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Pestome: Llenb — onpepenexne nokasaTtenen HafeXHOCTU CUCTEMbI SNIEKTPOCHAOXEHUS C MPUMEHEHWEM MOZENU UC-
KYCCTBEHHOW HeiipoHHOW ceTu. [Ins pa3paboTku Mogenu pacyeTa TEXHWYECKOW HAAEeXHOCTM MCNOMb30BaHbl anropuTm
pacyeTa nokasaTenel HaLeXHOCTU CUCTEM 3JIEKTPOCHAOXKEHMS, METOL MHTEHCUBHOCTM OTKA30B CUCTEMbI 3NEKTPO-
CHabXeHus, MoAenb NPOrHO3MPOBAHUS C UCMONb30BAHUEM WCKYCCTBEHHbIX HEMPOHHBLIX CETEN. YCTaHOBMNEHO, YTO CU-
CTEMY 3MNeKTpocHabXeHnst obpasyeT pa3oMKHyTas paguanbHas cxema anekTpocHabxeHus. OnpegeneHa WHTEHCUB-
HOCTb OTKa30B NOACUCTEMBI ANEKTPOCHAOXEHNS C MOMOLLbIO pacyeTa UHTEHCMBHOCTW OTKA30B i-ro anemeHTa noacucre-
Mbl. B pesynbtarte paccuuMTaHHOM BEpPOSTHOCTU 6€30TKa3HOW paboThl MOACUCTEMBI OISt Pa3nMyHbIX YCoBui (5 BpeMe H-
HbIX MHTEPBANOB) YCTAHOBMEHO, YTO NpY yBeNMYeHun Bpemermn akcnnyatauuu co 100 go 500 4 npomcxoaut nuHenHoe
YBEMNNYEHNE MHTEHCMBHOCTM 0TKa3oB cuctemsl ¢ 0,0051 go 0,0073 1/u. MNpoBefeHO cpaBHEHUE MOMYYEHHbIX 3HAYEHM
HapaboTKu O OTKa3a OCHOBHOM W TaKOW e Pe3epBHOW MOACUCTEMbI, HAXOASLLENCS B HEHArPY>KEHHOM pexume ¢ abco-
MIOTHO HafexHbIM nepekntoyatenem (269,62 4) ¢ OCHOBHOM U TakOW Xe pPe3epBHON NOACUCTEMbI, HAXOAsLWeNncs B
HarpyxeHHOM pexume (202,21 4), 3HaueHus pasnuyHbl Mexay coboit Ha 67,41 4, 4To roBopuT 0 Bornee BLICOKOMN cTene-
HW HagexHocTu nepsoro crnocoba. PaspabortaH nporpammHbin komnneke «lporHo3_MHC 2020». B pesynbtate cpas-
HEHWS Pe3ynbTaToB TPAAULMOHHOIO pacyeTa UHTEHCUBHOCTM OTKA30B CUCTEMbI ANEKTPOCHABXeHUs U C MOMOLLbIO Np o-
rpamMmHoro komnnekca «lporHoz_MHC_2020» nonyyeHa gonyctumas TOYHOCTb He Gonee 2,17%, YTO rOBOPUT O XU3He-
CNOCOBHOCTM AaHHOrO NPOrPaMMHOrO KOMMIEKca MpU pacyetax HagexHOCTW Ha AEeUCTBYHOLWMX 3HepreTuyeckux npep-
npuatusx. MNpegnaraemMble MeTOAbl OLEHKU TEXHUYECKON HaeXHOCTU Kak C NOMOLLbI0 TPaAULMOHHON MoJdenu, Tak 1 ¢
NPUMEHEHWEM MOLENU HA OCHOBE WCKYCCTBEHHOW HEMPOHHOW CETW MO3BOMAIT OLEHUTb COCTOSIHUE CUCTEM AMEKTPO-
cHabxeHus, 4To cnocobCTBYeT NPeoTBPALLEHMI0 ONACHBIX aBaPUMHbIX CUTYaLUA.

Knroyeenie cnoea: cucrema 3ﬂeKTpOCHa6)KeHVIF|, Hapa60TKa Ha O0TKa3, MHTEHCUBHOCTb OTKa3oB, BpeMA BOCCTaHOBIe-
HWNA, NCKYyCCTBEHHaA HeI7IpOHHaﬂ CEeTb
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Methods for calculating the reliability of power supply systems
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Abstract: The aim was to determine the reliability indicators of a power supply system using an artificial neural network
model. A model for calculating technical reliability was developed using the following methods: an algorithm for calculat-
ing reliability indicators of power supply systems, the method of failure rate of a power supply system and a forecasting
model using artificial neural networks. It was established that a power supply system is formed by an open radial power
supply circuit. The failure rate of the power supply subsystem was determined by calculating the failure rate of i-th ele-
ment of the subsystem. As a result of calculating the probability of failure-free operation of the subsystem for various
conditions (5 time intervals), it was found that with an increase in the operating time from 100 to 500 h, a linear increase
in the rate of system failures occurs from 0.0051 to 0.0073 1/h. A comparison of the obtained mean-to-failure values of
the main and the same backup subsystem in the unloaded mode with an absolutely reliable switch (269.62 h) with the
main and the same backup subsystem in the loaded mode (202.21 h) was carried out. The results differ by 67.41 h,
which indicates a higher degree of reliability of the first method. The software package Prognoz_INS 2020 was devel-
oped. An acceptable accuracy of no more than 2.17% was obtained by comparing the results of the conventional calcula-
tion of the failure rate of power supply systems and using the Prognoz_INS 2020 software package. This indicates the
efficiency of the proposed software package in reliability calculations at operating energy enterprises. The proposed

ISSN 1814-3520 BECTHUK UPKYTCKOIO rOCYAAPCTBEHHOIO TEXHUWYECKOIO YHUBEPCUTETA 2021;25(1):57-65 57
PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2021;25(1):57-65



http://dx.doi.org/10.21285/1814-3520-2021-1-57-65

JlykoeeHko A.C., 3eHbkoe N.B. MemoObl pacyema HadexxHocCmu cucmembl 3J1eKMPOCHabKeHusi

