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Ocobennocmoio 2eozpaghuueckoeo noaodxcenus Xanmoi-Mancutickoeo agmonomnozo okpyza — IOepwr asnsemca
Hanuuue 60abUI020 KOTUYECm8a 301 0eyeHmpaiu308anHo20 I1eKmpocHadicenus. /s cpasHumenrsHol IK0I02UIeCKOl
oyenku ycmanogok BHD neobxodumo yuumwvieams 6b10pocel 6cezo dacusHennoz2o yuxia. Ha npomsadgcenuu 6cezo
npeoCcmagnenHo20 Yukia om 0oduiuy 00 NPOU3B00CMEa KOHCMPYKYUL IAEKMPOCMAHyUl U 3amem YMuausayuu
00vexma npucymcmeyem sHauumenvuas yacmo viopocoe CO,. Axmyanvhoil cmanosumesa npobiema 0emonmaxica u
ymuauzayuu ompabomasuiux KOHCMpYKyutl 6emposuIxX d1eKmMpoCmMaHyuil.

C mexnuueckoli MoOuKU 3peHus, HeoOXOOUMO YUUMBIBAMb PpedCUMHble NApaAMempul: HOKA3amenu Kaiecmed
INEKMPOIHEP2UY 8 MOUKe NPUCOEOUHEHUS, YPOBHU HANPAICEHUS 8 Y31aX HASPY3KU, PelCUMbl pabomol HaKxonumenel
onepeuu. s oyeHKu napamempos padomvl U30IUPOBAHHOU CUCHEMbl INEKMPOCHAOICEHUss C BO300HOBIAEMbIMU
UCOYHUKAMYU DHepeuu 6 OaHHOU pabome npeodnazaemcs UCHOIb308AMb Memoo  Gelisliem-npeoopazo8ans.
IIpedcmasnena mamemamuieckas mMooenb, NO360AAOWAS. NOJYUUMG HUSKOYACMOMHYIO (MPEHO08YI0) COCMABIAIOWYIO
U BbICOKOYACMOMHYIO COCMABIAIOWYIO C NOMOWbIO Getigiem-npeobpazosanus. Mooenv nozeonsiem ocywecmeums
ONMUMATLHBLI 8b100P 2UOPUOHO20 HAKONUMEINS SHEP2Ul Ol 80300HOBIAEMO20 UCIOYHUKA SHEPLUU -~ AKKYMYIAMOPA U
cynepkoHoeHcamopa.

Kniouegvle cnoea: >Muccus >KU3HEHHOTO LHMKJIA, BO30OHOBJISAEMblE WCTOYHHMKH SHEPTUH, JElEHTPAIN30BaHHbIC
CHCTEMBI AJIEKTPOCHA0XKEHHMS1, KAYECTBO 3JIEKTPOIHEPT U, BEHMBIIET IIpeoOpa3oBaHue.

Key words: life cycle emissions, renewable energy sources, decentralized power supply systems, power quality, wavelet
transform

SUMMARY

A feature of the geographical location of the Khanty-Mansiysk Autonomous Okrug - Yugra is the presence of a
large number of zones of decentralized power supply. For a comparative environmental assessment of renewable
energy installations, it is necessary to take into account the emissions of the entire life cycle. Throughout the presented
cycle from mining to the production of power plant structures and then the disposal of the facility, a significant part of
CO2 emissions is present. The problem of dismantling and recycling of spent structures of wind power plants is
becoming essential. Wind turbines cause the death of birds, violate the conditions of comfortable living for people and
animals

From a technical point of view, it is necessary to take into account the regime parameters: indicators of the
quality of electricity at the point of connection, voltage levels at load nodes, operating modes of energy storage devices.
To assess the operating parameters of an isolated power supply system with renewable energy sources, this paper
proposes to use the wavelet transform method. The Haar wavelet was used as a basic function in the paper. A
mathematical model is presented that makes it possible to obtain a low-frequency (trend) component and a high-
frequency component using the wavelet transform. The model allows for the optimal choice of a hybrid energy storage
device for a renewable energy source - a battery and a supercapacitor.

MATERIALS AND METHODS

The object of this study is the isolated power supply systems of the hard-to-reach northern territories of Russia.
Such systems are equipped with combined power plants, which include a diesel generator and one or more types of
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renewable energy sources (RES). For the Khanty-Mansi Autonomous Okrug - Yugra, solar panels and wind power
plants are the most widely used RES, a significant limitation of which is unstable generation depending on wind speed
and the number of sunny days. Accordingly, there is a scientific and technical problem of the optimal distribution of
generating elements, taking into account the daily curves of electrical loads. Energy surpluses during hours of
minimum consumption can be concentrated in storage devices - rechargeable batteries and supercapacitors. With a
sharp increase in demand for electricity, the storage devices will give it to the consumer.

One of the key parameters for the functioning of isolated power supply systems with RES have to be indicators
of the quality of electricity. The current standard GOST 32144-2013 (Power quality standards in general-purpose
power supply systems) defines, among others, the requirements for the shape of the voltage curve. The two indicators
introduced are:

- the value of the voltage harmonic factor up to the 40th order

U(n)
Ko =—-100 (1)
U(1)
- the value of the total voltage harmonic factor

Zu(n)
K, =——-100 2
’ U(l)
To solve scientific and practical problems, methods of continuous (3), discrete (4) and packet wavelet
transform have been developed and successfully applied [Smolentsev N.K. 2014]:

F@b)=la ™| f(t)w(ﬂjdt, (3)

Fon=a, ™ j f D)y (a,"t —nb, . (4)
where y;(t) is the mother wavelet function. Formula (4) results from formula (3), given that a and b take only discrete
values: a=ay', b=nbyag,a m,N € Z [Smolentsev N.K. 2014].

