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NMPOEKTUPOBAHME
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DOTOINEKTPUYHECKUX CUCTEM
C NIOMOLbKO NMPOTPAMMHOIO
OBECIEYEHMA PVSYSTEM

ConHeuHas (hOTO3NEKTPMUECKAsl SHEpPrusi SIBASIETCS OfHMM M3 Hambonee cyuwe-
CTBYIOLMX M ObICTPO PacTyWMX BO3OGHOBASIEMbIX MCTOYHMKOB 3HEPrMM, KOTOPbIM
MMeeT NpaKTMYeCKoe NPMMEHeHMe B HECKOMbKMX obnactsix 6narogaps CBoei Bbli-
COKOM JOCTYMHOCTH, OFPOMHOMY MOTEHLMaNy M SKONOrMYECKOM COBMECTMMOCTM.
Mo cpaBHEHMIO C [APYIrMMM MCTOYHMKaAMM 3HEpPruM HabmogaeTcs 3HauMTENbHbIN
POCT MCNONb30OBaHMS (POTOINEKTPMUYECKOH SHeprum B mupe. Takoe MaccoBoe MC-
nonb3oBaHMe (hOTOINEKTPUYECKON 3HeprMM OGYCNOBNEHO MPOCTOTOM npouecca
npeo6pa3oBaHusi, NOCKONbKY CONMHEYHOE M3NyYeHMe HanpsiMylo npeobpasyertcs
B 3JIEKTPMYECKYIO 3HEPrUIO C NMOMOLLbLIO (hOTO3NEKTPHUECKHX 3nemeHToB. Kpo-
Mme TOoro, (hoTO3NEeKTPHYECKME CHMCTEMBI MPOM3BOAAT YMCTYIO SHEPrMIO M He 3a-
rPSA3HSIOT OKPYXKaloLyIO Cpefy, TeM cambIM cnocobcTeys 6opbbe ¢ rnobanbHbIM
notenneHnem. MoTo3NEKTpUIECKasi 3Heprusi TpebyeT MeHbLIero o6CnyKMBaHMS,
NOCKONbKY M3-3a OTCYTCTBMSI MEXaHMYECKMX KOMMOHEHTOB €€ MOXHO JNIErKO MHTe-
rPMpPOBaTh B 3MEKTPHYECKYIO CeTb. (DOTO3INEKTPHYECKHME MOAYNM NpefHa3Ha4YeHbl
ANS BbIPAabOOTKM MAKCMMaNbHOM MOLLHOCTH NPH BO3[EHCTBMM CONIHEYHOrO M3nyye-
HMs. Ho Ha MX NPOM3BOAMTENbLHOCTb BAMSIOT MHOTME MApaMeTpbl, TaKME KaK TeM-
nepatypa M conHe4yHoe m3ny4yeHue. Ha nponssoaMTenbHOCTb (hOTOINEKTPHUECKHMX
CMCTEM TaKXKe BIMSIOT BHELIHMEe (haKTOPbl OKPYXKalowweHn cpefbl, TakKMe KaK 3a-
rpssHeHue. [ins onTMMM3aLMM NPOM3BOACTBA SHEPIrMM MCMONb3YIOTCS CONHEYHble
Tpekepbl MPPT [Maximum Power Point Tracking).

Llenbio gaHHOro mccnepoBaHms siBRSeTCs npepnoxeHne 3ddheKTMBHOrO metofa
NPOEKTMPOBAHMA U MOAENMPOBaHMSA (POTOINEKTPHUYECKOM 3MEKTPOCTAHLMM MOLL,-
HocTbio 11 MBT, NOgKNIOYEHHOM K HauMOHanbHOM ceT Hurepa, ¢ MCNOMNb3OBaHK-
eM nporpammHoro obecnevenns PVsyst. Merog: Bbi6bop TMna cuctemsl [cucremsl,
NOAKNIOYEHHOM K ceTH), reorpadM4ecKoro PacrnonoyXKeHMs MecTa YCTAaHOBKM C MC-
nonb3oBaHMem 6asbl faHHbIX NPOrpaMMHOro obecneveHus. 3atem cnegyeTr opu-
eHTauMsl (POTOINEKTPHUYECKOM CUCTEMBI, BbIGOP TEXHONOrMM (hOTOINEKTPHUYECKOM
cuctembl (poToaneKTpMuecKMe naHenu, MHBEPTOpPbI, TpaHcopmaTopbl M T. A.)
M ux Kanu6poBKa, M3y4YeHHe fleTanbHbiX NoTepb (NoTepu cuctembl, noTepu B Npo-
BOJAX M NOTEPM MaCCHBa) M BbINONHEHME KOMaHbl ANl MO ENMPOBaHMA CUCTEMbI.
Pe3synebrarsi: pa3paboTaHa NPOEKTHO-MMMTALMOHHAs Mofienb (hOTOINEKTPUYECKOMN
3NMEKTPOCTaHUMM MOLLHOCTBIO 11 MBT, coctosias m3 29120 hoTO3NEKTPUUECKMX
naHenen MouwHoctbio 385 Bt kaxkpas, 133 Tpekepa MPPT u mHBEepTOpa MOLYHO-
CcTblO 66 KBT nepeMeHHOro ToKa Ka)AbliM M TpaHcopMmaTopa CpepHero Hanps-
»eHnsi MowHocTbio 11 MBT. MpoeKT 6bIN CMOAENMPOBaH, M NONYYEHHbIE Pe3yJib-
TaTbl NPOaHanu3upoBaHbl. [IpaKTHYecKasl 3HAYMMOCTb MCCIIE4OBaHMs 3aKNoYaeTCs
B TOM, YTO MONyYeHHble pe3yfbTaThl Yy)XXe OTNpaBfieHbl B KabuHeT npesupgeHTa
Hurepa (genaprameHT 3HepreTMkn) Ans NPOBEPKM M NPAKTMYECKOrO BHE[PEHMS.
MpoekTMpoBaHHe M MoAenupoOBaHHEe (HOTOINEKTPHUYECKOM CMCTEMbI C MCMOJb30-
BaHMeM nporpaMmHoro obecneuyeHus PVsysts nossonsier MHKEHepaMm, YYeHbIM
M MccnegoBaTensiM NPMOGPEeCTM HaBbIKM NPOEKTMPOBAHMS M MOAENMPOBaHMS (hO-
TO3NEKTPHYECKHX CHMCTEM.

