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EnekmpomexHika. BusHa4yHi nodii. CnasemHi imeHa
VK 621.3: 537.8:910.4

doi: 10.20998/2074-272X.2018.2.01

M.U. bapanos

AHTOJIOTUA BBIJAIOIIAXCS TOCTUKEHUN B HAYKE U TEXHUKE. YACTD 43:
TPAAUIIMOHHASA DQHEPTETUKA. TEIIVIOBBIE SJIEKTPUYECKHUE CTAHIIUMN:
COCTOSHHUE U IIEPCIIEKTUBbI UX PAZBUTUSA

Haseoeno kopomxuii HAYKO80-AHANIMUYHUIL 027140 NPO CYHACHUL MEXHIYHUI CmaH | HauoaUNICUi nepcneKmueu po36UMKYy cei-
moeoi mennoenepzemuxu. Po3znanymi ocnogni mennoenepzonpucmpoi, cxemu nooyooeu i uou mennoeux e1eKmpuyHux cma-
uyin (TEC). Braszani nepesazu i nedoniku TEC neped inwumu euoamu eneKmpudnux cmanyiil, wo 2enepyome menuo i eiexkn-
puxy. Ilpugedeni ocnoeni mexuiuni xapaxmepucmuxu naidinoumux TEC Ykpainu. Ilo3znaueni icuytoui npoonemui 3ae0anns i
MOoenuel winaxu ix pivienna 6 2anysi mennoenepzemuku Yxpainu. bion. 21, Tadn. 2, puc. 7.

Knrouoei cnosa: TenjioeHepreTHKa, TeILUIOBI eJIeKTPUYHI CTaHIil, TapOreHepaTopHu, TypOOreHepaToOpH, XapaKTePUCTHKHU Tell-
JIOBHX €J1eKTPOCTAHLIH, MP06JieMH i MepCHeKTHBU PO3BUTKY TeNJI0€HEPreTHKH.

Ilpuseden kpamkuil HaAy4YHO-AHATUMUYECKULL 0030D O COBPEMEHHOM MEXHUYECKOM COCHOAHUU U OUNCATIMUX RePCneKmueax
pazeumus Mupogoil mennoinepzemuku. Paccmompenst ocnoenvle mennoinepzoycmpoiicmed, cxemvl HOCIPOEHUA U 6UObL Hen-
n0e6vix Inekmpuueckux cmanyuit (TIC). Ykazanvt npeumyuwiecmea u neoocmamxu TIC neped opyzumu sudamu rnekmpude-
CKUX CIanyuil, 2enepupyroujux menio u 3nekmpuuecmeo. Illpusedenvt ocnosnvle mexnuuecKue XapakmepucmuKuy KpynHeiumux
TAC Ykpaunwvi. O603nauensvt cyujecmeyroujiie npodaemmsle 3a0auu U 603MOXMCHbIE NYMU UX PeuleHUA ¢ 001acmu menioinepze-
muku Yxkpaunwt. bubn. 21, tabn. 2, puc. 7.

Kniouesvle cnosa: Teni0IHepreTuKa, TEMIOBbIe YIEKTPUYECKHE CTAHIUHU, MApPOreHepaTopbl, TYpGOoreHepaTopbl, XapaKTepH-

CTHKH TeIIOBBIX 3JIeKTPOCTAHIMIA, MP00/IeMbl H MePCNEeKTUBBI PA3BUTHSA TeIJI03HEPreTHKH.

BBeaenue. Pa3Burue uenoBedecKOW LIMBUINA3ALUU
Ha IUTaHEeTe 3eMIII 0Ka3alloch HEBO3MOXHBIM 0€3 HcC-
MMOJIb30BAHUS JTIOABMH SHEPTUU. YUCHBIC, H3ydYaBIIHC
pa3IUYHBIC BHIBI YHEPrUH (MEXaHUYECKYIO, TEIUIOBYIO,
XUMHYECKYIO, JIEKTPUIECKYI0 dHEepTruio u 1p.), B XVIII
BEKE OTKPBUIM OOWUH W3 (yHIAMEHTAIBHBIX 3aKOHOB
MIPUPOABI — 3aKOH COXPaHCHHS U MPEBPAIICHHS YHEPTHH
[1]. B obmecTBe Ta OoTpaciab HAPOJHOTO XO35AUCTBA, KO-
TOpasi OXBAaTBHIBAET JHEPTETHUYECKHE PECypCHI, IPOU3-
BOJICTBO, IIpeoOpazoBaHue, mepeaady, pacupeaeieHue u
noTpebJieHHe Pa3InYHbIX OPM DHEPTUH, MOJTydHIia Ha-
3BaHHe JHepreTuku [2]. B sHepreruxe HCIosb3yroTCA
[I5Th OCHOBHBIX BHJIOB DHEPrOYyCTaHOBOK: I'€HEPUPYIO-
mue, npeodpasyonye, aKKyMyJIHpYIOIIAe, TPaHCIOp-
TUpYIOIIME U MoTpedistomue 3uepruto. [Ipu rocraTod-
HO OOJIBIIOM pa3HOOOpa3suu B TPHUPOJC MEPBUUHBIX
SHEPTrOPECypCOB B HACTOAIICE BpeMs OCHOBHBIMHU (op-
MaMH{ MPUMEHSIEMON B COBPEMEHHOM COIIMyME JHEPTHH
cTana menioma WM dnekmpuyecmeo. Kak W3BeCTHO, 3TH
IBa BUJA JHEPTUH, B CBOIO OYepeIb, HCIIOIB3YIOTCA
JIIOJBMHU TaKKe B pPasnuuHbIX GopMmax [2, 3]: TemmoBas
OHEpIHYd B BUJAC BOAAHOIO Iapa, Harp€ThiX ra3oB, Harpe-
TOM BOABI U IPYTUX KUIKUX TeHJ’IOHOCHTeJ’leﬁ, HarpeThix
J10 Pa3iIUYHBIX YPOBHEHN TEMIIEPATYPBL, a JIEKTPUUECKas
SHEpPrusi B BHUJAE IEPEMEHHOr0, IMOCTOSIHHOTO WU HM-
MyJIbCHOTO TOKOB B TPOBOJAX, KaOENIIX W IPYTUX MPO-
BOJSIIHUX CTPYKTYpaxX MpH Pa3IUYHBIX 3HAYCHUSIX IJICK-
TPUYECKOTO HampsDKeHUsA. [IepBUYHBIME HCTOYHHKAMHU
TEIUIOBOM SHEPTruW y 3eMJISIH OBUIM W TIOKAa OCTaroTCA
TIOJIC3HbIE MCKOMaeMble B BHAEC OPTaHUYECKOTO (KaMeH-
HOTO YTJIs, IPUPOJTHOTO ra3a, He()TH, TOPIOYHMX CIAHIIEB
U 1p.) U snepHoro (ypaHa) TOIIMBA. AHANMW3 B3aWMO-
CBSI3€Hd MEXAYy MUCTOUYHHMKAMHU SHEpPIUH, TEINIOBON 3HEp-
TUCH U DJIEKTPOIHEPTHEH OTHOCUTCS K chepe HHTEPECOB
termnodHepreTuku [2, 3]. IloaToMy MOXXHO TOBOPUTH O
TOM, YTO TEMJIOSHEPreTHKa SBISIETCS TOW OTPacibio
SHEPreTUKHU, KOTOpas 3aHUMaeTcs mpeodpa3oBaHHEM
TEIUIOTHI B TaKUE BUABI YHEPTUM KaK MEXaHUYecKas U

anexTpudeckasd. IIpenMerom u3yudeHUs TEIIOHEPreTU-
KM SIBISIIOTCS TEPMOAMHAMHYECKHE LIUKIBI, CXEMBbI MO-
CTPOCHHUSI 3HEPrOyCTaHOBOK M HX COBEPILIECHCTBOBAHHE,
3aJaun CrOpaHus TOIUIMBA M TEII00OMeHa, Terodusn-
YecKre CBOMCTBA pabounX Tel U TeIUIOHOCUTeNneH [2, 3].
TexXHUYEeCKYyI0 OCHOBY COBPEMEHHOM TEIUIOAHEPTETUKHU
COCTaBIIIOT TeIUIOdHEepreTndeckue yctaHoBku (TOVY),
MPUMEHSIEMBIE, TPEXKIE BCEro, Ha TEIUIOBBIX AJIEKTpUIe-
ckux crannusx (TOC) [4]. TOVY BkmoyaroT B ce0st KOT-
JI0arperaThl U MapoBble TYpOWHBI, paboTaoNIue B Mape C
TypOoreneparopamu. BpIpaboTKa 3JIEKTPOIHEPTHU Ha
TOC ocymecTBisIeTCS B TypOOreHepaTopax, UMEHOIUX
CUHXpOHHBIE TeHepaTophl. Tak kak TOC sBusitoTcs B
MHUpE€ OJHHMH U3 OCHOBHBIX BHJIOB 3JIEKTPOCTaHLUH, Ha
KOTOPBIX BhIpa0OaThIBaeTCs HE MEHEe MOJOBHHBI 00beMa
BCell moTpeOIsieMOl YelIOBEYECTBOM 3JIEKTPOIHEPIHH,
TO aHAJIN3 COBPEMEHHOTO COCTOSIHUS M TIEPCIIEKTHB pas3-
Butus TOC B pa3BUTHIX CTpaHaX MHpA SBISIETCS aKTy-
anbHOM 3aJaueil.

Iesablo cTaThy SBIIETCS COCTaBJIEHHE KPATKOTO Ha-
YYHO-TEXHHUYECKOTro 0030pa nmeromierocsi B MHGopmaiu-
OHHBIX MCTOYHMKAX OOLIMPHOr0 MaTepHaja Ha MpeaMeT
COCTOSIHUS M NepCIieKTUB pa3BuTHs B Mupe TOC.

1. O6uue cBeaennss o TIC, ux cocraBe U cxemMax
nocrpoenns. TOC sBaseTcs TOW 31EKTPOCTaHLMEH, HA
KOTOpOH BEIpabaThIBaeTCs 3JIEKTPOIHEPTHUS 3a CUET Ipe-
00pa3zoBaHUsl XUMUYECKOH SHEPTUM OPraHUYECKOTro TOI-
JMBa BHAYaJle B TEIUIOBYIO DHEPTUIO BOASHOTO mmapa (Ta-
3a), a 3aTeM B MEXaHMYECKYI0 DHEPTUI0 BpAIlICHHUS Baja
mapoBoi (Ta30BOi) TYpOWHEI U POTOpa TypOOTreHepaTopa
C TOCHEAYIOMNM TMpeoOpa3oBaHWEM B IOCIETHEM 3TOH
MEXaHHYECKOW PHEPTUU B AIIEKTPUUYECKYIO SHEPTHIO €ro
cratopa [4]. Ha puc. 1 npuBeaeHa npuHIMITHATBHAS CXE-
Ma noctpoerus TOC, coaepikalias Takue €€ OCHOBHBIE
ycTpoiicTBa Kak [4] koTen-maporeHepaTrop, naposas Typ-
OMHa, CHHXPOHHBIH JJIEKTPOr€HEpaTop, KOHJIEHCATOP
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0TpabOTaHHOTO Tapa W UNUPKYJSIIUOHHBIA Hacoc, obecre-
YHMBAIOMINH 110 3aMKHYTOMY KOHTYpY HOZady 00pa3oBaB-
nieiics U3 KOHACHCUPOBAHHOTO IMapa OXJIAXKICHHOM BOJBI
CHOBa B KoTen-naporeHeparop. CHHXpOHHBII 31eKTpore-
HepaTop corjacHo puc. 1 paboraer TOJBKO B Iape C ma-
poBoii TypOuHOH. TOC UCHONB3YeT XUMHUYECKYIO JHEp-
THIO, BBICBOOOXKIAIOUIYIOCS TP COKUTAHUU B KOTIIE TOH-
nuBa (yriis, IPUPOAHOTO Ta3a, MasyTa W JIp.), UL Ipe-
BpallleHUs] BOIBI B TEperpeTviii map (¢ TeMmmepaTypoit
npumepHo B 540 °C) Bbicokoro aaBneHus (oxoino 240
aT™) [4]. DTOT map MPUBOIWT BO BpalleHHE JIOTMATKH Ta-
pOBOI TypOWHBI U OJHOBPEMEHHO MAarHUTHYIO CHCTEMY,
HaXO/IIYIOCS HA BaJIe-pOTOPE CHHXPOHHOTO TeHepaTopa.
Bpamaromieecst MarHUTHOE II0JI€ POTOPA 3TOTO T'€HEPATo-
pa 3a cueT ABJIECHUSI 3JIEKTPOMArHUTHON MHAYKIMU BBI3bI-
BacT IIOABJICHUC SHeKTpO[lBI/I)KyIHCi;I CUJIBI B O6MOTKaX
ero cratopa [4, 5].
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Puc. 1. [lpunuunuansHas cxema noctpoerus TOC [4]

Cospemennble TOC 371€KTpUUECKOW MOIIHOCTBIO
IO HECKOJBKHUX THICSY METaBaTT MPEBPAMIAIOT B DJIEK-
Tpo3Hepruio no 50 % TemnoTs, BRIIEISAIOMENCS TpH
CrOpaHWM TOIUIMBA B WX KOTJaxX-MaporeHeparopax [4].
Buano, uto Ha TOC oxomno 50 % momydaemoii Temio-
BOW »Hepruu cOpachIBaeTcs depe3 KOTesl M KOHJCHCa-
Top (TpafAupHIO) B OKpyXKarouryto cpeay. Ilpu ucnoins-
3oBaHnu Ha TOC 0oTpabOTaHHOW TEIUIOTHI AJIsi OTOILIE-
HUA KWIIbIX IJOMOB H HOMeHleHI/Iﬁ MPOMBITIJIICHHBIX
MIPEeANIPUATHIA SHEpPreTHdecKas oT/avya Ha HUX MOXET
owITh noBeaeHa 1o 80 % [4, 5].

TOC mnoppaznenstoTcs Ha KOHJCHCALIMOHHBIE BJIEK-
tpoctanimn (KOC) u TemropuKannoHHBIE SIEKTPHICCKIC
nerTpamu (TOL). KOC BeipabaTbiBaeT TOJBKO 3JIEKTPO-
sHepruto [5], a coBpemenHble TOLl — rimaBHEIM 00pa3om
TEIUIO JUIsl OTOIUICHHUS JIOMOB M 3/IaHUM TNpeanpuatuii, a
HHOT/a TTapaJUIeNbHO TeIUTy | AJIeKTposHepruio [4]. Panee B
oTedecTBeHHOH TepMuHoorur KOC TpaauiimoHHO Ha3bIBa-
JIMCb KaK TIoCyJdapCTBECHHBIC paﬁOHHbIC QJICKTPOCTAaHINHN
(T'POC). B 3aBucumoctu ot umrensHoctH pabotsl TOC B
TeYEHHWEe Tofia 10 TIOKPBHITHIO TI'PaMKOB HSHEPreTHYECKHX
Harpy3okK, XapakTepH3YIOIINXCS YUCIOM YacoB HCIOJIB30-
BaHWsI YCTAHOBJIEHHOW MOIIHOCTH 7, 3JIEKTPOCTaHIINH TIPH-

HATO KiaccuduimpoBath Ha 6azoBbie (76000 w/roxm), mo-
nynukoBble (73500 u/ron) u nukoBsie (7<2000 y/rox) [4].
K 68,3OBI)IM OTHOCAT DJJICKTPOCTAHIMH, HECYIIUC MaKCU-
MaJIbHO BO3MOXHYIO IIOCTOAHHYHKO HArpy3kKy B TCUYCHUEC
Oonblreil yacTu roga. B MHpOBOI SHEpreTHke B KauecTBe
0a30BBIX HCIONIB3YIOT aToMHBIE 3jekTpocTaHn (ADC) n
KOC. Tlpu 3TOM NUKOBBIE HAarpy3KH MOKPBIBAIOT THIPO-
anekrpoctanimu (I'9C), rHApoaKKyMyJIMPYIOIINE CTaHIUN
(TADC) u ra3oTypOMHHBIE YCTaHOBKH, 00JIAIAFOIIHE BBICO-
KO MaHEBPEHHOCTHIO M MOOMIBHOCTHIO. [IMKOBEIE 3ieK-
TPOCTAHIIMHM BKIIIOYAIOTCS B TO BPEMsI CYTOK, KOorzaa Tpedy-
eTcsl TOKPHITh IMHKOBYIO (BO3POCIIYI0) YacTh CyTOYHOI'O
rpaduka dJeKTPUIECKON Harpy3ku. B Hacrosiee Bpems: Ha
piane TOC monmydmna pacrpoCTPaHCHUE Ta30TypOHHHAS
cxeMma, B KOTOPO¥ TMOJIy4eHHas! ITPU COKUTaHUHU Ia3000pa3Ho-
ro WK KUJAKOIro TOIIMBA KOMIIPECCUOHHAA CMCECh IOpAYInX
ra3oB BpamllaeT padodee Koyieco TypOMHBI ra3oTypOMHHOM
YCTaHOBKH, CTaJIbHas OCb KOTOPOH COEIMHEHa C BaJOM-
potopoM anekTporeneparopa [4-6]. Takue TOC nomyunnu
Ha3BaHME ra30TypOnHHBIX dMekTpoctanimil ('TOC) [6]. Ha
I'TOC mocne ra3oBoil TypOMHBI OTpaOOTaHHBIE Ta3bl OCTa-
I0TCSl IOCTATOYHO TOPSTYMMH. JJIsl TTOIe3HOTO MCHOBb30Ba-
HUS1 TETUIOBOM SHEPTUHN 3THX Ta30B UX HAIPABIIAIOT B KOTEN-
yTHim3atop (puc. 2) ¢ JaTbHEHIIIM IPUMEHEHHEM B I1apo-
ra30BbIX YCTAaHOBKAX (IBUIATENAX) M CXEMax TEIUIOCHA0XKe-
Hug [7]. Onexrpuueckas MomHocTe ['TOC MoxeT cocTas-
JISITh OT JIECATKOB KWJIOBATT JI0 COTEH MeramarT [6]. 3Hauu-
TEJIbHBIN BKJIJ B CO3/IaHUE U PAKTUUECKOE UCIIOJIb30BaHUE
OTEYECTBEHHBIX TA30BBIX TYpOUH ObLI BHECEH NEPBHIM 3aBe-
JyronmM Kadenpoi TypOMHOCTpOSHHUs B XapbKOBCKOM O~
yrexandeckoM wHCTuTyTe (XIIM), mpodeccopom Makos-
ckum B.M. (1870-1941 rr.).

Puc. 2. O6muit Bug temoytunzanuoHaoro kotina ['TOC [7]

1.1. BogoTrpyOHbIe KOTJbI-aporeHepaTropsl. B
BOOTPYyOHOM KoTie TOC MPOUCXOTUT TEIIOOOMEH TO-
PSIYMX TPOJYKTOB CTOPAIOLIEro B €ro TOIIKE TOIUIMBA C
KUTSTWIBHBIME CTJIBHBIMH TPyOKamH, 3arojHEeHHBIMU
Bojoit [7]. Pasnmuuator mpsaMoTodHsle U OapabaHHBIE BO-
nIoTpyOHBIe KOTiEL. Ha puc. 3 mpuBeneHa cxema mocTpoe-
HUSI TIPSMOTOYHOTI'O BOAOTPYOHOTO KOTJA, SIBIISOILETOCS
IIABHOW COCTABHOMW 4acThIO JFOOOTO maporeneparopa [8].
[IpsiMOTOUHBI BOIOTPYOHBIN KOTEN MPEACTaBISAET CO-
0oli, KaK MpaBIO, TPYOHBIA 3MEEBHK C BOJOW, MOMe-
LIEHHBIA B TOIKY, TJe cropaeT TorumBo. Harperas Bona,
MpoxXoJd IO HCHAPUTCIIbHBIM pr6KaM 9TOI0 3MCCBHKA,
MIOCTETICHHO TpeBpalnaercss B mnap. Ilocne ucmnaputeis-
HBIX TPYOOK IapoBOJISTHAsE CMECh IOMAJaeT B Haporepe-
rpeBarenb KoTia. Jlanee meperpersiii map 1o maponpoBo-
Iy HampaBJIsIeTCs] Ha pabodre Kojieca MapoBOr TypOHHEI.
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Puc. 3. Cxema ocTpoeHHs IPSIMOTOYHOTO BOJOTPYOHOTO KOT-

J1a, Ucronb3yemoro B maporenepatope TOC (1 — nurarensHbIH

BOJSIHOH HAcoc; 2 — HKOHOMaki3ep; 3 — UCIapUTebHbIe TPYOKH;
4 — nmaporeperpesareiib; 5 — naponpoBos TypOuHsI) [8]

1.2. MMaposbie Typounbl. Ha TOC maposas Typou-
Ha, 10 CYTH, SBJISICTCS TEM TEIUIOBBIM JBHTATENEM, B KO-
TOPOM MPOUCXOAUT MPe0Opa3oBaHKUe SHEPTHHU ITEPerpeTo-
rO Mapa B MEXaHWYECKYI0 (KHHETHIECKYIO) SHEPTHIO KPY-
TOBOT'O BpallleHUsI ee Pabdouux KoJiec C JIOMaTKaMH U CO-
OTBETCTBEHHO OCEBOTO cTajgbHOro Bana (puc. 4). Jlns
Jy4iiei 3HeprooTJauu 3TOT BoAsHOM map Ha TOC mon-
JKCH 6])ITI) CYXUM U HE€ COACPKATb MHKPOKAIICIIb BO/bI.
KpuBosmHeliHble BBICOKOIIPOYHBIE JIONATKH TYpPOWHBI,
3aKpeIUIeHHbIE 110 OKPY>KHOCTH €€ POTOpa, BOBJICKAIOTCS
B KPYTOBOE BpallleHHe CO CKOPOCThIO 0K0J0 3000 06/MuH
(7 OBYXTONIOCHBIX 3JeKTporeHeparopoB) mwmu 1500
00/MUH (IIS1 YETHIPEXIIONMIOCHBIX SJIEKTPOTCHEPATOPOB)
HAIpaBJIIeMBIM COIUIAMH Ha HUX IapoOM OT IaporeHepa-
Topa [9].

= e

Puc. 4. O6mwuii BHJ poTOpa U KOpITyca COBPEMEHHOI MOIIHOIT
HapoBOH TypOHMHBI IPOU3BOJICTBA KoMIaHUH «Siemens» (I'ep-
MaHHs1) B POIleCCe ee MOHTaXKa Ha pabdoueii romanke TAC [9]

[TapoBble TypOMHBI B 3aBUCUMOCTH OT HaIlPaBICHUS
JBIDKCHUSI B HUX MOIIHOTO TOTOKA Iapa pa3inyaroT Ha
aKCHUaJIbHBIC (HOTOK napa B HUX IABMIKETCA BAOJIb IIPO-
JIOJIBHOW OCH TypOWHBI, a ee pabouue JIONATKH IMepIieH-
JWKYJISIDHBL TIOCJIEAHEH) W pajuaibHble (HampaBieHHE
MIOTOKA Iapa B HUX INEPIEHIUKYISIPHO MPOJOIBHONW OcH
TypOuHBI, a ee paboyue JIONATKW MapauIeNbHBl MTOCIIE-
Heif) [10]. MomHble napoBble TypOUHBI MOTYT COAEPKaTh
CTYIEHHU BBICOKOTO, CPEHEr0 ¥ HU3KOTO JABJICHUS BOIS-
HOro mapa. B aTom ciydae TypOuHa Ha3bIBaeTCs MHOTO-
KopirycHO#. Takol THII MapOBBIX TypOWH HCIIONB3YEeTCS
TJIaBHBIM 00pa3oM B MOIIHBIX HAPOTYPOMHHBIX yCTaHOB-
Kax. B 3aBHCHMMOCTH OT Ha3Ha4YeHHs IapoOBble TypOHHE,
aHaJIOrM4HO mNpHBeAeHHo# kiaccudpukaumn TOC, nox-
pasnensitoTcs Ha 6a30Bble (HECYT MOCTOSIHHYIO OCHOBHYIO
3JIEKTPOHATPY3KY MOTPEeOICHHUs), MUKOBBIC (paboTaroT
KpPaTKOBPEMEHHO IJISl IOKPBITHS ITUKOB 3JIEKTPOHATPY3KH
moTpeOICHUsI) ¥  BCIIOMOTATeNBbHBIC  (00SCIICUMBAIOT
BHYTpeHHIOI notpedHocts TOC B 3nekrposneprum). B
3aBUCHMOCTH OT XapakTepa MPOTEKAIOLIEr0 TEIIOBOTO
Iporecca MapoBble TypOWHBI MOTYT TOJpPA3ICIAThCS Ha
Tpu Oonpinue rpymmsl [9]: koHIeHcannoHHbIe (0e3 pery-
JIMPYeMOro oTbopa rnapa ¢ MakCUMAaJIbHBIM NPEBPALICHH-
€M €ro TEIUIOThl B MEXaHHUYECKYIO paboTy U AainbHEHIINM
BBIITYCKOM (BBIXJIOTIOM) OTPaOOTAaHHOTO ITapa B KOHJEH-
carop corjiacHo puc. 1); TerodukalMoHHbIE (C peryJiu-
pyeMbIM OTOOpPOM Iapa); CrelHUAILHOr0 Ha3HaYeHus (pa-
0oTaloT Ha OTOPOCHOM TeIIE€ METATYPIrHYECKUX W XU-
MHUUYecKuX npeanpustuii). [lapossie Typounst mis TOC
HMEIOT NAapKOBBIHA pecypc, UCUHUCISIEMbIH puMepHO B 270
ThIC. 9YaCOB C MEXPEMOHTHBIM IepuogoM B 4-5 ner [9,
10]. IMTapoBble TypOHWHBI M IIIEKTPOTEHEPATOPHI COTIIACY-
IOTCSL TIO MKajie MomHocTH. Kaxknol mapoBoit TypOuHe
COOTBETCTBYET OIPENEICHHBII THII 3JEKTPOreHepaTopa.
Jlnst ONOYHBIX TEIUIOBBIX KOHAEHCAIIMOHHBIX 3JIEKTPO-
CTaHIMHA MOIIHOCTh TYPOMH COOTBETCTBYET MOIIHOCTH
0JIOKOB, a YKCJIO OJIOKOB ONpPENEeNsIeTcs 3aJaHHON MOIII-
Hocthio TOC. Ha coBpemenHbix Oiokax TOC ncnonssy-
10TCs KOHJleHcalnoHHble TypouHbl I1T momHocThio 160,
200, 220, 300, 500, 800, 1000 u 1200 MBT ¢ npomexy-
TOYHBIM ITeperpeBoM mapa. BaxxHslll BKi1ag B pa3paboTky,
CO3/IaHN€e M TIOBBIIIEHHE SHEPro3((HEeKTUBHOCTH OTEUECT-
BEHHBIX MOIMHBIX MapoBeix TypOomH mmt TOC um ADC,
MPOU3BOMUMBIX ~ XapbKOBCKUM  mpeamnpuatueM BAT
«TypboaTtom» B TEpHOI HHAYCTPHAIBGHOTO IIOABEMA
CTpaHbl, ObLI BHECEH 3aBEAyIOIIMM Kadeapoil TypOHHO-
crpoennss XIIM (1941-1976 r1r.), mpodeccopom IllHes
AMN. (1902-1977 rr.).

1.3. Typo6orenepaTopsl. /[aHHbIE SHEpProarperatbl
st TOC sBASIOTCS CHHXPOHHBIMU 3JIEKTPOTeHepaTopa-
MU, pabOTaIOIIMMU B Tape C MapoBbIMU (Ta30BBIMH)
TypOounamu. OcHoBHas GyHKIUS TypOOoreHeparopa (puc.
5) 3axuoyaercss B TpeoOpa3oBaHMM MEXaHWYECKOH
SHEPTWH BpalleHwWsl MapoBoil (Ta30Boi) TypOWHBI B
3JIEKTPUYECKYI0 SHEpruto. [[ns 3Tod uenu Bajg-poTop
€ro CHHXPOHHOTO 3JIEKTpOreHepaTropa B paboueil 30He
MOCTIETHETO JOJKEH CO3[aBaTh BPAIAIOIIEECs] MarHUT-
HOE I0JIE B BO3AYIIHOM 3a30p€ MEXIy POTOPOM U CTa-
TOPOM 3JIEKTporeHeparopa. McxoqHoe MarHUTHOE II0JIE
HETIOABIKHOTO POTOpa 3JIEKTPOreHeparopa BO3HHKAET
n10o0 3a cYeT YCTaHOBJICHHBIX Ha HEM (POTOpPE) MOCTO-
SIHHBIX MAarduToB, J'II/I6O 3a CUCT MMPOTEKAaHUA MMOCTOAHHO-
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ro TOKa B MEIHBIX BHTKaXx OOMOTKH BO30YKICHHUS yKa-
3aHHOro poropa [11]. BosHukarommii B TpexdasHbIX
oOMOTKax craTopa paccMaTpUBaeMoro reHeparopa
3ﬂeKTpH‘IeCKHﬁ MmoTeHuMaaI U COOTBETCTBEHHO MHAYUH-
pyeMoe B HHX HaIpsOKEHHE OyAeT TeM OOJIbIIe, YeM
CHJIbHEE MarHuTHOE II0JIE €ro poTopa, OIpeleseMoe
MIPOTEKAIOIUM B €ro OOMOTKaX IOCTOSHHBIM TOKOM.
OTMeTuM, YTO Yy CHHXPOHHBIX TypOOT€HEepaTopoB C
BHEITHUM BO30YXXICHHEM HampsDKEHHE W TOK B OOMOT-
Kax poTopa OOBIYHO CO37aeT THPUCTOPHAs CHUCTEMa ca-
MOBO30YXK/ICHUSI WIH CICLHUANbHBIA  BO30YIUTENb-
reHeparop, pasMelnaeMblii Ha Bajy TypOoreHeparopa
[10, 11]. MaccuBHSBIH cTaIBHOM poTOp TypOOTreHepaTopa
YCTaHABJIMBACTCA Ha ABYX NOAIIWITHUKAX CKOJIbKCHUS.

Puc. 5. O0mwii Buj pparMenTa MOIHOTO CHHXPOHHOTO TYpOO-
reHeparopa I1ocje ero OCTAaHOBKH B IIPOLIECCE [NIAHOBOT'O TEX-
o0CITy’>kKNBaHUs U PEMOHTA (Ha TIepeHeM IIaHe BUJICH €ro Mac-
CHBHBIN CTaJIbHOM BaJ-pOTOP, & HA 33JAHEM IUIAHE — DIIEMEHTHI
ero craropa) [11]

Hns myxn TOC oredecTBEHHOM NPOMBIILIEHHO-
CTHIO BBIIIYCKAIOTCS 2-X TIOJIIOCHBIE (CO CKOPOCTBIO
BpaIleHus Vv, 10 3000 06/MuH) M 4-X HOMOCHBIE (CO
CKOPOCTBIO BpalleHHs Vy4 10 1500 06/MUH) CUHXPOHHBIE
AJIEKTPOTEHEPATOPHl YKa3aHHBIX d3JeKkTpoMammuH (OM).
MoryT HM3roTaBIMBATbCS U MHOTOIOJIOCHBIE TypOOre-
HEpaTopsl B 3aBUCHUMOCTH OT YCJIOBHHA HX JKCIUTyaTa-
nun. B 3aBHCHMMOCTH OT CIIOCOOOB OXJIAXKIEHUS OOMO-
TOK TypOorenepatopa pasnudarot [10]: DM ¢ KuIKOCT-
HBIM OXJIOXK/ICHUEM 4epe3 «pyOdaliky» craropa Typoore-
HepaTopa; DM ¢ HemoCpeJCTBEHHBIM >KUJIKOCTHBIM OX-
JAXJIEHUEM HX 00MOTOK; OM C BO3IYIIHBIM OXJIaXIe-
HUEM HX 00MOTOK; DM C BOJOPOJHBIM OXJIAXKJICHHEM
00MOTOK TypOoarperara, 94acTo Ucmoib3yeMbiM Ha ADC.
B xome MHorometHedl mpakTWkM Skcruryaramun TOC
OBLJIO YCTAHOBIICHO, YTO YeM OOJbIIE MOIIHOCTh TypOO-
reHepaTropa, T€M OH SBJISETCS Oojiee SKOHOMHYHBIM
[9, 10]. DTo MPUBOAUT K CHIIKEHUIO CTOMMOCTH 1 KBT
yctarnoBiaeHHON MormHOCTH TOC. B 3710i1 cBa3u Ha KOC
yCTaHABIMBAIOTCS  TypOOTeHepaTopbl  MOBBILICHHOW
MoILIHOCTH. YacToTa BpalleHHus poTopa TypOoreHepaTo-
pa MpoIOpIHOHaIbHA YacTOTe BBIPA0ATHIBAEMOTO WM
ToKa (v = 50 06/c x 60 ¢ = 3000 06/MMH), YHCIEHHO
cocrasisttonierd mo 'OCT 13109-97 oxono (50+0,1) I'm.
Peskoe maneHuwe 3JIEKTPUYECKOH YacTOTHI BBIPAOaThI-
BaeMOro TypOOreHepaTOpoM HampspKeHHs (TOKa) IpH-
BOINT K aBapUiHOH ocTaHOBKE 3Heproodmoka TOC u ero
OTKJIFOUEHUIO OT MPOMBINIICHHOH ceTr [11].

VYkaxeM, 9T0 B HacTodllee Bpems okosio 86 % mu-
POBOTO TIPOWM3BOJACTBA 3JCKTPOIHEPTHH TPOU3BOAUTCS
IpU TIOMOIIM TypOOTre€HepaTopoB, NPHUBOJAUMBIX BO Bpa-
IeHre napoBeiMu TypOuHamu [10, 11]. DTi naHHBIE CBU-
JIETETILCTBYIOT O BaXKHOI pOJIM paccMaTpUBAaEMOro TeTIo-
U DIIEKTPOIHEPTETHYECKOTO O00OpYyIOBaHUS TpPU BHIpa-
0OTKe B Pa3IMYHbBIX CTpaHaX B MPOMBILIUICHHBIX MAaCILITa-
Oax snexTposHeprur. Ha siekTposHeproarperaTax pas-
JIUYHOW MOIIHOCTU U coBpeMeHHBIX TOC mpuMeHSIoTCs
[4, 11]: Typborenepatopsl cepuu T (C BO3AYIIHBIM OXJIa-
XKJIEHHEM) MOIIHOCTRIO 2,5, 4, 6, 12 u 20 MBT; TypOore-
HepaTopsl cepurt TB® (¢ BOIOPOIHBIM OXJIAKICHUEM )
MotrHocThIo 63, 110 m 120 MBT; TypboreHnepaTops! ce-
prur TBB (c BOZOpOIHO-BOASHBIM OXJIQXKJICHUEM) MOII-
HocThiO 160, 200, 220, 300, 500, 800, 1000 m 1200 MBT.
VYxaxem, uro B cepun TBB typooreneparopos ¢ KIIJl no
98,8 % HampspkeHHne craTopa coctaBisieT 10 24 kB, Tok
craropa — 110 27 KA, a TOK Bo30yxneHus — 10 7 KA [11].

1.4. IpenmymecrBa u Hexoctatku TIAC. OcHOB-
HeIMU npeumyniectBamMu TOC B CpaBHEHHMU C APYTUMHU
BHJAMH JIEKTPOCTAHIINH ABJIsIeTCs cheayromee [12]:

e ycnonszyemoe Ha TOC opraHudeckoe TOIUIMBO SB-
JISI€TCA OTHOCHUTEINIFHO JCTIEBBIM CHIPhEM-TOBAPOM;

e /Ui CO3JaHMA U BBoJa B 3kcmutyarauuto TIOC Tpe-
OyIOT MEHBUINX KaIHWTAIOBIOXXEHUH II0 CPaBHEHHUIO C
TaKUMH BUaMu 3JiekTpoctanuuil kak ADC u I'DC;

e TOC moryT OBITH TOCTPOEHBI TOPA3I0 OBICTpEe, YeM
A3C u I'OC u npakTudecky B J1000M MECTE CTpaHbI He-
3aBHCHMO OT MECTa HaXOXKACHHUS HCTOYHHKA TOILINBA,

e i coopyxeHus u skciuryartauuun TOC miomanu
OTUYX/ICHUS W BBIBOJA HX W3 XO3SMCTBEHHOTO 000pOTa
3eMJIM TOpa3fo MEHbIe, YeM 3T0 HeoOxoaumo aist ADC
u ['DC (B 310t cBs3u TOC 3aHIMAIOT MEHBIIIE TIPOU3BOI-
CTBEHHOMH Iutomanu u reppuropuu, yeM ADC u I'0C);

e criocobHOCTh TOC BBRIpaOaTHIBATH IIEKTPOIHEPTHIO
0e3 3aMEeTHBIX CE30HHBIX KOJIeOaHUH MOIHOCTH;

e yJIenpHas CTOMMOCTh Ha CIWHHIY YCTaHOBICHHOMN
MormHocT TOC Hmwke mo cpaBHeHuto ¢ ADC, a ctou-
MOCTB BBIPAOOTKH 3JIEKTPOIHEPTHH MEHBIIIE, YeM Y TAaKUX
AIIEKTPOCTAHIMI KaK TU3eJIbHbIE DJIEKTPOCTAHIINH.

K memocratkam TOC B cpaBHEHUH C APYTHMH BHJA-
MU DJIEKTPOCTAHIIUN MOXKHO OTHECTH cienytomiee [12]:

e TOC He ABIAIOTCS HKOIOTHYECKU YUCTHIMH HCTOY-
HUKaMHU 3JIEKTPOOHEPTHU M XapaKTEepU3yHTCsl OOJbIIMM
3arps3HEHUEM OKPYXKAIOIIEH cpelmsl 3a CYeT BHEIOPOCOB
JibIMa (KOTIOTH) ¥ TIOSIBJIICHHS 30J1bI IIPH UX pabore;

e Qoyilee BBICOKHE HKCIUTyaTAI[HOHHBIE PACXOIBI II0
CpaBHEHHIO ¢ o100HBIME pacxogamu Ha ADC u I'9C;

® XapakTepm3yloTcsi oTHocuTenbHO Hu3kuM KIIJI (He
6osee 40-50 %) OonpinHCTBA cymiecTByOmMUX TOC;

® TIEPEMEHHOCTh PEKUMOB padboTel TOC CHMXKAET HX
9HEpPro3PPeKTUBHOCTh, MOBBIIIAIOT PACXOJ] TOIUIMBA U
MIPUBO/SIT K TMOBBIIIEHHOMY W3HOCY MX SHEProarperaros.

1.5. Oxosoruueckue acnekTbl TIC. DKcriepTHBIE
OLIEHKH yKa3bIBaIOT Ha To, 4to TOC Bcero mMmpa BbIOpa-
CBIBAIOT B 3eMHYI0 atMoc(epy exeronHo [13]: okono 250
MJIH. TOHH 3011bI, 0051ee 60 MJIH. TOHH CEpHHUCTOTO aHTH/I-
puna, 60JpIIOE KOMHYECTBO OKCHIOB a30Ta M yTIIEKHUCIIO-
r0 raza. T BEIOPOCHI IPUBOASAT K MAPHUKOBOMY 3 QeK-
Ty, BBI3BIBAIOIIEMY TJI00aJBHBIE U JOJITOCPOYHBIE KIMMa-
THUYECKHE M3MEHEHHs Ha Halllel IIaHeTe. Y CTaHOBJICHO,
410 M30BITOYHBINA pajuanuoHHbiii GoH Bokpyr TOC, pa-
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0oTaroIIMX Ha KaMEHHOM yIJje, B cpeaHeM B mupe B 100
pa3 Beme, yeM BOmm3n ADC Takoi ke momHoctH [13].
CBsi3aHO 3TO C T€M, YTO KAaMEHHBIN yrojib B KauyecTBe
MUKpOIpUMECEN BCErAa CONEPKUT ypaH, TOPUNA U pauo-
aKTUBHBIN H30TON yrieponaa. HecMoTpsa Ha 3T HeraTHB-
HBIE OCOOCHHOCTH, XOPOIIO OTPabOTaHHBIE TEXHOJIOTHUHU
CTPOUTENBCTBA, 000pyNOBaHMs M dKciutyarauuu TOC, a
TaKk)K€ MEHBIIAass CTOUMOCTh UX COOPY>KEHHUS TPUBOIAT K
tomy, uto Ha TOC B Hacrosiee BpeMs HMPUXOTUTCS OC-
HOBHAs 9aCTh MHPOBOTO IPOU3BOJICTBA SJIEKTPOIHEPTHH.
1.6. Kpynueiimmue TOC Ykpaunbl. [lo maHHBIM
rOCyAapcTBEHHOTO mpeanpusitis «HaunmonanbHas sHep-
reTudeckas KOMIIaHUS «YKpPIHEpPro» IO COCTOSHHIO Ha
1 sHBaps 2016 r. cymMMapHasi yCTaHOBIEHHAsI MOILIHOCTb
AJIEKTPOCTAHIMKA YKpanHbl cocTaBisuia 54 826,1 MBT, u3
KoTopeiX 34 266 MBT (i 62,5 %) npuxomuiachk Ha
TOC [14]. DnekTporeruioBas reHepaiys YKpauHbl Ipe-
JIOCTaBJIeHa ceifuac IIeCTH OCHOBHBIM KOMIAHUSIM. I1sTh
u3 HuX sBistores gacTHeiMA: OO0 «ITOK Bocroksnep-
rox», [TAO «ATOK Juenposneproy, [TIAO « ATOK 3anan-
suepro», [TAO «Kuessanepro» u «Jlonbacconeproy. [1pu-
Batu3auus «lleHTpaHepro» Oblna OTJIOXKEHAa Ha Heolpe-
JICIIEHHBII CPOK M3-3a IOKapa Ha KpyIHEHIeH TeIIoBon
ANEKTPOCTAaHINU YKpauHbl — Yrieropckoit TOC (puc. 6)
B Mapte 2013 1. YkaxeMm, utro OO0 «/ITOK Bocroksnep-
ro», [TAO «AT3OK Hduenposnepro», ITAO «Kuessnepro»
u ITAO «ATOK 3amamgduaepro» Bxomar B coctaB JITOK,
SIBILSIIOLEHCS Hanbosee KPYIMHOW SHEPreTHYecKod KOoM-
MmaHued YKpawHbl, BXOISIIEH B cOCTaB (PHMHAHCOBO-
npomsblieHHod rpynnel «Cucrem Kamuran Menemxk-
MeHT» (CKM) [14]. B Tabm. 1 Ha ocHOBe [14] npuBeneHb
OCHOBHBIE cBefieHus 0 kpynHenmmx TOC YkpauHsl.

Tabmuna 1
Janneie o kpynueimux TOC Ykpausnsi [14]
Ne | HazBanue TOC Momocts, Mapxa Peruon
MBT TOIJIMBA
1 VYrueropckas 3600 Vrons TCII Jlonen.
(o noxxapa) 0011.
2 |3anopoxckas 2825 VYrons 'CHI 3a1:)(é};10>1<.
3 |BypmThiHCKas 2334 |Yroms T H.-Opa.
0011.
4 |KpuBoposkckas 2328 Yroms T ll(l)ing;Ip.
5 |3mueBckas 2200 VYrons AL, T ng;K'
¢ |Crapotemes- 2010 |Vroms AL T | AOHCH-
cKas 0011.
7 |Tpumonsckas 1800 VYroms AL Kues.
0011.
8 |JlampDKUHCKAsS 1800 VYrons I'CII BP;%IJ{IHH'
Jloner.
9 |KypaxoBckas 1527 VYroms I’ o6
10 |3yeBckas 1270 VYroms I' Houen.
0011.
1 |[Iprasenpos- 1195 |Vroms AI Auerip.
cKast 0071
12 |CnaBsiHCKast 800 Vrons Alll, T ﬂggiu'
13 |Jo6poTBOpCKas 510 Yroms I' Jlbs08.
0011.
14 |MupoHoBckas 275 VYrons I' ﬂggﬁu'

B HacTosiiee Bpems HauOoJiee MIMPOKOE PAacIpo-
cTpaneHre B mupe noiydwid TOC OJ04HOrO THIA Mo-
CTPOCHHUSI CBOMX JHeproarperatoB. IIpu 3TOM Kaxblii
610k Takoit TOC B 0THOM 3aJaHHOM OIEPATHUBHBIM IIEp-
COHAJIOM peXHMe paboTaeT HE3aBHCUMO OT JAPYrux OJio-
KOB aJiekTpoctaHimu. Ha puc. 7 mokasaH oOmwuid BUA
osrounoro muta ynpasnenus (BIY) coBpemennoit TOC,
obciyxuBatomiero 610k momHocteio 300 MBT [4, 15].

¥
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Puc. 7. O6mmii Bug BILY coBpemennoii momuoi TOC [15]

1.7. O6bembl BbIpadoTkn TIC 3ekTpodIHEprun
B MPOMBIILIEHHO Pa3BHTBHIX CTpaHax mupa. Bo Bcem
MHpE MPOU3BOAUTCS M TOTPEOISETCS OTPOMHOE KOJIHYe-
CTBO aneKkTpodHepruu. Tak, B 1990 r. ee romoBoii 00beM
cocranisut okosro 11900 mupa. kBt-g, a 8 2000 r. — 15100
mapa. kBtu [13]. JlanHas 351eKTpo3HEepTrus BbIpadaThiBa-
Jach U BbIpaOaThIBaETCs MOHBIHE TPEMsI TPAUIIMOHHBIMU
Buzamu snekrpocranimii [13]: TOC, ADC u I'DC. 3ame-
TUM, YTO B COBPECMCHHBIX YCJIOBUAX FO[[OBOﬁ O6"beM BbI-
PabOTKH BIICKTPO3HEPTUH HETPAJIUIITUOHHON SHEPTrEeTHKON
(HanpuMep, BETPOBBIMH, BOJOPOAHBIMH, T'€0TEpPMaIbHbI-
MU U TEJIMOIEKTPOCTaHIMAMHU) He npesbimaer 10 % B
MHPOBOM TI'OZI0OBOM OaiaHce MPOHU3BOJCTBA HIIEKTPOIHED-
run [16]. B Toxxe Bpems B OTAENBHBIX CTpaHax (HampH-
Mep, B Janmn) mo cocrossauo Ha 2014 T. TONBKO TaKoH
BHJ aJIETEPHATHBHON JYHEPTETHKH KaK BETPOIHEPTeTHKA
obecnieunBaiia BEIpaObOTKyY 31eKkTposHepruu 10 40 % B ux
CYMMapHOM TO/IOBOM OaJlaHCe MPOM3BOICTBA DIIEKTPHYE-
ctBa [16]. ITo cocrostamro Ha 2010 r. mpumepro 70 % ot
BbIpa0aThIBaEMOr0 B MHUpE TOJOBOTO 00beMa 3JIEKTPO-
sHepruu npuxoawnoch Ha TOC [13]. Hanpumep, B Poc-
cuiickori ®eneparuu (PD) okono 67 % 3aeKTPOIHEPTHH
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BoIpabateiBaeTcs Ha TOC, pa3MelIeHHBIX B MECTax J0-
ObIYM OPraHWYECKOro TOIUIMBA (B LICHTPAIbHBIX M BOC-
TOYHBIX peruoHax cTpassl) [13]. B 3amagHbIX U FOKHBIX
pernoHax P® npeumyinecTsa 1o NpOU3BOJCTBY IEKTPO-
sHepruu otaanel ADC, paboTaromM Ha TEIJIOBBIX HEH-
TpoHax. B Tabn. 2 Ha 0aze maHHBIX U3 [13] mpuBeICHBI
OCHOBHBIE CPaBHUTEIbHBIC KOJIMYECTBEHHBIE NOKA3AaTENIN
BbIpabOTKHM B MHpe utekTposHeprun 3a 1990 r. n 2000 r.

Tabuma 2
OCHOBHBIC MTOKA3aTelIN BEIPAOOTKH 3JICKTPOIHEPTUH B MUPE
T3C, ADCuI'DC [13]

Ilepuon Bpemenu
HanmenoBanune mokasarens
1990 . 2000 .
1. lons obuielt BBIpaOOTKH JIEK-
TPOIHEPTHH 110 BUAM JIEKTPO-
cTaHnuii B Mupe, %
- ADC 17 16
- TOC Ha npupoHOM raze 14 19
- TOC na mazyte 12 10
- TOC Ha kaMeHHOM yTJIe 38 37
MC u 31eKTPOCTaHIMK Ha BO300- 19 18
HOBJISIEMbIX UCTOYHUKAX SHEPTUHU
2. YcTaHOBIICHHAS MOITHOCTh
aneKTpocTaHIuii B Mupe, I'Bt 2830 3580
- ADC 340 394
- TOC Ha npupoHOM raze 481 716
- TOC Ha maszyte 424 501
- TOC Ha kaMeHHOM yrJIe 934 1146
MC u 31eKTPOCTaHIIMK Ha BO300- 651 823
HOBJISIEMbIX UCTOYHUKAX SHEPTUHU
3. BeipaboTka 3JeKTpO3HEPTHH IO
peruoHam mupa, %
- anasHas EBpona 20 19
- Bocrounas Espona 18 13
- Amepuka 36 34
- Azus u ABcTpanus 21 28
- Cpennmii Boctok n Adpuxa 5 6

2. IIpo6aemMHbIe 3a1a4U TEIJIOBOI IHEPreTHKU U
nepcrnekTuBbl pazputua TIC B Ykpaune. OCHOBOM
coBpemeHHBIX TOC 1 ADC, a Takke TerIoCHa0XKAFOIINX
craamuii (TOL) sBastorcs TOY. B 310l cBA3M TexHUUe-
CKuil ypoBeHb pa3BuTHs TOY ompenenser ypoBeHb pas-
BUTHSI TEXHUYECKOrO Mporpecca B TOM WM WHOW CTpaHe
mupa B neioM. K cepeaune 1960-x rogos TOC, ncnois-
3yIOIIME B TONKAX MapOreHEpaTOpOB yrojib B IIBUICBHI-
HOM COCTOSIHUM, TPAKTUYECKH JIOCTHIIIU IIpejesia CoBep-
LIEHCTBA B TEXHOJIOTMH (pakenbHOro (IBUICYTOJIBHOTO)
CKUTAHMsI KaMEHHOTO YTJIsl. DTO MO3BOJMJIO JOCTHYb Ha
takux TOC 3HaueHus koadunmenra mnpeodpasoBaHUs
TETJIOBOW 3HEPTHH TOIIMBA M I1apa B SJIEKTPOIHEPTHUIO HA
BEIXOZIEe uX TypOoreHepatopoB (mokaszarens KIIJ[) mo
40 %. O6muit Kpu3ucC B psAne CTpaH (BKIOYas U YKpau-
Hy) IpUBEI K TOMY, YTO B HHX Ha BeIpaboTKy 1 kB1u
3JIEKTPOIHEPTHH MPUXOAUTHCS TPATUTH OONbIINE PUHAH-
COBBIE CPEJICTBA, YEM B IEPENOBBIX I'OCYIapCTBaX MHUpA.
Tak, B P® gannble mokaszareian MOBBICUIUCH 10 1,5 pa3s
[17]. B ar1oit cBa3u B PD ynenbHBIN pacxo] yCIOBHOTO
TOIUIMBA Ha BEIpaboTKy 1 KBT-4 anexkrposneprun Ha TOC
ceiiyac TpedOyercst cHmwkath ¢ 360 mo 280 rpamm [18].
Kpome Toro, 66sbinas nmonoBuHa seiictytomux TOY Ha
TOC kak B P®, Tak u B YKpanHe, IOCTPOSHHBIX K KOHILY

1970-x ronoB, U3HOIIEHA ¥ HYXXAAETCS B PEKOHCTPYKITIH
u 3ameHe. Kotmoarperartsl, mapoBeie TypOWHBI U TypOo-
rerepatopel TOC VYkpauHbl, UMEIOLINE PACUETHBINA pe-
cypc B 100 TBIC. YacOB 3KCIUTyaTalliH, y’Ke MPAKTHUIECKH
BBIpA0OTaNN JaHHBIC TOKa3aTeNid CBoero pecypca [19].
Yapy4aTh Hac JONOJHHUTENBHO JOJDKHO €IIe W TO, YTO
CJIOKUBILIASICS CUTYALMsI C BBICOKUM HM3HOCOM IIPOU3BOJI-
CTBEHHBIX (DOHIOB KacaeTcs W BCEeX APYIUX oTpaciel
Halleil 5KOHOMUKHU. J{J1s1 CpaBHEHUSI OTMETHM, YTO U B PD
npumepHo 90 % Bcex AEHCTBYIONIMX MapOBBIX TypOHH Ha
TOC umerot «Bo3pact» He MeHee 20 et [18]. [TosTomy
OJIHOHM W3 HanboJiee CIOKHBIX MPOOJEMHBIX 3a1ad (3ada-
yq Nel) niisi OTEYECTBEHHOW TEIJIOOHEPTETUKU SIBIISETCS
BBIBOJI M3 dKciutyaTtainu Ha TOC OTCIyKHMBILIETO dHEPTre-
THUYECKOTr0o 000pYZOBaHUs M 3aMEHa €ro Ha HOBoe U OoJiee
BbIcokOd(ddexTrBHOE. Tekyliue pemieHusi, cBI3aHHbBIE C
MOTHBHPOBAaHHBIMH IPUYUHAMH TPOIJICHUSI CPOKOB IKC-
wryaranuu aeiictyromux TOY wa TOC (3T 3amaun Ka-
carorcst 1 ADC) Bo3HHKIIEH npoOiieMbl (PU3NYECKOTO U
MopaibHOTO M3HOca TDY He pemaroT, a JIUIIb OTOJBH-
rafoT €e PelIeHNe Ha OMpeesIeHHOe Ooliee Mo3JHee Bpe-
Ms. s 3TOTO OYEBUAHO HEOOXOOUM CTPATErHUECKHHA
IUIaH Pa3BUTHS TEIIOPHEPIeTUKH YKpaWHBI HA ONMKai-
e, kak Mmuaumym, 10 ser. Ha ceroans, k Gonbliomy
COXAJICHUIO, B paccMaTpUBacMOil 00JaCTH 3HEPTETHKU
YKpauHbl Takoro IUiaHa, Ha MOW B3IIAA, noka Het. llo-
3TOMY OTCTAalOT Y HAac M Pa3paOOTKH HOBBIX BBICOKOA(]-
dextuBapix TOVY mns TOC. OgHuM U3 IPUMEPOB 1O00-
HBIX TOVY MOTYT CITy>KHTh ITapOra30Bble YCTAHOBKH HEP-
rooaokoB TOC u T ¢ KIIJ] mo 50 %, akTHBHO KCIIOb-
3yemble B MUpOBoH npaktuke [19, 20]. Jpyroil akryanb-
HOW TIpoOneMHOM 3amadeit (3a0aua Ne2) B HalIel Teruio-
SHepreTuke sBisieTcs 3aMeHa Ha TOC ycrapeBmien Tex-
HOJIOTUH CXKUTaHUS MEIKOPa3MOJIOTOTO KaMEHHOTO YIJIs
Ha OoJiee MPOTPECCUBHYIO TEXHOJIOTHIO CXKUTAHHS TBEp-
JIOTO TOIUIMBA B IUpKynupytomeM kursimem cioe (LIKC)
npu arMmocdepHoM naieHuu [19]. B crpanax 3amagHoii
EBponsl Takas nmepenosas TexHosorus Ha TOC yxe yc-
MEIIHO TPUMEHSETCsl B TeyeHue nocnenuux 15 ner. Uc-
MOJIb30BaHNE yKa3aHHOM TEXHOJIOTHH IIO3BOJISIET ITOBBI-
CUTh SKOHOMHYHOCTH M 9KOJIOTMYECKYIO YHCTOTY COBpE-
MeHHBIX MOIHBIX TOC. [To MHEHHIO aBTOPUTETHBIX TETl-
JIOPHEPTeTUKOB MMEHHO TexHoJorus Ha 6aze LIKC sBis-
eTcs HanboJsiee NEPCHEKTUBHOM INpH PEKOHCTPYKLIUH WU
CTPOHTENHCTBE B YKpawmHE HOBBIX 3HeprodmokoB TIC
[19]. Kcratu, cnemyeTr 3aMeTHTh, YTO B YKpawHEe 3a IO-
ciennue 40 JeT u3-3a OTCYTCTBHS YAaCTHBIX MHBECTUIMH
U JIOJDKHOTO TOCYAApCTBEHHOTO (PUHAHCHPOBAHMS HA
TOC He ObLI BBEAEH B HKCILTyaTal[MI0O HU OJIUH HOBBIN
SHEproOJIOK. 3a robl HE3aBUCUMOCTH Y KpauHbl ObLI 110-
CTpOEH JuIb oAuH HOBBIN KoTioarperat ¢ [IKC na Cra-
pobemesckoit TOC, a Ha 3muesckoir TOC (I'PAC) Obin
PEKOHCTPYHPOBaH TOJIBKO OJMH MBUICYTOIBHBINA KOTEI MO
COBPEMEHHOW BBICOKOA(pPEeKTHBHON TexHomormu [19].
Tak 9T0 MOXHO BIOJHE 0OOCHOBaHHO TOBOPHTH ceidac o
TOM, YTO Jaxke Ompkaifmue nepcnekTuBbl pa3Butus TOC
B YKpaWHEe 3aTSHYTbl «TyMaHOM» HEONPEICICHHOCTH U
MPUKPBITHI «TOPO» BHYTPUTOCYIAPCTBEHHBIX MPOOIIEM.
Ouepennas mpoOieMHas 3a1a4a (3adava Ne3) B Ten-
JIODHEpreTUKe YKpauHbl cBsizaHa ¢ 3()(EKTHBHBIM pelie-
HUEM aKTyaJIbHBIX 3KOJIOTHUYCCKUX ACII€KTOB, BO3ZHUKAIO-
nmx npu skcutyaraun TOC. CoBpeMeHHasi 3HepreTuka
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U B TOM YHCJIE€ TEIUIOSHEPTEeTHKAa HAHOCHUT OLLYTHMBIN
BpEJ OKpYJXKaoLlel cpeze, yXyalas yCIOBHs KU3HU Ha
Halel ruiaHeTe JiroAeil. Bee TexHosorum npousBOACTBa
anektrposHeprun Ha TOC cBsi3aHbl ¢ OOJIBIIUM KOJIAYECT-
BOM IPOMBIIIJICHHBIX OTXO0B, Bbl6paCbIBaeMbIX B OKpYy-
xarouryto ux cpeny. Ceronus npoGiiema BIAMSHHS SHEpre-
THUKH ¥ OCOOCHHO TEIUIOPHEPIeTHKN Ha MPUPOIY CTaHO-
BUTCS OCOOCHHO OCTPOHM, TaK Kak 3arps3HEHHE OKpY-
JKaromed cpenpl (3eMid, BO3AYIIHOW atMochepsl U THI-
pocdepsl) ¢ KaxkmeiM rogoM Bc€ yBemmumBaercs [21].
[IpomyKThI cropaHus OpraHMYECKOro TOIUINBA, ITOTIA/1as B
aTMocdepy, BHI3BIBAIOT BBINAICHUE KUCIOTHBIX JOXKACH 1
YCHIIMBAIOT MapHUKOBBIN 3¢ ¢dekT, uTo KpaiiHe HeOyaro-
NPUATHO CKa3bIBaeTCsl Ha OOLIEH SKOJOrM4eckoi obdcra-
HOBKe. 3nobonneBHoW 3amadeii s TOC, paboraromux
Ha yriie, SIBJISIOTCS 30JI00TBAJIbI, TPEOYIOIINE 3HAUUTEb-
HBIX IWIomazneid. K ToMy jke oHM SBIISIFOTCSI O4aramMu CKo-
IUIEHUS BPEIHBIX JUIS YeJOBeKa TSDKENBIX METaJuIOB U
00J1aJar0T MOBBIIICHHOW PaIHOAKTUBHOCTHIO [21]. B 3Toi
CBSI3M BOIIPOCAM COBEPIICHCTBOBAHUS TEIUIOIHEPTeTHUE-
ckux TexHoxoruit Ha TOC U CHIDKEHHUIO OTPHIIATEIIEHOTO
BIMSHUS MX HAa OKPYXKAIOIIYIO CPEAy BO BCEM MHpE yie-
JISUIOCh M JOJIKHO Jajiee YAEIAThCS O0JbIIoe BHUMAHHE.
BbiBoabl.

