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AHHOTanus. AkmyaasHocme. /l/is OLlEeHKH NOTEHLMaIa 3JIEKTPOIHEPTHH, KOTOPAsi MOXKET GbITh MOJIydeHa OT COJIHEYHBIX
3JIEKTPOCTAHLIUH, YCTAaHOBJIEHHBIX B PA3HbIX PErMOHAaX, HE06X0JMMa NPOCTasi U aKTyalbHasi MeTo/iuKa. CJI0)KHOCTb OLlEHKH
HNOTeHIMaJa COJTHEYHOU SHEPTUU 3aK/IH0YAETCs B HAIMYUH HEKOTOPBIX GAKTOPOB, BAUSIOIMX HA BBIPAOOTKY 3JIEKTPOIHED-
T'UU U 3aBUCALIMX OT CIy4yaWHbIX CO6bITHH. K TakuM ¢aKkTOpaM OTHOCATCSA B NEPBYI0 ouepesib ICHOCTb Heba, HalpaBJeHHe
boTo3IeKTpUYeCKUX NaHesiel cTporo Ha CoJiHILE, 3aNblJIEHHOCTD, TEMIIEPATYPY OKpy»Katoleil cpesibl. B uTepaTypHBIX HC-
TOYHHMKAX MCHOJIb3YIOTCS PasHble NMOAXOJbl K OLleHKe MOTeHIMala COJIHEYHOH sHepruu. B naHHON pa6oTe mpejcTaBJieHa
METO/IMKa OLIEHKH BBIPAGOTKH 3JIEKTPO3HEPIMH COJIHEYHOH CTaHUIeH, UMelolled HeNnpepbIBHYI0 CUCTEMY CJIEXeHHUs 3a
CoJIHIIEM C y4eTOM 3alblJIEHHOCTH U TeMIlepaTypbl GOTO3JIEKTPUIECKUX aHe eil. MeToZKa onpo6oBaHa Ha ieHCTByoLeH
dusnueckoit Mmosenu. IJeas: 3yyeHre cyLlecCTBYIOIMX METOAUK, HauboJIee MOAXOAAIMX ISl cpeJiHel noJsiockl Poccuu, s
OLIeHKH NOTeHLHaJa COJTHEYHOH sHepruu. 066eKmbl: COJIHeYHble 3JIeKTPOCTaHIMY. Memodbl: aMIupUyecKrue U aHaJIUTH-
yeckue MeToAbl. Mcrosb3ys JaHHble, N0JIy4aeMble C JeHCTBYIOIEeH COJIHEYHON CTAHLMY, /laBajach OlleHKa a/JleKBaTHOCTH
npejJoXKeHHOH MeTOAUKH. Pe3yibmamul. BblOpaHHble METO/bl YYUTHIBAIOT NOYaCOBOM HHJIEKC ICHOCTH Heba, YTO M03BO-
JIMJIO C IOCTAaTOYHOH /ISl MHXXEHEPHBIX METOAUK TOYHOCTBIO ONpeZeUTh CyTOYHYIO BBIPAGOTKY 3/IEKTPO3HEPTIUH COJIHEY-
HOM CTaHIMeN C pa3/IMYHbIMH yTJIaMH HaKJIOHA COJTHEYHBIX MaHesied. DTO N03BOJUT NOBBICUTh TOUHOCTb OLIEHKH NOTEHLH-
aJjla 3JIeKTPO3IHEPIHH, NOJYYeHHON COJIHEYHBIMH CTAHLHUSAMM, KaK CO CTAllMOHAPHBIMU QOTO3JIEKTPUYECKUMH TaHeJsI MU,
TaK U C CUCTeMaMHU cJiexxeHus 3a CosiHLeM. Ha ocHOBaHMU NpPOBe/IEHHBIX BBIYHUCIUTENbHBIX 3KCIIEPUMEHTOB U IPOBEJEHHO-
ro aHa/IM3a JIaHHBIX, IOJIyYEHHBIX C JeHCTBYIOIIEeH COTHEYHOH CTaHIIMK, aBTOPBI NPULIM K BBIBOAY, YTO NPe/CTaBJIEHHas B
JJaHHOM pa6oTe MeTO/ KA MO3BOJISIET C I0CTATOYHO BHICOKOW TOUYHOCTBIO OMPEJEJUTh MOTEHIHAI 3JIEKTPO3HEPT UM, KOTO-
past MOXKeT ObITh OJIy4YeHa Ha TEPPUTOPHUH POCCHHU COJTHEYHBIMU CTAHIUSIMH.

KirodeBblie c10Ba: co/iHeYHast 3JIECKTPOCTAaHI M, paCCeAHHOEe COJIHEYHOe U3JIydyeHue, CI)OTOBJIeKTpI/I‘{ECKaH IMaHeJb, UHJAEKC
SICHOCTH Heba, CoJIHeYHas HWHCOJIAHWA, yroJl HaKJIOHa COJIHEYHOU MaHeJu
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Abstract. Relevance. A simple and up-to-date methodology is needed to assess the potential of electricity that can be ob-
tained from solar power plants installed in different regions. The difficulty in assessing the potential of solar energy lies in the
presence of some factors that affect electricity generation and depend on random events. Such factors include, first of all, the
sky clarity, the direction of photovoltaic panels strictly to the Sun, dustiness, and ambient temperature. The literature uses
different approaches to assess the potential of solar energy. This paper presents a methodology for evaluating the generation
of electricity by a solar panel having a continuous solar tracking system, taking into account the dustiness and temperature of
photovoltaic panels. The technique has been tested on an existing physical model. Aim. To study the existing methods for
assessing the potential of solar energy and to select the most suitable ones for the central part of Russia. Object. Solar power
plants. Methods. Empirical and analytical methods. Using the data obtained from an operating solar station, the adequacy of
the proposed methodology was assessed. Results. The selected methods take into account the hourly sky clarity index, which
made it possible, with sufficient accuracy for engineering techniques, to determine the daily power generation of a solar sta-
tion with different angles of inclination of solar panels. This will improve the accuracy of estimating the potential of electricity
generated by solar power plants, both with stationary photovoltaic panels and with solar tracking systems. Based on the con-
ducted computational experiments and the analysis of data obtained from an operating solar station, the authors concluded
that the technique presented in this paper allows us to determine with high enough accuracy the potential of electricity that
can be produced in Russia by solar stations.

Keywords: solar power plant, scattered solar radiation, photovoltaic panel, sky clarity index, solar insolation, angle of incli-
nation of the solar panel
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BBeaeHue

IToBbimienne 3HepreTuueckoil 3¢h(eKTUBHOCTH HC-
MI0JIb30BAaHUs COJTHEUHBIX CTaHLUMU SBIIAETCS BaXKHON
3ajayell coBpeMeHHOU »Hepretuku. B Poccu 3a mo-
CIeHHE 5 JIET IMPOU3BOJCTBO JIEKTPOIHEPTUH, BhIpa-
OOTaHHOW CONHEYHBIMH ODJICKTPOCTAHIIUSIMU, 3HAUH-
TENBHO BBIPOCNIO. OJTO CBSA3aHO, NPEXKAE BCErO, CO
CTPOUTCIILCTBOM HOBBIX COJIHCYHBIX OJJICKTPHUYCCKUX
cranmuit. Hanprmep, B OpeHOyprckoit obmactu ycra-
HOBJIEHHAsI MOILITHOCTh COJIHEYHBIX CTAHLIMH YK€ BbIILIE
320 MBr. IIporHo3upoBaHue BBIPAOOTKH 3JIEKTPO-
SHEPrUM COJIHEYHBIMHU CTAHLUSAMH HUCIOJb3YETCS IS
HSKOHOMHYECKOH OIICHKH MEeNeCO00pa3HOCTH CTPOH-
TEIbCTBA TaKUX CTaHUUH. [l NIPOTrHO3MpPOBAaHHSA B
OCHOBHOM HCIIOJIB3YIOT HpI/IGHI/I}KCHHI:»Ie METOABI, TOY-
HOCTb KOTOPBIX MOXET OKa3aThCs Henpuemuemoi. I1o-
BBIIIICHHE TOYHOCTH pacdeTa o0beMa IOCTYNAIOIIEro
COJTHEYHOT'0 HM3IyYCHMS Ha pPa3IN4YHbIC MOBEPXHOCTH
MMeEET 3Ha4YeHHEe IS HHKEHEPOB-IPOEKTHUPOBILUKOB
HE TOJIBKO COJIHEUHBIX CTaHLUH, HO W 34aHUil U co-
OpYXXCHHUI, KOTOpBIE TaKXKE MPOCKTUPYIOTCA C YIETOM
CTOPOH CBETa M OTPAXKEHHsI COJIHEUHBIX JTyded OT co-
CETHUX CTPOCHHUM.

