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Peghepam—Y HaBejeHiil cTaTTi 3aIPONIOHOBAHO METOJUKY PO3PaXyHKY iMOBIPHOCTI eHeprii 3apsay/po3psaay akymy.Jis-
TOpPa Ha OCHOBi BUKOPHMCTaHHA Teopii MapTuHrajiis. HaBeneHo cnpomeHy CTPyKTYpPHY €XeMy CHCTeMH Po30cepeaKkeHol
reHepauii 3 aKkyMyJ19TOPoM. 3aNIPOIIOHOBAHO NPOLEC KOJIMBAHHS PiBHSI eHepril Ha BUXO/i BiTHOBJIIOBAHOI0 [zKepeJia BiliHO-
CHO ii cepeIHBOr0 3Ha4YEHHH i, BiAMOBiAHO, NOCIIA0BHICTh BiAXW/IeHHS KiJILKOCTI eHeprii, 10 MOTpPamuIsie Ha 3apsia 260 po3-
P aKyMYJSITOPa, Bil ii cepeHbOr0 3HaYeHHsI BBa)KaTH MapTHHrajnamu. Haseneno opmysiu 1J1g po3paxyHky imoBipHocTi
HaJAMIpHOTO PO3psiy Ta mepe3apsily aKyMyJsTOpa JIJs CHMeTPHYHOI0 Ta HecuMeTpu4yHoro Bunajkie. Ilodynosano rpa-
(iku 3asesxHocTi iMOBIpHOCTI HAAMIPHOTO PO3psAY aKyMYJISITOPA Bil BeJIMYMHU HEJIOCTATHHOIO PiBHS eHeprii po3psamy,

a TaKO0:K iMOBIPHOCTI nepe3apsily aKyMyJIiTOpPa Bil BeJIMYMHU HAJAMIPHOI0 PiBHS eHeprii 3apsany 1Jist 000X BUIIA/IKIB.

Bioa. 4, puc. 2.

Kniouosi cnosa — Smart Grid; posocepedicena zenepauis; 6ionoeniosani dxcepena enepzii; aKymyssmop; Mapmunza.

I. BcTvI

CrpiMKe 3pOoCTaHHS 4acTKH BHpOOJEHOi eHeprii Ta
BCTaHOBJICHOI TOTYXXKHOCTI BIJHOBITIOBAHUX JIKEpel
y eHeprocucteMi YKpaiHH BKa3ye Ha HEOOXiIHICTh PO3-
pPOOKHM cHCTEMH KepyBaHHS, sika O BpaxoByBaJia CTOXAc-
TUYHHUH XapakTep 3MiHH PiBHIB €Heprii Ha BUXO/1 HaBaH-
TaXEHb Ta JDKepen, 1 3abesmedyBania poOOTY OCTaHHIX
B peXuMi BiZIGOpy MakcuManbHOl eneprii [1].

Jnst 3a0e3neyeHHs HeNepepBHOCTI KHUBJICHHS HABaH-
Ta)KEHHsI Y CUCTEMH PO30CEpePKeHOT reHepaliii BKIroua-
etbes akymysaTop (AK) (puc. 1), panionaabHe BUKOPHUC-
TaHHSI €Heprii SKoro 3abe3nevyeThesi MUIIXOM HAKOIH-
YeHHS CHEPTii Ha iIHTepBaNax, Ha AKUX PiBEHb €HEPTil, 110
reHepyeThCsl BiTHOBIIOBaHUM JkepenoM (BJIE), nepesu-
IIy€ CepeHe 3HaUEeHHsI, 1 TOBEPHEHHS EHEeprii B CHCTEMY
Ha IHTepBajiaX, KOJH PIBEHb EHEPrii, 0 TeHePYEThCs,
HIDKYNH 32 cepelHe 3HAa4YeHHs. BpaxoByloum mpHHIMI
HeBU3HaueHOCTI ['eit3enbepra, as 3a0e3nedeHHs edek-
TUBHOT pOOOTH CHCTEM PO30CEpeIDKEHOT reHeparii Heoo-
XiIHO He JIUIIIe BU3HAYATH CePeIHE 3HAYCHHS SHEePrii, M0
TeHEepPYETHCSl BITHOBIIIOBAHUM JDXKEpEJoM, Ha 06a30BOMy
iHTepBai, a i OLIHIOBATH BEIMYUHY €HEPTii, sKa CIIpsi-
MOBYETBCS Ha 3apsij akyMyJaTopa abo OTpUMYEThCS IpU
Horo po3psii Ha KOKHOMY 3 iHTEpPBAIB CIIOCTEPEIKEHHS
[2]. BomHouac mpu mpaBMIbHIN OpraHizaiiii KepyBaHHs
aKyMYJISITOP Y CHCTEMi p030CepePKEeHOI TeHeparlii peati-
3y€ YMOBY Bi100pY MaKCHMaJbHOT €HEprii Bifl BIIHOBIIIO-
BaHOTO JpKepera MUITXOM 3a0e3MedeHHs piBHOCTI BHYT-
pimHBOTO Onopy r(t) eKBiBAICHTHOTO /KEepena HalpyTru
E(t) ta omopy maBanTaxenus Ry(t). IleperBoproBau 11

