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AHomayia. 36inbuweHHs YyacmKu enekmpoeHepeii 8 6aaaHCi
enekmpoeHepzemuy4Hoi cucmemu (EEC), supobneHoi sidHos-
I0BAHUMU OXcepenamu eHepeii (BAE), pobume akmyaneHUM
30004y 8U3HAYEHHA 8MPAM MOMYy*HOCMIi Ma enekmpoeHe-
paii 8 enekKmpuyHUX Meperax, SUKAUKAHUX MepemoKamu
enekmpoeHepeii 8id BAE. Ocobnueo ue cmocyemeocsa 6anaH-
Cyro4UX 2pyr, chopMo8aHuUx Ha ocHoesi BAE, i nocmynosozo
rnepexody ix 00 aepez2o8aHUX 2pyr, a MAKOMHC OKpemux BAE sk
aezpezamopis. TpacysaHHA MOMokie enekmpoeHepeii BAE ma ix Hacnidkie (empamu enekmpoeHepeaii ma enaus
Ha i AKicmb, NporyckHa 30amHicms AiHili enekmponepedasaHHs Ma iH.) € Npedmemom 830EMOBIOHOCUH MiXC
az2pe2amopamu ma iHWUMU y4aCHUKAGMU 02pe208aHOI 2pyru, 8K/AOYHO 3i COXUBAYAMU, AKi BMOMUBOBAHI HA
2apaHmMii Nnoxo0xceHHA enekmpoeHepeii. B pobomi 3anponoHo8aHO memood 8U3HAYEHHSA CK/aAA0080i empam ro-
myxHoOcmi ma enekmpoeHepeii 8id0 BLE 8 cymapHux smpamax esekmpuyHuUxX Mepexc. B ocHosy memooy rokna-
0eHO Mampu4Hy mamemamu4Hy Mooesib eneKmpu4Hoi mepexci 015 8USHA4YEHHA MOMOKi8 efeKkmpoeHepeii y 8i-
mkKa cxemu i empam 8 Hux. BusHayaemoca mampuus KoegiyieHmis po3nodiny cmpymis y 8imKkax cxemu 8i0
sy3nie 3 BAE ma 8y3n08i Hanpyau. B pe3yasmami ¢popmyemscsa mampuus KoegiuieHmie po3nodisny empam rno-
myxHOCMI y 8iMmKax cxemu ma omoKU nomyuHocmi 8 HUX 3asexcHo 8i0 nomyxHocmi y 8y3nax cxemu. [Moka-
30HO, W0 3HAYEHHA 8BMPAam efieKmpoeHepaii 8 e1eKMPUYHUX MepPeXax, BUKAUKaHux BLE, moxyme suKopucmo-
8yeamucs rio 4yac onepamusHo20 NAaHy8aHHA banaHcy enekmpoeHepeii 8 EEC, i, OCKinbKU 80HU € GOpPECHUMU,
mo 8i0no8iOHO Moxce 8paxosysamucs ix eapmicme nid 4ac 83aEMOBIOHOCUH MiX azpezamopamu. Y pobomi
npedcmasneHo pe3yabmamu po3paxyHKy ycmasneHo20 pexcumy mecmoeoi 14-8y3noeoi cxemu IEEE 3 dsoma Kna-
camu Haripyau ma Oxcepenamu eHepeii, ceped akux € BAE. [na nidmeepdiceHHA adeksamHocmi memoody 8UKO-
HAHO MAKOX}C PO3PAXYHOK ycmaseHo20 pexcumy 8 K PowerFactory. OmpumaHi pe3ysnsmamu niomesepoxcyroms
adekeamHicmeo po3pobsneHo2o memody.
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Mepenik BUKOPUCTAHUX NO3HAYEHb Ta CKOPOUYEHb

BLE — siaHOBNIOBaHI Axepena eHeprii NIEC — noKanbHa eneKkTpoeHepreTuyHa cucTema

EEC — enekTpoeHepreTuyHa cuctema C3E — cucTemu 36epeskeHHA enekTpoeHeprii

®EC — dpoToeneKkTp1UHa CTaHLuiA TBE — TeXHONOri4YHi BUTPaTH eNleKTpoeHeprii

BEC — BiTpOBa eneKkTpocTaHL,if

Bctyn i nocTtaHOBKa 3aBAAHHA |HTEHCKMBHE BNPOBaAKEHHA
BAE B OEC YKpaiHu cTaBUTb HOBI 3aAauyi. 34e6i/1blIOro BOHM
3YMOBJIEHi HEMPUCTOCOBAHICTIO eleKTpU4HMX mepex EEC
[0 eKcn/yaTalii eNeKTPUYHMX CTaHLN, AKi BUKOPUCTOBY-
IOTb BiQHOBMIOBAHI A)Xepena eHeprii 3 HecTaAMm rede-
PYBaHHAM Ta BiACYTHICTIO 4OCTAaTHbOrO PiBHA aBTOMATM3a-
uii mepex. 3 iHWoro 60Ky, HecTanicTb reHepyBaHHa B/E,
AKa 3yMOBJ/IEHA 3a/1€KHICTIO Bif, NPUPOAHNX YMOB, NPU3BO-
OMTb A0 3HUXKEHHA edeKTUBHOCTI QYHKLiOHYBaHHA enek-

TPUYHOT MepeXKi Ta NoripweHHA AKOCTi NOCAYT 3 e/1IeKTPOono-
CTa4yaHHA cnoXmBadis. HectanicTb pexumis pobotn ¢oTo-
eNeKTPUYHUX cTaHui (PEC), Tak camo fAK i BITPOBMX enek-
TpocTaHuii (BEC), HeraTMBHO BN/AMBaEe Ha 6anaHcoBy
HaAiMHICTb eHEeProcUCTeMM, a TaKOXK Ha CTIMKICTb ii poboTu.
Y6e3neunTn 6anaHc NOTYKHOCTI Ta e/IeKTPOoeHeprii B eHep-
rOCUCTEMi MOKIMBO, KOMMNIEKCHO BUKOPUCTOBYOYM HAABHI
MaHeBpeHi NOTYXHOCTI, 30Kpema TennoBi Ta rigpoeneKkTpo-
CTaHU,i. 3 Pi3HUX NPUYMH, AK NPUPOAHMX, TaK i Yepes pylrHy-
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BaHHA POCIEID eHePreTUYHOI CTPYKTYPU YKpaiHM, maHeBpe-
HUX MOTYXXHOCTEN HeaocTaTHbo. LLoao cyvacHux 3acobis
(enekTpoximiyHi HaKonuuyBaui eneKkTpoeHeprii, BOAHEBI
TexHosorii, 6iorasosi TexHoorii, y3rogxeHHs rpagdikis re-
HepyBaHHA Ta CMOXKMBAHHSA e/IeKTPOEHeprii TOLL0), TO BOHU
MOKMW LLLO ICHYIOTb Y MEePCNeKTMBI 1 NepebyBaloTb Ha Pi3HUX
eTanax po3pobKu i 3aCTOCYBaHHA B €/1eKTPOEHEPreTUYHMX
cucTemax.

HeobxigHO CTBOPUTU CMPUATAMBI YMOBM He ulie Ana
po36yaosu BAE B enekTpuUUHMX Meperxkax eHeprocucTemu,
a  ana onTMManbHOI iX eKcnayaTauii, MiHiMi3ytoun Hera-
TUBHUMN BMNJIMB HA TEXHIKO-EKOHOMIYHi MOKa3HMUKN eHepro-
cucteMn. 3anexHo Big micua nia’eaHaHHa BAE oo enek-
TPUYHUX MEpPEeX i iX MOTYXKHOCTI mMoxe 6yTW A0CATHYTO
3MEHLUEeHHA BTPAT e/1eKTPoeHeprii Ha il TPAHCNOPTYBaHHA,
MOXKYTb MOKpPaLLyBaTUCA NOKA3HWKKM HagiHocTi SAIFI i
SAIDI, a TakoX CyTTEBO MOKPALLyBaTUCA AKICTb esieKTpoe-
Heprii Ta eHeproedeKTUBHICTb CUCTEMU eNeKTponocTa-
YaHHA B Uinomy [1-4]. NpoTe Ui moxknueocTi BAE nokpa-
LLyBaTU TEXHIKO-eKOHOMIYHI MOKa3HWUKM eHeprocucTemu
3BOAATLCA HaHiBeLb ab0o CYyTTEBO 3HUNKYIOTLCA Yepes Heob-
XigHiCTb TPUMaTM B eHeprocucTemi H6araToBapTiCHUI pe-
3epB MOTYXKHOCTI ANA KOMMNEHCALii HeCTaIoro reHepyBaHHA
efNleKTpoeHeprii  COHAYHMMWU 1 BITPOBMMM  €NEeKTPO-
CTaHUiAMM.

Y npoueci ekcnnyaTauii BAE B enekTpoeHepreTuyHin cu-
CTeMi BUPILLYETbCA 3aga4a HanaHCyBaHHA CNOMKMBAHHSA Ta
reHepyBaHHA eNeKTpPoeHeprii, BKAOYHO 3 ycima gxepe-
namu eHeprii B cuctemi. CKIagHicTb MONArae B TOMy, WO
CNOXWBAHHA | reHepyBaHHA B EEC mae MmoBipHicHWIA xa-
pakKTep, a ctocoBHO BAE nig Yyac nporHo3yBaHHA NOrogmH-
Horo rpadika reHepyBaHHA B EEC cborogHi Ha 3aBTpa 4,0BO-
OUTbCA TaKOX BPAxXoBYBaTW IX MIHAMBICTb 3HaAYeHHA
NOTYXKHOCTi 3a/I€}KHO BiZ 4Yacy i MeTeopOosIoriYHMUX YMOB.
MNpobnema y4yacti B 6anaHcyBaHHi pexumy EEC gna BAE
YCKNAAHAETLCA LWe M TUM, L0 BOHW, Malo4yM BiAHOCHO HeBe-
JIMKY NOTYXHICTb, PO3MNOAINEHI Y BCiX perioHax KpaiHu 3 pis-
HUMM METEOPONOTNIYHUMM NapameTpamm, iX KinbKicTb cTa-
HOBUTb TUCAYi | npopgoBKye 36inbwysatuca. Tomy
BMpIiLLEHO 33417 KEPOBAHOCTI UMM npoLecom 06’eaHyBaTH
BAE B okpemi HanaHcytoui rpynu, oaa AKMX BU3HAYaOTbCA
CYMapHi NpOrHo3oBaHi NOroguHHi rpadikn reHepyBaHHA i
nepegatotbca AN NapaHToBaHoMy nokynuesi [5, 6]. Takuit
nigxia, ycniwHoO icHyBaB AEeKinbKa POKiB, ane Ha CborogHi
BMMara€eTbcs Moro BoOCKOHaneHHsA. MoB’A3aHo ue 3 Heob-
XigHICTIO Nepexogy B NaHyBaHHI reHepysBaHHA BAE Big
«3eneHux» TapudiB 4o y4acTi ix B EEC B ayKuioHax.

