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Pegpepam — B HaBeeHiii craTTi npeacTasJ/eHo cnoci6 imiTanii xMapHoro nokpoBy npu Moje/JI0BaHHi podoTu (oroene-
MEHTIB, COHSITYHHX MaHeJieil, 200 COHAYHUX eJieKTpocTaHuiil. /s cTBopeHHs imiTaniiiHol Mojesi XMapu 3anponoOHOBaHO
monudikanio anroputmy diamond-square, Takox Bizomoro sk fractal cloud. Iloka3ano, 10 aArOPUTM JA03BOJISIE A0TATH
npo0djieMy OTPUMAHHS A0CTATHHO 1eTAJi30BAHUX /151 IOTPe0 MOIeTI0BAHHSA 300pakeHb XMap 3 MOYATKOBHUX JAHUX HU3bKOI
po3ainbHOCTI. 3aNPONOHOBAHO NIISIXHU /IS MOJAJbIIOr0 NOKpaleHHs iMiTaniiiHoi MoJesi XMapHOro NoKpuBY.

Knruoei cnosa — ppaxmansvna pozmipuicme xmapu; Mooynayin ikmencuHOCMI GUNPOMIHEHHS; 30i1bueHHA PO30LTbHOT
30amHuocCmi 300pa)ceHHA XMapu; NOKA3HUK npo3opocmi ammocepu; anzopumm diamond-square.

1. Beryn

OcraHHi JBaAIITh POKIB CIIOCTEpIragucs 3HA4Hi SKi-
CHI 3MiHH B CKJIaJli BHpOOIIOBAaHOI €Heprii B CBiTi. 3HAYHO
3pociia YacTKa BiJHOBIIIOBAHOI €HEPIeTHKU B OKPEMHX
KkpaiHax cBiry. Hampuknax KHP, nme sxicte moBiTps
3 KOXKHUM POKOM TIOTIpIIYEThCS, @ B 0araTbox 00JacTsIx
BXKE XapaKTEPU3YETHCA SIK «HE3/I0POBa», AKTUBHO PO3BH-
BalOTh aIbTepHATHBHY eHepreTuky[l, 2]. B Iunii 3a
JIOTIOMOT'OF0 COHSIYHHX €JIEKTPOCTAHIIIM BUPIIIYIOTH IIPO-
O6meMy 3a0e3leUeHHs] CHEpPri€l0 MalluX, PO3PiIKEHHX
HacesneHnx NyHKTIB [3]. B YkpaiHi moTyXHICTh COHSY-
nux enekrpocranuiii (CEC) B 2018-my pomi nocsaria
piBEs 1389 MBT, a me maibke BIBiUi OibIIe aHiXK
B 2017-my. Takox 3armmaHoBaHa mo0y10Ba HARTIOTYKHi-
moi CEC Ykpaiau — Hikommonbcbkoi CEC, mOTyXHiCTIO
200 MBr [4].

HesBakarouu Ha Te, IO JAJSI HIMPOKOMACIITAOHOTO
BBemeHHs B ekcruryararito CEC HeoOXigHO mojoiatu
YIMaJI0 TEXHOJIOTIYHUX MPoOIeM, SK-TO Maja €eKTHUB-
HICTh COHSYHUX MaHesel, HU3bKa MPOAYKTUBHICTh OMO-
Mikanx migcucteM CEC, pi3HOMaHITHI €KOHOMIiYHI
3aBanay (a camMe BHCOKi (hiHAHCOBI BUTPATH Ha TOOYIOBY
@IeKTPOCTAHIIi Ta BIACYTHICTh MeXaHi3MiB (iHaHCY-
BaHHS), COHSYHA €HEPreTHKa BU3HAETHCS OHUM 3 HeOa-
raTboX 3aco0iB 3aIOBOJIEHHS TOCTIMHO 3POCTA0YO0ro
€HEepPTreTUYHOr0 MOHUTY [5].

OCKiIIbKM ~ ITUTAHHA  CKOHOMIYHOI  JOWIIBHOCTI
€ OJHMM 3 BHpIMIATHHAX, TO HEOOXiTHO 3a0e3nmeunTd
(axiBIiB SIKOMOra TOYHINIOW 1H(QOPMAIIIEO MO0 TPO-
rao3oBanoi nmoryxHocTi CEC Ta 3acobamu BUOOpY onTH-
ManpauX mapamerpiB CEC. [l momemoBanus CEC
B ONTU3BKUX JI0 IPUPOIHAX YMOBaX HEOOX1THO BUPILIUTH
psl THUTaHb, 30KpeMa pO3pOOUTH IMITAliHY MOJENb

IIUTBHOCTI XMapHOTO TOKPHBY, HOrO0 PyXy i BHCOTH,
3MIHY TEMIEpaTypu Ta MOJEIIOBAaHHsS (POTOEIEMEHTIB,
COHAYHUX MaHenel Ta iHmmx migcucrem CEC.