Lukovenko A.S., Zenkov I.V. Methods for calculating the reliability of power supply systems

methods for assessing technical reliability both using the conventional model and a model based on an artificial neural
network made it possible to assess the state of power supply systems, which helps to prevent dangerous emergencies.
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BBEOEHUE

B HacTosiwee Bpemsi B Poccum, Kak M BO
BCEM Mupe, hukcupyeTcs Bo3pacTarLlee Tpe-
BoBaHuWe K KauecTBYy OKa3aHMs YCryr, U yCnyrv B
3NEeKTPO3HEPreTMKe He MUCKMIYEHNe, 0COBEHHO
B YaCTU TEXHWYECKOW HAAEXHOCTU CUCTEMBI
anekTpocHabxeHns. [puYnHbl BO3HUKHOBEHWS
3TOW TEHAEHLMW TaKOBbI: BO-NMEPBLIX, 3TO ObICT-
poe pacnpocTpaHeHne CNoXHbIX NPOU3BOACTB U
cucteM, Tpebyrowumx MOCTOSHCTBA TEXHOMOru-
YECKMX NPOLLeCCoB (CNOXHbIE XMMuyeckue, buo-
TEXHOMOrMYeckne 1 MnonyrnpoBOAHUKOBbLIE MPO-
“3BOACTBA, KOPMOPaTUBHbLIE CUCTEMBI yrpaBse-
HUA 1 T.4.). Bo-BTOpPbIX, POCT KayecTBa >XW3HW
HaCeneHnss B pasBUTBIX CTpaHax, BEAyLWWA K
NOBbILLEHNO TPeOOBaHUN K KayecTBY 3MeKTpo-
CHabXeHus Kak Ha CTOpoHe noTpebuTenei
(pacnpocTpaHeHne ObITOBbIX W 3NEKTPOHHbIX
npubopoB, 4yBCTBMTEMbHLIX K nNepenagam
HanNPsPKeHUs U CUMbl TOKa, NepepbiBaM B 3Mek-
TpocHabxeHun ObITOBOM annapaTypbl), Tak u
kKoMMepyeckoro cektopa [1-6].

[MOMUMO  BbILIENEPEYNCIIEHHBIX  MPUYMH
HEMarnoBaxHoW ocTaeTca u npobnema Mopanb-
HO ycTapeBllero obopyaoBaHus, KOTOpoe 3KC-
nayaTupyeTcs Kak B pacnpefenutenbHblX, Tak 1
MarucTpanbHbIX JNEKTPUYeckux cetax [7-9].
OneKTpoceTeBbIE OpraHMU3aLmMmn akTMBHO GoptoT-
CS C 3TOW Npobrnemoit, NPOBOASA pasfnyHbIe WH-
BECTULMOHHbIE MPOrpaMMbl, Hay4HO-Uccneno-
BaTeNbCKME N OMbITHO-KOHCTPYKTOPCKUE paboThi,
HO B CBSI31 C BonblUMM 06BEMOM MOpasbHO ycTa-
peBLUEro M BbipaboTaBLLEr0 HOPMAaTUBHbBIN CPOK
cnyx6bl 060pyaoBaHMst 0Tkasbl HemsbexHbl. Kpo-
Me TOro, eaMHOPa3soBOo MNOMONHUTL Napk obopyao-
BaHMS 3KOHOMUYECKN HEBO3MOXHO [10-11].

O noctosiHHOM BO3BpaTe K BOMPOCY Hafex-
HOCTW FOBOPAT U aHaNUTUYECKNE OTYETHI, B KO-
TOPbIX E€XeMeCsYHO YynoMuHaeTcs o6 oTkasax

WV NoONoMKax BbICOKOBONbTHOr0 0bopyaoBa-
HUS Ha 3MEKTPO3IHEPreTUYECKMX NOACTaHLUSX,
4yTO MPWUBOAUT K BbIBOAY M3 CTPOS HE TOJSIbKO
060pyaoBaHMA, HO U BCEN CUCTEMbI 3AMEKTPO-
cHabxeHus (CIC) [12-14].

Pewenuto ganHoro sBonpoca B NAO «Pocce-
TW» YOEnseTcs HeManoBaXHOe 3HayeHue, O
4YeM TOBOPWUT TEXHOMOTMYECKUA peecTp no oc-
HOBHbIM HanpaBfeHWsSIM WMHHOBALMOHHOIO pas-
BUTHS.

B TexHonornyeckuii peectp BKIOYEHbI TEX-
HOMOrMM MO OCHOBHbLIM HaNpPaBMeHUSM WHHOBA-
LmoHHoro pa3suTus MAO «PocceTu»t:

- nepexoa u mMacwTabHoe BHegpeHue Lnd-
poBbIx nogactaHuumn (LINC) knacca HanpshkeHus
35-110 (220) kB;

—nepexog K  UMPPOBBEIM  AKTMBHO-
afanTuBHLIM CETAM C pacnpefeneHHON UHTen-
neKkTyanbHOM CUCTEMOW aBTOMaTU3auMn Wu
ynpaBneHus;

—nepexoq K KOMMNMeKcHoW 3hdeKTUBHOCTH
Bu3Hec-npoueccoB M aBToMaTM3auuu CUCTEM
ynpaBneHus;

— NPUMEHEHME HOBbIX TEXHOMOrMM U mMate-
pUasoB B 3NEKTPO3IHEPrETHKE;

— MUCNONb30BaHNE CKBO3HbLIX TEXHOMOTUN.

KoHuenums uHTennekTyanbHbIX aneKkTpude-
ckux ceten (M3C) npennonara€T He TONbKO
obecneyeHme HEKOTOPOro 3aJaHHOro0 YPOBHS
HaZEXHOCTW, HO W NpeaocTaBrieHne ycnyr no
€ro M3MEHEHWI0 B COOTBETCTBUMN C TEXHUYECKU-
MU U OKOHOMWUYECKUMMW MPEennoYTEHUSMU No-
TpebuTens, 4To NogpasymeBaeT Hanuyme B ce-
TW WHCTPYMEHTOB QAN TMBKOro ynpaBneHus
ypOBHEM HagexHocTu. [ns atoro Heobxoaumo
obecneunTb NOCTOSiHHOE HabngeHwe 3a co-
CTOSIHUEM CeTU C OLEHKOW ee rokasaTenewn
HagexHocTu [19].

