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EnekmpomexHika. BusHayHi nodii. CnaesemHi imeHa
VK 621.3: 537.8:910.4

doi: 10.20998/2074-272X.2018.3.01
M.N. BapanoB

AHTOJIOTHUA BBIJTAIOIIAXCA JOCTUKEHUM B HAYKE Y TEXHUKE. YACTb 44:
TPAIUIIUOHHASA DQHEPTETUKA. ATOMHBIE QJIEKTPUYECKHUE CTAHLIUNA:
PETPOCIHHEKTUBA, COCTOSAHUE U NEPCIIEKTHUBBI UX PA3BUTUSA

Haesedeno kopomkuit HayKo8o-mexHiuHuil 02140 nPo pempocneKmuey, CyuacHuii Cmarn i meHOeHUIAX y PO3GUMKY CEimoeoi A0epHOT
enepzemuxu. Ilpugedeni ad0epno-pizuuni ocnosu GyHKUioHyeanus i ORUCAHI OCHOBHI RPUCMPOT A0EPHOZ0 PeaKmopa Ha ypaHi ma me-
N06UX HEUMPOHAX, W0 WUPOKO GUKOPUCMOByEmbca Ha amomuux enekmpuunux cmanyiax (AEC). Ilpeocmasnena xknacugixayin
a0epnux peakmopie. Haoani oani npo adepne nanueo, wio eéxcusacmoca na AEC, i padioakmuenux ioxooax adepnux peaxmopie AEC.
Bkazani 3axoou ona niosuuienns oeznexu adepnux peaxmopie i AEC. Biomiuena eaxcnuea ponv AEC y piunomy oocaszi eupoonenns
enekmpoenepeii @ ceimi i nuzyi Kpain. Brazani nepesazu i neooniku AEC. Pozznanyma aodepna enepzemuxa Ykpainu. Iloznaueni ocno-
6HI npobOemu i nepcnekmueu po3eumky 6 ceimi i Yxkpaini adepuoi enepeemuxu. bion. 20, Taomn. 1, puc. 13.

Kniouosi cnosa: sinepHa ¢izuka i eHepreTuka, siiepHUil peakTop, AaTOMHA eJIeKTPHYHA CTaHLisl, 0e3MeKa siAepHOro peakTopa i
ATOMHOI eJICKTPHYHOY cTaHNil, Ipo0/eMH i IepcreKTHBU PO3BUTKY A/IEPHOI eHePreTHKU.

Ilpuseden Kpamkuii nHayuno-mexHuuecKuii 0030p 0 pempocneKmuee, cOGPEMEeHHOM COCHOAHUU U MEHOEHUUAX 6 Pa3sUmun
mupoeoit adepnoii Inepzemuku. Ilpusedenvt adepno-gusuueckue 0CHO6bl QYHKUUORUPOBAHUA U ONUCAHBL OCHOGHBIE YCHIPOU-
Ccmea s0epHo20 PeaKkmopa Ha ypane u menuioesix HelmpoHax, WUPOKO UCHONb3YEMO20 HA AMOMHBIX INEKMPUYECKUX CAHWUAX
(A3C). IIpeocmasnena knaccugpuxayusa sadepuvix peakmopos. Ilpuseoensvt oannvie 0 npumensemom na AIC adeprom monnuse
U paouoaKmMuGHBIX OMx00ax A0epuuvix peakmopos AIC. Ykazanvl mepvl 014 nogvluieHUA HE30NACHOCU A0EPHBIX PEAKMOPO8 U
AIC. Ommeuena sasxcnaa ponv AIC 6 2000860m 00veme 6bIPAOOMKU IIEKMPOIHEPZUU 8 MUPeE U pAOe CIMpPaH. YKa3auvl npeumy-
ujecmea u neoocmamku AIC. Paccmompena adepnas snepzemuxa Ykpaunst. O003Hauenvl 0CHO6HbIE RPOOIEMbL U NEPCREKMU-
6vl pazeumus 6 mupe u Ykpaune a0epHoii 3nepzemuku. buon. 20, Tadn. 1, puc. 13.

Kniouesvie crosa: sinepHast ¢pu3nMKa M JHePreTHKA, SIAEPHBINH pPeakTOp, aTOMHasl JIEKTPHYECKasl CTAHIMSA, 0e30IIacCHOCTH

SIIEPHOTO PeaKTOPAa U ATOMHOM 3JIeKTPHYecKOl CTaHIHHU, P00JIeMbl U NepCNeKTHBbI PA3BUTHUS sIIEPHOM JHEPreTHKH.

BBenenne. Kak u3BecTHO, BIEPBBIE B MUpPE YIIpaB-
nseMas IelHas sIepHas peaknus B IMPUPOAHOM ypaHe
92238U, conepxamem He Oonee 0,71 % Ha eauHUIy Beca
PEAKUI OEeNAIUiACS MEIJICHHBIMU (TETUIOBBIMK) HEUTPO-
HaMH HW30TON ypaHa 02U [1], Gbuia OCYIIIECTBIICHA
2 nekabpsi 1942 r. rpynmnoil y4yeHbIX-(QU3UKOB U HHKEHE-
pos Uukarckoro yHuepcutera (CIIA), Bo3riasmsemMoit
naypearom HobGeneBckoil npemuu o ¢usuke 3a 1938 r.,
mpocdeccopom DHpuko Depmu [2, 3]. [lepBrrit B mMupe
ypaH-TpadUTOBEIN SIIEPHBIA peakTop B (OpMe IILIUTICOU-
JIa BpamieHus (IPH TOJIIPHOM TI0 BEPTHKAIHM DPaJyce
oko710 3,09 M 1 3KBaTOpPHATBHOM pagHyce IO TOPH30HTA-
mn okono 3,88 M), momyumBmmii HazBaHme «Chicago
Pile-1» mm CP-1 («Ymkarckasi MOJICHHHIIa») B COIEp-
Kalui 1o paauycy 57 cloeB ypaH-rpauTOBbIX OJIOKOB
(mpu 46 TOHHAX MPHUPOIHOTO ypaHa, U3 KOTOPBIX 6 TOHH
COCTaBIIAJ MeTaJuIMYeckui ypaH, a 40 TOHH — AMOKCHUI
ypaHa, 1 385 ToHHaX 0J04HOrO rpaduta 0c000 BBHICOKOI
qiucToThl [3]), obecrneyms MOIy4YeHHE CaMOIIOAIEPKU-
BaloIeiics yrpaBisieMol (3a CUeT paauaabHO BBOIMUMBIX
[0 TMATH TPEXYPOBHEBBIM TOPU3OHTAIBHBEIM KaHajJaM B
aKTMBHYIO 30HY PEaKTOpa HOTJIOMIAIOINX 3aMe/JICHHbIE
rpaduTOM TEIUIOBBIE HEUTPOHBI KAIMHEBBIX CTEpPIKHEH)
LenHOH sinepHor peakiww [2]. [Ipn MUHIMaNbHBIX YPOB-
HSX MOIIHOCTH 3HeproBeiieneHus (okxono 0,5 Bt) u pa-
JUOAKTUBHOCTH JJIsl IEPCOHANA B 3TOM HEOXJIaKJAaeMOM
SJEPHOM pPeakTope ObLI JOCTUTHYT KOA(PQHUIHUEHT pas-
MHOEHHUS Kk, HEHTPOHOB, IIPAKTUYECKH PABHBIN €IMHULIE
[3]. Hon k,, ompenensromymM peakTUBHOCTE p,=(k,~1)
SZIEPHOTO peaKTopa, IOHUMAETCsl OTHOIICHHE YKCia HEell-
TPOHOB B OJJHOM M3 IIOCJEAYIOIIUHN IIOKOJEHUH OT Jerne-
HUSL SiZIEp M30TONA ypPaHa o U K HX YHCIy B IPEIbILY-
1IEM [IOKOJIEHUH OT JeJieHusl yKa3aHHbIX siaep [1]. men-
HO CO3/1aHH€ ypaH-Ipa(UTOBOIO SIAEPHOTO peakTopa OT-
KpBUIO MATHCTPANBHBIA IyTh K BOCHHOMY U MHPHOMY

HCTIONIb30BAHHIO BHYTPHSIICPHOI SHEPIHHU psiia pagroaK-
TUBHBIX XWMHYECKHX 3JEMEHTOB (HAaIpHMep, H30TOIa
ypaHa 92235U 1 U30TONa IUTyTOHHUS 94239Pu [1, 3]). OTtme-
THM, YTO B paMKax paboT 1o YpaHOBOMY IIPOEKTY HallU-
cTckoi ['epMaHmm (HaydHBIH PYKOBOAWTENH MPOEKTa —
naypear HoOeneBckoii mpemun mo ¢usuke 3a 1932 r.,
npodeccop Bepuep ['eii3eHOepr) moiHOIGHHAS yrpaB-
nseMas IeNHas sAepHAs Peakius B ypaHe o U Obuia
nojydeHa jgumb B QeBpaie 1945 r. B sKclepuMeHTe,
NIPOBEJCHHOM B TOPHOH BBIpaOOTKe BONMM3M Xairepioxa
[2]. CoycTs mpakTHUYeCKU OKOJIO ABYX MECALEB sepHas
nporpamMMa 'epMaHuM HU3-3a MOPAXKEHUS IMOCIEIHEH BO
Bropoii MupoBoil BoliHE IpeKpaTuia CBOE CYLIECTBOBA-
HHUe. YKaxkeM U To, uyTo B ObBImeM CCCP mepBEIif coBeT-
CKHU{ ONBITHBIN ypaH-TpaUTOBBIN AOEpHBIA peaxKTop,
CO3JaHHbIN 0] Hay4YHbIM PYKOBOJCTBOM akaxeMuka AH
CCCP Urops BacunbeBnua Kypuarosa B Jlaboparopuu
Ne2 (upine PHII «KypuaToBckuil uHCTUTYT», Poccuiickas
®Genepanust (PD), r. MockBa) ¥ mony4yMBIIMKA Ha3zBaHUE
®-1 (na moii B3ran, Oyka «®» B Ha3BaHUM peakToOpa
MPOMCXOMUT OT (DaMHMJIMM BBIJAIOUIETOCS HTAIbIHCKO-
amepHKaHcKoro (usnka-saepuka depmu, NepBbIM U30-
OpeTIMM 3TOT THI T€TEPOTEHHOTO SIIEPHOTO PeaKkTopa —
3TO CBOeOOpa3Has HaHb YBaXXCHUS COBETCKUX (DHU3UKOB-
SOEPIIUKOB 3TOMY BCEMHPHO H3BECTHOMY YYEHOMY),
25 nexabps 1946 r. ObUT BBIBEACH B CBOE KPUTHUECKOE
cocrosinue (k,~1) [2]. Peakrop ®-1 uMen npakTH4ECKH
¢dopmy mapa quaMeTpom Ao 7,5 M, B IEHTPATbHON YacTu
KOTOpPOI'0 JUaMETPOM OKOJIO 6 M IO OTBEPCTHSIM B Tpa-
(GUTOBBIX OJ0Kax OBLIH pa3MeIleHbl PA00YHE YPAHOBBIC U
yHopaBisieMble KaJMueBble cTepkHU. OH He UMeN CHCTe-
MBI OXJIOXIEHHS M IO3TOMY padOTajl Ha MHUHHMAJbHBIX
YPOBHSIX MOIIHOCTH. Ha OCHOBE ONBITHBIX NaHHBIX, I10-
Iy4yeHHBIX Ha peaktope @-1, B utone 1948 r. na FOxuHOM
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VYpaie (r. O3epck) ObUT CO3/1aH MEPBBIA COBETCKHUN MPO-
MBIIUICHHBIN YpaH-rpaQUTOBBIA peakTop, UMEBIIUA Ha-
3BaHue A-1 W mpeaHa3HAYCHHBIH Ui HApaOOTKU Opy-
KEIHOTO ILTYTOHHS 04> PU JUIS IEPBBIX COBETCKHX aTOM-
HBIX 00MO [2, 4]. BaxHO 1MouepKHYTh, 4YTO ele B 1948 .
(mo okoHuUaHUs pabOT MO CO3JAHHIO TEPBOH COBETCKOM
IUTyTOHUEBOH aTOMHOM OOMOBI, yCIIEITHO B3OPBAaHHOW Ha
OxnoM smeprom momurone CCCP 29 asrycra 1949 r.
[4, 5]) akamemuk AH CCCP KypuatoB U.B. mobuncs mo
cooTBeTcTByOImEeMy pemennio [IpaBurensctBa CCCP
Hayvaja MPOBEACHUS ONBITHO-KOHCTPYKTOPCKUX paboT Mo
MPAKTHYECKOMY MHPHOMY MPHMEHEHHIO SHEPTHU aToMma
JUTA TIOJTy4eHus anekrposHeprud. B mae 1950 r. B 1. O6-
HuHcke (Kamyxkckas o6i., P®), rne torna 6but pacmosio-
JKEH OJIMH U3 COBETCKUX JIUJIEPOB B 00JIACTH PEaKTOPO-
cTpoeHus: «PU3UKO-3HEPreTUYeCKHii HHCTUTYT» (ceifdac
5T0 BceMupHo wu3BecTHhd [HI[ P® «®Dusuko-

SHepreTrdeckuii MHCTUTYT M. A.U. JlelimyHckoro» [6]),
HaAyaJIoCch CTPOUTENLCTBO OOHMHCKOIM aTOMHOM AJIEKTpH-
yeckot craHmu (ADC) ¢ yCTaHOBICHHOW MOIIHOCTBIO 5
MBT [2]. 27 nronst 1954 r. O6ruHCKas ADC (puc. 1) OvI-
Ja BBEJIEHAa B OMBITHYIO 3KcInryaTanuio. OHa oka3aiach
niepBoit B Mupe ADC, MOAKIIOYEHHON K 00IIEeH dIeKTpH-
4yeckoi cetu [2].

Puc. 1. OOGmuii BUA r1aBHOTO KOPITyca IEPBOii B MUPE OMBITHO-
npoMsinieHHOH O6HuHCKOH ADC ¢ yCTaHOBIICHHOI MOIITHO-
cTeio 5 MBT (r. O6HHHCK, Kamyxckas 061., PO, 1954 1.) [7]

B 1958 r. B 0piBmiem CCCP Oblita BBeeHa B CTPOit 1-
s ouepens Cubupckoit ADC (r. Tomck) ¢ MoutHOCTHIO 100
MBT (Bckope ADC 6bl1a 10BeAeHa 10 MPOEKTHON MOIIHO-
ctu B 600 MBT) [2]. 26 anpenst 1964 . 1-s1 ouepens beno-
spckoii ADC (Cpenuuii Ypan, PD) nana snextpudeckuii
TOK CBOMM TmoTpedutensm. B cenrsope 1964 r. 6bu1 cian
1-#1 sneprodmox HoBoBoponexckoit ADC ¢ ycraHOBIEH-
HOW MormHOCTRIO 210 MBT [2, 7]. 2-i 3HeproOIok 3Toi
ADC ¢ ycraHOBIEHHOH MOIHOCTEIO 365 MBT OBLT 3ammy-
mieH B gekadpe 1969 r. B 1973 r. mpousomnuia coagya B 9Kc-
mryararmio 1-ro sHeprobmoka Jlermmnrpanckoit ADC c
yCTaHOBIIEHHOH MOIIHOCTRIO B 1000 MBT.

YkaxeM, uro 3a npeneiaamu ObiBirero CCCP nepBast
ADC TpOMBINUIEHHOTO HAa3HAYEHUS C YCTAHOBICHHOM
MolHOCThI0O 46 MBT Oblia BBeleHa B IKCILIyaTaluio B
1956 r. B r. Koanep-Xomne (BemukoOpuranus) [2]. B
1957 r. CIIIA 3anyctunu csoro nepsyro ADC B r. [lun-
MUHTTIOPTE C YCTaHOBJIEHHOW MomHocThio 60 MBT. B
1959 r. cBoro nepByro ADC noctpouna @panuus, B 1961
r. — lepmanns, B 1962 r. — Kanana, B 1964 r. — [Benus
u B 1966 r. — Smonus [2, 7]. B 1976 r. mo Bcemy Mupy
OBUTM HAaYaThl Pa0OTHI IO COOPYKEHUIO PEKOPAHOTO KO-

mugectBa ADC 3a BCIO HCTOPHUIO MUPOBOH SIIEPHOM dHEP-
TeTHKH, HACUUTHIBAIOIIETO 44 HOBBIX aTOMHBIX CTaHIUM.
B 1979 r. B CIIIA npowusonuia cepre3nas aBapus Ha ADC
«Tpu-Maiin-AlneHny, npuBeamas K AIUTEIbHOMY «3a-
MOP@)XMBAaHHIO» AMEPHKAHCKOW SIZIEPHOHM JHepreTvye-
ckoit mporpammel [2]. 3ametum, uro B CHIA k unee BBe-
JICHUS B CTPOW HOBBIX MUPHBIX SIEPHBIX MOIIHOCTEH Bep-
HYJIUCH TOJIbKO B Havane 21-ro cronerust. Toipko B Tede-
Hue 1984-1985 rr. B mupe ObUIO mOCTpoeHO 33 HOBBIX
ADC [2]. MacmTabnas karactpoda 26 ampens 1986 . Ha
UYeproOsuibckoit ADC (B3pBIB SIEpHOTO peakTopa 4-ro
sHeprobsoka momHocThio 1000 MBT) oTpunaTensHbIM
o0pa3oM OTpa3uiach HE TOJBKO Ha SAEPHON SHEPreTHKE
obiBuiero CCCP u 3aTteM He3aBUCHMOM YKpauHBI, HO M Ha
BCEH A7EPHON SHEPreTHKe MPOMBIIIIEHHO PA3BUTHIX CTPaH
Mupa. Be3yCﬂ0BHO, 4YTO HETAaTUBHOC BJIMAHUC HA MUPOBYIO
aTOMHYIO SHEPreTHKY OKa3ajla M HelaBHss KaTacTpoda Ha
ADC «Dykycuma-1», npousomenmas B mapre 2011 r. B
SInmoHMM M3-3a CHIIBHOTO 3eMIICTPSICEHUS B OJM3Jexarieit
30HE pa3yioMa KOpbl 3eMJIM M MOCIEIOBABIIMMH 32 HUM
OTPOMHBIMH OKE€aHMYECKUMH BoJHamu (IyHamu) [8]. He-
COMHEHHBI HAyYHO-TEXHUYECKUI W MPOCBETUTENbCKUN
MHTEpeC IPEACTaBIIeT 0030p COBPEMEHHOTO COCTOSHHUS U
BO3MOXHBIX TIEPCIIEKTUB Pa3BUTUA MHPOBOU sAJIEPHOMU
SHEPreTHKH, UMEIOIIEH IJIsI YeTI0BEYEeCTBA OIPOMHOE CO-
LHaTbHO-9KOHOMHUYECKOE 3HaYECHHE.

Leabio crarbu SBISIETCSl COCTAaBJICHUE HA OCHOBE
OHy6HI/IKOBaHHbIX MaTepuaioB HaYy4YHO-TCXHUYCCKOI'O
0030pa 0 peTpOCIIEKTHBE, COBPEMEHHOM COCTOSIHUH, OC-
HOBHBIX JIOCTH)KEHHSX, poOJIeMax M IEepPCIEeKTHBAX pa3-
BUTHS B MUpE SAEPHON dHEpreTuku ¢ ee MomHbMu ADC.

1. Oomas xapakrepuctuxka AJC, ee O0CHOBHBIX
cXeM IOCTPOeHUs] M 3HeproarperaroB. Kak wn3BecTHO,
ADC sBsieTcst BOKHBIM CTPATErHIECKHM OOBEKTOM JF000-
'O roCylapcTBa MHUpPa, COACPIKALINM SIEPHYIO YCTaHOBKY C
HEOOXOIMMBIMU TEXHHYECKUMHU COOPYKEHUSIMH M TEXHO-
JIOTUYECKMMHU CUCTEMaMH, NPCIHA3SHAYCHHYIO IJId IIpO-
MBIIUIEHHOTO TIPOM3BOJICTBA  DJIEKTPOIHEPruM  (Teria)
[7, 8]. Croumoctb coopyxeHust ADC Mo COBPEMEHHBIM
9KCIIEPTHBIM OLICHKaM cocTaBisieT okoio 2300 § USA 3a 1
KBT 31ekTpudeckoil MOIHOCTH YKa3aHHOM siIEpHOM ycTa-
HOBKH, OOBIYHO Ha3bIBAEMOU «20epHbIM peakmopom» [8].
Hcxonst u3 3TOTO, IPUMEpHAsT CTOMMOCTH CTPOHTEIHCTBA
Ha ADC ee omHOrO 3HEprodmoka momHocTeio 1000 MBT
Oyner coctaBisath He Menee 2,3 muumapaoB $ USA. Kak
BUJIUM, SIIEPHAs SHEPreTHKA SIBISIETCS TOH OTPACIIbiO 3KO-
HOMMKHU CTpPaHbl, KOTOpas TpeOyeT BIOXKCHUSI OTPOMHBIX
(huHaHCOBBIX MHBecTHLMH. Ha puc. 2 u 3 B yKpynmHEHHOM
BHUJI€ IPUBEIICHBI CXeMbI OCTpoeHHs coBpeMeHHBIX ADC ¢
MOIIHBIMU SIIEPHBIMUA PEAKTOPaMHU M SHEProOJIOKaMH T0-
BBIIIICHHOM Oe3omacHocTH [2, 7, 8].

CornacHo naHHbIM puc. 2 U 3 «cepauem» ADC u ee
Ka)XXJI0T0 SHeproOJIoKa sIBJIeTCs SAEPHBINA peakrop (IpH-
HATass HamMu abOpeBuarypa BBOP-1000 o3Hagaer «Bomo-
BOJSIHOW SHEpPreTHUecKuii peakTop MomHOcThi0 1000
MBT»), peBpammaronyii B akTHBHON 30HE C YPaHOBBIMH
coopkamu TerutoBbinenstonux cuctem (TBC) momaBae-
MYIO B HETO OUYMILEHHYIO BOAY C J00aBICHUEM PacTBOpa
OOpHOM KHCJIOTHI B HEKHILALIYI0 OOpOBOIHYIO CMECh C
TemnepaTypoit 70 320 °C, HampaBIsieMyIO TIaBHBIM ITHP-
KyJSILIMOHHBIM HAcOCOM IO ITIEPBOMY DPaAMOAKTUBHOMY
KOHTYpY B ITapOr€HEpaToP.

4 ISSN 2074-272X. Enexmpomexuika i Enekmpomexanika. 2018. Ne3



3nanne peaxkTopa

[

Mowguzerna
T PO HH B K
yETpORETE

Mo peaT s il
LLET R

ObcTpodin
POARTORMAND
SYRENAHMHA

Peakrop

MNaporeweparop

Frasmes
WHPRY RO
HACOC

FnamHwia
HPR YRR HOME R

reyBanponag

Puc. 3. Cxema yctpoiicTBa MomHoOro sHeprodnoka coppemenHoit ADC ¢ simepHBIM peakTopoM Tra BBOP-1000 [8]

Pabouee naBneHre GOPOBOIHON CMECH B TIEPBOM KOH-
Type saepHoro peakropa turna BBOP-1000 cocraBiser no
160 at™ (16,2 MIla) [8]. KommeHcaTop naBieHUs B JAaHHOM
KOHTYPE CIIy)KHT JUIsl BRIPABHUBAHUS KOJICOAHHUI TABJICHHUS,
00YCIIOBIICHHBIX TEIUIOBBIM PACIIMPEHHEM €0 TEeIUIOHOCH-
Tenss. B TeruiooOMeHHMKe maporeHeparopa 3Ta CMech Ha-
rpeBaeT JI0 KHUIEHHS BOJAY BTOPOTrO HEPaIHOAaKTUBHOTO
3aMKHYTOTO KOHTYpa, MEePErpeThiil map KOTOPOro MOA JaB-
nieHreM okouto 63 atm (6,4 MIla) HanpaBisieTcsi Ha TapOBYIO
TypOuHy (cM. puc. 2 u 4), BpaIlaromlyo poTOp CHHXPOHHOTO
reHeparopa, BelpabaThIBaronero aekTpuiectBo. C BBIXOI-
HOro marpyOka mapoBod TypOMHBI OTpaOOTaHHbINA Map Ha-
TIpaBJIsIeTCS B KOHZIEHCATOp, IJE OXJIKAACTCS IOTOKAMH
BOJIBI C TIPyAa-OXJIauTeNns (TpaAupHH) U C TIOMOIIBIO IHP-
KyJISIHOHHOTO HACOCa 3TOT0 3aMKHYTOI'O KOHTYpPa ITOIaeTCs
CHOBa B TEIJIOOOMEHHHUK MaporeHeparopa. OTMETHM, YTO
MIPUMEHEHHUE B IIEPBOM KOHTYpE SIIEPHOTO peakTopa BMECTO
BOJIBI JKHUAKOMETAIUIMYECKOTO TEIUIOHOCHTENS (HarpuMep,
HAaTpHsl) TTO3BOJISIET CYIIECTBEHHO YIPOCTHTh KOHCTPYKLIHIO
€ro METAINTMYECKOTO KOpITyca B aKTUBHOW 30HE (IaBIICHHE
€ro JKUJKOMETAJUTMYECKOrO TEIUIOHOCHUTEIISI HEe TPEeBbILIaeT
atMocepHoe) U M30aBUTECS B HEM OT KOMIIEHCATOpa JaB-

nerust [7, 8]. OcraHoBUMCS manee Ha sAepHO-(PU3MUECKIX

0COOEHHOCTSIX (DYHKIIMOHMPOBAHMSI MOLIHBIX SAEPHBIX pe-

akTopoB ADC.
1 -

Puc. 4. MonTax B MamHHOM 3aie ADC MOIIHON OTeuecTBEH-
Ho¥t napoBo#t Typouns! [1T-1000 (cripaBa 1o ocu TypOUHEI
BHJICH KOPITYC COOTBETCTBYIOIIETO TypOoreneparopa) [9]

1.1. SInepnas ¢u3nka u sigepHblii peakrtop. U3
aTOMHOW (DM3MKK M3BECTHO, YTO CAMOIIPOU3BOJIBHOMY TEpe-
XOJly MUKPOYACTHIIbI BEIIECTBA B NHOE COCTOSHUE MPETIST-
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CTByeT sHepreTmdeckuii Oapbep. [Ipeomoners 3ToT Gapnep
OHa MOJKET JIMILb TOJILKO ABYMsI IyTsimu [1]: 0o 3a cuer
KHHETUYECKON SHEPTHN CTAITKUBAIONINXCS YACTHIL, JIHOO 32
CUET DHEPTHH CBSI3U MPUCOEIUHSIIONIEHCS YacTupl. Bo30y-
XKICHUE BEIIECTBA MPHCOCAUHSIOMIMICS YacTHLAMH He
TpeOyeT OONBINNX 3HAYCHHHA HMX KHUHETHYCCKOW SHCPTHH.
I'maBHOE TYT MMETH 3TH YaCTHIBI, IPUBOSIINE K ITPOTEKa-
HHMIO B BO30Y)KIAaEMOM BEILECTBE «OIK30IHEPLEMUYECKUX
peaxyuil», TIPU KOTOPBIX B CIIEAYIOIIEM 32 BO30YKICHHEM
MIPEBPAILCHIN BEIIECTBA BBLIETACTCS SHEPTHU OOJBIIE, YeM
Tpedyercst it ero camoro Bo3OyxaeHus. [Ipu nomydenun
TAaKUM IyTEM 3HEPIMH B MaKpPOCKONHMYECKHX MaciTabax
TaK{e PEeaKkl{ B BELIECTBE JOJDKHBI OBITh LIETHBIMU — ClIe-
IYIOUIMMHU OJIHa 3a Ipyrol. [{ennvie peaxyuu B BELIECTBE
MOT'YT BO3HHKAaTh TOJBKO TOIZa, KOTAa BO3OY)KAAIOLIME B
HEM 3K303HEPreTUUECKYI0 PEAKLHUIO YaCTUIIbI MOSABIISFOTCS
CHOBA KakK IPOJYKT HPOTEKAHMS STUX 3K309HEPIeTHIECKNX
peakumii. OUNKU-AAESPIIUKN JO0JITO MCKAIN MOJ00HOE Be-
IIECTBO (XMMHUYECKHUH 3JIEMEHT) U MOJ00HBIE MUKPOUYACTH-
LI, IPUBOASIIME K BOSHUKHOBEHUIO B HEM «YENnHbIX s0ep-
HbIX peakyuid> U COOTBETCTBEHHO K BBIJCJICHHIO OOJIBIINMX
3HAUCHWH BHYTpUsAepHOU >Heprun. B sHBape 1939 r. aBct-
puiicko-HeMenKui «rannem» ¢gusrkoB Orro Ppumr u Jlnza
MeiitHep, MHTEpOPETUPYST PE3YJIbTAaThl MPOBENEHHOIO Ha-
KaHyHe B JiekaOpe 1938 r. siiepHOro SKCIeprMeHTa HeMell-
knvu yaeHbIMA Otro ['anom m @pumem IItpaccmanom,
NPHILIM K BBIBOJY O NMPOTEKAHUH B OOIYYEHHOM MOTOKOM
HEHTPOHOB MPUPOIHOM YpaHe o> U s0epholi peakyuu Oe-
JleHus, KMATEPHHCKUX» SIep ero H30TOma o U Ha [Ba Oc-
KOJIKA C UX «JIOYCPHUMI» SIPAMH M UCITyCKaHHEM HECKOJIb-
KUX ObICTpbIX HeWUTpoHOB [3, 10]. HayuHoe oTkpeiTHE HIET-
HOIT S7IGPHOM PEaKIIHH ICICHHS B H30TOIE YPaHa op° U yKa-
3bIBAJI0 Ha NPAKTHYECKYIO PEATbHOCTh OCBOCHHMS SACPHON
SHEPruen Kak /sl BOCHHbIX, TaK U MUPHBIX Leael. Tenepb
MBI 3HAEM, HTO TIDH KOKIOM aKIe JEICHMS OHOTO A1pa
M30TOMA ypaHa o, U BHICBOGOYKIAETCS FHEPIHS TIPHMEPHO
B 197 M3B (3,15:10™" JTxx) u «posxmaercs» B cpemsem 2,47
ObicTphIX HeliTpoHa [1, 3]. Bonbmas yacTe OBICTPBIX HEW-
TpoHOB (¢ 3Heprueit mo 0,7 MaB [1]) mpu 3Toi simepHOi
PpeaKIuy JIeJIeHNs MCITyCKAeTCs! MPaKTHYECKH MIHOBEHHO (32
BpeMsl IIOpSA/IKa BPEMEHH PejlaKcallii CBOOOIHBIX JIEKTPO-
HOB B MeiHOM nposogruke — 1074 ¢ [1]), a npumepro 0,75
% OT Bcex BTOPUYHBIX HEHTPOHOB HCITyCKA€TCsl OCKOJIKAMHU
SIIEPHOTO JIeJIEHNs! C 3ara3/ibIBaHieM BO BPEMEHH, PAaBHBIM
(0,05 — 60) ¢ [1, 3]. Takue HEHTPOHBI B SACPHOM (PHU3UKE
TIOJTYYMII Ha3BaHUE <«3alla3[bIBAIONINX», UIPAOIIMX BaXK-
HYIO POJIb B YIIPABICHUHN LIETTHBIMH SIIEPHBIMU PEAKINSIMU B
peaktopax ADC, paboTaroImMX HAa TEIUIOBBIX HEWTPOHAX.
1 ycTOMYMBOrO NpOTEKaHUs LIEHOM SEPHON peakLyy B
H30TOIIE YPaHa o, U B HEM JOJDKHBI OTCYTCTBOBATh IIPHME-
CH, MOMJIOIIAIOIINE HEHTPOHBI, a TaKKe HEOOXOIUMO HaIHU-
Yye MUHUMAJIBHOTO KOJIMYECTBA SIIEPHOTO BELECTBA, HA3bl-
BaeMoro Kpumuueckoti maccoti [1, 3]. Kpome Toro, saeprus
HEUTPOHOB B aKTHBHOM 30HE C SIEPHBIM TOILUTMBOM JOJDKHA
OBITh JOCTATOYHON IS TOTO, YTOOBI BEI3BATh JIEJICHUE SIEP
M30TOMa ypaHa o> U. TIpK HCIIOIb30BAHMH B PEAKTOPE U1
STUX LEJEW MEAJIEHHBIX HEUTPOHOB MX SHEPrHsl COCTABIISIET
~0,025 5B [1, 3]. YnpaBnsiemas 1enHas sjaepHasi peaxiysi B
M30TOIIE ypaHa o, U JIEKUT B OCHOBE ITOCTPOSHUSI SIICPHBIX
PeaKTopoB, pabOTarOUIMX Ha MEJICHHBIX HEWTpPOHAX M WC-
mone3yeMbix Ha ADC. Ha puc. 5 mpuBeneHO yHHKaIbHOE
(oTon300paKeHNe aKTHBHOW 30HBI PabOTAIOIIEro BOJO-
BOJISTHOTO SIIEPHOTO peakropa [2].

SAnepHsliii peakTop (pUC. 6) COCTOUT U3 CIEAYIOIINUX
OCHOBHBIX 4acTeil [2]: akTHBHOW 30HBI C SIIEPHBIM TOTLIH-

BOM M 3aMEJUIMTENEM HEHUTPOHOB; OTpa)kareiss HEUTpo-
HOB, OKPY’KAIOILIIET0 aKTHBHYIO 30HY PEaKTOpa; KHIKOTO
(0OBIYHO OYMIIEHHOW BOABI) TEIUIOHOCHUTENS, OTOHMpAro-
IIEero TeIuIo y saepHbix coopok TBC u mepenaroiero ero
B maporeHepaTtop dHeprodmoka ADC; cucTeMBl yIpaBiie-
HUS IIETTHOW SepHON peaknyell B akTUBHON 30HE PEAaKTo-
pa; aBapUilHON 3aIUTBl PEaKTOpa; paJiualMOHHOMN 3allu-
Tbl PEAKTOpa; CHUCTEMBI IUCTAHIMOHHOIO YIIPAaBJICHUS
paboroii peakTopa.

Puc. 5. Penquaiiiuii BuJ1 akTHUBHON 30HBI IEHCTBYIOLETO HCCIIe-
JI0BATENLCKOTO BOJI0-BOJSTHOTO SIAEPHOTO PEAKTOPA (B aKTHBHOM
30HE TOTO THUIIAa PeaKTOpa OTYETIMBO HabIoaaeTcs ronyboe
CBeYeHHeE, BBI3BAaHHOE M3TyueHreM BasunoBa-Uepenkosa) [2]

1

4
2
3 6

Puc. 6. Ynpouiennas cxema ycTpoicTBa reTepOoreHHOTr o siiep-
HOTO peakTopa Ha TeIUTOBEIX HeWTpoHax (1 — ympasisromuit
CTEp>KEHb; 2 — MAacCUBHAs PaJMallOHHAs 3alUTa; 3 — TeILIOo-
H30JIMPYIOIUN KopIyc; 4 — 3aMeUInTeIb HEITPOHOB; 5 — saep-
HOE TOIUINBO; 6 — )KUJIKUH TEIUIOHOCHUTEND) [2]

JaHHble puc. 5 HAMVISIAHO JEMOHCTPUPYIOT AJIS YH-
TaTeNs CIOXKHEIC SISPHO-(PH3MYECKIE MPOLECCH, TIPOTe-
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Kalolye B aKTMBHOW 30HE BOJIO-BOJSIHOTO SIEPHOTO pe-
aKTopa, paboTalLIero Ha TeIUIOBbIX HeWTpoHax. [Ipm
9THX TpOIleccax B aKTHBHON 30HE peakTopa HIeT 00paso-
BaHHE MOLIHBIX HEHTPOHHBIX MOTOKOB M OBICTPBIX 3apsi-
KEHHBIX MHUKpPOYACTHII, BBI3BIBAIOIINX WHTEHCHBHOE M3-
JiyyeHue BasunoBa-UepeHkoBa B BOASHOM TEILUIOHOCUTE-
nme peakrtopa. Hamomumm, uto »>¢dexr Basmmopa-
YepenkoBa 00yCIOBICH M3JyYCHHEM JJICKTPOMArHUTHOM
SHepruu (cBera) OBICTPO NBUXKYIICHUCS CO CKOPOCTBIO V,
3apsHKEHHOM MMKPOYaCTUIIEW B ONTHYECKHA MPO3PauHOU
cpene, korma v.>c/n [1, 3], toe ¢ = 3-10% m/c — CKOPOCTB
CBETa B BaKyyMe; /1 — II0Ka3aTesb MPETOMIICHHS TEIIIOHO-
curers (s Boasl n~1,33 [1]).

Tekyuiee cocTosiHME JIIOOOTO SIEPHOTO peakTopa
XapakTepusyercss OByMs TMokazatersiMu [2]: koddduiu-
€HTOM Pa3MHOXKEHHS k, HEHTPOHOB B €r0 aKTHBHOH 30HE
U PEaKTHBHOCTHIO p,. Ilpu k=1 n p,~0 umcno nenenuii
slep M30TONa ypaHa o U B aKTHBHOW 30HE peakTopa
MIOCTOSTHHO M SIAGPHBINH PEaKTOp HAXOAWUTCA B CMabOUib-
HoM Kpumuueckom cocmosinuu. OOparieHne Kodphuuu-
€HTOM PasMHOXKEHHMs k, HEHTPOHOB B €IMHMIY JOCTHIa-
eTcsi cOallaHCHpPOBaHMEM IIpOliecca Pa3MHOKEHHSI HeEW-
TPOHOB B aKTHBHOW 30HE peakTopa M uUX norepsmu. B
SIIEPHOM PEAKTOPE CYLIECTBYIOT ABE OCHOBHBIE IIPUYNHBI
oTepb HEUTPOHOB [2, 8]: mepBas — 3axBaT HEHTPOHOB
sOpaMH ypaHa 0e3 MX AeNeHHUs; BTOpas — yXoX HeHTpo-
HOB 3a HpeJeNbl 30Hbl Pa3MHOXCHUS. YIIPaBJICHHUE LieN-
HOM SIEpHOM peakuuen IeleHMs siAep H30Tola ypaHa
02U B cOopkax TBC obecredrnBaercs «3arasiblBaio-
IUMU» HEUTpoHaMH. VIMEHHO 3a CuUeT 3HAYUTENBHOIO
BPEMEHH «OKU3HM» B aKTUBHOM 30HE PEaKTOpa «3araszpbl-
BAaIOIINX» HEUTPOHOB €T0 CUCTEMa YIPABJICHHS YCIIEBAET
MIEPEMECTHUTh YIPABISIOIIUE CTPEKHU-TIOTIOTHTENH (M3~
TOTABJIMBAIOTCSI OOBIYHO M3 OOpa WM KaAMHs) M TEM Ca-
MBIM BBIOpaTh JUISL SIIEPHOTO PEAKTOpa HEOOXOIMMBIN
K03 GUIIEHT pa3MHOXKEHHS k, HEHTPOHOB M COOTBETCT-
BEHHO E€r0 PEaKTUBHOCTb p,. OTMETHM TO OJHO Ba)KHOE
00CTOSITEIECTBO, YTO B ONHUCHIBAEMOM SIEPHOM pEaKTOpe
HA TEMIOBBIX HEHTPOHAX SIPA HPHPOIHOTO YpaHa o> U,
3aXBaTHUB OBICTpble HEHTPOHBI OT JACJICHUS AAep HM30TOma
ypaHa o, U WM HEHTPOHBI B MpPOLIECCE HX 3aMeUICHHS,
HE WCHBITBHIBAIOT CBOETO JeNeHus. Takue Bo30yKIEeHHbIE
sapa ypaHa 08U B mpouecce NJIMHHON IETOYKU siAep-
HBIX TPEBpalleHu (B TEUEHHE BPEMEHH, PaBHOM 1O 2,3
CYTOK) NEPEXOJsT B CTAOMJIbHBIC SIpa OPYKEHHOro M30-
TONA IUIYTOHHS o4 PU, KOTOpHIE, KaK M A1pa H30TONA
ypaHa o, U, MOTYT JeTUThCS B YpaHOBBIX cOopkax TBC
peaxTopa moJ 1efiCTBHEM TEIUIOBHIX HEUTpoHOB [ 1, 3].

1.1.1. Knaccudukanusi siiepHbIXx peakTopoB. [To
KOHCTPYKIIMM COBPEMEHHBIE s/iepHble peakTopsl ADC
MOIpa3IeNsaroTes Ha aBe Oombiume rpynmsl [11]:

e KaHaJIbHBIE peakTopsl (saepHsle coopkn TBC B HUX
pa3MeInarTcs B OTACIBbHBIX KaHanaxX, MPOHU3BIBAIOIINX
€ro aKTUBHYIO 30HY W BBIIOJHEHHBIX B IPa)UTOBBIX 0J10-
Kax 3aMe/IUTeNell HEeWTPOHOB; COOPKH JAPYr C Ipyrom
NIEPCOHAJIOM MOTYT MEHSTbCS MECTaMH M OO0TeKaroTcs
MIOTOKOM XHJKOTO TEINIOHOCUTEIN);

e KOpIycHbIe peakTopsl (saepubie coopku TBC B HuX
CTaI[IOHAPHO PA3MEIIAlOTCsl BHYTPH MAaCCHBHOTO METal-
JIMYECKOTO KOpITyCa, & aKTUBHASI 30HA OMBIBAETCSI MHTEH-
CHBHBIM ITOTOKOM >KH/IKOTO TETUIOHOCHTEIIS).

Ha puc. 7 u 8 npuBeeHb! 00LIUe BUIBI COOTBETCT-
BEHHO KaHAJIBHOTO U KOPILYCHOT'O THIIOB SIAEPHBIX peak-
TOpoB, npuMeHseMbix Ha ADC Ykpaunsl [2, 9, 12].

Sl = N o i e -'!. "l
Puc. 7. O0mmii Bu MOITHOTO siiepHOTO peakropa tuna PEMK-
1000, ycTaHOBIIEHHOI'O B PEaKTOPHOM 1I€Xy OIZHOIO U3 4-X
9KCITyaTHPOBABIIMXCS SHEPro610koB YepHoObUTbCKOM ADC
(o xaractpodsr B 1986 T.), co CTOPOHEI ero cOOpHOIt 13

OT/IENBHBIX CBHHIIOBBIX OJIOKOB BEpXHEH 3alIUTHOM KPBIIKH [2, 9]

Puc. 8. CxeMa ycTpolicTBa MOIIIHOI'O SIEPHOIO pEaKTOpa TUIIA
BBOP-1000 (1 — mpuBox CY3; 2 — 3amuTHas KPHIIIKA PeakTo-
pa; 3 — kopmyc peaxropa; 4 — 6;ok b3T; 5 — Bognas maxra;
6 — BBITOpO/IKa aKTHBHOM 30HBL;, 7 — cObopku TBC) [9]

Kak usBectHo, B ampene 1986 r. Ha 4-oM sHepro-
omoxe YADC nmenHo Ha sipepHOoM peakrope PEMK-1000
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OO0JIBIION MOIIMHOCTHA KaHAJIBHOTO THIIA C TEINIOBOH MOIII-
HocThio 1000 MBT mpousonuia camasi TsDKenas B MHPO-
BOI MCTOPUM aTOMHOM 3HEPIETUKH aBapusi, NOIOpBABILIAs
BEpy JII0JIel B 0€30MaCHOCT sIJIEpHBIX peakTopoB. Heko-
TOpBIe CTpaHbl (HampuMmep, Mranms) mocie katacTpodsl
Ha YepHoObUIbCKOM ADC NpPUHSUIA 3aKOHBI, 3aIperiaro-
e pazmemenne ADC Ha ee Teppuropuu (yxe IeiHcTBO-
BaBIIHWE€ AaTOMHBIC CTaHLMHU 6bIJ'II/I OCTAaHOBJICHBI, a HUX
SITEPHBIC PeaKkTophl 3aKoHcepBHupoBaHsl) [§]. B ['epmanun
MIPUHATHI TPABUTEIHCTBEHHBIC PEIICHHS M0 COKPAICHHIO
KOJHYecTBa paboTaromux Ha ee Teppuropun ADC [2, 8].

B Hacrosimee Bpemst HanbOosiee 0€30MaCHON KOHCT-
pYKLHMEH MOIIHOTO SJIEPHOTO peakTopa Ha TEIJIOBBIX
HEHTpOHAaX, UCIOJIb3yeMOro Ha coBpeMeHHBIX ADC, sB-
JsieTcsl TIPUBEJCHHAss HA PUC. 8§ KOHCTPYKIHS peakTropa
tuma BBOP-1000 [9, 12]. 'abapuTHbBIC pasMepsl TAKOTO
SIIEPHOTO peakTopa cocTaBistoT [9]: BeicoTa — 10 20 M, a
IuaMeTp Koprmyca — 1o 4,5 M. YipaBieHne U peryimpo-
BaHHUE TpOIlecca MPOTEKAHUS IEIHBIX SICPHBIX PEaKIUit
B cOopkax TBC, 3anoiHEHHBIX ypaHOBBIMH TEILIOBBIJIE-
oMy 3nementamu (TBDJI) mmactuHyaroit wim mm-
JUHApUYECKOH (OpPMBI, M Mpoliecca HarpeBa BOIHOTO
TEIUIOHOCUTENS siAepHOro peakrtopa Tuma BB3OP-1000
BBITIOJTHACTCS C TIOMOIIBIO CTEPXKHEHW CHCTEMBI yIIpaBlie-
uHus u 3amuTel (CY3) u Onoka 3ammrHbeIX TpYO (B3T).
Kopmyc Takoro peaktopa paccUWTHIBaeTCS Ha MaKCH-
MaJIbHOE JIaBJICHHE TIEPETPETOI CMECH €ro BOASHOTO Tell-
JIOHOCHTEJISI, COCTaBIIsAOIIEe OkoJio 160 atm [8].

WutepecHo, uro reoMerpuyeckas Gopma saepHOTO
peakTopa BBIOMpaeTCs W3 YCIOBHS MHUHHMYyMa OTHOIIIE-
HUSI TUIOLIaJM €ro MacCHBHOTO paJMallMOHHO-CTOWKOTO
KOpIIyca K 3aHUMAaeMOMY UM OOBEeMy. DTOMY YCIIOBHIO
COOTBETCTBYIOT (popMBbI CPepbl, KOPOTKOTO HHIMHAPA U
Ky0Oa [1]. [Jemaercs 5TO Isi MUHUMU3AIMHA YTCUKHA HEH-
TPOHOB M3 aKTHBHOW 30HBI SJIEPHOTO pPEaKTopa, MMEFo-
el B KPUTHYECKOM COCTOSHMHU peaktopa (k,~1; p,~0)
Kpumuyeckuii 06vem (1751 COBPEMEHHBIX SICPHBIX peak-
TOPOB 3TOT OOBEM MOXKET COCTaBJISTH COTHH M 2D.
Kputnueckomy 00beMy peakTopa COOTBETCTBYET Kpuimu-
yeckas macca JAETSIIETOCS B HEM SJEpHOTO TOIUIMBA.
3amMeTHM, YTO HaMMEHbIIEH KPUTHIECKOW Maccoil obia-
JAIOT SICPHBIC PEaKTOPHI, B KOTOPHIX TOIUTMBOM CITy)KaT
BOJHBIE PACTBOPHI COJIEH YUCTHIX MEIISAIIMXCS pPagHoaK-
THBHBIX H30TOTOB C BOASHBIM OTpAXKATeNeM HEHTPOHOB.
Hampumep, aiig n3orona ypasa o, U HamMeHbIIas KpH-
THUYeckas Macca coctasiser 0,8 kr, a s M30TONA ILTY-
TOHHS o4~ Pu — 0,5 kr [2]. [To Mepe «BBITOpaHHS» SIEP-
HOTO TOIJIMBA PEAKTHBHOCTb p, PACCMATPUBAEMOI0 PeaK-
TOopa ymeHbliaercs. B aroii cBszu ero cbopku TBC ¢
TBOJI tpebyetcs mensTh. B peakropax tuma BBOP-1000
3aMeHa «BBITOPEBILET0» SACPHOTO TOIUIMBA IPOU3BOINT-
Csl Cpa3y U3 Bcel MX aKTHBHOW 30HBL, a B pEaKTOpax THUIA
PBMK-1000 Takas 3amMeHa OCYIIECTBISIETCS MTOCTETICHHO
¢ ocraBiieHneM B pabore TBDJI pasHbBIX «BO3pacToBY.
Hanomuum, 4to nox axmueroti 3010t peakTopa MnoH1uMa-
eTCsl 30Ha, I'Jle HAXOAMTCS SIEpPHOE TOIUIMBO, NPOTEKAET
yrpaBisieMast IeTHas SAepHast peakuus IeTCHNS eTo saep
U TIe BblIensercss BHyTpusiepHas sHeprus. Ha puc. 9
IMOKa3aH MOMEHT 3aMEHBI SEPHOTO TOIUIMBA B PEaKTope
tuna BBOP-1000.

SnepHble peakToOphl MO BHAY HCIIONB3YEMOTO B HX
aKTUBHOM 30HE JIEPHOTO TOILIUBA AensTcs Ha [2, 11]:

e peakrtopsl co cobopkamu TBC um TBOJI Ha ocHOBe
TaKuX U30TOIOB ypaHa Kak 9223 8U, 92235U u 92233 U;
e peakrtopsl ¢ TBC u TB3JI Ha ocHOBE H30TOIA TLTY-

TOHUS 94239Pu, LIEJIOTO CeMENCTBAa M30TONOB IUTYTOHHSA
9423 %222y B cmecH ¢ MIPUPOIHBIM YPAHOM 9223 8U;

o peakropsl ¢ TBC u TB3JI Ha ocHOBE W30TOMNA TOPHUS
00 2Th (¢ manbHeiIIMM MPEBPAIICHHEM ero HpH Mpedbl-

BAHMH B aKTHBHOI 30HE B M30TOMN ypaHa o> U).

i

.; !... + I‘.

T

Puc. 9. 3arpy3ka cexero torumBsa (coopok TBC) B MomubIii
BOJI0-BOJITHOH AnepHbIi peakrop Tuna BBOP-1000 (BepxHsist
repMeTUYHas 3alUTHAasI KPBIIIKa peakTopa cHATa) [2, 9]

SlnepHBIE peakToOpHl 1O XapaKTepy pasMeIleHHs TO-
IUIMBA B aKTUBHOM 30HE KJIacCH(pUIIUPYIOTCS Ha [2]:
® TETEPOTCHHBIE PEAKTOPHI (TOIUIMBO B MX 30HE pa3-
Melaercsi TUcKpeTHo B Bune OnokoB (coopox TBC ¢
TBO3JI, o0TeKkaeMbIX TEIIOHOCHTENIEM), MEXIy KOTOPHI-
MU HaXOJUTCS 3aMeJIIUTENh HEUTPOHOB);
® TOMOTCHHBIC PEAKTOPHl (TOIUIMBO M 3aMEIINTEINh
HEWTPOHOB IPEACTABIISIOT OJJHOPOJHYIO CMECH).
SlnepHBIe PEaKTOPHI 1O CTEHNEHH OOOTAIIEHHS WX
snepHoro Tormaa B TBOJI pasnuyatorcs Ha [2, 11]:
e peakropsl ¢ TBOJI Ha ocHOBe mW30TOmMa HEobOoTra-
LIEHHOTO MPUPOJIHOTO ypaHa 028U,
e peakropsl ¢ TBOJI Ha ocHOBe m3o0TONa ci1abo 060-
TaIIeHHOr0 IPUPOIHOTO YpaHa o> U
e peakropsl ¢ TBOJI Ha ocHOBe M30TOMNA BEICOKO 000-
ralieHHOI0 NPUPOJHOTO ypaHa 028U,
SlnepHble peakToOphbl M0 XUMHYECKOMY COCTaBy TOII-
JIMBa B aKTUBHOM 30HE MoApa3aessroTes Ha [2, 11]:
® pEaKkTopsl C METAUIMYECKHMH H30TOIaMM ypaHa,
IUTyTOHUSI U TOPHS;
e peakTopsl ¢ guokcuaoM ypana UO;;
e peakTopsl ¢ Kapounom ypana UC.
SlnepHble peakTOpbl MO YHEPreTUYECKOMY CHEKTPY
HEHWTPOHOB B aKTUBHOM 30He aensTcs Ha [2, 11]:
® peakTophl Ha TEIUIOBBIX (MEIUICHHBIX) HEHTpOHaX,
Ha3bIBAEMBIE «TEIUIOBBIMH PEAKTOPaAMM»;
® peakTopsl Ha OBICTPHIX HEWTpOHaX, Ha3bIBaEMbIE
«OBICTPBIMH PEAKTOPAMI»;
® pEaKTOpHl Ha IIPOMEKYTOUHBIX HEUTPOHAX;
® PEaKTOPBI HA HEHTPOHAX CO CMEIIAHHBIM SHEPTeTH-
YECKUM CHEKTPOM.
SlnepHble peakTOpsl MO BHUAY TEIUIOHOCHTENS B HX
aKTUBHOM 30He mojpasensitores Ha [2, 11]:
e peakTopsl ¢ yerkor Bomoit H,O, Ha3pIBaeMbIe «BO-
J0-BOAAHBIMU AACPHBIMU PEAKTOPAMNY);
® peakTopsl C Tshkenmod Bomoi D,O, Ha3pIBacMbIe
TSHKCJIOBOAHBIMU ANCPHBIMU p€aKTOpaMm»,
® PEaKTOpBl C Ta30M B AKTUBHOI 30HE, Ha3bIBaEMBbIE
«rpadUTO-ra30BbIMHU SIEPHBIMH PEAKTOPAMI»;
® PEAKTOPBl C JKUIKOMETAUIMYECKHM TEIUIOHOCUTE-
JeM (HampuMmep, ¢ HaTpHeM, SKUAKOW CMEChIO CBHHIA C
BHCMYTOM);
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® pPEaKTOpBI C OPraHUYECKUM TETJIOHOCUTEIIEM;
® pEeaKkTOPHI C TBEPIABIM TEIIOHOCUTENIEM;

® peakTopbl Ha paciuiaBax psjaa cojei (Harpumep,
¢dbTopuIoB ypana).

SnepHble peakTopbl N0 POy NPUMEHSEMOIO B KX
30HE 3aMeJTUTENS] HEUTPOHOB AensTcs Ha [2, 11]:

e peaktopsl ¢ rpaduroM C, BBHINOJIHIEMBIE KaK «rpa-
(buTo-BO/IHBIE U TPAdHUTO-Ta30BbIE PEAKTOPHI»;

e peakTophl ¢ jerkoi Bonod H,O, BelnosHsIEMBbIE Kak
«JIETKOBOJIHBIE M BOIO-BOSIHBIE PEAKTOPBD»;

e peakTopbl ¢ Tshkenoi Boaodt D,0, BeIMOIHSEMBIE
KaK «TsDKEJIOBOJHBIE PEaKTOPBI»;

® peakTophl ¢ MeTalIndeckuM OepriuineMm Be (MoryT
H3TOTaBJIMBATECS U ¢ OKCHAOM Oeprimus BeO);

® pEeaKkTOpPHI C THJIPUIAMHU PsiJia METANJIOB;

® peakTopsl 0e3 3aMeITUTeNs], Ha3bIBaeMbIe «PEaKTO-
pamu Ha OBICTPBIX HEWTPOHAX).

SnepHble peakTophl Mo croco0y reHepanud B HAX
napa TeIJIOHOCUTENS pa3iauyaroTcs Ha [2, 11]:

® peakTOphl C BHEIIHHM IapoOreHepaTOpPOM, BHITIOJN-
HSEMbIE KaK «BOJO-BOJSHBIE PEaKTOPBD (HAIpHUMep,
IBYXKOHTYpHBIE peakTopsl Tria BBOP-1000);

® DEAKTOPBI C BHYTPEHHEW I€HEpaluei Iapa, BbIIOJI-
HSIEMBIE KaK «KUIISIIAE PEaKTOphD» (HalpuMep, OJXHOKOH-
TypHbIe peakTopsl Thia PBMK-1000).

SnepHBIe peakTOpPHI IO XapaKTepy CBOEro Ha3Haue-
HUS ¥ UCTIOJIB30BaHUS TOapa3aenstores Ha [2, 11]:

® JHEPreTHYECKHE PEaKTOpbl, IPUMEHSIEMbIE I HO-
JyYSHHS 3JIEKTPOSHEPTHH U TEIUIOBOM >HEPruul (MMEHHO
9TH peakTopsl M ycraHaBiuBatoTcs Ha ADC);

® TPaHCIIOPTHBIE PEAKTOPHI, pa3MellaeMble Ha TpaHC-
MIOPTHBIX CPEJCTBaX NepelBIDKeHUs (HanmpuMep, Ha MoJ-
BOJHBIX JIOJIKaX BOCHHOTO Ha3HAYEHUS);

® IIPOMBIIUICHHBIE PEaKTOPHI, IPUMEHSIEMbIE Ul Ha-
paboTKH OPYKEHHOTO M30TOMA IUIYyTOHHUS o4 Pu M TpO-
W3BOJICTBA PAJMOAKTUBHBIX H30TOIOB, HCIIOJIb3YEMBIX B
Pa3IUYHBIX 00JacTsIX (HampuMep, B MEIUIINHE);

® 1CCIEN0BATENBCKUE PEAKTOPBI, B KOTOPBIX T'€HEPHU-
pyeMBbIe B X aKTUBHBIX 30HaX MOTOKH HEUTPOHOB U TraM-
Ma-KBaHTOB HCIOJIB3YIOTCSl U HM3Y4EHHs IIOBEICHHMS
Pa3NUYHBIX BEIIECTB MPUMEHHUTEIBHO K 3a7adaM SIIepHOI
¢u3nky, GU3NKK TBEPIOro Tejia, PaAUallMOHHOW XHMUH,
PpaaroONOIOTHH U PAAHOIIOTHH;

® JKCIIEPUMEHTAJIBHBIE PEaKTOPhI, NMpelHa3HaueHHbIE
JUTS OTIPENIEIICHHUS B YCIOBUSAX HHTCHCUBHBIX HEHTPOHHBIX
U TEIUIOBBIX IOJIeW pa3IMYHBIX (PU3NKO-TEXHUYECKUX
CBOMCTB KOHCTPYKLIIMOHHBIX MaTE€pPHajoOB, HEOOXOIUMBIX
JUId TIPOEKTHPOBaHMUs M 3KcIutyataruu Ha ADC u saaep-
HBIX TPOW3BOACTBAX CIEIHAIBHOTO HA3HAYEHUS HOBBIX
KOHCTPYKLUH SIEPHBIX PEaKTOPOB.

Kak BuammMm, simepHBIE peaKkTOPBl XapaKTepU3YOTCS
HIMPOKOHM raMMoil cBoeH Kiaccuukaimu. MexmyHapo/-
HOE areHTCTBO Mo atoMHOM 3Heprun (MAT'ATD) ucmons-
3yeT CIEAYIOIIYI0 KIacCU(PUKAIMIO OCHOBHBIX THIIOB
SHEpPreTUYeCcKUX AAepHbIX peakTopoB Ha ADC [2, 12]:

e PWR (pressurized water reactor) — peakTop ¢ BOmoit
T10J] 1aBJIEHHEM, B KOTOpOM Jierkas Boxa H,O siBisiercst n
TEIUIOHOCHUTENEM M 3aMeIUINTeNieM (HampuMep, «BOMO-
BOASHOI peaxktop» Tuia BBOP-1000);

e LWGR (light water graphite reactor) — peakrop c
serkoit Bogor H,O B KauecTBe TEIJIOHOCUTENS U C Tpa-
(GbUTOM B KayecTBE 3aMeIIUTENs (HAmpuMmep, «rpaduro-
BOJHBIH peakTop» Tunia PEMK-1000);

e BWR (boiling water reactor) — «kurnsimuii peakropy,
B KOTOPOM 00pa30BaHHE BOJSIHOTO Napa, 0AaBaeMoro Mo

OJTHOKOHTYPHOH IIeTIH Ha MapoBYIO TYpPOHUHY, IIPOUCXOINT
HETIOCPEICTBEHHO B PEAKTOPE;

e GCR (gas-cooled reactor) — «razooxiaxnaeMblii pe-
aKTOp», B KOTOPOM B Ka4ECTBE TEIIOHOCUTENS MCIIOJB3Y-
eTcs Ta3, a 3aMeuTUTeNns — OJIOYHbI rpadurT;

e FBR (fast breeder reactor) — «peakrtop Ha OBICTPBIX
HEWTpOHaX», HE TPEOYIOIINHA HaIW4Ms 3aMEJUINTENs B
AKTUBHOMW 30HE M MCIOJb3YIOMIMNA KUAKOMETAJUINYECKUN
TEIUIOHOCHUTENb (OOBIYHO HATPHi) B IEPBOM KOHTYpE, a
BO BTOPOM KOHTYpe — JIeTKyto Boay H,0;

e HTGR (high-temperature gas-cooled) — «BBICOKO-
TEMIIEpaTYPHbIN Ia300XJaXK1aEMbI PEAKTOPY;

e PHWR (pressurised heavy water reactor) — peaktop
¢ Tspketor Bogoii D,O B kayecTBe 3aMeIMTENS U TEILIO-
HOCHUTENS («TSDKETIOBOJHBIN peakTopy);

e HWGCR  (heavy-water-moderated,  gas-cooled
reactor) — peakTop, B KOTOPOM B KayeCTBE TEIJIOHOCHTE-
7Sl IPUMEHSIETCS Ta3, a B KAUeCTBE 3aMEIUTENS — TsDKe-
nast Boga D,O («ra3ooxiaxgaeMblii peaKTop € TSIKENIOo-
BOJHBIM 3aMEIITUTEICM);

e HWLWR (heavy-water-moderated, boiling light-
water-cooled reactor) — peakTop, B KOTOPOM B KadecTBE
3aMeIUIMTENS M KUISIIEro TeIJIOHOCUTENST UCIIONb3YeTCsl
Tspkenast Boja D,O («KHISIuid peakTop ¢ 3aMeuInTeeM
13 TSHKETON BOIIBI»);

e PBMR (pebble bed modular reactor — MoynbHBII
peaxTop ¢ mapoBEIMU KOHCTPYKIsiMu ero TBOJIL.