B naniii poOoTi 3ampornoHOBaHO CIIOCIO MHpencTaB-
JICHHSI XMapHOTO [IOKPHBY Y BUIIISII ABOMiIPHOTO MacHBY
npo3opocti. KpiM TOro mpeicraBieHO ajiropuTM, SKHA
JO3BOJISIE TEHEPYBATH Liel MacCHB 3a 3aJaHUMH [I0YaTKO-
BUMH JaHUMH. JDKeperaMu TaHHuX PO MPO30PICTh aTMO-
chepr MOXKYTh BHCTYIATH JIaHI 3 HAa3eMHUX JAaTUHKIB
[11], abo mani 3 cynmyTHukiB [12].

Tak, Oepyus 3a OCHOBY METOJ, 3alpPOIOHOBAHUI
OypHbe [6], s reHepartiii MacUBy 3Ha4eHb MPO30POCTI
aTmocepu Aus iMiTalii 3MiHU IHTEHCUBHOCTI COHSIYHOT'O
BUIIPOMIHEHHs BUKOpHcTaHo anroputM diamond-square.
Mopudikaiis  anroputMy  J03BOJIUTh  OTPUMYBATH
MOZEi XMapHOro IOKPUBY y BUIJIAZlI MacHBY 3HaueHb
IH/IEKCIB TPO30POCTI.

I1I.  BU3HAYEHHSA IIAPAMETPIB AJITOPUTMY

B ocHOBI imiTariiiHOi MoOzENi JEXHUTh NPUITYIICHHS,
110 XMapu MaroTh «(pakTaasHy npupoay» [18]. Uepes ne
BBAXXAETHCS JOIUIBHAM BHKOPHCTaHHS airoputMmy dia-
mond-square [8] m1s reHepanii «caMornomiOHIX» CTpyK-
Typ — ¢paxranis. (s BUSHaAYEHHS MOHATTS (pakTaiy,

[18])

AJNTOpPUTM MOYMHAETHCS 3 3aJaHHS MACHBY 3 JIOBXKH-
HOIO Ta BHCOTOI 2!, Jlam 3amaroThes 4 MOYATKOBHX
3HA4YEHHS 10 KpasMm MacuBy. [lopansnry poboty anropu-
TMY MOKHa PO30WTH Ha J[Ba OBTOPIOBaHHUX KpokH. ITep-
A TONArae B TOMY, OO IS KOXXHOTO KBaapaTy
B MacHBi 3HAY€HHS IIEHTPAJIBHOTO EJIIEMEHTY BH3HaYa-
€TbCS SIK apu(METHYHE CEepeqHE BiJ] CyMH YOTHPHOX
KyToBHX 3HaueHb (puc. 1(a)). [dpyruii kpok, B CBOIO

@
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4epry, BUKOPUCTOBYE OTPHMAHE Ha MOMEPETHEOMY KPOITi
3HAYCHHSA MIO0 OTPUMATH KYTOBiI 3HAYCHHS JUISI HOBUX
KBaJIpaTiB K cepeHe apu(MeTHIHE BiJ CyMHU BiIIOBiI-
HuX eneMeHTiB (puc. 1(0)).

Ajte mo6 orpumanuii ppaxran MoxHa Oy10 BUKOPH-
CTOBYBATH JUIS IMITallii peaNbHUX MPHUPOAHUX 00’ €KTIB
HEeoOX1THO BBECTH BUIIAKOBY CKJIaJOBY. AJTOPUTM, 3a-
MIPOITOHOBAHUH y po0oTi [§], BU3HAaUa€E 1I0 CKIIAI0BY SIK
peasi3amito BUNaIKOBOI BEIMYMHHU 3 PIBHOMIPHHM 3aKO-
HOM po3moiny ['ayca moMHOXeHy Ha KOe(iIliEHT KPOKY,
3aJaHNi HACTYITHUM BHPa30M (IIOKa3HUK XepcTa):

o {\/7 -0, - 271, nna Diamond step
' oy 271 nna square step

Tyr 0, =1 — cranmapTHe BiIXWIEHHS VIS PO3NOALTY
l'ayca, i — HOMep KpoKy anroput™my. H — BennuuHa,
3B’A3aHa 3 (paKTaIbHOIO po3MipHicTI0O xMmapu D [7]:
D=2-H

Busnauena fnexisibkoMa METOAaMH BEJIMUMHA (hpaKTa-
npHOI po3MipHocTi D /18], 30kpeMa aHasi30M 300pakeHb
3 CYNYTHHKA, 3HaXOIWIacsd B MEXKax UHCIOBUX 3HAYCHb
Bix 1.4 mo 1.6. B [8] 3ampomoHOBaHO W OOTPYHTOBAHO
BHUKOpHcTaHHs 3HaueHHA H=0,5 m1s ycix macmrabis.

