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AHomayisa. AkmyanbHicme docnidneHHa eusHavanace iHep- Y XPaitn, M. Kuis, Ykpaixa

uitiHum deghiyumom ma 3pOCMAHHAM MEXHO02iYHUX KOH(P-

nikmis y iHeepmop-0omiHo8aHUX eHepaocucmemax. JlokaneHi GFM/VSM-piwerHHa (GFM — iHsepmop 3 ¢o-
PMyB8aHHAM mepexci (mepexcepopmysansHuli iHeepmop);, VSM — 8ipmyanbHa CUHXPOHHO MAWUHA) He
3abe3neyysanu cucmemHoi y3eo0xeHocmi. Lle obrpyHmosysano nompeby 00cniOmeHHs KoopouHauil
VSM | VPP (gipmyanbHa eneKkmpocmatyis) o0nsa nidsuwieHHs OuHamiyHoi cmilikocmi. Memotw docni-
O0xceHHA 6yno KinbkicHe 06rpyHMye8aHHA 8ipmyanbHOI iHepuii AK cucmemHo20 iIHcmpymeHmy nidsuuweHHsA
YyacmomHo-gazos8oi cmilikocmi KoMbBIHOBAHUX enekmponocma4yanabHuUx cucmem. MemoodonoeiyHuli ana-
pam oocnioxceHHa 6a3ysasca HA MNOEOHAHHI imimayiliHo-opieHmoeaHo20 (3acHosaHuli Ha imimayiliHomy
MOOe0B8AHHI) MOOesI08AHHSA efleKmpoeHepeemuUYHUX CUCmeM i CUeHapPHO-0PiEHMOB8AHO020 (KeposaHuli
cueHapiamu) exkcriepumeHmansbHo2o ou3aliHy. Takoxc 6yno doayyeHo napamempuyHuli aHanisz VSM, koop-
OuHauyiliHe cucmemHe modesntosaHHa VPP. lo0amKoso 8UKOpUCMAHI cmoxacmu4yHe Mooesto8aHHA Npogi-
nie BJE ma HasaHMaxMceHHsA, NopieHAAbHUL AHAAI3 pexumie Kepy8aHHA i cmamucmu4yHoi azpezayii pe-
3ynemamis, wo 3abe3neyuno 8iomeoprosaHuli aHani3 OUHAMIYHOI, YacMomHOo-¢a3080i ma cucmemHo-
KoopOuHayiliHoi cmilikocmi KOM6IHOBAHUX cUuCmMeM eneKmpornocma4yaHHA. Y3azasnbHeHHS pe3ysnbmamis
rnokasasno, wo GuHamiyHa cmilikicme iHepyiliHo-0egiyumHux KomMbiHOBAHUX cucmem enekmpornocma-
YAHHA 8U3HAYANACA He i30/1608AHUMU cmMAbini3ylouumu MexaHi3aMmamu, d iXx CUCMeMHOK Y3200HeHicmIio:
3acmocysaHHA VSM 3a6e3nevysano 3HuxceHHA RoCoF (weudkicme 3miHU Yyacmomu) ma MOKPAau,eHHA Mi-
HIM@/1bHO20 3HaYeHHA Yyacmomu 8 cepedHbomy Ha 40—60 %, 0OHAK 30AUWAA0 NiIO8UW,EHY YOCMOMHO-¢ha-
308y 8apiamusHicmb i pextuMHi KoHgpaikmu, modi ak iHmezpayis VSM 3 VPP ckopo4ysana mexHosno2iuHi
KOH@nikmu Ha 30—40 %, 3meHwysana nikosi OuHamiuHi pusuku Ha 70—80 % ma nidsuuw,ysana ycniwHicme
pecuHxpoHizayii 0o =95 %, mpaHcgopmyroyu cmabinoHicme 3 10KAAbHO20 ehekmy 8 KepoB8aHY CUCMEMHY
ssacmusicme 3a cmoxacmu4yHux | asapiliHux cyeHapiis. Haykoea Hos8uU3Ha nosseana y 0osedeHHi, wo 8i-
pMyansHa iHepyia € eheKmMu8Ho aAuwe 8 NOEGHAHHI 3 KOOPOUHayiliHum pisHem VPP, a maKkoxc 'y ¢hopmy-
BAHHI MamMpuui «KKOH@AIKM — MexaHi3am — echekm», AKa 3aceio4una 3-4-kpamHe 3poCMaHHA HOPMAi30-
8aHoI eghekmusHocmi cmabinizayii npu nepexodi 8id 6azoso020 cuyeHapito 0o VSM 3 VPP. lpakmuyHe
3HAYeHHA pe3ysbmamie noaA82as10 Yy hopMyBaHHI NPUKAAOH020 Nidxody 00 NPOEKMYBAHHSA iHepuyiliHo-Oe-
iuumHux mepexc, y akomy VSM 3abesneuye duHamiuHy niompumky, a VPP — cucmemHy y3200xceHicmeb
pexcumie. OmpumMaHi KinbKicHi oyiHKu (3HuxceHHa RoCoF 0o 70—80 % ma nidsuuweHHA ycrniwHocmi pecuH-
XPOHi3ayii 0o =95 %) moxcyms 6ymu 6e3rnocepedHbo BUKOPUCMAHI Mid Yac NaAAHYy8aHHA MiKpomepexc, VPP -
naamgopm i Kpumu4Hoi iHghpacmpykmypu 3 8ucoKor Yyacmkxoro BAE.

Knwuosei cnoea: sipmyanvHa iHepuis, grid-forming (mepexcedpopmysansHi) iHeepmopu, gipmyasnbHa ene-
KmpocmaHuyia, OuHamiyHa cmilikicme, iHepyiliHo-OegiyumHi eHepaocucmemu, KOOpOUuHayiliHe KepyeaHHH,
KOMBIHOBAHI cucmemu es1eKmpornocma4yaHHta, KpUumuvHa iHgppacmpykmypa.

BuKOpUCTaHi CKOPOUYEHHA
GFM (Grid-Forming) — mepexedopmyBanbHUin pe-
MM pob0oTH iHBEpPTOpPA

B/IE — BigHOBAIOBaHI AXKepena eHeprii
RoCoF (Rate of Change of Frequency) — wBuMAaKicTb

GFL (Grid-Following) — mepexecnigyBanbHUit pexkmum
po-60Tu iHBEpTOpa

VSM (Virtual Synchronous Machine) — BipTyanbHa
CUHX-POHHA MalIMHa

VPP (Virtual Power Plant) — BipTyanbHa eneKkTpocTaH-
uis

3MiHM yacTtoTu, df/dt

SoC (State of Charge) — cTyniHb / cTaH 3apaaMeHoCTi
HaKonuuyeaya

BESS (Battery Energy Storage System) — cuctema Ha-
KOMNMYEHHSA eHeprii Ha akymynATopax
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VOC (Virtual Oscillator Control) — KepyBaHHA Ha oc-
HOBI BipTyanbHOIo ocUMAATOpPa

VSG (Virtual Synchronous Generator) — BipTyanbHWUM
CUHXPOHHWI reHepaTop

FRT (Fault Ride-Through — cTiliKicTb / 3paTHicTb He
BiAKNIOYATMCA NPU aBapiMHUX NpoBanax Hanpyru

TOV (Temporary Overvoltage) — Tm4yacoBse nepeHan-
PY»KeHHsA

SCR (Short Circuit Ratio) — KoediLlieHT KOPOTKOro 3a-
MWUKAHHA

Bctyn. AkmyasbHicme 0ocnidxnceHHA. Cy4acHi eHepreTuyHi
CUCTEMM XapaKTepU3yBa/IMCA 3POCTAlOYO0 AeLeHTpanila-
Li€t0, BUCOKOI YACTKOHK iHBEPTOP-OPIEHTOBAHUX AXKepes
Ta NepexofoM Bif, iEpapXiYHOro A0 MepeXKeBOro ynpas-
NiHHA eHeproedeKTUBHICTIO, WO 6yN0 KOHUEeNTyanbHO 06-
IPYHTOBaHO B MOAENAX AeLeHTPani3oBaHOro eHepromeHe-
OXMEHTYy Ta  CepBiCHO-OPIEHTOBAHUX  €HepreTUYHUX
ekocuctem [1, 2]. Y mexax perynatopHoi eKOHOMiKM Ta
KOHLLeNU,i cniibHOro BUKOPUCTaHHA eHEePreTUYHUX pecyp-
CiB TaKi pecypcu gegani yacTilwe po3rnaganmnca Ak KOneKkTum-
BHO KePOBaHi aKTUBMU, LLLO MOCUIIOBAI0 BUMOTU [0 PEKUM-
HOT Y3roAyKeHocCTi, CTIMKOCTI Ta afanTUBHOCTI KepyBaHHSA
[3]. BoaHOYac eHeprocUCTeMHiI AOCNIAKEHHS 3acBiaunn,
O BMCOKA MPOHMKHICTb iHBEPTOPHUX pecypcis nNpu3Bo-
Auna fo iHepuintHoro aediunTty, nigsuweHoro RoCoF i He-
CTiMKOI 4acTOTHO-$a30BOI AMHAMIKM, WO pobuo Tpagu-
uiMHi nigxogM po crabinbHocTi HepoctaTHimM [4, 5].
Y UbOMY KOHTEKCTi BipTyasibHa iHepuja Ta grid-forming ke-
pyBaHHA PO3rNAfanncA AK NepCcneKkTUBHI MexaHi3mu emy-
NAUii CUHXPOHHOT NOBeAiHKM, 0AHaK iX ePEeKTUBHICTb CyT-
TEBO 3a/1€}Kana Bif, CUCTEMHOI KOOpAMHALT Ta iHTerpauii 3
HaZAPiBHEBUMMU MOLENSAMM YyNpaBaiHHA [6]. TakKum YymMHOMm,
LOCNioXeHHA BiPTya/NbHOI iHepuii B NOEAHAHHI 3 Koopau-
HaLinHUMKM apxiTekTypamu Tuny VPP € HayKoBO 1 NpaKTu-
YHO peneBaHTHUM A/1A YCYHEHHA TEXHONOTYHUX KOHOAIK-
TiB Ta 3abe3neyeHHA AMHAMIYHOI CTIMKOCTI KOMBiIHOBaHUX
HU3bKOIHEPLIMHNX CUCTEM €/1eKTPONOCTAYaHHA.

HesupiweHi acniekmu 8 0ocnioreHHsAx. CyyacHi gochi-
OXKEeHHA iHepUiiHO-AediUUTHUX eNneKkTPoeHePreTUYHUX CU-
cTem nepeBa)KHO $OKycyBanncA Ha OKaNbHUX edeKTax
grid-forming KepyBaHHsA Ta emynsuiil iHepuii Ha piBHI OKpe-
MUX iHBepTopiB abo Mmikpomepexk. HegoctaTHbO BMBYe-
HMMM 3a1ULIANNCA CUCTEMHI TEXHOONYHI KOHPAIKTK, WO
BMHWKANM B KOMBIHOBaHMX MeperKax 3a 04HOYaCHOI Npucy-
THocTi GFL (iHBepTOp i3 cMHXpOHi3aLieto 3a mepexeto (grid-
following)) / GFM, ctoxactnuuHux npodinis BAE Ta aBapiii-
HUX peXxumis. BigcyTHA y3rogyKeHa emnipuyHa ouiHKa cu-
Heprii BipTyanbHOT iHepLii Ta KOOPAMHALIMHUX MEXaHi3miB
VPP aK iHCTPYMEHTY CMCTEMHOI cTabinisau,ii.

®dopmyntosaHHA npobsaemu. 3pOCTaHHA YACTKU iHBepTOp-
OpIEHTOBAHUX AXKepen npu3BoaAUAO0 A0 NigBULLEHOrO
RoCoF, nornnbneHHsa 4yacToTHOro miHimymy, ¢pasoBoi aeko-
repeHTHOCTI Ta KOHONIKTIB pexkmumis GFL / GFM y KombiHo-
BaHMX  CUCTeMax  eNleKTponocTavyaHHA.  I3onboBaHe

Frequency Nadir — miHiManbHe 3Ha4YeHHA YacToTH
Settling Time — yac Big4HOB/NIEHHA YaCTOTK

DC (Direct Current) — nocTiliHMIA cTpym

EMT (Electromagnetic Transients) — enekTpomarHiTHi
ne-pexizHi npouecu

PCS (Power Conversion System) — cuctrema nepeTso-
peHHA enekTpoeHeprii

PLL (Phase-Locked Loop) — cucrema dpasosoro aBTo-
NiACTPOIOBaHHSA; KOHTYP $pa3oBOro aBTONIACTPOO-
BaHHA

3actocyBaHHA VSM abo GFM-kepyBaHHA He 3abesneuy-
BaJ10 YCYHEHHSA LMX KOHOAIKTIB Y CTOXaCTUYHMX Ta nicnAaBa-
pinHKMX cueHapiax. Mpobnemoto AocnigKeHHs byno BU3Ha-
YEHHA CUCTEMHOrO MexaHi3my, 34aTHOro TpaHchopmysaTh
BipTya/NbHY iHEpL,ito 3 IOKAabHOI KOMMNEHcaLLT B KepoBaHUI
iHCTPYMEHT YCYHEHHA TEXHONOTYHNX KOHDAIKTIB.

MumaHHA docnidxceHHA. Y AKUIA cnocib BiAcCyTHiCTb BipTya-
NIbHOI iHepuii BnivBana Ha RoCoF, Frequency Nadir Ta ¢a-
30BY CMHXPOHi3aLito B KOMBIHOBaHUX Mepekax? HacKinbKku
iHTerpauia VSM 3 napameTpuyHMM BapitoBaHHAM iHepL;ii Ta
AemndyBaHHA 3HMKYBasa 4acToTHO-$a30BYy HecTabinb-
HIiCTb Y nepexigHuX pexxumax? Yu 3abesnevyBasa Koopau-
Hauina Yyepes VPP cuctemHe 3meHLIEeHHA KoHOniKTiB GFL /
GFM Ta niagBuLWweHHA iHAEKCY YCNilWHOCTi NOBTOPHOI CUHX-
POHi3au,ii B CTOXaCTUYHUX cLueHapiax BAE?

Finomesa docnidxceHHA. MOeAHaHHSA BipTyaIbHOI iHepLjii Ha
6a3i VSM 3 HaapisHeBow KoopaumHauieto Virtual Power
Plant 3abe3neyyBano CTAaTUCTUYHO 3HAYyLE 3HUKEHHA
RoCoF, nigBuLWeEHHA 4aCTOTHOrO MiHIMYMY, CKOPOYEHHA
Yyacy BigHOB/NEHHA Ta 3MEHLWEHHA YacTOTU BUHUKHEHHA
KOHOIKTIB NOPiBHAHO 3 6a30BMM CLeHapieM i 3 KOHIrypa-
uieto nmwe 3 VSM. OuikyBanocsa, Wo iHTerpaabHUin edekr
VSM 3 VPP nepeswuuyBas i301b0BaHi GFM-piweHHA Ha 30—
40 % 3a KNHYOBUMWU METPUKAMM AMUHAMIYHOI CTIMKOCTI.

Mema docnioxceHHA. MeTolo AocnigxeHHa 6yno KinbKicHe
06rpyHTYBaHHA BipTyanbHOI iHepLii AK CUCTEMHOrO iHCTpY-
MEHTY NiABULLEHHA YacTOTHO-$A30BOI CTIMKOCTI KOMBIHO-
BaHWX €1eKTPONOoCTaYaibHUX CUCTEM.

30800HHA O0CNIOHEHHSA:

— PeanisyBaT imiTauinHe MoaentoBaHHA Ta CUEHapPHO
OpiEHTOBHE MOAeNtoBaHHA KOMbBIHOBaAHOI eneKTpoeHe-
preTMYHoI cMcTeMun gNA aHanisy 4actoTHo-¢$a3oBoI AM-
HaMiKM B HOPMa/iIbHUX | aBapiltHMX peXxmmax.

— [Jocniguti napameTpuyHy YyTAMBICTb AMHAMIYHOI CTilt-
KOCTi 40 BipTyanbHOi iHepuyii Ta gemndyBaHHa y VSM-
KepyBaHHi.

— OuiHnTM BNAMB HaapiBHEBOI KoopanHauii VPP Ha y3ro-
OXKEeHICTb pexxumiB GFL / GFM Ta edpeKTUBHICTb AncneT-
YepCbKOro KepyBaHHA.

— TepeBipnUTK 34aTHICTb CUMCTEMWU KepyBaHHA 36epiraTu
edeKTUBHICTb 3a CTOXacTUYHMX nNpodinis reHepadii BAE
Ta HaBaHTAXKEHHA.

102



BigHoBntoBaHa eHepretka. Ne 2/2026 | KomnieKcHi npobaemu eHepreTMiHnx cuctem Ha ocHosi HBAE

— BMKOHATK NOPIBHANBHWUI | CTATUCTUYHO Yy3arajbHEeHUM
aHanis KoHirypauin 6asosoro cueHapito, avwe VSM Ta
VSM 3 VPP 3 nobynoBoto MaTpuLi «KOHOANIKT — mexa-
Hi3M — epeKT».

Ornap nitepatypu

CyyacHi KombiHOBaHi cMCTEMM e/1IeKTPONOCTa4YaHHA XapakK-
TEPU3yBaNCA BMCOKOK YaCTKOK iHBEPTOP-OPiEHTOBAHUX
pecypciB, ¢parmeHTauUiel0 iHEpUiMHUX BNACTMBOCTEM Ta
3POCTaHHAM YaCTOTHO-AMHAMIYHOI YYT/IMBOCTI. 3MilLleHHA
Bif, CMHXPOHHOI A0 ribpuAaHOI apXiTEKTYpPU KepyBaHHA
TpaHcdopmyBano cTabinbHicTb i3 ¢isMYHOI BRacTUBOCTI Y
napameTpM3oBaHy CUCTEMHY PYHKLIO. 33 LMX YMOB CUCTe-
MaTUYHUIA ornsg nitepaTypun 6yB HEOBXiAHWIN ANA KOHLenN-
Tyanisauii TeXHONOrYHUX KOHDAIKTIB | BUABNEHHA y3roaxe-
HUX NigX0AiB A0 iX YCYHEHHSA.