Ha meTeocTaHIMSAX HONHYIO COJTHEYHYIO HHCOJIS-
U0 OOBIYHO M3MEPSAIOT Ha TOPH3OHTAIBHBIX ILIOCKO-
CTsIX. B peanbHOCTH Ha BCeX COMHEUHBIX AJIEKTPOCTaH-
musix (COC) comHeuHble GOTOAICKTPUUECKIE HaHEIN
(®3II) pacmonoXeHBl MOJ ONPEAeHEHHBIM YTIIOM K
FOPU30HTANBHON NOBepxHOcTU. IIpu sTOM mpsimoe
COJIHEYHOE M3JTyYeHHE, MMajaoniee Ha HAKIOHHYIO TO-
BEPXHOCTD, JIETKO OMpPEAEISIETCS] Yepe3 yrol HaKJIOoHa
O®JII. Torma kak paccessHHOE COJHEYHOE M3IIyueHHE
TakKuM 00pa3oM HEBO3MOXKHO OIPENENUTh U3-3a TOTO,
YTO OHO pacmpocTpansercs Ha noepxHocTh DIII ¢

pa3HbIX Todek HeOa. TaM, TIe HeT BOZMOXXHOCTH U3Me-
PUTH paccessHHOE CONHEYHOE H3IyUCHUE, HCCIIEHOBa-
TENU MPEIUIOKUIN HECKOJIIBKO MaTeMaTHUYeCKUX MOJIe-
Jer mig ero pacyera. [Ipy 3TOM MOTHYIO MOYacOBYIO
COJTHEUHYI0O WHCOILIINIO, MAJAIONIYI0 HA HAKIOHHYIO
noBepxHocTh DOII, ObUTIO MPENTOKEHO OMPENeNiTh
Yyepe3 MONHYI0 COJHEYHYIO HHCOJIIIHMIO, IMaJalollyio
Ha TOPW3OHTANBHYIO MOBEPXHOCTh. CyIIecTBYIOIIHE
MaTeMaTHYeCKHe MOJENTH HCIOJB3YIOTCA Kak s
HaXOXKJEHUsI MIPSIMOTO M PACCESHHOTO COTHEYHOTO U3-
JTydeHHs] Ha TOPU30HTAIBHON ITOBEPXHOCTH, TaK U UL
HAXOXKACHUS MPSIMOTO, PACCESIHHOTO M OTPaXCHHOTO
COJTHEYHOTO HW3IYYCHUS OT 3EMHOW IMOBEPXHOCTH Ha
HakIoHHYI0 moBepxHocTh ®OI1. Ha mpunsitre pemre-
HUg 00 HCIIOJIB30BAHUKA TOW WIM MHOM MOIEIH OO0Mb-
1I0€ BJIMSHUE OKa3bIBaeT IHMPOTa paccMaTpUBaeMOi
MectHOCTH [1, 2]. J{ns BeIOOpa ONTHMAIHHONW MOJIEIN
HEOOXOOMUMO CpPaBHHUTh pACUCTHBIE W DKCIICPUMEH-
TaJIbHBIC JAaHHBIC IJIA OHpe}leJ’IeHHOﬁ IUPOTHI MECTHO-
ctu. TOYHOCTH BCEX MaTeMaTHYEeCKUX MOJEJNed 3aBH-
CUT B OCHOBHOM OT TOYHOCTH HaXOXJIE€HHUS pPacCesHHO-
TO ¥ OTPAKEHHOTO OT MOBEPXHOCTH 3€MII COTHEUHOTO
u3nydeHus. J{ist HaXoKIeHUsT pacCesHHOTO COJTHEYHO-
ro U3Iy4CHHsT HEOOXOAMMO 3HATh 3HAYCHUE WHIACKCA
sicHocTh Heba ki OH ompepenser, Kakoe KOIUYECTBO
COJTHEYHOTO HWB3IYYCHHS, TPOXOMAAIIET0 Yepe3 aTMo-
cdepy, ITOCTUIIIO 3€MHOU TOBEPXHOCTH, HE IMOTJIOTH-
JI0Ch, HE OTPa3WIIOCh, HE PAcCesIOCh M3-3a MbUTH WK
obnaunoctu. CorjlacHO WCCIEIOBAaHUSIM, MPOBEICH-
HBIM aBTOpamu [3—7], 3HAUCHHS TI0YACOBOTO U CYTOU-
HOTO WHJEKCA SICHOCTH He0a K; CHUIIbHO 3aBHUCHT OT
IPEANOoaraeMoro reorpauyeckoro Mecra CTpPOH-
tenascTBa COC. [lis onpeneneHus: ONTUMaIbHOTO yriia
HakJioHa @OI1 COC MOKHO BOCIIONB30BATHCS PA3INY-
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HBIMHM MaTEMaTUYECKUMH MOJEISIMUA. DTH MOJIENHN pac-
CMOTpEHBI W TpeicTaBlieHb B pabore [8]. B Hacros-
[IEM HCCIICAOBAHUY BEIIOIHEH aHAIN3 M3BECTHBIX Ma-
TeMaTHUYECKUX MOJEJeH, MmpelacTaBieHHbIX B [1], mis
onpeeNeH sl MOJHOM M0YacoBOW COJIHEYHON MHCOJS-
UM, TaJafomel Ha TOPH30HTANBHYI0O M HAKJIOHHYIO
noBepxHocty OOI1, moaxoaamux A CPEAHUX MUPOT
Poccun.

MaTepuajabl 1 METOABI

PaccmoTpuM MaTemaThdeckue MOJIENH OIpeaese-
HUS TT0YACOBOM COJTHEYHOM MHCOJISALMH, Mafgaromieii Ha
TOPU3OHTANBHYI0O W HAaKJIOHHYIO moBepxHocTHn DOII
COC.

CoaHeYyHoe u3JlyveHue, nadarnuwee
HA 20pU30HMAALHYI0 NOGEPXHOCTTL

ITonHOE CcoOHEYHOE H3IIydeHHE, Majarolee Ha ro-
PHU3OHTATIBHYIO TOBEPXHOCTD, OMPEACIISICTCS KaK:

I, =1+ 1y, 1)

rae lp — mpsMoe 10YacoBOE COJHEYHOE H3IydYEHHE,
[aJafoliee Ha FOPU3OHTATBHYIO IOBEPXHOCTH, Br/M,
lg — paccesiHHOE COJIHEYHOE W3JIydYEHHUE, TOMAIAroIIee
Ha TOPU3OHTAILHYIO MOBEPXHOCTh. TaK Kak paccMmar-
pHBaeMasi MOBEPXHOCTh JIEKUT CTPOrO FOPH3OHTAIBHO
OTHOCHUTENIBHO 3€MJIH, COJIHEYHBIE JIYYH, OTPAKEHHBIE
OT MOBEPXHOCTH 3€MJIM, HA HETO HE MONaIakoT.