Llenb uccnenoBaHus cOCTOWUT B onpefene-

MporpamMma MHHOBaLMOHHOro paseutusi MAO «PocceTi» Ha nepuop 2016—2020 rr. ¢ nepcnekTueoit Ao 2025 r. M.,

2016. 341 c. [OnekTpoHHbIN pecypc]. URL:

https://www.rosseti.rufinvestment/policy_innovation_development/doc/innovation__program.pdf (15.09.2020).
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HUW noKasaTenenh HageXHOCTU CUCTEMbI dfieK-
TPOCHabXeHNst C NPUMEHEHWEM MOLENN UCKYC-
CTBEHHON HENPOHHOW CETH.

MATEPWUAN U METOObl UCCNEQOBAHUA

B pabote cuctemy anekTpocHabxeHus 06-
pasyeT pasoMKHyTas paguanbHas Cxema anek-
TpoCHabxeHusi. B 3TON CXeme NMHUM 3neKTpo-
nepegayn cesAsbiBaloT LeHTp nuTtanusa (UIM) c
kaxabim noTpebutenem. [lge cekuun WWH B
CXeMe coeavHeHun nuTatoLlen noacTaHuum no-
TpebuTtens coeauHEHbl CEKLMOHHLIM BbIKMOYa-
Tenem, KOTOpbliA B HOPManbHOM pexume pabo-
Tbl CETU HAaXOAUTCH B OTKIHOYEHHOM COCTOSIHUM.
pn MCYE3HOBEHMM HAMPSXKEHUS, HANpPUMep, Ha
1-1 cekumu LWWH 3TOT BbIKIKOYATENb BKIOYaET-
CSl aBTOMaTUKOW BBOJA PE3epBHOrO NUTaHus.

MNogcuctema € TOYKM 3pEHUS HaOEeXHOCTU
npeacrasnser  cobo  HepesepBUPOBAHHYIO
4acTb CUCTEMbI, 3NIEMEHTbI KOTOPON COEANHEHbI
nocnegosatensHo. lpu oTkase nwboro ane-
MEHTa NPOUCXOAMUT OTKa3 NOLCUCTEMBI.

IHTEHCUBHOCTb OTKA30B MOACUCTEMbI 3MeK-
TpocHabxeHus onpegensetcs no dopmyne (1):

A = Y72, =0,00741791 y, (1)

roe Ai — WMHTEHCVBHOCTb OTKAa30B I-ro 3f1eMeHTa
nogcucrtembl, onpependemasa no q)opmyne

1
Ai = F; N — KONIM4eCTBO 3JIEMEHTOB NoACcuUCTe-

l

Mbl, N = 10 (3HayeHne n = 10 npuHATO NS pac-
CMaTpUBaEMOW NOACUCTEMBI).
PesynbTaTbl BbIYMCNEHWIA HAapaboTKM Ha OT-

OHepreTuka
Power Engineering

Ka3 i-ro anemMeHTa NoACMCTEMbl U 3HAYEHUS WH-
TEHCUBHOCTM OTKa30B CBeeHbl B Tabn. 1.
HapaboTka Ha 0Tka3 NoacucTeMbl HaxoauT-
cs no dhopmyne (2) [12]:
1 1

T = —_——=————
ne 2. 00074179

= 134,8095 v, (2)
rAe Ay — MIHTEHCMBHOCTb OTKA30B MOACUCTEMbI.

BeposiTHocTe 6e30TkasHon paboTbl nogcu-
cTeMbl onpegensercsa no gopmyne (3):

P(t)nc — e—/lnct — e—0,0074179~100 — 0,476262, (3)

roe t — HapaboTka MmoacucTeMbl, 3a KOTOPYHO
onpegensieTca BeposTHOCTb 6e30Tka3HOW pa-
60Tl t =100 u.

HapaboTka Ha 0Tka3 1 Bpems BOCCTaHOBIe-
HUS I-ro anemenTa T; U Ty; NOQYUHSAOTCH JKCMO-
HEeHUWanbHOMy 3akoHy pacnpegeneHus. HTeH-
CVMBHOCTb 0TKa30B, HapaboTka Ha O0Tka3s 1 Bepo-
ATHOCTb OTKa30B pacCyMTbIBAKOTCA MO hOpMY-
nam (1)—(3).

CpegHee Bpemsi BOCCTaHOBMEHWS nofcwu-
cTeMbl onpegensercs no gopmyne (4):

TBl‘lC = Tnc ' Zrll Kni:
=134,8095 - 0,050919 = 6,864329 4, (4)

rae K,; — KoapuumeHT npocTos i-ro anemMeHTa;

Tyi .
Kni =7 Ty — BPeMA BOCCTaHOBMEHMS i-ro
i
anemeHTa.

Tabnuua 1. Pe3yJ'IbTaTbI BbIYMCNEHUN Hapa60TKI/1 Ha OTKa3 i-ro afiemMeHTa NoACUMCTEMbI U 3HAYEHMSI NHTEHCUBHOCTM

0TKa30B
Table 1. Calculation results of mean time to failure of the i-th subsystem element and failure rate values
Ne Hapa6oTka Ha oTkase i-ro anemMeHTa
1 2 3 4 6 7 8 9 10
Ti, v 1600 1700 1800 1900 2000 900 1000 1100 1200 1300
VINIE! 0,000625 | 0,0005882 |0,0005556|0,0005263| 0,0005 |0,0011111| 0,001 |0,0009091|0,0008333| 0,0007692
T 134,8095
3HaueHNs Ky; Ans Kaxoro ariemMeHTa saHe- K. = I — = 0,951548;(5)
CeHbl B Ta6n. 2 Tue+Tane  134,8095+6,864329
KoadhdpuumeHTbl roTOBHOCTH M NPOCTOS NOACK- . 6.864329
. = BIE  — - =
cTeMbl onpeaensioTes no dopmynam (4), (5) [16]: Knne = 7= 17— = 134.8005+6 864329 0,048452.(6)

qu)MMOB A.B., lankun A.T. HagexXHOCTb M OMarHOCTWKa CUCTEM AMEKTPOCHabXeHUs XenesHbix gopor: yyebHuk. M.:

YMK MTMC Poccum, 2000. 511 c.
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ONPEAENEHUE UHTEHCUBHOCTU
OTKA30B CUCTEMbI
QNEKTPOCHABXEHUA B
HAIPYXXEHHOM PEXUME
HapaboTka cucteMbl Ha 0Tka3 onpegenset-
cs no dopmyne (7) [12]:
15_ 15

T, = *=—>—
€ A 0,0074179

= 202,2136 v, (7
roe Ay — NHTEHCMBHOCTb OTKA30B MOACUCTEMDI;
1,5 — KO3(h(PMUMEHT HaAOEXKHOCTM IIEMEHTOB
MOACUCTEMbI B HAarpy>XeHHOM pexume [12].