Y pocnigKeHHAX NOBHICTHO iIHBEPTOP-AOMIHOBAHUX MepeXx
CTabinbHICTb Aefani yacTiwe iHTepnpeTyBanaca AK Kepo-
BaHa MapameTpUYHa BIACTMBICTb, a He sIK NoxiaHa ¢isnyHoi
iHepLii. Y ubOMYy KOHTEKCTi emnipunyHi pesynbtati [7] nia-
TBEPAMUIN AOCAXKHICTb HOPMATUBHMX YAaCTOTHO-HANPYroBumx
MeX 33 KOPEKTHOro Ha/alWTyBaHHA BipTyasbHOI iHepu,ii Ta
nemndyBaHHA. BogHouac ysaranbHiOBanbHUIA aHanis [8]
MOKas3aB, WO TaKa KepOBaHICTb iCTOTHO 3anexana Big Tuny
GFM-cTparTerii, cueHapito ekcnayaTtauii Ta BUMOr Mpoxo-
OKEeHHA aBapiiHoro nposasny Hanpyru FRT, Wwo obmexy-
Ba/10 yHiBEPCaNbHICTb MAapaMeTPUYHUX BUCHOBKIB.

MornnbneHHA gucKycii Biabynocsa yepes 3icTaBneHHA BipTy-
anbHUX i pisMuHMX mexaHi3miB cTabinisauii, ge iHepuis ne-
pectana po3rnagaTuca AK O4HOBMMIPHA XapaKTepUCTUKa.
MogentoBaHHs [9] 3acBigYMNO CTPYKTYPHY NepeBary CWH-
XPOHHUX KOMMeHcaTopiB y 3abe3neyeHHi Hanpyrosoi »op-
CTKOCTI Ta iHepLiMHOI BignoBiai, Toai Ak GFM-iHBepTopwu ae-
MOHCTPYBann weuawe aemndyBaHHA | BiAHOBNEHHA
yactotu. Li cnocteperkeHHA y3roaxKyBanucA 3 OrNALOM
[10], y akomy niakpecatoBanocs, wo nepesarn GFM y cuH-
XpOHi3aLii He ycyBann obmerKeHb nicnsasapiliHOl AMHa-
MiKW Ta BIANOBIAHOCTI MepeXeBUX KOAEKCIB.

Moaanblumnii aHani3 3MiCTUB aKLLEHT 3 OKPEMUX KOHTpose-
piB Ha CNeKTp peanisauii BipTyanbHOI iHepLil Ta iX cMCTEMHI
Hacniaku. YsaranbHeHHA [11] BMABMAO, WO MOKPALLEHHS
YaCTOTHOIO MiHIMYMY 1 3MEHLUIEHHSA WBUAKOCTI 3MiHM Yac-
TOTW [OCAraANCA Pi3HUMU METOLAMM, aNe 3 Pi3HO YyT/K-
BiCTIO A0 NapameTpudHMX 36ypeHb i ctoxactnuHocti BAE.
Ha ybomy Thi oTpumaHo pesynbtati [12], wo B macwTab-
HUX MepeXKax BUpiwanbHUm GpakTopom cTaBana KoopamHa-
Lia MHOXWHHUX GFM uYepes KOHCEHCYCHe KepyBaHHA, b6e3
AKOi NOKaNbHI NepeBarn anropuTmiB He TPaAHCAOBAAMCA Y
rnobanbHy CTiMKiCTb.

OKpemuit Hanpsam AUCKycii cdopmyBaBca HAaBKONO BHYTPI-
WHiX obMerKeHb iIHBEPTOPHUX CUCTEM, MOB’A3aHUX 3 eHep-
reTMd4HMMm HanaHcom. AHanis [13] npoAeMOHCTPYBaB, WO
AC-opieHTOBaHiI GFM-cTpaTerii mornm npoBOKyBaTU aerpa-
pauito DC-Hanpyru 3a 3miHHOI iHconAuii, Toai Ak DC-opieH-
TOBaHi MeToAM BTpayanu KepoBaHy aKTUBHY MiATPUMKY.

MapanenbHo cucTemMHi gocnigxeHHa [14] BUABUAK penyK-
Lito NopAAKY YaCTOTHOI ANHAMIKM Ta pO3’€AHAHHA KPUTHY-
HUX MeTpUK cTabinbHOCTI, WO BKa3yBaso Ha 3MiHy camoi
NPMPOAMN YaCTOTHOI BiANOBIAi B iIHBEPTOP-A0MIHOBAHUX Me-
perkax.

TakUM YNHOM, AOCNIAXKEHHA Y BUSHAYEHOMY HanpAmi noc-
TYNOBO BiAiMLWAM Bif YABAEHHA NPO BipTyanbHy iHepLito AK
CYTO afIrOPUTMIYHY dyHKUit0. Y TonoaoriyHomy aHanisi [15]
3adikcyBaHO BigCyTHICTb YHidikoBaHMX KpuTepiiB cTabinb-
HocTi gna pisHux GFM-KoHdirypauin, wo obmexysano ix
NPOrHO30BaHICTb Y KPUTUYHUX pexumax. BogHouac iHxe-
HepHi piweHHA [16] NpogeMOHCTpYBann, WO MOEAHAHHA
grid-forming kepyBaHHs 3 pi3MUYHOI eHEeProEMHICTIO HaKo-
nuuyyBauis popmysano ribpngHy mogenb crabinbHoCcTi, y
AKil BipTyanbHa iHepuis cTaBana enemeHTom baraTtopisHe-
BOI CUCTEMHOI apXiTEKTYpWU, a He il 3aMiHHMKOM.

Y3aranbHeHi pe3ynbTati AocniaxeHb chopmysanun memi-
aHHY NO3WML,it0, 3TiAHO 3 AKOIO BipTyasibHa iHepL,if NOKpaLLy-
BaJ/1a YaCTOTHIi METPUKM Ta AeMNPyBaHHA, ane He rapaHTy-
Basia NoBHOI cTabinbHoCTi 6e3 KoopauHauii, eHepreTuyHoi
NiATPMMKM Ta BIANOBIAHOCTI MeperkeBnx Koaekcis. Hesupi-
WEHUMM 3aAMULaANCA NPobaAeMN BENNKOCUTHANBbHOI CTil-
KocTi, DC-eHeprobanaHcy, nicnaaBapilHoi AMHaMIKM Ta YHi-
dikoBaHMX KpuTepiiB ouiHioBaHHA GFM-piweHb. Le
06I'PYHTYBA/I0 AOLINIbHICTb AOCAIAMKEHHS BipTya/IbHOI iHep-
Lii He AK i301bOBAHOr0 ANrOPUTMY, @ AK IHCTPYMEHTY yCy-
HEHHA TEeXHONOFYHUX KOHPAIKTIB Y MeXax iHTerpoBaHoi,
6araTopiBHEBOI apXiTEKTYpU KOMBIHOBaHUX CUCTEM E/1EKT-
ponocTavyaHHs.

MeTtogu Ta matepianm

CTpYKTYpa AOCNiAXKeHHA HaBeJeHa Ha Ha puc. 1, 6yna cdo-
pPMOBaHa AK MNOeTanHUi iMiTaLiiHO Ta CLLeHapHO MOAE/Nbo-
BaHMI eKCNepMMEHT 3 MeTOH NOCNIA0BHOT  AeKomno3unuii
" nopanbluoi iHTerpauii mexaHiamis AnHamiyHoi cTabiniza-
uji B iHepuiiHO-aediUNTHI KOMBIHOBaHI CUCTEMi eNeKT-
ponocTa4aHHA. Taka CTPYKTypa AaBasia 3MOTy BiJOKpeMUTH
6a30Bi HecTilKi BNaCTUBOCTI CUCTEMM, KiNbKICHO OUiHUTK
BHECOK BipTya/bHOI iHepuji, nepesipuT edbekT KoopamHa-
LiHOro KepyBaHHA Ta, 3peLUTOlo, NpoaHanisyBaT ix cMHe-
prito 3a CTOXaCTUYHUX | aBapiMHUX YMOB. BUbpaHuin ansaiH
3abe3nevyyBaB KOHTPO/IbOBAHICTb MapameTpis, BiATBOpPIO-
BaHICTb pPe3ynbTaTiB i MOM/MBICTb CMCTEMHOrO y3aranb-
HeHHA BnamBy VSM Ta VPP Ha TexHOoNOoridHi KOHGAIKTK 1
OVNHAMIYHY CTiRKICTb.

Metoau. Bubip metogon0rivHOro anapaTty 3ymoBAOBaBCA
CKN1afHO0, HENiHIMHOK Ta CTOXaCTUYHOK NPUPOLOI0 KOM-
6iHOBaHUX CMUCTEM €/1IeKTPOMNOCTavaHHA 3 iHBEPTOP-OpiEH-
TOBaHUMM Axepenamu. [1na afekBaTHOro aHanily AMHaMmi-
YHOI  CTiMKOCTi,  4YacTOTHO-Ga30BMX  B3aAEMOAiM i
TEXHONOrYHUX KOHPNIKTIB Byno HeobxigHO noeaHaTH imi-
TaliHe MofentoBaHHA, CLLEeHApPHO OPIEHTOBAHMIA Ta CTaTu-
CTMYHO-Yy3arabHOBabHi Niaxoaun. Taka KombiHaulis meTo-
4is  3abesnevyyBana BiATBOPHOBAHICTb  EKCMEPUMEHTY,
KOHTPONb NapameTpiB i CUCTEMHY iHTepnpeTaLito oTpMma-
HUX pe3ynbTaTiB.
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TIPOEKTYBaHHA

[ocnigHuubke NPOEKTYBAHHSA Ha OCHOBI MOQENIOBAHHS
ANS EHEProcUCTEMH 3 OMIHYBAHHAM iHBEPTOPIB

Eran 1: bazoea mogenb BOE +
Hakonu4eHHA + ineepTopu GFL
MeTpurn:
Hagup wactotu RoCoF | ®asoea noxubka |
CueHapii:
HopmaneHni | IzoniosanHs | Pecunxponizauis

Yac ecTaHOBNEHHA

Etan 2: BipTyansHa cuHxponHa mawuxa (VSM) BipTyansHa
iHepuia Ta Bapiauia gpemndyBaHH:
OuiHka:

[OuHamika 4actoTu | 3MeHweHHs RoCoF |

Etan 3: BiptyanbHa enexTtpoctaxuia (VPP)

LleHTpanizoBaHiin BUBIp pexiumy GFLIGFM, guenetuepusaljia

HakKonu4eHHa 1a KCp)‘ESHHH HaBaHTaXeHHam
Ouinka:

KoopauHauia | 3MeHweHHa kKoHdnikTiB

Etan 4: Kom6iHoBaHi cueHapii VSM + VPP
CroxacTuyHi npogini BOE
36ypeHHa HaBaHTaKEHHS |

Ouinka: Edexrtn
CUHEPreTUYHOI CTIMKOCTI

3aknoyHui etan: CTaTUCTUYHa arperawis
MaTpuui KoHdnikTis-MexaHizMie-ederTie OuiHka
CTIKOCTI Ha CUCTEMHOMY PIBHI

Pa3oBa KOrepeHTHICTb

laonioBaHHa

Puc. 1. KoHuenmyanbHi emanu 6azamocmyneHesoi imimayiliHo mooenbo8aHoi 00cniOHUUbKOT cmpykmypu

MeToamn AOCNiAMKEHHSR:

1. ImimayiliHe MoOento8aHHA enekmpoeHepaemu4HuUX cu-
cmem. MeTop, 3aCTOCOBYBABCA A1A BiATBOPEHHA AMHA-
MiKM KOMbiHOBaHOi cucTtemun 3 BAE, HakonuuyBayamu
Ta iHBepPTOPHUMMK iHTepdelicamm 3a KOHTPOSbOBAHUX
yMOB. l0ro BUKOpUCTaHHA AaBasio 3MOry AOCAIAUTY Ne-
pexiaHi npouecu, YacToTHy Ta ¢a3oBy MNoBefdiHKy 6e3
BM/INBY HEKOHTPO/IbOBAHMX 30BHiLLHiX paKTopiB. Y goc-
NifXeHHI MeToA, peani3oByBaBCA Yepes noeTanHe Ynce-
NIbHE MOENOBAHHA Pi3HUX apXiTEKTYp KepyBaHHA.

2. CueHapHO opieHmosaHuli ekcnepumeHmanvHUl Ou-
3aliH. MeTopn, 6yB BMbBpaHUiA AnA aHanisy peakuii cuc-
TeMW Ha TUNOBI Ta KPUTUYHI eKcnayaTauiliHi noaii. BiH
[aBaB 3MOTYy OLHUTK cTabinbHiCTb 3@ HOpMaabHOro pe-
UMY, OCTPIBHOIO peXxumy, NOBTOPHOT CUHXPOHI3aL,ii i
pi3Knx 36ypeHb. Y aocnigxeHHi cueHapii popmysanuca
AK KOMbBiHauii nogili, piBHiB NpoHMKHeHHA BAE Ta pe-
KUMIB KepyBaHHA.

3. MapamempuyHuli aHani3z kepysaHHA (VSM). MeTtog su-
KOPUCTOBYBaBCA A/1A BUBYEHHA YYT/IMBOCTI CUCTEMHOI
OVNHAMiKM 00 3MiH BipTyanbHOi iHepuii Ta aemndy-
BaHHA. Moro 3actocyBaHHA [aBano 3mory iaeHTUdIKy-
BaTW po/sib NapameTpiB y GopMyBaHHi YacCTOTHOI Bigno-
Biai Ta $a3oBoi KorepeHTHOCTI. ¥ gocnigxeHHi napa-
meTpu VSM BapitoBannca y BU3HAYEHUX Agiana3oHax 3
diKcalieo ANHAMIYHUX METPUK.

4. KoopduHayiliHe cucmemHe modentosaHHs. MeTtoz 6yB
HeobXiAHWN NS aHanily HagpiBHEBOT B3aEMOLIT Mix
AXKepesamu, HaKoNMYyBayaMm Ta HaBaHTaXKeHHAM. BiH
3abe3neyyBaB OL,HIOBaHHSA y3roaKeHocTi pexunmis GFL
/ GFM i ebeKTMBHOCTI LLeHTpani30BaHOro AMcneTyepcb-
KOro KepyBaHHA. Y gocnigxeHHi VPP peanizosyBaBcA AK
JIOTiKO-aNroPUTMIYHUI LWap KepyBaHHA NOBEPX JIOKa/b-
HUX KOHTPOANEpIB.

5. Cmoxacmuy4He molentosaHHsA npogpinie BAE ma HasaH-
maxceHHA. MeTog, 3acTOCOBYBaBCA A/1A BifobpaKeHHs
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BapPiaTMBHOCTI reHepauii Ta CNOXMBAHHA B pPeasbHUX
ymoBax. Moro BMKOPUCTAaHHA [aBano 3MOry OLiHUTM
30aTHICTb cMCTeMM KepyBaHHA 36epiratn epeKkTUBHICTb
32 YMOB CTOXaCTMYHOI HEBM3HAYeHOCTI reHepauii BAE Ta
HaBaHTaXeHHA. Y [A0ChigrKeHHi CTOXaCTU4YHi 4acosi
pPAAM reHepyBanncA ANA MHOXUHHUX peanisauii Kox-
HOrO cueHapito.

6. [llopisHAnbHUU aHani3 pexcumie KepysaHHA. MeTos 6yB
BMKOPUCTAHUN ANA 3icTaBNeHHA 6a30BOro CueHapito,
nvwe VSM 1a VSM 3 VPP KoHoirypauit 3a ogHaKoBuMX
yMOB. BiH AaBaB 3mMOry BUAINUTU BHECOK KOXKHOMO me-
XaHi3My B 3HUXXEHHA TEXHONOTIYHNX KOHPAIKTIB. Y Aoc-
NiAXeHHi NOPiBHAHHA BUKOHYBANOCA 33 YHipiKoBaHMM
Habopom AnHaMIYHMX i Pa30BUX METPUK.

7. Cmamucmuy4Ha aepeaayia ma y302a/7bHEHHA pe3ysib-
mamis. MeTopg, 3aCTOCOBYBaBCA ANA Nepexoay Bif, OK-
pemMMX MPOroHiB 4,0 CUCTEMHMX BUCHOBKIB. BiH 3abe3ne-
4YyBaB OLHIOBAHHA cepefHix edeKTis, gucnepcin i
CTiIKOCTI pe3ynbTaTiB. Y A0CNiIAXKEHHI CTaTUCTMYHA 06-
pobka 3aBepluyBasaca nobynoBoto MaTpuLi «KOH-
NIKT — MexaHi3m — epeKT» fAK iHTerpasbHOro aHaniTmu-
HOTrO iHCTPYMEHTY.

3pasok. B1bipky aocnigeHHa 6yno chopmoBaHo AK CyKymn-
HIiCTb eKcnepuMMeHTasIbHUX cueHapiiB, KoHirypauin cuc-
TeMM Ta peanisaLiii cToxacTUYHMX Npodinis, 4OCTaTHIO ANA
CTAaTUCTUYHO CTIMKOro MOPIBHAHHA TPbOX PEXWMMIB Kepy-
BaHHA: 6a3oBoro cueHapito (6e3 VSM / VPP), pexkumy nviie
VSM, VSM 3 VPP. OguHuueto cnocTepekeHHs byno npuit-
HATO OAMH NpOriH Mmogeni (run) 3 GpikcoBaHO TOMOJOrIED,
Habopom MapameTpiB Ta KOHKPETHO peasni3aliero Yaco-
BuX paais BAE / HaBaHTa)eHHs.

Crpatudikayito BubipKM ByN0 BUKOHAHO 3a TPbOMa BUMiI-
pamu: (i) TMn nogaji (cTyniH4acTa 3miHa HaBaHTaXeHHs, aBa-
piliHe 36ypeHHn / NpoBan Hanpyru, OCTPIBHUIA PeXUM, No-
BTOPHa CWHXPOHi3auia), (i) piBeHb npoHWKHeHHA B/AE
(HM3bKKMIA / cepeaHiin / Bucokuin), (iii) pexxum iHsepTOpiB i
KoopauHauii (GFL gomiHaHTHWMIA, GFM AOMIHaHTHUI, 3Mmi-
LaHWI 3 LEeHTPani3oBaHO KomyTalieto pexnmis y VPP).

O6car Bubipku 6yno 3agaHo Ak 3 x4 x3 x N, ae N > 30 pe-
anisauin cToxacTMYHUX NPodiNiB Ha KOXKHY KOMIpKY CTpaTH-
diKauii; y Takuit cnocib 6yno oTpumaHo woHameHwe 1080
NPOroHiB, WO 3abe3ne4Ynno ouiHIOBaHHSA cepeHix edeKTiB
i amcnepcin ans metpmnk RoCoF, 4acToTHOro miHimymy, yacy
BigHOBMEHHsA, $a30BOi NOXMOKM Ta iHAEKCIB yCMilWHOCTI no-
BTOPHOI CUHXPOHiI3au,ii.

