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Mema pobomu. Memoto pobomu € 30iliCHEHH BCeOIUHO20 AHANIZY CMAMUCMUYHUX OAHUX U000 NOIOMOK
OEH3UHOBUX MA OU3ETLHUX ABMOHOMHUX eNeKMPOMEXAHIYHUX YCMAHOBOK OJisl USIGLEHHS 3AKOHOMIpHOCHElL | KIIOYO8UX
NPUYUH HECNPABHOCMEN.

Memoou oOocnioxncennsn. Memoou cmamucmuunozo aHaizy, KIACUYHI MemoOU PO3PAXYHKY CUHXPOHHUX
SIBHONOJIOCHUX 2EHEPAMOPIE I3 eNEKMPOMASHIMHUM 30Y0)CEHHSM.

Ompumani  pesynemamu. I[Ipogedeno amaniz CMamucmuku GiOMOG ABMOHOMHUX — €NeKMPOMEXAHIUHUX
nepemeopiosauie manoi ma cepeduvoi nomyoscHocmi. Ompumani pe3yrbmamu NiOKpeciiorms HeobXiOHiCMmb
6NPOBAOICEHHS CUCMEM MOHIMOPUHZY CMAHY 2eHepamopie Ol PAHHbLO2O 6UAGNEHHA HecnpasHocmel. Pezynapua
olaeHOCMUKa ma KOHMPOIb HABAHMANCEHHS OONOMONACYMb 3an00iemu KpUMUYHUM NOJOMKAM MA 30iL1b1umu mepmin
cayoicou  obnaonanns. 3ibpani  cmamucmuyHi  OaHi  MOJNCHA SUKOPUCMOBYSamu OJisl  PO3POOKU  e@eKmusHuUxX
npoQinaKmuyHux 3ax00i6, YOOCKOHANCHHS IHCMPYKYIUL 3 MEXHIYHO0-20 00CNY208Y8aHHs mMa ONMUMI3ayii pexrcumis
excnayamayii  2emepamopis. Ilooanvui O00CHIONCEHHA MOUCYMb OYMU  CHPAMOSAHI HA PO3POOKY  AN2OPUMMIG
aemMoMamuyHo20 Po3noOiNy HABAHMAICEHHA MidC daszamu, B00CKOHANEHMA CUCMEM 3aXUCmy ma NiOGULeHH s
HaoiHoCmi 130AAYIIHUX Mamepianie. AHAN3 cMamucmuku HecnpasHocmell OU3eibHUX | OEeH3UHOBUX 2eHepamopie
noKa3as, Wo eneKmpudni noiomku cmauosiame 51% eunaokis, a mexaniyni — 49%. Lle ceioyums npo npubausno
PIBHOMIPHUL PO3NOOLL Mid 080MA KAME2OPIAMU HeCNPAHOCMEN, WO BKA3YE HA He0OXIOHICMb KOMNIEKCHO20 NiOXo0y
0o obcnyzoeysanna ma Odiaznocmuku. [Ipu GuKopucmanui Oanux yCmMano80K y GiliCbKOBUX Yinax 0ananc nOJIOMOK
smiyyemoca: mexaniuni eiomosu. 75-85%, enexmpuuni eiomosu: 15-25%. Cepeo enexmpuunux Hecnpagnocmetl
HAUOiINbW NOWUPEHUMU € NOUIKOONCeHHs OOMOMOK Cmamopa uepes aAcumempilo HABAHMANCEHHS, UXI0 3 1ady
pe2yraAmopie Hanpyau, HeCHpagHOCMi aKyMyIAMOPHOT cucmemu ma nopyuieHns i3onayii enekmponposooxu. Mexaniuni
NONOMKYU Hativacmiwe noe sa3aui 3i 3HOCOM NOPWHESOT 2pYnU, HeOOCMAMHIM 3MAUEHHAM, NepecpisoM O08UZyHA Yepes3
HeCnpasHoCMmi cucmeMmu 0Xon004CeH s Mma NOPYUWeEHHAMU Y pOOOMI NATUEHOT CUCIeMU.

Haykoea nosusna. Ilposedeno oemanvhe y3a2anbHents 00C6i0y eKcniyamayii asmoHOMHUX eNeKMpPOMEXaniuHux
nepemeopiosauis y pedaibHux yMoseax, wo 00360JUL0 6CMAHOBUMU 3AKOHOMIPDHOCMI IXHbOI pobomu, eusAGUMU MUNOGI
npobnemu ma pospodoumu pexomenoayii woo0o iX YCYHeHHs. 3anponoHoeani y OOCHIONCEHHI Memoou OYIHKU
eexmusHocmi  pobomu  a8MOHOMHUX —eNIeKMPOMEXAHIUHUX NePemeopiosayie Moicyms Oymu 6UKOPUCMAaHi O
nOOANbWOT MOOEPHI3ayii iCHYIOUUX cucmem, d MAKOIC NPU CHMBOPEHHI HOBUX BUCOKOCHEKMUBHUX AGMOHOMHUX
€/1eKMpPO2eHePYIOUUX YCMAHOBOK.

Ilpakmuuna yinnicms. Pe3yiomamu 0ocniodxcenus maroms npakmuyny yinHicms Os iHCeHepis, KOpUcmyeayis
ma BUpoOHUKIE eneKmpomMexaHiunoeo 00aaoHannA. OO0epicaHi pe3yrbmamu MONCYMb BUKOPUCIOBYBAMUCL OJis
nioguujennsa eexmueHocmi ma HAOIHOCMI A8MOHOMHUX eHePeeMUYHUX CUCTNEM, WO NPayioiomy y Pi3HUX YMOBAX.
3oxpema, MONHCIUBO 3MEHWIUMU SUMPAMU HA MeXHiyHe O00CTY208Y8aANHSA, NOKpAWUMU eHepeoeekmusHicms ma
no00GICUmMY mepMin eKcriayamauii ooradnanns. Ompumani pe3yromamu MOJICYMs GUKOPUCTNOBYBAMUCH NPU PO3POOYI
pexomenoayiti wjo0o eudbopy, MoOepHizayii ma diazHOCMUKYU AGMOHOMHUX eNeKMPOMEXAHIYHUX YCMAHOBOK.

Kniouosi cnosa: asmonomui enekmpoMexaniuui nepemeoprosayi, eeKmpo2eHepyoyi npucmpoi, eKchiyamayis,
eHepaoeekmusHicms, HAOIIHICMb, MeXHiuHe 00CTY208Y8ANH S, eNeKMPONOCMAYAHHS, 2EHEPAMOPHI CUCTIEMU.
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I. BCTYII

B ymoBax rmocTifiHUX 0OCTpPUIIB  KPUTHYHOL
iHppacTpyKTypu YKpaiHM aBTOHOMHI €JIEKTpOMEXaHi4Hi
meperBoproBadi  (AEII), 30kpema nu3enb-reHepaTopHi
ycranoBku (JI'Y) Ta OeH30reHepaToOpHi YCTaHOBKH,
CTall  JKUTTEBO HEOOXiMHUMH I 3a0e3ICUCHHSA
0e3mepebifHOr0  eJIEeKTPOIIOCTA4aHHS,  JIO3BOJSIOUH
JTKapHSAM, [IKOJIAM Ta IHIIUM BaXJIMBHM YCTaHOBAM
MPOJOBKYBaTH POOOTY, a TaKoK 3abe3meuyrour 0a30Bi
noTpeOH HACEIEeHHS, TaKi K OCBITJICHHS Ta onaneHHs [1].
AEII, IT'Y Ta OcH30reHEpaTOPH MiATPUMYIOTH POOOTY
3B'A3Ky Ta IHTEpHETy, W0 KPUTHYHO BaXKJIMBO JUIS
KOOpAMHAIIT i Ta oTpuMaHHA iHQOpMAIli, a iXHS
ABTOHOMHICTh JIOTIOMAara€ MiATPUMYBATH CTiHKICTh Ta
(yHKIIOHYBaHHS CYCIIUILCTBA B yMOBax Biitau [2], [3].

JAT'Y, sk aBTOHOMHI JpKepesia eIeKTPOCHEprii, 1o
NpaloTh Ha JU3CNBHOMY MalWBi, CTald KPUTHYHO

BaOXJIMBUMH JUIA YKpaiHW, Je pocilicbki o0cTpinn
peryssipHO TTOLIKO/KYIOTh EHEepreTH4Hy
indpacTpykTypy. IXHA aBTOHOMHiCTb, MOGINBHICTD,
HAMIMHICTh, [IMPOKWHA [ialma3oH TOTYXHOCTEH Ta
LIBUJIKUA 3alyck poOJIATE 1X HE3aMiHHUMH UL
3abe3nedeHHs  0Oe3mepeOifHOTO  eNEeKTPOMOCTadaHHs
KpUTHYHOI  iHQPACTPYKTYpH, BIACBKOBHX  OO'€KTIB,

MIPOMUCIIOBHX MiIPUEMCTB Ta MOOYTOBHUX MOTped [4].

BenzorenepaTopHi yCTAaHOBKHM, IO MpAIIOIOTH Ha
OCH3WHI, TaKOX BIOITPalOTh BaXIUBY pPOJNb Yy
3abe3medeHHi enekTpoeHepricro [5]. Borm ocobmmBo
KOPHCHI JUI1 HEBEJIMKUX JOMOTOCIIONApPCTB, Malux
MAMPUEMCTB Ta B YMOBax, Ji¢ MOTPiOHA MOOUIBHICTD Ta
IIBUAKUN 3amyck. beHzoreHeparopu, $K IpaBWIo, €
MeHIUMH Ta Jermmmu, HiK JI'Y, mo pobuts ix
3pYYHUMH [UIsi TPAHCHOPTYBaHHS Ta BHKOPUCTaHHS B
PI3HHMX YMOBaXx.

Kpim Toro, AEIl, AI'Y Tta ©6eH3zoreHeparopu
3a0e3MeuyIoTh poboty HACOCHHX CTaHLIN
BOJIOIIOCTAYaHHSI Ta KaHaJri3arii, HiATPAMYIOTb

TPaHCIIOPTHY 1H(PPACTPYKTYPY, IO3BOJISIIOUH MPALIOBATH
cBiTiOdopaM, 3ali3HUYHUM CTaHISIM Ta aeporopram, i
JAaI0Th ~ MOXJIMBICTH ~ NPOMHCIOBUM  HiANPUEMCTBAM
BUPOOJIATH TOBapW Iepmioi HEOOXiAHOCTI, Taki SK
MPOAYKTU Xap4yyBaHHs Ta MEUKAMEHTH [6].

Opnak BaxiauBo mnam'stath, mo AEIL, JT'Y Ta
OCH30TCHEPATOPH MOXYTh BHUXOIUTH 3 JIadAy uYepes

IHTEHCHUBHE BUKOPHCTaHHS abo HEIOCTATHE
00CJIyrOBYBaHHsS, IO  MIJKPECIIOE  HEOOXIiTHICTH
PErySIPHOTO  TEXHIYHOr0  OMNISAAYy Ta  PEMOHTY,

BKITIOYAIOYM MEPEeBIPKY PIBHS Macia Ta OXOJIOJDKYIOUOi
piavHM, OYMIIEHHS (ITBTPIB, NEPEBIPKY EJIEKTPUYHUX
3'€IHaHbP Ta TECTYBaHHSI POOOTH il HAaBaHTAKCHHSIM.
OxpiMm Toro, B ymoBax BukopuctamHs JAI'Y Ta
OcH30TeHepaTopiB, MAy)XEe BaXJIMBUM CTa€ MUTaHHA
ManuBHOI Oe3IeKn, MpaBMIFHOTO 30epiraHHs MalnBa Ta
BeHTHIAMIl. Takok, HOTPiIOHO BpaxoOBYBaTH IIyMOBE
3a0pyAHCHHS, 110 CTBOPIOETHCS ary Ta
OCH30reHepaTOpaMH, 0COOJIHBO B yMOBax
TyCTOHACEJICHHUX MicT [7].

B ymoBax BiiHM B  VYkpainmi, AI'Y Ta
OCH30TCHEPATOPH  CTAIM HE  MPOCTO  JDKCPEIIOM
PE3EPBHOTO EIEKTPOIIOCTAYAHHS, a )KUTTEBO HEOOXITHUM
eJIeMEHTOM 3a0e3leyeHHs CTIMKOCTI Ta BIDKMBAHHS
KpaiHu.

IL. AHAJI3 JTOCJLIKEHG I ITYBJITKALIA

I'eneparopu CJIEKTPOCHEPTil IIHPOKO
BUKOPHCTOBYIOTBCS [T 3a0€3IIeUeHHS eIeKTPOKUBICHHS
y pa3i BIACYTHOCTI IICHTPaNi30BAaHOTO ITOCTA4YaHHS.
OCHOBHUMH THNIAMH TaKUX MPHUCTPOIB € IU3CIBHI Ta
OCH3MHOBI TeHepaTopu. BOHHM mpamioroTh Ha OCHOBI
BHYTPIIIHROTO 3TOPSHHS TAajiBa Ta IEPETBOPEHHS
MeXaHIYHOI eHeprii y eJekTpu4Hy. beH3MHOBHIA
TCHEpaTop IpAIfO€ HAa OCHOBI OCH3WHOBOI'O JIBUTYHA
BHYTpPIIIHBOTO  3TrOpsiHHS.  [lanMBO  MOJAETBCA B
kapOropaTop abo cucTeMy YINOPCKYBaHHS, /i€ 3MIIy€eThCs
3 MOBITPSAM, TMiCIAS YOTO OTPUMAaHa MMAJTHBHO-TIOBITPSHA
CYMIIll 3amaJIFOEThCS iCKPOI0 CBIYKM 3alalFOBAaHHS, IO
BUKIMKae BHOyxoBe 3ropstHHS [8]. VYTBopeHi rasm
PO3IIUPIOIOTECS, TPUBOISYA B PYyX TOPIICHb, SKUH
mepefac MeEXaHIUHy €HEpriro Ha KOJNIHYACTHHA Bal.
OOepTampHUIA ~ MOMEHT  TIEPENAacThc  HA  POTOP
TeHepaTopa, 0 iHAYKY€ SIeKTPUIHUNA CTPYM y CTaTOpax.
BensuHOBI reHeparopu 3a3BUYadl  MalOTh  MEHIIY
MOTY)XKHICTh 1 3aCTOCOBYIOTBCS JISI KOPOTKOYACHOTO
BUKOPHUCTaHHA ab00 B MOOYTOBHMX yMOBax dYepe3 ix
BiTHOCHO HEBHMCOKY BHTpATy MaJMBa Ta MCHINUN PiBCHb
mymy [9].

Ju3enbHuil reHepaTop BUKOPHCTOBYE IU3EIbHUI
IBUTYH BHYTPIIIHBOTO 3TOPSHHA, SKWH Ipamioe 3a
MIPUHITUIIOM CaMO3afiMaHHs MajIbHOTO MiJ TIEI0 BHCOKOT
Temnepatypu cruckanHga [10]. YV xkamepy 3ropsHHS
MOJIAETHCS YHUCTE MOBITPS, SKE CTHCKAETHCS MOPIIHEM [0
BHCOKOTO THCKy, 10 3HAYHO MIiJBUIIyE  HOTO
TeMmepaTypy. Y CTHCHCHE Tapsiue IMOBITPS MOJA€THCS
A3eNbHE MaJuBo, IKe caMo3aiiMaeThesa 0e3 HeoOX1THOCTI
ickpoBoro 3amamoBaHHsA [11], [12]. VYTBopeHi rasm
PO3IIUPIOIOTECS, IPUBOASIYH B PYX HOPIIEHb, SIKUH depe3
KPUBOIIHMITHO-IIIATYHHUH MEXaHi3M 00epTae KOIiHIACTHHA
Bajl. MexaHiuHa EHEprisl MepeJaeThCsi Ha TeHepaTop, e
MEPETBOPIOETECA B €IEKTPUUHUI CcTpyM. Jln3emnpHi
TeHEepPaTOpH MAaIOTh BUINY €(EKTHBHICTH 1 MOTYXKHICTB,
TOMY X BUKOPUCTOBYIOTh y IIPOMHUCIIOBUX MaclITadax ta
JUISl TPUBAJIOT0 aBTOHOMHOTO >KUBJIeHHs [13].

SIx OSH3WHOBI, Tak i AW3EIbHI TEHEPATOPH MOXYTh
MaTh TeBHI ciaOki wmicus. IlanmBHa cucTeEMa MOXKE
BUXOAWTH 3 JIAAy 4epe3 3aCMideHHs MMaJHBHOTO (iTbTpa
abo  HecmpaBHICTH  (OPCYHOK, IO  CIPHYUHIE
HecTabubHy — pobory. Ileperpie  aBuryHa  yepes
HEIOCTATHE OXOJIO/DKCHHS MOXKE MPH3BECTH JIO HOTro
BHUXOJy 3 Jaay. EnmexrpuyHa cucreMa MiANAEThCs 3HOCY
gepe3 MpoOJIeMU 3 PeJIe-pPeryisiTopoM adbo CTapTepoM, a
MaclisiHa CUCTEMa, PU HEJAOCTaTHROMY PiBHI Macia abo
foro 3a0pyIOHEHHI, CHOpPUYMHSE TIABHIICHWUH 3HOC
Jetaneil IBUryHa. AKyMyJsiTOpHA Oarapesi TakoX MOXe
BTPATUTH €MHICTb a00 MaTH OKHCJICHI KOHTaKTH, IO
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YCKJIAIHIOE 3amyck reHepatopa [14]. Came ToMmy aHaimi3
MOJMJIUBHX IIOJIOMOK € KPHTHYHO B&JKIUBUM JUIS
3a0e3neueHHs  Oe3mepebiliHOi  poOOTHM  reHepaTopiB.
PerynspHa miarHocTuKa J03BOJISIE BUSBUTH IPOOIEMH Ha
paHHIX eTamax i YHHKHYTH CEpHO3HHX HECHpPaBHOCTEH,
IO MOXYTh MPU3BECTH 1O 3HAYHUX (HiHAHCOBUX BUTPAT i
BTpaTH MpaLe3naTHOCTI IPHCTPOIo. BaxkimBo cTexuT 3a
CTaHOM OCHOBHHX BY3JIiB i IPOBOIUTH INIAHOBE TEXHIUHE
oOCITyrOByBaHHS, 1100 TOJIOBXKHTH TEPMIH CIIyKOU
reHepaTopa Ta 3a0e3leyuTd HOro crabiibHy poboTy B
Oynb-sikux ymoBax [15].

OO6wuBa TUIIN TeHEPATOPiB MAIOTh CBOI MEpeBaru Ta
cdepu 3acTocyBaHHs. BeH3MHOBI reHEpaTOpU MiAXOSTh
ISl KOPOTKOYAaCHOTO BHMKOPHCTAHHSA Ta HEBEIHMKUX
HAaBaHTAXEHb, TONI SK AM3ENbHI 3a0e3MeuyloTh BHIILY
NOTYXKHICTh Ta E€KOHOMIYHICTh TIpH JOBrOTPHBaNiN
poGoTi. Bubip MK HHMH 3aJ€KUTh BiJ] YMOB
eKCITyaranii, moTped KOpuCTyBada Ta EKOHOMIYHOI
jpouinmeHocTi.  Ilpm  1mpOMy, BaXIMBO  BpaxoBYBaTh
MOTEHILIHI TpoOJieMH Yy BYy3Jax TI'€HEpaTopiB Ta
MPOBOJHUTH CBOE€YACHE 00CITyroByBaHHS Ut
MPOJOBXKEHHS IX pecypcey.

III. META POBOTH

Mertoro poOoOTH € 31iHiCHEHHS BCEOIYHOro aHallizy
CTaTHCTHYHHMX JIAaHUX MO0 IIOJIOMOK OCH3MHOBHX Ta
JM3ETbHNX aBTOHOMHHUX EJIEKTPOMEXaHIYHNX YCTaHOBOK
JUISL BHSIBJICHHS 3aKOHOMIPHOCTEH 1 KITIOYOBHX INPHYMH
HECIIPaBHOCTEH.

IV. BUKJIAJEHHS OCHOBHOI'Y MATEPIAJIY 1
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

CraTUCTUYHI  JaHi, I[[OJ0 THUIIB  IOJOMOK,
HECTIPaBHOCTEH Ta BUXOAY 3 Jady aBTOHOMHHX JIU3€IIb-
OCH3MHOBHX EHEProyCTaHOBOK OTPHMAHO 3a MiATPUMKH
npo¢inpHUX mianpreMcTB Ta ToBapucts: I1I1 «Cranmapr-
Enextpo» Ta TOB «I'exo-ieHTp». 30KpeMa, iHpopMaIiro
OTPUMAHO 3 PEMOHTHHX >KypHAIIB, aKTiB BHUKOHAHUX
poOIT Ta 3amuciB y *ypHaigax B mepion 3 2023 mo KiHelb
2024 poxy BKIIIOYHO.

HocBin eKCIuTyaTartii €JIeKTPOMEXaHIIHUX
MEepPeTBOPIOBaYaX Majoi Ta CEpPenHbOi MOTYXKHOCTI
MOKa3ye, M0 MPUYMHOI0 BUXOLYy 3 Jagy TakKHX

NEPETBOPIOBAYIB €  MEXaHiYHI Ta  CJICKTPUYHI

HECIIPaBHOCTI, 110 TIOKa3aHo Ha puc.1.1.

KpiM TOrO, 1711 aBTOHOMHHX €IEKTPOMEXaHIYHUX
MePEeTBOPIOBAYIB, MIO BHKOPHCTOBYIOTHCS [UIA HOTPEO
BIliCbKOBMX, MEXaHIYHa YacTHHA 3a3BMYail BUXOIHMTL 3
nany dgacrime (75-85% BigmoB), Hik enexrpumuHa (15-
25% BiJIMOB), e MOSICHIOETHCS HACTYITHUMHU
0COOJIMBOCTSIMH iX EKCILTyaTallii:

1. Taki TeHepaTopyM MPALIOIOTE Y  CKIAIHUX
yMOBax: IWJI, BOJIOTa, BHCOKI Ta HHU3BKI TeMIIEpaTypH,
MeXaHIYHI HaBaHTa)KeHHs Ta BiOpamii. Lle mpu3BoguTh 110
NPUCKOPEHOT0 3HOIIYBaHHS PYXOMHUX MEXaHi3MiB, TaKHX
SK TOpLIHEBA TIpymna, MiAIMIHUKY, KIamaHd, MyQTH

TOMIO.

2. Bucoke HaBaHTa)XCHHA Ta YacCTi ITyCKH/3YMTHHKH.
Ha Bigminy Bif reHepaTOpiB, MO MPAIIOIOTH Y IIUBUIBHUX
YMOBax, SIKi 4acTO IPaLIOIOTh y CTaOLIBLHOMY pEXnMi,
BIiIChKOBI YCTaHOBKU MiJJAIOThCS YaCTUM BBIMKHCHHSIM
Ta BUMKHEHHSIM, 10 CTBOPIOE JOAATKOBI HAaBaHTa)KECHHS
Ha JBHT'YH BHYTPIIIHBOTO 3TOPSIHHS, CTapTep, CHUCTEMY
3MalllyBaHHS Ta OXOJIOJKECHHS.

3. HemocratHe TexHiune obcimyroByBanus (TO) y
nonsoBUX yMmoBax. Perymipue TO B ymoBax, Mo
HaOnmkeHl o0 OOMOBHX € yCKJIaJHEeHe Yepe3 BiACyTHICTh

HEOOXITHUX 3aIM4acTuH, IHCTpYMEHTIB abo
kBani(ikoBaHOrO TepcoHady. B pesymbrari macrtuio,
¢inbTpm Ta IHOI  BUTpaTHI  MaTepiali  MOXYTb

3aMIHIOBATUCS HECBOEYACHO, IO MiJIBUIIYE 3HOLIYBAaHHS
MEXaHIYHUX KOMITOHEHTIB.

4. Bucokuii piBeHb MEXaHIYHUX HAaBaHTAXKCHb.
BilicbKOBI T'eHEpaTOpH YacTo TPAHCHOPTYIOThCA Y
BaHTa)XiBKax, OpOHETEXHilll a0 aBiali€ro, 10 CIPUINHSIE
3Ha4yHi ynapHi Ta BiOpamiiiHi HaBaHTaxeHHS. Lle
HETaTHBHO BIUTMBAa€ HA  KpIIUICHHS, ITiIIIUITHHUKY,
aMOPTH3YIOYi €JICMEHTH Ta 1HIIT MEXaHiuHi BY3JIH.

5. BUKOpUCTaHHS HHU3BKOSKICHOTO TNaJbHOIO Ta
MacTWJIBHUX MaTepiaiiB. Y BiHCHKOBHX yMOBax IaJMBO
MOX€ MICTHTH JOMIIIKK abo Oyan HEJOCTaTHBOI SIKOCTI,
IO TNPHUIIBHJIIYE 3HOIIYBAaHHS IAJMBHOI CHCTEMH Ta
neuryHa. KpiM TOro, HEMpaBMIIEHUHN MiI0ip MACTHIBHHUX
MaTepiamiB  abo iX TepemyacHe CTapiHHA MOXYTh
MIPU3BECTH JI0 HAAMIPHOTO TEPTS Ta IIEPETPIiBY.

6. Ilorane OXONOKEHHS Ta MPUUIBUIIICHUI 3HOC
€JIEMEHTIB CHCTEMH OXOJIO/KEHHS. Y IIOJIbOBUX YMOBax
MOJKJIMBE 3aCMIiYCHHS padiaToOpiB MWIOM i OpymoMm, IIo
3HIKY€ €(EeKTHBHICTh OXOJIO[DKEHHA JBUTYHA Ta
MIPU3BOJUTE 10 HOTO MEPETPIBY, IO € OAHIEIO0 3 OCHOBHUX
MIPUYMH BUXOAY 3 JaXy MexaHiuHuX By3iniB. Kpim Toro,
EJICKTPOTCHEPYIOYl YCTAHOBKHU y TTOJILOBUX YMOBAaX 4acTo
MAacKyIOTbCs, III0 HETATUBHO BIUIMBAE HA OXOJIOKCHHS Ta
peCypc YCTaHOBKH B IILIOMY.

Harowmicts SNIeKTPUYHA YacTHHA
CIICKTPOMEXAHIYHUX IIEPETBOPIOBAaYaX, L0 IIPALIOIOTh
JUIS IOTpeO BICHKOBUX (OOMOTKH, PeryisaTOpH HAIpyTH,
BUIIPSMIISYi) 3a3BUYall € MEHII BPa3JIMBOIO, OCKIJIBKU HE
Ma€ pPYXOMHX UYacTHH 1 HE TMIAJAETbCA TaKUM
IHTEHCUBHUM MEXaHIYHUM HaBaHTaxxeHHAM. OpHak i
BOHA MOX€E BHUXOAWUTH 3 Jlaly INpU Ieperpi.i,
MEPEeBAHTAKEHHSIX YH KOPOTKHMX 3aMHUKAaHHSX, Xoua IIe
TPAIUISETHCS pijle, HK MEXaHIYHI TOIIKOKEHHSI.
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PiA BIAMOB ABTOHOMHMXEMIN

MexaHiqHi
HEeCnpasHOCTI
£9%

EnexTpudHi
HecnpaBHOCTI

51%

Pucynok 1. Po3nonisieHHs BiIMOB Ha €JIEKTPUYHI Ta

MeXaHi4yHi
MexaHiyHi ~ HECNIPAaBOHOCTI  IOALIAIOTBCS — Ha!
HECTIPaBHOCTI CUCTEMU OXOJIO/KCHHSI/TIIIrpiBY,

HECTIpaBHOCTI OJIOKYy ABHTYHA Ta HECIIPaBHOCTI JjaBadiB.
BHKOpHCTOBYIOUM CTATUCTUKY 3BEPHEHb KIIEHTIB Y
MPUBATHI CEpBICHI IEHTPU 3 PEMOHTY aBTOHOMHHX
EIEKTPOMEXaHIYHUX  YCTAHOBOK  MPOBEICHO  aHawi3
PO3NOALIEHH MeXaHIYHUX HoJoMOK. Ile 300paskeHo Ha
puc. 2.

MEXAHIYHI HECMPABHOCTI

HecnpasHocTi
NannBHOI CUCTEMM
44%

fl Hecnpagrocti 6no
ABWUTYHa
23%

HecnpasHocTi
CUCTEMM
OXONOAMEHHA/NIAIrp
iBy
20%

Pucynok 2. Po3noiiieHHs1 MeXaHIYHUX HECIPaBHOCTEH

Pozwupenuti  ananiz mexawiyvnux HecnpagHocmeii
ABMOHOMHUX eNeKMPOMEXAHIYHUX NEPEMBOPIOBAUis.

aHams3
aBTOHOMHUX

B  pobGoti
MeXaHIYHUX

MPOBEACHO  MOTIIMONICHUN
HECIIpaBHOCTEN

10

€JIEKTPOMEXaHIYHUX  [EPeTBOPIOBaviB, 3  METOI0
BUSIBJICHHSI KJIIOYOBHMX (DAaKTOPiB, IO BIUIMBAIOTH Ha iX
HaIHHICTh Ta JOBIOBIYHICTD.

1. HecrpaBHOCTI TMaNWBHOI CHCTEMH € HaHOUIBII
MOUIMPEHNUMHI 1 3YMOBJIEHI KOMIUIEKCOM (haKTopiB, SKi
BU3HAYAIOThS] HACTYITHUM:

1) HenoctaTHbOI — MEPIOAMYHICTIO — TEXHIYHOTO
o0ciyroByBaHHs: 3a0pyaHeHHs (GUIBTPIB, HAKOMUYEHHS
ocajly B NAJIMBHUX 0akax, KOpO3is MaJUBOIPOBO/IIB.

2) BrutmBoM ynbTpadioseToBOro BUIPOMIHIOBAHHS:
pYHHYBaHHS TYMOBHMX Ta IUIACTHMKOBHX KOMIIOHEHTIB,
BTpaTa eIaCTUYHOCTI YIIIJILHIOBAYIB.

3) SxicTio MaTepiaiB KOMIIOHEHTIB: BUKOPUCTAHHS

HEsSIKICHUX (QUIBTPIB, MaNIUBOIPOBOAIB, HACOCIB, IIO
MIPU3BOJUTE JI0 MIBUAKOTO 3HOCY Ta BUXOLY 3 JIAy.
4) ExcTpeManbHUMH ~ yYMOBaMH  EKCIDTyaTarlii:

poboTa B yMOBaX BHCOKOi 3alMJICHOCTi, BOJIOTOCTI,
TEMIIEPATYPHUX  KOJIMBAHb, 10 IPUCKOPIOE  3HOC
KOMITOHEHTIB.

Kpim Toro, 110 BeJarKe 3HaUSHHSI Ma€ SIKICTh MajnBa.
BukopucraHHs manuBa 3 BETHKHM BMiCTOM JOMIIIIOK, 260
K€ HE BIINOBiZa€e HOPMaM YH  PEKOMEHIAIIISM
BHUPOOHWKA TMPHBIAHOTO JBUTYHA, 3HAYHO MPUCKOPIOE
BUXiJI 3 IaJly MATHMBHOI CHCTEMH.

2. HecnpaBHOCTI CHCTEMH OXOJOKECHHS/MIIIrPiBy
3afiMaroTh JPyre MiCIle 38 YaCTOTOK BUHUKHEHHS:

a. CxmamHiCTh  CHCTEMH  Ta  HEJOCTYIHICTb
BHYTPILITHIX KOMITOHEHTIB JUIs KOPHCTyBa4a
YCKIIQIHIOIOTh 00CITyrOBYBaHHS: 3a0py/JHEHHsI pajiaTropa,
BUTIK OXOJIO/DKYIOYOT PIJIMHM, BHUXIJ 3 J1aay BOASHOI'O
Hacoca.

b. OCHOBHOIO TPHUYHHOK € HU3bKA  SKICTh
KOMIIOHEHTIB, 110 3HUKYE e(heKTUBHICTD
npodiIaKTUYHOTO  OOCIYrOBYBaHHS:  BUKOPHCTaHHS

HESIKICHUX pa/liaTopiB, MaTpyOKiB, TEPMOCTATIB.

c. Bapro 3a3HaunTH, OO0 BUKOPUCTAHHS HE SIKICHOI
OXOJIOJKYIOUOi  PIIMHM, TPHU3BOAUTH OO0  KOpO3il
BHYTPIIIHIX €JIEMEHTIB CUCTEMH OXOJIOJKEHHS.