1. BBITOTHEHHBI KpaTKU HayYHO-TEXHHYECKHA 00-
30p pa3BUTHUS MUPOBOM TEIJIOIHEPTEeTUKU CBUJIETEINIbCT-
ByeT 0 ToM, 4To TOC B MPOMBINUIEHHO Pa3BUTHIX CTpa-
Hax MUpa MPOLOJDKAIOT YAEP)KUBATb CBOU BBICOKHE IIO-
3K TIPH TIPOMBIIIIEHHOM TIPON3BOJICTBE JIEKTPOIHED-
run. HecMmoTpst Ha To, 4TO, HaUMHasI ¢ cepeaAnHbl 1970-x
ronos, B ObBiieM CCCP u B psije Apyrux CTpaH mMupa
MIPUOPHUTET B PA3BUTHM SHEPTETHKH OBLI OTAAH CTPOH-
TenbcTBYy ADC ¢ ero mocienoBaBIIAM OBICTPBIM «3aMO-
paKMBaHUEM» M, HECMOTPSI Ha IPEKpaIleHue ¢ 3TOro Ie-
pHozia BPEMEHU PEAIbHOTO BIIOJKEHUSI MHBECTHLIUM B MX
TEIJIOPHEPIeTUKY M 3HEPTOMAIIMHOCTPOCHHUE, pa3pado-
TaHHBIC U CO3aHHBIC B Te rojsl TOY, BEIOpaB CBOW pac-
YETHBIH pecypc, NPOJOJDKAIOT YCHEHIHO «TPYIUTHCS»
(mampumep, B PO u Ykpanne) Ha MHOTHX JeCSTKax MOII-
HbIX 3HeprodsokoB TOC craporo mnokoseHusi. CTpaHbl
3anaanoit EBporbl, B OTiMUYKE OT yKa3aHHBIX cTpaH Boc-
TOYHOHM EBpOIBI, 3HAUNTENBHO yCIIEIIHEe MOJCPHU3UPY-
0T cBou TOYVY, MOBHIIIAIOT HA WX OCHOBE SHEProdddex-
TUBHOCTP M OOBEMBI BBIPAa0OTKH SJCKTPOIHEPTHH Ha
MOIIHBIX SHeproomokax TOC HOBOTO OKOJICHHS.

2. HopmanbHOE pa3BUTHE OTEYECTBEHHOH TETLIOdHEP-
TETUKH TpeOyeT KOPEHHOTo MepecMOTpa IHEPreTHIECKON
MIOJIUTUKY CTPaHBbI, HAIIPABIEHHON Ha oOecreueHne YHep-
rocOepekeHHs BO BCEX OTPaCisX 3KOHOMHKH, IOJIOTOB-
Ky BBICOKOKBaJH(UIIMPOBAHHBIX KaJIPOB JIEKTPOIHEpPIe-
THYECKOT0 MpOodWIIsl, OANEPIKKY COOTBETCTBYIOIINX Ha-
YYHO-HCCIIEIOBATENILCKMX HWHCTUTYTOB M KOHCTPYKTOP-
cKkux OIOpo M Ha pa3paboTKy M CO3/aHHE HOBBIX >Kapo-
MIPOYHBIX MAaTEePHAIOB M TEXHOJIOTHH ISl U3TOTOBJICHUS U
BHeZIpeHNsI BBICOKOd((ekTuBHEIX TOY Ha MOIIHBIX
sHeproomokax TOC HOBoro mokoseHus. [Ipu TakoMm HO-
BOM IIOZIXO/I€ y TEIUIOIHEPTETUKN YKpPauHbI MOSBIISETCS
peanbHasi MEpPCIEeKTHBA IJIsi CBOETO JAJIbHEHINIEro Ipo-
rpecca ¥ akTHBHOTO Y4acTHsI HA SHEPTOPBIHKE CTPAHBbI.

3. HetpanunuonHas (anbTepHAaTHBHAsA) SHEPreTHKa C
HECHUCUYCpIIa€MbIMU U BO306HOBJ151€M])IMI/I HUCTOYHUKaAMHN
SHEPruH, OCOOEHHO BETPOIHEPIreTHKa W T'eIMO’HEPreTH-

Ka, B OypKaiinee AecATHIETHE JOJDKHA COCTaBHUTH Tpa-
JIUITMOHHON JHEpreTHKe YKpauHbI ¢ ee MOIHbIMU TOC,
TII, ADC u I'DC, ecnu He JOCTOIHYI0 BHYTPUOTpacIe-
BYIO KOHKYPEHIIMIO, TO XOTSI Obl JOCTOWHOE SHEepreTHye-
CKO€ JIOTIOJHEHHE B ToJ0BOM OajlaHCe MPOMBIIUICHHON
BBIPaOOTKH B YKpauHe TeIJla U 3JIeKTPOIHEPTUH.

4. IIpobnemMa 3KOJIOTHYECKOI OE30IaCHOCTH DKCILTya-
THpYEeMBbIX B YKpanHe MoIHbIX TOC A cBoero ycmem-
HOTO pemeHus: TpeOdyeT HOBOTO MoJXo0/a U OOJBIINX WH-
BECTUIMH KaK CO CTOPOHBI YAaCTHOTO KamnWTaja, Tak U
OrojukeTa cTpaHbl. YXOJ OT €€ PeIIeHHs JINIIb yCyryos-
T T0JIOXKEHHE OTCUSCTBEHHOM TEINIODHEPTIeTHKH.
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An anthology of the distinguished achievements in science
and technique. Part 43: Traditional power engineering.
Thermal power plants: state and prospects of their
development.

Purpose. Preparation of brief scientific and technical review
with an analytical analysis about the state, achievements, prob-
lems and prospects of development of world thermal power en-
gineering. Methodology. Known scientific methods of collection,
analysis and analytical treatment of the opened scientific and
technical information, present in scientific monographs, jour-
nals and internet reports, world level in area of thermal power
engineering. Results. A brief analytical scientific and technical
review is resulted about the present state, achievements, prob-
lem tasks and prospects of development of thermal power engi-
neering in the industrially developed countries of the world.
Considerable progress is marked in development and creation
of technical base of modern thermal power engineering includ-
ing such thermal power devices (TPD) as steam generators,
steam turbines and turbogenerators. Basic TPDs are described,
charts of design and types of the modern thermal power plants
(TPP), producing in the world about 70 % annual production
electric power are presented. From positions of approach of the
systems advantages and lacks of TPPs are described before
other types of electric stations, gemnerating heat and electric
energy in industrial scales. Basic technical descriptions of larg-
est TPPs of Ukraine are resulted, TPDs of powerful power units
of which behave to the morally out-of-date past generation and
characterized a large physical wear. Some topical problem tasks
and possible ways of their decision are indicated in area of
thermal power engineering of Ukraine. In a review an accent is
done on the necessity of development and acceptance of strate-
gic plan of development of thermal power engineering of
Ukraine on the nearest 10 years. A regard is paid to power en-
gineering experts acceleration of rates of introduction in domes-
tic practice of achievements alternative and ecologically clean
power engineering specialists — especially wind energy and sun
energy. Originality. Systematization of the scientific and techni-
cal materials touching functioning of such important sector of
world economy as thermal power engineering known from the
sources opened in outer informative space is executed. It is
shown that for normal development and determination of the
nearest prospects for domestic thermal energy the native revi-
sion of power politics of Ukraine is needed. Practical value.
Popularization and deepening for students, engineers and tech-
nical specialists and research workers of front-rank scientific
and technical knowledge in area of modern thermal energy,
extending their scientific range of interests and further devel-
opment of scientific and technical progress in society. Refer-
ences 21, tables 2, figures 7.

Key words: thermal power engineering, thermal power
plants, steam generators, turbogenerators, characteristics
of thermal power plants, problems and prospects of de-
velopment of thermal power engineering.
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EnekmpuyHi MawuHu ma anapamu
VJIK 621.313:536.2.24:539.2

doi: 10.20998/2074-272X.2018.2.02

B.®. bomrox, A.H. Kouepra, 1.C. lykun

JEKTPOMEXAHUYECKHE ITPOIECCHI B IUHEHHOM UMITYJIbCHO-
NHAYKIMOHHOM 2JIEKTPOMEXAHUYECKOM INTPEOBPA30OBATEJIE
C IOABUKHBIM UHAYKTOPOM U IBYMS AKOPAMU

Po3poonena mamemamuuna mooensv, AKA ONUCYE eIEKMPOMEXAHIYHI npoyecu 6 AIHIIHOMY IMRYNbCHO-IHOYKUIIIHOMY eleKmpo-
MeXaHiuHOMYy nepemeopioeaui 3 pyxomum iHOYKmMopom, wio 63acmooic 3i cmayionapruum saxopem (CA) ma pyxomum akopem
(PA), aKuii npucKopro€ 6UKoHaguuii enemenm. Busnaueno ennue eucom AKopie Ha eneKmpomexaniyHi npoyecu 6 nepemeopio-
eaui. Axuwio eucoma CA y dsa pazu éinvwa 3a eucomy Pf, mo na indykmop y nouamkoguit momenm uacy 0itoms eJ1eKmpoouna-
miuni 3ycunna (E/[3), aki npumuckaroms 11020 00 CA, ma nepeminjenns indykmopa nouunacmuca 3 sampumxoio 0,35 mc. Axuwo
eucoma PA y oea pazu oinvwa 3a eucomy CA, mo na indykmop 6 nouamkosuii momenm uacy oiromey E/[3, aki éioumoexyroms
11020 6i0 C/, i 11020 nepemiwgennsn nouunacmocsa 3 3ampumkoro 0,1 mc. Axuwgo eucomu CA i PA € pisnumu, mo 00 momenmy uacy
0,15 mc na inoykmop npakmuuno ne ditome EJ[3, i nepeminjenna indykmopa eionocno CA nouunaemoca 3 3ampumxoro 0,25 mc.
Busnaueni komoinauii zeomempuunux napamempise AKOpie, npu AKUX Oitomy AK HaudOinvuii, max i naiimenwi imnynscu EJI3.
Haiioinowi weuokocmi pozeusac naiidinous nusvkuii PA, npuuomy eucoma CA na nux npaxmuuno ne enaueac. 3i 30inbuienuam
Macu 6UKOHAGUOZ0 eNleMeHmy 6i00Y6acmbca 30iNbuleHHA CMPYMI6 6 AKMUBHUX eleMEHMAax Nepemeoploeaia ma 3mMeHueH s
wieuokocmei inoykmopa i PA. Ilpu ybomy maxcumanwvni 3nauennsn EJ[3, wio ditoms na indykmop, smenuiyiomscs, a Ha AKopsa —
36invuytomoca. bion. 12, puc. 7.

Kniouogi cnosa: ninilinMil iMnynbcHO-IHAYKIIHNI eJleKTpOMeXaHiYHUI IepeTBOPIOBAY, MaTeMATHYHA MOJeJb, PYXOMUIA
IHIYKTOp, cTAiOHAPHU AKip, pyXoMHUii AIKIp, eJIeKTPOMeXaHiYHi mpouecu.

Pazpabomana mamemamuueckyio mooens, KOMopas ONUCHIGAEm IJIEKMPOMEXAHUUECKUE NPOUECChl 6 TUHEIHOM UMNYIbCHO-
UHOYKUUOHHOM IJIEKMPOMEXAHUYECKOM npeodpazosameine ¢ ROOGUNCHBIM UHOYKIMOPOM, 63AUMOO0CIICIEYIOUWUM CO CIAUUOHAD-
Hoim axkopem (CA) u noosuscnvim axopem (I1f), yckoparowum ucnoinumensHulii 31emMenm. Ycmanoeneno énuanue 6vicom
AKopell Ha INeKmpomexanuyeckue npoveccol 8 npeoopaszosameine. Ecnu evicoma CA ¢ 0ea paza 6onvute evicomwr 114, mo na
UHOYKMODP 8 HAUANbHBLIL MOMEHmM 8peMenu Oelicmeyom rnekmpoounamuyeckue ycunua (3/1Y), npuxcumarouwjue ezo k CA u
nepemewjenue unoykmopa Hauunaemces c zaoepiickou 0,35 mc. Ecnu evicoma IIA ¢ 06a paza d6onvue ¢vicomur CA, mo na un-
OYKmMOp 6 HaAyuanbHblil MomMenm epemenu oeiicmeyrom 3/1Y, ommankusarowue e2o om CHA, u e2o nepemewjenue navunaemces ¢
3adepockoit 0,1 mc. Ecau évicomwvr CA u IIA pasnvi, mo 00 momenma épemenu 0,15 mc Ha undykmop npaxmuuecku He oeiicm-
eyiom /Y u nepemewienue undykmopa nawunaemcs ¢ zaoepiyckou 0,25 mc. Ycmanoenenvt KOMoOunauuu 2eomempuyeckux
napamempog AKopeil, npu KOMopuvix 0eiicmeyiom KaxK nauoonvuiue, maxk u naumenvuiue umnynscol /Y. Haubonvuiue ckopo-
cmu passueaem nauoonee nuskuit 114, npuuem evicoma CA na nux npakmuuecku ne eénusaem. C ysenuuenuem maccovl ucnon-
HUMENbHOZ0 INEMEHMA RPOUCXOOUM YeeNUYEHUE NOKOE 8 AKIMUGHBIX I/IEMEHMAX NPeodpazoeamens u yMeHbUeHUE CKOPOCHell
unoykmopa u IIA. Ilpu smom makcumanwvhuvie 3uavyenuna /Y, oelicmeyroujux na uHOYKmop, yMeHbUWarOmMca, a HA AKOPA —
yeenuuusaromes. buobn. 12, puc. 7.

Knrouesvie crosa: JIMHEHHbIH UMILYIbCHO-HHAYKIMOHHBIN 3JIECKTPOMeXaHUYeCKUi npeodpa3oBarelib, MaTeMaTHYeCKasg MO-
JeJlb, MOABMKHBIH HHIAYKTOP, CTAHOHAPHBII SIKOPb, NOABUKHBII SIKOPS, 3IeKTPOMeXaHHYecKHe MPOLecChl.

BBenenne. JluHeiiHble MMITYJIbCHBIE 3JEKTPOMEXaA-
HUYecKkue IpeoOpa3oBaTesid NpeAHa3Ha4yeHbl At obec-
NIEYEHUS] BBICOKOI CKOPOCTH UCIIOJIHUTEIBHOTO 3JIEMEHTa
Ha KOPOTKOM AaKTHMBHOM Y4YaCTKE, I/I/I/IJ'II/I JJ1d CO31aHuA
YIapHBIX CHJIOBBIX MMITyIbCOB [1-4]. Takue mpeobpaso-
BaTeNM HCIONB3YIOTCS BO MHOTHX OTpacisixX HayKd M
TEXHUKH B KQUECTBE JCKTPOMEXAHUIECKUX YCKOpUTEINei
¥ YAapHO-CHJIIOBEIX YCTpOUCTB [5-7]. Hambonee mmpoko
MIPUMEHSIOTCS  JIMHEHHBIE  MMITYJIbCHO-UHTyKIIHOHHEBIE
JJIeKTpoMeXanndeckue  mpeobpasoBatenu  (JIMUDIT)
KOAKCHAJIbHOW KOH(Hryparuy, B KOTOPBIX YCKOPSEMBIi
AJIEKTPOMPOBOISIINN SIKOPh OECKOHTAKTHO B3aMMOJIEHCT-
BYET C HENOJBMXHBIM UHIAYKTOpOM [1, 2, 8]. IIpn B030Y-
KACHUU MHOI'OBHUTKOBOI'O MHIAYKTOpa OT C€MKOCTHOI'O
Hakonutens dHeprun (EHD) B anekTponpoBomsiieM
SIKOpE, BBIIOJIHEHHOM B BHJIE MEIHOTO JWCKA, WHIYIH-
PYIOTCSI BHXpEBBIE TOKH. BciencrBue 3Toro Ha sIKOpb
JEUCTBYIOT 3JeKTponuHamuueckue ycwmms (/1Y) orran-
KUBaHUS, BBI3BIBAIOIIHE €0 aKCHAIBHOE IepeMeIIeHue
BMecTe ¢ 1D OTHOCHTEThHO HHIAYKTOPA.

Opnrako mpu paboTe B AMHAMHYECKOM DPEXKUME C
OBICTPBIM WM3MEHEHHEM 3JIEKTPOMArHUTHBIX, MEXaHHYe-
CKUX W TEIUIOBBIX IapaMeTPOB CHUJIOBBIE W CKOPOCTHBIE
mokazatenun JIMUDII  TpamumuioHHOH  KOHCTPYKLUH

HEIOCTaTOYHO BHICOKH [9]. OOHUM M3 MyTeH HMOBBIIICHHUS
YKa3aHHBIX IIOKa3aTelieil sIBIsieTcsl pa3padoTKa HOBBIX
KOHCTpYKTHBHBIX cxeMm JIMUOII [10, 11]. ITockonsky B
TpanuioHHoi koHcTpykuuu JIMUIII ¢ axopeM HHAYK-
LIMOHHO B3aMMOJICHCTBYET TOJBKO OJIHA CTOPOHA HWHIyK-
TOpa, TO 3HAYHUTENIbHAsI YaCTh MArHUTHOTO TI0JISI C TIPOTH-
BOIIOJIOXKHOW CTOPOHBI MHIYKTOPA PACCEUBAETCS B OKPY-
JKafolllee MPOCTPAHCTBO, HETaTMBHO BIMAS Ha OJM3KO
pacIoI0KEHHBIE HJICKTPOHHBIE U OMOJIOTHYECKHE OOBEK-
TBI, U HE HCHOJIB3YETCS ISl CO3JAHUS JOTOJIHUTENIBHBIX
anekTpoauHamuaeckux ycwmi (V).

Paccmorpum koHCTpykTHBHYIO cxemy JIMUDII ko-
AKCHAJIbHOW KOH(HIypaluu, COISPIKAIILYIO IMOIBHKHBIN
UHIYKTOP, OXBAauy€HHBIH C IPOTUBOIIOJIOKHBIX CTOPOH
JIByMsI 3JIEKTPOIIPOBOIAIIMMU siKopsAMH (puc. 1). Onun u3
SKOpeil B3aMMOJEHCTBYET C HEIOABM)KHBIM YIIOPOM, a
BTOPOI B3aMMOJEHUCTBYET C HCIOJHHUTEIBHBIM 3JIEMEH-
TOM, HallpUMep, YAApHO-CHIIOBOTO YCTPOHCTBA.

[Ipu BO30YXIeHHH WHIYKTOpa 4epe3 TUOKUE WIH
ckomb3sinye KoHTakTel oT EHO C mexny MHIyKTOpOM n
SKOPSAMH BO3HUKAIOT DJIY OTTaNKHBaHMS, YTO NPHUBOJUT
K TiepeMeInieHno noasrmxHoro sikops (I151) oTHocuTenbHO
MHIIyKTOpa, KOTOPBIH, B CBOK OYEPE]b, OTTAIKHBAETCS

© B.®. bosmox, A.W. Kouepra, U.C. Illykux
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OTHOCHUTENIbHO cTanuoHapHoro sikops (CS). Ilpu stom
BO3HHUKAET BONIPOC O BIMSIHUU T€OMETPHUYECKUX MapaMeT-
poB sKOpeil Ha 3JIEKTPOMEXaHWYECKHE IPOIECChl B
JIMUDIIL. ITockonbKy paguaibHBIE pa3Mephl sIKOpel, Kak
MPaBUJIO, COOTBETCTBYIOT PaAHalIbHBIM pa3MepaM HHIYK-
TOpa, TO BO3HUKAET BONPOC O BJIUSHUM aKCUAJIBHBIX pas-
MEpOB 3JEKTPONPOBOAANINX SAKOPEH Ha CHUIIOBBIE U CKO-
poctable nokazatenu JIMUIIIL.
[/

5 3 1

| |

i

H H 1 ffz

Puc. 1. KoncrpyxrusHas cxema JIMUOIII: 1 — unnyxrop;
2 — cTallMOHAPHBIN SKOPb; 3 — MOJBIKHBII SAKOPB;
4 — UCTIONHUTEIBHBIN 3JIEMEHT; 5 — ynop; 6 — KopIyc;
7 — nemnepHas mpyKuHa

Henblo craTtbu SBISIETCS OINpeAeTCHUE BIMSHUS
BBICOTBI MOJIBUYKHOTO M CTAllMOHAPHOTO JHUCKOBBIX SIKO-
peii, OXBaTHIBAIOIINX MOIBIKHBIA HHAYKTOP HA BJIEKTPO-
MexaHndeckre mpoueccsl B JIMMOIII.

MaremaTuyeckass monesb. PaccMoTpuM Martema-
THYECKYI0 MOJIENb, KOTOpasi OMUCHIBAET JIEKTPOMEXaHH-
yeckue nporecchl JIMUDII ¢ ncnonb3oBaHneM coOCpeo-
TOYEHHBIX [ApaMETPOB aKTHUBHBIX AJIEMEHTOB - MHIYKTO-
pa, CTallMOHAPHOTO U MOABUKHOTO aKopeﬁ:

di di
Wk (h)+ 1= - , _Illdt+M12(Z) +Mi3()—~ 3+

. aMm . dM lr.
+V12(t)l2 2 +V13(l)l3 13 20, _J‘lldt:UO 5 (1)
dz C0

. di di di . . .
iRy (TH)+ Ly 72+M12(Z)*1+M23(Z)*3+11§1 +i3é3 =05(2)

di .
13R3(T3)+L3d +M13(Z)*+M23(Z)*+l1§z+12§3— 0:3)

My .. dM,

3= I

i3
. dM . dM dv
iy —12 = iyiy —2 + (my + m, )2+ Ky - (v3(6) +v12 () +
dz dz dt
2
+ 0125774 B D3 V12 () +v13(0)] +KP[A212(t)+A213(t)]»(5)

dM
e & = "12(1)712 ;

dv,
Z 4 (my +m, +me)f+KTV13(f) ;(4)

2_13(;) ; p=1, 2,3 — nun-

nexcel uuaykropa, I n CA; & :(V12(1)+v13(;)) d23 ;
z

R,(T},), L,, i, — CONPOTUBIIEHHE, HHIYKTUBHOCTb U TOK p-
oro aKTI/IBHOFO 3JIEMEHTa COOTBETCTBEHHO; M5(z), M5(2),
M>;3(z) — B3aMMOWHIIyKTUBHOCTH MEXIY COOTBETCTBYIO-
IIMMH p-MH aKTUBHBIMH dJIEMEHTaMU; Vi3(f), vi»(f) — cKo-
poctu nHIyKTOpa oTHOcuTebHO CA 1 I15 oTHOCHTENHHO
WHAYKTOpA BIOJIb OCH Z COOTBETCTBEHHO; Az5(f), Azjy(f) —
repeMernienue nHIykropa otHocurensao CS u I15 oTHO-
CHUTEJIbHO MHAYKTOpa COOTBETCTBEHHO; My, My, M, — Mac-
ca uHAykTopa, 11l m McnoaHMUTENBHOrO 3JIEMEHTa COOT-
BETCTBEHHO.

CosmectHOe pemrenHne ypasHeHui (1) — (3) mo3Bomser
CBECTH HX K OTHOMY Ju(h(epeHIHATEHOMY YPaBHEHHIO:

Yy di d*  di
7 3 S +a—L+ag=0, (6)
dt dt dt dt
rae ay =lel+M13d2 +M12d3;
az = Rlbl + R2b2 + R3b3 + 2(€1d1 + €2d2 +€3d3);
aj :b] /C+L1 (R2R3 —612)+ L2 (R1R3 —e%)-f— L3(R1R2 —6‘%)4‘
+2[M5(ere; — Raes )+ Mi3(eres = Ryey )+ Mos(eres = Riey )]

ay +as +ap

2
a =R (RzRa —e )+ es(eje3 — Ryey )+ e3(erey — Ryes )+
+ (R2L3 +R3L2 —2M23€1)/C ;
2 2
ag =(R2R3 —612)/C; by =Lyly=M33; by =1Lz —Mj3;
2
by=LiLy —Miy; dy =M ;M3 — LiM)3;
dy=Mp;Mp3 —LyM 35 d3y =M;3Mo3 — LsMy;

dM dM aM
e =("13 +V12) 23 L e3 =V le2

XapaKTepuCcTHIeCKOe ypaBHEHHE IU(EepeHIHaTh-
HOTO ypaBHeHUs (6)

> € =V3

a4x4 + a3x3 + a2x2 +aix+ay=0 @)
nocpesctBom 3amensl @ =X +0,25a5/ a4 nepeBonurcs
B IIPUBEJICHHYIO ()OPMY C KyOU4ECKON pe30JIbBEHTOI:

@@’ gy @ -qi =0, (®)
2
a a
rie q1:2—2—0,75£—3] ;
ag ag
4 2 2
q2:3( as J _a3~a2+a1-a3+a2_4a_0_
2'614 ai a% a4

3
a a,-a; a
3 243 1
q; = -0,5 ot
2-a, ay ay

Ecnu 1uckpuMUHAHT pe30JIbBEHTHI
= (/3 -(v/2)?, 9)
e u=qy—qi/13;v=2-q}/127-q1-92/3-43,

MEHbIIE HYyJs, TO, UCIOJIb3ysS TPUTOHOMETPHUUECKOE pe-
IIeHne ypaBHeHU (8), morydaem:

27r(p 3 1) arccos(f 0,5vy/— 27/a§) (10)

+
3 3

B sTom ¢ (Ir{ae KOpHH ypaBHeHHs (7):

,;wl iﬂwz i,¢w3 )—0,25'613/(14,
rae [ = 1, 2, 3,4.
Ecnu Bce xopuu (11) neliCTBUTENBHEI, TO )1 TOKOB

B p-bIX aKTHBHBIX 3NeMeHTax JIMMIII MokHO 3amucaTh:

Yo (12)
61419

)

i=
e
1= Ap exp(x1t) + 4 exp(xat) + A 3 exp(x3t) + A4 exp(x42)
9= 121743(021 +043)+ 724731(024 + 831 )+ 732741 (532 + 841 ).
Ap = r3lay —®p532)+ yaales —®p524)+ rasles _®p543);
Apy = nsles —®p513)+ yailas —®p541)+ r3ale —@p534)§
Ap3 = yailas —®p521)+ rala 0,0 )+ r1ale —@p514)5
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Apg = 7ales *®p512)+ 7ailas *®p531)+ yolen *®p523);
n=2,3; m=5-n;
. _ = 2. _ 2.2,
Yk =X =X Q= (Apxk _'—‘p)xk 5 O =X X7 3
0)=-b;0,= A =Cfag A, =C, ay
E) =g b [C = &\ (Riby + exdy + e3d3)~ &5 (Ryd 3 +eshy +eydy )~
~&3(Rydy + exby +ed3 )}/ ad ;
En = [a4 bldm/c_gl (Rldm +embn +end1)_§n (Rnbn +emdm +81d1)—
7§m (Rmdl +endm Jrelbn )]/ai’
éll = Rlblz + R2d32 + R3d22 + 2[bl (ezdz + €3d3 )+ €1d2d3] 5
2
Cn= dm(Rlbl + Rnbn)7L R,d\d, +e, (blbn +dp, )_ (enbl +ed, )X
x Lanm - Lanm(endm + elbn )_ Llin (eldl + endn )
Ecnu muckpumuHaHT pe3osbBeHTH (9) Oomble Hy-
IS, TO, UCHONB3ys pemeHne Kapaano ans ypaBHeHus (8),

MOJly4aeM OAMH JEWCTBUTENBHBIA U JBA KOMIUIEKCHO
CONPSKEHHBIX KOPHS:

@ =¢+¢—q/3; Wy3=¢6tjy,

rae ¢:3\/—0,5-v+\/5; §=3\l—0,5-v—«/5;
£=-05-(¢p+¢)-q1/3; x=05-3(p-¢).

B stom ciiy4ae xopHU ypaBHeHus (7) HMEIOT BHUL;

xl,z =0,5-1IZD'1 —0,25'613/614 i\/0,5~(8+\j82+12j 5

x4=01j&, (14)

rae 0=05-\@ -0,25-a3/a4; 5:\/0,5’(7«9+\/52+12)

Ecmm X1 1 Xy HCﬁCTBHTCHLHH 1 pa3JIMIHbI, TO TOKHA B
P-BIX aKTUBHBIX 3JIEMEHTAX MOXKHO IPEACTAaBUTh B BUJIC:

_Uok (15)
P 614&

(13)

rae N =xx, (30'2 -20y — §2 + x1x2)+ b4 (;(2 + 13— 20’;{1);
K = B,y exp(xif) + B,y exp(xst) +exp(c - 1)| B 3 cos(é) + B 4 sin(&)] 5
B,1=0,l*B0? - 22 - 200 )- 23] A poryno-22 -3 |-
-5, [o-x P+ ffn-2)

Byo = (0,3 02l 307 s 2n e, JuBo? -7 )20 o
+2, (12 —lea)}/(xz -£);

B3 = ®p |_(§2 - 30'2);(1 + 20;(3J+ Ap 1(30-2 - 52)— ;(3J+

Ep (Zl - 20’) ;
Bps= bplﬁ(‘fz _UZ)J’ Zl"( -3¢ )+x1 X3 J+/\ (r30-

- & +X1x2—0§1)}/§;

X=X +Xo; 12 =o? +§2; X3 =X12 +x1x2+x§-

[lepememienuss uHaykTOopa OTHOcutenbHo CH, a
takxke [151 oTHOCHTENbFHO MHAYKTOpA HA OCHOBE YpaBHeE-
Hui (4) 1 (5) MOXHO TIPEICTaBUTh B BHIEC PEKYPPEHTHBIX
COOTHOIIICHHUH:

—X1 X% 7] +30§2 -c° )+ Ep(02

Azl3(tk+1)—|:’1(tk)[l3(tk) iy (t ) j_KTV13(tk):|X

2
At
x 0,5
my+my +m,

(16)

+Azp3(#) +vi3 (8 )AL

2
At
Azyy (t) = Azyp (8) + 12 (0 )Al+2(7

mz +P)
XKH (%) My

~0,125- 7+ B D3nvia (@) + vt F -

_KP(AZIZ(tk)+AZI3(tk))j|~

X

d
—i3(t) M jiz(fk)—KT(V12(fk)+V13(fk))—

a7

Temneparypa p-oro akTUBHOIO DJIEMEHTa MpPHU Iie-
peMellleHHH SKOpST M HMHAYKTOpa, KOTJa OTCYTCTBYET
TEIUIOBOM KOHTAKT MEXIY HUMH, MOXKHO OIKCATh PEKyp-
peHTHBIM cooTHOIeHHeM [10]:

Ty (tes) =T, () 2 +(1 —Z)lTo +47721, (1R (T, )ag ¥
xDeTle[_,l(Dz —D2) } (18)

re y= exp% 0,25AtD,,a 7, c; T, )71_71 }; D.,, D,

BHEIIHWH M BHYTPEHHHH AWAMETPHl p-Or0 AKTHBHOTO
3JIEMEHTa COOTBETCTBEHHO; (7, — KO3(M(ULMEHT TEMI00T-
Jla4d p-Oro aKTHBHOIO BJIEMEHTA; C, — TENJIOEMKOCTh
p-Oro aKTHBHOT'O 3JIEMEHTA.

HauansHele ycnoBus cuctemsl ypasHenuit (1) — (18):
T,(0)=Ty — TemnepaTypa p-Oro akTHBHOIO DJIEMEHTA;
i,(0)=0 — Tox p-oro akTUBHOrO 31eMeHTa; Az(0)= 1 MM —
HCXOJJHOE OCEBOE PACCTOSHHE MEXIy SKOPSIMUA M WHIYK-
topom; u(0)=U, — manpsukenue EHDI; v,(0)=0 — cko-
POCTB SIKOPsI BIIOJIb OCH Z.

Jnst Toro 4to0Bl y4ecTh KOMIUIEKC B3aMMOCBS3aH-
HBIX DJICKTPHYECKHUX, MATHUTHBIX, TEIUIOBBIX W MEXaHH-
YEeCKHX TPOIECCOB M Pa3InUHbIC HEJIMHEHHbIE 3aBUCHMO-
CTH TIEPEXOHBIN TPOIeCC pa3OMBaeTCs Ha OOJBIIOE YHC-
JIO MHTEPBAJIOB BPEMEHU At =1 | —1; , B NIpelenax Ko-

TOPBIX BCC BEIIMYHMHBI CUUTAIOTCS HEU3MCEHHBIMH. [Ipu
TaKOM YHCJICHHO-aHAJIMTUYECKOM TOJX0JI€ BHYTPU MaJlo-
TO0 WHTEpBaja Af WCIONB3YIOTCS OIPEICIICHHBIC paHee
AHAIMTHYCCKUE BBIPAXKCHUS I pacdyeTa OCHOBHBEIX Be-
JUYWH, a TEPEXOJHBIN IMPOIeCC PaCCUUTHIBACTCS C HC-
MOJIF30BAHUEM HTEPAIIMOHHBIX COOTHOMIeHUH Ha DBM.
OcHoBuble mapamerpst  JIMUDIL.  Paccmorpum
JIMUDIT KoakcuanbHOM KOH(HIypaluy, y KOTOporo oda
SIKOPS1 BBHITIOJTHEHBI B (JOPME TIIIOCKOTO JMCKA M3 TEXHMYECKO#
Me/IH, OTHa U3 CTOPOH KOTOPOTo 0OpariieHa K HHIyKTOopy.
Hnoyxkmop: Braemmuii muamerp D,,=100 MM, BHYyT-
pennuit nuametp D;,1=10 mm, Beicota H; = 10 MM, ceueHue
MeIHOU IUHBI axb=1,8%x4,8 MMZ, KOJIMYECTBO BUTKOB IIIH-
Hbl N|= 46 mt. UHIYKTOp BBITIOIHEH B BUJIE ABYXCIOMHOI
0OMOTKY C BHEIITHAMH JTEKTPHUYCCKUMH BBIBOJIAMHU.
Axopa: BHemHUN quaMetp D, 3=100 MM, BHyTpeH-
HuH auametp D, 3=10 MM, BoicoTa Hy =H3=3 — 7 MM.
EHD: emxocts C=500 Mx®, Hanpspxerne Uy=1,5 kB.
WcnonHuTENbHBIN 37IEMEHT UMeeT Maccy m,~1,0 K.
JuiekTpoMexaHnyeckne xapakrepucrtuku JIMUIIIL.
PaccMoTpuM BnMsiHME BBICOTBI SIKOpPEM Ha 3JEKTpoOMexa-
Hudeckue npoueccsl JIMUOBIIL. Bricoty IS 6ymem ore-
HUBaTh O€3pa3MEPHBIM T'COMECTPHUCCKUM IMapaMeTpOM

* -1
hy =HyH; ",
PaccmoTpyM  3eKTpoMeXaHWYECKHE XapaKTePUCTHKU

JIMNIII, nverormux pasimnyHsle coueTanus Beicot CA u I151.

a Beicoty CSI — mapameTpom h; =H3H| !
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Ha puc. 2 npezncTaBieHbl 3JIEKTPOMEXaHUUECKHE Xa-
pakrepuctuku JIMMIII, y xotoporo Beicota CS B 1Ba pasa
6oibiiie BRICOTHI [ 15 (mapaMeTph! sikopeit 7, =03, h3*=0,6).

Tok B MHIYKTOpE C IUIOTHOCTBIO j; UMeeT KoJeba-
TeJIbHO-3aTyXalolui xapakTep. MakcumanpHasi IUIOT-
HOCTh TOKA MHIyKTOpa coctaBiser 448 A/mm’. B Ha-
YaJbHBIA MOMEHT paboyero mporecca IJIOTHOCTH TOKa B
I j, u B C41 j; UMEIOT IPOTUBOMON0XKHYIO K HHIYKTOPY
noJsIpHOCTh. MakcumyM IoTHocTd Toka B TS cocras-
nser 554,6 A/mvE, a B CSI — 303 A/mm>. Benencrsue
B3amMozeicTBus TokoB Ha I1S metictBytor DY orran-

KUBaHUs f;,, MakCUMallbHasi BEJIMYMHA KOTOPBHIX COCTaB-
qstet 13,6 kH.
J AMm; fOKH; v, mic
800
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Puc. 2. Onexrpomexanuueckue xapakrepuctuku JIMMIII
C TeOMETPHYECKIMH NTapaMeTpamu sikopeit /i, =0,3, i3 =0,6

t, MC

B untepsane 0,5-0,65 mc 3/IY MeHSIOT Hampasiie-
HHE, TI0CJIE Yero MPOUCXOAUT NMOBTOPHBIA BCIUIECK YCHITHIA
OTTAJIKWUBAHUS, HO 3HAYMTEIbHO MEHBIICH BEJIMYHMHBI, MO
CPaBHEHUIO C TepBOHayaibHBIM. B pesynbrare [15 mepe-
MeIaeTcsi OTHOCUTENBHO HHIYKTOpa CO CKOPOCTBIO Vi,
MaKCHUMaJIbHasl BEIMYMHA KOTOPOH cocTaBisieT 3,65 m/c.

Ha vHayxTop B HaualbHBI MOMEHT BPEMEHU [IEii-
CTBYIOT oTpuuarensHeie D/Y f), mpmkuMalomme ero K
Csl. Omgnaxo uepes 0,25 mc st DY, u3MeHsst Harpas-
JICHHWE, OTTANKHUBAIOT HHAYKTOp oT CS ¢ MakcmManbHOI
BenmuunHO# 3,9 kH. B pe3ynprare MHAYKTOp Hepemera-
eTcst oTHocuTenbHO CS co CKOPOCThIO Vi3, MAKCUMaIbHAS
BeJIMUMHA KoTOpoil cocrasnsier 0,4 m/c. [Ipuuem mepe-
MeIlleHHe MHIYKTOpa HauuMHaercs ¢ 3ajepxkoi 0,35 mc.
3HaueHHe MakcuManbHOW ckopoctu ITSl oTHocuTenbHO
CA vy3 =vyp +vy3 coctasnser 4,05 m/c.

Ha puc. 3 mpencraBneHsl 3IEKTpOMEXaHUYECKUE Xa-
pakrepuctuku JIMUIII, y xotoporo BeicoTa [T B 1Ba paza
6ombie BeICOTHI CS1 (TTapamMeTpsl sikope h2*=0,6, h3*=0,3).

B nannom JIMUDII, kak v B pacCCMOTPEHHOM BBIIIIE,
COXpaHsIeTCsl XapakTep MPOTEKaHWs TOKOB. Makcumalb-
Hasl IJIOTHOCTh TOKa B UHIYKTOPE j; HE3HAUYUTENIBHO YBe-
nuanBaetcs 10 450,1 A/mm?, MakcuMyM MIOTHOCTH TOKA
J» B I151 ymenpmaercs 1o 294,3 A/mm®, a B CS j; mwior-
HOCTh TOKa MOBBIaeTcst 10 — 573 A/mMm°. Benencrsre
9TOr0 MakCHUMalbHas BenmnunHa DY oTTankuBaHus, AcH-

CTBYIOIIIMX Ha f,, yMeHbiaercs 1o 12,7 kH. B pesysbrare
MakcHMajbHasi ckopocTh nepemertenus I151 orHocurensHO
WHIYKTOPA V|, YMEHBILAETCs 0 BEMUUHHBI 2,95 M/c.

Opnako B ganHoM JIMUOII Ha MHAYKTOp B Hadaib-
HBIX MOMEHT BPEMEHH JCHCTBYIOT MOJOKUTETbHBIE DY
f-1, oTTankuBatormue ero ot CS u ero mepeMeIieHue Ha-
guHaeTcss npumepHo uepe3z 0,1 mc. Ilpm stom Mmakcu-
MallbHasi BEJIMYMHA ITHX CHJ HaONIoJaeTcs BO BTOPOM
MMUKe OTTaNKWBaHUs, gocturas 2,18 xkH. B pesymbprare
HHAYKTOp IepeMelaercss otHocutensHo CS co ckopo-
CTBIO Vi3, MAaKCUMaJbHasl BEIMYMHA KOTOPOH IOCTHTraeT
0,63 m/c. MakcumanbHast ckopocTh [151 oTHOcHTENBEHO
CA vy; coctaBmsier 3,58 m/c. YMensienue ckopoctu 151
MOYKHO OOBSCHHTD €T0 IOBBIICHHONH MacCo.

J,Ahm?; L xH;y, mic
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Puc. 3. Onexrpomexanudeckue xapakrepuctuku JIMMIIT
o * *
C TEOMETPHIECKIMH ITapaMeTpaMHu sikopett A, =0,6, h; =0,3

Paccmorpum Bapuant JIMUIII, y KoTOpOro BEICOTHI
CA u 114 paBuel. Ha puc. 4 npencTaBieHsl dIeKTpoMexa-
Hudeckue xapaktepuctuku JIMUDII ¢ mnapamerpamu
hy =04, h;"=0,4.

J AMMZ; fORH v, mic
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Puc. 4. Onexrpomexanuueckue xapakrepuctuku JIMUIII ¢
TeOMEeTPHYECKIMH ITapaMeTpaMu sikopeit /1, =0,4, h; =0,4
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B mannom JIMMOII makcuManpHast INIOTHOCTh TOKa
B MHJIyKTOpE j; cocTapisieT 442,8 A/mm”. TOKH B SKOPSIX
0COOCHHO Ha HAYaJIbHOM Y4acTKe Mpoliecca, IJe OTCYTCT-
BYET INEpPEMEIICHNE aKTHBHBIX JJIEMEHTOB, NPAaKTHYECKU
OJIMHAKOBBl. MakcuMyM IUIOTHOCTH TOKa j, B IIfI cocras-
mster 420,3 A/MM, a B Csi j; — 4348 A/MM®. Makcumaib-
Has BenuunHa DJ/IY OoTTankuBaHus, NEHCTBYIONIMX Ha fo,
cocrasiseT 12,8 kH, uro mpusoaut k nepemerenuto 1151
OTHOCHUTEJIBHO HHIYKTOpa CO CKOPOCTBIO Vi;, MAaKCH-
MallbHasi BEIMYMHA KOTOPO# cocTasiseT 3,28 m/c.

B manrom JIMWDII Ha WHAYKTOpP AO MOMEHTa Bpe-
meru 0,15 Mc mpaktuuecku He zAeucTByror DAY f.
Benencreue 3Toro mepemenieHHE HWHAYKTOpa OTHOCH-
tenbHO CS HaumHaercs mpaktudecku yepes 0,25 mc. [Ipu
3TOM MaKCHMAaJIbHasl BEJIMYMHA ATUX CHJI HAOIIOAeTCs BO
BTOPOM TMUKE OTTAIIKMBaHUsI M cocTaBisieT auib 1,85 kH.
B pesynpraTe MHAYKTOp MNEpeMEIIaeTCss OTHOCHUTEIHHO
C4 co ckopoCThIO Vi3, MaKCUMallbHasl BETUYUHA KOTOPOH
cocrasser 0,56 m/c. Ilpu 3TOM MakcHManbHasi CKOPOCTh
I151 otrocuTensuo CSl vy3 cocrasiser 3,84 m/c.

CuiioBble M ckopocTHble mokasatean JIMUIII.
Paccmotpum BiusHUSI reoMeTprueckux napamerpoB CS1

h; € [0,3; 0,7] n IS h; € [0,3; 0,7] Ha BEIIMYHHY MMITYJIb-
ca DAY F,, = Ifzpdt ,Tae p =1, 2, 3 — UHAEKCHI UHIYK-
topa, IS u CA1.

Benmuunas! ummynsco D/1Y, nelcTByonmx Ha UH-
IYyKTOp F), CYIIECTBEHHO MEHBIIE, YeM BEIUYMHBI UM-
mynbcoB, aeictByomux Ha I F, u Ci F,;. Makcu-
MajbHble 3HaueHus umnyibca DAY F,;, nedcTByrOmmx
Ha UHJYKTOP, BO3HUKAIOT MPU F€OMETPUUECKUX MapameT-
pax sikopeit h; =04 u h,'=0,7 (puc. 5). MUHHMAIbHbIC
3HaueHus1 F,; BO3HUKAIOT MpHU hy=0,7 u h,’=0,4. Hau-
Oosmpiras BenmuuuHa umiryiasca DY F; npu mo0oii BbI-
core IS peanusyercst mpu CS1 ¢ mapamerpom h; =0,4.

Haumenpmue 3HaueHus nmmynsca DAY F,,, aenct-
Byrommx Ha I151, Ha060poT, BO3HUKAIOT TIpH /i3 =0,4 (Mu-
HUMaJbHOE 3HAUYE€HUE HMEET MeCTO Ipu BblcOKoM IS
h2*=0,7.). Haubonpmme 3nadenus ummnyisca DAY F),
HMEIOT MECTO MpH h2*=0,42-0,45 (MakCHUMaJIbHOE 3Haue-
HUE UMEET MeCTO MpH BeicokoMm CS1 h3*=0,7).

Haubonpimue 3Havenus: umiyiasca DY F;, aevict-
Bytomux Ha CS, BO3HUKAIOT npu hy'=0,4 (MakcuMaIbHOE
3HAYCHHE HMEET MecTo mpu h, =0,7). A HamGombume
3HaueHus ummynbca DJIY F.; uMeror Mecto npu h, =0,4
(MUHAMABHOE 3HAYCHNE UMEET MECTO TIPH hy=0.7).

PaccMoTpuM BIUSTHHS T€OMETPUIECKHUX MApPaMETPOB

Ci h; € [0,3; 0,7] n I h; € [0,3; 0,7] Ha CKOpPOCTH Tie-

pememienus uHaykropa u IS, peanmmsyemble B KOHILE
pabouero mporiecca (puc. 6).

F;Zl: H-c &2: H-c @33 H-c
0,7 0.7
. 1,6 . 4,1 0757
hY, o.e hy, 0.6 hy,0.e[~__ 56
0.6 0.6 0,6
1.4 ’ 5,5
4,2
| ] 5,4
0,5 13 0,5 4.3 » 0,5 ’
1,0 Y43 5,3
0,4/ 0,8 0,44 4,2 46 04153 32 54
0.6 0,4 ' ’ 5,0
1,2 \\ ’
0.3 . 0,3 : : 0,3 - -
03 04 0,5 h3,0.e 07 03 04 0,5 i3, 0. 07 03 04 0,5 h,,0e 07
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o 6

Puc. 5. 3aBucumocts nmmyiscoB /1Y, neiictByromux Ha uHayktop (a), IS (6) u CA (8) B 3aBUCUMOCTH OT COOTHOIICHUIH
* *
reOMETPHYECKUX [TapaMeTpoB /i, H /i3

Mz WC Vi, Mic Va3, mic
07 7T s . 0.7T3,5 3,5
k3, 0.e. 2,9 3, 0.e. , k3, o.e.
0,6 0,6 0,6 1 3,6
31 0.6 e
»
- | 05+ T |
o 3.3 o 05/ 0,4 3,8
4 0,3 0,2 /_FJ_\
0,4 &) 0,41 0,4 1 3,9
0,6 . ]
3,7 : I
0,3 : : - 0,3 : - - 0,3 : - -
03 04 05 hj,0e 07 03 04 05 ki, 0e 07 03 04 05 h},oe 07
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Puc. 6. 3aBucumocts ckopocrteii [15 oTHOCHTENEHO HHAYKTOPA (a), MHAYKTOpa oTHOcUTeNbHO CS (6) u 1151 oTHOCHTENBHO CS (8)
o * *
B 3aBUCUMOCTHU OT COOTHOLICHUH T€OMETPUUYECKHX TIapaMeTpoB /i, U h3
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MaxkcumManbHOe 3HadeHue ckopoctr [151 otHOCHTEB-
HO WHJIYKTOpa Vy; peanusyercs MpH MHHMMANBHOW ero
BBICOTE /15 —0 3 u makcuMmanbHOM BbicoTE CA /i3 =0 A
MUHHUMAaJbHOE 3HadeHune ckopocTH IS oTHOcHTENnbHO
MHIYKTOpa Vi peamnsyercst MpH MaKCHMalbHOH ero
BBICOTE /1, —O 7 1 MUHHUMAaJIBHOM BBIcOTE CS h3 =0,3.

B cBoro ouepens HanOONBIINE 3HAYEHUS CKOPOCTEH
nepeMeIeHnst HHAYKTopa oTHocuTenbHO CSl V13 HUMEIOT
MECTO TPH OTHOCUTENIbHO HeBbicokoM CSI h;'=0,4 (mMak-
CHMallbHas CKOPOCTh MMEET MeCTO mpu BbicOKoM IIf
h,"=0,7). Haumensine 3HaueHus ckopocteit Vi3 peamn-
3YIOTCS IIPU h,"=0,45 (MI/IHI/IMaJ'H)HaH CKOpOCTh V|3 nmeer
MecTo pu BeIcOKOM CS /5 70,7).

HanGonpmmii nHTEpEC MpEeAcTaBiIsieT CKOPOCTh Iie-
pememenns [1A orrocurenmsHo CS V53, Kak mokaseiBatoT
pacdeTsl HaI/I6OJIBH.II/IC cKopocTH V,; pa3BuBaeT Hambosee
rmskmit T15T 7, "=0,3, npuaem Boicota CS1 Ha Hee mpaKTH-
yecku He BiuAeT. OgHAKO C yBEIMYEHHEM BBICOTHI [151
HaunMHaeT cKasbiBaTbesa BimsHue CS. B stom ciydae
BoicoTy CS1 uenecoo6pa3Ho BBIOMPATH C FEOMETPUUECKIM
napamerpamu h; =0,4-0,42.

BinsiHne Macchl MCNOJHHTEIBHOIO 3J1€MEHTa Ha
nokazarenn JIMUIIIL. Jlns Toro 4roObl Gojiee MOJIHO
MOHATH JNEKTpoMexaHuueckue mpoueccel B JIMUOII,
paccMOTpUM BIMSIHUE MacChl MCTIOJHUTEIBEHOTO 3JIEMEHTa
m, Ha €ro JIEKTpoMeXaHnJeckrue mnokaszarenau. Ha puc. 7
MPEJCTABIEHbBl  3aBUCMMOCTH  IOKa3arenen J'H/II/IBH
VIMCIOIICT0 ICOMETPHICCKHE MAPaMeTPhl SIKOPeii h,"=0,5,
h3 =0,5, oT Macchl UCTIOMHUTENBHOTO ATeMeHTa. C yBenu-
YEHHEM MacChl M1, IPOUCXOIUT CYLIECTBEHHOE yMEHBbIIIE-
HHME CKOPOCTH IIEPEMELICHHs MHIYKTOpa OTHOCHTEIBHO
Ci Vi3, KOTOpast yxxe Mpu Macce m,=3 KI' MPaKTHYECKH
cHmxkaercs 10 Hyns. Ckopocts [15] oTHOCHTENBHO MHIYK-
Topa V), ¢ yBEIMYEHHEM MAacChl HCIIOJHUTEIHHOTO dlie-
MmenTa ot 0 10 5 kT ymenbmaercs ¢ 9,83 m/c o 0,9 m/c.

J, ahmal I 6 Ve
é3mf5ﬂ

15

Tz2m 150

O T T T T :

o 1 2 3

Puc. 7. 3aBI/ICI/IMOCTL nokazareneit JIMUIII ¢ mapamerpamu
h2 =0,5, h3 =0,5 OT Macchl HCTIOTHUTEIIHEHOTO AJIEMEHTA

Mg, KT 5

3aBUCUMOCTH MaKCUMAaJIbHBIX 3HaueHui DJ1Y, neict-
BYIOIIMX Ha akTuBHBIE AneMeHTsl JIMUOII, or Macchl uc-
TIOJTHUTEIIBHOTO AJICMEHTa UMCIOT CIICAYIOIINE OCOOCHHO-
cti. C yBeJIMUEHHEM MACChl M, MaKCUMAaJIbHbIE 3HAYECHUS
D1V, necTBYIONMX Ha UHIYKTOP f.1,,, YMEHBIIAIOTCS, @ Ha
sIKopst — yBenmuuuBarorcs. IlpuueM makcumansabele D1V,
netictytomux Ha [14 £, MEHbIIIE, YeM aHAIIOTHIHBIC YCH-
s, aeictBytommme Ha CH f3,. OmHako ¢ yBemmdeHHEM

MacChl UCHOJIHUTENBHOTO 2JIEMEHTA 3TH YCUIIHS CTPEMSITCS
K BbIpaBHUBAHMIO. OUEBHUIHO, YTO MPHU MOJTHOCTHIO 3aTOp-
MoxxeHHOM [151 ot D/1Y OymyT paBHBIMU.

C yBenMUeHHEM Macchl /71, MPOUCXOANT yBEIMUICHUE
TOKOB KaK B MHIYKTOPE, TaK H B SIKOPSIX, 0COOEHHO CHIIBHO —
B uHTepBaie 0...1 Kr. 3T0 MOXXHO OOBSICHUTH OOJIEe CHIIb-
HBIM MHAYKIOHHBIM B3aUMOJEHCTBHEM HHIYKTOpA C SIKO-
PSIMU, KOTOPbIE HAXOAATCSI B CHJIBHOM MarHUTHOH CBSI3H.

BbiBOABI.

1. PazpaboTana MaTeMaTH4eCcKyt0 MOZIEIb, KOTOPasl OMH-
ChIBaeT AeKTpoMexaHndeckue npoueccel JIMMIII ¢ nox-
BIDKHBIM HHIYKTOPOM, B3aHMOJEHCTBYIOIIMM CO CTallUO-
HAapHBIM U MOJBIKHBIM YIEKTPONPOBOASILUMU SKOPSIMU.

2. YCTaHOBNEHO BIUSIHUE BBICOT SIKOPEH Ha AIIEKTpOME-
xaaudeckue mporeccsl JIMMOII. TlokazaHo, 9TO B HaYab-
HBI MOMEHT pabodero mporecca TOKH B SKOPSX HMEIOT
MPOTHUBOIIOJIOXKHYIO K TOKY HHAYKTOpA IOISIPHOCTb.

3. Tlokazano, uto eciu Bhicota CS B 1Ba pasa Goublie
BbICOTHI 1151, TO HA MHAYKTOp B HaYaJIbHBII MOMEHT BpEMeE-
HH aeiictBytor D1V, npmwxumarorue ero k CS, u mepeme-
[IeHUE MHIIyKTOopa HauuHaercs ¢ 3anepxkoi 0,35 mc. Eciu
BbicoTa 151 B 1Ba pasza Gonblie BeicoThI CS, TO HA MHAYKTOP
B HayaJIbHBIA MOMEHT BpeMeHH AeicTByroT D/1Y, oTranku-
Batome ero ot CS, u ero mepeMellieHHEe HAUMHAETCS C
3agepxkoit 0,1 mc. Ecau Beicotsl CA u I1 paBHbL, TO A0
MoMeHTa BpemeHd 0,15 MC Ha MHAYKTOp NpPakTUYECKU HE
netictByror D/1Y u nmepemerieHre HHIYKTOpa OTHOCHTEIEHO
C51 maunHaercs ¢ 3amepxkoit 0,25 Mc.

4. YCTaHOBJIEHO BIMSHHE BBICOT IHCKOBBIX SIKOpPEH Ha
BEJIMYMHBI UMITyI6cOB DY, NeHCTBYIONMX HA HHIYKTOP U
skopsi. Bemmumubl mMmynecoB 3J1Y, nedcTByrommx Ha
HHIYKTOp CYLIECTBEHHO MEHbIIe, 4eM HUMITYJIbcsl DY,
JICHCTBYIOIINX HA SKOPS. Y CTaHOBJIEHbI KOMOMHALIMY BBICOT
SIKOpEeH, PH KOTOPBIX Ha HUX U HA UHIYKTOpP AEHCTBYIOT
KaK HanOOJIBIIINE, TAK M HAUMEHBIIHE UMITYIbCHI D/IY.

5. YCTaHOBIIEHO BIMSHHME T€OMETPHUYECKUX MapaMeTpOB
Ci u I ma ckopoct mepemeneHus uHAykTopa u TS
Hanboneimme ckopoctr pasBuBaerT Hambonee Hu3kuit 1151,
npudeM Bbicota CS Ha HUX mpakTHdecku He BiuseT. OnHa-
KO C yBenuueHWeM BbICOTHI [ISl HaumHaeT cka3bIBaThCS
pmstHre CS. B stom cimywae Beicoty CA uenecoo6pa3Ho
BBIOUPATH C FCOMETPUHUCCKIM TTapaMeTpoM /s =0,4-0,42.

6. IToka3aHo, 4TO C yBEIMYEHHEM MAacCChl HCIIOJIHHU-
TEJILHOTO DJIEMEHTa IPOMCXOAUT YBEJINYEHHE TOKOB B
akTuBHBIX d7eMeHTax JIMMOIII u ymeHblleHHe ckopocTen
nHaykropa u IIS. Ilpu 3ToM MakcuManbHble 3HAYCHMSA
O/1Y, nedcTBYIOIIMX Ha MHAYKTOP, YMEHBILIAIOTCS, a Ha
SIKOpsl — yBenuuuBaroTcs. Makcumansaele DJ1Y, neifct-
Bytomue Ha IISl MeHbIle, 4eM aHaNOTMYHBIE YCHIIMS,
nerctBytomue Ha CS.
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Electromechanical processes in a linear pulse-induction
electromechanical converter with a movable inductor and
two armatures.

Purpose. The purpose of the paper is to determine the influence of
the height of the mobile and stationary disk electrically conductive
armatures covering the movable inductor on the electromechanical
processes of linear pulsed-induction electromechanical converter
(LPIEC). Methodology. With the help of the developed mathemati-
cal model that describes electromechanical and thermal processes
of LPIEC, the influence of the heights of the armatures on electro-
mechanical processes, the values of the electrodynamic forces
acting on the inductor and armature, and the moving speed of the
movable armature (MA) is established. Results. It is shown that if
the height of the stationary armature (SA) is twice the height of the
MA, then the inductor at the initial instant of time is acted upon by
electrodynamics forces pressing it to the SA, and the displacement
of the inductor begins with a delay of 0.35 ms. If the height of the
MA is twice the height of the SA, then the electrodynamics forces act
on the inductor at the initial instant of time, repelling it from the SA,
and its movement begins with a delay of 0.1 ms. If the heights of the
SA4 and the MA are equal, then until the time 0.15 ms on the induc-
tor, the electrodynamics forces practically do not act and the induc-
tor moving relative to the SA begins with a delay of 0.25 ms. Origi-
nality. The effect of the geometric parameters of the SA and MA on
the velocity of the inductor moving relative to the SA, MA relative to
the inductor and the MA relative to the SA is established. It has been
established that the highest velocity of the MA relative to the SA
develops the lowest MA, and the height of the SA does not affect it
practically. However, with the increase in the height of the MA, the
effect of SA begins to affect. In this case, it is expedient to select the
height of the SA to be 0.4-0.42 of the height of the inductor. Practi-
cal value. It is shown that as the weight of the actuating element
increases, the currents in the active elements of the LPIEC increase,
the induction velocities of the inductor relative to the SA and the MA
decrease relative to the inductor. At the same time, the maximum the
electrodynamic forces values acting on the inductor decrease, and
the armatures increase. Moreover, the maximum the electrody-
namic forces acting on the MA are less than similar forces acting on
the SA. References 12, figures 7.

