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YJIOCKOHAJIEHHSI CUCTEMH JIATHOCTUKU CTAHA XOJIOJHOI
MNPOKATKH HA OCHOBI BA3U JAHUX MOI'O EJIEKTPOMEXAHIYHUX

IMPOLECIB

HA3APOBA O.C. «kamx. Texn. Hayk, MIOLEHT, IOLEHT KadeapH eIEeKTPONPHBOAY Ta aBTOMATH3alii
MPOMHUCIIOBUX yCTaHOBOK HalioHanbHOTO yHiBEpCUTETY «3amnopi3bka IONITEXHIKa,
3amopixoks, YkpaiHa , € - mail : nazaroval 6@gmail.com;

BACHJIBEB B.B.  marictp xkadenpu enekTponmpHBOLy Ta aBTOMATH3allii HPOMHCIOBHX YCTAHOBOK
HauionanbHoro yHiBepcuTeTy «3amnopi3bka MOJITEXHiKay, 3amopibkks, YKpaiHa,
e - mail : vasbohdan@gmail.com;

[IIOKYPOB /I.P. CTYfieHT Kadeopu eNeKTPONPHBOLY Ta aBTOMATU3Alii IPOMHCIOBUX YCTAHOBOK

HarmionansHOTO yHIBepCcHTETY «3aropi3bKa MolTeXHIKay, 3anopixoks, YKpaina ,
e - mail : danilshokurov03@gmail.com.

Mema pobomu. Yoockonanumu cucmemy Ola2HOCMUKU CIAHA XOL0OHOL NPOKAMKU HA OCHOSI 6a3u 0anux 1o2o
eNIeKMPOMEXAHIUHUX NPOYECi8, WIAAXOM PO3POOKU HeUimKOI cucmemu NPUHAMMSA PilleHHs npo CMAaK eneKmonpugoois
NPOKAMHO20 CIAHA, WO NIO8UWUMb ePeKMUBHICMY ICHYIOHOI cucmemu 0IaeHOCIMUKU.

Memoou docnidocenns. Mamemamuune ma Komn 1omepHe MOOENOBAHHSL.

Ompumani pezynomamu. Po3pobieno neuimky cucmemy HputiHAMMms piuleHb PO CMAaH 080X 63AEMONOG S3AHUX
e1eKmponpuBodie pO3MOMY8AIbHO20 MEXAHIZMY Ma NPOKAMHOL Kimi 015 00CAIOHNCeHHS Ma NOnepeodiCeHHs nepedasa-
PIiHO20 CMAHY, NOG’SI3aH020 3 0OPUBOM CMY2U MEmaly, Wo npokamyemucs. Brazana cucmema nputinsimms piuieHs
no6yo0oeana Ha 0CHO8I 6a3u OGHUX eIeKMPOMEXAHIYHUX NPOYECi8 eNeKmponpusooia Opecupy8ailbHO20 0OHOKIIMbO8020
cmana xon00Hoi npokamxu yexy xonooHoi npoxamxu Nel AT «3anopisccmanvy. Ha 6xo0i yici cucmemu 3adano Ha-
npyey AKIipHO20 KOA 08USYHA POZMOMYBANLHO20 MEXAHIZMA, CIMPYM AKIPHO20 KON O8USYHA PO3MOMYBATLHOZ0 MeXaHi-
3Ma, Hamse cmMy2u Memany, wo NPOKAMyEmMvbCa, Ha OLIAHYI Midc posmonyeavem ma npokamuolo kiimmio. Ha euxoodi
OMPUMAHO 3A2ANbHUN CINAH CUCEMU, AKULL 3a7IeACUMb 8i0 3HAYUEHb 8XIOHUX OaHnux. OmpumanHsa GUMIpI08aIbHol iHgo-
pmayii npo napamempu 0iazHOCMYBAaHHs 30ilICHEHO HA OCHOBI 0aHUX 0asavie Cmymy ma Hanpyau, ki 6CIaHo8IeHi Ha
npoMuUcio8omy obnaonanmi. Ingopmayilo npo sHauenHs cumru Hams2y cmy2u Memany, wo NpOKAMYEmMvbCs MONCHA
ompumamu sk WIAXOM 8CIAHOBNEHHS 000AMKOBUX SUMIPIOGATIbHUX NPUCMPOI8, MAK | HENPAMUM WLTIAXOM, GUKOPUCTO-
8YIOUU MAMEMAMUYHI MOOeNi NOMOYHO20 padiycy pYIOHA MA JIHIIHOI WEUOKOCIT CMY2U MemAairy, o npoKamyemvcs.

Hayxosa uoeusna. Yoockonaneno cucmemy O0ia2HOCMUKU CMAHA XONOOHOI NPOKAMKU WLIAXOM 86€0€HHs 00 il
CKNady Hewimkoi cucmemu npulHAMMA pilleHHs Ha OCHOGI 6a3u OAHUX NPO eNeKMPOMEeXAHIUH nPoyecu eneKmponpu-
60018 PO3MOMYBALHO20 MEXAHIZMA | KIIMI, W0 003601UMb NONEPeOumu A8apitiHull Cmat, 00YMOGIeHUl 0OPUBOM CMY-
2U Memainy, wo npoKamy€emvcsi.

Ipakmuuna yinnicme. [lonepedicenns obpugy cmyau Memany, wjo NPOKAmMy€EmMbCs HA OCHOBL YOOCKOHANEHOL Cuc-
memu 0iaeHOCMUKYU CMAaHA X0J00HOT NPOKAMKY, WO BUKOPUCTOBYE THPOpMAaYilo OaA3U OAHUX 1020 eN1eKMPOMEXaAHIUHUX
npoyecie 3 Memoio ni08UWeH s epeKmuUeHOCmi npoyecy Kepy8anHs AKIiCmio npooykyii. Buxopucmosyiouu nogny yno-
PpAOKoeany inghopmayito ma 0ocsio excniyamayii cmana Xon00Hol npoKAmKY MONCHA (hopmysamu mexHiuni ma mex-
HON02IYHI pilleHHA 000 MOOepHizayii 0itou020 ma po3pooOKU HOB020 MEXHONO2IYHO020 OONAOHAHHA A CUCMeM d8mOo-
MAMUYHO20 KePYBaHHs eeKmponpueo0amu nPOKAMHUX CMAHIe.

Knrouosi cnosa: diaznocmuxa; 6a3a OaHux; eneKmpomexaniuii npoyecu, CmaH Xon00HOI NPOKAMKY, HeYimKa 1o-
2ika; nepexionuy npoyec; Mooento8aHHsI.

I. BCTYII

JliarHOCTHKA O0aIHAHHS CKJIaTHUX TEXHOJOTTUHUX
YCTaHOBOK — 3amopyka ix Oe3medyHoi Ta epeKTHBHOI eKc-
mryaTtanii. MeTOl0 CTBOpEHHS CHCTEM MIiarHOCTHKH €
BUYaCHE 3armoOiraHHsS MOXJIMBHUX BiIMOB 1 MOPYLICHb Yy
po0oTi cucTeM 1 yCTaTKyBaHHSA; HEOOXIOHICTH MaTH IO-
BHY 1 IUTIICHY KapTUHY ()aKTHYHOTO TEXHIYHOTO CTaHy
eKCIITyaTOBaHUX CHCTEM 1 yCTaTKyBaHHS; MPOrHO3YBaHHS
3 BEJIMKOIO TOYHICTIO 3aJIMIIKOBOTO pecypcy IMpare3iart-
HOCTI O0JIaJIHAHHS; MiHIMI3allis BAPTOCTI Ta MiABHUIICHHS
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e(peKTUBHOCTI POOIT i3 MOHITOPUHTY TEXHIYHOTO CTaHy,
TEXHIYHOTO OOCIIyrOBYyBaHHsS, PEMOHTY Ta YIpPaBIiHHS
PECYPCHUMH XapaKTEePHUCTHKAMH CHUCTEM 1 YCTATKyBaHHS;
OesnepepBHEe BIOCKOHANICHHs, 0a3ylounch Ha 00'€KTHB-
HUX JaHHX eKcIulyaTalii, (GakTHYHUX XapaKTepHUCTUK
Oe3mnexn, HaIiHHOCTI Ta eKCIUTyaTaliifHol roToBHOCTI [1].

B nanwmii yac 3acrocyBaHHs MIKpOIIPOIIECOPHOT TeX-
HIKM TIOCTIPHSIIO «IHTENEKTYyalli3allii» MPOMHUCIOBOTO 00-
NagHaHHs. SIcKpaBUH NMPUKIIa] TOMY — €JNeKTPHYHI IpH-
BOJIM, IIO MPEACTABISIOTE COOOI0 CHCTEMH, 3JaTHi [0,
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caMOHaamTyBanHs 1 aganranii. [ToniOHi cucremu Haly-
BalOTh BCe OUIBIIOrO MOMIMPEHHS B SKOCTI NPHBOIHOI
TEXHIKH ISl BACOKOIIPOAYKTHBHUX JIHIMH.

ABTOMaTH30BaHa CUCTEMa J1arHOCTUKH €JIEKTpOMe-
XaHIYHUX TPOLIECIB NMPOKAaTHUX cTaHiB [2] € crenudiy-
HOIO CHCTEMOIO BiJl SIKOCTI pOOOTH SIKOT, 3aJIS)KUTH edek-
THUBHICTb TEXHOJIOTIYHUX TPOIECIB Ta SKICTh MPOKATHOI
npoxykuii. Byap-skuii 36iif B poOOTi NaTYMKIB Y MpPO-
TpaMHOTO 3a0e3MeYeHHs MOXKE IIPU3BECTH IO aBapiiiHOro
pexuMy Ta mpocToro oonmagHaHHs [3]. Uepes Te moTpiOHO
TIPaBUIBHO CIPOEKTYBATH CHUCTEMY, SIKICHO MimiOpaTé Ta
BCTAaHOBUTH JATYMKH, NPABWIFHO BUKOHATH HAalaro-
JOKEHHSI TIPUCTPOIB MOHITOPWHTY Ta HiarHOCTHKH, IO €
aKTyaJIbHOI0 HAyKOBOIO 3aJayel0 Ta Mae€ NpPaKTUYHHI
iHTEpEC.

I1. AHAJII3 TOCJLKEHD I ITYBJIKAIIA

VY MeTanypridHiii MpOMHUCIOBOCTI aBTOMATU30BaHHIA
SJIEKTPUYHHUN TIPUBIJ 3aCTOCOBYETHCS B INEPEBaXKHINA Oi-
JIBIIOCTI YCTAaHOBOK 1 TEXHOJOTIYHMX KOMIUIeKciB. [lo
TIOJIOBUHH BCI€T CIIOKUBAHOI METAYPrilfHUMHM MiJIIPHEM-
CTBaMH €JICKTPOCHEPTril NPHUIafaE HA EICKTPOIPUBOIHY
TexHIKy [2]. 3pocTaHHs MOTYXHOCTEH MPOKATHOTO BHUPO-
OHMIITBAa OCTaHHIM YacoM € TOB'SI3aHUM 3 HOIMIMPEHHIM
MIOTINTY Ha BHCOKOSIKICHI PI3HOBUAW MPOKaTy (3 IIiIBH-
IIEHUMH BUMOTaMH JI0 TOBIIMHH JINCTA Ta CTaHy MOBEPX-
Hi, 3 3aXHCHUM IOKPUTTIM, JOIATKOBOIO TEPMIYHOIO 00-
pobkoro). Lle mpusBeno 0 CyTTEBOTO MiJBHUIICHHS BH-
TpaT eHeprii Ha TOHy KiHIEBOi mpoxykuii. Kommencarris
00'€KTUBHOTO 3pPOCTaHHS TAKMX BUTPAT NOTPeOYy€ MOCTIi-
HOTO YJIOCKOHAJICHHSI O0JIa/IHaHHS, TEXHOJIOrii Ta aBToO-
MaTH3allii KepyBaHHs BUPOOHUIITBOM [3].

VY crarri [1] po3rasHYTI METOAW ONEPATUBHOTO KOH-
TPOJIO TEXHIYHOI'O CTaHy OOJaJHAHHS TOBCTOJMCTOBUX
MPOKAaTHUX CTaHiB. Bu3HadueHo ¢akTopH, AKi BIUTUBAIOTH
Ha e(eKTUBHICTh BUKOpHCTOBYBaHUX B ACY anroputmis
JIarHOCTYBaHHs, 30KpeMa, opraHisailii 300py Ta 00poOKu
CTaTUCTUYHHUX OAaHUX MO MOXJIHNBOCTAX BHHHKHCHHS HC-
CIpaBHOCTEH 1 3a BUTpaTaMH Ha iX IOMIYK i YCYHEHHS.
BukonaHo Qopmaiizaiiro MeToxiB 1MOOyJIOBH 1 ONHUCY
MaTeMaTH4YHUX Mojenei o0'ekra miarHosy. B poGoti [2]
HABEACHO METOJ| OLIHKH CTaHy EICKTPHUYHUX NPHUBOJIIB,
3aCHOBaHMH Ha 1MoOyI0BI HelipoHHOI Mepexi. Po3polie-
HUH METOJ| JIiarHOCTYBaHHS JJO3BOJISIE B3ATH Ha cebe dy-
HKIIIF0 KOHTPOITIO 33 JHMHAMIKOIO IIBHUIKOCTI 1 OIIepaTHB-
HO TIOTIEPEKATH BiAXWICHHS B POOOTI €IEKTPOIPUBOILY
MIPOKATHOTO CTaHY KJIITi.

BiOpoaiarHOCTHYHIM METOJIOM MPOBENECHO HEpyH-
HIBHMH KOHTPOJIb CTaHY IiJIIUITHAKOBUX OIOP T'OJIOBHO-
ro NPHUBOJY TOPH3OHTANBHHMX BankiB craHy 1150 ITAT
«3anopixkcTamby. IlpoaHami3oBaHO NPHYUHH BUXOAY 3
JTagy MiJMUMHAKOBUX BY3JIB 3 MOAAIBLION BHAAYCIO
pexoMeHAamii moa0 Po3pOOKH METOAMK JiarHOCTYBAaHHS
MIPUBOJIIB TOPU3OHTAIBHNX BAJKiB Ta BU3HAYCHHS OITH-
MaJIBHOTO TEXHIYHOTO pillIeHHs JUIA iX peamizamii [3].

OmHUM 3 HaOUTEII BAXKITMBUX CYYACHHX HAMPSMIB
PO3BUTKY I1HQOPMALIHHIX TEXHOJNOTIH € 3acCTOCYBaHHS

HEYITKOI JIOTIKH TpU PO3pOOI CHCTEM aBTOMAaTH30BAaHOI
00po0Oku iHpopManii Ta ynpasminas. [lepeBaramu BHKO-
pUCTaHHS HEUITKOi JIOTIKH € CIIPOIIECHHS MOJEIIOBAHHSI
CKJIaJIHUX CHCTEM, CTBOPEHHSI THYYKHX aJTOPUTMIB IIiJ-
TPUMKH TPUHHSATTS PIillIEHb Ha OCHOBI 3pO3yMIINX JIFOJIU-
Hi HaOOpIB TMpaBHJ, MOXJIUBICTb OOPOOKHM HETOYHOI Ta
HernioBHOT iH(MopMmarii [4]. YV [5] po3misHYTO HampsiM
CTBOPEHHS IHTEJIEKTYIIbHUX CHUCTEM IIATPUMKH iH)XKEHe-
PHHUX pillleHb VIS CKIAIHUX HENiHIHHUX eNeKTpOoeHepre-
TUYHUX 00’€KTIB 3 BUKOPHCTAHHIM MaTeMaTHYHOTO ara-
para mTy4HOTO iHTEeNeKTy. BukoHaHo po3poOky mporpa-
MHOTO 3a0€3MeUeHHS Il aBTOMaTH30BaHOTO MOHITOPHH-
Ty 3aJIUIIKOBOTO PECYpPCY MEXaHIYHOTO 00JaTHAHHS TIPO-
KaTHUX cTaHiB [6]. Bumipu mokaszanu, mo peakiis 9acTo-
TH O0epTaHHs JABHI'YHa € CHJIBHOIO 1H(pOPMATHBHOIO
O3HAaKOIO Ul BH3HAYCHHS 4Yacy 3ali3HIOBAaHHS peakuil
JUISTHOK JIiHIT IPUBOAA MOPsi 3 CHrHajJaMu BiOpariii 1 cu-
THAJIOM JiaBaya THCKY B CHCTEMi Tiipo-BpiBHOBa)KYBaHHS
BaJIKIB.

VY cratti [7] po3po0ieHO crcTeMy MOHITOPUHTY Ta
JiarHocTuku crany Ha ocHoBi LabVIEW, sika Bukopucro-
BYETHCS JUIsl JIarHOCTHUKHU TOBIIMHU CMYTH IUIIXOM aHa-
mi3y pizHux mapametpiB. Crarts [8] pokycyerbcs Ha cuc-
TE€Mi MOHITOPUHTY JJIsl BHCOKOIIBHJIKICHOTO MPOTOHY
JpOTy, IO CKIANAEThCcAd 3 CUCTEMH 00’€My HpoIecy Ta
CHCTEMH MOHITOPHMHTY BiOpallii Ha OCHOBI TOYHOCTI fiar-
HOCTHMKH HECIIPaBHOCTEH Ta BUMOT 3HIKEHHSI eHeprii Juis
BHCOKOIIBH/KICHOTO JPOTSHOIO CTaHy, i cUcTeMa 3a0e3-
MEYUTh CTabUTBHY POOOTY OONMaIHAHHSA Ta 3HU3UTH CIIO-
KHBaHHS eHeprii. OCHOBHa MeTa KOHCYJIBTAaTUBHOI CHC-
TemMu [9] monsrae B TOMy, MO0 IOMOMOITH OHEpPaTOpy
HaJIAIITYBAaTH IapaMeTPH IMPOMHCIOBOTO IpoLecy, IO
PETYIOIOTHCS BPYUHY, 3 METOIO TOCSTTH HEOOXiTHO SIKO-
cti mponykmii. g miarHocTHKa mpu3HAYEHA IS PO3IIi-
3HaBaHHSA HECIIPABHOCTI IPOLECY, Ky HEMOXKIHUBO JIETKO
BUSIBUTH IIUIAXOM aHAJi3y JIMIIe OKPEMHX CHIHAIIB, a
HATOMICTh Ma€ OyTH 3aisIHUIA aHaJi3 y 0araToBUMipHOMY
npocropi Aanux. Y crarrti [10] BukopucToByeThes 0aza
JIAaHUX TIPH pO3pOOILi MOJEIBHOTO POrHOCTUYHOI'O aJIro-
puTMY [UIs ineHTH(]IKALIT BUILHOTO X0y B €lIeKTpoMexa-
HIYHUX NPHUBOJAX MOJBOTY. Y poboti [11] 3nilictoeTses
BHUCOKOTOYHA BaJlijalisi OU(PpPOBOro ABIHHMKA Ta CTBO-
PEHHSI €KCIEepPUMEHTAIBHOI 0a3u JaHuX Ul eNeKTpoMe-
XaHIYHHX TIPUBOJIB 3 YpaXyBaHHSIM HECIIPaBHOCTEH.

Jiis migBuIeHHsT e()eKTUBHOCTI BUKOPHCTAHHS JTia-
THOCTHYHOTO OOJaJHaHHS HAHOINBII JOLIIBHHUM € HOro
BUKOPUCTAHHS JUIs aHaJIi3y 0oOJIaHAHHS Pi3HOTO TPU3HA-
YeHHsI 3a IapaMeTpamH, 1110 30epexeHi y ¢aiinax Ta apxi-
BaxX y BUIJIA/I TeBHOT 0a3u manux [12].

Po3pobka cucreM Oe3mepepBHOTO MOHITOPUHTY Ta
JIIarHOCTUKM TEXHIYHOTO CTaHy €JIEKTPOOOIaTHAHHSI Me-
TATypriiHOTO TMIJNPUEMCTBA € OCHOBHUM HAaIIPSIMKOM
NPOEKTYBaHHsI 1HTEJEKTyaJbHUX 1H(POPMAIIHHIX CHCTEM
Juisi poMucioBux mianpueMcts [13]. B paniii poborti
MIPE/ICTAaBICHO METOJ| IIarHOCTHKH OOJIaJHaHHS 32 3Mi-
HOIO CTPyMy JBHTYHa. Y IbOMY JTOKyMeHTi [14] mporro-
HYETBCSI METOJI, 110 aHalli3ye KPYyTHUII MOMEHT HaBaHTa-
JKEHHSI Ta 3MiHy IIBHIKOCTI IBHTYHA B KIITSIX MPHBOIIB
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YOPHOBOT'O Ta YUCTOBOT'O CTAHY BiAMOBIIHO O CTall, SIKY
MoTpiOHO mpokaryBatu. Pe3ynbraTi MOXKYTh OYTH BHKO-
pHCTaHi K YacTHHA €KCHEPTHOI CHCTEMH JJIsl aBTOMAaTH-
YHOI OLIHKHM CITOKMBAHHS €JIEKTPOEHEPTii Ha CTaHi raps-
401 IPOKaTKH.