The properties of the wavelet transformation can also be used to analyze load curves for consumers of a
decentralized power supply system in order to optimally select the operating mode in the presence of a combined
generation system: solar panels and wind turbines. Discrete decomposition of the daily power curve of a group of
consumers of an isolated power supply system at the first level, taking into account the fact that each wavelet function
can be characterized by the filter coefficients of the lower hy, h; and high go, 9; frequencies in matrix form, is
implemented by the formula:

h h 0 0 K K 0 of|R]| |PA
0 0 h hh K K 0 0f|R]| |PA
K K K K K K K K (A K
0.0 0 0K K h bl K| P, ()
g% 9, 0 0 K K 0 0 |K| [P}
0 0 g g6 K K 0 0f K Pa
00 00 KK 0 off,]|K
0 0 O K K g g [P]| [P

For the Haar wavelet, the coefficients of the lower hy, h; filters are equal:

T R 1 ©

By repeating the procedure for the approximating coefficients of the first level of decomposition
aﬁ;[%m P{S(z) PL’;@) Pll?)((n—l)/z afa(n/z)J in accordance with the scheme (Fig. 3), one can obtain

approximating and detailing coefficients of the second level of decomposition, etc.
The inverse wavelet transformation (reconstruction) of the signal can be performed by the formula:
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The inverse wavelet transformation makes it possible to switch to the original format of the signal under study,
in this case, to the dimension of active power (kW).

RESULTS & DISCUSSION

As initial data for carrying out a numerical experiment, we will take the daily curve of electrical loads of an
isolated power supply system, obtained with a time interval of 1 minute using the automatic commercial electricity
metering system installed at the facility (Fig. 4). A similar set of data can be obtained by the substation staff on duty, in
the manual mode of fixing the power value according to the readings of wattmeters.

To identify the trend component of the electrical load curves when developing a hybrid energy storage device
based on a battery and a supercapacitor, it is necessary to keep the low-frequency component unchanged. In this paper,
only the wavelet coefficient A5 (Fig. 5) obtained as a result of discrete wavelet transformation of the daily curve (Fig.
4) is responsible for the low-frequency component (averaging over 32 minutes). To select the low-frequency component
during restoration, it will be necessary to nullify all wavelet coefficients, except for A5 (Fig. 6).

As a result of such an operation, we obtain a daily power plot of an isolated power supply system with
renewable energy sources, restored from a single branch of the wavelet coefficients of the fifth level of decomposition
(Fig. 7). The reconstructed plot has an averaging period of 32 minutes and consists of 45 steps. It should be noted that
such a “stepped” form of the reconstructed plot is characteristic only when the Haar wavelet is used as the basis
function. The plot will have a smoother look in case of choosing another wavelet function.

For a comprehensive assessment of the effectiveness of the introduction of renewable energy sources in the
power supply systems of isolated areas, an integrated accounting of environmental and technical factors is proposed.
The emission of the RES life cycle must be taken as a key factor in relation to the environment protection. This issue
should include the calculation of the carbon footprint in the production, operation and disposal of spent RES elements
(in particular, solar panels and wind turbine blades). To assess the technical feasibility of using RES, the operating
modes of both individual RES systems and combined elements should be taken into account. To calculate the power
quality indicators and the optimal choice of storage devices (supercapacitors and storage batteries), the authors of this
paper suggest to use discrete wavelet transformation methods. Based on the discrete wavelet decomposition using the
Haar wavelet, the trend component of the electrical load plot (for choosing a battery) and the high-frequency
fluctuation component for calculating and choosing a supercapacitor were identified.

BBEJIEHHME

B nocnennue pecsTuieTMss B KadecTBE JIONOJHUTENIBHBIX K MIMPOKO MPUMEHSIEMBIM THIIAM
JNEKTPUYECKUX CTaHIMH (aTOMHbBIE, TEIJIOBBIE, THUIPOAIEKTPOCTAHIIMK) BBOASATCA HOBBIE MOIIHOCTH
BO300HOBIISIEMbIX HCTOUHUKOB dHeprun (B1D). Kak cnenyer u3 onpenenenns BUD — «3To sHeprernueckue
pecypchl TIOCTOSHHO CYLIECTBYIOLIMX TPHPOJHBIX IPOLECCOB HAa IIAHETE, a TaKXke 3HEpropecypchbl
HPOAYKTOB KHU3HEJCATEIFHOCTH OHOLIEHTPOB PACTHUTEIBHOIO M YKMBOTHOTO TMPOHCXOXKICHUsD [JIyKyTHH.
2008. C. 5]. LenecooOpa3HoCTh UCTONb30BaHUsI BD Ha OT/AENBHBIX TEPPUTOPHSIX OMPEACISICTCS, IPEKIC
BCET0, UX IKOHOMUYEcKoH 3¢ pexTrBHOCTHIO. [Ipn Hanmuunu kpynHbsix neHTpoB nutanus (ADC, TOC, TOL,
I'POC) BO30OHOBNSIEeMblE HMCTOYHHMKH, 3a4acTyl0, OKa3bIBalOTCS MeHee J(PQPEKTHUBHBIMH W MOTYT
paccMaTpuBaThCsl JIMIIL KakK JIOTONHUTENbHBIE. OCOOEHHOCThIO Teorpaduyeckoro IMOJIOKEHHS XaHThI-
Masncwuiickoro aBTOHOMHOTO Okpyra — lOrper sBnsercs Hanmume Oomee 30 30H Tak Ha3bIBAEMOTO
JELEHTPAIM30BAHHOTO 3JIEKTPOCHAOXKEHHUS, T.€. TOPOJOB M TMOCENKOB, HE HMMEIOMIUX CBSI3M C EIWHOH
SHEpreTUueckoil cuctemoil. IIpobiemMa neneHTPaTM30BaHHOTO IEKTPOCHAOKEHNSI XapaKTepHa HE TOJIBKO
st FOrpel, Tak, «IeleHTpaTn30BaHHbIC TEPPUTOPUH ¢ HHPPACTPYKTYPHOH M30JISIIIMEH aBTOHOMHBIX CHCTEM
ANeKTpOCcHa0XKeHus: xapakrepHsl it 70% teppuropun Poccum» [Kuymkuna. 2019. C. 6]. Hdns takux
TEPPUTOPHUIl (TOPOAOB U MOCEIKOB) OCOOYIO0 aKTyaJbHOCTb MpHoOperatoT uMeHHo BMD, B wacTHOCTH Anst
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IOrper pedp, mpexae Bcero HAET O COJNHEYHBIX OJJIEKTPUYECKUX CTAHIMAX W DAIEKTPOCTAHIUAX,
WCTIONB3YIOMINX SHEPTHIO BETPa.

