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JIO 75-PTUYSI IHCTUTYTY EJIEKTPOJUHAMIKHA HAH YKPATHA

O.B. Kupuienko , akanemik HAH Ykpainn
Incruryr eaexrponnnamiku HAH Ykpainn,
np. [lepemoru, 56, Kuis, 03057, Ykpaina.
E-mail: iedl@ied.org.ua

Cmucno posensanymo icmopiio ma 3006ymxu Ilncmumymy enexkmpoounamicu HAH Ykpainu 3a 75 poxie tioeo icHysanms,
Nno8’a3aHi 3i CMAHOGIEHHAM 1 DPO3GUMKOM HAYKOBUX OOCACHEHb 6 2AaNY3AX eHepeemuKu, eleKmpoOmexHiku ma
eHepeemuuH020 Mawuno6yoysanus Ykpainu. biomn. 65.

Knrwowuoei cnosa: Tncruryt enexrpoaunamiku HAH Ykpainu.

Y mpoMy poIli BHIIOBHIOETBCS 75 POKIB Bifl AHS CTBOpPeHHS IHCTHUTYTY enekrpoamHamikn HAH
VYkpainu. [lepen Tum, sIK 3yNWHUTHCS Ha OCHOBHUX pe3yJbTaraXx HAyKOBOI JISUTBHOCTI IHCTUTYTY, BapTo
3pOOUTH KOPOTKHUII eKcKypc 1o Horo icropii [1]. 5 TpaBus 1947 p. pimennsm Paau MinictpiB YkpaiHcbkol
PCP Iucturyr enepreruku AH VYPCP Oy po3mineHnii Ha [Ba caMoOCTiHI 1HCTUTYTH: IHCTHTYT
enexTpoTexHiku Ta [HerutyT Teruoenepretukn AH YPCP. 3 mporo 4acy mpakTH4HO i MOYHHAETHCS iCTOPIs
Iactutyty enexrponunamiku HAH Vkpainu. HoBoyTBopennit IHcTuTyT enektpoTexHiku no kiHug 1947 p.
TIOBHICTIO PO3TOPHYB CBOKO poOoTy. Ha et yac y ioro ckiani Bxke OyJio IT’sITh J1a00paTopiil: peryioBaHHs Ta
MOJICTIOBAHHS, CTPYMIB BHCOKOI YaCTOTH, CICKTPUIHHUX CTAHIII i CHEPrOCUCTEM, CIICKTPHUYHUX BUMIPIOBAHb,
ABTOMATHKU 1 eJIeKTpoamapaTypu, a y 1948 p. iHcTuTyTy Oyna mepemaHa Ie €IeKTPOIadoparopis y M.
Xapxosi. Ha 1 ciunst 1948 p. B [HCTHTYTI elNeKTPOTEXHIKH TMpaitoBaio 57 CriBpOOITHUKIB, Yy TOMY 4ucii 15
HAyKOBHX IPAIliBHUKIB, 11 iH)KeHEpiB Ta 5 acImmipaHTiB.

[MicnsiBoeHHa BigOy/I0Ba MPOMHUCIOBOCTI, B TIEPIIy Yepry eEKTPOCHEPIeTHKH, YKpaiHu BUMaraia
MIMPOKUX HAYKOBHX JAOCHIIKEHb y PI3HUX Taly3siX €IEeKTPOTEXHIKH, €HEPreTHYHOro MallMHOOYTyBaHHS,
PO3B’si3aHH PI3HOMAHITHUX IPOOJIEM 3aranbHOI eHepreTHkKH YKpainu. [HCTHTYT O4ONMB i BCEOIYHO
pPO3BHUBAB NPOBEIEHHS 3a3HAYCHUX HAyKOBUX JociikeHb. Ha 1 ciuas 1961 p. B iHCTHTYTI Oyno Bke 6
nabopartopiii, B skux mpamioBano 180 cmiBpoOITHUKIB OCHOBHOTO IITATy Ta HABYAIOCS B acmipaHTypi 25
acmipanTiB. HaykoBi kagpu IHCTUTYTy HONOBHIOBAIMCS MEPEBAXHO 3a PAXYHOK HPUILIUBY TaJaHOBHTOI
Moozl 3 pizHux BY3iB Ykpainu. B Toit ke yac modanacst peoprasizaris iHctutyty. Ha 6a3i maboparopiit
OyJi0o CTBOPEHO HAYKOBI Bijaiiad. [HCTUTYT enekTpoTexHiku y 1963 pomi Oyio mepeiiMeHoBaHO y IHCTUTYT
enekrponuHamiku AH YPCP.

HaykoBa mismbHICTH IHCTUTYTY OCTaTOYHO Oyjia CHpsIMOBaHA Ha IMJIBHINCHHA e()EKTUBHOCTI
NpOIIeCiB T'eHEpPYBaHHS, IepeAaBaHHs, IIEPETBOPEHHS Ta BHUKOPUCTAHHS eJEKTpUYHOI eHeprii. Taka
CHPSIMOBAHICTh BIUIMHYJIA Ha (POpPMyBaHHS CTPYKTYpU IHCTHTYTYy Ta BHU3HAUYEHHs OCHOBHUX HAampsIMiB
HAYKOBOI MisTbHOCTI. 3a3Ha4yeHi HAYKOBi HampsMH, SKi Oyno chopMoBaHO B mepmr 15 pokiB IisIIbHOCTI
IHCTUTYTY, Ha CHOTOJTHI 3aJTUIIIIIIACS Makke 0e3 3MiH:

— PSKUMH EIEeKTPOCHEPTETHYHHUX CUCTEM 1 00'€KTIB Ta KEpyBaHHS HUMHU;

— IIepeTBOPEHHS i cTabii3allis mapaMeTpiB eIeKTPOMAarHiTHOT eHeprii,

— CUCTEMH Ta KOMIUIEKCH €JICKTPOMEXaHIYHOr0 IEPEeTBOPEHHS €Heprii;

— iH(opMaiifHO-BUMIPIOBAIBbHI CHCTEMH 1 METPOJIOTiUHE 320e3eUeHHs B €JIEKTPOCHEPTETHII.

HaykoBuii HANpPsIM — pe;KUMH €JIEKTPOeHEePreTHYHUX CHCTEM i 00'€KTiB Ta KepyBaHHSI HHUMH.
3a3HaueHWil HampsM HAyKOBHX JOCTKeHb |HCTUTYTy enekrpoauHamikun HAH VYxpaian, 3a sxum
MPALIOKTh TPU BIIAUH (MOJCITIOBAHHS EJICKTPOCHEPTETUYHUX OO €KTIB Ta CHUCTEM, aBTOMAaTH3allil
CJIEKTPUYHUX CHCTEM, ONTUMi3allii CHUCTEM eNeKTPOIocTauaHHs), Oe3MoCepeaHb0 CTOCYEThCS PEKHMIB
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enekrpoenepretuanux cucrteM (EEC) i 06’exriB. Eomoniiinuii pozsutok EEC BinOyBaeTbcs 3aBAsKU
HOBUM pe3yJIbTaTaM HAyKOBUX JIOCITIJDKEHb Ta PO3POOOK, IO 3HAXOINTh NPAKTHYHE BHUKOPHCTAHHS B
€JIEKTPOCHEPTeTHLli, MPHU3BOASYM OO TOKPAICHHS BJIACTHBOCTEH Ta MOKa3HUKIB (yHKuionyBanHs EEC.
®dyHgaTopaMd LBOTO HANPSAMY JOCHiDKeHb OynM BHIATHI BYeHI — akagemiku B.M. XpymoB Ta
C.O. Jlebenen, Kracu4Hi Tparti SKUX 3 JOCTIHKSHHS Ta po3paxyHKy pexxuMiB EEC mupoko BigoMi 1 HaOyu
NOJANBIIOT0 PO3BUTKY B IHCTUTYTI. JlOCHIIKEHHS y LOMY HampsiMi MPOJOBXKWIIM: JIOKT.TEXH.HAYK
JI.B. Lyxkepnik, gokT.TexH.Hayk [.M. Cupora, akagemiku HAH Ykpainu b.C. Crorniit Ta O.B. Kupunenko,
yneH-kopecnioneHT HAH Vkpainu B.I'. Ky3nenos, nokrt.TrexH.Hayk A.M. ABpaMe€HKO, JOKT.T€XH.HayK
O.®. bytkeBuy, kaua.TexH.Hayk B.O. Kpumos, mokr.TexH.Hayk [1.O. UepHeHKO, KaHI.T€XH.HAyK
B.JI. Ilpuxno, nokr.texH.Hayk FO.I. Tyraii, nokr.TexH.Hayk €.M. TankeBuu, 1okT.TexH.Hayk M.®. Conens,
IOKT.TexH.Hayk B.B. [TaBnoBcekuii, 1okT.TexH.Hayk [.B. biiHOoB Ta iHMIi.

Y 75-y piuHHIIIO CTBOPEHHS [HCTHTYTY CITiJT 3rajaTH Xo4ya O y3araJbHEeHO (BUKIIAIEHHS OLIBIIOTO 3a
TEMaTUKOIO Ta 00cATOM Marepiany noTpedye inmoro hopmary myoiikaumii, He 3icTaBHOTO 3 (OpMAaTOM JaHOI
CTaTTi) TEMAaTHKy BHUKOHAaHUX B |HCTUTYTI JOCHIIKEHb Ta PO3POOOK, IO CIPHUSIN HE JUIIe (OPMYBaHHIO,
aje 1 moJaJbIIOMy PO3BHTKY JaHOTO HAYKOBOTO HAIPSMY, OCKITBKHA CaMe 31 CTBOPEHHSM ITiJT KEPIBHUIITBOM
C.O. JleGeneBa mepiioi Ha €BPONEHCHKOMY KOHTHHEHTI HH(POBOi €IEKTPOHHOI OOUYHCIIOBAIBLHOI MAIIMHH
"MECM" Tta BBezeHHsM ii y 1951 p B ekcruryaramiro 3aajisi po3B’s3aHHS TPaKTHYHHX 3a7a4 1 OyJo
3aII0YaTKOBAHO BUKOPHCTAHHA LUQPPOBUX ENEKTPOHHUX OOYMCIIOBAJIbHUX MAIIMH A TOCTIKEHHS
pexxumiB EEC ta 3aco0iB kepyBaHHs HUMH. B iHCTUTYTI OyJI0 BUKOHAHO ITOHEPCHKI pOOOTH 13 3aCTOCYBaHHS
3a3HaYCHUX MAaIlMH AJs po3paxyHKiB ycraneHux pexumiB EEC. Ha muraxy, mo moudascs ¢gopmansHO 75
pokiB ToMy (a (paKkTHYHO HABITH TPIIIKH paHimie), OyJO OIEp>KaHO YHCIEHHI Pe3yNbTaTH, M0 HaOyiu
HayKOBOTO BU3HAHHS Ta MpakTuIHOTro BUKOopucTanHa B EEC, 1 Takwmii mporiec TpuBae.

OnHiero 13 BOXKIMBHX 3ajiad IUIaHYBaHHsS Ta peamizailii enexkrpuunux pexumie EEC (a came 3
nocmimkeHs pexxumis EEC, sk Bxke 3a3Haudanocs, i Oyno 3al04YaTKOBAaHO HAyKOBHM HampsiM) € 3ajada
BH3HAYCHHSI 3amacy ctarudHoi cTiiikocTi EEC B Takux pekumax. Po3B’s3aHHs 11i€l 3a1a4i Ma€e CBOIO iCTOPIIO
3 vaciB koaumHbporo CPCP, sika crocyeTsest ik (opMyBaHHS camMOl METOIAMKH aHAaJi3y CTIMKOCTI CKIaHHX
EEC, Tak i po3paxyHKy KpUTEpiiB anepioAMYHOTO Ta KOJIMBHOTO NOPYIIEHHs cTiiikocTi. Po3minu miei icTopii
TakoX ‘“nmucanucs” B IHCTUTYTI BHKOHaHHAM AOCHIIKEHb Ta PO3POOJICHHSIM BiAMOBIIHMX HPOTPAMHHUX
3aco0iB aHaJi3y CTATHMYHOI, a 3rOJIOM 1 IWHAMIYHOI CTIMKOCTi, PO3paxyHKy aBapiiiHUX PEKUMIB CKIaHHX
aBToMatnyHo peryiaboBaHux EEC, ski Oyno BmpoBamxkeHo B EEC xomumuboro CPCP. Bymo Takox
OJIEp’KaHO Baromi TEOPETUYHI pe3ybTaTH Ta PO3POOJICHO BIAMOBIMHI MporpamHi 3aco0u Ui po3paxyHKIiB
CKJIaJHOHECUMETPUYHUX PEKUMIB, BU3HAUECHHS UL CKIAJHHUX EJCKTPUYHUX CHCTEM YCTaBOK CTPYMOBHX
3axucTiB Big K3 Ha 3eMit0, MakCHManbHUX CTPYMOBHUX 3aXHCTIB 1 AMCTAHLIAHUX 3aXUCTIB BiJ YCiX BUIB
KOPOTKHX 3aMHKaHb, 30KpeMa B MIKpOmpoLecopHux TepMmiHamax 7SAS513 i 7SA522 ¢ipmu Siemens,
REL521(511) ta REL670 ¢ipmu ABB, L60 ¢ipmm General Electric, BpaxoBy0oYn 0OCOOIHUBOCTI MHX
3aXHCTIB Ta BUMOT JI0 iX QpyHKIiOHYBaHHs 32 yMOB ekciutyaranii B EEC Ykpainu [2].

Takox [HCTHTYTOM 3p00IEHO BaroMuii BHECOK B AOCIIDKEHHS, IO CTOCYIOTHCS OLIHIOBAHHS CTaHy
EEC, 3 po3po0iieHHSIM KOMILIEKCY BiIIIOBITHUX MTPOTPaMHUX 3ac00iB, HAHOLIBIIOTO TIOMIMPEHHS Cepel IKUX B
EEC HaOyB nporpamuuit kommieke “KOCMOC”. bymo BUKOHAHO JOCIHIIDKEHHS Ta pO3pOOJICHHS TporpaM 3
NpOrHo3yBaHHA 00cAriB enekrpocnoxuBaHds EEC Ha pi3HUX PiBHSX 4acoBOi NEKOMIIO3MLIT KepyBaHHS [3],
0 a0 3MOTy BHU3HAYUTH CIIOCOOM 3 TIJIBUINEHHS TOYHOCTI BIANIOBIIHUX TIPOTHO3iB, 30KpeMa 3
BHKOPHCTAHHSAM METOIWKH 1€pApXidHOTO MPOTHO3YBaHHSA. 3l IMiABUIICHHS TOYHOCTI KOPOTKOCTPOKOBOTO
NPOTHO3YBaHHSI 0OCSTIB BUPOOJIEHOT eNeKTpoeHepril JpKepelaMy BiJHOBIIOBAHOI €HEprii po3poOiieHo
BIAMOBIJHI MOJIEJIi 3 BUKOPUCTAHHSAM LITyYHUX HEHPOHHHX MepeX ruOokoro HaBdaHHs [4]. s mocuiaeHHs
(YHKIIOHATBHUX MOXKJIMBOCTEH CHUCTEM MOHITOPUHTY Ta AaBTOMAaTH30BaHUX CHCTEM OIEPaTHBHO-
JTUCTICTUEPCHKOT0 KePYBaHHsI 3 MiHIMI3aIliEF0 HETATUBHOTO BIUIMBY JIFOJCHKOTO YMHHMKA Ha aJICKBATHICThH Ta
e(eKTUBHICTh IPUHAHSTTS PillICHb 3 KEPYBaHHS, TOCIIIKEHO MiAXOAN 0 CTBOPEHHS iHTEIEKTYallbHUX 3aC00iB
00poOJIeHHS Ta BUKOPHUCTaHHS iH(poOpMalii B cHUCTEMax aBTOMAaTH30BAaHOTO ONEPATUBHOIO KEpyBaHHS
€JIEKTPOCHEPTETUYHNX 00 €KTIB Ta ENEKTPUYHUX Mepex y Buriimi “CucreM MiATPUMKH OIEPATHBHOTO
MepCOHANy Y MPUHHATTI pIllieHs”, MO CTAIM iXHIM “IHTeNEeKTyaJbHUM po3MHpeHHsM”. Byno po3pobieno
TEXHOJIOTII0 MOOYIOBH TaKHX CHCTEM AJIs aBTOMATH30BAHOTO PO3B’S3aHHS CKIAIHUX 337a4 ONEPaTHBHOIO
KEepYBaHHA, UL SKUX OyJIM BiACYTHI 3acO0M aBTOMATH30BAaHOTO PO3B’S3aHHS, IO MOTJIO TPHU3BOAWTH JIO
MIOMUJIOK OIIEPaTHBHO-IUCIIETIEPCHKOT0 TIEPCOHANTY, HacaMIlepe/l y pa3i BHHUKHEHHS aBapiiHUX cuTyamii [5].
[IpyuHIMOH Ta TEXHOJOTIYHI PillIeHHs MOA0 MOOYIOBH TaKMX CHCTEM Ta pi3HI BapiaHTH iXHIX peaiizawiii Oyio
BIPOBAIKCHO Ha 00’ €KTAX 1 B €JICKTPUYHUX Mepexkax YKpaiHH Ta 3a ii MexKaMH.
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3BepTarounch [0 NEpIoi IMONOBHHU BXKE MPOMIEHOro 75-piuHOro NUIAXY, OYEBHIHIIIOI CTa€e
3HAYYIIICTh OJIEPKAHUX B I[HCTHUTYTI pe3ynbTaTiB, SKi 3aJIHMIIAIOTHCS CIYTYBaTH €JIEKTPOCHEPTeTHII,
HaOyBIIM XPeCcTOMAaTiHHOTO 3HAYEHHs UIA LIMPOKOTO Koia (axiBLiB eleKTpoeHepreTwkiB. Hampukman,
BHACJI{IOK BUKOHAHMUX JOCITIKEHb MPOLECIB 3aMHUKaHHS Ha 3€MJII0 B MEpEKax 3 130JIbOBAHOI0 HEHTPAILIIO
i KepiBHANTBOM MOKT.TeXH.HayK .M. CupoTu Oyio po3poodieno teopito TpanchopmaropiB ctpymy (TC)
HyJb0BOI mocnioBHocTi Ta TC 3 migMarHiyyBaHHSM KaOEJNbHOTO Ta HIMHHOTO THUIIB, CTBOPEHO HH3KY
3aXHCTiB BiJl 3aMHKaHb Ha 3eMIII0 B Mepexax 6-35 kB, a Takok 3aXWMCTH BiJ 3aMHKaHb Ha 3EMIIIO
reneparopiB. Hampukinami 1960 p. mix kepisauntBoMm akaaemika HAH Ykpaiam b.C. Ctornis (Ha Toit gac —
e KaHJI.TeXH.HAyK) OyiM po3modaTi 1 BHKOHAHI IJIMOOKI HAyKOBI JOCHIJKEHHS BHCOKOBOJBTHUX
BUMIpIOBaIIbHUX MEPETBOPIOBAUIB CTPYMY Ta Hallpyrd — OCHOBHHUX JiKepesl BUMIpIoBanbHOI iH(popMaii npo
PEXUMHU POOOTH ENEKTPOSHEPTeTUYHNX OO0 €KTiB. BHAcHiOK TakuWx IOCTiIKEHb PO3POOJIEHO TEOopito,
MIPUHITUITHN TT00Y0BH, METOIHM BHUIIPOOYBAHHS Ta HOBE IMOKOJIIHHS BUMIiPIOBATHHIX ITEPETBOPIOBATIB CTPYMY,
IO BIEpLIe y BITYM3HSAHINA MPAaKTULi BHCOKOBOJBTHHUX BHMIpIOBaHb CTpPyMy 3a0e3Neumin HOPMOBaHi
METPOJIOTIYHI XapaKTEePUCTHKU SK B yCTaJIeHHX, Tak 1 mepexigHux pexumax EEC. Baromum npakTuuHuM
pe3yiapTaTOM IHX POOIT cTayia opraHizamis Ha 0a3i BHpoOHWUOTO 00’ eaHaHHS "3amopikTpaHchopmarop”
cepiiiHOro BHpOOHMIITBA KackamHux TpuctyneHeBux TC ansg mepmoi y CBiTi JiHII eiekTponepenadi
Hanpyroto 1150 kB Exibacty3-VYpan.

Byno po3pobneno HaykoBi 3acaam moOynoBH 0araTo()yHKI[IOHATHPHUX MIKPOIIPOIIECOPHUX CHCTEM,
NpPU3HAYEHUX 33Ul PO3B'SI3aHHS MIMPOKOTO KOJa aKTyalbHUX 3a]ad MOHITOPUHTY [6] Ta qiarHOCTyBaHHS
€JIEKTPOCHEPTeTUYHNX 00'€KTIB 1 CUCTEM, 3 ypaxyBaHHSM TEXHOJOTIYHUX OCOOMUBOCTEH (PyHKIIOHYBaHHS
EEC Ta MOXJIMBOCTEH YAOCKOHAJIEHHS CUCTEM ONEPATHBHOIO Ta aBTOMATUYHOI'O KEPYBaHHS Ha BCIX PIBHAX
iepapxii kepyBaHHs. P0o3po0seHo 1 MHUPOKO BIPOBAHKEHO Y BUPOOHUIITBO ariapaTHO-TIPOTPaMHI KOMIUIEKCH
pizHOrO (yHKIiOHaNbHOTO TNpu3HaveHHs (14 TumiB), 00’e€aHaHI 3aranbHOO Ha3Boro "Perina", mo AKX
HAJIXKUTH 1 iHQOpMaIifHO-AiarHOCTHYHAN KoMILTeke "Perina", mpu3HaYeHwiA U peecTpallii aHaIOTOBUX Ta
JMUCKPETHUX CHUTHAJIIB, aHAaJi3y PO3BUTKY aBapifHMX CHUTYyaIlili, OIMiHIOBaHHA (YHKITIOHYBaHHS IPHCTPOIB
pENeHOTO 3aXUCTy Ta aBTOMATHKH, BU3HAYEHHS MICIIs MTOIIKO/PKEHHSI Y Pa3i KOPOTKUX 3aMUKaHb Ha JIHISIX
eJIeKTporepeadi, BU3HAUYEHHs 3aJMIIKOBOTO PECYpCy BHUCOKOBOJBTHHX BHMHKauiB, MOOYIOBH 1000BOI
BIJOMOCTI peXuMiB Ta Oararo iHImOro. 3 4acom OyJlO TpPOBEACHO MOCHTIIHKEHHS Ta CTBOPEHO Ha 0asi
cimeiicTBa koMmIuiekcy "PeriHa" cucTeMH aBTOMATHYHOTO KOHTPOJIKO 130JIAIi1 MiJ poOOYOI0 HAmNpyrow 3a
napamMeTpoM "KOMIUIEKCHa MpPOBIAHICT" TpaHcGOpMaTOpiB cTpyMy, JNiHIHHHX i30JSTOPiB Ta BUCOKO-
BOJIbTHUX BBOIIB CHUJIOBHX TpaHC(HOPMATOPiB, NPUCTPOIB Ul AIarHOCTYBaHHS CTaHy BHCOKOBOJIBTHHX
BUMHKAYiB 3 BU3HAUCHHIM PeCypcy CIpanboBYBaHHS [7].

3 MOSIBOIO TEXHOJIOTii BEKTOPHUX BHMIPIOBaHb MapaMeTpiB peKHMy Oylio po3poOJICHO BHCOKOTOYHI
3ac00M MOHITOPUHTY Y BUITISI €JIEKTPOBUMIPIOBANBEHUX peecTpyBanbHuX npuctpois (EBPII) "Perina-4", mo
(hYHKITIOHYIOTH B MacmTabi peaabHOro Yacy 3 "MpuB’a3K010" 10 CYIyTHUKOBUX CHTHAIIIB ToUHOTO Yacy [8]. Ha
0azi EBPII "Perina-U" B OEC YkpaiHu CTBOpEHO Ta BBEICHO B JIil0 IEpIIy Yepry CUCTEMH MOHITOPHHTY
enekTpoMexaHiyHux mnepexiznux pexumiB EEC. 3 ypaxyBaHHSAM MOXIIMBOCTI OJEp)KaHHS SKICHO HOBOL
iHpOpMaIlii y BUIIIAAI BEKTOPIB HANPYTH, BUMIPIOBAHUX y Pi3HUX Toukax 00’emHanoi eHeprocuctemu (OEC)
VYkpainn, y Bigmim, odomoBaHoMmy akamemikoMm HAH VYkpainm O.B. Kupmienkom, Oymo po3pobiaeHO
crewianbHi MOJeNi 334/l BU3HAYEHHs B peaslbHOMY 4aci JomycTumocTi motoynux pesxkumiB OEC Ykpainu 3a
3amacaMM  CTaTMYHOI CTIMKOCTi. 3 BUKOPDHCTaHHSIM 3a3HAYCHUX PpE3YJIbTaTiB, BIEpIIE HA TEpeHax
HOCTPAJSIHCBKOTO ITIPOCTOPY CTBOPEHO 1 BHpOBa/xkeHO B KpHMCBKiM eHeprocucremi cydacHy CHCTEMY
MOHITOPHHTY 3 KOHTPOJIEM B PEalbHOMY 4aci JOIyCTHMOCTI 1i TOTOYHHX PEXUMIB, 30KpeMa 1 3a 3armacaMu
CTaTHYHOI CTiMKOCTI B KOHTPOJHOBAaHOMY IepeTuHi 3 iHmow ("MarepukoBorw") yactuHoro OEC Ykpainu. 3
BUKOPHUCTaHHAM pe3yJbTaTiB BekTOpHUX BuMiptoBaHb EBPII "Perina-U" mapametpiB pexumy OEC Ykpainn
OyJI0 AOCTIKEHO TPOIECH BUHUKHEHHSI HU3bKOYACTOTHHX elleKTpoMexaHiuHux konmBanb (HUK), 30kpema i
tux, mo Manu mictie B OEC Ykpainu [9], BU3Ha4eHO BUMOTHY JI0 METOJIIB i 3aCO0IB aHAaJi3y Ta OI[IHFOBAHHS B
peanbHOMY 4Yaci HeOe3MeKH KOJMBHOTO TMOPYIIEHHS CTIHKOCTI, SIKy CTaHOBISTH U €HEProod’€IHaHb Taki
kommBaHHA [4, 10], po3poOieHo BiAMOBimHI 3aco0W aHANi3y Ta OIiHIOBaHHSA B peanbHOMy daci HUK 3 ix
BUKOPUCTAaHHSIM y ckiani mporpamaux 3aco0iB EBPII "Perina-U". BukoHaHO JOCHTIPKEHHS CTIHKOCTI 3a
yactotoro OEC VYkpainu, nepenbayaroun ii i30J0BaHUil peKUM POOOTH Ta 3HAYHY YaCTKy BiIHOBIIOBAHHX
JDKEpEN SHEPTil B CTPYKTYPI ii TeHepy0Uoi MOTYKHOCTI [4].

Ilin xepiBaunTBOM uneH-kopecnonnenta HAH VYkpainm B.I'. Ky3nenmoBa BHKOHaHO HH3KY
KOMIUIEKCHHX AOCIIKEeHb, 30KpeMa 3 aHalli3y Ta KoopAnHOBaHOi ontuMizanii pexumiB EEC, 3 migBumeHHs
HAJIIHHOCTI PO3MOIITFHUX Mepex Ha 0a3l METOMIB KOHTPOIIO CTaHy i30JIsMii 3 pPO3pOOJICHHSIM BiAIMOBITHIX
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METO/IB PaHHBOTO MiarHOCTYBaHHs ii cTaHy. [HIIy HHM3KY IOCTIIKEHb Ta BiOIOBIAHHUX pO3po0OK Oyio
HiINOPSAKOBAHO BUPIMICHHIO TPOOJIEMH TTOKPAILICHHS TIOKa3HHUKIB SIKOCTI €JIEKTPOCHEPTii, 30KpeMa CTBOPECHHSI
BUCOKOC(EKTUBHUX KOPUTYIOUMX HPHUCTPOIB Ul EIEKTPUYHUX MEPEX HU3BKOI HANPYTH, CXEeMHO-TEXHIYHHX
pillleHh 3 KOMIUIEKCHOTO OOMEXEHHSI HECHMETpii Ta HeCHHOCYidaJbHOCTI HAIPYTH Ha TATOBUX IiJICTAHINISNX
3aJTI3HAIG, CHUMETPYIOUMX IIPHCTPOIB IS IIUPOKOTO KiIacy OAHO(MA3HWX HaBaHTAXCHb Ta IHIIE. 3aiis
BUpIIIEHHs 1HIIOT IPOOJIEeMHOI 3a1a4i 3 MiBHIIEHHS HaiiHOCTI QyHKIioHyBaHHS EEC BHKOHAaHO rpyHTOBHI
JOCITIIKEHHsS] YMOB BUHUKHEHHsI HeOe3neuHnX (epope30HaHCHUX MPOLIECiB Ta pO3poOIeHO 3aX0/IH, IO Jal0Th
3MOTY 3amo0ITTH TOSBI TaKUX IPOIECIB UM 1X MPUAYIICHHIO y pa3i BUHUKHEHHA [11]. 3 ypaxyBaHHAM Pi3HUX
cxeMHO-pekuMHNX yMOB EEC Ta CHiBBiTHOIIEHh MapaMeTpPiB BHUKOHAHO KOMIUIEKC JOCHTIKEHb, 33 SIKUX
MOXJIBE BUHHKHEHHs HeOe3neyHux pe3oHaHcHuX mpoueciB B EEC, BHacmigok 4oro po3pobieHo 3acoOu
BU3HAYCHHS yMOB €(EKTUBHOTO BHKOPUCTAHHS MPHUCTPOIB KEPOBAHOI KOMYTALii AJsI 3MEHIICHHS aMILTITY[
mapaMeTpiB peKUMY Ta TPHUBAJIOCTI nepeximuaux mporeciB B EEC [12, 13].

Possurok EEC Oinpmocti KpaiH cBiTY BinOyBaeTbcsi y HampsiMi JekapOoHi3amii Ta CTBOpEHHS
MaKCHMaJIbHO €(QEKTUBHOI CTPYKTYpH TE€HEpYIOUMX HOTY)KHOCTEH 31 3HAYHOIO YAcCTKOIO BiIHOBIIOBAaHHX
mxepen eneprii (BAE). 3 ypaxyBaHHSM 3a3HaYCHUX TEHICHITI TOCIIHKYBAIHCS TaKOX BapiaHTH MOJATBITIONO
po3Butky 1 OEC VYkpainu [14-16], 30kpemMa i 32 yMOB 00’€THaHHS PUHKY €JIEKTPUYHOI eHeprii YkpaiHu 3
puHKamMu Kpain €Bpomu [17]. Byno BukoHaHO nocmiKeHHS BIUIMBY 3pocTaHHs 4yacTku BJIE B cTpykrypi
reHepytodoi mortyxkHocti OEC VYkpaiHu Ta BHpOOJIEHOI HMMH €JEKTPOEHEprii Ha PUHKOBY BapTiCTh
enektpoeHeprii B Ykpaini [18] ta pexumu OEC VYkpainu mig vac OajlaHCYBaHHS CTOXaCTHYHHX 3MIiH
notyxHocti BJIE. BcraHoBneHo, 0 CIOPYPKEHHS! CUCTEMH HAKONHMYYBayiB €JIEeKTPOEHEpTii, Mpu3HauYeHol
Ui OanmaHcyBaHHSI ctoxacTwdHuX 3MiH motyxkHocti BJIE B OEC VYkpainm, 0e3 ypaxyBaHHA BIUIMBY iX
po3noaity (3a MiCIleM Ta TOTYXKHICTIO) Ha HaBaHTaXEHHsI KOHTpoihoBaHUX TepetuHiB OEC Ykpainu Moxe
NPU3BOJNTH JI0 HATHOPMATUBHOTO IEPEOOTSHKEHHS OKpeMuX KOHTponboBaHux mneperuHiB OEC VYkpainu
BHACIIZIOK BBIMKHEHHS 3a3Ha4eHMX HakomudyBadiB. 1100 yHUKHYTH HeOe3NeKH TakuX MepeoOTsDKeHb i3
3arpo3oro mnopymieHns criiikocti OEC Ykpaiam, po3po0iieHo MeTo Ta KOMIUIEKC MPOrpaMHUX 3aco0iB st
BU3HAUEHHSI ONTHMAJBHOTO po3MOALTy (3a MicleM Ta TOTYXKHICTIO, 3amo0iranuud  3a3HaYCHUM
nepeo0TspkeHHsIM) B OEC Ykpainu Takux HakomuuyBadiB [19]. 3 ypaxyBaHHSM mOTpeOH 3ampoBayKEHHS
HOBHX MEXaHi3MiB 321 3a0esrneueHHs HafiiHoro QyHKIionyBaHHS OEC YkpaiHu 3a yMOB IMMOAANBIIOTO
po3eutky BJIE Tako AOCIHIIKEHO MUTAHHS €KOHOMIYHOI JOIUILHOCTI BUKOPUCTAHHS CHUCTEM HAKOITHUCHHSI
€JIEKTPOEHEPTii B pO3MOAIUTBHUX SNEKTPUYHMAX MEpekax ISl PeryIoBaHHs IXHIX pexxumis [20, 21].

HaykoBuii HanpsiM — nepeTBOPeHHs i cradiiizanis mapaMeTpiB eJIeKTPOMATrHITHOI eHeprii — B
IHCTUTYTI 3amodaTkyBaB wi.-kop. AH Ykpaiam O.M. Miisx, a mpomoBXWIH 1 po3BUHYIN: akameMiku HAH
Vxpainn A.K. lllugnmoeeekuii 1 A.D. XKapkin, unenu-kopecnionaentn HAH Vkpainu [.B. Bonkos,
B.T'. Ky3uenos, B.I1. Bopucos, A.A. lllep6a, H.A. Illunnosckka, B.M. Muxanscekuii, [.I1. Konnparenko ta
B.O. HoBebkuit, k.1.H. 1O.1. JIpabosu4, aoktopm texHiuamx Hayk K.O. JlunkiBcekmii, M.M. IOpueHko,
I.B. Mocrogsik, E.M. Uexet, B.C. ®eniii, B.M. IcakoB, M.C. Komapos, B.b. ITasnos, }F0.M. I'opucnaserp,
O.[. Ilononsue, O.€. AntoHoB, [.M. Kyuepssa, H.I. Cynpynosceka, O.M. IOpuenxo, I.A. Illanosan,
C.M. 3axapuenko, B.B. Maprunog, }0.B. Pynenko Ta inmi. 3a uM HanmpsSMoM OTpUMaHO (yHIAMEHTaIbHI
pesynbTath [23], AKi Jamu 3MOTY iHCTHUTYTY CTAaTH IIPOBIITHOIO HAYKOBOIO YCTAHOBOIO HE TIIBKH B YKpaiHi,
ane i cepen kpain konuimHboro CPCP Ta manexoro 3apyOixoKs.

3a ocTaHHI II'SITh POKIB 3 IOIO HAYKOBOIO HAINpPSIMYy NPOBEACHO KOMIUIEKC TEOPETHYHHX 1
eKCIIEpUMCEHTAIBPHUX MTOCHIDKEHb 3 pO3pOO0KH e(PEeKTUBHHUX 3ac00iB TEPETBOPEHHS CIEKTPOMArHITHOT
eHeprii, 3a0e3nedeHHs] eIeKTPOMArHiTHOI CyMICHOCTI Ta B3a€MOAIl HIMPOKOTO KIacy IepeTBOPIOBAUIB
€JIEKTPOMArHIiTHOI €Heprii K 3 CHCTEMOIO €JIeKTPOINOCTayaHHA, TaK 1 3 €HEPrOMiCTKUMH TE€XHOJIOTIYHUMHU
HaBaHTaKeHHAMH [24-39]. Tlogampmmii po3BUTOK OTpHMalia TeOpis aKTUBHOI Qimbrpamii OGaraTodazamx
CUCTEM EJICKTPOXKHMBIICHHS, CIPAMOBaHA HAa MiHIMI3allil0 MOTYKHOCTI BTpAaT y JiHIii nepenadi. Po3podiaeHo
KOMOIHOBaHYy CHUCTEMY KepyBaHHS MapayieIbHUM aKTHBHUM (iIbTPOM Yy CHUCTEMi KOOPIMHAT METOAY ABOX
BaTMETPIB, fKa 3aJIS)KHO BiJl YMOB BUKOPHUCTAHHS Pealli3y€e OJHY 3 YOTUPHOX CTPATETiil akTUBHOI (pimbTpalii.
CTBOpeHO MOJEJi TEXHOJIOTIYHOTO OONamHaHHA 3 KOMIIOHYBaHHSM €JIEMCHTIB CHJIOBOI CXeMH i3
JOTPUMAHHSM BHMOI' IIOMO MiHIMIi3allii aKTUBHHX BTpPaT TOTYXXHOCTI Ta PO3POOJIEHHI BiIIOBITHOTO
oOnamHanHs [26]. BusHaueHo HaWOimbm edeKTUBHI yMOBH pOOOTH JDKEpeNl pO3MOiilieHoi TeHepamii 3
MO3UIIIA TIABUIICHHS OMHOPIAHOCTI TpadiKiB EIeKTPUIHOTO HABAHTAXKEHHS MEpeXki, 3pocTaHHi Il
NpOIyCKHOT cnpoMokHocTi  [28]. Po3pobneno anroputmu KepyBaHHS (i3WYHUMH TIpoLleCaMU B
CJIEKTPOIIaBUIIBHUX YCTAHOBKAX, sl SIKUX CTBOPEHO HOBI E€NEKTPOMArHiTHI CHCTEMH Ta CHUCTEMH iX
JKUBJICHHSI HAa OCHOBI HaIliBITPOBITHUKOBHX NEPETBOPIOBAYIB, SIKi 37]aTHI peaizyBaTH 3a3Hau€Hi allfOPUTMHU
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KepyBaHHA. lle nmae 3MOry CyTTe€BO MiABUIUUTH €(EKTHBHICTh TEXHOJIOTIYHHX IPOLECIB IUIABICHHS Ta
00pOOJICHHS! YOPHUX 1 KOJHOPOBMX METAJIB Ta CIUIABIB, Y TOMY YHCIi TYTOIUIABKUX METAIliB i CIUIABiB
BiIMIOBiIaIbHOTO MPHU3HAYCHHS, a TAKOXK MOKPAIIUTH SIKICTh MeTaneBux BupoOiB [29, 30]. CTBopeHO HOBI
METOJM 3HIDKEHHS PIBHS MAarHiTHOTO TMoyig Ouis Tpuga3HUX BUCOKOBOJBTHUX KaOENbHUX JIiHIA 1
pPO3paxyHKOBY MOJENTb i1 BH3HAYCHHS HEOOXITHMX XapaKTEePUCTHK 1 KOHQITypariii KOMITO3HIIIHHIX
MarHiTHAX €KpaHiB JJIsl 3MECHIIICHHS PiBHS MarHiTHOTO TTOJIS 10 YUHHUX CaHiTapHUX HOpM [37-39].

BusHaueHO OCHOBHI MOJIOKEHHS! KOHLEMLIi )KUBJICHHS! MarHiTHO-HAMIBIIPOBIAHUKOBHUX IMITYJIbCHHX
MIEPETBOPIOBAYIB BiJl BiAHOBIIOBAHUX JDKEpEN €Heprii, po3pobiieHo iXHI MaTeMaTH9IHI MOJETi, a TaKOoX
NPOBENICHO PO3pPaxXyHKH PEXUMIB POOOTH Ta B3a€EMHOTO BIUIMBY. PO3pO0JIeHO NPHHIUINH TOOYA0BH
eHeproeeKTUBHUX MPHUCTPOIB PETyJIIOBaHHS Ta CTa0lIi3alil mapaMeTpiB eNeKTPUUHOI eHeprii B po3psaHO-
IMIYJIBCHUX CHCTEMax IJIa3MOEpO3iiHOI OOpOOKM TeTepOreHHUX CTPYMOIIPOBIAHMX CEpPEIOBHIL.
Po3pobmeno HOBI cucreMu (ha30BOTO aBTOMATHYHOTO TIJCTPOIOBAHHS YacTOTH BHCOKOYACTOTHHX
TPaH3UCTOPHUX 1HBEPTOPIB YCTAHOBOK IHAYKIIHHOTO HarpiBaHHs 3 MOCTIIOBHUM PE30HAHCHUM KOHTYPOM
Ha BUXOJIi Ta KEPyBaHHIM iHBEPTOPA 3a JOTIOMOTOI0 MOIYJIALIT IIUTFHOCTI iIMITYJIbCIB.

Ilix xepiBauIITBOM uieH-KopectoHaenTa HAH VYkpaimm A.A. lllep6bu oTpumaHO HayKOBi
pe3yAbTaTH 3 PO3BUTKY METOJIB 0araromMacmtabHOTO MOJENIOBaHHS Ta €JICKTPOTEIUIOBUX aHAJIOTIH s
PO3paxyHKy B3a€EMHO 3B'SI3aHMX MYJBTH(I3UUYHHX MPOLECIB B YCTAHOBKAaX TEPMOOOPOOKH MeETaliB A
notped kabenbHOI mpomuciaoBocTi YKpaiHu. BmpoBamkeHnHs pesyneTariB migsumpuio Ha 10-15%
eHeproe(exkTuBHICTh 1 Ha 50% pecypc yCTaHOBOK BHIOTOBJICHHS MIJHOI Ta adrOMIHIEBOI KaTaHOK JJIs
BUPOOHMIITBA KaOEIiB CBITOBOIO PiBHS AKOCTI 3i 3mmroro nomietwineHoBoto (3I1E) i3omsmiero Ha 3aBofi
"[liBnenkadens” (M. XapkiB). BukopucTaHHs BKa3aHWX METOIIB TaKOX CIIPOIIY€E OIIHKY HAAIHHOCTI Ta
pecypcy BKazaHUX KabeniB y cuCTeMax eJEeKTPOIOCTaYaHHs! BOEHHOTO ChOTOAEHHS.

3a3HauuMo, M0 CaMOBIIaHa Ipais KoJeKTuBy 3aBoay "[liBaeHkabenp" (CTpaTeriyHOro mapTHEpa
HAIIIOTO IHCTUTYTY), HE3BKAIOUM HA CyYacHY 3HAYHY HeOe3IeKy JUIs MPaIIOI0YuX 1 MepiogudHy pyHHaIlio
OymiBeTbHUX KOHCTPYKIIiM 1 oOJajgHAaHHS MiANPHEMCTBA, 3a0e3nedye Oe3mepepBHY poOOTy aTOMHHX Ta
IHIINX eNEKTPOCTaHIIN 1 MOCTiiiHE BiIHOBIICHHS €JEKTpOeHeprozadesnevyeHHs y XapKoBi Ta iHIIUX MICTax,
cenmuiuax i miampueMcTBax Ykpainu. [IpakTmyHO OOIpyHTOBaHO, IO BHKOpUCTaHHS KabemiB 31 3IIE
130JIAIII€0 B €IEKTPOCHEPTOCUCTEMI € OIHUM 3 HAaHOUIBI e(heKTUBHUX METOMIB MiABUINEHHS ii CTIHKOCTI Ta
HanidHocTi. lle miATBEpIKye CBOEYACHICTH PO3POOKH Ta BIPOBAKEHHS B cepiliHe BHPOOHHIITBO
BITUM3HSHOI BHCOSIKICHOT KaOeIbHO-TIPOBIIHUKOBOI MPOAYKLIii, 3a Ky aBTOPH PO3POOKH — CHiBPOOITHHKH
iHCTHTYTY 1 3aBoay "[liBneHkabens" orpumanu JlepxkaBHy npemiro YKpaiHu B ramy3i HAyKH i TEXHIKH.

Ha nanuil yac 3amiaHoBaHO YJOCKOHAIUTH METOIU IarHOCTHKM HAIIMHOCTI Ta PeCypcy yCTaHOBOK
BUTOTOBJICHHS BUCOKOSIKICHMX MIJTHOI Ta aJOMIiHIEBOI KATaHOK JJIsi BUPOOHUIITBA BITUM3HAHUX KaOEmiB 3i
3ME i3omsamieto, [InaHyeTbess TakoX IOCHIOUTH BIUIMB SIKOCTI €NEKTPOEHEprii Ha HalilHIicTh 1 pecypc
kabempaux JIEII y cydacHmx yMmoBax ekcimryaramii. byme Takok CTBOpEHO BHCOKOC()EKTUBHY
CJIEKTPOPO3PSAHY YCTAHOBKY JJISI OTPUMAHHS YKPaiHCBKUM MignpueMcTBoM "Tonjcinc” MOBEepXHEBO
AKTUBHUX KOMIIOHEHTIB MiHEpaJbHHX NOOPWB AJsl MiABHUILEHHS HPOIYKTUBHOCTI CUIBCHKOTOCIIOAAPCHKUX
KYJIBTYP B YMOBAaxX BITUM3HSIHOTO CHOT'OZCHHSI.

ITlix xepiBHUIITBOM wWieH-KopecnoHaeHTa HAH Vikpaiam B.M. MuxansCchkoro po3pobieHO HOBI
e(peKTHBHI METOAM KEepyBaHHS HaIliBOPOBIIHUKOBUMH IE€PETBOPIOBAYaMH Ta EJIEKTPOMEXaHIYHUMHU
CUCTeMaMHu JUis 3a0e3MeUeHHs X eJIeKTPOMAarHiTHOI CyMICHOCTI 3 JpKepellaMu eJeKTpOeHeprii (B ToMy YHCIIi
3 BIJHOBIIIOBAaHUMH) 3a MIATPUMKH 3aJaHUX TapaMeTpiB BHUXiAHOI eHeprii. 30kpema po3po0IeHO HAYKOBi
OCHOBH CTBOPCHHSI KOMILJICKCIB T€HEPYBaHHS €JICKTPOCHEPTii Ha OCHOBI MAallIWHU IOJABIHHOTO XHUBICHHS 3
NepeTBOpIOBaYaMy y KoJjlax poTopa i craTopa, W0 Aa€ 3MOTYy CTBOPIOBATH KOMIUIEKCHM T'eHEPYBaHHS
eleKTpoeHeprii 3 (QYHKIISIMH KOMIIGHCAIlil PeaKTHBHOI MOTYKHOCTI Ta aKTHBHOI (iibTparii cTpyMmy.
ABTOpiB  po3poOku  "EHeproedekTHBHI  €JIEKTpOMEXaHIUYHI CHCTEMH IIUPOKOTO  TEXHOJIOTIYHOTO
npu3HaueHHs" Big3HaueHo Jlep:kaBHOIO IpeMicto YKpaiHu B raly3i HAyKH 1 TEXHIKH.

VY nmojanpuioMy 3arylaHOBAaHO PO3POOHMTH aJrOPUTMU KEPYBAaHHS HAIIBIPOBIIHHUKOBUMH MEPETBO-
proBadyaMu, agaNTHBHUMU IO 3MIiHH TapaMeTpiB MepeXi >KUBJICHHS, BUKOPHUCTOBYIOUH JIEKOMIIO3HIIIIO
CKJIaJIOBUX IMOBHOI MOTY>KHOCTI, 3aJUI JOCSTHEHHS C€HEproouiagHoro edekry mneperadi eneKTpoeHeprii B
Mepexax i3 po30CcepeIKEHOI0 I'eHepami€lo, Mo JacTh 3MOTY HiABUIIUTH MMOKa3HUKH SIKOCT1 €JIEKTPOEHEPTii B
TOYKaX 3arajbHOr0 MPUETHAHHS.

[in kepiBuunTBoM akanemika HAH Vkpainu A.®. )Kapkina po3po0iieHO NPUHIUIN TOOYIOBH Ta
ITOPUTMH KEpYBaHHS HOBOIO KOMOIHOBaHOIO CHCTEMOIO DPETYJbOBAaHOTO EJEKTPOIPHBOAY Ha OCHOBI
IBUTYHIB TIOCTITHOTO CTpyMy 3 BHUCOKOS()EKTHBHMMH cHUCTeMaMH 30yIKeHHS Ha IOCTIHHWX Marsitrax i
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MOTOp-KOJIecaMH, Mo 3a0e3rnedye BUCOKY MOOITBHICTh €JIeKTPOTPAHCIIOPTHOTO 3aco0y ITOABIHHOTO
npu3HauYeHHs. Pe3ynbraTh BNpOBa/pPKEHO HA HU3LI MIANPHEMCTB YKpaiHH JJsl CTBOPEHHS BiHCHKOBHX
TPaHCIIOPTHHX 3ac00iB.

Po3pobiieno 3aco0u KepoBaHOTO EIEKTPOMArHITHOTO MEPEMITyBaHHS PiIKOTO MeTaly, HeoOXiTHOTO
JUI €JIEKTPOHHO-IIPOMEHEBOTO IUIABJIEHHS 1 JIUTTS TYTOIUIABKHMX 1 XIMIYHO aKTMBHHMX METAJEBHUX CILUIABiB,
o 30uIbIIye y 2-3 pa3su Macy METAJIEBUX 3aroTiBOK BiAMOBIAaJbHOrO TMPU3HAYCHHS Ta MiABUIIYE iXHI
MexaHiuHi Bi1acTUBOCTi. CTBOPEHO eNeKTpOTeXHONOriyHy ycranoBKy ETY-250 (motyxHhictio 10 250 xBT)
IHIYKIIHHOT eNeKTPOTepMiuyHOI OOpOOKM METaleBHX JdeTalicll 1 BY3JIB INPH PEMOHTI CHEPTETHYHOTO i
TPaHCIIOPTHOTO OONagHAHHS TOJBIHOTO TpU3HAUCHHA. B TOPIBHSHHI 3 TpagumiiHUMH YCTaHOBKA
HiBUIIYE MPOAYKTHBHICTH mpaui B 1,5-2 pasm, cnoxuBatoun Ha 20-30% MeHIIE enekTpoeHeprii Ta
MOJITIIIYIOYH €KOJIOTiF0 BHPOOHUIITBA.

[Tix xepiBaUTITBOM WieH-KopecnionneHTiB HAH Ykpainu I.I1. Konaparenka ta B.M. MuxaibcbKkoro
pO3pOOJIEHO TMPHHUUNM TMOOYIOBH TEHEPATOpiB PO3PSAHUX IMIYNBCIB CTPyMy, NpPU3HAYCHHUX IS
€JIEKTPOIMHAMIYHOT 00pPOOKM KOHCTPYKTHBHHX MaTepiaiiB i 3BapHUX 3'€THAHb BiAMOBITAIEHUX KOHCTPYK-
mid. Po3pobrneHi TeHepaTtopw 3a0e3MedyroTh BHXIAHI IMITyJIbCHI CTpyMH aMIniiTymoro mo 10 kA i1 €
KOHKYPEHTOCIIPOMOKHUMH Ha CBITOBOMY pPHHKY. Pa3om 3 IHCTHTYTOM eJEeKTpO3BaprOBaHHS iMeEHI
€.0. [larona po3mouaTo pPoOOTH 3 BUTOTOBJIEHHS EIEKTPOTEXHIYHOro oOmagHaHHS Ha 0a3i CTBOPEHHX
TeHepaTopiB AJIs MiIMTPUEMCTB aepoKOCcMiuHOI ramy3i Kuraiicbkoi Haponnoi Pecrry6mikum [35].

