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M.U. Bapanos

AHTOJIOT A BBIJTAIOIIAXCA JOCTUKEHUM B HAYKE Y TEXHUKE. YACTb 45:
TPAIUIIUOHHASA DQHEPTETUKA. THIPABJINYECKHUE 3JIEKTPUYECKHUE
CTAHLIUU: COCTOSAHUME U NIEPCIIEKTUBBI UX PAZBUTUSA

Hagedeno Kopomkuil HAyKoeo-mexHiuHUil 027140 NPO CYYACHUIL CMAHK i NePCneKmMUeU PO36UMKY CGIimoeol 2iopoeHepzemuKu.
Poszenanymi ocnoeni cxemu no6yooeu i éuou ziopasniunux enekmpuunux cmanyii (I'EC). Bkazani nepesazu i neooniku I'EC
nepeo iHwumu uoamu eaeKmpuuHuUx cmauuyii, wo 2enepyioms enexkmpuxy. Ilpueedeni ocnoeni mexuiuni xapakmepucmuxu
nanoinomux I'EC ceimy i Ykpainu. Biomiuena earxcnuea pons ciopoenepzemuxu 6 00'emax piunozo eupoonienns enekmpoeHnepaii
y paoi Kpainu ceimy. Ilo3znaueni npoonemui 3a60anns @ 2anysi ciopoenepzemuxu ceéimy i Yxpainu. bion. 21 puc. 13.

Knouosi cnosa: rinpoeHepreTuka, rigpoejeKkTpocTaniii, riipoTypoinu, ejJeKTporiiporeHepaTopu, XapakTepuCcTHKHU Tigpo-
€J1eKTPOCTAHLIMN, NPO0JIeMH i IePCHEKTUBH PO3BUTKY CBITOBOI ri[pOCHEPreTHKH.

Ilpueeoen Kpamkuil HayUHO-MEXHUYUECKUTL 0030D O COBPEMEHHOM COCHOAHUU U NEPCHEKMUBAX PA3GUMUSL MUPOBOU 2UOPOIHED-
2emuku. Paccmompenvt ocnoensie cxemwvl nocmpoenusn u euodvl zuopasnuyveckux rnekmpuueckux cmanyuii (I'23C). Ykazanot
npeumyuiecmea u nedoocmamku I'IC nepeo opyzumu eudamu IneKmpuieckux cmanyuii, 2eHepupyromux riexmpuuecmeo. Ilpu-
6e0eHbl 0CHOBHble mexHuYecKkue xapakmepucmuku kpynuetwux I'IC mupa u Ykpaunvi. Ommeuena earxcnas poip 2uopoinep-
2eMuUKU 8 00vemax 2000801l 6bIPAdOmMKU I1eKMpPoIHepeuU 6 psade cmpan mupa. Q6o3navenvt npoodremusle 3a0auu 6 odracmu
2uoposnepeemuxu mupa u Yxkpaunot. buodn. 21, puc. 13.

Kniouesvie cnosa: rMapoIHepreTHKa, ruipo3JeKTPOCTAHIMHN, THAPOTYPOUHBI, 31eKTPOTrUAPOreHepaTOPbl, XapaKTePUCTHKHU

FﬂleO:)JIeKTpOCTaHHHﬁ, l'[pOﬁJIeMbI U NEePCNEKTUBLI PAa3BUTHUSA MHpOBOﬁ THAPO3HEPIreTUKHU.

Beenenmne. Ilo GonpioMmy cueTy, mpUpoja Ha Ija-
HeTe 3eMJIsl COTBOPUIIAa YIUBUTEIBHOE BEIIECTBO — BOLY,
MOJIEKYJIa KOTOPO#, KaK BCEM HaM M3BECTHO, COCTOUT U3
JIByX aTOMOB BOAOPOJAA U OJHOIO aToMa KUCJIOpoJa. DTOo
BEIIECTBO B OOBIYHOI MoneKyisapHoi ¢(opme (Jierkas
BOJA, COCTOAIAsi M3 aTOMOB M30TOma Bojopoxa |'H —
NpOTH ¥ H30TONA KHCopoa g °O [1]) sBasercs OCHOBOM
JKU3HEIEATSIFHOCTH BCETO CYIIETO Ha HaIled IDIaHeTe
(BO3MOKHO W HE TOJIbKO Ha muiaHeTe 3emis!). iIMeHHO Ha
Hell 0a3upyloTCs BCE OCHOBHBbIC (DH3MKO-XHMMHYECKHE
MIPOLIECCHl 0OMEHA BEIECTB B PACTUTENBHOM U KHBOTHOM
mupe. [To Mepe pa3BUTHS 3eMIITHAMH LUBWIN3AIUH JIFOAU
HaY4YMJINCh B CBOEH JKHM3HEAEATENbHOCTH MCIIOIb30BaTh
HE TOJIbKO BHYTPUMOJIEKYJISIPHYIO SHEPTHIO BOJIBI, HO U €€
MMOTCHIIMAJIBHYIO SHEPIHI0 JIJIsl TPUBEICHUS BHAYaIC B
KpPYTroBOE BpAIllEHNE JICPEBSIHHBIX arperaTtoB ¢ KaMEHHbI-
MU >KEPHOBAMH MEJBHUI] JUTSI TTOMYYCHHS U3 3€PHA CEllb-
CKOXO3SMCTBEHHBIX KYJIBTYP MYKH U J1ajiee BHITIEYKH XJIe-
0a, a MOIKE M KPYIIIOTO METAJUIMIECKOTO POTOpa dIEK-
TpOreHepaTopa, BhIPadaTHIBAIOIIET0 B OOMOTKAaX CBOETO
cTaTtopa »JIEKTPOdHepruro. (s yBenrndyeHus 3amacoB B
BOJI€ MTOTEHIMAIBHOM SHEPTHH Ha IyTH €€ ABIKCHHS U ee
Harmopa MOTPeOOBAIOCH COOPYKEHHE IKEIC300E€TOHHBIX
WIOTUH (pUc. 1) U COOTBETCTBEHHO OIPOMHBIX BOJOXpa-
HWIHIL, C OOJILIINM MepenagoM (B JECATKA U COTHU MET-
POB) YPOBHEH BOABI IO U IMOCIE IUIOTHH. B 3TOM CBs3M
MoTpeOOBAIIMCH JOPOTOCTOSIINE U HAEKHO padoTaronye
THPOTEXHUUYECKHE COOPY)KEHHs, 00ecreynBaroye pa-
00Ty Ka)XITOW MOITHOW THAPABINIECKON SIEKTPHUECKON
ctaanun (I'5C). Bo3M0OXHOCT Cepbe3HBIX aBapuil C Ipo-
PBIBOM IUIOTHHBI Ha TaKUX COOPYKCHHAX CIICIIHAITUCTA-
MU-THAPOSHEPTETUKAMHU JOJDKHA OBITh CBeleHa K MHHU-
MyMy. B mpoTMBHOM ciyuae MaTepHaNbHBIN yiiepO u
Heu30eXHast THOETb JF0/Iell MOTYT IPUHUMATh OTPOMHBIX
MacmtaboB. OJHMM W3 TMOATBEPKAEHHH TOMY MOTYT
CIIy)KHUTh JaHHbIE 00 OJIHOW U3 CaMbIX KPYIHBIX aBapuil B
UCTOPHH MHUPOBOH THIIPOIHEPIETHKH IIPU MPOPBIBE IUIO-
TUHBI BoJoXpaHmiuima baiiHbeiso Ha peke XKyxa (mpo-
BuHIMA X3HaHb, Kutaii, 1975 r.), mpuBenmiei k rudoemn

npuMepHo 171 ThIC. YEIOBEK M YHCILY NMOCTPAaBIIMX B
konuyectBe okoio 11 muH. rpaxkgan KHP [2]. JlanHas
katactpoda Ha kutaiickoil '9C no HaHeceHHOMY 001Ie-
CTBY yliepOy corocTaBuMa ¢ MOTPSCIIEH BECh [IMBUIIN30-
BaHHBIM MUp aToMHOW OGombapaupoBkoii CLLA 6 aBrycra
1945 r. smoHckoro T. XMpocWMa, 3a OJHO MIHOBEHHE
(hbaKTHYECKN MOJIHOCTBIO CTEPTOTO C JIOIBMH M MX JOMa-
MU ¢ «rnay Hamrei madets [3]. Kakosa pons I'OC ceii-
gac B OayaHce BBHIPAOOTKH B MUPE U YKpPaWHE JIEKTPO-
sHeprun? KakoBbl MepCHEKTUBBI Pa3BUTHS THAPOIHEPTE-
tuku? [locTapaemcs HUXe AaTh OTBETHI HA 3TH BOIIPOCHI.
Leabio cTaTbW SBISETCS COCTAaBICHUE KPAaTKOTO
Hay4HO-TEXHUYECKOIo 0030pa O COBPEMEHHOM COCTOS-
HUS U NCPCHEKTUBAX pa3BUTHA B MUPE TUAPOIHEPICTUKU.

Puc. 1. BrieuaTnsronas ¥ 3aBOpa)KHBaroIas Halie BOOOpaxe-
HUE SHepreTuyeckas MOIlb PeYHON BOJbI, cOpachiBaeMoii uepes
OTKPBITBIE BOJIOBOIBI B 5K€JIE300€TOHHOM MIOTHHE C HCKYCCT-
BEHHO CO3Z]aHHOTO BogoXpaHmiuma coppemenHoi ['OC [2]

1. ®u3uyeckne OCHOBBI r'WApo3HepreTuku. Hay-
HEM C TOTO0, YTO YKaKeM, 4TO TMIPOIHEpreTuKa 0azupy-
ercst Ha [DC — 3MeKTpOCTaHIMX, UCTIONB3YIOMHUX B Ka-
YEeCTBE CTAOMIBHOTIO MCTOYHUKA SHEPTUH MOTEHIIMATIBHO-
KWHETUYECKYIO SHEPTHI0 BOAHBIX Macc [2]. O0bryno 'DC
CTpPOSIT Ha MOJHOBOJHBIX PEKaX, COOpPYXKas Ha HUX HEOO-
XOJUMEBIC TUIOTHHBI M BojoxpaHuwnina. Ha puc. 2 mpuse-
JleHa npuHUunuanbHas cxema noctpoenust ['DC, conep-
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JKamasi CIEAyIoIINe OCHOBHBIE ycTpoiictBa [2, 4]: mac-
CHBHYIO XK€JI€300€TOHHYIO IUIOTHHY C HallOPHBIMH BOJIO-
BOJaMU; MAaIIMHHBIA 347 C YCTaHOBJICHHBIMU B HEM T'U-
poarperaramu, CoAep X alliuMHi TUIPOTYPOUHBI U 3JIEKTPO-
reHeparopbl. MOIHBIA IOTOK BOJbI ¢ BOAOXPAHWINILA I10
BOJIOBOJIaM C NIOMOIIBIO JIONIATOK HAlpaBisieTcs Ha Jioma-
cTH pabodero kojeca TMAPOTYPOMHEI, NPUBEICHHOW Ha
puc. 3 xoHcTpykiuu. Kpyrosoe BpaieHue jgonactei pa-
00Yero Koieca 3TOH THAPOTYPOUHBI BHI3BIBAET COOTBET-
CTBYIOILICE BpAICHHE €€ BEPTHKAJIbHO YCTaHOBICHHOTO
MacCHBHOTO METa/UIMYECKOr0 Bajla, Ha KOTOPOM ycCTa-
HOBJICH BpAIAIONIUICA OOBIYHO B TOPU3OHTAIBHON TIIOC-
KOCTH POTOp 3JIEKTPOTHAPOTreHepaTopa, OOecreunBaro-
UK CO3JAaHUE BPAILAIOIIEroCcsl U CHHYCOMJAIBHO H3Me-
HAKOIETOCA BO BPEMCHU CHUJIIBHOI'O MAarHuTHOI'O IOJid C
uHAyKIuen okoso 1 Ta B BO3AYIIHOM 3a30pe MEXIY PO-
TOPOM U CTATOPOM 3JIEKTPOTHIpOreHepaTopa (CM. puc. 3).

luapoanekTpocTaHuMA B paspese

Nunun 3nexTponepenay
3panue BC B A

leHepaTop

Puc. 2. [lpyHnunuansHas THIA4HAs cxema noctpoerus I'OC [2]
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o

==
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Puc. 3. B10YHO-KOHCTPYKTHBHAS CXEMa, TOACHAIOLIAS TPHHLIUIT
paboThl THAPOTYPOUHBI M GUIUUECKUIA MEXaHNU3M BBIPAOOTKH
JJIEKTPUYECKOH dHeprun Ha coBpemeHHOI ['DC [2]

bnaromaps ¢yHIaMeHTaIBHOMY SIBICHHUIO 3JIEKTPO-
MarHuTHOH MHIYKIWHA [1] B 0OMOTKaX craTopa 3JIeKTpo-
THIPOTEHEPaTOpa, MPOCTPAHCTBEHHO M MOGa3HO pasHe-
CEHHBIX MeXIy coboit Ha 120°, BeIpabOaThIBaeTCs TpeX-
(ba3Has AMEKTPOIBIKYIIAs CHJIA U COOTBETCTBEHHO BHI-
COKHMM 3JeKTpUYecKuil moreHuuan. Hamuuwe storo mo-
TCHI[MaJla OOEeCIe4YnBacT MPOTEKAaHHE IEPEMEHHOIO C
npoMbinuieHHoR yactoroi 50 'y TpexdasHoro snexkrpu-
YeCKOr0 TOKAa B TEPBHYHON OOMOTKE TpaHcdopmaropa,
MOAKIFOUYCHHOI'O C O}IHOﬁ CTOPOHBI K BBIXOJHBIM KJICMMaM
JIEKTPOTUIPOT€HEPATOPA, & C APYTrOi CTOPOHBI — K BBICO-
KOBOJITHOM JIMHUM 3JIEKTPOIEpeaadn, IOCTaBIIIOMeH
JIEKTPUYECTBO COOTBETCTBYIOIMM IOTPEOUTENSIM. DJIeK-

Tprdeckas MomHocTh [ DC ompenensercs TIaBHBIM 00pa-
30M HaIllopoM M PacxoZOM BObI, TOCTYHAOIIEH Ha Jiomna-
CTH ee THIpoTypOuH. B MeHblei Mepe oHa 3aBHCHUT OT
ko3¢ umenrta nonesnoro nevicrsust (KI1) ruxporypOun
(mo 80 %) u 3nexkTporuaporeHeparopos (no 98 %) [2, 4].
HN3-3a Toro, 4TO MO NMPUPOAHBIM 3aKOHAM YPOBEHb BOJBI B
BOJIOXPaHWIMILAX B TEUYEHHE Tojia MEHsSETCs, TO cHelua-
JIMCTBI-THJIPOIHEPTETUKH TPAIUINOHHO TOJIB3YIOTCS T10-
HATHEM OukiImdeckord momHocTr ['DC (Hampumep, B Te-
YeHHe TO/1a, MecsIla, HeIeTH U CYTOK) [2, 4].

1.1. OcnoBHas knaccupuxanus I'IC. B 3aBucu-
MOCTH OT TNPHHIMIA HCIOIb30BAHUA BO300HOBIISIEMbIX
MPUPOIHBIX PECYPCOB M CIIOCO0a KOHIEHTPALNH BOJHBIX
Macc MokHO BeienuTs ['9C cremyromiero Tuma [2, 4]:

o npumutotuaHble [DC (3Kene300eTOHHBIC IUIOTHHBI,
MOJTHOCTBIO NEPErOpakKuBAOIINE PEKy, TOAHUMAIOT ypo-
BEHb €€ BOAbI 10 HeOGXOI[HMOf/II OTMETKH; BOJa K THAPO-
TypOMHAM MOCTyIaeT HEMOCPEACTBEHHO C PYCia PEKH);

e miotuHHble [DC (coopyxkaroTcs npu Oojiee BBICO-
KHX Halopax peyHoH BOJBI, KOT/a KeJIe300€TOHHbIE LI0-
THHBI TIOJIHOCTBIO ITEPErOpaXnBarOT peky; 3nanune ['2C
pacrionaraercs 3a >Kene300€TOHHOH IUIOTHHOM B ee HHX-
HeW 4acTH, a BoJa K TMAPOTYpOMHAM MOCTYMHAeT 110 CIe-
IIaJIbHBIM HAIIOPHBIM TOHHEJISIM HIIM BOZOBOIAM);

e nepuBanmonHsle ['9C (coopyxaroTcs Tam, Iie Be-
JIUK YKJIOH TOPHOW pEeKH; HeoOXomumasi KOHIICHTpPAIUS
peuHoit Boabl ist 3pheKTHBHON paboTHI €e THAPOTYPOHH
co3zaercsl myTeM OE3HAINlOpHOW WIIM HAIllOpHOM JepuBa-
UK (TEPMHH «JIEpUBALIU» ITPOMCXOMUT OT JIaT. CIIOBa
«derivatio» — «oTBemeHue» [5]); BHI NpUMEHsSEMOW Ha
I'SC nepuBanmu (Bua OTBOAA BOJBI OT OCHOBHOTO pyciia
PEKH) 3aBUCHT OT XapaKTepa HakJoHa (YKIIOHA) BOJIOBO-
J1a, TTOJTAIOIIETO PEYHYIO BOAY K JIOIACTSM THAPOTYpPOHH);

e ruapoakkymymupytomue '9C (coopyxaroTes ¢ 1e-
JbI0 CTIAXWBAaHHUA NHKOBBIX JJIEKTPHUUECKUX HArpy30K
MOTpeOuTeNel 3IEKTPOIHEPTUH; BOJA B HHUX IpeaBapH-
TEJILHO MOLIHBIMU HaCOCAMH 3aKaYMBaeTCs C PEKH B CIie-
LMaJIbHBIN JKeJIe300€TOHHBIN BEpXHUI OacceiiH, a B HyX-
HBIA MOMEHT BPEMCHH OHa IO HAIlIOPHBIM BOJOBOAAM C
JlaHHOTO OacceiiHa HanpaBIseTcs: Ha THAPOTYPOHHBI);

e npuiuBHbe [DC (coopykatoTcs OOBIYHO B CKaH-
CTBIX MECTax KaHbOHHOTO THIIA C BBICOKHMM YPOBHEM
MOPCKOTO TIPIJINBA, TOCTUTAIOMINM B MHpe 10 19 M [6];
JKeNIe300€TOHHAS IUIOTHHA C YCTAHOBJICHHBIMH Y €€ OCHO-
BaHWA B CIEUHUAIBHBIX KPYIJBIX KaHAIAX O0OpaTUMBIMU
THAPOTYPOMHAMHU CO3aeT BO BPEMs NPHUINBA OIPOMHBIN
npubeperoBoit 6acceiiH MOPCKON WIIM OKEaHWYECKOW BO-
JIbl; SHEPIusl 3TOM JBHXKYLIEHCS BOABI UCIIOJIb3YETCS THA-
pPOTYpOMHAMU KaK BO BpeMsl IPUIIMBA, TaK U OTJIHBA);

e BonHOBBIE ['DC (coopyrkaroTcsi B MpUOPEKHONH MOp-
CKOM aKBaTOPHM C BBICOKMMM BOJHamu; 3TOT Tun ['DC
npeoOpa3yeT MOTEHIHAIBHYI0 DHEPIHI0O MOPCKOM BOJBI,
3aKa4YuBa€Myl0 CaMHMMHU BOJIHAMHU B CIICHHUAJIBHBIC €MKO-
CTH Ha IOBEPXHOCTH MOPS, B AJIEKTPOIHEPTHIO).

B 3aBucuMOCTH OT YpOBHS Haropa BOBI, I10JaBae-
Mo Ha runpoTyp6unsl, ['9C noapasnensiores Ha [2, 4]:

e BricokoHanopaeie ['DC (ypoBeHb Hamopa BOIBI B
BOJIOBOJIAX K €€ THApOoTypOuHaM Ooiee 60 m);

o cpexneHanopaeie ['DC (ypoBeHb Hammopa BOJIBI B BO-
JIOBOZAX K €€ THAPOTypOrHaM oT 25 10 60 M);

o amkoHanopHeie 'OC (ypoBeHb Hamopa BOABI B BO-
JIOBOZAX K €€ THAPOTYpOHHaM OT 3 10 25 M).
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B 3aBucmMocTH OT ypOBHS BBIpabaThIBAEMON 3JIEK-
TPOTUAPOTEHEpaTOpaMu AIeKTprudeckoi MomtHocTH ['OC
TOIPA3IEISIFOTCS Ha CIeAYIONIe OCHOBHBIE BUBI [2, 4]:

e mvouaeie ['DC (BblpabarbiBaeMas UMHU 3JIEKTpUYe-
CKasi MOLIHOCTh cocTaBiisieT Oosiee 25 MBT);

e cpennemorunsie ['OC (BblpabarbiBaeMast MU dJIEK-
TpHUYECKasi MOITHOCTh COCTaBJIseT OT 5 10 25 MBT);

e MaJOMOIIHBIE (BBIpadaTblBacMas WMH DJIICKTpUIe-
CKasi MOIIIHOCTh COCTaBJIsIeT He Oosee 5 MBT).

1.2. Knaccupukanusa U OCHOBHbIE KOHCTPYKIMH
ruapotypoud. Ha I'DC B 3aBUCHMOCTH OT ypOBHS HAIlo-
pa BOJBI MPUMEHSIOTCA Pa3Hble KOHCTPYKLUH THIAPOTYp-
6uH. Pa3nnyarot cremyromme BUAbI THIPOTYpOuH [2, 4]:

® [OBOPOTHO-JIONACTHBIC TUAPOTYPOUHEI (puUC. 4);
® paaMaIbHO-OCEBBIC THAPOTYPOUHBI (PHC. 5);

® KOBIIOBBIC THIPOTYPOUHEI (pHcC. 6).

Puc. 4. OO0t BUJ HOBOI COBPEMEHHOM MOIIIHO# MOBOPOTHO-
JIOTIACTHOW TUAPOTYPOUHBI B MOMEHT ee ycTaHoBKH Ha ['OC [7]

r e

. 7
Puc. 5. O6wwmii Bug nepesosumoro Ha 'IC paboduero koneca
COBpPEMEHHOH MOIIHOH paauaibHO-0CEeBOM THAPOTYpOUHSI [7]

= ,‘j L "

Puc. 6. O0wmuii Bi KOBIIOBOM rHAPOTYpOUHBI, paboTaroiieil Ha
BbIcOKOHanopHoi ['DC, B MOMEHT ee TeX00CTyKIBaHus (crpa-
Ba OT JIBYX KOBIIOBBIX THAPOTYpPOMH MO MPOAOJIBHOM OcH Mac-
CHBHOTO CTaJBHOTO BaJla BUJICH KOPITyC THAporeHeparopa) [7]

Ha puc. 4 npuBeneH oOuii BUJ MOIIHON ITOBOPOTHO-
JIONAcTHOW TUAPOTYpOMHBI Uit coBpemenHoit [DC [7].

Jausplit  Tunm  ruppoTypOuHBL  (peakTHBHAs — TypOHHA
«Kammanay [7]) ycTraHaBiMBaeTcsi Ha CpPEIHEHANIOPHBIX M
HuskoHanopHeix ['DC. Jlomactu cioxkHod (opMbl B 3TOU
TUIPOTYpPOMHE MOTYT MOBOPAYMBATBHCS OJHOBPEMEHHO BO-
KpYyT cBOeil ropu3oHTaIbHOM ocH, braronmapst stomy U u3-
MEHEHHIO MOJIOKEHUSI €€ JIONATOK (CM. pHC. 3) perynmpyer-
cs1 BeIpadaThIBaeMasi THAPOTYPONHON MOIITHOCTS [7].
[ToTok Bozbl B MOBOPOTHO-JIONACTHOM THIPOTYpOU-
HE JBHXKETCS BIOJIb €€ ocH. IIpomonbHas ock 3TOM Typ-
OMHBI MOXKET PacIioNaraTbcsi KaK BEPTHKAIBHO, TaK U TO-
pu3oHTanbHO. [IpM BEpPTHKAIBHOM pPACHONOKCHUH OCH
MOTOK BOJBI IEpes MOCTYIUIEHHEM B Paboduyro Kamepy
THAPOTYPOUHBI 3aKpy4HBaeTCs B CIMPAIBLHON Kamepe, a
3aTeM CIpPSIMIISIETCS C HOMOIIBIO0 o0TeKaTess. DTo Heoo-
X0AUMO I paBHOMepHOﬁ I1oJJa4yM BOJbI Ha JIOIIACTH Ta-
KOM TYypOHMHBI M COOTBETCTBEHHO YMEHBLICHHsI €€ N3HOCa.
Ha puc. 5 npeacrasnen obumii Bua paboyero kose-
ca MOIIHOW paJuajbHO-0CEBOH TMIPOTYpOWHBI, IpenHa-
3HAUYEHHOW JUIl YCTaHOBKM B MAIlMHHOM 3aJie KpYyIHEH-
meit B Poccun Casgno-lllymenckorr I'DC mioTHHHOTO
THTIA C YCTAaHOBJICHHOW MOITHOCTHIO 110 6400 MBT [2, 4].
PagmanmpHO-OCeBBIE  THAPOTYpPOMHBI  (peaKkTHBHAS
TypOuHa «®paHcuca» [7]) UCIONB3YIOTCS HAa BBICOKOHA-
nopHbIXx I'DC. TToTOK BOABI B 3TOH THAPOTYpOMHE BHaya-
Jie ABMXKeTCs paauanbHo (oT nmepudepuu K ee LeHTpY), a
3aTE€M — B OCCBOM BCPTHUKAJIbHOM HaIllpaBJICHUU HA BbIXO
C TUAPOTYPOHMHBL. DTOT BHJ THAPOTYPOHMH HCIIOIb3YeTCs
Ha ['DC mpu co3gaBaemMbIX WX TJIOTUHAMH HAMopax BOIbI
10 600 M U1 pa3BUBaeMbIX MU MOIIHOCTSX 10 640 MBT
[7]. I3 Bcex M3BECTHBIX THUIOB FHAPOTYPOUH pajnalibHO-
OceBbIE TUIPOTYpOHHBI 00Ja1aroT caMbiM BeiIcOKuM KITJI.
Hx HemocTaToKk — MeHee mosoras padouast XapakTepH-
CTHKa, YeM y TOBOPOTHO-JIONIACTHEIX TUAPOTYpOHH [4, 7].
Ha puc. 6 npuBeaen oOimuii BUA KOBIIOBOW THIPO-
TypOUHBI, yCTaHABIMBaeMO Ha BhICOKOHANIOpHBIX [ DC.
KOHCTpYKTHBHO KOBILIOBBIE THAPOTYPOUHBI (TypOu-
Ha «[lentona» [7]) CHJIBHO OTIMYAIOTCS OT TIOBOPOTHO-
JIONACTHBIX M PaJHaIbHO-0CEBBIX THAPOTYPOHH. OHU, KaK
W TIapoBble TYpOMHBI [8], yCTaHABIMBAIOTCS Ha OOILIEM C
THIPOTEHEPATOPOM TOPU30HTAIFHOM MAaCCHBHOM CTallb-
HOM Baity. B aTom Tune ruapotypOus Boja o 0oabmmmM
HAIropoM II0JIaeTCs 4epe3 coruia (IPakTUYeCKH Kak M BO-
JITHOU TIap) 1O KacaTeNbHON K OKPY>KHOCTH, TIPOXOISIIEH
yepe3 CeperHy KakKA0To U3 €€ BEICOKONPOYHBIX KOBIIOB
CHenHatbHON (HOPMBI, pa3MEIEHHBIX 110 00e CTOPOHHI ee
Kouseca (cM. puc. 6). CTpyn BOJIBI, BBIICTAIOIINE C COTIET C
0ONIBIIOI CKOPOCTBIO, NMPUBOAAT B KPYrOBOE BpalleHHE
JAHHYIO0 TUAPOTYpOWHY W CIAPEHHBIM C HEW CTaJbHOI
BaJI DJIEKTPOTHIpOreHepaTopa. B KOBIIOBOH TrHapoTyp-
OMHE HCNOJNBb30BaHHE KHHETHYECKOW SHEPrUH BBICOKO-
CKOPOCTHBIX CTPyH PE4HOW BOJbI, O0YCIIOBJIEHHBIX CO3-
JIAaHHBIM TUIOTHHOW C IOMOIIBIO BOJOXPaHWJIMIIA HAro-
POM BOJBI, OCYIIECTBISIETCS TPH aTMOc(EpHOM [aBiie-
Hun. KoBIIOBEIe THAPOTYPOUHBI (PUC. 7) MPUMEHSIOTCS
npu Hamopax Bogsl B 300 M u Gomnee [7, 9]. MommHOCTH
KOBIIIOBBIX THAPOTYpOHH MoxkeT nocturats 200-250 MBT
npu pacxomax Boisl B HEX 10 100 m/c. Tlpu Hamopax
Boabl 10 700 M (mpu ee W3OBITOYHOM MABJIICHHH [0
70 aT™M) KOBIIOBBIE THAPOTYPOHHBI KOHKYpUpPYIOT Ha I DC
C paaMalbHO-0CEBBIMH THIPOTYpOMHaMu. [Ipu OOnbIIMX
Hamopax BOJbl WX HUcroib3oBaHue Ha ['DC Ha ceromHs
ocraercs Oe3aprepHaTUBHBIM [7]. HemoctaTok KOBLIOBBIX
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THAPOTYpOMH — X Hed(p(DEKTUBHOCTh MPH HEOONBIINX
HANopax M BBICOKHE TpeOOBaHMS K I0/IaBaeMOW Ha HHUX
peuHoit Bozie (OHa He JTOJKHA COJEp KaTh MecKa U IPYTrux
BKJIFOYEHHH, TPHUBOSLIMX K CHIBHOMY H3HOCY pabOodmx
MIOBEPXHOCTEH CTAJIbHBIX 3JIEMEHTOB TYPOUHBI).

Puc. 7. YkpynHeHHBII BH] HOBOrO pab0oyvero Kojieca COBPeMEHHOM
MOIIHOI KOBIIOBOI FHIPOTYPOUHBI 10 €r0 YCTAHOBKH
B MaIIMHHOM 3aJie BeIcoKoHanopHoii ['DC [10]

1.3. OcHoBHbIe BUABI M XaPAKTEPUCTHKHU 3JIEK-
Tporuaporeneparopos I'IC. Dnexrporuaporeneparo-
peL, puMeHsiemble Ha [DC ¢ TOBOPOTHO-JIOMACTHEIMA U
paanasbHO-OCEBBIMH THAPOTYPOMHAMH, OOBIYHO TIpea-
CTaBIIIOT COOOW CHHXPOHHYIO SBHOIIONIOCHYIO 3JIEKTPH-
YEeCKyl0 MAaIINHy BEPTUKAJIbHOTO HCIONHEHHs (puc. §),
MIPUBOAMMYIO BO BpalleHWE OT THAPOTYPOMHBI TOH HIIH
HMHOW KOHCTPYKIMH. OTMETHM, 4TO MMEIOTCS OTAEIbHbBIE
KOHCTPYKIIMM MaJIOMOIIHBIX 3JIEKTPOTHAPOI€HEPATOPOB
TOPU30OHTAJIBHOT'O HMCIHOJIHCHUSA, BKJIIOYasA U KarlCyJIbHbIC
oOpaTHMBbIE THIAPOTCHEPATOPHI, MPHUMEHSEMbIE Ha TIPH-
muBHbIX ['DC [4, 6]. DnexkTporuaporeHepaTopsl ¢ yka-
3aHHBIMH THIAPOTYPOMHAMH MMEIOT Mallyl0 4acTOTy Kpy-
roBoro BpamieHus (mo 500 o0/MWH) W CpaBHHTEIHHO
Oonpmoit HapykHbIH muamerp (mo 20 m) [11]. imenHO
JMAHHBIC XapaKTEPUCTHKH OIPENEIII0T BEPTUKAIbHOE
HCIIOJIHEHUE DJIEKTpOTHuaporenepatopoB Ha Bcex ['DC ¢
ITOBOPOTHO-JIOMIACTHBIMU U PaJAHaIbHO-OCEBBIMH THIIPO-
TypObuHamu. [Ipu uX ropu30HTAIEHOM HCIIOTHEHUH obec-
NEYeHNEe JKECTKOCTH M MEXaHMYECKOH IMPOYHOCTH dJie-
MEHTOB ITOJTOOHBIX 3JICKTPOTEXHUYCCKUX YCTPOMCTB CTa-
HOBUTCSl TEXHHUUECKH He peanusyemoit 3amaueii [11]. Ha
I'SC ¢ KOBHIOBBIMH THIPOTYpOMHAMH HCIHOJIB3YIOTCS
THAPOTYpOOTreHepaToOpbl TOPU30HTAIBHOTO HMCIIOJHEHUS,
4acToTa BpalIeHUs] POTOpPa KOTOPBHIX B 3aBUCHMOCTH OT
WX TIOJTFOCHOCTU (IIPY HANMWYHH 4-X WM 2-X MarHUTHBIX
morrocoB) MokeT gocturarbh 1500 wim 3000 o6/muH [8].
Ha ruppoakkymynupyronmx ['OC ucmons3yrores obpa-
THUMBIE JJIEKTPOIHPOTeHEPATOpPhl, padoTaroliue Kak B
pekrMe BBIPAOOTKHU 3JIEKTPOIHEPTHH, TaK M €€ MOTped-
JIEHUs! B TIEPUOJ] 3aKauKW PEYHOH BOABI B BEpXHUil Oac-
ceiti Takoit ['DC. OT 0OBIYHBIX JCKTPOTHAPOTCHEPATO-
POB OHH OTJIHMYAIOTCS CHEIMATLHON KOHCTPYKIMEH MOI-
IISITHUKA, ITIO3BOJIIONIEH WX pOTOpY Bpamarbes B obe
cTopoHs! [11]. DnexTporuaporeHepaTopsl NPOESKTUPYIOT-
Csl CIIELMAIBHO II0Jl YacTOThl BPAIIEHHS W MOIIHOCTH
npuMeHsieMbix Ha ['OC ruaporypOuH (Hampumep, MOI
€IMHUYHBIE MOIHOCTH PaJHallbHO-OCEBBIX THAPOTYPOHH
BenmunHOK 640 MBT [4, 7]).

Puc. 8. O0muii Bug MarmuHHOro 3aia MoinHoi I'9C B MOMEHT
MO/beMa POTOpa OJHOTO M3 €€ KPYIMHOrabapUTHBIX 3JIEKTPO-
THIPOTEHEPATOPOB BEPTHKAIBHOTO UCIIOHEHUS [4]

Onextporuaporeneparopsl I'9C Ha OOIBIIYIO €IH-
HUYHYIO MOLIHOCTH (CM. pHC. 8) yCTaHaBIMBAIOT OOBIYHO
BEPTUKAJIBLHO Ha MNOAMATHHUKAX C COOTBCTCTBYIOUIMMU
HaMNpaBJBIOMUME TomUIHUKamMu [11]. VIX BBIMOJIHSIOT
TpexdazHpIMu Ha IpoMBIIIIeHHYI0 YacToTy 50 I'i. B HuX
MPUMEHSIOT BBICOKOA((EKTUBHBIE BO3IYIIHBIE CHCTEMBI
OXJIQXKJICHUS C TEINIO0OMEHHUKAMH THIIA «BO3TYX-BOAAY.

2. Kpynueiimmue I'9C mupa. K uncny neiictByro-
mmx kpynaedmmx ['DC mupa oTHOCSTCA cnenytomme [2]:

e I'DC «Tpu ymenbs» yCTaHOBICHHOW MOITHOCTHIO
22400 MBt (KHP, p. SAum3sr, r. CanIoynuH; cpenHero-
JIOBasi BEIpA0OTKA AIEKTpodHeprun — 98 Mipa. kBT1);

e I'OC «Uraiiny» ycTaHoBiIeHHOH MoIIHOCTEIO 14000
MBrT (bpasunusi/I1aparsait, p. [lapana, r. ®oc-ny-Uryacy;
CpesHero/ioBasi BbIpabOTKa JJIEKTPOIHEPTUH HA JIAHHOW
MEXIOTPaHUYHOHN cTaHimu — 92 mipa. kBru);

e I'OC «Cunony» ycTaHOBIEHHOH MOIIHOCTEIO 13900
MBT (KHP, p. SIH13bI; cpenHerozoBasi BEIpabOTKa 3JIeK-
TposHepruu — 64,8 mipa. kBtu);

e I'DC «l'ypm» ycraHoBieHHOW MomHOCTEIO 10300
MBrT (Benecyamna, p. Kaponu; cpenneromoBast BEIpaboTKa
anekTpodHeprun — 40 mapa. kBt-4);

e I'OC «Tykypyn» yCTaHOBJIEHHOW MOIIHOCTEIO 8300
MBT (bpa3sunusa, p. TokKaHTHHC; CpeIHEroJoBas BbIpa-
6oTka anexTposHeprun — 21 mupa. kBru);

e ['OC «CasHo-lllymenckas» yCTaHOBJIEHHOM MOIIIHO-
creio 6400 MBT (Poccus, p. Enuceii, r. CassHOropek; cpente-
roJ10Basi BEIpabOTKa 3JIeKTposHeprun — 23,5 Mipat. KBT-1);

e I'DC «KpacHospcKkas» YCTaHOBJICHHOH MOIIHOCTBIO
6000 MBT (Poccus, p. Exuceii, r. JIUBHOTOPCK; CpeaHEro-
noBast BeIpaboTKa anekTposreprun — 20,4 mupa. kKB1-g);

o I'DC «Yepummn-Doircy ycTaHOBICHHON MOITHOCTHIO
5400 MBrTt (Kanana, p. Yepuwin; cpeaHeroaoBas BbIpa-
00TKa CKTPO3IHEprun — 35 Mapa. kBT-9);

e ['OC «bparckas» ycTaHOBIEHHONH MOITHOCThIO 4520
MBT (Poccus, p. Anrapa, r. bparck; cpeaHeronosasi Bbl-
paboTka 3eKkTpodHepruu — 22,6 mipa. kBtu).

Ha puc. 9 npuBenen obumii Bun kpymnHeieit 8 PO
Casno-Iymenckoit '9C momuocteio 6,4 I'BT, nmoctpo-
€HHOW Ha KpyIHOH cnbupckoii p. Enucelt u saBisttomeiics
tunmaHoi ['OC moTuHHOTO THITA (Ha ee poTon300paxke-
HUHM BUIHBI CITyCKAIOIIUecs C IUIOTHHBI BBHICOTOH 242 M
BHU3 K MamIMHHOMY 3a1y ¢ 10 pagnanbHO-OCEBBEIMH THI-
potypbunamu o 640 MBT xaxnas 10 BomoBoaos) [4, 7].

ITevanbpHast cTaTUCTHKA B 00JIACTH MUPOBOM THIPO-
SHEPreTUKM Ha HAIIMX «IJ1a3aXx» KOCHYJach W 3TOH
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coBpemernHoi momHo#H ['DC. 17 aBrycra 2009 r. Ha CastHo-
Hlymenckoit I'DC npousonuia KpymnHas aBapus ¢ 00Jb-
IIUMHU Pa3pylIEHUsAMHA B MalllMHHOM 3ajle, IOBJEKIIas 3a
coboit rubenp 75 pabOTHHKOB 3yieKTpoCcTaHImu [2, 4].
[ToHamoOMIIOCH OKOJIO IBYX JIET HA €€ BOCCTAHOBJICHUE.

Puc. 9. O6mmii Bun xpynueineid B Poccun Castro-Llymenckoit
I'SC mnoturHOTO THHA MomHOCTEIO 6400 MBT (p. EHEcei) [4]

3. Kpynnueiimiue ruapoakkymyaupywomue I'9C
mupa. Bkparne ocraHOBHMCS Ha T'HMAPOIJIEKTPOCTAHIMSIX,
TJIaBHBIM TpEeJHA3HAYEHUEM KOTOPBIX SIBJISICTCS «CHSTHE» B
SHEPrOCHCTEMaX CBOMX CTpaH NHKOBBIX 3JIEKTPHYECKHX
Harpy30K moTpeduTenell (HampuMep, B BeEUepHEe BpeMs Cy-
TOK, KOTJIa JIFOMM BO3BPAILAIOTCS IOCE padOThl IOMOH U
BKJIIOYAIOT YCTPOMCTBA, MOTPEOISAIONINE U3 CETH 3JIEKTPU-
4ecTBO). JINKBUANPOBATH BOZHUKAIOIIUI TIPH 3TOM JIePHIIUT
9NIEKTPOIHEPIUH 32 CUET YBEIMUEHHU 00beMa ee BEIpaOOTKH
Ha TEIJIOBBIX 3JIEKTPOCTAHIMAX [8], aTOMHBIX 3JIEKTPOCTaH-
usix [12] ¥ OOBIYHBIX THUIIPODIEKTPOCTAHLIMSX OKA3bIBAETCS
TEXHUYECKH HEBO3MOJKHO. YKa3aHHbIE JIEKTPOCTAHIINH IS
CTaOMIBHOCTH pabOThI CBOMX 3HEPrOOJIOKOB M COOTBETCT-
BEHHO YHEPTrOCHCTEMBI CTPAHBI B LIEIOM JIOJDKHEI paboTaTh B
CBOEM «KPEHCEPCKOM» DPEXHME, HCKIIOYAoIIeM JIo0bIe
JEHUCTBUSI TIO UX TIEPEBOY Ha MaHEBPEHHBIN rpaduk paboTHI
B KOPOTKUI1 CpoK. J[71s1 3TUX 11e7ell Hy>KHbI IONIOJTHUTEbHbIE
SHEPTeTUYECKUE MOIIMHOCTH M pecypchl. OIHUM U3 TaKuX
pecypcoB W SABISIOTCS Tuapoakkymyimpyrone ['DC, uc-
TIOJIB3YIOLIME CBOU MPEIBAPHUTEIBLHO 3allOIHEHHBIE M3 HIK-
Hero Obeda BozION BepxHHE OacceliHbl (BOJOXpaHIINILA) B
TMIEPHOJ1 IIMKOBBIX Harpy30K MOTpeOuTeei yisi BRIpabOTKH ¢
TIOMOIIBIO THUAPOTYPOMH M 3JIEKTPOrHAPOreHEepaTopoB Ha
91X ['3C AOMONHUTENBHBIX TOTOKOB MOIIHOCTH B SHEPTO-
CHCTEME, TTOBBIIAIOIINX HAJIEKHOCTh €€ (PYHKIMOHHPOBA-
Hus [13]. Ha puc. 10 nmpuBeneH oOmuii Bu BOJOXPaHIITUINA
raapoakkymymmpytomeit I'2C (BOmm3u p. Muccypwy, B 80 km
oT T. Muccucunu, CIIA), umeromero BMeCTUMOCTE 5,55
mipa. uTpoB [15]. Ota I'DOC B mepro MAKOBOH HArpy30K
pas3BuBaeT MOIIHOCTH 10 440 MBT.

P

Puc. 10. [Motpsicaromuii 00muit BUJ ¢ BBICOTHI «ITHYBETO TOJIE-
Ta» OrPOMHOTO0 XKeIe300€TOHHOTO BOZOXPAaHIIINIIA HA BEPIIIHE
YAaJIEHHOIO OT FOPOI0B FOPHOIO MacCHUBA COBPEMEHHOM I'Hpo-
akKyMmynupyiomeii anexrpocranmu « Taym Cayx» (CIHA) [13]

OpHOll W3 KPYHMHEHIINX B MHPE THAPOAKKYMYIIH-
pyroumx I'DC momxua crate co3gaBaemas eme ¢ 1983 r.
B Ykpaune BOmu3u p. Juectp (UepHoBuiikas 00:1.) JHe-
CTPOBCKasi TUAPOAIIEKTPOCTAHIIMS C MOLIHOCTBIO B T'€He-
pHpYIOIIEM pexuMe, paBHOW okoso 2268 MBt (Momi-
HOCTh B HACOCHOM pekuMe — npumepHo 2847 MBT) [14].

4. T'maposnepretuka Yxkpaunbl. OTeyecTBEeHHast
THIpOdHEPTeTHKa (DaKTHYECKH Hadallach C COOPYKEHHUS B
nepuon 1927-1932 rr. wHa p. duenp (T. 3amopoxbe) Kpyn-
Heitmeit Ha To Bpemsa B EBpomne Iuenposckoit ['DC ¢ yc-
TaHOBIICHHON MomHOcThI0 1548 MBT [14]. Ha puc. 11
NpUBeieH O0IIui BU THAPOTYpOHHHOTrO 3ana 3toii ['IC.

o

Puc. 11. CoBpemennslit Bua ruapotypOHHHOTO 3aia J{HenpoBs-
ckoii 'DC ¢ ycraHoBiIeHHOH MOITHOCTRIO 1548 MBT [15]

Ha puc. 12. npeacrasieH oOmuii BHI kKeJIe300eTOH-
HOM IUIOTHHBI M MAalIMHHOTO 3aja JiereHgapHou [[Her-
poBckoit I'DC, He onuH pa3 «nepexusmiein» B 20-M Beke
paloCTHBIE ¥ Tparn4ecKue CoObITUS B CBOEH nctopu [4].
s ___m

o o e e Y

i A

4

Ay

Puc. 12. O6mwmii coBpemennsiii Bun J{aenposckoii 'IC [15]

B Hacrosiiiee BpeMsi B ro10BoM OanaHce BIPA0OTKH
B Ykpause 3nexTpodHeprun 'OC 3aHMMarOT TpeTbe Me-
CTO II0CJIE aTOMHBIX U TEIJIOBBIX 3JIEKTPOCTAHIMH. YcTa-
HOBJIeHHast MomHOCTH (okoio 4,7 I'Bt) Bcex I'DC crpans
cocraBisieT mpuMepHo 8 % ot obmeit momHocTH O0be-
TUHEHHOW SHEPreTHYecKON CHUCTeMBI YKpawHbl [16, 17].
CpenHeromoBoit 006eM BBIPAOOTKU 3JIEKTPOIHEPTHH OTe-
gectBeHHBIMH [ DC coctaBmser mpumepHo 10,8 mup.
kB19 [18]. OCHOBHOW HCHONB3yEeMBI B CTpaHE THIPO-
SHEPreTUYECKUI MOTCHIMAI cocpenoToueH Ha O6ase I'DC
JlHenpoBckoro ruIpokackaaa, Bkiouaromero [17]:
Juenposckyto 'DOC (momHocts — 1548 MBT); Kpemen-
gyyrckyto ['OC (mounocts — 682 MBT); Kanesckyro 'DC
(momHOCTE — 444 MBT); Knesckyio I'DC (MomHocTs —
408 MBT); Kaxosckyio I'DC (momnuocts — 351 MBrT);
CpenuenrenpoBckyro ['9C (mommuocth — 352 MBT). K
sToMy ciexyeT nobaButh JHecTpoBckyto-1 ['DC (mom-
HOCTh — 702 MBT), a Taroke paa THAPOAKKYMYITHPYIOIINX
anekTpocTaHnuit Ykpawmusl [16, 17]: JIHecTpoBCKyrO
(MomHOCTE — 2268 MBT); Tammsinkyro (MOLITHOCTh —
302 MBrT); Kuesckyro (MomrHOcTs — 235 MBT). Kpome
TOr0, B YKpauHe B CEJIbCKOW MECTHOCTH 3KCILUTyaTHpYeT-
cs1 49 tak Ha3biBaeMbIX Manbix ' DC, KoTopble BbIpabaThl-
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BaroT g0 200 mutH. kBT'4 anekTposnepruu B rox [6, 17].
OTMETHM, YTO CTOMMOCTBH 3ekTpodHepruu oT I'9C ro-
pa3no HIDKE, YeM OT TeIUIOBBIX CTaHLUI YKpauHsl [2, 4].
5. IlpeumymectBa U HexoctaTku I'IC. OcHoB-
HeIMU npeumyniectBamMu ['9C B cpaBHEHHH C APYTHMH
BHJIaMU DJIEKTPOCTAHLUH SABJSIETCS cheaytouee [2, 4]:

® OTCYTCTBHE TOIUIMBHOW COCTaBJISIOLICH NPH MPOU3-
BOZICTBE AekTpodHepruu Ha ['DC cmocoOcTByeT CHIbKe-
HUIO 3aBUCHUMOCTH CTOUMOCTH 3JEKTPOSHEPTHU OT HU3Me-
HEHUsI B MUPE CTOMMOCTH OPTaHUYECKOTO TOTLIHBA;

e ucnonbs3oBanue Ha ['DC mus MPOM3BOACTBA DJIEK-
TPOIHEPTUU BO30OHOBIAEMBIX HCTOUHHUKOB SHEPIHH, YTO
CHOCOOCTBYeT TJOOANbHBIM YCHJIMSIM 4YeJIOBEYECTBAa B
00pb0e 3a COKpallleHHe BEIOPOCOB B 36MHYIO aTMOC(epy
IMMapHUKOBBIX I'a30B U BPCAHBIX XUMUYCCKUX COGHHHEHHﬁ;

e ['DC sABASIOTCS KIFOYEBBIM JIEMEHTOM 00CCIICYCHUS
CHCTEMHOW HAaJeKHOCTH (YHKIMOHUPOBAHUS €IMHOU
AJIEKTPOIHEPTETHUCCKON CUCTEMBI JTFO00M CTPaHbI;

e cToMMOCTh BhIpabOaTeiBaeMoil ['DC mmpa 31eKTpo-
SHEeprud Hike (MPUMEPHO A0 ABYX pa3), 4YeM Ha NPYTHUX
BHJaX JEKTPOCTAHINN TPaIUIIHOHHOW SHEPTCTHKH;

® CpPOK DKCIUTyaTallil TEXHUYECKUX COOPYKEHHH M
sHeproarperatoB ['DC BhIIe, 9YeM Ha TEIUIOBBIX W aTOM-
HBIX CTaHIUAX (OCHOBHOH MPUYMHOW TOMY SIBISIETCS OT-
cyrctBue B sHeproarperatax ['DC BBICOKOMHTEHCHUBHBIX
TEIJIOBBIX IIPOLIECCOB TPH BBIPA0OTKE JIIEKTPOIHEPTHH;
MHHUMaJIbHBINA CPOK cityxObl MoIHbIX 'IC — 50 net);

e rubkocTh padotel 'OC, cBs3aHHAs ¢ BecbMa OBICT-
PBIM YMEHBIIEHHEM BBIPAOOTKH Ha HEW 3IIEKTPOIHEPTHH
IIpU HaIMYMM H30BITKA IIOCIEAHEH B BHEprocucreMe
(ameproarperatsr ['OC 3a Bpems mo 1,5 MHH JOITyCKarOT
M3MEHEHHEe PeXMMa CBOSH pabOTHI OT «XOJOIHOTO» IIyC-
Ka JI0 TIOJTHOTO TIPHHATHUS SJICKTPUICSCKON HATPY3KH);

® HH3KHE HKCIUTyaTaI[IOHHBIE PACcXOJbl, CBSI3aHHBIE C
HagmaueM Ha ['DC cpaBHUTENBHO HEOONBIIOTO KOJIUYE-
CTBa 00CITy’)KHBAIOIIETO €r0 SHEProarperaTsl NepcoHana.

K ocHoBHBIM HenmocTaTkam MoIHbIX ['IC ykazaHHO-
TO BBIIIE TUTA CIIEAYET OTHECTH cienyromiee [2, 19, 20]:

e 13-3a co3panus npu ['OC OrpoMHBIX BOAOXpPaHUIIHIL
TIPUXOJIUTHCS 3aTAIUIMBATh OOJIBLINE TEPPUTOPHH C IUIOJO0-
POMHBIMH 3eMJISIMH, YTO CTAaHOBHTCSI IPUYMHOM psijia Hera-
TUBHBIX F3MEHEHHH B OKPY)KAaIOIIeH mpupone (BBIBOI U3
CeTBpX03000p0oTa OONBIIMX IDIOMAACH 3eMeJb; HAIMYHE B
BOJIOXPAHIJIMIIAX 3aCTOMHBIX SBJICHHUH, YXYAIIAIOIINX Ka-
YECTBO PEYHOM MUTHEBOM BOJIbI; IJIOTHMHBI CTAHLIMHN Tepe-
KPBIBAIOT PHIOAaM ITyTh K HEPECTIIIHIIAM);

e cronMocTh coopyxkerus I'9C (mpu cpegHeidr Mupo-
BOI CTOMMOCTH IPOU3BOAMMON UMU 3JIEKTPO3HEPIUU JI0
5 nenroB USA/kBt-4) Bblllle, 4eM TEIUIOBBIX M aTOMHBIX
AJIEKTPOCTAHIMH TOH ke IEKTPHUECKOI MOIIIHOCTH;

e KpyIHBIE aBapuM Ha IJIOTHHAX MowHbIX ['DC He-
MHHYEMO HPHUBOAAT K KaTacTpO(UUECKUM HABOIHEHHIM
HIDKE TI0 TEUCHHIO PEKH C TSHKEIBIME MTOCIISICTBUSMI,

e zamneHne naHa Bopoxpanwmm [DC, HemMHHYyeMO
MIPUBOZSIIEE K BO3PACTAHHUIO BHEITHETO TOPU30HTAIBHOTO
JIABJICHUS Ha JKeJIe300€TOHHYIO TUIOTUHY H JIOTIOTHHUTEIb-
HOMY OOpa30BaHHIO B BOJOXPAaHWIIHUILAX METaHa M Tap-
HUKOBBIX I'a30B, IOCTYNAIOUIUX B 3eMHYI0 aTMocdepy;

e HEeoOXOJUMOCTh NepeceseHus OOJBILOro YKcia JIo-
Jiel, TIPOXKUBAIOIINX Ha TEPPUTOPUH OYIYIIMX BOJOXpa-
Huui ['OC (o nanHbeIM BeeMupHON KOMUCCHU TTO TUTO-

trHaM B 2000 r. Hagano crpoutenberBa ['OC mpuBeno k
nepeceneHuto 10 60 MITH. 9eJIOBEK BO BCEM MHUPE).

6. Oobembl BbIpaGoTkn I'DC 31eKTpo3HEpPruud B
NPOMBINIEHHO Pa3BUTHIX cTpanax mupa. Ilo cocros-
Huto Ha 2012 r. ruaposHepreTHka oOecreunBaia Ipou3-
BOJICTBO 3JIEKTpO3Hepruu 10 21 % oT obmiero romoBoro
o0beMa BHIPabaTHIBAEMOr0 B MHpE dJieKTpruuecTsa [4, 11].
YcranoBneHHas MomHocTh Ha I'9C mupa cocraBisiia B
310 BpeMsi okoyio 715 I'Bt. MupoBbeIMU JuzaepamMu 1O
BeIpaboTke Ha ['DC 3MeKTpoIHeprun B ee aOCOMOTHBIX
3HaueHUsX sBIAIOTCS B Hactosuiee BpeMss KHP, Kanana u
Bpaswmmsa. Jlupepamu mo mpomsBoactBy Ha ['OC amek-
TPO3HEPTHHU Ha OJHOTO TpakAaHuHa sBisiforcst Hopserus,
Ucnannusa u Kanaga [4]. Ha nayano 2000-x rogoB Hau-
OoJiee aKTHBHOE B MUPE THAPOCTPOUTENBCTBO IPOBOIMIIA
KHP, nns xotopoi ruapo3Heprust ABiIsSeTcs MOoKa OCHOB-
HBIM TOTEHIMAIBGHBIM HCTOYHHKOM 3HEPIUU B CTpaHe.
Crnenyer 3ameTtuts, uro ceiiuac KHP peanusyer camyro
MacuTabHy!0 B MHpE POrpaMMy CTPOHUTENBCTBA Ha CBO-
el TeppUTOPHH HOBBIX MOIIHBIX aTOMHBIX 3JEKTPOCTaH-
i [12]. OtmeTum, ato B 1990 1. 6p1Bmmit CCCP BeIten
Ha BTOpoe MecTo B Mupe (cpa3y mocie CIIIA) mo ycra-
HoBiieHHON MomHocTH ['OC, cocraBuBmier 65 I'Bt [4].
Torma CCCP no mpou3BoAcTBY 3mekTposHeprun Ha [[OC
mpu ee rogoBoM obweme B 233 mipa. kBt 3aHuman
TpeTbe MecTo B Mupe nocie CILIA u Kanane! [11]. B Ha-
crosiee Bpemsi Poccust mpu ycTaHOBJIEHHON MOITHOCTH
CBOMX T'HMJIpo3Heproarperatos B 45 I'Bt (msitoe mecto B
mupe) BblpabarbiBaer Ha ['DC Tonbpko mpumepHo 165
wipa. kBT-u/ron (Tarke mstoe mecro B mupe) [4]. Ha
puc. 13 mpuBeneHa CTPYKTypHas cXeMa paclpeliesicHus B
HACTOsIIIIEe BPeMs yCTaHOBJIICHHON MOIIHOCTH CPEAn Tel-
JIOBBIX, aTOMHBIX U THIOpOdIeKTpocTannuii Poccun [4, 11].