OTKe, mapaMeTpH, 3a SKUMH [TPOBOAATH MOHITOPHHT
Ta JIarHOCTUKY IPOKAaTHOTO 00JIa[lHAHHS YMOBHO MOXHa
PO3IUTNTH HAa MEXaHIYHI Ta €JIEKTPUYHI, aje B OLIBIIOCTI
BHMAJKIB BOHH JOCHUTH CHJIFHO B3a€MOIIOB’SI3aHI OIWH 3
OJHMM. 3 OIJIAAY Ha PO3MISHYTI BHIIE JDKEpena, MOXHA
IITH BUCHOBKY, IO TPH po3po0Ili CHCTEM MOHITOPUHTY
Ta JIaTHOCTHKH BapTO BiAHECTH NO OCHOBHHX EJIEKTPO-
MEXaHIYHHUX MapaMeTpiB CIITy MPOKATKH, CTPYM 1 HaIpy-
Ty JBHUTYHA, YaCTOTY 0OEpTaHHS, MOMEHT HaBAaHTAXKCHHS.
Hocute yacto st IepeBipKH Mpale31aTHOCTI 3aIporio-
HOBaHHMX CHUCTEM JIarHOCTUKU Ta MOHITOPHHIY BHKOPHC-
TOBYIOTBCSI IIEBHI MaTeMaTHU4HI Ta KOMII IOTePHI MOJeNi
obnannanns [14-16]. [lepcnekTHBHUME HampsiMaM# po3-
BUTKY IUX CHCTEM € BHUKOPHUCTAaHHS 0a3 JAaHUX CHCTEM
MOHITOPUHTY Ta €KCHEPTHUX 3HAHb y CUCTEMax IPHUHSIT-
TSl pilleHb JUI1 OOCITyTOBYIOYWOTO IIEPCOHANTY, a TaKOX
€JIEMEHTIB IITYYHOTO IHTENEKTY JUIS CUCTEM aBTOMAaTH4-
HOT'O KOHTPOJIIO TEXHOJIOTIYHOTO MPOLIECY.

III. META POBOTH

YAOCKOHAIHUTH CUCTEMY AIarHOCTHKH CTaHAa XOJOJI-
HOI MPOKAaTKXA Ha OCHOBi 0a3W JaHWX HOTO eleKTpoMexa-
HIYHHMX MPOIECIB, IIISIXOM PO3POOKH HEUITKOI CHCTEMH
TMPUAHATTSI PIIICHHS MIPO CTaH €IEKTPOIPHUBOIIB IIPOKAT-
HOTO CTaHa, IO MiJBUIIUTh €PEKTHUBHICTh ICHYFOUOI CHUC-
TEMH J[IaTHOCTUKH.

IV. BUKJIAJEHHSI OCHOBHOT'Y MATEPHAJIY 1
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

CydJacHe MeETaJoNpoKaTHe BHPOOHUIITBO XapakTe-
pU3y€eThCs iHTEHCH(DIKAII€I0 HABAHTAXKEHh HA TEXHOJIOTI-
4yHe 00JagHaHHA. Y [UX yMOBax 3pOCTa€ POJb PI3HUX
CHCTEM aBTOMATHUYHOIO JiarHOCTYBaHHS, KOHTPOJIO Ta
peryJroBaHHs, 10 3a0e3NeUYyOTh MiJBUINEHHS MPOIYK-
THUBHOCTI Ta SKOCTIi MIPOAYKIIii, [0 BHITycKaeThcs. Ha cpo-
TOQHIIIHIN IeHb 3'ABISAETHCS BCE OUIBIIE HOBHX MIKpO-
MIPOIECOPHUX CHCTEM, SIKi JO3BOJIAIOTH JiarHOCTYBaTH Ta
nepeaaBaTd Ui aHali3y pi3HI CUTHaIM 1O iH(OpMaIriii-
HUX KaHaJ1aX.

Jlnst BupilIeHHs 3aBAaHHS BHMIPIOBAaHHS €JIEKTPO-
MEXaHIYHHX TapaMeTpiB APECHPYBAIHHOTO OTHOKIITHH-
HOTO CTaHy XOJIOZHOI ITPOKATKHU IEXy XOJIOAHOI TPOKATKN
Nel BAT «3amopixkcranb» BUKOPHUCTOBYETHCS OaraToka-
HaJIbHUN KOMIUIEKC, SIKUM MPU3HAYSHUH U1 MOHITOPUH-
Iy Ta apxiByBaHHS OTpUMaHHX AaHuX. CXeMy po3MillieH-
HS 00JTaHAaHHSA MOKa3aHO Ha pUCYHKY 1, ne P — po3mory-
Bay (po3MOTYyBabHUI NpUCTpiii); K — KITiTh 3 HATHCKHU-
MH TpHCTPOsSIMH; M — MoTanka (HaMOTYBIGHHN TpH-
cTpiif); P/l — peaykTopu IBUTYHIB PO3MOTYBAJIBGHOTO Ta
HaMOTYBAJILHOTO MEXaHi3MiB, KiiTi; [l - ABUTYHH eJleKT-
POTIPHBOIIB PO3MOTYBAJILHOTO MEXaHi3My, KIIITi Ta HAMO-
TYBaJIbHOTO MEXaHi3MY; ®1, ®2 — KyTOBi IIBUAKOCTI po3-
MOTyBada Ta MOTaJku; V1, V2 - niHIAHI IIBUIKOCTI CMY-

I'A Ha BXOJ1 Ta HAa BUXOI KJITI.

Kommieke BukopucroBye iH(opMalilo, oTpuMaHy
BiJl AaTYMKIB LIBHIKOCTI, cTpyMy Ta Hampyru. ITo xox-
HOMY 3 YOTHPBOX eJeKTporpuBoAiB [32, 33] KOHTpOIIIO-
IOTBCSl TaKi KOOPIMHATH: HArpyra ABUTYHA, CTpyM 30y-
JUKCHHS, CTPYM SIKOpsS, a TaKOXX IIBHIKICTh KIITi, SKa
OepeTbcsa 3 ypaxyBaHHSAM KamiOpyBaJIbHOTO KoedimieHTa
HPONOPLIHHO 10 HAIIPYTH TaxoreHepaTopa.

CyyTa MCTany, WO NPOKaTYeThes

Pucynox 1. Cxema po3MimieHHs o0saHaHHS
IIPOKATHOTO CTaHy

[Iporpamue 3abe3meyeHHsT KOMILIEKCY OyIO crieria-
JTBHO po3pobiieHe Ha 6a3i BOYZOBaHOI CHCTEMH MiKpOKO-
HTponepa KIIC19-06. Po3pobiena mporpama T03BOJISIE
BBOAWUTH HEOOXiIHI Ha3BM KaHAJIB, KaJiOpyBaTH KaHAJIH,
3MiHIOBaTH mapameTpu rpadikiB. [lng HamamryBaHHA
300pakeHHs TpadikiB y mporpami nepeadadeHo MOXKITH-
BICTh 3MIHM KOJILOPY, TOBILMHY JiHil rpadika; mis 3pyd-
HOCTI JIOCII/DKEHHSI KPUBHX MOXeE BijloOpakaTHCsl CiTKa
Ta 3a7aBaTuCs 11 KPOK; I JOCITIHKSHHs rpadikiB y 3ara-
JbHOMY BHUIIIAAL (0e3 BiOOpakeHHs BIUIMBY LIyMIB Ha
CUTHAN) TepenbadeHo (DYHKINIO YCEpeIHCHHsS 3HAuYCHb.
OyHKIIIMU iHPOPMALIfHO-BUMIPIOBAJIBHOTO KOMIUIEKCY
€ TpuiioM iH(popMalii PO Hampyry, MBHIKICTE i CTPYM
JIBUTYHIB MPOKATHOI KJIiTi, MOTAJIKM i pO3MOTYyBaya; Bi3y-
amizamiss oTpuMaHoi iHpopMamii y 4HCcIoBif dopmi Ta
¢dopMi TUMYacoBHX niarpam. Y IMaM'siTi POMHCIIOBOTO
KOMI'IoTepa 30epiraroTbCsl TaKOXK 0a3a JaHWX HANAIITY-
BaHHS CTaHy, IMOACHHI 3BiTH MO poOOTI Ta (aiau THMYa-
COBHIX JiarpaMm, 3allHICaHUX aBToMaTH4HO. Ha mepcoHais-
HOMY KOMIT'IOTEpPi MPOBOAUTHECS 00poOKa IIOJCHHUX 3Bi-
TiB Ta 3apeecTpoBaHuX miarpaM. OTpuMaHi IaHi aHAIi3y-
I0ThCSI, 3 HUX POOJISTHCS BUCHOBKH, SIKi JJO3BOJISIIOTH BHO-
CUTH KOPUTYBaHHS B HAJALITYyBaHHS Ta (YHKI[IOHYBaHHS
OKpPEMHX BY3JIiB 3aJIE)KHO BiJl SIKOCTI OTPHUMAHOI MPOIYyK-
il Ta BiJ BUXiJHOTO NMPOAYKTY. TakMM YMHOM, CTBOPIO-
€TBCS IOCUTH IPYHTOBHA 0a3a JaHWX MPOKATKU KOXKHOTO
PYJOHY WIOAHSA, SKa JOCTYIHA SK Yy rpadidHOMY Bimo-
OpakeHHi, TaK 1 y TAONMHIHOMY, IO PO3IMHPIOE MOKITHBO-
CTi BUKOPHCTAHHS Ta aHIi3y OTPHMaHUX JaHUX.

Ha pucyHky 2 HaBeleHO eleKTpOMeXaHiuHi MpoLecH
(1 - mampyra KmiTi, 2 - HaIIpyra MOTAJKH, 3 - CTPYM SIKOPSI
po3MoTyBaya, 4 - Hanpyra po3MoTyBaya, 5 - CTpyM KIJIITi,
6 - MBHUIKICTE KIIiTi) MPH MPOKAaTyBaHHI CMYTH B HOpMa-
npHOMY pexumi. Ha pucyHky 3 HaBeneHO aHAlOTidHI
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KPHBI ISl BUTIAJIKY 3 aBapi€ro — 0OpUBOM CMYTH.
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Pucynoxk 5. I'padixu enexTpoMexaHiYHUX HPOLIECIB PH MPOKATL HA Pi3HUX IBHIKOCTSIX

I'pacdiynnii penakrop BinmoOpakeHHs eleKTpoOMeXa-
HIYHUX IIPOILIECIB JJ03BOJISIE JIETKO PEAaryBaTH BUBEIICHHS
Ha eKpaH KOHTPOJLOBAaHHUX BEJIMYHUH Ta 4acy, 3a JOIMOMO-
TOI0 YOTO MOKHA OJHOYACHO OauMTH KiJbKa OJHOTHITHUX
orepamiil (HampuKIiIaj, MPOKaTKa I'ATH PYJIOHIB MTOKa3aHa
Ha pHC. 4), 0 T03BOJISIE aHANI3YBATH IIBHIKICT TA TEMIT
MPOKATKH, 3aBaHTAXCHICTh OONagHaHHsA. THIIOBUIA HOp-
MaJbHUH PEeXHUM HNPOKATKH OJHOTO PYJIOHY MICTUTB OC-
HOBHI PeXUMH POOOTH CTaHy, a came poboTa Ha 3ampas-
Hilf MBUAKOCTI (3ampaBKa CMyTH), PO3TiH 10 pPoOodoi
IIBUAKOCTI, IPOKATKa NP CTAOLIBbHINA poOOoYii HIBHIKO-
CTi, TaJIbMyBaHHS 1 po0OOTa Ha 3HMWKEHIN MIBHIKOCTI, 3Mi-
Ha pynoHy. CTpyM SIKOpPSI MOTAJIKH MOOIYHO XapaKTepH-
3ye HaTsr cMyru. CriBBITHOIIEHHS JIFOYMX CTPYMIB Ha-
TSDKHUX POJIMKIB, KIITI Ta MOTAJKH IOKa3ye 3aJIeKHICTh
MDK IepeHiM Ta 3aJHIM HaTsATroM. PO3rIsSHYBIIN pesKuMu
po0OTH TIPUBOAIB MOXKHA BU3HAYUTH JTUHAMIUHY 1 CTAaTH-
YHY CKJIQJIOBi CTPyMIB i MOMEHTIB. 3 PHCYHKY 5 BHIHO,
o0 31 30UThIIEHHSIM 3HAYSHHS MIBHUAKOCTI CMYTH 3MEH-
OIYEThCSA dYac TPOKATKH, OCKITBKM IOKa3aHi Tpadiku
OTpHMaHi JJIs TBOX OJHAKOBUX PYJIOHIB.

PesynbraTté po3poOku Ta aHANi3y ONEpKAHHX pe-
3yJIBTATIB MOHITOPHHTY IOKA3aJId HAIPSMU JOCIIKCHb,
y SKAX MOXXHA BUJIUTMTH TaKi OCHOBHI €Talu: aHaJli3 TeX-
HOJIOTIYHOTO OOJaTHAHHS; BUSBICHHS <«IIPOOIEMHIX)
PEKUMIB; TOCIIKSHHS PEXKUMIB TIPOKATKH Ta iX yI0CKO-
HaJICHHs. 32 JIOMIOMOTOI0 IIbOT0 MOHITOPHHTY MOYHA OI-
THUMI3yBaTy HANAIITYBaHHS CHCTEM KEpPYBaHHsS SIK OKpe-
MHMH KaHaJIaMHU PETYJIIOBaHHA, TaK 1 bararomapameTpuy-
HOIO CHCTEMOIO 3arajoM.

Y cBOIif OIITBIIOCT] €TEKTPOMEXaHIuHI, eIeKTPOTEX-
HIYHI Ta EJNEeKTPOSHEPreTHYHI 00 €KTH MPEICTABIAIOTH
cO0OF0 HENiHIWHI Ta B3a€EMOIOB’s3aHi CHCTEMH, IO 00Y-
MOBITIOE CKJIATHICTD PEryJIOBaHHS MPOIECIB, SKi B HHUX
BHHUKaIOTh. [Ipobiemn epekTHBHOTrO KepyBaHHS 3a3Ha-
YEHUMHU 00’ €KTaMK HaOyBalOTh yce OUIBIIOT aKTyaabHOC-
Ti, BIAHOCATBHCS N0 4uciia (yHAaMEHTAIBHUX HAayKOBO-
TEXHIYHHUX MpoOsieM. BimoMo, 110 KiTacH4HI METOAU Ke-
pyBaHHS epeKTHBHI 51 0OMEXeHOi HU3KH 00’ €KTiB, ab0
JUIsl 00’ €KTIB, 110 SIKUX 3aCTOCOBAHI IEBHI CIIPOLICHHS MTPU
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MaTeMaTHIHOMY omwci Iboro 00’ekra [5]. Cepen Haifro-
HMIMPEHIIIUX Mpo0JIeM 3aCTOCYBaHHS TPAIUIIIMHUX METO-
JUB YNPaBIiHHS MOXHA BUAUIMTH TaKi: BHKOPUCTaHHS
JNHIHHUX PEryiaTopiB Uil 00’€KTiB 3 HecTabiIbHUMHU
CTaHaMH, HABAHTAXXCHHSAMH, HEIIHIHHOCTIMHU, 30ypeHHS;
(hikcoBaHICTh apaMeTpiB peryiaropis; pobora B eKCTpe-
MaJIbHUX PEKUMaX; MapaMeTpUYHA HEBU3HAUCHICTh €JIeK-
TPOCHEPTeTHYHOI CUCTEMH, TOIIO. BiNbIIiCTh i3 1UX Mpo-
OJieM MOXHA BHPIIyBaTH, 3aCTOCOBYIOUH CHHEPTETUYHI
ITOPUTMHU KEpYBaHHS, HEUITKI HEHPOHHI Mepexi i MeTo-
I HEYITKOI JIOTIKH.

AXTyaJbHICTh BUKOPUCTAHHS NPUHLUIIB [ITYYHOTO
IHTEJIEKTY B €JIEKTPOCHEPreTHYHHUX CHCTeMaXx IOJIsrae B
3a0e3neueHHl HEOOXIHOTO PiBHA OOMiHY iH(OpMAIIi€ro
MDK CKIIaJIOBUMH €JIeMEHTaMH CHCTEMH Ha OCHOBI iHTe-
JMEKTyalbHUX MeToHiB. Ha TemepimHid 9ac OmHHM i3
IUISAXiB PO3B’SA3aHHSA 3a7aui MOOYAOBH €PEKTHBHOI aBTO-
MaTHYHO! CHCTEMH KepyBaHHs a00 NPUUHATTS PIiLICHHS €
BUKOPHCTAHHS IHTEIEKTyaJbHUX METOJIB Ha OCHOBI Ma-
TEMaTHYHOTO amapaTa HEYiTKOi JIOTIKH, SIKi peai3yloTh
KepyBaHHS Ha OCHOBI €KCIIEPTHUX BiZOMOCTEH i HE IIo-
TpeOyloTh MAaTEeMaTHYHOIO ONHUCY IOBEIIHKH CHCTEMH
[5]. HeuiTka j10riKa 1a€ MOKIHBICTD HTHPOKO BUKOPHUCTO-
BYBaTH EKCIIEPTHI 3HAHHS NP MOOYIOBI CHCTEM IMpPUITH-
ATTS pilleHh Ta CHCTEM aBTOMAaTHYHOTO KEpyBaHHs 3a-
BIISIKA HASBHOCTI PO3MHUTHX B KUIbKICHOMY BiJIHOIICHHI
napameTpiB. Tomy mpu po3poOIli CHCTEM YIpaBIiHHS
o0'ektamu, 1O cKIagHO (popMai3yroThes, JOLUIBHO 3a-
CTOCOBYBaTH MOJIEJIi Ta METO/IM Ha MPHUHIMIAX HEYiTKOI
noriku [18]. Taki cutyanii MaroTh Micle NpH HASBHOCTI
ydacTi omeparopiB y (pyHKIIOHyBaHHI TEXHOJIOTIYHOTO
00’ekTa 200 3a BIICYTHOCTI TOYHHX 3HAHB OO IHOTO
00’€KTa KepyBaHHS.

OO0’ekTOM yIOCKOHAIEHHS icHYyI04Oro iHgopmaiii-
HO-BHMIPIOBJIBHOTO J1arHOCTUYHOTO KOMIUIEKCA € JIijIsi-
HKa PO3MOTYBAJbHHH MEXaHi3M — IpOKaTHA KiiTb. OcHO-
BHOIO 33/1a4€H0 YIOCKOHAJICHHS € po3po0Ka CUCTEMH [ia-
THOCTHKH, sKa IMOMNepepKaTHMe Ipo MepeaaBapiiHui
CTaH M0N0 OOpPHBY CMYTH MeETally, L0 IPOKATYETHCA.
IHmi gedekTn Ta OUIAHKHA MPOKATHOTO CTaHy HE PO3TJIs-
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JTar0ThHCS.

Ha ocHoBi aHamizy pe3yibpTaTiB MOHITOPHHTY €JIEK-
TPOMEXaHIYHUX MPOIIECIB JPECHPYBAITFHOTO OTHOKIITHO-
Boro crana 1700 ITAT «3anopixcranb» [16] BUsABICHO,
10 YMOBH, NPH SIKMX Bi0yBaeTbcs 0OpUB CMYyTH, BUHH-
KalOTh TPH Pi3KOMY 3HMIXKCHHI HANpPYTW KoJja sIKOps TpH-
BOJIHOTO JIBUTYHAa PO3MOTYBaJBHOTO MEXaHi3Ma, Pi3KoMy
30UIBIICHHI CTPYMY SIKIDHOTO KOJIa I[bOTO X ABHUryHa. [1in
PI3KUM 30UTBIICHHSAM Ta 3MEHIICHHSAM MaeThcsi HA yBasi
mepiox gacy 1-1,5 c, 3a ki BinOyBaeThcs cTpuOOK y 2-2,5
pasu. Taki 3MiHH 3Ha4YCHb EICKTPOMEXaHIYHUX IPOIECIB
€ TIepeyMOBAMH JI0 TaKoi X Pi3K0i 3MiHU HATATY CMYTH,
10 TIPOKATYETHCSI, TOMY MPOMOHYETHCS TOJAaTH 10 Mapa-
MeTpIiB, SKi OEpyTh y4acTh y MiarHOCTHIII, 1€ OAWH — Ha-
TAr cMyrd. s oTpuMaHHS BUMiproBaibHOI iH(opMarii
PO CHITy HATATY MPOMOHYETHCS BUKOPUCTATH HEMPSIMUN
METO]l BUMIPIOBaHHS, CKOPUCTABILUCH BIJIOMUMH BHpa3a-
Mu 114 ii 3HaxoxenHHs [17,18]:

C
Fe(p)= f{vr(p)—[ue(p)]-vkz 3
i
&(p)= c, 1 Fe(p); ()
vi(p)=Ry-@1(p);
vie(p) =Ry -@y(p),

e Fe - cua Hatary CMyrH MeTally, IO HpOKaTy-

erbest; €, - IKOPCTKICTD NPY)KHOI JIAHKH (CMYTH MeTany,

IO TPOKATY€ETHCA); V)., Vyy - JNiHiIlHI IIBUAKOCTI CMYTH
MeTally Ha BUXOJ1 3 pO3MOTYBaJIbHOI'O MEXaHi3Ma Ta Ipo-
KaTHOI KIIITi; & - BiHOCHE TOJOBXECHHS CMYTH METAly;
| - BigcTaHp MiX OCSAMH PO3MOTYBAJIBHOTO MEXaHi3Ma i
NPOKATHOI KJIiTi; R, - pajiyc pO3MOTYBAIbHOTO MEXaHi-

3Ma; Ry; - paniyc mpoxatHol KIiTi; @, @y - KyTOBI
OIBUAKOCTI PO3MOTYBAJIBFHOIO MEXaHi3Ma Ta IPOKTHOI
KITITI.

Paniyc mpokatHOi KJIiTi Ma€e MocTiiiHe 3HaYeHHS 1 He
3MIHIOETBCSI T Yac TEXHOJOTIYHOTO IMporecy. Pamiyc
PO3MOTYaJBHOTO MeXaHi3Ma 3MIHIOEThCSA y HPOILEci Mpo-
KaTKH, 010 OOYMOBIICHE 3MCHIICHHSAM pajiyca pyJoHa,
KU BCTAHOBJICHO Ha OapabaH PO3MOTYBAJILHOTO MeXa-
Hi3Ma.

