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HW3KOBONbLTHbIE MUKPOCETU MOCTOSIHHOTO TOKa (DC) HeAaBHO CTanM NepPCneKTUBHOM U }KU3HECTIOCOOHOM
aNbTEepPHATMBOW TPAAULMOHHBIM MMUKpOCeTAM nepemeHHoro Toka (AC), 4EeMOHCTPUMpPYS MHOMKEeCcTBO
npenmyLLecTs. B CBA3KM C 3TMM UCCNefoBaTeNIM U3y4atloT NOTEHLMAN MUKPOCeTel NOCTOAHHOIO TOKa B
PasNMuUHbIX KoHoUrypaumax. OAHaKo, HEeCMOTPA Ha YCTOMYMBOCTb M TOYHOCTb, ObecneuymBaemble
MMKPOCETAMM NMOCTOSSHHOTO TOKA, BO3HUKAIOT Pa3/INyHbIE CIOXKHOCTU MPU BHEAPEHUN B COBPEMEHHbIE
cUcTeMbl pacnpeseneHnn anekTpoaHeprun. Cpeam aTux npobaem ocoboe 3HaueHWe NMEET ANArHOCTMKA
HeucnpaBHoOCTeN. BbicTpoe OBHapy»KeHWe HeUCnpaBHOCTENW B MMKPOCETAX MOCTOSHHOrO TOKa umeer
Ba)XHOe 3HayeHMe gna  noajep)kaHuma  crtabuabHocTM  n obecneyveHna  BecnepeboiHoro
3/1EKTPOCHABKEHNA KPUTUUYECKM BarKHbIX Harpysok. OcHoBHasa npobnema 3aKnloyaeTca B OTCYTCTBUM
CTAHAAPTOB M PYKOBOACTB MO 3awute M 6E30MacHOCTM MMKPOCETEN MOCTOAHHOTO TOKa, BK/OYas
npoueaypbl 06HaPYKeHUA, N0KaNMU3aLMMU U YCTPAHEHMSA HEMCMPABHOCTEN KaK B PeXXMME NOAKIIOUEHUA K
CeTu, Tak 1 B aBTOHOMHOM pPeXKMMe. B 0TBET Ha 3TO B JaHHOM MUCC/Ie40BaHUMN NpeacTaBNeH KpaTKuin 063op
pa3INYHbIX NOAXOA0B K 3aLMUTe MUKPOCETEN NOCTOSSHHOTO TOKa.

Kniouesble cnosa: MUKpoceTM MNOCTOSHHOIO TOKa;, Martemartmyeckun noaxoa; Metona o6paboTku
curHanos; MeTog malwimMHHOro 0byyenus; M’mbpugHasa moaenb; O6HapyKeHue

0 BBegeHue

B coBpemeHHYyl0 3MoXy 3/1eKTPUUYECTBO CTasI0 OCHOBOM TEXHOIOMMUYECKOro Nporpecca, SKOHOMMUYECKOro
pocTa 1 6narononyuuns obuwectsa. B ycnosusx rnobanbHoro nepexona K 6onee YnCTbiM U YCTOMYUBBIM
3HepreTMYeCcKMM pelleHMam Bce 6o0Ablle BHUMAHMA yAenseTca WHTerpauumnm Bo306HOBAAEMbIX
WCTOUYHMKOB 3HEPrMM, TaKMUX KaK conHeuHble GpOoToaNneKTpuyeckne cuctemol (PVs), BeTpoBas aHeprus u
CUCTEMbI XPAaHEHWUA SHEPTUM Ha OCHOBE aKKYMYJIATOPOB, B 3/IEKTPOCETU. PacTywimin cnpoc Ha aHepruio B
COYeTaHMM C oNaceHnsaMM No NoBoAy HeonpeaeneHHOCTU KAMMATUUYECKUX YC0BUIA U UCTOLLLEHUA 3anacoB
MCKOMAaemMoro TOMJ/IMBa YCKOPW/ Mepexos, K AeLeHTPasIM30BaHHOMY NPOW3BOACTBY 3/IEKTPOIHEPTUU.
OLI,HaKO UHTEerpayuna BO306HOBAAEMbIX UCTOYHNKOB SHeprnn B TpaguUnNOHHbIE CETU NepeMeHHOro ToKa
(AC) conpsKeHa CO 3HaYMTe/NbHbIMM TPYAHOCTAMM, BK/OYana NoTepu nNpu NpeobpasoBaHWK SHEPTUM,
npob6aembl co CTabUNLHOCTLIO U C/IOXKHbIE BONPOCHI CUHXPOHM3aL UK. 18 NpeoaoneHus 3TUX TpyAHOCTeN
NepcneKkTUBHbIM pelleHMemM CTaHOBATCA MUKPOCETM NOCTOAHHOro ToKa (DC) 6iaroaapa nx cnocobHoCTM
3bPEKTUBHO MHTErPUPOBaTb BO30BHOBAAEMYIO IHEPTUIO, CUCTEMbI XPaHEHUA M COBPEMEHHbIE CUNOBbIE
3/1eKTPOHHble npeobpasosatenn [1]. Kpome Toro, uccneposatenv 06paTMaM CBOE BHUMAHWE Ha
rmbpuaHble MUKpPOCeTH, YTobbl M3BNEYL BbIrOAY Kak M3 ceTell NepemeHHOro, Tak M MOCTOAHHOMO TOKa.
Mpumep apxuMTEKTypbl TMOPUAHOMW MMKPOCETM MOKasaH Ha puc. 1. 3Ta MMKpPOCETb COCTOUT U3
BO30OHOBNSAIEMbIX MU HEBO30OOHOB/IAEMbIX MCTOYHMKOB 3HEPTUN, HArPy3oK NePeMeHHOro 1 NoCcTOSHHOTO
TOKa, a TaKKe NOAKMI0YEHUA K 3N1eKTPOCETH.

MCTOYHMKN NOCTOAHHOIO TOKA HaNpPAMYIO MNOAKAKOYEHDI K Y371y MOCTOAHHOIO TOKA, TOr4a Kak MCTOYHMKM
nepemeHHOro Toka nogKkn4yeHbl B TOYKeE o6u.|,ero coegnHeHnA B CUCTEME Y3/10B NepemMeHHOro ToKa.
OpaHako, HECMOTpPA Ha TO, YTO TaKaAd CXema UCNOoJIb3yeT npeummyullecrsa I'M6pM,CI,HbIX MMKpOCETeﬁ,
KPUTUYECKUN BaXKHble aCNeKTbl, TAaKME KaK ynpaB/sieHne CETbIO U N301ALNA BO3HUKAOLWNX HEVICHpaBHOCTem,
OCTalTCA C/ZIOXKHbIMMW. |-|03TOMy 6ONbLNHCTBO I'IpVII'IO)KEHVIl\/JI CTpOATCA Ha OCHOBe MMKpOCGTEﬁ



NOCTOAHHOIO TOKa, @ HEe MUKPOCETEN NEepPemMeHHOro TOKa, MU3-3a UX 3HAuUUTEe/IbHbIX npenmyllecTts. Kak
NnpaBWI0, MUKPOCETU NOCTOAHHOIO TOKa obecneunBatoT 6osiee BbICTpoe Bpemsa pearMpoBaHus, Nydllee
pery/siMpoBaHMe HaMNpPsAKeHUA U yNpoLLeHHbIe CTpaTerMm ynpasaeHUsa MOLHOCTbIO, YTO AeNaeT UX BeCbMa
NoAXOAALMMMN ONA TAKUX MPUIOMKEHUN, KaK WMHTENNEKTyaslbHble CeTU, LEHTPbl 06paboTKM AaHHbIX,
NPOMbiLLNEeHHble 06bEKTbI, 3apAaHble CTaHUUM ANa anekTpomobuneir (EV), Kocmmuuyeckne akcneamumm n
NPOEKTbl yaaneHHon anekTpudukaumm [2,3]. HecmoTps Ha 3TU NpenmyLLecTBa, MUKPOCETU NOCTOAHHOIO
TOKa NpeacTaBAstoT cOH60M 3HAUNTENbHbIE IKCN/yaTaUMOHHbIe 3343a4M, OCOBEHHO B YacTM 0BHapyKeHUs
HEeMCnpPaBHOCTEN, 3alUMUTbl M AMArHOCTUKU paboTbl B aBTOHOMHOM pexume. B agaHHom o0630pe
paccmaTpuBatoTca Npobaembl 3almMTbl MUKPOCETEN MOCTOAHHOIO TOKa, OXBATblBalOLLIME TaKMe BaXKHble
aCMeKTbl, KaK XapaKTepPUCTUKKN TOKA KOPOTKOTO 3aMblKaHMA, CUCTEMbI 3a3eM/IEHNA, METOAbl 0OHapYKeHNs
HeMCnpPaBHOCTEN, 3aLUUTHbIE YCTPOMUCTBA, OOHapyKeHMe paboTbl B aBBTOHOMHOM pexkume, 0bHapyKeHue
HapylWeHUn KayecTBa 3N1eKTpoaHeprmn (PQD) w©n  meTogbl onpeaeneHuMa  MecTOMNOJIONKEHUA
HeucnpaBHocTel. Kaxkgas 06/1acTb paccmaTpmuBaeTca BCECTOPOHHE, U HameYatoTcs byayuime TeHAeHUUM
B 061aCTU 3aLLUTbI MMKPOCETEN NOCTOAHHOIO TOKa.

HagerkHasa cxema 3alWuTbl MMKPOCETM MOCTOSHHOFO TOKA [AOJ/iKHa obecneymBaTtb HagJjerkallee
3a3emneHune, bbicTpoe 1 TouHOoe OBHapy!KeHMEe HEUCMPABHOCTEN, OrpaHUYEHME TOKA U UCMOJIb30BaHUE
COBPEMEHHbIX aBTOMATUYECKMX BbIKAOYaATENEN NOCTOAHHOro Toka (DCCB) [1]. 3a3emneHue nosblwaeT
HagEeXHOCTb CEeTH, MUHUMMU3IMPYET YTeYKM U crnocobecTByeT 3PDEeKTMBHOMY OOHapy*KeHUo
HeucnpaBHoOCTel, yaoBneTBopsana TpeboBaHMAM 6e30MacHOCTM, YCTOMUMBOCTU K MOBPEXAEHMAM WU
obHapyXeHus. bbicTpoe pacnpocTpaHeHME HEUCNPABHOCTEM B IMHUAX NOCTOAHHONO TOKA B COYETAHUM C
HU3KMM COMPOTUB/IEHUEM W PEAKTUBHLIM COMPOTUBAEHMEM TpebyeT MHHOBALMOHHbBIX CTpaTeruni
onpeaeneHns MecTono/IoXKeHMA HEMCNPABHOCTM, BanaHCUPYIOWMX NPON3BOANTENbHOCTb, CI0XHOCTb U
ctommocTb [4]. HennHelMHOCTM CUMNOBOW 3SNEKTPOHWMKM CO34AKOT C/OMKHOCTM A5 OOHApyXKeHMA U
KoopAMHaumu. B 6oNbLUMHCTBE McCneg0BaHMIA pPeLlancs BONPOC C UCMO/Ib30BaHWEM 3aLLMTbl HA OCHOBE
Tekywero npoounsa. Xora 3T metoabl 6bICTPbl, OHW HEHAAEKHbI ANA KOPOTKMX 3aMbIKaHUA C BbICOKMM
umnegaHcom (HIF), B To Bpems KaKk cywecTBylowpye MeToAbl C MPOM3BOAHLIMW M HanpaB/ieHHbIMU
MMNYAbCaMWU NpeTeprneBatoT YyBCTBUTENbHOCTb K WyMy. [na MUKpOCeTeM KPUTUYECKU BarKHbI
aBTOMaTMYeCKMe BbIKAKOYaTeNM MocTosHHOro Toka (DCCB), obecneuvBalowme rasbBaHUYECKYIO
nsonaumto, ObICTpoe pearMpoBaHWe, HU3KUE MOTEPU, AAUTE/IbHbIN CPOK CAYKObl M HAZEKHOCTD,
npeBocxoasallune aBTOMATUYECKME BbIKAOYATEIM NEPEMEHHOTO TOKa N0 ANHAMMUKE KOPOTKUX 3aMblKaHWUI
NOCTOAHHOro Toka [2,3,5,6]. PQD, Takne Kak NpoBasnbl HANPAXKEHWUS, CKAYKN HAMNPAKEHUA, TAPMOHUKN U
nepexofHble NPOLECcChbl, YacTO BO3HMKalOWME W3-32 HEUCMNPABHOCTEM W COOLITUIA MepeKntodeHus,
CHUMXAIOT HageKHOCTb 060pyaoBaHUsA, YTo TpebyeT obHapyKeHnUa 1 Knaccudumkaumm PQD B peanbHOM
BpemeHu [3,6]. OBHapyKeHMe OCTPOBHOIO PEXKMMA CNOXKHEE B CETAX MOCTOAHHOIO TOKa M3-33 OTCYTCTBUA
peakTUBHON MOLLHOCTK, YTO TpebyeT UCMO/b30BaHNSA METOZ0B, OCHOBAHHbIX Ha HanpAXKeHUU, BMECTO
TPAaAULMOHHbIX CTpaTernin nepemMeHHoro Toka. CtaHgapTbl, TakmMe Kak IEEE 1547 u UL 1741, tpebytoT
aganTaumMn gns nocTosHHoro Toka [7]. WHTerpaums pacnpegeneHHol reHepauum (DG) cosgaet
npob6aembl 3alUUTbl: U3SMEHEHWNE YPOBHEN TOKa KOPOTKOro 3aMblKaHuA, oclabneHne 3aliuTbl, SI0XKHbIe
cpabaTbiBaHMA, HENPeAHAMEPEHHOE OTK/OYEHUE OT CeTU M Npobsiembl aBTOMAaTUYECKOrO MNOBTOPHOTO
BK/IlOYEHMA. 3alUUTHble YCTPOMCTBA AO0NXKHbl ObiTb CENEKTUBHbIMU, YYBCTBUTE/IbHbIMKM, ObICTPbIMMU,
HadEXHbIMU N 3KOHOMUYECKM 3GGDEKTUBHbIMK, a AN8 AUHAMUYECKUMX MUKPOCceTeln HeobxoAnMbl
afanTUBHbIE, MHTEN/IEKTya IbHble cxeMbl 3almnTbl [8]. TpaANLMOHHbIE CTaTUYECKME CXEeMbI HE NoaxoanT
ONA AMHAMUYECKUX, N30NMPOBaHHbIX cnuctemM. COBpeMEHHbIe CTPaTernmn, Takne Kak ABYXMNO3ULMOHHbIE
HanpaB/ieHHbIe peJsie CBEPXTOKA, pPesie CKOPOCTU M3MEHEHMUA HanpaXeHuAa M norumka |-V, nosblwatoT
agantTuBHocTb [9]. MCKYCCTBEHHbIN WMHTENNEKT, MOCPEeACTBOM HEMPOHHbIX CeTeil, MalWH OMOPHbIX
BEKTOPOB M 3BOJIOUMOHHBIX aNArOPMTMOB, MCMO/b3yeTcA AN1A ONTMMU3AUMM HACTPOEK 3aliuTbl U
obecneyeHnss aganTMBHOCTM B peasibHOM BpemeHW. Pene ¢ noaaeprKKon cBA3W AOMOJHUTENbHO
YAYYULWAT KOOPAMHALUMIO, HO BbI3blBAalOT COMHEHUS MO NoBoay KubepbesonacHoCTM, noayepKusas
HeobXxoAMMOCTb MHTENNEKTYaAbHbIX, a4aNTUBHbIX M Be3onacHbIX cuctem 3awmTbl [10].
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Puc. 1. MukpoceTb ¢ BO30H6HOBAAEMbIMW UCTOYHUKAMM SHEPTUN U pacnpesennTebHbIMU HarpysKkamu.

B oTBET Ha 3T 334341 MHOXECTBO MCCNeA0BaTelel NPoBeM MaclTabHble U3yYeHUA ANAarHOCTUYECKUX
METOLO0B M CXEM 3alMUTbl ANA MUKPOCETEN MOCTOAHHONO TOKa. ITOT PaACTyLUMin MccnenoBaTeNbCKUit
MHTepec NoAYEPKMBAETCA NMHEWYaToOn amarpammoit Ha pwuc. 2 [5], KOTopas OCHOBaHa Ha aHanuse
TPeHZoB Scopus, AEMOHCTPUPYIOLLEM pacTyllee BHMMAHME K CTpaTerMsm 3awWwuTbl MUKpoOceTen
MOCTOSAHHOTO TOKA B MOC/eAHMWE roApbl. ITOT PACTYLWMUA UCCNEAO0BATENbCKUI UHTEPEC OTPAXKAET OCTPYIO
HeobXoAMMOCTb B HaAEMHbIX METOAax AMArHOCTMKM HeucnpaBHoCTel AnA obecneyeHus HagexKHown
paboTbl MMKpPOCETEN NOCTOSHHOIO TOKa. Pas/inyHble TMNblI HEUCNPABHOCTEM, BKIOYAsA 3aMblKaHUA MeXAayY
NO/IIOCaMM, 3aMbIKaHUA MEKAY NOJIIOCAaMWU M 3EMJIEN, a TaKKe BbICOKOBO/IbTHbIE 3aMbIKaHWA, MOTYT
CYWECTBEHHO MNOBAWATbL Ha CTAaBUABHOCTb MWUKPOCETU, €CIM UX He OBHApYyXWUTb U He U30AMPOBaTb
cBoeBpemMeHHOo. MoaTomy 3ddEKTUBHbIE CXEMbl 3aLLMTbl UIPAIOT PELIAIoOWY0 POJib B MUHUMMU3ALUK
BPEMEHM U30/1ALMM HEUCNPABHOCTEN, NPEAOTBPALLEHMMN NOBPEXKAEHMA 060PYA0BAHUA U MOBbLILWEHUN
obLen ycTonYnMBoCTM MUKPOCETEN.

Ana peweHna atmnx BaXKHeMNLWnx 3a4a4 B AaHHOﬁ CTaTbe npeacrasieH BCGCTOpOHHMVI 0630p Pa3/INYHbIX
CXem 3aWuTbl, UCNoab3yemMbiX B MUKPOCETAX MNOCTOAHHOIO TOKa, C aKUeHTOM Ha AWNarHoCTUKY
HEMCHpaBHOCTeVI N ANArHOCTUKY pa60TbI B aBTOHOMHOM peXxume. B pamKax OOCTUMXKEHUA ITUX LLEJ'IEVI
dBTOpPbI NpoBenn O6LUVIpHO€ nccnengoBaHmMe pPas3siMyHbIX cTaTen, NOCBAWEHHbIX MUKPOCETAM NMNOCTOAHHOIO
TOKa. Ha ocHoBe 3TOro wuccneaoBaHMA CTaTbu 611K KﬂaCCMd)VILI,MpOBaHbI B cooTBeTCTBUMN C
MCnonb3yembiMN aITOPUTMaMU U MeTOdaMU cneayowmm o6pa30M:

1. MatemaTtuueckue metoapl. 3TM NoAXoabl MCNOJ1b3YIOT YPaBHEHNA CUCTEMbI N aNTOPUTMbI YyNpaBaeHUA
anAa O6Hapy)KeHMFI M NOKa/n3auunm HeMCI'IpaBHOCTEﬁ Ha OCHOBE€ KJ/II04YEBbLIX MapPaMETpPOB, TaKUX KakK
HanpAaxeHue, TOK 1 conpoTtus/ieHUeE.

2. MeTopabl, OCHOBaHHble Ha 06paboTKe CUrHANOB. DT MeToAbl MCNOb3YIOT NepeaoBble MHCTPYMEHTbI
aHa/IM3a CUTHaANoB, BK/OYaa npeobpasoBaHus ®Pypbe, nNpeobpasoBaHWE 3/EMEHTAPHbIX BOJH WU
npeobpasoBaHue MMabbepTa-XyaHra, AN NOAyYEHUA XapaKTepPUCTUK HEMCNPABHOCTEN BO BPEMEHHOW U
YaCTOTHOM 061aCTAX C LEeNblo KNaccudmKaumm pasandHbIX HEUCNPABHOCTEN.

3. Mogxoabl, OCHOBaHHbIE Ha MalWMHHOM 06yuyeHun (ML). B aTom noaxoae UCNONb3YIOTCA Pas3nyHble
mMmeToabl ML, TaKMe Kak UCKycCTBEHHble HelipoHHble ceTy (ANN) n MalLMHbI ONOPHbIX BEKTOPOB (SVM), ans
OOCTUMKEHMA MPEBOCXOAHbIX W TOYHbIX pPe3ynbTaToB B MJaHe Ob6HapyXeHua U  KaaccuduKkaumm
HeucnpaBHocTeil. Kpome TOro, oHU cocpeaoTodeHbl Ha OBHAPYMKEHUU U KnaccuduKaumm cobbiTuli B
N30/IMPOBAHHOM perKnme ¢ nomoLbio ML.



4. TubpugHble mogenu. dTM MeToAdbl co4yeTaloT B cebe HECKONbKO MOAXOA0B A8 MNOBbILEHUA
HaZleXXHOCTN 0BHaPYKEeHUA HEUCNPABHOCTEMN, CHUMEHMNA KOIMYECTBA /IOXKHbIX pacno3HaBaHUi cMrHana u
afanTaumm K pasanyHbIM YCIOBUAM MUKPOCETH.
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Puc. 2. Ny6anKaumMm nNo 3awmuTe MMKpoceTen NOCTOAHHOIO ToKa B 6ase AaHHbIX SCopus No rogam.

Kaxkaas n3 aTux Cxem 3almTbl UMEET peLlatolLee 3HadeHne a1a obecrnedyeHunsa becnepeboiiHoM 1 N1aBHOM
paboTbl, 6e3omacHOCTM U 3PPEKTUBHOCTU MUKPOCETelM NOCTOAHHOro Toka. OAHaKo coxpaHatoTca
3HaUUTENIbHbIE C/IOXKHOCTU, OCOBEHHO B OTHOLWEHWM BHEAPEHUS B peasibHOM BPEMEHM M aJanTaumm K
Pa3IMUHbIM apXUTEKTYPaM MUKpoceTen. HecMoTpsa Ha MHOFOUYMCIEHHbIE UCCIe0BaHNSA B 3TOMN 0b6i1acTy,
no-npexHemy CcyLlecTByeT HeobxoAMMOCTb BO BCECTOPOHHEM o0630pe, KoTopbii 6bl 0606WMA
CYLLECTBYIOWME CTPATErnn 3aWmUTbl U KPUTUYECKU OLEHUN UX 3PPEKTUBHOCTb B pPeasibHbIX YCI0BUSX.
[aHHaA cTaTbsA BOCMOJIHAET 3TOT Npoben, 0606wan 4OCTUKEHMUA U HOBbIE TEHAEHUUM B 061aCTU 3aLLUTDI
MUKPOCETEN MNOCTOAHHOIO TOKa, Mnpeasiaras CTPYKTYPUPOBAHHbLIM aHanu3 cTpaTernii obHapy*KeHus
HeucnpaBHOCTEN, M301ALUMM U PaboTbl B aBTOHOMHOM pexkume. OueHMBasi UX CU/bHble U clabble
CTOPOHbI, 3TO WCC/MefOBaHWE MNPWU3BAHO HaAMpPaBAATb byayuime UCCNeAoBaHUA W TeXHONOTMYecKue
pa3paboTKn B 3TOMN BaKHeWLwen ob6nacTn. B KOHEYHOM UTOre, KONIEKTUBHbIE YCUAUA UcCnenoBaTenei
NpoAo/KatoT cnocobcTBOBaTb NpOrpeccy B HanpasB/ieHUM YCTOMUMBBLIX U HAAEMKHbIX SHEPreTUYecKnx
pelleHni, pacKpbiBas BECb MOTEHUMAN MUKPOCETEN NOCTOAHHOIO TOKa B COBPEMEHHbIX SHEPTroCUCTEMAX.

1. 0630p cxem p[AMarHOCTUKM HeUCNpaBHOCTEAW B CeTAX MOCTOAHHOrO TOKa, OCHOBAHHbIX Ha
maTtemaTMyecKkom noaxoge.

Cxembl 4NArHOCTUKN HEMCNPABHOCTEW, OCHOBaHHbIE HAa MaTeMaTUYECKOM noaxoe, 06bIYHO onunpatoTca
Ha MaTemaTMyecKue ypaBHEHWA, aHanu3 uenei M MOAENUPOBaHME CUCTEMbl ANA OBHapYMKeHUS
aHOMa/IbHbIX YC/MOBUA W BO3HMKHOBEHMUSA HEWUCMPABHOCTENM B MMKPOCETAX MOCTOAHHOIO TOKAa. JTU
noAaxoAbl MNPUBAEKAWM 3HAYUTENbHOE BHUMaHMe 6narodapAa WX ManoMy BPEMEHM BbIYMCAEHUN,
CNocobHOCTM 0b6pabaTbiBaTb BapuaHTbl MOAENMPOBAHUA  HEWCNPABHOCTENW W 3KOHOMWUYECKOM
3 PEKTUBHOCTU, MOCKO/IbKY NO3BOAAIOT U3beKaTb HEOBX0ANMMOCTHN B OBLWIMPHbLIX KaHanax ceasu [11]. B
CTPEM/IEHUN K HafeKHOM paboTe MUKpoceTell MOCTOAHHOrO TOKa B 3TOM pasjgefie npeacTaB/eH
BCECTOPOHHMI 0630p Pa3/INYHbIX CXEM ANArHOCTUKM HEMCMPABHOCTEN, OCHOBAHHbIX Ha MaTEMATUYECKOM
noAaxoAe, MCMOAb3yeMbIX B MWUKPOCETAX MOCTOAHHOTO TOKa. JTWM CXeMbl OXBaTbiBalOT ObHapyXeHue
HeMCnpaBHOCTEN, UX KNacCUPUKALMIO U OLEHKY MeCTONooxKeHus. [lna obecneyeHms cCUCTEMATUYECKOTO
aHa/nM3a mMaTemaTMyeckue noaxodbl NOAPaA3AENAOTCA HA YeTblpe OCHOBHbLIX METOAA: OCHOBaHHble Ha
COMPOTMBAEHMM, OCHOBAHHbIE Ha NeperpysKe no TOKy, OCHOBaHHbIe Ha NPOM3BOAHOMN TOKa M OCHOBAHHbIE
Ha CBA3M, KOTopble bbbl NPOUIOCTPUPOBAHbI HUMKE.

