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Anomauia—B HaBefieHill cTaTTi 3aPONOHOBAHO METOIMKY BU3HAYEHHA BipTyaIbHOI INIJILHOCTI XMapH 3 MeTOI0 NpPo-
THO3YBAHHS MOTY’KHOCTi HAa BHMXOJi COHIYHHX NaHeJeil Ha meBHoMYy iHTepBasi uacy. Posrisgaerbcsi BUNAIoK, KOJH
JiHiliHa WBHAKICTH PyXy XMapH 3HA4HO 0iibIna 3a IWBUAKICTE COHLSA, IKa BU3HAYAETHCSA HOro KyTOBUM NepeMillleHHAM.
Jisl po3paxyHKy BipTyasibHOI IIIILHOCTI XMapH 3aCTOCOBYETbCS METO/ MPSIMOI0 Ta 3BOPOTHOIO JHCKPETHOIO MepeTBO-

pennst ®@yp’e. [IodynoBaHO TPUBHMiPHY MO/ieJIb XMapH 3a JaHUMHU ii BipTyaabHoOI IJILHOCTI.

Knrwuogi cnosa — conauna enekmpocmanuyia; 6i0dip maxcumanvHoi nomyscnocmi; nepemeopenna Dyp’e; sipmyanvha

winoHicme.

I. BcTvin

B ocraHHI poKM CHOCTEpIraroThCsl IIBUIKI TEMITH
PO3BUTKY Ta BIPOBAJUKEHHS BIJIHOBIIOBAHUX JDKEpPEI
eneprii (B/IE) B eneprocucremax YKpaiHM Ta CBITY.
[MoryxHicTh constunux enexrpocranuiit (CEC) B Ykpai-
Hi B 2018 pomui nocsrna piBag 1380 MBT, mo maibxe
BABiui Oinbime 3a mokazHuku 2017 poky, i BimoOpaxkae
BCECBITHI TEHJEHINI Mo 30iIbIICHHIO YacTKH EHepTii
BiTHOBJIIOBaHHUX JDKEPEN B 3arajbHiA KiJTBKOCTI BHPOO-
neHoi eneprii [1].

Benmauna eneprii, Ky MOXKHa OTPUMATH BiJ COHSY-
HOI EJIEKTPOCTAaHIlil, BU3HAYAETHCS CEPETHBOMICIIHOIO
MTUTOMOIO IHTEHCHBHICTIO COHSYHOTO BUIIPOMIHIOBaHHS,
IO MOTpAIuIsie Ha TOPU30HTANIbHY MOBEPXHIO, 3arajib-
HOIO IUIOIICI0 COHSYHUX MaHeled Ta KoedilieHToM
kopucHoi aii. Kpim Toro, st BUSHa4€HHsT MaKCUMab-
HOTO PiBHS €HEprii, ska MoXxe OyTH OTpHMaHa BiJl COHS-
YHOT eJIEKTPOCTAHIII, HEOOXiJHO BWU3HAYMTH HACTYIHI
napaMeTpy HaBKOJMIIHBOTO CEPEOBHINA: THCK, TEeMIIe-
paTypa TOBITps, BOJOTICTh Ta iH., @ TAKOXK KOPEILAIiiTHI
3aJIeXKHOCTI MK HUMH [2].

Posrisigatoun cTpyM Ha BHXOJI COHSYHOI €IEeKTpoc-
TaHMii, K KIHIEBUI pPe3yJIbTaT MPOXOJDKEHHS COHIIHO-
IO BUIIPOMIHIOBAHHS 4Yepe3 30BHILITHE CEpPEeOBHINE Hall
COHAYHMMHU TaHexsIMHu [3], JOIUIBHO OLIHWUTH BIUIUB
IIOTO Cepe/IOBHIIA Ha BEIMYMHY €HEprii TeHeparlii.

ToMy, akTyaJIbHOIO € 3aJjaya BU3HAYEHHS BIpTyallb-
HOI IITBHOCTI XMapH, Bil BEIMYMHM SIKOi 3aJICXKHUTh
BEJIMYMHA €HepTii reHeparii COHIYHOI eJTeKTPOCTaHIIi].