IeperBopennii 3rigHo 3 (1) MacuB JaHMWX MOKa3aHO
Ha pHUCYHKY.2. MonandikoBaHHH aITOPUTM JO3BOJISIE
OTPUMYBATH «IIOBEPXHIO» (DApKTANBbHOI HPHUPOAH, sIKa
1 peacTaBIIsie cOOOI0 IMITAIIHHY MOJEIb XMapH.

Jl1st 3a3HaYeHUX paHille Mijied MOIUIBHO TIPeNCcTa-
BUTH 3HAYECHHS MACHUBY SIK 3HAUEHHS IIPO30POCTi aTMOC-
¢epu k*. Ueil moka3HuK BU3HAUaeThes SK: k* = G /Gg,
ne G — IHTEeHCHBHICTh COHSYHOTO BHIIPOMIHIOBaHHS Ha
noBepxHi, a G¢s — OYiKyBaHa IHTEHCUBHICTh COHSYHOTO
BUIIPOMIHIOBAHHS Ha ITOBEPXHIi 3eMJi B Oe3XMapHy mo-
roxy. Ockinbkn Ges HeoOXiTHO 00paxoByBaTH ISl KOH-
KPETHOI MiCIEBOCTI 1 OTpUMATH TOYHE 3HAYECHHS HaBiTh
NPSMUMH BHMIpIOBaHHAMH HEMOMJINBO, TO HOro 3Ha-
4YeHHs 37e0urbmoro 3aHmwkene. Lle mpuBoauTh 10 TOTO,
o k* Moxe npuiiMaTy 3HaYeHHS 01T 3a 1. 31 3MiHO0
Merony po3paxyBaHHs G¢s HEOOXiIHO 3MIHIOBATH i CIIO-
ci6 pospaxynky k*. Hampuknan B [9] Oyno orpumaHno
B pe3yJabTaTi aHaii3y naHuX 3a 10 pokiB criocrepexeHb

3
eMITipHYHI bopmynu: kr=1- 0.75(N /8) /4;
Ges = 910sin6, —30, ne N — oktn, a 6, — e Bucora
coHIs HaJ ropu3oHTOM (0-90°). 3a momomororo N KiJTbKi-
CHO OITIHIOIOTh XMapHicTh Heba [10]. 0.75 — cepenHe 3Ha-
4yeHHS KoedilieHty Qopmu XMmapu, SKUH, HalpUKIam,
JUISl IEPUCTUX XMap cTaHoBUTH (0.39.

(a) (©) (8)

Puc.1 Imrocrpaii go anropurmy diamond-square: (a, B) — nepruuii
KpOK, (0) — Ipyruif Kpok.

OtpuMaHi B pe3yiabTaTi BUKOHAHHS aJITrOpPUTMY 3Ha-
YeHHs MOZaHi Yepe3 IMOKa3HUK xMmapHocTi (n). i maxHi
3aIpONOHOBAHO TEPEBOAUTH [8] B iHIEKC IPO30POCTi
aTMoc(epy 3a HACTYITHOIO ()OPMYIIOI0:

1.2, n<-0.2
= 1-n, —-0.2<n=<0.8 1
" )1.1661-1.7814n+0.725n2, 0.8<n<1.05 ( )

0.09, n>1.05

III.  POBOTA 3 PI3HUMMU JIX)KEPEJIAMU JIAHUX

3i crpykTypu anroputMmy diamond-square BUaHO, 1110
KIJIBKICTB ITOYaTKOBHX TOYOK MOJKE BiJITIOBIIaTH HACTYII-
nomy Bupasy: (2 + 1)%,k > 0. B sxocti npuknamy
Oyno obpoOiieHe 3BHYaliHE 300pa’kKeHHS 13 CyNyTHHKA.
Bubpana obxacte Mae posmip 65 Ha 65 mikcemniB

(puc. 3(a)).