1.1 Cxembl AMArHOCTUKN HEUCNPABHOCTE HA OCHOBE CONPOTUBNEHUA

B aTOM pasgene npecraBneHbl CTpaTermMm 3alnTbl HA OCHOBE CONPOTUBAEHMA. B meTogax AMarHOCTUKKN
HeMCHpaBHOCTeVI Ha OCHOBE COMPOTUB/ZIEHUA €ro UamepeHnAa UCNOoNb3yrTCA ANA VI,CI,eHTVId)VIKaLI,MM n
TOYHOIo onpegeneHnAa HEMCﬂpaBHOCTEﬁ B MUKPOCETAX NOCTOAHHOIO TOKa. OTn meTtoapbl obecneumnsator



6bicTpoe obHapy)KeHMe HeucnpaBHOCTEN, YTO OCODBEHHO MOJIE3HO B MMKPOCETAX C UCTOYHMKamu DG.
Bonee paHHWe wuccnegosBaHua [12-15] 6blAn cocpenoTOYEHbl HA OOHApYXKEeHUW U JoKanusauumu
HEeUCNpPaBHOCTEN C MCNONb30BaHMEM NAPAMeETPOB Kabens, TakMx Kak ConpoTuBAeHUE, MHAYKTUBHOCTb U
€MKOCTb. AKTUBHbIN MOAXOA4, C WMCMONb30BAaHMEM COMPOTUBAEHUA MPUMEHANCA ANA OnpeneneHus
MECTOMO/IOKEHNA U KNaccMPUKALUUM HEeUCNpaBHOCTEN, NpeaocTaBasd MHPopmaumio 06 M3MEHEHWUM
KOHUIrypauum npm BOSHUKHOBEHUM HENCMPABHOCTU Ana eé usonauum tmuna P-P-G n N-P-G [12,13]. B [14]
noaxoa, OCHOBAHHbI/ Ha CONPOTUBAEHMM, pa3ainyan HEUCNPaBHbIE U UCMPABHbIE COCTOAHWUA C MOMOLLbIO
$UKCMPOBAHHOIO NOPOrOBOro 3HAaYEHMA CONPOTUBAEHMA, GOKYCMPYACH Ha TMNAxX HeucnpasHocTel P-P-G
n N-P-G, KoTopble KnaccupuumpoBanucb MO 3HAKaM TeKylero pesynbTaTta. [pyroin noaxoa,
npeacTaBneHHbll B [15], 06HapyXu1Ban HEMCNPABHOCTM C MOMOLLbIO MapaMeTPOB CETU CONPOTUBEHME-
WMHAYKTUBHOCTb-eMKOCTb (R-L-C), KOHTpO/IMpYyEeMbIX 3aLMTHBIMW YCTPOMCTBAMM C MOMOLLbIO HECKOIbKUX
NMOPOroBbIX 3HAYEHMI. XOTA ITOT NOAXOL TOUEH, YYET CONPOTUBAEHUA U MHAYKTUBHOCTU Kabensa npusen K
YBENYEHMUIO BbIMUCANTENBHBIX 3aTPaT.

B coBpemMeHHbIX CcTpaTernax Ana oOHapyKeHusa, KnaccuduKaumMm W OUEHKU MECTONOOMKEHUA
HEeWCNpPaBHOCTEN UCMONBL3YIOTCA UHANBUAYA/IbHbIE NapameTpbl. B [16,17] ana TOYHOro ob6HapyKeHUs u
onpefeneHna  MeCTOMONOMKEHUA  HEUCNPaBHOCTEM  MPUMEHANANCL  METOAbl, OCHOBAHHble Ha
COMPOTUBNEHNN Kabena M ConpoTMBAEHMM 3KBUBANEHTHOM Lenn. B [11] 6bian BBeAEHbI 30HANbHbIE
KOHUrypaLumm MMKpoceTei NOCTOAHHOIO TOKA A/15 NOBbIWEHUA HALEHHOCTH, KOTOpble BblM NPOBEPEHbI
B PEeXMMe peanbHOro BpPeMeHM p/a OOHApYy)KeHUs W JloKanusauuum HeucnpaBHocTel. OugeHKa
MECTOMOJ/IOKEHUA HEUCMPABHOCTU B pPeXUMe peanbHOro BPEMEHW MPOBOAMAACE C MOMOLLBHO
CONPOTUBNEHUA ANA YCTPAHEHWNA HEUCMPABHOCTEN, BO3SHMKAIOLWMX BO BPEMS NUTAHMA C 060MX KOHLOB, U
017 OLLEHKM PacCTOAHUA A0 HEUCMNPABHOCTU. ITOT noaxos, 6bl1 0cobeHHO NoseseH NPU PaccMoTPeHUN
KoJibLEeBbIX MUKpoceTein [17]. Kpome Toro, B [2,13] 6biaM npeacTaB/ieHbl MeTOAbl onpeaeneHma MecTta
NoBpeKAEHUA HA OCHOBE WMHAYKTUMBHOCTM, OLEHMBAIOLWME WMHAYKTUBHOCTb JIMHUM C UCMONb30BAHUEM
Kabena n M3BECTHbIX MAPAaMETPOB M3 JIOKa/bHbIX M3MepeHWin [12]. ABTOpbl NpPegioXuanM HOBbIN
OBYHamNpPaB/eHHbI MNOTOK MOLLHOCTU 418 MHOTOMCTOMHUKOBbLIX MUKPOCETEM MNOCTOAHHOIO TOKa,
NpPeBOCXOAAWMIU OAHOHANPABAEHHbIM aHanu3. B [18] A4na uM3MepeHWs HanpsaXKeHUs M ToKa
ncnosb3oBanncb yctpoictea |IED ana OueHKM HEeM3BECTHbIX NApPaMeTpPoB METOAOM HaMMEeHbLUNX
KBaZpaToB A/1A NOBPEXAEHHbIX Kabenei. ABTOpbl paspaboTanu TOYHYIO MaATEMATUMYECKYIO MOAe/b
YCTPaAHEHUA HEUCNpPaBHOCTEM Ha OCHOBE MHAYKTUBHOCTM AuHumM [18]. B [19] 6blna paspaboTaHa
HEUTEpPaTUBHAA CXema 3aWuMTbl C UCNOJb30BaHMEM 6/10Ka CMNOBOrO 30HAA A1A onpeneseHna MmecTa
nospexaeHus, ocobeHHo Bo Bpema HIF, ¢ ncnonbsoBaHMeM CONPOTUBAEHUA IMHUU U KO3PPUUMEHTa
ocnabneHus.

MpumeyaTesnibHO, 4YTO 3TKM CTpaTerum O6HapY)KeHMF| 1M NOoKannmsauuun HEVICI'IpaBHOCTeﬁ UCKNOYaoT
HGO6XOLI,I/IMOCTb B BblA€/IEHHOM KaHane CBA3U, YTO OEMOHCTPUPYET UX 3¢¢GKTMBHOCTb N NpocToTy.
OAHaKo 3TM meToAabl MMetoT pPAL CyWweCTBEHHbIX orpaHquHMﬁ, BK/1l0O4aA C/I0OXKHOCTU B KJ'IaCCI/Id)MKaLI,VII/I
HeMCI'IpaBHOCTeﬁ, HEO6XOLI,VIMOCTI:> CNOXHbIX 6/IOKOB MUTAHMA, 3aBUCUMOCTb OT npegonpegeneHHbIX
NnoporoBbIX 3Ha‘-IEHI/II7I, NOTEHUMNANbHYHO BO3MOXHOCTb JIOXKHOMOJNIOKUTENbHbIX Cpa6aTbIBaHMl7l n3-3a
Henpasmanoﬁ KOOpAUHaUUN U CNOXKHOCTU B TOYHOM onpeaeneHnn mecrt I'lOBpe)K,EI,EHMﬁ 8 HIF.

1.2 lnarHocTuKa HeMcnpaBHOCTEM HAa OCHOBE Neperpy3Ku No TOKy B CeTAX NOCTOAHHOrO TOKa

MomMuMo cxem 3almTbl HA OCHOBE COMPOTUB/IEHMA, BHUMAHWE MNPUBAEKAN METOAbl AMATHOCTUKM
HeMcnpaBHOCTEM Ha OCHOBE Meperpysky Mo TOKy. 3T nepesoBble MeTOAbl OCHOBaHbl HA TLWATE/IbHOM
aHanM3e BE/IMYMH TOKA A/1A ObICTPOro OobHapy)KeHMsA M NOKaNM3aLMKM HEMCNPABHOCTEN B MUKPOCETH
MOCTOAHHOrO TOKa. B cxeme 3awuTbl OT neperpyskyM MNo TOKYy MOPOroBble YPOBHU BEAUYMH TOKA
npegonpeaeneHol. Korga ToK npesblWaeT npegonpeaeneHHbIN NOPor, 3TO YKa3blBAET HAa HEMCMPABHOCTD,
W 3alWMTHbIe YCTPOICTBA NPeANPUHMMAIOT COOTBETCTBYIOWME AEUCTBMA ANA U30NALUN NOBPEKAEHHOTO
yyacTka [20]. B [21-25] aBTOpbI NpeanoXuam CXeMbl 3aLWMTbl OT NEPErPY3KU MO TOKY 415 OOHAPYKEHUA U
NIoKanusauum HeucnpasHoctelt. B [21] 6bina nccnegoBaHa NoAKAKYEHHAn K ceTu GpoToaNeKTpuyeckas



MWKPOCETb MOCTOAHHOrO TOKa, B KOTOPOM MOAENMPOBANNCH HEUCMNPABHOCTM M NPOBOAMNACL WX
OMAarHoCcTMKa Ha nnatdopme aBTOMATU3MPOBAHHOIO MPOEKTUPOBAHMA 3Heprocuctem (PSCAD) wmnu
Electromagnetic Transient Dynamic Computer (EMTDC), nocne 4yero 6b11v NpoBeAeHbl SKCNEPUMEHTLI B
peanbHom BpemeHn Ha dSPACE 1104. Bbinv pa3paboTaHbl 3aWMTHbIE pesie Ha OCHOBE 3alUMUTbl OT
neperpyskn no TOKy 405 NpepbiBaHUA U U30AALMN HEUCMPABHOCTU Ha npeobpasosaTene [22]. ABTOpbI
NpPeanonoXuan, YTo aBTOMATUYECKME BbIKAOYATENNM BCTPOEHbl B npeobpasoBaTenb AAA 3aMThI
NOAKNIOYEHHOTO 060PYA0BAHMA, B YAaCTHOCTU, AN1A 06pabOTKM HencnpasHocTel Tuna «P-P» n «P-G». B
[23] 6bina npeacTaBieHa HOBAA CxeMa 3alLMTbl OT NeperpysKku No TOKY C UCNOb30BaHMEM CPEACTB CBA3U
AnAa GOTO3INEKTPUYECKMX MUKPOCETEN MOCTOAHHOIO TOKAa, paboTatow,as Kak B aBTOHOMHOM, TaK M B
CeTeBOM pexunmax. B cxeme 6b11M BHEAPEHBI MHHOBAUMOHHbIE CTPATErMM PaboTbl pesie NyTem yYCTaHOBKM
pene No 30Ham M peweHus npobiem KOOpAMHAUMM C MCNONb30BaHMEM CXeMbl OJIOKMPOBKU U
KOMMYHUKaUMOHHON MHPpacTpyKTypbl. B [24] 6bina BBEAEHa HamnpaBAeHHasA 3alLMTa OT MOBbILEHHOIO
ToKa (DOC), KoTopas OTC/IeXKMBaNA €ro HanpaB/AeHMe U U30/IMPOBaa Y4acTKM BO BPEMS MOBPEXAEHWNA.
Cxembl Ha ocHoBe DOC MWHMMM3MPOBAAM Bpema cpabatbiBaHusa pene [25], B To Bpema Kak
KOMBWHMPOBaAHHbIE pesie 3aLnTbl OT NOBbILWEHHOIO ToKa 1 DOC KOOpPAMHMPOBANUCH A1 0OHAPYHKEHUA
N U30/1AUMN MOBPEXAEHUI Kabensa [23,24].

XoTs pene 3alMTbl OT NOBbLILEHHOrO TOKa obecneumnn 6osee bbicTpoe ycTpaHeHUEe U 0BHapyKeHue
HeucnpasHocTe TMna «P-P» M «P-G», OHM MMEIOT OrpaHUYeHMsA, BK/OYAA CAOMHOCTb YCTaHOBKU
COOTBETCTBYIOLMX MOPOrOBbIX 3HAYEHWUI, HEMPUTOAHOCTb A1 HE3HAYUTENbHbIX NOBPEKAEHMI U BbICOKUX
3HAYEHWNN MHTEHCUMBHOCTU TOKA, HEBO3MOHOCTb TOYHOM OLLEEHKM MECTa NOBPEXKAEHNA M HECOOTBETCTBUE
KnaccuouKkaumm HeucnpasHocTeit. Kpome TOro, AOCTUMXEHME ONTMMasbHOW KOOPAMHAUMK MeXKAay
HECKO/IbKMMMU 3aLLUTHBIMU Pesie MOKeT bbiTb 60n1ee C0XKHOM 3a4a4ei, NOCKO/IbKY OHO YyBCTBUTENLHO K
M3MEHEeHUAM Harpysku, o61agaer orpaHWYeHHOW adanTUBHOCTbIO K M3MEHEHUAM CUCTEMbI, MOXET
NPMBOAUTL K JIOXKHOMOOKMUTENbHBIM CPabaTbiBaHMAM M3-3a MYCKOBOIO TOKAa W LUYMOBbIX CUTHANOB, a
TaKXe K He0CTaTOYHOMY YYETY CONPOTUBIEHUA KOPOTKOIO 3aMblKaHMA.

1.3 Cxembl 3aWMTbl Ha OCHOBe cBA3U U aAnddepeHUNanbHOK 3aLUTbl ANA MUKpPOCceTeil NOCTOAHHOrO
TOKa

B sTOM pasgene paccmaTpMBaloTCA CXeMbl 3aLWMTbl HA OCHOBE CBA3U U AnddepeHUnanbHbIX U3MEPEHNI
AN MMKpoOceTel MOCTOAHHOFO TOKa, WCMO/b3YoWMe KOMMYHUKAUMOHHYIO WHOPACTPYKTYpy W
anddepeHuManbHble U3MEpPeHUs AAA ONTUMAJIbHOMO OOHAPY)KEHUA HEWUCNPABHOCTEM WU TOYHOWM
JIOKanu3saumn. ABTopbl NPoaHaIN3MPOBann pasanyHble nybamkaumm [26-30], utobbl 0CBETUTL NOCAeAHME
OOCTUMKEHMA M NPEUMMYLLLECTBA 3TUX MeToA0B. B [26] moandmumpoBaHHan pasHMLA KBAgpaTOB MHAEKCA
pa3pbiBa B ypoBHe 6eHOCTM bblia OLeHeHa NO TOKY KOPOTKOro 3amblKaHMSA. 3aLLMTa Ha OCHOBE CBA3K OT
HeucnpaBHocTel Tuna P-P 1 P-G ncnonbayeTt IED 1 TBepaoTenbHble BbiKAtodaTenu (SSCB) c npumeHeHnem
npefonpeaeneHHbIX NOPOroBbiIX 3HAYEHWUA Yepe3 BbICOKOCKOPOCTHYH BOJIOKOHHYK OMNTUKY. ABTOpbI
BOCCTAaHOBW/IM 30Hbl MOBPEXAEHWN NyTem MOBTOPHOrO BKAtoYeHMA SSCB u  Knaccuduumposanm
NnoBpeXKAEeHMA Ha OCHOBE MNOJIAPHOCTU TOKA: MONOMUTENbHAA [ANA BHELWHWX MOBPEXAEHUN W
oTpuLaTeNbHasA oA BHYTPEHHUX. bblin pa3paboTaHbl CxeMbl 3aLMTbl HA OCHOBE Ha/I0MKEHHbIX TOKOB U
nepesa nospexaeHun (FTR) ¢ ucnonb3oBaHuMem cBsszm mexay IED [27,28]. B meTtoae FTR mHAaeKc
HafexHoctTn [27] ncnonb3yeTca ¢ NomoLibio 6yneBor NOMMKM ANA 3alMTbl KOAbLEBON MUKPOCETU
NocToAHHOro Toka (DCRM). na NpuUHATMA peLueHnit o 3awmTe 6blIM NPeaCcTaBaeHbl Ha/IOXKEHHbIE TOKK
Ha Aiplane [29]. B [30] 6bina npeactaBneHa cxema 3allMTbl OT KosiebaHUI Ha OocHOBe obpaTHOM
33aBUMCMMOCTM MOLLHOCTM OT BPEMEHM, NO3BOAAIOLLAA M3bexaTb c6oA CBA3M NyTemM KOOpAMHaLMKU C pene
ONA 3aLWNTbl MMKPOCETM NOCTOAHHOTO TOKa OT NOBPEXKAEHMN. Kpome TOro, MHAEKC NOMEX paccymTbiBanCcA
nyTem OLEHKM pa3HULbl mexay BblbopKamn ana obHapyKeHUa HemcnpasBHocTU. OQHAKO 3T MeToapbl
umetoT cnabble mecta B CBA3M, CNOMHOCTM KOHCTPYKLUMWM, YYBCTBUTEBHOCTM K COMPOTMBAEHMUIO
HEUCNPABHOCTM, 3aBMCMMOCTM OT WHAEKCa nomex, npobnemax KoOOpAVHAUMM U PUCKE NIOXKHbIX
cpabatbiBaHMi. 3TN GaKTOPbI BAUAIOT Ha HALEXHOCTb, MacLITabnpyemMocTb, COBMECTUMOCTb, CTOMMOCTb



n KBaﬂVId)MKaLI,VHO cneymanmctos. [na peweHmna aTux C!'IO)KHOCTE'VI, nmeruwnx oTHoweHmne K CBA3n ”n
conpoTnBneHNO, NCNOJIb3YKOTCA CXEeMbl 3alLUTbl Ha OCHOBE ,D,Md)q)EPEHLI,MEUIbHOFO TOKa.

[ns cokpalleHns BpeMeHM 06HapYKeHNA HEMCNPaBHOCTU AnddepeHLNanbHbIM TOK M3MepaeTca ¢ obomnx
KOHLLOB, @ CYMMa TOKOB CPaBHMBAETCsA C MOPOrom cpabaTbiBaHMA aBTOMATMYECKOro BblKkatodaTena [31].
3atemMm, A4a MOBbIWEHUA HAAEXHOCTU, Oblan BBeAEHbl CXembl 3alWuTbl oT AuddepeHUnanbHbIX
HencrnpaBHOCTEN Ha OCHOBE KymynsTUBHOM cymmbl (CUSUM) [32,33]. B [32] moanduumpoBaHHasa cxema
CUSUM, B KOTOPOW MCMO/1b30BA/I0Ch NOLLIAroBOe CpaBHEHUE, MPUMEHANACh BMECTE C 3alMTol 6a0Ka Ans
3awmTbl oT P-P, P-G 1 nocnenoBaTenbHbIX AyroBbiX 3amMblKkaHWU. BaooxHoBAeHHble [32], uccneposatenu
BbINONHUAM 0bpaTHble U NpamMble auddepeHumnanbHble nogxoabl ¢ nomouwbo CUSUM ana mmkpoceTtu
NOCTOsIHHOro TOoKa B y3ne |EEE-9 [33]. Kpome Toro, ana peweHua 3aga4ym OWMOKM CUHXPOHU3AUUMK
BpemeHn B [34] 6blna npeasokeHa MHoroblbopoyHas anddepeHumanbHaa cxema. ITa cxema
BbINO/IHAIA MHOXECTBEHHblE CPaBHEHWUs B NMpefenax oKHa BblOOpPKKM aAna obecrneyeHua CTabuIbHOCTU
BbICOKOCKOPOCTHbIX AnddepeHuManbHbix cxem 3awmTbl. CregoBaTenibHO, 3TU NOAXOAbI, OCHOBaHHbIE Ha
anddepeHuManbHOM TOKe, Aanu NA0AOTBOPHbIE PE3yAbTaThl C TOUYKM 3PEHMA TOYHOTrO OBHapYyKeHus,
BpemMeHun o0bHapyKeHUsa U KoopamHaumMm mexay pene. bonee Toro, sTn metoAbl NPOAEMOHCTPUPOBANU
BO3MOKHOCTb pelweHuna HIF.

HecmoTps Ha cBOM NpeumyLLecTBa, cxembl anddepeHunanbHON 3almTbl TPEOYIOT BbICOKOCKOPOCTHbIX
KaHa/NoB CBA3M ANA nepefavyn CUrHanoB U HYXKAAlTCA B pPe3epBHOM cxeme 3aliuTbl. Kpome Toro, atu
CXEMbl YYBCTBUTE/IbHbl K W3MEHEHWAM MNapameTpoB CUCTEMbl W TPebyloT TOUYHOM KannbpoBKU
napameTpoB. HecmoTpa Ha 3TM OrpaHWYeHus, aBTOPbl, BAOXHOBAEeHHble [33] u [34], paccmoTpenu
anddepeHUManbHblii TOK ANA OBHapPYKeHUsA HeUCnpaBHOCTEM U OLEHKU WX MECTOMONOMEHUA B
Pa3/INYHbIX CTPYKTYPax MUKPOCETEN. ITO MOCAYHKMAO MOTMUBAUMEN ONA MPUHATUS CTPaTeruu 3aliunTbl
anddepeHLManbHbIM TOKOM A8 aHann3a HencnpaBHocTen B [33].

1.3.1 MarHoCTMKa HencnpaBHOCTEN Ha OCHOBE NPOMN3BOLAHON TOKa B MC NOCTOAHHOIO TOKa

[na peweHna 3agay, CBA3aHHbIX C OrPAaHNYEHUAMM peneiHON 3aLMTbl HA OCHOBE MeperpysKu no TOKy,
6b1IM NpeanoXKeHbl NoAX0oAbl, OCHOBAHHbIE HAa JIMHEMHOM MPOU3BOLHOM TOKE. ITU CXeMbl BK/IOYAIOT
MOHWUTOPUHT CKOPOCTM WM3MEHEHMA TOKa ANA ObICTPOrO M TOYHOTO OOHApYXKEHWA U JI0KaAnsauumm
HeucnpaBHoOCTeN. PasniMyHble nccnenoBaTeivM BHEC/IM 3HAYUTENbHbIM BKAAA, B PEAN3ALMIO STUX CXEM B
pa3NIMYHbIX CTPYKTYpPax MUKpPOCeTel NOCTOAHHOIO TOKa, O YeM CBUAETENbCTBYIOT UccienoBaHna [34-39].
B [34] 6bina npeactaBneHa HoBas cTpaTterysa 3awmuTtbl DCRM Ha OCHOBE CKOPOCTM HApacTaHMA TOKa,
Y4YMTbIBAIOLLAs HEMCNPABHOCTU C BbICOKMM M HU3KUM conpoTusaeHnem. NMponsBogHbIn ToK obpabaTtbiBan
HENCNPaBHOCTM C BbICOKMM COMPOTUB/IEHMEM, B TO BPEMA KaK af,anTMBHAA CXeMa BTOPUYHOM 3aLLUTbI Ha
OCHOBE MOPOroBOro 3HAYEHUA KOHTPO/IMPOBAJia HEMCMPABHOCTM C HU3KMM COMpoTMBAeHMeM. poBepka
BK/tOYana wymosoe coaepkaHne 40 gb Bo Bpemsa P-P u P-G HeucnpasHocteit. B [35] Hebonblime
WCKYCCTBEHHbIE UHAYKTUBHOCTM OblIM pasMelLeHbl Ha FO/I0BKAX IMHWUIA AAA NOAyYeHUs NPOU3BOLHOM
TOKA M3 3aXBaYeHHbIX HanpaxeHW Bo Bpema HeucnpasHocTte DCRM. Takvue napameTpbl, Kak g/uHa
NPOBOAHWKA, MOTrPEeLHOCTb U3MEPEHUA, CONMPOTMBEHNE U UHAYKTUBHOCTb, BAMAIOT HA OLEHKY MecTa
nospexaeHnsa. PUKCMPOBaHHbIN NOPOT, YCTaHOB/IEHHbIM Ha YpoBHe 95% A/MHbI Kabens, MHULUMUPOBAN
N301ALMI0 NOBPEXKAEHUA NyTeM cpabaTbiBaHMA 0LHOIO aBTOMaTMYECKoro BbikatoyaTens (CB), nocne yero
OCYLLECTBNAMACL CBA3b C APYrMM aBTOMATUYECKMM BbIK/AOYATENEM A/1A U30NALUU MOBPEXAEHHOIO
y4yactka. ChegyeTr OoTMETUTb, YTO TOYHAA OL,EHKA MecTa NMOBPEXKAEHUA He 3aBUCUT OT COMPOTUBIEHUA
nospexzaeHusa. boina BBegeHa pe3epBHaA CXxema 3aLUMTbl, OCHOBAHHAA HA JIOKaNbHbIX U3MEPEHUAX, ONA
3aLWMTbl MMKPOCETM MOCTOAHHOIO TOKa B C/lydae cbos cBs3u [36]. ITa cxema BKAOYANA NPOU3BOLHbBIE U
WHTErpasibHble XapakKTepUCTUKM TOKa ANnA obHapyxeHuA 1 Knaccudukaumm P-P n P-G HemcnpaBHoOCTeN.
3aecb ANnA pe3epBHOI 3aLWMTbl MCNOAb30BANCA MHCTPYMEHT V-trace, U OLEHMBANIOCb MECTOMNONOMKEHME
HencnpaBHOCTU. [ANA yCTPaHEHMA 3TUX HELOCTAaTKOB aBTOPbl BBE/IM af4aNTUBHbIE CTPATENMU NMOPOroBbIX
3HaYeHM Oaa nepBoV M BTOPOM Npou3BogHbIX ToKa [37,38]. B [37] npousBogHble TOKa pas/ivyanu
HOPMa/ibHbIE M HEUCMNPABHbIE COCTOAHMA, @ NOPOroBble 3HAaYEHUA BbIN YNYYLLEHbI 33 CHET KOMMEHCALMM



YCUIEHUA Ha OCHOBE BENWYMHbLI TOKA B IMHUW. JnA 0bHApy»KeHNA HencnpaBHOCTeN B TedeHue 250 MKc
[37] BBen meTOA, UCKYCCTBEHHOM MHAYKTUBHOCTU IMHUKN 1A paclumpeHna 0bnacTm AeicTBna NoporosbIx
3HayeHui. B [38] HeeaMHMYHan 3aWMTa C MCMNOJb30BaHMEM TOKOB MEPBOM U BTOPOM MPOM3BOAHbLIX
no3sosiMna msbexaTb 3a4epKeK CBA3M OT JIOKANbHbIX W3MepeHuii, obecneums 6onee ObicTpoe
obHapyXeHue HeucnpasHocTen. A NPeofoNeHNA OrpaHUYEHUIA CXEM C MPOM3BOAHLIMM TOKamu [38]
6bln BHEApPEHbl CTpaTerMm ¢GUKCMPOBAHHbLIX M afanTMBHbIX MOPOrOBbIX 3HAYEHWI, HaueseHHble Ha
obHapyeHue un nsonsauuto HIF.