Paniyc pynona moxHa 3HaliTH 3a popmynoro [16]:

2

ne Ry, - paniyc 6apabaHa po3MOTYBAJIBHOTO MeXaHi-

3Ma.

3B’A30K MiX paZiiycoM pyJIOHA Ta IMIBUAKICTIO TIepe-
MOTKH MOKe OyTH BCTaHOBJICHHUH, SIKIIO 3aIlMcCaTH BUPa3
JUIsL 3MiHK 00’eMy pyJioHa AV, 3a 4ac f, BIPOLOBK KO-

ro pajiiyc pyjioHa 3MiHIOETBCS Bil R, 10 Ry . [16]
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AV, =r-(R; ~Rj )b, 3)

Ie b - mMpuHa CMYTH METaly, IO MPOKATYEThCA.

Takum unHOM, [UI TOOYIOBH €JIEMEHTY YJOCKOHa-
JICHHSI CUCTEMH J1arHOCTUKH MPOIOHYETHCS CKOPUCTATH-
cs 3acazaMu HewiTkol Jiorikyd. Ha Bxoxi 1iel HediTKOI cu-
CTEeMH TPUHHATTA PIMICHHS MPO 00 €KT MiarHOCTYBaHHS
OyJ10 3a/1aHO HACTYTIHI 3HAUEHHS: HANpyTa SKIpHOTO KoJa
JIBUTYHAa PO3MOTYBAJIFHOTO MeXaHi3Ma; CTPyM SIKipHOTO
KOJIa IBUTYHA PO3MOTYBAJIbHOTO MEXaHi3Ma; HATAT CMYTH
MeTaly, II0 MPOKATyeThCs, Ha MUIAHII MK PO3MOTYBa-
4YeM Ta IPOKaTHOI KIiTTI0. Ha BUX0Z1 OTpUMaHO 3arajb-
HUI CTaH CUCTEMH, KU HaIpsMy 3aJIeKUTh BiJl 3HAYECHb
BXigHux nanux [18]. Ha pucynky 6 mokasaHo 3arajibHUA
BUTJISL] pO3POOJICHOT HEYITKOT CHCTEMH.

- Fuzzy Logic Designer: Untitled

File Edit View

Untiled

(mamdani)

‘ FIS Name: Untitled FIS Type: mamdani

And method Cument Variable

min

Or method e Name | diagnes

T itput
Implication min S BB

Range 01]

Aggregation max

Defuzzification centroid Help Close

Renaming output variable 1 to "diagnos™ ‘

PucyHoxk 6. 3aranpHuit BUTIIA po3po0IeHOT HEHITKO1
cUCTEMH

Jam nmas KoxHOT 3 BXIZHHUX 3MIHHHX, a TaKOXK ISt
BUXOJy CTBOpeHO (GyHKIIT npuHanexHocTi. s BXomiB i
BUXOJIB Oys0 oOpano QyHKUIl THIy «trimf», ajke BoHA
JTO3BOJISIE JIOCUTH MPOCTO Bi3yallbHO IMOKA3aTH 3MiHYy 3HA-
4yeHb. Jlanmi BCTAHOBJIGHO MEXI 3HAYEHb, B SKHX OYIKY-
FOThCS KOJTMBAHHS BX1IHUX 1 BUXITHUX JaHuX [18].

3rilHO TEXHOJOTIYHOI 1HCTPYKLIi HOMIHAJIBHUMA
CTpYM siKipHOro Koja ckianae 1100 A, HOMiHaJbHA Ha-
npyra sikipHoro koisa ckiagae 600 B, makcumanbHa cuiia
Hatsry 1500 H. PerysroBaHHs! KyTOBOT IIBHIKOCTI €NEKT-
PONPUBOAA PO3ZMOTYBAIBHOI'O MEXaHi3Ma MOKe 3I1HCHIO-
BaTHCSl y JIBOX 30HaxX: IepIla 30HA — 30UIBLICHHSIM Ha-
IPYTH SKIPHOTO KOJa 0 HOMIHAJIBHOTO 3HAYEHHS, Apyra
30Ha — OCJIaOJEeHHSIM MarHiTHoro nortoky. Ilpu HOMiHa-
JHHOMY HAaBAaHTAXXEHHI ENEKTPONPUBOJ MOBHHEH BUITH
Ha HOMIHAJbHI 3HAYCHHS HANPYTH. 3MEHIICHI 3HAYCHHS
HaTpyTH HE MOKHA BITHECTH IO HEMPAaBHIBHOI POOOTH
SJICKTPOIIPUBOAA, TOMY IO MOXKE 3[1HCHIOBaTUCS IpOKa-
TKa MPH 3HWKEHIN MIBUIKOCTI MPH 3alpaBIili CMYTH MeTa-
Iy y BaJKH CyMDKHHX €JIEKTPONPHUBOMIB, & TAKOX ITiJABU-
IIEHHS IIBUIKOCTI 10 po00Y0i 3 MOJANbIINM TaIbMyBaH-
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HSM Ta JOTATYBaHHSIM CMYTH. AHAJIOTIYHUM YHHOM Ba-
PIIOIOTBCSl 3HAYEHHS CTPyMY SKIpHOTO KoJjla PO3MOTYBa-
JIFHOTO MeXaHi3ma. JlomycTuMUMH Tpu POOOTI €lNeKTPo-
NIPUBO/IA BBAXKAIOTHCS 3HAUCHHS 3 HYJIS 10 HOMiHAIBHOTO
3HAUYCHHSI CTPYMY, IPOTE MPU PO3TOHI i TAIbMYBaHHI Tpe-
0a BpaxOBYBaTH IMHAMIYHY CKJIAJIOBY, SIKa € MPHITYCTH-
MOI0 Yy Mexax Omm3pko 1,5-2 pasu Bix HOMiIHAJIBHOTO
3HaYeHHs. MaKkcHMaJbHe MPUIyCTHME 3HAUYCHHS CTPYMY
00YMOBJIFOEThCSI IBOKPATHUM TEPEBUILEHHSIM HOMIHAJIb-
HOTO 3HA4YeHHs 1 PO3PaxOBETHCS MPH BUOOPI 3aXHCHOTO
o0J1a/IHaHHS BiJI EPEBHUILICHHS MyCKOBUX cTpyMmiB. Cuia
HaTATY PerjiaMeHTY€EThCS JiarpaMol0 HaTsAry CMyrd MeTa-
Jy, 10 TpoKaTyeTbes. Ll giarpama mae nekijgbka Jiis-
HOK. [lepma ninsHKa Mae JNiHIHHUNA XapakTep Ta Ha3WUBa-
€TBCSI 30HOI0 TIPY)KHOCTI, TyT CMyra MeTaly Hiurae
3akoHy ['yka. [Ipyra ninsHka — HeBeJIMKa TOPU30HTAIbHA
IpsiMa, Ha3MBAETHCS 30HOIO 3arajbHOi TEKy4OCTi, TYT
BiIOYBA€THCS CYTTEBA 3MIHH JOBXKHUHH CMYTH 0€3 CyTTe-
BOTO 30UIBIICHHST HaBaHTaXXCHHA. TpeTs 30Ha — 30Ha 3Mi-
[HEHHS, TYT HOJOBXKEHHS CMYTH CYNPOBOKYETBCS 3pOC-
TaHHAM HABAHTAXKEHHs, aje OUIBII ITOBUILHHMM, HDK Ha
npyxHii ainsHui. HaiiBuina Touka kpusoi wiei miarpamu
— 1ie CHIBBIJHOIIECHHS MaKCHMAallbHOI CHJIH, SIKYy 37aTHa
BUTPUMATH CMyra MeTally, IO HOro Mo4YaTKoBOi IUIOII
NONEPEeYyHOr0 MEepPeTHHY, Ma€ Ha3By MEXI MII[HOCTI.
OcraHHs qiIsSHKA KPUBOT — BiJINOBia€ pyHHYBaHHIO BJa-
CTHBOCTEH MeTally Ta PyHHYBaHHIO CMYTH MeETally, LIO0
BIJINIOBi/1a€ PO3PUBY CMYTH.

[TpoananizyBaBIIM eNeKTPOMEXaHIYHI MPOLIECH JIBOX
B32€EMOIIOB ’SI3aHUX EJIEKTPOIIPHUBOJIIB PO3MOTYBaIBbHOTO
MeXaHi3My 1 MPHUBOJIHOT KIiTi, JUIS BXOAIB OYyJIO IpHU3HA-
YEHO MEXI, a caMe JUIs Halpyru po3MOTYBaJIbHOTO MeXa-
nizma (Ur) Big 0°B o 600°B:

- menmre 200°B — HanpyTra HU3bKA;

- Bim 200°B no 620°B — Hampyra B HOpMI;

- Bixg 620°B 1o 700 B — Hanpyra Buiie HOpMHU.

Jist cTpyMy SIKIDHOTO KOJa PO3MOTYBAJIBLHOTO Me-
xanizma Big 0 A mo 2200 A:

-Big 0 A 1o 1100 A — ctpy™ B HOpMI;
-Bix 1100 A no 1600 A — cTpy™ miABHIICHNUH;
- Bixm 1600 A 1o 2200 A — cTpyM BHCOKHH.

Jlnist HaTSAry CMyTH MeTaly, L0 MpoKaTyeThes Big 0
H no 1500 H:

- Bix 0 H mo 1200 H — HaTsr meHIe HopMuy;
- Bix 1200 H go 1500 H — Hatsr B HOpM;
- Bix 1500 H — HaTsTr nmepeBuiye HOpMy.

Jis 3arajdpHOTO CTaHy CHCTEMH OyJI0O YMOBHO BCTa-
HOBIIeHO TKaiy Big 0 1o 1:

- Bix 0 1o 0,3 — BigmiHHMI cTaH (excellent);

- Bix 0,3 1o 0,8 — HOpManbHUI cTad (normal);

- Bix 0,8 no 1 — mepenapapiitamii cran (bad).
OyHKIIT MPUHANEKHOCTI HANPYTH, CTPyMY, HATATY,

a TaKOX KiHIIEBOTO CTaHy CUCTEMHU 300pakeHi BiIIOBITHO
Ha pucyHkax 7 — 10.
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Pucynoxk 12. I'padiune 300paskeHHS HEIITKOTO BHBOIY
MOJIeJTi IPUHHSATTS PillIeHb OO0 CTaHy JABOX
B3a€MOIIOB’I3aHUX €IEKTPOIIPHUBO/IB (PO3MOTYBAIHLHOTO
MeXaHi3Ma Ta MPOKATHOI KIiTi) CTaHa XOJOAHOI IMPOKATKH

Ta6mms 1. PesynbraTi MOICTIOBaHHS HEYITKOI CHCTEMHU

BXi,I[HI/IMI/I Ta BI/IXiI[HI/IMI/I rmapaMmeTpaMu CUCTEMMU. .
Bxii Buxinne
OcHOBHE TMPpU3HAYCHHA 0a3u HEUYITKHUX IpaBujl — 1€ XIIHI 3HA9CHHA 3HAYCHHS
nepeaaTu opMaNTbHIN (opMi 3HAHHS CEKCHEPTIB abo
e y dop .(b PM] . P Hanpyra . Hatsr CraH cuc-
pe3yIbTaT CKCICPUMEHTIB, AK1 OTPpHUMaHl €MIIPUYHUM . CprM SIK1-
‘o .o . SKIPHOT'O CMYyTH TEMHU
IJIAXOM, Y IEBHIN HpO6J’[eMHlI/I o0macTi. PpHOTrO KOJIa .
xona (Ur), (Ir), A MeTamy (diagnos),
B ’ F),H .0.
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File Edit View Options 100 500 1570 0928
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2. If (Uris Umnorm) and (Ir is Imorm) and (F is Flow) then (diagnos is normal) (1)
3. I (Uris U d (I is | d (F is Fhigh) then (d bad) (1
4. If EU; :z U:m:'r)na):;(\r(\;‘frng‘rfr:;n;:dn(F(\s‘i\nw!)glgan e(zwgg‘:ggow: ;\g‘nrr:a?}(ﬁ)) 600 1400 1400 0653
5. If (Ur is Urlow) and (Ir is Imorm) and (F is Fnorm) then (diagnos is normal) (1)
5. If (Ur is Url d (I is | d (F is Fhigh) then (d bad) (1
1 12 Urorm) and (1 i an = Eronm) i (e s o) (1) 500 1000 1500 0.523
8. If (Uris U d (Ir is Ithigh) and (F is Flow) then (d Iy (1
9 if Eu; o u::sm and E\; o Mgh; and EF o FhE:‘gIZ)I;;n((t‘jﬁggr‘r?jsfsns;;a(::)( ) 600 1100 1400 0.289
10. If (Ur is Urhigh) or (Ir is Ithigher) or (F is Fhigh) then (diagnos is bad) (1)
11 If (Ur is Urlaw) or (Ir is Irhigher) or (F is Flow) then (diagnos is bad) (1) v
200 1100 1400 0.587
It or or Then
Uris Iris Fis diagnos is 300 1 100 1200 055 1
Urlow ~ Irnorm ~ Flow ~
U Irhigh Fi
Urigh g Frigh 600 2000 1400 0.839
none none none
600 2290 1400 0.812
v v b -
e e S 670 2290 1400 0.847
— Connection Weight:
@or 690 2290 1580 0.858
(O and 1 Delete rule ‘ Add rule ‘ Change rule | ﬂ ﬂ 650 2000 1500 0935
The rule is added Hel c . . o
| == Otmxe, B pe3yibTari Bepudikalii eJeMeHTa NpuiiH-
. A SATTS pilIeHHS Ha 0a3l HEJiTKOI JIOTiKM YIOCKOHAJICHOI
Pucynoxk 11. Ilepenik mpaBui y BikHI pelakTopa MpaByi P . . YAOC
ABTOMATHU30BaHO1l CUCTEMHU MOHITOPHHTY Ta H1arHOCTHUKH
Fuzzy Matlab

st minTBep/KEeHHsI IPaBIIIBHOCTI poOOTH CTBOpE-
HOI HEYITKOI CHCTeMH, MPE/ICTABICHO TAOJHIIO AaHHUX 3
pe3ysbraTaMy MoJielltoBaHHs (Tadi. 1), BUKOPUCTOBYIOUH
rpadigae 300paKeHAS HEUiTKOTO BUBOIY MOJENTI MPHUIH-
STTA PillIeHb OIOJI0 CTaHy JABOX B3a€MOIIOB’SI3aHUX CJICKT-
porpHuBOAiB (PO3MOTYBaJIBHOTO MeXaHi3Ma Ta MPOKATHOI
KJIiTI) CTaHa XOJIOTHOI TPOKATKH.
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CJICKTPOMEXAHIYHUX TPOIIECIB CTaAHA XOJIOJHOT IPOKATKH,
OyJ10 3MOAETHOBAHO Pi3HI CUTYAIlil 3 BXIIHUMH Ta BUXiJ-
HUMH JaHUMH 1 3p00JIEHO BUCHOBOK IIPO T€, IO CHCTEMa
MpaLioe KOPEKTHO, BIATIOBIAHO 0 BCTaHOBJICHUX BUMOT,
a TaKoX JI0 po3po0IieHoT 0a3u HEUITKUX MPABUIL.
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V.BUCHOBKH

VY IOCKOHaJIEHO CHCTEMY MiarHOCTHKH eJIEKTpOMe-
XaHIYHUX IPOLIECIB CTaHy XOJIOIHOI MPOKATKU HIJSIXOM ii
JOTIOBHEHHSI HEYITKOI0 CHUCTEMOIO TPUHHATTS pPilIeHHS
po 00’€KT MiarHOCTYBaHHSA Ha OCHOBI 0a3W NaHWX €JICK-
TPOMEXaHIYHIX MPOIECIB IBOX B3a€EMOIIOB’SI3aHUX €JICK-
TPONPUBO/IB: PO3MOTYBAIBHOTO MEXaHI3My 1 MPOKATHOI
xiiti. Ha BXoxi i€l cucremu 3agaHo Hampyry sIKipHOTO
KoOJla JIBUT'YHa PO3MOTYBAJIBHOIO MEXaHi3Ma, CTPyM SIKip-
HOTO KOJia JIBUTYHa PO3MOTYBJILHOTO MEXaHi3Ma, HaTsr
CMYTH MeTally, IO MPOKATYEThCS, Ha TUISHII MiX pO3MO-
TyBayeM Ta INPOKaTHOIO KiiTTio. Ha Bmxoxi oTpmumano
3arajJbHUI CTaH CUCTEMH, SIKMH HaIlpsMy 3aJeXHTh Bill
3Ha4€Hb BXIJIHUX JaHUX.

Jist oTpuMaHHS BUMIpIOBaJIbHOI iH(pOpMAaIi mpo
napaMeTpu JiarHOCTYBaHHS BHUKOPHCTOBYIOThCS JaHi
JaBadiB CTPyMy Ta HAIpPyTH, sKi BXXKC BCTAHOBJICHI Ha
MIPOMHUCIIOBOMY OOJIaHAHHI II€Xy XOJOJHOI IPOKAaTKU
Nel TIAT «3anopixkcraney. [HhopMmaLito mpo 3HaUYEHHS
CHJIM HATATy CMYTM METally, IO INPOKaTYEThCS MOXKHA
OTpUMATH SK IUIIXOM BCTaHOBJICHHS JOIATKOBHX BUMi-
PIOBAJIBHUX TIPHUCTPOiB, TaK i HENPSIMUM IIUIIXOM, BHUKO-
PHUCTOBYIOUM MaTeMaTHYHI MOJE MOTOYHOTO paiycy
pyJIOHA Ta JTiHIKHOI MIBUIKOCTI CMYTH METAaIy.

[TpoBeneHe MopeNIOBaHHS CHUCTEMH NPUHHATTS pi-
HICHb MPO cTaH 00’€KTa MIarHOCTUKKA Ha 0a3i HEYITKOi
JIOTIKM 3 YpaxyBaHHSM DI3HUX CHUTyalliil 3 BXIIJHUMH Ta
BUXIJJHUMH JIaHHUMH [0Ka3ajo, [0 CUCTEeMa Ipalloe KO-
PEKTHO, BiIMOBIHO 10 BCTAHOBJICHUX BUMOT, & TAKOXK JIO
po3po0biaeHol 0a3u HEUITKUX MPaBHI i MOXE OyTH BHKO-
pucTaHa Uil JIarHOCTHKU IIepelaBapiiHOrO CTaHy,
OB’ 3aHOTO 3 OOpPHUBOM CMYTH METaly, IO NMPOKATY€ETh-
CsL.
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Purpose. To improve the diagnostic system of the cold rolling mill based on the database of its electromechanical
processes, by developing a fuzzy decision-making system as to the condition of the rolling mill electrical drives, which
will increase the efficiency of the existing diagnostic system.

Methodology. Mathematical and computer modeling.

Findings. A fuzzy decision-making system about the state of two interconnected electric drives of the unwinding
mechanism and the rolling mill has been developed to investigate and prevent the pre-emergency state associated with
the break of the rolling metal strip. The specified decision-making system is built on the basis of a database of electro-
mechanical processes of electric drives of the skin-threat single-celled state of cold rolling of the cold rolling shop No.
1 of PJSC "Zaporizhstal". At the input of this system, the voltage of the armature circuit of the unwinding mechanism
motor, the armature circuit current of the unwinding mechanism motor, the tension of the rolled metal strip in the area
between the unwinder and the rolling cage are set. At the output, the general state of the system is obtained, which de-
pends on the values of the input data. Information on the value of the tensile strength of the rolled metal strip can be
obtained on the basis of the pressure data and voltage sensors, which are installed on industrial equipment. Informa-
tion about the value of the tension force of the rolled metal strip can be obtained both by installing additional measur-
ing devices and indirectly, using mathematical models of the roll current radius and the linear speed of the rolled metal
Strip.

Originality. The system for diagnosing the condition of cold rolling has been improved by introducing a fuzzy de-
cision-making system into its composition based on a database of electromechanical processes of the electric drives of
the unwinding mechanism and the cage, which will allow to prevent an emergency condition caused by a break in the
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rolled metal strip.

Practical value. Prevention of breaking of the rolled metal strip on the basis of an improved system for diagnosing
the state of cold rolling, which uses information from the database of its electromechanical processes in order to im-
prove the efficiency of the product quality management process. Using complete organized information and experience
of operating a cold rolling mill, you can form technical and technological solutions for the modernization of existing
and development of new technological equipment and systems for automatic control of electric drives of rolling mills.

Keywords: diagnostics; database; electromechanical processes; cold rolling mill; fuzzy logic; transient process;

modeling.

