I YIPABJIIHHA B EKOHOMIYHUX, TEXHIYHUX,

NMPOBNEMMW NMPUAHATTA PILLEHb
@r
EKOJNON4YHMX 1 COUlANIbHUX CUCTEMAX

VJIK 004.9

MPOTHO3UPOBAHUE MMOTPEBJEHUS DJIEKTPOYHEPTUU
C IOMOIIBIO HEMPOHHBIX CETEN

C.C. HUKOJIAEB, I0.A. TUMOHIEHKO

KpaTko paccMOTpeHO cOCTOsHUE SHeprocerel B YkpauHe u 3a py6exom. [Tokasana
aKTyaJbHOCTh CO3/JJAHUS CETel HOBOTO MOKOJEHUS, a TAKXKe NMPUBEIEHA IIOCTAaHOBKA
3a7aud yIpaBJeHHS CMapT TPUAOM M IMOA3anad, KOTOPble MPH 3TOM BO3HHKAIOT.
IpemnoxeHo pelreHre 3aJaddl TPOTHO3MPOBAHUS 3JIEKTPOIHEPTHH C IIOMOIIBIO
HEHPOHHBIX ceTeil. PaccMoTpeHa cTpyKTypa U OmUcaH BBEIOOp MapaMeTpoB HEHpPOH-
HOH CeTH JUISl COCTaBJICHHS CYTOYHBIX IIPOTHO30B IOTPEOJICHUS DIIEKTPUYECTBA.
Omnncan alropuT™M 0O0ydYeHUsI CETH, BXOJIHbIE U BRIXOIIIHME HaHHbIe. Onucana mpo-
nexypa orbopa BXOIHBIX NpH3HAKoB. IIpoBenE€H aHaiIM3 3aBUCHMOCTH TOYHOCTH
HPOTrHO3a OT BBIOOpA BXOAHBIX NPH3HAKOB. BBIABICHO, YTO NPH M0Ja4e Ha BXOX Ce-
TH B Ka4ecCTBE OTJCIbHBIX IPH3HAKOB MHAWKATOPOB NPA3IHUYHBIX THEH, MOXKHO
YIYYIIUTh Ka4eCTBO MPOTHO3UPYEMOTo pe3yibTaTa. Takxke MOKa3aHO BIHSHHE IIO-
TOAHBIX (PAKTOPOB HA TOYHOCTH ITOJIY9AaEMBIX IPOTHO30B.

BBEJEHUE

TpagumuoHHO 3aa4a MPOTHO3a BCETAa ObLTa BaKHA B CBS3H C HEOOXOIMMOCTHIO
TUTAaHUPOBAHUS BBIPAOOTKH 3JIEKTPOIHEPTUH.

PanbI1e sHEproceTH COCTOSIIM B OCHOBHOM M3 HECKOJIBKHX THIIOB 3JIEKTPOC-
taniuit (TOC, I'DC, ADC), HeOONBIIOE KOJUYECTBO KOTOPHIX, MPOU3BOAUIO
MPaKTHYECKH BCIO 3Hepruto. [lpwm 3ToM, mis ymnpaBieHus W cTaOWIM3alui Beei
JHEProCeTH KakK LEJIOCTHOrO 00BEKTa, ObUIO TOCTATOYHO MPOCTHIX CUCTEM YIIPaB-
JICHHSI OT/ICITBHBIMH CTAHIIUSIMI.

CoBpeMeHHbIE PHEPTEeTUYECKUE CHCTEMbl HAYMHAIOT BKJIIOYATh KapIUHAIHHO
pa3HOPOHBIC TIO CBOMM CBONCTBAM W MOIIHOCTSIM BHUBI T€HEPUPYIOMIUX IJICKT-
pocTtaHiuii U notpeduteneil. Bcé Gomnble cTpaH HAYMHAIOT MacCOBOE BHEAPEHHE
BO300HOBIIIEMBIX MCTOYHUKOB 3HEPTUU B HAIIy JKW3Hb, TAKHX, KaK COJHEYHBIE
MaHeNn Ha KpBIIax JOMOB M BETPSHBIC 3JEKTPOCTaHIUHU. [I0ABISIOTCS HOBBIE
TUTIBI TOTPeOUTENeH 3JEKTPUYEeCTBa, HAPUMEDP: 3JIEKTPOABTOMOOHIN, KOTOPBIS
MOTYT, KaK 3apsDKaThCsl OT CeTH, TaK U OTAABaTh SHEPTHIO U3 aKKyMYJISITOPOB 00-
paTHO B CeTh;, OBITOBBIE MPHOOPHI CO BCTPOSHHBIMA YMHBIMH KOHTPOJUIEPAMU
B KauecTBe KoHueniuu Internet Of Things, KOTOpbIC MO3BONISIOT B PEAbHOM Bpe-
MEHH 4epe3 WHTEPHET BIUATH Ha pab0Ty MIJUTMOHOB YCTPOWCTB.

Tenmepb B 0OJHON ceTH MOTYT OJHOBpPEMEHHO paboTaTh Kak ra3oBble TypOu-
HBI, TaK ¥ COJHEYHBIE DJIEKTPOCTAHIINHU C XPaHWIHIAMY JINTHH-HOHHBIX aKKyMy-
JSTOPOB Ha Mapy AECATKOB MeraBarT. Ho BOT ecii ra30Boif TypOuHe s pa3roHa

© C.C. Hukonaes, FO.A. Tumowenxo, 2014

Cucmemni docnioxcenna ma ingpopmayivini mexnonoeii, 2014, Ne 4 75



C.C. Hukonaes, IO.A. Tumowenko

HEOOXOJMMO OKOJIO YETHIPEX YacOB M OHA B MPUHIIMIIE M3-32 BHICOKOW MHEPLUHU
HE B COCTOSIHHH OBICTPO MEHSTh HU a3y HH YacTOTY T€HEPHUPYEMOU AIIEKTPO-
9HEPTUHU, TO COJIHEYHBIC JIIEKTPOCTAHIIMK 3alpOCTO CIIOCOOHBI HUBEIUPOBATH
3¢ GEeKT NPOXOASIINX HAl HUMH Ty4, TIOAKIIIOYAsl PE3epPBbl XPAHMIHUIL. DTO BEAET
K paccpeJOTOYEHHUIO CETH, B KOTOPOH Tereph MPUCYTCTBYET MHOXECTBO Pa3HO-
POMHBIX 3JIeMeHTOB. Takas KOMOWHANWs pPa3sHOPOJHBIX HMCTOYHHKOB DHEPTHUHU
B OJJHOH cHcTeMe, C OTHOH CTOPOHBI AaET BO3MOKHOCTH MTHOBEHHO pearupoBaTh
Ha M3MEHEHHUE MOTPEOJICHUS B OTACIBHBIX €€ y4acTKax, C IPYrod — YCIIOXKHSET
€€ yIpaBJICHHE.