12

[
o

o
o

o =]
E= o
Irpexc mposopocTi atMocdepn

o
[N}

0.0

Puc.2 Macus, po3mipnictio 1025 na 1025 eneMeHTiB 3 iHJeKCiB
po30pocTi aTMocepu, MpeAcTaBisie CoOOK T'eHEpOBaHY
XMapy

(a) 6)

Puc. 3 300paxeHns i3 cymyrHuka (a), (6) — BugineHa Uit 06po01
XMapa.

®
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Puc. 4 Otpumanuii B pesynsrari 06podku 3 (0)
MAacCHB iH/IEKCIB XMapHOCTI

1.2

=
o

o
o

o o
£ o
Inpexc mpo3sopocTi atMochepn

o
]

0.0

Puc. 5 Pesynbrar pobotu anroputMmy diamod-square — Ma-
cuB 1025 Ha 1025 eneMeHTIB 3 iHIEKCIB TPO30POCTi aTMO-

chepu

Bukonyroun npocty 00poOKy 300paXKeHHSI Ha puC. 5
OyB OoTpUMaHUI MIa0JIOH, JaHi 3 sKoro Oyio TpaHcdop-
MoBaHo 3 RGB B inzmekc xmapHocti. Ha puc. 4 nomano
el mabIoH - MacHB 3HAYCHb iHICKCY XMapHOCTi. e
MacuB riepefano B anroputm diamond-square. B pe3yinb-
TaTi oTpuMano MacuB pozmipom 1025 ma 1025 3 iHnexciB
mpo3opocti atMochepu (puc. 5). TodbTo po3minpHa 31aT-
HicTh 30inbIena B 250 pazis. [Ipn ipoMy € MOXIHBICTh
YTOUHIOBATH MTApaMETPH AITOPUTMY NIPSIMAMH CITIOCTEpE-
JKCHHSIMH.

AnroputM diamond-square y BHUIJISAI, B SIKOMY BiH
MOAAHUH B mil poOOTI mMOTpedye MOKpAIIeHHs 30KpeMa
TIpY TEHEPYBaHHI TICEB/I0-BUMAKOBUX YHCEN: TIPH 3MEH-
IIEHHI MacmTaly AWCIIEepCis HOPMAJbHOTO PO3MOALTY
MIOBMHHA 3MEHINYBATHCS, IO NPHU3BENE 10 3MEHIICHHS
«3EpHHUCTOCTI» (AUB. pHC. 5).

OCKiTbKH HEOOXiTHO TPAIOBATH 3 PI3HUMH DKEpe-
mamu iH(opMarii, To He0OXiTHO PO3POOHUTH aJeKBaTHI
criocobn 00poOku iH(popMallii, HagaHOI MU IKepe-
nmamu. Hanpukaza, oTpuMani 3 CyImyTHHKA 300pakKeHHS
MOXXYTh MICTUTH CHIT, IO NMPU3BOAUTH 10 BUHUKHEHHS
SICKpaBHUX IUITHOK, SKi He SIBISIIOThCS XMapaMmu. Tak sk
B OCHOBi METOY OTPHMAaHHS KapTH IIOKa3HUKIB IIPO30PO-
cTi aTMOocdepH 3 TaKUX 300pa’keHb JISKHUTH aHaJl3 CIeK-
TPy BiOMTOrO BHUIIPOMIHEHHS BiJ TMOBEPXHI 3eMili Ta

XMap, TO TaKi JUISHKHA MOXYTh CHIBHO CIIOTBOPIOBATH
3araibHy KapTHHY, OCOOJIHBO 32 HASIBHOCTI Tip HA ITOBEp-
xHi 3emui [15].

AKTyaJIbHIM TaKOX 3aJIMIIAETHCS MUTAHHA a SIK 3Mi-
HIOETBCS CIIEKTP BUIIPOMiHEHHS, IO IIOTPAIUIs€ Ha MOBe-
PXHIO 3eMJIi JI0NIar0uH pi3HOMaHITHI aTMochepHi sBUIa?
BennunHa reHepOBaHOr0 COHSYHUMH HaHETAMH CTPYMY
3aNeKUTh BiA 1Oro crektpy [16]. Takox icHYOTH
Mojeli (OTO-EIIeMEHTIB, SIKi BPaXOBYIOTb BILIUB CIIEKTPY
Ha CTPYM KOPOTKOT'O 3aMUKaHHS IUX eneMeHTiB [17].