Iig xepiauuTBoM A.T.H. O.M. IOpyeHka pO3BHHYTO Teopit0 MOOYIOBH TPAH3UCTOPHHUX IEpe-
TBOPIOBAYiB Ui IHAYKIIHHOTO HArpiBAILHOIO OOJNaJHAHHS B HANpsIMKax MiJBUIICHHS YaCTOTH BHXIIHOTO
ctpymy mo IMI'm i Ginmeire, peamizamii MOAYNBEHOI CTPYKTYpH CHCTEM KEpPyBaHHsS Ta HAIliBITPOBITHUKOBHX
MEPETBOPIOBAYIB 13 JBOYACTOTHHM BHUXIIHUM CTPYMOM JUII TEPMOOOpPOOKH JeTajeil HEOTHOPITHUX
mutiHApuaHUX GopMm [36]. KpiM Toro oTpriMaHo pe3ynbTaTd 3 YIOCKOHAJICHHS METOJIB 1 TEXHIYHUX 3aCO0IB
MiIBULICHHS €(EKTUBHOCTI HAMiBIPOBITHUKOBUX BHCOKOYACTOTHHX MEPETBOPIOBAYIB HANPYTH IMOTY>KHHX
CUCTEM JKUBJICHHS €JICKTPOHHO-TIPOMEHEBOTO Ta IUIA3MOBOTO TEXHOJIOTIYHOTO OOJIAMHAHHSA LTS iHTEHCH(I-
Kallil Ta MMiJBUIIEHHS MPOJTYyKTHUBHOCTI 1 SKOCTI BIZMIOBITHUX TEXHOJIOTTYHUX MTPOIIECIB.

HaykoBuii HanpsiM — CHCTEMH Ta KOMILIEKCH €JeKTPOMEeXAHiYHOr0 NMepeTBOPEHHsI eHeprii.
3HaYHN BHECOK BYEHI IHCTUTYTYy 3pOOWJIM Yy HAYKOBiI [OCTi/PKEHHS, TIOB’S3aHI 3 MiABUINEHHIM
e(eKTHBHOCTI Ta HAJIIHOCTI MPOLECIB €IeKTPOMEXaHIYHOTO MEepeTBOPEeHHs eHeprii. OCHOBOIMOIOKHUKOM
opOro HampsMKy OyB wieH-kopecmonneHT HAH Vxkpainm .M. IlocthikoB. Ilix #ioro kepiBHHUTBOM Ta
KepiBHUITBOM Horo yuHiB akagemika HAH VYkpainu I'.I'. CuactimBoro, mokt. TexH. Hayk A.l. Jlimenka,
A.A. Botitexa, A.M. Kpasuenka, O.l. Titko, I'.M. ®emopenka, B.I. Buroscekoro, B.I. CmopomiHa,
B.I. Kucnenka, A.O. Adonina, I1.d. Bep6osoro, JI.I. Ma3zypenka Ta 6araThb0X iHIIMX OTPUMAHO Ba)KIIUBI
HAYKOBI 1 IPaKTU4YHI pe3yIbTaTH, CTBOPEHO HAYKOBY IIKOITY.

3a OCTaHHI POKM OTPUMAHO 3HAYHMHA HAyKOBMH HOpOoOOK. [IMTaHHS BHOCKOHAJIEHHS HOTY>KHHX
TypOoreHeparopiB i TigporeHepaTopiB BHUPINIYBAIMCS IIiJ] KEPIBHUITBOM wieH-Kopecnonaenta HAH
VYkpainn O.l Titko #oro koneramu na.1.H. [.M. @enopenkom, n.1.H. O.I'. KeHcunpkum, I.T.H.
K.A. KyunuacekuMm Ta inmmmu [40, 41]. Ha ocHOBI (yHIaMEeHTaNbHHUX JOCHIIKEHb EIEKTPOMAarHiTHUX
BiOpO3MINIYIOUMX CHJI Ta CTAaTHCTUYHOTO MOJICTIOBAHHs BiOpamiiHMX mporeciB TypooreHeparopis (TT)
VYkpaiHu BH3HAUCHO, IO HASBHICTH JC(PEKTIB B CTATOpI 3a BIANOBIMHUX yMOBax cjaa00 BIUTUBAE Ha
BEPTHKAIBHI CKJIAMOBI BiOPO3MIIIEHp ITiAMIMITHAKIB POTOPA, /i€ BCTAHOBJICHO IATYUKH IITATHOI CHCTEMHU
KOHTpOI0. Ha OoCHOBI 1mbOTO (hi3MYHOTO SBUIMA PO3POOIICHO HOBHWM e()EKTHUBHUN CIOCIO MiarHOCTHKH i
BIIEpIIIe BBEACHO KpHUTEpianbHy (YHKIII0 BEPTHKAILHUX BIOPO3MIlIEHh B HABAHTAXKYBAIBHHUX PEKUMAX 1
PEXUMI XOJIOCTOTO X0y Ta PO3pOOJICHO KPUTEPili TPaHMYHOTO HAKOMMYEHHs Ae(eKTiB cTaTopa i METOAUKY
BU3HaueHHs 3anumikoBoro pecypcy TI. Hocmimxenns eneprodmokie TEC VYkpaiHu 31 CTaTUCTHYHUMHU
JMaHUMHK «repeaicTopii» B 10—20 pokiB mokasaiiy, 1o 3aCTOCYBaHHS 1€l pO3pOOKH HA MPAKTHIIl TaCTh 3MOTY
MaifKe TMOBHICTIO BUKIIOYUTH aBapiiiHi cuTyauii ta BizmMoBu TI 3 BenmukuMmHu 00’€éMaM¥ BiIHOBIIOBaHHUX
POOIT Ta OTPUMATH EKOHOMIIO BUTPAT Ha PEMOHTHI pOOOTH B AECATKH MiJIbIOHIB TPUBEHB 32 PiK.

[HCTUTYT eneKTpoIMHAMIKH ¥ TBOpUOMY ciiBTOoBapucTBi 3 J{I1 3-1 «EnexTpoBaskmann» Ta GaxiBIsaMu
Muicrpocbkoi [AEC BuKOHaB po0OTYy IIOAO JOBEACHHS 10 MPOEKTHUX MapaMETPiB HAWMOTYKHIIIOIO B
€ppori rigporeHepatopa-nsuryHa taimy CBO 1255/255-40 YXJI4. B pe3ynbraTi AOCHIKEHb TEIUIOBUX Ta
BEHTWJIAIIMHUX TIPOIECIB CTaTopa i poTopa B PI3HUX PEKUMax HaBAaHTAXCHHS BCTAHOBIICHO CYTTEBY
3aJIeKHICTh MaKCHMAJBHUX TEMIIEPaTyp eJIeMEHTApHHUX INPOBIJHHKIB CTepHIB 0OMOTKH ctaropa [T Bifg
KoeilieHTa TeIIonpoBiTHOCTI KopmycHOi i3omsauii oOmorku. CmineHo 3 IHM # ITT® HAH VYkpainu
3aIpOIIOHOBAHO TEXHOJIOTII0 HOBOT 130JIS1Mi{ 3 MiIBUIIICHHAM TEIIONPOBITHOCTI ¥ 2+2,2 pa3u, 3aCTOCYBaHHS
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SKOi B Ti[pOTeHepaTopax 3HU3UTh MAaKCHMalbHI TemmepaTypH Ha 23 — 25 °C, a HaBaHTa)XEHHS B PEXUMI
JBUTYHA MiaBUIIMTE Ha 10% abo migBuIuTh pecypc MamuH 10 10%.

[Min kepiBaunTBOM n.T.H. O.€. AHTOHOBa KOJIeKTUBOM criBpoOiTHuKiB (A.T.H. I.C. [leTyxoB, A.T.H.
K.II. Axunin, x.1.H. B.I'. Kipees, k.T.H. A.A. ®inToOMeHKO) pO3BUHYTO TEOPIF0 MarHITOSIEKTPUIHUX MAIIUH 3
OJTHIEI0 Ta KUTBKOMa CTYTICHSIMH CBOOOIM poTopa [42-45], 3amovarkoBaHy Iie wieH-KopecrnmonaeHToM AH
YPCP O.M. Minsixom. Po3BUHYTO MeTOI MOJETIOBaHHS €JIEKTPOMATHITHUX TIPOLIECIB B HENiHIHHHX
CepeIoBHILAX.

3a ocTaHHI IIICTh POKIB HA OCHOBI KEPOBAHUX ECIIEKTPOIIPHBOIIB 3 MAarHITOSIICKTPHIHUMH JTBUTYHAMH
BIPOBAKCHO: aKTUBHY CHUCTEMY IPOCTOPOBOI Opi€HTalii HaHOCYNMyTHHKa B HallioHanbHOMY TEXHIYHOMY
yaiBepcuteTi «KIII im. 1. Cikopcbkoro»; cucreMy oOepTaHHA MpWiIaay CKaHyBaHHSA aTMoctepu 3emii
KOCMIYHOro 0a3yBaHHS 3 aKTUBHOIO KOMIIEHCALI€I0 PEaKTHBHOIO MOMEHTY BUKOHABUOI'O ABUTYHA B I'0NOBHiiH
acTpoHoMiUHIK oOcepBaTopii HAH VYkpainu; mpuBOj CIIIKYIOY0i CHCTEMH CHEIiaIbHOTO NMPHU3HAYCHHS Ha
mignpueMctBi  «KBaHT  pamionokamwis»» Ta  €NEKTPOHHHMH  MEpeTBOpIOBaY Uit OE3KOHTAKTHOTO
MAarHiTOeNIeKTPUYHOTO TaXOreHepaTopa CreLialbHOro npu3HaueHHs Ha HaykoBo BUpOOHHUOMY MigIPHEMCTBI
«EJIM-2016»; npunamy (2 Tanm) 111 MEAWIHUX Ta KOCMETOJIOTIYHHUX 3aCTOCYBaHb Ha HaykoBo-TipakThyHiit
¢bipMmi «Enepony, 3pa3ku sIKMX HEOJHOPA30BO €KCIIOHYBATNCS HA BITYM3HSHHUX 1 MIKHAPOIHHX BUCTABKaX.

AKTHUBHO TPOBOASATHCS IOCHIIPKEHHS B Taly3i po3poOKH Ta CTBOPEHHS €JIEKTPOMEXaHOTPOHHHX
neperBoptoBadiB eneprii (EMIIE) HoBoro mokoiniHHS 3 BHKOpHCTaHHSAM mocTiiHux MarHitiB (IIM), saxi
xapaktepu3ytotbes migBuiieHHsM KK/ Ta muToMoi eleKTpOMAarHiTHOI MOTYXXHOCTI, 3HW)KCHHSM pPIiBHS
BTpaT, 3MEHIIEHHSM InymiB Ta BiOpauiii. Lleil nanpsimok OyB 3amouarkoBanui I.T.H. A.O. AdoHiHNM Ta
PO3BUHYTHI B HAyKOBHX TpaIsix 1.7.H. B.B. ['pebenikoBa, k.(i3.-mat.H. P.B. amaurii.

Po3pobneno HaykoBi 3acamy CTBOPEHHS ONTHMAIBLHUX CTPYKTYp Mar"iTHuX cucteM EMIIE HOBOTO
MOKOJIIHHS, 10 XapaKTEePU3YIOThCS TMOKPANICHUM BUKOPUCTAHHSIM aKTHBHOI YaCTHHH, MAJIMMH MacaMH Ta
rabaputaMu. 3acTOCYBaHHS APYKOBAaHMX OOMOTOK B €JIEKTPHUYHHMX MAIWHAX 3 HNOCTIHHUMH MarHiTamu Ta
OCHOBHM MAarHiTHUM IIOTOKOM JO3BOJIJIO 3MEHINWUTH IXHIH OCHOBHM PO3MIp Ta 3OUTBITUTH MIUTHHICTH
CTpyMy B OOMOTKaXxX i 3a paxyHOK I[bOT'O CYTTEBO MiJBUIIMTH IMUTOMI XapaKTepuCTUKU. Po3pobiieHO HOBI
CTPYKTYpH MarHiTHUX CHCTEM €JIEKTPHUYHHUX MAIIMH 3 TTOCTIHHUMH MarHiTaMu Ta MarHiTHUMH peIyKTOpaMH,
o 3a0e3MedyroTh IMiIBUIICHHS MUTOMUX IOKa3HUKIB (kBT/kr, HM/Kr) Ta mar0Th 3MOTy CTBOpIOBaTH
€JIEKTPOTIPUBOJ] TPAHCIOPTHUX 3acO0IiB 3 MOKpAIEHMMH EHEPreTHYHHUMH IOKa3HUKAMU Ta EJNEeKTPUYHI
TeHepaTOpH ISl BITPOYCTaHOBOK HOBOT'O TOKOMiHHSI [46-50].

OpHUM i3 HaNpsIMKIB POOOTH BTy €lEKTPOMEXaHIYHUX CHCTEM B OCTaHHI POKU € PO3pOOKa HOBHUX
€JICKTPOMEXAHIYHUX NIEPETBOPIOBAUIB [UIS €IEKTPOIIPUBOIY Ta €JIEKTPOSHEPIreTUKN BEHTHUIIbHO-1HAYKTOPHOTO
tury (a.1.H. JLI. Masypenko, n.t.H .O.B. Bi6ik, k.T.H. M.O. llluxHenko). Po3BHHYTO TEOpil0 BEHTHIBHO-
IHIYKTOPHUX MAallMH B HAmpsMKy PO3POOKH MaTeMaTHYHUX Mojenell, eeKTUBHMX MPHHLMIIIB KepyBaHHS,
YTOUHEHHsI XapakTepy IIPOTIKAHHS EJICKTPOMEXAaHIYHUX IIPOLECIB B PEXUMax [BUTYHa Ta TIeHEpaTopa.
BcraHoBneHO BIUIMB mapameTpiB Ha poOoYi Ta €HEpreTH4Hi XapakTepHCTHKH. Po3po0ieHo MOCTiqHI 3pa3ku
BEHTUJILHO-IHAYKTOPHOTO JBUTYHA Ui HACOCHOTO OOJaJHAaHHS LUPKYJSLIHHOrO Ta MOPLIHEBOTO THIY Ta
BEHTUJIBHO-IHAYKTOPHOTO CTapTep-TeHeparopa Ul CHCTEM 3allyCKy IBHTYHIB BHYTPILIHBOTO 3TOPSHHS 1
ra3oTypOiHHUX ABUTYHIB aBTOHOMHUX €HEPrOyCTAHOBOK Ta TPAHCIOPTHHUX 3aco0iB [51-53].

B InctutyTi enexTpoauHaMiku po3poOJIeHO OCHOBU TEOpii aBTOHOMHHMX aCHHXPOHHHX T'€HEpaTOpiB
Ta MalIMHO-BEHTWIBHUX KOMIUIEKCIB Ha 0a3i 1mx rereparopis. Lleil HanpsMok OyB 3al04aTKOBaHUM II.T.H.
A.L JlimenkoM [54] Ta po3BUHYTHII B HayKOBUX mparsax A.T.H. B.A. Jlicauka, n.1.H. JI.I. Ma3ypeHka, K.T.H.
O.B. Ixxypu. OTpumani pe3yibTaTH IOCTIIKCHb CTaJld OCHOBOI i PO3POOOK HOBHX ACHHXPOHHHX
3BapIOBAILHUX T'€HEPAaTOPIB Ta aBTOHOMHHUX €JIEKTPOTCHEPYIOUHUX CHUCTEM IMOCTIHHOTO i 3MiHHOTO CTPyMY.
Po3pobrieno mocnifHi 3pa3Kd aCMHXPOHHOI'O BEHTHJIBHOTO 3BaplOBalbHOIO I'€HEpaTopa, IBOIIOCTOBOIO
ACHHXPOHHOTO 3BaplOBAJILHOTO TeHEepaTopa, AaCHHXPOHHOTO BEHTWJILHOTO TEHEpaTopa 3 BEKTOPHUMHU
KEpPYBaHHAM 1 CHCTEMH J>KHBIICHHS IMOCTIHHOTO CTPyMy Ha OCHOBI HIHX TeHeparopiB. Taki cucreMu €
NEPCHEKTUBHUMH ISl TOOYZOBU KOpAaOENbHUX IU3EIBHUX CHUCTEM €JICKTPO3a0e3MMEeUYeHHS! OCKUIBKU NaloTh
3MOTY CYTT€BO 3MEHILINTH BUTPATH MAJIINBA 1 Macy €JIEKTPOreHEepYyouoro o0nagHaHHs Ta XapaKTepU3yI0ThCs
MOKPAIICHOIO SIKICTIO ENIEKTPOMEXaHIYHUX MPOIECIB TMOPIBHIHO 3 CHUCTEMaMH Ha OCHOBI CHHXPOHHHX
reHepaTopiB. Po3poOiieH0 1 BHUTOTOBIEHO IOCHiAHMI 3pa30oK OaraTopyHKIiOHAIEHOTO ABTOHOMHOTO
arperaTa 3 aCHHXPOHHHM T€HEPaTOpOM i OCH3MHOBHM INPUBOJIHHUM JIBUTYHOM, SIKAU 3a0e3reuye omaHoda3zHe
JKUBJICHHS HaBaHTAXXCHHS 3MIHHUM CTPYMOM 1 BHKOPHCTOBYETHCS TaKOX SIK ITyCKOBUH NPUCTPIH ais
TPaHCIOPTY Ta PO3pPOOJIEHO HOTO MOCHTITHO-KOHCTPYKTOPCHKY HOKyMeHTauiroo. llle omHuUM 3 MpomoBkeHb
3alI0YaTKOBAHOTO HANPSAMKY CTaja TeMaTHKa 3 MJOCHiIKeHb TiOpUAHUX EJNeKTPOTCHEPYIOUHX CHCTEM
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JKUBJIGHHST 3MIHHOTO CTpyMy, SKi OyAyIOThCS 3 3acCTOCYBaHHAM MiHi-, Mikpo-I'EC, BiTpoycTaHOBOK,
JU3ENBHIX arperariB i HAKOMMYyBaviB eHeprii [55, 56].

VY koni mpoGsieM eQeKTUBHOTO BHKOPHCTaHHS €HEPreTUYHHX PECYPCiB BaXKIIMBE MiCIe 3aliMaroTh
acuaxpoHHI nmBuryHn (AJl). IlutaHHS BOOCKOHAJCHHS KOHCTPYKIi 1 PEXHMIB eKCIUIaTalii IuX JBUTYHIB
BHKJIaZIeHO y poborax A.T.H. O.M. [lomosuya, n.1.H. O.B. bi0ik, k.1.H. }0.B. llypy6a, k.T.1H .I.B. ['onoBans.
Po3pobneno edekTuBHi 3aco0u cTBOpeHHsT AJl Al eNeKTPOMEXaHIYHUX 1 eJeKTPOMEXaHOTPOHHHX CHCTEM.
BrockonanenHsi 3aco0iB 3miHCHEHO y HampsMy MiABUIIEHHS aJEKBaTHOCTI 1 €()eKTHBHOCTI MaTeMaTUYHHX
3ac00iB JOCHTIHKEHHS Ta TMPOCKTYBaHHA AJl 3aBISKH PO3MIMPEHOMY BpaxyBaHHIO OCOOTMBOCTEH (hi3HMUHHX
MIPOLIECIB SJICKTPOMEXaHIYHOTO MEPETBOPEHHS eHepril y AJl: HeMHIMHOCTI Ta HECUMETPIl eICKTPOMArHITHIUX
napamMeTpiB, MPOCTOPOBOI Ta YaCOBOI HECHHYCOiJHOCTI MPOLECIB , IO 3a0e3meuye BUMOTH AocimkeHHs Al 3
HiIBUILIEHUM CTYIIEHEeM BUKOPHUCTAHHS €EKTPOTEXHIYHUX MaTepialiB, CKIAIHUMHU cXeMaMu OOMOTOK CTaTopa.
Po3BuHyTO MeTOO0TTOTIT0 BIOCKOHANCHHS Al 3 ypaxyBaHHIM OCOOIMBOCTEH TXHIX pOOOUNX PEKUMIB Y CKIaIi
€JIEKTPOMEXAHIYHOI CHCTEMH. [3 BUKOPUCTaHHSIM MOJIMBOCTEH MTOJILOBOTO aHalli3y HaOY/IH pO3BUTKY 3ac0o0U 1
Metoau cTBopeHHs AJl (30kpema, BOYJOBaHHX, i3 MacHBHHUMH €JI€MEHTAMH MAarHiTOMPOBOAY) ITiJBHIIEHOT
e(eKTUBHOCTI I PEryJIbOBAaHMX CHCTEM 13 HAIIBIIPOBITHUKOBAUMH IIEPETBOPIOBAYAMH, IMEPIOAMYHUM Ta
CTOXAaCTHYHUM HaBaHTA)KEHHSIM, IHTEHCUBHUX JMHAMIUHUX PEXUMIB podotu [57-62].

HayxoBuii Hanpsim — iHgopmaniiiHo-BUMipIOBaIbHI ccTeMH i MeTpoJioriuHe 3a0e3nevyeHHs] B
eJleKTpoeHepreTuui. [HCTUTYT Mae 3HauYHMN TOpPOOOK (hyHAAMEHTATBHUX AOCTIHKEHb B PO3BUTKY 3arajbHOL
TEOpii BUMIPIOBATBHUX ENEKTPUYHUX KUT 1 €JeKTpOHHUX MpucTpoiB. [lounnatoun 3 1947 p. KONEKTUBOM
BYCHHX i KepiBHULTBOM wieHa-kopecnionaenta AH VYkpainu A.Jl. Hecrepenka ta Hananmi akagemika HAH
VYkpaian @.b. 'puHeBrUa po3poOIeHO HOBI MPUHLIMIH TOOYAOBH Pi3HUX THITIB MPENU3IHHUX MPHUIIAIIB JUIs
CJeKTPUYHAX Ta MATHITHHX BHMIPIOBaHb, CTBOPEHO HOBHWM KJac ITU(POBUX BUMIPIOBAILHHUX MOCTIB,
3aIpOINIOHOBAHO PsiJl €TAOHIB. B pamMkax 1poro HampsiMKy oOpe BiZJoMi HayKOBi Tpaili JOKTOPIB TEXHIYHHX
Hayk €.0. Aunpiecekoro, A.Jl. Hixenceroro, A.l. Hoeika, M.M. Cypay, 3.fl. MoHacTupcbkoro, dieHa-
kopecrormenTa HAH Ykpainu C.I'. Tapanosa ta 6arathox iHmmMX. HUMU Ta iHITIME BUEHUMH, IO TIPAIIOIOTH
y [OMY HaIpsSMKy, PO3BHHYTO TEOPiI0, PO3pOOJICHO MPUHIMIH Ta 3alpOIOHOBAHO €(EKTHBHI TEXHIdHI
pimieHHsT MOOYAOBH BUMIPIOBAJIBGHOI amapaTypd: BHCOKOTOYHMX II€PETBOPIOBAYiB MAapaMeTpiB iMIIEAaHCY
MOCTOBOT'O THITy, B TOMi YHCIi 3 MOXJIMBOCTSIMHM JIUCTaHLIIHOTO BHMIPIOBaHHS MalUX €MHOCTEH,
IHIYKTUBHOCTEH, aKTUBHOTO OTIOPY B JaTUMKAX, YHIBEpCATBHUX Ta CHELialli30BaHUX MPUIIAIIB 3 TEXHIYHUMH
XapaKTEpPUCTUKAMU CBITOBOTO PiBHS, MAarHiTOBHMIpIOBAIbHHX NpPWIAAiB, JIa3epHUX CHCTEM BH3HAYCHHS
BiJIcTaHel, OaraTokaHaNBFHUX iH(OPMANiHHO-BUMIPIOBATEHUX cucTeM. CTBOPEHO CHCTEMH BH3HAYCHHS
mapaMeTpiB  IMIETAaHCYy 3 VYHIKAUIGHAUMH XapaKTepUCTHKAMH ULl HAMIOHAIBGHUX CTAJIOHIB TACHBHHX
SIICKTPUYHUX BEITMYMH, TEMIIEPATYPH Ta EJIEKTPOIPOBITHOCTI PiIUH KiTBKOX KpaiH.

3a ocTaHHil Mepio]] OTPUMaHO HOBi, BAroMi pe3ylbTaTH Y CTBOPEHI Cy4acHHX 3ac00iB BUMIpIOBaHb 3
(hYHKITIOHATTFHIME MOKITMBOCTSIMH 1 XapaKTEpUCTHKAMK Ha PiBHI CBITOBHX JOCATHEHb. 3allpOIIOHOBAHO HOBI
CTPYKTYpHI Ta aJrOpUTMIYHI METOIH MiABUIICHHS TOYHOCTI 1 MIBUAKO/IT, PO3IIMPEHHS YaCTOTHOTO Jliala3oHy
Ta (YHKIIOHATBHUX MOXIHMBOCTEH iH(opMauiiiHO-BUMipIOBaJIbHUX cucTeM. Ha iX OCHOBI po3po0ieHo HOBi
3aco0M AJIsl TEXHIYHOI MIarHOCTHMKHM 1 MOHITOPHHIY CTaHy IOTYXHOTO EJIEKTPOTEXHIYHOI'O YCTAaTKYBaHHS B
SHEPTeTHIll Ta B IHIIMX TATy3sSX MMPOMHUCIOBOCTI, a TAKOX JJIT OI0TEXHOJOTIH 1 MEIUYHOTO BUKOPHCTAHHS.
3anporoHOBaHO HOBI NMPUHLMIM BH3HAUYEHHA (Ha30BUX 3CYBIB CHTHAJIB, IO, 30KpeMa, BHKOPUCTAHO B
PO3po0IIi Ta3epHOi TaNIeKOMIpHOI CHCTEMH JIsl BU3HAYCHHS BificTaHel 0 MUQy3HO-BiONBAIOYOT IOBEPXHI Ta
mapaMeTpiB BiOpamid Oe3KOHTAaKTHHUM crocoOoM. Po3BHHYTO HOBI MiIXOAM JO CTBOPEHHS i 3a0e3MeueHHS
CEepIHOIPUAATHOCTI 1 TEXHIKO-€KOHOMIUHOT e(DEKTHBHOCTI IMIIEIAaHCOMETPHYHOI anapaTtypy Ta CEHCOPHHX
cucteM 3 ii BukopucTaHHsSM. Ha ocHOBI yHi(ikoBaHMX 0a30BHX NPOrpaMHO-anapaTHUX KOMIUIEKCIB 3
BIJIKPUTOI0 apXITEKTYPOIO CTBOPEHO IOCTINHI cepii 3pa3KiB IMMOPTATUBHUX MPHUJIAIiB U OIEPaTUBHUX
BuMipioBanb Ta IBC ans GaraTomapameTpoBOrO TEXHOJOTIYHOTO KOHTpOJ. Po3pobiieHo0 Ta NpakTHYHO
BIOPOBAKEHO y CHIBPOOITHHUTBI pa3oM 3 [HCTUTYTOM MONEKYyJSpHOI Oionorii i TeHeTHKH Ta 3 iHIIMMHU
ycranoBaMmd HAH VYkpainm mpoTtotunm i cepii eKCliepUMEHTAIBHHUX 3pPa3KiB EJNEKTPOHHUX MOIYINIB IS
KUTBKOX BHIIB 010CEHCOPHUX CHUCTEM, 30KpeMa KOHIYKTOMETPHUIHI Ta TEPMOMETPHYHI, IO HE MAIOTh CBITOBHX
AHAJIOTIB 1 aKTyaJIbHI JUTSA BUPIMIEHHS MPo0IeM MeIUIIMHY, 0i010TiHHOT O€3MeKH, MOHITOPUHTY JOBKIJUIS.

Po3pobiieno HOBI mpuHIMNH MOOYAOBH 3ac00iB aBTOMAaTH30BaHOTO BHMIpIOBaHHS IapaMeTpiB
BHCOKOBOJIBTHOI 130JIA1Ii1, CTBOPEHO CHCTEMH MOHITOPHHTY ii CTaHy Izl pob6odoro Hampyrow. Hamaromkeno
CepiiHMll BHITYyCK KOHKYPEHTOCIIPOMOXXHHX KOMOIHOBaHMX TMpHJIANiB JUI BHMIPIOBAaHHS KOMIUIEKCY
BOXJIMBHUX CJICKTPHUYHHUX MApaMeTPiB eIeKTPOSCHEPreTHYHOro oOJagHaHHS Ha MPOMHUCIOBIM 4YacTOTI, IO
3abe3neuye Horo Oe3nepepBHY AIarHOCTUKY Ta CYTTE€BO 3MEHILIY€E aBapilHICTh B €HEprocucreMax KpaiHu.
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CTBOpEHO HayKOBO-TIPUKJIAIHI OCHOBH [iarHOCTYBaHHsS CTaHy €JEKTPOEHEPIeTHYHOro OOJaJHAaHHA Ha
OCHOBI aHaji3y MPOCTOPOBOTO PO3MOALTY IHAYKIT 30BHIIIHIX MAarHITHHX I0JIiB. Po3po0ieHo 6araroochoBi
MarHiTOBUMIpIOBANbHI CHUCTEMH Ta NPOTpaMHO-allapaTHUH KOMIUIEKC 3 MOOUIBHOIO CHCTEMOIO 300py
HEOOXiTHUX TaHUX.

TeopeTnyHO OOIPYHTOBAHO NPUHLIMIM 10Oy 10BU anantuBHUX IBC 114 enekTpoeHepreTuku, MeToau
KamiOpyBaHHSI 3pa3KOBUX T'€HEPATOPIiB 3MIHHOTO CTPyMy IO 3pa3KOBHM JDKEpellaM MOCTIHHOTO CTpyMy,
METO/U ITepaTUBHOTO BiATBOPEHHS (i3WYHUX BeNWYHMH. PO3poOieHo 1 cepiliHO BOPOBaKEHO aBTOMATHYHI
CHUCTEMH OOJIIKY Ta aHaJIi3y SKOCTI €JIEKTPOCHEPTii, CTBOPEHO HU3KY HEOOXITHUX JIJIS ITLOTO CTAJIOHIB.

Jnst po3BUTKY €TajJoOHHOI 0a3W eHepreTHMKH YKpaiHu po3po0ieHO HOBI METOAM BHUKOHAHHS
Npelu3iiiHAX BUMIpIOBaHb Ta NPUHIMIIM MOOYAOBH HEOOXIAHUX Ui IIOTO MPHJIAAiB €TaJOHHOTO PiBHS.
Pesynprat mux OOCHIKEHb BHOPOBAKEHO B MPOBIAHMX METPOJIOTIYHUX OpraHizalisfix YKpaiHM HayKOBO-
BupoOHnunM 1neHtpom /I «Eneproimmynbe» IHcTuTyTy enekrpommnamiku HAH VYxkpainu, 30kpema B
KOMIUJICKCaX BUMIpIOBaIbHOI amapatypu i JlepaBHOro 3pas3ka TeIJIOTBOPHOCTI MarepialiB Ta
HepxaBHoro eraiona temnepatypu (Xapkis, H/II "Metpozoris"), Jlep>kaBHUX eTalOHIB HAIPYTH 3MiHHOTO
CTPYyMy Ta MacImTabHOTO MEPETBOPIOBaYa CHIIA CTPYMY Ha IMIPOMHCIIOBIH JacTOTi, €TAOHIB KHCIIOTHOCTI Ta
HIUJIBHOCTI po34uHiB 3a 3aMoBieHHsAM JII1 “Ykpmerprectcranaapt”’. Takoxk po3poOsieHO 1 BHUTOTOBJICHO
Cepilo MPOMHCIOBUX 3pa3KiB MPEeLUU3iiHOro BHUMipIOBaua MapaMeTpiB IMIEAAaHCY B IIMPOKOMY Jiama3oHi
4acTOT 3 METPOJIOTIYHUMH XapaKTEPHUCTUKAMH HAHBHIIIOTO CBITOBOT'O PiBHSL.

OyHnameHTaNbHI pe3yJibTaTH IOCTIDKEHb y JaHOMY HAyKOBOMY HAIpPSIMKY OUIBII JIE€TaIbHO
BUCBITIIEHO Yy [63, 64]. PoboTn ocranHboro mepiogy Oynu Bim3HaueHi aBoma Jlep)kaBHUMH MpEMisiMH
VYkpaiHu B raimy3i HayKH 1 TEXHIKM, Pe3yJlbTaTH MPEACTABIUINCA HAa MDKHApPOAHUX BHUCTaBKax HAMBHIIOIO
piBH. OCHOBHI HAyKOBI 1 TPaKTHYHI pe3yIbTaTH HaBEICHO, 30KpeMa, y [65].

B xopoTkoMy Orisii HEMOXKIIMBO MEPETIYUTH BCi pe3yNIbTaTH JOCHTIPKEHb BUCHUX [HCTHTYTY elek-
tpoanHaMik HAH Ykpainu 3a 75 poki. OqHak MOKHa 3 BIIEBHEHICTIO CKa3aTH, 110 BOHU CYTTEBO BHIIMHY-
T Ha PO3BHUTOK BITYM3HSHOI CHEPTETHKH, CICKTPOTEXHIKH, MPHIATO0yIyBaHHS Ta IHIMHX Tally3el Trocro-
napcrBa. [Ipo iXHIO BaKIMBICTH 1 3HAUEHHS ISl JIEP)KaBU 1 HAYKW CBITYUTH TOH (akT, M0 pO3pOOKH
iHCTUTYTY 24 pasu Oynu Bia3HaveHi JlepkaBHUMH NpeMisiMH B Taly3i HAyKH i TeXHiKU Ta 21 pa3 mpemismMu
imeHi BunaTHux yueHux HAH Ykpainu.

HeszBakaroun Ha €KOHOMIYHI TPYJHOIII, SIKi BUHHKIIHM MPOTITOM OCTAaHHBOTO IMEpiony (CKOPOYCHHS
(iHaHCyBaHHS Ta MOBHOMAcIITaOHI BO€HHI Aii 3 60Ky P®), iHCTHTYTY Baanocs 30eperTd 3HaYHOIO Miporo
HAYKOBO-TeXHIUHWH noTeHmian. Ha neit yac y 11 HaykoBuX Bimminax mpaiforoTs 170 HAyKOBUX MpalliBHUKIB,
B ToMy umuci dotupu akameMiku HAH VYxkpainum Ta micte wieHiB-kopecnonaentie HAH VYkpainu, 44
JOKTOPH TEXHIYHUX HAyK Ta 75 KaHIUIATIB TEXHIYHUX HAYK, & TAKOXK BHCOKOKBaTi(iKOBaHUH iH)KEHEPHO-
TEXHIYHUH MePCOHAL.

3ycrIIs HAyKOBOTO KOJEKTHUBY IHCTUTYTY CIIPSIMOBaHI Ha TOMATBIIHA PO3BUTOK (QyHIAMEHTATEHUX
JOCHIDKEHb  (PI3UKO-TEXHIYHUX TPOOJIEM eNeKTPOCHEPreTHKA Ta BHPIMICHHS aKTyalbHUX HAyKOBO-
TEXHIYHUX NMpo0IeM QYHKLUIOHYBaHHS MaTHBHO-CHEPTETHYHOIO KOMIUIEKCY YKpaiHu.

Ha 3aBepmennst motpiOHO 3a3HaunTH, 1m0 B mpomy pori OEC VYkpainm moctpokoBo (Ha 1 pik
pamime) 3miicHWIA Tiepexin Ha CcHHXpoHHY poboty 3 ENTSO-E, mepeiimoBmm 10 Tak 3BaHOTO
BunpoOyBanbHOTO pexkumy mnpueaHanas OEC YkpaiHu, 3a SKoro Moxke 3a0e3lnedyBaTHCS MOMIIUBICTD
Ha/JaHHS YKpaiHi 32 MEBHUX CXEMHO-PEKUMHUX YMOB aBapiifHOI JONMOMOTH y BHTIISAII OOMeXeHUX 00CATiB
mocTadaHHs enekTpoeHeprii. Jlo pexxumy cuaxporHHOI podotrt OEC Ykpainu 3 eHeproo0’eIHaHHSIM KpaiH
KOHTHHEHTAJIbHOI €BpONH MiArOTOBKA Bif0yBanacs KOMIUIEKCHO 1 TpuBanmii 4dac. 3okpema, (axiBLsIMH
[HCTUTYTY eneKTpoauHaMiku OyJI0 JOCHTIHKEHO HACiAKK cronydeHHs eHeprooctposa bypmruaeskoi TEC 3
ENTSO-E y cermenti punKy «Ha 100y Hariepem» [17], po3po0iieHO KOHIENTyallbHi OCHOBH KOMILUIEKCHOTO
OLIIHIOBAaHHS BIUIMBY OKPEMHX YHHHUKIB Ha TPOLECH I[IHOYTBOPEHHS B CETMEHTaX PUHKY EJIEKTPUYHOI
eHeprii Ykpainu, puHKy agomoMikHHMX mnociayr [22] Tta inme. [acrutytu BOTIIE HAH Vkpainm, i
Hacammiepen IEJI HAH VYxkpaiam, noknamanu 3ycuilb, BUKOHYIOYM HAyKOBO-TEXHIYHI IOCHIIKEHHS Ta
PO3pOOKH 3a MPOCKTAaMH ITLTHOBHUX IMPOrpaM HaykKoBHX gociimkeHb HAH Ykpaiaw, KiHIIEBOIO METOIO SKHX
Oyno 3abesmeuntin HaOyTTss OEC VYkpaiHM XapakTepHCTHK Ta TIOKa3HHWKIB (YHKLIIOHYBaHHS, IO
BignoBimatote BuMoram ENTSO-E. I[ls1, 0e3ymoBHO, icTopuuyHa mofis BigOynacs, ane Ha «IOPSIKY
JIEHHOMY» € 0araTo MpoOJIeMHUX MTUTaHb, 110 TOTPEOYIOTh BUPIMICHHS, B TOMY YHCII KOJEKTUBOM [HCTHTYTY
enexkrponuHamikn HAH VYkpainu, B MOBOEHHUI Tepiof, Hacamrepe], 3 BiJHOBJICHHS €HEPTEeTHKH KpaiHH,
IO 3a3Haa 3HAYHHUX BTpaT, 3 BU3HAUYCHHS Ta peanizalii MepuIoYeproBux 3aXxo/iB Ta 3aco0iB, CIPIMOBAHUX
Ha TIJBHINEHHS >KUBYYOCTI Ta HafmiiiHOi kepoBanocTi OEC Vkpainu, 3a0e3nedyrodum moTpedu B
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SNEeKTPOCHEPrii Tamy3eldl eKOHOMIKM Ta COLIANbHOI c(epr Ta CTBOPIOIOYH YMOBH ISl HOAAIBIIOTO
inHoBariiiHoro po3Butky OEC VkpaiHu, momanbmioi iHTerpamii yKpaiHCBKMX PHHKOBHX CETMEHTIB [0
PHHKIB e€JEeKTPHUYHOI eHeprii €BpONeMchKUX KpaiH Yy BIAMOBIAHOCTI 31 CBITOBUMH TEHACHLISIMH,
HaI[IOHATHPHUMH iHTEpecaMH Ta MPiOPUTETAMH.
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The history and achievements of the Institute of Electrodynamics of the National Academy of Sciences of Ukraine for 75
years of its existence, related to the formation and development of scientific achievements in the fields of energy,
electrical engineering, and power engineering of Ukraine, are briefly considered. References 65.
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The paper identifies the features of the influence of the characteristics of different connecting conductors on the dy-
namic characteristics of electric discharge installations (EDIs), which are distant significantly (several meters) from
the spark-erosion load. In the electric spark production of dispersed powders, such a load is the interelectrode gap
(IEG) in the technological dispersion apparatus (TAD), filled with a layer of metal granules and a low-conductive
(preferably dielectric) flowing liquid. The influence of the design parameters of such long connecting conductors as
twisted pair, litzendraht with bifilar winding of conductors and coaxial cable on the dynamic characteristics of the indi-
cated EDIs (including on the average rates of rise and fall of the discharge pulse current) is experimentally investi-
gated. It is substantiated that the use of power coaxial cables with modern cross-linked polymer electrical insulation is
practically the most expedient for connection of significantly distant TAD under the condition of insignificant (up to 0.5
uH) self-inductance of EDIs. References 11, figures 4, tables 3.

Key words: electric discharge installation, capacitor discharge, transients, rate of discharge current change, coaxial ca-
ble, litzendraht, twisted pair.

Intensive development of impulse electrical engineering is based on the improvement of electric dis-
charge installations (EDIs) with reservoir capacitors, which provide the highest electrodynamic characteris-
tics in the electrical load (including the rate of change of discharge current and pulsed electric power in the
load) compared to other energy storage devices (electromechanical devices, induction and electrochemical
ones, etc.) [1-3]. Such EDIs with reservoir capacitors are successfully used for the implementation of mod-
ern spark-erosion electro-technologies for the production of finely dispersed metal powders with unique per-
formance properties using EDIs for volumetric electro-spark dispersion (VESD) of a layer of metal granules
in flowing low-conductive (preferably dielectric) liquids in the interelectrode gap (IEG) [4, 5].

The main problems of improving the discharge pulse shapers (DPSs) for EDIs are taking into ac-
count the energy exchange between capacitors and the stochastic change in load resistance, as well as achiev-
ing an increase in the rate of rise of discharge currents, since it is desirable to reduce the size of spark eroded
powders [3, 6, 7].

Taking into account that the active power released in the IEG of the technological dispersion appara-
tus (TAD) of the installation is directly proportional to the value of its active resistance and the quadratic
value of the discharge (pulse) current, an increase in the force effect on metal granules is achieved by the
formation of high pulsed currents of short duration in the IEG.

In particular, in the installations for VESD of metals in dielectric liquids, the force effect increases due to
an increase in the rate of change of discharge currents and a decrease in their duration, which makes it possible to
significantly (several times) reduce the maximum dimensions of the produced spark eroded powders [6, 8].

In industrial conditions, the distance between the DPS and TAD can be several meters, which is de-
termined by electrical safety requirements and technological operating conditions of such installations. In
this case, the active resistance and inductance of the connecting conductors can increase significantly, de-
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creasing the main dynamic characteristics of the EDI and undesirably increasing the size of the produced
spark powders and changing their properties.

Therefore, the purpose of this work was to determine the influence of the design parameters of long
connecting conductors, such as twisted pair, litzendraht with bifilar winding of conductors and coaxial cable,
on the dynamic characteristics of the EDI (including the average rates of rise and fall of the discharge pulse
current) under the condition of a significantly distant spark-erosion load, in order to select the type of con-
ductor that is effective in practice.

In accordance with the goal set in the article, the authors do not pretend to a deep analysis of pulse
processes in conductors as field diffusion processes. The issues of spatio-temporal distribution of the density
of pulsed currents in the cross section of the conductors under study, as well as the spectral analysis of these
currents, were not considered in the article, since these issues go far beyond the goals of the work. The arti-
cle also did not consider the influence of the proximity effect and the surface effect on the frequency de-
pendence of the inductance of the studied conductors, as a slight change in these parameters does not have a
significant effect on the processes in the EDI.

Twisted-pair connecting conductors are usually used to connect the DPS to the spark-erosion load of
the EDI. The inductance per unit length (running inductance) for this type of conductors has a significant
value. In addition, conductors of this type must have an increased cross section of conductive cores when oper-
ating in a pulsed mode, which is explained by a significant decrease in their effective cross section. The above
circumstances significantly limit the possibility of using conductors of this type to connect semiconductor DPS
with several meters distant spark load. The running inductance of this type of conductors begins to exceed sig-
nificantly the output inductance of the DPS when a distance between the DPS and the TAD is several meters.
This leads to a decrease in the maximum values of the discharge currents in the IEG, a decrease in the rate of
their rise, an increase in the total duration of the discharge pulses, and an undesirable increase in the size of
spark eroded powders [6, 8, 9].

The experimental studies were carried out to compare the effect of connecting conductors of differ-
ent types on the dynamic characteristics of the discharge pulse currents of the EDI for the implementation of
technologies of VESD of layer of metal granules in flowing dielectric liquids between two electrodes.

Fig. 1 shows a circuit diagram of the DPS discharge circuit of EDI with a spark-erosion load repre-
sented by a resistor R, = const. In the general case, the resistance of the spark-erosion load changes stochasti-
cally during the discharge of reservoir capacitor with a capacity C. Therefore, in order to analyze steady-state
transient processes in the EDI discharge circuit, the effective value of the active resistance of such load was
introduced: R; = const. In R; the same energy is dissipated during one discharge pulse as in a real layer of
conductive granules [7].

Ly, L In the experiment a high-frequency IGBT transistor was used

K_ Y fY%_ as a fully controlled semiconductor switch K. Reverse diodes VD, and

VD VD, are necessary for the safe operation of the circuit. Self-inductance

4! and intrinsic resistance of all DPS elements of the discharge circuit in

N Fig. 1 is represented by the values of L,;. and R,.. The inductance and
=C xK VD, R | |active resistance of additional connecting conductors of considerable

length, which connect the DPS with the load R), are represented by the
corresponding values L. and R.. The calculations assumed that all
semiconductor elements are ideal (i.e., their active resistances in the
R R . e .

switch on state were assumed to be zero) and switching was carried

L +— out instantly.
Fig. 1 In order to increase the rate of pulsed current rise in the load,
a low-impedance electrostatic capacitor with an electric capacitance
(300 pF) was used as the reservoir capacitor of DPS. The energy capacity of such capacitor was several or-
ders of magnitude higher than the energy that was delivered to the load during one current pulse (and the
DPS output voltage practically did not change during this time). Therefore, when analyzing the transient
processes of this circuit, the assumption was used that the voltage at the DPS output was unchanged:
Upps = const. With this assumption in mind, it was reasonable to assume that the transient process after turning
on the switch K can be considered as the connection of the RL-circuit to a source of direct electromotive force

with voltage Upps.
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The following equipment was used for experimental research: current meter, voltage divider, two-
beam storage digital oscilloscope HAMEG-HM-1507 and connecting conductors of such types as twisted
pair, coaxial cable and litzendraht with bifilar winding of conductors.

The output electrical parameters of such DPS and limits of its operation were determined experimen-
tally. The discharge circuit inductance of the DPS (L4.) was determined by the self-oscillation method. The en-
ergy efficiency of the EDI and the stability of the discharge pulses were determined as in [10]. The RC circuit
(low-impedance capacitor C; = 0.15 pF and non-inductive resistor R; = 108 Ohm) was connected in parallel to
the DPS output terminals. The parameters of the capacitor and resistor were chosen in such a way that an oscil-
latory process without overvoltage occurred in the circuit. The current was measured using a current sensor
with a conversion factor of 100 A : 1 V. The sensor was connected to an oscilloscope. The inductance L,;. was

determined from the well-known analytical expression: 7 =27,/L,.C, [11], as

L, =T?*/4n’C,, (1)
where 7 is a period of self-oscillations (determined from the oscillogram: 7= 1.65 ps). Hence L, = 0.46 pH.
To determine R, — active resistance of the DPS discharge circuit, the short circuit method was used.
To do this, the output terminals of the DPS were connected to each other by short-circuit, which passed
through a measuring current transformer connected to the oscilloscope. The T — time constant of such a dis-
charge circuit was determined from the oscillograms (t = 37.08 pus), and R, was determined by the formula:
Rdc = de /T’ (2)
hence R;. = 12.4 mOhm.
The electrical characteristics and output parameters of the existing DPS are presented in Table 1.
Table 1 Fig. 2 shows the oscillogram

OperatingMaximum| Output |Output active Of the current in the resistive load
Parameter| voltage pulse |inductance,| resistance, dJurati with a resistance of R;=1 Ohm, con-
range, V |current, A| Ly, pH | Ry, mOhm uration, US| nected directly to the DPS without

Discharge pulse

Value 0-600 1000 0.46 12.4 0.75-3.25 long connecting conductors (L. =0,

R..=0). The switch K was turned on
at time ¢,, and turned off at time #,; after 3.25 ps. Voltage Upps=450 V. The value of divisions was: along
the x axis — 1 ps/div, along the y axis — 100 A/div.
it) . To exclude some.distortion of the currenj[ on the

oscillogram at the beginning and end of the transient, the
duration of the rise of the pulsed current in the load (#;)
was determined from 0.1 Z,u 2 up t0 0.9 I figr (Where
Lyax fix 1s the maximum value of the current, which can be
calculated as: Laxsigx = Upps/ (R; + Rac) = 446 A). This du-
ration was: # = 1,05 ps, and the average rate of current
1is€: Ly figo /ty = 340 A/ps.
Taking into account the above mentioned assump-
i : : : : : | tions the expression for the current flowing in the load af-
bt ter turning on the switch K (at ¢, <t < t,5) was determined
‘ ' ' as [11]:

Fig. 2 i(t)=Upps (1 —e'" )/(Rl + Ry ), 3)
i) - : : : where 1) = Ly /(R; + Ry 1s constant time of the discharge
Lok : : : ' : circuit when the load is connected to the DPS directly
: , : without long connecting conductors.
I\ The current flowing in the load after turning off
: : : : the switch K (at ¢> ¢,;) decreased exponentially and it
was defined as [7]:

P O=Uppsll=e ™) (R + R, 1

Fig. 3 displays the oscillogram of the current in

the same load (1 Ohm), connected to the DPS by 5 m-
i : , , long conductors of the twisted pair type with copper cores
ton t . 2x50 mm’. The switch K turns on and turns off at the
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same time points and the DPS voltage was the same: Upps=450 V. The value of divisions was: along the x
axis — 2 us/div, along the y axis — 50 A/div.

Comparison of the maximum values of currents shown in Fig. 2 and Fig. 3, showed that the peak current in
Fig. 3 is smaller. Its value is: J,4x g3 =300 A and it does not have time to reach its maximum possible value:
Lo possivie (Where Ly possiie= Upps/ (R; + Rae + Re.). This value would practically not differ from 7,4, s> 1n Fig. 2
due to the smallness of R..) up to the moment of turning off switch K. However, the duration of the current rise
from 0.1 to 0.9 /. 53 1n Fig. 3 increased and amounted to 2.48 s, and the average rate of current rise de-
creased to 121 A/ps.

The duration of the rise of the pulsed current in Fig. 2 to the smaller of the two peak values: 300 A
(more precisely from 0.1 g3 10 0.9 Lyaize3) Was 0.38 ps, and the average rate of current rise was
632 A/us.

Thus, the presence of connecting conductors of the twisted pair type increases the duration of the cur-
rent rise (and reduces its rate of rise) in the load under these conditions by 6.5 times.

To determine the influence of different connecting conductors on the dynamic parameters of dis-
charge pulse currents in the load of electric discharge installations of VESD of metals in conditions of distant
DPS from the load of such installations, the parameters (inductances L.. and active resistances R..) of these
connection conductors were experimentally determined. Conductors of three types were studied: twisted pair
with copper cores 2x50 mm®, coaxial cable with core and screen cross sections of the 70 and 16 mm® re-
spectively, and litzendraht with bifilar winding of conductors 2x7 mm?®.