BepoaTHocTb 6e30TkazHOM paboThl CUCTEMBI
C HarpyXeHHblM pe3epBMpPOBaHMEM oOnpeaens-
eTCs Nno BbipaxeHuo 8 [12]:

P(t). = 2e Mnct — g=2hnct =
2-0,0074179-100 _ ,~20,0074179-100 _

=0,725698.

(8)

/HTEHCMBHOCTb OTKA30B CUCTEMbI C Harpy-
)XEHHbIM pe3epBMpOBaHMEM OnpeaensieTcs no

Mo gaHHbIM Tabn. 3 mocTpoeHa Kpusas 3a-
BUCUMOCTU UHTEHCUBHOCTU OTKA30B CUCTEMbI OT
BpeMeHw akcnnyartauum (puc. 1).

HapaboTtka cuctembl Ha OTka3 onpegenseT-
csi no chopmyne (10):
2 _ 2

T, ==

Ao 00074179 269,6180 v,

(10)

rae 2 — Koa(puLUMEHT HaeXHOCTW 3IEMEHTOB
nogcucTeMbl ¢ abComMOTHO HEHaAeXHbIM nepe-
kntovatenem [12].

MNocne pacyeTa NpPOM3BOAUTCS CpaBHEHWe
MOMyYeHHbIX 3HaYeHWt HapaboTkn cucTeMbl A0
oTkasa no copmynam (7) n (10):

Tey = 202,2136 u; Teyo = 269,6180 u.

PE3YNIbTATbl UCCIIELOBAHUA

[na 6Gonee TOYHOrO MPOrHO3MPOBAHMS
HagexHocTn COC v gns npegynpexneHus Bbl-
Xoda W3 CTposi mpeanaraeTcs NPUMEHATb pas-

dopmyne 9 [12]: pabotanhbii  nporpammHbIi - komnnekc  (MK)
«MporHo3_MHC 2020», OCHOBaHHbIA Ha WUC-
2\ (1—e~Anct) nonb30BaHWUK annapara NCKYCCTBEHHbIX

), = 9)

2—e~Anct

3HaYeHNs MHTEHCMBHOCTM OTKa30B paccyu-
TblBaOTCA Npu nokasartene spemenn t = 0, 100,
200, 300, 400, 500 y; pesynbTaTbl BbIYUCIEHNN
nokasaHbl B Tabn. 3.

HenpoHHbIX ceten (MHC). MNonoxutensHown co-
ctasnsawowen mogenn NHC aBnsetcs BO3MOX-
HOCTb ee MPUMEHEeHWst B Cnyyasx, korga 3a-
TPYAHEHO WCMONb30BaHWE TPAAMLIMOHHBLIX Me-
Togos [17-20].

Tabnuua 2. KoathdpuumneHTbl NpocTos 351eMEHTOB NOACUCTEMbI

Table 2. Downtime coefficients of subsystem elements

Ne t BOCCTaHOBMNEHMSA i-r0 afieMeHTa
1 2 3 4 5 6 7 8 9 10
Ti,u 1600 1700 1800 1900 2000 900 1000 1100 1200 1300
Ai, 14 0,00063 | 0,00059 | 0,00056 | 0,00053 | 0,0005 0,00111 | 0,00100 |0,000909| 0,00083 | 0,00077
Te, 4 6 6,5 7 7,5 8 5 6 7 8 9
Kni 0,00375 | 0,00382 | 0,00389 | 0,00395 | 0,00400 | 0,00556 | 0,00600 | 0,00636 | 0,00667 | 0,00692
n
Z K 0,0500919
1

Tabnuua 3. 3Ha4yeHUs NHTEHCUBHOCTU OTKA30B CUCTEMbI C HarpyeHHbIM pe3epBypOBaHMEM
Table 3. Failure rate values of the system with parallel redundancy
Bpems akcnnyaTtaumm, 4 0 100 200

At)e, 1M 0 0,005099 0,006469

300
0,006994

400
0,007222

500
0,007326
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0,008
2 O =0
Z 0,007
S
5 0,006
)
20,005
=
S 0,004
-
=
g 0,003
=
2
5 0,002
=
e
£ 0,001
=
0
0 100 200 300 400 500

Bpewms sxcnuyaraumnu, 4

Puc. 1. UhmeHcusHocmb omKa308 cucmeMbl 371eKMpPOCcHabKeHus1, cocmosiujeli u3 0CHogHoll modcucmemsi
u makoli xe pe3epeHoli, Haxodsiujelicsi 8 HaepyXeHHOM pexume
Fig. 1. Failure rate of the power supply system including the main subsystem
and the same backup system in the parallel mode

PaspaboTaHHbI  NPOrpamMMHbIA  KOMMNEKC
npefHasHavyeH [Ans MpOrHo3vMpoBaHus napa-
METPOB aneKkTpocHabxeHus. PacyeT nporHo3os
OCYLLECTBNAETCA Ha Creaylowmx BpEMEHHbIX
WHTEpBanax:

— KpaTKOCPOYHOE MPOrHo3MpoBaHue ¢ ynpe-
xaeHwem ot 1 go 10-15 cy;

— CpEeAHEeCpoYHOe MNpOrHo3MpoBaHWE C
ynpexaeHvem ot 20 1o 60 aHen; A OtepENe

—  [JOSITOCPOYHOE  MPOrHO3WpOBaHWe [0
1,5 ner.