B sipepnoit snepreTuke u Ha MomHbIX ADC pa3nuu-
HBIX CTpaH MHpa HanOOJIbIIee pacIpoCTpaHEHHUE MTOTyYH-
T «BORO-BOJSHBIE SIZIEPHBIE PEakTopel» (10 62 %) u
CKUIISIHIE gaepHbe peakTopsn (1o 20 %) [2, 8].

1.1.2. TonamuBo s sigepHbIX peakTopoB AIC
VYxpaunsbl. o 2011 1. spepHoe TomnmBO (ypaHOBBIE
coopku TBC ¢ TBOJI) ans Bcex ADC YkpauHBI IOCTaB-
JS10Ch poccuiickoi kommanuend « TBDJI» [13]. B 2008 .
Hallla CTpaHa B3sUla KypcC Ha JUBEPCU(HKALUIO TOCTABOK
simepHoro torumiBa aiist cBoux ADC. C 3Toi enbIo B TOM
XKe Toay ObUI 3akKIOYeH JOroBOp C KOMIaHUeH
«Westinghouse Electric Company» (CIIA) Ha mocTaBKy
eto B Ykpauny B teuenue 2011-2015 rr. 630 mryk ypa-
HOBBIX cOopok TBC mms 3-X MOIIHBIX 3HEProOIOKOB
oredecTBeHHBIX ADC ¢ sIepHBIMH pEakTOpaMu THUIa
BB3P-1000 [13]. B anpemne 2012 . onpITHas 3KCIUTyaTa-
s ypaHoBbix TBC mpounsBoacTBa aMepUKaHCKON KOM-
nannn «Westinghouse Electric Company» Ha 3-M 3HEp-
robsoke FOxHO-Ykpannckoir ADC BBISBUIA Pl CEPhE3-
HBIX KOHCTPYKIIMOHHBIX OINHOOK B IaHHBIX COOpKax
TBC, HaHecUIMX YKPauHCKOH CTOpOHE YOBITKH Ha CyMMY
okono 175 mumumonoB $ USA [13]. Dkcrnyaranus yka-
3aHHOro 3HeproOioka FOxHo-Ykpannckoir ADC Obuia
NIPOJIOJDKEHA JIMIIb MOCJIE YCTAHOBKM Ha HEM BMECTO I10-
BPEXICHHBIX aMEPUKAHCKUX COOPOK SOEpHOIO TOILIMBA
HOBBIX cOopok TBC ¢ TBOJI npomussoacrea Pd. o nan-
HBIM ['occTaTa YKpanHsI 3a epuos stHBapsi-okTsops 2015
r. 00bEM HMIIOpTa SAEPHOTO TOIUIMBA B HAIly CTpaHy
cocrasmi 504 mwmmmona $ USA, BKirouas IOCTaBKH U3
P® na cymmy 471 munon $ USA (94 %) u LBewuu (ot
3aBoja-mocraBmuka kommanmu CHIA «Westinghouse
Electric Company») — Ha cymmy 33 mmnnona $ USA (6
%) [13]. B HacTosimiee BpeMsi BCEMHUPHO H3BECTHAs POC-
cuiickasg kommaHusi «TBDJI» ocraeTcss OCHOBHBIM TO-
CTaBIIMKOM siiepHOro TorumBa g Hammx ADC, obec-
neunBas He MeHee 90 % 0T HeoOXOAMMBIX MOTPEOHOCTEH
Ykpausbl B 3ToM TorumuBe. [lo cOCTOSHHUIO Ha IeKaOph
2016 r. simepHoe TommBO Kommanusi «Westinghouse
Electric Company» (CLLA) mocraBisia B OTpaHIICHHOM
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o0beme b ist 3-ro sHeprodiioka KOxHo-YKpanHCKOH
ADC u 5-ro areprobioka 3amopoxckoit ADC [13].

1.1.3. Yruim3anusa M XpaHeHMe OTPa0OTaHHOIO
simepHoro Tormnea Ha ADC Ykpaunbl. B nporecce pado-
THI SIIEPHOTO PEAKTOPA M3-3d HAKOILUIEHWS B €TO YPaHOBOM
TOIIMBE OCKOJIKOB JIEJICHUSI M3MEHSETCSI €ro0 M30TOIHBIN U
XMMUYECKHI COCTaB U MPOMCXOAUT 00pa3oBaHKEe TpaHCypa-
HOBBIX JIEMEHTOB (B OCHOBHOM H30TOIIOB IUTyTOHHS o5° PU)
[2, 11]. Orpaborannoe sinepHoe TorumBo (OST) B akTHBHOM
30He peaktopa Ha ADC MOTEKUT U3-32 CBOETO OCTATOYHOTO
TETUIOBBIJENICHHS] CPABHUTEIIHHO JUIMTENFHOMY XpPaHEHHIO.
Jannoe ocratounoe TtemioBblnenene B OST sBisercs
CIEACTBMEM TaMMa- M Oera-pacriajjoB B PaJMOAaKTUBHBIX
MPOAYKTaX MAENEHHS SIIEPHOTO TOIUIMBA, HAKONMBIIMXCS B
cbopkax TBC ¢ TB3JI 3a Bpemst pabOTHI siI€pHOTO peaKTopa.
B OST B030yXIeHHBIE sApa YKa3aHHBIX MPOIYKTOB JIelie-
HUS1 BCJIEACTBHE CBOETO PAJIMOAKTUBHOI'O PACTIa/Ia IEPEXOAAT
B Ooriee cTaOMIIbHOE MITH TIOJTHOCTBIO CTAaOMIIBHOE COCTOSIHYE
C BBIJIEJICHUEM 3HAUUTEIbHOM TEIUIOBOM sHepruu. B sroit
CBs3BU ocTaToyHoe TeruioBbienenne B OAT sBmserca st
paboratomx ADC BakHOH MPOOIEMOH, HANPSMYIO CBsI3aH-
HOM C WX siepHOr Oe3omacHOCThI0. J[iist pemenns 3Toi He-
n30exHOi npooiemMbl Ha ADC NOIDKHBI pa3MeIaThest Cre-
OUanbHbBIe cyxue Wi MOkpbie xpaammma OAT, B KOTOphIX
HOC/Ie/IHEE TIPH  ONPEACNICHHOM TEMIIEPaTypHOM pEeXHUME
JOJDKHO TIPeOBIBATh JOCTATOYHO JUTHTEIEHOE BpeMsl (HAIpH-
Mep, 110 3-4 JeT B UX BOJSIHBIX OacceitHax Beiepkku) [2]. C
2001 r. B YkpauHe AeHCTBYET TOJIBKO OIHO CYXO€ XPaHWIIH-
me OAT na 3anopoxckorr ADC. Y Hac umeeTcs Takke U
oo Mokpoe xparwmnmiie OSAT B 30He oTayknenus YepHo-
obutbckoii ADC, koTopoe He crocoOHo npuHuMate OST
maxe ot ceonx ADC Ha monroBpeMeHHOe XpaHeHue [2]. B
HacTosilliee BpeMsi TOJIBKO JBe cTpaHbl mupa — Poccus u
Opannus obmanarot TexHoiormimu repepadorku OSAT. Io-
atomy ceituac OST ¢ Xmenpuuikoit, Poserckoii un FOxHo-
VYxpanHckoir ADC BBHIBO3HTCS HA XpaHEHHE H ITEpepadoTKy B
P®. Takue TexHONOTHMUECKHE MPOLEAYPhl OOXOISTCS YK-
paune exeroaHo B (150-200) muumonos $ USA [13].

B cBs13u ¢ BeICOKO# cTomMocThio xpanenus OST na
Tepputopud PO ¥ NpuHATEIMU 00s13aTENbCTBAMU Y Kpau-
Hel niepen MAI'ATD B 30He oTuyxneHus YepHOOBUIB-
ckoif ADC HameuaeTcs CTpoUTENbCTBO lleHTpanbHOrO
xpaamiuiaa OST [13]. C centsaops 2016 1. TexHUYECKas
JIOKyMEHTAIHsI Ha COOPYXKEHUE B YKpanHE TaKOro CyXOro
6omnpmoro xpaamwiuma OAT mpoxoauT MeXIyHAPOTHYIO
skcrieptusy. Co3ganue nogooHoro xpanwmina OSAT mo-
3BOJHT oTedecTBeHHBIM ADC nuBepcuuIMpoBaTh yTH-
JIM3aLUI0 PaJUOaKTHBHBIX OTXOJIOB OT CBOMX PEAKTOPOB.

1.1.4. BesonacHocts ADC M HX A/ICPHBIX PEaKTo-
poB. B HacTosiee BpeMs BBICOKAasl CTeNeHb OE30IacHo-
ctu ADC BO MHOTHX CTpaHax Mupa obecrieunBaeTcs Clie-
JYIOIIUMH OCHOBHBIMH 3alIUTHBIMHA (hakTopamu [13, 14]:

® IIPHUHIMIIOM CaMO3AIIUIIEHHOCTH AIEPHOTO PEaKTO-
pa ADC (KOMIO3ULMSI AKTHBHOW 30HBI peakTopa u (Hu3u-
Ka MPOTEKAIOIINX B HEH SOEPHBIX MPOLECCOB HA OCHOBE
€CTCCTBCHHBIX O6paTHLIX CBSI3eH 3a CUET BOSHUKHOBEHHS
a¢ddeKTa «OTPUIATENFHONH PEaKTUBHOCTHY  JOJDKHBI
o0ecrieunBaTh €ro CaMoperyJIMpoBaHue);

e HajmyueM Ha peaktopax ADC aBapuitHOH 3aIIUTH
psina GapbepoB paAuallMOHHON 0€30MaCHOCTH;

® MHOTOKpaTHBIM nyOmmpoBaHmeM Ha ADC KaHAIOB
0€3011acCHOCTH ¥ IPUMEHEHHUEM CUCTEM 0€30IaCHOCTH KaK
AKTUBHOTO (TpeOYIOMHX BMEIIATEIBCTBA OOCITYKHBAFO-
IIEro NnepcoHajla W HaJIW4Ms MCTOYHHMKA SHEProcHaldxe-
HUS), TaK U TTACCHBHOTO (HE TPeOYIOMNX BMEIIATEIbCTBA

00CITy’)KMBaIOIIETO0 TIepCOHANA W HAJW4YUs HCTOYHHUKA
9HEProcHa0KEeHUs ) 3aLIUTHOTO XapaKTepa;

® JCIOJIb30BAaHUEM BBICOKOCTOMKHMX K BO3JIEHCTBUIO
HMHTCHCUBHLIX paJUallMOHHBIX WU TCIJIOBBIX nojeu marte-
pHAIIOB, ANEKTPOTEXHUIECKUX YCTPOUCTB, TEXHOJIOTHYE-
CKHX CUCTEM U CUCTEM YIIPABJICHUA (BKJ'IIO'-Ia)I HuX arrapa-
THI ¥ KaOeTHHO-TIPOBOTHUKOBYIO TIPOIYKITHIO);

® BHEJPEHUEM KYJIBTYpbl 0€30MmacHOCTH (0T MOMEHTa
BEIOOpA TUTOMAIKH 1O cTpouTenbcTBO ADC 1o mepuona
ee IyCKa U BO BPeMsI €€ IKCIUTyaTalllH).

SInepHble peakTOphl, OCTaBIIMECS Ha PadOTarOMINX
sHeprobyiokax ADC YKpauHbI, OTHOCATCS K PeaKTopaM TH-
na BBOP, n3 koropeix aa — tuna BBOP-440 (¢ ycraHoB-
nerHoi morrHocThio 440 MBT) 1 13 tuma BB3OP-1000 (c
ycranoBieHHOU MomHocThio 1000 MBT) [13]. D11 peakro-
PBI IMEIOT IBYXKOHTYpPHBIE CXEMBI (CM. pHC. 2), KOTOpbIE
SIBIISIFOTCS. IPUHIMITHAIBHO OoJiee Oe30MacHbIME 110 CpaBHE-
HHUIO C OJHOKOHTYPHOH cXeMoil peaktopa smoHckoir ADC
«Dykycuma-1» [8]. B mepBoM KOHType peakTopa THIA
BBDOP u3-3a BBICOKOTO B HEM JABJICHUS HET HACBHIICHHOTO
napa. [loatomy puck «oroneHus» (octaBiieHHs 0e3 Teruio-
HOCHTEJIS) M MeperpeBa ero SIepHOro TOIUIMBA TPHUHIIUTIN-
IBHO HIDKE, YeM B OJIHOKOHTYpHOM peakrtope. Cucrema
pamuanroHHON Oe3omacHocTH coBpeMeHHbIX ADC Ykpau-
Hbl 1 PO (HeoO0X0MMO He yITycKaTh U3 BUJIYy TOTO, YTO OTe-
gectBeHHbIe ADC U UX SiIEpHBIE PEaKTOPhI SBITFOTCS POC-
CHHCKMMHM pa3pabOTKaMH) BKIIFOYAET YETHIPE OCHOBHBIX
Oapbepa Ha TMyTH PacIPOCTPaHEHUST MOHU3UPYIOMINX H3ITy-
YEHUW U paJIMOAKTHBHBIX BEILLECTB B OKPYKaIOLIYIO UX Cpe-
oy [13, 14]:

® TOIUIMBHYIO MaTpHIly, NPEAOTBPAIIAIOIIYI0 BBIXO/
MPOAYKTOB AeneHus mo obonouxky TBOJI;

® [MPKOHMEBO-CTAILHYIO 00ojouky TBDJI, He nato-
IIYIO TPOAYKTaM IEJICHHUS TOIUIMBA IOMACTh B TEILUIOHO-
CUTCJIb I'NTaBHOT'O HUPKYJSIIMUOHHOT'O KOHTYpa,

® TJIAaBHBIM HUPKYSIMUOHHBIA KOHTYp (1-if KOHTYD),
MPENATCTBYIOIIMI BBIXOJy MPOAYKTOB JAEJICHUs MOJ 3a-
IIATHYIO TEPMETHYHYIO 000JI0UKY peaKTopa;

® CUCTEMY 3alllUTHBIX TepMETUIHBIX 060.]'[0‘161(
(«koHmaiinmenmy») peakTopa, HWCKIIOYAIONIYI0 BBIXOM
MPOJIYKTOB SIIEPHOTO JICIEHHS B OKPYKAIOILYIO CPELy.

Ha puc. 10 mpuBeneHa ynpolieHHas CXeMa KOH-
TalHMEHTa siiepHoro peaktopa Trma BBOP-1000 [14].
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Puc. 10. CxeMa 3alIUTHBIX TEPMETHYHBIX 000JI0YEK SAECPHOTO
peaxtopa Tuia BBOP-1000 Ha oteuectBenHbBIX ADC [14]

YKaxkeM, 4TO KOHTAMHMEHT SIIEPHOTO pPEeaKkTopa TU-
na BBAP-1000 06beMOM 10 75 THICSY M, BHIIOJHCHHBIH
U3 TIPEeIBapUTENBHO HAMPSDKEHHOTO OETOHA ¢ MeTaJlIide-
CKHMH TPOCaMH, MEXaHMYCCKH PACCUUTAH KaK Ha BHEII-
Hee CHJIOBOE BO3JCHCTBHE (HAampuWMep, Ha IMafcHue Ha
HETO JICTATEJIBHOTO armmapara co CKopocTbio 10 200 m/c u
MAaccoit 1o 5 TOHH), TaK U Ha BHYTPEHHee ICHCTBUE CKO-
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MMUBIIUXCSI B aBaPHIHOM PEKUME B 30HE pEakTopa ra3os
U30BITOYHBIM JaBiieHueM 10 5 at™ [14]. Kpome Toro,
STOT KOHTAaHHMEHT SIepHOTO peakTopa Tuma BBOP cmo-
coOCH BbLAEPKATh BO3JCHUCTBHE YAAapHOW BO3IYIIHOW
BOJIHHI ¢ aBiieHueM Ha ee (pponte mo 30 klla, ceticmmue-
CKOE€ BO3JICUCTBHE OT PACUETHOTO 3EMJICTPSCEHUSI C WH-
TEHCUBHOCTBIO 0O 8 OautoB mo mxkaine MSK-64 u BO3-
JICHCTBHE yparaHa co CKOPOCThIO BeTpa 110 56 m/c [14].

Jlist ciydast BOSHUKHOBEHHMSI Ha SIIEPHOM peakTope
tunia BBOP-1000 Tspkenmoit aBapum (Hampumep, pa3pbiB
TpyOOIIPOBO/A MEPBOr0 KOHTYpa OXJIAXKAECHHS €0 aKTHB-
HOW 30HBI), €€ JOKaJIH3alluy U JIUKBHIAINHA HA HEM HMe-
eTCsl CHCTEMa aBapUITHOTO OXJIAKAEHHS aKTHBHOW 30HBI
(CAO3), comepxamasi HaJ PEaKTOPOM CIEIHAIbHBIC eM-
KocT ¢ OopHo kmciortoi [14]. Kaxmas eMkocTh 00be-
MoM 60 M ykazanHoi cuctemsl CAQO3 peakTopa mpen-
CTaBIIET COOOM TOJICTOCTCHHBINH (TONIUHON 90 MM) 1H-
JINHAPUYECKUN COCYJl U3 JBYXCJIOWHOM IUIAKUPOBAaHHOM
cTanu gquaMeTpom 1o 3175 mm, paboTaroniuii oy aasie-
HueM B 60 atm [14]. Beictpas mocTtaBka COAEPKHEMOTO
yka3zaHHbIX eMmkocTtedl CAO3 BHyTpb AaKTUBHOM 30HBI
SAIEPHOTO PEeaKTOpa MPUBOIUT K TalIeHWIO B HEH OO0Jb-
MM KOJIMYECTBOM OOpCOJIEp)Kallero BEIIECTBa, XOPOIIO
MTOTJIOMIAOIIETO OBICTPBIC M MEAJICHHBIE HEUTPOHBI, IIeTI-
HBIX saaepHbIX peakuuii B TBC U k BBIBEACHUIO peakTopa
Ha MUHUMAJIbHYIO TEIJIOBYIO MOIIHOCTb. B manpHeiem
coriacHo aercTByronM Ha ADC mpaBuiaM K OXJIaxe-
HHUIO aKTUBHOM 30HBI aBapUMHOIO pEeaKkTopa J0JKHA MOA-
KJIFOYaThCsl CHCTEMa €ro aBapuiHOTO PpacXOJIaXKWBaHMS
[14]. Ucnoms3yemsrit Ha ADC mpUHIHI TITyOOKO3IIENO-
HUPOBAHHOW 3alMTHI €€ SIEPHBIX PEaKTOPOB IMpEAIoa-
raeT TaKkKe HaMYMe TAaKOM KOHIEHIMH SIEepHOH 0e30-
NACHOCTH, KOTOpPasi MPeJyCMaTpUBAET HE TOJIBKO CPENCT-
Ba IPEIOTBPAIICHUS aBapHif, HO M CPEJCTBA yIPABICHUS
MOCICACTBUAMU 3alTPOCKTHBIX aBapHﬁ, O6eCHe’-Il/IBa}OHJ,l/IX
JIOKAJM3aHI0 PaJHOAKTHBHEIX BEUIECTB B Ipeesiax KOH-
taitumenTa. K Takum cpeactBam otHocuTcs [14]:

e cucrteMa yJajleHus Bojopoja (C NAacCUBHBIMH pe-
KOMOHMHATOpaMH), CKOITMBILIETOCS B 00beMe, 3aHUMaeMOM
3alIUTHBIMHA T€PMETHYHBIMU 000JI0UYKaAMH;

e cHuCTeMa 3allUThl MEPBOTO KOHTypa peakTopa OT
TIPEBBILIEHNS B €T0 TPYOOIIPOBOIaX J1aBJICHHUS;

e cucTeMa OTBOJA TeIIa OT MapOTreHEePaTOPOB;

e cucTeMa OTBOJA TeIula OT KOHCTPYKIMH 3aIUTHBIX
TepMETHYHBIX 000JIOUEK SIIEPHOTO PEAKTOPA;

® YCTPOMCTBO JIOKANIN3AIMK PACIUIaBa aKTHBHON 30HEI
(«I0ByIIKaY), pa3MemmaeMoe Mo PEaKTOPOM.

ApapuiiHas 3amuTa saepHoro peakropa ADC co-
CTOUT W3 COBOKYITHOCTH YCTPOWCTB, NpeXHa3HaueHHBIX
JUIsl OBICTPOTO MPEKPALICHUs LIEMTHOM SIIepHON peakiuy B
aKTUBHOHM 30HE peakTopa. JlaHHas 3amuTa aBTOMarhye-
CKHM CpalbaThIBaeT NMpH JOCTIKEHUH OJHHM W3 IapaMeT-
POB SIEPHOTO PeaKTOpa 3HAYCHHUsS, KOTOPOE MOXKET IpH-
BECTH K €ro aBapuu. B kauecTBe Takux mapameTpoB MO-
TYT BBICTYNaTh [2]: TemmepaTypa, DaBI€HHE WU PACXOL
TEIJIOHOCHTENSl (B NIEPBOM PaJHOAKTHBHOM KOHTYpE pe-
aktopa Trrna BBOP), ypoBeHP W CKOPOCTh YBEIHUCHUS
MOIIIHOCTH peakTopa. B GoybIIMHCTBE CllydaeB UCIIOIHH-
TEJIbHBIMU BJIEMEHTAMU AaKTUBHOM aBapUUHOW 3alUThI
aaepHoro peakropa Ha ADC ABISIOTCA CTEP)KHU C Belle-
CTBOM, XOpOIIO MOTJIOMAIOIINM HEHTPOHBI (HAIpUMep,
6opoMm wiu kaamuem). MIHOTIa Uik OCTaHOBKH SIICPHOTO
peaxTopa HCIIONB3YeTCs KUAKHNA IMOTIOTHTENb, BIPBICKH-
BaeMbIi TOJ| JABIEHHUEM B €r0 PaJUOAKTUBHBIA KOHTYP
TEIUIOHOCUTENS. [JONONHUTENBHO K aKTUBHOM aBapuilHOM

3aliTe HAa COBPEMEHHBIX SJACPHBIX PEAKTOpax Mpemy-
CMaTpUBAaKOTCSl U CUCTEMBl MX IIACCUBHOM aBapUiHOU
3amuThl (Hanpumep, ykazanHas cucrema CAO3) [14].

B cooTBercTBUM C AelicTByOIMMY B YKpauHe U PO
«[IpaBunamu siepHON O€30ITaCHOCTH PEAKTOPHBIX ycCTa-
HOBOK aTOMHBIX CTaHIMI», MO KpallHEeH Mepe, OJHa U3
NIPEAyCMOTPEHHBIX CHCTEM OCTaHOBKH PEaKTOpa JOJDKHA
BBITIOJHATH (DYHKIMIO aBAPUITHOM 3alUTHI SICPHOTO pe-
aktopa ADC [12-16]. AnnapaTypa aBapuilHON 3aIlUTHI
snepHoro peakropa ADC mpH 3TOM JOJDKHA COCTOSATS,
KaKk MWUHUMYM, M3 JBYX HE3aBHUCUMbLIX INTATHBIX KOM-
miekToB. Kakaplii KOMIUIEKT amnmapaTypbl aBapUiHON
3alIMTBl PEaKTopa JOJDKEH OBITh CIPOEKTHPOBAH TaKHM
00pa3oM, 4TOOBI BO BCEM AWANa30HE M3MEHEHHS TEXHO-
JIOTUYCCKUX MMapaMETpPOB, YCTAHOBJIICHHOM B IIPOCKTC pC-
aktopHOU yctanoBku ADC, obecrieunBaiach aBapuitHas
3aliMTa HE MEHee 4eM TPeMsl He3aBHCHUMBIMU KaHaJlaMU
M0 KOKIOMY TEXHOJOTMYECKOMY MapaMmeTpy, 0 KOTOpo-
My HE0OXOJUMO OCYIIECTBIIATH 3amuTy [15, 16].

Baxso ormeruts, uto Ha Bcex ADC Ykpaunsl u PO
YCTaHOBJICHbI aBTOMAaTHYECKUE CHUCTEMBbI KOHTPOIIS pajiua-
muonHON o0cTaHoBkH (ACKPO), dukcupyrommume ¢ momMo-
IIBIO CETU AATYMKOB YPOBEHb PaJHallii BOKPYT paJHali-
OHHO onacHbIX 00bekTOB ADC B peajbHOM MacIiTade Bpe-
menn. Ilokazanus nmpudopoB ACKPO mepenarorcst Ha crie-
LUaTbHBIN caliT BceMUpHOU cetu HTepHeT.

1.2. Kpynueiimme A9C mupa. OTmMeTnM, 9TO eciu
B 1978 1. B Mupe Ha ADC paboTano OKOJIO COTHH SIAEp-
HBIX PEAaKTOPOB PA3IMYHBIX THIIOB M MOIIHOCTEH, TO B
anpene 2017 r. KONUYECTBO NIEHCTBOBABIIMX (C y4eTOM
BPEMEHHO OCTAaHOBJIEHHBIX) B IPOMBIIIIEHHO Pa3BUTHIX
CTpaHaX MUpa SAEPHBIX dHeProdaokoB ADC cocTaBisIo
yxe 451 [2]. Kpynneitmeit neiictyromeit ADC B Eporie
sisiercst 3aroposkckast ADC (r. DHeproaap, 3armopoxckas
0011., YKkpanHa) ¢ ycTaHOBIIeHHON MomHOCTRI0 6000 MBT,
CTPOUTENBCTBO KOoTopoi Havanock B 1980 r. [8]. B cocra-
Be 310t ADC ¢ 1996 r. paboTaeT mecTb MOITHBIX IBYX-
KOHTYPHBIX 3Hepro6n01<03 C «BOAO-BOJAAHBIMU AACPHBIMU
peaktopamm» tiuma BBOP-1000 (cm. puc. 8). Kpymuei-
masi B Mupe ADC 10 yCTaHOBIEHHOM MOITHOCTH BEITUYH-
Hoii 8212 MBT Haxoautcs B T. KacuBamzaku (mpedexry-
pa Huwrara, Snonus) [8]. OHa uMeeT MATh «KUIAIIUX
SIepHBIX peakTopoB» (tTmma BWR mo kmaccudukammm
MAT'ATO) u nBa yIy4IIEHHBIX «KHUILIIUX SIEPHBIX pe-
aktopa» tuna ABWR [2, 8]. Omgnako, ¢ 2011 r. manHas
ADC He reHepupyeT JEKTPUIECTBO B ceTh. [loaToMy Ha
CeToMHs KpyIHeiei B Mupe aetictBytonieir ADC sBms-
ercst rokHOKOpeiickas ADC «Kopu», umeromas cemb
MOIIHBIX 3HEProOJOKOB C «BOJO-BOJASHBIMH pEaKTOpa-
Mm» (Tuna PWR mo mkane MAT'ATO) ¢ ycTaHOBIEHHOM
MOUTHOCTBIO 6862 MBT [8].

1.3. Beipa0oTka 31exTpo3Hepruu Ha ADC B Mu-
pe. Ilo cocrosHuio Ha 31 nekadpst 2015 r. ADC mupa B
cyMMapHOM o00BemMe BbIpaboTamu okono 2477 TBru
NIEKTPOIHEPTUU 32 TOA, YTO cocTaBmio okono 10,7 % ot
BCEMHUpHOW reHepanuu djiektpuuectBa [8]. T'omoBoit
«IHUK» TMPOU3BOACTBA 3nekTpodneprun Ha ADC Bcero
Mupa Ob11 3adukcupoBan B 2006 1., coctaBuBmInii 2660
TBT1-u. J{onst sipepHOW 3HEPreTHKH B IIOOATBLHOM TOJI0-
BOM IIPOM3BOJICTBE Ha HalIEH IUIAHETE HJICKTPHUYECTBA B
2015 r. mo cpaBHeHuto ¢ 1996 r. cansumnacek ¢ 17,6 % no
10,7 %. MupoBbIMH JHEpaMH 110 00BEMY MPOU3BOCTBA
Ha ADC anextposHeprun Ha 2016 r. sBnsmucs [8]:

e CHIA (805,3 mupn. xBr-u/rox; Ha ADC paborano
99 smepHBIX peakTopoB, reHepupyrommx a0 19,7 % or
BEIpAa0aTHIBAEMOM B CTPaHE AIIEKTPOIHEPTHH);
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o ®pannus (384,0 mipa. kBru/ron; na ADC paborta-
710 58 peakTopoB, reHepupyronmx 10 72,3 % ot BeIpada-
TBIBAEMOM B CTpaHE IEKTPOIHEPTHH);

e Kuraii (210,5 mipa. kBru/rog; na ADC paborano
36 sOepHBIX peakTopoB, reHepupyromux mo 3,6 % or
BEIpa0aTHIBAEMON B CTpaHE JIEKTPOIHEPTHH), OCYIIECTB-
JISIOIIUH B HACTOSIIIEE BPEMsI CaMyl0 MacIITa0HYIO B MH-
pe nporpaMmy CTpOUTENbCTBA HOBBIX ADC;

e Poccus (179,7 mapa. kBru/rox; Ha ADC paborano
37 snepHBIX PEakTopoB, reHepupyromux o 17,1 % ot
IIPOU3BOANMOM B CTPaHE IEKTPOIHEPTUH);

o IOxnas Kopes (154,3 mupa. kBru/rox; na ADC pa-
O0oTtamo 25 SAOEpHBIX PEAKTOPOB, TEHEPUPYIOIIHX IO
30,3 % oT BeIpabaTHIBAEMOr0 B CTPaHE CyMMAapHOTO 00b-
€Ma BIIeKTPOIHEPTUN);

e Kananma (97,4 mupn. xBr-u/ron; Ha ADC paborano
19 spepHBIX peakTOpoB, reHepupyromux ao 15,6 % or
BbIPa0aThIBAEMOIl B CTpaHE IIEKTPOIHEPTHH);

e Vkpauna (81,0 mupa. kBr-u/rox; na ADC paborano
15 momHbBIX sAepHBIX peakTopoB THma BBOP (PWR),
reaepupyoonmx 10 52,3 % ot BeIpabaTEIBAEMOI0 B CTpa-
He 001ero oobemMa IeKTPOIHEPTUH )

o ['epmanus (80,1 mupa. kBrw/rog; xa ADC pabota-
JI0 8 SIIEPHBIX peakTopoB, reHepupyromux 1o 13,1 % ot
BbIpa0aThIBAEMOH B CTPaHE JIEKTPOIHEPTUH);

e BenukoOpuranus (65,1 mupa. kBru/rox; na ADC
paborasio 15 MOIIHBIX SAEPHBIX PEAKTOPOB, TEHEPUPYIO-
mux 710 20,4 % oTr BeIpabaThiBaEMOro B CTpaHe OOLIEero
o0beMa IIEKTPOIHEPTHH);

o IlIeeuus (60,6 mupa. kBr-u/rox; na ADC paborano
10 simepHBIX peakTopoB, reHepupytomux 10 40 % OT BbI-
pa0aTbIiBaeMOM B CTpaHE JJIEKTPOIHEPTHH; TOCYAAPCT-
BEHHAsl IIpOrpaMMa I10 OTKa3y OT SIA€PHOH SHEPreTHKH B
cTpaHe OblIa IPHOCTAHOBJICHA).

J% K MPUBCACHHBIX BBIIIC KOJIMYCCTBECHHBIX JaHHBIX
st ADC psnia cTpaH BUAHO, YTO MPAKTHUECKH MOJIOBUHA
BCEMHPHOW TOJOBOM BBIPAOOTKH OSJIEKTPOIHEPTUH HA
ADC npuxonutcst Bcero Ha nBe ctpanbl mupa — CIIA u
Opanmuro. Cetivac ADC ucnons3yet 31 crpana mupa [8].
[onmasmsromee yncno aefictByronmx ADC HaXOAWTCS B
ctpanax EBpomnbl, CeBepHoil Amepuku, JlanbHeBoCTOU-
HOW A3UM M Ha TEPPUTOPHH HE3aBHCUMBIX CTpaH, 0Opa-
30BaBIMxcs oT pacnazna B 1991 r. 6sBmero CCCP [2, 8].

1.4. SInepnas >Hepretuxka Ykpaunbl. B HacTos-
miee BpeMsi B YKpauHe DJIEKTPOIHEPIHIO BhIpaOaTHIBAIOT
15 sueprobmokoB deTbipex MOUHBIX ADC ¢ simepHBIMU
peaktopamu trra BBOP-440 u BBOP-1000 [13]: 3amo-
poxckoir, PoBenckol, XwmempHunko#r u  HOxHO-
YKpauHCKO# (YeThIpe MOIMHBIX PHEPro0IoKa C PeaKTo-
pamu tuna PBMK-1000 YeproOsuibckoit ADC 3aBepiuu-
T cBOIO paboTy: B 1986 r. — 4-if aneprobmnok; B 1991 r. —
2-ii aHepro61ok; B 1996 r. — 1-it sneprotiok; B 2000 r. —
3-ii 3HeproOIok). I1o KOMUYECTBY YHEPreTHUSCKUX SAep-
HBIX peakTopoB (Bce Tuna BBOP — «Bomo-BoasiHbIE peak-
Tope» win tina PWR mo kmaccuduranmmun MATATD)
VYkpauna 3aHumaer 5-e mecto B EBpone u 10-e mecto B
mupe [13]. YkaxeMm, uto YkpamHa 12 3HeproOIokoB Ha
cBoux ADC ynacnenoBana ot 6siBmiero CCCP. 3a Bpems
HE3aBHCUMOCTH Hallel CTpaHbl ObUIM JOCTPOCHBI U BBE-
JICHBI B DKCILTyaTaluio Tpu sHeprodioka ADC (B 1995 r.
1 2000 r.), roToBbIX Oosiee uem Ha 80 % erie npu ObIB-
mem CCCP. Obmas anekrpudeckas MOITHOCTh Becex ADC
Ykpaunst B 2016 1. paBHsutack okono 130 TBT. Kak 65110
YKa3aHO BBIIIE BKJAJ SICPHON SHEPreTHKH YKpawWHbl B
2016 r. B ToOOBO# IHEPreTHUYECKUI OamaHC COCTaBHII

okosio 52,3 % oT cymMmapHOro o0ObeMa MpPOH3BOJCTBA
ANEeKTpodHeprun B crpaHe. Hauumnas ¢ ocenu 2014 r.,
BbIpaboTKa 3aekTpodHeprun Ha ADC B YKpauHe IpeBbl-
cuna 50 % or ee oOuiel BBIPaOOTKH, 4TO OBUIO CBS3aHO
CO CHI)KEHUEM MOILHOCTEN OTEYECTBEHHOM TEIIO3HEPre-
THKH K3-3a 00eBhIX JeticTBuil B 30He ATO Ha Jlonbacce u
HEXBAaTKOM KaMEHHOTO YIS HEOOXOTUMBIX MAapOK JUIs
TEIUIOBBIX AMekTpuueckux cranmuil (TOC) crpansr [13].
B Tabn. 1 mpuBeneHs OCHOBHBIC JaHHBIE 00 OTede-
ctBeHHbIX ADC, BbIpa0aThIBAIOIINX 3JIEKTPUIECTRBO.
Tabnuna 1
JlaHHBIE IPO MOILHBIE SACPHBIE PEAKTOPHI M SHEProdokn ADC
Ykpaunsi [13]

DHepro- Mo-
Hassanue ADC 6 Tun peaktopa | HocTb, |Tommuso
JIOK
MBT
1 BBDP-1000 | 1000 | TBDJI
2 BBDP-1000 | 1000 | TBDJI
3 BBDP-1000 | 1000 | TBDJI
3anoposkckas 4 BBDP-1000 | 1000 | TBDJI
TBOJI+
5 BBOP-1000 | 1000 | "\
6 BBDP-1000 | 1000 | TBDJI
1 BBDOP-440 | 440 | TBDJ
PoncrcKas 2 BBDOP-440 | 440 | TBDJ
3 BBDP-1000 | 1000 | TBOJI
4 BBDP-1000 | 1000 | TBOJI
1 BBDP-1000 | 1000 | TBOJI
2 BBDP-1000 | 1000 | TBOJI
XMe/IbHUIKas 3 BBOP-1000 | 330U | gy
CepBHP.
4 BBOP-1000 | 330U | gy
CepBHP.
1 BBDP-1000 | 1000 | TBOJI
2 BBDP-1000 | 1000 | TBOJI
I0xHO- TBOJI+
Vipancxas 3 BBOP-1000 | 1000 | "y
4 BBOP-1000 | SAKOH- | pprypy
CepBHP.

Ipum . B ta6m. 1 B kononke «Tommusoy» cuMBonsl WH o6o3Ha-
Yal0T YaCTUYHOE NMPHMEHEHHE ypaHoBBIX cOopok TBC komma-
aun CLHA «Westinghouse Electric Company» 0IHOBpeMEHHO
co cobopxamu TBC na TBOJI Poccun [13].

W3 nansbIx Tabmn. 1 BUAHO, YTO B HACTOSILEE BPEMs
JIBa MOIIHBIX Heproomoka XmembHuIKon (Ne3 m Ned) u
OIMH MOIIHBINA 5Heprodyiok (Ned) HOxHO-YKpanHCKOU
ADC 3aK0HCEpBHPOBAHKI U BCE CTPOUTENBHBIE Pa0OTHI Ha
HUX «3aMOPOKEHbD». X04eTcsl Ha/lesThCs, UTO C CO3AaHH-
eM uepe3 psI JIET B 30HE OTUyXIeHHs YepHOOBUTECKOM
ADC IenrpanbHoro cyxoro xpanwmima OAT onpene-
JICHHAs 9acTh YKpawWHa HE MPEBPaTUTCA B OONBIIYIO pa-
JUOAKTUBHYIO «CBAJIKY» KakK CO6CTBeHHbIX AACPHBIX OT-
XOJIOB, TaK W SOEPHBIX 0TX0M10B 0T ADC, MOCTaBIIEMBIX
B Ykpauny u3 Esponsl u CeBepHOIl AMepuKu.

Ha puc. 11-13 mpuBeneHB COOTBETCTBEHHO OOIIHE
Buabsl FOxHO-YipanHckoit ADC, MalIMHHOTO 3a/1a OHO-
TO W3 €€ MOIIHBIX PHEProOJIOKOB W OJHOTO M3 ee 0yod-
HbIX muroB ynpasienus (BULY) [17]. Jlanno# oreuect-
BeHHOU ADC, pacmoioKeHHOW Ha JKUBOIMCHOM Oepery
pexu HOxwusrit byr Ha Beicote 130 M Hax ypoBHem bai-
THUICKOTO MOpSI, HE T'PO3SIT HU CHJIbHBIE 3€MIICTPSICCHUS,
HU LyHamu. IIpOeKT TEXHHYECKUX COOPYXKEHMH HTOU
oteuecTtBeHHO ADC U ee sIepHBIX YCTaHOBOK MpeNy-
CMaTPUBAET 3ALIUTYy OT BCEBO3MOXKHBIX IPUPOJHBIX Ka-
TaKJIM3MOB U yJapHBIX BO3JICHCTBHH Pa3IMYHBIX BHELI-
HUX (GakTOpoB (HampuMep, maaaromero camonera) [17].
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[IpoTekanne MEMHBIX SACPHBIX PEaKIUi B YPaHOBBIX
coopkax TBC ¢ TBDJI u 4acTHYHO C BBIICIISIOUIIMHU
SIIEPHYIO U TEIUIOBYIO YHEPTUIO YPAHOBBIMH HIIEMEHTAMU
komnannu CIHA «Westinghouse Electric Company» (Ha
3-eM 2HeproOJIOKe CTAaHINH) KaXIOTO U3 Tpex paboTaro-
LIMX DSHEProOJIOKOB C MOILIHBIMU pEaKTOpaMH THIIA
BBOP-1000 nHa narHo#t ADC YKpanHBI Y4€TKO KOHTPOIH-
pyercs ¢ BIY (cM. puc. 13) nmpu nmomoru cuctemsr CY3.

= S .,

Pﬁc. 12. O6uwii BUJ MaIMHHOTO 3aja YHEProOJIOKa TEIIOBO
morrHocThio 1000 MBT H0xHO0-Yipaunckoit ADC [17]

~— - =

}
Puc. 13. O6mwmii Bux BIY (otaensHOTO cneuuq)nqecxbro

«KOMAH/HOTO ITyHKTa») OAHOTO U3 JHEPTrOOIOKOB C TEILIOBOM
morrHocTho 1000 MBT Ha IOxkHO-Ykpannckoit ADC [17]

Onyckass ¥ nmogHuMmasi npu nomouy cucremsl CY3
CIIelMalIbHbIE CTEPKHU M3 00pa, aKTUBHO IOTJIOIIAIOIINE
HEWTPOHBI B AKTUBHOW 30HE SIEPHOTO pEakTopa THUIIa
BBDP-1000, ornepaTHBHBIN MEPCOHAT IHEPrOOIOKOB TOM
ADC MoOXeT 3aMe[UIATh WIN YCKOPSTH LETHBIE SICPHbIE
peakiun B ero ypaHoBsix coopkax TBC ¢ TBDJI. Beicoko-

HanexHast cucrema CY3 Ha KaKIOM MOIIHOM 3HEProoio-
Ke paccMmarpuBaeMoil oteuecTBeHHOM ADC MO3BOJSET MO
komanzae ¢ BIIY BooOme ocTaHOBUTE PabOTy COOTBETCT-
BYIOIIETO SIIEPHOTO0 peakTopa («3ariyluTh» peaktop) [2,
17]. Yuratenro He0OOXOIUMO TIOMHUTb, YTO BBIBOJ SICPHO-
r0 peaKTopa Ha MUHMMAJbHYIO TEIJIOBYIO MOIIHOCTB (€ro
OCTaHOBKA) TIPHBOJIUT K €TO «OTPABICHUIOY.

B sinepHoli (u3MKe COCTOSHME aTOMHOTO peakTopa
TIOCJIC €0 OCTAHOBKHU M «OTPABIICHUS TIOyYUIIO Ha3BaHUE
«uoonou sAmwvly [2]. JlaHHOE HEHOPMAILHOE COCTOSIHHUE
peakTopa XapaKTepu3yeTcsl HAaKOIUICHHEM B €r0 aKTHBHOMN
30HE KOPOTKOKHBYILIETO PAIHOAKTUBHOTO M30TOMA KCEHO-
Ha 5,"°Xe (c mepuonoM momypacnaza 9,2 4), KOTODEIN, B
CBOIO Ouepenpb, SBISAETCS NPOIYKTOM DPAIHOAKTUBHOTO
pacraza HpOMEKyTOYHOr0 M30TONA HOJA s3I (C Hepuo-
JIoM moxypacmazaa 6,8 1) [2, 11]. Y3-3a Toro, 9yTo M30TON
KCEHOHA 54> Xe 00/1a/1aeT HAHGOBIIIM CEUEHHEM TIOITIO-
IIeHHsT HeHTpoHOB (110 2,6-10° Gap [1, 2]) saepHbIii peak-
TOp B COCTOSIHHH «HOJHOHM SIMBD) TEpSCT CBOIO PEAKTHB-
HOCTb p, (OHA CTAHOBMTCS OTPULIATENLHOH) M COOTBETCT-
BEHHO TEIUIOBYIO MOIIHOCTb. JTO JIeJlaeT 3aTpyAHHUTEIb-
HBIM BBIBOJ] PEaKTOpa HA MPOEKTHYIO MOITHOCTH B TE€UECHHUE
BpeMeHH, usmepsiemMoM (1-2) cyrkamu [2, 8]. B 3ol cBs3u
TaKue COCTOSHUS I sipepHOro peaktopa ADC ABISFOTCS
HexxenarenbHbIMU. 1103TOMY ITPOU3BOAUTE KPAaTKOBPEMEH-
HBIE OCTaHOBKH peakTopa Ha ADC M KoneOaHWs ero BbI-
XOJIHOM TEIJIOBOM MOIIHOCTH Henb3s. Jlomyckaercst ocy-
IIECTBISITh OCTAHOBKY SIEPHOTO PEaKTOpa TOJIBKO B CIY-
Yyae aBapUHHOIO pEeXKHMMa, MPEAYCMOTPEHHOTO COOTBETCT-
Byroumu [IpaBmnamu (cum. 1. 1.1.4).

1.5. Bpennoe Bo3aeiictBue AJC Ha OKpy:Kalo-
mym cpexy. Jlns sydiiero mOHMMaHMS paccMaTpHBae-
MOW aKTyaJIbHOHM JUisi YKpanHbl 3KOJIOTHYECKOH Mpobiie-
MBI, CBSI3aHHOH C sIJIEpHOI 3HEPTreTHKOM, YUTATEN0 HE0O-
XOOUMO HAIlOMHHTB, YTO, HaIpUMep, Ka)IbId MOIIHBIN
peakrop tuna BBOP-1000 Ha oreuectBeHHBIX ADC mpu
CBOEH IOJIHOHM 3arpy3Ke SIEpHBIM TOILUIMBOM COIEPKUT
54 ypanorsie coopku TBC oOmieit maccoii B 41 TOHHY
npu cymmapHoM uucie B Hux TBOJI, cocraBnsaromum 48
ThIcY TYK [8]. B mog00HOM simepHOM peakTope coBpe-
MeHHON ADC m3 ypanoBoro tormmma TBC ¢ TB3JI mo-
CPE/ICTBOM SIEPHBIX IPEBpALICHUI 00pa3yeTcsi npumep-
HO 300 BHIOB pagWOHYKIHIOB, U3 KOTOpHIX Oomee 30 B
Ka4yecTBE ra30a’po30JIbHBIX BBIOPOCOB ¢ 00beMa ero KoH-
TalfHMEHTa, HECMOTpPSI Ha UMEIOIINECS B HEM COOTBETCT-
BYIOIIME 3alUTHBIE (DUIBTPBI, MOTYT MONACTh B BO3JYLI-
Hyr0 atMocdepy [8]. Cpean HHX TakuWe paJgHOAKTHBHEIC
BerecTBa Kak [11]: m3otom mesmst ss° Cs (¢ mepHoOIoM
nmonypacraga 30 net), u3oTom moaa s3I (¢ mepromoMm
nmojiypacrnaza 8 CyTok), U30TON Hofa s3 1 (C mepuomom
noxypacnazna 20,8 1) ¥ M30TOI KCEHOHA 54~ Xe (C TepHo-
JIoM monypacmana 17 MuH). 3aMeTHM, 9TO SKCIUTyaTalH-
OHHBIM periaaMeHToM, AedcTByrommM Ha ADC YkpauHsl
u PO, nonyckaercs Haluuue B aKTUBHOM 30HE IEPHOTO
peaktopa 0 1 % TBJJI ¢ moBpexIeHHON 3alllUTHON
UPKOHHEBO-CTATBHON 00JIOUKOHN (I IBYXKOHTYPHOTO
«BOJ/IO-BOJITHOTO» ~ DHEPIeTUUECKOI0  peakTopa THIIA
BB3P-1000 »s10 cocraBuser okxosmo 480 TBDOJI) [2, 8].
Uepes mukporpewwussl B TBOJI 1 B iporiecce u3BieueHus
TBOJI u3 peakropa Nmpu HX MEPUOTUYECKON 3aMEHE pa-
JUOHYKJIHIBI MOTYT TIOMAJaTh B BOISHON TECIUIOHOCHTEIH
MIEpBOr0 KOHTYPA M B BO3AYX IT0J] KYIIOJIOM KOHTaifHMEHTA.
ITosToMy ykaszaHHBIN BbIlIe HanOojee Oe30IacHbI MOII-
HBIA simepHBIA peakTop Tuma BBOP-1000 B rox obpasyer
okoio 40 Teicsu kropu (akTuBHOCTH B 1 ktopu (Ku) paBHa
3,7-1010 Oexkepenerr (Bk), ABIAIOMHXCS ee eIXWHHUIIEH
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ncuucnenus B cucreme CH [1]) razoo0pasHbIX pagroax-
THUBHBIX BBIOPOCOB [8]. BONBIIMHCTBO W3 HUX OBICTPO
pacriaiaeTcsi ¥ yAEpXKHMBAeTCsl 3AIUTHBIMH (pribTpamu
KOHTaliHMeHTa. OTMETHM, YTO IIOJ aKTMBHOCTBIO PAaIHO-
aKTHBHOTO BEUIECTBA B aTOMHOH (PM3UKEe HOHHMAaeTcs
YHCIIO paclaioB €ro Anep B OJHY ceKyHAy. s cpaBHe-
HUS CIIelyeT 3aMeTHTh, YTO OJHOKOHTYPHBIE MOIIHBIC
peaxtopsl THra PBMK-1000 mpousBosat Ha ADC panuo-
AKTHBHBIX I'a3000pa3HbIX BHIOPOCOB Ha MPAKTUYECKH I10-
psAnoK Ooble, 9eM IBYXKOHTYpPHBIE MOIIHBIE PEAKTOPEI
tuia BBOP-1000 [8]. CpeanecyTouHblil BBIOPOC pajuo-
aKTUBHBIX Ta30B U a’po3oieit Ha Kypckoit ADC, mo cux
nop wucnoib3yromeil peakropel TMna PBMK-1000, co-
ctaBisu1 B epuoy 1981-1990 rr. go 750 xtopu Ha onmHy
PEaKkTOpHYIO YCTaHOBKY (IIpH 5TOM TOJIOBOW pajroaK-
THUBHBIH I10Ka3aTellb MOAOOHBIX BBIOPOCOB JOCTHTall
ypoBHs 710 274 Thicsiu kropH) [8]. Ykaxkewm, uto OoJblias
YacTh PaJIMOAKTHBHOCTH Ta30a’3pO30JIbHBIX BBHIOPOCOB Ha
ADC reHepupyercsi KOPOTKOKUBYIIUMHU PagUOHYKIHIa-
Mu u 0e3 ocoboro ymepda s OKpy’Karomiei cpeibl pac-
mazaeTcs 3a HECKOIBKO 4acoB min nHel. HeoOxommmo
ykazath U TO, 4To ADC KpoMme OOBIUHBIX I'a3000pa3HBIX
BBIOPOCOB BPEMsI OT BPEMEHH HAIOIHSAIOT OKPY’KAIOILIYIO
MX BO3IYIIHYIO aTMoc(epy M Aajee 3arps3HsoT OJmsie-
XKallle TEPPUTOPUN HEOONBIINM KOJIHMYECTBOM OIACHBIX
JUISL 310pOBBSI YEJIOBEKA PaJHOHYKINAOB — IPOIYKTaMU
KOPPO3HH KOpIyca PeaKTopa M €ro Mepsoro KOHTYpa, a
TaK)Ke OCKOJKAaMH JICJICHUS siJiep M30ToIa ypaHa o, U.
OTH pagUoOHYKINABI MPOCIEKHUBAIOTCA HA HECKOJIBKO JIE-
CSITKOB KHJIOMETPOB BOKpPYT 10001 ADC.

1.6. IlpeumyumiecTBa H HEJOCTATKM SIE€PHOI
sHepretuku. OcHoBHbIMU aocTouHcTBaMu ADC mepen
JpYTMMH KOHKYPHUPYIOIIMUMH C HUMH MOIIHBIMH IIPO-
MBIIIIJICHHBIMH UCTOYHHUKaAMU 3HeKT‘pH‘leCKOﬂ M TEIUIOBOH
SHEPTHUH AJIs YeTIOBEUeCTBa Ha CETOAHS SIBISIFOTCS [8]:

® IIpaKkTHYeCKas HE3aBUCHMOCTb OT MCTOYHHUKOB pa3-
MEIICHNSI TOIUIMBA U3-3a CPABHUTEIBHO HEOOJIBIIOTO
obbema norpebdnsiemMoro oboii ADC saepHOro TOIUIMBa
(mammpumep, it peakropa Trma BBOP-1000 Ha 1,5 roma
€ro dKCIUTyaTallii B COCTAaBE MOILHOI'O 3Heprodioka Tpe-
Oyetcs Bcero okoino 41 ToHHBl nuokcuma ypaHa UO,,
Bxosniero B cocta TBC ¢ TBOJI; B Toxke Bpems, Ha-
mpumep, s 3mueBckoir TOC ycTaHOBIEHHOH MOIIHO-
cthio 2200 MBT TONBEKO B TeueHHe 1 CyTOK TpeOyercs
JIBA JKEJIE3HOIOPOKHBIX COCTaBa KaMeHHOTO yriis [7]);

® OTHOCHUTEJbHAs IKOJIOTMYECcKasl YHCTOTa MO CpaBHe-
Huto ¢ TOC (cyMMapHBIE TOIOBBIE BBIOPOCHI B OKpY-
KAIOLIYIO CPEIy TaKMX BPEIHBIX BEUIECTB KaK CEPHUCTO-
O rasza, OKCHJIOB a30Ta, OKCHJOB YIJIEpOAa, yIIIEBOIO0PO-
JIOB, albJEruA0B U 3010Boi meimn Ha 1000 MBT ycra-
HOBJICHHOH MOIITHOCTH Ha TbUIeyroibHbIXx TOC cocTtas-
Jr0T okosio 165 Teicsu TonH; TOC wa 1000 MBT ee
MOIIHOCTH MOTPEOISICT U3 aTMOC(EpPBI OKOI0 8 MHUILIHO-
HOB TOHH kuciopona O, B roxa, a ADC mpu cBoeii pabote
aTMocdepHoro kuciopona O, He moTpediseT BoodmIe);

e Oomee BBICOKAas CIOCOOHOCTh IMPOTHBOCTOSHUS
SHEPreTHYEeCKUM KPH3HCHBIM CHUTyalMsIM B OOLIECTBE U
COOTBETCTBEHHO yJep)kKaHHs 00beMa W CTOMMOCTH HpO-
M3BOJIMMOI AJIEKTPOIHEPTHH Ha IPHEMIIEMOM JUISl €€ T10-
TpebuTesnei ypoBHe (MOBBIIICHHE B MUPE [IEH HAa YroJb,
ra3 u He()Th NOBBIIIAET KOHKYpeHTocrocooHocTh ADC).

OcHoBHbiMU HegocTaTkaMu ADC siBisiroTcest [8]:

® TSDKENbIE TOCIENCTBUS Ul OKpY’)KaroIeil cpeasl 1
HaceJIeHHsI OT KPYIHBIX aBapHi U KaTacTpo( Ha MOIIHBIX
simepHbIX peaktopax ADC (ISl MCKITFOYEHUS ITTOJTO0OHBIX
curyauii coBpemeHHbie ADC 000pyayIOTCS CIIOKHBIMU

CHCTEMaMH SIEPHON M paJiMallMOHHON 0€30MacHOCTH MX
SJEPHBIX YCTAHOBOK C PE3EPBHPOBAHMEM M MHOTOKpAT-
HBIMH 3aIlacaMi CTOMKOCTH MX KOHCTPYKIHH K BBICOKOW
panuanuy U TeMIepaType, 00eCIeUHBAOIINMI HCKITFOYe-
HHE PACIUIaBJICHNs] aKTUBHOW 30HBI PEaKTOpa JaXe B CIIy-
Jae MAaKCUMAJIbHOHM MPOEKTHON aBapHH);

e QoJjblve 3aTpaThl (PMHAHCOBBIX CPEICTB HA JIMKBH-
JIAIAI0 TeXHUYecKux coopykeHnid ADC u ee sHeprodio-
KOB M0CJIE BBIPA0OTKHU UX SIIEPHBIMH PEaKTOPaMH CBOETO
pabodero pecypca (110 3KCIIEPTHBIM OIIEHKaM 3TH 3aTPaThl
coctaBysoT 110 20 % ot croumoctu ctpoutensctBa ADC;
nmpobiemMa mpouIeHus pecypca 3HeproonokoB ADC sBis-
€TCSL OCTPOM HE TOJIBKO JJIS SJIEPHOM SHEPreTUKU Y Kpau-
HBI, HO ¥ BCEX JPYTUX CTpaH MHpa, ucroib3yomux ADC
JUIS IOJTy4YeHus deKTpudectna [18]);

® HEBO3MOJKHOCTb MAaHEBPEHHBIX PEXHMOB PaOOTHI
SIIEPHBIX PHEpreTuyecknx peakropoB ADC, MOKpHIBaIO-
IIAX BO3HHKAIOIINE «IHKW» W CIIXHBAIOIINX «IIPOBa-
JbI» Ha TpaduKax MX JIEKTPUUECKON Harpy3Ku;

e Ooyilee BBICOKHE (PHHAHCOBBIC 3aTpaThl HA CTPOU-
tenbeTBO ADC no cpaBHeHuto ¢ TOC aHamormuHou ycra-
HOBIICHHON MoImmHocTH (Hampumep, mist ADC naHHEIE
3arparbl cocTaBisroT 0koji0 2300 $ USA 3a 1 kBt amek-
TPUYECKOW MOIIHOCTH WX JHEProOJIOKOB, a JyIsl IIbLIe-
yronbabix TOC — npumepro 1200 § USA 3a 1 kBT anek-
TPUYECKOW MOIIHOCTH 3HEPrOOJIOKOB TAKUX CTAHIHHN).

2. OcHoOBHBIE NPO0JIEMBI, TCHACHIIUHA U MEpPCHeK-
THBBI pa3BuTHa AJC B mupe u Ykpause. Vmeromuecs
Ha CerojHs mnpoOyieMbl B 00JacTH MHPOBOW SIEPHON
SHEPreTUKH, aKTHBHO 3aHMUMAIOLIEHCS MPOMBIIUICHHBIM
MIPOMU3BOJCTBOM JJIEKTPOIHEPTHMH W TEIUIOBOM 3HEPruu
MyTEM CJIOKHOTO M OIACHOTO JUIS SKU3HEIEATENbHOCTH
YEJOBEKa TEXHOJOIMYECKOTO MHCIONb30BAHUS aTOMHON
SHEPrUM psijia JCILIIIMXCS PaJMOaKTHBHBIX MaTepHajioB
(HampuMep, M30TONA ypaHa o, U M M30TONA ILTYyTOHHS
042Pu [1]), MOXHO cBECTH K criemytommm [2, 8]:

e mpoOieme paspabotku u cozmanus st ADC Oomee
COBEpLICHHBIX 0 CBOEH 3HepreTHueckoil 3¢dexTrBHO-
CTH, SOCPHOU W pagWallMOHHOW OE30MaCHOCTH MOIIHBIX
sanepHbIx ycraHoBok ¢ KI1/1 6onee 35 %;

e npobieMe MUHMMH3AIUN BO3HHKHOBEHHS Ha MOII-
HBIX SAepHBIX ycTaHoBKax ADC aBapuii, MPUBOASIINX K
TSDKEJBIM TOCIEICTBHAM JUISl IENbIX PETHOHOB CTPAHBI U
HapOJI0B COCEJHUX C HEH roCyapCTB;

e mpoOieve yrmmm3ammu u nepepabotku OSAT ot
MOIIHBIX AAEPHBIX peakTopoB ADC Ha TEppPUTOPUHU TeX
CTpaH, TA€ JaHHBIE SIEPHBIC OTXOABI OBUIH MOy YEHBI;

° np06neMe HaJIM4usa 3aMKHYTOT'O AAC€PHOTO IUKJIA Ha
TEPPUTOPUU TEX CTPaH, KOTOPHIE AKTHBHO IPHUMEHSIOT
MOWIHBIC AACPHBIC YCTAHOBKHU JJIA IMPOMBIINIJICHHOT'O IIPO-
M3BOJICTBA 3JIEKTPUYECTBA U TeIula B OOJBIIMX 0ObeMax,
COM3MEPHUMBIX C 00bEMaMH BBIPAOOTKH YKa3aHHBIX BHJOB
SHEPrHH UX TEIUIOIHEPIeTHKOM, UCIIOb3YIOMIeH opraHu-
YecKre BHUABI TOIUIMBA (3Ta MpobiemMa OCOOEHHO aKTy-
anbHa A1 YKpauHbl, KOTOpas B MEpy CBOMX OrPaHUYCH-
HBIX (DMHAHCOBBIX PECYpPCOB MBITAETCS U3 Tolla B IOX I0-
CTEIICHHO IIOIXOANTHh K €€ PELICHHI0, MCIONB3Ys Jaxe
TaKoil TPyIHBIH MyTh KaK YXOA OT MpPAMOHN KabaapHOM
3aBucuMocTH oT P® B Bompocax coxpaHeHHs U Iajlb-
HEHIIero pa3BUTH COOCTBEHHOW SIEPHON DHEPTETHKU U
JuBepcu(UKalMK IIOCTaBOK Ha oredecTBeHHBle ADC
ypanoBbix c6opok TBC ¢ TBIJI aqpyrux ctpan Mupa);

e npobiemMe IpouIeHNsT pecypca sHeprodyokoB ADC
1 COOTBETCTBEHHO peECypca SIAEPHBIX PEAKTOPOB.