KniouyeBble cnoBa: ¢hoTO3INEKTPUMYECKMH MOAYNb, MHBEPTOP, (hoTO3NeKTpMuyecKas
CUCTEMAQ, CONHEYHasl 3NEeKTPOCTaHLUMs, CONHeYHble Tpekepbl MPPT, moaenupoBa-
H1e PVSystem.
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Puc. 1. XapaKTepuCTHKN CUABI—HAMpsKeHust MOAYAst PV (Photovoltaic) AAsl pa3AUYHBIX
YCAOBHUH COAHEYHOrO M3AYYEHHs M TeMIlepaTyphl

BeepeHue. B HacTosimee BpeMsI COAHEUHasl dHep-
TUs IpUBAEKAA BHUMAaHHWE BCETO MHUPQ, UIPaeT >KU3-
HEHHO Ba’KHYIO POABb U AOKA3aAa, 9TO SIBASETCSI YUCTOU
u ycrorunBou sHepruen [1—3]. CorHeyHass 3Heprus
B BUAE COAHEUHOTO U3AYUEHUs MOJKeT OBITh HAIPSMYIO
npeoOpa3oBaHa B JAEKTPUUECTBO C MCIOAB30BaHU-
eM TEeXHOAOTHU (POTOIAEKTPUUYECKUX IMaHerer [4—7].
DOTOdAEKTPUYECKUE TTAHEAW COCTOST W3 COAHEUYHBIX
5AeMeHTOB, U3TOTOBAEHHBIX M3 MOAYIIPOBOAHUKOB, KO-
TOpBIE TOTAOIIAIOT COAHEUHOe M3AyueHUe M Ipeobpa-
3yIOT €ro HeIIOCPEACTBEHHO B dAeKTpudecTBo. OAHAKO
HUCCAEAOBAHUS IIOKa3aAl, 4TO COAHEUYHBIE SAEMEHTHI
Ha OCHOBE IIOAYIPOBOAHUKOB, HCIOAB3yeMbIe IIpHU
TIPOM3BOACTBE (DOTOIAEKTPUUECKUX ITaHeAeH, UMeIoT
s¢pdexTuBHOCTL OT 15 p0 20 % [7, 8]. AAs mOBBIIIe-
HUA 3(PPEKTUBHOCTU CHUCTEMBI MCIIOAB3YIOTCH TaKHue
NPUAOKEHUsT, KaK COAHEUYHBIM TpeKep M KOHTPOAAEDP
MPPT (Maximum Power Point Tracking). CoaHeunble
TIaHEeA! IIPHU YCTAHOBKe 00ecIeunBaroT MaKCHMaABHYIO
BBIXOAHYIO MOIITHOCTE, HO CYIIECTBYIOT (DAaKTOPHI, BAH-
SIOIMe Ha CHUKeHue sTo¥ momuoctu [9, 10]. doto-
SAEeKTPUYECKUN 3AeMeHT XapaKTepU3yeTcs KPUBBIMU
MOIIHOCTb — HAalIpsIKeHUe M Halps>KeHHe —TOK. AAs
Pa3AMUYHBIX 3HQUEHUU COAHEUHOM papualuy U TeMIle-
paTyphl 3TH XapaKTEePUCTHUKH IOKa3aHbl Ha puc. 1.

Ha pwumc. 1 mokazaHa 3aBUCUMOCTH MOIIHOCTU
OT COAHEUHOTO U3AYYeHUs U TeMIIepaTyphl. DTU ABA Ia-
pamMeTpa — TeMIlepaTypa M COAHEUYHOe U3Ay4YeHUe
BAUSIIOT Ha NPOM3BOAUTEABHOCTH (DOTOIAEKTPHUUECKO-
ro MOAyAs. [ToMHMO 3THX ABYX IIapaMeTpOB, KaueCTBO
COAHEUHOU 3JHEpPruUH, BhIpaOaTblBaeMOU (DOTOIAEKTPH-
YeCKUMH YCTPOWCTBaMH, 3aBHUCHUT OT THUOKOCTH ApPY-
TUX KOMIIOHEHTOB TAOOAABHOM CHUCTEMBI WU YCAOBUU
OoKpysKatomei cpeabl [11, 12]. YcraHoBKa (oTO3AEK-
TPUYECKOM CHCTEeMBI BBI3BIBAET pPa3AUYHBIE (DAKTOPHI,
KOTOpPBIe BAEKYT 3a COOOM MOTepU SHEPIuU U BAUSIOT
Ha KOHEUHYIO Ilepepavy. B aToi paboTe (hakTOpEL KAac-
cu(UIUPYIOTCS KaK IIOTepu B MaccuBe (Array losses),
IoTepHU B MPOBOAAX (Wiring losses) u morepu B cucrtemMe
(system losses) [13—16].

Ilorepu B Maccuse (Array losses). ITorepu B Mac-
CHBe — OTO TIOTEpPH, KOTOPELIe BAUSIOT Ha AOCTYIIHYIO
BBIXOAHYIO B3HEPIUIo (DOTO3AEKTPUYECKOI0 reHepaTopa
OTHOCUTEABHO HOMUHAABHOM MOIITHOCTH MOAYAS, yKa-
3aHHOU TIPOM3BOAUTEAEM AAS CTAHAAPTHBIX YCAOBUH.
K 3TuM nmoTepsiMm OTHOCSITCS:

3arpasnenue (Soiling Losses) — npoliecc, Ipu KOTO-
POM TBIAB, TPSI3b U/UAU OPraHUYECKHE OTXOABI OCEeAa-
IOT Ha ITIOBEPXHOCTU (POTOINEKTPUUYECKOI'O TeHepaTopa.
OTO OKa3blBaeT CYIeCTBEHHOe BAUSHUE Ha IIPOU3BOA-
cTtBO sHepruu. OpHUM U3 HauboAee YaCTO MCIOAb3ye-
MBIX U3MEPEHUMN AAST KOAMUYECTBEHHOU OIleHKM Kaye-
CTBa TPsA3U, OCAKAAQIOLIENcss Ha (POTOINEKTPUUECKOM
MOAYAeE, IBAeTCS CKOPOCTb 3arpsidHeHusd (rs). [Tocaea-
Hsas Bepcus craHpapTta [EC 61724-1 onpeaeasieT rs Kak
COOTHOIIIeHUe MeXXAY (PaKTH4eCKOM U HOMHHAABHOM
9AEKTPUYECKON MOIJHOCThIO. KoaddunueHnt zarpsas-
HEHUSI OIIPEAEASIeTCs COOTHOIIEHNEeM, KaK IIOKa3aHo B

dopmyare (1) [17]:
rs = Lo, (1)
chean
TaAe Z ., TIPEACTaBAsSeT OSAGKTPUYECKYIO MOIIHOCTh
B PEAaABHBIX YCAOBUSIX 3arps3HeHus; Z = TIPeACTaB-
ASIET DAEKTPUUYECKYIO MOIIHOCTb B PEAAbHBIX UYHWCTHIX
YCAOBHSAX.

Kosgppuuuenm menarosrix nomeps (The thermal loss
factor) — oTHOCUTCS K IOTepe HNPOU3BOAUTEABHOCTU
MOAYASL M3-3a U3MEHEHUs TEIIAOBOTrO oA, Koaddunu-
€HT TEIIAOBBIX II0TEPh UCIOAB3YETCS AAA ONPEAEAEHUs
oTepb JHEPTHUH, KOTOPLIE MOTYT BO3HUKHYTH M3-3a
Pa3HUIBI TeMIepaTyp Me’KAY HOMHHAABHOM TeMIlepa-
TypOM 5AeMeHTOB, IPU KOTOPOM yKa3aHa MOIIHOCTb
(25 °C) u hbaxTHUUeCKOU TeMIepaTypoM OKpYy Kalolei
cpepbl (DOTOIAEKTPUUYECKUX MOAYAEHM M IAEMEHTOB,
KOTOPBIe HAarpeBaroTCsd II0A BO3AEHCTBHEM I1aAQOIIero
COAHEYHOTO CBeTa.

CsemoBas gerpagauus LID (Ligth Induced
Degradation) — mnoTepss NIPOMU3BOAUTEABHOCTH (DOTO-



SAEeKTPUYECKUX  MOAYA€H, KOTopas IPONCXOAUT
B caMble IepBble AHU BO3AEUCTBHUSL COAHIA. 3aBUCUT
OT TEXHOAOTUU U MPEAOCTABASIETCS] IIPOM3BOAUTENEM.

ITomeps kauecmsa mogyas (Module quality Loss) —
OTHOCHUTCSI K OTKAOHEHHIO CpeAHel 3(deKTUBHOCTUA
MOAYASI OT IIPOU3BOACTBEHHBIX YCAOBUH.

INomepu u3-3a necoomBemcmaus (Mismatch loss) —
oTepy, BbI3BaHHBIE  HEOOABIIMMHU  Pa3AUYUAMU
B DAEKTPUYECKUX XapaKTePUCTUKAX YCTaHOBAEHHBIX
MOAYAEH.

ITomepu u3-3a HecoomBemcmBUA NAPAMEMPOB dAe-
MeHmoB B yenu (String mismatch loss) — OTHOCATCHA
K pasHUlle SAeKTPUYECKUX I[IapaMeTPOB OTAEABHBIX
5AeMeHTOB Ha ypOBHe Ilelld. B 3TOM cAydae HecooT-
BETCTBUE HAIPSIKEHUN IAEKTPUUECKUX COOPOK MMeeT
Ba)KHOe 3HaueHUe, ITOCKOABKY OHU PaCIOAO’KEHEI IIa-
PaAAEABHO.

Kosggpuuyuenm nomeprs HakAOHA uAu 3¢ppexm nage-
Hus, Ha3biBaeMmbllli IAM (Incidence Angle Modifier), —
COOTBETCTBYeT YMEHBIIEHUIO OOAyYeHUs, AOCTHUTa-
IOIIEero IIOBEPXHOCTH (POTOINEKTPUUECKOU SUYEHKH,
IO CpaBHEHHIO C OOAyUYeHHeM IIpU HOPMaAbHOM
TMaAeHUM.

ITotepu B npoBoAax (wiring losses). TTorepu B mpo-
BOAKe nocTtosiHHOTro Toka (DC wiring loss) BeI3BIBatOTCSA
COIIPOTUBAEHMEM, CBI3@HHBIM C KaOEASIMH U COeArHe-
HUSIMU IIPUOOPOB U (POTOINEKTPUUECKUX IeIeH.

[Motepu B mpoBOAKe IepeMeHHOTO ToKa (AC wiring
loss) BO3HHMKAIOT H3-3a HMMIIEAQHCA MEJKAY IIPOBOAA-
MM ¥ TOYKAMU IIOAQYH, HAIIpUMep, ME’KAY Harpy3Kou
U TpaHC(OopMaTOPOM HAINPSIKEHUSI.

Cucremubsie norepu (system losses). Hepoctym-
HocTh cucteMbl (Unavailability of the system).

HepoCTYyIIHOCTE CHCTEMBI MOJKHO OIIPEAEAUTH Kak
MOAIO BpPeMeHH, B TedeHHe KOTOPOrO CHCTeMa Heak-
THBHA, TO €CTh He IPOU3BOAUT JHEPIHIO M3-3a TEeXHU-
YeCcKOro OOCAY>KUBAHUS MAM He3allAaHHMPOBAHHBIX OT-
KAIOUEeHUM. DTO MOJKET 3aHATh Yachl U Aa’Ke AHU.