Ha rnasHom okHe [TK gBa nons ans seibopa
nytTm o ¢annoB C WUCXOOHbIMW AaHHbIMKM, a
TaKkke NyTb AN COXPaHEHWUS pe3ynbTaToB Mpo-
rHO3MpPOBaHUs, puc. 2.

EcTb BO3MOXHOCTb BbiGOpa cpoka NPOrHo-
3vMpoBaHus. B pamkax nepBoro npoToTuna pea-
N30BaH TOMbKO KPaTKOCPOYHbINA MPOrHO3.

Mpn HaxaTum KHOMkM «3anycTuTb» NPOUC-
XOAWUT 3anyck MOAyns NPOrHO3MPOBaHWUA
HayMHaeTcs obyyeHMe HEWpPOHHOW ceTn (CM.
puc. 2).

B kayectBe BXOAHbIX AaHHbIX (CTaTUCTU4e-
ckov 6as3bl) 3aHOCUTCS NPEABbICTOPUS 3HAYEHUN
MHTEHCUBHOCTW OTKa30B, HapaboTka Ha OTkas, Puc. 2. FnasHoe oKHO NP02paMMHO20 KOMMIEKCa
KO3(P(PULMEHTBI MPOCTOS, pPacCyUTaHHble Mnpu «llpozHo3_MHC_2020»

Pa3NNYHbIX BPEMEHHbIX MHTEpBanax. Fig. 2. The main window of Prognoz_INS_2020
software package

CAUsers\NIKGIGAN \Desktop\Npoexr_KKM\Predic tionP

Myt A0 HEXQAMBIX AOM

C:\Usars\NIKIGAN\ Desktop\MNpoext_KKN
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480/553 [ ...] - ETA: 0s - kess: 9.78350-06 "
5121553 [ >..] - ETA 05 - loss: 9.7247e-06
5441553 [ >] - ETA: 0s - loss: 9.6169e-05
553/553 [ ]+ 15 2me/ step -« boss: 9.52140-06 - val_loss: 6.2160e-08
Epoch 40/40
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.] = ETA 05 - loss: 1.0919e05
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160553 [=======>______._...]-ETA Os-loss 1.0194e-05
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384/553 [ >..........] - ETA: 0 - loss: 9.50518-06

448553 .....] - ETA: 05 - ss: 9.57490-06

4807553 [ =2 >...] - ETA 0s - loss: 9.6033e-06

512/553 [ >..] - ETA: 0s - loss: 9.3521e-08

544/553 [ - ETA: 05 - loss: 9.9722006

5531553 [ ] - 15 2me/ step - loss: 9.9183-06 - val_loss: 7.87426-06
32/65 [s=======—==> .........] -ETA: 05

65/65 sx=s=s) . Os 613us/ step

Puc. 3. llpouecc o6yyeHust uckyccmeeHHol HelipOHHOU cemu 8 paMKax npo2pamMMHo20 kommnekca «lTpoeHo3_UHC_2020»
Fig. 3. Training process of an artificial neural network within Prognoz_INS_2020 software package

Mocne npouecca obyveHnss MHC B pamkax  Tu npeacTaBnsieT MHOrOCMOWMHLIA NEPCENTPOH.
MK «MporHo3z_ MHC _2020» nonyvaetcs rpaduk PesynbTaTbl pacyeTa NPOrHO3HbIX 3HAYEHWN
nporHo3a (pwc. 4). NHC ¢ nonyyeHHbIMKU TPaAMUMOHHBIM CMOCOBOM

CTpykTypa MOAyns CUHTE3a HEMPOHHOW Ce-  3HAYeHWsIMU NpuBeAEHbI B Tabn. 4.

0.275 1

0.270 1

0.265 -

0.260 -

0.255 A1

0.250 A1

Electricity load (*1e5)

0.245 -

0.240 -

Puc. 4. paghuk npozHo3a npoepaMmMHO20 Komnnekca «[lpoeHo3_MHC_2020»
Fig. 4. Forecast graph of Prognoz_INS_2020 software package
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Tabnuua 4. PGSyJ'IbTaTbI pacyeTa HageXHOCTU CUCTEMBbI SﬂeKTpOCHa6)KeHI/I$| TpaguUNOHHbIM MEeTOAOM U MEeToaOoM

WCKYCCTBEHHbIX HEMPOHHbIX CETEN

Table 4. Calculation results of power supply system reliability using a traditional method and a method of artificial neural

networks
PacyeT c npuMeHeHuem TpaAVUMOHHBIN pacyeT:
3HauveHusn nporpaMmMHOro Komnnekca WHTEHCUBHOCTb OTKa3a I'Iorpeumoc'rb, %
«Mporno3_WNHC_2020» cucTemsl (cm. Tabn. 3)
0 o6yueHune - -
1 0,005210 0,005099 2,17
2 0,006482 0,006469 0,20
3 0,007008 0,006994 0,20
4 0,007104 0,007222 1,63
5 0,007247 0,007326 1,08
3AKNKOYEHUE BbINOSTHEH CPaBHUTESNIbHLIA aHanu3 pesysnbTa-

1.Mpn cpaBHEHWM 3Ha4YeHWUs HapaboTKu
C3C po otkasa (T¢) oveBuaHO, 4TO HapaboTtka
[10 OTKa3a 13 OCHOBHOW W TaKOW e pe3epBHOM
MOACUCTEMbI, HaXOASALENCH B HEHarpyxeHHOM
pexuMme ¢ abCoMTHO HaOeXHbIM MepekoYa-
Tenem, coctaenseT 269,62 4, YTO 3HAYUTENBHO
Bbllle HapaboTKM [0 OTkasa CUCTEMbI, COCTOS-
Len M3 OCHOBHOW M TaKOW e pe3epBHOM Noa-
CUCTEMBI, HAXOAALLENCS B Harpy>XeHHOM pexu-
me, cocTtaBnsieT 202,21 4, yto roBoput o Gonee
BbICOKOW CTENeHW HaOeXHOCTU MNPUMEHEHUS
C3C, cocTosiiei M3 OCHOBHOW U TaKOM Xe pe-
3epBHOM MOACUCTEMbI, HaxodsLencs B HeHa-
FPYXEHHOM pexume C abConTHO HaAEXHbIM
nepeknyaTenem.