Taxxe, y9uUTBIBasi pOCT Harpy3KH Ha SHEPTETHYECKUE CHCTEMBI W M3HOIICH-
HOCTb MH(PACTPYKTYPHI CaMUX CETeH, Mepea COBPEMEHHBIMU HCCIIEIOBATEISIMU
BCTaja 3aJaya 3aHOBO HAYUYHUThCS YHpaBiATh [1] U pacnpenenars [2] Harpysky
MEXIy TMTOTPEOUTEISIMI B MPOCTPAHCTBEHHOM M BPEMEHHOM KOHTEKCTE B HOBOM
SHEPreTHYECKOM IMpocTpaHcTBE. OCOOEHHO OCTPO B MHUPE CTaJl BOIPOC CTAOMIIb-
HOCTH BCE€H DHEPrOCHUCTEMBI IOCIIE HECKOJBKMX KPYIHBIX aBapHii, Hampumep,
TaKo#, KOTOpasi MPOM30IIa C aMEepUKaHCKUM TpuaoM. OH OKazalycsl IJI0XO0 yc-
TOWYHMBBIM K OTKa3aM Y3JI0B CHCTEMBI, BCIEJCTBUE YErO MPH aBaphH Ha OIHOM
y31e, HaOJroJanvuch KoyieOaHus 4acTOThI M Iepekoc (a3, KOTopble MpUBENU
K IETHOMY OTKa3y JECSITKOB ApyTux craHmmid. [Ipu sTom ObLIO 00ecTodeHo 3Ha-
YUTENHFHOE KOJMYECTBO HACENEHHBIX ITYHKTOB. [ pemeHus JaHHOH mpoOIeMBl,
HeoOxoauMo Oojee (yHAaMEHTaJIbHOE YNpaBJeHWE, OCHOBAHHOE Ha MpPOTHO3U-
POBaHWU Harpy3Kd B Pa3HBIX YaCTSAX U B pa3HOE BpeMs (YHKIIMOHUPOBAHHS CHC-
TEMBI, a TaK)Ke THOKOE MepepacipeieNIieHHe PECYyPCOB CHCTEMBI.

J11 HOBOW HEProceTH Hy»KHO CO3JaTh HOBBIE CUCTEMBI YIPaBICHHS, KOTO-
pBI€ B pealbHOM BPEMEHH II0 CETH MHTEpHET OyIyT HE TOJIBKO MEepeHacTpanuBaTh
nmapaMeTpbl OTHENBHBIX Y3JIOB DHEPrOCeTH, HO W IEePeKOH(PHUTYpUPOBATH €&
CTPYKTYpy Ha BCEX YPOBHSX BIUIOTH JI0 U3MEHEHUS MOTPEOISHIS YHEPTHH CaMH-
MU [TOTPEOUTEISMH.

Hackonbko u3BecTHO, B YKpanHe 1aHHAs IOCTaHOBKA 3a[]a4i HE pelianach.

B uactHocTH, 11 pabOTHl TaKUX CHCTEM YHpaBICHHS HEOOXOAWM TOYHBIH
MIPOTHO3 MOTPEOICHHsI SHEPTUH, YTOOBI 3apaHee COo3[aTh IUIAH Tepepacipeene-
HUSI HATPY3KH.

VY4uTHIBas HECOOTBETCTBUE CTAHAAPTOB W HMHQPPACTPYKTYPHBIX DPEHICHUIH
YKPanHCKHX SHEPTOCUCTEM C €BPOICHCKUMH, IPU UX MHTETpauuy B OmxaieM
OynymieM naHHas 3a/la4ya CTaHeT aKTyallbHOW U B YKpauHe.

Ha manHBIi MOMEHT ONTOBEIN PBIHOK dJeKTpuueckon 3Hepruu (OPD) Yk-
parHbI COCTOUT W3 5 SHEPrOreHEPUPYIOMINX KOMIIAHMH: TETUIOBBIX AJIEKTPOCTaH-
LM, aTOMHBIX 3JMEKTPOCTAaHIMNA M THAPO3JIeKTpocTaHui. Kaxkaas u3 komnanui
JOJDKHA TIPEIOCTaBIATh YCIAYTH TI0 PETYIHPOBAHUIO HArpy3kud (MaHEBpPOBBIC
MortHocTH) B O0benuHeHHOM 3Heprocucteme Ykpauusl (O9C).

B cBsi3u ¢ npeacrosimedt unterpaiueit O9C Ykpaunbl B8 UCTE (Union for
the Coordination of Transmission of Electricity — cor03 10 KOOpAWHAIMH TIEepe-
Ja9¥ DJIEKTPOIHEPTHH) HEOOXOIMMO TPUBECTH IOIyCTUMBIH YPOBEHb OTKIIOHE-
HUI 4acTOTHI TeHEepaluy TOKa, KOTOPBIH MO YKPaWHCKUM CTaHJApTaM COCTABIISET
10,2 I'm, k crangapram UCTE, a umenno k £0,02 ' [3].