II. MATEMATUYHA MOJEJIb IIUIbHOCTI XMAPU

B 3amexHOCTI BiI CITIBBIIHOIIEHHS JIHIWMHOI IIBUI-
KOCTiI pyxy XMap Ta mBHUAKOCTI COHIIS, SKa BU3HAYAETh-

cs HWOro KyTOBHUM TMEPEeMIIIEHHSM, MOIJIHMBI HACTYIHI
TPU BUIMAJIKHU:

1)  niHiliHAa MBUIKICT PYXy XMapu 3HA4HO Oilb-
ma 3a mBuakicte CoHms. Tomi Ha AeIKOMy
iHTEpBaJi CHOCTEpEXKEeHHs TosokeHHsT COHI
MpUMAaEeThCS (HIKCOBAHNM, y TOH Yac K XMapHu
Ta IX MPOEKii MepeMillyloThCsI Ha JEsKy Bifc-
TaHb;

2)  nmiHiliHA MWBHIKICTH PyXy XMapy 3HAYHO MEHIIA
3a mBHIKicTh COHILY,;

3) miHifiHa MBHUIKICTE PyXy XMap Ta IIBHUAKICTH
CoHId € BETUUUHAMHU OJTHOTO HOPSIIKY.

VY cTarTi pO3rNSAaEThCA IEPUINA BHIIANOK, KOJHU
MIBUAKICTh PYXYy XMapH 3Ha4HO Oifbllla 3a IMIBUAKICTH
CoHIsl, siIKa BU3HAYAETHCS HOTO KyTOBHM II€PEMIIlCH-
HaM [4].

Jis  crpoIeHHs pO3paxyHKIB BBaXKaTHMEMO, IO
MIPOEKLsl XMapH sBJIsE COOOI0 KOJIO 3 pajiycoM R, xoua
po3pobiieHa MaTeMaTHYHa MOJIEITb J03BOJISIE IPOBOAUTH
pO3paxyHKH I XMap Oyab-skux (opM Ta po3MipiB.
dikcarisa 3MEHIIEHHS BEJIMYNHU IHTEHCHBHOCTI COHSY-
HOTO BUIPOMIHIOBAaHHS BH3HAYAETHCS TaBadaMHU OCBIT-
JICHOCTI, BCTAHOBJICHMMH Yy IIAXOBOMY  IOPSIIKY
3 messkuM KpokoMm A/ (puc. 1). Hexait mpoexkmis xmapu O
3aTiHS€ JeSIKYy YacTHHY MOBEPXHI COHSYHHUX MaHEINCH.
Ha maBauax ocsitimenocti 11, 21, 22, 31, 32, 33, 41, 42,
51 cnocTepiratoThCsi 3MEHIIICHHS 3HAYCHHS IHTCHCUBHO-
CTi COHSYHOTO BUITPOMIHIOBaHHSI, NPOMOPIIKHI IiTbHO-
cti xmapu [S5]. Skmio mBHIKICTH BITPY Vi BimoMa,
MOXXKHA OOYHCIIUTH dYac mepeMmilmeHHs 1 XMapu Haa
IJIONIUHOI0 COHSYHOI €JISKTPOCTAaHIli 1 BiIOBIIHO
BH3HAUUTH KIJTBKICTh JaBadiB PO3TAIIOBAHUX B3I0BXK
BeKTOpa Z i mepemimeHHs, sKi HeoOXigHi Ay po3pa-
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XYHKy miimeHOCTI XMapu [6]. [Ipumyctrmo, mo HampsM
BITPY BIJIOMHIA, 1 yepe3 Haeskuil yac Af Ti X cami 3Ha-
YeHHs 1HTEHCHBHOCTI COHSYHOTO BHIIPOMIHIOBAHHS
3’SBIATHCS HA HACTYNHIN TPy JaBadiB, MO3HAYCHNX Ha
puc. 1 yepBoHuM KoibopoM. Lle mae 3Mory crporsosy-
BaTH MOXJIMBHHA piBeHb €Heprii reHepamii COHSYHOI
€JeKTPOCTaHii Ta chOpPMyBaTH BiONOBITHI CHUTHAIH
KepyBaHHS IIepeTBOPIOBaYaMu, sKi 3a0e31euyoTh pobo-
Ty COHSYHHUX IaHENEH B peXXnMi BiIOOpY MaKCUMaIbHOT
eHeprii. OJHOYaCHO BUKOHYETHCSI KOPEKLisl PO3PaXyHKY
BipTyaJIbHOT HIUTFHOCTI XMapHy Ha JaHOMY Kpoiii [7].