3. Hecnpasrocri 610Ky 1BUTYHA!

a.Cran JBWIyHa BH3HAUYa€ThCS SKICTIO HOTO
BHUTOTOBJICHHS: 3HOC MOPIIHEBOI TPYIH, BUXIiA 3 Jaay
MIAIAIHAKIB, TPILMHU B OJIOL LHITIHAPIB.

b. PerymnsipHe TexHiuHe 00CITyroByBaHHS MIATPUMYE
(byHKILIOHAIBHICTh TOPLIHEBOI IpyNH, alle HE TapaHTye
JIOBIOBIYHICTh MEXaHIYHUX KOMIIOHEHTIB: KOHTPOJIb
piBHS Macia, 3aMiHa (QiIbTpIB, pEryJIIOBaHHs KJlanaHiB.

c. HeoOximHo mojmaTtw, M0 TeperpiB JBHTYHA, Ta
poboTa i3 BHKOPHCTaHHSM HCHAIIGKHOTO MAaCTHUIIA,
OPU3BOAUTH O LIBUAKOTO BHXOAY 3 Jiaay JBHIYHA
BHYTPIIIHBOTO 3TOPaHHSI.

4. HecrpaBHOCTI [aTYMKIB HAIPUKIAN, IATIHKIB
TUCKY MacTHJIa, TeMIIepaTypH OXOJIO/DKYHOYOI PiAMHH €

MEHIII KpUTUYHUMHU. BoHM HIBUIKO YCYBaKOThHCS
CHeLialicTaMi  CepPBICHUX I[EHTPIB: 3aMiHa JaT4yHKa,
MepeBipKka  CNCKTPUYHHUX  3'€MHaHb. EKCIUTyaTarfiifi

yYMOBU MarOThb HE3HAYHUN BIUIMB Ha HpaI_IC3,HaTHiCTL
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JIaTYMKIB: BiOpalisi, TeMIepaTypHi KOJIUBaHHA. AJie BapTO
BIIMITHTH, MO BUXII 3 JIAAy ACSIKHX IATYUKIB, MOXKE
MIPU3BECTH JI0 KPUTHUYHHX IOLIKOPKEHb JBUTYHA, SKIIO
BYACHO He OyJie BUSABIEHO MPOOIIEMy.

Bapro BiZMITUTH  BaXJHMBICTh  BHUKOPHUCTAHHA
SIKICHUX MacTWJIBHUX MaTepiaiiB AJIsl 3MEHIICHHS 3HOCY
KOMIOHEHTIB. HeOOXIIHICTh  peryJsipHOi  MepeBipkH  Ta
3aMiHl  QiIBTPIB (MANUBHHUX, MOBITPSIHUX, MACISHUX).
B BiOparii Ha JOBrOBIYHICTH KOMIIOHEHTIB Ta
HEOOXIi/IHICTh BUKOPUCTAHHS BiOpOI30IISIIIHHIX
MmarepianiB. KOHTpOb eNeKTpUYHUX 3’€IHAHb, TaKOX
Ma€e BENUKe 3HAYCHHs, JUIsl 3amobiraHHs BHXOAY 3 Jaay
€JIEKTPOOOITa THAHHS.

Hwuxue MIPUBEACHO MeXaHIYHOL

necrpaBHocTi AI'Y (puc. 3).

MPUKIIAT

Pucynox 3. PyiiHyBaHHS IeCTEpHI NPUBOJY ITOMITH
OXOJIO/KCHHSI I'€HepaTOpa BHACIIIOK 3aKJIMHIOBAHHS
M AIIUITHAKA

Ha puc. 3 nokazaHo pyliHyBaHHS IIECTEpHI IPUBOLY
TIOMITH OXOJIOJKCHHS reHeparopa BHACJIITOK
3aKJIMHIOBAHHS INJIIUIHUKA. PO3IIITHEMO JeTajbHIIIe
JlaHy MexXaHi4Hy HecrpaBHicTh. [lo puc. 3 BUIHO 3HAaYHE
TIOIIKO/KEHHS 3yO0iB MIECTEpHi, M0 BKIIOYAE CKOIH Ta
nedopmanii.lle cBiTIUTH Mpo Te, MO MIECTEPHS 3a3Haia
3HAYHOTO MEXaHIYHOTO BIUIMBY. Y  HIDKHIM  YacTuHI
dotorpadii (puc. 3) BHAHO YACTHHY KOPIYCY ITOMIIA
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oxosokeHHs. Lle Jae 3MOry ineHTudikyBaTi
MOUIKO/KEHY MIECTEPHIO SIK YaCTHHY MPUBOJY ITOMITH. Y

LIEHTpi LIECTEPHI PO3TANIOBAHMIA I IIIMIHUK. VIMOBipHO,
caMe KIMH NiIIUIHAKA CHOPUYMHWIO pyHHYBaHHS
mrectepHi. [IpuunHamMu BUXOXy 3 Jlaay IiIUIMITHAKOBUX
By3JliB, B JaHOMY BHIaAKy, MOXYTb OYTH HACTYIHI:
HACJIiJOK HEJOCTATHROTO 3MAIICHHS, 3a0pYJHEHHS, 3HOCY
a00 MEXaHIYHOTO IIOIIKO/PKEHHS MIANIMITHUKA; HU3bKa
SIKICTh KOMIUIEKTYIOUHX; HECBOEUACHe a0 He IpodeciiiHe
TeXHI4YHe 00CIIyrOByBaHHS Ta HOMUJIKY JIarHOCTYBaHHS.

IIpy xIMHI TIMATHAKA MIECTEPHs 3a3HA€ Pi3KOTO
Ta 3HAYHOTO MEXaHIYHOrO HaBaHTaXeHHs. Marepian
IIECTEpHI HE BHUTPUMYE IOI0 HABAHTAKEHHA, LIO
NpU3BOANTE A0  pyWHyBaHHA  3y0iB.  Hacmigku
pYyIHYBaHHS NPUBIAHOI MIECTEPHI MOXKYTh IPU3BECTH IO
HACTYITHHUX aBapifHUX CUTYAITiil:

1) Tloripmenas abo BUXiD 3 JIAAy CHUCTEMH
OXO0JIo/KeHHsI. PyiiHyBaHHS IIeCTepHI MPHU3BOIUTH [0
3YIIUHKK poOOTH IOMIIK OXoNoukeHHs. Lle, B cBomo
4epry, MOKe CIPHYMHUTH TIEPErpiB MPUBLAHOTO JBUTYHA
ABTOHOMHOT €HEproyCTaHOBKH;

2) TomkomKkeHHS TIPHUBITHOTO JIBUT'YHa
BHYTpIIIHBOTO 3ropaHHs. [leperpiB  nBUTyHA  MOXe
NPU3BECTH JO CEPUO3HUX IMOMIKODKEHb, TaKHX K

nedopmaris TOJOBKH OJOKa IMIIHAPIB, MOUIKOKEHHS
MOPIIHIB, IWJIIHAPIB, TAIWBHOI anapaTypH i T.iH.

TommKoHKeHHST CHCTEMH OXOJIOJDKEHHS, SIK ITOKa3ye
NpaKTUKa pealbHHX eKCIUTyartamiif, HpU3BOAUTH [0
BHUCOKOBAPTICHOTO  PEMOHTY, OCKUIbKH  YaCTKOBHIA,
MOTOYHMI YK  KamiTaabHUM peMoHT abo 3amiHa
NPUBIJHOTO JBUTYHa aBTOHOMHOTO TeHepaTropa €
JIOpOrOBapTICHOTO  mporeayporo. Jus  3amobiraHHs
BUHUKHEHHSA CHTyalliil Takoro THUIy PEKOMEHIYETHCS
BUKOHYBATH HACTYIIHI [Iii Ta orepartii:

1) BukonyBatu peryisipHe TEeXHIYHE
o0ciyroByBaHHS. PerynspHe TpOBeNeHHS TEXHIYHOTO
0o0CITyrOByBaHHSI TEHEpAaTopa, BKIFOYAIOYN IEPEBIPKY
CTaHy ITIOMIIM OXOJIOJKEHHS Ta MiJIIIMIHUKIB 3MEHIIy€
PHM3HMK PanTOBOTO BHXOAY OKPEMHX JeTaiei, By3JiB Ta

€JIEMEHTIB KOHCTPYKIIIi.

2) TlpoBeneHHsI pPeriaMeHTHOrO TEXHIYHOTO OIJISIY
CTaHy IiAIIUITHUKOBHX BY3JB Ta CHUCTEMHM X 3MalCHHS.
IIpy BUKOpUCTAaHHI MINMIUIHHUKIB 3aKPUTOTO THITY
HEOOXITHO MPHUIUIATH yBary CTaHy MOBEPXOHb KOUEHHS
Ta PIBHIO MAacTHJIa B HUX, SIKE HE IOBHHHO NE€PEBUIIyBaTH

gy Oyt MeHImMM 1/3  Big 3aranbHOTO 00’eMy
MIAIMIUITHAKA.

3) HeoOXiHO  CBO€YAaCHO  MPOBOJHUTH  3aMiHY
3HOLIEHUX JeTaieil, BKIIOYalOYd [MiIIIUIHUKA —Ta
HIECTEPHI. Takox HEOoOXiTHO JOTPUMYBaTHUCh

periiaMeHTy 3aMiHM JeTajield, By3IliB Ta MeXaHi3MiB, L0
PCKOMEHAYIOThCSI  3aBOJIOM-BUPOOHHUKOM  OOJIaJHAHHS,
HaBITh y BHIIQJIKy BiJICYTHOCTI Bi3yaJbHUX IOLIKOKEHb
Ta Oymb-SKMX O3HAK 3HOCY uYu nedekTy. Sk mokaszye
NpPakTHKa, BHXiM 3 Jaxy BXHBaHMAX JAeTaled Moxe
BiIOyBaTHCh pamTOBO 1 TMPHU3BOMUTH JO 3HAYHHUX
MaTepiaJbHO-TEXHIYHUX BUTpAT.
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4) BuxopucroByBatu sIKiCHI 3amacHi 4acTuHH. lle
JIOTIOMO2KE 3a100IrTH MepeaYacHOMY 3HOCY Ta ITOJIOMKaM.

IIpoBeneHuii po3mMpeHU aHaTi3 Hagae OimbII

JeTaIbHE  PO3YMIHHS  MEXaHIYHMX  HECIPaBHOCTEU
ABTOHOMHHUX €JISKTPOMEXaHIYHUX IePEeTBOPIOBAYIB Ta
HIIKPECITIOE  B@XKIIMBICTh  PEryJsPHOTO  TEXHIYHOTO

00CITyroBYBaHHSI T4 BUKOPHCTAHHS SIKICHUX KOMIIOHEHTIB
Jutst 3a0e3nedeHHs iX HaliiHOT poOOTH.

OKpeMOI0  YacTHHOK  BIIMOM  aBTOHOMHHX
€JIEKTPOMEXaHIYHUX MepeTBOPIOBaUiB CTaHOBIIATh
pI3HOTO THUIy Ta BUAY BIIMOBH €JIEKTPHYHOI YaCTHHH.
AHami3  eNeKTpPUYHMX HECHpPaBHOCTEH  aBTOHOMHHX

eJ'[eKTpOMCXﬁHi"IHI/IX HepeTBOpIOBa‘liB 306pa>1<eH0 Ha puc.
4.

EJIEKTPUHHIHECNIPABHOCTI

HecnpasHicTs
CUCTEMM 33PAJY
AKB; 16%

Pucynok 4. Po3nofineHHst e1eKTPUYHUX BiIMOB

Jlo ckyagy cucTeMH BHUPOOJICHHS €JeKTpOeHepril
ABTOHOMHUX  €JISKTPOMEXaHIYHUX  [EepEeTBOPIOBAUiB
BXOAATH Pi3HI mpucTpoi Ta cucrteMu. OCHOBOIO Takoi
CHCTEMH € €JIEKTpPOTreHepaTop: B OUIBIIOCTI BHUMAAKIB Y
BUTJISIII CHHXPOHHOTO SIBHOIIOJIOCHOTO TEHEpaTopHa i3
CIeKTPOMATHITHUM  30y/KeHHsM. B  HaykoBiii Ta
TEXHIYHIH  JiTepaTypi  €JIEKTPOTCHEpPaTop  TaKOXK
Ha3uBaeThesl anpTepHatopoM. Lo moxomuts Bin cioBa
"alternating", ToOTO 3MiHHWA, 3MIHHMHA CTpyM. Takox
BUKOPHUCTOBYIOTHCSI 1 1HIII THUIIHM T€HEPaTOPIB: MOBIHHOTO
JKUBJICHHSI, 13 TMOCTIMHMMHM MAarHiTaMu, BEHTHJIbHI
reHepaTopu i T.iH. [lo HasBHOCTI PyXOMOTO KOHTaKTy
OyBalOTh SIK KOHTaKTHI (31 HIITKAMH Ta KUTBISAMH Ha
poropi) Tak 1 Oe3KOHTaKTHi (0€3 PyXOMOrO KOHTAaKTY).
OueBHUHO, 10 KOXKEH THI eJIeKTpOreHeparopa Mae CBOI
nepeBary Ta HeAOJIKH, SKi B OJaJIbIIOMY BU3HAYAIOTh 1X
eKCIUTyaTaliiHy HaJilfHICTh Ta PEMOHTOIPUIATHICTb.

InmyuMu  eneMeHTaMM  €JIEKTPUYHOI  CUCTEMHU

ABTOHOMHHUX €JIEKTPOMEXaHIYHUX YCTAaHOBOK € CHUCTEMH,
mo 3a0e3NeuyloTh pEryJIlOBaHHS BUXIAHOI HaNpyTH,
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YacTOTTH Ta IHIIMX IapaMeTpiB eJeKTporeHeparopa.
Inmia vactmHa HampaBieHa Ha  poOOTy — cHCTEMH
NPUBIZHOTO JIBUTYHA, BJIACHI TOTpeOM Ta CHCTEMH
aBTOMAaTHYHOTO BBIMKHEHHS pe3epBy (ABP).

B naniii po0OTI MPOBENCHO aHaNi3 EICKTPUYHUX

HECTPaBHOCTEH aBTOHOMHHUX CJIeKTPOMEXaHIYHUX
MEPEeTBOPIOBAYIB, 3 METOI0 BHUSBJICHHS  KIFOYOBUX
(akTopiB, MmO BIUIMBAIOTh Ha IX HANIAHICTE Ta

JTIOBTOBIUHICTh. JI0 OCHOBHHX 1 CaMHX PO3IIOBCIOIKCHUX
HECITPaBHOCTEH BiTHOCSITHCS:

1. HecmpaBuocti cuctemu AVR Ta anbrepHaTopa.
L1i HecripaBHOCTI € HaWOIIBII MOMMPEHUMH 1 3yMOBJICHI
MEPeBaXHO CKCIUTyaTaliiiuMu  (aktopamu, a came:
KPUTHYHHM TEPEBaHTAKCHHSIM CHUCTEMH; TICPEBUIIICHHIM
JIOMTYCTHUMUX HaBAHTAXKEHb, 1110 MPU3BOIUTH 0 MEPErPiBy
Ta BUXOJY 3 J1aJly KOMIIOHEHTiB. HenpaBuibHuM
MiIKITIOYCHAS HABAaHTAXXCHHS: TMOMWJIKH B ITiJKIFOUCHHI,
IO CHPUYUHSIOTh CTPUOKH HAIPyTd Ta IOLIKOPKEHHS
enektpoHiku. Hepocrarhe OXOJIOJIKEHHS: norasa
BEHTHUJIALS, [0 TMPU3BOJMUTH JI0 MEPErpiBy Ta 3HUKEHHS
e(eKTUBHOCTI pOOOTH.

Baprto 3a3HauyMTH, IO SKICTh KOMIOHEHTIB TaKOX
BiZlirpae Ba)XJIMBY pOJb. Bukopucranus HeskicHux ABP
Ta albTePHATOPIB 30UTBIIYE PU3NK BUXOAY 3 JIady.

2. HecnpaBHOCTI CHCTEMH MIJIrPiBy 0XOJIOMKYIOUOT
pimuHU. [laHi  HECTIPaBHOCTI € TOIMIUPESHUMH  4Yepe3
TPUBAIMII PpPEXUM PpOOOTH ENEKTPUYHOTO TEHy IMIpH
HU3BKHUX TEMIIepaTypax. TakoX ToOcCTiliHa poboTa mpu
HHU3bKHUX TEMIIEpaTypax MPU3BOAUTH [0 IIBHIKOTO 3HOCY
TeHy. [CHyIOTh TakoX 1 HE KPUTHYHI HECIIPABHOCTI: BUXiJ
3 Jgamly TeHy HE € KPUTHYHUM Ui poOoTH
€HEepProyCcTaHOBKH, OCOOJIMBO IPHU BUCOKUX TeMIlEpaTypax
HaBKOJIMIIHBOTO CepelloBUINa abo MpH BHUKOPUCTAHHI HE
TypOOBaHOTO ABUTYHA.

BaxnuBo BIAMITHTH, IO SKICTh OXOJOMIKYIOUOL
PIAMHU TakoX BIUIMBAE HA PECYpC ENEKTPUYHOTO TEHY,
CUCTEMH OXOJO/UKEHHA Ta 11 CKIAJOBHUX, [JBUIYHA
BHYTpILIHBOIO 3ropaHHs B IioMy. lle e daxrop, mo
MOJKE TIPU3BECTH JI0 PANITOBOTO BUXO/Y YCTAHOBKH 3 JIaLy
Ta JIOCUTh JIOPOTOBAPTICHOTO PEMOHTY.

3. HecmpaBHOCTiI cuCTeMH 3apsiiy aKyMyJIATOPHOI
Garapei (AKB). Cucrema 3apsmy AKDB Bximouae
TEHEepaToOp BIACHHUX ITOTPEO, pene-perynsTop 3apsmy Ta
Biacue camy AKB. [Ipu HassBHOCTI aHOMAJILHO ~ BHCOKHX
YM  eKCTPEeMAJIbHUX  TEMIIepaTyp  HABKOJHIIHBOTO
CepeloBUIIAa  MOXE  BigOyTHCS  BHXiA 3 Jamy
KOMIUIEKTYIOUHX peJie-peryisiTopa 3apsany. [Ipu
NIPOBEJCHH] PpEBi3il, TEXHIYHOrO OOCIYroBYBaHHS 41
IUIAHOBOTO  TEXHIYHOTO OOCIyroByBaHHS HEOOXiITHO
PETYISIPHO MEepeBipATH cpaBHICTh cuctemu 3apsiny AKbD.

Heo0xigHo mizkpecnuTw, 1mo skicte camoi AKB, ta
MPaBUIBHICTh 1 OOCIYrOBYBaHHS, 3HAYHO BIUIMBAE Ha
poOOTY JaHOT CUCTEMHU.

4, HecrnpaBHOCTI JOMOMDKHHX €JICKTPOIPHUBOIIB.
Taki HeClIPaBHOCTI CTOCYIOTHCSI BUXOJLY 3 JiaJy NPHBOJIIB
KEpyBaHHS MAIUBHOI PEIKOI0, TIIYIIIHHSI, PETyIIOBAaHHS
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kapOropaTopa Tomo. ToOTO cUcTeMu, 0 B TOMY YHCII
BIJNIOBia€ 3a peryJioBaHHS oO0epTiB MNpH  3MiHi
HaBaHT@KEHHS (2 OTXKEe 1 4YacTOTH), a OTXKE 1 SAKOCTI
BHpoOIeHoi enekTpoeHeprii. HecipaBHOCTI TOTTOMDKHUX
€JIEKTPONIPHUBOIB Oe3MocepeHhO BIUTUBAIOTH Ha POOOTY
€HEepProyCcTaHOBKHM, Ha ii CTaOUIBHICTH B CTATHYHHUX Ta
JUHAMIYHUX PEXKHUMAaxX, eKOHOMIUHICTh, €()EeKTUBHICTh Ta
SKICTB eneKTpoeHeprii. BukopuctoByroun peryisipHe
TECTYBaHHS (32 PEKOMEHAALIAMH — KOXHOTO THDKHS)
MOXIIMBO 3a0€3IIeYUTH CBOEYACHY 3aMiHy Je(EeKTHUX
KOMIUICKTYIOUMX Ta OE€3BIIMOBHY pOOOTY YCTaHOBKH.
Kpim Toro, BiOpamis Ta piBeHb BOJIOTH, HETaTHBHO
BIUIMBAIOTH Ha poOOTY Ta pecypc AaHHUX BY3IiB.

5. HecmpaBHocTi KOHTpoJepa
eHeproycraHoBku/perynstopa  obeptiB.  Konrpomnep
CHEPrOyCTAaHOBKU/PETYISATOp  OOCpPTIB €  CKJIAJHUM
EJIEKTPOHHUM TPUCTPOEM, 110 3a0e3neuyye 3aXucT,

YIPaBJIHHS Ta MOHITOPHHT. Y BHIAAKy BHUXOIY 3 Jamy
JIAaHUX BY3JIB Ta IX KOMIIOHEHTIB, poOOTa 110 PEMOHTY Ta
3aMiHI TOBMHHA BHKOHYBATHCh BHCOKOKBaJIi(hiKOBaHUMHU
(axiBUsAMH, IO CHEHiANi3YIOTBCS 1O ITaHWM THUIIAM
ycTaHOBOK. He 1mBisiuMch Ha Te, IO KOHCTPYKIiA
TIPUCTPOIB KOHTpOJIEpa 3abe3neuye CTIHKICTh 10 BiOparii
Ta BIUIMBY BOJIOTH, HA MPAKTUL TPAIUISIOTHCS IX BUXOIH
3 naay ~13% BunajkiB. Bucokuii piBeHb 3aXHCTy JaHOTO
eneMeHTa 3a0e3leuyeThcs, B TOMY YHCHi, 32 PaxyHOK
HasBHOCTI KOMIIayH/IyBaHHsS BCIX BY3JIB Ta €JIEMEHTIB
KkoHTposiepa. OpHak, 3 IHmOro OOKy, L€ 3HaYyHO
YCKJIAJTHIOE TIOEJIEMEHTHUI PEMOHT TaKHX BY3JIiB.

Hnst 3MeHmIeHHS HMOBIPHOCTI BHXOAYy 3 Jaay
JIOPOTOBAPTICHOTO  KOHTpoOJiepa/perynsitopa  00epTiB
HEOOXITHO  BHMKOPUCTOBYBaTHM  SKICHI  €JIEKTPUYHI
KOMIIOHEHTH. Takoxk, HeoOXiIHO PEryysipHO NMPOBOIUTH
HepeBipKy  €IEeKTPUYHMX  3'€AHAHb, KOHTAKTiB Ta
MIPOBOJIKH.

Buxig 3 namy anbrepHaTropa, € OJAHUM 3 HAHOLIbII
JOPOTOBAPTICHUM BHIIAJKOM BHXOAY 3 JIady aBTOHOMHHUX
eJIEKTPOMEXaHIYHUX  MepeTBopioBauiB.  bijgbme 1o
BapTOCTI MOXJIMBUH  JIMIIE  KaliTalbHUA  PEMOHT
MIPUBIHOTO JIBUTYHA BHYTPIIIHBOTO 3ropaHHs. Ha puc. 5
MIPUBEICHO  TPHKJIAJ ~ EJIEeKTPUYHOI  HECHPaBHOCTI
albpTepHATOpA.

Jlana HecmpaBHICTh BHHHKJIA Yepe3 HECHMETPIilo
HABAaHTaXCHHA, KOJIM ofHa 3 a3 reHeparopa Oyna
IepeBaHTa)keHa, 110 IPHU3BEJIO IO HeperpiBy iHmmx a3
00MOTKH cTaTopa. Y TpH(a3HHX T'€HepaTopax Ba)KIUBO
PIBHOMIPHO pO3MOIUIATH HaBaHTaKEHHS MK (azamu,
OCKIJIbKM 3HauHa HECHMETpis HaBaHTaXEHHs Mo (a3zax
MIPU3BOJUTE JI0 JIOKAJBHOTO TEperpiBy okpemux a3
0OMOTOK.

I[Ipu  mepeBaHTakeHHi  onHiei  ¢a3um  yepes
HEpIBHOMIpHHH pPO3NOII CTPyMYy BHHHMKaE HaJMipHE
HarpiBaHHs i OOMOTKHM, IO MPU3BOJUTH OO JAerpajaii
1304111, MDKBHUTKOBUX 3aMHKaHb Ta, 3pEIITOI0,
BUTOpSIHHA cekuii craropa. [lpm mpomy iHmi ¢asu
MOXYTh 3QJIMIIATHCS B HOPMAJIBHOMY pOOOYOMY CTaHi,
o0 YCKJIATHIOE CBO€YACHE BHUSABJICHHSA MpoOieMu 0e3
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BIINOBITHUX 3aco0iB KoHTpomro. Jlist 3amoOiraHHs
NOI0HNM aBapifHUM CHUTYyaIlisiM, HE0OXiJHO:
1) KonrpomtoBatn 0anaHc HaBaHTAXEHHS MK

(hazamu 3a JOMTOMOI00 BUMIiPIOBAIBHUX MPHJIAIIB.
2) BuxopucroByBaTn MNpPUCTPOI 3aXHCTy, Taki SK
pene acuMeTpii Hanpyru abo cTpymy.

3) PerymsapHo mepeBipsATH poOOTY TeHeparopa Ta
PO3TO/IiNT HABAHTAXKEHHS B MEPEXKi.

Pucynok 5. 3pyiiHoBaHa cunoBa ooMoTka craropa JAI'Y

VY upoMy BHIAIKy HEOOXIIHUIA KaITATbHUI PEMOHT
cTaropa — MOJJIMBO, TepeMoTka abo 3amiHa OOropiiux
cekuid.  Takok  cimim  mpoaHamizyBaTH — CXeMy
€JIEKTPOIIOCTauaHHs, 1100 YHEMOXJIMBUTH  IOMIOHI
MEPEBAHTAKCHHS B MAOYTHHOMY.

V.BUCHOBKHA

AHani3 CTaTHCTUKH HECMPABHOCTEH AW3ENbHUX 1
OCH3MHOBUX T'CHEpAaTOpiB MOKa3aB, WIO EJIEKTPUYHI
IMOJIOMKHU CTaHOBIATHL 51% BHmaakiB, a MexaHiuHi — 49%.
Ie cBimunTh PO MPHUOIU3HO PIBHOMIPHUI PO3MOALT MiX
JBOMA KaTeropisMH HECHpaBHOCTEH, IO BKa3ye Ha
HEOOXIiIHICTh KOMIIJIEKCHOT'O MAX0AY 1o
o0CITyroByBaHHS Ta JIarHOCTUKH. [IpM BHKOpHUCTaHHI
JIAHUX YCTaHOBOK y BIHCBHKOBHMX LUIAX 0ajaHC MOJIOMOK
3MILIYETHCSI: MEXaHi4HI BigMoBH: 75-85%, enekTpuuHi
BigMoBH: 15-25%.

Cepen  eNeKTpUYHHMX HECHPABHOCTEH HAWOLIBIN
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MOIIUPEHUMH € TOIIKOKEHHS OOMOTOK CTaTopa depe3
ACHMETPIF0 HABAHTAXCHHS, BUXIJ 3 Jaay PpEryJsaTopiB
HANPyTH, HECIPABHOCTI aKyMYJISATOPHOI CHCTEMH Ta
MOPYIICHHS 130JSIMIii eNeKTPONPOBOAKK. BusBiIeHO, 110
ACUMETPUYHE HABAHTAXKCHHS € OJHI€I0 3 TOJOBHHUX
MPUYMAH KPUTHYHHUX BIiJIMOB, OCKIIBKH MEPEBAHTAKCHHS
OKpeMuX (a3 TMPU3BOAUTH 0 JIOKAJIHHOTO IEPETPiBy Ta
pyWHYBaHHS 130JIAII11.

MexaHi4HI TTOJIOMKHM Ha{YacTilie mOB’s3aHi 3i
3HOCOM TIOPIIHEBOI TPYyNH, HEIOCTATHIM 3MAICHHSM,
MeperpiBoM JBUTYHA Yepe3 HECNPAaBHOCTI CHCTEMHU
OXOJIOJDKEHHSI Ta MOPYLICHHAMH Yy pPOOOTI MaJMBHOL
cucteMd. BaxuBuM (akTopoM, MO BIUIUBAE Ha 3HOC
MEXaHIYHMX KOMIIOHEHTIB, € SKICTh ITaJJbHOTO Ta
PEryJIPHICTh TEXHIYHOTO 0OCITYyTrOBYBaHHS.

OTtpumaHi pe3yiabTaTH IMiIKPECTIOITh HEOOXiTHICTh
BIPOBA/DKCHHS CHCTEM MOHITOPUHTY CTaHy I'eHepaTopiB
JUIsl paHHBOTO BHABJIEHHS HeCHpaBHOCTEW. Perymspha
JiarHOCTHKA Ta KOHTPOJIb HAaBaHTAXEHHS JOIOMOXYTh
3armo0irTy KPUTHYHUM IIOJIOMKAaM Ta 30UTBIINTH TEPMiH
ciyx0u obnanHaHHs. 3i0paHi CTaTHCTHYHI JlaHI MOXHa
BUKOPUCTOBYBATU Ui PO3po0OKH e(heKTUBHHUX
npoigakTUYHUX 3aXOiB, YJOCKOHAJICHHS IHCTPYKLIH 3
TEXHIYHOTO OOCIYroBYBaHHS Ta ONTHMI3alii PeXHMIB
eKcIutyartamii reHepaTtopiB. [lomamemmi — mocCiimKCHHS
MOXYTh OyTH CHpsIMOBaHI Ha pO3POOKY aJITOPUTMIB
ABTOMAaTHUYHOTO PO3IMOIiNy HaBaHTaXXEHHS MK (azamu,
BIOCKOHAJICHHS ~ CHCTEM 3aXHCTy Ta  IIiJBHIUICHHS
HAJIMHOCTI 130JIAIIHUX MaTepiaiB.
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OPERATION OF AUTONOMOUS ELECTROMECHANICAL
CONVERTERS OF LOW AND MEDIUM POWER
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Purpose. To assess the reliability of operation of low and medium power electromechanical converters based on
real experience in operating such systems.

Methodology. Statistical analysis methods, classical calculation methods for synchronous salient pole generators
with electromagnetic excitation.

Findings. An analysis of failure statistics of autonomous electromechanical converters of small and medium
power was carried out. The results obtained emphasize the need to implement generator condition monitoring systems
for early detection of malfunctions. Regular diagnostics and load control will help prevent critical breakdowns and
increase the service life of the equipment. The collected statistical data can be used to develop effective preventive
measures, improve maintenance instructions and optimize generator operating modes. Further research can be aimed
at developing algorithms for automatic load distribution between phases, improving protection systems and increasing
the reliability of insulating materials. An analysis of the failure statistics of diesel and gasoline generators showed that
electrical breakdowns account for 51% of cases, and mechanical ones - 49%. This indicates an approximately even
distribution between the two categories of failures, which indicates the need for a comprehensive approach to
maintenance and diagnostics. When using these installations for military purposes, the balance of failures shifts:
mechanical failures: 75-85%, electrical failures: 15-25%. Among electrical failures, the most common are damage to
the stator windings due to load asymmetry, failure of voltage regulators, malfunctions of the battery system and
violations of the insulation of the electrical wiring. Mechanical failures are most often associated with wear of the
piston group, insufficient lubrication, engine overheating due to malfunctions of the cooling system and malfunctions in
the fuel system.