3TM nepepoBble MeTOAbl, OCHOBaHHble Ha AnddepeHUManbHbIX CUFHaNax TOKa, npegaaratroT
3HaUUTEIbHbIE NPEMMYLLLECTBA, TaKME KaK ObICTPan peaKkuma Ha cobblTA NoBpeXxKaAeHMA ¢ 6oee BbICOKON
YYBCTBUTE/IbHOCTBIO M TOYHOCTbIO, CHUXEHWE KONMYECTBA JIOXKHOMONOMNKUTENbHbIX CpabaTbiBaHUN U
TOYHOE onpefeneHve MecTa MOBpexAeHua. Kpome TOro, 3TM CxeMbl 3almUTbl COBMECTUMbI C
U3MEHEHUAMM B CUCTEME M NEPESOBbIMU CTPATENMAMM 3aWmTbl. OL4HAKO, HECMOTPA HA MHOTOYMC/IEHHbIE
NpeuMyLLEeCTBa, METO/bl, OCHOBaHHbIe Ha AnddepeHUnanbHbIX CUrHaNaX TOKa, UMEIOT HeLOCTaTKuM, Takue
KaK BbICOKAA YyBCTBUTENIbHOCTb K LUYMY, 3aBMCMMOCTb OT KayecTBa CMIHANA M CNOXMHOCTb YCTaHOBKM
aJanTUBHbIX MOPOroBbIX 3HAaYeHUn. OHK TPebyioT TLLATeNbHON KanMBPOBKM M HACTPOMKK, YTO genaet
perynmpoBaHue pene 6osee CNOXKHOM 3aa4ven U3-3a ux 6os1ee BbICTPOro pearnpoBaHus.

HecmoTpss Ha HepocTaTKM, uccnegoBatenu yepnanv BaoxHoseHue u3 [38] m [39], yTo npuBeno K
pa3paboTke MoAMUMLMPOBAHHLIX MOAXOA0B Ha OCHOBE MPOM3BOAHbLIX, KOTOpble AEMOHCTPUPYIOT
NepcneKkTUBHOCTb B KadecTBe 3hdEKTUBHbIX CXeM 3aLUUTbl AN 0BHAPYXeHUA HEUCNPaBHOCTEN N OLEHKU
MX MEeCTOMOJIOKEHMA B Pas/INYHbIX CTPYKTypax MUKpoceTel. Cpeam HuX cxema OOHapyKeHuA
HeucnpasHOCTE Ha OCHOBE NPOU3BOAHOM BTOPOro Nopaika ToKa NpoAeMOHCTPMPOBaa NPeBoCcXoAcTBO
B8 [40], KOTOpylo aBTOPbI W peanu3oBanu. B 4YacTHOCTM, B AaHHOM CTaTbe WCCAeAyeTca 3HayeHue
NPoOu3BOAHON BTOPOro MNOpA4Ka Pa3HOCTHOrO TOKa. JTOT MoAXo4 MOBbIWAET YyBCTBUTENIbHOCTb K
CUrHanam, cogeprKalum Lym, u obecneymsaet TOUHOE OBHAPYXKEHNE N N0KANM3aLMIO HEUCMPABHOCTEN.

2 KomnneKcHbii 0630p meToaos 06pa60TKVI CUrHanos Aana ANarHOCTUKU HEMCﬂpaBHOCTEﬁ B
HU3KOBOJIbTHbIX pacnpeaesintesibHbiX ceTAX NOCTOAHHOrO TOKa.

MeTtoabl 06paboTKM CUrHaNOB B NOCAEAHEE BPEMSA NPMOBPENU 3HaUYUTENbHYIO NONYAAPHOCTL Baarogapa
MHOTOUYMCNIEHHbIM MPeuMMyLLecTBam. BAOXHOBNAEHHble 3TUMW MpPeumMyLLecTBamMu, UccnefoBaTeNu
HaMNpaBWAN CBOM YCUIMA MPUMEHEHUIO C/IOMKHbBIX MATEMATUYECKUX anroputmosB pas 3¢GPeKTUBHOro
OOHApPYKEHNA N NTOKANN3aLUN HEUCNPABHOCTEN B MUKPOCETAX MOCTOAHHONO TOKa. ABTOPbI NPeACTaBUAN
KpaTKnin 0630p M3b6paHHbIX CTAaTEN W3 PasAUYHbIX Ny6AMKAuWMi, BHOCALMX BKAaL B AMArHOCTUKY
HeMcnpaBHOCTEN B MUKPOCETAX NMOCTOAHHOMO TOKa C UCMO/1Ib30BAaHNEM METOA0B 06pPabOTKM CUTHANOB.

Kak npasuno, metoabl SP MCNOAb3YIOTCA A5 aHANM3a, YAYULLEHUS U U3BIeYEHMA NOoAe3HON MHbopMaLUK
M3 CWUrHaNIOB BpPeMeHHOW 061acTh, TaKUX KaK CUrHanbl ToKa. [lepBoHayaNbHO 3TM  MeTOAbl
npeobpas3oBbiBanM CUrHAAbl BpeMeHHOW 06/1acTM B YacTOTHYH 0061acCTb A1 WU3B/EYEHMA LLeHHbIX
cBefeHUN. [na [oCTUXKEeHMA 3Tol uenn OblnnM MCNo/b30BaHbl Pas/inyHble meToabl SP, npuyem
npeobpasosaHue dypbe (FT), pazpaboTaHHoe GpaHLYy3CKMM MaTeMaTUKOM U dr3MKoM HKosedom dPypbe,
MOCAYXWMO MepBOHAYa/ibHbIM NUMOHEpCKMM noaxogom [41]. B FT curHan pasnaraetca  Ha
CUHYCOMAA/IbHbIE YacTOTHble KOMMOHEHTbI, oTobpaxkaa amnautyay u asbl 3TUX KOMMNOHEHTOB
nocpeacTsom npeobpasosaHua [41,42]. 3aWwmTa OT HEMCNPABHOCTEM Ha OCHOBe NpeobpasoBaHua Pypbe
OKasasacb C/I0XKHOW 3ajayelt M3-3a ero HecnocobHocTn obpabaTbiBaTb HECTALMOHAPHbIE CUTHasbI,
NOCKO/IbKY OH NpeanoaaraeT, YTO YaCcTOTHble KOMMOHEHTbI CUrHA/1a OCTAOTCA NOCTOAHHBIMW BO BPEMEHM
[42]. BbicTpoe npeobpasoBaHne Pypbe (FFT), BKAOYatOWEee ANCKPETHbIE BbIYUCIEHMA TOYEK AaHHbIX U
BbIYMC/IUTENbHYIO CNOXHOCTb, OblNO BBEAEHO A1A nNpeogoneHus orpaHudeHmii FT [43]. FFT Bbluncnnet
AUCKpeTHoe npeobpasosaHune Pypbe (DFT) curHana B YactoTHon obnactu. OHO pasnaraeT CUrHanbl Ha
COCTaBAIOLLME WX YACTOTHble KOMMOHEHTbI, ob/eryas aHanM3 pasIMYHbIX YacTOT, MPUCYTCTBYOWMX B
CUrHane, BMecTe C UX COOTBETCTBYOLWMMM amnantygamm n ¢asamu. NMoaobHo FT, FFT HenpurogHo ans



HeNMHENHbIX CUTHANOB M3-3a NPeAnoNoXKeHUn o cynepnosnumn. HegasHo B [44,45] bbina npeacraBneHa
3almMTa OT HemMcnpasHoCTel Ha ocHoBe FFT nytem aHasinsa Bo/IHOBbIX Gopm M cnekTpos. B [44] ayrosble
3aMblKaHMA B reHepaTopax MOCTOAHHOINO TOKA Ha OCHOBe (OTOINEKTPUYECKUX 3S/IEMEHTOB
ONarHoCTMpPOBaZINCb C NMOMOLLBID CNEKTPA, MONYYEHHOro B pe3y/bTaTe BbluMcaeHuii FFT, KoTopble
MCNo/1Ib30Ba/IMCb A1A pacno3HaBaHUA nomex Toka. Kpome Toro, FFT ¢ nHtepnonsaumein okHa bnakmaHa
MCNo/Ib30BaNOCh ANA AMArHOCTUKM HEUCMPABHOCTEN B NEPEKIOYaEMbIX PEaKTMBHbIX ABuratenax [45].
Ons cmsaryeHns orpaHuyeHunii FFT 6bi10 BBeAeHO KpaTKoBpeMeHHoe npeobpasosaHune Oypbe (STFT). STFT
no3BonfeT paboTaTb KaK C IMHEWHbIMM, TaK U C HEJIMHENHBIMW CUFHaNaMK, Npeaaaras npemmyLLecTsa
nepes o6bl4HbIM NpeobpasoBaHMem Pypbe, BKAOYAA YCKOPEHHbIE BbIYMUCAEHMA U aganTUpyemble
YacToTbl ANCKpeTM3auumn. brarogapa sTMm npenmyLLLecTBam UCCIeA0BaTeIN WNPOKO Ucnonb3ytoT STFT B
NPUNOXKEHUAX PEaNbHOTO BPEMEHM B Pas3NYHbIX 061acTAX, BKAOYAA CNEKTPOCKOMWUIO, aHaIn3 3ByKa U
peuun, BUbpauno MU BMoMmeanUMHCKYIO cnekTpockonuio [46,47]. B yacTHocTM, meToabl Ha ocHoBe STFT
6blnM NpeanoXKeHbl AN1a 3aWMTbl OT HEUMCNPABHOCTEN reHepaTopoB NOCTOAHHOIO TOKa B [48,49]. OaHako
TOYHOCTb STFT 3aBUCUT OT KOZIMYECTBA OTCYETOB HA OKHO, Todek FFT 1 yactoTbl ANCKpeTU3auuun. Belisnet-
npeobpasosaHme (WT) 6b110 BBegeHO AnsA npeogoneHus orpaHudeHuin STFT. B [49] WT pasnoxuno
CUTHanbl Ha MacwTabbl M YacToTbl MNOCPEACTBOM CBEPTKM C  BeWBAET-PYHKUMAMM, MOAYYMB
KO3pOULMEHTbI, KOTOPbIE OTPAXKAIOT OCOBEHHOCTU CUTHANA U amnMnPOKCMMMUPYHOT €ro, 3axBaTblBas Kak
BbICOKOYACTOTHblE, TaK M HM3KOYACTOTHble AaHHble. 3Ta MHOropaspellatowas cTpaTerMa Mo3Bosanaa
YAYYLWNTb aHa/IN3 NOKANN30BAHHbBIX BO BPEMEHM U U3MEHSAIOLWMXCA NO YacToTe aTpmnbyToB. ObHapyKeHme
HeMcnpaBHOCTEN NOCTOAHHOIO TOKa nposoauaock B [50,51] ¢ ucnonbsosaHnem WT. 3aece WT no3soaumno
obHapyxuBaTb P-P HeucnpaBHocTtu [50] 1 gyrosbie HeucnpaBHOCTU [51], naeHTUPULUMPOBATL U pasinyaThb
NMHUKM 6e3 KaHanoB cBa3un [51]. Bbibop MaTepuMHCKOro BelBaETa ONpenenancs cTeneHblo KOppenaumm,
KOTOpas YKasblBasacb HEHY/NIEBbIMWU BEMBAET-KOIPPUUMEHTAMUN. B YacTHOCTH, ana 06paboTKM HU3KO- U
BbICOKOYACTOTHbIX KOMMOHEHTOB MCNOMb30BaANCb GUALTPbI, NOAYYEHHbIE C MOMOLLBI AUCKPETHOTO
BeliBneT-npeobpasosaHuns (DWT) [51]. HenpepbiBHoe BeliBneT-npeobpasosaHue (CWT) npumeHsnocb
ON1A OUEHKM MeCTa NOBPEXKAEHUA C UCNONb30BaHUEM CUFHA/IOB HAMPAXKEHUA, UCMO/Ib3YA MATEPUHCKUIA
geiiBnetr Mopne [52]. Xota BapuaHTel WT ganun 6onee nnogoTBOpHble pe3yabTaTbl NO CPABHEHWUIO C
BapuaHTamm FT, OHU AEMOHCTPUPYIOT U3MEHUYMBBIN XapaKTep 6e3 BbIbOpa NOAXOAALLENO MATEPUHCKOIO
Bengnera.

MNpeobpasosaHue CTokBenna (S-npeobpasoBaHune) 6bino BBeAeHO B [53] AnA ycTpaHeHUsA HegocTaTkoBs FT
n WT. S-npeobpasoBaHme ocHoBaHO Ha STFT n CWT, Ho ycTpaHAET UX COOTBETCTBYIOWME HeaocTaTku [53].
OHO YTOYHWIO NpeAacTaB/eHMe BPEMEHHOM YacTOTbl C MOMOLLbIO rayccoBa OKHa Nepes, BbINOJHEHNEM
STFT. Kpome Toro, pesynbTatbl STFT 6bi/1 B3BELIEHbI C MOMOLLbIO 06paTHOro CTaHAaPTHOTO OTKAOHEHUS
OKHa, YTO Y/Iy4LLMI0 IOKAINM3aLMI0 YacTOTbl. ITOT NPOLLECC ONTUMM3UPOBA YaCTOTHO-BPEMEHHOM aHa N3
ONA  MepexofHblX M YACTOTHO-U3MEHAIOWMXCA XapaKTepucTuk. B [54-56] aBTopbl BB S-
npeobpasoBaHMe [N OOHaApyKeHus HeucnpaBHocTen [54], oueHKM mectononoxeHuna [55] wu
MOHWUTOPUHIA COCTOAHUA BETPAHOM TypbuHbl [56]. HemcnpaBHOCTU BbISABAANANCH MO BbICOKOYACTOTHbIM
KOMMOHEHTaM, @ MOMEXM UTHOPMPOBANUCH HY/IEBBIMU KOMMNOHEHTamKn. Kpome Toro, S-npeobpasosBaHue
6b110 MOAMOULMPOBAHO AR YCTPAHEHUA ero HefoCTAaTKOB, OCOOEHHO B OTHOLIEHUW BblbOpa OKHA,
paspeleHns B6AM3KO PaCcroNOXKEHHbIX YAaCTOTHbIX KOMMOHEHTOB WM TOYHOro npeacTtaBaeHus ObICTpo
n3MeHslowmxca curHanos [57]. OgHako orpaHuyeHua S-npeobpasoBaHMa NPUBEAM K UCCAELOBaHUIO
aNbTEPHATMBHbIX METOZO0B, TaKUX KaK METOJ, Pa3fioXKeHUs CUrHana Ha amnupuyeckne moabl (EMD). B
EMD BxoAHOM curHan pasnaraetcs Ha BHYTpPeHHue mogoBble ¢yHKuuuM (IMF), KoTopble aganTUBHO
3axBaTblBAlOT pPa3/IMYHble MacliTabbl M YacTOTbl MNOCPEACTBOM MOBTOPAMOLLENCA UAeHTUUKALMMU
3KCTPEMYMOB U cpegHux ormbatowmx [58]. B oTanume oT npesonpeneneHHoOro OKOHHOIo pexmnma S-
npeobpasoBaHus, EMD AuHamuyeckum apanTUPYeTcs K CAOXKHOCTM CUrHana, 4YTo [JenaetT ero
3 PeKTMBHbIM a5 06PabOTKM HECTALMOHAPHBIX U HENMHENHbIX CUrHanoB. CamoaZanTUBHbIN XapaKTep
EMD ycTpaHaeT orpaHuMyeHusa S-npeobpa3oBaHUs M npeasaraeT pacluMpeHHble BO3MOXKHOCTU Ans
O6HaApYKEeHNA HeMCnpaBHOCTEN M aHaIM3a NepexoaHbIX npoueccos. brarogaps cBOMM BO3MOMKHOCTAM



nccnesoBatenn mcnosbzosann EMD B pasnuuHbIX NPUNOXKEHUAX, BKAKOYAA MOHUTOPUHI BUBpauUuMy,
06paboTKy OUHAHCOBbLIX AaHHbIX, pacrno3HaBaHWE peyn, aHanM3 OGUOMEAULMHCKMX CUFHANOB U
[AMarHocTMKy HeucnpaBHocTel [58,59]. O6HapyKeHMe BbICOKOMMMNEAAHCHbIX AYroBblX 3amblkaHuit [60] n
obHapykeHune P-P-3ambikaHuii [61] 6binmn npoBeaeHsi B [60,61]. OaHako EMD cTankumBaeTtcs c npobiemoii
CMELUMBAHUA pPEXMMOB W HECOOTBETCTBYIOWMM MpPeacTaB/NeHMeM B YacTOTHOM obnactn, 4TO
NpensaTcTBYET ero UCNoJib30BaHUIO NPU 0BHAPYKEHUN HEUCMPABHOCTEW NOCTOAHHOrO TOKa. Bonee Toro,
ero 30PeKTMBHOCTb  AOMNOJIHUTE/IbHO  OrpaHMuYMBaeTcs nNpu  pabote C  AOMWUHUPYIOWMMMU
HW3KOYACTOTHbIMW CUFHaNaMW, XapaKTEePHbIMW A8 HEeUCNnpaBHOCTEM MNOCTOSAHHOro Toka [61]. Ons
NpeoaoneHns 3TUX orpaHUYeHUn 6ol NpeanoXKeH aHcambnesbit EMD (EEMD), pewatowmii 3T 3aga4m
33 CYET MHOTOKPaTHbIX MOBTOPOB C LUYMOM, KOTOPbIE YMEHbLUAIOT CMELLIMBAHME PEXMMOB U YydLLatoT
npeacTaB/ieHMe B YacTOTHOM obnactu [62]. XoTs EEMD ycTpaHsaeT orpaHuyeHuns EMD, cam no cebe oH He
CNocobeH TOYHO 0B6HAPYKMBATb HEMCNPABHOCTM M3-3a MOTEHLMA/IbHbIX OCTaTOUYHbIX LUYMOBbIX NOMEX U
TPYAHOCTEN B TOYHOM 3axBaTe HM3KOYACTOTHbIX KOMMOHEHTOB TOKa HeucnpaBHocTU. Kpome Toro, ans
pelweHuns npobaem, cBA3aHHbIX C orpaHmMdyeHnamu EMD n EEMD, n goctuskeHus TOYHOro 0bHapy»KeHun
HeucnpaBHocTel 6bi10 BBEAEHO npeobpasoBaHue MnbbepTa-XyaHra (HHT) [63]. HHT npeacrtasnser
coboit KombuHaumio EMD un npeobpasosaHua mnbbepta (HT). 3aecb EMD pasnaraet curHan, a HT
OLLeHMBAET MFHOBEHHYIO YacToTy M cnekTp MmnbbepTa AN TOYHOM AMArHOCTUKKU HemcnpaBHocTen [63].
Bnarogapa atum npenmywectsam HHT WKMpoKo Mcnonb3yeTca B pas/IMUHbIX MPUIOKEHUAX, B YaCTHOCTH,
ONA OOHapyXEeHUs HEUCNPaBHOCTEM B CUHXPOHHbLIX MalUMHAxX C MOCTOSIHHbIMW MarHutamu [64],
OVUCTaHUMOHHOWM 3alMTbl B BbICOKOBOLTHbIX JIMHUAX NocTosaHHoro Toka (HVDC) [65] n obHapyKeHus
noagenok Ha uudpoBbix M30bparkeHusax [66]. Kpome ToOro, mapruHanbHbli cnektp [uabbepTa
NCnosibayeTtca A1a 0bHapyKeHMA HEUCMPABHOCTEN B COCTaBHbIX NOALWMMHUKOBO-3ybUaTbix cuctemax [67].
Kak BUAHO 13 BbileynomsHyTbiXx meTogoB SP, HHT aBnaetca 6onee TouHbIM 1 cnocobeH obpabaTtbiBaTbh
KaK JIMHElHbIe, TaK U HeNMHelHble curHanbl. O4HAKo 3TU TPaAUUMOHHbIE NOAXOAblI YACTO UCMbITbIBAOT
TPYAHOCTM C OBHapYKeHMEeM HEUCNPABHOCTENM U, Kak NPaBUN0, AEMOHCTPUPYIOT 60/1e€e HU3KYHO TOYHOCTb.

Kpome TOro, ana npeofoseHmna orpaHuyeHuint SP 6ol BBeAEHbl nepenoBble meToabl SP, Takue Kak
OEKOMNO3NUMA C NOMOLLbIO METOAA /IOKasIbHbIX CPeAHMX 3HavyeHuit (LMD), BapuaumoHHas mognoBas
aekomnosnumsa (VMD), peTpeHOMpoBaHHbIA ¢paKTanbHbii aHanus (DFA) u mynbTudpakTanbHbii
OEeTPeHANPOBaHHbIN ppakTanbHbili aHann3 (MFDFA). B [68] LMD yayywwimnn pasfoxeHue curHana 3a cyeT
OTAENEHWNA 3/IEMEHTOB JIOKA/IbHOFO CpefHEero oT KonebaTeslbHbIX PEXKMMOB, TEM CaMbiM ONTUMU3INPYS
N3B/ieYeHMEe BHYTPEHHero curHana. Ero aganTMBHOCTb K JIOKA/IbHbIM XapaKTepUCTMKAM CUrHana
YAydWKWAa aHanM3 HeCTaUMOHAPHbIX U HENMHENHbIX CUTHA0B, TEM CaMbiM PacIMPUB BO3MOMXKHOCTU
obHapyXeHusa HeucnpasHocteli [68]. B [69,70] LMD ucnonb3yeTca ans o6HapyKeHus c6os B OCTPOBHOM
M He OCTPOBHOM pexumax [69] M obHapyKeHMs 06pblBa LENM B CUMHXPOHHbLIX reHepaTopax C
NOCTOAHHbIMU MarHuTamu [70]. XoTa LMD nponemMoHCTpMpOBan 3HauuTesIbHble NPEeMMYLLLEeCTBa Mo
CpaBHeHUIO ¢ 6osiee paHHMMM METOLAMM, OH WMMeeT pAf HeAoCTaTKOB, BK/AYaA nepeobyyeHwue,
TPYAHOCTM B onpeneneHnn NOKaNbHbIX CPefHUX KOMMNOHEHTOB U BAUAHME HA TOYHOCTb OOHApYKeHUA
HeucnpasHocTel. [nA peweHusa 3TMX nNpobaem 6bin NpessoKeH OAMH M3 CaMbIX MOLLUHbLIX U LUMPOKO
pacnpocTpaHeHHbix metogoB — VMD [71]. VMD pa3snaraet curHanbl Ha MoAbl, MUHUMMU3MPYA BapuaLmm
NPW COXPaHEHWWM YaCTOTHbIX XapaKTEPUCTUK [71]. YacTOTHbIA CMEKTP KaKAOro perkMma CMeLLaeTcs,
pasgenas curHan Ha IMF, KoTopble aZanTUBHO M3BAEKAOT YacCTOTHblIE KOMMOHEHTbI M YMEHbLUAoT
npobnembl cmewmnBaHMA pexumoB. WTepatmBHaa ontumusauma VMD nossonsetr MNoOAy4uTb
ONHAMMWYECKME YACTOTHO-aMMAUTYAHbIE PEXWMbI, MOJEe3Hble MPU AUMATHOCTUKE HEWUCMPABHOCTEN U
aHanuse nepexogHbix npoueccoB [72,73]. 3mecb VMD 6bin Mcnonb3oBaH AnA  ObHapyKeHus
HencrnpaBHOCTEN B reHepaTopax NOCTOAHHOIO TOoKa [72] n obHapyXKeHUs AyroBblX 3amblKaHui [73] m
OOCTUT TOYHbIX pe3y/nbTaToB B TedeHune 10 mc. OgHako 3agaum VMD BKAOYAlOT BblIOOp perkmma gns
CNOXHbIX CUTFHANOB, YYBCTBUTENbHOCTb K LWyMy, oOnpegeneHne wrpadHOro KoappuumeHta u
NOTEHUMANbHYO HE0BXO0AMMOCTb B AOMONHUTE/IbHbIX a/ITOPUTMAX ONTUMM3ALUN.



