayil 6i0n06iOHOT nomyaic-
Hocmi. bion. 8, Tabmn. 3, puc. 5.

Kniouosi cnosa: pxepesa po3nofijieHoi reHepauii, morokopo3noais, koedimieHT 3aBaHTa:keHHs TpaHcdopMaTopa, BTpPaTu
MOTY KHOCTi, HATIPYTa, COHSYHA eJIeKTPOCTAHILIA .

Paccmompen nooxod K onpeoenenuto MOWHOCMU UCMOYHUKA paccpedomouennoi zenepayuu (HPI) u onmumanvnozo ez2o
NOOKNI0YeHusA 01 obecneyenun MUHUMAIbHO20 3HAYEHUA NOMEPL AKMUGHOU MOUIHOCIMU 6 3AMKHYMOIL 21eKMPU1ecKoll cemu
nanpscenuem 110 kB. Bovinonnen ananusz enusHus MOWHOCHIU CONHEYHOU IIEKMPOCHMAHUUU HA PEHCUMHbIE RAPAMENPbL
cemu. Ilpeonoscen kpumepuii onpedenenusn 3navenus mowynocmo UPL ¢ y3nax 603moixcnozo nookniouenusn. Pazpabomansi
PeKomMeHOauuu K onpedenieHut0 ORMUMAIbHO20 Y314 HOOKIIOUEHUA UCMOYHUKA PACCPEOOMOUEHHO20 2eHePAUUU COOMEEmCM-
syroueit mowgpocmu. butn. 8, tabun. 3, puc. 5.

Knrouegvle crosa: MCTOUHMKU pacnpee/ieHHONM reHepaluy, NOToKopacnpeaeineHue, Ko3(pguuueHT 3arpy3ku Tpaicgopmaro-

pa, noTepu MOIHOCTH, HANIPAKCHUE, COTHCYHAHA IJICKTPOCTAHIUSA.

Beryn. B 00’ ennaniil eneprocucremi Ykpainu, sika
€ CHCTEMO YTBOPIOIOUOIO Tally3310, BiIOYBAIOTHCS JOCUTH
cytTeBi 3Mminn. LeHTpanizoBanuii cocid QyHKIIOHYBaH-
HSl CNIEKTPOSHEPreTHYHOI CUCTEMH BHUYEpIaB CBOI pe3ep-
BU. 3aTpaTHO-€KCTEHCUBHHMM ITPHUHIIMII CHPOBUHHOI (I1e-
peayciM BYyTJICIEBI Ta YpaHOBI) €HEPreTHKH MpPHUBIB ra-
Jy3b 10 HEBiBOPOTHO 3pOCTAIOUMX BHUTPAT HA MiATPH-
MaHHSI IapaMeTPiB eJIEKTPOOOIaIHAHHS 1 MEPEX B MEXKax
1X eKCIUTyaTaIiitHOT HaIIHOCTI.

[To3uTnBHI 3MiHH B PO3BUTKY TPaAMLIHHOI eHepre-
THKH O€3MepeyHO Ha MiHIMANBHIA MEXi 1 MojabIie
(YHKIIOHYBaHHS MOKE NPOXOAMTH B HANPSMKY. OCTa-
TOYHOI'O PO3BAIICHHS Ta JOCSITHEHHS TOYKH HEBiIHOB-
JeHHS 1 pyHHYBaHHS €HEPrOCHUCTEMH; a00 y HaIpPIMKY
SIKICHOTO TIepeopMaTyBaHHS CTPYKTYpH Ta Qimocodii
(GYyHKIIOHYBaHHS €JIEKTPOCHEPreTHKH, OpieHTallis Ha
Oe3pecypcHy TeHepalilo BiTHOBIIOBAIBHUX JKEpel
eneprii (BJIE) Ha mpurummnax Bipryaiisamii, 3 BIOpoBa-
JUKCHHSIM CaMOKEPOBAaHUX Ha JIOKAJIBHHUX PIBHIX «PO3Y-
MHHX MEpex», 3 po30yJ0BOI0 PO3MOMIIBHUX MEPEX Ha
OCHOBI BIPOBAJKCHHS HOBHMX PIBHIB HANpyr Uil 3MEH-
LICHHS BTPAT MOTY)XHOCTI, YAOCKOHAJIEHHSIM Ta PO3BUT-
KOM TOIIOJIOTIi Mepex.

CBiToBHUI OCBIJ MTOKA3ye, 110 31 30UIBIIEHHSIM Yac-
TKHA PO3MOIUIEHOI T'eHepaii, B TOMy YHCIi 1 Ha OCHOBIi
BiTHOBIIIOBAHMX JKEpET €Heprii, BHHUKAaE HEOOXiTHICTh
BUPILICHHSI PsIy HPOOJIEeM: CTOXACTUYHOI'O XapakTepy
BUPOOHHUIITBA e€NEKTpOoeHeprii, 3abe3meueHHs HaiiHOL
pobotu 00’ ekTiB posnoxineroi redeparii (PI') y ckmami
€JIEKTPOCHEPTeTUYHOT CUCTEMHU 31 3MIHOK MiJIXOJIB 0
PEKUMHO-TEXHOJIOTTYHOTO MPOEKTYBaHHsI, IUIAHYBaHHS 1
YIPaBJIiHHS HEI0, PEryJIoBaHHS YacTOTH Ta HAlpyru
00’ exktamu PT, 3a0e3neueHHs] HAMIHHOCTI 1 SIKOCTI €TeKT-
pOIIOCTayaHHs CIIOXKHMBaviB, 3a0e3MeueHHs CTilikoi po6o-
TH JDKeped po3ocepelpkeHoro renepysanns ([PI). B
VYkpaini mi mpoGieMu ToOB’ s3aHi, 3 ogHOTO OOKY, 31 cTa-
HOM, €KCIUTyaTaIli€l0 Ta 0COOIMBOCTSIMH TOOYIOBU €JIeK-
TPUYHHUX MEPEX, 3 1HIIOTO — OCOOIMBOCTAMH (YHKIIOHY-
BaHHS camoro [IPI" B HOpMaipHHX i aBapiiHUX YMOBaXx.

Beenenns JIPT" mae cyrreBmii BrutuB Ha poboty OEC i
BAMAarae CKOOPIUHOBAHOI pOOOTH CHCTEMHUX OIEpaTopiB
MaricTpalnbHUX, palfOHHHX Ta PO3MOJIIBHUX MEpexX MpU
IUTaHYBaHHI Ta MOHITOPUHTY PEXHMIB POOOTH B peajb-
HOMy Yaci [1].

[le oxniero mpobaemMoro, sika BUHUKAE Ha €Tl mpo-
eKTyBaHHS, SABISETHCS BUOIP ONTHMANBHOTO MicUs Mif-
kiroueHHst JIPI" o enexkTpuuHOi Mepesxi, OCKUIbKY JaHUN
(haxTOp 3HAYHO BIUIMBAE HAa BTPATH MOTY>KHOCTI B MEPEXi
B 1itoMy. baxxaHHs criokuBaya IIOA0 BBEIEHHS MOTYX-
HocTi JIPT" He 3aBXIM CIIBIAAAIOTh 3 TEXHIYHUM MOYKIIH-
BOCTSIMH Mepexi. PI3HHII MiX BTpatamMH NMOTYXHOCTI, Y
BuMaAKy, komn JIPI" migkmodeHo B HAWOIIBII ONITUMAITh-
HOMY, 1 HAMEHII ONTHMAaJbHOMY BY3JIaX, MOXeE IIEPEBH-
mryBatu 10 % [2].

B ocraHHi gecaTuiiTTs 6araTo aBTOPIB 3amporio-
HyBaJIM HOBI METOAW OMNTHUMIi3amii MOIIyKy MicIs Ta
notyxHocti mkepena PT'. ocmigauku [5] posrmsimann
npobnemy nomyky Micus BcraHosnenns JPI" Bukopuc-
TOBYIOYM F€HETUYHUI alrOpUTM Ul MiHiMi3alii HOTOKY
AKTUBHOI MOTY>KHOCTI 10 JIIsHKaX Mepexi. B po6oTi [6]
MOEHAHO J[BA METOJNy IOIIYKY PO3MIIIEHHs JDKepeln 3
CYMILIICHHSIM T€HETHYHOTO aJTrOPUTMY Ta IMIiTalifHOTO
MeTa-eBpiCTUYHOro Metony Bimbopy. Astopu [7] 3acto-
CyBaJHl ajiropurM taly Mmomyky (JOKaJbHOTO MOIIYKY)
JUISL OZTHOYACHOTO ITOLIYKY MICLsi BCTAaHOBJICHHS JKepe-
na PT" 31 BcTaHOBIIGHHSIM B MEpEXi JpKepesia peakTUBHOT
notyxHocti. B po6oti [8] 3anpomonyBanu mMeTox onTu-
Mi3amii Ha OCHOBiI KOJIOHII Mypax sK 3aci0 BHpiIIeHHA
nouryky micup ta notyxsocti JIPT'. [lns nanoro metony
IiJTbOBA QPYHKIIS MiHIMI3yBanach BUXOASUH 13 3arajabHOL
BapTOCTi MEPExi.

OnHak BH3HAUCHHS ONTHMAaJIbHOTO MiCIsl BCTAaHOB-
JIeHHS Ta moTyxHocTi mxepen JIPI™ € He mo kiHOs moci-
JOKEHUM TUTAHHS, aJUKe 3aMIiCTh OYiKyBaHOT'O MOKpaIleH-
HS TTapaMeTpiB eJeKTPUIHOI Mepexi y 0araTboX BHITAI-
Kax CIIOCTEPIraeThes iX MOTipIIeHHS. Y 3B'S3Ky 3 UM, B
poOOTI PO3MIIAHYTO OBI BaXKIUBI 3ajadi MpH BBEACHHI
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JPT’, a came — IOIIyK ONTHMAIbHOT OTYXHOCTI Ta MiCIIs
BCTAHOBJICHHS JDKEpeEna.

Merta po6oTH mosisirae B OOIPYHTYBaHHI BHOOpPY
ONTUMAJILHOTO MICI MIAKIIIOYCHHS JDKepesia po3ocepe-
JUKEHOTO 'eHEepyBaHHs Ta 3HAUEHHS H0T0 MOTYXHOCTI LIS
3a0e3rnevyeHHs MiHIMaIbHOI BEIWYMHHM BTPAT aKTHUBHOI
MOTYXHOCTI B MEPEXi.

VY po3noaiapuux Mepekax 3HIDKCHHS Halpyrd Bif-
OyBaeTbCs B3ZIOBXK HAIIPAMKY €JIEKTPOIIOCTayaHHS CIIO-
JKUBAUiB, BiJl TOJOBHOI IINTHKU IIiHII eleKTpomnepenadi
(JIEIT) mo i kimms. ITicias scramomienus JPI' B Takiit
SJIEKTPUYHIN Mepexi BinOyBaeThCS 3HIKCHHS HaBaHTa-
JKEeHHs KuBWIbHOTO ¢inepa, a Hamnpyra B3goBx JIEIT
Moxe 30unblryBatucs. BaxiauBumu npu npoMy € koedi-
rient noryxHocti JIPI'. Benuunna 3MiHU Hampyru 3aje-
JKUTh Bia Micup BctanoBieHHs J[PI', IXHBOI MOTYXHOCTI
Ta coSp (renepatis abo croxuBanHs) [3].

Criz TakoX 3a3HAYMTH, IO AaKTHBHE Ta PEaKTUBHE
HaBaHTaKEHHS BY3JIiB 3MIHIOETHCS 3 YacoM, IO B CBOIO
Yepry BHUKJIHMKA€e IIE€BHI KOJIWBAHHS PiBHS HANpPyTH B Me-
pexi. Y HampsIMKy Bif roJoBHOI nimstHKE 1o Kinms JIEIT
KOJIMBaHHS HANPYTH, SIK MPAaBWIIO, 301IbIIYyeThCS. SIKIIO
HaBAHTaKCHHS CKOHIIEHTPOBAaHO B OCHOBHOMY O1JIs1 KiHIS
JIEIT abo BimmameHo Bif OalaHCYIOUOTO IIYHKTY, TO pi-
BEHb HaIpyTH Oye KOIUBATHCS OLIbII iHTEHCHBHO [4].

Beenennsa JIPI' B enleKTpu4Hy Mepexy NPU3BOIUTH
JI0 3MiHH 1 peXXMMHHX NapaMeTpiB. BiOyBaeThCs Iepe-
po3mnoxin mortyxkHoctedt mo JIEIT 1 BiagmomigHO 3MiHa
pod Tt HAIPYTH B Mepexi. BaxmmBUMU Npu 1bOMY €
Micrie, To0To By3oun migkmoueHns [P, ta 1i moTyXHICTb.

Bcranosnenns [IPI' B 3amkHeHiil palOHHIN eyekT-
puuHiit Mepexi (PEM) 3i BUIIaIKOBOIO 3MiHOIO MOTYKHO-
CTI TeHepyBaHHA MO)KXE 3MIHIOBaTH HAIPSIMOK ITOTOKIB
moTy>XHocTi. [Ipn monepeHbOMY BH3HAU€HHI By3Ja Mif-
xmogenHs JPI™ ta ii moTy»HOCTI He0OXiTHO BpaxoByBa-
TH TPU MOKJIMBI CHUTYyalii {010 BY3JIOBOTO HaBaHTA)KEH-
Hi1 1 notyxHocti [IPT" B paiioHHIH enekTpu4Hid Mepexi:

1. BiiacHe HaBaHTa)XeHHSI KO’KHOTO By3J1a B Mepexi 0i-
JpliIe abo JOPIBHIOE BUXiMHIN moTyskHOocTi JIPT, migkitto-
YEeHUX JI0 L[LOTO BY3JIa.

2. B PEM icHye moHaliMeHIIe OMH B30I, Ie BUXiTHA
motyxHicteh JIP[' Oinpmna, HiX BacHE HAaBaHTAXKCHHS
BOTO BY3J1a, ane cyMmapHa noTyxHicts JIPI" manoi PEM y
LiJIOMY MEHIIA, HiX ii CyMapHe HaBaHTa)KEHHS.

3. B Mepexi icHye moHaMeHIIIe OTUH BY30I1, ¢ BUXi-
nHa moTyxHicTs JIPI" OinbIma, HiXX BlIacHe HABaHTAKEHHS
BOTO By3Ja i cymapHa notyxHicTs IPT" maHoi Mepexi B
izoMy OinbIIa, HiX 11 cyMapHe HaBaHTaXCHHS.

VY nepuriomy Bumnaaky BcranosiieHi JIPI' B mepexi
OyAyTh BIUIMBAaTH Ha 3MEHIIEHHS BTPAT HOTYXKHOCTI B
Mmepexi. Y npyromy Bunanky JAPT MOXyTh nmepMaHeHT-
HO 30UIbIIyBaTH BTpaTH MOTYXHOCTI y neskux JIEIT
Mepexi, aie, B IIJIOMY, CyMapHi BTPaTH IOTYXHOCTi B
PEM 3HIKYyIOTECSA. Y TPeThOMY BHUMAAKY CyMapHi BTpa-
TH TIOTYXKHOCTi Bciei mepexi OyayTe OinmbIne, HiXK 0
BcranoBieHus [IPI.

Taxkum umnoM, BcTaHoBieHHs: IPT" Moxe K 30i1b-
IIyBaTH, TaK 1 3MEHIIyBaTH BTpaTu moTyxkHocTi B PEM,
[0 B OCHOBHOMY 3QJIC)KHTPH BiJ] BY3IB IMiIKITIOUEHHS B
Mmepexi, noryxnocti JIPI" B Mepexi, iXHbOro KoedinieHra
MOTY>KHOCTI, @ TAKOX B1JT TOIOJIOTIT MEpexi.

Jis  oOrpyHTYBaHHS JMOIUIBHOCTI ONTHMAJIBHOTO
BBeJeHHA NOTYXHOCTI [IPT" y By3/1u 3aMKHEHOI €JIeKTpH-
4HOT Mepexi pOo3poOJIEHO CTapTal-NPOEKT, OCHOBHOIO
1JICEI0 SIKOTO € PO30Yy/I0Ba iICHYIOUOT €JICKTPHUUHOT MEpPExKi
HIISIXOM TTIJIKITIOYEHHS 10 Hel HOBOI MifIcTaHIil 3 METOI0
HaJlaHHS TOCIYTH 3 Ha/IHHOTO ITOCTAaYaHHS €JIEKTPUYHOI
eHeprii CrokuBayaM Ta MOPIBHSHHS MOXIIMBHX CXEM
MIAKITFOYCHHS TiACTAaHIIi 10 Mepexi 3 KOHKYPCHTHHUMH
BapiaHTaMM, M0 MAIOTh CXOXIi TEXHIKO-€KOHOMIYHI ITOKa-
3HUKH. TaKMM YHHOM, IPOBENCHI PO3PaxXyHKH PEKUMHHUX
mapaMeTpiB I SITH TECTOBUX 8-MU BY3JIOBHX 3aMKHYTHX
Mmepex Hampyroto 110 kB pi3Hoi kondiryparii ta Buko-
HAHO aHaJi3 BIUIMBY JDKEPEN PO3MOAIIEHOTO TeHEepyBaHHS
Ha pexuM pobotu Mepexi. [Ipu npoMy po3riisiHyTO Bapi-
anTH minkaodeHHs [IPT 3 MOXIIHBOIO MOTYKHICTIO TeHE-
paiiii B niana3osi Big 13 no 31 MBrT 3 kpokom 2 MBT st
KOXKHOTO 3 BY3JIIB CXeMH. Y SIKOCTI YMOBHOT'O JpKepelia
PO3IIOIICHOTO TeHepyBaHHsI 00paHO COHSYHY (OTOEINEK-
tpuuny crauuito (CEC) mpu yMoBi MPUIHATHUX TOTOJ-
HUX Ta TepUTOpialbHUX (akTopiB ii (yHKIIOHYBaHHS B
Mepexi, TOOTO PO3TIIIHYTO BIDIMB T€HEpallii Ha CHCTEMHI
PEXKHMHI ITapaMeTpH, TakKi SK Halpyra y By3Jax Ta BTpaTH
MOTYKHOCTI B JIiHINX, 0e3 BpaxyBaHHS CTOXAaCTUYHOTO
XapakTepy MOTY>KHOCTI.