Key words: linear pulse-induction electromechanical con-
verter, mathematical model, mobile inductor, stationary
armature, movable armature, electromechanical processes.
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JOCIIIKEHHSA BIVIMBY JOAATKOBOI'O AKTUBHOI'O OIIOPY B KOJII
OBMOTKHU 3BbY/KEHHS HA ITYCKOBI XAPAKTEPUCTHUKHA ABHOIIOJIIOCHUX
CUHXPOHHUX IBUT'YHIB

Ha ocnosi po3poonenozo menmoody po3paxynKy yCmaieHux ACUHXPOHHUX PeHCUMIE AGHONONIOCHUX CUHXPOHHUX O6UZYHIE 3anpo-
NOHOBAHO MEMOOUKY MAMEMAMUYHOZ0 MOOETI08AHHA NYCKOBUX XapaKmepucmuk. 3adaua po3paxyHKy cmayionapHozo acunx-
POHHO20 pexcumy po3e’a3yEmvca AK Kpailoea 01 ougepeHyianbHux pieHANRL eneKmpuynoi pienosazu Konmypie oeuzyna. Anze-
oOpuzayia cucmemu OughepenyianvHux piGHAHbL 30IUCHIOCMbCA WIIAXOM ARPOKCUMAYI] PIGHAHL cmamny KyOiYHuUMuU Chaain-
yuxyiamu na cimyi y3nie nepiody 3 ypaxyeannam nepiooutHo20 3aKony 3minu Koopounam. B pezynomami 30iiicniocmsca ne-
pexio 6i0 ix KOHMUHYANbHUX 3HAYEHb 00 8y37108UX. Po3paxynok nyckoeux cmamuynux Xapakmepucmuk 30ilCHIOEMbCA Memo-
00Mm npoodosxcenns no napamempy. /Ansa 00cniornceHHs 6nauUGY 6eUYUHU NYCKOB020 OROPY HA ACUHXPOHHI XaAPAKMEPUCMUKU
08UZYHA BUKOPUCMAHO MAMEMAMUYHY MOOENb 08UZYHA, 6 AKIIl 6PAX08YIOMbCA PeaibHi KOHMYPU NYCKOBOI 00MOMKU, HACUYEH-
HA ma Hecumempia maznimonpoeody. bion. 10, puc. 5.

Knrouoei crosa: ABHONMOJIOCHMI CMHXPOHHUH JABHUI'YH, ACHHXPOHHHIH PeKUM, MYCKOBHUi Omip, CTATHYHI XapaKTepHCTHKH,
KpaiioBa 3aJa4ya, anpoKcuMAallis cruiaiitHaMu.

Ha ocnoge paspabomannozo memooa paciema yCmanoGUEUIUXCA ACUHXPOHHBIX PEHCUMOG AGHONOIIOCHBIX CUHXPOHHBIX 06U2A-
meneil npeonoNcena MemoouKa MamemMamuiecKko20 MoOeaupo6anus nyCcKo6blX Xapakmepucmux. 3adaua pacuema cmayuonap-
HO20 QCUHXPOHHO20 PedcumMa peuaemcsa KaKk Kpaeeas 0na ougepenyuansuviX ypasHeHuil INeKmpu1eckoz0 pasHosecus KoH-
mypog osuzamens. Anzebpauzayusa cucmemvt Oug@epenyuanbHoIX ypaAHEHUN OCYUWeCmENAEmcs nymem annpoKCumayuu ypa-
6HEHUIl COCMOAHUA KyOUYeCKUMU CHIAAUH-PYHKUUAMU HA CEMKe Y3106bIX MOYEK NEPU0Od C yUemom nepuoouieckozo 3aKoHa
uzmeHnenuil Kkoopounam. B pesynomame ocywiecmenaemca nepexod om ux KOHMUHYAAbHbIX 3HAYEHUI K y37106biM. Pacuem nyc-
KOBbIX CAMUYECKUX XAPAKMEPUCMUK OCYU{ECIMETIACINCA MEMOOOM RPOOOJIICeHU no napamempy. /Ina uccied08anus 6nuAHUA
Ge/IUYUNBL NYCKOBO20 CONPOMUGIEHUA HA ACUHXPOHHbIE XAPAKMEPUCMUKU 0GU2AMENA UCNOIb308AHO MAMEMAMUYECKYIO MO-
deny dguzamensi, 6 KOMOPOU yHUMbIEAIOMCA PedlbHble KOHNYPbL NYCKOGOIU 00MOMKU, HACLIWEHUE U HECUMMEMPU MAZHUMO-
npogooda. bubdmn. 10, puc. 5.

Kniouesvie cnosa: iBHOIOJIOCHBI CHHXPOHHBIN JBUraTelb, AaCHHXPOHHBIH IIYCK, IIyCKOBOE CONPOTHBJICHHE, CTAaTHYECKHE

XapaKTEePUCTUKH, KpaeBas 3a/iavda, anmpoKCuManus CILUIalfHAMMU.

Beryn. 3actocyBanns cuHXpoHHUX ABHTYHIB (C/1) mimst
€JIEKTPOIPHBO/IIB BEJIUKOI MOTYXHOCTI 3a0e3redye BHUCOKI
TEXHIKO-€KOHOMIYHI NOKa3HUKM OJIHAK ICHYe mpoliema ix
nycky [1-3]. CJ1 BUrOTOBJSIOTBCS 37EOLIBIIOTO 3 SIBHOBHU-
paXEHHMH TIOJIOCaMHM, Ha SIKHX pO3MilleHa 0OMOTKa 30y-
JoKeHHs1. 1711 BUXO/ly Ha CHHXPOHHHMH PEXHM POTOP ABUTY-
Ha HEOOXiJTHO PO3irHaTH A0 OJM3BKOT IO CHHXPOHHOT IIIBU/I-
KOCTi 00epTaHHI, ITICIIs YOTO TIOAAaTH B OOMOTKY 30y KEHHS
TIOCTIHHMI CTPYM, B pe3yJbTaTi 9oro poTop YBiline B CHH-
XPOHI3M 3 MarHiTHAM TOJIEM OOMOTKH CTaTopa.

[Ipobnema TMyCKy CHHXPOHHHX JBWTYHIB, SIKi Ipa-
LIOIOTh B TIOTY)KHHUX EIEKTPOIIPUBOJAX, € OJHIEIO 3 OCHO-
BHUX [4-6]. Oco0MMBO aKkTyasibHA IIsI IpoOJIeMa Ui THUX
CHHXPOHHHX €JIEKTPOIPHUBO/IIB, B SIKMX ITYCK 3/1IHCHIOETh-
csl TMiJ HABaHTaXeHHAM. Ii CyTh mosisrae B 3a6e3neyeHHi
HEOOXi/IHOTO ITyCKOBOI'O MOMEHTY, SKHH 3YMOBIICHHH
yMoBaMu poOoTH npuBoay. B mpakTumi Bigomi pisHi cro-
co0M IyCKY 1 cxeMH, 5IKi X peai3yloTh, SIKHM BIIACTHBI SIK
HEIOJNIKH, TaK i mepeBarn. Bubip KOHKpETHOTO crocoly
BHpIIIEHHS MPOOJIeMH ITycKy HMOTpedye epeKTUBHUX IIo-
0 aJEeKBAaTHOCTI METOMIB OTPUMAaHHS (YHKIIOHATHHUX
3aJIe)KHOCTEH, sIKi O IaBany MOIIMBICTH aHANI3yBaTH SK
AKICHI, TaK 1 KiJBKICHI CTOPOHH AMHAMIKH ITyCKOBOTO
npouecy. BoHn € ocHOBOIO ISl PO3POOIIEHHS ITyCKOBHX
cucreM [4], ski 3a0€3M€UyIOTh TEXHOJIOTIYHY HaAIHHICTh
pobOTH €NeKTPOOOIaIHAHHS 1 HOTO EKOHOMIYHICTH 1100
BUTpPAT €JIEKTPOCHEPTii, 0 BaXKIIMBO ISl €JIEKTPOIIPHUBO-
JliB, SIKI TPALIOIOTh B YMOBAX YacTHX ITyCKiB.

Sk BimoMO, OCHOBHHM crioco0oMm 1ycky C/l € acuHx-
POHHUM ITyCK, SIKUH 3/ {CHIOETHCS LIIIXOM HOTO IIPSIMOTO
BMHKaHHS Ha HOMIHAQJIbHY HANpPYTy, & €JIEeKTPOMAarHiTHHH

MOMEHT PO3BUBAETHCS 33 PAXYHOK PO3MIIIEHOI B ITOJIFOCAX
SIBHOTIOJIFOCHOTO POTOpa IycKOoBOT 00MOTKH [2]. 3araibHo-
NPUHHATO OOMOTKY 30Y/IXKEHHS Ha 4ac ITyCKYy 3aMUKaTH Ha
PO3psLAHMI aKTHBHUH OIIp BEJIMYMHOIO, sika y (5-10) pasis
niepeBuILye ii BIacHuii omip 7y, pigme Hakopotko. ITpn3na-
YEHHs [JbOTO OIOPY — YHHKHEHHS IepeHarpyr B 0OMOTII
30y/UKEHHSI Ha II0YaTKy acCHHXPOHHOTO MycKy. IInTaHHS
BIUIUBY JIOJATKOBOTO ITyCKOBOTO OMOpPY B OOMOTI 30Y-
JUKCHHSI HA BEJIMYHY EJICKTPOMArHiTHOTO MOMEHTY, SIK
MIPaBUIIO, HE PO3TIBIAATIOCH 200 AOCIIIKYBaJIOCH 3 BUKOPH-
CTaHHSIM HACTUIBKH CIIPOLICHUX MaTEMAaTHYHUX MOZENEH,
110 OTPHIMATH JOCTOBIPHI pe3yIbTaTH MaJONMOBIPHO.

EnexTpomarHiTHUH MOMEHT, SIKUil CTBOPIOE B acHH-
XpOHHOMY pexHMi IyckoBa ooMorka portopa CJI, Hemo-
CTaTHIN JUIs1 WOro MycKy MiJi HAaBaHTaKEHHSM, TOMY BH-
KOPHUCTOBYIOTh Pi3Hi 3aCO0H, CIpsSMOBaHI Ha HOro Imij-
BUIICHHS [5, 6]. 30KpeMa, OJHUM i3 UIAXIB BUPIMICHHS
npoOiieMu HOKpamieHHst myckoBux BiactuBocted CJI €
BMUKaHHS ITOCIIIOBHO B OOMOTKY 30y/DKEHHS KOHAEHCa-
TOpIB, SIKI KOMICHCYIOTh 11 iHAYKTUBHUH OIIip, OHAK He-
MIpaBUIHHUN BUOip 3HAUEHHS 1X EMHOCTiI MOYKE TIPU3BECTH
JI0 BUHMKHEHHS SIBHIIAa PE30HAHCY HAmpyr abo 10 3HH-
KEHHsI ITyCKOBOTO €JIEKTPOMAarHiTHOIO MOMEHTY 3aMiCTb
migsumienast [7]. 1lux HemomikiB mo30aBieHUN CTOCiO
MOKpAILCHHS IYCKOBUX XapaKTEPUCTHK 3a JIOIOMOTOI0
aKTHBHOTO OIOpy B oOMoTLi 30ymkenHs [1]. OxHak npo-
Onema nocinimkeHHs: acuaxponHoro nycky CJI, odMorka
30yIPKeHHS SIKOTO 3aKOpOYEeHA HA aKTUBHMH OIIip, HE3Ba-
JKarouM Ha ii Ba)KJIMBE NMPAKTUYHE 3HAUCHHS, 3aJIMIIA€THCS
HEBHPILIEHOIO 10 IUX Tip.
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[MutanHs 0OTPyHTOBAHOTO BHOOPY BENHYHHU JOJa-
TKOBOTO ONOPY B OOMOTI 30y KeHHS Moxe OyTH BHpi-
MECHC IIIIAXOM MAaTCMaTH4YHOI'O MOJCIKOBAHHs, OJHAK IIC
notpedye BHUKOPHCTAHHS pPO3BUHCHHX MATEMAaTHYHUX
mogeneit CJI i po3po0seHHs e(EeKTUBHUX METOIUK YHUC-
JIOBOTO aHANi3Yy.

MeToro podoTH € po3poOICHHS MaTEMAaTHIHOT MOJIETI
Ta METOJMKH PO3PaxyHKy acCMHXpOHHHX pexumiB CJI 3 me-
TOIO JTOCITI/KEHHS BIDIMBY aKTHBHOTO OIOPY B KOHTYpi 00-
MOTKH 30y DKEHHS Ha IycKoBi Xxapaktepuctuku C/I.

MartemaTuuHa Moaeab. Posrimsaemo CJI, oOMOTKa
cTaTopa SIKOTO JKHBUTHCS BiJ Tpu(a3HOi Mepexi, a Ha
poTopi po3MilieHa myckoBa 0OMOTKa 3 7 CTEp)KHSAMHU Ha
KO>KHOMY IIOJIFOCI Ta 00MOTKa 30y PKEHHSI.

Sk Bigomo [2], ycraneni cuHxpoHHI pexumu CJI
MOYKHa aHaJli3yBaTH Ha OCHOBI BUKOPUCTaHHS 3aCTYIHHUX
CXeM, IIPOTE B YMOBaX HECHHXPOHHOI'O OOEpTaHHS pOTO-
pa, HaBiTh B YCTAJIICHOMY PEKHMIi, €JIEKTPOMArHITHI MPO-
LIECH, SIKi IPOTIKAIOTh B EJIEKTPUYHUX KOHTYpaxX JBUTYHa,
€ OTUHAMIYHAMH. A OCKIJIBKH 3aCTYyIIHI CXeMH HE IaroTh
MOJJIMBOCTI BpaxyBaTH OCHOBHI YMHHHKH, IO BIUIMBA-
IOTh Ha TuHaMiKy rnporeciB B CJI, To as aHami3y acHHX-
porHux pexumiB CJ HempuaatHi.

BHacmi1ok SIBHOIOJIIOCHOT KOHCTPYKIIi poTopa i He-
CHUMETpii MycKOBOi 0OMOTKH, PO3IMOIiT MarHiTHOI 1HIYK-
i y MOBITPSIHOMY NPOMDKKY BIIPI3HSETHCS BiJl CHHYCOi-
JTHOTO, & eJISKTPOMArHiTHUI MOMEHT B yCTaJICHOMY acHH-
XPOHHOMY PEXHMI Ma€ TOCTIHHY CKJIaJOBY 1 3MIHHY, sIKa
KOJIUBA€ThCA 3 TO/IBIHOIO YacToTor0. Kpim Toro, BHacIi-
JIOK HacuueHHs1 MarHitornpooxy CJI, morokozuernsieHHs
KOHTYpIB, @ OT)KE 1 €JIEKTPOMArHiTHI MapaMeTpH, HeJli-
HIHHO 3a1ekKaTh BiJ] yCiX HOTO CTPyMIB.

[Ipaktuka po3paxyHkiB mporecis B CJI, cBiTuuTH,
10 BU3HAYAJILHUHN BIUIMB Ha MOBEIIHKY BUTYHA B aCHH-
XPOHHOMY PE&XKHMI Ma€e MycKoBa OOMOTKa, a OTXKE Bil
aJleKBaTHOCTI il OmMCcaHHs B MaTeMaTHYHIN MOIENl 3aje-
JKUTh TOYHICTh OTPUMAHUX PE3YJIbTATiB PO3paxyHKy. [H-
UIMMHA YUHHUKAMU € HECHHYCOIMHHUM PO3IMOJiI HaMarHi-
YyBaJIbHUX CHJI eJIeKTpUUHUX KOHTYpiB CJl 1 HacuueHHs
MarHiTHOI cucremu TiTbKM BpaxyBaHHS IIMX YMHHUKIB Y
X B3a€EMO3B’3Ky MOXKE CIIyTyBaTH OCHOBOIO JJIsl pO3pO0-
JICHHS BIAIIOBIJHUX METOAMK PO3PAaxyHKY Ha OCHOBI BH-
KOPUCTaHHS CYy4aCHHX YHCIIOBHX METOJIIB.

AcuaxponHi pexumu CJ] onmHuCyrOThCS HETiHIHHOO
cucreMor audepeHianbHux piBHIHb ([P) emexrpome-
XaHIYHOI PiBHOBArd, sika MOXe OyTH 3amrcaHa sIK B pea-
IbHUX (Da3HMX, TaK 1 B IEPETBOPEHUX CHCTEMax KOOPAH-
HaT. BuOip cucTeMH KOOpPAHWHAT € BHU3HAYAJILHUM, OCKi-
JIBKH BiJl Hel 3aJIeKUTh MOXJIMBICTh BpaxyBaHHS THUX 4H
IHIIMX YUHHHKIB, SKi BIUIMBAIOTh HA TUHAMIKY IPOIIECY.
Kpim toro, st siBHOnosrocHoro CJI BaxxiuBuM € crocio
MOJIEIIIOBaHHS IIyCKOBOI OOMOTKH: y BHIVISIAI JIBOX EKBi-
BaJICHTHUX YU peaJbHUX (I3MUHUX KOHTYPIB.

Binpuiicts 3amau aHanizy He NOTPeOyIOTH BUKOPHUC-
TaHHS IiJ Yac MaTeMaTHYHOIO MOJIENIIOBAHHS PO3IIILY
TIPOLIECIB B KO)KHOMY CTEPKHI ITyCKOBOT OOMOTKH, TOMY ii
MOJKHA €KBIBAJEHTYBATH JIBOMA OPTOrOHAIbHUMHU KOHTY-
pamu, OpieHTOBaHUMHU TIO TO3IOBXHIH (d) Ta monepedHii
(g) ocax [2]. Ockinbku y CTBOPEHHI €JIEKTPOMATHITHOTO
MOMEHTY B aCHHXPOHHOMY DPEXHMi ITyCKOBa OOMOTKa €
BU3HAYAJILHOIO, TO 3 METOI0 OTPHMAHHS aJEeKBAaTHUX pe-
3ynbTaTiB OyAEMO pO3TJSAaTH YTBOPEHI i CTEP)KHAMHU

peansHi KoHTYpH [10], MiX SKHMU BHACTIIOK HACHYICHHS
MAarHITOIIPOBONY iCHYIOTH HEINIHIHI B3a€MOIHIyKTHBHI
3B’s13KkH. IIpoTe, 0OMOTKY cTaTopa, OCKITBKH BOHA CHMET-
pUYHA 1 )KUBHUTHCS CUMETPUYHOIO TPH(PA3HOIO CHUCTEMOIO
HAaIpyT, MOXKHA PO3IJLIAAaTH Yy BiIOMUX d, ¢ KOOpAUHAT-
HHUX OCSIX. 32 TaKUX YMOB IIPOIIEC ACHHXPOHHOI'O ITyCKY
CJ1 y pasi 3aMuKaHHs OOMOTKH 30Y/)KCHHS Ha aKTUBHHIA
omip 7, = k-r; Ae k — KpaTHICTb JOJATKOBOT'O OMOPY, OIH-
CyeThCsl HENIHIHHOK cucTeMoro JIP eneKTpoMarHiTHOI
piBHOBaru KOHTYpiB
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CTPYyMH BiJNOBIIHUX KOHTYPIB; 7, 74 ¥j — AKTHBHI OIIOPH
0OMOTOK: craTopa, 30y/KeHHsI Ta AeMI(epHUX KOHTYPIB
(rj%), BIACHUX — TIPHU j=Fk i B3a€EMHUX — TpH j# k; 6 — KyT
BUOIry poropa.

Cucrema JIP (1), nonoBHeHa piBHSIHHSAM PyXy POTO-
pa, Jae 3MOTy IOCIIPKYBAaTH MEPEXiHI MPOLECH B aCHH-
XpoHHHX pexkuMax podorn CJI. OueBnaHO, 1m0 nepexin-
HUH MPOIeC aCHHXPOHHOTO ITYCKY MOTPeOy€e YHCIOBOTO
inTerpyBansst J[P Ha yacoBOMy iHTEpBaii, JOCTaATHHOMY
JUIS BUXONY IBHUTYHAa Ha YCTallCHMH AaCHHXPOHHHU pe-
)kuM. OmHak it npoektyBanHsa CJI i, 30kpema BiAImoBin-
HUX ITyCKOBHX CHCTEM IS eIEKTPONpHUBOAiB [4], Ta mo-
CIIJDKEHHS 1X MYCKOBHX BJIACTUBOCTEH HEOOXiTHO MaTH
e(eKTUBHUI aNrOPUTM PO3PAXYHKY CTATUYHHX XapakKTe-
PUCTHK, AKWiA OM AaBaB 3MOTY IOCTIKYBaTH BIUIUB IIa-
paMeTpiB MycKOBOI OOMOTKH i OOMOTKH 30YyJ/DKEHHS Ha
nepe0ir npouecis B CJ] B IryCKOBOMY pexXuMmi.

Sk Bigomo [2], B ycTaieHOMY acHHXPOHHOMY pe-
)umi sisHOMOMoOcHOro CJ1 kyT € BUOIry poTOpa, Hemepe-
PBHO 3pOCTa€ 3a 3aKOHOM

0 =—w [ sdi+,

ne O, — modaTrkoBe Horo 3HaueHHs, a s = 1, 0 — w/ay,
@y, @ — KyTOBa 4acTOTa HANPYTW KUBJIEHHS Ta KyTOBa
MIBUJKICTh OOEPTaHHS pOTOpa ABUTYHA, BUPaXKEHA B eJie-
KTPUYHUX pajliaHax.

OCKiJIbKM TIpU HEOOMEKEHOMY 3pOCTaHHI Kyta &
¢yHKuUil sin€ Ta cosf, SAKMMU BU3HAYAETHCS 3HAUCHHS
NPUKIIAZEHOI HANpyrd, 3MIHIOIOTBCS 32 MEPIOJUYHHM
3aKOHOM, TO IOTOKO3YEIUICHHS, CTPYMH KOHTYpIB i, SIK
HACJIJIOK, €JEeKTPOMAarHiTHUH MOMEHT, € IIepioANYHUMHU
¢yskuismu. KoBzaHHs s poTopa B MeXax Mepiony KOJH-
BAETHCS BIJTHOCHO CEPEIHHOTO 3HAUCHHS

T,

sozéfsdt,
0

OJTHAK JUIs PO3B’sA3yBaHHS OUTBIIOCTI 33734y HOro MOXKHA
NPUIHATH HE3MIHHUM 1 pIBHUM CEpPEAHBOMY 3HAYCHHIO.
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Metoauka po3B’s3yBaHHsA 3agavi. JlocimimKeHHS
BIUIMBY aKTHBHOTO ONOpPY B KOJi OOMOTKHM 30YyMIKCHHs Ha
CJICKTPOMATHITHMH MOMEHT MOXKHA 3IMCHUTH Ha OCHOBI
PO3paxyHKy CTaTHYHOI XapaKTEPHCTUKH, SIKY OTPUMYIOTh
[2] uwuIsXOM pO3paxyHKy IMOCIIJOBHOCTI YCTaJ€HHX aCHHX-
POHHHX PEXHMIB, PO3PAXOBaHUX JUISl PI3HUX 3Ha4YE€Hb KOB-
3aHHs. [IpaBOMIpHICTH TaKOTO MiAXOJY MOSICHIOETHCS THM,
110 MEXaHIYHa CTajla yacy HabaraTro NepeBHILy€e eJIeKTPOMa-
rHITHy. OCKUIBKH B YCTaJICHOMY aCHHXPOHHOMY PEXHMi 3
KOB3aHHAM s Tiporiect B CJ1 3MIiHIOIOTECS 3 TIepiooM

T, =2n/(swy),

TO 3a/a4a HOTO PO3paxyHKy IOJSra€ y BU3HAYCHHI Iepi-
OJIMYHMX 3aJIEXKHOCTEH KOOPIMHAT. [X PO3PaxyHOK ILIs-
XOM pO3B’sI3yBaHHsI €BOJIOLIIHOI 3anadi norpeOye iHTer-
pyBanHs cuctemu /[P Ha 3HauHOMY YacoBOMY iHTEpBai, a
TOMY HETPUIATHUN I PO3PaXyHKY CTaTHYHUX Xapakrte-
puctuk. Po3paxyBaru 3a3HaveHi 3aJIC)KHOCTI 3 MiHIMab-
HUM OOCSITOM OOYMCIICHb MOXKHA IIIIXOM PO3B’S3yBaHHS
KpaiioBoi 3amaui s cucremu [P (1) 3 mepiogumynnmun
KpaifioBUMH yMOBaMH [9].

3 METOK CKOPOUYCHHS BHKJIAACHHS alTOPHTMY PO3-
PaxyHKy MEepioNYHHX 3AJISKHOCTEH KOOPIHHAT PEKUMY
Ha niepioai 7, 3anumemo cuctemy /1P (1), onHUM BekTOp-
HUM PiBHSHHSIM
”;—"t’ AR} @)
ae

U, sin9+a)0(l—s)l//q —Fig
Uy cos0—ag(l -5y, —ri,
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Ho piBHsHHS (2) BXOIUTH YacoBa KOOpJAMHATA f, a
OT)KE pO3PaxoBYBaTW 3 HOTO0 BHKOPHCTAHHAM CTAaTHYHI
XapaKTepUCTHKU € Tipobiemoro. [Ipore 3a yMOBH mOCTiH-
HOTO KOB3aHHS BOHO OITUCY€E CTALlIOHAPHWNA aCHHXPOHHUI
pexnm CJI, SKuil XapaKTepu3yeThesl IEPiOANIHOI0 HEeTap-
MOHIYHOIO 3MIHOK KOOPIMHAT. BHACTIIOK HETiHIHHUX
€JIEKTPOMATHITHHUX 3B’s3KIB MK KOHTYPaMH JIBUTYHA CHC-
temy JIP (2), sika omucye eneKTpOMarHiTHi NporecH, He-
MOXKJIMBO 3BECTH [0 aNT€OPHYHUX LIIIXOM MEpeXony 10
KOMIUIEKCHOT 3MIiHHO{, & PO3paxyHOK YCTaJICHOTO PEXHUMY
MOJISATaE 'y BHU3HA4YCHHI (DYHKIIOHAIBHUX 3aJISKHOCTEH
MHTTEBUX 3HAUYCHb KOOPAWHAT BIPOAOBXK Iiepiony 7.

BusnaueHHs LMX 3aN€XHOCTEH — Lie KpaiioBa 3aja4a
g cucremu JIP (2). B marematwii, Sk paBmiio, KpaloBi
3amavi po3rsnarThk it [P npyroro mopsaky, OgHAK
BHACIIIJIOK TOTO, IO KpaifoBi yMOBH 3a/IaHi NEepioTUIHHU-
MH 3aJIeKHOCTSIMH, iX TNOCTaHOBKAa MoOxiauBa it [P
nepuioro mnopsaky. Jns po3p’s3yBaHHs KpaiioBoi 3amadi
cucremy JIP (2) HeoOximHO anreOpu3yBaTH Ha Tepioi,
TOOTO 3IiMiCHUTH mepexi] BiJ qudepeHlianbHuX piBHIHb
JI0 AIreOpUYHHX.

B niteparypi Bigomi pi3Hi cnocobu anreGpu3arii,
cepell AKUX PI3HUICBI METOIM PI3HUX MOPSIKIB, KOJIOKA-
1ii, B TOMy 4YHCIi ¥ TPUTOHOMETPUYHOI, Ta iHmi. OxHaK
HaHOUIbII e(DeKTUBHUMH BHSIBIUTUCH IPOEKIIHHI METOIN
[8], cyTh sSIKHMX TOMNATAE B TOMY, IO PO3B’SI30K OIEpaToOp-

HOTO PIBHSIHHS B 33JaHOMY HiINPOCTOPI BU3HAYAETHCS
IUIAXOM IMPOEKTYBaHHS TU(EPEHIIaIbHOTO PIBHSIHHA Ha
Jesikuid iHIME mignpoctip. [IpoekniiiHi MeToau € ocHO-
BOIO  MOOYMOBH  Pi3HHX  OOYMCIIOBAIBHHX  CXEM
pO3B’si3yBaHHs KpaiioBux 3amad [8]. Pi3HHUII Mik HUMH
nojsirae 'y BHOOpi 0a3sucHUX (YHKIIH U anpoKCHUMAaIil
BIZIMOBITHUX KPMBHX B cTaTTi MpomoHyeThcst MeTO aHa-
73y acHHXpOHHUX pexuMiB podotu CJI mpoexuiiHuM
METOZIOM, PO3pPOOJICHMM Ha OCHOBI 3aCTOCYBaHHS KyOid-
HUX cruiaiHiB [9]. CyTh METONy MOJSATaE B MEPEXOi Bix
cucremu JIP (2) HemepepBHOI 3MIiHHOI 1O AMCKPETHUX
anreOpuUYHUX piBHAHG. J[i1s 11s0r0 po3ainumo nepiox 7' Ha
m TPOMIKKIB h; = ¢; — ¢,y \j=1,m) i Ha KOXKHOMY 3 HUX
KOMIIOHEHTH BEKTOpA I/ alPOKCHMYEMO CIUIaiiHAMHU Tpe-

THOT'O TOPSAKY BUTIISLY
ne a;, by, ¢;, d; — xoedillieHTn crutaifiHa, CriBBiJJHOIIEHHS
MDK SKMMH BH3HAYalOTBCS BJIACTHBOCTAMH CIUIAMH-
(hyHKIIH, SKi y By3/Iax CiTKH 3iCTHKOBaHI MiXK COOOI0 3a
3HaYCHHSAM (QYHKIIH i € ABidi nudepeHIiifoBadi Ha BCbO-
My mepiomi. CHiBBiTHOMIEHHS MK KoedilieHTaMu
CIIaiiHa BUTIKAIOTh 3 HOI0 BJIACTUBOCTEH 1 BUSHAYAIOTHCS
JUTSL KOXKHOI KOOPIMWHATH BEKTOpPA 1/ BHUKIIIOUHO CiTKOIO

BY3JIiB Ha T1epiozni

3 a 3 + 3 a;+ a
41T 5 T 441 =
by b ) )
a,_1—a; h;
by=——J_Jle. -2¢;). 5
J hj 3 (j 1 _1) ®)
B matpuuHniii ¢opmi piBHsHHS (4) 3 ypaxyBaHHIM
YMOB TIEPIOAMYHOCTI CIVIAMHA a,; = @), Cpij = Cj, Mae
BUTJISII
Wz]g-i- szé =0 , (6)

- * * o .
ne A= (al,...,aN) ; C= (cl,...,cN) , a BepxHiH iHmekc (*)
03Ha4yae TPaHCIIOHYBAaHHS BEKTOPA.
PiBHsHHS (2) #7151 j-TO By3J1a CITKH Ma€ BUIJISA
dy - (* - )
| TEW), )
J
B SIKOMY ﬁj = (Um sian,Um cosHj, O,...,O)k .
Ockinbky, sik BUILIMBAE 3 (3), B j-1i1 By3110Bil TOUII
piBHsSHHES (5) HaOyBa€e BUTIISIITY
a,1—a; h;
4__/(01_71 _ 2cj)= —z;
h; 3
J
a00 B MaTpuuHii Gopmi
WA+ W,C=-Z, ®)
— *
ae Z= (zl,...,zm) . Omxe 3amaua BU3HAYEHHS CIUIaiiHa
(3) 3BoIUTHCS 10 BU3HAYEHHS KOedilli€HTIB a; Ta ;.
BusnauuBimum BekTOp C s piBHAHHS (6), U1 BU3HA-

YeHHS BY3JIOBHX 3HAYCHb KOOpAWHAT (BeKTOpa A ) OTpHU-
Ma€eMO PiBHSHHS
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s+ wgswy Ji=-Z ©)
ne Wi, Wia, Wi, W — OIOKH-MaTpUIl, po3Mipy mxm,
€JIEMEHTH SKUX BU3HAYAIOTHCS BUKIIOYHO KOoeilieHTaMu
piBHsHB (4), (5).

Otpumana cuctema (9) anreOpuIHUX PiBHSHB km-TO
opAAKy, Ae k = 2+m+1 — KinpKicTh piBHAHD cuctemu /[P
(2), € nuckpeTHUM BimOOpaKeHHAM, sIKe 11 aTPOKCUMYE Ha
ciTii By3niB mepiony 7, moBTOproBaHOCTI mporuecy. o
Hel BXOJSATh 3HAUYCHHS KOOPIUHAT, SIKi BiJOBIAAOTH (DiK-
COBaHMM 3HAYEHHSAM 4YacCOBOi KOOPAUHATH f y BY3lax
Mepioy, 3IEKHOCTI MK SIKHMH B KO)KHAH MOMEHT 4acy

HenmiHiiiHi. Ockinbku A=y, a Z :Z((/7,ﬁ), MIPUIOMY
W= 1/7(1 ), i MOXKHA TTOJATH yV BHTJISII HENIHIHHOTO piB-
HSIHHS BUTTISILY
o(%.7.0)=0.

Horo po3e’s3K0M € 3HAYCHHST BEKTOPa

s (- = = ¥ e . ..

1 :(11,...,1_13...,1 ) s i =(ldj’lq]-,l]j,...,lnj,lﬁ)*,
SIKI BU3HAYAIOTHCSI BEKTOPOM & IPHKIAICHUX HAIPYT Ta

eneKTpoMarHiTHuMu napamerpamu CJ1.

Jnst po3B’si3yBaHHsI HENiHINHOT anreOpu4HOi cucTe-
MU (10) 3acTOCOBYETHCSI METO/I TPOIOBKEHHS 110 TTapaMe-
Tpy [8, 9] B moennanHi 3 iTepauiiinum meronom Heroto-
Ha, 3TIIHO 3 SKUM Ha KOKHOMY /-My KpOKOBI iTepaii

(10)

BEKTOP I YTOYHIOETHCS 32 (popMyIaMu
) FO_A70). ai® =60

ne Q(Z) — BEKTOp HeB’s130k cuctemu (10) mpu I = f(l)
Bumymyrouoto cunoto B piBHsaHHI (10) € BexTOp

- ~ ¥ o - .
U= (uly...,um) , HAPOIYIOYHM SIKMU B14 HYJIA 1O HOMIHA-

JIBHOT'O 3HAYCHHS, OTPUMYEMO 3HAYCHHS BCKTOpiB Y Tta

I, sKi BiIIOBITAIOTH 33aJaHOMY 3HAYCHHIO KOB3aHHSI
s = so. OTprMaHi 3HAYEHHS KOOPOUHAT € MOYATKOBUMU
YMOBaMH JUIS PO3PAaXyHKY CTATUYHUX XapaKTEePUCTHK.

Enementamu 61okiB Matpuii Sko0i € nudepenmianbHi
IHIYKTUBHI ONOPY KOHTYPIB JIBUI'YHA, SIKI BH3HAYAIOTHCS
IIIIXOM PO3PaxyHKY 3acTYIHOI cxeMHu MarHiTHoro koina CJ]
3TiJHO 3 MpUiHATO Mozemmo [10]. Pesynsrarom pospaxy-
HKY MArHiTHOTO KOJIa € BU3HAYCHHS KPUBOT MarHiTHOT iH/Iy-
KUii B TOBITPSIHOMY TIPOMDKKY JIBUTYHa METO/IaMHM Teopii
KiJI, 10 JIa€ 3MOTY BHU3HAYUTH TIOTOKO3YCIUICHHS KOHTYPIB,
SIKI BXOJISITH JI0 BEKTOpA HEB 30K 1 3aJ1eKaTh BiJl CYKYITHOCTI
CTPYMIiB YCiX KOHTYpiB ABUTYHA.

Jns nocniukeHHS BIUIMBY BEJIMYMHH JOJATKOBOTO
AKTUBHOTO OTIOpY B OOMOTII 30yIKEHHSI Ha ITyCKOBI Xa-
PaKTEepUCTHKN HEOOXIIHO, 3aJalouich 3HAYEHHSAM KOB-
3aHHS, 32 BUKJIQJCHUM BHIIE aJITOPUTMOM BH3HAYUTH
3HAUYCHHsI KOOPAWHAT PEXUMY TPH 3HAYEHHI MyCKOBOTO
oropy B o0MoTIi 30ymkeHHs 7, = 0, a MOTIM HapoLTlyBaTh
floro BenWYMHY B HEOOXIMHMX MeXaX, YTOUYHIOYH
po3B’s30k MetogoM HetoroHa. CyKyIHICTH KOOpAWHAT,
BU3HAYCHHX HA KOXKHOMY KPOKOBI IHTErpyBaHHs, JalOTh
3MOTY BH3HAUMTH 0araTOBUMIpPHY XapaKTEPUCTHUKY 5K iX
3aJIeKHICTD BiJl ITyCKOBOTO OMOPY B OOMOTIIi 30y IKECHHSI.

AHAJOTIYHO BUKOHYETHCS PO3PAXYHOK CTaTHYHUX
MYCKOBUX XapaKTePUCTHUK SK 3aleKHOCTEH KOOpIHHAT
BiJ KoB3aHHs. [Ipu 11bOMY NOAATKOBHH OImip B OOMOTII
30y/DKEHHSI NMPUIMAEThCS HE3MIHHMM, a 3MIHIOETBCS B
3aJaHUX MeXKaxX KOB3aHHS.

Jus nocmimkeHHs epexigaoro mporecy mycky CJI
HeoOXigHO pa3oMm i3 cuctemoro /[P (1) inTerpyBatu umc-
JIOBUM METOJIOM PIBHSHHS MEXaHIYHOI pIBHOBard poTopa

o _o .

dt )y ’
do Po 3 . s
— = = i, =y, ig)-M,|, 11
i J(po('//dq l//qd) cj (11)

IIe po — KUTBKICTh Tap MOJOCiB; J — MOMEHT iHepIIii cuc-
TEeMHU eNEeKTPONpUBOaY; M, — MOMEHT HaBaHT)XEHHS Ha
BaJli IBUTYHA.

Ha x0o)xHOMY KpOKOBI iHTErpyBaHHS Jisl BU3HAUCH-
HSl €JIEKTPOMAarHiTHUX I1apaMeTpiB, SKUMH € eJeMEHTH
MaTpuii Oy /0i  JMdepenIiatbHAX  iHIYKTHBHOCTEH
KOHTYpIB JIBHT'YHa, HEOOXIZHO pO3B’A3yBaTH CHCTEMY
PIiBHSHB, SIKa OMMUCYE po3ranykeHe MarHiTHe komo C/I.

3ayBakuMo, IO TiJ Yac PO3PaxyHKy IIEepioqmdHOI
3MiHH KOOpAHMHAT METOIOM PO3B’sS3YBaHHS KpaioBOi 3a-
Jladi MarHITHUE CTaH PO3PaxOBYETHCS JIMIIE JUISi BY3JIO-
BUX TOYOK IEpiofy, 10 € Habarato MEHIIUM Bill IX po3-
PaxyHKY METOZOM YCTAJICHHSL.

Pesyabratu pociimkenb. Hwkye HaBeneHi npu-
KJIaAW Pe3yNbTaTiB PO3paxyHKY 3a pO3pOOJICHOI0 METO-
JIMKOIO YCTaJICHUX PEXHMMIB 1 CTATHYHUX XapaKTEPUCTHK
SIBHOTIOJIFOCHUX CHUHXpOHHMX asuryHiB CJIC3-17-41-16
(P =1600 xBt, U = 6000 B, 2p = 16; n = 8) i C/IH3-2-
19-49-24 (P = 1600 kBT, U = 6000 B, 2p = 24; n =5), sixi
BiJIPI3HSIOTHCS KIJTBKOCTSIMHU TIap TIOJIFOCIB Ta CTEP)KHIB Ha
TIOJTFOCI.

[Ipuxitan mepioANYHAX 3aJEKHOCTEH cTpymy 30y-
JUKEHHSI 1 eJlekTpoMarHiTHoro mMomenrty nsuryHa CJIC3
npu KoB3aHHi s =1,0 HaBeneHo Ha puc. 1.

M Iy
1.5 =]
M,
1
0.3
ﬂ_\ﬂ\\ff
1]
- D.jn . T

Puc. 1. IlepioxuuHi 3aJIeKHOCTI CTPYMY B OOMOTIII 30y IKEHHS
neuryHa CJIC3 i enekTpoMartiTHOro MOMEHTY
[P 3aKOpOUEHil 0OMOTII 30y PKSHHS

Sk BUAHO 3 pucC. 2, 3aJEeXKHOCTI IMycKoBoro (s = 1)
€JIEKTPOMAarHiTHOTO MOMEHTY BiJl JI0JIJaTKOBOTO OIOpY B
oomortmi 30ymkenns st CII 0THAKOBOI MOTY>KHOCTI, aje
3 PI3HOIO KIJIBKICTIO Tap IMOJIIOCIB i CTEPIKHIB Ha KOKHOMY
3 HHX CYTTEBO BiJPi3HSIOTHCSA. PO3paxyHOK 3aeXKHOCTI
PYLIIHOTO €IeKTPOMAarHiTHOIO MOMEHTY BiJ ITyCKOBOTO
OIIOpY Ja€ 3MOTY BH3HAUUTH TaKe HOTO 3HAYCHHS, 3a KO-
IO MOMEHT OyJle MAKCHMaJIbHUM.

AmHani3 pe3ynbTaTiB po3paxyHKy (puc. 2) CBIIYHTB,
mo 5-10-kpaTHe 3Ha4YeHHS MYCKOBOTO OMOpY, SIKE 3a3BU-
Yali BUKOPHUCTOBYIOTh, HEONTUMaJbHE 3 MOTILLY 3a0e3-
TIEYSHHS] MAKCUMAJIHOTO 3HAY€HHS ITyCKOBOTO MOMEHTY.
OpHak 3HaYHE 3aBHIIEHHS ITyCKOBOTO OINOPY MOXKE JaTH
3BOpOTHHH e(eKT.
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Puc. 2. 3anexHocCTi mycKoBOro (s = 1) enekTpoMarHiTHOro Mo-
MEHTY BiJl KPaTHOCTI JJOATKOBOT'O OIOPY B 0OMOTIII 30y DKEHHS
s neurysis CIIC3 (a) i CAH3 (b)

Po3pobiiena mMaTemaTHyHa MOJENb Ta METOIUKA
pPO3paxyHKy Ja€ 3MOTYy JIOCHIJWTH BIUIMB HAa aCHHX-
POHHI XapaKTEPUCTHKU ITyCKOBOi OOMOTKH i OOMOTKH
30yUKEHHSI OKPEMO, [0 Ba)KJIHMBO SIK JUISL TPOSKTYBaH-
HA ITyCKOBOi OOMOTKH, TaK i po3poOJCHHS OINTHMAIb-
HUX CHCTEM aBTOMAaTH30BAHOIO KEpPyBaHHS IIyCKOM
CJ. Ins uporo B mporpamMi po3paxyHKy omip 0OMOTKH,
Ky HEOOXiJHO BHKIIOYHTH 3 PO3IIIALY, MHOXKHTHCS Ha
Beruke (10°-10°) umcmo. Tlpukman pe3ymbTaTiB TakmX
JOCTIIPKEHb HaBEACHO Ha pUC. 3, 3 AKUX BUAHO HACKi-
JIBKM BIIPI3HSIOTHCSI CTBOPIOBaHI OOMOTKOIO 30y IIKEH-
Hsl aCHHXPOHHI MOMEHTH ISl PI3HMX JIBHTYHIB. 30Kpe-
Ma, B IEepUIMH MOMEHT aCHHXPOHHOTO ITyCKY CTBOpIO-
BaHHH OOMOTKOIO 30Yy/DKEHHS AaCHMHXPOHHHH MOMEHT
Maji0 BIUIMBA€ HAa EJIIEKTPOMArHITHUH MOMEHT B IIiJIO-
My. MakcumanabHe HOTO 3HAY€HHS MPOSBISIETHCS NpPHU
MaJIuX KOB3aHHSX, OJHAK BOHO, K BHIHO 3 pHC. 3,
CYTTEBO BIAPI3HSIETHCS ISl PI3HUX JIBUTYHIB.

3a BiJICYTHOCTI ITyCKOBOi OOMOTKH B OKOJII 3HAYECHHS
koB3aHHs s = 0,5 B KpUBili aCHHXPOHHOTO MOMEHTY TIPOSIB-
JIIETHCS. OJJHOOCHUH e(ekT (kpuBa puc. 4,b). OqHak 3yMo-
BIICHUI sIBHOMOMIOCHICTIO poTopa CJl mpoBan B KpuBid
€JIEKTPOMArHiTHOTO MOMEHTY TPaKTUYHO HiBEIIIOETHCS
ITyCKOBOIO OOMOTKOIO, X04Ya 32 JOCTaTHhO BEJIMKOTO 3Ha-
YeHHs ITyCKOBOT'O OTOpY B 0OMOTIII 30y PKEHHSI BiH TIPOSIB-
nsteThes (puc. 5). BigmoBimamM BHOOpOM 3HAYEHHS ITyCKO-
BOTO OIIOPY MOKHA JOCSTHYTH HE TUIHKH 301IBIICHHAS ITyC-
KOBOTO MOMEHTY, aie ¥ MakcuMmaimbHOro (puc. 5). Kpim
TOTO, TIPU IIEOMY JAEII0 3MEHLIYEThCS IICKOBUH CTpyM B
00OMOTIIi cTaropa.

[
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Puc. 3. [1yckoBi XapaKTEpUCTHKH EICKTPOMATrHITHOTO MOMEHTY,
SIKUI CTBOPIOE 0OMOTKA 30YIXKEHHS 32 BiZICYTHOCTI ITyCKOBOT
obomotku st neuryHiB CIAC3 (a) i CAH3 (b)
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Puc. 4. Mexaniuni xapakrepucruka asuryna CIC3:
a — 13 3aKOpPOYCHOI0 OOMOTKOIO 30y KEHHSI 1 ITyCKOBOIO
00MOTKOI0; b — 32 BIICYTHOCTI ITyCKOBOI 0OMOTKH

A
a

5 h
2

2]
1

[}
0 &

10 ns1 0.0

Puc. 5. 3anexxHOCTI BiJ KOB3aHHS €ICKTPOMArHITHOIO MOMEHTY
i ctpymy asuryna CJIC3 npu 3akopoueHii (1, = 0) oomoTii
30y mKeHHs — (@) | 3AMKHEHiH Ha foaTKoBui omip 7, =250 77— (b)
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BucHoskmn.

1. Po3pobieHO MaTeMaTH4Hy MOZENb Ta METOAUKY
PO3paxyHKy aCHHXPOHHHX PEKHMIB i CTATHYHHX Xapak-
TEPHUCTHK SBHOMOIOCHIX CHHXPOHHHX BHTYHIB, IO J1a€
3MOT'Y JIOCIIKYBaTH BIUTHB 3HAYCHHS TYCKOBOTO aKTHB-
HOTO OIOpYy B OOMOTII 30Yy/PKCHHSI Ha BEJMUUHY EIICKT-
POMAarHiTHOTO MOMEHTY.

2. ITokazaHo, IO 3a JOMOMOTOK0 BMUKAaHHS PE3UCTOPIB
B 00MOTKY 30yMKEHHS MOXKHA HE TUTBKH MiIBUIIUTH PY-
OIHHAN  eMeKTPOMArHITHUA MOMEHT [BUTYHA, aje W
BIUTMBATH Ha HOTO ITyCKOBI XapaKTEPUCTUKH B LIIJIOMY.

3. Po3po0iieHi MatemMaTHyHa MOJIENh Ta METOIUKA PO3-
paxyHKy MOXYTb OyTH BUKOPUCTaHI B MPOLECI MPOEKTY-
BaHHsI SIBHOTIONFOCHUX CHHXPOHHHX JBUTYHIB JUIS ONTH-

(opMyBaHHS HEOOXITHUX ISl KOHKPETHOTO €JIEKTPOIPH-
BOJY IIyCKOBHX XapaKTEPUCTHK.
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Studying the effect of an additional active resistance

in the field winding circuit on starting characteristics

of salient-pole synchronous motors.

On the basis of the developed method for calculating steady-
state asynchronous operation modes of salient-pole synchronous
motors, a procedure of mathematical modelling of the starting
characteristics is proposed. The problem of calculating the
steady-state asynchronous mode is solved as a boundary value
one for differential equations of motor circuit electrical equilib-
rium. Algebraization of the system of differential equations is
carried out by approximating the equations of state using cubic
spline functions on a grid of period nodes, taking into account
the periodic law of variation of the coordinates. This results in
the changeover from continual values to nodal ones. The start-
ing static characteristics are calculated using the parameter
continuation method. The study of the effect of the starting resis-
tance value on the asynchronous characteristics of the motor
relied on a mathematical model of the motor taking into consid-
eration real field circuits, saturation and asymmetry of the mag-
netic path. References 10, figures 5.

Key words: salient-pole synchronous motor, asynchronous
operation mode, starting resistance, static characteristics,
boundary value problem, spline approximation.
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EnekmpomexHi4yHi komrniiekcu ma cucmemu. Cunoea eJsIeKmpoHika
VJIK 621.316:629.4.048.7

doi: 10.20998/2074-272X.2018.2.04

A.M. Aunpromenko, B.P. Hikynpmun, A.€. Jlenucosa

IHHEPEBAT'M CUCTEM EJIEKTPHYHOI'O OITAJIEHH# 3 HIYHUM
AKYMYJIOBAHHSIM TEILIOTH B YMOBAX YKPATHH

Mema. Mema 0ocnidxcenns - po3poodKa cucmemu e1eKmMpUUHO20 ORAIEHHA 3 HIYHUM AKYMYNI08AHHAM MENIOomu ma oorpy-
Hmyeanusa ii enepeo3oepizaruozo xapaxkmepy 6 HOPIGHANHI 3 IHWUMU MoMcAUeUMU eapianmamu onaienns. Memoouka. Me-
MoOUKa 3aCHO6AHA HA CYYACHUX cmandapmax YKpainu i 6K1104a¢ HACMYNHI 0CHOBHI OONYUeHHA: Koeghiyicnm Kopuchoi il
eleKmpuyuHo20 Komaa npuimaemuca piesnum 100 %; 3anexncnicms onanioeanbHozo HA6AHMANCEHHA 0Y0i6i 6i0 306HIWINLOT
memnepamypu 66axMcacmuvca NiHIHOW; 0N 6CIX PO3PAXYHKOBUX 6APIAHMIE ONAIEHHA, W0 UKOPUCHOGYIOMY PI3HI eHepze-
muuHi pecypcu, pexcum pooomu cucmemu OnAIEeHHA 6i0CMeHCy€e no20OHI yMOGU GION0GIOHO 00 meMnepamypu 308HIUIHb020
nosimpa. Memoouka nepeddauac u3HaueHHA OCHOBHUX MEXHIYHUX XAPAKMEPUCIUK CUCEMU 3 YPAXYBAHHAM MOMCIUGOCHI
GKIIIOYEHHA e/IeKMPUYHO20 00linepa 6 0eHHUIl Yac HA NOJIOGUHY PO3DAXYHK08020 Hasanmaxcenna. Pesynomamu. Ha ocnogi
3anpononoeanozo memoody Oyna po3pooneHa po3paxyHK0o8a RPOzpama Oasa GU3HAYUEHHA W[OMICAUHO20 MENOCHONCUSAHHA
0yoieni i po3paxyHKy eéapmocmi onanenns nPpu UKOPUCMAHHI PI3HUX eHepzemUYHUX pecypcie. La npozpama makosc 00360-
A€ 3icmagnamu 6apmocmi yeHmpanizoeanozo MenionoCmaianisa AK no meniomi, Wjo croxcuma, maxk i npu onnami 3a
senuyunol onanteanvhoi nnowi. Hayxoea noeusna. Bnepwie nagedeni memoo i npozpama po3paxynky cucmem eieKkmpo-
OnaieHns 3 HIYHUM AKYMYJII0GAHHAM MENI0mU, W0 8paxoeyloms 0iloui cmanoapmu YKpainu ma 003601a10msy eu3Hauamu
OCHOGHI MeXHIUHI XAPAKMEPUCMUKU CUCHEMU, 4 MAKOMC PO3PAXOEY8amu 6apmocmi onaieHHa npu 6UKOPUCHMAHHI PI3HUX
euodie enepzemuunux pecypcis. Illpakmuune 3nauenna. Bukopucmannua 3anpononoeanoi memoouku 00360714€ NPOEKmMysamu
enepzo3bepizaroui cucmemu e1eKmMpuUYHO20 ONANEHHA 3 HIYHUM AKyMyn10eanuam mennomu. Hasedeno uucenvnuit npukiao
ona peanvHux nozoonux ymoe m. Kuesa. /losedeno, ujo mepmin oKynnHocmi nepexooy na eleKmpoondaneHHsa Oas eapianmy
3aminU YeHmMpPaniz08ano020 MenaonOCMAYAHHA 3 ONIIAMOIO 34 CROMCUMY MENAOmYy CKIA0A€E Menule, Hixc 3 poKu, 014 eapia-
HmMY 3aMIHU YEHMPANI308AH020 MENIONOCIMAYAHHA 3 ONIAMOI0 3d ORATIIEANIbLHY NAOULY CKaadae menu, nixc 1 pik. bion. 10,
Tabm. 4, puc. 2.

Kniouosi cnoea: eneprozoepeseHHsl, eJJeKTPOONAJICHHS, HIYHA aKyMYJIsllif TeIVIOTH, BUTPATH Ha Pi3Hi BUAU eHepreTH4YHHUX

pecypcib.

Iens. Ileny uccnedosanus - pazpadbomka cucmemsl 31eKMPUYECKO20 OMONTEHUA C HOUHBIM AKKYMYJIUPOGAHUEM MENnIomol U
o0bocHoeanue ee IHepzochepezarOuiezo xapaxKmepa no CPAGHEHUIO ¢ OPYZUMU GO3IMONCHBIMU eapuanmamu omonnenus. Me-
moouka. Memoouxka ocrHo8ana Ha COBPEMEHHBIX CIMAHOAPMAX YKpaunvl u @kaiouaem cieoyioujue 0CHOGHbIE OONYULEHUA:
KoI(hpuyuenm none3nozo oeilicmeus IneKmpuieckozo Komna npunumaemcs pasuvim 100 %; 3aeucumocms omonumenvHoil
HazZpy3Ku 30anHus Om 6HeuiHeil meMnepamypovl CUUmaemcs AUHeiHol; Ona 6cex PAcuyemHbIX 6APUAHMOE OMONJIEHUsA, UC-
RONL3YIOUUX PA3TIUYHbLE IHEP2EMUYUECKUE PECYPChl, PeHCUM PAOOMbL CUCHEMbL OMONIEHUA OMCIeHCU8aem no200Hble YCilo-
U 6 COOMEEMCMEUN C MEMNEPAMYPOIl HAPYIHCHO20 6030yxa. Memoouxka npedycmampusaem onpeoeeHue 0CHOGHbIX mex-
HUYeCKUX XapakmepucmuKk CUCIeEMbl C YUemOoM 603MONCHOCHIU GKIIOUEHUS IIEKMPUYECKO20 Dolliepa 8 OHEeGHOe 6peMs HA
nonosuny pacuemnou nazpysxu. Pesynomamoi. Ha ocnose npednoicennozo memooa 6vina papabomana pacuemuas npo-
2pamma O OnpedesieHUs excemecayHoz0 menionompedaenus 30aHua U pacuema CmoumMoCmu OnMonieHua npu Ucnob30-
6aHUU PA3TUYHBIX IHEPZEMUUECKUX PECYPCO8. IMa NPOZPAmMMa maxce no360a4aem cOnOCMAagiAms CMOUMOCHU YeHmpaiu-
306AHH020 MENIOCHADI CEHUA KAK NO NOMPeOIeHHOIl menjiome, MaK U RPU Oniame no eJIUYUHE OMANTUBAEMOL NIIOUWAOU.
Hayunaa nosusna. Bnepevie npusedensvt memoo u npozpamma pacuiema cucmem 3J1eKmMpooOmonieHus ¢ HOUHbIM AKKYMYJu-
poeanuem meniomol, yuumasleéaroujue oelucmeayowue cmanoapmosl YKpaunvl u no360asai0ujue onpedensims 0CHOGHblEe MeXHU-
yecKue XapaKmepucmuKky CUcCmembl, d Mmakxice pacciumsléams CMOUMOCHU OMONINEHUA NPU UCHOIb308AHUU PA3IUYHBIX
U006 Inepzemuueckux pecypcos. Ilpakmuueckoe 3nauenue. Hcnonvsosanue npeonazaemoli MemooOuKu no3eo0Jisem npoekK-
muposams IHepzocoepezaouiue cucmemsl IJ1eKMPUYEeCcK020 OMONIeHUs ¢ HOYHBIM aKKymyauposanuem mennomot. Ilpueeden
YUCTIeHHbBLI npuMep 0NA PeanbHblX no2o0nbIx ycnoeui 2. Kueea. Ilokazano, umo cpok oKynaemocmu nepexooa Ha 31eKmpo-
omonjenue 011 8apUAHMA 3AMEHbl UEeHMPANU308AHHO20 MENIOCHADHCEHUA C ONAAMOIl 3a NOMPeOIeHHYI0 MeNnI0my co-
cmaensem menee 3 nem, OnA 6APUAHMA 3AMEHbl UEHMPATU3O6AHHO20 MENOCHAOHCEHUA ¢ ONNIAMOU 3 OMANIUGCAEMYIO
naowaos cocmaennem menee 1 zooa. butn. 10, tabmn. 4, puc. 2.

Kroueswvie cnosa: 3HeprocoepeskeHne, 3JJIEKTPOOTONIeHHE, HOYHAS AKKYMYJISIIIUS TEILUIOTHI, PACX0/Jbl HA pa3Hbie BUABI JHEP-
reTHYeCKUX pecypcoB.

Beryn. Pizke i HepiBHOMIpHE I10IOpOXKYaHHS Bap-
TOCTI PI3HUX BUJIB €HEPropecypciB, sIKi BUKOPHCTOBY-
I0ThCS YISl ONAJICHHS, CIIOHYKA€ JI0 MOIIYKY aJIbTepHATH-
BHUX €KOHOMIYHUX PIllICHb.

3HU3UTH BUTpPATH Ha ONAJICHHS MOXHa 33 PaxyHOK
3HW)KEHHSI BTPAT TEIJIOTH OrOPOPKYBAaJIbHUMH KOHCTpY-
KmistMu OyniBenb B pe3yibTaTi X TepMoMozepHizamii [1],
a TAKOX 32 PaXyHOK MEPEeXO0Jy HA BUKOPUCTAHHS albTep-
HATUBHHUX CHEPIeTHYHUX PECYPCIB.

Cepen anbTepHAaTHBHUX BApiaHTIB, B MEpIIy UYEPry
JUISl BEJIMKHX MICT, B OCTaHHI POKH PO3TJISAAI0THCS €leK-
TpUYHE ONAJICHHA 3 HIYHUM aKyMYJIIOBaHHSAM TEIUIOTH [2]

1 eJIEKTPUYHMH MIAIrPiB TEIUIOHOCIS B HIYHUI 4ac B CUC-
TeMax LEHTPaTi30BaHOr0 TEILUIONOCTauYaHHsI.

B 00o0x Bumaakax Oyne nocsratucsi epeKT BUPIiBHIO-
BaHHs 1000BOro rpadika eIeKTPUYHOIO HABAHTAXKCHHS
o0'enqHanoi eHeprocucTeMd YKpaiHH, IO CIPHATIMBO
MO3HAYUThCS Ha ii poOOTI 32 paxyHOK OUIBII MOBHOTO
3aBaHTakeHHs yKkpaiHchkux AEC, mo BHpPOOIAIOTH eTeK-
TPOSHEPTil0 3a HAWHIKYOI BapTiCTIO B TOPIBHSIHHI 3
iHmmMu Bugamu reHepamii. [lle ogarM mo3uTHBHUM ac-
MEKTOM 3aCTOCYBAaHHsI CICKTPOONAJIIEHHSA 3a YMOBU HOTO
JIOCTaTHBOTO MOUINPEHHS, € EKOHOMISI IPUPOIHOTO rasy.
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Byno po3rnsayTo HafOiIbII MPOCTHI BapiaHT €IeK-
TpoomaneHHs — BukopuctanHa TEHiB, a He TermioBUX
HacoCiB.