Kpome TOro, AnA nOBbIWEHUA HAZEXHOCTM MeTodoB SP  pgna obHapy)KeHuMA HeucnpaBHOCTEN
3HAUUTENIbHOE BHUMAHME NPUBNEKIN METOLbl BpeMEHHOM 061aCcTH, TaKME KaK SIHepreTMYecKunii onepaTop
Tearepa (TEO) [74], CUSUM [75] n KoadduumeHT Koppensumm MupcoHa (PCC) [76]. 3T meToabl
NPOAEMOHCTPUPOBAIM BO3MOXKHOCTb MHTErPALMM C Pa3NMYHbIMU MeTogamu SP ans obHapyrKeHuA
HEUCMNPaABHOCTEN MNyTEM aHa/M3a MNepPexofHblX WU HEUCMPABHOCTHbIX XapPaKTEPUCTMK curHanos. Kak
npasuno, PCC wunsmepaeT B3aMMOCBA3b MeXAy ABYMA MepemMeHHbIMW, Npu 3TOM €ero AmanasoH
Bapbupyetca ot 1 go 1 [76]. B cnyyae HenmcnpaBHOCTEN MOCTOAHHOIO TOKA, rae Tpebyetca HbicTpoe U
TOYHOe ObOHapyXeHuMe Ana J/oKaAus3auuMm noBpexaeHHoro ydactka, TEO oKasbiBaetca 6osee
addekTMBHbIM, yem CUSUM, 6nrarogapsa ceoeit cnocobHOCTU 06HaApYKMBaATb peskue nsmeHeHus [77,78].
Kpome Toro, PCC wucnonb3yetcs AnA OOHAPY)KEHWA HEWUCNPABHOCTEW B KOJbLEBbIX MUKPOCETAX
NOCTOsSIHHOro ToKa [79]. Mepenosble meToabl, Takme Kak HHT n TEO, 6bian uHTerpmposaHbl B [80] ann
JanbHenwero nosbiweHna 3GEKTUBHOCTM OOHapyKeHUA HeucnpaBHOCTeNW, obecneymBas TO4YHOE
obHapyXeHne HencnpaBHOCTEN NOCTOAHHOrO Toka B DCRM Ha ocHoBe GOTO3NEKTPUYECKUX N BETPOBbIX
naHenen. AHanornyHo, nepegosbie metoabl SP, Takne kak EEMD, LMD, VMD wn HHT, notpe6osanu
BK/IIOYEHMA METOA0B ONTUMM3ALMN AR YCTPAHEHUA MX OFPaHUYEHNI U CO34aHUA HALEXKHbIX NOAXOL0B
K 06Hapy»KeHuto. PazninyHble meToabl 06paboTKM CUTHANOB NpeAcTaBaeHbl HA puc. 3.

B pgaHHOM o630pe aBTOpbl NpeAcTaBUAU PasfiNdHble METoAbl ONTUMM3ALMKW, KOTOpble MOTYT NIerko
WMHTErpMpoBaTbCcs ¢ MeToaamm SP, 4To NpuBoAUT K pa3paboTke nepenoBbiXx U 3PPEKTUBHbIX CTpaTerni
06paboTKM CUrHaANoB.

B nocnegHee Bpems 6biin paspaboTaHbl pas/iMyHble afifOPUTMbl ONTUMM3AUMN ON1A PeLleHnn 3agad B
peanbHOM BpemMeHM, 0COBEeHHO NMyTem KX cmelleHus ¢ metogamu SP u ML. Cpegm HUX anropuTmbl
pPOEBOro WHTEN/IEKTa U METa3BPUCTUYECKME aNrOpPUTMbl ONTMMU3ALMM HA OCHOBE 3BOIOLMM CTanu
MOLLHbIMM MapagurmamMmu, Kak nokasaHo B [80,81]. AnropuTmbl POEBOrO WMHTE/NJIEKTA BAOXHOB/IEHDI
KONNEKTUBHbIM MoOBeAeHWeM, HabnlogaembiMm B NpuMpoae, TaKMM Kak B3aMMOAEUCTBUE MEXKAY
OELEHTPaNIN30BaHHbIMM areHTaMn, TaKUMM KaK HaceKOMbIe MK NTULbI, YTO MO3BOJISET pellaTbh 3a4a4u
coBmecTHO [81-88]. K uncny M3BEeCTHbIX aITOPUTMOB 3TOM KaTeropmmn OTHOCATCA aNropUTM ONTUMM3aLUK
pos yactuy [81], anropuTm ONTMMM3ALUMMU MYPaBbUHON KoNOHUKM [82], anroputm pos canbn [83] m
anroputm ceetnaukos (FA) [84]. B cBoto oyepesb, 3BOOLMOHHbIE a/IFOPUTMbl OCHOBaHbI Ha MPUHLMNAX
€CTEeCTBEHHOro 0T6opa M reHeTUYEeCKOro Hac/Ne0oBaHUA, MCNONb3YA AUHAMUYECKME CTPYKTYPbl, KOTOPbIE
MHOTOKPATHO Y/Iy4llaloT PelleHns BHYTPU Nonyasauuu nocpeacTBoM oTbopa, nepexoga U myTauuu. B
OT/INYMEe OT POEBOr0 WHTENNEKTA, 3TU ajropuUTMbl MCMONb3YIOT FEHETUYECKME MEeXaHU3Mbl ANs
AWHAMMUYECKOM ONTUMM3AUUM peLleHnid. MX mexaHM3M CamMOCOBEpPLUIEHCTBOBAHMA MOBbIWAET TOYHOCTb,
YCTOMYMBOCTb M afaNTUBHOCTb, YTO AeNaeT UX 3OPEKTUBHLIMM B LUIMPOKOM CNEKTPE NPUAOKEHNN. K uncny
M3BECTHbIX 3BOJIIOLMOHHbIX a/JITOPUTMOB OTHOCATCA reHeTudeckue anroputmbel (GA) [85], anroputm
KYKYLWKK [86], anroputm cMHyca-KocuHyca [87] u anroputm ontummusaumm kmutos (WOA) [88].

I Signal Processing algorithms I

{ ! & ! !
Fourier Transform Wavelet Transform| Hilbert Haung Advanced Mode
Transforms Decomposition
FFT, STFT DWT, HHT EMD, EEMD,
CWT LMD, VMD

Puc. 3. PaznnyHble meToabl 06paboTKM CUrHANOB.

Cpean 3BOMOUMOHHbIX anroputmos WOA BblAeNseTca Tem, YTO MMMUTUPYET CTPaTerMm OXoTbl KUTOB,
npeanaras xopowwo cbanaHCMPOBAHHbIN MEXaHU3M UCCeA0BaHUA M SKCMNyaTaLMmK. ITOT 0cobblli NOAXOA,
MOBbLIWAET CKOPOCTb CXOAMMOCTM M YAydllaeT KayecTBO pelleHusa, MPeBOCXOoAA TPAAMULMOHHbIE
3BOJIOLMOHHbIE aNArOPUTMbI U anropuTmbl poeBoro uHTennekta [88]. CnocobHocTtb WOA 3ddeKkTnBHO



HaXoAUTb ONTUMaAJIbHbIE pelleHns, n3beraa NOKanbHbIX ONTUMYMOB, B COMETaHMUM C ero aganTUBHOCTbIO
K pas3/iMyHbiM 06nacTam, MNOAYEPKMBAET €ro BaKHEWLWY pPOoJib B ONTMMM3AUMM MPUNOKEHWUN
obHapyXeHuAa HencnpaBHocTen N 06paboTKM cMrHANOB, cpeamn Nnpounx npumepos. OgHaAKo, HECMOTPS Ha
MHOTOYUC/IEHHbIE NpenmyLLecTBa, anroputm WOA 4yBCTBUTEIEH K HAaCTPOMKE NapaMeTpOoB yrpaBaeHus,
W, XOTA OH noapep)xmaeT 6anaHc Mexay MCCNefoBaHMEM M UCMOb30BAaHMEM, OH BCE XKE MOXKET
CTa/ZIKMBaTbCA C NPOHAEMAMM NOKANBbHbIX ONTUMYMOB. A peweHus aTux npobaem bbina npegnoxkeHa
ynydweHHas Bepcus anroputma WOA (IWOA), KoTopas MUMHUMUBUPYET Lenesyto (YHKLMIO
KoadduumenTa L-akcuecca (Lq). ITO ynydlwieHne ycunmBaeT ynpasB/ieHUME NapaMeTpamMu, CHUMKaeT
NoABePKEHHOCTb JIOKa/IbHbIM ONTUMYMaM U YCKOPAET CXOAUMOCTb. 118 06HapyKeHUA HencnpaBHOCTEM
B KONbLEBbIX MWKPOCETAX MNOCTOSHHOro Toka (DCRM) rubpuamsauma VMD c IWOA npepgnaraet
BreyaTasaollee pelweHue. bnarogaps WHTErpauMm BO3MOXKHOCTEN pasnoxeHus curHana VMD ¢
npenmywectsamm ontummnsaumm IWOA, 3ToT rubpuaHbii noaxon obecneynBaeT BbICOKYH TOYHOCTb U
HaAEeXHOCTb, rapaHTUpya ObicTpoe obHapyXKeHMe HeMcnpaBHOCTEM M OCTPOBHOIMO perknuma paboTbl B
DCRM. TaKoe coyeTaHne OTBEYAET KPUTUUYECKM BaXKHON NOTPEOHOCTM B ObICTPOM, TOYHOM M HAAEKHOM
06HapyXeHNM B COBPEMEHHbIX NPUNOKEHUAX 06PabOTKN CUrHaNOoB.

M3 npeablaywiero obcyRaeHMA ACHO, YTO NonynspHble metoabl SP, Takme Kak EMD, EEMD, HHT n VMD,
TpebyloT NoAaepKKM CO CTOPOHbI APYrMX aNropuTMOB, KOTOPbIE MOTYT BK/OYaTb MPOCTOE AEepPeBO
peleHnn unu noboit KnaccuduraTop, AN ANArHOCTUKM HEUCTIPABHOCTEM NOCTOSIHHOTO TOKa. B oTinume
OT TPAAMUMOHHbIX MeToa0oB SP, meToabl SP, ocHOBaHHble Ha ppaKTa/IbHOM aHanu3e, B NocnegHee Bpems
npueaeKkatoT 6o/blue BHUMaHMA uccnenosatenei 6a1arogaps CBOMM 3HaUYUTEbHbIM MPEMMYLLECTBAM, B
YaCcTHOCTK, CMOCOOHOCTM A[OCTUTaTb TOYHOM KnaccupuKaumm 6e3 Kakux-n1nbo BCMOMOraTesibHbIX
anroputmoB. PpaKTanbHbIN aHANN3 UCMNOIb30BAJICA A1 U3B/IEYEHUA CKPbITbIX XapaKTepPUCTUK CUTHAN0oB
TOKa KOPOTKOrO 3aMblKaHUA B BUAE MOKasaTenen macluTabupoBaHuMaA, TakKNX Kak aHanus GpayKkTyaumi m
aHanM3 mMaclTabMpoBaHHOrO AManasoHa, KoTopble ABAAKOTCA CTAaTUCTUYECKMMU MHCTpymMeHTamu [89].
Cpean pasnnuHbiXx MeToaoB ¢dpaKTanbHOro aHanvsa DFA npuobpen WMPOKY MNonynspHOCTb ANn
obHapyXeHus U  KnaccudMKaumMm  HeCTauMOHapHbIX curHanos. DFA  cAyXUT  MHCTPYMEHTOM
npeobpasoBaHMA N5 CKaTua 60NbLINX HABOPOB AaHHbIX B KPUBblE GAYKTyaUUIA HU3KOW MHTEHCUBHOCTU
N LWMPOKO MCNO/b3YyeTCA B HAay4YHbIX UCCefoBaHUAX bnarogapa cBoei CnocobHOCTM K 0BHAPYKEHMIO Ha
60/1bLINX PACCTOAHUAX U BO3MOXKHOCTU yaaneHus TpeHAoB GpayKTyaumn U3 curHanos. bonee Toro, DFA
M3B/IEKAET BHYTPEHHME CTAaTUCTUYECKME XAPAKTEPUCTUKU M3 BPEMEHHbIX PALOB MNYTEM YCTPaHeHUA
BHELWHUX MOJMHOMMAJIbHBIX TPEHAOB pPas/NYHbIX Mopsaakos anddepeHumana. bnarogapa 3tMm
npenmyuiectsam DFA npumeHsieTca B pasnUuYHbIX 06nacTax, BKAOYaa Helipobuonoruio, reopusmnky u
aHanu3 bruomeanUMHCKUX curHanos [89,90]. Kpome TOro, oH UCNOb3yeTca B IHEPreTUYECKUX cucTemax
AN ANArHOCTUKKM HemcnpaBHocTel [91]. OgHako DFA cTtankuBaeTca ¢ npobaemamu npu AMarHoCTuke
HEeNCNPaBHOCTEN, TaKUMU KaK pesKkue CKayku B npodunsax 6es TpeHaa M3 HecBsi3aHHbIX MOJIMHOMOB
annpoKcMmaLmMn, HeMOHOTOHHOEe NoBeAeHMEe, YyBCTBUTENbHOCTb K 6o/bluMm Habopam AaHHbIX W
HECTAaLMOHAPHbIM CUTHA/IAM, @ TaKXKe OTCYTCTBME MOHMMAHMA IOKaNbHbIX GPAKTaNbHbIX KOMMNOHEHTOB.
MFDFA 6bin BBegeH [92,93] anAa peweHus 3Tux 3agad. MFDFA npepnaraeT cywecTBeHHble
NnpPemMmyLLecTBa, MNOCKO/IbKY MO3BOASET Y/AaBAMBATb pas/iMyHOe MacliTabupoBaHMe B  PasHbIX
dpaKTaNnbHbIX KOMNOHEHTaX CUrHana, YTO AaeT BO3MOXKHOCTb 6osiee AETa/NibHOIMO U3YYEeHUSA CAOMHbIX
AaHHbIX. OH NO3BO/INA NOAYYUTb NPEACTaB/EHNE O My/AbTUDPAKTANIbHON NPUPOAE CUTHANOB, YYULINTb
CNOCOBHOCTb pas3nnyatb npumepbl GAyKTyaumn wu obecneuynTb 6ONee MOMHYO XapaKTePUCTUKY
MY/IbTUPPAKTANIbHBIX CUCTEM.

OpHako ogHolt ns npobnem MFDFA aBnsieTca ero npMMmeHeHue TOJIbKO K MHOroYneHam GpUKCMPOBaHHOO
nopagKa, YTo AenaeT ero HenpurogHbiM A1 MHOro4YseHoB 6osiee BbICOKOro nopsifika B npouecce
yhaneHua TpeHga. s npeofosieHnaA 3TUX orpaHuyenunii B [94] 6bin npeactaBaeH mogmduunMpoBaHHbIN
MFDFA pns TouHOW Knaccudukauum HeucnpaBHocten B DCRM Ha ocHoBe (OTOINEKTPUYECKUX U
BETPOBbIX CUCTEM. ABTOPbI PacCMOTPeNN 0bHapyKeHne HencnpaBHOCTEN ¢ ncnonb3oBaHem MFDFA, a
TaKKe BTOPUYHOrO MOAXOAa B BWUAE CKO/b3ALLErO OKHA, YTO YCW/MAO BO3MOXKHOCTU OOHApyXKeHUA



HeMCnpaBHOCTEN AaXe ANA HU3KUX U BbICOKMX 3HAYeHUN GAYKTYauMOHHON GyHKUMK. ITOT meTos,
NPOAEMOHCTPUPOBAN MPEBOCXOAHbIE PEe3y/AbTaTbl MO CPABHEHWUIO C TPASUUMOHHBIMU METOLAMM
06paboTKM CUTHANOB 33 CYET WCMNOJIb30BAHUA TPUFOHOMETPUYECKMX GYHKUMIA  4NA  OLEHKMU
GNYKTYaLUMOHHON GYyHKLUN.

3 KomnneKcHblii 0630p MeTO40B MalIMHHOrO obyyeHuMA ONA AMArHOCTUKM HeucnpaBHOCTEW B
HU3KOBOJIbTHbIX pacnpeAe/uTe/IbHbIX CETAX NOCTOAHHOIO TOKa.

B nocnegHee Bpems 3HauyMTeNbHble MNPEMMYLLECTBA, NPUCYLIME METOAaM MaLUMHHOIO obydeHus,
CNocobCTBOBAINM  UX LUMPOKOMY pPacnpocTpaHeHuto. PyKOBOACTBYACb 3TUMKM  NPEUMYLLECTBAMM,
nccnefoBaTeNIM akTUBHO NMPUMEHALIOT pPas3IMyHble MeTOAbl MaLIMHHOMO 0by4YeHmMA, Takne Kak K-cpegHue,
meTtos k-6amxkanwmx coceaert (KNN), orpaHMyeHHaa mawmHa bonbumaHa (RBM), cnyyaiHble aepeBba
peweHunit, SVM (meToa onopHbIX BEKTOPOB), MHOTOC/IOMHbIA NEPLUENTPOH, 3KCTpeManbHasa obyyatowan
MaLLUNHA, UCKYCCTBEHHble HelpoHHble ceT (ANN), pekyppeHTHble HelipOHHbIe ceTn (HEMPOHHanA ceTb C
0bpaTHOW CBA3bIO), CBEPTOUHbIE HEMPOHHbIE CETH, TyHOKMe CeTU A0BEPUS, CETU CAyYalHbIX BEKTOPHbIX
YHKUMOHANbHbIX CBA3EM M CUCTEMbI LUMPOKOTO 06yyYeHua, ana 3PpPeKTUBHOro OOHapy)KeHua u
JIOKaNM3aumm HeENCNPaABHOCTEN B CETAX NOCTOAHHOIO TOKA. [pMMeHeHWe MeTOLO0B 3aLLMTbl U MALLUMHHOTO
0byyeHns BU3yann3MpoBaHO Ha puc. 4. B aTom pasgene npeactaBneH BCECTOPOHHUIA aHanM3 MeTon0B
MaLWNHHOrO 0Oy4yeHMA, WCMNONb3YEMbIX ANA AWMAFHOCTUKM  HEUCNPABHOCTEM B  HM3KOBOJIbTHbIX
pacnpeaennTenbHbiX CETAX MOCTOAHHOTO TOKa, C aKUEHTOM Ha MX 3HAYMMOCTb, MPEMMYLLEcTBa W
orpaHu4YeHua B 3aga4ax obHapyKeHus u Knaccudukaumm HencnpasHocTen. O6CyKaeHME OXBaTbIBAET UX
NPMMEHEHWE ANS PA3/IMYHbBIX TUMOB HEUCMPABHOCTEN, METoAbl NpeaBapuTeibHoOM 06paboTKM AaHHbIX,
MeToAbl W3B/NEYEHUS TMPM3HAKOB W MNOKasaTeNuM Npou3BOAMTENbHOCTM. B  HacToslwee Bpems
Knaccuodukaums metogom K-cpegHumx npuobpen 3HAUYUTENbHYIO BaXKHOCTb ANA  TPYNNMpPOBaHMA
pa3nnyYHbIX CUrHaNoB. PacnpepeneHne ToYeK AaHHbIX B rPynnbl HA OCHOBE CXOACTBA CNocobCcTBOBana
pacno3HaBaHUIO CUTHa/IbHLIX MPUMEPOB M CErmeHTauuu AaHHbIX [95]. UTepaTMBHbLIN (UUKAMYHbIN)
npouecc No3BOJINA YTOYHUTb LLEHTPbI FPYMM, MOBbICMB TOYHOCTb B TaKMX 06/1acTAX NPUMEHEHUs, Kak
06paboTKa M306pakeHU, reHOMMKa, CEerMeHTaLMA PbiHKA, KnaccuduKauma AOKYMEHTOB ANA aHaAu3a
TeKCTa 1 obHapy*KeHne aHomanuii [95,96]. Kpome Toro, nccnegoBatenn UCNO/Ib30BaAN KnaccudbuKaumio
meToLom K-cpeaHux pns rpynnyMpoBKM  BHYTPEHHUX W BHEWHWX HEWUCNpPaBHOCTEM B JIMHUAX
anekTponepeaaun HVDC [97]. Bnocneacteumn ana knaccudpuraumm 6bin seegeH metosa KNN, KoTopbii
onpegenset k 6anKawmnx coceaei ns obyyaroulero Habopa faHHbIX, UCMOJIb3YA BbIOPAHHbIN NOKa3aTeNb
paccToaHMA MpPU MOABNEHWMUM HOBOW TOYKWM AaHHbIX. ANTOPUTM NpuUcBaMBaeT METKY Kaacca nytem
ros0coBaHUsA GONbLWIMHCTBA cpean 3Tux cocegelt, uto genaetr KNN noaxogswum Ana pasanyHbIX
obnacte NpMMeHeHUs, TaKMX KaK pacrio3HaBaHMe M306paxkeHuit n coemectHaa ¢puabTpauma [96,98].
RBM 6bi1n npeacTtaBneH B [99] ans pelleHMa paHee CyLWecTBOBaBLINX orpaHMyeHnin. RBM — ato moaens
HEKOHTPOINPYEMOW HEMPOHHOM ceTu (6e3 yunTensa) ¢ BUAMMbIMU U CKPbITbIMKU cnosimu. OHa obyyaeTca
nyTem BblOOPKM CKPbITbIX Y3/10B, aKTUBUPYEMbIX Ha OCHOBE BXOZAHbIX AaHHbIX, @ Ha 3Tane PEKOHCTPYKLUUK
BMAMMbIE Y3/1bl BOCCTaHaBAMBAlOT AaHHble. RBM npeycnena B obyyeHMM NpU3HAKaM, COBMECTHOM
dnnbTpaLmMmM 1 coKpaLleHmm pasmepHocTn [99,100]. OgHaKo OHa UCMbITbIBAA TPYAHOCTU C BblABNEHUEM
[AONTrOCPOYHbIX 3aBUCMMOCTEN B JlaHHbIX U CTPaAana oT nepeobyyeHuns Ha HebobLIMX Habopax AaHHbIX.
Kpome Toro, ans Knaccuoukaumm 6bin npegnoxkeH metron SVM [101]. SVM npeobpasyeT AaHHble B
MHOTOMepHOe MPOCTPAHCTBO ANA LOCTUMKEHMA KnaccMPUKaUMM  HEeUCnpaBHOCTEM C MNOMOLLbHO
rMNepniocKoCTM, KOTOpaa MaKCMMMU3UPYET PacCTOSHUE MeXAy Kaaccamu B MPOCTPaHCTBE NPU3HAKOB,
MUHUMMIMPYA OWMBKM Knaccudukaumm. [poueaypa obuiero metoga MaWMHHOrO obyyeHun
BM3Yyanu3npoBaHa Ha puc. 5.

RF — 3To aHcambneBbIVi anroputm Ana Knaccuoukaumm mn perpeccum. OH CTPOUT HECKOIbKO AepeBbeB
pelleHuit, ncnonb3ya byTcTpanMpoBaHHbIe NOAMHOXECTBa (C KOMNeHCaUWMOHHOW 06paTHOM CBA3bIO) U
CNYYalHbIN BbIOOP NPU3HAKOB, MU 0O6bEeANHAET UX NPOrHO3bl AN NoayYeHUs 6onee TOYHbIX pPe3y/bTaToB
[102,103]. 3ToT nogxon obecneynBaeT 3Ha4YUTENbHbIE NMPEUMYLLECTBA MO CPABHEHMIO C CYLLECTBYHOLLMMMU



anNropuTMamm, Takme Kak ymeHblueHne nepeobyyeHns, 06paboTKa 3allyMAEHHbIX AaHHbIX U NOBbIWEHWE
obobuwatouert cnocobHoctn [103]. UccnepgoBaTtenu npumeHsanm RF ans knaccudumkaumm n obHapyKeHus
HEUCNPaBHOCTEN MOCTOAHHOFO TOKAa B MMKPOCETAX NMOCTOAHHOIO TOKAa Ha OCHOBe (HOTOINEKTPUYECKUX
3/IEMEHTOB C MCNONb30BaHMEM JIOKa/IbHbIX U FNaBHbIX geTekTopos [104,105]. Tem He meHee, BO Bpems
nposepku B Simulink 1 B peafibHOM BPeMEHW OH CTO/IKHY/ICA C TAaKMMM BOMPOCaMM, KaK BblMMCANTENbHAA
CNOX¥HOCTb, OrpaHUYEHHAA WHTEPNpPeTUPYeMOCTb WM MacwTabupyemoctb, 00YyCNOBAEHHblE AJVHOWN
OAHHbIX POTOINEKTPUYECKMX MAcCMBOB. Kpome Toro, ans npeofoseHna HegoctatkoB RF 1 nosbiweHua
TOYHOCTU Knaccudmkaumm bbin paspaboraH MLP. MLP npeacraBnseT coboi HEMPOHHYO CETb NPAMOro
pPacnpoCcTpaHeHUsA C BXOAHbIM, CKPbITbIM U BbIXOAHbIM C/10IMU, COEAUHEHHBIMW B3BELLUEHHBIMU CBA3AMM
[106,107]. Bo Bpems 0byyeHMs ceTb KOPPEKTMPOBA/IA BECA C NOMOLLbIO TAKMX aNAFOPUTMOB, Kak obpaTHoe
pacnpocTpaHeHue owunbku (BP), utobbl MUHMMMU3MPOBATL OLIMBKY. Bnarogapsa csoeit cnocobHoCTU
YNaBAMBATb CNOXHbIE B3aumocBA3n, MLP WMPOKO ncnonb3yeTcsa oA TakMX 3a4a4, Kak Knaccudukauma,
perpeccusa M pacnosHaBaHuMe obpasos. WccnepgoBatenn ucnonb3oBaan MLP ana oueHKM mecTa
nospexaeHua B KosbLesbix MukpoceTax LVDC [108] u ana Knaccudpukaumm ayrosbix NOBPEXAEHUNA U
OLEHKN nx mectononoxkexHus [108]. OgHako MLP npeTtepnesaeT nepeobyyeHne npu HeAOCTaTOYHOM
obbeme obyyalowmMx AaHHbIX M TPebyeT TWaTe/IbHON HACTPONKM TMnepnapameTpoB A8 ONTUMasibHOM
NpPoOM3BOAUTENIbHOCTH.

