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AHTOJIOI'USA BBIJAIOIUXCA JTOCTUXEHUI B HAYKE U TEXHI/IISE. YACTD 33:
JIEKTPOMAI'HUTHAS COBMECTUMOCTD U 3ALHIUTA OT BO3AEUCTBUA
MOIHBIX 9JIEKTPOMATHUTHBIX IOMEX PAJIMOIJIEKTPOHHOT O,
IJEKTPOTEXHUYECKOI'O U QJIEKTPOOHEPTETUYECKOI'O OBOPYAOBAHUASA
Hageoeno kopomxuii ananimuyHuii 021310 0CHOGHUX HAYKOBO-MEXHIUHUX OOCAZHEHb 6 2any3i eNeKmpPOMAZHIMHOI cyMicHoCmi

mexHIYHUX 3ac00i8, Memooie i npucmpois 3axucny padioereKmpoHHO20, e1eKMPOMEXHIUHO20 | e1eKmpoenepzemuinozo 061ao-
HAHHA 60 306HIUIHLOT Oil HA HbO20 NOMYHCHUX IMRYTbCHUX €EKMPOMAZHIMHUX 3A6a0, U0 MICMAMb GUCOKY HANDY2Y, 8EUKI

cmpymu i cunvhi enekmpomaznimni nons. bion. 50, puc. 25.

Knrouosi cnosa: eleKTpOMArHiTHa CyMiCHiCTh, TeXHiYHi 3ac00H, MOTYKHA eJeKTPOMATrHITHA 3aBajla, 3aXHCT TEeXHIYHUX
3ac00iB BiJ eJleKTPOMArHiTHUX 3aBajl, 3aBa/103aXMCHi PHUCTPOI, OIS,

Ilpueeden Kpamxuii ananumuyeckuii 0030p OCHOGHBLIX HAYUHO-MEXHUUECKUX OOCMUNCEHUI 8 00nacmu 31eKmpomMazHumHol
COBMECHUMOCIU MEXHUYECKUX CPeOCme, Memoooe u yCmpoiicme 3auiuntbl paouoINeKmpoHHO20, I/1eKHPOMEXHUUECKO20 U
INNEKMPOIHEP2EMUUECKO20 00OPYOOBAHUA ON 6HEUWIHESO 6030€ICMEUA HA HE20 MOUIHBIX UMNYAbCHBIX I/1EKMPOMAZHUMHBIX NO-
MeX, CO0EPHCAUUX bICOKUE HANPAICEHUS, DOTbUIUE MOKU U CUTIbHBIE dTleKmpomazHumHuble noas. buon. 50, puc. 25.

Kniouesvie crosa: 3JIeKTpPOMAarHUTHAsi COBMECTUMOCTD, TEXHHYECKHeE CPeCTBA, MOLIHAS 31eKTPOMATHUTHAS IIoMeXa, 3aIlHuTa
TeXHHYECKHX CPeJCTB OT JIEKTPOMATHUTHBIX IIOMeX, I0MeX03alUTHbIe YCTPOicTBa, 0030p.

BBenenne. BecniepeOoiiHass pabota COBPEMEHHOTO
MHOT000Pa3HOTO PaJuOIIEKTPOHHOIO, JIEKTPOTEXHUYE-
CKOT'0 U 3JIEKTPOIHEPTETHYSCKOTO 000pyAOBaHMs, obec-
MIEYUBAOIIETO MPAKTUICCKYIO PEaTU3aIii0 BaXKHBIX IS
Pa3IHYHBIX TPOMBIIIICHHBIX TPOU3BOJCTB U TEXHOJIOTHIA,
CTpaTETUIECKUX BOCHHO-TEXHUYECKNX OOBEKTOB M OBITA
rpaxaaH JF000H CTpaHBI MUPA IEKTPOTEXHOIOTHIECKUX
MIPOIIECCOB, HAMIPSIMYIO CBSI3aHA C BBIITOJHEHUEM KECTKHUX
TpeOOBaHUI TIO €ro JIeKMPOMASHUMHOL COBMECUMO-
cmu (OMC) u 3ammTe OT JecTabUIN3UPYIOIIEro U mopa-
JKAIOLIETO JEWCTBUS BHEIIHUX MOWHBIX 2JeKmpomae-
Humnuoix nomex (MOMII) ecTecCTBEHHOTO M MCKYCCTBEH-
Horo npoucxoxneHust [1-3]. Cnenyer HaOMHUTb YHUTa-
TEJI0, YTO B HacTosiee Bpems noa OMC TexHUUYecKUX
cpencts (TC) morumaercs criocodbHocts TC QyHKITHOHN-
pOoBaTh C 3aJaHHBIM KAa4eCTBOM B 3aJJaHHOW AJIEKTpOMar-
HUTHOH oOctanoBke (OMO) u He co3IaBaTh HEJOITyCTH-
MBIX II0 aMIUIUTYJHO-BpeMeHHBIM mapameTrpam (ABII)
3MeKTpoMarHuTHEIX nomex apyruMm TC [3]. Ykaxkewm, dro
B obnactm OMC mojJ TEPMHHOM «21eKMpPOMACHUMHAS
nomexa» MOHUMAETCS TOT WJIM MHOM 3JIEKTPOMArHUTHBIN
MIPOLIECC, KOTOPBIA YXYAIIAET WIM MOXET yXyIUIUTh Ka-
yecTBO (yHkImoHuposanus TC, a Takke HEOIArOMPHUSIT-
HO TIOBJIMATH HA YKH3HEICITCIBHOCTh XKHBOTO OpPraHH3Ma
[3]. Yro kacaercs noustus TC, To mog HUM B 00JacTH
OMC nonnmMaeTcsi 000pyJOBaHUE, ammaparypa, H3Aeiue
W HUX COCTaBHBIC YAaCTH, (PYHKIMOHHUPOBAHHE KOTOPBIX
OCHOBAHO Ha HM3BECTHBIX 3aKOHOMEPHOCTSX B TaKHX Ha-
YYHO-TEXHUYECKUX IUCIHIDIMHAX KaK AJIEKTPOTEXHUKA,
panMOTeXHHKA, JJIEKTPOIHEPreTHKA M JJIEKTPOHUKA U
KOTOpBIE B CBOEM COCTaBE COJAEPXKaT Pa3IUYHBIC DJICK-
TPOHHBIE KOMIIOHEHTHl W CXEMbl, BBINOJHSIONINE CJe-
JIyrole (QYHKIUH: TEHEpUPOBaHHE, MpeoOpa3oBaHuE,
nepenava, NpueM, MEPEeKIIOUYeHne U 3allOMHHAHHUE Mar-
HUTHBIX M 3JieKTpuueckux BenuuuH [3]. Crnenyer otme-
TUTH, 94TO B oOnact OMC moz nomexoycmouyusocmoio
TC mormmaetcs cniocoOHOcTh TC cOXpaHATh 3aJaHHOE
Ka4eCcTBO (PYHKIIMOHUPOBAHUS IPU BO3IEHCTBUU HA HETO
BHEIIHAX JJIEKTPOMATHUTHBIX IMOMEX C PErJIAMEHTHPO-
BaHHBEIMH 3HaueHusMH ABII, 3agaHHBIMH COOTBETCT-
BYIOIIMMHU HOPMAaTUBHBIMHU TokyMeHTamu [3]. ITox smex-

TPOMArHUTHON CTOMKOCTBIO (nomexocmoukocmoio) TC
IIpU pelleHnH MPUKIagHbIX 3a1ad B obiactn OMC mo-
HUMaeTcst criocooHocts TC obecrieunBaTh 3a/laHHOE Ka-
4eCTBO (D)YHKIMOHHPOBAHUS U CBOIO pabOTOCIIOCOOHOCTh
TONIBKO 10 ompeneneHHbIX ypoBHed ABII Bo3meiicTByIO-
mmx Ha Hero MOMII, ykazaHHBIX B COOTBETCTBYIOIIHUX
HAIIMOHAJTBHBIX (MEXIyHAapOIHBIX) CTaHAApTax W Omyo-
JUKOBAHHOW HAyYHO-TEXHHYECKOH mureparype [4-14].
HenpepriBHO pacmupsionirecs BO BCEM MHPE MacIITaOblI
npuMeHeHuss B TC BBICOKOYYBCTBUTEIBHBIX K BIIHSHHIO
MOMII MHKpONpOLIECCOPHBIX YCTPONCTB, NpeAHa3Ha-
YCHHBIX JUIS YIPABJICHUS, PETUCTPAIIMHA TapaMEeTPOB, 00-
MeHa HHpOpManrel U aBTOMATH3aUU TEXHOJIOTHIECKAX
MIPOLIECCOB, OOBEKTHBHO MPHUBOJAT K HMOBBIIIEHHIO aKTy-
anpHOCTH TIpobIeMbl DMC B coBpeMeHHOU TexHuKe [3].
1. OcHoBHbIe ncToyHUKH U BUIABI MIMIL. [Ipexne
BCETO, YKakeM, 4To 110 [5, 15, 17] mog MOMII moHuMaroT-
Csl TaKWe 3JIEKTPOMATHUTHBIE ITOMEXH, BO3/ICHCTBHE KOTO-
peix Ha TC BBI3BIBACT NPH OTCYTCTBHM B HHUX IOMEX03a-
IIUTHBIX CPEACTB, HE OTHOCAIMIMXCS K MPHUHIMIIAM JeiCT-
BUsI M TOCTpOoeHus 3anuiiaeMbix TC, HapyleHHe uX HOp-
MaJIbHOTO (PYHKIIMOHUPOBaHUS, BpEMEHHBIN cO0ii B paboTe
TC (oOpaTuMblil 0TKa3) WM BBIXOA MX U3 CTposi (HeoOpa-
TUMBIA OTKa3). McTounnku Bo3HuUKHOBeHHss MOMII nox-
pa3nersioTcs Ha JiBa OCHOBHBIX KJIACCa: Mepebill KIacC —
WCTOYHUKH E€CTECTBEHHOTO IPOUCXOXKIEHHS; GMOpOl
KAacc — ACTOYHHUKH MCKYCCTBEHHOTO MPOMCXOXKICHUS [5,
15]. OcnoBubIME BHmaMu MOMII, BbI3bIBAEMBIMUA HUCTOY-
HUKaM{ €CTECTBEHHOTO IMPOMCXOXKICHUS, SABISIOTCS [2, 3,
7, 10, 13-17]: epo3osvie pazpsadvt (moanuu) B 3€MHOU at-
Mocdepe, XapakTepu3yILIHecs B MHUKPOCEKYHIHOM Bpe-
MEHHOM JIMalia30He aMIUTUTYJaMH MPOTEKAIOUIEro TOKa B
JIECSITKU (COTHHU) KHJIOAMIIEP; MOILIHBIA 371eKmMpoMacHUM-
nouil umnynse (OMN), dopmupyemsiii B atmochepe 3emiu
CUIILHOTOYHBIM KaHAJIOM MOIIHHA W W3MCHSIOIIMICS B
MHKPOCEKYHZIHOM BPEMEHHOM JAWAlNa3oHe; pazpaobl cma-
MUYeCcKo20 d1eKkmpudecmea Tpyu ero MoTeHIHanax B Jie-
CATKH (COTHM) KHJIOBOJIBT, IMPOTEKAIONINE Ha HAYaIBHOMN
CTaJiH B HAaHOCEKYHIHOM BpeMEHHOM nuama3oHe. K oc-
HOBHBIM BuAaM MOMII, BBI3BIBAEMBIX MCTOYHUKAMU
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HCKYCCTBEHHOTO TPOMCXOXJIEHHs, coriacHo [4-9, 11-15,
17-19] oTHOCATCS: KOMMYymayuouHsie NepeHAnpAHCeHUs
aMIUIMTYZION B JIECATKH KHUJIOBOJBT U MOKU KOPOMKOZ0
samvixanus (K3) aMmumTy10i B JeCSITKU KUAoamIep, BO3-
HHUKAOIHE B MIUIMCEKYHIHOM BPEMEHHOM JHANa3OHE B
NEKTPUYECKHUX CETSAX MNpOMBIIUIEHHONH uacToThl (50/60)
'l 1 B KOHTAKTHBIX CETAX JKEIE3HOAOPOKHOTO U TOPOJI-
CKOT'O 3JIEKTPOTPAHCIIOPTA; pa3psiIHbIE Ooabulue UMNYIbC-
Hble MOKY aMIUTUTYAOH B NECATKH (COTHH) KHJIoaMIiep U
CUTbHble DNEeKMPOMACHUMHbIe NOJjs C HANPSDKEHHOCTHIO
snextprueckoro jo (10%-10%) kB/m 1 marauTHOrO 10 (0,3-
30) KA/M noJeid, reHepupyeMble B HAaHO- U MUKPOCEKYH/I-
HBIX BPEMEHHBIX JMANa30HaX AJIEKTPOYCTAHOBKAMH BBICO-
KOTO (CBEPXBBICOKOT'0) HANPSDKEHHS, MperHa3HaYeHHBIMU
JUIS BBIMOJTHCHUS HAYYHBIX U DJICKTPOTEXHOJIOTHUCCKHUX
neseit; mouubiii OMU, reHepupyemslii B atmocdepe 3em-
JU SICPHBIM B3PBIBOM M U3MCHSIOIIMICS B HAHOCEKYHJI-
HOM BpPEMEHHOM Juana3oHe; MoluHbeld OMU, renepupye-
MBI B CBEpXBBICOKOYACTOTHOM JHANa30HE HOBBIM BHIOM
OPYXHSL — 3JEKTPOMATHUTHBIM OpPYXHEM, 0a3upyIOMNMCS
Ha HETPAJWIMOHHBIX (H3WYECKUX NPUHIUIAX €ro Io-
CTPOCHHS ¥ IPUMEHCHUSI.

2. OcnoBuble Metoanl 3amuTtel TC or MIOMII.
Cornacno [2, 15, 17, 18] 0OCHOBHBIMH METOJIaMH 3aIUTHI
coBpeMmeHHbIX TC oT AeicTBusl Ha HUX BHemTHUX MOMII
SIBJISIFOTCS: BO-TIEPBBIX, KOHCIMPYKYUOHHBIU MENOO W, BO-
BTODPBIX, cxemomexuuyeckuti memoo. IloguepkHem ToO,
910 3T MeToAbl 3amuThl TC or MOMII He 3aTparuBaioT
MPUHIUNOB (YHKIMOHUPOBAHUS W TIOCTPOCHUS CaMUX
TC. Ilpu X MpakKTUIECKOM HCIIOJIL30BAaHUU BCE CPEICTBA
3amuTel TC OT BHENIHKUX 3JIEKTPOMArHUTHBIX TIOMEX Ha-
XOIATCS BHE 3alIUIIAEMBIX JJIEKTPOHHBIX KOMITOHEHT H
anekrpuueckux cxeM TC. BHyTpeHHEro «BMeIIaTeNbCT-
Bay» B 3ammiiaeMbie TC mpu NIPpIMEHEHNH TaKUX METOIOB
UX 3alIUThl OT nedcTBUs BHemHNX MOMII He mpowucxo-
mut. Hambomnee pacripocTpaHEeHHBIMH IpUEMaMH TPaKTH-
YEeCKOH pean3aliii KOHCTPYKIIMOHHOTO METOJa 3aIlUThI
TC ot MOMII siBnsieTcsi IpUMEHEHUE 21eKIMPOMASHUNI-
HbIX IKPAHO08, PACTIONOKEHHBIX BOKPYT 3amuiiaeMbix TC,
u 3azemnsarowux yempoiicmg (3Y), OTBOASIIUX BO3HU-
KaoIUe TIOMEXOBBIC AIICKTPUICCKHE MOTCHIIUAIBI U TOKH
B 3emunto [3-5, 7, 15]. CxeMOTeXHHUECKUH METO/ 3aIUThI
TC or MODMII npearmonaraeT HCIOIB30BAaHWE B 30HAX
MTOJIXOJa OMACHBIX TPAKTOB K 3amumaemMbiM TC criemyto-
IIUX AIIEKTpoycTpoiicTs [1-7, 15, 18-21]: 3awummnoix pas-
PAOHUKOB; O2paHudumeneli NepeHanpaXceHull; 8apucmo-
PO8; 02PAHUYUMENbHBIX OU0008; KOMOUHUPOBAHHBIX CXEM;
3AUUMHBIX DUILMPOB; YCMPOUCME KOMREHCAYUU NOMEX;
YCMPOUCME INIEKMPOMASHUMHOU PA3GA3KU Yenell; pe3u-
cmusHbix cxem. IlpuBenem nanee TeXHUYECKHUE OCOOEH-
HOCTH U BO3MOXKHOCTH YKa3aHHBIX METOJOB M YCTPOMCTB
3amuThl coBpeMeHHbIX TC oT Bo3necTBus MOMIL.

3. IlpuMeHeHHe 3JIeKTPOMATHHUTHBIX 3KPAaHOB
aas 3amutbl TC ot MOMIIL. MukposnekTpoHHasS U
MHUKPOIPOIIECCOpHAsl TEXHUKA, YCTPOUCTBA CBSA3H, CHCTE-
MBI yTIpaBIICHUsI, 00paOdOTKH W Tepenayn HHPOpMaIum, a
TaKXXe yCTPOHCTBAa T€HEPUPOBAHUS HMITYJIHCOB HAIpsDKe-
HUHN (TOKOB) U 3JIEKTPOMArHUTHBIX mosielt (OMII) cnenm-
anpHBIX GopM W ABII u crmaGoTrodHas HHM3KOBOJHTHAS
npeoOpa3oBaTebHas TEXHUKA SKPAHUPYIOTCS OT IEUCT-
Bus BHemHUX MOMII npu oMoy MeTanindeckux 00o-
JIOYEK MPSMOYTOJNIBHON, HMIHHIPUYECKOH, chepryecKoi

U WHOW reomerpudeckoii hopmser [3-7]. Teopust 3KkpaHu-
poBanust TC OT BHEIIHUX MOCTOSIHHBIX 3JIEKTPHUUECKUX U
MarHUTHBIX MOJIeH, IepeMEeHHBIX U UMIYJIbcHBIX OMII B
HacTrosllee BpeMs JJIsi METAJUIMYECKHX 000JI0YeK paspa-
OoTaHa Ha BbICOKOM ypoBHe [3, 21-23]. OcHOBHBIM Hapa-
METPOM, XapaKTEepH3YIOIUM 3((GEKTUBHOCTD 3JIEKTPO-
MarHuTHoro skpanupoBanus TC mpu JIeiicTBHM Ha HHUX
OMII, sBrsieTcsa S9KpaHHOE 3aTyXaHUE A,, ONpeneIsieMOe B
Jerroernax mo CieayomeMy Beipaxernto [5, 15, 21]:

A, =201g(Ey /E;)=201g(Hy /H;), €))
rne Ey, Hy — COOTBETCTBEHHO HAIPSHKEHHOCTH BJICKTPH-
YECKOI0 M MarHWTHOIO IOJIEH, BO3ACHCTBYIOIUX CHApY-
KW Ha 3KkpaH u 3amuinaemele uM TC; E;, H; — coOTBeTCT-
BEHHO HANPSHKCHHOCTH JIIEKTPUYECKOTO M MAarHUTHOTO
noJied, MPOHMKIIMX CKBO3b CTEHKY JKpaHa B €ro BHYT-
PEHHIOIO 00J1acTh (30HY 3kpanupoBanus ot OMII) u gei-
CTBYIOIIMX HEMOCPEACTBEHHO Ha 3amumaemsle TC.

Kaxk nmpaBuno, 3HaueHus: HanpspkeHHocTeld Ey u Hy,
npucyTctBytomux B (1), 3amanbl. 3HaUeHHUs HaNPSHKEHHO-
creit E; u H; MOTyT OBITH OIIpENeNieHBl 10 PAacYeTHBIM
COOTHOUICHUSIM, NPHUBEICHHBIM, HANpHUMEp, A KBa3H-
CTallMOHAPHOTO PEeKUMa IPOHUKHOBEHHS HHU3KO- U BBICO-
Ko4acToTHBIX OMII pa3zanyHON MpOCTpaHCTBEHHOM OpH-
EHTAllMU B HE- U MarHUTHBIC TUIOCKHE, IMITUHIPHICCKIE
u chepuueckue 3kpanbl B [3, 21-23]. Hamomuum, drto
KBa3HUCTAI[IOHAPHOE TPHOIMKCHAE B TEOPHUH JKPAHOB
npeaycMaTpuBaeT IPH MOUCKE PELICHUH ypaBHEHHN
MakcBelia HCIONB30BaHAE EIWHCTBEHHOTO OTpaHHYe-
HUs, COCTOALIECTO B TOM, YTO AJIMHA BOJIHBI IIPOHUKAIOLIC-
ro B 3kpaH OMII momxHa OBITH 3HAYUTENHEHO OOJBIIE
OCHOBHBIX T'€OMETPUUYCCKUX PASMECPOB MNPHUMCHIACMOTO
skpana. U3 (1) cienyer, uto npu Eo/E=Hy/H=10> sxpan-
HOE 3aTyXxaHue uucieHHo coctasiser 60 J16. Takoro 3a-
TyxaHus BHemHedn MOMII 3a cuer mpuMeHEHUsT MeTall-
JIMYECKOI'0 3KpaHa COOTBECTCTBYIOMINX I'COMETPUICCKUX U
ANMEKTPOPU3NIECKAX TMApaMETPOB BIIOIHE JOCTATOYHO
JUIsl HaIe)KHOTO (PYHKIIMOHUPOBAHHS B LITATHOM PEXUME
mpakThdeckn Jrodoro 3amumaemoro TC W3 yKa3aHHOM
HaMH BbIlIe TeXHUKU. [ yeusenust skpaHHoro 3¢dexra
(noBbimeHws B (1) YUCIIEHHBIX 3HAYCHUH IS COOTHOIIIE-
uuit Ey/E; u Hy/H;) Ipu 3IEKTPOMarHMTHOM U MarHUTOCTa-
THYECKOM 3KpaHHpoBaHUM 3amuniaeMblx TC B KadecTBe
JIOTIOJTHUTENBHBIX CPENICTB SKPAHHUPOBAHUS B 30HAX HEOJ-
HOPOJHOCTEH 3KPaHOB (HANpPUMED, VIS KPBIIIEK, JIIOYKOB,
BEHTUIILIUOHHBIX OTBEPCTUH U Jp.) TPUMEHSIOTCS YIUIOT-
HSIOLINE 3JIEKTPONPOBOJSIINE TIPOKIIAIKH, BOJTHOBOJHbIE
AIIEKTPOIIPOBOAAIINE HACAIKH, COTOOOpa3HBIE 3JIEKTPO-
NPOBOJSIIIIME PEIISTKH, TOHKHE DJIEKTPOIIPOBOJIINE Ce-
TOYKH U JIpyTHe SKpaHHbIE dJIEMEeHTHI [4, 15, 24].

OTMeTHM, 4TO IJIsl CO3/IaHMs SKpaHa, OCIIadIsronIe-
T0 MPUXOAIINE U3BHE MOJEBBIE HIEKTPOMATHUTHBIE I10-
MEXH, MOTYT OBITh HCIIOJIb30BAaHbl METAJUIOKOHCTPYKIMU
3maHus ¢ 3amuimaeMeiMd TC, BKIIOYAIOMIME CTAIBHYIO
apMaTypy ero *esjae300€TOHHbIX 3JIEMEHTOB, IIPOBOIHUKA
CHCTEMBI ypaBHUBAHUS MOTCHINAIOB M 3a3eMJIHTENH [3].
Ha npakTuke HE0OXOIMMO CTPEMHUTHCS K CO3JaHHUIO BO-
Kpyr 3ammmniaeMeix TC 3kpaHa ¢ MakCHMalbHBIM 3Hade-
HueM 1o (1) sxkpannoro 3aryxanust A.. C 3To# 1B Bce
METAJUIOKOHCTPYKIINH WH)XCHEPHBIX KOMMYHHUKAIUH (Ha-
npumep, TpyOOIpOBOAbI, BEHTHIISILIMOHHBIE KOp0oba, 000-
JIOYKN KaOeNbHO-TIPOBOJHUKOBOM TPONYKIMA H [Ip.),
BXOJAIMX B 3daHue ¢ 3ammmaemeiMu TC, apmartypa,
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MeTaUIMYeCKue KOpOOKM IIBepeil U OKOH CTPOUTEIBHOU
YacTH ATOTO 3aHUS JODKHBI OBITH MHOTOKPATHO TallbBa-
HUYECKU (DJIEKTPUYECKH) COEJMHEHBI JAPYT C JIPYroM,
METAJUTMYECKIM SKPaHOM U C KOHTYPOM 3a3eMiieHus [3].
4. TlpuMeHeHHe 3a3eMJISIIOIIUX YCTPOWCTB Isl
samuThl TC or MOMII. Ucnonp3oBanne 3V sgBisgercs
OIHUM W3 HaumOOJee pPAacCIpOCTPAHEHHBIX IIPHUEMOB IIO
sammure TC oT BIMSHHUS Ha UX paboOTy MOMEXOBBIX (WH-
QYKTHPOBAaHHBIX) HANIPSDKEHUH M TOKOB, BRI3BAHHBIX BO3-
nmerictBeM Ha HMX BHemHMX MOMII, u obOecneueHuro
6e3omacHbIX ycioBuii obciyxkuanus TC [3, 15, 25]. To-
9TOMY B COBPEMEHHBIX YCIOBUAX 3Y paccMaTpuBaeMbIX
Hamu TC, ocoOeHHO 111 00BEKTOB AIIEKTPOIHEPIETHKH,
JIOJDKHBI OTBEYATh JCHCTBYIOIIUM TPEOOBAHHSIM KakK B
obmactu DMC, Tak u 371eKTPoOE30MacHOCTH JroeH [26].
JanHbie TpeOOBaHMS HANpaBIICHBI HA BBHIIOIHEHHWE TPH-
KIAAHBIX 33124 3ammThl TC 1 uX 00CIyKHBAOIIETO Tep-
coHaia or MOMII, mpenMymiecTBEHHO BO3HHUKAIOIINX, B
YaCTHOCTH, Ha DJHEProoOBEKTaxX MNPH KOMMYTAIHAX B
JNIEKTPHYECKUX CETSIX MPOMBIIIICHHOW YacToThl (50/60)
I'm u BO3AEWCTBMM WMIYJIBCHBIX TOKOB MOJHHH [27].
OObryHO 3Y COMEPKUT 3a3eMIISIONIMH TOKOIPOBOJ, XKe-
CTKO COEAMHEHHBIH ¢ 3a3emisieMoit yacteio TC (Hampu-
Mep, C MEeTATUIECKIUM KoprycoMm-3kpaHoMm TC) u 3a3zeM-
JIUTEJIEM, BBIITOJIHEHHBIM M3 3ariTy0JIeHHON MeTaUIOKOH-
CTPYKLIMH, HaXOJSIIEHCs B CONPUKOCHOBEHNH C 3eMJICH.
CocraBuble yact 3V nperHa3HA4YEHBbI AUl OTBOJA B 3€M-
JF0 MHIYKTHPOBAHHBIX BHEUTHEW AIIEKTPOMArHUTHOH TO-
MEXOH B METaTIYecKoM Kopiryce-akpaHe TC 3apsmoB u
MTOTEHINAJIOB, CHIDKEHHS HATIPSHKCHHS MPUKOCHOBEHUS K
MeTaJUTHYecKoMy Kopirycy-3kpany TC u maroBoro Ha-
npspkeHust BOm3u 3amuniaemoro TC (Hanpumep, mikada
YIOpaBICHUS Ha TEPPUTOPHUU TAKOTO AIEKTPOIHEPTeTHYe-
CKOI'0 O0BEKTA KaK IOJICTAHIHA) 10 Oe3011acHBIX YPOBHEH
[3, 15, 25-27]. B nactosmee Bpems 3Y 1S 2JIEKTPOIHED-
reruueckux o0bekToB (9D0) BO MHOTMX CTpaHax Mupa
HOPMHUPYIOTCS, B OCHOBHOM, I10 3HAYE€HHSM CONPOTHBIIC-
HUSL 3a3eMIIeHHs (0T oJield 1o pecsitkoB OM), moTeHIna-
na Ha 3Y (OT coTeH BOJBT J0 JIECIATKOB KB) M Hampsike-
HUS IPUKOCHOBEHUS (OT JECATKOB O COTEH BOJIBT) [27,
28]. UncieHHbIe 3HAYCHUS TaHHBIX HOPMHUPYEMBIX Mapa-
METPOB CYIIECTBEHHO 3aBHCAT OT KOHCTPYKIIMOHHOTO
ucnosHeHus 3Y, 31eKTpopU3MIeCKuX napaMmeTpoB IpyH-
Ta, B KOTOPOM HaXOIUTCS 3a3eMJINTeNb 3Y, U 3JIeKTpHye-
CKHX TMapaMeTpoB 3allUIIaeMoro oObeKTa (Hampumep,
JUISl SHEProOOBEKTA K TAKUM MapamMeTpaM OTHOCHUTCS J0-
nycTuMmoe 3HaueHue Toka K3, Bpemsi cpaOaThiBaHHS pe-
JIEWHOM 3aluThl, KJacCc HampsbkeHus u ap.) [28-30].
MHOroNeTHsIsI TMpaKTHKa AKCIUTyaTallid  Pa3IdYHOTO
JIEKTPOTEXHMYECKOTO M DJIEKTPOIHEPIeTHUECKOro 000-
PYJOBaHHSI B COCTaBE IPOMBIIUIEHHBIX JHEProCHCTEM
MTOKa3bIBAET, YTO OT Ka4yeCcTBA M XapaKTepa HCIIOIHEHHS
Ha HeM 3V cymecTBeHHO 3aBucuT OMO u cobiromeHue
st Hero Tpeboanmii OMC [3]. B kadecTBe mone3HOU
TexHudeckor nHpopmamuu mo 3Y B 3JIEKTPOIHEPTETHKE
yKakeM, 4To B [31] Obuta mpencTaBieHa MpOIIEAIIast
JUTUTENIbHYIO0 MPAKTUYCCKYIO ampoOaIiio Ha 3HEProoos-
C€KTax pral/IHbI METOJMKa MPOBEACHHA SJICKTPOMArHuT-
HoM nuarHoctuku (OM/I) cocrosiHus ux 3Y. IIpu Beimo-
Hernn OMJ] 3V Ha paboraromieM M HaxOISIIEMCS 10
HanpshDKEHHEM  DJIEKTPOIHEPTeTHYECKOM — 000pyI0BaHUN
KOHTPOJIb KOHCTPYKLMOHHOTO HCIIOMHEHUS 3Y OCYIIECTB-
JSIeTCSI, KaK MMPaBUII0, HHAYKIIMOHHBIM MeTonoM [26, 31].

Cornacho [3, 15, 27] npu penieHny 3agaq dJIeKTPo-
6e3omacHocTr nepconHana u IMC s TC ucrnons3yroTes
TPU BHJA 3a3eMJICHUI: NEPBBIA BUA — 3d3eMIeHUE MOJ-
Hue3awumel, MpeTHA3HAYCHHOE JUISl OTBEIEHHS B 3E€MIIIO
UMITYJIbCHOTO TOKa MOJIHMH, OOBIYHO XapaKTepH3YIollle-
TOCS JUISL €r0 UMITYJIbCHOW KOMITOHEHTHI JJIMTEILHOCTHIO
J0 500 mxc HOpMupyemol ammuutygod no 200 kA u
JUINTEIBHOW KOMIIOHEHTHI ~HPOJOJDKUTENIBHOCTBIO 110
1000 Mc ¢ ycpemnenHo# amromutymoit o 200 A [8, 13,
14]; BTOpOI1 BUI — 3awummoe 3a3emieHue, ACTIOIh3yeMoe
s obecriedeHnss Oe3omacHocTH oOciykuBatorero TC
MepCOHaja IyTeM TallbBAaHMUECKOTO IOAKIIOYCHUS Me-
TAUTMYECKUX YacTeil 3IeKTpooOopyI0BaHUs, KOTOPEIE B
HOPMAJIbHBIX YCJIOBUAX paGOTbI HUMCIOT MPAKTUYCCKHU
HYJIEBOW MOTEHLMAN, a B aBapUHHOM pexuMe paboThI
MOTYT OKa3aThCsl M0J] HANPsDKEHHEM, K KOHTYPY 3a3emiie-
HUSL; TPETHH BUI — pabouee 3aszemieHue, TIpeJHA3HAUCH-
HOE ]ISl CO3JJaHUs OTTIOPHOTO 3KBHIIOTEHIINAIBHOTO YPOB-
HS B 2JIEKTPUYECKHX cxemax M cucremax TC, obecneun-
BarolIero TpedyeMble YCIOBHS UII HOPMAIIBHOTO PEKUMa
ux (yHKOHOHHpOBaHUA. Ha mpakTrke mpu obecriedeHUn
apdextuBHON 3amuTel D90 OT MOPAXKAOLIETO NEHCTBUS
BHEMHUX MOMII npuMeHseTcst KOHIENIHS 30HHON 3ally-
TeI MX TC ¥ COOTBETCTBEHHO KOMIUIEKCHBIM MOAXO]] B HC-
moJp30BaHnH 3Y, TpeIycMaTpUBAIOIINi yCTAHOBKY B pas-
JUYHBIX 30Hax 3amuiiaemoro 990 u TC ogHOBpeMEHHO
TpexX YKa3aHHBIX BUJIOB 3a3eMienuii 3, 15, 26, 27].

5. ABII ocHOBHBIX NepeHaANPsIKeHNi IPU 3aluTe
TC or MOMIL. Cornacho [3, 18] u tpedoBanusm ['OCT
P 54149-2010 [32] no kayecTBY 3JE€KTPOIHEPTUU B OIac-
HBIX TPAaKTaX BO3AYIIHBIX (KaOCNBHBIX) JIMHHUHA IIECKTPO-
nepeadu, JIMHUHA CBSI3U M YIIPABICHUS, «IIOAXOISAIINAXY K
TC 330, oT rpo30BEIX Pa3psAI0B M KOMMYTAIUH B 3JICK-
TPOCETSX MOTYT BO3SHHKATh MMITYJIECHBIE TPO30BEIE C aM-
wmtynoi U, no 10 kB Ha BXxoze B 3maHue C 3amuinae-
MeiMu TC (mpuuem, ¢ ammumatyaoi U, 1o 6 kB Bo BHYT-
penHelt npoBojke 3gaHusA ¢ TC) U KOMMYTaIllMOHHBIE C
ammurtynou U, no 4,5 kB nepenanpsokenus (puc. 1).

a 0
Puc. 1. I'po3oBbIe (@) 1 KOMMYTalMOHHBIE (0) IepEeHANPSHKEHNS
anepruoANYecKoi (POPMBI Ha BXOJIC B 3[aHUE, BO3ICHCTBYIOLINE
Ha 3amumaemMsie B HeM TC (st a — 1/50 mke; U,,=10 xB; mac-
mTad Mo TOpU30HTAIN — 25 MKc/KieTka; aist 6 — 250/5000 Mkc;
U,=4,5 xB; macmrab o ropuzonTamu — 2500 Mxc/kinerka) [18]

B03MOXHBI «IIPOBAIBDY U «BCILIECKU» HAPSIKCHUSI
ceTH. DTH «IPOBAIIBD) U «BCIUIECKMY HAMPSHKECHUS B CETH
anekrpornuranusi TC MOryT ObITh BBI3BaHBI aBApHUUHBIMU
cutyanusimMu (0OpbIB HEUTPaJIH, KOT/Ia BMECTO HAIPSKESHHS
220 B MOXeT MOSBIATLCS HANpsbKeHHe BILIOTH 10 380 B)
U Meperpy3KaMu B CETH 3JIEKTPOCHA0XeHHs, 00yCIIOBIIECH-
HBIMH TIOJKJIIOUCHHEM (OCOOCHHO B 3WUMHHUI IMEPHON)
OOJIBILIOr0 YMCIIa AJIEKTPOHATPEBATENbHBIX MpUOOpoB. B
MOCJICHEM CIlyYae HANpPSDKCHHE B CETH JJICKTPOIHTAHMS
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TC Bmecto TpeOyembix 220 B Moxer AJIMTEIBHO Haxo-
mutbes B muamazone (160-180) B [18]. Ha puc. 2 npusene-
Hbl BO3MOXKHBIE TIEPEHANPSDKEHHST OT «IPOBAIOB» U
«BCIIJIECKOBY B AJIEKTPOCETHU IMTUTAIOLIETO HAIPSIKEHHUSI.

6 2
Puc. 2. [lepeHanpshkeHUs B CETH SJCKTPONUTAHHS 3allIUIIIac-
MbIX TC, BEI3BaHHBIE «IIPOBAJIOM» () M «BCILIECKOM» (2) Ha

10 % nuTaroero ceTeBOro IEeKTpUIECKOro HanpspkeHus [18]

Kpome TOro, B omacHbIX TpakTax BBIIICYKa3aHHBIX
JIUHAN, «HIOAXOIAIIMX» K TEXHHYECKOMY 3IaHHIO C 3a-
mumaeMbiMd TC, 13-3a BO3IEUCTBUS HA HUX KOMMYTa-
[IMOHHBIX 3aTyXAIOIIUX CHHYCOUAAIBHBIX TOKOB M OMU
YIOMSHYTOW 3JIEKTPOMArHUTHOW MPHUPOIBI MOTYT BO3HH-
KaTh BBICOKOYACTOTHBIE TMEpPEHANPsDKEHUS THIIA «3BEHS-
mIast BostHay 4actoToit o 0,1 MI'1 mpu amrumuryne U, o
4 xB nmu gactoto#t 1 MI'm ipu U, no 2 xB (puc. 3) [18].

i

0 o
Puc. 3. IlepeHanpspkeHNs THITA «3BEHSINAS BOJHA» YAaCTOTOH 0
0,1 MI'y ¢ ammmurynoit U, no 4 kB (0, MacmTab no ropu3on-
Tamu — 10 Mkc/kinetka) u yactoroi 1 MI'n ¢ ammmurynoit U, 1o
2 kB (orc, maciTab o ropuzonTany — 1 MKC/KJIeTKa) B OMACHBIX
TpaKTaX JIMHUK Ha BXoAe B 31aHue ¢ 3ammniaeMbiMu TC [18]

b § i

[Ipu BBIGOpE ycTpoiicTB 3amuThl OT oMex 1t TC
HEOOXO0JMMO He 3a0bIBaTh U O BO3MOJXKHBIX IE€pEHAIpsi-
KEHUSIX B CETH DJIEKTPOCHAOKEHUS, OO0YCIOBICHHBIX
KpaTKOBPEMEHHBIMH «BcIUleckamu» nutaromero TC Ha-
npspxenust ot 220 mo 380 B (puc. 4,3), a Takke 0 HaHOCE-
KYH/IHBIX HMITYJIbCHBIX TOMEXOBBIX HAIPSIKCHUAX arle-
puoanveckoil BpeMeHHOH dopmoii 5/50 He ¢ aMIUINTY 01
U, mo 2,5 kB (puc. 4,u), «Ipuxomsmiux» MO0 OMACHBIM
TPaKTaM pacCMATPHBAEMBIX HAMH JIMHUU KO BXOMIY 3Ja-
Hus ¢ 3anmmaemeiva TC [18]. Mcnonp3ys npuBeneHHBIE
Beime gaHHbie s ABIT OCHOBHEIX mepeHamnpsyKeHUH,
BO3HHUKAIOMINX B «HOIXOMAIHX» K 3qarmto ¢ TC TpakTax,
paccMOTpHUM Jajiee BOZMOXKHBIE ITyTH UX OTPAHUICHUS.

Vkaxxem u 10, yto B 2012 r. B HUIIKU «Moauus»
HTY «XIIW» Obut co3maH TeHepaTop CTaHAAPTHHIX arle-
PHUOIUYCCKUX KOMMYTAIIMOHHBIX HMIIYJIbCOB HArpsiKe-
HUS TIOJIOXKHUTEIBHOM (OTPHUIIATEILHON) TOISPHOCTH Bpe-
MeHHOH Qopmoii 205/1900 mkc ¢ ammumurynoi o 2000
kB, ynoBneTBopstomuil 1eHCTBYIOIIMM Ha CETOMHS MEXK-
TOCYTapCTBEHHBIM TpeOOBaHMSIM [9] U MpenHa3HAYCHHBII
JUTA TIPOBEJICHUS B TIOJIEBBIX YCIIOBHSX HATYPHBIX HCIIBI-
TaHUI OOBEKTOB AIIEKTPOIHEPTETHKH Ha IEKTPUICCKYIO
MIPOYHOCTH UX HApy>KHOU (BHYyTpeHHEW) m3oisiuuu [33].

e

IS p—

3 u
Puc. 4. [lepenanpsikeHre B CETH AIIEKTPONUTAHHS 3ALUIIACMBIX
u Haxoxsmuxcsi BHyTpH 3aanus TC, 00ycnoBiIeHHOe KpaTKoO-
BPEMEHHBIM «BCIZIECKOMY IUTAIOIIET0 CETEBOTO HAIIPSDKEHUSI C
220 no 380 B (3), 1 nepeHanpsHKeHUE B OTTACHOM TPAKTE IO~
xozsuei» ko Bxoxy 3aanus ¢ TC auHuM, BEI3BaHHOE HAaHOCE-
KyHIHOH HMIyJIbCHOH MMOMeXo0il BpeMeHHO# dopmoit 5/50 He (u,
U,=2,5 xB; macmuTab mo ropuzontanu — 50 He/knetka) [18]

6. Hekotopble 0CO0EHHOCTH 3aIIUTHI €J1a00- U
CWJILHOTOYHOTO 3JIeKTpoodopyaoBanuss ot MOIOMII.
Otkirouenne nepeHanpspkeHuil (tokoB) K3 u kommyTa-
LMOHHBIX IE€PEHANpPsDKCHUH (TOKOB) B IPOMBIIUICHHON
CETH DJICKTPOIMTAHUsI C1a00- U CHiIbHOTOYHBIX TC wim
BO3}ICﬁCTByIOH.lHX Ha HUX HUMITYJIbCHBIX TOKOB (nepeHa—
NPSDKEHUH) MOJIHUM 3JI€KTPOMEXaHHUECKHMH BBIKIHOYA-
tesisimu (OMB), HaBepHOe, ObUT0 OBI HanboJsIee IPOCTOit 1
HazexxHoH 3amuToit TC oT aelicTBUS HA HUX MepeHanps-
)keHuid oT maHHBIX MOMIIL. Onmnako pabotra ocoOCHHO
C1a00TOYHBIX AJIEKTPOHHBIX CXEM M COOTBETCTBYIOILIECTO
PaIrodIEKTPOHHOTO ¥ HHOTO 3JIEKTPOOOOPYIOBaHHUS MIPH
ykazaHHBIX BHemrHNX MOMII u BpemeHax cpabaThIBaHUS
OMB B COTHHM MMIIMCEKYHJ SABISIETCSI KaTErOPHUYECKU
HEBO3MOXHOM. Jlst peanusarnmu 3amuThl mogo0Hbx TC
npuMeHeHns b OMB He nocratouno. B stom cimyuae
JUIS 3aI0UThI ¢i1a00- U cuiabHOTOYHBIX neneil TC ot onac-
HBIX JJIs HHX 6I)ICTpOHpOTeKaIOI_HI/IX NEPEXOJHBIX DJICK-
TPOMArHuTHBIX IIPOUECCOB, BbI3BAHHBIX HEIITAaTHBIMU
curyauusiMu  (Hanpumep, K3, KommyTanusMu, ynapom
MOJIHUH U APYTUMH (HAKTOPaAMH), B «ITOXOJSIINX» K HUM
ceTsax sHeprooOecrieueHus, KaOeysx CBSI3M M 00YCIIOB-
JICHHBIX UMM TEpEHANPSDKEHUH HEOOXOANMBI Takue I10-
Mexo3amuTHble ycTpoiictBa (II3Y), KoTOpbIe CITOCOOHBI
OTKIIFOYATh (OTpaHWUYMBATH O OE30MACHBIX YPOBHEH)
yKa3zaHHBIE MEpeHANpsHKeHUS (TOKH) 3a JECSATKH (COTHH)
HaHoceKyHJ. [loctapaemMcsi HHXKe pacCMOTPETh OCHOBHBIE
[13Y, npurogHble Ui 3alIUTHI ¢1a00- U CHIBHOTOYHBIX
neneid TC or nelcTBHS HAa HUX MEpEHANPSKCHUH, 00Y-
CIIOBJIEHHBIX BHeITHUMU MOMII pa3znuyHoi npupoIs.

7. llpuMeHeHnue pa3psiiHuKOB ajs 3amuTel TC
ot MOMIL. boasmuncTBo coBpeMeHHbIX 113V Ha nepsoit
(rpy0oii) cTymeHH oOrpaHWYEHHs BO3AEHCTBYIOLIETO Ha
samumaembie TC UMITyJIbCHOTO TEpeHANpSDKEHHUS CO-
Jiep>KaT BBICOKOBOJIBTHBIE JIBYX3JIEKTPOAHBIE I'a30HAION-
HEHHBIe (peXe BO3AYIIHBIC) paspamHuku [3, 15, 18, 34,
35]. I'a3oHamonHEHHBIE pa3psAIHUKA (PHUC. 5) ycTaHABIH-
BalOTCA BOJM3M MECT BBOJA LIMH 3JCKTPONMTAHUS, BbI-
paBHUBAHUS MOTEHLIMAIOB M 3a3€MJICHUS B 3aIlUINACMBbIE
o0wexTsl ¢ TC. Mx 3amada — obGecnieunts 3ammry TC oT
JIEHCTBUS BO3MOXKHBIX NMEPEHANPSHKEHUN IyTeM HX CHHU-
JKeHUsI 0 Masloro ypoBHsi. Hampsbkenue ux cpabaTbiBa-
HUSI M3-32 3aBHUCSAILIEH OT BpEMEHH XapaKTEPUCTUKH 3a3KH-
TaHusl TaKUX Pa3pAIHUKOB ONpenesiuTh TpyaHo. OHu
HUMEIOT TepMETHYHbIE CTEKJSIHHBIE (KepaMHYECKHe) KOop-
Iyca, 3arloJIHeHHbIE OJIarOPOIHBIM Ta30M (AproHOM WIIN
HeoHOM) [3, 35]. Mertammndeckue 3IeKTPOIbl B UX pas-
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PSTHOM TIPOMEXKYTKE IOKPBITHI CIIEIHAIBHBIM TOHKUM
aKTUBUpPYIOMMM cioeM. OHM COCOOHBI KOMMYTHPOBATh
AMITYJIBCH TOKa BpeMeHHoU (opmoit 8/20 MKC ¢ aMIuTH-
Tynoit no 40 kA. J{ist rapaHTHpOBaHUS Maoro pasdpoca
Pa3psIHOro IOCTOSHHOTO HANPSHKEHHS 3TH Pa3psIHUKH
HMMEIOT BHYTPH Cl1ab0e paroakTUBHOE MOKpbITHE [3, 35].

Puc. 5. BHemnuii Buj MajsoMOLTHBIX Fa30HANIOIHEHHBIX pa3-
psinarkoB (tuna P-103 u ap.), cHOCOOHBIX «IIPOIYCKATH» UM-
My TCHBIE TOKU popmoit 8/20 Mxe ¢ ammumutyaoit 1o 10 kA [35]

[Mocne 3axuraHusi ra30HANONHEHHBIX Pa3psAHUKOB
HalpsDKEHNE MEXAY UX JJIEKTPOJaMH MaJIaeT CHaydana Jio
HanpspKeHUs Tiietomero paspsiaa (mo 100 B), a 3atem npu
BO3pacTaHUH KOMMYTHPYEMOI'O TOKa — JIO HAlPsDKCHHUS
ropeHus aneKkTpudeckoi ayru (mpumepno no (10-20) B)
[3]. OTOT THD pa3pAOHHMKOB cpabaTbiBaeT B MHKpOCE-
KYHIHOH oOiacTu (BpeMs cpadaTbIBaHUS IS UX JTyUIIHX
KOHCTPYKIIMHA COCTaBJISIET O CIMHUIl MHUKPOCEKYHH). B
LETSIX NePEMEHHOTO HANPSIKEHHUS OHH IYTY C COMPOBOXK-
JAOIIMM TOKOM CaMOCTOSITEIIBHO TaCUTh HE B COCTOSIHUM.
B HU3KOBOJBTHBIX CETSX IOCTOSHHOTO TOKa IyTy I0J00-
HBIE TA30BbIe Pa3PSAHUKH TacsT CaMOCTOSITeNbHO [35].

Ha puc. 6 npuBenen oOImii BUI Ia30HAMOIHEHHBIX
paspsiaaukoB thna GDT, crnocoOHBIX pacceMBaTh Cpas-
HUTEJIBHO OOJBIIYIO TEIUIOBYIO SHEPTHIO, KBHOCHMYIO» B
nen MOMIL. T'azonanonnenHsle paspsanuku GDT Ha-
XOAAT NPUMEHEHHE B TEIEKOMMYHHKAIMOHHOHM ammapa-
Type, Tene(oHn: 1 pagnuoIepenaroIieM 000pyA0BaHHH.

Puc. 6. BHemHuit BUI ra30HANIONHEHHBIX Pa3psHUKOB TUIIA
GDT, ucnonp3yeMbIX B TEIEMEXaHUKE U PaguoTeXHUKE [35]

Crenyer moguepKHYTh TO, YTO COOCTBEHHAs 3JIEK-
TpUUYECKasi €MKOCTh yKa3aHHBIX Ta30HAMONHEHHBIX pa3-
PAIHUKOB KpaiiHe Maja. Ilo3ToMy OHU HE MOTYT BHOCUTH
CYILLIECTBEHHBIX MCKaXXEHUM B IOJE3HBIM 3JEKTPOCUIHAI
[35]. Ha puc. 7 npuBeaeH oOLIMil BU MOILIHBIX IP0O303a-
LIMTHBIX pa3psaHUKOB (PD), ciocoOHBIX 3aIUTUTH JOPO-
TOCTOSIIIYIO PaJHOTEXHUYECKYIO allaparypy OT MpSMOTro
BO3JIEHCTBUS I'PO30BBIX CHJILHOTOUYHBIX pa3psaos [36].

[IpuBeneHHbIC HA pUC. 7 TPO303ALIUTHBIC Pa3PsIIHU-
KH CIIOCOOHBI «IIPOIMYCKAThy Yepe3 ceOs U 3aTeM Harpas-
JIATh B 3a3€MJIMTENb CTaHIAPTHHIC allepUOIUICCKUAE HM-
mynschl Toka 10/350 Mxc mMomHum amrumatynou mo (50-
100) kA [36]. OcHOBHO#1 3agaueii ITUX Pa3psSAHUKOB MPH
3amute TC or MOMII siBisieTcst orpaHrdeHre TPO30BOTO

NepeHanpsDKEHU 10 TPEIIMCAaHHOTO MM OCTaTOYHOTO
ypoBHs (ot 1 mo 2,5 kB) [35, 36]. Ha puc. 8 mokazan 00-
WA BUA 3apyOeXKHBIX TPO303ALIMTHBIX PAa3PSIHUKOB C
OJTHUMH U3 JTYYIINX TEXHHYECKIX XapaKTepucTHK [35].

Puc. 7. BHemHuil BU MOLTHBIX IPO303aILUTHBIX TEPMETHUHBIX
Pa3psIIHUKOB, IPUMEHSIEMbIX NIPU 3alIUTE PAJUOTEXHUYECKON
anmaparypsl OT IepeHaNpPsUKEHUH, BBI3BAaHHBIX MIPSIMBIM YIapOM
B Hee MOJIHUHM (cneBa-HampaBo: Tuna P-77-1B u tuma P-59) [36]

1 [8) v
COMBTEC

€.

Puc. 8. BHemnuii BUJ MOIHBIX T'PO303aILUTHBIX Pa3psAHUKOB
tunna COMBTEC VV 335 u COMBTEC VS 335, kommyTH-
pyromux umnyibcHbie Toku 10/350 MKC MOJTHUH aMILTUTY IOH
110 40 KA ¥ OTpaHNYUBAIOIIUX IPO30BHIE TIEPEHANPSHKEHUS IS
JNEKTPOTEXHUUECKOro 000pyRoBaHus 10 ypoBHs 1 kB [35]

Ha puc. 9 npencraBneHa «iMHEWKa» pa3psaHUKOB
rpo303aIlUTHBRIX HU3KOBOJILTHBIX (PI'3H) paspaborku
3A0 «OMCOTEX» (P®) [18, 37], nmpeaHa3Haue€HHBIX
JUTSL 3alUThl HU3KOBOJILTHBIX BBOIOB (220/380 B) B 312-
HUsI, HU3KOBOJITHBIX OOMOTOK TpaHc(opMaropoB, aBTO-
HOMHBIX HCTOYHHKOB 3JIEKTPO’HEPTuH (Hampumep, Iu-
3€J1b-TeHEePaToOpPOB) U M30JIILMU Kalenei OT BO3JeHCTBHS
HAa HUX TPO30BBIX M KOMMYTAIMOHHBIX TIEPEHANPSIKCHUIH.
Jannbsie PI'3H MoryT HafexHO KOMMYTUPOBAaTh UMITYJIb-
CBl TOKa MOJHHU CTaHIApPTHOW BpeMeHHOH (opmoii
10/350 mxc ¢ ammumatynoi /1, ot 25 mo 100 kA [18, 37].

Ss

Puc. 9. BHemHuit BHI MOIIHBIX TPO303AIIUTHBIX Pa3psSAHUKOB
HmskoBonbTHOTO Tua PI'3H (cneBa-nHampaso: PI'3H-3/100-220
Ha [,=100 xA; PI'3H-3/50-220 na 7,,=50 xA; PI'3H-3/25-220 na

1,=25 xA; pupma «OMCOTEX», r. Kamyra, P®) [18, 37]

Ha ocHoBe yxa3zanubix paspsauukoB PI'3H-3/100-
220 (cM. puc. 9) cneumanmucramu poccuiickoro 3A0
«OMCOTEX» ObutH CO3HaHBI MaHENH TIPO303aAlIUTHEIC
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HuskoBousibTHEIE THIIA [II'3H (puc. 10), kotopsie B 2010 T.
HallUTW CBOIO NPAKTHYECKYI0 PEaJIM3aluio B HOBOW cHC-
TEME MOJIHHE3ALIUTHl COBPEMEHHOTO PaJHOONTHIECKOTO
koMmIurekca P® mo pacmo3HaBaHUIO KOCMHYECKHUX OOBEK-
TOB, BHEIIHUI BH] KOTOPOTO IpuBeeH Ha puc. 11 [18].

Puc. 10. O0mwmii BuA maHenu rpo303alIuTHON HU3KOBOJIBTHOH C
pesepsupoBanuem Tuma [TI'3H-P-3/100-220 (/,,=100 kA; Tun
paspsimauka — PI'3H-3/100-220; My nscHOE HalpspKeHUE Ipo-
0051 KQKI0T0 U3 BOCKMH pa3psaHUKoB — 4 kB; PD) [18, 37]

Puc. 11. BHemHuii BUJl yHUKAJIBHOTO PaJUOONTHYECKOIO KOM-
IUIeKCa pacro3HaBaHUI KOCMUYECKUX 00bekToB (P®), ocHa-
LIEHHOT'O psIOM I'po3o3auTHBIX naHeneit tuna [1I'3H-P s
3alUTHI OT NPSIMBIX YJAPOB B €r0 3JIEMEHTHI MOJIHUU [18, 37]

8. IlpumeHeHHe OrpaHHYMTeJNIell TNepeHANpsKe-
Huii aas 3amutel TC or MOMII. B Hactosee BpeMst
OTPaHUYHTENN TepeHanpsokernit HenmHelHble (OITH)
SIBJISIFOTCSL OJIHUMHU 13 Haubosee 3((eKTHBHBIX CpeCTB
3amuThl pazauaabix TC or MOMII [38]. OITH (puc. 12)
MPEACTaBISAET COOOW BBICOKOBOJIBTHBIN 3JICKTPHUECKUN
amnmapar, NnpeJHa3sHAauYeHHbIM IS 3aIIUTHl 3JIEKTpoceTer
CpPE/IHETO M BBICOKOTO KJIACCOB HAIPSDKEHHUS TIEPEMEHHO-
IO TOKa IPOMBIIIIEHHOI YacTOThI U COOTBETCTBEHHO pac-
CMaTpUBaEMOr0 HaMM JIEKTPOOOOPYZOBaHUS OT KOMMY-
TallMOHHBIX U aTMOC(epHBIX (IPO30BBIX) IEpEHAIpsiKe-
HUH. JIaHHBIA ammapaT MOXHO Ha3BaTh «PA3PAOHUKOM
be3 uckposwix npomedcymxos» [38]. B ormame ot Tpa-
TUIMOHHBIX BEHTHIBHBIX Pa3pPAOHUKOB C HMCKPOBBIMH
MIPOMEXXYTKaMH M KapOopyHIoBeIME pe3uctopamu OITH
HE CO/IeP)KaT HCKPOBBIX MPOMEKYTKOB U COCTOSIT TOJIBKO
13 KOJIOHKH HEIMHEWHBIX PE3UCTOPOB («TabJIETOK»), BbI-
MTOJTHEHHBIX Ha OCHOBE OKWCH IIMHKA M 3aKJIFOYCHHBIX B
nonumepHyto uin (aphopoByro NoKpbInKy. KoHCTpyk-
tuBHOe ucnonHenue OITH momyckaer ux M3roToBIEHHE B
BUAC OJHOKOJIOHKOBBIX 1 MHOT'OKOJIOHKOBBIX alllapaToB.

Puc. 12. O6mmii BHI MUPOKO UCIONB3YEMbIX B IPOMBIILIEHHON
9JIeKTpodHepreTrke 0AHOoK0I0HKOBbIX OITH ¢ nmonmumepHbiMu
MOKPBILIIKaMH, 00ECIIeUNBAIOIINMHI HA/ISKHYIO 3aIlUTy UX
HEJIMHEWHBIX PE3UCTOPOB OT aTMOC(EPHBIX BO3AeHCTBHI [38]

OCHOBHBIM DJIEMEHTOM HEJIWHEHHBIX PE3UCTOPOB B
OITH sBisieTcs gapucmop, BHIIIONHSAEMBIH, KaK IPaBUIIO,
B BUJE «TabneTkm» 3 okcuaa nuHKa (ZnO) ¢ HapyKHOU
000109K0i W3 TAUQTANEBOH 3Majy, MOBBIMIAIOIICH €ro
MPOIMYCKHYI0 cHOcOOHOCTH Mo TOKy [38]. Marepuan Ba-
pHCTOpa Ha OCHOBE YKa3aHHOTO OKCH/Ia, CMELIMBAEMOT0 C
OKCHIaMH JPYTHX METaJIOB, MIPEACTaBIseT COOO0 Mouy-
NPOBOJSIIYIO CTPYKTYpPY, COCTOSIIYIO W3 MHOXECTBa
MIOCJIEI0BATEILHO-TTAPAIJIETbHO BKIIOYEHHBIX p-n Tepe-
x0210B [38]. DTOT Marepuan, Mo CpaBHEHHUIO C MaTepua-
JIOM PE3UCTOPOB B BEHTHJIbHBIX pa3psiiHUKax, 00jazaer
MOBBIIIEHHON TPOITYCKHOW CHOCOOHOCTBIO M BBICOKOHE-
TUHEWHOW BoONBTAMIEpHOH XapakTtepuctukoit (BAX).
Nmenno Gmaromapst Takoit BAX BapuCTOpHI M, COOTBET-
ctBerHo, OITH MoryT mimTenbHO HaXOTUTHhCA MOI Ha-
OpsDKEHUEM, IpH KOTOPOM OOECIIeYMBAETCS BBICOKHIMA
YPOBEHB 3aLTUTHI CHIIOBOTO 3EKTPooOopyaoBanus [38].

B HOpManbHOM pabovem pexume Tok uepes OITH
MMEET EMKOCTHBIH XapaKTep M COCTAaBIISET JIECSThIC NOJIN
munamiepa. IIpu Bo3HukHoBeHnu MOMII u cootsert-
CTBEHHO BO3JICHCTBHHU IEPEHANPSDKEHUH Ha HEJMHEHHbIC
pesuctopsl OITH ux pabGoumii Marepuas mepexouT B
MIPOBOIATIIEE COCTOSIHUE C MAIIBIM COTIPOTUBIICHUEM U TEM
caMBIM OTpaHHYHMBACT JajbHEWIIee HapacTaHUE IMepeHa-
MpsDKEHUS 0 YPOBHS, 0€301MacHOro AJis HM30JSIHAN 3a-
mmmaeMoil snekTpoyctanoBkd M uHBIX TC [38]. Ilpm
stoM depe3 OITH MOryT «IpoXOIuTh)» UMITYyIbCHBIE TOKH
C aMIUTUTYIaMHU B JIeCSATKH Kuitoamiep. IIpu ncuesnose-
Hun nepenamnpspkeHus OITH BoszBpaiaercs B HCXOAHOE
HEMpOBOJsIIee COCTOSHUE. BenuuuHbel paboumnx Hamps-
skenuit s OITH u3MeHstoTes B IUPOKUX Mpeaesax — OT
3 no 750 kB [38-40]. OcHOBHBIMH ME€CTaMHU YCTaHOBKHU
BbICOKOBOJIBTHBIX OITH SBIISIIOTCS OTKPBITHIE (3aKPBITHIE)
pacipenennTeNabHble YCTPOHCTBA HAa DHEProo0bEKTax M
nmoxxoxasl Kk 3nanusaM ¢ TC. M3BecTHRIME B MUpe pupMa-
Mu-niponzBoanutTersiMi Takux OIMH smsrores [38, 39]:
«Dervasily (I'pymmma SICAME, ®panmms); «Siemens»
(Iepmanus); «ABBy» (Ilseitmapus); «CEB3AIIIIPOM»
(P®). B Ykpamne mepenoBbie MO3UIMH B TEXHOJOTHUH
nsrotoBnenuss OITH na HampsbkeHus kiacca 3-150 kB
JUIsl TIOTPEOHOCTEH AIIEKTPOIHEPreTUKU 3aHUMaa (pupma
ES «ITomumep» (1. ApremoBck, Jlonerkoi 06:.) [40].