3a mommepxkKy cucTeMbl obecnieuenusi pyHkmmonuposanus OPD oreedaer
rOCYApCTBEHHOE MPEINPUATHE «DHEPTOPBIHOKY», KOTOPOE BBHITIOIHSACT €XKETHEB-
HOE M0YacOBOC TUIAHMPOBAHUE PEKUMA paOOThl OOBEIMHEHHOW CHCTEMBI C aKTHB-
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HOW dHEpPruei U MOIIHOCTHIO Ha OCHOBE ONTUMH3AIUHN PEXKUMOB PaOOTHI AJIEKT-
POCTaHIWIA, BHEITHUX MEPETOKOB AIIEKTPOIHEPTHH, W MPEICTABICHHOTO TeHEPH-
PYIOIIMMU KOMITAHUSIMU TIPOTHO3HOT'O 00beMa MOTPEOICHHS ANEKTPOIHEPTUU Ha
cnenyroimue cyTkd. UToObl m30exarTh MUKOBBIX HArpy30K, KOTOPhIC OKAa3bIBAIOT
3HAYUTCIIbHOC BJIMSAHUC HA 4aCTOTY B CCTU, IIPOU3SBOAMTCA IUIAHUPOBAHHUE CIKECY-
TOYHON ITOYACOBOHM BEIPAOOTKH JJIEKTPOIHEPTHUU SHEPTOCHCTEMOU IJIS OITH-
MaJbHOW paboThI pou3BoAnTENel 3Heprun. CienoBaTenbHO, YeM ToUHee OyneT
MPOTHO3, TEM MEHBIIIE BEPOSITHOCTh BOZHUKHOBEHHUSI MEPETPY30K U BHEIITATHBIX
CUTYyaIuii, 4To JeNacT 3aJady MOBBIIICHUS KauecTBa MPOTHO3UPYIONINX MOeei
aKTyaJIbHOM.

Ha 3anane Bc€ Gonpliie viccineq0BaHui MPOBOAUTHCS 110 CO3IAHUI0 MHTEIIICK-
TyanbHOU 3Heprocety wiau Smart Grid, KoTopas T0KHA TUIAHUPOBATh pacrpee-
JICHHE HArpy3ku B Mmaciutabax 1ensix crpad. Konnenims Smart Grid mo3Bossier
MO0-HOBOMY TOJXOAMThH K MOCTPOSHUIO IEKTPUIECKHUX CETEH, MepeXoast OT KECT-
KOU CTPYKTYPHI «T€Hepanus — Iepeaada Imo CETH — MOTpeOuTens) K Ooiree THO-
KOH, B KOTOPOH KaXKIBIH y3€1 CETH MOXKET SIBIISITHCS JIEMEHTOM KakK TPOU3BOJIS-
MM, TaK ¥ TOTPEOIISIONINM SHEPTHIO.

[Ipu 5TOM Ha cUCTEMBI yIIpaBIeHHUs ¥ KOHTPOJISI HAKIIAABIBAETCS CIEAyIOIIee
MHOKECTBO OTPAHUYCHHUN U KPUTEPUCB:

MUHUMH3AIUS 3aTpaT Ha TCHEPAIIUIO SHEPTHH;
MUHUMH3AIHS OTeph YJHEPTUU NP e€ repenade MoTpeOnuTesim;
MHWHHUMU3AUA KOJIUYECTBA U ITPOJOJIKUTCIIBHOCTH ITUKOBBIX HAIrpy30K;
paIoHANTBHOE HCITOIF30BAaHUE SHEPTUU CAMUMH TIOTPEOUTEISIMHU;
OrpaHUYCHUA YCTOP'I‘IPIBOCTI/I:
— 4YacCToTa W HaIpsHKCHUE B CETU IO BCEMY I'pUAY OOJDKHA HAXOAWUTHCHA
B IIpefiesiax XE€CTKO 3aJaHHOTO KOPHUA0Opa 3HAUYEHHH, faxe B cirydae cO0eB Ha OT-
JIENTBHBIX Y3JIaX-3JIeKTPOCTAHIIHIX;

- JIOJDKEH TOJHOCTHIO YIOBIETBOPATHCH CIPOC B IOOOW Tepron
U B JII0O0OM TOYKE CETH C YUYETOM BEPOSTHOCTH BO3HUKHOBEHHS IHUKOB MOTpeOIIe-
HUS ¥ IEPETPY30K.

B kauecTBe ynpaBisieMbIX CTPYKTYp MPUCYTCTBYIOT:

e PERIHOK ANIEKTPUYECTBA — TPHUA AUKTYET IEHOBYIO MOJUTHKY TaKUM 00-
pa3om, 4ToObI cenaTh Harpy3Ky Ha CeTbh Ooyiee paBHOMEpPHOW Ha MPOTSHKEHUU
ITHS, TIPU 3TOM IOJIL30BATEN TMOJCTPauBAIOT MOTPEOIeHHE IIsi MUHHUMHU3AIUN
CTOMMOCTH UCHOIb3yEMOT0 UMH IEKTPHUUECTBA.

¢ MHOXECTBO aKKyMYJIMPYIOIINX CTAHIHMA (JINTUH MOHHBIX, THIPOAKKYyMY-
JUPYIOMIUX CTAHIHH, SIEKTPOKAPOB H [Ip.).

o MHOXECTBO XO3SHCTBCHHBIX YIMPABISIEMBIX OOBEKTOB (I[€Xa, CKIIAJIBI,
BCEBO3MOJKHBIE CTHPAIbHbIE MALTHHBI C KOHTPOJUIEPAMH, YIIPABIIEMBIMU IO CETH
KOMaHJaMHu OT TPHUAa, H BOOOIIE JI00bIE CTPYKTYPHI, T/Ie MOXKHO Tepepacrpese-
JIATH MHTCHCUBHOCTH MTOTPEOJICHHS SHEPTHH BO BPEMEHH TaKHUM 00pa3oM, YTOOBI
HE HapPYIIUTh TEXHOJIOTUYECKHUI MTPOIECC).

e VYmpaBieHHE HENOCPEJICTBEHHO CAaMUMH IPOH3BOJCTBEHHBIMH MOIIHO-
CTAMM 3JIEKTPOCTAHIIUH.

[Ipu 5TOM WHTEIIEKTYya bHAS YHEPrOCETh B aBTOMATHYECKOM PEXHME IPO-
W3BOJUT W3MEHEeHNE KOH(PUTypalny B U3MEHSIOIINXCS YCIIOBHAX, TUIAHUPYET pac-
npeieNieHne Harpy3Ky, U POTHO3UPYET KOJIMYECTBO MOTpeOsieMoit sHepruu [4].