[Ipu ouenke skonormyeckoil 3(p(PeKTUBHOCTH BETPOBBIX M COJNHEUHBIX 3JEKTPOCTAHLUHN clexyeT
YUUTBHIBATh TO OOCTOSITENBCTBO, YTO MpHU CBOeH pabote 3ty Tunsl BUD He mpomsBonsat CO,, ogHako npu
MPOM3BOJICTBE KOMITICKTYIOIIUX JAHHBIX TUTIOB 3NieKkTpocTanimii smuccus CO, npoucxomut. MccnenoBanus
B OTOW O0JAcTH MOJYYMJIM Ha3BaHHE «u3ydeHHe smuccuu sku3HenHoro nukma» (life cycle emissions)
[bespykux 2015. C. 10]. Jdnst cpaBHUTEIBHOW SKOJIOTUYECKOI OICHKH YCTAHOBOK BO300OHOBISIEMOM
sHepreTukd B pabore [Cocumuma u gap. 2015] mnpuBemeHa cxema >KH3HEHHOIO IIHMKJIA BETPOBOM
sHeproyctaHoBku (puc. 1). Ha BceM MpOTSHKEHWM TPEICTABIEHHOTO IWKIA OT JJOOBIYH IOJIE3HBIX
UCKOTaeMbIX (pyaAbl, HETH), TPOU3BOACTBA MaTEpPHAIOB (CTalll, MEIH, CBHHIA, CEPHOM KHCIOTHI U JIp.),
MPOM3BOJCTBAa KOHCTPYKIHMIA SHEPTOYCTAHOBKH a 3aTeM U YTHIIN3aH 00BbEKTa MPUCYTCTBYET 3HAUNTENbHAS
gacth sMuccun CO,, 00yCIOBICHHON YKa3aHHBIMU TEXHOJIOTHYECKUMH MPOIIECCAMHU.
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Pucynok 1. Cxema xusnentoro nukia BOY [Cocuuna u jap. 2015. C. 6]

Takoke ciielyeT OTMETHTh HETaTUBHOE BIHMSHHE JIONACTEH BETPOIHEPreTHUECKHUX ycTaHOBOK (BDY) Ha
MOMYJISILIAIO TITUI], BIUSHUE BUOpPAllMd M 3BYKOBBIX KojicOaHWH mpu BpaiieHndn BOY Ha opraHu3mbl
KUBOTHBIX W 4YenoBeka [Bunorpamos u Ceitdymmun 2020. C. 48]. [To oueHke, npeicTaBiIeHHOH B paboTe
[PeoxenkoB u ap. 2011. C. 76] exeroano B mupe norudaet 6osiee 28 Thic. 0cOO€i MTHIL M3-32 CTOJKHOBCHHUS
¢ onactsiMu BOY. B ToM gmciie 3TOT nevanbHBIA CITUCOK MOTIOIHSIOT U PEIKHE, OXPaHsIEMbIe BUIBI IITHIIL.

CymiecTBeHHOE 3HAa4YeHHWE TMPHOOpeTaeT mpodlieMa JAEMOHTaXa M YTWIH3alMU OTpaboTaBIIMX
KOHCTPYKITUI BETPOIHEPTETHUECKUX YCTAHOBOK. 110 CBOEH KOHCTPYKITMH JIOTIACTH COCTOSIT U3 KOMITO3UTHBIX
MaTepUasoB, CTEKJIOBOJIOKHA, AMOKCHIHBIX CMOJ M T.JI., YTO B 3HAYMTEIILHOW CTENEHH 3aTPyIHSAET HX
yTHIM3anuio u nepepabotky [[Tasmos. 2018. C. 147]. Cxuranue J0macTel MPUBOIUT €Iiie K O0iee THKETBIM
MTOCIIEACTBUSM JJISI DKOJIOTHH 32 CUET BRIOPOCA BPEIHBIX U SAOBUTHIX COSTUHEHU B aTMOC(hepy.

B pa6ote [ITaBioB. 2018] aBTOpOM MpeyIoKeH Croco0 YTHIM3AIMU JIONACTEH METOIOM APOOJICHUS
0 TpaHyl pa3HBIX pa3MEepPOB M IOCIEAYIOUIEr0 KCIOJb30BAHUS MpPHU TPOU3BOJACTBE CTPOUTENBHBIX
MaTepuajaoB. ABTOP NPUBOAUT SKOHOMHYECKHE PacyeThl 3PPEKTUBHOCTH MHBECTUIIMOHHOTO JI0XO0Ja INpPHU
MIOBTOPHOM HCIOJIb30BAaHUM MaTepUaioB Jonacteit BOY.

B crarbe [Cocuuna u ap. 2013] npuBoANTCS AeTaNbHBINA pacdeT M aHAIN3 BEIOPOCA BPEIHBIX BEIIECTB
IIPU TIPOM3BOJICTBE PA3NTMUHBIX THIIOB HEPTOYCTAaHOBOK Ha BUD. ABTOPHI MPUBOAST apryMEHTHPOBAHHOE
000CHOBaHUE, YTO B IMPOIECCE MPOU3BOACTBA BceX BUD mpoucXoauT 3arpsi3HEHUE OKPYXKAroIIed Cpeipl,
Ipd 3TOM, MHUHUMAIBHBIM YPOBEHb 3arps3HEHUs] MIPOUCXOIUT Ipu mpou3BoAcTBe MuHU-IIC, a
MaKCUMAaJIBHBIM TIPH TPOM3BOJACTBE COJHEYHBIX dHeproycranoBok [Cocumua u ap. 2013]. Omnenka
3arpsi3HEHUs] OKPYKaloUIel cpelibl, B TOM YHUCIE U JETATSIMU KOHCTPYKIMM COJTHEUHBIX 3JEKTPOYCTAHOBOK
npuBoauTcs B ctatbe [Sovacool B. K. 2021].
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AHanmu3 CyIIECTBYIOIMX THIIOB IIPOM3BOJCTBA JomacTed miuss BOY ¢ Toukm 3peHUS OICHKH
MHHHUMAJbHO BO3MO)KHOTO HETATUBHOTO BIIMSHHS Ha OKPY)KAIOIYIO Cpeiy mpuBeaeH B padote [Liu P. et al.
2019].

Kpynnaeie BDY umeror Gonee BBICOKYIO 3HEPreTHYECKYI0 3(PQEKTHBHOCTb, MOCKOJIBKY 00JanaroT
CTaOMJIBHBIM SHEPreTHYECKUM TIOTCHIIMAJIOM BeTpa Ha BBICOTE WX Oammam, mocturaromeir 100 merpos
[JTykytun u mp. 2008. C. 112].