TerutoBi HacocH, SK BiIOMO, T03BOIMIN O TpUOIH3-
HO B TPH pa3u 3MEHIIUTH BHUTPATH EJIEKTPOEHEprii Ha
OIIJICHHS, aJIe TIPU 1IbOMY Majii O BUMaratu 0araTtoTucs-
YHUX JIOJIAPOBHX BKJIAJICHb 3 TEPMIHOM OKYITHOCTI BiX
3 pokiB i OinbIle, MO B HUHINIHIA €KOHOMIYHINA CHTyamii
Ui YKpaiHu Majo IpUiHSTHE.

[TpoGnema nomyky eeKkTHBHUX pIlLIEHb VIS PI3HUX
CHCTEM OTAJICHHS € aKTyaJIbHOIO NPOTATOM OCTaHHIX Jie-
CSATWIIITh 1 3IMIIATUMETHCS TAKOI0 B HAWOIMKIOMY J10-
CTYIIHOMY JUJISl OTJISI Iy MallOyTHBOMY.

Uucno myOmikariii 3 mi€i TeMaTHKH OOYUCITIOETHCS
JecATKaMH TUCSY. ToMy KOPOTKO 3yNMWHUMOCS TiITbKH Ha
JeSIKHX 3 HUX.

3HayHa 9acTWHA MyOTiKaIii IprucBsIYeHa CHCTEMaM
neHtpanizoBanoro omaneHHs (sx Bim TELI, Tak i Big
KOTCJICHB).

OcobnuBwHii iHTEpPEC 71 JaHOT pOOOTH MPEACTABIISIOTH
myOJTiKariii, B TOMy YHCTI 1 BITYM3HSHI, B SKUX PO3TIITHYTI
ITUTaHHS EJIEKTPOOTIATICHHS 3 aKyMYJISILIEIO TEIIOTH.

B [3] npoBeneHO MOIIYKH palioHaJIbHUX KOMOiHa-
Lill cHCTEM €IEeKTPOOIaICHHS 3 TIOHOBIIOBAHUMH KEepe-
JJaM{ €Heprii, eKOHOMIYHO OOIpyHTOBaHI Tapudu I
omnayieHHs1 HaBezieHi B [4], B [S5] — oLiHEHI MOXJIMBOCTI
palLliOHAJILHOTO KOMIIOHYBAaHHS TEIJIOAaKKyMYJISITOPOB 3
CUCTEMaMH CIIEKTPOOIANICHHS, B [6] — MOKa3aHi MOXKIIH-
BOCTI BpaxyBaHHs MOTPEOU rapsvuoro BOJOMOCTAYAHHS B
CHUCTeMaX eJIeKTPOONaIeHHs, B [7] — OIliIHEHWH BIUIMB
pUHKOBHX (haKTOpiB Ha €PEKTHBHICTH CHUCTEM EJIEKTPO-
omajeHHs, B [8] — moKa3aHi MOXKIUBOCTI €(EKTHBHOIO
BUKOPHCTaHHS TEIUIOAKKYMYJIATOPOB SIK AJSL €IEKTPO-
OTIAJICHHS, TaK 1 rapsi40ro BOAOIIOCTauYaHHS.

Ha BigMiHy Bif HUX B JaHii poOOTi aKIIEHT 3pO0IJICHII
HE Ha TEOPETHYHHI ONHC PO3PaxXyHKY CAMHX CHCTEM OIla-
JIEHHS, a Ha TIPAaKTUYHI Pe3yJIbTaTH TAKNX PO3PAXYHKIB.

3BiJIcCM BUHHMKA€e HACTyINHa MpobieMa — BU3HAUYCHHS
HEOOXITHOr0 ONATIOBAIILHOTO HaBaHTAKEHHA OyJiBII
(He3aneXXHO BiJl KOHKPETHOTO BHAY BHKOPHCTaHOI BHYT-
PIIIHBOOYIMHKOBOI CHCTEMH OIaJI€HHS), MOPIBHAHHA Ha
il OCHOBI PI3HUX MOXKJIMBUX BapiaHTIB IiJBEJICHHS Tell-
n0TH 10 OyiBii i BUOOPY HAHOUTBII €KOHOMIYHOTO 3 HUX.

MeTta pocaimkeHHs1 — oOOTpyHTYBaHHS eHepro3oepi-
ralo4yoro XapakTepy CUCTEMH €JIEKTPUYHOTO OIaJeHHS 3
HIYHAM aKyMYJIOBaHHSM TEIUIOTH B MOPIBHSAHHI 3 iHIIN-
MH MOJKJIMBHMH BapiaHTaMH OTTaJICHHS.

Jlyist OoCSTHEHHST NOCTaBJIEHOI METH IOBHHHI OYyTH
BHpIIIEHI HACTYITHI 3aBAaHHS:

® pO3pOOUTH METOA 1 MporpaMy PO3paxyHKY IJIs BH-
3HAUYEHHS OCHOBHUX TEXHIUYHHMX XapaKTepHCTHK (KOpHUC-
Hull 00'eM Oaka-aKyMyJIsITOpa raps4oi BOAU 1 MOTYXHICTb
eJIeKTpOHArpiBada) eJIeKTPOCHCTEMH OIAJICHHS 3 aKyMy-
JIITOPOM TEIJIOTH Ta OOJIIKOM eJIeKTPOEHEpril 10 TPH30H-
HOMY Tapudy;

® TIOPIBHATH BAPTOCTI IEHTPATi30BAaHOTO TEILIOIOCTA-
YaHHS 3 TA30BHM ONAJICHHSM, 3 L1I01000BUM €JIEeKTpHY-
HHUM OIaJICHHSM NPH 00JIIKY €IeKTPOCHEPTii 110 0JHO30H-
HOMY Tapudy, a TAKOXK 3 TIETIETHUM OIaJIECHHSM;

® IIPHUBECTU YHCEJIBHUN MPUKJIIA] PO3PaXyHKY 1 IOpiB-
HUIBHWAN aHalli3 BUTpAT Ha omajeHHs o¢icHOi OymiBii,

po3tamoBaHoi B M. KueBi (3a peaqpHUMHU MOTOAHUMH
YMOBaMH B IIbOMY MICTi) 1 IIOKa3aTu MepeBaru CHCTEMHU
OITAJICHHA 3 HIYHAM TCIUIOAKYMYJIFOBAHHAM.

Koporkuii omuc cucremMu eJIeKTPOONAJIeHHS 3
AKyMYJISITOPOM TeIUIOTH. 3aps/iKa TEeIJIOBOIO aKyMyJis-
Topa [9] (puc. 1) npoBoANTHCS NMPH BKIIOYECHHI €IEKTPO-
KOTJla 1 WMPKYJSILIMHOro Hacoca 3apsiHOTO KOHTYpY,
NepeBayKHO B HIYHUH Yac.

[Momawa TemIOHOCISI IO OMANIOBANBHUX IPHIIAJIIB
OyxiBii 3a0e3MmedyeThest MUPKYIHLIHHIM HACOCOM BUTpa-
THOTO KOHTYpY 0€31epepBHO MPOTATOM BCHOTO OIAIOBa-
JIBHOTO CE30HY.

Tennosuit
A aKyMYJISITOP

Enexrpokoren

aCau IRV g

Tpuxonosuit
€JIEKTPOKJIAIIaH

ooy
|

By3on 3MminryBaHHS

Ho
OTAJTFOBAIbHUX
MPUTAJIiB A

)

Puc. 1. [IlppHOIMTIOBA CXEMa CHCTEMH €IIEKTPHYHOTO OMaJICHHS
3 BOJSIHUM TEIUIOBUM aKyMyJISITOPOM

Cxemoro nependadeHo MOTOAHE PETyJIOBaHHS TeM-
nepaTrypy TEIUIOHOCIs, 10 MOJAETHCS JI0 ONATIOBATBHUX
NpWIaAIB 32 PaxyHOK HiIMIIIyBaHHS YaCTUHH IIOBOPOT-
HOTO TEIUIOHOCIS 33 JIOTIOMOTOI0 TPUXOJOBOTO EJIEKTPO-
KJIaraHa.

TuMm camMuMm 3a0e3medyeThcst eHepro3depirarduit
peXuM poOOTH i HEOOXiHE OANIOBaIbHE HABAHTAXKEHHS
CHCTEMH B 3aJEKHOCTI BiJl TeMIepaTypH 30BHIIIHBOTO
TTOBITPSI.

Metoa po3paxyHKy. Y po3paxyHKy NpUHHATI Ha-
CTYITHI TOMYIICHHS:

® TEIUIOBUI aKyMYyJISITOP 1 €IEKTPOKOTEN PO3TaIlOBaH1
0e3rnocepeIHbO B ONANOBAILHOMY MPHUMIILIEHHI, TOMY HE
BPaxOBYIOTbCS BTPATH TEIUIOTH 4Yepe3 TEIUIOBY 130JILiI0
aKyMyJIsITopa 1 4epe3 HOBEpXHIO €JIeKTPOKOTIIa;

e e(eKTHBHICTH EJIEKTPOKOTIA MpuiiHsTa piBHOIO 100 %0;

® 3AJIEKHICTH ONANIOBAIFHOTO HaBaHTa)KEHHS OymiBIIi
BiJl TeMIepaTypd 30BHIIIHHOTO MOBITPS Mae€ JiHIHHWHA
xapakTep: 30BHIMHIA TemmepaTypi +18 °C Biamoimae
HYyJIbOBE OIATIOBAJIbHE HABAaHTAXXECHHS, MiHIMAJIBHIN pO3-
PaxyHKOBIH TeMIepaTypi 30BHIIIHHOTO MOBITPS BiAMOBi-
JIHO JI0 CTATUCTHYHUX KIIMAaTHIHUMH daHuMH [10] Big-
noBinae 100 % -Be omaatoBalbHE HABAHTAXKECHHS OYIIBIIL;
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OTIAJICHHS MPAITIOE TUTBKU IPU TeMIIepaTypax 30BHIIIHBO-
ro nmoBiTpst Hmwxk4e +8 °C;

e rependavaeThesl, 110 NPU BCIX BapiaHTax BUKOPHC-
TaHHsI PI3HUX CHEPropecypciB CUCTEMa MPAIIOE B PEIKUMI
a/IEKBATHOTO TIOTOJTHOTO PETYJIIOBaHHS;

® KOpPHCHA PI3HMII TEMIEpaTyp TEIUIOHOCIS B IOBHIC-
TIO 3apsUKEHOMY TEIUIOBOMY aKyMYJISITOpi 1 HOBHICTIO
PpOo3psIKeHOMY TIpHifHATa piBHOWO 35 K;

® PO3paxyHOK MOTOYHOIO 3HAYCHHS TEMIIEPaTypu Tel-
JIOHOCIS B 00’ €Mi TEIIOBOTO aKyMyJISITOpa IpH poOOTi CHC-
TEeMU BHKOHYETHCS 32 MOJEIUIIO 1ICalbHOTO MepeMillyBaH-
Hs1, 6e3 ypaxyBaHHs TeMIlepaTypHoi cTpaTudikariii;

e Tapudu 1 WIHW PI3HUX EHEPropecypciB MPHUHHATI
BinnoBigHO 10 [10] 3a ctanom Ha rpyaens 2017 p.

MeToa1KOI0 pO3paxyHKy BPaxOBY€EThCSI MOXKIIMBICTb
BKJTIOYCHHS €JICKTPOKOTIIA B ICHHUH Yac, B HAIIIBIIKOBHIA
Nepio]] HaBaHTAKEHHS CHEProCHCTEMH, IPH TeMIlepary-
pax 30BHIIIHBOTO HOBITPS HIDKYE 3aJaHOI TEMIEPaTypH
BUKJIIOUHO HiYHOTO €/IEKTPOCHOKHBAHHS /€™, Ipu boMy
TaKOX IependavacThcs BKIIOUCHHS ENIEKTPOKOTIAa Ha
HENOBHY MTOTYKHICTb.

[Tpu miHitHOT 3aJEKHOCTI MIX TEMIIEPaTypOr 30B-
HIIIHBOTO TIOBITPS 1 ONAJTIOBAJBLHHM HAaBaHTAKCHHIM
OyiBJIi, YaCTKa MOBHOTO OMAJIIOBAILHOIO HABAHTAYKEHHS
OyniBiIl B 3aJIe)KHOCTI BiJl TEMIIEPATYypH 3O0BHIIIHBOTO
HOBITPS, CKJIAJIe:

q/qcalc _ (pq _ (tincalci Z‘)/(Z‘incalc _ tcaIC)’ (1)
J€ ¢ —THTOME OINaJIOBaJIbHE HABAHTAXKCHHS OyaiBIi,
Br/M%, npu TOTOYHOMY 3HAUYCHHI TEMIIEPATypH 30BHIII-
HBOTO TOBITPs £, °C; ¢°° — MMTOME MaKCHMAIbHE PO3pa-
XYHKOBE OMNA/IIOBANbHE HABAHTAXKEHHs OymiBmi, Br/m’,
IIpY HOPMaTUBHIA MiHIMQJIBHIA PO3paxyHKOBIH TeMIiepa-
Typi 30BHIIIEBOTO MOBiTPst 1, °C; ¢ — MOTOYHA TeMIepa-
Typa 30BHIIHBOr0 MOBiTpst, °C; £, = +18 °C — pospa-
XYHKOBa TeMIIEpaTypa IMOBITps, HpU SKiH OMaroBabHE
HABAHTAXXEHHS TOPIBHIOE HyIIO; /' — HOpMATHBHA MiHi-
MaJlbHa pPO3paxyHKOBa TeMIepaTypa 30BHIIIHBOTO TOBIT-
pst, ans Kuesa £4° = 22 °C.

ITuTOMi HOPMATHUBHI BTpaTH TEIUIOTH OYIIBJICIO 3a
OTAIIOBAILHUI CE30H € CyMa IIOMICSYHUX BTPAT TEIUIOTH
MIPOTSATOM OTAIIOBAIEHOTO CE30HY:

dearnorm = Goct + Gnov + Gdec + Gjan + gteb + G mar +

+ Gaprs kBr-rom/Mm?, (2)
A€ (oct - Qapr — TOMICSYHI MMTOMI BTpPATH TEMJIOTH,
kBr-rom/m?, siki 3 ypaxysaumsam (1) MOXHA BHDa3HTH y
BHTJISAI:
Goct = @ qocthcalc. Toct = (18 - Uc[).qcalc_ Z-oct/(l 8- tcal(:)’

Gapr = @ qapr ‘qcalc. Tapr — (1 8~ tapr)'qcalc' Tapr/(l 8- tCQIC)’
ne @ %oct ... @ Yypr — HACTKH NOBHOTO OIATIOBAILHOTO Ha-
BaHTXEHHs IIPH CEPEIHBbOMICIUYHHUX TeMIlepaTypax 30B-
HINIHBOTO TOBITPS BIAMOBITHOTO MICSIS ONATIOBATBHOTO
HEPIOJY; Toct ... Tapr — YACIIO TOAUH Y BiJNOBIHOMY MiCs-
i OMATOBATBLHOTO TEPIOLY, TOM; ¢~ — TMUTOMI BTpaTH
Teriotn Gyisiero, KBT/M’, Ipu HOPMATHBHIN MiHiMaTb-
Hill PO3paxyHKOBIll TeMIlepaTypi 30BHIIIHHOTO MOBIiTPS
£ °C: oo . tapr — CEPEIHBOMICSYHI TEMIIEpaTypH HOBi-
TP v BiamosigHoMy Micsiti, °C.

Toni:
dearnorm = qcalc'[roct'(lg - ZLoct) + z-nov'(lg - tnov) + z-de:c'(lg -

~tdee) T Tan"(18 — fan) + Trep (18 — #1) +
+ Tinar (18 = tmar) + Tape(18 — Lp) /(18 — £4°), kBT-rOI/M™.

OTmxe, MaKCUMaJIbHI PO3paxyHKOBI IMHUTOMI BTpaTu
TEIUIOTH OYAiBIEIO, kBT/M?, pi HOpMaTHBHIiT MiHiMAaIb-
Hiil pO3paxyHKOBil TemIepaTypi 30BHILIHBOTO MOBITPS,
JIOPIBHIOIOTb:
qcalc = (1 8- tCalc)'qyearnorm/[Toct'(l 8— toct) + z-110\/'(18 - tnov) +

+ Tdec'(lg - Z‘dec) + zjan'(lg - tjan) +
+ Tfeb'(lg - Z‘feb) + Tmar'(lg - tmar) + Tapr'(lg - tapr)]s KBT/Mz'

MakcumainbHe po3paxyHKOBE OIaIOBaJIbHE HaBaH-
Ta)keHHs1 OyJiBJIi MPWU HOPMAaTHBHIN MiHIMaJIbHIA po3pa-
XYHKOBIif Temreparypi 30BHIIIHBOr0 moBiTps ° Bixmo-
Bimae 3Ha4yeHH0 ¢ = | Ta AOpiBHIOE:

chalc _ A.qcalc’ KBT, (3)
ne A — cyMapHa olaroBalibHa TUIOIA OYiBIIi, e

Jlo6oBe crioxMBaHHS TEIUIOTH OyAiBJIEI0 NPU HOp-

MaTUBHIH MiHIMaJIbHIA PO3PAaXyHKOBIH TeMIlepaTypH 30-

BHIIIHBOTO TIOBITpst £°";
0% = 24.@%" kBr.ron/no6a. 4)
[Ipu MiHiMamBHIN pO3paxyHKOBIH TemIiepaTtypi BH-

KTIOUHO HIYHOTO eIeKTpocHokuBaHHs €, °C, omamo-

BaJlbHE HABAHTAKEHH @"M | 1060BE CIIOKMBAHHS TEI-
notu Gyxisiero Q™" ckmagyTh:
(pnight _ (Dcalc_(pqnight —
— (pcalc'(tmcalc_ tnighl)/(tincalc _ tCil]C)’ KBT, (5)
0" = 24.@"" kBr-roa/no6a. (6)
3a 4Yac MiTBroBOr0 HiYHOIO EIEKTPOCIIOKHBAHHS
(mpoTsirom 7 roj) mpu Temmepatypi € HeobxixHO mpo-
BECTH IIOBHY 3apsIKy BOISHOTO TEIUIOBOTO aKyMyJIATOpa
OJTHOYACHO 3 I0/Ia4€I0 TEIUIOTH Ha OTajeHHS OymiBIi.
IIpn npoMy 3amac TENJIOTH, HAKOIUYEHOI B TEILIO-
BOMY aKyMYyJISITOpi, IOBHHEH 3a0€3Me4nTH OlaJIeHHs OY-
JIMHKY IIPOTATOM JICHHOT'O 1epioly TpuBajiicTio 17 ron.
Otxe, 3arajgbpHa KUIBKICTH TEIUIOTH B TEIIOBOMY
aKyMyJISITOpi CKJIaJe:
0™ =17-@" kBrrox. 7
OCKITbKY TETUIOBHH aKyMyJISTOp HOBHHEH 3apsiiu-
THUCS TIPOTATOM 7 TOJUH OJHOYACHO 3 MOAAYEI0 TEIUIOTH
Ha OmayieHHS OyIiBii, €JIeKTpHYHA IOTYXHICTh KOTJIa
cKIaze:

N =" + 0*°/7, kBr. (®)
KopucHuii 06’eM TETIOBOTO aKyMyJIsiTOpa:
¢ = 0°.3600/(c,-p- AT*), M, 9)
ae ¢, = 4,19 xJIx/(xr-K) — nuroma i300apHa Tennoem-
HicTh Bomu; p = 1000 KI/M> —  IIiIBHICTB BO/JIN,

AT*® = 35 K — KopHCHa Pi3HHUIIS TEMIIEPATyp BOAU B TEII-
JIOBOMY aKyMYJIATOPI.

Po3paxyHkoBa TpHBAJIICTh POOOTH EIEKTPUIHOTO
KOTJIa MPOTATOM J0OM B JIEHHUH Yac MPW HOPMATHBHOI
MiHIMaJIHOI PO3pPaxyHKOBOI TEMIIEPATypu 30BHIIIHBOTO
HOBITPSI:

z_day _ (Qcalc 7 Qnight)/N’ roL. (10)

3a pe3yibpTaTaMH PO3paxyHKiB % moBuHHA BHXO-

JIUTH MEHIIIC, HXK TPUBAIICTh HAIMIBIIIKOBOTO MEPIOAY IS

BUKJIIOYEHHSI POOOTH €JIEKTPOKOTIIAa B MIKOBUH JEHHHN
MepioJ 3 HAMOLIBII TOPOTUM TapudoM.

Ha 6a3i Bupasis (1-10) migrorosneHa nporpama B MS
Excel s BapiaHTHMX HOPIBHSUIBHUX PO3PaxyHKIB CHCTEM
€JIEKTPHYHOTO OIAJICHHS 3 TEIJIOBUM aKyMYJIITOPOM.

Hwxue HaBeieHO NpUKIIAA PO3PaXyHKY TaKOI CUCTEMH
omanieHHs oicHoi OymiBi, po3ramoBaHoi B M. Kuesi.

Pe3ynbTaTé NOPiBHAJIBHOIO PO3PAXyHKY CHCTEM
onaJjieHHs Ta ix o0ropopeHHs. BuxinHi nani i pe3ynbpra-
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TH pO3paxyHKy HaBezieHi B Tabi. 1. mist odicHOI OymaiBii
miomero 1000 M? 3 MAKCHMAJIBHAM THTOMUM po3paxyH-
KOBHM OMAJTIOBANLHAM HaBaHTaxeHHAM ¢~ = 40 Br/m’,
110 BiAMOBia€ 100pe yTeruieH i Oy IiBIi.

PospaxynkoBa cymapHa notyxHicth TEHiB enekT-
pPOKOTJIIa CTAaHOBUTH (IpU pPOOOTI IEpeBa’KHO BHOYI)
102,9 xBt, npu KoprcHOMY 00’€Mi TEINIOBOTO aKyMyJIs-
Topa 12,52 M’, ToJIi K PO3PaxyHKOBA NOTYKHICTH €IEKT-
POKOTIIa, TIpH WiJIOJ000BIH poOOTI O€3 TEIUIOBOTO aKyMy-
nsaTopa, nopisHioe 40 kBT.

Po3paxyHOK BUKOHaHMH IJi1 BUNAAKY, KOJIHM IpPHU
TeMIIepaTypi 30BHIIIHBOrO TOBITPs Hikue —12 °C Oyxe
BiOyBAaTHCs BKJIIOYCHHS ejeKkTpokoria Ha 50 %-Hiil mo-
TYXHOCTI JUIS IITPiBY TEIUIOHOCIS B IGHHHUH Yac.

[Tpu MiHiManbHil po3paxyHKOBIH Temneparypi Tpu-
BQJIICTh JICHHOTO BKJIIOYEHHS €JIEKTPOKOTJIA HE NepeBH-
LIUTbH 5 TOAMH.

VY T1abn. 2 mpencraBieHi pe3ysbTaTH PO3PaxyHKIB
MOMICSIYHMX BHUTPAT Ha ONajeHHs OyIiBIi IPH BHKOPHUC-
TaHHI PI3HUX €HEPTropecypciB i (OPM OIIIATH.

YV Tabn. 3 i Ha puc. 2 IOKa3aHi Pe3yIbTaTH PO3paxy-
HKIiB CyMapHUX CE30HHHX BHUTpAT Ha OMAJICHHA OyIiBii
MIPY BUKOPUCTAHHI Pi3HUX €HEPropecypciB.

Ta6muis 2

Ce30HHI BUTPATH Ha OMAJICHHS P BUKOPUCTAHHI

PI3HHX €Hepropecypcin

CroxkuTa TeIIoTa 3a ce30H, ['kair

722

Cnoxwura Teriora 3a ce3oH, MBT1-ron

83,9

HopmatuBHiI MakcHMMaibHi CE30HHI TEIUIOBTPATH
Oyxieii 3a IBH B2.6-31:2016, we 6inpm, MBt-rox

83

BapTicTh crioxuTol eNeKTpOCHEPrii 3a OMaI0BaIb-
HHI CE30H MPU HAsIBHOCTI a/IeKBATHOT'O TIOTOHOTO
peryJIIOBaHHS, TUC. TPH.

41,2

BapTicTh crioxuToi eneKTpoeHeprii 3a OMaItoBaIb-
HU CE30H IIPH 1I01000BOMY €JIEeKTpOOIaeHH] e3
TEIIJIOBOTO aKyMyJISITOpa, ajle IIPH HasBHOCTI aJieKBa-
THOTO HOTOJTHOTO PETYJIIOBAHHS, THC. TPH.

164,7

BapricTe LeHTpa1i30BaHOr0 TEINIONOCTaYaHHs 32
OMaJTIOBAJIbHUI Ce30H MpH Tapudi 3a BigmynieHy
TEIUIOTY NPH HASBHOCTI a1€KBATHOTO IIOTOHOTO
pEryJIIOBaHHs, THC. TPH.

92,8

BapricTs neHTpa1i3oBaHOr0 TEINIONOCTadYaHHs 32
OTIAJTIOBAJBHHN CE30H IPH Tapudi 3a ONaNoBaIbHY
IUIONLY, TUC. TPH.

210

3arajibHui 00CST CIIOKUTOIO 3a ONAIOBAILHUI
CE30H ra3sy, Py HasIBHOCTI aIeKBAaTHOT'O [IOI'0JHOTO
pEryJIIOBaHHsI, TUC. M

8,6

BapTicTh CHOKHUTOTrO 3a CE30H Ha ONAJICHHS MPUPOJI-
HOTO rasy, TUC. IPH.

83,5

BapTiCTL MEJUIETHOT'O OMIAJICHHS IIpH HasSBHOCTI anc-
KBAaTHOI'O IOTOJHOI'0 PETYJIFOBAHHSA, THUC. I'PH.

50,6

Tabmmms 1

BuxizaHi faHi 1 TEXHOJIOTIYHI pe3yJIbTaTH PO3PAXyHKY
CyMapHa OaOBANBHA [UIOMA Gy IiBI, M 1000
MakcuManbHe MUTOME ONaOBaIbHE HABAHTAKCHHS 40
OymiBui, Br/m®
HopMmatuBHI MakCHMaJIbHI CE30HHI TEIIOBTPATH 33
oyniemni mo IBH B2.6-31:2016, KBT-I‘OII/MZ
MiHimMasbpHa 30BHIIIHS TEMIEPATypa BUKIIOYHO Hid-
HOTO €JIEKTPOCIIOKMBAHHS (IIPH O1IbII HU3BKUX TEM- 12
nepaTypax BilOyBa€eTbCs IeHHE BKIIIOUYCHHS €JIeKTPO-
kxotia), °C
YacTka eJIeKTpHYHOI MOTY>KHOCTI IIPU ICHHOMY 50
BKJIFOUCHHI EJICKTPOKOTIA, %o
Po3paxyHkoBa cymapHa notyxHicts TEHIB enexrpo- 102.9
Kotia, KBT i
PospaxynkoBa notysxuicte TEHIB enextpokoTia npu 40

11i71071000Bi# poOOTi 6€3 TEIIOBOro aKyMyJIioBaHHsI, KBT

KopwucHa pizHHI TeMIiepaTyp BOAH B TETIIIOBOMY

. 35
akymyJTopi, K
KopucHuit po3paxyHKOBHUiT 00’ €M TEINIOBOTO aKyMy- 12.52
JIATOpa, M >
Bazoswuii Tapud enexrpoeneprii 6e3 I1/1B,
ko1L./(kBt-ron) 163,545
BapricTh CHIOKUBAHOI TEMJIOTH MPU LEHTPaNi30BaHO- 1286,07

My TeIJIONocTa4yaHHi, rpH./ ['kan

BapticTh LeHTpaIi30BaHOTO TEILIONOCTAYaHHS TIPH
oIUIaTi 3a OJMHUIIO OIAIIBAIBLHOT ILIOII], 30
rpi./(M*Mic.)

Bapricts npupoaHOoro rasy [uis IpOMUCIOBOT KOTe-

. 9692,4
JIbHI, TPH./THC. M
BapricTs mpupoHOro ra3y B CKIai CIHOXUBAHOT
TEIUTIOTH TIPH LCHTPATI30BAaHOMY TEILIONIOCTadaHHi, 3 | 1156,6
ypaxyBanHsM KK/ razoBoro kotna, rpa./['kan
Bapricts nener, rpH./T 2410
TennorBopHa 3natHicTh nemtet, MJDx/kr 18
Bapricts nenetHoi teroty 3 ypaxyBanuam KK/ 7007
MEJIETHOTO KOTNa, IpH./['Kan ’
BapricTh TemnoTH mpu HiIofo60BOMY €JIEKTPOOTa- 2282 4

5

JICHHI 0€3 TEeIIOBOr0 aKyMyJsitopa, IpH./['kan

250,0
200,0
150,0
100,0

50,0

0,0

MYJISITOPOM 33 TPH30HHHM TapH{poM
ITeHTpanmizopaHe TETUIONOCTAYaHHS,

IMeHTpamizopaHe TEIUIONOCTAYaHHA,
OIUIaTa 3a [UIOLY

OIrIaTa 3a TEIUIoTY

EnexTpoonaneHHs 2a 0 JHOZ0HHHM

TapHjom

EneKTpoorianeHHs 3 TEIUIOEHM
T'azoBe onaneHHA

TTenerHe onmaIeHHAa

Puc. 2. Ce30HHI BUTpaTH Ha ONAJICHHS [IPY BUKOPUCTAHHI

PI3HUX €HEPropecypcis, THC. IPH.
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Tabmuus 3

IMomicsuHi BUTpATH Ha ONAJICHHS IPY BUKOPUCTAHHI Pi3HUX €HEpropecypcin

Micsiup JKOBTEHB |JINCTONA] | TPYACHB |CIYeHB | TFOTHI | Oepe3eHb |[KBITEHb
Cepenns Temnepatypa, rpaa. C 7,5 1,2 3,5 | 59| 52 —0,4 7,5
Cnioxwura Temiora, I Kaja/micsib 3,84 10,40 13,75 115,29 13,41 | 11,77 3,71
Cnosxura Teriora, KBT-rog/micsin 4464 12096 | 15996 |17782(15590| 13690 | 4320
BapricTh CHIOKHUTOI eIeKTPOCHEPTii, THC. IPH./MiCsIb 2,19 5,93 7,85 | 872 | 7,65 6,72 2,12
BapTiCT§ CIIOJKHUTOI eJIeKTPOCHEPTii npu uinono6013_oMy CJICKTPO- 8.76 2374 | 3139 3490|3060 | 26.87 | 848
omajeHHi 0e3 TeMIOBOTO aKyMyJISITOPa, TUC. TPH./MiCsIIIb
BapTiCTL LEHTPaJIi30BaHOTO TEMJIONOCTAYaHHS IPH oruiarti 3a 494 1338 | 17.60 |19.66|17.24| 15.14 | 478
BiINTyIIIeHy TEIIOTY, THUC. TPH./ MicAIh
BapricTts LeHTpanizoBaHOro TEMIONOCTAYaHHS U oruiarti 3a 30 30 30 30 30 30 30
ONATIOBAJIbHY IUIOILY, THC. IPH./MiCsIb
Bapricts elfBiBaneHTﬂoro rasy, 110 BUTPA4a€ThCsl Ha OMAJICHHS, 4,44 12,03 1591 [17.68]15.50 | 13.61 43
THUC. TPH./MiCSIIb
BapTicTh MeJICTHOTO ONAJICHHSI, THC. TPH./MICSIb 2,69 7,29 9,64 |10,71] 9,39 8,25 2,6
Tabmuns 4
XapaKTepUCTHKN CUCTEMH €JIEKTPOONANICHHS 3 aKyMYJIITOPOM TEIUIOTH
Buxinni naHi 1 po3paxyHky
Po3paxyHkoBa cymapha notyxHicte TEHiB 102,9 kBt
KoprcHa po3paxyHKOBa MiCTKICTh TEIIOBOTO aKyMyJISITOpa 12,52 M
Po3paxyHKOBa pi3HUIL TEMIICPaTyp B 3apsIIHOMY HUPKYISIIIHHOMY KOHTYPI 5K
Po3paxyHKOBa pi3HHIISL TEMIIEPATyp B BUTPATHOMY IIUPKYJISLIHHOMY KOHTYPi 10 K
[IBuAKICTh PYXy BOJH B 3apsAHOMY LIMPKYJISLIHOMY KOHTYpi 1,5 m/c
1IBuAKiCTh pyXy BOAM B BUTPATHOMY HHUPKYJLIIIHHOMY KOHTYpi 1,5 m/c
1IBuAKICTH pyXy BOAM B 3MIIIAHOMY HHAPKYJIALIHHOMY KOHTYpi 1 m/c
Pe3yJibTaTH po3paxyHKY OCHOBHHMX TE€XHOJIOTIYHUX XapAKTEPHCTHK CHCTEMH ONAJIEHHS
Po3paxyHKoBa BUTpaTa BOAY B 3aps,AHOMY LUPKYJISALIHHOMY KOHTYpi 4,913 kr/c 17,69 1/
Po3paxyHKOBa BUTpaTa BOAM B BATPATHOMY LMPKYJISILIIHHOMY KOHTYDI 0,955 kr/c 3,44 1/4
JiameTp Tpy0 3apsiTHOTO HUPKYIHIIITHOTO KOHTYPY 0,0646 m 64,6 MM
HiameTp TpyO BUTPATHOTO IUPKYJILSIMIHHOTO KOHTYPY 0,0285 m 28,5 Mmm
Jiamerp maTpyOKiB TEIUIOBOrO aKyMyJISITOpa 0,0864 m 86,4 MM
BapTicHi noka3HUKHM cHCTEMH ONAJeHHS
BapTICTB, TPH.
Enexrpoxoren 15000
[upkynsiHuid Hacoc 3apsAHOrO0 KOHTYPY 8300
IupkynsiifiHuid HACOC BUTPATHOTO KOHTYPY 2900
TennoBuii 6ak-akyMyJIaTOp 18000
TenoBa 13015115t 10000
Tpuxonosuii perynrorounit kianad Jy32 1700
CepBONPHBIJI IO TPUXOJOBOTO peryroruoMy kianany Jly32 2500
Biok aBTOMaTH4HOrO KEpyBaHHs 16000
3amipHa apMmartypa, TpyOu, TpiiiHUKH, QITHHTH, TEIUIOI30IsI1Iis KOMYHIKaIlii 20000
MonrakHi poboTH 45000
CyMapHa BapTicTh 139400

3a po3paxyHKOM, CyMapHE CIIOKHBAHHS TEMIOTH
OyIiBI€0 NPOTSIOM OINAIIOBATEHOTO CE30HY CTaHOBHUTH
83,9 MBT-TOZ, 110 IPaKTUYHO BiJIIMOBiIa€ HOPMATHBHOMY
piBaIO 83 MBTTON, OTKE, IPUIHATE B PO3PaXyHKY 3HA-
YEHHS! MaKCUMAaJIbHOI TMTOMOI ONAJIOBAJILHOTO HaBaHTA-
sxenns 40 Br/M® Takox Bimmosimae HOPMAaTHBHUM TEILIO-
BUM BTpaTaMm Oy[iBiIi.

HalimeHii ce30HHI BUTpaTH Ha ONaJieHHS B CyMi
41,2 Tuc. rpH. 3a0e3MeUyrOThCS MPH BUKOPHCTaHHI
€JIEKTPUYHOTO OMAaJeHHS 3 HIYHUM aKyMYJIOBaHHIM
TEIUIOTH 1 3 BUKOPHCTAHHSIM TPHU3OHHOTO OOJIIKY CIO-
KUBaHOI eleKTpoeHeprii. BigHOCHO HeBeslnKi BUTpaTH
50,6 THC. TpH. BIANOBINAOTH OMAJCHHIO IEJIETaMH,
OJIHaK SKIIO BPaxyBaTH CYMyTHI (aKTOPH, MOB’sA3aHi 3
HEOOXIMHICTIO TepioaWyHOl JOCTaBKH, 30epiraHHAM

mejaeT 1 BUAAJICHHSIM BIIXOMIB, TO €JICKTPOOIAaICHHS
BUTJIS1a€ HA0AraTo KpamiuM.

IIpu BUKOpHCTaHHI Ta30BOr0 KOTJA, CE30HHI BUTpa-
TH CKJIaAyTh 83,5 THC. TpH., 110 BJABIYl OLbIIE, HIXK MPU
€JIEKTPOOIAIICHH] 3 HIYHUM aKyMYJIIOBaHHSIM TEIUIOTH.

VY pa3i BUKOPUCTaHHS LEHTPATi30BaHOTO TEIIONO-
CTa4yaHHsI, omJiara Horo nociyr B 06cs3i 92,8 Tuc. TpH. 3a
OMANIOBANLHUI CE30H He HA0araro MepeBHIIyE BHTPATH
Ha ra30B¢ OMaJICHHSI.

Haii0inpii ce30HHI BUTpaTH Ha OIMAJCHHSA B CyMi
210 THC. TPH. BUHUKAIOTh Y pa3i OIOMICSYHOI OIJIATH II0-
CIIyT IEHTPAaTi30BaHOTO TEIUIONOCTaYaHHs 32 Tapupom
30 rpH. 3a KOKEeH KBaJpaTHUI METp OMaTOBaIbLHOT IO
MPOTSATOM OMAJIOBAJIBHOTO CE30HY, TOOTO MPH BiICYTHOC-
Ti 3apPEECTPOBAHOTO TEIIIONIUMIbHUKA.
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SIKIIO0 BUKOPHCTOBYBATH E€IIEKTPOOTIAJIEHHS O€3 Tell-
JIOBOTO aKyMYJIOBAaHHSA, TO 32 YMOBH a/I€KBaTHOTO IOTO-
JHOTO  PETYJIIOBAaHHSA, CE30HHI BUTpPaTh  CKIIAAYTh
164,7 tuc. rpH., OO0 MEHIIE, HiK MPH HEHTPaAi30BaHOMY
TEIUTIOTIOCTaYaHHI 3 OIUIATOI0 IOCIYT 33 TapHQOM 3a ora-
JIIOBAJIbHY TUIOILY.

Po3risiHeMO TakoX MOIUIBHICTE TPOBEACHHS PEKOH-
CTPYKIii ICHYIOUMX CHCTEM OINAJCHHS MUIIXOM 3aMiHH
JUKEpelia TEIUIOTH Ha eJIEKTPOOIIaIeHHs 3 TEIUIOBUM aKy-
MYJIATOPOM 3a TPU30HHUM Tapudom. [TopiBHsSHHS 31iiic-
HEHO 3 HAWOIIbII MOIMMPEHUM BapiaHTOM TEIJIOMOCTAa-
YaHHS y BEJIHMKHX MicTaXx YKpaiHHM — LEHTpaji30BaHUM
TEIJIONOCTaYaHHsIM SIK 3 OIUIATOI 3a CHOXHMBaHY TEILIO-
Ty, TaK i 3 OIJIATOIO 32 OTATIOBAIbHY IUIOLILY.

Po3paxyHKH CHCTEMH €JIEKTPOOMaJCHHS IpecTa-
BIIeH] y 3BeneHid Tabn. 4. [TopiBHSAHHS cyMapHOi Bap-
TOCTI 3aIpPOINOHOBAHOI CHUCTEMH EIEKTPOOIAJICHHS
(Tabn. 4) 3 piyHEMH BHTpaTaMH Ha IICHTpalli30BaHE
Teruionocradans (puc. 2) JOBOAUTH, IO TEPMIH OKY-
IHOCTI MEepexoay Ha eJNeKTPOONalieHHS 3 LEHTpaji3o-
BAHOTO TEIUIONOCTAYaHHA 3 OIUIATOI0 3a CIIOXKHBAHY
TEIUIOTY CTaHOBHUTH 2,7 POKY, a 3 OIUIATOIO 3a ONaJIo-
BanbHy miomy — 0,83 poky.

TakuM 4YMHOM, BUKOPHCTAHHS CHCTEM €JIEKTPOOIIa-
JICHHS 3 HIYHMM aKyMYyJIIOBaHHSIM TEIUIOTH JOLUIBHE HE
TIJBKY JUISE HOBUX CHCTEM OIAJICHHS, ajie 1 IS iICHYFOUHX

Bucnosku.

1. HaBemeHo metox i mporpama po3paxyHKY CHCTEM
CJICKTPOOIIaJICHHA 3 HIYHUM AKyMYJIFOBaHHSAM TCIIJIOTH.

MeTtox BpaxoBye Iif04i CTaHZAPTH YKpaiHH Ta II0-
3BOJISIE BW3HAYATH OCHOBHI TEXHIYHI XapaKTEePUCTHKHU
CHCTEMH 3 ypaxyBaHHSIM MOKJIMBOCTI BKIIIOUEHHS €JIEKT-
POKOTJIa Ha TOJIOBUHY PO3PaxyHKOBOI MOTYKHOCTI B JIEH-
HUII 4ac.

2. 3anporoHoBaHUK MeToJ 1 po3pobiieHa mporpama
JO3BOJIAIOTH BUBHAYATH LlIOMiCH'-lHe CIIOKMBAHHS TCILJIOTHU
OyIiBISIMH 1 pO3paxoBYBAaTH BapTOCTi OINAICHHS MPH BH-
KOPUCTaHHI pi3HUX BUIIB €HEPreTHYHUX PECYypCiB, a Ta-
KOX JIO3BOJISIFOTH MOPIBHIOBATH BUTPATH Ha IIEHTPai3o-
BaHE TEIUIONOCTaYaHHs 3 OIUIATOIO 3a CHOXMTY KUIBKICTB
TEIUIOTH 1 TIPH OTIATI 32 OMATIOBAIBHY IUIOITY.

3. HaBeseHO uMceNnbHUN NPUKITAZ ISl pealibHAX 11Or0-
IHUX yMOB M. KneBa moka3aB eKOHOMIYHI IepeBard BU-
KOPUCTaHHS EJIEKTPOONAJICHHS 3 HIYHUM aKyMyJIOBaH-
HSIM TETIOTH.

3a ykpaiHChbkMMHU Tapudamu Ha rpyaeHs 2017 poky
BapTICTh €JEKTPOONAJICHHS 3 HIYHUM aKyMyJIOBaHHAM
TEIJIOTH B ZBa pasl HIKYE, HDK JJIS [EHTPaTi30BaHOTO
TEIJIONOCTaYaHHs 3 OIUIATOIO 32 CHIOXKHTY TEIUIOTY.

4. JloBeneHO, O TEPMiH OKYITHOCTI IIEpexoay Ha eJe-
KTPOONAJICHHs! Ul BapiaHTy 3aMiHM IEHTpPalTi30BaHOTO
TEIJIONOCTaYaHHsl 3 OILUIATOIO 32 CIOXKUTY TEIUIOTY CKJla-
Jla€ MeHIIe, HiX 3 pOKH, IS BapiaHTy 3aMiHH IIEHTpalli-
30BaHOTO TETIONOCTAYaHHS 3 OIUIATOIO 33 ONATIOBAIBHY
IUIOLIY — CKJIaJIa€ MEHII, HiXk 1 piK.
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Advantages of electrical heating systems with night heat
accumulation in Ukrainian conditions.

Purpose. To develop electrical heating systems with night heat
accumulation and to prove its advantages comparable with oth-
ers possible variants of heating. Methodology. We have pur-
posed a methodology which is based on the current Standards of
Ukraine and included few main assumptions: the efficiency of
the electric boiler is assumed equal 100 %, the dependence of
the building heating load on the outside temperature is linear,
all the variants of different energy resources calculating for the
system operating correspond to the adequate (depending on
weather) regulation. Methodology allows to determine the main
technical characteristics of the system taking into account the
possibility of switching on the electric boiler in the daytime us-
ing the half-loading. On the base of suggested methodology was
developed the calculation program for determine the monthly
consumption of heat by the building and estimate the cost of

heating using different energy sources. This program also al-
lows to compare the payment for centralized heat supply ser-
vices at the tariff for the consumed heat with a payment for the
heated area tariff. Results. We have obtained a method for elec-
trical heating systems with night heat accumulation calculation.
Method bases on the current Standards in Ukraine and allows to
determine the main technical characteristics of the system tak-
ing into account the possibility of switching on the electric
boiler in the daytime. On the base of suggested method was
developed the calculation program for determine the monthly
consumption of heat by the building and estimate the cost of
heating using different energy resources. This program also
allows to compare the payment for centralized heat supply ser-
vices at the tariff for the consumed heat with a payment for the
heated area tariff. Originality. For the first time we have sug-
gested methodology and developed the calculation program for
electrical heating systems with night heat accumulation which is
based on the Ukrainian Standards and allows to determine the
monthly consumption of heat by the building and estimate the
cost of heating using different energy sources. Practical value.
We have developed a method and calculation program which
allows to design the energy saving electrical heating systems
with night heat accumulation. We have demonstrated on the
numerical example for the real weather conditions of Kyiv city
the economical advance of using electric heating with night heat
accumulation comparable with all others options (centralized
heat supply, gas heating, pellet heating). For December 2017
tariffs in Ukraine, the cost of electrical heating with night heat
accumulation are two times lower than in the case of centralized
heat supply with payment for consumed heat. We have proved
that the refund period for implementation of electrical heating
systems with night heat accumulation instead of centralized heat
supply services at the tariff for the consumed heat is less than 3
years, and for centralized heat supply services at the tariff for
the heated area tariff is less than 1 year. References 10, tables 4,
figures 2.

Key words: energy saving, electrical heating, night heat ac-
cumulation, cost of heating for different energy resources.
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POWERFUL SOURCES OF PULSE HIGH-FREQUENCY ELECTROMECHANICAL
TRANSDUCERS FOR MEASUREMENT, TESTING AND DIAGNOSTICS

Aim. Development of powerful current radio pulses generators (CRPG) for powering high-frequency electromechanical
transducers based on IGBT transistors. Methodology. To carry out the research, the statements of the magnetic and
electromagnetic fields interaction with electric and ferromagnetic material, electric circuits, structure of radio electronic devices
theory were used. Results. The main provisions for creating powerful broadband generators for powering electromechanical
transducers based on IGBT transistors are determined. It is shown that the generators intended for use in measurements, testing
and diagnostics should provide adjustment of the frequency and duration of the output current pulses, and also provide current in
the transducer inductor of several hundred amperes. The connection between the power frequency of the resonant
electromechanical transducer and the gap between the transducer and the surface of the metal being diagnosed is established. A
CRPG variant for powering electromechanical transducers in the frequency range 1 ... 3 MHz and the duration of current pulses
of 1 ... 20 periods of the filling frequency is developed and manufactured. The peak current in the inductor of a high-frequency
electromechanical transducer has reached 450 A. Novelty. For the first time, the possibility of using powerful IGBT transistors in
electronic devices working in a key mode in push-pull circuits for feeding high-frequency electromechanical transducers is
shown. Practical value. Using the results obtained will allow the creation of new instruments for measurement, control and
diagnostics with wider characteristics. References 12, figures 6.

Key words: powerful transistors, radio pulse generator, electromagnetic field, conductive and ferromagnetic metal, high-
frequency current, inductor.

Ilenv pabomui. Pazpabomka OCHOBHBIX NONOIHCEHUI NO CO30AHUIO MOWIHBIX UCHIOYHUKOG UMAYIbCO8 MOKA O RUMAHUA
6bICOKOUACMOMHBIX ~ IJIEKMPOMEXAHUUECKUX  npeodpazoeameneii 014  UIMEPEHUll, KOHMPOAA U  OUAZHOCHIUKU
Inekmpomexuuueckux ycmpoiicmeé na 6aze cunoevix IGBT mpanzucmopos. Memoouxa. /Ina npoeedenusa uccnedosanuii
UCNOIb306ATIUCH NOJIONHCEHUS MEOPUU 63AUMOOCHCMEUA MAZHUMHBIX U IIEKMPOMAZHUMHBIX ROJIEl ¢ INEKMPONPOGOOHLIM U
eppomaznumnbim mamepuanom, INeKmMpuLecKuUx yeneil, HOCMPOeHUs I1eKMPOHHbIX ycmpoiicme. Pesynomamut. Onpedenensvt
OCHOGHbBIE NOJIONHCEHUA NO CO30AHUI0 MOWHBIX UWIUPOKONOIOCHBIX 2eHEPAMOpPO8 OnA RUMAHUA IIEKMPOMEXAHUYECKUX
npeobpazosameneii na o6aze cunosvix IGBT mpanszucmopos. Ilokazano, umo 2enepamopsl, npeoHasnHauenuvie OJA
UCHOB306ANUA 8 UBMEPEHUAX, KOHMPOJIe U OUACHOCIUKE, 00TIICHbL 0Decneuueams pezyauposKy 4acmomol u OaUmeabHOCmu
UMRYIABbCOB 6bIXOOHO20 MOKA, A MAKIHCEe 00ecneuusams moK ¢ Kamyuike npeoopazosamensn eeauuunoi 0o 450 A. Ycmanoenena
C6A3b  MeMcOy UACHOMmOU NUMAHUA DPE30OHAHCHOZ0 IJIEKMPOMEXAHUUECKO20 npeodpazoeamena U 3a30poM  MexHcoy
npeoépazosamenem u nOGEPXHOCMbIO OUazHoOcmupyemozo memanna. Paspaboman u uszzomoenen éapuanm HHUT ona numanus
INeKmpomexanuyeckux npeoopazosameneit 6 ouanazone uwacmom 1...3 MHz u onumensnocmu umnynvbcoe moka 1...20
nepuoooeé uacmomsl 3anonuenusn. Ilukoeas eenuuuna moxa 6 Kamyuwike 6blCOKOUACHMOMHOZ0 INIEKMPOMEXAHUUECKO20
npeobpazosamena oocmuena 450 A. Hayunas noeusna. Bnepewvie nokazana 6o3mosxcnocms npumenenus cunogvix IGBT
mMpan3ucmopos 6 I1eKMpPOHHBIX YCIMPOUCIEAX, NPU KII0UesoM pedcume padomsl 6 OGYXMAKMHBIX CXeMAx O NUMAHUA
GHICOKOUACMOMHBIX INIeKmpoMexanuieckux npeoopasoeameneii. Ilpakmuueckan 3nauumocmes. Hcnonvioeanue noyueHHbIx
Pe3yIbmamos no3eonum co30aeamv HOGble NPUOOPLL O UBMEPEHUll, KOHMPONA U OUAZHOCHMUKU C YAYYUIEHHBIMU
xapakmepucmuxamu. bubn. 12, puc. 6.

Kniouesvie cnosa: cuiI0Bble TPaH3UCTOPbI, IeHEPATOP HMIIYJIbCOB, 3JEKTPOMATHMTHOE TII0J1e, 3JIEKTPONPOBOAHBIA U
(heppoMarHUTHBINH MeTaL1, BBICOKOYACTOTHBIH TOK, KATYIIKA HHAYKTUBHOCTH.

Introduction. Recently, there has been a growing
tendency to use pulse high-frequency electromechanical 1
transducers (PHFEMT) [1-4] for measurement, control
and diagnostics of electrically conductive and
ferromagnetic metal products. PHFEMT can transform
electromagnetic energy into high-frequency mechanical
(ultrasonic). This transformation is traditionally called 2
electromagnetic-acoustic (EMA) transformation. The
physical nature of EMA transformation can be explained —— - -
with the help of Fig. 1 (1 — the source of a constant \ '\.k_ : ( }l"”‘i'\lﬁ !31 } \ ' ‘ }})
polarization field; 2 — high-frequency inductor; 3 — N Al = S
product; 4 — power lines of a constant magnetic field; 5 —

field lines of high-frequency electromagnetic field; 6 —  Fe

. A e L -

vortex current in the surface skin layer of the product). Fig.1 The diagram explains the physical effects of
Conductors with flat inductor current are located in  electromagnetic field transformation into high-frequency
parallel with the conductive or ferromagnetic metal mechanical (ultrasonic) oscillations

surface (OT — object of testing). The current layer has a .
linear density / = I,¢”', which induces a current /; = —I,  |Hl|ly, where j=+/-1, @ — the current frequency in the
and creates a uniform magnetic field with the amplitude =~ EMAT inductor. A constant polarization magnetic field
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with induction B = xyB, + YoB, is applied to the surface

layer of the OT under the inductor. According to [5],
alternating stresses are formed in the surface skin layer of
the OT, due to the interaction of the magnetic and
electromagnetic fields. The total voltage T, is written in
the form
|Txx| = Txg +TxA);[ +Tx§

=HB, , (D

-1 .
-4~ jap;
7

where T, xﬁ — the stresses formed due to the

electrodynamic effect (Lorentz forces); T, )gf — voltages

formed due to magnetic interaction; 7, xg — the stresses

formed due to magnetostrictive effects; f, — generalized
parameter that is equal to the ratio of the wave numbers of

. . 1)
mechanical and electromagnetic waves ,6’,2 =

sz HoHo
H — the intensity of the alternating magnetic field; x,— the
magnetic constant 47-10”" H/m; u — the relative magnetic
permeability; ¢, — the propagation velocity of the high-
frequency elastic shear perturbation in the OT material;
o — the frequency of high-frequency elastic mechanical
oscillations, which coincides with the frequency of the
high-frequency current in the EMA transducer’s inductor;
a — the magnetostrictive constant; j = J-1; o — electric
conductivity of the OT material.

Analysis of the equation (1) shows that the
magnitude of the mechanical variable stresses depends on
the induction of the polarization magnetic field and the
current magnitude in the inductor. When diagnosing
ferromagnetic materials, it is very difficult to generate an
induction value of the magnetic field in the excitation
zone of high-frequency mechanical oscillations of more
than 1 T. On the other hand, it is not advisable to
significantly increase the induction of the polarization
magnetic field, since the EMAT attractive force to the
ferromagnetic product will be significant. As a result, it is
difficult to scan the OT during diagnostics.

Pulse current in the EMAT inductor can
theoretically be increased without special restrictions up
to tens of kiloamperes, for example by means of
mechanical interrupters. However, it is impossible to use
such generators in devices, especially in small ones. In
addition, the problem arises when forming high-frequency
current pulses in the range from tenths to tens of MHz.

This problem can be solved by increasing the peak
power of current pulse sources (CPS) [6-11]. The authors
in [6, 7] propose to use powerful short unipolar pulses for
powering the PHFEMT, which are not difficult to obtain,
for example, with the help of thyristors. However, such
pulses have a wide frequency spectrum, which reduces
their efficiency at given values of diagnostic frequencies.
In articles [8-11], it is proposed to apply a pulse packet of
certain duration and with a specified filling frequency to
feed PHFEMT. In this case, the output voltage in the
device [8] does not exceed 300 V, which is unacceptable.
The generator [9] allows obtaining significant pulse
currents in the load. However, it is made on high-voltage
high-frequency electron tubes GMI-83, which require
cumbersome  high-voltage power supplies. Such
generators consume a lot of electricity. The device is

dangerous for maintenance staff. The power sources given
in [10, 11] are more promising, but they do not allow
increasing the output power. Therefore, the development
of high power CPS is of great interest.

The aim of the paper is to develop the main
regulations for the creation of powerful current pulse
sources for feeding high-frequency electromechanical
transducers for measuring, monitoring and diagnostics of
electrical devices based on IGBT transistors.

Research and analysis of the developed results.
Analysis of known literature sources [1-11] allowed
formulating requirements for CPS, which should provide
EMAT feeding, for example, described in [1-4], in the
most constantly used frequency range. It should be
formed in EMAT with an input resistance from fractions
of up to several Q current pulse packets with a filling
frequency from 1 to 3 MHz. The period’s number of the
pulse filling frequency should be adjustable in the range
1 ... 20 pcs. The maximum peak amplitude of the current
in the transducer conductors should reach several hundred
amperes. The repetition frequency of the probing pulses
should be regulated in the range from 0.01 to 1 kHz,
depending on the OT scanning speed.

The authors based on the analysis of the power
electronics elements characteristics came to the
conclusion that it is expedient to use powerful IGBT
transistors in the output stages. To test this assumption,
experimental studies were performed of the capabilities of
several modern powerful comparatively high-frequency
IGBT transistors at high frequencies. It is determined that
they do not allow creating a sinusoidal output signal. At
the same time, it is shown that in the claimed frequency
range, some IGBT transistor models switch with
sufficient time intervals in push-pull circuits.

To implement the developed technical solution, it is
proposed to form the CPS output pulse in the form of a
meander, and the sinusoidal component allocation is
carried out using the EMAT resonant circuit or a separate
filter. This approach makes it possible to provide an
acceptable thermal operating mode of the transistors,
especially at high probing frequencies, and to obtain
significant amounts of excited currents in the load. The
expediency of using parallel switching up to 5 transistors
in each arm of a push-pull circuit allows increasing the
current in the transducer or increasing the voltage due to
the use of high-frequency broadband transformers. The
pre-switches in front of the output stages must be
powerful enough to quickly fill the gate of the IGBT
transistors of the CPS output stage. To quickly switch off
the output transistors, the resistance of the pre-output
transistors in the open state should be minimal.

The expediency of manufacturing CPS in the form
of two main blocks — a signal generator with adjustable
parameters and a high-frequency broadband power
amplifier is specified.

On the basis of this approach CPS has been
developed, which allows fulfilling the requirements
necessary for feeding EMAT with modern monitoring,
measuring and diagnostic tools. As an example of such a
development Fig. 2 shows the electrical circuit diagram of
a high-power high-frequency broadband generator.

The signal generator with adjustable parameters is
made on a microprocessor U4 of the AT90S1200 type.
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Fig. 2 Electric schematic diagram of CPS for feeding high-frequency electromechanical transducers

It forms two sequences of rectangular pulses IN1
and IN2 with an amplitude of 5V with a pulse ratio of 2
(meander) and the phase opposites that are required to
power the subsequent CPS stages. The frequency, pulse
ration and the number of pulses are controlled by the
buttons PQO-PQ3 and Reset. Each of the two signals from
the microprocessor's output goes to the inputs of the
buffered repeaters Ul and U3, executed on the chips of
74AC245 type. Buffered repeaters are used to amplify the
current output signal, to provide steep edges, form
rectangular pulse sequences IN1 and IN2, and to protect
the microprocessor in case of short circuits in the
amplifier circuit. To increase the output current, 8 inputs
and 8 outputs of each buffered repeater are connected in
parallel. The time diagrams of the output signals
generators are shown in Fig. 3, where: T1 — the sequence
period of rectangular pulses; T2 — total duration of the
pulse packet; T3 — the interval period of pulse packet;
T4 — the duration of the bias pulse.

ARnAn.  nnan;
Jnnnnr-nonor. -

Fig. 3. Time diagram of the output signals generators

The outputs of the buffered repeaters Ul and U3 are
loaded on the input winding of the high-frequency
wideband transformer T1. From the transformer output
T1, rectangular pulses in antiphase go to the transistors
gates Q1 and Q2, switched on in a push-pull circuit.
Switching on transistors at the same time ensures the
sequential opening of only one of them and closing of the
other one. Simultaneously, a bias pulse is applied to the
middle point of the output winding of the transformer T1.
It comes from the microprocessor U4 through the buffer
U2 (74AC245), providing a rapid opening of the
transistors Q1 and Q2 and their subsequent closing after
ending the pulse packet. The duration of the bias pulse T4
is equal to the duration of the T2 packet.

From the outputs of transistors Q1 and Q2, square
wave pulses of the packet signal are fed to the input of a
high-frequency broadband transformer similar to T1 (not
shown in the diagram). Rectangular pulses from the
output of the second transformer go to the transistors
gates Q7 and Q8 (IRF540N), also included in the push-
pull circuit. The stage on transistors Q7 and QS8 serves to
amplify rectangular pulses in voltage and current
sufficient for the key output stage operation on IGBT
transistors Q9 and Q10, Q11 and Q12 (IRG4PC50F),
included in pairs in each arm of the push-pull circuit.
Parallel switching on two IGBT transistors in each arm
allowed increasing the limiting switching current and
reducing losses by lowering the resistance of the arm in
the open state. The output stage is connected to the
previous one using a broadband high-frequency
transformer similar to T1 (not shown in the diagram). The
output stage is also loaded on a broadband high-frequency
transformer (not shown in the diagram), which output is
connected to the EMAT, for example [1].
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Power units of the generator’s stages are not
shown in the diagram. To test the developed CPS
characteristics, tests were performed when it was
connected to the active load and when the EMAT load
was operating in a resonance mode.
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Fig.4. Amplitude-frequency response of CPS with an active load
equal to 0.5 Q

Fig. 4 shows the amplitude-frequency response of CPS
with an active load equal to 0.5 Q in the frequency range
exceeding the range of 1 ... 3 MHz. The measurements were
performed using an oscilloscope SDS7202.