y cHCTeMi pU3HaYeHUH [y1sl cTabinizamii Harpyry Ha BU-
XOJIl eKBIBaJICHTHOTO JDKeperna, 1o 3adesmedye BimOip
MaKCHUMaJIbHOI CHEpTii.

m | D R, (1)

!

Puc. 1 ChpouieHa cxema CHCTEMH PO30CEPePKEHOT reHeparii

[Iporec xoMMBaHHS PiBHS €HEPrii HA BUXOJI BiJHOB-
JIIOBAHOTO JKepesia BiJHOCHO ii CepelHbOro 3HA4YeHHS
1, BIAIIOBIIHO, ITOCJIIIOBHICTD BIAXHIEHHS KIJIBKOCTI €HE-
prii, 110 HOTparIsie Ha 3apsi abo Po3psi aKyMYJIATOpa,
Bif ii cepenHBOr0 3HAYCHHS MOYKHA BBAKATH MApTHHTA-
namu [3], amke He Mae 3HAYCHHS, KOJIH MOYHHAETHCS
1 3aKiHUY€ThCS 3MiHA €Heprii, cepenHe 3HAYCHHS 3MIiHH
€Heprii BUSBISIETHCS HYJILOBUM.

3acToCyBaHHS TMOHATTS MApTHUHTAIIB IO MOJCIIO-
BaHHs TPOLECIB 3apsy Ta po3psjay aKkymyssTopa Ha
KOPOTKOTPUBAIIUX IHTEPBATIAX CIIOCTEPESIKEHHSI € e(heKTH-
BHHUM, OCKIJIbKY JI03BOJISIE OIIIHUATH: MO-TIEPIIe, KUTbKICTh
eHeprii, sKa MOXX€ BHUSIBUTHCH HAIMIpPHOIO TIPU 3apsi
(110 MOXe MPHU3BECTH 0 Mepe3apsay); Mo-apyre, Kiib-
KIiCTh €HEprii, [0 MOXKE BHSIBUTHCH HEJIOCTATHHOIO MPU
po3pszi (10 MOXKE MPU3BECTH 0 HAAMIPHOTO PO3PSIY).

0]
L@ﬂ Copyright (c) 2018 Ocunenko K. C.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.20535/2523-4455.2018.23.2.132809
http://orcid.org/0000-0002-6674-8332
mailto:ekateryna.osypenko@gmail.com
http://kpi.ua/

38

EnexkTpoHHI cucTeMU Ta CUTHAIIN

Meroro poOOTH € PO3paxyHOK IMOBIPHOCTI OTpHMaHHS
KUTBKOCTI €Heprii, 1[0 HampaBlieHa Ha 3apsl aKyMyJLsi-
TOpA, Ta KIIBKOCTI SHEPTii, 0 OTPUMYETHCS TIPH PO3PSIL
aKyMyJIATOpA, 3 BHKOPHCTAHHAM TEOpii MapTHHTATIB.