BcriomorareAbHble motepu (auxiliary losses). Otu
IOTepU TPEACTaBACHBI BCIIOMOTATEABHBIMU yCTPOMU-
CTBaMU, WMCIIOAB3YEMBIMU AASI YIIPABAEHUSI CHUCTEMOU.
OTO MOTYT OBITH BEHTHUASITOPHI, KOHAWUITMOHEPHI, KOM-
NBIOTEPBl UAU AIOOOe Apyroe IoOTpeOAeHUe 3JHepruu,
KOTOpOe HeOOXOAWMO BBLIUECTb M3 JHEpPTUH, IIPOU3-
BOAUMOM (POTOINEKTPUYECKON CHUCTEMOM, AAS IIOAQUU
B CETh.

LleAbto 3TOM CTaTbU SIBASIETCSI IIPEAAOYKEHUEe UC-
IIOAB30BaTh IIpOrpaMMHOe oOOecneueHue PVsystem
M1 pa3paboTKU METOAOAOTHMM pacueTa COAHEUHOU
9AEKTPOCTAHIIMU MOITHOCTEIO 11 MBT, mopkArOueHHOMU
K ceTu. Ansa 6oaee YAOOHOTO IMOHMMAaHUS pabOTHl AQH-
HOTO TIPHUAOJKEHMSI Oblaa B3gTa JHepreTHdeckasl CeTb
PecniyOaukm Hurep. Crpana Caxeas, Hurep naomaaeio
1 267 000 km? sgBASIeTCSI KOHTUHEHTAABHOW CTPaHOM
B caMoM cepalle 3arnapHou Adpuku. Ee Teppuropus
ooraTa OrPOMHBIMU IIPUPOAHBIMU peCypCaMU (YTOAB,
HedTh, 30A0TO, YPaH U T. A.), HO UX AOOBIYa CAWIIKOM
Manra. B ycroBHSAX sHepreTHUecKoro mepexopa Ipou3-
BOACTBO DHEPTHUHM B OCHOBHOM OCYIIIECTBASIETCSI Ha HC-
KOITaeMOM TOIIAMIBE, KOTOPOE BEIAEASIET OTPOMHOE KOAU-
YeCTBO IIaPHUKOBBIX I'a30B. UTO KacaeTcsg COAHEUHOI'O
noreHuuara Hurepa, To B cTpaHe NpeUMYIIeCTBEHHO
coaHeuHO (okoAO 300 aHelt B ropy). ConHeuHas papu-
anusi Bappupyercs oT 5 A0 7 KBTu4/M?/peHb UM XOpo-
IO pacupejpeAeHa II0 TEPPUTOPUM CTPaHBI, C BEICOKUM
YPOBHEM IIpIMOM papuanuu (O0oree 65 % or oOuiero
KOAWYECTBa COAHeuHOro cBera). [To panHbIM Hurepuii-
CKOM aAeKTposHepretudeckoy kommnanum (Nigelec)
1 MUHHUCTEpPCTBa SHEPTeTUKH, KOHEUHOe MToTpeObAeHne
arekTposHepruu B 2020 ropy cocraBuao 1350 I'Bru [18].

B sTOoM morpebAeHHM IIpeoOAAAAET CEKTOP AOMAITHUX
x034aUcTB (53,8 %), 3@ HUM CAEAYIOT CEKTOpP YCAYT
(26,5 %), nmpombinireHHBIM cekTop (19,1 %) u ruapo-
sHepretuka (0,6 %). Ilocre coObrtuit 26 umroas 2023
ropa, O3HAMEHOBABIIMX IIPHUXOA K BAACTH BOEHHBIX,
Hurep moaBeprcs TSDKEABIM 3KOHOMUYECKUM, IIOAU-
TUYECKUM M 3HepreTUYeCKUM CAHKIHAM, HaIpumep,
IIpeKpallleHuIo IIOCTaBOK 3AeKTpo3Hepruu Hurepueri.
B aTOl cuTyanuu HOBBIE BAACTU PELIMAN AUBepCUdu-
IIUPOBATh IPOU3BOACTBO SHEPIUHU, OTAABAsS IIPEATIoUTe-
HYe BO30OHOBASIEMBIM MCTOYHUKAM dHEPTUH, OCOOEHHO
COAHEUHOU U THAPOSAEKTPOIHepruu. B cBsizm ¢ sTuM
TA@BHBIM BOIIPOC, KOTOPBIM MOJKHO 3aAaTh, 3aKAIOYaeT-
cs B CAepyloleM: OYAeT AU NPOU3BOACTBO COAHEUHOM
3Hepruu 3(PEEKTUBHLIM AAS MOAAEPIKKU HAIMOHAABL-
HOM JAEKTPOCETH, UYTO U IONLITAAWUCH BLIICHUTL IIPU
MOMOIIIM IIPOTPaMMHOro obecrnedeHuss PVsystem.

Kpurepun Bpioopa pernoHa Huameit AAsl yCTaHOB-
KH (pOTOINEKTPUYECKON INEKTPOCTAaHIUA MOIIHOCTBIO
11 MBT. BbIGOpP 53TOM MOIIHOCTU OOYCAOBAEH TEM,
YTO BBHIOPAHHBINM PaloOH MOTPeOASeT OOABIIEe dHEPIUUu
U UMeeT CaMblii HU3KUM YPOBEHb JAEKTPU(DUKALIUH,
yeM ApyTHe permoHbl. Elle opHa NPWYMHAE, IO AQH-
HBIM MununcrepcrBa sHepretuky, B 2021 ropy ooOias
YCTaHOBA€HHAsi MOIHOCTB, KOTOpas AOAKHa IIOTpe-
OASITbCSI PA3AWYHBIMHM IIPOM3BOACTBEHHBIMU €AMHUIIA-
MM B 3TOM pakoHe, cocTtaBura 147,83 MBT, a pacmo-
Aaraemasi BeIpaOaTbiBaeMast MOITHOCTE — 105,85 MBT,
4YTO COCTaBAdeT pa3Huny B 41,98 MBT mexay pacno-
AaraeMoM U YCTAHOBAEHHOM MOIINHOCTBIO [18]. 3aTem
B utore 2023 ropa COCTOUTCSI OTKPBITHE (POTOINEKTPU-
YyeCcKON dAeKTpocTaHUuuu B ['opy BaHpa MOITHOCTBIO
30 MBT. AAg BOCIIOAHEHUs AeUITUTa IPeAyCMOTpeHa
YCTQHOBKA COAHEYHOW JSAEKTPOCTAHIIMU MOIITHOCTBIO
11 MBr.