Data analysis (Fig. 4) shows that the amplitude-
frequency response of CPS in the frequency range
1 ... 3 MHz is close to uniform. This means that the use of
IGBT transistors in the switching mode in the output push-
pull stages allows covering the traditionally used frequency
range for measurements, monitoring and diagnostics. In this
case, the peak current in the active load exceeds 100 A.

Studying generator’s operation when connecting
resonant EMAT, the following procedure was used. The
high-frequency electromechanical transducer [1] was
mounted on a metal (high-carbon steel) with various gaps
between the inductor and the metal. The CPS frequency
controller fed EMAT into resonance. It is taken into
account that the basis of any EMAT is a high-frequency
inductor and that the inductance of this inductor is
different for different gaps. Consequently, the resonant
frequency of the transducer will also be different. This
position was confirmed by the data in Fig. 5, which
showed the amplitude-frequency response of CPS
together with EMAT resonant type. In this case, the high-
frequency inductor was connected in parallel with an
additional capacitor of 10* pF. The inductance of the
high-frequency inductor, taking into account power cables
and CPS output parameters, was about 1 ... 2 pH. The
backlash was established with the help of gaskets made of
glass-textile of various thicknesses. The measurements
were performed using an oscilloscope SDS7202.

Data analysis (Fig. 5) shows that when the gap is
reduced, the EMAT resonance frequency increases
approximately in inverse proportion to the frequency of
the power current: with a gap of 7 mm — about 1.3 MHz;
with a gap of 4.5 mm — about 1.6 MHz; with a gap of
2 mm — about 2.05 MHz and with a gap of 1 mm — about
2.45 MHz. These data confirm that CPS must necessarily
have a frequency regulation of the power current. Its own
amplitude-frequency response should be close to linear in
order to ensure the same power conditions for the

transducer. Especially these requirements are important
for automatic or automated measurements, monitoring
and diagnostics, when it is impossible to maintain the
exact gap size (usually several millimeters).

It is obvious that the CPS current feeding the EMAT
can not instantaneously bring into operation the parallel
resonant circuit of the electromechanical transducer. This
requires several periods of the generator -current
frequency, Fig. 6. At the same time, the required number
of periods for EMAT output to the operating mode also
depends on the gap size. Consequently, it is necessary to
regulate the periods number of the filling frequency for
the pulse packet of the CRPG.
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Fig. 5. The amplitude-frequency response of a high-frequency resonant
electromechanical transducer [10] connected to CPS at distances (gaps)
between a high-frequency conductor and an electrically conductive
ferromagnetic OT surface: 1 — 7 mm; 2 — 4.5 mm; 3 —2 mm; 4 — | mm
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Fig. 6. A typical voltage on the EMAT [1] when feeding CPS
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It is known that the current in the resonant circuit
exceeds the current coming from the power source [12].
To evaluate its value, a shunt with a resistance of 0.01 Q
was built into the parallel resonant EMAT circuit. During
resonance, its voltage was 4.5 V. Consequently, the
current in the EMAT high-frequency conductor was about
450 A. The requirement to increase the degree of
electromagnetic energy transformation into high-
frequency mechanical one by increasing the current in the
EMAT inductor developed by CPS on the basis of IGBT
transistors is satisfied.

Conclusions.

1. The main regulations for the creation of powerful
current pulse sources for feeding high-frequency
electromechanical transducers for measuring, monitoring
and diagnostics of electrical devices based on IGBT
transistors are developed.
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2. A practical implementation of a powerful current
pulse generator based on IGBT transistors of the
IRG4PCS50F type is proposed, which provides currents of
up to 450 A in the frequency range 1 ... 3 MHz with a
pulse packet duration of 1 ... 20 in the inductor of a high-
frequency electromechanical transducer.

3.1t is shown that CPS provides a significant increase
in the current of a high-frequency inductor when feeding
the resonant EMA transducers, thereby increasing
electromagnetic energy transformation into high-
frequency mechanical one in electrically conductive and
ferromagnetic materials.

4. The necessity to regulate the frequency and duration
of power pulses for high-frequency electromechanical
transducers intended for measurements, monitoring and
diagnostics is determined and experimentally confirmed.

5. It is experimentally determined that the gap increase
between the high-frequency EMAT inductor and the surface
of an electrically conductive ferromagnetic metal leads to a
decrease in the resonant frequency of the transducer,
approximately in inverse proportion to the current frequency.
This effect is due to the influence of metal properties on the
inductance of the high-frequency EMAT inductor located
with a gap above the product surface.
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PA3PABOTKA U HCCJIEAOBAHUE MAKETA CUCTEMbI AKTUBHOI'O _
IKPAHUPOBAHUA MATTHUTHOI'O 110JI51, CO3JABAEMOTI'O I'PYIIIION
BO3JYIIHBIX JIUHUH SJIEKTPOIEPEJAYUN

Po3poobneno maxem 00HOK010801 cucmemu aKmMugHoO20 eKPAHYEaAHHA MAZHIMHO20 NOJIA, AKE CHEOPIOEMBCA Y HCUMIO0GUX NPU-
Mmiwennax zpynoio JIEIL. IIpocmopoese posmauty8anus i 2eomempuyni posmipu KOMREHCYIOU0i 00MOmMKU, a MAKOXHC napamempu
pezynamopie eusHayeni Ha 0CHOGI piuienH 3a0aui 6azamoxpumepianvnoi onmumizayii. IIposedeno nonvosi excnepumenmanvhi
00CNIOMNCEHHA MAKemYy CUCHeEMU 3 POIMKHYmMUM ma 3amkuymum ynpaeninuam. Ilokazano, wo egpekmuenicms cucmemu npu
PO3IMKHYMIOMY Ma 3AMKHYHOMY YRPAGIIHHI npUOIU3HO 00HaKosa i ckaadac oinvuie 4 oounuysv. Hasedeno pesynomamu nopis-
HAHHA eKCNEPUMEHMANbHUX [ PO3PAXYHKOGUX 3HAYEHb IHOYKUIT MAZHIMHO020 nona 6 30Hi ekpanyeannsa. llokazano, w0 excnepu-
MeHmAanyHi i po3paxyHKoei 3Hauenns inOyKYyii MazHimnozo nona eiopisuaomsca ne oinvuie nixe na 20 %. bion. 12, puc. 5.
Knrouoei crosa: noBiTpsiHi JiHil eJiekTponepeaayi, MarHiTHe moJie MPOMHUCIOBOI YACTOTH, MAKET OTHOKO0JIOBOI CHCTEMU AKTH-
BHOT0 €KPAaHYBaHHsl, 0JILOBI eKCIIePUMEHTAJIbHI JOCTiKeHH.

Pazpaboman makem 00HOKOHMYPHOU CUCHEMbL AKMUBHO20 IKPAHUPOGAHUA MAZHUMHOZ0 NOJIA, CO30A6AEMO20 8 HCUNOM NOMe-
uienuu epynnoii JI3II. IIpocmpancmeennoe pacnonoiicenue u ceomempuiecKue pazmepovl KOMneHcupyoueii 00MomKu, a max-
Jice napamempul pezyiamopos onpedesienbl Ha 0CHOGe peweHUA 3a0aul MHO20KpumepuansHoi onmumuszayuu. IIpogedenst no-
Jiegble IKCHEPUMERMANbHbIE UCCIE006AHUA MAKEMA CUCIEMbL C PA3OMKHYMbIM U 3aMKHymuim ynpaenenuem. Ilokazano, umo
Ippekmugnocms cucmemvl NPU PA30MKHYMOM U 3AMKHYHIOM YRPAGIEHUU RPUMEPHO 00UHAKOGAA U cocmasiaem donee 4 eou-
nuy. Ilpusedensvt pesynvmamol cpagHenus IKCREPUMEHMAILHBIX U PACYUEMHBIX 3HAYEHUI UHOYKYUU MAZHUIMHOZ20 NOJIA 6 30He
akpanuposanus. Ilokazano, umo IKcnepumMemanbHble U pacuennovle 3HAYEHUA UHOYKYUU MAZHUMHO20 NONA OMAUYAIOMCA He
bonee uem na 20 %. bubn. 12, puc. 5.

Knrouesvie criosa: BO3AYIIHBbIE JIMHUHU YJIEKTPONEpe1adl, MArHUTHOE 110JIe IPOMBIIIJIEHHOH YacTOThI, MAKeT 0OJHOKOHTYPHOIi

CHUCTEMAa AKTUBHOI'0O DKPAaHUPOBAaHUS, MMOJIEBbIEC IKCIIEPUMEHTAJIbHBbIC UCCJICI0BAHUSA.

Beenenne. UWunykumss marnutHoro mnoms (MII)
MIPOMBIIIUICHHONH YacTOTBI 3a NpeAeiIaMH OXPaHHbBIX 30H
BBICOKOBOJIBTHBIX JIMHUM AnekTponepenaun (JIDII) B psae
Clly4yaeB IPEBBILIAET IPAHUYHO JAONYCTUMBIN ypoBeHs 0,5
MKTxa [1], 9TO co3maeT yrpo3y 3HOPOBBIO HACENCHHS H
TpeOyeT IMPUHATUS ONpPEICICHHBIX MEp IO CHIDKCHHIO
MII neiictByromux JIOII B dwepre ropomoB YKpauHEL
OKOHOMHUYECKH Haubojee MPUEMIIEMBIMH IJIs1 Y KpanHbI
SBJISIOTCS [2] METOABI aKTUBHOT'O KOHTYPHOT'O KPAHHUPO-
Banus MII peiictByromux JIDII, peanuzyembie ¢ momo-
IIbI0 CUCTEM aKTUBHOTO dKpanupoBanus (CAD) [3-10].

AHAJIM3 CYIIeCTBYIOIIMX CHCTeM aKTHBHOIO JK-
panupoBanusi. B [10] pa3zpaboran meron cuntesa CAD
MII, a B [11] mpoBeaeHbl SKCIEPUMEHTANBHbIE UCCIIEAO0-
BaHMNA Maketa CAD ¢ pa3nuyHBIM KOJIMYECTBOM KOMIICH-
CUpYIOIUX 00MOTOK W matunkoB MII, ¢yHKIHOHMpYTO-
IIMX 10 Pa3UYHBIM anroputMaM ymnpasiernus [8, 9]. [o
OTHOIIEHUIO K TEOMETPHUYECKHM pa3MepaM pealbHbIX
CHCTEM 3TH MaKeThI BBITOJIHEHBI B MacmTade 1 k 10, uro
00yCIIaBIMBAET JOMOJIHUTENbHBIE TOTPEIIHOCTH MaKETH-
poBanusi CAD, BbI3BaHHBIE, B YaCTHOCTH, KOHEUHBIMH
pasmepamu gatuukos MII, cousmepumeix ¢ pazMepamu
KOMIICHCAIIMOHHBIX 00MOTOK Makera. Kpome Toro, uc-
cnengoBanus MaketoB CAD nmposoaunucek anst MII, rene-
pupyemoro onuHouyHo# JISII. B cBA3u ¢ 3TUM BO3HHKAET
3amava Bepupukamum Meroma cuHTe3a [10] CAD MII,
co3maBaemoro rpymmoi JIOII, Ha momHOMacmTabHOM
makere CAD.

Heabio padoThl SBISIOTCS pa3paboTka M IOJIEBBIE
9KCHEPUMEHTATbHBIE HCCIICHOBAHUS  OJHOMACIITAOHOTO
MaKeTa OJHOKOHTYPHOM CHCTEMbl aKTHBHOTO SKPaHHPOBa-
HMS MarHUTHOTO I10JI, CO3/1aBa€MOTr0 TPYIITION BO3IYILIHBIX
JIMHUM 3JIEKTpONIepead B )KUIIBIX TIOMEICHUSX.

Pa3paborka makera ogHokoHTypHoii CAJD. Ha
puc. 1 nokasana cxema pacnonoxenus rpynnst JIOII, re-
Hepupytomx MII, MHIYKIMIO KOTOpOro HEoOX0aAnMOo
YMEHBIIUTh B JKWJIBIX IOMEIICHMAX (B AanbHEHIIeM
«B 30HE SKPAHUPOBAHUS).
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Puc. 1. Cxema pacnonoxxenust rpymmns! JIOI1 u o qHOKOHTYpHOM
CAD

Hcxonnoe MII B 30HE 5KpaHUPOBAHUsI T€HEPUPY-
1oT nBe aByxuenssie JISII 110 xB (JIDIT 1 u JIBII 2),
npyxuenHas JIOII 330 xB (JIDII 3) u onHouemHas
JISIT 330 kB (JIDII 4). Ha puc. 1 takxe nokazaHa 30-
Ha, B KOTOpo# HeoOxoxumo skpanuposats MII. Ha oc-
HOBaHMM OKCIEPUMEHTAIBHBIX HCCIIEJOBaHUN OBLIO
YCTaHOBJIEHO, YTO B 30HE 3KpaHupoBaHus MII umeer
HE3HAYHTENbHYIO mojspu3anuio [12], d9ro mo3Boiser
HCITOJIB30BaTh OMHOKOHTYpHYI0 CAD ¢ 0JHOW KOMITeH-
cannoHHO# oOmoTkoH. [Ipu cuaTe3e makera CAD yuu-
THIBAJINCh OTPAHUYEHUS] HA T€OMETPUYECKHE pa3sMephl
U TOYKHM PACIOJIOKEHHUS ONOp €€ KOMIICHCALMOHHOMN
00OMOTKH.

Ha puc. 2,0 moka3aHa pacueTHas cxema MakeTa
onHOKOHTYpHOH CAD, 30Ha 3KpaHHUpPOBAHUSA U KOMIICH-
cupyromas 0OMOTKa.
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Puc. 2. PacuetHas cxema MakeTa oqHOKOHTYypHOU CAD (a),
pacnpenenenne MII ucxonnoro (6) u ¢ BkmoyenHoir CAD (8)

Ha puc. 2,6 mokazaHo pacmpeneieHne WHIYKIHH
ucxoxaoro MII, cosmaBaemoro rpymmoit JIDII, a Ha
puc. 2,6 — pacnpeaenenue nHaykuuun MII ¢ BkiroueHHO
CAD. Ucxomnas wmaaykmumst MII B paccmarpuBaeMom
npoctpaHcTBe cocTaisier 0,9 MxTh, a mpu BKIIOYESHHOU
CAD ypoBeHb MHIYKIMHM MAarHUTHOTO IIOJII HE IMpPEBOC-
xoaut 0,4 mxTm.

Ha puc. 3 noka3aHsl IpOCTpaHCTBEHHO-BPEMEHHBIE
xapakrepuctuku (ITBX) MII, co3naBaemoro: / — rpymmoi
JIDIL; 2 — xoMneHcupyoueld 00MOTKOH 1 3 — CyMMapHO-
r'O MarHUTHOTO MOJIS C BKIIOYEHHOH cucremoid. Kak Bun-
HO M3 3TOT0 PUCYHKa, B pacCMaTpHBAaEMOM ITPOCTPAHCTBE
ucxoxgnoe MII, cozgaBaemoe rpymmoit JIDII, nmeer He-
3HAUMTENbHYIO NOojsipu3anmio, Tak yto ero I1BX mpen-

CTaBISIET CHMJIBHO BBITSIHYTBIH 3IUIUIC, a KO3GQHULIUEHT
3JUIMIICHOCTH (OTHOIICHNE MEHBIIEH MOJIyOCH 3JUIUICA K
OoJbIei monyocu) paBeH okoio 0,4, 4TO MOATBEPIKAACT-
CA OKCIICPUMECHTAJIbHBIMU UCCIICAOBAHUAMMU.

I[IBX MII, co3naBaeMoro 0OMOTKO# OJHOKOHTYPHOU
CAD mpezcraBisieT coO0H THHUIO U, CIEIOBATEIHHO, Ta-
koe MII He mmeer momsipuszaru. C oMouiplo 3Toi 00-
MOTKH KOMIIeHcUpyeTcs Oosbliast noyoch asumnca [IBX
ucxoanoro MII, tak uyrto IIBX pesynpTupytomero MII,
ocrasmrerocst mocie padotel CAD, mpexacTaBisieT coboit
AIUTHTIC ¢ KO3(D(HUIIMEHTOM SIUTUIICHOCTH, paBHBM 0,8.
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Puc. 3. IIpocTpaHcTBEHHO-BpEeMEHHbIE XapakTepucTuku MII
coznaBaeMoro: rpymmoi JIDII (7); xommeHcupyomei
obmotkoii (2) u cymmaproro MII ¢ BrimrouenHo# CAD (3)

Peanu3zanmusa makera ogHokoHTypHOH CAJ. Ma-
ket oaHOKOHTYpHOU CAD coaepxur [10] ogHy KBajpat-
HYHIO OOMOTKY, BEpXHsIsI 4aCTh KOTOPOH pacroiokeHa Ha
BeICOTE 5,1 M, a HIOKHAS — Ha BeIcoTe 3,1 M. OGMOTKa co-
nepxutr 20 BHTKOB WM THTaeTCS OT YCHINTENs THIIA
TDA7294. B xauectBe matumka uHAyKIuu MII ucnoms-
3yeTcsl MHAYKTUBHBIA JAaTYWK, a MU3MEPEHHE WHIYKIIUU
MII Beimonusiercs marauromerpoMm tuna EMF-828 dup-
Mol Lutron. [Turanue CAD ocymiecTBIsSETCS OT aBTOHOM-
HOI'o UICTOYHHUKA.

Cucrema ympaBieHHss OOMOTKOH IIOCTpO€Ha O
HOPUHIUIY HOJYUHEHHOTO PEryJIUpOBaHUS U COIEPKHUT
BHYTPEHHHUH PETYJSTOp TOKAa M BHEIIHWH PEryJIsiTOp WH-
nykuuu MIT.

Pe3yabTaThl NMOJEBBIX IKCHEPHUMEHTAJIBHBIX MC-
CJIel0OBAaHMSA MaKeTa PA30MKHYTOH OJHOKOHTYPHOM
CAD. Jlng peanm3anuy pa3oMKHyTOro ympasieHus CAD
nmatauk MII ycTanaBimBaiCs B HETIOCPEACTBEHHON OJn-
30ctd OT mpoBooB JIDII u Ha HEKOTOPOM yHaleHHH OT
30HBI 3kpanupoBanus. C moMoIplo Takoro gatanka MII
HU3MEPACTCA MHAYKIIUA MAarHuTHOT'O I10JIA, CO3/1aBacMOTo
tonbko JIDII, u, cnenoBaTenbHO, BBIXOIHOE HAIPSHKEHUE
Takoro gatuvka MII mponopuuoHaqbHO TOKY OJHOW U3
(a3 nposoxa JIDII, mmbo ux cynepnosurmu. Takum 00-
pa3oM, OCYIIECTBISETCS. KOCBEHHOE H3MEPEHHE TOKOB
JIOI, renepupyromux ucxonnoe MII, a CAD Ha ocHOBE
Takoro gatuvka MII mo mpuHUuMIy CBOro HMOCTPOEHHUS
SIBJISIETCS PA30MKHYTOM.

Ha puc. 4 moka3aHbl SKCTIepUMEHTaNIBHBIE pPacTpere-
JIeHUsI MHAYKIK: @) ucxoguoro MII, co3maBaemoro rpym-
noit JIDII u 6) — 2) cymmapnoro MIT ¢ BkmouenHoit CAD.

Hcxonnas unnykuus MII B paccMmaTrpuBaeMoM IIpo-
ctpancTBe cocraBisier 1,15 mkxTi, yro Oonee yem B 1Ba
pasa TIpEBBILAET TIPAaHUYHO JOMYCTHMBIA YPOBEHb
B 0,5 mxTn [1].
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Puc. 4. JIlunuu paBHOTO ypOBHS MOAYJIS HHAYKIIHH:
@) UICXOJHOTO MarHUTHOTO TOJIA, co3aaBaeMoro rpymmoit JIDIT
1 0) — &) CYMMapHOTO MarHUTHOTO TIOJIS C BKITIOYEHHOM
pasomknyToii CAD

Hactpotika pazomkayTOif CAD BBINOIHIACH TAKHM
00pa3oM, 4TOObl MUHMMHU3UpPOBaTh MHAYKIMI0O MII B 3a-
JJAHHOW TOYKE MPOCTPAHCTBA, Iie HEOOXOIUMO SKPaHU-
posatb ucxonunoe MII. B wactHocTH, Ha puc 4,6 — 2 TIOKa-
3aHbl pacrpeneneHust cymmapHoro MII ¢ BxitoueHHOH
CAD npu ee HacTpoWKe Ha pa3IUYHbIE TOUKH 30HBI dKpa-
HUPOBaHMS. 3aMETUM, 4TO B Toukax HacTpoilku CAD uH-
ayknus MIT uMeeT MUHMManbHOE 3HAYEHHE, NpPaKTHYeE-
CK{ OJIMHAKOBOE JIJIS JTFOOOW TOYKU HACTPOHKH, M COCTaB-
jstet 0,2 MxTir.

IMosieBble JKCHEPUMEHTAIBHBIE HCCICIOBAHMSA
MaKeTa 3aMKHYTOI oqHOKOHTYpHOIl CAJ. [lns peanu-
3alUMM 3aMKHYTOro ynpasiieHus natuvk MII ycranasiu-
BaJICSl HEIIOCPE/ICTBEHHO B 30HE 3KPAHUPOBAHMUSL.

Z,M 2

Puc. 5. JIlunun paBHOTO ypOBHS MOAYJISI UHAYKLHU:
@) UICXOJJHOTO MarHUTHOTO TIOJIsA, CO3/1aBaeMoro rpymmoi JIDIT
" 6) — 2) CyMMapHOTO MarHUTHOTO IOJIS C BKIIOYEHHOH
3amkHyTOI CAD

IIpu 3TOM ¢ momouibio Takoro aaruuka MII uzmepsi-
ercst MHAyKUus cymmapHoro MII, coznaBaeMoro B 30He
sKpaHupoBaHus mpoBomamu JIOII W KOMITEHCAIMOHHON
o06MoTKOH, a cama CAD Ha OCHOBE TaKOTO JAaTYHKA II0
MIPHUHITUITY CBOTO IIOCTPOSHUS CTAHOBUTCS 3aMKHYTOH.

Ha puc. 5 nokazanel pacnpeneseHuss HHAYKLMH:
a) ucxoxnnoro MII, cozgaBaemoro rpymmoii JIDII u 6) — 2)
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cymmapaoro MII ¢ BxmoueHHo#l 3amkHyTOt CAD mpm
pasznuaHOM moJiockeHnn gatanka MII. C momompto 3aMK-
HyTo CAD MuHuMM3Hupyercs nHaykuus MII B Touke yc-
taHoBku natuvka MII. [lpu sToM MuHMManbHOE 3Haue-
HUEC MHAYKOHUU B pacCMaTpyUBACMbBIX TPEX BapUaHTaX CO-
crasiser 0,2 MxTi, ogHaKo pacrpeelIeHue MarHUTHOTO
MoJIsl B 30HE DKPAaHMPOBAHMS CYIIECTBEHHO 3aBUCHT OT
noyoskeHus nartunka MII.

Ucxonnas unnykuus MII B paccMarpuBaeMoM Ipo-
ctpanctBe cocrasisier 0,95 MkTn, a mpu BKIIOYEHHOH
3aMkHyTOH CAD ypOBeHb MHAYKIWH MAarHUTHOTO OIS
He npeBocxoaut 0,4 MxTo.

OtmetnM, 9T0 3(p(PEeKTUBHOCTH 3aMKHYTOH CHCTEMBI
3aBUCHT OT MECTa PACIIOJIOKEHHUS B 30HE SKPAHUPOBAHMUS
natuuka MII. bonee toro, mpu olHOM KOMIIEHCALIUOHHOU
0OMOTKE, Ba)KHBIM BOIIPOCOM SIBJISIETCSI TAKXKE IPOCTPaH-
CTBEHHAasl opueHTanus 3Toro garuyuka MII, npu koropoi
obecrieunBaeTcst MakcuMaibHasi 3QEKTUBHOCTh 3aMKHY-
TON CHUCTEMBI.

B nenom, 3amknyTas CAD MHUHUMHU3UPYET yPOBEHb
MarHUTHOTO M0JiA B MecTe yctaHOoBKU natuuka MII. Ilo-
TOMY, OJHUM M3 BO3MOKHBIX IMOJAXOJ0B K BOIIPOCY OIIpC-
JlelleHHs MecTa ycTaHOBKM aatuyunka MII siBnsieTcs ero pa-
3MeIIeHHe B TaKOM TOUYKe MPOCTPAaHCTBA, B KOTOPOH pac-
yetHOe Tipu cuHTe3e CAD 3HadeHne naayknun MII npu-
HUMaeT MUHMMalbHOE 3HaueHue. B aToM ciydae 3aMKHY-
tass CAD obecrnieunBaeT MaKCUMAIBHYIO 3(()EKTHUBHOCTH
SKpPaHUPOBAHU B 3aJaHHOM IIPOCTPAHCTRE.

[IpenmymectBom 3amkHyTOM CAD SBISIETCS Tarke
BO3MOKHOCTb KOMIIEHCAIlMu Kak BHemHero MII, renepu-
pyemoro JIDII, tak u BHyTpennero MII, rerepupyemoro,
HarpuMmep, OBITOBBIMU BJIEKTPONPUOOpaMH, PacCIIoJIo-
JKCHHBIMH BOJIM3M 30HBI 3KPaHUPOBAHUSI, SJIEKTPOIIOIaAMU
u T.1. Kpome Toro, npu n3MeHeHHH MapamMeTpOB 3aMKHY-
toit CAD, ee 3()(heKTUBHOCTh U3MCHSIETCSI HE3HAUUTEIh-
HO, T.€. 3aMKHyTas cucreMa oOxamaer OoibIel podact-
HOCTBIO 110 CPaBHEHUIO C Pa30MKHYTOU cuctemoil. OnHa-
KO, IPU 3HAYNUTEIbHBIX M3MEHEHHSX MapaMeTpoOB, 3aMK-
HyTasl CHCTEMa MOXET IOTEPATh YCTONUUBOCTD H, CIIE0-
BaTenbHO, CTaTh HepaboTocmocoOHoi. Kpome Toro, us-
MepeHHe MAarHUTHOTO NOJIA B TOYKE, B KOTOPOH YpPOBEHb
cymmapHoro MII nMeer MUHUMAaNIbHOE 3HAUYEHUE, IPUBO-
JIUT K MTOBBIIICHUIO IIIyMOB U3MEPEHHS a, CIIeI0BATEIIbHO,
U K yXyaueHuro 3(GQGeKTHBHOCTH pPabOThl 3aMKHYTOW
CHCTEMBL.

[IpenmymectBoMm pasomkayTOit CAD sBNsieTcs uc-
mons30BaHue gatunka MII, pa3memeHHOro BOMU3H TIPO-
BogoB JIOII, rme ypoBeHb WHAYKIUH ucxomHoro MIT
HMEET I0CTaTOYHO OO0JIBIIOE 3HAYCHHUE U, CIEI0BATEIHHO,
MOJKET OBITh H3MEPEHO C BHICOKHM OTHOIIEHHEM CHUTHAM /
wyM. [IoroMy B pa30OMKHYTOH CHUCTEME ypOBEHb LIYMOB
MOeET OBITh CYIIECTBEHHO MCHBIIMM I10 CPpaBHCHHIO C
mymamu usmepenuss MII B 3amxHyTOH cucteme. Kpome
TOTO, B PA30OMKHYTOW CHCTEME IPU M3MEHEHUH IapaMeT-
POB CHCTEMBI Bcerja o0OecreunBaeTcs ee yCToHumnBas pa-
60Ta, X0Ts pH 3TOM 3PPEKTUBHOCTH ee pabOThl MOXKET
CHIM)KAThCS 33 CUCT HEIOKOMIICHCAIMH JIMOO IepPEeKOM-
neHcanuu ucxoguoro MIT.

CpaBHeHne pesynbraToB pacrpenerneHus MII cus-
TE3UPOBAaHHON OJHOKOHTYpHOU CAD, mpuBEAEHHBIX Ha
puc. 2,8, ¢ SKCTIEpUMEHTAIBHBIME pacnpeaeneHusmMu MIT
Pa30MKHYTOH M 3aMKHYTOH omgHOKOHTYypHOH CAD, moka-

3aHHBIX Ha puc 4,6—2 W puc 5,0—e, MOKa3alo, 9TO OHH
pa3nuyaroTcsa He Oojee gyem Ha 20 %.
BriBOABI.

1. Pa3paboran MOJHOMACIITAOHBI MAaKET OIHOKOH-
TYPHOH CUCTEMBI aKTUBHOI'O 9KPaHUPOBAHUS MATHUTHOIO
MOJIsl, CO37]aBacéMOT0 B 30HE JKPAHUPOBAHHS TPYIIION
BO3YIIHBIX JINHUHA 3JICKTPOICPEIadr, C YIETOM OTPaHU-
YCHWH Ha TPOCTPAHCTBCHHOE PACIIONIOKEHUE M TCOMET-
pHUYecKre pa3Mepbl KOMIICHCHPYIOIIEH OOMOTKH.

2. [IpoBeneHBI TOJIEBBIE SKCIIEPUMEHTAJBHBIC HCCIe-
JIOBaHUS MaKeTa OJHOKOHTYPHOH CHCTEMBI aKTHBHOTO
SKPAHMPOBAHUS MArHUTHOTO TIONS C PAa3OMKHYTBIM H
3aMKHYTBIM QJITOPUTMaMH yrpasieHus. llokazaHo, 9to
3G GEKTUBHOCTh PA30MKHYTOH U 3aMKHYTOH CHCTEMBI
IIPUMEPHO OAMHAKOBA U COCTABIAET Oojee 4 eqUHULL.

3. CpaBHeHUE pPE3YJNbTATOB OKCIEPUMEHTAIBHBIX W
pacUeTHBIX 3HAYCHUH WHAYKIIUUA MATHUTHOTO TIOJIS B 30HE
SKPaHUPOBAHUS ITOKA3BIBAET, YTO MX pa30poC HE MPEBHI-
maer 20 %, 4To MONTBEpXKIACT aJeKBATHOCTH pa3pado-
TaHHOTO METOJ[a CHHTE3a MaKeTa CHCTEMBI aKTUBHOTO JK-
paHHPOBAaHUS W BO3MOXHOCTH €T0 HCIOJB30BAHUS TIPU
CO3/IaHUH PEATHHBIX CUCTEM aKTHBHOTO SKPAHUPOBAHISL.
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Development and investigation of layout of active screening
system of the magnetic field generated by group of overhead
transmission lines.

Purpose. Development and field experimental research of layout of
the single-circuit active screening system of the magnetic field gen-
erated by group of high voltage transmission lines in residential
area is given. Methodology. Mathematical model of magnetic field,
generated by group of high voltage transmission lines in residential
area, based of the experimental values of magnetic field flux density
in given points on the basis of optimization problem solving is im-
proved. The objective of the synthesis of the single circuit active
screening system is to determine their number, configuration, spa-
tial arrangement, wiring diagrams and compensation cables cur-
rents, setting algorithm of the control systems as well as the result-
ing value of the magnetic flux density at the points of the protected
space. Synthesis of the full-scale model of active screening system is
reduced to the problem of multiobjective nonlinear programming
with constraints in which calculation of the objective functions and
constraints are carried out on the basis of the Maxwell equations
solutions in the quasi-stationary approximation. The problem is
solved by a stochastic multiswarm multi-agent particles optimiza-
tion. Results. The single-circuit active screening system synthesis
results for reduction of a magnetic field generated by group of high
voltage transmission lines in residential area is given. Field experi-
mental researches of the single-circuit active screening system of
the magnetic field generated by group of high voltage transmission
lines in residential area with various control algorithms is given.
Originality. For the first time out the development and field experi-
mental studies of the single-circuit active screening system of the
magnetic field generated by group of high voltage transmission
lines in residential area are carried out. Practical value. Practical
recommendations on reasonable choice of the spatial arrangement
of compensating cables of single-circuit active screening systems of
the magnetic field generated by group of high voltage transmission
lines is given. Results of field experimental investigations of the sin-
gle-circuit active screening system of the magnetic field generated
by group of high voltage transmission lines in residential area are
given. References 12, figures 5.

Key words: overhead transmission lines, power frequency
technogenic magnetic field, layout of single-circuit active
screening system, field experimental investigations.
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TexHika cunbHUX eJIeKMPUYHUX Ma Ma2HimHux nonie. KabenbHa mexHika
VJIK 621.319 doi: 10.20998/2074-272X.2018.2.07

A.B. Becripo3annsix, B.M. 3onorapes, F0.A. ArTOHEIT

BJIUAHUE TOJIIIHWHBI U30JALHNN 3AIIUIINEHHBIX ITPOBOAOB
BBICOKOBOJIBTHBIX JIDIT HA UX ITPOITYCKHYIO CITIOCOBHOCTD I10 TOKY

Po3pooneno memoouxy eusnauenns onmumanibHoi moSWUHI NONIEMUNEHOGOT 3WUMOI0 | OKCUOHOT i3021aYil 0ns 3a0e3neuenns
HAlIMEHW 020 Men106020 ONOPY MENIonepedayi 3axumieHux i Heiz0nb06anux npoeoois. OOIPYHMOBCAHO MONCIUBICHb 3ACMOCY-
BaAHHA PO3POOIEHOT MemMOOUKYU 0711 ORMUMIZAUIT MOGWUHY 301AYil 3axuuienux npoeodie nanpyzoro 20 kB. Iloxazano mosncnu-
gicmb nioguuienna nponycknoi 30amuocmi 3a cmpymom na 20 % 3axuuienux npo6ooie 6 NOPIGHAHHI 3 HEI301b0GAHUMU OPOMA-
MU 3a paxyHoK onmumizayii moeuyunu ix izonayii. Bemanoeneno, wio énympiwiniii nepenad memnepamypu 6 3uiumiil nojiemu-
JIeH08iHl i301AYIT HA NOPAOOK MeHuLe 6 NOPIBHANHI 3 OKCUOHOIO [301AYil RPU 00HAKOBUX 3HAYEHHAX MAH2eHca Kyma dieeKmpu-
ynux empam. bion. 12, Tabn. 3, puc. 5.

Knrouoei cnosa: Hei30/ib0BaHi NPOBOAY, 3aXUILEHI NPOBOAY, 3LIUTA NMOJieTUIEHOBA i30/151isl, OKCHAHA i30J151Lisl, TeNJIOBHUI
omip, oNTUMAJILHA TOBUIMHA i30.151Lil, Ten10BUi 6anaHc, epeKTUBHUI KoeilieHT Temonepeaayi, NPoNycKHa 3JaTHICTH 3a
CTPYMOM.

Pazpabomana memoouka onpedeneHus ORMUMAILHOU MOJIUUHBL ROAUIMUTIEHOBOU CUIUMOU U OKCUOHOU U30IAUUN ON1A 0bec-
neueHus HaUMeHbULe20 MENI06020 CONPOMUGTIEHUA MeNIoOnepedaie 3aujUeHHbIX U HeU30IUPOBAHHBIX NP080006. Obocnosana
npUMEHUMOCHb PA3PAGOMAHHONU MEMOOUKU 0N ONMUMUIAUUN MOTWUHDL UZ0IAUUYU 3AUUUEHHBIX NPOB000E HANDPAI CEHUEM
20 kB. Ilokazana 603M0ICHOCHIb ROGBLUWEHUS NPONYCKHOU CROCOOHOCIU NO MOKY 3aUUUeHIbIX nP060006 na 20 % no cpasne-
HUIO ¢ HEU30IUPOGAHHBIMU RPOBOOAMU 3G CUEM ONMUMUZAUUN MOTUUHBL UX U30TAUUU. YCmanoeneno, Ymo eHympennuil ne-
penao memnepamypuvl ¢ CUIUMON NOAUIMUTIEHOGOU UZ0NAYUUU HA NOPAOOK MEHbUIE 8 CPAGHEHUU C OKCUOHOU U30AAUUU NPU
00UHAKOBBIX 3HAUCHUAX MAH2EHCA Y2na OudieKkmpuueckux nomeps. bubn. 12, radn. 3, puc. 5.

Kniouesvie cnosa: Hen301MpoBaHHbIE NPOBO/IA, 3alIMLIEHHbIe IPOBOAA, CIIMTAS MOJUITUICHOBASI U0/, OKCUIHAS U30-
JISIUSL, TENJI0BOE CONMPOTHBJIEHHE, ONTUMAJIbHAS TOJIHHA U30JIAIUH, TENJI0BOMH 0ananc, 3¢pPpekTuBHBINA KOIPPUIHEHT Tern-

Jionepeaaiu, nNpomycKHas CIOCOOHOCTD 110 TOKY.

BBenenune. OCHOBHBIM HampaBiIeHUEM TEXHUYECKOMN
MOJIMTUKU TIPHU NPOCKTUPOBAHUU, CTPOUTEIILCTBE U TCX-
HUYECKOM II€PEBOOPYKEHUU JIMHUK JIIEKTpoIlepeiaun
(JIDII) siBnsieTcss MOJEpHU3ALNS DIEKTPUUECKUX CETEN U
MTOBBINICHUE WX SHEProd(PPEKTHBHOCTH C LEIBI0 YBEIH-
YEeHUs POITyCKHOW CIIOCOOHOCTH W HA/IC)KHOCTH, CHIDKE-
HUS TIOTEph Ha OCHOBE WHHOBAIIMOHHOTO MOAXO[a K pas-
BHUTHUIO U MOAEPHHU3ALNHN JCHCTBYIOMIETO AJIEKTPOCETEBO-
ro koMiutekca [1]. Texaugeckoe mepeocHaIeHne, peKoH-
CTPYKIHS 3JIEKTPHUECKUX CETeH W MX Pa3BUTHE JOJIKHBI
OCYILECTBIIATHCSI HA OTEYECTBEHHON HOPMAaTHBHOU 0aze ¢
Y4E€TOM PEKOMEHJauuil MeXIyHapOIHON 3JE€KTPOTEXHU-
YEeCKOW KOMHCCHUH M PETHMOHAIBHBIX OCOOCHHOCTEH OTHO-
CHUTEJIbHO YCJIOBUI HaJEKHOCTH M KOJIOTHYECKOH 0e30-
NACHOCTH C yYETOM PEaJIbHO CTOMMOCTH 3€Mellb U MaK-
CHUMAaJIbHOTO WCIIOJIb30BaHMS OCHOBHBIX MATCPUAIIOB H
000pyI0BaHUS COOCTBEHHOTO TIPOHU3BOICTBA.

OnHUM W3 OCHOBHBEIX HampaBicHH pabOTHl B 00-
JIACTH TOCTPOCHHS BBICOKOBOJMBTHBIX JIDII ¢ moBkImIeH-
HOH MPOITyCKHOM CIIOCOOHOCTBIO TI0 TOKY SIBISIETCS CO3-
JaHUE HOBBIX THUIIOB IPOBOJIOB: BBICOKOTEMIIEPATYPHBIX
HEN30JIMPOBAHHBIX HAa OCHOBE AIIOMHHHEBBIX CIUIABOB
[2] u 3ammmennsix [3, 4]. [IpumeHeHHE BBICOKOTEMIIE-
paTypHBIX NPOBOJOB C IOBBILIEHHON NMPONYCKHOM CIO-
COOHOCTBIO 110 TOKY B JIBa pasza IPH yBEJIUUYEHUH CTOU-
MOCTH, MPAKTUYCCKH, HA MOPIIOK, Hambojee 3¢dek-
TUBHO JIs1 BRICOKOBONBTHBIX JIDII Kiacca HampsoKeHHS
110 xB u BbIwIE [2].

B kauecTBe TpOrpecCUBHOW albTEPHATUBHI CTaH-
JApTHBIM HEW30JIMPOBAHHBIM ATIOMHUHHEBBIM MPOBOJIAM
U BBICOKOBONBTHEIX JIDII Kimacca  HampspKEHUS
6-110 kB MOXHO paccMaTpUBaTh 3aIUIIEHHBIE TTPOBOAA
(3I1). KoHCTpyKIWSI 3alMIIIEHHOTO MPOBOJA MPEACTaBIs-
€T co0Ol OTHOKXWIIBbHBIAH MHOTOIIPOBOJIOYHBINA TMPOBOI-
HUK, TIOKPBITHIA 3aIIUTHON 000s10uKoi [3, 4]. [IpoBogHUK

M3rOTABIIMBAETCS W3 AIIOMHHHMEBOIO CIUIABA, 3ALUUTHBIN
CJIOM — M3 CBETOCTAOMIM3HPOBAHHOTO CIIATOTO IOJIAITH-
nena. JlomycTumas anmTenpHas pabodas TeMIieparypa
CIIMTON MOJIMATHICHOBON m30IiH cootBercTByeT 90 °C
[3, 4]. Pabouas TemnepaTypa HEU30JIUPOBAHHBIX ATFOMU-
HUEBBIX MPOBOIOB He npeBbitiaet 75 °C [5].

[Tpumenenue 311 oGecrieunBaeT NOBBILICHUE MPOITY-
CKHOM CITOCOOHOCTH TIO TOKY BBICOKOBOJIBTHBIX JIMHHMA
JJIEKTpONEpeayl B CpPaBHEHUM C HEU30JIMPOBAHHBIMU
ATFOMHHUEBBIMH TIpoBoaaMH [3, 5] (tabm. 1).

Tabmuna 1
[pomyckHas cIOCOOHOCTB 10 TOKY aTFOMUHHEBBIX HEH30IIHPO-
BAHHBIX U 3aIIUIICHHBIX IPOBOIOB HA OCHOBE CIINTON ITOJIH-
9TUICHOBOH U30JIALMY TOJMIMHON 2,3 MM BBICOKOBOJIBTHBIX
JIDII nanpsoxenuem 20 kB
(Temmepatypa OKpyskaromero Bozayxa 25 °C
CedeHne Kuibl S, MM 70 [120] 150|185 (240

JmuTenbHbINH TOK Harpy3Ku 235(330(3701430 500
HEM30JIMPOBaHHOIO NpoBoja /, A

Jinutensublii Tok Harpy3ku 311, A |310(430]485[560]600

IMocranoBka mnpodJiemMbl. J[IUTENbHBIA pabouwmit
TOK, IPOTEKAIOIIMIl 10 OAHOXHIBHOMY IIPOBOJHHKY,
onpenessieTcss Ha OCHOBAaHMM TEMJIOBOTo pacdera [6] u
3aBMCHUT OT: aKTUBHOT'O COIIPOTHUBIIEHHUS JKUIIbI Ry, TEMIIE-
parypsl xunel T, U OKpy»Karowmei cpeabl I, TEIIOBBIX
CONPOTUBJICHUN H30/IALUU R, ¥ OKpyXaroleil cpensl
(Bozmyxa) R,., MOIIHOCTH IUIJIEKTPUYECKHX MOTEPh B
H30JIsuH Py = Ufza)Ctgé‘ [7]

Tg -T. _Pd(Rts + Roc)

I= ; (M
Rg '(Rts +Roc)

rae Uy — da3Hoe HampsbkeHue, @ — Kpyrosas yactoTa, C —
cOOCTBEHHAs] eMKOCTh IIPOBOJA, tgd — TaHTeHC yria IH-
AIIEKTPUUECKHUX MOTEPD M30JISILIHUH.
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CymecTByrone MeToauku pacueta [4, 7] HE y4u-
TBIBAIOT BJIMAHUE TOJIIMHBI H30JSIUUHM HA JUIMTENBHYIO
TOKOBYIO Harpy3Ky IpOBOJOB 110 3HAYEHUSIM MaKCHUMallb-
HO JONYCTHMOH paboueil Temmeparypbl IPOBOIHHKOB
(k). HeoOXoaUMOCTh aHaiW3a BIMSHHUS TOJIIUHBI
CIIMTON TMOJIMATUICHOBOM M30JIALUU HA JUIUTENIBHO J0-
IyCTUMYIO0 pabovylo TeMreparypy 3allHIIEHHBIX HPOBO-
JIOB SIBJISIETCS aKTyalbHOH 3ajaueil, T.K. IO3BOJIET ONTU-
MHU3HUPOBaTh pa3MePhI IPOBOJIA.

Hesabo craTbu sBISAETCA HCCIEIOBAHHE BIMSHHUSA
TOJIIUHBl M30JSILIMY 3AlIUIICHHBIX HPOBOAOB BBICOKO-
BonbTHBIX JIDIT Ha MX MPOIYCKHYIO CIOCOOHOCTH MO TOKY.

MeToauka pacyera TemioBoro Oananca. [lnu-
TellbHasl paboyasi TeMIieparypa IpoBojia IMpH MPOTEKaHHH
HOMUHAJIFHOI'O TOKA Harpy3KH ONpenessieTcss Ha OCHOBa-
HUM ypaBHEHMsI TEIUIOBOIO OajlaHca MEXIY BbIIEIIeMOH
P, u ornaBaemoii P,,; MOIITHOCTHIO [§]

P, =P, . (2)

MOIIHOCTh TEIUIOBBIACIECHUS ONPEIENSETCS TEIIO-
BBIM COIPOTHUBJICHUEM HU30JSLUU R, TeMIepaTypoil Ha-
rperoi xuisl T, 1 TEMIIEpAaTypOU OBEPXHOCTU IIPOBOJA
T, [8]

B =" (3)

Jlng mpoBofa, HAXOAIIErocs B BO3/1yXe, MOITHOCTh
OTBEJICHHOr0 Temna P,, 3aBUCUT OT TEIUIOBOTO COMPO-
TUBJIEHUS] OKPYIKAIOLIETO BO3ayXa R,. U TeMIepaTypsbl
noBepxHocTu nposoga 7, u cpenst 7, [8]

T,-T.

P, = . 4
otd RtO ( )

TennoBoe CONpPOTUBIIEHUE U3O0JALMU R, TEMIOBOE
COIIPOTHUBIICHUE OKPYXKAMIMIET0 BoO3AyXa R,. W oOriee
TEIUIOBOE COIPOTUBIIEHUE R, onpeesitoTes Kak [§]

Ry :LIn ﬁ , R,O: !

21 dy

r7ie 4 — TEIIONPOBOAHOCTD U30IALNY; d|, dy = di + 2A,
Sy = mwdy -1, — MMaMeTp KWUIIbI, JUaMETP M30JMPOBAHHOIO
MPOBOJIA, TOJNIIIMHA HW30JLIHAN M MMOBEPXHOCTH OXJIaXIIe-
HMS IPOBOJIA JUIMHOH [, COOTBETCTBEHHO; Qor = Ol T Qyad
— 3¢ deKTHBHBIN KO3(POUIUEHT TEIUIOOTAAYHd B OKPY-
JKAIOIIYIO CPeIy 3a CUET KOHBEKIHUH 0O, ¥ U3IYUCHHUS Olqq
[8, 9].

OnruMajibHasi TOJIIMHA H30JSIUU JJs odecre-
YeHHs] MUHMMAJIBHOTO CONMPOTHBJIEHHS TelJiomepena-
4ye. [Ipu pacuerax y4uThIBacTCs HalIUYUE HA MOBEPXHO-
CTH HEH30JIMPOBAHHOTO aJTFOMHHHUEBOTO MPOBOJHHKA €C-
TECTBEHHOM IJIOTHOM MJICHKHA Ha OCHOBE OKCHJA aJTFOMH-
HUS, MPEIOXPAHSIONICH €ro OT JaTbHEHIIEro KOHTaKTa C
BO3ayXxoM. TONIIMHA IICHKH COCTABISIET E€AWHUIBI —
COTHH HM B 3aBHCHMOCTH OT CPOKa AKCIUTyaTaIlid U yC-
JIOBHI OKpY>Karomiei cpenst [9].

Ha puc. 1 npuBeneHsl 3aBUCUMOCTH TEIJIOBOTO CO-
MPOTHUBIIEHUS M30OJSIMK R, (KpuBas 1), TEMJIOOTAaYu B
OKpYXallLyto cpeny R,. (kpuBas 2) 1 00ILIEro TernjioBOro
conpotuBieHus: R, (kpuBas 3) B 3aBUCUMOCTH OT OTHO-
HICHUS JMaMETPa W30JUPOBAHHOTO MPOBOJA d) K AHAMET-
Py anmoMUHUEBOM KUkl d;: Ky, = dp/d,. Ana 311 ¢ ysenn-
YEHUEM TOJIIUHBI CIIATOW TMOJIMITUICHOBOH HW3O0JISIINN
Ajps TIPY HEU3MEHHOM JTHAMETPE Kbl d| TEIUIOBOE CO-

s Ri=Ry + Ry, (5)
Cof Ois

MIPOTUBIIEHUE M3OJSINK R,, Bo3pacTtaeT (puc. 1,a, kpuBas
1 mst A = 0,25 Br/m'K), a teroBoe conpoTuBicHue R,
OKpYIKarolIero Bo3yxa — yMeHbluaercs (puc. 1,a: Kpubas
2 s o =17 Br/M*K). Ob11ee TeroBoe COnpOTHBICHHE
R, (xpuBast 3) uMeeT MHHMMAJIbHOE 3HAUCHHE IIPU Tepe-
CEUEHUU KpUBBIX R, U R,., COOTBETCTBYIOILIEE KpPUTHYE-
CKOMYy (ONTHManbHOMY) 3HadeHuto Ky,. Ilpu K > K, Ten-
JIOBOE COINPOTUBJIEHUE TEIUIONEpPEeaye BO3pPACTAET, IpPU
K < Ky, — camxaercs. Kpuruueckue 3nauenus Kj, paBHbI
1,5 (puc. 1,a) u 70 (puc. 1,6) M1 3a0IUIIEHHOTO TIPOBOA
U3 CIIATOW CBETOCTAOMIM3UPOBAHHON TMONHATIIICHOBOM
W30 U TIPOBOJAA C OKCHIHOW M3OIISAIIUEH COOTBETCT-
BEHHO.

Rt, W/K

10 K, 10" K=d2/d1

Rt, Wt/K

10°

-3
10
10° 10" K, 10°

o K=d2/d1 10°
o
Puc. 1. K onpezaeneHnio onTMaaIbHOM TOMIIMHBI H30SAIHN
3aIIMIIEHHOTO NPOBOJA ¥ MPOBOJA C OKCUIHOM JM3IIEKTpHYE-

CKOM INICHKOH MU ceyeHuu Kuibl 120 MM

TonmuHa M30JUUU MPOBOJA, COOTBETCTBYIOIIAS
MUHUMAaJIbHOMY TEIIOBOMY CONPOTHUBIIEHHUIO TEILIONEpe-
Jlaye, SBJISIETCS OnmumManvbHou. Jns 3aliUIeHHOro Mpo-
BOJIa M TMPOBOJA C OKCHAHOM HM3OIAIUEH ONTHMAalbHAas

TOJIIMHA M30JILMU PaBHA AinsOpt = 3,2 MM u 434 Mm

COOTBETCTBEHHO.

Kputuueckue 3Hauenus Ky, juis 311 npu cooTsercT-
BYIOIIMX CEYEHMAX KMkl paBHbl: Ki, =1,9 (70 MM,
K, =1,5 (120 My, K, =1,5 (150 Mv), K, =1,4 (185 M),
Ky, =1,2 (240 mn®).

BansiHue TOJIIMHBI U30JSIHH HA TEMJIOBYIO ycC-
TOHYHBOCTH 3alIMIIEHHBIX MPOBOAOB. Ha ocHoBaHMM
MIPE/ICTaBJICHHON METOJMKH BBITIOJIHEH TEIUIOBOW pacder
JUIs JUINTEIBHO JIOIyCTUMOM TOKOBOM HAarpys3ku (CM.
Taba. 1) 3aIMIIEHHOT0 W HEU30JIMPOBAHHOIO IIPOBOJIOB
BbIcOKOBOIbTHOM JIOII Hampspkenumem 20 kB (tabm. 2).
Ha nmamHOM 3Tame pacdera HE YYHUTBHIBAETCS MOIIHOCTH
TUDIIEKTPUIECKUX TOTeph Py B n3omannu. D¢ heKTHBHBII
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kod(punmenT Terootrnaun (puc. 2) ompenereH ¢ Hc-
TOJIb30BAHUEM KPUTEPUAIBHOTO YPABHEHUSI E€CTECTBEH-
HOM KOHBeKIWH U ypaBHeHus: Credana-bonbimana [8, 9].
Tabnuma 2
BiustHue TONIIMHBI M30JSILMK HA TEIUIOBYIO ycToHuuBoCTh 311
BbICOKOBONBTHBIX JIDII Hanpsioxenuem 20 kB
CeucHue ATFOMUHUEBOI KIIbL S, MM>

70 [ 120 [ 150 [ 185 [ 240
JlnuTenbHas TokoBas Harpyska [, A
310 [ 430 [ 485 | 560 [ 600

1. Temnepatypa okpy:kammero Bosayxa 25 °C
1.1. 3I1 u3 crumTO# CBETOCTAOMIN3NPOBAHHOM
IOJINATHIICHOBOM H30JISILUK
Temneparypa anoMuHueBol Kbl Ty, °C: B uncauTene —
JUISL ONTUMAJIBHOI TOJIMHBI H30JISLIMH, B 3HAMEHATENe —
Ha 33 % MeHbllIe ONTUMAJIBHOMN
81/85 | 80/84 | 80/82 | 80/81 | 75/77
Temneparypa nosepxHoctu nposoja 7, °C: B yuciurese —
JUISL ONITUMAJIBHOM TOJIILIMHBI H30JISILUY, B 3HAMEHATENe —
Ha 33 % MeHbllIe ONTUMANIBHOM
7580 | 75i80 | 75/77 | 7577 | 75/76
1.2. Hen3onmpoBaHHBIN aTIOMUHHEBBIH TPOBOJ
Temneparypa sxunsl Ty, °C: B uncnuresne — JUisl HEM30JIH-
POBaHHOTO, B 3HAMEHATEJIEe — C OKCHIHOH IICHKON
ToyuHou 100 HM
105/105 | 95/95 [92/92  [90/90 [ 82/82
2. TemnepaTtypa okpy:kamoiero so3ayxa 30 °C
2.1. 311 u3 cmTol CBETOCTAOMIN3NPOBAHHOM MOIMATHIIC-
HOBOM M30JISLIMU
Temnepatypa antoMuHAeBOi kbl T, °C: B 9ucimTene —
JUTSL OITIMAIILHOM TOJIIIIMHBI H30JISIIUY, B 3HAMEHATeIe —
Ha 33% MeHblle ONTUMAJIbLHON
8590 | 8585 | 85/85 | 85/87 | 77/719
Temnepatypa nosepxHoctu nposoja 7, °C: B uuciutesne —
JUIsL ONTUMAJIBHOI TOJIIMHBI U30JILIMHY, B 3HAMEHATENe —
Ha 33 % MeHbllIe ONTUMAJIBHOM
80/85 | 80/85 | 80/82 | 80/82 | 76/78
2.2. HeusonupoBaHHBIH allOMUHUEBBII IPOBOJ,

Temneparypa sxunbl Ty, °C: B 4UCIUTENIE — JUISL HEM30JIH-

POBaHHOI'0, B 3HAMEHATEJIE — C OKCUJHOM U30Js1MeH TOI-
myHoi 100 Hm

120/120 | 105/105 | 95/95

| 95195 | 87/87

Ha puc. 2 npencraBieHbl pe3ynbTaThl pacdyera 3¢-
(dexTrBHOrO KOdbduuueHTa Temwiootaaun (puc. 2,a) u
TEIIOBOTO COIPOTUBIICHHUS OKpYKatolel cpepl (puc. 2,6)
3alIMIIEHHOTO0 ¥ HEU30JIMPOBAHHOTO ITPOBOAA C Pa3HbIMU
CEUEHUSAMU aJIOMHHHUEBOM JKWJIbl. YBEJIMYEHUE MOBEPX-
HOCTH OXJI&XK/ICHHS 3alMIICHHOT0 NPOBO/A B CPAaBHEHHU
C HEHM30JINPOBAHHBIM IIPOBOJOM NPH OJMHAKOBBIX Cede-
HUSIX OKWJIBI TIPUBOJUT K yMEHbIIEHUIO 3(deKkTHBHOrO
KOX(pPHUIHUEHTa TEIUIOOTAAYH W TEIUIOBOTO COIPOTHBIIE-
Hus (puc. 2,a,6): xpuBble | u 1’ — Ans 3alUIOICHHOTO
npoBoza ¢ cederneM kuwibl 120 mv® 1 150 Mm%, 2 u 2° —
JUIS HEW30IMPOBAHHOTO MPOBOAA cedeHneM 120 M’ u
150 MM” COOTBETCTBEHHO.

Pe3yanaTb1 TCIUIOBOTO pacye€Ta IOKa3bIBaIOT, YTO
3alIUIEHHBIEC TPOBOJIA, TOJIIMHA U3O0JSIIIMHA KOTOPBIX Ha
33 % MeHble ONTUMANILHOH, 00ECHeunBalOT MPOIYCK-
HYIO CIIOCOOHOCTH 110 TOKY IPH HOBBIIICHHOH TemIepa-
Type okpyxkaroiero Bozayxa 30 °C: remneparypa *Kujbl
HE TMPEBBIIACT JOIYCTUMYIO pabodylo TeMmmepaTypy
CIINTON MOJMATWICHOBOHN M30JsIMK (CM. Tabm. 2, KpH-
Bas 4 puc. 3,a).

20

a
ef
Wt/(m2K)
18|
16
14
12F
10f
20 40 60 80 100 Tp, oC 120
a
2.5
RtWUK
2¢\ 2'
11\\\
15 \ \
5 \"C .'....‘.‘.
%‘.’
“.“"t...,. -
%0 40 60 80 100 Tp,0C 120
o

Puc. 2. BiusiHne nNoBEepXHOCTH OXJIQXKACHHS IIPOBOJIA HA TEMIIe-
paTtypHbIe 3aBUCUMOCTH 3P PEKTUBHOTO K0P PHIIHEHTA TEeII0-
oTaaud (a) U TEIIOBOTO COMPOTHUBIICHUS OKPYIKAIOLIEH Cpelibl

(Bozmyxa) (0)
150, T T
P, Wt/m 1=430 A §=120 mm2
100) /‘
, 3 / /
5
SN
50 Py 1 z
Potd:%
=
056 40 50 60 70 80 90 100 110 120
Tg, oC
a
10°
P, Wt/m e Py o < W ................
______ Pv 3 .—”' °
10" -
/: 2
10° ’
............ F:Potd
4 S=120 mm2
10 i
20 40 60 80

100 7p, oC 120

0

Puc. 3. TemnoBoii 6anaHC B 3aIIUIIEHHOM (@) ¥ HEU30JIUPO-
BaHHOM (0) mpoBoJIe
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YMeHbIIEHHE TONIIMHBI CIINTONH IMOJIUATUIIEHOBOU
M30JSIIIMM  TIO3BOJISIET  YMEHBIINTh Macco-rabapuTHbIC
pa3Mepsbl 3alUIIEHHOTO TPOBO/A.

Ha puc. 3,a xpuBas 1 cOOTBETCTBYET BbIAEIAEMOI
MOIIHOCTH, KpUBbIE 2, 3, 4 U 5 — OTAaBaEMOMi: KpUBBIE 2 U
4 COOTBETCTBYIOT ONTHUMAJIBbHOW TOJIIMHE H3OJIALUH,
kpuBble 3, 5 — Ha 33 % MeHblIe ONTUMAIbHON NPU TEM-
nepaType okpyxkaroriero Bosayxa 25 °C (kpusbie 2, 3) u
30 °C (xpuBble 4, 5).

Temnepatypa xunbl T, HEN30IUPOBAHHBIX MPOBO-
JIOB TIPEBBIIIAET JOIYCTUMYIO pabodylo TeMIeparypy Ha
30 °C — 45 °C (s npoBosa cedernem 70 mm?) u 7 °C —
12 °C (u1s mpoBozna ceuenneM 240 Mm°) (cM. Tabi. 2 u
puc. 3,6).