Puc. 13. Ctpykrypa pacrpenenenust yCTaHOBJICHHON MOITHOCTH
anexkrpocraHiuii B Enunoii snepreruyeckoii cucreme Poccuun
0 TPAJUIMOHHBIM BUAM I'€HEPALMU DJIEKTPOIHEPrun [4]

U3 pannbix puc. 13 BUAHO, YTO JOJS AJIEKTPOIHEP-
ruy, BeipabareiBaeMoii ['DC Poccuy, B 001iem o0beme ee
roJI0BOro Mpou3BojacTBa He mpebimaeT 21 %. OcHoBHast
JIOJIsE 3NeKTpodHeprud B Poccuu (okoio 69 %) BeIpabaThi-
BaeTCsl cefuac Ha ee TEIUIOBBIX 3JeKTpocTaHlusx [4, 8].
Ha momnble aToMHbIE 3yieKTpocTaHUMu Poccuu mpuxo-
JuThest 4yTh Oostee 10 % oT cyMMapHOTO rofoBOro 00b-
€Ma TPOM3BOJCTBA JJICKTPUUECTBA. YKaXKEM, YTO THIPO-
sHepreTuka Poccum mo cBOeMy 3HEPro’KOHOMHYECKOMY
MOTEHINATy, COCTaBJIOIEMY OKolo 852  MIpA.
kB1-4/ron, 3aHnMaeT BTOpoe mMecto B mupe mocie KHP
[4]. Onnako, MO cTeneHHM OCBOEHHSI CBOMX TI'POMAJHBIX
THIPO3HEpropecypcoB Poccus ycTymaer NpakTHYECKH
BCEM MPOMBINUICHHO Pa3BUTHIM CTPaHAM HAIIIETO MHpA.
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7. TIpoGyemMHble 3aAa4u THAPOIHepreTuku. [o-
0aJbHOI0 TPOOJIEMOIO HAIlleH IUBIIM3ALMN SIBISIETCS
COXpaHeHHe 0e301acHOro Ul YeJIOBEUECTBA COCTOSHUS
OKpy»Xaromiel cpensl. B aToii cBsi3u opHON M3 mpobieM-
HBIX 33Ja4 MHUPOBOW TMAPO3HEPIETUKH, HCIOJb3YIOIIECH
BO300HOBJISIEMbIE M 9KOJIOTHYECKH YHCTBIE THIPOIHEPIo-
pecypcbl, SIBISIETCS] TOBBIIIEHUE HAJEKHOCTH M YPOBHS
0€301acHOCTH THIPOTEXHUIECKHX COOPY>KCHUH MOIHBIX
I'DC. Ot MeponpusTHI IOKHBI UCKIIOYATh KPYITHBIE
aBapuu Ha mioTuHax MomHbix ['DC. [pyroit ee mpo-
OGneMHOM 3amadeit SBIAETCS CBEACHHE K MUHIMYMY Hera-
THUBHBIX 3KOJIOTMYCCKHUX HOCHeHCTBI/lﬁ OT COOPYKCHUA U
skcruryaranu MomHEIX I'DC. s ee perneHus TpeOyroT-
Cia 60.]'[])1111/16 (l)I/IHaHCOBI)Ie HMHBECTUIIMH B 3allIMTHHIC MC-
POTIPUATHS TI0 MUHHMHU3AIMK OTPUIATEIIHHOTO BIMSHUA
MomHbX ['DC Ha okpyxartouyto cpeny. IIpu stom ak-
LIEHTHl HEOOXOAMMO JeNlaTh Ha MOAJEpP)KaHHE BBICOKOTO
Ka4yecTBa BOJbl BOJOXPAHWIMUIL U O0ECIEYCHUE MPOXoJa
B BECEHHHI MIEpHO]T PEIOBI Ha CBOM HepecTmuma. [ umpo-
OHEPICTUKA SABJIACTCA OTHOCUTCIIBHO BbBICOKOMAHCBPCH-
HON monoTpacibio sHepretuku. [loaToMy Tperbell mpo-
OneMHOU 3a/aueil B 00JacTH THIPOIHEPTETHKH SIBIISIETCS
YBEIMYEHHE MOIIMHOCTEH €€ THAPOaKKYMYIHPYIOIINX
CTaHIIMH B 0011IeM 00beMe MOIIHOCTEH IHEPIOCHCTEMBI, B
ToM yncie U B OObeTUHEHHOW YHEPTEeTHUECKON CHCTEMe
VYkpaunsl. [1o MHEHHIO CIIELIUATIMCTOB-TUAPOIHEPTETUKOB
THPOAKKYMYJIMPYIOIHE CTAaHLIMH JOJDKHBI MUMETh CyM-
MapHble MomHOCTH A0 10-12 % oT o0meld MomHOCTH
BCEX JJIEKTPOCTAaHIMN cTpassl [21]. B aTtoM ciaydae mpu
noakmroueHny Takux '9C k obmieit sreprocucteme odec-
MIEYMBAETCSI ONTUMAIBHOE IPOXOXKICHUE M PETyIHpOBa-
HHUE MHUKOBBIX JIEKTPUYECKUX HAarpy30K B BEUEpHEE Bpe-
Msl CYTOK, @ TaKXe CO3JaeTcsi HeOOXOAMMBIN Harpy3od-
HBIN pE3ePB SHEPTOCUCTEMBI IIPH aBAPUHHBIX CUTYAIUAX.

8. lepcnextuBsbl pa3Butusa ['IC B Mupe u Yk-
pauHe. IIporHO3bI SKCIEPTOB YKa3bIBAIOT HA HEYKOCHH-
TEJILHOE BO3pPACTaHUE B MUPE MOTPEOIICHHS IIEKTPOIHED-
MM ¥ BOJAHBIX pecypcoB. Tak, cCOIacHO HMMEIOIIUMCS
NPOTHO3aM MHPOBOE MOTPEOJICHHUE DIIEKTPUYECTBA B IIe-
puoa ¢ 2000 r. mo 2300 r. Bo3pacTeT B 1Ba pas3a [21]. B
9TOH CBSI3M BO3pAcCTaeT POJIb M TMAPOIHEPIETUKH B TEX
CTpaHax, I/le UMEIOTCSI HEOCBOCHHBIE THAPOIHEPTOPECyp-
cel. OT™MeTnM, 9TO O coctosHmo Ha 2007 T., B KOTOpOM
I'SC mupa 6b1UT0 POU3BEACHO IIEKTPOIHEPTHH B 00BEME
okosio 3050 miupa. kBT4, HEOCBOEHHBI B MUpPE THIPO-
SHEPreTUYECKUI TOTEHIIHA COCTAaBIsUT MpuMepHO 5680
mipa. kBtg [21]. Mexay KOHTHHEHTaMH HaIled IiaHe-
TBl 3TOT 3HEPrOSKOHOMUYECKHH IOTEHIMAN pacIlpesie-
Jsuics cnenyromum obpasom [21]: Asus — 3380 muipn.
kBT1-1 (60 %); FOxnas Amepuka — 930 mupa. kB4 (16 %);
Adpuka — 750 mupa. kBtu (13 %); CeBepras u llen-
TpanbHas Amepruka — 350 mupa. kBru (6 %); EBpona —
220 mapa. kBtu (4 %); ABcrpanmusa u Okeanust — 50 mupa.
kBru (1 %). B VkpauHe ruIpo3HeprornoTeHnyal pas-
HUHHBIX PEK UCIIOJb30BaH MPAKTHYECKH TOTHOCTHIO [18].
ITosToMy 11st YKpauHbl cedyac akTyaJlbHO pa3BUTHE
THIPOAKKYMYJIMPOBAHUS SHEPTUH, SHEPTETHUYECKUH I10-
TEHLIMAJI KOTOPOTO MOXKET MOJHOCTBI0 00ECTIEYUTh SHEP-
TOCHCTEMY CTPaHbI B IE(QUIIUTE KITHKOBOW» JIEKTPOIHEP-
run. CornacHo naHHBIM [21] HEOCBOGHHBIN THIPOIHEP-
TOINOTCHIMaJI HaXOAUTCA, B OCHOBHOM, B CHa60paSBI/ITbIX
U pa3BUBAKOLUXCs cTpaHax mupa. IIpu minanuposaHuu
pPa3BUTHSL DHEPTETUKU B OTUX CTPaHax B IIEPBYIO OUYEPEIb
HaMe4aeTcs OCBOCHHE CBOMX THpopecypcoB. IIporaosst

pazButus 10 2030 r. MEUPOBOM SHEPreTUKU yKa3bIBAIOT HA

TO, YTO Y/IEJBHBII BeCc THApOodHepreTukH (10 21 %) B Mu-

POBOM SHEpreTHIeckoM OaaHce moka coxpanutes [21].
BoiBOaBI.

1. BBITIOTHEHHBI HAYIHO-TEXHUYECKUI 0030p pa3BUTHA
MHPOBOH THAPOSHEPTETUKH CBHUJIETEIBCTBYET O TOM, YTO
I'SC mo ronoBoMy 00BbEMY IMPOU3BOJMMOI UMH 3JIEKTPO-
sreprud (10 21 % BeIpabOTKH B MHUpPE) B HACTOSIIEE BPEMS
B TIPOMBIIUICHHO Pa3BUTHIX CTPaHAX 3aHHMAIOT TPEThE Me-
CTO ITIOCJIC MOIIHBIX TCIIVIOBLIX 1 aTOMHBIX 3J'leKTpOCTaHLIMI>i.
OCHOBHOIM HEOCBOCHHBIN Ha CETO/IHS B MUPE PE3epB THIIPO-
srepropecypcoB (o 3380 mupm. kBT4) cocpeoToucH B
CTpaHax A3uH.

2. I'mnposHepreTyka co CBOMMH CPaBHUTEIBHO MaHEB-
PEHHBIMH 3HEproarperaTtaMi, HCIOJIb3YIOIUMH TOJIBKO
BO300HOBIISIEMBIE M 3KOJIOTHYECKH YHCTBIE BOIHBIC YHEP-
TOPECYpChl, CHOCOOHA 3a CYET COOPYKEHHS MOIIHBIX
rugpoakkymympytonmx ['9C pasrpyxars B 3HEProcuc-
TE€Max BO3HHUKAIOLINE B BEUYEPHEE BPEMs CYTOK ITHKOBBIE
Harpys3Kkd TOTpeOUTeNel M CcOo3AaBaTh HArpy304HbIE pe-
3epBBbI ISl TIOBBIIIEHHUS YCTOHYMBOCTH (DYHKIIHOHHPOBA-
HUSI 9HEPTrOCHCTEM B aBAPUHUHBIX PEXKUMAax UX PabOTBHI.

3. JI71s 3aIIMTHI U COXpaHEHUsS Ha 3eMJie OKpYyXKaroIei
cpeabl He00X0IMMO IMOBBIIIATE IKOJIOTMYECKyIo Oe3omac-
HOCTb 3KCIUTyaTHPYEMbIX M BHOBb CO31aBac€MbIX B MHpE
MomHbIX 00br9HBIX ['OC 1 akkymymupytommux ['OC.

4. B O6mmkaiiiieit mepcreKTuBe THAPOIHEPTeTHKA TIPO-
JIOJDKUT BMECTE C TEIIO- U SIAEPHOM DHEPreTUKON OCTa-
BaTbCs OCHOBHBIMH HMCTOYHHKAMH 3JCKTPO3HEPTHH [UIS
Pa3BUBAIOLICHCS LIMBUIM3ALMN HA HAILEH IIJIaHETE.
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An anthology of the distinguished achievements in science and
technique. Part 45: Traditional power engineering. Hydraulic
power plants: state and prospects of their development.

Purpose. Preparation of brief scientific and technical review about
the state, achievements, problems and prospects of development of
world hydraulic power engineering. Methodology. Known scientific
methods of collection, analysis and analytical treatment of the opened
scientific and technical information, present in scientific monographs,
Jjournals and internet sources, high meaningfulness in area of hydrau-
lic power engineering. Results. A brief analytical scientific and tech-
nical review is resulted about the present state, achievements, prob-
lem tasks and prospects of development of hydraulic power engineer-
ing in the industrially developed countries of the world. Considerable
progress is marked in development and creation of technical base of
modern hydraulic power engineering including powerful hydraulic
turbines and hydraulic electric generators. Existent classification of
the hydraulic power plants (HPPs) is resulted. Basic types and con-
structions of powerful hydraulic turbines, in-use on modern HPPs are
presented. Basic kinds and technical descriptions of powerful hydrau-
lic electric generators used at modern HPPs are indicated. Informa-
tion is resulted about the largest in the world ordinary HPPs and
hydraulic heat-sink HPPs. Hydraulic power engineering of Ukraine is
considered and descriptions of basic domestic HPPs are described.
Advantages and failings of HPPs are marked in comparison with the
thermal and nuclear power plants. Information is presented about
absolute volumes of electric power produced by HPPs in a number of
the industrial developed countries of the world. Quantitative indexes
are resulted for today in the world of reserve of hydraulic power re-
sources on the continents of our planet. A conclusion is done that this
reserve of hydraulic power resources is mainly concentrated in the
countries of Asia. It is indicated that hydraulic power engineering of
the world produces presently up to 21 % of electric energy in annual
world in the electrical energy balance. Some problem tasks of world
hydraulic power engineering are indicated. Certain prospects are
outlined in development of hydraulic power in the world and in
Ukraine. Originality. Systematization is executed as short structured
of 'scientific and technical review of the scientific and technical mate-
rials touching functioning of such important sector of world economy
as hydraulic power engineering known from the open sources in in-
formative space. Material is expounded from positions of scientist-
electrophysics in an accessible for a wide reader new informatively-
rich content form. Practical value. Popularization and deepening for
students, engineers and technical specialists and researchers of front-
rank scientific and technical knowledge in area of modern hydraulic
power engineering extending their scientific range of interests and
promoting further development of scientific and technical progress in
society. References 21, figures 13.

Key words: hydropower engineering, hydraulic power plants,
hydraulic turbines, hydraulic electric generators, character-
istics of hydraulic power plants, problems and prospects of
development of world hydropower engineering.
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EnekmpomexHi4yHi komrniiekcu ma cucmemu. Cunoea eJsIeKmpoHika
UDC 621.3.07
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M. Benkahla, R. Taleb, Z. Boudjema

A NEW ROBUST CONTROL USING ADAPTIVE FUZZY SLIDING MODE CONTROL
FOR A DFIG SUPPLIED BY A 19-LEVEL INVERTER WITH LESS NUMBER
OF SWITCHES

This article presents the powers control of a variable speed wind turbine based on a doubly fed induction generator (DFIG) because
of their advantages in terms of economy and control. The considered system consists of a DFIG whose stator is connected directly to
the electrical network and its rotor is supplied by a 19-level inverter with less number of switches for minimize the harmonics
absorbed by the DFIG, reducing switching frequency, high power electronic applications because of their ability to generate a very
good quality of waveforms, and their low voltage stress across the power devices. In order to control independently active and reactive
powers provided by the stator side of the DFIG to the grid and ensure high performance and a better execution, three types of robust
controllers have been studied and compared in terms of power reference tracking, response to sudden speed variations, sensitivity to
perturbations and robustness against machine parameters variations. References 34, tables 4, figures 13.

Key words: wind turbine, doubly fed induction generator, sliding mode controller, adaptive sliding mode controller, adaptive
fuzzy sliding mode controller, multilevel inverter.

B cmamve onucvieaemca ynpaenenue MOWHOCHbIO 6eMPAHOI MYypOUHbL NEPEMEHHOUN CKOPOCHU HA OCHOGE ACUHXPOHHO20
2eHepamopa 060IHO20 NUMAHUA 66UOY UX NPEUMYULECING C MOYKU 3PeHUs IKOHOMUYHOCIU U ynpaenenus. Paccmampueaeman
cucmema cOCMOUm U3 ACUHXPOHHOZ0 2eHEpamopa O060IH020 NUMAHUA, CIMAMOP KOMOPO20 NOOKIIOUEH HENOCPeOCHEEHHO K
INEKMPUUecKoll cemu, a e20 pomop numaemca om 19-ypoeHeeozo uneepmopa ¢ MeHbUWIUM KOAUYECEOM KOMMYMAMOpos 0.4
MUHUMUSAUUU 2ADMOHUK, RO2TIOWAEMBIX 2EHEPAMOPOM, YMEHbUIAA YACIONY NEPEKTIOUEHUA, U YCIMPOIICHE CUTIO80U INeKMPOHUKU
ecnedcmeue ux CHOCOOHOCHU 2eHEPUPOGAMD BbICOKOE KAYecmeo CUZHAN08 U HU3K020 YPO8HA Hanpaxycenus Ha Hux. Ymoov
He3a8UCUMO YNpaeAms aKMUGHOU U PEAKMUGHOI MOUHOCHIBIO, NOOAEAEMOTl CHIOPOHOIL CHIAMOPA YKA3AHHO20 2eHEPAmopa é cembn,
u obecneuusams @bICOKyI0 NPOU3EOOUMEILHOCHL U JIyYUiee KOHCMPYKIMUGHOE UCNONIHEHUE, U3YUEeHbl U CONOCHAGIEeHbl MPU MUna
POOACMHbBIX KOHMPOJIEPO6 ¢ MOUKU 3PEHUA ONICAEHCUBAHUA MOUWHOCHIU, DeaKyuu HA 6HEe3AnHOe U3MEHeHUe CKOpOCHiu,
YYECMEUMEIbHOCHIU K 603MYU{EHUAM U YCHIOUYUBOCIU K USMEHEHUAM napamempos mawunsl. budin. 34, tabm. 4, puc. 13.

Knmiouesvie cnosa: BeTpsiHasi TypOMHA, ACHHXPOHHBIH TeHEPATOpP ABOWHOI0 NMUTAHMUS, KOHTPOJJIEP PEKHMA CKOJIbKEHHS,
aJanTHUBHBIA KOHTPOJLJIEP PesKUMA CKOJIbKeHNs, AJaNITUBHbII HeYeTKUH KOHTPOJIEp peKHMa CKOJIbKeHHsl, MHOTOyPOBHeBbIii
HHBEPTOP.

Introduction. Wind energy has the most
contribution for power generation among different
renewable energy resources; this is so because of its
potential advantageous such as free availability of wind,
ability to exploit in high power, other land around uses of
wind farms and as the important one it is relatively
inexpensive to build wind farm [1]. The wind energy
community has dedicated a huge effort to develop
improved condition monitoring strategies. Fault detection
and isolation schemes and fault tolerant control strategies
applicable to wind turbines (WT) [2].

Wind power has established itself as a main source
for the generation of electricity in the past decade by
delivering at least 3.4% of the world's electricity in 2014,
a figure expected to increase to 6-8 % by 2020 and to
8-17 % by 2030 [3, 4].

In the development of WT technologies doubly fed
induction generators (DFIG) are the most popular due to
their numerous advantages including independent control
of both active and reactive powers, variable speed
operation, four-quadrant active and reactive power
capabilities, high energy efficiency, and low size
converters [5-8]. These advantages are achieved through
controlling the rotor voltage or current by a converter
while the stator is directly connected to the grid [9].

Research on the control and operation for DFIG under
distorted grid voltage conditions has been studied in [10].
Studied in this paper is shown in Fig. 1. In this diagram,
mechanical energy is produced by a WT and provided to a
DFIG through a gear box. The back-to-back control system
and voltage source converters comprise rotor-side and grid-
side converters. The grid side converter (GSC) is used to

control the DC-link voltage and reactive power exchanged
with the grid and is connected to the grid via three chokes to
improve the current harmonic distortion. The rotor side
converter (RSC) is used to control the generator speed and
reactive power [11]. The RSC controls the generator to
achieve maximum power point tracking. In one
classification, the control approaches of the DFIG are
categorized in two groups: classic control approaches using
PI regulators and advanced control approaches.

Grid

.l

Multiplie

Fig. 1. Diagram of a wind energy conversion system

High power applications in electrical traction require
high voltage supply for motors. The only way to use
multilevel converters is actually to generate voltages with
high magnitudes [12].

Several topologies of multilevel inverters have been
studied and presented. Among them, neutral point
clamped inverters [13], flying capacitors inverters also
called imbricated cells [14], and series connected cells
inverters also called cascaded inverters [15]. The industry
often has used the neutral-point-clamped inverter [16].

© M. Benkahla, R. Taleb, Z. Boudjema
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However, the topology that uses series connected cells
inverters presents some advantages, as smaller voltage
rate (dU/dt) due to existence of higher number levels,
producing less common-mode voltage across motor
windings [17]. Furthermore, this topology is simple and
its modular configuration makes it easily extensible for
any number of desired output voltage levels. Fig. 2,a.
shows the basic diagram of this topology with k partial
cells represented by Fig. 2,b. The J™ single-phase inverter
is supplied by a DC-voltage source Uy(j = 1...k). The
relationship between the number of series-connected
single-phase inverters in each phase and the number of
output voltage levels generated by this topology,
respectively & and N, is given by: N = 2k + 1, in the case
where there are equal voltages in all partial inverters.

J@‘

LT

L__]

|

a
Fig. 2. a — a series-connected multilevel inverter topology
with k partial cells, b — partial cell configuration

In all the well-known multilevel converter topologies,
the number of power devices required depends on the output
voltage level needed [18]. However, increasing the number
of power semiconductor switches also increases the
converter circuit and control complexity and the costs. To
provide a large number of output levels without increasing
the number of converters, a uniform step asymmetrical
multilevel inverters (USAMI) can be used [19].

The sliding mode control achieves robust control by
adding a discontinuous control signal across the sliding
surface, satisfying the sliding condition. Nevertheless, this
type of control has an essential disadvantage, which is the
chattering phenomenon caused by the discontinuous control
action. To treat these difficulties, several modifications to the
original sliding control law have been proposed, the most
popular being the boundary layer approach [20, 21].

The disadvantages of the structure are complex network
structure and inference mechanism. Therefore, to overcome
the disadvantages of the aforementioned sliding mode
controller (SMC), a new adaptive sliding mode controller
(ASMC) is developed to estimate the unknown bound of
uncertainty which is obtained in the sense of Lyapunov
stability theorem to minimize the control effort and attenuate
chattering [22], robustness and rapidity [23]. In addition,
estimating the disturbance in terms of the sliding function
dynamics is that, it results in a simple linear dynamics and
hence the estimator can be made simple [24]. And scheme
guarantees asymptotic convergence of states and external
disturbances [25]. An adaptive sliding mode controller is
developed to track the speed for maximum power extraction.

In order to reduce the chattering problem in SMC, a
small boundary layer around the sliding surface. However
this method can lead to solve the chattering problem but
usually there exist a finite steady state error and so
asymptotical convergence is lost. As another solution,
adaptive fuzzy sliding mode control (AFSMC) [26]. An

AFSMC was proposed by combining the tuning online
characteristic of an AFC and the robust characteristic of a
conventional SMC. In an AFSMC, the controller includes
two parts: a fuzzy equivalent controller designed based on
an AFC scheme and a reaching controller based on a
SMC scheme [27]. An AFSMC that control the uncertain
nonlinear chaotic systems and unknown robotic systems
[28], the controller proposed is composed of two terms:
an auxiliary control law which is designed to compensate
and uncertainties of parameters and a primary control law
which ensure a good tracking. Another advantages of this
controller is the using of Lyapunov approach to guarantee
the stability and convergence analysis [29]. As another
solution to eliminate chattering phenomenon and achieve
zero steady state error [26].

System modeling. The WT model. For a horizontal
axis wind turbine, the output mechanical power extracted
from the wind is given by [30]:

1
P, :EPCO€f(l,ﬂ)ﬁR2pv3, (1)

where P, is the power coefficient which is a function of
both tip speed ratio 4, and blade pitch angle £ (deg), and vis
the wind speed (m/s), p s the air density (kg/m”), and R is the
radius of the turbine (m). In this work the Pc, equation is
approximated using a non-linear function according to [31]:

. 2+0.1
Peoer =(0.5-0.167) 8- 2)81{%3(,3)_2)} O
~0.0018(1-3)5-2)

The tip speed ratio is given by:
A=R / v, (€)]

where (), is the angular velocity of WT.

Proposed 19-level USAMI. Multilevel inverters
generate at the AC-terminal several voltage levels as close
as possible to the input signal. The output voltage step is
defined by the difference between two consecutive
voltages. A multilevel converter has a uniform or regular
voltage step, if the steps Au between all voltage levels are
equal. In this case the step is equal to the smallest DC-
voltage, u, [32]. This can be expressed by

ugr =Au=ug —ug =ug—ugy =..=ugy —ugy_y) (4)

If this is not the case, the converter is called a non
uniform step CHBAMI or irregular CHBAMI. An
USCHBAMI is based on DC-voltage sources to supply
the partial cells (inverters) composing its topology which
respects to the following conditions:

Ugn < Ugo <...< Uk s

j-1
ud] Sl+22udl, (5)
=1
where k represents the number of partial cells per phase
andj=1...k.

The number of output voltage levels depends on the
number of cells per phase and on the corresponding
supplying DC-voltages. Equation 6 shows that in certain
cases, there are many possibilities for setting the partial
DC-voltages to obtain the same number of levels. These
possible redundant solutions are another degree of
freedom for the designer

k
N =1+20; where o) = Z”df . (6)
J=
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Table 1 gives some examples of the DC-voltages
which can be set and the corresponding number of output
voltage levels which can be obtained. In this example there
are k= 3 series-connected single-phase inverters per phase.

Table 1

Examples of unequal DC-voltages in a 3 cells USAMI
ug (p-u.) Uy (p-u.) ugy (p.u.) N

1 1 2 9

1 1 3

1 2 2 1

1 1 4

1 2 3 13

1 1 7

1 2 6 19

1 3 5

Among several modulation strategies, the multi-
carrier sub-harmonic PWM technique has been receiving
an increasing attention for symmetrical multilevel
converters [33]. This modulation method can also be used
to control asymmetrical multilevel power converters.

The SPWM is also known as the multi-carrier PWM
because it relies on a comparison between a sinusoidal
reference waveform and vertically shifted carrier waveforms
N —1 carriers are therefore required to generate N levels. The
carriers are in continuous bands around the zero reference.
They have the same amplitude 4. and the same frequency f..
The sine reference waveform has a frequency f. and an
amplitude A,. At each instant, the result of the comparison is
1 if the triangular carrier is greater than the reference signal
and 0 otherwise. The output of the modulator is the sum of
the different comparisons which represents the voltage level.
The strategy is therefore characterized by the two following
parameters, respectively called the modulation index and the
modulation rate:

m:fc/fr; ()
__ 2 A (8)
N-1 4,

The reference voltages are given as follows:
{un = Uyay SINR27 [t = (= 1)27/3); ) ©9)
i, j) e {(@ D, (5,2), (e, 3)}

We propose to develop a 19-level USAMI composed
of k = 3 partial inverters per phase with the following DC-
voltage sources: uy = 1p.u, up = 3p.u and us = Sp.u. For this
configuration (1, 3, 5), the total harmonic distortion (THD)
of output voltage is smaller than configurations (1, 1, 7) and
(1, 2, 6). Fig. 3 shows the output voltage in each partial inverter
and the 19-level USAMI output voltage V, in the first leg.

Flg 3. Output voltages of the partlal H- brldges and total output
voltage of the 19-level USAMI

Doubly fed induction generator modeling. The
dynamic voltages and fluxes equations of the DFIG in a
synchronous reference frame (d-g) rotating at an angular
speed of @, The stator and rotor voltages are given,
respectively, as follows:

d
Vas = Rel g +E‘//ds —OsWyss
Was = Lyl s +M1d} ;
=Lyl y +MI,,

stgs
Var =L, Idr+M1dss
War =Ly + Ml g

r-qr

d
Vqs = RSIqS +qus + O s W

d
Vir = Ryl gy +El/la’r O Y grs (10)

V_R]+

reqr

d +o 5
dt Yar Yars

The stator and rotor angular velocities are linked by the
following relation: @, =® + ®,. The generator mechanical
and electromagnetic torques (C,, and C,) are related, if the
viscous friction coefficient is taken into account, as follows:

Cop =C, + J LW Q, (11)
where the electromagnetic torque Cem is defined by:
M
Cem :pL_((//qsldr _‘//dslqr) : (12)
A

Field oriented control of the DFIG. In order to easily
control the production of electricity by the wind turbine, we
will carry out an independent control of active and reactive
powers by orientation of the stator flux. By choosing a
diphase reference frame d-g related to the stator spinning
field pattern and aligning the stator vector flux with the axis
d, we can write

Wi =¢s and Vs = 0. (13)
The electromagnetic torque becomes:
M
Cem = _pL_]qu//ds . (14)

A
The following rotor flux and the stator voltage can
be rewritten as:

Vs :leds+M]dr; (15)
0=L,,+MI,
Vds = 0,
16
{Vqs =Y. (16)

By supposing that the electrical supply network is
stable, having for simple voltage Vs, which led to a stator
flux s constant. This consideration associated with
Equation (15) shows that the electromagnetic torque only
depends on the g-axis rotor current component. Using
Equation (16), a relation between the stator and rotor
currents can be established

M v
lys =~ Iy + -

L LS (17)
I .= M[

S
The stator active and reactive powers are written
{P = Vsl gs +Vgsl g5
Qq = V Ids _VdquS'
By using Equation (10), (16-18), the statoric active

and reactive power, the rotoric fluxes and voltages can be
written versus rotoric currents as

(18)
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oy M
IDS — SLS [qr’
S
2 19)
0, = oy M 1, L OsVs
s r
Ly Ly
M2 My
Yar =Ly —— ) g + ;
Ly L,
5 (20)
M
Vgr =Ly _L_S)ICIr'
M?* di, M2
Vi = Rl gy +(L, - v e M
L A @1)
2 di, 2
Vor = Relgr +(L, —AZf)T?ﬂng(Lr —AZ )y + gog My .

In steady state, the second derivative terms of the
two equations in 21 are nil.
We can thus write:

L
Py o s
f —»@» Rp > oy M -

P I
oy
Os L, Loy
Os-ref ¥ v L,
(K Ro (01

2
M
Vir = Ry gy — goog (L, _L_)Iqr;
s 22)

M? My
+gws(l'r _L_)[dr + 8wy I >

Var =Ry,
) S

The third term, which constitutes cross-coupling
terms, can be neglected because of their small influence.
These terms can be compensated by an adequate synthesis
of the regulators in the control loops.

With the hypothesis that led to a stator flux s constant,
the electrical supply network is stable, having for simple
voltage V.

Control strategies of the DFIG. In this section, we
have chosen to compare the performances of the DFIG with
three different nonlinear controllers: SMC, ASMC and
AFSMC. The control system can be designed as shown in
Fig. 4. Based on Equations (18) and (21), the blocks Rp, Ry,
Ry, and Ry, represent respectively the stator powers and the
rotor currents regulators.

oy M

= P,

DFIG

Model

= (s

Fig. 4. Power control of the DFIG

Sliding mode controller synthesis. The sliding
mode technique is developed from variable structure
control to solve the disadvantages of other designs of
nonlinear control systems. The sliding mode is a
technique to adjust feedback by previously defining a
surface. The system which is controlled will be forced to
that surface, then the behavior of the system slides to the
desired equilibrium point. The control function will
satisfy reaching conditions in the following form:

Veom =Veqg K- sat(S(x)/5). (23)

K is a constant and is chosen to compensate for
uncertainties and disturbances, sat(S(x)/0) is the proposed
saturation function, is the boundary layer thickness. In
this paper we propose the Slotine method

S(x)= (% + ﬂjn_le ,

here e is the tracking error vector, A is a positive
coefficient and # is the relative degree.

In our study, the control of the active stator power Ps
and reactive stator power Qs to their references Fg ,or

24

and Qg ,,s respectively. The SMC control scheme is

shown in Fig. 5, we choose the error between the
measured and references stator powers as sliding mode
surfaces, so we can write the following expression

S; =P —Ps;
d S _ref N @ 5)
Sy =0s rer —0s-
Vo
4
Py 0 S(P) ] K Y s
t Ve
p Sat
S-mes Vdreq
v
Osrer (30 S(0) P K MDY grer
7
QS—Tnes Sat ‘

Fig. 5. Block diagram of the sliding mode controller (SMC)
The first order derivate of (25) gives
{Sd = PSiref —PS;
Sq =05 _res = Os-

Replacing the powers in (26) by their expressions
given in (19), one obtains

(26)
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wst//sM 7

Sd:PSiref_ I Iqr;
* , @D
S — Q _ wSWsM ] Wz
q S _ref I dr L

S s
Vi and ¥, will be the two components of the
control vector used to constraint the system to converge to

S4g = 0. The control vector V., is obtained by imposing

S4g =0. So the equivalent control components are given

by the following relation

2 2
M M
L)L ——— L,———
[ L, ] o 2 [ L, ]"’s (28)
-0, +R 1y —| L, —— |g00s ] ) +——
s ¥ r ¥ LS M

stqr
Vegdg = gy M

L M? M
. Ps* +R.1,, _[Lr _T]gwsldr +%
s s

o5y

To obtain good performances, dynamic and
commutations around the surfaces, the control vector is
imposed as follows

Vg =Veqdg

The sliding mode will exist only if the following
condition is met

+K- sat(qu ) (29)

55 <0. (30)
Adaptive sliding mode controller. The main obstacles
for application of sliding mode control are two phenomena:
high activity of control action and chattering. In this section
we propose an adaptive sliding mode controller whose
switching gain is adapted based on the disturbance
estimation, this control proposed in [34]. The ASMC could
be considered as an advance version of basic sliding mode
control that is also in the topics of many advance control
studies. The ASMC control scheme is shown in Fig. 6. This
method is often used low overshoot, low setting time, and
robustness against disturbance, chattering reduction, no need
for the prior knowledge of uncertainty bound, minimum
control effort. The control input in the ASMC is given in

Veom = Veq +Vasmc - (1)
Vo
P rer ¥
D00 S(P) ¥ Kaswe GV orrer
T Sat Vqr
P S-mes
Vdreq
Os.rer
i’@ S(Q) > KASMC > > ¥ Vdr—ref'
1 Sar Var
QS—mes

Fig. 6. Block diagram of the adaptive sliding mode control (ASMC)

Vsuc 1s obtained by

Vasme = Kasme (t)sat(S(x)/ )3 (32)
where K,,.(¢) is the reaching gain which is achieved by

adaptation law
Kasmc ([) = _7/”5 > (33)
where y is a positive constant and K () is the adaptive
controller gain. This control law makes K, (f) to
increase until the system reaches the switching manifold.
Whenever S = 0 is not reachable in practical SMC which
causes an increasing K, (f) and high gain introduces

chattering. Further, K asmc(t):O which results in

saturation of the control gain K, (7).

Adaptive fuzzy sliding mode controller. The
disadvantage of sliding mode controllers is that the
discontinuous control signal produces chattering. In order
to eliminate the chattering phenomenon, we propose to
use the adaptive fuzzy sliding mode control. This paper
proposes an AFSMC which is designed to control the
active and reactive power of the DFIG shown in Fig. 7.
Besides advantage of stability and robustness and
convergence of the control system are guaranteed by
using the Lyapunov method. This control following from

Veom = Veq +Varsmc - (34)
V 4rsuc 1s obtained by
Varsme = Kasme (t )VFuzzy ) (35)
VFuzzy = sat(S(x)/§) : (36)
v,
P S-ref ¢q
DL S(P) ¥ Kase P M e
n
PST FL Vor
-mes eq
Vdr
QS—ref ¢
0 S(0) P Kasyr P M—@—» Vet
n
T FL Vdr
QS—mes

Fig. 7. Block diagram of the Adaptive Fuzzy Sliding Mode
Control (AFSMC)

The fuzzy sliding mode controller (FSMC) is a
modification of the sliding mode controller, where the
switching controller term sat(S(x)/d), and K, (f) is
obtained by Equation (33), the universes of discourses are
first partitioned into the seven linguistic variables NB, NM,
NS, EZ, PP, PM, PG, triangular membership functions are
chosen to represent the linguistic variables and fuzzy
singletons for the outputs are used. The fuzzy rules that
produce these control actions are reported in Table 2.

Table 2
Matrix of inference

E| NB | NM | NS EZ PS PM PB

NB NB NB NB NB | NM | NS EZ
NM NB NB NB | NM | NS EZ PS
NS NB NB | NM | NS EZ PS PM

EZ NB | NM | NS EZ PS PM PB
PS NM | NS EZ PS PM PB PB

PM NS EZ PS PM PB PB PB

PB EZ PS PM PB PB PB PB

We use the following designations for membership
functions: NB: Negative Big, NS: Negative Small, PS:
Positive Small, PB: Positive Big, NM: Negative Middle,
EZ: Equal Zero, PM: Positive Middle. These choices are
described in Fig. 8.

Simulation results and discussions. In this section,
simulation are realized with a 7.5 KW generator coupled
to a 380V/50Hz grid. Parameters of the machine are given
in Appendix A. With an aim to evaluate the performances
of the three controllers: SMC, ASMC and AFSMC, three
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types of tests have been realized: reference tracking,
sensitivity to the speed variation and robustness against
machine parameter variations.

Input Membership function Output Membership function

NB NM NSE|fz PS PM PB

—

NB NM NS EfZ PS PM PB

—

Degree of
Membershin
Degree of
Membershin

>

»
10"

-0 -6 -4 -2 0 2 46 10

-0 6 -4 -2 0 2 46

Fig. 8. Fuzzy sets and its memberships functions

Reference tracking. This goal of this test is the study
of the behavior of the three controllers in reference
tracking, while the machine’s speed is considered constant
and equal to its nominal value. Simulation results are
presented in Fig. 9. As it’s shown by this Figure, for the

2000 ‘

Active power (W)

0.04

three controllers, the stator active and reactive generated
powers tracks almost perfectly their reference and ensures a
perfect decoupling between the two axes. Therefore it can
be considered that the three types or controllers have a very
good performance for this test. On the other hand, Fig. 10
shows the harmonic spectrum of one phase stator current of
the DFIG obtained using Fast Fourier Transform (FFT)
technique for the three controllers. It can be clear observed
that the THD is reduced for AFSMC supplied by 19-level
USAMI (THD = 0.67 %) when compared to AFSMC
(THD = 1.79 %) and ASMC (THD = 1.91 %) and SMC
(THD = 2.06 %) supplied by conventional inverter (i.e.
2-level inverter). Therefore it can be concluded that
proposed controller (AFSMC) supplied by 19-level
USAMI is the most effective in eliminating chattering
phenomenon and to reduce the current harmonics.

4000

[\®]
(=3
(=3
S

-2000

Reactive power (Var)

-4000

Fig. 9. Reference tracking test
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Fig. 10. Spectrum harmonic of one phase stator current for 1) supplied by conventional inverter: SMC (a), ASMC (b), AFSMC (c),

2) supplied by 19-level

USAMI: AFSMC (d)
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Sensitivity to the speed variation. The main object of
this test is to analyze the influence of a speed variation of the
DFIG on reactive and active powers for three controllers. For
this objective and at time ¢ = 0.04 s, the speed was varied
from 150 rad/s to 170 rad/s as its shown in Fig. 11.
Simulation results are shown in Fig. 12.
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Fig. 11. Mechanical speed profile
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Fig. 12. Sensitivity to the speed variation

This figure express that the speed variation produces a
slight effect on the powers curves of the system with ASMC
controller, while effect is almost negligible for the system
with AFSMC one. It can be noticed that this last has a nearly
perfect speed disturbance rejection; indeed only very small
power variation can be observed (fewer than 2 %). This result

is attractive for wind energy application quality and to ensure
stability of the generated power when the sped is varying.

Robustness tests. The aim of these tests is to
analyze the influence of the DFIG’s parameters variation
on the controllers’ performance. The DFIG is running at
its nominal speed. To test the robustness of the used
controllers, parameters of the machine have been
modified as follows: the values of the rotor and stator
resistances are doubled while the values of inductances Ly,
L, and M are divided by 2. The obtained results are
presented in Fig. 13. These results show that parameters
variation of the DFIG presents a clear effect on the
powers curves (especially in their errors curves) and that
the effect appears more significant for ASMC controller
than that with AFSMC one. Thus it can be concluded that
this last is the most robust among the proposed controllers
studied in this work.

150

Active power error (%)

-100

0.1

— SMC

200 | —— AFSMC ||

150

100 ff & I I R A

S

Reactive power error (%)
vy w
(e (=)

-100

-150 - ‘ |- -
0 0.02 0.04 0.06 0.08 0.1
Time (s)
Fig. 13. Effect of machine’s parameters variation on the robust
control of the DFIG

Conclusion. The modeling and the control of a WT
conversion system based on a DFIG connected directly
to the grid by the stator side and fed by a 19-level
inverter USAMI on the rotor side has been presented in
this paper. This kind of variable speed systems has
several advantages over the traditional WT operating
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methods, such as an increase in the energy captured and
the reduction of the mechanical stress. Our objective
was the implementation of a robust decoupled control
system of active and reactive powers generated by the
stator side of the DFIG in order to make the system
insensible with the external disturbances, parametric
variations and to ensure a better execution of the DFIG.
In the first step, we started with a study of modeling on
the whole system. In second step, we present a vector
control strategy in order to control active and reactive
power exchanged between the stator the DFIG and the
grid. In third step, three different controllers are
synthesized and compared. In term of power reference
tracking with the DFIG in ideal conditions, the SMC
ensures a perfect decoupling between the two axes
comparatively to the other controllers where the
coupling effect between them is clear. The phenomenon
of «chattering» associated with the control by sliding
mode has a major drawback because it can excite the
dynamics of high frequency control which makes it
undesirable. In order to eliminate the chattering, we
propose to use the AFSMC. Basing on all these results
we conclude that robust control method as AFSMC can
be a very attractive solution for devices using DFIG
such as wind energy conversion systems and establish
its suitability for the system drive.

Appendix A
Table 3
Machine parameters
Parameters Value|IS-Unit
Nominal power 75 | kW
Turbine radius 35.5 m
Gearbox gain 90
Stator voltage 398 \Y
Stator frequency 50 Hz
Number of pairs poles| 2
Nominal speed 150
Rotor resistance 0.62 Q
Stator inductance |0.084| H
Rotor inductance [0.081| H
Mutual inductance |0.078| H
Inertia 0.01

Appendix B
Table 4
List of symbols

Symbol Significance
Two-phase stator and rotor voltages
Two-phase stator and rotor fluxes
Two-phase stator and rotor currents
R, R, Per phase stator and rotor resistances
L, L, Per phase stator and rotor inductances
M Mutual inductance
P Number of pole pairs
s Laplace operator
W, @, Stator and rotor currents frequencies (rad/s)
9 Mechanical rotor frequency (rad/s)
Py, O, Active and reactive stator power
Inertia
Coefficient of viscous frictions
Load torque
Electromagnetic torque

Vdsa Vgsa Vdrs Var

WYass Vs> War» Var
1ds> Iq_ss 1dr> Iqr

O~ |~

0
<
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10.B. KoBanroBa

KOMIT'IOTEPHE MOJIEJIOBAHHSA PEKUMY INEPEPUBUCTUX CTPYMIB
EJIEKTPOIIPUBOZY MMOCTIMHOI'O CTPYMY 3 TPU®PAZHUM KEPOBAHUM
BUITPAMJISTYEM

Pesicum nepepueucmozo cmpymy 6eHMUNbHUX e1eKMPORPUBOOI6 NOCMINHO20 CIMPYMY 3 ’A6NACMbCA 6 IHMEPsanax HepohHouozo
X00y mexanizmie. Po3paxynox emnocmi Konoencamopie inompy euKoHycmuvcsa uepes 0iloue 3Ha4eHHA 3MIHHOI CKad06oi eu-
npAMIEHOT Hanpyzu i MOMy 6UHUKAE 3A60AHHA PO3POOKU AHANIMUYHOI MemOoOuKuy 01 it po3paxynKy uepes Koegiyicnm nynvca-
yiii Hanpyeu 3 ypaxysanHuam Kyma KepysanHs, e1eKmpomazuimnol cmanoi uacy akopa i cmpymy nasanmasicennsn. Bupaz ons
PO3PaxyHKy Koeghiyicnma nynvcayiii Hanpy2u 3 ypaxy8anuam naUAIOHUUX (PaKmMopie, OMPUMAHUIL MEMOOOM NIAAHYEAHHSA eKC-
nepuMeHmy Ha O0CHO8I KOMN'IOMEPHO20 MOO0eNI06aAHHA 8 nPozpamHomy naxkemi Simulink, do3eonsac euznauumu emMHicmov KoH-
Oencamopis gpinempie i niosuwumu eheKmusHicmy e1eKmpPoOMEeXanHiuno2o0 nepemeopeHts e1eKmpoenep2ii 3a paxynoK 3HUIHCeH-
H31 3MIHHOT CK1a006010 sunpamiaenoi nanpyzu. bion. 6, tabmn. 7, puc. 5.

Kniouosi cnoséa: THpUCTOPHUI BUNIPAMJIAY, MyJIbcalii HAPYIH, KYT KePyBaHHs, IePePUBUCTHI CTPYM.

Peostcum npepuleucnozo moka 6eHMUNbHHIX I1EKMPONPUBCOO08 NOCHOAHHO20 MOKA NOAGNAEMCA 8 URMEPBAIAX XO0I0CHI020 X00a
Mexanuzmos. Pacuem emkocmu kondencamopos punvmpa evinonnaemes uepes oeiicmeyloujee 3Hauenue nepemeHHoll cocmag-
AU eIl GLINDAMACHHO20 HANPANCCHUA U NOIMOMY 803HUKAEHM 340aYad PA3PAOOMKU MeMOOUKU 011 ee paciema uepes KoIgu-
YUEHM RYAbCAUUIl HARPANCEHUS C YUEmOM Y2iid YAPAGIeH U, ITeKMPOMAZHUMHOU ROCMOAHHOU 6PeMeHU Uenu AKOPA U MOKA
Hazpy3Kku. Buipasicenue ona pacuema xorgpgpuyuenma nynvcayuii HANPANHCEHUA C YUEMOM GIUAIOWUX PAKMOPO8, NOTIYyYEeHHOe
Memo0oMm NAAHUPOSAHUA IKCHEPUMEHMA HA OCHOB8E KOMNbIOMEPHO20 MOOEIUPOBAHUA 68 NPOZpAMMHOM hnakeme Simulink, no-
360J151€m onpedesiums eMKOCHb KOHOEHCAmopos puibmpa u nosbicunms IPPHeKmusHocms INeKmpomMexanuiecKozo npeoopaso-

B6AHUA INEKMPOIHEPZUU 3A CHUEm CHUNCEHUA NepeMenHoll cocmaesnaoweil. bubn. 6, Tadn. 7, puc. 5.
Knrouesvie cro6a: THPHCTOPHBIN BBINIPSMHUTEIIb, IIYJIbCAUU HANIPAKEHUS, YT0J1 yNIPABJICHHS, IPEPbIBUCTBIN TOK.

AKTyadbHicTh TeMH. B Cy4acHHUX peryibpOBaHHUX
€JIEKTPOIIPHUBOIaX MOCTIITHOTO CTPyMYy IIUPOKO BUKOPHC-
TOBYIOTHCSI HAIIBIPOBIIHUKOBI (TPaH3UCTOPHI, THPUCTO-
pHi) KEpOBaHi BUIIPSIMIISYI.

B BeneHux Mepexer0 TUPUCTOPHUX BHIIPAMIIIYAX,
SIKi 3apa3 NPOJIOBXKYIOTh CepiiiHO BUPOOJIsITUCS B YKpaiHi,
MaloTh MicClle PEXHMHU NEPEPUBUCTHX CTPYMIB IIPH HEPO-
6odomy xoni aBuryHa. I[lepepuBHCTi CTpyMH 3MEHIIYIOTh
KOeQiIlieHT KOpPHCHOi Jii JBUTYHA, OCKLIBKH 3MIHHA
CKJIaJIOBa CTPYMYy HE CTBOPIOE MEXaHIYHOTO MOMEHTY Ha
Bay.

Jns 3riamKkyBaHHS BHIIPSIMIICHOI HANIPYTH BUKOPH-
CTOBYIOTHh (DiJIBTPH: aKTUBHI a00 PE30HAHCHI, AKi B CBOIH
cxeMi MarTh KoHAeHcatop [1-4]. s pe3oHaHCHHX (]i-
JBTPIB €MHICTh KOHIEHCATOPA BU3HAYAETHCS 32 YMOBOIO
PIBHOCTI €Hepriil peakTopa i KOHJeHcaTopa

c=1-Y17/3U, (1)

ne L — iHIyKTHBHICT peakTopa; I, U, — mirodi 3HaUYeHHS
TApPMOHIYHHX CKJIAJIOBUX CTPYMY 1 HAIIpPYTH.

3 (1) BumuiMBae HEOOXIAHICTh BU3HAYEHHS JiIOYOTO
3HAYEHHS 3MIHHUX CKIIQJIOBUX BHIPSIMIICHOI HAaNpPyTH, Y
TOMY YHCIIi, JUISl PE)KUMY NIEPEPUBUCTUX CTPYMIB.

Amnani3 my6aikamiii. /{11 BU3HaYEeHHs! 1F0YO0T0 3Ha-
YEeHHS 3MIHHHMX CKJIQJIOBHX BUIIPSIMJICHOI HAIlpyrd B pe-
KUMI TIEpEepUBUCTHUX CTPYMIB HEOOXiZHO BHOpaTH y3a-
TaJbHIOIOYHH TapaMerp, SIKUH He 3aJIeKUTh BiJl MOTYX-
HOCTI JBHTYHAa. TakuM mapaMeTpoM SBISIETHCS Koeilli-
€HT MyJbcauii Hanpyru K,y [1-4]

K,y = ZUlg IUqg0=yUdp ~Ugdo 'Uqp. (2)

ne Uy — cepenHe 3Ha4eHHs (MOCTilHA CKJIaJ0Ba) BUMIPS-
mieHol Hanpyru, U,p — Zifode 3HaYeHHS BUOPAMICHOI
HaTpyTH.

Toni niroue 3HaUYEHHS 3MIHHUX CKJIQJIOBHX BHIPSM-
JIEHOT HaNpyTy TOPIBHIOE

V2 UR =Ky -Ugg - 3)

VY Bimowmiii miteparypi, Hanpukian B [4], mpormoHy-
€ThCst rpadoaHaTITHIHUNA METOJ] BU3HAYCHHS KoedirieH-
Ta IyJbCAIil HAIPYTH VIS ABUTYHIB IIOCTIHHOTO CTPyMY
JUIIE A7 BUMAgKy WOTro poOOTH 3 HOMIHAIBHUM HaBaH-
TaKEHHSIM Ta HOMIHAJILHOIO IIBUAKICTIO. AJI€ LIEH METOI,
3 onHOTrO OOKY, NOCUTH HE3pYYHHIl Ta TPOMI3JIKUH, a 3
IHIIOTO — CTBOPIOE IIEBHY NOXMOKY INpH pPO3paxyHKax,
OCKIJIbKH, SIK ITPAaBUIIO, IBUTYHH IOCTIHOTO CTpyMy Ipa-
LIOIOTH 3 HABAHTAXKEHHSAM 1 MIBUAKICTIO MEHINUMHU BIJ
HOMiHABHUX. BUX0OAA4YM 3 IHOTO, HEOOXITHO PO3POOUTH
OlTbI 3py4HwMiA i ORI TOYHUH METOJl BU3HAUCHHS KOe-
(himieHTa MyNBCAIii HAPYTH TSI CEpElHIX 3HAYCHb Ha-
BaHTaXEHHS 1 IIBHIKOCTI, SKIIO B Tporeci podoTh
OCTaHHI 3MIHIOIOTBCS B IMEBHOMY niama3oHi. CydacHUM
MiAXOIOM 3 BU3HAUEHHS KoedilieHTa Mybcamiii € MeTox
KOMIT FOTEPHOTO MOZENIOBaHHs, ajie 1Ied MeToJ] y Bijo-
MHUX JIITEPAaTypPHUX JKepesiax OCHiPKeHUH HeJI0CTaTHBO.

MeTa po6oTH — METOAaMH KOMIT FOTEPHOTO MOJIe-
JIOBAaHHS BU3HAYUTH 3aJICKHICTh KOS(iIlieHTa MyJbcarliit
BUXIZHOI Hampyru Tpu}azHOro KepOBaHOTO BUIPSMIISLYA
B PEXUMI IEPEPUBUCTHUX CTPYMIB BiJ KyTa KEepyBaHHS i
mapaMeTpiB HaBaHTAKEHHS Ta PO3POOHUTH aHAIITHIHY
METOJIMKY HOr0 pO3PaAXyHKY.