AHaii3 peXUMHHX MapaMeTpiB BUKOHYBAaBCS B Me-
xax 80 ycrajeHuX pexuMiB poOOTH, PO3PaxOBaHUX B
nporpamaomy cepenosunni DigSilent Power Factory, mis
KOJKHOI 3 IT' SITH €JIEKTPUYHUX MEPEK.

Ha puc. 1 npencraBiieHa oHa i3 ' ATH CXEM CJICKT-
PHYHOT MEpeXi, JUIs IKNX BUKOHYBABCSI aHAJII3 PEKUMHHUX
napaMeTpiB MpH BBEJCHHI PO3MOiIEHOT TeHepalii B By3-
JU MEPEeXKi.

B Ta6mn. 1 npencraieHi 3HAYCHAS HOMIHAJTBHHUX Ha-
IPYT Ta TOTYXHOCTEH TpaHC()OPMATOpPIB, YCTAHOBICHUX
B By3JIaX MEPEXKi, IPEICTaBICHOI CXEMH.

Tabmuus 1
[Napamerpu TpanchopmMaTopiB y By3iIax Mepexi

Ne By3na 1 2 3 4

Uy, kB | 110/35/10 | 110/35/10 | 110/35/10 | 110/35/10
S, MBA 25 10 10 16
Ne By3zma 5 6 7 8

Uy, kB 110/10 110/35/10 | 110/35/10 | 110/35/10
S, MBA 10 16 10 16

B tabn. 2 pust BubipkoBux motyxHocted (13, 23
ta 31 MBT) COHSYHOI €IEKTPOCTAHIIIT B By3JIaX Mepexi
MIPEeAICTaBIICHI PO3PaXyHKOBI PiBHI HANpyT IpH 3HAYCH-
Hi Hanpyru Ha piBHiI 115 kB B OamancyrouomMy TyHKTI
«0» (BIT).

3 Tabu1. 2 BUHO, IO 3MiHA ITOTYKHOCTI TeHeparii B
NPUHHATHX MeXaX He BHUKJIUKAE IIOHAJAHOPMATHUBHUX
BIZIXWJICHb HAIllpyTd B By3JlaX B HOPMAJIBHOMY PEXHMI, a
BTPaTH B MEpEXi BHACIIJIOK 3MiHHM TOTOKIB IOTY>HOCTI
MaroTh XapakTepHi 3MiHH.

Ha ocHOBI 1aHMX MOJIETIOBaHHS PEXHUMIB OTpHMaHi
HacTynmHi rpadivHi 3anexHOCTi akTHBHHX (puc. 2) Ta
peakTuBHEX (pHC. 3) BTpAT MOTY:KHOCTI BiJ 3aBaHTa)KEH-
HS TpaHC(HOPMATOPIB Y BY3JTaX MEPEXKi, a TAKOXK 3aJIexK-
HICTh BTpAT aKTUBHOI MOTY>KHOCTI BiJl MMOTY>KHOCTI T€HE-
paii (puc. 4).
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Puc. 1. Po3paxyHKOoBa MOJIENb CXeMH elleKTpu4HOi Mepexi 3 JIPT' y nepiiomy By3ini B porpaMHoMy cepenosuiui DigSilent Power

Factory
Tabmuis 2
3HaueHHs Hanpyry y By3nax cxemu 110 kB
[lyHkT, y sixomy
Pcec M1 IKTFOYEHO U4, kB U,, kB Uj, kB U, kB Us, kB Ug, kB U, kB Usg, kB
CEC
1 2 3 4 5 6 7 8 9 10

0 MBrt - 109.6 111.91 111.24 112.2 109.95 112.17 112.8 110.27
1 111.56 112.54 111.68 112.67 110.25 112.32 112.85 110.43

2 110.2 112.84 111.9 112.32 110.03 112.39 112.81 110.31

3 110.01 112.55 112.84 112.28 110.00 112.75 112.81 110.29

13 MBT 4 110.04 112.03 111.32 113 110.47 112.19 112.89 110.54
5 109.88 111.98 111.29 112.72 112.21 112.18 113.22 111.54

6 109.75 112.14 111.86 112.22 109.97 11341 112.9 110.28

7 109.64 111.92 111.24 112.28 110.37 112.17 113.64 110.93

8 109.75 111.95 111.26 112.48 111.24 112.18 113.48 112.32

1 1129 112.95 112 112.98 110.45 112.41 112.88 110.53

2 110.54 113.4 112.3 112.4 110.07 112.5 112.82 110.32

3 110.24 112.92 113.84 112.32 110.03 113.07 112.81 110.3

23 MBr 4 110.32 112.1 111.37 113.54 110.8 112.2 112.94 110.71
5 110.06 112.03 111.32 113.05 113.74 1122 113.48 112.36

6 109.8 112.28 112.26 112.23 109.97 114.21 112.8 110.28

7 109.67 111.92 111.24 112.32 110.61 112.17 114.12 111.32

8 109.84 111.97 111.27 112.65 112.08 112.18 113.9 113.68

1 113.9 113.27 112.19 113.2 110.59 112.48 112.9 110.6

2 110.77 113.77 112.54 112.42 110.09 112.57 112.82 110.33

3 110.39 113.16 114.52 112.34 110.04 113.28 112.81 110.31

31 MBr 4 110.51 112.15 111.4 113.9 111.03 112.21 112.97 110.83
5 110.18 112.08 111.34 113.29 114.85 112.19 113.67 112.98

6 109.89 112.37 112.53 112.34 109.98 114.76 112.8 110.28

7 109.68 111.92 111.24 112.35 110.76 112.17 114.44 111.58

8 109.9 111.98 111.28 112.77 112.66 112.18 114.2 114.6
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Ha puc. 2, 3 B nepuiomy By3i1i CIIOCTEPIra€Thes He-
XapaKTepHUH il IHIIMX BY3JiB PI3KHHA CrHaj KpUBOI
BTpaT MOTYXHOCTI. Takui Xapakrep KPUBOi BUKJINKAHUN
THM, 10 TIPY HAWOUIBIIIH MOTY>XHOCTI TpaHCPopMaropa B
JAHOMY TIYHKTi Mepexi (1o JiHisX KUBJICHHS By3Ja me-
peTiKarTh 3HAYHI HOTOKH MOTY)KHOCTI) MPH 301IbLICHHI
noryxHocti CEC BinOyBaeTbCcsi CyTTEBE PO3BaHTa>KCHHS

7
6

Puc. 2. 3anexHicTh BTpaT akTUBHOT OTY>KHOCTI
BiJl HABaHTa)XEHHs TpaHCopMaTopa

TpaHcdopmaropa Ta 3MEHIIEHHs MOTOKIB MOTYXHOCTI MO
JIHISX 1, SIK HACHIIOK, 3HW)KEHHS BTPAT MOTYXXHOCTI B HUX
Ta MiJBULIEHHS PIBHS HANIPYTH y BY3JIi.

B Tabn. 3. mpezacraBiieHO 3HaYE€HHS BTPAT aKTHBHOI
Ta PEAKTHBHOI MOTYXHOCTI B MEPEXi NPU 3aBaHTaKEHHI
TpaHcdopmaropiB y By3jax Uil BHUOIPDKOBHUX 3HAuYCHb
noryxHnocti CEC.

9.6/
912

868

[ee= Point 1
[ees- Point 2
s+ Point 3

Losses of reactive power in scheme, MV AT

+++ Point 4
e+ Point 5
424 [ea+ Point 6
[ee= Point 7
384 e+ Point §
345 07 265 1B 38 B75 95 B 6 675 25 BB 8 875 955 005 107 107 185 345 130
Transformers loadmg, %

Puc. 3. 3anexHicTh BTpaT peakTUBHOI OTYKHOCTI
BiJl 3aBaHTaKEHHS TpaHc(hopMaTopa

Tabmuus 3
BrpaTn noTy>HOCTI B MEpeXi Ta 3aBaHTaXKCHHs TPaHC(HOPMATOPIB
[lyHKT, y IKOMY Brpatn HOTYIHOCTL 3aBaHTa)keHHA TpaHchopmaropis, %
Pcec T KJTFOYEHO AP i cxeM;QZ
Y )
CEC MBr | MBAp 1 3 4 5 6 7 8
0 MBrt - 2.81 7.23 59.78 71.01 63.09 | 51.83 733 75 77.55 57.93
1 2.16 4.26 30.35 70.58 62.82 51.6 731 74.89 77.51 57.85
2 2.53 5.45 59.43 41.42 62.69 | 5177 733 74.84 7754 57.91
3 247 5.82 59.54 70.57 51.75 | 51.79 733 74.58 7754 57.92
13 MBT 4 2.57 5.65 59.53 70.93 63.04 | 29.65 73 74.96 77.48 57.78
5 2.29 5.27 59.62 70.96 63.06 | 51.58 16.6 74.99 77.23 57.23
6 2.58 4.72 59.69 70.85 62.71 | 51.82 73.3 36.68 77.54 57.93
7 2.59 5.54 59.75 71.01 63.09 | 51.79 73.0 75 4131 57.57
8 2.33 4.99 59.69 70.99 63.07 | 51.69 724 75 77.03 26.6
1 1.93 354 29.63 70.29 62.64 | 51.46 73 74.82 775 57.79
2 243 6.68 59.23 86.15 6246 | 51.74 73.3 74.75 77.53 57.9
3 242 7.32 59.41 70.31 9557 | 5177 73.3 74.34 77.54 57.92
23 MB 4 2.48 6.15 59.36 70.88 63 58 72.7 74.97 77.44 57.89
5 2.23 5.37 59.5 70.93 63.04 | 51.42 68.3 74.98 77 56.78
6 2.52 4.75 59.64 70.75 6248 | 51.81 73.3 48.64 77.54 57.93
7 2.53 6.83 59.74 63.1 51.77 72.9 75 85.95 57.35
8 2.2 5.28 59.64 70.1 63.07 | 51.61 71.9 74.99 76.72 51.61
1 1.9 3.76 44.19 70.08 62.52 | 51.35 72.9 74.77 77.47 57.75
2 242 8.95 59.1 120.06 | 6231 | 51.72 73.2 74.71 77.53 57.9
3 2.48 9.77 59.32 70.15 128.7 | 51.76 73.3 74.19 77.54 57.91
31 MBr 4 247 7.45 59.25 70.84 62.99 | 79.96 72.6 74.97 77.42 57.62
5 2.36 6.28 59.44 70.91 6303 | 51.31 | 1111 | 74.98 76.89 56.46
6 2.54 5.76 59.61 70.69 82.32 | 5181 73.3 70.79 77.55 57.93
7 2.53 9.13 59.74 68.08 | 51.76 72.8 75 11981 | 27.21
8 2.23 6.52 59.61 70.96 63.06 | 51.56 715 74.99 76.5 73.38

3a nasBHocTi B Mepexi CEC, Brparm akTHBHOI
MOTYKHOCTI 3HMUXKYIOTHCS 31 30UIBIIEHHSM MTOTYXHOCTI
reHeparii, 3a BHKJIIOYCHHSIM HaWOIIBIN BiIJaIcHUX
By3ImiB Bin OamaHcyroworo myHKTY BII «0», B sxux
3MEHIICHHS BTpAT Mae Micie npubmm3no 1o 60 % 3a-
BaHTa)XXEHHs TpaHchopmaropiB. Ilpu 3HaUYHWX TepeBa-
HTaxeHHsx TpaHcdopmaropiB (1o 130 %) mae micue
30UIBIICHHST BTpaT PEaKTHBHOI MOTY)XHOCTI B MOpiB-
HsIHHSI 3 BTpatamMu B Mmepexi 6e3 mnoryxuocti CEC.

3anexHICTh aKTUBHUX BTPAT MOTYXHOCTI B MEPEXi BiJ
3aBaHTAXEHHs TpaHC(OpMATOpiB Mae HENiHIMHMNA Xa-
pakrep. Jlis KOXHOTrO By3Jla NpH OJHOMY 3HadeHHI
3aBaHTaXXEHHS TpaHcPopMaTOpa aKTHBHI BTPATH Biapi-
3HAI0TBCA. [Ipu HIKYOMY KoedilieHTi 3aBaHTaXCHHS
MarTh MICIleé MEHII BTPaTH PEaKTHUBHOI MOTY>KHOCTI.
Ilpy migBUIEHHI 3aBaHTAXKEHHS TpaHCHOPMATOpPIB
NIBUIKICTh 301BIICHHS PEaKTHBHUX BTPAT BHUIIA, HIXK
AKTUBHHX.
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Puc. 4. 3anexxHicTh BTpaT aKTUBHOI IIOTY>KHOCTI BiJl MOTY)KHOCTI
reHepanii

Heszanexuo Bix micus MiAKITIOYEHHS 1 MOTY)KHOCTI
reaepanii CEC BTpatn akTHBHOI MOTYKHOCTI B Mepexi
OJTHO3HAYHO 3HIKYIOThCS B TOPIBHSHHI 3 BTpaTamMu B
mepexi 0e3 Beenenns CEC. B mpencrasieniii Ha puc. 1
Mepexi MaeMo JiBa By3nH 1 1a 5, B skuX criocTepiraerbes
MTOTOKOPO3MOAUT MOTYKHOCTi, TOOTO MOTOKU MOTYXHOCTI
IO JIHISAX, SKi )KHUBIATH BY3JIHM, HAIPAaBJICHI 1O HUX BiJ
0aJaHCYIOYOTO ITYyHKTY.

B By3ni 1 HaBaHTa)KeHHSI HAUOIITBIIIE B TIOPIBHSAHHI 3
IHmMHU By3nmamMu i ckiamae 21 % Bim HaBaHTaXCHHS
Mepexi (puc. 5). Ilpy mpoMy OnTHMajbHa ITOTYXHICTE
reaepanii CEC, sixa moxke OyTu BBEIeHa y BY30Jl, IIOBHU-
HHa CTAaHOBUTHU npuban3Ho 29 MBT npu BTparax moryx-
Hocti Ha piHi AS = 1.89 — j3.64 MBA, 3HaYeHHS SKUX €
HaliMEHIIMM B MOPIBHSHHI 3 BTpaTaMM MPH IiIKIIOYEHH]
CEC B inwi By31mu. B po3paxyHkoBomy pexxumi 0e3 BBe-
JICHHSI TeHepalii B Mepexi BTpaTH MOTYXXHOCTI 3HaxXo-
IsThcs Ha piBHI AS= 2.81 —j7.23 MBA.

VY By3mi 5 HaBanTaxkeHHs ckianae 10.2 % Bix cyma-
PHOTrO HaBaHTAXEHHs: B Mepexi. OnTuMaiabHA IMOTYX-
HicTh TeHepanii CEC, ska Moxke OyTH BBe/IeHa y BY30II 5,
MMOBMHHA CTaHOBUTH NpuoOmu3Ho 19 MBT, mpu mpomy
BTPaTH TOTYXHOCTI OyIOyTh 3HAXOOUTHCA Ha piBHI
AS=222-j518 MBA.
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Puc. 5. Cxema enexrpuunoi Mepexi 110 kB 3 koediuientamu
MMOTOKOPO3NOALTY HOTYKHOCTI

Takum 4MHOM, AL JOCTIKyBaHUX BOCBMHBY3JIO-
BUX 3aMKHeHHX Mepex Hampyroto 110 kB BusiBieHa 3a-
KOHOMIpPHICTb, sIKa MIATBEPIXKYE, IO ONTHMAIBHUM BY3-
som aist migkroueHust [IPT € By30:1, B sskoMy Mae Miciie
MOTOKOPO3MOALI MOTYXKHOCTI. [Ipu HassBHOCTI NEKUTBKOX
TaKWX BY3JIB Yy MEPEXi ONTHMAIBHUM 3 HUX JUIS TiIKITIO-
YEHHS € BY30Jl 3 MAKCHMaJbHHM HaBaHTXeHHSIM. Onru-
MmasibHa NoTykHicTh CEC y By3Ili He IOBHHHA ITEPEBHILLY-
BatH 110 % NOTYXHOCTI yCTaHOBIICHOTO TpaHc(hOopMaTopa.

BucnoBkn.

OnTuManbHAM MICIIEM ITiIKIFOUYEHHS DKepena po3-
OCEpeKEHOT0 TeHepyBAaHHSA B 3aMKHEHIH EIeKTpHYHIN
Mmepexi Hanpyroto 110 kB, mis 3a0e3nedeHHs] MiHIMAaJb-
HOTO 3HAa4€HHs BTPAT aKTHUBHOI MOTY>KHOCTi, MO’KHA BBa-
JKaTh BY30JI MOTOKOPO3IOALTY TOTY)KHOCTI 3 HaWOuIb-
IIOI0 YaCTKOIO HOTo CTpyMy Bij OaaHCyOuoro MyHKTY.

3a ontumanbHe 3HaueHHs noryxHocti JAPI" y Bu-
3HAQUYEHOMY BY3Ji MOXXHa HpPUHHATH MOTYXHICTB, IIO
nepesuulye He Oinbire Hixk Ha 10 % cymapHY OTYXHICTH
YCTaHOBIICHUX B HHOMY TPaHC(OPMATOPIB.

3anponoHOBaHMH MiAXiT AACTh 3MOTY BUKOHATH II0-
MIEPEHIO OIIHKY MicIls BctaHoBleHHS [IPI" Ta 3HaueHHS
il TOTY>KHOCTI HE BHTpa4yarouu I IIbOTO 3aHAATO Yacy
IUIl BUKOHAHHS BeJNIMKHX 00 eMiB OaraToBapiaHTHUX
PO3paxyHKiB pexXUMiB POOOTH MEpEexi.
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Justification of optimal location of connection of the
distributed generation source and value of its power .

Goal. To analyze the options for the development of the 110 kV
electricity network with sources of distributed generation.