REFERENCES

[1] Hrabovskyi, H.H., lievliev M.H., Moiseienko S.Ie.
(2021). Systemy kontroliu ta diahnostyky v intehro-
vanykh ASU tovstolystovymy stanamy [Control and
diagnostic systems in integrated ACS by thick-sheet
mills]. Mathematical machines and systems, 4, 58-69.
DOI: 10.34121/1028-9763-2021-4-58-69 (in Ukrain-

ian)

[2] Meshchaninov, S.K., Sai, O.V., Bahrii, V.V.,
Voloshyn, R.V. (2020). Diahnostyka
avtomatyzovanykh system prokatnykh staniv z

vykorystanniam neironnoi merezhi [Diagnostics of
automated systems of rolling mills using a neural
network]. Mathematical modeling, 1(42), 78-84. (in
Ukrainian)

[3] Bahlai, A.V. (2017). Vybratsyonnoe obsledovanye
stana 1150 [Vibration inspection of mill 1150].
Technical diagnostics and non-destructive testing, 1,
54-57. https://doi.org/10.15407/tdnk2017.01.09 (in

Russin)
[4] Shushura, O. M. (2018). Metodolohichni osnovy
pobudovy informatsiinykh tekhnolohii dlia av-

tomatyzatsii upravlinnia skladnymy systemamy na
pryntsypakh nechitkoi lohiky [Methodological foun-
dations of the construction of information technolo-
gies for the automation of management of complex
systems based on the principles of fuzzy logic] : dys.
dokt. tekhn. nauk : 05.13.06 : zakhyshchena 11.03.18
: ytB. 24.09.18 / Shushura Oleksii Mykolaiovych. -
Kyiv, 322. (in Ukrainian)

[5] Kyryk, V.V. (2019).Matematychnyi  aparat
shtuchnoho intelektu v elektroenerhetychnykh syste-
makh: pidruchnyk [Mathematical apparatus of artifi-
cial intelligence in electric power systems]. K.
Politekhnika, 224. (in Ukrainian)

[6] Krot, P.V., Verenov, V.V. (2009). Metody i
tekhnichni zasoby avtomatyzovanoho monitorynhu
dynamichnykh navantazhen ta diahnostyky znosu
linii pryvodu prokatnykh staniv [Methods and techni-
cal means of automated monitoring of dynamic loads
and diagnostics of wear of rolling mill drive lines].
Zb. statei proektiv za prohramoiu «RESURS» NAN
Ukrainy, 123-129. (in Ukrainian)

[7]1 Yue, W., Shengfeng, G., Lin, S. (2010). The Design
and Application of Distributed Mill's Monitoring and
Diagnostic System Base on LabVIEW. Electrical and
Control Engineering, International Conference. Wu-
han, China, 2295-2298. doi:
10.1109/iCECE.2010.566

[8] Liang, S. (2011). Research and Application of Moni-
toring System for High-speed Wire Running. Sixth

17

International Conference on Measuring Technology
and Mechatronics Automation. Shangshai, China,
1019-1022. doi: 10.1109/ICMTMA.2011.536

[9] Puchr, 1., Herout, P. (2017). Probabilistic advisory
system for operators can help with diagnostics of
rolling mills. 21st International Conference on Proc-
ess Control (PO), 132-136. doi:
10.1109/PC.2017.7976202.

[10]Rito, G. D1, Schettini, F., Galatolo, R. (2018). Model-
Based Prognostic Health-Management Algorithms
for the Freeplay Identification in Electromechanical
Flight Control Actuators. 5th IEEE International
Workshop on Metrology for AeroSpace (MetroAero-
Space), Rome, Italy, 340-345, doi:
10.1109/MetroAeroSpace.2018.8453552.

[11]Baldo, L., Bertone, M., Dalla, M. D. L. (2022). Ve-
dova and P. Maggiore, "High-Fidelity Digital-Twin
Validation and Creation of an Experimental Database
for Electromechanical Actuators Inclusive of Fail-
ures. 6th International Conference on System Reli-
ability and Safety (ICSRS), Venice, Italy, 19-25, doi:
10.1109/ICSRS56243.2022.10067403.

[12]Rednikov, S. N., Akhmedyanova, E. N., Zaki-
rov D. M. (2018). Experience in Using Combined
Diagnostic Systems for Assessing State of Metallur-
gical Equipment. Global Smart Industry Conference
(GloSIC), 1-6. doi: 10.1109/GloSIC.2018.8570148.

[13]Karandaev, A. S., Mugalimov, R. G., Petushkov, M.
Y., Lukyanov, S. 1., Sarvarov, A. S. (2019). Design
of Smart Technical Condition Analysis Systems for
Electric Equipment of an Iron-and-Steel. Interna-
tional Ural Conference on Electrical Power Engineer-
ing (UralCon), 448-453, doi:
10.1109/URALCON.2019.8877612.

[14]Orcajo, G. A. (2016). Dynamic Estimation of Electri-
cal Demand in Hot Rolling Mills. IEEE Transactions
on Industry Applications, 52, 3, 2714-2723. doi:
10.1109/T1A.2016.2533483.

[15]Nazarova, O. S. (2013). K voprosu razrabotky system
dyahnostyrovanyia slektromekhanycheskykh system
stanov kholodnoi prokatky [On the issue of develop-
ing systems for diagnosing electromechanical sys-
tems of cold rolling mills]. Electrical engineering and
power engineering, 1, 36-41. DOI:
https://doi.org/10.15588/1607-6761-2013-1-6

[16]Sadovoi, O., Nazarova, O., Bondarenko, V., Pirozhok
A., Hutsol, T., Nurek, T., Glowacki, Sz. (2020).
Modeling and research of electromechanical systems
of cold rolling mills. Krakow, Traicon, 138.

[17]Nazarova, O. S., Vasyliev, B. V. (2022). Nechitka
lohika v systemi monitorynhu ta diahnostyky elek-



ISSN1607-6761 (Print) «EJIEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETUKA» Nel (2023)

ISSN 2521-6244 (Online) Po3nin «Enekrporexnika

tromekhanichnykh protsesiv stanu kholodnoi pro- [18]Nazarova, O. S., Vasyliev, B.V., Punda, M.S. (2022).
katky [Fuzzy logic in the system for monitoring and Monitoring of electromechanical processes of the
diagnosing electromechanical processes of the cold cold rolling mill taking into account the variation of
rolling state. Abstracts of the All-Ukrainian scientific the inertia moment. International scientific confer-
and practical conference of young scientists and stu- ence on Interaction between science and technology
dents on Information technologies in education, tech- in modern conditions, Riga, Latvia, 50-4.
nology and industry, 151-152. (in Ukrainian) https://doi.org/10.30525/978-9934-26-264-7-12

18



ISSN 1607-6761 (Print) «EJJEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETUKA»Nel (2023)
ISSN 2521-6244 (Online) Po3znin«EnekTporexHika»

YK 621.31
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HAIIPYI'

BE33VE M.A. acmipaHT kadenpu enexTpoTexHiknKpeMeHaybKoro HaIliOHAILHOTO
yHiBepcuTeTy iMeHi Muxaina Octporpancbkoro, Kpemenuyk, YkpaiHa, e-mail:
bezzubmax@gmail.com,

BAJTOBPXXECBKMUM O.B. «kann. Texn. Hayk, OOLEHT, NOLEHT KaeApu €NeKTPOTeXHiKnKpeMeHTyIbKoro
HalliOHAIBHOTO YHiBepcuTeTy iMeHi Muxaitna Octporpanacekoro, KpemeHuyk,
VYxpaina, e-mail: seemal@kdu.edu.ua;

TOJOPOB O.B. acrmipant kadeapu eJeKTPOTEXHIKHKpeMEHUy IIEKOTO HAI[{OHATEHOTO
yHiBepcuteTy imMeni Muxaitma Octporpancekoro, Kpemenuayk, Ykpaina, e-mail:
olehtodorov(@gmail.com.

Mema pobomu./[ocniddicenss po3nooiny capMOHIYHUX KOMNOHEHMIE NOMYJICHOCMI 8 CUNO0GI cXeMi OUHAMIYHO20
BIOHOGII06AYA HANPY2U.

Memoodu docnidscennn. Ha niocmasi oughepenyitinux pieHausb Kil CUi080i cxemu OUHAMIYHO20 GIOHOBH08AYA BU-
KOHAHO NOWYK 38'S3KY napamempis pexcumy 3 napamempamu eiemenmie cxemu. Ha ocnosi ompumanux eupasié 8uko-
PUCIOBYIOUU MEMOOU MAMEMAMUYHO20 MOOENIO8AHHSA 68 Cepedosunyi GI3yaibHO20 NPOZPAMYBAHHS CHIBOPEHO MOOeb
OUHAMIYHO20 8iOHO81108AYA HANDY2U.

Ompumani pesynomamu. Ompumani pieHAnHSA, AKI I00UBAIOMb 38'A30K napamempis pexcumyOUHaMiuHo2o 8io-
HOBMI08AYA HANpY2U 3 NApAMempamy elemeHmis cxemu. B pesynvmami MoOeno8anHs pexcumy 3 PisHUM 2aPMOHIUHUM
CKIAO0OM CIMPYMY Ma HANpy2U 6Us6eHi 0COOIUBOCMI PONOOLTY KOMNOHEHMIE MUMMEBOT NOMYICHOCIII.

Haykosa nosusna. Bcmanoenieno, wo HAsA6HICMb PI3HUX 2APMOHIK CIPYMY Ma Hanpyeu, sKi 0iloms 6 mpancgop-
Mamopi QUHAMIYHO20 GIOHOBNINEAUd, BUKIUKAE 000AMKOGI 2APMOHIKU NOMYAICHOCMI, IKi MPAHCHOPMYIOMbCsL 8 00MO-
mKax. Biomiueno, wo Huzbkouacmomui eapmoniku nomyocHocmi LC-¢ghinompa Oominyioms Ha KoOHOencamopi, siKuil
napanenbHo RIOKII0YeHUll 00 0OMOMKU MPAHCHOPMAMOPA, 8 MOIL JHce Y4AC PiBEHb GUCOKOUACMOMHUX CKIAO0BUX, 3YMO-
enenux LIIIM-mooynsayicto, 0ns kondencamopa i Opocens ginempa 6iopisHaOmbcst He3nauno. Komnonenma nomyacro-
cmi HYI60801 4acmomu HAKONUYY4020 KOHOEHCAmopa 8i0no8iode NompoeHiti KOMOROHEHMI NOMYA*CHOCMI HYTb08OI
yacmomu Ha uxo0i npepemeoprodayd, wo 3yMOGIeHO 1020 pobomorw Ha mpu gasu. Lle He modcHa nogcrooumu Ha
opyz2y ma mpemro 2apMOHIKU NOMYHCHOCMEN Nepemseopro8aya ma KOHOeHCamopa, 8 OCIMAHHbOMY Yi CKIA008i 8i0CYMmHI,
WO 3YMOBNEHO eHep2OOOMIHHUMU NPOYecamu Midxc Qpazamu nepemeoprosad.

Ilpakmuuna yinnicms. 3a 00NOM02010 OMPUMAHUX 8UPA3IE8 CHOPMYTLOBAHO NPUHYUN BUSHAUEHHS NAPAMempie
eleMeHmi8 CUN0B0I cxeMu OUHAMIYHO20 8IOHOBNINBAYA HANPY2U, 30KPEeMA HAKONUYYBATbHUX eleMEHMIE.

Knrwuoei cnosa: /lunamiunuii 6i0noen0eay Hanpyzu; 2apMoHiuHi CHOMEOPEHHA; 80J1bHO00OAMHIN MPAHCHOo-
PMamop; ROMYMHcHicmp 2apmoHiK.

JUIsl KOPEKIIT SIKOCT1 eNeKTpoeHeprii B TpudasHiid Mepexi
3MIHHOT Halpyry € KepoBaHi (UILTPOKOMIIEHCYIOUI TPH-

3 pO3BHUTKOM €HEPTeTHKHM 30LIBIIYETHCS KiNBKICTH — CTPOI, JO SKMX MOXKHA BIIHECTU JUHAMIYHUM B1IHOBIIIO-
CIIOKMBAYIB €NIEKTPOEHEPTii, SKi SBIAIOTH COOOK Hedi-  Bay Hanpyru. MoOMIIMBOCTI JUHAMIYHOIO BiJHOBIIIOBaYa
HilfHe HaBaHTa)XCHHS Ta CIPUYMHSIOTH TOTIPIIEHHS SKO-  HAIPYTd J03BOJIAIOTH BUKOPUCTOBYBAaTH HOro Uit BUpi-
cTi emekrpoeHeprii. TakUMH HAaBaHTAXKECHHAMH € €JIEKT-  LIEHHA OLIBIIOCTI 3aBJaHb IOKPAIIEHHS SKOCTI €IeKTPo-
POTIPHBOJIM 3MIHHOTO Ta MOCTIHHOTO CTpyMY 3i 3MiHHOIO  €Heprii — (inpTpalis rapMOHIK Halpyrd, peryjIlOBaHHsS
MIBUJIKICTIO, Pi3HI CHCTEMH OCBITIICHHS, €JICKTPOXKUBIICH-  HANpPYyry, OalaHCYyBaHHs HECUMETPIl HANpPyrH, 3HWKEHHS
HsI TIPOMHUCIIOBHMX YCTATKyBaHb Ta 6arato immioro. [Toxi6-  no3u duikepy Ta inHmi [2].

Hi TIPUCTPOI CIIOKUBAIOTH BiJ] MEpexi Heanyco'iz[anLHpﬁ OCKibKH IMHAMIYHMI BiJHOBIIIOBAY HATPYTH Mpa-
CTPYM, IO NPU3BOMUTL JIO NEBHUX HETATUBHUX HACHII-  mjoe B yMOBaX BiIXHJICHHA DPi3HMX IOKAa3HHKIB SKOCTI
kiB. HeratuBHa i HENIHIHOTO HABAHTaXEHHS IIOJIATAE eeKTpHYHOI eHeprii [3] To i KOXKEH 3 eleMeHTIiB Mpu-
B TOMY, W0 BOHO HPU3BOAUTH JIO HECHUHYCOINANbHOCTI, CTPOIO TIOBHHEH BiANOBiZAaTH MEBHUM BHMOTraMm. Po3po0-
HECHMETpIi, KOJIMBaHb Ta.BiﬂXHﬂeHL Hanpyru. | TaKUM gy moxibHMX TPUCTPOiB OOMEXkeHi (GyHKIiIOHAIBHO MO
YMHOM BIUIMBAIOTH HA SIKICTh ENEKTPHYHOI HepPril AKY  pppupmHickIagHOCTI PO3MOLLY rapMOHIYHHX KOMITOHEH-
OTPUMYIOTb IHIII croKuBadi [1]. TiB MOTY’KHOCTI B CHJIOBIH YaCTHHH TUHAMIYHOTO BiTHOB-
Haii6inpin epeKTHBHUMH TEXHIYHUMH pIlIEHHSAMH  JIFOBada HalpyTIH.

I. BCTYII

© Bbe33ydo M.A., banoop:xecbkuii O.B., Tonopos O.B., 2023
DOI 10.15588/1607-6761-2023-1-2
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II. AHAJII3 TOCJIJIKEHD I ITYBJIKALIA

VY cdepi mocmimpkeHHS (YHKIIOHYBaHHS TUHAMIY-
HOTO BiJJHOBJIIOBaYa HAINpyTH iCHY€E JIOCUTH Oarato poOiT.
JocmimpkeHHs Ta BCEOIYHHUN OTJISA]] TOIOJIOTIT THHAMIYHO-
ro BiJHOBJIIOBaYa HANPYTH HA OCHOBI TEPETBOPIOBAYIB
MTOTY>KHOCTI Ta METOJIB KepyBaHHS BUKOHAHUH B POOOTI
[4]. ABTOpHM TOpPIBHIOIOTH CyYacHi pKepela Ta JOCIi-
JOKEHHS 3 MUTAaHb SIKOCTI EJEeKTPOCHEepTii, MPHUHIUM il
JMHAMIYHHMX BIZHOBJIIOBAa4iB HAmpyTrH pa3oM i3 Horo pe-
JKUMaMH pPOOOTH, KOMITOHEHTaMH (iIbTpa, TOIMOJOTIE
NpUCTPOIO /It 30epiraHHst eHeprii, TOMOJOTII AWHAMIi4-
HUX BiJIHOBJIIOBAYiB HANPyTy Ha OCHOBI O/IHO-/TpH]azHUX
MIEPETBOPIOBAYIB JKUBJICHHS Ta TOMNOJIOTIT Ha OCHOBI OJ10-
KiB KepyBaHHS, SIKi MarOTh Pi3HI MeTOoAM OOpOOKH Kepy-
BaHHA. Kpim Toro, Moam¢ikoBaHi Ta moxpamieHi KoH}i-
rypanii ¢izpTpoKoMIeHcyo4oro mnpuctpor. B poborti
aBTOPU OOMEKYIOThCS y3araJbHEHUMH PIBHAHHIMU.

Y poboti [5] mpenacraBicHa €ICKTPOMArHiTHA MO-
JIeNTb TUHAMIYHOTO BiTHOBJIIOBAYa HAMPYTU Ha 0a3i CUIIO-
BOI EJIEKTPOHIKH. 3a JOIIOMOTro0 MpOrpaMHoro 3abesre-
YEeHHS IMITYETBCS poOOTa IMPHUCTPOIO JIMIIE IIPOTITOM
Yacy BIIXHJICHHS HAMpPYTH Bill HOMiHAIBHOIO 3HAYCHHS.
Pesynbrati poOOTH TOKa3yrOTh, LIO MPOBAl HANPYTH
Maiike MOBHICTIO 3MEHIIYETHCS, a CepeIHbOKBaIpaTHIHA
Halpyra Ha 4yTIIMBOMY HaBaHTa)XCHHI MIATPUMYETHCS Ha
piBHI npubmm3HO 90% BiJ HOMIHANBHOTO 3HAY€HHS. 30-
CepeKyIOUNCh Ha ITpoLecax BiTHOBICHHS B MEPEKEBOMY
KOJI JOCTI/IKYBaHOI CUCTEMH, aBTOPH HE PO3KPIIHN 3B'S-
30K 3a3HauYeHHMX Tpolecax 3 MpolecaMh B eJIeMEeHTax
CUJIOBO1 YaCTUHHU MPHUCTPOIO.

VY poboTi [6] mpoaHai30BaHO POOOTY AMHAMIYHOTO
BIZTHOBJIIOBaYa HANPYTH IPU MPOBAIAXMEPEKEBOI HAIPY-
TH, TIEpeHaIpyrax Ta aucOanaHy. 3a IOKa3HUKOM 3aralib-
HUX rapMoHiitHIX crioTBopeHs (THD) nHanpyru ta ctpymy
MepexKi JOCIIKEHO HANPYTy HaBaHTAXXEHHsI 3 ypaxyBaH-
HiM ii Hecumerpii. Pe3ynbratu Bka3yloTh Ha JOCHThH BH-
COKYy e()eKTHBHICTh KOMIICHCAI[IHHUX BJIACTHBOCTCH M-
HaMiYHOTO BiJHOBIIOBa4a Harpyru. Hemonikom BHKOpH-
CTOBYBAHOTO METOJly € BU3HAUCHHS HANPyTH KOMIIEHCaIil
3a (YHKIIIEIO CTPYMY, III0 MOXKE MPU3BECTH J0 HEKOPEKT-
HOi poOOTH KOMILJIEKCY CHIIOBOTO aKTHBHOTO (ilbTpa B
YMOBax CIIOTBOpeHHs1 CTpyMy. CIOTBOpEHHS Hampyru
aBTOPHU CTBOPIOIOTH IITYYHO, BBOASYM 5-Ty Ta 7-My Tap-
MOHIKH, 5K 1 B po0oTi [7]. AJe sk moka3aHo B poOoTi [8] B
TIEBHUX BHITAJKaX IIi CHOTBOPEHHS OLBIN CKIAIHI 1 Ha iX
YCYHEHHsS| BIUIMBAIOTh IapaMeTPH EJIMEHTIB CHIIOBO]
YaCTHHHU NIPUCTPOIO.

JlocnipKkeHHs METO/y NPOEKTYBaHHS I1apaMeTpiB
BUXIJHOTO (iNbTpa KackagHOTO AWHAMIYHOTO BiJHOBIIIO-
Baya Hampyru Ha OCHOBI H-Mocty, 3acTocoByBaHOTO B
PO3NOALTEHIA Mepexi cepeHbOi HANpPYyTH, MPOBEICHO B
poboti [9]. PesynpraTé MOZENMIOBAHHS IOKa3yIOTh, IO
ONTUMATFHUMBHOIP TapaMeTpiB (inbTpa TMOBHICTIO Bif-
MOBila€ BUMOTaM MPOAYKTUBHOCTI CHCTEMH, a TaKOX
3MEHIIY€E BapTIiCTh 1 PO3MIp JUHAMIYHOTO BiJHOBIIOBAYa
Halpyru. Ajie aBTOpPU He IOKa3alu poOOTy KOMILIEKCY
IPU Pi3HUX MOKa3HUKAX BIIXWICHHS SIKOCTI €JIEKTPHYHOT
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eHeprii, TaKuX SK HECHHYCOiJalbHOCTh Ta HECHUMETPis.
CyTTe€BUM HEIOIIKOM MPOTOHOBAHOTO PIMICHHA € T€, IO
HaBaHTAXXCHHS MIPUUHSATE JIIHIHHAM Ta HE3MIHHIM Y daci.
3a paxyHOK IOCIIIOBHO BBIMKHEHOI €MHOCTI II€ MOXE
MaTH BIUIMB HA IIOKA3HUKH HKOCTi.