PesyasTaT gociimkens. CKiagHuid XapakTep 3a-
JeXHOCTI KoedillieHTa myJbcalliii Hampyru Bijx mapamer-
piB peXHMy BHKIIOYa€ MOXJIUBICTH ii OTPHIMAaHHS B aHa-
nitnyHoMy BUDAnl. ToMmy L0 3aleXHICTH HEOOXiIHO
BU3HAYUTH EKCIIEPHUMEHTAILHO 3 TIOAANBIIOI alpPOKCH-
MAIlI€0 aHATITHYHUM IOJIHOMOM METOJIOM ILJIaHyBaHHS
excriepuMeHTy. OCKUIBKM JBUTYHH IOCTIHHOTO CTpymy
BIZTHOCATBCS 0 KJlacy JAETEpPMIHOBAaHMX CHCTEM, TO palli-
OHAJIIBHO TPOBOAMTH KOMII'IOTEPHHH  €KCHEpPHMEHT.
Kowmm’torepHa Monens Tpuga3sHOro KepoBaHOTO BHUIIPSM-
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nsiua (Ha MPUKIIAAI THPUCTOPHOTO BUMIPSAMIINYA) 3 JBUTY-
HOM TIOCTIHHOTO CTPYyMy B porpamHoMy naketi Simulink
[5] npencraBnena Ha puc. 1. Mozaenb ckiagaeTbes 3 Ha-
CTYIHUX €JIEMEHTIB: Tpu(daszHa cucrema Hanpyr BHKOHa-
Ha Ha oMHO(A3HUX [DKepesiaX 3MIHHOI HAIpyrH, Tpudas-
HUH TUPUCTOPHHUN BUNPSAMIISIY 3 CHUCTEMOIO IMITYJILCHO-
(a30BOro KepyBaHHS, aMIIEPMETPH, BOJIBTMETPH, OJIOKH
PO3paxyHKy HOCTIHHHX (CepelnHiX) CKIAJOBUX Ta JIIOYHX

3Ha4YeHb HANPYTH 1 CTpyMy, QUCIUIed Ta ocuuiorpad.
[Mocriiina ckiamoBa BUMPSIMIICHOT HANPYTH BU3HAYAETh-
csi Onoxom «Magnitude signal», a niroye 3HaA4YEHHS —
Osokamu «signal rms». Mojenb IBUTyHa IMOCTIHHOTO
CTpyMy IpelcTaBicHa elekTpopyiiino cuioio (EPC)
saxopst E,, akTHBHAM ONIOPOM R, Ta IHAYKTUBHICTIO SIKO-
ps L,. EPC sikops mpezcraBieHa JKepeloM IMOCTiHHOT
HarnpyTH.

i
+
R . ] F'wu_&rgu-
8 . -Continuous
c i magnitude
» VY » I ignal
P|pulses £, - anghe g
Thyristor Conwerter >
.
B+ W I alphia_de = signal E—
— . Lt gsg P signal mis Scope
Vab —| AB 57.69
| * W — L% ulses magnitude m
» | - signal,, i,
Wbe g
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+ "
I I I e
L L L signal mMis

Puc. 1. Simulink-Mozens e1eKTponprBOLy HOCTIHHOTO CTPYMY 3 THPHUCTOPHHUM BHIIPSIMIITIEM

Bemnunna EPC sikops 3amaetbes O10koM £, 31 3Ha-
KOM «MIHYC», OCKIJIbKM Ha CXeMi MiJKJII0YeHa He 3yCTpi-
YHO Halpy3i BUIPSIMIIAYA, O CIIPUYNHEHO O0COOJIUBICTIO
BKJIIOUEHHs OJIOKiB B mporpamHomy maketi Simulink. Ha
puc. 2 mokaszaHi OTpUMaHi Ha MOAENI OCHMJIOrpaMu Ha-
TIPYTH i CTPYMY SKOPSL.

wleV | :
300f-- - \
11 U W P

15

g 0005 oo 0015 002 0.025
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Puc. 2. Po3paxyHKOBI OCIIMJIOTpaMy HANpPYTH i CTPyMy OOMOTKH
SKOPSI
3rizHO  MeTomy — IUIAaHYBaHHA  EKCIIEPHMEHTY

KOMIT FOTEPHHUI EKCIIEPUMEHT MPOBOJMMO HACTYITHUM YH-
HOM. Bu3HayaeMoO 3aJIe)KHOCTI Koedili€HTa ITyJIbCarliit
HAMPYTrHd OKPEMO BiJl KOXXHOTO 3 BIUIMBAIOYHMX (aKTODIB
(KyT KepyBaHHS THPUCTOPAMH, €JICKTPOMArHiTHa crana
Yacy KoJja sIKOpS Ta HABAHTA)KCHHS HA BaJy JBUTYHA) MPH
crabimizamii aBox iHmmx. Ctabuti3allisi MOCTIHHOI CKIIam0-
BOI CTPYMY Peali3y€eThCs IIIIXOM PEryJIOBaHHS IIBUIKO-
CTi JBUryHa uyepe3 BiAmosinHe perymoBanHs EPC sxops
METOJIOM iTeparlii, ToOTO, TOCIIIOBHOTO HAOJIKCHHS Be-
mmunan EPC 1o HeoOxinHOi Benmuuuan ctpymy. [Iposene-
MO PO3paxyHKH KoeillieHTa IyIbcalliif HalpyTd B peKuMi
TIepepUBUCTUX cTpyMiB 11 apuryHa 411D 180M 3 Takumu
mapamerpamu  P=45 &Bt, U=440 B, n=1060 o00/xs,

Lon=115 A, R,=50 MOwm, L,=4 mI'n, T,=0,08 c. Pe3ynbratu
eKCIIepHMEHTIB HaBeJieHi B Tadu. 1-3.
Tabmuus 1
Po3paxyHOK 3a1eKHOCTI KoedilieHTa MyJIbCallii HaIpyTH
Bi KyTa KepyBaHHs 1pu I = const = 3,46 A, T, = const = 0,08 ¢

a, rpan 80 110 140
Uy, B 318,9 304,2 280.8
Up, B 319,7 305,4 2823
V2 U?-B 22,6 27,05 | 29,06
Kou 0,07 0,09 0,1
Tabmuus 2

Po3paxyHOK 3a1exKHOCTI KoedilieHTa MyJIbCalii HanpyTry
BiJx craioi yacy npu I, = const = 3,46 A, a = const = 110 rpaxg

T € 0,06 0,08 0.1
Un, B 3087 | 3042 [ 3002
Uip, B 3094 | 3053 [ 3016
V2 u? B 20,8 25,89 | 29,03
K 0,07 0,09 0.1
Tabmuus 3

Po3paxyHOK 3a5exHOCTI KoedilieHTa myIbcamii HapyTu

BiJl HaBaHTaXeHHs 1ipu o = const = 110 rpax, 7,= const = 0,08 ¢
E,B 319,5 304 293.,6
Uy, B 319.,6 304,2 2939
Usmp, B 319,8 305,3 296
Dui-B 11,31 | 2589 35,2
K,y 0,04 0,08 0,12

3a pe3ynbTaTaMu JOCHIHKEHb MOOY/I0BaHI BiIIOBI-
JHI rpadiku 3anexxHocTed KoedilieHTa ITyJbcalii Ha-
Npyrd BiJl KyTa KEpyBaHHS, E€JEKTPOMArHiTHOi cTajioi
qacy Koja SKOpsl 1 CTpyMy HaBaHT@)KEHHS, SIKi ITOKa3aHi
Ha puc. 3-5.
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Puc. 3. I'padik 3anexnocti KoedilieHTa MyIbcaliil Hanpyru
BiJl KyTa KepyBaHHS
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Puc. 4. I'padix 3anexHoCTi KoedilieHTa MyIbCcalliil HAIPYTu
BiJl €JIEKTPOMATrHITHOI CTaJI01 yacy KoJja sSKops
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Puc. 5. I'padix 3anexHocTi KoedilieHTa MyJbcallii HaIPyru
BiJl CTPyMy HaBaHTA)KCHHS

Jlns anpokcuMarnii 3anexHOCTI KoeQillieHTa ITyJib-
caliif Hampyr# Bif TPHOX BIUTUBAIOUMX (DaKTOPIB 3acTO-
CYEMO METOJ IUIaHYBaHHS E€KCIIEPHMEHTY. 3TiTHO METO-
IUKH [6] ITyKaeMo TOJTIHOM IUTS PO3paxyHKY KoedimieHTa
yJbCALliil HAIPYTH Yy BUTIISAL

I(pU=b0+b1a+b2Ta+b3I;+b12aTa+ (4)

+bsadg +bysT,Io + bzl Iy,
e 10*=10/1m,m — BIJJHOCHE 3HAYEHHS ITOCTIHHOI CKIam0BOL
CTpyMy.
3HaveHHs (aKTOpiB NPU HOBHOMY €KCHEPHMEHTI, iX
KOJ/lyBaHHsI Ta Bapiallii HaBeJieHi B Ta0I. 4.

Tabnuus 4
Bennunau akTopiB npu MoBHOMY (paKTOPHOMY €KCIIEPUMEHTI,
X KoIyBaHHs Ta Bapiamii

a, Tpaj 80 110 140
T,c 0,06 0,08 0,1
L,Tu 0,003 0,004 0,005
Iy 0,01 0,03 0,05
LA 1,15 345 5,75
Kox daxropis - 0 +

PesynbraTu excriepuMeHTy HaBezeHi B Tadur. 5.

Tabmuus 5
PesynpTaTé mOBHOTO ()aKTOPHOTO EKCIIEPUMEHTY
Ne| EB | UyB | Up,B ,/zU,ﬁ ,B K,y
1| 388 | 332,9 335 37,451 0,112
2| 285 302,8 | 309,1 62,088 0,205
3| 367 | 3289 | 333.1 52,729 0,16
4| 260 | 2963 | 3005 50,066 0,169
5| 3245 | 3155 | 3166 26,369 0,084
6| 213 | 2755 | 2775 33,257 0,121
7 | 303,6 | 3063 | 3084 35,929 0,117
8 | 186,1 | 262,6 | 2663 44,237 0,168
9 | 3044 | 304,6 | 308,1 46,308 0,152

B pesynbTari po3paxyHKiB KOe(illi€HTIB MOJIiIHOMA
(4) otpumana opmysa koedillieHTa myIbcarlii

Ky =0.142+0,024a +0,0127,, — 0,021

~0,009aT, —0,002al +0,009T, Iy +0,012aT, 1.
BuzHaunMo moxuOKy po3paxyHKOBUX 3Hau€Hb KOe-
(dimieHTa mynbcaiii Harpyry 3a Gopmysoro (5) BiIHOCHO
OTPUMaHHX Ha MOJeNli. Pe3yapTrarn po3paxyHKiB MOXHOKH
3BeJleHi B Ta0I. 6.

)

Tabmuus 6
PesynbpTaTti po3paxyHKy BiJTHOCHOI MOXHOKH
Ne Touni Po3paxyHkoBi BinnocHa
JOCIiy | 3Ha4YeHHs 3HAUCHHS noxubka, %

1 0,112 0,16 —43

2 0,205 0,19 7

3 0,16 0,16 0

4 0,169 0,19 -12

5 0,084 0,16 -9

6 0,121 0,19 =57

7 0,117 0,16 -37

8 0,168 0,19 -13

Jnst po3paxyHKy JiI0YOro 3HA4€HHS ITyJIbcallii Ha-
npyru Tpeda 3a7aBaTHCs BiIHOCHUMH 3HaYEHHSIMH cepe-
JHBOI IIBUAKOCTI 1 MOCTIHHOI CKIIQJOBOI HAIIPYTH SIKOPS
a)a* = UO* = W, /Wpom = Uy /U,,o,,,*, SIKi 3aJIeKaTh BiJl KyTa
KepyBaHHS THPHUCTOPIB. 3aJISKHICTh BiTHOCHOTO 3HAYCH-
Hs TIOCTIMHOT CKJIQJIOBOT HANpPYTH SIKOPS B KyTa Kepy-
BaHHs, OTPUMAaHa Ha MOJICIII 1 TOKa3aHa B TaoJ1. 7.

B pesynbraTi ampokcumaliii peryJroBajibHOI Xapak-
TEPUCTUKU METOJIOM HallMEHIINX KBaJpaTiB [6] 3a naHu-
MU Tabn. 7 otpumaemo (GopMyiu BiITHOCHOTO 3HAYEHHS
MOCTIMHOI ~CKJIaJ0BOi HAmpyrd Ta KyTa KepyBaHHs
U =0,831-0,077a, a = (0,831 — Uy )/0,077, 1e o — KyT
KEpyBaHHS B pajiaHax.
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Tabmuns 7
3a1eXHICTh BiTHOCHOI'O 3HAYEHHS [TOCTIMHOI CKIIaI0BO1
HAIpPYTH SKOPS BiJl KyTa KepyBaHHsI

Kyt xepyBanus BigHocHe 3HaYeHHS HAPyTH
THUPHUCTOPIB, Ipaj siops, Uy
80 0,86
110 0,65
140 0,23

TakuM YMHOM, METOAWKA BH3HAYCHHS [IFOYOTO 3HA-
YEeHHS 3MiHHHUX CKJIAJJOBHX HAIIPYTH IOJISITA€ y HACTYITHOMY:
1. 3amaemMo MIBUIKICTH a)a*, PO3paxoBy€EMO Udo* 10;
2. 3agacMO0 MOMEHT HaBaHTAXKEHHS 1 BU3HAYAEMO BITHO-
CHE 3HaUCeHH: IOCTIIfHOI CKJIa0BOI CTpyMy IO* =M,/ M,om;
3. BusHauaemo koe(illieHT myJbcalliii Harmpyru 3a ¢o-
pmyuoo (5);
4. BuznayaeMo fifodye 3HAYEHHS 3MIHHOI CKJIaJ0BOT
HanpyTu 3a Gopmyoro (3).

BucHoBkmu.

Ha ocHOBI KOMII'FOTEPHOTO MOJEIIOBAHHS PO3PO0-
JIeHa aHaJITUYHA METOAWKAa pPO3paxyHKy KoedilieHTa
IMyJBCAIid Ta MIF0YOTO 3HAYEHHS 3MiHHOI CKJIaJOBOI BH-
MIPSIMIICHOT HATIPYTH B PEXKHMI IEPEPUBUCTHX CTPYMIB.

3anponoHoOBaHa METOAMKA JO3BOJUTH PaIliOHAIBLHO
BH3HAYMTH €MHOCTI KOHACHCATOPIB (PIIBTPIB 1 ITiABHIIH-
TH €(EeKTUBHICTh EJIEKTPOMEXaHIYHOTO IEPETBOPCHHS
€JIEKTPOCHEPTii 32 PaxXyHOK 3MEHIIICHHS 3MIiHHOI CKJIaJ10-
BOI BUIPSIMJICHOI HAIIPyTH.
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Computer simulation of intermittent current mode of DC
electric drive with three-phase controlled rectifier.
Introduction. The mode of intermittent current for DC motor
with three-phase thyristor rectifier appears in the idle intervals
of some mechanisms. Active and passive filters reduce the vari-
able component of the rectified voltage. The capacitance of the
capacitors filter is determined by the effective value of the vari-
able component of the rectified voltage. Problem. Necessity of
developing an analytical method for calculating the effective
value of the variable component of the rectified voltage in the
intermittent current mode, taking into account three parameters:
the control angle, the electromagnetic time constant of the ar-
mature circuit and the load current. Purpose. To determine the
dependence of the effective value of the variable component of
the rectified voltage for three parameters in theintermittent cur-
rent mode. Methodology. The effective value of the variable
component of the rectified voltage is suggested to be determined
through the voltage pulsations factor as the ratio of the effective
value of the variable component of the rectified voltage to its
constant component. The dependence of the pulsations factor
from the parameters of the mode is determined using computer
simulation of the mode for intermittent current. Results. The
computer model is developed in the software package Simulink,
which allows to change each parameter of the mode separately
while stabilizing the other two. Numerical dependences of the
pulsation factor on each parameter are obtained. The analytical
dependence of the voltage pulsations factor on three influencing
values was obtained by the method of experiment planning.
Originality. For the first time, method has been developed for
calculating pulsation factor of the rectified voltage and calculat-
ing the effective value of the variable component in the mode of
intermittent currents, taking into account three parameters.
Practical value. The proposed method will allow to rationally
determine the capacity of the capacitors of active and passive
filters and increase the efficiency of electromechanical power
conversion by reducing the variable component of the rectified
voltage. References 6, tables 7, figures 5.

Key words: thyristor rectifier, voltage pulsations, angle of
control, intermittent current.
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OIPEJEJEHUE ®AKTOPOB ITYJIbCAIIUI CUCTEMBI HOJABJIEHUA
MEMAIOIIUX TAPMOHUK ITOJYITPOBOJAHHUKOBOI'O ITIPEOBPA30OBATEJIA

Mema. Memoro cmammi € u3Hauennn axkmopie nyavcayini 3amMKHymoi cucmemu asmomamuynozo pezynioeanns (CAP) 3a-
BAICAIOUUX 2APMOHIK, WO MICHIUMb HANIGNPOGIOHUKOBUIL NEPEMBOPIOSAY 3 080CMOPOHHBLOIO WUPOMHO-IMARYAbCHOIO MOOYIAYI-
ero (LLIIM), a makoc niomeeporsceHHs meopemusHux nepedymos npo MONCIUGICHb camMoKomnencauii 0ii pakmopise nynvcayii
6 cucmemi 3 06ocmoponnvoio LLIIM. Memoouxa. /[na nposedenns pooomu 6UKOPUCHOBYBANUCA: KNACUYHA Meopia eleKmpuy-
HUX KiJl, Memoou 2apMoHiltH020 ananizy i meopisa y3azanvhenux Qynxuiii. Pezynomamu. Ompumani eupasu, w0 mamemamuino
36'A3yt0omy paxmopu nynvcayiil, 3Ha4eHHA Koepiyicnmie demnghyeanns i pezyib08anozo0 napamempa Oaa PizHUX YACHIOM 3a-
sarcarouux 2apmotik ¢ cucmemi 3 0eocmoponnsvoio IIIIM. Haykosa nosusna. Excnepumenmanvno niomeeposceni meopemuuni
nepeoymosu npo camokomnencayiro Oii paxmopie nynvcayiii ¢ cucmemi 3 0eocmoponunsoro LLIIM; Ilpakmuune 3nauenna. Bu-
Kopucmannsa pesynbmamie pooomu 00360aume cmeopumu 3amkuymy CAP onsa ehekmusnozo npudywieHns 3a8axcaiouux 2ap-
MOHIK 8 KOHMAKMHIN mepedxci nocmiitnozo cmpymy. bioi. 9, puc. 5.

Kniouosi cnosa: pakrop myiabcauiii, 3aBaskaroya rapMoHika, cucTeMa aBTOMATHYHOI'0 PeryJII0BaHHs, ABOCTOPOHHS IIMPOTHO-
iMnyJbcHa MOIYJIsiLisl, HANIBIPOBIIHMKOBHUIi ePeTBOPIOBAY.

Lens. Llenvio cmamovu agnsaemca onpedenenue GaKmopos nyabcayuii 3AMKHYmMOU CUCHEMbl A6IMOMAMUYECKO20 Pezyiuposa-
Hua (CAP) mewarowux 2apMonuK, cooepicauieii noaynpoeooOHUKO8blIl npeodpazoeamens ¢ OGYXCHIOPOHHEN WUPOMHO-
umnynvcnuoii mooynayuein (LIIHM), a makce noomeepicoenue meopemuyecKux nPpeonocslioK 0 603IMOMCHOCIU CAMOKOM-
nencayuu oeiicmeusn pakmopos nyavcayuil ¢ cucmeme ¢ ogyxcmoponneii ILIUM. Memoouxka. /{nsa nposedenusn pabomut uc-
NO0J1b306ANUCH: KNACCUYECKAA MEOPUA INEKMPUUECKUX Uenell, Memoobl 2apMOHUUECK020 AHANU3A U Meopus 0000U|eHHbIX
dynkyuii. Pezynomamet. Ilonyuenst eviparcenusn, mamemamuiuecku cea3vleaioujue akmopul nynvcayuil, 3HaueHus Korg-
duyuenmos demnupoeanua u pezyiupyemozo napamempa 0N pasHbIX YACHOM MeWauiux 2apMOHUK 6 cucmeme ¢ 06yx-
cmoponnen ILHIHM. Hayunasa nosuszna. IKCnepumenmaibHo NOOMEEPIHCOEHbl meopemuyecKue npeonocsliKu 0 camoKoOMneH-
cayuu Oelicmeusn axmopos nyavcayuit 6 cucmeme ¢ ogyxcmoponneu IIIHM; Ilpakmuueckoe 3nauenue. Hcnonvzosanue
pe3ynomamos padomul nozeonum co3zoamy 3amxkuymyio CAP ona y¢phexmuenozo nooasnenus mewaroujux 2apmMoHUK 6 KOH-
MaKmuoii cemu ROCMoOARKHO20 moka. bubn. 9, puc. 5.

Kniouesvie crosa: gakrop myabcanuii, Memaomas rapMoHIKa, CHCTeMa aBTOMATHYECKOI0 pPeryJupoBaHusl, IBYXCTOPOHHSIS
IIHPOTHO-AMITYJIbCHASI MOAYJISIIHUS, OJIYNIPOBOJHHUKOBBIN Npeodpa3oBaTeb.

[ocTranoBka mpo6JjemMbl. OCHOBHBIMH HEIOCTAT-
KaMH{ TIOJyTIPOBOJAHUKOBBIX TpeoOpa3oBaTeneil ¢ MOBHI-
[ICHHOW MTyJTECHOCTBIO SBIISIOTCS:

® HEBO3MOXXHOCTh CO3MaHHUs TpeobpazoBaTens ¢ ab-

rapMoOHHUK. bompinoii BKinag B OpMHpPOBaHHE MeEIIalomIe-
TO HaNpsDKeHUS, BHOCAT TapPMOHHUKH, YacTOTHI KOTOPBIX
nexat B nuanaszone f,, = 100...1200 I'a. [Ipumenenne mms
YMEHBILICHNS BEIMYMHBl MEIIAIONIMX TapMOHHK B YKa-

COJIOTHO CHUMMETPHYHBIMU IUIEYaMH, YTO TPHBOAUT K
TeHepalui TapMOHHUK, CHIKECHHIO KauecTBa JIICKTpHUC-
CKOM OHCPIruu Ha BBIXOJC TATOBOM MOACTAaHIIUN U YXY[-
MECHUIO SHCKTpOMaFHHTHOﬁ COBMCCTUMOCTH BBIIIPAMUTC-
Js ¢ TAroBoi cetbto. B paborax [1, 2] HepeumieHHbIMU
OCTalOTCSl BOIIPOCHI CHMMETPHPOBAHHUS IOJIYIPOBOIHH-
KOBBIX IIpeoOpa3oBaTee;

® IIOCTOSIHHOE IIPUCYTCTBUE B BBIXOAHOM HalpsDKEHUH
HEKaHOHWYECKUX TapMOHMK, K KOTOPBIM KPHTHYHBI yCT-
pOMCTBa CHTHAJIM3ALNK, HEHTPAIU3ALUN U OJIOKHPOBKH
(CLIb) u KOTOpBIE HE 3aBHCAT OT MYJIBCHOCTH BBHIIPSMH-
TENs, W3-332 IPAKTHYECKOH HEBO3MOYKHOCTH CO3/aHMSA
LIEJIOYNCIIEHHOTO COOTHOIICHHUS BUTKOB OOMOTOK TpPaHC-
(dhopmaTopa OOJNBIIONH MOIIHOCTH, MUATAIOIIAX MOCTHI BbI-
npsimutens. [Ipu 3Tom, B padotax [3, 4] He paccmaTpuBa-
€TCs. BO3MOYKHOCTh NPUMEHEHUs] aKTUBHOHM (uibTpanun
TapMOHHK BBIXOJHOTO HANPSDKEHHS ITOJIYITPOBOAHUKOBO-
ro npeobpazoBarels.

Kpome TOro, mpuunHO# BO3HUKHOBEHHSI MEILA0-
IIUX TaPMOHHMK SIBJISIETCS IUCKPETHBIH XapakTep IMpeoo-
pa30BaHus BHIIPSIMUTEIBHON YCTAHOBKOM 3EKTPUUYECKOM
SHEPIruy MEePEeMEHHOI0 TOKa U BO3JeHicTBHE COOCTBEHHOI
HECHMMETPUH BBINPSIMUTENS. U HECUMMETPHUU TUTAIOLICH
cetu. [lepedncieHHble TPUYNHBI BBI3BIBAIOT T€HEPALINIO B
KOHTAKTHYIO CE€Tb KAaHOHHMYCCKHMX W HCEKAHOHHWYCCKUX

3aHHOM JMAalla30HE B COCTaBe CTIAKUBAIOMIETO (QHIbTpa
pexekTopHbIX LC — 1ernel sSBISETCS HEIOCTaTOYHO 3(-
(bexTuBHBIM [5, 6]. OOBSICHSIETCS ATO CIOKHOCTBIO IIOJTY-
YEHMsI TOYHOW HACTPOMKU PEXXEKTOPHBIX LEIEH HAa 4acTo-
Thl MEIIAKOINUX TapMOHUK W U3MCHCHUEM PE30HAHCHBIX
9acTOT, BBI3BIBACMBIX TEMIICPATYPHBIMH U BPEMCHHBIMU
BO3JICHCTBUSIMHU.

To ecTb, aKTyaJbHBIM SIBJISIETCSI MOMCK albTEpHa-
TUBHBIX TEXHWYECCKHUX pEHICHUH s OOphOBI ¢ MeIaro-
IIMMA TapMOHHKAMH IOJYIIPOBOIHUKOBOTO IPeoOpaso-
BaTeJIs.

B [7] paccmarpuBaiuch BOMPOCHI MPUMEHEHUS
CIIEMAJbHBIX 3aMKHYTHIX CTPYKTYP IUISI PETYIHpOBa-
HUSA TApMOHUK BBIXOJHOI'O HAIIPSAXKCHUA YIIPABIAECMOIO
npeobOpazoBarens. OJHAKO MPEJIOKEHHBIE CHCTEMBI C
onnocroponneit IIIMM o61anarT y3KOi MOJOCOH MPO-
MyCKaHUS U HE MO3BOJISIIOT Peain30BaTh BHICOKHE Yac-
totel LIIVM.

Takum 00pazoM, B KOHTEKCTE paccMaTpHUBacMON
MPOOIIEMBI, HEPEIIEHHBIMU OCTAIOTCSI BOMPOCHI IIPIMEHE-
HUS TIOYTIPOBOJHUKOBOTO TPE0Opa30oBaTeNsi C JBYXCTO-
porneit IINM, B coctaBe 3amkuyTOoi CAP, mns ymeHb-
IICHUS BEJIMYMH MEIIAIONINX TapMOHUK W YIyYIICHHS
3JIEKTPOMAarHUTHON COBMECTUMOCTH C TATOBOH CETBIO.
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Ileabio paGoThl SBISETCS UCCIEIOBAHUE 3JIEKTPO-
MarHuTHBIX TporieccoB B CAP Memarommx TapMOHHK
MOy IIPOBOITHMKOBOT'O TIpeoOpa3oBarens C JIByXCTOPOH-
Hell IIMM u nostydeHHEe BBIPAXKEHUM Ul ONpPEIEIICHUs
(haxTOpOB MyNbCaNil NEHCTBYIOMNX B 3TOM CHCTEME.

OcHoBHas1 yacTh. B cucreme aBTOMaTHYeCKOro pe-
TYJIMPOBaHUs, cojiepKaliell mpeoopa3zoBaTelb C ABYXCTO-
POHHEH IHMPOTHO-UMITYJIbCHOW Momymsnueit (puc. 1),
JelcTBYeT ABa (axkTopa myibcanui [9].

. . C\/‘L/c Uo
ﬁ% &% Ze

i
m=1 ZT m=1 2f U
; udr load
HB P g Mo

Cy [ Wi(p) | [ W2(p) |[ Wh(p) |

Puc. 1. 3amxuyTas CAP noxynpoBoIHHKOBOTO IpeoOpa3oBaTesis
¢ aByxcroponsei HIMM

B paccmarpuBaemoit CAP 0CHOBHOM MMOTOK MOIIIHO-
CTH W3 NHTAIOUIEH CeTH B HArpy3Ky IepemaeTcs depes
OCHOBHOH 12-IyNbCHBIA HEYHpPaBISIEMbIH BBIIPSIMHUTENb
(HB). UlupoTtHO-perynupyeMbiii  BOJIbTOA00aBOYHBIN
mpeobpazosarens (B/III), ympaBmseMsrii cHUCTEMOit
ynpasnenust (CY) paccunraH Ha mepenady MOIIHOCTH,
KOTOpas cocTapisieT nopsaka 20 % OT MOIHOCTH OCHOB-
HOTO BBIIPSIMUTEIISL.

Crabwm3anysi HanpsDKEHHUs BBITPSIMHUTENBHOTO ar-
perata o0OecreunBacTCsS OTPHIATSIHLHON OOpATHON CBS-
3bI0 T10 HANPSDKEHUIO HArpy3KH Ujgyq C TTOMOIIBIO PETYJIsi-
topa Hampspkerus (PH), a perymmpoBaHme Memarommux
TapMOHMK HaIPsDKEHUsI Harpy3KH B IIMPOKOM JHala3oHe
YaCTOT OCYIIECTBIAETCS BHYTPEHHUMH KOHTYpPaMH, CO-
JepKaIIMH celeKTUBHBIC 3BeHBsT W(p), Wa(p) ... Wy(p)
C MepeaTOYHbIMU (PyHKIUSAMH.

IIpennoxxennass CAP BBIIpAMUTENBHOTO arperaTa ¢
mmpoTHoO-peryiaupyeMbiM BJII1 oTBedaeT TpebGoBaHUSIM
acratu3Ma. JlaHHoe TpeOOBaHHE OCTHIAeTCsS BBEICHHEM
UHTErpasibHON yacTu B PH, a Taxke npuMmeHeHueM anar-
THUBHOM OOpPATHOMW CBSI3M MO0 KOHTYPHOMY KOA((QHUIUESHTY
TI0JIaBJICHUS] TADMOHUK HAIPsDKEHUS! Harpy3Ku

OcHoBHOI  3ajmaueit [-00pa3HOro MacCHMBHOTO
LC-dpunptpa (I1dD) B 1aHHON CHCTEME SIBIISETCS MOaBIIC-
HHE TAPMOHMKH HanpspkeHus Hecyiiei yactotsl BT

IIpumenenue asyxcroponnei 1AM Bmecro oxnHo-
CTOPOHHEW O00YyCJIOBIEHO BO3MOXKHOCTBIO PACIIHPEHUS
MIOJIOCHI TIPOIYCKAaHUs MpeoOpa3oBaTelsl, YTO ITO3BOJIHT
MOJIaBIIATh TAPMOHUKH BBIXOJHOTO HAIPSDKEHUS TATOBOH
MOJCTAHIUH TTOCTOSIHHOTO TOKa B IIMPOKOM JAMAla30HE
4acToT, a, CIe0BaTeNIbHO, YMEHBIITUTH 00BheM [1D.

B BOabTOmO0aBOYHOM mMpeobOpasoBarene (GopMupo-
BaHHE IIHMPOTHO-MOAYJIMPOBAaHHOW HMMIYJIbCHOM IOCIE-
JIOBATEJbHOCTH BBITIOJIHSETCS. CHCTEMOW yIpaBJICHUS,
(hyHKIIMOHANIbHAST CXeMa KOTOPOM MpHBEICHA Ha puc. 2.
OyHKIMOHAIBFHO CHCTEMa YIPaBJIEHHS COCTOUT U3 TeHe-
patopa onopHoro HanpsbkeHust 'OH u komnaparopa K.

U,(0)
rOH + K

Ul®)
RN

U0

Puc. 2. ®ynxkunoHanpHast cxeMa CUCTEMbI yIPaBJICHHS

B [8] nomyuensr 000011IeHHBIE BBIpaXEHUs ISl (hak-
TOPOB IyJbCAIMH NpPU NPEACTABICHUM IEPEAATOYHON
(yHKIMM TpPUBEICHHOW HENpPEphIBHOW YacTH B BUE
CYMMBI allepHOANYECKUX 3BEHBbEB. [ cuCTeMBI MOJaB-
JICHUS] MEIIAIOIIEH TapMOHHMKHN BBIPAXKEHUS 11 (PaKTOPOB
yJIbCALMI UMEIOT BUJ
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Jus mpumenernns popmyn (1), (2), mpencraBum Tie-
penarouHyio QyHKUHUIO celleKTUBHOTO 3BeHa G(p) B Buie
CYMMBI alepHoIMYECKUX 3BEHbEB

K K
G(p)=E| - =2, (3)
To\p-p1 p-p
rae p, = (—&+ja)/ Ty, py = (—¢—ja)/T, — nonroca nepeaaTod-
HoW ¢pyHKIIHIH G(P).

Koapoummentsr K| u K, ompenenum Kak BBYECTHI
nepenarounoir ¢yHkmmm G(p) B COOTBETCTBYIOIINUX
HOJIIOCAX

a+j
K1—| P I e, @
P=P2lpep,
e i
KFI - I - 255' ©)
P=P2lpop,
IToacraBuB (4) u (5) B (3) u npeoOpa3oBas, MOIydIuM
1 1
G(p)=-L - - (0)
2a TO(§+]a)+1 Ty(&—ja)+1
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Ha puc. 3, 4 npuBeneHsl pe3ynbTaThl pacuera (ak-
TOPOB IIyJIbCALMI A pa3HBIX 3HAYEHUH PErypyeMOoro
napamerpa y, koapduipenTa gemipupoBanus ¢ 1 4acToT
MEIarIuX rapMOHHUK.

J4 3 IMOJTYUYCHHBIX 3aBUCHUMOCTEMR cJIeayeT, 4Tto B OT-
JMYUEe OT CHCTEMBI C OJHOCTOPOHHEH IIMPOTHO-
HMITYJIbCHOM MOJYJIALMEH B CHCTEME C JBYXCTOPOHHEH
LIMPOTHO-UMITYJICHOW MOJIyJIsiuuei HabOmromaercst -
(hexT caMOKOMIIeHCAINH eHCTBUS (PAaKTOPOB MyJIbCAIIHI.
Habmrogaercs ciabast 3aBUCHMOCTD (DAaKTOPOB IyJIbCAIHi
or kodpdunmenta memndupoBanus. OOBICHAETCS 3TO
TEM, YTO YacTOTbl, BIUSIOIINE Ha BEIWYMHBI (PAKTOPOB

HyJ’ILC&HI/Iﬁ JIeKAT 3a mpeaciaMu IOJIOCHI MPOITYCKaHUA
CCJIICKTUBHOI'O 3BCHA.
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Puc. 4. Pe3ynbraTsl pacyera (pakTOpOB MyIbCAU TS Pa3HBIX
3Ha4YeHUH K03 dunreHTa geMnpupoBanus &

AMIUTMTYTHO-4aCTOTHAsT XapaKTepHCTHKa CelleK-
TUBHOTO 3BeHa G(p) B 00JACTH BBICIIMX YaCTOT MMEET
HakioH —20ab/nek. D10 maet NpeArnochUIKy Ul alIpOK-
cuManuy 38eHa G(p) arnepuoanIecKuM 3BEHOM,
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UMEIOIINM OIUHAKOBEIA ¢ G(p) KOApOHUIHEHT Iepenadn
HA YaCTOTE HIMPOTHO-UMITYJIBCHON MOTYJISILIUH.
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B aTom ciydae BeipaxkeHus i (pakToOpoB MyJibca-
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Ha puc. 5 mpuBenens! rpaduyeckuie 3aBHCHMOCTH,
XapaKkTepu3ymolne H3MEHEeHUs: (akTopa MynbCalud B
(GYHKIMM peryaupyeMoro napaMeTpa y, pacCUUTaHHBIE
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Puc. 5. 3aBucumMocTy BeMUMH (aKTOPOB MyJICAUHN OT y

BoiBoabI.

BriepBeie momydeHB! BBIPAXKEHHS U OMPEACICHHS
¢axTopoB nynbcaumii CAP Memaromux rapMoHUK I10JTy-
NPOBOJIHUKOBOI'O TIpeoOpa3oBarens C JIByXCTOPOHHEH
HIMM nanist pa3HbIX 3Ha4eHUH KoddduirenTa nemmnpupo-
BaHMS U PETYJIMPYEMOTO TTapaMeTpa.

YcranoBneHo, uto B paccmarpuaeMoil CAP noiy-
IIPOBOJAHMUKOBOrO TpeoOpa3oBaTest C JABYXCTOPOHHEW
[INM npoucXoauT caMOKOMIICHCAINS ACHCTBHS (PaKTO-
POB IyJbCaLH.

B pesynpTare wnccrnenoBaHHS 3JIEKTPOMArHUTHBIX
mporeccoB B CAP momynpoBogaukoBoro mpeoOpas3oBa-
TENsl BBISIBIIEHA BO3MOXKHOCTH MOJABICHUS MEIIAOIINX
rapMOHHK 0€3 BMEIIATEIbCTBA B €0 CHIIOBYIO YacTh. JTO
SIBJISIETCSI OCOOEHHO Ba)XKHBIM IPU TEXHHYECKOM 00CITy-
JKMBaHHH BBIIPSMHUTEILHON YCTAaHOBKM TSTOBOM MOJ-
CTaHIIMH.
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Determination of pulsation factors of the system of
suppression of interfering harmonics of a semiconductor
converter.

Purpose. The purpose of the paper is to define the pulsation
factors of a closed-loop automatic control system (ACS) of
interfering harmonics containing a semiconductor converter

with double-sided pulse-width modulation (PWM), as well as
confirmation of theoretical assumptions about possibilities of
self-compensation of pulsation factors’ influence in the system
with double-sided PWM. Methodology. The research was con-
ducted with the usage of classic electric circuit theory, fre-
quency analysis methods, generalized function theory. Results.
The obtained expressions mathematically relate pulsation
factors, value of the damping coefficient and manipulative
variable for different frequencies of interfering harmonics in
the system with double-sided PWM. The research concerned
harmonics with frequencies 100, 300, 600, 900 and 1200 Hz as
the most significant constituents of the output voltage of a 12-
pulse semiconductor converter. The obtained expressions al-
low taking into account settings of the selective link and its
approximation on the level of supreme frequencies with aperi-
odic link. Originality. The research has experimentally proved
theoretical assumptions about self-compensation of pulsation
factors in the system with double-sided PWM. It has been
shown that the damping coefficient has a low-impact influence
on the values of pulsation factors. It is caused by the pass
band of the selective link, which is included in the closed-loop
control system of harmonics regulation. Practical value. Ap-
plication of the research results can contribute to the devel-
opment of the closed-loop control system for effective attenua-
tion of interfering harmonics in direct current contact wire
without interfering in the power part of the semiconductor
converter. Besides the possibility to regulate output voltage, it
will also help to solve the problem of electromagnetic com-
patibility of a traction substation semiconductor converter
with contact wire. The application of the developed closed-
loop control system will as well provide for decreasing the size
of the filter in the direct current traction substation unit.
References 9, figures 5.

Key words: pulsation factor, interfering harmonic, automatic
control system, double-sided pulse-width modulation, semi-
conductor converter.
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0.D. Podoltsev, V.M. Zolotaryov, M.A. Shcherba, R.V. Belyanin

CALCULATION OF THE EQUIVALENT ELECTRICAL PARAMETERS
OF THE INDUCTOR OF INDUCTION CHANNEL FURNACE WITH DEFECTS
INITS LINING

Aim. The aim of the paper is to determine a quantitative relationship between measured impedance of the inductor and the
electrical characteristics of the separated melt circuit parts for the determination of the place of a liquid metal leakage and for the
improvement in such way the diagnostic system of lining state of induction channel furnaces. Technique. The study was
performed on the basis of the concepts of theoretical electrical engineering, mathematical physics, and mathematical modeling.
Results. Using two equivalent electrical circuits of the inductor the analytical expressions and graphical dependencies, which
determine a quantitative relationship between the parameters of the separated parts of a liquid-metal circuit and the impedance of
the whole inductor measured in practice, for the presence of different lining defects, were found. The method for calculating the
increments of equivalent electrical parameters of the inductor as a function of increments of the parameters of the secondary
liquid-metal circuit was proposed. Scientific novelty. It is proved that for small changes (less than 10 %) of the parameters of the
liquid-metal circuit, it is expedient to use a linear relationship between its increments and to create the sensitivity matrix, which
clearly shows the presence of a strong or weak interrelation between the disturbed values of the parameters of the secondary
circuit and the inductor. Practical significance. The use of this technique allows to develop the database for various types of
lining defects for a given furnace and on its basis to predict the places of a melt leakage and the state of furnace lining owing to
periodical measurements of the inductor parameters. References 10, figures 3.

Key words: equivalent electric parameters, mathematical modeling, induction channel furnace, defects of lining, diagnostics of
the lining state.

Llens. Ilenvio cmamvu saenaemca ycmanosneHue KOJIUYECHGEHHOU CEA3U MeNHCOY UBMEPACMBIM UMREOAHCOM UHOYKMOpPA U
IeKMPUYECKUMU XAPAKMEPUCMUKAMU OMOESIbHbIX YYACMKOE KOHMYPA PACRAA6a 0N YCMAHOGIEHUA MeCIna NpPOmeKaHus
HCUOKO020 Memaia u ycoeepuieHCmeo8anus maKum o0pazom cucnmemvl OUAzZHOCMUKY COCMOARUA PymepoeKU UHOYKUUOHHBIX
Kananvnovix neveil. Memoouka. J{na npoeedenus  uccie006aHUIl  UCHONIL30BANUCH  HOJIONCEHUA  MEOPEMUYECKOll
INEKMPOMEXHUKU, MameMamu4eckoii pusuku, mamemamuueckozo mooenuposanus. Pesynomamor. C ucnonvsoeanuem 06yx
INEKMPUUECKUX CXeM 3aMeU{eHUs UHOYKMOPA HNOIYYEHbl AHAAUMUYECKUE 6bIPANCCHUA U 2pajuuecKue 3asucumocmu,
YCmanaenueaouiue KOJaU4eCneeHHyI0 C6:3b MecOy napamempamu OnmoeabHbIX YUACMK08 HCUOKOMEMANIUYecKo20 KOHMypa u
uUIMepAeMbIM HA NPAKMUKE UMREOAHCOM 6Ce20 UHOYKMOpPA Npu HAIUYUU PAa3ludHbIX OeheKmoe 6 ezo @ymeposke.
IIpeonosicena memoouka pacuema npupawjeHuil IK6UEANEHMHBIX ITEKMPULECKUX RAPAMEMPOS UHOYKMOPA 6 3a6UCUMOCHU O
npUpawienuil napamempos 6MOPUUHO20 HcuOKomemannuieckoo konmypa. Hayunaa nogusna. /lokasano, umo npu manwvix
usmenenuax (menee 10%) napamempos dHcuoOKoMemaniuuecKkozo KOHMypa uenecooopasHo Ucnonb306amy JUHENHYI0 C6:A3b
MedHcoy ux nPUPAWEHUAMU C ROCMPOCHUEM MAMPUYDL LYECMEUMENbHOCUL, KOMOPAA HA2IA0HO0 NOKA3bl6Aen HAMUYUE CUTIbHOL
unu cnadoil ceaA3u MexHcoy 6O3MYWCHHBIMU 3HAUEHUAMU NAPAMEmPOs MOpuuHo20 Koumypa u unoykmopa. Ilpaxmuueckoe
3nauenue. Hcnonv3oeanue OaHHOU MemoOUKU nO3601Aem papadomamsv 06a3y OAHHLIX 074 PA3NUYHBIX MUNOE OeheKmos
dymeposku 0na uHOYKYUOHHOI KAHALHOI NeYU U HA ee 0CHOGE, NyMeM NEPUOOUUECKO20 UMEPEHUA NaAPAMENpPOos8 UHOYKmopa,
RPOZHO3UPOBAMb MECIA RPOMEKAHUTL pacniiasa u cocmosanue gymeposxu. buodn. 10, puc. 3.

Kniouesvie cnosa: JKBHBaJeHTHBIE JJIeKTPHYECKHe TapaMeTphbl, MaTeMaTHYecKoe MOAeJHPOBaHHE,
KaHAJIbHas MeYb, 1eeKThl (yTePOBKH, THATHOCTHKA COCTOSTHNUS ()Y TEPOBKH.

HHAYKIUOHHASA

Introduction. Today consumers of metallurgical
products make high demands on the quality of copper
rolled wire (homogeneity, chemical purity, etc.). The
copper rolled wire manufactured in induction channel
furnaces generally satisfies the highest requirements [1].
On the strength of this circumstance, it is induction
installations of this type that are used in the cable industry
in the manufacture of copper rolled wire for the
production of power cable cores [2].

The peculiarity of the induction furnaces, in
particular channel type is the lining destruction under
various factors: 1) the high temperature of the molten
metal; 2) intensive hydrodynamic molten metal flow
destroying the internal walls of the lining, forming
caverns and leading to a decrease in thickness of the walls
during prolonged operation, and 3) the presence of an
electromagnetic field that causes vibrational phenomena
in the liquid metal and in the outer metal casing.

Modern researches are aimed at increasing the
efficiency and operating life of induction furnaces. In
particular, they are aimed at analyzing the distribution of
temperature fields inside the refractory lining under
different operating conditions [4, 5], determination of
mixing features of the metal melt [6], improving the
diagnostic systems and continuous monitoring of the
furnace lining state in industrial use [8, 9] and
improvement of structural elements of furnaces and
inductors [3, 7].

In particular, the improvement of the systems for
diagnosing the state of furnace lining is an important
scientific problem, since it allows to more accurately
predict the residual life of the equipment, adjust its
operating modes to extend the service life and prepare in
advance for the necessary replacement of the lining, as it
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is related with complete stoppage of the furnace and
draining the metal melt.

In order to diagnose the state of the lining of a
channel induction furnace, the following three methods
can potentially be used in practice:

1) Periodic measurement of the complex equivalent
resistance (pure resistance and image impedance) of the
inductor, the value of which depends on the state of the
lining (the presence of pits and caverns, thickening of the
channel and narrowing of the channel filled with liquid
metal, etc.) [10].

2) Regular measurement of the temperature distribution
over the surface of the furnace outer casing by means of
pyrometer, for example, or an infrared imager. This
distribution allows to identify the «hot spots» on this
surface, which are due to the appearance of caverns or
pits filled with liquid metal in the lining. [5, 9].

3) Evaluation of the dielectric properties of the lining
by measuring the capacitance between the outer furnace
casing and the liquid metal, which are separated by a
dielectric lining, as well as measuring the dielectric loss
tangent of this capacity, generally at a different frequency
of the external supplementary source. An analysis of the
dependences obtained in this way allows to conclude that
there are defects in the furnace lining [1].

At present, the systems for diagnosing the state of
induction channel furnaces, offered by their
manufacturers, generally based on a measuring the
complex impedance (impedance) of the inductor melt
channel and measuring the temperature rise of water as it
passes through the cooling system pipes [10].

The disadvantages of such systems are the
impossibility of determining the location and dimensions
of the areas of liquid metal flowing into the defects of the
lining. However, this is important, because the melt
channel has a branched shape (it consists of three
branches and forms two contours as shown in Fig. 2,a),
and the melt leakage can be directed both to the outer
walls of the body and to the inner ones in the direction of
the magnetic circuit with inductance coils.

Improvement of this diagnostic method can be the
ability to determine the problem area of the melt channel
according to the inductance impedance measured in
practice. If we determine a quantitative relationship
between the impedance of the inductor and the electrical
characteristics of the separated parts of the melt contour,
then they in turn can be related to the geometric
characteristics of these parts (an increase or decrease in
the local section — the occurrence of leakage or
overgrowing of the channel). Obtaining such important
information will allow us to more accurately predict the
residual life of the induction channel furnace.

Therefore, the aim of the paper is to determine a
quantitative  relationship  between the measured
impedance of the inductor and the electrical
characteristics of the separated parts of the melt contour
for finding the leakage location of the liquid metal and
thus improving the diagnostics system of the lining state
of induction channel furnaces.

As a typical example of an induction channel
furnace, we considered the UPCAST US20X-10 furnace
in the line for the continuous casting of oxygen-free
copper rod [10] with a power of 500 kW installed at PJSC
«Yuzhkabel Worksy» (Kharkiv).

The general view of the investigated furnace is
shown in Fig. 1.

Fig. 1. Induction channel furnace for the production
of copper rolled wire

Structurally, the furnace consists of a lined tank,
which contains the whole mass of the metal being melted,
and the inductor located under the tank [1, 5, 10]. The
tank is connected with the melting channel filled with
melt too. The copper template is lined with a refractory
mixture with a working temperature of 1800 °C. After the
template melting and sintering of the lining, a melting
channel, which together with the adjacent part of the tank
forms a closed conductive ring, is formed.

The principle of induction furnace operation is
similar to the principle of the action of a single-phase
power transformer in the short-circuit mode [1, 2].
However, the electric parameters of the furnace and the
transformer are significantly different due to the
difference in its design.

The inductor, whose turns are wound up on two
rods of a closed magnetic circuit, is the primary winding
of the transformer, and the secondary winding is the
molten metal. The current flowing in the secondary
circuit causes heating of the melt. At that almost all
energy is released in the channel having a small cross
section (90-95 % of the electric energy supplying the
furnace is released in the channel).

The metal is heated owing to heat exchange and
mass transfer between the channel and the tank. The
movement of the metal is mainly determined by the
action of the electrodynamic forces that arise in the
channel and to a lesser degree by convection due to the
overheating of the metal in the channel in comparison
with tank [7, 8].

Electrical equivalent circuits of the induction
channel furnace and calculation of their equivalent
parameters. As a starting point, the paper considers two
equivalent electric circuits (simplified equivalent
electric circuits and refined one) of the inductor as a
transformer with a short-circuited secondary winding as
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well as we use the assumption based on the physical
nature that when defects arise in the lining, the electrical
parameters of the secondary liquid metal circuit of the
induction furnace are changed.

The investigated induction furnace is schematically
shown in Fig. 2,a. There are both main elements and the
current contours in the molten metal indicated with
dashed line in the figure.

In the secondary circuit formed by the melt, we can
distinguish three branches (2-1-3, 2-3, 2-4-3), which, due to
various geometric characteristics, can be conveniently
divided into five sections (2-1, 1-3, 2-3, 2-4, 4-3), indicated
by Roman numerals (I, 11, I1I, IV, V) in Fig. 2,a.

Steel
casing

Magnetic
core

Secondary
loop of
molten metal

Fig. 2. a — configuration of induction channel furnace and
b — its equivalent circuits with subdivision of the secondary
circuit into separate branches; ¢ — simplified equivalent circuit
of the furnace when branches are replaced by a single turn
with equivalent parameters

Fig. 2,b shows the electrical equivalent circuit of the
furnace as an electrical transformer whose secondary
winding has two short-circuited turns with a common
branch III located between nodes 2 and 3 (see Fig. 2,a)
through which the currents of both circuits flow.

The circuit under consideration includes the
parameters of the inductor — the pure resistance and
leakage inductance R;, X),, the parameter of the
magnetization circuit — X, (which is caused by the
magnetic flux in the magnetic core of inductor) and the

parameters of the secondary liquid-metal circuit reduced
to the winding of the inductor as the primary winding of
the transformer. In this case, each parts of branch of the
secondary circuit in Fig. 2,a corresponds its own branch
in the electrical equivalent circuit in Fig. 2,b.

A simplified equivalent circuit for the furnace is
shown in Fig. 2,c. In this equivalent circuit the secondary
circuit is presented in the form of a single turn with
equivalent parameters R,’, X;' reduced to the winding of
the inductor. The complex impedance of the simplified
equivalent circuit in Fig. 2,c, which is measured in
practice at the inductor terminals, is determined by the
following equation:

JXm(Ry + jX3)
Ry + j(X, + X3)

Hence the functional dependencies of the inductor
resistances (pure resistance R;,,, and image impedance
Xinpue) on the parameters of the secondary liquid-metal
circuit R," and X, have the following form:

Rinput = fR (Ré > Xé) = Re(Zinput) =
XmRé(X’Z"—Xm)_XmXéRé. (1)
(RY)?+ (X, +X3)°
Xinput = fX(RévXé) = Im(zinput) =
X (R + X, X5 (X3 +X,) @)

(R5)® + (X, + X3)?

The dependences calculated on the basis of
expressions (1) and (2) are shown in Fig. 3.

Note that here, for greater generality, all values are
given in relative units and the graphs are valid regardless
of the specific numerical values of the parameters of the
equivalent circuit.

As an example, let us consider the following values
of the parameters of the equivalent circuit, calculated on
the basis of the geometric and electrical characteristics of
the inductor coils, magnetic circuit and melt loop, as well
as those indicated in the technical documentation for the
furnace under study [10] and measured experimentally at
PJSC «Yuzhkabel Works» [9]:

R =0.12mQ, X;=24mQ, X,=02Q, 3)
R}, =12mQ, X}| =24mQ,

zZ

input = #1

:Rl"r

:X1S+

R

L =108mQ, X, | <0050 @)

input input |

Here, the basic values correspond to a furnace with a
new lining without defects, as shown by the dot in Fig. 3

with values R} /R| =1 and X;/X;| =1.

From the results obtained, we can conclude the
following:

1)If in the furnace with initially defect-free lining

R;/R;L):l and X;/X;| =1 only the

value R," will be increase (due to the occurrence of any
defect in the lining), that this leads to an increase in the
measured values both R;,,. and X,

Increasing only the value X;’ will lead, that value
Xinpur Will increase, but value Ry, will decrease.

parameters —
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0.9 Xé/Xé‘0:0.7
086 0.8 1 12

Ry /R,
b
Fig. 3. Dependences of the relative value of the complex
impedance of the inductor on relative values of pure resistance
of secondary circuit and at various values of inductive
impedance of the circuit: a — pure resistance; b —-image
impedance

2)In the general case, with simultaneous changes in
both R," and X', the quantitative changes in the pure
resistance and image impedance of the inductor can be
determined from the graphs in Fig. 3.

3)Using the data in Fig. 3 or directly functional
dependences (1) and (2) for relatively small changes in
the values of R,’ and X,’ one can determine a linear
relationship  between their increments in the
neighborhood of a point with a defect-free lining in the
form of the following vector-matrix equation:

AR

ARinpur AR}
Rinput _{0.9 —0.075}@0 )
AX s 0.1 035 | AX; |

Xl'nputo Xé|0

Here, the resulting matrix, which can be called the
09 -0.075

0.1 035

sensitivity of the change in the equivalent inductor
resistances with respect to the change in the resistances of

sensitivity matrix A4 :{ } characterizes the

the secondary circuit in accordance with the simplified
equivalent circuit in Fig. 2,c.

Note, that elements of matrix 4 are dimensionless
and show the degree of influence of separated parameters
of the secondary circuit (melt) on the input resistances of
the inductor. Although, in this example the matrix 4 was
calculated for the particular inductor, but within the
framework of the proposed approach, it can be easily
recalculated for an another one.

The relatively large values of the diagonal elements
of the matrix 4 (0.9 and 0.35) indicate a strong
connection between the pure resistances of the inductor
and the secondary circuit and the less strong connection
between their image impedance, and the small values the
other matrix elements indicate relatively weak cross-
connections. Moreover, the negative value of the
coefficient, that equals to —0.075, attests a decrease in the
value R, with growth of R,".

4) For practice, it would be interesting to determine a
feedback between the values increments. For this purpose,
calculating the inverse sensitivity matrix A from
equation (5) we get:

AR; AR:

AR& input input
Ré|o _ Rinput 0 :|: 1.09 0.23} Rinpul 0 ©
AX) AXjpe | =031 2.8 || AX0
X2|0 Xinput 0 Xinput 0

This expression makes it possible to calculate and
analyze the deviations of the parameters of the
secondary liquid-metal circuit based on the measured
deviations of the inductor parameters and then to
estimate the probability of the appearance of any defect
in the lining.

The obtained results are applied to the simplified
equivalent circuit in Fig. 2,c. However, in practice, when
analyzing the effect of lining defects on the parameters of
the secondary circuit, it is expedient to use the refined
equivalent circuit in Fig. 2,b. It allows to evaluate the
effect of the defect directly on the parameters of each part
of branch separately.

For the subsequent conversion to a simplified
equivalent circuit and use of the results in Fig. 3, the
following expressions can be used to determination the
relationship between the parameters of the two equivalent
circuits under consideration:

Ry =Re((Z{y + Z{3)|(Zh4 + Z34) + Z53) , (7)
X5 =Im(Ziy + Z{3)|(Zha + Z34) + Z53) . (8)

Here the parallel connection operator of two
arbitrary complex impedances Z, and Z, is defined as:

Z\|Zy =212, (2, + Z,) .

With the help of expressions (7) and (8) and
analyzing the processes and functional dependencies
between all parameters of the refined equivalent circuit in
Fig. 2,b, one can pass to the simplified circuit in Fig. 2,c
and then use the graphical dependencies in Fig. 3 or
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directly expressions (1) and (2), and in the case of small
increments, expressions (5) and (6).

In practice, the inverse problem is usually solved:
from the measured input impedance of the inductor the
resistances Z'1y, Z'13, Z'4, Z'34, and Z'y; are determined.
For this, it is proposed to create a certain database of
resistance values for various liner defects. For its filling,
the values of Z'15, Z'13, Z'54, Z'34, and Z',; are defined by a
search of possible variants, where the upper and lower
limits are determined from the electrical and geometrical
characteristics of the parts of the melt channel, and the
degree of sampling (step of changing in values) — from
practical industrial necessity.