[TonHOE COJHEYHOE M3JyYeHHE, Maaaroliee Ha ro-
PH3OHTAIBHYIO TOBEPXHOCTH, U3MEPAETCS C TIOMOIIIBIO
[UPAHOMETPA, KOTOPBIA TIO3BOJIAET MOJNYYHTH CYM-
MapHO€ 3HAYEeHHE TPSIMOTO U PACCESHHOTO CONHEYHO-
ro uznydenus. [1oJHOE CONHEYHOE HM3JTydeHHE, Majia-
I0IIee Ha TOPU3OHTATBHYIO IOBEPXHOCTh, ONPEIENIAeT-
Csl 4epe3 BHE3EMHOE COJHEYHOE U3IydEHHE M MHIEKC
sicHOCTH Heba K¢ mo opmyrre:

1, =k, cos(6,), (2)

rae |, — monHasg modacoBas COJHEYHAs HWHCOJISIIMS,
MajlaroIas Ha TOPU3OHTAIBHYIO MoBepxHOcTh DIII;
lg — rmobanpHast moyacoBasi BHE3EMHAsI COJIHEYHAS MH-
COJIAIHUS, JOCTUraroNIas atMocqepsl 3eMiIH U TaIaro-
1as Ha IOBEPXHOCThb, HANPABICHHYIO IEPIIEHINUKY-
nsipHo stydaM ConHia; 6, — 3eHUTHBIA yroJl, Onpeesi-
€MBIH 10 U3BECTHBIM (hopMyJiam Jisi JF0O0TO MOMEHTA
BpEMEHH MEKIy BOocxoaoM 1 3axoaoM Comria [1].

3HaueHue rio0aJbHOM MOYacoBOM BHE3EMHOM COJ-
He‘IHOﬁ HHCOJISINUU B I"IpOPI3BOJ'[BHI:II>i MOMCHT BpeMeHI/I
ONPEIEISETCS COTJIACHO BBIPAKCHHUIO:

360n
l,=G..|1 0,033005[—]) 3
0 S°[ i 365 ®)

rae Gy — COJHEeYHas MOCTOSHHAs, MPUHUMAaeMasi pPaB-
o~ 2.

HoW 1367 BT/M°; N — HOMEp AHS B TOJIy, HAUWHAS C

1 suBaps.

[IpsiMoe comHEYHOE W3ITyYeHHWE — 3TO 4YacTh BHe-
3eMHOI'0 COJIHEYHOTO H3IYyUYCHHUS, MIPOXOAIIETO Yepe3
atMoctepy 3emin 0e3 TPEIOMIICHHS, OTPKEHHUS M
MOTJIONICHHUSI, TOCTHTAIONIEr0 PacCMaTpPUBAaeMOM IT0-
BEPXHOCTH. [IpsiIMOE COJHEYHOE U3IyUYCHHE MOXKET
OBITh M3MEPEHO HAa METEOCTAHIUH HHPTEITHOMETPOM.
Maremarndeckne MOAETH U OMpPEACTICHUS MPSIMOTo
MMOYACOBOTO COJIHEYHOTO HM3IYYEHUs, MaJarollero Ha
TOPH30HTANBHYIO TOBEPXHOCTb, HM3BECTHBI H IIpel-
cTaBjieHbI B paboTax [9-11].

CrnoxkHee OIpeersieTcsl PacCesHHOE COJIHEYHOE
W3IydeHHe, Mafaoniee Ha TOPH30HTAIBHYIO TOBEPX-
HOCTh. Ha MeTeocTaHIIMAX I U3MEPEHHS TaKOTO H3-
JAy4eHHsI HCIONB3YeTCs JOpOrocTosiiee o00pymoBa-
Hue. IMEHHO U3-32 BBICOKOH CTOMMOCTH HU3MEPUTEIh-
HOTO 00OPYAOBaHHUS MOSBHIIOCH OOJNBIIOE KOJIHYECTBO
MaTeMaTHYECKUX MOJICTICH JUTsS OMpPEHCTICHUS PacCesH-
HOTO COJIHCYHOTO H3IIyYCHHUsS, KOTOPBIC MO3BOJIIOT
BEITTOJTHUTD ITPOTHO3UPOBAHKE MOTEHIINANIA COTHETHOU
SHEPTUU B IPOU3BOILHOM PETHOHE MHUPA.

s ero ompenencHus] UCTIONB3YIOTCS JABE TPYIIIBI
MaTeMaTHYECKUX MOZENeH: MmapaMeTpudyeckue W Ie-
KOMITO3UTHBIE. B mapamerpryecknx MOAEsIX 3Haye-
HUE TPAMOTO COJHEYHOTO H3IIyYCHUS YMEHBIIACTCS
W3-32 TIBIIH, OOJAYHOCTH M 3arps3HEHUS aTMOC(ephl.
B mapaMeTpudeckiux MOJensIX MaTeMaTHUECKH OIICHI-
BAeTCsl MHTCHCUBHOCTD OCJIA0JICHUS B 3aBHCUMOCTH OT
HoMmepa JHs. K mapamerpuueckuM MOJENsIM OTHOCSITCS
TaKUe MOJIENH, Kak Mojels uncToro neba (ASHRAE)
[12] u ero pasnuuHbie MOAU(DHUKAIMH.

JIeKOoMIO3UTHBIE MOJIENIM OCHOBAaHbl Ha HEKOTOPOH
CIIO’)KHOH 3aBHCHMOCTH PAaCCESIHHOTO COJHEYHOTO W3-
JTy4eHHsI OT MOJHOTO CONHEYHOTO H3IYyYCHWUs, ITaaro-
IEr0 Ha FOPU30HTAIBHYIO MOBEPXHOCTh YepPe3 MHIEKC
scHocty Heba ki ITouacoBoii nHIEKC sscHOCTH Heba ki,
B CBOIO OYepeb, MOKET OBITh HAWJCH U3 CTATUCTHIC-
CKHUX JaHHBIX, MOJYYCHHBIX OT MeTeOCTaHHI/Iﬁ CO BCETO
mupa. s HaxoxKISHHS T0YacOBOTO WHAEKCA SICHOCTH
Heba K; Ui MpOU3BONBHOTO HS M MECTOIOIOXKEHHS
Ha MECTHOCTH paccMaTpuBaeMoii nosepxHoctu OOII B
HACTOSIIEM KCCIICAOBAHUM HCIIONB30BAJICS CEPBHUC
NASA [13].

B pesynbTare MHOTOYHMCIEHHBIX MCCIIEOBAHUIN aB-
TOpPaMH CO BCETO MHpPa YCTAHOBJICHO, YTO CYIIECTBYET
CBSI3b MEXKAY MOYACOBBIM PACCESIHHBIM CONHEYHBIM H3-
JYYCHUEM W TIOJHBIM MTOYACOBBIM CONIHCYHBIM H3ITyde-
HHUCM, MAJar0IMMHU Ha TOPU30HTAJIbHYTO ITOBCPXHOCTD!:

lg =k(k)ly, (4)

rae K(k) — HeKoTopast 3aBHCHMOCTh. DTa 3aBUCHMOCTb
MO0 pe3yJbTaTaM MPOBEICHHBIX HCCICIOBAHUH MOXKET
OBITh IIpE/ICTAaBIICHA KAaK JIMHEHHAs, YKCIIOHCHIHAIIbHASI
WK TIOTMHOMHUATbHAS.

B Tta6n. 1 npusenenst 3aBucumoctu K(ky), momyueH-
HbIC HCCIIEA0BATEIIMU CO BCETO MHpPa Ha OCHOBE KOP-
PEISILUK € IKCIEPUMEHTAIBHBIMH TaHHBIMH.
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Ta6/luua 1. Mamemamuyeckue modeau 015 HAXOHCOeHUs paccessHHo20 no4acosozo CO/IHEYHO20 U3/1Yy4YeHUusl, nadarowezo Ha
20puU30HMA/IbHyrH N0BEPXHOCMb 3emau

Table 1. Mathematical models for finding the scattered hourly solar radiation incident on the horizontal surface of the Earth
Hctounuk/Reference Mogenb/Model
k(k;) =0,974k;, eci k; <0,15
[14] k(k;) =1,192-1,349k;, ecmu 0,15<k, <0,7 (5)

k(k;) = 0,259k, ecm 0,7<k, <1

k(k;) =1-0,249k,, ecmu k; < 0,35
[15] K(k)) =1,577 ~ 1,84k, ecam 0,35<k, < 0,75 ©
k(k;)=0,177k;, ecmm 0,75<k, <1

k(k;) =1-0,248k,, ecmu k; <0,3
[16] k(k;) =1,45-1,67k;, ecmu 0,3<k; <0,78 %
k(k;) =0,147k;, ecru 0,78<k; <1

k(k;) =1-0,254k, +0,0123sin(c), ecmn k; <0,3

[17] k(k) =1,4-1,749k, +0,177sin(e), ecmm 0,3<k, <0,78 (8)
k(k;) = 0,486k, —0,182sin (), ecmu 0,78<k; <1
k(k;) = 1
(18] (k) = 1+ pBO6k 498 (9

k(k;) =0,915k;, ecim k; < 0,225
[19] k(k,) =1,1389 - 0,9422k, —0,3878k2, ecin 0,225 <k, <0,775 (10)
k(k;) =0,215k;, ecmu 0,775<k; <1

k(k) =0,987k,, ecrm k, <0,1
[20] k(k) = 0,94+ 0,937k, —5,01k? +3,32k?, ecim 0,1<k, <0,8 (11)
k(k)=0,177k;, ecin 0,8<k; <1