Originality. A detailed generalization of the experience of operating autonomous electromechanical converters in
real conditions was carried out, which allowed us to establish the regularities of their operation, identify typical
problems and develop recommendations for their elimination. The methods for assessing the efficiency of autonomous
electromechanical converters proposed in the study can be used for further modernization of existing systems, as well
as for creating new highly efficient autonomous power generating units.

Practical value. The results of the study have practical value for engineers, users and manufacturers of
electromechanical equipment. The results obtained can be used to improve the efficiency and reliability of autonomous
power systems operating in various conditions. In particular, it is possible to reduce maintenance costs, improve energy
efficiency and extend the service life of the equipment. The results obtained can be used in the development of
recommendations for the selection, modernization and diagnostics of autonomous electromechanical installations.

Keywords: autonomous electromechanical converters, power generating devices, operation, energy efficiency,
reliability, maintenance, power supply, generator systems.
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Purpose. Conduct a study of commutation processes and develop a methodology for determining the switching
frequency of semiconductor elements in the converter for high-voltage electromechanical systems to minimize electrical
losses during their operation with fan loads.

Methodology. Methods of multi-criteria and single-criteria optimization for finding the optimal values of
electrical losses in an electromechanical system, methods for solving first-order differential equation systems, and
analytical methods.

Findings. To improve the energy efficiency of a high-voltage electromechanical system for stationary industrial
fan installations without modifying their structural design, the level of total losses has been assessed. A target function
has been constructed to represent the dependence of total losses in the electric drive on the switching frequency of
power switches and the harmonic distortion coefficients of the stator and rotor currents in a high-voltage wound-rotor
asynchronous motor. Through approximation, a generating dependence of the switching frequency of the converter’s
power switches on the harmonic distortion coefficient of the stator and rotor currents of the asynchronous motor has
been established. The target function, initially dependent on three variables, has been transformed into a function of a
single variable. Simulation modeling of electromagnetic and energy processes in the high-voltage electromechanical
system has been conducted to evaluate total loss levels. A comparative analysis has been performed, confirming the
adequacy of the obtained analytical expression for determining the optimal switching frequency of the converter’s
power elements under the condition of minimizing losses in the high-voltage electromechanical system, with results
validated through simulation.

Originality. A study of commutation processes in the power elements of the converter, which is part of the high-
voltage electromechanical system, has been conducted. More precise analytical dependencies have been obtained,
allowing for the determination of the main and commutation losses in the power elements of the converter for the high-
voltage electromechanical system.

Practical value. 4 methodology for determining the optimal switching frequency of the semiconductor elements in
the converter, which is part of the high-voltage electromechanical system, has been proposed. The calculation error of
the optimal switching frequency of the semiconductor elements, obtained analytically, does not exceed 3.5% compared
to the results obtained through simulation. The proposed methodology can be applied to minimizing losses in high-
voltage electromechanical drive systems for both AC and DC applications used in various industrial mechanisms.

Keywords: switching frequency, optimization, losses, energy efficiency, converter, high-voltage electromechan-
ical system.

I. INTRODUTION speed and torque of both asynchronous and synchronous

Ventilation of mines using main ventilation fans motors [2]-[4]. o
(MVF) is one of the most energy-intensive technological However, FCs and ICCs have high installed power,
processes. Almost all mines use non-regulated electric ~comparable to the power of the MVF motor. In addition,
drive systems for MVF [1]. To improve the efficiency of thf.nr application is limited in high-voltage MVF electrl'c
many MVF systems, it is possible to transition to a lower ~ drives due to the voltage class of the conve.rter’s semi-
rotor speed by implementing energy-efficient electric con(.iuctor elements. Therefore, speed regulation remains
drive control systems, such as frequency converters (FC), ~ feasible on ‘thg rotor side of the motor, where the rotor
inductive-capacitive converters (ICC), and converters Voltage is significantly lower than the stator voltage. For
based on the asynchronous-thyristor cascade (ATC) th1.s purpose, an ATC can be used', and such an electric
scheme. These systems allow independent control of the ~ drive system must ensure a high level of energy

© Synetskyi A.V., Kotsur 1.M., 2025
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efficiency.

It is known that increasing the switching frequency
of power switches reduces the content of higher
harmonics in the stator and rotor currents of an induction
motor (IM), thereby decreasing AM losses. However, a
higher switching frequency also increases both
fundamental and commutation losses in the converter's
power switches. Consequently, it is necessary to
determine the optimal switching frequency for power
switches in this type of electric drive system [5].

II.ANALYSIS OF LAST RESEARCHES

The analysis of studies [6]-[8] has shown that the
development of contactless control systems for induction
motors has led to reduced capital costs for equipment and
increased energy efficiency in industrial mechanisms. The
implementation of existing control systems enables
smooth regulation of drive motors, maintaining constant
torque in the sub-synchronous speed range while keeping
the efficiency and power factor of the electric drive at a
high level [8].

However, for such electric drive systems, the issue
of determining the optimal switching frequency of power
switches that ensures minimal losses in the motor-
converter system has not been investigated [9], [10]. A
comparative analysis has shown that the most energy-
efficient control system, particularly for high-voltage
electric drives, is the frequency-current asynchronous-
thyristor cascade [11], [12].

According to [8], the frequency-current
asynchronous-thyristor cascade combines the advantages
of classical pulse regulation systems and asynchronous-
thyristor cascades. A distinctive feature of this system is
the presence of a pulse regulator in the rectified rotor
current circuit, represented as a step-up voltage pulse
converter (SUPC). The presence of a capacitor (C)
ensures a specified level of overvoltage in the rotor
winding, caused by the frequent switching of the key (K).
The diode (VD) prevents the reverse current flow from
the capacitor when the switch is closed.

When the switch is opened, the stored energy in the
rotor winding, along with part of the slip energy
(depending on the ratio of rotor EMF to inverter EMF), is
recovered into the network at a constant inverter
commutation angle in the low-power inverter. This
minimizes the consumption of reactive power from the
network and in-creases the power factor of the drive
across the entire rotor speed range [5]-[8].

Thus, to improve the energy efficiency of the
electric drive system, using the example of the frequency-
current asynchronous-thyristor cascade, without altering
the structural features of the circuit, it is necessary to
evaluate the total loss level in the motor-converter system.
A target function needs to be constructed to represent the
dependence of total losses in the electric drive on the
switching frequency of the power switches and the
harmonic distortion coefficients of the stator and rotor

18

cur-rents in the asynchronous motor [11]- [12]. Using
approximation, the generating dependence of the
switching frequency of the converter’s power switches on
the harmonic distortion coefficient of the stator and rotor
currents in the drive motor should be established. The
target function, initially dependent on three variables,
must be reduced to a function of a single variable.
Simulation modeling of the electromagnetic and energy
processes in the considered electric drive system should
be conducted to assess the total loss level. A comparative
analysis should be performed to determine the adequacy
of the obtained analytical expression for determining the
optimal switching frequency of the converter’s power
elements, ensuring minimal losses in the electric drive,
with the results obtained through simulation.

III. FORMULATION OF THE WORK PURPOSE

Conduct a study of commutation processes and
develop a methodology for determining the switching
frequency of semiconductor elements in the converter for
high-voltage electromechanical systems to minimize
electrical losses during their operation with fan loads.

IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

To determine the optimal switching frequency of the
power switches in the converter based on the frequency-
current asynchronous-thyristor cascade scheme, it is
advisable to evaluate the amount of constant and variable
losses in the induction motor (IM). As the switching
frequency of the keys increases, these losses decrease
relative to the growing fundamental and commutation
losses in the converter's power switches.

The total losses in the IM, according to [13], can be
determined using the following expression:

AP = Prated '(1_77)

n

)

where: P,

ated 18 the rated power of the induction motor;

n is the efficiency coefficient of the induction motor.
The constant losses, considering the presence of
higher harmonics in the stator and rotor currents, can be

determined with sufficient accuracy using the following
relation [14]:

-
1+,
2

Peonst =A1 - AP=M ;- @5

2

rate rated "

1

Y

where A; is a coefficient that accounts for harmonic

A 3)

distortions in the current; s,,,, is the nominal slip of the
rotor of the asynchronous motor; M, is the nominal
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torque of the motor; /, is the amplitude of the n-th
harmonic of the current.

The variable losses in the stator and rotor windings
of an induction motor can be determined using the
following expression [15]:

Py=3-I] - Ay oy +3-I7 - 2y oy “4)

The additional and ventilation losses in high-voltage
asynchronous motors typically do not exceed 2% [15] and
will increase or decrease proportionally with the change
in the switching frequency of the key. Therefore, these
losses can be neglected.

Thus, the target function for total losses in the
induction motor as a function of the current distortion
coefficient can be written as:

2 2
APpy (g dge ) =315 2 rp+ 307 - 27 1y +

7
it A AP =M 1iod - @ Spateq | 1+
2

)

Let's consider the losses occurring in the DC circuit
of the converter during periodic commutations of the
valves, specifically in the power switch, the blocking
diode, as well as in the rectifying-inverting groups.

The total losses in the power transistor have several
components:

F.=Fh

main

+P0n+P0ff+Plc+Pcc (6)

where P,,,;, are the main losses created by the collector
current in the on state of the transistor; P, are losses

when the transistor is turned on; F,; are losses when the

transistor is turned off; P, are losses from leakage

currents; P,. are losses in the control circuit.

In most cases, losses from leakage currents and in
the control circuit can be neglected.

Calculation of losses in the on state of IGBT type
transistor can be done in the same way as it is done for
thyristor (volt-ampere characteristics of devices in the on
state are similar) [15]:

R, are threshold voltage and dynamic

5> LR
Pmm-ano-Ia(ka a0

()
o
where U,,

resistance, respectively; I, =1. ,, is the average value
of the collector current of the power key; k, is the

coefficient of the collector current shape.

The parameters of the volt-ampere characteristic of
the IGBT in the on state can be determined from the
corresponding characteristics given in the IGBT data
sheet [13].
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The average value of collector current /. ,, is

determined by the ratio:

Iciavzlin'y’ (3)

where [;, is the average value of the input current of the

t; . .
converters; y = 7’ is fill factor, equal to the ratio of the

duration of the on state of the transistor to the repetition
period.

Since the input current of the converter can have
significant ripple, the curves of the collector current of the
transistor and the anode current of the diode can have a
rather complex shape. To calculate the effective value of
the collector current, it is possible to make an assumption
about the linear law of change of this current on the
interval of the on state of the power switch. In this case,
the rate of increase of the input current is equal to:

U

in

L;

di

dt ’ ©)

where L; is the inductance of the windings of the
induction motor.

For calculating the losses in the transistor during
turn-on, as shown in [15], it is convenient to assume a
linear law for the collector voltage drop during the turn-
on interval:

t t
Up = Ukmax(]_t_) ~ Uout(I_t_)ﬂ

cn r

(10)

where u; is instantaneous value of collector voltage;
Ui max =Uous 18 collector voltage before switching on;

is duration of collector voltage decay,

len =1
approximately equal to the duration of collector current

rise when the transistor is turned on.

Equation (8) is valid assuming for 0 <t <¢,, that
the beginning of time counting coincides with the
beginning of collector voltage decay.

As the collector voltage decreases and the collector
current increases, the voltage drop in the rotor winding of
the induction motor increases, and accordingly, the
current through the diode decreases. Since the stator and
rotor windings have inductance L;, the collector current

during transistor turn-on
quadratic law:

increases according to a

2
_Ukmax_t__

s 2

2
Your .t L
cn

tr 2L1 tf

an

I

Let us introduce the value of /j,, defined by the

ratio:
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Iy, =

(12)

2.L; "

The value of collector current, by (11) is the value of
collector current at the moment of voltage drop between
collector and emitter to zero. This current value is used as
a design value in the equation for calculating turn-on
losses [15]:

Ly
12

Fon J uipdt = outlkp_r'
0 T

1
T

If we assume that [, =1;,, then the equation with

m>

regard to (12) can be rewritten in the form:

1
12

h_ 1y

P ,
out~in T 12

on =

rSies (13)

out ’

Similar considerations can be used to calculate the
losses in the transistor at turn-off. In this case, it is
convenient to assume a linear law of collector current
decay:

t
—)>
tr

. t
Ik =1kmax(1—t—)~1m(1— (14)
s

where 7, is the duration of collector current drop at turn-

off.

Similar can be made about the linear law of collector
voltage rise by a quadratic law on the off interval:

2 2
L.t lytr ¢
uk=ucs=¢'_:m—f'_z’ (15)
2:C ty 2:C i
_dncty
S 2U

out

where C, is the capacitance of the thyristor protection
circuit capacitor.

Accordingly, the losses when the transistor is turned
off are determined by the ratio:

17 tf
Poﬁ’ :F (.E uplpdt = 'UoutlinF
tf b
=Uoutlin—- T2 —Uourlin- Ly~ Jr - (16)

Losses in the diode from reverse current VD,
according to [8], have also several components, the most
significant of which are losses from direct current (main)
and losses at diode switching off. The forward current
losses can be calculated using expression (7).

According to [13], [15] the diode turn-off loss
powers can be determined from the following expression:

20

1

Iy, Uy ©
—tbm Ybm _ Elmeme fie»

T, 2

off - (17)

where 1p,,, U, is amplitude of reverse current and
Ty
frequency; f, is switching frequency; ¢ is duration of

voltage, respectively; is period of switching

the diode reverse current decay, the value of which is
determined from [15].
Thus, the total losses in the limiting diode:
(18)

2
Tib
Tip + Tup

Ibm'me
Ty

IR
Py =U, Id(uk} dU@

]

1
~~-+3[memeibfk

Losses in the rectifier-inverter group can be
determined quite accurately as in the power transistor
(diode) according to expression (6). Also, as in the case of
the transistor, losses from leakage currents and in the
control circuit can be neglected. In this case we can also
neglect the losses during switching on and off of the
thyristor (diode). Thus, the total losses in the thyristor of
the rectifier will correspond to the main losses:

o

av ks
F; = Puain _Uﬂlav[1+kf Js (19)
Uy
where U, R, are threshold voltage and dynamic

resistance of thyristor (diode), respectively; /,, is the

ayv
average value of anode current of thyristor (diode); & s

thyristor (diode) current waveform coefficient.
Average value of the thyristor anode current for a
three-phase bridge circuit:

(20)
The total rectifier losses will be determined by the

number of valve arms in the circuit:

P, ,=n-P

rect — main *

ey

For the three-phase bridge circuit n =16 .

According to equations (6), (18) and (21), we can
finally write the function on the switching frequency of
all losses in the convertors in the following form:

5 IR
Ia(1+kf l“]’}r..

0
Uoutlm tf fk+

PZconv(fk): U

1
...+EUWZ-Im-tr-fk+
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Lip.

1+k2 TaR
7 5

+ Tom - Upm .
Ty

|

IR
"'+§Imemeibfk +6'U01av(1+k}Ltj+...

Uy
Using expressions (5) and (22), the overall loss

function of the electromechanical system can be
expressed:

PZsys (fk ’ﬂ'ls:ﬂ'lr): chom,(fk )+ Buotor( 215, A1y ) (23)

...+U0'Id(

o

1, ,R
] kZ invi 22

"'+6'U01inv(
0

It follows from (23) that to determine the optimal
switching frequency of the power switch it is necessary to
set the optimization problem for three variables: the
distortion coefficients of the stator currents Ay, rotor

currents A;. and from the switching frequency of the
switch f; . The solution of the problem is rather complex
and cumbersome and requires the determination of the
coefficients A;, and A, , depending on the switching

frequency of the switch f . Therefore, it is necessary to

reduce the target function to the form from one variable,
i.e. from f; .

Fig. 1 shows the dependences of harmonic distortion
coefficients for the stator and rotor currents of AK-4 type
induction motor of 1000 kW power on the switching
frequency of the converter switch elements, obtained by
simulation modelling when the electromechanical system
is operated with a fan load in the range of operating slip
§=0,5+0,1.

During modelling and calculation of all losses in the
converter we used power elements for bridge rectifier
diodes of W1074Y#320 series, reverse current diode of
MO768S/RX250 series, IGBT transistor of TO850VB25E
series and inverter group thyristors of N0606YS250 series
of Westcode manufacturer, the passport data of which are
given in [16]. It is also possible to determine the harmonic
distortion coefficients in practice in the process of
converter adjustment, using modern measuring
instruments that can perform spectral analysis of currents
or voltages, and independently calculate the harmonic
distortion coefficient.

yl 5%30

[ =]

5

Lad

Figure 1. Dependences of stator (a) and rotor (b) current
harmonic distortion coefficients of AK-4 type induction
motor with power of 1000 kW on the frequency of
commutation of the converter switching elements: 1 -
s=0,5;2 -s=0,4; 3 -s=0,3; 4 - s=0,2; 5 - s=0,1.

The equation describing the dependence of the
harmonic distortion coefficient on the switching
frequency for the stator current of the induction motor is
as follows:

Mgl fe)=0.529-0701- fi, +0445- f;” —.

...—0,126-fk3+0,013-fk4 (24)
and for rotor current of the induction motor:
Ap( fi)=0857—-0999- f, +0.614- f;° —...
= 0172 ;3 40018 £,* (25)

Dependence (23), taking into account (24) and (25),
can be reduced to the form from one variable.
Consequently, to determine the optimal switching
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frequency of the switching elements of converter at which
the minimization of losses in the electromechanical
system is performed, it is necessary to reduce the target
function to the form:

d

o 55 (fe)=0.

The final expression for determining the optimal
switching frequency is as follows:

(1,35-10‘3 2426107312 "’2)'fk7 —

...—(22,-94‘3 07 +4334-107 07 n)-fxf o
..4+(0,165~ISZ 03117 ~r2)- R

...—(0,652~IS2 4123617

2+ 300617 -
2

rp+4,565-17 -
2

44,1011 -

o+ 171212 -r2)+AP+...

u,,l 'tf+“‘

out ’ outtin

1 1
— Uy Lipt, +—
12 R )

1
"'+31memeib =0 (26)
Expression (26) is not difficult to solve with the help
of mathematical packages.

For AK-4 type of induction motor with rated power
of 630 kW, working with fan character of load on

working slip s=0,5, has power on shaft P_, ; =204 kW,

stator current I, __,s=118 A; stator winding resistance

r; =0,295 Ohm; rotor current /, =192 A; rotor winding

resistance r, =0,028 Ohm, according to (26) the optimum

value of switching frequency of switching elements of
convertor under condition of minimisation of losses in

electromechanical system /" =0,626 kHz is obtained.

Thus, the obtained analytical expression (26) can be
used in determining the effective switching frequency of
power switches of the convertors, which provides the
minimum level of losses in the electromechanical system.
To calculate the effective switching frequency for other
values of operating slip and other power of induction
motor, it iS necessary to give approximating expressions
(24) and (25) for eigenvalues of harmonic distortion
coefficients of induction motor stator and rotor currents.

22

To confirm the adequacy of the above method of
determining the effective switching frequency of the
converter switchers, according to [8], a simulation model
was developed, which includes a block of electromagnetic
submodel, taking into account the nonlinearities of the
induction motor [11], and the block of calculating the
energy performance of the drive.

Fig. 2 shows the calculated dependences of total
losses in the electromechanical system on the frequency
of commutation of the converter switchers, respectively,
for AK-4 type induction motors with rated power
P teqa =030 kKW, P....=800 kW, P, ;.,=1000 kW at
operating slip s=0.5, obtained by simulation modeling.

The analysis of dependencies shows that
minimization of total losses in the electromechanical
system is performed at switching frequencies for
induction motor: P, =630 kW - f, = 0.643 kHz; for

P yieq =800 kW - f; = 0.698 kHz; for P,y =1000 kW -
Jfir= 0.704 kHz. It should be noted, that for induction

motor  with  different rated powers in the
electromechanical system, the optimal value of the
switching frequency practically does not change.

TP, kW 125

110

80

—_
2

fi. kHz

Figure 2. Calculated dependences of the total losses in the
electromechanical system on the switching frequency for
the operating slip of induction motor s=0.5: 1 - at
P tea =630 kW; 2 - at P,.,,=800 kW; 3 - at

Puseq =1000 KW.

As a result of the conducted research, the method of
determining the optimal switching frequency of the
converter power switchers is proposed, which consists in
the formation of the target function of the dependence of
the total losses in the electromechanical system on the
switching frequency of the converter power switchers. For
induction motor with P, ;=630 kW the optimal
switching frequency calculated by means of analytical

opt

expression is f;*" =0,626 kHz, by means of simulation

modeling - f; = 0,621 kHz. Thus, the calculation error
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does not exceed 3.5%.

The obtained analytical expression (26) has an
acceptable error in determining the effective switching
frequency of the power switchers, which provides the
minimum level of losses in the electromechanical system.
However, the proposed method requires the determination
of harmonic distortion coefficients for the stator and rotor
currents of the induction motor, the values of which
depend both on its operating slip and on the operating
mode of the electromechanical system. Therefore, for
each case it is necessary to give approximating
expressions (24) and (25) for the eigenvalues of harmonic
distortion coefficients of the induction motor stator and
rotor currents. The proposed methodology for
determining the optimal switching frequency of the power
switch can be applied in engineering design, as well as in
the adjustment work of converters depending on the class
and mode of operation of the electromechanical system.

V.CONCLUSION

Investigations of switching processes in power
elements of the converter are carried out. More accurate
expressions allowing to estimate the main and switching
losses in power elements of the converter have been
obtained.

The method of determination of the optimum
frequency of switching of the power switchers on the
example of the converter is offered. The calculation error
of the optimum switching frequency of the power
switchers of the converter, which is obtained by the
analytical method in comparison with the results obtained
by means of modeling, does not exceed 3.5%.

The proposed methodology for determining the
optimal switching frequency of the converter power
switchers can be used in the problems of minimizing
losses in AC and DC electromechanical systems, which
are used in different areas of intermediate mechanisms.
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Mema pobomu. [Iposecmu O0CHiONCEHH KOMYMAYIUHUX NPOYecie ma po3pooumu Memoouxy OJiss 6U3HAYEHHS
yacmomu KOMymayii noaynposiOHUKOBUX elleMeHmMi8 Nepemeoprogayd Oas BUCOKOBOIbMHUX eleKMPOMEXAHIUHUX
cucmem 3 Memor MiHiMizayii enekmpuyHux empam npu ix pobomi 3 6eHMUNAMOPHUM HABAHMANCEHHAM.

Memoou oOocniodxcenus. Memoou 6azamokpumepianbhoi ma OOHOKPUMEPIAAbHOT onmumizayii 01t NOULYKY
ONMUMANLHUX ~ 3HAYEHb  eNeKMPUYHUX 8Mmpam  eleKmPOMEXaniyHoi  cucmemu, Memoou pIileHHs cucmemu
ougheperyiliHux pieHsHb NEPULO20 NOPAOKY, AHAIMUYHI MEMOOU.

Ompumani pesynomamu. /[ niosuweHHs pigHs eHepeoeeKmueHOCMi BUCOKOBOIbMHOI eleKMpPOMEXaHIYHOT
cucmemy 05l CIMAYIOHAPHUX YCMAHOBOK NPOMUCTOBUX BEHMUNANOPIE 63 3MIHU IX KOHCMPYKMUBHUX 0CO0IU80CMEl
cxemu oyineno pigeHb cymapuux empam. Ilo6yooeano yinbo8y @OYHKYIIO 3a1EHCHOCMI CYMAPHUX 6mpam 6
eeKmponpugoodi 8i0 uacmomu KoMymayii CUiosux Kiroyie ma KoegiyieHmie 2apMOHIYHUX CHOMBOPEHb CMPYMI6
cmamopa ma pomopa BUCOKOBOAbIHO20 ACUHXPOHHO20 08USYHA 3 (DA3HUM POMOPOM. 3a 00NOMO20I0 anpoxcumayii
B8CMAHOBNIEHO 2EHEPYIOYY 3ANeNHCHICMb Yacmomu KO-Mymayii Ccunoeux KIOYie nepemeoprogayd 6i0 GenuyuHu
Koeghiyienma cnomeopeHHs. 2apMOHIK CMpPYMIE cmamopa i NPUBOOH020 pOMOpa ACUHXPOHHO20 OsucyHa. Llinbogy
@YHKYII0 810 MPbOX 3MIHHUX NPUEEOeHo 00 8Udy QYHKYIL 6i0 o0Hiel 3minnoi. IIposedeno imimayiiine MOOent0O8aHHS
ENEKMPOMASHIMHUX | eHeP2eMUYHUX NPOYECI8 8 BUCOKOBOTILIMHILL eNeKMPOMEXAHIUHII CUCmeMI 3 Memor0 OYiHKU Pi6Hs
cymaprux empam. IIpogedeno nopisHANbHUL AHANI3 MA BUSHAYEHA AOEKBAMMICIb OMPUMAHOZ0 AHAIMUYHOZ0 8UPA3Y
w000 GUSHAUEHHS ONMUMAILHOL 4aCMOmU KOMymayii CUNIoBUX eleMeHmi8 nepemeoplosaid Npu 6UKOHAHHI YMOBU
MIHIMI3ayii empam 6 8UCOKOBOILIMHIL eIeKMPOMEXAHIYHIL cucmemi 3 pe3yibmamamit MOOem08aAHHA.

Hayxosa nosusna. Ilposedeno 0ocniodncents KOMymayitiHux npoyecié y CUNOGUX eneMenmax nepemeoplosaid wo
6xo0ums 00 CMPYKMYPU BUCOKOBONbMHOI elleKmpomexaniynoi cucmemu. OmpumaHo Oinbut MOYHi AHANIMUYHI
3a1edHCHOCMI, WO 00380AAI0Mb BUSHAYUMU OCHOBHI MA KOMYMAYIliHi 6mMpamu 8 CUI08UX elleMeHMax nepemeoprosaid
0J151 BUCOKOBOIbMHOL eIeKMPOMEXAHIUHOT CUCEMU.

Ilpakmuuna yinnicms.  3anponono6ano  MemoOuxy  GUHAYEHHS ONMUMANbHOI  uwacmomu  KoMymayii
HanignpoGIOHUKOBUX eleMeHmi8 Nepemeoprosaid wo 6xo0ums 00 CIMPYKMYpPU 6UCOKOBOTIbMHOL eNeKmMpPOMEeXaHiuHol
cucmemu. Tloxubka po3paxyHky OnmMuMaibHoOi Yacmomu KomMymayii HanienpogioHUKo8Ux eleMeHmie nepemeopiosayd,
Wo OMpUMAHA AHATIMUYHUM CROCOOOM NOPIBHAHO 3 Pe3yIbnamamu, OMPUMAHUMY 34 OONOMO20H0 MOOENO8AHHS, He
nepesuwye 3,5%. 3anpononogsana memo-ouka Mmoodice Oymu SUKOpUCMAHA 6 3a0adax Minimizayii empam 6
BUCOKOBOILINHUX — €JIeKIMPOMEXAHIYHUX —CUCMeMax —eleKmponpueooy 3MIiHHO20 mMa NOCMILHO20 CMPYMY, WO
3ACMOCO8YIOMbCA 8 PI3HUX 00IACMAX NPOMUCTOBUX MEXAHIZMIB.

Kniouosi cnosa: uyacmoma komymayii, onmumiszayis, empamu, eHepzoegexmugHicmb, Nnepemseopro8ad,
BUCOKOBONILIMHA eNEKMPOMEXAHIUHA CUCEMA
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Purpose. To evaluate the real usefulness of the topological-isomorphic model of powerful electromagnetic circuits
on the example of the study of pulse current generators.

Methodology. Nodal potential method, Contour current method, Topologically isomorphic transformations.

Findings. The mathematical apparatus created and implemented as a program in MATLAB allows solving the
problems of modeling and research of electromagnetic devices in parts (by types of stored energy).This makes it
possible to simplify the research and optimization of such technical characteristics as efficiency, mass-dimensional
indicators, etc. The magnetic circuit is depicted in the same detail as the electric circuit, and is described by a contour
matrix. The mathematical description of electromagnetic devices determines the inductive parameters due to the
geometric dimensions and characteristics of the magnetic conductors. The topology of the electrical circuit is
represented by matrix blocks, which allows obtaining a mathematical description that simultaneously takes into
account the distribution of currents and charges in the elements of the circuit. The system of equations is reduced to the
Cauchy form and is composed taking into account the increments of magnetic fluxes and potentials on capacitors,
which simplifies its solution by numerical methods on a computer. Thus, it is convenient to control the energy processes
in the reactive energy-consuming elements of the circuit. The paper presents an example of research of a charger of a
pulse current generator with an inductive-capacitive converter. In the research example, the expected qualitative
characteristics were obtained.

Originality. The mathematical model of electromagnetic circuits does not provide for equivalent transformations
associated with the geometric configuration of magnetic conductors. The topology of the electromagnetic circuit is
presented in the form of separate matrices, which are connected by a matrix of coil connections.

Practical value. The implemented software in the MATLAB shell uses the parameters of magnetic conductors in
the form of geometric dimensions of magnetic conductors and their technical characteristics. The results of modeling a
powerful electromagnetic devices allows you to estimate the accumulated energy of the electric charge in capacitors
and the magnetic field in magnetic circuits and to analyze the efficiency and pos-sible impact on the environment. The
presented data preparation technology allows us to investigate processes in more complex magnetic structures, for
example, in magnetic flux-controlled transformers.

Keywords: electro-magnetic circuits; topological-isomorphic model; inductive-capacitive converters; pulse
current generator; static electromagnetic devices; secondary power supplies, magnetic flux-controlled transformers.

I. INTRODUTION

Pulse current generators (PCG) are secondary power
sources for various technological processes. They are
distinguished by high output power, so it is important to
study their energy performance and -characteristics.
Among the loads for PCG, capacitive energy storages
(CES) are often used; they are widely used in physical
experiments due to a number of advantages: low internal
resistance (< 10° Ohm); low inductance (up to 10° H).
This makes it possible to ensure a short discharge time
(10°-10"% ), high efficient energy transfer to the load,
and the possibility of achieving record values of power
(up to 10" W) and current rise rate (10"* A/s). In addition,
CES have a number of operational conveniences: the
absence of moving elements, ease of maintenance, a
modular design principle that allows you to turn off and
easily replace elements in case of accidental damage.

© Sidelev N. L., 2025

Computer modeling of electrical and electronic
devices still plays a special role in the design of
economical and technically efficient devices for various
purposes. The main requirements for models should be
the greatest degree of detail and ease of obtaining model
parameters.

Design automation plays a special role in the power
industry and, accordingly, in power electronics [1]. The
development of automation in design tools is gaining
momentum [2]. The derivation, modeling and control of
power converter systems [3], a review of methods for
verifying control algorithms in power electronics systems
are considered in the works [4]. Attention is paid to the
development of a model of converter losses that takes into
account the physical dimensions of components,
temperature dependence and parasitics of the circuit [5].
Research on the energy efficiency of powerful
installations operating at industrial facilities and other
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uses of mathematical modeling in the power industry have
become very common [6].

In autonomous power systems, all devices can be
divided into three groups: power sources, converters (or
secondary power sources) and power consumers.

Technological devices that use electric discharge in
a liquid [7] are used for drilling, crushing rocks [8], in
water treatment technology for the decomposition of
micropollutants [9], [10], in electric discharge plasma
technology for wastewater treatment [11]. With the
growing demand for energy and the associated emissions
of greenhouse gases that reduce the available fossil fuels,
technologies for processing heavy hydrocarbon raw
materials and renewable energy sources, such as biofuels,
are developing [12].

The working body of these devices are pulsed
current generators (PCG), which use the energy of a
charged capacitance. To charge capacitor banks, special
chargers (chargers) are used that convert mains energy
into high voltage energy. The efficiency and economy of
the PCG as a whole depend on the circuit diagram and
parameters of the charger. Therefore, increasing the
efficiency factor (EF) of storage devices is a paramount
task in their design.

II. ANALYSIS OF LAST RESEARCHES

The group of secondary power sources includes
electronic and electrical devices that provide the
conversion, accumulation and transformation of
electricity into a load. Despite the different weight and
size characteristics, the specifics of the circuit design and
the method of energy transfer, for all secondary power
supplies there are indicators that are always sought to be
improved during design - these are EF, stability of
external characteristics, stability during disturbances, etc.