B crpykrypy aBToHOMHOU BDYVY (puc. 2 [Jlykytun u np. 2008. C. 113]) moMumo BeTpoBHTraTels u
TeHepaTopa BXOIAT 3JIEMEHTHI CHIIOBOH 3JIEKTPOHUKH: BRIIPSIMUTENH IS 3apAIKH aKKyMYJISITOPHOH OaTapen
WIN WHOTO HAKOIUTENd, a TaKkKe WHBEPTOP Ui IMpeo0pa3oBaHUs TOCTOSTHHOTO TOKAa HAKOMHUTENS B
MePEMEHHBIH, HEOOXOUMBI [T TOAKIIOUEHHS K JIEKTPUIECKO ceT aboHeHTOB. Hanmmuue BBIMPpAMUTENS
W MHBEPTOPA B 3HAYUTEIBHOM CTENEHM yXyAIIaeT MOKa3aTed KauecTBa 3JCKTPOIHEPTUH Y TOTpeOuTens. A
B ciydae moakmodeHus BOY B xadecTBe MOMOTHHUTENBHOTO WCTOYHUKA TeHEpaIy K IeHTPAIN30BaHHON
SHEPTOCHCTEME, MOSABIISIOTCS TOTIOTHUTEIBHBIE BOIPOCH O MOKa3aTeNsIX KauyecTBa AIEKTPOIHEPTUH B TOUKE
ofmero mpucoequHeHus. Psg aBTopoM mpu 00OCHOBaHUM SHEPTreTHUECKON 3(P(HEKTUBHOCTH MPUMEHEHUS
BDYV, 3arparuBas Bonmpocs! o0ecriedeHusT Ka4ecTBa AIEKTPOIHEPTHH, HE OIIEHUBAIOT MTOKA3aTelb, CBI3aHHBIN
C CHHYCOMIAIBHOCTHIO (opMbl KpuBoii HampspkeHus [Anexuna E.B. 2013], Tem He Menee, HEOOXOAUMBIC
JUIs. HOpMAJTBHOTO (DYHKIMOHUPOBaHUA BOY aneMeHTHl CHITOBON 3MEKTPOHUKH (BBIMPSIMHUTENb U HHBEPTOP)
SIBIITIOTCS IPUYMHON MCKaKEHUSI MMEHHO CHHYCOUIATFHOCTH KPUBOW HATIPSHKSHUS.

Pucynok 2. Crpykryphas cxema aBroHoMHOM BV [Jlykytun u ap. 2008. C. 113]:
1 — BeTpozaBuUrareis; 2 — reHepaTop; 3— BBIIPAMHUTEIEHO-3apSAIHOE YCTPOHCTBO; 4— akKKyMyJIATOpHas OaTapes;
5 — aBTOHOMHBIIf HHBEPTOP; 6 — HNEKTPUUCSCKUE HAPY3KU CTAHIIUH.

Takum oOpasom, i omnpeneicHus 3PQGeKTUBHOCTH npuMeHeHus BUD miis anekTpocHaOx)eHwMsI
M30JIUPOBAaHHBIX paiioHOB Apktuku u KpaitHero CeBepa HE00X0IMMO B KOMIUIEKCE YUYHUTHIBATH
AKOJIOTHYECKHUE aCTIEKTHI IPOM3BOJICTBA, (DYHKIIMOHUPOBAHMS ¥ YTHUIIN3AIMN COCTABHBIX YacTeW U arperaTtoB
BHUD. C TtexHuveckoil TOYKH 3peHHUs HEOOXOIUM ydYeT PEXHMMHBIX IapaMeTpOB: IMOKa3zaTeleld KadecTBa
JNIEKTPO3HEPTUU B TOYKE TNPHUCOEAMHEHHUS, YPOBHU HAIpPSDKEHUS B y3/ax Harpy3kd, peXHUMBI paboThI
HaKONUTENeH »SIeKTposHepruu. B HacTosmiee BpemMs B KadecTBE HAKOMHTENEW AaKTHBHO HAYMHAIOT
MPUMEHATHCS THOPHIHBIE JIEMEHTHI COCTOSAIINE U3 aKKYMYJISITOPHBIX OaTapel U CylepKOHIEHCATOPOB.

METOAbI UCCJIEAJOBAHUSA

OOBEKTOM HACTOSIIETO HWCCIENOBAHUS SBISIOTCS HM30JMPOBAaHHBIE CUCTEMBI 3JEKTPOCHAOKEHUS
TPYAHOIOCTYIIHBIX CEBEpPHBIX TeppuTopuil Poccum. Takme cucTeMbl OCHAIIAIOTCS KOMOMHHPOBaHHBIMU
3JIEKTPOCTAHIMSAMH, B COCTaB KOTOPBHIX BXOAMT AU3€b T'€HEPaTOp M OJMH WIM HECKOJIbKO BUIoB BUD. Jlns
XanTtel-MaHncuiickoro aBTOHOMHOTO Okpyra — Orpel B kauectBe BUD Hambomnbimee pacmpocTpaHeHHe
MOJYYMIIM COJIHEYHBIE MAHEJIH U BETPOIHEPTETHUECKUE YCTAHOBKH, CYIIECTBEHHBIM HEAOCTATKOM KOTOPBIX
SBIISIETCSl HE CTaOMIIbHASI TeHEPaLs, 3aBUCAIIAsl OT CKOPOCTH BETpa M KOJIMYECTBA COJTHEUHBIX AHEH. Takum
0o0pa3oM, BO3HUKAeT HAyYHO-TEXHHMYECKas 3ajada ONTHMAJIbHOTO pAaCIpe/eieHUs] TeHEPUPYIOIINX
JJIEMEHTOB C YYE€TOM CYTOYHBIX TI'paQUKOB DIEKTPUYECKUX HArpy30K. M30BITKM OJHEpPruM B 4Yackl
MUHHMAJIBHOTO NOTPEOJICHNUSI MOTYT OBITh COCPEIOTOYCHBI B HAKOMHUTENSX — aKKyMYJIATOPHBIX Oatapesx u
cynepkoHaeHcaTopax. [Ipu pe3koM yBelnn4eHHH CIpoca Ha IEKTPOIHEPrHI0 HAKOMMTENIN OyAyT OTAaBaTh
ee MoTPeOUTEINIO.