Hannure Ha OBEPXHOCTH TOJIOTO TPOBOAA OKCHI-
HOW TieHKH TommuHOW 100 HM He BIHMSAET Ha YCIOBHE
TEIUIOBOTO OallaHca: TeMIepaTypa Ha MOBEPXHOCTH IPO-
BOZIa OCTAETCS IMOCTOSHHOM.

TpebGoBaHue K OrpaHUYCHUIO paboUelt TeMIepaTyphl
HEH30JMPOBAHHBIX IPOBOJOB OOYCIIOBJIEHO MPOLECCOM
BO3MOXKHOTO OTXKHMI'd XOJIOJHOTSHYTBHIX aJIFOMHHHUEBBIX
MPOBOJIOK, YBEIMYCHHEM IUIACTUYECKOrO YAJIUHEHUS H,
KaK CIIeJICTBUE, cTpelnbl npoBucanus. [Ipy Toke Harpysku
430 A xpuBble oTtnaBaeMoil P,, (KpuBas 2) W Bbljensie-
Mol P, (kpuBast 1) MOIIHOCTH NEpeceKaroTcsi B TOYKE,
cooTBeTcTByMOIEeH Temmneparype 105 °C (puc. 3,0).
Ymenbimienne Toka Harpysku go 330 A, t.e. Ha 20 %,
MIPUBOAMT K nepecedeHuro P, (kpusas 3) u P, (kpuBas 2)
B TOYKE, COOTBETCTBYIOIIEH paboueii Temmnepatype 75 °C
(puc. 3,60).

Bausinue AM3JIEKTPUYECKUX MOTEPh B M30JISIUH
HA MPONMYCKHYI0 CIIOCOOHOCTB 0 TOKY 3aIlIMIICHHOI0
nposoaa. BHyTpeHHUH mepenaj TemrepaTrypsl B H30Js-
uud (em. (1)) AT, = Py(R;s + R,c) OTIPEIENISICTCS MOIIHO-
CTBIO JUAJIEKTPUYECKUX MOTEPHL P, = Ufza)Ctgé: KoTOpas
3aBUCHT OT 3JIEKTPO(U3NYECKUX XaPAKTEPUCTUK H3OJIs-
IIUM: TaHTEHCa yria JUAJIEKTPUYECKUX MOTeph H3OJIAIUU
U OTHOCHTEIBHOM IUIJIEKTPUUECKOM NPOHUIIAEMOCTH,
OIpeeNomed eMKoCcTh NpoBoaa. EMKOCTE OMHOYHOTO
(ha3HOTO IPOBOJA C M3OJSILMEH OIpEAessieTCsl Ha OCHOBE
pacuera 3JEKTPUYECKOro IMOJsl B KyCOYHO-OJHOPOJHOMN
cpele METOJOM BTOPHYHBIX MCTOYHHMKOB [11], KOTOpHIi
CBOIIUTCA K PCIICHHIO CHUCTEMBI JTHHEHHBIX anreOpamde-
ckux ypaBHeHnuit (CJIAY). IlepBeie Ne ctpok CJIAY BEI-
TEKalOT U3 MHTErPaNbHOrO ypaBHeHHs Ppearonsma mep-
BOTO POAA JJsl MOTEHIMAJIOB Ha TOBEPXHOCTH TOKOIPO-
BOZAIICH KWIBI (nekTpoxaa). Cremxyrontie Nd CTpok — U3
MHTErpalbHOro ypaBHeHUs @Dpearoibma BTOPOro poiaa
JUIsl CKQUKOB HOPMAJIbHOM COCTABJIAIOLLEH HaIPSKEHHO-
cTH noJs E,, MpeTepreBaroiux U3JI0M Ha TpaHUIAX pas-
JieJia TM3JIEKTPUIECKUX CPEell ¢ OTHOCUTEIbHBIMH JINDIICK-
TPUYECKUMHU MPOHULAEMOCTSIMU £ U & JJIsl BBIOJIHEHHS
ycnosust: &-Ey, = &Ey,. ®opMma 3anucu 00beINHCHHOM
CJIAY umeer Bun [12]

A-0=U, (6)
e O — MaTpuIa-CToN0eI] HEU3BECTHBIX PacCUETHBIX

IUIOTHOCTEil BTOPHYHBIX 3apsinoB, Ki/m?, U — Matpuria-
crosidel, 1epBble Ne YIEHOB KOTOPOM OTPaXaroT 3aJlaH-
HBIC TIOTCHIMANBI y3JIOB, JICKAIIUX Ha DJIEKTPOJE, a OC-
TaJBHBIC — PaBHBI HYIIO (NOTCHIMATBI Y3JI0B, JICKAIINX

Ha TPAaHUIE pa3jena AUdIeKTpHUecKux cpen); A — kBaj-
partHast MaTpuia Ko3(hOUIMEHTOB.

OO11ee YnCIIO y37I0B (YUCIIO HEU3BECTHBIX IUIOTHO-
ctH 3apsina) paBHo: N = Ne + Nd. Pemast CJIAY (6) uuc-
JICHHBIM METOJIOM, OIpEIessIeTCss pacyeTHas IUIOTHOCTb
(B BakyyMe) BTOPHYHBIX 3aps0oB. HanpsukeHHOCTh OIS
JUISL TIOBEPXHOCTH 3JICKTPOJa ONpEIessieTcss PacyeTHOMH
IUIOTHOCTBIO 3apsiioB E; = 0, /&y ¥ /s IpaHuLl pasaena

Oi
JU3IEKTPUIECKUX cpel E; = ——

1
(1+—), rme a — napa-

&0 o
METp, CBA3AHHBIA C AMAIEKTPHUECKOW MPOHUIIAEMOCTHIO
CMEXHBIX cpenl: @ = (& — &)/(& + &) [12]. UctunHas
IUIOTHOCTh O’ 3apsA0B Ha MOBEPXHOCTH >KWIBI, KOTOpAas
H30JIUPOBaHA AUINEKTPUKOM C OTHOCUTENIBHOM IH3JIeK-
TPUYECKOW MPOHHUIIAEMOCTBIO &, Ooublie B & pa3 [12].
Hckomast eMKOCTb OmnpeeNseTcs KaKk OTHOLICHHE UCTHH-
HOTO 3apsija K 3aJlaHHOMY (asHoMy HampsbkeHuio. [1po-
BOJIa HAaXOIMTCS B BO3IAYXE C JUIJIEKTPUYECKOW MPOHH-
11aeMoCThiO & = 1.

Ha puc. 4 moka3aHbl pa3BepTKHA HAINPSKEHHOCTH
3JIEKTPUYECKOTO TOJIS B 3aBHCUMOCTH OT JUIMHBI 00pa-
syromiedd SDL (SDL coOTBETCTBYET COKPALICHUIO «Sum Of
DLy — cymMmMa MHOXECTBa YY9aCTKOB MAJIOW IJTUHBI) IJIS
311 u Hen30IMPOBAaHHOTO TpoBOAa HampspkerneM 20 kB ¢
ceuenmeM xunbl 120 Mm”. Kpupast 1 — onuManbHast TOI-
mmHa m3omanuH (3,2 MM) u kpuBas 2 — Ha 33 % MeHbIIe
ONTHUMAIILHOHN (2,3 MM) Ui 3aIIMIIEHHOTO0 TPOBOAA W3
CHIUTONH TOJUATUIICHOBOM M30JIALMU: (OTHOCUTENbHAS
JURJIEKTpUYecKas MPOHUIAeMoCTh &, = 2,3). Kpusas 3 —
JUISL IPOBOJIa ¢ OKCUJHOM m3omsiiueit Tommuuoi 100 HM
(oTHOCHTENBHAST ~ JUAJICKTPUYECCKAas  IPOHUIACMOCTH
& = 9: s CIJIOIIHOM OKCHUJHOM IJIEHKH, MOJy4aeMOi,
HaIpUMEpP, METOIOM BBEICOKOBOJIBTHOTO OKCUJIHPOBAHHS,
3HaYEHUE OTHOCHUTEIHHOU TUAIIEKTPUYECKON MpOHUIIae-
MocTH paBHO & = 8-10 Ha yactrore 50 I'm). Yuactok I —
pacmpeeneHne HampsHKEHHOCTH 10 TIOBEPXHOCTH JKH-
nel, ygacTtok I — mo moBepxHOCTH M30msAuH. OTHOCH-
TeIbHAs IUAJIEKTpUYECKas MPOHHUIAEMOCTh B 3HAYH-
TETHHOW CTETICHU BIHAET HA paclpeaesicHHe HanpsKeH-
HOCTH DJIEKTPUIECKOTO Mo (CpaBHU KpuBbie 1, 2 1 3,
puc. 4): HaNPSHKEHHOCTb SJEKTPUYECKOTO IMOJs Ha TO-
BEPXHOCTH TpOBOJAa C OKCHUAHON IuleHkoi Ha 30 %
6onbiie B cpaBHenuu ¢ 3I1 ¢ usonsnueld Ha OCHOBE
CIINTOTO HOJUITHIICHA.

5

X110
E, Vim UI=20 kv 3
3.l:
§=120 mm2
3
2
2.5 1
2
2 1
AN
1.5
1 I Il
0.5 3
C0 0.02 0.04 0.06 0.08 0.1 0.12

SDL, m
Puc. 4. BavsiHue OTHOCUTENBHOM TMAIIEKTPUUECKOM MTPOHUIIae-
MOCTH Y TOJILIUHBI U30JISIIUK HA PACIIPEIeIICHUE HAITPSHKEHHO-
CTH 3JIEKTPUYECKOI0 MOJIS 110 OBEPXHOCTHU IPOBOJA
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B Tabn. 3 mpuBeneHbl pe3ynbTaThl pacuera coOcT-
BEHHOM €MKOCTH IPOBOJIOB [IJISi Pa3HBIX CEUYEHUU M TOJI-
IIUHBI U30JISIIIUHU.

Ta6muma 3
BnmsiHue TOMIMHBI H30SIIUK Ha COOCTBEHHYIO €MKOCTD
IIPOBOJOB BbICOKOBONBTHBIX JIDII Hanpsxenuem 20 kB

Ceuyenne afOMAHUEBOM XKHUIBI S, MM
70 ] 120 ] 150 | 185 [ 240
1. EmkocTs 3ammuenHoro nposoaa C, n®/m
OIITHMAJIbHASI TOJIINHA H30JIIIIAU
1,0 [ 15 7 o1y 121
TOJIIMHA U30JISIMU Ha 33 % MeHbIle ONTUMAJIbHOM

109 [ 114 | 11,5 [ 11,7 | 120
2. Emxoctb nposoaa C, n®/m
TOJIIIMHA OKCUIHOM n3oiistimu 100 am
105 | 110 [ 113 | 115 | 118

Pe3ynbraThl pacueToB MNOKasplBalOT (pHc. 5), 4TO
pacIoyioKEHHbIE TPEYTOJILHUKOM Ha pacctosHuu 50 cM
JpYT OT Ipyra COCeIHHe (ha3Hble 3allUILECHHbIC POBOAA
NPUBOAT K YMEHBIICHHUIO COOCTBEHHOW EMKOCTH MPOBO-
JoB: Ha 18 % — 11 mpoBoAa B BEPIIMHE TPEYTOJIbHHKA
(Cy = 9,7 nd/m); Ha 8 % — s nByx apyrux (C, =
=10,6 n®/m u C; = 10,6 nd/m).

5
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Puc. 5. BausHue psaaoM pacrookKEHHBIX 3allUIIEHHBIX IIPOBO-

JIOB Ha paclpeeICHUE HAPSHKEHHOCTH 2JIEKTPUYECKOTO OIS

T10 TIOBEPXHOCTSIM JKHJI (KpHBast 1) U CIINTOH MOJMATHICHOBOI
n3oJsnuu (Kpusas 2)

MOITHOCTh JUIJIEKTPUIECKUX MOTEPh B HW3OJSIHH
M3 CIIMTOTIO IIOJIMATHIIEHA COCTaBIISICT 0,5-10’3 Bt/m,
0,005 Br/m s 3navenwmii tgo = 0,1 % u 1 % cootBercT-
BeHHO. TemuoBoe COMPOTHBIEHHE TMPOBOAA PABHO
1 m-°C/Bt nipu Temneparype xuiasl 90 °C u okpyxarore-
ro Bo3ayxa 30 °C (cm. puc. 2,6). BHyTpennuii nepemnan
temnepatypsl B m3oisinuu AT, = PR, + R,.) (cM. ¢op-
myny (1)) cocraBnser 0,12 % u 1,2 % ana cooTBerct-
BYIOILMX 3HAYCHHH tgd B CPAaBHEHUH C OOLIMM MepernagoM
TEeMIEepaTypbl MEXIY KIIOH M OKPYKAIOIIUM BO3LYXOM
AT = T, — T.. Jlna mpoBoja ¢ OKCHIHOW H30JALUEH
AT =10 % (tgo =1 %), uro 00OycClIaBIMBAET YMEHbIIICHHE
JIOIIyCTUMOW TOKOBOM Harpy3ku B HEU30JIMPOBAaHHOM
POBO/IE.

BriBoabI.

1. BriepBhie pa3paboTaHa METOAMKA OMPEICIICHHS OIl-
THUMAJbHOW TOJIIUHEI MHOJMATHICHOBOM CIINTOM U OK-
CUIHOW M3O0JIALUHU JJIS 00eCIeUeHUs] HAUMEHBIIIETO Tell-
JIOBOTO COTPOTHBIICHUS TeIUIONEepeade 3alluIICHHBIX
MIPOBOJIOB, TPUMEHEHHE KOTOPOW ITO3BOJSET IIOBBICHTH

MPOITYCKHYIO CIIOCOOHOCTH IO TOKY IpoBooB Ha 20 % mo
CPaBHEHUIO C HEN30JIMPOBAHHBIMHU NTPOBOJAMH.

2. O6ocHOBaHa IPUMEHHMOCTh pa3pabOTaHHOH MeTo-
JUKW 1J11 ONITHMH3AIMHU TOJIIOWHBI HU30JIAWH, KaK OT-
JCJIbHBIX 3alllMIICHHBIX IMMPOBOJAOB pPa3JIMYHbIX THUIIOB, TaK
U 7151 BbICOKOBOJIBTHBIX JIOII Ha uXx ocHoBe, mpH ycio-
BUM OTPaHWYEHHS MHUHHMAJIBHOTO PACCTOSHHS MEXIY
(hazubivMu ipoBotamu JIOIT Ha yposre 0,5 M.

3. Pe3ynbTaThl BBIOIHEHHBIX HCCIEAOBAHUM, NPH yC-
JOBUM HX COOTBETCTBYIOLIETO 3KCIIEPUMEHTAIBHOTO
000CHOBaHHSA, MOTYT CTaTh HAYYHOH OCHOBOM LTS CO3JIa-
HUSI HOBOTO KJ1acca KOMITAKTHBIX BBICOKOBOJBTHBIX JIOII
C TIOBBIIIICHHOM MPOMYCKHOW CLIOCOOHOCTRIO 1O TOKY.
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Effect of the thickness of insulation of protected wires of
high-voltage overhead transmission lines to their current
carrying capacity.

Introduction. The main direction of technical policy in the
design, construction and technical re-equipment of transmis-
sion lines is the modernization of electrical networks and
increase their energy efficiency in order to increase the
throughput and reliability. Problem. Existing calculation
methods do not take into account the influence of insulation
thickness on the long-term current load of the wires accord-
ing to the values of the maximum permissible working tem-
perature of the conductors. Purpose. The investigation of the
influence of insulation thickness of the protected wires of
high-voltage electric transmission lines on their current car-
rying capacity. Methodology. The long operating tempera-
ture of the wire when the rated load current flows is deter-
mined based on the heat balance equation. Results. A
method has been developed for determining the optimum
thickness of polyethylene cross linked and oxide insulation to
provide the lowest thermal resistance to the heat transfer of
protected wires, the use of which allows increasing the cur-
rent carrying capacity by 20 % compared to bare wires. It is
shown that the internal temperature drop in cross linked
polyethylene insulation is an order of magnitude smaller in
comparison with the oxide insulation at identical values of
the dielectric loss tangent. Originality. The calculations take
into account the presence on the surface of a non-insulated
aluminum conductor of a natural dense film based on alumi-
num oxide, which protects it from further contact with air.
The capacitance of a single phase conductor with insulation
is determined on the basis of the calculation of the electric
field in a piecewise homogeneous medium by the method of
secondary sources. References 12, tables 3, figures 5.

Key words: bare conductor, protected wire, cross-linked po-
lyethylene insulation, oxide insulation, thermal resistance,
optimal insulation thickness, heat balance, effective heat
transfer coefficient, current carrying capacity.
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V.M. Zolotaryov, M.A. Shcherba, R.V. Belyanin, R.P. Mygushchenko, [.M. Korzhov

ELECTROMECHANICAL TRANSIENT PROCESSES DURING SUPPLY VOLTAGE
CHANGING IN THE SYSTEM OF POLYMER INSULATION COVERING
OF THE CURRENT-CARRYING CORE OF ULTRA HIGH VOLTAGE CABLES

Aim. The article is devoted to the analysis of the electromechanical transient processes in a system of three frequency-controlled
electric drives based on asynchronous motors that control current-carrying core motion, as well as to the study of the effect of
such processes on the modes applying three-layer polymer insulation to the current-carrying core. Technique. The study was con-
ducted based on the concepts of electromechanics, electromagnetic field theory, mathematical physics, mathematical modeling.
Results. A mathematical model has been developed to analyze transients in an electromechanical system consisting of three fre-
quency-controlled electric drives providing current-carrying core motion of ultra-high voltage cables in an inclined extrusion
line. The coordination of the electromechanical parameters of the system drives has been carried out and the permissible changes
in the supply voltage at the limiting mass while moving current-carrying core of ultra-high voltage cables with applied polymer
insulation have been estimated. Scientific novelty. For the first time it is determined that with the limiting mass of the current-
carrying core, the electromechanical system allows to stabilize the current-carrying core speed with the required accuracy at
short-term decreases in the supply voltage by no more than 27 % of its amplitude value. It is also shown that this system is resis-
tant to short-term increases in voltage by 32 % for 0.2 s. Practical significance. Using the developed model, it is possible to calcu-
late the change in the configuration and speed of the slack current-carrying core when applying polymer insulation, depending
on the specific mass of the current-carrying core per unit length, its tension at the bottom, the torque of the traction motor and the
supply voltage to achieve stable operation of the system and accurate working of the set parameters. References 12, figures 7.

Key words: electromechanical transient processes, ultra-high voltage cable, mathematical modeling, frequency-controlled
electric drives, polymer insulation covering.

Lenv. Ilenvio cmamovu aenaemca npogedeHue AHAIU3A IIEKMPOMEXAHUYECKUX NEPEXOOHBIX NPOUEccos 6 cucmeme u3 mpex
YACMOMHO Pezynupyemuix INeKMpPonpueo00s Ha 6aze ACUHXPOHHBIX Osuzameiieil, KOmMopbole Ynpasiaom 06uicenuem noKonpo-
600AU4€ell HCUTbL, A MAKIHCE UCCTIE006ANHUE GTIUAHUA MAKUX NPOUECCO8 HA PEHCUMBI HAHECEHUA HA HCUTY MPEXCAOUHOL nonu-
Mmepnoii usonayuu. Memoouka. /[na npoeedenus uccied06anHuili UCROIb308ANUCH NOJIONCEHUA INEKMPOMEXAHUKU, Meopuu
INNEKMPOMAZHUMHO20 NONA, MAMEMAMUYECKOU (PU3UKU, Mamemamuueckozo mooenuposanusn. Pesynoemamol. Pazpabomana
Mamemamuyeckas Mmooeib, NO360NAIOWAA AHATIUIUPOCAML NEPEXOOHble NPOUECchl 6 IIEKMPOMEXAHUYECKOU cucmeme, co-
cmosawell u3 mpex YacmomHo pezyaiupyemolx 3J1eKmponpusoo0s, 00ecneuusarouux 08UNceHue MOKORPOGOOAuLell HCUibl C8epx-
BbICOKOGOILMHO20 Kabensn 6 HAKNOHHOU IKcmpy3uonnou aunuu. Ilposedeno coznacosanue IneKmpomexanuecKux napamempos
npUB0O06 cucmemvl u 6bINOJIHEHA OUEHKA OONYCIMUMbIX U3MEHEHUIl HANPAXNCEHUA RUMAlouiell cemu npu npeoenvHoll macce
0BUNCYULETICA HCUTIbL CBEPXEHICOKOBOILINHO20 KADeNA ¢ HAHECEHHOI HaA Hee noaumepHoll uzonayuen. Hayunasa noeusna. Bnep-
6ble onpeoeneno, Ymo npu nPedeibHoll Macce MOKONPOBOOAWEH HCUTIbL IIEKMPOMEXAHUYECKAA CUCIeMa NO3601Aem cmadunu-
3Upo6amMs CKOPOCHIL NepeMeu|eHUA HCUbl ¢ HeOOXO0OUMOII MOUYHOCMbIO NPU KPAMKOEPEMEHHBIX YMEHbUIEHUAX RUMAIOULe20
Hanpsaxcenusn ne oonee uem na 27 % om e2o amnaumyonoz2o 3nauenus. Takyce nokazano, umo 0aHHAA CUCHEMA AGNACHICA YC-
MouYUGONl K KPAMKOBPEMEHHOMY yeeauuenuio nanpaxcenus na 32 % ¢ meuenue 0,2 c. Ilpakmuueckoe 3nauenue. Ucnonv3osa-
Hue pazpadomanHoll MoOeu NO36071A€m PACCUUMBIGAMb UZMEHEHUe KOHQU2ypayuu u cKOpoCmu O08UNCEHUS RPOSUCAlOuiell
MOKONPOBOOAWEIL JHCUNIbL NPU HAHECEHUU HA Hee NOJITUMEPHOU U30NAYUU, 8 3A6UCUMOCIU OM YOEaAbHOU MACCHL HCUNbL HA eOu-
HUUY ONUHBL, ee HAMANCEHUA 8 HUMCHEN MOYUKe, MOMEHMA MA208020 INEKMPOOSUZAMENA U e/IUYUHbL NUMAIOU{e20 HAnpAice-
HUA 0N 00CMUNCEHUA CIMAOUNBLHOU padompl cucmemsvl U mOYHOIl ompadomku 3a0annvlx napamempos. buodn. 12, puc. 7.
Kniouesvie cnosa: 3nekTpoMexaHuyecKHe Iepexo/Hble NMPOoLecchl, CBEPXBbICOKOBOJIbTHBIN Kadelb, MaTeMaTHYeCKOe MoJe-
JIMpPOBaHHe, YACTOTHO pery/jupyemMble 3J1eKTPONPHBO/Ibl, HAHeCEHHEe NOJTMMEePHON H30IANH.

Introduction. The modern phase of technological
development for applying polymer insulation to current-
carrying cores of power-driven cables is characterized by
the use of adjustable AC electric drives. These drives are
made on the basis of asynchronous motors with frequency
control, which have high dynamic and energy perform-
ance. At the same time, when two or more adjustable
drives are used in one system, the solution to the problem
of their electrical and mechanical parameters coordination
becomes much more complicated. When choosing the
optimal structure of the control unit of the whole system,
it becomes necessary to model complex electrodynamic
processes, which now is most appropriate to implement
using the Matlab/Simulink/Sim-PowerSystems package.

This approach helps to investigate the laws of fre-
quency regulation and determine the most appropriate

system regimes for its stability, speed and other indicators
[10]. When operating these drives systems, there is also
the task of studying their operation stability when chang-
ing the supply network parameters, which is especially
important in case of maximum mechanical loads of the
drives and their power supply from the power supply sys-
tem with a limited installed capacity of the servicing sub-
station. The use of computer modeling to solve this type
of problems makes it possible to significantly reduce the
material costs and timing of such systems design.

This research provides an estimation of the operation
stability of electromechanical system with vector control
of frequency-controlled electric drives considering short-
term changes in the supply network voltage. It is known
[10] that the vector control advantages are the high accu-
racy of diagram optimization at a set speed, the preserva-
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tion of the necessary torque magnitude at low rotational
speeds, the smooth operation of the motor and the rapid
reaction to load jumps due to the high dynamics of regula-
tion. At the same time, the quantitative analysis of the
stability and accuracy of the specified parameters optimi-
zation - motion speed and the torque shaft of the drive, are
currently insufficiently studied.

The aim of the paper is to analyze the electrome-
chanical transients in a system consisting of three fre-
quency-controlled electric drives based on asynchronous
motors that control the current-carrying core motion, as
well as the effect of such processes on the modes of ap-
plying three-layer polymer insulation to the current-
carrying core.

The paper studies such freelance regimes as the ap-
pearance of short-term voltage failures in the supplying
three-phase network and short-term increases in this volt-
age. The study is carried out to coordinate the electrome-
chanical parameters of the system two drives and to eval-
uate the permissible level of the voltage failure in the
supply network at the limiting mass of the moving cable.

The material is based on the computer modeling re-
sults of electrical system that includes two induction mo-
tors with vector control, using the scientific statements
presented in [7, 11]. Synthesis of the virtual model uses
the tools of the Matlab / Simulink computer modeling
software package [8], which contains special blocks and
demonstration samples dealing directly with the elements
and systems of the automated electric drive. The princi-
ples of constructing and exploring individual blocks of
virtual models are presented in [6, 7], and the control sys-
tems of electric drives in the monograph [5].

Description of the inclined line. The inclined ex-
trusion line (Fig. 1,a) is in the form of a metal vulcaniza-
tion pipe, inside of which extrusion and vulcanization
(cross-linking) of a polyethylene insulation layer as well
as two polymeric semiconductive layers are applied on
the current-carrying core of high-voltage and ultrahigh
voltage cables. In such a line, the insulation of aluminum
and copper current-carrying cores of power cables is
made with a cross section of 35-2000 mm? for a voltage
of 10-330 kV. The current-carrying core consists of many
twisted and compacted current-carrying cores, which can
be divided into 5-7 separately sealed and isolated sectors.
A polymeric semiconductive layer 0.4-3 mm thick is ap-
plied to the current-carrying core, on which an insulating
layer of high-quality polyethylene with a thickness of up
to 28 mm and another layer of semiconductive polyethyl-
ene with a thickness of 0.4-3.5 mm are applied. All three
layers are simultaneously applied by extrusion using a
triple extrusion head and vulcanized in a vulcanization
pipe of continuous vulcanization at 450 °C in a medium
compressed to 16 atm. nitrogen in the gaseous state. This is
necessary to ensure the insulation quality, namely to exclude
the presence of conductive microcircuits larger than 50 pm
and groups of closely located microinclusions [4, 12].

The cable current-carrying core with polyethylene
insulation and semi-conductive shielding layers applied
must move at a speed of 0.3-50 m/min inside the vulcani-
zation pipe 172 m long. The motion is carried out as a
result of the effort up to 4.5-10* N electric drive No. 1
(Fig. 1,b).

The principle of line operation, its scheme is shown
in Fig. 1 as follows. The current-carrying core wounded
on the feeding device cylinder, is passed through the elec-
tric drive No. 1 through a triple extrusion head, into which
polyethylene insulation melts and a semiconductive pol-
ymer are simultaneously fed. The head has three extruders
of different capacities: the first (with the highest capacity)
for applying a polyethylene insulation layer, and the sec-
ond for forming semiconductive polymer layers.

In order for the liquid layer of molten polyethylene
to be less displaced relative to the current-carrying core
axis, a twisting mechanism is additionally applied. It
twists the current-carrying core in the direction of its
wires approximately at a pitch equal to one current-
carrying core turn around its axis for 30 linear meters of
its length. This makes it possible to obtain a cylindrical
item with a crust of solidified polyethylene on its surface
and avoid the displacement of the polymeric semiconduct-
ing and insulating layers relative to the current-carrying
core axis, i.e. avoid the polymer layers eccentricity.

The possibility of such technology implementation
is provided by a special configuration of the inclined vul-
canization pipe. The initial part of the pipe, where the
current-carrying core polymer layers are still sufficiently
liquid, is practically vertical. Then the pipe bends and in
its final part, where the current-carrying core polymer
layers are sufficiently hardened, becomes almost horizon-
tal. The bending and cross-section of the pipe are selected
from the conditions of inadmissibility of touching its in-
ternal surface by polymeric layers of the current-carrying
core with all changes in its cross-section, mass, polymeric
layers thickness and linear displacement speed.

A current-carrying core with polymeric layers must
move in the central part of the vulcanization pipe and can
be considered as a heavy material thread. The angle «
between the abscissa axis and the line connecting the be-
ginning and the point with coordinates (x, y), as is known
from mechanics, can be determined from the expression:

X
tea === 1
ga=" (D

where g is the weight of heavy material thread per unit
length and H is the tension at the lowest point.

Since the manufacture of insulated cable standards
of different cross-sections and at different voltages the
value of g varies, the profile of the sag thread also varies:

1
y=—x2, )
C

where ¢ = H/g is sag constant.

From the equations given, it is clear that the sag con-
stant ¢ should be unchanged to keep the thread profile.
Such profile invariance can be made by adjusting the ten-
sion force H and correspondingly adjusting the motor
shaft of the drive No. 2 (Fig. 1,b), driving the track-type
traction device at a constant technological speed V of the
current-carrying core motion in the vulcanization pipe.
The invariance of the current-carrying core speed is en-
sured by adjusting the torque of the traction motor. These
relationships are the basis for the motion control system
of the current-carrying core inside the vulcanization pipe,
which bend is determined from the sagging equations of
the current-carrying core as a material heavy thread.
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Fig. 1. Inclined extrusion line of applying and vulcanizing a polyethylene insulation layer and two semiconductive layers
on current-carrying core of high and ultrahigh voltage cables, a — photo of PJSC «Yuzhcable Works» and b — its block diagram

Problem statement and the development of math-
ematical model of electromechanical system. The elec-
tromechanical system is studied. It is schematically shown
in Fig. 1,b and contains three electric drives, based on
asynchronous motors with vector control.

Drives No. 1 and No. 3 set in motion the cylinder of
the deeding and receiving devices and ensure the cable
motion at a constant speed V set by the technological con-
ditions. Drive No. 2 sets in motion the track-type traction

device and provides the required cable tension H when it
moves inside the vulcanization pipe. All drives are built
based on direct control of the torque and flow of an asyn-
chronous motor (DTC method), described in [1, 3, 9].

In this paper, as in [7], a mathematical model was de-
veloped using the Matlab / Simulink software package [8]
to study the electromagnetic processes in electromechanical
system shown in Fig. 1. This system model with two elec-
tric drives with vector control is shown in Fig. 2.
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Fig. 2. Mathematical model of a system with two electric drives with vector control
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In this model, the effect of two drives No. 1 and
No. 3, providing a set speed of the cable motion, is re-
placed by the equivalent action of one drive, so a system
consisting of two drives is considered in the modeling.
The model has a drive’s receiving device, providing a set
speed of shaft rotation of the asynchronous motor, and,
consequently, a set speed of cable pulling. Also, there is a
drive of the track-type device No. 2, which creates a set
torque on the motor shaft, and, consequently, a set tension
of the cable. Both drives are connected to a three-phase
power supply. To model a short-term voltage failure
mode, an additional active three-phase load is connected
to this source with a key. To visualize the calculation re-
sults, the blocks of virtual oscilloscopes Display of the
Simulink package are used, the inputs of which are con-
nected to the corresponding communication lines.

Each of the two drive units, as in [7], model the elec-
tric drive operation based on an induction motor with vec-
tor control. This model contains an uncontrolled three-
phase rectifier, a three-phase inverter with pulse-width
modulated current (PWM), an asynchronous motor, a
speed controller and an inverter control unit. In order to
avoid overvoltage at the rectifier output when the motor is
switched on in the electric power generation mode, a spe-
cial chopper block is located between the rectifier and the
inverter, which provides the connection of a resistor
shunting the storage capacitance when the voltage across
the set value exceeds it. The block diagram of the drive
realized by the DTC method is given in [2, 3, §8].

The asynchronous machine model is used and con-
sisted of an electrical part represented by a fourth-order
state space model and a mechanical part model in the
form of a second-order system. All electric variables and
machine parameters were driven to the stator.

The initial equations of the electrical part of the ma-
chine are recorded for a two-phase coordinate system (the
d-q axis) and have the form:

. d
Vqs = Rslqs +E(pqs — WP » 3)
. d
Vas = Ryigs +Z¢dx 0Py » 4)
’ ! d ’ ’
Vqr = erqr + qur + (a) — @y )¢dr > )
! 1! d U ’
Var = Rylgy + der - (a) — Oy )¢’qr > (6)
Te = 1’5((/7dsids - quids )’ (7
where: Pys = Lsiqs + Lmi;r > Pds = le.qs + Ly, (8,9)
%r = L;i(,]r + Lml‘qs s g = Lyigy + Lyigs, (10, 11)
L =L, +L,, L.=L,.+L,. (12, 13)

The mechanical part of the machine was described
by two equations:

iwzl(Te ~Fo-T,),
dt J

The following symbols are used in the equations: R;,
L; and R',, L, are the resistance and inductance of stator
and rotor scattering; L,, is the inductance of the magnetiz-
ing circuit; L, L', are the total inductances of the stator

d
—0=0. (14,15
= ( )

and rotor; Vi, i, and V', i, are the projections of the
stator and rotor stresses and currents on the g axis; Vs, 4
and V', 'y are the projections of the stator and rotor
voltages and currents on the d axis; @u, ¢4 and @'y, @'y,
are the projections of the stator and rotor flux linkages on
the d and g axes; w is the angular velocity of the rotor;
@ is the angular velocity of the rotor; J is the rotor inertia
torque; 7, is the motor electromagnetic torque; T, is the
static load moment; F is the friction coefficient.

This mathematical model has become the basis for the
one developed in the Simulink and for the virtual model of
the asynchronous machine used in this paper. A number of
parameters were calculated from the machine's passport data
on the basis of the method described in [6]. At that, the asyn-
chronous motor RA160MA4 (11 kW, 1460 rpm) was used in
the drive’s receiving device, and RA132S2 (5.5 kW,
1455 rpm) was used in the drive of the tracked chassis.

The analysis of modeling results. Fig. 3 shows the
timing diagrams of the main characteristics of the drive’s
receiving device for the studied time period — 2 s, corre-
sponding to the start-up mode. The diagrams are in good
agreement with the results given in [7]. The Fig. 3 shows
the time-dependent current of the stator motor winding,
the rotor speed, the electromagnetic torque on the motor
shaft, and the reference voltage at the inverter input con-
sidering stable parameters of the supply network or net-
work with infinitely large power.

Based on the modeling results, it can be noted that
the current in the stator of the receiving device's motor
changes in amplitude and frequency during start-up, and
at the initial area the frequency is low and gradually in-
creases as the motor accelerates. It is this trigger mode
that is characterized by low energy consumption. The
motor is monotonously accelerated to a set speed of
1200 rpm for a time equal to 1.35 s and then accurately
reproduces this predetermined rotation frequency in the
subsequent time interval.

At the next stage of the research, dynamic processes in
the drives were modeled with a short-time increase during
0.4 s of the supply voltage from an amplitude value of 380
V to various values up to 500 V. Such a mode was modeled
by connecting the drive to an additional voltage source of
increased amplitude in a time point of 1.4 s (after reaching
the steady state). The results of calculating these processes
for the drive’s receiving device are shown in Fig. 4.

Based on calculation results it follows that, although
the inverter input voltage increases from 580 V to 800 V,
rotor speed does not change. That is, the studied system of
the two drives is stable to short-time increases in the input
voltage in the wide range.

At the next stage, dynamic processes in the drives
were modeled for a short-time (0.4 s) network voltage
failure from the amplitude value u, to the value uy — Au,
with Au/uy = 0.54. This mode was modeled by connecting
to a power supply with a limited power of an additional
three-phase load.

The calculating results of these processes for the
drive’s receiving device are shown in Fig. 5 for the phase
voltage and in Fig. 6 for the stator current, the rotor speed,
the electromagnetic torque and the inverter input voltage.
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Fig. 6 shows that the voltage failure (time interval
1.4 — 1.8 s) at the inverter input decreases, current level
in the stator motor winding decreases, but vector con-
trol system increases the electromagnetic torque in or-
der to work at the set speed. It can be seen that with
this voltage failure, the electromechanical system, de-
spite the torque increase, cannot work at the set rotor
speed, which decreases at the end of this time interval
by an amount 4n = 430 rpm.

In order to obtain a quantitative dependence of the
relative decrease in the rotor speed An/ny on the rela-
tive decrease in the network voltage Au/u,, calculations
were carried out for different values of the load addi-
tionally connected to the network. These dependences
are shown in Fig. 7.
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As can be seen from this figure, there is a threshold
value for the voltage failure Au/uy-100 % = 27 %, below
which the drive ensures stabilization of the set speed with
high accuracy. When this value is exceeded, the relative
rotor speed An/ngy increases, that is, the drive does not
provide stabilization of the set speed. The obtained data
on the threshold value of the voltage failure allow us to
formulate the requirements for the parameters of power
supply systems, taking into account their possible connec-
tion to additional power loads.

Conclusions.

1. A mathematical model has been developed to study
the dynamic processes in the electromechanical system
used in the production line for the extrusion coating of
polyethylene insulation and semiconductive polymer lay-
ers on the current-carrying core of ultrahigh-voltage ca-
bles. The investigated system includes electric drives on
the basis of frequency-controlled asynchronous motors
and their load - moving current-carrying core with neces-
sary speed and tension.

2. The coordination of electrical and mechanical pa-
rameters of the system is carried out and the analysis of
its dynamic processes is made. It is determined that with a
critical mass of the current-carrying core, the electrome-
chanical system allows stabilizing the current-carrying
core speed with the necessary accuracy at short-time fail-
ures in the supply voltage of no more than 27 % of its
amplitude value. This is one of the basic requirements for
the parameters of power supply systems, taking into ac-
count their possible connection to additional power loads.

3. It is also shown that this system is stable to a short-
term voltage increase for 0.2 s from a value of 380 V to
500 V.
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YUCJIEHHBIE OHEHKH SJIEKTPOAUHAMHUYECKUX ITPOLHECCOB
B UHAYKTOPHOU CUCTEME C ITIPUTAT'UBAIOIIIUM 39KPAHOM
N INJIOCKUM ITPAMOYT'OJIBHBIM COJIEHOUIOM

Ilposedeno uucenvhi oyinKu ma ananiz OMPUMAHUX pe3yabmamis 01 Cmpymie i cui 6 00CaiOHCYySaniil iHOyKmopHii cucmemi 3
npuUmMAZYyI0UUM eKPaAHOM i RPAMOKYMHUM COJIeH0I00M. Busaeneno, uio npu 3menuienni 2audunu em'amunu ¢ memaini, amniimy-
0a, 30y03Ccysanux en1eKmpoOuHamivHux 3ycus, 3pocmac. Ananiz noKasae, wi0 3HaYeHHA Cuil GiOUIMOBXY8AHHA, IHMezPAIbHE 6
yaci, Hudcue cuil NPUMAAHHA, w0 po3eusaromovca. Ilpu documsy HusbKux podouux uacmomax OilOUUX NOAi6, PO3NAHYMA CUC-
mema npayioe, aK iHCMPYyMeHm MAZHIMHO-IMNYIbCHO20 NPUMAZAHHA MOHKOCMIHHUX Aucmosux memanie. bioin. 8, puc. 7.
Knouosi cnosa: mardiTHo-immyJibcHa o0po0Ka, iHAYKTOpPHA cUCcTeMa, PUTITYIOUHii eKpaH, NPAMOKYTHHI COJIEHOI, eJI1eKT-
pOAMHAMIYHI IpoLeCH.

Ilposedensr uucnennvle OUeHKU U AHAIU3 ROIYUEHHBIX PE3YTbMAMO8 O/l MOKO08 U CUJl 8 UCCTIe0yemMOll UHOYKIMOPHOU cucmeme
€ NPUMAZUGAIOUWUM IKPAHOM U APAMOY20TIbHBIM COJIEHOUOOM. Bolsigneno, umo npu ymenvuienuu 2younst 6MAmMuHbl 6 Memai-
e, AMRAUMYOd, 6030YHCOAEMBIX INEKMPOOUHAMUYECKUX YCUNUL, pacmém. AHAU3 NOKA3AT, YMO 3HAYEHUEe CUl OMMAIKUGA-
HUA, UHMEZPATIbHOE 80 8PEMEHU, HUMCe pazeusaemuvix cun npumsicenusn. Illpu oocmamouno Hu3Kux padouux wacmomax oeii-
CMEYIOUUX NOoJell, PACCMOMPEHHAS CUCHEMA PAdOmaen, KaKk UHCHMPYMEHM MAZHUMHO-UMNYIbCHO20 RPUMANCEHUS MOHKO-
CHIEHHBIX TUCMO08bIX Memannoe. bubn. 8, puc. 7.

Kniouesvie crosa: MarHUTHO-UMITYJIbCHAsi 00paGoTKa, MHIYKTOPHAsi CHCTEMAa, NMPUTATMBAIOIIMI JKPaH, NPSMOYroJbHBIN
COJIEHOM]I, YJIEKTPOTUNHAMUYECKHE MPOLECCHI.

Beenenne. PazButue nmo0oit o0nactd COBpEeMEHHOI
NPOMBIIIIEHHOCTH OPHEHTHPOBAaHO HA YCKOPEHHOE BHEIpe-
HUE UHHOBAIIMI. DTO KacaeTcs U MeTayuioo0padaThIBaroIIei
obnactu. [loTpebHOCTH 00IIECTBa TaKXKE CBHIETENBCTBYIOT
0 TOM, 4TO HEOOXOIMMO CIIOCOOCTBOBATH OOJIBIIIEMY pa3BH-
THIO  00pa0aThIBAIOMIMX  IPOW3BOACTB.  MarauTHO-
HMITYJIbCHAsT 00pabOTKa METAJIOB 3a TIOCTIEIHEE BpeMs CTa-
JIa JOCTaTOYHO PACIPOCTPAHEHHOW B TIPHUMEHEHUH Pa3IHd-
HBIX MPOW3BOACTBEHHBIX omepanuii [1, 2]. B cBs3u ¢ atum,
aKTyaJbHO COBEPIICHCTBOBAHWE CHCTEM H HWHCTPYMEHTOB,
KOTOpBIE MOBBIIAIT 3PPEKTUBHOCTH PAOOTHI CYILECTBYIO-
IIMX YCTPOWCTB WM K€ CO3[aHHE a0CONIOTHO HOBBIX IS
COBpEMEHHOr0 ypoBH4 pa3sutusi MHUOM.

AHaJIN3 OCHOBHBIX JOCTHKEHUH M NMyOJMKALMIA.
I'maBHOW cocTaBistONIel JFO00W CUCTEMBI MarHUTHO-
HMITYJIbCHOTO HPUTSDKEHUS TOHKOCTEHHBIX MeTaJuThye-
CKUX JIMCTOB SIBJISETCS MHAYKTOpHas cucrema. EE yco-
BEPIIICHCTBOBAHME U SIBISIETCS pPEIICHHEM MPOOJIEMBI IO
yBeNnmn4eHut0 3(p(PeKTHBHOCTH MHCTPYMEHTOB MarHHUTHO-
MMIYJIBCHON TEeXHOJOTHH. [[mg TOro d9ToOBI MONyYUTH
BBICOKYIO OJHOPOJHOCTH BO30Y)KJaeMOTO TOJII M CHJI B
paboueii 3one nHCTpyMeHTa MHUOM, ObUTH CO37MaHBI WH-
JYKTOPHBIE CHCTEMBI C MPUTATUBAIOLIMM dKpaHoM (B ao-
opesuarype — MCIID). [lpuniun paboOThl OCHOBaH Ha
B3aMMHOM IMPUTAKCHUU MPOBOJAHUKOB C OAMHAKOBO Ha-
MpaBJICHHBIMH TOKaMH (3aKoH Amrepa) [3-6].

Ieap paGoThl — NPOBECTH YHCICHHBIE OLEHKH
UIEKTPOJMHAMHYECKUX YCHIMH B HMCCIIEIyeMON «HHIyK-
TOPHOU CHCTEME C MPUTATUBAIOIIAM SKPAHOMY UIS OTpe-
neneHust 3 (HEeKTUBHOCTH CHIIOBOTO TPUTSKEHIS.

IocranoBka 3agaun. Cucrema MCIID cocronut us
HMCTOYHUKA MarHUTHOTO MOJs (IUIOCKOTO MPSIMOYTOJIBHO-
TO COJICHOHIA), BCIIOMOTaTEIbHOTO MPOBOIAIIETO dKpaHa
n obwvekta obpabotku. Ilone comeHonna Bo3OykIoaeT B
9KpaHe W JIMCTOBOM METaJlle OAHOHAIPaBIICHHBIE BUXPE-
Bbie TOkH DyKo. 3a cyer kECTKO 3apUKCUPOBAHHOTO K-
paHa, NPUTSHKEHUE UCIIBITBIBAET JIMIIL 00BEKT 00padoT-
k. CiioBoe MarHWTHO-UMITYJILCHOE BO3IEHCTBHE NpH-
BOAUT K BBITATHBAHUIO 33JaHHOTO YyYacTKa Ha €ro

nmoBepxHocTH. Pabouas 30Ha paccmarpuaemoit UCIID —
3TO 00JIACTh I10]] BETBSIMH MapauIeIbHBIX TOKOIPOBOJIOB,
TO €CTbh, 33JJaHHBII Y4aCTOK JINCTOBOI'O METAININYECKOTO
o0bekTa 00paboTKH, UMEIOIINI yriyOieHue (Hanpumep,
BMSITHHY), KOTOPBIH W TOMISKHUT Ie()OPMHPOBAHHIO
(IpUTSKEHUIO).

HUcxonnbie nannsie (puc. 1). Corenouo:

a) YMCJIO BUTKOB B Kaxkaoi BeTBU — N = 10;

0) mmpuHa BeTBU — (b — a) = 0,05 mm;

B) MIMpHMHA BUTKA ¥ MEXBHUTKOBOW H30JIALUU —
_(b-a)

2N -1

T') BHyTpeHHee OKHO cojieHonaa — a = 0,025 wm;

J) TOK B MHAYKTOpE, TeHEPUPYEMBIH NpU paspsie
emkoctHoro Hakonutens — C = 1200 Mx®d ¢ HanpsokeHu-
em — U, = 2000 B na wacrote — /= 1500 ['u, npuHAT pas-
HbIM — J,, = 22620 A (COOTBETCTBEHHO, JUHECHHAS IIJIOT-
HOCTB BO30YX/IAIOIIEro ToKa — j,, = 8,6-10° A/m).

g ~ 0,0026 Mm;

Tpasoyronmd
LR

..’i [Tpsrrarsaiomsi
Ikpan

H

Jincrosodt
MeTaun

Puc. 1. Cxematndeckoe uzobpaxenue UCIID, C — eMKOCTb,
K — xommyTatop

DKpan u 1cmoeot Memain:

a) ronmuHa — d = 0,0075 m;

6) yaenbHas >IEKTPONPOBOJHOCTE — y = 0,4-107
(Om'm) " (cTams).
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Teomempus cucmemol:

a) paccTosHHE MeXOy pabodell IMOBEPXHOCTHIO
coneHouna u Skpanom — A = 0,0005 m;

6) rimyouna Bmatuasl — H = 0,005 M, ee mnmHa —
D=0,03 m.

PacuéTHble COOTHOLIEHUS:

a) U3 BBIPAKCHHMS, MOJIyYEHHOTO B pabore [7] moiry-
gaeM (HopMyITy AJIS TOKA, HHAYIIMPOBAHHOTO B DKPaHE:

Jy) = (uoywd )sz W) .
¢ ¢ ) 2 dy

x I f(x)e_x'g (1 —e* )sin[x%)dx

rue J, — aMIuIuTy1a TOKa B COJIeHoue, ¥ = wt daza Bo3-
Oy’KIaIolIero Toka B UMITyJbCee, j() — dha3oBas GyHKuIMs

(1

TOKa B comeHomzae, f(x)= £~L3J-f(a)~sin(a)da s
Vg

flo) — byHKIMS TOMEPEYHOro paclpeueieHus: Bo30YK-
JIAfOIIEero TOKa

Lae[
f(a)=
0, e[

I,

E)

SIS
SWIESH

SIS

I8
2 (& a g
f(X):E. kZ:; cos| x- E+2(k—1)g _
—cos x| & nE 1l
o]

0) U3 COOTHOIIEHHUS TOIy4eHHOTO B pabote [7] mo-
aydaem (opmyiy Ui TOKa, HHAYLMPOBAHHOIO B JIUCTO-
BOM MeTaJlIe:

i W)= ( ](awoyd )djl(l//)
g

2 dy

(1 - )sin(x%]dx ’

B) U3 COOTHOIIEHUsI pabote [7] HaXoAWM pacmpene-
NEHHYIO CUITY IPUTSDKEHHA (Criia AMIiepa),

>

SN

)

x(h+d+H)

fo(x)e* d
0

3)

rae D — pa3mep (anuHa), H — riryOuHa BMATHHBL, Je 1m(W.))
— IUIOTHOCTH TOKA, HHAYLIMPOBAHHOTO B SKpaHe W JIUCTO-
BOM MeTaJljIe, COOTBETCTBeHHO popmynam (1, 2);

r) cuia orrankuBaHus (cwia Jlopenna!), newcr-
BYIOIIAs HA JIICTOBOM METAaIlJ, ONPEeNeNsieTCS U3 BhIpaXke-
HUS paObOTHI [7]:

. . D
Faer (W) — o JeWs V) Jim W, y) —
27 H

FrepW,y) = J, W, ) Jim (W, ) ( “4)

D
h+d+H)’
rzie j{y.y) — IIOTHOCTh TOKA B CONICHOUJIE,

(J j Jiw), mpu |y e[

0’

Jity,y)=
npu |y| ¢ [a,b],

Ji(w) — hazoBas 3aBUCUMOCTB TOKA B COJICHOHIE, Jim(W,)) —
IUIOTHOCTh TOKA, HHAYLIMPOBAHHOTO B JIICTOBOM METAal-
JIe, COOTBETCTBEHHO opmyie (2);

) aMILTUTyZHOE 10 (a3e 3HAYCHHE CHIIBI MPHUTS-
KEHUs

max _ —
attr )= Fattr(V/s y)|,//:l//max =
. p: ©
=2— Jew I,y I, -

e) (a3oBast 3aBUCIMOCTbH CHIIBI MIPUTSHKCHUS, YCPEa-
HEHHOM B TMONEPEYHOM HU3MEPEHUU HAa HUHTEpBaJC
ye[-b, b]

b
[P, ) dv ©)
-b

)K) AMIUTUTYJHOC 3HAYCHUEC CUJIbI OTTAJIKUBAHUA

B 0 =FepW.2)|,_, =

= 1
Fattr(l//) :E

b %)

V-V (h4d + H)

3) (daszoBas 3aBUCHUMOCTH CHJIBI OTTaJKHABAHUS,
YCPEIHEHHOW B MOMEPEYHOM H3MEPEHUM HA HMHTEpBaJe
yel[=b, b]

=—Jl W) jm W, )|

Frep(y) = j ep (. ) d; ®)

M) (a3oBas 3aBUCHMOCTh pe3ynLTI/Ipy}ome171 CHIIBI,
Haﬁ)leHHOﬁ KakK (l)aSOBaH CyHepHOSI/IHI/IH CUJI OTTAJIKUBaA-
HUA U HpI/ITSDKeHI/ISI, ycpeHHéHHHX B nonepeqHOM N3Me-

pennn no mwupune UCIID Ha unrepBane ye[-b, b]

Faum(W)=Far (W) + Frep(y) . O]

XapakrepHyo (asoBy0 3aBUCHMOCTH BO30YKIAK0-

Iero anepuoaAnvCeCKOro CurHajia MOXHO OITUCAThb (byHK-
uuelt Buga [8]:

T
S_’
v 2

Jily)= -
ool {v-5 )}

Kpome Toro, rpadguueckue 3aBUCUMOCTH MIPOMILIIO-
CTPUPYEM JIOTIOJHHUTEIBHBIMUA YCPEJHEHHBIMU YHCIICH-
HBIMH OLIEHKaMH:

a) 3Ha4YE€HHE CWIIBI IPUTSDKEHHNS, YCPEAHEHHON B T10-
NepevyHoM U3MEPEHUN Ha UHTepBane ye|[—b, b] u mo daze
wel0, 271]

siny,

(10)
T
>—, [ =0,75.
3 s

2z b
1
Fattr =5 IFattr(W)dW (2—217 J JFattr(‘// yidydy. (11)

0) 3HaueHWe CWIBl OTTAJKHBAHUA, YCPCIHEHHOH B
MOMEPEYHOM W3MEPEHUHM Ha WHTepBane ye[—b, b] u mo
daze ye|0, 27[]

2z b

¥f f rep W, y)dydy (12)

Frep—*fFrep(V/) y = (2r2)

B) 3HAYCHHUE pPE3yNBTHPYIOMIEH CHIBI (CYyIepIio3u-
IIUST CHJIBI TIPUTSDKEHNST — AMIIEpa M CHIIBI OTTAJIKABAHMS
— Jlopenta), ycpeqHEHHON B MOIIEPEYHOM M3MEPEHUH Ha
uHTepBane — ye[—b, b] u no daze — ye(0, 27]
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. 2r 1
Fym=—> |F dy = ——x
sum = E[ sum () dy (2”.217)
27 b (13)
X I stum(va) dydy .
0 -b
Otmernm, uto Gopmyna (13) WuTOCTpUPYET KOIH-
YECTBEHHBIN poct a¢hhexTHBHOCTH MarHuTHO-

HMITYJILCHOTO MPUTSDKEHHS ¢ ydeToM (ha3bl MPOTEKarolle-
ro mpouecca. YncaeHHbIe OIEHKH MOTYT YCPEIHATHCS I10
M000MYy MHTEpECYIOIeMy MPOCTPaHCTBEHHOMY Wi (a-
30BOMYy HHTepBaiy. Hampumep, mpu paccMOTpEeHHH TPO-
IIecCOB B 00JIaCTH HENOCPEICTBEHHO IO/ OTAEIBHBIM
TOKOIIPOBOJIOM HWHAYKTOpPA WHTEPBAT yCPCIHCHUS —
wla, (a +b)].
Pe3yabTaThl BHIYHCICHUI.

1. DAEKTpOAMHAMUYECKUE MPOIECCHl B OOJACTH O]
TOKOTIPOBOJIAMH TIPSMOYTOJIbHOTO cojeHonga HCIID
(puc. 2-7).

j ju:d(y) Am
1108 | 1

3 /
AN y

-10 —05 0.0 03 10

N

IHCTOBOI MeTamT
SKPaH
| I | IO |

BeTen HHOYKTOpA

Puc. 2. KapTiHa npocTpaHCTBEHHOI'O paclpeieeH s HHIy U~
POBaHHBIX TOKOB, 1 — MeTaI 3KpaHa, 2 — TMCTOBOH MeTall

F;T; (¥), 2

14 %105 F

10 %10° ’){ \ / \‘
500 000 / \ / \
500000 / \ / \
400000 .f/ \ / \

200000

o<

ok ]
-10 -035 00 05 10

MHCTOEOI MeTaLT
IKpaH
L& 1 | O

Bereu HHOVKTOPA

Puc. 3. IlpocTpaHcTBeHHAs KapTHHA pacIpeeaEHHON CUIbL
nputsbkeHns (Ammepa), cpenHee 3HaueHne Ha mupuae VICIID —

Fatr ~0,78-10° H/m?

HpI/I YMCHBIICHUN FJ'Iy61/IHI)I BMSATHUHBI, TPAKTUYCCKU
IponopuruoOHaIbHO, paCTéT aMIUIATy1a B036y)KHaeMBIX

JNEKTPOANHAMUYECKUX yCWInH. Tak, IpH CHWKEHUHU
riry6uns! ¢ 0,005 m 1o 0,002 M ycnnus Bo3pacTaroT Oojiee
4YeM B ~ 2 pasza.

sum
?attr (U), Him2
25 <105 J
20 x 105 \

f
15 x10% { \\
|
J
I

10 %108

500000

1A
e} /

-10 %108

W, pai.

o 1 2 3 4
- OTTAIIKHBaHHE
[ - npHTAKeHHE
Puc. 4. ®azoBast 3aBUCHMOCTB PE3yIBTUPYIOMICH CHITBI (CyTIep-
nmo3unus Amnepa u JlopeHna), 1eiCTBYOIICH Ha JTUCTOBOM
meran B MCIID, cpennee 3HaueHue 3a BpeMsi IEUCTBUS —

F 47~ 0,245-10° H/m®

attr

OCHOBHBIE pE3yNbTaThl BBIYUCICHUI CBOAATCS K
CJICAYIOIINM TIOJIOKEHUSIM:

® pacy€THble JaHHBIE SBISIOTCS MHTETPAJIBHBIMHU IO-
KazaTeJsIMU JIEKTPOJIMHAMHUECKHUX MPOILECCOB, XapaKTe-
PU3YIOIIMMH WX NpPOTEKaHWEe Ha BCEW IUTONIaTW HWHIYK-
TOPHOW CHCTEMBI, BO30Y>KTaeMOi MHOTOBHUTKOBBIM IIIO-
CKHM TIPSIMOYTOJIBHBIM COJICHOWIOM C aMIUTHTYION TOKa
B 00MOTKe ~ 22,6 KA TIpH HaNpsHKECHUH €MKOCTHOTO Ha-
kornuTens ~ 2 KB u 3anmacaemoii sHepruent ~ 2,4 kJIx;

e BpPEMEHHbIE 3aBUCUMOCTH BO30YKJAIOLIEr0 U UHIY-
IIUPOBAaHHOT'O TOKOB Pa3IMYHBI, YTO, B KOHEYHOM MTOTE,
SIBJISIETCSI IPUYMHON OCLMJUISIIMU cHJibl JIopeHna, To ecThb
TIOSIBJICHHSI MHTEPBAJIOB OTTAJIKUBAHUS U TIPUTSHKEHHS;

® [pEBaIMPOBaHUE CWJI OTTAJIKHBAaHHS HaJl CHJIaMH
MIPUTSDKEHUS SIBISIETCS] KPATKOBPEMEHHBIM M IMEET MECTO
UCKJIIOYNTENIbHO B HayallbHOM (ha3e Imporecca CHIOBOTO
BO3/ICHCTBHS,

® yCpemHEHHE BO30YXIAEMBIX CHJ IO BPEMEHH BO3-
NIeHCTBUS TIOKA3BIBaeT Oojiee, YeM Ha mopsaaok (~15 pas)
MPEBBIIICHUE MPUTSDKEHUS! Hal OTTAJIKUBAaHHEM (IIPUTS-

KeHue — I?attr z0,282-106 H/M?, orrankuBaHume —
Frep ~—0,0182-10% H/v);

e B uHTErpajie (yCpemHeHHe Mo BPEMEHH BO3ICHCTBHS U
MPOCTPAHCTBEHHOH NepeMeHHo#) paccmoTpenHast MICITD Ha
BCell cBOoel IIomIaan 00eceuMBaeT MarHUTHO-UMITYJIbCHOE
npuTsKeHHe ¢ cuioi — F SuMx 0,245-108 HAL.

2. Toku ¥ criIbl B 00JaCTH BMSITUHBL.

leomerpust o0macTé  BMSATHHEI
o0JacTd  CHJIOBOTO  BO3JCHCTBHS):
=0,03 mx0,03 mx0,05 M.

3aganHas 00JIacTh JIMCTOBOTO METAJUIa ITOMEIAETCS
MO TUIOCKOCTBIO TOKOIIPOBOJIOB JIFOOOW W3 BETBEH Mps-
MOYTOJIBHOTO COJICHOHMIa, BO30YXIAIOIIETO «HUHAYKTOP-
HYIO CUCTEMY € IpUTATruBatommM >xpanom» (MCIID).