leorpaduyeckne KoopAuHaThl pernoHa Huamerii.
Huamelt pacmoro’keH B 1oro-zamapHoM uvactu Hurepa
Meskpay 13°15' m 13°24" 1o>xkHOM mIUpPOTHEL M 2°15" BOC-
TOUYHOU AOATOTHL. [lepemap BBICOT cocTaBAasgeT oT 160
A0 250 M, a aAMMHUCTPATHUBHbIE I'PAHUIILI IIPOCTUPA-
oTcs Ha 552,27 KM? BKAOUas npumepHo 297,46 km?
ypOQHU3UPOBAHHOU TeppuTopuu. IIpmban3uTerbHas
YUCAEHHOCThH HaceAeHUs cocTaBadgeT 1 026 848 >xure-
Aert B 2012 ropy u 1 164 680 ueroBeK, a MAOTHOCTB CO-
craBasgeT 4 564,4 yenoBeKa Ha KM,

Hcnoap3yercsa nporpaMMHOe oOecliedeHue ¢ 0a3oun
MAHHBIX B pPeaArbHOM BpeMeHH, Tak’Ke M3BEeCTHHI KAH-
MaTHU4YeCKue AaHHBIe MeCTa YCTaHOBKH. AaHHEBIE IIPeA-
CTaBAE€HBI B TaOA. 1.

AHaAM3 KAUMATHYeCKUX AQHHBIX, IOAYUYEeHHBIX
C TIIOMOIIIBIO IPOrpaMMBbl, MOKa3bIBaeT, YTO IIporpaMma
PVsyst paeT p0CTaTOUHYI0O MHPOPMALUIO O COAHEUYHOU
YCTaHOBKE.

MaTepuaabl 4 METOABL. B paHHOM CcTaThbe OCHOBHOE
BHUMaHHE YAEAdeTCsI MOAEAMPOBAHUIO (DOTOIAEKTPU-
YeCKOM dAeKTpoCcTaHIMKU MoIHocThio 11 MBT, moa-
KAIOUeHHOM K ceTH. AAsS 3TOM pabOThI UCIOAB3YeTCs
npobnasa Bepcusa 7.4.5 IPOrpaMMHOTO OOecCleYeHUus
PVsystem. BeIOOp IporpaMMHOro oOecClleYeHUsI OCHO-
BaH HA €ro IMPOU3BOAUTEABHOCTH U 3(PPEKTUBHOCTHU
MOAEAMPOBaHUSA (POTOIAEKTPUUECKUX yCTaHOBOK. Co-
TAQCHO PA3AMYHBIM HCCAEAOBAHUAM, OI€HUBAIOUIUM
TOYHOCTb MOAEAVPOBAHUs NPOTPAaMMHOrO obecleue-
HUA PVsyst, OBIAO BBIABAEHO, YTO 3TO IIPOrPAMMHOE
obecreueHne AaeT OIIMOKY B Pe3yAbTaTax NPUMEPHO
3,37 % [19-22]. CTpyKTypa IporpaMMHOro obecreue-
HuA PVsyst mokaszana Ha puc. 2.

Bxoanbie pansble (Input data). Teorpacuueckue
IlapaMeTphbl calTa: IIporpaMMma MCIOAL3yeT 6a3y AaH-
HBIX Métronorme (Meteonorm, Online), coapepskaiyto
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Tab6auna 1

KAunmaTnyecKkue AaHHbIE, IIOAYYEHHBIE C ITOMOMLIBIO IIPOrpaMMHOro odecnedenus: PVsyst

GlobHor DiffHor T_Amb Globinc GlobEff EArray E_Grid PR

kKWh/m* kWhim* *C kWh/m* kKWh/m* KWh kWh ratio
Janvier 150.9 72.46 24.47 170.8 151.0 1356092 1319587 0.689
Février 1532 80.31 2801 1658 146.7 1284619 1250476 0.673
Mars 1859 97.85 3225 1921 169.9 1456881 1418943 0.659
Auril 1952 9571 3472 1925 170.0 1449541 1412841 0.655
Mai 198.0 97.01 35.05 187.0 164.5 1419805 1384340 0.660
Juin 1913 91.43 31.90 1772 155.8 1372816 1338692 0.674
Juillet 2000 89.59 2977 186.3 163.6 1456860 1420617 0.680
Aoit 1832 90.19 2819 1772 1558 1396937 1132402 0.570
Septembre 1821 83.77 29.29 185.3 163.5 1450080 1412910 0.680
Octobre 1764 83.06 31.70 191.1 168.9 1477239 1302148 0.608
Novembre 1595 65.02 29.00 1812 1601 1408515 1373102 0.676
Décembre 1477 66 46 2549 1702 1505 1346787 1312056 0.688
Année 21256 101291 29.99 2176.7 1920.4 16875271 16078115 0.659
Légendes
GlobHor Irradiation globale horizontale EAmay Energie effective sortie champ
DiffHor Iradiation diffuse horizontale E_Grid Energie injectée dans le réseau
T_Amb Température ambiante PR Indice de performance

Globlnc Global incident plan capteurs
GlobEff Global "effectif”, corr. pour |AM et ombrages

Nerenppl (Legends):

GlobHor: 'opusoHTarbHass raob6arbHas UpPapUanys

DiffHor: AuddysHast ropu3oHTaAbHas UpPaAuanisg

T_Amb: TemnepaTypa OKpy’Kalole CpeAbl

Globlnc: ThoGaAbHBIN TIAAH AQTYUKOB UHITUAEHTOB

GlobEff: I'hobarbnas addexTupHas KoppeKTupoBKa A IAM u 3atenenus (Effective Global Corrected
for IAM and shadings)

EArray: OddekTuBHas 2HEprusi Ha BEIXOAE TTOAS

E_ Grid: OHeprus, nocrynatouas B ceTb (Energy injected into the network)