Ha puc. 13 npuBeneH oOuuid BHI OJHO- ¥ MHOTO-
(hasupix OITH, npenHazHaYeHHBIX AU 3AIUTHI TOTPEOU-
TeNel AEKTPOIHEPIHH, 3aMUTHIBAEMBIX OT AJIEKTPUUECKUX
cereit ¢ wacroroir (50/60) I'm, OT CKayKOB HANPSHKCHUS,
KOMMYTAIIMOHHBIX TIepeHanpspKeHnH, TuddepeHmatbHbIX
MIepeHaNPsHKEHUA M BEICOKOYACTOTHBIX moMex [41]. OITH B
9TOM CcJydae yCTaHaBIHMBaeTCs Mexmy (a3zod M 3emieit
WM HYJIEBBIM INPOBOIOM M 3emuieil. [Ipu stom B 00s13a-
TEIFHOM TOpsAKe TpeOyeTcss HadWdhe 3a3eMILIIOIIETO
MPOBOAA IS TIOCTIEAYIOIIEro «cOpoca» MMITYIbCHON Tell-
soBoi sHeprun oT MOMII B 3a3emuTens.

Ha akTyasibHOCTB, BaKHOCTh U OCTPYIO HE0OXOJIH-
MocTb Oosiee mmpokoro npumenenus OITH B mpombimi-
JICHHOM DJIEKTPO’HEPIeTHUKE, BBICOKOBOJBLTHOW (HU3KO-
BOJITHOW) 3JIEKTPOTEXHUKE, TEIIEMEXaHUKE U PaHOdIICK-
TPOHMKE YKa3bIBaeT TO, YTO IO JAHHBIM aMEpPHUKaHCKOU
upmer «General Semiconductor» ¢puHAHCOBBIE TIOTEPHU B
npombinuieHHOCTH CIIIA Ha ceromHs TONBKO OT Iopa-
JKAIOIIEeTO JCUCTBHUS Ha €€ Pa3BUTYI0 HHPPACTPYKTYpPY
MepeHanpsHKeHN (TOKOB) OT paccMatpuBaeMbix MOMIT
coctaBisroT 10 10 mapa. monmapoB USA B rox [42].
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Puc. 13. O0wwnit Bun oxHo- (cieBa) u TpexdasHbIx (CrpaBa)
OITH, nprMeHsIEMBIX B 3JIEKTPOCETSAX IIEPEMEHHOTO HaIpsiKe-
HUA (TOKa) NpoMbIIUIeHHOH YacToThl (50/60) 't Bo BBOJHO-
pacrpeieMTeNbHbIX YCTPOHCTBAX, ITIABHBIX PacHpe/IenuTelb-
HBIX LIUTAX TEXCOOPYKEHHI U KBAPTUPHBIX LIUTAX JKHIIBIX 371a-
Hui (mpown3Boautenb — pupma «Schneidery, 'epmannst) [41]

9. IlpumeHeHne BapucTopoB I 3amuThl TC oT
MDMII. Kak HaM W3BECTHO, 8apucmop SBIAETCS IONy-
IIPOBOJTHUKOBBIM PE3HCTOPOM, CONPOTUBICHHE KOTOPOTO
M3MEHSIETCS HEIMHEHHO MO JEHCTBHEM NPMIOKEHHOTO K
HEMy 3JIeKTpudeckoro HampspkeHus [38, 43]. Panpme B
JNIEKTPOTEXHUKE M PAIMOIIEKTPOHUKE NMPUMEHSINCH Ba-
PHCTOPBI, M3TOTOBJICHHBIE HA OCHOBE KapoOuaa KkpemHus. B
HacTosiliee BpeMsi OOBIYHO HCHOJIB3YIOTCS  OKCHIHO-
LIUHKOBBIE BAPHCTOPHI HAa pa3/IMUHBIC 3HAYEHHs Pacceu-
BaeMoil momHocTH [3, 38]. Bapucrop uMeer cummeTpuy-
Hyto HenuHelHylo BAX. C yBenuueHueM BO3IEHCTBYIO-
IIEr0 HAIpSDKEHUS] €ro akTUBHOE CONPOTHBIICHHE PE3KO
nagaer. [loaroMy mpu UMIYJIBCHOM BO3JEHCTBUM HAIIps-
JKEHHS Ha BapUCTOP BO3HMKAIOLIWI HA HEM 3JICKTPOIIOTEH-
M MOXKET OBITh OrpaHuueH. IT0 (PU3mIecKoe CBOHCTBO
BapUCTOPOB M HCIIONB3yeTCs NPH HX IPUMEHEHHH BO
BHEIITHUX 0 OTHOIICHUIO K 3amumaemMbiM TC snexrpude-
CKHUX Hemnsax (puc. 14) B kauecTBe 3aIIUTHOTO yCTPOMCTBA
JUI OrpaHuueHus nepeHanpspkerus ot MOMIIL. Bapucto-
pBI pearupyroT Ha IOSBIEHHE Ha HHUX HMITYJIbCHOTO Ha-
MIPSDKEHUS 32 HAHOCEKYH[bl. [103TOMYy OHU MMEIOT KOpOT-
Koe BpeMsi cpabartbiBanust — (20-50) HC. B TO Bpems kak
ra30HAIOJHEHHBIE PA3PsIHUKN CpabaThIBAlOT B MUKpOCE-
KYHIHOM BpeMeHHOM auana3one (>1 mkc) [3, 18, 44].

|>—> TIOMEXA
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Puc. 14. Cxema II3Y ¢ n1ByMs OrpaHUYUTEINIIMU HIEpEHAIIPSAKE-
HUS OT IOMEXH — Pa3psITHAKOM H BaPHCTOPOM (P — BBICOKO-
BOJIBTHBIN pa3psIHUK; B — BHICOKOBOJIbTHBIN BapucTop; Rp ,Lp
— aKTHBHOE COIIPOTUBIIEHUE U UHAYKTUBHOCTh pa3Bs3bIBalOIlIe-
r0 dJIEMEHTa B IByXIPOBOAHOMU 3ekTprueckoii nenu [13Y) [3]

Ha puc. 15 mnpuBeneHsl COBMEILEHHBIE OCLUILIO-
rpaMMBbI TIOMEXOBOTO TOKA / M HAIPSDKEHUS ¢4 Ha MOILTHOM
Bapuctope tuma Protec BR 150/320 (mpomsBogurens —
¢upma «lckpa-3ammra»; CIIOBEHUs), HMCHBITHIBAIOIIEM
BO3JICHCTBUE «HAOETAIOILIEr0» Ha HETO CTaHJAPTHOTO HM-
mynbca Toka 10/350 Mke uckyccrBeHHoM MostHuH [3, 13].

Juiss ynobcrtBa 00pabOTKM  3KCIIEPUMEHTAIBHBIX
JAHHBIX Ha puc. 15 ocuuwuiorpaMma HampsDKEHUs U TI0-

MEXH Ha YKa3aHHOM BapUCTOpe ObLIa CMEIeHa BIIPaBoO Ha
OJIHY KIJIETKY OTHOCHTEIBHO OCIIHJUIOTPAMMBI MIPOTEKAO-
LIEro Yepe3 Hero NoMexoBoro Toka i. M3 nanueix puc. 15
BHHO, YTO IIOMEXOBEIM TOK i Ha BapUCTOPE MMEET IpaK-
TUYECKH JIMHEWHBIA CIaj] MPHU €ro aMIDIATyAe okoyo 21
KA [3]. Hanpspxerne u Ha BccaeyeMOM BapHCTOpeE Yepes
400 MKC mmocyie ero IOMEeXOBOH aMIUIUTYIbI IPUMEPHO B 4
KB M COOTBETCTBEHHO Hayaja MMITyJIbCa IEepeHaIpsDKe-
HUs (TOKa) MpUHMMAO 3HaueHue okoio 1 kB. Bo Bpems
JIEACTBUSI TIOMEXOBOI'O UMITYJIbCA TOKA | UMUTUPOBAHHOM
MOJIHUM HalpsDKEHHE U Ha BAPUCTOPE AOJIKHO OBLIO OC-
TaBaThCs MOYTH HEW3MEHHBbIM. OJHAKO, OIpeIcIICHHBIC
HUCKXEHUS B (OPMY UMIIYJIbCa HANPSOHKCHUS U MTOMEXH
Ha puc. 15 «BHecIM» MPOBOAA IOJICOCIMHCHUS HAIICTO
BapucTOpa K MOTEHIMAJIbHOMY W 3a3eMJICHHOMY TOKO-
[IPOBOJAM HCIBITHIBAEMOM 3alIUTHON cXeMbl. B 3TOM CBS-
3W 3TH TPOBOJA TOACOCNWHECHUS HA MPAKTUKE NOJDKHBI
BBITIOJTHATRLCS MPEAETBLHO KOPOTKUMU 1o jymmHe [3]. O6-
MM HEIOCTaTKOM BapHCTOPOB, HCIIOIB3YEMBIX B CETAX
anekTpocHaOxkeHust ¢ HampsokeHuem 220/380 B mist 3a-
nmtel TC OT mepeHanpspkeHUH, SBISETCS OTHOCUTENIBHO
BBICOKOE OCTAaTOYHOE HAIpPsDKEHHE WX orpaHudeHus (ot 1
10 2,5 kB). B aT0ii CBSI3M NpH MX NPUMEHEHUH TpeOyeTCs
BTOpasi CTyNEHb OrpaHUUYCHUS NepeHanpskenus [3, 38].
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Puc. 15. CoBMelIeHHbIE OCLMIIIIOPAMMbI IOMEXOBOT'0 I'PO30BO-
r0 TOKa i anepuoAnyeckoii BpemeHnoi popmoii 10/350 mkc,
BO3/ICICTBYIOIIETO HA BAPUCTOP, U HANPSDKECHHUS ¢ TIOMEXH Ha
BapucTope (MaciTab 1o BepTUKAJIM I ToKa — 3,7 KA/KIIeTKa;
Maciitab mo BepTukany st Hanpspkerus — 800 B/kierka;
MacmTad 1mo ropu3oHTaN i BpeMenu — 200 mxc/kinerka) [3]

B mpuBeneHHO# Ha puc. 14 3amuTHON cxeme HeoO-
XOZMMO OCYILECTBIIATh KOOPIMHALIMIO MapaMeTpoB pas-
psnHuka P u Bapucropa B. Takasg KOOpAuUHALMs MOXET
BBITIOJIHATBCA 3a CUECT IPUMCHEHUS 3JICMECHTOB UX pa3BsA3-
KH, B KQUECTBE KOTOPBIX MOTYT HCIIOJIb30BaThCS PE3UCTO-
pBI U HHAYKTUBHOCTHU. [IpriMeHeHHe KaTyIIeK HHIYKTHUB-
HOCTH JIISL Pa3BsI3KU Pa3psAHUKOB U BapUCTOPOB BEChMa
orpaandeHo [3]. Kak npaBuiio, B KauecTBe TaKUX dJIEMEH-
TOB Pa3Bs3KH HCIIONB3YIOTCA TIPOBOAA CETH AIIEKTPO-
cHaOxernns TC. CormacHo maHHBIM n3 [3] MEXOy TpO30-
3aIIUTHBIM Pa3pAIHIKOM P W MOITHBIM BBICOKOBOJIBETHBIM
BapHCTOPOM B UIMHA TPOBOJOB CETH AIIEKTPOIHUTAHHUS,
noaBoauMbIx K TC, nqomkHa coctaBiath okoyio 10 m. TIpu
9TOM JUUIMHA IIPOBOJIOB ATOW CETU MEXY BapuUCTOPOM B U
samuiaemMbiM TC 10mKHA COCTaBIATh HE MeHee S5 M [3].

OmHUM W3 MPEHMYIIECTB BapUCTOPOB IEpe]a ra3o-
HATIOJTHEHHBIMH Pa3psIHUKAMH SBISETCS TO, YTO OHH IIPH
cpabaThIBaHUK HE 3aKOPAYHMBAIOT DIICKTPUYCCKYIO IIETIb.
[TosTomy BapucTops! Kak 31eMeHTsl 113V ucmons3yroTes
B uensix snekrponutanuss MHOTUX TC. CpaBHUTENBHO
Gorpmas 3JeKTpUYecKas €MKOCTh BapHCTOPOB OTPaHU-
YHBAaeT UX NPUMCHEHUE B BRICOKOYACTOTHBIX AJICKTPHYE-
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CKUX IesX (B 3TOM CIIydae M3-3a TAKUX BEJIMYUH UX Ta-
pa3HTHOI>i €MKOCTU MOXKET MPOUCXOAUTH AOIOJIHUTCIIb-
HOE UCKa)KEHUE W 3aTyXaHHe TTOJIe3HOTo curHana) [3, 38].
10. IlpyMeHeHUe OrpaHUYMTEIbHBIX AUOIOB JJIS
3amuThl TC o1 MOMII. Hanbonee 4yBCTBUTEIHHBIMH K
BO3ACUCTBUIO MMITYJIbCHBIX HANpsKeHUH (TOKOB), HaBe-
neHHbIX DOMMU ecTecTBEHHOTO (MCKYCCTBEHHOTO) TIPOWC-
XOXKACHU, a TAKKE BbI3bIBACMbIX KOMMYTAallMOHHBIMU U
aTMOoCc(epHBIMU (TPO30BBIMHU) TPOIIECCAMH HAa «IIOIXO-
JAIMKX» K 37aHuio ¢ 3ammmaeMbiva TC mpoBogax u Ka-
OensiX, SBISIOTCS TMOIKIIOYCHHBIC K HUM YCTPOWCTBA C
uHTerpadbHeIME MuKpocxemMamu (MMC) u momympoBo-
HUKOBBIMHU TIpuOOpamu. M3BECTHO, YTO MHUHUMAIbHAs
SHEPrus, BBI3BIBAIONIAS HEBOCCTAHABIMBAEMBIE IOBPEXK-
JIeHUs] YyBCTBHUTEIbHBIX K nedcTBuio MOMII nomympo-
BOXHMKOBBIX 1pubopoB u UMC, cocrasmsier or 107 10
107 I [7, 42]. KpoMme ra3oHaroIHEHHbIX Pa3psIHUKOB
Y METaJJIOOKCHIHBIX BapHCTOPOB OJHUMH M3 OCHOBHBIX
3alIMTHBIX 3JeMeHTOB siBisitoTca Taike TVS (Transient
Voltage Supressor)-nuozsi [3, 42]. B oreuecTBeHHOM JU-
TepaType UX €Ile HAa3bIBAIOT «CYIMPECCOPaMM» WIH «IHO-
JaMu JUTST TIOJABJICHHsSI TIEPEXOHBIX IMporeccoBy. TVS-
JMOJIBI YacTO MYTAT ¢ KPEMHHUEBBIME CTAOMIUTPOHAMH
(mmonmamu 3enepa) [42]. 3ametum, uto TVS-mu0a6! OBLTH
CrenuanbHo pa3padotansl Briepsbie B CLIA st 3amuthl
PaAMO3TIEKTPOHHON ammaparypsl pa3iundHbeix TC oT BO3-
ﬂeﬁCTBMﬂ Ha HEC MOUIHBLIX UMITYJIbCOB NEPCHAIIPAKCHUA.
KpemHneBbie cTaOMIMTPOHBI MpeIHA3HAYCHBI IS Pery-
JIMPOBaHMs HANpsDKEHHS M HE PacCYMTaHbl Ha paboTy B
cXeMaxX IpHU 3HAYUTEITBHBIX UMITYJIbCHBIX 3JEKTPHUECKUX
HarpyxeHusx. 3a pyoexom TVS-muomasl M3BECTHBI MOJ
crnenyrommMu HasBaHwsMu: Transil, Insel, Transzorb u
Ip. YKaxkeM, uTO Bpemsi cpabaThIBaHHsI IS HECHMMET-
puasbx TVS-1romoB cocTaBiseT mopsaKa 102 c, a s
CHMMeTpHUHBIX — 0k0710 5107 ¢ [42]. MIMmy/IbCHBIE TOKH
OTPaHUYEHUS JJIS HUX COCTaBIIIOT OT €IWHHII 0 COTCH
aMIICP, a HAIPSAXKCHUA OrpaHUYCHUA — OT €AUHUIl 10 CO-
TeH BOJIbT [3, 42]. He MeHee BaxXHOH XapaKTepUCTUKOI
JUIA 3THX IWOAOB SIBISIETCS OaphepHasi eMKOCTh HX p-7
nepexoaa, coctasisitoniast A0 100 nd [42]. 1o no3Boss-
€T UCIIONIB30BaTh TV S-AHOIbI 11 3aIUTEI JIMHUHA CBSI3H C
yacToToi Toka 10 100 MI't ot BEIOpOCOB HampsHKeHus, a
TaKk)Ke MHOTHX pPaIHOYaCTOTHBIX IENeH, B COCTaB KOTO-
PBIX BXOJISAT YYBCTBUTCIBHBIE K IMEPEXOJHBIM 3JIEKTPO-
MarHUTHBIM TPOIIECCaM IOTyTIPOBOAHUKOBBIE IPUOOPHI 1
HUMC. [punuun padotsr TVS-nuoaa, obnanatomero pes-
KO BBhIpaXeHHOW HenuHeiHoW BAX, MosCHSAET HaM pHcC.
16. B HOpMaIILHOM pEXUME 3aIIUNIAEMONW CXEMBI (dJIeK-
TpuyecKorl Harpyskw) TVS-muon «HeBUAMM» M OH HE
BIUseT Ha ee paboTy. [IpW BO3HHKHOBEHHH HMITYJIbCa
nepeHanpsokeHust Ha TVS-guone, aMIumTyma KOTOPOTO
MIPEBBIIIACT HATIPSHKEHHUE €ro JJABUHHOTO MPOOOsi, OH «OT-
KPBIBACTCS» M «IIPOITYyCKAeT» depe3 ceOst Ha 3eMIII0 omac-
HeId ans 3amuiiaemoro TC anmektpotok. Ilpu sToM oH
OTHOBPEMEHHO OCYIIECTBISICT W OTPaHWYCHHUE «IIPHIIE-
IEro» BHIOPOCA HAMPSDKSHUS 10 0€30MacHOro ypoBHs [3].
[MpuHIUNHATBPHON OTIUYUTENFHOH OCOOCHHOCTBIO
TVS-1uon0B OT ra30HaNOMHEHHBIX Pa3psIHUKOB SBIISET-
Csl TO, UTO y HUX HAIPsDKEHHE MPOO0S HIKE HATIPSIKCHUS
orpaHudeHus. [[ng paspsaHHKOB K€ HaNpsDKEHHE 3JIeK-
TPUYECKOTO TMPO00S WX H3OIAIHOHHBIX ITPOMEKYTKOB
CYILIECTBEHHO BBIIIE HANPSKEHUS ITOAAEPKAHMS pa3psiaa.
[Hosromy mpu wcmonp3oBaHuu TVS-mu0I0B 3ammumiae-
MbI€ MMM L€ HE LIYHTUPYIOTCS ITOCIE IIPOXOKICHUS
Yyepes UX p-n Mepexobl IMITyIIbCa TOKa MOIITHOH ITOMEXH.

MRy RbG B
NEpEHONpPAKENHS OFpaHMHEHHbIR
HMITYNBC MepeHanpAXKeHHA
+ T\
o
TOK, COOTRETCTRYHWMA iT‘V‘S JOWHLLTBMORA
NeapeHanpAKaHHIo HarpyaKg
o

Puc. 16. IIpocreiimast npuHIMNINAIbHAS 3JEKTPUUYECKas CXEMa,
noscHsromas ¢uzndeckuit npuHuun padorer TVS-nuona [42]

11. IlpumeHenue komOunupoBanHbix II3Y nas
3amuTsl TC ot MOMII. Ha npaktuke mpu 3amure MHO-
rux TC ot mopaxaromero neiicteus Ha HUX MOMII Ha-
LI IPUMEHEHHE MHOTOCTYNEHYAThle OTPaHWYUTENN Iie-
pEHaINpsHKEHNH, UCHONB3YIOIINUE OJHOBPEMEHHO B OJHOM
I13Y onucanHble HaMU BBIIIE I'a30HANOIHEHHbIE Pa3psiI-
HHUKH, METaJUIOOKCHIHbIE BapucTopsl U TVS-guonsl. B
TaKUX 3alIUTHBIX CXEMaX HUCIIOJIb3YIOTCA BBICOKHME TCXHU-
YECKUE XapaKTEPUCTUKH OJHUX 3JIEMEHTOB U CHUKAIOTCS
BIMSHUSL HEJNOCTaTKOB JPYTHUX 3JIEMEHTOB HAa MPOLECC
(yHKIMOHMpOBaHUs 1MoJ00HBIX cxeM. Ha puc. 17 mpuse-
JIeHa cXeMa TpexcTyreHdaroi 3amuTel TC OT mepeHamnps-
JKEHUH ¢ pa3BA3BIBAIOIINMI dJIEeMEHTaMH [ 3, 7].
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Puc. 17. [lpunnunuanbHast dIeKTpUYecKas cxeMa KOMOUHHUPO-
BaHHOH 3amuThl TC ¢ MOIyIPOBOAHUKOBBIMU IPHOOpAMHU H
HNMC oT noMeX0BbIX IEPEHANPSKEHUH U TOKOBBIX IIEPErpy30K
(P — ra30HaINOJHEHHBIH pa3psIHUK; B — METaJUI0OKCHIHBII
BapHCTODP; /{ — BCTPEYHO BKIIOUCHHBIE OrpaHHYHTeNbHbIE TV S-
monst; Ly, L, — pa3Bs3pIBArOIUE UHIYKTUBHOCTH) [3, 7, 15]

[Tpu mosiBIIeHWM Ha BXOJE CXEMbI 3allUThI COINIACHO
puc. 17 uMIynbca NmepeHanpsHKeHHs WM KOHTYyKTHBHOM
MOMEXH TIepBbIMH cpabatbiBatoT TVS-nuonsl (monkas
3awuma), oOecreYrBaIoONIMe BHICOKOE OBICTPOJIEHCTBUE
I[3Y (mo emunmny HanocekyHn) [3, 42]. JaHHbIe THOABI
CIIOCOOHBI TPOITyCKaTh HMITYJIbCHBIE TOKH MOMeXH (op-
Mot 8/20 Mkc ¢ amrumutyaoi 1o 0,6 KA mpu HaPsSHKCHUN
CBOETO JIABHHHOTO TIpo0ost 10 6 B [3, 42]. [Ipu 3ToM 9acTh
Toka MOMII oTBOAMTCSA B 3€MIIIO, a Ha BXOJIE 3alllMIIac-
moro TC nanpsbkeHue Uy orpaHM4YMBAETCSl B COOTBETCT-
Bun ¢ BAX ucnons3yemoro TVS-mnoxna (mpumepro 1o 10
B). /laee Bo3pacratoliee HamnpspKEHHE Ha Pa3BSI3bIBAIO-
IIEeM 3JIeMeHTe L, IPUBOJUT K CpadaThIBAHUIO BapuCTOpa
B, oTBOZAIIEr0 TOXKE YAaCTh TOKA TIOMEXH HA 3€MJII0 U Or-
PaHUYUBAIOILEIO IIOMEXOBOE HampsbkeHue Up 0 ypOBHs
okosio 100 B [3]. 3aTem yBenuueHue HaNpsHKEHUST HA pas-
BSI3BIBAONINX MHIYKTUBHOCTSAX L; U L, BBI3BIBacT cpaba-
TBIBaHUE paspsaHuKa P (epybas 3awuma), TONOIHUTEIBHO
OTBOJIAIIIETO B 3€MIIIO TOK IoMexu. M3-3a BbIeNeHNs Tel-
JIOBOM 3HEPruM Ha paspsIHUKE P W Majoro 3HaueHHs OcC-
Taromerocss Ha HeM HampspkeHus (mo 20 B) obnergaercs
pabota Bapuctopa B. B Toxxe Bpemst Bapuctop B B ompe/ie-
JIGHHOM Mepe 3allUIIAeT pa3psaHUK P OT 3JIeKTPOTEIIOBO-
ro aeiicTBUsI Ha ero paboune 3jeMeHThl Toka MOMII u
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BO3MOXHOTO paspyurieHus. Hanpspkenue orpannuenust Up
Ha paspsiiHuke P cocrasisier nopsiaka 1 kB. Takum oOpa-
30M, B komOuHHIpoBaHHOM [I3V (cM. puc. 17) Moxer pea-
JIM30BBIBATBCS CYIIECTBEHHOE CHIDKEHHE MepeHarpshKe-
HUs, Be3BaHHOTO BHemHedw MOMII. B cBoe Bpems 3TOT
BBIBOJ OBUI aBTOPOM IOATBEP)KAEH IKCIIEPHMEHTAIBHO
[45]: mpuMeHeHHe paccMaTpHUBaeMOM TPEXCTYIEHIATOM
cxeMbl 3amuThl TC o MOMII rpo30BOro mpoucxXoKaeHHUS
MO3BOJIMJIO Ha OCHOBE HCIONb30BaHMUA TVS-muonoB Tuma
1,5KE6,8A (Up=6,8 B), MeTamiooKCHAHOTO BapUCTOpa
tunma FNRO7K820 (Up=135 B) u ra3oHamnosHEeHHOTO HC-
KpoBoro paspsinauka thna LSA140 (Up=1,1 kB) HagexHO
3aIIUTUTD OT NPSMBIX (KOCBEHHBIX) y/IapOB MOJIHMM WH-
TepdelicHyto JmHUIO cBsi3u RS-485, mpennaszHaueHHyIO
Ut obecrieueHsT WHPOPMAIIMOHHOTO B3aMMOJCHCTBHS B
ycnoBHAX cOKHOH DOMO 31€KTpOHHO-BBIYHCIUTENBHBIX
CPEIICTB PaJHOTEXHUIECKOTO KOMITIEKCa, pa3paboTaHHOTO
U CO3JIaHHOTO B YKpauHe.

12. Tllpumenenue puabTpoB aias 3amutbl TC or
MDMII. B o6nactu ODMC u 3amure TC or nmomex 00Jb-
IIUHCTBO 3aJlay BO3HHUKAET OT mpoHukHoBeHus MOMII B
3alIMIIaeMoe JJIEKTPOOOOpyJOBaHHE Yepe3 LENu CBSI3H,
yIpaBJeHus U dekTporutanus. [loaTomy 3ammre cereit
anextporutanust TC B Mupe ynensiercs: 0oiblioe BHUMA-
nue. Ha puc. 18 nokazan oOmmii BUI HEMELIKOTO CETEBO-
ro ¢puisTpa (CO) Tuma FMW2-41-B/1, npenHa3HaueHHO-
IO JUIA 3aIIUTHl IPOMBIIIICHHBIX IETIEH AIEKTPONUTAHNS
Ha TIPOM3BOJICTBE U B OBITY OT HMITyTECHEIX MOMII [46].
[puHOMNIaTbHAS 37eKTpUIecKas cxema storo CO mpu-
BEJICHA CBEPXY HA €ro METAJUIMYECKOM KOPITyCe-IKpaHe.
CornacHo JaHHBIM puC. 18 3eKTpUUYecKrue mapaMeTphl
sroro C® cocTaBiIAIOT: BXOAHAsT €MKOCTh — 15 HD; uH-
nyktuBHocTd — 0,8 MI'H; BbIXOAHBIE eMKocTH — 2,2 HD.

Puc. 18. Buemnmii BuJ ceTeBoro GuibTpa s 3alUThl OT UM-
nynascHBIX MOMII (Tok — 6 A; Hanpsbkenue — 250 B; wactora —
50/60 I'u; m3rotoBurens — pupma «Schurter», ['epmanns) [46]

Ha puc. 19 npusenen oOuwmii Bu apyroi Moaudu-
kanuu Hemenkoro C®, mpuMeHsIeMOro IpHu MOIaBICHUN
MOSMII, noctrynarouux no mpoBogam 3JaeKTpoceTH [3].

Puc. 19. O6mwmii Bux cereBoro GuiabpTpa nogasieHuss MOMIT
tina B84115-E-B30 (tox — 6 A; Hanpsixenue — 250 B; wacrora
— 50/60 I'u; usrotoButens — pupma «Epcosy, ['epmannst) [46]

Kak mpaBwio, CO sBnsrorcss GUIBTPaMU HHU3KHX
gactoT (OPHY), ycTanaBiMBaeMbIMHU B HETISAX AIIEKTPOIIH-
TaHUs OONBIIMHCTBA JIIEKTPOHHBIX ycTporicTB. Ha puc.
20 mpencraBieH OOMmMA BHI BHYTPEHHEH «HAUYMHKN
EMI-dpunsTpa, UCIONB3yeMOro A 3alllUTHl CPEICTB aB-
TOMAaTHKH OT ACHCTBHS BBICOKOUACTOTHRIX MOMII [47].

Puc. 20. Bremmwnii Bun EMI-¢unsrpa (¢ oTKpbITOH IITacTMac-
COBOH KpbIIIKOil n30ssAMoHHOoro Kopryca ®@HY) uis 3amuTsl
OT MMITyJIbCHBIX TIOMEX YCTPOMCTB aBTOMaTUKH U YTPABICHUS
(Tox — 10 A; nanpspxenne — 260 B; wactota — 50/60 ') [47]

Ha puc. 21 npuBeaena snekTpudeckas cxema mome-
xo3aiutHoro EMI-¢wuieTpa, nmpumeHsemMoro Juis mnojas-
nerans MOMII B nensix aBTOMaTUKY U ynpaBieHus [47].
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Puc. 21. [lpunnunuaneHas snekrpudeckas cxema EMI-dunstpa
VIS 3aI0UTHI OT UMITYJIbCHBIX IIOMEX Lienield aBTOMaTHKH [47]

13. IIpuMeHeHMe KOPPEKTOPOB, KOMIIEHCATOPOB
U pejie-BBIKJIIOUATE/eil HATIPSI)KEHMSI CeTH /Il 3allH-
Tl TC or MOMII. B Tex cnydasix, Korna HamnpshKeHUE
CEeTU 3JIEKTPONUTAHUS CPEICTB BBIYUCIUTEIBHONW TEXHH-
ku u nHpopmaTm3anuu (CBTU) camkeno mo yposas 200
B u mMenee mwim nossIiteHo 1o yposHs 240 B u Gonee, uto
npuBoauT K cbosim B pabore CBTHU, B nemsax 3ammrer TC
oT Bo3aeicTBUs BHEITHHX MOMII 00bIYHO IPUMEHSIFOTCS
koppekTopsl HanpspxeHust (KH). Ha puc. 22 mokazansl
BHEITHHE BUABI ITOMEXO3AIUTHBIX ycTpoiicTB Tuma KH
pazpadorku 3A0 «OMCOTEX» (r. Kaiyra, PO) [18].
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Puc. 22. Buemnne Buabl KOppekTopoB HanpspbkeHus tuna KH-
T-63-b (x, MomHOCTB — 63 KBT; TOK Harpy3ku — 95 A) u Thma
KH-T-40-C (11, momHOCTS — 40 KBT; TOK Harpy3ku — 60 A) [18]

st 3a1MThl NUTAIOIIEH CETH OT BBICIIMX FaPMOHUK
U Pa3Tpy3KH HEUTpamu B TpeX(pa3HBIX CETIX AIEKTPOITH-
taHust CBTU mpuMEHSIOTCS KOMITEHCATOPHI MCKaKEHUH
nanpsbkenuss (KMH). Ha puc. 23,x mokasan oOmui Bumg
OIHOTO M3 MOAOOHBIX KoMIeHcaTtopoB Ttuma KMH-25-]1
(MommHOCTE — 25 KBT; TOK Harpys3km — 40 A) [18]. [nsa
KOMIICHCAI[MH «IIPOBAJIOB) HANPSDKCHUS B CETAX OJICK-
TPOIUTAHUS HCIIOJIL3YIOTCS cpabaThIBAIOIIKE 3a BPEMS JI0
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200 mc xomneHcarops! «nposaioBy Harpspkenus (KITH)
B nurtaromei CBTU ceTu, BEI3BIBAEMBIX BO3JICHCTBHEM Ha
Hee BHemHNX MOMII [18]. Ha puc. 23,# mpencraBieH
oOmmmii BUA OTHOTO U3 TaKUX KomiieHcatopos Tuma KITH-
T-40-b (MomHOCTE — 40 KBT; TOK Harpy3ku — 60 A) [18].

M H

Puc. 23. O6mpe BB KOMIIEHCATOpa UCKaXKEHHH HANPSDKEHHS CETH
tina KH-25-J1 (m, MomHOCTh — 25 KBT; TOK Harpy3ku — 40 A) u
KOMIIEHCATOpa «IpoBajioBy Hanpsbkenus cety Tuna KITH-T-40-b
(1, momHOCTE — 40 KBT; Tok Harpysku — 60 A) [18]

VYkazannsle B nanHom pasupene 13V (KH, KMH u
KIIH) s¢dexruBHo 3ammmator coBpemennsie CBTU,
PaJHOIEKTPOHHOE M IIEKTPOTEXHOJIOTHYECKOe 000py-
JIOBaHHE, KOTOPbIE KPUTHYHBI K N3MEHEHHIO HAPSHKEHHS
anexTponutanus Ha (20-40) % 0T HOMMHAJIBHOTO YPOBHSI.

Ha puc. 24 nokazan oOmuii BUI pene HarpsKeHUs
turma VOLT CONTROL PH-104 (40 A), BelryckaemMoro B
YKpauHe U IperHa3sHaYEeHHOTO ISl OTKIIIOUCHHS OT CeTH
AJIEKTPOMTUTAHUS OBITOBOH (IIPOMBIIIJICHHOW) IEKTPOHH-
KH MOIIHOCTBIO 110 9 kBT Ha Tpebyemyro 3amepx Ky mpu
HEZIOMyCTHUMBIX KOJIEOaHUSIX HANIPSKECHUS B CETH €€ JIeK-
TPOCHAOKEHUsSI C MOCIEAYIOIIM aBTOMAaTHYECKUM BKITIO-
YEHHEM I10CJIe BOCCTAHOBIIEHUS MMapaMeTpoB ceTH [48].
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Puc. 24. BHewHuii BUJI OTEUECTBEHHOTO pejie HANPsDKEHUS TUIIA
VOLT CONTROL PH-104 (tox — no 40 A; HanpshKeHHE —
(160-280) B; Bpems 3anepxku — (5-900) c; Ykpauna) [48]

14. TlpumeHeHHE 3JEKTPOMATHHTHON Pa3BA3KH
BHemrHUX Henel aias 3amuTel TC or MOMII. Onaum
13 3 (HEeKTUBHBIX MPUEMOB YMEHbBILICHUS BIMSHHS BHEII-
Hux MOMII Ha QyHKIMOHMPOBAHUE HAXOMSAIINXCS BHYT-
pu 3maHus TC sBngercss >JIeKTPOMAarHUTHas pa3BsA3Ka
BHEIIHUX IEKTPUUECKUX ILeNeH, «HOAXOIAMNX» K 3a-
muiaeMomy 3aanuto ¢ TC Uim «OTXOASIIUX» OT Hero [3,
15, 19]. K ocHOBHEIM crioco0aM 3JIEKTPOMarHUTHOM pas-
BA3KM BHEUIHMX IIETIEH paccMaTpUBAEMOTrO HAMH 3JICK-
TpoobopynoBanuss otHocuTcs [3, 15, 19]: mpumeHeHune
Pa3Bs3BIBAIOIINX HWHIYKTHBHOCTEH, 4acTO PEaN3yeMBbIX
32 CUET 3MIEKTPUYECKHX MapaMeTPOB HOAXOMALINX» K
3amuimaemMbiM TC poBOJOB CETH 3NEKTPONUTAHUS; TPH-

MEHEHHE H30JMpPYIOIIEro TpaHcdopmaropa, yCTaHaBIIH-
Bae€MOr0 B Pa3pbIBbl AJIEKTPOKOHTYPOB U ILienel 3a3emie-
HUS; YCTAaHOBKAa B pa3pbIB Haphel (Da3HOTO W HYIJIEBOTO
MPOBOJIOB TIPOJOJBHOTO JAPOCCENs; HCIIONb30BaHUE Ou-
(usipHOTO 1pOccers ¢ (EPPUTOBBIMU KOJBLAMHE, TIPH-
MEHEHHE B pa3phIBax LENeH ONTOAIEKTPOHHBIX CXeM (Ha-
MpUMeEp, ONTPOHOB, MHOAHBIX ONTONApP, TPAH3UCTOPHBIX
OTITOTIAP, BOJIOKOHHO-ONITHYECKUX JTMHUH CBSI3H U JIP. ).
15. IIpuMeHeHne Pe3UCTHUBHBIX CXeM JJIfl 3allM-
Tl TC or MOMII. B Hacrosiiee BpeMs Npu 3allUTe
MOUIHBIX BBICOKOBOJITHBIX KOHIEHCATOPHBIX OaTapei
9HEPrOEMKOCTbIO B COTHU KJ[)K OT aBapuHHBIX TOKOB
MHUKPO- ¥ MUJDTHCEKYHIHOW JITUTEIFHOCTH C aMIUIUTY IOH
JI0O COTEH KHJIOAMIIEp, CIIOCOOHBIX BBI3BIBATH B3PHIBOOO-
pasHoe pa3pyIIeHHe MPOOUTHIX AIEKTPHUSCKIM CHIIBHO-
TOYHBIM Pa3psAIOM KOHIICHCATOPOB C METAJUIMYECKUMHU U
M30JIIIUOHHBIMU KOPITyCaMU, HAIIUTA IPUMEHEHHE HOBEIC
pesuctuBHbBIe cxeMbl [49, 50]. Ha puc. 25 npuseaen o6-
mui BUI ()parMeHTa MOIIHOTO BBICOKOBOJIBTHOTO €MKO-
ctHoro Haxomutens sHeprun (EHD) omHOMomymbHOTO
ucnonnenus paspaborku HUIIKU «Monuus»y HTY
«XTIN», mpeaHa3HaYeHHOTO i ()OPMHUPOBAHUS B J1a0O-
PaTOPHBIX YCIOBUSX HA HU3KOOMHOW W MaJOWHIYKTHB-
HOW 3JIEKTPUYECKOI Harpy3Ke OCHOBHBIX KOMIIOHEHT UM-
MyJIbCHOTO TOKa UCKYCCTBEHHOW MOJIHUM C HOPMHUPOBAH-
HeiMA ABII [49] u B KOTOpOM OBUIa NMPHMEHEHA pE3u-
CTHBHAsA CXeMa 3alIUThl €ro KOHACHCAaTOPOB OT aBapuii-
HBIX TOKOB Ha OCHOBE pe3ucTopoB Tuma TBO-60-24 Owm.

e —

Puc. 25. Buemnnii Bua gpparMeHta MOIIHOTO BBICOKOBOJIBTHOTO
EHD oxHOMOIYIHEHOTO HCIIONHEHHSI HA HOMHHAIIBHOE HaIpsi-
skeHue £50 kB 1 HOMUHANBHYI0 3a11aCaeMYI0 dJIEKTPUUYECKYIO
sHepruto 420 xJ[x ¢ ero mapasiensHO BKIIOYCHHBIMU KOHJICH-

catopamu tuna MK-50-3 B konuuectse 112 1mT. U KecTKO ycTa-

HOBJICHHBIMH Ha MX BCEX BBICOKOBOJIbTHBIX BBIBOJIAX 3aLIUTHBI-
MM BBICOKOBOJITHBIMH OOBEMHBIMH ITOCTOSHHBIMHU I'pauTO-

KepaMuueckumu pesuctopamu tuma TBO-60-24 Owm [49]

Yka3aHHBIE BBIIIE 3aIUTHBIE CXEeMBI Oa3UPYIOTCS Ha
UCIIOJIb30BaHUH B UX COCTaBE BHICOKOBOJIBTHBIX IPaguTo-
KEepPaMHUYECKHX OOBEMHBIX ITOCTOSHHBIX PE3UCTOPOB THIIA
TBO-60 HOoMuHanIOM comnpotuBieHus ot 24 no 100 Owm,
YCTaHABIMBAaEMbIX NPSMO Ha BBICOKOBOJIETHBIX BBIBOJIAX
OTIETBbHBIX KOHAeHcaTopoB. B [20, 21] Obun npuBeneHs
HMH)KEHEPHO-TEXHUYECKUE PEKOMEHJAalMd IO MOCTpoe-
HHUIO TaKUX 3AIIUTHBIX CXEM M NPHOJMKEHHBIE pacydeT-
HBIE COOTHOMICHWS IO BBIOOpPY YHMCIA 3aIIUTHBIX PE3H-
CTOPOB B 33aBHCHMOCTH OT MPUMEHSEMOTO pa3padoTyH-
KOM BBICOKOBOJITHOW HMITYJIbCHOM TEXHHUKH INPHHIHIA
MOCTPOeHHs (OJHO- MM MHOTOMOZYJIBHOTO HCIIOJTHEHHUS)
MOIIHBIX KOHJICHCATOPHBIX OaTape 3JeKTPOyCTaHOBOK.

BeiBoa. Pemienue rmodanbHo# mpobiemsr DMC u
3aIIUTHI OT Topaxaromiero nericTBusst MOMII ectecTBeH-
HOTO U MCKYCCTBEHHOTO IPOHCXOXAEHUS PaaHO03JIeK-
TPOHHOIO, JIEKTPOTEXHUYECKOTO M 3JIEKTPOIHEpreTuye-
CKOTO 000pyIOBaHUs TPEOYyeT ISl YCIEIHOTO TOCTHKe-
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HUSI YKa3aHHBIX BBIIIE I1ejel Oojiee aKTUBHOTO M IINPO-
KOTO NPUMEHEHHUsS! Ha OOIIENPOMBIIIIEHHOM U OBITOBOM
ypoBHsX 3¢ PexruBHBIX [I3Y paznnaHOTO HCIOTHEHUS.

CITMCOK JIMTEPATYPbBI
1. Xaburep D. DeKTpOMarHUTHas COBMECTUMOCTH. OCHOBEI
ee obecrieueHns B TexHuke: [lep. ¢ Hem. W.I1. Kyxekuna / [Tog
pex. b.K. MakcumoBa. — M.: DHeproaromusaar, 1995. — 304 c.
2. JlpsxoB A.®., MakcumoB Bb.K., bopucos P.K. u ap. DOnek-
TPOMarHUTHasi COBMECTHMOCTh B 3JIEKTPO’HEPIeTHKE U JIIEK-
tporexHuke / [Tox pen. A.®. [Ipsakosa. — M.: DHeproatomMusar,
2003. — 768 c.
3. JpsakoB A.®., Kyxekun WN.I1., Makcumo b.K., TemHukon
A.T. DnexTpoMarHuTHas COBMECTHMOCTb M MOJIHHE3AIUTa B
anektposnepreruke / [lox pen. A.®. [psaxoBa. — M.: U3narens-
ckuii oM MDU, 2009. — 455 c.
4. Puxerc JI.Y., bpumxec [x.0., Maiinerra [x. Dnextpomar-
HUTHBIA MMITyJIbC ¥ MeToxbl 3amuThl / Ilep. ¢ aHri. mox pen.
H.A. Yxuna. — M.: Atomusaar, 1979. — 328 c.
5. Kpasuenko B.U., bonoros E.A., Jlerynosa H.W. Paguoonex-
TPOHHBIE CPEJICTBA U MOIIHBIE JIEKTpOMarHuTHbIe romexu / [lox
pexn. B.. KpaBuenko. — M.: Panmyo u cBsi3p, 1987. — 256 c.
6. Mriposa JI1.O., Yemmwxkenko A.3. OGecrieueHHe CTOHKOCTH
anmapatypbl CBSI3M K HOHM3UPYIOHMIUM U 3JIEKTPOMAarHUTHBIM
n3nydeHusiM. — M.: Paguo u cBsi3b, 1988. — 296 c.
7. KpaBuenko B.M. I'pososammra  pajno3IeKTPOHHBIX
cpencts. — M.: Paino u cBsizb, 1991. — 264 c.
8. Bapano M.U. M36panusie Bompock 3iekTpodusuku: Mo-
Horpadust B 2-x Tomax. Tom 2, Ku. 2: Teopus snexrpoduzude-
ckux 3pdextoB u 3amau. — X.: HTY «XI11», 2010. — 407 c.
9. MexrocynapctBenHsiii crangapt ['OCT 1516.2-97. «Dnek-
TpooOOpyIOBaHUE U BJIEKTPOYCTAHOBKU NEPEMEHHOTO TOKa Ha
HanpsbkeHue 3 kB u Bpime. OOIye MeTOabl UCIIBITAHUH dJIeK-
TPUUYECKOH IPOYHOCTH M30sinumy. — Munck: U3n-Bo cranmap-
TOB, 1998. — 31 c.
10. Mexrocynapcteennbsiii cranaaptr 'OCT 30585-98. «Croii-
KOCTh K BO3JIEHCTBMIO I'PO30BBIX pa3psAnoB. TexHuueckue Tpe-
OoBaHMs U MeTOAB! ucnbiTaHmit». — K.: ['occranmapt Ykpaussl,
1998. - 27 c.
11. Craapapt P® I'OCT P 50746-2000. «CoBMECTUMOCTD TEX-
HUYECKUX CPEJCTB ICKTPOMArHUTHAsA. TeXHUUYEeCKHe CpencTBa
JUISL aTOMHBIX cTaHIui. TpeGoBaHUS ¥ METOIBI UCIIBITAHUNY. —
M.: U3xa-Bo cranaaptos, 2001. —42 c.
12. International standard IEC 61000-4-32. Part 4-32. «Testing and
measurement  techniques-High-altitude electromagnetic  pulse
(HEMP) simulator compendiumy». — Geneva: IEC, 2002. — 108 p.
13. International standard IEC 62305-1:2010. «Protection
against lightning.— Part 1: General principles». — Geneva: IEC,
2010. - 56 p.
14. HanmonaneHuseiit crannapt Poccuiickoit ®denepanuu 'OCT
P M3K 62305-1-2010. «MeHem)KMEHT pUcKa. 3aliuTa OT MOJI-
Huu. Yacte 1: OOmue mpuHOune». — M.: Ctanmaptuapopwm,
2011. - 46 c.
15. Bpxesuupkuii B.O., IcakoBa A.B., Pynakos B.B. ta iH.
Texuika i exekTpodizuka BUCOKHX Harpyr: Hagd. mociOnuk / 3a
pen. B.O. bpxesuupskoro, B.M. Muxaiinosa. — X.: HTY «XIII».
— Topnano, 2005. — 930 c.
16. Koznos JI.A., Kyxexun WN.IT., Xpubap XK. Mcnerranust 06b-
€KTOB Ha YCTOWYHMBOCTH K BO3ICHCTBUIO TOKOB MOnHUH // Tex-
HOJIOTHH 3JIEKTPOMAarHUTHOH coBMecTUMOCTH. — 2004. — Ne2(9).
—C.35-39.
17. lepxaBuuii crangapt Ykpaiau 2793-94 «CymicHicTh Tex-
HIYHUX 3ac00iB enekrpomardiTHa. CTIHKICTh 10 MOTYKHUX €Jie-
KTPOMArHiTHHUX 3aBaj. 3araibHi monoxxeHHs». — K.: JlepxkcTan-
JapT Ykpainy, 1994. — 24 c.
18. CyxopykoB C.A. Ilomexo3ammrHble ycTpoiictBa 3A0
«OMCOTEX». — Kanyra, 2014. — 72 c.
19. KpaBuenko B.J. Opyxue Ha HETPaIUIMOHHBIX (DH3HUYECKUX
npuHIMnax: DrekrpomarautHoe opyskue. — X.: HTMT, 2009. — 266 c.
20. bapanos M.1. OcHOBHBIE NOKa3aTeIN TEPMOMEXaHUUECKON
3aIIUTHl  BBICOKOBOJIBTHBIX ~ KOHJAEHCATOPOB B  3apsiIHO-

Pa3psIHBIX LEMSIX MOIIHBIX €MKOCTHBIX HaKOIHTEJEeH DHEpruu
or asapuiiHbIX cBepxTokoB // Bicauuk HTY «XIII». Cepis:
«Texnika Ta eyekTpodi3mka BHCOKHMX Hampyr». — 2014. —
Ne50(1092). — C. 20-27.

21. bapanos M.U., PynakoB C.B. Pa3paboTka HOBBIX cxeM pe-
3UCTUBHOM 3aIIUTHI BHICOKOBOJBTHBIX KOHAEHCATOPOB MOIIHBIX
€MKOCTHBIX HAaKOMHUTENeil SHepriuK OT aBapuiHbIX TOKoB // Ene-
KTpOTeXHiKa i enexTpomexanika. — 2015. — Ne6. — C. 47-52. doi:
10.20998/2074-272x.2015.6.08.

22. MManupo JA.H. OcHOBBI TeOpUHU 3IEKTPOMArHUTHOIO JKpa-
Huposanus. — JI.: Dueprus, 1975. — 112 c.

23. Anomnonckuii C.M. Pacyer 3JI€KTpOMAarHUTHBIX JKpaHH-
pyrouux obonouek. — JI.: Dueprousaart, 1982. — 144 c.

24. Bouc D.®. BiusHue 31€KTpOMAarHUTHBIX IOJICH Ha KpaHH-
poBannbie kabenu / [ep. ¢ aurn. nox pen. JI.JI. Pazymosa. — M.:
Panuo u cBsi3zp, 1982. — 120 c.

25. Pabkosa E.fI. 3a3emiieHus B yCTaHOBKAX BBICOKOTO Hampsi-
skeHus. — M.: OHeprus, 1978. — 224 c.

26. BuripoOyBaHHS Ta KOHTPOJIb IPUCTPOIB 3a3€MJICHHS CIICKT-
poycraHoBok. «TumoBa iHcTpykuis COY 31.2-21677681-19-
2009». — K.: Minnanusenepro Ykpainu, 2010. — 54 c.

27. TlpaBuna ynamTyBaHHs €J1eKTPOycTaHOBOK. Po3xin 1. 3ara-
npHI mpaBwia. ['maBa 1.7. 3a3eMyIeHHS 1 3aXMCHI 3aXOJIU BiJ
YpaKeHHsS eNeKTpudHuM cTpyMoM. — K.: MiHeHeproByrimst
Vkpainn, 2011. - 72 c.

28. Komnymko I'M., Kommymixo JI.I'., Pynenxo C.C. K Bompocy
MOBBIIICHNUS! TOYHOCTH pacdeTa HOPMHPYEMBIX IapaMeTpoOB
3a3eMJIIIOLIMX YCTPOMCTB JEHCTBYIOMINX 3JIEKTPOYCTaHOBOK //
EnexrporexHika i enekrpomexanika. — 2014. — Ne4. — C. 65-70.
doi: 10.20998/2074-272x.2014.4.13.

29. Koctpyba C.J. U3mepeHne OJIEKTPHYECKUX HapaMeTPOB
3eMJIM ¥ 3a3eMIIIIONIMX YCTpoicTB. — M.: DHeproatommsmaar,
1983. — 168 c.

30. Byprcnopd B.B., SIkobc A.W. 3azemnsroniue ycTpoicTBa
ANIEKTPOYCTaHOBOK. — M.: DHeproaromusaar, 1987. — 400 c.

31. bopucos P.K., Komnymxo I'"M., I'pumyn I'.11. Metonuka uc-
CIIEJIOBaHHS 3a3eMIIIOIINX YCTPOHCTB OOBEKTOB 3JICKTpO3HEpre-
THKY // DHepreTyka u anekrpudukarms. — 2000. — Ned. — C. 29-32.
32. Hanuonansaselii crangapt PO I'OCT P 54149-2010. «Hop-
MBI KauecTBa JJIEKTPUYECKOH SHEPrHU B CHUCTEMaxX OJIIEKTPO-
cHaOkeHUst oOmiero HaszHaueHws»». — M.: CranpaptuadopMm,
2010. —52c.

33. bapanos M.U., Komuymko I'.M., KpaBuenko B.H. I'enepa-
TOpP KOMMYTAI[HOHHBIX alepHOIUYECKUX HMITYJIbCOB CBEPXBBI-
COKOT'O HANpPSDKSHUsI JJIs UCHBITAHUN DJIEKTPHYECKON NPOYHO-
CTH M30JLILMM TEXHUYECKHX 00bekToB // IIpubOpEl M TexHHKa

skcriepumenta. — 2013, — Ne6. — C. 30-35. doi:
10.1134/50020441213050126.
34. International standard IEC 62305-4:2010. «Protection

against lightning. — Part 4: Electrical and electronic systems
within structures». — Geneva: IEC, 2010. — 59 p.

35. http://www.schrack-technik.ru/shop/grozozashchitnye-
razrjadniki-razrjadniki-dlja-zashchity-ot-perenaprjazhenija-i-
zazemlenie.html.

36. http://www.plasmalabs.ru/files/products/sverhmoshchnie.pdf.
37. http://newet.ru/catalog/pomekhozashchitnoe oborudovanie
emsotekh.

38. http://electricalschool.info/main/elsnabg/220-primenenie-
ogranichitelejj.html.

39. Jlembsnenko K.b., Turkos B.B. CpaBHeHHE OCHOBHBIX TeX-
Hrdeckux xapakrepuctuk OITH B dapdoposoii n nmonnmepHoit
m3omsiiuu  mpousBogactea OO0  «CEB3AIIIIPOM»  //
DJIEKTPO. DneKkTpoTexXHHKa, >JIEKTPOIHEPreTHKa, 3ICKTPO-
TEXHUYECKas MPOMBIIUIEHHOCTE. — 2007. — No2. — C. 31-33.

40. Wymunos 10.H., Hlymunos M.YO., Tapan B.H., ['annanimy-
posa C.IO., Koryn A.H., Tensmanosa E.H., He6orartas B.B.,
3anepuxun A.A., JleneB [I.H. Henunelinsie orpanuuuteny me-
penanpspxenuii 3-150 kB B nmonumepHom kopmyce // Enepreru-
Ka Ta enextpudikamis. —2010. — Ne9. — C. 26-30.

41. http://electric-tolk.ru/ogranichiteli-perenapryazhenij-
zashhita-ot-molnii.

ISSN 2074-272X. Enexmpomexnixa i Enexkmpomexanixa. 2016. Ne4 13



42. http://www.compitech.ru/html.cgi/arhiv/01_01/stat-32.htm.
43. BosbI1I0i NITIOCTPUPOBAHHBIN CIIOBAPh HHOCTPAHHBIX CIIOB.
— M.: Pycckue cnoBapu, 2004. — 957 c.

44. Texnuka GONBUIMX UMITYJIbCHBIX TOKOB M MarHUTHBIX IOJICH
/ Mox pen. B.C. KomenbkoBa. — M.: Atomuzaat, 1970. — 472 c.
45. bapanoB M.U. U36pannsle Bonpock 3iekTpodusuku: Mo-
Horpapus. Tom 3: Teopus W HpakTHKa SIEKTPOPUIMUCCKHX
3amad. — X: Touka, 2014. — 400 c.

46. http://www.musidora.ru/dimFiltrs.htm.

47. http://www.symmetron.ru/suppliers/infineon/files/pdf/infine
on/INF13.pdf.

48. http://bt.rozetka.com.ua/3502659/c3502659/?gclid=CPeh-
OidlckCFebhcgoddGgA1A.

49. bapanos M.U., Komymko I'.M., KpaBuenko B.U., Henzemns-
ckuit O.C., Jusmuenko B.H. I'eHepatop Toka HCKyCCTBEHHOI
MOJIHUM JIJI1 HATYPHBIX HCIBITAHUH TEXHHYECKHX OOBEKTOB //
[Ipubops! u TexHuka sxcnepumenta. — 2008. — Ne3. — C. 81-85.
doi: 10.1134/50020441208030123.

50. bapanos M.U., Komuymko I'.M., KpaBuenko B.U., Pynaxos
C.B. I'enepaTtop amepHOANYECKHX HMITYJIECOB TOKAa HCKYCCT-
BEHHOH MOJIHMHM C HOPMHPOBaHHOI BpeMeHHOHU (opmoit 10/350
MKc 1 aMmuaTyZoi £(100-200) kA // [Ipubops! 1 TEXHHUKA IKC-
nepumenta. — 2015, — Ne6. — C. 39-44. doi:
10.1134/50020441215060032.

REFERENCES
1. Khabiger E. Elektromagnitnaia sovmestimost'. Osnovy ee
obespecheniia v tekhnike [Electromagnetic compatibility. Fun-
damentals of its maintenance technique]. Moscow, Energoa-
tomizdat Publ., 1995. 304 p. (Rus).
2. Dyakov AF., Maksimov B.K., Borisov R.K. Elektromagnit-
naya sovmestimost' v elektroenergetike i elektrotekhnike [Electro-
magnetic compatibility in power engineering and electrical engi-
neering]. Moscow, Energoatomizdat Publ., 2003. 768 p. (Rus).
3. Dyakov A.F., Kuzhekin I.P., Maksimov B.K., Temnikov
A.G. Elektromahnitnaya sovmestimost' i molniezashchita v elek-
troenergetike [Electromagnetic compatibility and lightning pro-
tection in the power]. Moscow, MEI Publishing House, 2009.
455 p. (Rus).
4. Ricketts L.U., Bridges J.E., Mayletta J. Elektromahnitnij
impul's i metody zashchity [Electromagnetic pulse and methods
of protection]. Moscow, Atomizdat Publ., 1979. 328 p. (Rus).
5. Kravchenko V.., Bolotov E.A., Letunova N.I. Radioelek-
tronnye sredstva i moshchnye elektromahnitnye pomehi [Radio-
electronic means and powerful electromagnetic hindrances].
Moscow, Radio and Communications Publ., 1987. 256 p. (Rus).
6. Myrova L.O., Chepizhenko A.Z. Obespechenie stojkosti
apparatury svyazi k ionyzyruyushchim i elektromahnytnim izlu-
cheniyam [Ensuring stability of communications equipment to
the ionizing and electromagnetic of radiations]. Moscow, Radio
and Communications Publ., 1988. 296 p. (Rus).
7. Kravchenko V.I. Hrozozashchita radioelektronnyh sredstv
[Lightning protection of radioelectronic facilities]. Moscow,
Radio and Communications Publ., 1991. 264 p. (Rus).
8. Baranov M.L. Izbrannye voprosy elektrofiziki. Tom 2, Kn. 2:
Teoriia elektrofizicheskikh effektov i zadach [Selected topics of
Electrophysics. Vol.2, Book 2. A theory of electrophysical effects
and tasks]. Kharkiv, NTU «KhPI» Publ., 2010. 407 p. (Rus).
9. GOST 1516.2-97. Elektrooborudovanie i elektroustanovki
peremennogo toka na napriazhenie 3 kV i vyshe. Obshchie me-
tody ispytanii elektricheskoi prochnosti izoliatsii [GOST 1516.2-
97. Electrical equipment and electrical options of alternating
current voltage 3 kV and above. Common test methods for di-
electric strength]. Minsk, Publishing house of standards, 1998.
31 p. (Rus).
10. GOST 30585-98. Stoikost' k vozdeistviiu grozovykh razriadov.
Tekhnicheskie trebovaniia i metody ispytanii [GOST 30585-98.
Resistance to lightning. Technical requirements and test methods].
Kiev, State Standard of Ukraine Publ., 1998. 27 p. (Rus).
11. GOST R 50746-2000. Sovmestimost' tekhnicheskikh sredstv
elektromagnitnaia. Tekhnicheskie sredstva dlia atomnykh stant-

sii. Trebovaniia i metody ispytanii [GOST R 50746-2000. Com-
patibility of technical equipment. Technical equipment for nu-
clear power plants. Requirements and test methods]. Moscow,
Publishing House of Standards, 2001. 42 p. (Rus).

12. IEC 61000-4-32. Part 4-32. Testing and measurement tech-
niques-High-altitude electromagnetic pulse (HEMP) simulator
compendium. Geneva, IEC Publ., 2002. 108 p.

13. IEC 62305-1: 2010 «Protection against lightning. Part 1:
General principles». Geneva, IEC Publ., 2010. 56 p.

14. GOST R MEK 62305-1-2010. Menedzhment riska. Zashhita ot
molnii. Chast' 1: Obshhie principy [GOST R IEC 62305-1-2010.
Risk management. Protection from lightning. Part 1: General prin-
ciples]. Moscow, Standartinform Publ., 2011, 46 p. (Rus).

15. Brzhezitskiy V.A., Isakova A.V., Rudakov V.V. Tekhnika i
elektrofizyka vysokykh napruh [Technics and Electrophysics of
High Voltages]. Kharkov, Tornado Publ., 2005. 930 p. (Ukr).

16. Kozlov D.A., Kuzhekin I.P., Hribar J. Testing objects for
resistance to lightning currents. Technologies of electromagnetic
compatibility, 2004, n0.2(9), pp. 35-39. (Rus).

17. DSTU 2793-94. Sumisnist tekhnichnykh zasobiv elektro-
mahnitna. Stiikist do potuzhnykh elektromahnitnykh zavad. Za-
halni polozhennia [DSTU 2793-94. Electromagnetic compatibil-
ity of hardware. Stability to the powerful electromagnetic hin-
drances. General principles]. Kiev, State Standard of Ukraine
Publ., 1994. 24 p. (Ukr).