Il.  PO3PAXYHOK IMOBIPHOCTEW IIEPE3APSIIY TA
HAJZIMIPHOI'O PO3PSIIY AKYMVJISITOPA

Jlns omiHKM PiBHA €Heprii akymynsaropa, M0 MOXKe
BUSBUTUCH HAJMIpHUM ab0 HEIOCTaTHIM, PO3B’SDKEMO
3aJaqy BH3HAYCHHS iIMOBIPHOCTEH Tiepe3apsiry Ta HaaMi-
PHOTO PO3psiy aKyMyJsiTopa Ha OCHOBI 3aCTOCYBaHHS
Teopii MapTHHTAIB.

Hexait Wy — mouarkoBuii piBeHp eHeprii akymyJisi-

Topa. Ha K0)XHOMY iHTEpBalli CIIOCTEPEKEHHSI BUKOHY-
€TBCS TIEpEeBIpKa CITIBBIAHOLICHHS €HEpril, 10 reHepy-
€Tbesl BinHOBIMOBaHUM JpkepenoM Wgyp, Ta eHepril

HasantaxeHHst Wy . SIkmo Wy > Wy, To akymyisitop
3apsjkaeTecd, a axkmo Wp IE <Wy, To akymynsarop

pO3psAmKaEThes. SIKIIO KIMBKICTH €Heprii, o Hampas-
JeHa Ha 3aps] aKyMyJsITopa, JOCSIa AESIKOro piBHA
Wiax 1+ Wmax >Wp, BBa)KaTMMEMO HOro mepesapspke-

HUM, W, —HaZAMIpHMI piBEHB €Heprii 3apany. SKio x
KIJIBKICTBh €HEprii, 110 OTPUMYEThCS IIPU PO3PSIL aKyMy-
asTopa, pocsrna aeskoro piBHI Win » Wiin <Wp , BBa-
’KaTUMeMo #oro HaamipHo pospsypkenuM, Wi, — Heno-
CTaTHI piBeHb eHeprii po3psiLy.

@OyHKLis, O XapaKTepU3ye EHEprilo aKyMyJsTopa
MICJIS TPOIECiB 3apsmy abdo po3psALy, € BHUIAIKOBOIO.
Hexaii W, — He3anexHi BUMaKOBI BEIMYHHY, SIKi Xapa-
KTEepHU3YIOTh PIBEHb €HEPTii 3apsamy abo po3psimty aKymy-
nsropa: 3HaueHHs W, =1 Bianosimae eHeprii 3apsmy
aKyMyJisiTopa 3 IMOBIPHICTIO P(Wn zl) = P ; 3HaYCHHS
W, =-1 BigmoBigae eHeprii po3pady axkyMmyJsaTopa
3 IMOBIpHICTIO P(Wn = —1) =1-p=q. Bci Bkazaui
BEJIMYMHH € O€3pO3MiIpHIUMH, aJKe BiTHECEHI 10 JESIKOTO
6azoBoro pienst eneprii W, . PiBers eHeprii akymyisi-
TOpa micis N 3apsiaiB a0 po3psi/iiB BU3HAYAETHCS HACTY-
ITHUM Wk =Wy +Wy +...+W, . Tlpouecn

3apsay abo po3psdy aKyMyJsiTopa 3yNUHSIOTHCS, KOJH
aKyMyJIITOp HagMIPHO pO3pAauThes abo mepesaps-

YHUHOM:

JITHCS, TOOTO y MOMEHT qacy
t=min{n:W gz =W a6o W g =Way } -
Po3paxyemMo iMOBIpHOCTI HagMIpHOTO  PO3PALY

P(WAKr =Wmin) abo mepesapsay P(WAKr =Wmax)
aKyMyJIITOpa B MOMEHT 4acy T. 3aCTOCYEMO TeOpito
MapTHHTATIB JJIsl BU3HAUSHHS LWX iMoBipHOocTed. [Ipm
PO3B’s3aHHI IMi€i 3a71a4i BUKIIIOYMMO BHITAJ0K, KOJH aKy-
MYJISATOP 3apsIHKAETHCS abo PO3psIKAETBCS

(Winax ~Win ) pasis migpsa.