PasBuTMe 3TOM 06/1aCTN NPUBENO K NOABAEHUIO TaKUX HOBbIX meToAoB, Kak ANN, CNN, RNN v DBN [109-
112]. ANN mcnonb3yeT B3aMMOCBSA3aHHbIE C/1I0M A5 U3YUYEHUS CIOXKHbIX 3aKOHOMEPHOCTEN B AaHHbIX, YTO
NO3BOISIET CNPABAATLCA C Pa3/IMYHbIMK 3agavamum [109]. Bnarogaps 6ecwoBHoM B3ammocBAsn, RNN
CNeunanmn3npyeTcs Ha NOCNefoBaTeNbHbIX AaHHbIX, COXPAHAA MaMATb MOCPEeACTBOM PEKYPPEHTHbIX
CBA3EW, YTO AenaeT ee NoaxoasLlen ansa 3aga4 06paboTKU BpEMEHHbIX PSA0B U NOC/AeA0BaTeNbHOCTEN
[111]. Nepexoana kK CNN, oHa 6blna aganTMpoBaHa a1a 06paboTkM M306parKeHN NyTem UCNo/ib30BaHUS
CBEPTOYHbIX CNOEB AN aBTOMATUYECKOro M3y4YeHMUsA Mepapxuyeckux npusHakoe [110]. HakoHen, DBN
COCTOUT U3 reHepaTUBHbIX 6/10KOB AN GECKOHTPOJIbHOrO 0b6ydyeHUAa npeacTaBAeHUSM, KOTopble
BnocneacTeum 6b1amn gopaboTtaHbl g5 3a4ad KnaccudpuKkaumm [112]. Brarogapsa cBOMM CyLLECTBEHHbIM
NpPemmyLLecTBam, 3T MEeToAbl MaLUMHHOIO 0byYeHUs BblIN NPUHATLI B Pa3/IMUHbIX 061acTaX, BKAKOYan
OMNArHOCTMKY HEMCNPABHOCTEN B CETAX NOCTOAHHOMO ToKa [113-117]. UccnepoBaTenm ucnonbsosann ANN
Ans obHapy)KeHMA HeucrnpaBHOCTEN MNOCTOAHHOrO TOKA W OLEHKU MX MECTOMOJ/IOMKEHMA, 0COOEHHO
doKycmpyAacb Ha HeucnpasBHocTAX TMNa P-P n P-G nyTem nM3meHeHMA CONPOTUB/IEHUA HEUCMNPABHOCTU
[113]. Ana obHapyKeHMsA U KnaccudmrKaLmMm HEMCNPABHOCTEM B CETAX NOCTOAHHOIO TOKA MCNOb30Banach
CNN [114], pocTuratowtas 99% To4HOCTU ANs ABYX TUNOB HeucnpasHocTel: P-P n P-G. Ocobas dopma RNN,
M3BECTHas KaK He/MHelHasa aBToperpeccnmoHHan sksoreHHas (NARX) HeMpoHHana ceTb, MCNONb30Banachb
ONR 3alNUTbl CeTell NOCTOAHHOIO TOKa OT KmbepaTaK, B YACTHOCTM, AN BbIABAEHUA NOMHbIX AaHHbIX,
HaMNpPaBAEHHbIX Ha MaHUMNYAUPOBAHME CXEMOM HAMNPAKEHUA U CBA3AHHbIMM C HUM pacnpeneneHHbIMu
NCTOYHUKaMm sHeprum [115]. Kpome Toro, DBN mncnonb3oBanca gns AMarHOCTUKM HEMCNpaBHOCTEN Ha
3apAAHbIX CTaHLMAX MOCTOSAHHOIO TOKa A/ 31eKTpomobunel, ycnewHo maeHTMouumnpysa pasanyHblie
TUNbl HeucnpasHocTel [116]. OaHaKo 3T MeToAbl NpeTepneBatoT Pas/iMyHble HeaocTaTKU. OHU He MmoryT
KnaccuduumpoBaTb 6osiee LWMPOKUIA CNEKTP HEMCNPABHOCTEN, B TO BpeMsa Kak npobiema 3aTyxatowero
ropaaneHta B8 RNN BavAeT Ha AnvHHble nocneposatenbHOCTU. CNN CKAOHeH K nepeobydyeHUto Ha
HebonbluMx Habopax AaHHbIX, U xoTA DBN cnocobeH obpabaTbiBaTb HECKO/NIbKO K/1acCOB, €r0 CA0XHanA
Nnoc/IoMHan npegBapuTe/ibHasa No4roToBKa OrpaHNYMBAET ero NPaKTUYecKoe NpMMeHeHNe 1 yBeIMYnMBaeT
BPEMSA BbIYNCAEHWNIA.
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Puc. 5. O6wana npoueaypa NPUMeEHEHUs MeTo4a MaWMHHOIo obyyeHus.

[na nosbllWeHNA NPOU3BOAUTENBHOCTM MALLMHHOIO 0By4YeHMA UccnenoBatenu npeacrasmuan ELM u ero
BapuaHTbl, Takune Kak agposan ELM (KELM), mHorosaepHaa KELM (MKELM) u oHnaliH-nocnegosatenbHas
ELM (OS-ELM) [117-120]. ELM nmeeT cTpyKTypy, aHanornyHyto MLP, Ho 3aeck Beca OT BXO4a K CKPbITOMY
CNOK0 Ha3HayaloTCcA cayvyalHbiM obpasom, a Beca BbIxoZa OMNPeAenArTCAs aHaJIUTUYECKM ANns
MWHMMM3AUUM OWNOKM 0byyeHns [117]. Takoi nogxon nossonun ELM goctnub BbiCTpoOro BpemeHu
obyuyeHus 1 xopouwein obobulatowenn cnocobHocTn. TpaguumoHHaa ELM 6bina paclumpeHa 3a cuet
BK/IIOYEHUA ALEPHbIX OYHKUMIA ONA 3axBaTa CAOMKHbIX HE/IMHEMHbIX B3aMMOCBA3EM B AaHHbIX, 4TO
npuseno kK nosasneHuto KELM [118]. Bnarogapa wcnonb3oBaHutio meToga saapa, KELM nosbicun
BbIPA3UTENIbHOCTb MOZEN M YNPOCTUA BbIMUCTIEHME BECOB, YTO NMO3B0/IMIO0 3ddeKTUBHO 06pabaTbiBaTh
He/NIMHEeNHble 3aKOHOMepPHOCTU. N5 ganbHenwero yaydweHus npomssogutenbHoct KELM 6bi1 BBegeH
MKELM nytem mMHTerpauum Heckonbkux agepHbix ¢yHKumii B KELM pgns yyeta pasinyHbIX acnekTos
CNOXHbIX B3aMMOCBA3EM AaHHbIX, YTO AenaeT ero 6onee yHMBEpCaNAbHbIM ANS pPeasbHbIX BapWaHTOB
mogenunpoBaHma [119]. Xota KELM u MKELM npuobpenn 3HauMTesIbHYH0 Ba)KHOCTb B Pas/IMYHbIX



061acTAX NPUMEHEHWA, OHWM MNpPeTeprneBaloT HeAOCTaTKWU, TakuMe Kak Bblbop fA4pa, a BbiBEPEHHOEe
coyeTaHue Agep NPUMBOAUT K MNepeobyyeHUI0 U YBEAUYEHWUIO BbIYUCAUTENbHON CAOXHOCTU. [nA
npeoaoneHunsa aTux cnoxHocten B [120] 6b1n npeactasneH OS-ELM, koTopbiit 06pabaTbiBaeT AaHHble MO
YyacTam 1 06HOBAAET MOAE/b NO Mepe NOCTYNeHMA HOBbIX AaHHbIX 6e3 nepeobyyeHuns Bcent moaenu. B
pesynbTate OH 061afJaeT MOBbIWEHHOW YHMBEPCAZIbHOCTbIO, CHUMKEHHbIM MOTpebaeHnem namaTu U
noaxoAnT gns obnacteit NPUMeEHeEHNA peanbHOro BpemeHu. bnarogapa stum npenmywiectsam OS-ELM
6bl1 UICNONb30BaH A1 AMArHOCTUKM HEUCNPABHOCTEM MOCTOAHHOIO TOKA B MMKPOCETAX MNOCTOAHHOIO
TOoKa. OgHaKo ero NPousBoAMTENbHOCTb B OCHOBHOM 3aBUCUT OT Bbibopa pa3mepa 610Ka U CKOpocTH
obyyeHus.

BapwuaHTbl ELM, B YactHocTM OS-ELM, npoaemMoHCTPUpPOBanu 3HaYMTeIbHbIA NOTEHLMANA B Pa3INYHbIX
obnactax npumeHeHuAa. OAHAKO 3TU MeTOoAbl OKAa3a/NUCb HEMPUIOAHbIMU AAA NPAMON AMArHOCTUKM
HEWUCNPABHOCTEN B CNIOMKHbIX CUTHANAX, TAKUX KaK Te, KOTOpble BCTPEYAOTCA B reHepaTopax NOCTOAHHOIO
TOKa. [lna npeofoneHua 3TOro HedocTaTka noTtpebosanocb obveguHeHne OS-ELM ¢ metomamum
06paboTku curHanos (SP), koTopble BblaK paccMoTpeHbl B pasgene 5.

[ns pelleHns BbILWEYNOMAHYTbIX 33434 M NOBbILEHMA NPon3BoANTeNbHOCTM ELM 1 ero BapnaHToB 6b1aun
BBeAeHbl BapMaHTbl RVFLN 1 BapuaHTbl BLS, Takune Kak agpo RVFLN (KRVFLN), mHorocnoliHbii KRVFLN
(MKRVFLN), a Takxe oHnaitH-nocnegosatenbHblt (OS-RVFLN), uHKpemeHTanbHbii BLS (INBLS) u
KackagHbiv BLS (C-BLS). B RVFLN Beca reHepupytoTca cnydaliHbiMm 06pa3som mexKay BXOAHbIM U CKPbITbIM
cnoamu, 6e3 HeobxoAMMOCTM MHOTOKPATHOTO OOYYEHMS, a CKPbITble Y3/bl cCOeaMHEHbl Yepes GyHKUMK
akTMBauuu [121]. Kpome TOro, cywecrsyeT Npsamas CBA3b MeXay BXoAom W Bbixogom [122]. Bo Bpems
0by4yeHUs Beca BbIXOAHOMO C/I0A BbIYMCAAIOTCA aHA/IMTUYECKM C MCMOJb30BaHMEM NceBAo00b6paTHOM
maTpuubl Mypa-MNeHpoy3a, MUHUMKU3NPYS OWKNOKY. OgHako B ELM HeT npsamoit CBA3W MeXKay BXOAOM U
BbIxogom. B pesynbtate RVFLN cHU»KaeT puck nepeobyyeHus, obecneynsaeTt appeKTMBHOE 0byyeHmne u
YHUBEpPCaNbHOCTb A/1a 60bwnX Habopos AaHHbIX. OaHako RVFLN Takke MMeeT HeaoCTaTKK, BKAtOYas
dUKCUMpPOBaHHbIE CyYailHble Beca, CNOXHOCTM C 0606LEeHNEM Ha C0XHbIE B3aMMOCBA3M, OTCYTCTBUE
afanNTUBHOCTU K U3MEHAOWMMCA AAaHHbIM U NOTEHLMANbHYIO OWMOKY NPU TOHKOM HacTpolike [122]. Ans
crnaxkmBaHua 3tux HegoctaTkoB B KRVFLN 6bina BBegeHa dyHKuma aapa [123]. 3aecb dyHKUMA aapa
NCnosb3yeTcsa AAA 3axBaTa C/I0XKHbIX 3aKOHOMEPHOCTEM M B3aMMOCBA3€eM B AaHHbIX, @ TaKXKe No3BosseT
ns3bexaTb BblOOPa CKPbITbIX Y3/10B U GYHKUMIA OTOOpaxKeHua. XoTs 3TO MOBLICUIO TOYHOCTb, OHO
npeTepnesaso BbIOOP A4pa, M ANA pelleHns sTon 3aga4m B [124] 6bina BeegeHa MKRVFLN. B MKRVFLN ¢
RVLFN 6b110 MHTErPpMpPOBaHO HECKO/IbKO f4ep. B pesynbTaTte 3TO yMEHbLLW/IO NepeobyyeHne 1 NoBbICUNO
TOYHOCTb KnaccudmKkaumm. Kpome Toro, Ana npeogoneHns Heaoctatkos BapnaHTos RVFLN 6bina BBeaeHa
OS-KRVFLN [125]. Kak u B cny4dae c OS-ELM, 3aech faHHble TakXe npeobpa3oBbiBaiMCb MO YacTAM, YTO
obecneunmBaeT HenpepbiBHOE OHMaAlH-0byYyeHMe W obOHOBAEHWE MoAenuM Ana  aganTauun K
U3MEHAIOLWMMCA 3aKOHOMEPHOCTAM. 3TO NpuUBENIO K MPEeBOCXOAHOMY He/MHEWHOMY obyyeHuto
NPW3HAKoB, Y/yylleHHOM obobuiatowent cnocobHocTM M H6eclloBHOMY AMHAMUYECKOMY OOHOBEHWUIO
Mmogenun. O4HAKo 3TO TaK¥Ke CTOJIKHY/IOChb CO CIOKHOCTAMM OTHOCUTENIbHO CKOPOCTM 0ByYeHMA U pasmepa
¢dparmeHTOoB. [N peweHuna atoi 3agaum B OS-RVFLN 6bin BBeaeH dakTop 3abbiBaHUsA. Mpenmyluectsa
RVFLN » ero BapuaHTOB NpuWBENN K MX NPUMEHEHWUIO B Pas3/IMYHbIX 0bnacTax. OQHAKO B KOHTEKCTe
OVNArHOCTUKM HEMCNPABHOCTEM B CETAX NOCTOAHHOIO TOKA UCKNOUYUTENBbHO NPUMeHAANCH ToNbKo OS-RVFL
n OS-KRVFLN u3-3a nx npucyLwmx BosamoKHocTen. [pyrne sapmnaHTtol RVFLN moramn He ncnonb3oBaTbes U3-
33 HeAOCTAaTKOB, KOTopble TpebytoT obbeanHeHUsa ¢ MeTodamu SP, Kak obcyXaanoco B pasaene 5, gns
obecneyeHna Nx NPUrogHOCTU AN1A ANArHOCTUKM HEUCNPaBHOCTElM NOCTOAHHOMO TOKa.

Kpome Toro, BLS 6bin BBeaeH Ana npeogoneHus Hepgoctatkos ELM, BapuaHTos ELM, RVFLN, BapuaHTOB
RVFLN u T. 4. BLS — 3T0 04HOC/10MiHasA MHKpeMeHTa/ibHaa MoAe b M anbTepHaTMBa rybokomy o0byyeHuto,
asaaowanca npogomkeHmem RVFLN [126]. B nocneaHee Bpems OH CTaj BblAAlOWMMCA aifOPUTMOM B
pa3InYHbIX 06nacTaAX ANA OB6Hapy)KeHUA U KnaccuduKaumm pasnnyHbix HabopoB AaHHbIX 6narogaps
CBOMM MHOroYMcAeHHbIM npemmyiectBam. OgHako y BLS TaKkkKe ecTb He40CTaTKM, TaKMe KaK cay4yaliHas



reHepauMa BeCOB, COMOCTaB/fiEHME MPU3HAKOB M BbIMUCAUTENbHAA CAOXHOCTb. [lNA NoBbiWeEHMA
npoussogutenbHoctu BLS 6bian BBeaeHbl INBLS n C-BLS. B INBLS mncnonb3yeTtcs nocnenoBaTenbHbIl
nogxon ana 6biCTpoi nepecTpolikmn cetn 6e3 nepeobyyeHna npouecca NyTeM yBeIMYEHUA KOANYECTBa
Y3/10B yAyyLlleHns n npusHakos [127,128]. Kpome Toro, C-BLS BkatoyaeT B cebs 06begMHEHME HECKONbKNX
cnoes BLS ana ¢opmmuposaHua rnybokoin cTpyKTypbl. Kaxkabid cion mM3yyaeT Bce 6onee abCTpaKTHble
NMPWU3HAKNW M3 BXOAHbIX AAHHbIX, YTO MO3BOAAET Y/YYWMWTb Pacrno3HaBaHWe 06pas3’oB U CAOKHOCTb
nepapxmyeckum obpasom [128]. PaznnyHble MeToabl MALWMHHOFO OOYyYeHUs, NPUMEHseMble B 3almuTe
9HeprocucTembl, NOKasaHbl Ha puc. 6.

4 0630p rMbpuaHbIX Moaenei ANA ANArHOCTUKN HeMCNpPaBHOCTE NOCTOAHHOIO TOKa

HecmoTps Ha To, YTO aNIrOPUTMbl MalLMHHOTO 06y4YeHns 061aaatoT A4OCTAaTOUYHbIMU NPENMYLLECTBAMMU U
CNOCOBHblI K TOYHOMY OBHAPYXEHWUIO U KnaccubUKauuKn, OAMHOUHbLIA KNacCUPUKaTOp MaLMHHOIO
06YyUEHUA TaK¥Ke CTaNIKMBAETCA C PA3/INYHbIMM OTPAHNUYEHUAMM, BKIOYASA MEHbLIYIO TOYHOCTb, Bosbliee
BpemaA BbluUCNeHUA ANA 6onbWwKX HABOPOB AaHHbIX, YYBCTBUTENbHOCTb K 3alUyM/IEHHbIM AaHHbIM,
OTCYTCTBME WHTEPNPETUPYEMOCTU, YA3BMMOCTb K atakam W TPYAHOCTM B 06paboTKe CAOMHbIX M
HecbanaHCMpPOBaHHbIX HABOPOB AaHHbIX. 1A peweHusa 3Tx npobaem passnyHble nccaegoBatenun u
yyeHble 06beauHAOT ABa UM Bosiee anropuTMa, YTobbl MNOAYYMTH MX Mpeumyllectsa. B yacTHocTH,
MHOTUE uccnepoBatenn ob6HapyXuan, YTo rmbpuamsauma MeTOA0B  MaLIMHHOTO  0byyeHus,
CTaTUCTMYECKOro aHan3a M OpraHn3aLMOHHOIO aHaAn3a AaeT 3amedaTeNbHble Pe3yabTaTbl B PasAnYHbIX
o6nacTax npumeHeHuA.
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Puc. 6. B 3awute 9HEProcncTem NPUMeHAKTCA Pa3/inyHble MeTodbl MAalULMHHOIO o6yquvm.

[Ons obHapyKeHMA HeUCNPaBHOCTEM B MUKPOCETAX NOCTOAHHOIO TOKa 6bl1n 06beanHeHbl meToabl Dypbe
n ANN, ocobeHHO pAna [AMArHOCTMKM Ayrosbix 3amblkaHuin [129]. B [130] 4nAa A[MarHOCTUMKM
HeucnpaBHocTeld 6biNM  0b6begMHeHbl MeTod HauMeHblWwux KBagpaTtoB (LS), anroputm poesoit
ontummsaumm (PSO) n FFT. LS ncnonb3oBancs AN OLEHKKN ormbatollei Toka KOpoTKOro 3amblkaHua, PSO
— AN1A KOPPEKTUPOBKM KOIPDULIMEHTA 3aTyXaHUsA LS, a 3aTemM K NONyYEHHOMY pe3ynbTaTy NPUMEHAN0CH
FFT. OaHako 3TO MpPUBENO K YBE/IMYEHUIO BbIYMCAUTENIbHOW C/IOXKHOCTU, HEOHXOAMMOCTU HACTPOMKU
napameTpoB W CNOXKHOCTAM C 3ddeKTUBHOCTbIO cuctembl. B [131,132] obHapyKeHMe Ayrosbix
noBpeXaeHUn ocylecTeasanocb nytem obveguHeHua FFT u STFT [131] u BBegeHua nogxofa C
nepemeHHbIM OKHOM K STFT ana AMarHOCTUKM HeMcnpaBHOCTEN NOCTOAHHOrO ToKa [132]. Ans TO4YHoro
obHapyXeHUs HeMcnpaBHOCTEM B MUKPOCETU MOCTOAHHOIO TOKa BeliBaeT-npeobpasosaHue (WT) 6bi10
ob6beanHeHo ¢ ANN [133]. Kpome Toro, 418 TO4HOro 06HapYKeHUs HencrnpaBHoCTen 6blIn 06beANHEHDI
DWT u TEO [134]. OgHaKo OHM He MnoAXoAAT ANA OLEHKM MECTOMONOMEHMA HEeUCMNPaBHOCTU, YTO



YBENNYMBAET 334€EPXKKY B 0OHapyXeHUn u3-3a obyveHma ANN. HepasHO S-npeobpasoBaHue 6bino
obbeanHeHo c rayccoBo ¢yHKumen [135] u  dunbTpom KanmaHa [136] ana  AMarHoCTUKMK
HencnpaBHOCTEN NOCTOAHHOIO ToKa. O4HAKO OHM TPEDbYIOT KavyecTBa AaHHbIX, YBENMUYNBAIOT CIOXKHOCTD,
TpebyloT TLWaTeIbHOW HACTPOMKN NapameTpoB U MMEKT orpaHuYeHHyto obobuwatoutyto cnocobHocTb. B
[137] 6bin 06beanHeHbl smnunpuyeckoe BeliBneT-npeobpasosaHue (EWT) n SVM ana obHapyKeHus
OyroBbIX NOBPEXAEHUA MOCTOAHHOIO TOKA NyTEM PA3/0XKeHUA KoiebaTeNbHbIX YaCTOTHbIX 3/1EMEHTOB,
BO3HMKAOLWMX BO Bpems cb6os. Kpome Toro, A5 NOBbILWEHUA Npon3BoauTenbHOCTM EMD 6bin npeanosxeH
yAyyweHHbi EEMD nytem obbeanHeHUA ¢ agantmBHbiM WwWymom [138] n HeueTkMmK cnuctemamm [139]
ONA AMArHOCTUMKM noBpexaeHuin. OAHaKo OHW He nopxogAaT anAa bonee WMPOKOM Knaccuduraumm
NOBPEKAEHUIM U YBENNUYMBAIOT BbIYUCAUTENbHYIO COXKHOCTb M3-3a HEYETKON IOrMKK. InA npeoaoneHus
HegoctaTkoB EMD u ero BapnaHTOB Obl/1M NpeanoKeHbl yay4lleHHble noaxoabl Ha ocHose HHT [140,141].
B [140] HHT 6b1n 06begMHEH C TeOPUEN BeryLmx BOMH A1 KOMMEHCAUUU ee He40CTaTKOB MPU OLEHKe
MecTono10KeHna nospexaeHua. B HHT Bmecto pasnoxeHua EMD gna kKnaccudukaumm noBpexkaeHuin
ucnonbsyerca VMD [141]. OpgHako Habnwoganncb NOXKHOMONOXUTENbHbIE cpabaTbiBaHUA UM3-3a
3alWYMNEHHbIX CUTHANOB W HEBO3MOMHOCTb KnacCMOUKAUMM N OUEHKM MecTa MOBpeXAeHUs.
O6HapyKeHne AyroBbiX 3aMblKaHWUIM MOCTOSIHHOTO TOKA OCYLLLECTB/AAIOCH C MOMOLLbIO yy4YweHHoro LMD
B [142,143]. LMD 6b1n 06beANHEH C MHOFOMACWITAOHbIMU HEYETKUMM SHTponmamK [142] n SVM [143].
XoTa pe3ynbTaTbl 06beAMHEHMA NOBbLICUAM TOYHOCTb, OHWU MMENIM HEKOTOPbIE HEAOCTATKU, TaKMe KaK
CNIO¥HOCTM CO CMELUMBAHMEM PEXMMOB, YYBCTBUTENIbHOCTb K LUYMY, HEAOCTAaTOK AOMNONHUTENbHOMN
MHbOPMALUKN O APYIUX NOBPEXAEHUAX N HEBO3IMOXKHOCTb cpabaTtbiBaHma CB ana HIF. Kpome Toro, gns
nosbllweHMAa npoussoamTencHocTn VMD 6bin 0bbeanHéH ¢ PSO mn SVM  gna  knaccudumkaumm
noBpeXXaeHNn NOocToAHHOro Toka [144]. 3aeck kntoyesble napameTpbl VMD 6biiv onTMMU3MPOBaHbI C
nomoubto PSO, a 3atem SVM wmcnonbsosanca ana knaccudukaumm noBperKAeHUn NOCTOAHHOIO TOKa.
bonee Toro, VMD un S-npeobpasoBaHue 6bin 06beANHEHDBI 415 OLLEHKU MEeCTa NOBPEXKAEHUA B IMHUAX
anekTponepeaaun HVDC [145]. s nonyyeHUA BbICOKOM TOUHOCTM KnaccuduKkaumm nepekpecTtHbli VMD
6bl1 06beaMHEH ¢ FA 1 perpeccueit rpebHsa npueeaéHHoro sapa [146]. OHM OKasanncb HENPUTOAHbIMM
AN 06HapyKEeHUs OCTPOBHOIO PEXKMMaA B CETAX MOCTOAHHOIO TOKA M He CMOMAM KnaccuduumposaTtb
6onble HeucnpaBHocTei. [na pelweHua 3Tux npobnem DFA 6bin 06beaAnHEH C aganTuBHbIM VMD
(AVMD) B [85] ana obHapysKeHusA M KnacCUPUKaumMmM OCTPOBHOTNO M He OCTPOBHOMO PEXMMOB. 34ecCb
aganTuBHbI VMD 6b1a1 nosiydeH ¢ ucnosb3oBaHmem PSO gns ontummsaumm pexkmmos. Xota AVDM-DFA
NPoAeMOHCTPUPOBAN 3amedaTesibHble pe3ynbTatbl B cpege MATLAB, oH He cmor BbIMOAHUTb OLLEHKY
MECTOMOJ/IOKEHUA HEUCMPABHOCTU M ONepaLMm OTK/AOYEHMA pesie U3-3a OTCYTCTBUA MHbOpPMAUUKM O
JIOKaNbHbIX GpaKTanbHbIX KOMNoHeHTax. Kpome Toro, MFDFA 6bin BBeAeH ANA BblABNEHUA HEAOCTATKOB
DFA B OTBeT Ha AMarHOCTUKY HeucnpaBHocTel [88]. Hapsgy ¢ MFDFA, ana ToyHoro obHapy*KeHus
HeMcnpaBHOCTEN Ha OCHOBE NMOPOroBOro 3HayYeHUa 6blan Mcnonb3osaHbl TEO n CUSUM. 3ToT noaxos,
MMen HeAoCTaTKM, TaKME KaK 3afepiKKa BpemeHW obHapy»KeHus, HecnocobHocTb TEO ob6pabaTtbiBaThb
60/blUOE KOAMYECTBO BbIOOPOK M HEBO3MOMKHOCTb OLLEHKM MECTOMO/IOMKEHUA HEeUCnpaBHOCTU. [Ans
KOMMEeHcalmMm 3TUX HeAOCTaTKOB aBTOPbl NPeANoXUAM HOBbIN noaxoad, a umeHHo MFDFA Ha ocHose
SMW-PCC B [147].