BUCHOBKI

3anporionoBanuii anroputm diamond-square 103Bo-
JIsi€ TEHEPYBATU MAaCHBH IS iMITallii 3MiHU IHTEHCHBHO-
CTi COHSIYHOTO BUIIPOMIHIOBaHHS JOBIJIBHOIO MacITaly,
Oepyun 3a OcCHOBY iH(opMaIrito 3 pisHuUX mkepen. Le mo-
3BOJISIE CTBOPIOBATH PIi3HOMAHITHI IMITaIliifHI Momemi
CEC [13, 14], sKi € OTM3BKUMH [I0 PEATHHUX, 32 JAHUMH
po 3MiHy iHTEHCUBHOCTI BHUIIPOMIHIOBAHHS ITiJl BILTH-
BOM aTMOC(EPHHX SBHIII.
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@DakyabpTeT MEKTPOHUKH, Kadeapa IPOMBIIIIIEHHOW 3JIEKTPOHUKH
HanuoHnanbHbI TEXHUYECKUI YHUBEPCUTET Y KPAUHEI

«KueBckuii monMuTeXHn4ecKuii MHCTUTYT uMeHn Mropst Cukopckoroy» kpi.ua
Kues, Ykpanna

Pegpepam — B cTaThe NpecTaBIEHO CIOCO0 HMHUTALNHU 00,1a4HOT0 MOKPOBA NIPU MOJeTMPOBAHNH PaboThl hoTodTeMeH-
TOB, COTHEYHbIX NaHeJ e, UM COTHeYHbIX Y1eKTpocTaHIuii. [IJIs co3qaHusl HMUTALMOHHON Mo/e/ 1M 00/1aKa Npe/I10:KeHO
HCNOJIb30BaTh MoAuGuKkanuio antroputMa diamond-square, u3BecTHOro Tak:ke kak fractal cloud. Iloka3zano, 4yTo aaropuTm
MO3BOJIsIET CHIPABUTHCS € MPO00JIeMOli MOTy4eHHs J0CTATOYHO JeTATU3HPOBAHHBIX AJIs1 HY:KA MOAEJUPOBAaHUs H300pake-
HMIi 00/1aK0B ¢ HAYAJIBHBIX JAHHBIX HU3KOro paspeuenust. IIpeaso:keHo cnocodb! AJIs AadbHelIero yay4lieHus MoaeIn
00/124HOT 0 MOKPOBa

Kniouegvie cnosa — pakmanvhan pazmepHocms 0061aKa, MoOyIauUa UHMEHCUGHOCIU USTIYUeH U, YeeTUYeHIe Pa3peula-
1oweil cnocodnocmu u3zodpasicenun 001aKa, nOKazamens npo3paunocmu ammocgepul, anzopumm diamond-square.
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34 EnexkTpoHHi cucTeMH Ta CUTHAIN
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The simulation of cloud cover using
the diamond-square algorithm
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Abstract — The method for simulation cloud cover of solar cells, solar panels or solar stations is presented. Modelling
clear-sky index increments (i.e. changes in normalized surface irradiance over specified intervals of time) and their spatial
autocorrelation structures is important for the reliable grid integration of photovoltaic power systems. In order to capture
increment correlation structures under mixed sky conditions, I apply a fractal cloud model. Algorithm, based on method
that Fournier proposed, was modified to generate fractal cloud for simulating surface horizontal irradiation variability. The
modified algorithm allows us to get a "surface" of the fractal nature, which is a simulation model of the cloud. As the result,
we have clouds represented as arrays of clear-sky indexes when algorithm done. Clear-sky index allows us to compute sur-
face horizontal irradiance using only theoretical clear-sky global horizontal irradiation. Also it is shown, that the algorithm
allows us to overcome the problem of obtaining sufficiently detailed for the needs of modeling cloud images of low-resolution
source data. Parameters of the algorithm defined for the 10-step variant. As a random value was used an implementation of
a normally distributed value with the step coefficient. The coefficient was choose to reduce the magnitude of the random
value at each iteration. We used the Hurst exponent that is directly related to fractal dimension. As the sources of data we
proposed both photos from satellite and cloud cover, recorded at meteorological stations as integer number of oktas, which
is the number of eights of the sky obscured by clouds. The image obtained from a satellite was proceeded. For the analysis
we need to get the clear sky surface global irradiation, that is the main problem of the algorithm. Aside from the solar-zenith
angle, clear-sky irradiance is most influenced by aerosols, water vapor and ozone. Also we need to include ground elevation
to get accurate value of clear sky irradiance. The resolution was increased 250 times, so we can use it for more detailed
simulating. It thus helps to provide a variety of simulation model of solar power stations and even solar cells with information
about surface horizontal irradiation variability. The ways for improvement of the simulation model of the cloud cover are
proposed.

Keywords — cloud fractal dimension, solar irradiation modeling, cloud resolution improving, clear-sky index, diamond-
square algorithm.
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