[Tpu Bu3HaueHHI IMOBIpHOCTEH Mepe3apsay Ta HaaMi-
PHOTO PO3psAYy aKyMyJATOpa y CHCTEMi MOXIIUBI IBa
BUNAJKU: 1) CUMETpUYHMI BHUINAI0K, KOJIH IMOBIPHOCTI
3apsgy Ta po3pAmy aKyMyJATOpa € OIHAKOBHUMH:

p=09=0,5; 2) HecuMeTpHUUHHI BUMAIOK, KOJIH iIMOBIp-
HOCTI 3apsi/ly Ta po3psiy aKyMyJIATOpa He € OTHAKOBUMH:
p+q.

VY cuMeTpuYHOMY BHUMNAAKY (YHKIIIS, 10 XapaKTepH-
3ye eHeprito akymymsartopa, — W, g — € MapTHHraioMm
3 nocriiHnM cepenHiM 3HaueHusm Wy . s Oynb-skoi
KIJIBKOCTI 3apsaiB abo po3psaaiB N 1 GyHKLIs € oOMe-

< max([\l\lmin|,|Wmax|). Toni 3a
TEOPEMOIO IIPO 3yHUHKY [4] MareMaTH4He OdiKyBaHHI
i€l GpyHkuii: M [WAK‘E] =M [WAKO] , J1e

JKEHOIO: |WAK min(z,n)

M [W 40] =Wo.
M [WAKT] :Wmin : P(WAKr :Wmin )+
+Winax 'P(WAKr =Wmax) _

P(WAKr =Whin )"’

BpaxoBytoum, 110 , OTPUMAEMO:
+P(WAKr =Wax ) =1
Wia =W,
P(WAK :Wmin):Lol
f Wmax _Wmin
Wy =W,
P(Wgr =Winay ) = ——2——min_
f 8 Wmax _Wmin

VY HecuMeTpuyHOMY BHNAanky QyHkuis W,z , mo

XapaKTepU3y€e EHEPTilo aKyMyJIsITOpa, He € MapTHHIaJIOM,
i sl po3paxyHKiB HEOOXiJJHO BHKOPHUCTOBYBATH IHIILY
(yHKIIO, sIKa € MAPTUHTAJIOM Ta BPaXOBY€E HEPIBHI 3Ha-
YeHHS IMOBIPHOCTEH 3apsay Ta po3psay, i 10 KO MOKHA
3aCTOCYBaTH TEOPEMY NpO 3yNHHKY. PosrisiHemo ¢yHK-

wio ¥.axc = (a/p)" = (a/p)" [T(a/p)"™ . 2¢ ware-
k=1

MaTHYHE O9iKyBaHHSI

M [(a/p)"™ |-
=(a/p)-p+(p/a)-a=.
=p+q=1

OCKUIbKY MaTeMaTHYHe O4iKyBaHHsI € IMOCTIHHOIO BEJIH-
9UHOI0, QYHKIIS Y 45 € MAPTHHTANIOM, 1 BOHA OOMEKEHa,

|yAK min(t,n)| < maX(IWmin | v|Wmax|)-
TEOpEMY TIPO 3YITHHKY, PO3PAXYEMO MATEMATHYHE OUiKY-
BaHHA Liei pyHkuii: M [yAKT] =M [yAKO] , e
MY k0] :(q/p)Wo ,
M[V.ax<] :(q/P)Wmin PWagr =Winin ) +
W,
+(Q/p) max 'P(WAKr = max)_

Toni, BPaxOBYIOUH, o
P(W 4z =Winin )+ P(W4xr =Wpax ) =1, orpumaemo:

3acTOCOBYIOUH
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(a/p)"mex —(q/p)"0
(q/p)"'mx —(q/p)"min *
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TakuM YHHOM, 3aCTOCYBAHHS TEOPil MAPTHUHTAIIB J10-
3BOJISIE OLIHUTH, MO-TIEPIIIe, KUTbKICTh CHEPTIi, IKa MOXKe
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3aJ1e)KHOCTI IMOBIPHOCTEI HAIMIPHOTO PO3PsLy Ta Mepe3apsay aKkyMyJIaTOpa BiJl BEJIMYUH HEOCTATHROTO PiBHS €HEPrii po3psmy