Establishing the relationship between power of the source of
distributed generation with the voltage changes in the nodes and
transformer active power losses change. To provide the mini-
mum value of network active power loss the authors justify the
conditions for optimal connection of the source of distributed
generation and value of its power. Methodology. The authors
have used the DigSilent Power Factory software environment to
create a 110 kV network model and have made a series of simu-
lation of the network operating modes with solar power plants.
Results. Based on the operational parameters it is established
that the change in power generation in the accepted limits nor-
mally does not lead to abnormal voltage variations in the nodes,
with power losses having characteristic changes due to altera-
tions in the network of power flows. In the network with solar
power plants, the transformer losses of active power is reduced
with increasing generation power, except for the most remote
nodes from the balancing point, in which losses reduction takes
place with load of transformers approximately up to 60 %. At
significant overloads of transformers (up to 130 %) there is
reactive power losses increasing in comparison with losses in
the network without solar power plants. The dependence of
active power losses in the network on the load of transformers
has a nonlinear character). For each node at one value of trans-
former load the active losses are different. Less reactive power
losses occur at lower load ratios of transformer. When increas-
ing the load of transformers, the rate of increase in reactive
losses is higher than the active ones. Also for closed networks
with voltage of 110 kV it has been found that the optimal node
for connecting the distributed generation is a node with a flow
division of power. If there are several such nodesin the network,
the optimal one for connecting is the node with the maximum
load. The optimal power of the solar station in the node should
not exceed 110 % of the installed transformer's power. Origi-
nality. For the first time the dependence between the place of
the best connection source of the distributed generation with the
point of flow distribution with the greatest current fraction from
network balancing point was established. In this case the power
of the source of distributed generation must not exceed 10 % of
the total power of the transformers in this node. Practical sig-
nificance. We have obtained reasonable conditions for connect-
ing source of distributed generation to a closed electric network
of 110 kV without performing large volumes of mode calcula-
tions. Namely, the optimal connection point is the point of flow
distribution with the greatest current fraction from network
balancing point. References 8, tables 3, figures 5.

Key words: source of distributed generation, flow distribu-
tion, load factor of transformer, power losses, voltage, power
factory, solar power station.
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NCCJIEJOBAHUE PE)KI/IMOBUHO.JIHOI\/'I KOMITIEHCAIIUU PEAKTUBHOM
MOIIHOCTHU B TPEX®A3HOU CUCTEME 2JIEKTPOCHABXEHUSA

Po3zznaoaecmoca pivienna 3a0ayi 6U3HAYEHHA NAPAMEMPIE PeHCUMIE NOGHOI KOMReHcayii peakmueHol nomyxcnocmi 0na mpugas-
HOY cucmemu 3 UHIIHUM HECUMEMPUYHUM HAGAHMANCEHHAM. JJOCTiOHceHHs, nposedeHi 3a donomozoto SimPower Systems-mooeni i
Memooy 0ehpopmoeanozo 6azamozpaniuKa, NOKA3AN, W0 6 3aNeHCHOCHI 6i0 NOYAMKOGUX YMOG OJiA IMIHHUX onmumizayii, npoyec
onmumizayii moxce npu3eooumu 00 060X piznux piuwienv. OCHOBHUIL PercUM NOGHOI KOMREHCAUIT XapaKmepu3yemnca icmomnum
3MeHwennAM empam ¢ cucmemi. /lpy2uil sce, 000AMKOBUIL PEHCUM ROGHOT KOMREHCAUTT MOdCe XapaAKmMepu3yeamucs Henpuiinam-
HUMU HA RPAKMUYT 3DOCMAHHAM cmpymie i Hanpyz 6 cucmemi enekmponocmauanns. bion. 10, Tadn. 1, puc. 6.

Kniouogi cnosa: peakTHBHA NOTYKHICTh, KOMIIEHCATOP PeAKTUBHOI NOTYKHOCTI, IOLIYKOBA ONITHUMIi3allis, Bi3yaJbHAa MOJeb,
Tpu(da3Ha cucTeMa eIeKTPONOCTAYAHHS.

Paccmampusaemcsa pewienue 3a0avu onpeoeieHus RApaMempos PeHcUM0o8 NOAHOL KOMREHCAyUY PEaKmusHol MOUHOCMU OA
mpexgaznoii  cucmemvl ¢ JUHENHOW Hecummempuunoil Hazpyskoii. Hccnedoeanus, npogedennvie ¢ NOMOUBIO
SimPower Systems-moodenu u memooa depopmupyemozo mnoz02pannuKa, ROKA3aAU, YMO 6 3A6UCUMOCHU OM HAYATIBHBIX YCl0-
6Ull 013 NEPEMEHHBIX ORMUMUSAUUN, RPOUECC ORMUMUIAUUU MONHCEN RPUCOOUMb K OBYM PA3IUUHBIM pelieHusm. OcHoeHOl
pedicum nOAHOU KOMREHCAUUU XAPAKMEPUZYEmCa CYU{eCMEEeHHbIM YMEHbUEHIEM nomepy 8 cucmeme. Bmopoit sce, dononnu-
menvHblil percum nOAHON KOMREHCAYUU MOICEM XapaKMepu306amsca HenPUEeMaIeMbiMU HA NPAKMUKE 803PACIMANUAMU HOKOE
u Hanpsascenuil 6 cucmeme nekmpocuaoycenus. butin. 10, Tadn. 1, puc. 6.

Kniouesvie cnosa: peakTHBHAsi MOIIHOCTH, KOMIIEHCATOP PEeaKTHBHOI MOIIHOCTH, TMOMCKOBAasi ONTHMH3AaNUsi, BU3yaJbHast

MO/1€]b, Tpexq)aaﬂaﬂ CUCTEMA 3HeKTp00H36?KeHl/lﬂ.

Beenenne. IlocranoBKka mpodjeMbl U 000CHOBA-
HHe ee aKTyaJbHOCTH. CHMMETpHUpOBaHHE TOKOB M Ha-
MIPsDKEHUH B TpeX(a3HBIX CHCTEMax SBISETCS OTHUM W3
BOXHEWIIMX CpPEACTB TMOBBIIICHUS KadecTBa DIIEKTPO-
CHa0XXEHUS U TPEACTaBISIET COOOW aKTyaJbHYIO 3amady
Ha coBpeMeHHOM otarne [1, 2]. baarogaps cummerpupo-
BaHUIO yPaBHUBAIOTCSA aMIUIUTYBI TOKOB B (puaepax cuc-
TEMBI 3JIEKTPOCHAOXKEHHUS, YTO CIIOCOOCTBYET paBHOMEP-
HOW 3arpy3ke MCTOYHHKOB 3JIeKTpodHeprun. Kpome Toro,
CHIDKAIOTCSI aMIUTUTY bl TOKOB B JIDII, uto B cBOIO Oue-
penp 03HayaeT YMEHBIIICHHE MOTEPh Ha Iepefady dJieK-
TPORHEPTUH, a, CIEJOBATEIBHO, O00CCIICYMBACTCS ITOBHI-
nreHue kodd¢unuenta monesnoro aeiicteus [3]. Onru-
MaJbHBIM BO BCEX YKa3aHHBIX OTHOIUICHUSIX SBIIACTCS
PeXUM TIOJHOM KOMIIEHCALlMM PEaKTUBHOM MOIIHOCTH,
oI KOTOPEIM OyzIeM MOoJpa3yMeBaTh TaKOW CHMMETPHY-
HBIA peXHM, IIPH KOTOPOM OT MCTOYHHKA MOTPEOIIIeTCs
HCKIIOUYNTENIFHO aKTHBHAs MOIIHOCTh. PeakTwBHas co-
CTaBIAIONIA MOTPEOIIEMO OT HCTOYHHWKA MOIIHOCTH
Ipyu 3TOM CTAaHOBUTCS paBHOﬁ HYJ10, 4YTO BO3MOKHO, KO-
ra OT WCTOYHHMKA OTOMpAETCs CHHYCOWAAIBHBIN TOK,
COBMNAJAONIMKA TI0 (aze ¢ CHHYCOMIOH TI'eHepUPyeMOro
HCTOYHHKOM CHHYCOWJAJIBHOTO HampspKeHus. Takum 00-
pa3oM, B peXHME IOJHOW KOMIICHCAIUM pPEaKTUBHON
MOIIHOCTH KO3()(PUIIMEHT MOIIHOCTH DOCTHTAeT MaKCH-
MaJIbHOTO eIUHWUYHOTO 3HaueHwus [6]. s TpexdasHoit
CUCTEMBI DJICKTPOCHAOKEHHS PEXHIM TOJTHOH KOMIIEHCa-
MU PEaKTHUBHON MOIIHOCTH JOJDKEH OBITH paclpocTpa-
HEH Ha BCE TPH MCTOYHHUKA HIIEKTPUYECCKON IHEPTHUHU OfI-
HOBPEMEHHO.

O0630p nocjaeqnnx myoaukanuii no teme. Pesyin-
TaTbl PCIICHUA 3a/la4l CUMMCETPUPOBAHNA HE MMIPUBOIAT K
ONITUMAILHOMY PEXHMY, U OHa MOXET OBITh pellleHa B
MPOCTPAHCTBE JINHEHHBIX ornepaTopos [1, 2]. Ipu pere-
HUU 33]]a9d TOJIHOW KOMITCHCAIIMU PEaKTHBHON MOIIHO-
CTH K CUCTEME JIMHCWHBIX YpaBHEHWHA TOOABISIOTCS yC-
JIOBUSL TIOJHOM KOMIIEHCALIMU PEAKTUBHON MOIIHOCTH

B HCTOYHMKAX, U 3TH YCIOBUS SIBIISIFOTCS HEIMHEHHBIMU.
IMoatomy B [1, 2], paBHO Kak W B APYTHX HCTOYHHKAX [3-5]
3Ta 3ajada HE HalUla IMOJHOTO paspemeHus. B obmiem
Cilyyae pelleHHe 3a][auy MOJHOW KOMIICHCAluU PEaKTHB-
HOH MOIIHOCTH NPH YKa3aHHBIX YCIOBUSIX BO3MOYKHO
JWIIb TPU MOMOIIM ONTHMH3ALUOHHBIX METOAOB, HYTO
nokaszano B [6]. Vcmonb3yemsiii B [6] MeTOm TTOMCKOBO#
ONTHUMU3AIMH TO3BOJIAET HANTH pPEXUMHBIE MapaMeTpsl
JUISL Ccllydas IOJIHOM KOMIIEHCAalluu PEaKTHBHOW MOIIHO-
CTH C TIOMOIIBIO BH3YalIbHOW Mojenu M Meroaa jaedop-
MHpyeMoro MHororpanHuka [7]. Takoit oOuuid momxon
OTKpBIBAET BO3MOXHOCTHU HCCIENOBaHHUSA PEKUMOB KOM-
MEHCALUU PEAKTHBHOM MOIIHOCTH AJIS CUCTEM AIIEKTPO-
cHa0OXeHUs 000N KOHPUTYpalluy W BapHaldu MapaMeT-
POB CETH U HAarpy3KH.

Ilesabio cTaTBU ABISIETCS MCCIECIOBAHIE PEXUMOB B
Tpex(ha3HOW CHUCTEME DJJIEKTPOCHAOKEHHS C JIMHEHHON
HECUMMETPUYHON HArpy3Koi AJsl BBIABICHUS HEOIHO-
3HAYHOCTH PEIICHUS 337a4d CHUHTE3a MapaMeTpOB KOM-
[€HCaTOpa B PeXKUMax MOJHON KOMIIEHCAllUM pEaKTUBHOM
MOIITHOCTH.

H3n0ieHne OpUrMHAIBHOIO MaTepuaaa CTATHH.
PaccmarpuBaercss 00o0OmieHHast TpexdasHas cHcTeMa
JIEKTPOCHAOKEHHS, TpHUBEIeHHAs Ha puc. 1.

nan KPM HH
%a Zna
.
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—
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Puc. 1. [lpuanunuaneHas cxema 006001meHHo Tpexda3Hoii
CHCTEMBI JIEKTPOCHAOKEHHS
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Cerp Oeckoneunoit momuoctu (CBM) mpexncrasie-
Ha MCTOYHUKAMH CHHYCOWAAIBHOTO HANPSDKEHUS €, €, U
€. Jlunnu snextponepenaun (JIDII) B BHIE KOMILICKC-
HBIX COTIPOTHBIECHUH Z,, Z, U Z; IOABOJAST SHEPTHUIO K He-
cummerpuyHoid Harpyske (HH) B Buze 3Be3mpl KoM-
TUIEKCHBIX COTPOTHBIICHNI MHIYKTUBHOTO XapaKTepa Zng,
Zy ¥ Zy.. Kommencarop peaktuBHO# MomHoctn (KPM)
npenctabieH kKouaeHcatopamMu Cy,, Cpe, Cg, BKIIOUYae-
MBIMH ITapaJUICIILHO Harpys3Ke.

OrnpezienieHie eMKOCTel 3THX KOHIEHCATOPOB IIpes-
cTaBIsieT co0oif 3a/1ady CHHTe3a IMapaMeTpoB KOMIICHCATOpa
TIPH YCIIOBUHU NOJTHOW KOMIIEHCAIIMH PEAKTUBHON MOIIIHOCTH.

OcHOBHOIi MaTepuasa ucciaeAoBaHus. Pemienune
NIOCTABJIGHHON 3aJjayll OCYLIECTBHM C HCIIOJIb30BaHHEM
BU3YaJbHOW MOJEIM U IIOMCKOBOM ONTUMU3ALUU B pac-
wupennn SimPowerSystem (SPS) cucteMsl KOMIBIOTED-
Hot maremaruku MATLAB. Ha puc. 2 u3obpaxena Bu-
3yaJibHasl MOJIEJIb CUCTEMBI 3JIEKTPOCHAOKEHUSI.

Matn
Function

ToWorkspace

»—.—@15— -IEE

@ =
Eb
Cbe ==
—"®"'—"—'Ij|_ mw-—L—-W
Ec e

zc znc

Puc. 2. BusyanbsHas Monenb TpexdasHoil cucTeMsl
3IEKTPOCHAOKCHUS

Ee By nipu UCIIOJIB30BAaHUN JIEMEHTOB OMOITHOTEKH
KOMIIOHEHTOB SimPowerSystem npakTudeckn COBIamacT
¢ M300paXkeHHEM NPUHIMITHAILHOM cxeMbl (puc. 1).

JIOTMOTHUTENEHO BBE/ICHBI BUPTYaIbHBIE U3MEPUTEIN
TOKOB g, Ip ¥ i¢ B JIDII. AMIIATY 161 HANPSDKEHUI HCTOY-
HUKOB npuHATHI paBHbIMU 100 B, yacrora HampsbkeHHH —
50T, o = 100x.

KommnekcHsle conporusnenus Bcex JIDII nmpuHATHI
paBHBIMU Zy = Z, = Z. = 0.1 + jw0.001 Om. KomrutekcHbie
COTIPOTHBIICHUST HATPY30K: Zpy = (0.7 + jw0.005) Owm;
Zp = (1 + jw0.01) Om; Zy¢ = (2 + jw0.04) Owm. Ipu yxa-
3aHHBIX [ApaMeTPax PEXHUM IMUTAHUS HECHMMETPHYHOU
Harpy3Kd XapakTepH3yeTcs HECUMMETPHYHBIMHU TOKaMH,
npoTtekarommmu B JIDIT:

i, =10.156— |24.99 = 31.494e /(5253 p
i, = —25.84+ j17.11= 30.995¢ (1464%5")

i =6.69+ j7.89=10.342¢1 (49705 p
BI/IpTyaJ'IBHI)IG U3MEPUTCIIN AaKTUBHBIX W PCAKTUB-
HBIX MOHIHOCTCfI, OIMpCACIIAIOINE PEKUM HCTOYHHUKOB,
JAIOT CJIEAYIOIIME MOKa3aHMs AJsl MOJHBIX MOIIHOCTEH,
OTJaBa€MbIX HCTOUYHHUKAMMU.
S, = (957.82+ j1249.88) BA
S, = (-94.75+ 1546.84) BA;

S. = (174.35+ }486.81) BA

OTH TmoKazaTeln ONpeACiAT CICAYIOIINE 3HAUYCHUSA
Koa(b(bHuHeHTOB MOIIHOCTH JIA KaXXI0T0 U3 UCTOYHUKOB
DJIEKTPOSHEPT U H.

cosg, = 0.608; cosgy, =—0.061; cosgp, =0.337.

PexxuMm 3amaun nns mepBOro pexuma MOJHOM KOM-
MEHCAlMN PEaKTUBHONH MOIIHOCTH OCYIIECTBIISIETCS C
HCTIOJh30BaHUEM BU3yallbHOM MOJENH, KOTOpasl IOMOJ-
HSIETCS BBIYMCIUTEIBHBIMH JJIEMEHTAaMHU Ui Omperese-
HUS 3HA4eHUs 1enieBoi pyHKImH. Beibop camoii 1enneBoit
(DYHKIIMK JTUKTYETCs MOCTAHOBKOW 3aJa4yM TMOJHON KOM-
MEHCAIUN PEaKTUBHOW MOIIHOCTH JJIS KaXJIOrO0 M3 HC-
TOYHUKOB 3JICKTPOIHEPTHU.

Bripaxkenue st nieneBord QyHKIWMH MPEACTABISET CO-
0oif 1IapoBYI0 METPHKY [8], COCTaBIIEHHYIO U3 PEAKTUBHBIX
MOIITHOCTEH Ka)KI0TO HCTOYHUKA HIICKTPOSHEPI N

N =/Q2 + Q2 +Q?

3710 3HaueCHKE BBIYHCILIETCS B caMOit Mojienu (prc. 2),
rae OT BHPTyalnbHbIX PQ-u3meputerneii orbuparTcsa
JIMIIIb PEAKTUBHBIC MOIIHOCTH, KOTOPBIE Jaliee BO3BOMISAT-
Csl B KBaJIpaT, CyMMHPYIOTCSI, U U3 CyMMBI H3BIICKACTCS
KBaJIpaTHBIN KOPEHB, KaK 9TO MOKA3aHO Ha MOJCIIH.

[NomyyeHHOE 3HAYCHHUE LIENEBON (YHKLUH C TTOMO-
b0 BUpTyanbHOro Gioka TO WorkSpace nepenaercs
nmaiee B pabodee mpoctpanctBo cucteMbl MATLAB, ot-
KyJa OHO CTaHOBHUTCS JOCTYIHBIM IS IPOTPAaMMHBIX
MOAYJEMH.