Calculation of EF of devices is impossible without
accurate calculation of energy in all elements of the
circuit. The mathematical model used in this work is
focused on this class of problems and is described in the
following publications. In the article [13], a mathematical
model of electromagnetic circuits with the highest degree
of detail of both the electric and magnetic circuits was
developed. The magnetic circuit is presented in the same
detail as the electric one, and is described by a contour
matrix. A mathematical description of electromagnetic
devices was obtained, in which the inductive parameters
are determined by the geometric dimensions and
characteristics of the magnetic cores. The topology of the
electric circuit is represented by matrix blocks, which
made it possible to obtain a mathematical description that
simultaneously takes into account the distribution of
currents and charges in the circuit elements. In the work
[14], the system of equations was reduced to the Cauchy
form, which simplifies its solution by numerical methods
on electronic computers. A stable mathematical model of
electromagnetic circuits with feedback in matrix form [15,
16], convenient for implementation on digital computers,
has been developed. The model is constructed with
respect to the increments of magnetic fluxes and
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potentials on capacitors.

The mathematical model of electromagnetic circuits
(EMC), described in [16], is presented in the following
form:

h'wyw'+z'T,R,T), —z WY A, )
—h A YW W' A4,.CAL+ 274, Y 4L
s [wilap,+B)-F(@)
X = / 5 (1)
AVe] | -4y, (ASPVE + E)
where

@ - vector of magnetic fluxes in magnetic circuits;

V. - vector of electrical potentials on capacitors;

E - column vector of electromotive forces (EMF);
C - matrix of capacities of the electrical part of the
circuit;
Yo
circuit;
W - matrix of coiled engagements [13];

- conductance matrix of the electrical part of the

R,, - diagonal matrix of magnetic resistances;
I,

m
the circuit;

F(®)=T,R,[®;

h - integration step.

Matrix A is represented by a set of blocks described
in [16]:

- the incidence matrix of the magnetic part of

AS ASV
4, A,

b

where matrix blocks are:

A, — Incident Matrix of incoming branches of the
graph of the capacitive part of the electronic circuit;

A, - Incident Matrix of outgoing branches of the
graph of the capacitive part of the electronic circuit;

A, — Incident Matrix, where the resistive branches
are incident with the capacitive;

A, — Incident Matrix, where the resistive branches
are not incident with capacitive branches.

Relatively A® and AV, system (1) can be solved
by any numerical method. Varying the value z, we can
change the methods of numerical integration [16].

III. FORMULATION OF THE WORK PURPOSE

The main purpose of this work is to demonstrate the
application of the matrix-topological model (1), described
in [13]-[16], to the study of pulsed current generators
containing massive magnetic parts of the circuit.

IV. EXPOUNDING THE MAIN MATERIAL AND
RESULTS ANALYSIS

Among all types of chargers, circuits with inductive-
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capacitive converters (ICCs) make it possible to obtain
the maximum efficiency and, in the case of high ohmic
resistance of the charging circuit, are optimal [7].

Let's consider the scheme of the charger with the
ICC, shown in Fig.1.

— Il
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Figure 1. Electrical schematic diagram of the
charger with ICC. The dotted line shows the graph
of the magnetic circuit

To a three-phase alternating current network,
represented by ideal sources of electromotive forces
(EMF) E;—-E; and active resistors R; —R;3, an ICC is
connected, consisting of capacitors C; —C; and a three-
phase choke. Structurally, the choke consists of a
magnetic core with air gaps 0; —J3, on which windings
with a number of turns W, —W; and active resistances
R, — R4 are mounted. A step-up transformer is connected

to the output of the ICC, where - low voltage windings
(LVW) and - high voltage windings (HVW). The active
resistance of the LVW in the diagram (Fig.1) is R; — Ry,

HVW, respectively, R;y—R;,. The leakage magnetic
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fluxes of the inductor and transformer can be taken into
account by introducing additional magnetic branches
(branches 7 and 8 in Fig.1).

The alternating current at the output of the
transformer is rectified by semiconductor diodes D; — Dy

and used to charge the capacitive energy storage C,.

The graph of the electric circuit of the charger (Fig.
1) consists of 11 nodes and 22 branches and is represented
by a topological matrix 4 (see Fig. 2).

Ac Branches
1{2[3[afs|ef[7]s8fof10f11][12]13
-1 -1 1 -1
-1 -1 1)1
-1 -1 a1

16]17[18[19 21

Nodes
oo |~ o o | [ [N |-
-

e [
NS
N
-
N

A, Ar

Figure 2. Incident matrix for a charger circuit with
an ICC

According to the number of capacities, 5 branches
and 5 nodes belonging to the capacity subgraph are
separated into a separate block A4,.. The remaining

branches and nodes make up a resistive subgraph (block
A,).
7%

The graph of the magnetic circuit is shown in Fig. 3.
The branches are numbered in accordance with Fig. 1.

0o

1

9 080

Figure 3. Graph of the contour matrix of the
magnetic circuit

The directions of the contours of the magnetic
circuit were chosen and the contour matrix G,, was
compiled (Fig. 4).

The magnetic connection between the electric and
magnetic graphs is provided by a matrix W (Fig. 5).

We begin the work of the charger model under the
following initial conditions: the voltage on all capacitors,
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the currents and magnetic fluxes in all branches are equal

e,
to zero. & '
Magnetic branches or
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Figure 4. Contour matrix of the magnetic circuit 105
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During the operation of the charger, the charging
current is parametrically stabilized by the phenomenon of
voltage resonance in the ICC, and is independent of the 10907

capacitor bank voltages C,. To ensure that the voltage on

the capacitance C, grows linearly (Fig. 6) due to the

500
constant charge current (Fig. 7), the ICC must allocate
linearly increasing energy to the load.
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This is provided by a ramping current at the input of

600 . ' w
the ICC (Figure 8) and a ramping voltage at the output of ~ © © | '
the ICC (Figure 9).

Figure 6. Voltage on the capacitance grows linearly

L
2 25 3 3.5 4

Figure 9. A ramping voltage at the output of the ICC
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At the same time, the constancy of the amplitude
value of the current is ensured at the output of the ICC
(Fig. 10).

I

-20

1 A II‘

-40

50 : * * * * : *
0.5 1 15 2 25 3 3.5
Figure 10. The current at the output of the ICC

Figure 11 shows the magnetic fluxes in the three
cores of the ICC and separately the magnetic flux of
leakage on it.
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Figure 11. Magnetic fluxes acting in the magnetic
cores of the ICC (fi;»;) and in external space (fi;)

Efficiency calculation. The efficiency is calculated
as follows:
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ey

W,

where W, is the energy accumulated in the capacitor

Cy for the entire charge time (z,); W,- active energy
consumed from the network during the time ¢, .

The simulation results of the ICC charger (Figure 1)
can be explored with experimental tests. The efficiency of
the model is 92%, according to the experiment - 90%. The
result turned out to be overestimated due to the fact that
the model did not take into account the hysteresis losses
in the magnetic cores.

In this paper, some graphs of the process of charging
the load capacity are given, however, diagrams of
currents, voltages and magnetic fluxes can be obtained in
all branches and nodes of the circuit. The high
information content of the software makes it possible to
increase the efficiency of the study of chargers, for
example: to check the reliability of the simulation, to
identify resonant circuits and evaluate their frequency, to
investigate the effect of nonlinearities of magnetic
components, etc. Modern computing tools enable the
developer of complex technological devices to increase
the share of creative work and improve the quality of the
products being developed.

V. CONCLUSION

1. The developed software (software), compiled
according to the mathematical model (1), successfully
implements calculations for powerful technological
devices with electromagnetic circuits.

2. The software simplifies the preparation of data
for the model by not using preliminary calculations of the
parameters of the magnetic part of the circuit.

3. The software allows you to obtain graphs of
instantaneous values of voltages and currents of the
transient process in all elements of the electrical part.

4. The software allows you to obtain graphs of
instantaneous values of magnetic fluxes in the metal cores
of electromagnetic converters and magnetic fluxes of
dissipation.

5. The result of modeling a powerful
electromagnetic device allows you to estimate the
accumulated energy of the electric charge in capacitors
and the magnetic field in magnetic circuits and to analyze
the efficiency and possible impact on the environment.
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ABTOMATHU3AIIA JOCIIIKEHDb 'EHEPATOPIB IMITYJIbCHOI'O
CTPYMY HA OCHOBI TOIOJIOTI'TYHO-I30MOP®HOI MOJEJII
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Mema pooomu. Oyinumu peanvbHy KOPUCHICIb MONOI02IMHO-I30MOPGHOT MOOEi NOMYIHCHUX eleKMPOMASHIMHUX
Kil Ha NPUKIA0i O0CHIOHNCEHHS 2eHepamopie iMNYIbCHO20 CIPYMY.
Memoou docnioxncenna. Memoo eyznoeux nomenyianie, Memoo xonmypuux cmpymie, Tononoeiuno-izomopgHi

nepemeopeHHsi.

Ompumani pezyromamu. Cmeopenuil i npoepamuo peanizoeanutt mamemamuynuil anapam y MATLAB doszsonse

30



ISSN1607-6761 (Print) «EJJEKTPOTEXHIKA TA EJIEKTPOEHEPI'ETUKA» Nel (2025)
ISSN 2521-6244 (Online) Po3nin «EnexTpoTexHikay

supiwiysamu 3a0a4i MOOeN08aHHA MA OO0CAIONCEHHs eleKMPOMASHIMHUX NPUCMpoi8 No dacmuHax (3a euoamu
HaxonuueHoi enepeii). Lle 0ae 3mocy cnpocmumu OOCHIONCEHHA MA ONMUMIZAYIIO0 MAKUX MEXHIYHUX XAPAKMeEPUCTUK,
5K Koeghiyienm KopucHoi 0ii, macoeabapummui ROKAXNCUUKU mowo. Macnimonpogio 306panxcyemvcsi mak camo
0emanvHo, K i eeKmMpUdHa cxemd, i ONUCYEMbC KOHMYPHOIO Mampuyero. Mamemamuunuti onuc enekmpomMazHimHux
npucmpoie eusHayae IHOYKMUGHI napamempu, O00OYMOGIEH] 2eOMeMPUYHUMU POSMIPAMU, XAPAKMEPUCUKAMU
Mazuimonpogodie ma 0oMomounumu oanumu. Tononozis enekmpuiHo2o Koia npeocmagieHa MAmpuyHuMy 6J10Kamu,
Wo 003601A€ OMPUMATNY MATNEMATNUYHUT ONUC, AKUH 0OHOUACHO 8PAX08YE PO3NOOIN CMPYMIE T 3apsdie 6 elemeHmax
enekmpuynoeo kona. Cucmema pignanb npusedena 00 Gopmu Kowii ma ckiadena 3 ypaxy8awHsm npupocmis
MAZHIMHUX NOMOKI6 | NOMEHYIanie HA KOHOEHCAMOpax, wio Cnpowye il po3e s3y8aHHs YUCETbHUMU Memooamu Hd
eNeKMpPoOOUUCTIOBANbHUX MawuHax. Takum YUuHOM, 3PYYHO KOHMPOIIO8AMU €HePemUdHi npoyecu 6 pPeaxmugHUux
eHep2oCnodcusaouux — enemMeHmax —cxemu. Po3pobnene npocpamue 3abesneuenns (I13) 3a npedcmasnenoro
MAMEMAMUYHOIO  MOOENNI0, YCRIWHO peanizye pO3PAXYHKU Ol NOMYJCHUX —MEXHONORIMHUX —NPUCTPOI8 3
enekmpomazHimuumy aanyroeamu. 113 cnpowye niocomogky oamux 00 MoOeni 3a PAxXyHOK He GUKOPUCTAMHSA
NONnepeoHix po3PAxyHKi8 napamempie MAeHimHOI YACMUHU KOAd, O03601A€ OMpUMamu 2pagixu MUmMmesux 3HavyeHb
Hanpye i cmpymie nepexioHozo npoyecy 6 YCiX eneMeHmax eieKmpudHoi yacmuHu, 003801A€ ompumamu pagpixu
MUMMEBUX 3HAYEHb MASHIMHUX NOMOKIE 6 Memanesux CepoeyHUKax eneKmpomMazHimHux nepemeoproeaiie ma
MASHIMHUX NOMOKIE PO3Cito8aHHs. Y pobomi Haselenutl npuriad OOCHIONCEHHS 3apSOH020 NPUCTPOIO 2eHepamopda
IMRYIBCHO20 CMPYMY 3 THOYKIMUBHO-EMHICHUM Nepemeoprosayem. Y npukiadi 00CriodceH s OYiu OmpumMani o4ikyeani
SAKICHI Xapakxmepucmuku.

Hayxosa nosusna. Mamemamuyna mooens eneKmpoMazHimuux Kii He nepeodayae exgieaieHmHUX nepemeopeHd,
NOB'A3AHUX 3 2e0MEMPUYHOIO KOHDi2ypayicto Macnimonpogodis. Tononozia e1ekmpomMacHimHo20 Koaa npedcmaeieHa y
8UNA0I OKpeMux mampuysb, AKi 3'€OHani mampuyero 3'€OHaHb KOMYUOK.

Ilpakmuuna yinnicmes. Peanizosane npocpamne 3abe3neuennss ¢ obononyi MATLAB euxopucmosye napamempu
MasHimonpogooie y 6uisioi  2eOMempUdHUX PO3MIpI6  MACHIMONPOBOOI6 Ma IX MEXHIYHUX XAPAKMEPUCUK.
Pesyromamu mMo0ento8anus NOMY*CHUX eNeKMPOMAZHIMHUX NPUCIPOi8 00360IAI0Mb OYIHUMU HAKONUYEH) eHepeilo
eNeKMPUYHO20 3aPAJY 8 KOHOCHCAMOPAX i MAZHimHe noJe 8 MAeHIMONPo8o0ax, NPoaHanizyeamu KoeQiyicHm KopucHoi
il [ ModcIusull 6nIué Ha HABKOMUWHE cepedosuuje. llpedcmaenena mexHono2isa ni020mMoGKU OAHUX 00360J1€
docioxcysamu npoyecu 8 Oinbld CKIAOHUX MACHIMHUX KOHCMPYKYIAX, HANPUKIao, K 8 mpancgopmamopax, ujo
Kepylomu sl MASHIMHUM HOHOKOM.

Knwuosi cnoea: enexmpomaznimui Kona; mMoOnonoziuHo-izomopua  mooenv;  iHOYKMUBHO-EMHICHI
nepemeoprosaui; 2eHepamop IMNYJabCHO20 CIPYMY; CHAMUYHI e1IeKMPOMAZHIMHI RPUCMPOT; 6MOPUHHI ddicepena
JICUGICHHA; MPAHCHOpMamopu 3 KepyeanHAM MAZHIMHUM HOMOKOM.
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JIMCEHKO O.T. KaHJI. TEXH. HayK, IOLEHT, OLEeHT Kadeapu enekTporpruBo/a HalioHaIbHOro TeXHIYHOTO
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Mema pooomu. Bupiwenns numanb AKOCMI eleKMpoeHepeii Ha KOCMIUHUX PAKEeMHUX KOMHIEKCAX WAAXOM
PO3POOKU ma cmeopenHs cucmem KoHmpoo sikocmi enekmpoenepeii (CKAE). Po3pobka cmpykmypu ma 8U3HAYeHHs
aneopummie CKAE 6 cucmemax enekmponocmayanus kocmiunux paxemuux xomniexcie CEII KPK i3 3abe3neuennam
3A0aHUX NAPAMempie eleKmpoeHepaii.

Memoou Oocnioycenna. 02140 nimepamypHux oOdxicepen 3 MeMamuKu, Memoo eKCNepmHUxX OYIHOK, Memoo
CUCTNEMHO20 AHATIZY, MEMOO eKCHePUMEHMATbHO20 O0CHIOHCEHHS.

Ompumani  pesynemamu. Hasedeno noxkasuuku saKocmi enexmpoenepeii, AKI HatOiibl 8axciusi 0is
enexmpocnoxcusayie KPK, xowmponv sikux HeobXioHo 30ilicHiosamu. Busnaueno ocHoeHi eumocu, npeo'ssieni 00
CKAE, V pasi euxody 3a oOonycmumi medici nokasnuxie sxocmi enexmpoenepeii CKAE 0ozsonums 3pobumu
onepamueHi 3axo0u HeoOXIOHI 05l NAPUPYBAHHS HEUWMAMHUX CUMYAYil, 3a605KU YNPAGIIHHIO eleMEHmamMu CUCmemu
enexmponocmauanns. I[Iposedeno inghopmayitine 3abe3neuents 3 no6y006010 3a2anIbHONPULHAMOL CMPYKMYPHOT O10K-
cxemMu NOOIOHUX cucmeM, HA OCHO8I Kol peanizosana mpupisnesa cmpykmypa CKAY. Poszensnymo aneopumm i
ocHoeri npunyunu pobomu CKAY 6 3euuaiinomy pesicumi i pedicumi 6uxoo0y 3a Medxci HOPM NOKA3HUKIE SKOCMI
enexkmpoenepeii (IIAIE). Buxnadeno KopomKuil Onuc CMpyKmypu, da mMakoxdc NPUKIao aieopummy YNpaeiHHs
nosioomnennamu CKAY.

Haykoea nosusna. Bupiuieno 3a60aHHA KOMAIEKCHO20 NIOX00Y 00 NUMAHb AKOCMI eleKmpoeHepeii ma cmeopeHo
mpupienegy CmMpyKmypy cucmemu KOHMPOAO AKOCMI enekmpoeHepeii 6 cucmemax enrekmponocmayanus KPK.
Mixponpoyecopni 3acobu Konmponto 8 neputy yepay 3ade3neuyioms weUoKooito y NOPIGHAHHI 3 NOOIOHUMU CUCTHEMAMU
Ha ananozo-yugposux nepemeopiosavamu. 3anpononosana CKAY 30ilicnioe xommponv sxocmi enekmpoenepeii 3
BUBCOCHHAM OAHUX HA €KPAH ONepamopa came y peaibHoMY Ydci, 6eOeHHAM OE3NepeperHoco MOHIMOpUHeY 3 Qikcayicio
ma peecmpayicio 0CHOBHUX NApPAMempie, a MaKoHC ONOGIWEeHHAM Onepamopa NPy GUHUKHEHHI HEWMAMHUX CUMYayii.

Ilpakmuuna yinnicms. Po3spobneno eucomoeneno ma 60ano npoudeHo yci 6udu BURPOOY8AHL CUCHEMU
xkoumpouio sikocmi enexkmpoenepeii 01 KPK «LJuxnon-4» (bpasunis), ma yvacmkoeo KPK «{uxnon-4My (Kanaoa).

Krouosi crosa: sikicmo, enekmpoenepeis, Cucmema eneKmponoCcmayarHs, KOHmponb, CMPYKmMypa, CRONCUBAY,
npuHyun pobomu.

I. BCTYII 1 MBt, mnpu mnpoexryBanHi KPK «llukmon-4»
30impmmocs i cramo 6mmspko 4,5 MBT. ¥V TenepimHiit
yac INPOEKTyBaHHS cy4yacHuX mepcnektuBHux KPK
00yMOBITIOETHCS TTOTYKHICTIO CHOXHBAYiB IOHAHMEHIIIE

IIpu cTtBOpenHi cucremu enekrpornoctadanns (CEIT)
MIEPCTIIEKTUBHUX KOCMIUHUX pakeTHuX KomruiekciB (KPK),

o MIPOEKTYIOTHCS HEOoO0XiTHO BPAaXOBYBATH  (\in
E€HEPrOEMHICTh CIIOYKHBAYIB TEXHOJIOTIYHOTO 00JIaTHAHHS '
(TO) i Texuiunux cucrem (TC) 3amissHUX y HiArOTOBIM Mo HenaBHBOTO Hacy 3 OOKy eHeprornocrayaibHHX

PKH, a Tako 30i1bIICHHS KUTBKOCTI CIIOKHBAYiB Pi3HUX opraH'i3auif/'1 TMTaHHAM  KOHTPONIO Ta 3a0e3IeYCHHs
HOMIHAIIB HATIPYTH, B TOMY 9YHCIi i HH3bKOBONBTHOro IKOCTI €JIEKTPUYHOI €Heprii He NpUAUIIOoCcs nocmmsoi’
obnanHanus. s 1bOro HeOOXiNHO HA paHHbOMY erami — YBArH, IO MPH BEJIUKUX CyMapHUX TIOTYKHOCTAX HEPILKO
NPOEKTYBAHHA BH3HAUMTH CKJAd | XapakTepucTuku VPH3BOMWMIO 1O TOpYmIeHHs — QyHKIiOHyBaHHSA
CNCKTPOOONANHAHHS — CHCTEM  pO3TANIOBAHMX ~ Ha  TCXHOJIOTIMHOTO  OOMajHaHHs, — Mi/KITIOYEHOTO 10
HaseMHOMy komiuiekci KPK. Tak, Hampukiajg aHaii3 €JIEKTPUYHO]I MepesKi. CroTBOpEHHS MOKa3HUKIB SKOCTI
puxignux ganux (BJI) cnoxusauis TO i TC mokasas, mo  CACKTPOCHEPTIL, o HOMIMPIOIOTHCA OTHUMHU
na KPK «JIHiNpo» CHIOKMBaHHS CTAHOBHIIO TpoxH Ginpme  CHOkuBavavu B CEC i Buxin 3 nmamy Oyab-skoro
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KOMITOHEHTA CHCTEMH €JIEKTPOIIOCTAauaHHs 3 1HIIOTO OOKY
— CTa€ AyKe CepHO3HUM MOPYIIESHHSIM POOIT 3 MiArOTOBKH
PKH 1o mnycky. OpHouacHMI aBTOMAaTU30BaHUN
MoHiTOpUHT y pi3HMX Toukax CEIl — me kpok s
nepioro 3HaioMmcTBa 3 mpobinemoro SE, BusBIeHHS
TEH/ICHIII 3MIHU KOHTPOJBHHUX MapaMeTpiB y dYaci, sKi
3a0e3MedyroTh MOIepeKYBAIbHAN MPOTHO3 JUIS IHIINX
CHOXWBAUiB enekTpoeHeprii[ 1] - [4].

1. AHAJII3 TOCJIJIKEHD I ITYBJIKAIIA

IcHye nBi OCHOBHI Tpymu CIOTBOPEHb SIKOCTI
eJIIEKTPUYHOI EHEepril: CTaliOHapHI CIIOTBOPEHHS, Ta SKi
3MIHIOIOTBCS y dYaci. ['apMOHIKM Ta iHTEprapMoHIKH,
KOJIMBaHHS HANpYTH i HeOajJaHC HANpPYT BIAHOCATBCA 1O

mepmioi  rpynd, a TepexiAHi IPONecH HaIpyTH,
3HIDKCHHSI/TIePEBUILCHHS HaIpyrH, HepepHUBaHHA
Halpyrd Ta IHOI  BHUCOKOYACTOTHI  CIOTBOPEHHS

CKJIQIal0Th JPYTY TPYILy.

Benmka kinbkicTh MeTOIIB 00poOKH iH(pOpMAIIHHUX
CHTHAJIIB BUKOPHCTOBYETHCS A1 BU3HAYCHHS IIOKa3HHUKIB
AKOCTI eneKkTpuyHOi eHeprii. Tak omHUM i3 HaWOULIBII
HOIIMPEHUX €, TaK 3BaHHMH, METOA
CepeHbOKBAAPATHYHIX 3HAUCHb Ha OCHOBI alipOKCHUMAIIil
KPHBOI BXIJIHOTO CHT'HAay CIIElialbHOW (YHKIE0, sSKa
3a0e3neuye  3aJ0BUIbHY  alpoOKCHMAII0 — aMIUTITYIH
OCHOBHO{ YacCTOTH €JIEKTPUIHOT MEPEXKI.

Haii6inpm mupoko BHUKOPHUCTOBYBAHHM arapaToM
JUIA aHaJ3y MapaMeTpiB SIKOCTI EJIeKTPUYHOI eHeprii €
mBHAKe nepeTBopeHHst Dyp’e, sike TpaHCPOPMYE CUTHAI
i3 4aCOBOTO MPOCTOPY Y YaCTOTHUH HOTO JIEKOMIIO3UIII€0
Ha JeKiibka YacTOTHUX KOMIIOHEHTIB. AJie ajJroputMm
®dyp’e Mae JeKiTbKa JHKEpel METOIUYHUX MOXHMOOK, SKi
MIPU3BOJAITH IO 3HIDKEHHS! TOYHOCTI PE3yNbTaTiB aHATi3y
Ta HOTO0 SIKICHOTO CITOTBOPEHHS [5].

CTOCOBHO /10  €IEKTPOCHEPIeTHYHUX  CHCTEM
HEOOXITHO BIAMITUTH iX OCOONMBICTH — II€ HasBHICTH B
OHOMY iHTepBani wyacy (mepiofi) IEeKUTbKOX THIIB
CIIOTBOpEHb CHTHaly. lneHTmdikamis ABOX  THIIB
CIIOTBOPCHb BHCBiTICHA TakuMu BueHuMH, Abdel-Galil
(2004 p.) [6] Ta He (2006 p.) [7].

3acTocyBaHHs BeWBIeT-aHaNI3y JiIst igeHTHdIKai i
Ki1acudikaiii CrIOTBOPEHb SIKOCTI ENEeKTPUYHOI eHepril
IHTEHCHBHO TIO4ano po3pobmarucs Ha mnodatky 2000
poky. Cain Binmitut pobotn Yang (2000 p.), Elmitwally
ta Yang (2001 p.) [8], rosl0BHOIO METOIO SIKUX CTaBUIIOCH
YCYHEHHS  IIyMy  CIIOTBOPEHOTO  CHTHaly  HOTO
BH3HAUEHHSM Ta JIOKami3alicro. MeToau, 3acHOBaHI Ha
BEHBIIET TEPETBOPEHHI, JO3BOJSIOTH 3HAYHO CKOPOTHUTH
oOcsar iHpopMamii, IO MepesaeTscs, Mpo TMapaMeTpH
eJIIeKTPOEHeprii, M0 3HAYHOIO MiIpOI0 33J0BOJBHIE
TMPUHIUIN T00YI0BU crcTeM KoHTpoio SE.

AHaNi3 3aCTOCYyBaHHS JaHHX METOJIB JO3BOJIUB
OKPECIIUTH HaWBaXIMBIimIi mpobiemu mpu Kiacuikamii
CIIOTBOPEHb CJICKTPUYHOI CHeprii, SKi He I0CTaTHBO
BHpimeHi Ha qaHuid 9ac. Jlo SKUX MOXKIIMBO BiTHECTH, IO
HOPMYBaHHS OKPEMHUX IIOKAa3HHKIB SIKOCTI €JEKTPHYHOI
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eneprii (IISIE) 3pilicHroeThcs 3a YyMOBHM, IO B JaHHH
MOMEHT 4acy Ma€ Micle TUIbKM OAMH THIT MOPYIICHHS
SEE. ToOTo, 0JJHOYaCHA Jisl ACKIIFKOX THITIB CIIOTBOPCHB
HE PO3MJIAAETHCS 1 HE BPaxOBYEThCsA. A Takox 1 Te, MO0
Ha JaHWH dac BIACYTHIH Oe3mepepBHUI KOHTPOJb
napametpiB JEE.

Buxonsun 13 BHIIEHAaBEACHOTO, sl IMOOYAOBH
CHUCTEMH MOHITOPHHIY MapameTpiB SIKOCTI eNeKTPHUYHOT
eneprii gt KPK, HeoOxinHO po3poOuTH Taki MeToau Ta
ITOPUTMH, IO 1X Peayi3oBYIOTh, SIKi J1O3BOJISTh:

* BH3HAuaTH Ta iAeHTU(IKYBATH BiIXWICHHS
napameTpiB SAE HEe3aJIeKHO BiJ[ TUITY
€JIEKTPOOOIaTHAHHS, 1110 CIIPUYMHUIIO TaHI CIIOTBOPEHHS;

* 3a0e3[CYNTH BHSBICHHS INPUYMHUA BHHHKHCHHS
BIIXWICHHS TMOKa3HUKIB SIE Ta BCTaHOBUTH [IKepero
TaKOT'O CIIOTBOPEHHS;

* pO3pOOHTH y3arajJbHEHHH IMapameTp BH3HAUCHHS
HasBHOCTI cmoTBopeHHs SE, saxwmit Om  m03BOJHB
MIPOBEACHHS MOHITOPHHTY SIKOCTI €JIEKTPHYHOI SHEepril y
peanpHOMY Yaci.

[Ipuknagn  cucteM  Cy4acHOrO  MOHITOPHHTY
MOKAa3HUKIB ~ SIKOCTI  EJIEKTPOEHeprii  NpeACTaBHIN
HactynHi BueHi ['pub [9], Bomomapcrkuii [S] Ta Coleman
[10]. MoHiTOpHHT MTOKa3HUKIB SKOCTI €NEKTPOCHEPTii Ha
6a3i cyuacaux SMART GRID cucrem HaBeneHo y
Cimuyk [11] ta Byseko [12] . Cmiz Big3HauuTH, IO
CTPYKTypa Ta 3arajibHi NPHHIWON NOOYIOBH iCHYIOUMX
aBTOMATH30BaHMX CHCTEM KOHTPOJIIO Ta  OOJIKy
enektpoeHeprii po3kpuri y [13] ta [14].

VY maHildi CTAaTTi PO3MIIAHYTO MiOXix 1O mMOOyIOBH
CHCTEMH KOHTPOJIIO SKOCTi JJIS BH3HAuUCHHsS HAasBHOCTI
CIIOTBOPEHHSI ~ SKOCTI  €JEeKTPOCHeprii, dYac  HOro
MOSIBIICHHSI Ta TPHBAJIOCT] Y peansHOoMy 4aci st KPK.

II1. META POBOTH

Meroro poOOTH € BUpIlIEHHS MUTaHb SKOCTI
CJIEKTPOCHEPril Ha KOCMIYHUX PAKETHHUX KOMIUIEKCAX
LUISIXOM PO3POOKM Ta CTBOPEHHS CHCTEM KOHTPOIIIO
SAKOCTI  esiekTpoeHeprii. Po3poOka  cTpykTypu Ta
BuzHaueHHss  amroput™miB  CKSAE B cucremax
€JIEKTPOIIOCTauaHHsl KOCMIUYHMX pPaKETHUX KOMIIIECKCIB
CEIl KPK i3 3a0e3meueHHsM 3aJaHUX I1apaMeTpiB
€JIeKTPOCHEpril.

IV. BUKJIAJEHHSI OCHOBHOI'Y MATEPHAJLY 1
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

Ycporo - cTaHmapTaMM ~— BCTAaHOBJIGHO  OlmbIie
ONMHAMIATH TIOKA3HUKIB SKOCTI EJEKTPOCHEPTii, OTHaK
mis CEIT KPK HaiiOuenl BayKJIMBUMHM €: TIIBHUINEHA 1
3HIDKEHA Halpyra, BUCOKOBOJBTHI iMITyJIbCH, TAPMOHIYHI
CIIOTBOPEHHSI HANpYTHW, HecTaOlIbHA YacTOTa, MPOBAJIH
Hampyrd. 3HIKEHA SKICTh  eJNEKTpOoeHeprii Hajae
HEeraTHBHHUU BIUTUB, SIK HA POOOTY OKPEMHX CIIOXKHMBaUiB,
TaK 1 Ha HOpMajbHe (DYHKIIOHYBaHHS CHEPrOCHCTEMH B
LIOMY.
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IIpu CKJIaIHIN crienudini pobotu
enekrpocnoxupayie  Ha KPK 3  migroroBku Ta
npoBesieHHsT MycKy PH BHHMKarOTh pi3HI mo3amraTHUX
CHUTYyaIlilf, TIOB'SI3aHUX 3 SIKICTIO EJIEKTPOEHEPTii.