Jnsi  OUEHKM  PEKUMHBIX — MapaMeTpoB  (DYHKIMOHWPOBAHHMA  W3OJUPOBAHHOW  CHCTEMBI
anekTpocHaOxkeHns ¢ BHUD B mHacrosmeid palore mnpeanaraeTcs HCHONb30BaTh METOJ BEHBIET
npeoOpa3oBaHus.
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B Hacrosiiiee BpeMs NpOJOJDKAcTCs pa3pabOTKa MOAEICH W alrOpUTMOB BEHBJICT aHaln3a s
peleHns MMPOKOTr0 Kpyra HaydYHO-TEXHHUYECKHX 3amad. Tak, B pabore [Kpomoros FO.A. u ap. 2015] s
aHajmM3a M NPOTHO3MPOBAHMS BPEMEHHBIX PAJOB AAaHHBIX O KOHIEHTPALMSX 3arps3HSIOMUX BEIIECTB
MCITIONIb30BaH METO/I BeliBieT nmpeobpasopanus. Kak ormeuaror aBTopsl [Kpomotos FO.A. u ap. 2015. C. 185]
MIPH TIOCTPOSHUH MOENN aHAIN3a JaHHBIX O HETATHBHOM BO3JEHCTBHH NMPOMBIIIJICHHBIX ITPOW3BOJCTB Ha
OCHOBE BEHBJIET aHAIH3a «TO3BOJISIET TOMYINTh HH(POPMAIIHIO O JAaHHBIX ¢ 0oJiee HM3KOW MOTPEITHOCTRIO 32
CUET CHW)KEHUSI X (MIYKTyalHid ¥ 3a CUET MOBBIIICHUS OTHOILICHHUS CUTHAII/ITyM».

Kak OpDi0 OTMEYEHO BHIMIE, OJHMM W3 OMNPEACNAIONINX IMapamMeTpoB (YHKIIHOHUPOBAHUS
W30JIMPOBAHHBIX CHCTEM JIeKTpocHaOkeHuss ¢ BHUD cmemyer cumrarh mokaszareinw KadecTBa
anekTposHeprun. JelctByromuii B Hactosimuii MomeHT cranaapt ['OCT 32144-2013 (Hopmbl kauecTBa
AIIEKTPUYECKOI SHEPTHH B CUCTEMaX 3JIEKTPOCHA0KEHUs 00Iero Ha3HaYeHHUs) ONpeAessieT B YMCIe POYHX
1 TpeboBaHusA K (hopMe KPUBOH HampshKeHHs. BBeeHBI 1Ba MOKA3aTeIs:

— 3HaueHHE KO UIMEHTa TAPMOHIMYECKIX COCTABIISIIONINX HapspkeHus A0 40-To mopsaka

K _Yo .100 1
u(n) — U ( )
(€]

— 3HA4YeHHEe CYMMapHOTO K03 uimeHTa FapMOHI/I‘IeCKI/IX COCTaBIISIONINX HAPSHKCHHUS

zu(m
U(1) .

I[Hﬂ pelICHUSA HAYYHO-TIPAKTHUYCCKHUX 3aJaqd pa3pa60TaHLI U YCICIIHO MNPUMCHAIOTCA MCETOABI
HenpepbiBHOTO (3), muckpetHOro (4) U makeTHOTO BeiBieT mpeodpazoBanust [Cmonennes H.K. 2014]:

If(a, b) =[a] [ f (t)y ﬂ t, 3)

Fon ao-m’ZJ’f(t)w ;" —nby, )dt. 4)

rae yix(t) — dyrkuns marepunckoro BeiiBiaera. @opmyia (4) nomydaercs u3 (3), €U y4ecTh, 4TO & U

K, = 100 vy

b mpuHEMAIOT TOJIBKO AMCKPETHBIC 3HA4YCHNS: a=2a, , b=nbya; ,a M,N € Z [Cmonenues H.K. 2014].

CaoticTBa BelBiIeT MpeoOpa3oBaHMs TAK)KE MOTYT OBITh IIPUMEHEHBI JUTS aHaIH3a TpaduKOB HArpy30K
NoTpeOuTeNeH NeIeHTPATM30BaHHON CHCTEMBI 3JIEKTPOCHA0KEHHS € IIeTIbI0 ONTHMAIFHOTO BEIOOpA pexknMa
paboThl NpU HATMYMM KOMOMHUPOBAHHOW CHCTEMBI T€HEpalu: COJHEYHble maHenu u BOVY. JluckperHoe
pasiokeHHe CYTOYHOTO rpaduKa MOIIMHOCTH TPYIIBl TOTpeOHTENell H30JIMPOBAHHOW  CHUCTEMBI
ANEKTPOCHAOKEHUSI Ha MEPBOM YpPOBHE, C Y4YETOM TOrO, 4YTO KaKAas BEUBNET (QYHKIHS MOXET
XapakTepu30BaThes Kodddurnmenramu GUIbTPOB HIHKHKX ho, N ¥ BepXHUX YacTOT go, §; B MATPUUIHOM BHIIE
peanuzyeTtcs o Gopmyiie:

h h 0 0 K K 0 of|R]| [P
0 0 hy h K K 0 0f|R| |PA
K K K KKK K K||p]||K
000 0 0K K h hl K| [P, ()
9% 9 0 0 K K 0 0f |K| [P}
0 0 g g0 K K 0 0f[K Pa
00 0 0KZK 0 oflp,|K
0 0 0 0 K K g, g |R]| [P

Jlnst BeiiBnera Xaapa k03 GunueHTs GuinbTpoB HIKHUX hg, Ny paBHBI:

WO 5 g g ©

[ToBTOPYB MPOLEAYPY JUIA ANMPOKCUMUPYIOMIHUX KOI(POHUIMEHTOB TEPBOrO YPOBHS Da3lOKEHUs
A A A A A
Pl,o:[Pl,o(l) Pho Phe - Phoas PlO(n/2:|B COOTBETCTBMM C cXeMoil (puc. 3) MOXHO TMOJYYUTh

aNMPOKCUMHUPYIOIIHE U JIETATH3UPYIoNHe K03 OUIMEHTH BTOPOTO YPOBHS Pa3iIoKeHUs U T.1I.
OOpaTHoe BeliBieT npeodpa3oBaHue (PEKOHCTPYKIUS ) CUTHAIAa MOXKET OBITh BBITIOJHEHA 110 (hopmyiie:

187



H, 0 K 0 G 0 K 0| |P:| |R
H 0 K 0 G 0 K O0f[Pi]| |P
0O H K 0 0 G K 0| [K/||®P
0 H K 0 0 G K 0f P, |K (7)
K K K K K K K K[ |P||K
K K K K K K K K||[P] |K
0 0 K H, 0 0 K G| |K | [P
O 0 K Hl O O K Gl AI]?,n/Z P1440

OObpaTtHoe BeiBIIeT NpeoOpa3oBaHWE ITO3BOJIET IMEPEUTH K HCXOMHOMY (popMary HCCIIeIyeMOoro
CUTHAJIa, B JAHHOM CIIy4ac pa3MepPHOCTH aKTUBHOUM MOIIHOCTH (KBT).