IepBblii mporpaMMHBIE Momynb (puc. 3,a) mpen-
CTaByIsieT cO00I0 IJIaBHYIO mporpammy. IlepemeHHBIMHU
ontumuzaimu SBISIOTCSE Cyp, Che, Cea, TpEACTABISIIOLIHE
BEITMYHMHBI €MKOCTEll KOMIICHCATOpa. JTH NepEeMEHHbIC B
TJIaBHO# mporpamMMe OOBSIBIICHBI TI100aTbHBIME [TEPEMEH-
HbIMHA. Jlanee creayer BBI30B BCTPOSHHOH (yHKIWH Oe3-
YCJIOBHOW HenMHeWHo# ontumusamuu fminsearch( ) mo
MeToay nedopMupyeMoro MHororpantuka [8]. B kagect-
Be (DaKTHYECKHX IapaMeTpOB JIOCTATOYHO yKa3aTh JIBa
mapameTpa: uMs (pain-GyHKIHH, o0ecIeYnBalomiei BhI-
YHCJICHWE 3HA4YeHUs NeleBoH (yHKIMH, W MacCHUB Ha-
YabHBIX 3HAUCHUH IIEPEMEHHBIX ONITHMH3AIINY.

global Cab Cbc CcaNst MN XX

Nst=1

Y =fminsear ch('func_s3fnesim',[1 1 1])
a

function Nev=func_s3fnesim(x)
global Cab Cbc Cca Nst MN XX
Cab=abs(x(1)* 1E-6);
Chc=abs(x(2)* 1E-6);
Cca=abs(x(3)* 1E-6);
sim s3fnesim2
X
Nev
Nst=Nst+1
o
Puc. 3. [IporpaMMHBIe KOABL: @ — INIaBHOW IIPOTPaMMBI,
6 — daitin-pyHKIIH

Tekct BTOpOTrO MporpaMMHOr0 MOLYJIS IPUBEACH Ha
puc. 3,0. IlepBas cTpoka HOBTOPSET OOBSBICHHE TJIO-
OanbHBIX INepeMeHHbIX. Jlanee pa3MeIleHbl OIepaTopH,
BHIp@KAIOLINE JICHCTBUTENbHBIE 3HAYEHUS EMKOCTEH
KOMITEHCATOpa Yepe3 AJIEMEHTHl MaccuBa MEPEeMEHHBIX
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ontumm3aruu. llenecooOpa3Ho HMCMONB30BaTh MacIITa0-
HBIA KOA(PQHIIMEHT, NepeBOAIIINN 3HAYCHUS X TIepeMeH-
HBIX ONTHMH3AIMH, BBIpAXKEHHbIE B MHKpodapamax, B
sHayeHus: eMkocTer Cg,, Cpe, Cea, BBIpaXKCHHBIC B (hapa-
nax. Tem cambpiM oOecrieunBaeTcsi BO3MOXKHOCTh H30e-
KATh ONTHMH3AIMN Ha MHOXECTBE TIEPEMEHHBIX ONTHMH-
3aIlMH, 3HAYCHHUS KOTOPBIX MPHOIMKAIOTCS K HYIIIO.

[Tocne MaciTabUpoBaHMs ClEAyeT omeparop Sim,
BBI3BIBAIONIMI Ha UCIIOJHEHHE CaMy BHU3YaJIbHYIO MOZIENb
CHCTEMBI JJIEKTPOCHAOXKEHUsI ¢ KoMIeHcaTtopoM. Jlms
paccMaTpruBaeMoil TUHEHHON CHUCTEMBI OKa3bIBAETCS J0C-
TaTOYHBIM NPOM3BECTH NPOTOH MOJETH B TE€UCHHUE JIHIIb
OJIHOTO IIepHOAa MHTAIOUIEr0 HANpPSKEHHS, ITOCKOJIBKY
JUIsl JIMHEWHBIX SPS-Mofenei o yMOJI4aHHIO OCYIIECTB-
JSIETCS TPEABAPUTENIBHBINA PACUeT YCTAHOBUBILETOCS pe-
xuMa. B mponecce nporona SPS- Mozxenu B TeueHue me-
pHOIa OCYIIECTBISICTCS HAXOXKICHUE 3HAYCHHS LICNICBOM
(byHKLIMH, UCTIONB3yeMOe Jalee CaMod MpOrpaMMoil or-
THMHU3ALUH.

Br16op HagampHBIX 3HAYCHHUN ITEPEMEHHBIX ONTHMU-
3aIlMM OKa3bIBaeT BIMSIHUE HA XOJ MpOLEcca ONTHMHU3a-
nud. B mepBoM BapHaHTe B KauecTBE HAYAIBHBIX 3Haue-
HUH IIEPEMEHHBIX ONTHMH3ALMKM BEKTOpa HayaJbHBIX
3HAYeHH ObLI MpuHAT BekTop X = [1, 1, 1], To ecTh em-
KOCTH KOHJICHCATOPOB MPHHATHI B Havaie ONTUMH3AINH
Cab = Cbc = Cca =1 M.

Takoit BEIOOp OOBSCHACTCS CTPEMIICHHEM HAyaTh OIl-
THMH3ALHIO ¢ U300payKaroIIell TOYKHA TPACKTOPUH MPOLIec-
ca ONTHMH3ALWH, OTCTOSIICH OT HMCXOTHOIO HECHMMET-
PHYHOTO peKMMa Ha HE3HAYMTEIHHOM pAcCTOsHHHU. Jlei-
CTBHUTEJBHO, MOAKIIOUYCHHE CTONb HEOONBIIHX EeMKOCTeil
HE OKa3bIBaeT CYIIECTBEHHOTO BIMSHHUS Ha MCXOIHBIA pe-
UM, H TIPA 3TOM 00€CTIeYnBACTCS TUIABHOCTh epexo/a oT
HCXOJHOTO PEXMMa K IPOIecCy ONTHMH3amUH. B sToM
cllydae TpOIECC ONTHMM3AIMU 3aBepiwics mocie 268
MPOroHOB SPS-MoJien ¥ TIPUBEIT pelieH:e K CICIYIOIIM
3HAYCHUSIM EMKOCTEH KOHICHCATOPOB KOMITCHCATOPA:

Cap = 562.2 MkD; Cy = 182.3 Mx®D; Cgy = 34.4 M D.

Awmmmaty et TokoB B JIOIT nipu 3TOM CTamm paBHBIMU:

lam = lom = lemn = 7.754 A.

Takum 00pa3oM, peKUM TOJHOH KOMITCHCAIINH pe-
AKTUBHOW MOIIHOCTH TIO3BOJIUII CHU3UTh aKTHBHBIC MOTE-
pu B dazax A, B, C coorBerctBenHO B 16.5, 2.16 u 21.78
pas3 Mo CPaBHEHHIO C HECHMMETPHYHBIM PEXKUMOM.

Xoz mpouecca ONTHMHU3ALUK TPH HAXOXKJICHUHU TIep-
BOI'0 PEeXMMa HarJIHO OTPa)kaeT 3aBUCUMOCTH BEJIMYH-
ubl N 1emeBoit GyHKIMH OT MOPSAKOBOTO HOMepa K BbI-
30Ba SPS-Mozenu Ha mporoH (puc. 4). 3mech OTYETIINBO
BUJHBI MHTEpBaJIbI Ipaduka, KOTOPbIE XapaKTepHU3ylOTCs
HE3HAYUTENIbHBIMI W3MEHEHUAMH LieJeBoH (QyHKIHH, a
HUMEHHO!

a) uateppan k=0 ... 40;

6) unrepsan k = 60 ... 180;

B) unrepsai k = 230 ... 268.

OueBusiHo, uto TepBbiii uaTepBan K = 0...40 o0y-
CIIOBJICH HapacTaHHEM 3HAYCHHH eMKOCTEH KOMIICHCATO-
pa OT HEe3HAYNTENBHBIX SANHUYHBIX HaYaIbHbIX 3HAUCHUH
10 3HAYEHHH, TPU KOTOPBIX OHM HAUWHAIOT CYIIECTBEHHO
BJIMATH Ha CHIDKEHHE PEaKTHBHON MOIIHOCTH B CHCTEME
ANEKTPOCHAOKEHHSI.
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Puc. 4. 3aBucumocts neneBoit Gyukunu N ot Homepa mara K
ONTHMU3ALIH TIPH HAXOXKAECHUN OCHOBHOT'O PEXUMA MTOJTHON
KOMITCHCAlU’

Bropoit uHTEpBaN, MO BCel BUIUMOCTH, 00YCIOBICH
0COOCHHOCTSIMH MHOTOMEPHOW TIOBEPXHOCTH, OTOOpa-
Karollel IOBEJCHUE IIETICBOM (YHKIMM Ha MHOXECTBE
3HAUEHUH TIEPEMEHHBIX ONTHMH3alMU. OJTOT HHTEpBal
3anuMaet okono 120 Be3oBoB SPS-Mopenu. Tperuii uH-
tepBan i K = 230...268 00yc/ioBiaeH JOBEICHUEM YXKe
MaJIoro 3HAUeHUs 1IeNeBOM (YHKLUM O 3HAYEHUS, YIOB-
JIETBOPSIIOIIETO YCJIOBUSIM 33JaHHOW TOYHOCTH JIOCTHKE-
Hus pemeHns. OH MOXKeT OBITh M3MEHEH onuued paboTsl
camoif mporpammbl ontumuzauu fminsearch( ). Ananms
0COOEHHOCTEH PACCMOTPEHHOTO MPOIECCa ONTHMH3AIMN
BBI3BAJT MMOMCK APYTUX HAYATBHBIX 3HAYCHUI MEPEMEHHBIX
ONTHMH3AIMH, KOTOPbIE Obl COKPATHIIM BpPEMs DEILCHUS,
obecrieunB Oosiee OIArONpUATHYIO TPAEKTOPHIO H300pa-
JKaroIled TOUYKH PELICHNUS.

Pemenune 3amaun Ui BTOPOro pexuMa MOJTHOM KOM-
MICHCAIlH PEaKTUBHOW MOIHOCTH OCYIIECTBJIEHO IIpH 3a-
JIAaHUH 3HAYHMTENHbHBIX HAuaJIbHBIX 3HAUEHUH NEpeMEeHHBIX
ontummzanmu. [Ipu 3TOM OXXHMIanack BO3MOKHOCTh YCKO-
PEHHOTO TIPHX0Jia K ONTUMAIBHOMY PEIICHHIO OT PeXnMa
MPaKTUYECKH KOPOTKOTO 3aMBIKaHUsI CHCTEMbI KOMITEHCa-
TOPOM PEaKTUBHON MOIIHOCTH.

C 2T0if IIenpI0 B KadecTBE HAYaIHbHOTO OBLI BHIOpaH
BekTop X = [4000, 4000, 4000], KOTOpPBIH COOTBETCTBYET
BennuuHaM eMkocTel Cyp = Cpe = Cgy = 4000 MxD.

CootBercTByOUIMN TpadUK 3aBUCUMOCTH 3HAUCHHUS
N meneBoit GyHKIMH OT mOpsiIKOBOro HoMepa K Bbi3oBa
SPS-Monenu npuBeneH Ha puc. 5.

N
310 . . T . T

246 B

0a- B

0 , A . . . k
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Puc. 5. 3aBucumocts neneBoii ¢pyukuuu N ot Homepa mara K
ONTUMH3AIUH TIPU HAXOXKJICHUH JIOTIOJTHUTEIBHOTO PEKIMA
MOJIHOW KOMIIEHCALUU
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Kak BumHO M3 rpaduka, KOJIMYECTBO BBI30BOB SPS-
MOJIENN COKpaTUIIoch Ooee yeM B 2 pasa. 3a 120 BbI30BOB
OBLIO IOCTHTHYTO PEIleHUe, IPH KOTOPOM 3HAUSHHUE Lielie-
Boi pynkuun N = 0.212. Gakruyecku xe yxe 3a 60 BbI30-
BOB OBLTO TOCTHTHYTO Mayioe 3HaueHue N u MHTepBaj st
k=0 ... 60 xapakTepu3yeTcsi HePEePbIBHBIM YMEHBILICHHEM
LEJIeBOH (PYHKIMH M OTCYTCTBHEM TOPU30HTAIBHBIX yda-
CTKOB B rpaduke, Kak 3T0 HaOIOOAeTCsl B MPEIbIIyIEM
ciydae. [loydeHHOE TpH 9TUX YCIOBHSX pEIICHHe, OHa-
KO, XapaKTepu3yeTcs OTHOCHTENBHO OONBIIMMH 3Haue-
HUSIMH TIEPEMEHHBIX ONTHMH3AllMK B TOYKE PEIICHUs, KO-
TOpBIE COOTBETCTBYIOT CIIEAYIOIIMM 3HAYEHUSAM €MKOCTeH
KOMIIEHCaTopa:

Cap = 3935.3 MkD; Cyc = 3555.5 mx®; C., = 3407.7 MxD.

Ha puc. 6 mpuBeneHsl BpeMEHHbIE HArpaMMBbl TO-
koB B JIOII mpu yka3aHHBIX MapaMeTpax KOMIIEHCATOpa.
3neck BHAHO, YTO TOKU JEHCTBUTENIHLHO YPaBHOBEIICHBI
10 aMIUTUTYy1aM ¥ cABUHYTHI Ha 120 511, Tpaj. apyr oTHO-
CHTEJIBHO Jpyra NpH HyJeBoM (a3HOM yriie s (hassl A.
[MosToMy KOA(pGHUIHEHTH MOIITHOCTH, XapaKTePUIYIOIHE
paboTy Ka)IOr0 MCTOYHHKA JIEKTPOIHEPTUH, COCTABIIS-
0T MaKCUMAJIBHOE €IMHHYHOE 3HAYCHHUE, YTO COOTBETCT-
BYET PEXHMMY IIOJIHOM KOMIIEHCAllMM PEaKTHMBHOW MOII-
HOCTH B CHCTEME.
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Puc. 6. Bpemennsle mrarpammsl TokoB B JIDIT B nomogHUTETEHOM
pexume

HalineHHsiit BTOpOM peXyUM IMOJHON KOMIEHCAIUH
PEaKTUBHON MOIMHOCTH MOXHO HAa3BaTh JOMOJHHUTEIb-
HBIM, TIOCKOJIBKY OH XapaKTepH3yeTcs CBEPXOOIbIINMHU
3HAYEHHUAMH aMIUIUTY/]] OTPEOIsIEMBIX TOKOB. AMILIUTY-
nbl TokoB B JIDII cocrapmsitor Benmuuuny 928.4 A. Dro
Oonee yeM Ha JBa MOpsAAKa OOJbIIE B CPAaBHEHHHU C aM-
wmrynamu 7.754 A 1ist nepBOro OCHOBHOTO peXXuMa.

B cBomHO# Tabn. 1 mpeicraBiieHO CONOCTaBICHHE
CHCTEMHBIX M PEXHMHBIX IapaMETPOB, XapaKTepU3yIo-
mux oba pexuMma IOJHOM KOMITEHCAIlMd PEaKTHBHOU
MOIITHOCTH JUIS paccMaTpuBaeMoil 00OOLIEHHOH Tpex-
(ha3HOI CHCTEMBL.

Ta6muma 1
3HayeHUs! BEJIMYMH CUCTEMHBIX U PEXKUMHBIX [IAPAMETPOB
B OCHOBHOM H JIOTIOJIHUTEILHOM PEXUMAX

OcHoBHOI1 pe- | JlomomHuTENB-
JKUM TIOJIHOM | HBIM pexXHM I0JI-
[Mapamerpbt KOMIICHCAIIUA | HOW KOMIIEHCa-
peaKkTUBHOM LMY pEaKTUBHOMU
MOIIHOCTH MOILHOCTH
EmkocTh KOoHIEHCAaTOpA
Cap (MKD) 562.2 3935.3
EmkocTh KOHZEHCaTOpa
Ca. (MKD) 182.3 3555.5
Emkocts KOHIEHCAaTOpA
C., (vk®) 34.1 3407.7
Awmnutyna Toka B JIDII 7754 028.4
(A)
AMIITUTY 12 HATIPSDKCHUS 99.25 2018
Ha Harpy3ke (B)
MoIHOCTh, OTAaBaeMast
KaXXJIbIM HCTOYHHKOM 387.7 46420
anektpoduepruu (Br)

Kacascr Bompoca 00 a/1eKBaTHOCTH TMONyYEHHBIX pe-
3yJbTaTOB, MOXHO OTMETHTh, YTO CYIIECTBOBAHHE JIOMOJI-
HHUTEJIFHOTO PEXMMa TOJIHOW KOMIICHCAIMH, a TaKKe ero
YCTOHYHBOCTD, BIIOJIHE JOKA3bIBACTCS MOJCIMPOBAHMEM Ha
SPS-Mozenu BO BpeMEHHOM 00JIaCTH, TJIC CUCTEMA, SIBJISACH
quccunaruBHoil [9], omuceiBaercs auddepeHaIbHBIMK
YpaBHEHUSIMH B TIPOCTPAHCTBE MEPEMCHHBIX COCTOSHHS
[10]. Bormpoc 0 peanu3anuu 3TOr0 pexuMa s paccMaTpH-
BacMOT'0 BapHaHTa Ha MPAKTHUKE OYAET OCIIONKHATHCS HEOO-
XOIMMOCTBIO YCTAHOBKHM BECbMa OOJBIIMX €MKOCTEH KOM-
TeHcaTopa, o0ecriedeHreM MPOTEKAHMUS B CHCTEME OOITBIIIIX
TOKOB U T.11. OJJHAKO, [IPH OTPEIEICHHBIX TAPaMETPax CHC-
TEMBbI TOYKH, XapaKTepHU3yIolpe 00a pexkuMa MOJTHOW KOM-
MIEHCAIIMKM, MOTYT OKa3aTbCsi HE CTOJb Pa3HECEHHBIMH IO
CHCTEMHBIM M PEXHMMHBIM Hapamerpam. B Takux ciydasx
MPaKTAYECKask 3HAYMMOCTb MPEII0KEHHOTO MoIXoaa OyaeT
COCTOSITH B TOM, UYTO PEATH3aIHs 000MX PEKUMOB MOXKET
OBITH BIOJTHE OCYIIECTBUMA Ha TpaKkTHKe. Torma HempeMeH-
HO BO3HHUKHET BOIIPOC O BBIOOPE TOTO PEKIMA TIOJTHOH KOM-
TICHCAIINH, KOTOPBI XapaKTepu3yercs Oojiee parroHab-
HBIMH TEXHHUKO-DKOHOMHYIECKUMM TIOKA3ATEISIMHU.