ITpu po3paxyHKy BipTyaibHOI LIUIBHOCTI XMapH
NPEACTaBUMO XMapy SIK (QiiabTp, yepe3 sSKuil MpOXOJUTh
COHSYHE BUIPOMIiHIOBaHHA. Toni (YHKIIS 3MiHU iHTEH-
CHUBHOCTI BHIIPOMIHIOBAaHHS Ha KOXXHOMY 3 71 JlaBadiB
f,(¢) 3apaetbes Gopmyiioro:

t
= h — .
Ju@ = [ (e =7) Sn(Z')dT, 0

ae h,(t—1) — QyHKUisS 3MiHM IMUIBHOCTI XMapH, IO
YUCENILHO JIOPIBHIOE KIJTBKOCTI COHSYHOTO BHIIPOMIHIO-
BaHH#A, 110 MPOHIIIO Kpisk XMapy; s,(t) — QyHKUis
3MIHM BEJIMYMHH COHSYHOTO BHIIPOMiHIOBaHHA. Jljist
3HaXOKeHHs 300paxenHsa F(k) ¢yukuii f,(¢) 3acto-
COBYEThCA AUCKpeTHE nepeTBopeHHs Dyp’e [8]:

2mnk
-J

N-1
F(k)y= fye = N, (2)

n=0
ne k — HoMep BUMIpIOBAaHHS 3HAYCHHS iHTEHCHBHOCTI
coHsaHOTO BUNpoMiHtoBaHHS (k €[0, N —1]); N — kisb-

KICTh uaBaqu, PO3TAIIOBAHUX B3JOBXK BEKTOpa Z .

B obmacri 300paxens popmyna (1) mpeacraBuseTscs
HACTYITHUM YHHOM:

F(k)= H(k)-S(k),

ne H(k)ta S(k) — 300pakeHHs GYHKIIH 3MIiHH LITh-
HOCTI XMapy Ta COHSYHOTO BHIIPOMIHIOBaHHS BiIIIOBI-
HO. Toxi 300pakeHHs PyHKIII 3MiHU TIUTBHOCTI XMapu
H (k) o6uncmoeThCcs HACTYITHAM YHHOM:
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Puc. 1 Cxema moJoXeHHs JaBayiB OCBITJICHOCTI BITHOCHO XMapH Ha
TUIOIMHI COHSYHOT eJIeKTPOCTaHLIT

_F)
Sk

Jns BuzHaueHHs opwuriHamy (yHKOI OITeHOCTI
XMap¥ BUKOPHCTAEMO 3BOPOTHE HepeTBopeHHs Dyp’e :

H (k) (3)

| Nl J2mkn
h(t) = ~ > H(ke N . 4)
k=0

TakuMm YHHOM, 3aCTOCOBYBAHHS IPSMOTO Ta 3BOPOT-
HOTO JUCKPETHOTO TepeTBopeHHs Dyp’e mo3Boisie
BH3HAUUTH 300paKeHHA Ta OpHriHam (QYHKMIi 3MiHH
ITUTBHOCTI XMapH.

III.  TIPUKJIAJZL PO3PAXYHKY BIPTYAJILHOI IIIJIBHOCTI
XMAPU

JIst po3paxyHKiB BUKOPHUCTOBYIOTHCS JaHI iHTCHCH-
BHOCTI COHSIYHOTO BHITPOMIHIOBAHHS, II0 OTPUMYIOTHCS
IIOXBHJIMHH 3 JIaBadiB, PO3TAlIOBaHUX Yy MicTi 3arpe0,
Xopgaris [9]. Ha puc. 2 HaBeneHo rpadik 3MiHHM iHTEH-
CHUBHOCTI COHSYHOTO BHIIPOMIHIOBAaHHS Ha OJHOMY
nmaBadi ocBiTieHocti 02 mumas 2019 poky. B mepiofg
yacy 3 8:43 no 9:07 (25 xBunuH) cnocTepiraeTbes pizke
3MEHIICHHS iHTEHCHUBHOCTI BUIPOMIHIOBaHHS — 3aTi-
HEHHS JaBada OCBITJIEHOCTI XMaporo.