I[Ipu  3HWKEHHI  AKOCTI  €JNeKTpoeHeprii B
CICKTPUYHMX MEPEeKaX MAaroTh MICIE TaKi HETaTHBHI
HACJIIJIKK:

—30UTBIIICHHST  BTPaT  €JIEKTPOCHEpTil BCIX
eJIEeMEHTaX eJIEeKTPHYHOT Mepexi;

y

—TeperpiB MamuH, 010 00epTaloThCs, MPUCKOPEHE
CTapiHHS 130JIMii, CKOPOYEHHsS TEpMiHYy CIyXO0u abo
BUXIJI 3 Tay eNeKTpOOOIaHAHHS,

—3pOCTaHHS  CHOOXKHBAHHSA  EJIIEKTPOCHEPTil
HEOOXI1JTHOT MOTY>KHOCTI eJIEKTPOOoOIIaHAHHS;

Ta

ITOMHJIKOBI
3aXHCTY Ta

— NOPYILEHHS poboTu Ta
CIIPALlbOBYBAaHHS IPUCTPOIB  PEJICHHOTO
aBTOMAaTHUKH;

—IEepemKoqd B poOOTI UyTIMBOTO OOJNAIHAHHS
(pamio i TeneBi3iiiHI CHCTEMH, BUMipIOBAIBHI KOMITICKCH i
T.1.),

—301if EJIEKTPOHHMX CHCTEM YINpaBIiHHSI Ta
OOYHCITIOBAILHOT ~ TEXHIKH, aBapiiHe  BIIKIIOUYCHHS
00JaTHAaHHS i3 BTPATOIO JaHUX y KOMI'TOTEpax.

Ha icHylooumMx pakeTHHUX KOMIUIEKCax B CHCTEMax
€JIEKTPOIIOCTaYaHHsI MPUCYTHI OKpEeMi CKIIAJOBi, SKi B
TOMY 4YM IHIOIOMY CTYINEHI KOHTPOJIIOIOTH ITOKa3HUKU
SKOCTI enekTtpoeHeprii. IIpore KOMIUIEKCHHH MiAXif
mono mnominmenHs crpykryp CEIl 3 ypaxyBaHHAM
pexxuMiB podotu Ta aHami3 icHytounx CEIT KPK mokazas
HEOOXITHICTh CTBOPEHHSI CHCTEMH KOHTPOIIO SKOCTI
enrektpoeneprii (CKAE).

Bumesuknaneni napaMmeTpu eIEeKTPOCHEpPril
OITKCYIOTHCS TAKMMH (POPMYIIAMH:
Bigxunenns nanpyru (1)
U(t)-U
SU(t)ZL-IOO% )
Uy
e U(t) - 3HAYEHHs] HANPYTH;
U,, - nominanbHa Hampyra.
Ilpy 1BOMY TPAHWUYHO JIOMYCTHMI  3HAUCHHS
po3Maxy 3MiHM Hampyrm B TOYKAaX 3arajibHOTo

MPUEAHAHHS 10 ENeKTPHYHUX MEPeX B 3aJEeKHOCTI Bif
YacTOTH MOBTOPEHHS 3MiH Hampyrd abo iHTepBally Mixk
3MiHaMH HANpyTH piBHI 3HAYCHHAM, [0 BU3HAYAIOTHCS
1o KpuBiii 1 pucyHoK 1.

Jiroua Hanpyra BU3HA4Ya€THCA 3a (popMyioro (2)

1
U(t) - E(UAB(I) +Upeq) + UAC(I)) (2
Ae UAB(l)sU BC(l)’U Ac(1) Tifoul 3HAYEHHS

MiK(pazHUX HAPYTr OCHOBHOI 4aCTOTH.
O mepex g0 1 kB (3):
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Pucynox 1 JlomycTumi 3HadeHHS poO3Maxy 3MiHH
HATIPyTH B 3aJIGKHOCTI BiJl 9aCTOTH TOBTOPEHHS 3MiH 3a
XBIIHHY. [15] - [18]

Jie 1 — 9rcio 3MiH HalpyTH 3a Jac BuMipy T;

t. t

i+1° i

3MiHI HalpyTH.

— TI0YaTKOBI MOMEHTH Yacy, SIKi BiIIOBIiTarOTh

Koediuient HecuHycoiqHocTi KpuBoi Harpyru (4)

1 S,
— 0
k,wU—U— D> U} -100% (4)
n \ n=2
ne, U” — JQiro4ye 3HAYCHHS N-i TapMOHIAHOL

CKJIaZIOBOI HAIIPYyTH;
N — nops0K 0cTaHHBOT (3 BpPAaXOBAHHUX) FAPMOHIKH.

Binxunenns yactotu (5):
N =Ff-1,

ac f — IIOTOYHEC 3HAYCHHA 4aCTOTH,

&)

f” — HOMiHaJIbHE 3HaYCHHS 9acToTH. [15] - [18].

Jis  aBTOMaTH30BaHOTO KOHTPOIIO Ta OOJIKYy
eNeKTpOeHeprii Ha  pI3HOMAHITHHX  IPOMHCIOBUX
HIiIPUEMCTBAX IIUPOKO BHUKOPUCTOBYIOTHCS MPUHIUIN
TpupiBHEBOi  cTpykTypu. Came Taki  CTPYKTypH
MO3BOJISIIOTH ~ CBOEYACHO BECTH KOHTPOJb Ta O0IK
enekrpoeneprii. Jlns  CEIl  koCMiYHHMX  paKeTHHX
KOMIUIEKCIB  BIepmie Oyjlno 3alpoIOHOBAHO CHCTEMY
KOHTpOJIIO SIKOCTI eJIeKTpoeHeprii Ha 0a3i TpupiBHEBOI
CTpyKTypHu. Hampukian y mMOpiBHAHHI 3 JBOPIBHEBOIO
CTPYKTYpOlO, sKa 3abesredye Tibku 30ip maHux 0Oe3
aHAJIITUKH, HATAOTh TTOBHUH IIMKJI KOHTPOJIIO ITapaMeTpiB
SIKOCTI €JICKTPOCHEPril BiJ CIIOKMBada 10 oOIeparopa
CHCTEMH.

[Hdopmaniiine 3a0e3neueHHs, OB'I3aHE 3 aHATI30M
MIOTOYHOTO CTaHy O0'€KTa Ta HOro YNpaBIiHHIM, JUIs
cucremu enektporocrtadyanHs KPK  3xilicHioeThes 3a
3arallbHONPUUHATOI0 ~ CTPYKTYPHOIO  OJIOK-CXEMO¥o,
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HaBEJICHOIO Ha PUCYHKY 2.

»
< 06'ekT «—
>
Cuctema patumkis
Hopmani 3atopis
Cucrema MNepeTBOptoBaui
ABTOMATUYHOTO (€ AL
ynpasniHHA (AUM)
A
Cucrema Cucrema
Bif06paKeHHs pericTpauii
Cucrema
L— iHTepaKkTUBHOrO Cuctema 06pobku
ynpasAniHHA

PucyHok 2. 3aransHONIPUIHATA CTPYKTYPHA OJIOK-CXEeMa.

3unTyBaHHI iHpopmarii CTaHy o0'exTa
31IHCHIOETHCS TIPUCTPOSIMU 3B'A3KY 3 00'€KTOM, 10 CKIIaay
SKOTO BXOJISITh CHCTEMH JATYWKIB, HOpPMali 3aTopiB i
neperBoproBauiB iHpopmanii (AL[IT). Cucrema natdukis
3a0e3rneuye BUMIPIOBaHHS — MapamMerpiB 1  3MIHHHX
AHAJI30BAaHOTO O0'€KTYy 1 NEPETBOPIOE iX B ENEKTPHUYHY
dopmy. Brox HOpMmaii 3aropiB 3a0e3ledye TOYaTKOBY
00poOKy iH(opMaIli maT4MKiB, B pa3i HEOOXITHOCTI
BHUKOHYE ¢inpTpamnito CUTHAIB, JiHEeapu3aIlio
XapaKTEPUCTHUK JATYHUKIB 1 MaCIITAOYBAaHHS CHTHAIIB IS
NPUBEACHHS iX [0 CcTaHAapTU30BaHuX Ikamax, ALl
CTBOPIOIOTH TOTOKM IH(poBOi iHGOpMamii mpo 00'eKT.
HaBeneni eranmum oTpuMaHHS Ta HOMEpeOHBOT O0OPOOKH
iH(popMmarii MOXYTb 3a0e3medyBaTHCS TaKOXK
IHTETPOBAaHUMH CHCTEMaMHM JATUHKIB - IEPETBOPIOBAYIB.

[TomiOHa CTpyKTypHa cXeMa XapakTepHa JUis
OUTBIIOCTI  €HepreTMYHUX  OO0'€KTiB, Oe3mepepBHUX
BUPOOHUIITB, TPAHCIIOPTHUX CHUCTEM 1 00'EKTIB.

Jnst

Oe3nepeOiitHM,
CIIO’)KMBaYiB

3a0e3MeueHHsT  SKICHHM,
HaJIiHHIM eNIeKTPOKUBIICHHAM
eNeKTPOCHEPTril TEXHOJIOTTYHOTO YCTaTKyBaHHS
KOCMIYHHX pPaKeTHHX KOMIDIEKCIB OyJ0 TPHHHATO
pilleHHs TpO  CTBOPEHHA TIOBHOILIHHOI  CHCTEMH
KOHTpoIIo sikocTi enektpoeneprii CKSE.

OcHoBHOIO  3amauero  ctBopeHoi CKSE €
3a0e3Me4yeHHsT KOHTPOJIO IapaMeTpiB JKUBJICHHS Ha
3aTHCKavax €JIEKTPOCIIOKHBAYIB TEXHOJIOTIYHOTO
obmamHanss (TO) 3a JOTOMOTO0 KOHTPOJIIO OCIHIOTPaM
HAIpyTy 3MIiH-HOTO CTPpyMYy, 3HaueHb Hanpyru 380/220B i
28,5B, 3HaueHp YaCTOTH 1 Koe(dimieHTa HECHHYCOiJHOCTI
HaNpyTry 3MiHHOTO. CTPyMY .

A Ttakox CKSE mae 3a6e3neuyBaTu:

- KOHTPOJIb MOJIOKCHHA aBTOMAaTUYHUX BHMHKAYiB
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BCTYIHHUX 1 BIIXiZTHUX (iAepiB Ta MOJIOKEHHS CEKI[IIHOTO
Bumukaya B magax CEIl (koHTpoip Ta peectparis
CTpalbOBYBaHHS MPOTHABAPIHHOTO 3aXKCTY);

- KOHTPOJb CIIPaBHOCTI JKepen Oe3mepebiifHoro
sxuienss (1bX);

- yIpaBIiHHS (BKIIOYEHHS/BIAKIIIOUCHHS) BBOAAMU
Nel ta Ne2, BUMHKaueM aBTOMATHUYHOIO BBEAEHHS pe-
3epBy (ABP); ABX, Bentumamieto, JJEA;

- 3amuc Ta 30epiraHHs OCHUJIOrpaM Halpyrd 3MiH-
HOro CTpyMy Ta Hampyru 28,5 B Ha pos'emax cnoxu-
BayiB 3a 10 XB 710 aBapii;

- (hopMyBaHHs Ta BHJa4a JaHUX ONEPaTopy;

- apXiByBaHHS iCTOPii 3MiHHU ITaApaMETiB;.

- TECTyBaHHS Ta CaMOJIIarHOCTUKY CTaHy CKJIaJIO-
Bux vactuH CEC.

Kpim Toro, CKSE mnoBMHHO  BHKOHYBaTH
peecTpamito Ta BiJOOpaXKCHHS MapaMeTpiB IKUBICHHS
CJIEKTPOCIIOKHUBAYIB, KOHTpOJb mpane3garaocti CEIl
3arajJioM Ta ii CKJIQJOBUX YAaCTHH 13 MPHUB'SI3KOI0 [0
CHUCTEMH €JJTHOTO 4Yacy.

Ha puc. 3 mpexacraBneHa 3arajgbHa CTPYKTypa
ctBoproBaHoi CKSE.

3uuTyBaHH 1HPOPMALi CTaHY EIEKTPOCHOXHIBAUIB
3MIACHIOETHCS TPYNOI [aTYUKIB 1 TEpeTBOPIOBAYIB
iHpopmarii. Cucrema naT4nKiB 3a0e31edye BUMIpIOBaHHS
mapaMeTpiB 1 3MIHHHX AaHaJi30BaHOTO CIIOKMBada i
neperBoproe  ix B 1udpoBy ¢dopmy. Jami uepes
KOHTpoJiepy iH(OpMalLlisi TMepefaeTbcsi Ha CUCTEMY
BioOpaxenHs (APM omepatopa). Etanu orpumanns Ta
MoTNepeIHbO1 00poOKHn iHpopmarii MOXYTb
3a0e3MeuyBaTuCsl TaKOX IHTETPOBaHMMH CHCTEMaMHu
JIATYHKIB - IEPETBOPIOBAYIB.

Cnoxmsay

v

Cuctema faTtumKiB

v

MNepeTBOptotoya
anapatypa

>
»

Cucrema
aBTOMATUYHOTO
ynpaBAiHHA
A

«—  KoHTtponepu

v

/ Mogayni
\\06 pPO6KM
Cucrema Cuctema

BifobpaKeHHA peecTpauii

(APM) ¢

Cuctema 06pobKu
Ta apxiByBaHHA

Pucynox 3. CTpykTypHa cxeMa CHCTEMH KOHTPOIIO
SIKOCTI eJIeKTpOeHepril

Crpykrypa CKSE peanizoBaHa Tproma 0a30BHMU
piBHsAMHE (puc.4).
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a) Iepumit piens. Ilepmmii piBeHb (MOJIBOBHIA) -
3a0e3medye MPUOM CUTHATIB BiJl MATYUKIB TEXHIYHUX
CHCTEM 1 JaT4YMKIB KOHTPOJIO cTaHy obOiagHaHHA. OOcsr
niei iHdopmanii 3abe3nedye BiJOOpPaKeHHS pPeaNbHOI
KapTUHHM TEXHOJIOTIYHOTO ITIPOIeCy 1 CTaHy OoOJaJHaHHS.
PiBeHb CcKIamaeTbes 3 po3MIMICHWX B Imadax i IIUTax
CEIl rpyn nar4mkiB, KOHTPOJIEPIB BBOJIY aHAJOTOBHX
CHTHAJIIB, MPOMHUCIOBHX KOHTPOJICPIB, MEpPETBOPIOBAYIB
HaIPyTH.

6) /[pyrmii piBenp. /[lpyruil piBeHb peai3oBye
BUKOHAHHS pilIeHb IO aBTOMAaTH3aLlii TEXHOJIOTIYHOTO
MpoIecy TEXHIYHUX CHUCTeM. PiBeHb peanizoBaHHil Ha
mporpamMoBaHux Jorivaux KoHTponepax (IJIK), saxi
O0OpOOISAIOTh CHUTHANH, IO HAAXOIATH BiJl KOHTPOJEPIiB

JIOKaJbHUX TPHUCTPOIB, AATUHKIB, 3MIHCHIOIOYH KOHTPOJIH
TEXHOJIOTIYHMX  MapaMeTpiB  TEXHIYHMX CHCTEM 1
KOHTPOJIb CTaHy 00JaaHaHHS.

Amnapatypa JApyroro piBHA  BCTaHOBJICHA Y

ckmagoBux yactuHax CKSE (mmTax i madax).

B) Tperiit piBenb. Tperiii iepapXidHuii piBeHb — 1€
PIBEHB Jiayory orepaTop - CHCTeMa yIpaBiliHHA (piBEHb
YIPaBJIiHHSA 1 COCTEPEXKEHHS).

[C————————— e —— — — _ —
|  Basu naHux < Ananituune 13 APM nucneruepis

. 4

I_ _____________________

I
| ‘Mepe)xeBi KOHTpOJIepH ' -

& OO0

I

I

| AN A A
| ‘['pynu natruukis
| Vv VvV

| Ve ™ vV
Cro’xBaui eleKTpoeHeprii ) C C )
| N (

Pucynox 4. TpupiBaesa crpykrypa CKAE

Ha npomy piBHI omeparopu MarTh JOCTYH JIO
iHpopMarii, 1m0 J03BONSLE 3HIMCHIOBATH KOHTPOIb i
VOPaBITiHHSA TEXHOJOTIYHAMH TIPOIECaMH TEXHIYHHUX
cucreM. PiBenr ckmamaethcs 3 APM  omeparopa,
KepoBaHuX KomyTtaTopiB Mmepexx Ethernet, 1O i 6a3u
JaHUX.

VYnopasininas Ta o0MiH gmammmum 3 CKSIE
3abe3medyeTbcss TO KaHamax Mepexxki Modbus  3a
JIOTIOMOTOI0 TIPUCTPOIO CHOIYYEHHs 3 muHO Modbus /
RTU.

BumiproBasibHi BXOAM NEpETBOPIOBAUIB MiAKIIOYEHI
JI0 IIWH 1 BBOJIB Y BUP00ax i BUKOHYIOTh NEPETBOPCHHS
Harpyru tpudasHoi Mepexi 3MiHHOTO cTpymy 220/380 V
curHam (4-20) mA TOCTIHOTO CTpyMy, MPOIOPITiiiHi
BUMIPIOBaHUM (ha3HUM HanpyxeHHsM. KoHTponep BBoIy
AQHAJOTOBUX CHTHANIB NpHIMae CHTHAIM TOCTiHHOTO
ctpymy (4-20) mA, 1m0 HaIXOASThH B IEPETBOPIOBAUIB 1
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Tpanchopmye y 1uubpoBy dopMy I mepenadi Imo
Mmepexi. [19] - [24]

[Iporpamue 3abesnedenHs (II0) cucremu sBisIE
co00I0  CYKYyNHICTP  TNpOTpaMHHX  3acobiB, IO
3a0e3neuyrTh CHIIBHO 3 TEXHIYHUMH 3acobamu 30ip
JAaHUX 1 JucneTdepcbke  ynpaBiiHHA.  Hanpuxian
SCADA-cucrema "Vijeo Citect" 3ailiCHIOE KOHTpOIb 1
YIPaBIiHHS TEXHOJIOTIYHMM OONaHAHHAM, a TaKoX
B3a€EMOMII0 3 ONEPaTUBHUMH 1  EKCIUTyaTauiiHUM
nepconanoM CEIT HK.

B cuctemi Takox peainizoBaHi HACTYIIHI 3aBIaHHS:

— apxiByBaHHA XOMY IPOLECIB Y BUTIIAII TPEHIIB;

— apXiByBaHHs
CUTYAIIIH;

MPOTOKOJIB micnsaBapiiHUX
— apXiByBaHHS MPOTOKOJIIB MO
—o6min nannmu 3 [1IJIK B peansHOMY Haci;

— YIPaBJIiHHS MONEPEKYBaIbHIMHU 1 TPUBOXKHUMHU
IIOBIJOMJICHHSIMH.

3uuTyBaHH iHPOPMALIi CTaHYy €IEKTPOCHOXKHIBAUIB
3MIACHIOETBCS TPYNOI0 [aTYUKIB 1 MEpeTBOPIOBAYIB
inpopmariii. Cucrema naT4uKiB 3a0e3neuye BUMIpIOBaHHS
apaMeTpiB 1 3MIHHHX aHAaJi30BaHOTO CIIOKMBa4a i

flepetBoproe  ix y  uuppoBy  popmy.  MOKYTb
pa0e3nedyBaTHCs TAaKOXk IHTEPOBAHMMU CHCTEMaMH
[TaTYUKIB - MepeTBOPIOBAYIB. €HEepreTUYHUX

—IpOMHUCIIOBHX 00'EKTIB.

! brok-cxema anropuTMy 3 MEpeKIIOYEHHS MK
(DKEpENaMu KHBJICHHS CEII (BBoxl, BBOA2, pe3epBHUIMA

_‘BBOI[) 30BHIMHBOI pobotn CKSIE npencrasieHo Ha puc.S.

ABP

3a710BIBHAIOTH YMOBH

3a/laHMM BUMOTam? Tak

Hi

y

OnoBieHHs
oneparopa

! f— "

OnoBieHHs
oneparopa

OnosiweHHA
onepatopa

OmnoBimeHHs
oreparopa

TTepemukaHHs
BinOyBanocs?

IlepenaBapiitna cutyauis nepexin
enextponocradanss Bix XK, AB

Pucynok 5. Briok-cxema aqropuTMmy 30BHIITHBOI POOOTH
CKSE

Bxin cucremu enekTporocrayaHHs 3/IHCHIOETHCS
BiJl JIBOX HE3QJICKHUX JDKEpEN JKUBJICHHA (1 OJHOrO
PE3EPBHOT0), TIEPEMHUKAHHS MK SKHMMH BUKOHYETHCS 3a
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JOIIOMOI0X0  BKJIIOYEHHA AaBTOMATHYHOIO  BBEIEHHS
pe3epBy (ABP). BumipioBaHHS Takux OCHOBHHX
mapaMeTpiB SK HANpyra, 4acTora, CTPYM 1 KOeQilieHT
HECHUHYCOIJaTbHOCTI ~ CHCTEMOK  KOHTPOJO  SIKOCTI
BUKOHYETBCS Ha JIBOX DIBHSX, MOKA3aHUX Ha puc. 1, B
Toulmi A - Ha BBOOI B cHCTeMy 1 B Toumi B -
Oe3nocepeHbO HA IHMHAX BBOIY CIIOXKHBadya MPH LBOMY
CHUTHAJI3YIOYH OIlepaTopy MNpO OTpPHMaHi pPe3yJbTaTH.
CKSE BupoOnsic TOpIBHSHHS 3HAY€Hb HOMIHAIBHUX
rapameTpiB eJeKTPOCHEPrii 3 AOMyCTUMHUMHU, B pasi 30010
BiJOYBAa€TbCS ABTOMATHUYHE BKIIOYCHHS PE3EPBHOIO
BBOJY 1 mojaeThcst curHan omeparopy. IloBepHeHHs Ha
pobounii BXig cucremu 3a jgomnomororo ABP  micns
MUHYJIOI MO3aIITATHOI CUTYyalii MOXIMBUN TUTBKH MICIIs
YCYHEHHsI HecIIpaBHOCTI Ha JiHii. [25], [26].

Ha puc. 6 nmpencraBieHa CHpOIICHA CcXeMa
niakmouenns CKSE, ne mig 6iokom «M» mokaszaHa cyma
MOJYJNIB 1 JarT4yWKiB, 10 Tepenae iHdopmario
HapaMeTpiB eJICKTPOCHEPril BiJ IIUH KUBJICHHS BBOIY B
cuctemy abo  OesmocepeHBO  BiJl  CIIOKHBAadiB.
[eperBopena indopmartis iine Ha KepoBaHHH KOMYTaTOp,
SIKMH KMBUTBCS BiJ OJOKY >KHBJICHHS, 32 JIOIOMOIOIO
3B'13Ky Ethernet indopmaris nepenae curnan Ha MOHITOP
omeparopa CKSE.

[MepeBipka rorosHocTi npuctpoiB CKSE i kananis
3B'13ky Modbus BukoHyeThcst KoHTposepamu Modicon
M340 mo anropuTMmaM, HaBeAaeHMM Bumie. Jani
3UUTYIOThCS cepBepamu 6a3 nanux SERVKL-2 (2E101 1,
2E101 2), peectpyroThcst B 6a3i JaHUX 1 BioOpakaroThes
Ha MHEMocxeMax Ha MoHiTopi oneparopa APM WSKL-3

(2E101_3).
[Ipuammn 1oOyIOBH CHCTEMH KOHTPOIIO SIKOCTI
eJNIEKTPOCHeprii Ta  ympaBiliHHsS OyB  MOBHOIIIHHO

BIIPOBA/DKEHUN JIO CKIIAMly CHCTEMH €JIEeKTPOIOCTauaHHs
JUIs. KOCMIYHOTO pakeTHOro komiuiekcy «L{ukion-4». Ha
cucreMmy OyjJo  po3pOOJIEHO  TMOBHUH  KOMIUIEKT
eKCIUTyaTaliitHol i pobouoi  KOHCTPYKTOPCHKOL
JokymeHTanii. Ha BupoOHMYMX 1 BHIIPOOYBaJbHUX
notyxHoctsax Kopnopamii «EJIKOP» (m.XapkiB) Oyim
BUTOTOBJICHI CKJTaJI0B1 YACTHHU CHCTEM
enekrporoctauanas Tta CKSE. [lo  3akiHYeHHIO
BUTOTOBIICHHSI [TOBHOIIIHHO MPOBEJCHO Psifi BUNPOOYBaHb
cuoBoi yactuau 1 CKSAE Bigmosigao mo T3 1 [IM. Jdani
3YHATYIOTBECS CepBEpaMHU Ta 3aHOCAThCA 1O 0asd MaHUX 1
BIJIOOpPaKAIOTHCSl HA MHEMOCXEMax Ha MOHITOpI orepaTopa

=24V

)E <€ »{ Ethernet USB
~ 220V

l l Ethernet

Pucynok 6. Cxema ninximouens CKSE

-

Ethernet

|

APM

BIT =24 V>

“«>

[pukiag MHEMOCXEMH ONepaTopa HaBeIeHO Ha puc./

w 30.07.2012 00:47:57 |

Pucynok 7. Maemocxema mporpamuoro BikHa oneparopa CKSE niist BicTe)KeHHS MOKa3HUKIB SIKOCTI €JICKTPOCHEPTII.
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V.BUCHOBOK

Jlnst BupilIeHHs 3aBIAHHS KOMIIEKCHOTO MiIXOay
JO THTaHb SIKOCTI  EJIEKTPOEHeprii Ta CTBOPEHO
TPUPIBHEBY CTPYKTYPY CHCTEMH KOHTPOIIO SKOCTI
eleKkTpoeHeprii B cuctemax emnekTporocradanHs KPK.
3ampornonoBana Ta crBopeHa CKAY 3miiicHIOe KOHTPOJb
SIKOCTI eIIEKTPOCHEePTii, 3a JIOTIOMOT 010
3araJlbHOTIPHHHATHX METOAIB KOHTPOIO MoKa3HUKIiB SE,
3 BHMBEACHHSIM JaHUX Ha €KpaH olleparopa came Yy
pearsHOMY Yaci, BeIEHHSIM Oe3MepepBHOTO MOHITOPHHTY
3 (pikcalliel0 Ta PEECTPALEId OCHOBHUX IapaMeTpiB, a

TaKOX OIOBILNICHHSM ONepaTopa TNpH BUHHUKHEHHI
HEIITAaTHUX CUTYAITii.
Pozpoodnena cucTeMa KOHTPOJIIO AKOCTI

eJIeKTPOEHeprii Ta yHpaBNiHHA [O3BOJSE IiABHIIUTH
SHEPreTH4HY e(QEeKTHBHICTh CUCTEM EJICKTPOIIOCTaYaHH!,
HajiiHicTh 1 Oe3BinmMoBHICTE pobotn CEIl y 1uinomy,
3MEHIIUTH piBEHb BTPaT eJIEKTPOeHeprii B Mepexi,
ToriepeInTH 1 mapupysaTtu no3amrathi curyanii B CEIL,
0 BUHMKAIOTh Yy BCIX peXHMax eKCIuTyaTamii
KOCMOJIpOMY, TIOJIIIIATH CTiHKICTH POOOTH CHCTEM
€JIEKTPOIIOCTadYaHHsd 1 30UTBIMUTH Tepio]) eKcInTyaTamii
eNeKTpooOIaIHaHHA. Y BHIAAKY BHXOAY 3a AOIYCTHMI
MeXi TOKa3HHKiB  sikocTi  enekTpoeneprii  CKAE
JO3BOJIUTH ~ BXXUTU  ONEPAaTHBHHX  3aXOJiB IO
3abe3nedenHio SIE 3aBIOSKH yHPaBIIHHIO eJeMEHTAMHU
CHCTEMH €JICKTPOIIOCTA4YaHHS, 1€ TAaKOX JO3BOJHTH
MIATBEpAUTH BUKOHAaHHS BUMOI 3aMOBHHKA ITyCKOBHX
HOCIYT 10 €NeKTPONOCTaYaHHs.
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Purpose. Solution of electric power quality issues at space rocet complexes during the execution of launch
preparation and launch cycles for the space rocket through the creation and solution of the electric power quality
control system (EPQCS) as a separate structure within the power supply system of space rocet complexes PSS SRC with

the provision of specified power parameters.

Methodology. Review of literary sources on the subject, method of expert evaluations, method of system analysis,

method of experimental research.

Findings. Indicators of electricity quality, which are the most important for SRC electricity consumers, and which

must be monitored, are given. The main requirements to EPQCS have been determined. In case of exceeding the
permissible limits of electricity power quality indicators, EPQCS will allow to take operational measures necessary to
counter off-nominal situations, by using to the management of the elements of the power supply system. Information
security was carried out using a routinely adopted structural block diagram of such systems, on the basis of which the
three-tier structure of the EPQCS was implemented. The algorithm and basic principles of the operation of the EPQCS
in the nominal mode and the mode beyond the limits of the power quality indicators (PQI) are reviewed. A short
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description of the structure, as well as an example of the algorithm for managing the EPQCS subordinates, has been

included.

Originality. The task of a comprehensive approach to electricity power quality indicators was solved and created
electric power quality control system in the SRC power supply systems. Microprocessor control means primarily
provide speed in comparison with similar systems based on analog-to-digital converters. The proposed EPQCS carries
out electricity quality control with the display of data on the operator's screen in real time, continuous monitoring with
fixation and registration of the main parameters, as well as notification of the operator in case off-nominal situations.

Practical value. Developed, manufactured and successfully passed all types of tests of the electric power quality
control system for the SRC «Cyclone -4» (Brazil), and partly for the SRC «Cyclone -4M» (Canada).

Keywords: quality, electric power, power supply system, control, structure, consumer, principle of operation.
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ITOCTLT A. O. acmipant  kadeapu  eNeKTpOTexHikM  KpeMeHUyIBKOTO  HAI[iOHAIEHOTO
yHiBepcutery imMeni Muxaitma Octporpancekoro, Kpemendayk, Ykpaina, e-mail:
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Mema pobomu. Oyinxa nomoxopo3nooiny MiKpomepesici 3 asMOHOMHUMY Odcepenamu O GUABNIEHHS GNIUEY
PIBHI6 NOMYICHOCMI HA PIBEHb YACMOMU MA HANPY2U.

Memoou docnidacennsn. [lposedenuii ananiz icHyIOUUX OOCTIONHCEHb 8 2AY31 eIeKMPOEHEPLEMUKY 8 YACMUHT 3a0ay
KepyBaHHs, NOMOKAMU NOMYAICHOCII MIKPOMEPEIC 3 ABMOHOMHUMY 2EHEPYIOYUMU YCIMAHOBKAMU MAN0i ma cepeonboi
nomyacnocmi. B pezynomami ananisy 6cmarno6ieno wjo axmyanibHuUM 3a60aHHAM € KOHMPOTb Ma Kepy8anHs NOMOKaMu
aKmueHoi ma peakmueHoi NOMYICHOCMI 8 MiKpomepedxcax 0 NIOMPUMKU YACMOMU ma 0ilouo20 3HAYEHHs HaAnpyeu
MiKpomepedci Ha 3a0aHomy pieHi. Bidsnaueno, wjo 3a3nauene NUMAHHA MAE NEHY CKIAOHICMb 36adCar0yu HA
HecmabiNbHiCMb NOMOKI8 NEPEUHHOT eHep2ii aNbMePHAMUSHUX OXHcepel, AKULL MOodXce npusgecmu K 00 Oediyumy max i
00 Haonuwky enepeii. Ha niocmasi meopemuunux 0CHO8 e1eKmpOmMexHiKu, 3 GUKOPUCMAHHIM Memooié ma npuilomie
BUKOPUCIMOBYBAHUX 8  PO3PAXYHKAX — CUCIEM  eNeKMpONOCMA4auHsA HA  NIOCMA8l  CIMpYKmypu — cucmemu
e/IeKmMPONOCMAYAHHS HeBeUKO20 A2PAPHO20 NIONPUEMCINGEA CMBOPEHO IMimayiiHy Mooenb 3 albMepHamueHUMU
ooicepenamu eneKmpuyHoi enepeil.