2. [laHo onucaHue paspaboTaHHOro npo-
rpammHoro komnnekca «MportHo3_NHC _2020» u

TOB 3KCMEPUMEHTanbHbIX UCCNELOBaHUIA U Teo-
PEeTUYECKMX pac4eToB C MOMOLLbI aaHHoro K
HagexHocTn C3OC, KoTopbl nokasan, 4YTo no-
TPELUHOCTb B MOJSIYYEHHbIX 3HAYEHMSX He npe-
Bblaet 2,17%.

3. [Mpy Hanu4ymMn nHgopMaLMn 0 COCTOSHUM
anekTtpoobopynosaHus CIC nosiBnseTcs BO3-
MOXHOCTb BblpaboTaTb pekoMeHgauun no pe-
XMmam paboTbl, aKkcnnyaTaummn u 3arpyske obo-
pygoBaHus 6e3 yiepboB ansa nx yHKLMOHWPO-
BaHWsI.

4. MNpumeHeHne Mogenu NpPOrHO3MPOBAHUS
Ha ocHoBe WHC nossonsiet obpabotatb 6onb-
wow o6beM MHGOpPMaLMK, HA OCHOBAHWUM KOTO-
PO MOXHO CCGOpMMPOBaTL ONTUManbHbIE pe-
XWUMbl paboTbl CUCTEMbI ANEKTPOCHABXKEHUS.

Cnucok numepamypsbl

1. PuibakoB B.B., MewexoHoB H.E., BopoHnH A.E. AkTy-
anbHble npobnembl yyeta TpeboBaHMN K HafEXHOCTW
3NEeKTPO3HEPreTNYEeCKO CUCTEMbI NPU MOCTPOEHWU CU-
CTEMbl 3NeKTpocHabxeHus cneumanbHblXx 06bekToB //
N3BecTns TynbCKOrO rocyaapCTBEHHOTO YHMBepCUTETA.
2018. Buin. 10. C. 392-398.

2. Malafeev A., luldasheva A. The structural reliability and
adequacy assessment of the industrial electric power sys-
tems with local power plants // Machines. Technologies.
Materials. 2018. Vol. 12. Iss. 4. P. 165-168.

3. Ayuev B.I., Davydov V.V., Erokhin P.M. Fast and relia-
ble method of searching power system marginal states //
IEEE Transactions on Power Systems. 2016. Vol. 31.
No. 6. P. 4525-4533.
https://doi.org/10.1109/TPWRS.2016.2538299

4. beik ®.J1., MbiwkuHa J1.C. TexHonornyeckas u akcnnya-
TaLUMOHHAs HaOeXHOCTb CUCTEMbl 3neKTpocHabxenus //
HagexHoctb u BesonacHocTb aHepreTukn. 2018. T. 11.
Ne 3. C. 200-207.
https://doi.org/10.24223/1999-5555-2018-11-3-200-207

5. AneiHnko [1.B. PaspaboTka aBTOMaTU3MPOBaHHOW
CUCTEeMbl pacyeTa HaEXHOCTW B MOAENSAX CUCTEM 3feK-
TpocHabxeHus // MNpuknagHas maTemaTvka u pyHgameH-
TanbHas wHdopmatuka: IX MexagyHap. monogex. Hayu.-
MPaKT. KOH®. C 3NEMEHTaMN HayYHOW LWKOMbI, MOCBALEH-
Has 80-neTuio co AoHA poxaeHus akagemuka PAH HO.T.
EsTywenko (r. Omck, 23-30 anpens 2019 r.). Omck, 2019.
C. 85-88.

6. Niwas R. Reliability analysis of a maintenance schedul-
ing model under failure free warranty policy // Reliability:
theory & applications. 2018. Vol. 13. No. 3. P. 49-65.

7. BannH A.C. OnpepeneHue pacyeTHbIX COCTOSHUIA CU-
CTEMbI 3NEKTPOCHAbXeHNA AN aHanu3a nokasartenei
HagexHocTm // Anektpuyectso. 2014, Ne 3. C. 11-18.

8. Urgun D., Singh C., Vittal V. Importance sampling using
multilabel radial basis classification for composite power
system reliability evaluation // IEEE Systems Journal.
2020. Vol. 14. Iss. 2. P.  2791-2800.
https://doi.org/10.1109/JSYST.2019.2944131

9. EdbumoB A.HO., Anexun A.O. OueHka HaOexHOCTH

BECTHUK UPKYTCKOIO rOCYOAPCTBEHHOIO TEXHUWYECKOIO YHUBEPCUTETA 2021;25(1):57-65

ISSN 1814-3520

63

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2021;25(1):57-65




JlykoeeHko A.C., 3eHbkoe N.B. MemoObl pacyema HadexxHocCmu cucmembl 3J1eKMPOCHabKeHusi

Lukovenko A.S., Zenkov I.V. Methods for calculating the reliability of power supply systems

anekTpocHabxeHus noTpebutenen nepson 1 BTOPON Ka-
Teropun /I WHTennektyanbHas anektpoTexHuka. 2019.
Ne 2. C. 74-84.

10. Latipov  S.T., Aslanova G.N., Nematov L.A,
Akhmedov A.A., Charieva M.R. Calculation of reliability
indicators of power supply systems of consumers // Meth-
odological problems in reliability study of large energy
systems: E3S Web of Conferences. 2019. Vol. 139.
https://doi.org/10.1051/e3sconf/201913901037

11. Rahmat M.K., Jovanovic S., Lo K.L. Reliability and
availability modelling of uninterruptible power supply sys-
tems using Monte-Carlo simulation // International Review
of Electrical Engineering. 2006. Vol. 1. No. 3. P. 374-380.
12. Bonopapckun B.A. O pacueTte HagexHOCTW CUCTEM U3
areMeHTOB HecTapetowero tuna // MeTtogsl MeHeaXMeH-
Ta kavecTBa. 2017. Ne 3. C. 50-55.