B MupoBoii siepHoi sHepreTuke HaOIIOAaeTCs TEH-
JICHLIMSI CTapeHHs SANCpPHBIX peakTopoB. [lo maHHBIM
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MAT'ATO cpeanuii «Bo3pacT» ASUCTBYIOLIUX SIAEPHBIX
peaktopoB Ha ADC mupa cocraBuseT 29 et [8]. Cambrii
«CTapblil» B MHUpE NAEHCTBYIOIIMH pEaKTOp HAXOIUTCS
ceiiuac B [lIBelinapun, KOTOPHIH HaIEKHO pabOTaeT BOT
yke B TeueHue 47 net. OTMETUM, 4TO HOPMATUBHBINA CPOK
SKCIUTyaTaluy SIIepHBIX 3HEeprodiokoB ADC ycraHaBIu-
BaeTcs IPaBUTEIILCTBOM KOHKPETHOM CTpaHbl HA OCHOBa-
HHUH MPOEKTHOTO pecypca paboThl HX PEaKTOPOB TOTO MIIN
uHoro tumna. OObIYHO 3TOT cpok paseH oT 30 g0 40 jer
[8]. B Ykpanne u PO HOpMaTHBHEIA CPOK IKCILTyaTaIldN
OOJIBIIMHCTBA MX TUIOB 3HEproodiokoB ADC cocTaBiser
30 xer [8, 18]. MI3BecTHO, YTO MPOICHNE CPOKA IKCILTya-
tauuu sHeprodiioka ADC sBiseTcs BechbMa YKOHOMHUE-
cku dpdexTrBHON Mepol. Tak, mpu (HUHAHCOBBIX 3aTpa-
Tax Ha MPOJICHUE CPOKa CIYXObl MOIIHOIO SIAEPHOTO
«BOZO-BOJSHOTO peakTopa» Tuma BBOP-1000 (1o mrkare
MATI'ATO tuna PWR) na 20 net npumepHo B 90 mMui-
moroB $ USA Bo3aMoxkHasi IpHOBLIBL OT €ro 3KCIuTyara-
1y Ha ADC B Te4eHHE TaKOTO JOMOJHUTEIHLHOTO CPOKa
MOXeT coctaBuTh okouio 1,3 muwuuapaos $ USA [8, 19].
B Vkpaune u P® skcrmuyaranus ABYXKOHTYPHBIX BOJO-
BOJASHBIX SIEPHBIX peakTopoB Turna BBOP nepsoro mo-
KOJICHHS ¥ OJHOKOHTYPHBIX SIAEPHBIX PEAKTOPOB THIIA
PBMK yxe npomneHa 1o 45 ner, a sIepHBIX PEaKTOPOB
tunia BBOP BTOporo mokonenus — 1o 55 et [2, 8, 19].

B ycnoBusix cpaBHUTENBHO OBICTPO HaJABHIAIOIIETO-
Csl B MHPE DHEPreTHMYeCKOro «rojoja» M UCTOLICHUS B
36MHOW KOp€ Halllel IUIAHETHI 3al1aCOB YIJIIEBOIOPOAHOIO
TOIUIMBA (IO SKCIEPTHBIM OLIEHKAM YIJIEBOAOPOIOB IS
TOC Bcero mmpa XBaTUT JHIIb Ha Ommxaifmme 50-100
net [6]) ¥ mMpaKTHYECKOW HEMCUEpIIaeMOCTH B HEW 3ara-
COB Pa/INOAKTHBHOTO ypaHa y SAEPHOM DHEPreTHUKH UMe-
I0TCsI peajibHbIe TEPCIIEKTUBEI Ul €€ JalbHEHIIero pas-
BUTHsI. AJIbTCpHATHBHAs SHEPreTHKa (BETPOIHEPreTHKA,
reJIMO3HEPreTHKA, BOJOPOIHAs SHEPIreTHKA, Te0TepMallb-
Hasl PHEpreTHKa, OMora3oBas 3HEpreTHKa 1 Majas THAPO-
SHEPreTHKa) MOKa CEePbe3HON KOHKYPEHIMH TPaIHUIIOH-
HOW SHEpreTHKe (TeIUIOIHEePTeTHKE, SICPHON YHEPTreTHKE
1 THAPOIHEPTETHKE) OKa3aTh HE B COCTOSHUU. Y YUTHIBAs
PSR yKa3aHHBIX BBINIE SIBHBIX INPEUMYIIECTB SIACPHOM
SHEPreTHKU Nepe]l APYTHMH XOpOIIO M3BECTHBIMHU BHJIa-
MU COBPEMEHHBIX TEXHOJIOT Uil BEIPaOOTKH 3JIEKTPUIECTBA
U TEIUIOBOH OHCPIruu, B HACTOALICEC BPEMsA, HECCMOTPA Ha
UMeEIOIIeecsT OrpaHUueHHe MHPHOTO  HCIOJIb30BaHHUS
ATOMHOM SHEPTUU B psiie cTpaH Mupa (Hampumep, B Mrta-
mu, I'epmanun, [1IBenuu u CIIIA [20]), BoiHe 060CHO-
BaHHO MOYXHO TOBOPHTBH O TOM, YTO B Omkaifiiem Oymy-
IIEM YEeJIOBEYECTBO MPOJOIDKHUT U LENeH MOoTydeHHs
9JIEKTPOIHEPTUH M TeIlIa B NMPOMBIIUIEHHBIX MaciiTabax
AKTHBHO UCIIOJIb30BaTh BO3MOXKHOCTH aTOMHON SHEPIUH.

BoiBoabl. BEINOTHEHHBIN KpaTKUil aHATUTHYECKUMA
Hay4HO-TEXHUYECKHH 0030p PEeTPOCIEKTUBBI, COBPEMEH-
HOTO COCTOSIHUSI, OCHOBHBIX JOCTHXEHHUH, TEHACHIUH U
MEpPCIEKTUB Pa3BUTHUA MHUPOBOW SIIEPHOM SHEPreTUKU
YKa3bIBaeT Ha KOJIOCCAJIbHBIN MPOPHIB 3HAHUN YeJIOBEYE-
cTBa 00 yCTpOWCTBE MHKPOMHpPA MaTe€pUU M OTPAHHUYCH-
HBIE Ha CErO/IHS €r0 BO3MOXXHOCTHM B MHPHOM HCIOJIB30-
BaHMM HEHMCYEPIIaeMBIX 3aI1acoB €€ BHYTPHSICPHON SHEp-
rud. MupoBasi siiepHasi SJHepreTHKa HaXOJUTCs ceiddac Ha
TPYAHOM U CJIOKHOM HAYYHO-TEXHUYCCKOM IYTH CBOCTO
«B3pocieHus» (MPOILIo JHIIb HeMHOTUM Oosee 60 Jer ¢
MOMEHTa BBOJa B 3KCIUTyaTauuio nepsoit B mupe ADC) u
JIEMOHCTpAIlMM JHEPreTHYECKUX BO3MOXKHOCTEH 3TOMU
HOBOH AJIs1 JIIOJEH MPOrpeCCUBHON NPOMBIIIIEHHON TeX-
HOJIOTMH IOJIy4E€HHUS NEKTPUYECKOHN U TEIIOBOM 3HEPruid
B OTPOMHBIX 00BEMax.

SnepHasi SHEpreTHKa, Kak | J1ro0as apyras mporpec-
CHBHAsl IPOMBIIIJICHHAs] TE€XHOJIOTHUS, UMEET CBOHM «ILIIO-
CBD) U «MHHYCBD> JUISl YEJIOBEUECKOTO OOIIECTBA U 3eMHON
npuposl B 1enoM. HecMoTps Ha CBOIO CKPBITYIO paaua-
LMOHHYIO OMAaCHOCTh CO CMEPTENBLHON YIpo30i BCEMY KH-
BOMY U CylleMy Ha 3emJle, YK€ He OMH pa3 B COBPEMEH-
HOM HCTOPUM pa3BUTHsI YEJIOBEUECKOW LMBUIM3ALUU
«IIPOPBIBABIIYIOCS» HApYyXKy C HAHECEHHEM ee OOILEeCTBY
OOJIBIINX JIIOACKHX KEPTB ¥ (PMHAHCOBBIX YOBITKOB, sIep-
Has PHEPreTHKa C HECKOJIBKMMHU COTHAMH JEHCTBYIOIIUX
MOIIHBIX 3Hepro6jgokoB ADC 1o BceMy MHpPY 3aHHMAaeT
CEepbE3HbIC MEPEeIOBbIE MO3UINN B 00bEMaxX IOJ0BOH BbI-
PabOTKHU AIEKTPUUECKON U TEIUIOBOM 3Hepruil. B Ykpanne
JTaHHBIE 00BEMBI AnmekTpodHeprun ¢ 2014 1. mo psay 00b-
€KTHBHBIX IIPUYUH COCTaBIIIOT He MeHee 50 % B ronoBoM
SHEPreTUYECKOM OaJlaHCe CTPAHBI.

VYuuTeIBasg OrpaHUYEHHOCTh 3allacoB Ha 3eMile Op-
TaHWYECKOTO yTieBoJopogHoro TtommuBa it 1OC wu
IMPAaKTUYECKYI0 HEHCUepnacMOCTb Ha Hallell IUIaHeTe
MPUPOJIHBIX 3alIaCOB PAJHOAKTUBHOIO YPAHOBOTO (sAep-
Horo) ToruBa Juit ADC, y MEPOBOH SJIepHOM 3HEpreTH-
K{ MMEIOTCSI BCE BO3MOKHOCTHU ISl CBOETO AaJbHEHIIEro
MOCTYNATEILHOIO Pa3BUTHsI, HAIIPABICHHOTO Ha yJOBIIE-
TBOPEHHE BCE BO3PACTAIOLIMX MOTPEOHOCTEH deroBeue-
CKOTO 00IIIeCTBa B DJIEKTPHYECTBE U TEIIOBOH SHEPTHH.
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An anthology of the distinguished achievements in science
and technique. Part 44: Traditional power engineering.
Nuclear power stations: retrospective view, state

and prospects of their development.

Purpose. Preparation of brief scientific and technical review about
a retrospective view, modern state, achievements, problems, tenden-
cies and prospects of development of world nuclear energy. Meth-
odology. Known scientific methods of collection, analysis and ana-
Wytical treatment of the opened scientific and technical information,
present in scientific monographs, journals and internet-reports,
world level in area of nuclear energy. Results. A brief analytical
scientific and technical review is resulted about a retrospective
view, modern state, basic achievements, existent problems, tenden-
cies and prospects of development of nuclear energy in the industri-
ally developed countries of the world. Considerable progress is
marked in development and creation of technical base of modern
nuclear energy, including the nuclear power stations (NPP) such
their basic devices as nuclear reactors, steam generators, steam
turbines and turbogenerators. The basic charts of construction of
NPP producing in the world now about 11 % are described annual
production electric power. 1t is indicated that in Ukraine a produc-
tion of electricity volume at NPP makes more than 50 %, and in
France — more than 70 % in annual power balance of country.
Nuclear-physical bases of work of nuclear reactor are resulted on
thermal-neutron, widely in-use at NPP. The design of most safe
water-waters of nuclear power-reactor of type of WWER-1000 is
described by thermal power 1000 MW, applied presently at NPP of
Ukraine. Basic classification of nuclear reactors is presented. Tech-
nical information is resulted about largest NPP of the world. Master
data are indicated about a nuclear fuel and radio-active offcuts of
nuclear reactors of NPP. Basic measures and facilities are de-
scribed for the increase of safety of nuclear reactors and NPP. Ad-
vantages and lacks of NPP are marked by comparison to the ther-
mal power plants. Nuclear energy of Ukraine is considered and
basic technical descriptions of operating domestic NPP are indi-
cated. Basic problems, tendencies and possible prospects of devel-
opment, are marked in the world and to Ukraine of nuclear energy.
Originality. Systematization of the scientific and technical materials
touching functioning of such important sector of world economy as
nuclear energy known from the sources opened in outer informative
space is executed. It is shown on the basis of approach of the sys-
tems that in spite of row of existent problems in area of world nu-
clear energy has the real prospects in the further development and
to service society at satisfaction of his increasing requirements in
electric and thermal energies. Practical value. Popularization and
deepening for students, engineer-technical and scientific workers of
scientific and technical knowledge in area of modern nuclear phys-
ics and energy, extending their scientific range of interests and
Sfurther development of scientific and technical progress in society.
References 20, figures 13, tables 1.

Key words: nuclear physics and energy, nuclear reactor, nu-
clear power station, safety of nuclear reactor and nuclear
power station, problems and prospects of development of
nuclear energy.
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EnekmpomexHi4yHi Komriiekcu ma cucmemu. Cunoea eJsIeKmpoHika
VK 621.313.333

doi: 10.20998/2074-272X.2018.3.02

K.M. Bacuiis

3AKOHOMIPHOCTI EJEKTPOMATHITHUX IMMPOLECIB BE3KOHTAKTHOI
CUCTEMMU 3BY/I’KEHHSA ACUHXPOHI3OBAHOI'O TEHEPATOPA HA BA3I
KACKAJHOI'O TPUDPA3ZHO-TPUPAZHOT'O MOAYJJIATOPA HAIIPYI'U 3A
CXEMOIO B O/IHY 3IPKY

Bcmanosneno 3akonomipnocmi nepedicy enekmpomazHimuux npouecis, AKi 6i00yearomovca 6 Oe3konmaxkmuin cucmemi 30y-
O0HCEHHA ACUHXPOHIZ306AH020 2eHepamopa na 0a3i KACKAOH020 MPUPA3ZHO-MPUPA3HO20 MOOYIAMOPA HARPY2U 3G CXEMOIO 8 OOHY
3IPKy Ha npeomMen MONHCIUGOCHE POZUUPERHA Jiana30Hy 08030HH020 KOG3AHHA 2eHepamopa. 3anpononosano cnocio Kopezyeam-
HA napamempie pomopie Mawiun MoOyaaAmopa i 2enepamopa, AKUIl 0ac 3mozy cmadinizyeamu pooomy Komymamopa ons odiana-
30HY KOG3AHHA 8I0 MIHYC 0OUHUYI 00 NIIOC N’AMU 0eCAMUX i3 30ePeHCceHHAM nPAYe30amHoCmi ACUHXPOHI308AH020 2eHepPamopa.
bibmn. 3, puc. 8.

Kniouogi cnosa: acHHXpOHI30BaHWii reHepaTop, MOAYJISITOP HANPYTH, KOMYTATOP, 6e3KOHTAKTHA CHCTEeMa 30y/KeHHsI, KOB3aHHSI.

Ycemanoeneno 3akonomeprnocmu 1eKmpomMazHUMHBIX RPOUECCO8, NPOMEKAIOUUX 6 HECKOHMAKMHOU CUCHEMe 6030yHcOeHUs
ACUHXPOHUBUPOBAHHO20 2eHEPAMOPA HA 0a3e KACKAOHO020 Mpexa3no-mpexgasnozo moodyaamopa HARPANCEHUA NO CXeMe 6
00HY 36€30y HA NPEOMEN 803MONCHOCHIU PACUIUPEHUA OUANA3OHA 08YX30HHO20 CKONbcenusn 2enepamopa. Ilpednorceno cnocod
KOpPEKMUpoeKu napamempos pomopos Mawiun MOOYIamopa u 2eHepamopa, no360A10WuUll CIMAaouIu3uposams padoomy Kom-
MYymMamopa 01 OUuanazona CKOJIbIHCEHUA OM MUHYC eOUHUYUbL 00 HIOC NAMU O0EeCAMBIX C COXPAHEHUEM PAdomocnocoonocmu
ACUHXPOHUBUPOSAHHO20 2eHepamopa. bubit. 3, puc. 8.

Kniouesvie cnosa: acHHXpOHH3HPOBAHHBII FeHEPATOP, MOAYJISITOP HANPSIKEHUsI, KOMMYTAaTOp, 6ECKOHTAKTHAsI CHCTeMa BO3-

ﬁyme}mﬂ, CKOJIbKCHHUE.

Beryn. bBa3oBuMM  CTPYKTYpHUMH — €lE€MEHTaMHU
CY4YacHHMX CTalllOHApHHUX EJIEKTPOCHEPTETHYHUX CHCTEM €
TEIUIOBI Ta aTOMHI €JIEKTPUYHI CTaHIii. BomHouac mpak-
TUKY€ETHCSI BUKOPUCTAHHS TOBOJI BEIMKOI KITBKOCTI Pi3-
HOMAaHITHHX aBTOHOMHHX €JI€KTPOCHEPreTHYHHX yCTaHO-
BOoK (AEEY) sk y IpOMHUCIIOBOCTI, TaK 1 B IHITNX TaTy35X,
30KpeMa, Ha TPAHCIIOPTi Ta B arpo-IPOMHUCIOBOMY KOMII-
nekci. € morpedba B AEEY Takox Ha MaricTpansx TpaH-
CHOPTYBaHHA OpPTaHIYHUX €HEProHOCIiB (HaTOMpoBOIaX
Ta razoronax). [lepcnekTuBHUM BOAYa€ThCs BUKOPUCTAH-
HSl BITPOEHEPIeTUUHHUX YCTaHOBOK, sIKi MOXYTb MpalfoBa-
TH SIK MapajeabHO 31 CTAI[lOHAPHOK EHEProCHUCTEMOIO,
Tak i B aBToHOMHOMY pexxumi. AEEY Ha cporomni crano-
BJISITH BaroMy 4acTKy T'€HEpYBAHHS Ta CIIOKHBAHHS €JIeK-
TpoeHeprii 3arasioM. ToMy yBara j0 HHX, 3 IOTJISAY Hay-
KOBHX JOCIHI/DKEHb K B TCOPETUYHOMY, TaK i B IpaK-
THYHOMY aCIIeKTax 3 METOIO iX BJOCKOHAJICHHS, € JOCTaT-
HBO apTyMEHTOBAHOIO i 3aKOHOMIPHOIO.

Jmst criokuBadiB e€IEeKTPOCHEPTii HeOOXiJHO MaTh
HE JIMIIE HaJiifHe eNEeKTPOXHUBIEHHS, ajJe W OTPUMYBaTH
SIKICHY €JIEKTPOSHEPTit0, OJHUM 3 HAaBaXIIUBILIKX ITOKa3-
HUKIB sIKOi € yactora Hanpyru. CTabuIbHICTh 4aCTOTH Ha-
OpyTd TMPHHIMIIOBO HEOOXifHA SIK Ui CTaI[lOHAPHUX
€HEeprocucTeM, TaK i JUIi aBTOHOMHHX JDKEpEell eleKTpo-
xwusneHHs (AJEX). Amke 3HMKEHHS 4YacTOTH HAlpyTH B
CTal[lOHApHUX EHEProcHCTeMax IpPU3BOJIUTH 10 BTpaTh
CTIMKOCTI 1X po0OTH i, IK HACIIZOK, IO PO3BAIY.

Hdus AJIEXK xapakTepHi eBHI 0OCOOIMBOCTI 10 Haii-
BaroMIMIuX 3 SIKUX JIOTIYHO BigHecTH Taki. [lepire — Buco-
Ka WMOBIPHICTh HEOOXiTHOCTI POOOTH B PEeXHMI Tpa-
HUYHUX HABaHTa)XEHB, IO POOHUTH aKTyaJbHOIO Mpolire-
My HajaiiHOCTI iX (yHKHifoBaHHS 3aranoMm. Jlpyra oco0-
JIMBICTh TaKMX YCTAaHOBOK IIOJISITAE€ B ICTOTHIA HECTaOLIb-
HOCTI Ta MIUPOKOMY Jiara3oHi 3MiHH YaCTOTH OOCpTaHHS
pYLIis aBTOHOMHOT'O T'e€HepaTopa, HaIpUKJIIaJ, BITpOSHEp-
rerTuuHuX ycranosok (BEY), mo cnpuunnsie iHmy ckian-
Hy IIpo0JieMy — HEeCTaOIbHICTh YaCTOTH HAIPYTH.

AHaiiz HayKoBOI JIiTepaTypH Ta MPAaKTUYHHUX PillIeHb
MOKa3yIoThb, 110 OOMJIBI LI CKJIAHI 1 aKkTyasbHI poliemMn
MOXYyTb Oyan e(eKTHBHO BHUPIIIEHI BHKOPHCTaHHAM Yy
AJIEX acuaxponizoBanux reHepartopiB (ACI') 3 0e3koH-
TaKTHOIO BEHTHIJIBHOIO cucteMoro 30ymkenHs (BBC3) Ha
0a3i xackagaoro momyinsropa Hampyru (KMH) [3]. 3 mo-
IJISITy CXEMHOTO PIIlIeHHS aCHHXPOHI30BaHI TeHEpaToOpH 3
BBC3 na 6a31 KMH moxyTs OyTH pearnizoBaHi B 6aratbox
BapiaHTax (mopsaky 16-tm cxem). Bci Taki reHeparopu
MPALIOIOTH 33 OJTHAKOBUM IIPHHIIUIIOM, aJie KOXKHE CXEMHe
PILLIEHHST CHJIOBOTO €JIEKTPHYHOIO KOJIa MOAYJISTOPA, KO-
MyTaTopa i caMoro reHepaTopa BHOCHTBH CBOI clienU]ivHi
ocobnmBocCTi 3 morysiay ¢isuku nponecis. ToMy B Hayko-
BUX JIOCHTIJDKCHHSX HEOOXiTHO MpPOaHANi3yBaTH KOXHY 3
TaKUX CXeM OKpeMo. Buxomsun 3 11p0r0, 00’ €KTOM ITOCITi-
JUKCHHS B CTaTTi € O€3KOHTAaKTHA BEHTHJIbHA cucTeMa 30Y-
JOKEHHS aCHHXPOHI30BaHOTO TeHepaTopa Ha 0asi Kackai-
Horo TpudazHo-TpudazHoro moxymsropa Harnpyru (K T-T
MH) 3a cxemoro B ofHy 3ipKy. CXeMy CHIIOBOTO €IeKTpH-
YHOTO KOJIa TaKOi CHCTeMH 30YIKeHHS 300pakeHO Ha pHC.
1. 3 uporo pucysky sugso, mo K T-T MH cknanaetscs 3
JIBOX acMHXpOHHMX MamH AM1 ta AM2, da3ni oOMOTKH
POTOPIB SIKMX PO3IICIUICHI HA TPU T'UIKK Ta 3’€IHAHI MK
co0010 TOCITIIOBHO NEPEXPECHUMH 3B’SI3KaMH, a Ha BXOJI
posmieruieHi (a3Hi TITKA MOXYTh MaTH TIOTCHIlia bHE
KoMOiHOBaHe 3’€mHaHHSA a00 MOXYTb OyTH CIIONy4eHi B
OIIMH CHUTHHUHN BY30J. BapiaHTH mux 3’€JHaHb BH3HAYa-
10Tk nonokeHHsM Kiroda K. Koma xmou K posiMkHEeHWMI
(imerTudikyemo Takuii foro cran sk K=1) — mepmmii Bapi-
anT, a konmu ko4 K 3amkaennit (K=2) — npyruii. CratopHi
00MOTKM MarmuH moxyistopa AM1 ta AM2 XuUBIATECS
Bl 1BOX TpudaszHux mkepen xupieHus E1 ta E2, ski ma-
I0Th B3aEMHO MPOTHICKHY MOCTiNOBHICTH (ha3. TyT ampio-
pl NpuiiMaeThCs, IO TAKUMHM JDKEPENaMU € aKyMYyJISITOpHI
Oarapei 3 KepOBaHUMH IHBEPTOPaMH HaIPYTH.

© K.M. BacwuiiiB
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Py P15 @y

Jlo peutu CTpyKTYpPHUX eleMeHTIB cxemu (puc. 1)
Hanexatb: TK — TupucTopHHil KOMYTaTOp HUKIOKOHBED-
TOPHOTO THIy 3 HNPUPOAHOI0 KOMYTALi€l0, SKUM CIYyIy€e
OesrocepesHill THUPUCTOPHHUI NEpPEeTBOpPIOBAY YacTOTH
(BTIIY), G — acuHXpOHI30BaHUi1 TeHEPATOD, SIKUM CIIyTy€
TprudasHa aCHHXpOHHA MallMHa 3 (a3sHUM POTOPOM, 00-
MoTKH (ha3 poropa sikoi 3’eaHaHi B 3ipKy. Yci pemira mo-
3HAYEHHA HAa I[iif CXeMi € 3araJbHONPUHHATUMH — JIiTepa-
MU E, ¢ Ta 1 mo3HayeHi eNeKTpopyIIiiHi CHUIH, eIeKTPHY-
Hi MOTEHHiaNy B BYy3JIaX Ta CTPYMH €JIEKTPUYHUX T1IOK
cxemu. Jlirepamu F, G y HIDKHIX iHZEKCax MO3HAYEHO
HaJISKHICTh KOOPAMHAT (CTPYMIB, HANpYyT 1 T. iH.) A0 Ma-
umH Moayinsitopa Ta ACIE, a mitepamu S, R y HmkHIX
IH/IeKCcax MM03HAYEHO HAICXKHICTH KOOPJMHAT JI0 CTaTopa i
poTopa eNneKTPUYHHWX MAaIllWH, BiamoBimHo. Tupucropu
BTIIY nponymepoBani unciamu. Ynucnamu 1 Ta 2 B 1yx-
Kax y BEpPXHIX iHIEKcaxX MO3HAYEHO HAJEKHICTh 0 Tep-
woro E1 ta npyroro E2 mxepen >kuBieHHs, BIANOBITHO.

Ha nymky aBTOpa, 3 METOO IOJIETIIEHHS CIPHIAHS-
TTS OCHOBHHUX TOJIOKEHb MaTepially CTaTTi, JIOTIYHHM €
JIAaKOHIYHO omucatu nmpuHOun podotn ACI takoro Tumy.
BiH IpyHTY€TBCS Ha TOMY, IO MOIYJISITOP HANPYTH LUIS-
XOM JIOfIaBaHHsI HAIpYT 1 4acToT (a3HUX TUIOK POTOPIB
MalliH MOIYyJIATOpa GOpMy€e CyMapHy Halpyry MOLYJIbO-
BaHO1 (OPMH, YacTOTa 3AMOBHEHHS SKOI MPOMOpPIiiHA

P13

Puc. 1. Cxema cuIIOBOTO €IEKTPHYHOTO KOJIa aCHHXPOHI30BaHOTO I'eHepaTopa

4acToTi 00epTaHHS POTOPIB MAIIMH MOIYJATOpa 1 Killb-
KOCTi ix map mostociB (poropu AMI ta AM2 po3mimieHi
Ha ogHomy Baii 3 ACI), a yactora MomayssLii BU3HAYA-
€TBHCSI YACTOTOIO JBO30HHOTO KOB3aHH:. [locninoBHO 3°€x-
HaHUi 3 OOMOTKaMH POTOPIB MAIIMH MOYJISTOpPa KOMY-
TaTOpP LIMKJIOKOHBEPTOPHOTO THITY JEKOJYE MOJYJIHOBAHY
HAMpyry, BHACIIJOK YOro Ha ¥oro Buxomai (Ha oOMOTII
poTOpa TeHepaTropa) yTBOPIOEThCS CHCTEMa TpU(a3HUX
Hampyr 4acToTH Kos3aHHS. lle 3abe3meuye cTaOuTBHY
4acTOTy OOEpTaHHsS MarHiTHOTO IIOJIsi TeHepaTopa CTo-
COBHO HOTO OOMOTKH CTaTOpa, II0, CBOEID Ueproro, Gop-
MY€ 4acTOTY HAIpyTH TeHepaTopa, sika JOPiBHIOE YacTOTi
Mepex xuBieHHs El1 Tta E2. OTxe, TeOpeTHYHO YacToTa
Hanpyru ACI Mae JNOpIBHIOBaTH 4acTOTI MEPEX JKHBIIE-
HHA E1 Ta E2 acuaxporHnx mamme moxymsaropa AM1 ta
AM?2 i He 3aneKaTH BiJ 4acToTH odepranus poropa ACT.

AHaniz nmy0Jikaniii Ta Mera gociaigxkeHHs. Ineo-
Jjioriro reHepatopie cradineHoi yacrotu (I'CY) 3 6e3koH-
TaKTHOK BCHTWJIBHOK) CHCTEMOI 30yIDKCHHsS Ha 0a3i
KMH 3amouarkoBano B [3]. 3a 30irom 0OCTaBUH MHUTaH-
HSIMHM HayKOBOT'O JIOCJI/DKEHHSI Ta PO3BUTKY aBTOHOMHHUX
cuctemu enektpoxkuBiieHHss (ACEX) na 6a3i ACIT 3
BBC3 3aiimaeTbcst 1OBOJII By3bKe KOJIO HAyKOBIIB Ta iH-
JKEHepiB, a TOMYy BaroMa 4YacTKa IyOJiKaIliff, crpsmo-
BaHMX Ha JIOCITI/DKEHHS 3a3HAYCHHUX CHUCTEM EJIEKTpPO-
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JKMBJICHHS LIISIXOM MaTeMaTHYHOTO MOJICIFOBaHHS Halle-
JKUTH aBTOpY wi€l cTarTi. [losBa HU3KK myOumiKamii, crps-
MOBaHHMX Ha PO3pOOKYy METOAIB i MaTeMaTH4YHUX MOJe-
Jel, a Tako)XK Ha BUBYCHHS 3aKOHOMIpHOCTEH mepediry
€JIEKTPOMArHiTHUX 1 €JIEKTPOMEXaHIYHUX MPOLECIB, SKi
BimOyBatoThcs B 3a3HaueHuX Buie ACEX, mosicHIoeThCs
HasBHICTIO B HHMX PI3HOTHMITHHX €JEMEHTIB — aCHHXPOH-
Hux MamuH Ta BTITY 3a HU3KOIO CXEM iX CHIIOBHUX €IEK-
TPUYHUX KUI, @ TAKOXK HASBHICTIO CHCTEMU KepYyBaHHS
KOMYTAaTOpOM Ta CHCTEMH AaBTOMAaTHYHOTO KEpyBaHHS
OKpPEMHUMH KOOpAMHAaTaMH (30KpeMa Hampyror), o
CIIPHUYMHIOE CKJIaJHICTh €JIEKTPOMArHITHUX 1 EJIEKTPO-
MeXaHIYHHUX MPOLECIB, siKi BinOyBaroThes B ux ACEX.

OpHi€I0 3 OCHOBHMX HAyKOBHX IMpallb, sSIKi CTOCY-
totees pocimpkenns ACEX Ha 6a31i ACT 3 BBC3, € ny6-
mikauis [1]. Bona cmpsimoBaHa Ha po3poOKy MaTeMa-
THYHUX MOJIeJIeH 1 BIMOBIAHUX MPOTPaMHUX KOMIUIEKCIB
sIK 3ac0o0y Ul BUBUEHHS 3aKOHOMIPHOCTEH repediry ene-
KTPOMArHITHUX 1 €IeKTpOMEXaHIYHUX TMPOIIECiB, SKi Bij-
oysarotecsi B ACEX Ha 6a3i ACI" 3 BBC3 3a tpudazno-
Tpu(a3HOIO CXEMOI0 MOAYIIATOpa HAPyTu. MaTtemaTudHi
MoJIeqi 1 BIINOBIAHI TPOTPaMHI KOMIUIEKCH JAI0Th 3MOTY
BHBYATH CJICKTPOMATHITHI 1 €JIeKTPOMEXaHIYHI HPOIECH,
sIKi BiIOYBAIOTHCSI B @aBTOHOMHII CHUCTEMi €ICKTPOKUBIIC-
HHA Tig vac poborn ACI Ha THUNOBE HaBaHTAKEHHS,
SIKUM CIYTYIOTh: aCHHXPOHHI JBHI'YHH, aKTHBHO-1HIYyK-
THBHE T4 aKTUBHO-1HIYKTHBHO-€MHICHE HABAaHTA)KCHH.

VY myOmikauisix, siki CTOCYFOTHCS OCIIJIKEHHS elleK-
TPOMArHiTHHX 1 enexTpomexaniqyaux npouecis ACEX na
6a3i ACI" 3 BBC3 BBaXkaeThCsl, 1110 aCHHXPOHHI MaIllHU
MOJYJIATOpa HAalpyTH Ta TeHepaTopa MaloTh TUIIOBY KOH-
CTpyKUito. Buxonsum came 3 1poro, 1iama3oH JBO30OH-
HOTO KOB3aHHS, SIKMH 3a0e3redye HOpMaJbHY pOOOTY
ACEX cranosuts S = —0,06 = +0,06. Lle Bkazye Ha Te,
mo 3aranom ACEX na 6a3i ACI" 3 BBC3 € mparne3nar-
HOIO. AJle TakWil Mdiama30H KOB3aHHS PO3MIHIOETHCS 3a-
HaJTO BY3bKHM, IIOOM CTBEPIDKYBATH PO AOCTATHI MOXK-
JUBOCTI I TPAKTUYHOTO 3aCTOCYBAaHHA TaKHWX AaCHH-
xporizoBanux reaeparopis B ACEX. Tomy mocmimkeHHS
NPOJOBXKYIOTBCSl 3 METOIO JIOCSATHEHHSI PO3IIMPEHHS Jia-
Na30HY KOB3aHHSI IO MEX, 5IKi O Jay 3MOry MPakTUIHOTO
BukopuctanHs ACI' 1poro kjacy HaBiTh B TakKHX €JeK-
TPOEHEPTreTUUHUX ycTaHOBKaX sik BEY.

BpaxoBytoun Ty 00CTaBHHY, IO Ipale3laTHICTh
ACT 3 BBC3 3Ha4HOI0 MipOI0 BU3HAYA€ThCS HAIEKHOIO
po0OTOI0 KOMYTaTOpa, BCIO yBary CIiJ CKOHIIEHTPYBATH
Ha TIpoI1IecH, siki BinOyBaroTbcs came B BBC3 1 1i okpemmx
CTPYKTYpPHUX €JEMEHTaX, N0 SKHX HaJeXaTb MalllHU
MOJIYJIATOpa, CaM THPUCTOPHUM KOMYTaTrop Ta OOMOTKa
30ymxenHs ACI (#foro poropHa 00MOTKa).

[lepmioro mpanero, sika CnpsiMOBaHA Ha BHUPILLIEHHS
Takoi mpobiemu, Oyna myOmikamis [2], ska crocyeTbes
0e3KkoHTaKTHOI cuctemu 30ymkeHHss ACIT Ha 6a3i kackaj-
Horo TpudazHO-Tprda3HOro MOAYyJsITOpa HANPYIH 32
CXEMOI0 y /1Bl 3ipKH (KoM KoxkHa 3 (a3 oOMoTKH poTopa
reHepaTopa po3LIeIuIeHa Ha JIBI TUIKM, a YTBOPEHI TaKUM
YHUHOM 6 T1JIOK 3’€HaHI ¥ IBi okpeMi TpudasHi 3ipku). Y
[2] po3rissHYyTO OmHY CXeMy MOMYNATOpa, B SIKIH Po3-
mierieHi (as3Hi TiINKH POTOpIiB MAaIIMH MOIYJATOpa Ha
BXO/Ii 3’ €THAHI B OJIMH CIIUIBHUHN B30 (15 CXeMH puc. |
e — K=2). 3a pesynpratamn gocmikeHHS [2] BCTaHOB-
JIEHO, IO Jiarma30H KOB3aHHS MOMJIMBO PO3MIMPUTH Bif

=-0,06 10 S = +0,2 nuIsIXOM 301JIbIIEHHS CIIIBBIIHOIIIE-
HHS KiJTbKOCTI BUTKiB OOMOTKH CTaTOpa J0 KiJIbKOCTI BH-
TKiB OOMOTKH pOTOpa MaIlH MOAYJISITOPA.

BpaxoByroun crieruiky KOXKHOT i3 CXeM THPUCTOP-
HOTO KOMYTaTopa i MOIyJIsITOpa, OJHO3HAYHO OYEBHIHOIO
€ TIpaKTH4HA NOTpeda B BUKOHAHI aHAJOTI1YHOTO JIOCIHil-
JKeHHSI OE3KOHTAaKTHOI BEHTWJIBHOI CHCTeMH 30YyIKEHHS
ACT Ha 0a3i Tpuda3zHO-TpU(PA3HOr0 KACKAIHOTO MOJIY-
JSITOpa HANPYTH 332 CXEMOIO B OZHY 3ipKy, XapaKTepHUM
JuIsl SIKOT € yIBiUi MEHIIIa KiJIbKICTh TUPUCTOPIB, aHIXK JUIs
CXeMH y IBi 3ipkd, mO KBami(ikyeTbcs SK TmepeBara 3
MOTJISITY PAKTHYHOT'O 3aCTOCYBaHHS.

TakuM 4MHOM, METOIO JOCHTII)KEHHSI € BCTAaHOBJICH-
HS 3aKOHOMIPHOCTEH Tepediry eIeKTpOMarHiTHUX Mpole-
CiB, sIKi BiIOYBalOThCS B OC3KOHTAKTHIM BEHTIIBHIN CHUC-
temi 30ymkenHs ACI Ha 6a3i kackamgHOro TpHUda3zHO-
Tpru(azHOro MOAYJSATOpa HANPYTH 3a CXEMOIO B OJIHY
3ipKy Ha MpeaMeT MOJKIHMBOCTI PO3MIMPEHHA POOOYOro
Jliarna3zoHy JBO30OHHOTO KOB3aHH.

Buxisang ocHoBHOro martepiany. PesynsraTn morme-
pemHix JocnimkeHs [1, 2] BKa3yroTh Ha Te, 1o poOoTa KO-
MyTaTropa iCTOTHO BH3HAYAETHCS CHIBBITHOIIEHHAM Iapa-
METpiB OOMOTOK CTAaTopiB i POTOPIB MaIIMH MOIYJISITOpA.
Benuki 3Ha4eHHS TapaMeTpiB POTOPIB CIPUINHSIOTH 1HEP-
LIMHICTb €IEKTPOMArHiTHHUX ITPOLECIB B KOJII MOIYJISATOpA 1
30yKyBada TEHepaTopa, BHACIIIOK YOro TMOPYIIYETHCS
HOpMaJlbHa po0OTa KOMYTaTopa, 0 YHEMOXKIUBIIIOE (op-
MyBaHHA Tpu(a3HOI HAIPYTH YaCTOTH KOB3aHHS B 0OMOTIII
poTopa reHeparopa, a OTXe, (OpPMyBaHHsS HAIpPYTH CTa-
6inpHOT yacToTn B 00MoTIIi cTaropa ACT.

3 METOI0 CTBOPEHHS CIIPHUSTIMBUX YMOB POOOTH KO-
MyTaTropa Ha IIiJICTaBi MO3UTHBHOTO pe3yibTaTy IOCIi-
JOKEHHS, OTPUMaHOro B [2], 3ampoNOHOBAaHO 3MEHIIMTH
IHAYKTHBHI OIOPH POTOPHUX OOMOTOK HE JIMIIEC MAIluH
MOJIYJIATOpA, aJie i TeHepaTopa MUITXOM 30LIbIICHHS CITiB-
BIZTHOIIICHHS KUJTBKOCTiI BUTKiB OOMOTOK cTaTropa i poTtopa
(To0OTO, 30ULTBIICHHSIM iX KOe(illieHTiB TpaHchopmarlii).
[NepeBipky BIUMBY 3MiHH KOeQili€HTIB TpaHChOpMAIIi Ha
npare3natHicte  BBC3  acHMHXpOHI30BaHOTO TeHeparopa
BUKOHAEMO aHaji30M (pyHKUiH cTpyMiB i Hampyr ¢a3sHuX
T'UJIOK POTOPIB MAIlIMH MOMAYJISATOpa i TeHeparopa. 3alek-
HOCTI CTPYMIB 1 HAIlpyT OTPUMAEMO IILUIIXOM PO3pPaxXyHKy
enextpoMarHiTHux mnporecie BBC3 puc. 1 3a gonomororo
po3pobneHnx B [1] MaTeMaTH9HOI MOJENi i IPOTPAMHOTO
KomIuiekcy. MopentoBanHs BUkoHaemo At ACIT motyx-
mictio 100 kBT, BXigHi JaHl SKOro MarOTh Taki 3HAYEHHS:
Lg,, = 0,1 I'n — poboua iHayKTHBHICTH (3 OOKY cTaTopa);

Log = 0,005 I'n — IHIYKTUBHICTH PO3CIIOBaHHS CTAaTOPA;
Log = 0,005 I'e — mpuBeneHa 10 OOMOTKHU CTaTOpa iHAYK-
TUBHICTb PO3CIOBaHHS 0OMOTKH poTopa; K, = 10 — koe-
inient Tpancdopmauii renepatopa; Pg, = 2 — KUIBbKICTb
nap MOJIOCIB TeHeparopa; Rgg = 0,01 Om — aktnBHHI
omip das o6mMoTKH cTaTopa; R;, = 0,05 OM — akTmBHHH

ortip ¢a3 0OMOTKH poTopa.

3 METOI0 YHUKHEHHS IIepe00TsKEeHHsI 00CsITroM BXiJl-
HHUX JaHUX, JJIS MAIliH MOJIYJSATOpa HABEIEMO JIHIIE
HalBayIMBiI naHi, 70 Akux Hanexarb: K" =20 — koe-
¢imient tpancopmarii AM1; P{’ =2 — KiJbKiCTh map
nomocie AM1; K{¥ =20 — koediuieHr Tpancdopmarii
AM2; P’ =6 — KiJbKICTB map moirocis AM2.
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[TpUHOMIIOBO BaXJIMBO 3a3HAYMTH, IO BiJIOBIIHO
1o teopii ACI' 3 BBC3 Ha 0a3i kackaJHOro MOJIyJsSTOpa
Harpyru [3] ans GopMyBaHHS MOJYJNBOBAaHOI HANpyru
YaCcTOTH KOB3aHHS Ha BUXOJI MOAYJSTOpPA CITiBBiJHOIIIE-
HHSI KIJIBKOCTI TIap TMOJIFOCIB F'eHepaTopa i MaIllMH MOJY-
JSITOpa Ma€ 3aI0BOJIBHATH TaKy YMOBY:

(P9’ +P)/2=2-Py,. (D

HaBeneni Bumie 9mcioBi 3HAYCHHS KUTBKOCTI mMap
MIOJIIOCIB TeHepaTopa 1 aCHHXPOHHUX MAIlIUH MOAYJISITOpa
AMI1 ta AM2 3a710BONBHSAIOTE YMOBY (1).

3rigHo 3 [2] MakcuMalbHe 3HAYCHHSI KOB3aHHSI, TPH
KoMy BJajocsi gocsirHyTH npauesaarHocti ACIT 3 BBC3
Ha 6a31i KMH nopisstoe 0,2 (S = +0,2). Tomy 3a opieHTHp
s nociimkeHas podotn ACIT 3 0e3KOHTaKTHOIO BEH-
THJIBHOIO CHCTEMOIO 30yUKEHHS 3a CXEMOIO B OJIHY 3IpKY
Bi3bMEMO CaMe Take 3HAa4eHHs KOB3aHHS. Buxomsum 3
LBOTO, Ha TI0YAaTKy IOCIIDKEHHS PO3IJITHEMO PO3paxyH-
KOBI 3QJIE)KHOCTI HAIIPYT Ta CTPyMiB ()a3HUX TLIOK 0OMO-
TOK POTOPIB MAITMH MOIYJATOpa Ta (ha3HUX CTPYMiB 00-
MOTKH POTOpa TeHepaTopa Ul [BOX 3HaYeHb JBO30HHOI'O
koB3anHa S =-0,2 ta S = +0,2.

Ha puc. 2 300pakeHO pO3paxyHKOBI 3aJI€)KHOCTI Bijl
Yacy Harpyr (a3HUX T'JIOK POTOPIB MallluH MOJYJISTOPA.
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Puc. 2. Po3paxyHKOBi 3aJIeKHOCTI BiJl 4aCy MUTTEBUX HAIPYT
(ha3HUX TiTOK pOTOPIB MAIIMH MOIYJISITOpa

30Kkpema, puc. 2,a LTIOCTPY€e HAPYTH NEPIINX TPHOX
po3imeruieHnX (ha3HUX TLTOK POTOPIB MAITUH MOAYIISATOpA

Upg, > Urp, > Up, (muB. puc. 1). KoxHa 3 1iux kpuBux ¢op-

MYETBCSI CYMOIO €JIeKTPOPYLIIHHIX CHJI OCIHITOBHO 3’ €11~
HaHMX PO3MIEIUIEHNX ()a3HUX TLIOK POTOPIB MAIIUH MO-
nynstopa AM1 ta AM2, sKi, CBOEIO 9epTor0, iHIYKYIOTh-
sl OKpeMo ISt KoxkHO1 3 MammH AM1 ta AM2 crpymamu
00MOTOK iX cTaTopiB. AHAJOTIYHO pHUC. 2, 6 ITIOCTpPYE

HaNPYTH Up, > U > Uy APYTHX TPBOX, & PHC. 2,6 — Ha-
TPYTH gy s Upg > Upp, TPETIX TPHOX pO3ILIEIUIEHHX (a3-

HUX TUIOK POTOPIB MaIlH Moxystopa (puc. 1).

3 puc. 2 BUIHO, IO HANIPYTH TOCIII0OBHO 3’€THAHNX
(ha3HMX TUTOK POTOPIB MAIIWH KacKaJHOTO MOMYISATOpa
MAalOTh MOIYIBOBaHY (OPMY 3 YaCTOTOIO KOB3aHHS (TYT
koB3anHs S = +0,2), sike Bianosigae nepiogy 7 = 0,1 c.
ITpn boMy KOXHa 3 TPHOX CHCTEM HAIPYT, 300paskeHUX
Ha puc. 2,a-6 3CyHYTI 3a (a3oro Ha KyT 27/3 3a 4acTOTOI
KOB3aHHS, IO JIOCSATAETHCS MEPEXPECHUM 3’ €JHAHHIM
posiieruieHux Gpa3HuX T'JIOK POTOPIB MAIIMH MOJIYJISTOPA
(muB. puc. 1). MoaynboBaHi HapPyTryu 3 YaCTOTOK KOB3a-
HHS JIAIOTh MiJCTABU OYiKyBaTtd (HOPMyBaHHS CHUCTEMH
Tpr(a3HUX HANpPYT YaCTOTH KOB3aHHS B POTOPHIH 0OMO-
Tii reHepatopa. PaxkT B3a€EMHOrO 3CyBY Hampyr BCiX
TPBHOX TPYH (ha3HUX TLTOK 32 YaCTOTOIO KOB3aHHSA Ha 27/3
3a0e3nedye BiMMOBIMTHUHA 3CYB (pa3sHHX HANpyT i CTPyMiB
0OMOTKH pOTOpa TeHepaTopa.

J171s1 OBHIIIOTO PO3YMIHHS €JIEKTPOMArHITHUX MPO-
1eciB, sKi BinOyBatoThes B cucteMi 30ymxentst ACI pos-
TJISTHEMO KPHBI MUTTEBUX 3HaueHb (pasHUX CTPYMIB pOTO-
piB MamuH Moy ATOpA. X 306pakeHo Ha puc. 3.
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Puc. 3. Po3paxyHKOBI 3aJI€KHOCTI BijI 4aCy MHUTTEBHUX CTPYMIiB
(ha3HUX TIOK POTOPIB MAIIMH MOJYJIATOPA

JonatHa miBXBWIISL CTPYMIB Ha pHc. 3,a GopMmyeThCs
tupucropamu 1, 2, 3, a Bix’emHa — Tupuctopamu 4, 5, 6
(muB. cxemy Ha puc. 1). AHaJIOTIYHUM YUHOM (POPMYIOTh-
csl CTPYMH JBOX IHIIMX Tpyn (ha3HHX TUIOK puc. 3,6 Ta
puc. 3,6 BIAMOBIAHO.

Y KOHTEKCTi aHaJl3y IpOILECIB, SIKi BiOYBalOTHCS B
BFBC3 ACT mpHHIMIIOBO BaXKJIMBOIO 1H(OPMAIIEI CIYTYE
xapaxrep (ha3sHUX HampyT 1 CTpyMiB OOMOTKHM poTOpa reHe-
paropa. Amke Ui OTPUMAHHS CTaOUTFHOT YaCTOTH HApYTH
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0OMOTKH CTaTOpa reHepaTopa B 0OMOTLI pOTOpa reHeparTopa
Mae Oyau TpudasHa cuctema CTpyMIB 4acTOTH KOB3aHHSI.
Tomy posrisiHeMo ¢azHi ctpymu oOMoTkH potopa ACT.

Ha puc. 4 300pakeHO pPO3paxyHKOBI 3aJIeKHOCTI
MHUTTEBUX 3HaueHb (Aa3HUX CTPYMIB OOMOTKHM poOTOpa
ACHHXPOHI30BaHOTO TeHeparopa [uisi KoB3aHHS S =+0,2.
3 BOT0 PUCYHKY BUAHO, MO B 00MOTIIi potopa ACT cdo-
pMoBaHi TpudasHi cTpyMH, GopMa SIKUX € OIU3BKOI0 JI0
CHHYCOIJJHOI 3a YaCTOTOXO KOB3aHHA. [lepion mux cTpymiB
BimmoBimae dwacrori koB3aHHA (S=+0,2) 1 CTaHOBUTH
T7=0,1 c. Taka ¢popma ctpymis B oomoti poropa ACI gae
MiICTaBy OYiKyBAaTH, 1110 4acTOTa (asHUX HANpPyr 0OMOT-
KM craTopa Oyzie TOpIBHIOBATH YacTOTI HAIPYTHd B 0OMO-

TKax CTaTopa MalllMH MOAYJIATOpAa.

B Y VA

5.80 5.85 5.90 5.95 6.00
Puc. 4. Po3paxyHkoBi 3anexxHocTi ¢aszuux crpymis poropa ACI

iGg 2 i, 16,50 A
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HaBeneHi Bullle pe3ysibTaTH MOACTIOBAHHS, 8 TAKOK
OTpPHMaHI pe3yJabTaTH JOCTIKCHb, AKi HE MpeICTaBJICHI
TYT, DalOTh MIJICTaBy CTBEPKYBaTH, IO I KOB3aHHS
ACT, sxe popiBHIO€ TnrOc nBi mecsri (S=+0,2), i#oro
BBC3 mpame3natHa i 3a0e3nedye HEOOXiIHY 4acTOTy Ha-
Mpyrd OOMOTKHM CTATOpa TeHeparopa, IO i € MPeIMEeTOM
JIOCIIZDKEHHS B 1[Il myOumikaiiii. A aHaji3 KpUBHX Harpyr
0OMOTOK CTaTopa reHepaTopa CTaHOBUTH MPEIMET OKpe-
MHX JOCII/KEHb 3 OTJIALY Ha Te, 10 Ha GopMy LUX KpH-
BUX BIUTUBAIOTH I ¥ 1HIII YMHHUKY, SKi Ha TEMep J0CTa-
THBO TIOBHO LI¢ HE BHBYCHI, ajie 3 BKe HassBHHUX Pe3yJIbTa-
TiB JOCIIPKEHHSI BiJOMO, 10 BOHH 3MiHIOIOTh TapMOHIY-
HUH CIIeKTp (a3HUX HANpPYT TeHepaTopa.

Jns Bu3HAYEHHs KpaifHBO1 MeXi pobodoro miamaso-
HY IOAaTHOI 30HM KOB3aHHS ACHHXPOHI30BaHOI'O T'€He-
paTopa 3 OE3KOHTAaKTHOIO BEHTWJIFHOIO CHCTEMOIO 30Yy7-
JKEHHSI HeoOXimHO Matu iHdopMmalilo Mpo Xxapakrep
CTpYMIB OOMOTKH POTOpa reHepaTopa Uis IHIIHMX, Oiib-
IIKMX 3Ha4eHb KOB3aHHA. TOMy HIDKYE HaBeleMO po3pa-
XYHKOBI 3aJIe)KHOCTI IHUX CTPYMIB U HU3KH 3HAUYCHb
JoAaTHOro KoB3aHHs. PopMa UX KpUBHX JacTh iHGpOp-
MaIlifo JJIs PO3YMIHHS 3aKOHOMIPHOCTEH mepediry enek-
TPOMAarHiTHUX NpOLECiB, sIKi BigOyBalOTbcs B OE3KOH-
TaKTHIH BEHTHIBHIH cHCTEMi 30Y/KEHHS aCHHXPOHI30-
BaHOrO TeHeparopa i, K HACTiJOK, AacTh MiACTaBY IS
BU3HAYCHHS KPalHbOI0 JOIYCTHMOTO POo0OYOro KoB3a-
HHS B HOTO I0maTHIi 001acTi.

Ha puc. 5 300paxkeH0 po3paxyHKOBI 3aJIe:KHOCTI (a-
3HUX CTPYMIB OOMOTKH pOTOpa reHepaTopa Jjisi KOB3aHHS
S=+0,5.

3 puc. 5 BuHO, 0 KpHBi (pasHUX CTPyMIB poTopa
reHepaTopa MaroTh KBa3iCHHYCOiAHY (OpMy 3 MepioJioM
OCHOBHOI rapMoHikH, sikuii mopisHioe 0,04 (7=0,04) ce-
KyHIH, W10 BIAMOBiZae dYacToTi KoB3aHHSI F=25 TTg
(F4=50-S=50-0,5=25). Taka ¢popma kpuBuX (pazHUX CTPy-
MiB 3 YIiTKO BH3HAYCHOK YAaCTOTOK TaKOX 3abe3redye
CTaOUTbHICTh YaCTOTH HANPYTH TEHEpaTopa, a OTXKE Ui
koB3aHHA S=+0,5 BBC3 ACI € mpane3naTHoro.

igp 2 l6g, lagy> A
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Puc. 5. ®a3zni crpymu poropa ACI' iG,» I6g,> lag,

i koB3aHHg S=+0,5

TTomanbiie 301IbIIEHHS KOB3aHHS B OLATHiN o0Jac-
Ti IPU3BOJUTH A0 3MiHU (OPMHU KPHBUX (pa3HUX CTPyMIiB,
10 BUIHO 3 puC. 6 Ta puc. 7. Ha mepiiomy 3 HEX 300pa-
KEHO PO3PaxyHKOBI 3aJI€XKHOCTI Pa3sHUX CTPyMiB OOMOT-
KH poTopa reHeparopa ans ko3zaHHs S=+0,9, a Ha npy-
roMmy — mis koB3aHHS S=+0,95. 3 mux pHUCYHKIB BHIHO,
mo ¢a3Hi cTpyMu 3a GOpMOI0 He € cuHycoigaumu. Haro-
MICTh CIIOCTEPITa€ThCs TEHACHIIIS 10 YTBOPEHHS CHCTEMH
HaTIpyT MOAYJHbOBaHOI Gopmu. ToMy BHCHOBOK € OIHO-
3HAYHUM, HOTO CYTHICTh IIOJISITAa€ B TOMY, IO AJISL AOAAT-
HOTO KOB3aHHA, 3HA4ECHHA fAKOro mepeBumye S=+0,5,
BBC3 ACI' Brpauae mpane3iaTHICTb. TakUM YHUHOM,
KpallHbOIO MEXEI0 J0JAaTHOrO Jiama3oHy poOo4Yoro KOB-
3anus ACI € koB3aHHs 31 3HaUueHHIM S=+0,5.
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Puc. 7. ®azni crpymu poropa ACI' iGR] s iGR2 s jGR3

i1 koB3aHHg S=+0,95

Sk yxe Oyno 3a3Haueno, ACI" 3 BBC3 Ha 0a3i kac-
KaJIHOTO MOJYJIITOpa HaNpyrd MOXe IpalioBaTH B pe-
’KHUMI JBO30HHOTO KOB3aHHS. AJUKe 30yPKeHHS TYT BUKO-
HYETBCS 3 OOKY pOTOpa, SIK Y CHHXpOHHI# MamuHi. Tomy
MPUHIMIIOBO BaXKJIMBO 3’siCyBaTH HOro (GpyHKHIHHI MOX-
JIUBOCTI JUIA BiJl'€EMHOTO Jiala30Hy KOB3aHHSA. 3 IIIEIO
METOI0 TaKOoXX HPOBEACHO JOCTI/DKEHHS JUIsI HU3KH 3Ha-
YeHb BiJl’€MHOTO KOB3aHHSI.

Ha puc. 8 300paxeHo po3paxyHKOBI 3aJIeKHOCTI (ha-
3HUX CTPYMIB pOTOpa TreHeparopa IS TPhOX 3HAYeHb
koB3aHHA: S =-0,2; S=-0,8 Ta S =-1,0. 3 puc. 8 Bupas-
HO BHJHO, 110 (a3ui ctpymu poropa ACIT MaroTh O113b-
Ky JI0 CHHYycOimu (opMy 3 4acTOTOIO OCHOBHOI rapMOHi-
KU, siKa JOpIBHIOE yacToTi koB3aHHs. lle nmae miacraBy
CTBEPJUKYBATH, 10 HA BiZIMiHY BiJl 10JaTHOI 00JIaCTi KOB-
3aHHsA, y Bix emHid — BBC3 mparnie3natHa B mijomy ii mia-
mazoni Big S =0 g0 S=-1,0.
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Puc. 8. ®azHi crpymu potopa ACT iGR] S iGRz’ iGR3

(a—nmaS=-0,2;6— st S=-0,8; 6 — mna S =—-1,0)

Ha npomy erari 3a mormoMoror po3podseHoi B [1]
MaTEeMAaTHUYHOI MOJIEI 1 BiZIIIOBITHOTO MPOTPAMHOTO KOJTY
BUKOHAHO aHaNi3 eJIEKTPOMArHITHUX MPOIIECIB, SIKi Bi0y-
BAlOThCS B OC3KOHTAKTHIM BEHTHJIBHIA CHCTEMi 30ymxkKe-
et ACT Ha 0a3i kackagHOTro Tpuda3HO-TpU(a3HOTO MO-
JyJIATOpa Halpyrd 3a CXEMOIO0 B OJIHY 3ipKy Ta BCTa-
HOBJICHO 3aKOHOMIPHOCTI X mepe0iry Ha npeiMeT BIUTUBY
JIBO30HHOTO KOB3aHHS Ha IPale3JaTHICTh aCHHXPOHI30-
BaHOTI'0 TeHEpaTopa.

Y KOHTEKCTi MePCIeKTUBHU JOCHTiPKEHb 3 METOIO TI0-
JIANBIIOTO PO3BUTKY TEOPil aCHHXPOHI30BaHUX TeHepa-
TOPiB IIbOTO THUIy BOAYAa€ThCS HEOOXiTHMM BHKOHATH
aHaJi3 eJeKTPOMArHiTHHUX IPOIECIB, sKi BiIOYBaIOTHCS B
TaKMX TeHepaTropax Ha MpeAMET BIUIMBY JIBO3OHHOTO KOB-
3aHHs Ha sKicTe Hanpyru ACI i 3a kpuTepieM 4acToTH, i
3a KpuTepieM rapmMoHiuHoOro cnekrpy. OKpiM 1poro, cra-
BUTBHCS 32 METY BUKOHATH aHAJOTIYHI JOCITIKSHHS IS
CXEMH MOJIyJIsTOpa 31 CHUIBHMM 3’€IHAHHSIM pO3ILEI-
JeHnX (pa3HUX TTOK 0OMOTOK POTOPIB MalIWH MOJIYJISITO-
pa, xomu ko4 K 3amkreHuit (puc. 1) 60 TyT po3riistHyTO
CXeMy 3 TOTCHIiaJbHHM KOMOIHOBaHHM 3’ €THAHHSIM,
ko K04 K po3iMKHEHHH.

BucHosku.

1. By3bkuii niana3on poO04oro JABO30HHOTO KOB3aHHS
ACHHXPOHI30BaHOTO TeHeparopa 3 Oe3KOHTaKTHOK BEH-
THJIBHOIO CUCTEMOIO 30y DKEeHHs Ha 0a3i KacKaJHOTrO MO-
IyJIATOpa HalpyTH 3a CXEMOIO B OJIHY 31pKy, SIKUH Ha 4ac
OCTaHHIX JOCHiIXKeHb cTaHoBHB +0,00, He gae 3MOru
MPAKTUYHOTO 3aCTOCYBaHHS TaKUX TE€HEPATOPiB SK aBTO-
HOMHHX JDKEPEI eNIEKTPOKUBIICHHS.

2.3 MeTOI0 BUBYECHHS MOXIIMBOCTEH PO3IMIMPEHHS Jlia-
ma3zoHy nBo3oHHoro koe3aHHi ACI 3 BBC3 BukoHano
JOCTIKCHHST €TIeKTPOMAarHiTHUX TPOIECiB, sKi BimOyBa-
IOTBCA B Wil cucteMi 30ymkenHs. Ha mimcrasi mposene-
HUX JOCTIDKeHb IUIIXOM MaTeMaTHYHOTO MOJIEIIOBAHHS
32 JOIOMOTOI0 PO3POOIICHHX aBTOPOM MaTeMaTHYHUX
MoJIeNieil 1 MPOTrpaMHOTO KOMILJIEKCY BCTAaHOBIIEHI 3aKO-
HOMIpPHOCTI Tepediry nux MpoleciB 3aJie)KHO BiJl 3HAUCH-
HSI IBO3OHHOT'O KOB3aHHSI.

3. llInsixoM 3MiHM mapaMeTpiB pOTOPIB MAlIMH MOIY-
nsiropa 1 ACT uepe3 30UIbIIEHHST CIIBBITHOIIEHHS KiJb-
KOCTi BUTKIB OOMOTKH CTaTopa A0 0OMOTKH POTOpa aCHH-
XPOHHUX MAIIMH MOJIYJISTOpa 1 TeHepaTopa IOCATHYTO
ICTOTHOTO PO3MIMPEHHs Mdialla30Hy POoO0YOro KOB3AHHS
ACHHXPOHI30BaHOTO TEHEPaTOPA.

4. O6nacTh Big’€MHOIO KOB3aHHS 30UIbIIEHO 10 3HA-
yeHHsa S = -1, a obnacTe gogaTHoro — 1o S=+0,5.

5. PosmupenHs niana3oHy poO0YOro KOB3aHHS JI0 BKa-
3aHMX MEX CTBOPIOE peaibHi MOXIIMBOCTI ISl TIPaKTHY-
HOTO BIPOBAJPKEHHSI T'€HEPaTOpiB LLOTO KJIacy B aBTO-
HOMHHUX CHCTEMaX CJICKTPOXKHBJICHHS 3 IIMPOKUM Jiama-
30HOM 3MiHH YaCTOTH O0€pTaHHS PYIIis.
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Regularities of electromagnetic processes of a contactless
excitation system of an asynchronized generator based

on a cascade three-phase-three-phase voltage modulator

in a single-star circuit.

The regularities of electromagnetic processes occurring in a non-
contact excitation system of an asynchronized generator based on a
cascade three-phase — three-phase voltage modulator in a single-
star circuit for the possibility of expanding the range of a two-zone
slip of a generator are established. A method for correcting the
parameters of the machines’ rotors of modulator and generator is
proposed which makes it possible to stabilize the operation of the
switch for the slip range from minus one to plus five tenths with
maintaining the performance of the asynchronized generator.
References 3, figures 8.