BeiBoabl. [IpoBeneHHbIE UCCIIENOBaHMS AAIOT OCHO-
BaHHS YTBEPXKIATh, YTO METOJI IIOMCKOBOI ONTUMU3AIMN
C HCHOJIb30BaHMEM SPS-Mozenu Ioka3al BO3MOXKHOCTH
CYLIECTBOBAHUS JBYX PEKHUMOB IIOJHON KOMIIEHCAIMN
PEaKTUBHOI MOIIHOCTH B Tpex(a3Hoil cucTeMe 3JIeKTpo-
cHaOXeHUs. B TepMUHAX TEOPHH ONITUMHU3AIMH 3TO O3HA-
YaeT, YTO B PEIICHUM 3aJayd IOJHON KOMIICHCAIIMU OT-
CYTCTBYET TJIOOAJBHBIA ONTHMYM, OIHAKO CYIICCTBYIOT
JIBA JIOKAITBHBIX oNTUMyMa. DU3NYecKu 3T0 00BICHICTCS
HEOJTHO3HAYHOCTHIO PEIICHUS 3a/la4d CHHTE3a IMapaMeT-
POB KOMIICHCHPYIOIIIETO yCTpoiicTBa. MoaemupoBanue B
MPOCTPAHCTBE COCTOSIHUSI TIOJATBEPIKIACT YCTOHYMBOCTD
000UX PEXKUMOB, KOTOPHIE XaPAKTEPU3YIOTCS MAaKCH-
MaJbHBIM 3HAaYeHUEM KOA(PPHUIIEHTa MOITHOCTH.
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Resear ch of the modes of full compensation of reactive
power in athree-phase power supply system.

Introduction The article is devoted to the issues of current balanc-
ing and reactive power compensation in a three-phase power sup-
ply system. Optimal in all these respects is the mode of full com-
pensation of reactive power, by which we mean such a symmetrical
mode, in which only active power is consumed from the source.
The task of calculating the mode of full reactive power compensa-
tion is non-linear and can be solved using non-linear optimization
methods based on the adopted parameters and optimization crite-
ria. The objective of the article is to develop a visual model of the
power supply system with an unbalanced load, in which current
balancing and reactive power compensation is performed using a
symmetrical-compensating device, which parameters are deter-
mined using search non-linear optimization tools and modern
computer mathematics software packages. The purpose of the
article is to research the modes of full compensation of reactive
power in a three-phase power supply system with a linear asym-
metric load in order to identify the ambiguity of solving the prob-
lem of synthesizing parameters of a reactive power compensator.
Methodology of research consists in the development of a visual
model of a power supply system that feeds unbalanced load. As a
symmetrical compensating device, capacitors connected between
the phases of the transmission line are used. The modd is con-
trolled by a program that launches the model and performs optimi-
zation and selection of optimization variable values. The optimiza-
tion values are the capacitors of the symmetry-compensating de-
vice. The optimization criterion is a spherical metric condisting of
the reactive powers of each source of eectricity. Results lead de-
pending on the choice of the initial values of the optimization vari-
ables, the optimization process enters two modes of full compensa-
tion of reactive power — main and additional. The main mode is
characterized by small values of capacitors and small values of
currents, and in the additional mode, these values of the system
and operational parameters reach extremely large values that are
unacceptable for practical use. Originality lies in the fact that in
terms of optimization theory this means that there is no global
optimum in the solution of the problem of full compensation, how-
ever, there are two local optimums. Both modes are stable, as evi-
denced by modeling on the SPSmode of the system in the time
domain in the space of dtate variables. Practical significance of
the work lies in the fact that when designing a microprocessor
system that optimizes the operating mode of the power supply sys-
tem, it is necessary to envisage the situation of additional mode.
References 10, tables 1, figures 6.

Key words: reactive power, reactive power compensator,
sear ch optimization, visual model, thr ee-phase power supply
system.
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Besneka ennekmpoobiadHaHHs
V]IK 621.315
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IO.H. Illymunos, B.W. Bonnapenko

UCCJEIOBAHUE B3PBIBOBE30OMMACHOCTH MMOJUMEPHBIX OTPAHUYUTEJIENA
NEPEHAINPSKEHUM 3,3 KB IOCTOSAHHOI'O TOKA JIJISI TATOBOM CETH
KEJIE3HOJOPOKHOI'O TPAHCIIOPTA

IIposedeno eunpodysanns nonimepnux 3paskie OIIH-3,3 kB ¢ excnayamauiiinux ymoeax na ooaaonanui 0irouoi niocmanuyii,
npu moxax Kopomrkozo 3amuxkanunsn 8,3 kA i uacy enausy cmpymy 0,02 ¢, 61u3bKuUX 3a 6eUUUHOIO 00 PEKOMEHO0BAHUX CIAHOA-
pmom | EC 60099-4:2014 3nauens. Bunpooysano 8 wum. oomescysauie nepenanpyz. Kapkac, 6 akomy oynu yknadeni eapucmopu,
GUKOHYBABCA ADO WNIAXOM HAMOMYGANHA CKAONIACIMUKOGOT CINPIYKU HA 86APUCHOPHY KOIOHKY, 00 CIPUICHIB, POZMAULO8AHUX
Y 6u2nAaoi «Pinavoi Kiimunu», apo CKi0ona1acmuKosoi mpyou 3 omeopom 0 6uUKUOy 2azié npu KOPOMKOMY 3AMUKAHHI cepeouni
OIIH. 3pa3ku noka3anu YiiKom 3a006inbHiy 30AMHICMb GUMPUMYSAMU 6EUKI IMRYIbCHI cpyMu 6e3 po3ibomy Hede3neunux
01 hepconany i HaABKOIUWHBbO20 001aonanus gpazmenmis. Ilonimepni KoncmpyKuil, KapKac aKux 6UKOHAHUI CYYINbHUM Ha-
MOMYGAHHAM, GUMASAIOMb NOCUTIEHHA 30HU 3 €OHAHHA KApPKACA 3 e1eKmpooamu 0N GUKIIOUEHHA GUIbOMY el1eKmpoodie npu
CKYNYeHHI 2a3ié npu KOpomKomy 3amurkanni eécepeouni kopnycy OIIH. /[na makux KoHCmpyKyiit nompioHe 66e0eHHA 8 NPoOzpa-
MY RPUIMATbHO-30A6ANbHUX 6URPOGYEAHb 000AMKOBOT NePesipKU HA MeXAHIYHY MIYHICIb 6 NO3006IHCHLOMY HARPAMKY 3 3a430a-
J1e2i0b 6cmanoeienoi nopmoio miynocmi. bion. 11, ra6n. 1, puc. 5.

Kniouogi cnosa: ejleKTpo00IaHAHHSA TATOBHX NPUCTPOIB, NOCTIHHMIA cTPYM, 3aXHCT Bil mepeHanpyr, oGMe:KyBadi nepeHan-
PYT, BUOyX00e3Me4yHicTh, METOIUKA BUIIPOOYBaHb, BHOYXOBe PYyiiHyBaHHs, PO3.JIiT ()parMeHTiB.

Ilposedenst ucnsimanus nonumepuvix oopaszyoe OIIH-3,3 kB 6 IKchiyamayuoHHbIX YC06UAX HA 000PYO0saHUU Oelicmeyouyell
noocmanyuu, npu Mmokax Kopomxozo 3amvikanus 8,3 kA u epemenu 6o3oeiicmeusn moxa 0,02 ¢, 6au3kux no eeruyune K peko-
menoyemvim cmanoapmom |EC 60099-4:2014 snauenusm. Henvtmano 8 wim. ozpanuuumeneii nepenanpaxcenuii. Kapkac, 6
KOMopom 0blau 3aK1104enbl 6apUCHOpbl, GbINOIHANCA TUOO NYMEM HAMOMKU CHEKI0NIACMUKOBOIL JIeHMbl HA 6APUCIOPHYIO
KOOHKY, TUG0 u3 cmepiicneil, pacnoiodceHHbIX 8 sude «oenuuvell Kiemku», 1ubo 6 eude cmeKion1acmuKoeoii mpyovl c om-
eepcmuem 055 6vlOpoca 2az06 npu Kopomkom 3amvikanuu enympu OITH. Oopa3subl nokazanu enoine y00e1emeopumebHyio
CROCOOHOCY 8blOEPIHCUCAMD DONbUIUE UMNYILCHbIE MOKU 0€3 pa31éma OnAcHbIX 01 NEPCOHANA U OKPYMHcalouiezo 060py0oea-
Hus ppazmenmos. Ilonumephnsie KOHCMPYKYUU, KAPKAC KOMOPBIX GbINOIAHEH CRIAOWHOU HAMOMKOIL, MPedyIom ycuieHus 30Hbl
COeOuHeNnUs KapKaca ¢ I1eKmpooamu 01 UCKIIOUEeHUA blIema INeKmPo006 nPU CKONNEHUN 2a306 PU KOPOMKOM 3aMbIKAHUU
enympu kopnyca OITH. /Ina maxkux KoncmpyKkyuii mpedyemcs 66e0enue ¢ npozpammy npuémo-cOamoynslX UCHbIMAHUIL 0ONOol-
HUMENbHOI RPOGEPKU HA MEXAHUYECKYIO RPOUHOCHIL 6 NPOOOIbHOM HANPAGIEHUU C 3apanee YCMAHO08IeHHOU HOPMOT NPOYHO-
cmu. bu6:. 11, Ta6in. 1, puc. 5.

Kniouesvle cnosa: 37eKTp0o0GOPYI0BaHHE TATOBBIX YCTPOHCTB, MOCTOSTHHBIN TOK, 3aIIIUTA OT MepeHANPS:KeHHId, OrpAHHYHTe-

JIM TiepeHanpsKeHUii, B3pbIB00€30MACHOCTh, METOIMKA UCIIBITAHU, B3PbIBHOE pa3pylleHne, pa3iaéT ¢pparMeHToB.

Beenenue. [y 3amuThl OT NEpEeHANPSHKEHUN AJIEK-
TPOOOOPYIOBaHUS TITOBBIX YCTPOUCTB, JIEKTPOBO3OB
3JIEKTPOIIOE3I0B TIPUMEHSIIOT Pa3psIHUKH HJIH OrPaHUYH-
tend nepenanpspkenuii (OITH).

B HacTosiiee BpeMs B OOJBIIHHCTBE CITydacB Ha Tsi-
TOBOM 3JIEKTPOOOOPYIOBAHIH YCTAHOBIICHBI Pa3psIHUKI
PMBY-3,3; PBKY-3,3 A 01 [1-3], BbIOJHEHHBIE U3 BU-
JUTOBBIX JHUCKOB M HCKPOBBIX MPOMEXKYTKOB, a TaKKe
OTPAHUYUTENIN TepeHanpspkeHuid B HaphopoBbIX KOpITY-
cax. BuimToBrele pa3psaHUKA MOPAIBHO ycTapend u (ak-
THUYECKU CHSTHI C MPOU3BOACTBA; (hapdopoBbie OrpaHUYH-
TENN TIEPEHANPSHKEHUH UMEIOT Psii HeIOCTATKOB: HEJOC-
TATOYHYIO0 TePMETHYHOCTh COequHEeHus (paphopoBoii mo-
KPBIIIKA C METAIDTMYSCKUM (pIIaHIIeM, BBICOKYIO B3PBIBO-
OTIACHOCTH, OonbIIe rabapuThl U Maccy. i ucKirode-
HUS Ha3BaHHBIX HEIOCTATKOB Ha 3aMeHy (aphopoBEIM
KOHCTPYKIMAM JJISI KeJIE3HOW JOPOTH IOCTOSHHOTO TOKa
paspabateiBatoT u ocBauBaroT OITH B mommmepHOM KOp-
myce (OITHm). ITpu paspaborke HoBeix OITHI yunThIBa-
€TCsI, YTO BAXHCHIIIUM WX IOKa3aTeJeM SBISICTCS B3pHI-
BoOe3onacHOCTh. OTpaHUUNTENH MTepEeHANPIKEHUH, KaK U
MO00H ammapaT, MOTYT B AKCIUTyaTalliH MOBPEXKIATHCS,
HampuMep, U3-3a BHYTPEHHETO Mpo0osi BapHUCTOPOB, UTO
MOJKET MPHUBECTU K KOPOTKOMY 3aMBIKAHHIO W BO3HHKHO-
BEHHUIO BHYTPH KOpIIyca JJIEKTPUYECKOH AYTH, PE3KOMY
pOCTYy BHYTPEHHETO MaBJICHUS Ta30B OT TEPMHUYCCKOTO
Pa3NoKEeHUs] MAaTepHajoB, BBI3BAHHOTO BO3JEHCTBHEM
anekrpuueckod ayru. Ecimu nmospexaenue OITH compo-
BOXKJIAeTCS B3PBIBHBIM pa3pylIeHHEM KOpIyca, TO 3TO

NPE/ACTABISIET OMACHOCTh IS TIePCOHANA MOJICTAHIIMU U
PAacIoI0KEHHOTO PSAOM C HUM 000pYyIOBaHHSA, TOCKOJIb-
Ky TIPU B3pBIBE MOTYT C OOJIBIION CKOPOCTBIO pasiieTaTh-
cs1 (hparMeHTHl BapUCTOPOB M KECTKHE YAaCTH Pa30pBaB-
mierocst Kopmyca. MoryT Takke BBIPBaThCS M3 KOpIyca
OITHn merammueckne ¢uannbl. [Ipu ycranoske OITHm
Ha 3JIEKTPOBO3aX M AJIEKTPOIOE3Jax OMaCHOCTh B3PBIBHO-
ro paspymenns OITH ycyryOmsercs Tem, 9To pa3iér oc-
KOJIKOB MOJKET NMPOM30MTH B MECTax CKOIUIEHUS Tacca-
sxwupoB. CormacHo [4] mst Beex trmos OITH B3psiBoGE30-
MACHOCTH OIPEAENISIeTCs] KaK OTCYTCTBHE IIPU HUCIIBITAHUN
B3PBIBHOTO Pa3pyLICHUS KOPITyca ¢ pa3iéToM OCKOJIKOB B
HOPMHUpPYEMOW 30HE M OTCYTCTBHE BO3rOpaHUs KOpIyca
NIPU Pa3pyIICHUH M, €CIM BO3HHKHET, C MOCIJIEAYIOLIIHM
3aTyxaHUeM IUIaMeHH B TedeHue Bpemenu He donee 30 c.

Hnst OITH Ts1roBoii ceTn moCTOSIHHOTO TOKA UCHbITa-
TEJIbHBIE PEXHMMBI AJISI MOATBEPXKICHHS B3pbIBOOE30Mac-
HOCTH orpejesieHbl B [5]. B yKkpanHCKUX UCHBITATENbHBIX
mabopaTopHUsIX OTCYTCTBYET BBICOKOBOJBTHOE 00OPYIO-
BaHUE Ha OoJbinme TOKM Juis ucnbitanuii OITH Ha B3pEI-
BOOE30MaCHOCTh B PEXKMMaxX KOPOTKOTO 3aMbIKaHMA. B TO
ke Bpems mpu odopmiieHHH TeXHHUYECKHX YCIIOBHH Ha
3TH u3enus TpeOyeTcs MOATBEPXKICHUE COOTBETCTBHSA
TpeboBaHusAM [6], B KOTOPBIX B3PHIBOOC30MACHOCTD arlma-
paToB SIBIIAETCSA Ba)KHEHIIINM ITOKA3aTENIEM.

Heabr padoTnl — ompezesieHHe B3pbIBOOE30NACHO-
ctu o6pasios OITHn-3,3 kB ¢ mosmMepHbIM KOPITyCOM
Ha 00OpYJOBaHMHU JEHCTBYIOIIEH TSATOBOM ITOACTAHIMN
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MTOCTOSTHHOTO TOKa B YCJIOBHSX MaKCHMAalbHO MpHOIH-
KEHHBIX K KCIUTyaTaIlHH.

Oopa3ubl st ucnbiTanuid. VcnsiTeiBaNIMCH TpO-
meanmue HeO6XOZ[I/IM])Ie QJICKTPUICCKUEC U MEXAHUYCCKUC
UCIIbITaHUsl 8 00pa3lOB OrpaHUUUTEIIEH MepeHANPSHKEHUN
OITH-3,3/4,5/10/550 KC, cocTosimx U3 KOJIOHKH «BapH-
CTOp + aJFOMUHHCBBIC BCTABKH + aJTFOMUHHUEBBIC 3JIEKTPO-
JIBI», CTEKJIOIUTACTHKOBOTO KapKaca W KpEeMHHUHOpraHude-
CKOW peOpUCTO 3aIUTHON 00O0IOUKH.

B obOpazmax Ne 1-3 kapkac H3rOTOBJIEH CIUIONIHOM
HAMOTKOH CTEKJIOOaHIAXXHOHW JIEHTHI, TPOIUTAHHON Tep-
MOpPEaKTUBHBIM CBsi3ytolmMM. B oOpasnax Ne 4-6 kapkac
M3TOTOBIIEH HAMOTKOW CTEKIIOO0AHMaXHOW JICHTHI, MPENy-
CManHBalOHJ,eﬁ HaJIMIMUE Yy4YaCTKOB C HCTIOJIHBIM 3aKPbITHU-
eM CTeKI00aHIaXKHOI JIEHTOi GOKOBOM (IIMITHHAPHUYECKO#)
MOBEPXHOCTH BapUCTOpPHOM KoJIOHKHU. [locne HanoxeHus
JICHTBI KapKac 3arekajics npu temmneparype 165 °C, 3atem
€ro MOBEPXHOCTh OIIKypHBaJlach W Iepell HaJ0KEHUEM
CIJTIKOHOBOW 000JIOYKH TIOKPBIBAIACH CIICIIHATBHON TPYH-
TOBKOU (mpaiiMepoMm) JUtsi TIPOYHOTO COSITUHEHUS CHUITUKO-
HOBOM PE3HHBI CO CTEKIIOJIEHTOM.

B o6pasme Ne 7 xapkac M3rOTOBJICH B BHIIE «OCIHYb-
el KIETKI», COCTOAIIeH W3 TOHKHX CTEKJIOIUTACTHKOBBIX
CTEp>KHEH, PACIIOJIOKEHHBIX BOKPYT BAPHCTOPa U MPOYHO
3aKpETUICHHBIX OMPECCOBKO B ATFOMHUHUEBBIX AIIEKTPOAAX.

B obpasue Ne 8 kapkac coOpaH M3 MpeaBapUTEIbHO
W3TOTOBJICHHON CTEKJIOIUIACTUKOBOH TPYOBI C IBYMs OT-
BEPCTUSIMU B OOKOBOI NMOBEPXHOCTH, IMpeJIHa3HAUYCHHBIMU
Juist copoca napieHus rasa npu npodoe OITHm; daHmb!
3aKpeIUBUIMCh Ha CTEKJIOIUIACTUKOBOIM TpyOe C ITOMOIIBIO
KJIeepe3b00BOT0 COeIMHEHUS.

Jlist co3manusi KOPOTKOTO 3aMBIKAHUS Y 00pas3IoB
Ne 3-6, 8 BapucTOp MIYHTHPOBAJICS METHOW TPOBOIOKOM
ceyenuem 0,62 MM2, y obpasmos Ne 1, 2, 7 Bapuctop
ObUT TIPEABAPUTEIBHO MPOOHUTHINA  (3IEKTPOTEIIOBOM
mpo6oii), HO He pa3pyIICHHBIH.