Kputepiamn BKAtoUeHHA 6yno BM3HaveHo: (1) gocArHeHHA
YCTa/NIeHOTO peXxunmy 0 nogii, (2) KopeKTHa AeTekuia ocTpi-
BHOro pexumy, (3) siacyTHicTb uncenbHoOI HecTabinbHOCTI
iHTerpaTopa, (4) ¢ikcauia noBHOro BikHa cnocTepeskeHHA T
(Hanpuknaga, 20-60 c nicns 36ypeHHs). Kputepiammn BUKAt0-
YyeHHsa 6yan nporoHu 3 diverging state trajectories abo He-
KOPEKTHOIO KoMyTallieto pexxumis GFL / GFM.

KOHTPOAbHI 3MiHHI BKAOYAAN TOMOAOTIH0 MepeKi, HOMiHa-
NbHi NapameTpu NiHii / TpaHchopmaTopis, 0BMeKeHHS iH-
BepTopiB 3a cTpymom, SOC HaKonumyyBayiB Ta OAHAKOBI

npasuia reHepadii ctoxactTuuHUx npodinis ana BCix nopis-
HIOBaHUX pexumis. JocnigxeHHs 6yno nposeaeHo y ne-
piog 3 ciyHs 2025 poky no 6epeseHb 2025 poky. Bnpoaosik
LbOro iHTepsany 6yno BMKOHAHO MOBHWUIA LWMKA MOAENIO-
BaHHA, NapaMeTPUYHOro BapitoBaHHA Ta CTAaTUCTUYHOI ar-
perauji pesynbTaTiB A/14 BCiX cLueHapiiB BUBipKKU. BUbpaHuit
nepios 3a6e3neyns YacoBY Y3roAMKEHICTb EKCNEPUMEHTIB i
BUK/IOUYMB BMN/NB 3MiH iIHCTPYMEHTa/IbHOrO cepeaoBuLLa
abo Bepciit nporpamHoro 3abe3neyeHHs Ha pe3y/abTaTu
aHanisy.

IHCTpyMeHTU pocnipKeHHA. OnA KifbKiCHOro NOpPiBHAHHA
pPeKMMIB KepyBaHHA B iHEPUiAHO-AediUUTHUX KOMbBIHOBA-
HUX CUCTEMaX eleKTPONoCcTavaHHA 6yno 3actocoBaHo dpop-
Mani3oBaHWUin AMHAMIYHMIA anapaTt, OpPiEHTOBaHMI Ha Ya-
coBi, $as30Bi Ta YACTOTHI XapPaKTEPUCTUKM CUCTEMHOI
BignoBiAi. IHCTPyMeHTaNbHUIA CTEK AocCniaKeHHA 6asyBsa-
BCA Ha YaCOBO-HeNnepepBHUX BUMIPIOBAHHAX CUCTEMHOI Ya-
CTOTM Ta $a3 Hanpyr y By3nax, AONOBHEHWUX NOAIEBO-OPiEH-
TOBAaHMM aHafNi30oM OCTPIBHOTO pPeXMMY i MNOBTOPHOIO
CMHXpOHi3aLjieto. BubpaHuii nigxin 3abesneyysas NopisHio-
BaHICTb perKMmiB 6a30BOro cueHapito, pexumy nuwe 3 VSM
Ta VSM+3 VPP y ctoxactnuHmnx ymosax BAE Ta nasas 3mory
arperysaTu pe3y/ibTaTu Ha PiBHi CTAaTUCTUYHUX OL,iHOK.

1. WBunAkictb 3miHM yactotn (RoCoF)*. RoCoF BM3Haua-
Jlaca AK nepla noxigHa CMCTEMHOI YacTOTW 33 Yacom y
MOMEHT 36ypeHHs [17, 18]:

RoCoF(t) = (1)

df (t)
)
dt
ge f(t) - mutTeBa cucTemHa yYacToTa, ouiHeHa 3a
center-of-inertia abo ekBiBa/sIEHTHOO arperoBaHo Mo-
aennto.

* Y 1abnumuax i Ha rpadikax nokasHuk RoCoF nogasasca
3i 3Hakom df/dt, ge HeraTuBHe 3HayeHHA Bignosigano
3HUXKEHHIO YaCTOTU BiAHOCHO HOMiHany. [1nAa KopekT-
HOro MiXCLEeHapPHOro NOPIBHAHHA AMHAMIYHOI CTiIMKOCTI
OULiHIOBaHHA BMKOHyBasnocs 3a moaynem |RoCoF|, wo
Bif06parkano iHTEHCUBHICTb YaCTOTHOI 3MiHM Hesase-
YKHO Big, il HANPAMKY.

2. YactoTHuit miHimym (frequency nadir). BusHauaBca ak
MiHiMasibHe 3Ha4YeHHA YacTOTM B 3aA4aHOMY BiKHi nicaa
36ypeHHs [19, 20]:

- = min t
fnadir tE[tO,t0+T]f( ), (2)
ge to — momeHT nogii; T — TpuBanicTb BikHa cnocrepe-
YKEHHSA.

3. Yac BigHoBneHHsn (settling time). Yac BigHOBNEHHA BK-
3HAYaBCA fK Yac A0 BXOAMKEHHS 4acToT B JONYyCTUMY
CMYTYy HaBKON0 HOoMiHany [15, 21]:

Ty = min{t > to: |[f(t) — foom| < VT =t}  (3)

ae foom — HOMiHaNbHA YacToTa; € — 3aaHa AonycTuma
noxmbka.

4. dasoBa noxubka (phase error). ®asoBa NoxmbKa mix
By3n1amMu i Ta j BU3Havanaca Ak [22, 23]:
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A8;;(t) = 0,(t) — 6;(1), (4)

ae 0;(t) — enekTpuUHUM KyT Hanpyru y By3Ai i. Jna aHa-
Ni3y BUKOPUCTOBYBANNCA MaKCUMYM Ta CepPeLHbOKBaS-
paTUyHe 3HaueHHA AB;;(t) y nepexigHOMY pexumi.

5. LWWewnakKictb $asoBoi KoHBepreHLii. Pa3oBa KOHBeprex-
Lin ouiHIOBaacA Yepes eKCNOHEHLiMHMI cnag dpasosoil
noxunbkm [24, 25]:

AOij(t)~e_M, (5)

ae A — ebekTuBHUI KoedilieHT aemndyBaHHA Ppa3oBux
KO/IMBaHb.

6. IHAEKC yCcniWHOCTI NOBTOPHOI CMHXPOHI3aLil. IHaeKc yc-
NiLWHOCTI NOBTOPHOT CMHXPOHI3aLii BU3HAYABCA AK 4Yac-
TKa yChilHKUX cueHapiis [26, 27]:

Nsuccess

RSR = :
N total

(6)

A€ Nguccess — KIIbKICTb NPOroHiB 3 BiAHOBNIEHHAM CUH-
XPOHi3MY B AONYCTUMMX Me¥Kax 4acToTh Ta ¢asu; Nigia
— 3ara/ibHa Ki/IbKiCTb CLLeHapiiB.

7. CUCTeMHO-CTIMKICHI NOKasHUKKU. ManocurHanbHa CTil-
KiCTb OL,iHIOBa/Iacs yepe3 CNeKTP BJIACHUX 3HA4YeHb Ji-
Heapu3oBaHoi mogeni [28, 29]:

x = Ax, (7)

[e ymoBa cTilikocTti chopmynbosaHa ak R(4,) < 0 ana
BCiX BJIAaCHUX 3Ha4yeHb Aj. BennkocurHanbHa CTiliKicTb
dbikcyBanaca 3a BiACyTHICTIO AuBepreHLii cTaHiB Ta 06-
MEKEHICTIO TPAEKTOPIN y $pa3oBOMyY NpoCTOpi.

8. OnepauiiHi Ta KoopAUHALIHI MeTPUKK. KinbKicTb KOH-
bnikTHUX peskumis GFL / GFM BM3Hauyanaca Ak 4Mcio
HEKOpPeKTHUX abo HecTabinbHUX KOMYTALL pexxnmis 3a
CuEHapin, a cTabiNbHICTb AUCNETYEPCHKOrO KepyBaHHSA
y VPP oujiHtoBanaca yepes gMcnepcito akTUBHOT NOTYK-
HOCTi Ta  BiACYTHiCTb NopylweHb obmexKeHb 3a cToxac-
TMYHMX npodoinis [30, 31].

Y mexKax iHCTPYMEHTaIbHOTO Keicy MeTpuku byno popmani-
30BaHO OJHO3HA4YHO Ta BiATBOPOBaHO. MOKasHMK Biaxu-
JNIEHHA HaNpyru NOCTINHOro CTpymy *...% BM3Ha4aBCA AK CU-
METPUYHE BifAHOCHE BiAXMAEHHA Hanpyru NocTiMHOro Koja
Bifl, HOMIHANbHOTO 3HaYeHHA Vi nom (MPUiiHATOrO 3a 1 pu
BignosigHO 40 nacnoptHoro peiTtuHry PCS/BESS), obuunc-
fIeHe AK MaKCMMa/ibHe 38 MOAYNeM BiAXWIeHHA |Vdc(t) —
Vacnom/ Vdc’n0m| Yy KOB3HOMY BiKHi 20—60 ¢ gna KOXHOro
CLeHapito; 3a3Ha4YeHU iHTepBan BUBPaHO ANA OXONNEHHSA
OCHOBHOTO TPAH3UTHOrO NPOLLECY CMHXPOHI3aLiii Ta nepepos-
noAjiny NOTyXHOCTi 3 BUK/IIOYEHHAM KOPOTKOYACHMX ANCKpe-
TM3aUiMHNX cnaeckiB. Arperauis pesynbTaTiB 34ilMcHIOBaNacA
3a 95-m nepueHTMIEM NO BCiX NPOriHHUX peai3auiax, Toai
AK CepeaHbOKBAAPATUYHI OLiHKM BUMKOPUCTOBYBANNCA [0-
NOMiXKHO ANA nepesipkn pobacTHocTi TpeHais. Moaii nepe-
BaHTaXXEHHA JIaHKKW NoCTiHOro cTpymy ¢ikcyBanmuca 3a OR-

YMOBOIO AIK Nogjii nepesBuLLeHHA xo4a 6 ogHOro 3 eKcnsyarta-
uiHux noporis 6esnekn — V. > 1.10pu a6o Py, > 1.05 X
Py ateq — 3 MiHiManbHoto Tpusanictio 100-200 mc (5-10 uuk-
NiB KepyBaHHA) AN YCYHEHHA cnaikoBux apTedakTis; noaii
TUNY NepeHanpyru Ta NepeBuLLEeHHA NOTYXKHOCTI PeeCTpyBa-
INCA OKPeMOo 3 NoAasblUIMM HOPMYBAHHAM iX KiZIbKOCTi Ha
TpWBanicTb MOAENOBaHHA ANs 3a6e3neyYeHHA KOPEKTHOT Mi-
YKCLLeHAPHOI NOPIBHAHHOCTI.

Y pocnipxeHHi 3actocosyBanuca DIGSILENT PowerFactory
ONA KBA3iCTaLiOHApHOro Ta AMHAMIYHOTO MOZAENt0BAHHA
enektpomepex, MATLAB/Simulink (Simscape Electrical)
AnA peanisauii mogenei VSM, GFL / GFM iHBepTopiB i no-
[i€EBO-OPIEHTOBAHMX CLIEHApIIB OCTpiBHOrO pexumy / no-
BTOPHa CMHXPOHi3auina, a Takox Python (NumPy, SciPy,
Pandas) Aans nocTnpoueciHry, cTaTUCTUYHOI arperauii Ta
aHanisy meTpuK. OUiHIOBAHHSA CTIMKOCTI B PEXMMI MainX
36ypeHb BUKOHyBanoca B PowerFactory metogom aHanisy
BJIACHMX 3Ha4yeHb, TOAj AK AMHAMIKA CUCTEMMU 3@ BEJINKUX
306ypeHb [ocnigyKyBanacs LWAAXOM YacoBOTO MOAENIO-
BaHHA eNeKTPOMArHiTHMX nepexigHux npouecis. Ctoxactu-
YHi npodini BAE Ta HaBaHTAa)XeHHA reHepyBanucA CKpun-
Tamu Monte Carlo 3 ¢iKCcOBaHMM MOYATKOBMM 3E€PHOM
reHepaTopa BUNAAKOBMX YNCEN ANA BIATBOPHOBAHOCTI.

Pesynbratu

Mepwwnin eTan gocnigrkeHHA bys HeobxigHWn ana opmy-
BaHHA pedepeHTHOro (6a3oBoro) piBHA AMHAMIYHOI CTiliKO-
CTi KOMBiIHOBaAHOI CUCTEMU eneKkTponocTayaHHa 6e3 BipTy-
anbHoi iHepuii. Mobyaosa moaeni 3 BAE, HakonuuyyBadyamu
eHeprii, GFL-iHBepTOpamn Ta 3MIHHMM HaABAHTAXKEHHAM
Aana 3mory isontoBatn edekTn iHepuiiHoro gediunty Ta
peXUMHUX KOHOANIKTIB 6€3 KOMNEHCATOPHUX MEXaHi3MiB.
TakuiA Niaxia, cTBOPMB KiJIbKiCHY OCHOBY A/1A MOAA/bLIONO
NopiBHANbHOrO aHanisy epektusHocTi VSM Ta KoopguHa-
LiNHKUX cTpaTeriin (pucyHku 2, 3, 4).

Mpadik Ha puc 2 3adikcyBaB rMUBOKUIA YaCTOTHUIA MiHIMyM
B OCTpiBHOMY pexumi (~48.1-48.3 Hz), wo signosigano
BiAXWMNEHHIO MoHag 3.5 % Big HOMIHANY, Ta NOAOBXKEHWUM
Yyac BiHOB/IEHHA, AKMI Y PEKMMAX OCTPOBA i MOBTOPHOT CK-
HXPOHi3aL,ii NnepeBuMLLyBaB 3HAaYEHHA HOpPManbHOro pe-
*umy Ha 40—60 %. HaBiTb 3a NOBTOPHOI CMHXPOHI3aLii Big-
HOB/MIEHHA  4YacToTM  BigbyBanoca nNOBibHO Ta 3
[003TKOBUMM TPAH3UTOPHUMM 30ypeHHAMM, WO cBig4nno
npo obmexkeHy perynaTopHy CNpPOMOKHicTb GFL-iHBepTO-
piB. Fpadik Ha puc. 3 noKasaBs Nikoi 3HayeHHA RoCoF y mo-
MeHT 36ypeHHs, Lo B pexkumi ocTposa by B AekinbKa pa-
3iB BULLMMMU, HiXK Y HOPMANbHOMY PeXKMMIi, Ta BUXOAWNIN 33
TMNOBI AONYCTUMI eKcnayaTauiltHi mexi. Lle nigTBepauno
BUCOKY YYT/AMBICTb iHepUuiiHO-aediunTHOI cucTemun 4o pan-
TOBUX AMcHanaHciB NOTYKHOCTI Ta BiACYTHICTb NPUPOAHOTO
aemndysaHHA. [padik Ha puc. 4 3acBiguns 3HauyHy dpasosy
po36ixKHicTb Mixk PCC Ta IOKasIbHUMM BYy3/1aMM, 3 NIKOBUMMU
3HayeHHAMM NoHag 0.2 paf y pemmi ocTpoBa Ta BTOPUH-
HUM $a30BMM CMNECKOM Mif Yac MOBTOPHOI CMHXPOHi3a-
Ljii. 3aTarHyTa ¢a3oBa KOHBEPreHL,in BKasana Ha nigsuue-
HUA PUBUK CUHXPOHI3auiiHMX 360iB i NOTEHUiNHMX
TEXHOIOTYHUX KOHPNIKTIB GFL-pexkmmis.
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Puc. 3. Eman 1 (6a3oea KoHgpizypayis): weudkicme 3miHU yacmomu
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Puc. 4. Eman 1 (6a3oea KoHpizypauis): gpazosa noxubka (PCC npomu aA0KAAbHOI WUHU)
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Y CYKYyMHOCTI pe3yabTaTv NepPLUIOro eTany KibKicHO nigTee-
pavnu, wo 6asoBa apxiTekTypa 6e3 BipTyanbHoOI iHepuii xa-
pakTepusyBanaca nigsuweHnm RoCoF, ranbokmm vacTtot-
HUM MiHIMyMOM, NOAOBXEHWM YacOM BigHOBMEHHA Ta
3Ha4yHolo $a30BOO HecTabifbHICTIO, WO obmexysano ii
eKCnyaTauinHy HagilHICTb Y NepexigHuX pexxnmax. Buss-
NeHi iHepuiiHi Ta $a30Bi 06MeXKeHH:A 3yMOBUAN Heobxia-
HiCTb Mepexoay 40 APYroro eTany, AsKNin nepeabayas iHTer-
pauito Virtual Synchronous Machine 3 napameTtpuyHum
BapitoBaHHAM BipTyasibHOI iHepuii Ta gemndyBaHHA. [lo-
OanblNK aHanis 6y CNpPsSIMOBAHWI Ha Ki/bKiCHY OLHKY
3meHwWweHHA RoCoF, nokpawieHHA YacTOTHOI AMHAMIKK Ta
nigsuLeHHA $a30BOi KOFepeHTHOCTI Y NepexiaHuUX pexku-
max (pucyHKn 5, 6, 7).