Ompumani pesynomamu. B naxemi 6izyanvnozo npozpamysanns Simulink/Matlab nobyooeano imimayitiny mooens
AKA 00380JA€ NpOGeCcmu OO0CHIONCEHH PO3NOOINY AKMUGHOI Ma pPeaxmueHOoi NOMYNUCHOCI Y BY31aX Mepedci ma
KOHMPOMO8AMY 3MIHU 4acmomu ma Oil04020 3HAYeHHs Hanpyeu 6 Hux. B xo0i docnioowcenni nocmaeneno Oexinvka
EKCNepUMEHMIG 3 NeGHUM PO3NOJINOM AKMUGHOI MA PeaKMUGHOI NOMYICHOCII MIdC CROJICUBALAMU MA 2eHEPYIOUUMU
VCMAHOBKAMU 6 MIKpOMepedci 3a YMO8 NapaieibHoi ma asmoHOMHOI pobomu. B pesynomami nposedenns
eKcnepumeHmy 3 BIOMUKAHHAM 308HIUHbOI Mepedci, 3MIHaMU PIGHA HABAHMANCEHH:, BI03HAYEHi OiNbuli KONUBAHHSA
Hanpyau ma nepepo3nooil peakmueHoi NOMYHCHOCII Midc cnodcusavamu i 2enepyloyumu ycmanoskamu. Lle asuwye
BUKTUKAHO 30KpeMa (POpMYSaHHA AKMUEHOT ma peaxmusHoi nomyxcHocmeil y O10yi OUHAMIYHO20 HABAHMAICEHHS,
DO3PAXYHOK 8 AKOMY N08'A3aHUll 3 6A306UM pigHem Hanpyeu ma Yacmomu.

Hayxoea woeusna. B pesynemami y3acanbHeHHs OMPUMAHUX YACOBUX Oiaepam 6UABNEHO, WO PO3PAXYHOK
aKmueHOl ma peaxmueHol NOMYICHOCHEN, K HAGAHMANCEHb MAK I 2eHEPYIOYUX YCMAHOB0K HeOOXIOHO UKOHY8amMuU 3
VPaxy8anHAM NOMOYHO20 3HAUEHHS YACMOMU MA PI6HA HANPY2U Y 8V3Ii CHOCHEPEediCeHH s BIOHOCHO 6A308UX.

Ilpakmuuna yinnicmo. Ompumani pe3yromamu ciio nputimamu 00 y6éazu 6 Xo0i peanisayii cucmem Kepy8amHs
ABMOHOMHUMU 0JICEpenamy enekmpudnol enepeii, a came mMemooie po3pPAxyHKy NOMOYHUX KOHMPONbOBAHUX 3HAUEHD
aKMUGHOI ma peakxmugHoi NOMYAHCHOCMEU.

Kmouosi cnoea: akmuena nomyofcnicmb; peakmuena nomy.m'uicmb; 6a.71ch; uacmoma, Hanpyeaa..

NbTEPHATUBHUMH JDKEpENIaMH eJIeKTPOeHeprii moTpedye
BUpIIIEHHS HHU3KKA TMpoOiieM, SKi BHHHKAIOTH Yepes3

3pocraroue BUKOPHCTAHHS albTEPHATUBHUX JDKEPEN  HEMOCTIHHICTH 1 He mependadyBaHICTh piBHA TeHepanii
JDKEpE  ENIEKTPOEHEPTii € BAKIMBOKO CKIAJ0BOI B  3a3HAUCHUX JDKEpPel BHACHIJOK 3MiHM yMOB pPOOOTH
HaNPsAMKY PO3BUTKY CY4acHOi CBITOBOI eHepreTuku [1]. B BITpOBOi €HEPreTH4HOi YCTAaHOBKM, ab0 3MIiHM piBHA
VkpaiHi B 3B’13Ky 3 pyHHYBaHHSM BY3JIOBUX II[ACTAaHIii  TIeHepalii COHAYHOI eNeKTPOCTAaHLil, IO CIPUYUHSAE
BHCOKOI ~ HANpyrd  CHCTEMH  €NEKTPOMOCTavYaHHs  HEKOHTPOJIbOBAaHY 3MiHY IeHepallii B MikpoMepexi. 3MiHa
CIIOCTEPIraeThest  3picT  iHTepecy A0  OyayBaHHs — PIBHA TeHepalil MOTY)KHOCTI B aBTOHOMHOMY DEXHUMI
PO30CEPEKEHUX JDKEPENT TeHepallii eleKTpoeHeprii Ha ~ poOOTH MIKpOMEpEeXi CIIPUYMHSAE 3MiHY 4acTOTH, PIBHA
OCHOBI JIbTEPHATHBHUX JDKepes eHeprii [2]. OamaHCy aKTHBHOI Ta pEAaKTUBHOI IOTY)KHOCTEH, IO
noTpedye OKPEMOTro KOHTPOJIIO Ta KepyBaHHSA Ui

I. BCTYII

TuM dYacoM HacH4YEeHHS PpO3MOJUIBHHX MEpex
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MATPUMKA HEoOXimHOro piBHsA OajlaHCy aKTHBHOI Ta
PEaKTUBHOI ITOTY>KHOCTEH. .

1. AHAJII3 IOCJIJKEHD 1 ITYBJIKALTI

B po6orTi [3] KOHTPOIIOETHCS 3MiHA YACTOTH MEPEXi
B aBTOHOMHIH pOOOTI MiKpOMEpexki, IO TOCATAETHCS
BUKOPHCTaHHSAM CHCTEMH 30epiraHHs eHeprii, sKa
miATpIMYy€e OalxaHCy aKTHBHOI MOTY>KHOCTI. 3a3Ha4eHO,
0 TIiKOBE BIAXWICHHS 4YacTOTH B IIPOIIOHOBAHOMY
pimenni He nepeuinye 0,07 I'u. [TuranHs BUKOpUCTaHHS
cucteM 30epiraHHs eHeprii po3BUBaeTbcs B poOoTi [4].
OCHOBHY yBary NpHUAUIAIOT ONTUMAJbHIN €MHOCTI
cucteMu 30epiraHHs eHeprii Ui TOKPHUTTS ITIKOBUX
HaBaHTKEHHSAX NpW  3MEHIIEHIH  reHepamii Ta
HaKONMYYBaHHI NPH TOHWKEHOMY CIOXHBaHHI EHEprii.
VYBara TakoX NPHIULIETBCS KOHTPOJIO YacTOTHO-
peaKTHBHOI TeHeparii MOTYKHOCTi, a00 CII0)KHBaHHS
CHUCTeMH 30epiraHHs eHeprii I MATPUMAaHHS OajmaHcy
MOTY>KHOCTEH B MikpoMepexi [5].

KepyBanHs 3MiHOIO 4YacTOTH MIKpoMepexi B
ABTOHOMHOMY PEXHUMI JIOCITIJDKY€ETbCs B poOoTi [6], me
3acrocoByerbesi  [II-koHTponep 3  HelpoMepeKeBUM
QTOPUTMOM  JUIA  PETYJIIOBAaHHS TeHepanii eHepril
CHHXPOHHOTO TeHepaTopa. BHUKOpUCTaHHS IITYYHHX
HelipoHHHX Mepex y Ill-koHTpomepi mnmsi BpaxyBaHHS
HENHIHHNX (aKTOpiB MIKpOMEpEeXKi Ta ONTHMAIBLHOTO
KEepyBaHHS TEHEpALI€l0 CHHXPOHHOTO JBUTYHA [7]
JIO3BOJISIE CYTTEBO TIJIBUIIUTH SIKICTh NPOLIECY TeHepallii,
ajie Mpu LIbOMY aBTOPH PO3IJIIAIOTH CUCTEMY 3 OJIHOIO
TeHEPYIOUOI0 YCTaHOBKOIO.

IutaHHAs  KepyBaHHS  aKTUBHOIO  HOTY)KHICTIO
CHHXPOHHOTO IBUTYHa pPO3BHBAETHCA B poboTax [8] Ta
[9], me 3acTocoBytoThes I1I-koHTpONIEpH 3 anropuTMaMu
Mayfly Ta Koarti Bianosiguo. OxkpeMy yBary HpHUAiIEHO
KePYBaHHIO  TCHEpAI[iEl0  PEaKTUBHOI  IMOTY)KHOCTI
MAaIIMHOI, 1[0  3IIACHIOEThCA  afganTuBHuMm  [1I-
KOHTPOJIEPDOM Ha OCHOBI OIIIHKHM IapaMeTpiB KOXKHOI
ritku Mikpomepexi [10].

KepyBaHHS ~ aKTHBHOIO  IOTYXHICTIO  BITPOBOL
€HEepProyCTaHOBKM Ha OCHOBI aJITrOpPUTMYy ONTHMIi3alil
«IIOJILOTY KOMapiB», IO CIPSIMOBaHE Ha MiHIMi3alilo
YaCTOTHHX KOJIMBaHb Y MIKPOMEpEXi, aHaII3yeThCS B
pobGoti [11]. VYBara TakoXX NpUAIISAETbCS KEPYBaHHIO
MIKPOMEPEKEI0 3 COHSYHOIO MAaHEIII0 Ta CHCTEMOIO
30epiraHHs eHeprii, sAKi MiIKIIOYEHI IO iHBEepTOpa st
peryJroBaHHS aKTHBHOI Ta PEaKTHBHOI IMOTY>KHOCTI 3a
ONTUMAIIEHUM aITOpUTMOM [12].

Jesiki JOCHITHUKH BH3HAYAIOTh 3BS30K PIBHIHHS
NPSIMOTO CIa/ly PEaKTHBHOI MOTY)KHOCTI BiJl Halpyry, Ta
aKTHBHOI TOTY)XHOCTI Bix wacroru [13], mpu mpomy
BIJI3HAYAIOTH HEOOXIIHICTH MTOKPAIICHHS
cuiBBigHOmEHH:IM X/R, Tak sK Ay Mepexi 3 BHCOKHM
craiBBigHomeHHsIM X/R  mOCHMIIIOETBCS  3B’SI30K  MiX
AaKTUBHOIO Ta PEAKTHBHOIO IMOTYXKHICTIO.. B poboti [14]
PO3IIAAaETbCs MOKPAIICHUH METON KUl BUKOPHUCTOBYE
TEpMIH KOMIIEHcalil Ui MiHiMi3alii BHYTPIIIHBOT
NOMHJIKM PO3MOJINTy PEakTHBHOI ITOTYKHOCTI 0e3 Oynab

akoi moTpeOM B 0OOMiHI iHpopMamii Mix Onoxamu
reHepauii. [IporoHyeThess mpocTa cucreMa KOMITEHCAIil
Juisl e(EKTUBHOTO BHSBJICHHS 3MIHHM HABaHTa)XCHHS B
130JIbOBaHIN MIKpPOMEPEXi.

3 aHami3y HaBeJeHUX POOIT BUILTHBAE, 110 IIPOOIeMa
nop’si3aHa 3 OajlaHCOM aKTHBHOI Ta PEaKTHUBHOI
MOTYXXHOCTI B MEpexi BiJloMa 1 aBTOPH pPO3TISIAIOTH
pi3HI BapiaHTH TEHEpYIOUMX YCTaHOBOK 1 BapiaHTH
KepyBaHHS TCHEpAIicl0 B  MIKpDOMEpEXi pI3HUMH
anroputMamu.. Sk BKpail aKyTajgbpHe 3aBIAHHSA UL
MIKpOMEpeX  pPO3INISNAOTBCA — 3aJadyi  PeryJIroBaHHS
aKTUBHOI Ta PEAaKTUBHOI MOTYXHOCTEH y 3B3KYy i3
PIBHSMH YacTOTHU Ta HAINIPYTH.

II1. META POBOTH

OriHKa PeXUMIB TOTOKOPO3MOILTY MIKpOMEPEKi 3
PO30CEPEIKEHUMH JKEpENlaMU JIJIsl BUSIBIICHHSI BIUIUBY
PIBHIB NOTYKHOCTI Ha PiBEHb YaCTOTH Ta HAIPYTH.

IV. BUKJIAJEHHSI OCHOBHOI'Y MATEPHUAJLY 1
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

Jns  nocArHEHHS 3a3HA4e€HOI METH OOMEXHMO
CTPYKTYPY MIKpOMEpexKi 3 albTePHATUBHUMH JUKEpEJIaMU
€Heprii, TaKUMH SK COHSYHA EJCKTPOCTAHIIiS, BiTpOBa
CHEpreTHYHa YCTaHOBKA, [JHM3CIBHHH TI'eHepaTopHa
yCTaHOBKa Ta cucTema 30epiraHHa eHeprii. Y sKOCTi
NPUKIagy PO3IISHEMO EJIeKTPOTEXHIYHMH —KOMILIEKC
nTaxopadpuKH. [Itaxodabpuxa CKJIaJIa€ThCS 3
HacTynHHX 00’ekTiB: 1) mramuuk Ha 36000 kyp; 2) 3)
nramHuky Ha 4160 kyp; 4) 3epHOCKIIan; 5) siineckaan; 6)
odic; 7) marasun. HeoOXigHO cHoOYaTKy NPOBECTH
pO3paxyHOK  €JEKTPUYHHX  HaBaHTaXeHb  00'€KTy.
OcHOBHI HMOBIpHI HaBaHTaXeHHS Ha mnraxodadpuii
3BezieH] B Tabummio 1..

Tab6auua 1. 3BeieHi KMOBIpHI MOTYXHOCTI 00'€KTIB
po3TanoBaHuX Ha nTaxodadpuri

Mudp Hazpa 00’exty P, cosQ
kBT
CF1 [tamank36000 kyp 120 0,75
CF2 Iramnuuk 4160 kyp 20 0,75
CF3 IIramnauk 4160 kyp 20 0,75
GW4 3epHocKIan 5 0,7
EW5S Sliteckiman 10 0,7
OE Odic 15 0,85
MT Maraszun 2 0,85
LH ByniuHe ocBiTIICHHS 0 0,55
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Po3paxoBaHo TMOBHYy, Ta pEaKTHBHY MOTYXHICTb
TUTOK HABAaHTAXXCHHS 3 BPAXyBaHHSAM MapaMeTpiB IPOTiB
mHI[, a caMe aKTUBHOTO Ta pPEaKTHBHOTO OMOPY 3
MajiHHAM Hanpyrun Ha JiHil. OTpuMaHi pe3yibTaTH
3BEIECHO B TaOIHII 2
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Taoauus 2. [TapameTpu T1JI0K HaBaHTaKEHHS

i?;:;? S, kBA P, kBt Q, kBAp cosQ 1, km Ty, OM Xap» OM AU, %
lNinxa |
0-1 | 160 | 120 [ 10583 | 0,75 | 0054 | 0032 [ 0019 | 405
INinka 2
0-2 27,39 20 18,725 0,73 0,0214 0,024 0,0075 0,33
2-3 26,6 20 17,63 0,75 0,045 0,051 0,016 0,89
2-4 14,28 10 10,2 0,7 0,0533 0,061 0,018 0,71
4-5 7,1 5 5,1 0,7 0,0627 0,071 0,022 0,32
linxka 3
0-6 25,31 20 15,52 0,79 0,0567 0,065 0,02 1,6
6-7 26,6 20 17,63 0,75 0,0333 0,066 0,011 0,66
6-8 17,64 15 9,29 0,85 0,052 0,059 0,018 0,76
8-9 2,35 2 1,23 0,85 0,057 0,065 0,02 0,1
XapakTepHOIO 0COOJIUBICTIO BeTaHoBleHoro 1O B TAKOMY BHIQJKy TaKOK iCHye MOMKIHMBICTh
pexuMy poGOTH MIKPOMEPEXi € oJHOYacHicTh nporecip ~ BAHAKHCHHA HebaaHCy TOTY3KHOCTEH, aie

TeHepamii Ta CIOKWBAaHHS OfHi€I 1 Tiel X KUTBKOCTI
MOTY)XKHOCTEH. Y OyIOp-SIKHH MOMEHT BCTaHOBJICHOTO
pexuMy poOOTH MIKpOMEpexi 3arajbHa IOTYXHICTB,
BHPOOJICHa TEHEPYIOYNMH YCTaHOBKAMH, PiBHA 3arajibHIN
CHOXKMBaHI TOTY)XHOCTI B Ilel ke MOMEHT 4acy. Take
CHIBBITHOIICHHS BUPOOJICHHOI Ta CIIOXKUBAHO1
MOTY>KHOCTI Ha3UBAEThCS OamaHcoM aKTUBHOI
moty>xHocTi [15].

PiBasgHHS OanmaHcy aKTHBHOI
MIKpOMEpEeXi Ma€e BUTIIA

D P, =) P =) P, +AP . (1)

ne Y P, - 3aranbHa IeHepOBaHa aKTMBHA IIOTY)KHICTE B

MOTY>KHOCTI ISt

MIKpOMEPEXY, 3 ypaxyBaHHSIM aKTHBHOI ITOTYXHOCTI,
OTPUMAHOI 3 CYCIJIHIX MIKPOMEpPEK; ZPH - 3arajbHa

MOTY>KHICTh CIOXXHBAYIiB B MIKPOMEPEXKi, 3 ypaxXyBaHHIM
aKTUBHOI TOTYXXHOCTi, $5Ka MEPEHacTbCcsi B CYCIIHIO

Mikpomepexy; AP 3arajbHi BTpPaTH aKTHUBHOI

HOTY>KHOCTI;

Benmumna ~ 3arampHOi  aKTHBHOI — MOTY)KHOCTI
CHOXWBA4YiB  TPHU  EKCIUTyaTallifHUX  pO3paxyHKiB
BU3HAYAETHCA MIJICYMKOM MAaKCHMAaJIbHUX IOTY>KHOCTEH
By3JIiIB HaBaHTaXEHb 3 BpaxyBaHHAM Koe(illieHTY
PI3HOYACHOCTI MAKCUMYMIB.

[pu MIPOEKTYBaHHI MIKpOMepexi 3
QIPTEPHATUBHUMM  JDKEPEIaMH  €HEprii  BeIM4YHMHA
3arayibHOi aKTUBHOI MOTY>KHOCTI € HE IMOCTIHHOIO 1 picT
HAaBaHTAXXCHb B MIKpoMepexki He mependadaeTses.
MOXIIMBO TOAUIMTH PEXUMH POOOTH MIKpOMepexki Ha 3
BUIIAJIKU:

1) SKIIO CIIOKUBAHHS MIKpOMEpEXi 3MIHCHIOETHCS 3
30BHIIIHBOT MEpeXi 3a3BUYail HE BWHHKAE MpoOIeM 3
OanmaHCyBaHHAM aKTHBHOI TIOTY)XHOCTi, dYacToTa B
MiKpOMepeKi He3MiHHa;

2) SKImO B MIKpOMEpPEeXi 3HAXOMATHCS TEHEPYIOUi
YCTaHOBKH 1 30BHIIIHA Mepexa MiAKIIYeHa apaieibHo,
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MaJIOMMOBIPHA, TOMY III0 30BHIIIHS MEpekKa MOXKE SK
CHOXKMBATH HAUIMIIOK 3T€HEPOBaHOI MOTY)KHOCTI Tak i
MOKPUTH Je(IUUT MOTY>KHOCTI, 4acTOTa B MiKpOMEpexi
TaKOX HE3MiHHa;

3) sKIO MiKpoMmepexka Ipaloe aBTOHOMHO TO 3
YMOBOIO 3a0e3lieueHHs1 0ajaHCy NOTY)KHOCTeH YacToTa
MIKpOMEpEexXi 3aJIMIIAEThCS CTA0IIBHOI0 1 BU3HAYAETHCS
peKMMaMH MallMH Ta IepeTBoproBadiB. bynb-sxe
BIIXWICHHS y BUPOOHMUTBI abo0 CIOKMBAaHHI eHepril
BUKJIMKA€E 3MiHM YacTOTH MIKpOMEpEXi, II0 BHUMarae
peryilIoBaHHA K TeHepalii Tak 1 CHOXXUBAaHHSA
MOTY>KHOCTI IS cTabiii3armii 3a3HAaYCHOTO MapaMeTpy.
Jnsa BukoHaHHS OajaHCy MOTYXXHOCTEH palliOHATBHO
3MEHIINTH TeHepamito, abo mnpunuHUTH ii. SKmo
BUMUKATH TEHEPYIOWy YCTAHOBKY HE MOXJIHBO, TO
HAIUIMIIOK EHeprii MO)KHAa HampaBUTH JIO CHCTEMH
30epiraHHs eHeprii.

bananc peaKTHBHOT MOTY>KHOCTI. [HII0T0
XapaKTEPHOIO OCOOJMBICTIO YCTaHOBIICHOTO PEXHMY
poboTH MiKpoMepexXi € OTHOYACHICTh MPOIIECiB TeHepartii
1 CIIOKABaHHSA MOTY>KHOCTI. Bigmosinao B
YCTAaHOBJIEHOMY DPEXUMI pOOOTH MIKpOMEpeki B KOXKEH
MOMEHT 4Yacy BUKOHYEThCS OalaHC SK aKTUBHOI Tak i
PEaKTUBHOT MOTYXHOCTI.

3a amamoriero 3 piBHEM OallaHCy aKTHBHOI
MOTY>KHOCTI /i€ OaaHc peaKTHBHOI:
ZQH :z Qr :Z QH +AQE . 2

e ZQF - 3arajibHa reHepoBaHa pCakKTUBHA HOTy)KHiCTL

B MIKpOMEpEXi, 3 YpaxyBaHHSIM aKTHBHOI IOTY>KHOCTI,
OTPUMaHy 3 CYCIIHIX MIKpOMEpexX; ZQH - 3araypHa
MOTYXHICTh CIIOKMBA4iB B MIKPOMEpEXi, 3 ypaxyBaHHIM
PEaKTUBHOI MOTYXXKHOCTI SIKa IEPElaEThCsl B CYCIAHIO
Mikpomepexy; AQ; 3arajbHi BTpaTH pPEaKTHBHOI

MOTYHOCTI.

I'eHepanist peakTHBHOT OTYXKHOCTI BiZOyBa€eThCS HE
TUTBKM  TeHepaTopaMd, a MOXe ¢  CIelialbHO
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BCTaHOBJICHUMH B MIKPOMEPEXi JPKepeslaMH PeakTHBHOI
MOTYXXHOCTI TaKMMH SIK KOMIIEHCYIo4i mpuctpoi. J[o
KOMIICHCYIOUMX TPHCTPOIB BXOAATH: KOHJAEHCATOPHI
Oatapei;  peaKTOpH;  CHHXPOHHI  KOMIICHCATODH;
CHHXPOHHI TeHepaTopu; akTHUBHI QinmeTpu abo iHBEpTOpH
SIKi BCTAHOBJICHI Ha T'CHEPYIOUMX YCTaHOBKAX, 32 YMOBH
HasSBHOCTI TakuX (YHKIIOHAIPHUX MOXJIHMBOCTEH B
CIJIOBIM 9acTuHI Ta cucTemi KepyBaHHS. Tozi piBHSHHA
0ajaHCy pEeaKkTUBHOI MOTYXHOCTI Oyae B HACTYITHOMY

BUI:
ZQH ZZQEC +ZQ1< = ZQH +AQ;
ne z QEC -

T€HEpOBaHa TI'CHCPATOPAMU,

€)

3arajbHa PEAKTUBHA IIOTYKHICTB,

BpPAaXxOBYIOUH PEAKTHBHY
MOTYXHICTh CHOXKHBaHY 3 3arajbHOi Mepexi; ZQK -

3arajgbHa
TIPUCTPOIO.

pEaKTUBHA  MOTYXXHICTb  KOMIICHCYIOUOTO

bamanc peakTHBHOI TOTYXXHOCTI pPO3paxoOBY€EThCA
3a3BUYall ISl PEXXKUMY 3 HaHOLIBIIMM HaBaHTaXKCHHSIM.
PeakTrBHa MOTYXHICTB, 110 BUPOOIISETHCS T€HEpaTOpaMu
MIKpOMEpEeXi BU3HAYAETHCS iX 3aBAaHTAXKEHHAM aKTHBHOIO
MOTYKHICTIO Ta KOE(]ili€HTOM IMOTYXHOCTi, HOMiHAJIEHE
3HaueHHs1 skoro craHoBuTh 0,8...0,9. I'eneparopu €
OCHOBHHUMHM JIKEpEIaMH PEAaKTUBHOI IOTYXHOCTI Ta
BUpOOIA0Th Onu3bK0 60% HEOOXigHOI B MIKpOMEpEKi
PEaKTHBHOI MOTYKHOCTI.

B MikpomMepei, M0 po3rsIaeThesi MPOIOHYIOThCS
HACTYIIHI TUIIM TEHEPYYMX YCTAHOBOK: COHSIYHA
SNIEKTPOCTAHIIiSA; IHBEPTOPHO aKyMYJIATOpHa CHCTeMa
30epiraHHg eHeprii; AW3eNpHHIA TeHepatop Ha 0asi
CHXPOHHOI MaIllMHU; BITPOBA €HEpreTHYHA YCTAHOBKA HA

0a3i  aCHMHXpPOHHOTO  TeHeparopa 3  IOJABIHHUM
JKHUBJICHHSAM.

B CTPYKTYpi CIIOXXWBAYiB nraxodadpuku
3aCTOCOBYIOThCS ACHHXPOHHI JBUTYHHU. ToMy po3risiHeMo
MOPSIIOK  BU3HAUEHHA  AKTUBHOI Ta  PEAKTHBHOL

MOTY>KHOCTI Ha MPHUKIAAI CXeMH 3amimeHHs (puc.l) mis
ACHHXPOHHOTO JBUTYHA 3 [16]:

R jx;
I,
. —_—
U R,
(o

Pucynok 1. Cxema 3aMillieHHS aCHHXPOHHOTO JIBUT'YHA

BuzHauaeMo akTHBHY MOTYXHIiCThb (asu cxemu
3aMillleHHs] aCHHXPOHHOTO JIBUTYHA!

P=F + P +F . (4)

AKTHBHA MOTYXXHICTh CTaTopa, poTopa, MarHiTHOTO
KOJIa CXEMH 3aMillleHHS aCHHXPOHHOTO JIBUTYHA!
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R; E;
PR‘ ZIIZ,RI’ PRz’ :1212._2’ PR, =4, (5)
s " R,
ae R, - axtuBHuil omip oOMoTku cratopa; R, -

NpPUBEJICHUH aKTHBHUHM omip OOMOTKM poTOpa; § -
KOB3aHHS; R, - CKBIB&ICHTHHH aKTHBHMA omip

MarHiTHOTO Koja; /[, - Jif04e 3HaYCHHS CTPyMYy CTaTopa;
I} - nirodye 3HA4YEHHs HPUBEACHOTO JIO CTATOPA CTPYyMY
poropa; E, - nitoue 3HauenHs EPC, ingykoBana B Kol
HaMarHiqyBaHHS.

BusHauaeMo peakTHBHY IOTYXHICTb KUI —CXEMH
3aMiIlIeHHs] aCHHXPOHHOTO JIBUTYHA!

o = QX, + Q),(Z + QX“ > (6)

PeakTHBHA MOTYXHICTH CTATOpa, pOTOPA, MarHiTHOrO
KOJIa CXEMH 3aMillleHHs] aCHHXPOHHOTO JIBUTYHA:

2
_ M

QX, :IIZ'XI’ QXZ’ :Izlz'le’ Qxﬂ (7

"

ne X, - peakTuBHHiI omip OOMOTKM craropa; X, -

NPUBEACHUH PEAKTUBHMH Omip oOMOTKM potopa; X, -
€KBIBaJICHTHUI PEaKTHBHUH OIlip MarHiTHOTO KOJa.

Tak sIK TOJIOBHOIO PI3HHMIEI0 MK ACHHXPOHHHM
JBUTYHOM Ta AaCHUHXPOHHUM TE€HEpPAaTOpoM € Te, IO
KOB3aHHS JUIsl FEHEPATOPHOTO PEeXUMY NpuiiMaeThes s < 0
[16]. HaBemenwii po3paxyHOK TOTYKHOCTEH s
ACHHXPOHHOTO TeHepaTopa Oy/e aHAJIOTIYHHM.

Jlis  BITPO CHEPreTHYHOI YCTAHOBKUA MOMKITHUBHIA
aNbTepHATUBHUI  BapiaHT Takud SK CHHXPOHHOI'O
reHepatop. B wmiii poOOTI CHHXpOHHHMH T'€HEpaToOp
pO3TIISAAETECST B mMapi 3 JW3ENBHUM JIBUTYHOM Ta
BITPOCHEPTETUYHOI YCTAaHOBKOIO. TOMY TakoX MOTpiOHO
BU3HAYUTH TMApaMeTPH PEXHUMY PETYITIOBaHHS aKTUBHOI
Ta PEAKTHBHOI TOTYKHOCTEH 3 YypaxyBaHHSIM CXEM
3aMimeHHd.  Po3rsiHEMO — NMUTaHHS — PEryNIOBaHHSA
30yIKEeHHSI CHHXPOHHOT ManmHu [17].

PerymioBanHst Hanpyru i peakTUBHOI MOTYXHOCTI €
B&XKIMBHM K 3 TEXHIYHOI, TaK 1 3 €KOHOMIYHOI TOYKHU
30py, OCKUTBKM BOHO BpaXxOBYE€ OCOOJHMBOCTI MPOIIECiB
TeHepallii Ta po3NodiTy eneKkTpoeHeprii. PiBeHs HanpyTH,
SIKHH 3aJa€ThCsl 30YIDKEHHSIM CHHXPOHHHX T'€HEpaTopiB,
BiJIPI3HSETHCS 32 BETHMYUHOIO Ta (Pa30i0 B piI3HUX TOUYKAX
eHeprocucreMu. Ll pi3HMOA Hanpyr € KIIOYOBHM
(akTopoM Ut 3a0e3redeHHs Nepenadi elneKTpOCHEpTii.
Hanpyra U , , Ha oyatky JiHii Mikpomepesxi (puc. 2),

E Ia[p Ur Uﬂ PJZQJY UC M
q
e T I T T
| I | | | | |
o v = =

Pucynok 2. Cxema niepeniaui eJeKTpoeHeprii B
MIKpOMEpEexXi 3 CHHXPOHHHM I'€HEepaTopoM

sgKka (QOPMYETbCS TEHEpaTOpPHUMH YCTaHOBKAMH, HE
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36iraeTbest 3 Hanpyrow U, CHCTEMH

y
MiIKpOMepexki, i 1 HeBimmoBimHiCTh AU 3aeXuTh Bifg
aKTMBHOI P,

HepesatoThCs Yepes JIHIIO.

By3J1axX

Ta peakTUBHOI (J, MOTYKHOCTEH, ILIO

PerymroBaHHs Hampyru Ta PeaKTHBHOI MOTYKHOCTI
3a0e3neuyeThCs PEryNIOBaHHAM 30YMIKECHHS CHHXPOHHHUX
reaeparopiB. CTpym 30y[KEHHS TeHepaTopa BU3HAYAE
roro EPC, mampyry remeparopa Ta Hampyry JiHii sKi
3B’s13aHi MK COOOFO CIIBBIIHOIICHHSIM HAMPYTH y BY3Ji.
®opMyJIa HAIPYTH Y By3/li HABAHTAKEHHA U |, ©

0, L

U,=U.+AU=U,+ +j
Ja ¢ <TUx JU,Xﬂ , )

Il c

=U, +jPX/1 +jiaXJ[

ge X, - peakTuBHMH omip TpaHcdopmaTopa;, X, -
pPeaKTHBHUI OIip JTiHIT epeaadyi.

dopmyna Uil aKTHBHOI MOTYXHOCTI CHHXPOHHOTO
reHeparopa:

U,Uc

P=

sind; ;

)

J
ne O
reseparopa o = (Eq,Uc).