Key words: asynchronized generator, voltage modulator,
switch, contactless excitation system, slip.
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CHUHTE3 JIBYXMACCOBOI'O QJIEKTPOIITPUBOJA C ACTATI:I‘IECKOﬁ
CUCTEMOM NOJYUMHEHHOTI'O PETYJIMPOBAHUS IPU JTEMCTBUM
HEPEMEHHBIX CUJ1 TPEHUSA

Ompumae nooanvuiull po36UMOK Memoo CUHmMe3y eIeKMponpugody 3 ACIAmMuyHoO CUCHEMOI0 NIONOPAOKOGAHO20 Pe2yNiO6aHHA NPuU
Oil 3MIHHUX cUNl MepmA 3 AKMUGHUM OeMNPIPYSAHHAM RPYHCHUX MEXAHIYHUX KOTUBAHD, W40 00CALAEMbCA 6UOOPOM GIONOGIOHOZ0 Chi6-
gionouwenna ounamiunux napamempie. Ilokazano, uio napamempu 6 eNeKMPOMEXAHIMHUX CUCINEMAX 3HAXOOAMbCA Y 63AEMO38 A3KY, a
peanizayin po3paxyHKoeux Cniggionouiens 01 pecyasimopa weuoKoCmi npu onmumizayii 0CHO6aHA HA KOMREHCAUil 6N1ugy nPYHCHUX
Cul IHePYIIHUMU MA MOYHCce OYmU UKOPUCIARA 071 HACMPOTIKU CUCHEM KePYBAHHA MeXHON02iuHux mawiuH. bion. 13, puc 2.

Kniouosi cnosa: enekTpomexaHiuHa cucTeMa, JeMndipyBaHHs, eJJeKTPONPHBO/, B3a€MO/isl, PeryJTI0BaHHS, PEryJIsiTOP MIBH/-
KOCTi, CHHTe3 IapaMeTpiB, 3MiHHI CHJIN TepTH.

Honyuun oanvueituee pazeumue Memoo cunmesa 31eKmMpPonpueood ¢ AcCMamuiecKoll Cucmemoil NOOYUHEHHO20 PezyIUpPoOCanus
npu Oeiicmeuu nepemeHHbIX CUl MPEeHUs ¢ AKMUGHBIM 0eMRPUPOSAHUEM YRPYZUX MEXAHUUECKUX KOleOanuil, Ymo oocmuzaem-
CA 6bIOOPOM ONPEOeNeHHO20 COOMHOWEHUA Ounamuieckux napamempog. Ilokazano, umo napamempst 6 rneKmpomexanuye-
CKUX CUCHEMAX HAX00AMCA 60 63AUMOCEA3U, A PEANUAYUA PACUEMHBIX COOMHOWEHUTL 01 PecyNAmopa CKOpoCmu npu Onmu-
MU3AUUU OCHOBAHA HA KOMNEHCAUUU JIUAHUA YRPY2UX CUI UHEPUUOHHBIMU U MOMCEM Oblmb UCHONB306AHA ON1A HACMPOUKU
cucmem ynpaesineHus mexnonouueckux wawun, buodn. 13, puc 2.

Kniouesvie cnoga: 3jieKTpOMeXaHH4YecKasi cHCTeMa, AeMn(upoBaHue, 3JeKTPONPHBOI, B3aMMO/JeiicTBHe, peryJIHMpoBaHHe,

PeryJsiTop CKOpoCTH, CHHTE3, IepeMEHHbIe CUJIbI TPEHHUSI.

Beenenne. Perynupyemblii  aBTOMaTH3UpPOBaHHBII
anektponpuBo (DI1) cOBpeMEHHBIX TEXHOJOTUIECKUX Ma-
IIMH BBIMONHACT (DYHKIMM OTPAaHWYCHHS JUHAMHYECKHX
Harpy3oK OSJIEKTPHYECKOTO M MEXaHH4ecKoro o0opyno-
BaHWUs1, TEOPETUUECKH 00ECTIEYNBACT BHICOKYIO CTATHYECKYIO
U [UHAMHYECKYI0 TOYHOCTb BOCIIPOM3BEACHHUSI 3aKOHOB
yIIpaBJI€HNs] ¥ WHBAPHAHTHOCTh K BO3MYLIAIOIIMM BO3JIEH-
CTBHSIM IIPM HOPMHpPOBaHHOM ObicTponeiictuu [1, 2]. On-
HAKO MPaKTUUYECKasl Peann3alysl AMHAMUYECKIX BO3MOXKHO-
creit DI 3aTpyaHeHa M3-3a BIMSHUS HA TPOIECCHI PETyIH-
PpoOBaHusd W YIIPABJICHUA YIIPYTHX MEXaHUYCCKUX 3BCHLCB
niepezay, JeiCTBUS IEPEMEHHBIX CHJI TPEHUS Ha Baly pabo-
YMX MEXaHU3MOB [3, 4]. B pexximMe Hu3Kux ckopocreii B OI1
C IIMPOKKM JIMAra30HOM PEryJIMpOBaHUS IIEPEMEHHBIE CHIIBI
TPEHUS B COYECTAHHU C YNPYIMMH MEXaHHYECKUMH KojebOa-
HUSMH SIBIISIFOTCS. IPHYMHON BO3HMKHOBEHHS aBTOKOJEOa-
HUW ¥ TIOTEpU YCTOMIMUBOCTH [5, 6].

IMocranoBka 3agaum uccienoBanus. B ony0imko-
BaHHbBIX HAyYHO-HCCIIEAOBATEILCKIX PAabdOTaX MPHBOAAT-
Csl pe3yJIbTaThl aHAJIN3a M MPEAJI0KEHBI METOBI CHHTE3a
JIByXMAacCOBBIX 3JeKTpoMexaHndeckux cucreM (OMC) mo
pa3IUYHBIM KPUTEPHAM ONTHUMM3ALMM, KaK IPaBUIIO,
6e3 paccmoTtpenusi 3(QeKkToB B3aMMOAEHCTBUS TOA-
cucteM [7-9], mo3TOMy IpEeACTaBIsIET UHTEPEC UCCIEN0-
BaHUE 3JIEKTPONPUBOJIOB C aCTATUYECKON CUCTEMOM aBTO-
MaTHYECKOTO PETYIMPOBaHMSA M MHUHHMH3aluel KoieOa-
TENBHBIX COCTABJISIFOLIMX TPOLECCOB NPH JEHCTBUU Iie-
PEMEHHBIX CHJI TPEHHS U ONTUMAIbHOM (IPEIEIbHOM)
IEKTPOMEXAHUIECKOM B3aMMOJICHCTBHH.

JByxmaccoBas OMC ¢ acTatuueckoil CUCTEMOH MOx-
YMHEHHOTO PETYJIMPOBaHMs IPEACTaBIEHa CTPYKTYpPHOU
cxemoit Ha puc. 1. Ilpu omucaHum CTPyKTYpPHOH CXEMBI
HCTIONB3YEeTCSl OTHOCHTENbHas ¢opMa 3alucH mapa-
METPOB, U OOBEKT PETyIMPOBAHUS XapaKTepU3yeTcs Clie-
IyroumMu napamerpamu: 1y, = Jywy/My — MexaHudeckast
[MOCTOSIHHASL BpEMEHHM dieKTpoaBurareist; 1y, = Jowp/ My
— MEXaHM4YecKasl TOCTOSHHAs BPEMEHH MeXaHHu3Ma (BTO-
pas Macca, TpUBEAEHHas K Baly JBUTaTelss);

Q= x/clz(TMl +Ta2)/ Tyy1Tyy» — vacToTa CBOOOJHBIX

Kosiebanuii ByxmaccoBor IMC; c¢jp = Cr,oy/My — xo-
3GQULIMEHT yNPYrocTd  MeXaHH4YEeCKOW  Iepenayw;
pc =+ Bcwy/My — K03bOULIMEHT TpeHUs] MEXaHHIECKON
Harpy3Kd JJIsl Pa3IM4YHBIX YYacCTKOB XapaKTEPHUCTHKH;
vy = (Twn + Twp)/Tyy — xodpdueHT pacmpeneIcHus
MHEPLINOHHBIX MACC JBUTATENS K MEXaHU3Ma.

[pu HacTpoiike KOHTYpa TOKa (MOMEHTA) Ha Tpeeib-
HOe OBICTPOZICHCTBHE BIMSHNE HA HETO YIPYTHX MEXaHHIe-
CKUX KOJICOaHWIA TSI TIOCTOSTHHON MHTETPUPOBAHUS KOHTYpa
Toka Tr << T, (T, = 1/Q1;) u y= 1,01 — 1,5 cuuraercs He3Ha-
YUTENHHBIM [7], 94TO TO3BOJISIET TIOCIE TIpeoOpa3oBaHms Tie-
peaaTo4Hyro QyHKIHMIO MPUHATE B Bune Wir(p) = 1,0. Pery-
JATOP CKOPOCTH — HPONOPLHOHATIBHO-UHTE PANIBHBII € KO-
a¢dunmenrom nepenaunt Kz ¥ MOCTOSIHHOW MHTETPHPOBa-
HUS 7 — 00ECIIeurBaeT HyJIEBYIO CTaTHYECKYIO OIIMOKY TIpH
W3MEHEHUH Harpy3KH /¢ Ha Bally MEXaHH3Ma.

HccnenoBanust BIWSIHMS TIEPEMEHHBIX CHII TPEHHUS
TIPOM3BOJIMM JUISl OT/ENBHBIX (JIMHEapH30BaHHBIX) YYaCTKOB
XapaKTEePUCTUKK Harpy3kd. [Ipy BIMSTHUM YIIPYTHX 3BEHBEB
B COYCTAHWH C MPOSIBICHHEM «OTPHIATEIIEHOTO» BSA3KOTO
tperus (¢ < 0) B OMC B0o30y)IaroTcst KOJIeOaHUs € IecTa-
Omwnm3anmen MpoLEecCOB PEryINpOBAHISA U TOTEpPEH YCTOM-
yuBocTH [10]. Bo3HHKaIOT Takxke MpoOiIeMbl YCTOHIUBOCTH
OMC c nykpatHOoMHTerpUpytomeii CAY B peKiMe MabIX
CKOpOCTEN U IpU JEHCTBUM CUJI TPEHUS HA BO3PACTAIOLIEM
y4acTKe XapaKTepUCTHKU Harpy3ku (S > 0).

Lleanbio ncciienoBaHus SBISIETCS PELICHHE aKTyallb-
HOW 3aJaudl aKTHBHOTO TIOJABJICHHS YNPYTHX 3JIEKTPO-
MexaHndyeckux kosebanuit B OMC ¢ actaTHdeckoi cuc-
TEMOIl aBTOMaTHYeCKOTo perynuposanus. Eciu nemmndu-
pOBaHME YNPYIHX MEXaHHYECKHX KoJieOaHMI OCyIIecTB-
JSIETCSI 32 CYET ONTUMH3ALNK JUHAMHYIECKOW KECTKOCTH
MexaHndeckoit xapakrepuctuku Ol [11], To ymaercs
obecrieuyuTh TpeOyeMyIo CTEIeHb YCTOIUHUBOCTH TIPH MU-
HUMaNbHOH KonebarensHocTd OMC U BBICOKON TOUHOCTH
0TpabOTKH BO3MYIIIEHHUIT IO HArpy3Ke.

© U.H. 3apnopoxnss, H.A. 3agopoxuuii
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Puc. 1. CtpykTypHas cxema JBYXMacCOBOU 3JIEKTPOMEXaHHMUYECKOH CHCTEMBI ¢ HETMHEHHON MEXaHMYECKOI Harpy3Kou
IIpYU aCTaTUYECKOM PEryIUPOBaHUU

Jns  wuccrnenoBaHus JAeMN(UPYIONMX CBOWCTB
OMC Ha OCHOBaHHUU CTPYKTYpHOH CXEMBl HOJy4EHBI
repenaToyHble (QyHKINU MO YNPaBISIOMEMY U BO3MY-
[IaroIeMy BO3JEHCTBHUSIM, U3 KOTOPHIX, KaK M B HCTOY-
Huke [10], ucmomp3yeTcss XapakTePUCTHICCKUN IOJH-
HOM (XII):

2 4 2 3
O(p) = 1Tty p™ + (YK Ty + Tppy2T ) p +
+ (Tt + KptTy + K pTH p* + (1)

+(KgT,; +(Kp £ Bc)t)p+ Kpg.

Matepuaabl uccaenoBanuii. B XII (1) mist yno6-
CTBa 3allMCH M aHAIM3a IPHUHATHI Cllenyromye obo3Hade-
wHust: T, = £f/c|, — TOCTOSAHHAS BpEMEHH, O0YCIOBICHHAS
BA3KMM TpenueM; 1), = 1/£1, — NoCTOsiHHas BpeMEHH Y-
pyTuX KoeOaHui.

Ecnu nocrie npeoOpazoBaHust BRIpayKeHUS

KRiﬂC :KR liﬂ—c 5
Kp

0003HAYNTH

1+ P =¢, 2)
Kp
TO CTaHOBUTCS TIOHATHBIM CMBICI KOI(QQHIUEHTA «&» —
OH XapakTepH3yeT JONOJIHNUTEIBHOE OTKJIIOHECHHE B JINHA-
MHKE CKOPOCTH MEXaHW3Ma (@, TP ACHCTBUHU NEpPEMEH-
HBIX CHJI TPEHHUSL.
B oOxacTu MasbIX OTKJIOHEHMH OT TOYKH yCTaHO-
BHUBIIIErOCs peXUMa KojeOaHni
e>1,ecmu fc> 0, w < wy,
e=1,ecmu fc=0, v = wy,
O0<e<l,ecnmufc<0wu|pfc|<Kg, ®>wg.
Torna nuist KaHOHUUECKOH (hOpPMBI 3aITUCH TIOIMHOMA
O(p) =y T MLer 2+ (rer 2+ Tt ) P 4
R R (3)
+ (2]
Kp
AKTHBHOE TIOJaBJIEHHE YNPYTHX KoyiebaHHWi ¢ pas-
BUTHEM TIPOIIECCOB JECTAOMIM3AIMH MPU acTaTHYEeCKOM
peryiaupoBannu aHanmusupoBats no XII (1) 3arpyanu-
TENIFHO W3-32 MHOJXKECTBA BapHMaHTOB COYETAHMS Iapa-
METPOB M 4YacTHBIX pemeHuil. [loatomy mpencraBum XII
(3) B HOpMHpPOBaHHOM BHAE C YYETOM OOOOIIEHHBIX
mapameTpoB (4)

r+er+7/T)2,)p2+(Td+gr)p+l.

2
_Qn _ Ty
Q% KpT?
E Ry

B

[,
“4)

_ Ty 4Ty
V= T .
M1

[Mpexnoxennas ¢popmMa HOPMHUPOBAHHS ITOJIMHOMOB
MIPOIIECCOB IEKTPOMEXaHUIECKOT0 B3anumoeiicTus [11]
YUUTHIBAET (PU3MUECKHE SIBJIICHHS M yCTAaHABJIMBACT B3aH-
MOCBs3H napameTpo OMC.

Cornacuo (4) K — x03pQUIMEHT B3aNMOICHCTBUS
3JIEKTPOMArHUTHOM W MexaHudeckoi moxacucteM OMC;
&p — xoadunment nemnpupoBanus (OTAETBHON) MApLH-
AILHOM AJIEKTPOMArHUTHOW MoJCcHCTEMBL; & — K03(hhH-
UEHT JeMIpUpoBaHus (OTOETBHOM) MapluabHON Me-
XaHMYECKON MOACUCTEMBI, IPHYEM

§C>OHBC>098> 19
§C:05ﬂC:098: 1’
£c<0,pc<0,e<1,|fc| <Kz

[Tpn coBMECTHOM PacCMOTPEHHH COOTHOIICHUH (4)
mis Kp m &p momydaeM (QOpMyIBI CBSI3U MApaMETPOB
OMC HCXOIHON CTPYKTYPHOH CXEMBI ¢ O0OOIICHHBIMH
MOKa3aTeJIIMA

Ty _VKBTy

Kp 2¢p Q)

r=2JKpépT,.

[Mpunss dopmy HopmupoBanus (5), XII npencraBum
B BHIIE

O(p) = 1K pTyp* + 2y K& +\JyKpé)Top’ +
+(}/(1+KB)+4\/;@§D§C)T§;72+ (6)
+2(e\Kpép +Al7E)T p+1.

OIl npu oTpaboTKe OTKIIOHEHUS CKOPOCTH C HyJe-
BOM CTaTWYECKOHN OIMMOKOW MPH JEHCTBUU HATPY3KH, TIe-
PEMEHHBIX CHJI TPEHUSI M yCTOWYHMBOM JIBH)KEHHMU C 3aTy-
XaHUEM TIPOIECCOB B MEXaHWYECKOW Iojacucteme Oyner
ABIISITBCS] JUHAMUYIECKUM IaCUTENIEM KOIeOaHHH.

B takom ciygae XII (6) mpu mmocinenoBaTensHON 1u-
HAMUYECKOH JIEKOMIIO3UIMK TNPEICTABISIETCS OTHEIb-
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HBIMH B3aHMOJICHCTBYIOIIMMH 3JIEKTPOMArHUTHOH M Me-
XaHHMYECKON ITOJICHCTEMaMH C ONUCAaHHWEM IPOLECCOB B
CIIeIyIOILEeM BHJE:
0(p)=(T5p* +2£ Top + NI p° +2&,Top +1)=0. (7)
ONeKTpOMEXaHNYECKOe B3aMMOJICHCTBHE IPOLECCOB
npu onucaHuu B Gopme (7) ¢pu3nueckn o3HadYaeT MOJHOE
u3BJieyeHHEe (OTBOJ) PHEPrUM KolieOaHWH W3 MeXaHHdec-
KOU MOACHCTEMBI B AJICKTPOMATHUTHYIO C OJJHOBPEMEHHBIM
npeoOpazoBanueM 1pu & — £ 32 MUHUMAaIBHOE BpeMsI.
XIT (7) mocne npeobpa3oBaHus K CTAaHJAPTHOMY BH-
Iy 3aIMCBIBACTCS KaK

O(p)=Top* +2(& +&)T3p> +(2+4& &) p* +

+2(5 +&6)Typ+1.

[Iponeccer B DMC mipu OeHCTBUH MTEPEMEHHBIX CHIT
TpeHUs! U BO30OYKIEHHS YIPYTUX MEXaHHYECKHX Koiyeba-
HUIA, KOTOpbIE ONHUCAaHbI B HOPMHUpOBaHHOW (opme (6)
OyIyT cOOTBETCTBOBATH IporieccaM (8) Impu YCIOBUH pa-
BEHCTBa KOA(PPHUIMEHTOB IPU COOTBETCTBYIOLIUX CTEIe-
HSX oOleparopa XapakTepPUCTHYECKUX MOJIMHOMOB, YTO
JaeT CIeIYIONIYI0 CHCTEMY YpaBHEHHMIA:

KTy =T

2y\[Kpép +rKpcc)Ts =2(& +E)T:
(r(1+ Kp)+ 4y K pEpec)Ts = (2+ 48 E)T;
2eKpép +rE)T, =2(& +&)T,.

Cucrema ypaBHeHwHi (9) pemaercs mpu ydere Qusn-

YecKnx coobpakeHmid — B moiaHOH OMC npu ontumans-
HOH 3JIEKTPOMEXaHNUECKOMN CBS3H

g <&, (10)
rae & = & — koadduieHT neMndupoBaHus MPOLECCOB
AIEKTPOMATHUTHON MOJCHCTEMBI B cocTaBHOH DOMC;
& = &y — xodddunmeHT qeMnpUpOBaHUs ITPOIIECCOB Me-
XaHWYECKOH MOICUCTEMBI B cocTaBHOI DOMC.

HsBectHo, uto DIl Moxker 00jlamaTh CBOMCTBAMH
JneMrnupoBaHus KojeOaHU! B YIPYroil MeXxaHW4eCKOu
MOJCUCTEME C BSI3KUM TPEHHEM IIPH KOJeOaTEIbHOM
JIBIDKEHUH DJICKTPOMAarHUTHOW MOJCUCTEMEI [12], To u B
cucreMe ¢ necrabmmmsamueit & < 1. W, xoHEUHO, CyM-
MapHbIi 3(dekT rameHus KoiebaHuil B MEXaHHYECKOI
MOZICUCTEME HE MOXKET OBITh BBIIIE AeMI(UPYIOLUIETO
JEWCTBHS ANIEKTpoABHUrarTens. Takoe orpaHuueHrE TI03BO-
JISIeT TIPUHSATD U BBIPA3UTh IS YIPOIIEHUs IpeoOpa3oBa-
HUH Tpy penieHun cucteMsl (9) crenytomee 0003HaueHNE

Sc=mép, (11)
rae m — kodduuueHT Beca (o) nemMrnpUpOBaHUs CH-
naMu TpeHus (o oTHoueHuo K &p); 0 <m < 1 — Tpenue
BSI3KOE IIPH JIBMXKEHHU CO CKOPOCTHIO, COOTBETCTBYOLIEH
MOJIOXKUTETIBHOMY ~ YYacTKy XapakTEpPUCTHKH TPEHHS;
—1 <m < 0 — npu KonedaTeTLHOM ABMKEHHH CO CKOPO-
CTBIO, COOTBETCTBYIOIIEH OTPHUIIATENILHOMY YYacTKy Xa-
PaKTEPUCTHKN TPEHUSL.

[Iponeccrr (7) B 2MEKTPOMArHUTHON W MeXaHMYEC-
KOH mmoncucreMa OyIOyT paBHO3HAYHEL, TO €CThb OYAYT
MPOTEKATh C MPENEIbHON CTENIEHBIO YCTOMYUBOCTH U MU-
HUMAIIbHOW KOJIe0aTeIhbHOCTRI0 B ciydae & = & s
JIeMIpupoBaHUsI

®)

©)

y(1+m)* =2(1-m)(e —m) + (¢ —m)*
e2(1=m)? +2m(1—m)(e —2)(e = m) + m* (e —m)*
IIPYU BBIOJHEHUHU CIEIYIONINX COOTHOIICHUH It 0000-

HMIEHHBIX ITOKa3aTesei QJICKTPOMEXAHUYECKOT0 B3aWMO-
JICUCTBUS TIOJICHCTEM

2
_pd=m m)2; sc=msp.

¢p =

Ky (12)

(& —m)
AHanmu3 Tosy4eHHBIX cooTHomeHnid (12) mokasbl-
BAaeT, YTO NPH TpPEJCTbHON CTENeHn AeMIIpUpoBaHUs —
MHHAMYME KOJIe0aTenbHOCTH — K03 uUIMeHT 3mekTpo-
MEXaHHYEeCKOTO B3amMoaeucTBus Kz W KO3 UIMEHT
neMipupoBaHus &p ONMPEAEIAIOTCS Kak KO3 (PUINEHTOM
pacripeziesieHusl WHEPUUOHHBIX Macc ), Tak M Koadu-
UEHTOM OTKJIOHEHHS CKOPOCTH & W KOd(PPHUIHEHTOM
Beca «m». [lpn DOMyIIEeHNN OTCYTCTBHS OEHCTBHS Iepe-
MEHHBIX CHJI TPEHHS Ha Bayly MexaHmsMa ¢ = 1 um = 0
MOJTy4aroTCs CIEIYIOIINE COOTHOLIEHHST:

Kg=7; &p=+r-1, (13)
KOTOpPBIE COOTBETCTBYIOT IIPUBEICHHBIM B UCTOUHHUKE [9]
JUTA peanu3aruu mnporeccoB B OMC ¢ mpenensHoi cTerne-
HBIO 3JIEKTPOMEXaHWYECKOTO AEMI(QHUPOBAHUS YIIPYTUX
KoJIeOaHUH acTaTHYeCKOH CHCTEMOW aBTOMAaTHYEeCKOTO
perynupoBanusi. Takum 00pa3oM, €ciy BBHIITOJHUTH CHH-
Te3 mapamerpoB OMC mpH acTaTHUECKOM pErylIHpoBa-
HHH, coOmosiast cootHomreHus (12), mporeccsl B THHAMH-
Ke OyZyT COOTBETCTBOBATH STANIOHHBIM (7) M TIpH BIHS-
HUU JeCTaOMIM3UPYIOMX (aKTOPOB C ICHCTBHEM «OT-
punarernpHOTO» Bsizkoro Tperns OMC Oyzper ycroitumBa
mpu y> 1, 0 < & < 1 ¥ MONOXUTEIIEHOM BSI3KOM TPEHUHU
npu 1 < y<5wue>1. B npeaensHOM cirydae XapakTep
KoJe0aTebHBIX 3aTyXaromux mnporeccoB B DMC OyayT
COOTBETCTBOBATH NPEJEIbHOMY AeMI(UPOBAHUIO C ITOKA-
3aTENSIMHU:

2 2
£ = y(l—m) —2(5—m)(1—m3+(5—m) +m6%;
4(e —m)(1—m)
S =Su =%0- (14)
Qp=Q =Qpy =Qpy1-& . (15)

rne & — koadduuueHt nemmdupoBaHUs KoJcOaHUA B

IMC; Oy ==, | EZM

Ty y(1—m)
HeneMI()UpOBaHHBIX KoliebaHui AByxmaccoBoit OMC, B
JUHAMHUKE SKBUBAJIEHTHON OJTHOMAaCCOBOM.

IToka3zatenu xapakrepa mporeccoB B D11 (14), (15) ¢
Npe/IeNIbHON CTENEHBI0 AeMI(UPOBaHUS YIPYTHX KoJe-
OaHuii pU JEHCTBUM MEPEMEHHBIX CHJI TPEHHUS JTOCTHTa-
IOTCSI HACTPOMKOM PEryysTopa TOKa MO KPUTEPHIO «MO-
JIYIBHBIA ONTHMYM», & PETYJSITOPOB CKOPOCTH CHUCTEMBI
MOJIYUHEHHOTO PErYIIUPOBAHUS 10 COOTHOIIICHUM

2T [
VKT J
KOTOpBIE TTOIY4YeHHI 13 hopMyd (5) ¢ mOCIeayomen mom-
CTaHOBKOW ONTHMAIbHBIX 3Ha4eHU mapameTpoB Kp, &p,
Sems (12).

— coOCTBEHHAs 4acTOTa

(16)
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Ha puc. 2 mpuBeneHa ocImiorpamMMa H3MEHEHHUS
MOMEHTA JBHTATeN 7m(?) 11 MalbIX OTKIOHEHHH CKOPO-
CTH TIPY €IMHUYHOM CTYIIEHYAaTOM M3MEHEHUH Harpy3Ku
JUISl yYacTKa XapaKTEPUCTHKU C OTPHLATEIbHBIM TPEHH-
eM, TJe rpauk MepexoJHOro mpomecca | mpeacTaBieH
IUIsl Clydasi HACTPOMKHM Ha CHMMETPHYHBIA ONTUMYM C
TUoBeIMH TapamerpamMu CAY mpu pacuerax 0Oe3 ydera
CBOWMCTB YIpPYyroro 3BeHa M IEPEMEHHBIX CHJI TPEHUS, a
rpaduK mepexoHOro mporecca 2 — sl Cirydasi HacTpPOH-
KA Ha MHHHUMYM KOJICOATeIbHOCTH C ONTHMAIBGHBIMU I1a-
pamerpamu CAY I ydacTKa XapaKTEPUCTUKH C «OTPH-
narenbHeiM» TpeHueM. Ol addekrtuBHo aemndupyer
konebanud. B yacTHOCTH, mpeayaraeMplii METOI CHHTE3a
napameTpoB CAY Obul anmpoOUpOBaH B MPOMBIIUICHHBIX
YCIIOBUSIX, IPY ATOM TIOJTyYEHBI ITOJIOKHUTEIILHBIE PE3YJITh-
TaThl NMPH HaJQJIKE U MOJAEPHU3ALUN CTAHOYHOTO DJIEK-
Tponpusoza [13].

m(?),
oe. 2
1.5 : — —
1 ""'--"'" E :
oSt
1]
n ni1 n2 03 04 ¢s

PI/IC. 2. rpa(l)I/IKI/I HU3MCHCHHUA MOMCHTA ABUIAaTCIIA AJISI MaJIbIX
OTKJ'IOHGHPIﬁ CKOpOCTPI l'IpI/I CAUMHUYHOM CTyl'IeH‘-IaTOM U3MCHC-
HUHN HarpySKI/II
1-y=1,5,Q,,=628c", Kz=141,75,7=0,02 c;
2-y=150,=628c", Kp=65227, r=0,0273 ¢, &= 0,686,
m=-0,5,¢=0,98

BeiBOABI.

1. IByxmaccoBerii Ol ¢ actaTmdeckod CHCTEMOH pe-
TYJIUPOBAaHUS TPH JEHCTBUM IMEPEMEHHBIX CHI TPEHHS
a¢pdexTuBHO Aemndupyer KoaeGaHus MPH ONTUMUBAIMN
NapaMeTpoB PETyJISITOPOB.

2. CuHTe3 mapaMeTpoB pPETyJsITOPOB CKOPOCTH IO CO-
OTHOIIEHUsM /I Ko dunmenrta nepenaun Kz U mMocTo-
SHHOI HMHTETPUPOBAHUS T MO3BOJIIET peaIn30BaTh Ipe-
JIeTIbHBIE TTOKA3aTeNld XapaKTepa 3aTyXaloluX MPOIecCOB
TIPY HYJICBOH CTAaTUYECKOH OIIMOKe.

3. MeTon cuHTe3a 1o 0000IIEHHBIM TOKa3aTesaM Kp,
&p, &c ¥y YHAOBIETBOPSIET TPEOOBAHUSM CUCTEMHOTO aHa-
TM3a, TaK KaK YYUTHIBAET MEPhl MEXaHHMYECKOro, KOHCT-
PYKTHBHOTO, 3JIEKTPOMEXaHHYECKOTO CII0OCOOO0B IT0/1aBIIe-
HUSI yIPYTUX MEXaHUYECKUX KOJICOaHHH.

4. Metox cuHTE3a PEKOMEHIYETCS K NPAKTHUECKOMY
WCIIOJIB30BAHUIO ISl cucTeM ympasneHus Ol meramryp-
TMYECKUX U IOJbEMHO-TPAHCIIOPTHBIX MAIUH, METal-
JIOPEXKYIIUX CTAaHKOB.
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Synthesis of a two-mass electric drive with an astatic system
of subordinate regulation at the action of variable friction
forces.

Purpose. The solution of actual problem of active suppres-
sion of resilient electromechanical vibrations in an electric
drive with the astatic system of automatic control is pre-
sented. Methodology. For research of damping properties of
electrical drive according to a flow diagram from transmis-
sion functions on regulation and indignation a characteristic
polynomial is got in the rationed form of parameters that
takes into account the physical phenomena and sets inter-
communications of parameters in the electromechanical sys-
tem. As a result of it a characteristic polynomial at a succes-
sive dynamic decoupling appears separate interactive elec-
tromagnetic and mechanical subsystems. Thus, electrome-
chanical interaction physically means complete extraction of
energy of vibrations from a mechanical subsystem in elec-
tromagnetic with simultaneous transformation for minimum
time. An electric drive for the case of realization of proc-
esses of electromechanical interaction is the dynamic extin-
guisher of vibrations. Results. The active resilient mechani-
cal oscillation damping comes true due to optimization of
dynamic inflexibility of mechanical description of electrical
drive and as a result the required degree of stability is pro-
vided at minimum vibration and high exactness of working
off indignations on loading. Originality. For the first time an
electrical drive with the astatic system of automatic control
at the action of variable forces of friction for the offered
optimal parameters of dynamic inflexibility of mechanical
description effectively damps vibrations. The synthesis of
parameters of regulators according to correlations allowed
to realize the maximum indexes of character of attenuation
processes at a zero static error. Practical value. The synthe-
sis method is approved in industrial conditions during the
adjustment and modernization of the machine tool and is
recommended for setting up automatic control systems for
the operating and newly designed electric drives of techno-
logical machines. References 13, figures 2.

Key words: electromechanical system, damping, electric
drive, interaction, regulation, speed controller, synthesis,
variable friction forces.
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0O.10. Jlozuncekwuii, A.C. [Taparuyk, P 4. [Tapanuyk, @./1. Mariko

PO3BUTOK METOJIIB TA 3ACOBIB KOMIT'YOTEPHOT'O MOJAEJIFOBAHHSI VIS
JOCIIKEHHSA EJTEKTPUYHUX PEXKUMIB 1YT'OBOI CTAJIEIIVIABHJIBHOI ITEYI

Mema. Memoto cmammi € cmeopenns mpughasznoi' y mummesux Koopounamax komn’romepnoi Simulink-mooeni cucmemu >cus-
JIeHHA ma cucmemu agmomamuunoz2o pezynioeannsn (CAP) koopounam enexkmpuunozo pexcumy (EP) dyzoeoi cmanennasunsnoi
neui muny JICII-200, axa mac 3pyunuii inmepgpeiic 0na 3MiHU CMPYKmMypu ma napamempie CUCHEMU HCUBIEHHA MPUPAZHUX
0y2, CmMpYKmMypu cucmemu ma 3aKOHi6 KepyeanHA e1eKMPUYHUM PEHCUMOM, A MAKOHC CIOXACMUYHUX XAPAKMEPUCMUK napa-
MempuyHUX ma Koopounamuux 30ypensv. Memoouxa. /Ina npoeedennsa 00cnidxHceHb GUKOPUCHIOBYEAIUCA NOJIOHCEHHA MeOopii
eNeKMPUYHUX Kill, eKCNEPUMEHMAIbHI 00CNI0MHCeHHA | MamemamuyHe ma Komn’romepne mooeniosannsa 6 0ooamky Simulink
naxemy Matlab. Pe3ynomamu. Cmeopeno ucoKomouHy KomMn’omepHy y mummesux koopounamax Simulink-woodens cucmemu
acuenennn ma CAP koopounam EP JICII-200 ma 3 ii euxopucmannam npogeoeno 0ociioycenna EP ma ompumano ouinku
NOKA3HUKIG (YYHKYIOHY8aHHA 0y2060i neui y pi3HUX MEXHOJI0ZIYHUX Nepiodax NaeleHHA Ma 3a PI3HUX CHMPYKMYyp cucmemu
asmomamuynozo kepysanusa (CAK). Hayxoea noeuzna. Bnepuwie na ocmosi noeonamms enemenmie 0ioniomexu 000amky
Simulink ma munoeux éioniomeunux o10kie SimPowerSystems npozpamu Matlab cknadeno mpughazny y mummegux Koopou-
Hamax noeny mooensv cucmemu xcuenenna ma CAK EP 0yz2060i neui /ICII-200, axa mae 3nauni nepeeazu no mouynocmi, uiguo-
KOOIl ma ()yHKUiOHANbHUX MOHCIUGOCMAX Y NOPIGHANHI 3 gidomumu modenamu. Ilpakmuuna yinnicmo. Moxcausicmo euko-
Hanua na cmeopenii Simulink-moodeni mamemamuynux eKcnepumeHmie 3 00Cai0HceHHA NOKA3HUKIE OUHAMIKU Pe2ylNt06aHHA
koopounam EP ma nokasnukie enexmpomazuimuoi cymicnocmi pescumis /{CII ma enekmpomepedrci npu 0ii demepminosanux i
eunaokoesux 30ypens. bion. 11, tabm. 3, puc. 16.

Knrouosi cnosa: nyrosa crajienjaBujibHa niy, komn’orepHa Simulink-moaens, cucrema KMBJIEHHS, CHCTeMa aBTOMATHYHOI0
pery/Il0BaHHs, eJ1eKTPHYHHI PesKUM, peryJsTop, IMHAMIYHA BOJIbT-aMIePHA XapaKTepPHCTHKA IYTH, eJeKTpoMeXaHiuHHii
KOHTYP.

Leno. Ilenvro cmamobu aensemcs cozoanue mpexasnoii 6 MZHOGEHHbIX Koopounamax komnoviomepnou Simulink-wodenu cuc-
membl RUMAHUA U cucmemsl agmomamuueckozo pezynuposanus (CAP) koopounam nekmpuueckozo pexcuma (IP) oyzoeoii
cmanennasunvhoi neuu muna /JJCII-200, komopas umeem yooouuiii unmepgeiic Ona u3MeHeHus CmpyKmypsvl U napamempos
cucmemsl NUMARUA MPEXPasHbIx 0ye, CIHPYKMYPbl CUCHEMbL U 3AKOHO08 YRPABIEHUA IIEKMPUUECKUM PEHCUMOM, a MaKdHce
CMOXACMUYeCcKUX XapaKmepucmuKk napamempudeckux u Koopounamuoix eozmyuienuit. Memoouxa. /[na npoeedenusn uccieoo-
GANUIL UCNOTIL30BAIUCH NOTONCEHUS MEOPUU INEKMPUUECKUX Uenell, IKCREPUMEHMAbHbIE UCCIe008aHUA U MAmeMamuiecKoe
U KomnslomepHoe mooeauposanue ¢ npunoxcenuu Simulink npocpammer Matlab. Pesynemamot. Co30ana 6bicOKOmMoOUHAA KOM-
nolomepHas 6 McHo6eHHbIX Koopounamax Simulink-mooens cucmemvr numanus u CAP xoopounam ISP JICII-200 u ¢ ee uc-
nonv308anuem npoeedenvl ucciedosanus IP u nonyuensvt oyenku nokazameneil QYHKYUOHUPOSAHUA 0Y20801l NeYU 8 paziuy-
HBIX MEXHON0ZUYeCKUX NEPUOOax NAeIeHUA U NPU PA3IUYHBIX CHIPYKMYPAX cucmembl agmomamuueckozo ynpasnenusn (CAY).
Hayunas noeusna. Bnepgvie na ocnoge couemanus nemenmos oudnuomexu npunoxcenusn Simulink u munoevix oubauomeu-
HbIX On0K06 SimPowerSystems npozpammur Matlab cocmaenena mpexgpaznas 6 MCHOGEHHBIX KOOPOUHAMAX ROJIHAA MOOelb
cucmemul numanusn u CAY ISP dyzoeoit neuu /[CII-200, komopas umeem 3nauumenbHvle NPEUMyU,ecmed no mouHocmu, Obvl-
cmpooeicmeuto U QYHKYUOHAIbHBIM 6O3MONCHOCHIAM NO CPAGHEHUIO ¢ uzéecmuvimu moodenamu. IIpakmuueckan yennocme.
Bo3mooscnocmeo evitnonnenusn na cozoannoi Simulink-mooenu mamemamuueckux IKCHEPUMEHMO8 NO UCCTE006AHUI0 ROKA3aAMe-
J1eil OuHaAMuKu pezyauposanusa koopounam P u noxazameneii snekmpomaznumnoii coemecmumocmu pexcumos /JCII u rnek-
mpocemu npu Oelicmeuu 0emepMUHUPOBAHHBIX U CIYUAlIHbIX 603myuienul. bubin. 11 Tabm. 3, puc. 16.

Kniouesvie cnosa: pyroBasi crajenJiaBWiIbHas Nnevb, koMnbloTepHas Simulink-Moaens, cuctemMa nuTanus, cucTeMa aBTOMA-
THYECKOIr0 PeryJiupoBaHMsA, JIEKTPHUYECKHI PeKMM, PeryJjsiTop, IMHAMMYECKAs BOJIbT-aMIepPHAs XapaKTepPUCTUKA OYyTIH,
3J1eKTPOMeXaHMYeCKHil KOHTYP.

Beryn. [yrosi cranemraBuinbHi nedi (JCII) — me  moBamus [1, 2]. Ilpore icHyloui wmaremMatWdHi Ta

MOTY)XKHI EJIEKTPOTEXHOJIOTIYHI 00’ €KTH AJIs IUIABJICHHA
CTajiell 1 CIJIaBiB B OCHOBHOMY 3 METaJIOOpYXTy. 3Baxa-
I0YM Ha 3HAYHY BCTAHOBIICHY IIOTYXXHICTh Ta BKpall IH-
HAMIYHUM HECMMETPUYHHUN Ta HETIHIMHUN XapakTep Ha-
BAaHTQXXCHHS, MPOBEJCHHS EKCIICPUMEHTAIBHHUX HTOCIi-
KCHP X PEKUMIB Ta TOKAa3HUKIB MPOIECY IUIABICHHS B
JACII 3 ormsagy HHU3KH OpraHi3amiiHUX, TEXHIYHUX Ta
BUPOOHHYNX MPUYNH HE 3aBXKIN € MOXKIHBUM. Oco0mBi
TPYAHOILII BUHHUKAIOTH TPH HEOOXiMHOCTI BUKOHAHHS
€KCIIEPUMEHTAIBHUX JOCIIKeHb Ul PI3HUX CTPYKTYp
cucremMu aBroMatuuHoro kepyBaHHs (CAK), ams pizHEX
i mapaMeTpiB, IS Pi3HUX CXEMHHX 3MIiH y CHIOBOMY
KOJI JKUBJIEHHS TpU(A3HKUX YT TOLIO.

MocTranoBka mpobéaemu. OmHUM 3 MIAXOMIB IS
OTpUMaHHs BKa3aHoi iHpopMauii (IIOKa3HUKIB AMHAMIKH,
€JIEKTPOTEXHOJIOTTYHOI €()EeKTUBHOCTI Ta eNeKTPOMarHiT-
HOI CyMiCHOCTI) € MaTeMaTH4He Ta KOMIT I0TepHE MoJie-

koM totepHi Mozeni nporeciB B JICII 3a mBuakomi€ro,
TOYHICTIO BIATBOPEHHS PEXUMIB, (QYHKIIOHATbHUMHU
MOJJIMBOCTSIMH, 3PYYHICTIO 3MiHH CTPYKTYpH, MapameT-
PiB Ta MOCTaHOBKH MOJIEJIbHUX €KCIIEPUMEHTIB HE BiAIO-
BiJJaIOTh Cy4YacCHHM BHUMOTaM JUI KOMILIEKCHOTO JOCIIi-
JUKEHHSl TIOKa3HUKIB JIMHAMIKH, €JIEeKTPOTEXHOJIOTIUHOT
e(EeKTUBHOCTI Ta EJIEKTPOMArHiTHOI CyMiCHOCTI.

Orusig octanHix myOJikanii. [cHyrodi koM’ roTep-
Hi Mozeni [3, 4] MalOTh CKIIAIHUM Ta HE3PYYHUH iHTEp-
¢eiic 31 3mian mapamerpiB Tta cTpykrypu CAK EP T1a
CHJIOBOTO KOJIa >KMBJIEHHS TPU(A3HUX IYyT, 3aKOHIB Kepy-
BaHHS EJEKTPHYHUM PEXHUMOM, ONEPAaTHBHOTO (opMy-
BaHHSI XapaKTEPUCTUK 30ypeHb 3 PI3HUMH CTOXaCTHYHH-
MH XapakTepUCTUKaMH, IO BilIIOBINAIOTH JIOCIIKyBa-
HUM TEXHOJIOTTYHHUM CTaJisIM IUIABJICHHS, CTATUCTUYHOTO
OIIPAIfOBaHHS pe3yJbTaTiB MOJENIOBaHHSI B on-line
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PEXKHMI, 10 YCKJIAJHIOE KOMIT FOTEpHI IocmipkeHHst EP
JIyTOBOI Iedi MMpH MOLIYKY HaWKpaliuX pillieHb Ui CTpY-
ktypu Ta napamerpiB CAK i 3akoniB kepyBaHus EP.
Jlesiki 3 BIZOMHUX MOJIENICH 3aCTOCOBYIOTHCS JIMIIE JUIS
aHaiizy mpoueciB 3MiHN KoopauHat EP y cunoBomy koui
0e3 3aMKHEHOI CHUCTEMH pEryJIOBaHHS JOBXHH IyI B
yCepemHEHNX KOOpAWHATAX [5], iHII MarOTh CKJIATHHU i
He3pyuyHHH iHTepdelic i3 3minu cTpykTypu CAK, 3akoHiB
KepyBaHHS, XapaKTePUCTUK MapaMEeTPUYHHX Ta KOOPIH-
HATHUX 30ypeHb, 3aJEKHOCTEH IUHAMIYHUX BOJBT-
aMIepHUX XapaKTepucTUK ayr tomo [6-8]. Im Bmactusa
a00 HM3bKAa TOYHICTH BIATBOPEHHS PSXKUMIB [5], un 00-
MEXeHI (YHKIIOHAJIbHI MOMIIMBOCTI 3 MOCTAHOBKH Ta
NPOBEJICHHSI PI3HUX MaTeMaTUYHUX eKCIIepUMEHTIB [6-8].

OOrpyHTyBaHHsl akTyajabHocTi. Tomy 3amaua
CTBOPCHHS HOBUX BHCOKOTOYHHX Ta UIBHIKOIIAHIX
KOMIT'IOTEpHUX Mojeneil cucremu >kuBieHHs T1a CAP
koopaunat EP JICII, y sIKMX BpaxoBYIOTBCSI BCi OCHOBHI
HEJNHIHHOCTI, OCOOJIMBOCTI 3MiHM MapaMeTpUYHHX Ta
KOOpAWHATHUX 30ypeHb y MpoLeci IUIABICHHS, Y SKUX
peanizyloThCsl 3pydHi iHTEepdeiicn 3MiHH CTPYKTYpH,
3aKoHIB KepyBaHHs Ta mapamerpiB CAK, moctaHOBKH
MaTeMaTHYHUX EKCIICPHMEHTIB Ta CTaTUCTUYHOrO OIpa-
LIIOBaHHS PE3yJbTATIB JOCIIPKEHh HA CHOTOJHI € aKTya-
JIBHOIO T BaYKIMBOIO HAYKOBO-TEXHIYHOIO 3a/[a4elo.

MeTto10 po6oTH € CTBOpPEHHs TpU(a3HOI y MUTTE-
BUX KoopAMHaTax cTpykTypHoi Simulink-moneni cuctemun
JKHUBJICHHS TpI/l(l)aSHl/IX Ayr Ta CUCTCMH aBTOMATUYHOI'O
KEpyBaHHS EJICKTPUYHUM PEXKHMOM AYyroBOi CTaleruia-
BUJBHOI II€4l Ta JOCHIJPKEHHS IIOKA3HHUKIB JUHAMIKH
SJICKTPUYHHUX PEKUMIB Ta IOKa3HHUKIB €IEKTPOMAarHiTHOI
CYMICHOCTI 3 11 BUKOPHCTaHHSM.

HaykoBo1o 3agayel0 € CTBOPEHHS CTPYKTYPHOIL
Simulink-mMoneni cucremMu XUBICHHS TpU(a3HUX IyT Ta
CHCTEMH aBTOMAaTUYHOTO KEPYBaHHS €JIEKTPHYHUM PEXU-
MOM JIyrOBOi CTaJIeINIaBHJIbHOI Te4yl Ha OCHOBI IO€]-
HaHHS MOJENbHUX elieMeHTiB 0i0miorexn Simulink Tta
CTpYKTYpHHUX 0J10KiB SimPowerSystem nporpamu Matlab.

CrpykrypHa Simulink-mMonenb cucteMu KUBJIEH-
Ha Ta CAP koopaunar EP neui JCII-200. Ha puc. 1
MMOKA3aHO PO3pOOJCHY (YHKIIOHAIBHY CXEMYy CHCTEMH
€JIEKTPO’KUBJIEHHS TpU(a3HUX AyT 0e3 HYJIHOBOTO IPOBif-
HHKA Ta OJHOKOHTYPHOI CHCTEMH aBTOMaTHYHOTO PETYIIro-
BaHHA koopauHAT EP 3 mudepeHmiitHuM 3akoHOM (hopmy-
BaHHA CHTHAIYy KEPYBaHHS Ha TEPEMIIICHHsS ENeKTPOIiB
(aBTOMaTHYHOTO PEryTIOBaHHS TOBXKHH JIYT).

Ha ocnoBi wiei (yHKI[IOHATBHOT CXEMH CTBOPEHO
komi’torepHy Simulink-mozens (puc. 2), sika Hajnamro-
BaHa Ha MapaMeTpy CUCTEMH >KUBIICHHS, CUJIOBOTO €JIeK-
TPOOOJaJHAHHS Ta PEryJsiTOpa IOTYKHOCTI AYr THILY
APJIMT-12 (CAP xoopaunar EP) nyroBoi meui tumy
JCII-200. TectyBaHHS MOJeNli BHKOHYBAIOCS LUISXOM
MTOPIBHSAHHS MMOKA3HUKIB TUHAMIKY BiJIIpaIfOBAaHHS JETe-
PMIHOBaHUX Ta CTAaIliOHAPHUX BHIIAAKOBHX 30ypeHB 3a
JOBXKHHOIO (HAIPYTOI0) OYTH, M0 OTPUMYBAIHCS HA Iif0-
giit gyrosiit meui ACII-200 Ta Ha ckmageHii ii Simulink-
MOJIeNi MpH KepyBaHHI 3a Ou(epeHIiHHAM 3aKOHOM.

Jns  amekBaTHOrO BIATBOPEHHS B  CKJIACHIM
KOMIT IOTEPHIN MOJeNni peaJbHUX 3aJIeKHOCTEH JUHAMIY-
HUX BOJITAMIIEpHUX XapakTepuctuk ([ABAX) nyr, mo
MalOTh MICI[C HAa PI3HUX TEXHOJIOTIYHHMX CTaisX IUIaB-
neHHs1, y Mmoayii Tpudasznux ayr Simulink-moneni nepen-

0a4yeHO MOXJIMBICTh peajizallii B HOTOYHOMY MaTeMmaTH4-
HOMY €KCIIEpHMEHTI OJHOi 3 YOTHPHOX MOJENeH, 0 Bis-
MNOBLIAaKOTh OCHOBHUM TEXHOJIOI'TYHUM CTaAlsM IIJIaBJICHHS
— miHiHOl U, (f) = R, (t)i(f) Ta HEMHIHHUX — HA OCHOBI
¢byukuii apkranrenca u,(t) = 2-E,,(f)-arctan(k-i,(f))/ 7z, Ha

OCHOBI JdepeHIiifHoro PIBHSHHS Kacci
2
dg,(t) | ug(t) e
0 g;( ) = g2 g,(t) Ta HeniuiitHOT 31 CKIaAHOWO
t

am

HeNiHIHHO (YHKIIOHATHHOIO 3aJISKHICTIO Ha OCHOBI
BUKOPHUCTaHHA KYCKOBO-JIIHIHHUX Ta KYCKOBO-HEIIHIHHIX
crnaitaiB u,(f)= i (?),-1,(f)) 3 MOKIHMBICTIO BiATBOPEHHS
riCTepe3UCHUX BIIACTUBOCTEH AyrH, MIKIB 3alaitoBaHHS,
MOTacaHHs IYTH TOWIO, A€ g,(f), R,(f)-— MHTTEBa MPOBif-
HICTb Ta omip nyru; E,, — MaKCUMallbHe 3HAUYEHHS TIPOTH-
EPC nyru; u,(?), i,(f), ,(f)) — MuTTEBI Hampyra, CTpyM Ta
JIOBXHHA IyTH, (G, — cTana 4acy, 10 XapaKTepU3ye Tel-
JIOBY iHEpIHHICTD ayrH [9].

ACS
Phase A l

Supply Short
system Transformer network

Puc. 1. ®ynkuionanpHa cxema Tpudasznoi Simulink-moneni
cucremu xuBieHHs: Ta CAP koopaunar EP neui JICIT-200
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Puc. 2. CtpykrypHa cxema tpudasnoi Simulink-moneri cucre-
mu xuBieHHs: Ta CAP xoopaunat EP gyrosoi meui J{CI1-200

3MiHOI0 3HAaUeHHS cTanoi yacy 6@, B MOJeNi MOXHa

BiJITBOPIOBATH YMOBH TOPIHHS YT HA PI3HUX TEXHOJOTiY-
HHX CTaIisIX IUIaBKH, TOOTO peanizyBaru pizHi [IBAX nyr
(X myolla XapakTepu3ye PeakTHBHY IOTYXKHICTb IIyTH).
Ha mouwarky mmaBku @, =0.2+0.5 mc; &, =1+1.5 Mc Ha
iHTepBaJi YTBOpEHHs pifkoi (asu posruiaBy, a Ha mepi-
oJ1ax OKUCIeHHs Ta padinyBanus — 6, =3+5 mc.

Mogeinb 6yioka TpUdasHUX AyT 32 BHECEHHS BiAIO-
BIJTHAX CTPYKTYpHHX 1 IapaMEeTpUYHHUX 3MiH Ma€ MOX-
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JIUBICTH BIATBOpIOBaTH BKasaHi Buiie tunu JIBAX nyr,
110 BJIACTHBI PI3HUM TEXHOJIOTIYHNAM CTAIisIM IITaBJICHHS.
Ha puc. 2 X0BTUM KOJILOPOM MO3HAYEHO E€JIEMEHTH
Mozen TpugazHOI CHUMETPHYHOI EJIEKTPUIHOI Mepexi
(EM), niunoro tpancdopmaroproro arperaty (IITA) ta
BTOPUHHOTO CTpyMOmnpoBojaa — Kopotkoi mepexi (KM)
reyi, AKi MOJAal0Th MOJETh CHIIOBOTO €JIEKTPUIHOTO KOJIa
xuBieHHs Tpudasnux ayr ACII 3 Bignosiganmu JIBAX
oyr, mo 3i0paHi Ha  ejeMeHTax  OiOmioTeku
SimPowerSystems (uepBoHnwuii komip). Ha 1ux enemenrax
peali3oBaHO MOXKIIMBICTh BiATBOPEHHS OIHMCAHUX BHIIE
YOTHPHOX THIB auHamiuaux [IBAX nyr, ski MawoTh
MiCIIe Ha PI3HUX TEXHOJOTTYHUX CTAJISIX IIABICHHSL.
Jkepena Hampyru BiITBOPIOIOTH TPHU(A3HY CHHY-
COITHY HANpPyTy MEPExKi KUBJICHHS JTyTOBOI IeYi 3 4acTo-

toro 50 T'm, ammiiTynor 35\/5 kB Ta kyTomM 3cCyBYy
120 em.rpan. biaok «miuHuii TpaHchopMaTopy MpeacTaB-
nse coboro TpudaszHUil TpaHChopMaTop 3 Koe(illieHTOM
tpancdopmauii k, = 35000/480 = 72.92 Ta MOTYXHICTIO
S=125 MBA.

Brok «cymapHHil MOBHHI Omip» IMITYye CyMapHHN
OIip BCIX AKTHBHUX OIOPIB €JIEMEHTIB CHUCTEMHU IKHB-
JeHHs Ayr (apocenis, TpancdopmMaTopa, KOPOTKOT Mepexi
Ta eJeKTpoaa y KOoXHii (asi), mo 00’ exHaHI B OMIp 7y, a
BCi IX IHIYKTHBHI OIOPH 00’ €/IHaHI B OMIP X;.

Yepsonwuit Onox /,(U,) BIATBOpIOE CTaTUUHY 30B-
HIIHIO XapakTrepuctuky ayrosoi neui J{CI1-200 ans Biz-
MTOBITHOT CTYIICHI CHJIOBOTO MIYHOTO TpaHchopMaTopa.

[TomapaHueBHii OJIOK € PKePESIOM KePOBaHOI HATIPY-
T'H, XapaKTEePUCTHKA «BXII-BUXiZ» SKOTo (opMyeThcs
omoxom 1,(U,) Ta 610K0M 3amaHHS 30ypPEHB.

®ioneToBi OJOKK 3 TPYNH €IEMEHTIB 3aiaHHs 30y-
PEHb MOJICIIOIOTh JIETEPMIHOBaHI Ta BUIIAJAKOBI 30ypeHHs
3a OBXXWHOIO IIyTH, MO BUHUKAOTH mpu podoti JCII y
JYTOBHX HPOMDKKaX Ha Pi3HUX TEXHOJOTIYHUX CTaisx
ruiaBieHHs. [Ipu3HadeHHs M wiel rpynu OJIoKiB € Gpopmy-
BaHHS pI3HMX YacOBHX peamizamid 30ypeHb 3a JIOB-
KUHAMH YT y (a3ax KOPOTKOi Mepexi Iedi, 3 OJHaKO-
BUMH CTaTUCTUYHHMH XapaKTepPUCTUKAMHU, SIKI BIMOBiaa-
FOTh JAOCIIIPKyBAaHUM TEXHOJIOTIYHAM CTaisIM TIIABICHHS.

Bnoku sickpaBo OJaKMTHOTO KOJNBOPY BiATBOPIOIOTH
MOJIe)Ib OJIOKa MOPIBHAHHS BXigHMX curHaiaiB CAP mis
peanizanii BIAMOBIIHOrO 3aKOHY (OpMyBaHHSI CHUrHaIy
posysromkennst EP. Mloro BUXiTHMM CHIHAIOM € cHrHan
po3ysroukeHHst Uy, a WOro 3aJeXkKHICTh «BXII-BHXII»
Uus=F(U,, 1,) 3MiHIOETbCS BIIIOBIAHO 1O JOCIIIDKY-
BAHOTO 3aKOHY KEPYBaHHS CICKTPHYHUM PEKHUMOM.

Enementn Simulink-monesni TeMHO-3€5I€HOTO KOJIbO-
PY MOJIEIIOIOTh CTaTHYHY 3aJIeXKHICTh «BXiI-BHXiT» ONOKa
(opMyBaHHS CHUTHAITYy KEpyBaHHS Ha MEPEMIIICHHS CIIEKT-
poxa neBHOI ¢a3u 1medi. Y HbOMY peali3yeThCsl «30HA He-
qyTiauBocT» (& = 2...10 %), KoedillieHT MiJCUICHHS Ha
MiTHIMAHHSA Ta OIyCKaHHS €JIEeKTPOIiB, OOMEKEHHS Mak-
CUMAJIbHOT MIBUAKOCTI Ha migHiManus U™ Ta orycKaHHs
U™ enektpomiB, BiATBOPIOETHCS IHEPLIKMHICTL (inbTpa
HU3BKHUX YACTOT, III0 BKITFOUAETHCS Y KOXKHIHN (pa3i Ha BUXO-
Ii BUMpsAMIIIYiB maBada ctpymy JIC Ta maBada Hampyru
JH. Ha puc. 3 moka3aHO CTaTHYHY XapaKTEPUCTUKY OIOKa
(dopmyBanns curHamy kepyBaHHS U, = flU ).

Bbrnox «PemykTop» ciyrye s epeTBOPEHHs KyTOBOI
LIBUJIKOCTI JIBUTYHA, 3BEJICHOI 10 KYTOBOI IIBHIKOCTI ILEC-

TEpHi, y JTiHIHHI TepeMIIIeHHS eJIeKTPOoIa 1 IPEeCTaBIISIETCS
B Simulink-mMozerni HeTiHIHHOI JIAHKOIO THIY <«TIO(T» Ta
IHTErPYIOYOIO JIAHKOIO, SIKI MOZIEIIIOIOTh MEXaHIYHy Nepena-
4y TUITy «IIECTepHs - peiika». biok «KonmBHa aHKa» Bin-
TBOPIOE OOMEKEHY HKOPCTKICTh OKPEMHX €JIEMEHTIB KiHeMa-
THYHOI CXEMH MEXaHi3My IEPEMIIICHHs eJIeKTPOAa, 30Kpe-
Ma BEpPTUKAIBHOI KOJIOHH, TOPU30HTAJIEHOTO pyKaBa €JIeKT-
pooTpUMaYa Ta CaMmoro eJeKTPoya.
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Puc. 3. 3anexHicTh «BXiA-BUXiT» O10Ka HOpMyBaHHS CHTHAITY
KepyBaHHs

I'pyna enemMeHTIB 3€JICHOTO KOJILOPY MOJIEINIOE €JIeK-
TPOIPUBOJ MEXaHI3My IEepEeMIIeHHs eNeKTPoAa peryJs-
Topa notyxHocti ayr Ty APJIM-T-12, skuit 310panHuii
3a CXEMOI0 «PEBEPCUBHUM TUPUCTOPHUIN MEPETBOPIOBAY —
JBUTYH TIOCTIHHOTO CTpyMy» i3 HEJIHIMHUM Bif’€MHHM
3BOPOTHHM 3B’SI3KOM 3a CTPYMOM SIKOPS Ta Bi €MHHM 3a
IIBUJIKICTIO JIBUTYHA 1 3 MiJICYMOBYBAHHSM [IUX CUTHAIIIB
Ha BXIJIHOMY i ICHJIIOBaYi.

B 65okax RMS HenepeBHO y mpoiieci MO/Ie/IIOBaHHS
PO3PaxOBYIOTHCS [iI0Yi 3HAUCHHS CTPYMY 1 HAalIpyrdl JyTu

3a popmynoro RMS(f (1)) =

VY Ttabn. 1 HaBeAEHO EKCIIEPUMEHTAIbHO OTPHUMaHi

Ha neui JICII-200 naHi, sIKi ONUCYIOTh CTaTHYHY 30BHILI-

HIO Xapaktepuctuky [,(U,) wi€l medi Ta 3alexHICTh I0-

tyxHocti ayr P,(U,), ski BiITBOPIOIOTbCS (DYHKIIOHAIb-
HUMH OJTOKaMu B Mojei cumoBoro kosa megi JJCII-200.

Tabmums 1

ExcnepumenTanbHi gaHi ms xapakrepuctuk 1,(U,) ta P(U,)
nyroBoi cranermiaBmwibHOi nedi JJCII-200

1, A U, B P,, Bt
70962 3.96E-06 0.28101
63808 39.39 2710347
65339 77.98 5095135
60614 115.13 6978490
54723 149.99 8207903
47894 183.34 8780886
43970 198.2 8714854
40800 208.5 8506800
33590 227.9 7655161
27593 24185 6673367
19392 256.72 4978314
14749 263.25 3882674
7673 271.11 2080227
2877 275.2 791750.4
1428 276.25 394485
142.7 277.08 39539.32
14.27 277.14 3954.788
1.4273 277.16 395.5905
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Ha puc. 4 ta puc. 5 HaBeneHO MOOYAOBaHI HA OCHOBI
LUX EKCIEPHUMEHTAIBHUX JaHUX MOJENbHI 3aIKHOCTI IINX
JIBOX OCHOBHHX XapakTepucTHk ayrosoi reui JICI1-200.