CncTemHe NiaBULLEHHA YaCTOTHOIO MiHIMYMY 3i 3pOCTAHHAM
napameTpis H i D 3adikcoBaHe Ha puc. 5: nopiBHAHO 3 6a30-
BMM eTanom MiHimasibHa 4yacToTa 3pocaa NnpmubansHo 3 48.1—
48.3 Hz po 49.6-49.9 Hz, w0 BiANOBIAAN0 CKOPOYEHHIO MNK-
6uHM BigxmneHHs Ha 60—80 %. Yac BiAHOBNEHHA 3MEHLLMBCA
3 noHaz 5—-6 c y 6a3oBoro cueHapito o 6:113bko 1.5-3 ¢ ana
BMCOKMX 3Ha4YeHb H+D, To6TO 6inbl HixK y 2 pasn. CyTTeBe
3r71a4)KyBaHHA MOYATKOBUX FPALIEHTIB YAaCTOTU MPOAEMOH-
cTpoBaHe Ha puc. 6. Mikosi 3HayeHHA RoCoF 3meHwmnnca
OpIEHTOBHO 3 AecATKiB Hz/s y 6a3oBoro cueHapito 40 04HO3-
HAYHMX 3HAYEHb, L0 O3HAYa10 peayKLito NiIKOBOI WBUAKOCTI
3MiHM YacToTh Ha 70—85 % 3aneXKHo Big, KOHPirypauii VSM.
BucoKi 3HauYeHHs BipTyanbHoOI iHepuji 3abe3neunnn Hanbinb-
WK1 edeKT came B NepLUi COTHI MinicekyHA, nicnsa 36ypeHHs.
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7 49.4
49.2
Huzbka iHepuis / Huaske nemndyaaqHs
CepegHa iHepuia / CepegHe geMndyBaHHa
Bucoxa ivepuin [ Buocoke gemndysadqa
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Yac (c)

Puc. 5. Eman 2 (VSM): yacmomHa xapakmepucmuka 3a pizHux napamempig VSM
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Puc. 6. Eman 2 (VSM): 3HuxeHHA RoCoF 3a paxyHoK sipmyasnbHoi iHepuii ma demngysaHHs
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MponopuiiHe 3meHLWweHHA dpa3oBoi Noxmbku mix PCC i no-
Ka/JIbHUMW BY3/1aMM MOKa3aHO Ha puc. 7, Ae BUAHO WO Ma-
KCMManbHa @¢as3oBa po3bikKHICTb 3HM3MANACA 3 NOHAS,
0.2 pag Ha nepwomy eTtani Ao pisHiB HMx4e 0.05 pag 3a

BUCOKMX H+D, Wo BiANoBiAan0o cKopoyeHHo Binbll HiX Ha
75 %. OgHo4YacHO crocTepiranocAa npuckopeHHA $asoBoi
KOHBEpreHLu,ji, o BKa3yBa/o Ha MiABULLEHHA CUHXPOHI3a-
LiMHOI 38aTHOCTI IHBEPTOPHOI CUCTEMM.

0_1_4 - — HWEEKA THERUIA [ Hyanse 38Ty XaHHA
CepepHa iHepuis / CepegHe 3aTyXaHHA
0.12 1 Bucoka iHepuina / BMCOKE 3aTyxaHHA
0.10
i
2 0.08 -
g 0.06 -
4
0.04 1
0.02 ~
0.00 ~
T - T T T T T T T T
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Yac (c)

Puc. 7. Eman 2 (VSM): nokpaweHHA ¢pa3080i KoeepeHmHocmi

TaKMM YMHOM, CNOCTEPIraeTbCA 36iXKHICTb LWOAO0 pesybTa-
TiB nepworo etany gocnigeHHs, agxe VSM edeKTMBHO
KOMMeHCyBaB iHepuiiHuin Ta dpasosnin aediumT (ogHaK Ha
piBHi OKpemux iHBepTOpiB). MonNpu CyTTEBE MOKpPALLEHHSA
RoCoF, yacTtoTHoro miHimymy 11 ¢a3oBoi KorepeHTHOCTI, 3a-
NIMWANUCA NOTEHLiNHI KOHONIKTU pexumis i BiaCyTHICTb
rnobanbHOT ONTUMI3aLLT AiM AXKepen, HaKonuyyBaYiB i Ha-
BaHTaYXeHHsA. BuaBneHi obmekeHHsA nokanbHoro VSM-ke-
PYBaHHA 3yMOBWUAN Mepexig, 40 TPEeTboro etany, Ha AKOMY
6yno sBnposagxeHo Virtual Power Plant ak KoopauHau,in-
HUW HagpiBeHb KepyBaHHA. Moganbwnii aHanis 6ys cnpsa-
MOBaHUI Ha LeHTpanizoBaHuit BUBip pexunmis GFL / GFM,
[MCNEeTYepPCbKOro KepyBaHHA HAaKOMWYyBaYiB i KepyBaHHA
HaBaHTaXEHHAM 3 METOH 3HUKEHHA TEXHONIOMYHUX KOH-
GANIKTIB Ta [OCATHEHHSA CUCTEMHOT Y3roAKeHOCTi
HeHTiB (pucyHKuK 8, 9, 10, 11).

Pesynbtat pocnigrkeHHs, 3adikcoBaHi Ha puc. 8, 3acBia-
ynnam, wo iHterpauisa Virtual Power Plant sk KoopauHauii-
HOrO HAApPiBHA 3MEHLWYyBasa amnAaiTyay 4acTOTHUX BigXu-
neHb Ha 35-50 % nopisHAHO 3 pexxumom nuwe VSM nig vac
load step, ocTpiBHOro pexMmy Ta NOBTOPHOI CUHXPOHI3aLLl.
YacToTHa gucnepcisa 3HM3nNacA binblu HiXK yABiYi, WO BKasy-
Ba/I0 Ha epeKTUBHE 3r1aAKyBaHHA CTOXAaCTUYHUX Ta NOAie-
BMX 30ypeHb 3a paxyHOK Y3roAsKeHOro  AMCMEeTYEPCbKOro
KepyBaHHA HAKOMMYyBaYiB i KepyBaHHA HaBaHTA)KEHHAM.
AHani3 gaHux, BigobpaxeHuUn Ha puc. 9, NMoKasye iCTOTHe
CKOPOYEHHA HEKOHTPONbOBAHUX MepeMUKaHb PEXUMIB iH-
BepTopiB. 3a HaasHOCTI VPP 4yacTKa CnOHTaHHMX nepexoais

KOMNo-

GFL / GFM 3meHwmnacs npubamsHo Ha 60-70 %, a 6inbLuictb
iHBepTopiB cTabinbHO yTpumyBanuca y GFM-pexumi B Kpu-
TUYHMX $a3ax, WO KOHTPACTYBao 3 pparMeHTOBaHO Nose-
LiHKOO B pexkumi anwe 3 VSM cueHapiem.

Cxemy (ams. puc 10) 6yno cdopmosaHo ansa dopmanisauii
KOOPAMHAL,iMHOT apXiTeKTypu 6araTtopiBHEBOro KepyBaHHA,
Y AKin VPP-KOHTponep BUKOHYBaAB QYHKLT LLeHTpanisoBaHoi
ONTUMI3aLLii, CUHXPOHI3aLii YacTOTU Ta AncneTyepmsadii. Bi-
[06paXKeHo KNYOoBi iIHGOPMaLLiMHI MOTOKM: BUMIpIOBaHHA
noTyxHocTi (P, Q), pedepeHc-curHanm (V*, f*, P*, Q*), ua-
COBi MiTKM CUHXPOHiI3auii (Tsynch, AT) Ta curHanu nepemu-
KaHHA peXXunmis. JTaTEHTHICTb KOMYHiKaLii moaentoBanaca B
mexax 20—-80 ms, a AMUCKPETHICTb OHOB/AIEHHA AUCneTyep-
CbKMX KOMaHpg, ctaHoBumna 100-250 ms, wo Bignosigano
YMOBaM peanicTMYHUX LMPPOBUX EHEPTOMEPEK.

Cxema (ams. puc. 10) 3acBiaumnna, Wo iHTerpawisa BMmiptoBa-
JNIBHUX | Kepyoumnx KaHanis GpopmMyBaiia 3aMKHEHUIN KOHTYP
CUCTEMHOI KOOpAMHALIl, AKMIA MiHIMiI3yBaB MiXKKOHTYPHI
KOHPNIKTM Ta 3abe3neuvyBaB y3roaskeHe QYHKLiOHYBaHHA
GFM/GFL-iHBepTOpiB. LleHTpanizoBaHa nepeaaya ycTaBoK
3HUKYBaNa BapiaTUBHICTb 4YacTOTHO-A30BUX BiAXMNEHb
npn6an3Ho Ha 30—40 %, niaTBEpPAKYHOUM, LLLO Came apXiTe-
KTYpHa 3B’A3aHiCTb, @ He i30/1bOBaHi aIFOPUTMU KEPYBaHHS,
BM3Hayana NiaBuueHHA AMHaMIYHOI CTiIMKOCTI KombiHoBa-
HOI eNeKTPOEHEPreTUYHOT CUCTEMM.

Ha DC-piBHi VPP peanisoByBaB MexaHi3am KoopauHauili-
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HOro pesepByBaHHA Ta 0OMEKEHHS TPAEKTOPIl NOTyKHO-  3abe3nedyBana nonepeaKyBasbHe MaHyBaHHA pe3epsiB
CTi, 3MiHIOKOUYM YaCcOBO y3rogKeHi yctasku P*/Q* pna BESS  (reserve scheduling) i 3ano6irana HacuueHHto DC-UKMHM Ta
i PV 3 ypaxyBaHHAM [OCTYMHOrO 3amacy pPeryaloBaHHA, MepeBULLEHHIO 4ONYCTUMUX MEX Hanpyru nigyac WenaKux
WBWMAKOCTI HAapOCTaHHA MOTyXHocTi Ta SoC. Taka fnorika  4YacToTHUX 36ypeHb i peCUHXPOHI3aLji.

VY

YactoTa (y)

49,8

49,6 1

—— Tinbku VSM
— VSM+VPP
T T I I T - T T
0 5 10 15 20 25 30
Yac (c)

494

Puc. 8. Eman 3: yacmomHa xapakmepucmuKa 3 KoopouHauiero VPP ma 6e3 Hei
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Puc. 9. Eman 3: yeHmpanizosaruii eubip pexcumie GFL / GFM

Ha puc. 11 nokasaHo KinbKicHe nigTeepa)KeHHa 3HMKeHHA 70 %. Lle cBig4Mno npo cyTTeBe 3MEHLUIEHHA TEXHONOTIYHNX
KOHONIKTHUX CTAHIB: cepeaHA 4acToTa BUHUKHEHHA KOHP-  KOHOAIKTIB MiXK AKepenamu, HaKonuyyBadamMu Ta HaBaHTa-
NiKTiB cCKOpoTunacs 3 6an3bko 0.3-0.4 y pekMmi Aunlie 3 KEeHHAM 32 YMOB LLEHTPani3oBaHOI KoopauHalii.

VSM g0 piBHiB HUKYe 0.1 y VSM 3 VPP, To6TO 6inblu HixK Ha
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-o—  LleHTpanisoBaHe KepyBaHHs

|

|/\/' OnTUMI3aLlis Ta NPOrHO3yBaHHs

'N\r CuHXpOHi3aLis yactoTu

4\}> Jlorika nepeMuKaHHs

BumiptosanHs notyxHocrTi (P, Q)

3apaHi 3HayeHHs / pedepeHc-curHanm
(fV2 105

Yacogi MiTku / curHanu cUHXpoHizauii
(Tsync, oT)

CurHanu nepeMuKaHHs (pexum, t,)

a i
GFM IHuBepTOp
( o KepyBaHHs
IHepuis Ta
cratasm | ) ¢°p:g'::;ium ‘*l
GFL IuBepTOp
KepyBaHHs
Kepyaa‘HHﬂ | crigyBaHHAM
NOTYXHICTIO  Mepemeis j

GFL IuBepTOp

=[ GFL IuBepTop ]
| 3a Mepexeto
N e
@ BumipioBanHs notyxHocTi (P, Q) @B Yacosi MiTkM / cUrHanu cMHXpoHi3auii @ Craunu Ta nogii

BuMiptoBaHHs aKTUBHOI Ta peakTUBHOI (Tsync, 8T)
NOTYXHOCTI i3 cucTemu.

Y3rOfKEHHS y yaci.

@0 3apaHi 3HaueHHs / pedepeHc-curHanu (=)
(f, V¥, P*, Q*)
KomaHau ans 4actoTu, Hanpyru, akTMBHOI
Ta peaKTUBHOI NOTYXXHOCTI.

CurHanu 4acoBoi CUHXPOHi3aLii Ta

IHdopmaLis npo cTaH cuctemu,
asapii Ta nogii.

CurHanu nepeMukaHHs (pexum, to) —> BHyTpIlHA CTPYKTYpa KepyBaHHs
KomaHau pexumy poboTtu Ta MOMEHTY
nepeMuKaHHs ANs iHBEpTOpIB.

BHyTpilWHii NOTiK cUrHanis y KOXHOMY
iHBepTOpI.

Puc. 10. Apximexkmypa Virtual Power Plant ma KaHanu 06miHy 0aHUMU 3 1I0KAAbHUMU KOHMYPAMU KepyeaHHSA
iHBepmop-opieHMoOBAHUX pecypcie
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Puc. 11. Eman 3: 3MeHWeHHA KOHGAIKMHUX CmaHie 3a paxyHoK VPP

MapameTpuyHy AEKOMMO3ULi0 BUKOHAHO AAA iaeHTUdI-
Kauii geTepmiHaHT 4acToTHO-$a30BOi AUHAMIKM 1 TEXHO-
NOTiYHUX KOHOANIKTIB B iHepLiliHO-aediunTHIN Mmepexki. Ba-
piloBaHHA K/OYOBUX MapameTpiB y penpe3eHTaTUBHUX
ApianasoHax (VSM 2-10 s; 3aTpMmKa nepepaBaHHA

curHanis 20-150 ms; SCR 1.5-5; SoC 20-90 %) gano 3mory
OUiHMTKM iX BHeCOK y aucnepcito RoCoF, 4acToTHOro MmiHi-
MyMYy 1 Gpa3oBOT NOXMBKN. PaHKyBaHHA Bigobpasuno rpa-
OIEHT BNANBY Ta NPIOPUTETHICTb NAapaMeTPUYHOro Hanal-
TyBaHHsA (Tabn. 1).
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Tabnuua 1. PaH)XyBaHHA NapamMeTPUUYHOT YYTIIMBOCTI KepyBaZibHUX i cUcTEMHUX PAKTOPiB Y KOMBiIHOBaHIl enekTpoe-

HepreTUYHiIn cuctemi

Mapamer, Aianason TpeHp Bnaus Cuna
P P BapiloBaHHA PeHA v edeKrty
BipTyanbHa iHepuin 7-10's J RoCoF Ha 35-58 %; I 4yacTOTHUIA MiHiMym Ha 0.12—0.28 Hz; Bucoka
VSM HaAMipHi 3HaYyeHHA - P yac BigHOBAEHHA Ha 8-14 %
JemnoysaHHA VSM 0.5-3.0 p.u. J ocumnauii Ha 40-65 %; | pa3oBoi noxmbku Ha 22—-37 % Bucoka
MoKpalLeHHA po3noainy noTyxHocTi; npu <3% - I RoCoF go Cepea-
KoediLieHT cTaTuamy 2-6% 18 % ! HbO-
° BUCOKa
He _ o/.
3aTpuMKa KepyBaHHA y 20-150 ms >10.0 ms > 1 4acroTa BVIHVIKHe.HHﬂmKOHi)nI:(TIB Ha 25-33 %; BUCOKa
VPP YCNiLWHICTb NOBTOPHOI CMHXPOHI3aLii Ha ~9 %
KOMVH'Kau'MHa Anc 50-200 ms >120 ms - ¢asosa BapiaTuBHicTb +15-21 % CepegHn
KpeTHicTb
SCR (Short Circuit Ratio) | 1.5-5 SCR<2 = /| iHBEPTOPHO 3yMOBAEHA HECTIlKiCTb Ha ~30 % Bucoka
Tononoria mepexi ::ﬂfﬁ?:/ Meshed - {, npocToposuii po3Kna 4YacToT Ha 17-26 % CepepgHa
SoC BESS 20-90 % <30 % - | iHepujiiHa niaTpumka ao 40 % Bucoka
3anac peHynoBaHHA Cepegp-
pe3epBy NOTYXKHOCTI 10-35% >25 % -> {, nikoBa WBKNAKICTb 3MiHN YacToTh, RoCoF Ha 19-27 % | Hbo-
BESS BNCOKa

HalBuLLy 4yTAUBICTb NPOAEMOHCTPYBAAN BipTyasbHa iHep-
uin, aemndysaHHA, SCR i 3aTpumrm VPP, siKi cykKynHo nosc-
HtoBann 6113bko 60—70 % BapiaTUBHOCTI AUHAMIYHUX MET-
PUK. 3HUXKEHHA 3aTPMMKU NepenaBaHHA CUTHaNIB HUMXKYe
80—100 ms acou,itoBanoca 3i CKOPOYEHHAM YaCTOTU BUHUK-
HEeHHA KOHONIKTIB Ha =25—33 %, ToAi AK nigTpumKa SoC no-
Hag 30 % 3abesnevysana Ao 40 % AoAaTKOBOI iHEPLUiAHOI
niaTpuMmkn. OTpUMaHi OLLIHKK NiaTBEPAUAU, LLO cucrte-
MHa CTilKicTb GOopMyBasacs B MeXKax y3rogsKeHoro napa-
METPUYHOrO NPOCTOpPY, @ He Yepes i30/1bOBaHy ONTUMI3a-
Lit0 OKPEMUX KOHTPONEPIB.

KooppauHauiiiHe kepyBaHHA Yepes VPP 3abe3neyyBano cra-
6inisauito J/lTaHKM NOCTIMHOro CTPYMy Hanpyru WAAXom Am-
HaMi4YHOro Nepepo3noLiny 3anacy peryatoBaHHA Ta obme-
YKEHHA LWBMAKOCTI HAPOCTAaHHA MNOTYXKHOCTI B mexax 5—-10 %
HOMiHa/IbHOI NOTYXXHOCTI 33 CEKyHAY. 3a CTOXacTUYHUX 30y-
peHb Bapiauia DC-Hanpyru He nepesuwyBana +3-4 %, Toai
AK Y HeKoopanHoBaHMx GFM-KoHbirypauisx BoHa focsarana
7-9 %, nigBuiLyouM pu3mnK converter-driven HecTiKoCTi.
JoTtpumanHsa SoC-gianasoHy 20—80 % gano 3mory ytpumy-
BaTM eHepreTnyHuiA 6anaHc i 3HM3UTK Yactoty DC-nepesa-
HTa)XeHb NpubansHo Ha 35-45 %, wo niaTeepanno edek-
TUBHICTb LLeHTPaNi30BaHOMo ANCMNETYEPCbKOro KepyBaHHA B
3anobiraHHi Hanpyroeum aesiauiam Ha DC-cTOpOHi.