JIyis ipuHATOW 00J7aCTH CHJIOBOTO BO3JCHCTBHS YC-
pPEIHEHHE O TOMEPEYHOM MPOCTPAHCTBEHHOU MEePEMEH-
HO BhIMONIHAETCS B uHTEpBae we (0, D).

(mpuHUMaeMo¥
DxDxH =
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Puc. 5. KapTiHa npocTpaHCTBEHHOTO pacHpeAeIeH s HHIy U~
POBaHHBIX TOKOB, | — MeTamI 9KpaHa, 2 — JUCTOBOW METaII

F:ﬁ; (v), B2
14 %105 /\‘/\

12x10°

10x10%
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SO0

AD000D /
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MHCTOBOI MeTamT
SKpaH
| o |
BeTBp HHIYETOPA
Puc. 6. [IpocTpaHcTBeHHas KapTHHA pacrpeneIEHHON CHITbI
npuTsoKeHus (AMnepa), cpenHee 3HaueHue Ha mupune UCIIO —
Faur ~0,92-10% H/M

__sum
Fattr (U),HfM 2

12x108 [ J\
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v, par.

= OTTANKHBAHHE
[ - opuraskeHne
Puc. 7. ®a3oBast 3aBUCIMOCTB Pe3yIBTUPYOLICH CHIIBI (CyTIep-
no3unyst Amnepa u Jlopenna!), aeficTyromieil Ha TMCTOBOM
metain B UCIID, cpennee 3HaueHue 3a BpeMsi ICHCTBUS —

F atr ~0,345-10% H/?

OO0cyXIeHHe Pe3yIbTaTOB BEIYUCICHUN:

® pacyéTHbBIC JaHHBIC SBISIOTCS JIOKAJIBHBIMHU MOKa3a-
TENSAMH JJIEKTPOJIUHAMHUYECKHUX TPOIECCOB, XapaKTepH-
3YIOIIUMH HX TPOTEKaHWe B O0JNACTH BMSTHHBI 3aJJaHHOU
TreOMETPUH, B OTIMYHME OT IPEIBbIAYIIUX PE3yJbTaToB,
MTOJTyYeHHBIX JJIS BCeH Turomaan mnoj oomorkoit MCIID;

® TaK Ke, KaK U paHee, MPEBATMPOBAHUE CHIT OTTAJIKH-
BaHUS HAJ CHJIAMH TPUTSDKCHHS SBISIETCS KpPaTKOBpE-

MEHHBIM U UMEET MECTO HUCKIIOUUTEIBHO B Ha4YaJbHOU
(haze mpoiiecca CHIOBOTO BO3JICHCTBHUS;

® ycpeHEeHHe BO30YKIaeMbIX CHIT IO BPEMEHH BO3ICH-
CTBUSI TTOKA3bIBACT 3HAYUTEIILHOE MPEBBIIICHUE MIPUTSHKCHHS

HaJl OTTAJIKMBaHUEM (TIpUTSDKEHHE — Fattr = 0,35 10° H/MZ,

OTTAJIKUBAHUE — Frep ~—0,056- 106 HAP);

e B pHTErpajie (ycpeaHeHHe 0 BPEMEHH BO3ICHCTBUS
U TIPOCTPAHCTBEHHOW IepeMeHHOi) paccmoTpenHas MC-
I15 Ha Bcelt cBoeil IIom@amM OOECHEYMBAET MAarHUTHO-
HMITYJIbCHOE TPUTSIKEHUE C PaCHpelNelI€HHON CUIONH —

—sum 6 2
Fawtr =0,345-10° H/™;

® B IIeJIOM, CPAaBHEHUE IOKa3aTelel 3IIEKTPOJUHAMMU-
YEeCKHX MPOIIECCOB B PACCMOTPEHHBIX BapHaHTax pacuéra
MoKa3bIBaeT MpUOMMKEHHBIN pocT B 1,3-1,5 pa3 cHiIoBBIX
MmoKasartesieii B 00JIaCTH HPUHATON BMATHHBI Ha IOBEPX-
HOCTH JICTOBOTO METajla 10 CPaBHEHHIO C aHAJIOTHY-
HBIMHM BEJIMYMHAMH ISl BCeH IUIOMIAAM T0J OOMOTKOW
uuaykropa UCIID.

BeiBOABI.

1. B paboTe npoBeseH YHCIEHHBIH aHAN3 JJIEKTPOIH-
HaMHUYECKHUX IPOIIECCOB B MHAYKTOPHOM CHUCTEME C MpH-
TATUBAIOIIUM 5KPaHOM M MCTOYHHKOM MarHUTHO TOJS —
IUIOCKUM NIPSIMOYTOJIBHBIM COJIEHOUAOM.

2. YucneHHbIe OLEHKH MOKAa3ald, YTO NPHU yMEHbIIIe-
HUM TIyOMHBI BMSTHHBI, NPAKTUYECKH MPOMOPLHOHAIb-
HO, pacTéT aMIUIMTyJa BO30YXIAaeMbIX 3JIEKTPOIUHAMH-
YEeCKHUX YCHINH.

3. HauGomnpmas 3QpQeKTHBHOCTh CHIOBOTO TPHUTSIKE-
HUSI MMEeT MECTO JUIs Oo0jacTe JIMCTOBOTO MeTaa,
pa3Mepbl KOTOPBIX HE IMPEBBIAIOT MONEPEYHBbIX pa3Me-
POB BeTBeil 0OMOTKH BO30YKIAIOIIET0 COJICHOHIA.

4. VIHTerpansHoe BO BPEMEHH 3HAYCHUE CHII OTTAJIKH-
BaHUs CYIIECTBEHHO HIKE PA3BUBAEMBIX CHUJ NPUTSIKE-
Hus (MeHee ~ 5 %).

5. B memom, mpu JOCTaTOYHO HU3KHUX PabOYHX HacTo-
Tax nercTByromux monerd (~1500 I'm) paccMorpeHHas
«MHIYKTOpHas CHCTeMa C TPUTATHBAIONIIM 3KpaHOM
paboTaeT Kak MHCTPYMEHT MarHUTHO-UMITYJIbCHOTO TPH-
TSXKEHHUS TOHKOCTEHHBIX JIMCTOBBIX METaIoB. Jlokaib-
HBIE pacrpenesi€HHbIe CUIIBI TIPUTSHKEHUsT B 00acTH 3a-
JTAaHHBIX YYacTKOB (HAaIpUMep, BMATHH C OTPaHUYEHHBIMU
pa3mepamu!) Ipu TOKE B HHAYKTOpE ~ 22 KA MOTYT JOC-
THTaTh BeTHUHH ropsaka ~ 0,345-10° H/m?.
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Numerical estimates of electrodynamics processes

in the inductor system with an attractive screen and a flat
rectangular solenoid.

Purpose. To carry out numerical estimates of currents and forces
in the investigated inductor system with an attractive screen (ISAS)
and determine the effectiveness of the force attraction. Methodol-
ogy. The calculated relationships and graphical constructions were
obtained using the initial data of the system: induced current in the
screen and sheet metal; the distributed force of attraction (Ampere
force); the repulsive force acting on the sheet metal (Lorentz
force); amplitude values of the force of attraction and repulsion;
phase dependence of the force of attraction, the repulsive force and
the total resulting force. Results. The results of calculations in the
form of graphical dependencies of electrodynamic processes in the
region under the conductors of a rectangular solenoid of inductor
system with an attracting screen are presented. The graphs of
forces and currents in region of dent are obtained. In the paper the
analysis of electrodynamics processes for whole area under the
winding of inductor system with an attractive screen is shown. The
flowing this processes in the region of dent a given geometry is
presented. Originality. The considered inductor system with an
attractive screen and a rectangular solenoid is improved, in com-
parison with the previous developed ISAS. It has a working area
under the lines of parallel conductors in the cross section of a rec-
tangular solenoid, and this allows to place a predetermined por-
tion of the sheet metal anywhere within the working region. Com-
parison of the indicators of electrodynamics processes in the con-
sidered variants of calculation shows an approximate growth of
almost 1.5 times the power indicators in the area of the accepted
dent in comparison with similar values for the entire area under
the winding of the ISAS. Practical value. The results obtained are
important for the practice of real estimates of the excited forces of
attraction. With a decrease in the dent, the amplitude of the elec-
trodynamics forces being excited is growing proportionally (for
example, when the depth decreases by 3 mm, the forces increase
more than 2 times). The highest efficiency of force attraction is for
sheet metal regions, the dimensions do not exceed the transverse
dimensions of the winding branches of the exciting solenoid.
References 8, figure 7.

Key words: magnetic-pulsed treatment, inductor system,
attractive screen, rectangular solenoid, electrodynamics
processes.
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Enekmpu4yHuti mpaHcrnopm
VIIK 629.424

doi: 10.20998/2074-272X.2018.2.10
C.I'. bypsxosekuii, A.C. Macni#t, B.B. [Taruenxo, /I.I1. [Tomazan, 1.B. [lenic

JOCJIIXKEHHS PEXKUMIB POGOTH TEILTOBO3A UME3 HA IMITAIIIMHIN MOIEJII

Pospobneno imimayiiny mooenv mennogoza YME3, wio cknadacmucs 3 ouzens 3 pecyisimopom KilbKocHmi 00epmie KOJIiHuacmozo 6ay,
MA208020 2eHEPAMOPa NOCIMIIIHO20 CIPYMY HE3ANENCHO20 30Y0MHCEHHA MA MA208020 eNeKmPuinozo npuseody. Ilpogedene mecmyeanns
pobomu imimauiiinoi modeni na npoghini dinanku winaxy Xapxie - Mepegha, npu ybomy 0CHOGHUMU OOMEIHCEHHAMU € HAC PYX), AKUI ONA
O0aHO20 nepezoHy He NOGUHEH nepesuysamu 45 Xe., a MaKoIHc MAKCUMAIBHA OONYCIUMA WEUOKICINb, AKA O/1A 6AHIMANCHUX NOMALIE
cknaoac 80km/200. Ompumana mpueuUMIpHa NOGEPXHA, W0 NOKA3ZYE 3ANEHCHICHb GUMPAM NAIUGA JIOKOMOMUBA 8I0 PEIHCUMY 6€0CHHA
HOMA2A MAWIUHICIOM RPU 6UKOHAHHKI 00HAKOB0T pOOOmU, MOOMO 00HAK0B6020 Hacy pyxy no nepezony. bion. 8, puc. 6.

Knrouoei crnoea: Tennosos, imitaniiina MoaeJb, Au3e/b, TATOBUI €JIEKTPONPUBOA, NPO(diib NUIAXY, BUTPATH NAJHBA, PEKUM
BeJleHHS Moi3aa.

Pazpabomana umumayuonnas mooenv mennosoza YM3I3, komopas cocmoum u3 ouzens ¢ pezyiamopom Yucia 06opomos Ko-
JIeHYamozo 6a.1a, ma206020 2eHEPAMOPA NOCIOAHHO20 MOKA HE3AGUCUMOZ0 6030YIHCOCHUA U MA208020 INEKMPUUECKO20 NPUEO-
oa. IIposedeno mecmuposanue paGomel UMUMAYUOHHOU Modentu Ha npoguie yuacmka nymu Xapovkoe - Mepegha, npu rmom
OCHOGHBLIMU 0ZPAHUYEHUAMU AGTAIOMCA 8PEMA 0GUIICEHUS, 014 OAHHO20 Nepezona He 00ICHO npesviuiams 45 muH., a maksice
MAKCUMATbHAA OONYCIMUMAA CKOPOCHLb, KOMOPAs 1A 2PY306bIX n0e3006 cocmasisem 80km/u. Ilonyuena mpexmepnasn nogepx-
HOCMb, KOMOPAA NOKA3bl6Aem 3A8UCUMOCIND PACX00d MONIUGA TOKOMOMUBA OM PelcUMA 6eOeHU NOe30a MAUWUHUCIOM RPU
6bINOIHEHUU 0OUHAKOBOIL padombl, Mo ecnb 00UHAKOB020 8pemMeHU Osudicenus no nepezony. butn. 8, puc. 6.

Knouesvie crosa: TeMJI0BO3, HMAUTAIIMOHHAS MOJEJb, H3e]b, TATOBBIN JEeKTPONPUBOA, MPoduIb MyTH, Pacxoa TOIIMBA,

PEKUM BEICHUS MMoe3aa.

Beryn.  EdexktuBHe — BUKOpHCTaHHS — ITaJIMBHO-
EHePreTHYHHX PECyPCIB € OHIEI0 3 HAWBAXJIMBIIINX 33/1ad,
IO CTOSITh TEpell €KOHOMIKOI YKpaiHH. 3akoH YKpaiHu
«IIpo eHepro30epesxeHHs» BU3HAYA€E CHEPreTHUHY eeKTHB-
HICTh CKOHOMIKH OJHUM 3 TOJIOBHUX CTPATCTiYHUX OPIEHTH-
PIB JOBrOCTPOKOBOI AEPIXKABHOI €HEPTETUIHOT MOMITHKH [1].

3aJi3HUYHUI TpPaHCHOPT € OJHUM 3 HAHOLIBIINX
CIIOXXHBAYiB €HepropecypciB B kpaini. EHepreTnuna ede-
KTHBHICTh B CYYaCHUX YMOBaxX € HalBa)KJIUBIIIUM (aKkTo-
pOM TIiIBHIIEHHS KOHKYPEHTOCHPOMOXKHOCTI YKpaiHCh-
KUX 3aJIi3HUIb HA BHYTPIIIHBOMY 1 MDDKHAPOJTHOMY PUHKY
TpaHcnopTHUX mociyr. Y 2010 pomi mocraHoBoro KaGi-
Hety MiHicTpiB Ykpainu Oyna 3aTBepmxeHa TpaHcropT-
Ha crpareris Ykpainu Ha mepiog g0 2020 poxy, MeToro
SKOT, 30KpeMa, € ONTHUMi3allisi SHEeProCIOKUBAHHS IPH
0e3yMOBHOMY BHUKOHAaHHI MOCIYT 3 IIEPEBE3CHHS BaHTa-
XKIB 1 30epexeHH] eHeproOe3neKkn KOMIaHii.

OcCHOBHa YacTKa BHTPAT MAJIMBHO-CHEPTETHYHHUX pe-
CYpCIB B KOMIIaHii IOBOJUTHCS Ha TATY moi3/aiB. ChOroHi 1e
82% BcbOro 00CATY CIIOKUBAaHHS KOMITAHIEI0 EIIEKTPOEHEP-
rii 1 90% nu3enpHoro nanusa [2]. Tomy i yrop B eHeprosoe-
PeKeHHI 3po0IIeHHH, TIepeayciM, Ha OCHOBHUI BUJT TisSUTHHO-
CTi — IIepeBi3HMI Tporiec. Y 3B 53Ky 3 1M NHUTAHHS ITiIBHU-
LIEHHS EHEeProeEeKTUBHOCTI € JIOCUTH aKTyaJbHHM UL 3a-
JI3HHULI Ta BUMArac MmogaiblinX JOCTIIKEHb.

AHami3 JiTepaTypHMX JaHMX Ta TOCTAHOBKA
npodaemu. [Iposenenmii ormsag [3] mokasye, Mo TEIUIO-
Bo3u UME3 cxnagarots 97 % ycporo mapky MaHeBPOBHX
JIOKOMOTHBIB YKpaiHCBKOi 3aii3HuIi. OKpiM MaHEBPOBOI
po0OTH Ha CTaHWIAX I TEINIOBO3H YaCTO BHKOPHCTOBY-
IOTBCS 7Sl BHBI3HOI poOOTH, a TakoX Yy HPUMICBKOMY
pyci. B ymoBax 3anpoBajpkeHHsI MIBUAKICHOTO PyXy OCO-
OuBOTO 3HAYCHHSA Ha0yBa€ ONTHMI3allis peXUMiB BEIICH-
Hs JaHUX THITB TOi3MiB AiNsSHKaMH. B yMmoBax minBu-
IICHHS MIBUAKOCTI MPOXOPKEHHS AUISHKHU CIIiJ He 3a0y-
BaTH IPO BUTPATH NMAIMBHO-EHEPTETHYHUX PECYPCIB.

Sk 3a3Ha4eHO y [4], yMOBH poOOTH JIOKOMOTHBA TIPH
BEJICHHI NOI3/IB XapaKTepHU3yIOThCsl OE3MEepPEepPBHOI0 3Mi-
HOIO CHJIM TATH 1 MBHIKOCTI PYXY, IO IBOTO TaKOX MiJIs-
HKH HUIAXY 3 He[lOCTaTHiM 3YCIIJICHHSM. le/l IbOMY IIO-
TY>KHICTh JIOKOMOTHBA 3aJICXKHTh BiJ 6ararbox 0O0CTaBUH,
BOHA 3MIHIOETBHCSI B 3QJICXKHOCTI BiJl IIBUIKOCTI, 110 pea-
Ti3yeThCs, BUOPAHOi MO3WIIi KOHTpOJIepa MaIIWHICTa Ta

crymneHs ocnabineHHs mons 30ymkeHHsa. L{i oOcraBuHH
JTO3BOJISIFOTh PeaTi3yBaTH TOCHTH PI3HOMAHITHI PEXUMHU
KEpyBaHHS TATOBHM PYXOMHM CKJIaJIOM, III0 4acTo Biapi-
3HSAIOTHCS Bl TPUUHATHX OPU TATOBHX PO3paxyHKax i
3a3HAYCHUX B PSKUMHHX KapTax.

Jns pi3HEX YMOB eKCIUTyaTallii parioHalIbHI peXIMHU
BOJIIHHS TIOT3/1iB MalOTh CYTTEBI ocoOnmBocTi. Lle He 1o3Bo-
JIsIE PEKOMEH/TYBaTH OJIMH PEXKUM BEICHHS TI013/1a SIK OITHU-
MaJIbHHMH Uil BCIX NMPAKTHYHO MOXKIMBUX YMOB PyXy IO
JUISTHIT, OCKIJIBKM HaBITH HA OMHIA 1 TIM camiil mijasHIU Il
YMOBH 4acTo 3MiHIOIOThCS. KpiM TOro, XapakTepHCTHKH
CNIeKTPUYHUX MAIIMH | KOHKPETHHX JIOKOMOTHUBIB B 3aJICK-
HOCTI BiJi IX TEXHIYHOIO CTaHy MOXYTh B NEBHHX MeXax
BIZPI3HATHCS BiJl BIATIOBITHIX MACTIOPTHUX JAHUX.

Bce e cTBOpIOE TPYIHOINI MPU PO3pOOII Ta Mpak-
THUYHOMY BUKOPHCTAHHI palliOHAThHUX PEXKUMIB BOIIHHSI
moi3aiB. OJHAK JOCBI/ MOKa3ye, 10 HABITh MPHU HASIBHOC-
Ti peXXMMHHUX KapT i pearmizamii peKOMEHIOBAHUX PEXKHU-
MIB BOJIHHS TOI3iB, TEXHIYHO OOIPYHTOBAHHX ISl Jie-
SIKMX CEepelHIX eKCIUTyaTallifHuX yMOB, (PaKTHIHI BUTpa-
TH €JIEKTPOEHEPTii 1 NajiBa y pi3HUX MAIIMHICTIB HA Of-
HUX 1 THX K€ JUISTHKaX Pi3HUH, BIAXUICHHS MOXYTb OyTH
SK B OUTBIIy, TaK i B MEHIIIy CTOPOHY BiJl BCTAHOBJIECHOI
HopMH (10 10%).

Buxopsun 3 BHIECKa3aHOTO, MOXKHa 3pOOHTH BU-
CHOBOK, IO JTOCJIJKCHHS PEKUMIB BEJCHHS 1OI3a JLIs-
HKOIO € IyXe BaKIuBUM. HailOimpm npuiHATHAM CIIOCO-
OOM JOCIHIDKEHHS € IMiTalliifHe MOJCIIOBAHHS, TOMY IO
BOHO J1a€ 3MOTY OTPHUMATH BJIMBI CTAaTUCTHYHI JaHi 3
JIOCTATHBOIO TOYHICTIO [S].

Hias Ta 3agaui pocaimxkenns. MeTtoro pobotu €
JIOCII/KEHHST PI3HUX PEXHMMIB BEIEHHS I0i3]a TEIIOBO-
3om UME3 Ha mpeaMer iX ONTUMaIBHOCTI 32 MOKa3HHUKA-
MU Yacy IPOXOJHKCHHS JIJISTHKY Ta BUTPAT MAJIUBA.

Jlnst JOCSITHEHHS TIOCTABJICHOI METH HEOOXIAHO:

® pO3pOOMTH IMITaliiiHy MOZENIbh YCIX CKJIAJIOBHX
€JIEMEHTIB TEIJIOBO3Y, 110 NPUIMAIOTh Y4acTh y CTBO-
PEHHI Ta peai3allii CHIH TATH;

e o0paTH Ta 3MOAETIOBATH IUIHKY NUIAXY, Ha SIKii
Oyze BUKOHYBAaTHUCh JOCIIIIXKEHHS;

® BHM3HAYUTH PEXHMMHU BEICHHS T0137a Ta JOCIIJUTH
KOXKEH 3 HUX.

© C.I. Bypsikosbkuii, A.C. Macmiii, B.B. ITanuenxo, /I.I1. [Tomasan, 1.B. [lenic
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Buknanennst ocHoBHoro Mmarepiamy. Jlu3ess-
reHepaTopHa YCTAaHOBKA Pa3oM 3 EJEKTPUYHOK) YaCTHHOIO
00’€KTa TOCIIKSHHS CKIIAIA€THCS 3 TAKMX OCHOBHHX KOHC-
TPYKIIHHUX €JIEMCHTIB: IyJIbTa KEPYBAHHSI, TU3EIS 3 pery-
JIITOPOM  KUTBKOCTI OOEPTIB KOJIHYACTOrO Bajy, TATOBOTO
reHeparopa IMOCTIHHOTO CTPYMY HE3aICKHOTO 30YIDKCHHS
Ta TATOBOTO EJIEKTPHYHOrO NpuBoAy. CTPYKTypHa cxema
TaKOro 00’€KTa JIOCIKCHHS HaBe/ICHa Ha puc. 1.

M= M, lgX
ne . ,
ki’w 1 Eﬂ V
CP [N, SCD74 D [ ““~ DCG [+ TED 1~
IV, 1 "(H:—‘ ‘I\I}J‘ 1 Im 1,”

Puc. 1. ®ynkuionanpHa cxema Moedi Teruiososy UME3:
CP — nynst kepyBants; SCD — perynsaTop KiTbKocTi 00epTiB
nmmsenst; D — quzens; DCG — reHepatop MoCTiitHOTO CTpyMYy 3i
30ymxyBadem; TED — TaroBuii enekrponpuBox

Bximaumu napamerpamu 1 6iioky CP e mBuakicTs
noizaa ¥V, ta crpyMm ABHUryHa [, BiJl BEIWYMH SKHUX 3aje-
’KUTh HOMEP MO3HIIii KOHTponepa MaiuHicTa N, Ta 3a1a-
Ha KUTBKICTh O0EPTIB AU3EIIO Ny,, KA € BXiTHOI BEIUYH-
Hoto st O6noky SCD. B 3anexHocTi Bix n,, Ta ng, SCD
BU3HAYa€ HEOOXiJHy KiNbKiCTh manuBa k;.. Ha ocHOBI
kfier TA MOMEHTY HaBaHTaxeHHA M;,s DCG otpumye Bin D
3Ha4YeHHS 4. BenuunHa E,, 10 € BXiJHUM MapamMeTpoM
onoky TED, pospaxoByerscs DCG B 3anexkHOCTi Bif N,
1a I,,. Ha Buxoxi TED dopmyeTscs 3Hauenns V.

[TyneT Mammricta CP TemmmoBozy UME3 mae 8 mo-
3MLII 3MiHM HAIPyrd Ha TATOBUX JABUTYHAX Ta JBi IM03U-
uii mocnabnedHs nonsd. Ha koxHIM mosunii 3a 1OIIOMO-
rOI0 aBTOMAaTHYHUX PETYJSATOPIB MiATPUMYIOTBCS CTai
3HAYEHHS YacTOTH 00epTaHHs KOJIHYaCTOro BaLy AW3EIIs
Ta HaIpYTH Ha KiIemax 30y/pKyBada [6].

3Mo/IeNTbOBaHHUH ITyJIBT KEpyBaHHS 3JiHCHIOE Iiepe-
KITFOYCHHS TIO3HIIIN KOHTpOJIepa MALIIHICTA B 3AI€KHOCTL
BiJl IBOX KOOPJAMHAT, a CaMe: CTPyMy JBUTYHIB Ta LIBHI-
KOCTI pyXy moi3ga. PobGoTta GiIoKy, 0 MOJEIIO€ IyIIET,
3I[IIICHIOETBCS 32 HACTYITHUMH yMOBaMHU:

N,-1 sxwmo [,>1, v V>V
N,=N, skmo [, <I, A V=55V, <V, (1)
Np+1 sxmo [, <I, AV, <Vi=5

ae N, — HOMep To3uLii KOHTpolepa MamuHicTa, [, —
CTPYM JABUTYHA, [, — HOMIHAJILHUH CTPYM JBUTYHa, V, —
MOTOYHA MIBUIKICTh PyXy M0i31a, Vy — 3aaHa MBUAKICT
pyXy noisza.

JInst BUKJIFOYEHHST MOXJIMBOCTI 3aHAJITO 4acToro Ie-
PEKIIFOYEHHS MO3UIIH aHaIi3 HeOOXITHOCTI MePEKIFOYECHHS
BinOyBaeTbes 3 iHTepBasioM | c. JIJs BUKITIOYEHHS BEIUKOT
KUTBKOCTI ITEPEKITIOYECHB y CTAIOMY PEXKIMi, KOJH (paKkThd-
Ha IIBHAKICTH OJM3bKA JI0 3a7aHOi, BCTAaHOBJICHA MEpTBa
30Ha y 5 KM/TOJ, y SIKiii HE BiIOYBAa€ThCs NEPEKIIOYCHD, a
PYX 3IICHIOETHCS HA 00OpaHiii paHille Mo3uilii.

CrpykTypHa cxema, 1o peanizye ymoBy (1), HaBe-
JeHa Ha puc. 2, ne PS — 610k Bubopy no3unii. OOpanuii
HOMep MO3HUIIT, TAKOXK, IIEPETBOPIOETHCS Y 3a7aHy 4acTo-
Ty 00€pTiB AU3EINS M.

r ] P
I’; + ~ M-
- - PS | Ny ton -
_ M to diesel
Vs ,
Tk N,
G)—P o gcm:m;):
! exciter

]JH +

%}( electric drive
n

—
Puc. 2. CtpykTypHa cXxeMa MOJEIi MybTa KepyBaHHs

VYci auseni 3a XapakTepoM CBO€l poOOTH IykKe dyT-
JIMBI 10 3MIHHM HaBaHTaXEHHSA. 301IbIIEHHS Ha BAHTAKEHHS
Ha JW3eJb BUKJIMKAE 3HWKCHHS YacTOTH 00epTaHHs KOJiH-
4acToro Bally («IpocajaKy o0epTiBy), 0 MOXKE MPU3BECTH
J0 3YNUHKHU JU3eNs1, a 3MEHIIEHHS HaBaHTaXEHHS CYIPO-
BOKY€ETHCS PI3KHM 3pOCTaHHAM YaCTOTH O0EPTaHHS Baly,
TOOTO TU3EIIb MOXKE IITH Y «PO3HOCH [7].

JInist miATpUMAaHHS OCTIHHOT YaCTOTH 00EpTaHHsI BTy
B YMOBaX 3MIHHOIO HABAaHTAXXCHHS HA JW3CNb IOTPIOCH
CrIeniaJIbHUN PEeryJsiTop, 0 aBTOMAaTHYHO KEepye MaIiBHU-
MU Hacocamu. Beranosienuii Ha quseni K6S310DR simie-
HTPOBHI BCEPESKUMHHUI PETYIATOP HEMPsIMOi Mii 3aXHIIae
Horo BiJf IepeBaHTAKEHHSL, BUKOHYIOUHN (DYHKIIii perymsTopa
noTykHocTi. O0’€IHAHMIA PEryJsITOp MOXKHA IPEACTaBUTH
sk [Tl-peryssTop mBHIKOCTI 00epTaHHs KOJIHYACTOrO BAIy
JM3eJs1, BUXIJHOK BEIMYMHOIO SKOTO € KUIBKICTh NajnBa,
1110 HEOOXIIHO MO/IATH JI0 LMITIH/DY.

B ocHOBy imiTamiiHOi Mojei Iu3ens IOKJIaaeHa
iHIMKaTOpHa Aiarpama ioro poboru. IIponecu, mo Biz-
OyBaroThCsl B LMIIHAPAX MOPLIHEBOTO JIBUTYHA, MOXYTh
OyTH 300paxkeHi y BUIIISIII iHAMKAaTOpHOT niarpamu. [Hau-
KaTopHa jiarpama — ne rpadidae BimoOpaxeHHsS 3MiHM
TUCKY T'a3y B IMIIHAP] HOPLIHEBOTO JBUTYHA B 3aJIE€XKHO-
CTi Bl mepeMileHHs MOpIIHSA a00 KyTa MOBOPOTY KpH-
Bommny [8]. Jdnsa mmsens K6S310DR pospaxoBana Ta
moOyI0BaHA IHIUKATOpPHA Aiarpama iWoro podotu. [Hmu-
KaToOpHa JiarpamMa NoOyJoBaHa y BUIJISII 3aJ€KHOCTI
3MIHU THUCKY P y LWIIHIApPI ABUTYHA Bijx 3MiHU 00’€MiB V'
i Yac MepeMIIieHHS MOPIITHS.

Jis Mozeni IU3eN0 KOPUCTYBAHHS [iarpaMoro y
ocsix P ta V € nocuTh HE3pyUuHHM, TOMY HaBelEHY jiar-
paMy IepeTBOpeHO y miarpamy B ocsix F Ta S, ne F — cu-
Ja, WO Ji€ Ha TOPIIEeHb, S — mepeMilieHHs nopmHs. [iar-
pama 3aJIe)KHOCTI CHJIH, IO Ji€ Ha MOPIICHb Bi IepeMi-
LICHHSI HaBeJIeHa Ha puc. 3.

(10"
1223

0 01 02 0.3 0.4
S m

Puc. 3. liarpama po6otu musens K6S310DR

Ha TeruroBo3i BCTaHOBIIEHHIA TeHEpaTOP, IO € Iecs-
THUIIOJIOCHOI0 MAIIMHOIO IIOCTIHHOTO CTPyMy 3 He3alex-
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HUM 30yKkeHHs M. JKHBJICHHS HE3alIe)KHOT 0OMOTKHU 30Y-
JUKEHHSI TeHeparopa 3/IMCHIOEThCS Bin 30ymKyBaua —
MAalllMHA TIOCTIHHOTO CTpyMy, 10 00’€JHaHA BaJOM i3
JOTIOMDKHHM T'€HEpaTopoM.

bitok, 1110 MoJIeNI0€ TATOBUI €1EKTPOIIPUBOJ, BKIIFOUAE
B ce0e, OKpIM TATOBOTO CJIEKTPOABUTYHA, OJIOKH, IO MOJIC-
JIFOIOTh PYX MOTSATa IUITHKOIO Ta FAJIbMYBaHHS IIOTSATA.

Monens O5OKIiB omopy pyxy NOi3aa BHKOHaHa 3a
eMITIpUYHAMH (opMyIaMul I JIOKOMOTHBA Ta BaroHIB.
VY sxocTi mpodito NUIIXy BUKOPUCTAHUN TPOMNb His-
HKH XapkiB — Mepeda. Bximaum napameTpom st 010Ky
BUOOpY yXWJIy € LUISX, IO NPOWIIOB MOTST, SIKUH OTpH-
MYETBCS IIUIIXOM 1HTEeIpYBaHHs IIBUIKOCTI pyXy I0i31a.

BximHUMU 3MIHHUMH JJs1 poOOTH OJIOKY TrajbMy-
BaHHS € 3aJaHa MBHIKICTh V;, MOTOYHA MIBUAKICTH MOTS-
ra V; Ta HoMep Mo3uIlii KOHTpoJIepa MaIIHHICTa TEILIOBO-
3a N,. JIns BUKITIOUEHHS PEXKHMY, TIPH IKOMY BiTOyBa€Th-
Csl TaJlbMyBaHHS 3 NPALIOIOYNMHU TATOBUMH JIBUTYHAMH,
BUKOHYETBCS TEPEBIpKa MOTOYHOTO IOJOXKCHHS PYYKH
KOHTpOJIepa MalluHicTa. SIKIIO IMOJ0XXEHHS HEHYJbOBE,
TO TalbMYBaHHS HE BiIOyBa€ThC.

TecryBanHs poOOTH IMiTaliHHOT MOZIEII MPOBOIH-
JOCh NpU TMapaMeTpax, 10 HaBejieHi BHIe. Ilpu mpomy
OCHOBHUMHU OOMEXEHHSMH OYyIJIM 4ac pyxy, sSIKUi st 1e-
perony XapkiB — Mepeda He MOBHHEH NEpPEBHUILYBATH
45 XB., a TAKOXK MaKCUMaJIbHA JIONYCTUMa [IBUAKICTB, SKa
JUI BaHTXXKHUX MOTATIB ckiamgae 80km/ron. 3 ypaxyBaH-
HSIM IBOTO ICHY€ MOJMIJIMBICTh BHKOPHCTOBYBATH Pi3HI
IHTEHCHBHOCT] PO3rOHY IOTATa 3 MOJAIBIINM yTpUMaH-
HSM CepeqHbOl MBHUIKOCTI 1Mo neperony. Ha puc. 4 mpen-
CTaBJIEHI JIBa BUAM TaXOTPaM pyxy IOTATA.

V., km/h

i

V., km/h

6
Puc. 4. PizHOBHM Taxorpam po3roHy moizna:
a — TPUKYTHA; 6 — TpamneneinaipHa

Ha nokasanux taxorpamax f; — Lie 4ac pyxy Io Iie-
peroHy, sIKuil s IBOX TaXOrpaM MaroTh OJHAKOBI 3Ha-
YyeHHsI. 3MiHa IHTEHCHBHOCTI PO3TOHY TOTSTra MPUBOIUTH
JIO 3MiHH MAaKCUMAJIbHUX INBUIKOCTEH, 10 HA MpHUBEJe-
HUX Jiarpamax mpeacTaBieHi sik V,;, V,.». B nporpamuo-
My Komiutekci Matlab 3a monmomororo m-daiiia Oyia Ha-
MycaHa MiJnporpaMa, B sIKii MPOBOJMBCS PO3PAXYHOK
IHTEHCHBHOCTI PO3TOHY Ta TaJIbMyBaHHs MOTSIra Bij 3aj1a-
HOI MaKCHMallbHOT LIBHJKOCTI MpPU YMOBI JOTPUMaHHS
Yacy pyxy no neperony. [Ipu nocmimkerHi pobOTH MOTSI-
ra Ha iMITaIliifHId MOJEINi 3aJaBaluCh TaXOrpaMH 3 Mak-
CHUMaJIbHUMHU HIBHAKOCTSIMHU B iHTepBaii 40-80 km/rox 3
kpokoM 10 km/ron. Ha puc. 5 moxazaHi ocumiorpamu
poboTu MaHeBpoBOro TemiaoBo3y 3 10 BaroHamu, npu
MaKCHUMaJIBHIN mBUAKOCTI 60 KM/TOLI.

Vi km'h i, %o

V. km/h
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Puc. 5. Ocuuiorpamu poOOTH JIOKOMOTHBA ITPU MAKCUMAITbHIH
mBuakocti 60 km/rox: 1 — 3amaHa Taxorpama; 2 — peajibHa
LIBUKICTD NOTsAra; 3 — npodink HULsIXy; 4 — BATPATH NaJKBa,
5 — HOMep TO3HIIil KOHTpOJIepa MAIIMHICTa; 6 — HAaNpyra Ha

TATOBOMY ABHUTYHI; 7 — CTPYM TATOBOTO JIBUTYHA

Ha otpumanux ocumiIorpamMax KPHBOK 3 MOKa3aHO
npouec HabOpy MO3MIIIH, KU 3MIHIOETCS MPU PI3HUX
BEJIMYMHAX MAaKCUMaJIbHOI IIBHUAKOCTI. KOXkHIA mo3umii
BIZITTOBi/Ta€ 3MiHA HATIPYTH Ha TATOBHX JIBUTYHAX (KpuBa 6)
Ta BEJIMYMHU CTPyMY (KpuBa 7) B HUX, sIKa 00MEXyBaJIach
Ha piBHi 600 A. Ha rpadikax mpociiKyeTbCsl TeHASHIIs
3pOCTaHHs BUTPATH MAJKBa MPU 301IbLUICHHI MaKCHMallb-
HOI IIBHJKOCTI, [0 MOTPeOy€e OUIBII METATBLHOTO TOCTi-
JUKEHHS. 3MIHIOIOYH MaKCHUMaJIbHY HIBHIKICTh TPUKYTHOT
miarpamu B miama3oni 70-95 kM/rog 3 KpOKOM 5 KM/TOJ
Oynu oTpuMaHi pe3yJbTaTH, SIKi MPeJCTaBJIeH] y BUTIISI
TPUBHUMIPHOI TIOBEpXHi (puC. 6).

fr\-rm-.n’- 1\'(_'_
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2000
2100 50

N

2
2200 5300
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Puc. 6. 3MiHa BUTpaT HanuBa B 3aJIEKHOCTI BiJl MAKCHMAJIBHO
LIBHIKOCTI 3aJaHO1 JiarpaMu

OTprMaHa NMOBEPXHS MiATBEPIDKYE 3aJIEKHICTh BH-
TpaT MajauBa JIOKOMOTHBA Bifl PEeXXUMY BEIEHHS IOTATra
MAIIMHICTOM (BiJ 4acy poOOTH JIOKOMOTHBA Ha MEBHIN
MO3MIIi Ta iIHTEHCHBHOCTI MEPEeXOay 3 IMO3UIIi Ha IO3H-
I[if0) TIp¥ BUKOHAHHI OJHAKOBOi poOOTH, TOOTO OIHAKO-
BOTO Yacy pyxy o neperony. HaiimeHi BUTpaTH naiu-
Ba, a came 29-31 Kr MaroTh MicIle TIPU BCTAHOBJICHHI MaK-
cuManbHOi mBHAKOCTI Ha piBHI 40-50 kM/rox. A Tomy
iCHye HEOOXIHICTh B ONTHMIi3alil 3aJaHOi Taxorpamu
BeJIeHHs Moi3ga Ta po3poOLi CHUCTEMH aBTOMATHYHOTO
KepyBaHHS 3 BHUKOPHCTaHHAM pETyJIATOpa IIBHIKOCTI,
SIKFI OW O1ITBII TOYHO BiATIPAIIbOBYBAB TaKy TaXOTPaMy.

BucHoBku. Po3pobiieHa imirtariiina Moienp TEIuio-
Bo3y UME3, sxa cknagaeTscs 3 IMylbTa KEpyBaHHS, JU3€-
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JISL 3 PEryJIsITOPOM KUJIBKOCTI 00epTIB KOJIHYACTOTO Baly,
TSATOBOTO TeHeparopa IMOCTIHHOrO CTpyMy HE3aJIeKHOTO
30yKEHHS Ta TATOBOTO €JIEKTPHYHOTO IPUBOLY 3 ABUTY-
HaMH MOCTIHHOTO CTPYMY MOCHIJOBHOTO 30YyKEHHS.
Po3pobnennii anroputM, mo iMiTye pobOTy MamIMHiCTa,
TOOTO 3MIMCHIOE TIEPEKITFOUEHHSI TO3UIII KOHTpoJepa Ta
Kepye raibMaMu. B 0CHOBY MoientOBaHHS JU3€1s TOKJIa-
JIeHa IHIMKaTOpHa Jiarpama #oro poOOTH, IO alpOKCH-
MOBaHa HETIEPEPBHUMU 3aJICKHOCTIMU. OTpUMaHa iMiTa-
ifiHa MOJIEJIb 1a€ 3MOTY OTPUMATH BaXKJIMBI CTATHCTUYHI
JlaHi JUTs IPOBECHHS aHaJi3y PEXUMIB BEJCHHS 013/1a.

IIpoBeaeHuil psim MOCTIIKCHD PEXHMMIB IPH 3MiHI
TaXOTPaMH IIBUAKOCTI. 3MIHIOIOYH MaKCHMalbHY IIBHI-
KICTh TPHKYTHOI niarpamu B miama3zoni 70-95 km/ron 3
KPOKOM 5 KM/TOJI OTpHMaHi OCIMIOrpaMu poOOTH TeIlIo-
BO3a 3 MOCTIMHUM 3aBaHTAXKCHHSIM Ha PEabHIA JUISHII
uusixy Xapkis — Mepeda.

3 ocIpIorpamM BUIHO, IO CTPYM MPU PYCi IISTHKOO
OyB HIDKYE, HIK HOMIHAJIBHUH, 1 y TMKOBUX peXUMax J10-
csraB S500A. Yac npoxopKEeHHS JUITHKH 13 33aHAM TEM-
IIOM pO3rOHy Ta OOMEXEHHAM IIBHAKOCTI Ha piBHI
60 xkM/Tox cxiaB 2530 c.

Jo Mozeni BKIIOUEHHH OJIOK, IO OOYUCITIOE BUTpa-
TH TTAJIMBA TEIUIOBO30M. Ha OCHOBI 1aHuX, 1110 OTpUMaHi y
pe3ysbTaTi MOJeIIoBaHHs, 30y/J0BaHa TPUBHMIpHA IOBE-
pXHs, sKa BigoOpa)kae 3aJIeKHICTh BUTpAT NajMBa Bij
9acy MPOXOPKEHHS JUISTHKA Ta MAKCUMAJIbHOT IIBHIKOCTI
pyxy. BcraHoBieHO, m0 HailMeHIN BUTpaTH MajNBa, a
came 29-31 kr MarOTh Miclie IPU BCTAHOBJICHHI MaKCHMa-
THHOI BUAKOCTI HA piBHI 40-50 KM/TOI.

OTpumaHi B XOJi JOCIIIKEHHS PE3YNIbTaTH IMOKa3y-
10Th, 110 ICHYE ITOTpeba y CTBOPEHHI CHCTEMH aBTOMATHY-
HOTO KE€pyBaHHS 3 BUKOPUCTaHHM PEryJIITOpa IBUAKOCTI,
SIKUI O OUTBII TOYHO BIJNPAlbOBYBAB 33aHy Taxorpamy,
a TaKOXK ONTHMIi3alii peXXUMIB BeJICHHS 11013/1a.
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The research of the operation modes of the diesel locomotive
CHMES3 on the imitation model.

Introduction. Fuel consumption by diesel locomotive during op-
eration depends significantly on many factors, among which the
main is the mode of driving a train. Purpose. Research on the
mathematical model of the modes of driving a train on the site of
Kharkiv-Merefa with the purpose of the main oscillograms of the
operation of the locomotive on the site. Methodology. A mathe-
matical model of the operation of the main units of the locomotive
CHMES3 in the Matlab environment was developed. The model of
the diesel engine is based on the calculated indicator diagram of
its operation, which is approximated by a continuous dependence.
The control panel operates on a system of conditions, the purpose
of which is to maintain the set speed. Results. In the course of the
simulation, statistical data were obtained on the fuel consumption
of the diesel locomotive when it operated on a section with a train
of constant mass. Based on the data obtained, a three-dimensional
surface is constructed showing the dependence of the fuel con-
sumption on the time of the site's exploration and the maximum
speed on the site. Practical value. The dependence obtained can
be used to optimize the driving behavior of trains along a section.
The apparent dependence of fuel consumption on the driver's
behavior is the basis for the further development of automatic
locomotive speed control systems. References 8, figures 6.

Key words: diesel locomotive, imitation model, diesel engine,
traction electric drive, road profile, fuel consumption, train
mode.
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EnekmpuyHi cmaHuii, Mepexi i cucmemu
VK 621.314

doi: 10.20998/2074-272X.2018.2.11

M.IO. Apremenxo, JI.M. batpak, C.J. Tomingyx

®LIBTPALISI CTPYMIB B TPU®A3ZHIN TPUITPOBOIHIN CUCTEMI
EJIEKTPOXXKWBJIEHHA TIPH HECUMETPUYHUX CUHY COIJTHUX HATIPYTAX

Poszenanymo npunyunu akmuenoi gpinempauii cmpymy ¢ mpugasniii mpunpogioniii cucmemi e1eKmpoHCUe1eHHA NPU HecuMe-
MPUYHOMY CUHYCOIOHOMY O0dcepeni HCUGNeHHs, w0 3a0080nbHAIOMb eumozam cmanoapmy IEEE Std. 1459-2010. Ilokazano ne-
peesazu hopmyeanna cunycoiono2z0 cuMempuiHo20 6xXiOH020 Cmpymy npu napaienbHomy nioOKio4eHHi akmuenoz2o inompa ma
peakmusnozo komnencamopa. /loeedeno moxcaugicmo KOMnEeHcayii HeAKmMuUueHo2o cunycoionozo cmpymy @pize peakmuenumu
elemenmamu npu 006iNbHIN KOMOInayii napamempie NiHIlIHO20 HABAHMANCEHHA ma Oxycepena. Ompumana opmyna npamozo
PO3DAXYHKY RApamempie peaKmueHoz0 KOMHEHCamopa ona 2eHepayii Heakmugnozo cmpymy Dpize ¢ HecuMempUUHOMY pexcumi
mpugpaznozo oxcepena. Hasooamuca peynomamu uucenvnozo mooentosanna. bion. 10, tabm. 1, puc. 2.

Knrouogi crosa: akTUBHMIA | HeakTUBHMIT cTpyM ®Dpize, HecMMeTPUYHA HANPYTra Ta HABAHTA:KEHHS, PEAKTUBHUN KOMIeHCa-
TOp, CHMEeTPHYHIi CKJIa/10Bi.

Paccmompenst npunyunsl akmueHoll uismpayuu moxa 6 mpexgaznoil mpexnposooHoll cucmeme INEKMPONUMAHUA NPU
HeCUMMEMPUYUHOM CUHYCOUOAIbHOM UCHOYHUKE RUMAHUA, y0oeiemeopsalowue mpeoosanusm cmanoapma IEEE Std.1459-
2010. Iloxazanst npeumyuiecmea Gopmuposanus CUHYCOUOAIbHO20 CUMMEMPUUHO20 6X00HO20 MOKA NPU NAPAIEIbHOM ROO-
KIII0YeHuU aKmuenozo puibmpa u peakmugnozo Komnencamopa. /lokazana 603M0HCHOCHb KOMREHCAUUU HeAKMUEHO20 CUNY-
couonozo moxa dpuze peaKmueHvIMU IIEMEHMAMU RPU NPOU3GOSILHOU KOMOUHAUUU RAPAMEMPO8 HAZPY3KU U UCHIOYHUKA.
Ilonyuena popmyna npamozo pacuema napamempos peaKkmugHo20 KOMREHCamopa 014 2eHepayuu Heakmugnozo moka @Ppuse ¢
HecuMMempuuHOM pexcume ucmoynuka numanus. llpusooamcea pesynomameol yuciennozo mooeauposanua. butn. 10, tadn. 1,
puc. 2.

Knrouegvie cnoéa: akTUBHBIH U HEAKTUBHBIN TOKk ®Ppu3e, HeCHMMETPUYHOE HANPSKeHHe U HATPY3KAa, PpeaKTUBHBIH KOMIIeH-
€aTop, CHMMeTPHYHbIE COCTABJISIOIIHE.

Beryn. Hecumerpuune HaBaHTaXEHHS TpU(asHUX
TPUIPOBITHUX CHCTEM >XHMBJICHHS IPU3BOIMUTH IO MOTip-
LIEHHSI SIKOCTI €JIEKTPOEHEPTii, 110 NPOSBISIETHCS Y MOSBI

u 4 (1) Uy cos(a)t+¢A
u(t)=|ug(t) :\/E Ug cos(a)t+¢A ;

CTPYMIB 3BOPOTHOI IOCIITOBHOCTI Ta IyJIbCamii MUTTEBOT uc (1) Uc COS(W +P4
MOTY)KHOCTI, SIKi CIPHUYMHIOIOTH JOJATKOBI BTpaTH Ha i 4(0)
aKTMBHHUX OMNOpAaXx JiHIi eJeKTpornepenadi Ta HECUMETPIlo . . .

P poriep : P i(t) =iz =it +27/ w), (1)
HAIpyr >KUBJCHHA Yy BY3Jax 3arajbHOTO IiAKIIOYEHHS
HaBaHTaXeHb. [ BPiBHOBaXXyBaHHA HECHMETPHYHOI'O ic (1)

CTaI[iOHAPHOTO JIIHIHHOTO HAaBaHTAXECHHS €(QEKTHBHO
3aCTOCOBYIOTBCS TMAcCUBHI ()iTBTPH HAa PEAKTHBHUX elle-
MEHTaxX, pO3pPaxyHOK SKMX 0a3yeThCs Ha JBOX IJXOJax:
KOMIICHCAIlisI HEaKTUBHHUX CKJIaJOBUX BXIJHHUX CTPYMIB
[1, 3-5] Ta ycyHeHHs MyJbCyIOUOi CKJIaJ0BOI MHUTTEBOI
MOTYXHOCTI [2, 6]. [IpoTe, mpu HEecUMETpii HANPYT 3aCTO-
CYBaHHS IIACUBHHMX pPEAaKTHMBHUX KOMIIEHCATOpiB 000X
BHJIB IPU3BOAUTH O €Micii B JiHIIO Iepegadi CTPyMiB
3BOPOTHOI MOCITIOBHOCTI Ta Ie OibIIoi HecHMeTpii Ha-
TIPYT, IO CYTIEPEUnTh Miaxonam, suknageHuM B [7]. Ede-
KTHBHA KOMIICHCAIliI X CTPYMiB MO>KJIMBA JIHMIIE 3aCO-
O6amu akTuUBHOI (impTpamii [8], mpuuoMy mapanenbHi aK-
tuBHI QineTpu (ITAD) mepeBakaroTh MOCIIAOBHI 3a TO-
TYXHICTIO BTpaT eHeprii Ha BJacHUX eneMeHTax. Jlis
MOJANBIIOT0 3HWKEHHA BTpaT [TA® iX 3acTOCOBYIOTH B
KOMOIHAIT 3 peakTUBHHUMH KomreHcaTopamu [9]. Tomy
aKTyaJIbHUM € JOCIHI/DKEHHS ONTHMAJILHOTO PO3IOALTY
HECHUMETPHYHHX CTPYMIB HaBaHTXKCHHS MK TpU(pa3HUM
moxepenoM, [TA® Ta peakTUBHUM KOMIIEHCATOPOM, WIO
3a0e3nedye MiHIMaJIbHY MOTYKHICTH BTPaT 3a YMOBH
CIOXXHBAHHS CHHYCOITHOTO CHMETPHUYHOTO CTPYMY JIXKe-
pena.

BekTopu akTHBHHX CTPyMiB B (a30BHX KOOPAM-
Hatax. [lepionguunmii nmpouec B nepepizi <4, B, C> Tpu-
MPOBITHOI CHCTEMH EJIEKTPOKUBIICHHS BH3HAYAETHCS
TPUKOOPANHATHUMH BEKTOPAMU MHUTTEBUX 3HAYCHbL Ha-

IPYTHU Ta CTPYMY

Ie @ — KpYroBa 4acToTa Tpu(}asHOro JPKepena; iy, Ug, Uc
— (ha3Hi HaNpyry, 1O BiJPaxOBYIOTHCS Bill TOYKH IITYY-
Horo 3a3emiteHHs [5], Uy, Up, Uc Ta @4, @p, ¢c — ix cepe-
JMHBOKBAAPATHYHI 3HAYCHHS Ta MOYATKOBI (ha3u; rmepioan-
YHUH BEKTOp CTpyMY #(f) MICTUTB BHUILI rapMOHIYHI CKJIa-
JIOB1 Y BHITAJKy HENIIHIHHOTO HABAHTa)KEHHS.

Bimmosimno mo konmenmii ®pize [1] akTuBHUIA
CTpyM

i) =—u() @
U

3a0e3meduye Taky caMy aKTHUBHY IOTY)KHICTh P, sK 1 3ara-
npHUHE cTpyM i(f). CxansipHi xoediuieHTn dopmynu (2)
MO>YKHA 3HAMTH B 9acOBii 00JaCTi SIK iHTeTrpan

1 T
pP= ?Zl;u ()i(t)dt

T
U? :ljuA(t)u(t)dt U2 +U}+Ug;
T 0
e /\ — 3HaK TpaHCHOHYyBaHHS, 1 = 277/ @ — nepiox.
CrpyM, BU3HauYeHHH 3a GopMyIIoro
in () =i(t)~i4(0), 3)
HA3WBAE€THCS HEAKTUBHUM [l], BiH He TIEpEeHOCUTH eHep-
rif0 B HABAHTA)KCHHS, aJic BUKJIMKAE JIOJAaTKOBI BTpATH B
JiHIT eJTeKTporepesagi.
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OCKUIbKM BEKTOpPHM aKTHBHOIO Ta HEAKTUBHOTO
CTPYMIB B3a€EMHO OPTOTOHAJIbHI, CIpaBeUIMBE CIIiBBij-
HOIICHHA I CEPCAHBOKBAAPATUYHUX 3HAYCHbL 3a3Hayde-
HHX CTPYMIB!

T
2 _Lpan nen s 2 02
_ng Oi(t)dt =17 +17%.

VY pa3i koMneHcalii HeaKTHBHOT'O CTPyMy 3aco0amu
¢unpTpauii MaTMMEMO 3MEHIIEHHS [TOTYXHOCTI BTpar AP
B JIiHIT mepeaadyi, o Moxke OyTu oxapakrepusoBaHe [10]
Koe(]iLlieHTOM BHUTpAIlly 32 ITOTYXKHICTIO BTPaT:

AP _ AP 1
k S =5
TAP, 13 R
ae r — omip KOXHOIrO 3 IMPOBOZIB JIiHII mepemadi,
A = P/S = I,/I — xoediuient nmoryxuocri; S = Ul — moBHa
HOTY>XHICTB TpH(a3HOT CHCTEMH.

Y cHuHYCOiZHOMY pexHMi TpU(A3HOTrO JKepena Ha-
NPYrd BEKTOP aKTHBHOIO CTPYMY TaKOX CKJIAIa€ThCs 3
CHHYCOITHMX 4YacOBUX (YHKIIH, TOMY aHaJIOTriuyHO [5]
JIOLIJIFHO BBECTH TPUBHMMIPHI KOMILIEKCHI BekTopHu (3D-
(a3opu) HANIpYTH Ta CTPyMY

(4)

J_T UAe UAe
ﬁ:—'[u(t)e_/wtdt Ug eWA =|lU e”ﬂA;
Uce Uce
ﬁT | I:Aeji'//A
=¥ j i(t)e 1 dt =||[ e’V | (5)
T jce.fV/A

KommnexkcHuit BeKTop lrl NPE/ICTABISIE TAPMOHIYHY
CKJIaJIOBY OCHOBHOi 4acTOTH BekTopa i(f). Y dYacoBii
obylactTi oMy BiJNOBiIa€ BEKTOpP MHTTEBUX 3HAYECHb
ij(t), sKMi BiOpI3HAETBCS Bin BeKTOpa i(f)Ha BEKTOP
BUIIX TAPMOHIK

ig@)=i@®)-i(t)= i(t)—x/ERe(trleja’t ) (6)

IIpoTe, nBa KOMIUICKCHHX BeKTOpa 3 (5) MOBHICTIO

BU3HAYAIOTh aKTUBHUHN cTpyM Dpi3e B 4acTOTHIHN obaacTi:

V2T e, P
A :TJlA(t)e JWtdl:?u =

Jie 3HaK * M03Ha4Yae KOMIUIEKCHE CIIPSDKEHHSI, ij € KOMILIe-

KCHHM BEKTOPOM HEAaKTHBHOT'O CTPyMY OCHOBHOI YacTOTH.
Y HecUMeTpHYHOMY pexuMi Tpu(azHOTO pKepena

BEKTOPH U 1 i, MICTSTh CHMETPHYHI CKJIQJI0B1 3BOPOTHOT

MIOCITIJOBHOCTI, SIKi Cy4acHHH cTaHIapT [7] BIXHOCHTH J10
HEaKTUBHUX KOMIIOHEHT CTPyMy, IO Ii/UIraloTh KOMIIe-
Heauii. [ 3a10BOJIEHHS BUMOT CTaHAAPTY AKTUBHHH
CTpyM Mae (popMyBaTHCS TPOIIOPIIITHIM OIIOPHOMY BEK-
TOpY HANpyTH, IO MICTHTh TUTBKA CHMETPUYHI CKIIAI0Bi
MpsIMO1 TOCHiNOBHOCTI. [IpeacTaBUMO 1Iei BEKTOp y dac-
TOTHIM 00JaCcTi MPOMOPLIHHUM OPTY CHUMETPHUYHOI Mpsi-
MOT MMOCIITOBHOCTI [5]

1 1
— - U —j2r/3||_ Uy |~
u,=U,e, =—*|e/ =—=|a|, (®)

TOII BEKTOpP aKTHBHOTO CTPYMYy MpPSIMOI MOCIHiJOBHOCTI
38/Ta€ETHCS BUPA30M

T ©)

gy = P
uju, U
e Koe(ilieHT MPONOPHIHHOCTI BH3HAYAETHCA 3 YMOBHU
3a0e3nmeueHHs UM CTPYMOM IIiJl Ti€F0 BEKTOpa HAIPYTH
u TakKol X caMOi aKTUBHOI MOTYKHOCTI P, 10 1 3araib-
HUll cTpyM i(¢).

JexoMmno3unisi cTpymMiB HaBaHTa:KeHHS] B CHMeT-
PUYHHX KoOOpAMHATAX. [/ JeTanbHOrO BHBYCHHS Pi3-
HUILI MDK BEKTOpamH, BH3HaueHHMMH (opmyiamu (7) Ta
(9), nepeiizemo n0 6a3ucy CUMETPUYHUX KOOpAWHAT [5].
OCKUIbKM CUMETPUYHA CKJIaJI0Ba HYJILOBOT OCIIITOBHOCTI
KOXKHOTO 3 3a3HaYCHHMX BEKTOPIB JIOPIBHIOE HYIIO, TO-
MHOXKMMO iX Ha MaTpHLIO, 10 MICTUTh TPAHCIIOHOBaHi
OpTH CHMETPUYHHUX CKIIQJOBUX MPSIMOI Ta 3BOPOTHOI MO-
CJIITOBHOCTEH

T[] ¢

0 Ef \/—

B pesynprari OTpHMaEeMoO HACTYIHI BHpasdl UL

KOMIUIGKCHHX BEKTOPIB HAMPYTH B CHMETPHUYHUX KOOP-
JIUHATAX:

1 a a

~ w_  lel. . — U
u,=(Fg) u, = _|U+er = 0+;
€+
U
SRR e I (%
MZ(F())M:(F()) UB :U .
Uc -

Ilepexix Bix TBOKOOPOWHATHUX BEKTOPIB B CHMET-
PUYHUX KOOPAMHATAX 10 TPUKOOPIMHATHHX KOMILIEKC-
HUX BEKTOpPiB B (Pa30BUX KOOpAHMHATAX 3IIHCHIOETHCS

HIIAXOM MHOXKEHHs Ha Marpuuto Fj = ||E + E_". Bepyun

JIO YBAru 3B's130K MK MaTPHUIISIMU

A
=I5 Fo(F§) =13 —%; J=|l,
1
3aBAsAKHU ﬂKOMy 366pira}0TLC$I Cepe[[HLOKBaIlpaTI/Iqu 3Ha-
YCHHs BCJIUYHH B CI/IMCTpI/IqHI/IX Ta (ba3OBI/IX KOOp[[I/IHa—
Tax, OTpI/IMyeMO HaCTyHHi BI/Ipa3I/I JJ1s1 KOMIIJICKCHUX BEK-
TODIB aKTUBHOI'O CTPYMY B CUMETPUYHUX KOOPIMHATAX

* 1
F) F, =
(Fy') Fy 0 1

i P
= - - ;
wat wtus Ur+ut|u
~ p._. Pl
Ay = U= 0+ (10)
U? U2

CrnoxuBaHHS BiJ] HECUMETPHUYHOIO CHHYCOIZHOTO
Jokepelia akTHBHOrO cTpymy ®pise He ycyBae myibcaii
akTUBHOI ToTykHOCTi [5]. Ii MuTTeBe 3HAueHHA MOXe
OyTH BH3HAYCHO [2] 3 BUKOPUCTAHHSIM BEKTOpa

o P |U_
UE+U% U+

3a (hopMyJI0t0
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Pat)= Re( ej2a)t) PRe(zU U ej2a)t)
Uf +U?
_2P6_ cos(za)t + ¢L)
1+62
ne S_=U_/U, =5_¢/? — xommnexchnii napamerp

HecuMeTpii TprdaszHoro Jukepena.
SIKWo BXigHUIA cTpyM Tpra3HOI CHCTEMH BHU3HAYA-

€TbCs BEKTOPOM iA , MUTTEBC 3HAYCHHS HyJ'II)CﬁIIiII. AKTHUB-

HOT MTOTY>KHOCTI CTAHOBHUTH

ejzwt) iz Re
U+

Par()= Re(

= P5_cos(2wt +¢_).