18. Suhorukov  S.A.  Pomehozashhitnye
"EMSOTEH" [Hindrance protective devices
"EMSOTEH"]. Kaluga, 2014. 72 p. (Rus).

19. Kravchenko V.I. Weapon on non-traditional physical prin-
ciples: Electromagnetic weapon. Kharkov, NTMT Publ., 2009.
266 p. (Rus).

20. Baranov M.I. Key indicators thermo protection in high-
voltage capacitors charge-discharge circuit powerful capacitive
energy storage of emergency overcurrent. Bulletin of NTU
«KhPI», 2014, n0.50(1092), pp.20-27. (Rus).

21. Baranov M.IL., Rudakov S.V. Development of new charts of
capacitance-resistance defense of high-voltage capacitors of
powerful capacity stores of energy from emergency currents.
Electrical engineering & electromechanics, 2015, no.6, pp. 47-
52. (Rus). doi: 10.20998/2074-272x.2015.6.08.

22. Shapiro D.N. Osnovy teorii elektromahnitnogo ekraniro-
vaniya [Basic theory of electromagnetic screening]. Leningrad,
Energy Publ., 1975. 112 p. (Rus).

23. Apollonsky S.M. Raschet elektromagnitnyh ekraniru-
yushchih obolochek [Calculation of electromagnetic shielding of
shells]. Leningrad, Energoizdat Publ., 1982. 144 p. (Rus).

24. Vance E.F. Vliyanie elektromagnitnyh polej na ekraniro-
vannye kabeli [The impact of electromagnetic fields on the
shielded cables]. Moscow, Radio and Communications Publ.,
1982. 120 p. (Rus).

25. Ryabkova E.Y. Zazemleniya v ustanovkah vysokogo
napryazheniya [Grounding installations high voltage]. Moscow,
Energy Publ., 1978. 224 p. (Rus).

26. SOU 31.2-21677681-19:2009. Viprobuvannya ta kontrol'
prystroyiv zazemlennya elektroustanovok. Tipova instruktsiya.
[SOU 31.2-21677681-19:2009. Test and control devices, electri-
cal grounding. Standard instruction]. Kyiv, Minenergovugillya
Ukrayiny Publ., 2010. 54 p. (Ukr).

27. Pravila ulashtuvannya elektroustanovok. Rozdil 1. Zagal'ni
pravila. Glava 1.7. Zazemlennya i zakhisni zakhodi vid urazhen-
nya elektrichnim strumom [Rules of the device electroinstalla-
tions. Chapter 1. General rules. Grounding and protective meas-
ures against electric shock]. Kyiv, Minenergovugillya Ukrayiny
Publ., 2011. 72 p. (Ukr).

28. Koliushko G.M., Koliushko D.G., Rudenko S.S. On the
problem of increasing computation accuracy for rated parame-
ters of active electrical installation ground grids. Electrical en-
gineering & electromechanics, 2014, no.4, pp. 65-70. (Rus).
doi: 10.20998/2074-272x.2014.4.13.

29. Kostruba S.1. Izmerenie elektricheskih parametrov zemli i
zazemlyayushchih ustrojstv [Measurement of electrical parame-

ustrojstva  ZAO
of CCA

14 ISSN 2074-272X. Enexmpomexuixa i Enexmpomexanixa. 2016. Ned



ters of the earth and grounding device]. Moscow, Energoa-
tomizdat Publ., 1983. 168 p. (Rus).

30. Burgsdorf V.V., Jacobs A.l. Zazemlyayushchie ustrojstva
elektroustanovok [Earthing devices of electric options]. Mos-
cow, Energoatomizdat Publ., 1987. 400 p. (Rus).

31. Borisov R.K., Koliushko G.M., Grimud G.I. Technique to
study the ground grids of electric power facilities. Energy and
Electrification, 2000, no.4, pp. 29-32. (Rus).

32. GOST R 54149-2010. Normy kachestva elektricheskoi ener-
gii v sistemakh elektrosnabzheniia obshchego naznacheniia
[GOST R 54149-2010. Norms of quality of electric energy in
power systems for general purposes]. Moscow, Standartinform
Publ., 2010. 52 p. (Rus).

33. Baranov M.I., Koliushko G.M., Kravchenko V.I. A switch-
ing aperiodic superhigh-voltage pulse generator for testing the
electric strength of insulation of technical objects. Instruments
and Experimental Technique, 2013, vol.56, no.6, pp. 653-658.
doi: 10.1134/s0020441213050126.

34. IEC 62305-4: 2010 «Protection against lightning.— Part 4:
Electrical and electronic systems within structures». Geneva,
IEC Publ., 2010. 59 p.

35. Available at: http://www.schrack-
technik.ru/shop/grozozashchitnye-razrjadniki-razrjadniki-dlja-
zashchity-ot-perenaprjazhenija-i-zazemlenie.html (accessed 21
May 2015). (Rus).

36. Available at:
http://www.plasmalabs.ru/files/products/sverhmoshchnie.pdf
(accessed 10 October 2015). (Rus).

37. Available at:
http://newet.ru/catalog/pomekhozashchitnoe_oborudovanie_ems
otekh (accessed 21 February 2014). (Rus).

38. Available at:  http:/electricalschool.info/main/elsnabg/220-
primenenie-ogranichitelejj.html (accessed 28 September 2014). (Rus).
39. Dem’yanenko K.B., Titkov V.V. Comparison of the main
technical characteristics of OPN in porcelain and polymer insu-
lation of LLC "SEVZAPPROM". ELEKTRO. Electrical engi-
neering, power industry, electrical industry, 2007, no.2. pp.
31-33. (Rus).

40. Shumilov Yu.N., Shumilov M.Yu., Taran V.N. Ganpantsu-
rova S.Iu., Kovtun A.N., Tel'manova E.N., Nebogataia V.V.,
Zaderikhin A.A., Lenev D.N. Non-linear terminators of over-
voltage 3-150 kV in polymer corps. Energetic and electrifica-
tion, 2010, no.9, pp. 26-30. (Rus).

41. Available at: http://electric-tolk.ru/ogranichiteli-

perenapryazhenij-zashhita-ot-molnii (accessed 23 July 2015). (Rus).
42. Available at:

http://www.compitech.ru/html.cgi/arhiv/01_01/stat-32.htm (ac-
cessed 10 April 2015). (Rus).

43. Bol'shoj illjustrirovannyj slovar' inostrannyh slov [Large
illustrated dictionary of foreign words]. Moscow, Russkie
slovari Publ., 2004. 957 p. (Rus).

44. Komel'kov V.S. Tehnika bol'shih impul'snyh tokov i magnit-
nyh polej. [Technique large pulsed currents and magnetic
fields]. Moscow, Atomizdat Publ., 1970. 472 p. (Rus).

45. Baranov M.L. Izbrannye voprosy elektrofiziki. Tom 3: Te-
orija i praktika elektrofizicheskih zadach [Selected topics of
Electrophysics. Vol. 3: Theory and practice of electrophysics
tasks]. Kharkiv, Tochka Publ., 2014. 400 p. (Rus).

46. Available at: http:/www.musidora.ru/dimFiltrs.htm (ac-
cessed 21 May 2015). (Rus).

47. Available at:
http://www.symmetron.ru/suppliers/infineon/files/pdf/infineon/I
NF13.pdf (accessed 10 April 2014). (Rus).

48. Available at:
http://bt.rozetka.com.ua/3502659/¢3502659/?gclid=CPeh-
OidlckCFebhcgoddGgA1A (accessed 12 July 2016). (Rus).

49. Baranov M.I., Koliushko G.M., Kravchenko V.1,
Nedzel’skii O.S., Dnyshchenko V.N. A Current Generator of the
Artificial Lightning for Full-Scale Tests of Engineering Objects.
Pribory i tehnika eksperimenta — Instruments and Experimental
Technique, 2008, no.3, pp- 401-405. doi:
10.1134/50020441208030123.

50. Baranov M.I1., Koliushko G.M., Kravchenko V.I., Rudakov
S.V. A generator of aperiodic current pulses of artificial light-
ning with a rationed temporal form of 10 ps/350 ps with an am-
plitude of =(100-200) kA. Instruments and Experimental Tech-
nique, 2015, vol.58, no.6,  pp. 745-750. doi:
10.1134/50020441215060032.

Tlocmynuna (received) 25.11.2015

bapanos Muxaun Heanoeuy, 0.m.H., 21.1.cC.,

HUIIKUN «Momuus»

HanmonanbHbIi TEXHUYECKUI YHUBEPCUTET
«XapbKOBCKUHM MOJIUTEXHUYECKUI HUHCTUTYTY,

61013, Xapbkos, yi. llleBuenko, 47,

ten/phone +38 057 7076841, e-mail: eft@kpi.kharkov.ua

M.I. Baranov

Scientific-&-Research Planning-&-Design Institute «Molniya»
National Technical University «Kharkiv Polytechnic Institute»,
47, Shevchenko Str., Kharkiv, 61013, Ukraine.

An anthology of the distinguished achievements in science
and technique. Part 33: Electromagnetic compatibility

and protection from action of powerful electromagnetic
interference of radioelectronic, electrical engineering

and electric power equipment.

Purpose. Implementation of brief analytical review of basic scien-
tific and technical achievements in area of electromagnetic com-
patibility (EMC) and protection from destabilizing and striking
action of powerful electromagnetic interference (PEMI) of natural
and artificial origin of radioelectronic, electrical engineering and
electric power equipment. Methodology. Scientific methods of
collection, analysis and analytical treatment of scientific and
technical information in a sphere EMC and such areas of knowl-
edge’s as radioelectronics, electrical engineering and electric
power engineering. Results. A brief scientific and technical review
is resulted modern positions problems EMC and protection of
equipment from action on them PEMI. It is shown that PEMI can
result in failures in-process and death of examined equipment.
Annual harm in the industrially developed countries of the world
from the striking affecting of PEMI modern equipment with inte-
gral microcircuits and semiconductor devices can make ten of
milliards of USD. The basic methods of protection of equipment
are resulted from PEMI and protective devices (PD), intended for
the increase of effectiveness of modern equipment to the action of
external PEMI. Principles of work of the resulted PD and their
basic technical descriptions are described. Oviginality. On the
basis of materials of scientific monographs, journal publications,
normative documents and internet-reports systematization of ba-
sic PD, in-use presently in an area EMC and protection of differ-
ent equipment from the hazard agency of external PEMI is exe-
cuted. Practical value. Popularization of scientific and technical
knowledge’s in an area EMC and protection of modern equipment
from a dangerous action on them PEMI. Formulation of impor-
tant for society scientific and technical problems and tasks, aris-
ing up in an area EMC and providing of the reliable functioning
of modern equipment in power electromagnetic interference. Ref-
erences 50, figures 25.

Key words: electromagnetic compatibility, equipment, pow-
erful electromagnetic interference, protection of equipment
from electromagnetic interference, protective devices,
review.
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}O.M. BacbkoBchkuii, A.M. Menbuuk, O.1. Tutko

EJIEKTPOMATI'HITHI BIBPO3BY/[’KYIOYI CUJIN
IIPU HAABHOCTI EKCHEHTPUCHUTETY POTOPA TYPBOI'EHEPATOPA

B cmammi 0ocnidsceno enekmpomaznuimni 6iopo3oyoscyroui cunu mypoozenepamopa npu HaAA8HOCMI eKCYeHmpucumemy po-
mopa. /locnidxcenns npogedeno ona mypoozenepamopa muny TI'B-200-2 memooom ckinuennux enemenmis y npozpammuomy
cepeoosuwi COMSOL Multiphysics. Onucano nonvogy mamemamuuny mooenb CIHAMUYHO20 MA OUHAMIUHO20 eKCUCHMPUCU-
memy, AKa 003601A€ 3M00eNI08AMU CUZHAIU damuuKie eiopayiii ak Qyukuyii uacy. IIposedeno cepito po3paxynkie enekmpomac-
HIMHUX cul RPU Pi3HUX 6apiaHmMax 3mienHs pomopa 3 oci pozmouxku cmamopa. Ilokazano, w0 npu noaei ekcyenmpucumemy
cnocmepizacmobca cymmeee 30inbuienna 6iopo3oy0xcyrouux cui i Haubinvuie 3HAYeHHA CU CROCMEPIZAEMbCA Y mouyi 3 MiHi-
MaAAbHUM NOGIMPAHUM HPpOMIdicKOM. Beedeno nogi diaznocmuuni napamempu ma 3anponoHo8ano mMemoouKy OiazHOCmy8aHHA
excyenmpucumemy. Ha ocnogi npogedenozo mamemamuunozo MOOen06aHHA 6CMAHOBIEHO, W0 O0iAZHOCHUYHOI 03HAKOIO
CMAamu4HO20 eKCUEHMPUCUMemy € 3MIHaA AMRaimyou meH30pa MAzHiMHO20 HAMAZY, 4 O3HAKOIW OUHAMIUHOZ0 eKCUEeHmpPUcU-
memy € nosaeay cnekmpi eiopo3oyoxcyrouux cun odepmosoi ma Kpamuux i capmonix. bioin. 8, tabun. 3, puc. 6.

Kniouosi cnosa: Typboreseparop, nojib0Ba MATeMATHYHA MOJieJIb, €JICKTPOMATHITHI BiOp030y1:KyI04i CH/IH, TEH30p MATHITHO-
ro HATATY, eKCIEHTPUCHTET, Je)eKT PoTOpa, AIarHOCTHYHA 03HAKA.

B cmampue uccnedoeano nekmpomazHumnvle sUOPOBOIMyMIAIOWiUE CUIbL MYPHOZEHEPamopa npu HAIUduu oeghekma pomopa.
Hccneoosanusa evinonnenst ona mypoozenepamopa muna TI'B-200-2 memooom KoHEUHBIX INEMEHMOE 6 NPOZPAMMHOM 0dechne-
yenuu COMSOL Multiphysics. Onucano nonegyo mamemamuiecKyio Mooeib CIHamuyeckoz0 u OUHAMUYLECKO20 IKCUEHMPUCU-
mema, KOmopasn RO360JA€m CMOOEIUPOSAMb CUZHANBL OAMUUKA SuUOpayuil KaK yHKyuu peanvhozo eépemenu. Buinonneno
cepuio pacuemos INeKMPOMAZHUMHBIX CUIl NPU PA3IUYHBIX 6APUAHMAX CMeEWeHUs pomopa ¢ ocu pacmouku cmamopa. Iloka-
3aHO, YMO NpU 603HUKHOBEHUU IKCUEHMPUCUMeEMA HAOII00AEMCA CYU{eCMEEHHOe YBeNUdeHUe GUOPOCOIMYWAIOWUX CUll U
Haubobuee 3Hauenue cun oyoem 6 mouke ¢ MUHUMATLHBIM 6030YUIHbBIM RPOMeEHCYmMKoM. Beedeno noevie ouaznocmuueckue
napamempul u RPeodIOHCEHO MEMOOUKY OUAZHOCIMUPOBanUA IKcyenmpucumema. Ha ocnoge npogedennozo mamemamuueckozo
MOOENUPOBAHUA YCIMAHOGIEHO, YMO OUAZHOCIMUYECKUM NPUIHAKOM CHIAMUYECKO20 IKCUEHMPUCUMEMA AGIAEMCA USMEHEHUE
AMARAUMYObL MEH30PA MAZHUMHO20 MAMCEHUA, d NPUSHAKOM OUHAMUYECKO20 IKCYUESHMPUCUMema — HAIUYUE 8 CReKmpe 6Uopo-
O3MYULAIOUUX CUTI 000POMHOIL U KpamHbIX ell 2apmonuk. bubi. 8, Tadn. 3, puc. 6.

Knrwouesvie cnosa: TypooreHepaTop, mojieBasi MaTeMaTH4yecKas MoJellb, 3JeKTPOMATHUTHbIE BHOPOBO3MYINAIOLIME CHJIBI,

TEH30Pp MArHUTHOI'O THKEHUS, IKCHHEHTPUCHUTET, ).Ie(l)eKT portopa, JMATHOCTHYeCKH I NMPU3HaK.

Beryn. OcranniM yacoM rpo6ieMa MOHITOPHHTY Ta
CBOEYACHOI'O MiarHOCTYBaHHS 1 YCYHEHHS YIIKOIKECHb
MOTYXXHUX €JIEKTPUYHUX MallMH HabyBae 0COOJIMBOTO
3HAYCHHS y 3B’A3Ky 31 CTapiHHSAM TapKy iCHYIOUHX Ma-
OIMH Ta 30UTBIICHHSM KUTBKOCTI BHIQJKIB iX aBapiifHOT
3yIUHKU 3 CYTTEBUMH €KOHOMIYHMMH BTpaTamu. Y mep-
LIy 4epry Lie CTOCY€ThCS MOTY)KHUX CHHXPOHHHX TypOo-
reaeparopiB (TI), SKi IIMPOKO BHKOPHCTOBYIOTHCS Ha
TEIJIOBUX Ta aTOMHMX eleKTpocTaHuisx. OcobinBa yBara
npuaiseTbess poropy TI, siIKMH € CKJIQJAHUM Ta BiAINOBi-
JaJIbHAM BY3JIOM KOHCTPYKLIII.

B ocranHi poku B YKpaiHi Ta 32 KOPIIOHOM HPOBO-
JAThCS JOCHIDKEHHS (Di3MYHUX TpOIECiB, sKi BinOyBa-
I0ThCSI B CHHXPOHHUX T€HEepaTopax IIpy HasBHOCTI aede-
KTiB ix portopa [1-8]. o nedekriB poTopa MOKHA TaKOX
BiTHECTH HEPiBHOMIpHICTH MOBiTpsiHOTO TIpoMikKy (ITIT)
MK CTaTopoM i potopoMm (ekcueHTpucurer). Jlana He-
CIPaBHICTh MOXX€ BHHUKATH SK BHACIIJOK BHPOOHHYIUX
nedekris, Tak 1 B npoueci excruryaramii TI. Tlig excueH-
TPUCUTETOM DPOTOPa PO3YMIETHCA 3MIIIEHHS OCi poTopa
BITHOCHO OCi po3rouku cratopa [4]. Po3pisHsoTh: a)
cratnunuid excueHtpucurer (CE), npu sikomy koH)iry-
pauist I mpotarom obepry poTopa 3aJIMILAETHCS He-
3MIHHOI0, TOOTO MiHIMaJbHE Ta MaKCHMaJbHE 3HAUCHHS
MPOMDKKY HE 3MIHIOIOTH CBOTO ITOJIOKEHHS;, 0) TUHaMid-
Huii excuenrpucurer ([E), mpu sikomy MiHiManbHE Ta
MakcumaneHe 3HadueHHs [1I1 oOGepraeTbes pasoM 3 00ep-
TaHHSIM pOTOpa.

[losiBa excuentpucutety poropa TI' npu3BOIUTE 10
CIIOTBOPEHHs MarHiTHoro nosns B I1I1, BUHUKHEHHS elek-

TPOMAarHiTHUX CHJI OZJHOCTOPOHHBOTO MAarHiTHOTO TSDKiH-
H$l, TTOSIBU JTOATKOBUX BHUILMX TaPMOHIK MOJIS, 3pOCTAHHS
JIOKaIIbHUX TeperpiBiB. B MacuBi poropa TypOoreHepaTo-
pa MPOTIKAIOTh BUXPOBI CTPYMH, SIKi IPU3BOAATE 10 CYT-
TEBOTO HArpiBy Ta YIIKO/DKEHB €JIEMEHTIB KOHCTPYKIIil
poTopa (Ma30BHUX KJIKHIB, 0aHIaKHOTO KiIBIIA).

ExcuenTpucureT potopa MoXe BUHHKHYTH IIPU MO-
HTaxi poropa TI' abo B mporeci #oro ekcruryaramii (B
pe3yabpTaTi 3HOCY MiJIMIMITHUKIB, 3MIIIEHHS OIOp, MPOTHU-
Hy Baily Ta iH.) JlocTOBipHE BHSBICHHS XapakTepy Ta
BEJIMYNHU EKCLUEHTPUCUTETY pPOTOpa B CHHXPOHHOMY
reHeparopi 0e3 HOro BUBEIEHHS 3 pOOOYOro pPEXUMY
eKCIUTyaTallil sBJIsie COO0I0 aKTyaJbHY 1 CKJIaJHY iH)XXEHe-
pHY 3amady, Bii e(eKTHBHOCTI PO3B’sI3aHHS SIKOi 3aie-
JKUTh 00CSAT BHPOOJIEHOI eNeKTpOeHeprii, JOBrOBIYHICTb,
E€KOHOMIYHICTH 1 Oe3neka ekcruryarartii 11 .

IcHy€ unMaio MeTO/IiB BUSBIICHHS T JiarHOCTYBaH-
Hsl YIIKOJ/DKEHb €JICKTPUYHHUX MAIIMH, OCHOBHIMH 3 SKUX
€ METOJIY MeXaHiuHOoi, BiOpaIiifHOi, emeKTpoMarHiTHOI
JIIarHOCTUKH, METOJI aHANI3Y CHEKTPy (a3HOrO CTPyMy Ta
iH. [1-3, 6]. JlominpHICTh BUOOPY OJHOTO 3 3a3HAYCHHUX
METOJIB JUIsl JIarHOCTYBaHHS EKCIICHTPUCHTETY POTOpa
TI' oOymoBiieHa X JOCTOBIPHICTIO Ta YYTJIHMBICTIO IX
JIarHOCTUYHUX I1apaMeTpiB, CKIJIAJHICTIO TEXHIYHOI pea-
Ji3anii, BapTICTIO amapaTHOrO i METOJUYHOro 3abesrie-
YCHHS Ta IHIIUMU YAHHUKaMH. [[OpIBHUTEHUA aHAITI3 X
MeTO1iB TIoka3as, mo s BussieHHs CE ta JIE TT" nori-
JFHO BUKOPUCTOBYBATH METOJI BiOpaIiifHOI JiarHOCTHKH,
3aBIISKMA TPOCTOTI peaji3alii Ta BHCOKOI JOCTOBIPHOCTI

© 10.M. BacbkoBcbkuii, A.M. Menbuuk, O.1. Tutko
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inenTudikamnii nedexris. s BUSHAYCHHS TIarHOCTUYHUX
O03HaK HEOOXITHUM € JOCHTI/DKEHHS EeJIeKTPOMAarHiTHUX
cu1, siki 3miHror0Thes mpu nosiei CE abo JIE.

Meta po0oTu noisArae B JOCI/DKEHHI METONAMH
MaTeMaTUYHOTO MOJIEITIOBAHHS €JIeKTPOMAarHiTHUX BiOpo-
30y/DKYIOUMX CHJI TPU CTaTUYHOMY Ta JTHHAMIYHOMY
ekcuentpucuteri TIT Ta BH3HAYeHHS IarHOCTUYHHX
O3HAaK ISl JIarHOCTYBaHHS 3a3Ha4eHUX BUAIB JedekTy.
MogentoBaHHsI BUKOHY€ETbCSA 13 3aCTOCYBAHHSIM METOIY
CKIHUCHHUX €JIEMEHTIB, Peali30BaHOr0 Y IPOTrpaMHOMY
cepenoButti COMSOL Multiphysics. JliarHOCTyBaHHS
MIPOTIOHY€ETHCSI IPOBOJAMTH HAa OCHOBI BUKOPHCTaHHS CIie-
KTpaJbHOTO aHami3y (yHKIii TeH30pa MarHiTHOrO HATATY
3a IOMOMOT 00 IIBUAKOT0 neperBopeHHs Dyp’e (ILITID).

IocTranoBKa 3aga4i. MaTemMaTnaHa MOJAETH TIEpea-
0ayae po3B’si3aHHSI PIBHSHHS €JIEKTPOMArHiTHOrO HOJIS B
axtuBHi# 30HI TI' i BU3HaueHHA BiOPO30YKYIOUHX CHIT y
BUJUICHIM TOYI[l cTaTopa, J€ PO3MINIYETHCA YMOBHHIA
matguk BiOpamii. BpaxoByroun 3Ha4HYy OCHOBY HOBXKHHY
akTiBHOI 30HM TI' MOPIBHAHO 3 JOBXKHUHOIO TOJIFOCHOT
MIOJUIKH, OCTATHHO PO3IJISIHYTH TI0JIE Yy JTBOBUMIpHOMY
HaOJIM)KEHHI B IONEpeYHOMY nepeTuHi. Posrispatumemo
KBa3iCTaTHYHI MPOIIECH, MPUITYCKAIOYH, III0 BCi MMOIBOBI
(yHKUIT 3MIHIOIOTBCS Y Yaci 3a TapMOHIHUM 3aKOHOM. B
3araJbHOMY BHIIAJIKy OCHOBHE PIBHSHHS €IE€KTPOMArHiT-
HOTO TOJISl BIIHOCHO KOMIUIEKCHOI aMILTITY/Td BEKTOPHO-
T0 MarHiTHOTO TOTEHIliay, SIKa Ma€ JHIIEe OJHY MPOCTO-

poBy (OCBOBY) CKIanOBYy A, , B CHCTEMi KOOpJIWHAT CTa-
TOpa Ma€ HACTYITHUIA BUTIIS:

Az_ja)/uyAz+ﬂ7a)R(RXVOtAz):_#7€xt’ (1)
ne J ext — TYCTUHA CTOPOHHIX CTPyMiB (Y AaHOMY BHIIaf-

Ky IIe HIUTBHICTD CTPYMIB B ITa3ax CTAaTOpa, sIKa 3a0a€ThCS
BIIMOBITHO JO0 CXEMH OOMOTKHM CTaTopa); @ — KyTOBa
4acTOTa 3MiHU Y 9aci BEKTOPHOTO MAarHiTHOTO IMOTCHIIia-
Iy; g — KyTOBa MIBUAKICTh 00EpTaHHSA pOTOpA; 4 — Mar-
HiTHa MIPOHUKHICTB; y — €JIEKTPOIIPOBIHICT; R — pajiyc-
BEKTOP JOBLIBbHOI TOUKK poropa. KyroBa uacrora 3MiHU y
Yaci MarHiTHOTO IOTEHIialy 1 KyToBa yacToTa o0epTaHHs
poTOpa 3aiexarh Bill BUDOPY CUCTEMH KOOPJHMHAT, B SIKil
BUKOHY€ETbCS PO3B’S130K. JlIsi CHHXpOHHUX MallWH 3a
BIJICYTHOCTI BUXPOBHX CTPYyMIB B OCEpJSIX CTAaTopa i po-
Topa piBHsHHSA (1) HaOyBae HACTYITHOTO BUTIIAY:

AA, == oy - 2)
Jxepenamu oy € TYCTHHAa CTOPOHHIX CTpPyMiB
TpbOX (ha3 OOMOTKH CTaTopa:

T toxs = Lttn/Sp
I Boxs = Imttplcos (- 272/3)= jsin(~272/3)/S,,  (3)
JC o = Ltin|cos (~4m/3)~ jsin(-4a/3))/s,,,
ne I, — ammmityna ctpymy B ¢a3i 0OMOTKH CTaTopa;
U, — YUCIIO TOCIIIOBHO 3’€JHAHUX MNPOBITHHKIB B mazy
cTaTopa; S, — IJIoIIa NepeTHHY I1a3a CTaTopa.
PiBHsiHHS (2) JOTIOBHIOETHCSI OIHOPIHUMH I'paHHY-

HUMH YMOBaMH TIEPIIOTO POy Ha JiHii 30BHIIIHBOI TIOBEp-
XHi sipMa CTaTopa, 10 0OMEXKY€E pO3PaXyHKOBY 001aCTh:

A =0. 4
. *)
BenuunHa 4 B KOXHIN TOYI po3paxyHKOBOT o0ac-

Ti, A€ 3HAXOAAThCS (pepOMarHiTHI MaTepianu, BHU3HAUa-
€THCA 32 BIAMIOBITHUME KPUBUMHU HaMmar"igyBaHHs. Ckia-

JIOBI BEKTOpa MarHiTHOi iHIyKuii B JEKapTOBIH cHCTEMi
KOOpAWHAT BU3HAYAIOTHCS 32 CITiBBiIHOMICHHIMHU:

B, =04, /0y, B, =04, /ox, )

HlinpHICTE BiOPO30OYIKYIOUMX CHJI IPOMOPIIiifHA
TEH30py MAarHiTHOTO HATSTY, KU Mae Qi3udHy po3Mip-
Hicts Tieky (H/M%). Moy HOpMambHOI Ta TaHreHiiia-
JBHOI CKJIAQJOBHUX TEH30pa MAarHiTHOTO HATATY BHpaka-
FOTBCS SIK:

1 (52 #2 1(z2 %2
Tn:2 B, —B; |, T, =|—\B, B/ |, (6)
H H
ae B,, B, — BiImoBiIHO HOpMallbHA (HANpaBlIcHA B3IOBX
BEKTOpa HOpPMaJli IO MOBEPXHI B 33JjaHiil TOYIII) 1 TaHTeH-
IiaybHa (HampaBiieHa B3JOBX JOTHYHOI JO TOBEpXHI B
3aJaHid TOYIll) MPOEKIii BEKTOpa MAarHiTHOI I1HAYKII.
HopmaipHa i TaHreHIliaIbHa CKIIAI0BI MarHITHOT 1HIYKIIi1
BHU3HAYAIOTHCS Yepe3 MPOEKIlii BEKTopa iHAYKIMT B JeKap-
TOBIil CHCTEM1 KOOPIAMHAT 3a BUPA3aMHU:
B, = Bycosa + B,sina = (yB,, + xB, )/R5 ,
B, =B\cosa — B sina = (yBx —-xB, )/R5 ,
JIe X, y — MPOCKIIii pajilyc-BEKTOpa Ha OCi CUCTEMU KOOPIH-
Hat; Rs — pazmiyc po3rouku crtatopa. Hamam posniana-

(7

I0TBCSL pafiaibHi BiOpamii, sSiKi BiZOyBaloThCs 32 paxyHOK
IIii HOpMAaJIBHOI CKJIAZIOBOI TEH30pa MAarHITHOTO HATSATY.
Juis BpaxyBaHHS 3MiHM TEH30pa y 4aci, MOJENb Tie-
penbadae 3MiHy y daci KoH(irypamii po3paxyHKOBOI
o0jacTi mpW IEpeMillleHHI poTOpa BIAHOCHO CTaTOpAa.
[TepemimeHHs poTOpa MOJEIIOETHCS 3MIHOIO KOOPIHMHAT
X, y TO4OK poTopa. 3miHa Ax, Ay KOOpAMHAT poTopa 1o
KPOKY y 4aci Af 3a1al0ThCSl HACTYITHUMHU (hOPMYJIaMU:
Ax=cos[mR -(t+At)]~x—sin [(DR ~(t+At)]-y—x; g
Ay =sin [coR ~(I+At)]~x+cos [mR -(t+At)]~y—y. ®
IarepBan wacy 7, Ha SKOMY 3HIMCHIOETHCA aHANI3
CUTHAJIy, BiJIOBIJa€ OJHOMY IMEPiOAy, TOOTO OTHOMY
MMOBHOMY 000pOTy poropa — s aBomoJitocHoro TIK
T = (0...0.02) c. KinbKicTh po3paXyHKOBUX KPOKIB CTaHO-
BuTh 200, TOGTO OMH KPOK 0 4acy mopisaioe 107~ c. 3a
OJIMH KPOK POTOp IMOBEPTAETHCS BIJHOCHO CTATOpa Ha Tpe-
THHY 3yOLIeBOT IOJIIJIKH, 1110 33/10BOJIEHSE YMOBAaM TOYHOCTI.
Mopeab CTATHYHOrO Ta AMHAMIYHOIO €KCIEHT-
pucurery. BifHOCHEe 3HaUCHHS EKCLEHTPUCUTETY BH3HA-
Ya€eTHCS 32 POPMYIIOIO:

_ gmax — é‘min (9)
5max + Omin

II€ Omax> Omin — MAKCUMAJIBHE Ta MiHIManbHE 3HaYeHHs 111
BIMOBIAHO. Y HaHii poOOTI pO3TISAAETHCS CTATUYHUIN Ta
JMUHAMIYHUHA €KCIIEHTPUCUTET POTOPA MIPH 3MIIECHHI HOTro
0C1 BIZHOCHO OCI PO3TOYKH CTAaTOpa 3a JABOMa KOOpAHHA-
TaMu X (TOPU3OHTANBHUI €KCLIEHTPUCHUTET) Ta Y (BepTu-
KaJlbHUM).

Jljiss MOJIeTTIOBaHHS €KCIICHTPUCUTETY BUKOPUCTOBY-
€ThCS BUINEC TPUBEACHA TOJHOBA MaTeMaTHYHAa MOJEIb,
0 BpaxoBye oOepTaHHs poropa y 4aci. Ha puc. 1 moka-
3aHO 3MIIIEHHS POTOpa 3 BiCi cTaTopa MpH CTaTHIYHOMY
(a) Ta nuHAMiIYHOMY (6) eKcueHTpUCHTETI. B maHiit Mone-
ni CE MopemnroeTbesl 3MIMIEHHAM BIiCi pOTOpa BiZHOCHO
reOMETPUYHOI Bici cTaTopa Ha BennuuHy AR, sika B 3ara-
JHbHOMY BHIIQJIKy PO3KIIAIAETHCS HA 3MIILIEHHS KOOPAMHA-
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TH LIEHTpa poropa 1o oci Y Ha Bennuuny AY = AR'sina
(puc.1,a), a 3MilIeHHsS KOOpAWHATH MO OCi X HOpPiBHIOE
AX = AR-cosa.

Crarop

Puc. 1. Mogneni cratugHOrO (@) Ta JUHAMIYHOTO (6)
CKCLICHTPUCUTETY

PospaxyHkoBa o0iacTh BKIIIO4ae B cebe Bl Mmijo-
Ornacti: HEepyXoMy, J10 SIKO1 BXOAUTH CTAaTOp, 1 pyXoMmy, L0
MICTUTB pOTOp. ['paHuId MiX IBOMa Mi00NIACTIMH ITPO-
xomauth nocepenuni [I1, mpu npomy HepiBHOMIipHHN T1I1
BiTHOCHTBCS OO0 mimoOmacti cratopa. JIE mMomemroeTscst
3MIIIEHHSIM TE€OMETPUYHOI Bici poTOpa BiZHOCHO BiCi
fioro obepranHs Ha BeianuuHy AR. Ilpu npomy nepemi-
[ICHHS BCIX TOYOK Mig00JIacTi, 0 00epTaEThes, Mo KO-
opauHaTax X Ta Y 3aJMIIAI0ThCs HE3MIHHUMU 1 PIBHSIHHIO
pyxy Oyze BimnoBizatu Bupa3 (8). 3ayBakMMo, 1O IPH
JE, nmo po3paxyHKOBOI Mmigo0iacTi, 1Mo 0O0epTaEThCs,
BXOJIUTh HE JIMIIIE pOTOP, ajie i HepiBHOMIipHHUii [1I1.

Matemarudna Mojens (1-8) mo3Bosie 3MOIeTIOBATH
CUTHAJIM YMOBHUX JIaTYMKIB BiOpamii (DaT4yukiB BiOpom-
puckopenHs) sk ¢yHkuii yacy. Jnsg uporo B Toukax 1, 2,
3 YMOBHOTO pO3TalIyBaHHS AaTYHKIB (pHC. 2) 32 BHPa3oM
(7) po3paxoByeThCS HOpMAIbHA CKIIAZOBA TEH30pa MarHi-
tHOTO HaTsAry (TMH), oCKkiapKM BemudnHa BiOpPOTIPHCKO-
PEHHSI [TPOTIOpIIiiiHa BeNUYKHI BIOPO30yHKYHOUOI CHIIH.

PesyabraTu pociaigxkens. J[ociipKeHHST TIPOBOIU-
suck Ha npukianl TT tumy TT'B-200-2. Ha ocHOBI Buie
OIMCAaHOi MaTeMaTHYHOI MOJEJNi Hajaml AOCIIKYIOTHCS
BiOpPO30YI)KYIOUi CHJIH, 1110 BUHMKAIOTh 32 PaxyHOK HOp-
MalbHOI CKJIaJOBOi TEH30pa MAarHiTHOro Hatsary (mpu
IHIIMX PIBHUX yMOBax TEXHIYHOTO CTaHy cTaropa). Sk
BiJJOMO, BCTAQHOBJIEHHsS OJHOTO JaT4WKa HE JOCTaTHBO
Ut Bu3HadeHHs HassBHOCTI CE, Tomy BiOpartii gocimimky-
BaJIMicA Ha KOPOHKaX 3yOIliB PO3TOYKH CTaTOpa Y TPHOX
toukax 1, 2, 3. Ha puc. 2 300paxeHO KapTHHY pO3MOILTY
BEKTOPHOTO MAarHiTHOTO MOTEHIially Ta MarHiTHOI 1HIyK-
uii y momeHT vacy ¢ = 0,02 ¢ B aktuBHii 30H1 TT.

25

(%]

Puc. 2. Po3nozia BEeKTOPHOTO MarHiTHOTO MOTEHIIATy
Ta Mar”iTHOI iHAYKIIl 3 pO3paXyHKOBUMHU TOUKaMHU

MopenoBaHHS BHKOHYBAJIOCh Ui HOMIHAJIBHOTO
peKUMY pOOOTH reHepaTopa MpH CIpaBHOMY cTaHi (Bif-
cyricts CE i JIE) Ta npu nedextHoMy (HasiBHOCTI eKcC-
nenrpucurety). CE MoaenoBaBcs 3a paxyHOK 3MillICHHS
poTOpa B3AOBX OJHI€] KOOpPAMHATH Y TPH LLOMY KYT
o = 90°. Ha puc. 3 ta puc. 4, BIANOBIAHO, Y TPhOX 3a3Ha-
YEHUX TOYKaX Ha KOpOHKax 3yOIiB cTaropa 300pa)keHo
PO3paxyHKOBI (DYHKIII] TEH30pa MarHiTHOTO HATATy y 4aci
npu HasBHocTi CE Ta IE (mnst ¢ = 0,25 npu 3milnenHi
poTtopa B3I0BXK oci cuMeTpii pasu A). 3 pUCYHKIB BUIHO,
IO CUTHANU 1-ro i 2-T0 MATYUKIB 3CYHYTI MiX cO00I0 y
gaci mo ¢asi, mo BiANOBigae iX MPOCTOPOBOMY 3CYBY Ha
90° y3noBx po3rouku cratopa. Lludpu Ha rpadikax Bin-
MIOBiIaIOTh TO3HAYEHHSM PO3PAaXyHKOBUX TOYOK.

g T,,-10°, H/M?

1(CE) 3(CE) 2(CE) 1,3 (6e3 CE)
6 2 (6e3 CE)
4
2
0
0 0,01 t,c 0,02
Puc. 3. ®ynxuii TMH y po3paxyHkoBux Toukax 1pu HasisBHocTi CE
T,,-10°, H/m>

I(AE) 2(JE) 3(JE)

1,3 (6e3 JIE)
2 (6e3} JE)

0 0,01 t,c 0,02
Puc. 4. Oynxuii TMH y po3paxyHKOBUX To4Kax Ipu HasiBHOCTi [IE

3a pe3ynbTaTaMy CIIEKTPAIbHOTO aHali3y MPH Pi3HUX
3HaueHHsAX CE (e=0,1, e=0,2 Ta £=0,25) cmocrepiraemo
30imbIIeHHs amrntiTyau rapmosiku 100 'y BigmoBinHO Ha
10, 15 ta 30 %. INopiBustaas ¢yHknii TMH y sunagky CE
nokasye, o npu AR = 25 mm (¢=0,25) y Touni 3 3 Haiibi-
apummM [T amrutityna TMH 3menmnacs y 1,4 pasu, a B
touti 1 — 36imbumnace y 1,37 pasu. Llelr edekr dvitko
BunHO 3 rpadikiB npu JIE, xomu mpu obepraHHi poropa
BenunHa [1I1 nocriiiHo 3miHIOETHEs, a hyHkiis TMH crae
HECUMETPHUYHOIO 1, OYEBHIHO, L0 y CHEKTPi 3 SIBISATHCS
JIOIaTKOBI TapMOHIKH, KPaTHI 00EpTOBIH 4acTOTi.

VY 3B’s13Ky 3 BHILE CKa3aHUM, €()EKTUBHHM METOIO0M
aHaJi3y OTPUMAaHNX 4acoBHX (PyHKIIH eIeKTpoMarHiTHIUX
BiOpO30YIKYIOUNX CHJI € BU3HAYEHHS iX CHEKTPAIBLHOTO
CKJIaly 3a JOIIOMOTOI0 IIBHIKOTO IepeTBopeHHs Dyp’e.
Ha puc. 5 nokazano ammiityan TMH npu CE B 3anexHo-
CTI Bifl 3HAYEHHS € IS PI3HUX BapiaHTIB 3MIIIEHHS POTO-
pa BigHOCHO (ha3sHHMX 30H OOMOTKH craTopa. BimmiTuHMmoO,
110 Pi3Hi BapiaHTH 3MIILEHHsI pOTOpa BiIHOCHO Oci 00ep-
TaHHS TPOBOIWINCH NPU (PIKCOBAHOMY IMOJIOXKEHHI OCi
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¢da3Hoi 30HHM A, sika TPH MOJENIOBaHHI CIiBIagana 3
ropusoHTanbHo0 Biccto. Ammutityan TMH mnokaszani B
TPbOX TOYKax po3rairyBaHHs naryukiB (1.1 — T.3). Pe-
3yIbTATH MaTEMATUYHOTO MOJCIOBAHHS MOKA3aJIH, 110 Y
Bunaaky CE npu AR = 25 mm (6=0,25) amrutityja OCHOB-
HOI TapMOHIKHM €JEeKTPOMAarHiTHUX cwiI 30UIbIIMIAch Ha
32 %. Takox B cieKkTpi BiOpo30yKYFOUMX CHII IPUCYTHI
CKJIaJIOBI, IO CTBOPIOIOTH BiOparlii Ha yactoTtax 200, 300,
400 T'u Tta craHoBaATh BigmoBigHo 15, 18 Ta 12 % mno
BiJTHOIIICHHIO 10 OCHOBHO{ TapMOHIKH.

Omxe, HAHOUTHIT HEOE3NMEYHNUM € EKCLEHTPHUCHTET Y
BUIAJIKY, KOJIM HANPSIM €KCLIEHTPUCHUTETY CITIBMAJIAE 3 BICCIO
¢azu craropa. Tak, 3 puc.5,a BunHO, 1m0 Bxe mpu ¢ = 0,1
aMILTITY/1a BIOPO30Yy/KYIOUMX CHIT 3pocTae Ha 13 %.

3MinIeHHs B3IOBXK Oci cuMeTpil daszu A

7,105, H/m?
7
u13
5 w2
3 T.1
0,2
€ ’ 0,25
a
3mimeHHs B31OBXK (asHoi 30u1 AX
7,105, H/m?
7
mT3
3 mT2
3 T.1
3mimienHs B310BXK (a3Hoi 30au BY
7,105, Hm™m
7 ET3
5 w2
3 T.1
0,1
’ 0,2
€ 0,25
6
3mimenns B31oBxK (asnoi 30uu CZ
T,10%, H/m? e
7
u13
5 mr2
T.1

0.1 0.2

0,25

e
Puc. 5. AMIUTITY 1M TeH30pa MarHiTHOrO HATATY B 3aJISKHOCTI
BiJl KOC(ILi€HTY eKCUEHTPUCUTETY

Ha puc. 6 mis sunanky JIE mpuBeneHo aMIumiTyau
cunektpiB TMH mis wacror 50 I'm (a), 150 'y (6) Ta 250
I'a (8). 3 puc.6,a,6 BUAHO, IO aMILTITYIH KOXHOI i3 rap-

MoOHiK 4yactotu obepranus 50 I'i Ta kparnoi it 150 '
cknanaiots 12 % (mpu ¢=0,1), 25 % (npu £=0,2) ta 30 %
(npu €=0,25) Bix ocHoBHOI rapmoniku 100 I'u. Taki pe-
3yJIBTaTH MOXYTh OYTH OCHOBOIO Ui (HDOPMYIIIOBaHHS
BIIMOBITHUX J[IarHOCTUYHUX O3HAK Ta BU3HAYEHHS HasB-
HOCTI e(heKTy.

BaxximBy OIIIHKY TEXHIYHOTO CTaHy IeHeparopa HpH
TOSIBI TIOIIIKO/KEHHS HAJ[a€ aHAJIi3 3MiHU CyMapHOi BiOpa-
il BiX yciX TapMOHIK, fIKa XapaKTepU3YEThCS CEepelHbO-
kBagpaTrnaHuM 3HadeHHSIM (CK3). Koedimient 3minn CK3
cnektpy TMH ks v Xapakrepusye BigHomenns CK3 cre-
ktpy TMH ymkomkenoro TI' no CK3 cnexrpy TMH =e-
yurkomkeHoro TT 1 pozpaxoByeTbest 3a GopMyIIoro:

N 2 N
Kims T =4 Z 2
- i=1 i=1

2
«(10)

Ti

Ti_ Sfault _no_ fault

ne N — KUIBKICTh BpaxOBaHMX T'apMOHIK B CIIEKTpi; i —
HoMep TapMOHIKY; T; fuis Ti no fauir — @MILTITY M I-01 rap-
Monikn TMH B cmekrpax curHamiB nmaTduka BiOpamii
BiJINIOBiTHO YIIIKO/HKEHOTO 1 HeyIKomKeHoro T .

7,105, Him?
T 6

—T10% HAP

f=250Tu

Puc. 6. AMIIiTyn 9acTOT CIIEKTPY T€H30pa MarHiTHOTO HATSTY
B 3QJISXKHOCTI Bijl BEIMYMHH €KCLICHTPUCUTETY

ISSN 2074-272X. Enexmpomexnixa i Enexmpomexanixa. 2016. Ned 19



VY tabn. | mpuseneno CK3 cnektpy TMH, po3paxo-
BaHoro y T.1. [loznauennst AX, BY ta CZ BianoBijgamTth
3MIIEHHIO POTOpa B3JIOBX OCI BIAMOBIAHOT (ha3HOI 30HH,
NO3HAueHHs1 AA BiJIIOBiIa€ TOYL PO3TAllyBaHHS JIaTYH-
ka y 3o0Hi MiHiManeHoro III1 mpu 3MmimeHHi potopa
B3JIOBX OCi cumetpii ¢a3u A oOMoTku craTopa. 3 Tadu. 1
BUJIHO, 110 CyMapHHH piBeHb BiOpalii el1ekTpoMarHiTHO-
ro noxomkeHHs npu CE e HaWOUTBIIMM, KOJIM HAIpsM
EKCIICHTPHUCUTETY CIIBIIaZa€e 3 BicCIO (a3 OOMOTKH CTa-
Topa (B IaHOMY BHMAJKY 3 BEPTHKAIBHOIO BicCi0). Enex-
TpoMarHiTHI BiOpamii mix iammmvu dazamu npu CE (AX,
BY, CZ) 3smMeHmyroThCs.

Tabmuws 1
Koegiuient 3minn CK3 ciektpy TMH nipu ekcuieHTprcHTeTI
€ AA AX BY CzZ
0,1 1111 0,912 0,904 0,93
CE 0,2 1,326 0,954 0,899 0,838
0,25 1,329 0,967 0,851 0,8
0,1 1,015 1,012 1,01 1,01
JE 0,2 1,079 1,038 1,02 1,074
0,25 1,123 1,065 1,035 1,112

ToMy [uis BU3HAUCHHS MaKCHMAaJIbHUX BiOpariii He-
00XiJTHO BCTAHOBIIOBAaTH JaTYUK HABOPOTH Bici (asu
obMoTku ctatopa [Ipu XMOHOMY BCTAaHOBJICHHI JaTYHKa
pe3ysbTaTd BUMIPIOBAHHsS OyAyTh BKa3yBaTH HAa 3MEH-
[ICHHS PiBHA BiOpaIliif, 10 HE TO3BOJUTH BUSBUTH HasB-
Hicte CE. Ilpu JIE cymapHmii piBeHp BiOpamii He 3aie-
KHUTh BiJl HAPSAMY eKcueHTpucutery. OJJHaK, He3BaKar0-
Y Ha T€, 10 BiOpaIlii eJIeKTPOMArHiTHOIO MOXOHKEHHS €
menmumMu, Hix npu CE, noTpiOHo Opatu 10 yBaru, Tou
(daxT, 1m0 ICHYIOTh BiOpallii MEXaHIYHOrO MOXOIKEHHS,
SIKi TOB’sI3aHI 3 KOJHMBAHHSAM IIEHTpa Mac poropa. Tomy
cymapHi BiOpauii npu JIE MoxyTs OynyTh OUIBIIMNMHU Y
nopiBHsAHHI 3 BiOpauismu npu CE.

VY3araJpHUMO OTPHMaHi pe3yJbTaTH MaTeMaTHYHO-
r0 MOJETIOBAHHS, LUIIXOM BBEICHHS [iarHOCTHYHUX
napameTpiB npu pisHux BennuuHax [1I1 Ta Hanpsmy 3wmi-
IIEHHsS pOTOpa BiIHOCHO (ha3HUX 30H OOMOTKHM CTaTopa.
VY Ttabn. 2 npUBENEHO IIarHOCTUYHHI Mapamerp ks, SIKHA
nae 3Mory aiarHocrysati nosisy CE Ha OoCHOBI BUMipro-
BaHb aMIDTITY/I CHTHAJIIB JaTYHKIB.

ks =T fauts | Tno_fauls - an

VY Tabn. 3 mpuBeneHO 3HAYCHHS AiarHOCTHYHOTO Ta-
pametpy k., SKi XapaKTepWU3yIOTh BiIHOWICHHS Pi3HUII
ammnityn TMH y mepuriit 1 apyriii Toukax (kepp) T2 y
nepiuiii i Tpetiit (ke 3) BimnosiaHo no ammiitynu TMH y
NepIiid TOYll NpU Pi3HUX 3HAYEHHAX KOE]ILiEHTY eKc-
LEHTPUCHTETY.

kelzzTTlTTle; ke _In-Tns (12)
Tl Tl

OTpuMaHi JiarHOCTHYHI MapaMeTpH MPHUBEACHO Y
Tabn. 2 Ta 3. HaBeneHi pe3yibpTraTé Aar0Th 3MOry cdop-
MYJIIOBATH JIOLUIbHY METOAMKY JarHOCTYBaHHS €KCLIEH-
tpucurety. Jnst BusHauenHst CE HeoOXiHO BcTaHOBIICH-
HS, SK MIHIMyM, JBOX JaTYMKiB, HAIPUKIAJ, 3BEPXY Ta
3HH3Y Ha BEPTUKAIBHIHN Bici, OCKUTBKM HAOLIBII HMOBIp-
HUM HalpsIMOM 3MILICHHS POTOPa B3IOBXK BEPTHKAIBHOT
BiCi. A TOPIBHSHHS CHTHAJIB JIBOX JAaTYHKIB JaCTh 3MOTY
JIarHOCTYBATH IOSBY eKCLEHTpHcUTeTy. I JiarHOCTY-
BauHa JIE mocTaTHRO BCTAHOBIICHHS OIHOTO JaTYHKa
BiOpamii, ockiIbKky Ipu Takomy Buai nedekry I B ox-
Hifl TouIlll He € moCTiHHUM. [licis MpOBEACHHS BUMIpIO-
BaHHs CHUTHaJ JaTyvKa po3kianaerscs B psin Dyp’e i
SKIIO y CHEKTpl CHI'Hali NPHCYTHI T'apMOHIKHM KpaTHi
00epToBiil 4acTOTi, TO MOXKHA CTBEPKYBaTh PO HasB-
Hicth JIE.

Tabmuus 2
JiarnocTnyHui mapamerp ks
®da3Ha 30Ha OOMOTKHU CTATOPA, BiTHOCHO SKOT TIIT Mix cTaTOpPOM Ta POTOPOM, J, MM
MOJICJTIOBAJIOCH 3MIIIICHHS POTOpa 75 80 90 100 110 120 125
AA 1,371 1,356 1,126 1 0,802 0,74 0,716
AX 0,873 0,933 0,94 1 0,992 0,958 0,982
BY 0,857 0,906 0911 1 0,984 1,01 1,021
CZ 0,764 0,806 0,91 1 1,016 1,125 1,145
Tabmnuia 3
Jiarnoctuuni mapameTpH ke, Ta kejs
®a3Ha 30Ha 0OMOTKHU CTaTOPa, BIAHOCHO SKOT ke12 | ke13 koo | ke13 koo | ke13 |
MOJIEITIOBAJIOCH 3MIIIEHHS POTOpa e=0,1 £=0,2 e=0,25
AA 0,207 0,281 0,365 0,452 0,379 0,473
AX 0,140 —0,065 0,219 —-0,037 0,215 —0,136
BY -0,119 —-0,091 —0,291 —0,125 —-0,516 —0,202
CZ 0,063 —-0,128 0,045 -0,410 0,084 —0,514
BuchHoBkmu. CTAaTUYHOI'O EKCIEHTPUCUTETY, BUKIIMKAHOI'0, HAIIPUKIIAJ,

1. Tlpy BUHWKHEHHI CTaTUYHOTO CKCIEHTPUCHUTETY Y
30HI MIHIMAJILHOTO TIOBITPSHOTO IIPOMIXKY CIIOCTEpira-
€TBCSA CYTTEBE 30UTBIICHHS BiOPO30YMHKYIOUHX CHII, aHA-
i3 SIKMX O3BOJIS€ AIarHOCTYBATH YIIKODKEHHsS pOTOpa.
[okazaHo, 110 MpH CIIBHaJaHHI HANpsMy CTATHYHOTO
EKCIIGHTPHCUTETY 3 T€OMETPUYHOI0 BicClo OjHiel 3 (a3
0OMOTKH cTaTopa, 30ii1bLIeHHs BiOpauiii Oyne Makcuma-
npHAM. Lleit dakT mouiapHO BpaxoBYBaTH IPH PO3TALIY-
BaHHI (a3 0OMOTKM cTaropa BiZIHOCHO TI'OPHU30HTAJIBHOT
ocCi B IpoIleci BUTOTOBJICHHS TypOOTreHepaTopiB 3 ypaxy-
BaHHSAM HaWOUIbII BIpOTIZAHOTO HANPSMKY BHHHKHEHHS

JII€I0 CHIIM TSDKIHHS, TOLIO.

2.[lpy BWHHWKHEHHI IWHAMIYHOTO EKCLIEHTPHUCHTETY
BiOpaIlii eJIeKTPOMAarHiTHOTO TOXOKEHHS € MCHIITUMHU
HIXK IPH CTAaTUIHOMY €KCIIEHTPHUCHUTETI, IPOTe MEXaHIdYHA
CKJIaJIoBa BiOpallii, sika 1MOB’s3aHa 3 KOJMBAHHSAM IIEHTpA
Mac poTopa, BHOCUTh CYTTEBUI BKJIAJ| Y CYMapHUi piBeHb
BiOpaiiiii. BBesieHO JAiarHOCTHYHI mapaMeTpH kg, keia, Kei3,
Ha OCHOBI SIKHX MOXe OyTH moOyJoBaHa cCHUCTEMa Ta Me-
TOAUKA }liaFHOCTyBaHHﬂ CKCHUCHTPUCUTCTY.

3. JliarHOCTUYHOIO O3HAKOK0 CTaTUYHOIO EKCLEHTPH-
CHUTETY € 3MiHa aMIUTITYJ1 BiOp0o30yKyIOUMX CHII B 30HI
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MIHIMaJIBHOI'O TOBITPSHOTO MPOMIKKY. CHEeKTp rapMoHi-
ku 100 'y mpu cTaTHYHOMY EKCLIEHTPHCUTETI B MeKax
&=0,1; 0,2 ta 0,25 B 30HI MiHIMAJIBHOTO MOBITPSIHOTO
NPOMDXKKY 3011bLIyeThCS BignoBiaHo Ha 10, 15 ta 30 %.
JliarHOCTHYHOI 03HAKOI JMHAMIYHOTO €KCIEHTPUCHTE-
Ty € T10sIBa y CHEKTpi BiOpOo30yKyIOUMX CHII 00epTOBOI
Ta KpaTHUX Tif TApMOHIK.
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Electromagnetic vibration disturbing forces

at the eccentricity of rotor of turbogenerator.
Electromagnetic vibration disturbing forces in different variants
of the rotor displacement from an axis of the stator bore is
carried out. Investigation for TG type TGV-200-2 by finite ele-
ment method in COMSOL Multiphysics is carried out. The field
mathematical model of static and dynamic eccentricity is de-
scribed. The amplitude vibration disturbing forces are greatest,
when a static eccentricity direction coincides with an axis of the
stator winding phase is shown. The diagnostic features static
and dynamic eccentricities are formulated. The most value of
forces in the point with minimal air gap is shown. The diagnos-
tic features static and dynamic eccentricities and the method of
diagnostic eccentricity are formulated. Diagnostic feature of
static eccentricity is to change the amplitude Maxwell stress
tensor is established. The dynamic eccentricity diagnostic fea-
tures are appearance in the spectrum of vibration disturbing
forces rotating and multiple harmonics. References 8, tables 3,
figures 6,

Key words: turbogenerator, field mathematical model,
electromagnetic vibration disturbing forces, Maxwell stress
tensor, eccentricity, damage of rotor, diagnostic feature.

ISSN 2074-272X. Enexmpomexnixa i Enexmpomexanixa. 2016. Ned 21



UDC 621.3: 537.8 doi: 10.20998/2074-272X.2016.4.03

M.G. Pantelyat, I. Dolezel

FINITE ELEMENT TECHNIQUE FOR SOLUTION OF THERMO-CONTACT
PROBLEMS AND ITS APPLICATION IN NUMERICAL ANALYSIS OF DEVICES
WORKING WITH INDUCTION HEATING

Purpose. To develop an effective approach for the numerical solution of transient thermo-contact problems and present a typical
example of its utilization regarding devices working on the principle of thermoelasticity produced by induction heating and spe-
cific technological processes intended for assembly and disassembly of systems containing shrink fits. Methodology. A finite ele-
ment technique for solution of 2D multiphysics (electromagnetic, thermal and structural) problems is developed, taking into ac-
count temperature dependences of material properties and continuous variations of the contact surfaces. Modeling of the contact
interaction between two parts is based on the concept of a special contact finite element having no thickness. The functional for
the temperature problem is supplemented with components corresponding to the thermal conductivity of this contact layer. The
heat generated due to mutual sliding of both parts can also be taken into account, but the heat capacity (specific heat) of the con-
tact layer is neglected. Using a special 1D 4-node finite elements a system of equations for the description of the thermo-contact
problem is obtained. Originality. Relatively simple analytical formulae for calculation of the contact thermal resistances occur-
ring in specific parts of electrical machines are known. The paper offers an alternative approach for the numerical solution of
transient thermo-contact problems based on the concept of a special 1D contact finite element having no thickness. Results. The
presented technique is applied for the computer simulation of assembly and disassembly of a shrink fit using induction heating.
Conclusions regarding the choice of technological modes are made. Comparative computations for drills made from hard alloy
and alloyed tool steel are carried out. References 8, figures 6.

Key words: induction heating, thermoelasticity, multiphysics problems, numerical analysis, finite element method.

Onucana memoouKka pewienus Memoo0OM KOHEUHbIX IIEMEHINO06 MYIbMUPU3UUECKUX (INEKMPOMAZHUMHbIX, MEN08bIX U MeXd-
HUYeCKUX) 3a0au ¢ y4emom 3aeUcUMOCHell CEOIICHE MAMEPUATIO8 OM MEMREPAMYPbl U USMEHEHUA KOHMAKMHbIX NOGEPXHO-
cmeii. IIpeonoscennlit ROOX00 UCNONBL306aH 0114 YUCTIEHHO20 AHATIU3A YCIPOICME, (PYHKUUOHUDYIOWUX HA Da3e A6IeHUs mep-
Moynpyzocmu 6 npoyecce UHOYKUUOHHO20 HAZPEGA U OPUSUHATILHBIX MEXHOI02UYECKUX NPOUecco8, NPEOHA3HAYEHHBIX O
cOopKu u pazdoopku KOHCMPYKYUIL ¢ HanpaiceHHbimu nocaokamu. Ilpumenenue pazpadomannoii memoouKu npounIiocmpupo-
6ano Ha KoHKpemnom npumepe. Ilpuseden ananu3z nonyyennvix pesynromamos. bu6n. §, puc. 6.

Kniouesvie ciosa: AHAYKINOHHBII HArpeB, TEPMOYNPYTroCcTh, MyJIbTH(HU3NYECKHE 3aa4H, YHCIEHHBI aHAJIN3, METO] KOHe4-
HBIX 3JIEMEHTOB.

Introduction. Investigation of behavior of numer-
ous electrical devices in different operation regimes often
requires considering relevant multiphysics phenomena of
electromagnetic, thermal and structural origins. In many
cases, multiphysics analysis of such devices must also
include the influence of thin insulation layers and contact
thermal resistances for obtaining more realistic results.
Thin layers occur, for example, in the form of various
bandages [1], contact resistances (of thermal origin) play
a significant role in different shrink fits [2] and devices
for a number of industrial purposes [3].

Relatively simple analytical formulae for calculation
of the contact thermal resistances occurring in specific
parts of electrical machines are presented in [1]. These
can directly be used as material parameters during the
solution of the temperature problem.