Takvm YnMHOM, BiAHOCHO pe3ynbTaTiB nonepegHix etanis
LOCNIQKEHHA cnocTepiranm eBoatoLito epekTiB cTabinisa-
Lii: AKLLO HA NepLwomMy eTani CUCTeEMA AEMOHCTPYBana BU-
cokuit RoCoF, rnMboKuni 4acToTHUIM MiHimym i pa3oBy aes-
opraHisauito, a Ha gpyromy — VSM cyTTEBO NOKpallyBaB

NOKanbHi YacToTHO-$a30Bi MeTPUKM, TO TpeTilt eTan ycy-
HYB CMCTEMHUW piBeHb Hey3rogxKeHocTi. OTxe, VPP He
nvwe niacunue edekt VSM, a 1 TpaHchopmyBas 1ioro 3
JIOKA/IbHOTO iHCTpyMeHTY cTabinisauii B rnobanbHun me-
XaHi3M KepyBaHHA pexxMmamu. [locArHyTe 3HUKEHHA KOH-
bNIKTHUX cTaHiB i cTabinisauis pexumis cTBOpUAN Nepea-
YMOBM  AnA  nepexogy 4O  4eTBepToro  etany,
npucsaYeHoro KombiHoBaHUM cueHapiam VSM 3 VPP 3a
yMOB cTOXacTuyHux npodinis BOE, piskMx HaBaHTaxyBa-
NbHUX 36ypeHb Ta aBapiHoOro BigokpemneHHa. Mogano-
WKA NOpPiBHANIBHUN aHanis byB CNpPSAMOBAHWUI Ha BUSAB-
JNIEHHA iHTerpanbHoro epeKkTy cuHeprii Big4 ogHOYACHOrO
3aCTOCyBaHHA BipTyanbHOI iHepuii Ta KoopAWHaUiliHOro
KepyBaHHA (pucyHku 12, 13, 14).

Pe3ynbTaTh, NOKasaHi Ha puc. 12, A4eMOHCTPYIOTb, WO B
YMOBax CTOXacTUYHMUX npodinis BAE, pi3kunx 36ypeHb Yepes
CTYMiHYacTy 3MiHy HaBaHTA)KeHHA, OCTPIBHOIO peXumy Ta
NOBTOPHOI CMHXPOHi3aL,ii KombiHOBaHa apxiTekTypa VSM 3
VPP ¢opmyBana icTOTHO cTabifibHilly YacTOTHY TPAEKTOPItO
nopiBHAHO 3 6a30BoOl0 MoAennto. AMNAITYyAa YacTOTHUX
BiAXxmneHb 3meHLwwyBanaca Ha 45—60 %, a dnyKTyauii, 3ymo-
B/IEHI BUNAAKOBUMM KONIMBAHHAMM reHepaL,ii, NpurHivyysa-
JIUCA 3aBAAKM KOOPAMHOBAHOMY AMCNETYEPCbKOMY Kepy-
BaHHIO HAKOMWYyBaYiB i KEPYBAHHIO HaBaHTAXKEHHAM.

AHanis, HaBeaeHW Ha puc. 13, nigTBepauB 3cyB po3noginy
YacTOTHOro MiHiMyMmy B BiK BMLLMX 3HaYyeHb: gns VSM 3 VPP
MeZiaHHe 3HaYeHHA YAaCTOTHOIO MiHIMyMy nepeBuLLyBano
3HayeHHA 6asosoro cueHapito Ha 1.2-1.5 Hz, wo Bignosi-
[Aano CKOPOYEHHI rAMbuHM nposBany Ha 60-75 %.
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OAHOYaCHO CnoCTepiranoca CyTTEBE 3BY)KEHHA aucnepcii
po3noginy, Wo CBia4YMA0 Npo 34aTHICTb cucTemm 36epiratu
cTabinbHi XapaKTEPUCTMKM 3a CTOXAaCTUYHUX 36ypeHb i Npo
3MEHLEHHA MiXKCLeHapHOoi BapiaTUBHOCTI. CUCTEeMHE 3HU-
KEHHA MNIKOBUX 3HayeHb LWBWAKOCTI 3MiIHWM 4acToTH

npoAeMOHCTpoBaHe Ha puc. 14, ina VSM 3 VPP RoCoF 3me-
HwyBaBcA Ha 65—-80 % BigHocHO 6a30Boi KOHbIrypadii, a
pO3MOoAin XapaKTepM3yBaBCA MEHLLIOK aCMMETPIEID Ta KO-
POTLWMMM KXBOCTaMMY, LLLO CBiAYMI0 NPO epeKkTUBHE 0bMe-
YKEHHA eKCTpemanbHUX NOAIN.
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Puc. 12. Eman 4: mpaekmopis 4yacmomu 3a cmoxacmu4Hux npoginie BAE ma nodiesux 36ypeHs
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Puc. 13. Eman 4: miHimym yacmomu (nadir) 3a cmoxacmu4HUX po20Hi8 CKPUNKos8a diazpama po3mnoodiny 3 pesyanbma-
mamu oKpemux 3anycKie Mooesnto8aHHs)

3rigHo 3 nonepegHiMu pesynbTaTtam BCTaHOB/IEHO KYMyANA-
TUBHUM XapaKTep edeKTiB: AKLLO NepLumnii eTan BUABUB KPU-
TUYHY YYT/IMBICTb iHepUinHO-aediLMTHOI cucTeMn, Apyrum
3abe3neynB NOKaNbHE 3rNagKyBaHHA AMHAMIKM 3@ paxy-
HOK VSM, a TpeTilt ycyHYB CUCTEMHY Hey3roAKeHiCTb Yyepes
VPP, To 4eTBepTMiA eTan NiATBEPAMB iHTEerpanbHUn edeKT
cuHeprii. Came NoeaHaHHA BipTyanbHOI iHepLii 3 Koopau-
HaUiMHMM HagpiBHEM 3abe3Mneuynno ogHOYACHE 3HUMKEHHS
RoCoF, nigBULWeHHA 4acTOTHOIO MiHIMyMy Ta 3MeHLIeHHA
CTOXaCTUYHOI Agucnepcii meTpuKk. OTpumaHi pesyabTaTn

CTBOPUAU NIAFPYHTA ANA 3aKNOYHOTO eTany AOCAIAKEHHS,
Ha AKOMY Oy/NI0 BUKOHAHO CTaTUCTMYHY arperawito pesyb-
TaTiB i NOOYA0BaHO y3arasibHIOBA/NbHY MATPULLD «KOHG-
NIKT — MexaHi3m — epekT». Noganblumii aHanis 6ys cnpamo-
BaHMA Ha <¢opmanbHe MiATBEPAKEHHA CUCTEMHOro
3HUMKEHHSI TEeXHOJIOMYHUX KOHQAIKTIB i cTiikoro nigsu-
LEHHA AMHaMiYHOI cTabinbHOCTi KOMBIHOBaHMX cUCTEM
efNleKTponocTtayaHHsA (pucyHkm 15, 16, 17).

PesynbTaT Ha puc. 15 3acBigunam HeniHiliHe, ane cucre-
MHO OfHOpigHe 3pocTaHHA edeKTUBHOCTI cTabinisauii nig,
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yac nepexoay Big 6asosoro cueHapito go VSM i gani go
VSM 3 VPP. [1na BCix iaeHTUPiIKOBAHNX TEXHONOTIYHUX KOH-
¢bnikTiB HOpManizoBaHa cuna epeKTy 3pocna 3 pisHis 0.10—
0.25 y 6a308ilt KoHOirypauii go 0.85-0.95 y VSM 3 VPP, wo
ekBiBasieHTHO 3.5—-8-KpaTHomy niacuaeHHto ctabinisauin-
HoT Aaii. Hanbinbwi npupoctu 3adikcoBaHo ana $pas3oBoi ge-
CMHXPOHI3aL,ii Ta noripweHoi NOBTOPHOI CUHXPOHI3aLii, ae
edekT nepesunwms 90 % Big, yMOBHO MAKCMMA/IbHOTO PiBHA.

I'padik, HaBeaeHWI Ha puc. 16, niaTBEpAMB KYMYAATUBHUIA Xa-
paKTep pe3ynbTaTiB: cepeaHilt iHTerpasbHU NOKasHUK cTabi-
NIbHOCTI 3pic 3 =0.17 (3HauyeHHs 6a30Boro cueHapito) go =0.67
(VSM) i =0.90 (VSM 3 VPP). Takum YMHOM, BMPO-BagyKEHHS
VSM 3abesneunsno 6i13bko +50 MPOLLEHTHUX MYHKTIB MNO-

KpaLLleHHA, Toai AK goaasaHHA VPP gano goaat-koBo =+35 %
NPUPOCTY BIZHOCHO pexumy auwe 3 VSM, Wwo KinbKicHO nig-
TBEPANIO BUPILLANbHY PONIb KOOPAUHALLIMHO-TO HAZPIBHS.

NiHiNHe 3icTaBneHHs, HaBegeHe Ha puc. 17, nokasano cta-
6inbHe gomiHyBaHHA VSM 3 VPP 3a Bcima edektamu. Hop-
Mani3oBaHi 3HaYeHHA NOKa3HUKIB 3HMKeHHA RoCoF Ta nok-
paleHHA YacTOTHOrO MiHIMyMy nepeBuLLyBaaWn Biano-
BiAHi 3HaueHHA 6a3oBoro cueHapito B 4—6 pasis, ToAj AK AnA
NOKa3HMKIB 3MEHLEeHHA KiIbKOCTi KOHPAIKTIB i yChil-HOCTi
NOBTOPHOI CUHXPOHI3aLii e NnepeBULLEHHA CTaHOBMNO 3—4
pa3u. Lle 03Havano, wo BipTyanbHa iHepuina 6e3 KoopauHa-
Uil NOKpalyBana AMHAMIYHI MEeTPUKK, ane aAuwe ii NOeS-
HaHHA 3 VPP ycyBano cucTeMHi KOHONIKTU KepyBaHHA.
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Puc. 14. Eman 4: nikose 3Ha4eHHsA RoCoF 30 cmoxacmu4HuUX Npo2oHie (CKpunkosa diaepama po3nodiny 3 pesysaema-
Mamu oKpemux 3arycKie MoOesIr8aHHs)
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Puc. 15. ®iHanbHUl eman: Mampuusa «KOH@PAIKM — MexXaHiam — epekm»
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lpadik, HaBegeHW Ha puc. 16, NigTBEPAMB KYMYNATUBHUIA
XapaKTep pesy/bTaTiB: cepepHii iHTerpasbHUN NOKa3HUK
cTabinbHocTi 3pic 3 =0.17 (3HayeHHA 6a30BOro cueHapio)
no =0.67 (VSM) i =0.90 (VSM 3 VPP). TakMm 4YMHOM, BNpO-
BaAKeHHA VSM 3ab6e3neunno 6113bKo +50 NPOLLEHTHUX Ny-
HKTiB NOKpalLeHHA, ToAi AK goaasaHHA VPP gano popart-
KOBO =+35 % npupocTy BigHOCHO pexumy anwe 3 VSM, wo
KiNIbKICHO NiaTBEPAMIO BUPIWANbHY POJib KOOPAWMHALiN-
HOro HagpiBHA.

NiHiNHe 3icTaBneHHs, HaBeneHe Ha puc. 17, nokasano cra-
6inbHe gomiHyBaHHA VSM 3 VPP 3a Bcima edpektamu. Hop-
MaJli30BaHi 3Ha4YeHHA NOKA3HUKiB 3HMKeHHA RoCoF Ta nok-
PaLLEHHA YAaCcTOTHOIO MiHIMyMy nepeBuLLyBaun BigMNOBIAHI
3HauyeHHs 6a30Boro cueHapito B 4—6 pasis, To4i AK Ans no-
Ka3HMKIB 3MEHLLIEHHA KiNbKOCTi KOHMAIKTIB i ycniwHOCTI no-
BTOPHOI CMHXPOHIi3auii ue nepesBuLLEHHA CTaHOBUNO 3—4
pa3u. Lle o3Hayano, Wwo BipTyanbHa iHepuia 6e3 KoopauHa-
Lii MOKpallyBana AMHAMIYHI METPUKM, ane Aue ii Noea-
HaHHA 3 VPP ycyBano cuctemHi KOHONIKTU KepyBaHHA.

CepeaHiin HoOpMani 308K ehekT

Eazcawst pinenn

VSM

VSM+VPP

Puc. 16. ®iHanbHUli eman: aepe2osaHe nidsuweHHa OUHaMiYHoi cmilikocmi
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Puc. 17. ®iHanbHUll eman: nopieHAHHA ehekmie 3a MexaHi3Mamu KepyeaHHA

KopeKTHicTb nopisHAHHA 3 VOC / VSG / cTaTudHe perynto-
BaHHA 3abe3neyyBasacA 3aCTOCYBaHHAM iA€HTUYHMX ana-
paTHO-eKcnyaTauinHux obmeskeHb PCS ana BCiX KOHTpO-

NepiB, BKAKOYHO 3 NiMiTaMM CTPYMY, LIBUAKOCTI HAPOCTaHHA
MOTYXKHOCTI (ramp-rate), MakcMmanbHOi NOTYKHOCTI Ta 06-
MeXeHHAMMN SoC HaKoMnmyyBauis.. MapameTpuyHi
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HaANALWTYBaHHA KOXKHOFO anropuTmMmy BUKOHYBANIUCA B TUMO-
BUX /18 Cy4acHOI niTepaTtypw AianasoHax (assumed typical
ranges), Lo YHEMOKNNBIOBAIO METOA0/OTYHE 3MiLLLEHHS
pe3ynbTaTiB i 4aBas0 3MOry iHTepnpeTyBaT BiAMIHHOCTI AK
HaCNiAOK NPUHLMNIB KepyBaHHA Ta KOOPAMHALI, a He BU-
60py rpaHMYHMX NapameTpis.

BianosigHo Ao NnonepeaHix pe3ynbTaTiB BCTAaHOBAEHO YiTKY
iepapxito edeKTiB: NepLNin eTan BUABUB CTPYKTYPHY HECTii-
KicTb iHepUjiiHO-aediuMTHOI cMcTeMu; Apyrnin NPoLEMOH-
CTpyBaB NI0KanbHe 3HMKeHHA RoCoF i nigBuLeHHA YacToT-
HOro MiHiMyMy 3a paxyHok VSM; TpeTiil yCyHYB KOHOAIKTK
peKMMIiB Yepes LEeHTPanizoBaHy KOOpAMHALIO; 3aK/tou-
HWI eTan NigTBEPAMB CTAaTUCTUYHO CTiIKY CUHEPTito X Me-
XaHi3miB y rnobanbHomy BuMipi. InA y3aranbHEHHA BNAUBY
BipTyanbHOI iHepLii Ta KOOpAMHALIMHOrO KepyBaHHA 6yno
chopmoBaHo nopisHANbHY Tabanuto (Tabanya 2 tabn. 2),
wo Bigobparkae KNOYOBI MeTpUKKM cTabinbHOCTI Ta mMacw-
Tabu X NOKpaLLEHHA HA KOXKHOMY eTani A4OoCNigKeHHS.

Tabnuuga 2. NopiBHANbHUIA aHaNi3 pe3yNbTaTiB AOCNIOKEHHA

3Ha4yeHHA
MeTpuka 6asoBoro nm.Puee)ﬁM\,}ASM VSM 3 VPP
cueHapilo
3HMXEHHA NiKko- B e
80ro RoCoF 0% =50-60 % =75-80 %
MNMoKpaleHHA Yac-
TOTHOrO MiHi- 0% =40-50 % =65-75 %
mMymy
CKopoYeHHs vacy ar_ e
BiIHOBNCHHS 0% =35-45% =60-70 %
3meHLeHHa da- A T
20801 NOXMBKM 0% =45-55% =70-80%
3HUXKEHHA Yac- o 2O T(_TC0
TOTW BUHUKHEHHA 0% ~30-40% ~70-75%

3Ha4yeHHA
MeTpuKa 6asoBoro nuz.lee»;“\'}nsM VSM 3 VPP
cueHapito
KOHNIKTIB
IHAeKc ycniwHo-
CTi NOBTOPHOI cn- | =60% =80-85% =95%
HXPOHi3aui

CyKynHicTb eMnipuyHUX pesynbTaTiB (guB. Tabn. 2) nigTee-
pAMna, Wo BipTyasibHa iHepuia € HeobxigHotO, ane Heaoc-
TATHbOK YMOBOI YCYHEHHSI TEXHOJIOTMYHUX KOHIKTIB y
KOMBiIHOBaHMX cUCTEMAX efleKTponocTayaHHa. VSM 3abes-
ne4vysas 3HUXKeHHA ROCoF Ta NigBuMLLEHHA YaCcTOTHOIO MiHi-
MyMy B cepeagHbomy Ha 40-60 %, ogHak 6e3 KoopAauHauii
3a/1MLWaBCcA 0OMeEXKEeHUM Y BMIMBI HA CUCTEMHI KOHDNIKTH.
JNnwe iHTerpauis VSM 3 VPP TpaHcdpopmyBsana ctabinisauito
3 IOKaNbHOI y cUCTEeMHY, 3abe3neunslum 0o 75—80 % 3Hu-
YKEHHA KPUTUYHUX AUHAMIYHUX PU3KKIB i A0 95 % ycniwHo-
CTi pecuHXpoHi3zauii. OTpumaHi pesyabTatm eMnipmuyHoO A0-
BE/N, WO BipTyanbHa iHepuis, BbygoBaHa y 6aratopisHeBy
KOOPAMHALNHY apXiTEKTYpy, € ePEKTUBHUM iIHCTPYMEHTOM
YCYHEHHA TEXHOIOTNYHUX KOHOAIKTIB i NigBULLEHHS ANHAMI-
YHOT CTIMKOCTI Cy4acHUX KOMBIHOBaHUX CUCTEM e/1eKTPOono-
CTayaHHA.

KOHTpONbHE PO3LWMPEHHS EKCNEPUMEHTANbHOTO AU3aiHy
nepenbayano BKAOYEHHA CTaTUUYHO KepoBaHoro GFM, VOC
Ta VSG fAK anbTepHaTUBHUX peanisaLil iHBepTopHoro ¢op-
MyBaHHA Hanpyru. MNopiBHAHHA BWMKOHAHO 3a YHidikoBa-
HUMW UHAMIYHUMU METPUKaMK 3 BUKOpPUCTaHHAM 21080
nporoHie. Lle aano 3amory isontoBatn epekT KoopaMHaL,in-
HOT apXiTeKTypu Ta nepesipuTh, Yn popmysanaca cTabinb-
HiCTb anAropuTMom abo MPUHLMNOM CUCTEMHOT B3aemogii
(tabn. 3).