PR: KoaddunuenTt npoussoputerrrHoctu (Performance Ratio)

MEeTEOPOAOTMYEeCKHe AAHHBIE IIPAKTMYeCKU M3 Kak-
AOM TOYKU IIAQHETBHL. MOAEAWPOBaHME, BBIIIOAHIEMOE
PVsyst, ocyiecTBageTcs €’XKe4acHO, a AQHHBIE, IIPEAO-
craBasgeMble Meteonorm, — e>xeMecssuHO[23].
OpueHTanys: B 3TOW YaCTH YKa3bIBaeTCsl YTOA Ha-
. KAOHA M a3UMYT COTAACHO reorpauiyecKoMy IIOAOKe-
Mogenmposatie HMIO ydacTKa. TakyKe CyIecTByeT BO3MOJKHOCTB yCTa-
anyena PVsyst HOBKH COAHEYHOTO TpeKepa C OAHOW AU ABYMsI OCSIMU
(PVsyst run simulation) B 3aBUCUMOCTH OT HEOGXOANMOCTH.
CucreMa: 3Ta 9acTh PVsyst I03BOASIeT HaCTpPauBaTh
U CO3AaBaTh KOMIIOHEHTHI 0a3bl AA@HHBLIX. 3AeChb pac-
IIOAOJKEHBl, HalpuMmep, (POTOIAEKTpUYECKUe IIaHeAU
““Tgﬂ;’;‘;g::;“e U uHBepTOphl. [TopApOOHBIE MOTEPHU; K ITUM IIOTEPIM
OTHOCSITCSI, TEIAOBBIE IIOTEPH, IIOTEpPH, 3aBUCAIIUE
OT KauecTBa MOAYAS; IIOTepH OT 3acopeHus u Ap. Cu-
Puc. 2. CrpykTypa cTeMa HCIOAB3yeT HaboOp IPeAONPeAeAeHHBIX 3Hade-
PVsyst [19] HUMN AASL 9TUX IIOTEPh M MOJKET ObITh U3MeHeHa.

BxoAHble flaHHble
(Input data)

—_—

, S —

TabAuna 2

ITapaMeTpsl MOAYASI M1 HHBEPTOpA

Photovoltaic Panel Inverter Specifications
Panel
model TSM-385 DE15H(II ) Inverter model Solar Inverter M80H (400VAC)
Panel .

385 Wp Unite power 66 KWac

power
Impp 9,610 A Operating voltage 200—800 V
Vmpp 40,10 V Maximum AC Power 66 Kva
Voc 48,50 V Main voltage 400 V
Isc 10,03 A Absolute Maximum PV voltage 1000 V




Ta6auna 3

ITapameTpsl MOACHUCTEMBI

KoanuecTBo nmaHeaem mocaep0OBaTEABHO 16
KoaAndecTBO maHeAel IapasAeAbHO 130
KoandecTBO (DOTOINEKTPUUECKUX MOAYAEH 2080
OO6111ee KOAUYECTBO UHBEPTOPOB 19
O6111as8 HOMHUHAABHAST MOIITHOCTh 4227 m?
Ta6auna 4
OO0mue HaCTPONKU CUCTEMBI
HMudopmanus o cucreMe, IOAKAIOUEHHOHN
K OAEKTPUYECKON CeTH
OpueHranus DurcupoBaHHas
(OTOINEKTPUIECKOTO TTOAS TIAOCKOCTh
Haxnon/Aszumyt (Tilt/Azimuth) 15/0°
KoandecTBO (hOTOINEKTPUUECKUX MOAYAEH 29120
O61ass HOMUHAABHAsI MOIHOCTb MOAYAEH 11,21 MBTr
OG6I11ee KOANYECTBO MHBEPTOPOB 133
O06111as8 HOMHUHAABHAsT MOIITHOCTh 8778 KWac
MHBEPTOPOB
IMpeaen momuocTu cetu (Grid power limit) 11 MBTnn
OOGI1asi MAOIIAAL 59175 m?
Buenrnui# TpaHchopMaTop CpeAHero 11,04 MBr
HaIPSKeHUsT
IMukoBass momuocTs Bt (Wp) — MoOIIHOCTE, BBIpabaThbiBaeMast

(BOTOINEKTPUYECKOM IIaHEAbIO IIpU
T = 25°C, Ir = 1000 Bt/M%

CTAQHAQPTHBIX YCAOBUAX!

Tab6auna 5

OCHOBHBI€ PEe3yABTAThI

TTpou3BoACTBO MHPOPMAITMOHHBEIX CUCTEM

CucremMHOe IIPOMU3BOACTBO

(System production) 16096 MBr/roa,

KoHKpeTHOe IPOM3BOACTBO

(specific production) 1436 kBra/kBrn/rop

HOpMaAI/ISOBaHHOe IIPONU3BOACTBO

(normalized production) 3,93 xBra/kBrn/acHn

IMorepu mMaccuba (Array losses) 1,84 kBru/KBTI/AEHD

Cucremusle norepu (System losses) 0,19 xBtu/kBTn/AeHBL

KoadduipueHT 1pon3BOAUTEABHOCTH

(Performance Ratio) 0.66

OKOHOMHUYECKast OIleHKa

O61ast CTOUMOCTb YCTaHOBKH

(Total installation cost ) 5744 430 Espo

Coxkpamenne Bbiopocos CO,

(Saved CO, emissions) 3800,220 Tomn CO,

OKOHOMMYECKasi OlleHKa: 3Ta 4aCTh BKAIOUAeT BCe
(brHAHCOBBIE NTapaMeTphl MIPOEKTa, @ UMEHHO NHBECTHU-
IUH, IJeHy Ha DAeKTPO3HEPIrUIO, YIAEPOAHBIM OaraHC
u Ap [24].

MoaeaupoBanme PVsyst (PVsyst run simulation).
TTocae IpaBUABHOTO BBOAA@ BCEX HEOOXOAUMBIX AQHHBIX
3alycKaeTcsl MOAEAMPOBaHUeE, a MOAyYeHHBIe Pe3yAb-
TaThbl OTOOPA’KAIOTCA U A@KE 3KCIOPTUPYIOTCH.