Ha puc. 1 cxematndyecku MmokazaHbl KOJIOHKH 00pas3-
LIOB C BapHUCTOPAaMH, IMOATOTOBJICHHBIE K HAJIOKEHUIO CH-
JINKOHOBOM 3aIlIUTHOW 000JI0YKH.

Meroauka npoBeieHHs] UCIBITAHUI Ha B3PbIBO-
0e3omacHocTh. VcnbiTaHusi Ha B3pPBIBOOE30NACHOCTH OT-
paHWYHTENCH TIepeHANPsDKEHUH OBLIH TIPOBEICHBI Ha 0ase
CaBsHCKOHM TSTOBOW IMOJCTAHIIMU IO MPOTrpaMMe, COrvia-
coBaHHOW ¢ I[D «Ykp3amizHUMi». DIeKTpHyecKas cxema
WCTIBITAaHWI IPUBEJICHA HA pHC. 2.

OO0pazer; OrpaHHYHTENS TEPEHANPSDKEHNH MOHTH-
poBajics Ha OTHOW M3 METAJUIMYECKHX OIMOp Ha BBICOTE
55 M, pacnosio’)keHHOW Ha TEPPUTOPUHU MOJACTAHIUH, U
MOJCOENMHAICA K IIMHAM TATOBOM IOACTaHIMU 3,3 KB
yepe3 pazvenunutenan A5, BS, ®n5 u OvicTpoaeiicTByo-
i BeIkiiouaTea> BAB-206 (puc. 3).

UcnbiTaTenpHas cxeMa OTAENsUIaCh OT KOHTAKTHOM
cetn pasbeauauTenieM D51, [Tocnme 3aMBIKaHWS BBIKITIO-
yarenst BAB-206 depe3 KOJIIOHKY ¢ IpeBapUTEIbHO MPO-
OWTHIM WM 3allyHTHPOBAHHBIM MEIHON IPOBOJIOKOM
BapHCTOPOM TIPOTEKaT TOK KOPOTKOTO 3aMBIKaHHSA C 00-
pa3oBaHUEM 3JIEKTPUIECKOH nyru BHYTpH cexiun OITHm.

[Ipouecc, cBA3aHHBIN C IPOTEKAHUEM TOKA KOPOTKO-
T'O 3aMBIKaHHsI, KOHTPOJIUPOBAJICS C MTOMOIIBIO KOHTPOIIb-
HO-u3MepuTenbHOoro Komiuiekca 1[3A® 3,3, npu 3tom
(UKCHPOBAIUCh MIHOBEHHbBIE 3HAYEHWS] TOKA U HAIps-
JKEHU B LCHHU U 3aITUCBIBAJIMCH OCHUIIJIOIPAMMBI TOKa U

Puc. 1. DcKu3bI KOJIOHOK. @ — C HAMOTKOH, 6 — C HAMOTKOH U C
OTBEPCTHEM; 6 — CO CTEPIKHSAMH, 2 — C TPYOOH M IByMs OTBEp-
crusiMit (1 — aroMuHHEBBIH (uaHel, 2 — OTBepKICHHAs CTEK-
JIOIIACTHKOBAs JICHTA, 3 — METAJIOKCHIHBIN BapUCTOP,
4 — IPOJONBHO PACIIOJIOKEHHBIN CIIOH CTEKJIO0aHaXKHOM
JIEHTBI, 5 — aJTIOMHHHEBBIC BCTAaBKHU, 6 — CTEKIIOMIACTHKOBBII
CTEpKEHb, 7 — CTEKJIOIIACTUKOBAs TPyOa ¢ OTBEPCTHAMM)
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L3AD TYHKT
L3A® — muxpormporr.
sammra OrpaHuYHUTEIb

TIepeHanpsHKeHHI
I, U, t rpadpuxn

Puc. 2. Dnextpudeckas cxema ucnbitanuii cexkuuii OITHI
Ha TArOBOM nozcTaHmu r. CiaBsHCKa

Puc. 3. O6pazen; OITHm, HOoArOTOBACHHBIN K UCIIBITAHUSIM
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HalpspKeHHs depe3 ayry. Bo Bpems ucnbiTaHuil Benach
BU/IEOCBEMKA 00pa3IoB C MOMOIIBIO BHAECOPETUCTPATOPA,
YCTaHOBJIEHHOTO B HETIOCPEJICTBEHHOI OJM30CTH C HCIbI-
TyeMbIM oOpasuoM. Ilocie wucnbITaHMH NPOU3BOAMICS
ocMoTp Kaxzaoro obpasua OITHm, obpasust ¢ororpadu-
POBaINCH, ONpeAeNsyics Bec oOpasla MOocie MCHBITAHUH
1, €CIIM MPOMCXOANI pa3phbiB 000JIOUYKH, OLIEHUBAJICS pa3-
net ¢pparmenros OITHm.

Ha puc. 4 nokasana ocuwiorpaMma Toka W Harpsi-
KEHUsI B MOMEHT JyTOBOTO paspsijia BHYTpH KopIyca 00-

pasma Ne 2.

L(kA) U.(xB)
8 F] | | 4
7 35
6 L 3
5 25
4 |7
3 L 1.5
2z 7
7 . : q : L0.5
] )

-150 -100 -50 0 50 100 150 #{rc)

Puc. 4. OcupiuiorpaMma ToKa ¥ HarpspKEHHsT B MOMEHT JyTrOBO-
ro paspsiia BHyTpH Kopiryca obpa3ia Ne 2: BEICOKHIA IIHK COOT-
BETCTBYET TOKY JIyT'W; HH)KHMII IMK — HAIIPSDKEHMIO; IO OCH
abcryce — BpeMs B MC

PesyabraTsl ucnbitanuii OIMHn-3,3 kB Ha B3pbI-
B00E30MaCHOCTh IPEACTABICHBI B Ta0. 1.

Jus onenku B3peIBoOe3omacHocTH OITH crammapt
[4] ycTanaBmuBaeT CleAyIONHe KPUTEPHH:

1. OrpaHu4YUTENH CUUTACTCS B3PHIBOOC30IIACHBIM, SCITH
(hparMeHTbl KOHCTPYKILIMH, YHaBIIME HA 3EMIIIO IOCIe
paspymenus OITH, ocramyTcst B Kpyre AMaMeTpoM HeE
oonee D = 1,2:(2-Hg, + Dg), riie Hg, Dss — BoICOTA ¥ JTHA-
MeTp OITH, cOOTBETCTBEHHO; IJISl alIIapaToB MAallOi BEI-
cotel mpuHUMaercs D = 1,8 m.

2. Cunraercsi IONMyCTUMBIM BBUIET U3 Kpyra ¢parmeH-
TOB MOBPEXIEHHON KOHCTPYKIMU BecoM 10 60 I KaKablid.

OO6utacTh packai€HHBIX Ta30B, Bexoaamux u3 OITH,
HE HOPMUPYETCH.

I[OHOJ'IHI/ITCJ'HJHO OTMETUM, 4YTO €CJIM, KaK YKa3aHO B
[7-11], snexrpudeckas nyra u3 kopmyca OITH Bbliiner Hapy-
JKY, TO B3PBIBHOTO Pa3pylICHUs HE MMPOU30MIET 3a BECh Iie-
pron ropeHust ayru. OIHAKO €CIH JIyra OCTaHeTCs BHYTPU
KOPITyCa, TO B3PBIBOOE30IIACHOCTh TaPaHTHPOBATh HEIb3s.

U3 Tabn. 1 cnenyert, 9ro 3 8-MU UCIBITAHHBIX KOH-
CTPYKLIUIA B 7-MHU CIy4asix pa3pylieHHe KOopIyca MpOouc-
X0AMiI0 0e3 pasiieTa OCKOJNKOB. B 30He pa3smenenus Ba-
pUcTOpa MPOUCXOAMIT JIOKAJIbHBIA pa3pblB CUJIMKOHOBOU
000JI04KH C BHIOPOCOM ra3a M BBIXOJIOM HapyXy JyroBo-
ro paspsana. Mckmodenue cocraBui obpaser Ne 2, y ko-
TOPOr0 IPU B3PBLIBE IPOU3OLIEI BBIPBIB BEPXHErO JJIEK-
TpOJia C OJHOBPEMCHHBIM pa3ieToM (hParMeHTOB PackKo-
JIOBIIIETOCS BApHCTOpa B paguyce 3-5 M.

Tabmuma 1

Pesynprars! ucnbitanuii OITHn-3,3 kB Ha B3pbIBOOE30MacCHOCTD

Tok K3 uepe3 OITH (A);
CocTosiHuE aTIOMUHHEBBIX
Ne MaKCHMaJbHOE HAMpPSHKECHHE, S CocrosiHrE BapUCTOPOB BKIQIBILICH, IPIIErato
OITH 3adukcupoBanHoe [I3AD (B); P prty MIOCJIE UCTIBITAHUH 1P
LIMX K BAPUCTOPaM
nostHoe Bpemst otkirodeHus K3 (c)
Pa3pbiB 060J104KH B 30HE pa3- T'yGokast 5po3ust aJroMu-
_ . . . PacrpeckuBanue N
1 | =8130; U =800; t =0,02 MeIleHHS BapucTopa 6e3 pa3néra sapHCTODA HHUEBBIX BKJIAJIBINICH B
OCKOJIKOB P p 30HE TPEIIMH B BapUCTOPE
BBIpBIB BEPXHETO IEKTPOA; Dpo3ust ATFOMUHUEBBIX
_ i . . PacrpeckuBanue o
2 1 =7178;, U=1120B; t=0,02 |pa3pyuenue u pa3iér Gpparmen- BaDHCTODA BKJIQJIBIIICH B 30HE Tpe-
TOB BapucTopa Ha 3-5 M P p [[MH B BAPHCTOpPE
Pa3pbiB 060104KH B 30HE pa3- Dpo3ust ATFOMUHUEBBIX
_ )= - . PacrpeckuBanue .
3 | = 8640; U =800; t = 0,02 MeIIeHHS BapucTopa 6e3 pa3néra sapHCTODA BKJIQJIBIIICH B 30HE Tpe-
OCKOJIKOB p p IIIUH B BAPUCTOPE
Pa3pbiB 0605104KH B 30HE pa3-
Bapucrop, 3amyHTipo- | Dpo3usi aIFOMHUHUEBBIX
_ o e MEIIeHUsI 0CIA0IEHHOr0 MecTa B . M N
4 | =7890; U =1000; t = 0,02 . BaHHBII METHOU MPOBO- | BKJIABINICH B 30HE MEJI-
HAMOTKE CTEKJIOOaHJaKHON . o
N JIOKOH, 0€e3 paspyuieHus HOH NPOBOJIOKH
JICHTOM
Bapucrop, 3amryHTHpo- | Dpo3usi aIFOMHUHUEBBIX
_ U onn. s 2 pa3pbiBa U 3 TOYEUHBIX IIPOKO- N > o
5 | =7245; U = 800; t = 0,02 [N BaHHBII METHOU MPOBO- | BKJIAIBINICH B 30HE MEJI-
JIOKOH, 0€3 paspyuieHus HOM NIPOBOJIOKH
Bapucrop, 3auryHtipo- | Dpo3us aJrOMHUHHEBBIX
6 | =8153; U =800; t =0,02 8 TOYEeUHBIX POKOJIOB BaHHBII METHOU MPOBO- | BKJIAJBIIIEH B 30HE MEJI-
JIOKOH, 06e3 pa3pyIieHust HOI IPOBOJIOKU
Pa3pbiB 060104KH B 30HE pa3- Dpo3ust ATFOMUHUEBBIX
— )= Cy = . PactpeckuBanue N
7 | =7238; U =900; t =0,02 MeIIeHHS BapucTopa 6e3 pa3néra sapHCTODA BKJIQJIBIIICH B 30HE Tpe-
OCKOJIKOB p p IIIUH B BAPUCTOPE
Pa3psiB 0007104KH B 30HE pacIo-
JIO)KEHUS KPYTJIOrO OTBEPCTHS B
CTEKJIOIIACTUKOBOM TpyOe, Bapucrop, 3auryHtiHpo- | Dpo3ust aIIOMHHUEBBIX
8 | =7890; U = 1000; t = 0,02 KJleepe3r00BOe COCTMHEHHE BaHHBII METHOU MPOBO- | BKJIAJBIIICH B 30HE MEJ-
AITOMHHHUEBBIX (IIAHIEB CO JIOKOH, €3 paspyuieHus HOM MPOBOJIOKH
CTEKIIOIUTACTHKOBOM TPyOOii He
HAPYILIEHO
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AHau3 pe3yJIbTATOB HCCJIC0OBAHMIA.

1. U3 tabu. 1 BUAHO, YTO U3 8-MU UCIIBITAHHBIX KOHCT-
PYKIMH B 7-MHU Clly4asix paspyllIeHHe KOpIyca HMpOUCXO-
JuI0 Oe3 pasjera OCKOJIKOB. B 7-mu oOpasiax B 30He pas-
MEIIEHUST BapUCTOPa MPOUCXOIMI JIOKAIbHBIN pa3phIB CH-
JIMKOHOBOH 00OJIOUKH C BHIOPOCOM ra3a U BBIXOJIOM Hapy-
XKy Dyrosoro paspsaa. MckimodeHue cocraBui obpazer; Ne
2, BBITNIOJHEHHBIH CIUIONIHOW HAMOTKOHM KapKaca CTEKIIO-
0aHmaXHOW JICHTOH, Y KOTOPOTO TIPH B3PHIBE MPOHM30MIEN
BBIPBIB BEPXHETO DJIEKTPOla C OJHOBPEMEHHBIM Pa3ieTOM
(hparMeHTOB PacKOJIOBIIETOCS BapHCTOpa B paanyce 3-5 M.
W3-3a Genoro apiMa, CONPOBOXIAIOIIETO B3PHIB, HE yna-
JIOCh Ha Kaape 3a(MKCHpoBaTh, ObUT M BBIXOA AYTH M3
KOpITyca HapyXy, IIPH TOM, YTO Ha CIeytolieM Kaape (de-
pe3 33 Mc) ayra yxe He PUKCHPOBAIAC.

2. B nByx apyrux obpasuax Ne 1 u Ne 3, BbINOSHEH-
HBIX AHAJOTWYHO CIUIOIIHOW HAaMOTKOW CTEeKJIOOaHIax-
HOH JICHTOM, HAOMIONANICS JOKAJIBHBIA pa3pbiB Kapkaca u
CHJIMKOHOBOT'O TTOKPBITHSI C BBIXOZOM JyT'W Hapyxy. Paz-
JIeTa OMacHBIX (pparMeHTOB HE OBUTO. BrImremmas Ha mo-
BEPXHOCTBH DJICKTpUYECKas Iyra HPHOIM3HTEIBHO Yepes3

Iyra gepe3 66 m

nyra gepe3 33 Mc

100 mc moHOCTRIO Moracajia, 3TO BUAHO Ha CTOM-Kazapax,
MOJTy4YeHHBIX Yepe3 Kaxabie 33 mc (puc. 5). Y ocTanbHbIX
5-T1 00pa3LoB HabroaeMasi KapTUHA TOPEHHs YT Obl-
JIa aHAIIOTUYHOM, Kak U 'y o0pa3mnoB Ne 1 u Ne 3 (puc. 5).

3. IIpu ucnpITaHusx 8-Mu MpeacTaBIeHHBIX KOHCTPYK-
UM HU B OJIHOM M3 HHMX BO3rOpPaHHUsl KOpIyca He Mpo-
H301UIO.

4. Eciin ucnibiTanus npooqwirch Ha OITHM, cobpan-
HBIX C MpeIBAPUTENIFHO NPOOUTHIMH BapUCTOPaMHU
(371eKTPOTEILTOBOM MPO6OIL), BAPUCTOPHI IPH UCTILITAHH-
SIX pacKalblBAIKCh, OCTAaBasCh BHYTPH Kapkaca (Kpome
obpasira Ne 3). Ot geiicTBus AyrH B 30HE KOHTaKTa
QIIOMMHHEBBIX DJIEKTPOAOB C BapucTOpamMu HaOJoaa-
J0Ch TIy0OKOE BBITOPAHHE DIIEKTPOJOB, B OTACIBHBIX
cllydasix BbITOpaHHe ObUIO TIyOMHOH 10 7 MM U IIMpH-
HOH — 10 8 MM.

5. Ecn BapuCTOpBI IIYHTHPOBAIKMCh MEIHOW MPOBO-
JIOKOH, OHM OCTABAIIKCh LEJIBIMH, MPU ITOM TAaKXKE MPO-
HCXOJIUIIO PACIUIABICHUE U BHITOPAHHE YaCTH aFOMHHUE-
BBIX JIEKTPOIOB B 30HE COCIMHEHHS C MEIHOM IPOBOJIO-
KOM, HO B MEHBIIIHNX pa3Mepax.

obpaszer Ne 1 mocie cHATHS
HAIPSOKEHHS

nyra gepe3 99 mc

Puc. 5 Cromn-kanps! BueochEMKH BbIxoaa ayru u3 kopmyca OITHn nocne Bkirouenus BAB-206

BuiBoabI.

1. [IpoBeaiéHHBIC WCHBITAHUS IOJUMEPHBIX 00pa3IOB
OITHmn-3,3 kB B 3KcIIIyaTallMOHHBIX YCIOBUAX HAa 000pY-
JIOBaHUU JEHCTBYIOMIEH MOJICTAHIUY, TP TOKaxX KOPOT-
KOro 3aMbikaHus 8,3 KA U BpeMEHH BO3JICHCTBHSA TOKa
0,02 ¢, OAM3KUX MO BENMYUHE K PEKOMEHIYEMBIM CTaH-
nmaprom |EC 60099-4:2014 3HaveHusIM, IOKA3al BIIOJTHE
YIOBJIECTBOPUTEIBHYIO CIIOCOOHOCTE BBEIIEPIKUBATH OOIB-
e UMITYJIbCHBIE TOKH KOPOTKOTO 3aMBIKaHUS 0e3 pas-
néra (parMeHToB, OMACHBIX [UIA MEPCOHANa U OKpYKaro-
miero 000pyI0BaHUSI.