Ons nigBuweHHs edpekTMBHOCTI iHTerpyBaHHs BAE B enek-
TPWUYHI MepeXxi eHeprocucTemMun B HOBUX yMmoBax HeobxigHo
BUPILINTN HU3KY 3aBAaHb. [pUHUMNOBUM € BigXig, Big mo-
TUBYBaAHHA 3MEHLUYBATU NOXMOKY NPOTrHO3HMX i GaKTUUHUX
noroauHHux rpadikis reHepyBaHHa BAE wTpadHMMU
CaHKLiAMM, WO HaknagaTbca MapaHTOBaHMM MOKyMNUEeMm.
BapTicTb NOXMBKM NporHo3y moxke carati 20 % i 6inblue Big,
nNpuoYTKY Bif, «3eneHoro» Tapuey. Tomy HeobxigHUM € HO-
BMI MexaHi3m NiaTpumrm BLE B enekTpoeHepreTnyHin cu-
ctemi. BiH moxe 6yTu AieBMM TiNbKM 33 YMOBM BAOCKO-

HaNeHHA BNACHUX METOZIB NMPOrHO3yBaHHA Ta YTBOPEHHA
edeKTnBHUX BanaHcyoumnx rpyn. Takoto € arperosaHa rpyna
AK 06’egHaHHA Mannx BUPOOHMKIB, 36epirayis eHeprii, ak-
TMBHUX CMOMMBAYIB Ta iHLWINX OELLEeHTPANi30BaHUX AXKepen
eHeprii A1A CNiZIbHOI y4YacTi B eHepreTMYHOMY PUHKY. Yyac-
HMKOM arperoBaHoi rpynn MOXKYTb CTATM CNOXKMUBaYi, AKi
3[aTHi afanTyBaTM HaBAHTAXXEHHA 3a pilleHHAM arpera-
Topa, 6anaHcyBaTU eHeprocuctemy yepes 3meHLWeHHA /
3MiLlEeHHA MIKOBOrO HaBaHTa*KeHHA. HUMK MOXKyTb cTaTu
CUCTEMWN HAKOMUYEHHA eHeprii, Wo 34aTHi HagasaTu Ao-
NOMiXKHI nocnyrm pnAa onepatopa CUCTEMWU PO3MNOAINY
(OCP), 6paTtn yuacTb y 6anaHcyBaHHi eHeprocucTtemu, a Ta-
KOX iHWI AeueHTpanisoBaHi eHepropecypcu, ribpugHi cu-
cTemu (reHepauia + 36epiraHHA + CNOXWMBAHHA), ENEeKTPO-
MOb6iNbHI 3apaaHi cTaHLT ToWwO.

TakUM YMHOM, N8 NiABULLEHHA edeKTMBHOCTI BAE B enek-
TPUYHUX MEepeXKax EHEProcMcTeMU B HOBMX YMOBAX EKCMTY-
aTauii HeobxigHO: BW3HAuUUTM cnocobu ¢ 3acobu pe-
3epBYBaHHA X TreHepyBaHHA; BAOCKOHA/IMTU MeToau
nporHo3yBaHHA 0bcAriB BiANYyCKy eneKkTpuyHoi eHeprii 6a-
JlaHcytoyolo rpynoto BUpobHuKiB 3 BAE Ta po3pobsieHHA
MeTOAMKN BU3HAYEHHA ONTMMAsIbHOFO CKAagy H6anaHcyto-
Yoi arperosaHoi rpynu BupobHuKis 3 BAE; dopmysaTtn no-
KanbHi enekTpoeHepreTnuHi cuctemm (J1IEC) i microgrid Ha
ocHoBi BAE AK cnocié peueHTpanisauii reHepyBaHHA
eneKkTpoeHeprii; GopmyBaTH iHTENEKTYaNbHI CUCTEMU Ke-
pyBaHHs pexkumamm JIEC (microgrid) 3 camoBigHOBNEHHAM
Y HUX efniekTponocTayaHHs. Lli 3agayi € onTumisayinHumm i
BMMaratoTb NOPIBHAHHA BapiaHTIB iX BUPILIEHHA 3a TEXHIKO-
€KOHOMIYHMMM NoKasHMKamun. Ockinbkn BAE BukopucTo-
BYIOTb €/1EKTPUYHI MepeKi 3ara/ibHOro NPU3HaYeHHs, Han-
BAXK/INBILUMM € BNAMB Ha IX PEXMMHI MapameTpu: Npo-
MYCKHY 34aTHICTb OKpemux NiHili enekTponepesaBaHHA 3
TpaHcdopmaTopamn 3B’A3KY Ta eHeproedeKTUBHICTbL Me-
pexx pasom 3 B[E (HagilHicTb, TeXHONOriYHi BTpaTK
eneKkTpoeHeprii Ta i AKiCTb). [NA OUiHIOBAHHA AKOCTI
dYHKUiOHYBaHHA enekTpuYHuXx mepex 3 BAE, 3okpema JIEC
i microgrid, 3anponoHOBaHO iHTerpanbHU NOKA3HUK, AKUI
[a€ 3MOry 34iACHIOBAaTU NOPIBHAHHA Pi3HUX BapiaHTIB CU-
cTeM nepegadi Ta po3noAiny enexkTpoeHeprii 3 BU3HaYeH-
HAM y3aralbHeHUX TEXHIKO-eKOHOMIYHUX MOKa3HuKiB [7].
MpoTe ANA HU3KM 33434, AK-OT TFAPAHTIA MNOXOAMKEHHSA
eNeKTpoeHeprii AN CMOoXXMBaYiB, WO NOB’A3aHO 3 AeKap-
6oHi3alieto, Ta ycniwHoi y4acTi BAE B ayKuUioHax HeobxigHo
BM3HAYaTW ONTMMabHI WAAXKM (TpacyBaHHA) AnA nepena-
BaHHA eneKkTpoeHeprii BAE 3 pgonyctTummMmm  TexHo-
JIOFiYHMMM BTPaTaMu eNleKTPOeHeprii Ta Hanpyru.

MerToto cTatTi € OpMyBaHHA YMOB AJ/15 ONTUMA/IbHOTO iH-
TerpysaHHa B[E B arperosaHi 6anaHcytoui rpynu, 3aana
4YOro BM3HAYaOTbCA BITKM CXEMWU HAAXOOKEHHA eneKkTpoe-
Heprii Ao cnoueauis Big, BAE Ta BTpaTM NOTYXHOCTI ¢
€/1eKTPOEHeprii B /IEKTPUYHIN MepeXKi Npu Lbomy.

3apa4a oNTMMAaNbHOro KepyBaHHA 6a1aHCOM NOTYXKHOCTI
Ta eIeKTpoeHeprii eNeKTPUUYHUX MmepeX AK 6anaHcytoyol
rpynu. Ha cbOrogHi akTyanbHOK € ONTUMI3aLliA pexumis
BAE 3 meTot MiHimi3auii BiaxmMneHb Bif 3aAB/NE€HOro Ha
HacTynHy £06y norognHHoro rpadika CyKynHoro Aas rpynu
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6anaHcyBaHHA reHepyBaHHA Peae(t) 3a 3apaHux obmexKeHb
Ha NepBUHHI eHepropecypcu Ta xapaktepmuctmkm BAE:

T 1 n
| =[Page(t)- P(1)] dt —min (1)
to 2 i=1

Ae Py (t) = 3aAB/I€HUIA NOrOAMHHUIA rpadik reHepyBaHHA

n
BAE Ha HacTynHy goby; > P(t) — cymapHe reHepyBaHHs n
i=1
eneKkTpocTaHuin 3 BAE, npueaHaHuxX Ao WWH 6anaHcyrodoi
rpynu.

3asBneHuin rpadik reHepyBaHHA Peae(t) dopmyeTbes B Ta-
KM crnoci6, wob 3abe3neumTv MakcuMmym Haaxo4KeHb Big,
peanisauii enektpoeHeprii BAE 3a «3eneHMm» Tapudom:

n t
> [zp(t)dt—>max (2)
=

Ae zi — «3en1eHnii» Tapud Ha BignyLeHy eneKkTpoeHeprito
eneKkTpocTaHuieto 3 BAE.

3agaui, 5K (1), Tak i (2), po3B’A3ytoTbcA 32 yMmoBM BanaHcy
Ha LUMHaX eNeKkTPUYHUX mepexk BanaHcyodoi rpynu axe-
pen enekTpoeHeprii Ta HaBaHTaxKeHHs (puc. 1):

PEEC(t)+iiPi(t)-J_:gijmj(t)iPGE(t)-AP(t)=O 3)

e P..(t) —noTyxHicTb LeHTPanizoBaHUX AxKepen enexTpo-

eHeprii, Aka MOXe NocTynaTv B Mepeky abo, HaBnaku, Bia-
[laBaTnCA 3 Hei B cUCTeMy; P (t) — NOTYXKHICTb NAaCUMBHMX i

Tni

AKTUBHUX» CMOXKMBAYiB eneKTpoeHeprii TpaHcdopmaTop-
HUX nigcTaHuin (TN); m — Kinbkictb TM; P (t) — NOTYXKHicTb,
AKa reHepyetbcA abo CMOXKMBAETLCA cUCTeMoto 3b6epe-
weHHa enekTtpoeneprii; AP(t) — TexHonoriuni BTPaTH

enekTpoeHeprii (TBE) B eN1eKTpuYHiit mepexi.

PEEC (t) PBIII.E () C3E
@ Peec(t) = Pppc(t)+Pgec(t)+,
P ()£ Pz (1)
TP

Puc. 1. banaHc nomyxHocmi 8 enekmpuyHili mepexci

Y 81pasi (3): P (t) = Pyec;(t) + Poeci(t) + Py reci(t) B Porc(t)s Pagc(t) s
Prec(t) ®EC, BEC i wmanux TEC;
Pese () = Pyry () + Py (1) £ P (1) £ P, (1) , Be Pyry(t), Py (t)

— MOTY}KHOCTi KOreHepawLifiHMX, NepeBaskHO ra3onopLwHeBKX,
Ta ra3oTypbiHHMX yCTaHOBOK, P, (t) — noTyskHicTb enexTpo-

—  MOTYXXHOCTI

Ximi4HMX Hakonuyysauis (- 3apag, + pospaa); Pg(t) — noty-

YKHICTb BOAHEBMX YCTAaHOBOK (— 3a paxyHOK BMpoBAeHoi
€NeKTPOoeHepril LWASXOM eN1eKTPoNi3y fL0byBaeTbC BOAEHD,
+ BOAEHb AK A06aBKa [0 rasy cnpauboByetbea B KIY Ta [TY).