CdhopmynupyeM MaTeMaTH4eCKyI0 MOJIENb YIPABICHUS TPUIAOM M CUCTEMbI
MIPOTHO3UPOBAHUS TIOTPEOJICHUS SJHEPTUH.
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ITOCTAHOBKA 3AJAYHN

CoBpeMeHHasi IOCTAaHOBKA 33Ja4d YIPABJICHUS TPUIOM MOIIa Obl 3By4aTh Clie-
JOYIOUIMM 00pa3oM: HAMTH yIpaBI€HUE IIPOU3BOJCTBOM SHEPIMU Pa3HOTUIIHBIMH
ANEKTPOCTAHIMSMUA W TIOTPEOJICHUEM DJIEKTPOIHEPTUM Pa3HBIMU KaTETOPHSIMHU
T0JIb30BATeNCH, MOJKIIOUEHHBIM K €AMHONM CeTH, Ha 3aaaHHblii nepuon 1 (Ha-
npumep, 24 yaca C MOYacOBOM OUCKPETH3aLUEH), MPH KOTOPOM BBIIOIHSAIOTCS
OTPaHMUYCHHS U JOCTUTAIOTCSA KPUTEPUU IEpeduucieHHbIEe Bbile. B maremarnue-
CKOM (hOPMYJIMPOBKE OHH BBITJIAIAT TAKUM 00pa3oM:

minzzqi (1), minZZ[(cj (1> ¢cj(t) ),
it Jot
minzzzc(cj(t),qi(t))a
joi ot
D q;(1) = c;(1),Viel0..T],
i J

Lic;(0),q;(0)) <1y, q;(1)<Q; Vg
rae

gq,(f) — KOIM4YeCcTBO SHEPrUM BhIPAOATHIBACMOE i CTAHIHUEH B IIPOMEIKYT-
Ke Bpemenu [t,7+1);

¢;(f) — KOJIMYECTBO DHEPrUH, MOTPEOIAEMOE j-M IOTPEOUTENEM B IPOME-
KyTKe Bpemenu [t,t+1);

C(c;(),q,(t)) — 3arparsl Ha epeaady SHEPruu OT i-if CTaHLUK 10 j-TO 110-
Tpeburens;

L(c(t),q,(t)) — npsimasi poIyCKHasi CIOCOOHOCTH JIMHHIT Iepeaun OT i-i
CTaHITUH JIO j-TO TIOTPEOUTEIIS;

IU. — MakcHMaibHas IpsiMasi IPOIMyCKHas cIoCOOHOCTh TMHUN Tiepeadyn OT
i-i CTaHIMH JI0 j-TO TOTPEOUTENS;

¢C]_ (y — OOBEM 3HEepruu, MOTPeOICHNE CBBILIC KOTOPOTO CUMTACTCS ITHKO-
BBIM (B OOIIeM ciydae 3aBHCHUT OT JHHAMHUKH MOTPEOIICHUS B ONpeNeIEHHOM
CEerMeHTE CEeTH);

I(c;(®) > ¢C]_(,)) — MHIUKATOpHas (PyHKLHs, KOTOpas paBHa 1, eClik yciio-
BUE BBINONHSAETCA U 0 B IPOTHBHOM CIIy4ae;

(). — MaKCUMaJbHO BO3MOXHBIN IIPOM3BOANUMBINA 00BEM SHEPruH i-if CTaH-
LHEH;

V() — PE3EPB PECYPCOB i-if CTAHIIMH, KOTOPBII HE MOKET OBITh 3a/CHCT-
BOBaH Ha JIaHHOM TNpOMEXyTKe [¢,f+1). Hampumep, razoBas TypOuHa HE MOXKET
pasorHateCcs ¢ HyJS A0 MakCUMyMa 3a OJMH NPOMEXYTOK BPEMEHH, IOTOMY
B Hayane pasrona V, ,, Oy/eT NpHHUMATh 3HAYCHNUs OMM3KUe K (J;, MOCTENEeHHO
najas co BpemeHeM. Takke, TaHHBIN pe3epB MOXKET 3a7aBaTh TPaHUILY, 32 KOTO-
PYIO HE XKelaTeIbHO BBIXOJIUTH MO TEXHOJIOTHYECKUM MPHYHHAM.

[Ipu BBHIMONHEHUUW YCIIOBUH BHIINE, CAUTAETCS, YTO CETh pabOTaeT B IINTAT-
HOM PEKHME M, COOTBETCTBEHHO, YaCTOTa M HANPsDKEHHE B CETH TI0 BCEMY IPUAY
OyAyT HaXOIUTHCS B IOIMYCTUMBIX MIpeemiax.
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YuuthiBast 0003HaUCHHUs, HEOOXOAUMO HAWTH Takue 3HayeHus ¢,(f), Koto-
pBI€ YIOBIETBOPSIOT OTPaHUUYEHUSIM BBIIIE, IIPH 33JJaHHBIX MPOIYCKHBIX CIIOCO0-
Hoctsix. [Ipu 9ToM B 00lIeM Cilydae 3HAYCHUS C| (t) Ha pemraeMslit epUO HEM3-

BECTHBI, a W3BECTHA HCTOpPHA NOTpeOJeHMs 3a MpelblAylide Mepuoisl, Ha
OCHOBaHHMM KOTOPBIX HY’KHO CTPOHUTB IIPOTHO3.

TpaauuuoHHO 3a7a4a MPOrHO3a KOJIMYECTBA MOTPEOIIEMON SHEPIUH pella-
Jach ¢ MOMOILBIO PETPECCHOHHBIX MOJENeH, HO TaK KaK JaHHBIE Psiibl mOTpediie-
HUSl DHEPIrUU HE SABILIOTCS CTALMOHAPHBIMU, TO PErPECCUOHHBIE MOJCIU JAOT
OonplIne OMHOKH.

MBI XOTHUM CO3aTh UHCTPYMEHTAPUHN I PELICHMs 3a[a4d IIPOTHO3UPOBA-
HUsI KOJMYecTBa MoTpebisieMoid sHeprud. [laHHas 3ajauda peniajach pa3HbIMHU
MeTosaMu. MbI BRIOpalId B Ka4ecTBE METOAA JUIsl POTHO3UPOBAHUS UCKYCCTBEH-
HbI€ HEUPOHHBIE CETH.

JJis peleHust 3a1a4u ¢ UCIOIb30BaHNEM HEMPOHHBIX CeTel HEOOXO0AUMO:

e Oro0paTh HHPOPMATUBHEIE BXOSIIUE MTPU3HAKH.

e BpiOpaTh ONTUMANBHYIO CTPYKTYPY CETH, & UMEHHO KOJHUYECTBO CKPBI-
TBIX CJIOEB U HEHPOHOB.

e OOyYHTH CETh 10 ONTUMAIILHOTO 10 3aJAHHOMY KPUTEPHIO YPOBHI.