Ha puc. 5 myHKTUpHUMH JIiHISIMHA TIOKa3aHO KOOp-
JMHATH TOYKH PEXKUMY MaKCUMaJIbHOI OTYXHOCTI IyT Ta
TOYKHM TOTY)XHOCTI AyT, IIO BIANOBIJIa€ YCTAJIEHOMY pe-
KUMY T1€4i Ha MEepLIii CTyNeHI Halpyrd IMiYHOTO TpaHC-
¢dopmaropa. KoopauHaTH TOYKHM YCTAJIEHOTO PEXUMY
(Hampyra Ta CTpyM JyTH) BiAIIOBiIalOTH yCTaBKaM pery-
nsTopa nmotykHocTi ayr tamy APJIM-T-12 3a manpyroro
Uy, T2 332 CTpYMOM I, IYTH BiJIIOBiTHO.

10 Tz
LA :

72x10%
6.4x10%

56104

4
4810
Isel

4104

32104

24104

16104

8x107

0 218 556 834 1112 139 1668 1946 m4

Puc. 4. 3oBrimus xapakrepuctuka /,(U,) nedi JJCI1-200

Ll £ 781:00%

[ LA

L] 516 152 1728 2304 288

Puc. 5. Banexnicts noryxuocri P,(U,) ayr JICI1-200

B crpykrypny cxemy Simulink-mMoneni BKIIIOYEHO
MOJyJIb TE€HEepaTopa JeTepMiHOBaHHX (30KpeMa eKCTpe-
MaJIBHHX, [0 CHPUYMHIOIOTH CUMETPUYHI Y1 HECHMETPH-
4Hi 10 (pa3ax eKCIUTyaTalliifHi KOpOTKi 3aMUKaHHS (K.3.)
g OOpuBH Ayru (0.1.)) Ta CTAI[iOHAPHUX BHIAJKOBUX
30ypeHb 3a JOBXHHOIO JyTH, sIKi 32 CTOXaCTHYHUMH Xa-
PaKTEepUCTHKAMHU BiAIOBITAIOTh 30yPEHHSIM, IO AilOTH B
JYTOBHX MHPOMDKKAaX B JOCIIDKYBaHHUX TEXHOJOTIYHUX
ctanisx. Y crBopeHiii Simulink-Mo/esni BKIIFOYCHO TaKOX
MOJIyJIb PO3paxyHKy IHTEIpaJIbHUX XapaKTEPUCTHK 4aco-
BUX TMPOIECIB 3MiHU KoopauHaT EP Ta moka3HUKIB €IeKT-
POMArHiTHOI CyMIiCHOCTI, SIKi KOMILICKCHO XapaKTepH3y-
I0Th €(EKTUBHICTh KEpyBaHHS PEXHMMaMH Ta JMHAMIKY
perymoBanHas koopauHat EP meui JICII-200 3 manmamTo-
BaHOIO CTpykTypoto CAP nmns meBHOI TeXHONOTIYHOL
CTalii, XapaKTepUCTHUK 30ypeHb Ta BHOPAaHMUX 3aKOHIB
kepyBaHHs EP.

Hocaimkennss TO4HOCTI cTBOpeHoi Simulink-momeri
BUKOHYBAJIOCS HAa OCHOBI MOpPIBHSHHA MaTeMaTHYHUX
CIOJIBaHb Ta TUCIIEPCIH MPOIECIB 3MIHU CEPEAHBOKBAI-

pPaTUYHHX 3HAYEHb CTPyMiB AyT I,(f), OTpUMaHUX Ha Iifo-
yiit ayrosii neui JICITA-200 ta 1i Simulink-moneni Ha
PI3HMX TEXHOJIOTIYHUX CTalisiX IiaBjeHHs. [1opiBHSHHS
iX 3HaYeHb BUKOHYBAJOCS Ha OCHOBI M-kputepito bapt-
nerta [10]. KpuTepiaibHi OLIHKHA IS MaTeMaTHUIHOI'O
CIIO/IIBAHHS ¢y, Ta JJISl AUCTIEPCiH fp CTPYMIB YT OTPUMY-
Basucs 3a ¢popmynamu (1) Ta (2) BianoBigHo:

£ 2
Z”i'(xi_x)
P N—k. - ‘ )
M= -1 ko ’
ZZ(xy—xi)z
i=1 j=1
In10 ) < >
ip = - (N=k)-1gs® =D (n; -1)-1gs? |;
i=1
k
1 1 1
c=1+ 1> - ; )
3-(k—-1) (S n-1 N-k
§2 __1 . (n-—1)~s-2
- i [
N-k 5
k
ne N :Z”i — 3araJbHa KUIBKICTH JAHUX; k — YHCIIO
i=1
BUOIpOK; n; , [ = 1,2,....k — 4HCEnBHICTH i-01 BHOIPKH;
ol
= Xij» i=12,..,k — cepenHe 3Ha4eHHS i-0i
i
k

. _ 1
BUOIpKH; X = _szlj — 3arajbHE CEPEIHE 3HAUCHHS
N =4
i=l j=1
reHepaibHOL

CYKYITHOCTI JaHWX;

n;
Z(xy - )?i)z JcIiepcist i-0i BUOIpKH.
Jj=1

OTpuMaHi 3Ha4EeHHsI LUX KPUTEPIIB HE IEPEBHILY-
BaJIM JoIycTuMe (TaONu4He) 3HaYeHHS Kputepiro — 3,84,
1o opasiocs s 5 %-ro piBHs 3HauuMOCTI ¢ . Ha ocHOBI
MOPIBHAHHS LUX OL[IHOK OTPHMAaHO MiATBEP/PKEHHS IIPO
JIOCSITHEHHS! JIOCTaTHBHOI TOYHOCTI BIATBOPEHHS peabHUX
TIpoLeciB 3MiHU CTpYMiB nyr [,(f) y crBopeHiii Simulink-
Mozenm ayrosoi meui JICTI-200.

HocaikenHs nuHaMikM Ta e)eKTUBHOCTI pi3HUX
ctpyktyp CAK EP meui /ICII-200. Ha mepmomy erari
JOCHI/UKEHb BHKOHYBAJIOCS MOJETIOBAHHA NPOLECIB B
ENIEKTPOINIPUBOI MEXaHIi3My TEPEeMIllIeHHsI EJEeKTPOJIIB
(enmekTpoMexaHIuHIil CHCTEMi «THPHCTOPHUU IEPETBOPIO-
Bau — neuryn» (TTI-/I)) perysisropa noTy>KHOCTI Ayr THIY
APJIM-T-12 Tta MexaHi3Mi NEpPEMIIICHHS CICKTPOJIiB
(MIIE). Ix nuHamiuni Ta cTaTWYHi BIACTMBOCTI BiT4yTHO
BIUIMBAIOTh Ha ITOKA3HHKH SIKOCTI PETYJIIOBAHHS IOBKHH
Iyr (BianpamnroBaHHs 30ypeHsb 3a JoBxkuHamu ayr). Ha puc.
6 mpexacraBieHo QparMeHT 3aranbHOi Simulink-momerni
JCTI-200, oo BiATBOPIOE MPOIIECH 3MIiHM KOOPIMHAT elre-
krponpuBoaa Ta MIIE B omwiif asi, a Ha puc. 7 mMoKa3aHO
OTpUMaHI Ha I MOJENl AMHAMIYHI MPOLECH 3MIHU CTpPY-
My sikops I,(f) Ta KyTOBOi IIBHIKOCTI @, () neuryHa MIIE
NpU IeTEPMIHOBaHKMX 3MiHaxX curHaimy kepyBanus U.(f) Ha
BXOJli THPHCTOPHOT'O TIEPETBOPIOBAYA.

§2 =1
! l’ll'—l
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Puc. 6. Simulink-mozeins EIT 3a cxemoro TII-/] Mexanizmy mepe-
MIIIEHHS eJIEKTPOAA peryJsiTopa noryxHocti xyr APJIM-T-12
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Puc. 7. lunamika crpymy 1,,(f) 1 mmBuakocti @,(f) xeuryna MITE
HpH ieTepMiHOBaHuU# 3MiHI curHainy kepysauus U, (f) EI1 MIIE

Ha puc. 8 mnokazaHo oTpuMaHi Ha CTBOpEHIH
Simulink-mozenm 4YacoBi 3aleXHOCTI 3MIHH MHTTEBHX
3Ha4YeHb Hanpyru BTopuHHOI 0OMoTKH 1T uy,(f) Ta cTpy-
My i,(f) 1 HatipyTH u,(f) oyru y ¢a3i A B KBa3iycTaleHOMY
PEeXKHUMI BIAMPAIIOBAHHS BHUIAJAKOBUX 30ypEeHb MPU HEJi-
Hiitni IBAX ayru, mo onucyerbesi GyHKIIE apKTaH-
renca. HaBezeHi 4acoBi 3aJie)KHOCTI LTIOCTPYIOTh BIUIHB
TpaneuenoaioHoi GopmMu Hanpyru Ha Ayrax, sKa CrocTe-
piraeTbcsi B KiHII pO3IIABIIOBAHHS TBEPJOI IIUXTH, Ha
CIIOTBOPEHHSI CHUHYCOIZHOCTI (OpPMH CTPyMy Iyr'H Ta
(ha3HOT Hapyru BTOPMHHOI OOMOTKHU MIiYHOTO TpaHCQop-
MaTOpPHOTO arperary.
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Puc. 8. YacoBi 3a51e5KHOCTI KBa3iyCTaJI€HOTO IPOLECY 3MiHU
HaTPYTH u,(1), CTPYMY i,(f) LyTH Ta HAIPYTH (1) IITA

Ha xomm’roTepHi Mozeli JOCHIKYBaINCS TaKOXK 1
PEeXUMH BIIIPAIIOBAaHHA HECHMETPUYHMX IO (asax ne-
TEpMIHOBaHMX 30ypeHb 3a HOBXKHHAMH IyI — PEXKUMHU
OJIHO- Ta MBO(A3HMX K.3. Ta O.1. 1 BH3HAYAIUCS BIAIO-
BigH1 IM OKAa3HUKHU SKOCTI JUHAMIKH.

Tak Ha puc. 9 Moka3aHO OTPUMaHI MPOLECH 3MIiHU
nirounx 3Ha4deHb Hanpyru Uy (f), crpymy [,(f), nyru Tta
ctpymy 1,(f) i MIBUAKOCTI @,(f) ABUTYHA €JIEKTPOIPHBO/IA
MEXaHI3My TEepEeMIIIeHHs eIeKTPoJa ¥ BCiX TpboX (hazax
P BiANIpamioBaHHI K.3. ¥y (a3l A 3a mudepeHmiHOTO
3aKOHY PeTyJIOBaHHS TOBKHH IYT.
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Puc. 9. Yacosi 3anexHocti koopaunat EP neui JICIT-200 ta
neuryHa MIIE y xoxxHil 3 a3 mpu BiompaltoBasHi K.3. y ¢aszi A

Ha puc. 10 HaBemeHo oTpuMaHi Ha CKIIaJeHid
Simulink-mMomeni 9acoBi 3aleKHOCTI ITUX K€ KOOPIMHAT
EP y xoxHiit 3 da3 cunoBoro xona meui JCII-200 Tta
nBuryHa enekrponpusona MIIE perymnstopa moty»HoOCTi
nyr APIIM-T-12 y pexuMi BiIpamfOBaHHS eKCTPEMallb-
HOTO (CUMETpHYHOTO 1O (a3ax) 30ypeHHs, 0 TPU3BO-
IUTH 0 Tpuda3sHOTO 00pWBY IyT. AHaNi3 HaBeICHUX Ha
puc. 9 Ta puc. 10 gacoBux 3aJMeXHOCTEH MMOKa3y€e KOJIMB-
HHUH{ XapakTep IPOLECiB BiANIPAIIOBaHHS BKa3aHUX AETep-
MIHOBaHHX EKCTpPEeMaJbHUX 30ypeHb 3 4YacoM peryJro-
BaHHs 1.2 ¢ Ta 1.4 ¢ BiaNOBiHO.

OxpiM IUQEpeHIIHHOr0 3aKOHY, JOCIIKYBaIHCS
TaKOX 1 1HIII 3aKOHH (POPMYBAHHS CUTHAITY KEpyBaHHS Ha
nepemineHHs enekTpoxis. Ha puc. 11 nokaszano orpuma-
HI Ha MOJEJNI YacoBi 3aJIeKHOCTI 3MiHU KoopauHat EP
(mammpyru  U,(f), crpymy [I,(f), noyrum) pyroBoi medi
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JCII-200 Ta KOOpAMHAT ABUTYHA MEXaHI3MY IepeMillieH-
Hs enektposaa (cTpymy 1,(f), WBUIKOCTI @,(f) KOXKHINA 3
¢a3) mpu BianpamoBanHi o0puBy nyru y ¢asi A i pery-
JIIOBaHHI 33 3aKOHOM BIJXWJICHHS HANpPYTH Iyr Bij 3a/1a-
HOro Udis:k( Ua.set - Ua)
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Puc. 10. Yacosi 3anexxnocti Hanpyru U, (), ctpymy 1,(f) nyru
neui JICII-200 ta ctpymy 7,,(¢) i mBuakocti @,,(f) ABUryHa
MIIE xoxHoi 3 (a3 mpu BixnpalroBanHi TprdasHOro 0.1.

OCHOBHUMH 30ypEHHSIMH Y TIPOLIEC] MJIABJICHHS -
XTH B JIyTOBiH 1€4i € CTallioHapHI BUITaJKOBI 30ypeHHs 3a
JIOBXKHMHOIO JIyTH, CTOXaCTUYHI XapaKTePUCTHKHU SIKUX 3Mi-
HIOIOTHCS YIIPOJIOBXK IUIABKU. 3 BUIAJAKOBUM XapaKTepOM
KOJIUBA€ThCA TEX 1 Hampyra Ha muHax sxusieHHs CII,
BHIIaJIKOBO 3MIHIOIOTHCS TaKOX 1 MapaMeTpH €JIEeMEHTIB
CHIIOBOTO KoJIa (€IeMEHTiB KOPOTKOI Mepexi Iedi) TOIIo.

Jns BinTBOopeHHA B ckiaaeHilt Simulink-momermi
BKA3aHHUX BHWIIIEC BUIAAKOBUX IPOIECIB KOOPANHATHHUX Ta
napaMeTpu4HuX 30ypeHb, CTBOPEHO 1 BKIIOYEHO B MO-
JIelib MOJTyJIb TeHEPYBaHHsI TPhOX HE3aIEKHUX peastialiii
BUITQJKOBHX MPOLECIB 3 OAHAKOBHMH CTOXaCTHYHUMHU
XapaKTEepPUCTUKAMHU 1 3 MOXKIIMBICTIO 3MiHH IX MapameTpiB
y BIANOBIJHOCTI 3 TapaMeTpaMy XapaKTEPUCTUK LUX
30ypeHb, 10 MiIOTh y JOCTIHKYBAHHX TEXHOJIOTIYHUX
CTaJlisfAX IUTABJICHHS B Airodiit myrosiit medi JJCII-200.

Ha mnouaTkoBuX cTajisix BKa3zaHi 30ypeHHS MaroTh
MaKCUMallbHI aMIUTITyId B Jiama3oHi HU3BKHX YacTOT
(0.2-1.5 '), mami aMIUTiTY ¥ 3MEHITYIOTRCS, a IX 9aCTOTH
3pOCTalOTh, a Ha CTalii OKWCICHHA Ta padiHyBaHHA

(30kpeMa crail KUITIHHS [UIAKy) aMIUTITYId MiHIMaJIbHI,
a ix yacToTH JexaTh B cMy3i 5-8 T'. Y cTBopeHOMy MO-
Iyl TeHepyBaHHS BHIAIKOBHX 30ypeHb peasi3oBaHO
MOXIIMBICTh Takol 3MIHM IX NapameTpiB BiANOBIIHO 10
3Ha4YeHb NapaMeTpiB CTOXaCTUYHUX XapaKTEPHUCTHK pea-
JIBHUX 30ypeHb Y J0CIIKYBaHUX TEXHOJIOTIYHHUX CTalisX
rutaBku. OparMeHT TaKuX BHIIAJKOBHX 30ypeHb Ul TeX-
HOJIOTIYHOT CTaJil MPOIUIABIIOBAHHS KOJOMIS3IB B IyTOBIH
meui JICTI-200 moka3aHo Ha puc. 12.
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Puc. 11. 3mina xooprunat EP U,(?), 1,(¢) neai ICII-200 Ta
nsuryna MIIE 1,(t) @,(?) perymsropa APJAM-T-12 npu Binmpa-
IIOBaHHI 0.1. y (a3i A 3a 3aKOHOM BIAXHMJIEHHS HAIPYTH IyTH

Puc. 12. ®parmenT BunagKoBux 30ypeHb 3a TOBXKUHAMHU AyT f(f)
y TpbOX (ha3ax Ha CTail NPOILIABIIOBAaHHS KOJIOAS3IB

Ax mpukman, Ha puc. 13 mokasaHO OTpHUMaHI Ha
CTBOpEHIHN cTpykTypHii Simulink-moxmemi 3a mii crari-
OHAapHUX BUNAIKOBHX 30ypeHb 3a JOBXKHHAMH JOyT
MPOLIECH 3MIHHM CTPYMIB IyT MPHU BIANpPAIIOBaHHI pery-
nsitopoM notykHocTi Ty APJIM-T-12 croxactuanux
30ypeHb B KOXHIA (a3 Ha TEXHOJIOTIYHOMY Mepiofi
KUIIIHHSL [UIaKy 1 OpHM KepyBaHHI 3a AudepeHUidnHIM
3aKOHOM.
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Puc. 13. Yacosi 3anexxHocTi 3MiHH CTpyMiB ayT [,(f) myroBoi
niedi JICI1-200 Ha TeXHOJOTTYHOMY TIE€pioAl KUIIHHS UIAKy
ipu pobori perynstopa APJAM-T-12 (audepeHuiitnuii 3aKoH)

Ha crBopeniit Simulink-mozeni BHUKOHyBanucs ma-
TEMaTUYHI EeKCIIEPUMEHTH 3 JOCIIIDKEHHS IOKa3HUKIB
JUHAMIKM TIpM BHUKOPHCTaHHI KOXKHOTO 13 3a3Ha4eHHX
BHUIIIE 3aKOHIB KepyBaHHS B ogHokoHTYpHii CAK (pery-
nsitop APZIM-T-12), a Takoxk 1pu CyMicHil 1T elxeKkTpo-
MEXaHIYHOTO KOHTYpPY (peryisitop NOTYXXHOCTI JIyr
APJIM-T-12) Ta OIBUAKOMIMHOTO BUKJIFOYHO EJICKTPHY-
HOTO KOHTYPY PETYJIOBAaHHS CTPYMiB Iyr (JBOKOHTYpHa
crpykrypa CAK [11]) npu nii sk geTepMiHOBaHUX Tak i
CTaI[lOHApHUX BHUITAIKOBUX KOOPIMHATHHUX Ta ITapameT-
pudHUX 30ypeHb y KOXKHIN (a3si.

Sk mpukian, Ha puc. 14 moka3aHo pe3yJbTaTH BUKO-
HAaHUX MAaTeMaTUYHHMX EKCIePUMEHTIB 3 IOCIiKEHHS
MPOLIECY BIAIPAIIOBAHHS JETEPMIHOBAaHHX 30ypeHb, IO
MIPU3BOJIMIIM JI0 CUMETPUYHOrO TpU(a3HOTO K.3. B Iedi
JCII-200 npu poOoTi JHiIe eIeKTPOMEXaHIYHOTO KOHTY-
pa 3 audepeHUiHHUM 3aKOHOM KepyBaHHs puc. 14,a;
JIUIIE MIBUIKOMIMHOTO €ICKTPUYHOTO KOHTypa puc. 14,b
Ta y BUIAAKY CyMicHOi poOOTH 000X KOHTYDIB (JIBOKOH-
typHa CAK) puc. 14,c). SIk BUAHO 3 HaBENCHUX Ha
puc. 14 mpomeciB, Mpu BHKOPHUCTaHHI OTHOKOHTYPHOI
CAP (enexTpoMeXaHIYHHH KOHTYp — PETYJISATOP HOTYX-
Hocti nyr APJIMT-T-12) yac peryntoBaHHsSI CTPyMIB JyrT
CKJIAJAE t,,,~1,65s, mpu poOOTI IIBUAKOIIHHOTO KOHTYPY
tee = 0,05 s, a must nBokoHTypHOI CAK — £, = 0,125 5.
Jlesike 3pOCTaHHs uacy peryJiloBaHHS y JIBOKOHTYpHiH
CAK TOsICHIOETBCSI HECUMETPI€I0 TUHAMIKH PETYJIFOBaH-
HSl €JIEKTPOMEXaHIYHOI'0 KOHTYpY 4epe3 nodasHy HecH-
METpiIo MapamMeTpiB CHIIOBUX €JIEMEHTIB KOPOTKOI Mepexi
nyrosoi meui JICI1-200.
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Puc. 14. Ctpymu ayr 1,(f) y Tppox (azax mnpu CUMETPHIHOMY
k.3. meui JICI1-200 ta po6oti APIM-T-12 (a); muie mBuIKo-
niitHoro KoHTYpY (b); Ta nBoKOoHTYpHOI CAK ()

[IpakTHuHAUN iHTEpEC MPEACTABISIIOTH MOKA3ZHUKA
auHaMikn 1BOKOHTYpHOI CAK elleKTpH4HOTO pexumy
JCII-200 npu BiampairoBaHHI CTal[iOHAPHUX BUIAIKO-
BHX 30ypeHb 3a JOBXKHHOIO IYI'M Ha Pi3HHUX CTalisix
IUIaBJICHHS, TaK SK Taki 30ypeHHs € OCHOBHHMH Ha
koxHii maBni. Came ToMy Ha cTBopeHid Simulink-
Mojiesi OyJio MPOBEAEHO HU3KY MAaTeMaTHYHUX EKCIle-
PUMEHTIB 3 JTOCIDKCHHS MOKa3HUKIB JUHAMIKH pery-
moBaHHA koopauHaT EP, moka3HUKIB eHeproe(ekTus-

HOCTI Ta eJEeKTPOMAarHiTHOI CyMiCHOCTI. MeTow umux
JOCHIKeHb OyJIO OTPUMATH IHTErpalibHI OLIHKH SKOC-
TI AMHaMIKH, 30KpeMa 3HA4eHHs Aucrepcii cTpymiB
(Hampyr, MOTYXHOCTei) Ayr Ta NMOKa3HUKIB EJIEKTPO-
Mar”iTHOI CyMiCHOCTI PEKUMIB JyroBOI Mevi Ta eNeKT-
pomepexi mpu QyHKuioHyBaHHI JBOKOHTYpHOI CAK,
SIK HalIOCKOHAJIINIO! 3 TOYKH 30py e€Heproe(eKTUBHO-
CTi 1, AU TIOPiBHSHHS, MOKa3HMUKIB JIBOX IHIIMX CTPYK-
Typ CAK enekTpuyHMMH peXUMaMM IpH Aii cTarioHa-
pHUX BUMAOKOBHX 30ypeHb Ha Pi3HUX TEXHOJIOTIYHUX
CTamisX IJIaBJICHHS.

Sx mpuknazn, Ha puc. 15 ta puc. 16 mokazano 4ga-
coBi 3anexHocti 30ypeHb (puc. 15,a Ta puc. 16,a) Ta
BIAMOBIAHI 1M YacOBi 3aJEXKHOCTI CTPyMiB Ayr (puc.
15,h ta puc. 16,h) y Tppox (aszax, siki BiANOBIOAIOTH
TEXHOJIOT'TYHUM CTafisiM 00BaJIiB KOJIOJS31B Ta JOTJIaB-
JIIOBaHHS TBepaoi muxtH (puc. 15 Ta puc. 16 Bianosi-
OHO) 1pH (QYHKIIOHYBaHHI JBOKOHTYPHOI CHCTEMH
ABTOMAaTUYHOT'O PErYyJIOBaHHS CTPYMIB Iyr IyroBOi
meui J1CIT-200.

Puc. 15. 30ypenns 3a noxuHamu AyT f(t) y daszax (a)
Ta BiMOBiHI IM cTpymu ayr 1,(¢) (b) nBoxonTypHOi CAK
Ha TEXHOJIOT1YHIN cTazil 00BalliB KOJIOIS31B

Puc. 16. 30ypenns 3a noxuHamu AyT f(t) y dazax (a)
Ta BiMoBifHI IM cTpymu ayr 1,(¢) (b) nBoxonTypHOi CAK
Ha TEXHOJIOTI4HII CTazii HOMIaBIIIOBaHHS TBEP/O] IIUXTH

VY T1abn. 2 momaHo ycepeaHeHi mo (aszax 3HaYCHHS
JCIIEpCi CTPyMIB IyT, IO OTPUMaHi B KOMIT FOTEPHHUX
eKCIIepUMEeHTaX NpH [ii B IYroBHX MPOMDKKaX OJHa-
KOBHUX peali3aliil Tpuda3anx 30ypeHs 3a TOBKUHAMH IyT
JUTA OZHIET 1 Ti€l K TEXHOJOTIYHOI cTaxii ane mpu (QyHK-
nionysanHi pizHuX crpyktyp CAK EP JICII-200.

Awnani3z HaBeneHMX y TabOj. 2 3HaueHb JHCHEpCii
CTPYMIB Jyr MOKa3ye, IO BHKOPUCTAHHS B CTPYKTYypi
CHCTEMH pEryJIOBaHHS IIBUIKOMIHHOTO EJNEKTPUYHOIO
KOHTYPY PETYJIIOBaHHS CTPYMIB JIyT' 1a€ 3MOTY CYTTEBO —
y 2.5-5 pa3iB 3MEHIIUTH AUCIEPCII0 CTPYMIB.
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Tabmuus 2
VYcepenneHi o ¢a3ax 3HAUCHHsI ANUCIIEPCii CTPyMiB IyT medi
JCTI-200 mns pizaux CAK Ta pi3HHX TEXHOJIOTTYHUX CTaIisX

TexHomOri4Ha CTaIis
Crpykrypa CAK | ITouatok | IIponnasmto- | Oxuciro- | Padiny-
IIaBJIEH- | BAaHHSA KOJIO- | BaHHs, | BaHHS,
1, KA ns3iB, KA” kA2 kA2
ORHOKOHTYpHA
(APJIM-T-12) 26.0 40 29.0 6.8
Wanwonifinmid | 5 ) 16.5 6.9 22
KOHTYP
JIBOKOHTYpHa 9.5 8.2 6.7 2.0
3aBIsKM  MIJBUIICHHIO INBUAKOMAII PEryJiOBaHHS

CTpyMIB ayr y IBOKOHTYpHii ctpykTypi CAK, Biamo-
BIJJTHO TOKpAIIy€eThcs 1modazHa aBTOHOMHICTh (CHMETPist)
peryJroBaHHs CTPYyMiB JIyT, aKTHBHOI Ta PEaKTHBHOI I10-
TY)KHOCTEH, a TAKOX MOKA3HUKU CHEProe(eKTUBHOCTI Ta
€JIEKTPOMArHiTHOI CyMICHOCTI pEKMMIB JyroBoi meui ta
eJlekTpoMepexi. Y Tabi. 3 mokasaHO OTpUMaHi 3a pe-
3yJIbTaTaMM MOJENBHHUX JIOCHIIPKeHb Ha CTBOPEHIH
Simulink-mMozeni iHTerpaibHi OIIHKY JAESIKUX MOKa3HHUKIB
€JIEKTPOMATHITHOI CYMICHOCTI PEXHMIB IyroBoi Tmedi
JCII-200 ta enekTpoMepesxi KUBICHHS.

Tabmuus 3
VYcepenneri o ¢aszax MOKa3HUKH eNEKTPOMATrHITHOT CyMiCHOCT1

nyrosoi neui JICI1-200 Ha mepiofi po3IIaBIIOBAaHHS IIMXTH

Crpyxrypu CAK
[Toxa3Huku
¢ynkuionysanns | Onprokonrypra CAK | Jsokontypra CAK
Cia 0.096 0.081
cosQ 0.82 0.89
OU,, % 1.42 0.92
F 0.168 0.058

AHaJTi3 OTPUMAaHMX OIIHOK MMOKA3HHUKIB €JICKTpOMAr-
HiTHOT cymicHocti pexxumiB mneui JICII-200 Ta mepexi
JKUBJICHHS Y PI3HUX TEXHOJIOT1YHMX CTaisiX IUIaBJICHHS
NOKa3aB, 10 KOEe(ili€HT CHOTBOPEHHS CHHYCOIZHOCTI
cTpyMiB enekrpomepexi Cy, pu poOOTI TBOKOHTYPHOT
CAK y nopiBHsIHHI 3 (QYHKIIOHYBaHHSIM OJHOKOHTYPHOI
(perymsarop motyxHocti APJIMT-12) 3MmeHmIyeThcs Ha
12-20 %, xoedimieHT MOTYKHOCTI COS@ TpU POOOTi TBO-
koHTypHO1 CAK 3pocTae Ha 6-10 %, KOJIMBaHHS HANPYTU
€JIEKTPOMEpEXi KUBJIEHHS OU;, medi Ipu IbOMY 3MEH-
mryetsest Ha 30-40 %, a noza ¢aikepa F — Ha 48-65 %.

OnHOYaCHO 3 UM, 3aBJISKH CYyTTEBOMY HOKpAILaH-
HIO JWHAMIKH PETYIIOBAaHHS CTPYyMiB OyT (3MCHIICHHIO
Jucnepcii cTpymiB ayr), npu (yHKIIOHYBaHHI JIBOKOH-
TypHOi CAK 3MeHIIyeThCS TMOTYXHICTh EJIEKTPUIHUX
BTPaT B KOPOTKi Mepexi medi, y TOMy 4HCIi 1 3a paxy-
HOK 3MEHIICHOTO CIIO)KMBAHHS PEaKTUBHOI MOTYXKHOCTI,
BIAMOBITHO LILOMY IOKpAIly€ThCs €NEKTPUYHUI Koedi-
LIEHT KOPHCHOI [IiT, 3MEHIIY€EThCS TUCTIEPCisi HOTYKHOCTI
JyT 1 MOKpaIIyeThcsl PIBHOMIPHICTh B 4aci Ta mo (¢aszax
(Mo mepuMeTpy po3IUIaBy) BBEICHHS aKTHUBHOI IOTYX-
HOCTI B Mi4 (3aBISKH LbOMY PIBHOMIpHIIIE HArpiBaeThCs
pO3IJIaB i BIAMOBIAHO YCYBAarOThCSA JIOKAJIBHI MEperpiBu
po3miaBy Ta OOKOBHX CTIiHOK Kiank rmedi). [ligBumieHHs
LIBUAKOLI] peryIIOBaHHS CTPYyMiB OyT MO3UTHBHO MO3HA-
YAa€ThCSl HAa BUPIBHIOBaHHI (ha3HUX HAaBaHTa)KEHb Iedi i,
SK pe3yJIbTaT, IPAKTHYHO YCYBAETHCS UM 3HAYHO I10CIa0-

JIIOETHCS. HEraTHBHA i «IUKOI» Ta «MepTBOi» (asm, a
TaKOX 3MEHIIyeThCS KoedilieHT moda3Hol HecuMeTpil
HaIpyr eJeKTPOMEPEKI.

Bucnoskn.

1.Ha OCHOBI 3aCTOCYBaHHS CTATHCTUYHOTO
M-kpurtepito bapTierra mokasaHo, IO CTBOpEHA TpHUdas-
Ha y MHUTTEBHX KoopauHaTtax Simulink-mopmens mae no-
CTaTHIO TOYHICTh (aJ€KBaTHICTh) BiATBOPEHHS MPOIIECIB
3MiHH CTPYMIB AYT.

2. CTBOpEHa Ha OCHOBI ITO€JHAHHS THIIOBHUX €JIEMEHTIB
0i0ioTeKH JIOAATKY Simulink Ta 0JI0KIB
SimPowerSystems  mporpamu  Matlab ~ cTpykTypHa
Simulink-mMozmens AyroBoi cTaJleIUTaBWIIBHOI Ie4i Mae
3py4YHHl iHTepdeiic HalalITyBaHHS Ha JOCIIIKCHHS
MMoKa3HUKIB nuHaMiku EP Ta moka3HWKIB eIeKTpOMarHiT-
HOI CyMICHOCTI ISl pi3HHUX CTPYKTYp Ta napamerpiB CAK
1 CHJIOBOTO KOJa J>KMBJICHHS TpU(a3HUX OyT, 3aKOHIB
KepyBaHHS, 3aJeKHOCTEH IMHAMIYHHMX BOJIBT-aMIEPHUX
XapaKTEepUCTHK JAYyT Ta MapaMeTpiB CTOXaCTHYHHUX Xapak-
TEPUCTHUK 30ypEHb.

3. OTpuMaHi 3HAYEHHS MMOKA3HHUKIB SKOCTI JAMHAMIKU
nociimxernx ctpykryp CAK EP myrosoi meui JICIT-200
MoKa3ajiy, 110 HaHKpaIl MOKa3HWKH JWHAMIKU BIACTHBI
JIBOKOHTYPHIN CHCTEMI KepyBaHHs: y TIOPIBHSHHI 3 OJJHO-
KOHTYPHOIO CHCTEMOIO (PEryisTop TOTYXHOCTI IyT
APJIM-T) uac peryiroBaHHS CTPyMIB Ayr IIpW BiJmpa-
LIOBaHHI eKCTPEMAJIbHUX 30ypPEeHb €IEKTPHIHOTO PEKUMY
(k.3. Ta 0.11.) IPH BUKOPHUCTaHHI MIBUAKOAIHHOTO KOHTYPY
B cTpyKTypi aBokoHTypHOI CAK 3menmryerscst y 20-40
pasiB, a aucnepcis CTpyMIB IyT MpH BIANPAIIOBaHHI BH-
MMAJKOBHX 30ypeHb 3a iHIINX PIBHUX YMOB 3MCHIIYETHCS
y 3-5 pasiB, BiJUyTHO NOKPALIYIOTHCS TAKOXK 1 IOKa3HUKU
€JIEKTPOMArHiTHOI CYMICHOCTI PEXHMIB IyroBoi cTaje-
IUIABHJIBHOI TI€Ui Ta SIEKTPOMEPEIKI.
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Development of methods and means of computer simulation
for studying arc furnace electric modes.

Goal. The purpose of the article is the creation of a three-
phase instantaneous coordinates Simulink computer model of
the power supply and automatic coordinates control system
(ACS) of the DSP-200 type arc furnace electric mode (EM).
The model has a convenient interface for changing the struc-
ture and parameters of the three-phase arcs power supply
system, the structure and laws of the electric mode control
system, as well as the stochastic characteristics of parametric
and coordinate disturbances. Method. The provisions of the
electric circuits theory, experimental study and mathematical
and computer simulation in the Simulink system of the MatLAB
computing environment were used for the research. Results. A
high-precision instantaneous coordinates Simulink-model of
the power supply system and electric mode coordinates ACS of
the ER DSP-200 furnace was created. This model was used to
study the EM and evaluate the performance of the arc furnace
during various technological melting periods and with various
structures of the automatic control system. Scientific novelty.
For the first time, based on a combination of Simulink applica-
tion library elements and SimPowerSystems standard library
blocks of the MatLAB environment a complete high-precision
three-phase instantaneous coordinate model of arc furnace
DSP-200 power supply system and EM ACS was developed.
The developed model has significant advantages in accuracy,
performance and features compared to existing ones. Practical
value. Possibility to run on the created Simulink-model
mathematical experiments on the research of the electric mode
coordinates control dynamic indices and electromagnetic
compatibility indices of the electric arc furnace and the supply
network under the influence of the deterministic and random
perturbations. References 11, tables 3, figures 16.

Key words: arc furnace, Simulink computer model, power
supply system, automatic control system, electric mode,
regulator, dynamic current-voltage arc characteristic, elec-
tromechanical circuit.
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TexHika cunbHUX eJIleKMPUYHUX Ma Ma2HimHux nonie. KabenbHa mexHika
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M.U. bapanos

SHEPI'ETUYECKHUE XAPAKTEPUCTHKHU I'PO30BOI'O OBJIAKA TPOIIOC®EPHI
3EMJIN: OCOBEHHOCTH UX PACYETA U ITPUKJIAJHOI'O IPUMEHEHUA

Ilpusedeni pezynomamu po3paxynkoeoi OUinKu 0CHOGHUX eHePeMUYHUX XAPAKMEPUCIMUK HAOGUCOKOGONbMHOT CUCIEMU «2PO-
3064 XMaAPA-3eMAA», WO MiCMUmMb CyyiibHy 3apaddiceny chepy xmapu. Y aKocmi yux XapaKmepucmuk 2po3060i Xmapu po32si-
Hymi: eleKmpu4HuUil 3apao g, 30cepeddceHuil ¢ chepuuniii 2po306ii xmapi 3a0an020 00'emy 3 OpioHOOUCHEPCHUMU 3aPADICce-
HUMU 6KTIIOUEHHAMU Y 8U2NIA0I MEepOUx Oie1eKMPUYHUX YACMUHOK 3 YCEPEeOHEHO0I0 00 'EMHOI0 WiIbHICMIO; eleKmpUYHULl no-
menuyian ¢, 6 chepuunomy 06'emi 2po3060i xmapu 3adanozo padiycy; enekmpuuna enepeia Wy, aka nakonuuena é chepuunomy
00'emi npuitnamoi 2po3060i xmapu; amMnaimyoHo-uacogi napamempu cmpymy 0JUCKAGKU 6 NA3ZMOEOMY KAHAJL 0062020 NOGIN-
PAHO20 ICKP0B020 pO3pAJY 2p03060i Xmapu Ha 3emaro. Ompumani pe3yromamu CRPUAMUMYNL MOMCAUGOCHE NPOZHO3YEAHHA
2p030601 00CMAHO6KU NPU MIHIMAIbHIN ROYAMKOSIl Memeoponoziunii ingopmauii, nOOAILUIOMY PO3GUMKY HPUPOOU AMMOC-
¢hepnoi enexmpuku, ¢izuxu ninitinoi dauckasku i eupiuiennIo 2100a16H0I NPoOIEMU ONUCKABKO3AXUCHY 00'€Kmie i 00cyz08y-
104020 ix nepconany. bion. 12, puc. 2.

Kniouosi cnosa: armocdepHa ejieKTpHKA, TPO30Ba XMapa, HAKONMYEHHUI 3apsA/l, eJeKTPUYHMII MOTeHUia i eHeprisa xmapu,
CTPYM B KaHAJIi po3paay XMapH HA 3eMJI10, PO3PAXYHOK, eKCIIEPHMEHTAJIbHI AaHi.

Ilpuseoensvl pezynomamot pacuemnoii OUeHKU OCHOBHBIX IHEPLEMUUECKUX XAPAKMEPUCHUK C8EPXEbICOKOBOILINHOI CUCHEMbL
«2p03060€ 001aK0-3eMY, coOepIcaeli CRIOWHYIO 3apadcennylo chepy oonaxa. B kauecmee smux xapaxmepucmux 2po306020
001aKa paccmompenvl: INEeKmMpUUecKuil 3apao gz, COCPEOOMOYCHHbLIL 8 Chepuueckom 2po306om o0baaKe 3a0aHH020 00vema ¢
MENKOOUCNEPCHBIMU 3APANCEHHBIMU GKIIOUEHUAMU 6 8UOe MEePObIX OUIIEKMPUUECKUX UYACMUY C YCPEOHEHHOU 00beMHOIl
HIOMHOCIMbBIO; IJIEKMPUYECKUTL NOMEHYUAIL P, 8 CHeputecKkomM 00beme 2p0306020 001aKA 3A0AHHO20 PAOUYCA; ITIEKMPUYECKAsL
anepeua Wy, nakonnennaa ¢ chepuueckom odveme RPUHAMOZ0 2PO308020 00NAKA; AMNIUMYOHO-6PEMEHHbIE NAPAMEmPbl MOKA
MOJIHUU 6 NIA3MEHHOM KaHane OJIUHHO20 8030YUIHO20 UCKPOBO20 Pa3pada 2po306020 oonaka na 3emnio. Ilonyuennsie pesyns-
mamol 6yOym cnocoocmeosams 603MOHCHOCIU NPOZHOZUPOSANUA 2PO30B80Il 0OCIMANOGKU NPU MUHUMANLHOI UCXOOHOIU Memeo-
PponozuyecKoil ungopmayuu, dansvHeiiuiemy pazgumuio nPUPoOsbl AmMmMoc@hepHozo IneKmpuiecmed, u3uKu ITUHenol MOTHUL
U peuieHuI0 2100a1bHON NPOOIEMbl MOTIHUE3AUWUMBL 00BEKMO08 U 00CYIHCUBsarOwe2o ux nepconana. bubn. 12, puc. 2.

Kniouesvie crosa: aTMmochepHoe 3J1eKTPHYECTBO, IPO30B0E 00JIaK0, HAKONIJIEHHBIH 3apsi/l, 3JIEKTPUYeCKHii OTEeHIHAJI H JHep-

rusi OﬁJlaKa, TOK B KaHaJI€ pa3psaja o0J1aka Ha 3€EMJII0, PACUY€T, IKCNICPUMEHTAJIbHLIC ITAHHbIE.

Beenenne. OnHoii u3 poOIEeMHBIX 3a7a4 B 00J1aCTH
aTMOC(EpHOT0 3JICKTPHUYECTBA U MOJIHHUE3ALIUTHl Ha3eM-
HBIX U HAaXOAAMNXCSA B OKOJIO3EMHOM BO3IYIIHOM IIPO-
CTpaHCTBE OOBEKTOB JIO CHX IOpP OCTAaeTCs Ta, KOTOpas
CBs3aHa C OIpPEIEICHUEM NPU MUHUMAJIBHON MCXOAHOH
nHdOpMaMu O TPO30BOH OOCTAaHOBKE B HCCIELYEeMOM
CIIEIUAINCTAaMU (MH)KEHEPAMH W METEOpOJIOTaMU) paid-
OHE TOM WJIM MHOW TEPPUTOPUHU Halllel TIJIaHEThl dHepre-
THYECKHX XapaKTepPUCTUK HaOII0]aeMOro UMM IPO30BOTO
obnaka B Tpomochepe 3emin. K momoOHbIM XapakTepu-
CTHKaM IpO30BOr0 00JlaKa CJIEAyeT OTHECTH: BO-IIEPBbIX,
HaKOIUICHHBIH B TakoM OOJaKe CyMMapHBIH 3JIEKTpHUe-
CKHH 3apsill ¢s; BO-BTOPBIX, 3JIEKTPUIECKUI TOTEHIHAI (@,
B 00BEMe TPO30BOTO 00JaKa; B-TPETHHX, IMEKTPHUECKYIO
sHepruro W, 3amacaeMyio MEJIKOIUCIIEPCHBIMH BKIFOUE-
HUSIMH (HampuMep, MEJIKUMH KalllIMA M TIapaMH BOJBI;
MEJIKUMH TpaHyJlaMH M KpPUCTaJUIaMH JIbJa U MEITKUMHU
TBEPABIMU TUAJIEKTpUUeCKUMH dactunamu [1, 2]) pac-
CMaTpPHBAaEMOI0 aTMOC(EpHOro o0iaKka B IEKTPOCTATH-
YEeCKOW  CHCTeMEe  «Trpo30Boe  00JaKo-3eMIIsD»;  B-
YETBEPTHIX, BEPOATHLIC aAMIUIMTYJHO-BPCMCHHBIC IIapa-
metpbl (ABII) ummynbcHOro TOKa i7(f) B KaHajJe CHIBHO-
TOYHOTO pa3psijia PO30BOr0 00JaKa Ha 3eMJII0 WJIM B 3a-
MMIIAaeMbli 00bekT. OT 3THX J@HHBIX 3aBUCHT X IIPO-
THO3 O BO3MOKHOHM I'PO30BOI yrpo3e Uil Ha3eMHBIX 00b-
€KTOB M JICTATEIbHBIX aIlllapaToB, OKAa3aBIIMXCS B 30HE
PaCTIONOKEHUST paccMaTpUBaeMOro atMochepHoro oda-
Ka. 3HaHNE YKa3aHHBIX SHEPTeTHYECKUX XaAPAKTEPUCTHK
rpo30BOro 00JIaKa Mo3BOJIAET MPOTHO3UPOBATH IPO30OBYIO
00CTaHOBKY B HCCIIEAYeMOM pailOHE 3eMHOHM CyIIH, a
TaK)K€ OMNPEAEICHHBIM 00pa3oM pacIIupsieT 3HaHWA

Jrozieit B o6yacTi aTMOC(EPHOTO IEKTPUIECTBa U (HU3H-
KU JUIMHHOTO BO3/YIIHOTO MCKPOBOTO pa3psiia (MOJHHUH)
1 TIOCJIE/ICTBHH €ro (3TOT0 CHIIBHOTOYHOTO pa3psija) aei-
CTBHMS Ha 3aIIMIAEMbleé OOBEKTHI U OKPYXAIOUIYI0 HX
cpeny. Crnemyer 3aMeTHUTh, YTO OOBIYHO TOJ] TPO30BBIM
00JIaKOM CIIEIIMAINCTBI-METEOPOJIOTH IOHUMAIOT KY4EBO-
JIOXKJIEBOE 00JIaKO0, AJIsI KOTOPOTO BBIMOIHSIETCS P KPH-
TUYECKHUX yCJIOBHH, yKa3aHHbBIX B [1]. UTo kacaeTcs mo-
HATHS Tpornocdepsl 3eMid, TO MMOJi HUM TTOHUMAIOT HHUX-
HIOIO 4acTh 3eMHOI aTMocdepbl BbICOTOM 10 11 kM B
YMEpEHHBIX IIMPOTaX, B KOTOPOU copepkutcs 4/5 Bcei
Macchl aTMoc(epsl, OYTH BECh BOJISHOM Map W pa3BUBa-
I0TCSL pa3nuyHble BHIBI oOyiakoB [1, 3]. B 3To#l cBs3m
MPUOIMKEHHOE ONPEIEICHHE PACUCTHBIM ITyTEM BEIMUHH
qs, ¢ Wo u ABII pa3psgHOoro Toka i;(f) B CBEpXBBICOKO-
BOJIETHOH 3JIEKTPOCTATHYECKOH CHCTEME «TPO30BOE 00-
JIaKO-3eMJIsI», B KOTOpOM atMocdepHoe 00Jako HMeeT
Jaxxe KaHOHHYECKYIO T'€OMETPHYECKYI (opMy H yIpo-
IIEHHYI0 BHYTPEHHIOI «HAYMHKY» W3 psilla yKa3aHHbBIX
BbIIIE MECJIKOAUCIEPCHBIX BKHIO‘ICHPIﬁ, SABJIACTCA aAKTy-
aJbHOW B MUpE NPUKIAIHON HAay4YHO-TEXHUYECKOW 3a/1a-
Yeid O0JBIION BaXKHOCTH.

Leabio cTaThH SBISETCS BBHINOJIHEHHE PACUETHOM
OLIEHKH TaKMX OCHOBHBIX OJHEPreTHYECKUX XapaKTepH-
CTHK CHCTEMBI «TIPO30BOE€ 00JaK0-3eMIIs» KakK 3apsf gs,
MOTeHIMAN ¢,, SHepTus W, W aMIIUTyJHO-BPEMEHHBIC
mapaMeTphl UMITYJILCHOTO TOKa i;(f) B KaHAJe IJIMHHOTO
BO3/IyIIIHOTO HCKPOBOTO pa3psaa o0iaka Ha 3eMIIIO.

1. llocTanoBka 3agaum. /{1 ynoOcTBa B BBIIOIHE-
HHUHU aHAJIU3a paclupeneseHus B Tpornocdepe 3eMiau aTMo-
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cepHOTO ANEKTPHUECTBA PACCMOTPUM OJMH M3 YaCTHBIX
ClIydaeB, KOTAa Tpo30oBoe 00mako mmeer Gopmy cheps
pamuycom Ry=985 M (puc. 1), BHyTpH KOTOpOH ¢ ycpen-
HEHHO# 06BEMHOII TIIOTHOCTBIO Ny=5-107 M™ pasMelreHs!
TJIaBHBIM 06pa30M TBEPABIC JUIICKTPHUUCCKUEC YaCTHULBL
pamuycom r¢=10-10° M [1], kaxias U3 KOTOPHIX Ha CTa-
Jun (GOPMUPOBAHUS Ky4eBO-I0KIEBOro o0iaka MoIydu-
Jla 3a CYET JJISKTPH3AaLWHM B TEIUIBIX BOCXOJSIIMX BO3-
JOYIIHBIX IOTOKaX 3€MHOH aTrMocdepsl OTpHLIATEIbHBIN
SNEKTPHYECKHIT 3apsi1 BEHUHHOMN ¢~ —2,78-107'% Kot n na
cTamuu (HopMUPOBAHHS TPO30BOTO 00IaKa 0CBOOOAMIACE
OT MOKPBIBAIOIINX MX 3JIEKTPOHEHTPAIBHBIX MOJIEKYJISIpP-
HBIX Iunojei Boxasl [2]. Beibop yka3aHHOTO YHCICHHOTO
3HAYCHUS pamuyca R, o0naka ObLI OOYCIIOBIICH TE€M, YTO
JUTsL YTIPOILEHUSI PacueToB, Kak W B [2], €ro HMCXOIHBIN
pacuertHsIil 00beM V=410’ M’ npeacraBsn coboit mps-
MOYTOJIbHYIO NPU3MY C pa3MepaMH B TOPH30HTAIBHOM
ocroBanuu 1000 m x 1000 m u BeicoToit 4000 M, LEHTP
KOTOpOH OBLT pacrmoiioxkeH Ha Beicote Hy=3000 M Hapg
IUIOCKOM MOBEPXHOCTHIO 3eMud (cM. puc. 1). Cormacao [1]
HMMEHHO C MOJOOHBIX BBICOT M HAYMHAETCS B 3€MHOW TPO-
moctepe oOpazoBaHne 00NAYHBIX 3apsioB. Mcxoms u3 To-
TO, 4TO B MPUHITOM MPHOIKEHIH V0=47rR03/3=4-109 M3, u
BBITEKAET YKa3aHHOE YHMCICHHOE 3HadueHue R,. Yro kaca-
€TCsl YUCIICHHBIX 3HAUC€HNUH BeTMIHUH Ny U 7, TO OHU OBUIN
BbI6paHI)I HaMH Ha OCHOBAHUH SKCIICPUMCECHTAJIbHBIX OaH-
HBIX, pHUBeeHHbIX B [1]. PacueTHoe ompezenenue B 00-
JlaKe  YKa3aHHOI'O  YMCIICHHOTO 3HAueHMs  3apsja
q0~—2,78-107"% Ki TBepabIX AMANEKTPHUYECKMX YACTHI[
pamuycom 7¢=10-10° M 6110 BhIMOTHEHO B [2] ¢ yueTom
TEOPHUHU JIBOWHOTO 3JIEKTPHYECKOTO CIJIOS, OCHOBBI KOTO-
poii mpuBeneHs! B [1, 4]. OTnenbHBIC 3apsIbl ¢ MIOTHO-
CTBIO Ny OTIpeIeTIIOT B 00JIake WX YCPETHEHHYIO 00BEM-
HYIO TUIOTHOCTB aVEqONOZ—l,39~1O'8 KJI/M3, pPaBHOMEPHO
pacrpeneneHHyl0 10 ero cdepuueckomy obOwvemy V.
ITycts B BO3AYIIHOM HPOMEXYTKE CHCTEMBI «TPO30BOE
00J1aK0-3eMJIs» BBINOJHSIOTCS. HOpPMallbHbIE aTMocdep-
Hble YCIIOBUSl (JaBleHHWE BO3JyXa COCTaBJIIET OKOJIO
1,013-10° Ila, a ero Temneparypa pasua 0 °C [4]. TpeGy-
€TCsl C Y4ETOM IMPHHSATHIX JOMYLICHUI B MPUOIMKSHHOM
BUAC pAaCUYCTHBIM IIYTEM OIPCACIIUTL NCKOMbBIC 3HAUCHUSA
HaKOIUIEHHOTO IIPHHATBHIM T'PO30BBIM 00JIAKOM CyMMap-
HOTO 3apsfa ¢s,, JEKTPHUECKOTO MoTeHnnana ¢, B che-
pUdecKoM 00beMe TPO30BOTO 00IaKa, ero AEKTPHIECKON
sHeprun W, u ABII ummynscHOTO TOKa #;(f) paspsma B
JIEKTPOCTATUIECKON CUCTEME «TPO30BOE 00IAK0-3EMIISD».
2. PacyeTHasl OLleHKA 3J1eKTPHYECKOr0 3apsaaa gy
rpo3oBoro od;aaka. C y4eToM yKa3aHHBIX BBIIIE JIOITY-
HmIeHWd Ha craguu (opMHUpPOBaHMS IPO30BOro oObJaKa,
CONPOBOXKAIOLICHCS «OCBOOOKAEHHEM» €r0 OTIENbHBIX
MHOTOYHCJICHHBIX 3apsiioB ¢y OT JJIEKTPOHEHUTPAIbHBIX
MOJIEKYJISIPHBIX AUIOJNEH BOIBI [2], CyMMapHBIH 31€KTpH-
YeCcKUi 3aps ¢s paccMaTpUBaeMOro arMoc(epHOro o0-
JlaKa MOXeT OBITh OIIpEe/IeIIeH B CIIEAYIOIIEM BUJIE:
qz = 490NV - (D
N3 (1) mpu TpUHSTBIX HMCXOIHBIX IAHHBIX, KOT/a
q~—2,78-10""% Ki1, Ny=5-10" m™ u Vy=4-10° o, crenyer,
4TO B pacCMaTpUBAaEMOM cllydyae BeIM4YuHa ¢y~ —55,6 Ki1.
ITonyvennsiit o (1) MOILYJIb YUCIEHHOTO 3HAYECHUS
CYMMAapHOro 3JEeKTPUYEcKOro 3apsaa ¢s~55,6 Kin B uc-
CJIE/TyeMOM TPO30BOM O0JIaKe MOJIHOCTHIO COOTBETCTBYET

HOPMHPOBAHHOMY 3HadeHHuIo 3apsanga q;=(50+£10) K nms
KOPOTKOI'O yZapa MOJHUM C MMITyJIbCHBIM Pa3psiHbIM arie-
PHOIMYECKUM TOKOM BpeMeHHOM (opmbl 10 Mkc/350 Mkc B
Ha3eMHbIE TEXHHYECKHE OOBEKTHI, YIIOBJIETBOPSIOLIHNE
III-IV ypoBHSAM MOJHHE3aIIUTHl 1O TPeOOBAHUSIM MEX-
nyHapoasoro crannapra IEC 62305-1: 2010 [5, 6].

1

Puc. 1. CxemaTnueckuii Buji yrpoIeHHOH pacueTHOH Moaenu
OTPHIIATENHHO 3apSHKEHHOTO IPO30BOr0o 00Iaka chepraeckoit
(hopMBI, pa3MEIIEHHOTO Ha/l 3¢MHOH TUIOCKOH MOBEPXHOCTHIO
(1 — 0bmako; 2 — 3MeKTPOoH; 3 — MIOCKas MOBEPXHOCTH 3EMIIH)

Kpome Toro, ykakem, 4TO HCIHOJb3yEeMOE YHUCIICH-
HOE 3HAYCHUE YCPEIHCHHON 00BEMHOU IUIOTHOCTH 3apsi-
Jla UCCIICyEeMOr0 TPO30BOro 00JIaka, ONpeaesiieMoe Kak
oy=qoNy= -1,39-10"® Kui®, COOTBETCTBYET H3BECTHBIM
AKCICPUMCHTANBHBIM JTaHHBIM JJIi CPETHETO 3HAYCHHS
IUIOTHOCTH 00BEMHOTO 3apsijia B Tpo30BoM obuake [1, 2].

3. PacuerHasi OUEHKa JJIEKTPUYECKOT0 MOTEH-
nHaja ¢, rpo3oBoro odjaaka. [IpuMeHnB UI1 HAXOXKIe-
HUS B 00JaKe BEIMYMHEI AIEKTPHUECKOTO TOTSHIIAANA @,
MOIX0JI, MPUBEICHHBIA B [7], I pagualbHOTO pacipe-
JICJIEHUs] UCKOMOTO TOTEHIHANA ¢, B HCCIEIyeMOil yII-
POIICHHOM MOJIENTN TPO30BOTO O0JIaKa MOTyJIaeM:

9, =z BRG —r*)/(8750R5) . )
rIe ¥ — TeKylIui paauyc B cepuyeckoM odbeme obaka;
£0=8,854-10""2 ®/m — snexTprdeckas nocTosHHas [4].

W3 (2) mpu =0 g 37eKTpUUECKOro MOTeHLHaIa
=@ B IEHTPE MPUHSATOTO TPO30BOr0 00JIaKa HAXOIUM:

00 =3qs /(8750Ry) - 3)

IIpu =Ry n3 (2) It 3MEKTPUYECKOro MOTCHIUAIa

®,=@r Ha HAPY>XHOU MOBEPXHOCTH Cepsl TPO30BOTO 00-
JlaKa BBITEKAET CJIE/yIOIee PACUETHOE COOTHOIICHHE!
PR =9qs [(A7eoRy) - (4)
AHanu3 puBeIeHHBIX PaCUETHBIX BEIpakeHui (3) u
(4) mokassIBaeT, 4TO B IIEHTPE pacCMaTPUBAEMOTO TPO30-
BOro oO0Jiaka dJIEeKTPUYECKUH MOTeHIHMan ¢y B 1,5 pasza
MIPEBBIIACT JEKTPUUECKUN MOTEHIHNAN @i, IpuolOpeTae-
MBI HapyXHOH cdepHyeckoll MOBEPXHOCThIO O0JaKa.
Otcroia CTaHOBUTCS (pU3HUYECKH 00JIee TIOHATHBIM B TEO-
pur aTMOC(EpPHOro 3JIEKTPUYESCTBA TIIYOUHHBIA MeXa-
HU3M 3apsIHON «IOANMUTKIY TUIAa3MEHHOTO KaHaja JUTHH-
HOTO WCKPOBOTO pa3psjia TPO30BOrO O0JIaKa Ha 3EMITIO
WIH 3alIUIIAeMbBIi TeXHHYeckuid 00BeKT. Benp mpu Ta-
KOM paJiHalbHOM pacIipelesiecHHH B TPO30BOM OOIaKe
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JIEKTPHUYECKOTO TIOTEHIHANA ¢, HPU DICKTPUIECKOM
npo0oe B CUCTEME «TPO30BO€ 00JaK0-3eMiIs» (cM. puc. 1)
BO3JIyLIIHOTO MPOMEXYTKa JUIHHOU (Hy—R)) Ui KOMIIEH-
caluy yObUIH 3JIEKTPUYECKOr0 NOTEHIMANA r HA HAPYXK-
HOW MOBEPXHOCTH 00Jlaka K HEeW W3 BHYTPEHHUX 30H 00-
naKa ¢ 0osiee BEICOKMM 3JIEKTPUYECKUM MOTCHIUAIIOM ¢,
OyIyT «IOATEKATh» JIIEKTPUYECKHE 3apsiabl (B HalleM
cilyyae CBOOOJHBIE 3JIEKTPOHBI), TOTOJHSIONNE HOCUTE-
JIM AIEKTPHYECKOTO TOKa i;(¢) B KaHaJle caMOoro pa3psia.

UucnenHas oreHka 1o (3) u (4) 2IeKTPHUECKUX TO-
TEHIIMAJIOB BHYTPH U CHAPYKH PaccCMaTpHUBAEMOTO TPO30-
BOro obisaka npu ¢s~ —55,6 Kin u Ry=985 M cBumeTennCT-
BYET O TOM, YTO B 3TOM CIIy4ae MCKOMBIE BEITHYUHBI IO
MOJIYJIIO CTAaHOBSTCA NPUMEPHO PaBHBIMU ¢y=~759 MB, a
pr=506 MB. 13 u3BeCTHBIX aBTOPY Ha CErOAHSA KOJIHUYe-
CTBCHHBIX JAaHHBIX JId JJICKTPUYECKOI'0 IMOTCHIHUAIA @,
IpO30BOr0O 00JlaKa MOKHO yKa3aTh JIMIIb €0 YHUCICHHOE
3HayeHue npumepHo B 100 MB, nmpusenennoe B [8].