For each combination of resistances of channel
parts, the values of R, and X’ are determined. And as a
consequence, by measuring them in practice, it is possible
to set a suitable combination of channel resistance areas
from the database.

The technique for calculating the influence of the
parameters of the liquid-metal circuit on the values of
the input impedances of the inductor. Let us consider
the following example showing how the previously
obtained results can be used to estimate the relationship
between the parameters of a particular induction furnace.

We shall use the furnace with a defect-free lining
with data according to (3) and base values according to
(4), which correspond to the simplified equivalent circuit
in Fig. 2,c. In the case of a defect-free lining, the
secondary circuit parameters will be equal:

Ry=R)| =12mQ, X,=X} =24mQ. (9)

Turning to the refined equivalent circuit in Fig. 2,5,
we consider that for the case of a defect-free lining the
electrical parameters of the parts of branches (based on
their configuration) are equal:

Z,=2,,=08+l6 mQ, Z,=27;, =08+j16 mQ,
Z5, =0.448 mQ. (10)

As an example, let us consider such «defect» when
the lining thickness % in the branch V (in Fig. 2,a)
becomes thinner by 10 %. Because of this fact, the
complex impedance of the branch Z,," will decrease by
approximately 10 % of the value in expression (10) and
amount to Z,4'=0.72 + j14.4 mQ.

In order to move to the simplified circuit from
refined equivalent circuit, it is necessary to substitute new
value Z,," and all other values according to (10) in
expressions (7) and (8). Then, performing transformations,
we obtain new perturbed values of the parameters of the
secondary circuit for the circuit in Fig. 2,c: Ry’ = 1.18 mQ,
Xp'=23.6 mQ.

Comparing with the values for the defect-free lining
(9), we can see how change in the value Z,4' by 10 %
varies R,’ and X;'. The new relative values R,’ and X;' for
the basis quantities according to (9) will be equal to

Ry/R;| = 1.18/1.2=0.98, X} /X}| =23.6/24=0.98.
Further, using expression (5) for the case of small

perturbations of the parameters values, let us finally
determine how the inductor parameters change:

ARinput
R.

input

0| {0.9
A)(input 0.1

-0.075(0.02| |0.017
035 | 0.02] |0.009 |
X
0

Thus, this example shows that decrease in the
parameters of one branch in the circuit in Fig. 2,b by 2 %
leads to decrease in the parameters of the entire secondary
circuit in Fig. 2,c and this result in decrease in the input
parameters of the inductor by 1.7 % for the pure
resistance and by 0.9 % for the image impedance.

The sequence of operations for calculating the
change in the values of the inductor parameters when the
values of the equivalent circuit parameters are changed
can be represented as a calculation technique consisting of
the sequential execution of the following steps.

Step 1. For the investigated furnace, two equivalent
circuits are selected — refined one and simplified one as in
Fig. 2,b and c, respectively. Then, for simplified circuit,
the graphics dependences are plotted according to
Fig. 3,a, and for the case of small increments, the
dependence (5) is constructed with determination of the
sensitivity matrix 4 .

Step 2. To assess the effect of any lining defects we
determine the influence degree of this defect on the
particular branch parameters of the refined equivalent
circuit in Fig. 2,b. It can be done, for example, using the
basic expressions for calculating the transformer
parameters or using the program packages to solve the
corresponding field task.

Step 3. Using the expressions (7) and (8) the
transition to the perturbed values of the parameters of the
simplified circuit in Fig. 2,c is made, and then, according
to the graphics dependences as in Fig. 3 for the
investigated furnace or using the expression (5) in the
case of small increments, the new values of the inductor
parameters are determined.

Step 4. Based on the results of such calculations, a
database is created for the different types of lining defects
for a given furnace. The use of this database makes it
possible to predict the state of furnace lining by periodic
measurements of the inductor parameters.

Conclusions.

1. The paper considers one of the methods for
diagnosing the state of the lining of an induction channel
furnace. The method is based on comparison of the
measured values of the complex impedances of the
furnace inductor with a defect-free lining and lining with
defects. In this case, only defects leading to a change in
the electrical parameters of the secondary liquid-metal
circuit are taken into account.

2.Using two electric equivalent circuits of the
inductor, the analytic expressions and graphics
dependencies determining a quantitative relationship
between the parameters of the liquid-metal circuit and the
inductor parameters measured in practice are obtained. In
the case of small changes in these parameters (less than
10 %), a linear relationship between their increments is

input
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used with the determination of a sensitivity matrix 4,
which clearly demonstrates the presence of strong or
weak coupling between the perturbed values of the
secondary circuit parameters and the inductor ones.

3. The technique for calculating the increments of
equivalent inductor parameters as a function of
increments of the parameters of the secondary liquid-
metal circuit is proposed. The use of this technique allows
to develop the database for various types of lining defects
for a given furnace and on its basis predict the state of its
lining by means of periodic measurements of the inductor
parameters.
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YCTOMYUBOCTHh 1 TOUHOCTH POBACTHOM CUCTEMBbI CTABUJIN3AIIAN
IHOTOKOCHEIIVIEHUA POTOPA ACUHXPOHHOT O 3JIEKTPOITPUBOJA ITPU
CIIYUYAHHBIX BAPUAIIUSAX HEOIPEJEJEHHBIX TAPAMETPOB B 3ATAHHBIX
I'PAHUIAX

Mema. Memoto po6omu € 00cnioxcennsn cmiiikocmi ii mouynocmi pooacmuoi cucmemu cmaodinizayii nomoxKo3uenienna pomopa
ACUHXPOHHO20 e1eKMPONRPUBOOY NPU GUNAOKOGUX 8aADIAUIAX HEGU3HAUEHUX napamempie 00’ckma i pecynamopa ¢ 3a0aHux me-
acax. Memooonozia. /Ina nposedenns 00CniodHcensb 3acmocogysandact MamemMamuina mooeib Kanaiy nomoKo3uenieHHs pomo-
pa cucmemu 86eKMOPHO20 KEPYBAHHA ACUHXPOHHOZ0 eleKMPONPUEoody 3 napamempuynolo nHesusnavenicmio. Pospaxoeysanacs
nepeoasanvha ynuxyia H, . -cybonmumanvnozo pezynamopa 3a memooom miwanoi uymaueocmi. Lla nepedasanvna ¢hynkuin
GUKOPUCMIOBY8ANIACH ONA ROOYO08U CHIPYKMYPHOI cXemu pezyaamopa y uziaoi 3'€cOnanna nponopyiiiHux ma inmezpyeaibHux
JIGHOK Ma 0eKinbKox cymamopie. Busnauanuca ananimuyni 3anexcnocmi Koegiyicnmie nepedasanvroi yHkuyii pecynamopa 6io
napamempig nanox maxozo 3'conanns. Ili 3anescnocmi cayscunu 0ns 00CAiONCEHHsT 6NIAUGY HEGUIHAUECHUX NAPAMEMPIE IAHOK
pezynamopa i 06'ekma na cmiiikicmy poéacmuoi cucmemu i mounicms cmaodinizayii nomoxosuennennus. Pesynomamu. Ilpose-
OeHi 0ocnidycenna cmiukocmi podéacmnoi cucmemu i mouynocmi cmaodinizayii nomokoszuennenus ¢ naxkemi Robust Control
Toolbox. Ilobyooeani Kpuegi nepexionux npouecie nomokoszuenienus i oiazpama bode onsa po3iMKnymoi cucmemu npu eunaoko-
BUX eapiayinx HeGU3HAYEHUX napamempie 00'ckma ma J1AHOK pe2yaamopa y 3a0anux mexcax. Bubip eapiiiosanux napamempis
30iiicnrosascsa 3a memooom Monume-Kapno. 3a po3zxudoom ompumanux Kpueux nepexioHux npouecie 8U3HAYANACA MOUHICMb
cmaoinizauii nomokozuennenns, a no oiazpami booe — 3anacu cmiikocmi 3a amnaimyooro i ¢pazoro poobacmnoi cucmemu. Bema-
HOB1€HO 6UCOKY mouHicmb cmabinizayii nomoxo3zuennenna (eioxunenns menwe 1 %) ¢ oocums wupoxux dianazonax 3minu
HesusHaueHux napamempie 00'ckma i pezyniamopa npu 30epexceHHi cmillKocmi cucmemu 3 00RYCMUMUMU 3ANACAMU NO AMN-
nimyoi i ¢hazi. Hoeusna. Bnepwie ompumani ananimuuni 3anexcnocmi Koegiuicnmie nepeoasanvnoi ¢ynxuyii H.,-
CYOONMUMANIbHO20 pezyNaAmopa 6i0 napamempie o020 CMpPyKnypHoi cxemu, RPeOCmagnenor y euzisaoi 3'cOHanns nponopuitinux
ma inmezpysansvnux nanok. Ilodyoosana memoouka po3paxynKy cmiiikocmi cucmemu podoacmmno2o Kepysanus noOmoKo34enjien-
HA § mounocmi 11020 cmadinizayii npu 6unadKoeux eapiayiax HeeU3IHAUEHUX napamempise 00'ckma i 1anOK pezynamopa 6 3a0a-
Hux mexcax. Ilpakmuune 3nauennsn. Bukopucmanns 3anpononoganoi memoouxu 0036013€ 6 npoueci KOHCMPYIOBAHH pezyis-
mopa 3abe3neuumu euoip iiozo enemenmie 3i cmanoapmuux psaoie. bion. 10, puc. 3.

Kniouosi cnosa: enekTponpuBo, BEKTOPHE KePYBAHHS, KaHAJ NOTOKO3YellJIeHHsl, podacTHa cucTeMa cradinizamii, criiikicTs,
TOYHICTD.

Ienv. Lenvto pabomur aenaemea uccnedoeanue yCmouyueoCmu U moYHOCMU podACMHOL CucCmembl CIAdUIU3AYUU ROMOKOC-
uenjienus pomopa acuHXpoHHO20 IIEKMPONPUEOOA RPU CYHANHBIX 8aAPUAUUAX HEONPEOeSIeHHbIX NAPAMEmpPOo8 00beKma u pe-
2ynamopa 6 3a0annslx cpanuyax. Memooonozus. /{nsa npogedenusn uccie0o06anuil NPUMEHANACH, MAMEMAMUYECKAA MOOeb Ka-
HAIA NOMOKOCUENIeHUA POMOPA CUCHEMbl GEKIMOPHO20 YNPAGNEHUA ACUHXPOHHO20 INEKMPONPUGOOA ¢ NAPAMEMPUUECKOl
Heonpedenennocmoio. Paccuumuieanace nepedamounan yynxkyua H,-cybonmumanvnozo pezyaiamopa no memooy cmeuiaHHol
uyecmeumensvnocmu. Ima nepedamounan (QyHKuus UCnOIb306a14Ct 018 HOCHMPOEHUA CMPYKHYPHOU cXeMbl Pezyisimopa 6
6uoe coeOuHeHUA NPONOPUUOHANILHBIX U UHIMEZPUPYIOWIUX 36€HbEE U HECKOTILKUX CyMMamopos. Onpedenanucy ananumuyiecKue
3aeucumocmu KoyQppuuyuenmos nepeoamounoll QynKyuu pezynamopa om napamempos 36eHve8 maKozo0 coeounenus. Imu 3a-
GUCUMOCIU CAYHCUNIU 0TI UCCTIE006ANHUA 6AUAHUA HEONPEOeSIEHHBIX NAPAMEMPOE 36€HbEE Pezyiamopa U 00beKma Ha ycmoii-
YUEOCMb POOACMHON CUCHEMbL U MOYHOCMY cmadunusayuu nomokocyennenusn. Pesynomamol. Ilposedenst uccnedosanusn yc-
mouiuugocmu pooOACMHOU cucCmemMsl U MOYHOCIMU CIMAOUNU3AUUU nomoKocyenienus ¢ nakeme Robust Control Toolbox. Ilo-
cmpoensl Kpussle NepexooHsix npoueccos8 nomoKocyenienusn u ouazpamma booe onsa pazomxuymoii cucmemst npu cayuainwix
6apuayuaAx HeonpeoeleHHbIX Napamempos 00beKma u 36eHves peyaamopa 6 3a0annvix panuyax. Beioop eapvupyemvix napa-
Mempoe ocyuecmennnca no memooy Monme-Kapno. Ilo pazopocy nojyueHnbvix Kpugblx nepexoOHbix npoueccos onpeoesandacs
MOYHOCMb CIMAOUIUZAUUN NOMOKOCYeneHUs, a no ouazpamme booe — 3anacel ycmoiiuueocmu no amnaumyode u ¢haze pooacm-
HOUl cucmemsl. Ycmanoenena 6vicokas mouHoCmy cmadunuzayuu nomoxkocyenienusa (omknonenue mernee 1 %) ¢ docmamouno
WUPOKUX OUANA30HAX U3MEHEHUA HEeONPeOeleHHbIX napamempos 00veKma u pezyiamopa npu COXpaneHuu yYCmoudyueocmu
cucmempl ¢ 0onycmumvimMu 3anacamu no amnaumyoe u ¢aze. Hoeuszna. Bnepevie nonyuenvt ananumuyeckue 3a86UCUMOCHU
KoIpuyuenmoe nepedamounoit gynxyuu H, -cybonmumanvnozo pezynamopa om Rapamempos €20 CMPYKMYPHOU cXeMbl,
npeocmaenennoii 6 ude coeOuHeHUs NPONOPUUOHAILHBIX U UHmMezpupylouwux 3eenves. Ilocmpoena memoouka pacuema yc-
moiiyugocmu cucmemsl pOOACHMHOZ0 YRPABIEHUA NOMOKOCUENICHUA U MOYHOCINU €20 CIAOUNU3AUUN NPU CYUATHBIX 6apua-
YUAX HEONpeoeleHHbIX NApAMempos 00veKma u 36enves pecynamopa 6 3adannvix zpanuyax. IIpakmuueckoe 3nauenue. He-
NnOb308aHUE NPEONOIHCEHHOI MEMOOUKU NO36071A€n 8 npoyecce KOHCMPYUPOSAHUA pezyaamopa odecneuums 6vl00p €20 fe-
MeHmOo8 u3z cmanoapmusix paooe. buotn. 10, puc. 3.

Kniouesvie cnosa: 31eKTpoNpuBOI, BEeKTOPHOe YIpaBJeHUe, KaHAJ MOTOKOCLENJIeHUs, po0acTHAs CHCTeMAa CTAOUJIM3ALMH,
YCTOHYHMBOCTh, TOYHOCTb.

Beenenne. B cratee [1] mocTtpoeHa MeToAMKAa — TeMbl BEKTOPHOIO YINPaBJIEHHs aCUHXPOHHOTO 3JEKTPO-
CTPYKTYPHOTO CHHTE3a M TOJydeHa CTPYKTypa CTaOWiM-  IPHUBOAA C HAPaMETPHUECKON HEONPENeNCHHOCTHI0O 00b-
3UPYIOIIETO pOOACTHOTO H,-CyOONTHMABHOTO peryis-  eKkTa ynpasieHus. OJHAKO NMPH NMPOSKTHPOBAHUHM TAKOTO
TOpa B BHJE COCAWHEHUs IPONOPHHOHATGHBIX M MHTEr-  PEryJsiTopa W3 aHaJOrOBBIX YCTPOMCTB (OMEpalMOHHBIX
PHUPYIOIINX 3BEHBEB Ul KaHaJa MMOTOKOCIEIUICHHS CHC-
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yeunurened u RC-uemneil) BORHUKAIOT OMMOKH OKpyTJie-
HUsI €ro KO3((UIMEHTOB YCUIEHHS U TOCTOSIHHBIX Bpe-
MEHHU BCIIE/ICTBHE BBIOOpA 3JIEMEHTOB (PE3UCTOPOB, KOH-
JICHCATOPOB) 3TUX YCTPOMCTB M3 CTaHAAPTHBIX PSIOB.
VYyer Takux OMMOOK OKPYTJIEHHH B pacueTHON MopaeiH
peryistopa C TapaMeTPUUYECKOH HEOINpeeIeHHOCThIO
00beKTa MMeeT NMPUHIMIHAIBHOE 3HAaUYeHHue 11 odecre-
YEeHUs] yCTOWYMBOCTH POOACTHON cCHUCTEMBI MU HEO00XO.IH-
MOW TOYHOCTH CTAOMIIN3AIMN TIOTOKOCIICTUICHHS.

PobacTHpIME cHcTeMaMu CTaOMIM3AlUN TapaMeT-
POB aCHMHXPOHHBIX 3JIEKTPONPHBOJIOB 3aHUMAIOTCS PSA
OTEUYECTBEHHBIX U 3apyOeXHbIX yueHBIX [2-9]. Umu pe-
LIEHBl MHOTHE 337a4M Kak IO pa3paboTKe MaTremMaThye-
CKHX METOIOB UCCJIICAOBAHUSA, TaK U 1O U3YUCHUIO yCTOPlI-
YHBOCTH, TOYHOCTH PETYJIMPOBAHUS U OBICTPOAEHCTBHUS
CHCTEM C 33JIJaHHOI HEOIpPeACICHHOCThIO 00bekTa. OHa-
KO 33/1a4a O BJIMSHUH IapaMeTpUIECKOi HEeONpeIeIeHHO-
CTH POOAcCTHOrO pEryisiTopa Ha YCTOHYMBOCTb W TOY-
HOCTb CHCTEMBI CTaOMIIM3alluK TIOTOKOCIIEIUICHHS HE pac-
cMaTpuBajiach. B CBsI3M ¢ 3THM 3aja4a HCCIEIOBaHUSA
YCTOMYHUBOCTH pOOACTHOM CHCTEMBI M TOYHOCTH CTAOMITH-
3alM TIOTOKOCLEIUIEHHS pPOTOpa C MNapaMeTpU4ecKon
HEONPE/IENIEHHOCThI0 00BEKTA M PETYIATOPA B 33JaHHBIX
TPaHULAX NPEICTABIACTCS AKTYaTbHOM.

Heabio padoThl ABISETCA HCCIEIOBAHUE yCTOWYH-
BOCTH U TOYHOCTH POOACTHON CHUCTEMBI CTAOHMIH3AIMU
HOTOKOCLEIICHUSI POTOPa aCHHXPOHHOT'O AJIEKTPOIIPUBO-
Ja npu CHy‘iaﬁHbIX BapualuAax HEOIMPCACICHHBIX IIapa-
METPOB O0BEKTA M PETYNISATOPA B 3aJaHHBIX I'PaHUIIAX.

MeToasl u pe3yJbTAThl HcclenoBanmii. B cratoe
[1] mpuBoaMTCS cCHCTEMa ypaBHEHUH COCTOSIHUSI OOBEKTa,
COCTOAIIETO W3 Mpeodpa3oBaTeNsi YacTOTHl U OOMOTOK
CTaTopa M pOTOpa, B HOPMAaJIBbHOH omepaTopHoii hopme:

L1
pxi=——x+ =y
2 DY,
1 E,
DXy = o+ X35 (l)
Tleq Rleququn
KU
PXy = ——— Xy ey,
fc chEn
rIe
LY. 1. _E U
1 an 5 2 In 5 3 En 5 Un 5

p — omepatop Jlamnaca; E — 3J1C npeobpazoBatens dac-
TOoThL; U — ynpapisitolee Bo3ieicTBUE; [ — TOK B KaHAJe
MTOTOKOCLEIUIEHUST poTopa; ¥ — MOIyJb BEKTOpa IOTO-
KOCIICTICHUST pOoTopa; Ty, — IMOCTOSHHAS BpEMEHH IpeoO-
pasoBaTens 4acTOThl; T1eq=Licq/Rieq — 2MEKTPOMArHUTHAS
IIOCTOsAHHAA BpeMeHI/l O6MOTKI/I CTaTOpa, npymeM
Rleq:RlJr(k,)sz u Li,q=0L; — €€ JKBUBAJEHTHOE CONpPO-
TUBJICHUEC W MHIYKTHBHOCTH paccesHus; R, R, — aKTUB-
HBIE COMNpPOTHBICHHA OOMOTOK CTaTopa H pPOTOpa;
T,=L,/R, — 2NeKTpOMarHuTHas MOCTOSIHHAs BpEMEHHU 00-
MOTKH poTopa; L, L, — MHIYKTHBHOCTH OOMOTOK CTaTOpa
U portopa; L, — B3auMHass UHIYKTUBHOCTH OOMOTOK CTa-
Topa 1 potopa; o=1 — (L12)*AL; L,) — xosddumment pac-
CESHMSI MAarHUTHOTO OIS, k=L »/L,.

B HacTosmielt pabore 3Ta cucTeMa ypaBHEHHH CO-
BMECTHO C HEONPEAEIEHHBIMU TapameTpaMu K., Ricq, R,

Ly, L, u Lj; 00BEKTa UCTIONB3YETCS I MMOCTPOSHHS Ma-
TEMaTHIECKOW MOJAENH yCTOHYMBOCTH U TOYHOCTH poda-
CTHOM CHCTEMbI CTAOMJIM3AIMH MOTOKOCUCIUICHHUS POTO-
pa aCMHXPOHHOTO 3JIEKTPOINPHUBOJAA MPU CIyUaHBIX Ba-
pUalUsIX HEONpeJeNCHHBIX MapaMeTpoB B 3aJaHHBIX
rpaHuLax.
JUis mocTpoeHus: TakoW MOJIENIN CUCTEMa YpaBHEHHUH
(1) mpuBoauTCS K KaHOHUYECKO# (opme [1]:
px =Ax+ Byw+ Byu ;
z:C1x+D11w+D12u; (2)

y= C2X+D21W+D22u ,

rjae
_R2n R2n 0
L2n L2n
R R
Y= 0 _ “Meqn leqn :
Lleqn Lleqn
1
0 0 -—
L ch
I PR, PL PR 1
0 0 0 2 12 _ Lz _ 2
L2n L2n L2n
B=| 0 - PR 0 0 0 0o |’
1 Prg, Lleqn
PRy 0 0 0 0 0
L Tt ]
[0 0 0 |
_Rleqn Rleqn
Lleqn Lleqn
0 Rleqn 0
G=l o0 Ry 0 [; G=[1 0 0];
0 Ry 0
_RZn R2n 0
L2n L2n
i Ry, 0 0 |
[0 0 0 0 0 0 0 |
0 - _ PRieq 0 0 0 0
Plig I’
leqn
0 0 0 0 0 0
D;;=|0 0 0 0 0 0 0 |
0 0 PR, 0 0 0
0 0 0 PR, PL, _ P, _Pr
L2n L2n L2n
10 0 0 0 0 0 0
1
Bl =0 0 —|; DL=[1 0 0 0 0 0 0];

fc
Dy=[0 0 0 0 0 0 0]; Dy=[0];

x=(x1, Xy, x3)T — (ha30BBIH BEKTOP; ¥ — OJHOMEPHBIN
BEKTOP BBIXOJ@, 10 KOTOPOMY 3aMbIKaeTcs oOpaTHas
CBSI3b; z=(21, Z2,. . ., z7)T, w=(wy, Wy,..., w7)T — COOTBETCT-
BEHHO BXOJHOM MU BBIXOJHON BEKTOpPHI HEOIPEAEIICHHO-
CTH, CBSI3aHHBIE MEXy COOOI0 MaTPUYHBIM BBIPAKEHUEM
w(p)=A(p)z(p), B KOTOPOM MaTpHuIa HEOIPEIEICHHOCTH
A(p) nMeeT nquaroHaNbHBIN BAL.
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3anucanHas KaHOHWYecKas (opma ypaBHEHHH (2)
COBMeCTHO ¢ BecoBbiMH (yHkuusim [10], mpeanazHaueH-
HBIMH Ul KOHTPOJISL KauecTBa poOacTHOM CHCTEMBI CTa-
ownusaruu, no3Boisier B Robust Control Toolbox pac-
CUMTATh MepeAaTouyHyr (QyHKuuo H,-CyOonTHManbHOTO
peryisitopa Uit HOMHHAJIBHOTO OOBEKTa. DTy mepena-
TOYHYIO (DYHKIIMIO MOYKHO NPEJCTABUTh B BUJIE

p2 + bl p+ b2 ( 3)
P’ +01P2 tap+taz ’
rae k, ai, a, _as, by, b, — napameTpsl peryisiropa.

Bynem cumrarh, 4To mepenaroyHas QyHKUIUS pery-
nsitopa (3) coxpaHseT CBOM BHJ NP CIy4alHBIX Bapua-
USIX TapaMeTpoB k, ay, a, as, by, by.

Torna, pasnoxus (3) B HeNHYIO ApoOb 110 alropuT-
My EBKITHIA, MOMyYUM CTPYKTYPHYIO CXEMY PEryisropa,
npejcTaBieHHyl0 Ha puc. 1. OHa COAEPXHUT Heompeje-
JIEHHBIE TTapaMeTpHl k, ki, k», k3, T\, T, 00yCIOBICHHBIE,
KaK yKe OTMEYaloCh paHee, OLIMOKAMU OKPYIJICHUIA,
BO3HMKAIOIINX [P TPOSKTUPOBAHUH PETyJISITOPA.

K(p)=k

Puc. 1. CtpyxrypHas cxema H.,,-cy0OnTUMAIBHOTO
CTaOMITU3UPYIOUIETO pOOACTHOTO PeryIsATOpa

3aMEeHUM MPEJICTaBICHHYIO Ha pUC. | CTPYKTYpHYIO
CXeMy SKBHBAJICHTHOW CXEMOW I10 MpaBuiiaM Ipeobpaso-
BaHMS CTPYKTYPHBIX cXeM. Torja MmojyduM Clieiyrolye
BBIpaKeHHUs U1 KO3((GHUINEHTOB NOJIMHOMOB YHCIUTEINS
1 3HaMeHaTeJIsl NepelaTOuYHON (YHKIHMU poOacTHOTO pe-
rysaropa (3):

1 1
by ZF(kz —k1)+T—(k3 —ky); ay =kj +by;

1 2
1
by =ﬁ[k3(k2—k1)+k1k2]; “)
1 kikok
a, :b2 -‘rkl —2"1‘5(](3—](2) 5 a3— 17_‘;23
| 1

Cuctema ypasHeHuit (1) cosmectHo ¢ (3) u BbIpa-
KEHUSAMH (4) CIYXUT IS HCCIEJOBAaHUS YCTONYHBO-
CTH ¥ TOYHOCTU CHUCTEMBl CTa0WJIM3AalMU MOTOKOCLEI-
JIEHUSI POTOpa TPHU CIIy4YalHBIX BapUalMsIX HeoIlpeie-
JICHHBIX TTapaMeTpoB O0BbEKTa M peryisTopa B 3ajaH-
HBIX TPaHUIAX.

TodHOCTh CTaOWNIM3AIMK TIOTOKOCIEIUICHUS OIperie-
JISIETCS IO Pa30pPOCy KPUBBIX €r0 MOYIISI IEPEXOIHBIX MPO-
LIECCOB, a 3aI1achl YCTOHYMBOCTH 110 aMILIUTY e U (a3e — 1o
jquarpamme boae npu pasiuuHbBIX CilydalHbIX BapuaLMsx
HEOTIPEICICHHBIX TAPaMETPOB peryistopa k, ky, ky, ks, T,
T, n 00bexTa Ky, Ricq, Ro, L1, Ly, L1 B 3a1aHHBIX TPAaHHUIIAX.
[pu sTOM U151 CITy9aliHOTO BEIOOPA MapaMeTPOB UCIIOIB3Y-
ercsa meron Monte-Kapio [10]. PacueTsl BBINONHSIOTCS B
MATLAB u npekpaluatorcs, Korga Ha YCTaHOBHMBIIEMCS
peXIMe PabOTHI CHCTEMBI TIEPEXOTHBIC TPOIECCH HE BBI-
XOZAT 32 TPAHUIIBI OTHOMPOLICHTHOH «TPyOKI».

IIpouenypa pacuera ycTOHYMBOCTH U TOUHOCTHU CUC-
TEMBI CTaOMIIN3AIINH TOTOKOCLEIUIEHHUSI pOTOpa MPH CIy-
YalHBIX BapualUsX HEOMNPEENICHHBIX MapaMeTpoB B 3a-
JIAaHHBIX TPaHUIAX CBOAUTCS K CIEIyIOLIei mocienoBa-
TEJIbHOCTU JEHCTBUM:

1. PaccuntriBaercst nepenarounas ¢yHkums (3) pery-
JSATOpA JJI1 HOMUHAIBHOTO O0BEKTA.

2. BoinonHsieTcst pa3jioKeHUe HallleHHOW mepenaTtod-
HOW ()YHKIIMH B IEMTHYIO JpO0B.

3. @opmupyeTcss CTPYKTypHas CXeMa peryisropa
(puc. 1), cooTBEeTCTBYIOIMAsA LEMHOW APOOH, M paccUu-
TBIBAIOTCSl €€ HOMUHAJIbHBIE MMapaMeTphl Ly, Kin, kon, Kan,
T 1n» T 2n-

4. OnpenensieTcss MPOTpaMMHO TepenaTodHas (yHK-
1us oobekra (1).

5. ®opMupyeTcss KOMaHIOW CHCTEMa CTaOWIM3aluu
MOTOKOCHEIUICHUsST M3 TOCJIeA0BaTEeIbHO COEAMHEHHBIX
nepenaTouHbIX QyHKuui perynstopa (3) u odbekra (1),
OXBa4YCHHBIX CIMHUIHON 0OpPaTHOM CBS3BIO.

6. PaccunThIBaloTCS KpUBBIE MEPEXOJHBIX MPOLECCOB
MOTOKOCLEIUIEHUsI U Auarpamma bozae nns pazoMKHYTOH
CHCTEMBI TIPH CITyYaiHBIX BapHALUAX ITapaMeTpoB 0OBeK-
Ta Kfc, Rleq: Rz, L], Lz, L12 " peryjsTopa k, kl, kz, k3, T], T2
B 3aJJaHHBIX TPaHHUIIAX.

7. Onpenensrorcs MO pa3MaxaM KPHUBBIX HEPEXOIHBIX
MPOLIECCOB TOYHOCTh CTA0MJIM3AI[MK TOTOKOCLEIUICHHUS, a
o auarpaMMe boje — 3amacel yCTOMYMBOCTU 110 aMIUIH-
Tyne u dase.

YucnieHHOe pelieHrne MPOBOAMIOCH MPH CIIETYIOIINX
3HAYCHMAX UCXOAHEIX gaHHEIX: 17.=0,001 c; R;,=2,65 Owm;
R,,=2,0 Om; L,=0,186 I'n; L,,=0,189 I'n; L,=0,179 I'n;
o = 0,0996, COOTBETCTBYIOMINX aCHHXPOHHOMY JIIEKTPO-
npusony ¢ asurareasem MDXMA100-32.

PaccunTanHbIe 110 STUM JaHHBIM HOMHHAJIBHBIE TIa-
PaMeTphl PEryisTopa OKa3aauch paBHEIME: k,=5,016-10°;
k1,=1,436-10% ky,=1,752:10% k3,=3,473-10%; T,,=19,70 c;
T5,=1,25610° c.

Heonpenenennsie napamerpsl 00bEKTa BapbHpPOBa-
Juch B auanaszonax +90 %, a mapamerpsl perynsropa ki,
k, — B mnanaszonax +3 %, k — B nuanasone £15 %, a k3, 11,
T, B nuana3zonax +20 % oT X HOMHUHAJILHBIX 3HAUCHUH.

Ha puc. 2 npencraBneHo 20 KpUBBIX MEPEXOIHBIX
MIPOIIECCOB TOTOKOCIETUICHHSI POTOPA, COOTBETCTBYIOIINX
CITy4aifHBIM BapHalWsAM BBIOPaHHBIX 1O MeToxy MoHTe-
Kapmo HeompeneneHHBIX MapaMeTpoB 0OBEKTa U PETYJIs-
TOpa B 3aJaHHBIX TpaHUIax. OHU MONYyYEHBl B MaKETax
npwioxkeans MATLAB npu eguHHYHOM CKadkooOpas-
HOM M3MEHEHHH 33/Iaf0IIeTO BO3ACHCTBUS.

Kak BuIHO, KpUBBIE IEPEXOIHBIX MPOIECCOB, U30-
OpakeHHbIE Ha pUC. 2, HE BBIXOAAT 3a rpaHuubl 1 %
TPYOKH.
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Puc. 2. Ilepexoanble npoLecchl HOTOKOCUEIUIEHUS! pOTOpa

Ha puc. 3 nzobpakena nuarpamma boxe ¢ 20 crene-
PUPOBaHHBIME KPHUBBIMH aMIDIATYIHBIX L(w) u ¢ 20 xpu-
BEIMH (Da30BBIX ¢() YACTOTHBIX XapaKTEPUCTHK MPH TEX
K€ HEOIPEJICNICHHBIX MTapaMeTpax, 4YTo U B NMPEIbIAyIIEM
cinydae. 13 npeacraBieHHbIX HA 3TOM AMarpaMMme aMIuId-
TyIHbIX L(®) 1 (a30BbIX ¢(®) XapaKTEePUCTHK BUIHO, YTO
CHCTeMa yCTOWYMBA, TaK KaK aMIUIUTyIHAs XapaKTepH-
CTHKa IEpeceKkaeT OCh abCIUCC paHblle, yeM (a3oBas
XapaKTEepUCTHKA, OKOHYATENIFHO CIajas, NEepPexXOIuT 3a
3HayeHue yrina —180°. IIpu sTOoM pacdyeTHoe 3HaueHUE
3arnaca yCTOWYMBOCTH 110 aMIUIuTy e coctasisieT 19,9 nb,
a o ¢aze — 47,9° 151 HOMUHAJIBHBIX 3HAYCHUH IMapamer-
pOB 00BEKTa W peryisTopa Hpu pa3dpocax CIyJalHBIX
KpPHUBBIX, HE MpeBpnmatomux 4 ab amsd aMmiuTygHBIX
1 15° mns Gpa30BEIX YACTOTHBIX XapaKTEPUCTHK.

L(00), 1D premmimii

2100 bt
@(w),rpan
=00}

-180 1
=270

P SR B

10?10t 10° 10! 102 10° .’

Puc. 3. lnarpamma bone pa3oMKHyTOH cHCTEMBI
Takum 00pa3oM, pe3yJlbTaThl pacuyeToOB MOATBEP-

KIAI0T 1eJIecO00pa3HOCTh IPUMEHEHHS MPEI0KEH-
HOW METOAHMKH TPH KOHCTPYHUPOBAHUHU POOACTHBIX H.,-

CyOONTUMAbHBIX PEryJSTOPOB U3  3IEMEHTAPHBIX
3BEHBECB.
BoiBoabl.
1. BriepBbie mosyueHbl aHaJIMTHYECKHE 3aBUCHMOCTH
K03 HHUIIHEHTOB MepeIaTOYHOM byHKINU

H,-cyOONTHMaJIBHOTO PEryJiaTopa OT HapaMeTpoB €ro
CTPYKTYPHOM CXEMBI, IPEJICTABJICHHON B BUJE COEJUHE-
HUS IPOIIOPLUOHAIBHBIX U UHTEIPUPYIOLIUX 3BEHBEB.

2. IlocTpoena MeTOaMKA pacuyeTa yCTOMYUBOCTU U TOY-
HOCTH POOAcTHOW CHCTEMBI CTaOMJIM3allMK MTOTOKOCILEH-

JIEHHs pOTOpPa aCMHXPOHHOTO BJIEKTPOIPUBOJA IIPH CIIY-
JallHBIX BapUalMAX HEOMPEAEIECHHbIX HapaMeTpoB 00b-
€KTa U PeryJsITopa B 3aJaHHBIX TPaHUIIAX.

3. Pe3ynbpTaTel MPOBEAECHHBIX PAacueTOB IOKA3BIBAIOT
BBICOKYI0 TOYHOCTh CTaOMJIM3alMK ITOTOKOCLEIUICHHS
(otknonenne MeHee 1 %) M Malyl0 4YyBCTBHTEIBHOCTH
poOacTHOM cUCTEMBI CTAOMIM3ALUK K CITyJaiiHBIM Bapua-
LUSIM HEOIpPEJENICHHBIX MapaMeTpoB B 3aJaHHBIX JOCTa-
TOYHO HIMPOKHX IPAHULIAX.
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Stability and accuracy of the robust system for stabilizing
the rotor flux-linkage of an asynchronous electric drive at
random variations of the uncertain parameters within the
specified boundaries.

Purpose. The aim is to investigate the stability and the accuracy of
a robust system for stabilizing the rotor flux-linkage of an asyn-
chronous electric drive at random variations of the uncertain pa-
rameters of the object and the regulator within the specified boun-
daries. Methodology. To make the research, the mathematical
model of the rotor flux-linkage channel of the vector control system
of an asynchronous electric drive with parametric uncertainty was
applied. The transfer function of the H.-suboptimal regulator was
calculated using the mixed sensitivity method. This transfer func-
tion was used to construct the regulator structural scheme in the
form of a connection of proportional and integrating links and
several adders. Analytical dependences of the coefficients of the
regulator's transfer function on the parameters of links of such a
connection are determined. These dependences served to research-
ing the influence of uncertain parameters of the regulator links and
the object on the stability of the robust system and the accuracy of
flux-linkage stabilization. Results. Investigations of the robust
system stability and the accuracy of flux-linkage stabilization in the
Robust Control Toolbox are done. The curves of the flux-linkage
transient processes and the Bode diagram for the open system at
random variations of the indeterminate parameters of the object
and the regulator links within the specified boundaries are con-
structed. A choice of variable parameters was carried out by the
Monte Carlo method. By the scatter of the obtained curves of the
transient processes, the accuracy of flux-linkage stabilization was
determined, and according to the Bode diagram, stability reserves
in the amplitude and the phase of the robust system were deter-
mined. A high accuracy of flux-linkage stabilization (deviation less
than 1 %) in fairly wide ranges of changing the uncertain parame-
ters of the object and the regulator, while maintaining the stability
of the system with permissible reserves in amplitude and phase, is
established. Originality. For the first time, analytical dependences
of the coefficients of the transfer function of the H.,-suboptimal
regulator on the parameters of its structural scheme, which repre-
sented in the form of a connection of proportional and integrating
links, are obtained. The method for calculating the stability of a
robust flux-linkage control system and the accuracy of its stabiliza-
tion at random variations of the uncertain parameters of the object
and the regulator links within the specified boundaries is devel-
oped. Practical value. The use of the proposed method allows,
during the design of the regulator, to ensure the selection of its
elements from standard series. References 10, figures 3.

Key words: electric drive, vector control, flux-linkage chan-
nel, stabilizing robust system, stability, accuracy.
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B.M. boes

PACYET INEPEXO/HBIX ITPOLECCOB B QJIEKTPUYECKHUX HEITAX
C «<HEKOPPEKTHBIMW» HAYAJIBHBIMH YCJIOBUAMHA C IOMOIIbBIO
HUHTEI'PAJIA JIOAMEJIS U1 PA3SPBIBHBIX @ YHKIIUU

Buknaoena memoouxa po3paxynky nepexionux npouecieé 3 euxkopucmauuam inmezpany /roamens i pospuenux ynxuii. Ha
KOHKDEemHUX RPUKTIA0ax PO32ISIHYMO HOCIO06HICHb PO3PAXYHKY (HEKOPEKMHUX) 3a0ay WIsAXOM P36 A3aHHs oughepenyians-
HUX pieHAHb, cknadenux 3a 3akonamu Kipxzogpa, ma 3a oonomozoro inmezpany /lroamensa. Ilpu yvomy 3axonu Kipxzogha i nepe-
XioOna xapakmepucmuka ¢ inmezpani /[loamens 3anucylomsca 3a 00nOM02010 00OUHUYHUX POZPUGHUX YHKUIIL 0N e1eKmPUYHO-
20 Kona 6 yinomy (00 i nicna komymauii). Ilokazano, w0 6uKOpUCMAanHsA PO3PUCHUX QYHKYIL 01 ORUCY KYCOUHO-HENnEPEPEHUX
GXIOHUX CUZHAIIIG | NEPEMUKAHD 8 eIEKIMPUYHOMY KOIL PO3ULUPIOE 001acmb 3acmocysanns inmezpany /lioamens. bion. 9, puc. 3.
Knouosi cnosa: nepexigni npouecu, interpan Jroamens, po3puBHi ¢pyHKIii.

H3nazaemcs memoouka pacuema nepexoOHbIX RPOUECCO8 ¢ UCHOIb308anuem unmezpana /oamens u paspovienvix @ynxyui. Ha
KOHKDEMHBIX NPUMEPAX U3NAZAeMC NOPAOOK PACUEMA «HEKOPPEKMHBIX) 3a0ai no Oudgepenyuanbiolm ypasHenusm, cocmas-
aaemuim no 3axkonam Kupxzoghpa, u ¢ nomowpio unmezpana /lroamens. Ilpu smom 3axonvt Kupxzogha u nepexoonasn xapaxmepu-
cmuka ¢ unmezpane /[10amens 3anucvliaioncsa ¢ ROMOUubI0 eOUHUYHBIX PA3PBIGHBIX QYHKYUIL 0N INEKMPUYECKOll Uenu 6 Ueaom
(00 u nocne kommymavuu). Iloxazano, umo npumenenue pazpovl6HLIX QYHKUUIL 0711 ORUCAHUA KYCOUHO-HENPEPLIGHBIX 6X0OHBIX
CUZHAI06 U NEPEKTIOYeHUIL 6 IIEKMPUUECKOIl Yenu pacuiupsaem oonacmo npumenumocmu unmezpana [Jroamensn. buodn. 9, puc. 3.

Kniouesbvie crnosa: nepexoaHsle npoueccsl, uHTerpas Jlioameinsi, pa3pbiBHble QyHKIMH.

CocTosiHue BOmpoca W NMOCTAHOBKAa 3aaaun. B
TEOPETUYECKON 3JIEKTPOTEXHUKE OCHOBHBIMHA METOIaMHU
pacyera IepexOHBIX MPOLECCOB B IMEKTPUUECKUX HETISIX
SIBJISIFOTCS:  KJIACCMUECKUM, ONepaTOpHbIM, YacTOTHBIN
(crieKkTpabHBIN) 1 OCHOBAHHBINH HA UCIIOJIE30BAHIH HHTEC-
rpana /[lroamens [1]. OOmacTei0 MPEANOYTUTEITHHOTO
IIpUMeHEeHHs] nHTerpaia roamens sBISIOTCS DIIEKTpUUe-
CKHE IIEMH C BXOIHBIM CUTHAJIOM IPOU3BOIBHON (HOPMBL.

B mocnenHue ronsl MOSBIIIHCEH ITyOJIHKAIMU, B KO-
TOpBIX WHTErpan Jlroamenss mpuUMeHseTcs Ui pacdera
IIpoIecca paclpOCTPAHEHUsI 3JIEKTPOMAarHUTHOTO IIOJIS
(TpO30BBIX pa3psA0B, MPOMBIIUICHHBIX MOMEX W Jp.) B
HeoAHOpoAHOU cpene [2, 3]. Ilpu »TOoM mosneBas 3agava
MPEJCTaBIAETCS CXEMOW 3aMelleHuss B BHUJAE JJIMHHOM
JUHUU WM YeTelpexnontocHuka [3, 4]. Ilepexonnasa xa-
pakTepucTHKa, HeoOxoanMmas il wHTerpana [roamens,
orpeziesisieTcst o cxeMe 3amelneHus. B padore [S] unte-
rpan J{roamens MCHONB3yeTcsl B MPOIeCce pacdera dJeK-
TPOMArHUTHOTO TOJIS B CJIOUCTOH cpene. Takum oOpazom,
uHTerpan [roamens octaeTcsi BOCTPeOOBAHHBIM METOIOM
U pacuMpeHue o0JacTH ero MpUMEHUMOCTH (B JaHHOM
Cllydae Ha JJIEKTPHUYECKHE IEMH C «HEKOPPEKTHBIMI
HavaJIbHbIMU YCJIOBUSAMH, KOrJla 3aKOHbl KOMMYTalHUu B
(hopMyIHpOBKE IS TOKAa B MHAYKTUBHOCTH W HaTIpsKe-
HUs HA EMKOCTHU HerI/lMeHl/lMI)I) SABJIACTCA aKTyaJIbHBIM.

K Henocratkam muTerpana Jlroameins OTHOCST Tpe-
6OBaHI/Ie HYJICBBIX Ha4daJIbHbIX yCHOBl/Iﬁ U HCEBO3MOX-
HOCTh ydYeTa MEePeKIIOYCHUN, U3MEHSIOMUX CTPYKTYpY
3NEKTPUUECKON LenH (CXeMbl). DTH OrpaHUYCHHUS MOTYT
OBITh HUBEIHPOBAHBI C IMOMOINBIO HCIIOJNBE30BAHHUS Pa3-
PBIBHBIX (CTymeHYaThix) (pyHKLUMI Ui ONUCAHUS KyCOdY-
HO-HETPEPHIBHBIX BXOIHBIX CHTHAJIOB W HM3MEHEHUIH
CTPYKTYPBI CXEMBI IIPU NEPEKITIOUEHUSX.

BxiroueHne 3J€KTpUYECKOM LENd Ha IMOCTOSHHOE
HanpspkeHre U Tpu HyJIEBbIX HAYaJIBHBIX YCIOBHAX MO-
JKET paccMaTpHUBaThCsl Kak JAEHCTBHE BXOIHOTO HalpshKe-
Hus U = 1(f)U; B yxe BmouyeHHo# nemu [1], toe 1(f) —
enuHU4Has (QyHKUIUS XeBucaina (QYHKIHS BKIIIOYEHHS)
(puc. 1). DTo yTBepkIeHHE CIPaBENINBO U IUIA TIEepe-
MEHHOTO BXomHoro HampspkeHus u(f) = 1(f)-u(f). Torma

uHTerpan [lroamens MOXeT OBITh MPEICTAaBICH B BUJC
HHTErpaia
t t

()= [u(@©h(-0)e, ()= [vOh:i-0)o, (1)

0(©)= ), o 3o o150 0)+
AN -0 =50 0)+ 0o

Torma

)= J[5(0h( (O Ni(o]h( -0k -

—t,
t

=1, (0)n(t) jﬁ(@)d@ + [ui@h(-0)-10)0 = (2)

—to —lo
t
=1 (0)(t)+ [ i (©)h(t - ©)de.
0

3mech yuTeHO (UIBTPYIOIIee CBOMCTBO €IMHIYHON
¢yHkuMKM U 6 — QyHKUMH. ® — BpeMsi BOSHUKHOBEHHMS
CKaYKOB HAaIpsDKEHUs], Ha KOTOPbIE pa30MBaeTCsi BXOAHOE
HanpsbkeHue u#(f) B COOTBETCTBUU C (PU3UIECKUM CMBIC-
nom uHTerpana [roamens, (¢ — ®) — BpeMs JeHCTBHS Ka-
JKIOT0 M3 CKAaYKOB HampshKeHus, h(f — ©) — mepexomHas
MMPOBOAMMOCTD IJIA KAXKJI0I'0 U3 CKAaYKOB HAIIPSXKCHUS.

®opmyna (2) mpencTaBisieT coOOW OOHY W3 pa3HO-
BuaHOCTeH uHTerpana [roamensa. ®opmynst (1), (2) Mel
3amucanu s Toka. Ho BBEIXOMHOW (YHKIHUEH MOMKET
ObITh HanpsbkeHHe (WM TOK) B JIIO0OH BETBU CXEMBI
NIEKTPUYECKON LENW M TOrza TEpexXOIHYI0 IIPOBOJIH-
MocTh A(t — ®) cremyeT 3aMEHUTb COOTBETCTBYIOLIEH
nepexoqHoH QyHKIeH 0 HANPsHKEHUIO (WA TOKY).

Ecnu BxomHoi#l curHan u,(f) HauMHaeT AEWCTBOBAThH
npu ¢ < 0, To B popmynax (1), (2) HIKHMIA Tpeaes HHTET-
PHPOBaHMS MO>KHO OTHECTH B OECKOHEYHOCTH #) = 00.

© B.M. boes
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B pabotax [6, 7] moka3aHO, 4TO MEPEXOIHBIA TPO-
11ecC, BOBHMKAIOIIUM B 3JIEKTPUUECKON ENu MOJ| JIEeUCT-
BUEM CJIOXHOTO KYCOYHO-HETPEPBIBHOIO CUTHaNA (B TOM
qHcie HAYMHAIOWETo AeHCTBOBATh NPH ¢ = fy < 0) MOXeT
OBITh pacCYMTaH ABYMsI CIIOCOOaMMU:

1. Omucanye BXOAHOTO CHTHaja U OOILEro BHIA pelie-
HUSI OJHUM AQHAIUTHYECKHM BBIPQKEHHEM C HOMOIIBIO
€IMHUYHBIX CTYNEeHYaThIX (DYHKIUH M ITOJCTAaHOBKA 00-
mero BuAa pemieHus B auddepeHnnansHoe ypaBHEHHE
JUTSl ICKOMOW BEITMUMHEL.

2. o popmynam maTerpana Jdroamerns. [Ipu 3Tom onm-
CaHUE BXOJHOIO CUTHAla OJHMM AHAIUTUYECKUM BBIpa-
JKEHHEM C TIOMOIIBI0 Pa3pbIBHBIX (CTYMEHYATHIX) (PyHK-
U TI03BOJISIET UCIONB30BaTh UHTerpan ioamens u s
CUTHAJIOB, HAYMHAIOIINX JICMCTBOBATh U MpH ¢ = £y < 0.

B pabotax [6, 7] nprBeeHbI IPHUMEpPBI TAKHX PacyeTOB.

HenyneBble HayanbHbBIE YCIIOBHS HMEIOT MECTO B
JIEKTPUYECKOHN IIEeTH, KOTJa INEepexoJHOH Iporecc BO3-
HUKaeT B pe3yJbTaTe M3MEHEHHs CTPYKTYpHI Lenu (Ioj-
KIIIOUCHHWE WJIM OTKIIOUCHHE OTICNIBHBIX 3JIEMEHTOB Iie-
). [lepexomHOI TpoIIecc MPH ATOM TaKXKe MOXKET OBITh
paccunTaH AByMs PacCMaTPUBAEMBIMH CIIOCOOAMHU:

1. I3sMeHeHne mapamMeTpoB JISKTPUIECKON SN OTIH-
CBIBAa€TCS C MOMOILIBIO PAa3phIBHBIX (DYHKLHH U OKa3bIBa-
eTcsi y4TeHHBbIM B JudepeHnnarsHOM ypaBHEHHH IS
HMCKOMOM BeNMWYUHBL. BXOAHOE HampsDKeHHE IMoJiaraem
BKJIIOYEHHBIM B HEKOTODBIM MHpEIIECTBYIOMUNA KOMMY-
TaIu MOMEHT ¢ = fy < 0. Pemenue nuddepeHnunaibHOro
YpaBHEHHsI 3aIlMCBIBAEM C ITOMOIIBIO Pa3pHIBHBIX (PYHK-
U KakK coCcTosIIee u3 ABYX dacTedt (st t <0 u t > 0) u
nojcrasisieM B quddepeHunansHoe ypaBHenue. Ecin 1o
kommyTarm (¢ = 0) mporecc CYUTaTh YCTAHOBUBIIAMCS,
TO 3TO U OyZIeT NCXOJHOE COCTOSHHE 1IN ¢ HEHYJIEBBIMU
HaYaJIbHBIMH yCIOBUSIMHU (TIpH 3TOM B pereHun aist ¢ < 0
HCIIOJIb3YEM TOJIBKO IPUHYKACHHYIO COCTABIISIOILYIO).

2.B ¢opmynax unTerpana lroamens BXoIHOE Hamps-
JKEHHE TaKXKE€ CHHTAEM HaYUMHAOIIUM HeﬁCTBOBaTb B MO-
MEHT ¢ = fj < 0, 4TO 3aIHMCHIBAETCS C NMOMOILBIO Pa3pPhIB-
HbIX (yHKumid. [lepexonanyro ¢yunkuuto /(f) (1o ToKy mim
HalpsDKEHMIO) 3allUChIBAEM C TOMOLIBIO Pa3pBIBHBIX
(YHKIMHA KaK COCTOSIIIYIO W3 JBYX 4YacTeil, COOTBETCT-
BYIOIMX CXEMaM JI0 M T0CJie KOMMYTAlHH.

B pabotax [6, 7] mpuBeneHBI IPUMEPHI C TIEPEKITIO-
YEHUSIMHA B CXEMaX, N3MEHSIOUINMHI aKTHBHOE COIPOTHUB-
neHne R. Bompoc 0 mepexomHBIX Mporeccax st 00IIero
cilydasl, IPU HEPEKIIOUYEHHUAX, U3MEHSIOMMNX HHIYKTHB-
HOCcTh L m emkocth C (KOrga 3aKOHBI KOMMYTAIlMH B
(bopMyIMpOBKe AT TOKA B MHOYKTHBHOCTH WM HalpshKe-
HUs1 B €EMKOCTHU Herl/IMeHI/lM])I) OCTacTCs HEPCIICHHBIM,
YTO U COCTABJIACT NPEAMET IlaHHOﬁ CTaThbH.

Heap craTbm — 000CHOBaTh BO3MOXKHOCTh pacdera
MIEPEXOIHBIX MPOLIECCOB B 3JIEKTPUYECKONW LENH C «He-
KOPPEKTHBIMM» Ha4YaJbHBIMH YCJIOBHSIMH C TOMOUIBIO
uHTerpana Jroamens U pa3phIBHBIX (YHKITHIA.

OcHoBHAsi YyacTh. s omMCaHWA CKauKOOOpa3HBIX
U3MEHEHUI HalpsHKEHUH, TOKOB U NTapaMETPOB AJIEKTpUYe-
CKOH menu OyzieM HCIIONb30BaTh Pa3phIBHBIE (DYHKIWH, 3a-
MMICaHHBIE C MTOMOIIBI0 MOy Ib-(YHKIMH [6] (puc. 1):

- puc. La: fi(t)= l(t—a):% 1+|;_a| — e/IUHUY-
-a

Hast pyHKIHs XeBucaiina,

- puc. 1,6:
_1le=dl |1

Al)=e=a)rib=o)-1=1 "=

- puc. l,6: ]%(t)=1(b—t)=%[l—%} — obOpar-

Hast QyHKIMs XeBucaiia.
S St S

1 — 1 — i
| | | |
| | | |
| | | |
051 t 0.51 t : 0,5 :
| | | |
| | | |
| t | | t | t
1 1 1 P
0 a 0 a b 0 b
a o 8
Puc. 1

Pacuer Oynem Bect W mno auddepeHHnaNBHBIM
YpaBHEHUSIM, COCTaBJICHHBIM 110 3akoHaM Kupxroda, 1 no
unterpany roamens. B nepBom citydae 3akoHbsl Kupxro-
(ha COCTaBISAIOTCS IS DIEKTPUIECKOM LenH B IeTIOM (10
1 TIOCJIe KOMMYTAIlUH), a pa3JIndue 3THX IENei yIuThIBa-
eTcid C IIOMOINBIO EAWHUYHBIX Pa3pbIBHBIX (DYHKIUH.
Bo BTOpOM cityuae mepexojHasi XapaKTepHCTHKA B HHTE-
rpane /[roamens 3amucelBaeTcs AJIsI LIEMH B LEJIOM (0 U
MOCJIe KOMMYTAIIMH) C IIOMOILBIO €MHUYHBIX Pa3PhIBHBIX
byHKIMHA.

Paccmorpum cxemy (puc. 2), B KOTOpPOH TOK B HH-
JYKTUBHOCTH M3MEHSETCS CKAauKOM.