VY cratri [10] mpoBomsATs onTUMi3aliifo GyHKINT Tia-
Ma30Hy 3HAYeHb IHAYKTUBHOCTI Ta eMHOCTI LC-dinpTpiB
B CTPYKTypi IWHAMIYHOTO BiIHOBIIOBAa4Ya HANpyrd. Ta-
KOX aHali3yIOThCs 3MIHM HapaMeTpiB 3a pI3HHX YMOB
MPOBAJIB Hampyru Ta Koe(ilieHTIB moTykHOCTi. Kpim
TOTO, TAKOXK HPOIOHYETHCS ONTHMI30BaHUH METOA Ipoe-
KTyBaHHS 3 YpaxyBaHHSM OaraTboX ()akTOpiB BIUIUBY.
[MpexncraBneHo npeTaigbHy NPOLENYpYy ONTHMIzauii, a ii
JIOCTOBIPHICTB MiATBEPPKEHA pe3yIbTaTaMi MOJCITIOBaH-
Hs1. OOnBa pe3yabTaTH MOKa3yIOTh, 110 3aIIPOIIOHOBAHUN
METOJl MOKe MOKpamuTH KoHCTpyKuito LC-dinerpa ms
JIMHAMIYHOTO BiJHOBIIIOBaYa HAINPyrd Ha OCHOBI KacKaj-
Horo H-mocTy mimBHIIMTH MPONYKTHBHICTH YCi€l cucTe-
MH. AJie OTpUMaHi pe3yIbTaTd HE MOXYTh OYTH MOIIUpE-
Hi Ha OUTBII MIUPOKUHN CIIEKTP BiIXWICHHS SIKOCTI €IEKT-
pudHOi eHeprii Ta HeTiHiifHe HaBaHTa)>KEHHS.

TakuM 4MHOM aHai3 iICHYIOYMX POOIT IOKa3aB, IO
aBTOPH pPOOIT BUKOHYIOTH OCTI/DKCHHS JIHHAMIYHOTO
BIJIHOBITIOBaYa HAMPYTH B PAMKaX CHOPUIHATTS MIPUCTPOIO
SIK IUTICHOT0.3B's130K TapaMeTpiB CXeMH 3 mapaMeTpamu
PEXUMY Ta, 30KpeMa, MOTYKHICTIO 3aIUIIAETHCS HE 0-
CITIIKEHUM.

III. META POBOTH

JociimkeHHsT po3noily TapMOHIYHUX KOMIIOHEH-
TiB MOTY>KHOCTI B CHJIOBI CXEMH THHAaMIYHOIO BiJJHOB-
JIFOBaya Harpyru.

IV. BUKJIAJEHHSI OCHOBHOTI'Y MATEPUAJIYI
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

JocnimkeHHs: poOOTH BCIX €IEMEHTIB JUHAMIYHOTO
BIJIHOBJIIOBaYa HAIPYTH € JOCUTh CKJIAIHHM IPOLIECOM,
OCKUIBbKY JUHAMIYHUIl BiTHOBIIOBaY HANpPYTd HpaLioe B
YMOBax BIIXWJICHHsI Pi3HHUX IOKa3HMKIB SKOCTI €JIEKTPH-
gHOi eHepril. TakuMu BIOXWICHHSAMH € TIIEpeHAIpyTa,
MIPOBANIA HAIPYTH, HECUMETPIis Ta HECHHYCOiJalbHICTE. B
TaKAX YMOBaxX KOXKEH 3 €JIEMEHTIB TWHAMIYHOTO BiJHOB-
JIIOBAaYa HAMpPyTd IOBHHEH 3a0e3redyBaTH CPEKTHBHY
poOOTY Ha MHUPOKOMY CIEKTPi KOPUTYBaJbHUX BEIHYHH.
OCKUIBbKY B KO)KHOMY €JIEMEHTI CHUJIOBOI CXEMH, 3BaXKaro-
Y Ha CHOTBOPEHHS HANpPYId Mepexi, BiIOyBaeThCcsi po3-
MOJIIJT TAPMOHIYHUX KOMIIOHEHTIB CTPyMy Ta HalpyrH, TO
BOHU B CBOIO 4epry BH3HAUYaIOTh PO3MOJiJI TapMOHIYHUX
KOMITOHEHTIB HOTYHOCTi.CHiI0Ba YacTHHA JMHAMIYHOTO
BIJIHOBJIIOBaYa HaNpPyTH CKJIAJAE€THCS 3 BOJBTOO0AATHHO-
ro tpancdopmaropa, 3riapkyrodoro LC dinerpa, Tpan-
3UCTOPHOTO IEPeTBOpIOBaYa Ta KOHJCHCATOpa B KOIi
mocTiftHoi HanpyrH (puc.1).



ISSN 1607-6761 (Print)
ISSN 2521-6244 (Online)

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETUKA» Nel (2023)

Poznin«EnekTporexHika»

l_ ~ Voltage-positive transformer |
|
I
|
[ L, R )
| w. wl Uyg o :
I — == 2
| — Y Y Y
|
| i |
| w2q_{WY-\_‘. |
| R, :
| —
|
: LWZ |
R o
l.W2+ - Uy2 >
_— T L
| Fili | |
| Filter I |
| Cr |
I I
|
: Ly |
o L
l,',w+ - Uiny -
:_Co_nVe-_ ___________ ES ‘l
| ctor |
| D |
| |
| I
idc+< udc
|r Capacity 1 :
| \
i I Car :
Pucynok 1. Cunoa YacTHHA JTMHAMIYHOTO

BiJJHOBJIIOBaYa Hanpyru (ogHo(ha3He BUKOHAHH)

Bubip BombTOmOmAaTHROTO TpaHchopmaropa Clij
BUKOHYBATH 32 HEOOXIIHMMH IapaMeTpaMH, a came HO-
MiHaJNbHA MOTY)XHICTh, HOMiHANbHA BHXiJHA HAlpyra Ta
HOMiHAJIbHAN BUXITHUN CTPYM.

PoGoty Tpancdopmaropa B Oyab-sIKOMY pEeKHMI Xa-
PaKkTepHU3yIOTh OCHOBHI DIBHSHHS, /10 SIKMX BIJHOCSTH
piBastHH MPC (MarHiTOpyIlidHHMX CcWI) Ta pPIiBHSHHA
piBHOBaru Hampyr AJIs KT MIEPBHHHOI Ta BTOPHUHHOI 00-
MoTok [11].

Po3risiHeMo 11l pIiBHSHHS Ha MPUKJIAl ABOXOOMOT-
KoBoro opaHodaszHoro Ttpancopmaropa.lli piBHsSHHSA
CTpaBeUIUBI I KOXKHOI (hazu TpudasHoro Tpanchopma-
TOpa, SIKIIO BiH HaBaHTAXXCHUI CUMETPUYHUM HaBaHTa-
KEHHSIM.

3a apyrum 3akoHoM Kipxroda /yisi MarHiTHOro Koja
TpaHcdopmaropa crpaBeJIMBO HAcTyMHe piBHsHHSI MPC:

LWy Fi,W, =1,w (N

wl

Je W, , W, —4HCIIO MOCTIJOBHO 3'€IHAHUX BUTKIB NEPBUH-

HOI Ta BTOPMHHOI OOMOTOK; i, ,i,, — CTpyM II€PBUHHOI Ta

BTOPHHHOT 0OMOTOK; 1 4 — CTPYM HaMarHiuyBaHHs.
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MarsitHe mose TpaHchopmarTopa, siK BiJ3Hadaocs,
JIOLUTBHO TIPEJICTAaBUTH 3 HACTYITHUX MAarHiTHUX MOTOKIB:

@, — OCHOBHM MarHiTHuA 1OTiK; P, , — Marir-
HMH IIOTIK pPO3CiIOBaHHA IEPBUHHOI OOMOTKHM; @_ ,

MAarHITHHH [TOTIK PO3CIFOBAHHS BTOPUHHOI OOMOTKH.
Ilotik @, NPakTHYHO PIBHOMIPHO PO3MOALIAETHCS

TI0 MIEPETUHY CepeuHHKa TpaHchopMaTopa Ta 3uerIeHHH
B OIHAKOBOMY CTYIICHI SIK 3 TIEPBUHHOIO, TaK 1 3 BTOPUH-
HOlo oOmoTkaMu. BiH iHgykye B 1mux obmortkax EPC,
MUTTEBE 3HAUCHHS SIKMX BU3HAYAE€THCS PIBHSIHHIMU:

do dy,,
e =t T 2
" ' dt dt )
do dy,,
e =—w, —t = T 3
" > odt dt )

A W,i,»> Wy, — NOTOKO3YCIUICHHS NEPBMHHOI Ta BTO-

pPHHHOI 0OMOTOK TpaHcdopmaropa, BiANOBIAHO, 3 OCHOB-
HUM MarHiTHUM IOTOKOM.

Iotoxu posciroBanns D, ta D, IHAYKYIOTS,
BiJINIOBiTHO, B IIEPBUHHIH Ta BTOpHHHII 06MoTKax EPC:
di,
ewl == wl - (4)
dt
di
w2
ew2 w2 dt (5)

ge L, 1 L, — IHIYKTUBHOCTI PO3CiIOBaHHS II€PBUHHOI

Ta BTOPUHHOT OOMOTOK, BiJIIIOBiJHI MTOTOKaM PO3CilOBaH-
HsI IUX OOMOTOK.

3 orusily Ha BHIIEBUKIAJICHE, 3alUIIEMO PIBHSHHS
pIBHOBark Hampyr JJist IEPBUHHOT Ta BTOPMHHOT 0OMOTOK
TpaHcdopmaropa mo apyromy 3akoHy Kipxroda./lus
TIEpBUHHOI OOMOTKH

(6)

wl

d¥
= + iVVl Rw‘l
dt

A€ Yy, — IIOBHC INOTOKO3YCINICHHS HepBI/IHHO'l. 00MOTKH

SIK 3 IOTOKOM @, TaK i 3 OTOKOM D, .

JIyist BTOpHHHOT 0OMOTKH

_ady,,

(7

uwZ + lWZRWZ

Je y,, — IHOBHE HNOTOKO3YEIUIEHHS BTOPUHHOI OOMOTKH
TpaHchopMaTopa SK 3 IOTOKOM @, TaK 1 3 MorTo-
KoM D, ;

0OMOTKH.

u,, — MHUTTEBC 3HAYCHHS HAIIpYTH BTOpI/IHHO'l'

BB napamerpiB TpaHchopmaropa Ha Harpy-
TH/CTPYMH 3aJIG)KHO BiJl YaCTOTH 3PYYHO PO3IIISHYTH 3a
CXEMOIO0 3aMileHHS (puUC.2).
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Ty;
—

Rw[ Lw]

CTPYM BTOPHHHOI OOMOTKHM BiZOMI TO Ul BH3HAuUCHHS
HEBIJIOMUX CTPyMy HEPBHHHOI OOMOTKHU Ta HaNpyru BTO-
PHHHOI MO>KHA TPEJCTaBUTH TpaHc(opMaTop SK YOTHPH-
MOJIOCHUKTA BUKOpucTatH G — (GopMy 3amucy piBHSIHbB
gotupumnoitocHuka [8]. st po3paxynky mapamerpiB G-
(dbopmu 3amucy piBHSHbB HOTHPHIOMIOCHNMKA BHKOHCTAE-
MO BHpa3 y KOMIUICKCHIH (opMi KU IOB’SI3y€ HAlpyry

BTOpUHHOI 06MOTKM U, ,3 Hampyroio nepuuHOiU,, Ha
CTPYMOM BTOPMHHOT 0GMOTKH /
Pucynoxk 2. Cxema 3aMillleHHs TpaHCopmMaropa U,, =Gy U,y + Gy 1 ®)
3a yMOBM 0 Hampyra mepBuHHOi o6MoTki Ta A€ G~ MAPaMETPH BU3HAYAIOTHCS AK:
. R L -jo
G =T L v el R+ L, Ry +L, R)*R, R ®
_a)'y. )4/1+]w( wl y+ ;4. Wl+ ,u. y)+ wl 1%
. R,+L,jo) (R, L,jo
G22TV = ( . - Wl] ) ( j ) + (szwz + kszZja)) (10)
R‘u 'L‘u]a)-'-(Rwl wl.]a))(R +L ]a))
Jly1st BU3HAYCHHS XapaKTepy 3a3HAYCHMX fapamerpis  HICTb BTOPHHHOI o6motku L, =0.1183 MI'H, iHyKTHB-

IIPY 3MiHI YacTOTH BHKOPHCTAEMOHACTYIIHI JaHI TpaHC-
¢dopmatopa [7], Taki sK omip TIEpPBUHHOI OOMOT-
ku R, =0.677 OwM, onip BropuaHOi 06MOTKH R , = 0.227
OwMm, onip HamardiuyBanHs R, =21.3610wm, iHIyKTHB-

HicTb nepBuHHOI oOMoTku L, =0.353Mm['H, iHIyKTHB-

~L,-L,-R,-&’+L,-R-R, jo

HICTh HamarHidyBaHHs L, = 0.8811H, KOeQiI[iEHT TpaHC-

dopmaniik =1.7. 3a mpUHIMIIOM HE3HAYYIIOCTI CKOPO-
gyemo BUpas 18 o Burmsamgy

G, =
» R,R,-L, Lo +R, L

[Tonepenniii amami3 mokasas, mo mapamerp G,
CYyTTEBO HE 3aJEKHTh BiI dYacToTH. Jlnd BU3HAUYEHHS

BIUIUBY uactotd Ha G,,,, pospaxoBaHo AUXra
4 |ng7’y[ 2 V0.
|Gor]
|GZ_7TV‘
101
h,y.o.

1 l ‘10

a)

100

wJO+R, L jo+R

+(K’R, + KL, jo) (11)

L, jo

wl

OUX(puc.2). dns nepeBipku KopekTHocTi Bupaszy (11)
1o0y0BaHO MOPIBHSIbHI YaCTOTHI XapaKTEPUCTHKH ABOX
mapaMeTpiBB  3aJICKHOCTI BiJf HOMEpPY TapMOHIKH A.

Goorv|,pao.

21V
GZZTV

2

gl

h,ylo)

1x10* 1x10°

6)

Pucynok 3. YacrorHi xapakrepuctuku a) AUX sz, b) ®UX Gzzrv

[Ipunycrumo, 110 NPUCTPIA  TpaIoe y
mepexiU,q,=U,,=10 xkB. B Takiii Mepexi JoIycKaeTbCs
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BigxwienHss Harpyrd y 10%. IIpuiimemo BigxuiieHHs
piBasa Hanpyru 20%. Otxe Hanpyra KOMIIEHcAIli Moxe
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cranoButH U

omn =2000B. TakuMm 4uMHOM Hampyra BTO-
puHHOI OOMOTKH BOJBTOJOJATHROTO TpaHchopMaTopa

npuitmaetsest U, =U, . =2 kB. MoxuiBo nBa BapiaH-

Komn
TH BHOOpY TpaHcdopmaropa B 3aJeXHOCTI KoedimieHTa
tpancdopmanii k. [NpumyctuBmm mo £>/, MaeMo cHiB-
BimHomenHns U,,,<U,; Ta I,,>1,,; 0 IpA CTPyMOBi HaBa-
HTa)XEHHI B JecsaTku abo COTHI amrep mpusBene Ao 30i-
JMBIICHHS CTPyMy BTOpHHHOiI oOMoTku. lle mpu3Bexe mo
€KOHOMIUYHUX BHUTpPAT Ha JAPOTOBE 3 €IHAHHS Ta 301b-
IICHHS BTPAT MOTY)KHOCTI B CHJIOBIHM YaCTHHI JUHAMIYHO-
IO BiIHOBJIIOBaYa HANpPYTH. SIKI0 BUKOPUCTOBYBATH k<1,
Maemo criBBignomenus U,,>U,,; 1a [,,<[,,;, 10 TpU3BO-
JIUTH 110 30UIBIICHHS HANPYrd HAa BTOPUHHIA OOMOTII
tpaHcdopmaropa. Lle B cBoro uepry npusBezne A0 30UIb-
IICHHS BUMOT [0 130JIAIIi1 eJIeMEHTHOI 0a3u Ta 301NIbIIeH-
HS BTPAT IOTY>KHOCTI 3yMOBJICHHX OIIOPOM Ta iHIYKTHB-
HIiCTIO TpaHchopMaTopa.

HacTynHuM e1leMeHTOM CHIIOBOI CXEMH JHMHAMIYHO-
ro BIJIHOBIIOBaYa Hampyru € 3riakyrounii LC ¢inbtp
[12]. Anst Bubopy mapametpiB QijabpTpa ciiJi BpaxoByBaTH
Hampyry, CTpyM Ta 4yactoty komytanii [IIIM.Poboty Ta
Bubip mapamerpis LC ¢inpTpa MoXHa onucaty 3a J0TO-
MOTOI0 HACTYITHUX PiBHSHb.

. . . 1
UC/’ = G21/Umv +G, /‘Iwz =

Uey = Uy, (12)
u =i, +L @mi (13)
inv — w2 f fiLf
dt
d
i =iy =iy +igy =iy +C, 2 (14)

Ae u,, — HaNpyra Ha BUXOAI IHBEPTOpA; U, — HAIpyra

inv
inaykrusHocti LC — GinbTpa; i), — CTpyM iHAYKTHBHOCTI
LC — dinbrpa; u, — Hanpyra Ha koHzeHcaropi LC —
¢inbrpa; i, — crpym KoHxencaropa LC — dinbrpa; L, —
inaykrusHicTs LC — dinbrpa; R, — omip iHIyKTHBHOCTI
LC — ¢inbrpa; C, — emnicts konzencaropa LC — dinbt-
pa.

ITpu BuGopi LC ¢inbTpa ogHMM 3 OCHOBHUX Tapa-
MeTpiB € yactora komytanii LLIIM[13].

B pobori [8] oTpumaHO 3B'I30K BUXITHOI HANPYTH
(impTpy 13 BXiTHOIO HAMPYTOK Ta CTPYMOM 3 BHKOPHC-
TaHHSAM niepeTrBopeHHs Jlammaca. g  KOMIUIEKCHHMX
3MIHHAX [ef 3B'I30K Ma€ HACTYOHMHA  BHUIJISA:

Lf()) + Rf (24)

JUis BU3HAYEHHS 3aNeKHOCTI mapamerpis G, . Ta

G,, ; Bl YaCTOTUBMKOPUCTAHO HACTYIIHI NapaMeTpH ele-
MEHTIB: OHip iHAYKTUBHOCTI R, = 0.1 OM, iHIyKTHBHICTb

L, =0.1183MI'H, emHICTb  KOHJEHcaTopa  (iibTpa

UC/’ = GzL/’Uinv + Gzzf[wz =

Jlns BU3HAYEHHS 3aJIC)KHOCTI BHXITHOI HANPyTH Bif
BXIJIHOI HANPYTU Ta CTPYMY HABAHTAKCHHS B 3aJICIKHOCTI

1005- [Gzzf [y-o:

1G4

—
R, =

R

h,y.o.

a)

2 . Uinv - 2 . [w2
1-L,C,0"+ jR,C,® 1-L,C,0"+ jR,C,®

C, =0.05m®P. Tlpu pospaxyHKax BHSBICHO IO OIIp

IHIYKTHBHOCTI HECYTTEBO BIUIMBA€ HAa BHUXIIHY XapakTe-
PHCTHKY TOMY BHKOHAHO CIIPOLICHHS BUpa3y 3a IPUHIM-
oM HE3HAYyIIOCTI.

1 . Lfa)

I LCo " 1 LCw
—L, L0 —LL,0

(25)

IWZ

BiJI HOMEpY FapMOHIKHM h OTpHMMaHO YacTOTHI XapaKkTepH-
ctuxu (Puc. 3).

104

|Gz [L3.0. |G;1/i

|Gzl

h,y.o.

0)

Pucynok 4. AMILIITY AHO-4aCTOTHI XapakTepucTuku a) G,, . 0) G,
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3 XapakKTepUCTHUK BHAHO IO CKOPOYEHHS HE Mae
cytTeBoro BIUmBY. [Ipw 30imbIIeHHI 9acTOTH 3 HYJIS 10
necsitoi rapmoHikn AUX BuxXimHOi HampyrH BiJ BXimgHOT
CYTTEBO HE 3MIHIOETHCS, JlaJli XapaKTEPUCTHUKA CTPIMKO
3pocrae Ta npu 40 rapMoOHIIll IOCATa€ CBOrO IIKY IO
3YMOBJIGHO TOYKOIO pe3oHaHcy. Jlami xapakTepucTHka
CTPIMKO cHajae, 10 BKa3ye Ha HOTIPIIEHHS pOOOTH KOM-
IUIEKCY TIpH 30UIBIIEHHI YaCTOTH BXiJHOI HAaIlpyTH.

3aJIeXHICTh BUXIJHOI HANPYTH A0 CTPyMy HaBaHTa-
JKEHHSI Ma€ TOCTYyNoBe 3pocTaHHs Ta npu 40 rapmoHini
JIOCSITa€ CBOTO MIKYy IO 3YMOBJICHO TOYKOK) PE30HAHCY.
Jani xapakTepHcTHKa CTpPIMKO CIlafae, IO BKa3ye Ha
TroripiieHHss poOOTH KOMIUIEKCY NpH 301IbIICHH]I 4YacTOTH
CTPYMY HaBaHTa)KEHHS.

HacTynHuM e1leMeHTOM CHIIOBOI CXEMH JMHAMIYHO-
IO BiJJHOBIIIOBaYa HAIpyrd € KOHAEHCATOP KoJja IMOCTii-
Hoi Hanpyru [14]. IToTyXHICTb KOHIEHCaTopa MOXHa
BH3HAYUTH 32 JOIOMOT'OI0 BUPazy

duc,,
dt

P

Cdc

(26)

. 1 ¢, .
=Ucqe leae = J.lCdcdl “lege = Uege " Coe
de 0
Takox MOTYXHICTh KOHICHCATOPA MOXKHA BHPA3UTH
3 MIpKyBaHb OaJlaHCy IOTYXXKHOCTI Ha BXOJl Ta BHUXOL
IepeTBOpIOBava 0e3 ypaxyBaHHs BTPAT:

P

tae = E gy =10, +iguy +icuc

27

ae E — EPC Hakonu4yBanbHOIO KOHAEHCATOPA; iy,
CTPYM HAaKOIMYYBaJbHOIO KOHIEHCATOpA; 1,,i,,I-
CTpyM KOXHOi (a3u Ha BHXOAI MEPETBOPIOBAYA;
U, ,Uy, U, — HAIIPyTa KOKHOI (ha3u Ha BUXOJI IIEPETBOPIO-
Baya.