K(k;) = 0,995 — 0,081k, ecm k, <0,21

- k(k) =0,724+2,738k 8,32k’ +4,967k’, ecumn 0,21<k; 0,76 (12)
k(k;) =0,18k;, ecau 0,76<k; <1

[22]

{k(kt) =0,9995 — 0,05k, — 2,4156k? +1,4926k:, ecr 0 <k, <0,78 w3

k(k,) =0,2k,, ecmu 0,78<k, <1

k(k;)=0,95, ecnu k; <0,175
[23] k(k) = 0,9698 + 0,4353k, —3,4499k?2 + 2,188k, ecmu 0,175<k, < 0,755 (14)
k(k;)=0,26, ecnu 0,755<k; <1

k(k;) =1-0,09k;, eciu k; <0,22

[24] k(k) =0,9511—0,1604k, + 4,388k? —16,638k: +12,336k,", ecmu 0,22<k, < 0,8 (15)
k(k;) =0,165k;, ecmu 0,8<k; <1

k(k;)=1,0086 —0,178k,, ecu k; <0,24
[25] k(k,) = 0,9686 + 0,1325k, +1,4183k? —10,1862k_ +8,3733k,*, ecim 0,24<k, <0,8 (16)
k(k;)=0,197k;, ecmn 0,8<k; <1

k(k;) =1, ecmu k; <0,17

[26] k(k.) = 0,97 +0,8k, —3k? —3,1k® +5,2k;*, ecin 0,17<k, < 0,75 17
k(k;) =0,18k;, ecxmn 0,75<k; <1

k(k) =1, ecu k; <0,17

[27] k(k;) = 0,97 +1,1k —4,5k? +0,01k? +3,14k’, ecmu 0,17<k; <0,75 (18)
k(k,) =0,18k,, ecmm 0,75<k, <1

[28] 1-0,02—0,059k, +0,994k? —5,205k> +15,307k;* 10,627k’ (19)
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IMocne HaxoxaeHHs 10 oHON 13 hopmyi (5)—(19)
snauenust Qynkipm K(K) onpenmensiercst auddysHas
MoYacoBasi COJIHEUHass MHcoNAws lg mo gopmyie (4),
ucnonb3ys opmynsl (2) u (3). 3atem u3 dpopmyisr (1)
OmpenessieTcsl MPSIMOE MOYACOBOE CONHEYHOE H3ITyde-
uue |y, nagaroriee Ha FOPU3OHTAIBHYIO TOBEPXHOCTb.

CosiHevHoe u3/iyyeHue, nadaoujee
HA HAK/IOHHYI0 N08EPXHOCMb

CrnoxHee OIpeaensieTcss pacCesHHOE II049acOBOE
COJTHEYHOE M3JIyUeHHUE, IMPUXOMsAIIee Ha HAKIOHHYIO
noBepxHocTs OIII. Jlnst ero onpeneneHus mpoBEACHBI
MHOTOUYHUCIIEHHBIE HCCcTeloBaHusA. B ocHOBe pacueToB
JIEKUT 3aBUCHUMOCTh PACCESHHOTO COJHEYHOTO H3ITY-
YCHUS, MPUHAMAEMOTO HAKJIOHHOW TOBEPXHOCTHIO
@3II, ot yrna ee HakyoHa S u nonoxenus ConHua. 3a
OCHOBY pacdeToB NMPUHUMAETCA TOT (PaKT, 4TO 3HaUe-
HUE DPACCESHHOTO COJHEYHOTO HM3YYCHUS, IPHHAMAE-
MOTO TOPH30HTAJIBHO PACIONIOKEHHOW TOBEPXHOCTHIO
®DOII, U3BECTHO M MOKET OBITh HAHICHO MO OJHOM U3
dbopmyn (5)—(19). Ha puc. 1 mpencrapiieHa HakJIOHHAS
®BII ¢ 0603HAUYECHUEM YTIIOB, ONPEIEIISIONIUX €€ IMO-
JIOXEHHUE B MIPOCTPAHCTBE OTHOCUTEIILHO MTOBEPXHOCTH
3emmn u aydeid Comaria. O003HAUUM YIUIBL: O — YTOJ
cknonenus Comnua; ¢, — 3eHuTHBIA yrom;, [ — yron
HakoHa OOI1 OTHOCUTENBHO TTOBEPXHOCTH 3EMIIH; ¥/
— yroiq Mexay npaMbiMu Jiydamu COJHIIA U HalpaBie-
HueM Ha lOr (CoiaHEUHBIH a3UMyTalIbHBIA Yyroun); y
a3UMYTAJIBHBIA YroJl MeX1Iy HampasieHueMm Ha FOr u
HEKOTOpBIM BeKTOpoM PV, mepneHAuKyIspHBIM I0-

BepxHoctu ®III. B ciyuae, ecnun OII1 opuentupona-
Ha ctporo Ha CoJHIle, NOCeIHNE JIBa yIJia PaBHBbI, T.

e. 7s =y, a yron HakioHa ®OII orHocuTeNnsHO mO-
BEPXHOCTH 3€MIIU PaBEH 36HUTHOMY yriy [ =46, .

[NonHoe conHEeYHOe MOoYacoBOE COJHEYHOE M3Iyde-
HUe, IPUHAMAaeMOe HaKJIOHHOHN moBepxHOCThI0 DOII,
OyzeT onpenessThes Kak:

rae IbT — IIpAMOEC IMOYaCOBOC COJIHCUHOC H3JIYyUYCHHC,

IdT_ pacCeAHHOC I104YaCOBOC COJIHEYHOC H3JIIYUYCHUEC,

IrT — OTPAKECHHOC ITOYaCOBOEC COJTHCYHOC U3TTYUYCHHUC.
HpﬂMOC COJIHCYHOC H3ITYUYCHUC OINPCACIIICTCA 110

bopmyte [29]:
cos(6)
® cos(6,)’

bT = (21)
rae € — yrom Mexay npsMbiMu Jydamu ConHma u
BekTopoM PV (puc. 1), mepneHANKYISPHBIM TOBEPX-
HocTH DOII. Yrom € MoXeT OBITH Hal[EH IO U3BECT-
Ho# (opmyne [30]:

0= acos(cos(6, ) cos(B) +sin (6, )sin()cos(rs - 7). (22)

Ecnu ®3I1 opuentupoBana crporo Ha ComHue, TO
yroin @ paseH Hymo. Bece ocTanbHbIE Cllydan MOJIOXKe-
Husg OOI1 B mpocTpaHCTBE SBISAIOTCS OOLMUMHM, M yTOJl
6 uMeeT HEKOTOpOe 3HAUCHHUE.