3 HaApPOCTAaHHAM NOTYXHOCTIi Ta eneKktpoeHeprii BAE B
€/IeKTPOEHEPreTUYHIA  cucTemi  36inblyeTbea X Mipa
BignoBiganbHocTi 3a HebanaHcu [5, 6]. 30Kpema, ineTbea Npo

dopMyBaHHA NOroauHHUX rpadikie reHepyBaHHAa BAE Ha
HacTynHy o6y 3 iMOBIpHO MeHWWMM Mnoxmbkamu. [na
uboro B (3) Pi(t) BU3HAYAETLCA 3 ypaxyBaHHAM AerpagaLii
obnagHaHHA BAE [7-9], TaKOX BM3HAYalOTLCA ONTUMasbHI
nepetokn enektpoeHeprii BAE i C3E 3 miHimanbHMMK BTpa-
TaMM B €N1eKTPUYHI mepexi [10-12], ak cknaposa B8 AP(t)
BM3HaA4alOTbCA BTPATU Big, nepeTokis enekrpoeHeprii BAE i
C3E [13]. 3araniom Ha puC. 2 HaBeAEHi yMOBW BPErytoBaHHSA
BiANOBiZaNAbHOCTI 332 HebanaHcu enektpoeHeprii B EEC, 3
AKUX BUNAMBAE HEODXigHICTb BAOCKOHANEHHsA y4yacTi BAE B
cuctemi banaHcyBaHHA pexkmumis EEC. Mokaxemo, AK B Npo-
ueci 6banaHcyBaHHs pexkumis EEC BM3HauaeTbca po3nogin
noTy»KHocTi BJE no BiTKax eneKkTpMyHOi Mmepexi i po3paxosy-
IOTbCA B HUX BTPATU Big, NepeToKiB enekTpoeHeprii BAE.

ba3oBi IPUHHULUITN BPEryTIOBaHHS BiAMOBINAIBHOCTI 32 HEOAIAHCH EJICKTPOCHEPTii

'

'

V¢l ydacCHUKH PUHKY, KPiM
CIIO’KUBAYIB, SKi KyIyIOTh
CJICKTPOCHEPTIIO 3a
JIOTOBOPOM HOCTa4YaHHS
€JIeKTPUYHOI eHeprii
CIOXXUBAdy, HECYTh
BiAMOBimaIBHICTE 32 CBOT
HeOAaNaHCH eIeKTPUIHOT
eHeprii

‘YyacHUK pUHKY Ma€ CTaTH
CTOPOHOIO, BiJIIIOBIIATEHOIO
3a OayaHc, abo mepenaTu
CBOIO BiJIIOBIIAJIBHCTH 1HIIINA
CTOPOHI, BiAMOBINANIBHIH 32
balaHC, IUIIXOM BXOKEHHS
110 GanaHCyI040i Tpynu 3
METOIO BpPEryJIIOBaHHS
Hebanancis 3 OCII

CropoHH 3000B’s13aH1 HECTH
(iHaHCOBY BiIIOBIAATIBHICTD
3a HeOaJlaHCH eJIeKTPUYHOT
eneprii nepex OCII

Puc. 2. ba3zosi npuHyunu spezyn08aHHA 8i0nNoegidanbHocmi 3a HebasaHcu enekmpoeHepaii

10
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KoediuieHTM po3noaginy noTyXXHoOCTi By3niB No BiTKax
€/IeKTPUYHOI MepeXKi i BTpaT NOTYXKHOCTi reHepyBaHHA
B/AE y BiTKax eNeKTPUUYHOI mepeKi. 3HauyeHHA NOBHOI NOT-
YXKHOCTi Ha MOYATKY i B KiHLi KOXHOI BITKM CXeMMW BU3Ha-
YaeTbCA 33 GOPMY/IOLO:

SB:'\/ngzp'Mz XTq (4)

ae Um—,qiarOHaana MaTpULA HaMNPyry y By3nax, BKAOYHO

3 BbanaHcysanbHumm; Ms — maTpuua 3’eaHaHb BITOK y BY3-

N1ax, BK/AOYHO 3 6anaHcyBabHUMU; !u|— AiaroHasnbHa mart-
~~

puuA CTPyMiB y BiTKax cxemu (TyT i gani sHak 03HaYaE,

LLLO MaTpu1LA abo BEKTOP € CNPSAXKEHUI).

Y [11] BM3HAYalOTbCA CKAAAOBI MOTYXKHOCTI Yy BiTKaX efieK-
TPUYHOI MepeXi Big, NOTYXXHOCTI BY3/iB:

SBB,CI,E =DSB,£I,E (5)

ne SBBAE — BEKTOpP NnepeTikaHb Y BiTKax CXemun NOTYXHOCTI,

CNPUYMHEHMI NOTYKHicTio By3niB 3 BAE; S — BEKTOop no-

BAE
TY)KHOCTEW BYy3AiB, LLO BignoBigatoTb By3nam cxemu 3 BAE;

D=(UAMZ)6L'J_A1 — MaTpuuA KoediljieHTiB, WO NoKasy-
0Tb, AKY YacTKy B CYMApHi/i MOTYMKHOCTi KOMHOI BiTKM
BMK/NIMKAE MPOTIKAHHA MO Hill MOTYXKHOCTi Bif, KOXHOro
BY313; C=Z-BlM2t(Mzzi31MZt)-1 — MaTpuuA posnoainy 3a-
[3al04nX CTPYMIB Y By3nax J no BiTKax cxemm, Zg — pjaro-

Ha/ibHa MaTpPULA KOMMEKCHUX OMOpPIB BiTOK CXeMW eflek-
TPUYHOT MepeXxi.

BianoBigHO, BEKTOP CyMapHMX BTPAT Y BiTKaX eNeKTpUYHOI
mepexki 3anuweTbes Ak [13]

AS, =V xSs (6)

oy =1 L .
ne V:(UtMZ)CUA — maTpuua KoedilieHTiB po3nogainy
BTPAT NOTYKHOCTI Yy BiTKaX CXEMW 3aN1€XKHO Bif, MOTYXKHOCTI
y sysnax cxemu; Uy =nUs, — tpaHcnoHosaHuii sektop

Hanpyru y By3/1ax, BKAOYAOYHO 3 6anaHcyBasibHUMU, Ny —
OOMHWYHMUI TPAHCNOHOBAHMIN BEKTOP.

Bupas gns BTpaT NOTYXKHOCTI B 3a4aHilt i-1 BiTUi 3 (6) nepe-
nuLeTbCA:

ASgi =ViSs (7)
ne V; =(UMy)CU; .

Pa3om 3 BU3HaAUEHHAM 3HAYEHHA | NOXOAKEHHA eNeKkTpoe-
Heprii y BiTKax cxemu, WO po3paxoByeTbcs 3a (5), BTpatu
NOTYXHOCTI Y 3a4aHii BiTUi (BiTKax) eneKkTpUUYHOI Mepei
BiZ, NPOTiIKaHHA B Hili enekTpoeHeprii BOE BM3Ha4atoTbCA 3a
ponomoroto (7). Ans uboro po3paxoBYETLCA BEKTOP-PALOK
VimaTpuui po3nogainy BTpaT V 3 yTOUHEHHAM Hanpyru y Bys-
Nax BignoBigHO A0 3HAaYEHb NOTYXKHOCTEMN Y LIMX XKe By3nax
MepeXi i BM3HAYaAOTbCA CKAAJOBI BTPAT MOTYXKHOCTI.
BTpat BW3HaA4alOTbCA OKPEMO Bif, MOTYXKHOCTI HaBaHTa-
YKEHHA | NOTYXKHOCTi reHepyBaHHA:

ASi=ViSs = Y visi+ 3 Vs
iIGH jleBﬂ'

(8)

e V — eNleMeHTU BEeKTOp-pAaKa VI ; § — eNeMeHTH BeKTopa
NOTYXXHOCTe By3nis Sy ; GH i em — Macusu BY3niB
BignosigHO A0 HaBaHTaxkeHb i BAE. Cnucok By3nis 3 BAE
eBﬂ MOMKe CKNafaT1ea 3 o4HOro abo AeKinbKox By3iB 3a-

NIeXHO Bif, TOro, KoM BTPATU Y BiTLLi BU3HAYAKOTLCA Big, 0A4-
Horo BZE a6o ix rpynu.

BTpaTu noTy)KHOCTi U eneKTpoeHeprii Big notokis BAE B
6anaHcyloviit arperaTtoBaHiii rpyni. aa noctynosoro ne-
pexoay BAE oo 6anaHcyroumx arperoBaHux rpymn, a TakoX
oKkpemux BAE Ak arperatopiB HeObXiZAHO BMKOHATW MEBHI
ymoBu. [na ydyacTi B ayKuUioHax 3asBneHi rpadiku reHe-
pyBaHHA enekTpoeHeprii MOBUHHI 6yTW 3 ypaxyBaHHAM i
BTPAT Y Mepe’Kax, OCKi/IbKM CNOXKuUBaYi, AKi BMOTUBOBAHI Ha
NOXOAMKEHHSA eNeKTpoeHeprii, BUMaraTUMyTb rapaHTii He
TiNbKM WoA0 i noxogxeHHA, a W il KinbkocTi. 3 on-
TUMI3aLielo BTpaT e/IeKTpoeHeprii noB’A3aHa 3a4a4a Tpacy-
BaHHA MOTOKiB enekTpoeHeprii BAE 3 ypaxyBaHHAM npo-
MYyCKHOI 34aTHOCTI NiHilA enekTponepeaaBaHHA Ta AKOCTI
eNneKkTpoeHeprii.

Mpn BWM3HAYEHHI NOTYXKHOCTI Ta BTPAT €/EeKTPOeHeprii 3
BiAHOB/IOBAHMX AKepen eHeprii HeobxiAHO BpaxoByBaTH
ocobnusocTi poboTv BAE B enekTpUUYHUX Meperkax Ta ix
MIHNMBICTb reHepyBaHHA. Kpim TOro, ix NOTy»KHiCcTb, Yyepes
3aNEeXHICTb  Big, NPUPOAHMX YMOB npoTArom Aobwu,
3MIHIOETLCA B AOCUTb LUMPOKOMY Aiana3oHi — Bi4 Hyna o
BCTaHOBAEHOi NoTyxHocTi. PEC npautoe Amwe BaeHb i TO 3a
HeHopmOBaHMM rpadikom. MOTyKHICTb BiTporeHepaTopis
3a/1eXKUTb Bif, CUIN BITPOBOrO NOTOKY, AKA TaKOX MOCTIMHO
3MiHIOETbCA (AMB. rpadik BUpobHMLTBA Ha puc. 3). OTxe,
e/1eKTpoeHepria Ta BTPaTH eNeKTpoeHeprii, CNPUYMHEHI no-
ToKamu enektpoeHeprii PEC Ta BEC B eneKTpuyHUX mepe-
KaX, TAKOXK 3MiHIOIOTbCA, WO HeobxigHO BpaxoByBaT nNpu
OUiHUi NOXMOKM MPOrHO3yBaHHA FeHepyBaHHA i CMOXMK-
BaHHA eneKkTpoeHeprii. Ha puc. 3 Ak npMKknag nokasaHo 0-
608U rpadik NPorHosy Prp, Ha AKMI PO3PaX0OBYE CMOXKMBAY
enektpoeHeprii Big BEC. ®aktnyHo ao Hboro Big BEC 3a
NiYMNBHUKOM HaaxoauTb Pg. Moxmbka ana cnoxusada
BM3HAYaETbCA AK Py — Prp. AKLLO BpaxyBaTh BTpPaATH B efek-
TPWYHI MepeXKi Ha TpaHCNOPTYBaHHA Pnp 4,0 CNOXKWBAYA, TO

noxubka Bu3Hauaetbes Ak Py -P . flKwo cnoxwusay

e/leKTpoeHeprii € aKTUBHMM, TO /19 HbOTO TaKe 3MEHLIEeHHA
NOXMBKM AK ANA arperatopa € CyTTEBUM.

BTpaTn eneKktpoeHeprii — ue cyma BTPAT NOTYXKHOCTI B yCiX
pexnmax mepeKi 3a pospaxyHKkosuit nepioa, T:

Zn:APi xAt;

i=1

T
AW = [AP(t)dt ao AW = (9)
0

he AP(t) — anpoKkcMmoBaHui rpadik 3miHM BTPAT NOTYXK-
HocTi npotarom vacy T; AP, —BTpaTu NOTY>HOCT, AKi NpKii-
MatoTbCA NOCTIMHMMM NpOTArom yacy At;; n — KinbKicTb iH-
TepBanis, Ha AKi po3buTo rpadik amiHn BTPaT AP(t) (AKWO
At, =At=const,To n=T/At).
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flka 3 popmyn (9) byae BMKOpPUCTaHa, 3a0e€KUTb Bif, NocTa-
HOBKM 33jaui Ta 3abe3neyeHHsA AaHWUX. Buxoaumo 3 Toro,
Wo po3B’A3yeTbcA 3adava HanaHcyBaHHA eneKTpoeHepril
Ha HacTynHui feHb y pexumax EEC, i auctaHuiliHe
BMMIPIOBAaHHA NapamMeTpiB peXxumy [OCTyMHe ANnA BCiX
BY3/1iB eNeKTpMUHOi mepexKi. Mpu ubomy rpadikm supob-
HuuTBa BAE € nporHo3oBaHMMM Ta Big,oMUMM SBAE (t),aTa-

KOX BigOMi QaKTUYHi 3HaYeHHs BMPOOGIEHOI enekTpoe-
Heprii BAE 3a gaHMmu cuctemn KomepuinHoro o6iky
enekTpoeHeprii (ACKOE) Ha iHTepBanax Yacy At.