Ta6nuua 3. NopiBHANbHA edeKTUBHICTb aNbTepHATUBHUX cTpaTeriii grid-forming KepyBaHHA Ta KoopauHauii VPP y 3a-
6e3neyeHHi AMHaMIYHOI CTIMKOCTI KOMBIHOBaHOI CUCTEMM eNeKTPOoNoCTayaHHA

KoHdirypa- Mikoea Yacrora YcniwHictb
. - WBUAKICTb YactoTHui | Yac BigHO- | BUHUKHEHHA NOBTOPHOI . "
""':aﬁ&y 3MiHM YyacToTK, | miHimym (Hz) | BneHHA (s) | KOHONIKTIB | cMHXpOHi3auii AHaniT4Hui TpeHA,
RoCoF (Hz/s) (%) (%)
basosum BucoKa iHepuinHa ae-
cueHapii -4.6...-5.2 49.10-49.25 | 12-15 38-45 58-64 dIUMTHICTDb, HecTinKa
(GFL) $ha3o0Ba KorepeHTHiCcTb
CraTuyHo YacTkoBa YacToTHa
KepoBsa- -3.8..-4.2 49.30-49.45 | 10-12 30-36 66-72 niaTpMmea 6es gocrta-
Horo GFM THbOTo AemMmndyBaHHA
MoKpaleHa CUHXPOHI-
_ _ -~ . _ _ 3auia, ane nigsuiLeHa
VOoC 3.3..-3.7 49.40-49.55 |9-11 26-31 71-78 NAPAMETPMUHA YYTAM-
BiCTb
EdbekTnBHa emynauis
VSG -2.9..-33 49.55-49.70 | 7-9 20-26 78-85 'HEPLII, NOKa/IbHI pe-
XKUMHI KOHNiKTU 36e-
pereHo
Pexxnm 3rnafMeHa 4acToTHa
nnwe 3 -2.4..-2.8 49.70-49.82 | 5-7 14-19 86-91 AuHaMika 6e3 cucrem-
VSM HOI KoopguHau,ii
CuctemHa y3roge-
_ _ _ _ _ _ HiCTb, MiHimi3aLia yac-
VSM + VPP 1.6..-2.0 49.85-49.93 |3-5 6-9 94-97 TOTHO-ba30BOT Bapia-
TUBHOCTI

116




BigHoBntoBaHa eHepretka. Ne 2/2026 | KomnieKcHi npobaemu eHepreTMiHnx cuctem Ha ocHosi HBAE

KOHTpO/IbHE PO3LIMPEHHA eKCNEPUMEHTANIbHOTO AM3aNHY
(ame. Tabn. 3) nepeabayano BKAOYEHHA CTAaTUMHO KEPOBaA-
Horo GFM, VOC Ta VSG fK anbTepHaTUBHUX peanis3auin iH-
BepTopHOro GopmyBaHHA Hanpyru. MNopiBHAHHA BUKOHAHO
33 YHiGiKOBaHMMMN AUHAMIYHUMUW METPUKAMKU 3 BUKOPUC-
TaHHAM 21080 nporoHis. Lle gano 3mory isontoBatv edpekr
KOOpAMHaLiMHOT apXiTEKTYpU Ta NepeBipmTH, un dopmyBa-
naca cTabinbHiCTb aAropUTMOM abo NPUHLUMMNOM CUCTEMHOT
B3aEMOSl.

OUjiHIOBAHHA KOMYHIiKaLIiAHOT 3aTPUMKK NepeaaBaHHA CuUr-
HaniB Ta ANCKPETHOCTI KOHTPO/EpPIB 3aCBIAYNN0 iX KPUTUY-
HWI BN/IMB Ha PECUHXPOHI3aLil0 B iHepLiNHO-AediLUTHUX
cmcTtemax. 3a 3aTpMmok 40 20—30 ms NOoKasHUK iIHAEKCY YC-
NiLWHOCTI NOBTOPHOI CMHXPOHiI3aLii nepesuiysas 93-95 %,
Toai Ak npu 80—100 ms 3HMKyBaBcA 00 78—82 % 3 ogHOuYa-
CHUM 3POCTaHHAM YaCTOTM BUHUKHEHHSA KOHDAIKTIB Ha 18—
25 %. 3meHwWweHHA iHTepBany AncKpeTtmsauii 4o 5-10 ms
cKopouyBasio $pasoBy NoxXnbKy npnubansHo Ha 30 % i npwu-
cKoptoBano $asoBy KOHBepreHuito Ha 12-15 %, nigtsep-
OKYHOUU, WO MiHIMi3aLis 3aTPUMOK € HEOBXiAHO YMOBOO
ctabinbHoro VPP-kepyBaHHsA y low-inertia mepexkax.

AHani3 3acsigums, Wwo iHTerpauia VSM 3 VPP Bignosigana
K/IHOYOBMM BMMOTaM CyHaCHUX MEpPEXKEBUX KOLEKCIB LWOoA0
NepBMHHOIO YacTOTHOrO PeryioBaHHSA, iHepLUinHOI NiaTpu-
MKW Ta NPOXOAKEHHSA aBapiltHOro nposany Hanpyru. CKopo-
yeHHA RoCoF Ha 45-60 % i niaBMLLEHHA YACTOTHOrO MiHi-
mymy Ha 0.15-0.25 Hz ¢dopmyBanun TexHi4Hi nepeaymoBwm
ana ceptudikauii sk fast frequency response cepsicy 3 note-
HUjiHOO AoCTynHicTio noHag 90 % onepauiiHoro yacy. 3a
cueHapHoro Tapudy 8-12 eBpo/MW-h  foaaTkoBa MOHETH-
3aLif AOMOMIKHMX MOCAYr MOrna 3abe3neyvyBaTy NpuUpicT pi-
YHoro goxogy npunbanMsHo Ha 6-10 %, NiaTBEPAKYIOUM eKo-
HOMIYHY AOLiNIbHICTb KOOPAMHALINHOT apXiTeKTypw.

HaBepeHi €KOHOMIYHI OLHKM FPYHTYBa/NMCA Ha cueHap-
HOMY NPUNYLLLEHHI WoA0 TapndiB Ha AONOMIXKHI Nocayru Ta
BUKOPMCTOBYBANNCA BUK/AKOYHO ANA iAKOCTpauil nopagKy
BE/IMYMH  MOTEHUiMHOI MOHeTM3auii. 3HayeHHA 8-
12 eBpo/MW-h Bignosigann TMNosBMm aianasoHam €BPO-
nencbkux puHkis fast frequency response i He TpakTyBa-
IUCA SIK NPOrHo3 abo rapaHToBaHMM A0Xi4, a CAyryBanam
AHANITUYHUM IHCTPYMEHTOM 414 3iCTAaBNEHHA TEXHIKO-EKO-
HOMiYHMX edeKTiB KoopanHauii VSM 3 VPP y nopiBHANb-
HOMY AM3aliHi gocniaxKeHHs [32].

Takum uymHOM, chopMynbOBaHa FinoTesa [AOCAIAXKEHHA
b6yna eMnipnyHO NiaTBEpPAKEHA WAAXOM NOETAaNHOro Mo-
piBHANbHOrO aHani3y 6asoBoro cueHapito, VSM Ta VSM 3
VPP KoHdirypauin. KinbKicHi pesynbTati 3acsiguuaum, Lo
i30/1b0OBaHa BipTya/ibHa iHEpLiA 3MeHLYyBa/sla YaCTOTHO-AM-
HaMiYHi BiAXWNEHHA, OAHAK HEe yCyBasla MiXKOMMOHEHTHI
Ta pPeXMMHI KOHONIKTM B YMOBaX CTOXaCTUYHMX i aBapimHMX
cueHapiis. CTaTUCTUYHO 3HauyLe 3HMKeHHa RoCoF, cTabi-
Ni3auifa 4YacTOTHOro MiHIMyMy CKOPOYEHHA 4acy BigHOB-
JIeHHA Ta pi3Ke 3pOCTaHHA iHAEKCY YCNiWHOCTI NOBTOPHOI
CUMHXPOHi3au,i B KOHirypauii VSM 3 VPP nigTeepguau rino-
Te3y Npo HeobXigHICTb NOEAHAHHA BipTYyanbHOI iHepL|ii 3 Ko-
OpAMHaLiMHMM HagpiBHEM ANA AOCATHEHHA CUCTEMHOT An-
HaMi4YHOI CTilKOCTI.

DOuckycii

HeobxigHicTb AnCKycCiiHOro 06roBopeHHA 3ymoB/tOBafacA
PO3PMBOM MiX JIOKa/IbHO OPIEHTOBAHUMMW pe3ysibTaTaMu
nonepegHix fOCNIAXKEHb Ta CUCTEMHOI NPUPOAOID TEXHO-
JIOTYHMX KOHONIKTIB Y KOMBiIHOBaHUX iHepuiliHo-aediumnT-
HUX MepeXKax. binbwictb HaABHUX NiaxoAais iHTepnpety-
Ba/IM CTabinbHiCTb AK CYKYNHiCTb nNapameTpuyHux abo
pecypcHux edpeKTiB 6e3 ypaxyBaHHA MiXKBY3/10BOi B3aEMO-
Aji Ta ctoxactuyHocti BAE. OTpvMaHi B LLbOMY AOCAIAXKEHHI
pe3ynbTaT BUMAraam KPUTUYHOIO 3iCTaB/IEHHA 3 TaKMMU
nigxoaamu AnA yTOYHEHHA MeX IX 3aCTOCOBHOCTI Ta HayKo-
BOi HOBU3HM.

HakonuueHi B nitepatypi pesynbratv chopmyBann CTiike
yagneHHs npo grid-forming KepyBaHHA AK epeKTUBHUN iH-
CTPYMEHT JIOKanbHOI cTabinisauii iHsepTopis. [JocniaxKeHHA
[33, 34] nocnigoBHO NOKasyBa/iM 3MEHLLEHHS YAaCTOTHUX i
HanpyroBmx BiAXW/ieHb 3a paxyHOK GFM, oaHaK cTabinb-
HICTb iHTepnpeTyBanacA AK CyMa SIoKanbHUX edpeKTiB. Taka
NoriKa iMNAiuMTHO irHOpyBana MiXKBY3/10Bi B3aemogii Ta
cToXacTu4Hictb BAE. MoTouHe gocniaXeHHAa NnoKasano, wo
6e3 KoopAuHaLii Ui NOoKa/bHI NOKPALWEHHA He 3HWUKYBaM
cuctemHy amncnepcito RoCoF i 4acToTy BUHMKHEHHA KOH -
KTiB, To4i AK VSM 3 VPP 3abe3neuyBanu ix CKOPOUYEHHA Ha
30-40 %.

Mopanblwnii pO3BUTOK AUCKYCii byB NOB’A3aHUI 3 pecyp-
CHO-OpieHTOBaHMMKU GFM-pilleHHAMM, 30Kpema gnA BiTpo-
BUX i GOTOENEKTPUUYHUX YCTaHOBOK. JlocniaskeHHa [35, 36]
NPOAEMOHCTPYBA/IM CYTTEBE NOKPALLEHHA YAaCTOTHOrO MiHi-
Mymyi aemndyBaHHA OCLMAALIN y MeKax MiKpomepexk abo
OKpemmx KnacTepis iHBepTOpiB. BogHouac Ui pe3ynbtatu
3a/IMLIANINCA XKOPCTKO 3a/1EXKHUMM Bif, KOHKPETHUX Napa-
MEeTpiB, 3aMacy pery/itoBaHHA i Tonosorii. Y noTouHomy Ao-
cnigeHHi 6yn0 BCTaHOB/IEHO, LLO INLIE HagpiBHEBA KOOP-
AnHauin yepes VPP paBana 3mory maclutabysaTu ui edektn
[0 piBHA KOMbBiHOBaHOI Mepexi 6e3 BTpaTH pa3oBoi Kore-
PEHTHOCTI.

Ha ybomy Thi 3’ABMBCA aKLEHT Ha aganTUBHUX i napameT-
PUYHO OnNTUMI30oBaHMX GFM-cTpaTerifix. Y AocChigXKeHHAX
[37, 38] nokasaHo, W0 3acTocyBaHHA adanTuBHux VSG Ta
MOANGDIKOBAHUX CTAaTUUHUX XaPaKTEPUCTUK peryatoBaHHsA
3abe3neyvye poswmpeHHs obnactelt CTiIMKOCTI cuctemun Ao
Manux 36ypeHb i SMeHLEeHHA aMNAITYAM NOKANbHUX OCLU-
nauin. Mpote ix edeKTUBHICTb iCTOTHO BapitoBanacs 3ane-
YKHO Bif, iMneaaHcy mepei Ta poboyoi TOUKM, WO NpU3Bo-
OMWNO 4,0 BUCOKOi MirKCLLeHapHOI BapiaTMBHOCTI. Pe3yabTatu
NOTOYHOrO AO0CAIAMKEHHSA 3acBigunnu, wo VSM 6e3 VPP 3a-
ANWanncA napameTpuyHoO YyTamemMmm, Toai Ak VSM 3 VPP
TpaHchopMyBann cTabiNbHICTb Yy KEPOBaHY CUCTEMHY BAac-
TUBICTb.

TaKoX y LLbOMY A0CANIAKEHHI BCTAHOB/IEHO, LW,0 HaApiBHEBA
KoopAMHauia Yepe3 VPP 3abesneyyBana 3HUMKEHHA aBa-
pifiHO iHAYKOBaHOI 4YacTOTHO-$a30BOi BapiaTMBHOCTI 11 Yac-
TOTU BUHUKHEHHA KOHONiKTIB Ha 30—40 %, 36epiratoumn au-
HaMiYHy CTIMKICTb HaBiTb y MicnAaBapilMHMX pexumax. Ha
ubomy Tni pesynbtatn [10, 39] poKycyBanucsa Ha obmekeH-
HAX GFM y KoHTekcTi FRT, TOV i mepexxeBux KOLEKCIB,
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iHTepnpeTyoun cTabiNbHICTL NepeBaXKHO Yepes anapaTtHi Ta
3aXUCHI pilleHHs. Takui nigxia obmerkyBas aHani3 pisHem
OKpPEMMWX YCTAaHOBOK i He BPAaxoOBYyBaB CUCTEMHUI Koopau-
HaUiMHMI epeKT y 6araToOKOMMNOHEHTHUX MeperKax.

3aBepLlianbHUM eneMeHTOM AMCKYCii cTana NpoCTOpOBO-
YyacoBa NPMPOAA YaCTOTHOI CTabinbHOCTI Ta 3aN1EXKHICTb Big
PLL. JocniarKeHHs [40, [41] nokasanu, Wo YacToTa B iHBep-
TOP-AOMIHOBaHUX MepeXKax € HEOAHOPIAHO, a JIOKaAbHA
emynauia iHepuii He ycyBae cucTeMHUX po3bixkHocTei. MNo-
TOYHE AOC/IAXKEHHA NIOTIYHO MPOAOBXKUAO LI Te3y, npoae-
MOHCTpYBaBLWMK, WO MNoeaHAHHA VSM 3 VPP 3HuKyBano
NPOCTOPOBO-4acoBY AUCMEPCit0 YacToTK Ta Ga30Bi Po36ixK-
HocTi Ha 30—40 %, nepeBoAAYM iHEpPL,O 3 Ppo3NoAifeHoT i
KOHNIKTOreHHoT BNacTUBOCTI Y CUCTEMHO KEpoBaHWIA na-
pametp.

YHidikoBaHMI aHanis pobiT ONOHEeHTIB 3acBiAuuMB, LWLO
GFM/VSM-KepyBaHHA cTabisIbHO 3HUXKYBAO JIOKa/IbHI Yac-
TOTHI BigxmuneHHa Ta RoCoF, ogHak 3anuwanoca obmexe-
HMM BiACYTHICTIO CMCTEMHOI KOOpPAWHALi, YyTAMBICTIO A0
napameTpiB i NPOCTOPOBO-4aCOBOK HEOAHOPIAHICTIO Yac-
TOTU. MporanvHU NPOABAANNCA Y 30EPEKEHHI PEXUMHUX
KOHiKTIB, NiasuweHi ancnepcii RoCoF i pasosmx noxu-
6Kax, a TakoX y GparmMeHTapHOMY TPaKTyBaHHi aBapiHOI
Ta nicnsaBapiiHOT AMHaMIKW. Pe3ynbTaTi NOTOYHOrO JOCi-
[O)KEHHA MOKa3anu, WO iHTerpawisa BipTyaabHOI iHepLii 3 Ko-
opAvHauinHUM HaapisHem VPP ycyBana Ui obmerKeHHs, 3a-
6e3neyytoun CUCTEMHE 3HMMKEHHS 4acTOTU BUHWKHEHHSA
KoHiKTiB, RoCoF i dpasoBoi po3bixkHocTi Ha 3040 % y cTo-
XaCTUYHMX Ta aBapiliHMX cueHapiax. HoBM3Ha gocnigKeHHA
nonArana y TPaKTyBaHHi BipTyasbHOI iHepLii He AK i30/1bo-
BaHOI aIrOPUTMIYHOT PYHKL,iT, @ AK KEPOBAHOIO CUCTEMHOIO
napametpa B 6araTopiBHEBIN apXxiTEKTYpI, W0 TpaHCchopMy-
Bano cTabinbHicTb i3 NOKanbHOI BNACTUBOCTI Y r106anbHy
ONHaMIYHY XapaKTepUCTUKY KOMBIHOBAaHUX CUCTEM eNleKT-
ponocTayaHHA.

O6merKeHHA

JocnigeHHa byno obmerkeHe MO/ IbHO-CUMYAALLIMHUM
cepefoBULLEM Ta HE OXOMNJIOBANO NOBHOMACLITAbHOI disn-
YHOT Banigauii B peanbHUX MepexkKax 3 reTeporeHHUMU 3a-
XUCHUMU CXEMaMM Ta PEryiATOPHUMMN oBMeKeHHAMM. Ma-
pameTpuyHuit npoctip VSM i VPP pochnigysaBca B
OUCKPETHUX Aiana3oHax, Lo He BPaxoBYBa/O AOBrocTpo-
KOBY AerpajaLito HaKonuuyBauyiB i HeNiHilHI edpeKTn Kepy-
BaHHA 33 EKCTpeMasbHWX aBapiliHux 36ypeHb. lpocTo-
poBo-4acoBa cToxacTuyHicte BJE MmopentoBanaca 3a
obMeKeHMM Habopom CLEeHapIiB, WO MO0 3aHWUKYBaTH
OLLIHKY MiXKperioHanbHOi BapiaTUBHOCTI YaCTOTHUX METPUK.