3eHuT

Counnie

T'opuzonT

Puc. 1. [losaoxceHue pomossekmpuueckoli naHeau 8 npo-
cmpaxcmee
Fig 1.  Photovoltaic panel position in space

OTpaKeHHOE TI0YacOBOE COJTHEYHOEC H3IYYCHHUE
omnpenensercs mo Gopmyie [31]:

(1-cos(p))
2

rje p — anb0es0 TOBEPXHOCTH 3eMJIH, B UCCIIEIOBAHUN
npuHUMaeTcs paBHbM (,3.

i =pl, , (23)

Ta6auya 2. H3omponHble mamemamuyeckue modeau 0.5
HAX02CO0eHUs! pacCessHHO20 NO4ac08020 COIHEY-
HO20 U3/1y4eHus, nadarnuje2o Ha HaKJA0HHYIO No-

8epxHoCMb
Table 2. Isotropic mathematical models for finding scat-
tered hourly solar radiation incident on the in-
clined surface
HcTtoyHuk Mogenb
Reference Model
1+cos(p
[32] Iy = “(2()) (24)
3+cos(2
2+Cos
[34] IdT = Id w (26)
3
B
35 lyr =14|1-—— 27
[35] ar =g [ 180 (27)
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[onmy4eHHbIe aBTOpaMU MATEMATHUCCKHE MOICIIH
pacuera pacCesTHHOTO CONHEYHOTO M3IYYEHUs ACISATCS
Ha W30TPONHBIE M aHW30TpomHBe. Ilpm paspabotke
M30TPOMHBIX Mojened (Tabi. 2) TMpUHUMAETCS, YTO
paccesHHOEe M3IIyYCHUE PACIPOCTPAHSACTCS PaBHOMEp-
HO TI0 BceMy HeOy ¥ 3aBHCHT TOJBKO OT yIjla HaKJIOHA
O®OBI1. He Tonmpko B macMypHbIE THH HeOO BOIHM3H
CorHIla 3HAYUTENBHO CBETJIEE, HO U B SICHBIC, YTO MO-
Ka3pIBAlOT HcciaenoBanus [12]. DTo sBiIeHHE B H30-
TPOIHBIX MOJEIAX UTHOPUPYETCH.

B  aHM30TPONHBIX MAaTEMATHYECKUX  MOJIEIIX
(Tabi. 3) cywTaeTcs, YTO CYIIECTBYIOT OO0JIACTH Ha
HeOe ¢ MOBBHIIICHHBIM PACCESTHHBIM COJHEYHBIM H3ITY-
YEHUEM, KOTOPOE paclpelessieTcsi HEepaBHOMEPHO B
MIPOCTPAHCTBE U 3aBUCUT OT yriia HakioHa ®II1 u mo-
noxennsa ComHna.

IlonHoe conmHeuHoe u3nmydeHue |y, mpuHHMaeMoe
HakKIOHHOM noBepxHocTeio DOII, ompenensercsa mo
dhopmyne (20) B 110001 MOMEHT BPEMEHH MEXy BOC-
xof0oM U 3axonoM CojHL@A, IPU 3TOM HUCIOJIB3YHOTCS
¢dopmyiet (1)—(4) u (21)—(23). PaccesiHHOE CONTHEUHOE
H3IyyeHHe, Majamollee Ha TIOPU30HTAIBHYIO ILIOC-
KOCTb, ompenensiercs mo oxHou u3 gopmyn (5)—(19), a
MaJlarollee Ha HAKJIOHHYIO MIOCKOCTh — IO OJHOM U3
dopmyn (24)~(37). 3arem ompenensieTcss MOITHOCTB,
BbIpa0aThIBacMasi COJTHEUHOW CTAaHUIICH C MPOU3BOJIb-
HbIM yrioM HaknoHa ®3II B m060i1 MOMEHT BpeMeHU
o opmyite [46]:

I
Pov = TP C(1-0(Te - Tew).  39)

n

Ta6./1uua 3. AHu30mp0ngle mamemamuyveckue Modeau 0451 HaX0HCOeHUs. paccesaHHo20 no4acogoz2o0 CO/IHeYHO20 U3J/1y4YeHus,

nadarou;ezo HA HAK/IOHHYH N0BEPpXHOCMb

Table 3. Anisotropic mathematical models for finding scattered hourly solar radiation incident on an inclined surface
Uctounuk/Reference Mogenb/Model
1+cos(pf |
(36] lyr :{%[M _(),05008‘?(92)ﬂ+0,05|,JT cos(6) (28)
3
[37] lgr :%Id (1+cos(ﬁ))[1+ (;05.(19)‘2sin(t9Z )3J{1+sin[§) } (29)
I, cos(d) (1+cos(B))(, Iy
lyp =g | -2 1--b
[38] dT d|:|0 cos(02)+ 5 Iy (30)
I, cos(@) (1+cos(B))(. Iy ly ., 3
lgr = 1q] -2 1--L2 |1+ -2
[39] dT d|:|0 cos(02)+ 2 I, + 3 sin(p) 31
1 I, 2 3 Iy ). (BY
[40] lyr =g §(1+cos(ﬁ)) L+|1-4¢ cos(0) sin(6,)” || 1+ 1-% Jsin| 5 (32)
3
[41] lgr =1 (M] 1-to gy I—bsin(ﬁj 33)
2 lg I, 2
Ly =g ['b cos(0) +2cos(/3)+(1+a)s(m)(1—'b—zﬂ
1y cos(d,) 2 Iy
[42] Z =O,3—2:—b, ecm O<:—b£0,15 (34)
e 0 | 0
Z =0, eciu 0,15<|—bsl
0
(B A G- psin[2Y
[43] lgr =g {[ > j+7ﬂ£sm(ﬁ') £cos(B) ﬂsm[zj (35)
lyr =g _ g (1—'¢]
[44] Gsc COS((9Z ) s Gsc COS((9Z ) (36)
Gj; =1,0115-0, 20293,6—0,080823ﬁ2
(41, 45] lyr =1, K“C";(ﬂ)yl— F)+ Fl%Jr Fzsin(ﬂ)} 37)
2
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rae fpy — ko3 duument, yuuTeiBaromuii 3arpsA3HeHKE,
nerpaganuio OOII, B wumccieqoBaHUM TPUHUMACTCS
paBueM 0,9; N — uncao comHeuHbix Moayieit OOII B
coctaBe COC; P, — HOMHHaNIbHAs MOIIHOCTH OJHOM
®OII; |,, — HoMUHAIBHAS COMHEYHAsT MHCOJISLIMS, B HC-
CIIeZIOBAHNY TIPUHUMAETCS 3a 1KBT/M2; G — TeMrepa-
TypHBIH K03 duiment, %/°C; T, — Tekymas pabodas
temmnepatypa ®JI1 B paccmaTpuBaemMblii MOMEHT Bpe-
menn, °C; Teq — crammaprtHas Temmeparypa OOII,
00b14HO mpuHHMaeMast 3a 25 °C [46].

Pabouas Temnepatypa nosepxHoct ®JI1 B mpo-
W3BOJIBHBI MOMEHT BpPEMEHH olpenensiercs 1o ¢op-
mysie [47]:

Ten =T,
T =T+l 20 a”(
Tn Ta

L) , (39)

rae T, — Temmeparypa okpyxatomeit cpenst, °C; Iy, —
HOMHHAJIbHAsI COTHEYHAsT WHCOIIHsI, paBHas 800 Br/m?
[47]; Ten — HOMuHANBHAS pabouas Temmeparypa OOIT
MO JAHHBIM 33aBOJA-M3TOTOBUTEIIS, IPU COJHEYHOW WH-
corsid |y, °C; Tan — TeMmeparypa oKpyKaroreit cpe-
IIbL, TIPH KOTOPO# ObUIA TOJTy4eHa HOMHHAIIbHAs pado-
qasi TeMneparypa T, IpuHuMaercs pasHoit 20 °C; 5, —
ko3 dumeHt mosiesnoro neiicteus ®III, o.e.; T, —
K03(h(HULNEHT, YINTHIBAIOIINI TIOTJIOICHNE COMHETHBIX
mydeil moBepxHocThio DI, B HacToAIMEM HCCIIEIOBa-
HuM puHUMaetcs pasHbiM 0,9 [48].

JIJIs OLIGHKH aJeKBaTHOCTH M Ioja0opa HambOoee
MOJXOMAIINX YT MTPOTHO3UPOBAHMS MPEICTABICHHBIX
MaTeMaTHYeCKUX MOJIeJeH ObUT MPOBENCH DSKCICPH-
MEHT Ha JBYX (PM3MUYECKHX MOJEISIX CETEBBIX CONHEU-
HBIX CTaHIMI yCTaHOBIEHHON MomrHocThI0 o 400 B
kaxcnas. Kaxaast CTaHIUs UMEET B CBOEM COCTaBe Ofl-

I
i

e

?
+——

Puc. 2. 3JKcnepumeHmasibHble COJAHEYHblE 3/1eKMmpPOCmaHyuu
Fig. 2. Experimental solar power plants

HY TOJUKPUCTAITUYECKYIO U OHY MOHOKpHUCTaJIINYe-
ckyto OOI1.