P, B.O.
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Puc. 3. Mpuknao dobosux epadhirkie pakmu4yHo20 ma npo-
2H0308aHO020 2eHepy8aHHA BEC

3HaueHHA AP(t) BU3Ha4YaloTbcA 3a rpadikamu NporHo-

3yBaHHA NOTY}KHOCTI P(t) i Q(t) y By3nax BAE. Hanpuknaga, ana

i-i BEC (guB. pu1c. 3) BTpaTV eneKkTpoeHeprii BU3HavyatoTbCA:

tK
AWz, = [ AP (tidt
to
(10)
AW, —ZAPB”;’E
ren=(t -t))/At.
Akwo Waetbca npo BAE 6anaHcyrouoi rpynu, TO
AWghe = > AWR. .
'IeBﬂ.

®PaKTMYHI 3HaYeHHA BTPAT MOTYXHOCTI Ana Tiei camoi BEC
BM3HAYaloTbCA B TaKuMit cnocib:

-y
i=1

3HayeHHA QaKTUYHWUX BTpaT eneKTpoeHepriT Big, BAE 6a-

NIAHCYYO0I rpynu AWE;‘}1E z AW, BLI,El'
|I93ﬂ

AWS PP At

BAEi (11)

AKWO NPOrHo3Hi Ta paKkTUYHI 3HAYEHHA BTPAT NOTYKHOCTI
npueeaeHi Ao TOro camoro nepioay, To BU3HAYa€TbCA MNO-
XMbKa NporHo3y BTPAT MOTYXKHOCTI Npu HGanaHcyBaHHI pe-
*umy EEC:

-AWS

np
_ AW BAE 100%

B/IE

AWgpe

(12)

BianoBigHO A0 3HaYeHHA NOXMBKM & po3paxoByETbCA [,04AT-
KOBa MOTY}KHICTb A0 MOTYXHOCTi A1A 3aMilLLeHHA BTPaT Bif
BAE maHeBpeHUMK noTyxHoctamn EEC abo C3E [12]. BHa-
CNiAOK NPOrHO3yBaHHSA NOTYXKHOCTI i-i BAE Pnp TaKOX NOKpa-
LYETbCA A0AaBaHHAM / BiAHIMaHHAM BignNoBiAHOro 3Ha-

APy -

Mpyn BU3HAYaHHI KiNbKOCTI enekTpoeHeprii Big, i-ro BAE, wo
Wd’

cnj’

YeHHA A0 NPOrHO30BAHOrO 3HAYEeHHA MNOTYXHOCTI

HaaxoauTb A0 j-r0 CrnoXKMBaya AN KOPEKTHOCTI

odpopmneHHs cepTudikaTa rapaHTOBAHOrO MOXOAKEHHSA
eneKTpoeHeprii HeobxigHO BpaxyBaTU BTPATU B Mepexi:

-AWS

(ASERVAL BAEi

cnj BAEi (13)

Mpuknap. Mpuknagom pna inoctpalii metoay BMU3Ha-
YeHHA NOTOKiB eneKkTpoeHeprii BAE y BiTKax cxemu i BTpaT
B HUX CKOPUCTAEMOCA TeCcToBOK 14-By3/I0BOID CXEMOIO
IEEE, B AKil1 06’egHaHO ABa Knacu Hanpyru, 230 Ta 110 kB
(puc. 4). Y By3nax 6 i 8 nob6aBNe€HO COHAYHY i BITPOBY eflek-
TpocTaHuii 1520 MBT Ta Y3E. BianosigHo A0 3anponoHo-
BaHoro anroputmy [13] cdopmoBaHO MacMB AaHUX Ta BU-
KOHAaHO pPO3paxyHKU maTpuub KoediuieHTiB posnoginy
NOTYXHOCTI BY3NiB NO BiTKax eneKTpuyHoi mepexi D i
BTPAT NOTYXHOCTi reHepyBaHHA BAE y BiTKax eneKTpuyHoi
mepexi V, a TakoXX BM3HAYEHO BTPATM esleKTpoeHeprii y
BiTKaX CXeMM, BUKAMKAHMX NOTOKamu enektpoeHeprii PEC
i BEC. Ik cnouBay eneKkTpoeHeprii, Wo 3aLikaBneHui B
enekTpoeHeprii Big BAE, ana npuknaay BU6 paHnii CnoxKu-
Bay y By3ai Ne 9.

[na nopiBHAHHA BMKOHAHO PO3PaxyHOK PeXUMY Mepexi
6e3 BAE i 3 BAE 3 HaBaHTaXKeHHAM i reHepyBaHHAM Ha
12.00 rop. BtpaTtm noty:HocTi 6e3 BMAE cTaHoBAATbL
10,12 MBT. [na cnoxkmBaya y By3Ai N2 9, mOTy»XHicTb AKOro
27,95 MBT, BM3HQY€HO MOTOKM MOTY)KHOCTI Yy BiTKax, WO
nia’eaHaHi 4o Hboro: Psg = 27,53 MBT, P79 = 10,99 MBT,
Pg.10 = -3,20 MBT, P9.14 = -7,36 MBT. Ha puc. 5 HaBeaeHa
MaTpuus KoedilieHTIB po3noAiny MOTyXKHOCTi By3/iB Mo
BITKax eNeKkTpuyHoi mepexi D, 3a sikoto 3rigHo 3 (5) 3a Thx
YK€ HaBaHTa)XeHb Yy BYy3/1aX CXEMW i BK/IOYEHOMY reHe-
pysaHHi BAE (Ps =15 MBT, Pg = 20 MBT) po3paxoBaHo no-
TOKM NOTYMKHOCTI Y BiTKax. 30Kpema, NOTOKN NOTYXKHOCTI Y
BiTKax, WO iHUMAEHTHI go By3na Ne 9, byayTb TaKi:

P49 =22,71 MBT, P79 = 15,27 MBT, P9-10 = -2,88 MBT,

Po-14 =-7,16 MBT. BHacnigok reHepyBaHHA BAE 3miHunnca
nepeToKM MOTYXKHOCTI Yy BiTKaX CXeMu mepeKi. 3miHnnumca
TAKOX MOTYXHOCTI Y BIiTKax, WO XWBAATb CNOXWBaya y
By3ni Ne 9. [lo cnoxkmnsaya y By3ni N2 9 Big PEC noTyKHicTb
He HagxoauTb, a Bia BEC HagxoauTb 15,27 MBT, abo
54,6 %.
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Puc. 4. Cxema enekmpu4Hoi mepexci

Ha puc. 6 HaBeaeHO mMaTpuuto KoedilieHTIB BTPAT NOTYX-
HocTi reHepyBaHHA BAE y BiTKax enekTpuyHoi mepexki V. 3a
uieto matpuueto KoediuieHTiB 3rigHo 3 (6) BM3HayeHo
BTPATK B pexkmmi o0 12.00, aki ctaHoBuAn 6,59 MBT, Ta no-
6ynoBaHo Aiarpamy BTpaT y mepeki 6e3 BAE i 3 BAE
(pnc. 7). Y pexkumi 12.00 BTpaT NOTYKHOCTI B Mepexi 3
BAE 3meHwwunuca Ha 10,12-6,59 = 3,53 MBT, abo Ha
34,88 %. 3rigHO 3 pgiarpamolo Ha puc. 7, AKWO BBaXKaTu
3,53 MBT MaKCMMaZibHUM 3HUMKEHHAM BTPAT, @ YaC MaKCu-
ManbHWUX BTPAT 6—7 roa, TO OTPUMAEMO 3MEHLLEHHA BTpaT
eneKTpoeHeprii 3a 4,00y 3a paxyHOK reHepyBaHHA BAE
23 MBT-roga.

~
~

LLlono BMOTMBOBAHOIO OTPUMYBATU €JIEKTPOEHEPrilo Big,
BAE cnokmeaya y By3ni N2 9 1a iHwmx. OyeBnaHO, WO ma-
I0Tb B6YTW y3roAeHi 3 ABOX CTOPIH NoroguHHi A0608i

rpadikm reHepyBaHHA Big BAE i cnoxmBaya enekTtpoe-
Heprii. Ona BigCYTHOCTI MOXMOKM MiK NPOrHO30BaHUMM
rpadikammn reHepyBaHHA i CMOMMBaAHHA Ta (GaKTUYHUMMU
rpadikamu HeobxigHO BpaxoByBaTW BTPaTH eleKTpoeHepril
nig, 4ac ii TPaHCMOPTYBAHHA, ONA 4YOro PO3PAXOBYETLCA
Aiarpama BTpaT Ha KLWTAANT Ti€l, Wo Ha puc. 7. AK npointocT-
pOBaHO Ha puc. 3, NOXMBKA MiXK NPOrHO30BaHUMM i GaKTUY-
HUMK rpadikamn moKe ByTu miHimanbHa. B ymoBax 3poc-
TaHHA LiH Ha eHepropecypcy, aediunTy eHeprii MiHiMmi3auia
BTpaT i ebekTMBHE 061iKOBYBAaHHA afpECHOrO CNOXKMBAHHA
HabyBae cTpaTeriyHoro 3HayeHHA. Came Tomy 3acTocy-
BaHHA aNropuMTtMy BM3HAYEHHA BTPAT e/IeKTpoeHeprii Ta
BMNPOBAAKEHHSA IHTENEKTYaIbHUX CUCTEM KEPYBAHHA NOTO-
KaMM NOTYXKHOCTi B PO3MOAINbUYNX ENEKTPUYHUX MepeKax 3
BAE € BaxknuBum ana ob6rpyHTOBaHOI Komepuianisau,ii npo-
Lecy e/IeKTPONOCTaYaHHA.
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8 9 10 11 12 13 14
0974 1.018 1.020 1.014 1.009 1.012 1.019
0.226 0.234 0.232 0.226 0.221 0.223 0.230
0.443 0.459 0.457 0.445 0.435 0.438 0.453
0.333 0.353 0.359 0.368 0.378 0.376 0.365
-0.568 -0.598 -0.603 -0.610 -0.616 -0.615 -0.606
0.474 -0.457 -0.423 -0.336 -0.255 -0.275 -0.381
0.220 0.228 0.226 0.221 0.216 0.217 0.225
0.438 0.525 0.592 0.738 0.882 0.855 0.685
0.701 0.549 0.522 0.445 0.380 0.398 0.497
0.498 0.631 0.601 0.514 0.440 0.460 0.573
-0.564 0.323 0.310 0.271 0.239 0.248 0.296
1.000 0.000 0.000 0.000 0.000 0.000 0.000
-0.163 -0.191 0.724 0.521 0.272 0.231 -0.009
-0.164 -0.192 -0.277 0.524 0.274 0.233 -0.009
-0.166 -0.195 -0.280 -0.481 0.277 0.236 -0.009
0.102 0.120 0.069 -0.055 -0.236 -0.296 -0.638
0.019 0.022 0.013 -0.010 0.600 0.132 0.070
0.019 0.022 0.013 -0.010 -0.398 0.131 0.070
0.100 0.118 0.068 -0.054 -0.232 -0.290 0.374
0.083 0.097 0.056 -0.045 0.163 0.575 0.308