- kyr Mk Bektopamu EPC Tta Hanpyroro

IIpu BimcytHOCTI perymioBanHS 30ymkeHHs EPC
Eq=const. PeakTnBHA MOTYXHICTH TEHEPATOpA:

EU 2

q_c c

cosO —
X, +X,

O =

= 10
O ¥y (10)

ae X, =X, +X, - pcakTUBHUH ONIp CUCTEMH.

AKTHBHa TIOTYXHICTh TI'€HEpaTOpa BH3HAYAETHCS
CTaTHYHOIO XapaKTEPUCTHUKOIO 5Ka IOKA3ye 3aJIeKHICTh
AKTMBHOI ITOTY KHOCTI BiJl KyTa HABAHTAXKECHHA O .

AKTHBHA TOTY)XHICTb Ha CTOPOHI BHIIOI HAIPyTH,
BH3HAYAIOTh 3 BUPA3y:
EU, |
P. =P, =———sing,
X, +X

c

(11)

AXTHBHIH TIOTY>)XKHOCTI BIJTIOBiIa€ TEBHA pEaKTHBHA
notryxHicts. Ilpu momymeni O, = @, Hampyru U,

MOXJIMBO OTPHUMATH 3aiexHicts O = f(P.). dng xyra

V4 . . ..
o =5 Taka 3aJIC)KHICTh SBIISIE COOOI0 PIBHSIHHS ITOBHOI
TTOTY>KHOCTI:

X, +X.

2 2
+PP=|UZ L < (12
J T [szchj (12)

[Tpn aBTOMaTHYHOMY pETYIIOBaHHI, 110 3a0e3nedye
HE3MIHHICTh TOTOKO3YCIUICHHS OOMOTKH 30y/KCHHS,
BBaXKAEThCA He3MiHHOIO TmepeximHa EPC  reneparopa
E' = const . AKTHBHA NIOTYXHICTh TIPU LLOMY:

2 Xd _XC
"X, x

c

[QF -U
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_E'Ugsiné Ui (X,-X))sin25

= , (13
Fo(x X)) 2(X+X)(X+X) (13)
2 _ [
s Ule guoso UelXa=Xi) G5, (14)
r X, 2(X:,+XC)(X0’,+XC)

Ha ocHOBi BU3Ha4Y€HHX paHiIe JaHUX I JOCIIHKESHHS
PO3IIOIiTY aKTHBHOI Ta PEAaKTHBHOI MOTY)KHOCTI B TiOpH/IHIi
MIKpOMEpEeXKi Ha OCHOBI ENIEKTPOTEXHIYHOrO KOMILIEKCY
nraxoaOpuky 3 BHUKOPHCTaHHSM BIZIOMHX ITiJICHCTEM
po3podiieHo Momenb (puc 3) [18]. Mogens ckimagaeTbes 3
onoky mepexi (Grid) HoMiHaMBHOIO MOTYXKHICTIO S = 850
KBA Ta Hampyroto U=10kB i wacrororo mepexi /=50 I'm;
TpaHcopmaropa (TR) 3 HOoMiHaIBHOIO TOTYXHICTIO S=250
kBA, Bumoro Hampyrowo U;=10 kB Ta HIWK400 Hampyrorwo
U~400 B; Bummkaga (BR); akTmBHOrO Ta peakTHBHOTO
oropy npoTiB mepmoi rimku cnoxkwsadiB (0-1) mapamerpu
JIpOTiB BKa3aHi B Tabmu 2; nrammuk (CF1) 3 HoMiHaIBHOO
aKTHBHOIO  MOTyXkHicTio P=120kBT Ta  peakTHBHOIO
notyxHictio  0=105,83kBAp, HOMIHAIILHOIO HAMpPyro
U=400 B.; mmensHOro reneparopa (DG) 3 HOMIHaJBHOIO
TEHEPOBAHOK TMOTYXHIiCTI0O P=50 kBT Ta HOMIHAJIEHO
Hanpyrotro U=400 B; cucremu 30epexenns cueprii (ES) 3
HOMIHQJIGHOIO TeHepoBaHO mnoTyxkHicTio P=100 kBt Ta
HOMiHaJbHOIO Hampyroro U=400 B. AxtuBHOro Ta
IHIYKTUBHOT'O OIOPY JPOTIB JpYyToi riku criokuBadvis (0-2),
mizicucreMa sikoi HaBeneHa Ha puc. 4 (BH 2), sika mictuth
aKTHBHI Ta peaKTHBHI ONOpH JIPOTiB (2-3, 2-4, 4-5), siKi BeOyTh
no rrrarmarka (CF2) 3 HOMIHATEHORO aKTHBHOO TTOTYKHICTIO
P=20 xBr ta (0=17,63 xBAp, mampyroro U=400 B;
siineckinany (EW) 3 HOMIHAIBHOIO aKTHMBHOIO ITOTY)KHICTIO
P=10 xBr Ta peaktuBHOIO mnotyxHicTIo (O=10,2 xBAp,
Hanpyrotro U=400 B; 3eprockiany (GW) 3 HOMIHAJIBHOMO
aKTHBHOIO ~TOTYXHICTIO P=5 kBT Ta peakTHBHOIO
noryxHictio 0=5,1 kBAp, narpyroro U=400 B. [lo minii
TIPHEJTHAHO TE€HepyIody BITpOBY eHeproycraHoBky (WT) 3
HOMIHQJIGHOIO TE€HEPOBAHOIO aKTHBHOIO MOTYXHICTIO P=50
kBt Ta Hanpyroro U=400 B, 3 ypaxyBaHHAM AaKTHBHOIO
OIOpy Ta pEaKTUBHOTO ONOPY [JpPOTiB JO  BITPOBOI
eHepreTuyHoi yeraHoBky (WW). Oropy ApOTIB TPeThOl TLTKH
cnoxuBaviB (0-6) mimcucrema sikoi (BH 3) HaBemeHo Ha
puc.5, sika MICTUTh aKTHBHI Ta DPEaKTHBHI OINOPH JPOTIB
JsHOK (6-7, 6-8, 8-9), siki Bemyth g0 nramnnka (CF3) 3
HOMIHQJIGHOIO ~aKTUBHOIW moTyxHicTio P=20 xBr Ta
peakTUBHOIO TIOTYXHICTI0O 0=17,63 kBAp, Hanpyroro U=400
B; odicy (OE) 3 HOMIHaIBHOIO aKTUBHOKO MOTYKHICTIO P=15
KBT Ta peaktuBHOIO moTyxHicTIO 0=9,29 KBAp, Hampyrowo
U=400 B, marasmny (MT) 3 HOMIHATBHOI aKTHBHOIO
NOTYXHicTIo P=2 kBT Ta peakTtHBHOIO moTyxHicTI0O O=1,23
kBAp , mampyroro U=400 Br= o miHil mnpuemHaHo
TCHEPYIOYy COHSYHY VYCTaHOBKY (SA) 3 HOMIHAIBHOIO
TeHEepOBaHOIO TOTYXHICTI0O P=120 kBT Ta Hanpyroto U=400
B, Ta BymmuamMM ocBiTieHEsM rrraxogadpuku (LT 500 W).
Jlns  kepyBaHHs CIOXKHBaHHSAM Ta TEHEpaIi€lo eHepril
BHUKOPHUCTOBYIOThCS OJ10ku OynoBu curHay (Signal Builder)
JUIS  JTUCKPETHOI 3MiHM B 4aci OJOKM OIMHUYHOT
cximuacroi mii (Step).
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Pucynok 5. ITincucrema rinku croxkuauis 3 (BH 3)

B  Mopmeni  BHKOpUCTOBYIOTBCS — OJIOKM  JUIA
(opMyBaHHS 3aJaHOTO 3HA4YEHHS 1 peryJoBaHHS
aKTMBHOI Ta PEAaKTUBHOI IOTY>KHOCTI B MIKpOMEpEXi.
Taka migcucrema HaBeseHa Ha PUCYHKY 6, a, Ha PUCYHKY
6, 0 BigoOpakeHI mapameTpH 3a SIKUMH OJIOK BHKOHYE
POpaxyHKH CTPYMIB Ha Ti/ICTaBi aKTUBHOI Ta PEAKTHBHOI
noryxHocteli. HowminanpHa Hampyra Vrms=400 B,

gacrora Mepexi Hz=50 ['m, koedimieHT NOTYXHOCTi
Power Factor=1, mouaTtkoBe 3HaYeHHS MOTYXKHOCTI fKE
ook Oyne ¢QopmyBarn B MOYATKOBUH MOMEHT Hacy
po3paxyHky Initial Load =120 kBr.

Jns  pocmipkeHHs 3MiH 4YacTOTH Ta  JIIFOYOTO
3HAYCHHS HAmpyru 31 CTpyMOM B  MIiKpoOMepexi
BHKOHAEMO CEPif0 EKCIIEPUMEHTIB.
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Parameters

Nominal L-L Voltage [Vrms] 400

Dynaic Load
Controt
o> MNominal Frequency [Hz] 50
m >
A Power Factor [Dto 1] 1
B 3 .
c Simgle Three-Phase Initial Load [W] 120e3
a) 0)

Pucynok 6. biok hopMyBaHHS aKTHBHOI Ta peaKTHBHOI
MOTY>KHOCTI: ) TiicucTeMa 0) mapaMeTpy HalaIlITyBaHHS
OIOKyY

ExcniepumeHT chopMyeMo [Uis mapaienbHoi poOoTH
i3 30BHILUIHBOI0O MEPEXKEI Ta aBTOHOMHOI pOOOTH.
[puitmemo 10 yBaru WMOBIpHY 3MiHY HaBaHTa)KCHHS, a
TaKoX 3MIHM TeHepauii mKepes, sKi BUKOPHCTOBYIOTh
MIPUPOJIHI TIEPBUHHI JDKEpeNa eHeprii: eHepriio BiTpy Ta
eHepriro coHr. OkpiM TOro OyZeMO BpaxOBYBaTH, IO
JesKi JoKeperna, SIKi BUKOPHCTOBYIOTh
IHBEpTOPHO/BUNPSIMHI ~ TIEPETBOPIOBAYl  3/IaTHI  TaKOX
3a0€3MeUNTH PEaKTHBHY TOTYXKHICTh SK €MHICHOTO TaK i
IHIYKTHBHOTO XapaKkTepy.

ExcriepumMeHT  (GOpMyeEMO  HACTyIHUM  YHHOM:
eKCIICpUMEHT ~ MPOBOOUTBCS  NPH  MiHIMAITBHOMY
CIIOXKUBAHHI TIOTYXKHOCTEH croxkuBadamu (Ppy;=20kBT;
Pgy=17xBT; Ppy;=19xBT) Ta BigiMKHEHHI MiKpOMepexi,
Ha 0.3 c. 3 TeHepyHUMX YCTAaHOBOK TIPAIFO€ JIHIIE
COHSYHA eJIEKTPOCTAHILS, MAW3CNbHUA TeHepaTop Ta
BITPOBa €HEpreTHYHa YCTAHOBKA BIJIMKHEHHI, CHCTEMH
30epiraHHs €Heprii CrOXKHBAIOTh HAUIMIIOK aKTHBHOI
notyxHocti Pgs=39037 BT, Ta BigOyBaeThCsl reHeparis
PEaKTUBHOI MOTY>KHOCTI IHBEPTOPOM CHUCTEMH 30epiraHHs

Ors=3359. Ha 0.6 ¢ crioxwuBayi 30UIBIIYIOTH CIIOKUBAHHS
JI0 MaKCHUMAIBHOTO piBHA (Ppy;=120 kBT; Ppy;=35 kBT;
Ppy;=37 xBT) Ta BMHKaIOThCS T€HEPYIOYi YCTaHOBKH, a
caMe IW3EIbHUM TeHepaTop, BITPOBA EHEPreTHYHa
YCTaHOBKA, CUCTEMH 30epiraHHs CIIOKUBAIOTh HATHIIIOK
akTuBHOI TOTYXHOCTI Pg=4000 Ta BimOyBaeThCs
reHepailisg peakTuBHOI noTyxHOcTi Qps—=5400 iHBepTOpOM
cUCTeMH 30epiraHHs eHeuprii.

B xomi ekcmepumenta (puc. 7 - 11) micma 0.3 ¢
CIIOCTEPITa€ThCS  TIOCTYNOBE  30UIBIICHHS  YacTOTH
MIKpOMepexi ane micias 30UTbIICHHS CIIOKMBaHHA Ha
0.6 ¢ BigOyBaeTbcsi MOCTYyMOBe 3HIDKeHHS (puc. 7).
CepeHbOKBaAPATHYHUM CTPYM B By3JaX HaBaHTA)KEHHS
Ta TEHEePYIOUUX YCTAHOBKAaxX ITiCISI BIIIMKHEHHS Mepexi
3HUXKYEThCS 1 Ma€e He3HauyHi kojuBaHHs (puc. 8,0; puc.
10,0), ane micis 30UTBIICHHS HABaHTAXKCHHS 3pPOCTaE i
3HAQYHO 30UIBIIYETHCS KOJIMBAHHS CTpyMy. Takox
CIIOCTEpiraeThesl Pi3HUIA PiBEHb HANPYTH Ha TCHEPYIOUUX
ycraHoBkax (puc. 10,a), piBeHb Hampyrsm Ha JIiHIsAX
omuHakoBuii (puc. 8,a). Ilicinst BimiMKHEHHS Mepexi
rpadiki TUTOK CHOXWMBA4YiB Ta TeHepalil aKTHBHOI
MOTY>KHOCTEH 3a3HAIOTh HE3HA4YHWX 3MiH (puc. 9a; puc.
11,a). ITicnst 30iMbIICHHS HaBaHTKCHHS CIIOXKHBAYiB Ha
0.6 ¢ Ta miABUILEHHS TeHepallii MOTYKHOCTeH, peakTHBHA
MOTYXHICTh ~ CIIOXHMBAEThCSI  CUCTEMaMu  30epiraHHs
eHeprii Ta Iu3enbHUM reHeparopoM (puc. 9,0; puc. 11,0),
JlaHe SIBHINE TMOSCHIOETHCS YMOBAaMHU 3aJaHUMH B
JITOPUTMI  PETYJIIOBAHHS TeHepalii Ta CIOKUBaHHS

HOTY>KHOCTEH..

Offset=0

Pucynok 7. Yactora MikpoMepexi B eKCIIEpUMEHTI
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Pucynok 8. CtpyM Ta HampyTra TUIOK CIIOKHBadiB B EKCIICPUMEHTY; a) HAaIpyTa T'iIoK, 0) CTpyM TiIoK
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Pucynok 9. [ToTyXHICTb T'JIOK CIIOXKHBa4iB B €KCIIEPUMEHTY; &) aKTHBHA MOTY)KHICTh, 0) peakTHBHA

MOTYXKHICTh
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Pucynoxk 10. CTpym Ta Hampyra riJIoK FeHepyIYnX YCTAHOBOK B €KCIIEPUMEHTY; a) Halpyra yCTaHOBOK, 0)

CTPYM YCTaHOBOK
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Pucynoxk 11. [ToTy>XHICTb TiIOK TEHEPYIOUNX YCTAHOBOK B €KCIIEPHMEHTY; a) aKTUBHA MTOTYXKHICTB, 0)

peaKTHBHA MOTY>KHICTh
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V.BUCHOBKH

Jlns mociipKeHHS PO3MOJUTYy TOTY)XKHOCTEH MK
CIIO’)KMBAa4aMH Ta T'CHEPYIOUMMH yCTAaHOBKaMH B YMOBax
ABTOHOMHOI POOOTH MIKpOMEPEXi MPOBEIEHO PO3PAXYHOK
aKTHUBHOI Ta pPEaKTHBHOI IIOTY)KHOCTI CIHOXWBaYiB Ta
BU3HAYCHO  CTPYKTYpy  KOMIUIEKCY  ABTOHOMHHX
TeHEePYIOUYHX YCTaHOBOK JU1St HiATPUMKH
EJIEKTPOIIOCTAuaHHsl y pa3l #oro BIiICYTHOCTI BiX
3aranpHOi  Mepexi. [lpoBeneHo aHami3  BH3HAYEHHS
AKTHBHOI ~Ta PEAKTUBHOI MOTY)XHOCTEH y  pasi
BUKOPUCTaHHSI MallIMHHOTO HAaBaHTAXXEHHs (aCHHXPOHHUX
JBUT'YHIB). AHAJIOTIYHO 3a aHATI30M ICHYIOUHMX JDKEpel

BU3HAYCHI AaKTHBHA Ta  pEaKTHBHA  IOTY>KHOCTI
CHUHXPOHHOTO TeHeparopa, o 3a3BHUal
BHUKOPHCTOBYETHCS B JIM3€TTh TeHEepaTOpPHUX

EJIEKTPOCTAHIIAX Ta ACHHXPOHHOTO TeHeparopa 3 (a3HIM
pPOTOpPOM, SIKHl BHKOPHCTOBYIOTH Yy BITPOI€HEPYHOUHX
KOMILJIEKCAX.

[TobynosaHo MOJIeITb eNIEKTPOSHEPreTHIHOTO
KOMIUIEKCY B IAKeTi Bi3yaJbHOTO HpPOrpaMyBaHHS
Matlab/Simulink. bazoBum BapiaHTOM 00paHO HEBEIHKE
CUIbCBKE I'OCIONIAPCTBO, a came nraxodaldpuka 3 MKOBUM
HaBaHTaXeHHsM 219,2 kBA.

Jast MIPOITIOHOBAHOT Mozeni 3aIUTaHOBAHO
eKCTIEpUMEHTH 3 IMITyBaHHSIM MOXJIMBHX BapiaHTIiB
poboTH MiKpOMepexi, TakuxX SIK TapaiesibHa pobora i3
30BHIMIHBOI0 MiKpPOMEpPEXKE, aBTOHOMHOK pOOOTOrO
MIKpOMepeXXi 31 3MiHAMH HAaBaHTaKEHb. 32 OTPUMAHUMHU
pe3yabTaTaMi MOZENIOBAHHS BCTAHOBJICHO, IO 32 YMOBH
napanesbHOi  poOOTH 3 30BHIIIHEID — MEpexero
MIKpOMepe)ka Ma€ TIOCTifHE 3HAuYeHHS 4YacTOTH, a
BIZIXMJICHS HAIIPYTH HE MEPEBUIILYIOTh PO3PAXyHKOBE.

B pesynbrari mpoBeOEHHS — eKCIIEPUMEHTY 3
BIJIMUKaHHSIM 30BHIIIHbOT Mepexi, 3MiHaAMH PIBHS
HaBaHTA)XEHHS, BiJ3HaYeHI O1IbIII KOJMBAHHS HAIPYTH Ta
TIePEPO3MOIiNI PEaKTUBHOI MOTYKHOCTI MiX CIIOKABAYaMHU
1 CIIOKMBaHHS TeHEPYIOUMMH ycTaHoBKaMu. Lle sBuie
BHKJIIMKAHO 30KpeMa (JOpMyBaHHS aKTHBHOI Ta PEaKTHBHOT
MOTY>KHOCTEW y OJNoli JAWHAMIYHOTO HAaBaHTaXCHHS,
PO3paxyHOK B SIKOMY IIOB'S3aHHI 3 piBHEM Hampyru Ta
YacCTOTH.

B pesyibrarti y3araapHEHHST OTPUMaHUX Pe3yJIbTaTiB
CIiJ  BiA3HAYWTH, WIO pO3PaxXyHOK akKTHBHOI Ta
PCaKTHBHOI TMOTY)KHOCTEH SK HABaHTaXEHHb Tak i
TeHEPYIOUMX YCTAHOBOK HEOOXiMHO BHKOHYBaTH 3
YpaxyBaHHAM MOTOYHOI'O 3HAYCHHSA YaCTOTU Ta piBHH
HAIPYTH Y BY3JIi CIOCTEPEIKCHHSI.
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RESEARCH ON POWER DISTRIBUTION IN A MICROGRID WITH
DISTRIBUTED ELECTRICITY SOURCES
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Purpose. Assessment of power flow distribution in a microgrid with autonomous sources to identify the impact of
power levels on frequency and voltage levels.

Methodology. The analysis of existing research in the field of electric power engineering has been conducted,
focusing on the management of power flows in microgrids with autonomous small- and medium-capacity generating
units. As a result of the analysis, it has been established that a relevant challenge is the control and management of
active and reactive power flows in microgrids to maintain the frequency and effective voltage level at a predefined
value. It has been noted that this issue presents certain complexities due to the instability of primary energy flows from
alternative sources, which can lead to both energy shortages and surpluses. Based on the theoretical foundations of
electrical engineering and utilizing methods and techniques commonly applied in power supply system calculations, a
simulation model with alternative energy sources has been developed, taking into account the power supply system
structure of a small agricultural enterprise.

Findings. In the Simulink/Matlab visual programming environment, a simulation model has been developed that
enables the study of active and reactive power distribution at network nodes and the monitoring of frequency and
voltage magnitude variations. During the research, several experiments were conducted with specific distributions of
active and reactive power between consumers and generating units in the microgrid under both parallel and
autonomous operating conditions. As a result of the experiment involving disconnection from the external grid and
changes in load levels, greater voltage fluctuations and a redistribution of reactive power between consumers and
generating units were observed. This phenomenon is primarily caused by the formation of active and reactive power in
the dynamic load block, where calculations are linked to the baseline voltage and frequency levels..

Originality. As a result of summarizing the obtained time diagrams, it was found that the calculation of active and
reactive power, both for loads and generating units, must be performed considering the current frequency and voltage
level at the observation node relative to the baseline values

Practical value. The obtained results should be taken into account in the implementation of control systems for
autonomous power sources, specifically in the methods for calculating the current controlled values of active and
reactive power
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Mema pobéomu. [ocnioumu xapaxmep agapiiHux nepexionux npoyecié y CUCMeMax eneKmponocmadanis
NIONPUEMCIMG 3 MEMOI0 BUABNIEHHSI OCHOBHUX NPUYUH GUHUKHEHHS AGAPIUHUX Ccumyayitl, 6uasumu ocooau8oCcmi
NPOMIKAHHA NpoYecis, oyinumu ix enaue Ha HadiuHicms cucmem enrekmponocmauanns. Cmamms cmasums nepeo
€00010 Memy OO0CHIONCeHHA BNIAUBY PEeHCUMIE HeUumpani HaA Oe3nexy JOOUHU MA OOCHIOHCEeHH Memooi8 KOHMPOIo
i3onayii mepeotc Hanpyeotro 6 — 10 kB ona niosuwenHs besnexu eKCuayamayii e1eKmputHux mepexc nionpuemcms.

Memoou oOocnioxcennsn. Jlocniodcenns xapakmepy aeapitiHux nepexionux npoyecié GUKOHAHO ULIAXOM
CMamucCmMuyHo20 anaiisy 3 06poOKU OAHUX NPO SUHUKHEHHS aA8apiuHux cumyayii na Oitoyux nionpucmcmeax Yxpainu
ma aHanizy iCHyIUUx Memooié pO3PaxyHKy, sKi HA6eOeHO y HAYKOB0 — MeXHIuHIU jJimepamypi. BusHauenHs 0CHOGHUX
NPUYUH Ma 3aKOHOMIDHOCHEN PO36UMKY NPOYeCcié UKOHAHO WIIAXOM AHANIZY A6APIUHUX NpOYecie AKI GUHUKAIOMb Y
Mepedicax 3 i301606aHOI0 HEUMPALo npu 0OHoPa3HoMy "Memanegomy" 3aMuKanHi Ha 3eMaI0 HA NOYAMKOBUX CMAJinX
asapitnHo2o pescumy ma 8 nicasia8apiiHOMy PerHCUMi.

Ompumani pesyrvmamu. Pe3ynbmamom nposedenozo ananizy 0CHOSHUX 3aKOHOMIpHOCHell nepebicy agapiiHux
nepexionux npoyecie 6 CUCMeMax eneKmponoCmayanHts NiIONPUEMCME € GUIHAYEHHS NOYATNKOB020 XAPAKmepy npoyecis
Y Mepedxcax 3 i301b08aHOI0 HEUMPAINo N0 4ac O0OHOMA3HO20 3AMUKAHHA HA 3eMII0 MA Xapakmepy npoyecié y
nicasagapitinomy peacumi pobomu. Taxkooc y cmammi 6uge0eHo GopMyau 3 pOPAXYHKY BNIUBY PEHCUMY Hellmpani Ha
enekmpobesnexy J0OUHU N0 Yac eKCHAyamayii po3nooilbuyux mepesxc. 3 Memor nio8uueHHsa HAOJIliIHOCMI cucmem
e1eKmPOnOCMAYAHHA MA 3HUNCEHHA UIMOSIPHOCMT BUHUKHEHHS A8aAPIUHUX CUMYayitl y cImammi 3anponoHo8ano Memoo
KOHMPOIO napamempia i3oaayii enekmpuunux mepessc nanpyeoio 6 — 10 kB.

Haykoea nosusna. Busnauenns enaugy cyuacnozo 06IAOHAHHA HA Xapaxmep nepebdiey asapitiHux nepexionux
npoyecis, 6 MOMY YUCII 3 YPAXYBAHHAM HENIHIHO20 HAGAHMAJICEHHS Ma euwux 2apMonix. OYiHKa 63A€MO036 A3KY MidiC
napamempamyu nepexioHo2o npoyecy ma HAOIUHOCMI eleKMpONOCMAYaHHs, 6NIUG ABAPIHUX pedcuMis Ha
MexXHON02iUHi npoyecu NiONPUEMCmada.

IIpaxmuuna yinnicme. Pezyiomam 0ocniodcenus oae 3moey npogooumu OYiHKY HACAIOKI6 A8apiliHUX nepexioHux
npoyecie y cucmemax eneKmponocmayanus RiOnpuemMcme, wo 6ede 00 30inbUleHHsi HAOIIHOCMI  cucmem
e/IeKMpPONOCMAYants, ma NOKPAwWeHHIO YMo8 be3neku npayi na enepeemuyHux 00 ekmax. 3anedcHocmi Gniugy pexscumy
Helimpani Ha enekmpode3nexy npu eKCnIyamayii po3nooiibyux Mepesic.

Kniouosi cnoea: asapiiini nepexioni npouecu; enepzemuuyHna 0Oe3neka; cucmemu ejiaeKmponoCmMaiants;
nPOMUCTI08€ eHEP2O3ADE3NEUCHHA; AHANI3 PEHCUMIB; 3AKOHOMIPHOCMI nepeodizy asapiiHux npoyecie.

CICKTPUYHUX MCPCK MPU3SBOAUTL OO0 BUKOPUCTAHHSA
BUCOKOYYTJIMBOTO  OOJagHaHHsi, sKe  0OyMOBIIIOE

Hapilinicte  enekTponocTauandss € OJHAM i3  HEOOXIJHICTb  JOCHIDKEHHS  XapakTepy — aBapiliHuX
KJIIOYOBMX UYMHHHKIB CTabilbHOrO (DYyHKI[IOHYyBaHHsA  IEPeXiiHMX  MpOLEciB, 30KpeMa  MpoLeciB, IO
NPOMHUCJIOBUX MiANPUEMCTB. YCKIaaHEeHHs: KOoH(Dirypauii  CyIpOBOJUKYIOTH HOPYIICHHS HOPMAIbHOT POOOTH CHCTEM

I. BCTYII
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€JICKTPOIIOCTaYaHHs MiANPHUEMCTB Hanpyroio 6 — 10 kB
[1]. AxTyanbHICTH JOCTIJDKEHHS XapakTepy aBapiiiHHX
MepexXilHUX TPOIECiB MOJNATaE€ y PO3YMIHHI OCHOBHHX
YMHHUKIB SKi CIIPUYMHSIOTH aBapiiHi pexxumiu [2], [3]. YV
CTAaTTi PO3TIAMAIOTHCSA KIIOYOBI MHUTAHHS, IOB’s3aHI 3
aBapiifHUMHM  TEpeXiTHUMH  MpOIEecaMH,  30KpeMa
aHAJI3YIOThCA TIOYaTKOBI YMOBH BHHHKHEHHS aBapiHUX
PEeXUMIB, TpoIeC MPOTiKAaHHS IEepeXigHOTO IpoIecy Ta
CTaH Mepexi B IicisaBapiiiHoMy pexumi. OcoOnuBa
yBara npuijieHa MUTaHHIO BIUIMBY PEXUMY HEWTpasi Ha
€JIEKTPOOE3MEeKy OOCIyroBylOYOro IepcoHany. Takox
OKpEMO pO3IJIAIOTECS METOANM KOHTPONIO 130Jsmii B
Mepexax Hamnpyror 6 — 10 kB, 1mo € Baxn1MBUM KpOKOM
JIO TiIBUILEHHS PiBHS PaHHBOI JIarHOCTUKY MOLIKO/PKEHb
Ta 3amobiranHus aBapism [4], [5].

I1. AHAJII3 JTOCJALKEHD I ITYBJIKAIIA

[IpobnemaTtrka aBapiiiHUX MEPEeXiTHUX TMIPOIIECIB
IIUPOKO PO3TILIIAETECA B HAYKOBHUX IMyOJIKAIlisX Tamysi
Teopil eNeKTPUIHMX Kill Ta eNEKTPOMArHITHHUX IMPOIECIB.
3 pO3BUTKOM Taly3i €JIEKTPOHHO PO3PAXyHKOBUX MAIIUH
B OCTaHHI POKHM BeJIMKa yBara HPUAUIIETHCS HOBITHIM
METOZaM PO3PaxyYHKY, sIKi 0a3ylOThCs Ha BIPOBAKCHHI
nU(POBUX TEXHOJOTiH MOHITOPHHTY Ta 3anoOiraHHs
aBapisiM y  TEXHOJOTiYHMH  mporec.  30Kpema
PO3TIIAAIOTECS ACIEKTH BUSIBICHHS aBapiiiHUX PEKUMIB
B peaJIbHOMY 4Yaci 3 MPOBEJICHHSIM OLIHKH CTYIICHS 3HOCY
i3omAUmidHNX ~ MarepianiB  obmammHamHs [6]. IIpote,
HE3BAKAIOUM Ha 3HAYHY KUIBKICTH MOCHIDKEHB Y I

ramysi, HH3Ka BaXJIMBHX AacCMEKTIB  3aJHIIAE€THCS
HEJI0CTaTHLO BHUCBITIIEHOTO [7].
OgHMM 3 BaXKIUBUX AaCHCKTIB mpodiemMu €

HEOOXIiTHICTh KOPENAIil XapakTepy mepediry aBapiitHuX
MEePEeXiTHAX MPOLECIB y CHUCTEMaX eNIeKTPOIOCTaYaHHs
MiANPHEMCTB 3 TEXHIYHUMH acleKTaMH eKCIUTyaTtalii
oOnmagHaHHA Ta TUTAaHHAM EJCKTpUYHOi  Oe3mexu
MIEPCOHANY M7 9ac poOoTH 3 00IaTHAHHSAM B 3AJIEKHOCTI
Bil pexuMy HeiTpam. Takok HEZOCTaTHBO PO3TIITHYTO
MUTaHHS TPAKTUYHOI METOAMKH OIIHKK IapamerpiB
i3outA1iT Mepexx Harpyroro 6 — 10 kB.

TakuM YMHOM aKTYAJIbHICTH JOCIHIKECHHS IOJIATAE
y HEOOX1THOCTI IIMOOKOTO aHalli3y XapakTepy aBapiiHUX
MePeXiTHUX TPOIECiB B CHUCTEMaxX eJIEKTPONOCTadYaHHsI
MiANPHEMCTB, 3 ypaxyBaHHAM BIUIMBY PEXUMY HEHTpaii
Ha  CJICKTpOOE3MeKy Ta  BJAOCKOHAJICHHI  METOIIB
KOHTPOJIIO  130J1sLlii, IO € KPUTHYHO BAXKIUBHUMHU
KpUTEepisIMH Uil 3a0e3leueHHs  HaAIdHOCTI  Ta
0e3mepeOifHOCTI  POOOTH TPOMHUCIOBUX OO0 €KTIB 3
00MEXEHUMH MOKIIMBOCTSIMU.