The paper offers an alternative approach for the nu-
merical solution of transient thermo-contact problems.
Currently the proposed technique is used for solving such
problems in 2D Cartesian and axisymmetric systems. A
similar technique for solving 3D problems is being devel-
oped nowadays. The aim of the paper is to describe this
technique in detail and present a typical example of its
utilization.

Formulation of technical problem. Many modern
industrial technologies are based on the principle of in-
duction heating. The paper, however, will focus on its
application in production of shrink fits for specific pur-
poses. Typical is, for example, setting the disks on shafts,
fixing high-speed machine tools, or connecting pipes by

fixing sleeves, which always represent connecting of two
metal parts with an interference whose value is decisive
for the transferrable mechanical force or torque.

The process of manufacturing shrink fits starts with
induction heating of one of the parts, which leads to in-
crease of its dimensions. Then it is connected with an-
other part and the whole system is cooled. The shrink fit
is obtained after cooling. A typical example of fixing a
drilling tool in the chuck is depicted in Fig. 1.

P

shank

inductor

chuck

[

Fig. 1. Arrangement of drilling machine:
I — heating of chuck and inserting of shank into it
II — cooling of system and fixing of shank in chuck

© M.G. Pantelyat, I. Dolezel
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From the physical viewpoint, the process represents
a strongly nonlinear and nonstationary multiphysics prob-
lem characterized by mutual interaction of magnetic field,
temperature field and field of thermoelastic displacements
(and corresponding strains and stresses). Another aspect
to be involved in the model is the contact problem that
plays an important role when quantifying transfer of heat
between both connected parts.

The numerical solution of the model should provide
a sufficiently accurate idea about the whole process and
mainly the steady-state parameters of the system under
investigation.

Continuous mathematical model. The mathemati-
cal model of the process consists of three partial differen-
tial equations (PDEs) describing three involved physical
fields and relations describing the contact problem.

Magnetic field. Distribution of magnetic field in the
system may be described using several formulations [4].
When using, for example, the magnetic vector potential
A, the above field obeys the equation

curl(icurlA) + }/a—A =Jexts (1)
Y7 ot

where u is the magnetic permeability, y stands for the
electric conductivity and J represents the current den-
sity applied to the inductor. The boundary condition along
a sufficiently distant artificial boundary is of the Dirichlet
type and reads 4 = 0.

The eddy currents produced by time-variable mag-
netic field in electrically conductive bodies (whose den-
sity is given by the second term on the left-hand side in
(1)) give rise to the volumetric Joule losses wy (the influ-
ence of magnetization losses being neglected)
oAl

ot
whose magnitude decreases roughly exponentially with
the distance from the surface of the heated body.

In fact, the complete solution of (1) is practically un-
feasible due to relatively long time of the heating process.
That is why the model was simplified by considering the
magnetic field harmonic. Now (1) can be rewritten in
terms of the phasor 4 of the magnetic vector potential A
in the form

) 2)

wy =7

curl(curlé)+ J-oyuA= A oyt , 3)

where j=+/—1 and ® denotes the angular frequency.

The computations must be now, however, carried
out iteratively, and at every step the permeability p in any
element containing ferromagnetic material has to be ad-
justed to the real value of the local magnetic flux density.

Temperature_field. The temperature field 7T is de-
scribed by the equation [5]

div(AgradT) = pcp?a—f— wy, 4)

where A is the thermal conductivity, p denotes the mass
density and c, stands for the specific heat at a constant
pressure.

The boundary condition on the surface of system is
given by the formula

oT
_ﬂa:agen(T_Text)’ )

where n denotes the outward normal, ¢, is a coefficient
generally quantifying both convection and radiation and
Tex: stands for the temperature of sufficiently distant envi-
ronment.

Thermoelastic problem. Mechanical status of structural
parts of the considered devices is described by the following
system of three-dimensional tensor equations [6]

ot fji=0,
1
&jj :E(Ui,j +ug;), (6)
14
o =—(&:: +——38:.e s
v 1+v(’f 1-2v )

where oj is the tensor of mechanical stresses, &; is the tensor
of mechanical strains, u is the vector of mechanical dis-
placements, f'is the vector of the external volumetric forces,
E is the temperature-dependent modulus of elasticity of the
material, vis the temperature-dependent Poisson ratio of the
material, J; is the Kronecker delta, and e = g4 (k =1, ).

The first part of (6) is the system of equilibrium eq-
uations describing the correlation between the mechanical
stress tensor

011921031
0jj =| 012022032 (7
013023933
and given volumetric forces components f.
The second part of (6) is the system of cinematic

equations representing the correlation between the strain
tensor
£1142131
&jj =| £1262263 (®)
£13623633
and components u; of the mechanical displacement vector.
The third part of (6) is the constitutive equations
presenting the correlation between the mechanical stress
tensor oy and strain tensor &;.
In the system of equations (6) the following tensor
and vector operations are used
_ oo ij _ aul. _ Ou j 9
i = M T it O
X ox j axl'
where i = 1,2, 3 and j = 1, 2, 3 are the indices of the co-
ordinate axes.
In the axisymmetric case, the mechanical deformed state
of the device is described by the system of equations [6, 7]

86rr_|_6'tzr_(';rr_
or oz r

ot oo T
I'Z+ ZZ+ Iz

(&)
% +fr =0;

or Oz r (10)
ou, Ou
B =g, BT
Ou, Ou, u,
= —4 ;8 =—,
Vre oz  or N7

where o;,, 0., 0y, 7;. are the radial, axial, circumferential
and shear mechanical stresses, respectively, &,, &, &o, /-
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are the radial, axial, azimuthal and tangential mechanical
strains, respectively, u, and u, are the radial and axial me-
chanical displacements, and f;, f; are the given radial and
axial forces, respectively.

In order to simulate the mechanical state of the
structure under consideration, elastic, plastic and thermal
deformations are generally considered. Therefore, the
strain tensor g; is presented as a sum of the elastic &,
plastic &/ and thermal &;" components [7], thus

i =& +€l]p+€l]T (11)

i l.'ie
The elastic strains are described in the following
way [6]

1
where k=1, .
The thermal strains are represented in the form
& =aAlsy, (13)

where a is the temperature-dependent coefficient of the
temperature expansion of the material, and AT is the dif-
ference of temperatures.

Irreversible and, therefore, unacceptable plastic de-
formations described by tensor &/ are not considered in
this paper.

Final remark. Many material parameters are signifi-
cantly dependent on temperature. Mentioned can be, for
example, electric conductivity, magnetic permeability,
thermal conductivity, specific heat, coefficient of linear
expansion, etc. All these dependences (as far as they are
known) are included in the computations.

Numerical solution. Magnetic field is solved in a
classic way using second-order finite element method.
The discretization mesh must cover not only the system,
but also its relatively large neighborhood. It is calculated
independently and takes into account only temperature
variations of the electric conductivity y and magnetic
permeability . The mesh remains the same in the course
of the calculations, the geometric changes due to thermoe-
lastic dilatation are neglected.

Solution of the temperature field is carried out by an
algorithm based on the generalized Crank—Nicolson me-
thod that respects the temperature variations of parame-
ters A and pc,,.

The solution of the thermoelastic problem by the fi-
nite element method uses at every time step a linearized
Lagrange variational equation for increments [7] in the
form
[[(a07 8¢, + 0" 5An, — AF 5w, ) r-dS = [ AP SAu;r-dl +
S, I,

+Jj(oy5Aeij —Fié'Aul-)r-dS—jPié'Auir-dl =0;
5 I

0 0

j j (457 8hey; +0¥ 5An; — AF! Su; yrdS j AP SAu;rdL +
SO LO

j j (07 5Aey; — F' 5u; yrdS - JPi5AuirdL, (14)

So Ly
where Sy and L, are the surface and boundary of the me-

ridian cross—section of the structure, o’ and Ao’ denote
the components of the stress tensor and their increments,

Ae; and Az stand for the increments of the linear and
nonlinear parts of the strain tensor, Au;; are the increments
of components of the displacement vector, f* and Af" are
the components of the volume loads (for example gravita-
tional) and their increments in one time step and, finally,
P' and AP’ denote the components of the surface load and
their increments.

Unfortunately, in the devices under consideration,
from time to time it is necessary to take into account the
exchange of heat inside the gap between individual struc-
tural parts of the device. This exchange is realized
through the contact zone that varies in time and that must
be determined in the course of solution of the thermoelas-
tic problem. There are several possibilities to take into
account the dependence of the contact thermal conductiv-
ity K, on the contact pressure p..

In many cases it is enough to use only two values of
K, For p.=0 (absence of the contact) we put

K,(T,p.)=K, , for p.<0 (presence of the contact)

K,(T.p)=K; .
Here, K,,' is a relatively small value (or even zero)
describing the heat conductivity of the contact layer

through the ambient environment, while K, =A/h,

where A is the thermal conductivity of the layer, and 4
denotes its roughness.

For more accurate computations it is recommended
to use more complicated empirical formulae such as that
given in [8].

Even when the mechanical problem is considered to
be linear (without plastic deformations), searching of the
unknown contact domain (or domains) between both parts
in each step is realized by means of an iterative process.

Contact problem. Modeling of the contact interac-
tion between two parts is based on the concept of a spe-
cial contact finite element having no thickness. The func-
tional for the temperature problem is supplemented with
components corresponding to the thermal conductivity of
this contact layer. The heat generated due to mutual slid-
ing of both parts can also be taken into account, but the
heat capacity (specific heat) of the contact layer is ne-
glected. Using a special 1D 4-node finite elements we
obtain a system of equations for the description of the
thermo-contact problem.

The functional of the temperature problem for the
contact layer can be written in the form [7]

I :% I[K,,(S#,a,,XTQ ~T P+ 0[S 400,01 + Q(S#,a,z,v)Tz]rOdP
L,

K

- _[ql(S,u’o-n)TerdT - _[qZ(Sy’O-n)TZFOdT +

Llll L‘/Z

+ _[OCl(Su’O-nITI _Tw(Sy’o'n)]TerdT +
L

@]

+ _[a2 (S,w On ITZ_ Ty (S,u »Op )]TZrOdf’

Ly

(15)

where K, (S ﬂ,an) is the contact thermal conductivity

(not the contact thermal resistance), which can be esti-
mated as a ratio «thermal conductivity of material of the

layer» / «thickness of the layer», S, are the subdomains

(«macro-elements») made of different materials, o, is the
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normal contact pressure, 77,7, are the surface tempera-
tures of contacting parts (bodies), Q(S ﬂ,an,v,) denotes
the internal heat source arising due to relative sliding of
surfaces at the given friction, v, stands for the relative
velocity of sliding contacting surfaces, ¢;,q, are the heat
fluxes into the contacting bodies, respectively, T, , o,

denote the temperature of the medium and heat transfer
coefficients for the first and second bodies, respectively
and 7, is the distance from the contact point to the z-axis
(for the axisymmetric problem) or the thickness of the
subdomain (for the planar problem).

The internal heat sources due to mutual sliding of
both parts are calculated as follows

Q:Gnvrff’ (16)

where f; is the coefficient of friction between both sur-
faces.

These sources can be distributed between both con-
tacting parts (bodies) by using the corresponding veloci-
ties v,; and v,, of sliding for both surfaces

O =0,V ffs O =0,V ff (17)
to take into account boundary conditions of the 2™ kind
for both surfaces at the contact point.

Taking (17) into account, the variation of the func-
tional (15) can be written in the form

ol = I[Kn(syfanXTZ_nxﬁ2_&i)]r0d7_
LK
- qu(S#,o—n)éTlrodr—i-
qu

+ Ial(Sﬂ,anlﬂ —Tw(Sﬂ,O'n)]éT]rod‘[+
L

a]

+ Ianvlf/-éﬂrodr—

LK
- jqz(S#,O'n )6T2r0d2'+
L‘IZ

+ Iaz(Sﬂ,aanz —Tw(Sﬂ,a,l)]éTerdT+
Ly,

+ J.Unl/széY'zrodT =0
L

(18)

K

The temperature distribution in the 1D 4-node finite
element can be represented in the form

h(2)=Tyi(t)+Tj9;(7) 5
Ty(7) = Tyngi (2) + Tja0; (7)., (19)
where T;;,T;5,7;,T;, are the nodal temperatures on the

contact surfaces of both bodies, respectively, and
@;(7),9,(7) are the coordinate functions
T;— T—1T:
9T =~ 9;(0) = — (20)
Tj —7; T 7;

Substituting (19) into (20) and collecting terms at
the same variations, we can obtain a system of equations
for the thermo-contact element as follows

AT+ A Ty + 4 T+ A jq Ty = by
A, ;T + AL + A T + A jn L = b

AjiTi+Aj T +A4; ; T+ A; j0 T =by; (21)

Ajri T+ Ajpyin T + Aj T+ Aj T =0
where

Aeg = j K, (8,0, 9F (D)rg(t)dz +
L

K

[er(Sun0m) pR (Do (D)
L

o]

At = sk == [ Kn(S00) 07 (D (D)
L

K

Agigen = [ Kn(S0) R (D (D)d 7 +
L

K

+ [@x(8,,0,)0F (O (D)

La,

Ay =A== [ Ky (8,,0,) 0000 (g (D)7 +
L

K

+ [1(8,,00) 90, (O (D)
Ly,
i1, i1 = Aji :—JKn(Sﬂ,Un)(ﬂi(T)wj(T)Fo(f)df+
L

K

+ [aar(S00) 0100 (I (2)drs
L

a2

A A = A. =A4.

i,j+l = i+l,j i+l =

=~ [Ku(S4-0) 0:(D)p; (D)o (1)
L

K

by = jal (S 1s )T (S 420, 1 (D) (2)d T +
L

aj

+ [018,.0) 0@ (@)dr+ [0,V fron (D)o (D)7
L L

q1 K

bt = [ @30S0 (S, 0,0k (D)1 (1)d 7 +

Ly,

J+Li

[0S us o)1 (D)o (D)7 + (22)

L‘] 2

+ [o, (VoS o @y (D)

LK
where k =1, j;

After discretizing the model consisting of (15) — (22),
it remains to cope with the displacements and mechanical
strains and stresses along particular sliding surfaces (see
Figs. 2 and 3).

At the points of the interpenetration of contact sur-
faces in the normal direction with condition

1 2
U, —u, —5,1 < 0; (23)

where ui,,u,% are the displacements of the contact sur-

faces and 9, is the width of the gap in the direction of the
normal, we introduce sufficiently high contact stiffness C,
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in the normal direction in order to prevent the surfaces
from penetrating each other. Should friction be taken into
account, we further introduce an analogous tangential
stiffness C,.

r n
A
2
on,
AN\
1 T
z

Fig. 2. Contact length L; and gap J, between contacting
bodies 1 and 2

n
r
A Lk
2
um.,u .
1
uni’u
T
1 11
um’ 7]

> Z

Fig. 3. Nodal displacements of the contact surfaces

The stresses in the contact layer are now given by
the formulae

1.2 1.2
0,=C,(u,—u;,=95,); o, =C,(u; —u; —o,). (24)
As far as the condition o, f < |o-,| of slipping is
satisfied, the tangential stresses are expressed as
: 1 2
Or = Unff sign(u; —uz —6;), (25)

where u',, u?, are the shifts of both surfaces and &, is their
difference at the beginning of the contact. In the zone of
slipping the tangential stiffness is equal to zero and the
functional is supplemented with the work of the friction
forces on the corresponding shifts.

Ilustrative example. A typical example is solved
concerning the problem of assembly and disassembly of
high-speed machine tools. The basic axisymmetric ar-
rangement of the system is depicted in Fig. 4, together
with the principal dimensions. The interference between
the two connected parts is 0.01 mm.

During the process of assembly the chuck spindle
has to be heated by the inductor until the internal diameter
of the bore exceeds the diameter of the shank. The drill
shank is then put into the bore and the system is cooled
until we obtain a shrink fit.

On the other hand, the process of disassembly is
characterized by fast heating of the system that causes
different displacements in the chuck (that are relatively
high) and in the drill shank (much lower). In a short time
the pressed joint is released and the shank can be drawn
out of the hole.

chuck inductor drill shank

~

50

I T T T T TTTTTTTT

10[7 17 A
- N
2211220 e e
0 20 40 60 80 100 120
AB =40 mm
Fig. 4. Basic disposition of investigated system (dimensions in mm)

16

y4

The chuck is made from steel. Comparative compu-
tations for drills made from hard alloy and alloyed tool
steel are carried out, the inductor remaining the same.

The principal data of the problem follow (at the
room temperature 7 = 20 °C):

o steel chuck: electric conductivity 59 =3.2 - 10° S/m,
thermal conductivity Ay = 47 W/mK, heat capacity
PCr20 = 4-10° J/m’K, coefficient of linear thermal expansion
amo = 2107 / K, modulus of elasticity E» = 2-10'"" Pa,
Poisson ratio v=0.3.

e Hard alloy: electric conductivity 159 = 2.8:10° S/m,
thermal conductivity 4,0 = 85 W/mK, heat capacity
PCp20 = 2:10° J/m3K, coefficient of linear thermal expan-
sion amy = 0510° / K, modulus of elasticity
Ey =5.3-10"! Pa, Poisson ratio v=0.25.

e Alloyed tool steel: electric conductivity 79 = 2.5-10°
S/m, thermal conductivity 4,y = 37 W/mK, heat capacity
PCp20 = 3.2-10° J/m3K, coefficient of linear thermal expan-
sion o = 1.1'110° / K, modulus of elasticity
E»y=1.9-10"" Pa, Poisson ratio v=0.3.

e Field current density J., = 28.275 A/m?, f= 1 kHz.

e Cooling by forced air: & =200 W/m’K.

The contact mechanical problem is the main part of
numerical analysis. Fig. 5 and 6 represent the calculated
distributions of temperature and contact pressure at vari-
ous time instants of the assembly and disassembly proc-
esses for drills made from hard alloy and alloyed tool
steel. The maps were performed for the cross section
z = 85 mm. Some preliminary results can be found in [2].
The most important conclusions follow:

e Regarding assembly for both of materials (hard alloy
or alloyed tool steel) of the drill: the chuck has to be
heated during 3.5 s. Maximal temperature in it is 228 °C,
maximal difference through the thickness is 86 °C.

e Regarding disassembly:

- Drill made of hard alloy: complete disassembly of
the joint takes place in about 4 s after switching on the
inductor. Maximum temperature in the chuck is 231 °C
(external edge of its face), in the drill is 85 °C.

- Drill made of alloyed tool steel: duration of treat-
ment is about 4.25 s.
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Fig. 5. Temperature distribution along joint radius (z = 85 mm)
at various time levels (in s):
up — assembly, bottom — disassembly.
drill made of hard alloy,
----- drill made of alloyed tool steel
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Fig. 6. Contact pressure distribution at various time levels (in s):

up — assembly, bottom — disassembly
drill made of hard alloy,
----- drill made of alloyed tool steel

Conclusions. A 2D finite element technique for so-
lution of multiphysics (electromagnetic, thermal and
structural) problems taking into account contact interac-
tion between structural parts is proposed. The contact
problem solution is based on a concept of a special 1D
contact finite element (layer) having no thickness. The
presented technique is applied for the computer simula-
tion of assembly of a shrink fit.
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V.V. Shevchenko

INFLUENCE OF MANUFACTURING QUALITY OF LAMINATED CORE
ON A TURBOGENERATOR EXPLOITATION TERM

The problem of calculating the flexural deformation of the laminated core of the stator turbogenerator is examined. The evalua-
tion of the effect of gluing the core sheets on its bending stiffness based on the compliance of the insulating cover sheet of active
steel. An impact of pressing effort on the relative movement of the package of sheets is determined. An effect of wear of the insu-
lating layer between sheets of laminated core on its reliability is determined. Conclusions are drawn on how to determine the pos-
sibility of extending the life of turbogenerators on the basis of the data obtained. References 8, table 1, figures 5.

Key words: laminated core, flexural deformation, stator of turbogenerator, flexural stiffness, insulation coating, pressing, time
of exploitation.

Paccmompen pacuem uzcubnoil oegpopmayuu wiuxmosanHozo cepoeyHuKa cmamopa mypoozenepamopa. Boinonnena ouyenxa
GIUAHUA CKIACHKU JUCMOE CEPOCUHUKA HA €20 U3ZUOHYIO HCECHMKOCMb C YUemomM ROOAMAUGOCHU U30IAUUOHHO20 NOKPLIMUSL
IUCMOG AKMUBHON CMAU, 3HAYEHUA YCUNUA NPecCO6KU NAaKema HA OMHOCUMeENbHOe nepemeuienue nucmos. Onpedeneno
GNUAHUE UBHOCA USOTAUUOHHOZO C/I0A MeHCOY TUCMAMU WUXMOBAHHO20 cepOeUHUKa Ha e20 HadexcHocmb. Coenanvl 66160001,
KaK Ha OCHOGAHUU NOJIYYEHHBIX OAHHBIX YCIMAHOGUMb B03MOICHOCHb NPOOJICHUA CPOKA IKCHIYAmayuu mypoozenepamopos.
bu6n. 8, Tabmn. 1, puc. 5.

Kniouesvie cnosa: NMHUXTOBAHHBINA CepAeYHHK, M3ruOHas Jedopmanus, CTATOpP TypOoreHepaTopa, M3rHOHAs KECTKOCTb,
H30.JISIIHOHHOE MOKPBITHE, IPECCOBKA, BpeMsl IKCILIyaTallHH.

Introduction. The economic condition of the coun-
try makes it impossible to perform the timely replacement
of electrical equipment, which has worked on the techni-
cal specification operational time of the plant unit. There-
fore, the period of its work can be extended only by
means of modernization and/or partial replacement of
major components. Modernization of turbogenerators
(TG) is provided with the increase power in the installed
overall dimensions, sometimes performed with replace-
ment of refrigerant. Therefore, in the construction to be
upgraded it is necessary to consider the accumulated ex-
perience of manufacturing and operation, to exclude all of
the factors that lead to the destruction of the assembly
machines and units, especially, a stator core, for reliabil-
ity. Its destructions are the most frequent cause of crashes.

TG reliability and durability are reduced due to a
complex laminated core structure, vibration, electromag-
netic continuous variables, thermal and mechanical loads.
Due to the frequent destruction of the cores the research-
ers are looking for new design solutions for increasing
operational reliability TG. The new design is based on the
use of new materials and new techniques in the produc-
tion of technology, on the knowledge of data exploitation
and modern trends of development of the theory of the
creation of turbogenerators [1-3].

The aim of the article is to determine the effect of
TG stator core assembly technology to its reliability and
the definition of the possibility extending the service life
(impact gluing the core sheets on its bending stiffness,
impact of pressing forces on the relative movement of the
package sheet and wear of the insulating layer between
sheets of the laminated core).

The main text of the article. The design quality of
the laminated stator core determines its bending stiffness
and consequently affects the value of the radial vibration
and reliability. The works of many authors are devoted to
these issues, [4-8], which also show the results of the re-
search physical and mechanical properties of the insulat-
ing cover sheet steel. Also, the temperature coefficients of
the materials that are used, static and dynamic loads; the

presence, size, shape of ventilation ducts between packets
impact on it.

Consider the impact on the operational status of the
core circuit stacking the stacked sheets and the quality of
insulation coatings under the action of forces that cause
the flexural deformation and the relative movement of the
stacked sheets. Let us allocate part of the laminated core
package, where several floors (joints) fall. We represent
this part as a straight girder, which is made of rectangular
thick electrical steel sheets with a thickness / and isolated
coatings 9, Fig. 1.

\ | Sheet 1 |l
\ | \
T T4
f |Shee‘[2 \
Ll. Sheet 1 ! | 7
) |
’ |
M ‘ | '
\ | :
("
1 | ' \L M

I'n

/

Fig. 1. Laminated veneer lumber: /4 — thickness of the sheets
constituting the laminated board (package of the stacked plates);
M — moment of bending forces; H — width of the beam;

/ — length of the considered area (wave height); » — number the
joints, got in area under consideration

We believe in the calculations that the tension in all
the sheets is identical. We obtain under the law of pairing
shear stresses, that tangential stresses in the cross section
are shear stresses, which arise in the longitudinal sections.
It is suffice to consider the deformation of the strip in n
layers, when the sheets are stacked to overlap by 1/n part
of their length, because in the other layers of pattern the
same will happen.

© V.V. Shevchenko
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Use Zhuravsky formula for further calculations,
which allows you to determine the tangential stresses in
bending. These stresses arise from the external force P in
the points of girder cross section, which are at a distance /
from the neutral axis x, Fig. 2. In the beam appear normal
and tangent stresses, which are directed from the edge to
the edge of the law paired relationship.

We calculate the shear stresses that occur. Spend
two verticals through the beam cross section at a distance
dx from one another. Let us note a horizontal section at a
distance (4/2-y) of the neutral layer. That is, we select the
element with the size: dx, (h/2-y), b.

s dx
P X
! |
]
i
iy
S
|
= N, | N,
e b
N
N
N\
b S
dx ‘

Fig. 2. Model actions of on a girder of the external force F,
which is located at a distance / from the neutral axis x

We lay off on the axis x all the forces that act on the
system for drawing up the balance equations. The action
of elementary tangential force d7=N,—N,, which is equal
to the element (b-dx), is equal to d7=t-b-dx, is balanced by
the difference of normal forces (N,—NV;). Normal stresses
that act on the infinitely small side area dF, disposed at
the neutral axis y can be calculated:

M-y
o=—".
J

X

The force dN, that acts on the area element is equal to:

any =M g

z
On the whole side face of area F' the aggregate force
of N; will operate:
N =_[le = J‘M.dpzﬂ.jy.dpzM;Sz’
. ” J, J, . J

z

where S, — distribution of the tangential stresses a rela-
tively the neutral axis z; J, — axial moment inertia of the
regarded section.

Similarly, the force that acts on the next side face of

the selected element N,:
N, = (M+i'M)~SZ ’

dM - S,

z

where N, —N; =dT = =7r-b-dx.

z
We write down the value of tangential stress

e dM - S, =Q-SZ’ )
dx-J,-b J,-b
where O — transverse elemental force of the bending moment
that acts on the length of the fixed element (Q = dM/dXx).

The tangential stresses that arise in the material
above the neutral layer is directly proportional to the
transverse force, to the static moments square section un-
der consideration, and is inversely proportional to the
axial moment of inertia and its width. Then the distribu-
tion of tangential stresses over the cross section will be:

h
4

h 2
S. =F-. =h.| —— o + =
z Yo (2 y) Y 2

)]

Substitute the S, in the formula (1). Define a tangen-
tial stress in a selected element based on the fact that the
axial moment of inertia for the rectangular cross section is

_b.h3.

127.[@2_y2].g_ 6-0 [ﬁ_yz}

_b.h3. Z

J

LY X
12
The tangential stresses on the central axis with y =0
will be a half time more than average values in the sec-
tions, Fig. 3.

_ 60K 30 303
max U3 4 2 bn 2 F o2 md
}J
L‘Tmalej Tmid

0
i
yL‘

b

Fig. 3. The distribution of tangential stresses

The tangential stresses are the maximum value in the
neutral layer; the normal stresses are equal to zero. So the
tangential stresses are on the surface of the beam, only nor-
mal. It is believed that the transverse carved by area are level
and are rotated by the action of the bending moments. But
the tangential stresses distort the form of the deformation.
Elements of the material between the two cross sections
warp the proportion to the magnitude of these stresses. These
distortions effect a little on the value of longitudinal defor-
mation of the elements that make up the beam. This allows
the use of a formula for the normal stresses:

max
M

Omax =~ —-< [G]

z
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From beams of rectangular cross-section (Fig. 4,a)
an element of length dz is cut out (Fig. 4,b).

oY P
| } z
e Z - dz s
a
by=b,y
% Oz 7doy, F dr
N = N+dy el
P P Tyz T PR %
\\.?4%4.;44| T Me+dM o
vl dT 1/ »\ _ = Ty =
Mx( ] 4 e 3 z : L x
1 | 1 1 | =
| ! I !
0! 2 | |
| I
_______ L1 4
d- b) c)
Fig. 4. The scheme of calculating tangential stresses in bending
beam

Consider the balance of the top of the beams section,
where stresses arise due to the difference of bending mo-
ments. In order this portion of the beam is in equilibrium
(£Z2=0), in a longitudinal section of the beam there must
be the tangential force dT.

The equilibrium equation of the girder:

37 = Iazl -dF - j(azl +do.)-dF +dT =0.
F, F,

clip clip
Here
aM aMm i
dl = [do,y-dF = [ =%y -dF =25,
].X I)C
Fclip Fclip

where the integration is performed only over the severed
part of the cross sectional area of F;;, beams (the shaded

area in Fig. 4,c); Sﬁlip — static moment of inertia of cross
sectional area dF of about the neutral axis x:

¢ = [y ar.
F,

clip

Assume that the tangential stress (z,,), which arises
in longitudinal section beams, distributed uniformly over
its width (b,). Then:

dT=1,,b, dz.

Considering that z,, = 7,,, the tangential stress (z,) in
the points in the cross section beams at a distance y from
the neutral axis x, can be calculated:

cli . g¢lip
Ty, =€4—x-£,where ﬁ
z 1,-b, dz I.-b,

Longitudinal strain and stress have a major impor-
tance in the flexural deformation in a solid and glued
laminated tool bar, as shown in [8]. We can assume that
the tangential stress and normal stresses from deformation

X

:Qy’ TZ)/ =

along the other axes are missing: 0,=0.=7,,~7,.=7,.~0.

We believe that the core layers operate only shear and
that the longitudinal displacement of points r; (i = 1, 2,...
where n — number of the layer) on each sheet of thickness are
the same. We obtain from the equilibrium conditions for the
laminated section [7]:

R, G
E-h- - - =~ QR =Ry ~Ry);
X
’R, G
E-h- - = =~ @Ry~ R ~Ry);
X
.......... azRG @
E-h a 2l :E'(le Rt—l_Ri+1);
X
’R, G
E-h~a—2=g-(2Rn—Rn_1—R1),
X

where E — effective elastic modulus for the electrical steel
sheet in the longitudinal direction (Unge modulus),
E = 2:10° MPa; G — the shear modulus in the stacked
structure (in the «glued layer»), G =79,3-10° MPa.

We shall seek solution of the system of equations (2)
as the dependence:

Ri=Ayye", (3)
where A,(y)— the amplitude of the movement of the
stacked structure along the axis y; 4 — a constant which
depends on the material (first Lame parameter).

For a particular material A expressed by Unge
modulus £ and Poisson's ratio v:

B v-E

A+v)-(1-2v) "

After a few solution transformations the following
can be represented:

n—1
Ry = Aig + Byg - x+ D (A M By e, (4)
k=1
where Au(v) and Bu(y) — the function-coordinates of
points along the y axis y in a quantity 2n”.

The expressions for 4;, and B;, present with the use
of the coefficient By:

Aic = Boay; Bic = By'by, (%)
where a; and b — the numerical coefficients.

The solution of system (4) can finally be written:

R; = Ao(y)+ Bo(y)-x +

o Apx —Apx (6)
+Bo(y)~2aik (ag e +by e ).

k=1

The average cross-section of each sheet is not cor-
rected due to the symmetry of the tensions distribution.
Therefore, we can write for the case of even n:

Ry2(0,9)=0; Ryt (/n,y)=ay. (7

The function By(y) is a linear function of the coordi-
nates y according to the equation (10). The dependence of
the By(y) expressed in terms of stress, rather than through
the angular movement.

It can be concluded from the relation (6), which in
laminated beams, as in the continuous beams, tensions
adjustment section is distributed linearly. Then the func-
tion By(y) can be represented:

Bo(y) = C, (®)
where C — the coefficient of proportionality.

We determine its meaning, assuming that the bend-
ing moment along the length of the beam is constant:
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i=1

H/2 2
=2E-h- J n~C~y2~dy:u-ao,
0 6
where oy — the maximum value of the bending stress in
the continuous bar in the same section as laminated
beams, and the same value of the bending moment. Then:

20'0

10
o (10)
The shear stresses in the insulating layer will be the

greatest in the corners of the steel sheets, [8]:

= (R 0) - R, O)

n Hi2
By J‘ %ydy:
=1 o

®

c=220

o (11)
Thax == 5 [R1(0) - Ry (0)]

If we assume that the relative displacement along the x
axis for the two points of outer surface of located at a dis-
tance / from one another for a continuous beam at y = H/2 is:

ARy =——,
E
then laminated to the bar is the offset that can be pre-
sented subject to the availability of the axial displacement
of the joints of two successive sheets in a layer (the first
three summands), and the presence of the relative dis-
placement of the edges of the sheet (last summand):

AR=2R[ 0.2 |- pyl 0. - [0 2]+
2 2 2

ilj'n 8Rl~(x,%) (13)
+ _
i=l ¢ Ox
From equations (5), (6), (12) it follows that:
n n
D Ayx =0, D By =0. (14)
i=1 i=1
Then on the grounds of (9) and (13):
H
nlin 6Rl-(x,—) I/n )
2 =I”G°-dx: L as
i Ox 0 E

The ratio of AR/AR, characterizes increase flexural
laminated steel bar compliance compared with a solid rod
in the same cross-sectional. Consider the three schemes
laying steel sheets lapped by 1/2, 1/3 and 1/4 of the sheet
(respectively, n =2, 3, 4). Finally, we get:

D=2, AR 4,2 | 4G
AR, Al E-h-o
/ // 2G - o,
‘Tmax ‘Tmax Z—E'g’
Nn=3 MR 1,3 4 ,/ 3G
AR, Al E-h-8
/ // 3G- O
N (16)
Nn=4, AR =1+ 8 ,
AR, 1-(Ag +22)

4G 2G
X , A= ,
E-h-§ E-h-&
‘T/ _ 6G~60 ‘ vl 2G~60
MBS (4 +24) T BG5S (4 +24,)

Thus, the relative pliability laminated timber
(AR/ARy) are determined by the longitudinal length and
the thickness of sheet, method of laying, the strength
characteristics of steel and the thickness of the insulating
layer. The pliability decreases with an increasing length
of the sheet. This dependence to the insulation layer is not
present. And maximum tangential stress is proportional to
the maximum bending stress in the steel.

If laminated core packets are not glued and are
pressed only by uniform pressure po, the bending defor-
mations cause the slip of sheet steel in the area of junc-

tions (Fig. 5).
Ll
|

| ‘ Sheet 2 }
Sheet T I T H{

/

Fig. 5. The bar that is laminated and pressed

Sliding is present in zones 1 and 4 (in zones 2 and 3,
sliding is not) when sheets are stacked with overlapping
on the 1/2 of sheet:

e in zones 1 and 4:

82R1 :_2f~p0 azRZ _ 2'pr (17)
x> E-h = o2 E-h’
e in zones 2 and 3:
’R,  2G R 2G
=—— (R -Ry), =—2=— R, —Ry), (18
o2 E-h-5(l 2) P Ehé‘(l 2), (18)

where f— coefficient friction of sliding steel on steel.
Consider a turbogenerator TGV-225-2. Let us sub-
stitute in the formula (17) such values as E=2:10° MPa,
6=0,3 mm, #=0,5 mm, / = 40 mm, G=79,3:10* MPa. The
number of layers selected for calculation is equal to
n=2;3;4. The calculation results are shown in Table 1.

Table 1
The maximum bending stress in the laminated core
n H, mm AR/AR, Tmaxo kH/m?
2 1.0 1.027 900
3 1.5 1.024 800
4 2.0 1.023 400

The solution of equations (17) and (18) shown later
(the first index — the number of the sheet, the second — the
number of the zone where bending occurs):

ISSN 2074-272X. Enexmpomexnixa i Enexkmpomexanixa. 2016. Ne4 31



f-p
Ry =- X+ Cx+Cy;
n=T 1 2
S 2, /
Ryy =— X7 +Cp x+Cy;
=" 1 2
Sop
Ry = X"+ Dy-x+Dy;
21 E-h 1 2 (
fop 2 / 19)
= X"+ Dy -x+ Ds3;

24 E-h 1 2
R12:A0+BO )C+A1 &g +Bl'€7/bc;
R22:A0+B0 X—Al'f) —Bl'é'i/bc,
Ry = Ay + By -x+ 4] -&™;

Ryy =Ab+ By -x+ 4] -e™ + B &7,
4G
E-h-&’

where & — the elastic deformation of the sample, which
causes a voltage (it equals the ratio of change of the sam-
ple size after deformation to its initial size).

Most commonly the relationship between stress and
deformation is linear (Hooke's law): o = ¢'E.

The values of the coefficients of equations (19) can
be obtained from the condition that the deformation is
symmetrical, using the boundary conditions (20) and the
conditions at the zones boundaries of sliding (21):

%| ) :%|
20
OR4| _OR| . 20
ox x—é ox x—é ’
R11|Sl:R12|32; Ria|s2= Rig 2
R21|s1:R22|s1; Ryl s2=Raoa] s2-
aR1 1 6R12 Ry, 6R14
| |s1’ |s2 - |
(21
5R21 6Rzz ORy) 5R24
|31: " |s1; |s2: |32;

G
—g'(Rn ~Ry))|s1 =S p;

G
—5 (R ~Ryg)|s2= 1P
where o — angular deformation (rotation angle of a bar
cross-sections at a height y from the middle cross sec-
tion), degrees:
S - po
a-y=——-(l+2x))-x —
yY=F (I+2x1)x

i
A
fpo-S-A Mg 2 M

; -(L+2xlj+
;L'f 2

2G| Mg 2.7

LS TR0 oy + (22)

G E-h
+m[l A I+A xlj
G 4

X2 :i—xl.
2

From the side of the equation (22), which is indi-
cated by (=), we will find:

A-1+4 (2212 -16 26
+ +

42 164% fpo-6-7

From here the maximum width the zone of sliding o is

determined depending on the pressing pressure p, and the

amount of the angular deformation bend of laminated ele-

ment for a specific material, whose parameters are given
values of E, G, f'and dimensions of the steel sheets (H, 4, J):

H /11
R Y
G-H

1|22 -16
+—- T+
A 164 fpo-o
Let us substitute into the equation (23) the value of

x; = 0 to obtain the coordinates of the lower point of the
zone of sliding y, (Fig. 2):
-5
1+ —|
4

_Jfpo-9S
a-G

If yo > h/2, that the sliding of sheet is virtually ab-

sent, and angular deformation o can be determined in this

X =- ca-y . (23)

24

(25)

case as:
a=a, =2 P00 [ A1) (26)

G-H 4
where a,, — angular deformation (rotation angle of the n-th

plate in a section of the rod at the height y from the mid-
dle cross section), degrees.
We introduce auxiliary coefficients:

2G-H s
fepo-6- 2 1622
The total bending moment M(a:) for the two sections of
adjacent sheets does not depend on the position of the point

of consideration (does not depend on the coordinate x).
Moment depends only on the angular deformations a:

H/2
M(a)=2h-E- j[aRl asz-y-dy=

a=

Ox
H/2
=4h-E- £Bo yedy+ yIOBo y-dy |= @7
2
e AT (——yoj
+161§—.2po(3a-y—2b)-\/(b+a-y)3|ﬁ/2.
For continu:us a bar of the same dimensions:
M, :#-ao. (28)

If necessary to consider only the a and the angular
deformation of the system there is no relative sliding, the
bending moment in the angular area of deformations can
be calculated:

3
M(a):M-a. (29)

3(4+A4-0)
The relative increase in the flexural suppleness lam-
inated element can be calculated as the ratio of M(a) to
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M, (based on the presence of the insulation between the
sheets and the possible the relative sliding of the sheets):
a E-h-H g
oy 3-M(x)
If in (30) substitute the value of M(«) from (29), the
relative change in the flexural compliance laminated ele-
ment can be represented by:
21y i
Q Al
Therefore, the relative change in the flexural com-
pliance laminated element does not depend on a.
Conclusions:

1. The results of the calculation of the flexural defor-
mation of the laminated core of turbogenerator based on
the compliance of the insulating cover sheet active steel
are obtained. These calculations allow making a conclu-
sion that the flexural rigidity of the core in the glued cores
of turbogenerators decreases slightly, no more than 3 %.
Therefore the modulus of elasticity of glued laminated of
the core is reduced by no more than 3 % compared to
module of monolithic steel. In the not-bonded cores in
which interconnection is provided only the pressing of
sheets, stiffness decreases with increasing the flexural
deformation.

2. The selection of the compaction pressure of the
laminated core should be carried out based on the possi-
ble slip of sheets when vibration occurs, also taking into
account knowledge of strength the adhesive layer and
safe limits of relative sliding. Correctly selected com-
pression effort reduces the relative sliding of the sheets
in the package:

e the relative sliding of the laminated core sheets ex-
ists on the width not more than 2 mm (bs<2 mm) in the
joint area when pressure of pressing is pe>1 MPa and a
amplitude of radial oscillations of vibration that do not
exceed A< 20 mkm. The effect of relative sliding sheet
decreases a little the bending stiffness of the core in this
case, not more than 1 %:

o the relative sliding of the core sheets is practically
absent in this range of vibrations and with compacting
pressure po > 1,5 MPa. Accordingly, weakening the pres-
sion in the core leads to an increase of vibration, to a re-
duce of the bending rigidity, to a reduce of the bending
rigidity, to an increase of the relative sliding sheets (up to
10 mm), to an abrasion of insulating coating of sheet ac-
tive steel, to the connection of adjacent sheets, to in-
creased losses in the steel, to heat until the «fire in the
steel». Gluing laminated core sheets reduces the impact of
this phenomenon.

3. Due to the presence the struts of radial ventilation
the uneven pressure distribution arises after pressing,
which can be neglected. This can be done, because this
unevenness may be compensated in the glued packages
with the help of binder materials, a shift steel sheets in
packs without gluing only in a narrow region near the
joints sheets sufficiently wide range of pressures. Ventila-
tion spacers which establish beside the joints of sheets
support the local increase of the pressure and decrease the
slip zone. If the spacers are installed far away from the
joints of sheets, they reduce the bending stiffness of the
core and they extend the relative sliding zone.

(30)

4. Wear insulating layer between sheets of laminated
core can be neglected, because:

e during the exploitation the pressure pressing cores
decreases, which reduces the intensity of wear of the insu-
lating layer;

e in areas where an insulating layer is erased, the
products of wear are not removed but accumulated, and
continue to perform the insulation function;

e during an operating process, the lacquer polymeriza-
tion process that isolates, is continuing, which increases
gluing of active steel sheets, increases the bending stiff-
ness, reduces the vibration.

5. As a result it can be concluded that the period of ex-
ploitation of turbogenerators may be not less than 50
years, and not 20-25 years as previously thought, [4, 5].
This conclusion can be fundamental in determining possi-
bility of extending the time of exploitation of the tur-
bogenerators.
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B.B. Bynamixo

HIABUIEHHA E@EKTUBHOCTI KEPYBAHHSA CYIHOBUM IBOMACOBUM
EJIEKTPOIIPUBOJOM

Ha niocmaei meopemuynux i npaKkmuuyHux 00CJHIOHCEHL 080MACOE020 €NEKMPONPUEOOY CYOHO80T 6AHMANCHOT cucmemu pe-
puscepamopnozo cyona, ¢ podomi supiniena HaAyKoGo-mexHiuna npodaema 600CKOHANEHHA CUCHEMU KEPYBAHHA el1eKMPOnpU-
8000M 6NPOO0GIHC BNIIUGY HA HBO20 PI3HOBEKMOPHUX 30ypeHb. Pezynomamom eukonanux 00cnioiceny € NOEOHAUHA PIBHANL, U0
ORUCYIOMb NEPEMIU|EHHA BAHMANCY MEXAHIZMOM RIOUOMY PAMKU YMPUMY6AYd nailem, é cucmemy ougdepenyianoHux pigHANHD 3
Koeghiuicnmamu, 3anexncnumu 6i0 Konueany Cyonda. Y meopemuunii 4acmuti CUHME306AH0 MAMEMAMUYHY MOOEb e1eKmpo-
MEXaHIYHOI cucmemu Mexanizmy Riouomy, wio 0ano 3mozy 00caioumu cnocodu minimizauyii Kymie po3zoiidyeanna i 4acoeux
inmepeanie, HeoOXIOHUX OnA cmadinizayii nepemiuieHHA 6aHMANCY 080XMACOBUM €/IEKMPONPUCOOOM MEXAHIZMY RIOWOMY, W0
0036071710 Y HENPAMUIL CROCIO IMNIEMEHMY8AMU CUZHAT, NO6 A3AHUIL 3 CIHOXACIMUYHOIO RPUPOOOI0 MOMEHMY KOJIUBAHHA CYO-
Ha, HA KOOPOUHAMHY NIOWUHY el1eKmPonpusody nioiiomy. Taxkosc yoocKkonaneno ma 00caidxiceHo cnocio napamempuyinoi on-
mumizayii mamemamuunoi mooeui enekmpomexaniunoi cucmemu 6 ynkyii Kyma poseoudyseannsa eanmacy. Ha niocmasi eu-
3HAYEHHA CMPYKIMYPU ma an2opummis podomu nioguuieHa eheKmuenicms cucmemu KePyGanHs 060XMaco6uUM eaeKmponpueo-
00M MEXAHI3MY RIOTIOMY 3 MOYKU 30Dy 3MEHUIEHHA Yacy cmabinizauii pyxomozo eanmasicy. bion. 15, puc. 9.

Knrouosi cnosa: cynHoBHii TBOMACOBHIi eJIEKTPONIPHUBO/L, CHCTEMAa KepPYBaHHS, PO3roii/lyBaHHsSI BAHTAXKy, MaTeMaTHYHe MOJIe-
JIIOBaHHS, YI0CKOHAJIEHHS, aJallTUBHICTD, cTadimizamis.

Ha ocnosanuu meopemuueckux u npaKmuueckux Uccied08anuil 08YXmacco8o20 1eKmponpueooa cyooeoil py3060il cucmemol
Ppegppusicepamopnozo cyona, 8 pabome peuiena HaAy4YHO-MEXHUUECKAA NPOOIEMA YCOBEPUIEHCHIGOGANUA CUCHEMbL YRPAGIEHUA
INEKMPONRPUBOOOM, HAXOOAULE20CA NOO PA3HOGEKIMOPHBIMU G0O3MYeHuamU. Pe3ynomamom evinonnennsix uccne0oeanuii a61a-
encsa 00veOuHenue ypasHeHuil, OnUCbléaoujux nepemeniens zpy3a Mexanuzmom noovema pamku oepicamenn naiiem, é cuc-
memy oughgpepenyuanvnvix ypasuenuil ¢ Koypgpuyuenmamu, 3asucamumu om Koaebanuit cyona. B meopemuueckoii wacmu
CUHME3UPOBAHA MAMEMAMUYECKAA MOOETb IIEKMPOMEXAHUYECKOI CUCHEMbl MEXAHUZMA NOObEMA, YMO NO360IUTIO UCCE00-
6éamb CROCOOLI MUHUMUSAUUU Y2106 PACKAYUBAHUA PAMKU OepiHcamens naiienm U 6PeMeHHbIX UHMEPEAL06, HeodX00UMbIX O
cmabdunuzayuu nepemeuieHus 2py3a 08yXmaccoevim INEKmMponpPueo0oOM MeXanuma noovema, Ymo 0ano 603MOHCHOCHb KOCEEH-
HO UMNIEMEHIMUPOGAMb CUZHAT, C6A3AHHBLIL CO CINOXACMUYECKOU RPUPOOOI MOMEHMA KONEOAHUA CYOHA, HA KOOPOUHAMHYIO
naockocmos rneKmponpusooa noovema. Taxdice yco6epuiencmeo8an U Uccie006an CnOCod nApamMempuyecKoil OnmumMu3ayuu
MamemamuiecKkoli Mooenu 1eKmpomexanuuecKkoii cucmemsl 6 (ynkyuu yzna packavusanus zpysa. Ha ocnosanuu onpedene-
HUA CIPYKMYPbL U AN20PUMMOG PAOOMbL NOGbIULEHA IPheKmugHOCmb cucmembl YRPAGIEHUA 0BYXMACCOBLIM ITIEKIMPONPUBGO-
00M MeXAHU3MA NOObEMA C MOUKU 3PEHUA YMEHbUEHUA 6DEMEHU CIAOUNU3AYUYU nepemewiaemozo zpysa. butn. 15, puc. 9.
Kniouesvie cnosa: cymoBoii AByXMACCOBBIH 3JIEKTPONPUBO/, CHCTeMa YNpPaBJeHHUsI, pacKauMBaHHe Ipy3a, MaTeMaTHYecKoe
MO/Ie/IHPOBAHHUE, YCOBEPIIEHCTBOBAHUE, AJANTHBHOCTD, CTA0MIH3aNHS.

Beryn.  IcHye  psng cyAHOBHX — HiIHOMHO- — PONPHUBOAY 1 MOJIMBOCTI THYYKOTO YIIPaBIIHHS MeXaHi-

TpaHcriopTHUX MexaHi3MiB (IITM), Ha SKUX BCTaHOBIIIO-
IOTBCSI THPUCTOPHI EJIEKTPOIIPUBOAM IIOCTiifHOTO abo
3MIHHOTO CTPyMY: HOTY>KHI MOCTOBI KpaHH, II€pEBaHTAa-
JKyBadi, BHCOKOTIPOAYKTHUBHI OammToBi KpaHu. [t Takmx
MEXaHI3MiB 3aBJaHHS MiHiMi3amii po3roiayBaHHs BaHTa-
Ky MOKHa €(DEKTHBHO BHPIIIyBaTH NUIIXOM (OPMYBaHHS
CHEUia bHAX 3aKOHIB KEpyBaHHA EJIEKTPOIPUBOJIOM,
ockinbku cuctemu kepyBanHs (CK) nmoOynoBaHi 3a rHy4-
KOI0 TeXHoJoTielo. B naHuii yac icHye psia pillleHb, sKi
JIO3BOJISIIOTh 3HU3UTH MEXaHIuH1 KOJMBaHHS BaHTaxy [1].
Li pimeHHs crpsiMoBaHI Ha OOMEXEHHS INPHUCKOPEHb B
NepexiIHOMY TPOIeCi Ta OTPUMAaHHS TUIABHOT 3MiHHM KOH-
TPOJILOBAHOTO NapaMeTpy. [lo Takux pilieHb MOXKHA Bif-
HECTH BHKOPHCTaHHS 3a/IaBavyiB iHTEHCHUBHOCTI, 3aCTOCY-
BaHHS (UIBTPIB HA BUXOJAX PETYJATOPIB, BBEICHHS 3BO-
POTHHX 3B'SI3KIB I10 MOXIAHUM KOHTPOJIbOBAHUX MapaMmerT-
piB, 3MiHy KOeiIlieHTiB mepenadi peryssTopiB, peryio-
BaHHS 9acy IycKy i rampmyBaHHA [2]. [Ipu BUKOpHCTaHHI
IepepaxoBaHuX CIOCOOIB 3HaUHE OOMEKEHHS PO3ronmy-
BaHHS BAaHTAXY JOCSTAETHCS ILISIXOM ICTOTHOTO 301j1b-
IIEHHI Yacy IIepexXiJHUX IPOLECIB MepeMillleHHs] BaHTa-
XKy, [I0 NPU3BOJIUTH J10 3MEHIIEHHS IPOAYKTHBHOCTI Me-
xaHi3MiB. IcHye HEOOXiTHICTH PO3POOKM TAaKUX CHCTEM
KepyBaHHs enekTponpuBogamu I1TM, BuxopucTaHHsS
SIKUX JIO3BOJIUTHh HAMOLTBII e(hEeKTUBHO OOMEKYBAaTH KO-
JWBaHHA BaHTAXy INPH BUCOKIM MPOXYKTUBHOCTI €JIEKT-

3MaMH i3 3aCTOCYBaHHSM PErpecUBHUX MeTOIB [3].
JocniypkeHHsT TpOBOMSATECS B paMKax HayKOBO-
nmociigHoi nepxOromkeTHOi pobotn «KoHmemnmii, TexHO-
Jorii Ta HaNmpsAMKH yJOCKOHAJICHHS CYZHOBHX €HEpPIreTH-
gHnX yctaHOBOK (CEY) koMOiHOBaHHX MPOITYITECHBHHUX

kommiekciB»  (KIIK) HamionansHOTO — yHiIBEpCHTETY
«Onecbka MOPCBHKOI akaneMis» (AepKaBHUN peecTparlii-
Huit Homep 01140U000340).

IMocTanoBka 3amadi. J{ist cynmHoBux [TTM ocoOuiu-
BUM EKCIUTyaTallifHUM PEXHUMOM € TaKHi, B SIKOMY € I10-
Tpeba 3MIHM TMPUHIMIYY YIPaBIiHHS TNPOAOBXK IPOLECY
migiioMy BaHTaXy, IO NOB’s3aHO, HacamIlepex, i3 mo-
CTIHHMM BIUIMBOM Ha 00'€KT aBTOMAaTH4HOIO KEpPYBaHHS
(OAK) noskimma. Ilpu womy, mig OAK posymierscs mifa-
cucrema, c(hopMOBaHa Il BUKOHAHHA Takux ymoB: CK
JIO3BOJISIE IIUIECTIPSIMOBAHO 3MIHIOBATH 3HAYECHHS KEPOBa-
HUX BEJIMYWH 3 TIEBHOIO TIEPIOAMYHICTIO; MIJIECTIPSIMOBaHE
KOPUTYBaHHsI KEPOBAaHUX BEJIMYMH OLIHIOETHCA 3a JIOMO-
MOT0I0 BUMIpiB B peasibHOMY MacmTabi gacy. besasapiii-
HE MpPOTIKaHHS PI3HUX TEXHOJIOTIYHUX, BUPOOHHYMX 1
TPaHCIIOPTHUX TIPOLECIB MOXKE OyTH 3a0€3NeuUeHO JIHIIe
TOJ, KOJIM Ti UM iHIII CYTTEBI Ul IUX MporeciB (iznyHi
BEJIMYNHY 3MIHIOIOTbCS MEBHUM UYMHOM. 3aBIaHHS J0-
TPUMaHHS TO3MLIi HoisArae B 3a0e3MeYeHH] NMPaKTUIHOT
3MiHM KEpOBAaHOI BEJIMYMHH BIAMOBIAHO 1O 3amaHOi mii
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IIpH BIUTKBI 30ypeHHS Ha MPOIeC KepyBaHHs. Y3araibHe-
HO Oynp-iKy cucteMy aBToMatnyHoro kepyBaHHs (CAK)
MOXHa T00ynyBaTH 3 JBOX (DYyHKIIOHAJIBHO-3aKIHYEHUX
nincucrem: OAK i mpuCTpOl0 aBTOMaTUYHOTO KEPYBaHHS
(ITAK), 3'ennanux Mix coOOI0 BiAIIOBITHO 10 BUKOPUCTO-
BYBAHOTO IIPHHIUITY KEPYBaHHSI.

CAK, 1o BUKOHYIOTH IIPOTHUPO3TOWIyBaHi (QyHKIT
IAPO3IIISIOTECS HA JBI OCHOBHI IPYIH: i3 3aMKHYTHM 1
pO3IMKHYTHM KOHTypamu kepyBaHHs [4]. Ilepmi 3acHO-
BaHO Ha CHUTHAJNAX 3BOPOTHOTO 3B'SI3KY BiJ IOTOYHOTO
HAaBaHTA)XCHHs, KyTOBOTO BIIXWIICHHS, NOJIOXKEHHS elle-
MEHTIB €JIEKTPONPHUBOY 1 HOTO MBUAKOCTI, IKi BHMipIO-
IOTBCSI 32 JOMOMOTOI0 J0JATKOBUX AaTduKiB. Cucremu 3
BIZIKDUTUM KOHTYpPOM IIPALIOIOTh 13 3aCTOCYBaHHSIM I10-
nepepkeHHs (PaKTy BUXOAY KOHTPOJIBOBAHOTO MapaMeTpy
3a MEXKH, Ta IX MPUHIMKI il 3aCHOBAHO HA CNIPOOi yCyHY-
TH TIOXHOKY JI0 TOTO, SIK BOHA BiI0YBAETHCS.

Ha me#i 4ac icHYrOTh Pi3HI MiJXOAX IOIO IMOM'SK-
[ICHHS HACTIJIKIB BUXO/IY BaHTAXKY IO MEPEMIIIy€eThCS 13
yCTaJeHoro cTaHy. Y [5] 3acTOCOBaHO iHTEIEKTyalbHUI
MiIXi7 i3 BBEACHHAM c(hOPMOBAHOTO CHTHAITY, 1100 3aro-
OIrTH po3roiayBaHHS, TaK 3BaHUI METOJ KOMIIEHCAIii i3
MOX1HOIO, MPOMOPIIIHHOI0 KOHTPOJIHFOBAHOMY ITapaMerT-
PY. AHaNOTIYHUHA TPUHIMIT KEPYBAaHHA 13 3aCTOCYBaHHIM
HEWPOHHOTO KOHTPOJIEPY, 3aCHOBAHOTO Ha IPHHIMII
KOMIICHCAIli] HEBU3HAYCHOCTI 0YJI0 3ampoIIOHOBaHO y [6].
YnupasiiHHS Ha OCHOBI croctepirada 0yyio po3po0sieHo i
BUIIPOOYBAHO y peaqbHOMY MocTOBOMY KpaHi [7]. ¥V [8],
MIPH TOCIIDKCHHI TBOBIMIPHOI MOJIEI MMOPTAILHOTO Kpa-
Hy 13 PD fuzzi-koHTposiepoM, OyJI0 BUKOPUCTAHO 3aTpH-
MaHHSl CHUTHAJIy 3BOPOTHOTO 3B'S3KY 13 KOMIICHCAIIIEI0
c(hOpMOBaHOTO BXiTHOTO CHTHAITY TOXHOKH.

MeTo10 cTaTTi € MiaBUIIEHHS €PEKTHBHOCTI MPOIe-
Cy KepyBaHHs €JIeKTPOIPHBOIOM CYIHOBOIO BaHTAXOIIi-
IHOMHOTO MEXaHi3My, SIK €JIeKTPOMEXaHIYHOTO 00'€KTy, B
HaWOIIBII 3aJIeXKHIA BiJ MOJOXEHHS CyIHA IUTONIUHI 3
METOI0 3MEHIIICHHS Yacy eKCIUTyaTaliiHUuX IpOCTOIB.

s nocsArHeHHs 3a3Ha4eHOi METH B poOOTiI HeoO-
X1JTHO pO3B’s13aTH TaKi 3aayi:

® IIpoaHaNi3yBaTH CY4acHi JOCIIJDKEHHS, NMPHUCBSIYCHI
3MEHILICHHIO HETaTUBHUX HACII/KIB KOJMBAHb BaHTAXY,
3aKpiIJICHOr0 Ha MiJBICI 31 3SMIHHUMH NTapaMeTpaMH;

¢ BHU3HAYUTH KPUTEPil ONTHMI3alii 3aKOHIB KepyBaHH:I
PYXOM MEXaHi3MIB MiAHOMY 1 HepeMilleHHs, TpU SKIX
KOJIMBaHHS BaHTAXXy 3MEHILYIOTHCS;

® pO3pOOUTH METOAWKY NPOBEACHHSA EKCIEPHUMEHTY i
JOCTIIUTH OCHOBHI XapaKTEPHCTHKH PyXOMOi Mojeni
€JICKTPOIIPUBOIY MEXaHi3My MiAOHMYy 3 MiJBIIICHUM Ha
HbOMY BaHTa)XEM 3 TOYKH 30py NapameTpu3alii sk camol
CAK, tak i enemenris [TAK;

® Ha OCHOBI IIPOBEJECHUX JIOCITI/DKEHb 3alIPOIIOHYBATH
¢ynkuionansHy cxemy CAK pyxom MexaHi3MiB migiiomy
1 MepeMileHHs, NMPaloloYuX Y CHHEpri3Mi, 1 Iokasatu
MTO3UTHBHI CTOPOHU Bix 3actocyBanHsa CK 3 momamnbmoro
MIEPCIIEKTUBOO iX iHTerparii y Oyab-sKuil TeXHOJIOTIIHUI
Mporec, TOB’S3aHWH i3  CYAHOBHMH  BaHTaXHO-
PO3BaHTAXyBAIBHUMH POOOTaMH Ta 3MiHAMH EKCIUTyaTa-
MIHHAX PEXUMIB.

O06'eKT TOCTIKEHHS — IPOLIECH YIIPABIiHHS ABOMA-
COBUM EJIEKTPONPUBOJIOM BaHTa)KHO-PO3BAHTAXKYBAJIBHOT
CHCTEMH Cy/IHa.

[Ipenmer mochimKeHHS — CTPYKTYPHI CXeMH Ta Tie-
PETBOPEHHSI CHCTEM AaBTOMATUYHOTO KEPYBaHHS CYyIHO-
BUMH BaHTA)KHO-MIAHOMHUMHU €JIEKTPONPUBOAAMH 3MiH-
HOTO CTPyMy.

Metoau nocaimxenb. s pearizamii mocTaBlIeHNX
3aBIaHb NPH HPOBEICHHI JOCIHIIKEHb OyIyTh BHKOpPHUC-
TOBYBATUCST METOJM MAaTEeMaTHYHOTO MOJIENIIOBAHHS JH-
HAMIYHUX TPOIECIB HA KOMIT IOTepi, CTPYKTYpHI METOAH
Teopii aBTOMATHYHOTO YIPABIiHHS, EKCIEPUMEHTAIIbHI
JIOCITIJPKEHHS! Ha J1Ta00OpaToOpHil yCTaHOBII.