JIyist TpOBEPKH TOCTOBEPHOCTH TTOJIyYEHHOTO 3Haye-
HUS 3JEKTPUIECKOro moTeHnuana ¢x~506 MB paccmar-
pUBaEMOro TPO30BOT0 00JaKa BOCHIOIB3YEMCS YUCICHHON
OILICHKOH 3HAueHWS HAIPSDKEHHOCTH Ejp 3JEKTpocTaTHye-
CKOT'0 NOJIsE BOJIM3U €ro Hapy»KHOH chepruieckol oBepX-
HoctH (7=Ry). C omHOM CTOPOHBI, Ez~pp/Ry=513 xB/™m [4].
C npyroil CTOPOHBI, AN HAXOXACHUS B HCCIETyEMOM
AJIEKTPOCTATUYECKOM ciydae Fr IpUMEHHM 0oJiee TOUHOE
AHAIMTUYECKOE COOTHOIIIEHUE, UMerolee Bu [2, 7]:

Eg =q5 ((414R]) . (5)

U3 (5) mpu ¢s~55,6 K1 u Ry=985 M momydaeM, 9To
Ex=515 xB/M. Bugno, uto 06a npuBeficHHBIC T E dHC-
JICHHbIC 3HAYCHHS MPAKTUYECKU COBMANAIOT. B 3TOit CBs-
31 MOXXHO TOBOPUTH O PabOTOCIOCOOHOCTH PacCUETHBIX
cooTHomeHn (1) u (4), ompenensONINX CYMMAapHBIA
3apsill ¢s B MPUHATOH MOJEIHM TPO30BOT0 0O0JIaKa M dJIeK-
TPUYECKUI MOTEHUHMANl p HAPYKHOH CepryecKoil Imo-
BEPXHOCTH Hccieayemoro obnaka. Kcratu, 3HaueHue Fp
o (5) oka3bIBacTCS HAMOOJBIIUM B PaJIMATEHOM pacmpe-
JICIICHUH HAIPSDKEHHOCTH 3JICKTPOCTATHUYECKOTO TOJI B
chepuueckoM o0beMe V) obnaka. Kak u3BecTHO, s 3TO-
T0 CHJIILHOTO E-TIOJIS COTJIACHO COOTHOIIICHHWIO BHa [2, 7]:

E, = qsr l(AmegRy) (6)

mpu » = 0 HanmpspkeHHOCTH E, Oyner paBHOH HyI0 (TIpH
r = Ry dhopmyia (6) nepexomut B (5) u onpenenser ypo-
BEHb £-1I0JI1 Ha HAPY)KHOW TIOBEPXHOCTH 3TOTO 00JI1aKa).
[IpuBenennsie JaHHbIE AJI1 PagUalIbHOTO pacipese-
JICHUS! HANpPSDKEHHOCTH E, 3J€KTpOCTaTHYECKOro IOJIS B
CHCTEME «TPO30BOE O0JAaKO-3eMJISD» OJIHOZHAYHO YKa3bl-
BalOT HA TO, YTO B CIIy4ae FOMOT'€HHOTO (OJJHOPOHOTO IO
cocraBy [3]) xapakTepa H3MEHEHUs HOCHUTEJICH SIEKTPH-
yecTBa B cpeprueckoM o0beMe V) IPHHATOTO TPO30BOTO
o0aka pa3BUTHE JEKTPOHHBIX JaBHH [ 1, 8], ABIsAIOmMX-
Csl IPEIBECTHUKOM MOSIBIIEHHS B PacCMaTPUBAEMON HAMU
cucTeMe MOJHHU (MCKPOBOTO 1mpobosi B Tporochepe 3em-
JM JUIMHHOTO BO3AYIIHOTO NPOMEXYTKa), OyIeT Bceraa
HAYMHATBCS C HAPYKHOM MOBEpXHOCTU 00aka. OTMETHM,
YTO yKa3aHHOE YHUCIEHHOe 3HauyeHue Fx~515 xB/mM mpu
MIPUHATBIX aTMOC(EPHBIX YCIOBHUSIX NPHOIIIKAETCsl K KpH-
THYECKOMY 3HA4YEeHHIO E-TIOJIS, COOTBETCTBYIOLIEMY Ipe[-
MPOOMBHOIM CTaguy NPOLECCOB B JUIMHHOM BO3/yLIHOM
poMexyTKe JimHoM (Hy—R,) Hamei cucremst [ 1, §].

4. PacyeTHasi OLICHKA JJICKTPUYECKOl JIHEPruu
W, rpo3oBoro ob6aaka. llpenBapurenbHbie pacyeTHBIE
OLICHKH YHCJICHHBIX 3HAYEHUH BEJIMYMHBI SHGKTpl/IlIeCKOﬁ
sHeprun W, 3amacaeMoil B HCCICIyeMOM TI'PO30BOM 00-
JlaKe, BBISIBWINM HAJIMYUE PsiZi 0OCOOCHHOCTEH B €€ oIpe/ie-
nenun. Tak, okazanock, 4TO MPsIMOE NTPUMEHEHHE K pac-
YEeTHOH CHCTeMe «rpo30Boe o0iako-3emiis» (cM. puc. 1)
MoJIOXKeHUH ¥ popMya u3 [9] It ee IICKTPUICCKON eM-
KOCTH MPUBOJHT K OMTHOOYHBIM pPe3yIbTaTaM B BEIUHUCIIE-
HUM 3Ha4YeHHWH >Hepruu W, rpozoBoro oOmaka. J{ms nme-
MOHCTPAIIUH TIONY9aeMBIX PEe3yTbTaTOB IMPUMEHUTEIEHO
K dHepruu W, mpH TakoM pacyeTHOM IOAXoae Oyrem
BHAYaje UCXOIUTh U3 TOTO, YTO IPU HAMIEHHOM BHIIIE (B
paszene 3) 3HaueHHUH 110 (4) FIEKTPUUECKOro MOTEHIHAIa
@r oONaKka ¥ anpuopyu HYJIEBOM JIIEKTPHUECKOM IOTEH-
nuane 3emin (pp=0) HaM TpH pacuere SJIEKTPUUYECKON
SHepruu W, ajid UCHOJB3YEMOW pPACUETHOW CHUCTEMBbI
«TpO30BOE 00JIAKO-3EMJISD» OCTAETCsl ONPENENUTh JINIIb
3HAUEHME ee DIIEKTpHUYecKoil emkocTH. «JIoboBoe» ompe-
JlelleHue B paccMmarpuBaeMoM ciydae (Ho/Ry=3,04) ee
anekTpudeckoil eMkocTi Cj, 0 pekoMeHayeMoi [9] mis
HepaBeHCTBa Hy/Ry>1,5 mpubnmkeHHON hopMyIie BUaa:

Co=27sy/In(2Hy/ Ry) , @)
NPUBOJUT K CYIIECTBEHHO 3aHW)KEHHBIM 3HAYCHHSIM
JJIEKTPUUECKON €MKOCTH B PacyeTHOH CHCTEME «IPO30-
Boe oOiako-3eMiisDy. Hampumep, Tpu NPHUHSATBIX HCXO-
HbIX daHHBIX H(y=3000 M 1 Ry=985 M coryacHo (7) Benu-
upna C) OKa3biBaeTcs paBHoil mpuMepHo Co~30,8-1072 .
[MosToMy BenmmumHa Wy=CoU,2/2 [4], tone Up=(pr — ¢r) —
Pa3HOCTh AIEKTPUYECKUX MOTEHIIMAIOB I'PO30BOT0 00a-
Ka W IUIOCKOH IOBEPXHOCTH 3€MJIM, NPUHUMAET IpH
Uy=506 MB u ucrnons3yeMoOM HaMH OTPOMHOM O0BbeMe
Vy=4:10° M> rposoBoro oGiaka YHCICHHOE 3HAYCHHE,
cocrasisoniee Becero 3,94 MDx. IlpuunHol ToMy sBIS-
eTcs TO, 4To (opmyia (7) yUUTHIBaET TOJBKO pacrpenie-
JICHWE 3JIEKTPUYECKOTO 3apsijia 10 HapyKHOW MOBEPXHO-
CTH pacyeTHOH cdepsl paanycoM Ry. OHa HEe y4HTHIBAET
BIIMSIHASL DJIEKTPHYECKOTO 3apsijia, PacHpeAesICHHOTO C
00BEMHOI IIOTHOCTBIO 03~y IO 00BeMy Vo=4mR,>/3
JAaHHOH ceprl. B 3TOH CBSA3M BEMMUYNHY IIEKTPHICCKON
sHeprun W, Tpo30BOro obJaKa PeKOMEHAYeTCs OIpesie-
JISATH 110 CIEIYIONEMY IPUOIIKEHHOMY COOTHOIIICHHIO!
Wy = 0,5CsUS (8)
rne Cg=qs/Uy — DKBHBaJCHTHAsi €MKOCTb CBEPXBBICOKO-
BOJITHOW CHCTEMBI «IPO30BOE 00JIaK0-3EMIISIY.

Crenyer 3aMeTuTh, YTO MPH HUCIIOJIB30BaHUU (HOp-
Myibl (8) B npuOmmkeHHbId pacuer BenuuuH Cp u W
TaK)kKe BHOCUTCS ONpE/eJIEHHAs! MOIPEIHOCTh, 00YyCIIOB-
JICHHasi ONMCAaHHBIM HaMH paHEee COOTBETCTBYIOLIMM pa-
JIMAJIBHBIM paclpeielleHHeM 3JIEKTPUYECKOro MOTEeHINA-
ma ¢, mo chepuyeckoMy o0BeMy MPHHATOTO TPO30BOTO
obxaka. OgHAKO, 3Ta MOTPEITHOCTh HECOM3MEpHUMa Majia
M0 CPAaBHEHUIO C IOTPEITHOCTHIO, BHOCHMOM (POopMyIIoi
(7) B pacdeT AJIEKTPUUIECKON €MKOCTH U DJIEKTPUIECKOU
SHEpTuU W, B Halllell CHCTEME «TPO30BOE 00JIaKO-3EMIIS».

U3 (8) mpu gs~—55,6 Kin u Uy=—506 MB Haxomum,
YTO NPU PEKOMEHJYEeMOM aBTOPCKOM MOAXOZE IS pac-
CMaTpHUBaeMOi CHCTEMBI «IPO30BOE OO0JIaKO-3eMIIs) Be-
JMYMHA €€ SKBUBAJICHTHOH aiekTpudeckoi emkoctn Cg
OyJeT MpUHUMATh YHCICHHOE 3HAYEHUE OKOJIO 1,1-1107 @,
a BeJIMYMHA 3aracacMoil B HEHl AJIEKTPHUUYECKOH 3HEprun
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WOZI4,1-109 JIx (kak BuguM, moutu B 3578 pa3 Gosnbiie,
4yeM ¢ mpuMeHenneM dopmyisl (7) mpu pacuere Cy u Wy).
KomnuecTBeHHBEIMHU JaHHBIMUW 1A W() APYTUX UCCICa0Ba-
Tenei atMocepHOro AIEKTPHYECTBA B MUPE aBTOP B Ha-
cTosilee BpeMsi He pacrioiaraeT. Mo)HO TOJIBKO MpPeAIo-
Jlaratb, 4TO €CJIM 3Ha4EHHsI BEJIMYMH CyMMapHOTO 3apsja
gs 1o (1) 1 BIEeKTPUUECKOTO MoTeHnuana g 1o (4) Haii-
JICHBI TIPABWJIBHO (3THM pacyeTaM HaMH ObUIM BBILIE Jla-
HBI COOTBETCTBYIOIIHNE JOCTATOYHO YOCIWTEIBHBIEC DJICK-
Tpodusndeckrne 000CHOBAHMS), TO M MPUOIIKEHHOE OII-
penenenne 1o (8) 3HAUCHUS SICKTPUIECKON sHeprum W
TPO30BOT0 00JIaKa SIBJISIETCS TAKXKE MTPABUIIHHBIM.

5. Pacuernas ouenka ABII Toka iy (f) B kanaje
pa3psiaa rpo3oBoro odsaka Ha 3emunio. Jis 3Toi oreH-
KU MIPUMEHHUTEINIBHO K LIenH paspsiia eMkoctd Cg rpo30BO-
ro o0Jiaka yepe3 IJIa3MEHHbIH KaHall B BO3yXe Ha 3eMIIIO
HCIIOJIB3yEeM KJIACCHUECKMH 3JIEKTPOTEXHHMUYECKHH MOJ-
XOJ, XapaKTepHbIH ISl 3JIEKTPOMAarHUTHBIX IPOIECCOB B
RLC — uenu [10]. BHauane oneHUM YHCIICHHOE 3HaY€HUE
WHAYKTUBHOCTH L; MWIMHAPUYECKOTO INIA3MEHHOTO Ka-
HaJla pagnycoM 7y CIJIBHOTOYHOTO HCKPOBOTO pa3psia
TPO30BOTO OO0JIaka B BO3IYIIHOM IIPOMEXKYTKE JIIHHOMN
Ii=(Hy—R,) Ha 3emutto 110 cienytoieit popmyne [11]:

L = 2m) " poly [In2ly /) -1], ©)
rae uy=47-107 T'r/M — MarauTHAs nocTosHHAs [4].

U3 (9) npu [=(Hy—R0)~2015 M u r=11-107 M [12]
CJIeZyeT, YTO B HAIlleM CIy4yae COCPEAOTOUYEHHAas] UHIYK-
THUBHOCTB L; KaHaJla ICKpPOBOTO pa3psijia po30BOro 00ia-
Ka Ha 3eMiII0 OyAeT NpWHMMAaTh 3HA4YCHHE, YUCICHHO
paBHoe okoio 4,76 MI'H. [Ipu orleHKe YHUCIIEHHOTO 3HAYE-
HUSI aKTHBHOTO COINPOTHBIEHHUS KR NIMIMHAPHYIECKOTO
KaHaJla TPO30BOT0 BO3AYIIHOIO paspsna OyneM HCXOIUTh
13 TOrO, YTO IOTOHHOE AaKTUBHOE COIPOTHUBICHUE Ry
HCCIIElyeMOT0 CUJIbHOTOYHOTO KaHajla COTJIACHO pacueT-
HO-?KCIIEPHUMEHTAIbHBIM JaHHBIM M3 [12] a1 moBTOpHOM
UMITYJIbCHOM D- KOMIIOHEHTbI TOKa UCKYCCTBEHHON MOJI-
HUY amIumty o /1,p~92,3 kA (puc. 2, tae t,,p~15 Mkc —
BpeMsi, COOTBETCTBYIOIIEE MEPBOH aMIummTyae [,p TOKa)
YUCIeHHO cocTaBisieT okoio 0,92 Om/M. B pesynbrate
JUISl AaKTHBHOTO COTIPOTHBIIEHUS R) IIa3MEHHOTO KaHaya
TPO30BOTO pa3psia UCCIeIyeMOoro o0Jiaka Ha 3eMIT0 (CM.
puc. 1) Haxoaum, 9To R; =R'l; =~ 0,92 Omm! x 2015 M=
~ 1,85 xOm. BugHo, 9T0 B HCCieqyeMoM ciydae it
JJIEKTPUUYECKUX MapaMeTpoB R, L, u Cp paccMaTpuBae-
MOW pa3psA/IHOM 1ENH BBINOIHSAETCS HEPABEHCTBO BHUJA
R;?Z(Lk/CE)l/z. 3HaynT, B KaHaje TOKAa MOJHUH Oyaer
MPOTEKaTh anepUoANYECKU UMITyJIbC Toka iz(7) [10, 12].

Juist ABIT Toka i;(f) pa3psia npu anepuoIuueckomM
3aKOHE €ro U3MEHEHHUs BO BPEMEHH ! MOXKHO BOCIIOJIB30-
BAThCS CIEAYIOIIUM pacueTHbIM cooTHomernueM [ 10, 12]:

i (1) = Upl(@ ~a) L] [exp(-at) - exp(-azn)]. (10)
rae a,, ay — kK03 dunmeHTs GopMbI IMIYIBCHOTO TOKA,
paBHbIe a1=0—(0—wy’)"? 1 0,=0+(—wy’)"?; =Ri/(2L;) —
KO3 GHUIMEHT 3aTyXaHUs TOKa paspsjaa; wo=(LiCr)"* —
COOCTBEHHAs KPyTOBasi 4aCTOTa Pa3psiAHOTO TOKa obaKa.

Bpewmsi ¢, coorBeTcTBYyIOIIEE amIuuTyne I, rpo-
30BOr0 TOKa paspsiaa no (10), OyneT paBHO U3BECTHOMY B
3NEKTPOTEXHUKE aHATUTHYECKOMY COOTHOIEeHHO [10]:

)

tn, = In(ay [ y) (g — ) -

Puc. 2. Tunnunas ocumsuiorpamMma D- KOMIIOHEHTBI TOKa
uckycctBenHoi monuuu (1,,p~92,3 kA; t,,p~15 Mkc; MaciitTad
o BepTUKaIH — 22,52 KA/KIIeTKa; MacTad 1Mo rOPHU30HTAIH —
50 MKC/KIIeTKa), MOTyYeHHAs: B CUIIbHOTOYHON pa3psiIHOM 1ienu

BBICOKOBOJITHOT'O TeHepaTopa Toka MonHuu Y UTOM-1 [12]

Jlnst HaWaeHHBIX MCXOAHBIX JaHHBIX R;=1,85 kOwm,
Li=4,76 mI'n u Cp=110 ud nonydaem, 4TO B paccMarpu-
BaeMoM cityuae: 0~1,94-10° ¢'; 0~43,7-10° ¢! ay=5-10° ¢’';
0(2:3,83-105 c'l; tn~11,47 Mkc (cM. puc. 2, TAe ONBITHOE
BpeMs ISl aMIUIUTYAbl MMITYJIbca TOKa MCKYCCTBEHHOW
MOJTHHH COCTaBISUIO OKoIo 15 mkce). [Ipu Uy=—506 MB u
tn~11,47 MKC pacdeTHOe 3HAUCHHE aMIUIATYIOBl TOKa
MOJTHHUH JUTA UCCIIeayeMoro ciydas coriacHo (10) Oymer
COCTaBIATh HpuMepHoO [,,;~—262,1 xA. Ilomy4yenHoe ko-
JUYECTBEHHBIEC 3HAYCHHUS VIS 1, U aMIUTUTYABI [,,;, TOKa B
KaHaye pa3psaa MPUHATOrO TPO30BOr0 0bOJaKa Ha 3EMITIO
xopoiio koppenupyioT ¢ ABII ummynscHOro Toka, xa-
PaKTEPHBIMU Il KOPOTKUX YJApOB JIMHEWHOM MOJIHHUU B
Ha3eMHble OOBEKTHI, YIOBIETBOpSIONME | YpOBHIO MX
MOJITHUE3AIHTHI 110 )KECTKUM TPEOOBaHUSIM MEXyHapo-
Horo crangaprta [EC 62305-1: 2010 [5, 6]. Uto kacaercs
JUIMTENBHOCTH T, allepHOJANYECKOTO MMITYJIECa TOKA MOJI-
Huu Ha ypoBHe 0,57,7, TO OHa AJIs HALIEero Ciiyvasi OKa3bl-
BAa€TCs NPUMEPHO paBHOH 7, = 0,7R;Cy = 142,4 mkc. Ta-
KUM 00pa3oM, MPU MHUHUMAILHOW WH(OPMANUK 00 3JeK-
TPOMAarHUTHOW OOCTaHOBKE B 30HE (POPMUPOBAHUS U Pa3-
BHUTHS TPO30BOT0 00J1aka (TOIHKO MO €r0 OPUEHTUPOBOY-
HBIM Ta0apUTHBIM pa3MepaM M BBICOTE pa3MeEIleHHs] Hall
TMMOBEPXHOCTBIO SGMHI/I) criepuanucraM MOKHO BIIOJIHE
apryMEHTHPOBAHO IIPOrHO3HPOBATH I'PO30BYIO KKAPTHUHY»
JUIL paccMaTpUBaEMOH CBEPXBBICOKOBOJIBTHOH 3JIEKTPO-
(hm3MUECKOl CHCTEMBI «IPO30BOE 00JIAK0-3EMIISD».

BeiBoabIl.

1. [Toka3zaHo, 4TO B KaueCTBE YNPOLUEHHOW pacuyeTHOM
MOJIEJIA TPO30BOTO 00aKa WH)KEHEpAaMU M METEeOpOJIoTa-
MH MOXeET OBITh TMpHUHATA chepudeckas MoJIenb obraka
Hapy>XHBIM PagiycoM R, 1 06beMOM V0=47rR03/3, conep-
JKarasi pacrpeneneHHbie 1o ee chepudeckoMmy o0beMy C
YCPEHEHHO# TIOTHOCTBhI0 Ny=5-107 M™ OTpHLATETBHO
HadJICKTPU30BAHHLIC B TCIUIBIX BOCXOAAIIMNX BO3IYUIHBIX
MOTOKaxX Tponocdepsl 3eMIId MEJKHE TBEpIble JUAJICK-
TPHUECKHE YaCTHIBI paguycoM 7¢=10-10° M u 3apsgom
¢0~2,78-10"'° K. Bapbupysi 4HCIICHHBIMH 3HAYECHUAMH
panuyca Ry M1 COOTBETCTBEHHO 00beMa V) Takoro rpo3o-
BOTO 00Jlaka, MOKHO M3MEHSATh M €r0 OCHOBHBIC DHEpTe-
TUYECKHE XapaKTePHCTUKU B IMUPOKUX Mpenenax, COOT-
BETCTBYIOIIMX JEHCTBYIOIIMM B MHPE HOPMATHBHO-
TEXHUYECKUM JOKYMEHTaM.
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2. Ha mpumepe paccMOTpeHHUs: TPO30BOTO 00JIaka 3eM-
HOW Tpomocdepsl pagumycoM Ry=985 M m o0BeMoM
Vo~4-10° M® npu Hy=3000 M IpOIEMOHCTPUPOBAHEI BO3-
MOJKHOCTH NIPEIJIOKEHHOTO MTOJIX0/1a B 00JIaCTH U3y4eHHS
aTMOC(EpPHOTO DIIEKTPUYECTBA IS MPHOIMKEHHOTO OTI-
penesieHnsl CrienuallicTaMi MOJyJIed €ro TakuX JHepre-
THUYECKHX XapaKTEePUCTUK KaK CYMMapHBIH JIIEKTpHUe-
CKuil 3apan ¢s~55,6 K, siexrpudueckuii moTeHIMAN B
LeHTpe ¢¢=759 MB u Ha HapykHOI moBepxXHOCTU Pr=506
MB o6naka, 3amacaeMasi MEJKOJAWUCIIEPCHBIMH BKJIFOUE-
HUSAMH oOnaka djekTpuueckas sueprus Wy=14,1 T'llx u
ABII anepuonuyeckoro MMIyjibca TOKa i (f) B IUIa3-
MEHHOM KaHaJe JJIMHHOTO BO3AYIIHOTO UCKPOBOI'O pa3-
psana obmaka Ha 3emmio (/,;,~262,1 xA; t,,~11,5 MKc;
7,~142,4 Mmxc). IlonyyeHHbIE KOJIMYECTBEHHBIE JaHHbIC
s qs, ¢r, Wy u1 ABII uMnynbCHOTO TOKa TpO30BOTO
paspsa Ha TOBEPXHOCTb 3€MIIM YIIOBICTBOPSIOT PARY
TpeboBaHUil MexxayHapogHoro cranaapta IEC 62305-1:
2010 mns KOPOTKMX yNapoB JIMHEHHOM MOJHHUM B Ha-
36MHBIE OOBEKTHI.

3. IlomydeHHBIE pe3ynbTaThl OyAyT CHOCOOCTBOBATH
BO3MO’KHOMY BBITIOJTHEHUIO MHXXCHEPAMH U METEOPOJIO-
raMH IIPOTHO3UPOBAHMUS AJIEKTPOMArHUTHOW 00CTaHOBKHU
B paiioHe (QopMHUpOBaHWS W pa3BUTHUA B Tpomochepe
3eMau peasbHOTO I'PO30BOrO 00JIaKa, MPeaBapUTEIIBHO
NPUBEACHHOTO I0 BEJIMYMHE 3aHMMaeMOro UM 00beMa
V4 K SKBHBAJICHTHOMY T'PO30BOMY 00JIaKy chepruecKoit
¢dopmbl paguycoMm R,. Takoi moaxon Omaronmaps paspa-
00TaHHOMY (HU3MKO-MaTeMaTHYECKOMY armapaTry Io-
3BOJSIET B MPHUOJIMKEHHOM BHJIE HAWTH YKa3aHHBIE
OCHOBHBIE YHEPTETHUECKNE XapaKTePUCTHKH (gs, ¢r, Wo
u ABII kaHanpbHOTO TOKa) SKBHUBAJIEHTHOTO TPO30BOTO
o0J1aka ¥ OTKPBIBAET OINpPEJIEICHHbBIE HOBBIE BO3MOKHO-
CTH B MHMPOBOH IPAaKTHUKE PEIICHUS aKTyalbHBIX 3a7ad
MOJIHHE3AIUThl Ha36MHBIX OOBEKTOB M HAXOISIIUXCS B
MIOJIETE JICTATENNbHBIX AMMapaToB, OKA3aBIIUXCS B OMac-
HOW 30HE CWIJIBHOTO JJIEKTPOMAarHUTHOTO BO3JEHCTBUS
Ha MX JIEKTpoanmnaparypy (Impexae Bcero, Ha X ciado-
TOYHYIO 3JIEKTPOHHUKY) IPO30BOr0 00JlaKa ¢ ero KoJyoc-
CAJIbHBIMH TI0 YHCJIEHHBIM IIOKa3aTesiM SHepreTruye-
CKUMH XapaKTepUCTHKAMHU.
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Power descriptions of a storm cloud of troposphere of Earth:
features of their calculation and applied utilization.

Purpose. Implementation of calculation estimation of such basic
power descriptions of the system is a «storm cloud - earthy, as
total charge of gy, electric potential of ¢,, electric energy of W
and amplitude-temporal parameters (ATP) of pulse current i;(t)
in the channel of a long air spark discharge of cloud on earth.
Methodology. Electrophysics bases of technique of high volt-
ages and large currents, theoretical bases of the electrical engi-
neering, theoretical electrophysics, theory of the electromag-
netic field and technique of the strong electric and magnetic
fields. Results. The results of calculation estimation of basic
power descriptions are resulted in the overhigh voltage electro-
physics calculation system a «storm cloud — earthy. To such
descriptions of a storm cloud behave: total electric charge of gs,
concentrated in a storm cloud of spherical form of the set vol-
ume with the shallow dispersible negatively charged including
as particulate dielectric matters the set by an middle

closeness; electric potential of ¢, is in the spherical volume of
a storm cloud of the set size; electric energy of Wy, accumu-
lated in the spherical volume of a storm cloud of the set radius
of Ro; PTP (amplitude of 1,,, and duration of t, at level 0.51,,,)
of aperiodic impulse of current i;(t) of linear lightning in the
plasma channel of a long air spark digit of a storm cloud on
earth. The ground of possibility of the use is given in close
practical calculations in place of the real storm cloud of the
simplified calculation model of a storm cloud, containing the
spherical volume of Vy by the radius of Ry is shown that at
Ry=985 m and accordingly Vy=4-10° m’ in the examined model
of a storm cloud his indicated power descriptions arrive at the
followings numeral values: charge of qs=—55.6 C, potential on
the outward surface of cloud of pr=—506 MV, electric energy
of Wy=14.1 GJ in a cloud and amplitude of aperiodic impulse
of current of I,;~—262.1 kA at duration of his flowing
1,~142.4 us in the plasma channel of a long air spark digit of
cloud on earth. This calculation information well correlates
with the known experimental information, characteristic for
the short shots of lightning in surface objects. The receive
results will be instrumental in possibility of prognostication of
a sticky storm wicket specialists at presence of only minimum
initial information about a storm cloud in earthly troposphere.
Originality. First at the analysis of a storm situation in tropo-
sphere of Earth offered approach, related to bringing the real
storm cloud over the volume of Vy to an equivalent on volume
spherical storm cloud by the radius of Ry, for which will apply
the physical and mathematical vehicle of analysis of flowings
in him electrophysics processes developed an author. Practi-
cal value. Application of the in practice calculation findings
will allow to deepen scientific and technical knowledge in area
of nature of atmospheric electricity, will be instrumental in
further development of physics of linear lightning and success-
ful decision of global problem of protecting from lightning of
surface objects and auxiliary them personnel. References 12,
figures 2.

Key words: atmospheric electricity, storm cloud, accumu-
lated charge, electric potential and energy of cloud, current
in the channel of discharge of cloud on earth, calculation,
experimental information.
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Yu.V. Batygin, E.A. Chaplygin, S.A. Shinderuk, V.A. Strelnikova

THE MAIN INVENTIONS FOR TECHNOLOGIES OF THE MAGNETIC-PULSED
ATTRACTION OF THE SHEET METALS. A BRIEF REVIEW

Purpose. The description of the Equipment for the Magnetic-Pulsed Attraction (or EMF-attraction) of the sheet metals which allows
non-contact deforming of ferromagnetics (the low carbon steels, for example), the non-magnetic billets from aluminium alloys and the
practical realization of the new advanced technologies in the modern processing manufacture. Methodology. Comparative analysis of
characteristics and operating conditions of the systems under consideration. Results. Physically, all magnetic-pulsed methods of attrac-
tion are based on the Lorentz repelling forces decreasing and on increasing the attracting forces when the sheet billets being deformed
are transparent for the low working fiequency acting electromagnetic fields. The ferromagnetic samples attraction is caused by their
magnetic properties. For the non-magnetic metals attraction an accessory conducting screen is being introduced in construction of the
inductor system which is the method tool. In this case the attraction effect is caused by the force interaction of the unidirectional currents
induced in the screen and in sheet billet. The different constructions of the attracting tools attended for fulfilling the different production
operations (for example, it can be stamping, flattening etc.) with metals owning by different electrophysical properties are represented.
Originality. The novelties in the magnetic pulsed installations used as the power sources in the complex equipment for the automobile
bodies repair are given. Practical value. The practical application of the elaborated systems for the dents removing in the sheet metals are
suggested and successfully approbated. In the whole these works can be considered as new scientific direction and used for different
manufacturing aims though the main attention is paid to the practical application in the field of the automobile bodies repair. The most
part of the described inventions is defended by the Ukrainian Patents (23 fiom total quantity — 33 References) and little known to the west
specialists in the area of the magnetic pulsed technologies. From the authors view point this is a main particularity and usefulness of the
present paper. References 33, figures 11.

Key words: magnetic-pulse metal working, electromagnetic forming, electromagnetic attractive forces, ferromagnetic materi-
als, non-magnetic metals, low frequency discharges.

B cmamve onucano o6opyoosanue, npeOHa3HaAYeHHOE 014 MAZHUMHO-UMNYIbCHO20 NPUMANCEHUA TUCIOBLIX MEMAIII06, KOMopoe
noseonsem beckonmaxkmuoe oegpopmuposanue, KaK eppomacHemuKos, MaxK U HEMAZHUMHBIX 3A20MOBOK U3 ATIOMUHUEEHIX CNIIABOE
U NPAKIMUYECKO20 NPUMEHEHUA HOGBIX NEPEOOBbIX MEXHON02UIL 8 cospemenHoll undycmpuu. llpumsasicenue peppomaznummnsix oopas-
108 00YCNI06IEHO UX MAZHUMHBIMU C8Olicmeamu. /A npumsadicenus HeMAzZHUMHBIX MEMAnio6 6 KOHCIMPYKYUIo UHOYKMOPHOIL cuc-
membl, AGNAIOUWLEICA UHCHIPYMEHIOM MEMOOa, 6600UMCA 6CROMO2AMENbHbLIL nPosodawiuil IKpan. Ilpedcmasnenvl paznuunvie Kon-
CMPYKYUU UHCIMPYMEHINO08 NPUMANCEHUA OJIA 6bINOIHEHUA PAZIUYHBIX NPOU3E0O0CINEEHHBIX ONEPAUUIl NO 00padomKe Memasos,
oonadaouux paznudHsiMu IneKkmpogusuieckumu ceoiicmeamu. Onucana HOBUIHA MAZHUMHO-UMNYTbCHBIX YCIAHOGO0K, UCHOb3Ye-
MBIX 6 Kauecmee UCIOYHUKO8 IHEPZUL 8 KOMIIEKCAX 000PY008aHUY 0N PEMOHIMA A6MOMOOUTBbHBIX KY30606. butmn. 33, puc. 11.
Kniouesvie cnosa: MarHHTHO-UMITYJILCHASI 06PaG0oTKAa METANIOB, YIEKTPOMATHATHAsT (JOPMOBKA, 3JIEKTPOMATHUTHBIE CHJIBI
NPHUTSKeHNUs1, (PepPOMATHUTHbIE MeTAJIbI, HeMATHUTHBIE METAJLJIbI, HU3KOYACTOTHbBIE Pa3psbl.

Introduction. The Magnetic-Pulse Metal Working
(the abbreviation — MPMW, the other known title is Elec-
tromagnetic Forming, the abbreviation — EMF) is a field of
the Mechanical Engineering using an impulse or high speed
forming technologies united by general principle of action
the essence of which consists in the force action of the
pulsed electromagnetic fields on the conducting work-
pieces. In the recent very detailed review [1] provided a
development historical perspective of the MPMW tradi-
tional technologies and highlighted the state of the art on
modeling, coil design, sheet metal forming, tube forming,
crimping, welding, cutting, spring-back calibration and
hybrid processes including the Magnetic-Pulsed Methods.
Besides it was marked that good electrical conductivity of
the work-pieces metal is the major requirement for the
traditional MPMW to be efficient. Practically, the last
remark means using rather high frequencies of the acting
electromagnetic fields. All applications discussed by [1] are
based on repelling so named Lorentz forces between the
EMF-tool and conductive blank. In such configuration, the
tool and other accessories (forming die, mandrel to which
the blank is welded or crimped, shearing edge which is
cutting the blank) are positioned from opposite sides of the
blank. But there is another configuration of the EMF proc-
esses where the blank is attracted to the tool working sur-
face. This is the new both scientific and practical develop-
ment direction the modern Magnetic-Pulse Metal Working.

The goal of the paper is the description of the main
inventions and the according technology operations in the
field of the Magnetic Pulsed Attraction of the sheet metals
which can be realized for different manufacturing aims
though the main attention is paid to the practical application
in the field of the automobile bodies repair. Concretely this is
an external non-contact removal of the dents on their sur-
faces. A main particularity of this paper consists in a wide
illumination of the author’s inventions in Ukraine created on
a base of the great practical experience and little known to
the west specialists in this area of the magnetic pulsed tech-
nologies. These inventions defended by the national patents
are evidence not only of advancement in the marked new
direction of the modern MPMW. They open the real possible
ways for creation of the progressive industrial technologies
in the present and probably in a future.

The attraction under superposition of the high and
low frequency electromagnetic processes. Chronologi-
cally, this review should be started from the first fundamen-
tal suggestion by the metals electromagnetic attraction
which was formulated in the middle of the last century yet.
In 1965 H.P. Furth patented the EMF process with the
multiturn coil and an additional single turn with open ends
[2]. The electric discharge employed for this process was
rather slow and, therefore, allowed diffusion of electro-
magnetic field through the blank. After the induced voltage

© Yu.V. Batygin, E.A. Chaplygin, S.A. Shinderuk, V.A. Strelnikova

ISSN 2074-272X. Enexmpomexnixa i Enexmpomexanixa. 2018. Ne3 43



achieves of some determined value the additional single
turn with initially opened ends will be short circuited by the
electrical discharge spark what will conduct to electromag-
netic field eliminating from the side of the blank facing the
coil. As result, the electromagnetic pressure from the side
of the blank facing the coil was absent, while the pressure
from the diffused electromagnetic field to the opposite side
of the blank attracted it to the coil. In fact, issuing from the
modern physical conceptions the described process consists
in generating two frequencies of discharge: slow and fast.
The fast discharge eliminates the slow field from the side of
the blank facing the coil while the slow field diffused
through the thickness of the sheet metal deforms the blank.
This physical principle was incorporated in a number of the
next electromagnetic tool designs and configurations. So,
Hansen and Hendrickson [3] suggested a method and appa-
ratus for electromagnetically removing dents from conduc-
tive materials by introducing a slow discharge through a
multiturn coil and a rapid pulse of countercurrent. In [4]
introduced a system of two coils and portable pulse genera-
tor generating both repelling and pulling forces to correct
both concave and convex areas of the dent. In [5] intro-
duced a crow bar system capable of shaping the pulse com-
prised of the fast and slow frequencies in most favorable
way for the dent removal process. The final modern con-
struction of the electromagnetic attraction systems with two
working frequencies was elaborated by engineers of
American firms «Electroimpact» and «Fluxtronic» [6, 7].
Given devices (Fig. 1) are intended for the dents removing
on the damaged airplanes bodies panels. Their distin-
guished particularity is a work in regime of many-times
repeating the force actions. As inventors verify this regime
is obligatory for the dent removing. Deforming the dam-
aged panel metal is impossible under the single pulse of the
force action. The practical possibilities of «Electromagnetic
Dent Removers (EDR)» of «Electroimpact» and «Flux-
tronic» allow successful straightening the aluminum sheets
by thickness about ~ 2 mm. Proceeding from obvious
physical evaluations the represented EDR will not be able
to work with ferromagnetics. Influence of their magnetic
properties will mean the fields penetration intensity de-
creasing and as consequence the attraction forces falling
down.

Another purely theoretical concept of sheet metal at-
traction by the coil was introduced in 1981 by Shneerson
based on sudden interruption of a single frequency dis-
charge [8]. In this case, the diffused electromagnetic field
still produces the attraction forces. Should be noted this
approach is similar to the before described two-frequency
methods. Shneerson's suggestion looks simpler. However,
its efficiency is dependent upon how fast the discharge
can be interrupted. But it is very complicated technical
problem. Generalizing above conducted consideration
leads to conclusion: the main disadvantages of all two-
frequency suggestions consist in their very complicated
technical realizing, the power electronics usage, the dif-
ferent temporal processes synchronization etc. As result
the high price of the produced equipment has a place.

The tools of the ferromagnetics attraction by the
low frequency electromagnetic fields. The concept of a
sheet metal single frequency attraction was introduced in
[9, 10] for ferromagnetic materials.

C

Fig. 1. The equipment and realization of the technological proc-
esses: a) the technology of «Electroimpact»; b) the equipment of
«Fluxtronicy; ¢) the technology of «Fluxtronicy

This concept was discovered during EMF experi-
ments with thin steel sheet plates deformed by electric
discharges with different frequencies. The suggested
concept quickly found its practical application in dent
removal devices in automotive bodies where majority of
exterior panels are fabricated from low carbon steel. The
discovered phenomenon was laid in a base of [11]. The
identical Patent Application was given in [12]. They have
represented the specific coil designs as well as practical
aspects of dent removal in automotive panels. Here
should be added that Concern «Betaginnovation» by the
representatives of which are the mentioned above appli-
cants of patents have represented the technical complex
titled as «Magnetic Dent Remover (MDR)» [13]. The
single frequency experiments initially discussed in [14]
indicated that the direction of the electromagnetic pres-
sure for ferromagnetic steel sheet metal blanks is a func-
tion of the frequency of the discharge. At some limit, the
applied electromagnetic force was changing its direction.
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For high frequencies repelling took place, but for low
frequencies attraction was watched at. Formally, the ac-
ceptable low frequencies diapason had been fixed in [9]
and in [10] to the ferromagnetics attraction:

a)<<; (1)

pey-d®’
where @ = 27 - f— the working frequency, y — the perme-
ability of metal, y— electrical conductivity of sheet metal,
and d — sheet metal thickness.

It should explain that formula (1) provides only the
upper limit of the frequency where attraction can be ex-
pected. The actual boundary frequency between attraction
and repelling can be order of magnitude lower. Physi-
cally, formula (1) can be further interpreted in the follow-
ing way: it compares the sheet metal thickness with the
skin-layer value for the given frequency. After not com-
plicated transforming the inequality (1) can be repre-
sented in a view:

d 1
— <<=, 2
A2
2 .
where A= — the skin-layer value or by other
w-pH-y

definition A — this is the so named effective depth of the
electromagnetic field penetration with the frequency — w
in environment with the permeability — z and the electri-
cal conductivity — y.

From a physical view point the formulas (1) and (2)
give an approximate notion, what part of the magnetic field's
energy remaining in the work-piece goes on excitation of the
eddy currents and the Lorentz forces but without taking into
account any influence of the magnetic attraction forces. Actu-
ally, the formulas (1) and (2) illustrate the approximate condi-
tions when the Lorentz forces integral action is negligible
small and the attraction is possible. Often, their fulfilling is
quite enough for the necessary engineer evaluations. On
principle, workability of the for first time suggested way of
the ferromagnetic sheet billets attraction showed in [10] is
based on three fundamental statements. The first of them
consists in suppressing the natural Lorenz repelling forces.
The second one this is excitation of the attraction forces
caused by the sheet billets magnetic properties influence. The
final third statement consists in the conditions creation when
the attraction magnetic forces are prevailing over the repelling
Lorenz forces. In the total, three above formulated statements
provide the ferromagnetic sheets attraction by the low fre-
quency electromagnetic fields. For effectiveness increasing
the patented inductor system as the tool for the ferromagnetic
sheet attraction consists of two main components as a rule.
This is the single turn inductor (separately it is shown on Fig.
2,d) and the matching transformer [14, 15]. By the physical
essence the last one this is the usual impulse air transformer.
It can have two different constructions. The first of them has a
multi turn primary winding on an external surface of an inner
hollow lengthy metallic cylinder (with longitudinal cut) play-
ing a role of the secondary winding. The external primary
winding is connected to the power source. The inner secon-
dary winding is loaded by the single turn inductor. Such
construction type got name «the cylindrical matching trans-
former» (it is shown on Fig. 2,a and Fig. 2,c on the left side)
[14]. The other type of the matching transformer has a multi

S—

Fig. 2. The matching transformers of different constructive
fulfilling, a) a principle scheme of the «the matching cylindrical
transformer», b) a principle scheme of the «the matching disk
transformer», 1 — the primary winding, 2 — the single turn induc-
tor, 3 — the sheet billet; ¢) the cylindrical and disk constructions
photos; d) a single turn inductor with the conical inner bore

turn flat spiral winding placing through isolating insert on a
flat surface of the single turn inductor. Such construction type
got a name «the matching disk transformer» (it is shown on
Fig. 2,b and Fig. 2,c on the right side) [15]. The appointment
of the matching transformer consists in the inductor current
increasing under preserving the electromagnetic energy from
the power source.
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Concerning the matching disk transformers the last
useful remark. The primary winding is being experienced
the great electrodynamical efforts repelling it from the
massive single turn of the secondary winding. Their action
weakens electromagnetic connection between windings,
decrease current in the single turn inductor and as conse-
quence decrease the attraction efforts. Eventually, the
repelling forces destroy the primary winding coil. In order
to avoid these negative effects some damping device can
be installed. Two according solutions were suggested and
patented [16]. The first one this is application of a damp-
ing elastic insert between the primary winding external
surface and upper cover of the disk transformer body. The
second solution supposes installation of the additional
massive conducting screen on the primary winding exter-
nal surface. In this case the excited repelling forces will act
as from the side of the single turn inductor as from the side
of the additional screen. Choosing its parameters the result
as a sum of two oppositely directed forces will allow
unloading the disc transformer primary winding. The
elaborated tools for the ferromagnetics attraction were
tested in a special experiment with the different sheet steel
specimens. A first part of the conducted experiment con-
sisted in creating two convexities on the smooth surface of
plates with thickness ~ 0.008 m by the magnetic-pulsed
attraction. One of them will be object for further removing
but already as a dent and second will stay for comparison.
Both convexities had the half-spherical shape with diame-
ter approximately about ~ 0.015 m and depth about ~
0.002 m. In the experiment next part the plates were being
turned over. The plates were placed on the flat insulated
surface of inductor so that one of the dents turned out
opposite the inductor inner hole. The dent removing was
made by the magnetic-pulsed attraction. After the five
times force action this dent was disappeared practically.

The surface of the sheet, where it was, had been be-
coming quite smooth. It should be noted the quite interest-
ing circumstance here. The subsequent magnetic-pulsed
attraction could lead to appearance of a new dent with
opposite curvature in relation to the initial one. So this
experiment demonstrated a possibility of the controlled
deforming demanded part of the sheet metal. One of the
experimental specimens with initial and removed dents is
shown below on Fig. 3.
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Fig. 3. The experimental specimen from the sheet steel of the
body car «Mitsubishi»: #1 — the dent got by the magnetic-pulsed
attraction on the sheet assigned part, #2 — the sheet surface part
with the removed dent

The low frequency electromagnetic tools of the non-
magnetic metals attraction. For a better understanding it
should start from the main statements providing operability
of the patented way for the non-magnetic metals magnetic-
pulsed attraction [17] in comparison of the previous consid-
eration for ferromagnetics [10]. As before the first statement
consists in suppressing the natural Lorenz's repelling forces.
As before this problem can be solved by work in the low
frequency temporal regime (formulas (1) — (2)). The second
statement about workability consists in the attracting forces
excitation. In the previous consideration these were the
forces conditioned by the magnetic properties of the ferro-
magnetic which is being deformed. The suggested way for
non-magnetic metals believes application of the known
Ampere’s Law according to which the unidirectional cur-
rents experience the mutual electrodynamical attraction. For
practical realization of this suggestion it is necessary intro-
ducing an auxiliary screen into the inductor system construc-
tion. This additional constructive element has to be placed
parallel to surface of the sheet which is being deformed. The
currents induced in metal of the screen and of the sheet billet
will experience the mutual attraction. The electrodynamical
attraction tool of the described action principle was named as
«Inductor System with Attracting Screen (ISAS)». The con-
structive particularity of the ISAS first variant consisted in
what the single-turn inductor was located between the sheet
metal blank and the accessory attracting screen [17]. The
photograph of this construction intended for the model ex-
periments is shown on Fig. 4. The visual notion about physi-
cal picture of the occurring processes can be got from the
scheme on Fig. 4.

As it is seen from Fig. 4 in the inner space between the
screen and the billet the intensities of magnetic fields (H,)
which are being excited by the unidirectional induced cur-
rents (J;,) are directed oppositely. They are being subtracted
from each other. The resultant magnetic intensity will be
decreasing and in an idealized case it will be tending to zero.
Outside of the system the excited magnetic field intensities
have the same directions. They are being summed. The re-
sultant intensity of the external magnetic fields will grow and
tend to doubled value of the field intensity excited separately
by each from the induced currents (an idealized case). Thus,
the inner magnetic field is falling down but the external field
is growing. As consequence the magnetic pressure from
outside will be a reason of the sheet billet attraction to the
fixed screen. Quite conventionally, the corresponding
stressed state of the inductor system conditioned by Am-
pere’s attraction forces can be defined as its «compressiony.
But besides of the attraction forces corresponding to Am-
pere’s Law the Lorentz repelling forces are being excited as
well. Their action is conditioned by summing the magnetic
fields intensities of the induced currents and the inductor
current in the inner space and subtracting these intensities in
outside the inductor system. So, the Lorentz’s forces acting
on the screen and sheet billet from inside will exceed the
forces acting in outside. Quite conventionally, the corre-
sponding stressed state of the inductor system conditioned by
Lorentz’s repelling forces can be defined as its «expansiony.
In integral, if «compression» prevails over «expansion» the
represented ISAS will work as the attraction tool of the sheet
blanks from metals of any electrophysical nature (as from
ferromagnetics as from non-ferromagnetics). In whole all
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further cited Patents ISAS are dedicated to their effectiveness
increasing. As a rule with this goal some constructive com-
ponents are being introduced and modified. But presence of
the base elements such as low working frequencies (inequali-
ties (1) — (2)), the additional auxiliary screen and the inductor
with the exciting current is staying invariable. The review of
the patented tools for the non-magnetic metals magnetic
pulsed attraction is divided on two main blocks: ISAS of the

attractive screen

cylindrical geometry and ISAS of the rectangular geometry.
A physical difference between the marked out constructions
shapes consists in the following: in the cylindrical ISAS the
induced currents have the circular flowing ways but in the
rectangular ISAS they are flowing along the rectilinear tra-
jectories. Taking into account these factors the induced cur-
rents densities distribution and the excited fields’ concentra-
tion in the tools working zones can be varied.

attracting forces

Fig. 4. Schematic illustration of the physical processes in ISAS, J, , — the unidirectional currents induced in the screen and in the
blank, H, , — the tangential components of the magnetic field intensity being excited by the currents J; ,

«Inductor Systems with Attracting Screens» cy-
lindrical constructions. Placing the single-turn inductor
in the slot of the screen with finite thickness from side of
the billet which is being processed is suggested in [18].
The present construction modification demands the work-
ing frequency limitation by the least value from:

f<< 3 2;,
7D gy 7-d” e phy - 7
where D, d — the thicknesses of the screen and billet ac-
cordingly, %, 7 — the specific conductivity of the screen
and billet accordingly.

The aim of [19] consists in increasing the acting
field amplitudes. The authors suggested the circular in-
ductor which has to be made of two separate concentric
rings with two opposite slits along the diameter axis. The
rings have to be connected in such a way as to provide
unidirectional currents in the inner turns of ring at con-
nection of the inductor to a power source. A novelty of
[20] consists in a possible choice of the screen geometry.
Its thickness remains the same along the cross section and
can be defined from inequality: d; << A, where A — a skin
layer value. A method of pulsed magnetic attraction of
metal objects by a double-coil circular inductor system
and with a thin screen is represented in [21 — 23]. The
difference of the cited Patents is the difference of the coils
constructive fulfilling. The essential novelty being sug-
gested consists in what inductor is designed as two flat
coils. One of them is placed under the screen from the
billet side. The second is situated above the screen. Cur-
rent in the coils flows in one direction. The excited fields

€)

or f <<

are summed. As in the previous patent the thickness of the
auxiliary screen is chosen the same along all cross sec-
tion. Unlike to the previous suggestions, in [24, 25] the
inductor represented by the single-turn [24] or multi-turn
flat coil [25] is placed on the external surface of the auxil-
iary screen. This solution permits weakening the repelling
Lorentz forces between the current induced in the billet
metal and the current in inductor. It occurs because of
screening them each of other by the conducting auxiliary
screen. Besides of that the external placing the inductor
coil allows constructively to increase the strength of the
attraction tool in whole. The last what can be added as
advantage this is a possibility to place all construction
including the inductor winding and auxiliary screen in a
closed body. The scheme of the most successful ISAS

construction [25] given on Fig. 5.
C K

Fig. 5. Schematic representation of ISAS with the external flat
multi-turn winding of inductor, 1 — the winding; 2 — the screen;
3 — the sheet billet

Speaking about applications it should be noted the
present attraction tool can be very comfortable for exter-
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nal non-contact straightening a body of car or aircraft
(without disassembly) and as well in machine building
where processing a blank can be done only from one side.

«Inductor Systems with Attracting Screens» rec-
tangular constructions. The main difference of the be-
low represented inventions from before suggested cylin-
drical constructions consists in the rectangular form of the
inductors used as the magnetic field generators. The de-
manded frequencies from [18] are the same to [26], but
the inductor placed between the screen and billet is al-
ready made in the shape of two coplanar loops of rectan-
gular form electrically connected in series to each other.
Their current-conductors limiting the working area are
parallel. A single-turn rectangular inductor placed be-
tween the screen and billet which has two cuts along the
axis of symmetry and which divide it into two separate
branches, in series or parallel connection of which to each
other is patented [27]. This construction allows adjusting

The accessory screen

The hollows for connection to power source

a
The rectangular inductor with two parallel inner branches

The screen

4

inductance of the inductor and amplitude of exciting
fields in dependence on the above mentioned separate
branches connection view. The suggestion in [28] is iden-
tical to the patented suggestion in [21 — 23]. The main
difference and essential novelty consists in what inductor
is designed as two single-turn flat rectangular coils. But
the same as in [21 — 23] one of them is placed under the
screen from the billet side. The second is situated above
the screen. Current in the coils flows in one direction. The
excited fields are summed. The last variation of the induc-
tor geometrical form (in comparison with solution in [24])
is patented by authors [28]. Unlike previous claims with
rectangular inductors this suggestion consists in placing
the rectangular single-turn inductor not between the
screen and sheet billet but fully above the auxiliary
screen. For visual imagine the above described construc-
tions of the inductor systems for the sheet billets attrac-
tion are given below on Fig. 6.

The screen

~ Body of winding B n

Tool handlhold

Additional screen (working surface)
Cable to power source
d

d

Fig. 6. Experimental models of «Inductor Systems with Attracting Screeny, a) the first construction for experiments;
b) the circular single-turn inductor in depression on a screen surface; c) the rectangular inductor with two inner parallel branches; d)
the construction with the external flat multi-turn winding in assembly

Generalizing of the represented inventions of the
«Inductor Systems with Attracting Screens» as the tools
for work with the thin-walled metals it should be added

that all described constructions were tested in experiments
which affirmed their workability. Some results of the
ISAS experimental testing are represented on Fig. 7.
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the magnetic-pulsed installation — MPIS-2 created in
Laboratory of Electromagnetic Technology of the
Kharkov National Automobile & Highway University
(Fig. 8) and used as the power source with stored energy
~ 2 kJ under maximal voltage ~ 2200 V and own
frequency ~ 7.5 kHz.
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Fig. 7. The experimental samples from different automotive
steels, «Subaruy»: a — before the power action, b — after attrac-
tion; «Citroen»: ¢ — before the power action, d — after attraction

c d

The magnetic-pulsed installation as the power Fig. 8. The main components of MPIS — 2, @) the inner
source in the equipment for the metal sheets attrac- arrangement; b) the external view; ¢) the control block;

tion. The experimental investigations were conducted on d) the remote control panel
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Not stopping on the known components of the power
source in equipment for the MPMW let us point out the main
feature of the represented magnetic-pulsed installation is a
work in regime automatically repeating force action pulses
with repetition preset frequency (till ~ 10 Hz). The present
regime is provided by introduction of the thyristor synchro-
nizing device in the installation electrical scheme [29]. It
should be noted the further increasing the repetition fre-
quency of the force action pulses is limited by possibilities of
the industrial network. In [30] the patented suggestion con-
sists in usage of the capacitive energy storage special type
that is named as «ionistor». Usage of ionistor instead of the
traditional capacitive energy storage allows essential de-
creasing the working voltages without decreasing the work-
ing currents what leads to decreasing the power source cost
eventually in whole. As it is known the natural discharge of
capacitor in an electrical circuit with inductance and resistor
has to have the harmonic temporal form for minimum energy
losses. But the current and voltage oscillations are decreasing
a life cycle the capacitive energy storage. Besides, as it
turned out from practice the thyristor commutators in the
installation control scheme cannot work in this temporal
regime. By this reasons the aperiodic or unipolar temporal
form of discharge is more preferential. The problem forming
unipolar pulses with minimum energy losses in the discharg-
ing circuit is solved by authors [31]. Very interesting scheme
of the charging block is patented in [32]. The suggestion
essence is based on so named «step-by-step charge» of the
capacitive energy storage bank by the serial pulses of the
equal energy. This scheme permits excepting the step-up
transformer from the charging block and decreasing a cost of
the installation in the whole.

The magnetic-pulsed attraction of sheet metals
for dents removing on the body car surfaces. The pat-
ents [25] and [33] are dedicated to the practical applica-
tions of the magnetic pulsed attraction of thin-walled
metals. In the [25] the most effective magnetic-pulsed
tool of attraction is described (it was represented before as
ISAS). Should remind this inductor-tool to remove dents
on the surface of the object being processed is fulfilled as
a complicated system consisting of the multiturn coil
which plays the role of matching transformer and auxil-
iary attracting screen. The coil is placed on the external
surface of the screen. Its opposite inner surface is the tool
working surface from side of which the dent in sheet
metal is being located. Undoubted advantage of this tool
construction is essential decreasing the repelling Lorentz
forces at expense of remoting the coil current from the
current induced in the sheet metal being processed. In
[33] the full complex (Fig. 9) of the external non-contact
magnetic-pulsed flattening is represented which includes
and the tool and the electromagnetic power source.

In main the equipment for the external magnetic
pulsed straightening unites previously described and pat-
ented components. A detailed description of such com-
plexes is showed in «The complex of the external mag-
netic pulsed straightening» [25]. The complex contents a
remote portable tool allowing processing any demanded
parts of the sheets with dents. The magnetic-pulsed instal-
lations are being connected to the inductor-tool by flexi-
ble cable. If the tool for ferromagnetics attraction is being
used then this connection fulfils through the matching

transformer. The charging and discharging circuits are
connected through the thyristor-electronic device which
synchronizes the work of these circuits. Their intercon-
nection determines the resistor value for limitation of the
charging current which provides the installation function-

ality in the whole:
L.
R,y >> 26, ,/% , 4)
where R, — the resistor in the charging circuit, 5, and

Lgisen — the relative damping decrement and the integral
inductance of the discharging circuit.

7= 380/220V |CONTROL SYSTEM
[=350Hz

ENERGETIC BLOCK
POWER SOURCE

WORKING ZONE

v

SHEET METAL WITH DENT

Fig. 9. Schematic illustration of magnetic-pulsed removing
the dents in the sheet metal

The discharging circuit of the magnetic-pulsed installa-
tion can be represented by several parallel branches which
consist of the same capacitors and synchronized thyristor
commutators with a common exit to the inductor-tool. Their
quantity has to provide the normal work conditions of all
power electronics devices. The «ionistony can be used as the
energy storage in the magnetic pulsed installation. But its
including in the working scheme demands reforming of the
charging and discharging circuits accordingly to the nomen-
clatorial characteristics of the concrete «ionistor». The dis-
charging circuit has to contain the system for transformation
the natural harmonic temporal form of the discharging cur-
rent pulses to the aperiodic one. This can be the bridge circuit
or the well known from the Electrical Engineering «a crow-
bar circuity. The own frequency of the magnetic pulsed
installation is being determined by its parameters and is fixed
value. That is why the integral characteristics of the power
action tools (with the matching transformer or without this
component in the charging circuit) have to be chosen by such
way in order to provide the needed working frequency of the
fields being excited. The constructions of the inductor-tools,
its parameters (independently on the principle action) and its
location place on the sheet metal being processed have to be
chosen so in order to the high effectiveness providing the
dents removing operation according to all previous recom-
mends. Should add that place location of any inductor sys-
tem has to provide the best electrodynamical tie between the
sheet metal being processed and the dent removing tool. In
conclusion of the present consideration some documental
illustration of the practical magnetic pulsed removing the
dents by the flattening complex are represented. The first
photographs (Fig. 10) illuminate the repair technology of the
automobile «Audi» door by the tool «Inductor System with
Attracting Screen.

The next photos (Fig. 11) illustrate a technological
route as algorithm of the dent removing on the automobile
«Subaruy» door.
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Fig. 10. The external EMF flattening in the real repair process, a) the door before flattening; b) the tool ISAS in action; ¢) the door
after flattening

f

Fig. 11. Photo-illustrations of the technological route, ) determination of the dent; ») marking the boundary dimensions;
¢) fixing the tool over the dent; d) the magnetic pulsed action; ) the marker removing; f) the car door panel after the flattening

Technological process. It should be noted that during
the experiments of the magnetic-pulsed removing the dents
there were approbated many samples steel coverings of the
bodies European and Japanese cars. Visual car body parts
surface inspection in order to determine a dent to be removed
(Fig. 11,a). The geometrical dimensions and nature of this
dent determine the level and intensity of the required force
action. A special dielectric insert is placed on the car panel
element over the dent. Its purpose consists in fixation of the
tool working area toward to the external boundaries of the
dent to be removed (Fig. 11,¢). The necessary energy level
and the pulses quantity are set by the operator on the control
panel (Fig. 11,d). The operator places the tool working sur-
face above the dent area (Fig. 11,d). The operator turns the
system on and implements an external non-contact flattening
(Fig. 11,e). The excited forces attract metal of the dent to the
surface needed level. After flattening the tool and the insert
are taken away and the surface is cleaned up (Fig. 11,/). If it
is necessary, technological process is repeated few times, till
the complete damage removing. In the case, when the dent
has big enough size another approach may be used. It con-
sists in its gradual removing. The process should be begun
from the edges of the dent and move to its centre.

Conclusions. The fundamental inventions in the
field of the Magnetic Pulsed Attraction of the sheet metals
using low frequency discharges are illuminated. The most
part of them is defended by the Ukrainian Patents and
little known to the west specialists in the area of the mag-
netic pulsed technologies.

The different types of the attracting tools based on
different physical principles and attended for work with
metals owning by different electrophysical properties are
represented. They can deform the ferromagnetics such as
low carbon steels and the non-magnetic metals such as
alloys of aluminum for example.

The novelties in the magnetic pulsed installations
used as the power sources in the complex equipment for
the automobile bodies repair are given.

The practical application of the elaborated systems
for the dents removing in the sheet metals are suggested
and successfully approbated.

In the whole these works can be considered as new
scientific direction and used for different manufacturing
aims though the main attention is paid to the practical
application in the field of the automobile bodies repair.
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SHEPTO®PEKTUBHOCTH OBE33APAKUBAIOIEN OBPABOTKH TEKYYHNX
IMUIIEBBIX TPOJYKTOB ITPU NIOMOIIU BBICOKOBOJIBTHBIX HMITYJIbCHBIX
BO3JEVICTBUN

Mema. ExcnepumenmansHo eusHauumu payioHanbHi pexcumu U eHepzoeheKmugHicms 3He3apajrcylouoi o0pooKu meKyqux
Xapuosux npooyKmie 3a 00ONOMO2010 6UCOKOBONbMHUX IMAUYIbCHUX Oill y NOPIGHARHI 3 mpaduyilinolo nacmepusayicto. Memoou-
Ka. /[Ina odeprcanna 6UCOK06OIbMHUX IMAYIbCI6 HA POOOUUX KaMePax — HABAHMANCEHHI 2eHepamopa 3acmoco6ana MemoouKka
2EHEPYBAHHA IMRYNILCI6 3a 0ONOMO2010 NIOBUULYBANILHO20 MPAHCHOPMAMOPA, 6UCOKOGOILMHUX IMRYIbCHUX KOHOEeHcamopie i
DPO3PAOHUKIG 3 cuCmeMol0 3a20Cmpenns gponmy imnynsvcie. Imnynscu na nasanmasyxcenni eumiprosanucs 3a 0ONOM0O2010 HU3b-
KOOMHO20 Pe3ucmugnozo OilbHUKA HARPY2U, NEPeoasanucy no WUpoKOCMY2060My KOAKCIANbHOMY Kabenlo i peecmpyeanucs 3a
00noM02010 anano2o602o ocyunozpaga C8-12 avo yugposozo ocyunozpagha Rigol DS1102E 3i cmyzoro nponyckannus 100 MTI'y y
Kod#cHO020. Poboui kamepu 3anoeni08anuce 600010, MOIOKOM GO0 MOAOUHOIO CUPOSAMKOIO | CKIA0ANUCA 3 KiTbUe8UOHO20 KOPNY-
cy, AKUIL 6U20MOBIEHO 3 (hmoponnacma, i Memanesux eneKmpooie, wio CMeopIOIOmMs OHO U KPUWKY Kamepu, Maloms NiocKi
HAKNaOKu 3 Xapuoeoi Heipicasitouol cmani Ona KOHMAKmMYy 3 Xapuosum npooyKkmom ycepeouni kamepu. Pesynomamu. Ooepica-
HO 6UCOKOB80IbMHI IMRYNbCU HA HABAHMANCEHHI 2eHepamopa 3 mpueanicmio no ocnosi 300-1200 uc npu wacmomax npoxo-
Oxcennsn imnyavcie 0o 500 imn/c. Excnepumenmansno ooepicani amnaimyou iMnynscie Hanpy2u Ha HAGAHMANCEHHI 2eHepamo-
pa— 00 75 kB, a nanpyscenocmi enekmpuunozo noisn — 00 35 kB/cm 6 pobouux kamepax 3 3azopom 22 mm i 00 50 kB/cm ¢ pobo-
yux Kkamepax 3 3azopom 15 mm. Brazani xapaxmepucmuxu iMnyascie 00380auu 30iCHUMU NOGHY | HE360POMHY IHAKMUBAYIIO
MIKpoopzanizmie é xapuoeux piounax é povouux kamepax. Haykosa nosusna. Iloxazano, ujo icnyrome pexcumu o0pooxku xapuo-
BUX NPOOYKMIE 34 0ONOMO2010 8UCOKOGOIbMHUX IMIYIAbCHUX Oill, AKI 0036071A10Mb Kpawie 30epecmu 0i0102i4Hy | Xapuosy yin-
Hicmb npoOyKmie NOPIGHANHO 3 MeN106010 00POOKOI0 NPU IX HOGHOMY 3HE3APANCYEAHHI U RPU CYMMECO MEHUIUX RUMOMUX eHep-
2osumpamax. Ilpaxmuuna 3uauywicmes. O0epiycani eKCNEPUMEHMANbHO pedcumMu 00POOKU MOIOKA, MOSIOUHOT CUPOGAMKU U
600U 3i 3MEHUIEHUMU RUMOMUMU eHEPZOSUMPAMAamMu GiOKPUGAIOMb NEPCHEeKMUBY NPOMUCI08020 3ACMOCY8AHHA KOMRNIEKCY
BUCOKOBONBIMHUX IMAYIbCHUX Olll O11A 3HE3APANHCYIOUOT 00pOOKU 60006MicHUX Xapuosux npodykmie. bibmn. 7, Tabdn. 3, puc. 10.
Kniouosi cnosa: reHepaTop BUCOKOBOJBLTHHX iMIYJbCiB, TpaHC(HOPMATOP, KOHAECHCATOP, 0araTo3a30pHHii po3psiiHUK, Oara-
TOKAHAJbHUN PO3PSIAHUK, Po60Ua KaMepa, 3He3apaKyHya 00podKka XapuoBUX NPOIYKTIB.