5. Mampuus KoegiuieHmis po3nodiny nomyxcHocmi 8y31ie ro 8imKax enekmpu4yHoi mepexci

8 9 10 11 12 13 14
0.040 0.043 0.043 0.042 0.041 0.042 0.043
0.012 0.013 0.013 0.012 0.012 0.012 0.013
0.013 0.014 0.001 0.013 0.013 0.013 0.0143
0.006 0.007 0.007 0.007 0.007 0.008 0.006
0.036 0.004 0.039 0.039 0.040 0.039 0.041
0.005 0.005 0.004 0.003 0.001 0.002 0.003
-0.005 -0.006 -0.005 -0.005 -0.005 -0.005 -0.006
-0.079 -0.098 -0.108 -0.127 -0.147 -0.143 -0.121
-0.136 -0.123 -0.118 -0.102 -0.089 -0.092 -0.113
-0.043 -0.053 -0.051 -0.044 -0.039 -0.040 -0.049
0.007 -0.006 -0.006 -0.006 -0.005 -0.005 -0.006
0.042 0.000 0.000 0.000 0.000 0.000 0.000
0.001 0.001 -0.003 -0.002 -0.001 -0.001 0.000
-0.001 -0.001 0.002 0.003 0.002 0.001 -0.000
-0.002 -0.003 -0.003 -0.006 0.003 0.003 -0.000
0.002 0.002 0.001 -0.001 -0.004 -0.005 -0.011
-0.000 -0.000 -0.000 0.000 -0.008 -0.002 -0.001
0.000 0.000 0.000 0.0 0.000 0.000 0.000
-0.002 -0.002 -0.001 0.001 0.044 0.005 -0.006
-0.001 -0.001 -0.002 0.001 -0.002 -0.007 -0.004

Puc. 6. Mampuuys KoegiyieHmie empam nomyxcHocmi 2eHepy8aHHA BAE y gimkax enekmpuyHoi mepexci

2 3 4 5 6 7
1-2 0.822 0.754 0.655 0.592 1.005 1.014
2-3 -0.029 0.583 0.148 0.100 0.219 0.234
2-4 -0.060 0.107 0.298 0.202 0.431 0.461
2-5 -0.081 0.044 0.188 0.271 0.378 0.346
1-5 -0.181 -0.274 -0.380 -0.440 -0.616 -0.592
5-4 -0.080 -0.275 -0.492 0.269 -0.239 -0.493
4-3 -0.030 -0.417 0.148 0.100 0.214 0.228
5-6 0.006 0.024 0.040 -0.021 0.888 0.447
4-7 -0.003 -0.010 -0.018 0.009 0.359 0.717
D=| 4-9 -0.003 -0.013 -0.021 0.011 0.416 0.509
7-9 -0.002 -0.008 -0.014 0.007 0.229 -0.580
7-8 0 0.000 0.000 0.000 0.000 0.000
9-10 -0.003 -0.011 -0.018 0.010 0.299 -0.167
10-11 -0.003 -0.011 -0.019 0.010 0.301 -0.168
11-6 -0.003 -0.011 -0.019 0.010 0.305 -0.171
9-14 0.002 0.006 0.012 -0.006 -0.188 0.105
6-12 0.000 0.001 0.002 -0.001 -0.035 0.019
12-13 0.000 0.001 0.002 -0.001 -0.035 0.019
13-14 0.002 0.006 0.015 -0.006 -0.184 0.103
13-6 0.002 0.005 0.009 -0.005 -0.152 0.085
Puc.
2 3 4 5 6 7
1-2  -0.007 0.0007 -0.002 -0.003 0.041 0.0419
2-3  0.001 -0.017 -0.0056 -0.004 0.011 0.0128
2-4 0.002 -0.002 -0.008 -0.006 0.012 0.0141
2-5  -0.005 -0.0008 -0.004 -0.006 0.008 0.007
1-5 -0.001 -0.004 -0.008 -0.012 0.039 0.037
5-4 -0.000 -0.0012 -0.0028 0.002 0.001 0.005
4-3 0.015 -0.0027 0.0014 0.001 -0.005 -0.006
s-6 0.019 0.023 0.032 0.042 -0.147 -0.083
4-7 0.007 0.035 0.051 0.036 -0.085 -0.142
v=| 4-9 0.000 0.013 0.019 0.013 -0.037 -0.044
7-9  0.000 0.000 0.000 0.000 -0.005 0.007
7-8 0.000 0.000 0.000 0.000 0.000 0.000
9-10 0.000 0.000 0.000 0.000 -0.001 0.001
10-11  0.000 0.000 0.000 0.000 0.002 -0.001
11-6 0.000 0.000 -0.002 0.000 0.004 -0.002
9-14 0.000 0.000 0.001 0.000 -0.004 0.002
6-12 0.000 0.000 0.000 0.000 0.001 -0.000
12-13  0.000 0.000 0.000 0.000 0.000 0.000
13-14 0.000 0.000 -0.002 0.000 0.0004 -0.002
13-6 0.000 0.000 0.000 0.000 0.002 -0.001
BucHoBKMU

36iNbWEHHA YACTKM e/IEKTPOEHEPTii B e/1eKTpoeHepreTny-
Hin cuctemi (EEC), BupobneHoi BiAHOBNIOBAaHMMM ArKepe-
namu eHeprii (BAE), pobutb akTyanbHUM 33434y BUKOPWC-
TaHHA ix npu 6anaHcyBaHHi pexumis EEC. MNMos’A3aHo e 3
TaKUMU paKTopamu, AK 3aN1EXKHICTb reHepyBaHHA NOTYKHO-
cTi BAE Big npnpoaHnx ymoB, HecTaya MaHEBPEHOT NOTY K-
HocTi B EEC ana KomneHcauji HectabinbHOCTI reHepyBaHHA
BAE nig, yac 6anaHcyBaHHA, BiaXif Ha eHepreTMYHoOMy pu-
HKY Big, «3eneHux» Tapudis 40 y4acTi B ayKLiOHaXx, nepexisg,

Bif, 6anaHCyOUMX rpyn Ha ymoBax [apaHTOBaHOro NOKynus
3i WTpadHMMM CaHKLIAMKW A0 arperoBaHux BanaHcyoumx
rpyn Ta OKpemMuX He3anexHwux arperatopis. MigBuLEeHHA
eHeproedeKTUBHOCTI BUKOpUCTaHHA BLE B eneKkTpoeHepre-
TUYHIA CMCTEMi BMMArae peTesIbHIWOro BM3HAYEHHA iX
BM/IMBY HA TEXHIKO-€KOHOMIYHI NapameTpu eneKTPUYHMX
Mepex.

O4HMM 3 XapaKTepHUX NOKasHuKis snamsy BAE Ha eKOHO-
MIYHICTb pEeXUMY eNeKTPUYHUX MePEXK € BTPATWN enekTpoe-
Heprii B HUX, | 30Kpema BTpPaTW Bifg, NepeToKiB NOTYXKHOCTI
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Big BAE, ski BpaxoByOTbcA Npy BUBOPI y4acHUKIB arpero-
BaHWX rpyn. MoKasaHa MOXAUBICTb 3aCTOCYBaHHA MeToay
BM3HAYEHHA BTPAT Y MeperKax, B OCHOBY AKOro MoK/aAafeHo
MaTeMaTUYHy MOAeNb 3 BUKOPUCTAHHAM MaTpuui Koediui-
€HTIB BTPAT MOTYXHOCTi reHepyBaHHA BAE y BiTKax enekr-
PUYHOI Mmepei. 3HaYyeHHA BTpPAT efleKTpoeHeprii B

eNIeKTPUYHUX MeperKax, BUKNNKaHuX BAE, MOXXyTb BUKOpU-
CTOBYBATMCA Nif, Yac ONepaTMBHOro NAaHyBaHHA BanaHcy
enektpoeHeprii B EEC. OCKinbKK Ui BTPATK € agpecHnUMun, To
iX BapTiCTb MOXe BiAMOBIAHO KOMMEHCYBaTUCA arperaTo-
pamu, Wo pobUTb iX MOKAUBUMM i AOLINBHUMUK ANA NoAa-
NbLIOT Komepuianisaii.

Mpadik akTueHux BTpaT: 3 BAE / 6e3 BAE

01:00

00:00

14:00

- 3 BAE

02:00 Ges BAE

7:00

8:00

12:00

13:00

Puc. 7. liaepama smpam enekmpoeHepeii 8 mepeci 3a doby

Bu3HauyeHHA obcAry enekTpoeHeprii, OTPUMaHOi CnoXKunBea-
yamu Big BAE, HeobxigHe ana nigTBepAsKeHHA ii noxo-
OMKEHHSA, WO A,03BOMNTL 36ibWINTM 3aLLiKaBAEHICTb CNOXU-
Bayie i 3abe3neunTb BUMYCK NPOAYKLUii 3 3eneHum
MapKyBaHHAM. 3riiHO 3 MEeTOAOM BM3HAYAETbCA YaCTKa
€/1eKTPOCMNOXKMBaHHA KOHKPETHOMO CMOXKMBaya enekTpoe-
Heprii, Wo 3abe3neyyeTbca 3 BiAHOB/KOBAHOIO AXKepena
eHeprii, nia’eaHaHOro 40 eneKkTpuMyHOi mepexki. B ocHoBI
MeTOAY NEXUTb MaTeEMATUYHA MOAENb BU3HAUEHHA Koedi-
LIEHTIB pO3MOAiny NOTYXKHOCTi BiAHOB/IIOBAHUX AXKepen
eHeprii y BiTKax enekTpuyHOi mepexi. Po3paxyHKkamu Ta
aHani3om ix pesynbTaTiB NiATBEPAKEHO NO3UTUBHUIN BNAUB
B/E Ha pernm po3noginbyoi enekTpuyHoi mepexi 3a coo-
pMOBaHMWX 3a3aanerigb yMmoB. Pe3ynbTaTv po3paxyHKis ne-
peBipeHi Ha 14-By3n0Biit TecToBilt cxemi IEEE maTpuuHmum
MeTOZOM i NiATBEPAUNNCH pPe3yibTaTaMK KOMN IOTEPHOTO
MoZeNt0BaHHA B NPorpaMmHomy Komnaekci Power Factory.
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sis of RES, as well as for their gradual transformation into
aggregated groups and for individual RES units acting as ag-
gregators.

Tracing electricity flows from RES and assessing their consequences (including energy losses, impact on power
quality, transmission line capacity, etc.) constitute an essential component of the interactions between aggrega-
tors and other participants of aggregated groups, including consumers who are motivated by guarantees of origin
of electricity.

The paper proposes a method for determining the component of power and energy losses attributable to RES
within the total losses of electrical networks. The method is based on a matrix mathematical model of the electrical
network, which enables the determination of power flows in network branches and the associated losses. A matrix
of current distribution coefficients in network branches from nodes with RES, as well as nodal voltages, is deter-
mined. As a result, a matrix of power loss distribution coefficients in the network branches and branch power flows
is formed as a function of nodal power injections.