13. Mantilla-Florez B., Silva-Ortega J., Candelo-Becerra J.
Fault effect analysis based on elements loadability to
evaluate reliability in power systems // IEEE Latin America
Transactions. 2018. Vol. 16. Iss. 10. P. 2649-2656.
https://doi.org/10.1109/TLA.2018.8795146

14. benses H.A., Eropos A.E., KoposkuH H.B., YyaHbin
B.C. Yyet kputepus 6anaHcoBoi HagexXHoOCT Npu onTu-
MMW3aUMW NEPCNEKTUBHON CTPYKTYpPbl 3HEProcucTembl //
HagexHocte n Be3onacHocTb aHepreTukn. 2020. T. 13.
Ne 1. C. 11-16.
https://doi.org/10.24223/1999-5555-2020-13-1-11-16

15. Tsumura T., Takeda T., Hirose K. A tool for calculating
reliability of power supply for information and communica-
tion technology systems // INTELEC 2008 - 2008 IEEE

30th International Telecommunications Energy Confer-
ence (San Diego, 14-18 September 2008). San Diego:
IEEE, 2008.
https://doi.org/10.1109/INTLEC.2008.4664080

16. Bonogapckun B.A. OueHka napameTpoB YHKLMNA
pacnpefeneHnst npu HenosiHoTe MHGopMauMnM O mocTe-
MEHHbIX OTKasax anekTpoobopynosaHus // MpomblwneH-
Has aHepreTuka. 2019. Ne 8. C. 8-13.

17. Amysage A.C., TaHkoBuy T./. AHanu3 nokasatenen
HaJEeXHOCTN CUCTEM 3nekTpocHabxeHus // Pecypcocbe-
peratLime TEXHOMOTMK CeNbCKOro X03sicTBa: c6. Hayu.
cT. Boin. 11 / nog pen. H.B. KysbmuHa, B.A. Kosnoga,
H.M. PomanueHko. KpacHosipck: U3a-Bo KpaclAY, 2019.
C. 61-66.

18. Xpuctunmy P.M., JlykoBeHko A.C. lporHosampoBaHue
HAJEXHOCTU U PexMMoB paboTbl TArOBbLIX TpaHcopMma-
TOPOB B YCNOBWUSIX NpeaenbHow Harpy3ku // CoBpeMeHHbIe
TexHonorun. CucteMHbln aHanu3. Mogenuposanue. 2015.
Ne 2. C. 130-136.

19. Kaparoawx B.B., PeBsikoB b.A., Puibakos [1.B. Moaxoa
K ONpefeneHnio HagexXHOCTN CUCTEM 3MNeKTpoCcHabXeHus
/I Tpyobl BOEHHO-KOCMWYECKOW  akageMuum  UMEHM
A.®. Moxaiickoro Bein. 663. Cl16.: WU3g-so BoeHHo-
kocmuyeckon akag. wuMm. A.®. Moxanckoro, 2018.
C. 121-125.

20. lykoBeHko A.C. TloBbllEHNE HadexXHOCTU paboThl
060py0BaHNS 3NEKTPOCETEBOrO KOMMMEKCA C NpUMeHe-
HMEM HENpPOCETEBOr0 MOAENUPOBaHWS /I ONekTpoaHep-
rus. Nepenava v pacnpeagenenue. 2017. C. 23-30.

References

1. Rybakov VV, Peshehonov NE, Voronin AE. Actual Iss.s
of accounting requirements the reliability of the electric
energy system when building a power supply system spe-
cial object. lzvestiya Tul'skogo gosudarstvennogo univer-
siteta = Izvestiya Tula State University. 2018;10:392-398.
(In Russ.)

2. Malafeev A, luldasheva A. The structural reliability and
adequacy assessment of the industrial electric power sys-
tems with local power plants. Machines. Technologies.
Materials. 2018;12(4):165-168.

3. Ayuev BI, Davydov VV, Erokhin PM. Fast and reliable
method of searching power system marginal states. IEEE
Transactions on Power Systems. 2016;31(6):4525-4533.
https://doi.org/10.1109/TPWRS.2016.2538299

4. Byk FL, Myshkina LS. Technological and operational
reliability of power supply system. Nadezhnost i bezopas-
nost energetiki = Safety and Reliability of Power Industry.
2018;11(3):200-207. (In Russ.)
https://doi.org/10.24223/1999-5555-2018-11-3-200-207

5. Aleynikov DV. Development of automated reliability
calculation system in models of power supply systems.
Prikladnaya matematika i fundamental’naya informatika:
IX  Mezhdunarodnaya  molodezhnaya  nauchno-
prakticheskaya konferenciya s elementami nauchnoj
shkoly, posvyashchennaya 80-letiyu so dnya rozhdeniya
akademika RAN Yu.G. Evtushenko = Applied Mathemat-
ics and Fundamental Informatics: IX International youth

scientific and practical conference with the elements of a
scientific school dedicated to the 80th birth anniversary of
the Academician RAS Yu.G. Evtushenko. 23-30 April
2019, Omsk. Omsk; 2019, p. 85-88. (In Russ.)

6. Niwas R. Reliability analysis of a maintenance schedul-
ing model under failure free warranty policy. Reliability:
theory & applications. 2018;13(3):49-65.

7. Vanin AS. Determination of the calculated states of the
power supply system for the reliability indicator analysis.
Elektrichestvo. 2014;3:11-18. (In Russ.)

8. Urgun D, Singh C, Vittal V. Importance sampling using
multilabel radial basis classification for composite power
system reliability evaluation. IEEE Systems Journal.
2020;14(2):2791-2800.
https://doi.org/10.1109/JSYST.2019.2944131

9. Efimov AYu, Alehin AO. Assessment of reliability of
power supply consumers of the first and second category.
Intellektual'naya elektrotekhnika = Smart Electrical Engi-
neering. 2019;2:74-84. (In Russ.)