Ha upomy erari HEOOXIZHO 3ayBa)KHTH, IO JIECTa-
Oimizanis pyxy IITM 3anexurs Hacammepexn BiJ HEy3ro-
JUKeHHsT mpolieciB kepyBanHs y camiii CAK 3 iHmmmu
TEXHOJIOTIYHUMH MPOLIECAMU Ha CYJHI, SIK 00 €KTY, L0
3HAXOAUTHCS MM BIUTMBOM JOBKULIA. A SKIIO PO3IIISAATH
CEY KIIK y pexumi IUHAMIYHOTO TMO3HIIOHYBaHHS
(DP), T0 He BpaxoByBaTH AeCTaOlmi3alliiiHi YMHHUKHA €
MPSIMAM IIIIXOM Y HEBHPIMIEHICTH MpoOIeMu po3ronmy-
BaHHS BaHTaXiB B3araii [9, 10].

Amnani3yo4n, HapuKiIaj, CTIKICTh 1o JISmyHoOBY, B
mepury 4epry HeoOXimHo mpunpiaatu ysBary ommcy CK
MIPOCTOPOBUMH DIBHSHHSAMH 3 YpaxyBaHHSIM 30ypIOIOUMX
YUHHMKIB T0BKiLI, 1m0 BiuiuBae Ha KIIK. To6to, MoxHa
KOHCTaTyBaTH 3a MOTPiOHE YIOCKOHAJECHHS MeTofiB JIs-
MyHOBA, OCKIIBKM BU3HAYCHHS CTIMKOCTI JAMHAMIYHOT
cucremy, sikoro € CAK, Ge3 ypaxyBaHHsI BIUIMBY Ha Hel
nosexainku KIIK, He mae cency [11].

Icuye Oarato kpurepiiB crilikocti CAK, ane, mis
KIIK B3arami i mist CEY 30kpema, siK A KEpOBaHUX
00’€eKTIB, XapakTepHa HeliHiiHA HecTallioHapHA CTPYK-
Typa, IO Hakjagae OOMEXKEHHsS Ha 3aCTOCYBaHHS LUX
KpHTepiiB JuIsd iHBapiaHTHUX y 4aci HeniHiiHUX CAK cy-
JHOBHMH BaHTaXHO-IIHOMHUME MexaHismamu (BIIM).
Tomy, xoua apyruit Mmerox JlsmyHoBa, 3 iHIIOro OOKYy, i
MOCSITaE Ha YHIBEpCaJIbHICTh, 1 € HEOOXiIHOIO YMOBOIO
JUTS. aHaJIi3y cTabLIbHOCTI HemiHiHuX auHamivHux CAK,
TOYHI pillleHHs Bif OT0 3aCTOCYBaHHS TOi i YekaTH, 60
BOHU MOXYTh OyTH HEJOCSDKHMMH, a OTPUMAaHHS YCITill-
HOT'O Pe3yJIbTaTy MOXe OyTH HEJIETKUM 3aBJIaHHSIM, SIKIIO
HE cKas3aTh — He3miicHeHuM [12].

Hactynaum € Tolt ¢axT, mo A crarioHapHUX Jii-
HeapuzoBanux CAK BractuBa mnpoOiema onrumizanii
koe(illieHTIB nepenadi peryssiTopiB 3 OAHOYACHUM JIO-
TPUMaHHSM MPOIYKTHBHOCTI BCHOTO EJICKTPOIIPHUBOY, K
gactuau CEY KIIK. Ile mocsiraeTbes MUISIXOM MOCTIIOB-
HOTO iTepamiiHOro 3MEHIIICHHS KOS(IIIEHTIB mepeaadi 3a
MeronoM JIsmyHoBa, SIK IPaBUIIO, BUKOPUCTOBYIOYH M-
(hepeHwiiiHi piBHSHHS, 3amucaHi y GOpMi MaTpUILb JIiHIH-
HUX HEpIBHOCTEH, MO0 rapaHTyBaTH TPOIYKTUBHICTbH
enekrpornpuBoay [13]. YncenpHi NMpUKIAAH ITOKa3yIOTh,
10 MeTOA € eheKTUBHUM IpH ieHTH(iKaLii KOHTpOJIEpiB
CAK i3 3aHaaTo 3HIKEHUMH Koe]illieHTaMH Iepeaadi,
SKi 3aJ0BOJILHSIOTH THIIOBUM OOMEXECHHSM HPOTYKTHB-
HOCTI, 1 1110, IK OCHOBHHMH METO]I, BIH MOX€ OyTH pO3IIH-
penuit 1uist 06po0Oku HeniniHuX CAK 1 koHTpOsepiB [14].

Ha puc. 1 mpeacraBineHo ¢(parMeHT BaHTaXHO-
PO3BaHTaXyBaJIbHOI CHUCTEMH MOJIEpPHI30BaHOTO pedpH-
KEPAaTOPHOro CyJHA, NpPU3HA4YeHOI uIsd 3a0e3redeHHs,
napaesibHOro OCHOBHOMY Ha BEepXHiil maiy0i, TeXHOJO-
TiYHOTO NPOLIECY 3aBaHTAKEHHS IAJICT.
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Puc. 1. BanraxxHo-po3BaHTaXXyBalbHa CHCTEMa IaJeT peprKepaToOpHOTO CyHa: | — yCTaHOBKA TijjpaBiiuHa; 2 — MeTaneBa 3MOH-
TOBaHA KOHCTPYKIIs Bi3Ka; 3 — MeTaeBa 3MOHTOBaHA KOHCTPYKIisl pO3NOAUIBHUKA; 4 — KIIITKA; 5 — J0aTKOBA HYKHSI TUIACTHHA,
6-8 — 00KOBI IBepi; 9 - KpHIlKa JTI0Ka BepXHBOI nany6n; 10 — kpuIka Jitoka Apyroi/derBeptoi namryou; 11 — kpuka ioka TpeTboi
naiayou; 12 — kabenp Mepesxi MiATPUMKH JIIBOCTOPOHHBOT 30ipkH; 13 — KpOHIITEHH mutiHgpa Ha nanyoi; 14 — 10TOK Ui KabenbHOro
nauurora; 15, 16 — tpoc; 17 — dapxkor; 18, 19 — niBuii Ta npaBuii NpUBOAX Bi3KiB, BinoBiaHo; 20 — )uBIS4IMil Kabenb; 21 — KpOHIITEHH
KpimuieHHs kabenro; 22 — kabenbHi XOMyTH; 23 — HaAIOTYXHHH po3'eM; 24 — kabenbHUI BBiJ; 25 — rigpaBiaivHuil MUIHAP; 26 — yrop
JUlst natunka; 27 — Bick; 28 — miacTuHa OJI0KyBaHHs BHYTPILIHBOT MTO3MLIT Bi3ka; 29-31 — mraiiba kpimtenns npusoay Drivebeam;
32 — maiiba; 33 — mecTUrpaHHa CAaMOKOHTP. Taiika; 34 — TBUHT IOJIOBKH OJIOKY LIIIIHIPIB

Pyx 3aBaHTa)XeHOI MajneTu XapakTepU3yeThCs IMepe-
XIJHUMH PeKUMaMH, IO 3aJeXaTh BiJ] IOBEIIHKH CyIHa,
TOMY JUI WOTO OIHUCY, OyJIM BUKOPUCTAHI 3aKOHU Kepy-
BaHHS MEXaHI3MOM ITiAHOMY 3 IUIABHO 3MiHHHUM IIPHCKO-
peussim. Inertudikanis CAK BIIM nanetn sk cramiona-
PHOT MOXKJIMBO INpH IPUIYIIEHHI, 10 Maca MaJeTH He-
3MiHHA TPOJOBXK 11 NMEpeMillleHHs, TOOTO HaKJIQJAIThCs
BHMOTH TO 3aTraJlbHOTO Yacy BaHTa)KHOI OTIepartii.

PeanbHe KOJIMBAaHHS BaHTaXy SBISE COOOIO IOCHTH
CKJIQJIHUI Tpouec, SIKMWA Uil NMPaKTUYHUX PO3PaxyHKIB
Moxke OyTH 3aMiHEHWII TapMOHIMHUM KOJMBAJIBHUM pY-
xoM. IIIBHAKICTD BEPTHKAIBLHOTO MEPEMILICHHS BaHTaXKy
JOcHUTh Benuka. [Ipu npoMy Tpeba BpaxoByBaTH, 10 Cy[-
HO 3/IIICHIOE KOJIMBAJIbHI PYXH 3 YacTOTOIO, SIK IPABUIIO,
HIDKYOI0, HDK YacTOTa KOJIMBAHHS BaHTaxy. Y pe3yJbTari
LIBHJKICTh MEpeMIIeHHs] Tpoca Oy/e ITOPIBHIOBATH ajre-
OpaiuHiif CyMi IIBUAKOCTEH MEpeMIilieHHs] BAHTaXy 1 TOY-
KU 3aKpIiIUIeHHS Tpoca.

Buxonyroun mepiry i Apyry 3amadi Ha 6a3i piBHSIHb
PyXy TBEPIOTro Tijla OyJIO CKJIAJCHO CUCTEMY PiBHIHB JUIS
BU3HAYECHHS! BIJJHOCHOI'O BEPTUKAJIBHOTO IEPEMIlleHHs
MiBINIEHOI paMKH YTpUMyBada NajleTH BaHTAXHO-
PO3BaHTAXKYBAIBHOI CHCTEMH PEPPIKEPATOPHOTO CyIHA
(puc. 2). Ockijbky TakMi MmapaMeTp sIK Bara CyJHa € BH-
3HavanpHUM y HectanionapHocTi KIIK i CEVY 3okpema,
TO MapaMeTpaMy BaHTAXKHHUX €JIEKTPONPHBOIIB BEPXHBOI
naxyOu MO>KHa 3HeXTyBaTu. IIpu 1boMy ypaxyBaHHS KO-
nuBaHb cyaHa, 3Mminn napametpiB CEY i1 KIIK B3arauni
3ailicHIOBasIocsl Ha 0asi 3acToCyBaHHS Tak 3BaHuUX DMI-
MoJIeNieli CyJIeH B 3aJIe)KHOCTI BiJl BOJOTOHHAXHOCTI, 30Y-
PIOIOUMX YMHHHUKIB 1 KOe]iLli€HTIB mepenadl BCepeKnuM-
HHUX PEryJsTOpiB, BPAXOBYIOUHX IEPEXi CyqHa [0 1HIIO-
r'0 eKCIUIyaTalifHOrO PeKUMY.
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Puc. 2. Cxema AuHaMiK# pyXy BaHTa)XOITIHOMHOTO MEXaHi3My: /1| — Maca BaHTaXXOIIIHOMHOI paMKH; Fr — cyMapHe TAroBe 3yCHJl-
nst; Wp — cuina omopy pyxy pamku; 1) — Cuiia HaTATY HepUMETPANIbHUX TPOCiB; 75, T3 — CHIIM HATSTY TONEpeyHnX TpociB; G — cuiia
TSDKIHHS BAaHTQKOIIAHOMHOL paMku; () — CHia TSDKIHHA yTpUMYBada BaHTaxXy (HajeTn); G; — Ciila TSHKIHHS BaHTaXKYy (TaneTH);
(@12 — KyT HIOBOPOTY PaMKH; 0,4 ¢, Oz p — KyTH MIXK BaHTaKeM i Tpocamu; 0, B — KyTH BiXHJI€HHs BiINOBIIHUX TPOCIB Bijl HOYaTKOBO-
0 HOJIOKEHHS; /1 — BEPTHKaJIbHA BiZICTAHb MIJK TOUKAMH 3aKPIIUICHHS TPOCIB 1 IEHTPOM TSDKIHHS BaHTaXY; b » — BIACTaHI MiXK TOY-
KaMU 3aKpiIlIeHHs TPOCIB; @ » — BIACTaHI MK TOYKAaMH 3aKPIIVIEHHs TPOCIB 1 LIEHTPOM TSDKiHHS BaHTaXKy

. 1 .
X4 =— (=T 4 xsin(6,B) + Fr —W);
AT L
y1=0;
. 1 .
X5 =—(T1 4 xsin(0,p) =T, 3 xcos(a 4,0c) + T3 xcos(ag,0p));
mp
. 1 . .
Vo =—(T1 4 xcos(0,B) — T5 3 xsin(a 4,0c) — T35 xsin(ag,op)—Gy); M
my

. 1
X36 :m—(T2,3 xcos(a g, 0c) — T34 xcos(ag,0p)—Wp);
3

.. 1 . .
» =m—(T2,3 xsin(o 4,0 c) + T35 xsin(ag,ap)—G3);
3

1
P12 Zm—(Tz,3 Xayp xcos(a g, ac —Vi2) — T34 xayp xcos(ag,0p —vi2));
3

ne: Ty =kx Al +Bx 4i; — cuna HaTAry nepUMETPaIbHUX TPOCIB; k =

— KoediLieHT )opcTKocTi Tpocy; E — Mo-

2
nxd
JyJib aOCONIOTHOT MPYKHOCTI Marepiany miasicy; S :Txc — IOl MEepeTHHy Tpocy; d — JaiaMeTp Tpocy;
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¢ — KOe(ILi€HT 3all0BHEHHA NepeTury Tpocy; Al =1 —Ijj — I010BXKEHHs IepUMeTpalIbHUX TPOCIB; /| — HOBXKUHA IIe-
pUMETpAIbHUX TPOCIB Mix 4Yac pyxy; [jp — JOOBXHMHA TIEPUMETpPabHUX TPOCIB B TOJIOKEHHI PIBHOBArHW;
(= xp) x(xp = x2) + (¥ —¥2)x (¥ — 2)

Ai — IIBHUJKICTb 3MIHU JIOBXXHHH NEPUMETPAIBHUX TPOCiB; B — Koediri-
\/(xl —x) 7 + () —2)?

€HT BTpar eHeprii; D, Ty = kx Aly, Aly + B x Aiy, Aiy cuia HaTATY HONEPEYHHX TPOCiB;

Ay, Aly, Als, Alg = 1y,13,15,16 — 150,130,150, l60 — 3MiHa JIOBXKUHU MONEePEeYHUX TPOCIB;

2 2 . .
by,l3,15,lg = \/(xz’s =X4.0.Xg.p) +(V2—=Y4c>¥pp)” — HOBKHHA NONEPEUHHUX TPOCIB Wil 4ac pyxy; Lo, Lo, Iso, lso —
JIOBXKUHA TIOTIEPEYHHX TpoCiB pH PiBHOBXHOMY IOJIOKEHHS

(2x(xy5—x4,c>%g p)*x (X2 5—%4.0:%pp)+(2x(¥2—Vuc VB p)*(V2—VacsYB.D)

BaHTaXY;

MIBUAKICTE IIO-

Aiz . Al3 N Als . Al6 =
2 2

2x \/(xz,s —X4,0:%8p) +(V2=Yac>VBD)

JIOBXKEHHsI MONepevHUX TPociB; (| — CHJIa TSDKIHHSA PaMKW yTpuMyBaua nanetu; G, — CUila TSOHKIHHS TpaBepcu; ms — Ma-

X1,4 — %14
ca manerw; O, =arctan| ————

X2,57X25

(x2,4=%4.0) VB D=YVac)—(xuc—xp.p)V2—Vac) _

KyT BIAXWICHHS IEPUMETPaJbHUX TPOCIB BiJl MOYATKOBOTO IIOJIOKEHHS;

KyT MDK TpaBepcor 1  BaHTaXeM;

o 4,0 = arcsin|
b><12

opg,0p = arcsin

(x4 —xp,c)Va.c—YBp)—(Xgp—%4c)Y2—YB.D)

— KYT MDX JiaMeTpajbHOIO IUIONIMHOK CyJIHA i

b><13

2

by »

BAHTAKEM; g, =.|h% +

— BiJICTaHb MIDXK LEHTPOM TSDKIHHS 1 TOYKaMHU 3aKpIIUICHHS] BaHTaXy y pamili; /i — Bep-

THKaJIbHA BIJICTAaHb MK LIEHTPOM TSDKIHHS 1 TOUKaMH 3aKpIiIUICHHSI BaHTaXY y pamili; by, — BIICTaHI MK TOUKaMH 3a-

KpimieHHs BaHTaxy; Wp = 1000><E>< PXX36XCyXnxb yxh — cuna onopy mpu pyci BAHTaxy; p — IUIBHICTE JIOBKiJI-

1s; ¢4 — Koe(illieHT ypaxyBaHHS acpOIUHAMIYHOI CHIIM; 71 — IIEPEBAHTAKyBaJIbHA CITIPOMOIKHICTb.

Jnst cuHTE3y MOJENi JBOMAcOBOIO €JIEKTPOIPUBO.LY
I OMy BHKOPHCTaHO IHCTPYMEHTAJIbHI 3aCO0M TPHOX Ma-
ketiB cucremu MATLAB: ocHoBHOTO Simulink (xepyroue-
indopmauiiinuii kanan 3 [I/I-peryasropom ImBHAKOCTI), a
TaKoX cretianizoBanux Sim-Power Systems (BipTyaibHi
0J10KHU cHJIOBOTO KaHaiy) i Simulink Response Optimization
(kanan omruMizamii moOygoBanux I[11/]-perynsitopis). Tlpu
PO3po0IIi MOJIEeNTi BpaXxOByBaIUCS PEKOMEH/IAMIT Ta 3arajibHi
IT1TXOJTH, BUKJTa/IeHI B poboTax [12, 15] (puc. 3).
AQF
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Puc. 3. KoM’ roTepHa Mo/ieJ1b €KCIIEPUMEHTANIBHOI YCTAHOBKH B
Matlab Simulink

Hwkue HaBereHo (yHKUIOHANBHI NPHU3HAYEHHS
OJIOKIB MOJIeN, B Jy)KKax BKa3zaHi IapameTpH, siKi BBO-
JIThCSL B TIOJIS BIKOH HAJIAIITYBaHHS €JIeMEHTIB: M — acu-
HXPOHHHUI €JEeKTPOJIBUTYH 3 KOPOTKO3aMKHEHHM POTO-
POM (HOMiHaJIbHA TOTYKHICTB, JiHIHA HANpyTa, 4acToTa,

aKTHBHI OMOPH Ta IHAYKTUBHOCTI CTaTOPHOI 1 POTOPHOT
00MOTOK, B3a€MHa 1HIYKTHBHICTh, MOMEHT 1HEpIIii, YHUCII0
map IoirciB); M, — OJOK 3aBOaHHS HaBaHTa)XKCHHS (Be-
JUYMHA CTaTUYHOro MoMeHTy); VS1...VS6 — tupucropu
TUpUcTOpHOro peryinstopa Hanpyru (TPH), Bxitoueni no
JIBa B KOXKHY (ha3y 1 3'€lHaHI 3yCTpiYyHO-TIaApaAJICIBHO (OMip
y BIIKDUTOMY i 3aKPUTOMY CTaHax, HaJiHHS HAapyrd Ha
tupucropi); AVS — cucrema iMIyIbCHO-(pa30BOro Kepy-
BaHHs (CIDK) (yacToTa Mepexi, IMPHUHA KEPYIOUUX M-
mynbciB); ST — ONOK m03BONy (HYNBOBHH CHUTHAN) abo
3aboponu (onuHMYHMA) Ha podboTy CIDK; Sub — mixcuc-
Tema (GopMyBaHHS HEOOXIJHOTO [iana3oHy KyTiB yIpaB-
ainas tupucropamu TPH (MiHiMajgpHEe 1 MakCHMallbHE
3HaueHHs); AC — TpudasHa Mepeka KUBJICHHS 3MIHHOTO
ctpymy (JTiHINHA Hampyra, 4acToTa, akTHBHUHN OImip 1 iH-
JIYKTUBHICTb JpKepena); OF — aBTOMAaTHUHMH BUMHKa4
(omip B 3aMKHyTOMY 1 pO3IMKHyTOMY cTaHax); AQF —
ONOK ympaBliHHS aBTOMAaTOM (BKIJIIOUSHHS OJMHUYHHM
CUTHAJIOM, BIIKJIIOUEHHS — Hy/lboBHM); UV — Onok nmat-
YHMKIB Hapyr'd Mepeki J>KUBJICHHS ISl CHHXPOHI3aIil
po6otu CIOK (mminiitai abo ¢azni Hanpyrn); LF — tpuda-
3HHH CTPYMOOOMEKYBaJTBHUM PEAKTOP UL 3a0e3MCUeHHS
€JIEKTPOMATHITHOI CYMICHOCTI €IIEKTPOIpPHBOIA 3 Mepe-
ket (akTUBHHMU Omip 1 IHAYKTUBHICTH); FR — 0ok 3a-
BJIaHHS HEOOXIHOI IBUAKOCTI (BENMYMHA CHTHATY 1 4ac
fioro momaui); A/ — 3aHaTYMK IHTEHCHBHOCTI U OOMe-
KEHHsI [IPUCKOPEHHSI MPUBOY (TEMIT HAPOCTAaHHs CUTHa-
ny 3aganoi mwBuAKocTi); AR — I11JI-perymsitop mBuaKOCTI
(nponopuiiina, iHTerpanbHa i audepeHiiaibHa CKIIaIoBI,
oOMeXeHHS BUXiTHOTO curHaiy); UR — naTdmk IIBUIKO-
cTi 1ns GopMyBaHHS HEraTHBHOIO 3BOPOTHOTO 3B'S3KY
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(roedimient mepenaui); MMD — 610K BUALICHHS KOHTPO-
JIBOBAHMX MapaMeTpiB (IIBHIKICTH 1 MOMEHT IBHTYHA);
SRS — Onox onrtumizanii napametpiB IIl/I-perymstopa
HIBUJKOCTI (HEOOXiMHI MapaMeTpu MEepPexiHOTO IMpoIie-
cy); Scope — ocumiorpad i Bizyaiizailii KOHTPOJIbOBA-
HUX NapaMeTpiB (YUCIIO BXOJIB, Yac MOJIENOBaHHA); 10
Workspace — 6510k BUBe/IEHHSI 3HaYE€Hb IIBUKOCTI B PO-
604y o0usacTb U HoAAIbLIO] 0OpPOOKH (ITO3HAYEHHS KO-
HTPOJILOBAHOTO Mapamerpa); SW — KiIrod mepeMUKaHHS
peXuMiB poboTH Mojenmi (YHUCIIOBE 3HAYCHHS YCTaBKU
cupanboByBaHHA); ASW — ONOK ympaBIiHHSA KIIOYEM
(OnMHWYHMN CUTHAJI KOMYTY€ BEPXHIH BXiA, HyJIbOBHH —
HIKHIH).

Jliist 00poOKM TMCKPETHUX YUCEIBHUX 3HAYEHb EKC-
NIEPUMEHTAJIBHUX IIBUIKICHUX XapaKTEPUCTHK, B3ATHX 3
pobouoi obnacti cuctemu MatLab, Ta BU3HaYeHHS Koe-
¢iuientiB nepenasansuux ¢ynkuiiit CAK, Oyno Bukopuc-
TaHi IHCTpYMEHTaIbHI 3acobu makera Labview. Y Harmio-
My BHUIAJKy OTpUMaHI HAaCTYIHI 3HaYECHHS KOe]illi€HTIB:
bo=6.2334¢’, a; = 8726.8, a, = 0.98763¢’, a; = 4.31234¢*
— TIpU anpoKCHUMaIlii epexiTHUX XapaKTEPUCTHK TPEThO-
ro nopsnky; K = 18, ag = 8.345¢”, a; = 0.04567 — B pasi
arnpoKCUMAalll MepexiJHNX XapaKTepHCTHK IPYroro Io-

PAAKY.
HactymHuM KpoKOM MOCITiIKEHHS € 3HAXOKCHHS
3aJieKHOCTEH Ui oOuucneHHs — ckimagoBux  [II]I-

perynsTopa IIBHAKOCTI Oe3rpamieHTHUM MeTtozoMm Ilo-
yBeJIa B SIKOMY OOYHCIICHHS TOXiJHUX BHUKOHYETHCS 32
CIPOIICHIMH Pi3HUIEBUM (opMynamu, 10 3abe3nedye
MiJBUIICHY MIBUAKICTH onTuMi3anii. Bixmosimai dopmy-
JM MOXKHA OTPUMATH, BUKOPHCTOBYIOUHM KIACHYHY METO-
JIUKY, aHAJIOTIYHO CUCTEMaM 3 TiJJICTJIAM PEryTIOBAHHIM
KOOp/MHAT, BPaXOBYIOUH 3aj1exHocTi (1).

Jist  TpeThoro MOpSAKY HAOMMIKEHO, HEXTYHOUHU
CKJIaJIOBOIO TIOJIHOMA 3HAMEHHHKA TPETHOT'O CTYIICHS

) a3 Kn—__ 4
Kp= N K; = N D — 5
P acTHboKC ! acTHboKC aCTHbOKC
1
KP: al N K]Z s KD: a() 5(2)
ach'KKC aCTuKKC aCTHKKC

V nHaBeneHux Bupazax K¢ — KoedillieHT mepemadi
HEraTUBHOIO 3BOPOTHOrO 3B'A3KYy IO IIBMAKOCTI; 1), —
MocTiiHa dYacy, 110 BPaxoBY€ UIBHIKOIII0 THPHCTOPIB
TPH; ac — HacTporoBanbHUM NapaMeTp KOHTYPY LIBUAKO-
CTi (CTaHDapTHE 3HAYEHHS NOpiBHIOE nBOM). OOumcieHi
cxianosi [1I/I-perynsropa mBHIKOCTI BBOJIATHCS B BIKHO
HaJIAIITyBaHb MapaMeTpiB 0Joky AR. [Ipu MonentoBaHHI
3amkHyTOi cucteMu TPH-AJ] kmodom SW komyTyemo
HYDKHIN BXin. [ oTpuMaHHS pe3ybTaTiB MOJICIIIOBAHHS
0e3 omnTuMizallii mapaMeTpiB peryisTopa HeoOXimHO 3a-
ITyCKaTH MPOLEC KHOITKOIO OCHOBHOTO BiKHA MOJEJIL.

OCHOBHMMH BUMOTaMH 70 €JIEKTPOIPHBO/IIB BaHTa-
JKOIIIHOMHUX MEXaHi3MiB, BHMXOISYH 3 BHKIIAJECHOI'O
aHamizy, €: 3a0e3nedeHHs MoyYaTKy migiomy 0Oe3 HempH-
IyCTUMOTO yIIapy B TPOCi, 3a0e3MedeHHs HaTATy Tpoca 10
MOMEHTY MiAHOMY BaHTaXy, BUKIIOYEHHS IOBTOPHOTO
yoapy BaHTaXy CyIHOM, LIO IiJHIMA€eThCs. BUKoHaHHA
X BUMOT MO)Ke OYyTH 3[ICHEHO JBOMa CIIOCOOAMHU.

[Mepmmit cnoci6. EnexrpornprBon mMae 1B OCHOBHI
LIBUAKOCTI: Maly AJIsl HATATYBaHHS TPOCa Ha IOYATKY
migifomy (0.25-0.35 m/c) 1 Benuky AJis migiioMy BaHTaXY,

sKa JOPIBHIOE CEpeOHIM IIBHUIKOCTI MiTHOMYy CyAHA y
HaTpsMYy MiTHoMy BaHTaXy, abo mepeBepiye ii. Bemmka
MIBUAKICTE CTAaHOBUTHL 1.5-2 M/C B 3aJIEXKHOCTI Bif IOB-
’KUHM XBWJII KONMBaHHA cyaHa. [lepexin enexTponpuBoLy
Ha BEJMKY IIBHIKICTh CHCTEMa YIPABIIiHHS ITOBHHHA
3 CHIOBAaTH B MOMEHT, KOJI BAaHTaXX ONMHHUTHCS y HIXK-
Hill ToYll Haxwily CyJHa IpU HaTsIrHyToMy Tpoci. [lpu
IFOMY BaHTa)X TIOYHHAE MiTHIMATUCS Pa30M i3 MMOYATKOM
nigiioMy cyzHa i, mcist Toro sk cinabuHy Tpoca Oyje BH-
OpaHo, MPOJOBXKYE MIiAHOM 3 TOCTIHHOI MIBHIKICTIO IO
MOMEHTY JOKH HiTHOM Cy[HA Y HapsAMKY pyXy BaHTaxy
HE 3aKiHYNThCSA Ta, SIKIIO BUKOHYETHCS YMOBa

h
v >1329 3
I 7 (3)
JIe V,— IIBUIAKICTh PyXy BaHTaXy, IPU YOMY

1.3h—0 ~1.
i

Jiana3oH peryJtoBaHHS IIBHIKOCTEH JJISI BAHTaXO-
MiIHOMHUX MEXaHi3MiB, IO TPAMIOIOTh 33 JaHUM CIIOCO-
o6om, Mae ctaHoBuTH 1/6+1/8. OdeBHIHO, IO TaKi MeXa-
HI3MH JIOLIBHO 3aCTOCOBYBaTH Ul BaHTaXiB oOMexe-
HOIO Macu (He Oinmpmie 15 T), OCKIIBKHU 13 301TbIIEHHM
MOTYXHOCTI €JIEKTPONPUBOJY CYTTEBO 3pPOCTAE 1HEPLiii-
HICTb CHCTEMH.

Hpyruit cnoci6. BantaxxHuil MexaHi3M Mae crieria-
JTBHY KOHCTPYKIIO 3 KaHATHUM ab0 MeXaHidHHM aude-
peHuianoM i 1Boma JBuUryHamu. OJIMH 3 ABUTYHIB € TSTO-
BUM, a IHIIMH — MIBHAKICHUM. TSATOBHMI OBUTYH 3a0e3rme-
qye BUOWPaHHA TEPBICHOI CIIAOMHU Tpoca 31 MBHIKICTIO
0.2+0.25 m/c, miciist 4oro BiH HEPEKII0YAETHCS HA MAaKCH-
MalbHy MBUAKICTE. OTHOYACHO BMUKAETHCS MIBHIKICHUH
JIBUTYH, 3'€¢IHaHUH 3 MEXaHi3MOM dYepe3 MypTy OOTOHY i
xpanoBui npuctpii. IIBuaKicHUIT ITBUTYH TOBHHEH 3a-
Oe3meunTH BHOHMpaHHS Tpoca 31 HIBHIKICTIO HE MEHII
2ho/T; — 0.5 M/c 1 9ac po3roHy Ipu BUOMpPaHHI TPOCca BXO-
nocty He Oinbiie 7,/10. Ilicns BUXOAy Ha BEPXHIO TOUKY
oMy CyJHa IIBHIKICHUHM JBUTYH 3YIHHSETBHCS, a Ts-
TOBUH TPOJOBXKYE TPAIIOBATH HA MAaKCHUMAaJbHIA IIBHI-
KocTi. Llg mBuakicTe moBHWHHA cKiagaTh He MeHImre 0.5
M/c, OO YHUKHYTH JMHAMIYHOTO YJapy HaBiTh y BUIIa-
Ky, KOJIM BUCOTa MifiioMy cynHa Oyne Ha 40% Bume mo-
MePeIHhO] BUCOTH. TaKUM YHWHOM, Jialla30H PeryIOBaH-
He IIBUIAKOCTEH B AaHiii cucremi ctaHoBUTHL 1/2+1/3, a
MIBUKICHUHM ABUTYH MOXE BUKOHYBATHCSI 0€3 IPHUCTPOIO
perymoBaHHS mBHAKOCTI. CHcTeMa 31 MBUIKICHUM JIBU-
TYHOM MOXE€ 3aCTOCOBYBaTHCS ISl TiJHOMY BaHTaXiB
OyIp-AKOi MacH, aX /0 JeKiTbKOX JecATKiB ToH. Hemormi-
KOM TaKHX CHCTEM € CKJIQJHICTh MEXaHi3My i HEBHCOKa
HAIHHICTh BHACHIJOK TOTO, IO IPU HECHPaBHOCTI pO3-
BaHTa)XyBaJIbHOT'O MPHUCTPOIO MIBUAKICHOTO JBUI'YHa MO-
JKJIMBE MaJ[IHHS BaHTaXy.

CynHa mijx 4ac BaHTaXXHO-PO3BAHTA)XXKYBAJIBHUX PO-
OIT MiITArOThCS TMOMOBKHIA 1 MOIEPCUHIN XHUTABHUILSIM,
MepioJ 1 aMIUTITYIa SIKUX 3aJIeKaTh SIK BiJ CTYIIEHIO XHTa-
BUIIl, TaK 1 BiJl KOHCTPYKTHBHHX OCOOJMBOCTEH CyIHA.
Onepatii 3 mepeBaHTaXEHHs MPH KOJIMBAHHSIX POOJISATHCS
JIUIIE TIPH 1X TOMipHUX mapaMeTpax. CymMa BepTHKAIBHUX
MepeMillIeHb CyTHA IPH [IbOMY 3HaXOJUTHCS B MEXax 2+5
M IpH rniepioni xuraBuui 612 c. YMoBor0 6e31edHoi mno-
CaJIKM BaHTaXy a00 HOro MEepeBaHTAXCHHS € MiATPHUMKA
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nocTiHoi BifcTaHi Hy MK MicleM HaBaHTaXyBaHHS 1
BaHTa)XEM IIPH BIIKIIOYEHOMY MEXaHi3Mi migiHoMmy. Pyx
BaHTaXy IMIOJ0 NaTyOHW CyAHA OIMCYETHCS CKIIAJHOIO
¢dbopmyoro:

hO:f(hl’h29h39t19t2=t3’¢max’§0=¢091)3 (4)
ne hy, hy, hy — BIANOBIAHO aMIUITYAX BEPTUKAIBHOTO
MEepEeMIIIeHHs] CylHa 1 BIJCTaHb IO BHCOTI Bifl LEHTPY
TSDKIHHSL BaHTaKHO-TIHOMHOTO MeXaHi3My I0 LEHTpa
TSOKIHHS CyIIHA; 1, 1), 3 — TICPIOIM BiIOBITHUX OpOiTa-
JIBHUAX PYXIB CYAHA; Qpaxs @5 Po — KYTH BIAIIOBITHO KPEHY
CylHa 3 YTpUMyBaueM IMaJleTH, HAxXWly yTpHUMyBada i
3cyBy mo (a3i XWTaBuIi CyaHa; / — NOBXKHHA BHIBOTY
yTpUMyBaya IaJIeTH Hall 6OPTOM CyaHa.

ITpu TakoMy CKJIaZHOMY pyCi BaHTa)Xy IIOJO IAIyOn
Cy/iHa JUIsl MIATPUMAHHS CTAJIOCTI /iy MEXaHi3M JIOTIOBHIO-
€TBCS CIIELIaJIbHIM KOMIICHCYIOUHM HPHCTPOEM, OCKUIBKU
3a0€3NEeYNTH CTEKEHHsS 32 JOIOMOIOI0 €JIEKTPOIPHBOILY
IIPaKTUYHO HEMOKJIMBO. BBEICHHs 3a3Ha4EHUX IIPUCTPOIB
JIO3BOJISIE 3aCTOCOBYBATH [UISl PO3MVITHYTHUX MEXaHi3MIB
3BHYAIHI EJIIEKTPONPHBO/IM, IOTIOBHEHI HEOOXITHUMH IPH-
CTPOSIMH KIHIIEBOTO 3aXHCTy Ta OJIOKYyBaHHS, II0 BHKJIIO-
YaroTh TIEPEMIIIEHHS BaHTaXy B HeOE3MeyHid 30HI TpH
BIJICYTHOCTI cTeXeHHs. ICHye Kimpka cmoco0iB HamiitHOT
KOMITEHCAIlil B3a€EMHOTO TIEPEMIIIEHHS CyTHA i BaHTaXy.
CHinbHOIO OCOOJIMBICTIO LIUMX CIOCOOIB € 3aCTOCYBaHHS
MEXaHIYHOTO CHJIOBOTO JaTYMKA ABTOMATHYHOTO YCTPOIO.

PesyabraTu gocainxkens. Ha puc. 4 300paxeHi nia-
rpamMH IIBHJKOCTI €JIEKTPOJIBUIYHA IPU BHKOPUCTAHHI
obuucnennx 3HadyeHb koediuieHtis [11/]-perynsropa mis
CTaH/apTHOI HACTPOWKHU TO ieHTHU(IKOBaHUM IepelaBa-
IHAM QyHKLIAM pyroro (puc. 4,a) i Tpersoro (puc. 4,b)
TIOPSIIIKIB.
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Puc. 4. Jliarpamu IIBUIKOCTI €IEKTPOIBUTYHA IIPH allpOKCHMa-
il cUCTeMH NepejaBalbHUMH (YHKIISIMU APYToro (a) i TpeTho-
ro (b) nopsaxis

106 cxoperyBatu cknanosi [11/]-perynsropiB nuis-
XOM ONTHMIi3alii ImepexiTHUX MpoleciB MOTpiOHO 3amyc-
KaTH MOJIeJIb KHOIIKOIO BiKHA HAJIAIITYBaHb OJIOKY OITH-
Mizanii SRS (puc. 3). [Ticna ontuMizarmii oTpuMaeMo Ha-
CTyIHI pe3ynbTatu (puc. 5,a,b).
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Puc. 5. liarpamu IIBHIKOCTI ABUTYHA IIPH ONITHMI3aLil nepexi-
JTHOTO MPOIIECY IO MIBUAKOCTI yist Apyroro (a) i Tpetboro (b)

MOPSIKIB

3 METOI0 yCYHEHHsI KOJIMBAIBHHX MIPOLECIB y EJIEKT-
POIPUBO/I 32 AOMOMOIOK KOPHUI'YBaHHS alrOPUTMIB Ke-
pYBaHHS, 10 3a0€3ICUYIOTh YCTAJICHICTh MPOIECY Mepe-
MIIIEHHs] BaHTaXy Ta Uil MIATBEPIKEHHS TEOPETUYHOT
YAaCTHHU TPOBOJMINCH EKCIIEPUMEHTANIBHI JIOCIIPKEHHS
Ha J1a00OpaTOpHii YCTAaHOBI, NPHHIMIIOBY CXeMa SIKOI
MIOKa3aHo Ha pucC. 6, a 30BHIIIHINM BUIJI HA pHcC.7.
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1

it

{ADbrke ADs
wind

Puc. 6. [Ipuniunosa cxema adopatopHoi ycTaHoBKH: OF2,
QF3 — apromarnuni Bumukadi, CC — 9aCTOTHHI EPETBOPIOBAY;
AD — n1BoXOOMOTKOBHI aCHHXPOHHUM ABUT'YH; 7R — HOHMXKYIO-
unii TpaHcopmarop; BE — 6ok enekTpoHiky; GSS — popmyBau
myckoBoro curaainy; UG — sunpsmissty; VD1-VD4 — Bunpsmiis-

o4l JIIOAM IS KMBIIEHHS rajbMiBHOI 00MOTKH; VS1-VS6 — cu-
JIOBI TUPUCTOPH; R — PE3UCTOP 3aBIaHHS raJbMiBHOTO MOMEHTY;
R18 — pe3ucrop 3aBraHHs Hapyru Ha oOMoTKax 4D;

1541 — nepemukay criocoOiB yIpaBIiHHI

Puc. 7. 30BHiuHIHi BUIIIAA 1abopaTopHOi YCTaHOBKY: 1 — 4acToT-
HHH NepeTBOpIoBayY; 2 — ABOX0OMOTKOBHI AD); 3 — ocrmtorpad;
4 — aT4UK CTPYMY; 5 — PEryJIIOBaHHs CTPYMy HaBaHTa)KEHHS

Ha puc. 8, 9 nokazani rpadiku nepexiHux mpore-
CiB 70 Ta IiCJIS ONTUMI3alii 3aKOHIB KEPYBAHHS EJIEKTPO-
NPUBOJIOM 3 YpaxyBaHHIM BHUILE BUKJIAJICHOTO TEOPETHY-
HOTO MaTepiany.

PesynpraT  MaTeMaTMYHOTO  MOJENIOBAaHHI B
MatLab Simulink Ta eKCiepuMEHTAIbHI TOCTIIKCHHS Ha
naboparopHoMy OOJaJHAHHI MiITBEPIUIN OCHOBHI 3ario-
YaTKOBaHI1 TEOPETHYHI MOJI0KEHHSI.

BucnoBku. Y po0oTi 31ifiCHEHO BHpIlLIEHHS aKTy-
aJbHOT HayKOBO-TEXHIYHOI MPOOJIEeMH IiBUILEHHS ede-
KTUBHOCTI IIPOIIECYy KepyBaHHs €JIEKTPOIPHBOAOM CY-
HOBOTO BaHTaXOIiAHoMHOro MexaHizMy. CyThb BUKOHA-
HUX JOCII/PKEHb TOJIATaE B TEOPETHUHOMY y3arajibHEHHI
30yproI0YNX BIUIMBIB Ha PyX 3aBaHTa)XCHOI NaJleTH B
HAaHOUTBII 3aJEeXKHIA BiJ IOJOXEHHS CyAHA IUIOMIH-
Hi, [0 ICTOTHO BH3HAYAIOTh HENIHIMHICTH MOBEIIHKH
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Puc. 9. I'padiku yacrotu obepranus Ta ctpymy 4D
TTCIIst ONTHMI3amil

€JIEKTPOMEXaHIYHOr0 00'€KTa, 10 TO3BOJIIIO 3MCHIIUTH
Yac eKCIUTyaTaliilHuX MpoCToiB.

HaykoBi Ta npuKIamHi pe3ynbTaTH, BHCHOBKH Ta
pEeKOMEH AL MONATAIOTh Y HACTYITHOMY:

1. Buxoasuu 3 aHami3y cydacHHX JOCITIKCHb MO>KHA
3pOoOUTH BHUCHOBOK, IIO CTiHKICTh €IEKTPOIPHUBOAY BaH-
TaXOMITHOMHOTO MEXaHi3My J0 30ypIOIOYMX MOMEHTIB
3a0e3neuyeTbcs 32 YMOBU 30iry HyJBOBOTO 3HAUYCHHS
KOOPJIMHATH EJeKTPONPUBOIY 1 IIBUIKOCTI BiJXWIICHHS
JiaMeTpasibHOT TUIOLIMHI CyJHA BiJ| BEPTHKAJIHHOTO IIO-
JIOXKEHHSL.

2. Kpurepii ontumizauii cucremMu KepyBaHHS BaHTa-
JKOMITHOMHHUM €JIEKTPOIIPHBOJIOM 3aCTOCOBAHO HUIIXOM
MAaTEeMAaTUYHOTO OIKCY WOTr0o IWHAMIKA Iu(epeHIlialb-
HUMH PIBHAHHSIMHU 3 PO3paxyHKOBHMH KoedillieHTaMH,
10 € MTOXIAHUMHU Bix (yHKIiH 3MIHHUX CTaHIB.

3. OTpuMaHi eKcIieprIMEeHTaIbHI 3aJIe)KHOCTI KoeimieH-
TiB PiBHSHD PyXy JUHAMIYHOTO 00'€KTa Iif] Ji€f0 30YpIOtO-
YHX CHJI B KOOPAMHATHIH IUIOIIMHI TO3BOJIMIIM TTapaMeTpH-
3yBaTH XapaKTePUCTHYHI PIBHAHHA 10 BUIJIAY, 1O 3a0e3-
MeYYIOTh PILICHHs 3a/layl yCTaJeHOCTI MOMEHTY Ha Bally
€JICKTPOJIBUTYHA BAHTAXKHO-IT THOMHIO MEXaHI3MYy.

4. Po3pobnena (yHKI[IOHAJIIbHA CXE€Ma CHCTEMH aBTO-
MaTUYHOTO KEepyBaHHs JO3BOJISIE YCYHYTH anepiofnyHi
CKJIaJIOB] B 3aKOHI K€pyBaHHS i3 JOTPUMaHHSIM KPHUTEPiiB
CTIHKOCTI 1 SIKOCTI HEPEXiIHUX MPOLECIB 3a JOMOMOIOI0

3aCTOCYBaHHSI BCEPEIKUMHICTIO DPErylsiTOpy KOOPIHHAT-
HOI XapaKTepUCTHKH 3 (pOpCyBaHHSAM 370JaHHS 30HHU He-
YYTJIMBOCTI Ta MiJBHUINCHHS CTIAKOCTI EJIEKTPOIPUBOILY
SIK TUHAMIYHOTO 00'€KTY.

5. BUKOHaHMII KOMIUIEKC IOCHIIKEHb MOXeE 3HAWTH
MPAaKTUYIHE BIIPOBAKEHHS B CIICKTPOIPUBOIAX CYTHOBUX
BAHTAXKOIMIJHOMHHMX MEXaHI3MiB, 10 IO3BOJIUTH IIiJBHU-
IIMTH IX MIBHIKOJII0, 3MEHIIUTH MiX €KCILTyaTamiiHi Ta
PEMOHTHI IPOCTO].
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Increasing control’s efficiency for the ship's two-mass
electric drive.

Purpose. For shipboard lifting and transporting machinery
(LTM) with AC thyristor electric drives (ED) the problem of
minimizing sway through the formation of the special law to
change the principle of ED control over the lifiing process is
solved. Methodology. This goal was achieved through the fol-
lowing objectives: analysis of current studies on the reduction of
the negative effects of load fluctuations, fixed on the suspension
with variable parameters, determining the criteria to optimize
the movement of the lifting mechanism and transfer control laws
under which the load fluctuations are reduced; develop the me-
thodology and experimental study of the main characteristics of
the mobile model ED lifting mechanism with its load suspended
from the perspective of both the parameterization of the control
system (CS) as well as elements of ED. For realization of tasks
in research methods of mathematical modeling of dynamic
processes on the computer, structural methods of control theory,
experimental studies in the laboratory setting have been used.
Results. Based on analysis of current research can be concluded
that the stability of the ED of LTM to the disturbing points pro-
vided coincidence zero electric coordinates and speed deviation
diametric plane of the vessel from the vertical position. Criteria
for optimizing CS used by the ED LTM mathematical descrip-
tion of its dynamics differential equations to the estimated coef-
ficients derived from the functions of state variables. The ex-
perimental dependence of dynamic equations of motion of an
object under the influence of disturbing forces in the coordinate
plane allowed to parameterize characteristic equation to the
form, providing the solution to sustainability since the motor
shaft of LTM. The functional circuit of CS eliminates the aperi-
odic components in the control in compliance with the criteria
of sustainability and quality of transients by applying all-range
regulator coordinate characteristics of forcing overcoming the
dead zone and increase electric resistance as the dynamic ob-
ject. Practical value. Completion of the complex research may
find practical application in the ED of ship’s LTM, which will
improve their performance, decrease between the operating and
maintenance simple. References 15, figures 9.

Key words: ship's two-mass electric drive, control system, load
sway, mathematical modeling, improvement, adaptability,
stabilization.
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JA.B. Tyraii

MOAEJMPOBAHUME PEXKXUMOB PABOTbBI TPEX®A3HBIX CUCTEM
SJEKTPOCHABXEHHWSA ITPA OLIEHKE COCTABJISIOININX CYMMAPHOHN
MOIIHOCTHU ITIOTEPH

Mema. Memow cmammi € onmumizayia cmpykmypu Matlab-moodeni mpughasnoi cucmemu eneKmponocmavanus 3 cuio8um
AKMUGHUM Pinbmpom 3a 00NOMO2010 MAMEMAMUUHOL MOOeNi, AKA ONUCYE PeXHCUMU POOOMU CUCIEMU e/lIeKMPOnOCMA4anH, 6
AKUX GUHUKAIOMb 000amKogi empamu. Memoouka. /[nsa npoeedennsa 00cnioxiceHb GUKOPUCHIOBYBATIUCA NOJIONHCEHHA meopii efe-
KMpUYHUX Kijl, elleMeHmu Mamemamuinozo Mooent06anHa, 3aCHO8ANI Ha NIHIIHIN anzeOpi | 6eKMOPHOMY YUCIEeHHI, Mamema-
muune mooenroeanna ¢ nakemi Matlab. Pesynomamu. Po3podneno 06i modeni mpugpasnoi cucmemu eneKmponocmauanus, ne-
puia, 3aCHO6AHA HA 6eKMOPHOMY NOOAHHI, A OPY2a HA MAMPUUHOMY NOOAHHI eHEPZeMUUHUX NPOUECIs, 3a OONOMO2010 AKUX 010
supiuieno npooemy niOMpuUMKU ROCMINHOT CepeOHbOl KOPUCHOT ROMYHCHOCII HABAHMAXCeHHA 011 279 eunaokie pooomu cu-
cmemu enekmponocmayvanna. Illpakmuune 3nauenns. Cmeopena Matlab-moodeny mpughaznoi cucmemu eneKmponocmauanus 3
AGMOMAMUZO6AHUM PO3PAXYHKOM KODPE2yiou020 Koeiyicnmy, uyo 0036015€ 6inbut HiXC HA NOPAOOK CKOPOMUmMU 4ac 01 00Ci-
0Jicennn enepeemuynux npoyecie ¢ 6azamogasnux cucmemax. bion. 11, puc. 13, tabun. 1.

Kniouosi cnosa: cuctemMa e1eKTPONOCTAYAHHS, CHIIOBUI aKTUBHUHN (inbTp, MiHIMaIBHO MOXKJIMBI BTPaTH, NOTYKHICTH cCyMa-
PHHX BTpaT, TPUBUMIiPHMIA KOMILIEKCHMIT BekTOp, Matlab-Mmoaens Tpuga3Hoi cucTteMu eJIeKTPONOCTAYaAHHS.

Llens. Llenvio cmamvu saensemca onmumuzayus cmpykmypol Matlab-modenu mpexgpasnoii cucmemovl IneKmpocHadIcenUsn ¢
CUNOBLIM AKMUBHBIM QUABMPOM C NOMOUIBIO MAMEMAMUYUECKOU MOOeNU, ORUCLIEAIOUEll PeHCUMbL PAOOMbL CUCHEMbL JleK-
mpocHadicenus, 6 KOMOPLIX 603HUKAIOM 0onoaHumenvHole nomepu. Memoouka. /Insa npoeedenus uccie006anuii UCno1b306a-
JUCH NOTIONHCEHUA MEOPUU INEKMPUUECKUX Yenell, )1eMeHMbl MAMEMAMU1ecKoz0 MOOeIUPOBAHUs, OCHOBAHHbIE HA TUHEIIHOIL
anzedpe u 6eKMOPHOM UCHUCIEHUU, Mamemamuieckoe mooenuposanue ¢ naxkeme Matlab. Pezynomamol. Pazpadomansvl oge
MoOenu mpexgaznoii cucmemsl I1eKMPOCHADICEHUA, NEPEAsl, OCHOGANHAA HA 6EKMOPHOM NPEOCmasieHul, a 6MOPAs HA Mam-
PUUHOM RPEOCMAGIEHUN IHEP2EMUUECKUX NPOUECCO8, C NOMOWLIO KOMOPBIX 0bL1a peuiena npoodaema noodepicanus Heusmen-
HOUl cpeonell none3Holl MOuHOCmuU Hazpy3Ku 0na 279 cayuaes pabomel cucmemol Inekmpocnadxncenus. Hayunan noseusna. Ilo-
Jyuunu OanvHeiiuiee pazeumue mMemoosvl MamemMamuieckozo GHAIU3A PEHCUMO8 PAOOmbl mpexdazHvlx cucmem I1eKmpocHao-
HCEHUA C NOJIUZAPMOHUYECKUMU HANPANCEHUAMU U MOKAMU 8 CUMMEMPUUHBIX U HECUMMEMPUUHBIX PeHCUMAX PAOOmbL.
Ilpakmuueckoe 3nauenue. Cozoana Matlab-modenv mpexghaznoil cucmemol I1eKMPOCHAOHCEHUA C ABMOMAMUIUPOBANHBIM
pacuemom nonpagounozo KoIpguyuenma, no3sonaruan 60aee yem Ha NOPAOOK COKPAMUMb 6PeMA ONA UCCIe008AHUA IHED-
2emuyecKux npoyeccos 6 MHozoghaznvix cucmemax. butn. 11, puc. 13, tabmn. 1.

Knrouesvie cnosa: cuctemMa 3JeKTPOCHAGKEHMsI, CHIOBOH aKTHBHBIN (UIBTP, MUHAMAJIBLHO BO3MOKHBIE NMOTEPH, MOIIHOCTH
CYMMAapHBIX 0TEePb, TPEXMEPHBIH KOMILIEKCHBINH BeKTOp, Matlab-monesb TpexdasHoii cucTeMbl 2J1IeKTPOCHAOKEHUS .

BBenenne. Ilonmmanume ocoOeHHOCTEW pabOTHI — JHEPreTHUECKHX PEKUMOB paboThl TpexdasHoit CO ¢ mu-

Tpex(dazHpix cuctem dekTpocHabkeHus (CH) mo3BosieT
CHENHANTNCTaM B O0NACTH CHIIOBOW AIIEKTPOHHUKH PEIIaTh
psA 3amad, CBA3AHHBIX C DJIEKTPOMATrHUTHOW COBMECTH-
MOCTBIO TOTpEOHTENIeH INEKTPUUYECKONW DHEPrHU C MpOo-
MBIIIJIEHHON CCThIO, @ TAKKC IMOBBIIICHUEM OHEPIreTUYC-
CKOM 3((PEKTUBHOCTH PabOTHI TaKMX cucTeM. KoMruiekc-
HOE pellIeHNE NTPUBEACHHBIX 3a/1ad B COBPEMEHHBIX YC-
JIOBHSIX OCHOBBIBACTCSI HAa IPUMCHEHUH CPEACTB AKTHB-
HOW (WIBTpallMd — CHJIOBBIX AaKTHBHBEIX (IIBTPOB
(CAD). B cucremax »3reKTpoCHA0KEHUS KOMMYHAIBHBIX
moTpeduTenel, MPOMBIIUICHHBIX NPEIPUATHN, dTEKTPH-
YECKOr0 TPAHCIOPTa BCE Yalle HAaXOOIT NPUMCHEHHE
CA® mapamnensHoro tuma [1, 2]. HecMoTpst Ha mpocToTy
CHJIOBOM CXEMBI, MPEACTABIIONICH CO00H Tpexda3HbIii
UHBEPTOP HANPSDKEHHWs HAa TPAH3UCTOPHBIX MOAYIIAX,
CAD gBis10TCS CIIOKHBIMH JUHAMHUYCCKHUMHU CUCTCMaMU,
CIIOCOOHBIMH aalITHPOBATHCS 110JI U3MEHEHUsI KOH(DUry-
paunu U pexnma padotsl Tpexdaznoit CO. Lenecoobpas-
HOCTh ucnoib3oBaHusi CAD s yMeHbLIEHHS MOTEPh B
C3 [3, 4] obycnoBiieHa BO3MOXKHOCTBIO ITPEIBAPUTENILHON
OLICHKH BEJIMYMHBI CYMMAapHOW MOIIHOCTU IMOTEPh B CHC-
TEeME 10 U Mocje ero noakmodyenus. [Ipocreiiuum cnoco-
0OOM BBITTOJTHEHUS TAKOH OIIEHKH SIBISACTCS KOMITBIOTEPHOE
moaenupoBanue Tpexdasuoir CD ¢ CAD. B wHacrosimeit
CTaThE OMFCHIBACTCS CIIOCOO CO3MaHUS TAaKOH KOMITBIOTEp-
HOM MOJeN, TIO3BOJISIFOIIEH HCCIIeoBaTh MHOT000Opaswe

HUMaJBHBIMH 3aTpaTaMy pecypca BpeMeHH.

Cnoxxnass pasBerBieHHass Tpexdaznas CD MoxeT
OBITh 3aMEHEHa MPOCTON SKBUBAICHTHOW CXEMOH, Mpe-
cTaBJeHHOH Ha puc. 1 [5].
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Puc. 1. DxBuBaneHTHas cxema tpexdaszunoit CO ¢ CAD

Cxema COCTOHWT W3 TpeX dacTel: Tpex(asHOro mc-
TOYHUKA CHHYCOMAAIBHBIX (JINOO MOYTH CHHYCOHWIAIIb-
HBIX) HallpspkeHud Source, TpexdazHoil Harpy3ku Load u
COETMHUTENBHON KaOeNbHOW JIMHUU Line C COMpPOTHUBIIE-
HUEM JIMHEWMHOTO TIpOoBOJa R; M CONPOTHUBIICHUEM HYJIEBO-
ro mpoBoza R,. Tpexdasnas Harpy3ka B cxeme 1o puc. 1
MOXKET OBITh JIIOOOH: PE3UCTOPBI, PEAKTOPHI, OaTapeu
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KOHJICHCATOPOB, HEJIMHEHHbIE MOTPEOUTENN, UCTOYHUKU
TOKa M HANpsDKEHUS, a TaKKEe BO3MOXHBIC COYECTAHMS
NPE/ICTaBICHHBIX 3JeMeHTOB. CleayeT OTMETHTh, YTO
UHIYKTUBHOCTH KaOEeNbHOM JInHUK L ¥ L, B SKBUBAJICHT-
HOM CXeMe IepeHeceHbl B Harpysky. B 3aBucumocTtH oT
XapakTepa Harpy3ku u pexkuma pabotsl CO BO3MOKHEI
TPH peXHMMa Iepeadd SHEPIUU: MPSIMON — DHEPrus Iie-
penaercs w3 UCTOYHUKA B HATPY3KYy, OOpATHEIN — YJHEPTUs
Mepe/iacTCsl U3 HArpy3KH B UCTOYHUK U CMEUIAHHBIA pe-
KHUM — B HIEPHOJIC TIOBTOPSAEMOCTH BO3MOXHO COUYCTAHHE
MEPBOTO U BTOPOro pexuMoB. [Tociie 3aMbIKkaHnsT KOHTAK-
Topa SA mapaienbHO HAarpy3Ke MOAKIIOYAaeTCs] CHIIOBOI
aKkTUBHBIN GuiabTp (010K PAF).

B pabote [6] Obuta mpedioKeHa YyHHUBEpCAIbHAs
(dopmynia U OmpeneseHns CyMMapHOW MOIIHOCTH I10-
Tephb B Tpexda3Hoil uyeTbipexnpooanoi CO uepes ee co-
CTaBJISIOLIHE

AR
Apz*: 2:

Pusf
= Alin* + APpuls* + APq* + APn* + APmut* =

(1
= APpin+ +APadd* Pus_'f = const,
rne AP,;,+ — OTHOCHUTEIbHAas MHHUMAIBFHO BO3MOKHAs
MOIIHOCTh MOTEPb, OTpeaesieMas IpH OTCYTCTBHU ITyJIb-
caluil MIHOBEHHAas aKTUBHOM MOILIHOCTH U PaBEHCTBE
HYJIFO MTHOBEHHOH pEaKTHBHOI MOILIHOCTH B TpexdazHoi
C3; AP+ — OTHOCUTENBbHAS COCTABJIAIOIIAS MOIIHOCTH
JIOTIOJTHUTEJBHBIX TOTEPh, OOYCJIOBJICHHAS TEPEMEHHON
COCTAaBJISIOLIEN MIHOBEHHON aKTMBHOW MOLIHOCTU TPEX-
¢bazHoit CO; AP, — OTHOCHTENBHAS COCTaBIAONIAs MOLII-
HOCTH JIOTIOJHUTEJBHBIX II0TE€Pb, OOYCIIOBJICHHAss MIHO-
BEHHOH peakTHUBHOW MOIIHOCTHIO TpexdasHoit CI; AP« —
OTHOCHTEIIbHAsI MOIIHOCTh MOTEPh B HYJEBOM IPOBOJE,
BBIUMCIICHHAs] B TEPHOIC NOBTOPSEMOCTH, OOYCIIOBIICH-
Has TPOTEKaHHEM TOKa B HYIIEBOM MpPOBOIE; AP, —
OTHOCHTEIIbHASI COCTABIISIOMIAs MOITHOCTH JOTIOJTHU-
TENBHBIX MOTEPh, OOYCIIOBIIEHHAS B3aUMHBIM BIHSIHUEM
AJIEKTPOMArHUTHBIX TPOIECCOB B (Da3HBIX MPOBOAAX H
HyJ1eBoM 1poBojie Tpexdaznoit CO; AP, + — OTHOCHTENb-
Hasg MOIIHOCTb JOMOJHUTEIIbHBIX NOTCPb, me — Cpeanss,
BBIYHCIICHHAs] B TIEPHUO/IE TIOBTOPSIEMOCTH, I0JI€3Hast MOIII-
HOCTb Harpy3KH, BEJIMYMHY KOTOPOIl B IPOIIECCE IKCIIEPH-
MEHTa HE0OXOANMO MOAEPKUBATD IIOCTOSIHHOM.

Bolunciienne cocTaBiSIOIIMX CyMMapHOH MOIIHO-
CTH TIOTeph OCHOBBIBACTCA Ha IPEICTABICHHUAX COBpE-
MEHHBIX TE€OpUH MI'HOBEHHOM aKTHUBHOW W PEAKTHUBHOU
MOIITHOCTEH [7-9] 0 XapakTepe AJIeKTPOMArHUTHBIX IMPO-
meccoB B TpexdasHsix CO W anroputMax yNpaBIICHHUS
CA®, uCronp3yomuX MaTpUIHBIE TPE0OPa30BAHUS ITHUX
Teopuid. B mpocreiiem ciaydae, €Ciyu CUMTATh aKTUBHBIN
(GUIBTp UACATBHBIM (C HYJIEBBIMH BHYTPEHHUMH IOTEPS-
MH), TO IIPHU €ro MOJKIIOYeHHH K Tpex¢asHoit CD cym-
MapHble TOTEPH B CHCTEME OyAyT paBHbI MHHHMAIbHO
BO3MOXHBIM T.e. CO Oyzmer paboraTh ¢ MaKCHMaJIbHO
Bo3moxkHbIM KT/ [10]

2

ke = Psc/Pusf - 3)

1
TMmax = E

OTHOILICHHE MOIHOCTH Tpex(a3HOrO PE3UCTUBHOIO KO-
poTKoro 3aMbIKaHus CD K TOIE€3HOH MOITHOCTH HATPY3KH.