It is shown that the values of energy losses in electrical networks caused by RES can be used in the operational
planning of electricity balances in the EPS. Since these losses are addressable, their cost can be appropriately con-
sidered in the financial settlements between aggregators.

The paper presents the results of steady-state calculations for the IEEE 14-bus test system with two voltage levels
and multiple energy sources, including RES. To verify the adequacy of the proposed method, steady-state calcula-
tions were also performed using the PowerFactory software package. The obtained results confirm the validity
and adequacy of the developed method.
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RES — Renewable Energy Sources LEPS — Local Electric Power System
EPS — Electric Power System ESS — Energy Storage Systems
PVPP — Photovoltaic Power Plant TEL — Technical Electricity Losses

WPP — Wind Power Plant

Introduction and Problem Statement On the other hand, the variability of RES generation, caused
by its dependence on natural conditions, leads to a de-
The intensive integration of renewable energy sources crease in the operational efficiency of electrical networks
(RES) into the Integrated Power System of Ukraine (IPS of  and deterioration in the quality of electricity supply ser-
Ukraine) poses new challenges. These challenges are pri- vices provided to consumers. The variability of operating
marily associated with the insufficient adaptability of elec- modes of photovoltaic power plants (PVPPs), as well as
trical networks within the electric power system (EPS) to  wind power plants (WPPs), negatively affects the balancing
the operation of power plants based on renewable energy  reliability of the power system and its overall stability.
sources characterized by intermittent generation, as well as

i ’ X Ensuring the balance of power and electrical energy within
with the inadequate level of network automation.

the power system is possible through the integrated
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utilization of available flexible generation capacities, in par-
ticular, thermal and hydroelectric power plants. However,
due to various factors—both natural and those related to
the destruction of Ukraine’s energy infrastructure by the
Russian Federation—the available flexible capacity is cur-
rently insufficient.

As for modern technological solutions (electrochemical en-
ergy storage systems, hydrogen technologies, biogas tech-
nologies, coordination of generation and consumption
schedules, etc.), they remain largely prospective and are at
different stages of development and implementation
within electric power systems.

It is necessary to create favorable conditions not only for
the further development of renewable energy sources
(RES) within electrical networks of the power system, but
also for their optimal operation, while minimizing their neg-
ative impact on the technical and economic performance
indicators of the power system.

Depending on the point of RES connection to electrical net-
works and their installed capacity, reductions in electricity
transmission losses may be achieved; reliability indices
such as SAIFI and SAIDI may be improved; and significant
enhancements in power quality, as well as in the overall en-
ergy efficiency of the electricity supply system, may be at-
tained [1-4].

However, the potential of RES to improve the technical and
economic performance of the power system is offset or
substantially reduced by the necessity of maintaining costly
reserve capacity within the power system to compensate
for the variability of electricity generation from solar and
wind power plants.

During the operation of renewable energy sources (RES)
within the electric power system (EPS), the problem of bal-
ancing electricity consumption and generation is ad-
dressed, taking into account all energy sources in the sys-
tem. The complexity of this task lies in the probabilistic
nature of both consumption and generation within the EPS.
In the case of RES, when forecasting the day-ahead hourly
generation schedule, it is also necessary to account for the
variability in their power output depending on time and
meteorological conditions.

The participation of RES in EPS balancing is further compli-
cated by the fact that, despite their relatively small individ-
ual capacities, they are geographically dispersed across all
regions of the country, characterized by different meteoro-
logical conditions. Their number amounts to thousands and
continues to increase. Therefore, in order to ensure effec-
tive management of this process, RES are grouped into sep-
arate balancing groups, for which aggregated forecasted
hourly generation schedules are determined and submitted
to the State Enterprise «Guaranteed Buyer» [5, 6].

This approach proved effective for several years; however,
it currently requires further improvement. This necessity is
associated with the transition in RES generation planning
from the «feed-in tariff» mechanism to their participation
in the EPS through auction-based mechanisms

To enhance the efficiency of RES integration into electrical
networks under the new market conditions, a number of

challenges must be addressed. A fundamental shift is re-
quired away from the incentive mechanism based on re-
ducing discrepancies between forecasted and actual hourly
RES generation schedules through penalty sanctions im-
posed by the Guaranteed Buyer. The cost of forecast errors
may reach 20% or more of the revenue obtained under the
feed-in tariff scheme.

Therefore, a new mechanism for supporting RES within the
electric power system is required. Such a mechanism can
be effective only if accompanied by improvements in pro-
prietary forecasting methods and the establishment of effi-
cient balancing groups. One such form is an aggregated
group, defined as an association of small-scale producers,
energy storage units, active consumers, and other decen-
tralized energy resources for joint participation in the elec-
tricity market.

Participants in an aggregated group may include consumers
capable of adapting their loads in response to aggregator
decisions, thereby contributing to system balancing
through peak load reduction or load shifting. Energy stor-
age systems may also act as participants, providing ancillary
services to the Distribution System Operator (DSO), partic-
ipating in system balancing, and supporting network oper-
ation. Other decentralized energy resources, including hy-
brid systems (generation + storage + consumption), electric
vehicle charging stations, and similar assets, may also be in-
tegrated into aggregated groups.

Thus, in order to enhance the efficiency of RES in electrical
networks under new operating conditions, it is necessary
to: determine appropriate methods and means for reserv-
ing their generation; improve forecasting techniques for es-
timating electricity output volumes of RES-based balancing
groups and develop a methodology for determining the op-
timal composition of balancing aggregated groups of RES
producers; establish local electric power systems (LEPS)
and microgrids based on RES as a means of decentralizing
electricity generation; and develop intelligent control sys-
tems for LEPS (microgrids) capable of self-restoration of
power supply.

These tasks are inherently optimization problems and re-
quire comparative assessment of alternative solutions
based on technical and economic performance indicators.
Since RES utilize general-purpose electrical networks, the
primary evaluation criteria include their impact on network
operating parameters, such as the transmission capacity of
individual power lines and interconnection transformers, as
well as the overall energy efficiency of networks integrated
with RES (including reliability, technical electricity losses,
and power quality).

To assess the operational performance of electrical net-
works with RES, including LEPS and microgrids, an integral
indicator has been proposed, enabling comparative evalu-
ation of different electricity transmission and distribution
system configurations with the determination of general-
ized technical and economic indicators [7].

However, for a number of specific tasks—such as ensuring
guarantees of origin of electricity for consumers in the con-
text of decarbonization, as well as securing successful par-
ticipation of RES in auction-based mechanisms—it is
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necessary to determine optimal transmission paths (power
flow tracing) for delivering electricity generated by RES
with acceptable technical losses of energy and voltage.

The objective of this paper is to establish the conditions for
the optimal integration of renewable energy sources (RES)
into aggregated balancing groups. To this end, the network
branches that supply electricity generated by RES to con-
sumers are identified, and the corresponding power and
energy losses in the electrical network are determined.

Optimal Control of Power and Energy Balance in Electrical
Networks within a Balancing Group Framework. Today, it
is particularly relevant to optimize the operating modes of
renewable energy sources (RES) in order to minimize devi-
ations from the day-ahead hourly schedule of aggregated
generation for the balancing group Pres(t), subject to speci-
fied constraints on primary energy resources and the tech-
nical characteristics of RES:

tx 1 n
[ = [Pres(t) - LP(t))* dt —> min (1)
tg 2 i=1

where P, ((t) is the declared day-ahead hourly generation

n
schedule of RES; 2. Pl(t) is the aggregated generation of n RES

i=1
power plants connected to the buses of the balancing group.

Peps(t)

S

The declared generation schedule is formed in such a
way as to ensure the maximum revenue from the sale of
electricity generated by RES under the feed-in tariff
scheme:

n t
> | z{R(t)dt - max
i=1 to

(2)

where z; is the feed-in tariff for the electricity supplied by
the i-th RES power plant.

Both problems (1) and (2) are solved subject to the power
balance conditions at the buses of the electrical networks
of the balancing group, comprising generation sources and
loads (see Fig. 1):

Prps )+ 2P (1)- Jﬁl Prs (1) £Ps()-AP(H)=0  (3)

where P, (t) is the power of centralized generation
sources that may either be injected into or withdrawn from
the network; P_(t) is the power of passive and active elec-

tricity consumers connected to transformer substations

(TS); mis the number of transformer substations; P_(t) is
the power generated or absorbed by the energy storage
system; AP(t) denotes the technical electricity losses (TEL)

in the electrical network.

PRES(t) ESS

Peps (t) = Poypp () + Pyypp (t) +
+Pupp (B) £ Pegs (1)

TPr(t)

Fig. 1. Power Balance in the Electrical Network

In expression (3): P(t)=Pyypp;(t) +Pypp;(t) +Pyppi(t) , Where

Poyer(t) 7 Poypp(t) 7 Prypps (t) denote the power outputs of pho-

tovoltaic power plants (PVPPs), wind power plants (WPPs),
and small hydroelectric power plants (small HPPs);
Peos () = Pepyp (£) + Parys (t) £ Py (t) £ Pepes (t), where Peyp(t),
PGTUS(t) —the capacities of cogeneration units, typically gas

engine units, and gas turbine units, Pcc (t) - the power of

electrochemical energy storage systems (— charging, + dis-
charging); PB,(t) —the power of hydrogen units (- electricity
is consumed for hydrogen production via electrolysis; + hy-
drogen, used as an additive to natural gas, is utilized in CHP
units and gas turbine units).

As the share of RES capacity and electricity generation in
the electric power system (EPS) increases, their responsibil-
ity for imbalances also increases [5, 6]. In particular, this
concerns the formation of day-ahead hourly RES

generation schedules with reduced forecast errors.

For this purpose, in (3), Pi(t) is determined taking into ac-
count the degradation of RES equipment [7-9], and optimal
electricity flows from RES and energy storage systems (ESS)
with minimal losses in the electrical network are identified
[10-12]. As a component of the overall balance equation,
losses caused by electricity flows from RES and ESS are de-
termined [13].

In general, Fig. 2 presents the conditions for regulating re-
sponsibility for electricity imbalances within the EPS, high-
lighting the need to improve RES participation in the system
balancing framework.

The following section demonstrates how, in the process of
EPS balancing, the distribution of RES power across the
branches of the electrical network is determined and how
the corresponding losses due to RES power flows are calcu-
lated.
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Basic Principles of Balancing Responsibility for Electricity Imbalances

l

|

l

All market participants,

C.‘(CC‘P[ consumers who

buy electricity under supply

agreements from
clectricity supplicrs,
shall be responsible for
their own electricity

imbalances

A market participant
shall become a balancing
responsible party, or
transfer its responsibility
to another balancing
responsible party, including
through joining a balancing
group for the purpose of

regulating imbalances with

Parties are required to
bear [inancial responsibility
for electricity imbalances

to the TSO.

the TSO.