TakuM YHMHOM, aKTUBHUH CTPYM MpPsIMOI HOCIIZIOB-
HOCTI CTBOPIOE MYJIbCAIIF0 MUTTEBOT MOTYXHOCTI, aMILTi-

o
U+ U‘" U

+

Tyna skoi B 2/(1+ 5_2) pasiB MeHIla, HDK CTBOpIOBaHa
aKTHBHUM cTpyMoM Dpi3e.
Pi3HuIls MiXk BEKTOPaMU aKTUBHOTO CTPYMY B CHMeE-
TPUYHHX KOOpIUHATaX, orpuMana 3 (10), To6To
R ——
U;+UZ U_

BH3HAUa€ JIOJATKOBUI CTpyM KOMIIEHcAIlil. AKTHBHA I10-
TYXHICTh [[LOTO CTPYMY ,Z[OpiBHIOG HYJIIO:

(11

U/U

P, =Re(@’i,) = ||U U._ || =0,

02 +U?
1 BiH Moke OyTH peanizoBanuii [TAD.

Takum 9uHOM, TS peai3allil CriokKuBaHHS 3 TpUda-
3HOTO JDKepelna CTPyMy aKTHBHOTO CTPYMY IIPSIMOi IOCTi-
JIOBHOCTI OCHOBHa I'apMOHIKa CTPyMy KOMIIEHCAIil Mae

MICTUTH TaKi CKJIQJIOBI B CHUMETPHYHHUX KOOPIHHATAX:
iio =i —igy =iy +is. (12)
VY yacoBiit 00nacTi BEKTOp CTpyMy KOMIIEHcalii Ta-
KO’ BKJIFOYA€ BEKTOP BUIIUX FAPMOHIK:
ic, ) =i(O) =iy ()=iyO+is@O+ig@®). (13)
KoediuieHT Burpamry 3a THOTYXHICTIO BTpar INpH
(opMyBaHHI aKTUBHOT'O CTPYMY IPSIMOI ITOCITIJOBHOCTI

par_ AP I? :131+1]2\,X1§1 kg

= (14)
APy 1%, 13 I3 1467
MIEPEBUILYE OJUHHLIO 33 YMOBH
A1+682 <. (15)
BpaxoByroun OpTOTOHANBHICTH BEKTOPiB i, (f),

i (t) Ta odmexeHnHs (15), BimHOCHE cepeAHbOKBaipa-
TUYHE 3HAYCHHS CTPYMY KOMITCHCAIii

2 2_g2
IC2+ 1 21A+ -1 iP =1-22(1+52).
I 1 kg

[Ipr HU3BKHX 3HAYEHHIX KOe]ili€HTa MOTYXHOCTI
CepeHbOKBAIPATHYHE 3HAYEHHS CTPYMYy KOMIICHCAIT
30iIbIIy€eThCs. I 3MEHIICHHS BTPAT MOTYXHOCTI aKTH-
BHOTrO (iIbTpa JOUITBHO BUKOpHUCTOBYBaTH [TAD y mo-
€IHAHHI 3 MACHBHUM PEAKTHBHHM KOMIICHCATOPOM [9].

@inpTpanis cTpymiB s JiHiiHOro cramioHap-
HOTO HABAHTAKEHHS. SIKIO HABAHTAXKCHHS € JIIHIHHUM

Ta HEe 3MIHIOBaHUM B 4aci, To B Gpopmyii (13) iy (¢1)=0,1
BCI CKJIQJIOBI CTPYMIB € CHHYCOIJHUMH B 4acOBil 001acTi,
TOJIi CHEPreTHYHI MPOIIECH B CHCTEMI MOBHICTIO BU3HAYA-
€TbCsl B 0a3KcCi CHMETPUYHUX KOOPJIUHAT. Y LOMY BHIIa-
JIKy BEKTOp CTpyMy KomreHcauii Biamosinae (12), a cu-
HYCOiJJHUH HEaKTHBHHH CTPyM MOXE IOBHICTIO T'eHEpY-
BaTHCSl PEAaKTUBHUM KOMIIEHCATOPOM SK B CHMETPHYHO-
My, TaK i B HECHMETPUIHOMY DPEXKHMi JDKepelia HalmpyTrh
[5]. Tomy s miniMizarii BTpat noTyx)HOCTI [TA®D mori-
JBHO PO3MOLUINTH CTPYMH PEAKTHMBHOTO KOMIICHCATOpa
Ta aKTUBHOTO (PiIbTpa B KOMIUIEKCHIN CXeMi 3aMIIIeHHS
(puc. 1) HACTyTHUM YHHOM:

iR iF
Ly Ly
s R v  F
lR:IB :FollN; lF—IC :Fol+
iR iF
lc Ic
o] s T |
{ % e
=2 | [:If |
% § | AB | )
=] ) L=
% I:‘;H B :;H e :
] —
. b i f]
_§ ! {( ' C ‘ :{(E:I}B( :
= | |

PeakTneHuWin
KomneHcaTtop |

Puc. 1. Cxema 3amileHHs

Ile 3MeHIUTH CcepeNHbOKBAJIpPATHUHE 3HAYCHHS
ctpymiB [TA® no 3HaYeHHS
_ PU_ _ Po_
UAUZ+U? U A1+62

Otpumaemo (opMyIH HPSAMOTO PO3PaXyHKY Iapa-
METpIB PEaKTHBHOTO KOMIIEHCATOpa Ul I'eHepallii Heak-
TUBHOTO cTpyMy ®Dpize B HECUMETPUUHOMY PEXUMI TPH-
(asnoro mkeperna. Hexait miniliHe crajioHapHE HaBaHTa-
KEHHS XapaKTePU3YETHCSI TIarOHATbHOK MATPHICIO KOM-
TUIEKCHHUX MPOBIAHOCTEH

s 0 0 Jeas 0 0] feks 0 0

Y=[0 Jgc O0[=]0 gz O0[+j0 bl 0
0 0 Yoy 0 0 gcy 0 0 by
B [5] Oymo mokasano, mio 3akoH Oma Jiisi BXiTHUX

BEKTOPIB CTPYMY Ta Halpyrd OIHCYETHCS BHPa3OM B CH-
METPUYHHX KOOPAMHATAX

~ ~ > L A
P-va=|5 Sl el ae
g &+ by by
ne g, +jbE =V 15+ Ve +Veus g=(g);: by ==(b)";

. . ~ . L L =l
& =—(agp +8pc +a8cy); by =—(abyp +byc +abc,).

[MonmiOHI mapaMeTpu pPEaKTUBHOTO KOMIIEHCATOpa
BR = —(abe +b§c + 5[7514)

bf = be +b§c +b§A; s

peam3au11 BEKTOpa CprMlB KOMHCHC&HII lC

BH3HAYAIOTHCS MATPHYHO-BEKTOPHUM PiBHAHHSIM [5]:
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U, -U_
-U_ U,

is
e

R .
b, _ J
; 2 2
bp| U;i-UZ
[Moxaxxemo, IO AJIst BEKTOpa CTPYMiB KOMIICHCAITIT Y
BHIIISAI HEAKTUBHOTO CTpyMy Dpize

P ~
—212x2]"

ic =iy =Yi—iy= i_U2+U (17)
T+U”

rapamerp bf. 3aBxu Oyne aificHuM yucinoM. {1t nporo

3HaI7LHeMO BUpa3 1A AKTUBHO1L HOTy)KHOCTi 3aJaHOro Ha-
BaHTaXCHHA

P= Re(?Aﬂ*)= Re(ﬂAfAﬂ*)= (g, +Ag)U? +U?),
ne Ag =20, Re(¢U_ (U2 +U2) =2Re(6_g ) 1+ 62
Ta MiICTaBUMO 1ieH Bupas y ¢hopmysy (17) i maui B (16).
[Ticns mepeTBOpeHh MAaTUMEMO

bR . bel_ u, -Uflu, -U|l-ag]_

be| .|| v2-v?|-U. U fFU. U, ¢ (18)
1 N s I

=62 j[25_Ag—(1+5_2)g' REi

[Mepiui koopauHaTu BeKTOPiB 3 Gopmysu (18) € mii-
CHMMH YHUCJIAMH, 110 1 JOBOIUTH MOXIIMBICTH peaizarii
PEaKTHBHOIO KOMIIEHCAaTOpa HeakTHBHOTrO cTpymy Dpize
IpU JOBUIEHOMY CIIOJYY€HHI MapaMeTpiB JIiHIHHOTO Ha-
BAaHT)XEHHS Ta HECHMMETPHUYHOTO JpKepena. PeakTuBHI
NPOBITHOCTI KOMIIEHCATOpa BU3HAYAIOTHCS 13 CHUCTEMHU
piBHstHB (18) y BUrIAA1
b, —2Relab)

R L
byp = 3 -bp;
R b —ZRCb L
bBC:%‘)—bBC; (19)
r b, -2Relab) |
bCA :%_)—bcm

Ipukaaxy mopenoBanHsa ¢iibTpanii cTpyMmiB.
PosrnsHemo riopuaHy QiabTpawiio BXiIHUX CTPYMIB JUIs
TPUIPOBITHOTO JIIHIHHOTO HABaHTAXXEHHS, IO BHU3HAua-
€THCS] KOMIIEKCHUMH TTPOBIAHOCTSIMU

Y45 :4L—(O.16—j0.12)G; Ype =0;

+Jj3 -
_ G .
YBC == (05 + ]OS)G,
1—-
a HGCI/IMeTpiSI JOKEpeIa XapaKTCpU3yeETbCd MapaMeTpOM

5 =02j.
[epm 3a Bce BU3HAYMMO TTapaMeTpH MaTPHUIll KOM-
IUIEKCHUX MIPOBITHOCTEN Y CHMETPHYHIX KOOPIMHATAX
gy =gup+8pc+8cq =(0.16+0.5)G = 0.66G;

bt =blhp + bk +bE, = (-0.12+0.5)G = 0.38G;
¢ =—(ag g +gpc +agcy)=(0.33+0.294/)G;
b = —(abjB +bke +abéA)= (0.19+0.537/)G.

3HAaYCHHS MAaTpPHIIi
BiamoBigHO 70 (16)

KOMINJICKCHHUX HpOBiHHOCTeﬁ

, 0.66+0.38
Y=G+JBL =

0.867—0.104

—0.207+0.484
0.66+0.38

Bekrop cTpyMy HaBaHTaKeHHS

~ o~ o1 0.563+0.339;
P=Yi=¥ - o,
0.2 0.791+ j0.028
Busznauaemo mapametp
2Re(d_¢
Ag = Lf) =-0.113G
1+6=
1 3HAXOZMMO BEKTOP aKTUBHOTO cTpymy Dpize:
> P _ || 0.547
iy=————u-= +Agu =

3HaueHHs Koe(illieHTa MOTY>KHOCTI

A=T,/T= i i /i —=0542

3aJI0BOJIbHSIE YMOBY (15):

A1+U2 102 = 231+6% 20553 <1.

Otxe, BigmoBinHO 10 (14) GpopMyBaHHS aKTHBHOTO
CTpyMY HIPSAMOi TOCHTITIOBHOCTI MPHHECE EKOHOMIIO BTpaT
€Hepril, 0 OWIHIOETHCS KOe(]IlliEHTOM BHTpAILy

k4P =1/0.553% =3.273.

Hami 3a (18) Bu3Ha"UaeMO mapamMeTpl PEaKTHBHOTO
KOMIIEHCATOpa!
bR (.
br|l P
i (opMyeMO MaTpHIIO KOMIUIEKCHHX TPOBIIHOCTEH 3
€JIEMEHTaM1 PEaKTUBHOT KOMITEHCAITIT:
bR by 0.66—0.137j  0.688+0.566
br bE| [-0.028-0.022j -0.66-0.137,

MHOeHHS 1i€l MaTpHIli Ha BEKTOp BXiJHOI Harpy-
T JIa€ BEKTOP BXIHOTO CTPYMY 32 HAsIBHOCTI PEaKTHBHO-
ro KOMIICHCAaTOpa

by
by

| -0137
0.272-0.358;

by
by

| -os17
~[10.082-0.895

YRZY‘F. =

;SR ZYRﬁ= U+G,

0.109

SIKHUH TTOBHICTIO 30ira€ThCs 3 PaHIlIe BU3HAYCHUM BEKTO-

‘0.547

poM akTuBHOTO cTpyMy Dpize zTA , II0 CBIUUTH TIPO KO-
PEKTHICTh PO3paxyHKy ITapaMeTpiB KOMIIEHCATOpa.
I'enepyBannsa ITA®D BekTopa cTpyMy, IO BH3HAYa-
etses (11)
~0.04 —0.022‘
(20)
0.2 0.109;
3a0e3neuye CIIOKUBAaHHS BiJl TpH(A3HOTO JDKEpena Bek-
TOpa aKTUBHOTO CTPYMY NPSIMOi OCJTiTOBHOCTI:
0.569
0
CrinbHa nist [IA® 1 peakTHBHOTO KOMIIEHCaTopa 3a-
Oesrieuye 3aralibHUN CTPYyM KOMITEHCAIIIT
—0.006+0.339;

0.791+ ;j0.028

IIPY [IbOMY BiJIHOCHE Jlito4e 3HaueHHs cTpymiB [TAD cra-
HOBHTb

Ip /oy =ifip il ic, =0.129=12.9%.

PeakTuBHI NPOBITHOCTI KOMIIEHCATOpPA PO3pPaxoBY-
10Thes 3a (19):

bRy =0371G; bR =-0227G;
MopentoBanHs ¢inbTparnii cTpyMiB B YacoBii oOna-

ip=i;(g, +Ag) 4=

IspR =iy =iy =iy = +G.

g =0 -1y = +0,
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cri 3mpiicHIoBaocss 3a gomnomororo MATLAB wmopeni,
MpeCcTaBleHill Ha puc. 2.

Bubsysternd

SubsysternA 1 0
RA A Al L |__sam
Q) @ 3 =
r I. ] Ammeter -
| it < %
+ ! ]. 4 | T =
SubsystemBl| 2 3 Rl Cr
| a. E T
o | o o s !
It T, -@:- - o--@‘_- + | gyt | EE "
€L AmeeteeB | LN
| T !
.
Subgystemn
2 J 2 E
e c . rn.w.-m 1
bleDtak ™ {3, o
Arrmrterc
Puc. 2

[MapaMeTpu peakTUBHHX CIIEMCHTIB KOMIICHCATOpa
it G=1CMmiw=100x pag/c ckIanarTh, BIAMIOBIIHO,
Cyup=1.18 MD; Lyc = 14.02 mI'n; Ly = 4.81 mI'H. Hecu-
MeTpis Halmpyr  peaji3oByBajlach TIOCITIIOBHUM
3’€IHaHHAM JDKEpeN CUMETPUYHUX CHHYCOITHUX HAmpyT
100 B mpsmoi nocmigoBrocTi Ta 20 B 3BOpOTHOT moci-
JIOBHOCTI 31 3HAYCHHAMH MOYATKOBUX (pa3, M0 BiAIOBI-

JaroTh napamerpam U, = 100\/53;5_ =0.2;. ITA® moze-

JIIOBAaBCS 3JICKHUMHU JUKEpEIaMH CTPYMiB, KEpPOBaHHX
Hanpyramu jokepen. s reHepyBaHHS CTpyMiB (inpTpa
BigmoBixHO 10 (11) Ta (20) mapameTpu 3a1eXHUX PKEpel
MPUHMAIHCS PiIBHUMH
G, =—(g, +Ag)5> =21.88x107°G;G_ = g, +Ag =0.547G.
PesynbraTi MozeNIOBaHHS MiATBEPIUIM BC1 po3pa-
XOBaHI CepeIHLOKBAIPATUYHI 3HAYCHHS CTPyMiB (Tadi. 1)
Ta MepeBard 3acTOCYBaHHS TiOpuaHOTO (inbTpa 3 3aIpo-
TTOHOBAHWUM PO3IOJIIIIOM CTPYMIB.

Tabm. 1
r I5p L5 I}
PospaxoBano 31751 9333 9713 370
Bumipsiao 31920 9401 9712 371
BucHoBkm. 3anporoHOBAaHO MPHUHIUI PO3MOALTY

KOMITEHCAI[IHHUX CTPyMiB MDK akTHBHHM (UIBTpOM Ta
pPEaKTHBHHM KOMIICHCATOPOM TpH(pa3HOi TPHITPOBIIHOT
CHCTEMH JKUBJICHHA 3 HECUMETPHYHUMHU CHHYCOITHUMH
Hampyramy, oo 3abe3redye CIOXKMBaHHSI CHMETPHUYHHX
CHHYCOIJHHX CTPYMIB JDKepelia Ta MiHIMI3ye CepeaHbo-
KBaJ[paTU4HE 3HAYCHHS CTPYMIB (ijbTpa.

[TokazaHo, M0 aKTUBHHUU CTPYM MPSIMOi MOCIIiIOB-
HOCTI 3a0e3Iedye BUTPAIll 32 MOTY)KHICTIO BTPAT BiAOBI-
IHO 710 (14) Ta CTBOPIOE MyJIbCALiI0 TIOTYKHOCTI 3 aMILIi-
TYJOIO B 2/(1+5_2) pa3u MEHIIe, HiX aKTUBHHHA CTPYM
Dpisze.

JloBesieHa MOXKIIMBICTH KOMITEHCAIil HEaKTHBHOTO
cTpymy Dpi3e peakTHBHHMH €JIEMEHTAMHU MPU JOBUIBHIMN
KoMOiHawii mapameTpiB JiHIHHOTO HaBaHTAXXEHHs Ta He-
CHMETPUYHOTO CHHYCOITHOTO JPKEpesia i OTPUMaHI MpsiMi
(hopMynH pO3paxyHKy MMapaMeTpiB PeaKTUBHOTO KOMITCH-
caTopa JJis TeHepallii HeakTHBHOTO cTpyMy Dpise.

[Mpuknan mMonenroBanHs (iIbTpalii CTpyMiB JiHIH-
HOTO CTaI[ilOHAPHOTO HaBaHTAXXEHHs MOKa3aB, 10 KOMOi-

HOBaHe 3acTocyBaHHS [IAD Ta peakTHMBHOTO KOMIICHCA-
TOpa 3 3aMPOINOHOBAHUM PO3IMO/IJIOM CTPYMIB KOMIIEHCA-
1ii 3a0e3MeumIo 3MEHIIICHHS BTpAT €Heprii B JIiHIT mepe-
nmavi B 3.273 pasiB, a BiTHOCHE CEpPEeIHLOKBAIPATHYHE
sHadyeHHs ctpymy [TAD cknano 12,9 % Bin cepeHbOKBA-
JIPaTUYHOTO 3HAYCHHS 3arajlbHOr0 KOMIIEHCAIIHHOTO

CTpyMy.
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Current filtering in a three-phase three-wire power system
at asymmetric sinusoidal voltages.

Purpose. Investigation of the optimal current distribution between
source, shunt active filter and reactive compensator of a three-phase
three-wire system that provides consumption of a sinusoidal symmet-
ric current under asymmetric source voltages with minimal power
losses was provided. Methodology. The tasks were solved by con-
ducting theoretical and experimental studies. The main provisions of
the theory of electrical circuits, the apparatus of mathematical analy-
sis, methods for solving linear differential and algebraic equations,
elements of matrix and complex calculus and vector algebra are
used. During the development, modern methods and sofiware of
computer simulation of electrical engineering complexes and dy-
namic systems were applied: Matlab-Simulink, MATHCAD. Origi-
nality. The principle of compensating current distribution between
PAF and reactive compensator of a three-phase three-wire power
system with asymmetric sinusoidal voltage was proposed at which
the input current is equal to the positive-sequence active current and
rms value of PAF current is minimal. The feasibility to compensate
the inactive sinusoidal Fryze current by reactive elements under
arbitrary combination of load and source parameters was proved
and expression for direct calculation of the reactive compensator
parameters for generation of inactive Fryze current in the source
unbalanced mode was obtained. Practical value. The simulative
example for transmission line load showed that combined applica-
tion of PAF and reactive compensator with the specified distribution
of compensating currents ensured a reduction of power losses in
3.273 times and rms value of the SAF current is 12.9 % of rms value
total compensation current. References 10, tables 1, figures 2.

Key words: active and inactive Fryze current, asymmetrical
voltage and load, reactive compensator, symmetrical com-
ponents.
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B.I'. Ky3nenos, 1O.1. Tyraii, B.B. Kyuancekutii, }O.I'. JIuxoBuza, B.A. Mensauayx

PE3OHAHCHI IEPEHATIPYTU Y HECUHYCOIJHOMY PEXUMI
MATICTPAJIBHOI EJJEKTPUYHOI MEPEXKI

Pezonancui nepenanpyzu 6 mazicmpansHux eneKMpPUYHUX MEPedcax GUHUKAIOMb 6HACTNIOOK 6UNAOK06020 30icy napamempie
cxemu ma pexcumy i Moxcyms icHyeamu nopienano mpueanuit yac. Tomy mpaouyiiini 3acoou 014 00MedHcenna KOPpOmMKoOUacHux
KOoMymauiiiHux nepenanpyz ¢ 0anomy 6unaoky ne ¢ epexmuenumu. Memoro cmammi € 00CidICEHNs REPEHANPY2, W0 GUHUKA-
10Mb Y MAZICMPATbHUX eJIEKMPUYHUX MEPeHcax HA GUIUX 2APMOHITIHUX CKIadosux. /[N ubozo euKopucmosysanucs imimayiii-
He ma mamemamuune mooenrosannsn ¢ cepeoosunii MATLAB&Simulink . Ilokazano, wio necunycoioanvni cnomeopents eunu-
Kawomo npu 68iMKHeHHI JiNII e1ekmponepedayi na nesanmarcenuii agmompancgopmamop. Busnaueni wacmomu, npu akux
GUHUKAIOMb NEPEHANDPY2U HA GUIUX 2APMOHIIHUX CKIA006UX. 3aNPONOHOBANO GUKOPUCHAHHA RPUCHPOIO KEPOBANOT KOMyma-
yii' 014 3ano0izanHa nepenanpy2am 0aHo20 Kuacy i po3podneHa mooenv 07 6UHAYEHHA 6i0n0gionux Hanawmysans. bion. 10,
puc. 4.
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Kniouesvie cnosa: marucTpajibHasi 3JIEKTPUYECKasi CeTh, JIMHUSI 3JIEKTPONepeIayd CBEPXBbICOKOI0 HANPSIKeHUsI, Pe30HAHC-

Hble NepeHanpsizKeHnsl, HeCHHYCOUIANBHBIN PesKUM, YIpaBJiseMble KOMMYTaLUHU.

Beryn. TenneHmii po3BUTKY CydacHHX MaricTpajb-
HUX CNEKTPHUYHHUX MEpPEeX BKa3ylOTb Ha 3POCTAaHHS PO
JiHiN enexTponepenayi Haasrcokoi Harpyru (JIEIT HBH)
K CHCTEMOYTBOPIOIOUMX Ta Mikcucremuux. Ciim Bii-
3HAQUUTH, 110 CaMe JMAOCIIJUKEHHs IepeHanpyr IaHoro
KJ1acy JIiHIi MOBHHHI BUKOHYBaTHCh OCOOJIMBO PETEIHHO,
30KpeMa, 3 BpaxyBaHHSM BIUIMBY MOJJIMBHUX JDKepel
CHOTBOPEHb. e MOsSCHIOETHCS MPAKTHIHOO BiJCYTHICTIO
eKCILTyaTallifiHOTO 3amacy i30Jimii, po3paxoBaHOTO Ha
eKCTpeMallbHi 3HAYeHHs IapaMeTpiB, OCKUIBKH TaKHA
3amac Il HaJABHCOKHMX HAmpyr Ma€ BHCOKY BapTiCTh
[1-4]. JocBin exciutyaTtarii eeKTPUIHAX MEPeX 3MIHHO-
TO CTpyMY BKa3ye€ Ha Te, 1[0 33 IEBHUX YMOB B HUX BHHH-
KalOTh CTaJli KOJIMBAHHS CTPYMIB 1 HAIpyr 3 4acTOTaMH,
BIIMIHHUMHU BiJl HOPMaJIbHOI po00Y0i YacToTu. Sk Haci-
JIOK, aHaJli3 MOYJIMBOCTI BUHUKHEHHs nepeHanpyr B JIEIT
HBH noBuHEeH BUKOHYBaTUCh HE JIUIIE AJISl HOPMaJbHUX,
aye ¥ st aHOpMaJIbHUX (HECUMETPUYHHUX Ta HECHHYCOi-
JTHHX) PEXKUMIB.

Takox cTiJl BiI3HAYNTH, IO B MariCTPaJbHAUX €JIeK-
TPUYHUX Mepekax YKpaiHH HOMIHAJIBFHOIO HAIpPyTO0
750 xB BimOymacek 3aMiHa MOBITPSHUX BUMHKAUiB Ha eJie-
ra3oBi (SFs). B nopiBHsSHHI 3 TOBITPSHUMY BHMHKa4aMH
€JIera30Bi MalOTh NEBHI MEPEBArd, OCHOBHUMH 3 SIKHX €
HIBUJIKOJIISE T4 BHCOKA 3[aTHICTh JIO TaCiHHS IIyrH, a Ta-
KOK MOJIJIMBICTh KEpPyBaHHS IPOLECOM KOMyTaulii.
OO0’ eKTUBHOIO IPUYMHOIO TaKOT MOJIEpHi3allii TAKOX € Te,
IO €JEKTPOTEXHIYHA NPOMHCIIOBICTE YKpaiHM HE BUTO-
TOBJISIE MOBITPSIHI BHMHKadi, 1 B pasi iX MOMIKOKEHHS
BiJIIIOBIIHMH PEMOHT Ta NMOHOBJIEHHS €J1€KTPOIIOCTAuYaHHs
CTa€ CKIIAJHOIO 3aa4ero.

Bzaram mMoMeHT koMmyTamii MOBITPSIHOTO BHMHKada
€ BHIIAIKOBOIO BEJIMUYMHOIO Yepe3 HHU3bKY IIBUAKOIIO, B

pe3ynbTaTi 40Oro BUKOHATH PO3MUKAHHS YW 3aMUKaHHA B
0o0paHuii KOHKPETHH MOMEHT € HEpEaIbHOIO 3a/1avero.
Taka HEBU3HAYEHICTH [TOYATKOBHX YMOB POOWTH Mepexi-
JHUH TIpoLIeC Micis KOMyTallil HelpOrHO30BaHUM, a I10-
By BHYTpILIHIX IepeHanpyr HeodikyBaHoto. [lim wac
eKCIUTyaTallil MOXIMBHH PO3BUTOK aBapiiHMX CHUTYAaIli,
B TOMY YMCII 1 TIOSIBA TI€pEHanpyr y HECHHYCOIJHHUX pe-
)Kumax [2, 5, 6]. Enera3zoBuii BUMHKa4 JO3BOJISIE BUKOHY-
BaTH KOMYTAaIlil B JOBUIbHHN MOMEHT 3MiHU CHHYCOiIa-
JIbHOI HAmpyTH, SKUH NPUCTPIH KepyBaHHS oOHpae 3a
KpUTEpiEM 3MEHINEHHS HETaTUBHUX HACTIIKIB Tepexia-
HUX MPOIIECIB.

MeTto10 1aHO0I po0OTH € BCTAHOBJICHHS YMOB ITOSIBH
Ta PO3BUTKY BHYTPIIIHIX MEPEHANpYT, M0 BUHUKAIOThH Y
MaricTpajbHUX €JIEKTPUYHUX MEpexax Ha BHUIIUX IapMo-
HIAHHUX CKJIAJIOBUX, a TAKOX BHOIp 3aX0JiB JJIs 1X mOIe-
pemkeHHs. OHUM 3 TaKUX 3aXOMiB € BUKOHAHHS KepOBa-
HOi KOMyTalii 3a OOpaHMMH KpPHUTEpPiSIMH, L0 J03BOJISIE
3HU3UTH BEJIMYMHU MEpPEHANpyr OO piBHA e(pEeKTUBHOI
poboTH TpagMUiHNX 3aXMCHUX IPUCTPOIB, HANPHUKIAL,
HENiHIAHIX oOMexyBadiB mepeHanpyr. s mporo Oyim
BHU3HAYCHI IHTEpBAM KyTiB KOMYyTallili BUMHKada, IpH
SKUX JOIYCKaeThCd BUKOHAHHA orepamii 6e3 HeOesmeu-
HOTO TICPEBUIIICHHS PiBHIB HANPYT.

Hocaixxennss pe3oHancHux mepenamnpyr B JIEIT
HBH. TonoBHui HanmpsMOK MONEPEAHIX JOCIHiIKEHb
nepeHanpyr [2-9] 3 BUKOPUCTaHHAM MAaT€MaTHUYHOTO MO-
JIeNIfoBaHHs OyB CKOHLIEHTPOBaHUIT Ha po3poOIli Ta 3acTo-
CyBaHHI MaTeMaTHYHHUX MOJIEJICH JUIl OTPUMAaHHS KiJbKi-
CHHMX pe3yJIbTaTiB 3 METOI0 OOMEKEHHs IepeHanpyr Ha
OCHOBHiH 49acToTi. B HUX He po3rismanuch ¢Gi3udHi Ipo-
L[eCH PO3BUTKY PE30HAHCHMX IEPEHAIpyr Ha MapHHUX ra-
PMOHIHHHX CKJIaIOBHX, XOYa BUMAIKM BUHUKHEHHS JaHO-
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ro BHJY IEpeHanpyr BiJOMi BXe MOPIBHSIHO TPUBAIHN
yac. Tomy 3 OTpUMaHuX pe3yJIbTaTiB 3AUILAIOCS HE3PO-
3YMUIAM, SIKI CaMi PEKUMH YM KOMYTaIlii MPUBOISTH JI0
PE30HAHCHHX TEpeHanpyr Ha BULIMX FAPMOHIYHUX 1 Taki
JOCJTIZPKEHHS] HE MO’KHA BB)KATH 32 BUYEPIIHI.

JocaitzkeHHS pe30HAHCHUX MepeHANnpyr B HecH-
nycoinanx pexumax JIEII HBH. Heob6xigHoro ymo-
BOIO BUHUKHEHHSI PE30HAaHCHUX MepeHanpyr Ha BHIIUX
TapMOHIMHUX YacTOTaX € PO3BUTOK aHOPMAIIBLHOTO He-
cunycoigaoro pexxumy JIEIT HBH [2-7]. 3a3Buuaii mxe-
peliamMu CIIOTBOPEHHs (OPMHU KPHUBOT HAIPYTH 1 CTPYMIB
B enekrponepenadi HBH e ¢epomarHiTHi myHTH Hama-
rHiuyBaHHs1 TpaHcpopmaropiB. Ciix Big3HAYMUTH, IO
KOJIMBHI NPOIIECH B KOJIaX 31 CTaJUII0O BUMararoTh 0C00-
JIMBOI yBaru HpH JOCTIJKCHHSX PEXHUMIB Maricrpaib-
HUX €JEKTPUYHUX MEPEX, OCKIJIbKU MOMIIUBI K JiHIHHI
PE30HAHCH Ha BUIIMX FapMOHIMHUX CKJIAJIOBHX, JUKEpe-
JIOM SIKUX € HENliHIHHA IHIYKTHBHICTH, TaK i HEIIHIHHI
PE30HAHCH, INPH SKHUX ISl IHIYKTUBHICTH € YacTHHOIO
pe3oHaHCHOTO Koxa [2, 5, 6].

XapakTepHUM HECHHYCOIIHUM PEKUMOM EJIEKTPO-
nmepenadi HBH e mimkimrodeHHs HEHaBaHTa)KEHOTO CHIIO-
Boro aBroTpanchopmaropa (AT) mo JIEIL. ®izuka mpore-
Cy BUHHKHEHHS NapHUX TapMOHIMHNX ckianoBux B JIEII
HBH 3 nmpuennanum HenaBanTtaxeHUM AT mosiCHIO€THCS
NepiOAMYHOI0 3MIHOIO 1HIYKTUBHOCTI MarHiTHOTO IIyHTa
IPY NPOTIKaHHI Yepe3 HbOro 3MIiHHOTO cTpyMy. Lls inmy-
KTHBHICTh 3MIHIOETBCS 3 TOABIHHOI YacTOTO MO BiJ-
HOLICHHIO /10 TPHKJIAICHOT HAllpyrd. AJe CiijJ 3a3Hauu-
TH, 110 X04a B Teopii Npoliec BHHUKHEHHS IepeHanpyr Ha
MAPHAX TAPMOHIMHHUX CKIIAJOBUX 3arajoM BiJOMHH, MPoO-
Te BUABJICHHA (DaKTOpIB Ta YMHHUKIB aHOPMAIBHOTO pe-
JKUMY, IKi BIDIMBAIOTh Ha KPATHICTh Ta TPUBAJICTH Iepe-
HaIpyT JaHOTO THITy HA MPAKTHUIl BUMAarae JOJATKOBHX
Jociimkenb. HeoOXiHO miJl Yac MpPOEKTYBaHHS Ta €KC-
IUTyaTanii MariCTpalbHUX EJIEKTPOMEpPEeX MaTh 3aco0H
JUIS TIEPECBIPKA MOXKJIMBOCTI MOSIBM HE TUIBKH HEOOXi[-
HUX, aJie i I0CTaTHIX yMOB IOSBM aHOPMaJIbHUX IepeHa-
TIPYT Ta IX MOXKJINBOI KPaTHOCTI.

JlocTaTHROIO YMOBOIO BHHHUKHEHHS IE€pEHanpyr Ha
MapHUX FapMOHIMHUX CKJIQJIOBHX € 30ir mapamerpiB ele-
MeHTiB 3actymHoro koHTypy JIEII HBH, npu sxomy dac-
TOTa BIACHUX KomBaHb Oyne Habmmkerna 1o 100 ', s
bOT0 HEOOXiTHO, m00 BXiAHUH OImip JiHil MaB €MHICHUI
xapakrep i OyB IpHUOTU3HO PIBHUI CepeIHBOMY 3HAYEH-
HIO 1HIYKTHBHOTO OINOPY MAarHiTHOTO IIyHTa aBTOTpPAaHC-
¢dbopmaropa Ha 1iii yacToTi. YMoBa OyJe BUKOHYBaTHCS
Tineku npu neBHux gosxunHax JIEIT HBH, sxi moxHa
Ha3BaTH PE30HAHCHUMH.

MaricrpanbHi Mepexi NpauioloTh 3 3a3eMJICHOIO
HEUTpaJIo, TOMY P CIIPOIIEHOMY aHaJi30Bi pe30HaHC-
HUX BJIACTUBOCTEH €JIeKTponepeadli B CHMETPUYHOMY
HECHHYCOITHOMY PEXHMOBI MOXHA BHKOPHCTATH OIHO-
TiHIHHY 3aCTyIHY CXeMY €KBIBAJICHTHOTO BOIIOIFOCHHUKA.
JUIs MoIIyKy KpUTHYHUX PE30HAHCHHUX 3HAYCHB JTOBKUH
niHii enekTporiepenayi BUpa3 B 3HAMEHHUKY BXIIHOTO
ornopy exBiBaieHTHOTO aBomnoirocHuka JIEIL, mo sxoi
MiIKITIOYAEThCSl HeHaBaHTKeHUH AT, eKcTpamoiaremMo
MOJIIHOMOM TPETHOTO CTYICHS 1 MPUPIBHIOEMO HYIIIO:

all—azlz—a3l3—n=0, €))

Ie — aj, da, a3 — Koe(ilieHTH TOMHOMA; [ — JOBXKHMHA JTi-
Hil; n — KIIBKICTh TPYN IIYHTYBaJibHUX peakTopiB (I1IP)
Julsl KoMIeHcauii 3apsaHoi notyxuocti JIEIT HBH.

Jnst BU3HAYEHHS Jiarna3oHiB PE30HAHCHOI JOBXKUHH
ninii OyJeMo BapiroBaTH HapaMeTpH eJIeMeHTIB ii 3acTyn-
HOI CXEMH B MEXaX, III0 3yCTPIYaroThCs B NIFOYMX MAricT-
pPAIbHUX EICKTPUYHUX Mepekax. BilmoBiHO oTpuMaeMo
Jliara30oHU 3MiHH 3HAYeHb KOE(illi€HTIiB 3aCTYITHOTO IO-
JIiHOMA!

ay =0,084+0,27; )
ay =1,996-107% =31.107%; (3)
a3 =2,055-1077 +1,55-107°. 4)

[licns BU3HAYEHHs Miana30HIB 3MIHU 3HAYCHb KOe-
(imienTtiB moxinoma (1) MokeMo 3HAWTH pe30HAHCHY JIO-
BxkuHy JiHii. [IopiBHAHHS pe3ynbTaTiB, OTPHUMaHHUX 32
Brpa3oM (1) Ta OUIIXOM MAaTEeMAaTUYHOTO MOJCIIOBAHHS,
BKa3ye€ Ha Te, [0 eKCTPAIIOIIALS TPU3BOANUTE 10 TIOXUOKH
3,3 %, MO € OUIKOM MPUHHATHAM IJIi BUKOHAHHS IIOTIC-
PEIHBOTO EKCIIpec-aHalli3y MOXIIMBOCTI IMOSIBH TIEpEHAII-
pyr Ha BUIIMX rapMoHiiHux ckianosux s JIETT HBH
AHOT IOBXKUHHU.

Hocmigumo, Ha SIKif came 4acTOTi 1 IPH SIKUX TOB-
KHMHAX MOXKHa OYiKyBaTH BHIIMX T'APMOHIYHHUX IEpeHa-
npyr npu migkinodeHHl HeHaBaHtaxkeHoro AT. Iliacra-
BUMO TPaHUYHI 3HAYCHHS MOXJIMBHX MapaMeTPiB 3 BHpa-
3iB (2-4) Ta oTpuMaeMo TpaHM4HI Tpadiku 3aJeKHOCTI
YacTOTH Bifl MOBXKWHH JiHii (puc. 1) g BIAMOBIIHUX
napameTpiB.
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Puc. 1. Pe3onanchHa nosxuna JIEIT HBH:
a — rpadiky U1 HIDKHIX 3HaYeHb BupasiB (2-4);
b — rpadiku 175t BepXHiX 3HauUeHb BUPa3iB (2-4)

Peanpni rpadiky 3anexHOCTi JOBXWHHM JIiHIT 1 dac-
TOTH IS BiAmoBigHOI Kinmbkocti IIIP O6ymyTh 3HaX0aUTHCS
Mix TparnyHEME (puc. l,a Ta puc. 1,b). MoxxHa 3poOuTH
BHCHOBOK, 1110 TAPMOHIYHI IepeHaNnpyru napHoi KpaTHOC-
Ti MOoXyTh BUHUKHYTH B JIEII HBH npu BcTaHOBNIeHHI Ha
HuXx Tprox Irpyn LIIP.

ImiTaniline Mome/IlOBaHHSI HECHHYCOITHHX aHOP-
maasnux pexxumiB JIEII HBH. Ilpu nocnimkenHi rap-
MOHIIHHUX MepeHaIpyr KOXeH OKPeMO B3SITUH YMHHHK HE
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MO€ BBOKATHUCh HE3AICKHUM. 3MiHa OJHOTO MapameTpa
MOJKE MPHU3BECTH A0 3MiHU IHIIOTO, iHAKIIE KaXy4dd, y
JJAHOMY BHIIQJIKy ICHY€ KOpEJISLisl SIK MK NapameTpamu
PEeXUMY KOHKPETHOI MEpexi, Tak i mapamerpami ii ycra-
TKyBaHHs [5]. HasBHiCTb 1i€i B3a€MO3aeKHOCTI HE J0-
3BOJISIE OTPUMATH YiTKI 3aJIEKHOCTI, sIKi Morimu O Oytn
BHUKOPHCTaHI JJIsl IIUJIKOM KOPEKTHOT'O aHallizy HepeHan-
pyr Ha ApYrii TapMOHIIl B MaricTpaJbHIH eNeKTpUYHIN
Mepexi 1 BUOOpY 3aX0[iB 10 iX IMOMepeKEeHHIO, 1 B IIhO-
My BHUITAJKY, K IIOKa3y€ OCBiI AOCHiKeHb [3], edekTu-
BHUM 3aCO00M Ul MOAENIOBAHHS TaKMX HEBU3HAYECHUX
CHUCTEM € IMiTaIliiiHe MOJIeTIOBaHHS [5].

B poboti O6yma po3pobiena imirariiina Moaens ene-
ktponepenauyi HBH s peamizanii B cepepoBuiii
MATLAB/&Simulink [10] (puc. 2). OcobnuBicts ii mo-
Jsira€ B HasiBHOCTI Mogeneit tpeox rpyn HIP, ockinabku
BHuIle OyJIO MMOKa3aHo, MIO TEPEHANpYTrd Ha MapHUX rap-
MOHIKaX BHHHKAIOTh IPH JOBXHHAX JIiHIH, sSKi MOTpely-
I0Th Ul KOMIIEHCcallii cBO€i 3apsiAHOI HMOTY)XHOCTI came
TaKy Kinekicts rpyn LLP [4-6].

[Momocn BUMUKa4iB B MOJEII PO3TIIAIAIOTHCS OKpe-
MO TS KOXKHOI 3 (ha3: KOXKHHHA TTOF0C MOICTIOEThCS 11e-
aJbHUM BUMHKadeM. Lle 1ae MOKIUBICTh HE3aJIEKHO 3Mi-
HIOBaTH MOMEHTH 3aMHKaHH: KO)KHOTO 3 TIOJIFOCIB Mif 4ac
MozemoBanHs. [1oBiTpsiHA JIiHIST MOJETIOETHCS E€KBiBase-
HTHOIO 3aCTYITHOI CXEMOIO 3 IMapaMeTpaMu, 10 BiAIoBi-
narote nowxuHi JIEIT HBH. Enextpoeneprernuna cucre-
Ma 3aJa€Thcsl TPU(PA3ZHUM JDKEPENIOM HAIlpyrd Ta eKBiBa-
JICHTHUM PEaKTHBHHUM OMOPOM.
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shunt shunt ||~
reactor | reactor 2

Puc. 2. Imitauiiina monens JIETI HBH

3a gomomororo mozeni (puc. 2), 30kpema, Oymu 110-
CII/DKEH] Jiama30HU KyTiB KOMyTamii MpU SKAX BUHHUKA-
I0Th HeOe3neuHi nepeHanpyru. JocmipkeHHsT BUKOHYBa-
JIMCh TIpU Bapiamii noBXuHU JiHIT Big 415 mo 525 xm.
MomeHT KoMyTallii JiHil Ha HeHaBaHTaxeHud AT 3MiHIO-
BaBCs MPOTATOM MOBHOTO repioay cunycoinu o<[0; 360]
3 METOIO BUSBIICHHS KDUTUYHHMX 3HA4YeHb JJISl TIOSIBH pe-
30HaHCHUX nepeHanpyr. [TokazaHo, mo HeoOXixHa yMOBa
BUHHUKHEHHS NepeHanpyr — 1e 30ir ABoX (akTopiB: J0B-
xuan JIEIT HBH i kyTa 3aMukaHHS TOJIOCIB BUMHKAda.
Cnig Bim3nauyutn, mo nosxuHa JIEIT HBH € ognum 3
BH3HAYANBHUX (DAKTOPIB AN MEpEHANpYyTr HE TINBKH B
HECHUHYCOiJaNbHHX, ajle TaKoX 1 B HECUMETPUYHHX pe-
XKUMax [6-9], Xxoda 1 JKepero CIIOTBOPEHb PEXUMY, 1 IMO-
SBa BIATIOBITHNX PE30HAHCHUX KOHTYPIB B IUX BHUIAIKAX
pi3Hi. Ane nOBXUHA JIiHIT BU3HAYAETHCS INPU MPOEKTY-
BaHHI TpacH JiiHii, i pakTop MOKIMBOCTI HOSBY TI€pEHarl-
PYT TP LIbOMY HE BPaxOBYIOTb. TaKUM YHHOM, JJISI KOXK-
HOTO BHJY IEpEHANpyr 3aX0AW LIOAO iX IOIEpeKEHHS
Ha paniit JIEIT HBH noBoxutbest po3po0isTH Ta peanizy-
BaTH OKpeMo. 3axin, sikuil Oyne epeKTUBHHM IJIsi mepe-
HaIpyT B HECHHYCOITaIbHOMY peXuMi, Oyie HeeeKTHB-
HUM B HECHMETPHUYHOMY pexuMi 1 HaBmaku [6-8]. B cy-
YaCHUX MariCTpaJIbHUX ENEKTPHYHUX Mepekax B IMepIly
4yepry NOBHHHI BUKOPHCTOBYBAaTUCH CTPYKTYPHI 3aXO.IH,

SIKI ITOB’sI3aHi 31 3MIHOI p0o00YO0i CXEMH Ta MOMEPEIKEH-
HS TIOSIBM @HOPMAJIBHOTO pekuMy. Takok Mpu HEoOXis-
HOCTI MOXYThb OyTH BHUKOPHCTaHi CHeLiaJbHI HaJjamTy-
BaHHS 332 KPUTEPIEM 3MEHIICHHS PE30HAHCHHUX IepeHall-
PYT IPUCTPOIB, sIKi OyJIM BCTAHOBJICHI 3 1HIIOI METOIO.

SIK ToKa3anu JIOCIIPKEHHS, IIepeHanpyru Ipu Ko-
MmyTanii HeHaBaHTaxkeHOTO AT cyTTEBO 3anexarh Bij MoO-
MEHTY HOro BKJIIOYEHHS. TakuM YMHOM, PE30HAHCHI Ie-
pEHANPYTH MOXYTh OyTH OOMEKEHI MpH BHUKOPUCTAHHI
OJIOKYy KepoBaHOI KOMYTalii, HaJalITOBAHOTO Ha 3aMU-
KaHHS KOHTAKTiB MOONH3Yy Bil HYIHOBOTO 3HAYCHHS
cTpyMy xosioctoro xony AT, mo nonepemxye MnosiBy ra-
PMOHIHHHX CKIag0BHX. B 3aragpHOMY BHIIaAKy KepoBaHa
KOMYyTallisl SBJIsie COOO00 3acid momnepenkeHHs Hebe3rned-
HUX MEPEXiMHUX MPOIECIB 3a JIOMOMOTOK BHKOHAHHS
orepailiii BKIFOUCHHs Ta/ab0 BIIKITIOUCHHS B 3a31aJICTib
BU3HAYCHUII MOMEHT 4acy.

Posrisinemo BUOIp KpuTEpiiB ynpaBiiHHS KOMYyTaLli-
€10 Ha TPHKJIA/I PO3IOBCIOUKEHUX B MariCTpajbHUX Me-
pexxax 00’eqnanoi eHeprocucremu (OEC) Ykpainu eme-
ra3oBHX BHMHKadiB Ha HOMiHaNbHy Hampyry 750 kB —
LTB 800E4 xowmmanii ABB (Asea Brown Boveri Ltd.).
Kommnanis KOMIUIEKTye BHMHKadi CBOTO BHPOOHHIITBA
IpUCTpOsIMH KepoBaHOi Komytamii SwitchSync F236.
Boun mnpu3HaueHi Ay BHUOA4i KOMaHI Ha 3aMHUKaHHS
1/a00 pO3MUKAHHS IMOJIIOCIB BUMUKAYa B TOYIll CHHYCOIIH
cTpyMy a00 HAmpyrd, sKa BHU3HAYAETHCS 33 yYMOBAMH
YCYHEHHsSI HeOa)kKaHOTO PO3BUTKY MEPEXiAHUX IPOLECIB
IIPY TUTAHOBUX KOMYTAIisSIX JDKEpeJI PeakTHBHOI E€Heprii,
HIYHTYBaJIbHUX PEaKTOpiB, aBTOTpaHc(opmaTopiB Ta iH.
Cuiz 3ayBakuTH, IO PEKOMEHJalii 110 BHOOPY MOMEHTY
KOMYTAIlil 3a KpPUTEpieM 3amo0iraHHs IepeHampyram Ha
BUIMX TapMOHIMHUX CKJIAZOBHX 1O IBOr0 4acy Oyiu
BIJZICYTHI.

Juis nochifpkeHHs BIUIMBY KYTiB KOMyTamii Ha
PO3BUTOK IEpeXiHUX MpoleciB Oyyia po3podiaeHa Bij-
MOBiHA iMiTaliiiHa Mojaenb (puc. 3), sKa, Ha BIIMIHY
Big po3po0ieHol B [6], 103BOJISIE AOCTIIKYBATH KOMY-
Tauii AK y HOPMaJbHOMY, TaKk 1 B aHOPMaJIbHOMY
peXuMax.

Disconnection Command

time

Logical
Operator

e ju| > vsUa

Detect
Increase

s Q

Terminator

: !Qi
- S-R

Flip-Flop

Ground

Puc. 3. Imitaniitna MoJes b IPUCTPOIO KEPOBAHOI KOMYTALIil
Switchsync F236

Biok 37ificHIOE TOCTIMHUN KOHTPOJIb HaJl MOIYJIeM
ctpymy xousoctoro xony AT. Sk Tiapku KpuBa CTpymy
XOJIOCTOTO XOJy JOCSTa€e HyJIOBOTO 3HadeHHsS (B Ouowi
HAasBHI MOy, Ji¢ BH3HAYAE€THCSA TCHICHIIS 3MiHU 3Ha-
YeHHS CTPYMY), MiATBEPIKY€ETHCS 30BHIITHSI KOMaHAa Ta
MOJIA€ThCSl BUXIAHUI CUTHAJI HA BUMHKadY, SIKHH, B CBOIO
4epry, MUTTEBO 3aMHKA€ CBOT KOHTaKTH. B camomy Ouori
KEpPOBAHOT0 BUMHKAa4a MOXKHA 3a/laTH MOMEHT 3aMUKaHHS
Horo momociB, 3a3BUYail 3aMUKaHHS KOHTAaKTiB BinOyBa-
€TBCA, SIK TUTBKH PI3HHUL MK HaIpyToIo JPKepesia Ta Ha-
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MIPYro0 Ha KiHMI JiHii ZOCSITHE MIHIMAIBHOTO 3HAYEHHS,
ICIIsl Yacy 3aMUKaHHSI, SIKe BU3HA4YEHE B CAMOMY OJIOLI.

3 METO0 OLIHKHM e()eKTUBHOCTI 3aX0/y 3aCTOCYBaH-
HSl KEPOBaHOI KOMYTalil JUIsl TONEPEKEHHS! IIepeHarpyr
Ha TapMOHIHHMX CKJIaJIOBUX MApHOi KPaTHOCTI PO3IJIsSTHE-
Mo n8i JIEIT HBH 3 onnakoBuMH napameTpamu Ta Xapak-
TepuctukamMy. KokHa 3 IMX JBOX JIHIH KOMYTYe€ThCs
cBOiM BuMHKadeM. llepmia JIiHisI KOMYTyeTbCsS BHMHKa-
YeM 3 3aBOICHKUM HAJAIITYBaHHSM, a IPYyra - BUMHKAYeM
3 BUOpaHUM 3a KpUTEpieM MiHiMi3aIlil rapMOHIYHHX IIe-
peHanpyr mapHoi KpaTHOCTi. MOMEHT KOMyTaIlii mepirol
ninii norparuisie B intepsanu Kytis [0; 140] ta [200; 240],
a npyroi — B iHTepBanu kyTiB [140; 215] ta [275; 355]. Ha
puc. 4 HaBeneHi rpadikud Hampyr B Iepinid Ta Apyrii
JIEIT HBH micns migxmtodeHHss HeHaBaHTaxeHoro AT
(aMIutiTyiHE 3HAYEHHS JUIS HOMIHAJIBHOI poOo4oi (a3Hol
nanpyru JIEII 750 kB cknanae 612 kB).
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600 H”

400 |

200

-400

——
——

-600
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800

0 0,05 0.1 0,15 02 025 03 0,35 0.4
b
Puc. 4. Hanpyru JIETI HBH npu HanamryBaHHIX IPUCTPOXO
Switchsync F236:
a — CTaHJapTHE HaJIALITyBaHHS;
b — HanamTyBaHHS Ha HEPE3OHAHCHI KyTH KOMYyTamil

Komanau BkIrOYeHHS a00 BiIKIIOYEHHS, IO I10Ja-
IOTBCS HAa BHUMUKAY, BUKOHYIOTHCS TaKUM YHHOM, MO0
3aMHKaHHS KOHTAaKTIB BiOyBajnocs B BIAMOBIAHUN MO-
MEHT 4acy IO BiJHOIIEHHIO A0 ($a30BOro Kyra. B maxuit
Yyac TOYHICTh KePOBAHOI KOMYyTalii CKIagae = 2 Mc, o He
MOYKHA BBaXXaTH I[UIKOM JOCTaTHIM IS 3a0e3medeHHs
MiHIMi3alil CTPyMIB HpH BHUMHKaHHI KOPOTKOTO 3aMH-
KaHHS, aje [UId TONEPEIKCHHS IOSBH TapMOHIMHHUX
CKJIaJIOBHX B CTPYMi HeHaBaHTaxeHOro AT Takuit po3kua
HE € KpUTUYHUM. SIK MOXKHA 0a4YuTH, KEPOBaHA 33 KPUTE-
piEM 3HIDKEHHS TapMOHIYHHMX IE€pEHaNpyr KOMYTallis

(puc. 4,b) cyTTeBO 0OMEKYE 1X KPATHICTh B MOPIBHSIHHI 31
CTaHJApPTHUM HaJlalITyBaHHSIM, KOJIM MOMEHT 3aMHKaHHS
MOX€ MOTPAIHUTH B J[ialla30H TOSBH MTAPHUX FapMOHIHHUX
ckiazoBux B ctpymi AT.

Bucnoskmn.

1. HeoOXiqHOIO yMOBOIO PO3BHTKY HEpEeHANpyr B He-
CHHYCOITHUX PEeKMMaxX MariCTpajlbHUX €JIEKTPHUYHHUX Me-
PEX € IosiBa aBTONapaMeTPUYHOTO JKepesa HeNliHIMHUX
CIIOTBOPEHb NPU BKJIIOYCHHI HEHABAaHTAXXCHOTO aBTOTpa-
HcpopMaTopa Ha IIHIIO eIeKTponepenadi HaIBHCOKOL
Halpyrd, MPUYOMY XapaKTepHOKW € TeHepalis BHIIUX
TapMOHIRHKX CKJIQJIO0BUX MAPHOI KPATHOCTI.

2. Pe3oHaHCHe HaNaIITyBaHHS €JIEKTPUYHOTO KOHTYPY
3aCTYNHOI CXeMHM JIiHii eJeKTporepenayi € J0CTaTHBOIO
YMOBOIO TOSIBU TI€PEHAIPYT Ha BiJIOBIIHII rapMOHIHHIN
cKki1azioBiil. BusHauabHOIO XapaKTePUCTHKOIO IIi€i yMOBH
€ TOBXHHa JIHIi eJleKTponepenayi.

3.3a TUNOBMMHM 3HAUCHHSMH I1apaMETpIB EJIEMEHTIB
eJIeKTpoIepeiadyi HOMiHaJIbHOIO Hampyroto 750 kB Oyino
OTPUMAaHO BUpa3 AJIS eKCIIpec-aHali3y HasBHOCTI TOCTaT-
HIX YMOB NOSBH pPE30HAHCHHUX IepeHanpyr. [lokasaHo,
II0 TepeHanpyrn Ha TapMOHIYHHX CKJIAQJOBUX ITapHOT
KpaTHOCTI MOYKHa OYiKYyBaTH, SIKIO Ha KIHIEBHX ITiCTa-
uuisx JIETTI HBH cymapHO BCTaHOBJIEHO TpH TPYNH HIYH-
TyBaJIFHUX PEaKTOPIB.

4. JIns nonepekeHHs PE30HAHCHUX IepeHanpyr abo
3HW)KEHHSA 1X 10 0€3MeYHOro piBHS JOLULIBHO BUKOPUCTO-
ByBaTH IPHUCTPId KEPOBAaHOI KOMYTaLil eJera3oBUM BH-
MHUKadeM. [HrepBanu Oe3neyHHX KyTiB BKIIIOUEHHS MO-
JKYTh OyTH BH3HA4€Hi 3a JIOTIOMOT'OI0 PO3pOOJICHUX 1Mi-
tauiianx mozeneid JIEIT HBH Ta mpuctporo xepyBaHHS
BUMHUKaYEM.

5. SIKIo KyT BMUKaHHsI BUMMKaya MOTpAIUIsiE€ B BU3HA-
YeHl IHTepBalik, TO HaBITh NPH HANAIITYBaHHI Horo 3a iH-
MM KPHUTEPIEM (HAITPUKIAM, 32 BEJIMIMHOIO alepPiOqMIHOT
CKJIQIOBOI B CTpyMi) BIA€ThCsl ab0 TMOBHICTIO 3armo0irTu
NOSIBl IepeHanpyr, abo 3HM3WUTH iX KPATHICTh A0 PIBHIB
e(eKTUBHOI pOOOTH TPAJUIIIMHUX 3aXHCHUX 3aXOJIIB.
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The resonant overvoltage in non-sinusoidal mode of main
electric network.

Purpose. The resonant overvoltage arises in main electrical net-
works as a result of random coincidence of some parameters of
circuit and its mode and it may exist for a relatively long time.
Therefore, the traditional means of limitation of short duration
commutation surges are not effective in this case. The study deter-
mines conditions of appearance and development of non-sinusoidal
mode after switching idle autotransformer to the overhead line of
extra high voltage. The purpose of the paper is to choice measures
for prevention overvoltage, too. Methodology. The study has used
the result of extra high voltage line testing, the methods of electric
circuit theory and the simulation in the MATLAB & Simulink pack-
age. Results. The simulation model of the extra high voltage trans-
mission line for the study of resonant non-sinusoidal overvoltage is
developed. The conditions for the appearance of resonant circuits in
the real power line are found and harmonic frequency in which
overvoltage arises are obtained. The study proposes using the con-
trolled switching device as a measure to prevent resonance surges
and determines the appropriate settings. Originality. The expression
for calculation of resonant length of extra high voltage line was
derived. The special investigation of processes in the resonant cir-
cuit of the extra high voltage transmission line for higher harmonic
components of voltage is carried out. The program of switching for
control apparatus that prevents non-sinusoidal overvoltage has
been developed at the first time. Practical value. The using of the
proposed settings of controlled switchgear will prevent the occur-
rence of hazardous resonant surge on higher harmonic components
of voltage. References 10, figures 4.

Key words: main electric network, extra high voltage trans-
mission line, resonant overvoltage, nonsinusoidal mode, con-
trolled switching.
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