Hexomblit cyTouHblif rpadk 1eKTPHYECKHX HArPY30K
Bexrop crpoka i3 1440 aneverros A T= 1 sin

I

DBY

OHY
JACHHMaLHg 2 l ‘JCull\lﬂul(ﬂ Zl
|
SR o s Vio e
Al (1,0) DI (1,1)
et S D Bektop cTpoka i3 720 YiemMeHToB
AT=2 A0
[
OHY ®BY
JcuHMauus 2 l JleLHManus 2 l
ANIPOKCHMHDYIONIHC BeiRiCT Vao Acrammupyioue selizer {7,
KOO(HImeHTH yina - KOODOHIIEHTH yana &l
A2(2,0) D2 (2,1)
Bektop cTpoka i3 360 eMeHToB Bexrop cTpoka i3 360 anemMenToB
AT=4uuu AT=4mun
. I
®HY DBY
JenuManus Zl JcuHManns 2 l
A3 (3,0) D3 (3,1)
N=180 N=180
AT=8muu AT=8 wun

A5 (5,0) D5 (5,0)
N=45 N=45
AT=32sum AT=32am

Pucynox 3. Cxema IMCKPETHOTO BEMBIIET PA3JIOKEHHUS [0 5 yPOBHS

PE3YJIBTATHBI

B kauecTBe MCXOIHBIX TAHHBIX JUIA MPOBEACHHUSA YHCICHHOTO 3KCIIEPUMEHTa, MPUMEM CYTOUHBIH
rpaduK dNEKTPUYECKHX HATPY30K HM30JIMPOBAHHOW CHCTEMBI AJIEKTPOCHAOKEHHS, TIOJYYCHHBIH C
WHTEPBAJIOM BpeMEHH B 1 MHUHYTY NpH MOMOILM YCTAaHOBJICHHBIX Ha OOBEKTE CHCTEMbl aBTOMATHUYECKOMH
CHUCTEMBI KOMMEPYECKOTO y4yeTa 3JIEKTpo3Hepruu (puc. 4). AHamoruyHblii HaOOp HAHHBIX MOXET OBITh
MOJIYYEH JISKYpPHBIM TIEPCOHAJIOM MOJCTAHIMH, IPU PYYHOM pexuMe (GUKCAIMK BEIWYHHBI MOITHOCTH IO
MOKa3aHUsIM BaTTMETPOB.
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(ddunmenTa S ypoBHs pa3iioxKeHus

Homep snemenTa B MaTpuIle annpOKCUMUPYIOIIEro BeiiBieT koddduipenta AS

Pucynox 5. 3nauenne anmpOKCHMHUPYIONIETO BEHBIIET KOJ

hdurmentsr, kpome A5 (puc. 6).

I[J'IH BBIACICHUA HM3KOYaCTOTHOM KOMIIOHCHTEI IIprU BOCCTAaHOBJICHUHA HeO6XO,I[I/IMO 6y;[eT O6Hy.]'II/ITI>

BCE BEUBIIET KOO



Vasoenue
Al:[npoxchupyroLuun ko3 durmenToB Cpepria Befipier
BeiiBer ko duimeHt (}:éOI'IOJ'IHeHI/Ie HyJISIMH, T —
A5 oGpatHas ieunvals) k03bdHINEHTOB VY nBoenne
N=45 Touek A5 ¢bunsrpa Aqnpomumnpymmnu K03 PHIHEHTOB Crepria BefiBer
N=90 Touex BeitBier koo dumpent (TomoNHeHNE HYIAMH, T S ———
A4 [ obpaTHas aeumManus) | P S —
Jletammsupyomuit N=90 Touex A4 bub1pa
BelBIIET KOY(PHUIHEHT N=180 Touex
N=0 Touek Jeranusupyrommuii
(3HaueHnst OOHYICHBI) BefBIIeT KX PULHEHT
N=0 Touek
(3HaueHns OGHYJICHBI)

PucyHOK 6. CDparMeHT CXCMBI BOCCTaHOBJICHUS

B pesynpraTe Takoil omeparuu moixy4aeM CYTOYHBIA TpadUK MOIIHOCTH W30JIMPOBAHHOW CHCTEMBI
AIIEKTPOCHAOKEHHS ¢ BO30OHOBIAEMBIMH UCTOUHMKAMU HEPTUH, BOCCTAHOBJICHHBIA MO OJUHOYHOW BETBU
BeliBIeT K0d(h(PHUIMEeHTOB MATOTO YpOBHS pasznokeHus (puc. 7). BoccraHoBneHHBINH rpaduk mMeeT mepHos
ycpenHeHus 32 MHHYTHI M COCTOWUT W3 45 crymeneil. CieayeT OTMETHTh, YTO MOMOOHAS «CTyIeHUYATas»
(hopma BoccTaHOBJIEHHOTO rpadrka XapakTepHa TOJIBKO MIPH UCTIOJIb30BAHNUH B KauecTBe 0a3MCHON (PYHKIIUH
BeiBiera Xaapa. [Ipu BeiOOpe apyroi BeiBieT GyHKIUHN rpaduk OyIeT UMEeTh OoJiee TIIaaKHiA BUI.