Hexaii B moyaTkOBHiI MOMEHT 4Yacy MPOEKIIis XMapu
3ariHsge naBad 11, sx mokasaHo Ha puc. |. 3Harouu Bifc-
TaHb MDK naBadamMu A/=/00 m Ta IBUAKICTH BITPY
Vin=0,17 m/c, po3paxyemMo 4ac At, 32 SKAN TIPOEKIis
xMapu nepeiize 3 gapauya 11 Ha naBay 32:

100
0,17

OCKIUIbKM J1aBadi po3TalioBaHi B IIAXOBOMY HOPSIKY,
HacTymHi OynyTh oTpuMani uepe3 300 c, 60 BincraHb 10

At =600c.

o . Al
mHii gaBadiB 21-22 cTaHOBUTH 7 3Harouu yac At Ta

mpuiiMaroun, 1o pajaiyc mpoekmii xmapu R=250 m,
OTPUMYEMO, IO KIIBKICTh JaBadiB, pO3TANIOBAHUX
B3I0BX BeKTOpa Z, N=5. 3HaI04YM KiJIBbKICTh BHUMIPIO-
BaHb 3Ha4YeHb IHTCHCHWBHOCTI, 3alMIIEeMO BUpa3 s
MPSIMOTO JIMCKPETHOTO TmepeTBoperHs Dyp’e ¢yHKmii
3MiHM IHTEHCHBHOCTI COHSYHOTO BHIIPOMIHIOBAHHS Ha
JlaBayax, CKOpHcTaBIIMCh (Gopmyinoto Einepa mus (2),
OTPUMYEMO:

/s('r). B/
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Puc. 2. I'padik 3ane:HOCTI IHTEHCHBHOCTI COHSYHOTO BHIIPOMIiHIO-
BaHHS BiJ yacy
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e )
Xy COS [@j —Jjsin (%j +X51| cos [%j — jsin (%j
4 5 5 51 s it

I€ X{|, X5 — 3HaueHHA QYHKLUIi 3MiHM iHTEHCHBHOCTI

Ha naBayax 11 Ta51; x,, x3 Ta x4 — cepeaHe 3HAUEHHS
rpyn nasadvis (21-22), (31-32-33) i (41-42) BixnosiaHo.

[MincraBuBmm B nanuii Bupas k €[0,4], orpumye-

Mo Tabnuiro 3HaueHb GpyHkuii F(k). Y Tadn. 1 HaBeneHo
nepiui 5 3Ha4ens Gynkuii F(k).

Ha inTepBasi mMpoOXOpKEHHSI XMapH HaJ ILIOUIHHOIO
COHAYHOI ENEKTPOCTAHIli 3HA4eHHS (YHKIIi 3MiHH
IHTCHCUBHOCTI COHSYHOTO BHIPOMIHIOBaHHA  §(T)
MPUIHMAEMO TTOCTIHHUM 1 PIBHUM CEPEeTHHOMY 3HAYCHHIO
iHTEHCHBHOCTI Ha JaHOMY iHTepBami, s(t) =690 Bm/w’.

B o06macri 306paxens S(k)=690.

B Ttabmumi 2 HaBemeHO 3HAaYEHHS (YHKINI 3MiHU
nrinsHOCTI XMapu H(k).

3aCTOCOBYIOUH 3BOPOTHE JUCKPETHE INEPETBOPEHHS
®yp’e, 3HalineMo opuriHan (QyHKOii 3MIHM IMIIJIBHOCTI
xMapu A(t) 3a hopmyioro (4):

Jj2mkn

4
H(r) =§ZH(k)e 5
0

OTpuMaHi 3Ha4eHHS 3aHOCHMO 10 Tab. 3.

Ha puc. 3 306paxkeno 3D mozenb BipTyabHOI IIiJTb-
HOCTi XMapH BIAMOBITHO IO TUTOMII ii MPOeKIii Ha maBadi
COHSYHOI eJIeKTpocTaHIlii. Pi3HUM BiATIHKOM CHHBOTO
KOJIbOPY MoKa3aHi koxHi 10% MIIBbHOCTI, SKi HA caMo-
My PUCYHKY MO3HAYCHI JECATKOBUM JPOOOM.

TABIALA 1
k F(k)
0 1217 1233 1250 1271 1278
1 -39,9 -33 -40,7 -48.4 -36,5
2 -7,69 -9,09 -8,54 -12,83 -9,12
3 -16,9 -10,5 5,23 2,81 7,13
4 -82,3 -80 -80,3 -81,7 -69,7
TABIALA 2 TApALA 3

Ne3/m | H(k) Ne 3/m | h(t)