Skmo 3apsAny HAKOMUYYBAJBHOIO KOHJEHCaTopa

JIOCTATHBO JUTSI KOMIICHCAIIl, a CTPYM KOHJICHCATOpa Mae
MOCTIHHY Ta 3MIHHY CKJIQJIOBi, TO Halpyra Ha KOHJCHCA-
TOpi OyAe 3MEHIIYBATHCSA 32 JIIHIHHUM 3aKOHOM BiJIIOBi-
JTHO JI0 BUpa3y:

Uy :LJ‘(—I0 +1,-sinowt)dt+U, =
de 0 (28)

10

=Umax I
C

de

I, -coswt
C

de

st crabinbHOT poOOTH CXEMHU CIiJI JOTPUMYBATHUCS
CMIBBIJHOIICHHS TIPH SKOMY HAmpyra Ha KOHIEHCaTopi
OinbIe amuriTy i azHoi HanpyTH.

B3sBImm 110 yBaru BHIEBKa3aHE B CEPEIOBUII Bi3y-
aJBHOTO MPOrPaMyBaHHS BHKOPUCTAHO MOJEIb IIISTHKH
€JIEKTPOCIIOKHUBAHHS 3 MOCJIIOBHO IiJKIIOYCHUM AMHA-
MIYHUM BiJHOBIIOBaueM Hanpyru[l5] (pucyHok 5), sika
CKJIAETBCSl 3 HACTYNTHHUX EJIEMEHTIB: JDKEPEJOo Halpyru
u, =380 , HaBaHTa)KE€HHs, TPaHCPOPMATOP 3 IapameTpa-

MH omip nepBuHHOI 0OMoTKH R, =0.677 Owm, omip BTO-
puHHOi 00OMOTKH R , =0.227 OM, omip HaMarHi4yBaHHs
R,=21.3610M, IHIYyKTHBHICT MEPBHHHOI OOMOTKH
L, =0.353mlH,

L,=0.1183mIH,
L, =0.881 I'n, koediuient tpancdopmauii k=1.7. LC —

IHAYKTHBHICTh BTOPHUHHOI OOMOTKH

IHAYKTUBHICTh ~ HaMarHidyBaHHS
¢inbTp 3 napamerpamu omip iHAyKTUBHOCTI R, = 0.1 OMm,
IHAYKTUBHICTE L ;= 0.1183 MI'H, eMHICTH KOHIEHCATOpA
¢inbrpa C, =0.05M®P. IlepeTBopioBad Hampyru Ta Ha-

KONMYyBallbHUHI KOHAeHcaTop Hampyrowo U, =1000 B.

._®i. ———~a|PhA_Source
Al PhA_Load |e
||I_®%_B 5—5—®1= a| PhB_Source
A
—CH_\—-_®1=—‘—E PhC_Source
Source PhB_Load | B
a| PhA_TV2
Uy [4— c
—a+ a| PhB_TV2
i Ale PhC_Load = Load
C a|PhC TV2
T Ble
o al- Subsystem3
c B
PWM SAU
3-phase IGBT converter
In1 Out1 In1 Alpha_betal
Qut1 In2 |« Qut2 In2 U*c
In3 Out3 In3

PI/leHOK 5. MO,HCJ'IL I[iJ'ISIHKI/I CJICKTPOCIIOKMBAHHS 3 HOCJ'Ii,HOBHO HiI[KJ'HO‘{CHI/IM ,HI/IHaMi‘{HPIM Bi[[HOBJ'IIOBa‘IeM Hanpyru

24



ISSN 1607-6761 (Print)
ISSN 2521-6244 (Online)

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETUKA» Nel (2023)

Poznin«EnekTporexHika»

ITpoBeneHo cepilo eKCIIEPUMEHTIB CIIPSIMOBAHUX Ha
BH3HAUYCHHS ITOKa3HUKIB MOTY>KHOCTI KOJKHOTO 3 eJIeMEH-
TIB MUHAMIYHOTO BiJHOBIIOBAaYa HAMpPYTH Ta PO3IIOMLT
MMOTY>KHOCTI B IIMX eJIeMeHTaX. B eKcrepuMeHTi imMiToBa-
HO po0OTy AMHAMIYHOTO BiJHOBJIIOBAaYa HANPYTH IpH
CIIOTBOpPEHIN Hampysi mkepena xusieHHs. s mporo B
MOZENb BBEICHO €JEMEHT SKHH CIOTBOPIOE HANpPyTy
Mepexi reHepyroun Harnpyry gacrororo 150 'y ta ammi-
Tynot0 B 10 BiCOTKIB BiJl HAalpyrd MEpexXi aMILIITYyI00
300 B.

Takok BUKOHAHO JOCIIKCHHS 3 BH3HAYCHHS PO3-
MOJIUTY TOTYKHOCTiI TapMOHIK B KOXXHOMY €JIEMEHTI -
HaMI4HOTO BiJHOBJIIOBaYa HAMIPYTH.

B pesynbprari oTpUMaHi NMOKa3HUKH IOTY>KHOCTI Ha
KO)KHOMY €JIEMEHTIB CHJIOBOI CXEMH AMHAMIYHOTO BiJJHO-
BIMOBa4Ya Hampyru. OCKUIBKH PO3MOAIT TOTYXHOCTI B
CHJIOBIM CXeMi JOCUTH BaKKO PO3paxyBaTH, BUKOPUCTAHO
METOJ] BU3HAYCHHS NMPOEKIiil BEKTOpa MOTY>KHOCTI KOXK-
HOTO €JeMEHTa AMHAMIYHOI'O BiIHOBIIOBa4Ya HANPYTH B
3aJIe)KHOCTI BiX yacToTH. [ aHamizy oOpaHi: moTyxHic-

ThHA IepBUHHII 0OMoOTLI TpaHchopmaropa P, MOTyX-
HICTB BTOPUHHOT 00MOTKH TpaHchopmarto-
T T T T T T T T

P wl, BA

500}

1000k

1 1 1 1 1 | 1 I ]
Dog 0085 009 0035 01 0105 o011 oms 012
a)
: : P, Py I
500 -} - dreee 0 =377 0
' ' 100 569 163 f :
. 200 -119 74 |
L R R S S e
o 11 e R e T e R T L Lty CLTEEE EEELL RETEE: B
=
200 - 44--- -
B e R e e i aeb DR S ECLT EEE RS B
. IR N N NN N N O N
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)

c)

pa P, ,motyxHicts apocens LC —dinbrpa P,,, MOTyxX-

HicTh koHJeHcaTopa LC —dinbrpa P, , NOTYXHICT Ha
P

inv 2

BHUXOZi iHBepTOpa MOTY>XKHICTh HAKOITUIYBAIEHOTO

KOHJeHcaTopa P, .

HOTy)KHiCTBHa CJICMCHTAX IMPCACTABJICHA HACTYII-
HHUM YHUHOM:

P:u~i.:Ph~sin((oht—\|1Ph): 29)
=P, -sin(wt) + F,, - cos(mt)

Jac Pah = Ph +COSVYp, — KOCHMHYCHA CKJIagOBa HOTy)KHOCTi;
P

2w =P, -siny, — CHHyCHa CKJIafoBa MOTYXHOCTi; U —

Hampyra Ha CJIEMEHTOBI CXEMH; [ — CTPYM eJIeMEHTa
cxemu; P, — MOTYXHICTh FAPMOHIKM Ha €JIEeMEHTOBI CXe-
MH; Y, — KyT IOYaTKOBOi (Da3H MOTYKHOCTI €IEMCHTa

cxemu. Ha pucyHKy 6 HaBeIEeHO 4YacoBi Ta CHEKTPasbHi
JiarpaMy MOTYKHOCTI MEPBUHHOI Ta BTOPUHHOT 0OMOTOK
TpaHchopMaTopa.

2000 T
P w2, BA

100 E -
1 00| SN IS VDU I DU St IS NSRS B
BOOE ... f L s
[ T N S N AT S S T U :

. - : ! . - l‘,C
5DD 1 1 1 1 | 1 1 1
gog 008 003 009% 01 0i0s 011 omgs o 012
b)
D P, P, !

“i7 | BT T - 0 575 0 R
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- 500 Wy |
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d)

Pucynoxk 6. [liarpamu noTy»XHOCTI TpaHCopMaTopa a) yacoBa IepBUHHOI 0OMOTKH; 0) YacoBa BTOPUHHOI 0OMOTKH; C)
CIEKTpabHa EPBUHHOI OOMOTKH; /1) CIIEKTpajibHa BTOPHHHOI OOMOTKH

AHami3 CHeKTpalbHUX JdiarpaM II0Ka3aB HasBHICTH
BUIMX TapMOHIK HAIPYTH, IO B CBOIO Yepry IMpPU3BEJIO
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O BUHUKHEHHS BHINUX TapMOHIK IOTYXHOCTI Ha mep-
BUHHII oOMoTIi TpaHCchopMaTopa (puc. 6¢C) MO B CBOIO
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4yepry nependadyae HasBHICTh BHMIIMX TapMOHIK Ha BTO-  PHHHIH oOMoTLI TpaHcdopmaTopa(puc. 6d).

4000 . . ; . ; . . . £000
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: : : ] 2000
ok oA W 1]
: E 2000
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Pucynok 7. [liarpamu notyxHocti LC — ¢inbrpa a) yacoBa KoHIEHcaropa; b) wyacoBa Apocens; €) CHEKTpajbHa
KOHJIeHcaTopa; d) criekTpanbHa Apocers.

B motyxHOCTI KOHzAEHcaTopa (puc. 7c) NOMIHYIOTH  JeHcaropa Ta apocens (puc. 7d) siki BiANOBINaOTh 4acTo-
KOMIOHEHTH IMOTY>KHOCTI TAPMOHIK BiIMOBITHUX MOTYXX-  Ti MOMYIIALII BiAPI3HAIOTHCS HE3HAYHO, IO BIIIOBiZae
HocTell TpaHchopmaTopa. ['apMOHIKH TOTYXKHOCTI KOH-  (UIBTpamiiHUM BIACTHBOCTSAM IIHOTO KOJIA.
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c) d)
Pucynok 8. /liarpamu noTy»XHOCTI iHBEpTOpa a) YyacoBa Ha CTOPOHI 3MIHHOI Hampyru; b) yacoBa HaKOIHUYyBaJIbHOI'O
KOHJICHCATOPa; C) CHEeKTpajJbHA HA CTOPOHI 3MiHHOT Hanpyry; d) cekTpajabHa HAKONTMYyBaJIbHOIO KOHAEHCATOPA
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CxianoBi motyxHocti gactororo 200 I'm B mocmi-
JUKYBaHOMY BapiaHTI Ha HaKONMYYBaJbHOMY KOHJEHCa-
TOpi BiACYTHI (puc. §C), M0 3yMOBIEHO NEpEPO3MNOALIIOM
MOTY>KHOCTI Ha JaHiil 4acTOTi B epeTBoproBadi (puc. 8d).

Ha BUXOJli BCiX (ha3 mepeTBoproBaya.

JUis TOpiBHAHHS BHWINE OTPHUMAHUX HOTYKXHOCTEH
CHHYCHOI Ta KOCHHYCHO{ CKJIaJIOBOi MOTY>KHOCTI KO>KHOTO
eJIEMEHTa IMHAMIYHOTO BiJJHOBIIIOBayYa HAIIPYTH B 3aJI€XK-

CKJIa70Bi MOTY)KHOCTi HAKONMYYBAIBHOrO KoHgen- HOCTI  BiIl dYacToTH BHeceMo ix jo Tabmumi 1.
caropa 3yMOBJIEHI CyMOIO BHCOKOYACTOTHHX CKJIAJOBHX
Tabauus 1. 3HaueHAS OPTOTOHATBFHUX HMPOEKIIH BEKTOpa MOTY>KHOCTI 32 TApPMOHIKaMH
Yacrtora | Konpencarop | Buxinm meperBo- | koHmeHcaropa | Hpocens LC — Bropunna IlepBunHa
proBada LC — dinpTpa ¢inpTpa 00MOTKa 00MOTKa
P,BA | P,BA | P,BA | P,BA | P,BA | P,BA | P,BA | P,BA | P,BA | P,BA | P, BA | P, BA
0 -1760 0 574 0 - - - - 575 0 -377 0
100 757 | -1554 | -782 1001 -7.9 1142 20 16 =797 | -196 569 163
200 - - 240 -787 31 -891 -28 16 230 83 -119 -74
300 - - -29 -189 -17 212 6 -20 -16 -2 - -
4650 364 -264 | -170 45 -47 -10 -122 54 - - - -
4750 -912 687 342 -222 141 -22 200 -200 - - - -
4850 667 -667 | -198 305 -263 85 19 239 - - - -
4950 39 70 88 -218 193 -78 -105 | -139 - - - -

AHani3 4acTOTHUX XapaKTePUCTHK CIIJI MPOBOIUTH
MOYMHAIOYN 3 HAKOIMHMYYBAJILHOIO KOHAEHCATOPA OCKLIb-
KU caMe BiH € JDKEpPEJIOM JKUBIICHHSI TUHAMIYHOTO BiJHO-
BJIOBaya Hanpyru. [1OpsaoK AOCHIKEHHSI 4acTOT MpH-
WHSTO BiJ MEHIIIOI 10 OLIBIIOI.

[MocrifiHa cKkiTaOBa MOTYKHOCTI HA BUXOJII HAKOITH-
YyBaJIbHOTO KOHJIEHCaTopa Mae 3HadeHHs B 1760 oxau-
HUIb, HA BUXOJi IepeTBopioBaua BoHa csarae 590. Ile
3YMOBIICHO THUM IO KOHJICHCATOp XUBHUTH TPH (Pa3u Of-
HouacHo. Jlam Ha apoceni Ta kouaencatopi LC - diasTpa
MOCTilfHA CKJIaZioBa MOTYKHOCTI BiacyTHs. Lle Moxke Oyt
CIPUYMHEHE NEePEePO3IOIIIOM MOTYKHICTIO MIXK 4acToTa-
mu. Jlayi Ha BTOpWHHINA 00MOTLI TpaHcdopmaropa Mmory-
JKHOCTh CTaHOBUTH 580 OAMHUIIb, & HA IEPBUHHIN 0OMOT-
ui TpaHcdopmaropa, 3BaKaroud Ha BTpaTu B TpaHc(op-
MaTopi IOTY>KHOCTb CTaHOBUTH 380 OMHMIIb.

[otyxHicts Ha yactotri 100 I'm cranoButs 1740
OJIMHUIIb, 3 HA BUXOJli INEPETBOPIOBaYa BXKE CTAHOBHUTH
1280. Lle moxe OyTH CIpHUYMHEHE NEPEPO3NOIIIOM II0-
TYXHOCTI B MEPETBOPIOBaui MiX (DazaMH Ta 4acTOTaMH.
Ha nmpoceni LC — ¢inprpa moTyxkHIicTh cTaHOBUTH 30
OJMHUIIb, & Ha KOHJEHCATOpi 3INaKylodoro ¢ineTpa
1170, mo B cymi, BpaxoBylO4M BTPaTH, CIIBIAJa€ 3 II€0
K TIOTYXKHICTIO Ha BHXOJII IepeTBOproBada. Jlami Ha BTO-
PpUHHIi 00MOTIII TpaHCPOPMATOpa MOTYKHICTH CTAHOBUTH
810 omuHMIb, a HAa IEPBUHHIN 00MOTIHI TpaHchopMaTopa,
3Ba)XKalOYM HA BTPATH B TpaHC(HOPMATOPi MOTYKHICTH Ha
gactoti 100 ' cranoButs 580.

Ha gactoti 200 't TOTY>XHICTh Ha BUXOJi HAKOIIH-
YyBaJbHOTO KOHICHCATOpa BIACYTHS, a OT Ha BHXOML
MepETBOPIOBaYa BOHA cTaHOBUTH 820 oaunuub. Lle 3ymo-
BJICHO TMEPEPO3MOAUIOM MOTYXHICTIO MK yacToTamu. Ha
apoceni LC — ¢inpTpa motyxuicte Ha wactoti 200 I'iy
cTaHOBHUTH 40 OMHUITE, @ HA KOHACHCATOPI 3TIaKyI0Y0-
ro ¢insTpa 900, 110 B CyMi TPOXHU OULIBIIE 3a MOTYXHICTh
Ha BUXOJII IIEPETBOPIOBAYa, 1€ CIIPHYUHEHE MePepO3Io/Ii-

JIOM TIOTYXKHICTIO Mi%k yacToTamMu. Ha BTOpuHHIN 00MOTII
BOJIbTOJIOJIATHROTO ~ TpaHcopMmaropa TOTYXKHICTH Ha
yactoTi 200 'y cranoBuTh 250 OMHUIIb, @ HA IEPBUHHIN
obMmoTHi TpaHcopmaropa, 3BaxalO4M Ha BTpaTu B
TpaHc(hopMaTOpPi MOTYKHICTh CTAHOBUTH 150 OMHUII.

ITotyxnicts Ha dactoti 300 I'm € nume Ha BUXOAL
nepeTBoproBava ta eiementax LC — QinpTpa, Mo BKazye
HAa MEePEePO3MOALIOM HOTYKHICTIO M)XK YaCTOTAMHU.

Ha giamazoni gactor Big 4500 mo 5000 I'm moTyx-
HICTh Ha eJIeMEeHTaX BHHUKA€ B 3aJIE)KHOCTI Bil 4acCTOTH
MOIyJIAIil. Ajie Ha 0OMOTKax TpaHc(popmaropa MOTYXK-
HICTh Ha Wil 9acTOTI BiACYTH:, Il€ BKa3ye Ha Te MO Lis
MOTYXHICTh BUHUKJIA Tpu podoti IIIM, a LC - ¢inetp
B3sIB Ha ce0e IO MOTYKHICTb.

V.BUCHOBKH

JocnipkeHui po3oIiyl TapMOHIYHAX KOMIIOHEHTIB
MOTYXHOCTI KOXXHOTO €JEeMEHTa JAWHAMIYHOTO BiIHO-
BIIOBaya Hanpyru. BcraHoBneHo mio npu poGoTi Te-
pETBOpIOBaYa BHHHUKAIOTh BHCOKOYACTOTHI KOMIIOHEHTH
MOTY>KHOCTI BHUKJIHKaHI dYacTtoTroro pobotm IIM, ski
KOMIICHCYIOTBCS 3a mporomororo LC-dimeTpa. B moTtyx-
HOCTI KOH/IGHCATOpa JOMIHYIOTh KOMIIOHEHTH ITOTYKHOC-
Ti TApMOHIK BIAMOBIIHUX MOTYXHOCTEH TpanchopmaTo-
pa. ['apMOHIKH OTYKHOCTI KOHJICHCATOpA Ta APOCEIS SIKi
BiJIMIOBIIAIOTh YaCTOTI MOYJISIIT BiPi3HSIIOTHCS HE3HAY-
HO, 0 Bif-TIOBigae (iabTpamiiHUM BIACTHBOCTSAM LHOTO
Kosa. Takok BUSIBICHO L0 HHU3BKOYACTOTHI CKJIaJ0Bi
NIPU-CYTHI Ha BCiX €JeMEHTaX CHJIOBOI CXeMH KpiM HaKo-
MUYYBAIBHOTO KOHAeHcaropa. [IpuunHOI0 LBOTO MOXe
CIIyTYBaTH TEPEpO3MOIiN TOTYXHOCTI MK (azaMu B
nepeTBoproBayi. Takox BCTAHOBIICHO, IO PiBEHb MOTYX-
HOCTi1 TApMOHIMHHUX CKJIAJ0BHX Ha KOHJEHCATOPi 3HAYHO
MepPEeBUIIYE PIBEHb Ha BUXOJi TepeTBoproBava. Ile crpu-
YUHEHEe THUM II0 KOHIEHCATOp IpalIoe Bigpa3y Ha TPU
hasm.
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Methodology. On the basis of the differential equations of the power circuit of a dynamic restorer, a search for the
relationship between the mode parameters and the parameters of the circuit elements is performed. On the basis of the
obtained expressions, a model of a dynamic voltage regulator was created using the methods of mathematical modeling
in the visual programming environment..

Findings. The equations that reflect the relationship between the mode parameters of a dynamic voltage restorer
and the parameters of circuit elements are obtained. As a result of modeling the mode with different harmonic composi-
tion of current and voltage, the following features of the distribution of instantaneous power components are revealed.

Originality. It has been established that the presence of different current and voltage harmonics acting in the
transformer of a dynamic restorer causes additional power harmonics that are transformed in the windings. It is noted
that the low-frequency power harmonics of the LC filter dominate on the capacitor, which is connected in parallel to
the transformer winding, while the level of high-frequency components caused by PWM modulation for the capacitor
and the filter choke differ slightly. The zero-frequency power component of the storage capacitor corresponds to a tri-
pled zero-time power component at the output of the converter, which is due to its operation in three phases. This can-
not be extended to the second and third harmonics of the powers of the converter and the capacitor; these components
are absent in the latter, which is due to energy exchange processes between the phases of the converter.

Practical value. Using the obtained expressions, the principle of determining the parameters of the elements of the
power circuit of a dynamic voltage restorer, in particular, the storage elements, is formulated.

Keywords: Dynamic voltage restorer; harmonic distortion; voltage transformer; harmonic power; harmonic
power.
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Purpose. Development and analysis of the operation of an electrical circuit for controlling a 700 W direct current
electric motor using a contactor on IGBT transistors for operation in diesel locomotives.