BucHoBKMU

MpoBeaeHe AoOCNioKEHHA y3araibHWAO, WO AMHAMIYHA
CTIMKiCTb iHepUifiHO-aediUUTHMX KOMBIHOBAHMX cUCTEM
€/1eKTPOoNOCTa4YaHHA He BU3Ha4anacA HaABHICTIO OKpPemMMmX
CTabinisytoumx mexaHiamis, a popmMmyBasiaca iXHbOO cUCTe-
MHOIO y3roarKeHicTio. BipTtyanbHa iHepuia y suraagi VSM
3HMKyBana RoCoF i nom’sKwyBana 4acToTHi npoBanu,
npoTe 6e3 KoopaMHaLii 3a/1MwWanaca napameTpUYHO YyTaAn-
BOIO i He ycyBasia PeXXMMHi KOHOMIKTU MiXK iHBEPTOPHUMU

pecypcamu. IHTerpauia VSM 3 VPP TpaHchopmyBana cTabi-
NbHICTb i3 IOKasIbHOTO edeKTy B KEPOBaHy CUCTEMHY Baac-
TUBICTb, LLLO NPOABAANOCA Y CKOPOUYEHHI YAaCTOTHO-Pa30BOI
BapiaTMBHOCTI, 3MEHLWEeHHI TeXHONOTYHUX KOHAIKTIB Ha
30-40 % Ta cTabiNbHI PobOTi 32 CTOXAaCTUYHUX | aBAPiHMX
cLeHapiis.

CyKynHWI aHaNi3 NOKa3as., WO KAo4oBUM GaKTOPOM NiaBU-
LLEHHA CTIMKOCTI CTasla HE MAKCUMI3aLia napameTpis iHep-
Ljii, a ix KOOpAMHaLiHa iHTerpauia 3 AUCNeTYepCcbKUM i pe-
KUMHUM KepyBaHHAM. OTpUMaHI pe3ynbTaTu 3acsigunam,
o came cuHepria VSM 3 VPP 3abesneuysana go 70-80 %
3HUXKEHHA NIKOBUX AMHAMIYHMX PU3KKIB i NiABULLEHHA YC-
NiLWHOCTI pecUHXPOHI3aui o piBHA 61M3bKo 95 %, popmy-
H04M HOBY Napagurmy KepyBaHHA iHBEPTOP-40MiHOBaHUMMU
mepexamu. TakKUm YNHOM, AOC/iAKEHHS KOHUENTYaNbHO 1
KiZIbKiCHO 06r'pyHTYBa10 Nepexiz Big, i301b0BaHOI BipTyasib-
HOi iHepLii fo 6araTopiBHEBOI CUCTEMHOI apXiTEKTYpu AK
HeobXiAHOi YMOBU YCYHEHHS TEXHOJIOTIYHUX KOHPAIKTIB Y
CYY4aCHMX KOMBIHOBAHMX CUCTEMAX €/IEKTPONOCTAYaHHA.

MepcnekTvBM NoganblWMX AOCAIAMKEHb NONArAlOTb Y Bani-
Jauii pe3ynbTaTiB yYepe3 HaniBHaTypHE MOAENOBAHHA 3
anapaTHUM KOHTYPOM Ta NMOJIbOBi EKCNEPUMEHTHU 3 ypaxy-
BaHHAM MmeperKeBUX KogekciB i FRT. Noganblimnii po3suToK
HanpAMY BUMarae aganTMBHUI Niaxig Ha OCHOBI HAaBYAHHA
VSM / VPP i My/IbTUCKEN10BOrO CTOXaCTUYHOTO aHanisy aas
niaBuLLEeHHN pobacTHOCTI.
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AHomauyia. The relevance of the study was determined by the

inertial deficit and the growth of technological conflicts in inverter-dominated power systems. Local
GFM/VSM (grid-forming inverter/virtual synchronous machine) solutions did not provide system consistency.
This justified the need to study the coordination of VSM and VPP (virtual power plant) to increase dynamic
stability. The aim of the study was to quantitatively substantiate virtual inertia as a system tool for increasing
the frequency-phase stability of combined power supply systems. The methodological apparatus of the study
was based on a combination of simulation-based (simulation-oriented (or based on simulation modeling))
modeling of power systems, scenario-driven (scenario-oriented (or controlled by scenarios)) experimental
design. It also included parametric analysis of VSM, coordination system modeling of VPP. Additionally,
stochastic modeling of RES and load profiles, comparative analysis of control modes, and statistical
aggregation of results were used, which provided a reproducible analysis of the dynamic, frequency-phase,
and system-coordination stability of combined power supply systems. The generalization of the results
showed that the dynamic stability of inertial-deficient combined power supply systems was determined not
by isolated stabilizing mechanisms, but by their systemic coherence: the use of VSM provided a reduction in
RoCoF (rate of change of frequency) and an improvement in frequency nadir (minimum frequency value) by
an average of 40-60%, but left increased frequency-phase variability and regime conflicts, while the
integration of VSM with VPP reduced technolog-ical conflicts by 30—-40%, reduced peak dynamic risks by 70—
80%, and increased the success rate of resyn-chronization to =95%, transforming stability from a local effect
into a controllable system property under stochastic and emergency scenarios. The scientific novelty
consisted in proving that virtual inertia is effective only in combination with the VPP coordination level, as
well as in the formation of the “conflict-mechanism-effect” matrix, which showed a 3—4-fold increase in the
normalized stabilization efficiency when switching from Baseline to VSM+VPP. The practical significance of
the results consisted in the formation of an applied approach to the design of inertia-deficient networks, in
which VSM provides dynamic support, and VPP - systemic consistency of regimes. The obtained quantitative
estimates (reduction of RoCoF to 70-80% and increase in resynchronization success rate to =95%) can be
directly used in the planning of microgrids, VPP platforms, and critical infrastructure with a high share of RES.

Keywords: virtual inertia, grid-forming inverters, Virtual Power Plant, dynamic stability, inertial-deficit pow-er
systems, coordination control, combined power supply systems.

Abbreviations used

GFM — Grid-Forming

GFL — Grid-Following

VSM — Virtual Synchronous Machine

VPP - Virtual Power Plant

RES — Renewable Energy Sources

RoCoF — Rate of Change of Frequency df/dt)

BESS — Battery Energy Stor-age System
VOC — Virtual Oscillator Control

VSG — Virtual Synchronous Generator
FRT — Fault Ride-Through

TOV — Temporary Overvoltage

SoC — State of Charge

Introduction. Relevance of the study. Modern energy sys-
tems have been characterized by increasing decentraliza-
tion, a high share of inverter-based resources, and a transi-
tion from hierarchical to network-based energy efficiency
management, which has been conceptually substantiated
in models of decentralized energy management and ser-
vice-oriented energy ecosystems [1, 2]. Within the

SCR — Short Circuit Ratio

framework of the circular economy and sharing paradigms,
energy resources have increasingly been interpreted as
jointly managed assets, thereby strengthening the require-
ments for operational coordination, resilience, and adap-
tive control [3]. At the same time, power system studies
have shown that a high penetration of inverter-based re-
sources leads to an inertia deficit, increased rate of change
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of frequency (RoCoF), and unstable frequency—phase dy-
namics, rendering traditional approaches to stability insuf-
ficient [4, 5]. In this context, virtual inertia and grid-forming
control have been considered promising mechanisms for
emulating synchronous behavior; however, their effective-
ness has substantially depended on system-level coordina-
tion and integration with higher-level management models
[6]. Thus, the study of virtual inertia in combination with
VPP-type coordination architectures is scientifically and
practically relevant for eliminating technological conflicts
and ensuring the dynamic stability of combined low-inertia
electric power supply systems.

Unresolved Aspects in the Research. Contemporary studies
of inertia-deficient electric power systems have predomi-
nantly focused on the local effects of grid-forming control
and inertia emulation at the level of individual inverters or
microgrids. However, insufficient attention has been paid
to system-level technological conflicts arising in combined
networks under the simultaneous presence of GFL — grid-
following inverters, GFM — grid-forming inverters, stochas-
tic RES profiles, and emergency operating conditions. A co-
ordinated empirical assessment of the synergy between
virtual inertia and VPP coordination mechanisms as an in-
strument of system-level stabilization is still lacking.

Problem Statement. The increasing share of inverter-based
resources has led to higher RoCoF, deeper frequency na-
dirs, phase decoherence, and conflicts between GFL/GFM
operating modes in combined power supply systems. The
isolated application of VSM or GFM control has not ensured
the elimination of these conflicts under stochastic and
post-contingency scenarios. The research problem was to
identify a system-level mechanism capable of transforming
virtual inertia from a means of local compensation into a
controllable instrument for eliminating technological con-
flicts.

Research Questions. How did the absence of virtual inertia
affect RoCoF, frequency nadir, and phase synchronization
in hybrid power networks? To what extent did the integra-
tion of VSM with parametric variation of inertia and damp-
ing reduce frequency—phase instability under transient op-
erating conditions? Did coordination through a Virtual
Power Plant (VPP) ensure a system-level reduction in
GFL/GFM conflicts and an increase in the resynchronization
success rate under stochastic RES (renewable energy
sources; BAE) scenarios?

Research Hypothesis. The combination of VSM-based vir-
tual inertia with higher-level Virtual Power Plant coordina-
tion provided a statistically significant reduction in RoCoF,
an increase in frequency nadir, a reduction in settling time,
and a decrease in the conflict rate compared with the Base-
line and VSM-only configurations. It was expected that the
integrated effect of VSM+VPP would exceed isolated GFM-
based solutions by 30-40% across key dynamic stability
metrics.

Research Aim. The aim of the study was to provide a quan-
titative substantiation of virtual inertia as a system-level

instrument for improving frequency—phase stability in hy-
brid electric power supply systems.

Research Objectives:

— To implement simulation-based and scenario-driven
modelling of a hybrid electric power system for analysing
frequency—phase dynamics under normal and emer-
gency operating conditions.

— To investigate the parametric sensitivity of dynamic sta-
bility to virtual inertia and damping in VSM control.

— To assess the impact of higher-level VPP coordination on
the consistency of GFL/GFM operating modes and the ef-
fectiveness of dispatch control.

— To verify the robustness of control under stochastic gen-
eration profiles of RES and load.

— To perform a comparative and statistically generalized
analysis of the Baseline, VSM-only, and VSM+VPP config-
urations, including the construction of a “conflict — mech-
anism — effect” matrix.

Literature Review

Modern hybrid power supply systems are characterized by
a high share of inverter-based resources, fragmentation of
inertial properties, and increasing frequency-dynamic sen-
sitivity. The shift from synchronous to hybrid control archi-
tecture has transformed stability from a physical property
into a parameterized system function. Under these condi-
tions, a systematic literature review was necessary to con-
ceptualize technological conflicts and identify coordinated
approaches to their mitigation.

In studies of fully inverter-dominated networks, stability
has increasingly been interpreted as a controllable para-
metric property rather than as a derivative of physical iner-
tia. In this context, the empirical results reported in [7] con-
firmed the attainability of regulatory frequency and voltage
limits under appropriate tuning of virtual inertia and damp-
ing. At the same time, the generalizing analysis in [8]
showed that such controllability substantially depended on
the type of grid-forming (GFM) strategy, the operating sce-
nario, and fault ride-through requirements, which limited
the universality of parametric conclusions.

The discussion was further deepened through a compari-
son of virtual and physical stabilization mechanisms, in
which inertia ceased to be considered a one-dimensional
characteristic. The modelling results in [9] demonstrated
the structural advantage of synchronous condensers in
providing voltage stiffness and inertial response, whereas
GFM inverters exhibited faster damping and frequency re-
covery. These observations were consistent with the re-
view in [10], which emphasized that the synchronization
advantages of GFM did not eliminate the limitations asso-
ciated with post-fault dynamics and compliance with grid
codes.

Further analysis shifted the focus from individual control-
lers to the spectrum of virtual inertia implementations and
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their system-level consequences. The synthesis presented
in [11] revealed that improvements in the frequency nadir
and reductions in the rate of change of frequency (RoCoF)
were achieved by different methods, but with different
sensitivities to parametric disturbances and the stochastic-
ity of renewable energy sources (RES; BAE). Against this
background, the results in [12] showed that, in large-scale
networks, coordination of multiple GFM units through con-
sensus control became a decisive factor, without which the
local advantages of algorithms were not translated into
global resilience.

A separate line of discussion emerged around the internal
limitations of inverter-based systems associated with en-
ergy balance. The analysis in [13] demonstrated that AC-
oriented GFM strategies could provoke degradation of DC-
link voltage under variable insolation, whereas DC-oriented
methods lost controllable active power support. In parallel,
system-level studies in [14] revealed a reduction in the or-
der of frequency dynamics and a decoupling of critical sta-
bility metrics, indicating a change in the very nature of fre-
qguency response in inverter-dominated networks.

Thus, research in the defined field gradually moved away
from the perception of virtual inertia as a purely algorith-
mic function. The topological analysis in [15] identified the
absence of unified stability criteria for different GFM con-
figurations, which limited their predictability under critical
operating conditions. At the same time, the engineering so-
lutions proposed in [16] demonstrated that combining grid-
forming control with the physical energy capacity of stor-
age systems formed a hybrid model of stability, in which
virtual inertia became an element of a multi-level system
architecture rather than its substitute.

The summarized research findings formed a median posi-
tion, according to which virtual inertia improved frequency
metrics and damping, but did not guarantee complete sta-
bility without coordination, energy support, and compli-
ance with grid codes. The problems of large-signal stability,
DC energy balance, post-fault dynamics, and unified evalu-
ation criteria for GFM solutions remained unresolved. This
substantiated the relevance of studying virtual inertia not
as an isolated algorithm, but as a tool for resolving techno-
logical conflicts within an integrated, multi-level architec-
ture of hybrid power supply systems.

Methods and Materials

The structure of the study (Figure 1) was designed as a
staged, simulation-based and scenario-driven experiment
aimed at the sequential decomposition and subsequent in-
tegration of dynamic stabilization mechanisms in an iner-
tia-deficient hybrid power supply system. This structure
made it possible to distinguish the fundamental unstable
properties of the system, quantitatively assess the contri-
bution of virtual inertia, verify the effect of coordinated
control, and ultimately analyze their synergy under sto-
chastic and contingency conditions. The selected design en-
sured parameter controllability, reproducibility of results,
and the possibility of systematically generalizing the impact

of VSM and VPP on technological conflicts and dynamic sta-
bility. Methods. The choice of the methodological frame-
work was determined by the complex, nonlinear, and sto-
chastic nature of combined power supply systems with
inverter-based sources. To adequately analyze dynamic sta-
bility, frequency—phase interactions, and technological con-
flicts, it was necessary to combine simulation-based, sce-
nario-driven, and statistically generalizing approaches. This
combination of methods ensured experimental reproducibil-
ity, parameter control, and systematic interpretation of the
obtained results.

Research methods:

1. Simulation-based modeling of electric power systems.
This method was applied to reproduce the dynamics of
a combined system comprising RES, energy storage sys-
tems, and inverter interfaces under controlled condi-
tions. Its use made it possible to investigate transient
processes, as well as frequency and phase behavior,
without the influence of uncontrolled external factors.
In the study, the method was implemented through
stepwise numerical modeling of different control archi-
tectures.

2. Scenario-driven experimental design. This method was
selected to analyze the system response to typical and
critical operational events. It enabled the assessment of
stability under normal operating conditions, islanding,
resynchronization, and abrupt disturbances. In the
study, the scenarios were formed as combinations of
events, RES penetration levels, and control modes.

3. Parametric analysis of control based on the Virtual Syn-
chronous Machine concept (VSM). This method was
used to study the sensitivity of system dynamics to
changes in virtual inertia and damping. Its application
made it possible to identify the role of parameters in
shaping the frequency response and phase coherence.
In the study, the VSM parameters were varied within
specified ranges while dynamic metrics were recorded.

4. Coordinated system modeling based on the Virtual
Power Plant concept (VPP). This method was necessary
for analyzing the higher-level interaction between gen-
eration sources, storage systems, and loads. It enabled
the assessment of the coordination of GFL/GFM operat-
ing modes and the effectiveness of centralized dispatch.
In the study, the VPP was implemented as a logical-al-
gorithmic control layer above local controllers.

5. Stochastic modeling of RES and load profiles. This
method was applied to represent the variability of gen-
eration and consumption under real operating condi-
tions. Its use made it possible to verify the robustness
of control under uncertainty. In the study, stochastic
time series were generated for multiple realizations of
each scenario.
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Simulation-Based Research Design
Inverter-Dominated Power System

Stage 1: Baseline Model
RES + Storage + GFL Inverters
Metrics:

RoCoF | Frequency Nadir | Phase Error | Settling Time
Scenarios:

Normal | Islanding | Resynchronization

Stage 2: Virtual Synchronous Machine (VSM)
Virtual Inertia & Damping Variation
Assessment:

Frequency Dynamics | RoCoF Reduction | Phase Coherency

Stage 3: Virtual Power Plant (VPP)
Centralized GFL/GFM Mode Selection
Storage Dispatch & Load Control
Assessment:
Coordination | Conflict Reduction

Stage 4: VSM + VPP Combined Scenarios
Stochastic RES Profiles
Load Disturbances | Islanding
Assessment:
Synergistic Stability Effects

Final Stage: Statistical Aggregation
Conflict-Mechanism-Effect Matrix
System-Level Stability Assessment

Fig. 1. Conceptual design of a multi-stage simulation-based research framework

6. Comparative analysis of control modes. This method culminated in the construction of a “conflict—-mecha-
was used to compare the Baseline, VSM-only, and nism—effect” matrix as an integrated analytical tool.

VSM+VPP configurations under identical conditions. It
Sample. The research sample was formed as a set of exper-

imental scenarios, system configurations, and realizations

of stochastic profiles sufficient for a statistically robust

comparison of three control modes: Baseline, without
fied set of dynamic and phase-related metrics. VSM/VPP; VSM-only; and VSM+VPP. The unit of observa-

7. Statistical aggregation and generalization of results.  tion was defined as a single model run with a fixed topol-
This method was applied to move from individual simu-  ogy, a defined set of parameters, and a specific realization
lation runs to system-level conclusions. It enabled the  ©f RES/load time series.

estimation of average effects, variances, and the ro-  The sample was stratified along three dimensions: (i) event
bustness of results. In the study, statistical processing  type, namely load-step, fault/voltage dip, islanding, and

made it possible to isolate the contribution of each
mechanism to the reduction of technological conflicts.
In the study, the comparison was performed using a uni-
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resynchronization; (ii) RES penetration level, namely low,
medium, and high; and (iii) inverter and coordination
mode, namely GFL-dominant, GFM-dominant, and mixed
with centralized mode switching within the VPP.

The sample size was defined as 3 x4 x 3 x N, where N > 30
stochastic profile realizations for each stratification cell.
Thus, at least 1,080 runs were obtained, which enabled the
estimation of average effects and variances for the metrics
of RoCoF, frequency nadir, settling time, phase error, and
resynchronization success rate indices.