R L R> L, 2,
R3
L
U 3
—
(e
Puc. 2
3akonbl Kupxroda mist Takoi Her:
. dll . d12
Ry +Li—+Ryih +L,—==U,; 3
i Lt Ryl = 3)
diy
Roiy + Ly —2 = Rais: 4
2iy T Ly — = Ry 4)
1l
=iy +ir—|1-—1. 5
1=t ; (%)

3neck Mbl yWIM U3MEHEHHE CTPYKTYpHI Mapajlielb-
HOTO y4YacTKa C IIOMOLIBbIO EJWHHYHBIX Pa3phIBHBIX
¢yHkumii u 3akoHbl Kupxroda cocraBwiam ajist Hemd B
1eTIOM ([0 U TI0CIe KOMMYTAIUHN).

U3 (4) Haxogum

R L, di
i =2 +_2&

2 .
Ry~ Ry dri
Pemenne 6y;[eM BECTH OTHOCHUTCJIIBHO TOKa 1'2:

. 1 7. 1 1.
() 1_9 ol0)+1 1# ).

Tornma 3 ypaBHeHU (5) TOTYIHM:
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i(t)= 2[ ||](z +i )+2(1+@}-:

= l(l—HIz‘o +&i0 +L—2dﬂ}rl(l+ﬂ}'.
2 t R, Ry dt ) 2 t

[Moncrasnsiem B ypaBHeHHE (3):

I T S
BByl 2} o

Ry dt

- e8|t 5 -1

[(Rl + Ry )i+ (Ly +L2)ZJ+5( tNLy+ L) i =

:Uzl[l—HJU+l[l+H]U.
2 t 2 t

[IpupaBHHBaeM MHOXXHTENH MpPU OIWHAKOBBIX pa3-
PBHIBHBIX (DYHKIIUSX:

t
2 N R3 d
2. .
(Rl dlo Llﬂ + Rzio + L2 @ =U . (6)
R3 dt dr? dt
H di
2) (R +Ry)i+(Ly + L, )dt U, (7
R:+R LiL, di
3) 5(e): L =220y + 222 20 4 iy = (L + Ly )i - (8
)()1 R o+ R, dt 210(1 2)()

PaBencTBO (6) — 3T0 MU QepeHIINATEHOE YpaBHCHHE
IIENTH 10 KOMMYTaIlHH:

2.

L1L2 d lO Rl L +R3 +R2L +L dlo
Ry di* | Rs Ry

+ R3 + R2

3
Ero pemenue:

) (t) = inp i =
TI€ inp, ics — IPUHYKIEHHAS U CBOOO/IHAS COCTABIIAIOIIHE
TOKa COOTBETCTBEHHO.
Ho 1o xoMMmyrammu Hac HWHTEPECyeT YCTaHOBHB-
miics mpoiecce, T.€. inp =const :
UR; .
=h(0-)
(Ry + Ry )R, + Ry Ry
PaBenctBo (7) — 310 quddepeHnnansHoe ypaBHEHHE
ey mociie komMmyTarmu. Ero pemienne:

Rli() + R2i0 =U.

p+4e kit 4 Ay ekzt

inp =10 =

U —* Li+L
i(t):iﬂp+iCB: tde Ty =12 (10)
R1+R2 R1+R2

B ypaBHenun (8) yurem, uro diy/dt =
R3 + Rz
3
Liy(0-)+ Lain (0-) = (Ly + L )2 (0+),
T.K. B Hanmx o0o3HaueHusx i(0) = i,(0+).

0, T.K.

iy = il(O —). Torna

lo = Iyp = const u

Takum o6pa3om, ypaBHeHHUE (8) — 3TO MEPBHIA 3aKOH
KOMMYTAIIUHX JJIS1 IOTOKOCHETUICHHUH.
IToncraBnsieM 3HAUEHHUS:

Ry +R UR
[ 21: 3L1+L2JR(R 2 B
3 1(Ry + Ry )+ Ry Ry

U
= AL +L,)
(R1+R2+ J(ﬁ 2)

Haxonum nocrosiHHy10 A4:
U (Ry+Ry)L +Rsly u
T Li+Ly R(Ry+R3)+RyRy R +Ry
_ URy(LiRy — LyR))
(Ly + Ly Ry + Ry Ry Ry + Ry Ry + RyR3)’
Taxoe ke pereHue morydeHo B [8].

Ecmu R; = 0, T.e. 10 KOMMyTanuu y4acTtok (R, — L)
OBLT 3aKOPOYEH, TO

an

_ ULRy ~LyRy)
(Ly+ Ly R + Ry )R
YTO COBIIAJACT C PEUICHUEM, IPUBEICHHBIM B [1].
PewmumM 3Ty 3amady ¢ nomouieto uHTerpana droame-
71 ¥ IOJYYHMM TOT JKe pe3ynbraT. CauTaeM, 9To dNEKTPH-

Yeckas Lielb J0 KOMMYTallui ObLTa BKIIOYEHA Ha Harpsi-
skenre U B MOMEHT t = —1; < 0

1 t+i
)= L 1kl
2 t+t 0
Cunras, 9To NEPEXOTHOM IMPOLECC OT BKIKOYEHHUS K
MOMEHTY KOMMYyTAIuH ¢ = 0 yKe 3aKOHYMIICS, 3aIULIEM

MEPEXOJHYIO TPOBOAMMOCTD CXEMBI 10 KOMMYTAlUH ISl
TOKa i, TI0 IPUHYKJIEHHOH cocTaBstomeit (9):

R
ho(t)= R
[epexoaHas MPOBOJUMOCTD IJISl CXEMBI 1TOCIIE KOM-
MyTanuy, coraacHo (10), (11), paBHa:
t

hr)= 1, Ry(LiRy —LyRy) o 7
Rl +R2 (L] +L2XR1 +R2)(R1R2 +R1R3 +R2R3) '
Torna, cornacHo (1), momyaum:

()= | ( ||J )

ol e

= jU5(®+l tn Rs oL 1+H x
0 t)R1R2+R1R3+R2R3 20 e

,to

(12)

do' =

o 1 N Ry(LiRy — LyR,)
Ri+Ry (L +Ly\R +Ry R Ry + RR; + R2R3)
_(t-0-1)

X e z

t
dO=—|1- 11 RsU
2 t R1R2 + R1R3 + R2R3

4

Ry(LiRy — LyR U o 7
(Rle +RiRy + RyRy N Ly + Ly R + Ry ) '
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3mecs: @' = 0O + ) — KOOpIWHATA BXOAHOTO CUTHAIA

t t
[o@+1)0=1; [50+1)fd0= f(-1).

) )

31ech: HWKHUI TIpefen —f( MeHbIIe —f, Ha GecKo-

HEYHO MaITyIo BeJIM4HHY (T.e. —f) =—1) —0);
i
5 1-—|=1 (npu t < 0) — MHOXHTEIb TIPH TOKE JI0
t

KOMMYTalluH;

11
l 1+
2 t

1OCJIe KOMMYTAIHH.

DTN MHOXXHTENN B WHTETPUPOBAaHUH 0 ® HE ydyB-
CTBYIOT, TIOCKOJIBKY Pa3AeNsAIoT 001acTh NeHCTBHUS (op-
MYJI IIepEeXOJHON MPOBOAUMOCTH BBIXOAHOTO CHTHANIA 10
1 1I0CJIe KOMMYTAIHN.

PaccMoTpuM cxXeMy C €MKOCTHBIM HaKOIHTEIeM
SHEPruM, KOrjaa KOMMYTAIHs U3MEHSET BEIHMYHHY €MKO-

cTH B 1ienu (puc. 3).

LN
b L ||
: 7

jzl (mpm ¢t > 0) — MHOXUTETh TPH TOKE

C ::l Ue

Puc. 3

Hcxoansie manubie: U = 60 B, R = R, = 1 xOwm,
Cy=1wMk®D, C, =2 mx®d. Onpenenum i;.
3akonsl Kupxroda st cxemsl B 1eoM (0 ¥ mocie
KOMMYTAIIVH):
Rlil +Uu, = U 5

1_12 +—{1+| |J 3+l4

_du, |
Bay

. uc
i3 =—%;

Ry
du,.
dt

[ToncTaBnsieM TOKH B IIEpBOE yYpaBHEHHE:

t
RcldL+u +l 1+|— Ricy due. +ﬁ =U. (13)
dt 2 t d Ry, ©

l' —

Hanpsoxenne u, 3anmimieM Kak pa3felieHHYIO elu-
HUYHBIMH Pa3pbIBHBIMU (QYHKIUSIMA CyMMY HalpsDKEHHN
JI0 U TIOCJIe KOMMYTalUH.

1 t 1 t
uc(t): E(I—QJMO +E(1 +QJM

[Moxcrapisem B muddepennpnansaoe ypasaenue (13)

¢ d
5( —gj{uo +Ric %} = 5(e)Ryequg +

1 14 R d
+E(1 +QJH1 +R—;]u +R; (cl +cy )jﬂ +

+5([)R](C‘1 +6'2)M =U.
IIpupaBHUBaEM MHOMXMTEIM IPH OIMHAKOBHIX pa3-
PBIBHBIX (DYHKIHSX:

1 ¢ d
1) 5[1—9]: R1c1$+u0 ~U; (14)
%) 1{14_“} Rl(cl+cz)—+(l+1§ JM:U;(IS)
2
3) 5(t): —RlC]uo +R1(C]+Cz)ll=0. (16)

Pemenne ypaBHenus (14) miast cxemsl 1O KOMMYyTa-
IIUN UMEET BUJ:
N (1) 1
ug(t)=U+4e *=U-Ue 7 ; 1=—;

R
Tak kak A0 KOMMyTalMd B HEKOTOPBII MOMEHT
BpeMeHH ¢t = —f) < ( TPOW30IUIO BKIIOYCHHE MEIH

(R — ¢) Ha HanpsbkeHue U, To 3TOT NepexoHOI mpolecc
CYNTAEM 3aKOHUHMBIIMMCS 10 MoMeHTa ¢ = 0. Torma:

wolt) =1, (0-) = U
Pemenne ypaBHenus (15) amst cxemsl mociie KOMMY-
TaIU¥ PaBHO:

UR,
uo(f) RZT

—t —t
+A4e? =30+4e” ;

R\R

T = (Cl —+ CZ )#

Rl + R2

VYpaBrenue (16) — 3TO BTOpO#l 3aKOH KOMMYTAIIH

JJIs 3apsiiI0oB
epttg(0-)=(cg +cp u(0+),

citg, (0-) = (e1 + 2 Juc(0+).

[Tocne mMOACTaHOBKY MOTYYHM PABSHCTBO IS OTIpe-
JEJIEHUS TIOCTOSHHON A

UR
CIU:(CI +C —2+A .
R1+R2

Orcrona:

g-ul—a R :60(1—1j:—10.
Cl"rCz R1+R2 3 2

Torna:

2008
uc(t):l[l—HJ60+l(l+HJ 30-10¢ 3
20 ¢ 200«

Tok ucToyHMKa:

d
i1(t)= (e +¢2) ;tc

Taxoli ske pe3ynbTaT noJaydeH B [9].

Pemum 3Ty ke 3agauy C ITIOMOILBIO HHTErpaia
Hroamens. IlepexonHass XapakTepUCTHKAa LENH JUIS Ha-
MPSOKEHUS 710 U TIOCNIE KOMMYTAIUK UMEeT BULL!

=1,5-1073

TO €CThb

“210%
=3.102+10%¢ 3
Rz
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h(t)z%(l—@j~l+%(l+%}{%+
1+ Ry

(@)
R [ W A
+ cl _—2 e T
(S Rl + R2

CunraeM, 4TO LeNb A0 KOMMYTAIMK Oblja BKIIOUE-

Ha B HEKOTOPHIH MOMEHT ¢ = —f) < 0 Ha HanpsbkeHue (12)

U 3TOT NEPEeXOJHON MpPOIECC 3aKOHUYMICS IO MOMEHTa

kommyTarmu ¢ = 0. Torma unTerpan roamens (1) Oyxe
HUMETh BHUIL
t

)= [u(@ -0~ | U§(®+t0{%(l—@]+

-0 1,

+l[l+H]{ Ry J{ 9 R ]x
2 t R1+R2 C1+C2 R1+R2
—(t-0-1y)
d®=l(l—HjU+l{l+HJx
2 t 2 t

xe r
R, U R -
X 2 +U a 2 e? |
Rl +R2 ct+cey Rl +R2

Takoe ke pelieHue sl i, ObUIO MOTYYEHO BBIILIE.
Ecmu B 3TOM penreHun Ry—>00, TO TOIYIUM PEIICHHUE IS
cxemsl (puc. 3) 6e3 R,, koTopoe npuBeaeHo B [1]:

—t
uc(t):U+U( a —ljef.
Cl+02
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Calculation of transients in electrical circuits

with «incorrect» initial conditions with the help

of the Duhamel integral and discontinuous functions.

A technique for calculating transients using the Duhamel integral
and discontinuous functions is presented. On specific examples,
the procedure for calculating «incorrecty problems with respect
to differential equations, compiled according to Kirchhoff laws,
and using the Duhamel integral is presented. In this case, the
Kirchhoff law and the transition characteristic in the Duhamel
integral are written using unitary discontinuous functions for the
electrical circuit as a whole (before and after commutation). It is
shown that the application of discontinuous functions for describ-
ing piecewise continuous input signals and switching in an elec-
tric circuit extends the domain of applicability of the Duhamel
integral. References 9, figures 3.

Key words: transients, Duhamel integral,
functions.

discontinuous
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TexHika cunbHUX eJIeKMPUYHUX Ma Ma2HimHux nonie. KabenbHa mexHika
VK 621.3.022: 621.319.53: 537.311.8 doi: 10.20998/2074-272X.2018.4.08

M.U. bapanos, C.I'. Bypsikosckwuii, C.B. Pynakos

MHCTPYMEHTAJIbHOE OBECIIEYEHUE B YKPAMHE HATYPHBIX UCHTBITAHUN
OBBEKTOB DHEPIT'ETUKHU, ABUAIIMOHHON U PAKETHO-KOCMUYECKOM
TEXHUKH HA CTOUKOCTD K BO3JIEMCTBUIO UMITYJIbCHOT'O TOKA
MUCKYCCTBEHHOM MOJIHUU

Buknaodeno cyuacne nonoscennsn incmpymenmansnozo 3adesnevuennn ¢ YKpaini HamypHux eunpo6yeans 06'ckmie npomucnoeor
eHepzemuKu, agiayitnoi i paKkemno-KoCMiYHOl mexHiku na cmiiKicmos 00 npamoi (nenpamoi) Oii Ha HUX IMRYILCHO20 CIMPYMY
wimyunoi oauckaeku. Ilokazano, w0 nodioni eunpodysannus mexHiyHux 00'cKkmie Ha OJUCKAGKOCMINKICIMb MOMNCYMb RPOEOOU-
Mmucs 6 noabOBUX YMOBAX HA YHIKATLHOMY GIMYUZHAHOMY GUCOKOBOILMHOMY CUNbHOCIPYMHOMY €1eKMPOYCMAMKY8anHi 6io-
nogiono 00 eumoz Hopmamuerux 0okymeumie CILIIA SAE ARP 5412: 2013, SAE ARP 5416: 2013 i misxicnapoonozo cmanoapmy
IEC 62305-1: 2010. Onucani ocrhoeni mexuiuni xapakmepucmuku po3poonenux i cmeopenux ¢ Ykpaini ona yineii HamypHux
6UNPOOYBAHD GIOMIUEHUX eULle MEXHIUHUX 00'€Kmie Ha ONUCKABKOCMINIKICIb 080X NOMYHCHUX GUCOKOBOIbIMHUX 2eHEPAMOPI6
cmpymy onuckaexku (I'Cb) muny YHTOM-1 i I'TM-10/350, séiomeoprorwuux na eunpooogysanux o6'eckmax imnynvcu cmpymy
wimy4noi 61UCKAGKYU 3 HOPMOGAHUMU AMATIMYOHO-4ACOGUMU RAPAMEMPAMU 32i0H0 6Ka3anux mexuiunux ookymenmis. Ilpuge-
Oeni npuxnaou i exazani pezyromamu Hamypnux eunpooysans na onucanux I'Ch deaxux npucmpoie mexniunux o6'ckmis na
cmiikicmo 00 npamoi 0ii Ha HUX IMRYAbCHO20 cmpymy wimyunoi oauckaexu. bion. 20, Tadm. 2, puc. 15.

Kniouogi cnoea: BITYM3HAHI MOTYKHi BHCOKOBOJIbTHI CHIILHOCTPYMHI FeHepaToOpH CTpyMy OJIMCKaBKH, 00'€KTH eHepreTHKH,
aBialiiiHoOl i paKeTHO-KOCMIYHOI TeXHIKH, pe3yJbTaTH HATYPHUX BHIPOOYBAHDb JAeSIKHX TeXHiYHUX 00'€KTiB Ha cTilKicTH 10
npsaMoi Ail iMIyJIbCHOT0 CTPYMY IITY4HOI OJIMCKABKH.

H3n051ceno coepemennoe cocmosanue UHCMPYMEHMAIbHO20 00ecnedenus 6 YKpaune HamypHvlX UCHbIMAHUI 00beKmoe npo-
MIUMNIEHHOU IHEP2eMUKU, AGUAUUOHHON U PAKEMHO-KOCMUYECKOI MEeXHUKU HA CIOIIKOCMb K RPAMOMY (KOc8eHHOMY) 6030eli-
CM6UI0 HA HUX UMRYIbCHO20 MOKA UCKyccmeennoi monnuu. Ilokazano, umo nooobHbvle UCNBIMAHUA MEXHUYECKUX 00BbEKMO8
HA MOTHUECMOUKOCb MO2YIM NPOGOOUMBCA 8 NOJIEGLIX YCIOBUAX HA YHUKAIBHOM OMEUeCIEeHHOM GbICOKOBOIbIMHOM CUTbLHO-
MOYHOM INEKMPOOOOPYOOBAHUU 8 COOMEEMCMEUU ¢ mpedosanuamu Hopmamuenvlx 0okymenmoe CLLIIA SAE ARP 5412: 2013,
SAE ARP 5416: 2013 u mesncoynapoonozo cmanoapma IEC 62305-1: 2010. Onucansl ocnognble mexnuuecKue xapaKkmepucmu-
KU paspadomanHuvix u co30annvix 6 YKpaune 015 yeneii HAMypHLIX UCAbIMAHUI OMMEUEHHBIX 8blUle MEXHUUECKUX 00beKmos
HA MOTHUECMOIIKOCHb 08X MOUWHBIX 8bICOKOGOIbMHBIX 2eHepamopoe moka moanuu (I'TM) muna YUTOM-1 u I'TM-10/350,
6OCHPOU3GOOAUUX HA UCHBIMBIBAEMBIX 00DEKMAX UMAYILCHL MOKA UCKYCCIEEHHO MOIHUU C HOPMUPOGAHHBIMU AMAIUMYOHO-
G6PEeMEHHBIMU NAPAMEMPAMU CO2TIACHO YKA3ZAHHBIX MEXHUUECKUX 00Kymenmos. Ilpueedensvt npumepsl u yKazausl pe3yivmantsl
namypuuix ucnvimanuii na onucannvix I'TM nekomopuix ycmpoiicme mexnuueckux 00veKmoe Ha Cmoiikocmy K RPAMOMY 603-
0elicmeuio Ha HUX UMRYIbCHO20 MOKA UCKYyccmeeHHou monnuu. bubn. 20, Tabi. 2, puc. 15.

Kniouesvie cnosa: oTedecTBeHHbIE MOIIHBIE BHICOKOBOJIBTHBIE CHILHOTOYHBIE T€HEPATOPHI TOKA MOJIHHH, 00bEeKTHI JHepre-
THKH, aBHAIIHOHHOW M PAKETHO-KOCMUYEeCKOHl TeXHUKH, Pe3yIbTAThI HATYPHBIX HCNBITAHNNH HEKOTOPBIX TEXHMYECKHX 00B-
€KTOB HA CTOHKOCTH K MPSIMOMY /IefiCTBHIO HMITYJILCHOTO TOKA HCKYCCTBEHHOI MOJIHHMM.

Beenenue. TexHuueckuil Iporpecc B COBPEMEHHOM
061HeCTBe 00BEKTUBHO NpUBOAUT K YCJIOXHCHHIO HCIIOJIb-
3yeMOH JIIOJbMH Pa3HOOOPa3HON TEXHUKH M aKTHBHOMY
MIPUMEHEHUIO B HEll CI1a00TOYHON 3JIEKTPOHHKH, YyBCTBH-
TEJbHOW K JICHCTBHIO Ha Hee BHEIIHMX MOLIHBIX JIEKTPO-
MarHuTHBIX Tomex (MOMII) [1]. OmgHEM W3 HCTOYHHKOB
takux MOMII sBnsieTcs [UTMHHBIN UCKPOBOI paspsiT B BO3-
IymHOM atMocdepe 3eMim Tpo30BOro obiiaka (MONHHSA) B
3eMIIIO, COCeHee 00JIaKo, 3alluIaeMblid JIeTaTeNbHBINA all-
mapaT Wi Ha3eMHbIH 00bekT [2-4]. YacToTa Takux pasps-
JIOB B 3eMHOH Tporoc(hepe YUCICHHO COCTABIISET B CPEIHEM
okono 100 ¢ [2, 3]. HakoIuieH Bl B rpo30BOM o0NaKe 3a
CUET MPOIIECCOB OUTIOISIPHOM 3JIEKTPU3ALMU B TETUIBIX BOC-
XOOAMUX BO3OAYIOHBIX ITIOTOKAaX €ro MeEJIKOAUCIIEPCHBIX
BKJIIOYEHUH (HarpuMep, MEJNKUX KalleJb W TapoB BOJIBI,
MEJIKHX TBEPJBIX IMAIEKTPHIECKNX YaCTHUILI, MEJIKHUX TPaHyIl
¥ KPUCTAIUIOB JIbJA [5, 6]) CyMMapHBII AIIEKTPUIECKHH 3a-
psan BemmuarHOH £(50-200) Ko mpu yxazaHHOM paspsizie Tpo-
30BOr0 0OOJIaka BBI3BIBACT NPOTEKAHUE B €r0 IUIA3MEHHOM
KaHaJIE MOILIHOIO HMILYJIbCHOTO TOKa CIIOXHOW BPEMEHHOM
¢dopmer ammmutynoi go +(30-200) kA [2, 3]. Tak, pykoBo-
mine Texandeckue nokymeHTsl CIIHA SAE ARP 5412:
2013 [7] u SAE ARP 5416: 2013 [8] onpenemnsitor TpeOoBa-
HHA K HOPMHUPOBAHHBIM aMIUIMTYTHO-BPEMEHHBIM MapaMeT-
pam (ABII) uMmynbCcOoB TOKa HCKYCCTBEHHOH MOJIHHH,

ICHEPHUPYEMBIX MOIIHBIMH BbBICOKOBOJIbTHBIMHU T'€HEpATOpA-
mu Toka MoiHUM (I'TM) M HMCroNb3yeMbIX NMPH HATYPHBIX
UCTIBITAaHUSIX ~ OOBEKTOB ~ aBMAIIMOHHOM M paKeTHO-
KOCMHUYECKOW TEXHUKM Ha MOJHHECTOMKOCTb. MexIyHa-
poansii cranpapt IEC 62305-1: 2010 [9] pernamentupyer
JericTBytomme TpeboBanms K HopmupoBaHHEIM ABII rene-
PUPYEMOT0 MOILHBIM BBICOKOBOJILTHBIM ['TM anepuoanye-
CKOTO MIMITYJIECa TOKa MCKYCCTBEHHOI MOJHHH BPEMEHHOI
¢dopmer 10/350 MKC, XapaKTEPHOTO ISl KOPOTKOI'O TPO30BO-
r0 yIapa B 3alIMIIAeMBIii HA3eMHBIH OOBEKT M MpUMEHse-
MOTO TPU HATYPHBIX HCIBITAHUSAX MHOTHX OOBEKTOB IPO-
MBIIIIEHHOW HEPreTHKH Ha MOJHUECTONKOCTh. Pa3pabot-
Ka, CO3JaHMe M IPAKTUYECKOEe IPHUMEHEHHE YKa3aHHBIX
I'TM sABJSIFOTCS aKTyaJIbHBIMU B MUPE 3a/1a4aMU.

Henblo craTbu SABIAETCS U3IOKEHHE M aHAIU3 CO-
BPEMEHHOTO COCTOSIHUSI MHCTPYMEHTAJIBHOIO obecreue-
HUS B YKpaWHE UCIBITAHANH O0BEKTOB SHEPreTUKH, aBHa-
LUOHHON U PaKETHO-KOCMHYECKON TEXHUKH Ha CTOUKOCTh
K JCHCTBUIO MMITYJIECHOTO TOKa MICKYCCTBEHHOW MOJTHHH.

1. O6mme cBenennsi U ocHoBHble ABII nnsa nm-
MyJbCHOT0 TOKa MCKyccTBeHHOH MoJnuu. CormacHo
[10] mpu anamm3e paccMaTpUBaeMBIX HAMH HAy4dHO-
TEXHUYECKHUX 3aJau TOHATHE «Ccmouxocmu» 00BeKTa K
MOJIHUY BKIIIOUAET B ceOsl CIIELYIOLINE TPH ONPEACICHHS:

© M.U. Bapanos, C.I'. Bypsikosckuii, C.B. Pynakos

ISSN 2074-272X. Enexmpomexuika i Enexmpomexanixa. 2018. N4 45



® (INIEKMPOMASHUMHYIO CMOUKOCMbY» O00BEKTa, MO
KOTOpPOW ITOHUMAETCS CIOCOOHOCTh HCCIIEAYEMOro 00b-
€KTa MPOTHBOCTONTH ACUCTBUIO HABEIECHHBIX OT MPOTEKa-
HUS UMITYJIECHOTO TOKA JIMHEWHOW MOJHHHU B 3JICKTpHYC-
CKHX LEISIX €ro COCTaBHBIX 3JIEMEHTOB MMITYJIbCHBIX Ha-
MPSDKEHUA W TOKOB J0 UX OMPEICICHHOTO YPOBHA C CO-
XPaHEHUEM CBOETO pab0TOCTIOCOOHOTO COCTOSIHHSI,

® (INEKMPOMEPMUYECKYI0 CMOUKOCMbY 00BEKTa, TIOJ
KOTOPOH IOHWMAETCs CIIOCOOHOCTh HCCIEAYEeMOro 00B-
€KTa MPOTHBOCTOSATH JCHCTBUIO BO3HUKAKOIICH B JHHA-
MHUYECKOM PEKUME OT MPOTEKaHMs TOKA JIMHEHHOW MOJI-
HUM TEMIIEPaTypbl HArpeBa MAaTECPUAIOB €r0 KOHCTPYKITH-
OHHBIX DJIEMEHTOB JO €€ OIpPENeIEHHOTO YPOBHS C CO-
XpaHEHHEM CBOETro pabOTOCIIOCOOHOTO COCTOSHHUS,

® (INIEKMPOMEXAHUYECKYr0 CIOUKOCIbY) 00BEKTa, IO
KOTOPOH MOHUMAETCsI CIOCOOHOCTh HCCIEAYEMOIo 00b-
€KTa MPOTHUBOCTOATH AMHAMHYECKOMY IEHCTBHIO BO3HU-
KalolMX OT MPOTEKaHUs TOKA JIMHEHHON MOJHHUU MeXa-
HUYECKAX HANpPSHKCHUH B MaTepHanax ero KOHCTPYKIH-
OHHBIX 3JICMCHTOB [I0 UX OIPEACICHHOTO YPOBHS C CO-
XpaHEHHEM CBOETO pab0OTOCTIOCOOHOTO COCTOSHIUSL.

B 5T0i1 ¢BsI3U NpU NPOBENCHUM C IOMOIIBK MOLI-
HBIX BBICOKOBOJIBTHBIX CHJIBHOTOYHBIX [ TM cooTBercT-
BYIOHIUX KOMIUICKCHBIX HUCITBITAHUN TEXHUYECKUX OG’beK—
TOB Ha MOJHHECTOHKOCTH NPHUXOTUTHCSI C COOIIOICHUEM
BC€X TECXHHUYECCKUX Tpe6OBaHMpI HOpPMAaTHUBHBIX JOKYMCH-
TOB [7-9] ms BBIHECEHHUS IO pe3yNIbTaTaM JaHHBIX HCIIBI-
TaHUU MOTHBHPOBAHHOI'O 3aKJIOYCHUA OIPECAC/IATh HX
yYKa3aHHBIC BBIIIC CTOMKOCTU. MHOTHA mporpamMmon u
METOJMKOW WCHBITAHUNA TEXHUYECKHX OOBEKTOB HA MOJI-
HUECTONKOCTh OpHUraga HCIBITATEICH MOXXET OrpaHUYH-
BaThCS W OMBITHBIM OTIpENeIeHHeM MX Hanboiee KpUTHY-
HOM CTOMKOCTH K JEHCTBUIO TOKa MCKYCCTBEHHOW MOJI-
HUM ¢ 3amaHHbiMu HopmupoBanHbiMH ABIT [10]. Kak
MIPaBHJIO, WCIIBITAHKS HA MOJIIHUECTOMKOCTh TEXHUYECKUX
00BEKTOB cOrnacHO [7-9] mpoBOIATCS MyTeM MPSMOTO
BO3JICHCTBUS TIA3MEHHOTO KaHalla IMHTUPOBAHHOTO T'PO-
30BOTO pa3psiia Ha HWCHBITBIBAEMBIC AJIEMEHTHI OOBEKTa.
B03MOXHBI M HCIBITAaHUST OOBEKTOB ITyTEM KOCBCHHOTO
BO3JCMCTBUS YKAa3aHHOTO KaHala pa3psga Ha HIIEMEHTHI
00BEKTa, pa3MEIICHHOT'0 BOJIU3U MPOXO0KICHHSI MOJTHHUH.

CormacHO IEHCTBYIOIIMX TEXHHMYECKHX TpPeOOBaHMIMA
[7, 8] mpH UCTIBITAaHUAX YCTPONCTB aBHAIIMOHHOW M PaKeT-
HO-KOCMMUYECKOM TEXHMKM Ha MOJIHUECTOMKOCTb MOTYT
UCIIOJIb30BaThCs CIICAYIOIINE KOMITIOHEHTBI TOKa MCKYCCT-
BEHHOM MOJIHUH, TCHEPUPYEMBIC B BbICOKOBOJIBTHBIX
CHWIILHOTOUHBIX 1ersax [ TM: ummynbcHast A- (WK OBTOP-
Hast UMITyJIbCHast D-), mpoMexxyTodHast B- u jmtenbHas C-
(i ykopodeHHasi jutuTenbHas C'-) KOMIIOHEHTBI TOKA
HCKYCCTBEHHOI MOJIHUH. B mpakTHKe MCIBITAHUI Ha MOJI-
HHUECTOHKOCTh Pa3IMIHBIX YCTPOHCTB M CHCTEM CaMOJIETOB
TPaKIAHCKOTO W BOCHHOTO Ha3HA4YEHHUs HaWOOllee YacTo
MIPUMEHSIOTCS CIEAYIONe KOMOWHAINY YKA3aHHBIX KOM-
TTOHEHT Toka MoyiHuH [7, 8, 11]: A- , B- 1 C- KOMIIOHEHTHI;
A-, B-u C- KOMIIOHEHTHI, D- , B- u C"- KOMIIOHEHTBI.
OcHoBHble HOpMHUpOBaHHbIE 10 [7, 8] ABII, xapakTepHbie
JUI1 TaKUX KOMIIOHCHT TOKa HCKyCCTBeHHOﬁ MOJIHUU B
nerssx I'TM, cBeaens! Hrke B Ta0. 1.

W3 naHHBIX Tabn. | ¥ MPaKTUKW MCIBITAHWA TEXHU-
YecKnX OOBEKTOB HA MOJHHECTOWKOCTh CJEIyeT, 4YTO
3HaueHusa [, ¥ 7, ONPENENAIOT OJJIEKTPOMATHUTHYIO H
AIEKTPOMEXaHUYECKYI0 CTOMKOCTH HCIIBITHIBAEMBIX JIIe-
MCHTOB O6"beKTa B YCJIOBUSAX BO3JI€I>iCTBI/I)I Ha HUX pac-

CMaTPUBAEMbIX KOMIIOHEHT TOKa HMCKYCCTBEHHOW MOII-
HUHU. B TOXE BpeMs 3HaY€HMS g, T, U J, ONPENEISIOT Te-
IUIOBYIO DHEPIHIO, BBIIENAIONYIOCS Ha HCIBITBIBAEMOM
3JIEMEHTE TEXHUYECKOTO OOBEKTa, U COOTBETCTBEHHO €TI0
JNEKTPOTEPMUYECKYIO CTOMKOCTh TOKY MOJIHMM. BuaHo,
4TO UMITYJIbCHAs A- KOMIIOHEHTa U AnuTenbHas C- KOM-
MIOHEHTA TOKA MOJHHHU SBISIIOTCS OCHOBHBIMH COCTaB-
JSIOIMIMMU B COCTaBe IOJHOIO TOKA PO30BOTO paspsia.
VMeHHO OT HHX 3aBHCHT MOJHHECTOHKOCTH OOBEKTA,
HCIBITBIBAEMOr0 B paspsaAHblX wLensax mouiHoro I'TM.
Crenyer 3aMeTUTb, YTO IIPU NMPAKTHUECKOH peann3aiyn
MoutHOoro I'TM Ha oCHOBE BBICOKOBOJIBTHBIX €MKOCTHBIX
HAKOTIUTENeH SHeprur (KOHACHCATOPHBIX Oarapei) Kax-
Jad U3 YKa3aHHBIX B Ta6.]'1. 1 KOMIIOHEHT TOKa HCKYCCT-
BEHHOW MOJNHHHU (OpMHUpYeTCs Ha DIEKTPUYECKON Ha-
I'PpY3KE€ HUCIBITBIBAEMOI'0 3JIEMCHTA 061,e1<Ta OTACIBbHBIMU
KOH/JICHCATOPHBIMH 0OaTapesiMi pa3IndHON SHEPrOEMKO-
CTH, UMEIOUIMMU pa3JIM4YHblE 3apsiHbIC HAIpsDKeHUs. B
ATOHN CBS3W 3aJadya CHHXPOHHM3AIWU PabOTHI TakWx Oara-
peit B cocrase oHOro I'TM BbICcTynaeT Ha NepBbIi ILIaH.

Tabnmma 1

HopmupoBanusie ABIT 0CHOBHBIX KOMIIOHEHT TOKa
HCKYyCCTBEHHON MonHUH [7, 8]

Kowmro- .

Toll{;HI\Ign- T 1A 12& g0, K ﬁl;c/l(;)M h:jlzc Tp» MC
HUN
A 200+20| — - 2404 |<50|  <0,5
B —  [2+0,4| 10+1 - - 5£0,5
c 0,2-0,8] — [200+40 - — 1(0,25+1)-10°
c - |04 ] 6:18 - - 15+45
D 100+10{ - - 10,2540,05[<25| <0,5

Ilpumeuanue. 1,, — aMmIuTyJa uMmIyibca Toka; [, — cpenHee

3HaUEHUE TOKA; gy — KOJIMYECTBO MPOTEKIIETro 3apana; J, — uH-
Terpaj JeiCTBUA UMITYJIbCa TOKA; Tj, T, — COOTBETCTBEHHO -
TEJIBHOCTh (ppoHTa MMIysbca Mexnay yposusmu (0,1-0,9)], u
UMIIyJibca TOKa Ha ypoBHe <0,17,,.

B cootBercTBHM ¢ TpeOOBaHUSAMH JIEHCTBYIOIIAX
cranaaptoB [9, 12] OOBEKTHI PHEPreTHKH HA MOJHHE-
CTOMKOCTb HCIBITHIBAIOTCS all€PUOJUUYECKUM UMITYJIbCOM
TOKa BpeMeHHO# (hopmbr 10/350 MKC 00eHX MOIIPHOCTEH,
TeHEepUpyeMbIM crHeluaibHbiM MomHbM ['TM. Hopmu-
poBanHsle ABII 1aHHOTO HCHBITATENHFHOTO HMITYJIBCA
TOKa MCKYCCTBEHHON MOJIHUU, COOTBETCTBYIOILETO KO-
POTKOMY yJIapy I'pO30BOro paspsiia B 3alUILAEMBbII TeX-
HUYECKUH 00BEKT, IPUBEICHEI B TA0I. 2.

Tabnuma 2

Hopmuposannsie ABII anepuoan4eckoro uMIryJjisca

Toka BpeMeHHOH (opmsr 10/350 mkc [9, 12]

HaumenoBanue | YpoBeHb MOJIHHE3aLUTH 00BEKTA MO CTaH-
rnapaMmerpa napry IEC 62305-1: 2010
HMMITyJIbCA TOKa 1 II I-1v
JlnurenbHOCTH 1042 1042 1042
(poHTa 75 MKC
JlmuTenpHOCTH
UMITyJIbCa Ha
HoJycnae 7, 350+35 350435 350435
(Ha ypoBHE
0,51,), MK
Ammury fia 200420 150415 100+10
ToKa [, KA
Wurerpan aeiicr-
s J,, 10° 10+3,5 5,6+1,96 2,5+0,875
Jx/Om
3apsin go, Kn 10020 75+15 50+10
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W3 mannpx Tabn. 1 u 2 ciemyeT, 9TO HCIBITATEIb-
HBI UMb Toka 10/350 MKC 10 3HEpPreTHYeCcKuM TI0-
KazaresiM (Ipek[e BCEro MO 3HAYEHHIO MHTErpajia ero
JIercTBus J,) CyIOIECTBEHHO NPEBBIIIAET COOTBETCTBYIO-
M€ TOKa3aTeNn Uil UMITyJIbCHON A- M TIOBTOPHOH HM-
MyJIbCHOM D- KOMIIOHEHT TOKa HMCKYCCTBEHHON MOJIHUH,
MPUMEHACMBIX MPHU UCIIBITAHUAX JICTATCIIbHBIX aIllllapaToB
Ha MOJIHUECTOMKOCTb. Tak, nis I ypoBHs MOJIHUE3aUTHI
Ha3eMHOTO OOBEKTa TP OJHHUX M TEX JK€ 3HAUCHHSX aM-
wmTyasl Toka 1,=+(200+£20) KA 3TO OTIMYNE NPUMEHU-
TENIBHO K MMITYJIbCHOM A- KOMIIOHEHTE IIOJIHOTO TOKa
HUCKYCCTBEHHOM MOJIHMM COCTAaBJISI€T AJII MHTErpayia Aei-
CTBHSI TOKA J, B TIpeeNiax IMsATH pas.

B 3T0i1 CBS3M UCIIBITAHWS TEXHUYECKHX OOBEKTOB HA
MOJIHUECTOMKOCTh C IPUMEHEHHEM BMECTO MMITYJIbCHOH A-
KOMITOHEHTHI TOKAa WCKYCCTBEHHOM MOJHHH aIlepHOIIde-
CKOTO HUMITyJibca ToKa BpemeHHou ¢opmbl 10/350 wmkc
(cmydaif KOPOTKOTO yAapa Tpo30BOro paspsaa mo [9, 12])
CJIEZlyeT CUMTaTh Kak 0oJjiee >KECTKUE 10 CPaBHEHHIO C UX
UCIIBITAHMAMH Ha MOJIHUECTOMKOCTH COTJIACHO TOJBKO Tpe-
6oBannii [7, 8]. [Ipu 3TOM He cieqyeT ymyckarb W3 BHUIY
CHUJIBHOE 3JIEKTPOTEPMUUECKOE ACHCTBHE HA METAJUINUECKUE
U KOMIIO3UIIMOHHBIE 3JIEMEHTHI HCIBITHIBAEMOTO OOBEKTa
JUITENBHOW C- KOMITOHEHTHI TOKa HCKYCCTBEHHOM MOJHHHU
mo [7, 8], mepeHocsIIeil depe3 CBOI KPYIIIYIO ONOPHYIO
30HY Ha OOBEKTE CPABHUTENILHO HEOOJBIIOrO Hapy)KHOTO
muametpa (mo 6 MM [10]) orpomHbIe 3HAUEHHS DJIEKTpUYe-
CKOTO 3apsina qo (10 £200 Kon).

2. 'enepaTop TOKa HCKYCCTBEHHOI MOJHHH THIA
YUTOM-1. B 2007 r. corpyauuxamu HUITKU «Moan-
Hus» HTY «XIIM» Ha ero skcnepyuMeHTaIbHOM IOJUIO-
He (c. AHzmpeeBka, XapbKOBCKOW 0011.) OBUT CO3/1aH YHU-
KaJIbHBI MOILIHBI BBICOKOBOJIbTHBIM ~CHJIBHOTOYHBIN
I'TM timia YUTOM-1 [11], cOCOOHEIH B MOJIEBBIX YCIIO-
BHUAX TPOBOJUTH HCIBITAaHUS OOBEKTOB aBHAIIMOHHON M
PaKETHO-KOCMHMYECKON TEXHHUKH Ha MOJHUECTOMKOCTH B
COOTBETCTBHUH C XECTKUMHU TpeOoBaHusaMH [7, 8]. OOmIwmii
Bux nanHoro I'TM mpuBeneH Ha puc. 1, a ero NpUHITUIH-
anbHasl DJIEKTpUUecKas cxema — Ha puc. 2. U3 ganHOH
CXEeMBbl BUJHO, YTO MOIIHKIN reHeparop tuna YU TOM-1
B CBOEM COCTaB€ COIACPKUT IATh OTACIbHBIX BBICOKO-
BOJIbTHBIX TeHepaTopoB umimyibcHoro toka (I'MT), dop-
MUPYIOIIUX Ha OOIIeH 3JIEKTPUYECKON (Kak MpaBUIIo,
aKTMBHO-UHIYKTHBHOW) Harpyske TpeOyeMble HOPMHUPO-
BaHHbIE KOMIIOHEHTHI TOKa HCKYCCTBEHHOM MonHuu. [Tpn
9TOM BHU/Ibl KOMIIOHEHT TOKa OIIPEJIEIISTIOT Ha3BaHHE 3THX
reaeparopos: [UT-4, TUT-B, TUT-D, TUT-C u TUT-C".

Hcnonp30BaHUE AIEKTPHYECKUX ITEPEMBIUEK B CXe-
Me Ha pHC. 2 MO3BOJSIET MOIy4aTh Ha OOmIeH Harpyske
(ON) tpedyemyro no [7, 8] koMOMHALIUIO paccMaTpuBae-
MBIX TOKOBBIX KOMIOHEHT. ['enepatopsl [UT-A u TUT-D
YKOMITJIEKTOBAHBI TapaJUIeTIbHO MOIKITIOUYCHHBIMH BBICO-
KOBOJIbTHBIMH MaJIOMHAYKTUBHBIMHA KOHACHCAaTOpaMu
tuna UK-50-3 (HomuHansHOEe HampsbkeHue +50 xB; Ho-
MHHAJIbHasE eMKOCTh 3 MK®D) COOTBETCTBEHHO B KOJHYe-
crtee 111 u 36 wr. IIpu stom 'MT-4 xapakrepusyercs
HOMMHAJIBHON 3amacaeMoil sneprueit 416 x/{x, a TUT-D
— 135 xJlx. Temepatops: TUT-B, TUT-C u TUT-C°
YKOMITICKTOBAHBI MMapajuIeIbHO ITOJCOCTUHEHHBIMU BBI-
COKOBOJIETHBIMH MAaJIOWHAYKTUBHBIMH KOHJCHCATOPaMH
tuna WM-5-140 (HOmMmMHanbHOE HampspDkeHune =5 KB;
HOMUHaJIbHAasE eMKOoCTh 140 Mx®D) B kommuecTBe 18, 324 u
34 1mT. COOTBETCTBEHHO.

Puc. 1. O0muii B MOITHOTO BEICOKOBOJIETHOTO CHIIBHOTOYHO-
TO TeHepaTopa TOKa UCKyccTBeHHON MomHuK Tria Y UTOM-1
(Ha IepeTHEM IITaHe HaXOIUTCS pabodmii CTON C BEICOKOBOIIBT-
HBIM TPEXdJIEKTPOJHEIM BO3IYIIHBIM YIIPABIIEMbIM KOMMYTa-
TOPOM CO CTaJILHBIMH 3JIEKTPOJaMH Ha Hamnpspkerue +50 kB u
HMITYJIbCHBIH CHHYCOHJAJIbHBII TOK MOJHUH aMILUIUTY IOH 110
4220 KA, UCIIBITBIBAEMBIM 00pa3LOM OOIINBKH JIETATEIHHOIO
anmapara U CUCTEMOW BO3AYLTHON BBITSKKH, a HA 3aJHEM TIaHE
— OT/IETIbHBIE BEICOKOBOJIBTHBIE T€HEPATOPBI IMITYJILCHBIX TOKOB

IUTS COOTBETCTBYIOIMX KOMIIOHEHT ToKa 4, B, C, C'n D) [11]

| |
I [
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Puc. 2. [lpuanunuanbHas GI09Hast SJIEKTPUIECKas cXeMa I10-
CTPOEHNSI MOIIHOTO T€HEPaTOpa TOKA HCKYCCTBEHHOH MOJHHUN
tuna YUTOM-1, coneprkaiiero oTienbHble reHepaTopbl M-
mynscHoro Toka [UT-4, TUT-B, TUT-D, TUT-C u TUT-C
(K-1, K-2 — BEICOKOBOJIbTHBIE BO3YIIHBIE KOMMYTaTOpPBI Ha
+50 u £5 kB; BII — 6510k mopxura Ha =100 kB; TIBY-1, TIBY-2
u [IBY-3 — noBBICUTENBHO-BBIIPAMHUTENbHBIE YCTPOHCTBA AT
3apsizia BHICOKOBOJIBTHBIX KOHAEHCATOpoB reHeparopos ['NT-4,
TUT-B, TUT-D, TUT-C u TUT-C"; ITY — MyJIbT YIIPaBJICHUS;
OJ1H-1, OAH-2, OAH-3 u O/IH-4 — oMHuYeCKHE ACTUTEIH Ha-
TIPSDKEHMS TSl I3MEPEHUSI HaIlPsDKEHNS Ha KOHJGHCATOpax
rergepatopoB 'UT-4, TUT-B, TUT-D, TUT-C u FI/IT-C*; CP -
CUCTEMA PETUCTPALK U3MEPSIEMbIX HAIPSKEHUH U TOKOB B
uensix reaepatopoB ['UT-A4, TUT-B, TUT-D, TUT-C u FI/IT-C*;
11 — m3mepurensubii myHT; OU — 00bekT ucnbiTanuii) [11]

B 37011 CBSI3M OHM UMEIOT HOMUHAJIBHYIO 3HEPIOEM-
KocTh 31,5, 567 u 59,5 x/[x. B urore HOMUHANBHAS YHEP-
roemkocth MomHoro I'TM turma YUTOM-1 cocraBisier
npumepro 1,21 MJIx [11]. Kaxnaeiii koHIeHCATOp TeHE-
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patopos TUT-4, TUT-B, TUT-D, TUT-C u TUT-C" (pu
Ux o0IeM KoIudecTBe B 523 IIT.) OT aBapHMHBIX PEXKH-
MOB pa0OThl yKa3aHHBIX KOHJCHCATOPHBIX OaTapeil (Ha-
IpUMeEp, IEKTPUYECKUH MPOoOOH H30JSIMU OJHOTO U3
KOHJICHCATOPOB Ha CTaJIMK 3apsiia WK pa3psiia) CHaOXeH
3alIUTHBIM YCTPOHCTBOM, YCTAHOBJIEHHOM Ha €TI0 BBICO-
KOBOJIbTHOM BBIBOJIE W BBITIOJIHEHHOM M3 HECKOJBKUX
MapaJuIebHO TOJCOSTMHEHHBIX 3aIUTHBIX MTOCTOSHHBIX
rpaduTO-KEpaMUIECKUX  pe3ucTopoB THma TBO-60
HoMmuHaIIOM 24 mim 100 Om [13].

KomMyTanusi B CHIIBHOTOYHBIX Pa3psaHBIX IETX
reaeparopoB I UUT-4 u TUT-D ocymiectBisercs ympas-
JISIEMBIM BBICOKOBOJIBTHBIM BO3JYIIHBIM TPEXIJIEKTPO.-
HBIM pa3psAHUKOM KackanHoro tuma K-1 (cm. puc. 2) Ha
HoMuHanpHOe HamnpsbkeHue +50 kB [11, 14]. annsiid
Pa3psAHUK YIPaBISIETCs IMyTeM MOJayd Ha ero CpeiHHi
JIEKTPOJI BBICOKOBOJIBTHOI'O MHKPOCEKYHIHOTO MMITYJIb-
ca HanpsDKEHHs 3aTyXalollell CHHYCOMIAIBbHON (opMbl
ammmutygoi 1o +100 kB or cnenuanbHOro ImycKOBOTO
rereparopa tuna ' BIIN-100 (BII na puc. 2). dn1 koMmmy-
Talli¥ CHWIBHOTOYHBIX Pa3psAHBIX LENed TIeHepaTopoB
IUT-B, TUT-C u TUT-C* ucrons3yercs: BHICOKOBOIIBT-
HBIA BO3AYIIHBIA JABYX3JIEKTPOIHBIN pa3psagHuk K-2 (cm.
puc. 2) Ha HampsDKeHUe £5 KB, IpAMOYTOJIBHBIE HIIEKTPO-
JIbI KOTOPOTO BBITIOJTHEHBI U3 APO3UHHOCTORKUX TpaduTo-
BBIX INETOK OT MOIIHON 3JIeKTpuuecko MamuHbl [11,
14]. Pazpsinauk K-2 cpabaTbIBaeT OT MyCKOBOTO UMITYJIb-
ca HampsbkeHus, nogasaemoro ot bIT Ha paspsaauk K-1.

Wsmeperne ABIT popmupyembix A-, D-, B-, C-u C -
KOMIIOHEHT TOKa HCKYCCTBEHHOW MOJIHMM BBINOJIHSETCS
OJJTHOBPEMEHHO MPH HOMOIIM OJHOTO CIIELHAIBHOTO CHIIb-
HotouHoro myHTa (1) Tuma IIK-300, mporremmero rocy-
JApCTBEHHYIO METpPOJIOTHYecKyro arrtectammio [11, 15].
I'TM tuma YUTOM-1 yKOMIUIEKTOBaH HECKOJIBKUMHU
TaKUM{ WM3MEPUTEIBHBIMU LIYHTAMH, MMEIOIUMHU pa3-
nuaHble KodhdummenTsl mpeobpaszoBanus S;. Tak, s
usmepenus ABII 4- u D- KOMIOHEHT TOKa MCKYCCTBEH-
HOM MOJIHUM TPUMEHSIOTCS IIYHTHI, UMEIOIUE JIaHHbIC
K03QDUIHEHTB TpEMepHO paBHBIMU S;~11,26:10° A/B
S;4~25-10° A/B. Ipu usmepenun ABII B-, C- u C'- xom-
MIOHEHT TOKAa MCKYCCTBEHHOHW MOJIHHUM HCIIOJB3YIOTCS T€
K€ OIYHTHl, HO C KoaddurmeHTamu npeoOpazoBaHus,
COCTABJISIFOLIIMA S;~5,64-10° A/B u S;~12,5-10° A/B.

Ha puc. 3 u 4 nmpuBeeHBI THIIMYHBIE OCIIIIIIOTPaM-
MBI UMIOYJIbCHOH A- W IiuuTenbHOW C- KOMIIOHEHT TOKa
HCKYCCTBEHHOH MOJHHMHU ¢ HopMmupoBaHHEIMU ABII, 3ape-
THCTPUPOBAHHBIE B CHJIBHOTOYHBIX DPa3psIHBIX LEMSIX
reHeparopoB TUT-4 u T'UT-C momuoro I'TM THma
YUTOM-1 ¢ nomouipio yKa3aHHBIX BBIIIE U3MEPUTEIb-
HBIX HIYHTOB U HU(POBBIX 3aIIOMHHAIONIMX OCLMIIIOrpa-
¢oB cepun Tektronix TDS 1012, pa3MelieHHbIX BIAIA OT
nanHoro ['TM B 3ariy0i1eHHOM H3MEpUTEIbHOM OyHKepe.

OTMeTUM, YTO IIPH MOJIyYEHNH [IPUBEIEHHBIX Ha PHC.
3 u 4 TOKOBBIX OCIWJIIOTPAaMM 3apsOHOE HaNpsDHKECHHE
KOHZIGHCATOPOB B MOIIIHOM BBICOKOBOJIETHOM T'€HEpaTope
T'T-A4 cocrasnsuio npumepHo U;~—29,7 kB, a B MoLIHOM
BBICOKOBOJILTHOM TeHepatope [UT-C — U;=—4 xB.
CocpenoToueHHast aKTHBHO-UHIYKTHBHAsI Harpy3Ka B 3TOM
9KCTICPHMEHTAIIBHOM ClIydae MMela CIIEIYIOINE AIEKTPH-
YecKHe TMapaMeTpbl: AaKTUBHOE CONPOTHBIEHHE OKOJIO
0,1 Om, a urIYKTUBHOCTB puMepHO 1 MxI'H [10].
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Puc. 3. OcrmmnorpamMma UMITYJIbCHOM A4~ KOMIIOHEHTHI TOKA HC-
KYCCTBEHHOW MOJIHHH ¢ HOpMupoBaHHBIME ABII B cunmbHOTOY-
HOM pa3psiTHOM LienH BbICOKOBOJLTHOTO reHeparopa [ UT-4
monrHoro oredectBeHHOro ['TM tuma YUTOM-1 (U ,~—29,7 kB;
1,~212 kA; J,4~2,09 10° Jox/Om; 7232 MKc; 7,500 MKc;
MacmTab 1mo BepTukaiu — 56,3 kA/neneHue; Macirad mo ropu-
30HTaMM — 50 MKC/neneHue)
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Puc. 4. Ocumsuiorpamma JuinTesibHOM C- KOMIIOHEHTHI TOKa
HCKYCCTBEHHOI MOJIHMM ¢ HOpMHupoBaHHbIMU ABII B cunbHO- X
TOYHOH pa3psIHON Lienu BEICOKOBONbTHOro reneparopa [ UT-C
motHoro I'TM tunma YUTOM-1 (Us=—4 «B; 1,,~738 A;
qoc~182 Kn; =9 mc; 7,1000 mc; Macmral 10 BEpTUKAIIH —
225 A/penenue; macmrad mo ropusonTtanu — 100 Mc/nenenue)

2.1. HexoTopble mpuMepbl U pe3yJbTaTbl HATYP-
HBIX HCNBITAHUI TeXHUYECKHX 00beKTOB HA MOLIHOM
I'TM tuna YUTOM-1. Ha puc. 5 u 6 nokazanbl pe3yJib-
TaThl MIPSAMOTO JIEMCTBHS Ha OIBITHYIO MOJIENb MIPUEMHO-
nepearomeil aHTEeHHBI CaMOJIETa OTEUYECTBEHHOTO ITPOH3-
BOJICTBA MMITYJIbCHOH A- KOMIIOHEHTHI TOKa MCKYCCTBEH-
HOW MoJHHH, HOpMupoBaHHbIE TI0 [7, 8] ABII xotopoii
COOTBETCTBOBAIM JaHHBIM, YKa3aHHBIM Ha puc. 3
(L ~212 KA; J,~2,09-10° ITx/Om; 7~32 MKC; 7,500 MKC).

W3 sxcnepuMeHTanbHBIX JaHHBIX pHC. 5 U 6 ciemy-
eT, 94TO pa3paboTaHHas M co3gaHHas Oe3 ydera TpeboBa-
HUA 10 MOJIHHE3ALUTE OIBITHAS MOJENb IPUEMHO-
HepeNaolell aHTEHHbl aBUALMOHHOM TEXHUKHU HAaTYpPHBIX
UCTIBITAHUN COTJIAaCHO HOPMAaTHBHBIX AoKymMeHToB CIIIA
SAE ARP 5416: 2013 [7] u SAE ARP 5416: 2013 [8] ne
BhIJIeprkana: Oblia pa3pylleHa u BeiBeaeHa u3 crpost [10].