(per kWp): Nominal power 11.21 MWp

T T T T T
Le: Collection Lozs (PV-array losz03) 1.84 kWkWpiday
Ls: System Loss (invertar. ...} 0.19 KWhkWp/day
Yt: Produced uzeful crargy (inverter output) 3.93 KWn/kWpiday L

7’.

Normalized Energy [KWh/KWp/day]

Months

Puc. 3. CranpapTu3upoBaHHOE MPON3BOACTBO

T T T T T T T T T T T
Il - Reference incident energy : 5.963 kWh/m/day

Reference Incident Energy [kWh/m*/kWp]

Months

Puc. 4. DHeprus napeHust

Beixopubie pAanHbie (Output data). Ha Boixope 1mo-
AydaeTcsi MHOTO WH(OPMAIIUU O CUCTeMe M BbIpabaThl-
BaeMoOU oHepruu. Takue pe3yAbTAThl, KaK IlapaMeTphbl
MOAEAUPOBAHUS, MTPOMU3BOACTBO JHEPIHUU, COOTHOIIe-
HUEe YAEABHOU IIPOU3BOAUTEABHOCTH U IPOM3BOAUTEAD-
HOCTH, CIIeIlMaAbHBIe TPaUKU ITPOU3BOAUTEALHOCTH
MOAEAMPOBAHUS.

[MporpaMMHOe oOecIieueHre MIUPOKO UCIIOAB3YeTCs
B YaCTHOM CEKTOpe U B aKaAeMHYEeCKUX Kpyrax.

[Tpu MopeAMpPOBAHUM OBIAU UCIIOAB30BAHBI CAEAYIO-
1IMe orpaHu4YeHus: He onpeAeAeHa 3D ciieHa, CBOOOA-
HBIN TOPM3OHT, 3aTeHeHud (shading) u cobcTBeHHOE
norpebaeHue (self-consumption), Bce BHIlIellepeduc-
AeHHOe He yUYUTBIBAaAOCH.

AAsT peaAn3aluM NMPOeKTa CO3AAEeTCsl IOACHCTeMa
moiHoCcThI0 800 KBT opHOM cOOpKU. DTa IMOACHUCTEMA,
3aHUMaATOIIast MAOIIAAL 4223 M?, cocTOUT U3 POTOINEK-
TPUUYECKUX MOAyAel MapKu Trina Solar MOIIHOCTBEIO
385 Bt u nuaBepTropos MapKu Delta Energy MomHoCTbIO
66 KBT. UTOOBI MOAYYNUTE MOITHOCTE 11 MBT ¢ yueToMm
Pa3sAUYHBIX [IOTEPb, IOACUCTEMY YMHOKAIOT Ha 14. I'la-
paMeTphl MOAYAS U MHBEPTOPA NPUBEAECHBI B TAOA. 2,
napaMeTphl IOACUCTEMBI — B TaOA. 3 U 00IIIMe AaHHBIE
CUCTEMBI IIPEACTAaBAEHEL B TAOA. 4.

PesyabTaTtel m obOcyxpeHue. [locre MopeampoBa-
HHMS OCHOBHBIE PEe3YyABTaThl CUCTEMBI TI'PYIIHUPYIOTCS
B TaOAUIly, KaK IIOKa3zaHO B TabA. 5, a OCTaAbHBIE pe-
3yABTAQTHl — B BUAE I'PA(UKOB.

B Taba. 5 cymMupoBaH OaraHC IPOU3BOACTBA JHEP-
TN CUCTEMOM, Pa3AWYHBIE ITOTEPU IIPU IIPOU3BOACTBE
SHEpPTUM CUCTeMOM, oOllasi CTOUMOCTb YCTAaHOBKM CHU-
CTeMBl M KOAWYECTBO IIPEeAOTBPAIleHHBIX BBIOPOCOB
napHUKOBEIX razos CO,.

Anannu3 puc. 3 HOKAa3bIBAET CAEAYIOUIUE PEe3YAb-
TaTHL:

C
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T T T T T T T T T T

1
- PR: Performance Ratio (Yf/ Yr): 0.660

Performance Ratio PR

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Months

Puc. 5. Ko dunueHT NpOon3BOAUTEABHOCTH

T du Champ /

T T
©  Values from 01/01 to 31/12
e sTC

Average module temperature during running [°C]

I L
0 200 400 600 800 1000
Effective Global, corr. for IAM and shadings [W/m?]

Puc. 6. Temnepatrypa (0TO3AEKTPUYECKOIO MOAS

60 -

T T
Usetul out system energy

Daily out Energy [MWh/day]

Jan Feb Mar At May Jun Jut Mg Sep et Nov Dec  vear

Months

Puc. 7. ExxeAHeBHO€ KOAUYECTBO YHEPruu
Ha BBIXOAE CHUCTEMBI

— IIPOM3BOACTBO IIOAE3HOM JHEPIUU Ha BEBIXOAE
uHBepTopa cocTtaBasieT 3,93 kBru/KBTI/AeHB;

— IOTepU WHBEPTOPHON CUCTEMBI COCTaBASIOT IIO-
psaka 0,19 kBru/xBTn/aeHb;

— [oTepu OT (POTOINEKTPUUYECKUX IIaHEAEU CO-
CTaBASIFOT TIopsinka 1,84 kBtu/kBT/aeHb.

Bce aTm motepu MOryT OBITH CBS3aHBI AUOO C He-
OAQroIpUATHBIM COAHEYHBIM CBETOM, KOTOPBHIU He IIO-
3BOAsIET (POTOIAEKTPUUECKUM IIaHEAs M YAaBAUBATh
MaKCUMaAbHOe COAHEUHOe HM3AyUYeHUe, AMOO C IIAOXUM
MOAKAIOUYEHMEM HWHBEPTOPOB, AMOO C KAKMMHU-AUOO
APYTHMU TIOTEPSIMU.