B yxa3zaHHbIX paHee myOnukanusx [5, 6] Obuto mo-
Ka3aHO, YTO INpOBepKa KOPPEKTHOCTH cooTHomeHus (1)
BO3MOJXKHA C HCIOJb30BaHHeM Matlab-monmenu Tpexdas-
HOHU YeTsIpexnpoBoaHoii CD, xoropas, o0nanas CBOWCT-
BaMH YHHUBEPCAJIBHOCTH, II03BOJSIET PacCUUTHIBATH CO-
CTaBJISIOLIME MOILIHOCTH NOTEPh B Pa3HBIX PEKUMax pa-
6oter CO. CoderaHus peKUMOB pabOTHl Tpex(hazHOTO
HCTOYHMKA HATIPSDKEHUS, XapakTepa TpexQa3sHoi Harpys-
KW, 3HAYCHUS CONMPOTHBICHHS HYJEBOTO MPOBOJA W Ha-
MPaBJICHHOCTH TOTOKA HEPTHHM B JMHEWHBIX IMPOBOJAX
MO3BOJIAIOT NoNyunTh 288 BapmanToB CO, mpH 3TOM B
279 Bapuantax CO MOSBISIIOTCS JOMOJHUTENbHBIE TTOTE-
pu, onucanHble cooTHomeHueM (1). ABropam [5, 6] yna-
Joch mpoBeputh nopsaaka 30 BapuantoB CJ, uccienosa-
HHE KOTOPBIX MOJTBEPIIIO KOPPEKTHOCTH COOTHOIICHHMS
(1), onHako OBUTO COMPSKEHO CO 3HAYMTENILHBIMH 3aTpa-
TaMH BPEMEHHU.

Ieabro JaHHOM CTAaThU SIBISIETCS CO3AAHUE YHUBEP-
canpHOI Matlab-monenu Tpexdasznoit CO u onTUMU3aiu
€e mapaMeTpoB U YCKOPEHHOW OICHKH COCTaBIISIOIINX
MOIITHOCTH TIOTEPh B JIOOOM U3 288 BO3MOXKHBIX BapHaH-
ToB CD.

Ctpykrypa moaenu tpexdasnoii CI. Onrnmmusa-
1us cTpykTypsl Matlab-monmenu tpexdasuoit CD MoxkeT
OBITH BBINIOJIHEHA INIPH TEPEXOAe OT CXeMbI Mo puc. 1 K
SKBHUBAJIEHTHOM CXeMe IO puc. 2.
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Puc. 2. DxBuBasieHTHAs cxeMa Tpexdasznoit CO

Tpex¢a3Hplil HCTOYHUK HANpPsDKEHUS B JTOH Ccxeme
COCTOMT U3 JIBYX MOCIEIOBATENIbHO BKIIOYEHHBIX HCTOY-
HUKOB — CHUMMETPUYHOTO CHHYCOMIAIBHOTO HCTOYHHKA
HAMPSDKSHUS U, Ugp, Uge U JTOTIOTHUTEILHOTO TPeX(ha3HOTo
WCTOYHUKA HAIIPSHKEHUS Uy, Up, U, KOTOPBIA MOAKIIIOUAETCS
Kk CO mpu pa3MbIKaHHM LIYHTHUPYIOIEro KoHTakTopa SU.
IIpy momomu JONONMHUTENBHOIO HCTOYHUKA MOSABISIETCS
BO3MOXXHOCTb 33JIaHUs aMIUIUTYIHOM 1100 (a3zHoi acum-
METpUM, a TaKKe J00aBlICHHE BBICIIMX TapMOHHYECKUX
COCTABJISIFOLIMX B CHEKTP NMUTAIOIIETO HANpsHKeHHs. Tpex-
(hazHas Harpy3Ka MOJICIUPYETCS IBYyMs OJIOKAMH — TpeX-
(ha3HOM CHMMETPUYHOW PE3UCTUBHON Harpyskou k;R; u
peryiupyeMbIM TpeXx(a3HbIM HCTOYHHKOM TOKA Jj,, jp, jes
KOTOPBIM TMOAKIIOYAETCA MapajljieIbHO CHUMMETPHUYHOM
PE3UCTUBHON HArpys3Ke IOCIIE 3aMbIKaHUsI KOHTakTopa SJ.
Perynupyemslii HCTOUHHMK TOKa CO3/1aeT B JIMHEHHBIX MPO-
BOJIaX HE0OXOmuMyro (OopMy TOKa, KOTopas OyIeT COooT-
BETCTBOBATH JIFOOOH JIMHEWHON WJIM HETMHEHHOH Harpyske
NPY CUMMETPUYHON MJIM HECUMMETPUYHO 3arpyske ¢as.
Koadduiment nponopiuoHalIbHOCTH k;, HA KOTOPBIA yM-
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HOXKalOTCS aKTHBHBIE CONPOTHBICHUS BCEX Tpex (a3, He-
00X0ANM JUTsl MOANEPKAHHUS HEM3MEHHOH BEJIMYMHBI CPEa-
HEll aKTUBHOM 110J1€3HOM MOLIHOCTH Harpysku P, = const,
Kak 3TO clefyeT u3 cooTHomeHus (1), mpu BHECEHHH TOTO
WIM WHOTO BO3MYILEHHS B CHCTEMY, a €r0 OIpeAeieHHe
SIBIISIETCSI OTIEJILHOM 3aa4eil.

3anaHue mepeMeHHbIX K03(ppHLIHEHTOB, onpe/e-
JISIOIUX pexkuM padoTsl Tpexdasnoi CI. Bepuemes k
SKBHBaJICHTHBIM cxeMaM CO 1o puc. 1 mpu pa3oMKHYyTOM
KOHTaKTOpe SA W 3aMEHHM €€ YIpPOIIEHHOH CXEMOH,
MPEACTAaBIEHHONW Ha pHC. 3, MNOACHAIOLEH TPUYUHBI BO3-
HUKHOBEHHUS COCTABIIAIOIINX MOILTHOCTH IOTEPh COTJIACHO
(1). DnekTpudeckre BETUIUHBI U TIApaMETPhl B CXEME T10
puc. 3 mpencTaBiieHbl B BEKTOPHOM 0003HaueHHH. Cxema
COCTOUT M3 MCTOYHHMKA HANPAKCHHUA, (ba3ﬂme 3HAYCHUA
KOTOPOTO ONMCHIBAIOTCSA BEKTOPOM

—_— —

u=k,ou,+u,,ok,, s,, aKTHBHOTO COIPOTHBICHUS

JAMHMU R -V , KOMIUIEKCHOT'O JIMHEIIHOrO COPOTHBICHUS

Harpy3K JUIsl i-i rapMOHMYECKOW COCTaBISIOLIEH TOKa,
OITHCHIBAEMOTO BEKTOPOM

zr; =k Ry -k, +j-(xll~ -k, +x§l~ -V), M MCTOYHHMKA TOKa,
MOJICITUPYIOIIEr0 HETMHEHHYIO HATPY3KY, OMUCHIBAEMOTO

BEKTOpOM k joJ s ;.

U= ku e tts + ttns © kunSu i = krRika + j-(eikertxii0)
y -

RsT 4, o
~ — Line I, Ul
— a -
I
-
TI.’
ki< Fsj

Puc. 3. Yopomennas cxema Tpexdaznoit CO s 3anaHus
apamMeTpoB

Ha puc. 3 npuHATH criepyronpe 0003HaYeHUS:
® TPEeXMEpHBI KOMIUICKCHBIH BEKTOp (a3HBIX CHM-
METPHYHBIX CHHYCOUIAIBHBIX HAMIPSKECHUH

Us-ej'o
_j.zj U
ug=|Ug-e 3 |=|Ug | 4)
4
S
U e 3 Sc

N

rae U, — neiicTByromee 3Ha4eHHe (Ha3HOTO HAIIPSKEHUS
Tpex(pa3zHOTO CHMMETPUIHOTO UCTOYHHKA;

® TpeXMEpHBI KOMIUIEKCHBI BEKTOP (pa3HBIX HATps-
JKEHUH JIOTIOTHUTEIHHOTO TpeX(ha3HOTO NCTOYHNKA HECH-
HYCOHMJAIBHOTO HAIPSIKCHUS

rae U; — peiicTBymolee 3Hau€HHE i-i FapMOHUYECKON
cocTaBisIOmIe  (pa3sHOTO HAMpsDKEHHS  Tpex(a3zHOTo

HECUMMETPUYHOTO UCTOYHHKA, # — KOJIMYECTBO BBICIIUX
TapMOHHK B CHEKTPE HANPDKECHHA; Quaiy Pubi> Puci — Ha3bI
COOTBETCTBYIOIIUX i-THIX TAPMOHUYECKHUX COCTABIISAIOIINX
(ha3HBIX HANPSHKEHUI; §, — KOAPQUIMEHT, NpUHUMAIO-
muii aBa 3Hadenus 0 uau 1 B 3aBUCHMOCTH OT ITOJIOXKE-
Hus nepexmouarens SU Ha puc. 2; ° — onepaTop mojJe-
MEHTHOTO YMHOXEHHUS AJIEMEHTOB BEKTOPOB U MaTpHIl
(npousBenenue Anamapa);

® TpPEeXMEpPHBI KOMIUICKCHBIH BEKTOP (Da3HBIX TOKOB
HEJIMHEWUHOHN Harpy3Ku

<!
1]

=y |5 (6)

i(‘ll . ej'(pici )Z
i=2 i

rae J; — AelcTByollee 3HaYeHUE i-i rapMOHUYECKOM CO-
CTaBIISIIONIEH (ha3HOTO TOKa Tpex(a3HOi HeNMMHEeHHOW Ha-
TPY3KH; Pjuis Oipis Pic; — Pa3bI COOTBETCTBYIOLIMX i-ThIX rap-
MOHHYECKHX COCTABJIAIONMX (ha3HBIX TOKOB; §; — KO-
LMEHT, MpUHUMaroImui aBa 3Hayenus 0 wiu 1 B 3aBHCUMO-
CTH OT MOJIOXKEHUS Neperitogarens SJ Ha puc. 2;

® TPEXMEPHBII KOMIUIEKCHBII BEKTOP COIIPOTUBIICHUN
JMUHEWHOU Harpy3Ku

. /
kl'Rl'kaa+]' xli'kra"'xsi

. /
kp Ry kap +j -\ kyp + x| =

kl'Rl'kac+j' xli'krc+x/

ST

2L =

- _ ™
ZLai . e.]'q)zai
J®pi =

ZLa
=|Zpbi-e
ZLC‘i . e]'q)zci

Zip |
ZLC

T/Ie X;; — PEaKTUBHOE CONPOTHUBIICHNE VISl i-i TapMOHHUKHA
TOKa; X'y; — PEaKTUBHOE COIPOTHBIICHHE KaOeJbHOH JH-
HUM JUIA i-i TADMOHMKH TOKA, MPUBEIEHHOE K PEaKTHB-
HOMY COINIPOTUBJIEHUIO HATPY3KU; Zp iy Zppis Zici — MOLYIIN
MTOJTHOTO KOMIUIEKCHOTO CONPOTHBICHUS (ha3 THHEHHOH
Harpy3Kkd AJsl i-i TApMOHHKH TOKA; Q.4 Qzp, @z — (Ha3bI
COOTBETCTBYIOIINX KOMIUIEKCHBIX COIPOTHBIICHUI];

® TpEeX>JIEMEHTHBIC BEKTOpHI, XpaHsfllue HHpOpMa-
U0 0 Kod(uIlneHTax aMIUINTYJHOH HECUMMETPHH Ha-
NpPsDKEHUsI UCTOYHMKA W TOKOB HEJIMHEHHOW HarpysKH,
(ha3HOM HECMMMETPHUM aKTUBHOM M PEaKTUBHOH Harpys-
KM, a TaKKe BEJIMYMHE COOTBETCTBYIOUIMX TapMOHHYE-
CKMX COCTaBIISIIOIEH B CIIEKTPE BXOAHOTO HANPSDKEHUS U
TOKa HEJIMHEWHOM HAarpy3Ku

by =lua ko Kuc] (8)
L [ SR S ©)
’;j:[kja kip kjel (10)
ko =lkaa kap Facl . (11
ke =l Ky ] (12)

® CIAVHWYHBIA BEKTOD
v=[1 1 1. (13)
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3amaHneM 3HauYeHHH KOd()QULHEHTOB §,, §; U JJle-
MEHTOB BEeKTOpOB (8) — (12) MOXHO MOAEIMPOBATH JIIO-
60i1 u3 279 pexxumoB padboTsl TpexdazHoi CD u paccun-
THIBATh COCTAaBISIFOLIME CYMMApHOW MOIIHOCTU IMOTEPb.
st 060011IeHNsT Pe3yAbTATOB BHIYMCICHHI MPUMEM, YTO
3HAYCHUS DIIEMEHTOB BEKTOpOB B (8), (11) cBs3aHBI 00-
el 3aKOHOMEPHOCTBIO

k2 +kf+k2=3. (14)
[MycTb K03 duieHT npu dasze A k, ocTaeTcs HeHU3-

MEHHBIM U PaBHBIM €JMHHUIIE, TOI 1A
k, =const =1

ky, = var = 0.2

k, =v2—k} =~2..0

[TpumeM, 4TO 3HAYEHUS SIEMEHTOB BEKTOPOB B (9),

(10), (12) morunHsFOTCS IPYTOH 3aKOHOMEPHOCTH
ky, = var = 0.42
kg =ke =ky

3aKOHOMEPHOCTH HM3MEHEHUS 3HAYCHUH SJIEMEHTOB
BekTopoB (15) u (16) Oyner ucnonb30BaThCs B AajbHEH-
meM s 0000IIeHUs pe3yIbTaTOB MOAETHPOBAHUS pa3-
JUYHBIX PEXAMOB paboTel TpexdazHoit CO. OTmernwm,
YTO yKa3aHHbIE KOI(PQHUIMEHTH MOTYT W3MEHATBHCS IO
m000My TPOM3BOJILHOMY 3aKOHY, a BBIOPAHHBIE 3aKOHO-
MepHoctu (15), (16) Hambomee XapaKTEpHO OTPAXKAIOT
BIUSHUA W3MEHEHHs IapaMeTpoB Tpexdasznoit CO Ha
CyMMapHBIE ITOTEPH.

Bomosnenue ycinosus P, = const npu mogenu-
PoBaHuM TPex(a3HOil cHCcTeMBbl 3JIEKTPOCHAOKEHUsI.

IIpeacraBienne moaeJu B BeKTOPHOH ¢dopwme.
BHecenne m3MeHeHMH B TapaMeTphl 3JIEMEHTOB SKBHBA-
JICHTHOHM cxeMbI Tpexdaznoir CO MeHseT 3HaYCHHE Cpel-
HEH aKTUBHOM IIOJIE3HOW MOIIIHOCTH Harpy3ku. Bossparie-
HHE €€ MePBOHAYaIbHOTO 3HAYCHHS, KaK YKa3bIBAJIOCh pa-
Hee, OCYILIECTBIIIETCS n3MEeHeHHneM koddduirenta k;. Ilo-
JIy4eHHE aHAJIMTHYECKOTO BBIPAXXECHHA IS OTIpeeneHus k;
ABJISICTCS] TPYIHOBBINOIHUMOM 3aiaueif, Io3TOMy Ul €ro
pacdeTa Tpolle BOCIOJb30BATHCS CPEIACTBAMH HPOTrpaM-
MupoBaHus. J{J1si aBTOMaTH3UPOBAHHOTO pacueTra Koahhu-
ueHTa k; HeoOXOMUMO COCTaBUTh ypaBHEHHE ULl TIOJIE3-
HOW MOIIIHOCTH HArpy3Ku, B COOTBETCTBUU C puC. 3. Bos-
MOXHBI JIB€ ()OPMBI 3aIMCH 3TOTO YPaBHEHUS — B BEKTOP-
HOM W MaTpU4HOM BuJie. PaccMOTpiM mepBBIit ciocol.

Bocnonb3yeMcss METOIOM HAallOKEHUsI TOKOB. B
CXeMe MO pHc. 3 OCTaBMM MCTOYHUK HAIPsDKCHUS. 3aja-
IUM BEKTOp TpoBoAmMocTed TpexdaszHon CO mms i-it
TapMOHMKHU TOKa

(15)

(16)

[ (17)
Zpi+Rg v

CyMMapHast IpOBOAMMOCTh Tpex(a3HOW yeThIpex-
npoBogHON CD ams i-if TapMOHHMKH TOKa
Vi =Fi VR (18)
3anumeM COOTHOIIEHHE Ul HANpsDKEHHs CMelle-
HUSl HEUTpanu AJI1 OCHOBHOM T'apMOHMKHU HalpsyKEHUs

Tpex(}azHOro HCTOUHUKA

— -1 (-~ 7
Ugr =1 vt iy ok, ). (19)
BekTop yaCTHUYHBIX TOKOB, CO3AABAEMBIX OCHOBHOM

TapMOHHMKOHM HampspKeHHs Tpex(a3HOTO HCTOYHHMKA B
JIUHEHHBIX npoBojaax CO

i =iy ~Ug; V) i - (20)

Ecnun B xpyBOW BXOJHOTO HANpPSIKEHUS COLEPHKATCS
BEICIITNE TAPMOHUKH (K03 duinent s, = 1), To mpoueny-
py pacuera BEKTOpa YacTHYHBIX TOKOB, CO3JaBaEMbIX
Tpex(}a3HbIM HCTOYHMKOM HANpsDKEHHH, HEOOXOANMO
MIOBTOPUTh IJIs1 KaXI0H FapMOHUYECKOM COCTABIIAIOLLEH
ucnons3yst cootHouenus (7), (17) — (20). CymmapHsiid
BEKTOP YaCTUYHBIX TOKOB, CO3/1aBaEMBIX TpeX(a3HbIM
WCTOYHHMKOM HaIpsDKEHUs B JIMHEWHBIX mpoBojax CO3, B
3TOM PEXHME OIHCHIBACTCS] COOTHOLIEHHEM

(felfé(fa-f,

— BEKTOp YaCTUYHOI'O TOKa i-d rapMOHHYECKOU

@n

rae i,
COCTaBISIIONMIEH B cXeMe C Tpexda3HbIM HCTOYHHKOM
HaNpsDKCHNUS.

B cxeme mo puc. 3 ocTaBUM HCTOYHUK TOKA, NPE-
BapUTEIbHO 3aKOPOTHB MCTOYHUK HANPSDKEHMS, U OIpe-
JIeMM BEKTOP YaCTUYHOI'O TOKA JIMHEHHOW HArpy3kKu B
cxeMme ¢ Tpex(a3HbIM HCTOYHUKOM TOKa

4 ; 2
Z("]l . Yai . RS . e]'(q)iaiJr(Pyai ))
i=2
n . 2
iLj — Z(Ji Y, - R, -ej (‘Pibi*'(Pyhi)j o
i=2
4 o +0 N2 | 5 (22)
Z(Jl : Ycl . Rs . ej ((plcl +(P.VCI ))
L i=2 |
I ;.
. no, =alj
ok; = [ (i f =| Ly
i=2 7
=clj
rane Y, Y, Y. — MOOyNH TOJHBIX TPOBOAMMOCTEH (a3

HarpysKku JUisl i-X TApMOHHK TOKA; @i, Pypir Py — HAUAITD-
HBIE (pa3bl COOTBETCTBYIOIINX POBOIUMOCTEH.

BekTop 4acTHYHOrO TOKa, CO3AaBAEMOro Tpexdaz-
HBIM UCTOYHHKOM TOKa B JIMHEWHBIX mpoBoxax CD, Haii-
IieM 1o riepsomy 3akoHy Kupxroga

¥ 23)

OnpenenuM BEKTOp TOKa, MPOTEKAIOIIEr0 B ILENU
JUHEWHOU HAarpy3KH

e -2 [+
1 =4/l + le ,
Y HaiileM BEKTODP HANPSHKEHUS HA 3a)KMMaxX Harpy3Ku
a b L e
up = (iel o ZLI) + Z(iei °ZLi) + Z(iL_ji °ZLi)z -(25)
i=2 i=2
CpeI[HﬂH AKTHUBHAaA MOJIE3HAsA MOIHOCTDH HAaIrpy3KH

Py =Ry + 6, F -0 |-

=R iy i f -2 (1)

IIpeacraBiaenue monaeaum B MaTpu4Hoil ¢opme.
BekropHast ¢opma mpencraBieHHs MOJENH TpexdasHou
CD obOnagaer onpeseneHHbIM HENOCTaTKOM, MPOSIBIISIO-
meM ceOst IIpU MOJIUrapMOHUYECKOH (opMme MHTaromero

i':J_iLj'

24

(26)
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HanpspkeHus. C MOMOIIBIO €e TPYIHO ONHCaTh B3aUMHOE
BIIMSHUE BBICIIMX TapMOHMYECKUX COCTaBIISIOIINX Ha-
NpsDKEHHUs TPEX(Pa3HOro UCTOYHHMKA M BBICIIMX TapMOHHUK
TOKa, pOTEKaromero B (azax HelnHEeWHOH Harpysku. B
NOAOOHBIX CITydasx yJO0OHO BOCIIONIB30BAThCSI MATPUYHON
(hopMoii ormMcaHus MOZIEIH.

3amanuM HamnpspKeHHE Ha 3aXKHMax Tpex(asHoro
HCTOYHMKA MaTpULIEH pa3MepoM nx3

Qal le ch

27
U Up U

~an n =cn
AHAJIOTUYHBIM 06p330M 3almieM MaTpuny TOKa
TpeX(l)a?)HOFO HNCTOYHHUKA TOKa
la2 J b2 J c2
i=| : : - (28)
lan lbn lcn
OTZ[GJ'H)HO 3aJaainuM MaTpulbl KOMIUICKCHBIX COIIPO-
TUBJICHUI HArpy3KW JJIsl TOKOB Tpex(a3HOrO MCTOYHHKA
HaIPsDKCHUS U TpexX(a3HOT0 UCTOYHMKA TOKa

Zaul  Zbul  Zcul

2, = . . Al (29)
Zaun  Zbun  Zcun
Zaj2  Zbj2  Zg2

0 T § (30)
Zajn ijn chn

BbipasuM MaTpuily KOMIUIEKCHBIX ITPOBOJMMOCTEH
(a3 s TokoB Tpex(hazHOTO NCTOUYHUKA HATIPSHKCHHS
M
R Gh
u N
rne M, — MaTpuIia COCTOSIHUHM pa3MepoM 71X3, CTPOKH KO-
TOPOW NMPUHUMAIOT €IMHWYHBIC 3HAUCHUS B CIIydae HaJH-
YHsl COOTBETCTBYIOLIMX TAPMOHUUYECKUX COCTAaBILIOIINX B
CIIEKTpe HAaNpsDKEeHUS TpeX(ha3HOro HCTOYHUKA.
3anumieM BEKTOp CyMMapHBIX KOMILIEKCHBIX IPOBO-
quMocTeit a3 TpexdazHoil 4eThIPEXITPOBOTHOM CUCTEMEI

(32)
IIpeacraBuM TOK B HyJIEBOM IIPOBOJIE, 00YCIOBJICH-
HbIIl BBICIIMMH TaPMOHUYECKHMHU COCTABIISIOIIMMU KpaT-

HBIMH TPEM TpeX(a3HOTO UCTOYHHKA TOKA, B BHJIC BEKTO-
pa AJIMHHOM 7

. < ol
Vs =Yu VtR, .

e . Zj
13 .= J o
/ Rs+3-R, +z;

Hampsoxkenue cmerienrs HeNTpaiu MpH MoJMrapMo-
HUYECKOM MUTAIOIEM HANPSOKEHUU WM IMOJIUTapMOHHYE-
CKOM TOKE IIPEJCTaBUM B BHJE BEKTOPA JAIMHOM 711
— Yuou - -
MO =_’—'V—l3j ‘Rn-

Vs

Marpua TOKOB JIMHMH B CXeMe ¢ Tpex(a3HbIM

HMCTOYHHKOM HAMPSKEHUS

(33)

<l

(34)

N -

1e—(u—u0-v )oyu. (35)
C moMomibl0 MaTpUYHBIX cooTHomeHui (28) u (30)

BBIPa3MM YaCTUYHBIC TOKUA TPEX(Pa3HOTO MCTOUYHUKA TOKA

COOTBETCTBEHHO B HAarpy3Ke M JMHEHHBIX MPOBOIAX

Rs

RS+Zj ’

ipj=je (36)

€0

OnpenenuM TONHBIA TOK JUHWA W TOJHBIA TOK,
MPOTEKArOINH B (pa3ax TMHEWHOW HArpy3KH

i =j—ir;.

ig =i, _isjn (38)
i =i gy (39)

U HaieM HaIpsDKEHUE Ha 3a)KUMax Harpysku
“L:ie°zu+iLj°Zj- (40)

Cpensss akTHBHAs OJIE3Hast MOLTHOCTh HArpy3Ku

Fusr =(I“L|°(IiL|_|j|))T 'M@ V. 41)

OO0e omucaHHBIE MOJIENH IIO3BOJISIOT JOCTAaTOYHO
MPOCTO PacCYUTaTh 3HAUYEHHE MONPABOYHOTO KOAPPHUITH-
eHTa k;, BO3BpAIAIOLIETO IE€PBOHAYAIBHOE 3HAYCHHE
CpeqHel MoJe3HONM MOIIHOCTH Harpy3kH, Aaxe IpH HUc-
MOJIb30BaHMU CTaHAapTHBIX cpenctB MathCad (61oka
Given n Qyukiun Find). [locne 4ero BO3MOXHO Ompesie-
JICHWE COCTaBJIIOUIMX MOIIHOCTH IIOT€Ph M CpaBHEHHE
pe3yIBTaTOB pacyeTa B Pa3HBIX pekuMax padoTsr CO.

B kauectBe mpumMepa paccMoTpuM Tpexdaszayo CO
C OTHOIIECHWEM MOIIHOCTH Tpex(a3HOTO PE3UCTHBHOTO
KOPOTKOTO 3aMBIKaHMs K IOJIE3HOM MOIIHOCTH Harpy3Ku
ks = 20. MeiictByromee 3HaueHHe (Pa3HOTO CHHYCOH-
JIATHOTO  HAINpPsDKEHUS! TPeX(a3HOro CHMMETPUYHOTO
ucrounuka U; = 220 V. Eciu nosie3Hass MOIIHOCTh Ha-
IPYy3KU B P&XKMME MUHMMYyMa N0oTeph paBHa P, = 400.1
kW, To R, =0.01815 Q, R;= 0.3256 Q. B cooTBETCTBUH C
(8)-(12) ormenpHO paccMoTpuM 5 pexumoB pabotsl CO,
KaXIbI W3 KOTOPHIX OOYCIIOBIIEH OJHHM (DAaKTOPOM,
BJIMSIIOIIMM Ha BOZHUKHOBEHHUE JOTIOJIHUTENBHBIX OTEPh:

1. HecumMeTpust HamIpsKEHS.

2. HecumMmeTpusi pe3UCTHBHOM HATPY3KH.

3. CuMMmeTpuYHasi aKTUBHO-WHAYKTHBHAs Harpyska
npu ¢, = 15" (L = 0.2777 mH).

4. Beicuine TapMOHHUKH B KPWUBOM IHTAIOIIETO HAIps-
KeHUs! (HeYeTHble TapMOHHMKH, aMILTUTYIbI KOTOPBIX Me-
HSIOTCS  OOpaTHONPONOPLMOHAIBHO WX IOPSIKOBOMY
Homepy U,/n, toe n=2i-1,1=2,3...19).

5. CummeTpudHasi HelMHEHHas Harpys3ka, 00yCIIOBIIH-
BAIOIAs BBICIINE TaPMOHHUKH TOKa (HEYETHBIE TapMOHH-
KM, aMIUIMTYIbl KOTOPBIX MEHSIOTCS OOpaTHOIPOIIOp-
IUOHANBHO WX mopsiakoBomy HoMmepy U, /(n-(Ry+R))), Tae
n=2i-1,i=2,3...19).

Wzmenenne kodddunuenta k, mo (15) wmm (16)
00YCIIOBIMBAIOT U3MEHEHHE COOTBETCTBYIOIIETO H3BECT-
HOTO HHEPreTH4ecKoro Inokasartels: Kod(pduiueHTa He-
CUMMETPHH TI0 OOpaTHOW MOCIIe0BaTEILHOCTH K), KO-
s UIEeHTa MOIIHOCTH COSP, KO PHULIMEHTa HETHHEH-
HbIX UCKaxeHUM Hampspkenus THD, u toxka THD; Ha
pHcC. 4 MPOMLTIOCTPHPOBAHA CBSI3b YKa3aHHBIX DHEPTreTH-
YecKHX TI0Ka3aTenell ¢ 3aKOHOMEPHOCTBIO H3MEHEHHMs
Kod(punmeHTa kj.

Ha puc. 5 npencraBieHsl 3aBUCUMOCTH TIOIPaBOY-
HOro KO3 durmenTa k; oT ko3 duimenra k,, 3amaromero
3aKOHOMEPHOCTh W3MEHEHHS HECUMMETPUYHOIO PEXUMA
pabotel Tpexdasznoit TpexmpoBogHor C3 mo (15).
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3nauenus ko3 dunuenta k; npu k, = 0 u npu ky, = ﬁ

COOTBETCTBYIOT aBapUHHOMY PEeXHMY paboThl Tpexdas-
HoMt CD mpu oOpbIBEe JTMHEHHOTO MPOBOAA. 3HAUYEHHUE KO-
s unmenta k; ipu k, = 1 COOTBETCTBYET CUMMETPHYHO-
My pexuMy pabotel Tpexdaznoir CD, B KOTOPOM CyM-
MapHasi MOITHOCTh MOTEPh PaBHA MHHHMAJIBEHO BO3MOXK-
HOW MOIITHOCTH ITOTEPb.

! K> —]
09559 / —
N7 | |
0.7 // C
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Puc. 4. 3aBucuMOCTb YHEPreTUUECKUX MTOKa3aTesen
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Puc. 5. 3aBucumoctu k; = f(k;) 111 HECUMMETPUYHBIX PEKIMOB
tpexdaznoii CI: 1 — HecuMMeTpus TpexPpa3HOTO HCTOUHHKA;
2 — HECUMMETPHS PE3UCTUBHON HAarpy3Ku

Ha puc. 6 mpeacTaBieHbl 3aBUCHMOCTH IIOIIPABOY-
Horo ko3¢ urmenta k; ot ko3 duirieHra k, 3a1ar0Iero
3aKOHOMEPHOCTh M3MEHEHHs KOA(QQHUIMEHTa MOIIHOCTH
U aMIUTUTYJl BBICIIMX TapMOHHMK HAIPSHKEHUH U TOKOB
TpexdazHoit yetsipexnpoBogHoit CO npu R, = R, 1o (16).

OrnpenejieHne MOIMHOCTH JONOJHHUTEJIbHBIX IO-
Tepb. OTKIIOHEHHE yCIoBHH paboThl Tpexdaznoir CI or
YCIIOBHH, B KOTOPBIX MOIIHOCTH ITIOTEPh COOTBETCTBYET
MHHUMAJIBHO BO3MOXKHOMY 3HAYCHHMIO, IIPUBOAMT K TOSIB-
JICHUIO JOMOMHUTENbHBIX ToTeph [10]. CoznanHbie Mate-
MaTH4YeCKHe MOJENH II03BOJIIOT PacCUUTaTh BEIMYUHY
MOIITHOCTH JOTIOJTHUTENBHBIX TOTeph B JitoOoM u3 279
pexumoB pabotsl Tpexdasnoit CD. Ha puc. 7 npencras-
JIEHbl 3aBHCUMOCTH OTHOCHTENIBHOH, B JIIOJSAX CpenHel
MOJIE3HOW MOIIHOCTH HAarpy3KH, MOLIHOCTH JOTIOJTHH-
TENBHBIX NOTEPH OT KOAPPHUIIMEHTA kj, IUTS TISITH paccMaT-
pHUBaeMBbIX pexXuMoB pabotsr C3.
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Puc. 6. 3aBucumoctu k; = f{k) npu: 1 — aKTHBHO-UHTYKTHBHOM
Harpyske; 2 — CAMMETPUYHOM HeIMHEeHHO! Harpyske;

3 — BBICHIMX TAPMOHMKAX HANPSDKEHUS TPEX(Pa3HOro HCTOUHMKA
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Puc. 7. 3aBUCUMOCTDh OTHOCHTEIILHON MOIIHOCTH
JIOTIOJTHUTEIILHBIX TOTEPh OT K03 dureHTa &,

AHanmm3 3aBUCHMOCTEH Ha pHC. 7 TOKAa3bIBaeT, 4TO
MOIITHOCTE JIOTIONTHUTENBHBIX TOTeph B Tpexdaznoir CO
npu k. = 20 MOXKET COCTaBIATh OT HECKOJBKHUX MOJEH 110
HECKOJIbKUX IPOLEHTOB OT CPEIHEN MOJIE3HOM MOIIHOCTH
Harpy3ku. Haummenbinedd sHeprosddexTrBHOCTHIO 00I1a-
natot Tpexdaznpie CO ¢ HenmHelHoi Harpy3koit. Couera-
HHEe (pakTOpOB, OOYCIOBIMBAIOIIUX JOMOJHUTENBHBIE T10-
TEpH, MOHIKAET FHEProdPPpeKTHBHOCTE TpexdazHbix CO.

AHaniTHuuecKe JaHHbIe, MTOJy4YeHHbIE Ha pa3pado-
TaHHOW Mozemu (27)-(41) ans mATH paccMaTpHBAEMBIX
CiTy4yaeB, IpeJICTaBIEHHI B Ta0I. 1.
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Tabnwuma 1

Pacuer monpaBo4HBIX KOX((UIMEHTOB 1 PHEPTETHIECKHUX MOKa3aTeNIeH IS IIATH PEKUMOB paboTsI Tpexdasnoit CO

Pexum 1 Pexum 2 Pexum 3 Pexum 4 Pexum 5
ks ko, Kou | APy | ki Kot | APuiar | ki | co8Q | APy | kyn | THD, | AP g4 klj THD; |AP 44+
0 10.8028|0.522 | 0.0137 |1.6551]0.522(0.01612| 1 1 0 1 0 0 1 0 0
0.1 |0.8324|0.462 | 0.0112 |1.4839|0.462 {0.01251(0.9993| 1 |0.00004|1.0021| 0.047 [0.00005|0.9997| 0.041 {0.0003
0.2 10.8608| 0.407 | 0.009 |1.3576|0.407 | 0.0096 |0.9971|0.999 [0.00016|1.0084| 0.094 | 0.0002 |0.9989| 0.082 |0.0011
0.3 {0.8877]0.354 | 0.0071 |{1.2615| 0.354 | 0.0072 |0.9935| 0.997 [0.00037|1.0188| 0.141 | 0.0004 |0.9975| 0.123 |0.0024
0.4 10.9129] 0.304 | 0.0053 |{1.1868| 0.304 | 0.0053 |0.9883| 0.994 0.00066|1.0336| 0.188 | 0.0007 |0.9957| 0.164 |0.0044
0.5 [0.9359] 0.254 | 0.0038 |1.1282|0.254 | 0.0037 [0.9816] 0.991 |0.00104|1.0526| 0.235 |0.00101|0.9932| 0.205 [0.0068
0.6 [0.9564|0.206 | 0.0025 |1.0824|0.206 | 0.0024 [0.9733|0.987 |0.00153|1.0759| 0.282 |0.00134/0.9902| 0.246 [0.0099
0.7 10.9738| 0.157 | 0.0015 |1.0473| 0.157 | 0.0014 [0.9634| 0.983 |0.00212|1.1037| 0.329 |0.00164|0.9866| 0.287 {0.0135
0.8 10.9875]0.107 | 0.0007 {1.0218| 0.107 |0.00064 |0.9516| 0.978 0.00284|1.1359| 0.367 | 0.0019 |0.9825| 0.328 |0.0178
0.9 10.9966 0.055 | 0.0002 |{1.0058| 0.055 |0.00017 [0.9378| 0.972 | 0.0037 |1.1726| 0.423 | 0.0021 |0.9778| 0.368 |0.0227
1.0 1 0 0 1 0 0 0.9219] 0.966 | 0.0047 | 1.214 | 0.47 |0.00213(0.9725| 0.409 |0.0283
1.1 {0.9958] 0.061 [0.00023 [1.0071| 0.061 |0.00021 |0.9035| 0.959 |0.00595| 1.26 | 0.517 | 0.0021 [0.9665| 0.45 |0.0345
1.2 ]0.9808|0.133 | 0.0011 [1.0338]0.133 | 0.001 |0.8825|0.952 |0.00743|1.3109| 0.564 | 0.0019 | 0.96 | 0.491 |0.0415
1.3 10.9479| 0.227 | 0.0031 |1.1008| 0.227 | 0.0029 [0.8581| 0.944 |0.00922|1.3665| 0.611 |0.00156/0.9525| 0.532 |0.0494
1.35 10.918 [ 0.293 | 0.0049 [1.1731|0.293 | 0.0049 |0.8445| 0.94 |0.01027(1.3962| 0.634 |0.00135| 0.949 | 0.553 {0.0536
1.38 0.8901| 0.35 | 0.0069 [1.2538| 0.35 | 0.007 |0.8358|0.938 |0.01095[1.4145| 0.648 | 0.0012 |0.9466| 0.565 |0.0562
1.4 10.8608|0.407 | 0.009 [1.3576|0.407 | 0.0096 |0.8298| 0.936 (0.01144| 1.427 | 0.657 | 0.0011 | 0.945 | 0.573 | 0.058
1.41410.8028| 0.522 | 0.0137 [1.6551|0.522 | 0.0161 |0.8254| 0.935 | 0.0118 | 1.436 | 0.664 [0.00101|0.9438| 0.579 |0.0593

Matlab-mogens Tpexdasnoii C3. B coorBeTcTBUM
C SKBUBAJECHTHOM CXeMOil 1Mo puc. 2 U MaTPUYHOM MaTe-
MaTH4IecKoi Mojaensio (27) — (41) Oblia co3gana Matlab-
Mojens Tpexdasznoii CO, npencrasienHas Ha puc. 8. OnHa
OTIIMYaeTca OT CO3JaHHBIX paHee Mmozenei [5, 6, 11] Ha-
JWYMEM ONTUMH3MPOBAHHON CTPYKTYpBI Harpy3KH, KOTO-
past pazziesieHa Ha CHMMETPUYHYIO PE3HCTHUBHYIO Harpys-
Ky U peryJupyeMblid Tpexa3Hblii HCTOYHUK TOKa U OJI0Ka
aBTOMATH3HPOBAHHOIO BBIYMCIICHUS IONPABOYHOTO KO-
sapdunmenta k; (kl Calculation). Monens mo3Bossier mpu
3aJjaHuM 3HA4YE€HHH dJIeMEeHTOB BeKTopoB (8) — (12) Oe3
y4acTHs OIepaTopa aBTOMAaTHYECKU BBIYHUCIATE KOd(hu-
LUEHT k; M pacCUNTHIBATh 3HAYECHHS COCTABIIAIONINX CyM-
MapHO# MOIIHOCTH TOTEPb C Y4ETOM BBIYMCIEHHOTO KO-
s dunmeHTa.
Matlab-monmens cocTONT U3:

1. CunoBoil cXeMBI, BBINOJHEHHON B COOTBETCTBUU C
puc. 2, comepxKamiei:

e Tpex(}aszHbBIii HCTOYHUK CHUMMETPHYHBIX CHHYCOH-
nmaneHbN HanpspkeHuid Usa, Usb, Usc;

e Tpex(daszHbIii NCTOUYHNK HECHHYCOUNAIBHBIX Hampsi-
skennii Ua, Ub, Uc;

e CHMMETPHYHYIO Pe3UCTHBHYIO Harpy3ky Rla, Rlb, Rlc;

o Tpex(a3Hblif UCTOUYHUK TOKa Ja, Jb, Jc;

® aKTHBHBIE CONPOTUBIICHUS YETBHIPEXIIPOBOAHON JHU-
uuM Ra, Rb, Re, Rn;

® CWJIOBOI aKTUBHBIN (UIBTP, BHIIOJHEHHBIN Ha Tpex
perynupyembIx uctounnkax Toka SAF.

2. JIaTYNKOB TOKAa W HANpsDKCHUS, TOAKIIOYaEMBIX K
CHJIOBOM CXeMe MOJIEIN.

3. IToacucrem 00pabOTKKM U3MEPUTENBHOM HH(POPMAIIUH:

® IIOJICHCTEMA pacdyeTa COCTABILIONINX CyMMapHOMH
MortHocTH moTeps 1o (1) Calculation 1 (puc. 9);

® [I0JICHCTEMa pacyeTa COCTABILIONIMX CyMMapHOH
MOIITHOCTH TOTepPh B p-g-r koopmauHarax Calculation 2
(puc. 10);

® [I0JICHCTEMa pacyeTa rapMOHMYECKOTO COCTaBa Io-
ne3Hor MonHocTH Harpy3ku Calculation 3;

e [OZICHCTEMa pacyeTa COCTaBILIOIINX CyMMAapHON
MOIIHOCTH TOTEPh uepe3 KOI(PPHUIUEHTH NPSIMOH, 00-
patHOW m HyneBod mocnenoBatenbHocTH Calculation 4
(puc. 11);

e [OJCHCTEMa pacyeTa M HHIUKAIMH H3MEPUTEIIb-
HOW MH(}OPMalUU 0 MIHOBEHHBIX 3HAYEHHSIX JJIEKTPH-
YeCKUX BEJIMYMH M mapaMerpoB Tpexdasznoit CD
Measurements 1;

® MOJCHCTEMA pacyeTa M WHIUKAILMU H3MEPHUTEIBHON
uHGOPMAIUK O CpPeIHMX M JEHCTBYIOIIMX 3HAYCHUIX
ANEKTPHYECKUX BEJMYUH M IMapaMmeTpoB TpexdasHoit CO
Measurements 2 (puc. 12).

4. IToacucreM ynpaBieHUs U KOHTpoJs cocTosiHud CO:

o cucrema ynpasieHnss CAD SAF Controller (puc. 13);

® MOJCHCTEMA 3aJlaHWsI CUTHAJIOB YIPABICHUS TPEX-
(ha3HBIM HCTOYHHMKOM TOKa M TpeX(]a3HbIM HCTOYHUKOM
HecuHycouaansHoro Hanpspkenus: Control System;

® [I0JICHCTEMa pacdyeTa KOPPEKTHPYIOETo Kodpdu-
nuenTa k; kl Calculation;

e Onok mnopximodeHuss Kk CO CHIOBOTO aKTHBHOTO
¢uneTpa PAF Connection.

5. BupTyanbHBIX H3MEPUTEIBHBIX TPHOOPOB.

Paspaborannas Matlab-mMozmens MOXET HCHONB30-
BaThCS IS aHaim3a TpexX(azHBIX CHCTEM JIIEKTPOCHAO-
JKEHUSI ¥ OLIGHKH DHEepreTHuecKoil 3()(eKTHBHOCTH IpH
MOJIKJIIOYEHHH K CHCTEME CUIIOBOTO aKTHBHOTO (DHIbTPA B
M000M 13 288 BO3ZMOXKHBIX PEKUMaX POOOTEHL.
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Puc. 9. IToxcuctema pacuera COCTaBISIIOIIMX CYyMMapHO# MolHocTH noteps 1o (1) Calculation 1
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Puc. 10. [Toacuctema pacueTa COCTABISIONIMX CyMMAapHOW MOIIIHOCTH MOTEPh B P-g-T koopaunarax Calculation 2

sqrt(u(1)u(4))

RMS ®1 T w12
iq10
P> R ‘bi sartu(tyeu 1 u@aN-1)

iq4

sqrt(u(2)/(sqrt(u(1)*u(4)))*(1+3*Rn/Rs)) }7
iq6

ig5

dPsun* I
u(1)*(1+u(2)A2+u(3)"2*(1+3*Rn/Rs)) r

Puc. 11. [loacucrema pacueTa COCTaBISIOLIMX CyMMapHOH Puc. 12. [logcucrema pacueTa 1 UHAUKALUU U3MEPUTEIILHON
MOIIHOCTH MOTEPh Yepe3 KodPHULNEHTHI PsAMOii, 00paTHOH  WH(pOPMALIMH O CPSAHHX U ACHCTBYIOIINX 3HAYCHHUSX HIEKTPUUCSCKUX
1 HyJieBoH mocnenoBarenpHocTH Calculation 4 BEJIMYMH 1 nTapameTpoB Tpexdasznoit CD Measurements 2
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Puc. 13. Cuctema ympasnerus CA® SAF Controller

BbiBOabI.

1. IIpemioxkeHsl Ba crnocoba co3qaHusl MaTeMaTHye-
ckoit Mozenu tpexdasznoit CO, mepBblii OCHOBAaH Ha BEK-
TOPHOM, a BTOPOH Ha MaTpUYHON (opMe MpecTaBICHUs
SHEPreTHYECKUX IPOIECCOB B MHOTO(a3HbIX CHCTEMaX,
MTO3BOJISIIOIINE PEIINTh MPOOJIeMy IOJUIEPXKaHUsI Ha T10-
CTOSIHHOM YPOBHE BEJIMYMHBI CPEHEH aKTHBHON MOIIIHO-
CTH HArpy3Kd INpH UccienoBaHud padbotel CD B pa3HBIX
pexKHMaXx.

2. Ha ocHOBaHMM aHanu3a pe3yJbTATOB MOIEIUPOBA-
HUS TIATH PEXUMOB paboThl Tpex(azHoit CI, B KaxIoM
U3 KOTOPBIX 3a/IeiiCTBOBAaH YHHKaJbHBIA (akTop, 00y-
CIIOBJIMBAIOIINH MOSBICHUS B CHCTEME JOMOIHUTEIBHBIX
NOTeph, OBUT CIeNIaH BBIBOJI, YTO HAHOOJIbIIEE CHIKEHHE
sHeproeHeKTUBHOCTH COOTBETCTBYeT CO ¢ HEIMHEHHOM
Harpy3Kom.

3. C wucnonp3oBaHUEM pa3pabOTaHHBIX MaTeMaTHde-
CKUX Mojeleil ontuMunsupoBaHa pabora Matlab-monenn
tpexdaznoir CO ¢ CAD. PeannzoBana BO3MOXKHOCTh aB-
TOMAaTHU3UPOBAHHOTO pacyeTa MOIMPaBOYHOTO K0d(duiu-
eHrta k;, 9ro Oojee 4eM Ha MOPSIOK YMEHBIIWIO BpeMs
paboThI ¢ MOZAENBIO IIPH UCCIEAOBAHUN PEKHUMOB PAOOTHI
CD, B KOTOPBIX BO3HUKAIOT JOTIOHUTENBHBIE TIOTEPH.

CIIMCOK JINTEPATYPHI
1. Akagi H., Kanazawa Y., Nabae A. Instantaneous reactive
power compensators comprising switching devices without en-
ergy storage components // IEEE Transactions on Industry Ap-
plications. — 1984. — vol.IA-20. — no.3. — pp. 625-630. doi:
10.1109/TTA.1984.4504460.
2. Wong M.-C., Dai N.-Y., Lam C.-S. «Active Power Filtersy,
Parallel Power Electronics Filters in Three-Phase Four-Wire
Systems. — Springer Singapore, 2016. — pp. 59-165. doi:
10.1007/978-981-10-1530-4_3.
3. Apremenko M.IO., batpak M.JI., Muxanscekuii B.M., Ilo-
mimyx C.JA. Ananmis moxmusocti 36inburenns KK tpudasuoi
YOTHUPHUIIPOBIIHOT CUCTEMH JKHMBJICHHS 3aco0aMu IapajieibHOl
akTuBHOI ¢inpTpauil // Texuiuna enxexkrpoanHamika. — 2015. —
Ne6. — C. 12-18.
4. Artemenko M.Yu., Batrak L.M., Polishchuk S.Y., Mykhal-
skyi V.M., Shapoval I.A. The effect of load power factor on the
efficiency of three-phase four-wire power system with shunt
active filter / 2016 IEEE 36th International Conference on Elec-
tronics and Nanotechnology (ELNANO). — IEEE, 2016. — pp.
277-282. doi: 10.1109/ELNANO.2016.7493067.
5. Kemepos I'.I'., Tyraii J[.B. ®usuueckuil cMbICI MOHITUSA
«pPeaKTHBHAs MOLIHOCTB» IMPUMEHHUTEIBHO K TpeX(ha3HbIM CHC-
TEeMaM 2JIEKTPOCHAOXeHHs ¢ HelInHeHHOW Harpyskoi // Enekr-
porexHika i enekrpomexanika. — 2015. — Ne6. — C. 36-42. doi:
10.20998/2074-272X.2015.6.06.

52 ISSN 2074-272X. Enexmpomexuika i Enekmpomexanika. 2016. No4



6. Xemepos I'.I'., Tyrait [I.B. YTouHeHMe yHUBepcaabHOI
(bopMyIBI JUISL ONpPEeNeHHsT MOLIHOCTH TOTEPh B Tpex(ha3HbIX
cucreMax aekrpocHabxkenus // Bicank HTY «XIIl». — 2015. —
Nel2. — C. 339-343.

7. Peng F.Z., Ott G.W., Adams D.J. Harmonic and reactive
power compensation based on the generalized instantaneous
reactive power theory for three-phase four-wire systems // IEEE
Transactions on Power Electronics. — 1998. — vol.13. — no.6. —
pp. 1174-1181. doi: 10.1109/63.728344.

8. Afonso J., Couto C., Martins J. Active filters with control
based on p-q theory // IEEE Industrial Electronics Society
Newsletter. —2000. — vol.47. — no.3. — pp. 5-10.

9. Kim H.S., Akagi H. The instantaneous power theory on the
rotating p-q-r reference frames // Proceedings of the IEEE 1999
International Conference on Power Electronics and Drive Sys-
tems. PEDS'99 (Cat. No.99TH8475). — 1999. — pp. 422-427.
doi: 10.1109/PEDS.1999.794600.

10. G. Zhemerov, N. Ilina, D. Tugay. The Theorem of Mini-
mum Energy Losses in Three-Phase Four-Wire Energy Supply
System // 2016 2nd IEEE International Conference on Intelli-
gent Energy and Power Systems (IEPS-2016). June 07-11, 2016,
Kyiv, Ukraine, pp. 52-54. doi: 10.1109/TEPS.2016.7521889.

11. Xemepo I'I',, Tyrait [I.B. Cocrapnsrone MOIIHOCTH
CYMMapHBIX [IOTEPb JIEKTPUUECKON SHEPTHH B IIPOCTPAHCTBEH-
HBIX pqr KoopauHaTax // EnekrporexHika i enekTpoMexaHika. —
2016. — Ne2. — C. 11-19. doi: 10.20998/2074-272X.2016.2.02.

REFERENCES
1. Akagi H., Kanazawa Y., Nabae A. Instantancous reactive
power compensators comprising switching devices without en-
ergy storage components. [EEE Transactions on Industry Appli-
cations, 1984, volIA-20, no.3, pp. 625-630. doi:
10.1109/TTA.1984.4504460.
2. Wong M.-C., Dai N.-Y., Lam C.-S. «Active Power Filtersy,
Parallel Power Electronics Filters in Three-Phase Four-Wire
Systems. Springer Singapore, 2016. pp. 59-165. doi:
10.1007/978-981-10-1530-4_3.
3. Artemenko M.Yu., Batrak L.M., Mykhalskyi V.M., Polish-
chuk S.Y. Analysis of possibility to increase the efficiency of
three-phase four-wire power system by means of shunt active
filter. Tekhnichna elektrodynamika, 2015, no.6, pp. 12-18. (Ukr).
4. Artemenko M.Yu., Batrak L.M., Polishchuk S.Y., Mykhal-
skyi V.M., Shapoval I.A. The effect of load power factor on the
efficiency of three-phase four-wire power system with shunt
active filter. 2016 IEEE 36th International Conference on Elec-
tronics and Nanotechnology (ELNANO), 1EEE, 2016. pp. 277-
282. doi: 10.1109/ELNANO.2016.7493067.
5. Zhemerov G.G., Tugay D.V. Physical meaning of the «reac-
tive power» concept applied to three-phase energy supply sys-
tems with non-linear load. Electrical engineering & electrome-
chanics, 2015, no.6, pp. 36-42. (Rus). doi: 10.20998/2074-
272X.2015.6.06.
6. Zhemerov G.G., Tugay D.V. An universal formula clarifica-
tion to determine the power losses in the three-phase energy
supply systems. Bulletin of NTU «KhPIy», 2015, no.12, pp. 339-
343. (Rus).
7. Peng F.Z., Ott G.W., Adams D.J. Harmonic and reactive
power compensation based on the generalized instantaneous
reactive power theory for three-phase four-wire systems. /[EEE
Transactions on Power Electronics, 1998, vol.13, no.6, pp.
1174-1181. doi: 10.1109/63.728344.
8. Afonso J., Couto C., Martins J. Active filters with control
based on p-q theory. IEEE Industrial Electronics Society News-
letter, 2000, vol.47, no.3, pp. 5-10.
9. Kim H.S., Akagi H. The instantaneous power theory on the
rotating p-q-r reference frames. Proceedings of the IEEE 1999
International Conference on Power Electronics and Drive Sys-
tems. PEDS'99 (Cat. No.99TH8475), 1999, pp. 422-427. doi:
10.1109/PEDS.1999.794600.

10. G. Zhemerov, N. Ilina, D. Tugay. The Theorem of Mini-
mum Energy Losses in Three-Phase Four-Wire Energy Supply
System. 2016 2nd IEEE International Conference on Intelligent
Energy and Power Systems (IEPS-2016). June 07-11, 2016,
Kyiv, Ukraine, pp. 52-54. doi: 10.1109/TEPS.2016.7521889.

11. Zhemerov G.G., Tugay D.V. Components of total electric
energy losses power in pqr spatial coordinates. Electrical engi-
neering & electromechanics, 2016, no.2, pp. 11-19. (Rus). doi:
10.20998/2074-272X.2016.2.02.

Tlocmynuna (received) 01.06.2016

Tyeaui [Jmumpuii Bacunveguy, K.m.H., 0oy.,

XapbKOBCKUI HALIMOHAJIBLHBINA YHUBEPCUTET

ropojckoro xo3siictBa uM. A.H. bekerosa,

61002, Xapbkos, yin. Pesomronun, 12,

ten/phone +38 057 7073111, e-mail: tugaydv@yandex.ua

D.V. Tugay

0O.M. Beketov National University of Urban Economy

in Kharkiv,

12, Revolution Str., Kharkiv, 61002, Ukraine.

Three-phase energy supply systems simulation for the total
power losses components assessment.

Purpose. The goal is to optimize a structure of Matlab-model of
the three-phase energy supply system with power active filter.
The mathematical model that describes the energy supply system
modes of operation which contains additional losses is pro-
posed. Methodology. We have applied concepts of the electrical
circuits theory, mathematical modeling elements based on linear
algebra and vector calculus, mathematical simulation in Matlab
package. Results. We have developed two models of three-phase
energy supply system. The first one is based on a vector repre-
sentation, and the second one on the matrix representation of
energy processes. Using these models we have solved the prob-
lem of maintaining unchanged the average useful power for 279
cases of energy supply system modes of operation. Originality.
We have developed methods of mathematical analysis of a three-
phase energy supply systems with polyharmonic voltages and
currents in the symmetric and asymmetric modes. Practical
value. We have created Matlab-model of a three-phase energy
supply system with automated calculation of a correction factor.
It allows reducing more than one order the time for energy
processes elucidation in multiphase systems. References 11,
tables 1, figures 13.

Key words: energy supply system, power active filter, the
minimum possible losses, total losses power, three-
dimensional complex vector, Matlab-model of the three-
phase energy supply system.
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TexHika cunbHUX eJIeKMPUYHUX Ma Ma2HimHux nonie. KabenbHa mexHika
UDC 621.311.62 doi: 10.20998/2074-272X.2016.4.07

Yu.V. Batygin, E.A. Chaplygin, O.S. Sabokar

MAGNETIC-PULSE CAR BODY PANELS FLATTENING. THEORETICAL ASPECTS
AND PRACTICAL RESULTS

The aim of the article is to provide theoretical and experimental studying of the «induction system with an attractive screen» prac-
tical effectiveness with the excited magnetic pulse attractive forces numerical estimation. Originality. For the first time, the theo-
retical analysis of the electrodynamics process for the «inductor system with attractive screeny at the low frequent assumption
were conducted. Methodology of the analysis applied is based on the classic electrodynamics circuits theory. All of the resulted
carried out, were obtained as the Maxwell’s differential equation solutions and its behavior was analyzed analytically. Results.
The electrodynamics process was analyzed and the principle efficiency of the «induction system with an attractive screen» as an
effective tool for magnetic pulse forming of the thin sheet metals was substantiated. The axis distributions of the attractive forces
based on the relations been obtained were illuminated graphically. The results of experimental testing of the system in the engi-
neering operation of the external non-contact dents removing on the car body panels samples were presented. Practical value.
According to the results of the calculation analyses the fundamental workability of the «inductor system with attractive shield» as
an effective magnetic pulse sheet metal part attraction tool was proved. It was shown that the not deep metal surface damages
could be worked up by magnetic pulses technologies with a high performance in a short time. References 12, figures 4.

Keywords: magnetic-pulse forming, inductor system, field tension, inducted current density, electromagnetic processes.

Ilpogeden ananuz InNeKMpPOOUHAMUYECKUX RPOUECCOB8 U 0OOCHOBAHA NPUHYURUAILHAA PAOOMOCNOCOOHOCHL (UHOYKMOPHOU
cucmemsl ¢ NPUMAUGAIOUUM IKPAHOMY, KAK IPPHeKmuenozo uncmpymenma MazHumMHO-UMRYIbCHOI PUXIMOBKI NMOHKOCHEN-
HoIX ucmosvix memannos. Ilpedcmagnensvt pezynomamsl IKCREPUMEHMAILHON ARPOOAUUU CUCIEMbL 8 NPOU3BOOCHBEEHHOIL
onepayuu no 6HeUWIHEeMy GECKOHMAKMHOMY YOANEHUIO 6MAMUH 6 00pA3Uax Ky3068HbIX nanenel agmomoouneii. butn. 12, puc. 4.

Kniouesvle cro6a: MarHiTHO-UMIYJIbCHASI PUXTOBKA, HHAYKTOPHAsI CHCTEMA, HANPSI)KEHHOCTh MOJIS, MJIOTHOCTh MHIYIHPO-

BAaHHBIX TOKOB, 3JICKTPOMAarHUTHLIEC IPOUECCHL.

Introduction and publications analysis. The ap-
plying of magnetic fields for metals engineering is
widely used [1]. Now, the contemporary technologies
allow to make production available and technically sim-
ple of the complexes for electromagnetic-pulse metals
forming (EMF). Currently EMF technology got wide-
spread throughout the world [2]. Therefore, firms like
«Boeing», «Electroimpact» and «Flextronic» use this
technology for repair namely to remove dents on the
fuselage of the aircraft [3, 4]. We should note so com-
pany like «Betag Innovation» (last «Beule Technik
AG») that has the practice-approved experience at the
area of the development of various systems for the car
body panels dents removing [5].

In the laboratory of the electromagnetic technologies
at the Kharkiv National Automobile and Highway Univer-
sity (KhNAHU) the developments in the area of the mag-
netic pulse metal forming (MPMF) takes a place.

The complex (prototype) for the external magnetic—
pulse car body panels flattening, that is consist of the
power source and the magnetic-pulse tool series for dents
removing was developed and made [6].

The power source that in special literature called like
magnetic pulse plant (MPP) is a universal devise in its
essence, withal, the tools — the magnetic field sources,
that are called inductor systems, must satisfy the carrying
out operations correctly [1, 2].

In particular, the main purpose of the magnetic—
pulse metal processing consists in the external non-
contact car body metal flattening. The detailed enough
review of these tools, repairing technologies, its appear-
ance and historical development aspects in the treaties [7]
are presented.

According to the work principle, all tools can be di-
vided in two big groups. So, the performance of the first
group is based on the sheet metal attraction, that is caused

by curtain magnetic properties under such condition as
low frequency of the action field [8, 9]. The effectiveness
of the second group tools, that have an author’s name
«inductor system with an attractive shield (ISAS)», is
determined by conductors forced attraction, that have
same directional inducted Fouke’s currents and is de-
scribed by Ampere’s low. This system consists construc-
tively of the field source— inductor that is placed between
two sheet metal conductors. One of them — is the auxiliary
attractive shield, another one is the sheet metal simple, the
current area of which is subjected to the attractive mag-
netic pulse influence [8-10].

One of the ISAS constructions is proposed by au-
thors of the patent [11]. It supposes circle inductor, con-
ductive auxiliary shield and sheet metal sample layer-to-
layer placing. Respectively, such construction of the in-
ductor system can be an effective enough tool for the con-
temporary technologies of the automobile body panel
dents removing [12].

Purpose of the article is theoretical and experimen-
tal studying of the ISAS practical effectiveness with the
excited magnetic pulse attractive forces numerical estima-
tion. The ISAS practical testing as a tool for new method
of external car bodies flattening with protective paintwork
saving. The description of the external non-contact mag-
netic pulse flattening technological route.

Theory, calculated ratio. The accepted calculated
model of the cylindrical inductor system (tool) design for
the magnetic-pulse flattening with equal thin-walled non-
magnetic sheet metals and the flat circular one-coil sole-
noid that placed above the attractive shield surface is pre-
sented in fig. 1.

According to the articles [2, 8-10] the mathematical
assumptions were accepted.