For this purpose, these connecting conductors were connected to the DPS. Their active resistances and
inductances were determined by the same methods that were used to calculate R;. and L,. (the short circuit
method and the self-oscillation method were used, respectively). Despite the fact that the active resistance of
conductors with a strong skin effect is proportional to the square root of the frequency and, therefore, in a real
process it can differ by several times from the measured one, it follows from the measurement results and tak-
ing into account this circumstance that this resistance is significant (by several orders of magnitude) less load
resistance. Its influence on the general nature of transient processes in EDI circuits is insignificant and this re-
sistance can be neglected. The differences between the experimentally measured currents in the EDI load and
the results of the analytical analysis are insignificant. The inductance of L.. was defined as:

L.=T/4n°C L, 5)
where the period of self-oscillations 7" was determined from oscillograms.

The resistance R . was calculated using the formula:

Rcc = ((de + Lcc)/ 12)_ Rdc’ (6)
where 1, is the time constant of the discharge circuit of the DPS in the presence of connecting conductors and
the absence of load. 1, was determined from oscillograms.

On the other hand:

Rcc =P Z/Sejj’ (7)

where p is the electrical resistivity (for copper is 0.0175-10° Ohm-m), / and Ses are the respectively, the
length and effective cross section of the current-carrying cores of these connecting conductors.

The expression for the effective cross section S, was obtained after substituting (6) into (7) and per-
forming mathematical transformations:

Seﬁ :plr2/(de +Lcc _RdcTZ)‘ (8)
The results of calculations of inductances and active resistance of the connecting conductors are pre-

sented in Table 2. It also presents the actual and effective cross sections of the current-carrying cores and
their ratios.

Table 2
Parameters Period of self- | Inductance, Time con- Resistance S, Sef Se /S,
Type . stant of cir- 5 )
oscillations 7, us | L., pH . R.., mOhm mm mm r.u.
of conductor cuit 1y, Us
Twisted pair 4.22 2.547 131.15 11 2x50 2x15.9 0.3
Coaxial cable 2.68 0.752 44.46 15 70+16 2%9.3 0.2
(core+screen)
Litzendraht with .88 0.114 19.46 17 2x7 2%6.2 0.9
bifilar winding
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Table 2 shows that the best performance in terms of inductance and the ratio of the effective cross sec-
tion of the current-carrying core to the actual one has the litzendraht with bifilar winding of the conductors.
Coaxial cable has the lowest ratio of the effective cross section of current-carrying core to the actual one. In-
ductance of the coaxial cable is much less than that of twisted pair, but greater than that litzendraht.

An experimental study of the operating modes of the EDI was carried out in order to determine the
dynamic characteristics (rates of rise and fall of discharge pulse currents in the load) when connecting the
DPS and the load of such installations using the above-considered connecting conductors. The oscillograms
of the current in the resistive load R; =1 Ohm, connected to the EDI by means of twisted pair, coaxial cable
and litzendraht are shown in Fig. 4, a, b, c. The duration of the current rise (time At = #,;— t,, between turn-
ing off and turning on of the switch K) was 3.25 ps. The output voltage of the EDI was 400 V. The value of
divisions along the x axis in Fig. 4, a was 2 ps/div, and in Fig. 4, b, ¢ — 1 ps/div. The value of divisions along
the y axis in Fig. 4, a, b, c was 50 A/div.

i i i

Ton Tofr t ton Loy t Iy
a b ton /A t
Fig. 4
The Table 3 shows the experimental results of the dynamic characteristics: the average rates of rise
and fall of pulse currents in the load over a time interval Az = 3.25 us when using three different types of
conductors to connect the DPS and the load.

Table 3 From the experimental and calculated parameters given in Table 3, it
Parameters follows that the average rate of current change is the highest when using
I /AL litzendraht with bifilar winding of the conductors.

Type of Lna, A Alps Coaxial cable has slightly lower inductance L.. compared to litzen-
conductor draht (see Table 2), but it is three times higher than twisted pair one. Since
Twisted pair | 300 | 923 the manufacture of litzendraht with bifilar winding of conductors is too labo-
Coaxial cable | 400 | 123.1 rious, and its insulation strength is much less than the strength of modern
Litzendraht | 390 | 1200 coaxial cable insulation, in practice it is more advisable to use a coaxial ca-

ble as connecting conductors. In addition, the litzendraht has a large capaci-
tance per unit length (it was 12 nF/m for the test sample), which causes significant displacement current (tens
of amperes) in litzendraht insulation in pulse mode of operation. This current additionally loads the con-
trolled semiconductor switches and causes a significant overheating of the insulation, which, in turn, causes
its accelerated electrical and thermal aging, and the electromechanical forces that occur between separate
insulated conductors lead to its mechanical aging.

Conclusions. In this paper, an experimental study of the influence of such connecting conductors as
twisted pair, coaxial cable and litzendraht with bifilar winding of conductors, on the dynamic characteristics
of electric discharge installations, the spark-erosion load of which should be significantly distant from the
discharge pulse shaper, was carried out.

It was substantiated that in case of insignificant (up to 0.5 uH) self-inductance of electric discharge
installations, it is most expedient to use power coaxial cables with modern cross-linked polymer electrical
insulation to connect a significantly distant load.

The work was carried out on the state budget theme "To develop the theory of pulsed and high-frequency tran-

sient electromagnetic processes in power and technological resonant installations and high-voltage cable power lines"
(Code: "ELKAB").
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NIABUINEHHS TUHAMIYHUX XAPAKTEPUCTUK EJIEKTPOPO3PAJHUX YCTAHOBOK,
3HAYHO BIIJJAJIEHUX BIJ ICKPOEPO3IMHOI'O HABAHTAKEHHSA

H.L CpryHOBCLKal, JIOKT. TEXH. HayK, ML.A. H_Iepﬁaz, JIOKT. TexH. Hayk, C.C. P03iCKy.]IOB1, KaH/J. TEXH. HayK,
B.K. Cununnun’
"IncruryT etexrponunamixn HAH Ykpaiun,

np. [lepemoru, 56, Kuis, 03057, Ykpaina, e-mail: iednat1961@gmail.com
2HTY Ykpainu "KIII im. Irops Cikopcbkoro",
np. [lepemoru, 37, Kuis, 03056, Ykpaina, e-mail: m.shcherba@gmail.com

Busnaueno ocobiusocmi éniugy xapakmepucmux pizHux 3’ €OHY8ANbHUX NPOGIOHUKIE HA OUHAMIYHI XAPAKMEPUCHUKU
enexmpopo3psaonux ycmanosok (EPY), snauno (na Oexinoka mempis) 8i00aneHux i iCKpOepo3iiHO20 HABAHMANCCHHS,
SAKUM 34 eIeKMPOICKPOBO2O BUPOOHUYMBA OUCNEPCHUX NOPOWKIE € Midicerekmpoonul npomidxcok (MEI) mexnonoziu-
Hoeo anapamy oucnepeysants (TA/L), 3anosnenuti wapom memanesux epanyn i NPOMOYHOI C1AOKO nPogioHow (badica-
HO Odienekmpuunoio) piounorw. ExcnepumenmanbHo 00CIiONCeHO 6NAUE HA OUHAMIYHI Xapakmepucmuxu exazanux EPY
(30Kpema Ha cepedHi WeUOKOCMI HAPOCMANHS MA CRAOAHHSL 8 HUX PO3PAOHO20 IMAYIbCHO20 CIMPYMY) KOHCIMPYKMUBHUX
napamempie maxkux 0082ux 3'€OHy8ANbHUX NPOGIOHUKIG, AK GUMA NAPA, KOAKCIATbHUL Kabens i nimyendpam 3 Oiginap-
HOK HAMOMKOIO CMpYyMOnpogionux sxcui. Obrpynmosaro, wo 3a Hesnaunoi (00 0,5 mklH) e1acHoi KOHCMpPYKMueHOI
inoykmuenocmi EPY ona nioxkniouenus cymmeso siooanenozo TA/ npakmuuno Haubinbut OOYinbHUM € 8UKOPUCTIAHHS
CUNIOBUX KOAKCIANbHUX KAOeNi6 i3 CYUACHOI0 3WUmOor0 noliMepholo elekmpoizoaayicio. bion. 11, puc. 4, Tabm. 3.
Kniouosi cnosa: enekrpopospsiiHa yCTaHOBKA, PO3Psi KOHICHCATOpA, MEPEXi/IHI MPOIECH, MIBUAKICTh 3MIHEHHS PO3-
PSIHOTO CTPYMY, KOAaKCiaJIbHUI KaOellb, JIITIEHApAT, BUTA Mapa.
Hapiiinura 27.01.2022
Ocratounuii Bapiant 25.03.2022
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CIIOCOBM SMEHIIEHHS MATHITHOI'O TOJISA NIA3EMHUX
CHUJIOBUX KABEJIIB B IIOJHETHJIEHOBUX TPYBAX
3 KOMIIO3UIIMHOI'O MATHITHOI'O MATEPIAJTY

I.M. Ky4epsiBa, 1OKT. TeXH. HAyK
Incruryr eaexrponnnamiku HAH Ykpainn,
np. [lepemoru, 56, Kuis, 03057, Ykpaina.
E-mail: rB.irinan@gmail.com

3a 0onomoeor Komn tomepHo20 MOOen08aANHS O0CIIONCEHO MAcHImHe noje 6ucoko6obmuol (330 kB) nidzemnoi 00Ho-
JIAHYI020601 KabebHOI NiHIL, NPOKIA0eHOT 6 NOiemMUIeHOGIll mpyoi 3 MASHIMHUMU 8IACTMUBOCIAMU, 3 6UKOPUCTAHHSIM
CReYianbHO20 HACUNHO20/3ACUNHO20 TPYHMY PI3HUX po3mipis (00 emy). Tpyba ma dodamkoguil IpyHmM HABKOO i NOOIU-
3y Kabenig BUOMOBIAIOMbCA 3 KOMNOSUYIUHO20 MAMepiany 3 eqreKmueHUMU MASHIMHUMU GIACMUBOCIIAMU [ MOJICYMb
BUKOHYBAMU (QYHKYIIO MACHIMHO20 eKPAHA, 3MEHULYIOUU PIBeHb NOJISL HABKOLO KabenbHoi niHil. Busueno eghexmusnicmo
eKPAaHYBaHHs NOAsA KAOeNbHOI IHIT 3a1eHCHO 8i0 8UCOMU | WUPUHU KOMNOZUYITIHO20 HACUNHO20/3ACUnHO20 TpyHmMYy. Bu-
SA6/IEHO ICHYBAHHA ONMUMATbHOI HeBeIUKol 8UCOMU HACUNKU, HeOOXIOHOI 04 HAUOIIbUIO20 3MEHUeHHSA MACHIMHO20
nozs Kabenie Ha NOBePXHI 3eMi 6e3n0CePeoHbO HAO HUMU, A 6NIUE WIUPUHU HACUNHO20 Md 3ACUNHO20 TPYHMY HA edhe-
KmueHicms ekpanyeants. lIpoananizoeano xapaxmepui 0coonueocmi posnooiny MAazHimMHO20 NOJA 8 PO3TAHYMUX eKpa-
HYIOYUX elleMeHmAax KabenbHoi NiHii 3a1eiCcHO 8i0 HAABHOCMI YU 8i0CYMHOCII KOMNOZUYILIHO20 3ACUNHO20 TPYHMY i 8UCO-
MU HACUNHO20 TPYHMY 3 eeKmueHuMU MacHimuumuy gracmusocmsamu. OOLpYHMOBAHo epexmueHicmos eKpanysants nio-
3EMHUX OOHONAHYIO208UX MPUDAZHUX KAOETbHUX TIHIL 3 GUKOPUCIAHHAM MASHIMHO20 HACUNHOZ0 TPYHINY GUSHAYEHOL He-
senuxoi eucomu (06 ’emy). bion. 11, puc. 4.

Knrwowuoei cnosa: nigzemua tpudasna xabenpHa JIiHisA, NPOKIIAJIaHHs Ka0esiB B TPyOi, HACUITHUI/3aCUITHUN TPYHT, KOM-
MO3UIIHHUI MaTepia, eKpaHyBaHHS MaTHITHOTO IOJISl, KOMIT FOTEPHE MOJICITIOBAHHS.

Beryn. IIpoknaganss B paiioHax MiChbKOi 3a0y0BH Cy4acHUX BHCOKOBOJIFTHHMX 1 HaJIBUCOKOBOJBT-
HUX KaOelnpHUX JiHil (Hanpyrot 1o 500 kB) 3miiicHIOETbCS, SIK TIPaBIIIO, B IPYHTI, B CIICI[iaIbHUX Ka0elb-
HHUX CHOpYAax (TyHENsIX, KaHajax), B MOMieTHICHOBUX TPyOax, TOOTO 3a YMOBH 3a0e3MeueHHs T0JaTKOBOTO
3axHCTy Bix ymkomxkens [1—4]. [lns 3axucty cuiaoBux kaOeliB Ha AUISHKaX MEPETHHY 3 aBTOJOPOraMHu i 3a-
J3HUISIMY, IHKESHEPHUMH CITOpYJaMH 1 TIPHPOJHIMH 3aBaJlaMH BHKOPHUCTOBYIOTHCS TPyOM 1 cIiemiaibHe
OpuiIaiis 3 Pi3HUX TEPMOIUIACTUKOBHX MaTepialiB — IOJETHIICHY, MOJIMNPOIIIeHY, MOMiBIHIIXIOPUAY.
Oco06aMBO MiAXOMATh AJISl MPOKIAJaHHs CUIIOBHX KabeniB Ha Hanpyry 6—500 kB TpyOu 3 moniMepHUX KOM-
MO3UIIIH BUCOKOI TepMocTiiikocTi [2]. Hampukian, Ha MpakTHIll CHITOBI Kabelli 3aXHUIAl0ThCS MIITXOM BHKO-
pUCTaHHS TEPMOCTIHKUX TpyO 31 CreliallbHUX IUJIACTUKOBHX MatepianiB kutaicbkoi ¢ipmu Power Cable
Protection Pipe Ta amepukancekoi kommnanii Eagle (octanHi mig Ha3Boro electrical conduit) [3]. [Ipunycka-
€ThCS PO3MIIIEHHS TPhOX (a3 o HOrO KabenbHOTO JIaHIIora B oqHil TpyOi. [lomieTrneHoBi TpyOu € oqHIM 3
HaHOUTBIIT IPUHHITHUX PIllleHb IS MiA3eMHUX KaOembHUX JIiHIHN, a 3TiJHO 3 BUCHOBKOM CTaTTi [2] mpokia-
JaHHS KaOeNbHUX JiHIH y TpyOax HE € OCHOBHOIO IIPUYMHOIO 3HWKEHHS MPOITYCKHOI 3MaTHOCTI KabemniB. o
TOTO K, TIONIETUJIICHOBI TPyOH MalOTh HEBEJIHKY Bary, BUCOKY MIIHICTh Ta i30JIIiiHI BIACTUBOCTI, CTIHKICTh
JI0 KOPO3IMHUX BIUIMBIB, OKHCIICHHS 1 IPOHUKHEHHS BOJIOTH, TOBIOTPUBAIMI CTPOK €KCIUTyarallii, 3a0e3rre-
YYIOTh 3aXUCT KaOeiB BiJl 30BHIIIHIX MEXaHIYHUX BILIUBIB.

VY cydacHMX YMOBax aKTyaJbHUM IMHUTAHHSM € 33I0BOJIEHHS BUCOKMX HOPMaTHBHHUX BUMOT /10 TE€XHi-
KO-EKOJIOTIYHO1 (eeKTpOMarHiTHOi) Oe3MeKkr MMPOKO BUKOPHUCTOBYBAHMX BHCOKOBOJBTHHX KaOEGIBHUX JIi-
Hill — MaeThcs Ha yBa3i HEOOXIHICTh 3a0€3MEUeHHsT PETJIAaMEHTOBAHOTO PiBHS MarHiTHOTO IOJIsi KaOeliB B
OTOUYIOUOMY CEPEAOBHILI 32 PaXyHOK BAOCKOHAJIEHHS Ta pO3pOOJIEHHS HOBHX CIOCOOIB CIOPYIKECHHS Ka-
OeNpHUX JiHIHA, a TAKO)K BUKOPHCTAaHHS JTOTIOMIKHHX 3aCO0IB Ta HOBITHIX TEXHOJIOTIYHUX PIllIeHb TS 3Me-
HITICHHS MarHITHOTO TIOJIA, IO CTBOPIOETHCS KaOelasaMu. Y IbOMYy HampsMKy B poOoTi [5] 3ampomoHoBaHO
BUKOPHUCTaHHSI MOJICTUICHOBUX TPYyO, y MaTepial sIKMX BBEJCHO IpiOHOAMCIEPCHI MarHiTHI YacTKH, 3a pa-
XYHOK 4O0T0 3a0€3MeuyroThCs €pEeKTUBHI MardiTHI BIACTUBOCTI TpyO. Taki TpyOu MOXYTh BUKOHYBAaTH POIIb
Mar”iTHUX ekpaniB. OKpiM TOTO, IO CTOCYETHCSA KaOeliB MiJ3eMHOTO MPOKIIATaHHs, IPYHTH 3 MarHiTHUMH
BJIACTHUBOCTSIMH, 3aBJSKH JOAaBaHHIO B 1X CKJIaJ MarHiTHOT gpaxiii (Mikpo- a00 HaHO-PO3MIPHUX MarHiTHUX
YacTOK), TEX 34aTHI €KpaHyBaTH MarHiTHe NoJje KabelbHuX JiHil [0, 7], 30kpeMa B poOOTi [6] po3risHyTO
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3acHITHI IPYHTH (TpyHTH Oe3MocepeIHhO HABKOJIO KabeliB) Ta HACHITHI IPYHTH (3BepXy KabeimiB) 3 eeKTHB-
HUMH MarHiTHUMH BIACTHBOCTSMHU — MarHiTHO IPOHUKHICTIO Lo 110 100.

3a3Ha4uKMMO, 10 HACHIIHI Ta 3aCHUITHI IPYHTH MOXYTh HIOEIHYBATH POJIb MarHiTHUX €KpaHiB i cepeso-
BUIIA 3 MOJIMIICHUMU TEIUIOBUMHU BIACTHBOCTSAMH (TaK 3BaHUX KOPEKTYIOUHX IPYHTIB, TOOTO CIEIialbHO
migiOpaHuX TPYHTIB 3 33JaHO0 TETUIOMPOBIIHICTIO) UISI OAHOYACHOTO 3MEHIIIEHHS! MarHiTHOTO IO KaOesiB
1 3a0e3MeUeHHS iX JOIMyCTUMOTO TeMITepaTypHOTo pexxumMy. CaMe TOTpUMaHHS IPHUITYCTUMOTO PiBHS HArpiBy
KaOeJIiB BaYKJIMBO JJIsl IOBrOTPHUBAJIO] eKCILTyaTallii KabemiB 3 BU3HAYEHOO MPOITYCKHOIO 3AaTHICTIO [8, 9].

Memor pobomu € KibKICHE AOCHTIKCHHS e()EKTUBHOCTI 3HMXCHHS MAarHiTHOTO IOJIS MifA3eMHOI
HaaBUCOKOBOJIBTHOI (330 kB) Tpudasznoi kabeapHOI iHIT HA TOBEpXHI IPYHTY, SKa MPOKJIaeHa B TOJIETH-
JICHOBIH TpyOi 3 MarHiTHUMH BJIACTHBOCTSAMH Ta B HaBKOJHUIIHBOMY 1 OJM3bKO PO3TAIIOBAHOMY I'PYHTI, IO
TaKOK Ma€ MarHiTHI BIACTUBOCTI 1 pi3Hi reOMEeTpUYHI mapaMeTpH.

< [

\

Bapianr 1 nacunnut ipywm. || Bapianr 2 HACUNHUTL TPYHM

Hefr

3acuUnHuil
IpyHmM

Puc. 1

HaBKoJMIIHIM IPYHTOM BBAKAETHCS 3aCHITHUNA MarHiTHUH rpyHT (3MI), a GJIM3bKO PO3TAIIOBAHUM —
HaCHUIHUI Kommo3umiiinui rpyat (HMI), mo Hacumaerses 38epxy TpyoOu 3 kabensamu (puc. 1, a, 6).

Po0ota BUKOHY€ETHCS 3a AOIOMOIOI JBOBUMIPHOTO YHCEIBHOTO MOJENIOBAHHS METOIOM CKiHYEH-
HUX elleMeHTiB y nporpami Comsol [10] ms nirouoi B Ykpaini kabenbHo1 niHii [8]. JocniaKyBaHa mig3eMHa
JiHIA MpoKJaieHa B TpyOi Oe3TpaHIIeiiHO Ha TAMOMHI 1,5 M mapanenbHO MOBEPXHI 3eMJi, Ma€ J0AATKOBO
HACHUITHAW/3aCHUITHUI KOMITO3UIIHHUH IPYHT 3 TEOMETPUYHUMH TapaMeTpamMu — [, i 1 MarHiTHOXO POHUKHIC-
TH0 W, —= 100 (puc. 1). KaGexni B miHii posramosani TpukyTHUKOM. [lociinoricTs a3 kabenis — ABC
3J1iBa HaIpaBo. Y Kujax KaOesiB mpoTikae Tpuda3Ha cucTeMa CTPYMIB, PIBHOMIPHO PO3MOIIICHUX y Tiepe-
THHI KWT. AMOMiHi€B] KIIH KaGeliB MalTh Po3Mip momepeunoro mepetuny 800 Mm”. CTpyM y HOMiHAIb-

HoMy pexumi /,,,, = 630 A [8]. IlonieTunenosa tpy6a pajiycoM 25 cM, TOBIIMHOIO 3 CM T€X BUKOHAHA 3

KOMIIO3ULIHHOTO MaTepialy, [0 Ma€ MarHiTHy NPOHUKHICTB W, . KOMIT'IOTepHE MOIEIIOBAHHS IIPOBO/IUTh-
Cs1 32 YMOBH, 11O €JIEKTPOIPOBIIHICTH KOMITO3UIITHOTO IPYHTY HE BPaXOBY€EThCS (3a1a€ThCSI PIBHOO HYJIIO).

Mogeas auist focaimkenns. 3amada GOpMYITIOETECS IS YCTAIEHOTO PEKUMY B IEKapTOBiil cuctemi
koopauHat Oxy (puc. 1) y mpumyLieHHi, 10 YMOBHU MPOKJIaJaHHs KaOenbHOi JiHiT OZHAKOBI 3a BCi€l0 J0B-

JKUHOIO, a Kabei i expanyroui enementu (tpy6a, HMI/3MI) 10ocTaTHBO MOBTi i HE3MiHHI B3/I0BK KaOeIbHOT
Tpacu. HeBitoMOIO e1eKTpOMarHiTHOI 3a/1a4ui € KOMIUIEKCHA BEJIMYMHA BEKTOPHOTO MArHITHOTO TTOTEHIATy

3 HEHYJIBOBOIO Z—CKIa10Bo0 A = (0,0, AZ) .

MareMaTindHa MoJIenb 0a3y€eThes Ha MiaX0aaxX 1 piBHSHHAX, HaBeAeHUX v [11], i meTanpHO omucaHa B
pobotax [5, 6].
OCHOBOIO MOJIENI € cHCTeMa IHTeTpo-TU(epeHITiaNbHAX PIBHAHB 3aTaJIbHOTO BUTIISAIY

Joo; A+V><(|,L0_1pr_1VxA) =GIAU[ , (1)
[J.ds = [ (~joo,A. +6,AU,)dS =I;, )

N S;

i i
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ne ®=2nf — kyrosa yactora ctpymy ( f =50 T'm); j — ysBHA OJAMHMISA; {HAEKC [ BiJHOCHTHCS JIO i -TO
IPOBITHOTO CEPEJIOBMINA B PO3PAXyHKOBIN 0071acTi; O — €JIEKTPONPOBIIHICT i -r0 cepeoBHIIa (B 3arajib-
HOMY BHUIIA/IKy JKWJI, CKPaHiB KaOeniB); L) 1 W, =, — MarHiTHa [OCTIHA i BIIHOCHA MarHiTHa NPOHMK-

HicTh MarHiTHOTO expana y urisiai HMI/3MI Tta TpyOu 3 KoMIIO3uLiiHOro Marepiany, Biamosiguo; 4, = 1
JUTSI HEMarHiTHUX €JIEMEHTIB PO3paxyHKOBOI 00J1acTi, 30KpeMa eJIEMEHTIB Ka0elliB, MPUPOJIHOTO IPYHTY, IO-
BITPSIHOTO CepelOBHIIa BCEpEAHI TPYOH; J — Z-CKJIaJI0Ba TYCTUHH CTPYyMY B IIPOBiAHUKAX.

PiBusiHHS (1)—(2) MiCTATH KOMITIEKCHI Hampyry i cTpyM. PiBHsHHS (2) 3anmucano A5 TUTSTHKH KoJia 31
ctpyMoM I, , maminusaM mHanpyrn AU, , moiomiero momepeyHoro mepepisy S,. KommiekcHa pemmumna I, €
CTPYMOM V XU [ -T0 Kabemro. Y KabembHUX JKIIax 3a/1aloThCsl CTPYMH, 3MilleHi 3a ¢a3oro Ha 120° i ogHa-

KOBi 3a aMILIITYA010, PIBHOIO HOMiHAIEHOMY 3Ha4eHHIO [ CtpyMm I, B MeTaneBUX ekpaHax KaOeliB J0-

HOM *
piBHIOE Hymr0. B 0o0nacti expaniB 3amaetbes AU, = 0 (peani3yeTbCsi BUMAAOK 3aMKHEHUX 3 000X CTOpIH Ha

3eMIII0 BHYTPIIIHIX eKpaHiB kabeniB). [lamiHHs Hanpyru Ha KUJIaxX OJHAKOBI Ta 3MilleHi 3a (a3oro, iX 3Ha-

j2n/3

YeHHs PO3PaXoBYIOThCA 3a Bupazamu: AU, =AU e, AU, = AU, .e’*™ , AU, = AU, e/*"” , Binnosimmo y

¢asax 4, B, C. Ilpu upomy AU, 3a1a€ThCs 32 yMOBU PIBHOCTI CTPYMIB y KMJIaX CTPYMy B HOMiHaJIbHOMY

pexumi. Sk moka3aiy po3paxyHKH, Yy TAKOMY pa3i pi3HHIS IiF0YMX 3HAYCHb CTPYMIB B JKHJIaX HE ITEPEBHIILYE
5%.

PiBusiHHs (1)—(2) MOTIOBHIOIOTHCS YMOBOKO MArHiTHOI 130711111 Ha BCiX 30BHIIIHIX TPaHHIAX Po3pa-
XYHKOBOI 00J1acTi

A =0. 3)

Bekrop marniTHO1 iHaykuii mopiBHioe B =rof(A) . CkiamoBi BekTOpa MOJS BU3HAYAIOTBCS SIK
B, =04, /dy; B, =—04, / dx. Jlochi/ukyiOTbCs 3HA9EHHSA i po3noAin Bennauuu |B |= /| B, I +] B, I* B ax-

TUBHIHM pO3paxyHKOBIii 00IacTi i Ha MOBEPXHi 3emJ1i Oe3rmocepeHb0 Hal KaOeIbHOIO JIHIEI0.

Pe3yabTaTn KoMI’0TepHOro MojeoBanus. Ha puc. 1 y konpopoBoMy 300pa)keHH] MOKa3aHO Xa-
PaKTepHMIi PO3IOILI MarHiTHOro mojis | B | B akTHBHIlH 30Hi 0671acTi PO3paxyHKY JUIS IBOX BapiaHTIiB KOM-
NO3HULIAHOTO TPYHTY. SIK BUIHO, Y pa3i BAKOPUCTaHHS TaKOTO IPYHTY MarHiTHE MoJje KOHIIEHTPY€EThCS B 00-
JacTi kuil kKabemiB 1 miJf HUMU B HWKHINM YacTUHI MaTepiainy Tpyou. MarHiTHui marepian TpyOu BCTymae y
B3aEMOJIII0 3 MarHiTHUM TI0JIeM KaOewiB i 3MIHIOE HOTO PO3MOIii, OCOOIHUBO 1€ BUSABIAETHCS 32 HASIBHOCTI
3MI. IIpu 1poMy, 3a PaxyHOK MEPEPO3IOIiTY MoJs, 3a 0aHakoBoi Bucotn HMI /4 =0,5 m ns Bapianty 1 B
Tpy6i peamizyerbcs 3nauenns | B |= 8,1 mT, a s Bapianty 2 — | B |= 5,9 mT.

Jani puc. 2 UTFOCTPYIOTh 3MiHEHHS MarHiTHOT IHAYKITii HAa TIOBEPXHI 3eMJIi B 3aJIS)KHOCTI BiJI JIOBXKH-
HU [ 1 BUCOTH /i KOMITO3UIIIITHOTO IPYHTY HAaBKOJIO TpyOH 3 KabenbHOO JiHieto. Kpua / Bianosinae Bunamxy
munte HMI nan tpy6oro; kpusa 2 — Bukopuctannio HMI i .
3MI poexkunow [ = 0,7 M. BepXHs IyHKTUpHA JIiHis npea- x10 " [B|,T
CTaBIIsiE 3HAYCHHS IOJISl Y HEMArHiTHOMY IPHUPOTHOMY
rpyuri (6e3 creniansaoro HMI a6o 3MI). HukHst myHK-
THpHA JiHis moOynoBana aus Bunaaky HMI i 3MI 3 nos-
XHUHOIO [ =1 M.

3anekHOCTI pHUC. 2 TOKA3yIOTh HACTYITHE: 24

— e(eKTHBHICTh €KPaHYBaHHS 3a JOIOMOIOI0 OJ- Ge3 HacHIIKH — /1y =1
Horo HMI mposBiIsieThCS JIUINE NPH NEBHIM BUCOTH /1 — He
Oinbmie ~ 0,4 M; BUKOPUCTaHHs BEIMKOro o0’emy HMI
(h>0,4 M) He € e)eKTUBHHM — MarHiTHe MOJ€ B OTOYYIO-
YOMY CEpeJOBHIN i Ha TOBEPXHI 3eMJIl TMOCHIIOETHCS I
(xpuBa 1); !

— icHye onTuManbHe 3HaveHHs Bucotw HMI 0 i r
h*=0,05...0,07 M (xkpuBa [), y pasi SIKOro peaizyerbcst 0.4 08 h, M
HaWOLIbIIE 3HIDKEHHS] MATHITHOTO MTOJISl HA TIOBEPXHI 36MIIi; Puc. 2

L]
|

ﬂeﬁ" =100
[=0,7m

1 — Oe3 3acumku

3 3acnn1<0}0 I=1m
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— HaWOULTBII eEeKTHBHUM CIIOCOOOM €KpaHyBaHHS MAarHiTHOTO IOJIS Ka0eliB € BUKOPHCTAaHHS 000X
BapiauTiB Kommo3uiiiinoro rpyary — HMI i 3MI (kpuBa 2); i GiibIor0 e(heKTUBHICTIO EKpaHyBaHHS Ma-
€ThCSI HAa yBa31i MOXKJIMBICTh OTPUMAaHHS MEHIIIUX 3HAYCHb MATHITHOTO TIOJIS Ha MOBEPXHI 3eMITi Y TIOPiBHSAHHI
3 BUIAJKOM BiJICyTHOCTI JIOZaTKOBOIO MarHiTHOr0 IPYHTY — 3Ha4€Hb HIDKYE JIiHi 1, = | Ha puc. 2;

—y pasi 30utbinenHs mupunu aoxarkosux HMI i 3MI, 3pocrae eeKTUBHICT eKpaHyBaHHS MarHi-
THOTO TOJIs i 301IBIIYETHCS [iana3oH 3MiHeHHs BucoTH HMI, MOKIMBUI [UIs HARKPAIOTO 3HMKEHHS OIS
(HWKHS MyHKTHPHA KPUBa, BimMideHa [ = 1 M).

Ha nonoBHeHHS po3paxyHKOBUX JaHUX PUC. 2, HA PUC. 3, @ HABEJEHO 3MiHEHHS MarHiTHOI IHAYKLI1
| B | B30BK IIEHTpaNbHOT BEpTUKANBHOT JIiHii MO0 BuCOTI Hacumnku (pamoi LM Ha puc. 3, 6) 3a pi3sHMX 3Ha-
yens 7 HMI. Po3nozain MaraitHoro nouns (y kombopi) B 06’ emi HMI 3 Bucororo 4 = 0,1 M npencTaBieHo Ha
puc. 3, 6. [Toxa3aHo, 0 3a GiTbII HU3BKOT HACHIII B Hiil TEHEPYIOThCS GibIN BUCOKI 3HaueHHs | B |, Mak-
CUMYM SIKAX 3HaXOJUThCA ONMkde 10 KabenbHOI miHii. Halibinpira BennyrHa 1O BiAMOBiAae MEHIIi BH-
coti HMI — & = 0,1 m. Jlns uporo BUnaaky y 0esnocepensii OaM3bKOCTI 0 TIOBEPXHI 3€MJIi MOJIE 3MEHIIY-
€THCS IO MEHIIIUX 3HAYEHb Y MOPIBHSIHHI 3 BUCOTOIO A = 0,5 M.

I
.%oeeprﬂ 3eML

x104B|,T

BapianTt 2

e Hefy =100 M,

tO,l M

Puc. 3

[osicheHHs 3anexHOCTEl Ha pUC. 2 BiAHOCHO HEoOXigHOCTI HeBenukoi Bucoth HMI st Ginbimoro
3MEHIIICHHS PiBHSI MarHiTHOTO IOJISl HA MOBEPXHI 3eMIIi MOXke OyTH MPOBEACHO 3a JOMIOMOTOI0 KapTHH BEK-
TOpa MarHiTHOI iHaykii B (y BHIIAmi MiHi# MOTOKY) HAaBKONO KabenbHOI MiHil Ta MO6IM3Y MOBEpXHi 3eMili
I IBOX BapiaHTiB NPOKIaJaHHs KabesiB B KOMIO3ULiHHiM Tpy6i Ta pisHii Bucoti & HMI (puc. 4).

VY 3aragpHOMY BHIIAIKY PO3MOJIII MarHiTHOTO TOJIS MOOJIM3Y TPOBITHUKIB 3aJICKUTH Bil MOMEHTY
yacy. OHaKk HAMOUTBIINHI 1HTEpec AT TOCHIHKEHHSI PEJICTABIIE, TIEPII 32 BCE, XapaKTep PO3IMOILTY OIS B
30HI HEMOJAIIK Bi MOBEpXHi IpyHTY. Jlo TOTO X, SIK IMOKa3aHO PO3PaXyHKOBUM IUISIXOM, 31 3SMIHEHHSM 4acy
KapTUHH MarHiTHOTO IOJIS1 3MIHIOIOTHCSI 00€PTaIbHO B IUIOLIMHI MOMEPEYHOro nepetuny kaodemiB (Oxy ), a

CYTTEBI OCOOIMBOCTI 3aTMIIAIOTHCS HE3MIHHUMU.

Sk cBimuuTh puc. 4, MarHiTHe MoJjie MPOHUKAE B MarHiTHuii Marepian py6ou, HMI ta 3MI. V pasi
BIJICYTHOCTI KOMIIO3HITIITHOT 3aCHIIKH TIOJIe OibIlIe KOHIICHTPYETHCS B CTIHKaxX Tpyowm (puc. 4, a), a y pasi
BUKOpucTanHs 3MI MarHiTHe T0J€ TEPEPO3NOAUIAETHCS, OXOILIIOIYN 00’€M MAarHiTHUX CEPEeIOBHII 3a-
MKHEHHMH NIOTOKaMH KPYTOBOTO XapakTepy (puc. 4, 6). 3araibsHOI0 OCOOTUBICT. ISl IBOX PO3TISIHYTHX Ba-
piaHTIB € KOHIIEHTpAIlis 0JIs caMe Ha BepxHik rpanuii HMI, a Takoxk npocyBaHHs GilIbIINX 3HAYEHb Mar-
HITHOI IHAYKIii BCce OnmKYe 10 MOBEPXHI 3eMili y pasi 30inbmenns Bucotu HMI. Ananoriunuii BUCHOBOK
Oyio oTpuMaHO sl MiA3eMHUX TpudasHuX KabenbHUX JiHil 0e3 gomaTkoBoro 3axucty (0e3rpyOHOrO mpo-
KJIaJIEHHs) 3 TPMKYTHUM i TOPU30HTAILHUM PO3TAIllyBaHHAM Kabeis i HasBHocTi HMI.

Jl1st TOpiBHAHHS PE3yNbTATIB U BapiaHTy 2 HA pUC. 3, 6 HABEICHO PO3MOII MarHiTHOTO TOJIA (JTi-
HisIMH TIOTOKY) HaBKOJIO KabebHOT miHii, mo Mae 3MI i He mae marHiTHOT Hacumnku (4 = 0).

3rigHo 3 pesyabTaTamu po6otu [6] Bukopuctanus 3MI € HalGiIbII e(hEKTUBHUM 3 TOUKH 30py pea-
Ji3amii eKpaHyIYrX BIIACTUBOCTEH y MOPIBHAHHI 3 HACUITHIM KOMITO3HUIIIMHAM TPYHTOM. SIK TIOKa3aHo y aa-
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Hill poOoTi, 301BIIUTH CTYMiHb IIOM SKIIEHHS MAarHiTHOTO IOJIS HA TIOBEPXHI 3€MJIi 1a€ 3MOTYy BapiaHT 2 —
HasBHicTs 3MI Ta HMI HeBenmkoro oocary.

BapianT 1

Wiz

a

Puc. 4

BucnoBku. 1. JlocaimkeHO MarHiTHE IOJIE OTHOJAHIIIOTOBOI HAABHCOKOBOJIBTHOI KaOeabHOI JiHil,
TPOKJIAICHOI B MOICTHIICHOBIN TpyOi, BUTOTOBJICHIN 3 KOMITO3HITITHOTO MarHiTHOrO MaTepialy, i B cIiemia-
JHHOMY HACUITHOMY/3aCHITHOMY I'PYHTI, SIKHi Ma€ eeKTHBHI MarHiTHi BIACTUBOCTI, 3aBJISIKU JTOJIABAHHIO B
Marepiajy MarHiTHOT KOMIOHEHTH IpiOHOI aucnepcHocTi. Taki TpyOH 1 KOMIO3ULINHI IPYHTH MOXYTh BU-
KOHYBATH POJIb MaTrHITHUX €KpaHiB, [0 3MEHIIYIOTh MarHiTHE IMOJie Ha IMOBEpXHi 3eMii. Bukopucranus mo-
JATKOBUX MarHiTHHUX IPYHTIB JIO3BOJISIE JOCSATTH 3MEHIIICHHS TIOJISI HA PIBHI MOBEPXHI IPYHTY HaJ KaOelssMu
OinpIne HIXK y 2,5 pasu (puc. 2).

2. [IpoananizoBaHO 0COOIMBOCTI XapakTepy PO3NOIiNY 1 3MiHEHHS MarHiTHOTO 1OJIs KaOeabHOT JiHiT
B OTOYYIOUOMY CepefOBHIII i B TpyOi 3aJIeKHO Bii BHCOTH 1 IIUPUHU KOMITO3UIIIHHOTO HACUITHOTO/ 3aCHUITHO-
rO IPYHTY.

3. Inst po3rissHyToi KaGenpHOI JIiHiT MPOBENEHO KUIBKICHUH aHalli3 e()eKTHUBHOCTI 3HIKEHHS PiBHS
Mar"iTHOTO TIOJISl Ha MTOBEPXHI IPYHTY 3a paxyHOK 3aCTOCYBaHHS HACHITHOTO/3aCHITHOTO IPYHTY 3 MarHiTHH-
MU BIIACTUBOCTSIMH.

4. 1aHo MOsICHEHHS BUSBJICHOTO (haKTy, IO BEJHKI 00CATH KOMIO3UIIITHOTO 3aCUITHOTO, & 0COOINBO
HAaCUITHOTO TPYHTY He 3a0e3MeduyioTh HaHOUIBIIOI e(eKTHBHOCTI eKpaHyBaHHS MAarHiTHOTO ITOJIS CHIIOBHX
kabeniB (puc. 4). IcCHyIOTh ONTUMalIbHI 3HAYEHHS BUCOTU TAKHX CICLIaIBbHUX IPYHTIB i 3a0e3MeueHHS
HaHOUTBIIIOr0 3MEHIIICHHST MarHITHOTO TOJIs Ka0eJiB Ha MOBEpXHi 3emiti (puc. 2).

5. Ans npakTUKY TNPOKIaJaHHs KaOelbHUX JiHIH B TpyOax 3 MarHiTHUMH BIaCTHBOCTSAMHU HaHO1IbII
e(eKTHBHI eKpaHyI0Ui MOXKIMBOCTI PEealli3yIOThCS 32 HASIBHOCTI KOMIO3WIIHHUX 3aCHITHOTO Ta HACHITHOTO
IPYHTIB BU3HAYEHOTO 00CATY (IJIs1 pO3TIISTHYTOrO BUMAJAKY Y pa3i HACHITHOTO MarHiTHOTO IPYHTY 3 BHCOTOIO
h =0,1-0,5 M, puc. 2).
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METHODS FOR MITIGATION OF MAGNETIC FIELD GENERATED BY UNDERGROUND POWER
CABLES IN POLYETHYLENE PIPES MADE OF COMPOSITE MAGNETIC MATERIAL

IL.M. Kucheriava

Institute of Electrodynamics,

National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine.
E-mail: rB.irinan@gmail.com

The magnetic field of a high-voltage (330 kV) underground single-circuit power cable line, laid in a polyethylene pipe
having magnetic properties, with the use of special loose-fill/fill-up soil of different dimensions (bulk) is studied by
computer modeling. The pipe and additional soil around and near the cables are made of a composite material with
effective magnetic properties and can act as a magnetic shield that reduces the level of the field on the ground. The
efficiency of field shielding depending on the height and width of the composite loose-fill/fill-up soil is analyzed. The
existence of the optimal not large (in height) fill-up soil for the best mitigation of the magnetic field on the ground
directly above the cables, and the influence of the width of the loose-fill/fill-up soils on the shielding efficiency are
revealed. The characteristic features of the magnetic field distribution within the considered shielding elements of the
cable line depending on the availability or non-availability of composite loose-fill soil and the height of the fill-up soil
with effective magnetic properties are presented. The shielding efficiency of underground single-circuit three-phase
power cable lines when using the magnetic fill-up soil with a certain small height (volume) is grounded. References 11,
figures 4.
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Key words: underground three-phase cable line, cables laid in pipe, loose-fill/fill-up soil, composite material, magnetic
field shielding, computer modeling.
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DOUBLE-CIRCUIT RESONANT ELECTRIC POWER AMPLIFIER FOR
MAGNETIC-PULSE PROCESSING OF METALS
Yu.V. Batygin’, S.0 Shinderuk ", E.O. Chaplygin"~, D.V. Fendrikov
Kharkiv National Automobile and Highway University,
st. Yaroslava Mydrogo, 25. Kharkiv, 61002, Ukraine,
e-mail: 097931417e@gmail.com

The authors propose and substantiate the functionality of a magnetic-pulse installation consisting of two blocks, the
first of which is a resonant double-circuit charger of a capacitive energy storage, and the second block is a discharge
circuit with an inductor-tool for performing a given production operation. It is shown that the voltage changes in time
according to an exponentially growing harmonic law. It was found that the amplitude of the voltage across the capaci-
tor can be regulated by varying the characteristics of the coupling transformer between the circuits and the character-
istics of the circuit of the reactive power conversion unit. Numerical assessments of the characteristics of the charging
process showed a high efficiency of voltage formation on the capacitive storage due to resonance phenomena (the
transformation ratio is equal to the Q-factor of the circuit ~ 20), which is not comparable with the well-known tradi-
tional indicators of induction methods. In terms of phase — the length in time to the maximum charge in the adopted
circuit of the active electric power amplifier is set by the inequality - That is, after ~ 30 periods of charging current, the
excited voltage reaches a maximum (~ 20 times higher than the source voltage), which will correspond to the end of the
transient process and the establishment of a steady state of operation. An example of calculating the characteristics of
an elementary resonant base illustrates the effective capabilities of a magnetic-pulse installation, consisting of a reso-
nant charger of a capacitive energy storage and a load in the form of an inductor-tool for flat stamping of metal prod-
ucts. It was _found that the square of the ratio of operating frequencies in the load unit and the reactive power amplifica-
tion unit quantitatively determines the fundamental possibility of resonant amplification of the active electrical energy
of a harmonic signal. References 12, figures 5.

Key words: magnetic pulse punching, series circuits, voltage resonance, active electrical power amplification, capacitive
energy storage, discharge circuit, inductor-tool, harmonic law, stamping of metal products, harmonic signal.

Introduction. The level of technical support of any industrial production characterizes its fundamen-
tal practical capabilities. So, the achievements in the field of creating magnetic-pulse installations (MIP), as
powerful energy sources, determine, in the end, the prospects for using pulsed electromagnetic fields in the
implementation of modern environmentally friendly, resource-saving and high-performance technologies for
the processing of metals by pressure. Without going through the numerous publications devoted to this topic,
one can single out the main scientific publications that sufficiently extensively disclose and generalize in-
formation on the development of equipment for field technologies and at the present stage of technological
progress [1 — 3]. So, the authors of the scientific publication describe in some detail examples of magnetic-
pulse installations created at different times by world electrical manufacturers. The successes in the devel-
opment of MIP by firms in Germany (Siemens), Great Britain (Wick men Machine Tools), USA (General
Dynamics Corporation), etc. are highlighted. Monograph, presented by a large group of authors from various
organizations in Germany, is mainly devoted to the description of the development of technical aspects in the
implementation of various stamping, assembly and welding production operations.

As is known, physically, resonance effects are manifested upon excitation of exclusively harmonic
oscillations. But the creation of real resonant electrical systems is possible with other methods of excitation.
So, from a practical point of view, it is of interest to excite a voltage resonance using a generator of rectangu-
lar pulses with a repetition rate equal to the natural frequency of the excited resonant circuit. The publication
is devoted to the calculation of current modes when feeding with bipolar and unipolar voltage pulses. It is
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shown that, in the latter excitation method, the contribution of higher harmonics to the formation of a reso-
nant harmonic current is significantly lower than in the case of bipolar excitation.

Theoretical and experimental attempts to amplify reactive electrical power at voltage resonance are
highlighted in. Its conclusions make it possible to formulate the direction of further scientific research, one of
the final goals of which can be called the proposal and substantiation of the efficiency of a high-voltage charger
of a capacitive storage, as a power source in magnetic-pulse processing of metals, which allows to obtain at the
output a given level of stored energy of electromagnetic energy at a certain value of the charging voltage. An
undoubted and significantly significant advantage of the proposal to use the resonant effect in series active-
reactive circuits instead of the bulky power equipment of traditional charger circuits is the possibility of in-
creasing the voltage due to the variation of the characteristics of the charging circuit (quality factor). Moreover,
the gain in the resonant circuit will be incomparably higher than in the traditional charger circuit.

In conclusion of this analysis of modern publications, we can add a phenomenological consideration
about the possible next step in the development of the conclusions of publication and this work. Their gener-
alization can result in the solution of vital problems of the modern electric power industry, and not only of
electromagnetic technologies. We are talking about the creation of amplifiers of already active electrical
power of currents and voltages. By the way, from a physical point of view, a resonant magnetic-pulse instal-
lation, combining the amplification of reactive power and its transformation into active electrical power, ul-
timately already represents a resonant generator of active electrical energy.

The purpose of this work is to propose and substantiate the functionality of a magnetic-pulse installation,
consisting of two units, the first of which is a resonant double-circuit charger of a capacitive energy storage, and
the second unit is a discharge circuit with an inductor-tool for performing a given production operation.

1. Scheme, principle of operation. Formulation of the problem. In Fig. 1 shows a schematic dia-
gram of a resonant magnetic pulse installation, which, from a physical point of view, is a pulsed resonant
amplifier of active electrical energy: a — shows the equivalent circuit of the amplifier; b — shows a reactive

power conversion unit; ¢ — load block — series circuit with active load — R; .
L, ESi  ES:

C'1 R» § . L3
The couplmg transformer . @
E(t) @ v 11? E;L‘?T i S — @ R

| e |
R3
a
1 Ry L, £E51 ES1 I,

The coupling transformer
=~ .
E®) ©) 111_? %r_zn—n @ Cst Uco 23 ® B
-

r—

R, Ry

Fig. 1

Note. In view of the equivalence, the object of this study in the further presentation of the material
can be called either a resonant amplifier of active electrical energy, or a resonant magnetic pulse installation.

In general, the amplifier circuit consists of two blocks (Fig. 1, ). The first of them is a reactive elec-
trical power conversion unit, which, in turn, consists of two consecutive active-reactive circuits — / and 2.

The second is a load unit, consisting of one series circuit — 3 and containing a load — R;, where in the gen-

eral case, the active electrical power of the excited signal is allocated.

The components of the reactive power conversion unit (in fact, this unit is an MIU charger) Are
formed by circuits / and 2 (Fig. 1, b). They are interconnected by means of a coupling transformer, the in-
ductance of the windings of which — L;r, Lyt is, respectively. Circuits 2 and 3 are connected by a common
capacitive energy storage — Co;3.

Reactive electricity conversion unit (Fig. 1, b). Circuit / — is a series R|L,1C, — circuit where, in the
voltage resonance mode, the excited signal is transformed into circuit 2. Here R; — the active resistance of the
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connecting conductors, including the primary winding of the communication transformer and the internal
resistance of the power supply — E(t), Li1, LT — inductance, C; — capacitance.

Circuit 2 — is sequential R,(L,1+L,)Cy; — circuit, where in the voltage resonance mode the capacitance
is charged — C,;. Here R, — total resistance of all circuit elements, (L,1+L,) — total inductance, Cy; — capacity.
Electromagnetic processes in the circuits of the reactive power conversion unit occur with a closed electronic
key — ES; and an open key — ES; up to the capacity charge — C,3 according to a given voltage level — Ugy.
Then the electronic key — ES is opened, and the key — ES; is closed.

Amplifier load block (Fig. 1, b). Circuit 3 — is sequential (Rs+R;)L3Cy; — circuit, where, in the voltage
resonance mode, a pre-charged capacitance — Cy; is discharged to the active load of the amplifier — R;. Here
(R3+R)) — total active resistance of connecting conductors, including load resistance — R), L; — inductance, Cy;
— capacity. Electromagnetic processes in the circuit of the amplifier load unit occur with a closed electronic
key — ES, and an open key — ES) until the end of the capacity discharge — Cy; After that, the electronic key —
ES; is opened, and the key — ES; is closed.

The «charge-discharge» process in the blocks of the proposed amplifier circuit can be repeated cycli-
cally with a frequency not less than the time of charging the capacitive storage in circuit 2.

We emphasize that, from a physical point of view, the reactive power conversion unit (circuits — /,
2) is an amplifier of reactive energy [7], and the load unit (circuit — 3) is a reactive-to-active current power
converter at the output of the proposed amplifier.

Formulation of the problem. According to the principle of operation of the proposed scheme of the
active electric power amplifier, the theoretical description of its capacity allows consideration of transients
separately in each of the selected blocks (Fig. 1, b) — reactive power conversion unit — circuits /, 2 and (Fig.
1, ¢) — load unit —circuit 3).

Natural resonance frequencies of circuits / and 2 are equal to each other:

O :1/\/L1T -C) =0y :1/ (Lyr +Ly)-Cypy =0 .

The active resistances of the element base of the amplifier are quite small, which is due to the desire
to minimize energy losses, R 3<<®oLir2723 load resistance R| — arbitrarily.