Methodology. Analytical and computational methods for developing and analyzing the operation of an electrical
circuit using a contactor on IGBT transistors.

Findings. An electrical circuit for controlling a 700 W DC motor using IGBT transistors was developed. The cir-
cuit allows you to replace electromagnetic contactors with IGBT transistors to improve the technical characteristics
and performance of the electric motor. The use of IGBT transistors allows you to avoid burning of contact groups in
comparison with an electromagnetic contactor. A graphical analysis of the transient processes during switching on and
off of the electric motor using a circuit based on IGBT transistors was carried out. The analysis of the load characteris-
tic of the electric motor at start-up shows that in the initial section the voltage increases according to a linear law. After
the initial increase in voltage, it reaches the set value and the electric motor operates in the operating mode. The analy-
sis of the load characteristics of the electric motor when it is turned off shows, that when the power is turned off, the
motor can’t stop immediately, as the phenomenon of self-induction occurs. When the external voltage is turned off, its
change on the electric motor occurs according to the exponential law. It is shown that for controlling the operation of
the electric motor, it is more appropriate to use an electric circuit based on IGBT transistors, which provides condi-
tions for more stable and safe operation of the electric motor. Using the electrical circuit allows you to find quickly
malfunctions for their further elimination. The electrical circuit allows you to avoid physical wear of its electrical ele-
ments.

Originality. An electrical circuit for controlling an electric motor based on modern electronic components has
been developed, which allows the use of IGBT transistors instead of electromagnetic contactors. On the basis of the
analytical and calculation method and graphical analysis, the expediency of using IGBT transistors instead of electro-
magnetic contactors has been proven.

Practical value. The developed electrical circuit can be applied to control a 700 W direct current electric motor
for operation in diesel locomotives. The proposed electrical circuit allows to increase the mobility of repairs in the
event of a malfunction by replacing the corresponding unit.

Keywords: electric motor control circuit; contactors;, IGBT transistors; DC electric motor.

I. I. INTRODUCTION II.ANALYSIS OF RESEARCH AND

In modern engineering, different types of switching PUBLICATIONS

devices are used: electromagnetic and electronic. The Electromagnetic contactors are the most common
electromagnetic contactor has positive aspects: low price, types of switching devices used in modern electrical engi-
ease of installation and repair. But it has a number of dis-  neering. Many works describe the principle of operation,
advantages: burning of contacts, electric arc, weakening types and examples of application in various electrical
of the return spring, as a result of which the power con- installations [1] - [5]. Commutation of electric circuits by
tacts are de-energized with a delay, or at all remain under  contacts in electromechanical devices is carried out by
a high current, large weight and size of the contactor, no  closing and opening them. One of the main disadvantages
possibility of operation at high switching frequencies. of electromechanical contactors is burning of contacts. In
Today, electronic switches are widely used. For example, low-voltage devices with operating currents of more than
modern electronic switches based on IGBT transistors do 1000 A and in some types of medium and high-voltage
not have the disadvantages inherent in electromechanical  devices (including those with lower operating currents), in
contactors. addition to the main contacts designed to carry operating

currents in the closed state, additional - arcing contacts

(arcing) are used in the main circuits contact), on which

© Mumkin LP., Jymun C.I1., 2023
DOI 10.15588/1607-6761-2023-1-3
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an electric arc is established when the electric circuit is
opened. The arc extinguishing contact is always electri-
cally parallel to the main contact, and the design of the
contact system is built in such a way that the arc extin-
guishing contact closes before and opens later than the
main contact. In the vast majority of switching devices,
their main contacts also perform the functions of arc ex-
tinguishing contacts [4].

Contact resistance is formed due to two reasons: 1)
narrowing or tightening of current lines in the contact
zone of contacting parts, and 2) the presence of oxide,
sulfide, and other films in the contact zone. The effect of
current line contraction on contact resistance is explained
by the fact that due to the roughness of contact surfaces
(even those that at first glance seem perfectly smooth), the
real contact area is one to two orders of magnitude
smaller than the imaginary contact area. The effect on the
contact resistance of micron-thick films is explained by
the fact that these films have a very high specific resis-
tance, which is many orders of magnitude (up to 10")
higher than the specific resistance of pure metals [4].

A new closed-loop sensorless method for reducing
contact bounce on closure of a contactor has been pro-
posed. Several approaches to the problem have already
been described; most of them use some kind of sensor to
establish the position and speed of the contacts in real
time, whereas in our approach, the position and speed of
the moving armature and contacts are calculated by using
only the current and voltage values of the contactor coil as
control inputs. A fuzzy controller takes as input the posi-
tion and velocity of the armature and provides as output
an intensity set point that controls the velocity of the clo-
sure of the contacts. Inexpensive electronic modules have
been developed that implement the control system and
integrate it into the contactor. The module eliminates the
bounces completely and thus prevents the contacts from
repeatedly making and breaking the circuit [6].

The authors of the article [7] gave a numerical as-
sessment of the effect of pressing the contactor contacts in
the power circuits of electric rolling stock on their plastic
deformation and melting using the proposed engineering
method.

Article [8] is devoted to experimental studies and
numerical modeling of pulsed heating of high-current
electrical contacts in a wide temperature range - up to the
melting temperature. It is established that electrode weld-
ing begins when the temperature is significantly lower
than the melting temperature. Features of the processes of
softening and melting of the contact zone are described.

In the article [9], a mathematical model of a high-
speed drive based on an IDM and a bistable mechanism
was developed, which includes the equation of the elec-
tromagnetic field of an electric circuit and the equation of
motion. The model correctly describes physical processes
and can be used to develop and study the design of high-
speed wires. On the basis of variable calculations, it is
possible to solve the problems of finding the necessary

31

parameters of the drive with the aim of obtaining: a) a
small value of the closing time of the contacts and avoid-
ing "rattles" when switched on; b) high initial speed and
overall low value of contact opening time (less than 1
ms), reduce dynamic loads and drive elements and contact
system.

The article [10] discusses the method of determining
the surface temperature of high-current breaking contacts
operating with arcless alternating current commutation.
The determination of the temperature was based on the
numerical solution of the limiting inverse problem of
thermal conductivity. Calculations of the temperature of
the contact surfaces as a function of time have been ob-
tained. The calculation was performed using the Math-
CAD application program package. The obtained tem-
perature values using this technique are more accurate
than when using the existing ones.

The article [11] presents the results of studies of
electrothermal processes in the contacts of switching de-
vices. The cause-and-effect factors of failure of switching
devices of transformer equipment are analyzed. Methods
of probabilistic analysis and experimental studies of con-
tact resistance depending on non-sinusoidal current and
the number of commutations are proposed.

Solving the problem of contacts, which are charac-
teristic of electromagnetic contactors, is achieved by us-
ing electronic contactors using IGBT transistors. The
IGBT transistor is a three-electrode power semiconductor
device that combines two transistors in one semiconduc-
tor structure: bipolar (forming a power channel) and field
(forming a control channel). This device has absorbed the
positive properties of a bipolar transistor (high voltage
between the collector and the emitter) and a field transis-
tor (control is by means of an electric field, not by current
as in a bipolar transistor) [12] - [16].

The development and improvement of circuitry us-
ing IGBT transistors is important. The authors of the arti-
cle [17] proposed an improved hybrid direct current con-
tactor, in which the introduction of new structural ele-
ments and connections allows for arc-free switching of
the circuit when the device is turned on and off; allows
you to use it in reversible switching schemes, to ensure
the absence of a zone of possible switching with an arc, to
ensure low dimensions, weight and cost of the contactor,
to increase the reliability of its operation.

The IGBT transistor has a number of positive prop-
erties: light weight, not large size, power, high switching
frequency, lack of physical wear, longer shelf life. Disad-
vantages include: price, a more complicated installation
and debugging process, passive cooling is required for
heat removal, power is lost at high switching frequencies
(approximately 20-50 kHz) [18].

Analysis of research and publications devoted to
various types of electric and electronic contactors allows
us to consider the development and improvement of con-
trol schemes using IGBT transistors as relevant.
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III. FORMULATION OF THE WORK PURPOSE

The purpose of this work is to develop and analyze
the operation of a circuit for controlling a 700 W direct
current electric motor using a contactor on IGBT transis-
tors for operation in diesel locomotives.

IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

The use of electromagnetic contactors in electric
motor control circuits has the following features. When
the control voltage is applied to the contactor coil (elec-
tromagnet), it immediately enters the saturation state and
attracts the armature to the core, which in turn closes the
contacts, and an electric current begins to flow in the elec-
tric power circuit. But it should be noted that when the
voltage is turned off, the magnetic field of the coil

D3

changes slowly, an EMF of self-induction occurs, under
the influence of which the current will decrease slowly.
Due to this, the time of switching off the contacts in-
creases, or in general the armature can be kept in the
closed position, and this can lead to the failure of the
equipment, or even cause a fire.

To prevent the negative consequences that arise
when using electromagnetic contactors, we have devel-
oped a basic electrical circuit for controlling an electric
motor using IGBT transistors (Fig. 1). Such an electrical
circuit can be used to control the operation of a direct
current electric motor, namely, turning on or off a 700 W
electric motor when working in a TEM-2 diesel locomo-
tive.
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Figure 1. The basic electrical circuit for controlling a 700 W direct current electric motor using a contactor on
IGBT transistors for operation in a TEM-2 diesel locomotive

The principle of operation of the electrical circuit is
as follows. When the KN1 button is closed, the power
indicator D4 lights up (blue color), which signals the op-
eration of the battery. To turn on the electric motor, you
need to close the KN2 button, the D2 indicator lights up
(green color), which signals that the voltage is supplied to
the parametric voltage stabilizer D1 through the resistor
R1, which sets the stable operation of the Zener diode.
The stabilization current is / = 0.02 A. After the Zener
diode, we get a constant stabilized voltage of 12 V. The
control voltage of 12 V is supplied through resistors R2,
R4, R6 to the gates of the IGBT transistors, which are
connected in parallel to distribute evenly the load between
them. The transistors enter the saturation state and open,
as a result of which the electric circuit of the motor is
closed to minus (Ground) and an electric current begins to
flow in the power electric circuit.

It can be seen from the diagram that the electric mo-
tor is supplied with a voltage of 60 V, a current of 12 A,
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that is, the total power of the electric motor will be equal
to

P=60V-12A=700W.

The load is evenly distributed on the IGBT transis-
tors, as an electric current of 4 A flows through each
IGBT transistor. Let's determine how much power each of
them can  withstand. As you know, the
FGA25N120ANTD IGBT transistor dissipates 312 W of
power. Since the power of one IGBT transistor is equal
to:

PIGBT: 700/3 =233 W,

then there is a power reserve. But you should not forget
about the cooling system of IGBT transistors, as it will
ensure the prevention of possible emergency situations.

In the basic electrical circuit for controlling the elec-
tric motor, the D3 indicator is installed parallel to the mo-
tor. This is done for safety purposes: if the KN2 button is
open (there is no control voltage on the gates of the IGBT
transistors), and the engine continues to work, it means
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that there is a short circuit to the ground (Ground), or the
transistors have failed, or for some reason, the transistor
does not enter the cutoff (opening) state.

Figure 2 shows graphs of the dependence of the
voltage change on the IGBT transistors on the time during
switching on and off.

U, V]

l __ Tum Off

_ Turn On

4 8 12

16 Ls

Figure 2. Graphs of the dependence of the voltage change
on IGBT transistors on time during switching on and off.

The use of IGBT transistors in comparison with
electromagnetic contactors shows a completely different
result: switching on occurs almost instantly, and the volt-
age acquires the required value, that is, the IGBT transis-
tor opens. This type of voltage change does not affect the
operation of the equipment. When turned off, the IGBT
transistor is completely closed, but no electric current
flows through it. In this way, a safer mode of operation of
the load is achieved.

Figure 3 shows the graph of the dependence of the
voltage change on the electric motor when it is turned on.

Turn On
engine

9 Ls

i

Figure 3. The graph of the dependence of voltage change
on time for the electric motor when it is turned on.

The analysis of the load characteristics of the elec-
tric motor when it is turned on (Fig. 3) shows that in the
initial section the voltage increases according to a linear
law:

U =kt,
where k — the coefficient of proportionality, ¢ — time.

After the initial increase in voltage, it reaches the set
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value and the electric motor operates in the operating
mode.

Figure 4 shows the graph of the voltage change ver-
sus time on the electric motor when it is turned off.

Turn Off engine

Figure 4. The graph of the dependence of voltage change
on time for the electric motor when it is turned off.

Analysis of the load characteristic of the electric mo-
tor when it is turned off (Fig. 4) shows that when the
power is turned off, the motor can’t stop immediately; as
the phenomenon of self-induction occurs (it becomes a
generator). At the same time, self-induction voltage oc-
curs, which falls on the collector of the transistor and can
cause damage to it. But modern field-effect transistors
have a diode in their structure that protects against such
dangerous situations.

When the external voltage is turned off, its change
on the electric motor occurs according to the exponential
law:

t
U=Uyge ",
where U, — the saturation voltage, T — the relaxation time.

The relaxation time characterizes the rate of change
of the current in the circuit and, accordingly, the voltage
on the electric motor and is determined by the value of the
inductance and active resistance of the electric circuit:

t=L/R,
where L — circuit inductance, R — active circuit resistance.

This nature of the voltage change on the electric mo-
tor is explained by the fact that when the external voltage
is turned off, the current through the inductance coil of
the electromagnetic contactor decreases, which leads to
the emergence of an EMF of self-induction, which will
prevent the current from decreasing according to Lenz's
rule.

Analysis of the graph of the voltage change versus
time on the electric motor when it is turned off, shown in
Figure 4, shows that when the external voltage on the
IGBT transistor is turned off, its value decreases to zero
almost instantly. That is, there are no transient processes
that occur on the electromagnetic contactor. Thus, the use
of an IGBT transistor to control the operation of an elec-
tric motor can’t lead to equipment failure and is safer.
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V.CONCLUSIONS

1. An electrical circuit for controlling a 700 W DC
motor using IGBT transistors was developed.

2. A graphical analysis of the transient processes
during switching on and off of the electric motor using a
circuit based on IGBT transistors was carried out.

3. The analysis of the load characteristic of the elec-
tric motor at start-up shows that in the initial section the
voltage increases according to a linear law.

4. The analysis of the load characteristics of the
electric motor when it is turned off shows that when the
power is turned off, the motor can’t stop immediately, as
the phenomenon of self-induction occurs. When the ex-
ternal voltage is turned off, its change on the electric mo-
tor takes place according to the exponential law.

5. It is shown that for controlling the operation of the
electric motor, it is more appropriate to use an electrical
circuit based on IGBT transistors, which provides condi-
tions for more stable and safe operation of the electric
motor.
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Mema pobomu. Pospobxa i ananiz pobomu enrekmpudHoi cxemu 015 KepyBaHHA eneKmpoO8USYHOM NOCMIUHO20
cmpymy na 700 Bm i3 3acmocyeannam konmakmopa na IGBT-mpan3ucmopax ons pobomu y mennogo3ax.

Memoou docnidowcents. Ananimuxko-po3paxynkosi memoou 0iist po3poOKU [ aHalizy pooomu eleKkmpuyHol cxemu i3
s3acmocysannim konmaxkmopa Ha IGBT-mpanzucmopax.

Ompumani pezynomamu. Pospobnena enrexmpuyna cxema Kepy8aHHs eNeKmMpoOBUSYHA NOCMIUHO20 CMPYMY HA
700 Bm i3 3acmocyeannam IGBT-mpansucmopis. Cxema 0036014€ 3aMIHUMU €eKMPOMASHIMHI KOHMAKMOPU HA
IGBT-mpansucmopu 015 NOKpAWEHHA MEXHIUHUX XAPAKMePpUCmuK ma npooyKmueHoCmi pobomu eieKmpoosucyHda.
3acmocysanus IGBT-mpan3ucmopie 0038014€ YHUKHYMU NIO2OPAHHA KOHMAKMHUX 2PYR 8 NOPIGHANHI 3 eleKmpoMae-
HimHum Koumaxkmopom. Ilposedeno epagiunuil ananiz nepexionux npoyecié npu GMUKAHHI I BUMUKAHHI eIeKMpPOoOsU-
2yua i3 sacmocysanuam cxemu Ha IGBT-mpansucmopax. Aunaniz nasaHmadicy8anbHoi XapaKxmepucmuku eiekmpoosu-
2YHA NPpU BMUKAHHI NOKA3YE, WO HA NOYAMKOBIU OLIAHYT 3pOCMAHHA Hanpyeu 8i00y8acmuvcs 3a JiHitHuUM 3akoHoM. Ilic-
JIl ROYAMKOB020 3POCMAHHA HANpyeu 8i00Y8aAEMbCA 8UXI0 11020 HA 3a0aHe 3HAUeHHA | podoma eleKmpoo8U2yHa npoxo-
oumu y pobouomy pedxicumi. Ananiz HABAHMAICYBANLHOI XAPAKMEPUCIMUKU eNeKMPOOSUSYHA NPU BUMUKAHHI NOKA3YE,
Wo npu BIOKMOYEHHT JHCUBLEHHS, 08USYH 00paA3y 3YNUHUMbCS He MOodice, MAK K Mae micye siguwge camoindykyii. Ilpu
BUMUKAHHI 308HIUHBOT Hanpyeu iT 3MiHa HA eleKmMpPOOBUSYHI 8I0DYBAEMbCS 30 eKCNOHeHYIaNbHuM 3akoHoM. Tlokaszano,
Wo Onsi KepyeamHs pobomolo enekmpoosucyna Oinbul 0oYiibHO GuKxopucmanus eiekmpuynoi cxemu na IGBT-
MPAH3UCMOPAx, wjo 3abe3neuye ymosu oinbs cmabinbuoi ma 6e3neynoi pobomu enekmpoosueyHa. 3acmocy8anhs eie-
KMPUYHOT cxemMu 00380JIA€ WBUOKO 3HAUMU HEeCNPABHOCMI 0I5l ROOAIbUO20 IX ycYyHeHHs. Enekmpuuna cxema 0038075€
VHUKHYMU i3UtH020 3HOCY i1 eNeKMPUYHUX eleMEeHMIE.

Hayxosa nosusna. Pospobaena enekmpuuna cxema 051 Kepy8anHsi e1eKmpoOBUSYHOM HA CYUACHUX eNeKMPOHHUX
KoMnonenmax, axka 0ozeonsc 3acmocyeamu 1GBT-mpanzucmopu samicme enekmpomazuimuux konmakmopis. Ha nio-
cmasi  amanimuKko-po3paxyHKo8020 memooy i epagiunoco auanizy 0osedeHo OoyinbHicms ukopucmanua IGBT-
MPAaH3UCMOpi6 3amMicmob eAeKmpPOMASHIMHUX KOHIMAKMOPIS.

Ilpakmuuna yinnicms. Po3pobaena enekmpuuna cxema modce 6ymu 3acmoco8ana O KepyeanHs elekmpoosuzy-
HoM nocmitinozo cmpymy wa 700 Bm 0ns pobomu 6 mennogosax. 3anponoHosana eieKmpuiHa cxema 003605€ 30i1b-
wumu MOOIILHICMb PEMOHMY 6 PA3i HECNPABGHOCIIE WLISIXOM 3AMIHU 8I0N0GIOH020 ONIOKY.

Kntouosi cnosa: enexmpuuna cxema Kepyeanna enekmpoosuzynom; konmaxkmopu; 1GBT-mpanszucmopu; ene-
KmMpooguzyn noCmiiinozo cmpymy.
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NON-TRADITIONAL TECHNOLOGY OF HEATING MODE OF HYDRO-
STORAGE POWER PLANT STATION
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Purpose. Justification of the rational parameters of heat pumps and heat accumulators to ensure the efficient op-
eration of the hydro storage power plant (HSPP) in the heating mode. Development of an automated methodology for
calculating rational parameters for a complex system of a hydro storage power plant operating in heating mode.

Methodology. Mathematical analysis and modeling.

Findings. Using the developed automated calculation method, it was analyzed and determined that passing
through the heat pump the full flow of water passing through the hydro unit is impractical and ineffective, because the
energy consumption in the heat pump compressor is many times higher than the consumption of the hydro unit in
pumping mode, which devalues the proposed measure as an energy-saving measure.

The use of a heat pump and a heat accumulator at the hydro storage power plant for hot water supply needs will
save a third of conventional fuel costs compared to a boiler unit.

The developed automated technique allows to calculate the limit and rational values of design and operating pa-
rameters of the heat pump and heat accumulator, which ensure the heating mode of operation of the hydro storage
power plant to meet the needs of hot water supply.

Originality. An automated methodology for calculating the parameters of a complex system has been developed
for the hydro storage power plant operating in heating mode. The concept of the maximum heat capacity of the hot wa-
ter supply of the heat pump Q,, is introduced. The concept of the rational heat capacity of the hot water supply of the

heat pump Q,,. is introduced. In addition to the maximum heat capacity and the rational heat capacity modes, the de-

veloped method allows you to calculate all the parameters of the heat pump and heat accumulator, which provide the
heating mode of the hydro storage power plant, for arbitrary values of the thermal power of hot water supply, with fur-
ther comparison and analysis of the investigated modes and the selection of the most promising one.

Practical value. The technology of using a heat pump and a heat accumulator to transfer the operation of the hy-
dro storage power plant to the heating mode (hot water supply of residential buildings) is substantiated. The possibility
of saving conditional fuel when applying the proposed technology is proven.

Keywords: heat pump; heat accumulator, automation; energy saving; hydro storage power plant; thermal power.