For the calculated model fig. 1 Maxwell's equations
were composed, solution of which gives us the inducted
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currents time form. (Detail calculation sequence can be
reviewed in [1, 2, 7-10]). At the low frequency work
mode for the action fields, currents can be presented in
the next form.

1Ry

Fig. 1. The calculated model in a cylindrical coordinate system:
1 — multicoil inductor; 2 — shield; 3 — sample; d — thickness;
Rs, R, — inner and outer radii; 4 — the distance from the inductor
to the shield, 2/ — the distance between the shield and the metal
sample; €,., E(p, e, — directing vectors
The excited signal in the auxiliary shield:

h
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The linear current density that is excited in the sheet

metal sample:
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At the consider low frequency mode, as there have
been shown before, the attractive forces integral effi-
ciency tends to zero value [2, 10].

Under conditions of the hard auxiliary shield fixa-
tion, the sample will be subjected only to the attractive
forces influence. The attractive forces (Ampere’s forces)
dependence that presents in the terms of the inductor cur-
rent phase takes the next form [10].

r

o ®

FunWsr) = tto-J 3 1) I (w,r)-

The numerical estimations were made according to
the next initial data that is typical for the magnetic pulse
metal processing [1, 2]: I,, = 120 kA, @ =27-1500 Hz,
R;=0.005 m, R4 =0.05 m, d =0.001 m, #=0.005 m.

Calculation results in the fig. 2 are presented.
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Fig. 2. Spatial excited currents and attractive forces distribution:
a) the currents induced in the auxiliary shield metal — 1
and sheet metal sample — 2;
b) is the radial attractive forces distribution

On the calculated dependences in the fig. 2 it is ob-
tained that achieved attractive forces can reach up to 20
Atm. in the researched ISAS system.

The averaged surface forced impact is equal to 10
Atm. It is necessary to attend, that insignificant increase
of the current, e.g., up to 150 kA, (that is real enough
practically) gives us more than 2 times attractive forces
value increase. As the practice of magnetic-pulse metals
processing, this forced impact value is enough for effec-
tive deformation of the thin walled conductors. Ulti-
mately, the main result of the analysis of electrodynamic
processes is the conclusion about the practical effective-
ness of the proposed ISAS construction.

Experimental testing and the main results. The
ISAS principal construction that is used in experiments
and coincides with its calculated model.

Actually, based on the forced impact results, the
proposed «inductor system with attractive shield» is
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analogical to the well-known electromagnet, fig 3.b.
However, unlike the last, there can be realized the attrac-
tion not only for ferromagnetic, but also for metal of any
physical nature.

In the fig. 3 the magnetic pulse flattening complex
and the experimental ISAS prototype are presented. The
winding of the exciting coil is connected to the power
source — magnetic pulse plant MUYC-2, that was de-
signed and developed in the Laboratory of electromag-
netic technology KhNAHU, fig 3,a [6]. Its distinguishing
feature consists of the serial pulse work mode. It means
continuously predetermined number of charge current
pulses repetition, that eventually are transformed into the
power attraction pulses of the metal dents to the working
shield surface.

As experimental samples there were taken galva-
nized steel sheet metal samples and car body metal sam-
ples so Automobile mark like «Subaru» and «Citroen».
The samples thickness was ~ 0.0008...0.001 m. The dam-
ages, that were made in each sample were ~
0.0018...0.002 m and external diameter was 0.05 m.

h_______;‘h.

B r— T o e s
1 == T

Fig. 3. The external magnetic pulse flattening complex
(1 — magnetic pulse flattening tool — ISAS); 2 — the cable con-
nection; 3 — magnetic pulse plant MUY C2):
a — common complex view; b — ISAS

The technological operations was carried out under

the following terms:

e stored energy and the voltage of the capacitive stor-
age ~ 2.4 kJ and 1500 V, respectively;

e working frequency and the current pulse amplitude
~1500 Hz and ~12 kA, respectively;

e current pulses frequency ~ 5 Hz;

e power attraction pulses number, that provides
alignment of the sheet sample with a dent ~ 18...20.

In the fig. 4 there are presented the experimental
samples that illustrate examples of effective external non-
contact magnetic pulse dents removing in samples of cars
body panels of the Japanese and European production. It
is necessary to note about the safety of the protective
cover lay.

= f
Sitroen

Fig. 4. The experimental samples variety of automotive steels:
«Subaruy (a — before the power impact, b — after attraction);
«Citroen» (¢ — before the power impact, d — after attraction)
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Conclusions.

1. At the low frequent assumption, the theoretical
analysis of the electrodynamical process for the «inductor
system with attractive shield» with the external one coil
circle inductor exciting were conducted.

2. The fundamental workability of the «inductor sys-
tem with attractive shield» as an effective magnetic pulse
sheet metal part attraction tool was proved.

3. The successful experimental testing of the «induc-
tor system with attractive shield» and external exciting
for the actual external non-contact dent removing opera-
tion in the European and Japan car body samples was
conducted.

4. The external magnetic pulse flattening technical rout
was disclosed and described.

5. The experiment results showed us the efficiency of
the proposed magnetic pulse flattening tool in the practi-
cal realization for the principally new flattening method
with a paintwork covering saving.
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JI.A. lle6entok, T.FO. AHTOHEIH

JTOCJAIJIKEHHSA BTPAT B 13011111 BACOKOBOJIbTHUX CUJIOBUX KABEJIIB
3 ITIOJIIMEPHOIO 130JI11I€10

Poszenanymo cywacnuuii HopmamugHuil nioxio 00 6uU3HAYEHHA 6mpam @ i301AYil CUN0BUX GUCOKOGOIbMHUX Kadenie. B cmayionap-
Homy pexcumi nHaganmasicennn (100 %-uit koepiyicnm nasanmasicenns) 3a dirouum mixicnapoonum cmanoapmom (IEC60287-1-1)
dienekmpuyni émpamu 3anexcams minioKu 6i0 Hanpyzu i 6i0 uUKOpUCmManozo izonayiiinozo mamepiany. Cunogi 6ucoKo601bmui
Kabeni 3 i3onayicto 3i 3uumozo noniemuneny (CIIE-kadeni) maromo He3nepeuni nepeeazu neped mpaouyiiHuMu Maciom Hano-
GHEHUMU, W40 3YMOGUNO IX NOGCIOOHE 3ACMOCYBAHHA Y 6CIX POZGUHEHUX KPAIHAX | NOMIMHE CKOPOYEHHA GUKOPUCMAHHA IHUUX
munie kabenro. Pao cymmeeux ocoonueocmeii CIIE-kabenie, aKi ennueaioms na memnepamypy 6 e1eMeHmax KOHCmPYKyii Ka-
bento i, 6i0N0BIOHO, HA 6MPAMU 6 UYUX e/IEMEHMAX AK POOOUOMY, MaK i 6 asapiiinomy pexcumax é ekcnayamauii, a came: 1) oi-
b, Hidie y mpaouyiiinux Kaoenis, 3SHAUEHHA NIOWI nepepizy Hcun i moswuHu i30nauii; 2) oinvuwia, Hixe y mpaouyiitHux mac-
J1I0M HanoeHnenux Kaobenie, donycmuma memnepamypa izonauii (90 °C); 3) oinvwi, nirxic y mpaouyinnux Kadenie, 3Ha4eHHA mMo-
uyUHU [301AUIT | HANIGNPOGIOHUX eKPaHie no xcuni i no izonayii; 4) cymmeasa 3anexcHicms menaionposionocni i menioeEmMHocmi
noniemunenosol i301ayii 6i0 memnepamypu; 5) HAAGHICMb eNeMeHmMié KORCMPYKYIL 3 6UCOKUM RUMOMUM MENI06UM ONOPOM
(00 50 °C-m/Bm), ujo cymmeeo 3MiHIOE mMeMnepamypy 6 enemMeHmax KOHCMpYKyii Kadenio i, 6i0n06iOH0 empamu 6 yux eiemeH-
max. IIpeocmagneno oani uj000 euznauenna empam é cucmemi izonayii i nanienposionux ekpanie no xcuni i no izonayii CIIE-
kaobento na nanpyzy 110 kB ona enekmpogpizuunux i KOHCMPYKMUGHUX XAPAKMEPUCMUK Mamepianie cucmemu i301auyii KOHK-
PEemHo20 Kabenro Ha OCHOBI cxemu 3amiuieHHs cucmemu izonauii. Cmpym 6 yiil i3onayiiHii cucmemi € KOMRJIEKCHOIO 8elUYU-
HOW | 3HAUeHHA manzenca Kyma il OieleKmpuyHuUX empam 3a HPOMUCTIO60T YACMOMU 6UIHAYEHO AK IOHOUWIEHHA OIlICH020
cmpymy 00 peakmuenozo. B po6omi eukonano pospaxynox empam ¢ cucmemi i301auii, wy0 cK1a0Acmyca 3 i301ayii i3 3uUmo2o
noniemuneny, eKpanie no icuii i no i30aayii i3 Hanienpogionozo noaiemuneny. Poboma cnpamosana na cmeopenus memooy
GU3HAYEHHA 0ONYCIMUMO20 CHIPYMY UUX Kabenie 6 KOHKpemHux ymoeax excniayamauyii. bion. 7, puc. 2.

Kniouogi cnosa: cuiouii kadenb, CIIE-kabenb, BTpaTu B i30asuii, cucrema i3oasuii, TaHreHc Kyra AieJeKTPHYHHX
BTpAr.

Paccmompen cospemennvlii HOpMAMUBHBLIL NOX00 K ONPEOEeHUI0 NOMEPL 8 U30IAUUU CUTIOBIX BbICOKOGONbMHBIX Kabenel. B
cmayuonapruom pexcume nazpysku (100 % -nvuit Koappuyuenm nazpysxku) ¢ coomeenmcmeuu ¢ 0eiicmEYIOUWUM MeNCOYHaAPOoO-
Hoim cmanoapmom (IEC 60287-1-1) ournekmpuueckue nomepu 3a6uUcam moibKo om HANPANCEHUs U Om UCHOIb306AHHO20 U30-
AuuonHo20 mamepuana. Cuiosvle bICOK080IbMHbBIE Kabenu ¢ uzonayuen uz cuiumozo noauymunena (ClI9-xaovenu) umeiom
be3ycnosnvle npeumyuiecmea neped mpaouyuoOHHbIMU, YO 00YCI08UNI0 UX UWIUPOKOE UCNOIb306AHIE 60 6CEX PA3GUMbBIX CINPA-
HaX U 3aMemHoe coKpaujenue UCnonNb308anus Opy2ux munoe kaoenei. Pao cywecmeennvix ocovennocmeinr CII193-kabeneii, xo-
mopbule 6nuUAIOM HA MeMneEPamypy 6 31eMeHmax KOHCmPYKyuu Kaoensa u, cOOnMeencnmeenno, Ha nNOmepu 6 HUX KaK ¢ padoyux,
MaK u 6 aapuilHpIX pexcumax IKCnayamayuu, a umenno: 1) oonvuiue, uem y mpaouyuoHHbvIX MAc10M HANOHEHHBIX Kabeneil,
3HAYEHUA NOWLAOU CEYEHUS JHCUTI U MOTUUHDL U30AAYUU; 2) 00bUIAsA, YeM Y MPAOUYUOHHBIX MACTOM HANOJIHEHHBIX Kabenell,
odonycmumasn memnepamypa uzonayuu (90 °C); 3) 6orvwmue, uem y mpaouyuoHHbvIX Maciom HAnOJIHEHHbIX Kabeeil, 3HaueHus
MONUUHBL NOTIYNPOBOOAUUX IKPAHOB NO JHcule U RO u30nAUUuU; 4) cyuecmeeHnas 3a6UCUMOCIG MENTONPOGOOHOCU U MENI0-
EeMKOCHU NOIUIMUTCHOGOI UONAUUN OM MeMNePAmypbl;5) HanuYUe INeMEHMO6 KOHCIMPYKUUL C GbICOKUM YOeIbHbIM Men10-
evim conpomuenenuem (00 50 °C-m/Bm), umo cywecmeenno enusem Ha memnepamypy 6 rnemenmax Koncmpykuyuu CIII-
Kabensa u, coomeemcmeenno, na nomepu 6 nux. IIpedcmagnensvt oannsvie 0 nomepax é cucmeme, COCIOAWEI U3 UZOTAUUU U
ROYNPOBOOAWUX IKPAHOE no xHcune u no uzonauyuu CIII-kabenn na nanpaycenue 110 kB onsa anekmpogpuszuueckux u Koncm-
PYKMUBHBIX XAPAKMEPUCMUK MAMEPUAI08 CUCMEMbl U30IAUUN KOHKDEMHO20 Kabdensa Ha ocHose cxemwvl 3ameujenus. Tok 6
IMOU U3ONAUUOHHOU cuCmeMe AGNAEMCA KOMNIEKCHOU 6eIUNUHOI, U 3HAUEHUEe MAH2EHCA Y2Nia ee OUINEeKMPUUeCKUX nomeps
npu NPOMBIULIEHHOI Yacnmome onpedesieHo KaK OmHouienue 0elicmeumenbHoz0 moxka K peakmugnomy. B paoome evinonnen
pacuem nomepsv 6 cucmeme uU30NAYUU, COCMOAWLEI U3 UZ0IAUUU U3 CUIUIMO20 ROTUIMUTIEHA, IKPAHA RO dculle U IKPAHA no
U30NAYUU U3 ROAYNPOBOOAUe20 nonuImunena. Paboma nayenena na pazpabomky memooa oyeHKu RPONYCKHOU CROCOOHOCHU
CIID-kabeneii 8 KOHKPEMHBIX YCA0GUAX UCHBIMAHUIL U IKcnayamayuu. bubn. 7, puc. 2.

Knioueswvie cnosa: cunooii kadeanb, CIII-kabeiib, noTepU B M30JIUNH, CUCTEMA M30JIALMH, TAHTEHC YIJIa JUIJIeKTpuYe-
CKHX MOTEPbD.

IMocranoBka mpodaemu. BucokoBonbtHi CIIE-  mo-mepie, 3yMOBIIOE BHCOKI 3HAU€HHS JOITYCTHMOTO

Kabei MaloTh PsA CYTTEBUX OCOOJIMBOCTEH, SKi BIUIMBA-
I0Th Ha TEIUIOBUH PEXHM SIK poOouoMy, Tak i B aBapiii-
HOMY peXXHUMax B eKCILTyaTallii:

e OinpmIi, HK Y TPAOUIIHHUX MAacjioM HalOBHEHUX
kabeniB, 3HaYEHHS IUIOIII Tepepi3y KW i TOBIIHHH
130JIA11i1, 110 3YMOBJIIOE CYTTEBY 3aJCKHICTh MPOLECY
HarpiBaHHs KaOeIt0 BiJ TEIIOEMHOCTI JKMJIH 1 130Js1i{
Ta BiJ BTPAT B Hild;

e OlUTbIIA, HDK Y TPAAWIIfHUX MAacClIOM HAIIOBHCHHX
kabeniB, gomyctuma Temreparypa izomsuii (90 °C), 1o,

ctpymy [1]; mo-gpyre, 30imbIIye BTpaTH B €JIEMEHTAX
KOHCTpYKIii Ka0elo, 10 BHMara€ OKpPEMOTO PO3IIIILY
BTpaT B i30Js1wii [2];

® CYTTEBA 3aJICKHICTh TEIUIOMPOBITHOCTI 1 TETIOEM-
HOCTi TIONIETHJICHOBOI i30JAIii Bim Temmeparypu (Ha-
MmpuKiIag, nuroMa TeHJ’IOCMHiCTb l'[OJ'lieTl/IJ'IeHy Inpu TEM-
nepatypi 20 °C nopiaioe 2300 Ix/kr-°C, a npu 80 °C
— 3750 Ox/xr-°C) Ta HasBHICTH €JIEMEHTIB KOHCTPYKIIil
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3 BUCOKHMM ITUTOMHUM TeIioBuM oropoMm (1o 50 °C-m/Br),
10 3MIHIOE TEIUIOBHUA PEKUM pOOOTH 130JAMii MopiBHA-
HO 3 PEeXUMOM pOOOTH TPAIUIIITHUX MAacIOM HAaIlOBHE-
HUX KaOeJiB.

ToMy mocimKkeHHs BTPaT B i30JAIii BUCOKOBOJIBT-
HUX KaOejiB 13 3IIMTOI0 IOJIETHIECHOBOIO 130JIAIIEI0, €
HEOOXITHUM ISl IPUUHSTTA TEXHIYHUX PIIeHb MO0 X
MIPOMYCKHOI 1 epeBaHTaKyBaJIbHOI CIIPOMOKHOCTI.

Ananiz niteparypu. Iloenranus Bucokoi po6odoi
Harpy>XeHoCTi eJekTpudHoro mois (1o 8 kB/mMM i Oinb-
Ie) 3 TPUBAJOKO MiJBHIICHOIO TEMIIEPATYPOIO 1301l
(mo 90 °C i Oinblre) 3yMOBIIOIOTH 3aCTOCYBaHHS TPHBaA-
JHX 1 foporux BunpoOyBans (long-term test) [3], 3a sku-
mu CIIE-kabeni mignarTh COTHSIM IUKIIB HATPIBY (KOXK-
HUH 10 8 TOAWH) 3 OMHOYACHOIO JI€I0 TiIBUIICHOT HATIPY-
ru 1,7U; B mporieci nii OUKIIIB HATPiBY KOHTPOIIOIOTH BCi
OCHOBHI IMapaMeTpu:

® CIEKTPUYHI (TAHTEHC KyTa IieNeKTPUYHHX BTpaT,
piBEHb YaCTKOBHX PO3PSIIB);

e TeruIoBi (Temmeparypa B eJ€eMEHTax KOHCTPYKLIl
KabeJsto 1 Ha oro MoBepxHi).

B Toii e yac mpomycKHa CIPOMOXKHICTh CHIIOBHX
Ka0elliB BU3HAYAETHCS BUKIIOYHO PO3PAXYHKOM B HOMi-
HAJIBHUX YMOBaX, TOOTO B CTalliOHAPHOMY PEXKHMi HaBa-
HraxeHHs (100 % -unit xoediieHT HaBaHTaXeHH:) [4].
BinmoBinHo, HOMiHATBHHUN CTPYM I,, — HEOOMEXKEHO TpH-
BaJIHiA, 33 IKOTO BCTAHOBIIOETHCS MaKCHMallbHA TeMIIepa-
Typa KIIU [PH HOMIHAJIBHIX YMOBaX OTOYYIOUOTO cepe-
JoBuina. [IpakTHYHO 3aCTOCOBHI pPO3paxyHKOBI Mojeni
JUTA BU3HA4eHHS [, 000B’S3KOBO BKIIIOYAIOTH PO3PAXYHOK
BTPAT B 13011111 BUCOKOBOJILTHHX KabOemiB [4].

OCKIJIbKH BTPATH B €JIECMEHTaX KOHCTPYKIIT KaOeIto
OIIOCEPEeIKOBAaHO BIUIMBAIOTh Ha BTPATH B 130JiALlii, a B
yMOBax eKcIulyartallii kabeiab MPaKkTHYHO HIKOJHU HEe Tpa-
IIO€ B CTAI[IOHAPHOMY TPAHUYHO JAOMYCTHMOMY PEKHUMI,
TO IUTS TIEPEBIpKU TPAIe3TaTHOCTI KOHKPETHUX KaOeliB
BHKOPHCTOBYIOTh a00 cIieriaibHi 1aboparopii [5, 6], abo
Kabenp MpUAMAlOTh MM TapaHTii BUpoOHHMKA. OcCTaHHE
O3HaYa€ HEOOXITHICTH AOCIIIKEHHs Y BHPOOHHKA BTPAT B
13011111 KOHKpEeTHUX KabemniB. O4eBHIHO, III0 HOPMOBaHI
PO3paxyHKH € HeOOXiTHUMHU. AJle JUTsS iHHOBAIliIHOT Tpo-
JYKIIii, sIKa CYTTE€BO BiAPI3HAETHCS BiJ TPAAUIINHOI, BHU-
KOPUCTAHHS TUTBKM HOPMOBAHHUX METOJIB € HEIOCTATHIM.
Hanpuknan, B [7] HaMu 3aIpONIOHOBAHO METOJI BUKOPHU-
CTaHHS yHIBEpCAJIbHUX 1 YHI(IKOBaHHX PO3PaxyHKOBHX
MoJiesIel MPOIEeCiB TEII0 i MacoOOMiHy B BUCOKOBOJIBT-
HUX Ka0elnsix 3 INIACTMAcOBOIO I30JALIECIO VIS JTOCIHI-
JUKCHHS 1X TPOITyCKHOI CIIPOMOXHOCTI HUIIXOM iHTEp-
BaIIHOTO OIIIHIOBAaHHS mapameTpiB Moxeneil. [lokazaHo,
o0 JUIA PO3PaXyHKY IMPOITYCKHOI CIPOMOYKHOCTI CHIIO-
BOT'O BHCOKOBOJIBTHOTO Ka0eJso 3 MIacTMacoBOK 130J1si-
€0 HeoOXiJHE CHiJbHE BUPINICHHS MOJENEH, K Onu-
CYIOTh KOHCTPYKTHBHI, €JIeKTPHYHI, TEIJIOBI Ta €KOHO-
MiuHI mapamerpu kabenro. HaBeneno pimeHHs ans on-
HOXKHIBHOTO Kabemo mepepizom 625 MM’ Ha Hampyry
220 kB. BcTaHOBIIEHO, IO ONTHUMAJIBHHUEA J1alla30H TOB-
IUHY 1305111 Bix 9,5 MM o 10,5 MM i ipu mmogambImo-
My 3MCHIICHHI TOBIIMHHM i30JIAIi1 MPOITYCKHA CIIPOMOXK-
HICTPh Ka0eJr0 3MEHITYEThCS.

Meta po60TH — OLIHUTH MOTYXXHICTH BTPAT B CHC-
temi 3o CI1E-kabesnto Ha Hanpyry 110 kB B HoOMiHa-
JHHOMY PEXHMI HaBaHTA)KEHHS 3a JIOMOMOIOI0 CXeM 3a-
MIIIICHHS.

PesyabTaT nochaimkenb. B ocHOBY po3paxyHKiB
BTpar B i3onii BucokoBombTHHX CIIE-kabeniB mokia-
JICHO aHAJOTiI0 IIPOIECIiB TEIUIO-MacooOMiHy, 30Kpema
MIPOIIECiB TIEPEHECEHHS 3apsliB 1 MPOIECy MepPeHECEHHS
Teruta. BiamoBimHI MOmeni OJXHAKOBiI 32 CBOEKD CTPYKTY-
POIO, BOHH BKIIIOYAIOTH K 0a30Bi Pi3HHIIO TOTECHIIIATIB
(eMEKTPUYHHUX YH TEIUIOBHX), IMOTIK, OIMIp, IMPOBIIHICTB.
BiamnoBinHO Bei iHII €IEMEHTH MOJIEINEH, 110 OMUCYIOTh
TOM YM IHIIMH MPOIIEC, € MOXIAHUMH BiI IIUX BEJIWYMH, 1
MaTeMaTU4HUH OIKC TOTO YM IHIIOTO MPOLECY B CHCTEMI
JudepeHIiiHIX PpIBHSIHb € JOCHTh YHIBEPCAIbHHM Ta
yHiikoBanum [2, 3].

VY nmnmiHapuIHUX KoopauHatax (r, 6, z), HaHOUTBII
NPUAHATHUX JUIS ONKCY IPOLECIB TEIIOMacooOMiHY B
KaOeIsix, s MOTEHIlially 3aCTOCOBYIOTh piBHSIHHSA Ilyac-
COHA, B AKOMY, SIKIIO IOTEHIa)l () 3AJICKUTh TUTBKH Bix
paniyca r (pamianbHe IOJie B OIHOPIAHIA pEedOBHHI), Tpa-
JUEHT MOTEHIITy 00epHEHO HPOIOPLIHHUN 10 pajiyca:

—doldr = p/[rIn(r./r)], (1)
Iie 1y, ', — PafgiycH eKBIMTOTEHINiaNeH, MiXK SKUMH Ma€ Mic-
1Ie paaiagbHe TI0Jie B OAHOPIAHIA PEUOBUHI, 1< 2; ¢ = @
mpur=r,ip=0n0pur=r,.

111 Mozmenb € OCHOBHOIO PO3pPaxyHKOBOIO MOAEIIIO,
0 BUKOPHUCTOBYETHCSI B KaOeNbHIM TEXHIll Uil OMUCY
CTaLiOHApHHX IPOLIECIB MEPEHECEHHs 3apsiiB 4K Teruia
4yepe3 OJHOPIIHY PEUOBHHY B PaIialibHOMY IOJI.

OCKUTBKY TTOTEHINiaNl 3aJIC)KHUTh TUIBKU BiJ pajiyca
JIMIIE 32 YMOBH HEOOMEXEHO JIOBroro Kadesro, a pe4oBH-
Ha, B K BigOyBaeThCsS TMpoOIleC MEePEHECEHHs, B Till 4H
IHIIIA Mipi € HEOTHOPIAHOKO, TO 3acTocyBaHHS Moxeni (1)
3yMOBJIIO€ ITOXHOKY TUM MEHILY, YUM Ha3BaHi BUILE yMO-
BH Oymokdi 10 peanpHOCTI. [I]00 yHUKHYTH CyTT€BOI IO-
XHOKH, TpeOa OOYMCICHHS BUKOHYBAaTH JUIS IHTEpBaIIiB
MOXIIUBHX 3HA4€Hb MapaMeTpiB 1 MOPIBHIOBATH Pe3yJib-
TaTH PO3PaxyHKIB i3 pe3ysibTaraMu, L0 BUILIMBAIOTH 3
peabHOro A0CBIaY.

Hanpuxknaza, npu po3paxyHKy BTpar y JieNEKTPUKY
Ka0eJIiB 3 MOMIETHIICHOBOIO 130JIs1i€I0 Tpeba BUKOPHCTA-
TH IHTEpBaJl 3HAYCHb MUTOMOI'O TEIIOBOTO OIOPY 1307151~
Iii, OCKUTBKH Iell mapaMeTp 3aJeXUTh Bill TeMIIepaTypH
[7]. BukopucTaHHs aHAJOTIi MIPOILIECIB TIEPEHOCY 3apsiiB
1 IepeHoCy Teria Uil BU3HAYCHHS PO3MOILUTY HaIpyxKe-
HOCTI 1o B eneMmenTax KoHCTpykmii CITE-kabemro, ax-
II0 MpoLEeC INEPeHeceHHs cTanioHapHuil (mapamerpu
MPOILIeCy HE 3aJIeKaTh BiJl 4acy) 1 IIHIHUM, BIAHOIICHHS
BIJMOBIAHUX PYILiHHOT Pi3HUII MOTEHLIATIB (HAPHKIIAJ,
pi3HHLS TeMiepaTyp 7, K) 10 iHTEeHCUBHOCTI MOTOKY ([U1st
TeroBoro notoky P, Jx/c) € cranmum. Toai mjist MOTOKY
yepe3 OyIb-SKHH OJHOPINHMHA eJNeMEHT KOHCTPYKIIl
Kaberto:

7=P-S, 2)
Iie S — orip exeMeHTa KOHCTPYKIii KabeIro.

SIKImo TOTIK TETUTOBWIA 1 pamialbHUM, TO TEIUIOBUI
omip 130JIA11ii BU3HAYAETHCS HA OJAMHHMIIO JTOBKUHU Ka-
6esro hopmMyJIoro :
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S; = oin(ry/r)2x, 3)
Ie 7y, ¥, — paAlyCH eKBIMOTEeHLianel pamiaJbHOrO MO
BIZITOBIAHO IO KHJII 1 MO 130JIA1il; 0, — DIUTOMHI TEIUIO-
BUH omip 130Jms1ii.

Cucrema i3oimsiii CITE-kabeno CkiagaeThest 3 Io-
CIIJOBHO PO3TAIIOBAaHWX INApPiB PI3HUX MaTepiaiiB: Ha-
IBIPOBITHOTO €KpaHy IO KM, 130J1il 1 HamiBOpPOBi-
HOTO eKpaHy Mo 130Js1iii. ToMy JJIsl po3paxyHKy MpoLecy
MEPEHECeHHsT 3apsiliB MPU MOCTIHHOMY CTpyMi B TaKii
crcTeMi HeOOXiJJTHO BpaxyBaTH pi3Hi 3HAUEHHS IUTOMOTO
€JIEKTPUYHOTO OIOPY BCIX TPHOX EIIEMEHTIB.

HamiBnpoBiaHi €KpaHH 1O KHJIi 1 10 13011l CKIa-
JAIOTHCS 3 KOMIO3UIIIITHOTO MaTepianxy — 3IIUTOrO TOJTi-
€TUJICHY, HAIlOBHEHOTO all€TUJIEHOBOK caxero. Takuil
MaTepian 3a CTPYKTYPOIO 1 XapaKTepUCTHKAMH MOYKHA
PO3TJISLIATH SIK HElJeanbHUI AieIeKTPHUK, 110 TPOBOJUTH
CNeKTPUYHUA CcTpyM. J[7Is OpiEHTOBHOTO OIliHIOBAHHS
HOTY>KHOCTI PO3CIIOBaHHSl €Heprii B HamiBIPOBITHUX
eKpaHaX KOHKPETHHX KOHCTPYKIIii kaOeliB MOXHa BH-
KOPHUCTATH Pi3HI CXEMH 3aMiIlEHHs CHCTEMH «HAIiBIPO-
BITHUN €KpaH 10 JKWIi — 130JIMisl — HaIiBIPOBIIHUIA
eKkpaH 1o i3ossiniiy. Hampuknan, Bimomy mnapaienbHy
CXEeMy 3aMIIIeHHS I KO)KHOTO 3 CIIEMEHTIB CHCTEMHU,
HaBeJeHy Ha puc. 1.

SAxmro mapamerpu cxemu 3amimenns Ci, Cy, Cs3 1 Ry,
Ry, R; BU3HAYUTH 32 BiZOMUME (OPMYIaMHU JUIS pajdiaib-
HOTO €JICKTPUYHOT'O TOJISL:

C =2meey/ln(ryr), 4
IIe &) — eJIEKTPUYHA KOHCTAHTa, & — BITHOCHA JlieNeKTPHY-
Ha TPOHHKHICTH 130JA1T; &) = 1/1 ¢’ = 8,85-10"% d/um;
co = 2,99..x10° m/c — wBHAKICTH CBiTNA y BaKyyMi;
o =4 10 Th/M — MardiTHa KOHCTAHTA;
R = Q2ny) " In(ry/ry), 5)
Jie Y — IUTOMa eJIeKTPONPOBIJHICTh MaTepially eJIeMeHTY,
TO BIAIMOBIIHI KOMIUIEKCHI OMOPH WX E€JIEMEHTIB BH3HA-
YarThCS CHUTEHOKO (hopMyitoro (6).

E, E, Es

&1 & &3

n 72 73

dl dz d3
— ®

Puc. 1. Cxema cucremMu «HamiBIPOBIJHUI €KpaH MO KU1 —
130JIA11i51 — HAIIBIIPOBIAHUI €KpaH MO 130JALii»: &, &), €3 — Bil-
HOCHI JieeKTPUIHI IIPOHUKHOCTI MaTepialy eJIeMEHTIB,;

Y1, Y2, Y3 — HATOMI EJIEKTPOIPOBITHOCTI MaTepiany eIeMEHTIB;
d,, dy, d3 — TOBIIIMHM €JIEMEHTIB CHCTEMH

KommiekcHi onopu exeMeHTiB CHCTeMH 130111
Z=— jXRIR - jX)), (©)
ne R, X, — akTUBHUI 1 peaKTHBHUU OMip BIiAMOBIIHOTO
enementy cucremn, X, = (wC)"' = 2afC)"; f— uacrora;
C — eMHICTh €JIEMEHTY CUCTEMHU 130JISIIi1.
B (6) 3amicte Z, C, R nincraBieHO BiANOBIIHI 3Ha-
YeHHs JUIs HaMiBIIPOBIIHOTO ekpaHy 1o xwuii (Z;, Cy, R)),

13omswii (Z,, C,, Ry), HAaIBIPOBIIHOTO €KPaHy IO 130l
(Z5, G5, R3). CtpyMm, siKuii IpoTiKae yepes 1300 1 Ha-
MIBIPOBIJHI €KpaHH KaOero BH3HAYaeThCs (pasHOIO Ha-
npyrot kadeno U 1 cyMOI0 KOMIUIEKCHUX OMOPIB elnemMe-
HTIB CHCTEMH i30JIA1IiT Kabero:
1= U/(Z] + Zz + Z3) (7)
Hanpyra Ha eleMeHTax CUCTEMH i aKTHBHI BTPaTH B
HHUX BH3HAYEHO (OPMYJIaMU:

U =1Z; Py=Uy[Re(])—jIm()]; (8
U, =12y,  Py=Uy[Re(]) - jIm(D)]; 9
Us=1Zs;  P3= Uy[Re(]) - jim(D)]. (10)

Brparu B cucremi 1301511111 BU3HaYeHO (POpMYIIOF0:
P=U[Re(]) - jIm(D)]. (1)

TakuM YWHOM, BTpaTH B CHCTeMI i3ouiii P 3aie-
JKaTh BiJl HAIPYTH, TIOB’s3aHi 3 eNeKTPO(I3MIHIMHA Xapa-
KTEPUCTUKAMH BHKOPHUCTAHOTO Marepiany (3 BiIHOCHOIO
JUENeKTPUYHOIO MTPOHUKHICTIO €, MUTOMOIO EJIEKTPOIPO-
BITHICTIO y) i 3 TEOMETPUYHHMH PO3MipaMH EIIEMEHTIB
CHUCTEMH 1301111,

3 iHII0r0 OOKY HMPAKTUYHO 32aCTOCOBHOIO 1 PEKOMEH-
JIOBAaHOIO BIATIOBIAHAM MDKHApOJHUM CTaHAapTOM [2]
(hopMyIior, 3a KO BH3HAYAKOTh BTPATU P, B AieNeKTpH-
Ky CHJIOBHX BHCOKOBOJIbTHHX KaOeJiB, € CHiBBIIHOIICH-
Hsl, [0 BKJTFOYAE 3HAYCHHS TAHTEHCA KyTa JICIEKTPUUIHHX
BTparT 1g0:

P,= wCUgd, (12)
Jie @ — Kpyroea 4actora, @ = 2zf; C — eMHICTh Ha OJIHU-
1o powxkuny; U — pa3Ha Hampyra.

3HAuCHHSI TAHI'CHCA KyTa JICICKTPUYHUX BTPAT BH-
3HAYAKOTh EKCIEPUMEHTAIBHO. [IJisl 3IIUTOrO MOJieTHIe-
HY BUCOKOBOJBTHHX KaOeniB B [2] HaBeIEHO 3HAUCHHS
tgd = 0,0015. IMoTyxHicTh BTpaT P, y IieNeKTpHUKy Kabe-
mo AITBEBurg 1x500 ma 110 kB 3a (12) craHOBUTH
P,;=0,33 Br/m.

3HadyeHHS MOTYKHOCTI BTpaT B CHCTEMi 130JAmii
pospaxoBane 3a Qopmyrnoro (11) mns mporo kabemto
P = 0,34 Br/M npu nUTOMIH €JIEKTPOIPOBIIHOCTI JieseK-
tpuka 10" Cm/M i nuTOMIil enexTponpoBiaHOCTi MaTepi-
aJTy HAIBIPOBITHUX EKPaHIB B Jialla30Hi Bix 107" Cm/m
10 10" Cm/M. OueBnaHO, MO 3aCTOCYBAHHS GLMbII CKIAM-
HUX CXEM 3aMIIICHHS CHCTEMH «HAIIBIPOBIIHUIA EKpaH
TIO YKWJTI — 130JISILIisI — HAIBIIPOBIAHUH €KpaH 110 130JIs1i1»
Kabero MoXke 3a0e3NevnTH OUIBIIY TOYHICTH PO3paxyH-
KiB. AJle BignoBigHicTs 3Ha4eHb Py 1 P € 10CTaTHLOIO IS
BUpIIIEHHS 3a JOIIOMOTOI0 JaHOi CXEeMH 3aMIIIeHHS I10-
CTaBJIeHOI 33/1a4i, a caMe, — OPIEHTOBHOI OLIIHKK BTPAT y
HaIiBIIPOBITHUX €KpaHaX BHCOKOBOJBTHOTO Kabemto mo-
PIBHSHO i3 BTpaTamu B HOTO 13071111

3a nmomomoroto (7) TaHreHC KyTa JieNeKTPHYHHX
BTPaT CHCTEMH 130JAIL[i1 MOXe OyTH BU3HAYEHO SIK BiIHO-
LICHHS JIHCHOTO CTPYMY JI0 PEaKTHBHOTO:

tgd = Re()/Im(I). (13)

Ha puc. 2 HaBeieHO UIIOCTpALIO pe3yJbTaTiB Po3-
paxyHkiB 3a (13) y BuTmsmi 3aieXHOCTI TaHTEHCa KyTa
nienekTpuyHUX BTpaT cuctemHu i3oisiuii CITE-kabento Ha
Hanpyry 110 kB Bix muTOMOi eneKTponpoBiJHOCTI MaTe-
piary expana. L{i mani, mo-mepire, cBiq4aTh Ipo Te, IO
3MEHIIICHHSI HUTOMOI EJIEKTPOMPOBITHOCTI Marepiany
€KpaHa 3yMOBIIIOE 30UIbILICHHS] BTPAT B €KpaHi, aie B JI0-
CTaTHBO IIHMPOKOMY Iiama3oHi 3HAYEeHb MUTOMOi ENeKT-
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POIIPOBIAHOCTI MaTepiady eKpaHa, A0 SKOTO HaJeXaTh
peanbHi 3HaUYEHHS y BiIMOBITHMUX KOHCTPYKIISX KaOeIto,
a came Bix 10° Cm/M 10 107 Cm/M, TIOTYKHICTIO BTpAT y
HAIBIPOBIIHUX €KpaHaX MOYKHa 3HEXTYBaTH Yy MOPIB-
HSIHHI 3 TIOTYKHICTIO BTPAT B 130JIALII.

[To-npyre, MakcMMyM Ha 3aJIe)KHOCTI TaHT€HCA KyTa
nienekTpuyHux BTpaT cuctemu i3omsiuii CITE-kabemo Ha
Hanpyry 110 kB Bix IHTOMOI €NEeKTPOIPOBITHOCTI MaTe-
piany ekpaHa y, 3a OyIb-KHX 3Ha4€Hb BIJTHOCHOI JTieJeK-
TPUYHOI MPOHUKHOCTI Marepialy eKpaHa 3HaXOAWUTHCS
JTAJIEKO BiJl peaIbHUX 3HAYeHb ), (IOHAWMEHIIE Ha 11 ATh
MOPSIIKIB), TOOTO LE MakCUMyM HE Ma€ IPaKTHUYHOTO
3HA4YCHH:I.

ITo-Tperte, 3a pealbHUX 3HAYCHB BiTHOCHOI Mi€ICKT-
PUYHOI IPOHUKHOCTI MaTepialy HaIiBIIPOBITHIX €KpaHiB
B cucTteMi i30ssamii BucokoBoibTHUX CIIE-kabemnie (He
menire 100 mpu gacrori 50 I'iy), MakcMManbHE 3HAYCHHS
tgd HabmmkaeThcs 10 HopMaTuBHOTO (226 = 0,0015). Ile
CBIIYMTH NPO NMPUHHSTHICTh CXEMH 3aMIllIEHHS Y BUTIISII
TOCITITOBHOTO 3’€HAHHS KOMILJIEKCHUX OTIOPiB TPhOX
€JIEMEHTIB CHCTeMH 130J1s1lii. Bei elleMeHTH npeacraBieHi
napajiCJibHUM 3’€[lHaHH51M AKTHUBHOI'O i PCAKTUBHOTO
oropy.

MaxkcuMyM Ha 3aJIe)KHOCTI TaHTEHCa KyTa MieJeKT-
puuHux BtpaT cucremu i3ossinii CIIE-kabento mae micie
3a yMOBHM pPIBHOCTI aOCOJIOTHHX 3HAY€Hb AKTHBHOTO i
PEaKTHBHOTO ONIOPY HAIIBIIPOBITHUX €KpPaHiB:

Re(Z) = Im(Zy); (14)

Re(Z3) = - Im(Z3), (15)
IO CBIAYMTH MPO MEPEBAKHO EMHICHUI XapakTep CTpyMy
Yyepe3 HaIiBIIPOBIIHUNA €KpaH NPH pealbHUX 3HAYCHHIX
eJIeKTpO(I3NYHUX XapaKTepUCTUK MaTepially HarliBIpo-
BiJTHOTO EKpaHy.

tgd = Re(I)/Im(I)
5

. |
=23
o0
o @
0.1 *
[ [ ]
o | o
[ [
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& = 2000 & =180 lg 14
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Puc. 2. 3ajeKHOCTI TAHI'€HCA KyTa JieIeKTPHYHHUX BTPaT
cuctemu i3omsuii CIIE-kabento na nanpyry 110 kB Bix
MUTOMO{ ENEKTPOIPOBITHOCTI MaTepially eKpaHa 3a Pi3HUX
3HAaYeHb BiJIHOCHOT AieNeKTPUYHOT IPOHUKHOCTI MaTepiaiy
eKpaHa &, (HaBeJeHi pe3ybTaTH OJepiKaHi s Kabeiro
3 TOBIUHOKO 130JsIMIiT 16 MM)

BucHoBkn

1. 3a 10MIOMOrOr0 aHaJi3y CXeMH 3aMilllcHHS BH3HAYE-
HO TIOTYXHICTh BTpaT B cuctemi i3omsamii CIIE-kabemio Ha
Harpyry 110 kB B HOMiHaITEHOMY pEXXUMi HABaHTAKCHHSL.

2. Buxozsuu 3 TOro, IO 3HAYEHHsI /g0 3IIUTOrO MOJi-
etmieny 3a crangapramu [EC cranosuts 0,0015, Bu3Ha-
YEeHO, 10 MOTYXKHICTH BTpPAT B CHUCTEMI 130JIsii KaOero
AIIBEBHr 1x500 Ha 110 kB nopisaroe 0,33 Br/m. 3Ha-

YEeHHsI TIOTY>KHOCTI BTpaT B CHCTEeMI 130JIA11i1, po3paxoBaHe
3a CXEMOIO 3aMIIeHHs Ul IbOr0 K KaOero, CTAaHOBHUTH
0,34 B1/M npy nuTOMiil €JIEKTPONPOBITHOCTI Ji€NeKTPHUKa
10" Cw/m Ta muroMiii eneKTPONpPOBINHOCTI Marepiany
HAIIBIPOBIIHUX €KPaHIB B Miama3zoHi Bif 107" Cm/M 1o
10" Cw/m.

3. CtpyMm, sKkuil Tedye yepe3 i30JIsIMil0 1 HaIiBIPOBIAHI
eKpaHH Kabelro, BU3HAYAEThCA (Pa3HOI0 HANPYTOIO 1 Cy-
MOIO0 KOMILIEKCHHX OIOPIB IMX E€JIEMEHTIB KOHCTPYKLIl
kabexro. KpurepieM KOpEeKTHOCTI pe3ysbTaTiB pO3paxyH-
KiB 32 CXEMOIO 3aMillleHHs € (GaKTUUHU 30ir HUX pe3yib-
TaTiB 3 JaHUMH MDKHapOIHMX HOPMAaTHBHHUX JIOKYMEHTIB.
Bigrak Mo)kHa 3pOOHMTH BHCHOBOK, IO PO3PaXYHKH 3a
NPUHHATOI0 CXEMOKO 3aMIIIeHHS MOXKHA 3aCTOCOBYBAaTH
JUTSL OPiEHTOBHOI OLIIHKK HEOOXiTHOCTI BpaxyBaHHS BTpaT
y HamiBIPOBIJIHUX €KpaHaX BUCOKOBOJIBTHOTO Kabelnto
MOPIBHSHO 13 BTpaTaMu B HOTO 130111,

4. B m0CTaTHRO IMUPOKOMY Mialla30Hi 3HAYCHb TUTOMOI
€JIEKTPOIIPOBIIHOCTI Marepialy eKpaHa, J0 SKOTO Hae-
’KaTh pealbHl 3HAYEHHS y BIiANOBIAHHX KOHCTPYKILISAX
Kkabeito, a came Big 107 Cm/m g0 10 CM/M, HOTYXHICTIO
BTpaT y HaMiBIPOBIIHUX €KpaHaX MOKHA 3HEXTYBaTH y
MOPIBHSIHHI 3 OTY)KHICTIO BTpAT B 130J1sL1.

5. 3MeHIIeHHsI MUTOMOI €JIEKTPOTIPOBIAHOCTI MaTepia-
JIy eKpaHa 3yMOBIIIO€ 30UTBIICHHS BTPAT B CHCTEMI 1301151~
uii kabemo. BiAmoBimHO Ha 3aJIe)KHOCTI TaHreHca KyTa
JIEJICKTPUYHUX BTPAT CUCTEMH 130JIA11ii BHCOKOBOJITHO-
ro CIIE-xabenro croctepiraerbcss MakKCUMyM. 3HadeHHS
MUTOMOI EJICKTPONPOBITHOCTI MaTepialy eKpaHa 7., 3a
AKOTO € MAaKCUMYM BTpar:

® 3HAXOIUTHCS JAJICKO BiJ peallbHUX 3HAYeHb ), (II0-
HalMeHIIIe Ha IT’SITh NOPSAAKIB), TOOTO HE Ma€ PaKTHIHO-
r'0 3HaYCHHS;

® 33 pealbHUX 3HAYeHb BIIHOCHOI IieNEKTPUIHOT
IIPOHUKHOCTI MaTepialy HamiBOpPOBIIHUX €KpaHiB B CHC-
TeMi i3oimsnii BucokoBosibTHUX CIIE-kaOeniB (He MeHIe
100), MakcumanbHe 3HAYEHHS /g0 HAOMMKAEThCA 10 HOP-
marusHoro (1g6= 0,0015);

® MaKCHMyM Ha 3aJIe)KHOCTI TaHTEHCa KyTa ieleKT-
prunKX BTpar cucteMu izousinii CITE-kabemto mae Mmicue
32 YMOBH PIBHOCTI a0CONIOTHHX 3HAY€Hb AKTHBHOTO 1
PEaKTHBHOTO OIMOPY HAIBIPOBIAHUX €KpaHiB, IO € BiIac-
THUBICTIO IPUHHATOT CXEMH 3aMilECHHSI.
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Investigation of losses in insulation of high-voltage power
cables with XLPE insulation.

In this paper the authors calculate the losses in insulation sys-
tem cable with XLPE-polyethylene as a solid dielectric insula-
tion and with semiconductor polyethylene used as a conductor
screen and an insulation screen. The paper is devoted to the
investigation of losses in the insulation system of high-voltage
XLPE-cables. The line of XLPE-cables in group running hori-
zontally, provided that the cables are of equal diameter and emit
equal losses. It is limited to the following: the air flow around
the cables may be necessary restricted by proximity to next ca-
bles. The dielectric losses are voltage depended and related to
the insulation system materials being used. All current in this
insulation system are complex quantities containing both real
(Re(1)) and imaginary (Im(l)) parts. Values of the loss factor of
the insulation system at power frequency tgd are given
astgd = Re(l)/Im(l). It was proposed the quantities criterion of
the loss factor of the insulation system to high voltage XLPE-
cables. The work is devoted to creation of a method for calcula-
tion of the current rating of high-voltage cables in conditions
function. References 7, figures 2.

Key words: power cable, XLPE-cable, insulation losses,
insulation system, loss factor.
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EnekmpuyHi cmaHuii, Mepexi i cucmemu
VK 621.311.171

doi: 10.20998/2074-272X.2016.4.09

P.B. 3aiines, M.B. Kupuuenxo, A.B. Xonog, JI.B. 3aiinesa, [I.C. Ilpokonenxo, I'.C. XpunyHos

PO3PAXYHOK POBOUYUX TAPAMETPIB BUCOKOBOJIbTHOI CUCTEMH BIJIBOPY
HNOTYXHOCTI ®OTOEJIEKTPHYHOI CTAHIIIT

Ilposedeno ananiz po6omu cucmemu 6i060py nomyxncnocmi pomoenekmpuunoi cmanyii 3 6UKOPUCMAHHAM RIOBULLYBATILHOZ0
nepemeoprosaua. Ilokazano, ujo Koegpiyienm Kopucnoi 0ii maxoi cucmemu 6 wiupoxkomy oianazoui oceéimnenocmi gpomoenexm-
PUUHO020 MOOYNA 3HAX00UmbCA Ha pigni 0,92, mooi ak ehekmuenicmop K1aCUUHUX cucmeMm i000PY ROMYMHCHOCHI He nepesuLye
0,70. Po3pobneno npunyunoga eaeKmpuiHa cxema pezyib08ano20 MOCHI08020 PE3OHAHCHOZ0 RIOGUWYIOU020 Repemeoplosaud 3
uugposum Kepysanuam, uio 3adezneuye HadiHicmy podomu, WeUOKe i MOUHE 3HAX00HCEHHA MOYKU MAKCUMATLHOT ROMYNCHO-
cmi i echexkmuenicms nepemeopennsn 0o 0,96. bion. 7, Tabun. 3, puc. 4.

Kniouosi cnosa: poToeHepreTHUHMIT MOy b, MiABHIYIOUMIi IIepPeTBOPIOBAY, CHCTEMA BiI0OPY MOTY:KHOCTI, ()0TOEJEKTPHYHA
CTaHUisA, KoedinieHT KopucHOI Aii.

Ilpogeden ananus pabomol cucmemovl 0moOOPa MOWHOCIMU (HOMOINEKMPUUECKO CMAHYUL C UCNOIb306AHUEM NOSLIULAIOU|E20
npeoopasosamensa. Ilokasano, umo Korpguyuenm nonesnozo delucmeus marKoil CUCHeEMbl 6 WUPOKOM OUANA3OHE OCECULEHHO-
cmu ghomornekmpuueckozo mooyna Haxooumcea na yposue 0,92, mozoa kax 3gpghpexkmugnocms Knaccuveckux cucmem omoopa
mouwinocmu He npesviuiaem 0,70. Pazpabomana npunyunuanbHas 31eKMPUiecKas cxema pecyiupyemozo Mocmo6o20 pe3oHaHc-
HO020 nogvlUIaIow|ez0 npeodpazoeamensi ¢ YUPPOGLIM ynpagienuem, 00ecneuuealou|an HadeHCHocCmy pabomsl, dvicmpoe u nmoy-
HOe HaAX0XHcOeHUe MOYKU MAKCUMAIbHOU MOWHOCIU U Ihekmuenocms npeodpasosanusn oo 0,96. bubn. 7, Tadn. 3, puc. 4.

Knrouesvie cnosa: porodnepreruueckuii MoayJib, NOBBLIIAKINMIL IPeodpa3oBaTellb, CHCTEMa 0TOOpPA MOIIHOCTH, (HOTOIJIEK-

TpUYecKas CTAHIUsl, KO3 (PUUUEHT M0JIe3HOr0 AeiCTBHUS.

Beryn. [lns 3abesneueHHs: BUPOOJICHHS MaKCHMa-
JBHOI €NEKTPUYIHOI MOTYKHOCTI (POTOETCKTPUIHOI CTaH-
aii (PEC), xpiM BUKOpUCTAaHHS BHCOKOS(hEKTHUBHHUX (o-
ToenekTprudanx MonyiiB (OEM), ocHameHuX KOHIIEHT-
paropaMu COHSYHOTO BHIPOMIHIOBAaHHS, HEOOXIIHO BH-
KOPUCTOBYBaTH BHUCOKOC()EKTHBHY CHUCTEMY BiIOOpY IO-
tyxHocti (CBII) [1]. HaiiBaxnuBilow CKIaI0BOIO Yac-
THHOIO cucTeMH Binbopy noryxHocti € DC-DC neperso-
proBau, sikuid 3abe3reuye MiIBUILEHHS OCTIHHOT Harpy-
', 10 BUPOOIISIEThCS B mpoleci exciuryaranii ®EM, s
{oro mojansioi BUCOKOE(EKTUBHOI Iepeiadi i epeTBo-
pensst [2, 3]. Tlpu oMy, OCKUTBKH B 3aJE€XKHOCTI Bif
JICHHOI 3MiHU COHSIYHOTO BUIIPOMIHIOBAaHHS 3MIHIOETHCS 1
eIIeKTPHYHA MOTYXKHICTh, IO BHpoOmsieTbcs ®EM, TO
onrtuMizaniro KoHcTpyktuBHOro pimeHass DC-DC mepe-
TBOpIOBaYa 1 CHCTEMH BiOOPY MOTYKHOCTI CIiJI IIPOBO-
JWUTH 3 ypaxyBaHHAM BCHOTO Jiala3oHy eNEeKTPHYHOI I10-
TYXHOCTI, 1[0 MepeTBOPIOEThCs. ONTrMi3anis KOHCTPYK-
THBHO-TEXHOJIOTTYHUX PIllleHb BCIX CKJIQJOBUX CHCTEMH
NIEPETBOPEHHSI COHSYHOI €HEprii B €JEKTPOCHEPTio IMpo-
MUCJIOBOT 4acTOTH JIO3BOJIUTH MiJBUIIUTH €()EKTHBHICTH
@®EC i 3a CYyKyIHICTIO CHEPreTHYHHUX 1 €EKOHOMIYHHX I10-
Ka3HHUKIB OCATTH ii KOHKYpEHTOCHPOMO>KHOCTI Ha BHYT-
PIIIHBOMY 1 CBITOBOMY PUHKY.

IlocTanoBka 3agaui. Buxomdum 3 BHKIAQZEHOTO
BHIE, METOK PO0OTH € pPo3poO0Ka CXEMOTEXHIYHOTO i
KOHCTPYKTHBHOTO DIillIeHb Ta PO3PaXxyHOK poOOUMX mapa-
METpIB BHUCOKOBOJITHOI CHCTEMH BiJOOpY MOTY>KHOCTI
¢doroenexktpuyHoi cranuil. Ha nepiroMy erami gocmimpky-
Bajlacsl 3aJISKHICTh eNeKTpuyuHoi nortyxHocti PEM Bin
IHTCHCUBHOCTI MaJIal04Y0r0 COHSYHOTO BHIIPOMIHIOBAHHS.
Ha ocHOBI mux AaHMX Ha JpyroMmy eTari MpOBOJHMBCS
po3paxyHOk pe3oHancHoro kosia DC-DC neperBoproBaya
1 mapameTpiB Horo poOOTH, po3podisiiacs MPUHIMIIOBA
enekrpuuHa cxema DC-DC neperBoproBada, Ha TPETbOMY
eTari NMpoBOAMBCS aHai3 poOOTH CHUCTEMH BifOOpy Io-
TY’)KHOCTI 3 BHKOpHCTaHHAM miasuirytodoro DC-DC
HepeTBOPIOBaYa.

MeTtoauka nmpoBeeHHs eKcnepuMeHTy. Bumipio-
BaHHS CTPyMy KOPOTKOTO 3aMuKaHHS ([gc), HApyTH XO-
nmocroro xony (Upc), pobouoi (Iy) Ta MaKCHManbHOI
(Pyr4x) SMEKTPUYHOI MOTYKHOCTI Ta KOe(illieHTy KOpHC-
woi mii (KKJI) tumoBux mpomucioBux 3paskie ®EM ku-
TailCbKOro BUPOOHUITBA MPOBOJIUIUCS HPHU MOTYKHOCTI
COHs'YHOro BHIpoMmiHioBauHs Bix 1000 mo 2000 BT/MZ,
110 J03BOJISIE MOJIEINIIOBATH iX pOOOTY IpU 3aCTOCYBaHHI
KOHIICHTpaTOpiB. BuUMIpIOBaHHS 3a3HAYCHUX BEIHYHH
MPOBOJMIIOCS] METOJOM HaBaHTAXKYBAJIBLHOI CBITJIOBHIA
BOJIBT-aMITCPHOT XapaKTEPUCTHKH 3 3aCTOCYBaHHSAM PO3-
POOJIEHOTO 1 BUTOTOBJIEHOTO CTEHAY, OJIOK-CXEMY 1 30B-
HIIIHIA BUTJISI IKOTO HABEICHO HA puc. 1.

1
@/’:5

o

Puc. 1. briok-cxema (a) Ta 30BHIIIHIN BUTIISIT (6) CTEHAY AJIS
nociimkeHass PEM

© P.B. 3aiines, M.B. Kupuuenko, A.B. Xonox, JI.B. 3aituesa, /1.C. IIpoxonenko, I".C. Xpumy-
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CteHp 1S IpoBeeHHs nociimkerr @PEM Bkitouae
B cebe: mocmimxyBannit ®EM (1), 6mox kepyBauH: (2),
IMITyJIbCHUH OCBITJIIOBa4Y Ha OCHOBI KCEHOHOBHX JIaMII-
crnanaxis (3), MarasuH OnopiB HaBaHTAXCHHS (4) 3 €ICKT-
poHHOIO  KoMmyTamiero 3a gonomororo  MOSFET-
TpaH3UCTOpiB 1 LudpoBHi ocumiorpad, NpU3HAYESHHN
JUISL peecTpaii eKCriepuMeHTalIbHUX AaHuX (5).

JIyisi BUKOPHUCTaHHS B SIKOCTI ONOpPY HaBaHTaKEHHS
OyB po3poO0JICHUH i BUTOTOBIICHUI Mara3uH OIOpPiB HaBa-
HTa)XEHHS, KOMYTAIlii OKPEeMHX pE3UCTOPiB B SKOMY
3nificHIOEThCA 3a momomororo cydacanx MOSFET tpan-
suctopiB Tuiry IRFZ48Z, sxum nmputamanHa y BiAKpUTO-
My craHi xyxe manoro (0,011-0,012 Om) i crabinpHOO
BEJIMUMHOIO OIOPY KaHajly, Ta HE BHOCATh, TAKUM YHHOM,
CYTTEBOI TOXMOKM B BEIMYMHY OIOPY HaBaHTaKEHHS,
HaBiTh NPH BUMIPIOBaHHI CTPYMy KOPOTKOI'O 3aMHUKaHHSI.
Peecrpariist mamiHHS Hanpyrd Ha ONOPI HAaBAaHTAKEHHS
31ilicHIOBaNIacs 3a JOIOMOTo0 IudpoBoro ocruiorpada
RIGOL DS1052E, mo Mae MOKJIHBICTh O€3MOCEPETHBEOTO
M IKTFOYEHHAS 10 TIEPCOHAIBHOTO KOMITIOTEPA.

[MpuHIMD po6OTH AAHOTO CTEHIY HONATAE B HACTY-
mHOMY. [IpH iMITyIECHOMY ONPOMIHEHHI Bifl OCBITJIIOBaYa
OEM renepye ¢oTocTpyM, TPUBAIICTh aMILIITYIHOTO
3HAYEHHS CHJIM SIKOTO MPUOJIM3HO BiJIOBiIa€ TPUBAIOCTI
OCHOBHOI (ha3u TOpiHHS JIaMIIa-Criajaxy, Ska CTaHOBHUTH
6m3bK0 1 MC. AMIUTITY/IHE 3HaYEHHS CUIIU (DOTOCTPYMY,
PO3AUISAIOYKMCh, HA JIOAHY KOMIIOHEHTY, IO IIPOTIKA€E
Kpi3b IIYHTYBaJIbHUHN OMIp 1 aMILTITyIHE 3HAYEHHS CHIIU
CTPYMY, IO IIPOTIKa€ B ONOPi HaBaHTaKeHHS 4, BUKIIMKAE
MaJliHHS HAIpYTW Ha OIOpi HAaBaHTaKEHHS, SKE PEEcTpy-
€TBCS LU(POBUM 3alam'sTOBYIOUMM ociuiIorpagom 5,
10 TPAITIOE B PEIKUMI PO3TOPTKH, IO OUIKYE.

s xorTpomro Temmepatypu @EM B mporeci BuMi-
proBasb 6e3mocepenuso 10 OEM mpuenHyBamu TepMora-
py. BusHadeHHs 1 perymoBaHHS PiBHS MOTYKHOCTI BHIIPO-
MiHIOBaHHSI Ha (poHTanbHil moBepxHi ®EM B nmiana3oni
1000-2000 Br/M® 37iiicHIOBAIOCS 3 BHKOPHCTAHHSM €Ta-
JIOHHOTO (JOTOEJIEKTPUYHOI'O II€PEeTBOPIOBAYa, IO Ma€
BIJIOMY BEIIMYMHY CTPYMY KOPOTKOTO 3aMUKaHHS IIPH I10-
TyXKHOCTI BunpoMinioBanus 1000 B/ M. Jlociimkenns 3a
BKa3aHOI0 METOJIMKOIO IOCIIJOBHO POBOIMIINCS JUISl 3HA-
YeHb TOTYXXHOCTI BunpowminroBanss: 1100, 1200, 1300,
1400, 1500, 1600 1700, 1800, 1900, 2000 Bt/m i moBTO-
PproBaNUCS IS TPHOX eKCIepUMEHTAIBHIX 3pa3kiB DEM.

PesynbTaTH Ta ix 00roBopeHHs.