Fig. 2. Basic Principles of Balancing Responsibility for Electricity Imbalances

Power Distribution Coefficients of Network Nodes Across
Electrical Network Branches and Power Loss Distribution
of RES Generation in Network Branches. The value of ap-
parent power at the beginning and at the end of each net-
work branch is determined by the following expression:

S = V3% UspM; x Ty (4)
where Usp~ the diagonal matrix of nodal voltages, includ-
ing the balancing nodes; Mz — the branch-to-node inci-

dence matrix, including the balancing (slack) nodes; Ip—
the diagon’al matrix of branch currents (hereinafter, the su-

perscript denotes the complex conjugate of a matrix or

vector).
In [11], the components of power in the electrical network
branches attributable to nodal power injections are deter-
mined:

Snsres =DS (5)

RES

where § the vector of branch power flows caused

NBRES —

by the power injections at nodes with RES; S.. —the vector

RES
of nodal powers corresponding to the network nodes with
RES; D= (UDMZ)EU'Dl— the matrix of coefficients indicat-
ing the share of the total power in each branch caused by
the power flow from each node; C= Z;\}BM&(MZZ[\}BM& )'1
—the matrix of distribution of injected currents at the nodes
Jacross the network branches; zyg — the diagonal matrix
of complex impedances of the network branches;

Accordingly, the vector of total losses in the electrical net-

work branches can be written as follows [13]:
ASyg =V xS, (6)

where V =(U,M;)CU5 — the matrix of power loss distribu-
tion coefficients in the network branches as a function of

nodal power injections; U; =nUsp — the transposed vec-

tor of nodal voltages, including the balancing (slack) nodes;
nt— the transposed unit vector;

The expression for power losses in a given i-th branch from
(6) can be rewritten as follows:

DSygi = ViS5 (7)
where \/I =(UtMZi)éiUbl.

Together with the determination of the magnitude and
origin of electricity flows in the network branches calcu-
lated according to (5), the power losses in a given branch
(or branches) of the electrical network caused by the flow
of electricity from RES are determined using (7). For this
purpose, the row vector Vi of the loss distribution matrix V
is computed, with nodal voltages refined in accordance
with the corresponding nodal power values in the network,
and the individual components of power losses are deter-
mined. Losses are calculated separately for load power and
generation power:

DSygi =ViSy = T visi+ 3 s (8)
|I9L JIBRES

where V —the elements of the row vector \/I ; s—the ele-

ments of the nodal power vector Sz ; BLi Bres — the sets
of load nodes and RES nodes, respectively. The set of RES
nodes Bges may consist of one or several nodes, depending

on whether the losses in a given branch are determined for
a single RES unit or for a group of RES units.

Power and Energy Losses from RES Flows in an Aggregated
Balancing Group. For the gradual transition of RES to ag-
gregated balancing groups, as well as for individual RES
units acting as aggregators, certain conditions must be ful-
filled. In order to participate in auctions, the declared elec-
tricity generation schedules must take into account net-
work losses, since consumers motivated by guarantees of
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origin will require assurances not only regarding the origin
of electricity but also its delivered quantity. The optimiza-
tion of electricity losses is closely related to the problem of
tracing RES power flows while considering transmission line
capacity constraints and power quality requirements.

When determining the power output and electricity losses
from renewable energy sources (RES), it is necessary to
take into account the specific operational characteristics of
RES in electrical networks and the variability of their gener-
ation. Due to their dependence on natural conditions
throughout the day, RES power output varies over a wide
range—from zero to installed capacity. Photovoltaic power
plants (PVPPs) operate only during daylight hours and fol-
low a non-uniform generation profile. The output of wind
turbines depends on wind speed, which also continuously
varies (see the generation profile in Fig. 3). Consequently,
the electricity supplied and the associated losses caused by
power flows from PVPPs and wind power plants (WPPs) in
electrical networks also vary over time. This variability must
be considered when assessing the forecast error of electric-
ity generation and consumption. As illustrated in Fig. 3, an
example of a daily forecast profile Py is shown, which rep-
resents the expected power delivery from the WPP as as-
sumed by the consumer. In practice, the consumer receives
an actual power Pay from the WPP according to metering
data. The forecast error for the consumer is defined as: Pav-
Pov. If transmission losses in the electrical network associ-
ated with delivering Py to the consumer are taken into ac-
count, the error is adjusted accordingly. If the electricity
consumer is an active participant (active consumer), such a
reduction in the forecast error is significant, similar to its
importance for an aggregator.
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Fig. 3. Example of Daily Actual and Forecasted Generation
Profiles of a Wind Power Plant

Electrical energy losses represent the sum of power losses
over all network operating modes during the considered
calculation period T:

Zn:APi xAt,

i=1

T
AW = J.AP(t)dt or AW = (9)
0

where AP(t) —the approximated profile of power loss var-
iation over the time period T; AP, —power losses assumed
to be constant over time At;; n — the number of intervals
into which the loss variation profile is divided AP(t) (if
At, = At=const, then n=T /At).

The choice of which expression in (9) is applied depends on
the problem formulation and data availability. In this study,
we consider the day-ahead electricity balancing problem
for EPS operating modes, assuming that remote measure-
ments of operating-state parameters are available for all
nodes of the electrical network. In this case, the RES gener-

ation profiles are forecasted and known SRES (t) and the ac-

tual values of RES electricity generation are also available
from the commercial metering system (AMR/ASCAE) for
the time intervals At. The values of AP(t) are determined
based on the forecasted profiles of active and reactive
power P(t) and Q(t) at the RES nodes. For example, for the
i-th wind power plant (see Fig. 3), the electrical energy
losses are determined as follows:

e
= [ AP

RESi

AWHV

RESi

(t)dt
(10)
av C av

AWREsi = ;APRESi At
where n=(t _-t,)/ At.
If reference is made to the RES of a balancing group, then
AWF?I;IS = Z AWF?gSi .

T8ges

The actual values of power losses for the same wind power
plant are determined as follows:

i=1

The actual values of electrical energy losses from the RES of
the balancing group AWy, = Z AW, -

i1BRes

P2 At

AW RESi

RES (11)

If the forecasted and actual power loss values are normal-
ized to the same time interval, the forecast error of power
losses during EPS balancing is defined as follows:

AWEY, - AW

RES 100%
AW,

RES

5= (12)

According to the value of the forecast error §, the addi-
tional power required to compensate for RES-induced
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losses by flexible generation units of the EPS or by energy
storage systems (ESS) is calculated [12]. As a result, the
forecasted power of the i-th RES, Py, is further refined by
adding or subtracting the corresponding correction value to

the initially forecasted power. APZ

Pres, - When calculating the

volume of electricity supplied from the i-th RES to the j-th
consumer, WLajV network losses must be considered to en-
sure the proper issuance of the Guarantee of Origin certifi-
cate.

AWav‘

RESi

Wav

WLav RESi (13)

Example

To illustrate the proposed method for determining RES
electricity flows in network branches and the associated

losses, the IEEE 14-bus test system is used. This system
comprises two voltage levels, 230 kV and 110 kV (see Fig.
4). Photovoltaic and wind power plants with installed ca-
pacities of 15 MW and 20 MW, respectively, as well as an
energy storage system (ESS), are integrated at buses 6 and
8. In accordance with the proposed algorithm [13], a data
set was formed and the matrices of nodal power distribu-
tion coefficients across the electrical network branches, D,
and the matrices of RES generation power loss distribution
in the network branches, V, were calculated. In addition,
the electrical energy losses in the network branches caused
by power flows from the photovoltaic power plant (PVPP)
and wind power plant (WPP) were determined.

As an example of a consumer interested in electricity gen-
erated from RES, the load connected at bus No. 9 was se-
lected.
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Fig. 4. Electrical Network Scheme
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For comparison, steady-state calculations of the network
were performed both without RES and with RES at 12:00,
considering the corresponding load and generation levels.
The total power losses without RES amount to 10.12 MW.
For the consumer connected at bus No. 9, with a load of
27.95 MW, the power flows in the branches incident to this
bus were determined as follows: Psg = 27.53 MW, P79 =
10.99 MW, Pg.10=-3.20 MW, Ps.14 =-7.36 MW. Figure 5 pre-
sents the matrix of nodal power distribution coefficients
across the electrical network branches, D, according to
which, based on (5), power flows were recalculated for the
same nodal loads with RES generation enabled (Ps =15 MW,
Ps =20 MW) In particular, the power flows in the branches
incident to bus No. 9 are: P4.9=22.71 MW, P79=15.27 MW,
Pg-10=-2,88 MW, Pg.14 =-7.16 MW.

As a result of RES generation, the power flows in the net-
work branches have changed. The power contributions in
the branches supplying the consumer at bus No. 9 have also
been modified. No power from the photovoltaic power
plant (PVPP) is delivered to the consumer at bus No. 9,
whereas 15.27 MW, or 54.6%, is supplied from the wind
power plant (WPP).

Figure 6 presents the matrix of RES generation power loss
distribution coefficients in the electrical network branches,
V. Based on this coefficient matrix and according to (6), the
power losses at 12:00 were determined to be 6.59 MW, and
a diagram of network losses without and with RES was con-
structed (see Fig. 7). At 12:00, the power losses in the net-
work with RES decreased by 10.12 -6.59=3.53 MW, which

corresponds to a reduction of 34.88%. According to the di-
agram in Fig. 7, assuming that 3.53 MW represents the
maximum loss reduction and that the period of maximum
losses lasts 6—7 hours, the daily reduction in electrical en-
ergy losses due to RES generation amounts to approxi-
mately 23 MWh.

With regard to the consumer at bus No. 9 and other con-
sumers motivated to receive electricity generated from
RES, it is evident that the hourly day-ahead generation
schedules of RES and the electricity consumption schedules
must be mutually coordinated.

In order to minimize the discrepancy between forecasted
generation and consumption profiles and their actual val-
ues, it is necessary to account for electricity losses during
transmission. For this purpose, a loss diagram similar to
that shown in Fig. 7 is calculated.

As illustrated in Fig. 3, the deviation between forecasted
and actual profiles may be minimal. Under conditions of ris-
ing energy resource prices and energy shortages, the mini-
mization of losses and accurate accounting of addressed
(traceable) electricity consumption acquire strategic im-
portance.

Therefore, the application of the proposed algorithm for
determining electricity losses and the implementation of
intelligent power flow control systems in distribution net-
works with RES are essential for the justified commerciali-
zation of the electricity supply process.

2 3 4 5 6 7 8 9 10 11 12 13 14

1-2 0.822 0.754 0.655 0.592 1.005 1.014 0.974 1.018 1.020 1.014 1.009 1.012 1.019
2-3  -0.029 0.583 0.148 0.100 0.219 0.234 0.226 0.234 0.232 0.226 0.221 0.223 0.230
2-4 -0.060 0.107 0.298 0.202 0.431 0.461 0.443 0.459 0.457 0.445 0.435 0.438 0.453
2-5 -0.081 0.044 0.188 0.271 0.378 0.346 0.333 0.353 0.359 0.368 0.378 0.376 0.365
1-5 -0.181 -0.274 -0.380 -0.440 -0.616 -0.592 -0.568 -0.598 -0.603 -0.610 -0.616 -0.615 -0.606
5-4 -0.080 -0.275 -0.492 0.269 -0.239 -0.493 0.474 -0.457 -0.423 -0.336 -0.255 -0.275 -0.381
4-3  -0.030 -0.417 0.148 0.100 0.214 0.228 0.220 0.228 0.226 0.221 0.216 0.217 0.225
5-6 0.006 0.024 0.040 -0.021 0.888 0.447 0.438 0.525 0.592 0.738 0.882 0.855 0.685
4-7 -0.003 -0.010 -0.018 0.009 0.359 0.717 0.701 0.549 0.522 0.445 0.380 0.398 0.497
D=| 4-9 -0.003 -0.013 -0.021 0.011 0.416 0.509 0.498 0.631 0.601 0.514 0.440 0.460 0.573
7-9  -0.002 -0.008 -0.014 0.007 0.229 -0.580 -0.564 0.323 0.310 0.271 0.239 0.248 0.296
7-8 0 0.000 0.000 0.000 0.000 0.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000
9-10 -0.003 -0.011 -0.018 0.010 0.299 -0.167 -0.163 -0.191 0.724 0.521 0.272 0.231 -0.009
10-11 -0.003 -0.011 -0.019 0.010 0.301 -0.168 -0.164 -0.192 -0.277 0.524 0.274 0.233 -0.009
11-6 -0.003 -0.011 -0.019 0.010 0.305 -0.171 -0.166 -0.195 -0.280 -0.481 0.277 0.236 -0.009
9-14 0.002 0.006 0.012 -0.006 -0.188 0.105 0.102 0.120 0.069 -0.055 -0.236 -0.296 -0.638
6-12 0.000 0.001 0.002 -0.001 -0.035 0.019 0.019 0.022 0.013 -0.010 0.600 0.132 0.070
12-13 0.000 0.001 0.002 -0.001 -0.035 0.019 0.019 0.022 0.013 -0.010 -0.398 0.131 0.070
13-14 0.002 0.006 0.015 -0.006 -0.184 0.103 0.100 0.118 0.068 -0.054 -0.232 -0.290 0.374
13-6 0.002 0.005 0.009 -0.005 -0.152 0.085 0.083 0.097 0.056 -0.045 0.163 0.575 0.308