Ha puc. 7 npuBezneHs! pe3ysabTaTsl IPSIMOTo OJJHOBpE-
MEHHOTO BO3JICUCTBHS B CHJIBHOTOYHBIX Pa3psIHBIX LETsX
I'T™ tuma YUTOM-1 Ha OmBITHBIA JHICTOBOW 0Opa3er
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Puc. 5. BHemHuil BU ONBITHON MOAEIN aBUALIMOHHOM ITPUEM-
HO-TIepelalole aHTEHHBI 10 IPSIMOT0 BO3/IEHCTBUS Ha HEE B
CHIIBHOTOYHOM pa3psnHoi uenu rerepatopa 'MT-4 momaoro
I'TM tuna YUTOM-1 uMiynbCHOM A- KOMIOHEHTBI TOKA HC-
KyCCTBEHHOM MOJHUY ¢ HOpMupoBaHHbIMU 110 [7, 8] ABII [10]

Puc. 6. BHemHuil BU ONBITHON MO/IEIN aBUALIMOHHOM ITpHEM-
HO-TIepelalolliell aHTEHHBI [T0CIIe IPSIMOro BO3JCHCTBHS HA Hee
B CHJIbHOTOUHOH pa3psaaHoil nenu reseparopa ['UT-4 momHOoro
I'T™ tuna YUTOM-1 umnynbcHO#M 4A- KOMIIOHEHTBI TOKa UC-
KyCCTBEHHOM MOJHUH ¢ HOpMUpoBaHHbIMH 110 [7, 8] ABII [10]

Puc. 7. O6umii B 30HBI TIOPaXKSHHS B OIIBITHOM JIICTOBOM 00pasie
n3 Heprkagetolneit cramy mapku 12X 18H10T tonumsoit 1 mm

OT HPSIMOTO OZHOBPEMEHHOT'0 BO3/ICHCTBHSI Ha HETO UMITYJILCHOM
A- xomnionenTsl (1,,,~192 kA; J.~1,9-10° Jx/Om; 7734 MKc;
7,500 MKC) ¥ JIMTENbHOM C- KOMIOHEHTBI TOKA HCKYCCTBEH-
Hol MonHuu (1,804 A; goc~-165 Ki1; 779 mc; 7,448 mc),
(hOpMHUPYEMBIX B CHIIEHOTOUHBIX PA3PSIAHBIX HETSAX MOITHOTO

BBICOKOBOJIBTHOTO ['TM THma YUTOM-1 [16]

KPOBIIH TEXHUYECKOTO COOPY>KEHHS U3 HEPIKaBEIOIIEH CTam
Mapku 12X18H10T tommumHONH 1 MM HOPMHpPOBAHHBIX TIO
[7, 8] BHayase UMITYJIbCHOM A- KOMIOHEHTHI TOKA UCKYCCT-
BeHHoW MomHMH  (1,~192 KA, J~1,9-10°  JIx/Owm;
7/~34 Mkc; 7,500 MKC) U cpasy 3a Hel anuTensHol C- KoM-
MOHEHTHl TOKAa HMMHTHPOBAaHHOTO TIPO30BOTO  paspsia
Inc=804 A; qoc=165 Ki1; 79 mc; 7,448 mc).

W3 nanHbIX puc. 7 BUIHO, YTO NPH YKAa3aHHOM TOKO-
BOM Harpy>K€HHH OIBITHOTO CTaJbHOTO JIMCTOBOTO 00pa3-
I[a TPOUCXOTUT €r0 OKPYIJIOe CKBO3HOE MpOIDIABICHUE
IruaMeTpoM 1o 12 MM, 00yCIIOBIIEHHOE 3JIEKTPOTEpMUIC-
CKUM JICHCTBUEM HCIOJIb3YEMOW B JKCIEPUMEHTE JUIM-
TenbHON C- KOMIIOHEHTHI TOKa HMHUTHPOBAHHOTO I'PO30BO-
ro pazpsiaa [16, 17]. M3-3a aeiicTBust Ha paccMaTpUBaeMbIid
OIBITHBIA O0pa3el] M3 yKa3aHHOW Hep)KaBelollei craiu
UMITYyJIbCHOM A- KOMIIOHEHTBI TOKa HCKYCCTBEHHOH MOI-
HHUHU B OKPYTJIOH 30HE AUAMETPOM JI0 58 MM HaCTyIaeT ero
MOBEPXHOCTHOE OIUIaBNICHHE (Ha TayOouHy 10 50 MKM) C
XapakTepHbIMH 1BeTaMK nobeskasnoctu [16, 17].

Ha puc. 8 mpezacTaBieHbI pe3ylbTaThl OPAYKAFOIIETO
BO3MICUCTBHUSI UMITYJIbCHON A- KOMITOHEHTBI TOKa HCKYCCT-
BEHHOW MOIHHHU ¢ HOpMHUpoBaHHBIME TI0 [7, 8] ABII, yka-
3aHHbIME HA pHC. 3 (L~212 KA; J.~2,09-10° Thr/Om;
7~32 MKc; 7,500 MKC), Ha ONIBITHBIA JHCTOBOH 00paszen
KOMITO3UIIMOHHOM OOIIMBKY CaMOJIETA TOJIIINHON 3 MM
pasmepom B miane 500x500 mm. B 3tom ciaywae mMHOTO-
CJIOMHBIA KOMIIO3UT HCIIBITHIBAEMOTO 00paslia B CBOEM
cocTaBe MMeN CTEKJIOIJIACTUK C SMOKCHIHOM MaTpHIEi,
YIJICIUIACTUK C SMOKCU(EHOIBHON MaTpHIIEH ¥ HECKOJIb-
KO TOHKHX IUIaHApHBIX METAJUIMYECKUX CETOYEK, BBINOJ-
HSIOIIUX POJIb YIIPOYHHUTENS UCCIIEIyEMOro KOMITO3HIH-
oHHoro marepuana [10, 18]. Buano, yto paccmaTtpuBae-
MOT'O BO3JEHCTBUS IJIA3MEHHOI0 KaHaja UCKYCCTBEHHOMU
MOJTHUH JaHHBIA 00pa3ell He BBIIEPKUBACT.

=

Puc. 8. OO61uii BU 30HBI TOBPEXKACHUS qriaMeTpoM 110 100 MM
CO CKBO3HBIM MPO>KOT'OM B OTBITHOM JIUCTOBOM 00pa3iie TOJIIH-
HOM 3 MM KOMITO3ULIOHHOM OOIIMBKY CAMOJIETA, UCIIBITHIBAEMO-
ro B CHIIBHOTOYHOH memu MorqHoro I'TM tuna YUTOM-1,
[IPY IPSIMOM BO3AEHCTBUU Ha HETO HOPMHUPOBaHHOII 110 [7, §]
HMILYJIbCHOHI A- KOMIIOHEHTBI TOKAa UCKYCCTBEHHOH MonHuu [10]

3. I'eHepaTop TOKA MCKYCCTBEHHON MOJIHMHU THNA
I'TM-10/350. B 2014 r. Ha yka3aHHOM B pa3fene 2 JKC-
nepuMmentanbHoM noaurone HUIIKU «Monuaus» HTY
«XTIW» OBLT CcO3MaH YHHUKAJIBHBI MOIIHBIA BBICOKO-
BOJIbTHBI CWJIBHOTOYHBIM TI'€HEpaTop TOKa KOPOTKOTO
yaapa rposzoBoro paspsima tuna ['TM-10/350 [19], na
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KOTOPOM B TIOJIEBBIX YCJIOBHSAX MOTYT NPOBOJHUTHCS Ha-
TYPHBIE HCIIBITAHUS HA3€MHBIX 00BEKTOB MPOMBIIIICHHON
SHEPreTUKU Ha MOJIHHECTONKOCTh B COOTBETCTBUH C Ke-
cTkuMu TpeboBaHusaMu [9, 12]. O6mwmii Bua storo I'TM
npuBeZieH Ha puc. 9, a Ha puc. 10 mpexacraBieHa ero
MIPUHIMINAIBHAS dJIEKTpUUeckas cxema. BuaHo, 4Tto B
coctaB ykazaHHOro I'TM BXOIAT 4eTbIpe MOLIHBIX BBICO-
KOBOJIbTHBIX T€HEepaTopa HMITyJIbCHBIX TokoB: I'MT-1,
I'nT-2, T'UT-3 u 'UT-4. I'eneparopsr TUT-1 — T'NUT-3
YKOMIUIEKTOBAHBl ~ BBICOKOBOJBTHBIMH  MMITYJILCHBIMU
koHzpeHcatopamu THna NMK-50-3 (HoMuHampHOE Hamps-
kenue +50 kB; HOMUHaNBbHAsS eMKOCTh3 MKD), a reHepa-
Top ['MT-4 — BEICOKOBOJIETHBIMH UMITYJIbCHBIMU KOH/ICH-
caropamu tuna MM2-5-140 (HOMUHaIBbHOE HaNpsDKEHHE
+5 kB; nHomunansHas emxocth 140 Mx®) [19]. B renepa-
topax I'MT-1 — I'MT-3 ux kxoHAeHCATOPHI (COOTBETCT-
BEHHO B KosimnyecTse 16, 44 u 111 mT.) BKIIIOYEHBI TTapaj-
JIEIbHO HAa HOMMHaNbHOE HanpsbkeHue +50 kB, a B rene-
parope xonzaeHcaropsl I'MT-4 (288 mT.) — mocienosa-
TENBHO-TIAPAIIIETBHO (TI0 ABa IOCIEIOBATEIBHO COEIH-
HEHHBIX KOHJEHCaTopa B KaXmod u3 144 mapaiiensHo
BKITFOUCHHBIX CEKIMi) Ha HOMHUHAJIbHOE HanpspkeHue +10
kB. B 3TOli cBSI3u HOMUHAJIbHASL 3HEPTOEMKOCTb IS YKa-
3aHHBIX TreHepaTopoB coctaiser ist: [UT-1 — 60 kJx;
I'mT-2 — 165 x/Ix; TUT-3 — 416 x/lx; T'UT-4 — 504
k/[x. B pe3ynbrare cyMMapHas HOMUHAJIbHASL SJHEPrOEM-
KOCTh MOIIIHOTO T'e€HepaTopa TOKa HCKYCCTBEHHOH MOJ-
Hun tuna ['TM-10/350 oka3biBaeTCsl MPUMEPHO pPaBHOM
1,15 MIx [19]. Cocpenorouennsie emxoctu Cl1 — C4
quia redeparopoB I'UT-1 — TUT-4 cocTaBasioT cOOTBET-
ctBeHHO (cM. puc. 10) 48, 132, 333 u 10080 mx®. Cobct-
BEHHBIC aKTUBHBIC COMPOTUBICHUS R1 — R4 HU3KOOMHBIX
Pa3psAAHBIX LENed Al JaHHBIX T€HEepPaTOpPOB IPHUMEPHO
paBHBI COOTBETCTBeHHO 375, 136, 57 u 83 MOM. CobcCT-
BEHHbIC HHIYKTUBHOCTH L1 — L4 1y1st HU3KOWHyKTUBHBIX
pa3pAgHBIX IIeTiel yka3aHHBIX reHepatopoB [UT-1 —
T''T-4 coOTBETCTBEHHO COCTaBJISIOT OKojio 1, 1,3, 2,5 u
1,5 Mx['n. @opmupyronme uHIyKTHBHOCTH L31 m L4l
(cM. puc. 10) BeiOpanb! mpumMepHO paBHbIMU 40 1 7 MKI H.

P NN "‘aﬂl__

Puc. 9. 061111414 BUJ] MOIITHOTO BEICOKOBOJITHOI'O CHJIBHOTOYHO-
r'0 reHepaTopa Toka UCKyccTBeHHOW MonHuy trna ['TM-10/350
(Ha mepeiHEeM IUIaHEe HAXOJUTCS ero pabouuii CTOM ¢ pa3me-
LIEHHBIM CBEPXY Ha HEM YINPABIIEMbIM BHICOKOBOJIBTHBIM TPEX-
NIEKTPOAHBIM BO3AYIIHBIM KOMMYTAaTOPOM C IPa(UTOBBIMH
9NIEKTPOIaMH Ha HampsbkeHue +50 kB u uMmynbcHbIN anepro-
JIMYECKHI TOK MOJIHUU aMILTUTYI0U 10 £220 KA U UCIIBIThIBae-
MBIM 00pa31oM KabeIbHO-TIPOBOIHUKOBOH MIPOAYKIHH, a Ha
3aJHEM IUIaHE — 3JIEKTPOTEXHUYECKUE 3JIEMEHTHI 3apsTHO-
Pa3paIHbIX LIENeH ero OTAeIbHbIX BBICOKOBOIBTHBIX IT'€HEpaTo-
poB ummynscHbIX TokoB [UT-1, TUT-2, TUT-3 u T'UT-4) [19]

0.1
0,375
1 Rs
132 48 0,185m

" I Harpy:maJ

Puc. 10. [IpunnunuanbHas 310€KTpUYECKas CXeMa 3aMEICHUS
CHJIBHOTOYHBIX Pa3psAHBIX LETel YeThIPeX OTIAETbHBIX BHICOKO-
BosibTHBIX TeHepaTtopoB ' T-1 — ''T-4 B cocTaBe MOLTHOTO
reHeparopa uMmiyJibca Toka 10/350 MKC HCKYCCTBEHHOH MOIHUN
tuna 'TM-10/350 (X1—-X4 — TokonpoBoOIsIIHE TePEMbIYKH
pa3paaubix neneit renepatopos ['UT-1 —T'UT-4) [19]

AKTHBHO-UHIyKTUBHASI Harpy3ka B cxeme Ha puc. 10
COJICPIKUT COCPEIOTOYCHHOE AaKTHBHOE COMPOTHBICHUE
Ry=0,1 OM U cocpenOoTOYEHHYI0 MHIYKTHBHOCTh Lp=1,5
MKI'H. [TocnienoBareabHO € 3IEKTPUUECKUMU MTapameTpaMu
Harpy3ku BKJIFOYEHO COOCTBEHHOE aKTHBHOE COIPOTHUBIIC-
Hue Rg m3mepurensHoro myHTa Trna 111K-300, uncnenno
cocraisironiee okono 0,185 MOwm [11, 15]. Takoe 3nave-
HHEe Rg MpaKTHYeCKH HE BIMAET HA DJICKTPOMATHUTHEIC
npouecchl B paspaaHbix 1enax ['TM U anekTpuyeckux
LETSIX UCTIBITRIBAEMOTO Ha3eMHOTO 00OBEKTA.

KomMmyTanus CHIBHOTOYHBIX pa3psiIHBIX IEeNed re-
HeparopoB 'IT-1 — THUT-3 B cocTaBe MOIIHOTO TeHEpa-
TOpa TOKa KOPOTKOTO Tpo30Boro yaapa tuma I'TM-10/350
OCYIIECTBIIIETCS] CIIEUHANBHO CO3MAHHBIM JUIS 3THX Iie-
JIEH TPEX3JICKTPOTHBIM BO3IYIIHEIM YIPABISIEMBIM KOM-
MyTaTOPOM C rpad)I/ITOBLIMH DIEKTPOZIaMH (puc. 11) [19]

Puc. 11. Buemnuii Bu BBICOKOBOJIBTHOT'O TPEXDIIEKTPOIHOTO
BO3/IYIIHOTO yIpaBisieMoro kommyrartopa F'1 ¢ rpadguroBsiMu
ANIEKTPOIaMU Ha HOMHHAIIBHOE TTOCTOSHHOE HanpspkeHue +50 kB
U MMITYJIbCHBII TOK HCKYCCTBEHHOI MOJIHUM BpeMEHHOU (OpMBI
10/350 mxc ammutynoit 1o £220 kA B nenu I'TM [19]

Uro kacaercsi KOMMYTallMKM pa3psiHOM LIeNH I'eHepa-
topa I'U'T-4, TO BBINONHSETCA OHA C MOMOILBIO ABYX3JIEK-
TPOJHOTO BO3AYLIHOTO KoMMyTatopa F2 ¢ rpaduToBeIMU
3JIeKTpOJaMi Ha HOMHUHaJbHOe HanpsbkeHue +10 kB u
UMIYIbCHBIA TOK 10 £100 KA. 3amyckaercss KOMMYTaTop
F2 yMmmynbcHBIM TiepeHanpsHKeHHUEM, BO3HUKAIONIMM Ha
ANEKTPUYECKON Harpy3Ke MIpu cpabaThIBAaHWKM KOMMYTa-
Topa F1 u Havanme MpOTEKaHUS B HEW MMIYJIBCHOTO pas-
psiaHOTO TOKa OT TrenepatopoB [ UT-1 — TUT-3.
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Ha puc. 12 nmpuBenena ocuuyuiorpaMMa MoaydeHHO-
ro B paspsaHoii menu reaeparopa ['TM-10/350 ¢ Hu3ko-
OMHOM aKTHBHO-WHAYKTHBHON Harpy3koil (Rpy~0,1 Owm;
Ly=1,5 MxI'H) aneproan4eckoro MMIyjiabca TOKa HCKYyC-
CTBEHHOM MOJIHMM ¢ HOpMHUpOBaHHBIMH 110 [9, 12] ABII.

Puc. 12. OcuuiorpaMma anepuonueckoro UMITyJibca TOKa
BpeMeHHOI1 GpopMbl 15/340 MKC B CHIIBHOTOYHOW paspsiAHOM LieH
MOIIIHOTO BBICOKOBOJIFTHOI'O T'€HepaTopa TOKa NCKYCCTBCHHOM
monaud Tuna ' TM-10/350 ¢ Hu3kooMHO RL-Harpy3Koit
(Ucr5~15 kB; Up~2,25 kB; 1,~—106 KA; J,~3,03-10° Jir/Om;
qy=52,2 K ; 7=15 mxc; 7,340 mxc; Ry=0,1 Om; Ly=1,5 Mkl '
MaciuTab 1mo BepTukamm — 22,52 kA/nenenue; Macmrad 1o
roproHTam — 50 Mkc/nenenue) [19]

3apsaHoe HanpsbkeHue Uci; OTpULATENBbHOHM Io-
JIIPHOCTU BCEX KOHIEHCATOPOB i reHeparopos I'MT-1
— I'IT-3 B aTOM ciyuae cocraBisuio okoyio 15 kB, a 3a-
panHoe HanpspkeHue Ucy TOH Ke HOJSPHOCTH OTIAEIbHBIX
KOHIeHcaTopoB 1t reHeparopa [ UT-4 — oxono 2,25 B.

3.1. HexoTopnle npuMepbl M pe3yJibTAThI HATYpP-
HBIX HMCHBITAHUI 00bEKTOB JHEPreTMKH HA MOIIHOM
reHepaTrope TOKa UCKycCTBeHHOI MoaHun Tuna ['TM-
10/350. Ha puc. 13 mokaszan paboumii CTOJ TeHepaTtopa
tuna ['TM-10/350 ¢ mOATOTOBIICHHBIM MO TPEOOBAHUSIM
[9, 12] mo ucmbBITaHMM Ha 3NEKTPOTEPMUYECKYIO CTOM-
KOCTb K IPSAMOMY JEHCTBHIO UMITyJIbCA TOKA UCKYCCTBEH-
HoW MoyHMH 10/350 MKC ONBITHBIM 0Opa3oM paarodac-
TOTHOTO KoakcuaibHoro kabens mapku PK 50-7-11 ¢ mo-
SICHOW TonuaTHIIeHOBoM wm3ojsaiuert (I19T), umeroriero
PACIIEIICHHYIO MEIHYIO XKHITy CeUeHHeM S~3,2 MM,

Puc. 13. Bremnuii Bun paGouero cTosa reHepaTopa ToKa HCKyCCT-
BenHo# Mosuu tuna I'TM-10/350 ¢ 3akperuieHHO#t Ha ero cTalib-
HBIX 3JIEKTPOJAX PACLIEIUIEHHON KPYTIJIOi METHON JKUIIbI CEUeHUEM
3,2 Mv? 1 waHO# 0,5 M PaIrMovYacTOTHOTO KOAKCHATIBHOTO KaOeIs
mapku PK 50-7-11 co crnommoi IT9T nzonsauueit u ero «3ariy-
LIEHHOID HAPYKHOU MEHOH OILIETKOM 10 BO3ACHCTBUS Ha HET'O
arepuoINYEeCKOro UMITyJbca Toka 17/310 Mkc rpo30oBoro paspsiia
amIunryaoi ~82,9 kA [20]

IIpsimoro BO3mEHCTBUS B CUJIBHOTOYHOM pa3psIHON
ey MomHoro regeparopa tuna ['TM-10/350 aneproguye-
ckoro umitybca Toka 17/310 mxce (1,~82,9 KA; J~1,59-10°

Jox/Om; q¢=36,3 Ki1; 7=17 MmKc; 7,310 MKC) Ha CBOIO MeJl-
HYIO XKWy JaHHBIH KaOenb He Bbiaepkai. [Ipu miotHocTH
TOKA B MEJIHOM Kuiie 0KONo J,~1,/S<25.9 kA/Mm> TIPOM30-
1IeN ee dJIeKTpuuecKuid B3pbiB (OB), nmpuBeammii K paspy-
IIIEHHIO Ka0eJIs ¥ €TO BBIXOIY U3 CTPOSL.

Ha puc. 14 npuBeneHa HarisiiHas JE€MOHCTpPAIIMS
siBIIeHUST DB CITONTHON aTIOMIHHUEBOW JKHJIBI CEYCHUEM
6 MM* ceteBoro mposoja Mapku AIIIBHI2x6 ¢ monuBu-
auxnopuaaoi (I1BX) wm3orsimued, HACTYyNHBIIETO IIPH
rojiaye Ha Hee B PaspsiTHOM LeNH MOLIHOTO I'eHepaTopa
tunma ['TM-10/350 amepuoau4eckoro HMITyJIbca TOKa
BpeMeHHOU (GopMbI 17/265 MKC IHOJI0KHUTEILHONW MOJISP-
Hoctn (1,,=83,8 KA; Ja:l,4l-106 Jx/Om; g9=31,7 Ku;
=17 MKc; 7,265 Mmkc) [20]. YkaxeM, 4TO ILIOTHOCTb
TOKa B QJIIOMHUHUEBOH >KUJIE POBOJIA IIPH ATOM COCTABIISI-
na 0,~I,/S~14 kA/mm>. Ha prc. 15 mpeacraBieHa oCII-
JIorpaMMa 3TOTO HUCIIBITATEIbHOTO HUMITYJIbCa TOKa KOPOT-
KOTO yJapa Tpo30Boro paspsma. V3 cpaBHEHHs NaHHBIX
puc. 12 u 15 cnenyert, 4TO NPOTEKAOIINE IPU UCTIBITAHU-
sIX Ha MOJIHUECTOMKOCTh cOrjlacHO TpeboBanmid [9, 12]
NIEKTPO(U3NUECKHE MPOLECCHl B 3JIEMEHTAaX HCIBITHI-
BaeMOro O0BEKTa MOI'YT CYIIECTBEHHO Ae(hOpMHPOBATH
NpeXKJe BCEro CHAJAIONIyI0 YacTh UMITYJIbCAa TOKa UCKYC-
cTBeHHOU MonHUH. OCOOEHHO SIBHO ATO MPOSIBISIETCS MPH
OB TOKONPOBOIAIIMX 3JIEMEHTOB OOBEKTa, MPEphIBarO-
[IUX TIPOTEKaHHE B HEM UMITYJIbCa TOKA HMUTHPOBAHHOTO
IpO30BOT0 paspsiaa ot reneparopa tuna ['TM-10/350.

W S

Puc. 14. O0wmwmii Bux sBeHus OB CIUIOIHOM KPyTIIoi alroMUHUE-
BOW JKHJIBI CEYEHHEM 6 MM> CETEBOTO ripoBozia Mapku AITTIBH2x6
¢ [IBX n3ossiimeli B CHIIbHOTOUHOM pa3psiAHON LIEMU MOLITHOTO
BBICOKOBOJIETHOTO rereparopa tuna ' TM-10/350 (Uc;5~15 B;
Ucs?2,1 kB; 1,~83 8 kA; J,~1,41-10° Jbx/Om; g¢=31,7 Kir;
7=17 MKC; 7,265 MKc) [20]

Puc. 15. OcuumnorpaMma aneproIuuecKoro NMITyJIbca TOKa
17/265 MKC UCKYyCCTBEHHOW MOJIHUY B CUIIBHOTOYHOM paspsii-
HOM LIeNU MOLIHOTO BBICOKOBOJIBTHOTO reHeparopa ' TM-10/350
npu OB cryomHoN KpyTriioi altOMUHUEBON JKUIIBI CEUCHUEM
6 Mm% 1 o 0,5 M cereBoro npoBoaa Mapku AIITIBHr2x6 ¢
TBX m3omsmueii (Uci3~15 ¥B; Ucy=2,1 ¥B; 1,,~83,8 kKA;
J(,:1,41-106 Jx/Om; g=31,7 Knn; 717 MKc; 7,265 MKC;
MaciTab 1mo Beptukaim — 22,52 kA/nenenue; Macmrad 1o ro-
pm3onTanu — 50 Mxc/nenenne) [20]
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BeiBoabl.

1. AHanmM3 COBPEMEHHOTO COCTOSIHMSI B YKpawWHE WHCT-
PYMEHTAJILHOTO OOecriedeHns] HaTypHBIX HCIBITaHUH 00b-
€KTOB ITPOMBILIUIEHHOW 3HEPTeTUKH, aBUALIMOHHON U paKeT-
HO-KOCMHYECKON TEXHHKH Ha MOJIHHECTOMKOCTb IOKa3bIBa-
€T, 4TO Ha OTEYECTBEHHOM BBICOKOBOJIFTHOM CHJIBHOTOYHOM
3JIEKTPOOOOPYIOBAHHY, BKJIIOYAIOIIEM YHHKAIBHBIE MOII-
Hble Tereparopsl Tuna YUTOM-1 u 'TM-10/350, pa3pabo-
tanneie U co3ganuele B HUIIKU «Momuus»y HTY «XT1»,
MOT'YT HPOBOJIUTHCS B TIOJIEBBIX YCIOBHUAX CEPTU(PUKAIMOH-
HBIC JJICKTPOMAIrHUTHBIC HCIIBITAHWUSA 3JIEMCHTOB U CUCTEM
yKa3aHHBIX 0OBEKTOB Ha MPSIMOE WJIM KOCBEHHOE BO3JIEHCT-
BHUC HMMITYJIbCHOI'O TOKa l/ICKyCCTBeHHOﬁ MOJIHUH, COOTBCT-
CTBYIOIIFIE TPEOOBAHMAM JEHCTBYIOIINX HOPMATHBHBIX JO-
kymenroB CIIIA SAE ARP 5412: 2013, SAE ARP 5416:
2013 u mexxayHaponHoro craamapta IEC 62305-1: 2010.

2. IIpuBeneHHbIe pe3ysbTaThl U MUPOBOH ONBIT IMOpa-
KAOLIEr0 AEHCTBUS HA TEXHUYECKHE M OHOJIOTHYECKHE
O0OBEKTHI JINHEWHOH MOJIHHMM, pa3BHBAIOLIEHCS U TPOTE-
KaImeil B BO3AYIIHOW Tpomocdepe Hamied IUIaHeTHI,
OJHO3HAYHO YKa3bIBAaIOT HA HEOOXOJMMOCTh NPOBEICHHUS
paccMaTpMBaeMbIX HAaTypHBIX MWCIBITAHUH 3JIEMEHTOB
KOHCTPYKIIMH U MHXCHEPHBIX CETEH JIeTATEIbHBIX arla-
paToB M Ha3eMHBIX 3HEProOOBEKTOB Ha KOMILIEKCHYIO
CTOMKOCTB K BO3IECHCTBHUIO UMITYJIbCHOTO TOKA MOJIHUM.

3. IlpoBeneHHbIE B MOCJIEAHUE OBl HA MOILIHBIX T€HE-
paropax tuma YUTOM-1 u I'TM-10/350 peansHble Ha-
TYpHBIC HCIIBITAHUS Ha MOJIHHECTOWKOCTh W TIOXKAPHYIO
0€30macHOCTh OOBEKTOB OTEYECTBEHHOW M 3apyOeKHOU
ABMAIIMOHHOW TEXHUKH (Harpumep, OOPTOBBIX HPHEMHO-
MePEAOINX PAJUOTEXHUYECKUX YCTPOICTB, METaInye-
CKHMX M KOMIIO3MIIMOHHBIX 3JIEMEHTOB OOIIIMBOK CaMOJIETOB
MpeanpusiThs «AHTOHOB» M Kopropamuu «Boeingy) u
NPOMBIIIUICHHOHN 3HEPreTUKH (HanpuMep, ONbITHBIX 00pas3-
LIOB MHOTOCJIOMHBIX ITTaHENel ¢ Hapy KHBIM CIIOEM U3 TOH-
KOM JIMCTOBOM HEP)KaBEIOLIEH CTald JOPOTrOCTOSIILErO
KPYITHOrabapuTHOTO 3alIUTHOTO KOHTAWHMEHTa 4-r0 SHep-
ro6noka YepHoObuibekoit ADC) CBUACTEIBCTBYIOT O TOJI-
HOM COOTBETCTBHUH TEXHWYECKHX XapaKTEPUCTHK OTEUeCT-
BEHHBIX I'€HEPATOPOB TOKA UCKYCCTBEHHON MOJIHUU BBICO-
KM TpeOOBAaHMSAM ACHCTBYIONMX B BEAYIINX CTPaHAX MH-
Ppa HOPMATHUBHBIX JOKYMCHTOB.
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The tooling in Ukraine of model tests of objects of energy,
aviation and space-rocket engineering on resistibility to action
of pulsed current of artificial lightning.

Purpose. Presentation and analysis of the modern state of the
tooling in Ukraine of model tests of objects of energy, aviation
and space-rocket engineering on resistibility to the action of
pulsed current of artificial lightning. Methodology. Electrophys-
ics bases of technique of high-voltage and high pulsed currents,
theoretical bases of electrical engineering, engineering of high
electric and magnetic fields. Scientific methods of analysis of
research and technical information. Results. Information re-
garding the modern consisting of Ukraine of high-voltage high-
current pulsed engineering intended for the leadthrough of
model tests of aircrafts and power objects on resistibility to the
direct or indirect action on them of pulsed current of artificial
lightning in accordance with the requirements of normative
documents of the USA SAE ARP 5412: 2013, SAE ARP 5416:
2013 and International Standard IEC 62305-1: 2010. Basic
technical descriptions are presented of developed and created in
Ukraine for the aims of model tests of the technical objects
marked higher on resistibility to lightning of two powerful high-
voltage generators of current of lightning (GCL) of type of
UITOM-1 and GTM-10/350, playback on the tested objects the
pulses of current of artificial lightning with the rationed peak-
temporal parameters in obedience to the indicated normatively-
technical documents. Examples are resulted and the results of
model tests are indicated on described domestic GCL of some
elements and devices of the tested technical objects on resistibil-
ity to direct action on them of pulsed current of artificial light-
ning. It is shown that technical descriptions indicated domestic
powerful GCL conform to the high requirements of operating in
the leading countries of the world of normative documents to on
resistibility to lightning objects of industrial energy, aviation
and space-rocket engineering. Originality. First in the summa-
rizing concentrated kind possibilities are shown developed and
created domestic scientists and specialists of unique high-
voltage high-current electrophysics equipment for the aims of
leadthrough of integration model tests on resistibility and fire
safety of aircrafts and power objects at lightning strike. Practi-
cal value. Application in practice of model tests of objects of
industrial energy, aviation and space-rocket engineering on
complex resistibility and fire safety to the striking action on
them of pulsed current of artificial lightning, generated in dis-
charge circuits of two described powerful domestic GCL, will be
instrumental in the successful decision of global in the world
problem of protecting from lightning of air and surface techni-
cal objects and being in them personnel. References 20, tables 2,
figures 15.

Key words: domestic powerful high-voltage high-current
generators of current of lightning, objects of energy, aviation
and space-rocket engineering, results of model tests of some
technical objects on resistibility to the direct action of pulsed
current of artificial lightning.
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A.B. becnipo3Bannbix, 1.A. Mupuyk

KOPPEJISINUA MEKAY SJIEKTPHHECKUMHU U MEXAHUYECKUMH _
XAPAKTEPUCTUKAMU KABEJEN C PATUALIMOHHO-MOIUPUIITUPOBAHHOH
N30JIIMUEN HA OCHOBE BE3I'AJIOTEHHOU TIOJIMMEPHOU KOMITIO3ULIUU

Jocnioxnceno ennue Koegiyicnma onpominenna npuckopeHumu enekmponamu 3 enepziero 0,5 MeB na mexaniuni ma enexmpuu-
HI XapakmepucmuKku KabdenvHol 6UCOKOHANOGHEHOT aHmunipenamu i301Auil, w0 He PO3N0ECIOOHCYE 20PIHHA, HA OCHOGI CONONU-
Mepa eminengininayemama. Bcmanoeneno cunvuuil KopenayiitHuil 36'a30K mixe 6i0HOCHUM NOO06HCEHHAM NPU PO3PUGI i Miy-
HicmIo npu po3mA2yeanti, mixc onopom izonauyii i npodusnoto nanpyzoio. Ilokazano, ugo npu ORMUMATLHOMY 3HAYEHHI Koeqi-
yicnma onpominenns 6 dianazoni 6io 7 00 5, onip i3onauyii 3pocmac 6invw Hidic 6 06a pazu, a NPOOUBHA HANPY2Y HA NOCMITHOMY
cmpymi — ¢ 1,3 pasu. Bionocne nodoescenns npu po3pusi 3a1umaemsbca 6 Mexcax oonycmumux snauens. bion. 12, puc. 3
Kniouosi cnosa: 6e3ranorenHa komno3uuis, pagianiiine moaudikyBanHs, koedilicHT oNpoMiHeHHsI, MeXaHi4Hi Ta eJJeKTPUYHI
XapaKTepPUCTHKHU, KoeilieHT KopeJsinii.

Hceneoosano enuanue kodIgpuyuenma oonyuenus yckopeHHvImu nekmponamu c snepzueii 0,5 MaB na mexanuueckue u nek-
mpuuecKue xXapaKkmepucmuku KadenbHoil 6bICOKOHANOIHEHHOT AHRMUNUPEHHAMU UONAYUU U3 He PACRpOCMPAaHAloueil 2ope-
Hue 0e32a7102eHHOI KOMRO3UYUW HA OCHO6E CONONUMEPA emujieHéUHUNayemama. Ycmanoeiena cuibHas KOppenayuoHHas
C6A3b MeNHCOY OMHOCUMENbHBIM YOTUHEHUEM NPU PA3PbI6e U NPOUHOCINBIO NPU PACHIANCEHUL, MEMHCOY CONPOMUGTEHUECM U30TIA-
yuu u npoousenvim nanpadyicenuem. Iloxkazano, umo npu onmumanbHoOM 3HAYCHUU KOIPPuyuenma oo1yuenusa é ouanazone om
7 00 5 conpomuenenue uzonayuu ¢o3pacmaem ooiee uem é 06a pasa, a NPOOUSHOE HANPAIHCEHUE HA NOCMOAHHOM moke — ¢ 1,3
paza. Omuocumenvroe yonunenue npu paspvlée 0CMAemcsa 6 npedenax 0onycmumsx 3nauenuit. butn. 12, puc. 3.

Kniouesvie crosa: Ge3ranoreHHasi KOMIO3UIUS, PafuallHOHHOe MoaMduUupoBaHue, Ko3GPULIHEHT 00/1yueHHsI, MeXaHHYe-

CKHeE M 3JIEKTPUYeCKHe XAPAKTePUCTHKH, KO3PPHIMEHT KOppeJIsiliu.

BBenenne. Bricokas HACHIIIEHHOCTh KaOeIbHBIMH
TpaccaMH aTOMHBIX U TEIJIOBBIX CTAaHIHIl, BETPOIAPKOB 1
COJIHEYHBIX JJIEKTPOCTAHLMH, OOPTOBBIX CHUCTEM IpEIb-
SBJISIET JKECTKUE TpeOOBaHUs B 00JIACTH MOXKAPHOH 6e30-
nacHocTH kaOeneid [1]. Bce 3TO BbI3BIBaeT HEOOXO.H-
MOCTh TIPUMEHEHUS! /ISl M30JISIUNA U 000J0YKK Kabemen
MaTepHanoB HOBOTO Kjlacca, TaKMX Kak Oe3rajoreHHbIe
KOMITO3MIMH. TepMHUH «Oe3ranoreHHasi KOMIO3UIUA» He
SIBIIIETCSI CTPOTHM OOO3HAYCHHEM ITOJUMEpa C TEeXHUYe-
CKOM TOYKH 3pEHHs, KaK, HalpuMep MOJMITUIICH WIH
OMUBUHIXIIOpHA. OZHAKO TOT TEPMUH NMPUMEHSICTCS B
kabenpHOM oTpaciv M (HaKTHUECKU TPEACTABIAET COOOM
OTIEBHBIN Kilacc MaTepuanioB [1]. besrajsoreHHble KOM-
MTO3UIIMHN TIPEICTABIISIOT COO0M TOIMMEPHBIE MaTEePHAIbI,
B COCTaB€ KOTOPbLIX OTCYTCTBYIOT WJIM UMCIOTCA B OYCHb
MasioM konuyectBe (MeHee 0,5 % Macc.) rajgoressl, U
KOTOpBIE HE PaclpOCTPaHIIOT TOPEHUE MPU BO3JACHCTBUU
oras. OTCyTCTBHE TJIOTEHOB B M30JISILIMH, 3aIIOJIHEHUU U
oboJouke Kabesel sBISCTCS OMHOW U3 BaKHEHIIMX Xa-
PaKTEpUCTHK WX TOXapHOU Oe3omacHocTH. st obecte-
YEHUS BBICOKOM CTOMKOCTH K PacHpOCTPAHEHUIO FOPEHUs
TTONTUMEp HATIONMHAIOT OoibmM KonmdectBoM (mo 70 %
Macc.) HEOPTaHWYECKUX aHTUITMPEHOB (B OCHOBHOM TH]I-
POKCHIAMH ATIOMUHUS Win MarHus). OZHAKO BBEIEHUE
AHTUIIMPEHOB O0YCIIaBIMBaeT 00s3aTesibHOe Moau(UIM-
poBaHue (CIIMBKY) HOJIMMEPHON MaTpHIlbl, KOTOPOE MpHU-
BOAMT K CO3JIaHUIO IIPOCTPAHCTBEHHOU CTPyKTyphl. Han-
6onee MNpeANOYTUTCIIBHBIM METOAOM CIIUBKU ABJIACTCA
panuanmonHoe MojuduimpoBanue [2-4], npu KOTOPOM
BEPOSITHOCTh 00pa30BaHMsI HU3KOMOJIEKYJISIPHBIX ITPOITYK-
TOB, B TOM YHMCJIE W BJard, 3HAYNTEJILHO MEHBIIIE B CPaB-
HEHUHW C XUMHUYECKUM METOIOM [5].

HcToyHNKaMH HOHU3HUPYIOMIETO M3ITyYEHUS IS MO-
IUPUIAPOBAHMS TOTUMEPHON M30JIHUU Kabener U mpo-
BOZIOB C CEYeHHEM KHiIbl g0 240 MM’ SBJISIOTCS DJIEK-
TpoHHBIE ycKopuTenu ¢ 3aeprusmu (0,3-5) MaB u mom-
HOCTBIO 10 coTeH KBT [6, 7].

HeoOxomumass mo3a Ui CIIMBaHUS TOJIHMATIIICHA
coctasiiser 20-40 Mpan [5, 8-11]. ns ¢propmonmmepos —
ot (0,5-2) 1o (20-30) MPag [5]. CiurBka HOJIMMEPOB I0-
3BOJISICT 3HAYUTCIBHO TIMOBBICUTH HUX MCXAHUYCCKYIO
MIPOYHOCTb, TEIIOCTOMKOCTh, CTOMKOCTh K BO3JEHCTBHIO
XUMHUYECKH aKTUBHBIX BEILIECTB, pacTpeckuBaHuto [8-11].

HauGonpmmii wHTEpEeC B KavyecTBE OE3raoreHHBIX
KOMITO3ULIMI MPENCTABISIIOT KOMIIO3ULIMKM HA OCHOBE CO-
MOJMMEPOB  OTWJICHA (ITHWICH-BHHHUJIALICTAT, OSTHIICH-
aKpuUiIaT, STIICH-TIPONIICH U JP.) C BBEICHHEM B ITOJH-
MEpPHYI0 MAaTpPHUIy aHTHIIHPEHOB W JPYTHX I00aBOK, II0-
BBIIIAIOMINX CTOMKOCTh MaTepuana K paclpoCTPaHEHHIO
TOPEHHS, a TAKXKe JIydIeMy ITUCTIEPTUPOBAHHIO HAITOTHH-
Teneit B monmmepe [12].

Hanuuwue B MAaKpOMOJICKYJIC STUJICHOBBLIX 3BC€HLEB, a
TaKKe JIBOMHBIX CBs3eil, 00ECIeuynBalOT MOJTMMEPHOM
KOMIIO3UIIMM  Ha  OCHOBE  COMOJIMMEpa  JTHJIEH-
BUHUWIAIETATA, TAK)KE KaK W IMOJUITHWICHA, CIIMBKY IO
BO3JICHCTBUEM HOHU3UPYIONIEro m3nydeHus. JJo3a oOy-
YeHHs ONpeAeNsieTcs Ha CTaIul HCCIEeNOBAHUS KaOelb-
HOW KOMITO3UIINH U pa3pabOTKu Kades.

Ieab cTaTbu — ONpeAeiCeHUE ONTHUMAIBLHOM J103bI
00Jy4eHHs HAa OCHOBE KOPPESIMHA MEXIy MeXaHHde-
CKHMH W DJICKTPUYECKHMHU XapaKTEPUCTHKAMH pPaIHaIld-
OHHO-MOJM(DHUIIMPOBAHHON OE3raJloreHHO Ha OCHOBE
comoyiuMepa STHJICHBHHMIIALIETA BBICOKOHAINIOJHEHHOM
AHTUIIMPEHAMH U30JISILIUH Kabeseu.

TexHoJiOTHYeCKHE TapaMeTPhl PaIHALHOHHOIO
MoauumnupoBanus. [Ipu o0mydyeHHH B pe3ysibTaTe HO-
HU3alMM MOJIEKyl U paspbiBa cBsszeil C—H B nommmepe
00pa3yroTcsi cBOOOMHBIE MaKpOpaIUKalbl U aTOMAapPHBIH
Bojopon. B pesymerare nmanpHeimmel pexkoMOWHAINH
MaKpOpaauKaIOB W 00pa30BaHUSA MOIMEPEUYHBIX CBSI3EH
MEXITy MaKpOMOJIEKYJIaMH TOJIHMEp MPHOOpETaeT Tpex-
MepHYI0 (IPOCTPAHCTBEHHYIO) CTPYKTYypy. OmHaKo mpu
OOJy4eHHH TPOTEKaeT HE TONBKO MPOIECC CIIUBAHHA
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MaKpOMOJIEKYJI, HO M TIPOLECC MX IeCTPYKLUH, 00yCI0B-
JICHHBIN Pa3pbIBOM BAaJICHTHBIX CBS3€H B MaKpOMOJIEKYJIE.
B03MOXXHOCTh OCYIIECTBICHUS PaJAUAIIMOHHON CIIMBKHU
MoJIMMepa  OIPEJEeNIAeTCS. COOTHOILIEHHEM CKOpOCTeil
MIPOLIECCOB «CILIMBKA — JECTPYKLIHUA» U 3aBUCUT OT TOTO,
KaKOH M3 3THX MPOIIECCOB MpeolIIanaeT.

3HAauNTENbHOE BIMSHUE HAa COOTHOLIEHHE IPOLEC-
COB CIIMBKM M JECTPYKLHUH BIHSIOT TEXHOJOTHYECKHE
rapameTpsl paJuaoOHHOTO MOAW(HUIMPOBAHUS H, Kak
CIIEJICTBHE, 1032 OOIyUCHUS.

[Ipn pukcHpoBaHHOM HAIPSHKEHUN YCKOPUTENS 3JIEK-
TPOHOB TEXHOJIOTMYECKasl 71032 OOJIydeHUS HPSAMO IIPo-
MOPIIMOHAIbHA TOKY Iy4Ka 3JIEKTPOHOB M 0OpaTHO IIpo-
MOPLMOHAIbHA CKOPOCTH MPOXOXKICHUS Kabelist oA STHM
120-1-N

LV

3NeKTpoHOB (MA), N — 4YHCIIO MPOXOAOB NPOBOAA IO
ITyYKOM 3JIEKTPOHOB, L — JjMHA pa3BEepTKH IydKa Iep-
MICHIUKYJISIPHO HaNpPaBJICHHUIO MPOTSHKKH 3aroTOBKH, V —
CKOPOCTb TPOXOXKICHHUS II0J] IIyYKOM DJIEKTPOHOB
(M/MuH).

Ha mpaktuke mpu paanannoHHOM MOIU(HIIPOBa-
HUU W30JBLIUU U 000J0YeK Kabeneil MCIONb3YIOT KOdg-
¢unment obnydenus (K), KOTOPBIA peryiupyercs u3Me-
HEHHEM CKOPOCTH MPOX0/a Kabens MoJ IMy4YKOM 3JIEKTPo-
HOB IPY HEM3MEHHOM TOKE ITy4Ka 3JIEKTPOHOB: YEM BBIIIIE
K, Tem MensbIe cteneHs oOmydeHus marepuana [5]. Ko-
3G GULIUEHT 00Iy4eHHs SBIISETCS Pe3yIbTaTOM KOMIIPO-
MHCCa MEKIAY MEXAaHUYCCKUMU U BJICKTPUYCCKUMU CBOM-
CTBaMM H30JAIIMKM WU TCEXHUYCCKUMMU Tpe60BaHI/ISIMI/I,
MIPEABSBISIEMBIMHA K TOTOBOMY KaOeJIro.

st obecnieyeHnst paBHOMEPHOH CHIMBKH IO BCEMY
00beMy M30JSILMM HEOOXOJMMBIM YCIOBHEM SBIISICTCS
CTaOMIBHOCTE PabOTHI YCKOPHUTENS, YTO OOYCIaBIHBACT
TIOCTOSTHCTBO MAPaMEeTPOB 3JIEKTPOHHOTO My4Ka.

TecToBble 00pa3ubl U NapaMeTpsbl 001y4eHus. Ha
MIPOMBIIUICHHOM  YCKOPUTEJE 3apsDKEHHBIX — YaCTHIL
EJIB-1 BBINOJHEHO pajUaAIlMOHHOE MOIUGHUIIMPOBAHUE
00pa3IoB M30JIMPOBAHHOTO MPOBOJA JJIMHOW 5 M ¢ Mel-
HBIMH JkiiamMu cedenneM 1,0 mm® (puc. 1). Mzomsmums
tonmuHou 0,7 MM — BbICOKOHamnoJiHeHHas 10 70 % mac-
COBBIX JI0JI€H aHTHNUPEHAMH O€3TrallOreHHasi KOMITO3UIINS
Ha OCHOBE COTONMMepa STHieHBHHWIaNeTata. OOpasmbl
IpoBoAa O0IyUYeHbI ¢ pa3sHbIMU KO3 dHUuneHTamMu o0Iry-
yenus K: 17; 15; 13; 11; 10; 9; 8; 7; 6; 5 u 4 nipu sHEeprun
yCcKOpeHHBIX mekTpoHoB 0,5 MaB. OnnH o6paser — KoH-
TPOJIBHBIA (He mojBeprayics oOmydeHuro). Tok mydka
aekTpoHoB — 10 MA. KonmudecTBo mpoxoaoB MpoBojaa
TOJT IIYIKOM DJIEKTPOHOB — 80.

Koppeasinusi Me:kay 3JIeKTpHYeCKHMMH W Mexa-
HUYECKHMHM  XapaKTepUCTHKAMH  PagHaAlMOHHO-
cunToil M3oasiumu. B ucxomHoMm coctosiHuu (1o 00iy-
YEeHUs) U TI0CIie BO3AEHCTBHUS IPOBEIECHB MEXaHUUECKHE
1 3JIEKTPUYECKUE UCTIBITaHHsI 00pa31IoB MPOBO/A.

Ha puc. 2 npencrasieHs! KOPPEIALUOHHbIE 3aBUCH-
MOCTH OT Ko3(duimenta oOIydeHUs] MEXaHHIECKUX
(puc. 2,a) u snekrpuueckux (puc. 2,0) XapaKTepHCTHK:
OTHOCHUTEJIPHOTO YAJIMHEHHUS NP pa3pbiBe A¢ U MPOYHO-
CTH TIPH PACTSHKCHUHU ¢ (pUC. 2,a); COTPOTUBICHUS H30-
nauun R;,s 1 mpoOuBHOro Hampspkenus Uy, (puc. 2,0)
COOTBETCTBEHHO.

mygkoMm [5]: D= , MPan, rme I — Tok myuka

AT BRI e LA

Puc. 1. KoMoHOBKa 3JIEKTPOHHOTO YCKOPUTEJIS TSl 00Ty 4eHHUS
U30JALMHK Kabesel 1 IPOBOIOB

3D Surface Plot (Rad_mex sta 3v"12c)
War3 = Distance Weighted Least Squares
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B 100

3D Surface Plot (Rad_El sta 3v"8c)
Vard = Crnailn

Rins,
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Puc. 2. K ycTaHOBIEHHIO KOPPEISLIMOHHON 3aBUCIMOCTH
MEXIy MEXaHHYECKUMHU (@) U ANEKTPHICCKUMHU (0)
XapaKTEePHUCTUKAMH PaJUallHOHHO-CIIMTOH U30JIALMH

st MEeXaHHUYECKHX U DIICKTPHUYECKUX XapaKTepu-
CTHK HAONIOAeTCsS CHIbHAs KOPPEIIUOHHAS CBS3b.
[Mpuvem, MeXKIy OTHOCHUTEIBHBIM Y/UIMHEHHEM IIpU pa3-
PBIBE U MPOYHOCTHIO TPU PACTSHKCHUU — OTPULIATEIIbHAS,
COIPOTHUBIICHUEM U30JISILUK ¥ MPOOUBHBIM HAIPSKEHUEM
— monoxutenbHas. KoahummenTsl Koppensnuu paBHbI
-0.9189 u 0.8045 coorBercTBeHHO. C yMEHBIICHHEM KO-
s¢durmenta o0IydeHusl, T.€. C POCTOM J03bI O0IyUCHHUS,
MMPOYHOCTL HNPU PACTAKCHHUU, COIMPOTUBICHUC U3O0JIALINU
U TIPOOMBHOE HAIPSHKEHUE HA ITOCTOSIHHOM TOKE BO3pac-
TAIOT O HEKOTOPOro 3HAYEHHMs, I10CIE€ KOTOPOro Hauu-
HAIOT YMEHBINATHCS, OTHOCHUTEIBHOE Y/UIMHCHHE IMPH
pa3pbiBe MOHOTOHHO YMEHBIIAETCS.

Jnsi MeXaHHMYeCKHX XapaKTEPUCTUK KOPPEIISIHs
BBIP@XKCHA B OOJIBIICH CTEMEHH, YTO TAKXKE IMOATBEPKIa-
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eTcs pe3ybTaTaMH PAHIOBOTO KOPPEJAIIUOHHOTO aHAaJIH-
3a CrimpmeHa: tecT 3HaunMocTH A 100 % maHHBIX mpH
p-ypoBHe 0,001496. JIns sneKTpUYECKUX XapaKTEPUCTUK
TECT 3HAUUMOCTH TOJIBKO A 25 % H3MepeHHBIX 3Haue-
HUM pu p-yposae 0,617075.

Takoe paznuuue cBA3aHO C 00BEMOM BBIOOPKH H3-
MepeHHH 00pa3LoB Ul KaXKA0H 103l OOIydeHHs: Mexa-
HUYECKHE XapaKTEPUCTHKU YCPEeIHEHBI JUIl 5-U n3Mepe-
HUH, dJIEKTpUUECKUe — 11 1-ro.

Mexay MeXaHHYeCKUMH U IIIEKTPUICCKUMHU XapaK-
TEPUCTUKAMH CYIIECTBYET TaK)Ke KOPPEISAIIHOHHAS CBS3b

(puc. 3).
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Puc. 3. KOppeHSIL[I/IOHHaSI 3aBUCUMOCTb MEKAY MECXaHUYCCKUMHU
U JJICKTPUYICCKHUMU XapaKTEPUCTHUKAMU pal[PIaHHOHHO-CHIHTOfI
HU30JIA0UHU

KoaddummenT koppemsimun MexIy COMPOTHBICHH-
€M M30JLIIMKM U NPOYHOCTHIO IPH PACTSDKEHHH IOJIOKH-
TenbHBIA U paBeH 0.6253 (puc. 3,a), MeXIy CONMpPOTHBIIE-
HHEM H30/SIMM ¥  OTHOCHUTENBHBIM  yJIMHEHHUEM
(puc. 3,6) — orpunarensHblii u pasen —0.7105. Koppes-
oy MKy HpO6HBHblM HalpsHHKEHUEM U OTHOCHUTCIIbHBIM

yanuHeHueM (puc. 3,8), MEeXIy MPOOMBHBIM HAIPSIKCHU-
€M U MPOYHOCTHIO MPHU pACTHKEHUH (puc. 3,2) — ciabas:
ko3 dunmeHTsl mapHOH Koppensiiuu IlupcoHa paBHBI
-0.4980 1 0.4964 cOOTBETCTBEHHO.

YuunTeiBas, 4TO CTOMKOCTh K pagualdd MaTepuaioB
ompenersiercss paauaroHHeM uHAekcoM (RI) mo [2] kak
JIeCSTHYHBIH JTorapudM NOrIomEHHOH 10361 B ['pesix, mpu
KOTOpOW OTHOCHTENIbHOE yIUIMHEHUE CHIDKaeTcs He Oojee
gem Ha 50 % (B IBa pa3a) OTHOCHTEIIEHO MCXOJHOTO 3Ha-
YeHHs, ONTUMAalIbHOE 3HaueHHe Koddduimenta olmyde-
HUS JIEKUT B Jauarna3oHe ot 7 po 5. B stom muamasone
3HauYeHNH K03 duLreHTa 00IydeHus] HAOIIIAI0TCS MaK-
CHUMaJIbHBIC 3HAYCHHS MPOYHOCTH IMPH PACTSHKEHUH (CM.
puc. 2), CONpPOTUBIEHHS HW3OJSIIMK M NPOOMBHOrO Ha-
MpPsDKEHUs Ha MOCTOSIHHOM Toke (cM. puc. 3). ConpoTus-
JICHWE U30JSILMK Bo3pacraer Oojiee ueM B JBa pasa, mpo-
OMBHOE HaNpsDKEHHWE Ha MOCTOSHHOM Toke — B 1,3 pasa
OTHOCHUTEJBHO HEOOJIYYEHHOTO COCTOSIHUSI, YTO CBSI3aHO C
MOBBIIIEHUEM OJJHOPOJHOCTH M YIOPSJIOYEHHOCTH MOJIe-
KYJSApHOH CTPYKTYpbl TodmMepa Tmociie cmuBka. C
yMeHbIIeHHeM Ko3(duimenta o0ydeHus, T.e. yBelInde-
HHUEM [103BI OOTydeHsI, HaOIIOAaeTCs TPEH ] K CHIDKCHHIO
ANEKTPUUYECKUX XaPAKTEPUCTUK BCIEACTBUE HAKOIUICHHS
B TIOJIMMEPE HOCHUTENEH 3apsaa U CBOOOIHBIX PaIHKaIIOB,
00pa3yIomuxcs B Mporiecce 00IydeHHs.