Ta HaI[MipHOl'O piBHH eHepri'l' 3apsany. a, 60— JJI1 CHMETPUYHOT'O BUITAAKY,; B, I' — IJI1 HECUMETPUYHOI'O BUITAJAKY

(a/p)" ~(g/p)"min |
(a/p)"max —(g/p)"min

Ha puc. 2 mpeacraBieHO 3aiie)KHOCTI IMOBIpHOCTEH
HaJIMIpHOTO pO3psily Ta Mepe3apsly aKyMyJssiTopa Bilx
BEJIMYMH HEIOCTATHHOTO PiBHS €HEprii po3psay Ta Haj-
MipHOTO piBHS eHeprii 3apsny. Ha puc. 2 a, 6 HaBeyieHO
3aJISKHOCTI Ul CHMETPUYHOTO BHUITAJKY, HA PHC. 2, B, T
— JIIsL HECUMETPUYHOTO YISl Pi3HUX CIIiBBiIHOLIEHB IMO-
BipHOCTEeH P Ta (. I'padixu moOymoBaHi y BiTHOCHUX

P(WAKT =Wmax)=

OJIMHHUISIX, JI€ 3@ OJMHUIIO MPUNAHATO [MOYATKOBHUI
piBeHb eHeprii akyMyJisiTopa; 3Ha4eHHsI eHepriii nepesa-
psily Ta HQJMIPHOTO PO3Psiy KOJIMBAIOTHCS B MEXaX Bijl
10% mo 90% Bix MOYATKOBOIO 3HAYEHHS.

Sk BuzHO 3 puc. 2 a, 0, 3 pOCTOM SIK BEJIMYMHU Ha/IMi-
pHOTO piBHS €HEpTii 3apsmy, TaK 1 BEeTMYUHH HEIOCTaT-
HBOTO PiBHS €HEPTii po3psity IMOBIPHOCTI SIK IIepe3apsiny,
Tak 1 HAAMIPHOTO PO3PSAY aKyMYJIATOpPa 301TBIIYIOTHCS.

Amnarnizyoun puc. 2 B, T, 0a4uMo, 110 3 POCTOM CIIiB-
BiTHOIIICHHS MK IMOBIPHOCTSAMH 3apsay aKyMyIsTopa
P Ta po3psmy akyMyjsTopa (| IMOBIPHOCTI HAIMIPHOTO
po3psAy Ta Iepe3apsmy aKyMynsiTopa 30UIBIIYIOTHCS.
[pu iboMy TeHAEHIIis 301IbIICHAS IMOBIPHOCTEH HAIMi-
PHOTO pO3psLy Ta epe3apsay aKyMyJIITopa Bill BEIHYHH
HEJIOCTaTHBOTO PiBHS €HEPTii po3psay Ta HaIMIpHOTO pi-
BHSI HEprii 3apsi/ly NpH 30UIbIIECHHI PIBHS HOTO PO3PSLY
30epiraerhesl.

Hapiiimuia no penakuii 06 xkBiTns 2018 p.