Opna cereBasi conHeuHasi cTaHuus (ctanuus Ne 1)
COCTOUT W3 JABYX HemoaBwkHbIX DI, opueHTHpO-
BaHHBIX Ha IOT ¥ PACIIOJIOKCHHBIX IO/ ONTHMAIbHBIM
YIJIOM K TOPH30HTAJIBHOM MTOBEPXHOCTH (B HACTOAIIEM
WCCIIEJOBAHUU PABHBIM YIJy IIMPOTHI MECTHOCTH).
O®OII 3akperuieHpl HA OCHOBAHUU IO/ YIJIOM PaBHBIM
MUPOTEe MECTHOCTH. ONTUMANBHBIA yroJl ObUT BIOpaH
M0 pe3yibTaTtaM TEOPETHUECKUX HccienoBanuii [8].
MatemaTudeckre pacyeThl MOKa3bIBAIOT, YTO TaKOH
YTOJI MOKET OBITh IPHMEHEH IS CPeTHUX MHPOT. s
IIMPOT, OMU3KUX K DIKBATOPY, MPUMEHSIOTCS APYTUE
COOTHOIICHHUS JJIS ONIPEeNIeHUs] ONTHMAaIbHOTO YIJa.

Bropas ceteBast comneunast cranust (craHmms Ne 2)
WMEEeT [BYXKOOPDAMHATHYIO CHCTEMY CJIEKEHHUs 3a
ConnueMm. Ha moxBmkHoOM mmatdopme cranmuu Ne 2
pacmonoxxensl aBe uaeHTnansie OOI1, xak Ha cTaHIUH
Ne 1. IlomBmxHas 1wraTdopMa MOXKET BpamIaThCs B
IBYX mpasieHusX. [ToBopoT 1iaTtdopmbl, Ha KOTOPOI
pacnonoxensl OIII, ocymiecTBiseTcs IByMs JIMHEH-
HBIMH aKTyaTOpaMH IIOCTOSIHHOTO TOKa. YTIpaBIICHHE
aKTyaTopaMH OCYIIECTBIISETCS C IOMOLIbI0 MHKPO-
KOHTpoJIjIepa U JpaiiBepa yHpaBieHUA. DHEprus, Ino-
TpebisieMass IPH NUTAHUU aKTyaTOPOB, (PUKCHPYETCS
mpuOOpaMH ydeTa U BEIYUTACTCS MPH PAcueTax U3 BbI-
pabatbeiBaemoii snextposneprun COC.

O0e cTaHIINM UMEIOT CHCTEMy MOHHUTOPHHTA U ap-
XMBAllMK JaHHBIX C HHTEPBAJIOM BPEMCHH, PaBHBIM
5 Mmunytam. Jlis ompeneneHus MeTeOpOIOTHYSCKUX
MapaMeTpPoOB B MECTE PACTIONOKEHHS COJTHECUHBIX CTaH-
Ui yCTAaHOBIIEHA METEOCTAHIIUS C CHUCTEMOW MOHHTO-
punra. Ha puc. 2 npeactaBieHbl SKCIIEPUMEHTAIbHbIE
COJTHEYHBIE HJICKTPOCTAHITHUH.
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Pe3y/ibTaThl CC/Ie JOBaHUA

OKCcIepUMEHTaIbHBIC HCCICIOBAaHISI MO HaKOILIe-
HUIO JIaHHBIX O PEXUMaM pabOThl COJTHEYHBIX CTaH-
nui  ((UKCHUpOBAMCH BhIpabaThiBacMasi MOIIHOCTb,
HampsDKEHHUe, TOK W Ap. MapaMeTphl) BHITOJIHSUINCH B
TedeHue roja — ¢ uroHd 2022 r. no utons 2023 1. [Ipu
MPOBEICHUN MAaTeMaTHIeCKuX pacyeTtoB i r. OpeH-
Oypra ObUTO BEIOPAaHO HECKOJIBKO COJTHEYHBIX Masoo0-
JauHbIX JHEH. Bpems Kax1oro CBETOBOTrO AHS pazou-
BaJIOCh Ha paBHbIE MMPOMEXYTKH BPEMEHU. DJIEKTpUde-
CKasi MOIITHOCTh, BhIpabaThiBacMast COC, paccUuThIBa-
nach 1o ¢opmyine (38) u cpaBHUBaIAch Al BBIOpaH-
HBIX JHEH C 3KCIEPUMEHTAIbHBIMH JaHHBIMHU, MOJY-
YeHHBIMH B pe3yjibTaTe MOHUTOpWHTA. [Ipm sTOM B
¢dopmyne (39) yuuThiBaach TemIieparypa OKpyXKaro-
el cpefpl, TMOIyYeHHAs! ¢ MOMOIIbI0 METCOCTAHIIHH,
YCTaHOBJICHHOH B MECTE INPOBEACHUS JKCIICPUMEHTA.
Jlnst ompeneneHuss MOYaCOBOW CONTHEYHOW WHCOISIIAA
It B dopmyse (38) ucnonpzoBanack Gpopmymna (20). dus
OTIpeNIeNICHUST PACCESHHOTO COJHEYHOTO H3IYYCHUS,
Ma/IAIONIETO Ha HAKIIOHHYIO TOBEPXHOCTD |4, HCIIOMB-
30BaHCh (opmyinbl (24)—(37), a Ha TOPU3OHTAIBHYIO
noBepxHocTh — (opmynsl (5)—(19). Takum obpasom,
IUIA pacdeTa PacCeSHHOTO CONHEYHOTO W3IIYUICHHS,
Ma/IAl0IIEro Ha HAKJIOHHYIO ITOBEPXHOCTb, AT KaXJ0-
T0 paccMaTpuBaeMoro JHsS UCIojb3oBaiuch 210 mate-
Matnyeckux moxenei. Ha puc. 3, xak mpumep, moka-
3aHBI PE3YNBTATHl PAcCUETOB M OIKCICPUMEHTAIHHBIX
JAaHHBIX I YETBIPEX HHeﬁ.

JAns mpoBepKH aneKBaTHOCTH W MPUMEHHMOCTH
BEIIIETICPEYNCICHHBIX MAaTEMATHIeCKUX MOJEJeH BEI-
MOJHSJIACh OLIEHKa MOTpelIHocTH pacueta. OHa mpo-
BOJWJIACH C IOMOIIBbI0O (DYHKIWH IS HAXOXKICHUS OT-
HOCHUTEIIbHOM MOTPEIIHOCTH, CPEIHEKBAaIpPaTUIHOMN
OIIMOKHU, CpefHeld aOCONIOTHON OomMOKM M cpeaHei
OIIMOKYU CMEIICHUSI.

OTHOCUTENbHAs MOIPEIIHOCTh pacyeTa HeoOXOAU-
Ma JUIS OLEHKH CYTOYHOH BBIPaOOTKU 3JEKTPOIHEP-
ruu. HenoctaTkoM HaxoXIEHUS OTHOCUTENBHOM IO-
TPEIIHOCTH SBIIETCS, TO, YTO C €€ MOMOIIBIO HENb3s
TOYHO OIPENENIUTh COBHANCHHS PACUCTHOU M JKCIIe-
PUMEHTAIbHOM KpUBOM paclpeneneHus MOLIHOCTH B
TE4YEHHUE BCErO0 CBETOBOTO JHSL.

g cyToyHON BBIpaOOTKH COJTHEYHOW 3HEPTUU OT-
HOCHTEJIbHAS TIOTPEITHOCTh OIPEACIISICTCS KaK:

t
( [Py (t)dt\
&% =|1-*

[P (t)at

100, (40)

rae Ppi — pacyeTHast MOLIHOCTB, TOJIyYeHHas 110 Gop-
myne (38) 1151 MPOU3BOIBHOTO MOMEHTA B IPOMEKYT-
Ke MEeXIy BpeMeHeM Bocxoja t; u BpeMeHneM 3axopa
Counniia, Bt; Pej — MouHOCTB, MOJTyueHHasI B pe3yJibTa-
T€ IKCTIEPUMEHTANBHBIX HCCIIeI0BaHnM, BT.