Leans padoTbl — MOCTPOUTH HEHMPOHHYIO CETh, KOTOpas OyAeT BHIIABAThH
IPOTHO3 ¢ MUHUMAJIbHBIM OTKJIOHEHHEM OT JCHCTBUTENBHBIX 3HAYEHUI MOTpeO-
JICHUS SHEPrUHU.

B maremarndeckoit (opMyIHpOBKE KPUTEpHUII MOXKET OBITh IpENCTaBIICH
B BHJIE!

mWin Z (YW, x,) —w(i))?,

rae W — oby4aemble mapamerpsl cetd; )(W,X;) — CIPOrHO3MPOBAHHOE 3HA-
YeHHe HArpy3KH Ha MOMEHT i IIPH 3aJldHHOM BEKTOPE BXOJHBIX (paKTOPOB X,;

w(i) — neiicTBUTENbHBIEC 3HAYEHHS] HATPY3KH B MOMEHT 1.
Kputepuit paccuntsiBaeTcst Mo TOi 4acTH BBIOOPKH, KOTOpasi HE y4acTBOBa-
na B 00yueHnn cetr. COOTBETCTBEHHO BHIOMPAETCS MHOKECTBO HHIEKCOB {i}.

Janee OymeT ommcaHa METOIMKAa MOCTPOCHUS NPOTHO3a NPU ITOMOIIH HC-
KYCCTBEHHBIX HEUPOHHBIX CETEH.

BXO/HBIE JAHHBIE

Habop ucxomHbIX TaHHBIX MOJYUYEH U3 UCTOYHHUKA [S5] U COCTOMT U3 3aMEPOB I10-
Tpebnenus 3uepruu no aeaanary mraram CIIA u TemnepaTyp Bo3ayxa ¢ OIMH-
HaJlllaTU METeocTaHIui. B3anuMHOE pacnosokeHUe MEeTeO- W DJIEKTPOCTAHIUH
B BBIOOPKE HE M3BECTHO.

JlanHbIe XpaHATCS B BHUIE HaOOpa M3 ABaaaTH TaOIHIl, KaXaas ¢ KOTOPBIX
MPEJCTABIIAECT COOOW: HOMEP 3alKCH, TOI, MECHII, ICHb, U HATPY3KY 32 KaXKIbIi 13
IBAANATH YeTHIpEX 4acoB. B kaxmoit Tabmmie mnpuBeneHo mo 1650 3ammceit
(cTpok), uto cooTBeTcTBYET 39600 3HAUEHUSIM HArpy3KU CETH.

MuHHUMallbHOE U MaKCHMalbHOE 3HAUeHUs HArpy3Kd IO Bceil BBIOOpKE,
COCTaBJISICT COOTBETCTBEHHO: 7319 n 45547 meraparr.

COop ¥ BKJIIOYCHHE B MOJEIH MOTOAHBIX JAHHBIX HEOOXOIUM IMOTOMY, UTO
CyOBEKTHBHOE OIIyIICHHE XOJIoAa JIJbMH CHJIBHO BIUSET HA WX pEIICHUE
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0 BKITIOUEHUH 000TpeBaTeIbHBIX MPUOOPOB. COOTBETCTBEHHO MOXHO HAOIIOAATh
BCIUIECKH MTOTPEOICHHS SHEPTUH B THHU, KOT/Ia TEMIIepaTypa pe3ko nanaet. Takxke
3aMETHO BJIHUSET BIAXXHOCTb U CUJIA BETpa.

[IpuBeném BUA 4acTH AaHHBIX MOTPEOJICHHS U TEMIIEPATyp U3 BHIOOPKH:

Ha puc. 1 noka3aH rpaguk MCXOAHBIX JaHHBIX IOTPEOIEHUS 3IEKTPOIHEP-
MM OZHMAM ILITaTOM B TeuyeHHHW roja. [lo ocu abcumcc OTIOKEHO BpeMsi CyTOK
(B uacax ot 0 o 24), mo ocu opauHat — auu (oT 0 mo 365). Ilo ocu anmmukat
OTJIOKEHA Harpy3Ka B MeraBaTTax.

Puc. 1. IlpuMep naHHBIX NOTPEOICHHUS YHEPTUN OHUM PETHOHOM

B naHHBIX XOpOIIIO MPOTIIA/IBIBAETCS CMEHA CE30HOB. Tak B cpeqHel JacTu
rpaduka (ecim CMOTpPETh MO THSAM — B mpoMexyTke ¢ 130-ro mo 250-i nenb),
XOPOIIO BHUJIEH TEIUIBIA MEPHUOJ ToAa, KOTAa HOYBIO U YTPOM HaOJI0JaeTcsl MH-
HUMYM TOTpeOJICHNS] DPHEPTHH, a BEYePOM — €€ MaKCHMYyM, YTO MOJKHO OOBsIC-
HUTH BKIOYSHHUSIMH KOHJIUIIMOHEPOB Tocie obena. Takxke XOpOIIO BHIEH 3UM-
HUN mepuoj — B Havaje U B KoHIie rpaduka (mo musm). Tyt morpebiieHue
SHEPTHH COBEPIIEHHO [PYroro xapakrepa: HOYbI0 W YTPOM — MaKCHUMYM,
a B 00e1 MUHMMYM, YTO MOXXHO OOBSICHUTH MAacCOBBIM BKIIIOYEHHEM 00OTrpeBa-
TEJILHBIX MPHOOPOB HA HOYHOE BpeMs, U BBIKIIOUEHHEM X B pabouee Bpemst. YT-
pEHHUHN TMHK MOXHO OOBSICHHUTH BKIIIOUCHHEM OOOTpEBATEILHBIX MPHUOOPOB HA
pabouux MecTax U MacCOBBIM IPUTOTOBIEHHEM KOQe, 3aBTPaKOB Ha SJIEKTPOILIHU-
Tax ¥ JpyrumMu GaKkTopamu.