2. [TonumepHbIe KOHCTPYKIMH, KapKac KOTOPBIX BBIMOJ-
HEH CIUIONIHOM HAMOTKOMU, TPEOYIOT YCHIICHHSI 30HBI COCIH-
HEHHUS Kapkaca C JJeKTpoaamu. J[Jis TakuxX KOHCTPYKIIMH
TpeOyeTcsi BBECTH B MPOTrpaMMy HPHEMO-CAATOUHBIX UCIIbI-
tanuii OIIHO nomosiHUTENsHYI0 HPOBEPKY Ha MeXaHH4e-
CKYIO MPOYHOCTHh B IPOJOJGHOM HAIpaBICHUH C 3apaHee
YCTaHOBJICHHOW HOPMOU MPOYHOCTH.
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Investigation of explosion safety of DC polymer surgearresters
3.3kV for traction network of railway transport.

In the testing laboratories of Ukraine, there is no high-voltage
equipment of the necessary energy for testing surge arresters for

explosion safety, which does not allow to estimate this indicator
at the stage of development of prototypes. In view of thistest, the
polymer prototypes of the DC surge arresters in polymer case
(SAp) 3.3 kV were tested under the operating conditions of the
equipment of the operating substation with short-circuit currents
of 8.3 kA and a current time of 0.02 seconds, close to the rec-
ommended by Sandard of IEC 60099-4:2014 values. 8 samples
of surge arresters were tested. A sample of the surge arrester
was mounted on one of the metal supports at a height of 5.5 m
located in the substation and connected to the 3.3 KV traction
substation buses through disconnectors and a high-speed
switch. After the short-circuit breaker was closed through a
column with a pre-punched or shunted copper wire varistor, a
short-circuit current flowed to form an electric arc inside the
arrester samples. During the tests video samples were recorded
using a video recorder installed in close proximity to the test
sample. The frame of the SAp samples in which the varistors
were enclosed was performed either by winding the fiberglass
tape on a varistor column, or from rods arranged in the form of
a squirrel cage, or in the form of a fiberglass tube with a hole
for gas gjection during a short circuit inside the SAp. The de-
struction of the hull occurred without scattering of the fragments
in seven cases from the eight samples tested. In seven samples, a
local rupture of the silicone shell occurred in the varistor zone,
a gas gjection and an arc discharge occurred through this gap.
The exception was sample No. 2, made by a continuous winding
of a glass-banding tape on a varistor column, in which, during
the explosion, the upper electrode exploded with the simultane-
ous expansion of fragments of the varistor in a radius of 3-5 m.
Due to the white smoke accompanying the explosion, it was not
possible to fix on the frame whether the arc output from the case
to the outside, despite the fact that on the next frame (in 33 ms.)
the arc was no longer fixed. In the tests of eight of the presented
designs, none of them ignited the hull. If the tests were carried
out on the surge arresters assembled with pre-punched varistors
(electrothermal breakdown), the varistors during the tests split,
remaining inside the frame. From the action of the arc in the
contact zone of the aluminum electrodes with varistors, a deep
burn-out of the electrodes was observed, in some cases, the bur-
nup was up to 7 mm deep and up to 8 mm wide. If the varistors
were shunted by a copper wire, they remained intact. If the
varistors were shunted by a copper wire, they remained intact
und melting and burning out a part of the aluminum electrodes
in the area of connection with the copper wire were smaller
sizes. The samples showed a completely satisfactory ability to
withstand large pulse currents without dispersing dangerous
fragments for personnel and surrounding equipment. However,
polymer designs, the frame of which is made by continuous
winding, require reinforcement of the connection zone of the
carcass with electrodes to exclude the break-out of electrodes
during the accumulation of gases during a short circuit inside
the shell of the SAp. For such designs, an additional test for
mechanical strength in the longitudinal direction with a prede-
termined normis required in the acceptance test program. Ref-
erences 11, tables 1, figures 5.

Key words: electrical equipment of traction network, direct
current, overvoltage protection, surge arrester, explosion
safety, test procedure, explosive destruction, fragment sepa-
ration.
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KOeinei

BYTKEBHUY OJIEKCAHJAP ®PEJOTOBHUY

(mo 70-pivusi 3 AHS HAPOIIKEHHS)

Onexcanap ®emoroBuy Hapoaueces 24 Gepesnst 1949 p.
B M. Illnona, Yepkacbkoi obnacti. JIokTOp TeXHIYHUX
Hayk, npodecop, naypear [lepkaBHol mpemii B ramysi
Hayku i Texniku (2010 p.). OauH 3 IPOBITHUX HAYKOBIIB
VYkpainu B rajiy3i MaTeMaTHYHOTO MOJIEJIIOBAHHS Ta iHTe-
JIeKTyaJli3amnii CHCTEM YIpaBJIiHHS €IeKTPO-
SHEepPreTHYHUMHU 00 €KTaMH, eJIeKTpoMepe-
JKaMH 1 CHCTEMaMH.

Y 1972 porni 3aKkiHYMB €IEKTPOCHEP-
rernyanid hakynbreT KUIBCHKOro mosmitex-
HIYHOTO IHCTHTYTY 3a cremnianbHicTio «Ki-
OepHETHKA eJICKTPUYHUX cucTem». Y 1972-
1974 pp. npoxonuB BiHCHKOBY CIyxOy y
3€HITHO-PAKETHUX BIHChKAaX MPOTHIIOBITPS-
HOI 000pOHHU (IaNeKOCXiqHUI BiHCHKOBHIA
OKpYT).

VY 1974-1989 pp. npawoBaB Ha moca-
Jax iHXeHepa, CTaplioro iHkeHepa, Hada-
JbHUKA CEKTOpa, HavalbHUKA CIyXOH B
OO0’ emHAaHOMY JTHCITETYSPCHKOMY YITPABIIIHHI MiBICHHUMHA
eneprocucremamu CPCP (Ha Toii yac — 06’ €HAaHa eHEp-
rocuctemMa Ykpainu ta Monmasii — OEC IliBans), 3a-
WMaYich MHTAaHHSAMH YIOCKOHAJEHHS Ta PO3BUTKY
ABTOMATH30BaHOI CHCTEMH IHCIETYEPCHKOTO KEPYBaHHS
OEC IliBaHs.

VY 1982 p. Ge3 BigpuBy BiJ BUPOOHMITBA 3aKiHYMB
acmipantypy Iucturyty enexrpoamnamiku AH VYPCP.
Kangunarceky auceprauito «Po3poOka MeToiB Ta mpo-
rpam po3paxyHKy CTATUYHOI CTIHKOCTI CKJIaJHUX €HEpPro-
CHCTEM 3a HEOOXITHMMH Ta JOCTaTHIMM yMOBaMu» (cre-
mianpHicTs 05.14.02) 3axuctus y 1988 p. y Beecorosnomy
HJII enexrpoenepreruxu (M. Mocksa).

Y 1989 p. mepeiimor mpamoBatu g0 IEJI HAH
VYkpainu, Jie nparoe i 3apa3 Ha 1ocajii roJI0BHOTO HayKO-
BOT'O CITIBPOOITHHKA.

Y 2001 p. 3aXxMCTUB JOKTOPCbKY JUCEpPTaLilo
«[HTeNeKTyami3allis CHUCTeM JIUCIETYEPCHKOrO Kepy-
BaHHSI TEPUTOPIAIbLHO-PO3NOIIICHUMHU €JIeKTpOoeHepre-
THyHUMHU 00’ ekTamu». HaykoBe 3BaHHS mpodecopa
npucoeHo y 2003 p.

HaykoBi mocnijpkeHHS Ta NPAKTHYHI PO3POOKH
mpod. O.®. ByTkeBuya 3aBKIu CIPSIMOBaHI Ha HAyKO-
BE Ta NPAKTUYHE BHUPINICHHS HANOINBII akTyaabHUX
mpoOieM eIeKTPOCHEePTeTUKY, Ha MiABUIICHHS CTIHKO-
cTi, HaaiitHOCTI Ta e(eKTUBHOCTI (YHKIIOHYBaHHS
€JICKTPOCHEPIeTHYHNX 00’ €KTIB Ta CHCTEM Ha 0a3si
BUKOPHMCTAHHS IHHOBAIIMHUX TEXHOJOTIH Ta IHTEJIEK-
TyaJiizalii CHCTeM KepyBaHHsI.

VY pobotax ocranuboro dacy mnpod. O.®. Byrke-
BHYEM 3alpONIOHOBAHO, PO3BMHYTO 1 BIIPOBAJKECHO
HOBUU MiAX1J A0 3aM00iraHHsS CHCTEMHHM aBapisiM, IO
yac Bi Yacy BiIOyBalwThCS B EHEProoOd’ €THAHHIX
CBITY BHAC/IJIOK BHHUKHEHHS, MOCHIJICHHS Ta MOIIH-
PEHHS B HUX HU3bKOYACTOTHUX MIXK30HAIbHHUX KOJH-
BaHb. Takuil minxin mepexbadae peainizalito mpoodieM-
HO-OPIEHTOBAHOI CHCTEMH MOHITOPHUHTY MapaMerpiB
pexuMy eHeprood’ eJHaHHsS Ha 0a3i MpUiIaaiB BEKTOP-
HUX BUMIiproBaHb (IPEICTABHUKOM SIKHX € «Perima-U»

— CJIEKTPOBHMIPIOBAJIBHUN peeCTpyBAIBHUN TpUIaj,
pospo6uiennii B IEJ] HAH Ykpaiuu) ansi BUSIBICHHs B
peasibHOMY uaci Ta nemrndyBaHHS HeOE3NEUHUX s
(hyHKIIOHYBaHHS €HEeprood’ € JHaHHs TOMIHAHTHUX MOJ
CNIEKTPOMEXaHIYHUX KOJIUBaHb.

[IInpoka HaykoBa epynuuis Ta Oara-
TOPIYHMH JOCBI NpPaKkTHYHOI poOOTH B
€IIEKTPOCHEePTeTUIll Al0Th 3MOTYy Tpod.
O.®. DbyTkeBuM4y VCHIOIHO IOE€THYBATH
HAYKOBI JOCII/DKeHHSI Ta pO3poOKu 3 Hay-
KOBO-II€AaroriuHo0 AisibHICTIO. IIpartoro-
yu 3 1995 p. 3a cymicuuiTBoMm B Hariona-
JIbHOMY TE€XHIYHOMY YHiBepCHTETi YKpaiHu
«KHiBCHKHI TTOJNITEXHIYHUN IHCTUTYT IMEHI
Iropst Cikopchbkoro», BiH Bele JICKIiHHI
KypCH, HaJIa€ KOHCYJbTalii Ta Kepye Mmiaro-
TOBKOIO MAariCTepChbKHX JAWCEpTalii Ta
JUIUIOMHUX TPOEKTIB OaKajaBpiB.

[Ipo¢. O.®. BytkeBnuem 0coOUCTO Ta
y cmiBaBTOpPCTBI omyOmikoBano Oimbme 170 HaykoBHX
mpamnk, y ToMy gucii 3 MoHorpadii, miapydHuK 3 rpudom
MOH Vkpainn, 3 HaB4YaupHMX MOCIOHMKH. Ilim ioro
HayKOBMM KEPiBHHLTBOM 3aXHIIEHO 5 KaHIUIATCHKHUX Ta
1 noxtopceka mucepTamii. BiH BXOAWTE 10 CKIaay crei-
aJ1i30BaHUX BUCHHX PaJ] i3 3aXUCTY JAOKTOPCHKUX JTHCEP-
ramiii  J126.187.02 (3a cmemianeHictio 05.13.05 —
«Komr' toTepHi cuctemMu i KoMmoHeHTn») Ta J[26.187.03
(3a cmemianpaictio 05.14.02 — «EnextpuuHi craHiiii,
MEpexi 1 CHCTEeMHU»), LIiCTh POKIB MOCHiIb OYB YICHOM
ekcneptHoi paau BAK Ykpainu.

IIpod. O.®. ByTkeBHY € YICHOM MiXKBIiIOMYOI Hay-
KOBO-KOOpAWHALIIHOT Ta eKCIepTHOI pamud YKpaiHu 3
KibepOe3nekn B eHepreTulll, rojaoBoro miakomitery «Cuc-
TeMH 1 3aco0u ynpapiiHHs 1 iHopMaliiHOro 3abe3nedeH-
HSl €HEePreTH4HUX 00’ eKTIB» TexHiyHoro komitery TK 162
«YTIpaBiiHHA EHEPreTHYHHMH CHUCTEMaMHu 1 TOB's3aHi 3
HHM Iporiecy iHpopMaLiitHoi B3aemouii». Bil € excrieprom
HaykoBOi pagu MOH VYkpainu 3a ¢axoBuM HampsiMoM
«EHepreTrka Ta eHepro30epeKeHHs», WICHOM PEeIKOJIerii
TaKUX MEPIOANYHUX (aXxOBUX BHAAHB, K «TeXHiYHA ereK-
TpoAMHAMIKa» (3aCT. TOJIOBHOTO penaktopa), «EnexTpore-
XHiKa 1 elTekTpoMexaHika», «[lpami [HCTHTYTY enexTpomm-
Hamiku HAH VYxkpainm», «EHepreTnka: ekoHOMiKa, TEXHO-
Jorii, exomorist», «IIpoMenekTpo» (HAyKOBHI pemakTop).
Moro exkcrepTHi OUIHKM 3 pi3HMX HAyKOBO-TEXHIYHHX
MIUTaHb 3aBXK/I1 BCEOIYHO apryMEHTOBAaHI Ta BUBAXKEHI.

3a Baromuii BHECOK y po3BUTOK OO’ €Z1HAHOT €Heprocu-
cremu Ykpainu npod. O.®. byTkeBiya HaropopKeHo moye-
CHUM HarpyJHUM 3HaKoM <«3a 3aciyru» HauioHanbHoi eHe-
preTudHOI KomItaHii «YkpeHepro». BiH € naypeatom npemii
HAH Vkpainu iMeni B.M. Xpymosa (2000 p.) ta naypea-
ToMm Jlep>kaBHoi mpemii B ramy3i Haykw i TexHiku (2010 p.).

CriBpoOiTHHKH [HCTHTYTY TEXHIYHUX MPOOIIeM Ma-
raetmsmy HAH VYkpaian, HTY «XIII», pemakuiiina ko-
meris KypHany «EmexkTpoTexHika i elxeKTpoMexaHika»
nmpo BiTaroTh Onekcanapa DemoToBHYA 3 FOBLICEM,
3U4aTh HOMY MIIJHOTO 3JOpOB’S, MOJNANBIINX TBOPYHX
yCHiXiB y Horo 6ararorpaHHiii Ta miHIi AisTIbHOCTI.
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JAHBKO BOJIOAUMUP I'PUT'OPOBUY

(mo 85-piyust 3 AHS HAPOIKEHHS)

Bonogumup I'puropoBuu nHapoauBcs 15 kBiTHS
1934 p. y M. Yensabinceky. Y 1957 poui 3akiHuuB Xap-
KIBCHKHMH aBialiiiHuii iHcTUTyT. TpHBanuii yac mpamto-
BaB y HAayKOBO-AOCIHITHOMY IHCTHTYTi 3aBojy «EiexT-
poBakmar» Ha pisHux nocanax (1957-1983 pp.), B Tomy
gucni aupekropom (1978-1982 pp.). 3
1983 p. mo 2017 p. — 3aBigyBau xadenpu
3arajgpHOI eleKTpoTexHikn HamioHanpHO-
ro TEXHIYHOTO yHiBepcuTeTy «XapKiBCh-
KUH TOJITEeXHIYHUH IHCTUTYT». B Horo
Oiorpadii MOXHa BIA3HAYUTH JEKUIbKA
eTariB HayKOBOI JisSUIBHOCTI.

[Nepmmit eran HaykoBOI AisUIBHOCTI
Bonomumupa I'puroposnya mnos’ si3anuid i3
JOCIII/DKEHHSIM HarpiBy 1 OXOJIOKCHHS
BEJIMKUX EJIEKTPUYHUX MalluH. 3a pe3yJib-
TaTaMH i€l pobOTH, 30KpeMa BAAJOCA Ha
10 % migBumMTH E€QEKTHBHICTH TO-
JIOBHOTO TIPHBOAY OJIOMIHTY 3aBOIY «A3oBcTanmb». [Ipo-
BE/ICHI JOCIIDKEHHS JIAIIN B OCHOBY HOTO KaHAMIATCh-
Koi qucepraii (1964 p.).

SIk npoBigHME criewianicT npuiMaB y4acTb Y po3po-
omui Typoorenepatopis moryxkHictio 200, 300 i 500 MBT.
3a ioro Oe3nocepeHbOI yyacTi CTBOPEHI TiporeHeparo-
pu ans Kuieebkoi ['EC, a takox yHiKanbHI MamvH I10-
CTIHHOTO CTpyMy MAJIsl NPOKAaTHUX CTaHIB W BYTUIBHOI
npomuciioBocti. BiH po3poOHMB nepcreKkTHBHI METOANKU
PO3paxyHKy TeMIEpaTYypHHX IIOJIB B EJICKTPUYHHX Ma-
[IMHAX PI3HOMAHITHOTO Mpu3Ha4YeHHsA. Ha 0a3i BHKOHa-
HUX JOCIHIIPKEHb 3aXUCTUB IOKTOPCHKY IHCEpTAIii0 Ha
TeMy «TeopeTwuHi 1 eKCIEpUMEHTaIbHI JOCIIIKECHHS
HArpiBy BEJIMKHUX eNEeKTpUIHUX Mamua» (1971 p.).

Hpyruit eran HaykoBoi misutbHOCTI Bomoammupa
I'puropoBuua 1noB’si3aHUN 3 TEXHIYHUM BUKOPHUCTAHHIM
HaxnposigHocrti. [Ipod. B.I'. /lanbko onHUM 3 nepiiux y
CBITI 1OYaB 3aiiMaTHCsl IPoOJIeMaMy BUKOPUCTaHHS Hajl-
IPOBIIHOCTI B ENEKTPUUHMX MALIMHAX. MOMy HAIeXuTh
TEOpEeTHYHE OOIPYHTYBaHHS BHOOPY ONTHUMAJIBHOI KOHC-
TPyKUii KpioTypOOoreHepaTopiB 3 HAANPOBIIHUKOBUMHU
oOMoTKaMu 30yIKEHHS, OIiHKa €(PEKTHBHOCTI 1X €JeKT-
pOMarHiTHOro ekpaHyBaHHS. [lin HOro KepiBHUIITBOM Ta
3a #oro Oe3mocepeaHbOI ydYacTi CTBOPEHO MAaKeTH
1 TOCIiaHI 3pa3Kku KPiOTeHHUX EJIEKTPUYHUX MAIIHH.