I'padux MomIHOCTH, BOCCTAHOBJICHHBIH 110 K03 puunenry AS

i i e B e [ [ L s I e D G P

B R e O P L e s

(o)}

B

L B L L B

MomHocTs, KBT

24:00

e b by
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plemulosslssnlowylonalonnlomlug
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Bpewms, uac:mun
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3:00

15:00
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Pucynox 7. T'padhuk MOIIHOCTH, BOCCTAHOBIICHHBIH 110 K03 duitieHTy AS

BeiiBner mnpeoOpazoBanue, kak u mpeobOpasoBanue Pypbe moguuHsieTcss Teopeme [lapceBais,
YCTaHABIMBAOIIEH PAaBEHCTBO MEXAY SHEPrUeil CUrHajla M 3Hepruei cmekrpa. Tak, I HcCiIeqyeMoro
CYTOYHOTO TpaduKa IIEKTPUIESCKUX HArpy3ok (puc. 4) Ha mHTepBaie BpeMeHHu ot tl (0:00) mo t2 (23:59)
SHEPTUsl HCXOAHOI0 CUTHAJIA MOIIHOCTH paBHA SHEPTUM CUTHAJIA I1OCIIe BEUBIIET NpeoOpa3oBaHusl:

[1p)f dt =[|F{p(O}f dos,

[Tockonbky, B Hacrosiied pa0OoTe, JUIS BBIJACICHUS TPEHIOBOM COCTABIISIONICH, OOHYJICHBI BCE
BelBieT K03(hprIMeHTs KpoMe AS U BOCCTAHOBJIEHHWE CHTHaJa MOIIHOCTH OCYIECTBIISIETCS] IO OJAMHOYHOM
BETBH, TO rpaduk (puc. 7) OyaeT coaepkarh B cede CyLIECTBEHHYIO JI0JII0, HO HE TIOJHYIO SHEPIHIO CUTHAIA.
[lomnast »Heprus curHama OyAeT TONy4YeHa TMPH CYMMHpPOBAaHHHM TPEHIOBOW (HM3KOYACTOTHOM)
COCTAaBJISIONIEN Y BLICOKOYACTOTHON KOMITIOHEHTOH.

UroOBbl cOXpaHUTh MHPOPMALHMIO O BBICOKOYACTOTHOM KOMIIOHEHTE HE JOCTATOYHO OIPAaHMYUTHCS
JeTaT3UPYIONIMM BeliBieT KodhduipenToM DS, MOCKOJNbKY TPOBEsS MPOILEAYpPY BOCCTAHOBIICHHS IIO
AHAJIOTMH C anmIpOKCHMHUPYIOIUM KodhduimenTom (puc. 6) OymeT monydeH rpaduK C aHAJOTHYHBIM
ycpenHeHHeM 1o BpeMeHH — 32 MuHyTHl. Hactosimas paborta mpeamonaraet y4yeT BBICOKOYACTOTHOM
KOMIIOHEHTHI JUIsI BBIOOpa MapaMeTpoB CYIEPKOHIEHCATOpa, KakK 3J€MEHTa THOPHIHOrO HAKOMUTENs
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3NEKTpO’HEprur. Ha OCHOBAaHMM BBIIIEU3IIOKEHHOTO, JUIA COXPAaHEHUs MH(POPMAINUU O BHICOKOYACTOTHBIX
GuryKkTyanuax MoOUIHOCTH 3(QeKTuBHee OyIeT HCIONb30BaTh ACTATM3UPYIONIMI BelBieT KoddduimeHt
nepBoro ypoBHs paznoxenuss D1 (puc. 8). Kak ciemyer u3 anroputma BeWBiIeT pasinoxeHHs (puc. 3)
BeiBieT koapunueHt D1 coctout n3 720 3neMeHTOB.

3navyenue BeiiBiaer kodpduuuenta D1
2000 e e e P e AR e

1500 [~ &

1000 - =

500 - i

-500 !

3HaveHue BeiiBeT Koddunnenra

1
—
)
(=]
S
I
L

-1500 - ;i

60 120 180 240 300 360 420 480 540 600 660 720

Homep snemenTa B Matpuue AeTanuzupyomero kodgdunnenra D1

Pucynok 8. 3nayenue eiiBner kodadpunuenta D1

Boccranosienue rpaduka MOITHOCTH 10 OAWHOYHOM BeTBH BeiiBieT koadduuuentos D1 mo3BossieT
MepedTH K peaqbHOMY MacimTaly BpEeMEHH M MOIIHOCTH. [Ipum 3TOM ycpenHeHue QIIyKTyalnOHHBIX
KOJICOAHWH MOIIHOCTH OCYHIECTBISIETCST C HWHTEpBajioM 2 MHHYTBHL [lodydeHHas 3aBHCHMOCTh
(GIYyKTYallMOHHBIX (BBICOKOYACTOTHBIX) KOJEOAHMH MOIIHOCTH COOTBETCTBYET TIpaduKy MOIIHOCTH,
IIOJIyYEHHOMY IS YJIBTpa-KOHAEHCATOpA.

Onpenenss SHEPTUIO CUTHANIA MOIITHOCTH JI0 MPe00pa30BaHus U SHEPTHI0 HU3KOYACTOTHOH (puc. 7)
BBICOKOYACTOTHOW KOMMOHEHTHI (puc. 8) mo dopmyne (7) ompenenseM YTO BHEPTUs BOCCTAHOBICHHOTO
CUTHaJIa MOCje 00paTHOrO BeHBIIET mpeobdpa3oBanus coctarmuser no AS — 70,67%, no D1 — 28,24%, uto B
cymme maer 98,91%, T.e. morpemrHocTh cocTaBuiaa mpumepHo 1%. Cremyer Takke BBECTH IOHSITHE
CPEIHEKBAIPATHIECKOTO OTKIOHEH S 3HAYEHUI BOCCTAHOBIEHHOTO CHIHANA [) OT UCXOIHOTO P :

(8)

PacuerHoe cpemHeKBagpaTHYECKOE OTKJIOHEHHWE B IIPEJICTABICHHOM YHCICHHOM OKCIEPUMEHTE
coctaBuio 0,16 BT, 4To COOTBETCTBYET CTATUCTUYECKON MOTPEITHOCTH.