CpennexBaaparnunas omubka RMSE (root mean
square error) onpezaenseTcs Kak:

(41)
rie K — KolMuecTBO paccMaTpruBaeMbIX TOUYEK.
B nporienTax ¢ yaetom dopmyssl (41):
RMSE% = FMSE 100, (42)

k

1
E;Peu

Cpennsist abconmotrast omuoka MAPE (mean absolute
percentage error) B IPOLICHTAX ONpPEIEIACTCS KaK:

18P, -P) (43)
MAPE% = EZLP—J -100.

i=1 pvi

Cpennsist ommbka cmeniennss MBE (mean bias
error) omnpenesnsieTcs Kax:

1 k
MBE = E;(vai ~Py). (44)

B mpornienTax, ¢ yaerom Gopmyisl (44):

MBE%=£~IOO.

1
E;Peu

B pesynprare BRIUMCIEHHI OBLTH OTMPENEIICHBI BHI-
HIeyKa3aHHBIC TIOTPEITHOCTH ISl KaXI0TO paccMaTpu-
BaeMOT0 JHS C UCIIOJIF30BAHUEM MAaTEMAaTHIECKIX MO-
JeNeH I HaXOXKACHUS PACCESTHHOTO CONHEYHOTO H3-
ayuenus mo popmynam (5)—(19), (24)—(37).

B Tabn. 4 mpexncraBneH mpuMep pacdera MOTper-
voctt MBE% na1s ogHOTO M3 paccMaTpuBaeMbIX JHEH
(01.05.2023 1.) COC ¢ HenoasmxHbIMU DIIT.

Kak BunmHO 13 Tabmn. 4, MUHUMAJIBHYIO MOTPEUTHOCTD
MBE% mMeer MaTeMatideckas Moaeib (36) s ormpe-
JIENIEHHUs] PACCESIHHOTO COJTHEYHOTO HM3IIy4YeHUs, Majaro-
IIeTO Ha HAKIIOHHYIO MOBEPXHOCTh, U MPAKTUYCCKU HE
3aBUCUT OT MaTtemaTuyeckux moxenei (5)—(19) mna
OTIPENENICHUs] PACCESIHHOTO COJHEYHOI0 H3JIy4YeHHs,
MaJIAI0IIero Ha TOPU30HTAIBHYIO TOBEPXHOCTb.

B Tabn. 5 mpexcraBieH mpuMep pacdera MOrperl-
Hoctu MBE% ans ogHoro us paccmaTpuBaeMbIX AHEH
(01.05.2023 r.) mns COC ¢ ABYXKOOPJIUHATHOM CHCTE-
Mo crnexenus 3a ComaneM. Kak BumHO M3 Tabmd. 5,
MUHHMaNBHYIO norpemHocts MBE% umeror marema-
tuaeckue mozenu (15)—(17) mnst onpeneneHus pacce-
STHHOTO COJIHEYHOTO M3ITyYeHUs, MaJaroIero Ha Topy-
30HTaNIbHYI0 MoBepxHocTh DPIII, U mMaTemaTtuueckue
monenmu (29) u (36) ans ompeneNieHUs PacCEesTHHOTO
COJTHEYHOTO H3ITyYCHHS, MAJAIOMIET0 Ha HAKIOHHYIO
noBepxHocTh OOII.

(45)
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Puc. 3. Bvipabomka 31ekmpo3Hepauu COAHEYHbIMU CMAHYUSIMU 8 meveHue OHsl
Fig. 3.  Electricity generation by solar power plants during the day
Ta6auya 4. IozpewrHocmb MBE% 0.5 CIC ¢ HenodsuscHbIMU homoaiekmputeckumu naHeastmu (cmavyus Ne 1)
Table 4. MBE% error for SPP (solar power plant) with fixed photovoltaic panel (station no. 1)
MeTo/bl paciyeTa paccestHHOTO COJI-
HEYHOTr0 M3JIy4eHHUs, IaJaollero Ha TOPHU30HTAJIbHYIO IOBEPXHOCTH
Methods for calculating the scattered horizontal surface
solar radiation incident on
Homep gopmysnt | o | ¢ | 7 | g | 9 | 10| 11 | 12 |13 | 14 | 15|16 | 17 | 18 | 19
Formula
24 6416562636163 |66|65|66|76|64|68]|63]|62| 10
25 68|171/67(71]163| 7 | 75|69 7794|677 |75]|67 65127
26 656763646364 |66 |66 |66|73|66|68|63][62| 9
27 67169|65(6862[68|73[68|74| 9 |66|73]|66 64122
28 67| 7 |66]6764|67| 7 69 17118367 |72]65]64/108
HaKJIOHHYI0 IOBEPXHOCTh 29 626865636564 |64 |66 | 64/68|66|67|63][61|79
inclined surface 30 51525 [48]51]49 5 51 ]149|53|52|52|49 49| 64
31 641711696669 |67 |66 |69 66/68|[69|69]|65]63)|78
32 6 /62| 6 (59615961 |62 6 65|62|63|59][59]|74
33 11,7/12,4|11,8/12,5/10,8/12,4| 13,1 | 12,1 |{13,4/15,7|11,5/13,2|11,8|11,2|19,5
34 5151[49(48| 5 (49| 5 5114953 |51[52|49 49|62
35 6616763666166 7 66 | 7185|6571 ]|64]63|115
36 431431424143 |142|43 |43 43|46 |43 |44|42 43|55
37 18,7/20,4]/19,4/19,3/18,8/19,5/ 19,6 | 19,7 |19,7|21,8/19,7/20,3| 18,7 | 18 |20,8
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Ta6auya 5. INozpewHocmb MBE% 0.5 CIC ¢ cucmemotl caesxcenus 3a Connyem (cmanyust Ne 2)