I. INTRODUTION cant problems with a shortage of not only electrical but

The modern energy system of Ukraine is a flexible also thermal energy, especially in the cold season.

system consisting of generating and consuming compo- Therefore, it is necessary to use various teghnical
nents, which must be in continuous dynamic balancing. ~ Improvements and non-traditional measures regarding the
That is, it is necessary to constantly maneuver the relevant ~ €Xisting energy equipment in order to increase the ma-
generating capacities, as well as consumer loads. The nheuverability of the use of the existing generating capaci-
generating component is a set of power plants, different in 1168 and the possibilities of eqergy-efﬁment t.ransforma-
design and principles of operation: nuclear, thermal, tion of some types of energy into others. This refers to
thermal power plants, hydro- and hydro-accumulating mutual transformations of thermal and electrical energy,
solar, wind. At the moment, modern thermal power sta-  ¢specially in their joint production.

tions of average power (up to 200 MW) and hydro and, ILANALYSIS OF RESEARCH AND
especially, hydro-accumulating stations (HPS) are the PUBLICATIONS

most suitable for maneuvering. Gas turbine plants, which

are very efficient in terms of maneuvering, unfortunately In previous studies, the authors considered a number

do not have sufficient distribution in Ukraine today. At Of non-traditional technologies for useful transformations
the same time, the energy system of Ukraine has signifi- of electrical energy into thermal energy and thermal

© Oaimescbkuii L.T'., I'yceB O.10., Oaimescbkuii I'.C ., 2023
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energy into electrical energy, for various power plants. At
the same time, a heat pump (HP) was used in all
investigated energy-efficient technologies.

The principle of operation of the heat pump consists
in the extraction of heat from various low-potential (low-
temperature) energy sources with further transformation
into high-temperature thermal energy and its transfer to
the consumer. At the same time, energy is used to drive
the heat pump compressor.

Thus, according to the results of research [1], carried
out with the help of the developed appropriate
methodology, the feasibility of using a heat pump in the
thermal circuit of a condensing power plant (CPP) as a
preliminary water heater after the turbine condenser was
substantiated (Fig. 1).

.According to the developed automated method, the
rational temperature of the feed water preheating was
determined under the conditions of maximum economy of
conventional fuel, taking into account the energy
consumption of the heat pump compressor.

we

BU
LTI

B

Condenser

| Pump
H2

H3

HP

—

Figure 1. Scheme of application of the heat pump at the
CPP: BU — boiler unit; HI, H2, H3 — water heaters; ST —
Steam Turbine; HP — Heat Pump

For the conditions of the Kryvorizka CPP power unit
with a condensing steam turbine of the K-300-240
KhTGZ type, the rational value of the water heating
temperature in the heat pump was 82 °C, which ensured
the maximum possible fuel saving of 6% [1].

Next, the possibility of using a heat pump in the heat
circuit of the CPP as a water heater in the hot water
supply system for domestic consumers was investigated
(Fig. 2), which allowed the power plant to operate
actually in the heating mode.

In this work, the rational mode of operation of the
combined CPP+HP system was justified on the example
of the already known power unit of the Kryvorizka CPP.
According to the research results, the coefficient of heat
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utilization for this system acquired a rational value of
78%, and the energy conversion coefficient was 7.2,
which corresponds to a high level of efficiency of the HP

(2].

BU
i
H ! Condenser
—{ H1 [~ H2 (=)
Hot Water HP
Supply

Figure 2. The scheme of application of the heating mode
at the CPP: BU — boiler unit ; H1, H2 — water heaters be-
fore the BU; ST — Steam Turbine; HP — Heat Pump

Next, the effectiveness of the heat pump use, which
utilizes the thermal energy of a power transformer, for
various options of power plants was investigated. As a
result, it was determined that the most rational scheme of
using a heat pump in the system of utilization of thermal
emissions of a power transformer TDNM - 160 MVA/330
kV is a heating scheme (energy conversion coefficient
greater than 13), which has clear advantages from the
point of view of saving energy resources and requires
significantly lower capital and operating costs compared
to other schemes. At the same time, the inefficiency of the
use of the heat pump in micro-steam plants was proved
(3]

The effectiveness of multi-stage heat pump
installations was investigated in order to reduce the total
energy consumption when reaching the specified heat
capacity. The rationality of using a two-stage heating
system, which provides an economy of 12% of
conventional fuel, compared to one heat pump, was
proven [4]. Schemes with more than four heat pumps
have been proven to be less efficient.

The papers [5], [8] consider the main theoretical
provisions on which the calculations in the study are
based.

The source [6] defines the main legal, economic and
organizational principles of activity at facilities in the
field of heat supply and regulates relations related to the
production, transportation, supply and use of thermal
energy for the purpose of ensuring the energy security of
Ukraine, increasing the energy efficiency of the
functioning of heat supply systems, creating and



ISSN 1607-6761 (Print)
ISSN 2521-6244 (Online)

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETUKA» Nel (2023)

Po3nin «EnexkTpoeHeprernka

improving the heat energy market and protecting the
rights of consumers and workers in the field of heat
supply.

In work [7], an overview of heat pumps used in
global practice was carried out. The state of the market of
heat pumps in the world and Ukraine was studied, as well
as the factors that slow down their implementation, types
of heat pumps, schemes and principles of operation,
sources of thermal energy of heat pump installations were
considered. The advantages of heat pump installations
over natural energy sources and the prospects of their use
in Ukraine are also shown.

The paper [9] analyzed the energy efficiency of
vapor compression heat pumps with electric and
cogeneration drives. Effective and valid modes of
operation of heat pumps with electric and cogeneration
drives are determined, taking into account energy losses
during the generation, supply and transformation of
electric energy.

The paper [10] described ways to improve energy
efficiency standards on the example of Korea, with the
aim of increasing the level of investments in this area.
Implementation of energy-saving technologies in various
spheres of life.

In [11] we see the following results. Heat recovery
of low pressure steam in steam condenser of thermal
power plant was attractive because of its great economy
and environmental value. This paper reported the
experimental investigation results on the application of a
heat pump water heater (HPWH) using low pressure
steam in steam condenser as heat source. The working
principles and features of the prototype heat pump were
introduced. The effects of various parameters, including
water flow rate and inlet temperature of heat pump
condenser were investigated. Influence of vacuum pump
on HPWH was also discussed. Results show that
performance of HPWH is governed strongly by the
change of water flow rate and inlet water temperature of
heat pump condenser and vacuum pump. Maximum outlet
water temperature of the test HPWH is 65°C and the
maximum coefficient of performance (COP) is 4.5.

The work [12] presents a computationally cost-
effective numerical model that successfully simulates a
heat pump water heater (HPWH) under typical working
conditions of dwellings. The model’s main components
are a stratified tank and the heat-pump unit. Both systems
are coupled, since a good prediction of water temperature
is needed to predict accurately the heat-pump perform-
ance. Ten thermocouples measured the tank wall tempera-
ture. Measurements and simulations were performed un-
der challenging conditions of a heavy stratification. The
190 L tank stratification was successfully modeled em-
ploying a 1D model, experimentally adjusted by three
tapping cycles, with 6 x 22, 6 x 33, and 3 x 33 L con-
sumptions, covering flowrates of 4 and 6 L/min. Water
temperature is obtained with an uncertainty of 2.6 °C
while the heat-pump was ON. A black box model has
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been used to obtain the heat-pump performance out of the
external and condenser temperatures. For the analyzed
days, the COP estimation presents an uncertainty of only
5.1%. Finally, an application example is included. It was
used to simulate six tapping cycles of the European stan-
dard for heat pump water heaters testing (EN 16147). The
results show the possibilities for heat-pump manufacturers
of applying this calibrated model to predict the perform-
ance of HPWHs under different conditions.

The paper [13] is an advanced experimental rig for
heat pump water heaters. The performances of both a
phase change heat-storage-type heat pump water heater
(Type A) and a conventional heat pump water heater
(Type B) were tested and compared according to GB/T
23137-2008 using the experimental rig. The results
showed that the existence of phase transition temperature
platform enabled the phase change heat-storage-type heat
pump heater run longer and more steadily. When the same
hot water heat capacity obtained, the volume of the accu-
mulator in the Type A water heater accounted for about
56.9% of that of the water tank in the Type B water
heater, which could save the overall size of water heater
significantly and therefore promote the wide application
of energy-saving heat pump water heaters.

The work [14]. A survey for water heater in urban
residential buildings is carried in Wuhan. The results
show that more than 40% subjects use solar energy water
heat. More than 20% subjects point out the energy con-
sumption of water heater should be decreased. There are
about 24.8% subjects take initial cost as the first place
when they chose water heater. 44.2% subjects know about
heat pump water heater, but they could not buy it if the
initial cost is too high. There are 84% subjects could se-
lect heat pump water heater when the cost is no more 20%
high than the average price of the common water heaters.
Moreover, the energy consumptions of residential water
heaters are also investigated.

An experiment was carried out in work [15].The
performance parameters of the WSHPWH system were
analyzed at different evaporator water fluxes. The heating
time decreased as the evaporator water flux increased. As
suggested by the condenser shell and tube side
temperature at different evaporator water fluxes, the
condenser is inefficient. When attaining the same
temperature, the exergy efficiency of the condenser was
lower than those of the other equipment. Thus, it is
essential to reduce its energy destruction when the heating
efficiency of the WSHPWH system is improved.

In the study [16], regulation systems that can be
used for our development are considered.

From the reviewed studies, we can conclude that the
use of heat pumps is not a panacea for all energy saving
measures, but requires conscientious research and
justification in each specific case.

Based on the listed studies, an idea was proposed
regarding the introduction of non-traditional technology
of applying the heating mode of operation of the gas



ISSN 1607-6761 (Print)
ISSN 2521-6244 (Online)

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETUKA» Nel (2023)

Po3nin «EnexkTpoeHeprernka

station for the needs of hot water supply.
III. FORMULATION OF THE WORK PURPOSE

Justification of the rational parameters of the heat
pump and heat accumulator to ensure the efficient
operation of the hydro storage power plant in the heating
mode. Development of an automated methodology for
calculating rational parameters for a complex system of
the hydro storage power plant operating in the heating
mode.

IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

The technology of applying the heating mode of
operation of the HSPP for the needs of hot water supply
(HWS) was investigated. To implement this idea, it was
decided to use a heat pump (HP), as well as, taking into
account the peculiarities of the operation mode of the
HSPP, a heat accumulator (HA). That is, when the hydro
storage power plant is operating in pumping mode, the HP
takes low-potential thermal energy from part of the
pumped water flow and heats water for consumers in the
HA (Fig. 3).

The HSPP operates in two modes: pumping mode,
consuming waste energy from nuclear and thermal power
stations during low-load nighttime, when water is pumped
from the lower to the upper catchment, and also in turbine
mode, when water is discharged from the upper reservoirs
to the lower ones in hours of maximum electricity
consumption in the system. At the same time, more
energy is consumed in the pumping mode than is
produced in the turbine mode, which is reflected in the
values of the HSPP efficiency.

Hot
water

Figure 3. Scheme of the heating mode application at the
hydro storage power plant

HP is a steam-compressor unit that operates
according to the main refrigeration cycle. For this
technology, on the basis of the p, i diagram of the selected
refrigerant (Freon-11), the functions of changing the
parameters of the refrigeration cycle from the heat
capacity of the condenser and the condensation
temperature of the refrigerant at the evaporation
temperature of the refrigerant of 2 °C were determined.

As a result of the periodic and intermittent nature of
the HSPP operation in pumping mode, HA was involved.
As TA, a displacing liquid heat accumulator based on
water was used. It is cheap enough, technological in
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production, reliable and safe in operation, and affordable
in terms of the materials and substances used.

The RONT-B-675 hydraulic unit installed at the
Kanivska GA-ES was accepted as the research object.
The power of this unit in generator mode is 250 MW
(efficiency 88%), and in pump mode 260 MW (efficiency
75%).

The water in the HA is heated from 5 to 60 °C (for
the cold period). Accordingly, the refrigerant
condensation temperature is set at 65 °C.

The automated methodology of calculating the
parameters of the HSPP complex system operating in the
heating mode includes the following algorithm of actions:

1. Assignment of capacities according to the main
modes of the hydro unit, the geometric pressure of the
station, the initial and final temperatures of the water that
gives heat to the HP and water in the HA, physical
parameters of water and refrigerant, technical parameters
of heat pumps.

2. Formation of the functions of changing
parameters of the refrigerating cycle from the heat
capacity of the condenser and the condensation
temperature of the refrigerant for constant evaporation
temperatures, necessary for modeling the operation of
heat pumps.

3. Determination and analysis of energy parameters
of HP operation for the maximum possible flow of water
through the hydraulic unit.

4. Formation of the dependence function of the
conventional fuel total consumption by the hydraulic unit
in pumping mode and the HP compressor and the function
of the dependence of the conventional fuel total
consumption for the generator mode and the boiler on the
thermal power of the HWS system (condenser of the HP).

5. Determination of the limit value of the HWS
capacity and the corresponding HP and HA parameters.

6. Formation of the dependence function of the sum
of the hydraulic unit capacities in pumping mode and the
HP compressor drive on the thermal power of the HWS
system (HP condenser). The formation of the dependence
function of the sum of the hydro unit power for the
generator mode and the thermal power of the HP on the
thermal power of the HWS system (condenser of the HP).

7. Determination of the rational value of the HWS
capacity and the corresponding parameters of HP and HA.

8. Determination of HP and HA parameters for an
arbitrary value of HWS capacity.

9. Analysis and comparison of the HP and HA
parameters obtained above for different values of the
HWS capacity and the selection of a more profitable
heating operation mode of the HSPP.

According to this technology, the operation of the
RONT-B-675 hydrounit in the heating mode for various
heat loads of the hot water system was investigated.

First, the maximum thermal power of the HP, which



ISSN 1607-6761 (Print)
ISSN 2521-6244 (Online)

«EJIEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETUKA» Nel (2023)

Po3nin «EnexkTpoeHeprernka

can be obtained from the full flow of water passing
through the hydro unit (3.337 GW), as well as the power
of the compressor drive, which will ensure this mode (979
MW), is determined. Comparing this value with the
power of the hydro unit in pumping mode (260 MW), we
can conclude that it is not appropriate for the heat pump
to use the energy of the entire flow of pumped water,
because there is no need for such a large amount of heat,
and the cost of the HP drive is 3.7 times exceed the costs
of the hydraulic unit in pumping mode. That is, the
meaning of this energy-saving measure is lost.

Therefore, it was decided to substantiate the
marginal and rational values of thermal capacities of HP,
which would improve the existing system, and not
transform it into a completely different one.

The concept of the ultimate heat capacity HWS (HP)
0. is proposed. This is the power at which the total

consumption of conventional fuel for the hydraulic unit in
pumping mode and the HP compressor will be equal to
the total consumption of conventional fuel for the
generator mode and the boiler unit (BU). Then, in order to
calculate this maximum heat capacity, two functions of
the corresponding total costs of conventional fuel were
formed depending on the heat capacity of the HWS
system and their combined solution was performed, which
is graphically displayed (Fig. 4).

251
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The thermal power of the heat pump, W

Figure 4. Determination of the maximum heat capacity of
the HWS

For our case, under the described conditions and in
accordance with the methodology, the maximum heat
capacity of the HWS was determined, above which it is
impractical to rise. It is equal to 68 MW, and the
corresponding power of the HP compressor will be 20
MW, the volume of TA is 5509 m3, the number of
consumers is 55094 people, the economy of conditional
fuel in comparison with BU is 33%.

The concept of rational thermal power of HWS (HP)
O pay Was introduced. This is the power at which the sum

of the power of the hydraulic unit in pumping mode and
the HP compressor drive will be equal to the sum of the
power of the hydro unit in generator mode and the
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thermal power of the HP. To calculate this rational heat
capacity, two functions of the corresponding total
capacities were formed depending on the heat capacity of
the domestic hot water system and their combined
solution was performed, which is graphically displayed
(Fig. 5).

For our case, under the described conditions and in
accordance with the methodology, the rational heat
capacity of the hot water heater, which is the most
convenient to provide, was determined. It is equal to 14
MW, and the corresponding power of the TN compressor
will be 4 MW, the volume of the HA is 1146 m3, the
number of consumers is 11460 people, and the
conventional fuel economy in comparison with the BU is
33%.

Electrical and thermal power, W

154107
The thermal power of the heat pump, W

Figure 5. Determination of the rational heat capacity of
the HWS

In addition to the given limit and rational modes, the
automated technique allows you to calculate all the HP
and HA parameters that provide the heating mode of the
HSPP for arbitrary values of the thermal power of the
HWS with further comparison and analysis of the
investigated modes and the selection of the most
promising one.

V.CONCLUSION

The technology of using a heat pump and a heat
accumulator to transfer the operation of the gas station to
the heating mode (hot water supply of residential
buildings) is substantiated. An automated method for
determining the rational parameters of HP and HA for the
implementation of the heating technology of the HSPP
has been developed. The following provisions were
obtained.

1. Using the developed automated calculation
method, it was analyzed and determined that the passage
of the full flow of water passing through the hydraulic
unit through the HP is impractical and inefficient, because
the energy consumption in the HP compressor many times
exceeds the consumption of the hydro unit in pumping
mode, which devalues the proposed measure as energy-
saving.

2. The use of a heat pump and a heat accumulator at
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the HSPP for hot water supply needs will save a third of
conventional fuel consumption compared to a boiler unit.

3. The developed automated method allows to
calculate the limit and rational values of the design and
mode parameters of HP and HA, which ensure the heating
mode of operation of the gas power plant to meet the
needs of hot water supply.
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Mema pobomu. Obrpynmyeanhs payioHAIbHUX NAPAMEMPIE MENI0BUX HACOCIE MA MENT0BUX AKYMYIAMOPIE Oisl
3abesneuenns epexmusnoi pooomu I'AEC ¢ mennogpikayitinomy pesicumi. Pozpobra aemomamuzo8anoi memoouxu
PO3DAXYHKY PAyioHaANbHUX napamempig 0 komniekcHoi cucmemu I'AEC, wjo npayroe 6 menio@ikayitHomy pexcumi.

Memoou oocnidscenns. Mamemamuunuil ananiz ma MOOEIOBAHHS.

Ompumani pesynomamu. Buxopucmosyrouu po3pobneny agmomamu3osany mMemoouxy po3paxyHky 0yio npoanani-
306aHO MA GU3HAYEHO, WO NPONYCKAHHS Yepe3 MeNI08ULl HACOC NOBHO20 NOMOKY 800U, WO NPOX0OUmMb Kpizb 2iopoas-
pezam HeOoyinbhe ma HeeghekmugHe, MoOMy U0 eHep2oOGUMPAMU 8 KOMAPECOPi MENL08020 HACOCY 8 pa3u Nepesuuyy-
10mb eUMpamu 2idpoazpezamy 8 HACOCHOMY PEHCUMI, WO 3HEYIHIOE 3aNPONOHOBAHU 3aXI0 K eHepeo3bepicalouuil.

3acmocysanns meniogozo nacocy ma mennogoeo akymyaamopa na I'AEC ona nompeb 2apauo2o 8000nocmayan-
H5L 003604UMb HA MPEMUHY 3eKOHOMUMU SUMPAMU YMOBHO20 NANUBA Y NOPIGHAHHI 3 KOMEIbHUM A2pe2amom.

Pospobrena asmomamuszosana memoouxa 0036018€ 0OUUCTIOBAMY SPAHUYHI MA PAYIOHATbHI 3HAYEHHS KOHCIPY-
KMUSHUX MA PENCUMHUX NAPAMEMPI8 MENI08020 HACOCY MA MENI0B020 AKYMYISIMOpY, AKi 3abe3neuyloms meniogika-
yiunuu pescum pooomu I'AEC Ons 3abe3neuenns nomped 2apsaio2o 6000N0CMAYAHHSL.

Hayxosa nosusna. Po3pobneno asmomamu3osany Memoouxy po3paxyHKy napamempie KOMnieKcHol cucmemu

TAEC, wo npayioe 6 mennogixayitinomy pescumi. Beedeno nowsmms epanuinoi meniooi nomydcHOCMI 2apayo-
20 8odonocmauants menniogo2o Hacocy Qzp. Beedeno nonsmms payionanisnoi meniogoi nOmMys’CHOCHI 2apaio20 6000-
nocmavanis, menyiogo2o Hacocy Opay. Kpim epanuunozo ma payionanbHo2o pesicumis, po3podieHa memoouka 00360-
JISIE PO3PAX08Y8AMU YCI NAPAMEmMPU MENI08020 HACOCY MA MENI08020 AKyMYJISIMOpPY, wo 3abe3neuyioms meniogika-
yitunui pescum I'AEC, 015 008inbHUX 3HAUEHb MENI080I NOMYHCHOCMI 2aPA1L020 8000NOCMAYAHHS, 3 NOOAILUUM NOPi-
BHAHHAM MA AHANIZ30M OOCHIOHNCYBAHUX PEHCUMIB Ul BUOOPOM HAUDINLUL NEPCNEeKMUBHOZO.

Ipaxmuuna yinnicmo. O6IPYHMOBANHO MEXHONOZII0 3ACMOCYBAHHS MENLOB020 HACOCY MA MENI0B020 AKYMYIAMO-
pa o5 nepesody gyuryionysanus AEC ¢ mennogikayitinuil pescum (eapsiue 6000NOCMAYAHHS HCUMIO8UX OYOigenD).
Jlosedeno modicnusicmo eKOHOMIT YMOBHO20 NANUSA NPU 3ACMOCYBAHHT 3aNPONOHOBAHOL MEeXHONO2IL.

Knrouoei cnosa: Tennosuii hacoc, meniosutl akymyaisamop; a6moMamu3ayis, enepeo3bepexcens; 2iopoaxymyuio-
104a enexmpoCmanyis; Mmenioéa NOMYHCHICMb.
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