Bin O6yB ogHMM 3 aBTOpiB KOHCTPYKIIiI CTBOPEHOTO
y HJII «EnekTpoBaskmari» J0CIiIHOTO KpioTypOoreHepa-
Topa notyxHictio 200 kBr, npauesaarHicts sikoro Oyna
HiATBEp/PKEHA Yy XOAl ICIUTIB, NPOBEJCHUX CHUIBHO
3 (i3UKO-TEXHIYHUM IHCTHUTYTOM HHU3BKUX TEMIIEpaTyp
AH VYPCP. IlpuHunnw, siki Oyiu 3akiajieHi B IF0 KOHC-
TPYKLIIO IIMPOKO BUKOPHCTOBYIOTHCS Y HACTYITHHX DPO3-
poOkax B YkpaiHi i 3a il Mexxamu.

Ha 6a3i TeopeTHYHOTO i IPAKTUIHOTO OOTPYHTYBAH-
=i nipod. B.I'. JlaHbKO pO3pOOHB pexoMeHAallii o CTBO-
PEHHIO  JOCIITHO-IIPOMHCIIOBOTO 3pa3Ka IIPOKATHOTO
kpiozBuryHa notyxHictio 10 MBT i1 kpioTypOoreHeparo-
pa motyxHicTio 300 MBT, siIkuM npuTamMaHHI BUCOKI TeX-
HiKO-eKOHOMiuHI mokasHuku. Y 1990 p. oOrpyHTyBaB
KOHLETIII0 IOBHICTIO HAaJIPOBIAHUKOBOI CHHXPOHHOT

MamrHu 0e3 GpepoMarHiTHOro ocepls i3 30BHILIHIM Haj-
MPOBITHUKOBUM €KPaHOM il OTpHMaB eKCIIEpUMEHTAIIbHE
MiATBEPKCHHS i TIpaIe31aTHOCTI.

3a muKI mpanpk 3 JOCHIDKEHHS €JIeKTPOMAarHiTHHX
MOJIB y TOTY)XHHX TypOOreHepaTopax 1 eJeKTpUYHHX
MallnHaX 3 BUKOPUCTaHHIM HaIIPOBiIHO-
cti OyB ymocroenuit mpemii imeni I[.O.
IIpockypu AH YPCP cminsHO 3 akamemi-
koM HAHY TI'.I. CyactiimBuM Ta mpod.
O.1. Turko (1979 p.).

Tperiii etan HaykoBOi JisuibHOCTI Bo-
Jogumupa [ puropoBuua OB’ s3aHUN 3
PO3pPOOKOI0 HETPaAMIIIHUX JTIHIHHHUX eJie-
KTPOMEXaHIYHHUX MEPeTBOPIOBAYIB yJAapHOI
nii. 3a Horo Oe3mocepeaHbOI ydacTi OyB
CTBOPEHHMI ITOBHOMACIUTAOHWH JOCIiIHO-
MPOMUCIIOBHH MAaKeT JiHIHHOTO CHHXPO-
HHO-BEHTHJIBPHOTO JIBHI'YHA, IIPH3HAYECHOTO
JUIS pO3TOHY JITaJbHHUX amapariB KopabempHOTO 0a3y-
BaHHs. [1ix #oro kepiBHUITBOM OYyJIO TEOPETUYHO 00IPYy-
HTOBAaHO HOBMH Kjac KPIOTCHHHX MAIIWH — JIIHIHHUX M-
MyJILCHUX €JIeKTPOABUTYHIB IHAYKILIIHOTO TUITY 3 Kpiope-
3UCTHBHUMHU OOMOTKamH, siKi 3a0e3ledyloTh BHCOKI
IIBUJIKOCTI Ha KOPOTKIiM aKTHBHIN MUISHII 1 3HAYHI yaap-
Hi HaBaHTa)KEHHS TIPH MaJIMX MEPEMil[CHHSX.

IIpod. B.I'. Jlanbko omy6mikyBaB 195 HaykoBux
npampb i METOJUYHHUX PO3poOOK, B TOMY uHcii 4 MOHO-
rpadii i 4 HavapHUX MociOHMKa. Bin € aBTOpoM 62 aBTO-
PCBKUX CBIONTB i maTeHTiB YKpainu i Pocii Ha BuHaXo-
JTA, OTHUM 13 3aCHOBHHKIB 1 TIEPIIAM TOJOBHUM PEIaKTO-
POM HAyKOBO-TIPAaKTHYHOI'O XypHally «EJeKTpoTexHika
1 eleKkTpoMexaHika», SKWi HaOyB BH3HAHHS HE TIIBKH
B YKpaiHi, ane i 3a il MeKaMH.

[Mpod. B.I'. Jlanpko OyB OaraTopivHUM TOJIOBOIO J10-
KTOpChKOI crienianizoBanoi BueHoi paau npu HTY «XIII»
3a cHeuiabHOCTAMU «ENeKTpUYHI MAIlMHU 1 armapaTi» Ta
«TexHiKa CHIIBHUX EJIICKTPUYHHUX 1 MArHITHUX TOJIB», a
TaKOX OJHUM 13 3aCHOBHHUKIB MIi>KHApOJHOTO CHMIIO31y-
My «[IpobieMn yJOCKOHAJICHHS €JIEKTPUYHHMX MAallWH 1
amapatiB. Teopis i npaktuka (SIEMA)», sxuii mopiuHo
npoxoauTh y M. Xapkosi, mounHarouu 3 2000 p. IIpod.
B.I'. lanbko € unenom |EEE 3 1991 p.

B.I'. lanpko mpukiagaB 6arato 3yCHJIb 10 PO3IIH-
peHHsI 3B’ sI3KIB Kadeapy 3araibHOT eIeKTPOTEXHIKH, SIKY
BiH ouoJroBaB 1noHaa 30 pokiB, 3 HAWBIAOMILIMMHU HaBYa-
JHHUMHM 3aKianaMu Ykpainu i Pocii. Bin npuiiMaB akTu-
BHY y4acTh y HpoBezieHHI BceykpaiHcekoi omimmiaan 3
€JIEKTPOTEXHIKH, sSKa OCTaHHI JBAALSITh POKIB 3a J0pY-
4yeHHsIM MiHicTepcTBa OCBITH 1 Hayku YKpaiHH NpOBO-
JUTBCS Ha Kadenpi, a cam BiH OyB Big3Ha4YeHHWil modec-
HHUM 3HaKOM «BiIMIHHUK BHIIOT IIKOJIV».

Pexropatr HTY «XIII», criiBpobiTHuKHN Kadenpu 3a-
TaJIbHOI eNeKTPOTEXHIKM, YUCIEHHI yUHi, Ipy3i i KoJern
IUpo BiTaloTh Bomogumupa ['puropoBwua 3 roBiIEeEM,
3M4aTh HOMY MIIJHOTO 3IOpOB’S, MONANBIINX TBOPYHX
YCIIIXiB.

Penakuiiina koserist xypHany «EJeKTpoTexHika
1 SJICKTPOMEXaHIKa» MPUETHYETHCS 10 IUX MOOAKAHb.
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COCKOB AHATOJIN TEOPTUEBUY

(x 80-1eTHIO CO JHS POKIACHHMSA)

8 mapra 2019 roga ucnonHunocs 80 ner co aHs po-
xkneanss Anatommsi [eoprueBnmda CockoBa — HW3BECTHOTO
YYEHOTO U CHEHAIIICTa B 00JIACTH AJIEKTPOAIIapaTocTpoe-
HUS, JTOKTOpa TEXHHYECKHX HayK, Ipodeccopa, OBIBIIETO
3aBeLyromiero kadenpoi anbTepHaTHBHOM 3JIEKTPOIHEpPreTH-
KA M DIEKTPOTEXHUKH XapbKOBCKOTO
HAIMOHAJIBHOTO yHHMBEPCUTETa TOpOJ-
ckoro xo3sicrBa umeHu A.H. bekerosa. -

Ilocne oxoHuaHust  cpegHel B
wkosbl B I. KoHcranTuHOBKA J{oHEI-
Koit 001. B 1956 rony Anaronuii ['e-
OpPTrMeBHY TOCTYIMJI Ha 3JIEKTpOMa-
LIMHOCTPOUTEIbHBIN (axynbTeT
XapbKOBCKOTO  MOJHUTEXHUYECKOTO
WHCTUTYTa, KOTOPBIH YCHENIHO 3a-
koHuma B 1961 rony no cnenmanbHO-
cTH «DJIEKTPUYECKUE MAIIWHBI U all-
napate». Ilo pacnpenenenuto Obul
HalipaBlIeH BO Bcecoro3Hblil Hay4HO-
HCCIIe/IOBATENbCKUH, MPOEKTHO-KOH-
CTPYKTOPCKMH M TEXHOJIOIMYECKHM
MHCTHUTYT 3JIEKTPOANINApaTOCTPOSHHUS
(BHUMDsekTpoartapar), Tie mpopabo-
tan 20 JIeT, U3 HUX B JOJDKHOCTH 3aBe-
nytorrero nadopatopueii ¢ 1966 r. mo 1976 r. u 3aBemyrome-
ro otaenoM ¢ 1976 r. no 1981 r. B 1981 rogy kak BbICOKO-
KBaIM(UINPOBAHHBIN CIIEMANNCT OBUI NPHIJIAIICH HA
JIOJDKHOCTh  3aBeyIOLIero Kadeapod 3IeKTPOTEeXHHUKU
XapbKOBCKOTO HHCTHUTYyTa HWH)XEHEPOB KOMMYHAJIBHOTO
crpoutensctBa (teneps XHYT'X um. O.M. BekeroBa), Ko-
TOpPYIO ycnerrHo Bo3riassut 36 net no 2017 roma. B 1975 .
3aIIUTII KaHIUIATCKY0, a B 1994 r. 10KTOpCKYyIO auccep-
TalMIO TI0 CHELMAIBHOCTH «DJIEKTPUYECKHE armapars». B
1995 r. emy npucBoeHo 3Banue npodeccopa, a B 2004 r. —
MoYETHOE 3BaHUE 3aCITy’KEHHOTo Ipogeccopa yHHBEpCUTE-
ta. On nmeer Oonee 250 meyatHbIX pabOT, U3 HUX 3 MOHO-
rpadun, nopsika 62 aBTOPCKUX CBHUAETENILCTB M IIATEHTOB,
8 yuebHukoB u 5 yueOHbIx mocobust ¢ rpuom MOH.

Anatomuii T'eoprueBuu — Beayluil CHELUAIUCT
YkpauHBI B 007acTH Pa3pabOTKH IOIyIIPOBOAHUKOBBIX
1 TMOpUAHBIX armapartoB. OH SBJISETCS OAHUM U3 co3/are-
JIEW 3TOr0 HOBOTO HAampaBieHUs,, Oa3upyIOLIErocss Ha
MIPUMEHEHUU HOBEUIINX JOCTIKEHUI CUJIOBOH MIEKTPOHUKU
1 MUKPOCXEMOTEXHHKH B JIEKTPOAIIapaTOCTPOCHUH.

ITox ero pykoBOACTBOM M TP HENOCPEICTBEHHOM
y4acTHH OBUIO pa3pabOTaHO PsIl CepUi IOIYIPOBOIHH-
KOBBIX aIllIapaToB, a TaKKe aBTOMAaTH3UPOBAHHBIX HU3KO-
BOJIBTHBIX KOMIUIEKTHBIX ycTpoiictB (HKY) Ha mux ocho-
Be. Hike npuBonsiTCs BasKHEHIINE U3 HUX:

e [OJIYIPOBOJHUKOBBIE pacuenurenu cepuu PII s
aBToMatnueckux Boikirouatesneii A3700 (BbImyck 0CBOEH
B 1969 r. Ha KannHUHCKOM 3aBOJIE BIIEKTPOAIapaTyphl);

e rUOpHHBIE KOHTAKTOPBI MEPEMEHHOTO TOKa CEepHUi
KT64 u KTII64, KT65 u KTII65 Ha HampspkeHUS IO
660 B 1 nocrosinHoro ToKa cepun KII81 Ha HanpsbkeHus
10 440 B u toku ot 100 A mo 630 A («DneKTpoKOHTaK-
Top» — T. BmammkaBka3, HIIO X3OM3 — r. Xappkos,
YDA3 —r. Uebokcapsr) B 1974 — 1977 rr.;

o IIOJYIIPOBOAHMKOBBIE OJIOKH JUIsi O€31yrOBOM KOMMY-
tarmu cepun BITK21 mis KOHTakTOPOB MEPEMEHHOTO TOKa
u cepun BIIKS1 st KOHTAaKTOPOB ITOCTOSIHHOTO TOKa
(«DnexrpoaBTomaTnka» —r. CraBporons) B 1974 — 1976 .,

e KOMIUIEKC CIIEUAJIBHOIO aBTOMAaTH3UPOBAHHOI'O

TEXHOJIOTHUECKOTO 06opynoBanus (6onee 40 TUmoncmomn-

HEHUIA), O00ECIeYMBAIOIIET0 HACTPOMKY M HCIBITAHUS

HHM3KOBOJIbTHBIX aBTOMAaTHYECKUX BBHIKIIOYATENICH Ha TOKU

or 10 A mo 1600 A (JloHerkuii 3IeKTPOMEXaHUICCKHI
3aBon) B 1978 — 1981 rr.;

.y e OECKOHTAKTHBIE IOJIIPOBOIHU-

» KOBBIE BBIKIIIOUATENN MEPEMEHHOTO U
MIOCTOSIHHOTO HAIIPSDKEHUS HAa TOKH OT
63 A 1o 400 A s cucTeM rapaHTHU-
Horo  snekrpocHaOkenuss  (HITO
X5M3) B 1985 -1989 rr;

e aBromatm3upoBanHeie HKY ms
CHUCTEM HHU3KOBOJITHOTO  DJIEKTPO-
CHaOXXeHUs, B TOM 4YHUCIIE OBICTPO-
JIEHCTBYIOIINE yCTPOMCTBA BBOJA pe-
3epBa IEPEMEHHOI0 U IOCTOSIHHOTO
HalpsDKeHUs, YCTPOWCTBA peryiupy-
€MbIX aCHHXPOHHBIX NPHBOJOB U T.II.
(HITO X5M3) B 1986 — 1994 rr.;

e JJIEKTPOHHBIC OBITOBBIE (KiIacc
1,5) u mpomsiiieHasie (kmacc 1,0)
CU€TYMKN aKTHBHOW OSHeprud (3aBOj
«KommyHap» — r. XapbKoB, «OJek-
TpoH» — I. JKEnThle BoAbl 1 MBITUIIUHCKUN 3JIEKTPOTEX-
HUueckui 3aBox) B 1992 — 1998 rr.

OH BHEC OOJBINON BKJIAM B CO3IaHIE OCHOB TEOPHU
MOJYIIPOBOAHUKOBBIX U FI/I6pl/IILHbIX arraparoB, HM
NPEIUIOKEHB METOIbl pacuéTa HEeCTAIIMOHAPHBIX TEIUIO-
(1)[/13M’{CCKI/IX U JJICKTPOMArHMTHBIX MPOLECCCOB B ITHUX
afmaparax, 4To IT03BOJISIET YCIEHIHO UX NPOSKTUPOBATb.

Amnaronuii ['eoprieBud Taroke MPOsIBUII ce0sl YMENbIM
OPraHM3aTOpPOM YUeOHO-METOINIECKON M HAyYHOH paboOTHI
Ha Kadenpe. [Tox ero pyKkoBOACTBOM OBUIM CO3IIaHBI M OC-
HallleHbl COBPEMEHHBIM 000pYI0BaHHUEM ClIeyIoLIne yueo-
Hele jaboparopun: TOD, oOmIEH 3IEKTPOTEXHHMKH, IPO-
MBIIUICHHOH 3JIEKTPOHMKH, MHUKPOIPOIIECCOPHONH TEXHHKH,
SJIEKTPUYECKUX MAIMH, OCHOB METPOJIOTUH M JJIEKTpHYe-
CKHX M3MepeHui. 3a nepuox, HaunHas ¢ 1991 r., no pesyins-
TaTaM Hay4HbIX UCCIIEZIOBaHMIL, BBIIOJHAEMBIX Ha Kadenpe,
OBbUIM 3alMIIEeHB! 3 JOKTOPCKHE U 8 KaHIUIATCKHUX JHccep-
tauuid. [lo ero yyeOHnkam «EnektpoHika 1 MikpocxemoTex-
Hika», <«[loJynpoBOIHMKOBBIE amnmaparbl: KOMMYTAIHS,
yIpaBieHue, 3amura», «[IpoMucIoBa eneKTpoHika i Mikpo-
CXEMOTEXHIKa», KOTOPbIE PEryJsipHO MEePeH3IaI0TCs MHOTO-
TBHICSYHBIM THUPKOM, O0YYaloTCsl CTYIEHTHI OOJBIINHCTBA
BY30B YKpauHbI 10 CHELHAIBHOCTH <«JIEKTPOIHEPreTHKA,
DNEKTPOTEXHUKA U DIIEKTpOMEXaHHUKa». Tarxke UM U3IaHbl
JiBe MOHOTpaduy, MOCBSIIIEHHBIE THOPUIHON KOMMYTalu-
OHHOM anmapartype.

Amnaronuii ['eoprueBud HarpaxaéH Menanbio <«3a Tpy-
JIOBYIO JTOOJIECTE» W TpaMOTOl XaphbKOBCKOIO OOJIACTHOTO
coBeTa 3a JIOOPOCOBECTHBIA TPy B 00JacTH OOpa3OBaHHUS.
Cpem KOJUIET OH TOJIB3YeTCs 3aCTy)KSHHbIM YBOKCHHUEM 32
JI0OPOTY, TAKTHIHOCTD U CKPOMHOCTb.

CotpymHuky Kadeapsl, yYeHUKH, IPY3bs U KOJUIETH OT
BCeil Ay no3zpasisisi Anaronus ['eoprueBuya c 1o0mieemM,
JKEJIAIOT MYy KPEIIKOTO 370pPOBbs, XOPOIIET0 HACTPOCHUS
JTJIbHEHIIINX TBOPYECKUX YCIIEXOB.

PenakumonHas KoJulerus xypHana <«ONeKTpOTeXHUKA
H DJICKTPOMEXaHUKa» MPUCOCAUHACTCA K I3THUM TCIJIBIM
HOXKEJIAHUSIM.
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