B nocneaHee Bpems mHorve nonynspHble MeTodbl MallMHHOro 0bydyeHus TpebyoT 0b6beanHeHUs ana
AEeMOHCTpauuM 3ameydaTtesibHbiX Pe3ynbTaToB B 0061acTM 3aWMTbl OT HEMCNPABHOCTEN B MUKPOCETAX
NOCTOAHHOro Toka. Cpegn HUX B AaHHOM o630pe 6blM NPOAEMOHCTPUPOBAHbI HECKOJIbKO OCHOBHbIX
rMbpuaHbIX MoAenieli B OTHOLIEHMUM AMAarHOCTUKU HeucnpasBHocTel [148-155]. O6HapyxkeHue wu
KnaccmdmKaumsa HeMCcnpaBHOCTEN OCYLLECTBAANCH C NOMoLLbto moanduumposaHHoro KNN [148]. 3pech
0151 YMEHbLUEHNA Pa3MepoB M YCTPaHEHMA CUHTYASPHOCTU Pe3y1bTaToB IMHEMHOMO AUCKPUMMUHAHTHOMO
aHa/M3a UCNONb30BaA/ICA aHA/IN3 FNABHbIX KOMNOHEHTOB. 3aTem, A1 NPE0A0NEHMA STUX HEAOCTAaTKOB, B
[148] CNN 6blna obbegMHeHa ¢ NOAXO40M, OCHOBAHHbIM Ha TpaHcdepHoM O0byyYeHWW, ANns OHAaMH-
0b6HapyXeHMA HeUCNPaBHOCTEN U OLLEHKM X MECTOMOJIOKEHUA B MUKPOCETAX NOCTOAHHOIO TOKa. 3aech
nepexoaHble MPOLLECCbl CUFHAMIOB HaMpPAXeHMA W ToKa OblnM nepepaHbl Ana npenBapuUTeNbHOro



obyuyeHusn, a 3aTem nogseprHyTbl 06paboTke CNN ana OHNaNH-0OHAPYKEHUA HEUCMPABHOCTEN N OLEHKMU
nx mectononoxeHus. Kpome toro, ELM 6bin ynyylleH 3a cYeT yBeNYEHUS KOoiMdecTBa cnoes, T.e. ML-
ELM, a ero napameTpbl 6biin ONTUMMU3NPOBAHbLI C MOMOLLBIO AaNrOPUTMA MypaBbUHOIrO nbBa [149],
cumnnekca Hengepa-Muga ¢ KELM [150] 1 MKELM ¢ VMD [151] ana AMarHOCTMKM HEUCNpaBHOCTEMN.
3pecb MKELM ¢ VMD pgoctur 6osnee TOYHbIX Pe3y/bTaTOB, HO TaKMe CTOJIKHYACA C KPUTUYECKMMMU
3aga4amMm oNTUMaabHbIX napametTpos B VMD v MHOXKecTBEeHHbIMM Agpamu. [aa npeogoneHna sToro
ynyyweHHbI OS-ELM 6b1n1 06beauHéH c rubpuanbim FA (HFA) n npeactasneH B [152]. 3aech yayylleHHble
Xapaktepuctnkm OS-ELM 6blan nosay4yeHbl NyTem MHUUMANM3aUMM aganTMBHOIO pasmepa 6s0ka. B
pesynbtate ynydyweHua OS-ELM c¢ nomouwbto HFA 6bian ycTpaHeHbl 6GONbLWMHCTBO HEeAO0CTAaTKOB
BapuaHToB ELM. OgHaKko cKopocTb 0by4eHUaA 1 Bpems BbluMCeHU 6blin 6onblue Npu MCNo1b30BaHUM
ynyyweHHoro HFA. OS-ELM, 1 onpegeneHne MecTOMNOMIOMKEHMUA HEUCNPABHOCTM OKa3asoCb CAOMKHOWM
3agauen. B [153] ana mMoHUTOpUHra QOTO3/NEKTPUYECKMX IN1EeMEHTOB M BaTapenm B MUKPOCETM Obln
npeacTaBieH PacliMPeHHbIA 3KCMOHEHUMaNbHbIN HaaéxHbiii RVFLN (EE-RRVFLN). 3aecb ynpasneHue
MPPT ocyw,ectsnanocb C NOMOLbIO pacnpeaeneHHoro aganTMBHOro ynpaB/eHua ¢ peryampoBaHuem no
HakNoHy. Kpome Toro, ansa peweHua atux orpaHudeHunit KRVFLN 6bin 06beaAnHEH C aganTUBHbLIM
amnupuyeckum Berenetom (AEWT) [154,155]. 3pecb FA wucnonb3osanca aAna Bbibopa 3HaAUYMMBbIX
NPWU3HaKoB, M3BAEYeHHbIXx M3 AEWT, a 3atrem o6HapyXeHue U KnaccudpuKaumsa HeucnpaBHOCTEN
OLLEHMBA/IUCb C TOYKU 3PEHUA YYBCTBUTENBHOCTM M 06LLEeN TOUHOCTU. O4HAKO BbI6OP 3KCNOHEHUMaNbHOTO
M MaTEPUHCKOro BelBeTa NO-NMPeXHEMY OCTAeTCA C/I0XKHOM 3aaayei. bonee Toro, Ass npeogosieHus
3TUX HeAocTaTKoB aBTopsbl [156] npeactaBuam OS-RVFLN Ha ocHoBe HHT-TEO c FF gns obHapy»KeHua u
KnaccuduKaumMm HemcnpaBHOCTEM MOCTOAHHOrO ToKa. 3aeck noaxon HHT-TEO 6bin Mcnosib3oBaH Ans
3anycka aBTOMATMYECKOro BbIK/JKOYATENA HA OCHOBE MOPOroBOr0 3HA4yeHWa AAa  U304AUMK
NnoBpeXAeHHOro y4yacTka oT ucnpasHoro. 3atem OSRVFLN c FF 6bin1 ncnonb3oBaH ana knaccudukaumm
HENCNPaBHOCTEN M OLLEHKU NX MECTOMOJIOKEHMA C UCMO1b30BAHMEM N3BNEYEHHDBIX 3HAYMMbIX NPU3HAKOB.
Pe3ynbTaTbl 3TOro nNoAxoda NoKasanu 3HAYUTENbHbIN NyTb AN1A U3y4eHUA MEeTOAO0B 0bbeAWHEHUs Ans
aHa/n3a HeMcnpaBHOCTEN.

Kak obcyrKaanocb paHee, BLS goctur 3ameyatenibHbIX pe3y/ibTaToB B Pa3/IMyHbIX 061acTAX MO CPaBHEHUIO
C APYTMMU METOLAMM MALLUMHHOTO 06y4YeHus. Bosiee Toro, HaCKOJ/IbKO U3BECTHO aBTOPAM, 10 HACTOALLErO
BPEMEHM He 6blJ10 cTaTel, NOCBALWEHHbIX AMArHOCTUKE HEUCNPABHOCTEN MOCTOAHHOMO TOKa Ha OCHOBE
BLS. U3 BbILIEN3NOKEHHOIO CAeAyeT, YTo BLS TaKKe MMeeT HeAOCTaTKM, KOTOPble HEOBXOAMMO YCTPAHUTD
ON5 AOCTUXKEHUA NOBbILEHHON TOYHOCTM B N1aHe 06HapyXeHUsa n knaccudukaumm. CaTon Lenbio aBTopbl
npeacrtasmMamM ynydweHHoii AVMD BLS B [157]. 3paecb cTpykTypa AVMD-IBLS addekTnBHO peluaet
OBOVHYIO 33434y 0BHAPYKEHUS U KNacCUOUKALMN HEUCNPABHOCTEN, BKIKOYAA KPUTUYECKYIO U CNOXKHYIO
3aja4y MaeHTduKaLmm cobbITUIN OCTPOBHOTO peXkMMma pacnpegeneHHon reHepauum (DG). 3Tn cobbiTus
MMeloT ocoboe 3HayeHWe, MOCKO/IbKY TPeBYOT TOYHOrO OOHAPYKEHUS U CBOEBPEMEHHOMN M30aAUUK
SHeprocMcTeMbl OT aBTOHOMHOW MUKpOCEeTU aa obecnedyeHmsa cTabUAbHOCTM M 6@30NacHOCTM CUCTEMDI.
MpepnoxeHHbIV Nogxoa, 6aarogapa TOYHOM KnaccupuKaumm HemcnpaBHOCTEN M OOHAPYKEHMIO COObITUI
N30/1AUMKN pacnpeseneHHON reHepaunn, He TObKO MOBbLICUA HaZEXHOCTb AMArHOCTUKKU, HO U OTKPbIA
nyTb K 6onee apdpeKTMBHOMY ynpaBneHuUto pabotoit MuKpoceTH. ITa paboTa nogvyepKHyna NoTeHuman
rMoPULHbLIX METOAOB B Pa3BUTUM COBPEMEHHbIX METOL0B aHaAM3a HEMCNPABHOCTEN NOCTOAHHOIO TOKA U
OTKpblZla HOBble HanpaB/eHUs UccnenoBaHWn B 0bnactn mMHTerpaumm BLS ¢ nepefoBbiMn MeTOLaMU
06paboTKM curHanos. MpenmyLecTsa M HeJOCTATKU CYLLLECTBYOLLEN INTepaTypbl NPOAEMOHCTPUPOBaHbI
B Tabnuuax 1-4. TakkKe, KnaccuduKauma METOL0B MALIMHHOMO OOyYeHWs, ONTMMM3aALUKM U APYruX
CTAaTUYECKUX METOA0B NPeACTaBAeHa Ha PUCYHKe 7.

5. O6cyKaeHMe NoNyYeHHbIX pe3yabTaTos

B Tabnmuax 1, 2 U 3 pacCMOTPEHbI CTPaTerMm 3almnTbl MMKPOCETEM MOCTOAHHOMO TOKa, C YKa3aHWeM WX
CUAbHbBIX M CNabbIX CTOPOH, a Tak:Ke obnactei NpumeHeHna. ITU CTpaTerMm MMEIOT pelualoLlee 3HaveHme
ANA noaaep:KaHna cTabuabHOCTM M HAaZEKHOCTU CUCTEMbI BO BPeMsA aBapuii, 0COBEHHO B AMHAMMUYECKUX



N HeonpeAeneHHbIX YCA0BMAX KCNAyaTaunn. LLIMPOKKIA cnekTp MeToa0B, OT TPAAULMOHHbIX MOPOroBbIX
NoaxoA40B A0 MNepefioBblX METOAOB, OCHOBAaHHbIX Ha AaHHbIX, OTParKaeT PacTyLLyl C/AOXKHOCTb
MMKPOCETEN NOCTOSSHHOIO TOKa U3-3a BCe 6OoJblUein UHTErpauum pacnpeaeneHHbIX MCTOYHUKOB 3HEprm
M CUIOBbIX 3/IEKTPOHHbIX NpeobpasoBaTteneil. B aTom pasgene obcyKpaloTcs KtoYeBble BblBOAblI U3
NnTepaTypbl, Npeanaras CMCTEMaTU3MPOBaAHHbIM 0630p meToa08 3awmTbl. KOHeYHasa uenb 3Toro ob63opa
— NOMOYb UCCNEeA0BATENAM U MHXKEHEPAM B BbIDOpe AN NPOEKTUPOBAHNN 3DEKTUBHBIX, aAanTUBHbIX
M YHUBEPCA/IbHbIX CXEM 3aLUUTbI 415 COBPEMEHHbIX MUKPOCETEN NOCTOAHHOTO TOKA.

5.1 0630p meToA,0B 3aLUTDI

B AaHHOW cTaTbe mMeToAbl 3alMTbl MUKPOCETEN MOCTOSHHOIO TOKa NogpasaenatoTcs Ha yeTbipe Tuna:
MmaTemaTuyeckme, OCHOBaHHble Ha 06paboTKe CUrHaNOB, OCHOBAHHble Ha MalUMHHOM OByYeHUU U
KOMBUHMpPOBaHHble MeToabl. Kaxaan n3 aTux cTpaTernii paspaboTaHa ANA pelleHns YHUKaNbHbIX 3343y,
CBA3aHHbIX C CUCTEMaMM MOCTOAHHOTO TOKA, TAKMUX KaK OTCYTCTBME €CTECTBEHHbIX NepeceyeHmnin Hyaa ToKa
W AMHaMMUYEeCcKoe NoBeaeHne CUN0BbIX 31EKTPOHHbIX NpeobpasoBaTenei B ycnosmax c6oa u aBTOHOMHOM
paboTbl. MiccneaoBaTenu n yyeHble COCPeaoTOUNAN CBOM YCUANA Ha NOBbLIWEHWUM TOYHOCTU, HAAEKHOCTU
N CKOPOCTU OBHapy:KeHUs, KnaccupuKkaumm, onpeneneHns MecTonoioKeHns U U3onaumm UCnpaBHoOro
y4yacTKa OT MOBPEKAEHHOT0 B MUKPOCETAX MOCTOAHHOro ToKa. CTpaTterva 3aliuTbl, NpUMeHAemMan B
MWKPOCETM, NOKasaHa Ha puc. 8. KnaccuduKaumsa OCHOBHbIX METOAOB 3alMTbl MO 3TUM KaTeropusm
No3BO/IAET YTOUYHUTb, KaK KaxAbl Noaxof cnocobCTByeT 3almuTe MUKPOCETU MOCTOAHHOrO TOKa, a
KNtoYeBble MOMEHTbI U XapaKTepPUCTUKM 3TUX CTpaTernin paccmaTpusaloTca aanee:

5.1.1 MaTtemaTuyeckue noaxoabl

Kak npasu/o, 3TM NoaxoAbl OCHOBaHbl Ha ypaBHEHUAX A1 06HaPYXeHMA HEUCNPABHOCTEN U OLLEHKMN UX
MECTOMO/OMKEHNA N AEMOHCTPUPYIOT BbICOKYHO TOYHOCTb ANa c6os manoro o6béma. OgHaKo 3T noaxoabl
YacTo CTa/IKUBAKOTCA CO C/IOMKHOCTAMU MPU MOBPENKAEHUAX MANOW BEAUUYMHBI M LIYMOBbIX MOMEXaX.
Hanpumep, MeTo4 HaMMeHbWWX KBaApaToB C TPYAOM  MAEHTUPUUMPYET MHOMKECTBEHHblEe
OAHOBPEMEHHbIE MOBPEKAEHWA, @ aKTUBHAA OLEHKa COMPOTMB/IEHUA MOMKET [aBaTb HeBEpHble
pesynbTaTbl, KOr4a pPacnosioXKeHHble pagom Kabenu 6bicTpo 06ecTouMBaloTcA. AHANOTMYHO, XOTS
MEeTOAbl, OCHOBAaHHble Ha HanpaB/JeHHOW CBEPXTOKOBOW 3alLMTE M HA/NOMKEHUW TOKOB, NOBbLILWAIOT
CKOPOCTb 06HapYKEHMA HEUCNPABHOCTEMN, OHM OCTAOTCA YYBCTBUTE/IbHLIMM K NEPEXOLHbIM MPoLLeccam u
NOBPEXAEHUAM C BbICOKUM COMPOTUBAEHMEM, YTO NOAYEPKNBAET HEOBXOAMMOCTb HaAEKHbIX PE3EPBHbIX
CTpaTeruni sawmTbl.

5.1.2 MeToabl 06paboTKM CUrHANOB

[naycrpaHeHMA HeA0CTaTKOB TPAaAMUMOHHbBIX MAaTEMAaTUYECKMX METOA0B B YC/I0BUAX LLYMA U C/IOXKHOCTH,
MeToAbl, OCHOBaHHble Ha 06paboTKe cuUrHanoB, MpPeTeprnenn 3HauyuTeNbHYl0 TeHAEeHUUIo K
CcoBepLleHCTBOBaHMIO. MeToabl, OCHOBaHHble Ha 06paboTKe curHanos, obecneymBaloT MOBbIWEHHYHO
YYBCTBUTENBHOCTb M TOYHOCTb 33 CYET U3BAEYEHMA MNOJIe3HbIX MPM3HAKOB M3 AaHHbIX CUIHaNA TOKa
KOPOTKOro 3amblKaHUA, YTO AenaeT UX 6onee noaxoddwMmM Ans OoBHapy*KeHUA HeucnpaBHOCTen B
COBpEeMeHHbIX 3Heprocuctemax. TaKue MeToApbl, Kak npeobpasosaHne Oypbe (FT), BenBnert-
npeo6bpasosaHune (WT) n HHT, okasanucb o4YeHb NEPCNEKTUBHLIMU AN aHA/IM3a BbICOKOYACTOTHBIX U
HWU3KOYACTOTHbIX COCTABAAIOLWMX CUTHANA KOPOTKOro 3aMblKaHus. XoTa npeobpasosaHune dypoe (FT) 1 ero
pacwupeHne FFT npumeHAOTCA LWIMPOKOMAcWTabHO, npeanosoxKeHne o6 WX CTaLMOHAPHOCTU
OrpaHMuYMBaeT WX MNOTeHUMan B WAEHTUPUKALMM  CAOXKHBIX, WU3IMEHAIOWMNXCA BO BPEMEHMU
HeucnpaBHocTeil. HanpoTus, Takue metoabl, Kak STFT, WT n HHT, obecneunBatoT ny4liyto afanTMBHOCTb
K HecTauMoHapHbIM curHanam. Hanpumep, STFT MoKeT NaeHTUPULMPOBATb HEMCNPABHOCTU C BbICOKMM
M HU3KMM COMPOTUBAEHMEM MeHee 4Yem 3a 2 ceKyHabl. O4HAKO 3T MeToAbl TaKXKe MMET CBOMU
HefoCTaTKM, TaKMe KaK BbICOKME BblUMCAUTEbHbIE TPeH6OBaHMA U YyBCTBUTENBHOCTD K WYMY. Hanpumep,
metoq HHT xopowo paboTaeT ¢ HEAMHENHBIMU CUFHaNaMun, Ho obiadaeT TakKMMKU HedoCTaTKaMM, KaK
CMelleHNe PeXXMMOB U KpaeBble 3pdeKTbl, KOTOPbIE CHUXKAKOT €ro HaAeXHOCTb A7 KPAaTKOBPEMEHHbIX



HeucnpaBHocTei. HoBble meToabl, TakMe Kak VMD, LMD 1 pa3snoxkeHune Ha mozbl npmsHakos (FMD) [x],

obecneunsatoT NYHWYH XapaKTEPUCTURY HeVICI'IpaBHOCTeﬁ 3a CHET MaKCMMM3aunn mnsssevyeHnAa mog m

Nlyyllero peleHnn npobiem co C0XKHOCTbIO CUrHana. Tem He MeHee, OHU MOo-MpeXKHeMy NpeacTaBAAIoT
HEKOTOPbIe CNOKHOCTU, TaKME KaK HacTPOIKa NapameTpoB U YYBCTBUTEIbHOCTb K MCKaXKEHUSAM, 0COBEeHHO
B C/ly4ae HEMCNPaBHOCTEN C BbICOKMM COMPOTUBEHMEM.

Tabnuvua 1. MaTemaTnyeckme Noaxoabl K ANarHoCTUKe HeucnpaBHOCTEN.

S. No.
& Ref

Methodology

Pros

Cons

Mathematical approaches for fault diagnosis

1[130]

13 [28]

14 [31]

1532]

16 [33]

17 [36]

Least-square based
parameter estimation
Active impedance
estimation

Unified-Impedance
based estimation
Impedance based
estimation

R-L-C based
estimation

Resistance based
estimation

Probe power unit based
protection scheme.

Overcurrent protection
scheme
Communication based
overcurrent scheme

Directional overcurrent
scheme

Modified squared
poverty gap index
based fault estimation
Superimposed current-
based FTR method

Inverse-time power
based protection
scheme

Modified CUSUM
based protection
scheme

Differential Current
Method

Current rate-of-rise
protection strategy

Local Measurements-
Based Backup
Protection

Non-unit Protection
scheme

Cable of drive system during fault. No need of
communication

No need of communication. Fault zones will be
protected. Fault clearance and reconfiguration will be
obtained instantly.

Improved fault detection time and localization
accuracy. Able to classify both AC and DC faults.
Accurate detection and classification of both short-
circuit and ground faults.

Threshold settings are estimated for each CBs. It can
applicable for noise related scenarios.

Very useful for real-time fault diagnosis. Able to clear
quickly in case of P-P faults due to its zones.

Able to detect HIFs and their location in radial MG.
Relative error is very less.

This method more suitable for P-G and P-P faults.
Detection time is very less.

It can applicable for both grid-connected and island
modes. Blocking scheme overcomes the co-ordination
problems. It is cost-effective.

It reduced the relay response time during fault. It
improved the security of MG

Restore fault zones by SSCBs reclosing to clear the
fault. Accurately classified internal and external faults.

External faults are isolated by using reliability index.
IEDs allows to isolate the fault cable, at the instant of
fault.

Sample-to-sample estimation through disturbance
index is more accurate. No need of communication
channel. Accurate fault detection

Fast fault detection and requires very few samples.
Doesn’t require any backup protection system. Capable
of arc faults detection.

The usage of CUSUM for differential current gives
rapid fault detection. Only fault zone is isolated.

Effectively addressed high and low resistance faults
with derivative current. Adaptive threshold is useful for
accurate detection.

Provides continuous power supply to loads. More
robust in noise conditions. Even communication
failures the faults are detected through backup
protection scheme. It is adaptable to variable
conditions.

First and second order derivative used for fast fault
detection. Communication delay is avoided. Incepted
faults are cleared within milliseconds.

Unable to classify more than two faults. Difficult to
detect if fault current magnitude is less.

Backup protection scheme is required. Mal-operation
due to instant de-energization of adjacent cables. Overall
cost will be increased.

Unable to recognize the type of fault except internal and
external faults. Unable to deal with noise signals.
Unable to recognize the type of fault except P-P-G and
N-P-G. Unable to use for single polar system.

Multiple thresholds are required and difficult to analyze
arc faults. Delay in fault detection.

Difficult to analyze HF and location estimation.
Moreover, exhibited delay in detection.

Not suitable for LIFs. Also not addressed short circuit
faults location. Accuracy depends on network parameter
sensitivity.

More sensitive to load variations and low magnitude and
HIFs. inadequacy in fault classification.

Complexity in setting appropriate threshold. Limited
adaptability to system changes. Unable to protect when
the fault is low magnitude.

Coordination is a main challenge among relays. False
tripping due to inrush and noise signals

Unable to deal with arc faults and HIFs. Enabling TEDs
during low fault currents is challenging to isolate the
fault zone.

It is more sensitive to fault resistance and load
variations. Failure of line segments due to
communication causes severe damage.

False local data causes false tripping. Depends on
frequency oscillations. It necessitates efficient monitoring
and enhances cost of operating.

Selection of threshold is difficult for various faults. If
window length is more, the delay in detection time.

Difficult to analyze low magnitude faults. It is sensitive
to noise and window selection is crucial. Its applicability
is limited.

More sensitive to noise signals. More complexity in
setting adaptive thresholds. Careful calibration is
required. Secondary protection enriches the cost.
Limited faults classification. Relying solely on locally
measured current signals. Implementation of real-time is
difficult. Multiple location faults are unable to address.

Scalability and adaptability of the scheme. Its accuracy
of detection depends on signal quality. Regulation of
relays more challenging due to faster response.

Tabauua 2. CpaBHeHWe NepenoBbiXx METOA0B 06paboTKM CUTHANOB.



S. No. & Methodology Pros Cons

Ref

1 [41-45] FT and FFT FT and FFT are capable to filter the noise for increasing the FT is incapable to handle non-stationary signal due to its
detection time. Easy to implement. More suitable for AC assumption of constant frequency. FFT is not suitable for
faults. non-linear signals due to superposition assumptions. These

approaches leads to potential risks

2 [47,48] STFT Capable of detecting both HIFs and LIFs within 2 s. It The accuracy depends on the number of samples in a
utilizes high frequency components. Ability to differentiate ~ window. It requires accurate parameter tuning.
between fault types and transient events. Computational burden increases due to processing of

frequency components.