Ilens. Dxcnepumenmanvno onpedenums payuoHAIbHLIE PEXdcUMbL U IHEP20IPphekmusHocms obde33aparcusaioueii oop Ku
MeKyuUxX RULLEBbIX NPOOYKHOG NPU NOMOUWU GbICOKOBOILIMHBIX UMNYIbCHBIX 6030€ICINGUIL 8 CPAGHEHUU C MPAOUYUOHHOIL nacme-
puzayuei. Memoouxa. /[nsa noyuenus 8blCOKOGONbMHBIX UMNYNLCO8 HA PAOOUUX KaMepax — HAZpy3Ke 2eHepamopa npumeHena
MemoouKa 2eHepuposanus UMNRYIbCO6 NPU ROMOULU NOGLIAIOWE20 MPAHCHOPMAMOPA, 6bICOKOBOILIMHBIX UMNYIbCHBIX KOHOEH-
Camopos u pa3paoOHuUKos ¢ cucmemoll obocmpenus ponma umnynscos. Umnynscol Ha HaAzpy3Ke UIMEPATUCE RPU ROMOWIU HU3KO-
OMHO20 Pe3UCMUGHO20 OelumeNns HANPANCEHU, NePedasanuch N0 WUPOKONOIOCHOMY KOAKCUAILHOMY Kabento u peucmpuposad-
JIUCHh NPU ROMOUU aHa10208020 ocyunnozpagpa C8-12 unu yughposozo ocuyunnozpaghpa Rigol DS1102E ¢ nonocoit nponyckanus 100
MT'y y kaxcoozo. Pabouue kamepvl 3anoanAnucy 6000, MOIOKOM UL MOIOYHOI CHIEOPOMKOIL U COCMOANU U3 KOTbUEOOPA3ZHO20
Kopnyca, 6bInOIHEHHO20 U3 hmoponaacma, u MemaniuidecKux INeKmpooos, 00pazyiouiux OHo U KpblKy Kamepsl, UMerouUX nio-
CKUe HaKIA0Ku U3 RUWLEBOIl HepIcaselowell cmanu 01 KOHMAKmMa ¢ RUWesblm npooykmom euympu kamepul. Pesynomameor. Ilo-
JIyueHbl 8bICOKOGONbHIHbBIE UMNYIbCHL HA HAZPY3Ke 2eHepamopa ¢ OnumenbHocmuyio no ocnosanuto 300-1200 nc npu yacmomax
cnedosanus umnynbcos 0o 500 umn/c. IkcnepumenmanbHo ROJIYYUEHHbIE AMNAUMYObl UMNYIbCO8 HANPANCEHUA HA HAZPY3Ke 2eHe-
pamopa — 00 75 KB, a nanpaycennocmu 3neKkmpuieckozo nois — 00 35 kB/cm 6 pabouux kamepax c 3azopom 22 mm u 0o 50 kB/cm 6
pabouux kamepax c 3azopom 15 mm. Yrazannvie xapakmepucmuKku umnyabcog no3601UNU OCYU{ECMEUMb ROIHYIO U HEOOPAMUMYIO
UHAKIMUBAYUIO MUKPOOPZAHU3MO8 8 RUULEBHIX HCUOKOCmAX 8 pabouux kamepax. Hayunaa noeusna. Ilokaszano, umo cywecmeyrom
pedxcumsvl 00padomKu NUWEGLIX NPOOYKNIO6 NPU HOMOUWU GbICOKOGONLIMHBIX UMRYILCHBIX 6030€iiCInguUil, no3gonalouwue iyuue
COXpanums OUOIOUYECKYI0 U RUWLEEYI0 UEHHOCHb NPOOYKNIO08 NO CPABHEHUIO ¢ MEn1060ll 00padomKoll npu ux NOIHOM 00e33a-
PadICUGAHUU U NPU CYWECIMECHHO MEHbUIUX YOebHbIX IHepzozampamax. Ilpakmuueckaa 3snauumocms. Ilonyuennvie sxcnepu-
MEHMAILHO PedcumMbl 00padomKu MONOKA, MOIOUHOI CHIGOPOMKU U 600bl C YMEHLUIEHHLIMU YOETbHOIMU IHEP2O3AMPAMamn Om-
Kpbleaiom nepCcneKmugy npoMuluiIeHHO20 NPUMEHEHUA KOMNIEKCA 6bICOKOGONbMHBIX UMNYILCHBIX 6030elicmeull 0na obessapa-
JHcusarowieii 00padomku 6000codepicawyux nUuevix npodykmos. buodin. 7, radm. 3, puc. 10.

Kniouesvie crosa: reHepaTop BBICOKOBOJLTHBIX HMIIYJIbCOB, TpaHCGOPMATOpP, KOHAEHCATOP, MHOI03a30pPHBINH Pa3psIHUK,
MHOIOKaHAJbHBIH pPa3psiIHUK, pabo4yasi kaMepa, 00e33apakuBaOLIasi 00pad0TKa NUILEBLIX NIPOAYKTOB.

BBeaeHne. TpaﬂI/IHI/IOHHLIC TEIUIOBEIE  CIIOCOOBI MOLIU UMITYJIbCHOT'O 3JICKTPUYCCKOT'O HOJISI). B 6omnbminH-

obe33apakuBatomiell 00paboTKN (macTepu3anus M TEIUIO-
Basl CTCPWIIM3ALMS) XUIKUX MUIIEBBIX MTPOTYKTOB, BHHO-
MaTepHaJIOB, HAITUTKOB SIBIISFOTCS SHEPTro3aTPaTHHIMU U HE
MIO3BOJISAIIOT B JOCTATOYHON CTENEHU COXPAHUTh MX HCXOJ-
Hy0 OMOJIOTHYECKYIO U THIIEBYIO eHHOCTH [ 1, 2]. OmHiM
13 HanboJiee MEePCIIEKTUBHBIX CIIOCOO0B HETEIIOBOM 00e3-
3apakuBaronie 00pabOTKH MPOAYKTOB SIBJISETCSI CIIOCOO
00pabOTKKM TpH TOMOIIM KOMIUIEKCa BBICOKOBOJIBTHBIX
umIyiabcHeIX BosneiictBuit (KBUB). B anrnoszeranoit
Hay4yHOM JMTepaType wucnonabzyercs Tepmun — PEF-
treatment (PEF — pulsed electric field, o6paboTka mpu mo-

CTBE CBOEM >KHJIKHE MHUIIEBHIE MPOIYKTHI ABISFOTCS BOJO-
cofepkamuMy. [103ToMy BaKHBIM SIBISAETCS BOIIPOC U O
panMoHaNBHBIX pekuMax obeszapaxuBaromieir KBUB 06-
paboTKH BOABI.

Ieab paGoThI — 3KCIIEPUMEHTAIBHO OIPENEIUTD pa-
[MOHABHBIE PEXUMBI M 3HEProdhHEeKTHBHOCTL 00e33a-
pakuBaronield 00paObOTKM TEKYYHMX IHIIEBBIX MPOIYKTOB
mpyu NoMoIHr BbBICOKOBOJIbTHBIX HMITYJIbCHBIX BOSZ[CﬁCT-
BU B CPAaBHEHUM C TPAJULMOHHOM IacCTEpU3aLUECi.
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JKcnepuMeHTaIbHAsI YCTaHOBKA. [[J1s npoBesieHus
9KCIEPUMEHTAIIBHBIX HCCJIEIOBAaHUN HCIOJIb30BANIACh yC-
TaHOBKa, KOTOpas BIIepBbIe onucaHa B [3]. DnekTpuyeckas
CcXeMa YCTaHOBKU C CHCTEMOW yIpaBJICHHs MPHUBEICHA Ha
puc. 1.

Tpexfainpil WeTOd HHEK THTAEHA

Posetin | w2
1 i

ARTOMAT

SB5

C_,L

1lpemoxpa

THTET

[

Kl.2
K3
Kl.4

Puc. 1. Onexrpruueckas cxema KBHB-ycranoBku ¢ cucremMoit
YIpaBJICHUS

VYcTaHOBKa COCTOMT M3 HU3KOBOJIBTHOW M BBICOKO-
BOJIFTHOW 4acTed. BBICOKOBOJBTHAas 4acTb COCTOMT U3
TeHepaToOpa BHICOKOBOJIBTHBIX HMMITYJIbCOB M HAarpy3KH —
paboueii kamepsl WCH. I'eHepaTop COAEP>KUT CTapTOBBIN
kackan (C1l, DC1) u nBa xackama oboctperus (C2, DC2 u
C3, D(C3). Kaxnprii Kackag COIOEPKHT KOHICHCATOP H
paspsaanuk. Paspsaauk DC1 cTapToBOrO Kackana sBIseT-
Csl MHOT03a30pHBIM. Bce paspsiiHUKM — MHOTOKaHaJIbHBIE.
B npocreiiiem pexxume paboThl yCTAHOBKH HCIOJIb3YETCS
TOJBKO NEPBbIM Kackaa. HemocTarkoM 3Toro pexuma sB-
JISIeTCsl HEJ0CTaTOYHas KpyTU3Ha (DpOHTa MMITYJIbCOB Ha
Harpyske — paboueit kamepe WCH. IloatomMy OCHOBHas
4acTh 3KCIEPUMEHTOB IPOBE/ICHA C UCIIOJIb30BAHHEM BCEX
TpeX KacKaJoB.

[Mocne moxkmodyeHust K Tpex(asHOMY HMCTOUYHHUKY
MMUTaHWS TIPU TIPOTOYHOH 00paboTKe HakaTHEM KHOIIKH
SB1 3armyckaeTcs aIeKTpoaBHUrarens M Hacoca, IepeKadn-
BAaIOIIETO 00padaThIBACMBI MPOTYKT depe3 padouyro Ka-
Mepy WCH. Haxatnem kHONKH SB3 momaercs Hampspke-
Hue Ha pene K2, 3aMBIKarOTCA ero KOHTakTel K2.1, K2.2,
K2.3, u dazHoe HampspKeHHE CUIIOBOH ceTH uepe3 QUIIbTp
L0 — C0 nonaercst Ha MEPBUYHYIO (HU3KOBOJBTHYIO) 00-
MOTKY Tpancdopmaropa Tr, 3amyckas B paboTy yCTaHOBKY.
B pesympraTe Ha Harpy3ke — paboucii kamepe WCH,

(OPMHUPYIOTCST HMMITYJIBCBI  BBICOKOTO HampsDKEHHS (1O
120 xB) u Toka 06enx MOJSAPHOCTEH C YaCTOTOW CIlieJ0oBa-
Hust 1o 500 mmn/c. KHonko#t SB4 orkiroyaercs mojaya
Hanpspkenust Ha Guibtp L0 — CO 1 Ha IepBUYHYIO OOMOT-
Ky Tpanchopmaropa Tr. Haxxarnem kHomnku SB2 BBIKIIO-
yaeTcs dIEeKTpoBUrarens M Hacoca.

Padoune xamepnl. Paboune kamepsl (PK), koTopeie
sBisitoTcst Harpyskoi uis KBUB ycranoBku, genstcs Ha
CTalMOHApHBIE ¥ NPOTOYHbIE. B CcTanMoHAapHBIX Kamepax
3aMeHa TOPIUHA IMPOAYKTa OCYIIECTBISETCS BPYyYHYIO, a B
IIPOTOYHBIX Kamepax — OJaromaps MpoTOKy depe3 Kamepy,
KOTOPBIH 00ecreYnBaeT HacoC M CUCTEMa IIepeKauynBaHMUs.
IlocnenHsiss CONEPKUT E€MKOCTH JUIA TOJAYd U IpHEMa
00pabaThIBaEMOro TEKy4ero npojayKra u nuianru. IMeHHo
B PK Bbmensercs sHeprus, sika MCXOAHO 3amacaercs B
OCHOBHOM BBICOKOBOJIbTHOM KOHJICHCATOPE YCTaHOBKHU.

TuroBble cTallMOHAPHBIE U MIPOTOYHBIE KaMephl NpH-
BEJICHBI HA PUC. 2 U PUC. 3 COOTBETCTBEHHO.

Puc. 2. Bapuanr cranuonapsoii PK ¢ kpblikoil — anexTponoM,
PacoIOKEHHBIM PAAOM

BBIBO/I

NS

Puc. 3. @ — BapuaHT KOHCTPYKUUH IPOTOYHON TEXHOJIOTHYECKOM
PK: 1, 2 — snexTponsl, 3 — BHyTpeHHHUH 00bEM KaMephbl,
4 — nudnekTpuueckuii Kopiyc; 6 — poro PK
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IJKCHepHUMEHTAJIbHbIE HCCICI0BAHMS METOA0B
KBUB o6pa6orku (PEF-treatment) numeBbIX NpoayK-
TOB U OYMCTKH BOJbl. DKCIEPHUMEHTAIBHO HCCIIEOBAIH
Biausane KBUB 00paboTku Ha MHKPOOHOIOTMYECKYIO
00CEeMEHEHHOCTh, CAaHUTapHO-TUTHEHUYECKHE CBOMCTBA U
OpPraHOJENTUYECKHE MOKa3aTead MOJIOKA, MOJIOYHOM ChI-
BOPOTKH U BOJbL. VccnenoBaHusi IpOBOAWINCH B Pa3HBIX
pexxumax o0paboTKM B CTalMOHApPHBIX M MPOTO4HBIX PK
Ha KBUB ycTraHoBKe, OMCaHHO BBILIE.

®oto paboraromelt KBIB ycTaHOBKH BO BpeMms TIpo-
BEJICHHS HPKCIICPUMEHTOB IMOKa3aHO Ha puc. 4. OOpabaTsI-
BaeMBI TpoaykT 3anmuBaimu B PK, xotopyro mpemsapu-
TENBHO CTEPUIN30BAIH NIPH MOMOIIY CIIUPTOBON TOPEIIKH,
U 3aKpBIBAIM KaMepy CTEepPHIN30BAaHHOW Kphlmikod. Mc-
MOJIB30BAJIICH KaMephl ABYX THUIIOPAa3MEPOB: C MEXINIEK-
TPOAHBIM TMPOMEXKYTKOM (PACCTOSHUE MEXOY IUCKOBOM
KPBIIIKOM KaMephl W ee THUIIEM) 15 MM M C MexXanek-
TPOJHBIM NPOMEXYTKOM 22 MM. BapeupoBanu Bpems 00-
pabotku ot 10 ¢ 1o 30 c. Ha puc. 5 nokazana PK ¢ mexo-
JEKTPOIHBIM MPOMEKYTKOM 22 MM.

Puc. 4. ®oto paboraromeit KBIB ycranoBku

Jliisi m3MepeHusi XapakTepUCTUK HMITYJIbCOB Ha Ha-
rpy3ke KBUB ycraHoBkm — paboueil kamepe HCIIOJIB30-
BaJICSl PE3UCTHBHBIA HU3KOOMHBIN JIEJUTENb HAMPSHKEHUS

¢ ko3¢ duruentom aenenus k,;~1000. B kauecTBe peruct-
PUPYIOLLEr0 yCTPOWCTBA HCIOJIB30BAJICS aHAJIOTOBBIM 3a-
nomuHaromui ocrpuniorpad C8-12 ¢ mosocoi mpomycka-
wust 100 MI'm wu uumdposoit ocmmwuiorpadp RIGOL
DS1102E c nonocoit nponyckanus 100 MI'1.

JIJis 3amuThl OT AIIEKTPOMATHUTHBIX TOMEX OCIIHJI-
sorpad pacrnosaraicsi B SKpaHHpYIOIIel KaOuHe ¢ 3Kpa-
HUPOBAaHHOM IO KOHTYpPY JBepbto. CHTHaJI OT HH3KO-
BOJIBTHOTO TUIEYA JENUTENS HAMpsDKEHUS 0 OCIMILIOrpa-
¢a B M3MEpHUTENbHON KabWHE MOJaBaliCs MPU ITOMOIIU
KOaKCHAIILHOTO Kalelss ¢ IBOWHOW orureTkoi. [IBeps B
HU3MEPUTENbHON KaOWHE MOXXET OTKPBIBAThCS M 3aKpbI-
BAaThCS IUIOTHO KaK M3BHE, TaK U H3HYTPH.

Puc. 5. Pabouast kamepa ¢ MeX3IEKTPOIHBIM IPOMEXKYTKOM 22 MM:
a — KopIryc U3 (PTOpOIIacTa, 6 — KphIIIKa, 8 — MEXKIJICKTPOIHBIH
MIPOMEXYTOK 22 MM, 2 — KpBIIIIKa BO3JIE KaMephl

Uccnenosanoch MHAKTUBUPYIOLIEE nefcTBue
KBUB Ha pa3nudHble MOJOYHBIE MPOIAYKTHI (MOJIOKO,
CBIBOPOTKY, HOTypT), a Takke Ha Boxay. IIpu 3Tom Boxmy
K 9KCIIEPHMEHTaM T'OTOBHJIM HAIIU KOJUIETH — COUCIOJI-
HUTCJIIN U3 HaIlI/lOHaHI)HOFO YHUBEPCUTETA MNHUIIEBBIX
texHosoruit (HYIIT), ropon Kues. Bpanu Bony «Codus
KHEBCKas» U 00CeMeHsUIH ee OaKTepHusMHU TPYyMIbl K-
meyHoi nanoyku (E-coli). IIpn kxaxmom pexume obpa-
OOTKH BCEX HCCIEIyEeMbIX XHIKOCTEH Nenaau TpH Io-
BTOpPEHHUSI.

BenmuunHBl MEX3MEKTPOIHBIX MPOMEKYTKOB B HCKPO-
BBIX Pa3psAHUKAX UMENH CIEAYIOMNe 3HAYCHUS: UI MHO-
rozazopHoro paspsaauka (M3P) BenmmunHa OTIETBHOTO
MIPOMEXYTKA — IPUOIM3UTENHFHO 5 MM, JUI TIEPBOTo 000CT-
PSIFOILETO Pa3psiIHUKA — OpUOIM3uTeabHO 20 MM, IS BTO-
poro OOOCTPSIIOIICTO pa3psAHHKA — HpUOIH3UTEabHO 20
MM. IIpu 3TOM KOJIMYECTBO 3a/1€iICTBOBAHHBIX NMPOMEXYT-
k0B B M3P cocrapinsuia oT 4 10 7 BKIFOUUTENBHO.

O0paboTka 00pa3LoB TEKyYHX IPOAYKTOB M BOJBI B
PK Bo Bcex pexuMax NpOBOAMIACH MMITYJIbCAaMH O0EHX
nonsipHocTedl. 3a nepuox 20 MC CETeBOro MEepeMEHHOTO
HalpsDKeHUS! B TEUEHHUE IOJIYIEPHO/a IOJIOKHTEIEHOTO
Hanpspkerns 10 mc B PK mocrynano mpubmmsutensHO 4
HMITyJIbCA OJHOM TOJIIPHOCTH, & 3a IOJIyNIepUo/] OTpHIa-
tenpHOTO HanpsbkeHus 10 mc B PK mocrymano npubnusu-
TEJIbHO 4 UMITyNbCa JPYTOi MOJSIPHOCTH.

Pe3yabTaThl 3KCHEPHMEHTANBHBIX HCCJIEA0BAHUIN
meton0B KBUB o6paborku (PEF-treatment). Ha puc. 6
NpUBEIEHa OCIIIorpaMMa umiyiibcoB Ha PK ¢ Mosiokom
npu 7 paCKOPOYEHHBIX 3a30pax U3 § B MHOT03a30pHOM pa3-
psnanke — M3P Ge3 BIUSIHUS 3JI€KTPOMAarHUTHBIX TIOMEX U
C SIBHO BU/IHBIM (DPOHTOM HMITYJIbCA.
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Puc. 6. TunuuHast ocouiuIorpaMMa UMITYJIECa HANPSDKEHHS Ha
PK ¢ cbippiM MoniokoM. Llena geneHust o ocu BpeMeH!
50 He/nexn; o ocu nmpouecca 20 kB/nen. B MHOro3azopaoM
paspsiIHUKE packopoueHo 7 3a30poB u3 8. 3a30p B PK d =22 mm

W3 ocmuuiorpaMMbl  CIEAyeT, 9YTO MAJIUTEIHLHOCTD
(hpoHTa IMITyITECa B MOJIOKE COCTaBIIsieT mpuMepHo 20 He,
a JJIMTENBHOCTh UMITYJIbCA MO OCHOBAaHHIO JIO IIEpexoja
yepe3 HyJdb coctaBisier mpumepHo 300 HC. Ammiuryaa
MMITyJIbca HanpspKeHus — He Meree 60 kB. Otcrona crnexy-
€T, YTO aMIUTUTYJIa HAPSHKEHHOCTH 3JIEKTPUYECKOTO TMOJIs
B MoJoke 60/2,2~27,3 kB/cM. BakHO H TO, UTO B MOJIOKE,
KOTOpOE WMEET YJIEJIbHOE COIPOTHBICHUE MEHBILE, YeM
BOJIONIPOBOJIHAS. WJIM CTOJIOBasi BoJa, opma MMITybca —
ciabo xonedaTenpHasl.

Ha puc. 7 npencrasieHa THOMYHAS OCLMILIOrPaMMa
AMITYJIBCHOTO HanpspkeHus Ha PK ¢ Bojoi, o6ceMeHeHHOM
E-coli. OcumnmorpaMma rmoirydeHa MpH MOMOIIN IH(PO-
Boro ocimyuiorpada Rigol 1102 E.

W3 ocumsmiorpammel Ha puc. 7 ClelyeT, YTO aMILIH-
Tyna HampsbkeHus Ha PK c Bomoil B maHHOM pexmnmMe
KBUB o6pabotku He MeHblie, yeM 72 KB, minTenbHOCTh
UMITyJIbCa 10 OCHOBAaHMIO COCTAaBIISICT HPUOIU3UTEIHHO
1200 Hc, a hopma UMIyNbCa — allepHOIUYECKast, OJHOIIO-
JIsipHast, Yepe3 HyJeBYIO JIMHUIO He repexoaut. Hynesas
JIMHUS yKa3aHa Ha pUcC. 7 ¥ Jlajiee CTPENKOH, pacioIoKeH-
HOH CJIeBa OT OCHWJIIOTPAMMBI.

RIGOL STOF

F =T .Gal

SEEEE 16.6U(5 Time 288.8hs G40.00065
Puc. 7. Tunnynas ocuusuiorpaMma UMILyJIbCa HAPSHKEHUS Ha
paboueii kamepe ¢ Bogoit «Codust KueBckas, 00ceMEeHEHHOH

E-coli. lena nenenus mo ocu Bpemenu 200 He/melr; o ocu mpo-
necca 20 kB/nexn. B MHOr03a30pHOM paspsiiHUKE pacKOpOYEHO

6 3a30poB u3 8. 3a30p B PK d=22 mMmM. Mcrionb30BaH HU3KOOMHBIN

PE3UCTUBHBIN IENTUTEIb HANPSHKEHHs ¢ Ko duimeHTom

nenenus k, ~ 2000

JIBa IONOJNHUTENBHBIX BCIJIECKA HA CIIA/Ie UMILYJIbCa
Ha 3TOH OCIMJUIOTpaMMe, a TaKkKe Ha JPYTHX OCIHIIIO-
rpamMMax, 00yCJIOBJICHBI HAIMYNEM TPEX BBICOKOBOJIBTHBIX
€MKOCTHBIX HAaKOIMTEINCH: OCHOBHOTO M JABYX 00OCTpsitO-

mux. OpoHTOBAasI YacTh UMITYJIbca OOYCJIOBJIEHA TOCIeI-
HUM (BTOPBIM) KacKajoM OOOCTPEHHS CO BTOPBIM 00OCT-
pAOIMM €MKOCTHBIM HAaKOIIUTEJIEM, HepBin/lI JOITIOJIHU-
TEJBHBIA BCIUICCK HA CIAJe UMITYJIbCAa OOYCIIOBJICH HAJU-
YHeM IEePBOro Kackajga 000CTPEeHHUs C MEPBBIM 000CTPSIFO-
[IMM €MKOCTHBIM HAKOIHUTEJEM, & BTOPOH JOMOIHUTEb-
HBIA BCIUIECK HA CIajie MMITYJIbCa OOYCIOBIEH HATUIUEM
OCHOBHOT'O BBICOKOBOJIETHOT'O €MKOCTHOTO HAKOITUTEJISL.

Pe3ynbTaThl MHUKPOOHOJIOTHYECKUX AHAIHU30B BOJIBI
MIpUBEICHHI B Ta0M. 1.

Tabnuua 1
ObHapysxeHue Oakrepuii cemeiictsa E.coli B Bone

HammenoBanwue | Pesynbraret | Pexxum 06- | Pexum | Bpems

MoKasarelss | uccuenopa- | paboTku | 0OpaboT- | obpa-
(emUHHAIBI 13- HUH, npubIu3N- | KU pac- | OOTKH

MEpeHus KOE/cm® TENbHBINA, | YeTHBIH, | (¢, C)

KOE/cm®) (E, xB/cm) |(E, xB/em)
Bona
CTCPHITBHA. 210 30 20,09 | 10
Pa3Benenue
E.coli 10°
Bona
CTepUITbHASL. 0 30 318 20
Pa3Benenue
E.coli 10°
Bona
CTepUIIbHASL. 60 30 19.0 10
Pa3Benenue
E.coli 10
Bona
CTEepUIIbHASL. 0 30 1.8 20
Pa3Benenue
E.coli 10

*[Ipum.: KOE — kooHneo6pa3yromnme eIuHAIb.

Ha puc. 8 mpencraBneHa THIIMYHAs OCLMJUIOrpaMMa
HMITyJIbCHOTO HanpspkeHust Ha PK ¢ MonouHo# chIBOPOTKOI.

£

RIGOL STOF F -7 .6al

+ i

[CH 1] Time 208.8ns §+0.0060s
Puc. 8. TunuyHas ocHUIIIOrpaMMa UMITYJIbCHOTO HAIIPSDKEHHS
Ha PK ¢ monouHo#t ceiBopoTkoit. LleHa ieneHus no ocu BpeMeHu
200 uc/nmen; mo ocu nporiecca 10 kB/ nen. B MHOro3azopaom
pa3paaHUKe pacKkopodeHo 6 3a30poB u3 8. 3azop B PK d=22 mm.
Hcnonb30BaH HU3KOOMHBIN PE3UCTUBHBIN JETUTENb HATIPSHKEHUS
¢ ko3 unmentom genenus k, ~ 1000

1@ .81

JMuTenbHOCT UMITYJIbCA IO OCHOBAHHUIO Ha OCIIHII-
sorpamme (puc. 8) mpubiusutensHo 350 He. Dopma UM-
IyJbca — KoyiebaTeabHasi ¢ OOJBIINM JEKPEMEHTOM KOJIe-
OaHMi. AMIUIMTY/a MMITyJbca HAIlpsHKEHUsl Ha 3TOW oc-
muiorpamMme — npubnmsurensHo 45 kB, a ammumryna
HaTPsDHKCHHOCTH — puomm3uTensHo 20,45 kB/cMm.

56

ISSN 2074-272X. Enexmpomexuika i Enekmpomexanika. 2018. Ne3



Ha puc. 9 npezncraBieHa TUIHYHAS OCHMIIIOIpaMMa
UMIyJI6CHOTO HanpspkeHus Ha PK ¢ crIpbIM MoTOKOM.

RIGOL STOP £ B -7.58U

BEEER 16.6U |3 Tine 208.6ns G46.00005
Puc. 9. Tunuynas ocusIOrpaMMa UMITYJIbCHOTO HAaNPsKEHUs
Ha PK ¢ cbippiM Monokom. LleHa neneHus o ocu BpeMeH!
200 uc/mem; o ocu npouecca 10 kB/men. B MEHOT03a30pHOM
paspsAHUKE pacKopodeHo 6 3a30poB u3 8. 3a30p B PK d=22 mm.
Hcnionp30Barcs HU3KOOMHBIH PE3UCTHBHBIIN JEIUTENb
HaIpsDKEeHHs ¢ KodhduimeHToM nenenus k, = 1000

Pe3ynbpraThl MHUKpPOOMOJOTMYECKMX aHAJIU30B MO-
JIOYHOHN CHIBOPOTKH, 0OpabotanHO# mpu momomu KBUB
AMIYJIbCaMH, 00pa3er-ocumwuIorpaMMa KOTOPBIX TIpel-
CTaBIICH Ha pUC. §, IPUBEICHHI B Tabm. 2-5.

Tabnuua 2
PesynpTaThl aHANHM30B 1O BBIABICHUIO OaKTEpuUil cemencTBa
E.coli 8 monounoii ceiBopotke nocie KBUB o6paboTku

HaumeHoBaHHE IMOKasatens, CAMHMIBI u3- | Pesynbrar,
mepennst KOE/es® E.coli KOE/cM®
mpu E~30 kB/cMm, obmem BpeMeHu oOpa- 30
6oTkH =10 ¢ U pa3BeIcHUU 10°

npu E~30 kB/cM, obuiem BpemeHu o0pa- 0
GoTku =20 ¢ u passenernn 10°

npu E=~30 xB/cMm, obmem Bpemenu obOpa- 20
6otku t=10 ¢ u pa3BegeHUH 108

mpu E~30 xB/cMm, obmem BpeMeHu oOpa- 0
60TkH =20 C U pa3BeICHUU 10®

U3 tabn. 2 cnegyer, uto nmociue KBUB obGpaboTku
MoJouHON chriBopoTkH B PK B Teuenue 20 ¢ BBICOKO-
BOJIFTHBIMH HMITYyJIbCaMU (CM. pHC. 8), TapaHTHPOBAHO

MIPOUCXOIUT MOJIHAsE MHaKTHBaIus O0akrepuii E. coli. ITpu
00paboTke B TeueHre 10 ¢ ocTaroTcs HE MHAKTUBUPOBAH-
HeiMu OT 20 10 30 koJoHMeoOpa3yromux eauHuil. T.e.
MOJTBEPKIEHO DKCIEPHUMEHTAILHO CYIIECTBOBaHUE pe-
KUMa TIOJIHOMl TapaHTHPOBAHHON MHAKTUBALIMK NpHU
KBUB - o0paborke mpoaykroB. B KOHTponbHBIX (HE
obpaborannpix npu nomomu KBHUB) o6pasmax moinou-
HOW CHIBOPOTKHM HaOJroancs CIUIOMIHOM pocT OakTepuit
E.coli (>>1000 KOE/cm?).

JmITenbHOCTh MMITYJIbCa MO0 OCHOBAHWIO Ha OCIHII-
morpamme Ha puc. 9. npubmmsurensHo 350 He. Dopma
UMITylIbca — KojeOaTenbHas C OONBIIMM JEKPEMEHTOM
kosiebaHuii (cabo KosebarenbHasH). AMIUTUTYIA UMITYJIb-
ca HamnpspDKeHHs Ha 3TOW OCHUJUIOrpaMMe — HpUOIH3H-
TenbHO 60 kB, a amMmmuTyaa HanpsPKEHHOCTH — MPUOIU3U-
TensHO 60/2,2~27,3 xB/cm.

PesynbraThl 1a00paTOpHBIX HCCIEIOBAHUN (HH3HKO-
XMMHYECKHX IoKa3arenei moyoka mocie KBUB o6padot-
K (cM. puc. 9) npuBeeHs! B Tab. 3.

W3 pe3ynpraToB, IpUBEACHHBIX B Tabn. 6, ciemyer,
gyro B KBUB-00paboTtanHOM MoOJOKe ecTh (hepMeHT Iie-
pOKcHa3a, OTCYTCTBHE KOTOPOTO XapaKTEpPHO UIS TOILIC-
HOTO, YJIbTPANacTepU30BaHOTO, CTEPHIN30BAHHOTO MOJIO-
Ka, TO eCTb MOJIOKa, KOTOpOe I0oAmaBajoch 00paboTke
oonpmumu Temnepatypamu (6osbiie 100 °C). Oanako, B
KBHB-00pab0oTaHHOM MOJIOKE HE BBIABICH (EPMEHT
¢docdarasa, OTCYyTCTBHE KOTOPOTO XapaKTEPHO JJIS MacTe-
pu3oBaHHOro Mojioka. Kpome Toro, m3 naHHBIX Tabn. 6
ClIeyeT, 4TO Konn4ecTBo BuTamuHa C, BeCbMa YyBCTBH-
TEJIFHOTO K pa3inuyHbIM oOpaborkam, nocie KBUB-
00paboTKH COXpaHIIOCH Ha YPOBHE, OTBEUAIOMeM Tpedo-
BaHUSIM HopMatuBHOW pokymeHTammu (HJI), To ectpb
KBUB-o6pabotka — msArkas oOpaborka. Bce aHamm3sl
(MUKPOOHONIOTHYECKHE W CAHUTAPHO-TUTHEHUYECKHE) 00-
pabOTaHHBIX U KOHTPOJIBHBIX MPOO BOAOCOAEPIKAIINX IMTH-
LIEBBIX MPOAYKTOB M BOJABI MPOBEIH CHELUAIHCTHI KOM-
MyHaibHOTO  mpennpusatust — «Camsnuacepsuc»  (KII
«COC», r. XapbKoB). DTO NpEIIPHUITHE AKKPEIUTOBAHO
HannoHanbHBIM areHTCTBOM YKpauHBI 110 aKKpeAUTaluu
(arrecrar akkpeanTanuu Ne 2H1207 ot 25.02.2015 1.).

Tabmuma 3

Ou3MKO-XMMHUYECKUE MTOKA3aTeNN UCXOIHO ChIporo Moioka rnocine KBUB o6pabotkn

HanmenoBanue mokasare-
JIs1, €AMHULIB] H3MEPEHUSI

H/I Ha MeTo1bI UCTIBITAHUI

Pesynbrar uccnenona-
HUS

3HaYeHUE MOKa3aTess CootserctBue H/|

corsracao HJI

1 2

3 4

Onpe}leneHI/Ie MaccoBOl yactu ButaMuua C TUTPUMETPHUUCCKHUM METOAOM B NMIIEBBIX NPOJAYKTAX

MaccoBas 4aCTb BUTAMH-

1 I'OCT 30627.2-98
Ha C, MJITH

5,0

HE PErJIaMEHTHPOBAHO coorBercTBYeT H/

O

CCIICHUEC TICPOKCU A3l METOAOM KAaY€CTBCHHOI'O aHAJIM3a B MUIICBBIX MPOAYKTAX

TIepokcuaasa AJjis TOoIie-
HOTO, YJIbTpanacTepuso-
BaHOI'0, CTCPUIN30BAH-
HOI'0O MOJIOKa

JACTY 7380:2013

BBIIBJICHA

OTCYTCTBYET HE COOTBETCTBYET

Omnpenesnenne gocdarazbl MOJIOKA U MOJIOYHBIX MPOIYKTOB

METOJAOM KAa4Y€CTBCHHOI'O aHAJIM3a

¢docdaraza s nacrepu-

JACTY 7380:2013
30BaHHOTO MOJIOKA

HC BLISIBJICHA

OTCYTCTBYCT COOTBETCTBYET

JHeprernyeckas IP(PEeKTHBHOCTH BBICOKOBOJIbLT-
Horo makera KBHUB-ycraHoBkM. DHepreTmyeckas 3¢-
(EeKTHBHOCTD OTNpPEeIsIeTCs] JBYMSI COCTABIISIOIIUMU: Bbl-
COKOM CTeNeH! MUKPOOHOJIOTHIECKOT0 (MUKPOOHATBHOTO)
o0e33apaxuBaHusi 00pabaThBaeMOro MPOJyKTa IpH JaH-

HOM YyJETBHOM SHEProBKJIa/Ne W YMEHBIICHHOTO yIEIBHO-
T'O DHEPrornoTpeOICHNs 0 CPABHEHUIO C U3BECTHBIMH Me-
ToAaMu (HampuMep, TETUIOBOM CTepUIIM3aIlMeil U macTepH-
3anueif). [IepBylo COCTaBISIONIYI0 MOXKHO OIICHHUTH, IPO-
Beas KBUB-00paboTtky ¥ clellaB  COOTBETCTBYIOIINE
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MHUKPOOHOJIOTHYECKHE aHATU3bl 00Pa00TaHHOTO MPOIYKTa
(BOIBI, MOJIOKA, MOJIOYHOH CBIBOPOTKH). BTOpyro cocTas-
JISIIOILYI0 DHEPreTHUECKON A((PEKTUBHOCTH MOXKHO Olie-
HHUTB, UCXOJIl U3 TOTO, Kakas 4acTh SHEPTUH, NOTpeOieH-
HOM u3 cetu »snekTponutanus KBUB-ycranoBkoi, moc-
taBieHa B PK u Tam BeIgeneHa, mpuBens K TpeOyeMoit
CTENIEHN WHAKTHBAllMM MHUKpOOpraHm3MoB B Bojue. Ilo-
CKoJbKy BO Bcex anemeHtax KBUB-ycraHoBku, B TOM
YHclie B BRICOKOBOJBTHBIX KOHJEHCATOpax, TpaHchopma-
TOpe W pa3psAOHUKAX BBACISIETCS cymMMapHO He Oonee 0,1
MOTPeOJICHHOW W3 CETH DHEPTUH, TO K.ILJA. yCTAaHOBKH
MOkHO orieHuTh Kak 0,9, um 90 % [4-6]. Cnoxnee ore-
HUTH CKOJIBKO k€ dHepruu BeigeneHo B PK. Caemaem 3to
Ipy NMOMOIU OCHUJUIOTPpAaMM UMITYJIbCOB HAIIPSXKCHUS Ha
PK ¢ obpabatbiBaeMbIM NpoayKTOM. THUIHYHAS OCILMIIIO-
rpamMMa HMMITyJIbCa HalpshDKEHHs Ha Kamepe ¢ oOpadatbl-
BaeMoOM BoJI0oM npuBejeHa Ha puc. 10.

-

RIGOL STOR £ B 9.8gul

v HEH

SEFEE 166U [ Time 200.8ns @40 .0060s
Puc. 10. Tunnynas ocuniuiorpaMMa UMITYJIbca HAIIPSKESHUS
Ha paboueil kamepe ¢ 00padaTrIBacMOii BOJOH

Tpu nuxa (MakcuMyMa), KaK yKa3bIBaJIOCh BBIIIE, HA
OCLIMJIJIOTPaMMe COOTBETCTBYIOT IpoLEeccaM pa3psia Tpex
emkocreit (C1, C2, C3) Ha Harpy3Ky — pabo4ylo Kamepy, B
JAHHOM ciydae 3alojHeHHYyIo Bojaod (cMm. puc. 1). Ilep-
BEIM (HaMOONBINI) THK TOcie (POHTA UMITYTIhCa — MaK-
cuMyM HampsbkeHus Ha PK BcmeactBue mocTyreHHS
SHEPrUH B KaMepy OT Hanbosee HU3KOMHIYKTUBHOTO pa3-
PSTHOTO KOHTYpa ¢ eMKOCTHBIM HakommteneM C3. Bropoii
MUK COOTBETCTBYET MPOLIECCY MOAKITIOUECHUS U pa3pana Ha
PK emxoctn C2. Tpetnii mHK COOTBETCTBYET IPOLECCY
noaximoueHus Kk paspsany Ha PK emkxoctu Cl1, Gonee yna-
nenHoit ot PK u nmeromeld HanbosbIyt0 HHIYKTHBHOCTb.

Duepruto, koropas Belensiercs: B PK 3a Bpems oOpa-
0OTKH, MO’KHO OLIEHUTbH 1O (opMyJie

E =nT [ iudt = nTiugt, (1)
rze [ — TOK Kak (YHKIHS BPEMEHHM, U — HANpPsDKCHHE Kak
(YHKIMS BpeMeHH, i, — CPEIHUN TOK, U,, — CpPEJHee Ha-
TIPSOKEHUE, ¢ — JUIUTEIBHOCTh OJHOTO WMITYJIbCA TIO TOJTY-
BBICOTE — OTPE30K BPEMEHH, B T€UEHHE KOTOPOTO SHEPTHUS
nmiynsca Boinensiercs B PK, n — gacrora cienoBanust M-
IyJBCOB, T — BpeMs 00paboOTKH.

Cuunraem, uto Boja B PK sBisercss 4ucto pe3ucTus-
HOH Harpy3koil. /[nurenbHOCTh UMITYJIBCOB ONPEAEIAETCS
U3 OCLIMIIIIOIPAMM.

ITo ocummmorpamMme HamnpsHKEHHS MOKHO HAWTH ak-
THUBHOE CONPOTHBIICHUE R, BOIBI B KaMmepe, 3Has BEJH-
YHHY BBICOKOBOJBTHOH émkoctu Cj,, B KOTOPOH IpeaBa-
PHUTENBEHO HaKaIIMBAETCsl SHEPTHsl Iociie TpaHchopMaIn
B Tpancopmarope MOM 100/100 [7]

(t/057) = Rwah'Chvs (2)
rZie ¢ — JUTHTENBHOCTh UMITYJIbCa TI0 MONYBEICOTE, a #/0,7 —
JUTTEBHOCTD UMITYJIbCA JI0 CIa/ia U3MEPSEeMON BEIMIHHBI
OT aMIUTUTYJHOTO 3HaYeHHA B e ~ 2,71828 pa3.

Hna mansao#t ycranoBku Cj, ~ 10°® ®, t = 380 HC
(cm. ocimumiorpammy Ha puc. 10). Takum odpasom

Ren = (¢/0,7)/C), = (3,8~10’7/0,7)/10'8 ~ 54,3 (Om).

YuuteiBast, 4ro u, ~ 40 B, i, Ug/ Ryven
= 40000 B/54,3 Om = 736,65 A. Otcroga BBITEKAET, YTO
mpu n =400 mmn/c, T=10c, t = 3,8-107 ¢, sHeprus E,.p,
KOTOpAasi BBIICIISETCS B KaMepe, paBHa
E,=nTiugt =400 umm/c X 10 ¢ x 736,65 A x40000 B x

x3,8 x 1077 ¢ =16 x 736,65 x 3,8 ~ 44,8 kJIx.

[Tpu sTOM cpemnsis MomHOCTL P, motpednenHas B PK
Kamepe C BOO#, COCTaBisieT npubmu3utensuo P = E,, /T =
=448 x]I:xx/10 ¢ =~ 4,5 kBr.

OHepruto Ejci, MEPBUYHO 3alaCEHHYIO B BBICOKO-
BOJIBTHOH pa3psHON nenu B koHaeHcatope Cl mepen
KXXIBIM Pa3psioM, MOKHO OIICHUTh 10 (hopMmyiie

Eicr = Claue®/2 = 10°%(50-10°)%/2 = 12,5 JIx.
OneHnM CyMMapHyIO0 3HEpruio Ecj, 3amaceHHylo B
Cl zaBpemsa T
Eci=nTE ¢, =400 umm/c X 10 ¢ x 12,5 IIxx =
= 50000 JIx = 50 x/Ix.
E/Ec = 44,8/50 = 0,896.

VYnenpHOE compoTuBieHHe Boabl B PK MoxHO orlre-

HUTB 110 popmyie

P = Rycp=S/, 3)
rae S — miomaapr nomnepednoro ceuenus PK ¢ o6pabaTsi-
BaeMOH JKUAKOCTHIO OTHOCUTEILHO HAIpaBIIEHUS MPOTE-
KaHUS TOKa, | — UIMHA MEXAIIEKTPOAHOTO MPOMEXYTKa B
PK kamepe, T.¢. ee (paboueii kamepsl) BHICOTA.

Ipu S =3,14-4,75>10*=7,1-10° ™%, [ = 1,5-10 > m:

p=5430mx 7,1 x 107 M*1,5-102 M= 25,7 Om-M.

OnernM HarpeB Af BOABI B HEMPOTOYHOU (CTalHO-
HapHO#) PK 3a 7'= 10 ¢ mpu BeIgeeHHOH B KaMepe dHep-
run E = 44,8 xJ/[x. Ecii cuutarh, 4TO TMOJOBHHA 3TOH
SHEpruy IMOIUIa HAa HAarpeB BOJBI, a Apyras MOJOBHHA — Ha
HarpeB MeTaJUIMYECKUX JJIEKTpoloB — Kpeimiek PK u ee
M30JIAHUOHHOTO ((PTOPOIIACTOBOTO) KOPITycCa, TO

E=2-cVy-At,1.e. At=0,5-E/(c-V-y), 4)
rae ¢ = 4200 Jx/(krTpan) — yaenbpHas TEIUIOEMKOCTh BO-
eI, V' — oobeM Bombl B PK, y = 10° kr/M® — mnotHOCTS
BOJIBIL.

V=81=7,110"°M"1,510" M~ 10" »’.
Taxum oOpazom:
At =0,5-44,8-10° JTx/(4200 [x/(xr-rpam)x

x107* M*-10° kr/m’) = 53,3 rpan.

ITomyueHHBIN pacueTHBIN pe3ynbTaT XOPOIIO COBIA-
JACT C SKCICPUMCHTAIBHBIM PE3yJIbTaTOM [0 HArpeBy
Boxsl B nanHoi PK mpu KBUB-o6pabotke. M3mepenus
mpoBoamrCck TectepoM M890G mpu moMoIIy TepMOIapsbL.
W3MepeHHBI Tiepenaj TeMIepaTyp OT HadaiabHOH (cTap-
TOBOM) Zy4 IO KOHEUHOH t75,5) COCTABUI Al = tnar — tyrar =
~ 74 — 20 = 54 rpag. OTcrona ciexyeT BBIBOA O TOM, YTO
MIPAKTUYECKH BCSI AJIEKTPOMArHUTHAS HEPTHs, JOUIEIIas
no PK, BegensieTcss B Hell B BUIE Temwia. JTO MPUHITUIIH-
aJbHO Ba)XHO, MOCKOJIBKY KaK 3JICKTPOMAarHUTHbIC (hakTo-
PBI (HanpsHDKEHHOCTh 3JIEKTPUYECKOT0 M MAarHUTHOTO MOJIS,
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HanpspkeHne U Tok B PK), Tak u TennoBast sHEprust sBis-
IOTCSI CHHEPrMYECKH HAanpaBiIeHHBIMHU (OAHOHAIpPABIICH-
HbIMH) (akTopamu. Takoe ojHOHANpaBJIeHHOE BO3JEHCT-
BUEC MMPUBOJAUT K YBEJIMYCHUIO CTCTICHU WHAKTUBAIUU MUK-
POOpPraHU3MOB B TEKYYHX IHILIEBBIX MPOAYKTaxX, oOpaba-
TeiBaeMbIX B PK. IIpu 3TOoM Best sHEprusi, nmocrymnaromas B
PK, ncnone3yercst o Ha3HaYeHUIO — HA MHKPOOHOJIOTH-
4yeckoe o0Oe33apakuBaHHe 00pabaTbiBaeMOro B KaMmepe
npoxykra. Ecim Teneph NpeAnonoXuTh, YTO BCE BBIE-
JMBIIEECS B KaMepe TEIJIO MPY HOMOIIHN TEIIO0OMEHHNKA
repegaeTcs B HeoOpaOOTaHHBIN MPOAYKT, HE TPOIIEIITIA
emie yepe3 PK, To koadpummeHT none3Horo AelcTBUs MO
SHEPruH 1), U1 JAaHHOTO TEXHOJOTMYECKOro Ipolecca
ne = 85-99,5 %.

BaxHpIM noKazaTesieM SBISIOTCS TaKkKe YACIbHBIC
9HEpro3arparel Ey, TO €CTh KOJMYECTBO 3aTPaveHHOMN
SHEpPruM Ha OOpabOTKYy EeIUHMIBI (HANpHMEp, €IMHULIBI
obbema wiau Macchl) npojaykra. [Ipu KBHB-o6paboTke B
MIPOMBIIIUICHHOM IPOTOYHOM BapHaHTE, KOTZa 3a/eiCcTBO-
BaH pAIMOHAIBHBIA TEIUIOOOMEH, 3TO KOJHMYECTBO BBE-
nenHolt B PK anekrpomarauTHoit sHepruu Ejy,,,, KOTOpas B
KaMepe MEepexXOJuT B TEIUIOBYIO »Hepruro. [Ipu stom
obecrieunBaercst HarpeB Afy,, NPOAYKTa B HPOTOYHOM
pexxume, ToKa oH npoTekaeT yepe3 PK, Ha HeckonbKo rpa-
nycos Llenscus (Hanmpumep, Ha 5 °C) 1 iepexon OT JOKpH-
TUYECKOM TeMIlepaTypbl A0 CBEPXKPUTHUYECKOW TeMIepa-
TYpBl NPOJYKTa, KOTOpas TapaHTUPyeT NpH IeHCTBHU
CHUJIBHOT'O BHCHIHET'O HMMITYJIBCHOT'O BJICKTPUYECKOI'O IOJIA
HEoOpaTUMYIO MHAaKTUBAIMI0 MUKPOOPTaHU3MOB.

Onenum Eg,,, 1 Ej),

Epow = c-V-y-Atg,, = 4200 JIx/(xr-Tpam)x 107 M*x10°kr/m’x
x5 rpag = 2100 JIx;
Eyp = Ego/V = cp-Atgp, = 2100 /107 v’ = 2,1-107 [/’ =
=2,1-10* kJIx/m’ = (21000/3600) kBt-u/m’ =
=583 kBru/m’.

Taxkum O6pa3OM, OIICHOYHad BEJIMYMHA YIACIbHBIX
sHepro3arpaT B npotouHoM pexume npu KBUB o6pabdot-
Ke MPOAYKTOB cocTaBisieT K, = 5,83 kBr-/M’. Tpu tpa-
JULHUOHHOI cXeMe MHKpPOOHOJIOrHYecKOro ode33apakiBa-
HHS MOJIOKa (TIpY TTOMOIIM TEIUIOBOM 00paboTKM — macre-
pH3anuy) yIelbHbIe SHEpro3arpaTsl OOJIbINE, 10 MEHbIIEH
Mmepe, B 4 paza [1, 2].

BoiBoabl.

1. Patmonanbubie pexumbl padotel KBUB ycranoBku
JUTsL OTIPOOOBAHHBIX PabOYMX KamMep HMEIOT MECTO TpH
aMIUTMTYIaX HAIPsHKEHHOCTEH HMITYJILCHOTO 3JIEKTphYe-
ckoro mons E ~ 30 kB/cM B xkuakocTu B paboucii kamepe
U TIPpU BpeMEHU 00paboTKu B TeueHune 20 ¢ BBICOKOBOJIBT-
HBIMA WMOyJIbcaMu AmuTensbHOCThIO 300-1200 HC mpH
4acTOTe CJICI0BAHUS UMITYJILCOB 71 ~ 400 umn/c.

2. Ilpu panmoHalIbHBIX peXXUMax B 00pabOTaHHOH BOJE,
MOJIOYHOH CHIBOPOTKE M MOJIOKE MOJTHOCTBIO U HEOOpaTH-
MO HMHaKTHBHPYIOTCS MOKasaTelbHble Oaktepun E.coli.
[Ipu 3TOM (epMEeHT nepoKcHa3a B MOJIOKE COXpPaHSETCH.
CrnenoBarenbHO, ONMPOOOBAaHHBIA PAIMOHAIBHBIN PEXUM
obe33apaxuBaronield 00pabOTKM MOJIOKa Msrde, 4eM pe-
JKUM TEIUIOBOM CTEPUIIM3ALUU, U IPUMEPHO COOTBETCTBY-
€T MacTepU3aLUH.

3. KomuaectBo ButamuHa C, BecbMa 4yBCTBHTEIHHOTO
K pa3linuHbIM 00paboTkam, rocjie oOpadOTKH MOJIOKA B

paLMOHANBHBIX PEXHUMAax COXPAHIETCS HAa YPOBHE, OTBE-
YaouieM TpeOOBaHUAM HOPMATHBHON TOKyMEHTALMH, TO
ectb KBIB o6paboTtka — msarkas oOpaboTka, coXpaHsio-
11ast OMOJIOTUYECKYIO M MHIIEBYIO LIEHHOCTh MIPOIYKTOB.

4. OneHovHasT BeIWYMHA YACTBHBIX JHEProsarpar
B npotouHoM pexxume rpu KBUB o006paboTke npoaykToB
cocraBisier Ey, = 6 kBr-a/M’, uro mpuMepHO B 4 pasa
MEHbIIE, YeM NpU TPAAULHMOHHOW TEIIOBOH 00paboTKe.
ITpu sTOM 5HEProdpPEeKTUBHOCTH IMPEIaraeMoro KoM-
IUIEKCA BBICOKOBOJIBTHBIX HMMITYJIbCHBIX — BO3ICHCTBUI
B 4 pa3za BBIIIE 10 CPABHEHHIO C MacTepu3aIueil.

5. Pe3ynbTarhl BBINOJHEHHBIX HCCIENOBAaHUN OTKPbI-
BAIOT IEPCIEKTUBY IPOMBIIIJIEHHOTO NPUMEHEHHUS KOM-
IUIEKCa BBICOKOBOJIBTHBIX MMITYJIBCHBIX BO3AEHCTBUIT AJIs
o0e33apakuBaronieii 00pabOTKH BOJAOCOACPIKAIIHNX TTHIIC-
BBIX NIPOIYKTOB.
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Energy efficiency of the disinfection treatment of liquid food-
stuffs by high-voltage pulse effects.

Purpose. Experimentally determine the rational modes and
energy efficiency of decontamination treatment of flowing food
products using high-voltage impulse actions in comparison
with traditional pasteurization. Methodology. We used pulse
generation method with the help of a step-up transformer, high-

voltage pulse capacitors and spark gaps with a system of peak-
ing of pulse front to obtain high-voltage pulses in working
chambers - the generator load. The pulses on the load were
measured by a low-resistance resistive voltage divider, were
transmitted over a broadband coaxial cable and recorded using
an analog C8-12 oscilloscope or a Rigol DS1102F digital os-
cilloscope with a bandwidth of 100 MHz for each. The working
chambers were filled with water, milk or milk whey and con-
sisted of an annular hull made of PTFE and metal electrodes
forming the bottom and the chamber cover having flat linings of
food grade stainless steel for contact with the food product
inside the chamber. Results. We obtained high-voltage pulses
on the generator load with a base duration of 300 to 1200 ns at
pulse repetition rates up to 500 pulses per second. We obtained
experimentally the amplitude of the voltage pulses on the gen-
erator load up to 75 kV, and the electric field strength up to 35
kV/em in working chambers with a gap of 22 mm and up to 50
kV/ecm in working chambers with a gap of 15 mm. These char-
acteristics of the pulses allowed complete and irreversible inac-
tivation of microorganisms in food liquids in working cham-
bers. Originality. We showed that there are modes of treatment
food products with the help of high-voltage pulse actions,
which allow better to preserve the biological and nutritional
value of the products in comparison with heat treatment with
their complete disinfection and at a significantly lower specific
energy consumption. Practical value. The experimental regimes
for treating milk, whey and water with reduced specific energy
consumption open the prospect of industrial application of a
complex of high-voltage pulse actions for the disinfecting
treatment of water-containing food products. References 7,
tables 3, figures 10.

Key words: generator of high-voltage pulses, transformer,
capacitor, multi-gap discharger, multichannel switch, work-
ing chamber, disinfecting food treatment.
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EnekmpuyHi cmaHuii, Mepexi i cucmemu
UDC 621.31
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H. Glaoui, A. Harrouz

SLIDING MODE CONTROL OF THE DFIG USED IN WIND ENERGY SYSTEM

This paper, presents the application of the direct vector control using the sliding mode control (SMC) on the doubly fed induction
generators (DFIG). The synthesis of the control laws is based on the model obtained by the orientation of the stator flux. The
active and reactive powers that are generated by the doubly fed induction generators will be decoupled by the orientation of the
stator flux and controlled by sliding mode controllers that have been developed. In order to rule on the validity as well as the
performance of this type of adjustment, we will check its robustness by varying some parameters of the machine doubly fed
induction. References 34, figures 9.

Key words: doubly fed induction generators (DFIG), vector control, sliding mode control.

Llenv. B cmamve npedcmaeieno npumeHeHue NPAMOZ0 GEKMOPHOZO YNPAGNEHUA C UCHONb306AHUEM YNPAGIEHUA DEHCUMOM
cxonvacenusn (SMC) na undyKyuoHHwIx 2enepamopax 060iinozo numanus (DFIG). Cunme3 3aKoH06 ynpasieHus 0CHO8AH HA MOOeU,
RONYYEHHOI C NOMOUBIO OpUEHMAYUU NOMOKA cmamopa. AKmugeHble U peaKmugHvle MOUHOCINU, 2eHepupyemble UHOYKIUOHHbIMU
2eHepamopamu  060IIHO20 NUMAHUA, PA30eNeHbl OpUeHmAayuell NOMOKA Cmamopa u ynpasiAwmca papadomaHHviMu
Konmponnepamu pexcuma ckoavyicenus. Ymoovt onpedenums 00CHMOBEPHOCHL U IPPEKMUBHOCHb OAGHHO20 MUNA PEyTUPOBAHUS,
HPOGEPAEHICSL €20 HADEHCHOCHIb NYMEM BAPLUPOSAHUA PAOA NAPDAMEMPOE MAWIUHBL 0601iH020 numanus. bubn. 34, puc. 9.

Kniouesvie cnosa: MHAyKIMOHHBIe TeHepaTopbl ABoiiHOro nutanus (DFIG), BekTopHOe ynpaBieHue, ynpaBjieHHe pPe;KUMOM

CKOJIb’KCHHUS.

Introduction. The technique of sliding mode control
(SMC) was first developed for a linear system of the second
order, and since then, the spectrum of its use has been
extended to a larger case of linear, nonlinear, discrete and
multi-variable systems [1, 2]. Variable structure control has
gained some popularity because of its simplicity and
efficiency. In such a system, the command by switching
makes it possible to bring the figurative point of the
evolution of the system on the super sliding surface. When
this hyper-surface is reached, the sliding regime occurs [3-5].

Many strategies have been developed over the past
decade to optimize the power extracted from the wind
energy conversion system. Several authors have tackled the
control problem of electrical machines operating in the field-
weakening region. For example, Taraft and all [6], Saleh
Mobayen, Fairouz Tchier [7], Ansarifar, and all [8], Bartolini
and al. [9], Benbouzid and al. [10], Seibel and al. [11] which
used the sliding mode approach to achieve active and
reactive power control. Hongchang Sun and all [12] explored
the maximum wind power tracking of doubly fed wind
turbine system based on adaptive gain second-order sliding
mode. Kassem and all [13], Belmokhtar and all [14]
proposed a dynamic modeling and robust power control of
doubly fed induction generators (DFIG) driven by wind
turbine at infinite grid. Weng and al. [15] a sliding mode
regulator for maximum power tracking and copper loss
minimisation of a doubly fed induction generator.
Abdeddaim and all [16] Optimal tracking and robust power
control of the DFIG wind turbine.

With the planned strategy, the generated wind
energy can reach twice its nominal value thanks to a fast
and reliable electric control completely robust. Indeed, by
employing an appropriate control technique where the
power produced in DFIG mode is derived from both the
stator and the rotor. In addition, the power supplied by the
rotor increases in this case by 100 % with respect to the
nominal power of the stator. However, this solution
makes it possible to maintain the operation of the wind
energy conversion system in its stable zone.

The system considered consists of a dual-feed
induction generator whose stator is directly connected to

the gate and its rotor is powered by a matrix converter. In
this paper, the sliding-mode approach to performing
active and reactive power control is used.

This last enjoys interesting strong properties such as
the insensitivity to the variations of the parameters of the
controlled part as well as to the disturbances, which can
act on this last one. Its behavior does not depend any
more than the parameters that define the hyperactive
surface of the slip. Despite having various advantages,
this control technique also has a disadvantage that limited
its use initially. Indeed, in practice, imperfections such as
switching delays and hysteresis generate oscillations
around the sliding surface. Several techniques have been
proposed to overcome this disadvantage [11, 17]. Some
consist in approximating the discontinuous function by a
continuous function in the vicinity of the switching
surface, the reduction of chattering taking place at the cost
of a loss of precision. Due to the many advantages of
variable structure control, such as robustness, speed, and
simplicity of implementation, this type of control seems
to us quite suitable for dual feed generators for which
performance can be required. Moreover, as some
parameters of the generator prove to vary during the
operation and that the load is often unknown; the control
will have to take into account these parametric
disturbances and variations to avoid a degradation of
performances [18]. The main objective of this paper is to
advance the understanding of the controlled SMC in the
wind system, by studying its behavior with wind energy
system. Taking into account many unresolved issues
associated with wind energy, the results of the analysis
and evaluation of discretization behaviors in the SMC
systems are essential for their applications in the control
of renewable energies [19].