10. Latipov ST, Aslanova GN, Nematov LA, Akhmedov
AA, Charieva MR. Calculation of reliability indicators of
power supply systems of consumers. In: Methodological
problems in reliability study of large energy systems: E3S
Web of Conferences. 2019;139.
https://doi.org/10.1051/e3sconf/201913901037

11. Rahmat MK, Jovanovic S, Lo KL. Reliability and avail-
ability modelling of uninterruptible power supply systems

64

BECTHUK UPKYTCKOIO rOCYOAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2021;25(1):57-65

ISSN 1814-3520

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2021;25(1):57-65




/5

using Monte-Carlo simulation. International Review of
Electrical Engineering. 2006;1(3):374-380.

12. Volodarskii VA. On calculation of reliability of systems
from non-ageing elements. Metody menedzhmenta
kachestva = Methods of quality management. 2017;3:50-
55. (In Russ.)

13. Mantilla-Florez B, Silva-Ortega J, Candelo-Becerra J.
Fault effect analysis based on elements loadability to
evaluate reliability in power systems. In: IEEE Latin Amer-
ica Transactions. 2018;16(10):2649-2656.
https://doi.org/10.1109/TLA.2018.8795146

14. Belyaev NA, Egorov AE, Korovkin NV, Chudnyj VS.
Consideration of capacity adequacy criterion in optimizing
the prospective structure of electric power system.
Nadezhnost' i bezopasnost' energetiki = Safety and Relia-
bility of Power Industry. 2020;13(1):11-186.
https://doi.org/10.24223/1999-5555-2020-13-1-11-16

15. Tsumura T, Takeda T, Hirose K. A tool for calculating
reliability of power supply for information and communication
technology systems. In: INTELEC 2008 - 2008 IEEE 30th
International  Telecommunications Energy Conference.
14-18 September 2008, San Diego. San Diego: IEEE; 2008.
https://doi.org/10.1109/INTLEC.2008.4664080

16. Volodarskii VA. Estimation of distribution function pa-

CBEOEHUA OB ABTOPAX

JlykoBeHKo AHTOH CepreeBuy,

KaHauaaT TEXHUYECKUX HayK,

anekTpomoHTep no obcnyxmaanuio MC 220 kB
Taira — LleHTpanbHas TIC,

KpacHosipckoe npeanpusitue M3C Cubupu, unuan
MAO «dCK ESCy,

660111, r. KpacHosipck, yn. MNorpaHnyHuKoB,

105/5, Poccust;

P4 e-mail: anlukov2.0@mail.ru

3eHbkoB Uropb Bnagummnposuy,

LOKTOp TEXHUYECKMX HayK, npodeccop,

BEOYLLMA HAYYHbIN COTPYAHMK,

®epnepanbHbI MCCNeaoBaTENBCKUIA LLEHTP
MHOPMALMOHHBIX U BBIYUCIIMTENBHBIX TEXHOMOUN,
660049, r. KpacHospck, np. Mupa, 53, Poccus;
e-mail: zenkoviv@mail.ru

3asiBneHHbIN BKNag aBTOpoOB
Bce aBTOpbI caenany aKBMBanEHTHbIN Bkag B NOArOTOB-
Ky nybnukauum.

KoHdnukT nHTepecos
ABTOpbI 3a8BNAOT 06 OTCYTCTBUM KOHIMKTA UHTEPECOB.

Bce asmopbl npoyumanu u 0006punu OKOHYamesbHbIl
gapuaHm PyKornucu.

WHdopmaums o ctatbe
Cratba noctynuna B pegakuuio 13.07.2020; opobpeHa
nocne peueHaupoBaHua 27.11.2020; npuHsTa k nybnuka-
uumn 26.02.2021.

OHepreTuka
Power Engineering

rameters with incompleteness of information on gradual
failures of electrical equipment. Promyshlennaya ener-
getika. 2019;8:8-13. (In Russ.)

17. Amuzade AS, Tankovich TI. In: NV Kuz'mina, VA Ko-
zlova, NM Romanchenko (eds). Analysis of reliability indi-
cators of power supply sistems. Resursosberegayushchie
tekhnologii sel'skogo hozyajstva = Agricultural resource-
saving technologies. Krasnoyarsk: Krasnoyarsk State
Agrarian University; 2019, p. 61-66. (In Russ.)

18. Khristinich RM, Lukovenko AS. Power transformers
reliability and mode of operation in the ultimate load pre-
diction. Sovremennye tehnologii. Sistemnyi analiz. Mod-
elirovanie = Modern technologies. System analysis. Mod-
eling. 2015;2:130-136. (In Russ.)

19. Karagodin VV, Revyakov BA, Rybakov DV. An ap-
proach to determination of power supply system reliability.
Trudy voenno-kosmicheskoj akademii imeni A.F.
Mozhajskogo = Proceedings of the Mozhaisky Military
Space Academy. Saint-Petersburg: the Mozhaisky Military
Space Academy. 2018, p. 121-125. (In Russ.)

20. Lukovenko AS. Improving reliability of the power grid
complex equipment using neural network modeling. El-
ektroenergiya. Peredacha i raspredelenie. 2017:23-30.
(In Russ.)

INFORMATION ABOUT THE AUTHORS

Anton S. Lukovenko,

Cand. Sci. (Eng.),

Maintenance Electrician of 220 kV

Tayga Substation — Tsentralnaya Main Substation,
Krasnoyarsk enterprise MES Siberia Branch

of PJSC FGC UES

105/5, Pogranichnikov St., Krasnoyarsk 660111, Russia,
<1 e-mail: anlukov2.0@mail.ru

Igor V. Zenkov,

Dr. Sci. (Eng.), Professor, Leading Researcher,
Federal Research Center for Information

and Computational Technologies,

53 Mira pr., Krasnoyarsk 660049, Russia,
e-mail: zenkoviv@mail.ru

Contribution of the authors
The authors contributed equally to this article.

Conflict of interests
The authors declare no conflicts of interests.

The final manuscript has been read and approved by all
the co-authors.

Information about the article
The article was submitted 13.07.2020; approved after
reviewing  27.11.2020; accepted for publication
26.02.2021.

BECTHUK UPKYTCKOIO rOCYOAPCTBEHHOIO TEXHUWYECKOIO YHUBEPCUTETA 2021;25(1):57-65

ISSN 1814-3520

65

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2021;25(1):57-65