The first amplifier circuit — / is excited by sequences of unipolar rectangular voltage pulses with an
amplitude — E,,,, repetition period — T and duration equal to — 7/2 (Fig. 2). In Fig. 2 presents the time depend-
ence of unipolar voltage pulses with a repetition period ~ 7 and duration ~ 7/2.

The frequency of the voltage pulses is

Em equal to the fundamental frequency of the spec-
1of 1 tral decomposition of the exciting signal and the
08 natural resonance frequency of the amplifier cir-

cuits — .
0.6 2. Calculation results. According to
the adopted formulation of the problem, we
04 separately consider and analyze the transient
0.2 processes in each of the amplifier blocks.
Reactive electric power conversion
0'0'0_0 R R Y (s S unit (charger of the proposed magnetic-pulse
installation) (Fig 1, b).
Fig. 2 The amplitude-time dependence of the

exciting voltage in Fig. 2 is represented by the
spectral Fourier expansion [6 — 10]:

E()=E,- [1/2 (of)- 3 Sl 202 1)2) sm(@,,t)j, (1)

s 2n +1

where @, = (2n/T-(2n+1) are the harmonic frequencies of spectral decomposition, ®,=0 = wy = 2n/T is the
fundamental frequency.
When deriving the necessary design ratios, we will use the individual results of [7], where a similar
problem was considered for a circuit of two inductively coupled circuits in a steady-state time regime.
According to the cited work, the time dependence for the resonant current at the output of the unit
under consideration with equal damping coefficients and operating frequencies in its circuits will be written
in the form of a convolution of functions [10]:
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L()=k Ly /Ly A(Lyr +L,)- J.e_s(t_x) cos(w, (¢ - x))- E(x)dx, (2)

0
where k € [0, 1] is the coefficient of electromagnetic coupling between circuits / — 2, relative, 6 =

Ry/2(Lot+L,) is the attenuation coefficient — current time, £ (x) =F (Z)L_x , x is the variable of integration.

Addiction (1) should be substituted into the integrand from (2). Integrate the result. Using the found
relationship for the current, you can determine the voltage across the capacitance — Cy;
Omitting cumbersome mathematical transformations, taking into account the smallness of the quanti-

ties ~ & and mal in the end, after introducing the main characteristics of the process under study, we obtain
the following dependence [10]:

Ue, 0= Ct [ 1n(ote~ E, (kT Ty -0, =200 ) sino. 3)
0

where Oy = 1/®0y- Cp3R, =0 (Lo7+Ly)/R, — series quality factor 2.

Let's analyze the obtained result (3).

First — the charging voltage changes over time according to an exponentially increasing harmonic
law. Second — the amplitude of the voltage across the capacitance can be regulated by variation characteris-
tics of the coupling transformer between the loops — /, 2 and the characteristics of the loop — 2 reactive
power conversion units.

Physically, this conclusion can be easily substantiated as follows.

The coefficient in (3), which determines the maximum growth of the charging voltage across the ca-
pacitor with respect to the voltage of the external source, is represented by two factors. The first is the trans-

formation ratio of the coupling transformer between / u 2 contours ~ k - y/L,; /L,y [6— 9], and the second is

the quality factor of the output circuit 2 — O, such way.

The adopted double-circuit diagram of the reactive power conversion unit allows a significant in-
crease in the charging voltage due to inductive coupling between the circuits and an increase in the quality
factor of the second circuit due to a decrease in its active resistance. Note that in the first circuit, the value of
its active resistance is limited from below by the value of the internal resistance of the external power source.

The third generalizing — the introduction of this unit, as a component of an active electric power am-
plifier, allows its very effective use as a charger for a capacitive energy storage of a resonant magnetic-pulse
installation.

Next, we illustrate the charging process by using numerical values of the characteristic parameters of
the investigated object [3 — 12]. Let us assume that the coupling transformer is a step — up transformer with a

coefficient — k = 1.0 and, /L, /L,; =2.0, quality factor of the second circuit — Oy = 10.0. In this case, the

voltage on the capacitive storage in comparison with the voltage of the external power source can increase
e, 0/E,

(0)>>20, = 20.0. That there is, after the incident ~ 30 periods of the charging current, the excited voltage
reaches a maximum, which will correspond to the end of the transient process and the establishment of a
steady state of operation.

Load block (discharge circuit of the magnetic-pulse installation, Fig.1, b). Let us emphasize that the
discharge circuit of a magnetic-pulse installation is considered as a load unit, where all circuit elements are
actually present — 3 [10].

Let the capacity discharge occur immediately after its charge. The current, as shown in well-known
works, will be described by the following exponentially decaying harmonic time dependence [6 — 9]:

=20 times. In terms of the phase, the extent before maximum charge is set by the inequality —

J3(t) ~—Upy- @3- Cn3 ,6—63-(t—to) -sin(0)3 ‘(f—fo))s = 4)
where is the charging voltage across the tank, ¢, is the moment of the end of the charge of the capacity and

the beginning of its discharge, ¢ is the current time, ®; =, -\/1—(63 / wo)z operating frequency and &; =
(R5+R))/2L; is the attenuation coefficient of the current excited in the circuit — 3.
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It should be noted that the temporal shape of the excited current (4) in practice is regulated by the in-
clusion or exclusion of an additional resistor (in this case, this is a variation of the value R;3). Thus, with the
help of such an operation, it is possible to obtain both an oscillating and a periodic signal in the considered
amplifier circuit [3 — 11].

In the further consideration, we restrict ourselves to the choice of the parameters of the contour 3
such, what o <<, =1- (L3 -Cyy )71, (R3 + R,)<< o, - L, in voltage resonance; accordingly, the integral volt-

age across the reactive elements is zero. The voltage drop takes place only on the active resistance of the cir-
cuit element base — R; and load resistor — R|. In the case when R>>R; the current in the load, taking into ac-
count the charging voltage on the capacitor from (3), using dependence (4), can be represented by the follow-
ing expression:

JH(t)z—EmRz‘l'(kVLzr-L;%](ws-wal)(l—e°’°’°'(ZQ“” Kin(oqf 020 in( 1= 1)) 21, (5)

where O; = 1/my-Cy;° R, is the contour quality factor 3.

The gain, as the ratio of the instantaneous power in the amplifier load to the instantaneous power of
an external source of rectangular voltage pulses, taking into account (5), can be represented by the following
dependence [6 — 9]:

KO (t) OTH (t) P (t) Omax - J: (t)RH ( /R ) R (k2 : L2T /LIT)><
x (@, /o, ) (1 — e )Z sin®(wyty Je 2" sin’(o (z —1,)): t>1,.

From expression (6) follows, that:

— the square of the ratio of the operating frequencies of the circuits in the selected blocks ~ (w3/m)*
quantitatively determines the fundamental possibility of resonant amplification of the active electrical energy
of a harmonic signal;

— introduction of a double-circuit reactive power converter into the amplifier circuit and the appro-
priate choice of its parameters ~ R /R, (ky-Lo7/Li7) lope up additional possibilities florin creasing the effi-
ciency of the amplifier as a whole.

An example of calculation of a resonant magnetic-pulse installation.

3. Originality. In contrast to the known traditional analogues [3 — 11], the principle of operation of
the proposed resonant magnetic-pulse installation for metal boxes is based on the resonant voltages used in
the studied active reactive circuits. Its charger, as defined previously, is a resonant reactive power amplifier
[8] ("Reactive power conversion unit"). Its distinctive feature is the presence of two circuits with an induc-
tively coupled circuit, where education due to a sufficient amount of active resistance can increase the qual-
ity factors and, consequently, a significant increase in the electrical signal, we emphasize, without the use of
induction voltage. It should be noted that the use of one of the studied circuits does not allow to obtain a suf-
ficiently high resonant gain due to the limited quality scheme with the help of the internal support of the ex-
ternal power supply.

The presentation of this issue is presented by an example of calculating the characteristics of the
element base of equipment for flat magnetic-pulse stamping of metal products, consisting of a resonant
charger, capacitive energy storage and a load in the form of an inductor-tool [2 — 11]. The structural diagram
of the object of calculations, corresponding to the schematic diagram in Fig. 1, is shown in Fig. 3, where the
main basic element — is the «Reactive power conversion unit» is introduced with the addition — «Frequency
converter». The latter, when powered from an industrial network, can include a rectifier and a square-wave
voltage pulse former (according to the problem statement of this work). In this case, the input circuit of the
unit — 1 performs the task of resonant formation of a harmonic signal for transformation into the output cir-
cuit — 2 «Reactive power conversion unit». (Fig. 3) shows a block diagram of magnetic pulse equipment.
Where a — is the magnetic impulse setting, the reactive power converter, b — is the load node of the tool in-
ductor.

(6)
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Reactive power conversion unit

Eﬂ =311V, o Input circuit | I Output circuit B ——
s | Freguency converter Im Inductor-tool
fo=50Hz e e @ o——e

“

Load block

Fig. 3

Reactive power conversion unit.

Assigned.

Working frequency: fo = 1500 Hz. The reference frequency — is the operating frequency of the har-
monic electric signal in the second (output circuit) according to the block diagram in Fig. 3. Energy, stored
by a capacitive storage: W, = 4000 J. Amplitude of voltage source — industrial network:

E, =220-/2~311V.

Calculations.

1. First circuit (input)

1.1. Communication transformer (parameters can be set arbitrarily): ¢ the level of electromagnetic
coupling between the windings — ki, = 1.0; « inductance of the primary winding — L,7= 5.0 uH; ¢ secondary
inductance — L,7=10.0 uH.

1.2. Capacitor capacity: C, = 1/((03 ‘L1T)= 2252 pF.

1.3. Power consumption: P, = 2000 W (choice is arbitrary).

1.4. Current limiting resistance: R, = E. / P, =48470Q.

1.5. Loop current: Jy,, = E/R; = 6.48 A.

2. Second circuit (output.)
2.1 Total loop inductance:

Ly =2W,/ ((Em IR,)-kyy /Ly /LIT)Z =10.32061 H. 7

Formula (7) is a consequence of the well-known expression for the energy of a capacitive storage
[5 — 8] and formula (3) for the charging voltage in a steady state.

2.2. Additional inductance: L, = Lys-Lot = 10.3206 puH.

2.3 Active loop resistance (experimental experience): R, = 0.5 Q.

2.4. Storage capacity: C, = 1/(@3 -LzS)z 1.0877 uF.

2.5. Quality factor of the contour: O, = 1/wyCoR, = 194.727.

2.6. Charging voltage: Uy, = EnQ> = 60584 V.

2.7. Charging voltage: Jy, = Usy 00Cy = 622 A,

Figure 4 shows typical graphical illustrations of the electromagnetic process in the second (output)
circuit of the calculated charger.
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Fig. 4
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4. Summary.

Output data of the reactive power conversion unit

(magnetic impulse charger): stored energy ~ 4.0 kJ; charging voltage ~ 60.6 kV.

Load block

Assigned. The characteristic value of the current in the inductor-tool, the excitation of which allows
realize flat stamping of thin-walled metal products: J3,, = 60000.0 A [3 — 11].
Area of the deformable area: S = 0.06x0.06 m”. Voltage on the capacitive energy storage: Usy, = 60584 V.

Storage capacity: C, = 1/(033 -L25)= 1.0877 uH.

Calculations.

Working frequency: f; = 1/2n-J5,/ U, C;, = 144635 Hz. Required inductance of the discharge circuit:
Ly=1/Q2n£3)*C, ~ 1.11 pF. Maximum developed magnetic pressure force: P,, = 628 MPa.

Summary:

— load blocks output (discharge circuit of the magnetic-pulse installation);

— the discharge frequency is ~ 144635 Hz, which provides an almost absolute skin-effect for most
metals and a maximum magnetic pressure;

— maximum magnetic pressure ~ 628 MPa;

— oscillograms in Fig. 5 illustrate the possible forms of currents in the inductor-tool, depending on
the value of the active resistances of the discharge circuit [3 — 12]. Fig. 5 shows typical samples of oscil-
lograms of currents at various values of active resistances in the discharge circuits: / — exponentially decay-

ing signal, (R, + R,)<+/L;/Cy; ; 2 is the aperiodic signal, (R, +R,)>+/L;/Cy; -(R;+R,).

Conclusions.

Proposed and substantiated the functionality of a magnetic-
pulse installation, consisting of two blocks, the first of which is a reso-
nant double — circuit charger of a capacitive energy storage, and the
second block is a discharge circuit with an inductor-tool for performing
a given production operation.

1. Numerical assessments of the characteristics of the charging
process showed a high efficiency of voltage formation on the capacitive
storage due to resonance phenomena (the transformation ratio is equal
to the Q-factor of the circuit), which is not comparable with the well-
known traditional indicators of induction methods.

2. It has been shown that the presence of two resonant circuits
makes it possible to increase the transformation ratio in comparison
with the single-circuit version of the charger.

3. An example of calculating the characteristics of the element base illustrates the effective capabili-
ties of a magnetic-pulse installation, consisting of a resonant charger, capacitive energy storage and a load in
the form of an inductor-tool for flat stamping of metal products.

Fig. 5
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3anpononosaro ma 0O6IpyHMo8aHo YHKYIOHATLHICTIND MACHIMHO-IMNYIbCHOL YCMAHOBKU, WO CKIAOAEMbCSL 3 080X 010~
Ki6, nepuiuii 3 AKUX € pe30OHAHCHUM OB0OKOHMYPHUM 3APAOHUM NPUCPOEM EMHICHO20 HAKONUYY8aAYa eHepaii, a opyauti —
PO3PAOHUM KOHMYPOM 3 THOYKMOPOM-IHCIMPYMEHMOM OISl GUKOHAHHS miel uu iHwoi eupobnuyoi onepayii. Ilokaszaro,
Wo Hanpy2a 3MIHIOEMbCA 8 YACi 3a eKCNOHEHYIANbHO 3POCMAIOYUM SAPMOHIYHUM 3aKOHOM. Becmanoeneno, wjo amnii-
myoy Hanpyau Ha KOHOEHCAMOPI MOJCHA Pe2yliosamu, 3MIHIOIOYU XAPAKMEPUCMUKY MPAHCHOpMamopa 36 's13Ky Midc
JAHYI02AMU MA XAPAKMEPUCMUKU cXeMU OJI0KY nepemeopeHHs peakmusHoi nomyoicnocmi. Hucenvui oyinku xapaxme-
PUCmMUK npoyecy 3apsaoKu NoKa3auu 6UCOKY eqheKmueHicms (hopMy8aHHs HANpyau HA EMHICHOMY HAKONUYY8adi 3a pa-
XYHOK pPe30HaHCHUX Asuuy (Koe@iyienm mpancgopmayii dopieuroe 0obpomuocmi nanyoea ~ 20), wo He nopisHamu 3
8I0OMUMU MPAOUYTUHUMU NOKAZHUKAMU THOYKYItIHUX Memo0i8. I1o ¢hazi — 008xcuna 6 4aci 00 MaKCUMATLHO2O 3apsA0Y 8
NPUTTHATNOMY JIAHYIO3] AKMUBHO20 NIOCUTI08AYA eJIeKMPUYHOI NOMYNCHOCHI 3a0AEMbCs HePIBHICMIO — MOOMo uepe3 ~
30 nepiodie 3apadHozo cmpymy 30y0diceHa nanpyea docaeac makcumymy (~y 20 pazie suuje Hanpyau 0dicepena), ujo
6y0e gionosioamu 3a8epuieHHI0 NepexioHo20 npoyecy ma 8CMAaHO8IeHHI0 CMIliKo2o pexcumy pobomu. Ilpuxnad pospa-
XYHKY XApaKmepucmux eieMeHmapHoi pe30HancHol 6asu inocmpye eqhexmugni MONCAUBOCHE MASHIMHO-IMNYIbCHOT
VCMAHOBKU, WO CKIAOAEMbCSL 3 PE3OHAHCHO20 3APSOHO20 NPUCIPOIO EMHICHO20 HAKONUYY8Aud eHepeii ma Hasanma-
JHCeHHs Y GUeNAOL IHOYKMOpA-iHCmpymMenmy OJisl NIOCKOT Wmamny8anHs memaieeux upobis. Bemanoesneno, wjo xeao-
pam GIOHOWEHHs. POOOYUX YACTOM 8 OAOYL HABAHMANCEHHS MA ON0YI NIOCUNEHHS. PeAKMUBHOT NOMYICHOCTMIE KIIbKICHO
BUHAYAE NPUHYUNOBY MOICIUBICING PEIOHAHCHO20 NOCUNEHHA AKMUBHOI e1eKMPUUHOL eHepeii 2apMOHIYHO20 CUCHATY.
Bi6x1.12, puc. 5.

Kntouosi cnosa: MarHiTHO-IMITYJIbCHE IITaMITyBaHHS, TIOCHIJOBHI CXEMH, PE30HAHC HANIPYTH, aKTUBHE TIOCHIICHHS elre-
KTPUYHOI MOTY)KHOCTI, EMHICHUI HaKOMUIyBad €HEPril, po3psOHUNA KOHTYp, IHIYKTOp-IHCTPYMEHT, TApMOHIYHUHN 3a-

KOH, IITaMITyBaHHS METAJIEBUX BUPOOiB, TApMOHIYHHN CUTHAII.
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Oxapaxmepuzo8ano 0coOIUB0Cmi po36UMKY eleKmpoeHep2emuky Ykpainu 3 mouxu 30py (popmyeanhs nepcnekmueHoi
cmpykmypu eenepyrouux nomyoscnocmeti OEC Yrpainu ma possumky gionosnrosanux oxcepen euepeii (BAE). ITio uac
amanizy npobremamuxu eénposaddicenusi BIE 6 enepeemuuny cucmemy YKpainu ma 6UKOPUCMAHHS NPOSPECUBHUX
cucmem mapugpoymeopennst udineno mpu pisHi: euwui pieenb — OEC Vxpainu; cepeouii — pecioHalbHI
EHePeOKAMNANIT; HUICHITI — JOKAIbHI cucmemu enepeoszabesneyenns. [lokazano, wo axmyanvHum € O00CTIONCEHHS
subopy cmpameeii kpawoi peanizayii OUHAMIYHUX YIH HA e1eKMPOeHep2ilo, d MAaKoiC MpeHOI8 PO36UMKY Oi3Hec-
MoOenetl 0118 JIOKANbHUX DUHKI@ eleKMpPOeHepeli 3 NOEOHAHHAM QI3uuH020, KOMYHIKAyliHO20, IH@opmayitinozo ma
0i3Heco6020 pienie. Pozenanymo ocobnusocmi possumky Microgrid sax 6a306020 enemenmy QyHKYIOHY8AHHS TIOKATLHUX
DUHKIB efleKmpoeHepeii 3a yMOo8U (POPMYBAHHA ONMUMALLHUX PEXHCUMIB 2eHepayii ma CROMCUBAHHS eleKmpoeHepaii 3
BUKOPUCIAHHAM UHAMIYHOI mapugikayii, wo Moodce 3abe3neuumu 3HAYHY HACMUHY KOMNeHcayii HeOanaHcy,
00ymMoseHy wupokum enposaddcenusm BI[E. 'V pobomi popmysanus Ounamiunux yiH po3eniodemuvcsi HA PIiGHI
JIOKATIbHUX efleKmpoeHepeemuynux cucmem (Microgrid), axi maroms ocobaugocmi Ax QOYHKYiony8anHs, max i peanisayii
bisHec-mooeneu. Ilpoananizosamno enemenmu 06iznec-mooeni O JOKANLHO2O eleKMPOeHePeemMUiIH020 PUHKY, 5Kd
3anponoHosana Ond €0UHO20 6GIACHUKA 6CIX 2eHepamopie ma cnoocusauis, koau Microgrid posenadaemvca Ak
CamMoCmiliHutl eiemMenm JOKAIbHO20 PUHKY, 0e 3a0e3nedyemvcsi OUHAMIYHULL OANAHC MIdC NONUMOM Ma NPONOZUYIEIO.
Busnaueno, wo na pieni noxkanvhux cucmem enepzozabesneuenns mapugikayis 0006'13K080 nosurna 6azyeamucs Ha
OUHAMIYHUX MOOEIsIX, AKI 6paxo8y8amumyms OUHAMIYHULL Xapakmep 2eHepayii ma pez2ylo8aHHs CHONCUBAHHS
eflekmpoenepeii 6 cucmemi ma CIMUMYII08AHHsL BIONOBIOHUX OAXNCAHUX Oitl 31 CMOPOHU CROJICUBAYA. 3aNPONOHOBAHO 34
OuHamiyHill mapugixayii 3acmocogyeamu po3paxyHox mapu)y He 3a iHMeEPBAIOM YAcCy, d 3a CMAHOM, d MAKONC 3
Memo0 KOHmMpOo ONMUMANbHOCHI PIGHI6 2eHepayii I CHOJNCUBAHHS eleKMPOeHep2li 8UKOPUCTNO8Y8AMU eMALOHHUL
mapug ma opmysanHs emaioHHUx npoqhinie eeHepayii i cnodicUBanHs eiexkmpoenepeii. s oyiHKu Hes s3KU U000
NOMOYHUX MA ONMUMATLHUX DENHCUMIB eNeKMPON’CUBLEHHS BUKOPUCTNAHO MOOUQDIKOBAHY DeaKmugHy NOMYI’CHICMb
@puse. bion. 37, Tabm. 1.

Knwwuoei cnosa: BiTHOBIIOBaHI Kepena eHEprii, JOKaJbHI cHUCTeMH eHeprozabesmneuenHsi, Microgrid, nuHamiuHa
Tapudikaiisi, eTaloHHUA Tapud, 10ceKyH Ha Tapudikallis, noTyxHicts Opuse.

Beryn. [HHOBamiiiHi TepeTBOpEHHs CydacHOI €HEPreTMKH BH3HAYAIOTHCS IPIOPHTETAMH,
MO3HAUCHUMH KOHIICTIiE «S5D»: meueHTpamizailis, AekapOOHI3allis, IUTHUTANI3AIls, IEPeryJsiis Ta
JIEMOKpATH3aIlisl, @ BIIACHE PO3BUTOK CHEPTreTHUKU HEBIAMIIHHINA Bl BUPIIIICHHS MPOOJIEM KIIIMaTHYHAX 3MiH
[1 = 3]. Tak, y nporeci peamizarmii 1mineit «CBponetickkuii 3eeHnit kype» (European Green Deal) (rpynens
2019 p.) ocobmuBy yBary NpHIUISTUMYTh PO3BHTKY 3€JICHOI CHEPTeTUKH Ta TEXHOJIOTISAM 30epiraHHs
eHeprii, pO3BUTKY Ta 3pOCTaHHIO MaHEBPOBOCTI aTOMHOI reHepallii, BIIPOBaPKEHHIO CYYaCHUX TEXHOJIOTii B
SHEPTeTUIll — IHTEICKTyAIBHHX MEpeK, Smart-TiYmiIbHUKIB, «IHTepHETY pedei», «3eJIeHOi» BOIHEBOI
eHepreTuku, eHeproedexktuBHocTi [2]. Ile 3yMOBWIO IHTCHCHBHMI PO3BHTOK PUHKIB €JICKTPOCHEPTii Ta
JIOTIOMDKHUX TOCYT, 1100 3a/JI0BOJLHUTH BUMOTaM CHEPreTUYHOTO MEpexony. 31 3pOCTaHHSAM OOCATIB
BUKOPUCTAHHS BiTHOBIIOBaHUX xkepen eHeprii (BJIE) momeni pWHKIB eleKTpOSHEPTii CTalOTh BCE OUTBII
CKJIaJJHIMH Ta pi3HOMaHITHUMU. TpaauliiiHuil pUHOK eJIeKTPOEHEPTii CTUKAETHCS 3 MPodIeMaMu iHTerparlii
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HOBHX JpKepen BUpoOHWITBa enekrpoeHeprii (EE), TexHonoriii, iHQpacTpyKTypH, 3pOCTaHHS TMOMHUTY Ta
pUHKY, opieHTOBaHOrO Ha crmokuBauda [4—10]. Y Toif e 4Yac MOMHUPEHHS TEXHOJIOTii MOHITOPHHTY Ta
aBTOMAaTH3alii Mepexi B PO3MOAUIBHUX CHUCTEMaxX CepeJHbOl Ta HHU3BKOI HAMpyTrd pa3oM i3 3HAYHOIO
KUTBKICTIO IU(POBUX TEXHOJOTIH YMOMXIIMBHIN PO3pOOKYy Ta (YHKIIOHYBaHHSA JIOKATHHHUX (MICIEBUX)
crpykryp punky EE ((local electricity market, LEM)) [8-10]. Ha Bigminy Bim ontoBux puwHKiB EE, Taki
JIOKaNbHI CTpYKTYypH puHKiB EE MOXXyTh OyTH po3po0ieHi OibII AeTalbHO, THYYKO BioOpakaTH KOHKPETHI
CYCHIBHI MOTPeOH, NTPUIHATTS NEBHUX ACLEHTPaTi30BaHUX TEXHOJIOTiH BUPOOHUITBA 1 30epiranHs eHeprii
B TIEBHIA Teorpadivniii 30HI, a TaKOX pPO3POOJATH CHEPTeTHYHI MPOIYKTH HA 3aMOBIICHHS Ta IOCITYTH
CUCTEeMH po3noainy [7].

VY OGinpmocti BiTOMUX AOCHiKeHb JoKanbHUX puUHKIB EE BuUBUaeThcs nuHaMidHe LiHOYTBOPEHHS
JIOKaJbHUX eJEeKTpoeHepreTHyHux cucrteM (Microgrid), ne mocTadyaJbHUK IMOCIYT BHCTYIAE MTOCEPEIHUKOM
MDK KOMYHAJIEHUM ITiAMPUEMCTBOM Ta criokuBadamMu. OmHaK oTpedy€e TaKoK BUPIMICHHS TPOOIeMH, KOTH
Microgrid mpencTaBisitoTh co00I0 B3a€MOIIOB’SI3aHUM €HEPrOTEXHOJIOTIYHUN KOMIUIEKC Y CKJIaai 00'eKTiB
JoKepeln po3ocepemkenoi renepaii (JIPI), mxepen eHepreTHYHOI THYYKOCTI Ta CII0KUBaYiB €IeKTPOCHEPTii,
SIKi TIO€AHAH] €JUHIM KEPYBaHHSM, TOOTO TIPEICTABIIAIOTh iIHTETPOBaHI CHEPTEeTHYHI CHCTEMHU (KOMILIEKCH),
B SKHX BaXJMBO CYMICHO BpaxyBaTH TEXHIKO-€KOHOMIUHI XapaKTepHUCTUKU. AKTyalbHUM HayKOBHUM
HampsIMKOM BHUDILICHHS NHUTaHb IOA0 LIMPOKOTo BhpoBamkeHHs BJIE B eHepreTnuny cucremy €
BUKOPHUCTaHHS MPOTPECUBHUX cucTeM TapudoyTBopeHHs [11 — 14]. BuainsdioTs 1Ba BaKIMBHUX HAMPSIMKH
PO3BHUTKY IUHAMIYHOTO LIHOYTBOPEHHS: Ha HacmynHy 000y (y TepeBakHId OLIBIIOCTI BHIAJAKIB) Ta y
peaicumi peanvroeo wacy (Real-Time Pricing, RTP) [12 — 14]. Cxema I1[iHOyTBOPEHHS B pEaJLHOMY 4Yaci €
iIeaTbHUM METOIOM 33Ul PeryJiloBaHHS OanaHCy TMOTY)XHOCTI MDK TONMWTOM Ta HPOMO3UIIEI0 B
IHTEJEKTyIbHAX EJIEKTpOMEpekax, 30kpemMa, B Microgrid Mae iCTOTHHI BIUTUB Ha TOBEMIHKY CITOKHBAYIB,
pOOOTY CHCTEMH B IIIJIOMY Ta 3arajibHe KepyBaHHS CHCTEMOIO.

Ha croromHi akTyanpHUM 3aBJaHHSAM € onTHMizallis pobotum Microgrid sk 3a TeXHIYHMMH, TaK i
€KOHOMIYHIMH TTOKa3HUKAMH, PO3TIIAIAI0UN IXHE (QYHKITIOHYBAHHS HA CHCTEMHOMY PiBHI Ta 3a0€3MeuyI0dn
BUOIp cTparerii Kpamioi peamizalii AMHAMIYHMX I[iH, a TaKOX TPEHIIB PO3BUTKY Oi3Hec-Mozaenei 3
NO€AHAHHAM  (i3MYHOr0, KOMYHIKalilHOTrO, iH(poOpManiiiHoro Ta Oi3HecoBoro piBHIB. Cucremu
Tapu(OyTBOPEHHS B eJIEKTpOeHepreTHYHuX cxemax 3 BJIE 3MmiHIoBanmucs BiJ CHUCTEMH CTallilOHAPHHUX
tapudiB Ta TaprdiB 32 30HAMHU 10O 10 cHcTeMH AuHaMiYHUX Tapudis [11, 12].

Mero10 cTaTTi € aHanmi3 OUHAMIYHOTO WIHOYTBOPEHHS Ta MpoOjieM IUaHyBaHHS (ONTHMi3arii)
cnokuBaHHSA eHeprii B Microgrid mpu 3abe3neueHHi MakcumanbHOi amanranii JPIT mo pexumis
€JIEeKTPOCIIOKMBAHHS, 30KpeMa, pPO3poOKa METOAOJIOTii OmTHMi3allii BHUTpAT TIEPBHHHOTO I1aauBa i
BU3HAUEHHs NpHBEICHHUX 3arpar Ha BuUpoOHUNTBO |1 kBT'rom EE B Microgrid 3a paxyHok peamizatii
JUHAMIYHOTO LIHOYTBOPEHHsS 3 BpaxyBaHHSAM TEXHIYHMX 1 EKOHOMIYHHMX IOKa3HHUKIB Ta (akTopis, sKki
BILTUBAIOTH Ha monuT Ha EE Ta 3anexarts Bix pekuMiB poOOTH TeHEPaTOPIB 1 HABAaHTAXKEHbD.

AHani3 cyyacHux Tenaenuiii po3sutky BJIE B Ykpaini. CymapHa cBiTOBa NOTYXHICTh T'eHEpallii
constunumu enekrpocranifismu (CEC) Ha kinens 2020 p. cranoBwia npubauszno 760 I'Bt (3pocna maiike y
20 paziB y mopiBasHHI 3 2010 p.), y CBOIO 4Uepry cymMapHa CBiTOBa MOTYXXHICTh TeHepallii BITPOBUMHU
enekrpocranmismu (BEC) ma kimens 2020 p. cranoswmia mpubmuzao 743 I'Bt (3pocma B 3,75 pasm y
nopiBastHHI 3 2010 p.) [5]. 3a mepiox 2010 — 2020 pp. rnobansauit Levelized Cost of Energy (LCOE) Bix
HEI[OJaBHO BBEACHUX B EKCIUTyaTallil0 B €JIEKTPOCHEPreTHYHI MEPEXi OKPEMUX TEXHOJOTiH BUPOOHMLITBA
BJIE 3menmmuBcs: CEC — Ha 85 %, coHsuHi KOHIEHTparopu Teria — 68 %, odmopai BEC — 54 %, BEC nHa
cymri — Ha 48 %. 3arajbpHa MOTYXHICTh ONEpaliiftHOro Hakonu4yeHHs eHeprii B 2020 porii mocsrina 191,1 I'Br,
mo BigoOpaxkae 3poctanHs Ha 3,4% 3 poky B pik. Haitbinemmm punkom Oy Kurait (18,6% 3araibHOro
o0csry), sikuit 1o kiHms 2020 poky mocsr 35,6 I'BT, mo Ha 4,9% 6inbme, Hixk y 2019 pomi. CIIA monanwm 1,5
I'Bt, mocsirHyBIIH 10 KiHIS poky mpubnusHo 23,2 I'Br. €Bponelicbkuii puHOK 3pic Ha 54%, noxaemm 1,7
I'BT Hakomm4yBasbHOI TOTYKHOCTI 10 CyKYITHOI OTyXHOCTi 5,4 I'BT.

Mixnaponue eHepreruyHe areHTCTBO (MEA) Buminmmio wOricTh TEXHIYHHX 1 EKOHOMIYHHX
XapaKTEPHUCTHK, sKi € cuemudigammu mius1 BJIE Ta BimpizHse iX Bim iHIMHMX TEXHOJOTIH TeHeparlii, 1o
nependavaroTh MOXIIMBICTh JAHMCHETYEPChbKOro KepyBaHHS [16]. Buxigny mnoryxkHicte BJIE MoxHa
OXapaKTepuU3yBaTH HACTYIHHM UYMHOM: MIHJIMBA, HemependadyBaHa, 3ajeXHa BiA Micus po3TallyBaHHS,
ACHHXPOHHA, MOyJIbHA Ta TaKa, 10 BiIPi3HAECTHCS HU3BKUM PiBHEM 3MiHHHX BHTpaT [16].

[ocriiiHe HapolyBaHHs MOTYXHOCTel reHepaiiii BJIE 00yMoBi0€ HEOOXiTHICTh BIPOBAIKEHHS
HOBUX OaJaHCYIOUMX IIOTYKHOCTeH 1 BigmoBimHOI TpaHcdopMalii iCHyIO4Ol CTPYKTYpU TeHEpYIOUHX
noty>kHoctel [2, 17]. MonepHizallis enekTpoeHepreTHYHIX CUCTEeM 3TiqHO KoHIenii Smart Grid gae 3mory
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€JIEKTPOCHEPreTHYHUM KOMITaHisIM TIABHIMUTH CTiHKICTh Ta e(QEeKTUBHICTh eKCINTyaTalii eleKTpo-
eHepretuuHux cucrem 3 BJ/IE, yHukHyTH nepe6oiB y nocrayanni EE Ta cnpusie mokpaiieHHI0 po30pocTi
pobotu eneprokammaniid [1-3]. AHami3 AOCBimy Aii 31 3MiHH 1HQPACTPYKTYpPH E€HEPreTHUKH, 3MiHCHEHUX
KpaiHaMH-JTiepaMd 3 BHCOKOIO dacTkoro BJIE y BHpOOHWIITBI eHeprii, HaBEAEHO Yy IOCIiHKCHHI
«Renewables 2017. Global Status Report», onmy6nikoBanomy B 2017 p. [8].

OcTaHHIMH pOKaMH Yy Hallil KpaiHi CIOCTEpiraeThCsl MiABHIIECHHS KITBKOCTI BBEICHHUX B
eKCIUTyaTalliio 00’€KTiB albTepHATHBHOI EHEPTETHKY Ta 00csTiB Bupobaenus aumu EE (tabmmrrs) [19, 20].

Pik XapakrepucTuka CEC BEC BJIE OEC VYkpainu
2018 | YcraHOBJICHA MOTYXKHICTh 1388,3/2,8 532,8/1,1 2117,2/4,35 48675,6/100
(MBrT/BifncoTok)
Bupoonunrso EE (I'Bt ron/BincoTok) 1222,3/0,85 1124,5/0,78 2933,55/2,0 144458,5/100
2019 | YcraHOBIEHA IOTYXHICTh 4925/9,1 1170/2,2 6379/11,7 54403/100
(MBrT/BincoTok)
Bupoonuurso EE (I'Bt roa/BincoTok) 2932/2,0 2022/1,4 55514/3,72 149142/100
2020 | YcraHOBJICHA OTYXHICTh 5363/9,8 1111/2,0 7737/13,8 55940/100
(MBT/BiIcOTOK)
Bupo6auurso EE (I'Bt ron/BincoTok) 6059/4,3 3094/2,3 10473/7,3 148464,9/100
2021 | YcraHOBIEHA IOTYXHICTh 6414/11,4 1529/2,7 8451/15 56297,9/100
(MBT/BiIcOTOK)
Bupo6anurso EE (I'Bt ron/BincoTok) 7158/4,6 4343/2,8 12519,7/8 156575,7/100

Curyamis, 3yMOBJIeHA 3HAYHUM Je(QIillUTOM IOTYXHOCTEH Il MaHEBPYBaHHS B EHEPrOCUCTEMI
VYkpaian, npusena y 2018 p. 1o Tak 3BaHOTO «3eieH0-8yeinbHo2o napadoxcyy [21], To0TO 10 HEOOXiTHOCTI:
1) 3HAaYHO HApOIIyBaTH BUPOOHHUIITBO elleKTpoeHeprii (0a3oBe HaBaHTaxkeHHs ) HA TEC, 110 MarOTh IIKiIIUBI
BUKUAN 32 BeiaukoMmy o0cs3i mortyxkHoctedh BEC ta CEC B OEC VYkpainm; 2) 3menmryBatd 0a3zoBe
HaBaHTakeHHS AEC, siki, Ha BiaMiHy Bix ByrimeHUX TEC, He MarOTh MIKiJUIMBUX BUKUIIB B aTMOC]EpY.

CyuacHi nipobnemu po3sutky BJIE B Vkpaini mpoaHaizoBaHo y 3BiTax 3 OLIHKH BiJIOBIIHOCTI
(mocTaTHOCTI) TeHepYIOUYHX MOTYKHOCTEH I MOKPUTTS MporHozoBanoro nomuty Ha EE Ta 3a0e3nedueHus
HeoOximHOoro pezepBy [22, 23]. Busnaueno, mo OEC VYkpainu Bke ChOTOAHI HE BIATIOBiTa€ BHMOTaM
BIJINIOBITHOCTI T€HEPYIOUUX MOTYKHOCTeH. [locTiitHe mifgBHIeHHs KinbkocTi 00’ ekTiB BJ/IE npussoauts 10
3pOCTaHHS I[IHOBOTO HaBaHTaXeHHS Ha crnokuBauiB EE Vkpainu, a Takox 3aroctproe mpoOiemu, sKi
OB’ s13aHi 13 3a0e3meueHHsaM omnepartiinoi 6e3nekn OEC Ykpainm [23].

3rigHo 3Bity [22] po3Butok B/IE mMae OyTu y3ropkeHUi 3 MOXKIUBOCTSAMHU 3a0€3MEYCHHS IXHBOTO
OamaHcyBaHHs. | 0IIOBHI pekoMeHallii I[boro 3BiTY MOJATAIOTH Y TOAAIBIIOMY PO3BUTKY aTOMHOI TeHepallii,
MoxaepHizamii ByrimpHUX OyIokiB TEC Ta oomexenns BupoOHunTBa EE 13 BJIE. Crmin 3a3maunTy, mo st
OEC Vkpainu mnopiBHAHHS €(QEKTHBHOCTI 3a0e3MeueHHs MOTped CIIOKMBAa4YiB Ha OCHOBI MPSIMOIO
nopiBasHHS BapTocTi EE B/IE 3a sxutteBuii ukn LCOE 3 Touku 30py €KOHOMIUHOI e()eKTHBHOCTI Ha PiBHI
EHEPrOoCUCTEMH € HEKOPEKTHHM, OCKUIbKM 0€3 BpaxyBaHHS CHCTEMHHUX e(eKTiB BiJ BIPOBa/KEHHS
MOTYKHOCTeH reHepamnii Ha BJIE MoxxHa 3p00NTH aOCOFOTHO HEKOPEKTHI BUCHOBKH [22].

3a pmanumu 3BiTy [23] 06e3 CyTT€BOro MiABHMILIEHHS MaHEBPOBUX MOXKJIHMBOCTEH E€HEProCHCTEMHU
VYkpainu Ta BIIpOBaPKEHHS TEXHOJIOTi! BUKOPUCTaHHA HaAMuIIKiB EE monmanpie mpuckopeHe HapoulyBaHHS
MOTY)KHOCTEH eJNeKTPUYHUX CTaHIii Ha ocHoBi BJIE, MarnMe HeratwBHI Hacmigkd. 3ajekKHO Bif
Koe(ilieHTiB BUKOPUCTAaHHS BCTaHOBIIEHOT moTykHOCcTi (KBBII) Ta piBHIB eNeKTpoCIoKUBaHHS HE0OXimHa
notyxkHicte CEC 3Haxomutbess B miamazoni 6—7 I'Bt, a mortyxnicte BEC — y niamaszoni 2,44 I'Br.
MosknmBocti po3BuTky B/IE 3a po3pobnenumu y 3Biti crieHapismu 2025 p.: mecumictaunnii: CEC — 6,2 ['BT
ta BEC — 2,2 I'Bt; ontumictuunuii: CEC — 9,2 I'BT, BEC — 5,2 I'Bt; 2030 p.: neCUMICTHYHHUI ClieHAPIN:
CEC - 6,9 I'Bt Ta BEC — 3,2 I'Bt; ontumictuunuii: CEC — 12 I'BT, BEC — 8 I'Bt. Ha croromni cextop
BJIE notpeOye BperynroBaHHS HU3KH MUTaHb, 30KpeMa, PECTPYKTYPH3allii «3eJICHOT0» Tapudy, IPOBEACHHS
«3eJICHUX» ayKIIIOHIB, CBOEYACHOI OIUIATH 3a «3CJICHUM» Tapru(oM, KBOTYBaHHS OOCSTIB BIpPOBAIHKCHHS
BJIE 3 oOrpyHTYyBaHHSIM TEXHIYHHX Ta €KOHOMIYHHMX NpH4HH, oOMexeHHs mnoTyxHocti BEC Ta CEC,
npobieMu TpodinuTy Ta OedilUTy MOTYKHOCTi; BHKOPHUCTAHHS MOJJIHMBOCTI BIIMOBH Yy TIpUETHAHHI
€JICKTPOCTAaHIIIH 3 HETapaHTOBAHOIO MOTYKHICTIO IO Mepex [22, 23].

[lin wac posrmsay mpobiemu mmpokoro BrpoBamxkeHHs BJIE B eHepretmuHy cucremy Ta
BUKOPHUCTAHHsI MPOTPECUBHUX CUCTEM Tapu(OyTBOPEHHsS BUIUIMMO TpH piBHI: Bumnii — OEC VYkpainuy;
CepeHiil — perioHaNbHI eHeproKaMIlaHii; HIKHIN — JIOKaJIbHI CHCTEMH eHepro3ade3neueHHs.
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Bumuii piBenb — OEC Ykpainu. /[ng1 OEC Ykpainu nepuio4eproBUM HAIPSIMKOM € TiABUIIEHHS 11
ray4dkocTi. [arerpanis B/IE nmotpeOye 3abe3neueHHs] BACOKOMaHEBPOBOI TeHepallii abo cuctem tuiy Energy
Storage B o0csarax 6mm3pko 20 % Bix BCTaHOBJIEHOI MPOEKTHOI MOTYKHOCTI cTaHUid. Ha mepmomy ertari
MiABUIIUTH THYYKICTh €HEProcucTeMH 3amis moaanbinoi interpainii BJIE mo3sommts OyamiBaunTso 2 I'BT
BHCOKOMaHeBpoBoi reHepamii; 500 MBt Energy Storage, a 3a BiICYTHOCTI pe3epBiB IEPBHHHOTO
perymoBanas — mie gonatkoBo 200 MBT Energy Storage Ta 3a cnopymxenni Hoeux BJIE Oynysatu Energy
Storage o0csirom 20% Big iXHBOI BCTaHOBIEHOI MOTYX)HOCTI [19, 20]. BakmuBuM TakoX € BBEACHHS B
€KCIUTyaTallif0 BACOKOMAHEBPOBUX HOTYXHOCTEH 31 IBUIKUM ITyCKOM.

3a IOCBiZIOM HaAWOUIBII PO3BUHECHHUX CHEPrOCHCTEM IMOTYXKHICTh 3ac00iB OallaHCYBaHHS MOBUHHA
cranoButu 25-30% Big BcTaHOBJIeHOI motykHocTi BJIE. MoBa He #iie npo MiKoBi cTaHLii Y¥ MOTY>KHOCTI
TaK 3BaHOTO BTOPMHHOTO pe3epBy. BaxInBoIO € oLiHKa HE0OXiqHOT MaHEBPOBOI 31aTHOCTI OOJMaAHAHHS, 32
skoi QynkiionyBanas OEC Ykpainn Oyne CympoBOKYBATHCS BIJICYTHICTIO 3aJUIIIKOBOTO IHUCOATAHCY.
JxepenaMu THYYKOCTI € BUCOKO MaHEBPOBI I'€HEPYIOUi MOTYXKHOCTi, KEpyBaHHS MOMUTOM, MiKIEp:KaBHI
NEPETUHH, CUCTEMH aKyMYJIIOBaHHs eHeprii, OanaHcepu. OIHAK MiABUIICHHS THYYKOCTI €HEProcUCTEMH He
3a0e3medy€e MOMJIMBOCTI BHUPIMICHHS TPOOJIEMH TPHUBAIUX MPOMIIUTIB IMOTYKHOCTI, IO TOTpedye
BIIPOBAKEHHS CUCTEM «IIEPEHOCY» a00 aKyMYJIIOBaHHS CHEpril y BENMHMKHX o0csrax (Tuiy cucteM «Power
to X») 3 mepiofiB rpadikiB eleKTpUYHUX HaBaHTaKEHb, ¢ € ii mpodinut, 10 mepioxis, ne € ii nediumr.
Texnonorii «Power-to-X» € TeXHOJIOTiSIMH, 3a HOIMOMOIOI0 SIKMX BiIHOBIIOBaHAa EHEPTis MOXe OyTH
nepeTBOpeHa B iHIII JKepea eHeprii, 30KpeMa, BOACHb.

Cepenniii piBeHb — perioHaIbHi eHeprokoMmauii. 3ays BUpiLIeHHs! OKpecIeHOi TPoOJIeMH Ha PiBHI
pETiOHANEHUX EHeprokaMIlaHii HeoOXimHO 3a0e3NeYnTH MIMPOKE BIPOBA/KEHHS EHEProeeKTHBHUX
TEXHOJIOTIH, SKi IMiABUINYIOTh IXHIO THYYKICTH [22, 23]. 3rimHO CBITOBOTO OCBiMy, HA CHOTOAHINIHIN IEHB
MOBHICTIO BI/TIOBIZal0OTh BUMOTaM MaHEBPEHOI I'eHepallii Ta € HahOiIbil e()EeKTUBHUMU Ta3OMOpPIIHEBI Ta
ra3oTypOiHHI YCTaHOBKH, [U3eNb-TeHEpaTOpHi CTaHIii, ski BimHOcAThCS m0 JPI' 1 MOXyTh mIHpoKo
3aCTOCOBYBAaTHUCS B IKOCTI MAHEBPEHUX MOTYKHOCTEH 33111 OajaHCyBaHHS 100OBUX KOJMBAaHb HABAHTAKCHHS
[17, 22, 23]. Tak, ra30mMopIIHEB] €NEKTPOCTAHIIIT 3HAXOIATH ITUPOKE MOIIMPEHHS (38 OJMHUYHIN IMTOTY>KHOCTI
He Oinbmie HiK 3—4 MBT) 3aBasku nocuth BucokoMmy enekrpuuHoMy KKJI, sikuil y cyyacHHX ycTaHOBKax
cTaHOBUTb 41-44%, 1 BHCOKMM MaHEBPEHHUM SKOCTSAM. BaXIMBUM TakoX € NPUCKOPEHE BIPOBAIKCHHSI
CHCTEM aKyMYJIIOBAaHHS €JICKTPUYHOI €HEeprii 33114 MiITPHMKH Ta BiJHOBJICHHS YaCTOTH.

Hwxniili piBeHb — JIOKANIBHI cUcTeMM eHepro3ade3medeHHs. [l JIOKaJIBHUX CUCTEM €HEPro-
3a0e3redeHHs Mae OyTH BHPIIIEHUM IIUIMH KOMIUIEKC TMUTAaHb HAa PiBHI KiHIIEBOTO CHOXHBada. 30Kpema,
BOXJIMBUMHU TpoOJIeMaMu CHOXHBadiB «ocTaHHboi Muimi» (last mile) e momamHopmoBani Btpatu EE,
nepexpecHe cyOCHIyBaHHsS, HU3bKa sAKiCTh EE Ta sKicTh enekTponocTayaHHs, peaisalfisi omiii HaJaHHS
CTaTycy YYacHHUKIB PUHKY JONOMIKHHMX IIOCJIYT aKTHBHHX CIIO’KMBAuiB, 30KpeMa, Ul BIACHHUKIB €JIEKTPO-
MoGineit, o BukoHyBaTuMyTh Tiponak EE uepes cuctemu sapsanux cranmiit [3, 24]. HeoOxinHo Big3Ha-
YMTH MIBHIKE IONIUPEHHS Ta YCIilmHe (YHKIIOHYyBaHHsA JoKadpHuX puHKiB EE 3a yuacrti posBurky
Cy4JacHUX JOKambHHX cucrteM — Microgrid [24, 25]. Tlpu npomy Microgrid po3risimacTbesi K Tpymna
B3a€MOIIOB’I3aHUX HAaBaHTAXKEHb Ta PO30CEPEIKCHUX €HEPTeTHYHUX PECYPCIiB y HITKO BU3HAUCHHUX TEPHUTO-
plaTbHUX MeXaX, AKa i€ SIK €IMHHA KepOoBaHWUN 00’€KT MO0 MEPEKi BHIMOTO PIiBHS, Ta MOXKE ITiIKITIO-
yarucs abo BIIKIFOUATHCA BiJl i€l Mepexi, o0 MaTH MOXKIIUBICTh MPALIOBATH SIK Y MiJKIIOYEHOMY, TaK 1 B
ocTpiBHOMY pekuMi [25, 26]. [l noKamTbHUX CHCTEM €Hepro3ade3rneueHHs BiICYTHI CUCTEMHI e€EeKTH, 110
nposBIstoThe Ha piBHI OEC Ykpaian. Tomy mopiBHSHHS BapiaHTiB omiHku Takux cuctem 3 [IPI" mo LCOE
y 6aratrox BHIaakax Ha BiqMmiHy Bigg OEC Ykpainu Moxxe OyTH KOPEKTHUM.

Ha nokanpHOMY piBHI HaiOiMbLI TOBHO MPOSIBISIOTHCS MepeBard JUHaMi4HOI Tapudikamii [24-26].
CyuacHi JOKaJIbHI PUHKH — 11€ MOAENb JIOKAIBHOI'O PUHKY OJHOPAHTOBOI'O THUILY, ¢ OJHOPAHIOBa PUHKOBA
CTPYKTypa Ja€ 3MOTy 3idcHIOBaTH TpaH3akilii 3 EE MixX TpaBOsMm MICIeBOi €HEpPreTHIHOI CHCTEMH 3a
HWKYOK IMiHO. Daktuuno nokanbHud puHok EE mius Microgrid Hamae MOKIHMBOCTI KOOpAMHAIT
BUPOOHUIITBA, [MOCTAa4YaHHs, 30epiraHHs, TpaHCIIOPTYBaHHA Ta cnoxwuBaHHS eHeprii Big [P (manpukman,
BJIE, cucreM akyMmyJTiOBaHHS Ta MTOCTadaIbHUKIB pearyBaHHS Ha TIOIMUT) y MeXaxX oOMexeHoi reorpadigaol
30HM. Taki pUHKU AalOTh 3MOI'Y KIHIICBHUM CIIOKMBayaM 3]IHCHIOBATH TOPTIBIIO €HEPTIEI HAa MICIECBOMY
PiBHI Ta HaJjaBaTH MOCIYTH MM ITPUMKH MEPEKI.