1 1,55 1 0,31

2 1,59 2 0,32

3 1,62 3 0,32

4 1,63 4 0,33

5 1,67 5 0,33

¥. M 0 50 100 150 200 >x, M

Puc 3. BipTyanpHa IibHICTE XMapH BiTHOCHO il po3MipiB

Sk BUAHO 3 pHC. 3, OINBHICTH XMapu 3MIHIOETHCS
B Mexkax Big 0,6 mo 0,7, mo mpu OUTBII TOYHUX PO3pa-
XYHKaxX ckiagae Bi 59% mo 68%. OCKUIbKH (QYHKIIO
3MiHM iHTEHCHUBHOCTI BUTIPOMIHIOBaHHS BBaXKAEMO TIEpi-
OJIMYHOIO, TO (yHKUiS 3MIHM IIIJIBHOCTI XMapH Ha
HACTYIHIA YacTHHI MOBEPXHI COHAYHMX ITaHenel Oyxe
npuiiMaTH 3Ha4YeHHs, HaBeneHi y Tabm. 3. Lle mependa-
4yeHHS (PyHKIIT 3MiHN IIUTBHOCTI XMapH J03BOJISIE CIIPO-
THO3YBAaTH IOTY>KHICTh HA BHXOMI COHSIYHOI €JIEeKTpoC-
TaHLii Ta BUPOOUTH BIAMOBIIHI CUTHAIM KEpPyBaHHS
IepeTBopIoBadaMy, 10 3a0e3MevyloTh poOOTy COHSY-
HUX IaHeJel B pexuMi BigOOpy MakCHMalbHOI eHeprii,
3aJIeKHO BiJl YMOB HAaBKOJHUIIHBOTO cepeaonuma [10].

BUCHOBKU

TakuM YMHOM, 3aIIPONIOHOBaHA METOAHKA JO3BOJIIE
3a JIONIOMOTOI0 METO/y 3BOPOTHOTO JUCKPETHOTO Iiepe-
TBOpeHHsT Dyp’e BH3HAUaTH BipTyanbHY IIiJIBHICTB
XMapy 3a JaHUMH BEJIMYUHU COHSYHOTO BHUIIPOMIHIO-
BaHHJ, sIKe IIOTpAIIsie Ha COHSYHI aHeIi.
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Abstract—In recent decades, more and more humanity is paying attention to the use of alternative energy sources, in-
cluding solar. The production and introduction of photovoltaic cells into everyday life is becoming cheaper and more
accessible to a larger population. Therefore, the topic we have chosen is quite relevant, as it is directly related to the oper-
ation of solar power plants.

The task was to verify the theoretical material by introducing existing data and modeling the actual operating condi-
tions of solar panels.

Depending on the ratio of the linear velocity of clouds and the speed of the Sun, which is determined by its angular
motion, the following three cases are possible:

the linear velocity of the cloud is much greater than the speed of the Sun, which is determined by its angular move-
ment. Then, at some observation interval, the position of the Sun is assumed to be fixed, while the clouds and their projec-
tions move some distance;

the linear velocity of the cloud is much less than the speed of the Sun, which is determined by its angular movement;

the linear velocity of clouds and the speed of the Sun, which is determined by its angular movement, are values of
the same order.

The article considers the first case when the speed of a cloud is much higher than the speed of the Sun.

To simplify the calculations, we assume that the cloud projection is a circle with some radius, although the developed
mathematical model allows calculations for clouds of any shape and size. Fixation of the decrease in the magnitude of
the intensity of solar radiation is determined by the light sensors installed in a checkerboard pattern with some step.

When calculating the virtual density of the cloud, we present the cloud as a filter and solar radiation passes through it.
The first step to determine the density of the cloud will be to determine the image of the function of the change in
the intensity of solar radiation. This is possible due to the direct discrete Fourier transform. After some transformations
we will receive an expression from which it is possible to define the image of function of change of density of a cloud. For
the function of the intensity of solar radiation, we choose a fixed value. This is due to the small period of time in which
the density of the cloud is determined. The next task is to find the original function of the cloud density change. This is
the purpose of all calculations. The inverse Fourier transform was used for the calculations. At last we could see the 3D
model of the virtual density of the cloud according to the area of its projection on the sensor of a solar power plant. It is
shown in a different shade of color every 10% of the density. Solar radiation intensity data obtained every minute from
sensors located in Zagreb, Croatia are used for calculations.

The proposed technique allows using the inverse discrete Fourier transform method to determine the virtual density of
the cloud according to the magnitude of solar radiation falling on solar panels, and extrapolate the obtained values to
predict the amount of energy at the output of a solar power plant.

Keywords — solar power plant; maximum power selection; Fourier transform; virtual density.
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