3 [50] WT It captures both high and low-frequency data. Offers multi- Selection of appropriate wavelet is crucial. Potential
resolution analysis. It can capture signal variations over time sensitivity to noise and signal distortions. Its accuracy
and frequency simultaneously. violates when the signal consist noise.

4 [51] DWT Arcing and non-arcing signals are accurately classified. Not applicable for all faults. Delay in detection time.
Thresholds are fixed through signal-to-noise ratio. More Selection of mother wavelets requires additional approach.
suitable for diagnosis of instant changes. It enhances the computational burden.

5[53-57] S-transform  Internal and external faults are classified accurately. Due to  Selection of window impacts the detection accuracy. Relies
consideration of high frequency components for fault on advanced mathematical techniques. Requiring expertise
detection its capability is enriched for both AC and DC fault to analyze signals. Potential sensitivity to variations of
diagnosis. Reduces the cost and computational burden. parameters. Difficulty to implement in real-time

applications.

6 [58-61] EMD It adjusts the complexities of a signal. Suitable for both non- Encounters mode mixing susceptibility. Inadequate
stationary and nonlinear signals. Accurately detected P-P frequency-domain representation. Reliance on measured
and arc faults. Enables early fault detection. Maintenance  data. Unable to utilize for uncertain conditions. Neglecting
cost is reduced. the low frequency components causes loss of information.

7 [62] EEMD Reducing mode mixing suitable for non-stationary and non- Challenge in capturing the low-frequency components.
linear signals. Frequency-domain representation is enriched Increases the computational burden due to iterations and
by multiple iterations with white noise. Reduce the noise. It leads false tripping if it consist noise content.
maintenance cost. Improves reliability. Careful tuning is required for selection of ensemble trials

with added noise magnitude.

8 [63-67] HHT It is more suitable for non-linear and non-stationary signals. It shows mode mixing and end effect for short-term duration
The HHT spectrum can captures fault events in the signals. signals. HHT spectrum is sensitive to noise signals. For large
It is more compatible to integrate with other techniques. data sets it is not suitable due to high computational burden.

9 [68,69] LMD It is suitable to identify islanding and non-islanding Difficulty in determining the local mean components.
phenomenon. It offers localized fault frequency analysis and Selection of window size and threshold values impact the
facilitates the interpretation. detection accuracy. Over fitting also reduces accuracy.

10 [70,72] VMD It is capable of diagnosing transients also dynamic Selection of IMFs and penalty factor requires additional
frequency-amplitude modes. It optimizes the modes optimization approach. While dealing with HIFs, it
according to user defined. It is versatile and applicable to  exhibited computational burden. Selection of threshold is
both AC and DC faults diagnosis. It is more robust against difficult for HIFs and large fault datasets.
noise.

11 [74] TEO The Teager energy of the signal provides more flexible for It is more sensitive to load variations, uncertainties in source
fault analysis. It requires three consecutive samples for fault power and the noise content. Selection of improper
detection. Faster in response in both simulation and real- threshold leads false tripping. It is not suitable for complex
time. nature signals.

12 [81] PSO Capable to deal with complex optimization problems. Not suitable for high-dimensional or multimodal
Simple to implement by tuning few parameters. It is optimization. Not suitable for discontinuous or non-smooth
compatible to integrate with other techniques. Converges fitness functions. Sensitive to the initial population and
quickly at near optimal solutions. swarm size. Limited Exploration of search space.

13 [83] SSA It balances exploration and exploitation effectively. It is It exhibits premature convergence and suboptimal results.
more robust to noise in fault data. Its parallel processing Difficulty in handling constraints. Careful tuning is required
enhances diagnosing accuracy. It is relatively simple to to balance exploration and exploitation.
implement and allows versatility with other techniques.

14 [85] FA Due to large search capabilities it is suitable for complex Exhibits suboptimal results with multimodal fitness
problems. More robust to noise and uncertainties. It can functions. Its capability is limited and is not suitable for
flexibly navigates non-convex optimizations based on complex and high-dimensional datasets. Careful parameter
landscape fitness. tuning is required for optimal results.

15 [86] GA It efficiently searches for global optimal values. It maintains It is difficult to identify a gene when it falls in premature

population diversity to ensure various solutions. GA exhibits
robustness to noise in fault data.

Tabnunua 2 (npoaonKeHue)

convergence. Selection of initial population and encoding
scheme impacts efficiency. Selection of mutation operator
and crossover is essential. It exhibits high computational
complexity.

(continued on next page)



S. No. & Methodology Pros Cons

Ref

16 [87] SCA It is more flexible to combine with other algorithms. Easy to It doesn’t have theoretical convergence evidence. Difficulty
implement. Reduced execution time. in handling constraints. Requiring careful adjustment for

optimal performance.

17 [88] WOA This approach effectively balances exploration and It exhibits slow convergence speed in complex problems, and
exploitation, possesses global optimization capability, requires careful for coefficients of encircle prey and spiral
demonstrates versatility in handling faults, and offers a updation. Also exhibits poor performance for high-
simple implementation. dimensional data sets

18 [84] DFA This approach based on fractal analysis and it has the This approach exhibits abrupt jumps in detrended profiles,
capability of detection and classification of non-stationary =~ non-monotonic behavior, sensitivity to large data and non-
signals with long-range correlations. Also removes stationary signals, computational complexity, sensitivity to
fluctuation trends and extracts intrinsic features in time parameters, limited interpretability, and a lack of insight
series from the signal. into local fractal components. Unable to address local

fractals.

19 [86] MFDFA The ability of capturing the scaling behaviour of different It is not applicable for higher-order polynomials. Unequal
fractal signals including local and global to enhances the division of scales results poor performance. It is only
detection accuracy. Ability to differentiate the multiple suitable for time-series data sets.
fluctuation fractals. Also, applicable for complex datasets.

20 [158] FMD Feature mode decomposition (FMD) method is very much It suffers from mode mixing under dynamic conditions.
useful in early fault feature detection. It separates mode
effectively under uncertain conditions.

21 [159] SVMD Successive variational Mode decomposition (SVMD) gives SVMD takes more computational time due to iterative

better decomposition outcomes as compared to existing

procedure. Also, parameters for this method need to

techniques like empirical mode decomposition and optimize otherwise may not get better outcomes.

variational mode decomposition.

5.1.3 MeTozbl MalMHHOrO 0by4YeHuns

XoTa meTozbl 06pabOTKM CUrHANOB YAyYLIAOT 06HApYXKeHWe HencnpaBHocTel, UX 3G GEKTUBHOCTb YACcTO
3aBMCUT OT M3BJIEYEHMA NMPU3HAKOB M 3aaHHbIX SKCNepTamMu NOPOroBbIX 3HAYEHWU ana Bbibopa IMF. Ona
peleHuns 3Tux Npobiem 1 NoBbIWEHUA aAanTUBHOCTN K 06paboTKe CNOMHbIX AaHHbIX O HEMCMPABHOCTAX
CerofHA UCNoNb3YytoTCA PA3/IMYHbIE NOAXOAbl MALLMHHOTO 06yYeHUA. TpaANUMOHHbBIE METOAbI, TAaKMUE KaK
SVM, KNN u RF, y)Ke WMPOKO MCMOAb3YIOTCA AAA KnaccudpuKauum HeucrnpaBHocTer Gnarogapa ux
CNOCOBHOCTM BbIABAATb 3aKOHOMEPHOCTU B BoNbLIMX Habopax AaHHbIX. B nocnegHee Bpemsa NosBUAUCH
HOBble NoAX0Abl, TAKMe Kak bycTupoBaHue rpagueHTa, XGBoost, RVFLN 1 npegsaputenbHo obyyeHHble
mogenn BLS, KoTopble ONTUMUBUPYIOT CKOPOCTb WM  TOYHOCTb, OcobeHHO npu pabote ¢
HecbanaHCMPOBAHHbLIMU UAN MHOTOMEPHbIMWU AaHHbIMU. MpumeyaTenbHo, uto RVFLN 1 BLS n3BecTHbI
cBoel BbICTPOM NOArOTOBKOM M NPUTOAHOCTBIO A1A OHNANH-06YyYeHMA, YTO AenaeT UX NePCNEeKTUBHbIMM
ONA NPUMEHEHUA B peXume peasbHOro BpemeHW. HecmoTpAa Ha CBOM MpeumyLlectsBa, 3TM MeToabl
MalUMHHOrO 0byyeHMa TPebyloT TUaTeNbHOM ONTMMM3AUMM M MOTYT CO34aBaTb C/AOXMHOCTM MpU
pa3BepTbIBAHUKN B PeasibHOM BPEMEHMU M3-3a BbIYMCAUTENbHbIX TPeboBaHMI U pUCKa nepeobyyeHuna. Tem
He MeHee, WHTEerpauua MallMHHOMO OOy4YeHWA B CUCTEMbl 3alLMTbl 3HEProcMCTEM MPOLO/KAET
pa3BMBaTbCA, MNpeasiaraa nepcrnekTUBHbIE pelWeHnsa ANA MNOBbIWEHUA HaAEXHOCTU CUCTEMbI U
ynpasneHua cboamu.

5.1.4 KombMHMpPOBAHHbIE METOAbI

HecmoTps Ha To, 4To 6b1M pa3paboTaHbl KOMBMHMPOBAHHbIE MOAENN ANA PeLleHMA 3a4aY, CBA3AHHbIX C
OrpaHUYEHMAMM aBTOHOMHbIX METOA0B 06PabOTKM CUrHANOB M MaLLMHHOTO 0byyYeHuA, UX peannsauma B
pernme peasibHoro BpeMeHU No-nperKHeMy ABNAAETCA CePbe3HOM CNOKHOCTbIO. Takue meToabl, Kak DWT-
TEO n MKELM ¢ VMD, nosblwatoT 3GPeKTUBHOCTb 0OHAPYKEHNA HEUCNPABHOCTEM 33 CYET COYeTaHus
TOYHOTO  PA3/IOKEHUA CUTHANA C  HAAEeXHOM  Knaccudukaumein, AEMOHCTPUPYA  BbICOKYHO
NPOM3BOAUTENbHOCTb NPU HEUCMPABHOCTAX NEPeMeHHOro/NoCcToAHHOIO TOKa U B YC/I0BMAX aBTOHOMHOM
paboTbl. AHanormyHo, OS-ELM c HFA n EE-RRVFLN ncnonb3ytoT AMHaMMUYeckyto Knaccudukaumio n otoop
NPW3HaKOB ANA AOCTUMKEHMA BbICOKOWM TOYHOCTU MPU OOHAPYKEHUN CNOXKHbBIX M HEeCbaNaHCMPOBaAHHbIX
YCNOBUIA HeucnpaBHocTeld. OfHAKO 3TU MOLENM 4YacTo TPeOYIOT 3HAYMTENbHbIX BbIYUCAUTENbHbIX
pecypcoB M TWATENbHON HACTPOMKW MapaMeTpoB, YTO OrpaHMYMBAET MUX MPUMEHMMOCTb B CUCTEMAX
peanbHOro BpemeHu. B yactHoctn, xota MKELM ¢ VMD u EE-RRVFLN, BapnaHTbl BLS 1 KOMBMHMpPOBaHHbIE
Mmogenu BLS xopowo paboTatoT B yCAOBUAX WyMa M 3afady pacnpeneneHua MOLLHOCTU, UX TOYHOCTb
MOMET CHUXATbCA Npu paboTe ¢ HecbanaHCMPOBAHHBIMU AAHHBIMU AW NPU UHTErPaLUK 060PYA0BaHUS.



Xota KOoMBWHMpoBaHHble moaenn o061adaloT 3HauMTeNbHbIM  MNOTEHUManom, codyetas B cebe
NPeMmyLLLecTBa HECKONbKUX MeToAoB, HeobxoAuma pAanbHeiwaa aopaboTka ANA NOBbIWEHUA UX
aJanTUBHOCTU U CHUMKEHUA BbIYMCANTENbHON CNOMHOCTU B peasibHbiX 061acTaXx npumeHeHus. 3Toro

MOXHO A0CTUYb C MOMOLLbIO CTpaTeI'VIﬁ 6yCTMHI'a N aaropuTmoB ONTUMU3ALUN, CNOCOBHbIX 3d)¢eKTMBHO

HacTpauBaTb NapameTpbl 415 Bce bosiee CAOXKHbIX Moaenei.

Tabnnua 3. CpaBHEHME METOA0B MALUIMHHOIO 0byyeHus.

S. No.  Methodology Pros Cons

& Ref

1 [97] K-means It is more suitable for large datasets. Easily interpretable and  This classifier is not suitable for discriminating multiple
facilitating efficient implementation. classes, its reliance on Euclidean distance, and the requirement

for a predefined number of clusters. Additionally, it struggles
with low data samples, which can lead to unreliable results.
KNN It is efficient for normalized datasets and remains accurate Its performance depends on neighbor selection and isn’t ideal

2 [98] with added data. It requires no training period, is easy to for unscaled datasets with varying dimensions. Additionally,
implement, and executes quickly. computing distances for large datasets can be computationally

expensive.

3[100] RBM This classifier autonomously learns features from data, handles It struggles with capturing long-range dependencies in data
missing data, and complements supervised learning and can suffer from overfitting on small datasets. Its
techniques. It operates without the need for labelled data performance depends on the hyperparameter choices. It has
during training. RBM reconstruction enables data denoising, limited applicability.
and feature visualization.

411011 SVM It is more accurate due to its transformation to higher It is not suitable for both end measurements. Exponential
dimensional space. It is more suitable for small datasets and  features may lead to false fault location. Not suitable for large
robust against overfitting. datasets and difficult to analyze noise related signals. Selection

of kernels is a challenging task.

5[102] RF It is more robust against overfitting and capable to handle the It can be computationally intensive and memory-consuming,
noise data. More suitable for feature selection and provides especially for large datasets. Additionally, tuning
accurate and fast faults classification. hyperparameters can be necessary, and interpreting results

may be challenging due to its ensemble nature.

6[107] MLP Due to learning of complex non-linear relationships, it is used It suffers from overfitting with insufficient training data and
in various applications. It has the capable to learn and extract requires meticulous hyperparameter tuning. Additionally, it
suitable features from the raw data. It has capable of can be computationally intensive, particularly for large
approximating any continuous function. datasets, and may struggle with noisy or insufficient data.

Requires BP for weights computation

7[109] ANN It can learn from data and adapt their behavior without Due to the many parameters in ANNs, complexity and
changing programming. It is capable of protecting MG during overfitting increase. It can be difficult to interpret and
dynamic changes. It is more suitable for intermittent faults. understand the decisions behind the fault classification. Its

performance heavily relies on the quality and quantity of
training data. ANNs can be computationally expensive and
time-consuming to train.

8[114] CNN CNNs automatically learn relevant features from raw input Complexity is more due to multiple layers. It is not suitable for
data, capturing spatial relationships for accurate fault less fault samples classification and isolation of the fault. Also,
localization. They utilize pooling layers for higher-level feature suffers from fragmentation problem. Its performance is heavily
extraction and demonstrate fast learning, particularly with depends on the quality of the training data. Not suitable for
small datasets. noisy or insufficient data. Its black-box nature hinders

interpretation.

9[115] RNN RNNs excel in handling sequential data, allowing for early RNNs may encounter exploding gradient problems during
fault detection. They can accommodate input sequences of training, potentially leading to difficulties in capturing long-
variable lengths and maintain memory of previous inputs to  term dependencies and resulting in false fault detection. RNNs
enhance the capability. may struggle with unsupervised training on large datasets, and

their training can be computationally expensive compared to
ANNSs. Additionally, the finite memory of previous inputs may
limit RNNs’ ability to capture extensive contextual
information.

10 [116] DBN It can handle labeled and unlabeled data effectively. It can DBNs may increase overfitting and are best suited for larger
manage large datasets, and stack with other models for better ~datasets, requiring extended training times. They may struggle
fault detection. They also excel in managing missing data and to classify faults independently and need output layer tuning
reducing dimensionality, enhancing fault CA. with supplementary algorithms for optimal performance.

Additionally, their computational complexity and reliance on
random weights can lead to lower accuracy.

11 [117] ELM Simple in architecture, fast training, no need of The hidden layer parameters in ELMs are randomly chosen

hyperparameter tuning at hidden layers. It can perform well on
unseen data after training. It is less susceptible to overfitting
issues.

Tabnuua 3 (npoaonKeHue)

and cannot be fine-tuned, which may lead to overfitting or
underfitting, particularly with small datasets. The use of
random weights can result in lower accuracy. Additionally,
ELMs may struggle to capture complex hierarchical features
effectively in fault diagnosis.

(continued on next page)
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12[118] KELM Kernel function is used to capture the complex patterns, The selection of kernels poses a significant challenge and
reduces the overfitting risk, it is suitable for large-scale demands more resources, particularly with complex kernels. Tt
applications. It has the capable of mapping non-linecar data exhibits poor performance with the noisy data or real-time
into a higher-dimensional space using kernel trick. fault diagnosis. It has limited flexibility, and interpretability

challenges.

13[119] MKELM Multiple kernels are used to capture the complex and non- Selecting and combining multiple kernels can be challenging,
linear relationships in dataset. Enhances the CA as compared requiring careful tuning and potentially impacting
to other ELM variants. Capable to deal with large and computational resources. The training process of MKELMs
complex datasets. may be computationally expensive due to the combination of

multiple kernels, demanding more resources. MKELM can be
difficult to interpret, further complicating model analysis.

14 [120] OS-ELM OS-ELM efficiently manages large datasets, ideal for big data It may suffer from instability issues related to matrix inversion
applications. It demonstrates good generalization and require regularization techniques to mitigate them.
performance, even with limited training data, while reducing  Continuous model updating can lead to overfitting, especially
memory usage. With its sequential learning approach, OS- with MG fault data. It may not be suitable for all fault
ELM trains data quickly, making it suitable for real-time detection tasks and can exhibit computational burden with
applications. complex or very large datasets. Performance of OS-ELM

depends on the selection of chunk size and learning rate.

15[122] RVFLN It offers rapid training and testing and can handle both noisy The performance of RVFLN is contingent on selecting
and noise-free datasets effectively. The use of direct links appropriate regularization parameters. Nonlinear
enhances performance and reduces overfitting. It is scalable to transformations introduced by functional links add
large datasets and captures nonlinear transformations for complexity, aiding in generalization to complex relationships
faults through functional links, expediting model development but potentially limiting adaptability to changing data.
in fault detection. Additionally, the fixed random weights of RVFLNN may

require boosting to optimize model performance.

16 [123] KRVFLN It eliminates the need for selecting hidden nodes and mapping Kernel selection poses a challenge in KRVFLN, requiring
functions by utilizing kernel functions. These kernels capture  careful consideration. Kernelization introduces redundancy,
complex and non-linear relationships from the fault signals, necessitating fine-tuning and influencing model performance.
enhancing the adaptability of RVFLN. The chosen kernel significantly impacts KRVFLN’s sensitivity

to dynamic conditions.

17[124] MKRVFLN It has the capable to capture wide range of complex and non- Integrating multiple kernels complicates the model and makes
linear relationships through multiple kernels. It reduces selecting and tuning kernel parameters challenging. It is not
overfitting and enhances fault CA. It is more robust to noise suitable for small datasets and also struggle with classifying
and data variability. Able to deal with unseen fault dataset. imbalanced fault datasets.

18 [125] OS- It updates online with each data chunk, negating the necessity Its performance is depends upon the selection and tuning of

KRVFLN for retraining. It effectively addresses unseen faults and excels kernel parameters. It struggles to adapt to significant changes
in nonlinear feature learning and generalization. OS-RVFLN’s in fault patterns, requiring expertise in dynamic fault
memory efficiency allows it to handle large streaming fault environments. It updates based on recent data, potentially
data with high performance. Kernel function enhances OS- losing historical fault patterns, and its performance is sensitive
KRVFLN’s ability to filter out noise and disturbances for to hyperparameter tuning. Sequential learning with small
diagnosing faults accurately. datasets leads to suboptimal results.

19 [127] BLS It is simple in structure, easy to build, faster in training and  Careful tuning is required for hyperparameters in BLS. BLS
testing, reduces the computational time. It can continuously  lacks control over specific features generated through random
learn and adapt to new data without retrain the entire mapping. Potentially higher computational complexity.
network. It can efficiently handle high-dimensional data. It Integration of other learning techniques causes overfitting.
utilizes random mapping to create a vast pool of features. Challenges in handling imbalanced datasets effectively. The
Exhibits more accuracy even compared to deep learning redundancy and oversampling of weights.
methods. It uses an iterative training procedure to adjust the
weights in the network.

20 [160]  Multiclass The multiclass adaboost algorithm is chosen due to its ability Unlike traditional AdaBoost, this is limited to binary

adaboost to adaptively update weight values by iteratively calculating  classification. The multi-class adaboost relies on inadequate
the error rates of weak classifiers. classifier selection and is computationally demanding.

21 [161] XG boost The extreme gradient boosting (XGBoost) algorithm has If appropriate regularization and validation procedures are

strong generalisation performance and noise tolerance.
Utilising the concepts of feature column sampling and data
sampling, XGBoost not only speeds up training but also
successfully avoids over-fitting.

not used, XGBoost may overfit when trained on tiny datasets.

Tabnnuya 4. CpaBHEHNE KOMOBUHUPOBAHHbIX MOLENEN.
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1 [134] DWT-TEO It enables early fault detection, especially DC short-  Improper selection of mother wavelet for
circuit faults. Capable to distinguish arc faults and  decomposition leads to suboptimal results. Not
cable faults. Enhances the detection accuracy. suitable for fault location estimation. Not suitable

for HIFs detection and classification.

2[137] EWT-SVM It is more suitable for HIFs detection and It introduces computational complexity, careful
classification. More robust to noise related signals  tuning is required for hyperparameters. It can only
and ability to handle non-stationary signals. identify fault and non-fault events. Enhances the

computation time while dealing with real-time
applications.

3[138] Improved EEMD This approach eliminates the mode mixing problem. It enhances the computational time while handling
Effectively distinguishes the both LIFs and HIFs. with large and real-time data. Improper selection of
Essential features are extracted from the singular thresholds and hyperparameters lead to suboptimal
points of mutation and cumulative slopes. It adopts results. Limited interpretability and transparency
noise to handle the noise signals. It suitable for during decision process. Not suitable for fault
various applications. location estimation. When samples sizes are low, it

leads to overfitting.

4[140] HHT based Travelling wave  Accurately estimates the fault location. The Not suitable for faults classification. Performance
characteristics of time-frequency and propagation  relies on about fault characteristics and it leads to
provide clear information of fault. Adoptable to suboptimal results. Careful tuning is required for
complex MGs. Reduces false alarms. hyperparameters. It requires comprehensive testing

for validation.

5[142) LMD-SVM LMD extracts crucial information in frequency Sensitivity to noise, and not suitable for low
bands. Effectively classify the DC arc faults through resistance faults. Exhibits computational complexity
features. Fault detection accuracy increases. More  while handling large datasets. Selection of
robust to noise and non-stationary signals. Capable thresholds for fault detection is a challenging task. It
to deal with real-time applications. requires additional optimization for optimal

hyperparameters. Not suitable when there are more
features.

6[144] VMD-PSO-SVM It is capable to classify both cable faults and ground It introduces more computational burden during
faults. VMD outcomes are more reliable for fault training. Not suitable for fault location estimation.
detection. Capable of dealing with different types of Accurate parameter tuning is required. selection of
signals contributes the various domains. It offers kernel is a challenging task. Difficulty to implement
robust fault detection across various scenarios. in real-time.

7 [85] AVMD-DFA Enhances the detection and classification accuracy.  Difficult to identify fractals for detection in real-time
Capable of detection and classification of non- environment. For parameters tuning in AVMD-
stationary signals with long-range and local DFA expert is required. Not suitable for fault
correlations. Adaptable to various faults in different location estimation and relay tripping. Unable to
MGs. More robust to noise and non-stationary identify the unseen data. Not suitable for HIFs
signals. Capable to detect islanding and non- detection.
islanding events.

8 [87] MFDFA-TEO Capable of detecting and classifying even low Not suitable for polynomial functions. Difficulty to
magnitude faults by extracting features from time  understand the fractal components and time-domain
series of fluctuations and trends. Enhances fault CA  analysis. Not suitable for incident fault location
by effectively capturing the scaling behavior of estimation. Due to fewer samples processing for
different fractals from the signal. Suitable for real-  each time it is unable to adopt large datasets. Not
time applications, reducing delay in detection time  suitable for noise or variations in the data.
due to fewer samples.

9 [148] Modified KNN Principal component analysis is used to reduce the =~ Enhances the complexity of the MG. Fine-tuning of
size, eliminating singularity from the signal. Tt this ML models require expertise. It demands
processes 5000 samples per second, reducing computational resources for training and testing. It
features. Suitable for large datasets, it doesn’t relies heavily on the closest data points for
require accurate mathematical modeling, making it  classification. Not suitable for real-time fault
suitable for LIFs in MGs. diagnosis.

10 [120] ML-ELM with Ant-Lion Critical ML-ELM parameters optimized for Expertise needed for hyperparameter fine-tuning.

algorithm

Tabnuua 4 (npoaonKeHue)

accuracy. Effective for both internal and external
fault classification. Improves fault diagnosis
accuracy. Optimization enhances global search
capability. Captures fault-specific information from
vibration data. Handles complex relationships and
large datasets effectively.

Suboptimal results with distant ants. Unable to
extract sensitive information from low-magnitude
faults. Not suitable for real-time implementation.
Slow convergence impacts MLELM training.
Requires meticulous optimization.

(continued on next page)
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11 [152] MKELM with VMD Easy implementation, with performance depending Threshold selection challenging for low-magnitude
on just two easily tunable parameters. Coordinated faults. Susceptible to noise interference. Limited
algorithms ensure convergence to optimal solutions. capacity to capture distribution system complexities.
Can handle both AC and DC faults, detecting Kernel selection poses a significant challenge.
islanding and non-islanding events. Suitable for Further research needed to tailor it for arc fault
various MG configurations. diagnosis. Not suitable for fault location estimation

due to kernelization. Inapplicable for imbalanced
systems.