Ha puc. 2 mokasan rpaduk UCXOIHBIX 3HAYCHUH TEMIIEpaTyp CHSATHIX C Of-
HO¥# cTanImu 3a roia. ITo ocu abcruce oTIokeHO BpeMs cyTok (B yacax 0—24), o
ocu opauHaT — 1HU (0 — 365). Ilo ocu anmmInMKaT OTJIOXKEHA TEMIIEpaTypa BO3/IY-
xa (B rpagycax DapeHreiirta).
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Puc. 2. llpuMep DaHHBIX TEMIIEpaTyp BO3TyXa 3a ToJ

B nenTpanbHON 4acTH BUAHBI BBICOKHE JIETHHE TEMIIEPAaTyphl, KOTOPBIE J0-
CTHTalOT MUKa B 00EIEHHOE BpeMs U CIafaroT K Beyepy. [lo konuam rpaduka (mo
ocu — JHEeW) — BUAHBI HU3KUE 3UMHUE TEMIEPAaTyphl, KOTOPhIE HE CHIIBHO U3-
MEHSIOTCSl Ha IPOTSKCHUH CYTOK.

Ecnn paccmarpuBaTh rpaduk mOCiefoBaTeNbHO MO JHAM (OOUH JI€Hb —
JIBAJIIIATh YETHIPE YaCOBBIX OTCYETA MO OCH abCIHCcC), TO MHOT/IA BUIHBI PE3KHE
WU3MEHEHUS] CPEJHEIHEBHOM TEeMIEepaTypbl MO OTHOIIEHHIO K COCEIHHM MIHSM.
3TO MOXHO OOBSICHUTH CONTHEUHOH TEMION IOTOMO0W, WK K€ HAa00OPOT Pe3KUM
najeHueM CpeIHEeIHEBHON TeMIepaTyphl JIETOM U3-3a JOXIEH W macMypHOH mo-
TOJIBL.

INOCTPOEHUE MOJEJIA

Bce paccMmarpuBaeMble HEHpOHHBIC CETH (Aajiee MOAENN) UMENH OJWH CKPBITHIN
CJIOW ¢ CUTMOMIANBHON (hYHKIIMEH aKTHBAITMH, KOTOPasi HMEET BHI:
2
f(x)= — 1.
1+e

X

PaccmarprBanoch MHOXKECTBO MOJIENIEH C OJTHUM U ABYMsI CKPBITBIMHU CIOSIMHU.
KonuyecTBO HEHPOHOB KaXKI0TO CKPBITOTO €10 BAPbUPOBAIOCH OT 2-X 10 50.

Mogenu o0yyanuch C MOMOIIbI AITOPUTMa CONPSDKEHHOTO I'PaJUCHTA,
U Cpelld HUX BBIOMpaNIach Jy4qIasi.

Jlanee OyAyT ONUCaHbI ITAIbl HOCTPOECHUS MOJIENEH.

OT00p NpU3HAKOB

CeTp asi IOYaCOBOTO MPOTHO3MPOBAHUA 00BEMa SHEPTHH WMEET OAWH BBIXOJ,
KOTOPBIN BBITAET MPOTHO3 00bEMA SHEPTUH HA CIIETYIOIINI TTEPHO/T.
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B kadecTBe NMPU3HAKOB MOAAIOTCS: UCTOPHS HATPY30K, 7 OJIIOKOB TEMITEPATYP
1 OJIOK BXOJIOB C TEKYIIIUM BPEMEHEM.

Omnpenenenne KOJMYECTBA MPEAbIAYINNX 3HAUYCHHH, KOTOPBIE HEOOXOAUMO
MMO/IaBaTh HAa BXOJ CETH, I Kaxxaoro u3 11 TemmeparypHbIX psamoB U 20 psaoB
MOTPEOICHHUS YHEPTHH ONPEACISUIOCh HE3aBUCUMO C MTOMOIIBIO KOPPEISIIIMOHHO-
ro kpurepus. [Ipu 3TOM OBITH UCKIIOYEHBI U3 PACCMOTPEHHS YEThIPE TEMIIe-
PATypPHBIX Psijia U3-3a CHIILHOW 3alyMJIEHHOCTH.

Hcropus narpy3ok. Ha naHsbIil OJIOK BXOMOB UIS KQXKIOTO W3 JBAJIATH
PSIOB HArpy30K, MOJABAINCh HOPMHUPOBAHHBIC 3HAYCHHS C YACOBBIMHU JIaraMu
C MEPBOTO T10 IECTOM BKIIOYUTENHHO, a TAKXKE TBEHAATHIA U JIBAJIIIATh YETBEP-

ThIH J1ar. J[pyruMu cJI0BaMu, €CJIM Mbl XOTHM CIPOTHO3MPOBATh ), , TO HAa BXOJ
HYXHO IOJABATh X,_{...X;_¢,X;_12,X/ 24

Temmneparypsl. Ha nanHbIi 070K BXOZOB TOAABAIMCh HOPMHUPOBAaHHBIC
3Ha4YeHHs TEMIIEPATYP C CEMH CTAHIUI CO CIEeAYIOIMMHU YaCOBBIMHU JaraMu: mep-
BBIH, TPETUH, YETBEPTHIM U JBAJIATh YETBEPTHIN.

Bbrok BX0OB HEHPOHHOW CEeTH, Ha KOTOPHIE MOIaBajIOCh BPEMs, COCTOUT U3
TpEX TOAOIOKOB: BPEMEHHU CYTOK, THEH HEJEeIN U MECALIEB.

CHavana BpeMs IMPeICTaBIsIIOCh OJHUM BXOJOM B BHJIE HapacTaroIei Ju-
HeltHoW ¢yHkiun. [Ipu sTOM, HanmpuMmep, A MOIYHOYH MOHEIEIbHUKA JaHHbBIS
KOAMPOBAMCH Kak 0, a mojTHOYEL CyO00THI KoaupoBaiachk 3HadeHneM 7. Hemgocrat-
KOM TaKOI'o MOAXOJa SBJISCTCS HAJIMYHME PE3KUX IMepernajgoB 3HAYCHUN KOIOB
MEXAy BOCKpeceHbeM («7») W cieayrommM mnoHeaensHUKoM («0»). OOydeHue
MOJIeNIeH ToKa3ao, YTO TaKOM MOAX0/1 IPUBOAMI K OOJIBIIMM OIIMOKaM MPOTHO3a
B MOMEHT 3TOTO IEPEX0/ia B CBSI3U C TEM, YTO OJIM3KHUE 10 CyTH CYIIIHOCTHU, TAKUE
KaK BOCKPECEHbE W TOHEAEITHHHUK, KOJUPOBAIHNCH SKCTPEMATbHBIMHI 3HAUEHUSIMHU
uHTepBaia (7 u 0 COOTBETCTBEHHO), YTO MPUBOAMIO K CKaYKy OIIMOKH Ha TpaHU-
1le MHTEpBaIa.