However, the analysis and evaluation of
discretization behaviors in SMC systems has proved to be
a difficult task due to the lack of work done on this topic.
There is apparently a gap between the expected ideal
dynamic performance based on continuous-time system
models and the actual dynamic performance when the
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control system is discretized. Delay in delivery of control
signals due to discretization is the key factor affecting
control performance. This is especially true when the
control is of a discontinuous nature, such as SMC.
«Disruptive» switching may cause incorrect actions due
to the timely delivery of control signals. These behaviors
can cause serious damage to industrial control devices
such as actuators [19]. In addition, the deteriorated
invariance property can worsen the reliability of SMC
systems, making controlled industrial processes
vulnerable to unexpected environmental changes.

Issues of interest in studying discretization behaviors
in SCM systems include:

e conditions to ensure stability;

¢ steady state boundary conditions;

e system trajectory models (periodicity);

e sensitivity of trajectories to initial conditions;

e relationship between trajectory models and their
symbolic sequences;

e dynamic behavior change with respect to the
sampling period.

To our knowledge, this research is the first to
systematically study the discretization behaviors of SMC
systems, and to develop methods for controlling the wind
system based on the DFIG generator. The significance of
this work lies in the fact that it promotes the
understanding of discretization behaviors in SMC
systems, thus providing useful measures to prevent
potential behavior from occurring. It also results in new
methods useful not only for the analysis of the
discretization of the SMC systems, but also for the
synthesis of the laws of the controls as a function of the
model obtained by the orientation of the stator flux.

The characteristic feature of a continuous time SMC
systems is that a sliding mode occurs on a prescribed
manifold, or switching surface, where a switching control
is employed to maintain the state on that surface [20-23].
Since the theory has been originally developed from a
continuous time perspective, implementation of sliding
mode for sampled data systems encounters several
incompatibilities due to limited sampling rate,
sample/hold effect, and discretization errors. As a result, a
direct translation of continuous-time SMC design for
discrete implementation leads to the chattering
phenomenon in the vicinity of the switching surface.

In this paper, basic results obtained in the study of
continuous-time and discrete-time SMC systems theory
during its over twenty years history are reviewed. The
discretization issue of SMC systems is introduced.

Machine model. Flux-Oriented Vector Control
presents an attractive solution for achieving better
performance in variable speed applications for the doubly
fed induction machine in both generator and motor
operation. With this in mind, we have proposed a control
law for the DFIM (doubly fed induction machine) based
on the orientation of the stator flux, used to make it work
as a generator. The latter highlights the relationships
between the stator and rotor quantities [24-26]. These
relationships will allow to act on the rotor signals to
control the active power exchange and reactivate between
the stator of the machine and the power system.

The wind turbine rotates at a speed that depends on
the wind speed (Fig. 1). This speed is matched to that of
the electric generator through a gearbox [27, 28].

mec

Fig. 1. Wind turbine model

The output power of wind turbine is given as

A
Pm =”7cp(z,ﬂ)v3,md, (1)

where, p,, is mechanical output power of the turbine (W);
p is air destiny (kg/m’); 4 is turbine swept area (m?); /3 is
blade pitch angle (deg); 4 is tip speed ratio of the rotor
blade tip speed to wind speed; C, is performance
coefficient of wind turbine, which is the function of § and
A5 Viing 18 wind speed (m/s).
The tip speed ratio 4 is calculated as
g=Reor )
Vwind
From an engineering point of view, there are many
different representing methods of performance coefficient C,.
But they all represent C, as a nonlinear function of
and /. In this paper, C, is denoted as
_C5
o 5
C,(4,p)= Cl((T_C3(ﬂ+2~5)_C4)e "+ Gk (3)
1

where C, = 0.645, C, = 116, C; =04, C, =5, Cs = 21,

Cs=0.00912.
Variable /; can be calculated as
1 1 0.035

—= - — @
A A+0.08(8+2.5) (B+2.5)° +1
Wind turbine dynamics simulations have been run
for wind step changes. The characteristic feature of the
dependence of the wind turbine power upon the wind
speed has been illustrated in Fig. 2 (the nominal power
being 2 MW) [29].

2500

2000

1500

§ 1000
a” /
500 /
0 I
-500
0 5 10 15 20 25
v, [m/s]
Fig. 2. Static characteristic of wind turbine mechanical power

as a function of mean wind speed

For a given wind speed v,, the wind turbine power p,
and the moment m; = p, / w,.
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Model of generator «DFIG». In order to implement
the decoupling control of active and reactive power, it is
essential to transform the voltage and current of induction
generator stator and rotor from 3-phase form to dg form
under synchronous rotation coordinates. In addition, the
voltage and flux equations of induction generator are seen
as (5) and (6) respectively

d .
Vis = Ryl 4 +E‘//ds —0y Vs>

d .
Vs = Ryl gs + E‘//qs =05 v a5

. 5)
Vdr = erdr +El//dr —9,, Yars
d : )
Vqr = erqr +El//qr =0, ¥
Was = Lpd g + Ml gy ;
Vs = Lol ys + Ml .
(6)

Var = Ly d gy + Ml g5

Vagr = Lrlqr +M1qs’
where Vy, Vi, Vi and V. are respectively the dg
coordinates components of stator and rotor voltage; Iy,
I, 1y and I, are respectively the dg coordinates
components of stator and rotor current; vy, W, Wa and
v, are respectively the dg coordinates components of
stator and rotor flux; L,, L, and M = L,,.

The electromagnetic torque is expressed as:

Com =312 aslys —V g5l as) 5 ™

P=Vyl g5 — Vqslqs > (®)

0= Vqslds - Vds]qs :
This strategy consists to turn the rotor flux towards d
axis, and the stator flux towards q axis. After orientation
the stator and rotor fluxes are presented in Fig. 3

d - axis

q - axis

Rotor

Fig. 3. DFIG vector after orientation

Consequently, the two fluxes become orthogonal
and we can write:
Vs =Vss War =V¥ri Vg =Vas=0.  (9)
If resistance Ry is neglected we have:
d
Vqs :EWL]S =0, Vs =Vs.

The developed active power and reactive power can
be rewritten as follows:

P=Vly; Q:_Vslqs9
where
M L
[ds:_zldr; Iqs:_ﬁr qr>
where

M L
P=-V L_[dr; 0=V ﬁr[qr'

s

Sliding Mode Control. The term «variable
structure systemsy appears because of the particular
structure of the system or regulator used, where this
structural change in a discontinuous manner between two
or more structures.

In the formulation of any practical control problem,
there will always be a discrepancy between the actual plant
and its mathematical model used for the controller design.
These discrepancies (or mismatches) arise from unknown
external disturbances, plant parameters, and
parasitic/modeled dynamics [30, 31]. Designing control laws
that provide the desired performance to the closed-loop
system in the presence of these disturbances/uncertainties is
a very challenging task for a control engineer. This has led to
intense interest in the development of the so-called robust
control methods, which are supposed to solve this problem.
One particular approach to robust controller design is the so-
called sliding mode control technique.

The behavior of nonlinear systems with
discontinuities can be formally described by the
generalized state equation:

X(6)=F(x,,U), (10)

where X eR” is the state vector, ¢ time and is the
function describing the evolution of the system over time.
This class of system has a term which represents, at the
same time, the discontinuity and the control: U.
Historically, the first regulators built on this model
have been simple relays. Easy to implement. They have
led the automation engineers to develop a theory that can
describe such an operation. The bases of such a theory
have been laid: it suffices to say that the behavior of the
system is described by two distinct differential equations,
depending on whether the equation of evolution of the
system is greater or less than a surface called hyper-
surface (increased surface) switching where:
S(X) = (S1(X), S(X),.....8,,(X))..

So we have

Ut(x,r), if S(x,t)>0;
U(x)= (), if - S(xr)> (1)
U (x.), if S(x.,7)<o.
We consider a nonlinear system defined as
(1) = /() + blx Du(x,1) (12)

where x is the state vector and are nonlinear functions and
is the control input f{x, ¢), b(x, t)u.

To design a sliding mode control law, we must firstly,
choose the switching surface (Fig. 4).

ép

**** L Switching surface

Y

v e

/’
’,
7’

Equilibrium point

s=0
Fig. 4. Sliding mode in a phase plane

ISSN 2074-272X. Enexmpomexnixa i Enexmpomexanixa. 2018. Ne3 63



We take the general form proposed by Slotine [24]:
d (n=1)
S= (— + ﬂ} e,
dt

where e = x — x, is the tracking error; is x, the desired
state, is n the system order and A is a positive coefficient.

After choosing the sliding surface, we must choose
the control law where the reaching condition defined by
Lyapunov equation satisfied

§§<0 Vvt

The control law has the following form.
Thus, the vector control to be applied to the system
is obtained by adding two control terms such as
U=Ug +U,, (15)

where U,, on the sliding mode; U, allows to influence the
approach mode.

In order that the condition (19) is verified at any
time, is chosen as follows [32] (a complete study of
sliding-mode with ERL can be found in [32]

(13)

(14)

S=—— (16)

k S
» Sat(;] .
8 +(1—50)e“"‘s |

where £ is the discontinuous gain,

is the desired reaching time, >0, 0<&<l and p>0,

S). . .
sat g is the saturation function

1, if E>1;
¢

sat[ﬁJz E, if —1££$1;
¢ ¢ ¢

-1, 1if £<—1.
¢

(17)

The use of saturation function instead of sign
function is justified to avoid chattering phenomenon.

The sliding mode applied to DFIG. We will use
this technique to control the rotor currents of DFIG with a
strongly coupled model [33, 34] (Fig. 5).

|
Wy Ps
£

1 ["q Ps

)

|
]
o

*

1z
R+ pile =75 L.
G :

L2
wr(ly =77

Is
R, +p(L,— 7
.

Fig. 5. Global scheme mode of the DFIG control

Recall the model of DFIG in Park's Den which is
given by the following equations:

Vo = RIy 40l g
dgs = Nslags + d + @Oy - DPyyss

(18)
dgr _ .
qur = Rsldqr +T+ @y - q)dqr’
q)dqs:ledqs+M'ldqr; (19)
chqr :Ls[dqr +M'[dq5'

The vector of the state variables chosen for the
control of the machine is given by:

The model of the machine with the consideration of
the state variables is given by the following equations:

Vds
Vas _
Vdr
Vr
[ M Ao
Ry -a® 4 — R, ~C(L,‘01dr +ml/qu—wx(bqs + dtds :

do
Ry -a®, — R, »c(L,o’Iq, +LLV‘JSJ+ 0, ® g +—;

NoR dt

M M dly,
R, ~b(Lr0'1d,. + Lo Ves J -R, - c®y -0, (Lralq,. + E Vis J +L.o dt’ ;

s%Ys

M M dl,,
R, .b[L,,oiq, o de]fR, oD +w,[L,a]dr +EVqu+L,a o
1 1 M
a=—,b=—,c= .
oL, oL, oL,L,

The state model of the machine is put in the
following form:

X :f(x,t)+g(x,t)(/dq; (20)
oy
dt (1 0 o0 0 |
dP g 01 0 0
X- dld; gle)=|0 0 G% 0 |;
dr 00 0 !
dl,, L oL, |
L dr

qu = [V ds Vqs Vdr Vqr J ;

qu J + ws(qu

M
=R -a® 4 + Ry -C[LrO'[d,. + 1

§Ts

M
—Ry-a® g+ R -C[Lralqr +—Vdsj—ms(1)d5
Lo,

§Ts

! -R.-b L,a[d,-%-diS + R, Dy +w, L,O'Iq,-%-inS
Lo Ly

§S
M
v,
Lo, * D

Sliding surfaces in the Park marker are defined to
control the rotor currents. They are given by the following
equations:

1 M
oL [— R, -b(L,an, o Vds)+ Ry Dy, — w,[L,.o{d, +
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Sy = ,1([ drref — I drl pa.rametric Variatiogs on ’tl}e performance of the
5 - A(I 7 adjustment. We consider variations on all parameters that

g ~ Nqrref T iqr can undergo changes (stator and rotor resistors, stator,
where V. and V,, are the two control vectors, to force the  rotor and mutual inductors, and moment of inertia).

system path to converge to surfaces Sy, = 0. The results of the test of robustness to variations of
The control vector Uy, is obtained by imposing S,, =0 the reference power simulation obtained show that
Flreo)+ gl dg =0 (21)  decoupling is ensured at all times of the active and

reactive powers, despite the presence of slight oscillations
—(— R, ~b(L,.o-1d, +LLV[F] +R, Dy + a),.[L,crIq, +LLVdS J] which are due to the Chattering phenomenon (Fig. 7).
5@y s Dy
U

eqdg = "
_ [Rr . b[L,o‘[m. ) R ey — (ur[L,U]d,. + Lo Ves ]]

To have good performance, good dynamics and
good switching around surfaces the control vector is
imposed as follows:

qu = queq +Ksign(qu) . (22)

Simulation results. The figures below (Fig. 6)
represent the different curves by the simulation of the
DFIG with sliding mode controllers.

B I i
s

10

Rotar cureem i (4]

Fig. 7 Results of the system with the function sign

: . The results obtained in Fig. 8, 9 show that
o . decoupling is ensured at all times of the active and

‘ | | -+ reactive powers, despite the presence of slight oscillations
L] that are due to the Chattering phenomenon.
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Fig. 6. Simulation results of the system GADA and voltage
inverter
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Its characteristics have allowed us to cite the ' L ‘ L w : w w ] ]
performance of regulators in sliding mode, such as:

e good continues stator currents compared to
references;

e perfect decoupling between the two components of
the stator current.

Therefore, the control of the active power of the
stator is by the direct component of the current, while the v m : 4 2
reactive power of the stator of the quadratic component of
the stator current.

In order to test the robustness of this control Conclusion. In this paper, a complete system for
structure by sliding mode, we studied the influence of  glectrical energy production has been done via wind

Fig. 9. Robustness test for a variation of R,
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turbine by use of the doubly fed induction generator
(DFIG). The studied system has been formed of a DFIG
with stator and rotor, which in that stator has connected to
the grid directly, machine converter and grid converter.
With the consideration of turbine variable velocity state
and design controller for DFIG in form of using of the
sliding mode.

Firstly, we have introduced the simplicity of the
control variable structure by sliding mode non-linear
switching surface. Then, we are interested more closely in
the application of this type of control on the asynchronous
machine with double feeding. The setting of the active
and reactive powers by the sliding mode brings a
remarkable improvement and good system performance
with DFIG.

The results of the simulations obtained are evaluated
and carried out using the Matlab / Simulink software and
show the performance and the effectiveness of the
proposed control.
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N.B. Huxesckuii, B.. HuwxkeBckuit

METOJIUKA HATYPHBIX U3BMEPEHUI COIMPOTUBJIEHUS 3A3EMJISIFOILET O
YCTPOUCTBA

Po3znanymo eumipioganus onopy 3a3emato8anbHUX RPUCPOTE PI3HO20 NPUHAYUEHHA 34 0ONOMO2010 MPbOXE1eKMPOOHOI YCMAaH08-
Ku 6 peanvhux ymosax. Ha ocnosi suxopucmanns mpboxenekmpoonoi ycmano6Ku npeocmasienHo 00rpyHmyeaHHs MemoouKu eu-
MIPIOGAHHA ONOPY 3A3eMAI08ANBHO20 NPUCMPOIO 0Y0b AKOT KOHCIMPYKUYIT 6 006INbHIN CMpPYKmMYypi [pyHmy. 3a pe3yibmamamu 6umi-
DI0GAHD UPIULYEMBCA CUCEMA PIBHAHL WLOCM 020 NOPAOKY, W0 00360JIA€ GUHAYUUMU 6]IACHI | 63ACMHI ONOPU 8 MPbOXENEKMPOOHOT
YCHAHO6YL 3 00CUMb GUCOKOI0 MOYHICHIO | €3 6I0ULyKAHHA MOUKU HY1606020 nomenyiany. bion. 9, tabn. 6, puc. 2.

Kniouosi cnosa: 3a3eMII0BAJILHUN MPUCTPIii, omip 3a3eMJIeHHsI, HATYPHI BUMIpIOBaHHSI, METOANKA, TPbOXEJIEKTPOIHA YCTAHO-

BKAa, TOYKA HYJIbOBOT0 MOTEHIIiaTy, CHCTeMA PiBHSIHD.

Paccmompenst usmepenusn conpomueneHusn 3a3eMaaiouux yCmpoucme paziuuHoz0 HA3HAYEHUA C ROMOUBIO MPEXIIEKMPOo-
HOUl ycmanosku 6 peanvhvix ycnosusx. Ha ocnose ucnonv3oeanus mpexinekmpooHoil yCmanoeKu npedcmasieno 060CHosanue
MEMOOUKU UMeEPEHUA CORPOMUGTEHUA 3A3EMIAIOULE20 YCHMPOUCMEA NI060T KOHCIMPYKUUU 6 NPOU3E0IbHOU CMPYKNype 2PyH-
ma. Ilo pesynomamam usmepenuii peuwtaemca CUCmema ypasHeHuil Iecnozo nopaoKa, 4mo no3eonsien onpedenums coocmeeH-
Hble U 63aUMHble CONPOMUGNEHUA 6 MPEXINEKMPOOHOU YCMAHO6Ke C OOCINAMOYHO 6bICOKOI MOYHOCMbIO U 6e3 OMbICKAHUA
mouKu nyneozo nomenyuana. butn. 9, tabun. 6, puc. 2.

Kniouesbie cnosa: 3a3emiisitoliee yCTpoiCTBO, CONPOTUBIIEHHE 3a3eMJIeHUS], HATYPHbIe H3MepPeHHsl, MeTONKA, TPeXIeKTPO/I-

Hasl YCTAaHOBKA, TOYKA HYJIEBOI0 IOTEHIMAJIa, CUCTEMA ypaBHeHnﬁ.

BBenenne u nocranoBka npooJsemsl. B Hactosiniee
BpeMs IS W3MEPEHHS CONPOTUBICHHUS 3a3eMIISIOMINX
ycrporictB (3Y) momyuymia IMIHPOKOE PacIpOCTpaHEHHUE
TPEXdIEKTPOIHAs M3MepUTeNnbHas ycraHoBka [1]. OmHoit
U3 TJaBHBIX 33/1a4, KOTOPYIO HEOOXOJMMO PEIIUTh ISt
MOoJIy4yeHus ¢€ MOMOLIbIO 3TON YCTaHOBKH JOCTAaTOYHO
TOYHBIX PE3yJIbTAaTOB, SIBISETCS, KaK yKa3aHO B paborte
[2], mpaBWIBHBI BHIOOpP MECT pACIIOJIOXKEHUS H3MEpH-
TENBHBIX 3JCKTPOJIOB, T.€. TaKas WX PACCTAHOBKA, MPHU
KOTOpPOH U3MEpPEHHOE 3HAYEHUE COMPOTUBIEHUS OTIMYa-
€TCsI OT €ro HCTUHHOTO 3HaueHus He Ooree yem Ha 10 % B
Ty WIH UHYIO CTOpoHY. OJHAKO B pse CiIydaeB M3Mepe-
HUE CONMPOTUBICHUS 3Y TOPOACKHX W TPOMBIIUICHHBIX
MTOJICTAHLIMI TIPENICTABIISIET CEPhE3HYI0 MPOoOIIeMy U [0
HACTOSIIETO BPEMEHH.

AHaJIN3 MOCJENHUX MCCIeJ0BAHUM UM NyOJaMKa-
nuii. [IpoGnemMoil MOBBINIEHHST TOYHOCTH H3MEPEHHUs
SJIEKTPUUYECKUX TapamMeTpoB 3emid U 3Y 3aHUMAIOTCS
MHOT'HE OTCYECTBEHHBIC U 3aPYOCIKHBIC YUCHBIC.

PacuerHblit Merox ompeneiaeHus ONTUMAIbHOTO
PacIONIOKEHUS U3MEPUTENBHBIX 3JIEKTPOJOB MPU H3MeE-
PEHHH COTIPOTUBIICHUS 3a3EMIINTEINEH OONBIINX pa3MepoB
C MOMOILBIO PACCMATPUBAEMBIX MOJENIEH 3a3eMIIUTENEH
AMEEeT JIUIIb OTPaHUIEHHOE IPUMEHEHHUE, CBSI3aHHOE C UX
BHEITHUMH oMU [3].

Ha ocHOBaHMM KpPHUTHYECKOTO aHAJM3a CYIIECT-
BYIOIIMX METOJOB OIPENEICHUS CONPOTHBIICHHUS 3a3eM-
JeHuss B pabote [4] paccMOTpeH YTOYHEHHBIH BapHaHT
ero ompeneneHus. [lyreM BBeICHHs MOHATHS 0CO00H H
KBa3MAKBUITOTCHIMAIBHON 00JacTell 3a3eMIIUTENs Tpe-
JIO)KEH U SKCIIEPUMEHTAJILHO NPOBEPEH HOBBIM METOx
HU3MEPEHUs €ro conpoTuBieHus. OQHAKO MpeaIoKEeHHbIN
METO/1 B Psi/IE CITy4yaeB HE MO3BOJISIET BHINOIHUTH U3MEpPe-
HUS COTIPOTHUBIICHUS 3a3eMJIIOIINX YCTPOWCTB C MPHEM-
JIEMOM TOYHOCTHIO.

B pabote [5] mpemnoxkeH METOA MOBBIIIEHHON TOY-
HOCTH JUIS WU3MEPEHHUS CONPOTUBICHUS 3a3eMJICHHUS MO~
cTaHuuu npu npucoenuHennn JIOII mytem wm3mepeHus
TOKa B 3a3€MJICHHH C TIOMOIIBIO pa3pabOTaHHOTO CIIELH-

ITBHOTO OECIPOBOIHOTO JaTYHWKa TOKA, UCIOIB3YIOIMIETO
GPS. Hecmotpst Ha TO, 4TO ONMpOOOBaHKME METOA Ha JCH-
cTByromeil moacrannuu 500 kB moarBepamio ero mpa-
BOMEPHOCTB, B OT/ICJIbHBIX CIIy4asX €ro MpUMEHEHHE BHI-
3bIBAET MHOTO BOIPOCOB M TpeOyeT Cephbe3HOro W Jie-
TaJILHOTO aHaJIN3a.

le/lHLlI/lHl/Iaﬂ])Haﬂ BO3MOXHOCTb TOYHOI'O HU3MEPC-
HUS CONMPOTHBIICHUS 3a3eMJIUTENSI OTMEUYCeHA B pabore [6].
OmHaKO, K COXAJICHUIO, U B 3TOM CIy4ae HE0OXOIUMO
OyIeT ompenensTb MECTONONOXKECHUE ITOTCHIUAIEHOTO
ANIEKTPOAA IyTeM MHOTOKPATHOTO OTBICKAHUS TOYKH HY-
JIEBOTO MOTEHIIAAIA HA MECTEe U3MEPEHUH.

MatemaTideckoe MOAEIMPOBAaHUE Mpollecca M3Me-
PEHHUI COTNPOTHBICHUS 3a3€MIIMTENS TOKY IPOMBINLICH-
HOW YacTOTHI B MHOTOCJIOHOM TpyHTE Moka3aio [7], 9To
BBIOpATh TaKOE PACIIONOKEHHE AIIEKTPOAOB, IIPH KOTOPOM
M3MEPEHHOE CONPOTHUBJICHUE 3a3eMJIMTEJISl PaBHSETCS
HUCTUHHOMY, 3KCIICPUMEHTAJIBHBIM IIYTEM IIPU U3MEPCHU-
SIX Ha MECTHOCTH HEBO3MOIKHO.

B pabote [8] mpuBOAUTCS TEOpETHYECKOE, a Ha OC-
HOBE HCIOJB30BaHUS METOJAa (PU3MUECKOTO MOJIEIIUPOBa-
HUS B pabore [9] mpencTaBIeHO SKCHEPUMEHTAIBHOE
000CHOBaHHE HOBOT'O METOJa M3MEPEHHSI COMPOTHBIICHHS
3a3eMJIMTES] C TOMOIIBIO TPEXAIEKTPOAHON W3MEpH-
TENBHOM yCTAaHOBKH IPHU JIFOOOM XapaKTepe HEOTHOPO.-
HOCTH I'PYHTa, JII0OBIX pa3Mepax u koHpurypauuu 3V u
MPOU3BOJIFHOM PAa3MEIICHUH H3MEPHUTEIBHBIX 3IIEKTPO-
JIOB 0¢3 OTBICKAHHUS TOUKH HYJICBOT'O MOTCHITHATIA.

Leanio padoTsl sBisieTcst pa3padOTKa METOIUKH
HaTYpHBIX M3MEPEHUN COIPOTUBICHUS 3a3¢MIIATENS C
MTOMOIIBIO0 TPEXAIICKTPOTHON M3MEPUTEIHHON yCTAaHOBKH
0e3 OTBICKaHUs TOYKU HYJIEBOTO IMOTCHIHATIA.

Pexomenayemasi MeTOAMKA HATYPHBIX H3Mepe-
HHUi B rpynme 3azemJjuTesieid U 00padoTKM pe3yJibTa-
TOB M3MEpPEeHMil 1Js TOJy4YeHUs] BeJIUYHH COOCTBEH-
HBIX W B3aMMHBIX CONMPOTHBJIEHHI B TPeX3JeMeHTHOM
cucreme. [loaroroBka u npoBeneHWE U3MEPEHHUM 3JeK-
TPUUYECKUX MapaMeTpoB 3Y AEeHCTBYIONINX IMOICTaHIIUI
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KJIACCOM HampspKeHUs Beimie 1 KB HOMKHBI MCKIIOYATh
OllacHBIE CHUTYyalllH, KOTOPBIE MOTYT IPH 3TOM BO3HH-
karb. Hanpumep, B ycCllOBUSX IPOMBILUIEHHONM WM IO-
POJICKO¥ 3aCTPOUKH BBIHOC 3JIEKTPOJIOB HA OOJIBIIIKE pac-
CTOAHHA CBsA3aH C BO3MOXXHOCTBIO BbIHOCA ITIOTCHIIMAJIOB,
YTO IIPEACTABISIET CEPhE3HYIO OITACHOCTb.

[TpoBona u kabenu, COEANHSIONINE NCTOYHUK DJIEK-
TPOSHEPIUH, NPHOOPHI, 3a3EMIIMTENH, OOBIYHO HMEIOT
3HAYUTENBHYIO JJIIHY, OCOOCHHO MPH OONBIIAX pazMepax
HCIBITYeMOTo 3a3eMiuTensd. [Ipu 3ToM HEeoOXOquMo co-
Omonath aBa mpaBuia [2]:

a) COeAMHUTENbHBIC JIMHAHW HEIOIyCTHMO IPOKJIaIbI-
BaTh MapajuIeIbHO WM ITOA HEOOIBIIUM OCTPBIM YIJIIOM K
Tpacce Bo3aymHbIx jgunui (BJI). ITonoxenue 37eKTpo10B
(3a3emuinTenieil), KPOME HCIBITYEMOTO, IOJIKHO OBITh BbI-
OpaHO Tak, YTOOBI COCTUHHUTENBHBIC JIMHUN OBLIM PacIio-
JIOXKEHBI 10 OTHOLIEHHIO K Tpacce BJI nmubo mox yriom,
ONU3KUM K MPSIMOMY, JIHOO B HANPaBJICHUU, MPOTUBOIIO-
nmoxkHOM Tpacce BJI, momxomsmielt k moncraHimm (10-
CJIeZTHEE OTHOCHUTCS JIWIIb K TYIIHKOBBIM TOJICTAHIIHSIM).

0) BHauayle MOHTHPYIOT TOKOBBIA 3a3€MIUTENh U TIO-
TEHIMAIBHBIA 3JEKTPOI W MPUCOCTUHSIOT K HAM COCIH-
HUTEIBHBIE TPOBO/IA. 3aTeM MX HAYHHAIOT PacKJIaIbIBAaTh
Y TOJKITIOYAIOT K HCIIBITYEMOMY.

ITo okoHuyaHuu pabOT M3MEPUTEIBHYIO CXEMYy pas-
OuparoT B 00paTHOM IMOCienoBaTeNbHOCTH. BHavane o1-
KITIOYAIOT COEIMHUTENbHBIE MPOBOJIA OT UCIILITYeMOTO 3Y
U OT mpubOPOB, 3aTeM MPOBOJA CMATHIBAIOT U JIHIIbL B
KOHIIE OTCOEIMHSIOT OT TOKOBOTO M HOTEHLHUAJIBHOTO
JJIEKTPOJIOB.

B cBsi3H ¢ U3N0KCHHBIM, METOJUKA HATYPHBIX U3-
MEpPEHUH B IpYNIE 3a3eMIUTENEH 3aKI04YaeTcs B cie-
IYIOIIEM.

Ha puc. 1 mpuBenena B miane cxeMa Il OCYIIECTB-
JeHus crocoba M3MEpPEHHsI CONPOTHBICHUS OTIEIBHBIX
B3aMMOBIIHMSIONINX 3a3EMIIATENICH B MOCIEIOBATEIEHOCTH
oneparui.

B ucxoaHOM COCTOSHMM MCHOJIB3YIOT CUCTEMY TpPEX
HE3aBUCHMBIX (IPOBepseTCS OTCYTCTBHE rajlbBaHUUECKON
CBsI3M) 3a3emymTene 1, 2, 3, KaXKIbIid U3 KOTOPHIX UMEET
cBoe 3HaueHue R, rae i = 1, 2, 3. OquH u3 3a3eMIInTeNCH
MOXeT OBITh 33JaHHBIM JJIsI U3MEPEHUS €r0 CONPOTHUBIIC-
HUS, pyTrue JIN00 yXKe CYMIECTBYIOT, JTHOO CO3IA0TCS
JOTIONTHUTENRHO. B 00mem ciydae m3MmepeHuil 3a3eMiu-
Tenu 1, 2 1 3 pacmonokeHsl B 3eMite (TpyHTe).

Hmxe paccmoTpeHa cucteMa U3 TpeX B3aUMOBIIHSIO-
IUX 3a3eMJIMTENCH B BHAC KPYIJIBIX IDIACTHH JHAMETPOM
4 M, 2 M u 3,6 M. [ImacTUHBI U3rOTOBIIEHBI U3 TIOKPBHITOTO
YTOJIIICHHOW (hOJBrOi MEHOMIacTa M Pa3MelleHbl Ha I0-
BepxHOCcTH Bojoema (30x20 M) ¢ yaenpHBIM COIIPOTHBIIE-
HHEM BOJbl p = 12 OM'M IpH pacCTOSHUAX MEXIy HUMH
0,4 M. BHayane BBINONHEHO W3MEPEHHE CONPOTHUBICHHH
3a3eMJIUTEeNeN Mo 0HOIY4YeBOM cxeme [1], T.e. o cyiecT-
BYIOIIICH METOAWKE (3HAYCHHs CM. B TaOI. 6). M3mepeHus
BBITIOJIHEHBI paHHEH BECHOM.

[1o HOBOI METOAMKE MPOU3BOIAT CEPUIO U3MEPEHUIT
B ombITax A (puc. 1,a), B (puc. 1,06) u C (puc. 1,8).

CobuparoT cxeMy HeNH IS H3MEPEHUN: BOJIBTMETP
8 ¢ MOMOIIIBI0 TPOBOIOB 7 MOAKIIIOYAIOT K Hape 3a3eMIIH-
teneit (1-2), BoasT™MeTp 10 ¢ momoIso IpoBoIOB 9 moa-
KJIIOYaloT K mape 3azemuntenei (2-3), BombT™eTp 12 ¢
MOMOIIBIO MPOBO/IOB 11 MOAKIIIOYAIOT K Mape 3a3eMIInTe-

nert (1-3). UcTouHuK 6 KOHTPOIUPYEMOTO aMIIEpPMETPOM
5 TOKa C IMOMOIIBIO0 TIPOBOAOB 4 MOAKIIOYAIOT K Hape 3a-
3emuutenei (1-2) u o0ecneynBarOT MPOTEKAHUE TOKA I10
uenu (puc. 1,a). @UKCUPYIOT MOKa3aHUSA aMIlepMerpa 5
(11.,), BombT™MeTpa 8 (U).,), Bonbr™merpa 10 (Us.3), BOJIBT-
metpa 12 (U;3). Ot 3a3eminTens 2 OTKIIIOYAIOT ITPOBOA 4,
MEepeMEeIIaloT €ro K 3a3eMIIMTENI0 3 W IMOJKII0YaT K
Hemy. OOecreunBarOT NPOTEKaHWE TOKa II0 LENH
(puc. 1,6). @ukcupyroT moka3aHus ammnepmerpa 5 (1,.3),
BonbT™MeTpa 8 (U,), BompT™eTpa 10 (U,3), BombTMeTpa
12 (U;3). Ot 3a3zemnutens 1 OTKIIOYAOT mpoBox 4, Tie-
PEMEIIAIOT €T0 K 3a3eMJIMTENIO 2 U MOAKIIOYAI0T K HEMY.
O06ecnieunBalOT NpOTEKaHWe TOoka mo memu (puc. 1,8).
DukcupyroT nokazanus amnepmerpa 5 (1,.3), BOIbTMETpa
8 (U.,), BombT™Metpa 10 (U,.3), BoabT™eTpa 12 (U.3).

Puc. 1. Cxematnueckoe pacrosoxKeHue 3a3eMiuTeneit
U MOJKJIFOUEHHE IPUOOPOB AT U3MEpeHUH

B pesynprare wH3MepeHUN IOAy4YyaeM 3HAYEHMS
napaMmeTpoB, KOTOphIE 3aHOCKUM B Tab. 1.

Ta6muma 1
Pe3ynbTaThl HaTYpHBIX U3MEPEHUN TAPAMETPOB
OmnpIT A B C
Bson Beog Beog
M3mepsiemblit UCTOYHHKA HUCTOYHHKA HCTOYHHUKA
napamerp B TOYKHU B TOYKH B TOYKHU
lu?2 lu3 2u3
I, A 112,64 — —
I3, A — 165,76 —
L, A — - 112,16
U, B 379,9 169,41 243,275
Uz, B 128,296 3514 124,273
U, B 251,638 182 367,5

O0paboTKa MpUBEICHHBIX B Tabn. | JaHHBIX MMO3BO-
JSIET MOJYYUTh BXOJHBIC COMPOTHBICHUS U KaXKIOU
napel 3a3eMJIMTENCH B CHCTEME TPEX B3aUMOBIIHUSIIOIIMX
3azemunTeneil. BxonHoe conpoTUBIEHHE NPU BBOJE HC-
TOYHHUKA MEXIY 3a3eMIUTEsIMH, HarpuMep | u 2, ompe-
JIeIIsieM TI0 BBIPKEHHIO

Rizing= Uro/ I13.

AHaNOrMYHO TOJyYyaeM 3HA4YEHHs BXOIHBIX COIPO-

THBJIEHUH R3inp ¥ Ro3inp. PE3yabTaThI CBOAMM B Tabl. 2.
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TabGiuna 2
BxopHble conpoTuBIeHHs U1 COOTBETCTBYIOUIUX T1ap
3a3eMIIMTeNeH

BXO,I(HI)IG COIIPOTUBJICHUS

Omnpenensemslii napameTp Mex Iy 3azemaurensmu, Om

R23inb
3,27

R13inb
2,11

R12inb
3,37

3HayeHne napamerpa

ITo pe3ympraTaM Tabi. 2 ¢ y9eTOM pHUC. 2 COCTaBIs-
€M CHCTeMYy TpeX ypaBHEHHH C IIECTHbI0O HEHM3BECTHBIMH
BEJIMYUHAMH TPEXAIEMEHTHON CUCTEMBI 3a3eMJIUTEIEH:

Ry + Ry = 2R12 = Riginy;
Ry + R3 = 2R3 = Riziny; (1)
Ry + Ry — 2R3 = Rosinp.

[Ipenebperas (nomymieHne) B3aMMHBIMH COIPOTHB-
neHusiMA (Ryp, Ri3 U Ry3) ¥ BIHASHUECM TPETHETO 3a3EMITH-
TeNs B TpeAenax KakIOoW Haphl, IyTeM pPEelICHUs IOIy-
YEHHOH TakM 00pa3oM CHCTEMBI TpeX YpaBHEHHIA C Tpe-
MsI HEU3BECTHBIMH, PACCUHTHIBAEM NPUOIMDKCHHBIC 3HA-
YeHHUSI COOCTBEHHBIX COINPOTUBIIEHUM 3a3emiuureneit (R,
Ry 1 R3), KOTOpBIE CBOAUM B Tab. 3.

Tabnuna 3
HpI/I6.]'II/I)KeHHLIe 3HAYCHUS COGCTBGHHLIX COHpOTI/IBJ'IeHI/Iﬁ
3a3eMJIUTeNen

CoOcTBeHHBIE cOnpOTHBICHUSA, OM
Rig Ry Ry
1,11 2,26 1

OmnpenenseMslii mapameTp

3HayeHue mapamerpa

[onyuyeHHbIC TPUOIMIKEHHBIC 3HAYCHUS COOCTBEH-
HBIX CONPOTHUBIICHUH 3a3eMIIMTENIE TIO3BOJIAIOT OLIEHUTH
OpUOMKEHHBIC 3HAYCHHUS B3aMMHBIX COMPOTHBICHHIMA
MEXIY 3a3eMJIUTENIIMU B TIpefiesiax Kakaou nmapbl. Takas
OLICHKAa OCHOBBIBAETCS HA TOM, YTO B3aHMMHOE COIPOTHUB-
JICHHE MEXIy JABYMS 3a3€MIIUTENIIMU BCETJa MEHBbIIE
HaMMEHBUIET0 M3 HUX. Pe3ynbTarhl pacyeToB CBOJUM B
TabII. 4.

Tabnuua 4
OueHKa B3aMMHBIX COMPOTUBIICHHI MEXTy COOTBETCTBYIOIMMH
napamu 3a3eMInTenei

B3aumurie COIIPOTUBJICHUS MEKAY

OrnpenensieMblil mapamerp 3azemsuressiMu, Om

R 12mut R 13mut R23mul
3HaueHue rnapaMerpa 1 0,8 1

2

R12 R\ \R23
0

1 3
R1o Rus R3o
0 0

Puc. 2. Cxema 3aMenieHus CUCTEMbI TPEX B3aUMOBIIUSIOLIIX
3a3eMJINTENICH

ITo manHBIM M3MepeHui (Tabn. 1) BeIMUHUH TOKOB
(112, 113, [23) u Hal'[p)l)KeHI/lﬂ (U12, U13, U23,), MOJIy4€H-
HBIX NPU KaXKIOM M3MEPEHUU TOKA, COCTABISEM CUCTE-
My HIECTH YPABHEHHMH C IIECTbI0 HEU3BECTHBIMH, MPE]-
CTaBIISIOIIMMHU CXEMy 3aMelieHusi (puc. 2) cHCTeMbl
TPeX B3aUMOBJIMIONINX 3a3eMinTeneid. Cucrema umeer
CIEAYIOIINIA BUA:

{ (Ri3 = R3p)Ri3 “(Ri3 - Ryp)

Ro-3)4 =| (R - Rin)- Ry

Ri3-2)4 = {(Rz - RuF% +(Rsy — Ry3)

Ri-2) = |:(Rl _Rl3)_M —(Roz = Rp2 )

Ry 2)

(Ro3 = Ria)Ra3
=| (Ry — Ry3)+ 223712003 | (. R.);
R3-0)p =| (R —Ri3)+ R, (Ry3 = Ry
(Rz—Rn)Jr—(R13 —lfu)Rlz +(Ry—Ri3);
|

Raac =

Ri3yc =| (B3 = R3y) B3 = Ro)Ry +(Rip = Ry3)
R,

[TonyuyeHHble TPUOIMKEHHBIC 3HAYCHHS MMApaMeT-
poB cxeMbl (cM. Tabm. 3 u Tabn. 4), B COOTBETCTBHH C Me-
TOJMKOH, M3JI0)KEHHOH B pabote [8], ncronb3yeM B Kaye-
CTBE HAYAILHBIX 3HAYCHUH [T PEIICHUSI CUCTEMEBI IIECTH
YpaBHEHHI C MIECTHI0 HEM3BECTHBIMU (2), y KOTOPBIX Jie-
BEIC YaCTH TIPE/ICTABIICHB HA OCHOBE U3MEpPEHHA, TpUBeE-
JIEHHBIX B Ta0I. 1, clemyromum oopa3oM.

Hanpuwmep, B ombiTe A pe3yabTaThl H3MEPEHHUN Ha-
npsbkeHud Upjs u U,z U Toka [j; mpu BBOAE HCTOYHHMKA
MEXAYy 3a3eMIUTeNSIMH | W 2 TIO3BOJISIIOT TOJYYUTh
BXOJIHBIC COMNPOTHUBJICHHUSA, T.C. JICBBIC YaCTH CHUCTEMBI
ypaBHeHHi (2):

Risa= Uiz / Iy
Rioa= U3/ 1.
PesynbraThl aHaJOTHYHBIX PacueTOB MPHU BBOJE WC-
TOYHHUKA MEXIy 3a3emiurensmu 1 u 3 (omsIT B), a Takke
3azemuaTessMu 2 U 3 (ombIT C) cBOAMM B TaOI. 5.

Tabmuma 5
Pe3ynbTaThl OIIEHKH JIEBBIX YaCTeW ypaBHEHHI ITpU BBOAE
HCTOYHUKA MEX]Y COOTBETCTBYIOLIMMU 3a3EMIUTEIIIMU

Ilonxmrouenue Touku Touku Touku
HCTOYHHKA lu?2 lu3 2u3
OnpenemnsieMbIit
TapameTp Riza | Roa | Rios | Razs | Ric | Risc
3uasenne 439159341 1,022 11,098 2,169 | 1,108
napametpa, Om

Hcnone3yst B KauecTBe HadaJbHBIX NPUOJIMKEHHBIC
3HAYEHMsI COOCTBEHHBIX (Tabx. 3) M B3aUMHBIX (Tadi. 4)
COIIPOTHBIICHUH 3a3eMIIMTENIEH M TOACTABISAS MOJIydYeH-
HBIC JIeBbIe dacTh (Tabn. 5) B ypaBHeHHs (2), pemaem
CHCTEMY ypaBHEHHUH ¢ IMOMOIMIBI0 pa3paboTaHHOU B MaKe-
Te Mathcad mporpamMmBI 11 pe3yIbTaThl CBOIUM B Ta0II. 6.

Tabmuma 6
Pe3ynbTarhl U3MepeHnii COOCTBEHHBIX U B3aUMHBIX COMIPOTHB-
JIeHUH 3a3eMiuTelieil 1o HOBOM U CyILIeCTBYOLIEH METOJUKAM U
OLIEHKA PacXOKICHUI
[Tapamerp, Om R R, Ry | R | Ri3 | Rys
Hauanwnoe 3nauenne | 1,11 | 2,26 1 1 0,8 1
ITo HoBoit MmeToguke |1,534(2,694|1,59410,525(0,464|0,565
1o cymecTByomeit 1,5 27| 16 [0,53]0,47 10,57
Pacxoxnenue, % 2,26 10,22 10,37 10,94 | 1,27 | 0,87

AHanu3upys naHHble Tabi. 6, IPUXOAUM K BBIBOLY,
YTO pe3yJbTaThl PacueTOB YAOBJIETBOPUTEILHO COIJIacy-
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IOTCSI C pe3y/lbTaTaMH MU3MEPEHUH, IOIyYeHHBIX B OIIbI-
tax. [Ipm 3TOM pacxoxneHue He mpesbimaer 2,3 %, 4ro
ABJACTCA OYCHDb XOPOIIUM PE3YJIbTATOM MOTPEHIHOCTH.
Takum o00pa3oM, TMOJIy4aeM KMCKOMbBIC BEIUYHUHBI
CO6CTBeHHle U B3aHMHBIX COHpOTI/IBHeHI/Iﬁ 3a3CMJINTC-
JIel, COCTaBJIAIOIUX TPEXVIEMEHTHYIO CUCTEMY.
BoiBoabl.
BrniepBble NpUBOANUTCS METOAUKA HATYPHBIX U3MeEpe-
HUW CONPOTHUBJICHUS 3a3€MJIIIOLLUX YCTPOICTB paziny-
HOTO HAa3HAYCHHS C TOMOILNBIO TPEXIIEKTPOIHON ycTa-
HOBKHM 0€3 OTBICKaHUS TOYKH HYJIEBOTO MOTEHIHANA.
IIpennoxeHHass MeToAMKa OOECIEYMBACT MMHHU-
MaJIbHO BO3MOJKHBII pa3HOC U3MEPHUTENBHBIX MIEKTPOJOB
3a mpeaenamMu 3Y, YTO CHUMAaeT OTpPaHHWYEHHUS IO 3a-
CTpOMKE TEpPUTOPUHU 3a TpeleNaMu HCCIeIyeMOoro 3a-
3eMJISIIOIIET0 yCTPOICTBA, B HECKOJBKO pa3 yMEHBINAET
JUINHY COEAMHUTEIBbHBIX IPOBOAOB CXEMBI HU3MEPEHUS,
YTO YBEIUYUBAET OTHOLIEHUE «CUTHAI — TOMEXH».
OKCNepUMEHTANIbHbIE HATypHBIE HM3MEPEHUs MOKa-
3aJIM, 4TO pa3paboTaHHAs METOMKA MO3BOJISET TOIYyYHTh
JIOCTATOYHO TOYHBII pe3yJbTaT BO BCEX CIIydasx H3Mepe-
HUH conpoTuBJIeHUA 3Y IEKTPOYCTAHOBOK.
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A technique of full-scale measurements of the resistance of
the grounding device.

Purpose. The measurements of the resistance of grounding de-
vices for various purposes using a three-electrode installation
under real conditions are considered. Methodology. On the
basis of the use of a three-electrode installation, a technique for

full-scale measurements of the resistance of a grounding device

of any design in an arbitrary soil structure is presented. Results.
Based on the measurement results, a system of sixth-order equa-
tions is solved which allows to determine the own and mutual
resistances in a three-electrode installation with a sufficiently
high accuracy. Originality. It is not necessary to find a point of
zero potential. Practical value. The proposed technique allows
to perform measurements in conditions of dense urban and in-
dustrial development. References 9, tables 6, figures 2.

Key words: grounding device, grounding resistance, full-scale
measurements, technique, three-electrode installation, zero
potential point, system of equations.
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KOeinei

IOXUMYYK BJIAJIUMHUP JAHUJITIOBUY

(x 80-1eTHIo CO THS POKICHNUA)

30 mas cBoit 80-yeTHUIA 00MICH oTMedaeT mpodec-
cop Kadenpsl >JIeKTpHYecKnX MamuH HarmonansHOTO
TEXHMUYECKOTO YHHUBEPCUTETA «XapbKOBCKHH MOJUTEXHH-
geckuit HHCTUTYT» FOxuMuyk Brnagumup Jlanmnosuy.

C 1962 roga IOxumuyk B.Jl. — cTyieHT-BeUEpHUK, a
MapaJulebHO — JIA0OpPaHT, MEXaHUK,
yueOHBII MacTep, MHXEHEp U 3aBe-
oyt mabopatopuedt  kadeapsl
IEKTPUIECKUX MAIINH.

B 1971 romy HaumHaercs ero
Hay4dHO-II€aarorunyeckas JACATCIIb-
HOCTb — OH ACCHUCTEHT, CTapIIMi Ha-
VYHBIA COTpymHHUK, a B 1980 romy,
1I0CJI€ OKOHYAHMS 3a0YHOM acmHpaH-
TYpBI — yCIIEIIHAs 3alliTa KaHIuIaT-
CKOHM Jucceprauuu Ha temy «Mopep-
HU3alUs JIBUraTelell IMOCTOSHHOTO
TOKa IIpY MMUTAaHUU OT IIYJIbCUPYIOLIE-
T'O HaIPSDKEHUS.

C 1982 roga Bmamgumup Jlanu-
JIOBUY — JOUEHT Kadeapsl «DIeKTpH-
yeckue MamuHb. C 3TOro BpeMeHH
HAYMHACT SPKO MPOSIBIATHCS €ro aap
rearora, METOIMCTA, YYEHOTO-TPaKTHKA.
yewnust FOxumuyk B.J[. HampaBisieT Ha OOBEIMHCHHUE
TEOPETUYECKUX 3HAHUM C TNPAKTUYECKOM IMOATOTOBKOU
OyAylmMX CHENUAINCTOB Ha 3JIEKTPOMAIINHOCTPOUTEIb-
HBIX IpeIIpUATHAX XapbKOBa U APYTUX F'OPOJIOB.

3a Bpems pabotsl Ha Kadenpe Brnamumup lannmno-
BUY MTOJITOTOBHI M MTPENOAABAN KyPChl — « DKCILTyaTaIus,
PEMOHT nu JUardHoCTukKa QJICKTPHUUCCKUX MaluH»,
«TexHomorust 0OMOTOYHO-HU3OJISIIIMOHHOTO TPOU3BOJICT-
Ba», «TexHONOTHS  TPOM3BOACTBA  IIEKTPUUECKUX
Mamue», «TeXHOJIOTHs TNPOU3BOACTBA 3IIEKTPUUECKUX
MHUKpOMAIIUH», « TeXHOIOrHs MPOM3BOACTBA DIIEKTpHYE-
CKHUX MAIINH OOJBIION MOITHOCTH».

B nexa6pe 2007 romxa Yuensrii CoBer HTY «XIT1»
npucsauBaer Oxumuyky B.JI. 3Banme mnpodeccopa
Hamrero yHuBepcutera. OH siBiIsieTCst aBTOpoM OoJiee cra
Hay4HBIX paboT, U3 HUX 24 aBTOPCKUX 3asBOK W IaTEH-
ToB, aBTop 30 y4eOHO-MeToAMYecKHX MNOocoOuil, Tpex
yueOHbIX nocobuit ¢ rpudpom MuHHcTepcTBa 00pazoBa-
HUsl YKpauHbl — « T€XHOJIOrHsI peMOHTa MallMH MOCTO-
SHHOTO TOKa» U «TEeXHOJOTHs MPOU3BOJCTBA IJIEKTPH-
YECKUX MaIIUH» B ABYX TOMax. JTH TPYIbI, Oe3 mpeyBe-
JIMYEHUsI, CTalM HACTOJBHBIMA KHHI'aMH JIECSITKOB
CIIEI[MATIMCTOB-3JICKTPOMAIIIMHOCTPOUTENIE B  Halei
CTpaHe, a TakKe B OMIDKHEM M JajbHEM 3apyOeKbe.
Csoit ro0uneit Bnagnmup JlaHWIOBHY OTMETHJI BBI-
X0OM B cBeT ydeOHHKa «TexHoloris BHUPOOHHIITBA

OcCHOBHBIE

CICKTPUYHUX MalluH» [Jd CTYACHTOB BBICHIUX yqe6—
HBIX 3aBelEHHUH, a AKaJeMusi TEXHOJIOTMYECKHX HayK
MIPHHSIA €T0 B CBOM PSI/BI.

BJ'IaIlI/IMI/lp I[aHl/IJ'IOBI/I‘l YACIA€T MHOI'0O BHHUMaHUSA
COBEpLIEHCTBOBAHUIO Y4eOHOIr0 TIpolecca, MOATOTOBKE
MOIIOIBIX TpernonaBareneir. Ocoben-
HO CJIEAyeT OTMETHUTbH €ro paboTy Mo
OOHOBJIEHHIO J1Ta0OpaTOpHOW 0a3bl U
CO3JIaHMI0  y4eOHO-METOANYECKOTO
obecrieueHHsT BCEX BHIOB YYEOHBIX
3aHSTHH, CO3IaHHIO U TIPHOOPETEHUIO
IUIaKaTOB, CTEHJIOB, JAETaJllel, y3JI0B U
MaKeTOB NIEKTPUUCCKUX MAIIHH.

IOxumuyk B.JI. mmeer TecHbIe
CBSI3U NPAKTHYECKH CO BCEMH IJICK-

TPOTEXHUYECKUMH  IPEINPUITUIMU
YkpauHsl. BriBrine CTYICHTBI
Brnagumupa  JlanunoBuua — cranu

JIUPEKTOpaMH  3JIEKTPOMAIIMHOCTPOU-
TENBHBIX MPEANPHUATHHA, TIABHBIMHU
HWHXXCHEpaMH, TI'NTaBHbIMU KOHCTPYKTO-
pamy, HavYabHUKAMH YIIPABJICHH,
CITy’k0, OTHEIOB, BEAYIIMMH CIICIHA-
JucTaMu. Ji MHOTHX M3 HHUX IIEpPBOE 3HAKOMCTBO C TIpe-
MPUATUEM HAYaJIOCh HA TEX 3aBOJICKUX IKCKYPCHSIX, KOTO-
pBIe TPOBOAMJI MO CBOMM YHTAEMBIM JTUCHIUILTHAM
Bnagumup lanunosuy.

OcCHOBHBIEC HaNpaBlIEHUS €r0 HAYYHOU JesTeNbHO-
CTU — pacyeT, KOHCTPYUPOBAHUE U IKCIEPUMEHTAIbHbIE
HCCIICIOBAHMS DSJICKTPUIESCKAX MAIIMH OOMICTIPOMBIIII-
JICHHOTO Ha3HA4YCHUA U PYAHUYHBLIX TATOBBIX 3JICKTPO-
JIBUTATEIICH, a TakKe KOHCTPYKTHBHAs pa3paboTka
W WCCICAOBAaHUA BBHICOKOMOMEHTHBIX HH3KOOOOPOTHBIX
AIIEKTPOABHUTATENICH ¢ KaTSAIMIUMCS POTOPOM.

B nauame 70-x OoH pa3paboTany JIOTOTHII HAIICH
WHCTUTYTCKOM MHOTOTHUPaXXKH, KOTOPBIH IMPOCYIIECTBO-
Bay okoJio 20 neT.

YenoBek BBICOKOW JpYAWIMH, TaKTa, A0OpoKena-
TENBHOCTH W IOMOpa — TaKUM €ro JIOOST U yBaKAIOT
CTYICHTHI U COTPYIHUKHU KadeIpbl U YHUBEPCUTETA.

Takue m0aM AETAIOT HAITY HCTOPHIO.

KomnnekTiB yu4eOHO-HAyYHOTO HHCTHTYTa JIIECKTPO-
SHEPTeTUKH, DIICKTPOHHUKH H JIEKTPOMEXaHUKH, KadeIprl
«DIeKTpUYECKHE MAIINHBD), MHOTOYHCICHHBIE IPY3bi H
KOJUJICTH TO3/paBiisitoT Biagumupa Jlanumopuya ¢ 10o0u-
JIeeM, JKEIAI0T €My U ero OJHM3KUM KPEIKOTO 3I0POBBS,
CYacCThsl M TBOPUECKMX YCIIEXOB BO BceX cdepax ero
MHOT'OI'PaHHOMU JE€STEIILHOCTH.

Penakius sxypHana «EJIeKTpOTEXHiKa 1 eleKTpoMe-
XaHIKa» MPUCOSAMHSCTCS K STHM MOKEITaHUSIM.
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IHgpopmauis

MDKHAPOOHWIA CUMMO3IYM
NPOBINEMW ENEKTPOEHEPTETUKWN, ENEKTPOTEXHIKA
TA ENEKTPOMEXAHIKU (SIEMA'2018)

INTERNATIONAL SYMPOSIUM
PROBLEMS OF ELECTRIC POWER ENGINEERING, ELECTRICAL
ENGINEERING AND ELECTROMECHANICS (SIEMA'2018)

LlaHoBHi koneru!

OprkomiteT Cumnosiymy mae 4ectb 3anpocut Bac
i 3auikaBneHux cnispobiTHWKIB Balwoi yctaHoBU npu-
NHATU y4yacTb y XXI MikHapogHoOMy cuUMMO3iymi
«lMpobnemun enekTpoeHepreTukn, enekTPoTEXHIKN Ta
enektpomexaHikn» (SIEMA'2018), sakun BigbyaeTbcs
25 - 26 xoBTHA 2018 p. 3a agpecoto: HTY «XMI»
(enmexkTpoTexHiyHun kopnyc) Byn. KupnunyoBa, 2,
M. XapkiB, 61002, YkpaiHa.

Y cumnosiymi npunMyTh yyacTb:

 3aBigyBaJi kadeap, WO BeayTb MiAroToBKy haxisLiB
3a cneuianbHicTio 141 EnekTtpoeHepretuka, Enekrpo-
TexHika i EnektpomexaHika, a TakoX NpoBigHi BuKNa-
Aavi BH3 Ykpainu Ta iHWnx kpaih;

e MPEOCTaBHWMKN HAyKOBO-OOCMIAHNX OpraHisauin, Lo
3ariMaloTbCs npobrnemamu, MoB’sA3aHUMK 3 eNeKkTpo-
€HEepreTUKoI0, ENEKTPOTEXHIKOIO | ENEKTPOMEXaHIKOHD;
 MpPeACcTaBHMKM MiANPUEMCTB — PO3POBHMKIB enekT-
PUYHUX MaLUMH, anapaTiB Ta iHWWX eneKTPOTexHIY-
HUX NPUCTPOIB;

e NPEACTaBHUKN MiANPUEMCTB — CMOXMBAYiB €reKkT-
poycTaTKyBaHHS;

o NpPeaCcTaBHUKM NPOEKTHMX OpraHisawin;

e MPEeACTaBHUKN KOMEPLIMHMX OpraHisauini enekTpo-
TEXHIYHOro Npointo.

YyacHukam cMMnosiymy HagaeTbCa MOXMUBICTb Ony-
6nikysatu gonosigi. Nybnikauii 6yayTe BUAaHi sk cne-
uiansHUn Bunyck BicHuka HTY «XMMl» Ta B XypHani
«EnextpoTtexHika i enektpomexaHika» (EIE), wo Bxo-
aatb go MNepeniky daxoBux BuaaHb BAK YkpaiHn Ta
iHOeKcyeTbCa Y HaykomeTpuyHux 6asax (Index Co-
pernicus, PUHL|, Towo), a xypHan EIE, nousHatoum 3
2015 p., iHoekcyeTbea B 6a3i Web of Science Core
Collection.

Y4YaCHUKN MOXYTb BUCTYMUTWU Ha MNneHapHOMy 3aci-
[JaHHi Ta Ha 3acigaHHAX CeKL,in.

CEKUITI CMMNO3IymMy

1. TeopeTu4Ha enekTpoTexHika Ta enekTpomarHir-
Ha CyMIiCHICTb.

EnekTpuyHi MawwnHu.

EnekTpunyHi anapatu.

CunbHi enekTpUYHi i MarHiTHi nons.
EnekrpoizonauinHa i kabenbHa TexHika.
lMepenaya enekTpuyHOT eHeprii.
ABTOMaTM3auis Ta kibepbeaneka eHepreTM4HnX
cucTem

HeTanbHiwy iHpopmaito ctocoBHo Cnumnosiymy ta
YMOB y4acTi Y HbOMY MOXHa OTpUMaTU Ha CaunTi
kacbeopu «EnekTpuyHi anapatun»:
web.kpi.kharkov.ua/ea, web.kpi.kharkov.ua/siema

3 nosaroto go Bac
"onosa oprkomiteTy Pektop HTY «XTI»

Mpodbecop €.1. Cokon
KoopauHaTtop cumnosiymy
Mpodhecop b.B. KnnmeHnko

TenedoHun ona [oBigokK:

(057) 707 62 81, 050 653 49 82, 096 987 20 85
dakc: (057) 707 66 01.

E-Mail: korolelgn@gmail.com

Nogakwh

Dear Colleagues,

the Organizing Committee of the Symposium has the
honor to invite you and interested employees of your
institution to participate in XXI International Sympo-
sium «Problems of Electric Power Engineering, Elec-
trical Engineering and Electromechanics»
(SIEMA'2018) which will take place on 25th — 26th of
October, 2018 at the NTU «KhPI» (Electrical Engineer-
ing Building), Kyrpychov Str. 2, Kharkiv, UA-61002.

In the Symposium will take part:

* Heads of Departments conducting training in the spe-
cialty 141 Electric Power Engineering, Electrical Engi-
neering and Electromechanics as well as leading Uni-
versity Professors from Ukraine and other countries;

* representatives of research institutions dealing with
problems related to Electric Power Engineering, Elec-
trical Engineering and Electromechanics;

* representatives of enterprises - developers of electric
machines, apparatus and other electrical equipment;

* representatives of enterprises - consumers of electri-
cal equipment;

* representatives of design institutions;

* representatives of commercial institutions of electrical
engineering profile.

Participants of the Symposium will have the opportu-
nity to publish their papers. Papers will be published as
a special issue of the Bulletin of the NTU «KhPI» and
in the Journal «Electrical Engineering & Electrome-
chanics» (E&E) which are included in the list of pro-
fessional editions of the Higher Attestation Commis-
sion of Ukraine and indexed in scientometric databases
(Index Copernicus, PUHLI, etc.), and the E&E Journal
since 2015 is indexed in the Web of Science Core Col-
lection database.

Participants can make presentations at the plenary
and sectional sessions.

SYMPOSIUM SECTIONS

1. Theoretical electrical engineering and
electromagnetic compatibility.

Electric machines.

Electrical apparatus.

High electric and magnetic fields.

Electrical insulating and cable engineering.
Transmission of electric energy.

Automation and cybersecurity of power systems.

More detailed information regarding the Symposium
and conditions of participation can be found on the
site of the Department for Electric Apparatus:
web.kpi.kharkov.ua/ea, web.kpi.kharkov.ua/siema

Sincerely yours,
Head of the Organizing Committee )

Rector of the NTU “KhPI” Professor Ye.l. Sokol

Symposium Coordinator
Professor B.V. Klymenko TEZH
Contact: d
phone (+380) 57 707 62 81, (+380) 50 653 49 82,
(+380) 96 987 20 85, fax: (+380) 57 707 66 01.
E-Mail: korolelgn@gmail.com

Noakwn
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