Anaam3 puc. 4 TOKa3bIBaeT, 4TO IapeHVe dHepTUu
OYeHb 3HAUUTEABHO B ampeae, pocturast 6,5 kKBru/m2/
A€Hb, TOTAQ KaK B SHBape U AeKaOpe HapeHue dHepruu
cocTaBasieT 5,5 KBTu/ M%/pAeHb. DTO OODBSICHIETCS TeM,
uTo B Hurepe B pAekabpe U sHBape HAUMHAIOTCS XOAO-

A4, MOSABASIETCS OOAQUHOCTB, IO3TOMY COAHEUHBIN CBET
He o4yeHb 3(PPEeKTUBEH.

Anannu3 puc. 5 MIOKasblBaeT, 4TO KOdd(puuueHT
TIPOM3BOAUTEABHOCTH IIPAKTUYECKU ITOCTOSIHEH B Tede-
HHUeE TOAQ, 3@ MCKAIOUEHHEM aBIryCcTa. OTO OOBACHSAETCS
TeM, YTO B aBryCTe HeOO IIOAHOCTBIO IIOKPHITO OOAaKa-
MU, IO3TOMY COAHEUHOM pPajpUallii HeAOCTATOUHO.

Ananu3 puc. 6 mMOKa3bIBaeT, YTO CPEAHSISI TeMIle-
paTypa MOAYASI IBASeTCS (PYHKIAEN T'AOOaAbHOrO 3¢-
(PeKTUBHOTO U3AYUEHUS Ha IIOBEPXHOCTH 3E€MAH.

Ananm3 puc. 7 MOKa3bIBaeT eKeAHEeBHOE ITPOM3BOA-
CTBO 5HEPTUM B TeueHUe ropa. HabOaropaeTcsa HU3Koe
SHeproBhBIAeAEHUe B SHBape U AeKalpe, 4TO CBsI3aHO
C paccessHUEM IIPSIMOM COAHEYHOMW PaAMAllMU IIBIA€BOM
ABIMKOMH.

Yro KacaeTcs O4eHb HHM3KOTO IIPOM3BOACTBA JHEP-
THH, TO OH HaOAIOAQETCSI B IIEPHUOA C HIOAS TIO aBTYCT,
CeHTI0pb U OKTSIOPh, 3TO CBSI3@HO C CE30HOM AOJKAEH,
B pe3yAbTaTe 4ero HeOO MOAHOCTBIO 3aKpPBIBAeTCs 00-
AaKaMU.

3akaodyeHue. B 3TOM cTaTbe OIUCHIBAETCS IIPO-
€KTUPOBAaHUE U MOAEAMPOBaHUE (DOTOSIAEKTPUYIECKOMU
YCTQ@HOBKHU MOIHOCTBIO 11 MBT, moAKAIOUEHHOM K Ha-
IIMOHAABHOM CeTH, BBIIOAHEHHOE C HCIIOAb30BaHUEM
nporpaMmMHOro obecnedenus PVsyst, ¢ yuetom cak-
TOPOB, BAUSMIONMUX Ha 3(P@PEKTUBHOCTH IIPOU3BOACTBA
3TOU (POTOIAEKTPUUECKOU CUCTEMBL. B mocaepHme
TOABL OBIAW IIPOBEAEHBI MHOTOYMCAEHHEBIE HCCAEAOBa-
HUS 3TUX (PAKTOPOB, U PE3yAbTAThHI IIOKa3aAl, KakK 3TU
(haKTOPHI HAIPSIMYIO BAUSIOT Ha IPOU3BOAUTEABHOCTD
(OTOIAEKTPUUECKUX CUCTEM. DTOT IPOEKT HallpaBA€H
Ha YAOBAETBOPEHHE pAaCTyIlero CcIpoca HaCeAreHUs
Ha 9AeKTpOdHepruio. Peaansanus 5Toro mpoekTa yBe-
AWYUT HaIJMOHAABHOE IIPOM3BOACTBO, CHU3UT Ce(ecTo-
UMOCTh IIDOM3BOACTBA 3HEpPruy, OyAeT CIIOCOOCTBO-
BaTh COLIMAABHO-3KOHOMUYECKOMY Pa3BUTUIO PETUOHQ,
a TakKke OyAeT CIIOCOOCTBOBATh CHUYKEHUIO BEIOPOCOB
CO,,. Micrioab30BaHue MPOTPAMMHOTO O0ECIICUCHUST AN
MIPOEKTUPOBAHUA U MOAeAUpoBaHusA PVsystem 1mosso-
ASIET ONITMMU3UPOBATH IIPOU3BOACTBO (DOTOIAEKTpUUE-
CKOI COAHEUYHOU 3HEepPIuu.
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Photovoltaic energy system is one of the most popular and quickly expanding
renewable energy sources because of its great availability, enormous potential,
and environmental sustainability. In addition, photovoltaic systems produce clean
energy and not pollutant thus contributing to the fight against global warming.
Photovoltfaic system requires less maintenance given the absence of mechanical
components, and it can be also integrated to the electrical grid.

The objective of this research is proposed an effective method for designing and
Modeling of an 11 MWp photovoltaic plant capacity connected to the national grid
of Niger by using software PVsyst.

Method: choice of the type of system [system connected to the network), the
geographic location of the installation site using the software database. Then comes
the orientation of the photovoltaic system, the choice of the technology of the
photovoltaic system (photovoltaic panels, inverters, transformers... etc) and their
calibrations, Study of detailed losses (system losses, wiring losses and array losses)
and execution of the command to simulate the system.

Results: design and simulation model of an 11MWp photovoltaic power plant was
developed composed of 29120 photovoltaic panels with a power of 385 Wp
each, 133 MPPT inverters with a power of 66 KWac each and a Medium Voltage
transformer with a capacity of 11 MW. The project has been simulated and results
obtained has been analyzed.

Practical significance of the research: Design and Simulation of photovoltaic system
using the software allows the engineers, academics and researchers to acquire skills
in the design and simulation of photovoltaic systems.

Keywords: photovoltaic module, inverter, photovoltaic system, solar power plant,
MPPT solar trackers, PVsystem modeling.
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