s ycrpanenus storo dhdexra ObII0 MPUHATO PEIIeHHe MPeCTaBUTh Kax-
JIbIi BPEMEHHOUM BXOX JABYMs HE3aBUCUMBIMU BXoaamu. OJHMH U3 3THX BXOJOB
MIPEJICTABIIICT KOCUHYC, a2 BTOPOW CHHYC OT JIaHHOW nepeMeHHON. Dopmyna mpe-
00pazoBaHUS UMEET BU/I:

. 2mx 2mx
Us(x)=sin| — |, Uc(x)=cos| — |,
(x) 7 (x) 7

rae L =max{x}—min{x}, I mepeMEHHOH, KOTOpas KOAMPYET IHH HEICIIH
L =7; x — BpeMeHHas mepeMeHHas, KOTopas mpuHUMaeT 3Ha4deHust ot 0 g0 7

JU1st nHer Henenu u ot 0 1o 24 11 CyTOYHOTO BPpEeMEHHU.

JIBa BXoma IS KaKJIOW MEepeMeHHOW HeOOXOIMMBI JJIsi TOTO, YTOOBI B JIFO-
00if TOYKE OJHO3HAYHO BHEIYHCIUTEH 3HAUYCHUE BPEMECHHOU MEPEMEHHOMN, UTO CTa-
HOBHTCS BO3MOXHBIM OJyiarozaps cagury ¢as. Takoe npeoOpa3oBaHue MO3BOJIUIO
n30eKaTh PE3KUX CKAYKOB OIIMOKW W 3HAYMTEIBHO YIIyYIIHIIO MPOTHO3. BBexe-
HUE TBOWHOTO KOTUPOBAHHS OJIOKa BPEMEHHBIX MEPEMEHHBIX B BHIE KOCHHYyCa
Y CHHYCA YMEHBIIMJIO CPEIHIOI OMIMOKY MPOrHO3UpoBaHus Ha 3,6%.

Kpome Toro, B Mozienu ObUT MPOU3BENEH YUET OTENBHBIX (PAKTOPOB, TAKUX
KaK Mpa3gHUYHbIC JHU. BBUTO BBISBJIEHO, YTO MOTpeOIeHNe B TIPa3IHUYHbIE THU
KaueCTBEHHO OTJIMYAETCS OT MOTPEOJICHHUS SHEPTuM B O0OBIUHBIC aHHU. Ha puc. 3
n300paxkEéH TpapuK OMIMOKH MEXAy NPOTHO3UPYEMBIMH W JEHCTBHTEILHBIMHU
3HAYEHUSIMH HAarpy3Ku B HOBOroaHUH nepuoi. [1o ocu abciuce oTIokeHO BpeMs
B Yacax, a 110 OCH OPAMHAT — a0COOTHOE 3HAYEHHUS OITHOKH.
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Puc. 3. I'pa¢ux ommOKH NpOTrHO3UPOBAaHMS HA HE y4acTBOBaBLIEH B OOy4EeHHH 4acTH
BEIOOpPKH (HOBOTOHHIH TIEPHO/T)

I'paduk moctpoeH Takum 06pa3oM, uto Mbl yuntbiBaeM 500 gacoB 1o u 500
mocJie HoBoro roga. M3 rpaduka BUAHO, YTO B HOBOTOHIOIO HOYB, B paiioHe S00-ro
orcuéra, HaOmMIomaeTcss pe3Kui CKayoK OMmMMOKK. DTO 03HAyaeT, YyTo TeKyllee
npeacTaBiieHue NHOOPMATHBHBIX MTPU3HAKOB, TI0JJaBAEMOE Ha CETh, SBIIIETCS HE-
NOJHBIM. UTOOBI UCTIPaBUTH TOJNOKEHHE, ObUT 00aBJIeH OTAeNbHBIN HH(OpMany-
OHHBIN BXOJ, HAa KOTOPBIN MojiaBasiach «+1» B HOBOTOJHUM NEPUOI U «—1» BO BCE
OCTaJbHOE BpEMS.

[Mocne mepeoOydeHuss Momenu rpaduk OMIMOOK CTal BBIIAACTh TaK, Kak
MoKa3aHo Ha puc. 4 (ocH Takue ke, Kak ¥ Ha puc. 3).

MBr 200 T T I l | T T .

1500 b

1000 -

-1000 b

1500 |- -

-2000 1 1 1 1 | 1 1 1 L
0 100 200 300 400 500 600 700 800 900 1000 Yacel

Puc. 4. T'paduk ommbOKH IPOrHO3UPOBAHUS 33 TOT K€ IEPHOJ, MOCIE A00aBICHHS 0-
IIOJIHUTCJIBHOI'O I/IH(l)OpMaLlI/lOHHOFO BXOJa
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Kak BugHO u3 rpaduka Ha puc. 4, Ipu BBEJCHHHU HOBBIX BXOJOB, 3 (deKT
OOJBITION OIMMOKN B HOBOTOAHIOI HOYL CHAT. Temeph ommOKa HE TMPEBOCXOIUT
25 % OT mpeapIAyIIero 3Ha4eHus, HO Ha rpaduke BCE ené MpUCyTCTBYIOT pery-
JSIpHBIC TIMKHU, KOTOPbIE MOTYT OTBEYaTh 3a Jpyrue HeydTéHHbIC coObITHs. Han
BBISIBIICHUEM MPUYHH JaHHBIX COOBITHI U OyJIET MPOI0IKATLCS paboTa.

Cnocod u kpuTepuu 00yueHust

Hns oOyueHus, Bca BBIOOpKA Ienuiack Ha Tpu yacTu: oOydaromyto (Training),
tectupoBouHyro (Test) u Banmmanmonnyro (Validation) B cootHomenun: 70% —
15% — 15%. Bce Bxopnsimiue CUTHAIBI HE3aBICUMO HOPMHPOBAJINCH B AMAITa30HE
oT «—1» 1o «1», uTo6bl M30exaTh Pa3HOTO BIUSHUSA pa3dpoca Pa3HOTHUITHBIX
JAHHBIX.