BriBOABI.

UccnenoBano Bnusinne koadduimeHta obmydeHus
YCKOPEHHBIMU 3JIeKTpoHamu ¢ »Heprueit 0,5 MaB Ha me-
XaHUUYECKHE W DJIEKTPUYECKUE XaPaKTEPUCTHKH KaOeib-
HOW BBICOKOHAIIOJHEHHOW aHTHITUPEHHAMH M3O0JISILUU U3
Oe3rajloreHHOI KOMIIO3MIIMM Ha OCHOBE COIOJHMMeEpa
STHJICHBHHWIALIETaTa W yCTAHOBJICHA CHIIbHAS KOppes-
IIUOHHAS CBS3b MEXKIy OTHOCHUTEIHHBIM YUIMHCHUEM IIPH
pa3phIBE U MPOYHOCTHIO TIPH PACTSHKEHUH, MEXKIY COTIPO-
TUBJICHHEM H30JIIIUU U TPOOUBHBIM HANPSHKEHUEM.

BrepBbie onpeneneH ONTUMaNIbHBINA JUaNa3oH KO-
s unmenta oOIyYeHUs H3O0JANUU KaOelield, COCTaB-
JSoMMA oT 5 1o 7, mpu o0ecrieueHuH KOTOPOro dJIeK-
TPUUYECKOE CONPOTHBIIEHUE H30JISIIIMH BO3pacraeT 0o-
Jjee 4eM B JBa pas3a, NPOOMBHOE HAINpPSDIKEHHE Ha IO-
CTOSIHHOM TOKe Bo3pacTtaeT B 1,3 pasa, a OTHOCHUTEINb-
HOE YJ/UIMHEHHE IIpU pa3pblB€ OCTAeTCs B Mpelenax
JIOTIyCTHMBIX 3HaYCHUH.
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Correlation between electrical and mechanical characteristics
of cables with radiation-modified insulation on the basis

of a halogen-free polymer composition.

Introduction. The high saturation of the cable routes of nu-
clear and thermal stations, wind parks and solar power
plants, on-board systems imposes stringent requirements in
the field of fire safety of cables, which makes it necessary to
use highly flame retardant halogen-free compositions. The
introduction of flame retardants causes the mandatory modi-
fication (crosslinking) of the polymer matrix. Purpose. De-
termination of the optimal radiation dose based on the corre-
lation between the mechanical and electrical characteristics
of a radiation-modified halogen-free ethylene vinyl acetate
copolymer with high-strength flame retardant insulation
cables. Methodology. Mechanical and electrical tests of
samples of radiation-modified cables with a copper conduc-
tor cross section of 1.0 mm? and a halogen-free filled insula-
tion based on an EVA copolymer with a thickness of 0.7 mm
have been performed. Results. A strong correlation is estab-
lished between the elongation at break and the tensile
strength, between the insulation resistance and the break-
down voltage. It is shown that at the optimum value of the
irradiation coefficient in the range from 7 to 5, the insulation
resistance increases more than twice, and the breakdown
voltage at the direct current is increased by 1.3 times. The
elongation at break is within the allowed values. References
12, figures 3.

Key words: halogen-free composition, radiation modification,
irradiation coefficient, mechanical and electrical character-
istics, correlation coefficient.
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BU3HAYEHHSA PAINIOHAJIBHUX TEOMETPUYHUX TAPAMETPIB
NJACTUHYACTUX EJJEMEHTIB MATHITHOI MATPUIII MOJITPAJIIEHTHOIO
CEITIAPATOPA

30ilicneno OWiHKy cneKkmpy cuil08020 NOIA 8 NIOWUHI POOOUUX 30H O0CAIONHCYBAHUX CMPYKMYP ROJIZPAOIEHMHUX MAMPUYD
eNeKMpPOMAZHIimHO20 cenapamopa y 0eoeumipniii nocmanosyi. Hagedeni ocnoseni emanu 004uciio8anbHo20 eKCnepumenny.
/na po3e’azanns 3a60aHHA NO GU3HAYEHHIO PAUIOHATLHUX 6aPIAHMIE NONIZPAOICHMHUX MamMpPuyb Y6 3a0iAHUI MemOooO nopis-
HAILHO20 AHAIZY CUTI0BUX XAPAKMEPUCMUK 00CNIOMNCYBAHUX 6APIAHMIE CIMPYKMYD Mampuyi 3 6i0N0GIOHUMU XAPAKMEPUCHU-
Kamu 6a306020 eapianmy cenapamopa. 30ilicneHuil 6udip payioHaIbLHUX 260MeMPUYHUX RAPAMEMPIe NIACMUHYACMUX eleme-
Hmie mazHimHnol mampuyi cenapamopa 3a Kpumepiem eghekmuenoi naowi po6ouoi 3onu mampuuyi. Ilposedenuit nopienanvruii
ananiz ompumManux 0aHux 3 pesyarvmamamu iHuiux 0ocnionuxie. bion. 10, tadn. 1, puc. 4.

Kniouoei cnosa: eleKTpOMarHiTHuii cemaparop, noJirpagieHTHa MaTpuus, KoedilieHT HeoTHOPiAHOCTI, podoya 30Ha, reomMeT-
pu4Hi KpuTepii moxidHoOCTI.

Ocyujecmenena oyeHKa CREKmMpa CU106020 NOJIA 6 NAOCKOCHU PADOUUX 30H UCCTIE0YEeMbIX CHIPYKINYD NOIUZPAOUECHINHBIX MAMN-
Puy 31eKMpPOMAZHUMHO20 cenapamopa 6 06ymepHoit nocmanoske. Ilpugedenst ocnoenvie Imanvl 6b14UCIUMENBHO20 IKCHEPU-
menma. /Ina pewtenun 3a0auu no ONPeOeneHuI0 payUoOHAIbHLIX 6APUAHIMOE NOAUZPAOUECHIMHBIX MAMPUY Obl1 3A0eliCM606aHn
Memoo CPAGHUMENbHO20 AHANU3A CUIO6LIX XAPAKMEPUCIMUK UCCTIe0YeMbIX 6APUAHMOE CHIPYKIMYP MAMPUUbL C COOMEEMCH-
gylowumu xapakmepucmuxkamu 6a3z06020 eapuanma cenapamopa. Ilpouzeeoén 6v160p payuoHaNbHLIX 2e0MEeMPULECKUX NAPA-
Mempog NAACMUHYAMBIX ITIEMEHMOE MAZHUMHOI MAMPUYbLL CEnapamopa no Kpumepuio 3gpexmusnoi nnowjadu pabdouei
30nb1 mampuybl. IIposeden cpasnumenvuvlil aHaAIU3 NOAYUEHHBIX OAHHBIX C pe3ybmamamu opyzux ucciedosamenei. buotm. 10,
Tabn. 1, puc. 4.

Kniouesvie crosa: 3J1eKTPOMArHUTHBINA CenapaTop, NOJIUIPAJAHEHTHAsE MATPHLA, KO3 QPUIMEHT HeOAHOPOAHOCTH, paldouas
30Ha, FreoOMeTpHYeCcKHe KPUTePHH NMoA00us.

Beryn. IlomirpagieHTHa MardiTHa cemapailis 3Haii-
11J1a IIMPOKE 3aCTOCYBAaHHS B IIPOMUCIIOBOCTI Ta B Oiome-
JquiuHI. B momirpagieHTHHX cenapaTopax podouwnii mpo-
1iec BiOyBa€eThCsl y MaTpHILli, HAMarHiueHi eJIeMEeHTH SIKOi
CTBOPIOIOTh MATHITHI CHJIH, JIOCTATHI JJIs BUITyYCHHS JIPi-
O0HMX (pepo- Ta mapamMarHiTHUX BKIIOYEHS [ 1, 2].

VY mpakThili MarHITHOI cemaparii mpHu po3paxyHKY
marHiTHOI cuin F,, sika i€ Ha Tino 00’eMoM V), 110 BH-
JTy4aeThCs, HAHOIBIN 9acTO BUXOAATH 3 BUpasy[2]

Fy = poyHgrad(H)V (1)
ne H — BeKTop Hamnpy»XeHOCTI MarHiTHOTO IOJIsl B po3pa-
XYHKOBIH 00JIacTi, BUNBHIM BiJi €JIEKTPUYHUX CTPYMIB;
o — MarHiTHA CTaJa; y — CEpeHs MarHiTHA CIPUUHSATIN-
BICTh TiJIa, 1[0 BUJIYYA€ETHCS, KA 3aJCKHUTh Bif Horo o-
PMH, CHIBBiHOIIEHHS PO3MIpIB 1 MarHiTHOT HPOHUKHOCTI
PEUOBHHH.

3 Bupasy (1) BuaHO, mo HanpsiMok cwiu F,, Buiy-
YeHHs1 30iraetbcs 3 HampsMKoM rpaxgieHTa grad(H) Ha-
npyxerHocti H MarHiTHOTO mojs. SIK HaciiIoOK, MUTOMa
MIpUBEICHA CHIIA f,, MarHiTHOTO ITOJIA cemapaTopa BHU3Ha-
4a€eThCS K NOOYTOK HampyskeHocTi H Mar"iTHOro moJjst
Ha ii rpagient grad(H)

Jm =Fp /(1o 2V) = Hgrad(H) . (2)

3i criBBigHOUIEHHS (2) BUIIMBAE, 1O JJIsI OTPHUMaH-

Hs1 OUTBIN BUCOKHX 3HAYCHb CHJIM BUITyYeHHS f,, HEOOXis-
HO 30UIbIIYBaTH HaNpysKeHicTb H Mar"iTHoro moJjs Ta ii
rpazgient grad(H). 36inpmenHs iHTeHcHBHOCTI H MarHiT-
HOTO TIOJII y cemaparopax 3 eJIeKTPOMAarHiTHUM 30Y-
JUKCHHSIM Ma€ CBOIO MeEXy, OOYMOBJIEHY HACHYEHHSAM
€IIEMEHTIB  Mar”iTompoBony. 3poctaHHs H Takox
OB’ s13aHE 31 30UTBIICHHSAM CII0)KHBAHOI MOTY>KHOCTI, IIIO
MPU3BOANTH 10 OLTBII BHUCOKOI BApTOCTI MPHUCTPOIB. Y
TOM ke yac 30unblIeHHs 3HaueHb grad(H) MOXHa 10CATTH
3a paXyHOK onTuMizanii (opMu, reOMETPUUHHUX PO3MIpIB

1 B3a€EMHOTO PO3TAlllyBaHHS €JIEMEHTIB 0araTOKOMITIOHEH-
THOI MarHiTHOi Marpuui cenaparopa. JlociipkeHHsS B
I[OMY HAIPSIMKY HPEACTABIISIIOTh HAHOLIBIINKA MpaKTHY-
HUI 1 TEOpEeTHYHHH 1HTEpecC.

AHani3 JiTepaTypHMX JaHMX Ta TMOCTAHOBKA
npodyemu. [ po3paxyHKy MarHiTHHUX XapaKTepPHCTUK
MOJITPaliEHTHUX CeNapaTopiB 3HAWIIIN 3aCTOCYBaHHS
aHANIITUYHI, YHCENbHI Ta eKCIIEpUMEHTaJ bHI MeTonu. B
[3] mocmimkeno BILMB (HOPMH MEPETHHY €IEMEHTIB Mar-
HITHOTO CEepefoBHINA Ha PO3MOIUT IHAYKIIi i TpamieHTa
Mar”iTHOTO TOJIS TOJIIPaIi€eHTHOTO cemapaTtopa. Y I
po0OTI 32 TOMOMOTOI0 MPOrpaMHOro komiiekcy ANSY'S,
[0 peai3ye METOJ CKIHYCHHUX €JIEMEHTIB, BCTAHOBJICHO,
0 HANOLIBII CHJIBHE 1 HEOMHOPIJHE MAarHiTHE MoJe 3a-
Oe3rnedye HoirpajlieHTHE CEpeIOBUILE HA OCHOBI TPUKY-
THHUX €JIEeMEHTIB. 3 OIJIsIIy Ha Iie, 3HaYyHa KUIbKICTh ITyO-
JiKaiii TpUCBSIYEHA JOCHIPKEHHSIM ITONIrPadi€HTHHX
MaTpullb caMe Ha OCHOBI TPHKYTHHX eneMeHTiB. Tak, B
pobori [4] oOrpyHTOBaHHHN 3B’S30K IHTEHCHBHOCTI i Tpa-
JIi€EHTa MarHITHOTO TOJISi HABKOJIO TOCTPOTO KyTa MarHiT-
HOI MaTpUIli 3 HAMPSIMKOM OiCEKTPHCH IHOTO KyTa IIOJIO0
HaIpaBJICHHS 30BHIIIHKOTO T0JIs1. [TokazaHo, sIKIo Oicek-
TpUCa TOCTPOro KyTa IapajiesbHa HANPSIMKY IOJIS, TO
IHTCHCUBHICTb 1 TPAIi€HT MOJISI HABKOJIO KyTa 3pOCTAaI0Th.
B [5] mokasaHo, mo mMpuHA 3a30piB MiDX TPUKYTHUMHU
IUTACTHHAMU MaTpulli noBuHHA OyTH B 1,5-2 pasu Oinbiie,
HDK MaKCHMaJIbHUH pO3Mip YaCTHMHOK, OCKIJIBKH 3MEH-
IIEHHS IIUPHHY 3a30pY HPHU3BEJE 0 MBHUIKOI 3aKYIOPKU
Matputi. [Ipu BuOopi 3yOHOTO KyTa, MOIOCHOI BUCOTH Ta
BHCOTH 3yOIliB IUIACTUHH CIiJ] BPaXOBYBAaTH MAarHITHY
CHITy Ta 30HY BHJIYYCHHS BKJIFOUEHb [6].

AHami3 mitepaTypHux pkepen [1-6] mokasas, mio
PO3paxyHOK MarHiTHOTO IOJII B MaTPUIIX HOJIrPagi€eHT-
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HUX CelaparopiB 3IIHCHIOETHCS MEPEBAXHO B OOMEKe-
HOMY 00cCsi31 po0OO40i 30HU JUIS OJUHOYHHX, 30Kpema,
TPUKYTHHX, €JIEMEHTIB MaTpuli 3 MOAAIBLIMM 3aCTOCY-
BaHHSM OTPHMaHHMX 3aKOHOMIPHOCTEH 10 TPy eleMeH-
TiB. [Ipy 11bOMy He BpaxoOBY€ThCsl BILIMB B3a€EMHOTO PO3-
TalllyBaHHS €JIEMEHTIB HA XapaKTep PO3MOJUTYy MarHiTHO-
rO MOJIsl, U0 YCKJIaJHIOE MOPIBHSUIBHUM aHalli3 MaTpHUIb
pi3HuX KoHQirypauid. Tomy noOTpeOyIOTh NOAANBIINX
JOCIIKeHD TiAXOAM MO0 MPOBEIEHHS IMOPiBHSIBHOTO
aHaJli3y CHJIOBHX XapaKTEPHCTHUK MAarHITHHUX MOJIB Oara-
TOKOMITOHEHTHHUX MaTPHILb MOJITPalieHTHUX CenapaTopiB
pi3HHUX KOHDIrypariii.
MeTo10 po6OTH € BCTAaHOBJIEHHS 3aJI€)KHOCTI CHIIO-
BUX XapaKTEPHUCTHK TOJIrPaIiEHTHOTO €JIEKTPOMarHiTHO-
ro cemaparopa BijJi TE€OMETPHUYHUX MapaMeTpiB IUIACTHH-
YaCTUX CJIEMCHTIB 0araTOKOMIIOHEHTHOI MaTPHIIi.
Martepian Ta pe3yabTaTH gocjaigxkeHHs. B mone-

penHiX JOCIHiIKeHHSIX aBTOpaMH OyJIM oJiep)kaHl HacTyI-
Hi pe3yJbTaTH:

® 3aIpPONOHOBAaHA yNIOCKOHAJIEHa KOHCTPYKIIS IIOJi-
TPaZi€eHTHOTO EeJEKTPOMATHITHOTO cemapaTopa Uil OYH-
IICHHS CHITKUX ITOPOIIKONOAIOHNX MaTepiaiiB Bif Ipid-
HOIUCIEPCHUX  (EPOMArHITHUX IOMIIIOK PO3MIpOM
0,005-5 MM [7];

® 3 BUKOPUCTaHHSAM ONepalliid J3epKalbHOI, TepeHO0C-
HOI, LIEHTPaJIbHOI Ta KOB3HOI CHMETpii OTpHMaHi LIiCTh
CTPYKTYpHHUX BapiaHTiB S; = (S, S5, ..., S¢) mlacTuHyac-
TOI MarHiTHOI MaTpHUI MOJIrpaJiEHTHOTO cernapaTopa Ha
OCHOBI TPUKYTHHX €JICMCHTIB, FT€OMETPUYHI MOJEII SKUX
HaBezieHi B Ta0. 1;

® 32 JIOIIOMOTOK OOYHCIIIOBAJIBHOIO EKCHEPUMEHTY
MIPOBEACHUH TOTIepeNHiil MOPIBHUIBHUHN aHAlli3 CTPYKTYP
S; IUTSL OIIIHKY CTYIICHIO HEOAHOPIAHOCTI MAarHITHOTO TIOJIS
B iX poboumx mpomixkax [8].

Tabmur 1
I'eomeTpuyHi MozeNi CTPYKTYPHUX BapiaHTiB MaTPHIIi
Kon| T'eomerpuuna momens |Kox| I'eomerpuuna mozens
Yi Yi
M Sy
0 X 0 X
Yi i
Sz SS
o X 0 X
Yi Yi
S3 SG
a X ) X

[TomepenHs omiHKa CTYNEHIO HEOAHOPITHOCTI Mar-
HITHOTO TOJISI B poO0OYMX 30HaX CHHTE30BAHHUX CTPYKTYD
BUKOHAHA LUISIXOM IOPIBHAHHS TOKa3HUKIB HEOJHOPI-
HOCTI 1OJIs Y3/JIOBXK XapaKTepHHUX JIiHiH [8], B IKOCTI SIKUX
NPUHHATI JIiHIT, 0 3’€IHYIOTh BEPUIMHHU MPOTHUICKHUX
TPUKYTHHUX IUIACTUH Ta MPOXOAATH Yepe3 IUISTHKU 3 Haii-
OiIIbII BUCOKOIO HEOMHOPIIHICTIO MarHiTHOrO IMojs. Y3-
JIOBX XapaKTEpPHUX JIiHIH B poOOYMX 0OJIACTSAX CHHTE30-
BaHUX CTPYKTYD S; PO3PaxOBYBAIUCS JIOKAIBHI 3HAYCHHS
MAarHITHOI Hampy>KeHOcTi H 1mons 3 BHKOPHUCTaHHSAM iH-
CTpyMeHTaIbHUX 3aco0iB mporpamu Elcut. Ilicias goro
JUisl pi3HUX KOHQIrypauiil MoNirpaji€eHTHUX CEePeIOBHUILL
BHU3HA4YaBCd KOeQIiEHT k; HEOMHOPITHOCTI MO 3a
hopmyJioro

ki = (Hmax = Hmin) /(Hmax + Hmin) »

ne Hyax, Hyin — MaKCHUMAaJIBHE 1 MiHIMQJIbHE 3HAYEHHS
HAaIpy>KEHOCTI MarHiTHOTO IOJIs, BiAMOBITHO.

OcCHOBHI TeoMeTpuyHi po3mipu pobOouoi 30HH, SKi
BapiroBaJIMCs IPHU JOCITIPKEHHI, IOKa3aHi Ha puc. 1 Ha
NpUKIaai CTpyKTypH Ss. TyT NpUHHATI MO3HAYSHHS: & —
MIXKIIOJIIOCHUH pOOOYMH TNPOMIXKOK, SKHH BiANOBigae
MiHIMaJIBHIN BiZICTaHI MK IUIaCTMHAMH;, @ — KYT IpHU
BEPIIMHI BUCTYIy II0JIIOCa; b — OCHOBA BHUCTYIY IIOJIIO-
ca; a — poboya mUpHUHA MaTPUIl. 3aaBaINCs HACTYIHI
TEOMETPUYHI KpUTepil MOMIOHOCTI IS ITOCIHIIKYBaHUX
obnacteit: X; = b/a ta X, = «. Jliana3oHu BapitOBaHHS
TEOMETPUYHUX KpUTepiiB momiObHocTi X; Ta X,, sfKi Ma-
I0Thb IPAaKTHYHUH iHTepec, ckiamu: X, = b/a = 0,1...0,4;
Xo=a=0,11x..044r.

Yi . a =
/ 1 <
e e’ _

o ‘ e’ !
0 X L3

Puc. 1. OcHoBHI reoMeTpuuHi po3mipu po6o40i 30HU
Ha TMPHUKIIAJL CTPYKTYPH S3

Po3paxoBani 3HaueHHs1 Koe(illieHTa HEOTHOPIJHOCTI
k; 3MIHIOBAJIHICS BiJl HYJISI IO OAMHUIN Ta OYJIH MIPOPAHKO-
BaHI 3TigHO KiIacudikarii, 3ampornoHoBaHoi B [9]:
ki < 0,3 — cmabo oxmHopimHe (abo c1abo HEOMHOpITHE)
mone; 0,3 < k; <(0,9...1) — Heomuopinae mone. s kia-
cudikaris modpe y3romKyeThes 3 KoeillieHToM Bapiamii
J/— OCHOBHHUM CTATHCTHYHHMM IOKA3HUKOM, III0 XapakKTe-
pHU3Y€E OTHOPIAHICTD AaHUX. Y MaTeMaTUuHIi CTaTHCTHII
MPUUHATO BBAKATH, IO, SKIIO 3HAYCHHS Koedimienta V
meHuie 33 %, TO CYKyIHICTb JJaHUX € OJHOPIJHOI0, SIKIIO
oinbiie 33 %, TO HEOAHOPITHOIO.

TakuMm 4MHOM, B pe3yJibTaTi po3paxyHKiB OyJ Bif-
CIYEHI CTPYKTYpH 3i ClIa00 HEOJHOPITHUMH IOJISIMU, IS
skux k; < 0,3. JJocaiKeHHS. TaKOK TTOKa3aly, M0 B CTPY-
KTypaxX, IO BiJPI3HAIOTHECA BUCOKOK HEOIHOPITHICTIO
OJIs, CepenHs HampykeHicte H 1onst Moxe OyTH HEeBH-
cokoro. ToMy Ha HACTYIHOMY €Tarli Jijisi BU3HAYCHHS pa-
[iOHATPHUX BapiaHTIB MOJITPaNi€HTHUX MATPHUIb 3.iicC-
HEHO OIL[IHKY BChOro crekTpy cuioBoro nosst Hgrad(H) B
TUTIOIIMHI POOOYMX 30H JOCIIIKYBAaHUX CTPYKTYP Y JBO-
BUMIpHIi 1moctaHoBI. JOCBiA MPOEKTYBaHHS MarHiTHUX
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CermaparopiB CBIIYMTH PO TE, IO BIAHOCHUN BILIUB
TPHOXMIPHOI'O MArHiTHOIO IOJISI MPUOJU3HO OXHAKOBHUIL
JUIS BCIX TOYOK IUIOCKMX MArHITHHX MOJENIeH poOoumx
MDKIIOJIFOCHUX 30H Ta HE 3aJICKUTh BiJ] TCOMETPUUHHUX
KpuTepiiB nmonionocti X; = b/a ta X; = « [1]. Tomy mar-
HITHE MoJie B poOOUiil 30HI cemapaTtopa MOXHa BBaXKaTH
IOCKOTIAPAIeIbHUM.

Jlist BUpimIeHHS 3a7adi 3 OI[IHKU CIIEKTPY CHJIOBOTO
MAarHiTHOTO MOJIsE PO3pobiieHa MporpaMa 3 BHKOPUCTaH-
HSIM MOBH TIporpaMmyBaHHA Java 7 Ta (peiiMBopky Spring,
sIKa Ha BXOJI OINpAaIbOBYE PE3YJIbTATH PO3PAXYHKY Ha-
npyxeHocti H Mar"iTHOro Mojisi, OTPUMaHi B Iporpami
Elcut y Burnsai Excel ¢aiinis. {ns poboru 3 Excel daii-
namu npusHadeHa Oibiioreka Apache POI. Pesynbrarom
BHKOHAHHS IporpamMu € HoBui Excel daiin 3 maHumu
po3paxyHKy cuiioBoi xapaktepuctuku Hgrad(H) marHiT-
Horo nosst. OCHOBHI eTanu OOYHCIIIOBAJIBHOIO €KCHEepH-
MEHTY HaBe/IeHI Ha pHc. 2.

TToGynoBa reoMeTp HYHOT MO

Po3paxyHOK Hampy-
JKeHOCTi MaTHITHOTO
TOMA 3a JOIOMOTOK
iHCTpyMeHTaIbHAX
3acobiB IporpaMu
ELCUT

Il

Po3paxyHOK CHIOBOT
XapaKTepHCTHKH
MarHiTHOTO IONA

H(gradH)

1L

IIpencraeneHls
pe3yIbTaTiB
OGYHCITIOBATTBHOTO
eKCIIepHMEHTY

3aBOaHHA (Qi3NYHIX BIacTHBOCTEl

TIpencraBieHHs pillleHHs y BHIIAML
KapTHHH TOIA
TIpencTaBieHHs pilleHHd 3a
JIONIOMOT 0K YHCIOBHX 3Ha9eHb
napaMeTpiB Tons

Y purasazi Tabnune Microsoft Excel

V euraaAnl Tabnune, rpadikie,
niarpam

Puc. 2. OcHOBHI eTany 00YHCITIOBATBHOTO EKCIIEPUMEHTY

Jlnst po3B’si3aHHs 3aBIaHHS 1O BU3HAYCHHIO pallio-
HaJIbHUX BapiaHTiB MOJITPaJiEHTHUX MaTpUIlb OyB 3aiis-
HHUI METOJI MOPIBHSUIEHOTO aHAI3Y CHIIOBHX XapaKTePHUC-
THK JIOCIHIJDKYBAaHHX BapiaHTIB CTPYKTyp MaTpHui 3 Bif-
MOBITHMMH XapaKTePUCTUKAaMU 0a30BOTO BapiaHTy cema-
paTopa, sSKuil BimHECeHUH 10 cTpyKTypH S,;. bazoBuii Ba-
piaHT MarHiTHOTO cemapaTopa OyB po3poOJIeHUI eMITipu-
YHUM [UITXOM Ta peali3oBaHdi y BUTILAAI (i3U9IHOI MO-
JelTl, eKCIIePUMEHTAIbHI TOCIKCHHS SKOT IMiATBeP AN
11 nmpaue3gatHicts [7]. IlepeBipka Ha ONTHMAIBHICTD IS
6a30BOro BapiaHTy cemaparopa He MPOBOIMIACE. XapaK-
TEepUCTUKN 0a30BOi MoJeNi cenaparopa: KO CTPYKTYpH
Sy4; reomerpuuHi Kpurtepii monibHocti X = b/a = 0,3;
Xo=a=0,11x

Jlns 6a30BOi Mojeni cemaparopa Iija 4yac 004KCIIio-
BAJILHOTO CKCIEPUMEHTY Oylia BH3HauYeHa dacTka P,
wroni po6ouoi 30HU (MIXITOJIIOCHOTO TPOMDKKY) MaTpH-
i, B SIKiif BEMYMHA CHIIOBOTO MApaMeTpy f,, 3a10BOJbHSIE
BUMO31 fiin < fru < finax» 1€ fmin —MIHIMAIIbHE TPAHUYHE 3HA-
YCHHSI CWJIOBOI XapaKTePUCTUKHU fri, = (Hgrad(H))um, 32
K0T 3a0€3MeuyeThCs, BUXOIAYH 3 IOCBIY IPOCKTYBaHHS
MarHITHUX CelapaTopiB, AOCTAaTHSA €PEKTHBHICTh BHJA-
JeHHs (epOMArHITHUX BKIIOYEHb (IIPH PO3paxXyHKax
NpUAHATE 3HAYCHHS fri, = 3108 A¥M® [10]); fimax
MaKCHUMaJlbHE 3HA4Y€HHS IMTOMOI IIPUBENEHOI CHIIN,

OTpUMaHe PO3PaxXyHKOBHM LUIIXOM Ul 0a30Boi Mojeni
cermaparopa, fK€ CTaHOBWJIO TIIpU  JOCIIJDKEHHSX
fonax = (Hgrad(H))max = 10,8:10° A*/’. 1151 wacTina rromi
pobouoi obnacti P, Oyna BUpakeHa y Bi[JICOTKax IO Bil-
HOIIICHHIO 710 BEJUYMHH P BCi€l miomli podoJoi 30HU ye-
pe3 mapametp y (y = P, / P). IlapameTp y 3anexuTh Bix
TeOMETPUYHUX KpuTepiiB Xj, X; 1 Moxke OyTH BU3HAUEHHUH
Ak e(eKTHBHA IUIoIa poOodoi 30HM Marpuui. s 6azo-
BOTO BapiaHTy cemapaTtopa mapamerp y ckiaB y = 7 %.
[Ipu po3paxyHKax TaKOX MOXKE TPH HEOOXITHOCTI T0AaT-
KOBO BH3HAYATHCS NapaMeTp y;, KA XapaKTepu3ye Ty
YaCTUHY IUIOIII PoOOYOI 30HH, Jle BHUKOHYETHCS yMOBA
fon > frnax = 10,8:10° A%/m>.Panionansanmu OyayTb BBaxa-
TUCS BapiaHTH NOCIHIIPKYBaHHX CHCTEM, SIKi 3a/I0BOJIbHSI-
I0Th YMOBI
;/z(Xl,Xz)—>max. 3)

PesymnbraTi po3paxyHKiB, OTpUMaHi IIiJ 9ac o0dmc-
JIOBAIBHOTO EKCIIEPUMEHTY, TOKa3zaiw, mo yMmoBi (3)
HaMKpalyM YMHOM 3aJ0BOJBHIIOTH CTPYKTYpH Sy Ta S,
JUI SIKMX OJIepKaHi HaWOIbILIl 3HAYSHHS Mapamerpy y
(puc. 3). MakcumalbHi 3HaYCHHS TIapameTpa y JJIs CTpY-
KTyp S3 Ta S4 CKJ1au, BiJIIOBIIHO:
mpu X, = a= 0,117 — 54,2 % Ta 54,6 %;
mpu X, = a= 0,187 — 60,3 % Ta 65 %;
mpu X; = a=0,227— 52,4 % Tta 53,2 %;
mpu X, = a=0,287—42,1 % ta 42 %
npu X, = a=0,337—-32,0 % ta 31,6 %;
npu X, = a= 0,397 — 23,5 % 1a 22,9 %.
OcobnmBicTIO CTPYKTYp S; Ta S5 € Te, mjo0 y 000X
CTPYKTYp OJIMHOYHUH ITACTUHYACTHH eJIEMEHT M€ BT
PIBHOOEAPEHOTO TPUKYTHHKA, HAIIPSIMOK OICEKTPHCH TOCT-
pOro KyTa MpPH BEPIIMHI SKOIO CHIBMAMAE 3 HAMPIMKOM
30BHIITHBOTO HaMarHigyro4oro moist. Lli pesymprati qoope
Y3TOKYIOTBCSL 3 BUCHOBKAMH, OTPHUMaHMMU B [2, 4], ne
BCT@HOBJICHO, LII0 IHTEHCHBHICTB 1 TPAJIiEHT IOJISI HABKOJIO
KyTa TPHUKYTHOTO €JIeMEeHTa MAaTpPHIli 3pOCTaI0Th, KO Oi-
CEKTpHCa FOCTPOro KyTa MapayeibHa HaPSIMKY HOJIL.
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Puc. 3. Pe3ynpraTn BapiaHTHUX pO3paxyHKiB apameTpa j:
a) X,=0=0,187; 6) X,=0=0,227; 6) X,=0=0,287; 2) X,=0=0,337
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Sk cBigUMTH pHUC. 3, MAKCUMAIILHOTO 3HAYEHHS Ta-
pametp y (y = 65 %) HaOyBae ajsi CTPYKTypu S; mpu
X1 = b/a =0,18. Tomy mj1st noganbUIMX AOCIIIPKEHb Oyia
oOpaHa cTpykTypa Ss.

Jist Olnbll TOYHOTO BHM3HAUEHHS pPalliOHATBHUX
TeOMETPUYHUX I1apaMeTpiB IUIACTHHYACTHX €JIEMEHTIB
MaTpHLi CTPYKTYpHu S, MoOymoBaHa 3aleKHICTh y = f(X3)
mpu X; = b/a = 0,18 (puc. 4), sika Mae IBHO BHUPAKCHUI
eKCTpeMyM, o Bimmosimae toumi X, = « = 0,157, msa
sikoi y HaOyBae 3HaueHHs y = 73,3 %. Takum 4yuHOM, pa-
LIOHATBPHUMH IJIS1 CTPYKTYpH Sy CIi BBaKATH IapaMerT-
pu: X; = b/a = 0,18 Ta X; = a = 0,157 (BiOgnOBigHO, KYT
IIPU BEpILIMHI TPUKYTHOTO €JIEMEHTY MAaTpHIi CKJIajae
2a = 0,37). Takuii pe3ynpTaT y3TOIKYETHCA 3 TaHUMH,
HaBeJICHUMH B [6], e BCTaHOBJIEHO, 110 MarHiTHa CHJia Ta
IHTCHCHUBHICTh MAarHITHOTO TOJS B OOJacTi BICTps 3y0a
MalOTh TEHACHIIIO 0 30UTBIICHHAS, KON KyT 2 MIpH Be-
piumHi 3y0a 3a10BoJbHSIE yMOBI 2 < 0,377.

v, %
80
AT
70 7 \ <
60 ~_
50 ™

O12n Otz Olom 0787 (027 0271 o
Puc. 4. 3anexunicts napamerpy y = AX;) npu X; = b/a = 0,18

BucHoBKkH.

BcTraHOBNIEHO 3alIeKHICTh CHIIOBUX XapaKTEPUCTHK
MOJIrPaJi€eHTHOTO €JIEKTPOMAarHiTHOTO cernapaTopa Bil
TrEOMETPUYHUX IIapaMeTpiB IUIACTHHYACTHX €JIEMEHTIB
0araTOKOMITOHCHTHOI MaTPHIII.

[IpoBenenuit B poOOTI aHANI3 TIOKA3aB, IO CTPYKTY-
pa Sy 3 mapamerpamu X; = b/a = 0,18 Ta X, = ¢ = 0,157
MOJKE BBa)XKaTHCs PAIliOHAJIBHOIO 3 TOYKH 30py BHCOKOTO
3Ha4eHHA e()eKTHBHOI Mo pobodoi 30uu (y = 73,3 %).
PesynbraTél mOCTiKEHHS Y3ro/KeHi 3 poOOTaMH IHIIHX
aBTOPIB.
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Determination of the rational geometrical parameters of
plate type elements of magnetic matrix of the polygradient
separator.

Introduction. Polygradient magnetic separation has wide appli-
cation in industry and in biomedicine. Working process in poly-
gradient separators takes place in a matrix, magnetic elements of
which create magnetic forces sufficient to remove small ferro- and
paramagnetic inclusions. Problem. The influence of mutual ar-
rangement of elements on character of distribution of magnetic
field is not taken into account during calculation of characteristics
of magnetic field in magnetic matrixes. It makes comparative
analysis of matrixes of different configurations quite difficult.
Fulfillment of comparative analysis of strength characteristics of
magnetic fields of multicomponent matrixes of polygradient sepa-
rators of various configurations requires further researches.
Goal. To determine the dependence of the strength characteristics
of the polygradient electromagnetic separator on the geometrical
parameters of the plate type elements of the multicomponent ma-
trix. Methodology. The finite element method for calculation of
power characteristics of separator magnetic field, method of com-
parative analysis and simple search method for determination of
rational geometric parameters of the matrix have been used dur-
ing the solution of the paper problem. Results. Estimation of en-
tire spectrum of force field in plane of working zones of investi-
gated structures in two-dimensional location for determination of
rational variants of polygradient matrixes has been done. The
main stages of computational experiment are given. Method of
comparative analysis of power characteristics of investigated
variants of matrix structures with corresponding characteristics of
basic version of separator for determination of rational geometri-
cal variants of polygradient matrixes has been applied. By results
of calculations the rational geometric parameters of polygradient
matrix has been chosen. The characteristics of power magnetic
fields in working gaps of matrixes of polygradient separator have
been studied. It made possible to determine the rational structural
variants of matrix on basis of parameter of effective area of work-
ing zone. Practical value. The results of research can be used in
practice of design of electromagnetic separators with polygradi-
ent matrixes. References 10, table 1, figures 4.

Key words: electromagnetic separator, polygradient matrix,
inhomogeneity coefficient, working zone, criteria of geomet-
ric similarity.

62 ISSN 2074-272X. Enexmpomexnixa i Enexmpomexanixa. 2018. Ned



YK 537.528 doi: 10.20998/2074-272X.2018.4.11

B.I'. Xexkyn, O.B. XBoman, A.Il. Cmupros, 2.U. Tadtaii, U.C. [Berny

AHAJIM3 M PA3BUTHE ITY3bIPBKOBOM MOJIEJIN CTAJIUU ®OPMUPOBAHUA
BBICOKOBOJIBTHOT'O ITPOBOA BOJJHOI'O ITPOMEXKYTKA

Bukxonano o240 i ananiz cyvacnux yaenenv npo nepeonpoodiiini npoyecu npu 6UCOK0B0IbIMHOMY €1eKMPULHOMY PO3PAOI 8 pi-
ouni. Iloxazano, wo «oynvoamrosay («bubble») mooens 3ananioeannsn po3psady modxce dymu 3acmoco6ana npu HAnNPYIceHocmi
enekmpuyunozo nons (36 — 180) kB/cm. 3a pezynomamamu excnepumeHmanibHuUx 00CHIONCEHb e1eKMPUUHUX XAPAKIMEPUCIUK
PO3pA0Y Y 600HOMY eeKmpOoini npu ni0GUUEHOMY 2IOPOCMAMUYHOMY MUCKY | MIHIMANbHIN HANPY3i, Wio 3abe3neuye 3ananio-
GAHHA PO3PAOY, OMPUMATA NOOANBUIUL PO3ZGUMOK OYTbOAUIK08A MOOeNb CMAJIl POPMYSANHHA 11020 GUCOKOGOTILINHO20 NPOHOIO.
3anpononosano akichuii onuc mpovox ghaz cmaoii popmysanna nnazmoeozo Kanany é piokomy erekmponimi. bion. 19, puc. 4.
Knrouoei cnosa: BUCOKOBOJLTHHI €JIEKTPUYHUNA PO3PAI, PiIKkuii eJeKTPOJiT, ocuuaorpamMa, nepeanpodiiini mpouecu, 0yJib-
0alKoBa Mo/eb.

Buvinonnen 0630p u ananu3z coepemenHbIx nPeOcmagnieHull 0 npeOnpofORHbLIX NPOUECCAX NPU BbICOKOBOIbMHOM INEKIMPUYECKOM
paspaoe 6 yxcuoxkocmu. Ilokazano, umo «nyzvipvkosan» («bubbley) modens 3axcuzanua pazpada npumeHuma npu HARPAHCEHHO-
cmu Inekmpuueckozo nona (36 — 180) kB/cm. Ilo pesynomamam IKCnepuMeHmanbHylX UCCIE006AHUIL ITIEKMPUYECKUX XapaK-
mepucmuK pazpada 6 600HOM INEKMPOIUME NPU ROBLIUEHHOM 2UOPOCHIAMUYECKOM OAGIEHUU U MUHUMAbHOM HARPANCEHUU,
obecneuusarouiem 3axcuzanue paspaod, nOAYUUIa danbHeliuiee pazsumue ny3viPbKOeas MoO0eib CIaouu Gopmuposanusn e2o
6bICOK0B0IbIMHO020 NPobos. IIpeonoirceno kauecmeennoe onucanue mpex ¢as cmaouu Gopmuposanus NiaA3MeHHO20 KAHALA 6
scuokom rnexmponume. bu6n. 19, puc. 4.

Kniouesbie cnosa: BbICOKOBOJIBTHBIH 3JIEKTPHYECKHI pa3psil, *KHAKHI 3JIEKTPOJIUT, OCHHIIOTPAMMa, NpeANnpodoiHbIe Mpo-

HeCChl, My3bIPbKOBast MOA€Jb.

BBenenne. Pa3BuTre 371€KTPOTHIPABINICCKUAX TEX-
HOJIOTHI BO BTOPOH ITOJIOBHHE JBA/NATOIO BeKa BBHI3BAJIO
MTOBBIIICHHBI WHTEpEC K M3YUCHUIO XapaKTEPHUCTHK HM-
ITyJTECHOTO JIEKTPUIECKOTO pa3psizia B )KAIKOCTH BO BCEM
mupe. IIpu BBICOKOBOJETHOM MOJBOTHOM JIIEKTPOB3PHI-
BE, pealm3yeMOM pa3psAIoM KOHJEHCcAaTopa Ha BOIHBIHA
MIPOMEXYTOK [ 1], BEIIENISAIOT TPH OCHOBHBIE CTAIHH:

1) ctagust hopMUPOBaHUS IIA3MEHHOTO KaHaja, 3aMbl-
KAIOIIETO MEKIICKTPOIHBII MPOMEKYTOK;

2)KaHanbHas CTaAMs, XapaKTEePU3YIOIIAACAd PpPEe3KUM
BO3pAaCTaHUEM Pa3PSAIHOTO TOKA U OBICTPHIM BBIACIEHUEM
ANIEKTPUYECKON PHEPTUU B KaHAJle BBICOKOW MPOBOJUMO-
CTH, 3aMBIKAOIIEM ITPOTHUBOIIOJIOKHBIE SIEKTPOIBI;

3)mocnepa3psgHas CTaiusi — IyJIbCAIMs Mapora3oBoi
MIOJIOCTH TIOCJIE OKOHYAHUS BBIIEICHUS DJICKTPUIECKOM
SHEPTHH B pa3psiAHOM KaHAJe.

B 3HauuTenbHOM cTENEHW KaHajlbHas U IOCIepas-
psAaHAs CTaauu, a, CIeAOBaTeNbHO, Y3PPEKTUBHOCTH BBI-
JIeNICHIsI SHEPTUH B KaHaJle M YCHJICHHE BO3JCHCTBUS Ha
00BEKT 3aBHCAT OT MAPaMETPOB CTaIrK (HOPMHUPOBAHUS.

Hennsio padoThl SBISIICS 0030p CYIIECTBYHOIIUX
MEXaHU3MOB (OPMHUPOBaHHs KaHaJa BBICOKOBOJBTHOTO
paspsizia ¢ aHAIM30M M Pa3BUTHEM ITY3BIPEKOBOW MOJICIH
cTamuu (popMUpOBaHUS MTPOOOS BOJHOTO MPOMEKYTKA.

OcHoBHbIe ompenesennsi. Ha puc. 1 npuseneHsl
TUIAYHBIE OCHIJUIOTPAaMMBI TOKA W HAIPSDKEHHUS TIPU
BBICOKOBOJIBTHOM IIP0O0O0e mpoBoasmiei xunkoctu [2]. [To
JAHHBIM OCIIMIUIOrPaMMaM ONPEAEIIIOT CIEAYIOMNe Ia-
paMeTpsl cTaanu (HOpMHUPOBAHMST TOKOIPOBOISIIECTO Ka-
Haja:

e J0JHAECPHOE BpeMs (BpeMsl 3aKUTaHUs pa3psna) fy —
BpEMs OT MOMCHTA IMPHUIIOKCHUSA HANPSHKECHUS K DJICK-
TpoaHou cucteme U, 10 MOMEHTa Hadajla BO3pacTaHUs
TOKa, COOTBECTCTBYIOUICTO MOMCHTY MOSBJICHUS IJIa3MCH-
HOTO JIHJIepa Ha OJTHOM U3 3JICKTPOJIOB;

e JTUIEPHOE BPEMs ¢, — BpeMs OT MOMEHTA Hadaia BO3-
pactaHus TOKa MO Hadaia PE3KOro CIiafa HampshKeHUS
Uy, 1 OTHOBPEMEHHOTO yBEIUYEHHsI CKOPOCTH HapacTa-

HUSL TOKa, YTO XapaKTCPU3YCT HACTYIJICHUC KaHaJIbHOM
CTaJluu paspsnaa.
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Puc. 1. OcumimiorpaMMbl TOKa B HAIIPSDKEHUS TIPH Ipoboe
ripoBoasiei xxuakoctu: 1 — nanpsbxenue U; 2 — TOK i

HonuaepHoil ctaauu COOTBETCTBYIOT MPUMEPHO I10-
CTOSIHHBIH TOK iy ¥ MEIUIEHHO CIaJarolliee HalpsHKEHHE
Uy, KpyTH3HA KOTOPOI'O ONPENENsIeTCs MOCTOSIHHOM Bpe-
MEHHU paspsiia HakomuTens. PocT cucTreMsl JTHISpOB Ha
ﬂMﬂepHOﬁ CTauu BCACT K YMCHBIICHUIO COIIPOTUBJICHUSA
MPOMEXKYTKA, YBEJIMYEHUIO TOKA i; U CHUKEHHUIO Halps-
xkenua U, llon nanpspkeHueM 3axuranus paspsga U,
OyzeM IOHMMATh TO MHMHHMAIBHOE HAaNpsDKEHHE, NpU
KOTOPOM Ha 3JIeKTpozie popMHUpYeTcs IIIa3MEHHAs! BETBb,
0], HANIPSDKEHNUEM MPO00s — TO MUHUMAJIBHOE HarpspKe-
HHE, TIPH KOTOPOM paspsiJi IEPEXOANT B KaHAIBHYIO CTa-
muto. Bpems mpenmpo6oitHOit craamu  popMHpPOBaHUSL
TOKOTIPOBOJISIILETO KAHANA £, BEIYUCIIAETCS 1O (hopMmyIIe:

tpp =tgtt. (1)

Kpatknii 0030p npeacraBjieHuii 0 npeanpodoiiHbIX
npoueccax B ;)kMAKOcTH. HenocpencTsenHo nmocie nogauu
HanpsHKEHUA Ha  SJICKTPOAHYHO CHCTEMY B KHUIAKOCTH,
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3AIOJIHAIOILEN MEKIIEKTPOAHBIN NPOMEXYTOK, HauMHa-
FOTCS TIPOIIECCHI, KOTOPBIE MOTYT NPHBECTH, B KOHEYHOM
uTOore, K (pOPMHUPOBAHUIO IJIA3MCHHBIX BeTBed. Bozmeii-
CTBHE IIOJISl CONPOBOXJIAETCS MOSIBICHUEM TOKOB, KOTO-
pBI€ MOXKHO 3aperHCTPUPOBATh C TOMOUIBIO CIIEHAIbHON
anmnapatypbl. JlanpHeilee H3MEHEHHE 3JIEKTPUYECKOro
MoJIsl B MEXUIEKTPOJHOM NPOMEXyTKe Oyner HalIro-
JIaThCsI 32 CUET CHIKEHHS HalpsDKEHHs Ha KOHJIEHcaTope
U SIBIICHUH, POUCXOAAIINX B CAMOM KHUIKOCTH TIPH TPH-
JIOKESHHUH TIOJISL.

Teopus pa3BUTHA NPOOOWHBIX SBICHUA B KHUIKO-
CTSIX IEepBOHAYAIBHO Oa3WpoBanack Ha WCCIEIOBAHHU
pa3paIoB B razax. B TpuanmaTeIX rogax ABaAIaTOTO BeKa
coBeTckuit yuenslii JI.A. FOTKUH mony4nsn nepBbie dKCIie-
PUMEHTaIbHBIE PE3YJIbTAThl 10 DJIEKTPOTrUAPABIMYECKO-
My 3¢ dekry, a ocoboe BHUMaHUE MPOLIECCaM IIPH BBICO-
KOBOJIBTHOM Ip00O€ JKHJIKOCTEeH Havaio ynessiThes, Ha-
YHHAs CO BTOPOH MOJOBMHBI ABAJATOTO BEKa.

[TepBOHAUAIFHO BBIAEISIIMCH JIBE TPYIIIBI THITOTE3 O
MeXxaHu3Me (OPMHUPOBAHUS Pa3psiaa B KUIKOCTIX B 3aBU-
CUMOCTH OT TOTO, KakKuM 00pa3oM B HUX OOBSACHSICTCA
TosIBIIEHUE HocuTenel 3apsima. [lepsast rpymnma oObenu-
HSUJTa TUTIOTE3bI, B KOTOPBIX Mporecc (OpMHPOBAHUS pa3-
psila He mpenmonaran HapyiieHus ($pazoBoil 0JHOPOIHO-
CTH XHIKOCTH. BTOopas rpymnma mpemycMmarpuBajia ra3o-
O6paSOBaHlde B )KUJAKOCTH U JIMIIb 3aTEM — MOHU3AIIUIO U
npo6oii. B.S. YirakoB 00beIMHII MIEPBYIO TPYIITYy MEXa-
HU3MOB TEPMUHOM DJIEKTPUYECKH TPoOOH, BTOPYIO —
ANIEKTPOTEIIOBON mpoboi [3]. DiekTpuueckuit mpoooit
IIpeaycMaTpUBaeT Pa3BUTHE MOHU3ALMOHHBIX NPOLECCOB
B JKHMJKOCTH, DJIEKTPOTEIUIOBOH — Pa3BUTHE IEPBHUYHBIX
HMOHM3ALMOHHBIX MPOIIECCOB B Ta30BOM (a3e mocje BCKHU-
TIAHUST KUIKOCTH.

[Tox 37MeKTPOTEIUIOBEIM MEXaHH3MOM HHHIIMHPOBA-
HUS paspsa aBTOp IOApa3syMeBall CIEAYIOIIYI0 COBO-
KYIHOCTH SIBJICHHH: MPOTEKaHWE IMOJ JeHCTBUEM MHPUIIO-
JKEHHOTO 3JICKTPUYECKOr0 TOJIsI TOKa IPOBOJMMOCTH,
pa3orpeB XXUAKOCTH B MPHUAIEKTPOJHBIX 00IACTIX C MaK-
CUMaJIbHOM HalpsKEHHOCTBIO T10JI4, BCKHUIIAHUE KUIKO-
CTH, MOHM3AIMs 11apOra30oBbIX IMOJIOCTEH, popMHupoBaHne
3a4yarka IUIa3MEHHOTO KaHana. OTOT MEXaHH3M MOXET
peaM30BBIBATHCS TPH OOJNBLIMX 3HAYEHHSX INPOU3BElIC-
HUS YACTHHON 3JIEKTPOIPOBOIHOCTH KUIKOCTH Ha IUTH-
TENBHOCTh BO3JEHCTBHs HampspkeHHs. [lockombky mpu
AMIYJIBCHBIX BO3IEHCTBHUAX IUIUTEIFHOCTD MPHIIOKEHHO-
r0 K TPOTHUBOIOJOXHBIM JJIEKTPOAAM HANPSDKEHUS
OOBIYHO HE TMPEBOCXOAWUT HECKOJBKHX COTEH MHKpOCe-
KyHZ, TO TaKOW MEXaHW3M WHHLIUUPOBAHHSA BEPOSATCH B
KHUJKOCTSIX C OOJBIION yHIEeNBbHOH 3JIEKTPOIPOBOJHO-
CTbIO, NIPEXKAE BCErO B DJIEKTPOJIUTAX. DIEKTPOTEILIOBOH
MCXaHU3M HWHHUIUHUPOBAHUA aBTOp CUHHTAI PCAKUM JIiA
HMITYJILCHOTO TIPOOO0SI )KUIKOCTEH.

W.II. KyxekuH TpakToBaj MeXaHH3M Npo00si BOIBI C
VIENBHOM 3MeKTporpoBoaHOcThio 2,5-10* Cwm/em snextpo-
TEIUIOBBIM [4] MpH HANPSHKEHHOCTSIX MOl Y OCTPUHMHBIX
anekTponoB E = (8 — 36) kB/cM. Uepes COTHH — THICSYN MUK-
POCEKYH OT MOMEHTA TIPWIIOKEHHS HANpPsHKEHUS BOIM3U
OCTpHS BOSHHKAET CBEUCHHE, PACIIMPEHHE KOTOPOTO TIPHBO-
T K ipodoto npomeskytka. [Ipu £ = (36 — 180) kB/cm ume-
€T MecTo JuaepHas ¢opma pas3psiia, mpuueM o0pa3oBa-
HUIO JUIEPOB TPEAIIECTBYET CBEUCHHE BBICOKOBOJBT-
Horo ajnekrpona. Ilpu E > 180 kB/cm cBedenue no

BO3HUKHOBEHUS JINAEPOB He HabOmromaercs. [Ipu manbix
E nBuxeHWe NUAEPOB CTYNEHYATOE, NPU OONBIIMX —
HETpEephIBHOE.

Pacuer auHaMuku oOpa3oBaHUs ra3oBOrO ITy3bIps B
BOJIE U €r0o HarpeBa IoJ| BO3IEHCTBUEM MPHIIOKEHHOTO K
JIEKTPOJaM HANPSDKEHHS I10 3JIEKTPOTEIUIOBOM Mopenn
IIPY HaNpsDKEHHOCTH 3JIeKTprudeckoro moist 1o 10 kB/em
npuBeneH B [5]. Hcmonmbp3oBanne MynbTHGHU3NYECKON
Mozenn pacuera B mporpamme COMSOL moxa3zano, 9ro
pas3psi B BoJE € yIENbHOW mpoBonuMocThio 3 Cm/M Ha-
KOIUTENBHON eMKOCTH 5 M®D, 3apsLKEHHOM 10 Hampshke-
HUs 3 KB, Be#eT K MOBBILICHHIO TEMIIEPATypbl B MEKD3-
nexTpoxHoM mpomexyTke 10 (300 — 800) K u mepexoxy
BOJIBI B IAPO0OPA3HOE COCTOSIHUE.

DJIeKTPUYECKUH MEXaHN3M MPOo00s UAESHTUDHULIUPO-
Basicsi B.Sl. YmakoBeiM [3] mo oTcyTcTBHIO razoo0paso-
BaHMS B JKHJIKOCTH JIO TIOSIBICHUSI CBEYEHHS, BBICOKOW
CKOpPOCTH HpopacTanus BetBU mpobos (10 10° m/c u Go-
Jjiee), OTCYTCTBUIO 3aBHCUMOCTH 3JEKTPUYECKON MPOYHO-
CTH OT TEMIIEPaTypPhl XHUIKOCTH BIUIOTH O TOYKH KHIIE-
HUSL ¥ OT SJIEKTPOIIPOBOAHOCTH KHUIKOCTH.

PaccmarpuBas mpo0Ooil HHU3KONPOBOAALINX U TH-
ANEKTPUUYECKUX KUAKOCTEH, aBTOPHI pabOThI [6] BBHIIBH-
raloT KACK O 3HAYUTENBHOM POJM 3MUCCUM, YIApHOU
MOHU3ALUHI U aBTOMOHHU3ALUK MOJIEKYI xkuakocTH. ITo nx
MHCHHIO, aBTOUMOHHU3alUA HNPOUCXOAUT B MNPHUIJICKTPOI-
HOM CJIO€ JKMJIKOCTH T10J1 ISHCTBUEM NOJISI MUKpopeibeda
MOBEPXHOCTH 3JIEKTpoza. HanpspkeHHOCTh Takoro mosis
MOXET Ha TPU HOPSAIKa NMPEBOCXOANUTH CPEIHIOI Harpsi-
JKEHHOCTb TIOJISI B IPOMEXKYTKE, a BOSHUKAOIIHE TIPH aB-
TOWOHHW3AIIMH AJICKTPOHBI JIBHXKYTCSI K aHOILy, pa3MHOKa-
SCh 110 ITYTH 32 CYET YAAPHOH MOHHU3ALUH.