OcooauBocti popmyBannsa Ta pyHkuionyBanusa Microgrid. [IpoTsrom ocTaHHBOTO JNECSITHIITTS
BimOyBCs IpHCKOpeHuii po3BUTOK Microgrid sik BimacHe Microgrid, Tak i aKTHBHUX CITOKHBAYiB (prosumer)
4K BipTyadbHUX enekTpocranmiid (Virtual Power Plant, VPP) 3a mmpokoro 3acrocysanns JIPI" [1, 2, 3, 25—
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27]. Sxicte ¢QynkuionyBanHs Microgrid Ha cydacHMX JIOKallbHUX pHUHKaX BUMAara€ KOMIUIEKCHOTO
BpaxyBaHHs eKOHOMIYHHX akTopiB [26, 27]. CporogHi HaOyB akTyallbHOCTI PO3BUTOK HANPSMKY
«Microgrid as a Service», ne NpiOpUTETOM € EKOHOMiYHA OLIHKAa, 30KpeMa, 3a0e3Me4eHHS B3aEMO-
PO3paxyHKiB MiXK elleMeHTaMH CUCTeM (TeHepalli€elo Ta crioxkuadamu) [27]. Microgrid as a Service (MaaS) —
IIe HOBMH MexaHi3M (iHAHCYBaHHS, KW A€ 3MOTY opraHizailisMm po3ropTatu Microgrid 6e3 Oyab-sKux
nonepennix inBectuuiii [28]. [NocTavansHrky MaaS opraHizoBylOTh (iHAHCYBaHHS Ta YKJIaIaHHS YTOIH
Ipo eKCIUTyaTalilo Ta oOCIyroByBaHHs, MO0 3po0uTH posropraHHs Microgrid TOCTymHUM pilIeHHAM «ITif
Kimow». Houil ctuMyn po3BuTky Microgrid — mosiBa prosumage Ta 3apsSaHuX CTaHIlH sl eJIeKTPOMOOLTIB.
3a3HauMMo, 10 prosumager — Ie MiIKIIYeHHH 10 Mepexi nodyroBuid cnoxuBad EE, skuii Bonoxie sk
HEBEINKOI0 PV ycraHoBKOIO, Tak i akymyistopoM. Bin inomi 6epe EE 3 mepexi, inomi BukopucToBye i
YCTaHOBKH 33111 BUPOOHMIITBA BJIACHOI enekTpoeHeprii, a inoai nmomae EE B mepexy [29]. Prosumager
BKJIFOUAIOTh BUKOPHMCTaHHs Oartapei ajs 30epiraHHs sK caMoreHepoBaHoi, Tak i Mepexxesoi EE ta pospsa-
sxenns 30epexkeroi EE abo ams 1i cnoxuBanHs, a0 mogadi B MEPEKY.

Texnomorigyaoto 0a3or0 BHCOKOI edekTuBHOCTI Microgrid € MOXIUBICTP KOMIUIEKCYBaHHS Ta
ONTHMAJIbHE TIOETHAHHS PI3HUX JDKEpeN EHeprii Ta THYYKOCTI, a TaKoXX HasABHICTh €IWHOTO KOHTYpPY
KEepYBaHHS, SIKHI Ja€ 3MOTY SIKHAWKpalle BUKOPUCTOBYBATH IIi JKepela, 3a0e3Meuyloun y pealbHOMY Yaci
JICIICHTPaJIi30BaHi, aBTOMAaTU30BaHi i1 aBTOHOMHI TpaH3aKIlii MK PO3MOIIICHUMH pecypcaMu T'eHepallii Ta
HaBaHTaXEHHS. Po3rising mrHaMidHOTO OallaHCy MK IOMHTOM Ta TPOTIO3WINEI0 Ja€ 3MOTY e(heKTHBHIIIE
BpIBHOBa)XXYBaTH MOTHT 1 pomo3ullito eneprii B Microgrid Ta ycninrHo inTerpysatu JIPT.

Ha cporomni y Microgrid coGiBapticTe eneprii, BupoOnenoi API’, po3paxoByeTbcs Ha OCHOBI
€KOHOMIYHO 0OrpyHTOBaHMX BuTpar [11, 12, 26, 30]. MixHapoaHi opraHizamii, 0 MpampTs y chepi
eHepretukn (MiXHaApOIHE areHTCTBO 3 BimHOBIMIOBaHOI eHeprii (International Renewable Energy Agency —
IRENA)) Ta eHepreTuuHi BimoMcTBa okpeMux kpain (MinicrepctBo eHepretuku CLLIA (US Department of
Energy)) muist eHepreTHYHUX TEXHOJIOTIH BUIISIOTh BUTPATH 1HBECTHUIIIMHI (KamiTalbHi), eKCIUTyaTaiiHi Ta
nanuBHi. Tak, BenwmunHa npuBeneHoi BapTtocti EE LCOE BHu3HawaeThcs HACTyIHUMH CKJIAJOBHMH: Kalli-
TaIbHI BHUTpaTH Ha OYIIBHHLTBO, ONepamidHi BHTpaTH, Koe(illieHT BHKOPHCTaHHS BCTaHOBJICHOI
notyxkHocTti (KBBII), cepennbo3Baxkenoro Baprictio kamitary (Weighted Average Cost of Capital, WACC),
CTpOKOM ekcrutyaTamii oomagaanss [30]. Hampuximan, kamitanbHi Ta excruryaraniiiai sutpata BEC ta CEC
€ PI3HUMH, OCKIIBKH MPOIYKTHBHICTH BITPOBUX Ta COHSYHUX YCTAHOBOK 3aJICKUThH BiJ| IIOTOJTHUX YMOB, SIKi €
3MiHHUMH; METEOPOJIOTiuHI YMOBH (1HCOJALIS Ta cuila BiTpY) 3a/u1d HopMansHoro ¢yHkuionyBanHs BEC ta
CEC pi3zHi. 71 Ta30BUX €NEKTPOCTAHININ Ta MU3EIb-TeHEPATOPIB TOJOBHOK CKIIAJOBOIO EKCILTyaTalliiftHIX
Butpar (moHax 50%) € BuTpatu Ha ManuBO K Ans okpemoro [IPI', Tak i mns rpymu JAPI', Butpatn moxxHa
NPEACTAaBUTH TMOCTIHHOIO Ta 3MIHHOKIO CKIQJOBHUMH. Y CBOIO Yepry, O MOTOYHHX BUTPAT MOXYTh OyTH
BiJTHECEHI aMOpPTH3alliliHi BipaxyBaHHs, MOCTIHHI Ta 3MiHHI HENMAIMBHI BUTpaTh. BOHU TakoX 3ajexaTh Bif
MpOTHO3yBaHHs piBHIB reHepaiii BJIE [31].

3nilficHeHHs] TUHaMIYHOT Tapudikamii 6e3rmocepeIHbO OB’ sI3aHE 3 aHAII30M SHEPTeTHYHIX XapaKTe-
puctuku JAPI" [32, 33]. Tak, MHTTE€Ba NOTYKHICTh BITPOI€HEPATOPa 3 TOPU30HTAIBHOIO BicCl0 00epTaHHs (Ha
TPUKIAJ i1€aTbHOTO BITPOKOJIEca) MOe OyTH BU3HaueHa 3a GopMy1050: Pppc = (- Kgps'p- V> 1-D?) / 8, ne
n — KKJI renepatopa; Kges — KoedinienT Bukopuctanns eneprii Birpy (KKJI); p — IinbHICTS MOBITpS, KI/M;
V — moTouHa WIBUAKICTH BiTPY, M/c; D — niameTp, SIKMH OXOIUIIOETbCA KIHIIMM Jomareil (miamerp
BIiTpOKOJIECa), M.

Ii7BHICT TTOTOKY IOBHOTO COHSYHOT'O BHIIPOMIHIOBAHHS, IO TaJa€ HAa OPIEHTOBAaHY IOBEPXHIO
(hOTOETIEKTPUYHOI yCTAaHOBKH B pEalbHUX YMOBaX XMAapHOCTI, BH3HAYA€THCS IUIIXOM IiJICYMOBYBaHHS
3HalICHUX 3HaueHb LIIBHOCTI MmpsiMoro, Audy3HOro Tta BigOMTOrO BHIpoMiHIOBaHHS. KokHa 3 mumx
CKJIaJIOBMX BU3HAYAETHCS 32 CITiBBITHOMIEHHAM THITY: Pcpc=S"Es'1"M2'M3, 1€ S — IUIONIA COHTIHUX MOIYIIIB;
Eg — IHTEHCHUBHICTh CyMapHOI COHSYHOI pajiallii Ha OJWHMIO TUIONI COHSYHOTO MOAYJISL; 1), Mz Ta 13 —
BigmoBigHo KK/] coHstuHOrO MOy IS, MPUCTPOIO BifOOpY MaKCUMaJIbHOI MOTY>KHOCTI Ta iHBEpTOpA.

Ilutomi BuTpaTH manuBa OU3ENb-TEHEPATOPOM b MOXKHA TPEICTABUTH HAONMKEHUM CIIBBiI-
HomeHHsM: b = (g.-H-C) / Nr + by, 1€ g. — TUTOMI BUTpATH MaIHBa 32 HOMIHAIBHIA TOTYyXHOCTI 75%; H —
KoedillieHT, MO BpaxoBye HaBaHTaxeHHs; C — KoedimieHT 3HomieHOCTI aBuryHa; nr — KKJI gusens-
reHepaTopa B 3aJIeXKHOCTI BiJl pe:KUMY poOOTH; by — BTpATH NAJIMBA B PEKUMI XOJIOCTOTO XOAY.

Po3Butok Microgrid 3 BpaxyBaHHSIM JHHAMIYHOT0 HiHOYTBOpPeHHs. MOXJIMBOCTI ISl BIIPO-
Ba/DKCHHS JMHAMIYHOTO IIIHOYTBOPEHHS (K TEXHIKM KEPYyBaHHS TMOIMUTOM, SIKa CTHUMYJIOE OUIbIIY
PIBHOMIpHICTh TpadikiB HAaBAaHTAXXCHHS) PO3LIMPHIINCA 3 PO3BUTKOM KOHKYPEHTHHX JIOKaJIbHUX PUHKIB,
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PO3BUTKOM JICIIEBUX JBOCTOPOHHIX KOMYHIKalliHHUX TEXHOIOTiH, mo Ha piBHI Microgrid mae 3mory
3MIACHUTH JUHAMIYHHUM OaJlaHC MK BUPOOHMIITBOM 1 CITOKHMBaHHAM eJiekTpoeHeprii [13].

O1iHMMO CHiBBiAHOIICHHS «IIOMUT — I[iHa» Ha MiKPOPIBHSX, KOJIU I[IHOYTBOPEHHS PO3TIISIAETHCS Ha
iHTepBajax KiuTbKa XBWJIMH YH CEKYyHZ, TOOTO OCOONHMBOCTI AWHAMIYHOTO I[iHOYTBOpeHHA B Microgrid.
Buznauenns Baprocti EE y pa3i muaamiuHii Tapudikamii B Microgrid 3aieXuTh Bill IBOX CKJIAIOBUX:
E€KOHOMIYHOI Ta TEXHIYHOI, IKi MOEAHYIOTECS B OJIMH CHEPrOCKOHOMIYHHMN KOHTYp. AHaji3 eKOHOMI4YHOI Ta
TeXHIYHOI CcKNamoBoi (yHKIioHyBaHHS Microgrid Mae OyTH HampaBlIeHO Ha: MiABUIIEHHS €(QeKTHBHOCTI
BUKOPUCTAHHS MEPBUHHOTO TAMBA; ONTHMI3allifo rpadika BimOOpy MOTYKHOCTI Bil «TPETHOI» CTOPOHH;
OINTUMI3alio BigOOpYy MOTYKHOCTI Bifl FeHEpaTopa; MiHIMi3alio BTpaT eleKTpoeHeprii mix Jac il nepemadi
Ta PO3IOITY; ONTUMI3allI0 PEXHMIB EJIEKTPOCIOXKUBAHHS; 3a0€3MeUeHHs BHMOT IOJAO SIKOCTI
€JIEKTPOCHEPTrii Ta AKOCTI €HEProlOCTavyaHHs, 30KpeMa, CTIHKOCTI CUCTeMH, CTaOUTFHOCTI Ta HAMIMHOCTI 1i
po0oTH; MiHIMI3aIiI0 BUTPAT CYMapHHUX KOINTIB Ha TeHepallito Ta cnoknBanus EE 3a ropu3oHTaIbHAMUA Ta
BEPTUKAIbHUMH PIBHAMHU.

Touka miOKIIOUYEHHS TEHEPATOpiB y 3arajJbHOMY BHUIAAKY PO3IJIINAETHCS SK TOUYKA «BBOIY»
moTyXHOCTi sk BiacHuX JPI', Tak 1 momatkoBux mpkepen (mix gac kymiBii EE y «Tperboi» cToponm), Ta €
KOHTPOJIbOBAHUM TIEPETHHOM, 7€ YCTaHOBJIEHI Smart-miuniabHUKH. OCKIIBKH J0 Ii€] TOYKH MOXYTh OyTH
MiAKIIOYEH] pi3HI TUIU TeHepaTopiB, TO 10 CUCTEMH TeHepauii OyayTh BXxoauTu okpemi mkepena EE, ski
MAalOTh Pi3HYy €KOHOMIYHO OOTpyHTOBaHY BapTicTh reHepaiii 1 kBr-rox EE.

Hexail c.(f) Ta cAf) — Tapud Ha EE Ta Bapricte oaunuui nanusa; P(f) Ta B(P(f), ) — coXuBaHa
aKTHBHA TIOTYXHICTh Ta MOTOYHI BUTPATH, 30KpeMa, BapTiCTh MepBUHHOTO nanusa. [Ipu npomy 3a3HadmMo,
mo Tapud c.(f) € TapudoMm IS JIOKATHHHUX EIEKTPOCHEPTETHYHUX CHUCTEM, TOOTO TapupoM B Mexkax
BipTyaJIbHOTO 00’ €HAHHS Ha piBHI Microgrid. [{ms BapTocti cioxutoi EE Cg(f) Ta BapTOCTI BUTpaT HanmBa
CH?) (moxiamemo, WO IHIN CKIAJOBI BUTpAT BIJICYTHI) Ha BWAUICHOMY iHTepBasi (YHKIIOHYBaHHS
Microgrid [0, £*] Mo>kHa 3amucatu

C, (1) j ¢,(t)- P(t)dt ; 1)
0

Cr(t) = j ¢, (t)B(P(t), t)dt )
0

I3 BumineHHsAM mNOCTIMHUX cKmagoBuX B 1 3MiHHUX Buz(P(f),f) HemanuBHUX BUTpaT Ha (QYHKII-
oHyBaHHSI Microgrid i BIAMOBITHWUX IJIT HUX BapTICHUX TMOKa3HHKIB co(P(¢)) Ta cp(P(f),t) 3ammmeMo

BeNn4HuHy notouHux BUTpaT Cr y(f) Ha reHeparito enekrpoeneprii B Microgrid intepsani [0, 7]
t t

t
Cr nr(D)= jco (P(1))B,dt + ICN (P(1), )By (P(2), t)dt + | ¢, (£) B(P(t), t)dr . 3)
0 0 0

Beenemo BusHaueHHs: Emanonnuit mapugh — norodnuii, 3Minauii y 4aci tapud na EE 3 Bpaxy-
BaHHSM peaJbHUX YMOB 3IiHCHEHHs HOTOYHHUX BUTPAT, 30KpeMa, IEPBUHHOTO NaJUBa i 3MiHU B pPealbHOMY
Yaci XapaKTePHCTHUK POOOTH CHUCTEMH TeHepallii Ta HaBaHTa)KeHb, OE3MEepepBHOT 3MIHM BEIMYHMHHU BCIiX
CKJIQJIOBUX NOTOYHHUX BHTpAT (30KpeMa, BUKOpUCTaHHs maiuBa Ha reHepaniro EE, a Takox Brpar EE B
Microgrid mix uac renepariii, mepeaadi ta posnoziny EE).

Hns popmyBaHHS KBazionTHManbHOro TapudHOro mnaHy QyHknioHyBaHHs Microgrid BuKopu-
CTaEMO TIOHSATTS eMAI0HHO020 (i0eanbH020, MOOENbHO20) mapugy, Ikl Mac do3eoramu: 1) 3miny Tapudy
HE 3a IHTEpBaJIOM 4acy, a 32 IOTOYHUMH 3HAUEHHSAMH BCiX CKJIAJOBUX BUTPAT, 30KpEMa, BUTPAT IIEPBUHHOTO
najyBa 1 MOTYXHOCTI €NeKTPOCIIOKMBAHHS (HAIPUKIAJ, 3TiHO OIIHKH aKTUBHOI Ta PEaKTUBHOI MOTYXK-
HOCTi, BpaXxyBaHHSl BTpPAaT B ENEKTPUUHUX Mepexax, NpodimiB rpadikiB eIeKTpUYHUX HAaBaHTAKEHb); 2)
Bu3HaueHHs Tapudy Ha EE 3a cranom; 3) po3paxyHOK MUTTEBOI BapTOCTi SK iHTETPANBHOI (YCEPEIHEHO)
MUTTEBOI xapakTepucTuku Baprocti EE Ha 3amaHoMy «ManmoMy» iHTepBalli 4acy, a TakoxX 30iticnumu: 1)
MOPIBHSIHHS Ta MPOBEIECHHS OKPEMHX MOBIPOK, IPOBEJCHHS ayAUTy CUCTEM KepyBaHHS Ta o0miky Microgrid,
2) po3WUpeHHs TEepeNiKy MOMOMDKHHUX IMOCIYT 3 pEeryifoBaHHS Ha JIOKaJbHUX PUHKAaX; 3) OIMIHKY edek-
THBHOCTI poboTH enmeMeHTiB Microgrid, y mepury depry, VPP Ta aktuBHHMX cnokuBadiB (prosumer). Ilpu
ontuMizalii mpoueciB y Microgrid Ta ii enemeHTax Moaens Microgrid mpeactaBuMo y BUTTIsII cucteMu {1} —
{H}, ne {I'} — MHOXWHA TeHepaTOopiB; {H} — MHOXXMHA HaBaHTakeHb. BTpaTu y mHiHIAX eleKTponepenavi Ta
po3noxiry Microgrid He Oymemo BpaxoByBaTu. JljisT reHepaTopiB Ta HaBaHTaxeHb B Microgrid BHALIIMO
ONITHMAITBHI T4 HEONTUMAJBHI PEKUMH, 00YMOBJIEH] HonaTkoBUMHU BTparamu EE, piBHAMU 11 SIKOCTI Ta SKOCTI
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eHeprornocradanHs. Sk Kpurepiii onTUMaibHOCTI TiporieciB y Microgrid 3acTocoByeThest OTyXHicTh Dpu3e,
KA y 3arajbHOMY BHIIAJIKY € KBJPATHUHOI HEB’SI3KOI0 MiX TIOBHOIO S Ta akTUBHOI P noTyxkHicTio (O = S
— P%) Ta [ia€ 3MOTy OLIHHUTH piBEHb BTPAT Bijl HEPIBHOMIPHOTO CriokuBaHHs uu renepauii EE [34, 35].

3amns OWiHKKA pIiBHSA BTpaT BiAg HepiBHOMipHOCTi cnoxuBaHHs EE B Microgrid Ha inTepBami
tpuBattictio 7 >> Tt, ne Tt — mepiof enexkTpoMepexi, BUKopructaemo Moandikamiro motyxHocTi @puze Op, M
[26]. TToTyxHicTb Q¢ M AT PEKUMY TPUBAIICTIO T, IO XapaKTePU3YEThCS NIIOYMMHU 3HAYEHHSIMH HAIlPYTH

U;ta crpymy I;; i =1, ..., n; T; — TpuBanicts i-ro intepsainy, Ta P = Uy-ly, ne Uy, Iy — ycepenHeH1 3HaYCHHS
HaIIPYTH Ta CTPyMy Ha iHTepBaiti 7, Ta 32 yMOBH cOS® = 1, MOKEMO 3alMCaTH y BUTISAII [26]
0.~ | Sud) Sk |-vin @
i=1 T j=1 T

[NoknageMo, 10 KOXKEH OKPEMHH i-ii TeHEepaTop Mae BIACHHWH Aiala3oH PerymoBaHHS [Py, -- -
Praxi], @ TakoX BiAMOBIAHY BapTiCTh PEryJIOBaHHS HAapOLIyBaHHA YW 3HWKEHHS 3reHepoBaHoi EE,
Hanpuknaa, Ha 1 kBt EE. 3aransamii MoxxnmuBuil miamazon perymoBanHs (3MiHu AP) Microgrid [P, ---»
Purax], 1€ Prip=min{ Prin; }, Poa=2 Pmax; PO30uBaeThest Ha mimintepBanu AP, (AP=YAP;), ne AP, —
Jiama3oH peryJoBaHHS MOTY>KHOCTI A-T0 TEXHOJIOTIYHOTO BUAY reHepauii (A7 A-T0 TEXHOJOTIYHOTO BUAY
reHepariii Moxe OyTH KiJibKa OJJMHHIIb TEHEPATOPIB Pi3HOT MOTYKHOCTI).

Jam 3miicHIOETbCS PAaH)KyBaHHS TEXHOJIOTIH TeHepallii (akTHYHO BCi€i CYKYITHOCTI Te€HEpaTopiB
JPT" 3a nHapoctanHsiM BapTocTi 1 kBT'rom 3reHepoBanoi EE. V pa3si 3pocTanHs BeIMYMHH CIOKHBAaHOI
NOoTY>KHOCTI B Microgrid 3aist HapolyBaHHs 00CATY T€HEpyBaHHS HACTYITHOIO 3aCTOCOBYETHCS (BBOAUTHCS
B JIif0) TEXHOJIOTisI TeHEpaIlii 3 HAMEHIIIO I JaHOTO MOMEHTY Jacy BapTicTio 1 kBt-rox EE i3 MHOXIHI
TexHonorii renepanii EE (okpemMux THmIB reHepaTopiB), sIKi € JOCTYIMHHUMH YHM 3HAXOISTHCS Y pe3epBi
(HeBUKOpUCTaHUMH). Y pa3i 3HIKECHHS BEIMYMHHM BiAOOPY MOTY)KHOCTI MepmuM OyAe BiAKIIOYaTHCS
reHepaTop, Ui AKoro BapTicTh reHeparii 1 kBt ron EE Hait0inpma.

ITix gac amami3zy renepariii EE B Microgrid momisibHO BHIIIATH TaKi OCOOIWBOCTI HApOITyBaHHS
MOTY>KHOCT] SIK «IUIaBHO», «CTPUOKOIONIOHO», «IIOKPOKOBE HApOLIYBAaHHS MOTY>KHOCTI». SIKIIO TIaBHE
HapOLIyBaHHs MOTY>KHOCTI 3a0e3leuye, HaNpHUKIA, AW3EIb-TEeHEpaTop, TO IOKPOKOBE HApOLIYBaHHS
refeparii — me migkmodeHHs okxpemux OmokiB (cekuiit) BEC ta CEC (APrpn). B pesynbrari 3mina
TeHEPOBAHOT IMOTYKHOCTI i-M T€HEPATOPOM 3MIHIOETBCS B MEXKAX BiJl Pry min 10 Pri max 3 KPOKOM AP ;.

Junamiuna tapudikanis B Microgrid. [Toknagemo, 1mo 3anexHo BiJl MOTYKHOCTI HABaHTa)KEHHS
Microgrid y poGoTy Moke OyTH MiIKIIOYEHO KidbKa T€HEpaTopiB 31 CBOIMH 3aJIEKHOCTSIMH BEIWYHHU
BUXI/IHOT MOTY>HOCTI BiJl 4acy TakuM 4MHOM, 11100 cuctema Microgrid Oyna 30anaHcoBaHa (HampuKia:, 3a
JOTIOMOTOI0 BUKOPUCTAaHHS aKyMYJSATOpHUX Oarapeil). @akTHYHO y 3arajlbHOMY BHUINAAKy MOBa Hae mpo
arperailito KiJJbKOX pPi3HUX THIIIB reHepallii (TeHepaTopiB) 31 CBOECK BIIACHOIO BapTicTio reHeparii 1 kBT rox
EE. [Ins onHOrO i-ro TeHepaTopa y MOMEHT 4acy ¢ MOKHO 3alucaTu

Crit) = Fo(BAPrd1)) + AC(2), (5)
ne AC(f) — 6a30Bi MOTOYHI BUTpATH. 3a3HAYMMO, MO0 MOxJMBa 3anexHIicTh AC(P(t)), sKow Hamami
3HEXTyeMO. SIKIIO AJIs i-TO TeHepaTopa BapTicTh renepariii 1 kBt-rox ckmanae Cri(f), To mpu TeHepallii i-M
reHepaToOpPOM MOTYKHOCTI Pr{f) cepenHbo3pakeHa BapTicTh 1 kBT rox EE BU3HauaeThes i3 CIIBBIIHOMICHHS

CF,CP(t)ZZr:PFi(t)'CFi(t) Zrlpri(t)a (6)
i=1 i=l

IIe N — KUTBKIiCTh TEHEPATOPIB.

3MiHu cepenubo3BakeHol BapTocTi 1 kBT'rom EE 00ymOBIeHI BEIMYMHOIO aKTHBHOI MOTYXKHOCTI
redepariii EE i-M renepatopoM, a Takox 3miHOW0 BenuuuHHu Cry, 5IKa, Y CBOIO UEpPry, 3aJIC)KUTh, HAPUKIIAI,
Big mporHo3dy Metpojoriuaux ymoB i CEC ta BEC, BenuumHM BHTpaT MNEpPBHHHOIO NajluBa
Ta30MOPITHEBOTO TeHepaTropa 4YM nu3ellb-reHeparopa B(Pi(f)), TOOTO 3aJeXUTh Bl pETryTIOBATBHUX
XapaKTepUCTUK BCi€l CyKyMHOCTI reHeparopiB Microgrid, siki y naHuii MOMEHT 31ilicHIO0Th TeHepailiiio EE B
Microgrid. TpuBanicTh j-ro iHTEepBaly cTanocTi (He3MiHHOCTI) BenuuuHu Cr; (j-ro iHTepBany Af;; ans i-ro
reHepaTopa) 3aJIeKUTh BiJl 3MiHU BEIMYMHU TIOTOYHOI CIIOYKUBAHOI MOTYKHOCTI Pi(f) BiJ 1[bOTO TeHEpaTopa
Ta BU3HAYAE€ThCA 13 YMOBU: |P(f) — P;jo| < €p, e P;jo — 3adikcoBaHe 3HAYECHHS «ETAIOHHOI» MOTYKHOCTI JJIs
Jj-To inTepBaiy 4acy; €p > 0.

Hapani 6ygemo posrisigatu cucteMmy, B Kiil 3a0e3meuyerscst ymoBa Pr(f) = Py(f), a Takox Bimome
criBBigHOmEeHHS Bi{(P{(f)) — (yHKIiS BHTpaT NMEPBHHHOTO MaJMBa i-T0 TeHepaTopa SK 3aJIeKHOCTI Bif
BEJINYMHU TeHepoBaHoi motyxkHocTi EE Pi(f). Bapricte 3reHepoBaHOi MOTYXXHOCTI BCiMa reHepaTopamu
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BU3HAYAETHCA 13 CIIIBBIIHOIICHHS
Crs (1) = D (Fe (B{(P(1)) + AC,(1)) (7)
i=1

Posrisuemo mozaens {I'} — {H} Microgrid, sika MiCTUTh OJTUH T€HEPATOP 1 OJ/HEC HaBaHTakeHHS. [1if
yac aHalizy ocoOnuBocTeil AuHaMiyHOi Tapudikamii B Microgrid 3aificHUMO MOOYIOBY MaTeMaTW4HOI
IUHAMIYHOT MOAelNi 3 BWU3HAuUeHHs IiHU 0a3oBoi wactmHu EE. Ilpm meomy Bemmumam Crft) Ta B{P(t))
OyaeMo po3risaTH sK eTajJoHHI Tapudu. BuzHaummo Hackinbku (yHKHiIOHyBaHHsA cuctemu Microgrid
BIZIPI3HSETBCS BiJl ONTUMAIbHUX PEXHMIB TeHepamii Ta CIOKHUBaHHSA 3 TOYKH 30py HEONTUMAalbHOCTI
peXHUMy BHKOPUCTAHHS IEPBUHHOTO MajimBa mix yac renepauii EE. 3aams nmpoctoT i HA0YHOCTI po3riisiLy
MPOIIECiB Y Iif MOJZEi OITyCTUMO BCi BHUTPATH, OKPIM BHUTpAT Ha TEPBHHHE ITaJUBO, SKE HEOOXITHE It
BupoOuunra EE renepatopom.

[Moxmanemo, mo [0, #*] — iHTEpBaN po3paxyHKy, ¢ € [0, #*] (Hanpukian, ¢ € [0, 24 rox.]). Hexait j —
HOMEp CTaJIOCTI (HE3MIHHOCTI) PiBHS CHOKMBAHOI MOTY:KHOCTI Pj(f), Konu 3Minu Pj, — P/(f) nonaiaioTs B
IHTepBaJ

|PA1) — Ppo| <ep, 8)
ne ep > 0 — ycTaBKa 10 BETMYMHI KOHTPOJIBOBAHOI IMTOTY>KHOCTI CIIOYKMBaHHS P.

3rigHo cniBBigHOmEHHs (4) iHTepsan [0, £*] po36uBaeThes Ha N, mifiHTepBaiB. Mexa nepexony 3 j-
ro mijiiHTepBady Ha (j+1)-ii BU3Ha4aeTbCcs B MOMEHT 4acy f:1, KOJIM Ma€ Miclie HEpiBHICTh |P(f) — Pj[>¢p.
CniBBinHomeHnHs |P(f) — Pj[>ep Mae BUKOHYBaTHUCSl NPOTArOM (IKCOBAHOIO 4Yacy f,p Ta JHIIE MOTIM
3MIUCHIOETRCS TIepexin poootu Microgrid Ha (f + 1)-# iHTepBai.

Ha j-my inTepBaii He3MiHHOCTI pexumy Microgrid TpuBaicTio Af; BU3HaYal0Th MOCTINHI AJIs IbOTO
IHTepBally «IIOTOYHI» 3HAUEHHS BApTOCTi OAMHMII NEPBUHHOIO ManuBa cr; Ta oauHuui BaptocTi EE cp;
(etamonnuit Tapud). Jlani BU3HAYAIOThCA 3aJIEKHOCTI MMTOMHUX BUTPAT MEPBUHHOTrO manusa Bi(t) = fp(P/(?),
), j=1,.., N, iKy B nepumomy HaOJIMK€HHI 3 BUKOPUCTaHHSIM KyCOYHO-JIiHIHHOI anpokcuMalii Ha j-My
iHTepBai NpeJcTaBuUMoO sk Bi(t) = B;P(t).

Ha j-my miniHTepBaii TpUBaiCTIO Af; PO3paXOBYIOTHCS BEIMYNHU BUTpAT NajauBa Ta BUpoOHunTBa EE

At;

A
W = J-Bj (t)dt; Wy = IPJ(Z)dt 9)
0 0

Ha j-my mininTepBani cymMapHi BapTicTh 3aTpadeHoro namusa Cr; Ta BapTicTh EE Cp; BU3HauaroThCs
13 CHIBBiIHOIIEHb
Cr)j= cpj Wi Cry = cgy W (10)
Hns inrepBamy [0, #*] poGotm Microgrid MokHa 3amucaTd BHpasd Uil CyMapHHX BHTpaT
nepBUHHOTO nanuBa (Wps), oocsris rerepanii EE (Wyy) Ta BignosigHo ixHb0i BapTocTi Cry Ta Crx

N, N, N, N,
Wes :ZWF;Z? Wi :ZWEJZ; Crx :Zcm? Cpx :ZCE,;' (11
j=1 Jj=1 Jj=1 Jj=1

Hami ms BugineHoro pexumy B Microgrid 3 BukopuctanHsM MoaudikoBaHOI HOTykHOCTI Dpuse
QoM 3MIHCHUMO OIIHKY HeomTuManbHOCTI mepemadi EE Ha imtepsami [0, #*] [26]. BiacHe po3paxyHOK
notyxkHocTi @puse Qg v 3A1HCHUMO 3 ypaxyBaHHAM 3MIHHOTO XapaKTepy aKTHBHOI MOTY:KHOCTI P,(f) Ha
iHTepBani At; 3a yMOBH, 1110 Ail04a Hanpyra reHeparopa nocriiina (U = const) Ta [,(f) = P(t)/U.

Hexait mrs Buginenoro iarepsany [0, *] oTpumMaHO onTHMaabHE 3HAUYCHHS CIIOKUBAHHS aKTUBHOI
MOTYKHOCT1 Popr

N,
Popr =U-| D 1,04, [t . (12)
Jj=1

Toni Benmnuraa otyxHOCTI Oprsze Qg v BU3HAYAETHCA 13 CITIBBITHOMIEHHS

Z T
Qda,M: U’ Zlf? _P02PT‘ (13)
=

Bennunni Popr BiAIIOB1IAIOTh KOHKPETHI 3HAYEHHS BAPTOCTI OJMHHULI MEPBUHHOIO MAJIUBA Cropr T
onuuuti Baprocti EE (tapud) cgopr (TyT iX mo3Ha"eHO 3 iHAEKCOM «opr»). 11 onTHMaIbHUX 3HAYEHD Bopr,
WFZ,OPT, WEZ,OPT: CF,OPT Ta CE,OPT MOKHa 3alliucaTtu

Bopr = f5(Popt, )5 Wizorr = Borr't*; Wesoer = Poprt*; (14)
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Cropr = Crj° Wes opts CE,OPT = Cgj’ WEZ,OPT-
Y nojanbIioMy 3iHCHIOETHCS aHajli3 a0COMOTHUX Ta BIAHOCHUX 3HAYCHb BEJIMUNH
Awrs = Wiz — Wrsorrs  Awps = Wes — Wes opr; (15)
Acr= CF,Z_ CF,OPT; Acg= CE,Z_ CE,OPT-

3a 3HAYECHHSIMH OTPHMAHHX PiBHIB HEONTIMAILHOCTI poOOTH cucteMu (BeawduH Aprs, Apes, Acr Ta
Acp) (bopmymu (14) — (15)) ominroeTbcst epeKTUBHICTH POOOTH SIK TeHepaTopa, Tak 1 HaBaHTaKEHHS
Microgrid y minomy, MOxXyTb OyTH chOpMOBaHi MPOMO3HUIIiI 100 3MiHH 3aKOHIB KEpYBaHHS TeHEpaTOpaMu
Ta/91 HaBaHTAXCHHIMH, BIPOBADKCHHS 3aXOiB 3 eHEpProe)eKTUBHOCTI, peaizaiis MeXaHi3MiB KepyBaHHS
nonuToM. MOXKITUBa CHUTYAIlis, KOJIM TEXHIYHO JOCSHKHHN (peanizyeMuii) pexum podotu Microgrid He €
ONTUMAJILHUM, TOJi HaBelCHI OLIHKMA MOKHA MPEACTABHTH 5K BiJHOCHI XapaKTEPUCTUKW HAOIIKEHHS 10
ONTUMAIBHOTO PEKUMY: dyr = Aprs | Wrsoprs 0w = Aws / Wes.oprs 8cr = Acr / Cropr; dcr = Ace / Cgopr.

3acTocyBaHHS HAaBEICHOTO MIAXOAy M0 auHamMiuHOi Tapudikarii B Microgrid 3 BUKOPHCTaHHIM
eTaJloOHHOTO Tapudy Ja€ 3MOTy BUPIIIMTH HACTYIIHI 3a1adi:

1) yrouHeHHs (h)iHAHCOBHX PO3PaXyHKIB (TPOIIOBUX MOTOKIB), (hOpMyBaHHS IIHOBUX CHUTHAJIB MiX
€JIEMEHTAMH CHCTEMH SIK 32 TOPHU30HTAIbHUM, TaK 1 BEPTHKAJbHUM pPIBHSAMM; 30KpeMa, 3I1HCHEHHS
«KBa3i(hiHAHCOBHX» B3AEMOPO3PaXyHKIB, y HErpomioBii (opMi 3a TpOIIOBHM EKBiBAIEHTOM MiX
enemenTtamu VPP Ta enemenTamMu akTHBHOTO CIIOXKHBaya (3 BpaxyBaHHAM MEXaHi3MiB KePYBaHHsI TOIUTOM);

2) peamizaris etanoHHoro (imeanpHOro) Tapudy st GopMyBaHHS KBa3iONTUMAIBHOTO Tapu(pHOTO
TUIaHY, OI[iHKK HEONITHMAJIBHOCTI Ta IPOTHO3YBAHHS B 3aJIC)KHOCTI BiJl iIHTEpBally 4acy;

3) MOXJIMBICTb MO€JHAHHS (HiHAHCOBOI HEONTUMAIBHOCTI peXuMiB podotu Microgrid 3
HEONITUMAITEHICTIO €HEPTroNpoIleciB (3a MoTyXHicTio Ppuse);

4) TUTaHyBaHHS 3aKYINBENb OOCSATIB TEPBHHHOTO ITaJliBa Ta MOMKJIUBHUX OOCSTIB CIIOKWBAaHHS
€JIEKTPOCHEPTii;

5) dopmyBanHs curHaiiB ais kepyBaHHs JIPI' Ta enekTpocnoXuBaHHs, y TOMY YUCII 13 3a1y4EeHHIM
MEXaHI3MiB KepyBaHHS TIOTTUTOM;

6) OIliHKAa TOYHOCTI BUMIPIOBaHHS 3 BpaxyBaHHSM HEOOXiJHOCTI 3a0e3NeueHHsI THYYKOCTI pOOOTH
€JIEKTPOCHEPIeTUYHOI CUCTEMU;

7) anexBaTHUH (peabHUI) OaaHc BUTpaT manuBa Ta cnoxuBadas EE B Microgrid;

8) yTouHEeHHS J0JIbOBOI y4acTi 00’€KTiB 010 00csTiB reHepaii ta cnioxusanHs EE, piBHIB BTpar
EE B cucremax mepenadi Ta po3noziny;

9) BU3HAYEHHS [OJILOBOi ydwacTi (BHECKY) EJEMEHTIB CHCTeMH Y CcroTBopeHHs sKkocTi EE
(enepromocrayaHHs), aHaJI3 CKIIAOBUX TOAaTKOBUX BTpaT EE;

10) BU3HAYCHHS IOTOYHHUX peasibHUX (00’ ekTUBHUX) Tapu@iB Ha EE, 1m0 3MIHIOIOTBCS B 3aJI€)KHOCTI
Big HasBHUX pexxuMiB renepauii EE JIPI" Ta cnoxuBaHHS;

11) BupimenHs 3amadi OaraHCyBaHHS PiBHIB reHepamii Ta crokuBaHHS EE, MOXIHMBICTE OITIHKH
PiBHIB HEONITUMAILHOCTI Ha PiBHI JJOKAIBHUX CHCTEM €Hepro3abesneueHHs;

12) ouiHka poJii CUCTEM aKyMyJIIOBaHHSI €HEpTii.

Posrissnemo peamizaniro mMoxeni oninka Baptocti EE mius cucremu Microgrid 3 mocekyHIHORO
tapudikariero [36]. Bapticts EE y pasi auramivnii Tapudikariii oriHIMO III €eKOHOMIYHOI Ta TEXHIYHOT
CKIagoBUX. EKOHOMiUHY CKIafoBy pO3IIISAaTUMEMO Ha OCHOBI piBHsHHS Dimiepa, sike ommcye OanaHC
€KOHOMIYHOI cructemu [37],

M-V=C,-0, (16)
e M — rporoBa mMaca, o poOuTh OIUH 00epT 3a aeskuit yac 7y; V' — KiTbKicTh 00€pTIB TPOIIOBOI MacH 3a
JocipKyBaHui nepion acy; Cp — IiHa OJUHUILI MPOAYKIIT; O — KUIbKICTh IMPOILYKIIII.

Jns po3paxyHKy HIOCEKYHIHOI BapTOCTi I€HEpOBaHOi €Heprii B mpaBy 4YacTHHY Bupaszy (16)
BKIIFOYAIOTHCS BCi BHUTpATH, TOB’S3aHI 3 TeHEpAIli€l0 eHeprii: BUTpaTH Ha MaTepiaid, aMOpTHU3allilo,
3apo0iTHY IUIATy Ta iHII, BU3HAYEHI OCOOIMBOCTSIMH €KCIDTyaTalii TeHepyrodoro oomamgnanus. [Ipuiimatoan
3a 0a30BY BEJIMUYMHY YaCTUHU €Heprii, Bupaxeny y (BT-cex), nepenminemo piBHIHHS Dimepa y BATIISII

M-V=C,-B+C-W, (17)
ne C, Cp — BapTicTh 6230BO1 YaCTHUHH €HEPTii 1 OMUHUII TTaNKBa; W, B — KITbKICTh €HEpTii 1 manuBa.
Jlns mopanbuioro onepysanns 3 Baprictio EE BBenemo koediuient o =C,/C Ta nepenuimemo

piBusHHA (17) 13 mpupoctamu A BimHocHO 3MiHHMX M, C, B, W. HexTyrouu 4ieHamMH BHUILOTO MOPSIKY
MaJIOCTi, OTPUMY€EMO
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AC-(W+o-B)y=V-AM —C-c-AB—-C-AW . (18)

[lepexomsun Bix mpupocTiB A 10 oreparopa d/dt ans npupocTiB y manomy ¢yskiit C(z) i W(t) ta
MPUBIBIIK JIBY 1 NpaBy YacTHMHU PIBHSIHHS JO OJHAKOBOI PO3MIPHOCTI 13 BpaxyBaHHSIM 4Yacy 3MIiHU
MPHUPOCTIB, OTPUMYEMO

dC(t)= V-AM 3 C,-AB B C(1) .a’W(t)
dt Wt)y+o-B) -t W)+o-B@)-r W{)+o-B(t) dt
ne T — vac BigxuienHa BennuuH EE ta BaprocTi ii 0a30B01 yacTuHHU Bif 0OpaHux 3HadeHb W i Cy y Toulli
CIIOKO¥O.

Hnst po3s’si3anss piBHsHHSA (19) BUKOHaeMo iHTerpyBaHHs JiBoi yacTuHHM y Mexax Bifg C(2) no Cp
TIEPIIOTO OJaHKy mpaBoi yacturu Bin 0 mo 7, mpyroro pogasky Bin W(t) mo Wy, ne W(¢) ra C(¢) — 3HaueHHS
Bupobnenoi EE Ta BaprocTi ii 6a30B0i WacTWHM y MOCHTIKyBaHWH MOMEHT 4acy; W, — 3Ha4eHHs 0a30BO1
YacTUHH BHPOOJIEHOI FeHepaTopoM eHeprii y Touli cnokor; Cy — ii BapTicTs; T — AOCHiIKyBaHUH iHTEpBa
gacy. B pesynbrarti iHTeryBaHHSI OTpI/IMaeMO

r JC(E) = I V-AM —C,-AB I
) C( ) (W(f)+0-B(t))-T~C(t) W(f)+ -B(1)

[Tepmmii inTerpan mpasoi yactuHu piBHAHHS (20) dakTHdHO BimoOpakae cTaH OajlaHCy KOIITIB.
Moro 3HaueHHs 3a po3paxyHKOBMii mepion T 3aleXUTh SIK BiJ 3MiHM B uaci reHepoBaHoi eeprii W, Tax i
NOTOYHOI I[iHM Ta 3MiHM y 4Yaci OanaHcy KowTiB V. BpaxoBytouu, 1o BeIMYMHN €HEPTii FeHepyIovoi cTaHMil

NPaKTUYHO HE BIUIMBAIOTH HA PIBHAHHS OalaHCy Ta 3a MPUIYIICHHSM, 10 OalaHC BUKOHYETHCS, PO3B’SI30K
piBHsaHHA (20) 32 ymoBu T = T npuiime BUJ

C(t) =

; (19)

AW (). (20)

W (t)

W,+o-B,
V-AM —Cy-AB
(W(t) +0- B(t)) . e(W(t)w-B(t))-T'C(t)
ne W(f), B(f) i C(f) — 3HaueHHs] TeHEpOBaHOI eHeprii, BUTpAT HajauBa i IiHM Yy TOYLI, BIIHOCHO SKOI
po3paxoByeThes 3MiHa 1iHH. HaBeneHa ¢dopmyna aae NMpUHHATHI 3HAYSHHS 3a BiIXWIEHHI BiJ] MOYaTKOBOI
TOYKH TpUOMU3HO + 5%. 3a OUMPIMX BiIXWIEHHSIX MOTPIOHO BHOMPATH HOBY TOYKY Ta Y IOAAIBIIOMY
HEeoOXiIHO po3paxoByBatu TpeHy 3minu W, By ta C.

Hani BaxxnuBo copMyBaTi €eKOHOMIYHI IHCTPYMEHTH 3a]UIs1 JOCSATHEHHS JUHAMIYHOTO OallaHcy MiX
BHPOOHHIITBOM 1 CIIOXKHBAaHHSAM 3 ypaxyBaHHSAM OIeEpaliiHuX 0OMEXeHb eHeprocucreMu. HeoOXimHo
3MiACHUTH  (popMallizalifo  BIAMOBIIHUX  Oi3Hec-cep Ta  Oi3HEC-NPOIECIB, HA OCHOBI  SKOI
3IACHIOBATUMETHCS BHM3HAYECHHS BHMOr 10 iHpOpMaliiiHOro 3a0e3neyeHHs Ta (OPMYBaTHUMYTHCS
MeXaHI3MH (YHKIIOHYBaHHS JOKanbHUX puHKIB EE s pisHux tumiB Microgrid. BaximBo migBUIIATH
THYYKICTh CHCTEMH 13 3aJIy4EHHSIM MOXKIMBOCTEH PEryJIOBaHHs €JIEKTPOCIOXHMBAHHS CIIOKUBauya, CKIACTH
iHAMBigyanbHi Tapudu Ha EHEPTito BiAMOBIAHO 10 MPODIIIO0 CIIOKUBAHHS.

BucHosku.

Y poOoTi mpeAcTaBiIeHo TMpoOIeMH MOAANBIIOTO PO3BUTKY Ta 3pocTaHHS dacTku BJIE B Oamanci
OEC VkpaiHi, siki pamkoBaHi 3a TpboMa piBHsmu: Bunmii — OEC VYkpainm; cepeaHiii — perioHanbHi
EHEeProKaMIIaHii; HIDKHIA — JIOKaJbHI CUCTeMH eHepro3adesnedeHHs. [loka3aHo, M0 e(eKTUBHUM iHCTPY-
MEHTOM 3ajJy4eHHs [0 «eHepreruuyHoro Oamancy» JIPI" Ha piBHI JIOKaJbHUX CHCTEM € BIPOBAIKEHHS
Microgrid 3 BAKOPHCTaHHSM MEXaHi3MiB AMHAMIYHOI Tapr]iKarii.

[IpoBenenuii aHamiz mokasaB, IO Ha CHOTOJIHI €(QEKTHBHUM Ta MaJIO3aTPaTHUM 3 TOYKH 30Dy
BUKOHAaHHS BUMOI IOJO piBHIB 3amydeHHs BJ/IE mpu ¢opmyBaHHI CEKTOpPY «3€IE€HOI» EHEpPreTHKH €
PO3BHUTOK JIOKAJIBHUX CHCTEM €HeproszabesmedeHHs, 30kpema, Microgrid 3 BJIE Ta immmx tumis JIPT,
30KpeMa, ra30MOPITHEBUMH YCTAHOBKAMH Ta TU3ENIb-TeHEPaTOpaMHy, a TaKoXK 3 CUCTEMaMU aKyMYJIIOBaHH:I
e”eprii. B Ttakux cucremax nepeBaru JiokanbHOro BupoOHuuTBa EE, 30epiranHs ta pearyBaHHsS Ha MOIUT
B3aEMOJIIIOTh Pa3oM, a MOJACIb «PIiBHUU IO PIBHOMY» 3a0e3leuye peaabHy THYUKICTh, CIIPHUSIOTH TOPTiBIi
EHepri€lo, THM CaMUM MiJIBUIIYIOYH JIOMYyCTUME TPOHWKHEHHS BiJHOBIIOBAaHHX PECYpCIB 1 CIPHUSAIOUYH
E€HEePreTHYHOMY IIepeXOy.

CdopmoBaHo mepmrouepropi HaNMPsMKX Po3BUTKY Microgrid 3 TOUKH 30py 3aCTOCYBaHHSI MEXaHi3MiB
JMUHAMIYHOTO I[IHOYTBOPEHHS. BBeneHHS eTaoHHOTO Tapudy Ma€e 3MOTy 3a0e3MeUnTH CyMICHY ONTHMI3AIiIo
E€KOHOMIYHHMX Ta TEXHIYHHX (SHEPreTUYHMX) IMOKAa3HUKIB poOoTH Microgrid, mo mpoaeMOHCTPOBAHO Ha
npukiIaa Moaeri ouinku BaprocTi EE ms cucremu Microgrid 3 mocexyHaHOO TapudiKaItiero.

-Cys 21
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I3 BpaxyBaHHSIM CyMICHOI Y3TO/DKEHOI pPOOOTH TeHepaTopiB Ta HaBaHTakeHHs Microgrid
3alPOIIOHOBAHO TiJIBE/ICHHS PEabHOTO OajlaHCy CKIIaJOBHX E€HEprii 3 BUKOPUCTAHHAM BUTPAT NEPBUHHOTO
nanuBa Ta noOynoBa 0OajaHCy TPOLIOBUX EKBiBaJIEHTIB, 30KpeMa, sl OLIHKMA PiBHIB HEONTUMAalbHOCTI
nepenaui EE ma BuninenoMmy inTepBaili 9acy 3alpOITIOHOBAHO BUKOPHCTOBYBATH MOIU(IKOBAHY IIOTYKHICTH
(mee Qq),M.

USE OF DYNAMIC TARIFICATION FOR OPTIMIZATION MICROGRID TECHNICAL AND ECONOMIC
INDICATORS IN LOCAL ELECTRICITY MARKETS

0.V. Kyrylenko', V.Ya. Zhuikov’, S.P. Denysiuk”
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Features of development of electric power industry of Ukraine from the point of view of the formation of the perspective
structure of generating capacities of UES of Ukraine and development of renewable energy sources (RES) are
characterized. In the analysis of the problem of introduction of RES in the energy system of our country and the use of
advanced tariff systems, three levels are identified: the highest level - the UES of Ukraine; middle level — regional
energy companies; lower-level - local energy supply systems. It is shown that the study of choosing a strategy for better
implementation of dynamic electricity prices, as well as trends in business models for local electricity markets with a
combination of physical, communication, information, and business levels are relevant. The peculiarities of Microgrid
development as a basic element of the functioning of local electricity markets under the condition of formation of
optimal modes of generation and consumption of electricity using dynamic charging, which can provide a significant
part of imbalance compensation due to the widespread introduction of RES. The article considers the formation of
dynamic prices at the level of local power systems (Microgrid), which have features of both the operation and
implementation of business models. The elements of the business model for the local electricity market, which is
proposed for the sole owner of all generators and consumers, are analyzed when Microgrid is considered as an
independent element of the local market, where a dynamic balance between supply and demand. It is determined that at
the level of local energy supply systems charging must be based on dynamic models that will take into account the
dynamic nature of generation and regulation of electricity consumption in the system and stimulate appropriate desired
actions by the consumer. It is proposed to use the tariff calculation not for the time interval, but for the state, as well as
to control the optimal levels of generation and consumption of electricity to use the reference tariff and the formation of
reference profiles of generation and consumption of electricity. Modified Frieze reactive power was used to estimate the
discrepancy between current and optimal power regimes. References 37, table 1.