Fig. 5. Matrix of Nodal Power Distribution Coefficients in Electrical Network Branches
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2 3 4 5 6 7 8 9 10 11 12 13 14
1-2 -0.007 0.0007 -0.002 -0.003 0.041 0.0419 0.040 0.043 0.043 0.042 0.041 0.042 0.043
2-3 0.001 -0.017 -0.0056 -0.004 0.011 0.0128 0.012 0.013 0.013 0.012 0.012 0.012 0.013
2-4 0.002 -0.002 -0.008 -0.006 0.012 0.0141 0.013 0.014 0.001 0.013 0.013 0.013 0.0143
2-5 -0.005 -0.0008 -0.004 -0.006 0.008 0.007 0.006 0.007 0.007 0.007 0.007 0.008 0.006
1-5 -0.001 -0.004 -0.008 -0.012 0.039 0.037 0.036 0.004 0.039 0.039 0.040 0.039 0.041
5-4 -0.000 -0.0012 -0.0028 0.002 0.001 0.005 0.005 0.005 0.004 0.003 0.001 0.002 0.003
4-3 0.015 -0.0027 0.0014 0.001 -0.005 -0.006 -0.005 -0.006 -0.005 -0.005 -0.005 -0.005 -0.006
5-6 0.019 0.023 0.032 0.042 -0.147 -0.083 -0.079 -0.098 -0.108 -0.127 -0.147 -0.143 -0.121
4-7 0.007 0.035 0.051 0.036 -0.085 -0.142 -0.136 -0.123 -0.118 -0.102 -0.089 -0.092 -0.113
Vv=| 4-9 0.000 0.013 0.019 0.013 -0.037 -0.044 -0.043 -0.053 -0.051 -0.044 -0.039 -0.040 -0.049
7-9 0.000 0.000 0.000 0.000 -0.005 0.007 0.007 -0.006 -0.006 -0.006 -0.005 -0.005 -0.006
7-8 0.000 0.000 0.000 0.000 0.000 0.000 0.042 0.000 0.000 0.000 0.000 0.000 0.000
9-10 0.000 0.000 0.000 0.000 -0.001 0.001 0.001 0.001 -0.003 -0.002 -0.001 -0.001 0.000
10-11 0.000 0.000 0.000 0.000 0.002 -0.001 -0.001 -0.001 0.002 0.003 0.002 0.001 -0.000
11-6 0.000 0.000 -0.002 0.000 0.004 -0.002 -0.002 -0.003 -0.003 -0.006 0.003 0.003 -0.000
9-14 0.000 0.000 0.001 0.000 -0.004 0.002 0.002 0.002 0.001 -0.001 -0.004 -0.005 -0.011
6-12  0.000 0.000 0.000 0.000 0.001 -0.000 -0.000 -0.000 -0.000 0.000 -0.008 -0.002 -0.001
12-13  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.0 0.000 0.000 0.000
13-14 0.000 0.000 -0.002 0.000 0.0004 -0.002 -0.002 -0.002 -0.001 0.001 0.044 0.005 -0.006
13-6 0.000 0.000 0.000 0.000 0.002 -0.001 -0.001 -0.001 -0.002 0.001 -0.002 -0.007 -0.004
Fig. 6. Matrix of RES Generation Power Loss Distribution Coefficients in Network Branches
Active Power Loss Profile: with RES/ without RES
- Wwith RES
00:00 01:00 02:00 without RES
14:00 i5id6 12:00
Fig. 7. Daily Electrical Energy Loss Diagram in the Network
. the EPS to compensate for RES generation variability during
Conclusion

The increasing share of electricity generated from renewa-
ble energy sources (RES) within the electric power system
(EPS) makes their utilization in EPS balancing processes par-
ticularly relevant. This is caused by factors such as the de-
pendence of RES power generation on natural conditions,
the insufficient availability of flexible generation capacity in

balancing, the transition in the electricity market from
feed-in tariff schemes to auction-based participation, and
the shift from balancing groups operating under the Guar-
anteed Buyer framework with penalty mechanisms to ag-
gregated balancing groups and independent aggregators.
Improving the energy efficiency of RES utilization within the
electric power system requires a more thorough
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assessment of their impact on the technical and economic
parameters of electrical networks.

One of the key indicators characterizing the impact of RES
on the economic efficiency of electrical network operation
is the level of electricity losses, in particular, the losses
caused by power flows from RES, which are taken into ac-
count when selecting participants of aggregated groups.
The feasibility of applying a method for determining net-
work losses based on a mathematical model utilizing a ma-
trix of RES generation power loss distribution coefficients
in electrical network branches has been demonstrated. The
values of electricity losses in electrical networks caused by
RES can be used in operational planning of the electricity
balance in the EPS. Since these losses are addressable, their
cost can be appropriately compensated by aggregators,
which makes their further commercialization feasible and
economically justified.

Determining the volume of electricity received by consum-
ers from RES is necessary to confirm its origin, thereby en-
hancing consumer attractiveness and enabling the produc-
tion of goods with green labeling. According to the
proposed method, the share of electricity consumption of
a specific consumer supplied from a renewable energy
source connected to the electrical network is determined.
The method is based on a mathematical model for calculat-
ing the power distribution coefficients of renewable energy
sources in electrical network branches. The performed cal-
culations and the analysis of their results confirm the posi-
tive impact of RES on the operating conditions of the distri-
bution electrical network under predefined conditions. The
obtained results were validated using the IEEE 14-bus test
system through a matrix-based method and confirmed by
computer simulations performed in the PowerFactory soft-
ware environment.

REFERENCES

1. Andrzej Smolarz, Petro Lezhniuk, Stepan Kudrya,
Viacheslav Komar, Vladyslav Lysiak, Iryna Hunko,
Saltanat Amirgaliyeva, Saule Smailova and Zhassulan
Orazbekov. Increasing Technical Efficiency of
Renewable Energy Sources in Power Systems //
Energies 2023, 16, 2828. DOI:
https://doi.org/10.3390/en16062828.

Kyrylenko O. V. (Ed.). Intelligent Electrical Networks:
Elements and Operating Modes. Institute of
Electrodynamics of the National Academy of Sciences
of Ukraine. Kyiv: Institute of Electrodynamics of the
NAS of Ukraine, 2016. 400 p.

B. I. Basok, O. F. Butkevich, and S. V. Dubovsky,
"Technical and economic aspects of evaluating
prospects decarbonization of the unified energy
system of Ukraine", Technical electrodynamics, No.5,
pp. 55-62, 2021. DOI:
https://doi.org/10.15407/techned2021.05.055.

10.

11.

12.

13.

Design and operation of future low-voltage community
microgrids: An Al-based approach with real case study.
Md Morshed Alam, M.J. Hossain, Muhammad Ahsan
Zamee, Ahmed Al-Durra. Applied Energy 377 (2025)
124523, pp. 1-
18.https://doi.org/10.1016/j.apenergy.2024.124523

Resolution of the National Commission for State
Regulation of Energy and Utilities (NCC ERU) No. 641 of
26 April 2019 “On Approval of Regulatory Legal Acts
Governing the Activity of the Guaranteed Buyer and
the Purchase of Electricity under the ‘Green’ Tariff”.
Available at:
https://zakon.rada.gov.ua/laws/show/v0641874-
19#Text

Amendments to the Resolution of the National
Commission for State Regulation of Energy and Utilities
(NCC ERU) No. 641 of 26 April 2019 (approved by NCC
ERU Resolution No. 46 of 15 January 2021).

Wojcik, W.; Lezhniuk, P.; Kaczmarek, C.; Komar, V.;
Hunko, I.; Sobchuk, N.; Yesmakhanova, L.;
Shermantayeva, Z. Integrated Assessment of the
Quality of Functioning of Local Electric Energy
Systems. Energies 2025, 18,

137. https://doi.org/10.3390/en18010137

Komar V., Lezhniuk P., Hunko I., Smaglo I. Assessment
of Technical Condition of Photovoltaic Station
Equipment Using Software and Hardware Tools //
(2023) Vidnovluvana Energetika, 2023 (1), pp. 19 - 26,
Cited O times. DOI: 10.36296/1819-
8058.2023.1(72).19-26

Kim, J.; Rabelo, M.; Padi, S.P.; Yousuf, H.; Cho, E.-C.; Yi,
J. AReview of the Degradation of Photovoltaic
Modules for Life Expectancy. Energies 2021, 14, 4278.
https://doi.org/10.3390/en14144278

Hunko I., Lysyi V. Determination of the Origin of
Electricity for Consumers from Low-Carbon Energy
Sources. Visnyk of Khmelnytskyi National University.
2024. No. 5(341). Pp. 289-295.
https://doi.org/10.31891/2307-5732-2024-341-5-42

Hunko I., Kudrya S., Komar V., Lezhniuk P. Mathematical
Model and Algorithm for the Determination of the
Origin of Electricity From Renewable Energy Sources in
the Electric Power System // Renewable Energy. —2024.
—No.2. — pp.6-12. https://doi.org/10.36296/1819-
8058.2024.2(77)6-12

Blinov I. V., Miroshnyk V. O., Loskutov S. S. Reduction
of Costs for Covering Imbalances of Participants in a
Balancing Group of Renewable Electricity Producers.
Tekhnichna Elektrodynamika. 2023. No. 1. Pp. 62-76.
https://doi.org/10.15407/techned2023.01.062

Lezhniuk P. D., Hunko I. O., Kozachuk O. I., Lysyi V. M.
Electrical Energy Losses Caused by Power Flows from
Renewable Energy Sources in the Balance of Electrical
Networks. Tekhnichna Elektrodynamika. 2023. No. 6.
Pp. 60-70.
https://doi.org/10.15407/techned2023.06.065

25


https://doi.org/10.3390/en16062828
https://doi.org/10.15407/techned2021.05.055
https://doi.org/10.1016/j.apenergy.2024.124523
https://zakon.rada.gov.ua/laws/show/v0641874-19#Text
https://zakon.rada.gov.ua/laws/show/v0641874-19#Text
https://doi.org/10.3390/en18010137
https://doi.org/10.3390/en14144278
https://doi.org/10.31891/2307-5732-2024-341-5-42
https://doi.org/10.36296/1819-8058.2024.2(77)6-12
https://doi.org/10.36296/1819-8058.2024.2(77)6-12
https://doi.org/10.15407/techned2023.01.062
https://doi.org/10.15407/techned2023.06.065