Cetb oOydanach METOJIOM COMPSDKEHHBIX TPATUCHTOB MO0 KPUTEPUIO MHUHU-
MU3alUN CpefHekBaapaTnueckoi ommoOku (MSE) — anroputmoM oOpaTHOTO
pacrpocTpaHeHus omuOKy B cpene Matial.

st m30eranns mepeoOydeHus NCTIONB30BANICS KPUTEPU paHHETO OCTAaHOBAa —
KaK TOJHKO OIMMOKa Ha TECTHPOBOYHOHN BHIOOPKE JOCTHUTAlIla MUHUMyMa — 00Y-
YeHHUE MPEeKPaIlaIoch.

I'paduxu perpeccun as JaHHBIX TPEX MOABBIOOPOK WMEIOT BHI, MPEICTAB-
JIEHHBIN Ha puc. 5.

Training: R=0.99534 Validation: R=0.99508

< Data
Fit
skl ¥=T

< Data &
Fit &

ost| ¥=T O_

045

Output ~= 0.99"Target + -0.0038
[}
Output ~= 0.99"Target + 0.0039

& a5 o 05 1 - s 0 05 1
Target Target
a A
Test: R=0.99524 All: R=0.99528

< Data < Data
Fit
skl ¥=T

0.5

045

Output ~= 0.99"Target + -0.0051
. o ‘
Output ~= 0.99"Target + 0.004

-1 05 ] 05 1
Target Target

R 2

Puc. 5. I'padukn perpeccun: a — perpeccus Ha oOydaromeld noassioopke (Training);
6 — perpeccus Ha TeCTHpOBOYHOU moaBeIOOpKe(Test); 6 — perpeccust Ha BaTUAAINOH-
HoW noaBbIOOpKe (Validation); e — cBOHBIH Irpad Uk perpeccuu Ha BCeil BHIOOPKE
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Yeréprriii rpaduk (All) — cBomsblii mo Bceil BeiOOpke. Ha naHHBIX
rpadukax, Kaxaas TOYKa HMEET CIEIYIOIIMe KOOPAMHATHI: IPOTHO3HPYEMBbIe
3HA4YEHUS Ha OCU OpJIMHAT, a IeHcTBUTENbHBIE — Ha ocu abcrmcc. [Ipu aToM, yem
OIKe TOUKH JIeXKAT K MPSIMOM X = ), TE€M JIyYllle MOyYeHHBIH pe3yIbTar.

Kak BumHO 13 rpaduka mo Buay perpeccud y Hac HaOIIOAAeTCsl XOpolast
KOppenanus, Mpo YTO TaKKe CBUETEIbCTBYET 3HaueHue kpurepus R = 0,99528.

Ha obyuaromieit m Ha BaJMIAITMOHHON TMOABBIOOpPKE OBUIM TOJYYCHBI ClIe-
IyFOIIIMe OLleHKH (Tabnuma):

Taboauuma. Pe3ynprarel TecTOB

Kpurepun ToasLiGopiit Train Set Validation Set
MSE 312580,138 385422,920
STD 559,089 617,719
MAPE 0,0105 0,0117

B tabmune MSE — cpenHexBaapaTudeckas ommoOka, STD — cpenHexBan-
parnueckoe oTkinoHeHre, MAPE — cpennsist abcomoTHas poIeHTHAs OnInoKa.
Kak BuguM n3 HeOOJIBIIOTO OTIMYUS KPUTEPUEB HA NBYX HE3aBUCHMBIX BBIOOD-
Kax, CETh XOPOLIO YJIOBHJIA 3aBUCUMOCTb U IlepeoOyueHe He HabaroaeTcs.

Ha puc. 6 mokaszaH rpaduk CIPOrHO3UPOBAHHOW MOTPEONIIEMO SHEPTHH,
r€ OCh alIUIMKaT — MEraBaTThl, NporHo3 Ha 60 qHeil B pexxume ot 0 1o 24 yaca.

Jan

0 0

Puc. 6. Koreunslii BH]| IPOTHO3UPYEMBIX 3HAYCHHH 00bEMA JHEPI UK
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BBIBO/IbI

B nannol paboTe OBLTO PACCMOTPEHO IMMOCTPOCHUE W BRIOOD ITapaMeTpoB HEHPOH-
HOW CETH JIJIsl POTHO3UPOBAHUS NOTPEOICHUS AIEKTPOIHEPTrUU. BhITH MOTydYeHbBI
MAPE ot 0,0105 mo 0,0117 Ha oOyuaroreil 1 He3aBHCUMOW BaIMAAIIMOHHON BhI-
OOpKax COOTBETCTBEHHO. BBeneHHMe NBOWHOTO KOTUPOBAHHS OJIOKa BPEMEHHBIX
MEPEMEHHBIX B BHJIC KOCHHYCA U CUHYCa YMEHBIIMIO CPEAHIOI OMIUOKY MPOTHO-
3upoBaHud Ha 3,6%.

OnTrManbHOE KOJMYECTBO HEWPOHOB CKPBITOTO CIIOSI OBUIO OIpENeTeHO
paBHbIM cemu. [Ipu 3TOM, ceTH maxke C TpeMs HEHpPOHAMU JaBalld Pe3yJbTaT CO
3rHaueHneM ommbkun MAPE He 6onee 5%. beutn 3amMedeHs! HEMTPOMTOPITHOHATHHO
0oJpIIMEe OMMOKH IPOTHO32 HA MPA3AHUYHBIE JHH, YTO OBIJIO MCIIPABIICHO ITYTEM
BBOJIa B MOJIC/Ib BXOJIOB-MHMKATOPOB, KOTOPHIE YKa3bIBAIOT HA TO, SBISCTCS JIU
JAHHBIN 1€HBb TPa3THAKOM.

Takum oOpa3om, mpoBeaéHHas pabota mo3Bosisier OPD momydats Oonee
TOYHBIC CYTOYHBIC MPOTHO3bI NOTPEOJICHUS SHEPTHH, YTO MO3BOJUT OoJiee Kade-
CTBEHHO OCYIIECTBIISATH YIPaBICHHE YHEPTrOCeThI0. JJOCTOMHCTBOM JaHHOTO IOJ-
X0JIa TAaKXKe SBISETCS TO, YTO KOJIMYECTBO HEUPOHOB B MOJYUYCHHBIX CETSIX HEBE-
JIUKO, YTO TMO3BOJISET MPOU3BOAMTH PAaCUYEThl MPOrHO30B JaKe Ha MAJIOMOIIHOW
BEIUMCITUTEIHHON TEXHUKE.
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