Key words: renewable energy sources, local energy supply systems, Microgrid, dynamic tariffing, reference tariff, every
second tariffing, Frieze power.
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IHTEHCU®IKALIS TEILIO-MACOOBMIHY B IHIYKIIMHUX KAHAJBHUX MEYAX
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Ha ocnosi cghopmynvosanoi mamemamuunoi modeni 0o0cCnioxceno menaosuti cman 080¢asHoi (080KaAHANbHOL)
iHOYKYIIHOI neyi 0N NAA6NeHHs YagyHy 3 KAHALAMU Munoeoi ma Hoeoi KoHgizypayii (popmu) 3 ypaxyeaHHam menniogoi
KOHBeKyii. Busnayeno eniug (hazo8020 Kyma Midc HANpy2amu, wo JHCUeisms IHOYKMOpU neyi, Ha nepezpie memaiy 6
kauanax. Ilpedcmaeneno npakmuuti pekomMeHOayii w000 3MeHUEHHs Yb020 Nepespigy, SIKi Hadarms 3Mo2y 3HUIUMU
empamu enepeii, moomo niosuwumu KKJ/[ neueit ma 36inouumu pecypc ixuvoi pooomu. bion. 10, tadi. 2, puc. 4.
Knrouosi cnosa: innykiiiiina KkaHaJibHa MMi4, iIHTCHCHU(IKAIlISA TEIII0-MacCO0OMiHY, MATEMaTUYHE MOICTIOBAHHS.

Beryn. Inaykuiiini kaHanmpHi mewi, fKi, SK BiZOMO, MpHU3HAYeHi JAJs IUIABJICHHS YOPHHUX 1
KOJIbOPOBUX METaIiB, BHKOPHCTOBYIOTHCS TAKOXK SIK MiKCepH (HaKOMUYyBadi) /it 30epiraHHs i miarpuMaHHs
CTaOUTBHOI TEeMITepaTypy PIOKOTO METaly, IMPUTOTYBAaHHS 1 BHUPIBHIOBAHHS XIMIYHOTO CKJAaIy CIUIABiB, a
TaKOX JUIS J030BaHOI BHAAyl poO3IJIaBy B JuBapHI MamuHu abo ¢opmu. KoHcTpykTHBHO Taki medi
BKIIIOYAIOTh B cebe oauH abo AeKinpKka IHAYKIIHHUX KaHAbHUX OJNOKIB (IHAYKIIHHUX OIWHUIb), SAKi
T’ €MHYIOTECS IO BaHHU, IO Mae (GopMy BEPTHKAIBHOTO MWIIIHApA (mIaXTH) ab0 TOPH30HTAILHOTO
OapabaHa.

3a mpuHOMNOM [ii IHAYKUIHHMK KaHanbHUI ONOK Haraxye TpaHcopMarop, BTOPHHHA OOMOTKa
SIKOTO SBJISIE COOOI0 KOPOTKO3aMKHEHHI BUTOK PiIKOTO METATy, SIKHi HA3WBAIOTh IHAYKI[IHHAM KaHATIoOM. Y
bOMY KaHaji 3a JIONMOMOTOK KOTYIIKH (iHIYKTOpa) HaBOAWTHCS EIEKTPUYHUIH CTpYM, SKHUH 1 HarpiBae
piokuii mertan.

Juia Takux medel BaIIMBa iHTEHCH(IKAIis MPOIECIB TEII0-MaCOOOMIHY MiK KaHAJIOM, B SKOMY
BUIJIAE€THCA OCHOBHA YacTHMHA TEIUIa, 1 BAaHHOIO, B SKiH 3HAXOAUTHCS METaN, IO IIJIArae€ IUIABJICHHIO
(HarpiBaHHI0). 3a HEIOCTAaTHBOI C(PEKTUBHOCTI Iepenadi TeIuia MeTaal B KaHaJbHIM 4YacTWUHI medi
neperpiBaeThesl, M0 MPU3BOIUTH J0 3aBHUICHUX BTPAT CHEPTil Ta MepeI4acHOro BUXOay medi 3 aaxy. OnHum
13 HaHOULTBII mieBMX 3aco0iB iHTeHCH(IKaIlii 3a3HAYEHUX IPOIECIB € CTBOPEHHS B KaHAJI Iedi TaK 3BaHOI
TPaH3UTHOI TeUil piIKOTO MeTally, 3a SIKOI0 MeTall 3 BAHHH HaIXOAUTh B KaHAJ Yepe3 OJJHE THPJIO, a 3aJIUIIAE
foro uepes iHme. Bigomo [1], mo cTBOpHUTH 3a3Ha4YeHy TEUil0 METaly B IHAYKLIMHUX KaHaJbHHUX Iedax
MOXKHA 32 PaXyHOK BHKOPUCTAHHS HECHMETPUYHUX (OpM KaHaliB abo KUBICHHS X Bil CHCI[iabHUX,
30KpeMa HeCUMETPUYHHUX CUCTEM HAIPYTH Y BUMAJKy O0aratodasHuX medei.

B poboti [2] na mpukmaai aoda3zHOi iHOYKWiMHOI KaHaIbHOI IMeYi 3 KaHalaMd CTaHJapTHOI
KOH(irypamii, mpu3HaueHoi aJs TUTaBIEHHS Mifi, JOCIIIPKEHO TEIUIOBHHA CTaH Ie4i B 3alle)KHOCTI Bif
(ha30BOro KyTa MiXK HalpyraMH KUBJICHHS, TOOTO (aKTHYHO BH3HAYCHO BIUIMB CHCTEMH JKHBIICHHS Ha
MeperpiB. MeTaqy B KaHajgax Iedi. 3agada [bOTO JOCTIDKEHHsS IOJSIrae y BHU3HAYCHHI MOIKJIMBOCTI
iHTeHCH]iKamii Temao-MacooOMiHy B IHAYKUIHHIM KaHambHIM Tedyi 3a pPaxyHOK BHUKOPHCTAaHHA 000X
3a3HaueHUX (akTopiB, TOOTO 3a pPaxyHOK BHUKOPHCTAHHS HOBOI, 3aIllpOIIOHOBAHOi aBTOpamMH, (QOpMHU
(xoHirypanii) iHAYKIIHHAX KaHAIIIB TUIABUIILHOT €Y, 0 )KUBUTHCS BiJI PI3HUX CUCTEM JKUBJICHHS.
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Otrxe, MeTOI0 POOOTH € JIOCTIDKEHHS TEIUIOBOTO CTaHy Iiedi, 30KpeMa BU3HAYCHHS MeEperpiBy
MeTay B iHIYKIIMHUX KaHaax THIIOBOI (CTaHAAPTHOI) Ta HOBOI KOHQITypaliid B 3aleXHOCTI Bix (a3oBoro
KyTa MK HallpyraMu >KUBJICHHS.

3a3HaueHe JOCIIKSHHS TPOBOJHUIIOCS IUIIXOM YHCEIBFHOTO MOJICIIOBAHHS OB’ SI3aHUX MK cO00I0
€JICKTPOMAarHiTHUX, T1IAPOANHAMIYHUX 1 TETUIOBHUX IMPOIIECIB HAa MPUKIIAAl IHIYyKIIHHOT KaHATHHOI TIedi THITY
LFR 45/12 ¢ipmu ASEA, 110 BUKOPHCTOBYETHCS HA METATYPTriHHUX Ta MAIIMHOOYAIBHUX MiATIPHEMCTBAX K
MiKcep A BUTPUMKHU pigkoro 4aByHy [3]. Lle — miu GapabanHOro THmy, sika BKJIIOYaEe B cebe nBa abo
YOTHpW IHAYKIIWHUX OJOKW, fAKI MiX €IHAHI 3HW3Y OO BaHHH, OO0 Mae (opMy TOPHU3OHTAIEHO
PO3TaIIOBAHOTO IMIIIHAPUIHOTO OapadaHa.

OcCKinbKy 337151 BUPIMIEHHS TOCTABIEHOI 3a/1a4i JOCTaTHHO PO3IIIIHYTH TUTBKM OAMH 1HIYKIIHHUHI
OJIOK Tedi, AN CIPOIISHHS Ii€i 3agadi MOJENroBayiacs He BCS M4, a TIIBKK I YacTHHA y CKIIAfi
IHIYKIIHHOTO OJI0Ka Ta 3’ €IHYBAJILHOTO €JIEMEHTa Tiedi (Tak 3BaHOro "MYHIIITYKA'"), 3a JTOIOMOTOO SIKOTO
e OJIOK CTUKYeThCs 3 BaHHOIO medi (puc. 1). Ilpm mpoMy mpuiiManocs, o B Te4i 3HAXOOUTHCS Taka
KUTBKICTh PIIKOTO MeTaly, SKa 3aloBHIOE TiIbKU IHAYKIIHHWN OJIOK i 3a3HAYeHWH MYyHIIITYK, TOOTO B
Oapabani mewi Meran BiacyTHid. Ha puc. 1 mo3maweno: /| — MyHOIMITYK, 2 — IHAYKIIWHWA KaHal, 3 —
KapoTpUBKHK OeToH, 4 — Kapkac IHAYyKIiiHOro Oloka, 5 — ekpaH, 6 — iHAyKTOp (KOTymIKa), 7 —
MarHiTOIPOBIJ.

Puc. 1

[IpencraBneHnii Ha MPOMY PUCYHKY IHAYKUIHHUI OJOK — Iie 3ABOEHHH OJIOK, IO MAaE€ y CBOEMY
CKJIaJIi IBa KaHAJTM OBAJILHOI B MTOTIEPEYHOMY TTepepi3i (hOpMH i 1Ba iHIYKTOPH, SKi JKUBIIATHCS B 3aTAIBHOMY
BUNAJKy Pi3HUMH 32 Pa3aMu HalIpyTraMH.

Juia Temumoi3omnAwii medi MeTaneBi KapKacH BaHHH Ta IHAYKLIHHOTO OJIOKa 3 BHYTPIIIHBOTO OOKY
OKJICIOIOTH JINCTOBUM a30ecToM (Ha pUCYHKY HE TIOKa3aHo). BHyTpinTHI OTBOPH iHIYKIIIHHOTO OJIOKA, B SKHUX
PO3MIIIYIOTBCS  ITHAYKTOPH, (OPMYIOTBCSA 3a JOMOMOTOK BOJOOXOJO)KYBaHUX METAJCBHX CKPaHIB,
BUKOHAaHMX 13 Mini abo HemarHiTHOi cTaimi. 3amis 3MEHIIEHHS BUXPOBUX CTPYMIiB €KpaHHM BHKOHaHi
HE3aMKHEHUMH II0 KOJy, TOOTO MaloTh MO3MOBXHIA "po3pi3". OXOJOMKEeHHS MeTaJeBHX KapKaciB medi
3IIMCHIOETHCS 32 IOTIOMOTOIO0 MPUBAPEHUX 330BHI CTAILHUX TPYO, Yepe3 AKi MPOIyCKalOTh BOLLY.

MocranoBka 3agaui gocaimkeHHs. B poOoTi po3risHyTo I1HAYKUIHHMNA KaHanbHUK OJOK 3
KaHaJaMH THIIOBOI Ta HOBOI KoH(iryparii (hopmn), siki oKkpemo mpeacTaBieHi Ha puc. 2. BiaMiHHICTh mHX
KaHaJliB MK CO0O0I0 TOJIATaE B PI3HOMY BHUKOHAHHI IXHIX THPJIOBHUX 30H, TOOTO IiISHOK, SIKHMH BOHH
CTHKYIOThCS 3 MyHAIITYKOM (BaHHOIO) miedi. Lle 3yMOBIIO€ pi3Hy KpUBH3HY JIiHIH 1HIYKOBAHOTO B PiJKOMY
MeTaJl CTpyMy B LHX 30HAaX, a OT)KE 1 PI3HUHA PO3MOIIN €JIEKTPOMAarHiTHUX CHJ, IO 3YMOBIIOIOTH PYyX
pimkoro MeTtany. B mopiBHSHHI 3 KaHajIaMu THIOBOI KoH(iryparii (puc. 2, a) B HOBUX KaHanax (puc. 2, 6)
30UIBIIEHO KPUBU3HY JIiHIH B OOKOBHX THpJaxX i 3MEHIICHO B CEpeIHBOMY THpJi. 3a 3aJyMOM TaKe BHKO-
HaHHS OBUHHO 30UIBIIUTH IHTCHCUBHICTh TPAaH3UTHOI Tedii MeTaly B KaHajax, 3TiJHO 3 SIKOI0 PO3IUIaB i3

Puc. 2
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BaHHU M€Yl HaJXOJUTh B KaHAJIHM 4epe3 cepenHe (CHilibHe Uis 000X KaHAIIB) THUPIIO, a 3ajMIIaE iX depe3
OOKOBI.

MogentoBanHsa (Di3MYHUX MPOLECIB B TaKild Medi BUKOHYBAJIOCS B OCHOBHOMY 3 BHKOPHCTaHHSM
PO3p0o0IeHOT U IHIYKIIHHIX KaHATbHUX Me4eil TPUBUMIPHOT MaTeMaTUIHOI MOJIET, OKpeMi YaCTHHHU SKOi
BHKJIAJICHI y TIOTIEPEIHIX TIparsax aBTopis [2, 4 1 5].

Mogenb, sika ONMUCYE ENEKTPOMAarHiTHI IMporecd, chOopMyJIbOBaHA y BUTJISLII cUCTeMHU audepeH-
ialbHUX PIBHSAHB U1 KOMIUIEKCHMX AaMIUITYyJ BEKTOPHOTO MArHiTHOTO 1 CKAJSIPHOTO EJIEKTPUYHOTO
MOTCHITIATIB Ta IHTETPAIBHOTO PIBHAHHS OajaHCy HANMPYTH JUIS KOKHOTO iHIYKTOpa. Taka IMOCTaHOBKA, SK
BIZIOMO, J1a€ 3MOTY 3HaXOJWUTH PO3MOJiJI €NCKTPOMArHITHOTO TOJI B IMEYi SK 32 3aJlaHUX CTpyMax, Tak i
3aJaHMX Hampyrax Ha iHIyKTopax. Po3paxyHOK Mol BHKOHYBaBCS B O€3IHAYKUIHHOMY HaONMKEHHI,
OCKUTBKM BHECOK €JIEKTPOPYIIIHHUX CHJI, IO BUHUKAIOTH 338 PaXyHOK PyXy PIKOro MeTaiy, mija 9ac poOoTH
medi Ha TMPOMUCIIOBIM 4YacToTi € He3HauyHWM. lle Jaio 3Mory po3risgaTH elIeKTPOMArHIiTHY 3a1ady sK
He3aJIe)KHY BiJl TBOX 1HIIHX.

Monenp, o 1mMoB’si3aHa 3 TIIPOAMHAMIYHIMH TIPOLIECaMH B TIeYi, SIBJISIE COO0I0 CUCTEMY HENiHIHHUX
ycepenHeHnx PeitHompnacom mudepeHmianpanx piBHAHE Hap’e-CTokca, sIKI ONHCYIOTh TEUil0 B’S3KO1
TypOyJleHTHOI PIAWHM MiJ Ii€f0 eNeKTpOMarHiTHux cwi. Ha BiaMiHy Bij momepenHiX poOiT 3a3HadeHi
piBHSHHSA B Lili poOOTI pO3B’s3yBaMCS 3 ypaxyBaHHSM TEIUIOBOi KOHBEKILIl (TEpMOKOHBEKIil). 3amss
MOJICITIOBAaHHS TEIUIOBUX MPOLECIB B IT€4i BUKOPUCTOBYBAJIOCS HECTAI[IOHAPHE PIBHSAHHS TEIIONPOBIIHOCTI 3
ypaxyBaHHSAM PYXY PiJJKOTO METaIy.

BpaxyBanHs TemnoBOoi KOHBEKLil MeTaly NOTpeOyBaJio CHIBHOTO pO3B’S3aHHS CHUCTEMHU
IudepeHIlialbHIX PiBHSAHB, B IKYy BXOAATh piBHAHHA Hap’e-CToKca 3 ypaxyBaHHSIM €JIEKTPOMArHiTHUX CHII i
CHJI TEPMOKOHBEKIIIi Ta PiBHIHHS TEIUIONPOBIMHOCTI. Taky CUCTeMY PiBHSHB B 3aTaIbHOMY BHTJISII MOXKHA
NpPEACTAaBUTH HACTYITHUM YHHOM:

0
poa—‘t‘+po<u-V>u = —Vp+nAu+f+p(T)g;

V-u=0;

A
o wvr=lo ary 9
ot P.C, P.C,

ne p(T) — TycTHHa PiIKOTO MeTaly B 3alle)KHOCTI BiJ TeMmepaTypH, p, — TyCTHHA MeTaly 3a JesKid
piBHOBaXkHil Temmeparypi 7y, U — MIBUAKICTE PyXy PiIKOTO METaNy, p — TUCK, f — TUTOMI €JIeKTPOMAarHiTHI
CHJIU, OTPUMaHi B pe3yJIbTaTi PO3B’sI3aHHS €JIEKTPOMArHIiTHOI 3ajaui, g — MPUCKOPEHHS BUIBHOTO TMaiHHS,
Ney — KOeQiLiEHT epEeKTHBHOI JMHAMIUuHOI B'I3KOCTI MeTaily, pO3paxOBaHUH BiIMOBIIHO 1O NPHHHATOL
MozeNi TypOYJNEHTHOCTI, Aoy — KoedilmieHT e(peKTHBHOI TemiompoBigHocTi, C, — TEIUIOEMHICTh, ¢ —
BHYTPIIIHI JpKepesa Tersia, 0OyMOBIICHI MPOTIKaHHSAM B MeTall iHAyKLiHHOTO cTpyMy. HaBeneHi piBHSHHS
3amucaHi y HaOmmwxkeHHi byciHecka [6], 3TiHO 3 SIKMM 3aJ€XHICTh TYCTHHHM PIIMHH BiJ TeMIepaTypu
BPaxOBYETHCS B PIBHSAHHSX TUTBKU MPH CHIIAX 36MHOTO TSOKIHHS.

MopemtoBaHHsT TIedi MPOBOAWIIOCS 33 TaKUX IPHUIYIICHb. ENeKTpoMarHiTHe mojie IHIYKIIHHOTO
050Ka po3paxoByBajocs aHanoriuHo poOorti [4]. TypOyneHTHICTh TigpoaAnHaMiYHOI Tedii BpaxoByBajacs 3a
JIOTIOMOTOX0 k-& Mojieni TypOyneHTHocTi [7]. B TemmoBiif 3amadi HeXTyBallocsl JOJATKOBOKO Tepefadeto
TeIlIa, TKa BUHUKAE 32 PaxXyHOK TYpOYJICHTHHX ITyJbcalliii. SIK mokazaay MpoBEACHI paHillle ITOCHTiIHKEHHS
[2], Takuit MexaHi3M mepeaayi TEIVIOTH B IHAYKIIHHUX KaHAIBHUX MeYaX MOXHA HE BPaxOBYBaTH.

PosrnsimaBcst HecTamioHapHWE Ipolec HarpiBaHHS pPiAKOro MeTany B IIedi, MOYMHAIOYH Bif
TeMITepaTypH TUIABJICHHS METaIy IO HarpiBaHHS (IIeperpiBaHHs) PO3IUIABY JO 3aaHOi BETMIHHH. Po3momin
MOYATKOBOI TEMIIEPaTypH JJIs BCIX IHIIMX €JIEMEHTIB IMedi mo aHajuorii 3 [3] BU3HA4aBCS B pE3yNbTaTi
pPO3B’s3aHHS JOAATKOBOI CTaliOHApHOI TEmIOBOI 3aJadi 3a 3aJaHol TeMIlepaTypH Ha TpaHHULAX, SIKi
KOHTAKTYIOTh 3 PITKUM METAJIOM.

BuximHi naHi s MOJETIOBaHHS TIedi NMPUAMANHCS HACTYIMHUMH. Pigkuil MeTan — pos3IiaBiIcHUH
YaByH 3 CJICKTPHYHUMH Ta TEIUIO(I3NUYHIUMHU XapaKTEPUCTUKAaMU, MpeAcTaBieHuMH y Tabu. 1. [Momepeunnit
nepepi3 IHAYKIIHHUX KaHaIiB Ha OLIbININA IXHBOI YacTWHI MO JOBXKHHI CKIIa/IaB 11,5'103 MM (rabapuTHi
po3Mipu mporo mepepizy — 170 mm 1 86 MM). Po3mipu koxHOTO iHIYKTOpa: cepemHid miametp — 0,36 M,
noexuHa — 0,8 M, 4yMcno BUTKIB iHAYKTOpa — w=>58. BimHOCHa MarHiTHa NMPOHHUKHICTH MAarHiTOIPOBOIIB
npuiimanacsa noctiiHoo 1,=1000. MozaentoBaHHS €JIEKTPOMAarHiTHOTO IOJIS IeYi MPOBOIWIIOCS 3 Bpaxy-
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BaHHSM CTaJbHUX (HEMAarHiTHHX) €KpaHiB ane 0e3 BpaxyBaHHS METAlIeBOTO Kapkaca. TOBIIMHA CTIHOK
€KpaHiB B pO3paxyHKax CKiangayia 4 M.

Taoauus 1
Temmeparypa mnaBineHHS (1) — 1423 K EnexTponposianicts (6) — 6-10° C/m
I'yctuna 3a T (po) — 6829 Kr/M Temnoemnicts (Cp) — 950 [lax/kr-K
Koedimient Termosoro posmmpens (B) — 1-10* 1/K Temnomnposignicts (A) — 28 Br/M'K
Jlunamiuna B's3kicTs (1) — 12-107 kr/m-c

MogenoBaHHS €JIEKTPOMArHiTHOTO TOJsI TPOBOAMIIOCS 32 3aJaHWX 3HAYCHHSX HANpyrd Ha
iHAyKTOpax yactoToro v=50 'l ans pisHUX 3Ha4YeHb (pa3oBoro KyTa y Mixk Hanpyramu. OCOOIMBICTIO BOTO
MOJEIOBaHHS OyJIO Te, IO Y KOXKXKHOMY BHIAAKY (IS KOXKHOTO BapiaHTY) MigOupaiocs Take (0IHAKOBE IO
MOJYJIIO Ut 000X 1HAYKTOPIB) 3HAUCHHS HAIPYTH, sKe 3a0e3MedyBao 3a/JaHy akTHBHY ITOTYKHICTb OJOKa.
Bona npuiimanacs pisaoto 1200 xBr.

Po3paxyHOK sIK CTalliOHApHOI, TaK i HECTAlliOHAPHOI TEIUIOBMX 3a/ad IPOBOJIUBCS Y IiHIHHIN
MMOCTAHOBII — KOEQIIIEHTH PIBHSIHHS TEIUIONPOBIMHOCTI NpHUAMANIKMCS HE3ICKHUMH Bill TEMIIEpPaTypH,
OCKUIBKM BOHa B TMIPOIECi HArpiBaHHS 3MiHIOBaNacsi B HEBEIMKOMY Jiama3oHi. 3HaueHHS (i3UYHHX
XapaKTEePUCTUK MaTepiaiiB, 0 BUKOPUCTOBYBAJINCS il 4ac PO3PaxyHKy TeIvIonepeaadi, HaBeIeHO y Tall. 2.

Taoauns 2
Marepian | Termonposignicts (L), | I'yctuna (p), | Termnoemicts (Cp), Buxigni gami s MOJENIOBaHHS
) 3 i . N
Br/(mK) KI/M Ao/ (k1K) TemwioBoi  3ajadi  mpuitManucs
Craip 19 7950 540 TaKAMU: TeMIeparypa  HaBKO-
beron ! 1000 1000 JIPIIHHB(;FO cepe OlfI/I };p— Text = 293
Asfoct 0.2 2500 1500 pea 1 ext

K, Temmepatypa B GapabaHni meui —
T = 873 K, xoedimieHT BUNpOMiHIOBaHHS pinkoro merany — € = 0,15, TopmuHa aucroBoro azdoecty — 10
MM. 3HadeHHs KoedillieHTa TEIUIOBIIIadi 3 IMOBEPXHI METaJeBOTO Kapkaca MigOWpanocs TakuM, 00
MaKCHMalbHa TeMIeparypa Horo He nepesuinyBaia 373 K. Baxkanocs, mo 3abe3neunTn Taky abo iHIIY
TETUIOBIIIavy 3aBXKIM 3MOXKE CHCTEMa BOJISTHOTO OXOJIOJDKEHHS 3 BIIIOBIIHIM PO3TAIlyBaHHSM IPUBAPEHUX
710 KapKaca TpyO 3 peryIb0BaHOIO BUTPATOIO BOIH.

Pe3yabTaTn 4MCeJBLHOTO MOJAENIOBAHHA. MOJENIOBaHHS BHKOHYBaJIOCS 3a  JIOIIOMOTOIO
nporpamHoro nakera Comsol Multiphysics [8]. BpaxoByroounm cuMeTpil0 KaHaJIbHOTO OJIOKa BiZHOCHO
BEPTUKAILHOT IUIOMIMHA, IO TIPOXOAUTH IIOCEPENNHI OJIOKa TEPICHAUKYISAPHO OCSIM IHIYKTOPIB,
MOJIeNIOBaHHS (DI3UYHUX MPOIIECiB Y HhOMY BUKOHYBAJIOCS IS OJTHIET OJOBUHH OJIOKA.

CrioyaTtky, BHKOPHCTOBYIOUM TepIly YacTHHY MaTeMaTHYHOI MOJENi, JAOCIiIKYyBaltocs
€JIEKTPOMAarHiTHe TMOJIe IHIYKIIHHOTO KaHAIBHOTO OJOKa TMedi 3 KaHallaMH THIIOBOi KoHQirypamii. Y
pe3yJIbTaTi MPOBEICHOTO MOJEIIOBAHHS OTPHMAHO PO3MOIUIN TYCTHHH €IEKTPUYHOTO CTPYMY Ta TYCTHHH
NUTOMHX EJIEKTPOMATHITHUX CWJI B PIAKOMY MeTalli, 3HAYeHHS EHEPreTHYHHX MapaMeTpiB (CTpyMiB i
MOTY>KHOCTi 1HIyKTOpPiB, MOTY>XHOCTi TEIUIOBUIICHHS B PiAKOMY MeTalli TOIIO) Ta E€IEKTPOMAarHITHUX
nmapaMmeTpiB Ooka medi. AEeKBaTHICTh MaTeMaTHdHOI Mozeli (11 eeKTpOMAarHiTHOT YaCTHHH) TIepeBipsacs
HUISIXOM  CITIBCTAaBIICHHS PO3PAaXOBaHWX 1 EKCIEPUMEHTAILHO OTPUMaHUX Ha TPOMHUCIOBIA redi
€JIEKTPOMArHITHUX mMapaMeTpiB. Po30DXKHICTP HaBeAEHMX MOaHMX He nepeBHmMiIa 8%, IO € IIITKOM
NPUHHATHAM JJISl TAKOTO JOCHTH CKJIQIHOTO 00’ €KTa TOCIIIKSHHS.

Ha apyromy etami micisi po3B’si3aHHS JA0JaTKOBOI CTalliOHApHOI TEIIOBOT 3ajadi CHUIBHO BHUPIIIY-
BAJIMCSl HECTal[iOHapHI TiIpoArHaMiyHa i1 TemjoBa 3afgadi. Ha puc. 3 mpencrtaBieHo pe3ysibTaTH TaKOTO
MOJISTIOBaHHS Yy BUTISAI PO3MOJIUTY TeMIlepaTypd sl OlloKka 3 KaHalaM THIOBOI KoH(iryparii mms
YOTHPHOX 3HAYEHb KyTa ¥ (puc. 3, a — y=0, puc. 3, 6 — y=60 en. rpaxn., puc. 3, ¢ — y=120 exn. rpaxn., puc. 3, 2
— y=180 ex. rpaz.), sSKi Jerko MOXXHA OTPUMATH y pa3i *KHUBJICHHS 1edi Bia TpudazHoi Mepexi (TpudazHoro
Tpanchopmaropa). Llei po3nomin 3adikcoBaHO HA MOMEHT Yacy, 1o JopiBHIoe 100 ¢ micias BMUKaHHS Iedi.
3 pUCYHKY BHIHO, III0 MaKCHMaJIbHA TEMIEpaTypa MeTary A y = 0 3 mpuOIN3HO OJHAKOBUMH 3HAUCHHAMHU
JOKaii3oBaHa B 000X KaHanax, s y=60 i 120 en. rpaj. BoHa 3HAXOAUTHCS Y IPAaBOMY KaHalii, a aius y=180
eIl Tpaj. — y JiBOMY.

Binbin iHpopMaTHBHUM MOKe OYTH MpEACTABICHHS PE3yJIbTATIB MOJIENIOBAHHS Y BUTIISII TIEpETPiBy
MeTany B kKaHanmax AT 1Mo BiIHONIICHHIO A0 BaHHH, SKUH MPAKTUIHO € CTAOUIEHUM, TOOTO HE3aJIe)KHHUM Bif
yacy HarpiBaHHS. 3a TemIepaTrypy MeTaldy Yy BaHHI B po3paxyHKax Oyyia B3sTa cepelHs TeMmIeparypa Ha
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BEpXHi MoBepxHi piakoro meramy. Ha puc. 4 HaBeneno meperpiB A7 B JIOKaJbHUX TOYKAax KaHANIB,
MO3HAYEHUX Ha pHC. 2, Uil OJNOKIB 3 TUMOBUMU (pHUC. 4, a) Ta HOBUMH (puC. 4, 6) KaHANaMU JJIS Pi3HHX
3Ha4YeHb (a30BOro KyTa \J.

T,K
1530
I1520
1510

1500
1490

1480
1470
1460
1450
1440

6 Puc. 3

AHaJi3 OTpIMaHNX TaKHUM YHHOM pe3yJIbTaTiB ITOKA3ye, 10 MiHIMaIbHE 3HAYEHHS IEPETPIBY METAITY
B KaHaJax THUIIOBOI KOH(}Irypamii (SKII0 1el NeperpiB OMIHIOBATH MO MaKCUMaNbHUM BeMWYUHAM AT.)
BUHUKAE IIiJ] Yac XHUBJICHHS 1HIYKTOPIB Iedi Hampyramu 3 kyrom y = 0, TOOTO omgHO(A3HOIO HAIPYTOIO.
Makcumainbhe ke 3HaueHHA AT, HaOyBae 3a y=120 em. rpa.

AT, K AT, K
140 140
120 180 e, rpas. 120 120
100 100

80 80 ¢ =0 e Tpax. 60
60 60 180 120

40 40

20 20

0 0

20 =0 -20

1 2 3 4 5 o6 7 8 9 10111213 1 2 3 4 5 6 7 8 9 10111213
Touku kaHamiB Touku KaHaIIIB
a Puc. 4 7

HixaBum Ha puc. 4, a € posnofnin neperpiBy A7 mo noBxuHi KaHamiB 3a y = 180 en. rpag. Ha
BimMiHy Bix kyTiB y=60 i 120 en. rpax., misa akux ATy, 3HAXOIUTHCS Y paBOMy KaHalli, y BUManky y=180
€. TpaJl. MaKCUMaJbHUN TMEPErpiB JOKAII3yeEThCS Yy JIIBOMY KaHalll. MOXXHA 3 BEJIMKOK JOCTOBIPHICTIO
OPUIYCTUTH, IO 32 CHMETPUYHOrO (BIZHOCHO IUIOUIMHH, IO PO3IUIAE ABa KaHaIM) PO3MOIINY eJeK-
TPOMArHITHUX CHJI, a caMme Iie¢ TakuM € 3a y=180 emn. rpaj., MOJ0KEeHHS MaKCHMAJIBLHOIO MEPerpiBy MoKe
OyTH SK B JIIBOMY KaHaJIi, Tak i B IpaBoMy. Lle TooskeHHsI BU3HAYAETHCA TPAH3UTHUM ITOTOKOM, HAIIPSIMOK
HIBUJKOCTI SIKOTO JJISi CAMETPHYHOTO BUIAJIKy BHU3HAYAETHCS BUIAJAKOBUMH KOJHBAHHSAMH a00 MOpPYIICH-
HSMH y caMOMy MOTOIl. Brepine Take siBuie O0yno 3adikCOBaHO €KCIEPUMEHTANBLHO JUIsi CUMETPUYHOTO
KaHalla 3 OMHUM IHAYKTOPOM (OIWHAPHOTO IHIYKIIHHOTO OJI0Ka) y po0OoTi [9], a MOTIM MiATBEPIKEHO
MaTeMaTHIHUM MoJieaoBanHsm [10].

Ha Binminy Bix cumerpuunoro Bumnaaky (y=180 en. rpan.) 3a y=60 i 120 en. rpan. moJoKeHHS
TOYKH MaKCHMaJIBHOTO TIEPErpiBy € CTPOro (hikcoBaHUM, TOOTO MeperpiB AT, MOCTIIHO 3HAXOAUTHCS 200 B
JiBoMy, abo B mpaBoMy Kanaji. lle Oymo miATBEpIKEHO aBTOpaMM 3MIHOKO ITiJ] Yac MOJCIIOBAHHS 3HAKY
KyTa Y (3 JOJaTHOrO Ha BiA €MHE 3Ha4YeHHS i1 HaBmaku). Ha puc. 4, a HaBeZeHO MYHKTUPHY KPHUBY, SIKY
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OTpUMaHO nnsl Bumagky y=-60 en. rpag. Ha upomy pucyHKy BHAHO, II0O sKI0 3a y=60 en. rpam.
MaKCHMAaJBHUH MeperpiB MeTany 3HaXOAUTHCS Y IPAaBOMY KaHalli, TO 3a Y= -60 ell. rpaj. BiH IIepeMiCTHBCS y
JBUH.

AHAJOTIYHI OCIHIPKEHHS MPOBOIMINCS TaKOX U 1HAYKIIHHOTO KaHAIBHOTO OJIOKa 3 KaHaJlaMu
HOBOI KOH(}ITyparlii, sska moKa3ana Ha puc. 2, 6. Jnsg ckopodeHHS BUKIAACHHSI MaTepiaay IO IIbOMY OJIOKY
HaBeJIEeMO TUIBKU PE3yJIbTaTH, OTPUMaHI Io MEeperpiBy piKoro merany B Woro kaHamax. Ha puc. 4, 6 mis
PI3HUX KYTiB \y MpPEACTaBICHO 3aJE€XKHOCTI meperpiBy Metany AT mo JOBXKHHI iHAYKUIHHUX KaHANiB HOBOI
koH(iryparmii. [TopiBHIOIOUH TIi aHi 3 TOMIEPETHIME PE3yIbTaTaMH, TTOKa3aHUMH Ha pucC. 4, a, BUIHO, IO Y
bOMY BHINAJAKY reperpiB A7 y MeHIIH Mipi 3aiexuth BiJ (a30BOro KyTa MiX HampyraMmu, sIKi KHBISTbH
IHAYKTOpH KaHAJIbHOTO Onoka medi. Lle MOXKHA MOSCHUTHM MEHIIMM BIUIMBOM Ha PyX MeETaly CepeaHbol
(crinpHOT) MUISTHKM KaHANIB, SIKa y APYroMy BHITaJKy BHKOHaHA OifbII PO3IIMPEHOI0. B 1mimomy meperpi
MeTaly B IThbOMY OJIOI MEHIIWHA, HiK y OJoIi 3 THUHOBOIO KoH(iryparieto kanamiB. Ilpore orpmmani
pe3yNbTaTH JENI0 BiAPI3HIIOTHCS BijJ MoOmepenHix mo cyTti. Ha BinmMiHy Bif THIOBOTO OJOKa MiHIMajbHE
3HaueHHs meperpiBy ATy, Yy HOBoMy Omomi croctepiraetbess He 3a Wy=0, a 3a y=180 en. rpanm. Cumin
3a3HAYUTH, 110 10 BETWYHHI HeperpiB Metany ATn.x B KaHajlaxX THIOBOI KOoH}iryparlii 3a y=0 mpubau3Ho
JOPIBHIOE TeperpiBy AT« B KaHaliax HOBoi koHpirypauii npu y=180 en. rpan.

BucHoBku. 3a1is 3MEHIIECHHs MEPErpiBy PIAKOrO MeTaly B KaHalax JABOKaHAJbHUX (IBOIHAYK-
TOpHUX) IHAYKIIHHUX TIe4ed Ui TUIABJICHHS YaByHY, a TaKOX IHIIUX METaJiB 3 MoAiOHOI0 (opmoro
KaHAIIbHOI YaCTHHU MOKHA PEKOMEHIyBaTH HACTYITHE.

1. ITeui, mo >KUBAATHCS ABO(A3HOIO HANPYTolo 3 ()a30BUM KyTOM MiX Hampyramu y = 60 en. Tpaf.
a6o y=120 em. rpazx., ciig mepeBecTH Ha ogHO(Ma3HE KUBICHHS 3 KyToM y=0.

2. Y medax, mo MarTh CIUTBHUN IS ABOX IHAYKTOPIB MarHiTONpPOBiA (a OTKE BOHHU >KHBIIATHCS
HaIpyraMu, KyT \y MK skuMu ckiagae 180 en. rpai.), BapTo 3aMiHUTH THUIOBY KOH(pirypariito (popmy)
KaHaJTIB Ha HOBY, SIKa IOCIHiPKyBayiacs y i poOOTi, HE 3MIHIOIOYH NP bOMY (a30BUil KyT . [HImmi
MO>KIIMBHMA TUISAX U1 TaKUX TeU9el — 3aIMITUTH THIOBY (CTapy) KOH(DIrypaIliro KaHamiB, ajie po3B’si3aTu (B
€JIEKTPOMArHITHOMY BiJHOIICHHI) IHAYKTOpW IedYi, TOOTO 3aMIHUTH ICHYIOUHMH MAarHIiTONPOBiJ Ha JBa
OKpeMHX Oceplisl, 1 3a0e3MeUNTH KUBJICHHS TaKol Medi Halpyramu 3 OJHAKOBUMH (pa30BUMHU KyTaMH, TOOTO
peanizyBatu yMoBy y=0.

Pobomy suxonano 3a depacoroddicemuumu memamu « Pozeumox meopii enekmpomexnHonoiyHux npoyecie ma
PO3POONEHHST eheKmUBHUX eNeKMPONIAGUIbHUX MA  eNeKMPO3APAOHUX CUCEM 3 KePOBAHUM eleKMPOMACHIMHUM
enausom» (wugp «EJTEX»), (KIIKBK 6541030).
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INTENSIFICATION OF HEAT AND MASS TRANSFER IN INDUCTION CHANNEL FURNACES

O.I. Bondar, Yu.M. Goryslavets, A.F. Zharkin
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On the basis of the formulated mathematical model the thermal state of a two-phase (two-channel) induction furnace
for melting cast iron with channels of standard and new configuration (shape) taking into account thermal convection
is investigated. The influence of the phase angle between the voltages supplying the furnace inductors on the
overheating of the metal in the channels is determined. Practical recommendations for reducing this overheating are
presented, which allows to reduce energy losses, i.e. to increase the efficiency of furnaces and increase their service
life. References 10, tables 2, figures 4.

Key words: induction channel furnace, intensification of heat and mass transfer, mathematical simulation.
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Computer simulation of the discharge process in an electric circuit, which contains a pulsed electric in gas bubbles in
water, has been perfOrmed. The experimental oscillograms of voltage pulses are compared with the results of computer
simulation of voltage pulses on the treated water layer. It is shown that the amplitudes of the voltage pulses directly on
the layer of disinfected water in the reactor with a discharge in the gas bubbles are less than those measured in
experiments using a capacitive voltage divider. Computer simulations have shown that the shape of the voltage on a
layer of water differs significantly that at the point where it is measured by capacitive voltage. In addition, we have
shown that the presence of long lines in the bit circuit of the plant must be taken into account. Given the presence of
long lines in the bit circuit, the simulation results better correspond to experimental results. References 5, figures 7.
Key words: computer modelling of discharges processes, high-voltage electrical circuit, nanosecond discharge in a gas
bubble, high-voltage pulse plant, pulse power, switch, disinfection of water in the stream, a reactor — a discharge unit.

Introduction. Disinfecting water treatment with pulsed electric discharges obtained using high-
voltage pulse plants is one of the most promising technologies for water disinfection [1-3] in [4] an
experimental plant is presented a prototype of an industrial technological plant for water disinfection by
nanosecond discharges in gas bubbles. The experimental installation contains as a load the main pipeline
with running water and three nozzles for supplying pulsed high voltage and air to form gas bubbles in three
disinfection units of running water located at the junction of the main pipeline with nozzles. It is known that
the amplitude of the pulse voltage on the decontaminated water layer plays an important role in the degree of
disinfection [1, 4]. In the experiments, we used an autonomous high-speed capacitive voltage divider (CVD)
[5], which was located above the nozzles. In the electrical circuit of the plant (installation) (see the scheme in
[4]), the CVD is located after a group of three multi-gap multichannel sharpening switches (dischargers)
connected in parallel. In the working experimental plant between the high-voltage CVD terminal and the
nodes with discharges in the gas bubbles are the above-mentioned nozzles, partially filled with water (to a
height of about 5-8 cm). At nanosecond fronts of pulses generated after sharpening switches (spark gaps),
these sections of pipes filled with water and containing high-voltage conductors in polyethylene cast
insulation are long lines with an electrical length of about 2 ns, which affect the shape and amplitude of the
voltage at each node should be considered. Based on the above, computer simulation is required to determine
the shape and amplitude of the pulse voltage in nodes with discharges in gas bubbles and to compare with the
experimental results obtained using CVD.

The aim of the work is to calculate by computer modeling the amplitudes and shapes of voltage
pulses directly on the layer of decontaminated water and to compare the calculated curves of voltage pulses
with experimental ones.

We performed computer simulations using Microcap 10. Simulations were performed for two cases.
For case 1, one unit was used — a reactor with discharges in gas bubbles and one multi-gap multichannel
sharpening switch. For case 2, three identical units were used — reactors with discharges in gas bubbles and
three multi-gap multichannel sharpening switches, electrically connected in parallel, through which the
decontaminated water flows in series. The characteristic size of gas bubbles in water is 7-10 mm. The type of
discharge in a gas bubble can be defined as a barrier channel discharge in a sharply inhomogeneous electric
field, where treated water acts as a barrier, in which the main pulse energy is released. Fig. 1, a shows typical
experimental oscillograms of voltage (curve /) and current pulses (curve 2) for case 1, and Fig. 1, b shows
typical experimental oscillograms of voltage (curve /) and current pulses (curve 2) for case 2. The division
value along the process axis for voltage oscillograms is 7.9 kV/div in Fig. 1, a and Fig. 1, b, and for current
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waveforms is 11.7 A/div in Fig. 1, a and 23.4 A/div in Fig. 1, b. The division price along the time axis in fig.
1 is 50 ns/div. We considered the degree of coincidence of the shape of the voltage pulses, simulated and
obtained experimentally, as a criterion for the correspondence of the results of computer simulation with
experimental results for determining voltage pulses in the same place in the electrical circuit.
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Electrical circuit for computer simulation. Fig. 2 shows the calculation scheme for computer
simulation in Microcap 10 for case 1. The voltage source is the one of DC voltage of 5 units (for example, 5
tens of kilovolts) with an internal resistance R1=1 Ohm. This voltage source is connected to the rest of the
circuit by means of the SW1 switch charging the initially uncharged capacitive storage C3=200 pF, which is
the (modeling) storage capacity of our experimental setup (plant), reduced to the high-voltage winding of the
pulse transformer. The high-voltage pulse transformer in the scheme (Fig.2) is represented by the
magnetizing inductance L1=300 pH and the leakage inductance L2=500 nH. The high-voltage capacitance
C5=150 pF is charged through a volt pulse transformer from the storage capacitance C3 and discharges the
load part of the circuit after turning on SW3, which has a parasitic capacitance C10, assumed to be high-
voltage equal to C10=1 pF. The load part of the circuit consists of forward and reverse conductors with
inductances: L4, L3, L7 - for the direct conductor; L5, L6 - for the return conductor. Between the forward and
reverse wires there are capacitances C7, C9, C8. In the gap between the forward and reverse wires, a long
line 71 is included, 2 ns long with a wave impedance Z0=150 Ohm. The gas bubble with a discharge in it (in
the load part of the circuit) is represented by SW2 with a parasitic capacitance size of C6. The active
resistance R3 of the discharge channels in the gas bubble is taken equal to R3=35 Ohm.. The actual load of
the entire installation in the form of a layer of water in the diagram is represented by active resistance R2 =
1000 Ohm and capacitance C4 = 50 pF connected in parallel.
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Simulation results and their comparison with experimental results. Fig. 3 and Fig. 4 show the
results of computer simulation for this case, taking into account the presence of a long line (electrical length
2 ns) filled with water (Fig. 3) and without taking into account the presence of such a line (Fig. 4). From
Fig. 3 and Fig. 4 it follows that the calculated voltage pulse curve between nodes 13, to which the high-
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voltage output of the capacitive voltage divider is connected in the experiments, and grounded terminal,
taking into account the presence of a long line in the circuit in Fig. 2, is much closer to the experimental
voltage pulse curve in Fig. 1, a than the long line is not taken into account.
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In the case without taking into account the presence of a long line in the circuit in Fig. 4, the node
(point) with a high potential, to which the capacitive voltage divider was connected in the experiments, has
number 11, and not 13, as in the case, taking into account the presence of a long line (see Fig. 3).
Accordingly, the curves of the calculated voltage pulses in Fig. 3 and in Fig. 4 are marked V(13) and V(11).
On fig. 3 and fig. 4 and further in fig. 6 and fig. 7, the abscissa shows time in nanoseconds. The division
price along the abscissa axes in fig. 3 and fig. 4 60 ns/div. The ordinates in these figures (Fig. 3, 4, 6, 7)
show the voltage in tens of kilovolts. The division price is 10 kV/div.

The digital oscilloscope RIGOL DS1102E, which we used in the experiments, has a bandwidth of
100 MHz, so it cannot transmit high-frequency oscillations with a characteristic frequency of about or more
than 100 MHz without significant distortion. He smoothes and integrates these oscillations.

It should be noted that the moment of switching on (the beginning of switching) of switching
dischargers in the calculating schemes significantly affects the development of the transient process in the
discharge circuit.
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Calculated curves of voltage impulses (in reactors directly on the water layer) between the discharge
in the gas bubble and a metal lead with some inductance (L5+L6 in Fig. 2) in Fig. 3 and Fig. 4 are V(4)
curves. Number 4 in the diagram in Fig. 2 shows the point with the highest potential (in absolute value) on
the layer of disinfected water. From an electrical point of view, this layer is considered as a parallel
connection of capacitance C4 and active resistance R2. The calculation results show that the voltage pulses
V(4) on the water layer in the reactors differ significantly from the calculation results ¥(13) in Fig. 3 and
experiments (see oscillograms in Fig. 1) to determine the volt-second characteristics of voltage pulses
between point 13 (to which the high-voltage output of the capacitive voltage divider is connected) in the
circuit (Fig. 2) and ground. On Fig. 4, the role of ¥(13) is played by V(11), since if the long line is not taken
into account in the scheme of Fig. 2 high-voltage terminals of capacitances C9 and C8 are short-circuited and
the numbering of some nodes is changed. Node 13 acquires the number 11. It can be seen that the
superimposed high-frequency oscillations, if the long line is taken into account in the calculations, do not
penetrate into the layer of disinfected water. If a long line is not taken into account, high-frequency
oscillations penetrate into the treated water layer. In reality, a long line in the electrical circuit exists during
nanosecond discharges. A common feature for the cases of taking into account and not taking into account a
long line is that the voltage amplitude ¥(4) is noticeably smaller than the voltage amplitude V(13) or V(11),
but noticeably larger than the voltage amplitude of the power supply ¥(1).

Fig. 5 shows the calculating (design) scheme for computer simulation in Microcap 10 for case 2. The
difference between this scheme and the scheme in Fig. 2 is that the values of a number of circuit elements
have been changed: C7=C9=10 pF, long line impedance Z0=50 Ohm, R3=12 Ohm, R2=333 Ohm, C4=50 pF.
For the scheme in Fig.2 these values are: C7=C9=7 pF, long line wave resistance Z0=150 Ohm,
R3=35 Ohm, R2=1000 Ohm, C4=150 pF. C7 and C9 model capacitances between conductors supplying
voltage pulses to nodes with discharges in gas bubbles (up to a long line 71). The wave resistance of the long
line Z0 in case 1 is 150 Ohm, and in case 2 it is 50 Ohm insofar as for a single long line Z0~377d/(b\&) Ohm
~ 377 3em/(0.84cmV81)=377 3.6/9~150 Ohm. Here d is the characteristic distance between the direct and
return conductors of the long line 71 filled with water with a relative permittivity €=81, b is the characteristic
transverse size of the conductor of the long line. For case 2, the long line 71 is a total long line, consisting of
three identical single long lines with a wave resistance of 150 Ohm each, connected in parallel. R3 is the
resulting active resistance of the gas bubble discharge channel(s) in one reactor (R3=35 Ohm) for case 1 or in
three reactors connected in parallel for case 2 (R3=12 Ohm). R2, C4 are, respectively, the active resistance
and capacitance of the water layer between the gas bubble with the discharge and the return metal conductor
with inductance L5=200 nH. In case 1, R2=1000 Ohm, C4=50 pF is accepted. Accordingly, for case 2, when
three such water layers are electrically connected in parallel, R2=333 Ohm, C4=150 pF.
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Fig. 6 and Fig. 7 show the results of computer simulation for this case, taking into account the
presence of a long line (electrical length 2 ns) filled with water (Fig. 6) and without taking into account the
presence of such a line (Fig. 7). The division price along the abscissa in Fig. 6 is 86 ns/div, and it is
100 ns/div in Fig. 7. The values plotted along the axes in these figures are described above. From Fig. 6 and
Fig. 7 it follows that the calculated voltage pulse curve between node 13 and ground, taking into account the
presence of a long line in the circuit in Fig. 6 is much closer to the experimental voltage pulse curve in
Fig. 16 than without taking into account the presence of a long line.

The calculation results show that the voltage pulses /(4) on the water layer in the reactors differ
significantly from the calculation results /(13) in Fig. 6 and experiments (see oscillograms in Fig. 1) to
determine the volt-second characteristics of voltage pulses between point 13 in the circuit (Fig. 2) and the
ground. On Fig. 7, the role of V(13) is played by V(11), since if the long line is not taken into account in the
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scheme of Fig. 2, the high-voltage terminals of the capacitances C9 and C8 are short-circuited (as in the case
1 considered) and the numbering of some nodes is changed.
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Node 13 acquires the number 11. It can be seen that the superimposed high-frequency oscillations, if
the long line is taken into account in the calculations, weakly penetrate into the layer of disinfected water. If
a long line is not taken into account, the penetration of high-frequency oscillations into the treated water
layer is significant. In reality, a long line in the electrical circuit exists during nanosecond discharges.
Common for the cases of taking into account and not taking into account a long line is that the voltage
amplitude V(4) is less than the voltage amplitude (13) or V(11) and is approximately equal to the voltage
amplitude of the power supply ¥(1). In case 1, the voltage pulse curves V(4) and V(13) with superimposed
oscillations have a clearly aperiodic shape (see Fig. 3 and Fig. 4) with steeper fronts than in case 2 (see Fig. 6
and Fig. 7). In case 2, the voltage pulse curves V(4) and V(13) with superimposed oscillations approach the
oscillatory form in shape. This is explained by a significant decrease in the active resistance of the discharge
circuit in case 2.