BUSIBUTUCH HaJIMIPHOIO ITpH 3apsiai (10 MOKE MPU3BECTH
JI0 Tiepe3apsiy); Mo-Apyre, KUTbKICTh eHeprii, o MOoXe
BUSIBUTUCH HEIOCTATHBOIO TP PO3PSii (110 MOKE MpH3-
BECTH JI0 HaJIMIpHOTO PO3PAY), Ta BU3HAYUTH IMOBIpPHO-
CTi Horo mepe3apsay Ta HaAMipHOTO PO3psiLy 32 YMOBH
pearizarii Bitbopy MaKCHMAaJbHOI €Heprii BiJl BiTHOBIIIO-
BaHOTO JPKEepelia eHeprii.
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Peghepam— B npuBe1eHHOIi cTaThe MPeIJI0KeHA METOAUKA PacyéTa BepPOSITHOCTH MOJIy4eHHsI IJHePruM 3apsiia/pa3psjaa
AKKyMYJISITOPa Ha OCHOBE HCI0JIb30BAHUS TeOPUH MAPTHHIAJIOB /IS ofecnieyeHus ero d¢dpexruBHoi padoTnl. [IpuBenena
YIPOILECHHAS CTPYKTYPHAsl CXeMa CHCTeMbl paclpee/eHHON reHepanuu ¢ akkymyJsropom. I[lpennosxxeno npouecc xoJie-
0aHUs YPOBHS JHEPIUH HA BbIX0/Ie BO300HOBJIAEMOI0 HCTOYHHKA OTHOCHTE/ILHO €¢ CPeIHEro 3Ha4eHHs H, COOTBETCTBEHHO,
MOCJIe0BATEILHOCTE OTKJIOHCHHS KOJIMYECTBA JHEPTHH, MONAJalolieli Ha 3aps/ WK Pa3psii aKKYMYJISITOpa, OT ee cpe/-
Hero 3Ha4eHHs1, CYUTATH MapTHHrajoM. Ilpusenenns! GopMyJibl 1/ pacueTa BepOSITHOCTH YPe3MEePHOro paspsjaa v nepe-
3apsa/a aKKyMyJISTOpa 111 CHMMETPHYHOI0 M HECUMMETPHUYHOT 0 cjy4aes. [locTpoensl rpaduKu 3aBUCHMOCTH BepOSITHO-
CTH YpPe3MepHOro pa3psiia aKKyMyJiTOpPa OT BeJIMYMHBI HeI0CTATOYHOI0 YPOBHSI SHEPIHH Pa3psjia, a TAK/Ke BePOITHOCTH
nepe3apsiia akKKyMyJisiTopa oT BeJJHYNHbI H30LITOYHOT0 YPOBHSI JHEPTHH 3apsifia AJIsl 000MX cIy4aeB.

buoa. 4, puc. 2.

Knroueswie cnosa - Smart Grid; pacnpedenennas zenepayun; 6030010611emble UCHOYHUKU IHEPUU; AKKYMYTAMOP; Map-
munza.
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of Martingale Theory
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Abstract—In the presented article, a novel technique for calculation of probability of storage battery energy obtaining
based on the use of martingale theory to ensure its effective operation is proposed. A simplified block diagram of a distrib-
uted generation system with a storage battery is given. The process of the energy level fluctuating at the output of a renew-
able source relative to its average value and, accordingly, the sequence of the deviation of the amount of energy falling on
the charge or discharge of the storage battery from its average value is proposed to consider as a martingale. Formulas for
calculating the probability of the storage battery excessive discharge and recharge for symmetric (when probabilities of
energy charge and discharge are equal) and asymmetrical (when probabilities of energy charge and discharge are not equal)
cases are given. The graphs of the dependence of the probability of an excessive discharge of a storage battery on the amount
of an insufficient level of discharge energy are plotted, as well as the probability of a battery recharge from the excess charge
energy level for both cases. It is shown that with the growth of both the magnitude of the excessive level of charge energy
and the size of the insufficient level of discharge energy, the probability of both recharge and excessive discharge of the
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storage battery are increased. In the asymmetric case the function characterizing the storage battery energy can not be
considered as a martingale. Therefore, it is necessary to use a different function for calculations that takes into account the
unequal values of the probabilities of charge and discharge, is a martingale, and to which a theorem of a stop can be applied.
It is noted that with an increase in the ratio between the probability of storage battery charge and battery level, the likelihood
of excessive discharge and recharge of the battery are increased. At the same time, the tendency to increase the likelihood
of excessive discharge and recharge of the battery from the values of insufficient level of discharge energy and excessive
level of charge energy while increasing its level of storage remains. Thus, the application of the theory of martingales allows
us to estimate, first, the amount of energy that may be excessive in charge (which may lead to overcharge); and secondly,
the amount of energy that may be insufficient in discharging (which can lead to excessive discharge) and determine the
probabilities of its overcharge and excessive discharge, provided the maximum energy selection from renewable energy
source.
Ref. 4, fig. 2.
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