1. BiuiMB NMOTY:KHOCTI BUNIPOMIHIOBAHHS Ha ede-
KTHBHiCTbH po00TH )OTOCHEPTreTHYHOI 0 MOAYJISl.

XapakTepHi pe3ybTaTH JOCHIIPKCHHS eKCIepHUMEH-
tanpHUX 3pazkiB PEM npezcrasieni B tabu. 1. Ha puc. 2
NpHBe/ieHI 1Mo0yI0BaHI HA OCHOBI OTPHMAaHMX AaHHUX y3a-
rajgbHeHi rpadiku 3aeKHOCTEH HAMPYTH XOJIOCTOrO XOY,
CTPyMy KOPOTKOTO 3aMHKaHHS, MaKCUMAJILHOI MOTY>KHOCTI
i KKJI Bix mOTy>XHOCTI BHITPOMIHIOBAaHHS, IO TaJa€e Ha
¢porTansHy moBepxHo GEM. 3a pesymsTaTamu mposene-
HUX JOCHIIKEHb eKCIIepUMEHTaIbHNX 3pa3kiB DEM Mox-
Ha 3pOOUTH BHUCHOBOK, IO JJIS TOCHIIKEHHUX 3pa3KiB MPHU
iHTeHcHBHOCTI BurpomiHoBaHHs 1500-1800 Br/m* xapak-
TEpHI BEJIMYMHA HAIPYyTH Xojoctoro xoxy 37,5 B, Bemn-
YHHA CTPyMy KOpOTKoro 3amukaHHA 11-13 A, BemmunHa
MaKCUMaJIbHOI MOTY>kHOCTI 110 440 BT npu Hanpysi B po-
60uiit Touni He meHire 33 B, mo 3abe3neuye KKJI doro-
€JIEKTPUYHOTO MOyJIsl He MeHIie 16,8 %.

Tabmus 1
BuxiaHi mapameTpH, XapakTepHi AJIst JOCTIPKSHUX 3pa3KiB
OEM, Bu3HauUCHI IPU Pi3HUX MOTYKHOCTSIX BHIIPOMIHIOBaHHS
(P)), mo nangae Ha ¢ppoHTaNbHY noBepxHIO DEM

P,BM | Uoe, B | Isc, A | Iw, A | Pyax, Bt | KKII, %
1000 36,99 | 7,68 | 7,37 | 241,49 16,54
1100 37,12 | 845 | 811 | 266,65 16,60
1200 3724 | 921 | 885 | 291,80 16,65
1300 37,39 | 9,98 | 9,58 | 317,08 16,71
1400 37,51 | 10,76 | 10,33 | 342,96 16,78
1500 37,60 | 11,54 | 11,08 | 368,99 16,84
1600 37,74 | 12,29 | 11,80 | 394,48 16,88
1700 37,86 | 13,03 | 12,50 | 419,16 16,89
1800 37,59 | 13,83 | 13,28 | 441,97 16,81
1900 37,28 | 14,60 | 14,01 | 462,45 16,67
2000 36,98 | 15,33 | 14,71 | 481,61 16,50

Cri 3a3HaYATH, 10 BUKOPHCTAHHS €KCIICPHMEHTAITh-
HuX 3pazkiB @EM B yMoBax ci1aOOKOHIIEHTPOBAHOTO COHSI-
YHOTO BUIIPOMIHIOBAaHHs € BUIIPaBIAHUM, OCKIJIBKH Came
TIPH TIOTYXKHOCTI BHNpoMiroBanns 1700 Br/m* nocimkeni
®EM pocsratrote makcumaiibHoro KKJI B 16,89 %. onat-
KOBOIO IEpEeBarol0 BUKOPUCTAHHS CIa0OKOHLIEHTPOBAHO-
TO BUIPOMIHIOBAHHS € TIIBUIIEHHS MaKCHMAJbHOI TO-
TYXHOCTI, o BupoOusiersest PEM no 419 Br, mo B 1,7
pas3u mepeBepllye 3a3HaueHy BEJIMYMHY, XapaKTepHY UIs
KJIACHYHHX COHSIYHUX HaHEJeH.

BukopucranHs ci1a0OKOHLIEHTPOBAHOTO COHSYHOTO
BUIIPOMIHIOBAHHSI TaKOX € JIOAaTKOBUM apryMEHTOM Ha
KOpPHUCTh OcHammeHHs KokHoro @®EM miaBumryrounm
DC-DC mnepetrBoproBaueM 1pu po3podbiti CBII, ockinbku
pobounit crpym ®EM nipu noTy»KHOCTI BUITPOMIHIOBaHHS
1700 Br/M* mocsirae 13 A mpakTudHO BIBidi IepeBepIy-
I0YH aHAJIOTIYHY BEJMYUHY IIPH MMOTY>KHOCTI BHIIPOMIHIO-
BanHsa 1000 BT/Mz, 1o B pa3i BukoHanHs CBII Tpaaumiii-
HUM CrmocoOOM CIPUYMHUTH JIOJATKOBI BTpaTH B
3’€IHYBABHUX Ka0emnsx, abo mpu3Bene A0 HEOOXiTHOCTI
ICTOTHUX BUTpaT Ha OCHAIIEHHS (OTOENEKTPHUYHOI CTaH-
1iT KaOessIMK 301TBIIICHOTO Iepepizy.

2. Po3podxka minsumyrwoyoro DC-DC neperBopio-
Baya /Il BHCOKOeeKTHBHOI cUCTeMH Bigdopy
MOTYKHOCTI.

IIpu po3podui mixumrytogoro DC-DC nepeTBopro-
Baya B SIKOCTI ONOPHUX BUKOPHCTOBYBAJINCH IAPAMETPH,
oTpuMaHi npu gociimkenti cepii ®EM (taba. 1).

2.1. Po3paxynok pesonancuoro DC-DC koaa i
napaMeTpiB po60TH epeTBOPIOBaya.

KoedimienT mnepemaui peryjabOoBaHOIO MOCTOBOIO
PE30HAHCHOTO IEPETBOPIOBAYA:

G=K-n , (1)
ne K — xoegimient nepenaui pesoHancHoro LLC xoma;

n — BIIHOIICHHS YHUCJIa BUTKIB BTOPUHHOI OOMOTKH [0
YrciIa BUTKIB IIEPBUHHOT 00MOTKH TpaHchopmartopa TRI.
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Puc. 2. XapakrepHi rpagiku 3anexHOCTEH CTpyMy KOPOTKOTO
3aMHKaHHS (@), HAIPYTH X0JIOCTOTr0 X0y (6), MAaKCUMaJIbHOL
notyxHocTi (6) i KK/ () nocnimkernnx @EM Bix moTyXHOCTI

BHHpOMiHIOBaHHH, 110 Imajae Ha (I)pOHTaJ'IBHy TIOBEPXHIO

1800 2000

OCKUIbKM PE30HAHCHUI MEepEeTBOPIOBaY Mae MaKCH-
MasbHy eeKTHBHICTh npu K = 1, o04nciumo 7 3 yMOBH
MaKCHMaJIbHOI €(EeKTUBHOCTI B HOMIHAIBHOMY DPEXHMI
poboTH nepeTBoproBaya:

U.

m.nom.
n=—="—""" =

30 _1 2
Upitnom. 630 217

ne Uiy pom, — HOMIHATIBHA BXiIHA HAIIPyTa IIEPeTBOPIOBAYA;
U ut.nom. — HOMIHATIBHA BUX1/IHA HAIIpyTa IePETBOPIOBAYA.

Koedimient nmepenadi pezonancaoro LLC kona mo-
BUHEH NMpUMMaTH MaKCUMallbHE 3HaueHHS K, OpH I0-
enHanHi MiHIMaNbHOT BXIMHOT (Ui i) 1 MaKCHUMaIbHOL
BuxinHoi HapyTu (Uyysmar), 1 MiHIMaTBHE 3HAUCHHS K,,,;,,
IpH MOoeTHAHHI MaKCUMaTBHOT BX1THOT (U nay) 1 MiHIMa-
16HOT BUXITHOT (Uyyy min.) HAIPYTH:

Ky =n- Qoo - LT0 1450 3)
Uin.min. 21 23

Kmin =n. Uout.min. :L@z0,68 (4)
Uinmax. 21 42

Jns pospaxyHKy mnapamerpiB pe3onancHoro LLC
KOJIa CKOPHUCTAEMOCS €KBIBaJIEHTHOIO CXEMOIO 3aMIIECHHS
pe3onaHcHOTO Koia [3-5]. Jlns HaBemeHOi cxeMH 3aMi-
mieHHsT KoedimieHT mepemadi pe3oHancHoro LLC koma
OIIUCYETHCS] BUPA30M:

| Ui | _ Fi(m-1)

K ol . (3)
out \/ (me - 1)+ F? (sz - 1)2(m -1P0?
ne
Lr
C 8 _»U
Q=——""— nobpotwicts; R,. = —n 2Zout _ ppyge-
Rae 4 Tow

JICHUI omip HaBaHTaxeHHs; U, — BXiJHA Hampyra mnepe-
TBOproBava; U,, — BHXIiJHAa Hampyra MepeTBOPIOBaYa;

_Js

1, — BUXITHUH CTpyM IIepeTBoproBava; F, = — HOp-
r

MaJli30BaHa  YacToTa IIEPEMHUKaHHS  TPaH3UCTOPIB;

/s — 9acToTa nepeMHKaHHs TPAH3HCTOPIB IIEPETBOPIOBAYA;

1

Jr= 274L,.C,

L, — pe3oHaHCHA iHAYKTHBHICTB; C, — pE30HAHCHA €M-
L.+L,
Lr
IH[yKTHBHOCTI KOHTYpPY 1O PE30HAaHCHOI iHIYKTHBHOCTI;

L,, — IHIyKTHBHICTH HAMATHIYYBaHHS TpaHc(hopMaTopa.
MiHimManeHU TPUBENECHUA OMip HaBaHTAKCHHS
R min. BIINIOBiZTa€ MiHIMANBHINA BUXiTHIN Hampy3i Ta Mak-
CUMAaNBHIN BHUXiAHIA TOTYXHOCTI (Piymay) TIPH OUIKyBa-
HOMY MaKCHMaJIbHOMY KoedinieHTi KopucHOI 1ii 98 %:

— pe30oHaHCHA 4acToTa KoHTypy L,, C,;

HICTB; m = — BIJHOILEHHS CyMapHOi BXIJHOT

8 LU, .2
R = _p out.min. _ _
aem 2 Bnmax. -1
2
= 00476197 O <o0s0m ()
3,142 300-0,98 :

IIpaBunbHUIl poO3paxyHOK PE30HAHCHOTO Koja J0-
3BOJISIE OTPUMATH ONITHMAJIbHI XapaKTePUCTUKH IIEPETBO-
proBava. AJITOPUTM TO3BOJISE B KiJIbKa iTepariil po3paxy-
BaTh HeoOXximHi mapameTpu pe3onancHoro LLC xoia.
BukopucroByrourn HaOIMKeHHH PO3PaxyHOK 1 yTOUHIOKO-
4K HOro 3a JONOMOI'OI0 MOJIEITIOBaHHSI MOXKHAa OTPUMAaTH
JIOCHUTB BipHI pe3yJIbTaTH IpH 3HaYHI €KOHOMII Jacy.

MinimaneHa BxigHa Harpyra DC-DC neperBoproBa-
4a BiAnoBizae MakcuManpHiM Temneparypi @EII, ocsit-
senocti 200 Br/m%, To6TO BXigHii TOTYXHOCTI (Piy in.) HE
Oinpre:
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200
Pin.min. (23B)S23B 'Iin.nom. 'mBm M2 -

=37,6 Bm. @)
MakcumanbHe 3HAuYCHHsI JOOPOTHOCTI BiIOBiga€e
MaKCHUMJIFHOMY BHUXIHOMY CTpyMy. Buximauii ctpym
NpuiiMae MakcUMallbHe 3Ha4eHHs IPY MiHIMaJIbHIH BHXi-
JHIH Harpy3i Ta MakCHMalbHIA BUXIAHIH MHOTY)XHOCTI.
3Ha4yeHHS MiHIMAJIBHOTO HaBEIEHOTO OIMOpY HaBaHTa-
KEHHA R e min. = 2,25 OM BiANoBizae MakCHMaiabHIN 100-
potrocti LLC KOHTYpY, IIpH IBOMY MaKCHMajbHE 3Ha-
yeHHS KoedillieHTa Tepenadi pe30HaHCHOTO  KoJja
Ko = 1,45 motpi6HO mpm BXimHiil mortyxkHOCTi 50 BT i
BuximHi# Hampy3i 700 B. 3a Bupazom mig R,. BU3Haua-
€THCSl 3HAUSHHSI MIHIMaJIbHOT'O HAaBEJICHOTO OIOpY HaBaH-
TaXEHHS R ,in. IS BXiAHOT HanipyTH 23 B:

g 2 6002
R . (23B)= -0,0476197 - ——=~
ac.mm.( ) 3’142 50-0,98
~13,50m )

[Jani uis gacroru pezonancy 100 kI'u, orpumani 3a
ITOPUTMOM PO3PaXyHKY MapaMeTpiB PE30HAHCHOTO KOJa
IUITXOM JAEKITBKOX ITeparliii 3 mepeBipKO KOMITTOTep-
HUM MOJEIIOBaHHSAM, MIPEACTABICHO B Ta0n. 2. 3HaUCHHS
BITHOIIEHHS CyMapHOi BXiIHOi iHZYKTHBHOCTI KOHTYpY
110 pe3oHaHcHOi m = 11.

Tabmuws 2
HapaMeTpH PE30HAHCHOI'O KOJIa
Uim B Pim Br Kmax K Rae.max.> Om Qmax Ev
23 50 1,45] 3,13 13,5 0,113 | 0,33
30 230 | 1,11 1,134 | 3,995*% | 0,383* | 0,48*
33 300 | 1,011,026 2,25 0,68 | 0,86
42 300 10,79 1,026 2,25 0,68 10,972

* 3Ha4eHHS R, ;. BIINOBiA€ MAKCHMAJIBHIN BUXIIHIN Hampy3i
1 K)?Z[l)('

OOpagiiu 3HaYeHHs pe3oHaHCHOT eMHOCTI 0,94 MK®D
npu vactoTi pesoHancy F, =110,7 k['u orpumaemo 3Ha-
YeHHsI PEe30HAHCHOI iHAyKTHBHOCTI L, = 2,2 MkI'H i nipn
m = 10,1 3HaueHHs IHAYKTHBHOCTI HaMarHidyyBaHHS
tpancdopmaropa L,, = 20 Mx['H.

2.2 Po3podka NpUHUMNOBOI €JEKTPUYHOI CXeMHU
DC-DC neperBoproBaua.

Ha puc. 3 nmpencrasiena gynkiionanpHa cxema DC-
DC mneperBoproBaua. Hampyra ¢oToenekTpuaHoro Moay-
ns Hagxoauth Ha BXig DC-DC meperBoproBaua. @opmy-
BaHHS ITapaMeTpiB IIEPETBOPIOBaYa 1 NEPeMHUKAHHS TPaH-
3UCTOPIB 3AIMCHIOETHCS 32 JOIOMOTOI0 LU(PPOBOro MiK-
poxonTposiepa MC. Curaan kepyBaHHsI Ha 3aTBOPH TpaH-
suctopiB VT1 — VT4 nagxoauts 3 MC uepe3 npaiiBepu
Dr.1 — Dr.4. Tpan3ucropu B Mexax KOXHOTO Ile4a MOcC-
Ta MEPEMHKAIOThCS CHHXPOHHO. JKuBIICHHS ApailBepiB i
MIKpOKOHTpOJIepa 3iHCHIOEThCS depe3 CTalimi30BaHUit
3HIDKYIOUHHA ITepeTBOPIOBAY ITOCTIHHOI HAIIPYTH BIACHUX
motped. MC Bumiptoe Buxigauit cym ®EM 3a momomo-
roto myHra R3 i migcumoBaya, BuxigHy Hanpyry @EM
4yepe3 MimpHUK Ha pesuctopax R1 — R2. MK Ha Buxomax
G1 ta G2 dopmye aBa npoTudazHUX MeaHAPH AJIs Tepe-
MHKaHHS TPaH3HCTOPIB 3 HEOOXiJHOI YacTOTOK 1 4Yac
3aTPUMKH MK MEpEeMHKaHHSIMH JliaroHaneil Mmocra («Me-
pTBHI» yac). Hampyra cepeqHpol TOUKHM HaliBMOCTa Tpa-
HaucropiB VT1 ta VT2 BHKOpHCTOBYETHCS NMpH BHU3HA-
YEeHHI aJanTUBHOTO «MEpPTBOro» dYacy (MiHIMaibHO

JIOCTATHBHOTO) TSI MAKCUMAaJIbHOT €()eKTUBHOCTI IIEPETBO-
proBada, dyepe3 OiUTbHUK Ha pe3uctopax R4 ta RS mocty-
nae B kommnapatop MC. JlonatkoBa 00OMOTKa TpaHchop-
maropa N3, migitodeHa 10 BHIpAMHOro mocry VDI,
CIy)KUTh Ul KOHTPOJIIO BHUXIJHOI HAlpyr# i, CHiJBHO 3
CUTHAJIOM Halpyru cepeiHbOi TOYKHM HamiBMoOCTa, Oepe
y4acTh B aJITOPUTMI JIETEKTYBaHHS HAOJIMKEHHS 10 €MHI-
CHOTO Xapakrtepy cTpyMy pe3zoHaHcHoro LLC koma. [le-
TEKTYBaHHS HAOJMKEHHS JO EMHICHOTO XapakTepy CTpy-
My PE30HAHCHOTO KoJjia BKpail HEOOXiTHO TpH 3aIyCcKy
MEPEeTBOPIOBAYa, & TAKOXX IPH BIIHOCHO PI3KUX 3MiHAX
BEJINYMHY HANPYTH Ha BHUXITHOMY IEpPETBOPIOBadi — Me-
pexi mocriitHoTO cTpy™My 600 — 700 B.

Pezonancue LLC xomo yrtBOopeHe apoceneMm LI,
konaencaropom Cl i Tpancdopmatopom T1. PezonancHa
IHAYKTUBHICTh BKJIIOYAE€ B ceOC IHIYKTHBHICTH APOCEIIS
L1 Ta ingyxTHBHICTH po3citoBaHHs TpaHcdopmaropa T1.
Buxigna Hanpyra 3 TpaHcdopmaropa HaaXOIWTh Ha BH-
NpSMIISTY, YTBOPEHUH nomxaHuMu MoctoM VD2 i KoHzeH-
catopoMm C3. BuximHa Hampyra BUIpsSMIISTYa € BUXITHOIO
HaIpyroro MepeTBOpIoBaya.

BincTe:xeHHST TOYKHM MaKCHUMANBHOI ITOTYXKHOCTI
®EM 31ilCHIOETBCS MIKPOKOHTPOJIEPOM 32 allTOPUTMOM
«30ypenHs 1 cnoctepexxeHHs» [6]. MikpokoHTponep 06-
YHCIIOE BXIOHY MOTYXHICTh IEpEeTBOpIOBaYa, Jajli Ha
HEBEJIMKY BEJIMYMHY 3MIHIOE BXIIHHUI OIp 3MiHOIO Yac-
TOTM KOMYTalil TPaH3UCTOPIB, BHACIIJIOK YOTO 3MiHIO-
€TBCSl BXiJIHA Hampyra i OOYMCIIOE TOTYXKHICTb, SKIIO
MOTYXHICTh 30UIBIIY€EThCS — KOHTPOJIEP MPOAOBXKYE 3Mi-
HIOBAaTH HANPYTy B IbOMY X HAIlpPsMKY, IOKH TOTY>XHICTh
He mepectaHe 30unbinyBatucs. L{udppose kepyBaHHS Te-
pPETBOpIOBauEeM JO3BOJISIE 3IHCHIOBATH AITOPUTM BiJl-
CTEe)KEHHSI TOYKH MaKCHMAIBHOI TOTYXHOCTI «30ypeHHS i
CIIOCTEPEXEHH», HOPMyBaHHS aJaITUBHOTO «MEPTBOTO»
qacy, AETEKTyBaHHS CTPyMy €MHICHOTO XapakTepy B Ha-
BaHT&XEHHI MocTa. 3a IONOMOTOI0 MIKPOKOHTPOJIEpPY
CTae MOXIIMBOIO peaiizauisi iHpopManiiHoi KkabenbHOT
abo Oe3apoToBoi Mepexi, Hampukiaa, RS-485 abo
ZigBee, s monitopunry napamerpis ®EM Tta neperBo-
proBauiB, HaJJaHHS ONepaTHBHOI iHpopManii po Hecmpa-
BHOCTI, TOIIIO.

2.3 Ilpununosa cxema DC-DC neperBoproBaua.

[TeperBoproBaY CKIIATAETHCS 3 TPHOX (YHKIIOHATH-
HUX OJIOKIB.

Ixepeno »xuBieHHs BracHuX motped (IBII) mpu-
3Ha4ueHe 11 (GpopMyBaHHA CcTabiIi30BaHOI HANIPYTH >KUB-
nerHda 3,3 B i Hanpyru KUBIEHHS OpaiiBepiB TPaH3UCTO-
piB mepeTtBoproBada 12 B. JIBII ckmamaeTbest 3 1BOX IMO-
CIIIZIOBHUX KAaCKa/liB MOHIKYIOUHX IMITYJIbCHUX MEPETBO-
proBayiB MOCTIHHOI Hanpyru 0e3 rajbBaHiYHOI PO3B'SI3KH.
JBII mae BHCOKY e(eKTHUBHICTh 1 cTabiini3ye BHXIiIHY
Harpyry B IIMPOKOMY Jliala30Hi BXiTHOT HAPYTH.

KonTtponep. B sikocTi MikpOKOHTpOIIEpa BUKOPHCTOBY-
etbest 32 pospsaamnii ARM Cortex M-4. CrarHanmu 3BOpOTHO-
TO 3B'I3KY IIICJIS TIEPETBOPEHHS PiBHIB 1 (ibTpariii Hamxo-
mate B AL mikpokoHTponepa. CurHan cTpymy 3 IIyHTa
MOCHJIFOETHCS TU(EPEHIIIAIBHAM IMIACHIIOBAYEM 10 HEO00-
ximHoro piBHs 1 mami Hagxoauth B AIIIL. Ha mikpocxemi
DAG6 Bukonane mxepeno onopHoi Hanpyru AL Kommapa-
TOPY BUKOHAHI Ha IIBUKOJIIOYMX IHTETpaIbHUX MIKpoOCXe-
Max LMV7235M5. CurHanu KepyBaHHSI TPaH3UCTOpaMU
HaxosITh 10 kKosia G1 ta G2 Ha BXoM paiiBepis.

66 ISSN 2074-272X. Enexmpomexuixa i Enexmpomexanixa. 2016. Ned



-3 SE
— —

fin  Uin
Comyg

Uit

Upow

Puc. 3. ®ynknionansHa enexrpuana cxema DC-DC
MEepeTBOPIOBayYa

[leperBoproBau CKJIQAETHCS 3: YOTHPHOX TPAH3UC-
topiB MOSFET VT1 — VT4; nBox npaiiBepiB HamiBMoCTa
Ha Mikpocxemax DA7, DAS; koHIeHcaTOpiB Kojla >KUB-
neHHs;, pesoHancHoro koina RLC nHa mpoceni L4, tpanc-
¢dopmaropy T1, xounercaropis C46, C47; cUrHaIbLHOTO
BHIIpsiMIITYa Ha giogax VD — VD12; BuxigHoro BUIpsM-
nsga Ha gpiomax VD13 — VD16 i konaeHcaropax C52,
C53. B sK0CTI TPaH3UCTOPHOI'O MOCTA 3aCTOCOBaHI BHCO-
kormBuaKicHi MOSFET TpaH3ucTOpH 3 HU3BKUM 3apsiioM
3aTBOpa i OMOPOM BiIKpHUTOTO KaHamy 2,8 MOm. Y BXif-
HOMY BUIPSMJISUI 3aCTOCOBaHI Ji0JIM HAa OCHOBI KapOiny
KPEMHI0, 0 J03BOJIAE MOMITHO MiABUINATH €()EKTHB-
HICTH B O0JIACTI YACTOT IMIEPEMHUKAHHS TPAH3UCTOPIB BHIIE
3HAYEHHS PE30HAHCHOI YacTOTH, 32 PaXyHOK BiJICYTHOCTI
BTpAT Ha 3BOPOTHE BIIHOBIICHHS IiOIB HA OCHOBI KapOi-
Iy KPEMHIO.

3. Anaji3 podoTu cucTeMH BiA0OpPY MOTYKHOCTI 3
Bukopuctanusim DC-DC neperBoproBaua.

Jo icTOoTHOTO 3HIDKEHHS BTPAT MOTYXHOCTI [7] B
CBII Mosxe mpuBeCTH BUKOPHCTaHHS B il CKJaJi po3poo-
nennx panime DC-DC neperBoproBadyiB, siKi JJO3BOJISTH
3HU3UTH CTPYMH, LIO MpoTikatoTh Beepenuni CBII i, Bia-
TIOBiJTHO, POTIOPIIIHHO KBApaTy CTPyMY, 3HU3UTH BTpa-
TH TIOTY>XHOCTI. Y pa3si po3pobku CBII i3 3acTocyBaHHsIM
DC-DC mneperBoproBauiB, cucteMa Oynae po3iilieHa Ha
HACTYIIHI JUJISTHKH, Ha SKUX OYIyTh CHOCTEpIiraTucs BTpa-
tn B CBII:

e ningHka kabenbHOro 3'enHanus ®EM ta DC-DC
riepeTBoproBava (P, rerne);

e Oesmocepenaso DC-DC neperBoproBad (P pe);

e nisiHKA KabenbHOro 3'equands DC-DC nmepetBopro-
Bava i iHBepTopa (PIOSSADC-IHV);

* iHBepTOp (P ]oss,[nv)'

Po3paxoBaHi BTpaTu AjIs KOXKHOT 3 HABEACHUX JiJIsI-
Hok Ta pospaxoBanuii KKJ| CBII (KK/Isp) B 3a1€3KHOCTI
Bin ctpymy ®EM (Irgy ) HaBeneHi B Tabi. 3 Ta Ha puc. 4.

Tabmuus 3

IMapametpu BTpat notyxHocti i KKJI, pospaxosani mis CBIT

3 BukopuctanasM DC-DC neperBoproBaua

Irgus, | Ploss.remnes | Plosspes | Ploss.oc-tmvs | Ploss.ms | KK Lsyp,
A Bt Bt Br Bt %
7,68 0,57 10,72 4,78 351,86 92,68
8,45 0,69 11,83 5,92 388,35 92,66
9,21 0,82 12,94 6,84 424,83 92,63
9,98 0,96 14,06 8,24 461,52 92,61
10,76 1,11 15,21 9,72 499,36 92,59
11,54 1,27 16,34 10,92 536,37 92,57
12,29 1,45 17,48 12,64 573,68 92,54
13,03 1,64 18,58 14,46 609,94 92,52
13,83 1,84 19,57 15,92 642,34 92,49
14,60 2,05 20,45 17,46 671,29 92,46
1533 227 2127 | 1848 | 697,98 | 92,44
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Ipprps A
Puc. 4. 3anexuicts pospaxosanoi Benuunnu KK/ CBIT ®EC
3 BukopucrantsiMm DC-DC nepetBoproBauiB (CyuinbHa JiHist)
B nopiBHsHHI 3 PEC 6e3 DC-DC neperBoproBadin
(TIyHKTHpPHA JIiHis)

BucHoskmu.

1. 3a pe3ysibpTaTaMH SKCIICPUMEHTAIBHOTO JTOCIIIKCH-
Hs po0OOTH (POTOCHEPreTHYHUX MOJYJIIB BiJl IHTEHCUBHOC-
Ti MAAI0YOTO COHSYHOTO BHUIIPOMIHIOBAHHS BCTaHOBIIE-
HO, W10 TIPH MOTYXKHOCTi BHIpoMiHoBaHHs 1700 Br/m”
nmociimkerni @EM  nocsirarote makcumanbHOoro KKJ[ B
16,89 %, a MakcumainbHa MOTY>KHOCTI, III0 BUPOOISETHCS
(hoToeHEepreTHIHUME MOAYISIMU jnocsrae 419 BT, mo B
1,7 pa3u mepeBeplIye 3a3HAYEHY BEINYMHY, XapaKTepHY
JUISl KITAaCUYHUX COHSYHUX MaHeIeh

2. Ha OCHOBI €KCHEpUMEHTAIbHUX JaHUX IPOBEIEHO
po3paxyHok pezoHaHcHoro koina DC-DC meperBoproBada
JUIslT BUKOPHUCTAaHHS y CKJIaJli BUCOKOBOJBTHOI CHUCTEMHU
BiZIOOPY MOTYKHOCTI (hPOTOCNIEKTPUYHOI CTaHIIT 1 mapame-
TpiB #oro po6otn. OCHOBHMMH OCOOJMBOCTSIMH PO3pO0-
JeHoi mpuHOunoBoi enekTpuunoi cxemu DC-DC mepe-
TBOpIOBaYa € BUKOPHCTaHHS CXEMH PEryJIbOBaHOTO MOC-
TOBOTO PE30HAHCHOTO NEPETBOPIOBAYA JTO3BOJISE 13 3aCTO-
CYBaHHSAM IIM(POBOTO KEPYBAHHS, IO J03BOJISIE AOCSTTH
e(eKTUBHOCTI IepeTBOpeHHs 10 95,8 %.

3. IlpoBenenuii ananiz poOOTH CUCTEMH BigOOpY MO-
TYXHOCTI (POTOENEKTPUYHOT CTaHIi i3 3aCTOCYBaHHIM
po3pobiennx DC-DC niepeTBoproBadiB mokasas, mo KK/
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TaKoi CHCTEMH B ILIMPOKOMY [iara3oHi OCBITJIEHOCTI
®EM 3Haxomutbest Ha piBHI 92 %, 110 3HAYHO OLIbIIE,
HDK U KJIACHYHUX CHUCTEM BiIOOPY MOTYXKHOCTI, edek-
TUBHICTb SKUX 3HAXOIUTHCS Ha piBHI 70 %.
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Calculation of operating parameters of high-voltage power
take-off system for the photovoltaic facility.

Purpose. To ensure maximum production of electric power by
photovoltaic vacilities, in addition to using highly efficient
photovoltaic modules equipped with solar radiation concentra-
tors must use a highly effective power take-off system. This pa-
per is inscribed to solving the problem of a highly efficient and
economic power take-off system development. Methodology. To
solving the problem, we implemented three stages. On the first
stage examines the dependence of electrical power from the
intensity of the incident solar radiation. Based on this, the sec-
ond stage is calculated the DC-DC converter resonant circuit
and its working parameters, and developed circuit diagram of
DC-DC converter. On the third stage, we carry out an analysis
of power take-off system with step up DC-DC converter work-
ing. Results. In this paper, we carry out the analysis of working
efficiency for photovoltaic facility power take-off system with
step-up boost converter. The result of such analysis show that
the efficiency of such system in a wide range of photovoltaic
energy module illumination power is at 0.92, whereas the effi-
ciency of classic power take-off systems does not exceed 0.70.
Achieved results allow designing a circuit scheme of a con-
trolled bridge resonant step-up converter with digital control.
Proposed scheme will ensure reliable operation, fast and accu-
rate location point of maximum power and conversion efficiency
up to 0.96. Originality. Novelty of proposed power take-off sys-
tem solution constitute in implementation of circuit with DC-DC
converters, which as it shown by results of carrying out model-
ing is the most effective. Practical value. Practical implementa-
tion of proposed power take-off system design will allow reduc-
ing losses in connective wires and increasing the efficiency of
such a system up to 92.5% in wide range of photovoltaic energy
modules illumination. References 7, tables 3, figures 4.

Key words: photovoltaic module, step-up converter, power
take-off system, photovoltaic facility, efficiency.
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METOJAUYECKOE, IPOI'PAMMHOE U JIABOPATOPHOE OBECIIEYHEHHUE
NHHOBAIIMOHHOMU JIEKTPOTEXHUYECKOU JUCHHUIIJIMHBI

Ilpononyemuoca innosauiiina enekmpomexuiuna oucyuniina « Enexmpuuni mawunu 6 mexamponux cucmemaxy». O6rpynmogy-
€mpca HeoOXIOHICMb 6UEUEHHA OUCHUNIIHU cmyldeHmamu enekmpomexuiunoi cneuiansnocmi. Hasedeno po3zoinu ma 06’em
OUCYUNTIIHU, a MAKOJC MemOoOuyne, npozpamHe ma 1adopamopne 3ade3neuenns, AKe CNPUAE AKICHOMY 3aC80CHHIO HABYAILHOZ0
mamepiany. Ilepepaxoeani po3pooneni 3axoou i memoouuni Kazieku 00 po3paxynKkoeo-cpagiunux podim oanoi oucyuniinu.
bi6n. 11.

Knouosi cnosa: inHoBauniiiHa eJIeKTPOTEXHIYHA AUCUHUILIIHA, PO3AIIN HABYAJIBLHOI IMCUUILIIHU, METOAUYHI BKa3iBKHU /10 pPo3-
paxyHKoBo-rpadiyHux pooir.

Ilpeonazaemcsn uHHOBAUUOHHAA IIEKMPOMEXHUYECKAA OUCUUNIUHA «DIeKMPUYecKUue MAUUHDL 6 MEXAMPOHHBIX CUCHEMAX).
Obocnosvleaemca HeOOXOOUMOCMY U3YUEHUS OUCYUNIUHBL CHYOEeHMAMU JIeKmMpomexHuyeckou cneyuaivnocmu. Ilpusedenst
paszoenvl u 00vem OUCUUNIUHBL, A MAKIHCe MEMOOUUECKoe, nPOZPAMMHOE U 1adopamopHoe obecneuenue, Cnocoocmeyrouiee Ka-
4ecmeennomy yceoenulo yueonozo mamepuana. Ilepeuucnensvt pazpaéomannsvie meponpusmus u memoouuecKue yKazanus K
pacuemno-zpaguueckum padomam 0aunoi oucyunaune. buodn. 11.

Kniouegvie c106a: MHHOBAIIMOHHAS JJIEKTPOTEXHUYeCKasl TMCHMILINHA, pa3eibl y4eOHOil JHCHUIIMHbI, METOIHYeCKHEe YKa-

3aHMSA K pacyeTHO-rpadguyeckum padoram.

B Hacrosmee Bpemst y4eOHBIH Tpoliece, Kacaromuiics
OOJIPIIMHCTBA TEXHUYECKHUX CIIEIHATbHOCTEH, B TOM YHCIE
ANIEKTPOTEXHUYECKOH, HE IOCHEBAeT 3a CTPEMHUTENILHBIM
pa3BUTHEM TPOMBILUIEHHOCTH. [l ycTpaHeHust 3Toro
HEJIOCTaTKa 11e1ecO00pa3HO BBE/IEHUE B Y4eOHbIH mporecce
aKTyaIbHBIX JUCLUIUINH, HauOoee OTBEYaroUIuX NOTpeo-
HOCTSIM CETOAHSAIIHETO JHS, B YaCTHOCTH JUCIHUTLTUHEI
«ONEKTPUYECKUAC MAIIMHBI B MEXaTPOHHBIX CHCTEMaX).
PaznenaMu MUCIMTUIMHEL SIBISTFOTCS: TIOYTIPOBOTHUKOBBIE
mpeoOpa3oBaTeNll MEXaTPOHHBIX CHUCTEM; OCOOSHHOCTH
paboTBI ACHHXPOHHBIX JIBUTATEJICH B PEryIHPYEMBIX dJIeK-
TPONPHBO/AX, BEHTWIbHBIC JBHUTATENH, MPOCKTHPOBAHUE
PEryIMpyeMbIX aCHHXPOHHBIX M BEHTIJIBHBIX IBUTATEJEH,
paboTa JBuraTeneil MoCTOSHHOIO TOKa B PEryJIHPYEMBIX
ANIEKTPOINPUBOAAX, TpaHCHOPMATOPBI [UISi MEXaTPOHHBIX
CHCTEM, OCOOEHHOCTH pabOThl CHHXPOHHBIX T'€HEPaTOpPOB
Ha IIpeo0pa3oBaTeNIbHYI0 HarPy3Ky.

Hcnonb3oBaHue pPEryJMpyeMBIX 3JIEKTPONPHUBOJIOB
(POII), sBustrouxcst 6a30i COBPEMEHHBIX BBICOKHX TEX-
HOJIOTHI, BO BCEX OTPACIAX NPOMBIIIICHHOCTH W Ha
TPAHCIOPTE AAaeT BO3MOXKHOCTH COBEPIICHCTBOBATH TEX-
HOJIOTHYECKHE TPOIECCHl, 00ecreuynBaeT KOMILIEKCHYIO
MEXaHU3AIMI0 U aBTOMATHU3AINIO TPOM3BOICTBA, CIIOCO0-
CTBYET IMOBBIIICHUIO Ka9eCTBA BBITYCKAeMOH MPOIYKIIUH,
CHIDKEHHIO €€ ce0eCTOMMOCTH, POCTY IPOHU3BOAUTEIHHO-
CTH TpyJa, MOBBIIICHUIO HAZEKHOCTH M CPOKa CIyXXObI
obopynosanus. lllupokoe npumenenne POIT npuseno k
TOMY, YTO COBPEMEHHBIN JJIEKTPOIPUBOJ SIBISETCS HE
TOJIBKO 3HEPrOCHIOBON OCHOBOH, MO3BOJISIONIEH obectie-
YUTh NPOM3BOJICTBEHHBIE MEXaHW3MBbl HEOOXOANMON Me-
XaHUYECKOH PHEPrHel, HO ¥ CPEJCTBOM YIPABIICHUS TEX-
HOJIOTHYECKUMH TIPOLIECCAMH, TaK KaK 3aJa4d IO pealu-
3aliM KadecTBa IPOW3BOJICTBEHHBIX MPOIECCOB B Ha-
cTosMIee BpeMsI B OOJBIIMHCTBE CIyYaeB BO3JIAraloTCs Ha
CHCTEMBI YTIPABIICHUS PETYTUPYEMBIMH 3JIEKTPOIPHUBO-
JaMH B COYETAaHUH C CHCTEMaMH TEXHOJOTHYECKOW aBTO-
matuku. Ocoboe 3HAUYECHHE MMEIOT 3HEprocOeperaronme
acnekThl ucnoib3oBanue POII. B cBs3u ¢ Bo3pacTaHuemM
LEH Ha DHEPrOHOCHTENIM, B YAaCTHOCTH Ha DJIEKTPOIHEP-
THIO, U OTPAaHWYCHHBIMH BO3MOXHOCTSIMH YBEIHUCHHUS
MOIITHOCTH 3HEPrOreHEepHUPYIOIUX YCTaHOBOK IpoOiiemMa

9HEpProcOepexeHns, B TOM YHCJIEe CHIDKCHHS JJIEKTPOIIO-
TpeOieHus, mpruodpeTaeT 0coO0yI0 aKTyaIbHOCTh. JHEp-
rocOepexeHne CTajlo OAHWUM W3 NPHOPUTETHBHIX HalpaB-
JICHUA TEXHUYECKOW MOJIUTUKU BO BCEX Pa3BUTHIX CTpa-
Hax Mupa. 910 CBs3aHO, BO-TICPBLIX, C OTPAHUYCHHOCTBIO
1 HEBO30OHOBIISIEMOCTHIO OCHOBHBIX 9HEPTrOPECYPCOB, BO-
BTOPBIX, C HENPEPHIBHO BO3PACTAIOMIUMH CIOXXKHOCTSIMU
nX JOOBIYM M CTOMMOCTBIO, B TPETBHX C IIOOAIBHBIMU
9KOJIOTHYECKAMH MTPOOIEMaAMHU.

DNEKTPOMEXaHUIECKHE CUCTEMBI C PEryIHPYEMBIMU
acuaxpoHHbME (AJ]) n BeHTHIIbHEIME (B/]) mBuraTens-
MH, B KOTOPBIX OCYILIECTBIISICTCS O0BEIUHEHNE YHEPTETH-
YeCKUX W WH(POPMAIMOHHBIX MPOILIECCOB, 00ECTIEUYNBAIOT
MaKCHMAaJIbHOE HCIOJIb30BaHNE BO3MOXKHOCTEH M OCTH-
XKEHUH 3JIeKTPOHHUKU AJIS OCYLIECTBIECHUS NpeoOpa3oBa-
HUS JIEKTPUYECKON 3HEPruu B MexaHudeckyro. [Ipu stom
JIOCTHTaeTCs yBEJIMYEeHHe pecypca paboTel oOopynoBa-
HUS, YMEHBIIICHUE JKCILUTyaTallHOHHBIX MOTEPh, BBICOKAS
HaJIe)KHOCTH PabOTEHI.

Henocrarounoe 3nanme ocoOeHHOCTEW pabOTHI Oc-
HOBHOI'O0 3BEHAa PEryJIMpyeMOro ajiekTponpuBoaa — A/l
i B/l — He 103BOJISIET COBEPILIEHCTBOBATh JIEKTPOIPHU-
BOJI 3a CYET MOJEPHHU3ALIUU 3TOTO 3BeHa. BcecTopoHHUI
anaimm3 pabotel AJl u B/l B cucremax POII Ha ocHOBe
CHUCTEMHOTO TOJIXOJa W METOJOB CHCTEMHOTO aHaJIH3a
JlaeT BO3MOXKHOCTHb TPOEKTHPOBATh CIEIHAIbHBIE pPery-
mupyembie AJl u BJl ¢ yaydiieHHBIMH peryJnpoBOYHBI-
MU, ITYCKOBBIMH, TUHAMHUYCCKUMU U BI/l6poaKyCTl/I‘-IeCKI/I-
MH [OKa3aTelsIMH, CHIDKEHHBIMH MaccoradapHUTHOCTOH-
MOCTHBIMH XapakTepucTukamu. IloTpeGHOCTE B crenmna-
JUCTaX, BIANCIONIMX 3HAHUAMH, MPHOOPCTCHHBIMU B
mporiecce U3yYeHHs AUCHUILTAHBI, HaOII0JaeTcs BO BCEX
00JacTsAX MPOMBIIIICHHOCTH M TPAaHCIOPTa, TAE MpHUMe-
HSIOTCSL YCTPOHCTBA AJIEKTPOMEXAHHMUYECKOTO Mpeodpazo-
BaHusa oSHepruu. Ocoboe BIMSHHE TMPEANONAracTCs B
ANEKTPOTEXHUYECKOH  NMPOMBIIUICHHOCTH,  OCYIIECTB-
JSAIOMIeNH NMPOEKTUPOBAaHME M IPOHM3BOJCTBO pPacCMaTpHU-
BaeMbIX aBurareneii [1].

[IpenmaraeMselii poeKT KacaeTcs y4eOHOU pedop-

MBI, CIIOCOOCTBYIOIIECH WHTCHCU(UKAMH  y4eOHOTO
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Iporiecca, B 4acTu pa3paboTKH KypcoB s cTeneHu Oa-
KaylaBpa. YdeOHas JUCHHILINHA «DJIEKTPUISCKUE MaIllH-
Hbl B MCXATPOHHBIX CHUCTEMAX» MOKET 6]>IT]> BBCJICHA B
y4eOHBIM Mpollecc Ha OCHOBE NPHHIMUIIOB, HMPETyCMOT-
pennbix EBpomneiickoit kpeanTHO-TpaHchepHON crucTeMOi
(ECTS). dopmupoBanune HWHAMBUAYaJIHHOTO Yy4eOHOTrO
IUTaHA CTYJICHTAa MPEIyCMaTPUBAET BO3MOXKHOCTh BhIOOpa
S9TOW  JWCIUIUTUHBI, COOTBETCTBEHHO  CTPYKTYPHO-
JIOTUYECKON CXEME ITOATOTOBKH CIIELIMAJIMCTOB. Y4eOHas
Harpy3ka 1O [AaHHOH IWCIUIUIMHE COCTABIISIET YETHIPE
kpeauta ECTS B Teuenue ogHoro cemectpa. OHa mpeny-
cmatpuBaer 30 4YacoB JIEKIIMOHHBIX 3aHATHHA, 15 dYacoB
nmabopaTopHBIX 3aHATHHA. B mpomecce wn3ydeHus 3ToH
JUCHUIUIMHBL CTYACHTBI BBIIIOJHAKT CaMOCTOATCIIBHYIO
KypcoByto paboty. KoHTposb ycBoeHHs1 y4eOHOTO Mate-
pHaja oCyIEeCTBISETCS C UCTIOJIB30BaHHEM COBPEMEHHBIX
METO/IOB U CIIOCOOOB M PErHCTPHPYETCs OLEHKAMH IIKa-
el ECTS. JJucuumiivHa MOeT mpenofaBaThesl B Tpaau-
[IMOHHOM PEKUME U B TUCTAHITHOHHOM PEKHME.
CoBpeMeHHBIE TEXHOJIOTHH OOYyYEHHUS JIOJIKHBI
OBITh TPUCIOCOOJICHBI K HOBBIM IIPHHITUIIAM OpraHM3a-
MU y9e0HOTO Tpolecca, 00eCIIeYnBAaONINX 3a CYEeT BBe-
JCHHUA B HEIoO np06neM IMPOMBINUICHHOCTHU TOBBINICHUE
YPOBHS TOATOTOBKH CTYICHTOB K WH)KCHEPHOW IIeSTEIb-
HOCTU. B cocTaB OCHOBHBIX CpCACTB IOJKHBI BXOAWTH
MEpOIPHUATHS IO pa3paboTKe U peann3anud HHPOpMAaLH-
OHHBIX O6paSOBaTeJ'II)HI)IX TeXHOJ’lOFHﬁ, Ppa3BUTHIO HAy4-
HO-MCCJIEA0BATENbCKON U HAYUHO-TEXHUUECKON JIEATENb-
HOCTH B cucTeMe oOpa3oBaHus. VIHHOBAallMOHHAs TEXHH-
YyecKas MUCIHIDIMHA JOJDKHAa OBITH oOecriedeHa coBpe-
MCHHBIMHU METOANYCCKUMU U MPOTPpaMMHBIMU pa3pa60T-
KaMH, ITO3BOJISIONIMMH IPOBEACHHE HE TOJBKO OYHOTO,
HO W 3a0YHOIO, JUCTAHLIMOHHOIO, MOCIEAUINIOMHOIO
oOydenns. Mcmonp30BaHNE €BPOMEHCKHX 00pa3oBaTelh-
HBIX TeH}IeHLII/Iﬁ B praI/IHe II0O3BOJIUT HpI/IGHHSI/ITb Ha-
OUOHANBHBIE CTAHIAPTH NPETOAAaBaHUS K CTaHIApPTaMHU
eBporieiickoro oopazoBanusi. OIHUM M3 PE3YJITATOB SIB-
JSEeTCs yCTaHOBIICHHE PabOumMX CBs3ed MEXIY y4eOHOH
ACATCIIbHOCTHIO, HAYYHBIMU HUCCIICJOBAHUAMU, IIPOU3BO/I-
CTBEHHOM U COLIMAIbHON MPAKTUKOM.
Jlis pereHust BRIIIIEYKa3aHHOTO OBIJIO OCYIIECTBIIE-

HO cIeIyolee:

® BBLIMOJIHEHO CTAaHOBJEHHE (pa3paboTKa) WHHOBAIIM-
OHHOW TEXHWYECCKOH IHMCIUILTUHBI, Y4eOHBIM MaTepua-
JIOM KOTOpOW sIBIIsIeTCS HanOojee aKTyalbHeHmas Tema-
TUKa, ¥ 3JI000JHEBHOCTh KOTOPOW IMOATBEPIKIAACTCS HO-
BEUIIMMU JOCTHKEHUSIMU B 3JIEKTPOTEXHUYECKON OTpac-
JU. AKTYalnbHOCTb NTUCIHMIDIHHBI « DICKTPUICCKHE MAIIIH-
HBl B MEXaTPOHHBIX CHCTEMax» MOATBEpP)KIAeTCs IINpPO-
KuM Hcroiib3oBanreM POIT Bo BceX OTpacisax MpOMEIII-
JIEHHOCTH M Ha TPAHCIOPTE AJIS PAlMOHAIBHOTO YIIPaB-
JICHHUST TEXHOJIOTUYECKAMHU IPOILECCAMH MPYU MUHHMH3a-
LU TTIOTPEOIICHNS YHEPTOPECYPCOB;

® OCyIIeCTBICHA pa3paboTKa CTPYKTYPHl HHTEPAKTUB-
HOTO y4e0HO-TPEHaXEPHOr0 KOMITIEKCa M0 JaHHOW WH-
HOBAIIMOHHOHM JHCIUILTHHE, MPEICTABIMIONIETO CcO00it
KOMIBIOTEPHOE CPEICTBO 00yUeHHS B BHAE MPOrPaMMHO-
0 U METOJANYECKOTO OOCCIICUCHHs, a TaKkKe 0a3 JaHHBIX
Y 3HAHMUH M COCTOSALIETO M3 (YHKIHOHAJIBHO CBS3aHHBIX
CUCTEM MYJIETUMEIUHHOTO OOydYeHHs, WHTEPaKTUBHOIO
o0ydeHHs, aBTOMATH3MPOBAHHOTO KOHTPOJS TIIpoIecca
o0yueHus;

e BBINOJHEHA pa3paboTKa MYyJIBTUMEIUIHON CUCTEMBI
0o0yueHwsI, coieprKaIieil MeKTpOHHbIe YUeOHUKN U y4e0-
HO-METOAMYECKHE OocOo0us M0 Kypcy B BUJE ayIUOBU3Y-
aTBHON WH(pOpPMAINU, a TAKXKe pa3IMIHBIC CIIPABOYHEIC
PYKOBOJICTBA;

® OCYIIECTBICHA pa3padOTKa CHCTEMBI HHTEPAKTUBHO-
ro OOydYeHHs, MPEACTABIAIONMICH COO0M KOMITBIOTEPHBIH
TpPEeHaXep, C MOMOIIBI0 KOTOPOTO MOXKHO BBITTONHATH P
pacyetHo-rpadryeckux (aHauu3 padoOThl CEPHIHBIX 00-
HICTIPOMBIIUICHHBIX AJl B pa3iMYHBIX CHCTEMaX PeryiIi-
pyemoro OII, mpoekTHpOBaHHE CIELUAIBHBIX PEryiu-
pyembix AJl mu BJI ms padorst B POIT) n BupTyansHbIX
Ja00paTOpPHBIX PabOT MO HCCIENOBAHUIO OCOOCHHOCTEH
padoter AJl u B/l B paznuunbeix cucremax POIL. s BeI-
MOJTHEHUSI CHCTEMBl HHTEPAKTUBHOTO 00y4YeHHs pa3pado-
TaHO MHOTOYPOBHEBOTO IPOTPaMMHOI0 OOecIedYeHus,
MO3BOJISIOIECTO IPOBOANTH AHAIM3 3JIEKTPOMArHUTHBIX
IIEKTPOMEXAaHNYECKUX, YHEPIreTHUECKHX, TEIUIOBBIX, Me-
XaHMYECKNX, BUOPOAKYCTUIECKUX IPOIECCOB B JBHTATE-
JSIX ¥ Ha 0as3e 9TOro aHajiu3a OCYIIECTBISTH ABTOMATH3H-
POBaHHBIN BBIOOP W ONTHMHU3AIIOHHOE MPOEKTHPOBAHUE
nmeurareneit POII. ObecniedeHa BO3MOXKHOCTE CBSI3HM pa3-
paboTaHHOTO MPOTPAMMHOTO OOECHEUeHHUs] C IPYTUMHU
pacnpocTpaHEeHHBIMH U UCIIOJIB3YEMBIMH B ITPOMBIIUICH-
HOCTH BBIYHCIUTEIBHBIMA CPEACTBAMH;

® BHINOJHEHA Pa3paboTKa CUCTEMbI aBTOMAaTH3UPOBAaH-
HOT'O KOHTPOJISL, KOTOPAas CITYKHT JJIsI IPOBEICHNS BXOTHO-
TO, TEKYIIEro ¥ UTOrOBOTrO KOHTPOJIEH M BKIIOYAET B ceOs
TECTUPYIOIINE TPOrpaMMBI, 0a3bl JaHHBIX TECTOBBIX BO-
MPOCOB-OTBETOB, PETUCTPALMOHHO-YUETHBIN KypHaj, Bpe-
MEHHYIO CTaTHCTHKY 0OyYeHHs B HATIIATHOH hopme;

e paspabaTbIBaeTcsi OOecre4eHHe MOJACPKKH HHAU-
BUIYAIbHBIX 00pa30BaTENBHBIX TPACKTOPHH, HCIIONB30-
BaHHE B CHCTEME OTKPBITOrO AMCTAHIIMOHHOT'O 00Opa3oBa-
HUS B PEXKUME YTAJIIEHHOTO MOCTYIa Yepe3 TI00abHYIO
cerpb Internet, o0Onanaroero HHTEPAKTUBHOCTBIO U TU(-
(epeHIIPOBAHHBIM TIOJXO0IOM K 00yUCHHIO;

e BO3MOXXHO KaueCTBEHHOE OOyuyeHHMEe 3TOIl HMHHOBa-
OHOHHON TEXHHYSCKON NHCHUINIMHOM BCEX >KCIAIOIIHX,
JIOCTYI BCEX JKEJIAIOIIUX K METOANYECKUM M IPOTpamMM-
HBIM MaTepHajaM;

® BO3MOXHO ()OPMHPOBAHHE AKTHMBHOTO JUajora Me-
KAy TIONB30BaTeNIMH B paMKax H3y4YeHHs HaHHOW OHC-
LUIUIMHBL ¥ COOOILECTB, MPOSBIISIOIIMX HHTEPEC K JIaH-
HOM TEXHUYCCKOM AUCIIUILINHE;

® MOXeT ObITh OOecrieueH 0OMEH JaHHBIMU U 3HAHUSA-
MH, HCOOXOIUMBIMHU I HOBBIX Y4eOHBIX M HCCIIEHOBA-
TENbCKUX MOJXOMOB, AJIS MPEACTABICHUS U paclpocTpa-
HEHHS Pe3yIbTaTOB, IOATOTOBKH HAYYHBIX TOKJIAIOB.

[Mporpamma DIMAS-Drive [2] BblmosiHseT Marema-
THUYECKOE MOJEIIMPOBaHNE (QU3HUECKUX (3JEKTPOMArHUT-
HBIX, JJEKTPOMEXaHUYECKUX, TEIJIOBBIX, MEXaHUIECKHX,
BHOPOaKyCTHYECKHX) TPOLECCOB B CTATHYECKHUX U JAWHA-
MHYECKHX PEKMMaxX B aCHHXPOHHBIX JABUTATEIISIX PETyIH-
PYEMBIX 3JIEKTPOIIPUBOJIOB C COTJIACYIOUIMMHU TpaHchop-
MaTOpaMd H PEOYKTOpaMH, C MOIYIPOBOIHUKOBBIMH
peoOpa3oBaTeIsIMU, OTIMYAIONIIMUCS THIIAMH, BHIAMU
u crmocobaMu pPEryIHpOBaHUs, 3aKOHAMH YacTOTHOTO
ynpasieHusi. MareMaTHieckue MOJIENN yUUTHIBAIOT KOH-
CTPYKTHBHBIE OCOOCHHOCTH JBUTATeNel (3aKpbIToe H 3a-
IIMIIEHHOE MCIOJHEHNS) U UX CHUCTEM OXJIaKAeHHs (ca-
MOOXJIQKICHAE M HE3aBHCHMOE OXJIaXIICHHE, BEHTHJII-
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I[HOHHBIE KaHAJIbl), KOHCTPYKLHUIO KOPOTKO3aMKHYTBIX
pOTOpOB. YUHTHIBaeTCS BIMSHUE Ha (PU3UIECKUE TPOIIEeC-
Chbl HACBILICHUS MarHUTHOM ey, BBITCCHCHHUA TOKOB B
00MOTKaX, HaJIM4YWe  BBICHINX  IPOCTPAHCTBEHHO-
BPEMCHHbBIX apMOHHUK. PaCCManl/IBaIOTCSI MEXaHHUYCCKUX
U BUOPOAKyCTUYECKHX IIOKa3zaTellell B JUHAMHYECKHUX
pexxumax. Ha OCHOBaHMM MHOTOKPaTHOTO IieJieHaIpaB-
JICHHOTO MOJICTMPOBAHUS C YUIETOM XapaKTepa, BETHIHHEI
U pexnMa paboThl Harpy3KH B OIPEAEICHHOM Jinara3oHe
pEeTYIMPOBAaHUS  OCYIIECTBIISIETCS  MPOCKTHPOBAHUE
(cTpykTypHas u mapaMeTpuIecKas ONTHMHU3AINH) CIICIIH-
QIBHBIX PEryJHpPYEeMbIX aCHHXPOHHBIX JBHTaTeNIeil Npu
Pa3HBIX ITOCTAaHOBKaX 3a/1ad (IPOEKTHPOBAHUE Ha 3a/1aH-
HBIH JMana3oH PeryJMpoBaHus, MPOSKTHPOBAHUE C yue-
TOM MPOJODKUTENEHOCTH PabOThl HA KOHKPETHBIX 4aCTO-
Tax BpalleHUs, MPOCKTHPOBAHME HA 3aJaHHYI0 Taxo-
rpaMMy C YIE€TOM MEPEXOI0B).

Pa3paboTanbl Meronuueckue ykazanus [3-11]: k ja-
OopaTopHBIM paboTaM Ha IKCIIEPUMEHTAJbHBIX CTEHIAX
00 K BHUPTYaJIbHBIM J1a00OpaTOpHBIM paboTaM; K pac-
YeTHO-rpayeckuM paboTaM: HCCIEAOBAHUE BIIEKTPO-
MEXaHUYECKUX M IYHEPreTUYECKUX XapaKTEePHUCTHK pery-
JIMPYEMBIX aCHHXPOHHBIX JBHTaTelIeil; aHaIN3 TEIIOBOTO
COCTOSIHMSI DEryJIMpYEMBIX aCHHXPOHHBIX JIBUTaTENeH;
aHaIM3 BUOPOAKyCTUYECKHUX IOKa3aTeNled peryanpyeMbIX
ACHHXPOHHBIX JIBUTATENEH; MCCIIeJOBAaHUE SKCILTyaTaIlH-
OHHBIX XapaKTEPUCTHK JIIEKTPOIOIBIDKHOTO COCTaBa C
TATOBBIMH ACHHXPOHHBIMU JIBUTATEISIMU; aHAIH3 PabOTHI
BEHTHIJIFHO-PEAKTUBHBIX JBUTATEICH.

Brmosnaenue cryaentamu JabopaTOpHBIX padoT Ha
SKCIEPUMEHTAIBHBIX CTEHAAX MO0 BUPTYaJIbHBIX JIabo-
paTtopHbIX paboT MO HCCIENOBAaHUIO XapAKTEPUCTUK JIBH-
rarelyieil 1 NpUBOJIOB MU (a30BOM U YaCTOTHOM pEryJiu-
POBaHMSAX JaeT BO3MOXHOCTh 3aKpEIUTh HA MPaKTHKE
TEOPETHYECKUE ITOJI0KEHHS.

3HaHMsA, NPHOOPETCHHBIE B pe3yJbTare H3yYeHHUs
JTUCHUTUTAHBI «DIIEKTPUYECKIE MAIIHHBI B MEXaTPOHHBIX
CHCTEMax» MOTYT OBITh MCIIOJIE30BAHBI TIPH BHITOIHEHHH
BEIITYCKHBIX paboT Ha YPOBHAX OakalaBpa ¥ MarucTpa.

Brmonaenne GoNBIIOro Yrciaa y4eOHBIX HPOEKTOB
(TATOBBIE ACHHXPOHHBIE JBUTATENN MAarHCTPaJIbHBIX
3JIEKTPOBO30B M TOPOACKOTO 3JIEKTPOTPAHCIIOPTA, JBUTa-
TeJiell HACOCHBIX U BCHTUJIALIMOHHBIX YCTAHOBOK PCTYJIN-
pyeMoil IpOU3BOAUTEIHHOCTH, KOHBEHEPOB U TpaHCIIOP-
TEPOB, POJII'AHTOB, PEIYKTOPHBIX U OE3pelyKTOPHBIX
TUQTOBBIX JeOENOK M T.J.) MOKa3alo, YTO B pe3yjbTaTe
MIPOEKTUPOBAHUS YIaJOCh CHU3UTH MOIIHOCTH Tpedye-
MBIX YacTOTHBIX IpeoOpa3oBareneil U yMEHBIIUTH raba-
pUTBl OBUTATENEH TpH HEU3MEHHBIX MOIIMHOCTSAX WIIH
YBEIMYATh MX MOIIHOCTHh IMPH HEM3MEHHBIX TabapuTax
IIPH COTJIIACOBAaHWU HACTPOEK IMpeoOpa3oBaTeNs U MPOeK-
TUPOBAHUHU JIBUTATEJIEH MO/ 3TU HACTPOUKHU.
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Methodics, software and laboratory equipment

for an innovative electrical engineering discipline.

Purpose. Development of innovative electrical engineering
discipline «Electric Machines in Mechatronic Systemsy» in order
to improve the training of specialists of electrical engineering
specialty. Methodology. The proposed project concerns the
educational reforms that promote the intensification of the
educational process. Results. The structure of interactive
educational and training complex, which is a computer learning
tool in the form of software and methodical support, as well as
data and knowledge bases and consists of functionally related
multimedia learning systems, interactive learning, automated
control of the learning process. Originality. To offer online
training and research facilities, guidelines for laboratory and
computational and graphic works. Practical value. Increase the
knowledge of students of educational material related to the
discipline of innovation «Electric Machines in Mechatronic
Systems». References 11.

Key words: innovative electrical engineering discipline,
sections of the academic discipline, guidelines for calculation
and graphic works.

72 ISSN 2074-272X. Enexmpomexuika i Enekmpomexanika. 2016. No4