The simulation results show that the voltage shape on the layer of disinfected water differs
significantly from that at the place where it is measured by a capacitive voltage divider, the presence of a
long line (long lines) in the discharge circuit should be taken into account, the moments of switching on
switching dischargers significantly affect the simulation results (calculations). ). When the presence of a long
line (long lines) in the discharge circuit is taken into account, the simulation results are more consistent with
our experimental results.
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Conclusions. 1. The voltage pulse amplitudes directly on the layer of disinfected water in the reactor
with a discharge in gas bubbles are less than those measured in experiments using a capacitive voltage
divider.

2. The shape of the voltage on the layer of disinfected water differs significantly from that at the
place of its measurement by a capacitive voltage divider.

3. The presence of a long line (long lines) in the discharge circuit should be taken into account.
When the presence of a long line (long lines) in the discharge circuit is taken into account, the simulation
results are more consistent with our experimental results.

4. The moments of switching on switching dischargers significantly affect the results of modeling
(calculations).
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PO3PAJL Y T'A30BUX BYJIBKAX Y BOJI K J’KEPEJIO KOMIIVIEKCY IHTEHCUBHUX ®AKTOPIB
JJIAA 3BHE3APAKEHHSA BO/IU: IIOPIBHAHHS EKCIIEPUMEHTAJIBHUX PE3YJIBTATIB
3 PE3YJIbTATAMU KOMII'IOTEPHOI'O MOJAEJIIOBAHHA
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IIposedeno komn’iomepue MOOENOBAHH PO3PAOHO20 NPOYECYy 6 eNeKMPUYHOMY KOJI, SKe MICMUume IiMUYIbCHUL
eeKMmpUdHULL po3ps0 y 2a308ux 0yavkax y 800i. IIposedeHo nopiHAHHA eKCNepUMEeHMANbHUX OCYULOSPAM IMNYIbCI8
Hanpyau 3 pe3yibmamamyu KOMNH FOMEPHO20 MOOEN08aHHA IMNYIbCI8 Hanpysu HA 00poOI8AHOMY WAPi 600U.
Tokaszano, wo amnaimyou imnynveie Hanpyau 6e3nocepeoHbo HA Wapi 3He3apPaAd*Cy8aAHOL 600U 8 peaKmopi 3 pO3PA0OM 8
2a308Ux OYIbKAX MeHule, HIdHC BUMIDAHI 8 eKCHePUMEHMAX 3a O0NOMO20I0 EMHICHO20 JinbHuKka Hanpyau. Komn tomephe
MOOeT0BAHHS NOKA3AL0, WO (OopMaA HANPYyeU HA wapi 600U CYMmeso GIOPIZHAECMbCS GI0 maKol y Micyi 6UMIpIOBaHHsL it
eMHicHUM OinbHukom Hanpyau. Kpim mozo, noxasano, wo mpeba 8paxosysamu HaAA6HICMb 0082UX JiHill 8 PO3PAOHOMY
Koni yemanoeku. Ilpu ypaxysanni maseHocmi 0062ux JNiHIti 6 PO3PAOHOMY KO pe3yIbMmamu MOOeN08aHHs Kpauje
8ION0BIOAIOMb 00EPAHCAHUM HAMU eKCHEPUMEHMATbHUM pe3yabmaman. biomn. 5, puc. 7.

Knrouosi cnosa: KOMITIOTEpHE MOJCTIOBAHHS PO3PSAHUX MPOIECIB, BUCOKOBOJIBTHE CJIEKTPHYHE KOJIO,
HAHOCCKYHJIHHUI PO3Ps]] B ra30Biil OyJbIli, BUCOKOBOJBTHA IMITYJIbCHA YCTAHOBKA, IMITYJIbCHA TIOTYXHICTh, PO3PSIHUK,

3HE3apa)XKEHHS BOJM y MOTOLIi, PEAKTOpP — PO3PSAHUI BY30JI.

Hamiiiia 28.03.2022
Ocrarounwuii Bapiant 08.04.2022
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Ii OBPOBKHY IMITYJIbCHUM BAP’€PHUM PO3PSJIOM
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Buxonarno oocnidoicenns enepeoeexmugnocmi iMnyibcHo2o bap’epro2o po3pady nio uac o6poOKu 800U 8 aepo30.ib-
HOMY CmaHi 6 3anedcHocmi 6i0 enepeii imnyavcie (21—72 m/ic), wacmomu ixnvoeo noemopenus (50—300 I'y), konyen-
mpayii opeaniynoi domiwku y 600i (50—100 me/n) ma emicmy 6odu (1,6—3,2 %) y eodonosimpsnii cymiwi. Po3psio
2eHepy8ascs YHINONApHUMU Kopomkumu imnyavcamu (~100 Hc) 6 enekmpoOHill cucmemi 3 6epMUKATLHO PO3MAUOBA-
HUMU YUTTHOPUYHUMU eeKmPooamu Oiamempom 2 Mm, 8i0CMaHb Midc akumu ckradara 2 mm. Havsuwuii enepeemuy-
HUll 6UXIO, AKUL OYI0 OMPUMAHO Nid yac poskiadants domiuxu va 90 %, ckradae 32 2/kem-200. 3 memoro euzHaueHHs
BNIUBY NAPAMEMPIE PYXY 00U HA eHepeOeheKMUBHICTG IMIYIbCHOZ0 6ap €PHO20 PO3PSOY 3a CXOJCUX YMO8 3icmasie-
HO eHepeoepexmusHicmsb Yybo2o Uy po3psdy nid 4ac pyxy 800U 8 NAIBKOBOMY, KPANENIbHOMY MA aepo30ibHOMY CMd-
Hax. Pobumbca 6ucnosok, wo 06poOKy 600u OOYIIbHO 8eCmu 8 KPANeibHOMY CHAHI 34 CYOMINIMempo8o2o pO3Mipy
Kpanenv. Y paszi maxozo pyxy 600u enepeoeeKmugHicmb iMnyabCHo2o 6ap epHoeo pospsady na ~30% euwa, Hidc 6
aeposonvromy. bioin. 15, puc. 6, Tadm. 1.

Kntrouosi cnosa: imnynbcHU Oap’epHUIA po3psia, 00poOka BOIHU, aep0O30ITb, CHEPTETUIHNAN BUXI].

3a0pyAHECHHS BOJM Yepe3 aHTPOIIOTCHHMM BIUTHB Ha HABKOJHUIITHE CEPEIOBUINE 1 3IOPOB’S JTIOCH Ta
oOMe:KeHi 3armacy MUTHOI BOAM BITHOCATHCS IO ChOTOJIEHHUX aKTyaJIbHUX MpoOieM. ToMy BIOCKOHATIOIOTh-
Csl TPaIUIiiiHI TEXHOJOTII OYHIICHHS BOJIU Ta PO3POOIIOIOTHCS HOBIi. 3a3Bmuaii 00poOKa BOAM MPOXOIUTH
KiJIbKa OCHOBHHUX cTafiii. Ha mepmmx ctamisx 1ie MOXyTh OyTH pi3HI BUAM MeXaHIgHOI Ta (Hi3MKO-XiMidHOT
00poOku. BropraHa 00poOka yacTo nosidrae B 6i0JI0TIYHOMY TIEpETBOPEHHI PO3UNHEHUX 1 KOJIOIJHUX Opra-
HIYHUX PEYOBHUH 32 JOTMOMOT0I0 PI3HOMaHITHHX IPyI MiKpOOPTaHi3MiB B IPUCYTHOCTI KUCHIO. 3aBepIiaibHa
cTanisg — o0poOKa, sika HeoOXigHa IS TOTO, 00 3pOOUTH XiMIYHHUH Ta GIOJMOTIYHHUN CKIIaJ BOAW MPUAATHUM
JUTSL BYKMBaHHSI JIFOJMHOIO YH CKUIaHHS B HABKOJUIIHE cepenonuine. Cepell METOIB, 110 3aCTOCOBYIOThCS Ha
LOMY €Tali, TOIIMPEHUMH € TPAJMIifHE XJIOPYBaHHS Ta O30HYBaHHsS BOJHU, a TAaKOXX BUKOPUCTAHHS B
OCTaHHI NeCATHPIYYS HOBHX TEXHOJOTiM Ha OCHOBI IepenoBHX OKHCHUX mporeciB (advanced oxidation
processes — AOP) [1], 3a sAxux reHepallis OKHCHIOBAYIiB BiIOYBAEThCs Oe3MOCepeaHbO Y 30Hi, B AKiif HE00-
X1IHO 3a0€3MEeUUTH PO3KIIaJaHHs 3aJTUIIIKOBUX 3a0pyIHIOBAYIB BOIH.

Mix Oaratpox BuziB AOP (030H B koMOiHaMii 3 yipTpadioeToM Ta MEPOKCHUAOM BOIHIO, EIEKTPO-
HHUH Iy90K, YIBTPa3BYK TOIIO) 00poOKa BOJAM HU3BKOTEMIICPATYPHOIO IIIA3MOI0 € HAHOUTBIT MPHUBAOIUBOIO
JUISL IPaKTUYHOTO 3acTocyBaHHs [1]. Cepen eNeKTpUYHUX pO3PSIIiB, IO TEHEPYIOTh TaKy IUIa3My, YiIbHE Miciie
3aiiMatoTh iMmynbcHi Oap’epauii (IBP) Ta xoponnwmii (IKP) po3psian Ha moBepXHIO BOIH, €HEProe(eKTUBHICTh
SKUX OJHA 3 HaWBUIIWX [2—7]. B mia3mi mux po3psaiB YTBOPIOIOTHCS BUCOKOAKTUBHI YACTUHKU 3 OKUCHUMU
MOTeHITiaTaMu OUThITMH, HiK v KucHIO O, (1,2 B), cepen sxux 030 O; (2,1 B) Ta TrigpokcHiabHUNA paguKai
OH" (2,7 B) € naiiaktuBHitmMu. OCHOBHUM TMOKa3HUKOM [1—4], Mo BU3HAYa€e eHEProeeKTHBHICTh TOTO UM
HIIIOTO BHY PO3PSLY, € BEIMYMHA SHEPTETUIHOTO BUXOY Yoy, SIKA TOPIBHIOE KUTBKOCTI PO3KIIAIEHOTO 3a0py-
JHIOBaYa (B TpaMax), Mo MPUXOANTHECS Ha 1kBT Tom BUTpadeHoi B po3psli €Heprii 3a yMOBH, IO KOHIICHTPA-
1ist 3a0pyaHoBayda 3mMeHmmiacs Ha 90 % (To0To Ha MOPAAOK). 3HAYCHHS Yy 3aJISKUTh Bl 6araTtboX (akTopis:
BUJIY O3PSy, THITY JOMIIIKH, i MOYATKOBOI KOHIIEHTpAIlii Ta IHIIUX MapaMeTpiB, cepe]] IKUX 0COOIMBO Bax-
JUBUM € BEIMYWHA TTUTOMOI TIOBEPXHI BOIH (i, IO XapaKTepU3Ye CIIBBIAHOIICHHS TUIONII TOBEPXHI 00p0o0ITIO-
BaHOi piguuy S 110 ii 06°emy Vi o = S/V, 60 HaiicHmbHimmii oKucHOBaY (pagukan OH') uepe3 BeabME Maymii
9ac CBOTO KUTTA (<1MC) B3aeMoji€e 3 TOMIIIKaMA B OCHOBHOMY Ha MEXIi «ra3-piauHa». Tomy oOpoOKy BOIU
JIONIBHO BHKOHYBATH 3a JOCTATHHO BETHKHX 3HaueHHSX o (> 1 M*/1). L[Oro J0CAraioTh 32 yMOB, KOJH BOJIA
3HAXOMMTHCS Y IUTIBKOBOMY (3 TOBILHMHH ILTiBKH ~ 0,15 MM, o~ 6,7M°/1), KpareasHoMy (3a JiaMeTpy Kparelb
d=~ ImmM, o= 6 M*/1) 4 aeposonbHOMy cTaHax (de~0,01-0,1 MM, o~ 600—60 M*/i1). MOXHa IPUITYCTHTH, IO
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00podka IKP uu IBP Boau B kpamenpHOMY CcTaHi, KA dy < 1 MM, Oy/ie €eHepreTHYHO BHTIIHIIIO0, HiXK B TLTiB-
KoBOMy. Ha 11e BKa3yroTh pesynbraT podotu [8], siki mokaszanu, mo eneproedextuBHicts IKP mig yac 06po0-
K1 3a0pynHeHoi (eHoNoM BOIM B KpamenbHOMY CTaHI BHIIA Ha TPETHHY, HIK B IUTIBKOBOMY. BucHoBku [9]
TaKOX MiITBEPIKYIOTh, 10 (PaKTOp @ Mae BILTUB Ha eHeproe(peKTUBHICTD PO3pPSITy: 3MEHIIIEHHS liaMeTpa Kpa-
nents Bix 0,5 1o 0,15 mm mpusBoauts 10 ~30 % 30imbireHHst eHepreTnaHoi eexTrBHOCTI IKP mix gac o6poOku
BOJIM 3 OpraHiYHUM 3a0pyIHIOBaueM. AJie pe3yJIbTaTH JOCHipKkeHb [10] HaBmaku MoKa3ajiM, 10 CHePreTHUHI
3aTpaTu Ha ouuiieHHs Boxu Bin denomy IKP B aepo3onpHOMY Ta MIiBKOBOMY peakTopax MaiiKe OJHAKOBI.
Slxmto nopieaioBatH IKP 3 IbP, To npyruit BUn po3psay BHUTIAHO BilPi3HAETHCS Bi MEPIIOTO THM, IO MPOXO-
JIATH 32 CYTTEBO BUIIOTO CEPEAHBOTO EIEKTPUYHOTO MO B PO3PSIHOMY MPOMIKKY, IO TIPU3BOAE JI0 iHTEH-
cuikarii yTBOpeHHs XiMiYHO aKTUBHHX YaCTHHOK Ta 3a0e3medye Oibll epeKTUBHE BUKOPUCTAHHS CHEPT1i.

Buxons4u 3 TOro, M0 BUKOHaHI JI0 IIOTO Yacy aociimkeHHs [1—12] Oymo mpoBeneHo 3a pizHUX
YMOB (BHI pO3pSTy, THI TOMIIIKH, ii TOYaTKOBAa KOHIIEHTpPAIS Ta CTYIHb PO3KJIAJaHHS TOIIO), 33 SKHX
OTpUMaHe 3HAYCHHSI EHEPTeTHYHOTO BUXOAY Ygp KOJIMBAJIOCS B MEXKaX JBOX-TPbOX MOPSIKIB, 3pOOUTH MEBHI
BHCHOBKH IIIOJI0 BIUIMBY TapaMeTpiB PyXy BOAM Ha eHeproedeKkTuBHICTh ii 00poOku IBP mocuth ckmamgHo.
BpaxoByroun 11e, a TaKOXK Te, IO aBTOPAMH PAHIII B 3iCTABIIIOBAHUX YMOBax OyJIM BHKOHAHI JTOCIIKEHHS
00pooku IBP Bomu B mutiBkoBoMy (ToBIiMHA TutiBKH ~0,15 MMm) [13] Ta kpanensHOMmy [14, 15] cranax
(dy = 1-1,7 Mm), nouinabpHO came 3a MOAIOHMX YMOB BH3HAYUTHU BIUIMB Pi3HUX YNHHHKIB Ha €HEpProe(eKkTHB-
HICTh IOTO PO3PAIY B aepo30ibHOMY peaktopi. Lle nmamo 0 kparie po3yMiHHs BIDIMBY HapaMeTpiB pyxy
BOJIY Ha eHeproe()eKTUBHICTE il 00poOku. ToMy Mmemoro uiei pob6omu € NOCIiPKEHHS eHEProeGeKTUBHOCTI
IBP mig yac 0OpoOku BOM B a€pO30JILHOMY CTaHi Ta ii 31CTaBICHHS 3 €HEProe(PeKTHBHICTIO IIbOTO PO3PSIY,
KOJIM BOJIa PYXa€ThCs Y BUTIISL IDTIBKU YH Kparelb CyOMiTIMETpOBOTO pO3Mipy.

ExcnepuMenTanbHa ycTaHoBka. /o Hel BXoqummm po3mmtoBad Boaw, poododa kamepa (PK), B skiit
npoxouiia 00poOKa BOJH, TeHEpaTop BUCOKOBOJIBTHUX iMITybciB HanpyrH (1), npumagm ais BUMiproBaH-
HS TapaMeTPiB PO3PsAY Ta KOHIIEHTpaIii 3a0pyIHIOBaYa BOH, a TAKOXK JOMIOMDKHA armapaTypa (KoMITpecop,
porametpu Toto). Korcrpykiito PK cxemaTtnaHo HaBemeHO Ha puc. 1. B Hilf po3Mimmanacs eIeKTpoIHa CHC-
tema (EC1), sixa mana mo 18 3a3emiieHHX 6 Ta BUCOKOBOJBTHHX 7 €JEKTPOJIB, IO PO3TAIIOBaHI IIiCThMa

3 psaamMH Mo WICTh IITYK B KOKHOMY. Ejexktpoam mpezacraBisiim co0oio

”‘“‘ﬂ/ MifHi 1poTuku aiamerpom 0,7 MM, Ha sIKi OASTHEHO KepaMiuHi (aTyH/I0B1)

| | TPYOKH JiaMeTpoM 2 MM, 1110 BUKOHYBAJIX POJIb A1eJICKTPHIHOTO Oap’epy.
i ' 3ais BU3HAYCHHS BIUIMBY €HEpPTii iMIyJbcy Ha e(eKTHBHICTH OOpOOKU
BOJM B POOOTI TaKOX BHKOPHCTOBYBAJIACS Jpyra OUIBII MOTYXKHA EJIeKT-
ponna cucrema (EC2). B Hiif 3a3eMyieHi €IEKTPOIN BUKOHAHO YV BUTIISAII
| Il 24 cTpuKHIB (HepXKaBiroyua CTallb) HiaMeTpoM 2 MM. BHCOKOBOMNIBTHI ene-
KkTpoau (24 wtykn) Oynm Taki x cami, sik i B EC1. Biacranp mix cycia-
{— Sialinials HiMH enekTponamu O (puc. 1) misa 060X cucteM Oyiia 0JHAKOBOIO (2 MM).
Kopnyc PK 0yB akpuiioBuii i ckiiajaBcs 3 BEpXHbOI 2 Ta HUKHBOT 4 KpH-
LIOK, KOTPi 3aKpUBaJM BiIPi30K TpyOu / 3 BHYTPILIHIM AiaMeTpoM 94 MM.
[ToTik aepo30ir0 YTBOPIOBABCS IMHEBMATHYHHUM PO3MMIIOBAYEM BOAH 3,

¢ Ha BXiJ SKOTO IOJaBaiacs BOAa 3 BEPXHLOTO pe3epByapy Ta MOBITPS ITiJT
TUCKOM 2 at™m. Burtparu Bomu Q. Ta moBitps (O, BIANOBIAHO CTaHOBUIN
33—64 mu/xB Ta 2 11/xB. [loyatkoBuii 00’eM Boaw, 110 06podoBascst IBP,
.08 " V=150 mu. IlIBHOKiCTh TTOTOKY aepO30JII0 Ha 3pi3i po3mIIoBava ~ Sm/c,
{ niametp kpamneinb Boau dy ~ 0,01-0,1 mwm [10]. [Ticist Buxomy 3 po3muiio-

Baya (aken aepo30iI0 MaB KOHycomoAaiOHy ¢opmy, sika Ha BifgcTaHi

i

—ef= T ~70 MM mepexoania B WiIiHAponoAioHy (puc. 1) 3 niamerpom =26 mm. 3
| goomuo ; PK Bona (pa3om 3 MOBITpsiM) BUXOAMJIA Yepe3 maTpyOKu 5 i momajgana B
Too0o0000™ HWXHII pe3epByap 8. [licns 00poOku Bchoro 00’ emy Vo it aHami3y Bif-

W] 900000 :

‘ i Oupanacs npoba (5 mir), a TOTIM BOJa MTepeIuBaNacs 3 HIDKHBOTO pe3ep-

Byapy B BEpXHiH, IIiCJIS 4OTO TIOYNHABCS HOBUH ITUKI 11 0OPOOKH.
Huns crBopennst IBP BuxopucroBysagcs '], mo mir 3ade3neuysa-
Puc. 1 TH YHINOJISPHI IMITyJIbCH HANPYyTH 3 YacTOTOIO iXHBOTO MOBTOPEHHS f 10
1 k', ammoritymoro o 30 kB, TpuBamictio mopsaaky 100 He Ta ¢ppoHTOM
~ 40 Hc. Bin noOynoBaHmii 32 IPUHIIMIIOM MAarHITHOTO CTUCKAHHS IMITYJILCIB 3 BUKOPUCTAHHSIM Y BHXIJIHIN
JaHLi IHAYKTUBHOTO HAKOMHMYyBaya CHEPrii 3 MEPepUBHUKOM CTPYMY Ha A10AaxX 3 MAJIUM 4acOM BiJTHOBJICH-
Hs (=40HC). AMITTITYIa IMITYJIBCIB PETYIIIOBANIACs NUISIXOM 3MiHH HANIPYTH JPKEpelia MOCTIHHOTO CTPyMY, sIKe
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sxuBmwio ['l. Ociunorpamu ctpymy ta Hanpyru Ha PK 3ammcyBamucst ociimmmorpadom TDS 1012 3a momomo-
TOI0 1HIYKTHBHOTO AaT4rka cTpyMy P6021 Ta akTHBHO-€MHICHOTO moAiIbHUKa Hanpyru P1015.

3a MOAETBHUH 3pa3oK 3a0pyAHEHOI BOMH, SIK 1 B momnepeaHix podorax [13—15], BUKOpUCTOBYBaBCS
PO34YWH y BOAOMPOBiqHIN Boai MeTmieHOBOI cuHi (MC). BoHa € OpraHivHOW PEYOBHHOIO, KA BaXKKO PO3-
KJIAJAEThCS 3a IHIMMX MeToAax ouniieHHs Boau. Konnentpariiss MC y Boai o09rctoBaIacs 3a OTJIMHAHHIIM
CBITJIa Ha IOBKUHI XBUIII A=665 HM, KOTpe BUMIPIOBAJIOCS 3a IOMIOMOTOK MoHOXpoMaTopa M/JIP-23. Jloci-
JOKCHHS TIPOXOIMIIO 3a oyaTKoBuX KoHIeHTpanisx MC K, =50 Ta 100 mr/m.

Pe3yabTaTu gociaixkeHb Ta ixHiil anamiis. /lapavempu po3psady. Sk mokasanu Bi3yaibHi Ta GOTO-
rpadiuni gocmimkeHas [BP 3a gactor f no ~ 300 'y mae oxHopimuuii xapakrep. [Ipo e cBiquuTh puc. 2
(/=220I'm), Ha sIKOMY II’SITh CBITIUX mojioc — BunpomineHHst IBP. OgHOpigHICTh po3psmy BakiIuBa 3aIs
MIPOXOPKEHHS «KOPHCHUX» IS PO3KIAJaHHS 3a0pyIHEHb TUIa3MOXIMIYHUX peakiiiii, 00 3a Takoi dopmMu
O3PSIy JIOKAJIEHO HE IMiIBHIMYETHCS TeMIlepaTypa ra3y. Pe3ymbraTi, HaBeAeHi B IMiif poOOTi, OTpUMaHO 3a
amIUTiTy s HanpyrH immyinsciB Ha PK U,~ 18—21 kB. Xapakrepuuit ans IBP 3a U, ~19,5 kB Burasan ocuuio-
rpaM cTpymy i(¢) (kpuBa /) Ta Hanpyru u(t) (kpua 2) Ha PK moka3ano Ha puc. 3. Bonu Oynu 3anmcani min
gac Bukopuctanas EC2 (f =100I'm). Cuig BigMiTUTH, IO B JOCTipKyBaHOMY miama3oHi /= 50-300 [y s
000X eJIEKTPOJHUX CUCTEM XapakTep OCLUUIOTPaM 3ajHINaBcs MPaKTHYHO He3MiHHUM. JlaTanku ctpymy JC
ta Hanpyru JH miakmouanucs 6e3mocepenunpo a0 PK, cxemy 3amimieHHst sSikoi HaBeieHO Ha puc. 4, KoTpa
BUKOPHUCTOBYBAIACS IIiJ 4aC PO3paxyHKiB IapaMeTpiB po3psimy.
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Ha cxewmi mo3HaueHo: cymapHi eMHOCTI AienekTpuyHux Oap’epiB Ce=360 n® i ra3oBUX MPOMiXKKIB
C=30 n® (ansa EC2), R— 3aranpHAl OMip ra30BUX MPOMIXKIB, KOTPHIA 3 TTIOYATKOM PO3PSTy Malae Ha Kilb-
ka nopsakiB 10 ~60 Om. Ha puc. 4 Takox mokazano MarHiTHHH kirod (MK), sikuii miakIo9eHni 10 BUXOIY
I'l. Bin crpusie po3psKaHHIO €EMHOCTI JTICNEKTPHYHHUX Oap’epiB MICIsl MPOXOIKECHHS MPSIMOTO IMITYJIbCY
CTpYMYy 4Yepe3 eleKTpoIHy cuctemy. KpuBa i(?) CBITUHTH, IO IMIYJIbC CTPYMY CKJIaJA€ThCs 3 ABOX YaCTHH:
MPSAMOTO CTPyMy TpuBaTicTiO Ty ~100 He 3 ammutitynoto /,,;=180 A Ta 3BOPOTHOTO 3 BETMIHHAMH T ~120 HC
i1, =75 A. EHepris, 1110 BUIIISETHCSA B Ta30BUX MPOMDKKAX 3a OJUH PO3PAIHUI IMITYJIBC 33 Yac T= T+ T,
W=72 mJIx. lleii mpouec npoxoauTs B JBa eranu: mig 4yac npsmoro (34 m/Jlx) i 3BOPOTHOTO iMIYJIbCIB
ctpymy (38 mIx) (puc. 3, kpuBa 3). 3HaueHHs W, BH3Ha4Yanocs HACTYMHUM 4yuHOM. CIIOYaTKy pO3paxoBy-
BajIacsl 3MiHa B Yaci ¢ HampyTH Ha 0ap’epax

u, =C;' I;idt+u0 1)
Ta Ta30BUX MPOMIKKaAX
U, =u—ug;. 2)
HienextpuuHi Oap’epy Ha eJIEKTpoJax Ha MOMEHT KOKHOTO HOBOTO IMITYJIBCY CTPYMY 3aBISIKH ITijI-

xroueHHIo MK Ha Buxoai I'l moBHicTIO po3psimkeni. Tomy nmodaTkoBa Hanpyra Ha Oap’epax uy=0. [licis mpo-
IO 3a BUPa3oM

W, = [ udt (3)
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3HAXOJWIIACs €HEpris, 10 BUAUIACA B Ta30BUX MPOMDKKAX 3a 4ac iMITynbcy T. [loBHa eHepris iMmymbCy
W, 110 HAAXOAMTH JI0 PO3PSAAHOT KaMepH (3 ypaxyBaHHSM JiCIEKTPUYHUX BTPAT B 0ap’epax Ta CTPyMY BHUTI-
Ky B Bouoriii EC), 3Haxoaumacs 3a 3aralbHONPUHHATUM BHpa3oM [6, 8—10]

W, = [iud. )

[i 3sminm mij wac iMmysbCy mokasaHo Ha puc. 3 kKpuBoio 4. [IpHUCYTHICTH MaKCHMyMy Ha Il 3aesk-
HOCTI TMOSICHIOETBCS THM, IO YaCTHHA CHEPTii MiJ Yac MPSIMOTO IMITYJIbCY CTPYyMYy WHJe Ha 3apspKaHHS
Oap’epy. 3 puCyHKa BUIHO, IO B KiHIII IMITyJIbCY 3HaUYeHHS W, Ta W; maibke omHakoBi (pizaums =1,5 %). Lle
CBIIYUTH PO TE, IO OCHOBHA YaCTHHA SHEPTii IMITyJIbCY BUALSIETHCS B TA30BUX MPOMIXKKaX.

Posknadannss MC. 3miHu KOHIIEHTpaIlii TOMIIKY y BOi Kj,. B 3aJI€KHOCTI Bia 4acy i 0OpoOku f, siki
BU3HAYEHO 32 YMOB K, =50 mr/n, Q=64 mi/xB, /=100 ['u, W; =72, 36 Ta 21 m/]x, moka3aHo Ha puc. 5 Biamo-
BiTHO KpUBHUMH /—3. 3HAYCHHS ¢ OOUUCITIOBATIOCS 32 BUPA3oM t=nVy/(Q,, y IKOMY 1 — YHCJIO IUKITIB 00POOKH.
Ha pucyHky 151 X yMOB TaKOK TIOKa3aHO CHEPreTHYHI BUXOIHU Yoo, SIKi pO3paxoBYyBaIKCs 32 (HOPMYJIIO0

= 09K “
Wt
JIe Tgp — Yac 0OpOOKH BOJH, 32 SIKOTO CTYIHb pO3KJIaaaHHs nomimku # aopiBHioe 90 %. Kpusa 4 BimoOpa-
KY€ 3aNEKHICTh Ky(?), sKy oTprMaHo 3a 9acToTh f = 50 I'i (Koe=50 mr/m, W;=36 m/Ix). 3 pucyHKY BHIHO,
110 3a yMmoB W; = 21-36 m/Ix Ta f= 50—100 ' mBuakocti po3kiaaaanus MC ta BenmuuuH# Yoy BIAPI3HAIOTH-
csl B HE3HAYHIiN Mipi. 3pocTaHHs eHeprii iMnyibcy 10 72 M/ IPUBOAUTH JO MPUCKOPEHOTO PO3KJIaNaHHs
JTIOMIIITKY, aJie TIPU IIbOMY Ha TPETHHY 3MEHIIYEThcs eHeproedekTuBHicTh IBP.

Pesynbratin mocmimkens po3knaganas MC 3a Kyeo-100 mr/n (Q,=64 mir/xB) BinoOpaxae puc. 6. Bo-
HU TaKOX IMOKa3aJIM MOI0HI 3aKOHOMIPHOCTI 3a1eKHOCTI Ky(?) BiJ yacToTH f Ta eHepril immynbcy W; Tak
JI0 3MEHIIICHHS BETUUNHU Yoo y MIBTOpa pa3u (3a 0AHAKOBOI eHepril iMimynbcy W;=72 mJIx) npuBoje 3poc-
taaHs 3 100 I'm (xpuBa 2) mo 220 I'm (kpuBa 3), X04a 9ac 0OpOOKH BOJHU MPH MHBOMY TaKOK CKOPOUYETHCS
Ha 4BepTh. HaliBumii 3HaueHHsS Yo;=32 I/KBT'TOMA, IO OJIEPKAHO 3a YMOB Ili€l poOOTH, OTPUMAHO 3a
=100 T'u, ;=36 m/Ix (xkpuBa [). B ninomy 30inpmienHs mouatkoBoi konuentpauii MC 3 50 mo 100 mr/n
MIPUBOAMTE 3a CX0KHX YMOB JI0 3pocTaHHs Yoo Ha =30 %.

Foo(1)=32r/keTTOQO
Fo0(2)=22 8r/KET TOXO

 FoueMT/n Foue, MT/TT
| | | i 100 |

Foo{1)=17r/kBT-TOTO

¥oo(2)=23 Br/KBT TOO
Foo(3)=24 8r/keT-TOO

50

40

80 |\

30 Y90(4)=24r/x8TTOR \ ; ¥90(3)=14,5T/x8T TOI
20 \
1 ' R 1
10 ‘ 1 20 v\
i 3 L
O | ﬁia - .
0 2 4 6 8 £XB W E R &R LXB
Puc. 5 Puc. 6

3menmeHHas eHeproedexkruBHocTi [BP y pasi 3pocranns f monan ~100 ' Ta nepeBHICeHHST TIEBHOT
MeXi eHeprii IMITyJIbCy € XapaKTepHUM 1 crocTepiramocs B 0aratboxX IOCITIIKEHHsX, 30Kpema B [8—10].
IIpuamHOIO ITHOTO MOKE OyTH 3MiHA TIepeOiTy BaXKIIUBHUX IS TeHepallii OKHUCHIOBAYiB 0araTboxX IUIa3MOXiMi-
YHHX PEaKIil, YMCIO SIKHX CATA€ KUTbKOX AECATKIB. [IpOsICHUTH Taky 3aKOHOMIPHICTh MOE MOJICITIOBAHHS
TUIA3MOXIMIYHUX peakwiil 3 ypaxXyBaHHAM yCiX (akTopiB, 0 BIUIMBAIOTh HA CHEProe()eKTUBHICTH PO3PSAY.

CniBBiiHOIIEHHS BUTpAT Boau O, Ta ra3y (. Mae CyTTEBHM BIUIMB Ha 1i 00pOOKy B aepO30JILHOMY CTa-
mi. Tax 3mina Q, 3 64 10 32 MII/XB, SIKa Bi/IOBIIa€ 3MEHIIECHHIO BOASHOTO KOHTeHTY B= O, (O:+ O,)" B aepo-
3om 3 3,2 mo 1,6% (3a 00’eMoM), BU3UBAE MAiHHS BEIUYMHU Yo) Maibke BIBOE. BiporigHo, mo 3pocTaHHS
BEIIMYMHM [3 IPUBOJIE O 30UIBIICHHS YaCTKU MOTJIMHYTUX KPAIUIMH PO3YMHY OKHCHHKIB, SIKI TEHEPYIOTHCS
po3psimoM. lle miaTBepmKyroTh AaHi [6]. OmHak 30UTBIIEHHS KOHTEHTY y pa3i MHEBMATHYHOTO PO3IMUICHHS
BOJIM BHKIIKA€E 3pOCTaHHA JliaMeTpa Kparelb, 0 3MEHIIYE iXHIO MUTOMY TOBEPXHIO .. TOMY TIOBHHHO OYyTH
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ONTHUMaNbHE 3HA4YeHHS [3,, 32 SKOr0 €Heproe()eKTUBHICTh pO3psay MakcuManbHa. s ymMoB pobotu [6]
Bo=5 %.

Pesyneratn 06poOku IBP Bomm 3 pgomimkoro MC (32 CXOXHX MapaMeTpiB iMITyJbCiB, BEIUYUH
=100 TI'n, K =50 mMr/m, Tomo) 3a pi3HUX PEeKUMIB pyXy piAvHU HaBeneHO y Tabmwumi (psaku 1—4). B Hii
JUISL OTIIHKH TIPAaKTHYHUX MOXKIIUBOCTEH MeToay o0poOku Boau IBP Takox moka3aHo MATOMI €HEpTrOBUTPATH
Wy = 0,9K,,/Yoo Ha 06poOKy 1 M Bomu 3a 90-BiZICOTKOBOrO PO3KJIaJaHHS JOMILIKH 3 il IOYaTKOBOIO KOHIIE-
HTpani€eo K,,.. Sk BuaHo 3 Tabmui, IbP HalieekTuBHIIIMI TOI, KOIH 00pOOKa BOJHU HJle B KpareIbHOMY
craHi 3a di = 1 MM, 3a SKOTO 3Ha4YeHHA Yoy mocsrae 41 r/kBr-rox. Lle Ha 24 % Oinpine, HiX DI Kpamelb 3
d= 1,7 MM, 0 BKa3ye Ha MO3UTUBHY POJb OIBIIOT PO3BUHEHOCTI MOBEPXHI BOAM. AJie KOJIHM NMOPIBHIOBATH
00poOKy BOIM B acpO30JILHOMY Ta IUTIBKOBOMY CTaHaX, JUISl SIKMX Pi3HHULA 3HAYCHb O JOCSTAE OJHOTO-IBOX
HOPSIZIKIB, TO BEIUYMHU Yoy BiAPi3HAIOTHCA uiie Ha =~ 20 % Ta Maiike yaBidl MEHIIE, HIX AJS Kpareib cyo-
MiziMeTpoBoro miameTpy. Lle Bkasye Ha Te, mo KpiM (HaKTopy o iCHYIOTH IIle U iHIII CYTTEBI YMHHUKHU, KOTPi
BU3HA4aIOTh eHeproedexktuBHicTh IbP ming wac 0O6poOku Boau. OQHUM 3 TaKUX CYTTEBHX YHHHHKIB € MiACH-
JICHHSI HAaIlPy>KEHOCT] eJICKTPUYHOTO TT0JIs HA TMTOBEPXHi Kparuti. Tak MOJEeTOBaHHS PO3NOALTY HAPYKEHOCTI
€JICKTPUYHOTO IO B TUIACKOIIapaIeIbHOMY T'a30BOMY MPOMDKKY y pa3i IBP (& = 3 Mmm) moka3zao, mo Koiau
d = 1 MM Hampy>XeHICTh TOJIs OIS KpaIuli CAra€ TPUKPATHOI BEIMYMHM 110 BiJHOUICHHIO JO OJHOPIIHOTO
NoJsl B IbOMY NMPOMIXKKY 32 BIJICYTHOCTI Kparesb. AJje 1ie HiJACHICHHS y pa3i 3MEHILIEeHHs JiaMeTpa Kparwii
nagae ta 3a di < 0,5 MM BOHO Maiike HemoMiTHe. Y pasi IUIIBKOBOTO PyXy B IUTaCKOIapaleNbHill eJIeKTpo-
JIHIH CUCTEMI eJeKTpHYHE I0JIe B Ta30BOMY IPOMIXKY OJHOpIJIHE, TOMY, HE3BOKAIOUX HA Te, IO 3a TUIiBKO-
BOT'O Ta KpaneJbHOTo pyxax (hakTopH o Maike OJJHAKOBI, Ul HUX BEJTMYUHU Yo BIIPI3HAIOTHCS BIIBOE.

Ne | XapaxTep pyxy Boan o, M7/1 | YMOBH 06po6KH n, Yoo, W, IMocu-
% [/KBT'TOA | KBT'TOW/M” | nmamms

1 | Iniska, 0,15MMm 6,7 90 20 2,25 [13]

2 | Kpammi, 1Mm 6 90 41 1,1 [14]

3 | Kpamni, 1,7mm 3,5 IBP, MC, 50mr/x, 100I'n 90 33 1,36 [15]

4 | Aepo3zoinb, 0,01-0,1mm | 600—60 90 24 1,87 st

pobora

5 | Aeposoinb, 0,01-0,Imm | goo—go | IBP, MC,100Mmr/n, 1000w, 90 32 2,8

6 | Aeposons, 0,01-0,Imm | ¢n0—go | IKP, denom, 100mr/m, 200 | 90 22 4,1 [10]

7 | Aepo3oms, ~0,1Mm ~60 BP, (henom, 100mr/n, | 90 2 45 [11]

14,5xI 11
8 | Aepo3zons - IKP, penomn, 100mr/m, 600y | 90 0,1 900 [12]

3a171 NOPIBHAHHS €HEeproeeKTUBHOCTI Pi3HUX BUAIB PO3psLy OO Tabmuui (psaku 6—8) Takox 3a-
HECEeHO JIaHi, o oTpuMaHo mix yac oopooku IKP [10, 12] Ta 6ap’eprum pospsaom (BP) [11] BoasiHOTO ae-
PO30ITt0, SKiit MICTHTH (PEHOT — TOMIITKH, IO BITHOCHO JIETKO PO3KJIAAIOTHCS MM Yac 030HyBaHHS. 3 Ta0-
JIUII BUJTHO, 1110 BEJIMYUHU Yoo, IKI OTPUMAHO B IIUX POOOTAX, CUIBHO PI3HIATHCS 1 3HAYHO HIDKYI, HIXK ITiJT 4ac
00po6ku IBP BogHOTO po3unny MC (psiook 5).

BucnoBku. EneproedekTuBHICTE 00pOOKH BOAM IMIYILCHAM Oap’€pHUM PO3PSIOM CYTTEBO 3alie-
JKHUTB BiJl XapaKTEPUCTHK i1 pyxy. HalfO1nbIn TOMiIBHUM € IPOBEACHHS 0OpOOKH BOJIU B KPaIeIbHOMY CTaH1
y pasi po3mipy Kpareib cyOMiTiMeTpoBOI BETUUMHH, KOJIU iICHY€ CHHEPTeTHYHHN €(EeKT BiJ pO3BHHEHOCTI
NOBEPXHI BOAM Ta 3HAYHOTO MiACHIICHHS HAIPY>KEHOCTI €JIEKTPUYHOro nois 0ins kpanens. Eneproedextus-
HICTh PO3pPSAY 3a TaKOl yMOBH IPHOJIN3HO BIBiUI BUINA HiXK Ta, KOJIM 00poOKa BOIN BENETHCS B TIIIBKOBOMY
YM aepo30JILHOMY CTaHaX. EHEproeeKTHBHICTh PO3psily CHIBHO 3aJCKUTHh BiJl BMICTY BOAHM B aepo30dli.
OnrtrmanbHe 3Ha4YCHHS BOJSHOTO KOHTEHTY 3HAXOAUTHCA B MeXKaxX KiJIbKOX BiACOTKiB. B iHmomy Bunamky
i 9ac 00pOOKH BOIHM B a€PO30JILHOMY CTaHi BILTUB Pi3HUX YMHHHUKIB HA €HEProe(PeKTUBHICT IMITYILCHOTO
Oap’epHOrO PO3PsAAY HOMIOHUN THM, 110 ¥ Y pa3i 00poOKM BOJIU B IUIIBKOBOMY Ta KpaIeJIbHOMY CTaHaXx.

Pobomy suxonano 3a depoicoioddxcemnoi memu « Pozgumor meopii enexmpogizuunux npoyecie 6 iMnyibCHUX
cucmemax enekmpo@izudnoi 00podKU enekmponposionux cepedosuwyy (wugp «bap’ep 2»), OepaicasHuil peecmpayii-
nuti nomep memu 01170007714, KIIKBK 6541030.
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ON ENERGY EFFICIENCY PULSE BARRIER DISCHARGE
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Institute of Electrodynamics National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine,
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A study of the energy efficiency of the pulsed barrier discharge during water treatment in the aerosol state depending
on the energy of the pulses (21-72 mJ), their repetition rate (50-300 Hz), the concentration of organic impurities in
water (50-100 mg /1) and water content (1.6—3.2%) in the water-air mixture. The discharge was generated by unipolar
short pulses (~ 100 ns) in an electrode system with vertically arranged cylindrical electrodes with a diameter of 2 mm,
the distance between which was 2 mm. The highest energy yield, which was obtained by decomposing the impurity by
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90%, was 32 g / kWh. In order to determine the influence of water movement parameters on the energy efficiency of a
pulsed barrier discharge under similar conditions, the energy efficiency of this type of discharge during water move-
ment in film, drip and aerosol states was compared. It is concluded that water treatment should be carried out in the
drip state on the submillimeter size of the drops. In the case of such water movement, the energy efficiency of the pulsed
barrier discharge is =30% higher than in aerosol. References 15, figures 6, table 1.

Key words: impulse barrier discharge, water treatment, aerosol, energy yield.
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NOVEL SMALL-APERTURE TRANSDUCERS BASED
ON MAGNETOSTRICTIVE EFFECT FOR DIAGNOSTIC SYSTEMS

I.V. Bohachev’, V.P. Babak ™, A.O. Zaporozhets
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Small-aperture transducers based on the magnetostrictive effect for the emission and reception of signals in the
ultrasonic range in solid materials have been developed. The article discusses their design features and specifications.
Attention is paid to the features of the choice of materials, shapes, and geometrical dimensions of the excitation coil,
damper, and magnet. Structural and electrical circuits of the developed transducers are given. Some design and
technological solutions have been proposed that can increase the radiation power by 10 times, and resolution by 2-3
times, compared with existing analogs. The area of the radiating part of the sensor is from 0.07 to 0.2 mm’. Such
transducers can be used in various diagnostic systems to detect defects in power equipment, aircraft products,
industrial equipment, etc. References 22, figures 10, tables 4.

Keywords: magnetostrictive effect, sensor, ferromagnet, Curie point, magnetic field, magnetic induction, non-
destructive testing.

1 Introduction. The relevance of the research topic is due to the widespread use of ultrasonic methods
for monitoring and diagnosing solids, especially in energy (energy equipment of the thermal power plants, nuclear
power plants, etc.). Acoustic methods are widely used in physical research, in particular, they allow the study of
various phenomena in solids. In the general case, several types of elastic waves can propagate in a medium, the
characteristics of which carry information about the various properties of the medium [1].

Along with bulk (longitudinal and transverse) elastic waves, surface waves are widely used in
research. Improving the experimental technique, expanding the frequency range of elastic waves (up to 10°
Hz), together with the development of theoretical ideas about the mechanism of propagation of elastic waves
in solids, has led to the widespread use of ultrasonic methods in scientific and practical research.

In particular, information on the physicomechanical properties of metals and alloys, the nature of
phase transitions, and the magnitude of interatomic interaction forces can be obtained using modern
diagnostic systems, including based on acoustic methods [2-9]. The high sensitivity of ultrasonic methods
[10] to inhomogeneities of the medium and variations in its physicomechanical properties led to the creation
and development of ultrasonic diagnostic methods, which makes it possible to study materials that are
“opaque” for other methods. On their basis, specialized systems for diagnostics and control of solids are
created in real-life conditions [11].

2 Analysis of existing systems and sensors

2.1. Ultrasonic field control systems. The low speed of elastic waves (five orders of magnitude
lower than the speed of propagation of electromagnetic waves), as well as the small value of the wavelength
of the same frequency, allows to create of microminiature high-performance information processing devices
(delay lines, filters, coding systems, etc.). The use of nonlinear effects associated with the propagation of
ultrasonic waves in solids led to the creation of frequency multipliers, mixers, parametric amplifiers, as well
as instruments for the correlation analysis of signals.

Currently, magnetostrictive effects are mainly used to create ultrasonic resonant transducers and are
used in industry for processing brittle materials, welding, washing, cleaning, and the like.

© Bohachev 1.V., Babak V.P., Zaporozhets A.O., 2022
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Typically, such transducers operate at their resonant frequency of mechanical vibrations, since in this
case, the conversion of energy from one form to another is most effective. Thin sheet metal magnetostrictive
transducers perform better in the low-frequency ultrasonic range (from 20 to 50 kHz) and at frequencies
above 100 kHz, they have a very low efficiency [12, 13].

Inverse magnetostrictive effects make it possible to build numerous sensors that can be used to measure
forces, displacements, accelerations, and other mechanical quantities in various automation systems [14].

Table 1 shows a comparison of known systems for monitoring the characteristics of the ultrasonic
field with piezoelectric transducers (PET) and the proposed system with low-aperture magnetostrictive
transducers (MST).

Table 1
Parameter PET’s system MST’s system
Waves’ types Longitudinal transverse surface Longitudinal transverse surface
The minimum area of the 1-4 0.07-0.2
transducer, mm?>
Longitudinal resolution, mm 0.5-1.0 0.02 -0.05
Transverse resolution, mm 20-3.0 03-0.5
Frequency range, MHz 0.5-10.0 0.5-10.0
Transducers manufacturing Requires complex processes Enough lab conditions
technology

Existing systems have a low resolution, limiting the accuracy of determining the characteristics of
the acoustic field. In addition, they are of limited use in monitoring objects of complex shape and objects
used at high temperatures during their operation, since the Curie temperature for most PETs does not exceed
100 °C. The Curie point (the temperature at which the magnetostrictive effect disappears) for most
magnetostrictive materials is in the range of 600 — 1200 °C, which significantly exceeds the Curie
temperature for PETs [15, 16]. This feature allows the use of magnetostrictive transducers at high
temperatures, which is necessary to control heated bodies (boilers, pipes, heat exchangers, etc.) directly
during their operation in heat supply systems [17].

2.2. Features of the functioning of magnetostrictive transducers. A significant part of
magnetostrictive measuring information transducers is made up of linear displacement transducers based on
magnetostrictive delay lines. Magnetostrictive position transducers (MPT) quite justifiably took an active
place among the position sensors on the market [18]. This is due primarily to their high reliability, vibration
resistance, as well as a significant range of transformations, and relatively low cost.

Today, the world leaders in the development and production of MPT are such companies as MTS (USA),
Balluff (Germany), Schlumberger Industries (France), and others. Analysts of these firms point to more than
1,500 areas of use of MPT. The transducers of these firms have a permissible error in measuring the displacement
of not more than 1 mm; a range of operating temperatures of application — from -200 to +200 °C; measured
displacement - from 0 to 6000 mm; have high noise immunity and minimum power consumption [19].

Table 2 shows the characteristics of MPT by Gefran, Balluff, KSR-Kuebler and MTS Sensors.

Table 2

Parameters Ballufff Gefran KSR-Kucbler MTS Sensors
Measuring displacement, mm | 0 —5500 | 50— 4000 200 — 6000 50 —5500
Working temperature, °C -40 —+85 -30—-+90 -45 —+125, -200—+200 (for -200—+125
high and low temperatures)
Measurement errors, mm <1 <1 <1 0.13-0.8
Power voltage, V to 24 24 10-30 10.5-28

Depending on the type of wave motion used, MPT based on volume and surface acoustic waves
(SAWs) is known. MPT uses SAWs until they have found wide application since SAWs practically do not
allow contactless excitation and reading of ultrasonic vibrations (attenuation of about 80 dB), that is, they do
not allow constructing a mechanically smoothly adjustable delay line in a wide range of transformations.

A simplified functional diagram of a MPT that operates on longitudinal ultrasonic waves is shown in
Fig. 1, a.
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Fig. 1

The basis of the MPT is a mechanically continuously adjustable ultrasonic delay line with a
ferromagnetic wire, tubular or tape waveguide /, the excitation and reading of ultrasonic pulses which is
carried out by magnetostrictive method.

The main elements of the MPT are input 4 and output 3 electro-acoustic transducers (EAT),
acoustically connected to a common waveguide, at the ends of which dampers 2 are located.

After applying a pulse of the excitation current to coil 3 in the area of the waveguide / under the coil,
a longitudinal ultrasonic wave is excited due to the Joule effect, propagates in both directions along the
waveguide. The wave propagates to the right and attenuates in the damper 2. The wave propagates to the left,
due to the Villari effect, generates an electromotive force in the read coil 4 of the output EAT after a time ¢,
proportional to the position x. Propagating further, the wave is absorbed by the damper 2.

Information about the movement (position) of the coil 3 is the time interval of the propagation of the
ultrasonic signal along the waveguide between the MSTs:

tx:pX/I/pr’ (1)

where x is the generalized linear displacement; p is the sensitivity coefficient, which is determined by the
method of formation of the time interval; V), is the propagation velocity of a longitudinal ultrasonic wave
along the waveguide, which is determined by the equation

E RY
v, =\/;[1—(m/zj } Q)

where E — elastic modulus of the waveguide material; p is the specific gravity of the waveguide material; v —
the Poisson's ratio (for metals ~ 0.3); R —radius of the circumference of the cross-section of the waveguide; A
— length of the longitudinal ultrasonic wave for which the velocity is determined.