III. META POBOTH

Meta pmaHOi po0OOTH - MOCHIIKCHHS aBapiHUX
CTPYMIB Yy TIEpEXiTHOMY PEXXHUMi B IEKTPHYHUX Meperkax
IIPY HECUMETPUYHHX IOIIKODKEHHX, [0 HEOOX1IHO JUIs
BU3HAYEHHSA 4YaCTOTH BJIACHUX KOJNWBAaHb HANpyrd i
CTpyMiB HYJIBOBOI  TOCTIIOBHOCTI,  pO3PaxyHKy
TpUBAJOCTI mpornecy. Pe3ynbrar HOCHiKEHHs I03BOJISE
OTpUMATH 3aJIeKHOCTI HANpyrd JOTHKY 1O KOPIyCiB
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CNIeKTPOOOTaTHAHHS  BiJ

nporecy.

IV. BUKJIAJEHHSI OCHOBHOI'Y MATEPHUAJLY 1
AHAJII3 OTPUMAHHUX PE3YJIBTATIB

TPUBAJIOCTI  TEPEXiHOTO

IMouaTkoBHii XapaKkTep NMepexiTHUX MPOLECiB i
Yyac BUHUKHEHHSI aBapiliHUX peXuMiB

ABapiiiHi peXUMH TNPHU3BOJAATH A0 MHUTTEBUX 3MIH
eJIeKTpUYHUX mapamerpiB Mepexi [8]. Cepex HaiOuIbII
MOUIMPEHNX NPHYMH BUHHUKHEHHS 30ypeHb Yy Mepekax
MIPOMUCIIOBHX MIAIIPUEMCTB 13 130JIbOBAHOI0 HEUTPAILITIO €
TIOITKOKCHHS 13071l ofHiel 3 (a3 BigHOCHO 3emii. Y
MMOYATKOBIM (a3l  MepeximHOro TpoIlecy CHCTeMa
HAMaraeTbCsl aAanNTyBaTHUCS A0 HOBHUX YMOB poOOTH
Mepexi, MPUYOMYy IIBUAKICTH peakiii 3aJeXHuTh Bij
IHEpUIHUX BJIIACTHBOCTEH MEpeXi, TaKUX SK 3HAUYCHHS
IHAYKTUBHOTO, €MHICHOTO Ta AaKTHBHOTO  OIIOPiB.
BuHukHeHHs ~ aBapiifHOTO  mpolecy  0e3mocepeIHbo
BIIMBA€ Ha CUCTEMY B I_[iJ'IOMy, aJoKE€ MNPHU3BOJUTL 10
Mepepo3noily eNeKTPUYHUX MapamerpiB y dasHux
MpOBO/IaX.

VY cucremax 3 i30JIbOBaHOI HEHTpAIUIIO IMiJ dYac
0HO(}A3HOTO 3aMHMKAHHS Ha 3eMIIIO NEPeXiIHHUI mpolec
Mae ocobnuBuil xapakrep. B mouaTkoBHit MOMEHT
MEepPEeXiIHOrO TPOLECY BHHHUKAE IMITYJIbC CTPYMY, SIKHA
CIPUYUHEHHI Iepepo3IOAIOM EHEeprii HaKONW4eHOI B
€MHOCTI (pa3HUX MPOBOJIB BIAHOCHO 3eMJIi. 3HAUYCHHS
Hampyru Yy TOIIKO/UKEHIM a3l cmamae 1o  Hyns
OJTHOYACHO 3 301JBLICHHSIM HANpPyTH Y HEHOIMIKOKEHUX
¢azax. ToOtro BimOyBaerbcs  GismyHMI  TIporec
MIEPEPO3MONLTY 3apsAay MK IOIIKOMKEHOI (a30i Ta
MOTCHIIAIOM 3€MJI, a TaKOX MOSIBOK HAJIUIIKOBOTO
3apsiy Y HEMOMIKO/KeHUX dazax [9].

CtpyM MeTaleBOro 3aMHKaHHA Ha 3EMIII0 Y
HepexiJHOMY pexumi XapaKTepU3y€eThCS
MaKCUMaJbHAMH 3HAYECHHSMH TPbOX CKIAnOBUX. Jlms
JETaJbHOTO  PO3YMIHHA  BHpa3iB, IO  OIHUCYIOTh
CHIBBIOHOIICHHS MDK  IapaMeTpaMu  IEpexXiIHOro
Ipolecy  CKOPUCTAEMOCS — CIIPOIIEHOI0  CXEMOIO
3aMilIeHHs] MepeXi, HaBeIeHoi Ha puc. 1.

VYcraneHa ckianoBa MEpPEXiHOTO CTPYMY MOXKe
OyTH po3paxoBana [1]:

1, =3Uyoc €

VYcraneHa — ckilaoBa  HEPEXiOHOTO  CTPyMY
30epiraeTbcss B CNEKTPHUYHOMY KOJI MICHS 3aBEpIICHHS
MepexiTHOro Tporecy. 3HaueHHsS CKJIaJ0BOI BimoOpaxkae
PEXUM POOOTH CHCTEMH, SIKHA BCTAHOBIIOETHCS ITiCIISA
3aBepuieHHs Jii 30ypeHb, 3HAuYEHHS CKJIAJOBOi €
MOCTIHHOI BEIMYMHOIO a00 MepioanyHor y vaci. TooTo
yCcTaJleHa CKJIaJ0oBa XapakTepu3ye MicisaBapiiHui
PEKUM pOOOTH MEpEexki Micisl 3aBEepIICHHS il YHMHHUKA,
SKUM OyJIO pO3II0YaTo MepexiHuM mporec.

B mouarkoBuii MOMEHT BHHUKHEHHS IEPEXiJHOTO
npolecy BUHUKAE NEPEXiJHa CKIIaI0Ba, KA XapaKTePH3ye
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YaCTUHY CTPyMy a00 HANPYTH, BUHUKAE Y MOMCHT 3MiHHU
peXUMy pOOOTH EINEKTPUYHOI CHCTEMH Ta 3aBEpIIye
BIUIMB 3 3aBEPIICHHSIM 4Yacy Nepediry mepexiHoro
nporiecy. OCHOBHOIO TPHYMHOK BHHUKHEHHS CKJIAI0BOI
€ IHEepIifHICTh eJIEMEHTIB CHUCTeMH, TOOTO HasBHICTBH
IHAYKTUBHOI Ta €MHICHOT CKJIaJIOBOI, K1
YHEMOXKIIMBIIIOIOTh MHUTTEBY 3MIHY 3HA4€Hb CTPyMy Ta
Hanpyrd. ToOTO mimg dYac MeTaueBOro 3aMHUKaHHA Ha
3eMJII0  TepeXigHa  CKIaJoBa 3yMOBJICHA  3MIHOKO
NOTEHIialy HEeWTpaJli TpH BHHUKHEHHI 3aMHUKaHHS
(a3HOro MPOBITHMKA BIJHOCHO 3EMJII 32 HAsIBHOCTI
HAMPYTH B HEMOMIKO/PKeHUX (aszax [1]:

2
ia] :_[3M sina)to (2)
3 c+ey
ix(t) r
__).
[
(Du®=Ussin@+y)  ==3C R R L
3
Pucynok 1. Crnpomera cxemMa 3aMilleHHS CHCTEMH

€JICKTPOIIOCTAYaHHS MIANPUEMCTBA JUIA  JOCHIIPKCHHS
MTOYaTKOBOTO XapakTepy aBapiHHUX MEPEXiTHUX MPOIECiB
IIPY METaJICBOMY KOPOTKOMY 3aMUKaHHI

ITepexinua ckiagoBa, 3HAYEHHS SIKOI OOYMOBIICHO
3MIHOIO HAMPYT HENoIKomKkeHux das [1]:

. 2 “ca
ig =13

M
3 ct+ey @

c

©)

coswly)

ne C,, - Mix(a3Ha EMHICTh BCi€l €IEKTPUIHO IOB'A3aHO]
Mepexi;

tp- TOYATOK BLUIIKYy 4Yacy, L0 BiAIOBiIa€ MOMEHTY
NO3UTHBHOTO MaKCUMYMY HalpyTH MOIIKOJDKEHOI (a3u;
®cp - KyTOBa 4acTOTa BINbHHX KOIHMBaHb CHCTEMH B

pexuMi 0qHO(A3HOTO 3aMUKAHHSI HA 3E€MITIO.

JocmimKeHHsT TTOYaTKOBOTO XapakTepy aBapiHUX
MEePEXiTHUX TPOIECIB MOXIUBO TPOBECTH BHUXOIIUH 3
MPUMNYIICHHS, 110 OKPIM BUIBHUX KOJHBaHb CEPEJHBOI
9YacTOTH B MEPEKI HasBHI BHCOKOYACTOTHI KOJIMBAHHS,
0COOJIMBO HA MOYATKOBUX CTAIisIX MEPEXITHOTO MPOIIECy,
SKi 3aTyXalOTh YIPOJOBX YBEPTI MEPiOAY MPOMHCIOBOT
YaCTOTH.

3 ypaxyBaHHIM BHpPa3iB, SKi BiTOOPAKAIOTh 3B’ I30K
MiX (Qi3UYHUMH SBUIIAMH TIEPEXiTHOTO MPOIECY Y Yaci,
BHpa3 BUIBHOI CKIIAI0BOT MEPEXIAHOTO CTPYMY,
BIiJIMIOBI/THO /10 3HAYEHHS YCTAJICHOI CKJIQJIOBOT CTPyMY

[1]:
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HaBenenuit Bupa3 1eMOHCTpYE, IO KPaTHICTh 3MIHU
BIJIBHOI CKJIAJIOBOi CTPYMY 3aMHUKaHHS BH3HAYa€ThCS 3

CHIBBIHOIIGHHS OMOpY 130Jsilii Mepexi BiJHOCHO
MOTEHITIATy 3eMJi 1 epexigHoro omopy [1]:
R
Z=—— 5)
3ry1+(wCR)
Xapakrep mepexiiHux npomeciB B micas

aBapiiiHOMYy pekuMmi

[Nepexigni mpouecu B micisaBapiiHOMY pEXUMI
MaroTh JUHAMIYHHH, HECTAI[lOHAPHUH XapakTep, SKOMY
BIJINIOBIJITa€ HASBHICTh CIICKTPOMArHITHUX KOJIUBaHb.
EnexrpomarHiTHI IpoIecH XapaKTePU3YIOThCS IIBUIKHM
nepebirom y vaci. I1ix yac 3aMHUKaHHS Ha 3MJIFO CHCTEMa

€JIEKTPOIIOCTaYaHHs  IIJNPHEMCTBA  IEPEXOAUTH HA
pexuM pOOOTH, SKHX XapaKTepH3YEThCs IIBUAKOIO
3MIHOIO YCTalleHHX IapaMeTpiB Ha TpuMmycoBi. B

3a3HaYCHWH Tepiof dYacy 3HAYeHHA 3CYyBy HeHTpai
KOJIMBA€EThCA B HYId JAO 3HA4YCHHA Hanpyru y
HeMoLIKO/DKeHIH  ¢a3i.  3a  pesynpTatomMm  poboOTH
MPUCTPOIB 3axHMCHOI amaparypu abo ¢axTopiB sKi
00OyMOBJIIOIOTh CaMOCTiifHE 3aBepIIEHHs MepeXiAHOr0o
NpoLIeCYy PO3pPHB CTPYMY 3aMHKaHHsS BiIOyBaeTbcs y
MOMEHT II€peXO/y 3HAUeHHs CTPyMy 3aMUKaHHS depe3
Hy’b. ToOTO (i3UYHO MpoIeC BiJHOBJICHHS HAIPYTH Y
MOMIKO/KEeHIH (a3i BiOyBaeTbCs YHPOJOBXK HEBHOTO
MPOMIDKKY Yacy 3i 3pOCTaHHAM BiJ] HyJIbOBOTO 3HAYCHHS,
JUISl BUTTIKY METaJICBOTO 3aMUKAaHHS Ha 3EMITIO.

Ha puc. 2 300paxeHa cnpolieHa cxema 3aMilleHHS
Mepexi JUIsl JIOCHI/DKEHHS IEepeXiJHUX NpOLeciB, M0
BUHMKAIOTh ITICJISl 3HUKHEHHS 3aMUKaHHS (ha3y Ha 3eMIITIO.

Hanpyra spkepena >KUBJICHHS TOIIKOIDKEHOI (has3u
BHU3HA4aeThes [1]:

U(t)=U sin(at + ) (6)

Hampyra jmkepena B  MOMEHT  BiJKIFOUCHHS
MONIKOKeHHS [1]:

Ult=0)=Upysing (7

Binkiro4eHHs MOIIKOPKEHOT AUISTHKU €JICKTPUIHOTO
KOJIa BeJe JO 3aKiHYCHHS aBapiiHOTO IEPeXiIHOTro
NpOLIECY Ta IOSBU KOJMBAJIBHHUX TNPOLECIB Y KOHTYpi
KWW CKJIQAETHCS 3 1HAYKTHBHOI Ta €MHICHOI CKJIaJI0BOT
Mepexi.

Haii6inpim 3HAYYLIUMHU XapaKTepUCTUKAMU
OTPUMAaHOTO  KOHTYpY, SKi  BpPaxOBYIOTbCS  IIpH
JIOCHI/DKEHH]  TTiCNIaBapifHUX TepexXiHUX IPOLECIiB €
3HAQUEHHS KOJMBAIbHOI YacTOTH Ta IIOCTifiHa wYacy
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3aryxanss [10].

3HaYCHHS KOJUBAJIbHOI YaCTOTH:

o 1 1 )
CB =
L » Cy [3L pC
Q
@ Lp Ry =3 B
3
Pucynok 2. Cnipomiera  cxeMa 3aMillleHHS CHCTEMH

€JICKTPOIIOCTAYAHHS MIANPHUEMCTBA JUIA  TOCIIKCHHS
HepexiIHUX TPOLECiB Micis yCyHEHHS 3aMHKaHHS (asu
Ha 3eMITI0

Bnius pexxumy HeldTpaji Ha ejleKTpoGe3mexy
MpH eKcITyaTanii po3noaijibuux Mepe:x

3aranbHi ~ TMOKAa3HUKH  CNEKTPUYHOI  Oe3meku
OIIIHIOIOTHCS BEIMYUHOKD CTPYMY, IO MPOXOAUTH Uepe3
TIJIO JIFOIUHH.

B mepexax i3 TOBHICTIO i30JIbOBAaHOIO HEUTPAJLIIO
CTpyM  depe3 TUIO JIOOMHH  HPOXONUTH  IIPU
0e3nocepeIHOMY JOTHKY 10 OAHIET 3 (a3 3 MOBHICTIO
i30s1b0BaHoOIO HelTpamo [11].

Ha rpagiky HIKYE HaBeIEHO 3alIe)KHOCTI 3HAYCHHS
CTpyMy 4Yepe3 JIIOAMHY IpH JOTHUKY JO OnHiel (asu
Mepexi 3 130IbOBAHOI0 HEHTPAILTIO BiI CyMapHOi EMHOCTI
onHiel pa3u Mepexi BiTHOCHO 3€MITi.

= Rn-0,6 kOm, R -1000m

Rn-1 kOm, R -100KOm

0 2 4 6 8 10

C, MK}

12

Pucynok 3. I'padik mpoxomkeHHS CTpyMy depe3 Tillo
JIFOIMHU 3aJIe)KHO BiJl EMHOCTI MepexXi

AHami3 TpadiuHUX 3ale)KHOCTEH MOKa3ye, IO I
4acy BIUIMBY €JIEKTPUYHOTO CTPYMY Ha OpTaHi3M JIIOAUHU
JI0 MOMEHTY CIPallbOBYBaHHS IPUCTPOIB 3aXUCTY MEPEX
Hanpyroro g0 11 kB momyckaeTscsi €MHICTH Mepexi
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BizHOCHO 3eMii He Oinbine 0,1 Mk® Ha dasy 1 akTHBHOTO
oropy i3omstuii He meHm Hixk 100 kOM Ha da3y.

Ha puc. 4 xpuBi 1 Ta 2 BimoOpaxkarTh 3MiHY
BEJIMYMHKM HATPYTH JOTUKY B MEPEXi 3 130JbOBaHOIO
HeWTpao, npu riryxomy (koediuieHt ks =I) i gyroBomy
(xoedimienT ks=4) 3aMHMKaHHI Ha 3EMJII0 3aJICKHO Bij
BEJIMYMHH E€MHOCTI MEpEeXi BiTHOCHO 3E€MJIi 3a OIopy
3aXUCHOTO 3a3eMiieHHs 4 OMm.

600

500

—— MeTanese 3aMKHEHHA

m
< 300 ~
=) - [lyrose 3amKHeHHA

200 -

100

0 2 4 6 8 10 12

C, MK}
Pucynok 4. 3anexHICTh HAmpyrd AOTHKY BiJ €MHOCTI
Mepexi

IIpu ymoBax ekcriiyaTamii, mo mepeadadaroTh Iii0
3aXUCTy BiA OogHO(A3HMX 3aMHKaHb Ha 3eMII0 3
BUMKHEHHsIM 0€3 BHUTPUMKHM 4Yacy, dYac BIUIMBY Ha
OpraHi3M JIIOJMHU HANpyTu JOTHKY JOPIBHIOE OIHM3BKO
0,3c.

MeTtox KOHTPOJII0 mapamMeTpiB
Hanpyromw 6 — 10 kB

iBoasnii mepex

[TigBuieHHsT HaIAHOCTI 1 Oe3MeKH pOOOTH CHUCTEM
€JICKTPOIIOCTAaYaHHs 3aJIeKUTh BiJ MapaMeTpiB 130l
SJIIEKTPIYHOI Mepeski BiTHOCHO 3emui [12].

Jnst  migBUINEHHS TIOKA3HUKIB  HAIHOCTI Ta
0e3mekn (PYHKIIOHYBaHHS CHCTEMH CIICKTPOIIOCTaYaHHS
MiJIPUEMCTB  HeoOXimHAa cHcTeMa Oe3MepepBHOrO
KOHTPOJIIO CTaHy 130JIA1L1.

CyTHICTh 3alpPOMOHOBAHOTO METOAY IIOJSTAE Y
HAKJIAJICHHI JBOX ONCPATHBHUX CHUTHAJIB, 3 YaCTOTAMH,
sSKi He pIiBHI MDK c000I0 Ta BiIPI3HAIOTBCS BiJ
npomuciioBoi. Ilpuctpoi Mmonitopunry Tta SCADA
CUCTEMa MiJKIIOYAETBCS Y  MiCHi  MiAKITIOYCHHS
OTIePaTUBHOTO JKEpea.

3HaYCHHSI OTNECPATHBHOTO CTyMY B ITiJKOHTPOJBHIN
Mepexi:

1=U/Z )

Je [ — cTpyM HaK/IaJIEHOTO CUTHAILY;

U — nHanpyra onepaTuBHOIO JKepena.

[Tpu HakTagaHHI ABOX CUTHANIB HA MEPEXKY:
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U; U,

I;=

7 5 = (10)
R+j—
w;c

R+j—
w)HC

MpuIyCTUBIIM, LIO AKTHBHUHA omip i3osuii He
3MeHIIyeTbesi (R=const), oTpuMyeMo BUpas [Jisi EMHOCTI:

11150, - o))

C:
w0,(U1,-U,1I;)

(11)

[lepenbagaerscst mobymoBa SCADA cucremn 3a
MOAYIBHUM IPHHIMIOM KOMIIOHYBaHHS 3a paxyHOK
MIEPCIIEKTUBHOT MOKIIMBOCTI MOJIANIBILIONO PO3IIMPEHHS Ta
MozepHizanii. Jlochmi/KeHHsI BIUIMBY PEXHMY po0OOTH
HeWTpaJli Ha 3HaYCHHs CTPYMIB 0IHO(A3HOTO 3aMUKAHHS
Ha 3€MJII0 TIPOBOJIINCE B YMOBax (epoCIIaBHOTO
BupoOHHTBa (puc. 5) [13].

& xB

e e

Pucynok 5. Cxema enekTponocTayaHHs —MiJIPHEMCTBA
(a) Ta cxema 3amitenHs (0)

Y  wmepexax 3 i30JbOBaHOI  HEHUTpaJLIIO
MIOIIKO/KCHHST  130JAIil  momo 3emii omHiei 3 a3
MPU3BOJUTE JI0 MOBHOTO MEPepo3noiny (azHux Hampyr
y BCilf cucTeMi, a PKepesioM 3MiH € MicIle MOIITKOIKCHHS.
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[MepexinHuii mponec y HbOMY BUIAJKY XapaKTEepU3y€EThCs
CTIKaHHSM 3apsy 3 NPOBIJHUKIB MOIIKO/KEHOI (a3 Ta
iXx po3psmoM 0 TNOTEHLiamy 3eMili, a TaKoX
NIEPEHECCHHSIM JIOJJATKOBOTO 3apsiy Ha HEHOIIKOKEHI
(dasm s HagaHHA M HOBOTO IOTEHIIANY IIOAO 3EMITi

(puc. 6).

T | G2-HTISI-HT) @ Tk lem [$27-2MCH (S27-2MCE) 8 Thel o | 27-2047H (327-207K) ® Dealem | S27-20078 (5I7-10478

Pucynok 6. . Ilpuxiiax mnepepo3nofiry Hampyr Ipu
0JHO(a3HOMY «METAJIEBOMY» 3aMUKaHHI Ha 3EeMIII0 B
Mepexi 3 130JIb0BaHOI0 HEUTPAILTIO

Pucynok 7. [lpukian crikaHHs 3apsity 3 TPOBIJIHHUKIB
MOIIKOKCHOT (ha3u Ta TX PO3PSIOM JI0 MOTCHIIATY 3eMITi
3 yCiX JUISTHOK Mepexi

KopekTHicTh pO3paxyHKIiB CTpyMiB OJHO(A3HOTO

3aMHKaHHS Ha 3€MJII0  IATBEPIPKYETHCS  JTAHUMH,
3a(pikCOBaHNMH Ha pEECTPATOpi aBapiHUX MOmIA 3
ypaxyBaHHIM KoeQiIieHTy TpaHchopmarii

TpaHchopMaropa CTPyMy HYJIBOBOI IIOCTIZOBHOCTI Ta
BIIKJIIOUEHNUM CEKIIIHHUM BHMHKa4eM, IO 3MEHIIYy€E
€MHICTh Mepexi BABiui. Ilpu 1IbOMy 3HA4YEHHS CTPyMy
3aMHKaHHS Jocsrae 55A, 1o TMepeBHIIye IOITyCTHUMI
ITYE mexi (puc. 7).

3 MeTo0 MiIBUIIEHHS (DYHKLIOHAIBHOT HAAIHHOCTI
MPUCTPOIB MEPUIOr0 i JPYroro CTYNEHIB 3aXHCTY BiJ
onHO(Ma3HUX 3aMHMKaHb Ha 3€MJII0 PO3pOOJIEHO HACTYIHI
PEKOMEH/IAIIIT:

Jnst 3MeHIIeHHsT BIUIMBY MNEPEXiTHUX MPOLECiB Ha
SIKICTh POOOTH TPHUCTPOIB 3aXUCTy BiIl 3aMHUKaHbh Ha
3eMITI0, a TAaKOXX 3 METOK BHKIIOYCHHS a00 3MEHIICHHS
HMOBIpHOCTI TOSIBH (pepOpe30HAHCHUX MPOLECIB, PEIKUM
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HEeHWTpai po3noAiibaoi Mepexi CitiJ| IepeBipsiTH s yCix
BapiaHTIB CXEM XHBJICHH MiANpuemMcTBa [14].

Pucynok 8. 3apeecTpoBaHuil mepexigHUN Tpolec Npu
onHO(a3HOMY 3aMHKaHHI Ha 3eMJTIO

SIkmo Mepexka Tpamioe 3 IOBHICTIO 130JbOBaHOIO
HEUTpauIIo, TO Il HasBHUX Y PO3MOJIUIBYINA Mepexi
BUMIpPIOBAIBHUX  TPaHC(OPMATOpiB  HAmpyrd, M0
MPALIOIOTE 13 3a3€MJICHOI0 HEHTPAILIIO, BIAMIOBIAHO IO
IIVE, cii HaBaHTaXXUTH TOJATKOBY OOMOTKY, YBIMKHEHY
32 CXEMOK PpO3IMKHEHOTO TPHUKYTHHKA, aKTHBHHM
oropoM BennurHOIO 25 OM 1 motyxHicTio 100 BT. Tomy
CTBOPEHHSl [JOJATKOBOI AaKTHUBHOI CKJIAJOBOi CTpyMy
3aMHUKaHHS Ha 3eMiIio  (pexuM podoTH Mepexi 3
pe3uCTOpOM Yy HEWTpalli) B ENEKTPUYHUX Mepekax
Harpyroro 6 i 10 kB cucTeMu eIeKTPOMOCTaYaHHS
(epoCIIaBHOTO MiANPUEMCTBA € TPOCTUM Ta JIEBUM
CII0COO0M OOMEXEHHSI CTPYMIB 3aMUKAHHSI.

Jlnst CTBOPEHHS T0OJaTKOBOTO IITYYHOTO aKTHBHOTO

CTpyMy  3aMHKaHHS  MOXYTh  BHUKOPHCTOBYBaTHCS
pesucTopu, SKi TAKIIOYAIOTBCS MK HEUTpaIbHOIO
TOYKOIO Mepexi 1 3emieo. Y 1bOMY BHIAIKY

BHCOKOBOJITHHH PE3UCTOP MOXKE IIPUETHYBATHCS:

®10 HEWTpaai CHIOBOTO TpaHchopMaTopa IMpH
3’€IHaHHI 10r0 0OMOTOK Yy 3IpKY 3 BUBEJCHOIO HYJIHOBOIO
TOYKOIO;

® 10 HEWTpasi MEePBHHHOT OOMOTKH CIEI[iaIbHOrO
3a3eMIIIOBAILHOTO TpaHc(opMaropa;

eMDK KOXHOIO (pa3oro i 3eMiiel0 TphOX OIIOpiB,
3'eIHAHMX Yy 31PKY 3 IITYYHOIO HYJIbOBOIO TOYKOIO.

V.BUCHOBKHA

VY Mepekax 3 TOBHICTIO i30IbOBAaHOI0 HEUTPAJLIIO
KOJIMBAJBLHUN TPOLIEC BU3HAYAETHCS HASIBHICTIO B MEPEXKi
BUMIPIOBAJIbHUX  TpaHC(HOpMaTOpiB Harpyru 3
3a3eMJICHOI0 HYJIbOBOIO TOYKOIO TEPBHHHOT OOMOTKH.
XapakTep mepexiHOro Tmpolecy (4acToTa BIACHUX
KOJIMBaHb HANPYTHU i CTPYMiB HYJIOBOI HOCIIIIOBHOCTI Ta
TPUBAIICTh MPOILECY) BU3HAYAETHCS T'OJIOBHHUM YHHOM
CYMapHOIO EMHICTIO MEPEKi BITHOCHO 3€MJTi Ta KUTBKICTIO
OJTHOYACHO BBIMKHEHHUX BUMIipIOBAJIbHUX
TpaHchopMmaTopiB Hampyru. s peampHHX TapamerpiB
PO3MOAUTLYMX MEPEX TPUBATICTH MEPEXiJHOrO MpoIecy
3HAXOJUTHCS B Mexkax Bif 2 1o 10 mepioaiB mpoMuciIoBol
YaCTOTH, a 4YacTOTa BUTBHUX KOJHMBaHb, SK IPABUIIO,
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MEHIIa 32 MPOMHUCIOBY 4YacTOTy. Yacrora BiIBHHX
KOJIUBaHb 0€310cepe/IHBO B IPOLIEC] 3aTyXaHHsI KOJIMBaHb
3MIHIOETBCSL 4epe3 HENIHIMHUI XapakTep pPeakTHBHOTO
OTIOPY BAMIiPIOBAIEHUX TPaHC(POPMATOPIB HATIPYTH.

YV Mepekax 3 KOMIIEHCOBAHOI HEUTPAILIIO XapaKTep
MEPEXiTHOTO MPOIIECY 3a IHIIMX PIBHUX YMOB 3aJIC)KHUTh
BiJl pe)KUMY HaJlalITyBaHHS KOMIIEHCYIOUOTO IPHCTPOIO.
3aryxaHHs HaNpyryd Ha HEWTpalli BU3HAYAETHCS TOJIOBHUM
YUHOM MapaMeTpaMH 130JIIil PO3MOALIRUOl  Mepexki
BITHOCHO 3eMJI 1 HE 3aleXUTh Bil pPEXKUMY
HaJalITYBaHHS KOMIICHCYIOUOTO MpHCTporo. YacroTa
BUIBHHX KOJNMBaHb 1 cTaja dacy IX 3aTyXaHHS B
KOMIIGHCOBAaHMX  MepeXax 3HAyHO  IIePEeBHIIYIOTh
AQHAJIOTIYHI XapaKTEPUCTHKH B MepeXax 3 TOBHICTIO
130JIbOBAHOIO HEUTPAJLITIO.

[lpn 3aMUKaHHAX HA KOPIYC 4epe3 MepeMexarody
Oyry Hampyra JOTHKY IIepPEeBHIIYE KOPOTKOYACHO
JOIYCTHME 3HAueHHS IPH  €MHOCTI  eNEeKTPUYHO
MOB'SI3aHOT MepeXi BITHOCHO 3eMyi mpubmuzHo 2,5 MKD
Ha a3y i TpWBANO OOITyCTUME 3HAYEHHS INPH €MHOCTI
mepexi npubmmszHo 0,3 Mx® Ha ¢azy. B ycraneHomy
peKUMi  3aMHKaHHA (OPU  BIACYTHOCTI MeEpeXiHOTO
Ipolecy) Hampyra JAOTHKY IEpeBUIIUTh TPHUBAJIO
JIONTyCTHME 3HA4YeHHS NpPU €EMHOCTI Mepexi BiJHOCHO
3emuti ipubm3HoO 1,6 Mx® Ha dasy.
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Purpose. To investigate the nature of emergency transient processes in power supply systems of enterprises
in order to identify the main causes of emergency situations, identify the features of the processes, and assess their
impact on the reliability of power supply systems. The article aims to study the impact of neutral modes on human
safety and to study methods for controlling the insulation of networks with a voltage of 6—10 kV to improve the safety of
operation of electrical networks of enterprises.

Methodology. The study of the nature of emergency transient processes was carried out through statistical
analysis of data processing on the occurrence of emergency situations at operating enterprises of Ukraine and analysis
of existing calculation methods given in the scientific and technical literature. The main causes and patterns of process
development were determined by analyzing emergency processes that occur in networks with an isolated neutral during
a single-phase "metal” ground fault at the initial stages of the emergency mode and in the post-emergency mode.
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Findings. The result of the analysis of the main patterns of the course of emergency transient processes in
the power supply systems of enterprises is the determination of the initial nature of the processes in networks with an
isolated neutral during a single-phase ground fault and the nature of the processes in the post-emergency operating
mode. The article also derives formulas for calculating the neutral mode impact on human electrical safety during the
operation of distribution networks. In order to increase the reliability of power supply systems and reduce the
likelihood of emergency situations, the article proposes a method for controlling the insulation parameters of electrical
networks with a voltage of 6 - 10 kV.

Originality. Determination of the modern equipment impact on the nature of emergency transients,
including nonlinear load and higher harmonics. Evaluation of the relationship between the transient process
parameters and the power supply reliability, the impact of emergency modes on the technological processes of the
enterprise.

Practical value. The result of the study makes it possible to assess the consequences of emergency transients
in the power supply systems of enterprises, which leads to an increase in the reliability of power supply systems and
improvement of labor safety conditions at energy facilities. Study of the influence of the neutral mode on electrical

safety during the operation of distribution networks.

Keywords: emergency transient processes; energy security; power supply systems; industrial energy

supply; mode analysis; patterns of emergency processes.
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