B macrosimee Bpemst Hanbosee pacHpOCTpaHEHHBIM CIIOCOOOM OpTaHH3alfH JIEIEHTPAITH30BAHHBIX
CHUCTEM 3JICKTPOCHAOKEHUs SIBISIETCS MCIOJb30BaHUE AM3EIBHBIX O3JEKTPOCTAHLUM, Hanbonee SIPKUM
IPAMEPOM B 3TOM OTHOIICHHH siBIsiercss Pecrniy6muka Caxa — SIkyTtus, rae «2,2 MIH. KM? TEPPHTOPHH C
HaceneHneM 150 ThIC. dYenmoBeK O0OECIeYMBAIOTCS DJIEKTPOIHEPrHe H TemioM oT 129 nu3enbHBIX
anektpoctanimity [JIykytun u ap. 2008. C. 125]. TIonHOCTBIO OTKA3aThCS OT HUCIOIB30BAHUS JU3EITBHBIX
3JIEKTPOCTAHIMI HE Hapyllasi PH 3TOM YCIIOBHS HAJECKHOCTH 3JIEKTPOCHA0KEHUs! YAAJICHHBIX TEPPUTOPHI,
HEBO3MOXHO. [lo3TOMy nJsi TOBBIMIEHUS TEXHUKO-DPKOHOMHYECKMX M JKOJOTHYECKHX XapaKTEPHUCTHK
JNELCHTPANIN30BaHHBIX ~ CHCTEM  JJEKTPOCHAOXKEHWs  CIIeAyeT  NPHUMEHSITb  KOMOWHUPOBAaHHBIE
9HEPrOoyCTaHOBKH, HalpuUMeEp BeTpoAusenbHble. [IpM 3TOM BO3HHMKAaeT Hay4yHO-IpaKTHYECKas 3afada Io
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ONTUMH3AIMN PEKUMa PabOThl BETPOTCHEpaTOopa U JU3CIBHOW  3JeKTpocTaHnuu. [IpumeHeHue
MaTeMaTHUYECKOTO ammnapaTa BEHBIET aHalW3a Uil pa3jokKeHUs CyTOYHOro rpaduka Harpy3o0K IMO3BOJISET
pa3feNuTh YCIOBHO TIOCTOSHHYIO COCTaBISIONIYI0 Tpaduka ¥ BHICOKOYACTOTHYHO (IIEPEMEHHYIO)
COCTaBJISIONIYIO, XapaKTCPHU3YIONIYHD BKIIOUCHHE M OTKIIOYCHHE OTHCIBHBIX JJICKTPONPUSMHUKOB B
KOPOTKHME TIPOMEXYTKH BpeMeHH. HacTpolika KOMOMHHPOBAHHOW SHEPTOYCTAHOBKH Ha PEXHUM paboTHI,
SIBIISTIOIIMICS  ONTUMANIGHBIM JUIsI JTAHHOTO arperata (BETPOTCHEpaTop, JHW3elbHas JJICKTPOCTAHIIWS,
HAKOIUTEJh) MO3BOJIUT COKPATUTh 10 15% pacxo MOTOPHOTO TOIUTMBA, a Kak cleacTtBue BoiOpockl CO, B
atMocdepy.

BBIBO/IbI

Hdns  kommiekcHOi  oneHkH 3(QQEKTUBHOCTH BHEAPECHUS BO30OHOBISEMBIX  HMCTOYHHKOB
AIIEKTPOIHEPTHH B CHCTEMBI 3JIEKTPOCHA0KEHHUS N30JMPOBAHHBIX TEPPUTOPHUH, MpeiaraeTcsi KOMIUIEKCHBIN
Y4eT SKOJIOTHYECKUX U TeXHHYeCKuX (pakTopoB. KioueBsIMU ompeaensomuMu paKkTopaMu ¢ TOUKH 3PEHUS
COXPAaHHOCTH OKPY’KaIOIIeH Cpeslbl HEe0OXOANMO MPU3HATh IMHUCCHIO Xu3HeHHoro 1ukina BUD. K nannomy
BOIPOCY CJeIyeT OTHECTH pacyeT YIJIepOJHOro ciela NpH TPOU3BOACTBE, (YHKIMOHHUPOBAHUH U
YTHIU3alMd  OTpa0OTaHHBIX dineMeHToB BMD (B 49acTHOCTH, CONHEYHBIX TIaHENeW M JIOMacTed
BeTporeHeparopoB). Jls OoleHKH TeXHUYECKO# Ienecoodpa3zHoctr npuMmeneHuss BUD crenyer yuynThsiBaTh
pexuMBl paboTBl Kak OTAeNbHBIX cucTeM BUD, Tak M KOMOWHUpOBaHHBIX 3neMeHTOB. Jlnsi pacuera
noKazareiell KauecTBa SJIEKTPOIHEPTUH M ONTUMAIBHOTO BBIOOpa HAKOMUTENeH (CyNepKOHACHCATOPOB U
AKKyMYJISITOPHBIX Oarapeil) B HACTOAIIEH padoTe MpemioKeHO MPUMEHSITh METOIBI AUCKPETHOTO BEHBIET
npeoOpazoBanusi. Ha OCHOBE JMCKPETHOrO BEHBJIET pAa3JIOKEHHUS C IOMOIIBI0 BelBiaeTa Xaapa ObUIM
BBISIBJICHBI TPEH/IOBAasi COCTABIISIONIAs Ipaduka AJICKTPUUSCKUX HArpy30K (s BeIOOpa aKKyMyJsITOpa) U
BBICOKOYACTOTHAA (IYKTyallMOHHAs COCTABIAIOMIAS JUIS pacdera © BbIOOpa CyNepKOHAEHCATOpA.
HemanoBaxxHyro poiib B pemieHUd O BHeapeHuu BUD wurpaer eme comuanbHas poib. B Poccun mno
MPEXHEMY COXPaHSETCS JOCTATOYHO OOJBIIOE KOJIMYECTBO MAJBIX HACEJICHHBIX MMYHKTOB, OTHOCSIINUXCS K
cucTeMe [CIIeHTPAIM30BAHHOTO JJIEKTPOCHAOKEHHS, Al KOTopelx BUD sBnsiercs Hapsay c au3elb-
TECHEPATOPHBIMUA  3NEKTPOCTAHUUSAMYU, €AUHCTBEHHBIM HCTOYHHKOM 3JIEKTPUYECKOM 3SHepruu. Yyer
MPEUIOKEHHBIX B paboTe ()akTOpOB C TMOMOIIBIO MOJENiel BEHBIET aHanu3a MO3BOJIUT PEIIUTh Kak
9KOJIOTUYECKHE BOIMPOCHI PacCMaTPUBAaEMBIX pPAMOHOB, TakK M 3aJayd HAJAEKHOIO U KaueCTBEHHOTO
ANEKTPOCHAOKEHUS HACETICHMSI.
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