Speed without dispersion is expressed as follows:

vV, =E/p. ©)

The basic design of the MPT position on torsion waves is shown in Fig. 1, b.

The movable element of the MPT of this type is a permanent magnet 4, and the excitation current
pulse is supplied directly to the waveguide. A circular magnetic field is formed around the waveguide, which
interacts with the longitudinal magnetic field of a permanent magnet. As a result of this, the magnetic field in
the interaction zone changes abruptly and, due to the direct magnetostrictive effect (Wiedemann effect), a
torsional ultrasonic wave arises in the waveguide and propagates along the waveguide. Having reached the
reading zone, the ultrasonic pulse is converted into an electric pulse, and a time interval proportional to the
movement is formed at the output of the MPT.

The installation at the end of the conversion range of an additional immovable permanent magnet
allows to create of an additional reference time interval and implements the equations of logometric and
differential conversion.

The use of MPT to determine the displacement of the float in storage tanks for various liquids allows
the creation of high-precision ultrasonic level gauges and flow meters.

Fig. 2 shows the design of MPT, which can
be recommended for use in normal and special
operating  conditions, including in thermal
engineering facilities.

The transducer includes a linear acoustic
waveguide (oscillator) located in a protective sealed

1 3

Fig. 2
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enclosure /, and a magnetic positioning element 2, which can be moved along the enclosure /. A linear
section of enclosure / from the sealed plug 3 to the threaded connection 4 is a measuring part of the
transducer. A magnetostrictive transducer with matching and damping devices, which are hermetically
closed by a protective cover 5, is placed between the threaded connection 4 and the electric cable 6. An
information signal on the movement of the magnetic positioning element 2 through an electric cable 6 is
transmitted to the secondary transducers.

Such transducers are widely used to control the level and flow rate of liquid in containers for various
purposes. The waveguide length can reach 10 m or more with a distance measurement error of less than 1 mm.

From the above analysis of existing magnetostrictive sensors, it follows that they are widely used in
various fields of technology, but rarely used in the systems of ultrasonic diagnostics of solids, which are the
most important objects.

In this connection, some questions arise: if the magnetostrictive delay line is “cut”, can the
transducers be used to excite and receive ultrasonic waves in a solid? Will the radiation power be sufficient?
Enough sensitivity of the receiving transducers? What geometric dimensions can be controlled?

It should also be noted that the excitation and reception of ultrasonic vibrations in a solid can only be
achieved using magnetostrictive transducers that excite longitudinal waves.

The purpose of the work is to develop approaches to the creation of magnetostrictive transducers for
control and diagnosing systems of the technical condition of metal and composite structures and
experimental studies of the ultrasonic testing system developed on their basis.

3. Approaches to the creation of magnetostrictive transducers

3.1. Choice of material for the manufacture of the waveguide and its technological processing

The waveguide is one of the most important elements of MSTs. The parameters of the materials of the
waveguides, with the exception of the saturation magnetization and the Curie temperature, are very sensitive
to the chemical composition of the material and the presence of impurities.

Therefore, in order to obtain high values of magnetostrictive parameters, various types of heats
performed in induction furnaces under vacuum should be used. Of the available and relatively cheap
materials, it is advisable to use the iron-cobalt permendur alloy in the form of a cylindrical profile wire with
a diameter of 0.3 to 2.0 mm, which makes it possible to increase the sensitivity of MSTs by an order of
magnitude compared to traditional nickel wire.

The efficiency of MST is largely dependent on electromagnetic and mechanical energy losses in
ferromagnetic materials. Electromagnetic losses account for the bulk of total losses. They consist of eddy
current losses (Foucault currents), which depend on the electrical resistivity of the waveguide material and
magnetic hysteresis losses, which are estimated by the coercive force of the material. The effectiveness of
materials is the greater, than greater the value of magnetostrictive susceptibility, coefficient of
magnetomechanical coupling, saturation magnetostriction and the lower their electromagnetic losses.

The materials for these magnetostrictive devices must also have a sufficiently large modulus of
elasticity to provide high rigidity. It is understood that the issue of material cost is also important.

Iron-aluminum alloys and iron-cobalt alloys have good magnetostrictive properties. The maximum
value of saturation magnetostriction is reached at 65-70% of the cobalt content and is A, = 90-10°®. Tron-
cobalt alloys have a high value of elastic modulus and good magnetic properties: a record value of saturation
induction and a fairly high magnetic permeability.

A high value of saturation magnetostriction 4, = 70-10°® is maintained at a cobalt content of 40-45%.
With a lower cobalt content, magnetostriction decreases sharply. The industry produces two types of iron-
cobalt alloys with a content of 65% Co (K65 alloy) and 49% Co with the addition of 2% vanadium to
improve machinability (K49F2 permendure). Both alloys have a high value of elastic modulus and good
magnetic properties — a record value of saturation induction B;=2.4 T and a sufficiently high magnetic
permeability. At the same time, K49F2 alloy has somewhat better magnetic, and K65 alloy has mechanical
properties. Low electrical resistance and, accordingly, high eddy current losses in the K65 alloy make it less
suitable in the ultrasound technique. A slightly higher cost, about 4 times more than nickel, cannot serve as
an obstacle to the use of these alloys in modern highly automated monitoring systems for heating equipment.
The most suitable material for small aperture magnetostrictive transducers is K49F2 alloy (permendure).

3.2. Choice of material, shape, and geometric dimensions of the damper

Acoustic waveguide dampers are introduced into the design of the transducers to reduce the level of
spurious reflected signals from the ends of the waveguides. To this end, the end of the waveguide is
equipped with special devices, as a result of which the specific attenuation of the ultrasonic wave in the end
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sections of the waveguides smoothly increases to such a value that the level of signals reflected from the
ends of the waveguide does not exceed the permissible value.

Modern transducers for dampers most often use leather, rubber, gum, metal, etc. (Fig. 3: a —
cylindrical single layer, b — cylindrical multi-element, ¢ — drop-shaped multilayer, d — drop-shaped single
layer). However, these dampers have a complex structure, large overall dimensions, and a limited
temperature range (-40 ... + 110 °C).

The best absorbing properties are of dampers of a drop-shaped single layer of medium size (diameter
about 5 mm).

Absorbing layers

Experimental research has shown that single-

Absorbing load Waveguide Matching layer ‘—-7“""““"“1‘1“ layer drop-shaped dampers with a diameter of 1.5

B TN N N AN / ; : . I e
||78W —- |~ | 7 10 mm for waveguides with a diameter of 0.3 ... 2.0
POOC A e mm have good absorbing properties. Such dampers

@ © were made from epoxy resin ED-20, mixed with
tungsten powder in a weight ratio of 1 to 2. The
Metal braid Navemuidc Wavegwde - absorption coefficient in this case is more than 20 dB.
[ —— 3.3. Choice of material, shape, and
[ —— geometric dimensions of the field coil
RifBergs % The dependence of the electromechanical
o) ) coupling coefficient of the waveguide material &, on
Fig. 3 the ratio of the winding diameter to the diameter of
the acoustic waveguide d,,;,/d,ave is shown in Fig. 4.
Fig. 4 shows that when d,;, /d,.. = 2, the coefficient of use of the magnetic properties of the
waveguide is about 0.1; that is 10 times worse than when winding the wire directly on the waveguide. From
this, we can conclude that the excitation coil should be single-layer, contain a small number of turns, and be
wound directly on the waveguide.

ku

From the analysis of the data obtained, the
following conclusions can be drawn:

- a slight increase in the distance between the
turns of the coil and the waveguide leads to a
noticeable decrease in the magnitude of the received
signal, which becomes especially noticeable with
increasing frequency;

- with an increase in the frequency of filling
oscillations of radio pulses, the electromechanical
coupling coefficient decreases, which leads to a
0.15 G 70 : . decrease in the magnitude of the received signals.
Therefore, it is necessary to fabricate the

excitation coils of the MST with a minimum distance

Fig. 4

of the turns from the waveguide.

The transducer winding can be made of wire, for example, PETV-2 0,063, TU 16-502.003-82, which
is applied to the outer surface of the waveguide.

If the transducer operates at the same frequency, then the winding can be multi-sectional. Each next
section is wound on the previous meeting and at a half-wave distance from the previous winding. The
number of sections should be paired. This allows increasing the sensitivity several times.

3.4. Choice of material, dimensions, and residual magnetization of a permanent magnet

The following requirements for permanent magnet magnetic materials for low-aperture MSTs are
determined:

» residual magnetic induction B,>14000 G;

* coercive force H>530 E;

* Curie temperature is more than +760 °C;

» range of working temperatures: -80...+ 200 °C;

* high mechanical strength.

For most cases of manufacturing small-aperture MSTs, it is quite sufficient to use rod permanent
magnets from magnetically hard materials. Good results have been obtained using neodymium bar magnets 1
mm in diameter and 5 mm long, glued directly onto the excitation winding.
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4. Development of a control system

4.1. Development of small-aperture ultrasonic sensors. Unlike a liquid, elastic waves of various
types arise and propagate in a solid, the characteristics of which contain information about the properties of
controlled objects and defects in their internal structure. Along with body (longitudinal and transverse)
elastic waves, surface waves are widely used in research.

For the emission and reception of ultrasonic waves in diagnostic systems, PET with a significant
working surface area is most often used. In most cases, this is advisable, because in this case, the radiation
pattern of the transducer has a pronounced maximum in the direction of radiation. This provides sufficient
energy for the signal reflected from the inhomogeneity. However, there are several technical problems where
the use of such transducers is impossible. These are the tasks of measuring the characteristics of the ultrasonic
field in bodies of small sizes, in bodies with a complex surface shape, in heated bodies, and the like [20].

To solve them, it can use small apertures ultrasonic magnetostrictive transducers, a simplified design
of which is shown in Fig. 5, where [ is the body, 2 is an ultrasonic mirror, 3 is a waveguide of
magnetostrictive material, 4 is an excitation coil, 5 is a permanent magnet, 6 is a damper. Figure 6 shows a
line of such transducers in one housing, where 7 is a filler and & is a magnetic screen.

i
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Fig. S Fig. 6

The main parameters and characteristics of magnetostrictive transducers substantially depend on the
design of the transducer itself, the accuracy of the manufacture of its elements and parts, as well as on the
technological processes of processing the materials from which the transducers are made [21, 22].

4.2. Block diagrams of control units
Dumper As described above, a small aperture
magnetostrictive radiator has a small emitting
H surface area, which makes it possible to create a
spherical (non-directional) longitudinal wave in a
H R s controlled sample. Therefore, for the normal
X

ol 1

Generator » Analog key |
~r |

Amplifier |

Tl

Analog key 2

operation of the ultrasonic monitoring system, it
is necessary to ensure sufficient radiation power.
I Figure 7 shows a block diagram of a
N block of powerful MST with acoustic summation
fertg] = of signals in a waveguide. The proposed
technical solution provides an increase in the
intensity of the emitted signal by N* times, where
_wnemide | N is the number of summation channels.

T,

’\.ualoz key N

_.| Bypass shaper

Fig. 7

J

The time dependence of acoustic pressure under the N-th excitation coil is described by the
following expressions:
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where u,(f) is the electrical signal on the i-th excitation coil; K is the coupling coefficient of the
electromechanical coupling; B is the attenuation coefficient of the ultrasonic signal in the waveguide; a is the
distance between the excitation coils; » is the number of the excitation coil, NV is the number of excitation
channels (number of coils).

The diameter of the radiating surface of the transducer (the diameter of the waveguide) is 0.3 —0.5
mm. The transducer operates at a frequency of 1 MHz. With this ratio of the diameter of the transducer and
the frequency of the carrier oscillation of the radio pulse, an ultrasonic longitudinal wave with a directivity
pattern in the form of a hemisphere is emitted into the test sample. The distances between the excitation coils
are equal to one longitudinal wavelength in the waveguide. The signals to the excitation coils are delayed in
time concerning the previous coils for one period of the carrier oscillation. Thus, at the end of the waveguide,
the signals from each coil arrive simultaneously and in phase, which provides an acoustic summation of the
signals in the waveguide and allows to increase in the amplitude of the emitted signal by N times, and the
radiation power by N times.

However, the distances between the coils are determined based on the frequency of the carrier oscillation.
Thus, for different frequencies of the carrier oscillation, it is necessary to produce various emitters.

The number of channels in a radiating MST can be any, but it should be borne in mind that the
displacement of the particles of the waveguide should not exceed the value of elastic deformations, since this
can lead to the destruction of the waveguide.

A single transducer allows to determine the fact of the presence or absence of a defect but does not
allow determining its spatial position in the sample. In addition, to determine the size and location of the
defect, it is necessary to perform a mechanical scan of the surface of the controlled sample and apply
complex calculation algorithms. This disadvantage can be eliminated by using rulers and matrixes of
transducers.

5 Experimental results

The structural diagram of the ultrasonic
control system with small aperture transducers is
shown in Fig. 8.

In the analysis and calculation of the
acoustic path, the requirements for the hardware of T
the device for generating an electric radio-pulse
excitation signal and receiving an ultrasonic signal
from a small-aperture MST were determined. Computer

The frequency of filling the radio pulse is
0.1 ... 10 MHz. The pulse duration is 1 ... 8 periods
of filling oscillation. The amplitude value of the Fig. 8
voltage to the emitters should be more than 5 V,

Emitter

Object of Digital

Electronic unit [

control oscilloscope

Receiver

with a load of less than 1 Ohm. The input [ Taple3

impedance of the receiving amplifier must be | Parameter Value
more than 2 kOhm. The amplification factor is | Frequency of filling of the radio pulse | 0.1; 0.25; 0.5; 1.0;
more than 2500 times. signal, MHz 2.5;5.0; 10.0

Based on the requirements, circuits were | Duration of the radio pulse, the | 1...8
developed and an electronic unit manufactured. | number of periods of filling oscillation

Technical characteristics of the electronic unit for | Amplitude value of the voltage to the | 0... 10
the formation and acceptance of radio pulse | cmittersataload of 0.5 Ohm, V

signals are shown in Table 3. Amplifier input impedance, kOhm more 3.0
Figure 9 shows a photo of a part of a sample | The maximum output voltage, V 10
of riveted joint parts marked with a black arrow. Amplification factor 5000
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The crack was grown artificially by repeated variable bending loads on the part. A crack occurs in the
region of rivets since here the mechanical stress is 3-4 times higher than the stress in other parts of the specimen.

Using the equipment described above, ultrasonic testing of this part was carried out at various sites in
the rivet area. The location of the transducers on the sample and the waveforms of the received signals are
shown in Fig. 10 (@ — with a crack, b — without breaking the integrity).

As can be seen from the oscillograms of the received sensor signals, when the ultrasonic wave passes
through the crack, the signal decreases by more than 10 times (Fig. 10, ). Thus, most of the wave energy is
reflected from the crack.

Fig. 9 Fig. 10

The results of experimental studies are shown in Table 4.

Table 4 The delay time for the signal to pass
No | With crack | With crack | Measur | through the cracked portion of the sample increased
crack | [L=2cm] [L=3 cm] ement | by 0.5-10° from the distance between the
error transducers L=2 cm and 3°10° s at L=3 cm
t, us 13.8 143 16.8 0.1 compared to the delay time during the signal passed
2U,, V 5 0.5 0.45 0.02 through the defect-free portion of the sample. The
change in the delay time and the amplitude of the

signal is due to a change in the signal path between the transducers.

6 Conclusions

Small-aperture magnetostrictive transducers have a small area of the radiating surface, which allows
obtaining an almost circular radiation pattern for surface ultrasonic waves.

Surface waves have a small penetration depth, which is convenient for detecting surface cracks.

A significant advantage of MSTs is the Curie point for most common magnetostrictive materials is in
the range of 600 ... 1200 °C, which is much higher than the Curie temperature for piezoelectric transducers.
In addition, the zone for converting an acoustic signal into an electrical one is located at some distance (5 ...
1000 mm or more) from the point of contact with the test object, unlike piezoelectric transducers. These
features allow to use of low-aperture MSTs at high temperatures, which is necessary to control heated
objects (boilers, pipes, heat exchangers, etc.) directly in the process of their operation.

The use of low-aperture magnetostrictive sensors in ultrasonic control systems also allows to control
with high reliability of the distribution of acoustic pressure on the surface of the elements of ultrasonic
phased array antennas, as well as other parameters and characteristics of modern ultrasonic sensors.

Methods for improving the characteristics of low-aperture MSTs have been developed and
experimentally investigated that have increased the radiation power by >10 times, sensitivity and resolution -
by 2-4 times with a radiating surface area of not more than 0.2 mm?®.

Based on the proposed methods for improving the characteristics of MSTs, experimental transducers
were created and their laboratory tests were carried out, confirming the effectiveness of the proposed
scientific and technical solutions.

Acoustic contact of magnetostrictive transducers with the object of control can be provided without
the use of special contact liquids. When using contact fluid, the amplitude of the received signal increases by
2 ... 3 times, which is useful during controlling large parts.
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With a known distance between the emitter and the receiver of ultrasonic vibrations (when two
transducers are located in the same housing), the propagation velocity of the ultrasonic wave in the controlled
sample can be determined, and later it can be used to calculate the size of the crack and its location.

It seems advisable to direct further research to an in-depth study of the transformation and interference
of various types of waves in ultrasonic tracts and the development of methods for monitoring various objects.
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HOBI MAJIOATIEPTYPHI IIEPETBOPIOBAYI HA OCHOBI MATHITOCTPUKIIIMHOT O E®EKTY
JJIS1 AIATHOCTHYHUX CUCTEM

boraues 1.B., ba6ak B.I1., 3anopo:kens A.O.
IncturtyT 3aranabHoi enepreruku HAH Yxkpainn,

Bya. AuronoBuua, 172, Kuis, 03150, Ykpaina,

e-mail: vdoe@ukr.net ; a.o.zaporozhets@nas.gov.ua

Pospobneno manoanepmypui nepemeoprogayi Ha OCHOGI MACHIMOCMPUKYIUHO20 eghekmy O GURPOMIHIOBAHHS Mda
NPULioMy CUSHANIE YIbMPA368YKO8020 Oiand3ony 6 meepoux mamepianax. Y cmammi po3ensioaromvcs ixXHi
KOHCMPYKMUGHi  0cobausocmi ma mexHiyHi xapakmepucmuku. 36epmaemvcsi ysaza HA 0coOnugocmi 6ubopy
mamepianie, opmu ma 2eoMempuyHux posmipie Komywku 30y0dicenHs, Oemngepa ma maenimy. Hasedeno
CMPYKMYPHI  Ma  eneKmpudni cxemu po3poOseHUx nepemeopiosayis. 3anponoHo6aHo psd KOHCMPYKMOPCHKO-
MEXHONO2IUHUX PpIuleHb, WO HAOAIOMb 3M02Y 30LbuuUmu NOMy3icHicms eunpomintoeanns 6 10 pasie, a po30inbHy
30amuicms — y 2-3 pasu 6 nopisHanHi 3 icHyouumu anarozamu. Ilowa sunpominOO4ol YaCmuHu CeHcopa CIMaHo8UmMy
6i0 0,07 00 0,2 mm’. Taxi nepemeopiosaui MouCymb GUKOPUCTIOBYEAMUCS 8 DISHUX OideHOCHUYHUX CUCTEMAX ONlsl
8UsAGIeHHA OeheKkmis eHepeemuyHo2o 00NA0HANHA, ABiAYiUHUX Oemanell, NPOMUCTI08020 00AAOHaHHA mowo. biom. 22,
puc. 10, Tabmn. 4.

Knwowuoei cnosa: MarHiToCTpUKIIHHUIA eekT, ceHcop, pepomarneTuk, Touka Kiopi, MarHiTHe nose, MarHiTHa iHAYKI,
HepyHHIBHHUIT KOHTPOJIb.
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Ob62pynmosano HeoOXIOHICMb CMEOPEHHs 6E3PO3PUBHUX CUSHATIIE HA GUXOOI 2eHepamopis, siKi 8UKOPUCMOBYIOMbCS 8
ABMOMAMUZ0BAHOMY MEMPONOZIYHOMY 00IAOHAHKI. 3aNPONOHOBAHO NPUHYUN 3A80AHHS MUMMEBUX 3HAYEHb CUSHANLG I3
321a04ceHUMU 0OBIOHUMU 30 OONOMO2010 OA3UCHUX CHIAUHIE NEPUL020 NOPSOKY, SAKULL € ONMUMATLHUL 3 MOYKU 30PY
3ampam 001a0HAHHA MA  O0OYUCTIO8ANLHOI NOMYNHCHOCMI  MiKpokonmponepa. Pospobreno mamemamuuny i
Komn’'romepHy Mooeni 6azamoghasnozo 2enepamopd, 3a OONOMO20I0 SKUX NPOBEOCHO OOCHIONCEHHS NPUHYUNLG
cmyninuamoi ma JAiHitiHOL anpokcumayii 066i0nol cuenanie. Hasedeno wacosi Oiacpamu npoyecis 6i0meopeHHs
BUXIOHUX CUSHATIB I3 3ACMOCYBAHHAM CNIAUH-IHmepnosayii ma oe3 nei. bion. 11, puc. 5, Tadm. 1.

Knrouoei cnosa: renepatop CHHYCOiJaJIbHUX CUTHAIIB, IIM(PO-aHAJIOTOBHUI ITEPETBOPIOBAY, 00BiHA CHHYCOITAIbHOTO
CUTHAITY, JTiHiIi{HA aipOKCUMAIlisl, 0a3MCHUH CIDIaiH MEePIIOTO MOPSAKY.

Beryn. Ilin gac HamaromkeHHS Ta MEPEBIpKH Pi3HUX MPUCTPOIB MOTPIOHO ITOCHTIIHKYyBAaTH BILIUB
niepenaiB Hanpyr Ta CTPyMiB, K BUHHKAIOTh IiJl 4ac KOMyTallil HaBaHTaxeHHs [1]. g 1poro moTpioHO
BUKOPUCTOBYBaTH CIEI[iaIbHI TCHEPATOPH, SIKi IMITYIOTh pEajbHy ENEKTPUYHY MEPeXy 3 3aJaHUMH
HOPMOBaHHMMH 3HAYCHHSAMH Hampyru Ta/abo crpymy. Jis 3aBlaHHS CUTHAIIB 3 MapaMeTpamu, IO He
3MIHIOIOThCS TPUBAIHMI Yac, TIOCTATHHO BUKOPUCTOBYBATH iICHYIOYi TEHEPATOPH Ta KaliOpaTopH, NOOyA0BaHi
Ha cuHTe3atopax DDS (Direct digital synthesis) [2]. Ase mig wac nepeMukaHHs mapamerpiB abo
MO/JICITIOBAHHS KOJIMBAHHS HATMPYTH YK CTPYMY BHHHUKAIOTH PO3PUBH Y KPUBIH BiAMOBiqHOTO curHaiy [3], mo
HETaTHBHO BIUIMBA€E Ha amaparypy [4], ska migkIodYeHa 10 BUXOJIB TAKOTO TeHepaTopa M Kaiioparopa, a
TaKO Ha IXHIO TIOXHUOKY.

IMix yac BiIAHOBIIOBAHHS JUCKPETH30BAHUX CHUTHAIIIB JOCHTh ¢(EKTUBHO 3aCTOCOBYIOTHCS CILIAMHHU
[5, 6]. ToMy Mae ceHC TOCHITATH MOXIIMBICTH BUKOPHUCTAHHS CIUTAMHIB IS BIATBOPEHHS MOJIITapMOHITHHX
CUrHaJIiB 0€3 po3puBYy MUTTEBUX 3HAYEHB ITiJ] Yac 3MiHi IXHiX mapameTpiB.

V pasi anpokcumanii ¢pyHKLii, 0OMeXeHOl B ASIKUX IHTepBaNax, HaMpHUKIaa B MPSIMOKYTHUKY (x1,
yl, x2, y2), MO’)KHa 3aCTOCYBAaTH OUTBII 3HAMOMI METOIW alpOKCHUMAIlii Ta IHTEPIOJIAIii, HAIpPHKIAI,
MOJIIHOMIANIBbHY 1HTEepHoJsALito momiHoMamu Jlarpanxka [7] abo HeioToHa [8]. Ane koiu Hae MoBa Ipo
¢yHkuii, HeoOMexXeH1 y Yaci, TO 3acTOCyBaTH MOJIHOMIaJbHY ampoKCHMamilo MpoOJeMaTHYHO, OCKIIBKH
BOHa MOXX€ OyTH 3aCTOCOBaHA TINBKH JJsI OOMEKEHHMX IHTEpPBAIB, a Y TOUKAX TMOEIHAHHS Yy 3aralbHOMY
BHTJISIII MOXKJIMBO 3a0€3MEYUTH TIIBKH O€3MEepepBHICTh ampoKcuMyrodoi ¢yHkiii. Habarato xparmri
pe3yabTaTH Ja€ CIUTafH-allpOKCHMAIlis, SIKa Yy BHIIQJAKY 3aCTOCYBaHHS 0a30BHX CIUIAHIB #-TO MOPSAKY
3abe3rnedye Oe3nepepBHICTh MOXiTHUX M0 (72-1)-ro mopsaKy. 3aass BUPIIIEHHS MOCTaBIeHOI y poOOTi 3a1adi
MOXKJIMBO BHWKOPHCTATH CIUIAHHM APYroro ado TPeThOro MOpsaKy (KyOidHi CIUTaifHW), aje Iie 3aHalTo
30UIBIINTE 00 €MH O0YMCIIEHb Ta Mai)ke HETOMITHO Ha (OpMi KPUBUX MHUTTEBHX 3HaYCHb CHTHAJIB. ToMy
JOLINEHO OOMEKUTHCS TOCIIIKEHHSM BUKOPUCTaHHS CIUIalHIB MEPILOro HOPSIKY.

Merta po6otu. Po3pobutu mpuHImN (GYyHKIIIOHYBaHHA IH(PPO-aHAIOTOBUX TE€HEPATOpiB, BUXIiTHI
CUTHAIIM Ta OOBIJHI SIKUX 3aJHMIIATUMYTBHCS HEPO3PUBHUMH (YHKILISIMHU IIiJ] YaC KOMYTAIIHHUX CTPHUOKIB
TaKuX MapaMeTpiB, AK aMIUTITyJa Ta/ado KyT 3cyBy (ha3u, CTBOPUTH MaTeMaTH4YHY i KOMIT IOTEPHY MOZemi
TAKOTO TeHepaTopa Ha OCHOBI OA3MCHUX CIUIAMHIB MEPIIOTo MOPSAKY Ta JOCTIAUTH HOTO XapaKTEPUCTHKH.

OcHoBHI MaTepiaju AoCJHiI:KeHHsI. Y 3araJbHOMY BHMAAKy TeHepaTtop abo Kamioparop, sSKui
MOJICITIOE EIICKTPUUHY MEPEKY, POPMYE TPU HANIPYTH Uy(?), Up(t), uc(t) Ta/abo TPU CTPYMU i4(1), ip(?), ic(?).
Takwuii reHepaTop MOBUHEH 3aBIABaTH CHUTHANHU i3 3aJIaHUMU YaCTOTOK, MIIOYAMH 3HAUCHHSIMH Ta KyTaMH
3cyBy (azu (K3D) manpyr ta/abo cTpyMiB OCHOBHOI (TIepiroi) rapMoHiku. KpiM TOro y AesiKuX BUTIAAKAX 10
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CUTHAJIB OCHOBHOI TapMOHIKM TMOTPIOHO MiAMINIYBaTH BWII TaPMOHIKH TaKOX i3 3aJlaHUMH JIFOUUMHU
3HaueHHsMu Ta K3®. Taki reHepaTopu

MK LAIT I HalOLIBII JIOIIJIBHO CTBOPIOBATH Ha OCHOBI
> > cor Uy UpUglylplc . :
MikpokoHTposepiB (MK) ta mudpo-ananoroux
> .
nepetBoproBauiB  (LIAIl). CrpykTypHy Ccxemy

Puc. 1 nonioHoro reneparopa [9] HaBeneHo Ha puc. 1.

B aBTOMaTH30BaHOMY METPOJIOTIYHOMY O0JIAI-

HaHHI 3a qoromMoror MK 3amaroThcst KOAW MUTTEBHX 3HAUEHBb CUTHAIB, SKI MTOCIIOBHO 3aHOCAThCA B LIAIL

Buxinni curaanu LATT migcuiIrorThes 10 HEOOXIAHOTO PIBHS Ta MOTY>KHOCTI 32 JOMOMOTO0 TijcuitoBayis I1.

Haramaemo ocHOBHI mojoxeHHs poOotu [9]. Jlns 3aBmaHHS MUTTEBHX 3HAYCHb CUTHANIB k-Oi

TFapMOHIKH BUKOPHCTOBYIOThCS OPTOTOHANBHI CKIAIOBI KOMIUIEKCHOT aMITIITyiu (KOCUHYCHA X} 1 CHHYCHA
Y}), K1 BU3HAYAIOTh KOMIIEKCHY aMILTITYIy Ii€i TapMOHIKH

Up=U, - =X, +jY,, Xi=U, -cos(¢,),  Yi=U, sin(g,). (1)
VYBech nepion 7 OCHOBHOI TaApMOHIKH CUTHaTy po30uTo Ha N PiBHHUX iHTepBalliB
[T-n/N, T-(n+1)/N], ()

ne n = 0..(N-1) — Homep iHTEpBaIYy.

MuTTEBI 3HAYCHHSI CUTHAJIIB Y MOMEHTH 4acy ?, 3aJIal0ThCS Y BUTIISAL CyMH JOOYTKIB OPTOTOHAIIb-
HUX CKIIQJIOBHX 1 BIJNOBIMHUX 3Hau€Hb CHUHYCIB Ta KOCHUHYCiB. KoXHMII 3 TiepeniueHuX BHIIE IIECTH
CHUTHAJIIB ¥ iHTEpBaIi Yacy (2) Ma€ BUTIISA “CXOMUHKH

u(t,) =3 (X,-sin2nnk / N)+Y, -cos(2nnk /| N)). 3)
k

Jnst 3aBoaHHS CUTHQJIIB 3 TlapamMeTpaMH, 10 He 3MIHIOIOThCS TPUBAIMH dac, JIOCHTh
BUKOpUCTOBYBaTH BHpa3 (3). OqHak y pa3i 3MiHM NapameTpiB CHTHATIB B TOYKaX HAa MEXI JBOX CYCIAHIX
nepioniB Oyae, B 3arajJbHOMY BHIIQJKY, CHOCTepiraTucs po3puB (yHKIHII, mo Bimi0’e€Tbcs HAa MHTTEBHX
3HAYEHHIX CUTHATIB, BEIMYUHHU SKUAX 3AJICKUTH BiJ CITIBBiTHOIIEHHS] HOBUX 1 MOTIEPEIHIX 3HAYE€Hb aMILTITYy T
ta K3®. Y rpannyHoMy BHUIAAKY e PO3PUB JOPIBHIOE ITOABOCHOMY 3HAYCHHIO MAKCUMAIBHOI aMILIITY TN
(B ceHCl MakcMMalbHO MOXKIIMBOTO 33/JaHOTO 3HAu€HHS), TOOTO el e(peKT MaKCUMalbHO NPOSBISETHCS,

HATIPUKIAMA, Mg 4Yac mepeMukaHHs 3i crany U-e/™ y U-e /™. Ilpukmag Takoro po3puBy (yHKLii
(cTymiHUacTa anmpokcuMaris 00BiTHOT) HaBEIEHO Ha puc. 2.

B inmniii curyariii, KO0 HEOOXIiJAHI CHTHAIM 3 3aJaHUMH OOBITHMUMM (HANPHUKIAL, MiJ 4ac
MOJICTFOBAHHS KOJIMBaHb HAMPYTH), ONKCaHi BUIIE PO3PUBA MUTTEBHX 3HAYCHb CUTHATIB OyAyTh
MMOBTOPIOBATHCS HAa MeEXI KOXHOTO mepioxmy. Ilpm mbomMy cama oOBimHa TakoX Oynae CTYITHYATO
anpOKCHMOBaHA HA KO)KHOMY TEpioJii, TOOTO B Hill TAKOXK 3'SIBISIOThCS po3puBH. [107i0HI pO3pHBH MOXKYTh
HETaTUBHO BIUTMBATH Ha JOCHIJKYBaHE OOJaJHAHHI, 30KpeMa 30MBaTH CUHXPOHI3AIliI0 MO0 YaCTOTI MepIIoi
TapMOHIKH, TOJIABATH TUHAMIYHY MOXUOKY BUMIipIOBaHb, BPAYKATH IMITYJIbCHI OJIOKH KUBJICHHS 1 T.I1.

be3 BTpaTH CIiILHOCTI MipKyBaHb 3aMiCTh IMIECTH(A3HOI CHCTEMH CHUTHAIIB BUAY (3) po3TIsSHEMO
OJIMH 3 CUTHAJIB k-0i rapmoHiku Uy (¢) .

Bimomuit Meton ampoxcumarii (yHKII 32 JOMOMOTro0 0a3UCHHUX CIUIAiHIB, OKPEMHM BHIAJKOM
sakoi € miHifHA ampokcumartis [10, 11]. basucHmii crutaiiH 1-rO MOPSAKY ONMHMCYETHCSA "TPHKYTHOMO"
¢byHKLiEIO

0, npu te[-T,T],
S(t)=<1+¢t/T, npu te[-T,0], 4)
1-t/T, npu te[0,T],
ne T — nepion auckperusanii pyHkmii f'(¢).

3ayBaxuMo, SKIIO CIUIAHH (4) MpeACTaBICHUN y BUTIIAAI HOr0 MHUTTEBUX 3HAYECHb, TO JUIS IHTEPBAILY

vacy [-7, T]y momentu t, =7 -n/ N, n=-N,..,N —1 {ioro 3HaueHHs JOPiBHIOIOTH

1+n/N, ona n=-N.0,
1-n/N, onas n=1..N.

3 BHKOpPWCTaHHSAM CIUTaWHIB (30KpeMa CIUTaliHiB 1-ro mopsiaky) ¢yHKIis [f(¢) anpoOKCHMYEThHCS

Sl‘l = S(tl’l) =

BHUPa3oOM
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fO=2(f, St=1,)), )

Jie m — HOMep MepioAy OCHOBHOI TaPMOHIKH CUTHAITY.

AHaNOriyHU#M MiaXiJ MOXKHa 3aCTOCYBAaTH IO CHTHANIB 3a BUpazoMm (3), aje ampOKCUMYBaTH HE
MUTTeBI 3Ha4eHHS Ui(f), a KOMIUIEKCHY OOBITHY, MUCKPETHI 3HAYCHHS SKOi JUIS TEpiogy 3 HOMEPOM m
JIOPIBHIOIOTH

Umk(mT):(ka+ijk)'S(t_tm)‘ (6)
3a ananoriero 3 hopMyor (5) oTpuMaeMo st 00B1THOT
Umk(t)ZZ(ka+ijk)'S(t_tm)' (7)

B cuny Ttoro, mo crmiaiiH 1-ro mopsaky BIIMIHHWUN Bim HyssS TUTBKH B iHTepBami [-7, 7], To
HOBEJiHKa anpokcuMyroouoi ¢yHkuii mix asoma Bubipkamu U, =U,-(mT) ta U, =U,-(m+DT)
MOBHICTIO BU3HAYAE€THCS IXHIMU 3HaueHHsMHU. L[UM 3HAa4YeHHSM Ha TOYAaTKy Ta HANPUKIHII AESKOro
IHTEepBATY MOBXHHOIO 7 MOXXHA TPWBIACHUTH iHAEKCH 1 1 2 BIiOMOBIAHO, a MUISIXOM 3MIIIEHHS Yacy Ha
BemunHy m71 T1ei iHTepBal MOXKHa npuBecTH 10 iHTepBanmy [0, T]. Jlms octaHHBOTO iHTEpBANTY
arpokcuMariisi 00BiTHOT MATUME BUTJIST

Uy ()= (X + ) - (=21 T) 4 (X + )t/ T). ®)

Bupas (8) mokHa po3ainuTu Ha AilicHy X, (f) 1ysBHY Y, (f) yacTUHU

U, ) =X, () +jY. (D),
i
X (=X (A=t T)+ Xy -(t/T), Y=Y, -(1=t/T)+ Yy -(t/T). 9)

Toai MUTTEBI 3HAYEHHS BIAMIOBIAHOTO CUTHANY Y MOMeHTH 4acy f,=71-n/ N, n = 0..(N-1) 3rigHo 3

(3) nopiBHIOIOTH
u(t,)=[X,, -A-n/N)+X,, -(n/N)]-sin((2nkn/ N)+
HY,-A=n/N)+Y,, -(n/ N)]-cos((2nkn/ N). (10)

3 Bupazy (10) BuaHO, 110 y4acTb y popMyBaHHI CUTHATY PUUMAIOTh TPY MACUBHU JaHUX — 3HAYCHHS
OPTOrOHAJILHUX CKJIAJ0BUX IapMOHIkH X, Y, ., KOHCTaHTH BUIy n/N Ta KOHCTaHTU BULy sin(2nn/N),
JI0 MHOXXWHU SKAX HAJICKATh BCl 3HAUEHHS CHHYCIB sin(2nnk / N) 1 kocunyciB cos(2nnk/ N).

TakuM YMHOM, MarO4Yd MacHB OPTOTOHAJIBHUX CKJIAZOBHUX VI KOKHOTO iHTEpBaJly 4acy JOBKHHOIO
HE MEHIIe Mepiolly, MOYKHa PO3paxyBaTH MHTTEBI 3HadeHHs Buxiguux curraiiB LIAIT 3a dhopmyroro (10).
[puyomy dopmymy (10) moxkHa 3acTOCYBaTH TUIBKHM Y pa3i 3MiHHM 3HaYCHb MapaMeTPiB CUTHATY (aMILTITy 11
1/a6o ¢azn). Sxmo napameTpu He 3MiHIOIOThCS, TOOTO X, = X, , Y}, =Y,;, To dopmyina (10) BupomKyeThCs
B hopmyy (3).

Jlyis npukiiaay Ha puc. 2 Ta puc. 3 HaBeACHO rpadik 0JHOTO 3 BUXIJIHUX CUTHAJIB (3a1a€ThCS TUIBKU
niepia rapmoHika). Ha puc. 2 — 6e3 ampokcuMartii 00BiHOI (CTymiHYaTa ampoKCHMalisf), a Ha puc. 3 — 3
alpoOKCUMAITiEr0 OOBITHOI CIUTAWHOM TMEPIIOTO TMOpPSAKY (JTiHiMHA ampokcuMaris). Ha o0ox rpadikax

u(t) u(t)
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napamerpu X, ¥, Bignosigarots ammiityai 100 V ta K3® + 30°, a napamerpu X,, ¥, — ammiityai 150 V

ta K3 -30°.

VY pa3si sxmo (GopMyIOTECS CHUTHAJIM TUIBKH TEpIIOi TapMOHIKK, TO MOXHA IIle OUThIIE CIPOCTHTH
O0OYNCIICHHS MUTTEBUX 3HAUYCHH CHUTHAJIIB, CTBOPHBIIK MACHBH JOOYTKIB "TpHKYTHOI" (QyHKII Ta QYHKITIH
cuHyciB 1 kocuHyciB. Ilpu 1poMy, 3 origay Ha HEMApHICTh 1 MApHICTh (QYHKLIH CHHyca Ta KOCHHYCa,
JOCTaTHBO PO3paxyBaTH MaCUBH KOHCTAHT TUIBKH ISl oHOTO nepioxy mistin =0 .. (N—1)

MS[n]=-MS[-n]=sin(2rn/N)-(1-n/N), MC[n]=MC[-n]=cos2rn/N)-(1-n/N), (11)
JIe Y KBaJ[paTHUX JAYXKKaxX TYT 1 Jajii HaBEJICHO 1HJACKCH €JICMEHTIB MACHBIB.
Koncrantn 3 macuBiB MS[n] i MC[n] Bignosigatote BuOipkam ¢yHkmin sin(2n¢/7T)-S() i

cos(2nt/T)-S(¢) Ta nokasaHi Ha puc. 4. B ibomMy pasi MuTTeBi 3HaueHHs curnany u(t,) y inrepsaii [0, 7]

BU3HAYAIOTHCS BUPA30M
u(t,) =X, -MS[n]- X, -MS[N —n]+Y, - MC[n]+Y, - MC[N —n]. (12)
3acrocyBanHs ¢opmyn (10) abo (12) mig wdac
pO3paxyHKy MUTTEBUX 3HAu€Hb CHUTHAJIIB HE BHUMarae
CKIIaJJHUX QITOPUTMIB a00 OOYHCIEHHS TPUTOHOMETPHYHHX
¢yskuiii. B cydacamx MK OinpluicTs iHCTPYKLIH, Yy TOMY
YuCal 1 MHOXCHHS, BUKOHYIOTBCS 3a OIHMH TaKT, TOMY CaMi
OOYHCIIEHHSI MHTTEBUX 3HAYEHb MOXYTh 3IiHCHIOBATUCS B
nponenypi oOpoOku mepepuBaHHS TaiiMepa, IO 33aJa€ KPOK
muckpernsanii Buxigaux curHamiB L[AIl [9]. OOumcnenns
OPTOrOHAIbHUX CKJIAJ0BUX TapMOHIK X, Y, BUKOHYy€ThCS B

Puc. 4 OCHOBHOMY TUJIi IPOTpamMu Il KOKHOTO HACTYITHOTO Tepioay

a0o 3amaeTbcs Yy BUIVIALI MacHBiB JAESKHX KOHCTAHT, IO

BioOpaxatoTh Oaxkany (opmy o6BigHOI. B KiHIi mepioxy ckmamoBi X, Y, 3aMilIylOTbCs CKJIQJIOBUMH
Xow Yo aB Xy, Y, 3aHOCATHCA 3HOBY pO3paxoBaHi 3HaueHHA X, Y, .

3 MpaKkTUYHOI TOYKH 30Dy JIiHIIHY anpoKCUMallilo Iepexoly BiJl CHTHANIB 3 napameTpaMu Prms(t;) y
MOMEHT dYacy #; 10 CHUTHAIIB 3 mapaMmerpamMu Prms(f,) y MOMEHT 4acy ¢, MOJKHA 3IHCHUTH HACTyITHHUM
YHUHOM.

I3 manux mapametpiB Prms(t;) po3paxoByloTh mo Qopmynam (3) MacMB MHUTTEBHX 3HAYCHHS
curHanis V) [ch,n], ne ch — Homep kaHaily, n — HoMep BUOIpKH, Ta MOCIiTOBHO BUAa0Th iX Ha L{AIL Iotim

13 TaHKX mapaMeTpiB Prms(t;) po3paxoByIOTh MACUB MUTTEBHUX 3HaueHHs curHamiB V,[ch,n]. Koau BuHukae

norpebda mepeiiTh Bix curHanmiB 3 mapameTpamu Prms(t;)) 100 curHamiB 3 mapamerpamu  Prms(ty)
PO3paxoBY€ETHCS JOIMOMIXXHUN MaCUB MUTTEBUX 3HA4YEHb V;[ch,n], €1€MEHTH SIKOTO JOPIBHIOIOTh

Vilch,n]=V[ch,n]-(1—=n/N)+V,[ch,n]-n/N . (13)

Jani Ha onuH mepioa OCHOBHOI TapMOHIKH NepeMuKaeMoch Ha Bupauy B LIAIl MUTTEBHX 3HaueHb
cUrHaiiB i3 macuBy Vi[ch,n], a Ha HactynHomy nepioni B IIAIl BumaeMO MUTTEBI 3HAYEHHS CUTHANIB 3
macuBy V,[ch,n].

BukopucTaHHs NMpUHIMITY 3aBIAaHHS MUTTEBHX 3HAYEHb CUTHAJIB 13 3TJ1aDKEHUMH OOBIAHHUMH 32
JIOTIOMOT0I0 0a3MCHUX CIUIAMHIB MEPIIOTO MOPSAKY € ONTHMAaIbHHUM 3 TOYKH 30py MiHIMI3amil anapammuux
sumpam 1 OOYUCITIOBAJHFHUX MOMUIMBOCTEH MIKpoIpoliecopa I ¥Horo peamizarii 3 ogHOro OOKYy Ta
JOCSTHEHHSIM 33/I0BUILHUX Pe3yJIbTaTiB 3 YCYHEHHsI PO3pUBHUX (PYHKIIH Ha BUX0IaX HHU(PO-aHATIOTOBHX
reHepaTopiB 3 IHIIOTO OOKY.

VY cepenosumi C Builder 0yio po3po0iieH0 KOMIT I0OTepHY MOJIenh OaratodasHoro reueparopa, 3a
JIOTIOMOTOI0 SIKOT MPOBEIEHO JOCHIKCHHS NPUHIUIIB CTyHiHY4aTOl Ta JIHINHHOI ampokcumaiiii 00BigHOT
curHaniB. Ha puc. 5 HaBeleHO CKpiHM 3 MPOrpamMu, 3poOJieH] miJ yac MOJETIOBAHHS AJIsl IESKUX BapiaHTIB
CUTHAJIB, TIapaMeTpH SKWUX BKa3aHO B Tabmuii. s crpomneHHs Noka3aHo rpadikud CHUTHANIB TUTBKA B
OJTHOMY KaHaJIi Ui TPhOX CYMDKHUX TepiofiB. [aaexcu Hampyru ta K3® BimmoBigaoTh HOMEPY TrapMOHIKH,
mo 3amaerbes. Jms xoxxHoro HaGopy mapametpiB Prms(t)) i1 Prms(t,) mokas3aHi aBa rpadika CUTHaIy —
JBOpYY JUIA CTYHIHYATOI, a IPaBOPYY JJIs JIiHIHHOI anpokcumMaiii oOBigHO1. BepTrkanbHi miHii Ha rpadikax
BIZIITOBIMAIOTE MexaM mepiofiB. [ rpadikiB i3 CTymiHYAaTOIO ampoKCHMAIlielo 0OBiTHOI MEpIIHii Tepiof
BiJINIOBi1a€ mapamerpam Prms(t)), a npyruii i Tpetii — Prms(t,).
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ITapametpu Prms(t;) ITapametpu Prms(t,) CrymniHuara JliniitHa
ANPOKCHUMAITIS AIPOKCHMAITIS

=220V, ¢; = +30° U, =180V, ¢, =-30° Puc. 5,a Puc. 5,6

U] = 180V, 0= -30° U] = 220V, 0= +30° Puc. 5, 8 Puc. 5, 2
=220V, ¢, =+30° U, =180V, ¢; =-30° Puc. 5,0 Puc. 5, ¢

Us= 50V, @5 =+60° Us;= 40V, @3 =-20°

U; =180V, ¢; =-30° =220V, ¢, =+30° Puc. 5, orc Puc. 5, 3

Us;= 40V, ¢;=-20° Us= 50V, g5 =+60°

U[ = 220V, 0 = 180° U[ = 220V, 0 = 0° Puc. 5, i Puc. 5, K
=220V, ¢ =+90° =220V, ¢; =-90° Puc. 5, 1 Puc. 5, m

Jlg niHidHOT anmpokcuMariii 0OBiIHOT MEpIINi Tepion
BignoBinae mapamerpam Prms(t,), Tpetii — Prms(t,), a npyruit
— Tmepexoay Bin mapamerpiB Prms(t;) mo mapametpiB Prms(t,),
OPUYOMY MHTTEBI 3HAYEHHS CUTHAIIB PO3PaxoBaHi 3TiHO
tdopmynu (13).

Sk BumHO 3 HaBeneHHWxX rpadikiB He BCi mepexoau 3
OJTHOTO JI0 JIPYroro CTaHy 3a0e3NedyloTh NpUHHSTHI (popmMu
KpHBOi. 30Kkpema y pa3i nepemukans a3 Ha 180° 3'BsAIOTHCS
xuOHI mepexoau udepe3 Hynb (puc. 5, x, m). 106 mo30yTHCcs
I[bOTO SIBUIIA B OESIKUX BHUIAAKaX MEPEMHUKAHHSA 3 OJHOTO N0
iHmoro craHy Tpeba BHKOHYBaTH 3a JBa MeEpioJd, TOOTO
croyatky 3MinuTH ¢paszy Ha 90°, a motim mie Ha 90°.

Y nmaHiii poOOTi ampokcHUMaIlis OOBITHHUX TapMOHIK
JIOCTIDKYBAJIacsi MPH 3aBJaHHI TXHIX 3HAYCHb Ha KOXHOMY
nepiofi OCHOBHOI TapMOHIKH. AJe HIIO He 3a00poHsE
3aJaBaTy JOAATKOBI 3HAYCHHS B CEpeAMHI NEepiogy OCHOBHOI
TapMOHIKH a00 30UTBIITYBaTH IHTEpPBaI TUCKPETH3aIlii 00BiTHOT
JIO0 ICKiJIBKOX TIEPIOJIiB.

BucHoBku. 3anponoHOBaHWN TPUHIUN arlPOKCHMAITii
OOBITHMX TapMOHIK HaJaB 3MOTY 3IIHCHUTH BiATBOPEHHS
cUrHany 0e3 po3puBYy HOTO MUTTEBHX 3HAUEHb, IO CIIPHATINBO
MO3HAYAETHCS Ha Mpane3aaTHOCTI JOCIIPKYBaHOTO
obmamHanHsA. Pe3ymbrath  JOCHIDKEHR 3a  JOMTOMOTOIO
CTBOPEHOI KOMIT FOTEPHOI MO TeHepaTopa MiATBEPIKYIOTh
e(eKTHBHICTh 3allPONOHOBAHOI'O NPHHLMWIY, L0 BHUTIKAE 3
MOPIBHSHHS YaCOBHX JliarpaM BHIXiJHHX CHTHAJIiB T€HEpaTopa
13 3aMpoBaPKEHHSAM aIllpoKcuMariii ooBigHuX 1 6e3 Hel (puc. 5).
TeoperuuHi pe3ynbratu OyJl€e BUKOPUCTAHO i 9ac CTBOPEHHS
Ta EeKCIIEPUMEHTAIBHOTO JIOCHI[UKeHHs (i3udHol Mojemi
reHeparopa 3 HEPO3PUBHUMHU BHXIIHUMHM CHUTHaJaMH IS
MOJIAJIBIIIOTO BIPOBAHKEHHS Y cepiliHe BUPOOHHUIITBO.
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PEAHCUMHRUX napamemple eNeKmpUdHUX Mepesic 1 CmMEOPEHHS HOBUX
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APPROXIMATION ENVELOPES OF QUASI-SINUSOIDAL DIGITAL-ANALOG SIGNALS

O.L Karasinskiy, Yu.F. Tesik, R.M. Moroz

Institute of Electrodynamics National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine.

E-mail: luckyposhta@gmail.com

The principle of setting the instantaneous values of signals with smoothed envelopes using first-order basis splines,
which is optimal from the point of view of equipment costs and the computing power of a microprocessor is proposed. A
computer model of a multiphase generator has been developed with the help of which the principles of stepwise and
linear approximation of the signal envelope have been investigated. References 11, figures 5, table 1.

Key words: digital-to-analog converter, envelope of sinusoidal signal, linear approximation, first order basis spline.
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