B [7] n3y4anoch BIUSIHAE MUMITYJIbCOB HAIPSKEHUS
HAaHOCEKYHIHOHN [UIMTEIBHOCTH Ha MPOOOH TUCTHILTHPO-
BaHHOW BOABI C OOOCHOBAaHMEM 3JIEKTPOCTPUKLUH Kak
(hakTopa pa3BUTHS BO3MYIICHHH ONTHYECKOW IIOTHOCTH
W pa3pexeHHs: BOJIbl, THULMHUPYIOILETO MPOOOH.

B kparkoM 0030pe MexaHH3MOB (OpMHPOBAHHMS
CTPUMEPHBIX pPa3psAIOB B KHUIAKOCTH [8] YHOMSHYTHI
BJIMsIHHE (PAKTOPOB MOJICKYJIIPHOM MOHM3AIMK U MOHHOU
JIICCOLIMALINY, 3aBUCSIIEH OT AJIEKTPHYECKOTO OIS, Me-
xaHn3Ma Ayrepa (Auger mechanism), CONpoBO>KAAIOIINX
NEKTPUUECKUN MEXaHH3M MpOoOOsI.

HccnenoBaHuio 31EKTPUIECKUX M THAPOANHAMUYE-
CKMX XapaKTEPUCTHK pa3psaa B BOZAE NPH MOBHILICHHOM
ruapoarHaMudeckoM aasieHuu (1o 8§ Mlla) mocsiieHa
pabota [9]. 3necs_m3yqaincs pa3psl €eMKOCTHOTO HaKOIIH-
Tens Ha 60 Mx®D, 3apsprenHoro a0 (8 — 13) kB. Uccneno-
BaHUE MoKa3ayo, uro B auamnasone (0,1 — 4) MIla B Boze
MIPUCYTCTBYIOT T'a30BbI€ IY3bIPbKU, KOTOPBIE BIMAIOT KaK
Ha NpPEeANpOOUBHBIE XapaKTEPUCTUKH pa3psla, Tak U Ha
aMIUIMTYy BO30YyXXIaeMOH pa3psiioM BOJIHBI JIABJICHHUS.
ITpu sToM B nuanasone 10 3 MIla ¢ yBennueHnueM rugpo-
CTaTUYECKOTO JaBJICHUS aMIUINTY/A MMITYJIbCa aBICHHS
BO3pacTaeT, a Npu JaJbHEHIIEM YBEIMYEHUH T'MIpPOCTa-
TH4eckoro nasieHus no 8§ MIla — ymeHbpmaercs.

Takum 00pa3oM, HCCIENOBATENN YETKO BBIACISIOT
MeXaHu3M (HOPMHPOBAHUS paspsia B KHUAKOCTU IIO JIEK-
TPOTEIUIOBOM MoAeNu (IPH HANpPSHKEHHOCTH JIIEKTpUYe-
ckoro nons 10 36 kB/cM) U MO 3JIEKTPUYECKOW MOJICIH
(npu HampspkenHoctu cBbime 180 kB/cm). B nmamasone
HaNpPsDKECHHOCTEH, OIPaHUYEHHOM YKa3aHHBIMU YHCJICH-
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HBIMH 3HAYECHUSIMH, YICHBIE TIPEUIOKIITH «ITy3bIPHKOBYIO»
(«bubble») Moaenh 3aXKUraHUs Pa3psaa B KUIKOCTH.

«Ily3pIpbKOBash» MoOAeNb 32)KUTAHUS pa3psaa.
OLlHa 13 MNEPBLIX T'UIOTE3 O MEXAHU3ME UMITYJIBCHOT'O
AJIEKTPUYECKOTO TPO0OST BOJBI Ha OCHOBE «ITy3BIPHKO-
BOM» MOJIENIM 3@KUTaHMs KaK YacTH DJIEKTPOTEIIIOBOH
Mojenu Obuta_BblaBHHYTa O.B. SIHmMHBIM. Pesymbrars
uccienoBanuii [10] mo3Bonuiau aBTopam caenaTb BbIBOJ O
TOM, YTO IBW)KEHHE SJICKTPOHOB B KOHICHCHPOBAHHOM
cpene OymeT CONpPOBOKIATHCS BEHINEICHHEM B HEll 2Hep-
THH B TaKOM KOJMYECTBE, KOTOPOE OOECIICYHT yAapHOE
BCKHITAaHUE >KUIKOCTH U 00pa30BaHUE MHKPOIY3BIPHKOB,
MPUBOZSIIEE K HAPYIICHUIO ONTHYECKOH OJHOPOIHOCTH
JKUAKOCTH. B 3TUX my3bIpbKax pa3BUBAKOTCS MOHU3ALM-
OHHBIC ABJICHHUA, YTO U MPUBOIAUT K (bOpMI/lpOBaHI/IIO BECT-
BU 1pobos. D.B. SIHmMH oTMedaeT BO3MOXKHOCTh Pa3BH-
THSI HEYCTOHYMBOCTEH B ATOW CTaJHH, CBS3bIBAas C HUMHU
HEYHOPSJ0UYEHHYIO CTPYKTYpY AeHapuToB. [locie npobos
ra30BOI0 MHUKPOIIPOMEXYTKa BHOBb IPOUCXOJUT BCKHIIA-
HUE COCETHETO CJOS JKUAKOCTH y TOJOBKH MPOPOCIIETO
JHepa, fanee MpoIecc IOBTOPSETCS.

JanbHeilliee pa3BUTHE «IIY3BIPHKOBAs» MOJEIb
mpo0osi TONAPHBIX W HEMOJSPHBIX TUDJICKTPUIECKUX
XKUAKocTed momyumina B paborax C.M. KopobGeitHnkoBa
[11]. CornmacHo pe3ynpTaTaM 3KCIIEPHMEHTa, B yCIOBUIX
HU3KOr'o ruApoCTaTUudeCKOro AaBJICHUA MY3BIPbKU MOTYT
KaK CyILECTBOBaTh BOJHM3H 3JIEKTPOIOB, TaK U 00pa30BhI-
BaTbCA C TCUCHUCM BPECMCHM IIOCJIC MPUJIIOKCHHA K HUM
HaIlpsDKEHMS 38 CUET MHKPOKaBUTAIMH, JIOKAIBHOTO Iie-
perpeBa >KHAKOCTH ¥ 3JIEKTPOCTPUKLHOHHBIX SIBICHHH.
Mozenp nporeccoB, NPUBOASIINX K MPOOOI0 AMAIIEKTPH-
Ka, Tpearoiaraisa pa3psa B My3bIpbKe TPU TOCTHHKCHUHN
Ha HEM KpPUTHYECKOTO HANpsDKeHWA, AedopMaliuro Imy-
3BIpbKa KyJTOHOBCKUMH CHJIAMH, YCHJICHHE IIOJIsl B o0Jac-
TH TIOJIFOCOB ITy3BIPbKAa W TEPEXOX paspsifa B KUAKOCTh
mmocyie JOCTIDKEHHUS KPUTHYECKOH HampsHKEHHOCTH MOJIS.
Ha ocHOBaHMM TEOPETHYECKOrO aHAIN3a aBTOP aHAJIHUTH-
YECKHU TOJIyYMJI YaCTHOE PELICHUE JUIS OLIEHKU BPEMEHU
pocTa Imy3bIpbKa, KOTOPOE OH CBS3BIBAET C NPENIpOOOii-
HBIM BpEMEHEM IIpH I10Jjaye CTYIIEHYATOTr0 HaIPSDKEHHUS.

CornacHo runoreze asropa [11], mox neiicrBuem
JIEKTPUYECKOTO TIOJISI TIOCIIe JOCTHXKEHUsI Ha ITy3bIpbKe
HEKOTOPOTO 3HAYCHUS TMAaJCHUS HaIpsDKeHHs (00yCIoB-
JICHHOTO KaK POCTOM ITy3BIpbKa, TaK W BEIIMYHHOW TIPH-
JIOXKEHHOTO K 3JICKTPOJaM HAINpPsHKEHHs) B HEM BO3HHUKA-
0T HWOHU3AIMOHHBIE TPOIECCHl (YaCTUYHBIE PA3PSIIbI).
[Tocne pa3psga mose B My3bIpbKe YMEHBIIACTCS BCISACT-
BHE KpaHMPOBAHUS BHEIIHETO IOJI OCEBIIMMH 3apsijia-
MU, YTO BBI3BIBACT OcjabiieHue JUOO0 MPEeKpalIeHUEe HO-
HU3aLUOHHBIX IIpoLeccOoB. JIeHCTBUE JIEKTPUYECKOIO
II0JI1 Ha OCEBIUUU 3apsi/i IPUBOAUT K BBITATUBAHUIO IIy-
3bIpbKa BIOJIb TOJIS, @ TAaKXKE K INPOJABMKEHMIO 3apsijia
BIYOb JKUJKOCTH CO CKOPOCTBIO, OIpPEIeNsieMON IOJI-
BIJKHOCTBIO HOcUTenel 3apsa. Ilpu 3ToM BO3MOKHBI J1BE
CUTYaIlUU: TIOAJEpKAHNE pa3psaaa B BUIE TICIOMIETO Pa3-
psAna mubo TpeKpaleHue pa3psaa.

B mepBoM ciydae Ha my3bIppKe MOJAEPKUBACTCA
HaIpsOHKeHHWEe, MO-BUANMOMY, COOTBETCTBYIOIIECE 3aKOHY
[Tamena. B nocneaneM ciyyae HaupsKEHUE Ha Iy3bIPbKE
pacTer, 4To BENET K OBTOPHOMY PaspsiAy U ABMIKEHUIO B
JKUJIKOCTH HOBOH BOJIHBI 3apsiioB. Omnpenenstonyi ma-
paMeTp — JaBieHHE Ha CTEHKY ITy3bIpbKa — O0OYCIIOBIIEH

JIEUCTBHEM KYJIOHOBCKHX CHJ Ha WH)KEKTHPOBAHHBIH U
MOBEPXHOCTHBIH 3apsAbl 1 POCTOM JAaBJICHUS B ITy3bIPbKE
3a c4yeT Harpema rasa B HeM. 3a)KUTaHHE pas3psaia B KHUI-
KOCTH MPOM30MJIET, KOTAa HANPSHKEHHOCTh MO BOIM3U
TOJIFOCA ITy3BIPbKa TIOCTUTHET KPUTUYECKOTO 3HAYCHUSL.

Kpurepuem 3axuranust paspsiaa B KHIKOCTH aBTOD
CUNTA] IOCTH)KEHHE HEKOTOPOH KPUTHUYECKOH Harpsi-
KEHHOCTH Epg = (107 — 10®%) B/em. IpemnoxenHas my-
3BIPHKOBAsi MOJZIENb MO3BOJISIET, TI0 MHEHHIO aBTOpPA, pac-
cunTaTh mpeanpodoitHoe BpeMs. OqHaKo, BETMYMHA Ha-
MPsDKEHHOCTH TIOJISA, TIPU KOTOPOU TMPOUCXOMUT TpoOOit
KHIKOCTEH, onpeessiiachk no Gpopmyse Mapruna:

A

Ey=———=7- 2
(05 g0l

rne A — MOCTOsSIHHAs, 3aBUCSIIAs OT COPTa JKUAKOCTH U
MOJSIPHOCTH MHUIMUPYIOLIETO 3JIEKTPOJa, ! — IUINTEIb-
HOCTb HUMITYJIbCa IPUIJIOKEHHOTO HampshKeHHs, S — napa-
METp, 3aBUCSAIINN OT OTOJIEHHOM YacTH 3JIEKTPOAA.

HUccnenoBanust mpo06ost MPOBOIAIIMX HEJEra3upOBaH-
HBIX JKHIKOCTEH, Pe3yibTaThl KOTOPHIX MpHBEAeHHI B [12],
TIO3BOJIMIJIM aBTOPAM CIIENIaTh BBIBOJI O TOM, UTO B JIIATIa30HE
AIIEKTPOTIPOBOTHOCTH KHIKOCTH (2-10’5 — 2~10’3) CMm/cm
B mpoMmexyTkax (3,5 — 13) cm ee mpoOoii B HEOIXHOPO-
HOM TIOJIE HE CBSI3aH C IPEABAPUTEIBHBIM 00pa3oBaHUEM
CIUTOIIHOTO Ta30BOTO MOCTHKA [ake NPH BPEMEHaxX B
HECKOJIBKO JIECATKOB MHUKPOCEKYH[. ['a30Bble Iy3bIpbKU
00pa3yroTcst BOJIM3U 3JIEKTPOa HIIH TOJIOBKH KaHasla pas-
psna, a MOHU3ALMUS ATHX MY3bIPHKOB CIIOCOOCTBYET pa3-
BUTHIO Pa3psJHOTO KaHaja.

B [13] uccnegoBanuce mpouecchl HHULIMAPOBAHUS U
pacnpocTpaHeHUs MOJIOKUTENbHBIX TOABOIHBIX CTpUME-
POB B BOJIe MPH MPUMEHEHUH MMITYJIECHOTO HAMPSKEHUS
¢ JuMTenbHOCThIO 10 MKC Ha OCHOBaHWM OcLILIOrpadu-
POBaHHMSI ANEKTPUUECKUX XapaKTEPUCTUK paspsijia U TeHe-
BOIl CBEMKH Da3BHTHS pa3psla YIbTPABBICOKOCKOPOCT-
HOH kamepoil. Tak, Npu HANPSKEHHOCTHU MOl Y OCTPUIA-
KoBoro 3ekTpoaa 10 MB/cM Obutn 3adukcupoBaHbI Kiia-
CTephl MHUKPOITY3BIPHKOB BOJM3U AJIEKTPOAA, BHYTPH KO-
TOPBIX TPOUCXOAWIN MHKPOPa3psIbl, XapaKTEePH30BaB-
IIMECS CBEUYCHNUEM B JKHJIKOCTH.

[IpuBeneHHbIE pe3yNbTaThl TOBOPSAT O TOM, YTO HC-
CIIeJOBaHUEM TIPENIPOOOIHBIX XapPaKTEPUCTUK IKHIIKO-
CTell 3aHUMAJIMCh YYeHbIe MHOTHX cTpaH Mupa. OcHOBOH
UCCIIEOBAaHUN TPAKTHYECKU BCErza ObLI SKCIEPHUMEHT C
HCTIOJh30BaHNEM Hamboliee COBPEMEHHOW TEXHUKHU LIS
MOJTy4eHHsT HEOOXOIMMBIX SMIMPHUYECKHUX 3aBUCHMOCTEH.

3a:kuranue pa3psiia B MPOBOASIIUX KUIKOCTAX.
HccnenoBanneM MexaHW3MOB (OPMHUpPOBaHHsS paspsja B
MPOBOSIINX JKUJIKOCTSIX Ha MPOTSHKEHUH psijia JIEeT 3aHU-
Mamucs cneunanuctsl UUIIT HAH Vkpaunsl. Tak, enu-
HBIN ITO/IXO/ K OTMCAHUIO OBICTPBIX M MEIJICHHBIX UCKPO-
BEIX pa3psloB B KOHAEGHCHPOBAHHBIX CpeJax KakK BOJH
(a30BBIX TpeBpameHuii npeanoxked B [14]. B [15] uzmo-
JKEHBI PE3YNBTaThl AKCIEPUMEHTAIEHOTO HCCIICIOBAHUS
BIMSIHASL BBICOKOTO THAPOCTATHYECKOTO IaBJICHHUS (10
50 MIla) u remneparypsl (1o 373 K) Ha craauio hopmu-
pOBaHUS KaHaja pa3psala B KHUIKOCTH U KaHAIBHYIO CTa-
JMio paspsiaa. Ha ocHOBE 9THX 3KCIIEpUMEHTAIBHBIX JIaH-
HBIX BEJIMYMHA HANpPSHKEHUS 3aXKWUTaHHs paspsaa Juis
BOJHBIX NpoMexyTKoB 0T 30 1o 40 MM OLlEHHUBaEeTCs M-
npuueckoit popmyioi [15]:
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0,45
U, =329 Py '(F%o) , 3)

0,1-0,12; 00=(0,5-0,1)S/m
0,12-0,13; o =(0,1-0,03)S/m’

rae U, — BeNMUMHA HaNpPsDKEHUS 3a)KUTaHus paspsaa, KB;
P, — runpocrarudeckoe pasnenue, Ila; oy — ynenbHas
AJIEKTPOIIPOBOTHOCTE BOJHOTO 3JEKTponuTa, CM/M; 7o —
panuyc 3aKpyIJIeHUS CTEP)KHEBOTO JIEKTPOIA, M.

TeopeTuueckoe ONUCAHUE HAYAJIbHOM CTaauu pas-
psiia B MPOBOASAIIEH )KUAKOCTH, OCHOBAHHOE Ha TUIIOTE3E
0 Pa3BUTHH HEYCTOHYMBOCTEH B €e 0ObeMe Mo ACHCTBH-
€M DJIEKTPUYIECKOTO TIOJIs, peacTaBieHo B [16]. Marema-
THUYeCKas MOJEb BKIOYaga cucremy auddepeHiuaib-
HBbIX YPaBHEHUH, ONMCHIBAIOIIUX PA3BUTUE IEPErPEBHOM
HeyCTOﬁ'—IHBOCTH C YUYETOM DBJICKTPOTrUAPOAUHAMUYCCKUX
SIBIICHUH M CTaOMIM3MPYIOIUX (DaKTOPOB TeIuIonepesa-
yy. OTMeYaIach BO3MOXKHAsL POJIb 3JIEKTPOKOHBEKTHBHON
HEYCTOIYMBOCTH B ITPOIIECCE MPOPACTaHUS BETBU MPOOOSL.
PesynpraThl pacuera MOCTOSHHOM BpEMEHH pa3BUTHUS
MeperpeBHON HEYCTOWYMBOCTH UIS C(PEepHUecKor Treo-
METPHH JIEKTPOIHOW CHCTEMbI CPaBHUBAIHUCH C IJIH-
TEIbHOCTHIO JIOJIUJIEPHOMN CTaguu pas3psiia, U3MEPEHHOU
9KCIIEPHUMEHTATIBHO PH CKOPOCTHOM (hOTOTrpadMpOBaHUU
npeAnpoOOWHON CTaauK pas3psia BEICOKOBOIBTHOTO KOH-
JIeHCaTopa Ha BOJAHBIN IPOMEXYTOK C CHUHXPOHHBIM OC-
qUUTOrpaMpOBAaHUEM €ro JJIEKTPUUECKHX XapaKTepH-
ctuk. CpaBHEHHE PE3yJbTATOB pacdeTa M SKCIEpPUMEHTa
MTOJTBEPIUIIO TIPABUIBHOCTH BBIIBUHYTOH TEOPHH.

Pa3BuTne Teopuu mpoOOsi MPOBOASIINX JKUIKOCTEH
mpencTaBieHo B [2, 17]. Beuto BEIABHHYTO IpEAIIONoKe-
HHE, YTO ITOPOT 3aKUTaHMs pa3psaa B MPOBOASAIICH KHUI-
KOCTH OIIPEIEIHUTCS YCIOBHSAMH, 00ECTICUNBAIOIIUMHU Ca-
MOCTOSITETIBHOCTh paspsja B 00pa30BaBILEHCS Maporaso-
BOM kaBepHe. KapTuHa 3akuraHus npejcTaBisiiach Clie-
nyroumM obpasom. [laporasoBast momocte oOpasyercs y
3NEKTPOJia C MAKCUMAIbHOW HAPSXKEHHOCTHIO, B PE3YJIb-
TaTe MPOJOJDKAIOIIETOCS HarpeBa >KUIKOCTH yBEIHYHBa-
eTcsl B cBoeM pasMmepe d. Poct monoctu conpoBoskmaercs
YBEJIMYCHUEM IIPWIOKEHHOrO K Heil Hanpspkenus U(d),
BEJIMYHMHA KOTOPOTO OIPEAEsIeTCsT B TOM YHCIE pa3HoO-
CTHIO TIOTCHIIMAIIOB MEXIY dJeKTpoxaMu. IIpoboii mo-
JIOCTH BO3MOJKEH NIPH JIOCTIKEHUH INPOOMBHOTO HAmps-
XKEHUsI W pa3Mepa Ta30BOTO HMPOMEKYTKA KPHUTHUECKHX
3HA4YEHH, KOTOPbIe MOXKHO OLeHUTh (hopmyutoi [TarieHa:

Ud)=Uc(p-d). )
IZie p — aBJICHUE ra3a B IIy3bIpPbKE.

BennunHa KpUTHUYECKMX 3HAUYCHHWH HANpPsDKEHHS H
JraMeTpa PacCUUTHIBANACH UISI CHCTEMBI C(HEPUUECKHX
KOHIIEHTPHYECKUX 3JIEKTPOJIOB C MPEHEOPEKEHUEM HEOI-
HOPOAHOCTBIO MOJS B KaBepHE. Pe3ynbTaThl pacderoB
CPaBHMBAJINCh C SKCHEPHUMEHTAIBHBIMH JAHHBIMH. OJKC-
MIEPUMEHT MIPOBOAMIICS Ha 3JIEKTPOJHON CUCTEME «OCTPHE
— TIOCKOCTBY», MIPUYEM CTEpP)KE€Hb BBICTYIANl M3-10J] U30-
JIMPYIONIET0 HaKOHeYHHKa B Buje nonychepbl. Cxema
9KCTIEpUMEHTAIILHBIX UCCIIEI0BaHMI obecnieynBaiia Ipakx-
TUYECKU MPSAMOYTOJIbHBIN UMILYJIbC HAIPSKEHUS B CTAIUU
3a)KUTaHUS paspsaa. DKCIEPUMEHT IPOBOAWICS B BOAE C
yaenpHol mpoBomumocthio (107 — 107) Cm/M 1pu atmo-
chepHOM THIpOCcTaTHIECKOM NaBlieHWH. CpaBHEHHE pac-
YETHBIX W O3KCHEPUMEHTAIBHBIX 3HAYEHHI HaNpsHKEHHS

3aKUTaHUS [TOKA3aJI0 HEIIOXYI0 CXOJMMOCTh B JTHAINla30HE
U3MeHeHHs paanyca 3rekrpona-octpus (0,5 — 5,0) MM u
MEX3JIEKTPOIHOTO TpoMexyTKa (60 — 100) Mm.

B cootBercTBUM ¢ mpuBeaeHHO# B [18] Mopenbio
HampsDKeHUE 3aKuranust U, JOJDKHO OINMPENeNAThCS Kak
MaKCHUMAaIIbHOE U3 IBYX BEIWYHH:

U, =max(U . U,). (5)

rie Uy, — NoporoBoe (MUHUMAaIbHOE) HANPSHKEHHE, NPH
KOTOPOM BO3MO’KHO Pa3BUTHE NEPETrPEBHOM HEYCTONYU-
BoctH; U, — KpUTHYIECKOE HAIIPSHKCHUE NOHM3ALNH I'a3a B
oOpasyromuxcsd B 30HaX HarpeBa ITy3bIPbKax, KOTOpPOE
MPHUBOAXT K MPOOOIO Iy3BIphKa W MOCIEAYIoMeMy oOpa-
30BaHHUIO MJIA3MEHHOU BETBH MPOOOSI.

ITopor pa3BuTuUs NEPErpEeBHON HEYCTOMUUBOCTH OIl-
pelnesnsieTcs YHEProeMKOCThI0 MCTOYHUKA U obeclieunBa-
€TCsl MOAJEPKAHUEM TOCTOSHHOTO HANpsKEHUS B MEXD-
JEKTPOJHOM IPOMEXKYyTKe. B ciyuae, korga UCTOYHUKOM
HAalpsDKeHUs! SIBIETCS 3apsDKEHHAs KOHJEHcaTopHas Oa-
Tapesi, MOPOrOBOE HAIPSHKEHUE OMPENEINETCS] COTrIacHO
BBIPAKECHUIO

P Cp T ezl
U poy =| 2L, 6)
a-og-R-C

rae p — MIOTHOCTb XKUJAKOCTH, KF/MS; Cp — YAcJibHas TCII-
noeMKocTb xuakoctu, Jx/(kr-K); gy — anexkrpornpoBoa-
HOCTb JXKUIKOCTH, CM/M; 0 — TeMIepaTypHbIid Kod(duiu-
EHT SJIEKTPONPOBOIHOCTH xuuKocTH, K '; R — comporus-
JICHHE MEXDJIEKTPOIHOTO MpoMexyTka, OM; C — eMKOCTh
KOH/IeHCAaTOpHOM Oatapeu, @; r,; — paguyc aHoia, M.

11 3JIeKTPOIHOM CUCTEMBI CTEPKEHD — IIOCKOCTh
COIPOTUBIICHHE MEXIIEKTPOJHOTO MPOMEXKYTKA MOXKET
OBITH PACCYMTAHO MO BBIpaKeHUIO (7) C UCIOIB30BaHUEM
pacdeTHOM CXeMBbI, MPEACTABIEHHOW Ha PHUC. 2, B KOTOPOM
AIIEKTPOJHASI CUCTEMA MOJIEIIUPYETCS KOHLEHTPUIECKUMHU
nonychepamu [2].

R-— L [L_1} )
2-mop \p 1

Nl /\(1 3

Puc. 2. Cxema pacyera cONpOTHBICHUS IIPOMEKYTKA
B DJIEKTPOJHON CUCTEME CTEPIKEHb — INIOCKOCTh:
1 — anexTpoa-aHo[ (CTEPIKEHD); 2 — DIEKTPOA-KaTO
(mocKkocTh); 3 — U30IATOP; [ — IUIMHA MEXAIIEKTPOJHOTO
MIPOMEXKYTKA, M; 7, = [+ 7}

Kpurnueckoe Hampsokenue U, ompeneiseTcs Kak
HanpspkeHne 1po0ost Iy3bIpbKa ITUaMETPOM d,,, TOSIB-
JISIFOILIETOCS] B 30HAX MAaKCUMAaJIBHOI'O HAarpeBa >KUJIKOCTH.
CormnacHo [2], [Tt 3IEKTPOIHON CHCTEMBI, IPUBEICHHON
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Ha pHUC. 2, KPUTHYECKOE HANpsOKEHHE MPOOOsi Ta30BOTO
ITy3BIPbKa MOXKHO OTIPEICIHUTH IO BRIPAYKEHHIO
-1
_ B- AN dcr 1 1 h 1
c+ ln(pO : dcr)

cr -1 it &
n
rne B, ¢ — SMnupUYecKue KOHCTaHTHI, 3aBUCSIIUE OT CO-
CTaBa ra3a BHYTPH ITy3bIpbKa (HAmpumep, U MapoB BO-
el ipu E/p = 120 — 800 (B-m)/H xoHcTanTeI B = 290,
c=0,3 -0,6); pp — HOpMaTTBEHOE aTMOC(EPHOE TaBJICHHUE,
Do~ 10° Ta; h = ryfry; d., — KPUTHYECKUH (MIHUMATBHBIN)
pa3mep Iy3BIpbKa, MPH KOTOPOM IPOHUCXOAMT €ro IMpo-
0oii, onpeaensieTcs cornacHo (9):
d-[e+In(py-d)-1]=1r. ©)

Pacuer mo ¢opmysie (8) mpeamosaraer CieAyrOIIMe
JOITYIIICHHS

® T10JIe BHYTPH IMy3bIpbKa OTHOPOIHO;

e JaBJICHUE BHYTPHU I1y3bIpbKa PaBHO aTMOC(EPHOMY;

e mampspkeHne U(d), mpuitokeHHOE K ITy3bIPBKY, OTI-
penemnsieTcss KaKk pa3HOCTh IOTCHIIMAIOB MEXIy MOBEPX-
HOCTBIO 3JIEKTPOJa-aHo/a ¥ OSKBUIIOTEHIHMAIBLHOM I10-
BEPXHOCTBIO, OTCTAIOIIEH OT Hee Ha PacCTOSHUU d;

® FCKAXCHHS, BHOCHMEBIC Iy3BIPHKOM B paclperee-
HUE NOJIS B IPUAJIEKTPOIHOM 00J1aCTH, HE YUUTHIBAIOTCS;

® HanpsDKEHHE MPo00s My3bIpbKa ONpEIeNseTCs 3aK0-
HOM nogo6us [Tamena.

[IpencraBneHHast y3bIpbKOBasi MOAEIH IO3BOJISET
OLICHUTh HAIPSDKEHUE 3a)KMT'aHUs AIIEKTPUYECKOTO pas-
psifa B BOJE IPH HOPMAIBHBIX aTMOC(HEPHBIX YCIOBHSIX.

O0ocHoBaHMe My3bIPHKOBOI MOJeIH pa3psaa no
pe3yJabTaTaM OCHHJLIOrPa(UpPOBAHUS €ro dJIeKTpuye-
CKHX XapaktepucTuk. Ousndeckas CyIHOCTh ITy3BIPh-
KOBOM MOZENH XOpOIIO aHAJIM3HpYyeTcs mpu obpaboTke
OCLIJIJIOTPAaMM MOPOTOBBIX PEXUMOB pa3psiia B BOJHOM
3JIEKTPOJINTE MPU MOBBIIIEHHOM THAPOCTaTHYECKOM JIaB-
nennu (puc. 3). B aTux pexxumax MoxHO HaOIIOATh 3a-
JKMTaHUe paspsja (cBeueHue) BOJIM3M aHOJia, HO CTPHMED
m00 HE JOCTUTaeT IPOTHBOIIOJIOKHOTO 3JIEKTPOJa-
karoza (puc. 3,a), TM0O ocTaTOYHOE HANPSDKEHHE Ha KOH-
JICHCaTOpe Ha MOMEHT Hayajia KaHAJIbHOW CTaJWd Ha-
CTOJIBKO MaJio, YTO TOK aKTHBHOM CTaJHWu pa3psaa cpas-
HUM C TpeAnpoOoHHBIME ToKamu (puc. 3,6). Ocrumio-
rpaMMBI OBUIH TIOJTyYeHBI Ha JIAOOPaTOPHOM CTEHIE, T0-
3BOJISIIONIEM MOJEIIMPOBATh BBICOKOBOJIBTHBIM TPOOOH
BOJHOTO TPOMEXKYTKA B YCIOBHSAX BBICOKOTO THAPOCTA-
THYEeCKOTo naBieHus [19].

Kak BugHO 13 puc. 3,a, MOMEHT cpabaTbiBaHus (o-
TOJMOJHOTO NAaTYNKa, YCTAHOBJICHHOTO HAa PAaCCTOSHHUH
60 MM HampPOTHB KaHaNa pa3psaa JUisl perucTpaliy Ha-
yaja CBEYEHHS, COBIANAET C XapaKTepHbIM H3THOOM
KpHBOH TOKa Ha ctaauu (GopMHupoBaHus paszpsima. Jis
KayecTBEHHOr0 aHain3a (PU3MYECKHX IPOIECCOB, IPO-
UCXOISIINX Ha 3TOM CTaJuu paspsina, ObLIM MOCTPOSHBI
BpEMEHHBIE 3aBUCUMOCTH M3MEHEHHSI aKTUBHOTO COTIPO-
TUBIICHUS BOJHOTO MPOMEXKYTKA B AJICKTPOITHON CHCTe-
Me (OTHOIIEHHE HANPSIKEHHS Ha MPOMEKYTKE K TOKY B
HeM). 3aBHCUMOCTH TpuBeaeHbl Ha puc. 4. OHU COOT-
BETCTBYIOT pe3ylNbTaTaM o00pa0OTKH OCHHILIOTPAMM,
n300pakeHHBIX Ha puc. 3.

AHanmu3 JaHHBIX pHC. 4 MOKa3aj, 4ToO CTaauto ¢Gop-
MHUPOBaHHS NEKTPUUECKOTO pa3psijia B )KUIKOCTH MOXKHO
pa3OuTh Ha psiJi BpeMEHHBIX (ha3.

+

6
Puc. 3. OcuuutorpaMMBl TOPOTOBBIX PEXKUMOB IIEKTPUIECKOTO
paspsana emxoct C = 2,47 MKkD, 3apsyKEHHOU 10 HANPSKEHUS
U, B 2JICKTPOJHOI cUCTEME «OCTPUE-IITIOCKOCTh» C PAIyCcCOM
OCTpUA-aHOA ¥y = 1,5 MM U AJIMHON MEXAJIEKTPOAHOrO IPO-
MeXyTKa /[ = 24 MM, 3aII0JTHEHHO! BOJJHBIM JJIEKTPOIUTOM C
yIeIBHON IEKTPOHIPOBOAHOCTHIO 0y = 0,2 CM/M npH ruapocTa-
THYECKOM JIaBJIeHUH Py, = 10 MIla:
1 — HanpsDKEHHE Ha Pa3psIHOM MPOMEKYTKE; 2 — pa3psIHbIiL
TOK; 3 — CHTHAM ()OTOJHOAHOTO IATUYUKA, PETHCTPUPYIOLIETO
cBedeHue BOMM3M anoxa; a — Uy =17 xB; 6 — Uy = 18,5 kB

R, Om

200

150

100

50

0
0 0,0001 0,0002

a

0,0003 tc

R, Om

200
150
100

50

0 0,00005 0,0001 tc

o

Puc. 4. I3meHeHue COIPOTUBIICHUS BOJHOIO IPOMEXKYTKA,
paccyuTaHHOE 0 OCLMIUIOrpaMMaM puc. 3:

a-Uy=17xB;6-U,=18,5xB

B MOMEHT NpUIIOKEHHSI HANPSDKEHHUS K MEXKIIICK-
TPOZHOMY TPOMEXYTKY B BOJHOM OJJIEKTPOJMTE UEpe3
HEro HAYWMHAIOT MPOTEKaTh NpeanpoOoiiHbie TOkH. ITox
UX JefiCTBHEM NPOUCXOAMT HKOYJIEB HArpeB, YTO COMPO-
BOXKJJA€TCS IOBBIMICHUEM TEMIIEpPAaTyphl IEKTPOIHUTA U
CHIDKEHHEM aKTHBHOTO CONPOTUBIIEHUS NPOMEXKYTKa B
daze 1.

Ha rpannne ¢a3 1 u 2 npoucxoanT cTabMiIn3anus
COIIPOTHUBIIEHHS C €r0 IOCIEIYIOIMNUM pocToM B (ase 2.
Ms! mpeanonaraeM, 4TO AAHHOE HM3MEHEHHE BBI3BAHO
HaydaJloM TpoIrecca O0Opa3oBaHMS Ta30BBIX My3bIPHKOB
BONMM3M 3JIeKTpoja-karoga. B pesynbraTe miomanpb mo-
BEPXHOCTH KaTO/a, CONPHKAcAIOIIEIca ¢ IEKTPOIUTOM,
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YMEHBIIAETCs, a IUNIOTHOCTh TOKA U TeMIlEpaTypa I'PaHu-
16l COPUKOCHOBEHUS NPOAOIKAIOT BO3PACTaTh.

Ha rpanurie ¢a3 2 u 3 cONpOTUBICHUE CHOBA HAYH-
HAaeT yMeHbIIAThCs. MBI CYMTaeM, YTO B ITOT MOMEHT
BPEMEHU pa3Mep Ta30BOTO Iy3bIpbKa JIOCTHraeT KPUTH-
YEeCKOro 3HA4YCeHHUs, PU KOTOPOM OCTaTOYHOE HarpsbKe-
HUE, IPUIOKEHHOE K 3JIEKTPOIHOH CHCTEME, CIOCOOCT-
ByeT npo0oIo Imy3bIpbKa ¢ oOpa3oBaHueM crpumepa. Ciie-
JyeT OTMETHTh, YTO IIPH OTHOCUTEIHHO MaJOM THIPOCTa-
THYECKOM JIaBJICHUH JKUIKOCTh YK€ HACBIIICHA Ta30BEIMU
BKITIOUEHHSMH, TTO3TOMY JUIMTENBHOCTH (a3 1 u 2 B 3TOM
Cllyyae ropasZio MEHBIIE, YeM IIPH MOBBIMICHHOM JaBie-
HUH, 9TO HEOJHOKPATHO OBIJIO MOATBEPKICHO OIBITHBIM
nyteM. PocT crpumMepa (160 cHCTEMBI CTPUMEPOB) BEET
K YMEHBILIEHUIO COINPOTUBIICHHUS 332 CYET yMEHbIICHUS
pacCTOsSHUSI MEXAY €ro rOJIOBKOW M KaTOIOM, a TakKkKe
JaTbHEHIIET0 YBEIWYEHHsT TEeMIIepaTypbl AJIEKTPOJINTA.
daza pocTa CTpUMEPOB MOXKET 3aBEPILUTHCS 3aTyXaHHEM
(puc. 4,a) ¢ mOCIENYIOMIM BOCCTAHOBICHUEM COIIPOTHB-
JICHUS TIPOMEXKYTKA, JTHOO TOCTI)KEHHEM CTPUMEPOM Ka-
ToJa, 00pa3oBaHMEM KaHaAJIa MaJIOH MTPOBOANMOCTH C BbI-
JIeTICHUEM OCTAaBIICHCS B HAKOIUTENIE SHEPTUH B aKTHB-
HOMW cTajuy pa3psga U Pe3KUM YMEHBIICHUEM COIPOTHB-
nenus (puc. 4,0).

BuiBoabI.

1. BoimonHeHn 0030p W aHalM3 COBPEMEHHBIX Mpea-
CTaBJICHUH O NPeAnpoOOHHBIX IMPOLECCaX MPH BBICOKO-
BOJIbTHOM 3JICKTPUYECKOM Pa3psifie B )KUAKOCTH, KOTOPBIN
MOKa3ajl, 4TO «Iy3bIpbKoBas» («bubble») mMoxens 3axu-
TaHus paspsaja B JKUIKOCTH IPHUMEHMMA NP HalpsDKEH-
HOCTH 3MeKTpryeckoro nois (36 — 180) kB/cwm.

2.Ilo pe3ynpraTaM SKCIEPUMEHTAJIbHBIX HCCIENOBA-
HUM 3JEKTPUYECKUX XapaKTEPUCTUK pas3psiia B BOJHOM
JIEKTPOJINTE TPH MOBBIIICHHOM T'MAPOCTATHYECKOM J1aB-
JICHUY ¥ MHUHUMAaJIbHOM HANpsDKCHUH, 00€CTIeurBaIOIEM
3aXWraHue pas3psaa, MOMyduiaa AajibHeiliee pa3BUTHE
My3bIPHKOBasi MOZENb CTaIuX (OPMHUPOBAHHS €r0 BBICO-
KOBOJIFTHOTO 1po0ost. [IpeanoxkeHo kKauecTBEHHOE OIH-
canue Tpex (a3 craauu (HOPMHUPOBAHUS TUIA3MEHHOTO
KaHaJia B )KUJKOM JJICKTPOJIHTE.

3. [lanbHeliee pa3BUTHE METOAMKHM pacueTa INpea-
MPOOOHHBIX XapaKTEPUCTHK JIICKTPUUECKOTO paspsiia B
XKHUJKOCTH Ha OCHOBE ITy3BbIPHKOBOI MOJIEII MOXKET OIpe-
JENUTh MYTH MOBBIMIEHUS >((HEeKTUBHOCTH PabOTHI psga
BBICOKOBOJIBTHBIX_3JIEKTPOPA3PSIHBIX YCTPOICTB.
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Analysis and development of the bubble model of the formation
stage of high-voltage breakdown of the water gap.

Purpose. A high-voltage underwater electric explosion, real-
ized by discharging a capacitor into a water gap, is character-
ized by three main stages: the stage of formation of the plasma
channel, the channel stage and post-discharge one. Substan-
tially, the channel, post-discharge stages and the efficiency of
energy release in the channel and the increase in the hydrody-
namic effect on the object being processed depend on the pa-
rameters of the stage of formation. The purpose of the work
was to review the existing mechanisms for the formation of a
high-voltage discharge channel with the analysis and devel-
opment of a bubble model of the stage of formation of water
gap breakdown. Methodology. We have applied the analysis of
existing theories on the formation of a high-voltage discharge
channel, the carrying out of electrophysical studies with the
processing of the obtained data. Results. A review and analy-
sis of modern concepts of pre-breakdown processes in a high-
voltage electric discharge in a liquid showed that the «bubbley
model of the ignition of a discharge is applicable at an electric
field strength (36 — 180) kV/cm. We have further developed the
bubble model of the stage of formation of high-voltage break-
down on the results of experimental studies of the electrical
characteristics of the discharge in the aqueous electrolyte with
increased hydrostatic pressure and minimum voltage provid-
ing ignition of the discharge. A qualitative description of three
phases of the stage of formation of the plasma channel in the
liquid electrolyte is proposed. Originality. We have further
developed the bubble model of the stage of formation of high-
voltage breakdown of the liquid electrolyte on the results of
experimental studies of the electrical characteristics of the
discharge in the aqueous electrolyte with increased hydro-
static pressure and minimum voltage providing ignition of the
discharge. A qualitative variation of the resistance of the gap
in the pre-breakdown stage of the discharge is considered.
Practical value. Determination of the scientific basis for creat-
ing a methodology for calculating the pre-breakdown charac-
teristics of an electric discharge to improve the efficiency of
electric discharge devices. References 19, figures 4.

Key words: high-voltage electric discharge, liquid electrolyte,
oscillogram, pre-breakdown processes, bubble model.
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OPTIMAL UTILIZATION OF ELECTRICAL ENERGY FROM POWER PLANTS
BASED ON FINAL ENERGY CONSUMPTION USING GRAVITATIONAL SEARCH
ALGORITHM

Purpose. Energy consumption is a standard measure to evaluate the progress and quality of life in a country. When used properly
and logically it could be cause of progress in science, technology and welfare of the people in any country and otherwise
irreparable economic losses and economic gross recession would happen. And finally, the quantity of energy consumption per
GDP will increase day by day. Electrical energy, as the most prominent type of energy, is very important. In this article based on a
different approach, according to the final consumption of electric energy, a proper economic planning in order to supply
electrical energy is submitted. In this programming, the details of final energy consumption, will replace with the information of
power network, by considering the network efficiency and power plants. Operation of power plants is based on the energy
optimization entranced to a plant. By using the proposed method and gravitational search algorithm, the total cost of electrical
energy can be minimized. The results of simulation and numerical studies show better convergence of gravitational search
algorithm in comparison with other existing methods in this area. References 17, tables 2, figures 4.

Key words: gravitational search algorithm, energy, electrical energy, economic distribution, final energy consumption.

Ienv. Duepzonompednenue nennemcs cmanoapmuoii Mepoil 013 oyenKu npozpecca u Kauecmea xcusnu ¢ cmpane. Ilpagunvhoe u
000CH08aAHHOE €€ UCNOIb306ANIE MONCEM NPUBECINU K NPOZPECCY 8 HAYKe, MEXHUKe U O1a20COCmOoanuU 100ell 8 1000l cmpane, 6
HPOMUGHOM cJlyuae RPou30i0ym HEenonpagumvle IKOHOMUYECKUE ROMEPU U RAOeHUe 8a/l06020 eHympeHHez0 npodykma. H,
HaKoHey, Konuuecmeo nompeodnennoi Inepeuu na eounuyy BBII 6yoem eo3pacmamp ¢ Kaxyucovim OHeM. DeKmpuuecKkasn Inepeus,
KaK OCHOGHOU 6UO IHepeuu, AGIACMCA 8ecbMa 6ajrchoi. B oanmoii cmamve, 0cHO6bIBAAC HA PAZIUYHBIX NOOX00GX, &
coOmeemcmeuu ¢ KOHEUHbIM NOmpedieHuem 3INeKMpPudecKol IHepeuu, NpeocmaesieHo COOMmeemcmeylouiee IKOHOMUUECKoe
naanuposanue nooauu nekmpoduepeuu. Ilpu mom, nodpooHocmu KoHeunO20 nompedneHUs IHEPIUU  3AMEHAIOMCA
ungpopmanueii 0 cemu nekmpochadicenus, yuumolean Ipdexmusnocmsy cemu u Inexmpocmanyui. PaGoma nexmpocmanyuii
OCHOBAHA HA ONMUMU3AUUU IHEPZUU, RPOU3EOOUMOU elo. Hcnonv3ys npednojcennvlii Memoo u anzopumm 2pasumayionHozo
HOUCKA, MONCHO MUHUMUIUPOSAMDb OOWYI0 CHOUMOCHb INEKMPUYEcKoil Inepeuu. Pesyniomamor mooenuposanus u 4ucieHHbix
UCCNe006anUIl  HOKA3BIGAIOM  JIYHUIIYIO CXOOUMOCHb AI20PUMMA  ZPAGUMAUUOHHO20 HOUCKA RO CPAGHEHUIO C OpyzuMU
cyuwecmayouumu Memooamu 6 0annol oonacmu. butn. 17, tabm. 2, puc. 4.

Kurouesvie crosa: alropuTM TpaBUTAIMOHHOTO MOMCKA, YHEPTHS, YIEKTPHUECKAsK IHEPrUsi, IKOHOMHYECKOe pacnpeeieHue,

KOHEeYHOe NOoTpedIeHne JHEPTuu.

Introduction. The energy consumption trend in
recent years has been very rapid and worrying. This
process in developing countries, especially Iran has been
much higher than the global average. The continuation of
energy supply and ensuring long-term access to resources,
needs a comprehensive energy plan, and therefore the
energy planning is the undeniable necessities of
economic, national and strategic in a country. One of the
key topics that is discussed in the context of energy
planning, is the economic distribution of electrical energy.

Economic dispatch problem using Tucker-Cohen is
performing well and appropriate economic status is
determined. When these conditions are met, all the
plants that are in circuit, with the exception of plants
that can effectively inject their maximum power into the
network, due to their amount of fuel are loaded [1].
Economic dispatch methods can be placed in two groups
of analytical methods and intelligent systems. One of the
most famous and oldest analytical methods, is Lagrange
method [2]. Including the intelligent systems, can note
the optimization of the application of innovative
methods in economic dispatch and entrance of plant into
the circuit [3].

Despite the research conducted on the economic
dispatch and as a result, the problem of entrancing the
plant into the circuit, most of these studies has been
appropriated by electric power consumer's expectations.
In this paper a different approach with regard to the
undeniable importance of energy, is presented in the field

of economic distribution with needs of consumers. In
describing this new and different expression, according to
the final consumption of electric energy, economic
distribution of this energy consumption will be
established by power plants. And then based on different
power plants efficiency, input energy requirements of
power plants, is planned and optimized.

In this paper, first in the second part, definition and
discussion of how to formulate economic distribution of
energy is expressed. Then, in the third part gravitational
search algorithm is presented. The fourth part of the
article is devoted to the application of gravitational search
algorithm in the context of economic distribution. In the
fifth part the simulation results are given and finally in the
sixth part of the article summary is expressed.

Problem statement and formulation. The cost of
electrical power distribution for the whole system is equal
to the sum of Costs of different units [4]. The basic
operation of the system is that the total output powers
must be equal to the total load [5]. In this case the
economic dispatch is expressed by relations:

N
Fr =Y Fi(p) (1)
i=1
N
@=0=Pg-) B, ©)

i=l1
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where Fr is the total cost of the operation from the
system, N is the number of power plants, P; is the share of
i-th power plant from the total demand, and F(P,), is the
cost of power plants, in order to generating power P.
@ indicating the fundamental issue Py, is the total
demand.

It should be noted that each plant is able to operate
in the range of its unique ability to inject power. This
range of capability is expressed as:

Fimin < B < B max > (3)
where P; in and P;n.x respectively, are the minimum and
maximum power injection at the i-th power plant.

Expressions (1) and (2) show the overview of the
economic distribution of electric power, we intend to
extend this relation into the energy definition domain. So,
in the new expression, E replacing with Pr and we define
total electric energy demand based on final consumption
of electrical energy. Therefore, this new attitude we try to
provide electrical energy demand in a way to reduce the
rate of its costs. The subject that expressed in fact is an
optimization problem with a constraint which can be
solved with optimization existing methods. However
analytical methods such as Lagrange method solve this
issue, but in the complex systems and real great,
especially when considering the losses and efficiency of
the network and in fact nonlinear problem, becomes more
with computational complexity. In these situations,
evolutionary optimization algorithms, represent their
ability to well solve such issues. Various evolutionary
optimization algorithms have been proposed and
introduced by various authors [6-10].

Gravitational search algorithm. Considering the
extent and complexity of the issues and the importance of
speed to get answers, other classical optimization
methods, do not have ability to solve many issues, and
instead of searching of comprehensive space, random
search algorithms are used to define the problem. This has
led to the use of heuristic search algorithm (intuitive or
initiatives) which have grown substantially in recent years
[6-10]. Heuristic algorithms have demonstrated their high
ability in many fields of science such as transport [11],
bioinformatics [12], data mining [13], physical chemistry
[14], electronics [15] and other related fields. The
achievement of an appropriate mathematical model to the
process of searching for innovative methods, is very hard
and even impossible [13]. Therefore, this type of
algorithms, can be named as «black boxes» optimization
algorithms [16].

According to the gravity law each mass perceived
location and status of other masses through the law of
gravitational attraction. Therefore, this force can be used
as a tool for information exchange. The optimum detector
designed to solve the optimization problem can be used,
which each answer can be defined as a position in space
and its similarity to the other solutions can be expressed
as a distance. The rate of masses is determined according
to the objective function [17].

However, imagine the system as a set of m object.
The position of each object is a point in space which is an
answer of the problem. In (4), the position of dimension d

of the object i is shown with xl-d

X,-(x},...,xf’,...,xf). 4)

At first, randomly the initial position of the objects,

is define in the space of problem definition, these objects

due to the forces which exert to each other proceed
towards the answer of the problem.

In this system at time ¢ to mass i from mass j in the

direction of dimension d force equal to Fl]d (t) is

imported. M,; is gravitational mass of mass j, G(7) is the
gravitational constant in time t and R; is the distance
between the two objects j and i. Euclidean distance is
used to determine the distance between the objects. gis a
very small number

Fi(e)= %(ﬁ (0 0) (5)
Ry (1) =[x 0)- x5 (), ©6)

Force on object j in the direction of dimension d at
the time ¢, Fid (¢), is calculated according to (7). In this

equation, r; is a random number with uniform distribution
in [0-1]

m
d d
F(t)= 2 nFy (1) @)
j=l,j#i
Acceleration of object 7 in the direction of dimension

d at time ¢ is shown with ald () and inertial mass of object
i is shown with Mi,(7)

al (¢ =m. (8)
Mi (¢)
In this case we have:
v e+ 1)= b (0)+ af (1) ©)
(e +1)=x () + v (e +1), (10)
where r; and r, are uniformly-distributed random

numbers in [0-1] which have been used to maintain the
random search. Vid is speed of dimension d from object i.

Relationship (5) to (10), will repeat until the
convergence condition is established.

Problem solving of economic distribution using
gravitational search algorithm. Distribution of electrical
energy, is a non-linear problem and due to high provisions
has a very high complexity. For this reason, the usual
methods for solving this problem are faced with many
problems, and either are not able to solve this problem or
solve the problem with many hardships. For these reasons
described in this article gravitational search algorithm is
used to solve nonlinear problems which is very efficient.

Electric energy demand is equal to E. In the period
studied, power plants which are available assumed to be
constant, so each of these power plants, are at their least
production. Different power plants according to the
structure have different efficiencies. When the economic
distribution of electrical energy is concerned, this fully
shows. Thus, only the desired power generation is not
considered, but the total final consumption of energy that
needed to provide electric energy is optimized. In other
words, for effective optimization is done.
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We introduce the network efficiency with 7 and
efficiency of different power plants with 7, forn,i=1,2,...

Egp =nEg; (11)
n

Epy =Y miE;, (12)
i-1

where Eg; is the energy demand of the power plant due to
final energy consumption and efficiency of the network
and E; is the input energy required to i-th power plant.

The simulation is done in time domain, so, the mean
power and electric power, are the same.

Simulations and results. The simulation is performed
based on a specific system in accordance with Table 1.
Values of a, b and c related to the input data of costs of
power plant operation that is used to calculate the relation

Fi(P)=aP? +bP, +c, (13)
where F; is the operating costs, and P; is the amount of
i-th power plant output power.

Table 1
Information about power system plants
unit | Ppin(MW) | P (MW) a b c n
1 150 455 0.00048 | 19.16 | 1000 |30
2 150 455 0.00031 | 26.17 | 970 |45
3 20 130 0.002 16.6 | 700 |32
4 20 130 0.00211 | 16.5 | 680 |35
5 25 162 0.00398 | 19.7 | 450 |28
6 20 80 0.007 | 22.26 | 370 |27
7 25 85 0.00079 | 27.74 | 480 |30
8 10 55 0.004 | 25.92 | 660 |35
9 10 55 0.00222 | 27.27 | 665 |33
10 10 55 0.002 ] 27.79 | 670 |33

It assumed that E; is equal to 1500 kWh, if the
efficiency of the network is equal to 75 %, so the demand
from the power plant Eg; will be 2000 kWh. Performance
of the gravity algorithm, was compared with genetic
algorithm and particle population algorithm, the results of
the implementation of the three algorithms are shown in
Table 2.

Table 2
The simulation results of the studied power system
GA PSO GSA
The best answer 70492.205 | 70526.659 | 70785.216
Average of answers 70546.156 | 70574.379 | 70837.164
The worst answer 70913.142 | 71052.215 | 71356.184

To evaluate the proposed method, gravitational
algorithm, genetic algorithm and particle swarm
algorithm in solving the problem of finding the minimum
of economic distribution problem, have been
implemented under the same conditions. For n = 30, and
population size equal to 50, the results for 1500 times
iteration is given in Table 2. And for comparison, the
fitness average and the best answer which so far has been
observed are calculated. These parameters were
calculated for 20 times for the implementation of the
stand-alone application and middle of the results is
obtained. The results of gravitational algorithm show
better performance. In the PSO simulation, relation (14) is
used for updating the particles velocity in this relation,
c; = ¢ = 2, and w decreases linearly from 0.9 to 0.2. In

this relation Vid (1), is velocity of particle i in d dimension

in time ¢, and r, and r, are random numbers uniformly
distributed between zero and one. Also gy is the best
position that has been found by the community, pyes; 1S
the best position that particle i so far has been accessed

P e+ 1) = w0V (0)+ e, 0o O~V ()

Fean(Ofge (- X7 0)
In order to evaluate the results of the presented
objective function optimization, this case is shown in the
Table 2. As seen in Table 2, gravitational search
algorithm has more acceptable performance and results
than GA and PSO algorithms. The results demonstrate the
convergence of the GSA algorithm compared to RGA and
PSO algorithms.

In order to evaluate the progress of the optimization
process, in Fig. 1 to Fig.3 the accomplishing pattern of the
optimal solution for gravitational, particle population and
genetics algorithms is drawn. Also, in order to have a
proper comparison of the performance for these
algorithms, the achieving pattern of these algorithms for
optimal solution are shown in Fig. 4, simultaneously.

+
(14)
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Average best-so-far
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g. 1. Accomplishing pattern of the optimal solution
by GSA algorithm
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g. 2. Accomplishing pattern of the optimal solution
by PSO algorithm
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Fig. 3. Accomplishing pattern of the optimal solution
by GA algorithm
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Fig. 4. The comparison of the evolutionary algorithms GSA,
PSO and GA to achieve the optimal solution

Conclusion. Electrical energy is very important, and
therefore it is important to minimize the energy costs. In a
new approach in this paper, according to the final
consumption of electric energy and efficiency of power
system planets and network, the economic distribution of
electrical energy is created. In this regard, according to
the non-linear nature of the problem, evolutionary
algorithms have been used. The results of the simulation
show the well performance of gravity algorithm in
compare to other algorithms.
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