12 [153] OS-ELM with HFA Chunk-wise data processing ensures accurate fault It exhibits high learning rate and computational
classification. Significantly reduces PV tracking time. Real-world implementation may face
error. HFA minimizes randomness in OS-ELM, additional challenges. Performance relies on
enhancing robustness. Improves power quality and hyperparameter selection and tuning. Stable voltage
fault detection. Dynamic input clustering for better profile is not a concern. Unsuitable for fault location
adaptation to changing environmental conditions.  estimation. Unable to handle imbalanced datasets.

13 [154] EE-RRVFLN PV and wind MPPT control achieved via droop Not suitable for detecting low-magnitude faults.
control, reducing tracking error. Efficient features  Inapplicable for imbalanced datasets. Unsuitable for
selected through FA, enhancing classification real-time implementation, increasing computational
accuracy. Suitable for various MGs, capable of burden. Suboptimal results in dynamic conditions.
classifying up to 6 fault classes. Extracts sensitive More costly for real-time deployment.
information from signals. Effective power sharing
capability.

14 [155] KRVFLN with AEWT Capable to detect DC cable and ground faults with It is computationally sound, but exhibits delay in
high accuracy and sensitivity, even in noisy detection. Not suitable for real-time implementation
environments. Addresses coordination limitations in  due to complexities. Requires careful fine-tuning of
low-voltage DC MGs, preventing false tripping. hyperparameters. Additional optimization
Fast decision-making with Gaussian kernel algorithms increase complexity. More sensitive to
functions for high-dimensional search spaces, environmental changes.
handling noise and volatility.

15 [162] ICEEMDAN with Effective decomposition of nonlinear and non- Because of its high processing cost, ICEEMDAN

Multiclass adaboost stationary dc signals is made possible by improved  could not be practical for real-time applications
complete ensemble empirical mode decomposition  without optimization. The quality and selection of
with adaptive noise ICEEMDAN), which improves characteristics from IMFs are crucial to the
feature extraction for precise islanding detection in  technique. AdaBoost needs a diversified and well-
microgrid systems. The multi-class AdaBoost labeled dataset, which might be challenging to
method facilitates the detection of different islanding  collect in real-world microgrid settings.
and non-islanding occurrences and offers good
classification accuracy.

15 [154] ACVMD with RKRR By efficiently classifying and decomposing Its intricacy may restrict its interpretability and

complicated signals, the combination of Reduced
Kernel Ridge Regression (RKRR) and Adaptive
Cross (ACVMD) provides reliable and accurate
monitoring of islanding and power quality issues in
microgrids.

simplicity of use, though, as it necessitates
meticulous parameter adjustment and an adequate
amount of labelled data.

5.2. NpoussoanUTeNnbHOCTb NPU Pa3INYHbIX YCNOBUAX

3pPeKTUBHOCTb CTpaTernii 3alWuTbl OT HEMCMNPABHOCTEN B MMUKPOCETAX MOCTOAHHOrO TOKa 3aBWUCUT OT
MHOECTBa B3aMMOCBA3aHHbIX (GAKTOpPoB. K HMM OTHOCATCA XapaKTep HeucrnpaBHOCTEW, CTPYKTypa
CUCTEMbI M AMHAMMYECKME YCNOBUA IKCNIyaTaLmK:

5.2.1 BanAHWeE TMNa U MeCTOMNOJIOXKEeHMA HEMCNPABHOCTEN

O6Hapy»eHne U KnaccuPuKauma HeUCnpaBHOCTEN B 3HAYMTENbHOW CTeneHu 3aBUCAT OT MX TUNa
(Hanpumep, P-P, P-G, HIF u T. A.) 1 MecTonofoKeHua B ceTU. HencnpaBHOCTM B6AM3N UCTOUYHUKA, KaK
NnpaBuo, reHepupytloT Oonee BbICOKME 3HAYeHWs TOKa M Jierye OOHApy)KMBAlOTCA, TOraa Kak
HencnpaBHOCTU B yAANEHHbIX Y3/1aX U C BbICOKUM CONPOTUBIEHNEM MOTYT CO34aBaTb eABa 3aMeTHble
NPW3HAKKW, KOTOpble 3aTPYyAHAIT naeHTMduKaumto. OTCYyTCTBME eCTeCTBEHHOrO Mepexofa TOKa 4vepes
HO/Ib B CUCTEMAX NOCTOAHHOTO TOKa elle 6onblue yCAoXKHAET 3afavy, Tpebya 6onee YyBCTBUTENbHBIX U
TOYHbIX METOA0B OOHapyKeHUA.

5.2.2 BansAHWe CTPYKTYpPbl CETU U CBOMCTB NpeobpasosaTtens

CTpyKTYypHas KoHOUrypauma MUKPOCETU MOCTOAHHOIO TOKa (paguanbHas, KoabLEeBas MAM ceTyaTtasn) B
COYETaHWM C HaZMYMEM CU/IOBbLIX 3/IEKTPOHHbIX NpeobpasoBaTenieil BAMAET Ha XapaKTePUCTUKM TOKa
KOPOTKOro 3amblkaHuA. CTpaTermm ynpasieHusa npeobpasoBaTensimn, CKOPOCTU MepeKknoHeHus U
OrPaHMYEHHbI BKNAA TOKa KOPOTKOIO 3amblKaHWUA MOTYT M3MEHATb AMHAMUKY CUCTEMbI BO Bpems cbos.
MoaTomy meToApbl 3aLuUTbI TaK W CBOMCTBA

OOJ/IKHbBI  YUMTbIBATb KaK CTAaTUYECKYHD CTPYKTYpY,



npeobpasosaTesieil B peasibHOM BpeMeHW Ansa obecrnedeHna TOUHOro 06HapyXeHNsa HemcnpasHOCTEN K
KoopAMHaLMK.
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Puc. 7. MpeacrtaBneHne MeTOA0B MalLUMHHOMO 06yyeHMsA, ONTUMM3ALMKM M APYTUX CTaTUCTUYECKUX
METOA0B ANArHOCTUKU HEUCMPABHOCTEN.
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Puc. 8. CTpaTterus 3awumThbl, NPUMEHAEMAsA B MUKPOCETH.
5.2.3 BAvsAHME KPaTKOBPEMEHHOTO HapyLIEHUSA peXnma paboTbl U PeXKMMOB aBTOHOMHOM paboTbl

BHewHune nepexogHblie Nnpouecchbl, Takhe Kak KonebaHun HArpy3sku, nepexknatvyeHna n wymbl M3Mep6HVIVI,
MOTyT MAaCKnpoBaTb NPU3HAKU HeVICI'IpaBHOCTel)'I N NpnBoaunTb K TIOXKHOMOJIOKUTE/IbHBIM Cpa6aTbIBaHMFIM



WUAK 3a4epXKKe pearnpoBaHua. Kpome Toro, HenpegHamepeHHOoe OTKAKYEHME OT CETU UBSMEHAET FPaHuLLbl
3aWnTbl U BANAET Ha KOOpPpAUNHAUUIO pene. HagerkHaa 3awmra oT HeMCﬂpaBHOCTEﬁ AO0/XKHa pa3/zindaTtb
peanbHble HeUcCrnpaBHOCTU U He CBA3aHHble C HEUCNPABHOCTAMU MOMeEXWU, obecneunsas npu sTom
cBoeBpemeHHoe 06Hapy)KEHME OTK/ZIIOYEHUA OT CETU ONA NogaepKaHUA CTabuNbHOCTU CUCTEMDI.

5.3 HoBble TeHAEeHUUN U He[0CTaTKN

HeCMOTpH Ha 3HayuTe/NlbHble TeXHUYeCKne AOoCTUXKeHUA, CTpaTernun 06Hapy)KeHVIﬂ n 3alnTbl OT
HEeMCNPaBHOCTEN MO-NMpPEXHEMY CTa/IKUBAOTCA C Cepbe3HbiMU 3axkadyamu. OOHUM U3  KJIOYEBbIX
HanpaB/ieHUI ABNAETCS BHeApeHWe MEeTOLOB MCKYCCTBEHHOro MHTENNIEKTAa M MAalMHHOro obyyeHus, B
yacTtHocTn Takux mogenen, kKak CNN, RNN u RVLN, KoTopble obecneumBatoT agantusHoe obydeHue,
nossonsfna cucremam 3¢PEKTUBHO pearMpoBaTb Ha AMHAMMYECKUME W U3MEHAIOLWMECA YCI0BUA
HeucnpaBHocTeil. MapannenbHo € 3TUM, Bce 6O/sbliee BHUMMAHWE MNPUBIEKAOT KOMOMHUPOBAHHbIE
MeToAbl, coyeTalrowme aaropuTMbl MAIMHHOTMO obyyYeHMA ¢ meTogamm 06paboTKu curHanos. Takoe
CoyeTaHMe MOBbIWAET TOYHOCTb 3alMTbl 33 CYET YAy4YWeHUs WU3BNEYEeHUA U KnaccuduKaumm
COOTBETCTBYIOLUMX  XaPaAKTEPUCTUK, OCOBEHHO B YCAOBMAX CUbHbLIX 3/IEKTPUYECKUX  MOMEX.
Mcnonb3oBaHne 6a30BbIX 31eMeHTOB BLS B pamKax 3TUX KOMOMHUPOBAHHbIX MOAX0A0B TaK:Ke COKpallaeT
Bpems pearnpoBaHus, obecneumBana UAEHTUOMKALMUIO HEUCNPABHOCTEM MNPaKTUYECKM B peasibHOM
BPEMEHWN Jaxe B AELEeHTPanU30BaHHbIX WAM yAaneHHbIX MWUKPOCETAX MOCTOAHHOro Toka. OgHako
COXpaHAeTcA psaf,  KPUTUYECKMX HedocTaTKoB. MHOrvMe cywecTBylolMe MeTodbl 3aBUCAT  OT
®OUKCUPOBaAHHbLIX  MNOPOroBbIX 3HAYEHUM WAM  NPeAnonaralT OAHOPOAHbIE  XapPaKTEPUCTUKMU
HEUCMNPABHOCTEN, YTO CHMMKAET MX HALEKHOCTb MNPU PasIUYHbBIX YCAOBUAX HArpysKu, pexrnmmax
ynpaBneHusa npeobpasoBaTeseM W BO BpemA paboTbl B aBTOHOMHOM pexume. JloKanusaums
HEeMCMPaBHOCTEN TaK)Ke OCTAETCA CJIOKHOM 3aJayvyeii: HeucrnpaBHOCTWU, PacrosioXKeHHble BO6M3MU
WCTOYHWKA, OTHOCUTEIbHO Nerye 06HAPYKNTb U NOKANIM30BaATb, TOTAa KaK HEMCNPABHOCTU, BO3HMKatOLWMe
panbwe no éugepy unu B6AM3M pacnpeneneHHbIX HarpysoK, 4acTo [AaloT cslabble CUrHanbl, 4TO
3aTpyAHAET TOuYHyl0 unaeHTUdMKauumo. Kpome TOro, oTCyTCTBUE JIETKOBECHbIX MOZesnel C HWU3KOM
3a4€epPKKOM, KOTOopble MOXHO 6bino 6bl pa3BepHYTb Ha BCTPOEHHbIX MNepudepuiiHbIX YCTPOMCTBAX,
OrpaHNYMBAET YHUBEPCAIbHOCTb CUCTEM 3aLWMTbl. 1A peweHnn aTuxX 3aga4 byayuime cMCTeMbI A0MKHbI
YUYUTbIBATb KOHTEKCT, AMHAMMUYECKM a8anTUPOBaThCA U BbITb CNOCOBHBIMM K CKOOPAUHMPOBAHHOM paboTe
C cucTeMaMm ynpaB/ieHMA npeobpasoBaTenamu.

5.4 HanpaBneHua 6yaywmnx nccaegosaHui

CywiectByeT HECKO/IbKO HanpaBAeHU ana byaywmux WCCnefoBaHW, Kacalowuxcs npeogoneHus
CYLLECTBYIOWMNX HEAOCTaTKOB W MOBbIWEHUA 3OPEKTUBHOCTM CUCTEM OBHAPYKEHUA W 3aUTbl OT
HEeMCNPaBHOCTEN B MUKPOCETAX NOCTOAHHOMO TOKA:

5.4.1 ABToMaTMyeckuit Bbibop nHbopmaTtusHbIX IMF B meToaax Ha ocHose VMD.

CywecTsytowme peanunsaumm VMD ocHOBaHbI Ha NapameTpax, 3a43aBaemMbiX BPYYHYHO, U PUKCUPOBAHHOM
KO/IMYECTBE PEXKMMOB, YTO YacTO NPUBOAUT K M3OLITOYHLIM MW BBOAALLMM B 3abayKaeHNe QYHKLUMAM.
Byaywme nccnefoBaHUa LOMKHbI 6bITb COCPeOTOYEHbI HA Pa3paboTKe aganTUBHbIX ONTUMMU3ALMOHHBIX
MogZenen Aasa aBTOMATMYEeCKoro onpegeneHus Haubonee peneBaHTHbIX A1a HeucnpasHocTei IMF,
BO3MOKHO, C UCMO/1Ib30BaHMEM MEP SHTPONUKN UAKN OTPAHNYEHMI PA3PEKEHHOCTHU.

5.4.2 Pa3paboTKa CBEPX/JEerkMX KOMOBWHWPOBAHHbLIX MOAENel ANA 3aluUTbl MUKPOCETEN MOCTOAHHOIO
TOKa.

X0TA KOMBUHMPOBaHHbIE MOAE/M MNOBbILIAOT TOYHOCTb, UX PAa3MEP M CI0KHOCTb YaCcTO OrPaHUYMBAIOT UX
NPMMEHEHMWE B pPEXMME peasibHOro BPEMEHM B MMKPOCETAX MOCTOAHHOrO TOKa. [epcnekTUBHbIM
Hanpas/ieHMem SBAAETCA pPa3paboTKa YMPOLWEHHbIX CTPYKTYP, KOTOopble 06beguHAOT Hernybokue



Knaccuoukatopbl € npeobpas’oBaHMAMM  HM3KOTO  MOPAAKA,  ONTUMM3MPOBAHHbLIX  ANA
MWKPOKOHTPO/INIEPOB MM cUCTeM Ha 6ase FPGA, 6e3 yuepba on1a TOYHOCTM OBHapyKeHUs.

5.4.3 becnoporoBoe Ob6Hapy»KeHWe HeuUCnpaBHOCTEM C UCMO/Jb30BaHMEM AMHAMMYECKOro obyuyeHwus
npeacraBAeHUaMm

OCHOBHbIM HEAOCTAaTKOM CYLLECTBYIOLNX METOAOB OOHAPYKEHUs HEeUCNpaBHOCTEN ABNAETCA WX
3aBMCMMOCTb OT CTAaTMYECKMX MOPOrOBbIX 3HAYEHWN ANA KAaccudUKaLMM HEeUcnpaBHOCTEN, KoTopble
YacTo OKa3blBatoTcA He3PEKTUBHBLIMU B AMHAMMUYECKUX YCIOBUAX, TAKMX KaK MepexosHble npoLecchbl
Harpysku, MOMexu nMpu NepeKktoyYeHMn npeobpa3osBaTensa MUAM  WU3MEHEHME CONPOTUBEHUA
HeucnpaBHocTen. MNepcneKkTUBHbLIM HAaNpaBAeHMEM ABNAETCA pa3paboTka cuctem obyyeHuna 6e3 yuntena
WM CAMOOPTaHU3YIOLLMXCA CUCTEM, TAaKUX KaK AETEKTOpPbl HEMCNPABHOCTEN Ha OCHOBE KaaccuduKaumm
WA afanTUBHbIE MOAENN SHTPOMUKU, KOTOPbIE aBTOMATUYECKM B PEXMME PEaNbHOro BPEMEHU M3y4atoT
3aKOHOMEPHOCTM, CBA3AHHblE C HEUCMPABHOCTAMM. ITU CUCTEMbI MOFYT YCTPAHUTb HEOBXOAMMOCTbL B
(OUKCMPOBAHHbIX MOPOroBbIX 3HAYEHMAX, AZANTUPYACL K U3MEHAIOWMMCA CTAaTUCTUYECKMM  WAn
CTPYKTYPHbIM WM3MEHEHUAM CWUrHafa, NOBbIWAA YCTOMYMBOCTb KaK B BapuMaHTax MOAENMPOBAHUS C
BbICOKOM, TaK N C HU3KOMN MHTEHCUBHOCTbIO MOMEX.

5.4.4 nHamunyeckoe obHapyKeHMe B aBTOHOMHOM PeXKMME s MMKPOCEeTeN NOCTOSHHOMO TOKA

Mpu nepexoae B aBTOHOMHbIM peXnM PaboTbl MUKPOCETM NMOCTOSHHOTO TOKA XapaKTep HencnpaBHOCTEN
MeHseTca u3-3a npeobpa3oBaHMA NyTen NMPOTEKaHMA TOKOB KOPOTKOrO 3aMblKaHUA, YMEHbLUEHUA UX
aMnNaMTYabl U AMHAMUYECKMX CBOWCTB Npeobpa3oBaTtens, B TO BpemMs Kak 601bLUIMHCTBO METOA0B 3aLLMTbI
WUITHOPUPYIOT  AMHAMWKY  ynpas/ieHusa npeobpasosatenem. byayuwime uvccnefoBaHUs — LOKHbI
COCPEeAOTOUNTLCA HA  KOHTEKCTHO-3aBUCMMbIX  MOAENAX, KOTOpble  WHTErpupyloT  COCTOAHUA
npeobpasoBatens B pPeaNbHOM BPEMEHM (HaNpPUMeEp, BbIXOAHbIE CUTHaAbl KOHTypa ynpaB/ieHus,
OAVHAMUKY OMOPHOTO TOKa), NpodwuaM HArpyskM W COCTOAHME ABTOHOMHOIO pexuma ass
WHTENNIEKTYaIbHOTO pas/iMyeHnn pakTMYECKMX HEMCNPABHOCTEN U NepexoAHbIX MPOLECCOB, BbI3BaHHbIX
npeobpasoBatenem. ITOF0 MOXKHO AOCTUYb NyTemM O6bEeAUHEHUA CUTHANbHbLIX XapPaKTEPUCTUK C
NepemMeHHbIMW YPOBHA YMNPaB/eHUS C WCMOJIb30BAHMEM KOMOWHWMPOBAHHBLIX mMozenein uav 6a3oBbix
3/1IEMEHTOB ANA CANAHUA PeLleHUl, YTO NOBbICUT KaK TOYHOCTb, TaK U M36MUpaTeNbHOCTb OBHapYKeHUn
HeUcnpaBHOCTEN B aBTOHOMHOM peKume paboTbl.

YcTpaHeHune 3TUX HeJOCTaTKOB 1 COCpeoTOHeHMe BHUMAHUA Ha HOBbIX TEHAEHUMAX NO3BO/INT B 6yp,ym,mx
ncenenqoBaHMAX 3HAa4YNTE/IbHO NOBbLICUTL HAa4eXXHOCTb, TOYHOCTb U 3¢)d)eKTMBHOCTb cncrtem O6Hapy)+(eHl/IF|
M 3aWunTbl OT HEMCI'IpaBHOCTeﬁ, NpoKknagbiBaa nNytb K CO34aHUIO 6onee 6esonacHbIX U yCTOﬁLIVIBbIX
MMKpOCETEVI MNOCTOAHHOIO TOKa.

6. 3aKknoueHue

B gaHHOW cTaTbe NpeacTaB/ieH BCECTOPOHHUIA 0630p cTpaTeruii 3almTbl MUKpOCEeTe NOCTOAHHOrO TOKa
(DC MG), ocBelLaoLLMii UX IBOAIOLMIO Ha OCHOBE aHa/M3a KAYEeBbIX UCCNeAoBaTeNbCKUX NybanKaumit
no rogam. MpeacraBneH CTPYKTYPUPOBaHHbIN 0630p 3awmTbl DC MG, 0XBaTbIBaOLWMIA XapaKTePUCTUKM
HeucnpaBHOCTEN, MeTOoAbl OBHaPYKEHUA, MeXaHU3Mbl U30ALUK, METOAbl KNacCUbUKALUMN U OLEHKY
MecTa HeucnpaBHOCTM. PaccmoTpeHHas nnTepaTypa OpraHM3oBaHa B YeTblpe OCHOBHblE KaTeropuu:
MaTemaTMyeckme noaxodbl, MeToabl 06paboTKM CUrHaNoOB, MeToAbl MallMHHOMO obyyeHua U
KOMBUHMPOBaAHHbIE MOAENM, KaKAas M3 KOTOPbIX AEMOHCTPUPYET YHMKajbHble Mpeumyllectsa M
HeAoCTaTKM B pelueHnn npobaem sawmtel DC MG. B gaHHol paboTe, nocpeacTBOM CMCTEMAaTU3ALMM
noaxonos, onpeAeneHbl OCHOBHble TEHAEHLUMM, TakMe KaK PasBUTUE WHTENNEKTyaslbHbIX pPeLlleHui,
OCHOBaHHbIX Ha AaHHbIX, U UHTerpauma ob6paboTKM CUrHaNIOB B PeanbHOM BPeMeHU ANA yaydllueHUs
ANArHOCTUKM HEMCNPaBHOCTEN B AMHAaMUYECKUX MUKpoceTAX. MpumeyaTenbHo, YTo 0630p noayepKmBaeT
pA4 HeAOCTaTKOB B MCCNeAOBaHMUAX, BKAOYAA OrpaHUYeHUA CTaTUYECKUX MEeTOA0B, OCHOBaHHbIX Ha
MOPOroBbIX 3HAUYEHUAX, NPOBAEeMbl C onpeaeneHNemMm MEeCcToNoI0XKEeHNA HeMCNpPaBHOCTEN, HaxoaALMXCA



Ha HayaNbHOM CTagMM BHE UCTOYHMKA, U HEOBXOAMMOCTb B IEFTKOBECHbIX MOAEAX C HU3KOWN 3aePHKKOMN,
pa3BepTbIBAEMbIX HAa BCTPOEHHbIX cucTeMax. MporHo3npys aT U3MeHeHUs U HeAOCTaTKM, AaHHbIV 0630p
CNYXKUT OCHOBOM A1 HanpaBaeHuAa byayLwmx nccaeaoBaHuin B CTOPOHY 60/1ee HafleKHbIX, aaanTUBHbIX U
KOHTEKCTHO-OPUEHTUPOBAHHbLIX cXxem 3awuTbl. OH CcTUMyAMpyeT paspaboTky M  MogennpoBaHue
NPaKTUYECKNX KOMBUHMPOBAHHbIX MOAeNen, CNOCOOHbIX K pa3BepPTbIBaHMIO B PeasibHOM BPEMEHMU, YTO B
KOHeYyHoMm utore crnocobcTeyeT 6e3onacHoi, adpPeKTUBHOM N ycToMYMBOMN paboTe ByayLmMx MUKpoceTen
NMOCTOSHHOTO TOKa.

O BKN1age aBTOpOB B NpoeKT CRediT

KaHue AHAKaiiAX: HanncaHWe OpPUIrMHANBLHOTO TEKCTa, MeTOA0/0rMA, UccnenoBaHue. [KoHHaNaragaa
AunBbA: HanucaHve o0630pa M pefakTMpoBaHMe, KoHuenTyanusauma. daypu H.B.A.B. Mpacaa:
BM3yanusauma, ¢opmanbHbil  aHanm3. PeHy Lapma: Bwu3yanusauusa, HaydyHoe PYKOBOACTBO,
KOHLenTyanansauma.

OpobpeHne KomuUTeTa NO 3TUKE

MpymunTe BO BHUMAHUE peKOMEHAALMN HAYYHbIX }KYPHANOB.
[ocTynHOCTb AQHHbIX U MaTepUanos

[aHHble OTCyTCTBYIOT.

®duHaHcMpoBaHue

®durHaHCUMpPOBAHUE OTCYTCTBYET.

O KOH}INKTE MHTEepecoB

ABTOPbLI 3aABAAIOT, YTO Y HUX HET M3BECTHbIX KOHKYPUPYIOLWMX GUHAHCOBLIX MHTEPECOB UAWN JNNYHbIX
cBA3eWn, KoTopble MOrIn Bbl NOBAUATL HA pe3y/abTaTbl PaboTbl, NPeACTaBAEHHOM B 4aHHOM CTaTbe.

bnarogapHocTu

[aHHbIlt 0630p 6bIN NPOBEAEH B paMKax HayyHOM paboTbl M He NoAy4Yan BHELWHEro GUHAHCMPOBAHMA.
ABTOpbLI 6N1arogapAT CBOE 030BATENbHOE YUPEKAEHME 33 HAYUHYIO0 NOALEPKKY.
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cocpefioToYeHbl Ha 3aluTe, YNPaBAEeHUW W KOHTPOAE MMUKPOCETE Ha OCHOBE BO30OHOBAAEMbIX
WCTOYHMKOB SHEPIuHK, a TaKKe Ha 06paboTKe CUrHaNOB, MalLMHHOM 0ByYeHMM U METOAAX ONTUMMU3ALLUMK.
OH saBnaetca asTopom 6osiee 15 HaydHbIX cTaTeld, Oonyb/AMKOBAHHbIX B ABTOPUTETHbLIX XypHanax M
NpPeACTaBAEHHbIX Ha HAUMOHA/bHbIX U MEXAYHAPOAHbIX KOHpepeHumsax. MoMUMO aKagemuyeckux
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,EI,OCTVI)'KeHVIﬁ, OH AB/IAE€TCA NPU3HAHHbIM peLeH3eHTOM HECKOJIbKUX YBaXKaeMblIX XKYPHa/si0B EIsevier, 4yTo
OTpa*KaeT ero aBTOpUTET B HAY4YHOM COO6LLI,€CTB€.