Table 5. Error MBE% for SPP with a Sun tracking system (station Ne 2)
MeTOAbI pac4yeTa pacCeaHHOro coJi-
HEYHOTI0 U3JIy4YeHHUd, NaJaloliero Ha TOPHU30HTAJIbHYIO TIOBEPXHOCTb
Methods for calculating the scattered horizontal surface
solar radiation incident on
Homep gopmysnt| o | ¢ 8 | 9 10|11 |12 |13 |14 |15|16 | 17 | 18 |19
Formula
24 82 /95[91/89(83[97/92/88|98|114/81[(89|79|75]171
25 93 |10,6|10,1]/10,1| 9,1 |10,8/10,5| 9,8 |11,3|13,3]| 9 |10,3| 89 | 83 |19,7
26 77 188/85/83]78(91|85(82[91/104/75|/82|74| 7 |156
27 92 [104/98]99 |89 |10,6]10,4| 96 |11,1|13,1|8,8|10,1| 88 | 8,2 |19,3
28 8,7 [10,7| 10 | 95| 9,4 |10,4| 10 | 98 |10,5/12,4/9,3|10,1| 86 | 7,9 |18/4
HaKJIOHHYIO TOBEPXHOCTh 29 7 64 64| 65|64/69|65|62|68|66|61|61]|63]| 66|78
inclined surface 30 72 1676767657266 65 7 69 |62|62]|63]|68]|97
31 8 6667|7167 |74|71|66|74|68|64|65]| 7 7,8 |77
32 7 7,2 67 168|74/67|68|72|7665|65]|62]63]|11,9
33 13,4 |14,5(13,9|14,3|12,4| 15 | 15 |13,8|15,8|18,3|12,7|14,6/12,9|12,2|24,7
34 71 1666667 6572|6664 | 7 696162626797
35 88 [102/9,7 |96 | 88 |10,4| 10 | 94 |10,7/125|87 |97 85| 8 [187
36 7 66 | 6666 |65|71,65|64| 7 7 161]/61]|61] 6,6 (10,1
37 12,6 /11,5/11,5/12,4]10,9/12,4{12,5|11,6]12,9|13,2/11,3|112,1|12,1[12,2]| 9,3
Ta6auya 6. Pe3ysibmamul uccaedogaHust
Table 6. Results of the study
napameT Wy We HoMepa GopMy
palPameteL:‘ KBT"{/|kWt'h £% RMSE% MAPE% MBE% formull)a rcll)urflbt}a,rs
ADE;E Nel | Ne2 | Ne1l | Ne2 | Nel | Ne2 | Neil | Ne2 | Ne1l | Ne2 | Ne1 | Ne2 Ne 1 Ne 2
15.03.23 19 [ 281 19 [ 283 ] 005 | 07 [126] 99 | 161|139 [ 103 ] 7 (9), (28) (8), (31)
02.04.23 22 [ 307|214 ] 31| 32 | 1,1 [105] 74 [ 288 [ 116 | 9 5,3 (8), (36) (17), (29)
010523 | 207 [ 305 [205| 3 | -072 [ -18 [ 51 | 74 | 22 | 128 41 | 61 (8), (36) (15), (29)
230523 | 212 | 296 | 206 | 301 | -27 | 1,7 | 55 | 106 | 273 [ 259 | 43 | 72 | (18),(36) | (16),(32)
02.06.22 21 [ 315|206 [ 308 21 | -19 [ 79 | 89 | 249|136 | 66 | 61 (8), (36) (15), (36)
21.06.22 218 | 308 [ 209 [ 305 -41 [ -09 [ 11,7 | 123 [ 255 | 15 | 63 | 137 | (18),(36) | (15),(32)
04.08.22 206 | 298 [ 197 [ 291 -44 [ 22| 8 | 119378 [ 135] 67 7 (18),(36) | (16),(32)
11.08.22 1,79 | 251 | 1,76 | 246 | -1,9 | -21 [ 121 [ 129 | 375 | 226 | 95 | 97 | (18),(36) | (15),(29)
12.08.22 2,05 | 286 | 1,97 | 288 | -41 [ 083 | 66 | 10,6 | 306 | 227 | 55 | 71 | (14),(36) | (15),(32)
13.08.22 2 [ 29419328 | -44 | 29| 97 [104 ] 263128 74 [ 59 [ (18),(36) | (15),(32)
15.08.22 2 [ 2871191 28 | -46 | -3 [ 97 [ 96 [295] 144 8 56 | (18),(36) | (15).(32)
16.08.22 197 | 29 | 19 [ 282 ] 36 | 31 [ 83 [ 11,7 [ 264|137 ] 86 | 59 | (18),(36) | (15).(32)
17.08.22 195 | 278 | 1,88 [ 273 | -44 | -16 | 94 | 94 [ 272|155 | 77 | 55 | (18),(36) | (15),(26)
19.08.22 213 | 31 [202[298 ] 54 [ -3 | 77 | 106 [341] 14 6 58 | (13),(36) | (16),(32)
20.08.22 204 | 29 [ 194 | 288 -5 [ -05 [ 116 | 98 [ 378189 | 88 | 54 | (10),(36) | (14),(32)
22.08.22 1,94 | 27 | 185 | 27 [ -47 0 83 | 92 | 54 [284] 67 | 61 | (10),(36) | (16),(32)
13.09.22 1,79 | 252 | 18 [ 253 ] 05 04 | 141 [ 159 [ 27 [ 205 ] 109 | 11,6 | (15),(25) | (15),(31)
19.09.22 1,77 | 237 | 1,73 | 246 | -25 | 37 [ 136 | 134 | 468 | 53 [ 107 | 84 | (18),(36) | (18).(31)
20.09.22 1,76 | 251 | 1,73 [ 247 | -1,7 | -13 [ 104 ]| 93 | 23 | 149 [ 835 ] 79 | (15,35 | (18).(31)
21.09.22 1,73 | 227 | 1,7 [ 233 | -1,7 | 29 | 12 13 | 275|189 | 88 | 101 | (15),(36) | (15),(31)
03.10.22 1,77 | 257 | 1,63 | 252 | -85 | 24 | 208 | 79 [31,7 | 127 ] 15 | 63 (6), (32) (15), (31)
09.10.22 158 | 233 | 1,53 [ 239 | 29 [ 22 [ 193|113 [ 189 | 148 | 152 | 79 (6), (28) (13),(29)
10.10.22 158 | 236 | 1,53 | 234 | 33 | -1 | 198 | 104 | 253 | 159 | 166 | 7.3 (6), (28) (18), (31)
17.10.22 146 | 225 | 1,42 [ 231 -37 | 26 | 168 ] 103 | 189 | 259 | 128 | 7,9 (6), (28) (18), (31)

PesynbraThl nccnenoBanuii A BCeX paccMaTpuBa-

06cyx/eHue U 3aK/II0YeHne

€MBIX SICHBIX WJIM MajooOJayHbIX JTHEH C yKazaHuEM
MaTeMaTHYeCKUX MOJeNeH cBeleHbl B Tabm. 6. B Helt
MIPEJICTABJICHbl PAcYeTHbIE 3HAYCHHUS BBIPAOOTAHHON
aneKkTposHeprun Wy, 3KCIIEpUMEHTaJIbHbIE 3HAUEHUs
BbIpa0OTaHHOH 3J1eKTpodHeprun W, ¢ HeOABMKHBIMU
(cranius Ne 1) u nogsmwxknabiMu OIIT (cTanuus Ne 2),
onpeaeneHnple 1o Gopmynam (40), (42)—(45), c
HauMEHbILIEH MOTPEeIIHOCTHIO.

B pesynbraTe 4HCICHHOTO W (DH3MUYECKOTO MOje-
HI/IpOBaHI/IH yCTaHOBHeHO, YTO METOAbI IJIsd HAXO0XKIC-
HUS PAaCCESTHHOTO COJTHEUHOTO W3ITyYEHUs, A a0IEeTro
Ha HAKJIOHHYIO IOBEPXHOCTh, MMEIOT Pa3HYIO TOY-
HOCTh. AHaJIM3 TOYHOCTH MOKa3aJjl, YTO JUIsl UCCIeye-
MOTO peFI/IOHa IoAXoOsIT HeKOTOpBIC N3 HUX. TOLIHOCTI)
METOJIOB 3aBHCHUT OT (PH3MUYECKOrO MPHUHIUIA PaOOTHI
craniuu. Ecnmu onn umeer Henoasmwxkubie OIII,; pac-
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MOJIO’KEHHBIE TOJ] ONTUMAIBHBIM YIJIOM, B BECEHHHUE
MeCSIbl BBHICOKYI0 TOYHOCTh MMEET COUYETaHHE METO-
noB (8) u (36), B tetaue — (18) u (36), B ocennne — (6)
u (28), (15) u (36), (6) u (32). YcTaHOBJIECHO, YTO AJSA
cTaHIui, uMeromux noaswkaele OOII, ¢ cucremoi
ciexenus 3a CoiHIleM HeOOXOMMO BEIOMPATh Ipyroe
COuYeTaHWE METOJOB B OTJIMYME OT COJIHEYHOU CTaHLIUU
¢ "HermoaBwKHbEIMA DOII. Jlng TakuX CTAHIHMHA BEICO-
KyI0 TOYHOCTb UMEET COYETaHUE METOJIOB B BECEHHUE
aam (8) 1 (31), (15) u (29), (17) u (29), B netaue — (15)
u (32), (16) u (32), B ocennue — (15) u (31), (18) u
3D, (13) u (29).

Bbuti poaHanu3upoBaHbl BCE TONyICHHEBIC PE3yIib-
TaThI JJISl KCCICYEMbIX COTHEUHBIX CTAHIIMN. Y CTaHOB-
JIeHo, 9To Juia moABMkHONM DI BBICOKYIO TOYHOCTH
uMeeT coyetaHue Metoaa (32) ¢ JaroObIMH MeToAaMH,
BBIUMCIIEHHBIMU 110 (opmynam (5)—(18), mns Hero-
newkHOW OOI1 — coveranme merona (36) ¢ IHOOBIMHU
METOJaMH, BBIYHUCICHHBIME 110 (opmyaam (5)—(18).
TakuMm 00pa3oM, MONTyUYEHHBIE PE3yAbTaThl MOTYT OBITH
MIPUMEHEHBl Ha TPAKTUKE HUCCICAOBATEISIMU IS TIOBEI-
IIEHUsS TOYHOCTH IIPOTHO3MPOBAHMS BBIPAOOTKU HIICK-
TPOSHEPTHH COJHEYHBIMU CTAHIIUSIMH, PACIOJIOKCHHBI-
MU B PETHOHAX CpedHeW MHMPOTHI. [ FOXKHBIX IIHPOT

TpeOyeTcs TOTOTHUTENEHOE HCCIIeIOBAHNE.
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