The inclusion criteria were defined as follows: (1) achieve-
ment of a steady-state operating condition prior to the
event; (2) correct islanding detection; (3) absence of nu-
merical instability of the integrator; and (4) recording of the
complete observation window T, for example, 20—60 s after
the disturbance. The exclusion criteria were runs with di-
verging state trajectories or incorrect GFL/GFM mode
switching.

The control variables included the network topology, nom-
inal parameters of lines and transformers, inverter current
limits, the state of charge of storage systems, and identical
rules for generating stochastic profiles across all compared
modes. The study was conducted from January 2025 to
March 2025. During this interval, the full cycle of modeling,
parametric variation, and statistical aggregation of results
was performed for all scenarios in the sample. The selected
period ensured temporal consistency of the experiments
and excluded the influence of changes in the instrumental
environment or software versions on the analysis results.

Research instruments. To quantitatively compare control
modes in inertia-deficient combined power supply systems,
a formalized dynamic framework was applied, focused on
the temporal, phase, and frequency characteristics of the
system response. The instrumental stack of the study was
based on time-continuous measurements of system fre-
qguency and voltage phases at network nodes, supple-
mented by event-oriented analysis of islanding and resyn-
chronization. The selected approach ensured the
comparability of the Baseline, VSM-only, and VSM+VPP
modes under stochastic RES conditions and made it possi-
ble to aggregate the results at the level of statistical esti-
mates.

1. Rate of Change of Frequency (RoCoF). RoCoF was de-
fined as the first derivative of the system frequency with
respect to time at the moment of disturbance [17, 18]:

df (¢t)
dt '
where f(t) —is the instantaneous system frequency, es-

timated using the center-of-inertia approach or an
equivalent aggregated model.

RoCoF(t) = (1)

In the tables and figures, the RoCoF indicator was pre-
sented with the sign of df/dt, where a negative value
corresponded to a decrease in frequency relative to the
nominal value. For a correct inter-scenario comparison
of dynamic stability, the assessment was performed

4.

using the absolute value |RoCoF|, which reflected the
intensity of the frequency change irrespective of its di-
rection.

Frequency nadir. The frequency nadir was defined as
the minimum frequency value within a specified time
window after the disturbance [19, 20]:

f ®), (2)

where t; — is the event time; T — is the duration of the
observation window.

min

Fnadir telto,to+T

Settling time. Settling time was defined as the time re-
quired for the frequency to enter the permissible band
around the nominal value [15, 21]:

T, = minf{t > ty: |f(t) — foom| < VT = t}, (3)

where f,om — is the nominal frequency; ¢ — is the speci-
fied admissible tolerance.

Phase error. The phase error between nodes i and j was
defined as [22, 23]:

A8;;(t) = 6;(t) — 6,(D), (4)

where 6;(t) - is the electrical voltage angle at node i.
For the analysis, the maximum and root-mean-square
values of AB;;(t) during the transient process were
used.

Rate of phase convergence. Phase convergence was as-
sessed through the exponential decay of the phase er-
ror [24, 25]:

AB;;(t)~e ™, (5)

where A - is the effective damping coefficient of phase
oscillations.

Resynchronization success rate (RSR). The resynchroni-
zation success rate was defined as the share of success-
ful scenarios [26, 27]:

Nsuccess (6)

RSR =

Ntotal

where Ngyccess — 1S the number of simulation runs in

which synchronism was restored within admissible fre-

quency and phase limits, and Ny, — is the total num-
ber of scenarios.

System stability indicators. Small-signal stability was as-
sessed through the eigenvalue spectrum of the linear-
ized model [28, 29]:

x = Ax, (7)

where the stability condition was formulated as
R(4A,) < 0 for all eigenvalues Ay. Large-signal stability
was recorded based on the absence of state divergence
and the boundedness of trajectories in the phase space.

Operational and coordination metrics. The number of
conflicting GFL/GFM operating modes was defined as
the number of incorrect or unstable mode-switching
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events per scenario, while dispatch stability in the VPP
was assessed through the variance of active power and
the absence of constraint violations under stochastic
profiles [30, 31].

Within the instrumental case study, the metrics were for-
malized in an unambiguous and reproducible manner. The
DC-voltage variation #...% indicator was defined as the sym-
metric relative deviation of the DC-link voltage from its
nominal value Vg ,0m assumed to be 1 pu in accordance
with the PCS/BESS nameplate rating. It was calculated as
the maximum absolute deviation |Vdc(t) — Vacnom/
Vdc,nom| within a moving window of 20-60 s for each sce-
nario. This interval was selected to capture the main tran-
sient process of synchronization and power redistribution,
while excluding short-term discretization spikes. The aggre-
gation of results was performed using the 95th percentile
across all simulation runs, whereas RMS estimates were
used additionally to verify the robustness of the observed
trends. DC-overload events were recorded according to an
OR condition as events in which at least one of the opera-
tional safety thresholds was exceeded - V;. >
1.10pu or Py, > 1.05 X Py 4teq — With @ minimum duration
of 100-200 ms, corresponding to 5-10 control cycles, in or-
der to eliminate spike-related artifacts. Overvoltage events
and power-exceedance events were registered separately,
followed by normalization of their counts by the simulation
duration to ensure correct inter-scenario comparability.

The study employed DIgSILENT PowerFactory for quasi-
steady-state and dynamic power-system modelling,
MATLAB/Simulink with Simscape Electrical for implement-
ing VSM, GFL/GFM inverter models and event-oriented is-
landing/resynchronization scenarios, and Python with
NumPy, SciPy, and Pandas for post-processing, statistical
aggregation, and metric analysis. Small-signal stability as-
sessment was performed using eigenvalue analysis in Pow-
erFactory, whereas large-signal dynamics were evaluated
through time-domain EMT simulations. Stochastic RES pro-
files and load profiles were generated using Monte Carlo
scripts with fixed seeds to ensure reproducibility.

Results

The first stage of the study was necessary to establish a ref-
erence baseline level of dynamic stability for the combined
power supply system without virtual inertia. The develop-
ment of a model incorporating renewable energy sources
(RES), energy storage systems, grid-following (GFL) invert-
ers, and variable load made it possible to isolate the effects
of inertia deficit and operational conflicts in the absence of
compensatory mechanisms. This approach provided a
quantitative basis for the subsequent comparative analysis
of the effectiveness of virtual synchronous machine (VSM)
control and coordination strategies (Figures 2—4).

The plot in Fig. 2 recorded a deep frequency nadir in the

islanded operating mode (~48.1-48.3 Hz), corresponding to
a deviation of more than 3.5% from the nominal frequency,
as well as a prolonged recovery time, which in the islanded
and resynchronization modes exceeded the value observed
under normal operating conditions by 40-60%. Even during
resynchronization, frequency recovery occurred slowly and
was accompanied by additional transient disturbances, in-
dicating the limited regulatory capability of GFL inverters.

The plot in Fig. 3 demonstrated that the peak values of the
rate of change of frequency (RoCoF) at the moment of dis-
turbance were several times higher in the islanded operat-
ing mode than under normal operating conditions and ex-
ceeded typical permissible operational limits. This
confirmed the high sensitivity of the inertia-deficient sys-
tem to sudden power imbalances and the absence of natu-
ral damping.

The plot in Fig. 4 indicated a significant phase-angle diver-
gence between the PCC and the local nodes, with peak val-
ues exceeding 0.2 rad in the islanded mode and a second-
ary phase-angle surge occurring during resynchronization.
The prolonged phase convergence indicated an increased
risk of synchronization failures and potential technological
conflicts associated with GFL operating modes.

Taken together, the results of the first stage quantitatively
confirmed that the baseline architecture without virtual in-
ertia was characterized by an increased RoCoF, a deep fre-
qguency nadir, prolonged settling time, and significant
phase instability, which limited its operational reliability
under transient conditions. The identified inertial and
phase-related constraints necessitated the transition to the
second stage, which involved the integration of a Virtual
Synchronous Machine with parametric variation of virtual
inertia and damping. The subsequent analysis was aimed at
guantitatively assessing the reduction in RoCoF, the im-
provement of frequency dynamics, and the enhancement
of phase coherence under transient conditions (Figure 5—
Figure 7).

Fig. 5 demonstrates a systematic increase in the frequency
nadir as the parameters H and D increase: compared with
the baseline stage, the minimum frequency rose from ap-
proximately 48.1-48.3 Hz to 49.6—49.9 Hz, which corre-
sponded to a 60-80% reduction in the depth of frequency
deviation. The settling time decreased from more than 5-6
s in the baseline case to approximately 1.5-3 s for high H+D
values, i.e., by more than a factor of two. Fig. 6 demon-
strates a substantial smoothing of the initial frequency gra-
dients. The peak RoCoF values decreased approximately
from tens of Hz/s in the baseline case to single-digit values,
indicating a 70-85% reduction in the peak rate of change of
frequency, depending on the VSM configuration. High val-
ues of virtual inertia provided the greatest effect, specifi-
cally during the first several hundred milliseconds after the
disturbance.
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Stage 1 (Baseline): Frequency Response
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Fig. 2. Stage 1 (basic configuration): frequency response

Stage 1 (Baseline): Rate of Change of Frequency
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Fig. 3. Stage 1 (basic configuration): frequency rate of change

Stage 1 (Baseline): Phase Error (PCC vs Local Bus)
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Fig. 4. Stage 1 (basic configuration): phase error (PCC vs. local bus)
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Stage 2 (VSM): Frequency Response for Different VSM Parameters
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Fig. 5. Stage 2 (VSM): frequency response for different VSM parameters
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Fig. 6. Stage 2 (VSM): RoCoF reduction through virtual inertia and damping

Fig. 7 shows a proportional reduction in the phase error be-
tween the PCC and the local nodes: the maximum phase-
angle deviation decreased from more than 0.2 rad at the
first stage to levels below 0.05 rad at high H+D values, cor-
responding to a reduction of more than 75%. At the same
time, an acceleration of phase convergence was observed,
indicating an enhancement of the synchronization capabil-
ity of the inverter-based system.

Thus, convergence is observed with respect to the results
of the first stage of the study, since VSM effectively com-
pensated for the inertial and phase deficits, although at
the level of individual inverters. Despite a substantial im-
provement in RoCoF, frequency nadir, and phase

coherence, potential mode conflicts and the absence of
global optimization of the actions of sources, storage
units, and loads remained. The identified limitations of lo-
cal VSM control necessitated the transition to the third
stage, in which the Virtual Power Plant was introduced as
a coordination superordinate control layer. The subse-
quent analysis was aimed at the centralized selection of
GFL/GFM modes, storage dispatch, and load management
in order to reduce technological conflicts and achieve sys-
tem-level coordination among the components (Figure 8—
Figure 11).

The results of the study presented in Fig. 8 demonstrated
that the integration of a Virtual Power Plant as a coordinating
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supervisory layer reduced the amplitude of frequency devia-
tions by 35-50% compared with the VSM-only mode during
the load step, islanded operation, and resynchronization.
The frequency variance decreased by more than a factor of
two, indicating effective smoothing of stochastic and event-
driven disturbances through coordinated dispatch control of
energy storage systems and load control.

The analysis of the data shown in Fig. 9 indicates a substan-
tial reduction in uncontrolled inverter mode switching. In
the presence of the VPP, the share of spontaneous
GFL/GFM transitions decreased by approximately 60—70%,
while most inverters remained stably in the GFM mode dur-
ing critical phases, in contrast to the fragmented behavior
observed in the VSM-only scenario.
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Fig. 7. Stage 2 (VSM): improving phase coherence

Stage 3: Frequency Response with and without VPP Coordination
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Fig. 8. Stage 3: Frequency response with and without VPP coordination

The scheme (Figure 10) was developed to formalize the
coordination architecture of multi-level control, in
which the VPP controller performed the functions of
centralized optimization, frequency synchronization,
and dispatching. The key information flows are repre-
sented: power measurements (P, Q), reference signals

(v, f, P, Q), synchronization time stamps (Tsynch, AT)
and mode-switching signals. Communication latency
was modeled within the range of 20—80 ms, while the
discreteness of dispatch updates was 100-250 ms,
which corresponded to the conditions of realistic digi-
tal power grids.
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Stage 3: Centralized GFL/GFM Mode Selection
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Fig. 9. Stage 3: centralized selection of GFL/GFM modes
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Fig. 10. Virtual Power Plant architecture and data exchange channels with local control loops of inverter-oriented resources

The scheme (Figure 10) demonstrated that the integration
of measurement and control channels formed a closed loop
of system-level coordination, which minimized inter-loop
conflicts and ensured the coordinated operation of
GFM/GFL inverters. The centralized transmission of set-
points reduced the variability of frequency—phase devia-
tions by approximately 30-40%, confirming that it was ar-
chitectural coupling, rather than isolated control
algorithms, that determined the improvement in the

dynamic stability of the combined electric power system.

At the DC level, the VPP implemented a mechanism of co-
ordinated reserve allocation and power-trajectory limita-
tion by modifying time-coordinated setpoints P/Q for the
BESS and PV, taking into account the available headroom,
ramp rate, and state of charge (SoC). This logic enabled pre-
ventive reserve scheduling and prevented DC-bus satura-
tion, as well as violations of permissible voltage limits, dur-
ing rapid frequency disturbances and resynchronization.
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The graph in Fig. 11 quantitatively confirmed the reduc-
tion in conflict states: the average conflict rate de-
creased from approximately 0.3-0.4 in the VSM-only
configuration to levels below 0.1 in the VSM+VPP

configuration, i.e., by more than 70%. This indicated a
substantial reduction in technological conflicts among
generation sources, storage systems, and load under
centralized coordination.

Stage 3: Reduction of Conflict States via VPP
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Fig. 11. Stage 3: Reducing conflict states through VPP

Parametric decomposition was performed to identify the de-
terminants of frequency—phase dynamics and technological
conflicts in an inertia-deficient grid. Variation of the key pa-
rameters within representative ranges (VSM: 2-10 s; latency:

20-150 ms; SCR: 1.5-5; SoC: 20-90%) made it possible to as-
sess their contribution to the variance of RoCoF, frequency na-
dir, and phase error. The ranking reflected the gradient of in-
fluence and the priority of parametric tuning (Table 1).

Table 1. Ranking of parametric sensitivity of control and system factors in a combined electric power system

Variation Effect
Parameter range Impact trend strength
. . . _ J RoCoF by 35-58%; I nadir by 0.12—0.28 Hz; excessive values | .
VSM virtual inertia 2-10s > 4 settling time by 8-14% High
VSM damping 0.5-3.0 p.u. J oscillations by 40-65%; |, phase error by 22-37% Bucoka
ici 9 — o o Medium-
Droop coefficient 2-6% Improved power sharing; at <3% - I RoCoF by up to 18% high
VPP dispatch latency | 20-150 ms >100 ms 9~’l‘0 conflict rate by 25-33%; |, resynchronization High
success by ~9%
Communication dis- . e o0 :
cretization 50-200 ms >120 ms = phase variability increases by 15-21% Medium
?i(c:)? (Short Circuit Ra- 1.5-5 SCR<2 > 1 converter-driven instability Ha ~30% High
Radial / . o .
Network topology Meshed Meshed - { spatial frequency spread Ha 17-26% Medium
BESS SoC 20-90% <30% -  inertial support up to 40% High
Power headroom aco o 50, Medium-
BESS 10-35% >25% > |, peak RoCoF by 19-27% high

131



BigHoBntoBaHa eHepretuka. Ne 2/2026 | KomnaeKcHi npobaemu eHepreTuuHnx cuctem Ha ocHosi HBAE

The highest sensitivity was demonstrated by virtual iner-
tia, damping, SCR, and VPP delays, which collectively ex-
plained approximately 60—70% of the variability in the dy-
namic metrics. A reduction in latency below 80-100 ms
was associated with a decrease in the conflict rate by ap-
proximately 25-33%, whereas maintaining the SoC above
30% provided up to 40% of additional inertial support. The
obtained estimates confirmed that system stability was
formed within a coordinated parametric space, rather
than through isolated optimization of individual control-
lers.

Coordinated control through the VPP ensured stabilization
of the DC-link voltage by dynamically redistributing head-
room and limiting the ramp rate within 5-10% of the rated
power per second. Under stochastic disturbances, the DC-
voltage variation did not exceed +3-4%, whereas in unco-
ordinated GFM configurations it reached 7-9%, thereby in-
creasing the risk of converter-driven instability. Maintain-
ing the SoC range within 20-80% made it possible to
preserve the energy balance and reduce the frequency of
DC overloads by approximately 35-45%, confirming the ef-
fectiveness of centralized dispatch in preventing voltage
deviations on the DC side.

Thus, relative to the results of the previous stages of the
study, an evolution of stabilization effects was observed:
while at the first stage the system exhibited a high
RoCoF, a deep frequency nadir, and phase disorganiza-
tion, and at the second stage the VSM substantially im-
proved local frequency—phase metrics, the third stage
eliminated the system-level inconsistency. Accordingly,
the VPP not only enhanced the effect of the VSM but also
transformed it from a local stabilization tool into a global
mechanism for operating-mode control. The achieved

reduction in conflict states and stabilization of operating
modes created the prerequisites for the transition to the
fourth stage, dedicated to combined VSM+VPP scenarios
under stochastic RES profiles, abrupt load-step disturb-
ances, and emergency islanding. The subsequent com-
parative analysis was aimed at identifying the integral
synergistic effect of the simultaneous application of vir-
tual inertia and coordinated control (Figure 12—Figure
14).

The results in Fig. 12 showed that, under stochastic RES
profiles, abrupt load-step disturbances, islanding, and re-
synchronization, the combined VSM+VPP architecture pro-
duced a substantially more stable frequency trajectory
compared with the baseline model. The amplitude of fre-
qguency deviations decreased by 45—-60%, while fluctuations
caused by random variations in generation were sup-
pressed through coordinated dispatch of storage systems
and load control.

The analysis shown in Fig. 13 confirmed that the distribu-
tion of the frequency nadir shifted toward higher values:
for VSM+VPP, the median nadir exceeded the baseline by
1.2-1.5 Hz, corresponding to a 60—-75% reduction in the
depth of the frequency dip. At the same time, a substantial
narrowing of the distribution variance was observed, indi-
cating increased system robustness to stochastic disturb-
ances and reduced inter-scenario variability. A systematic
reduction in the peak values of the rate of change of fre-
qguency (RoCoF) is demonstrated in Fig. 14. For VSM+VPP,
RoCoF decreased by 65-80% relative to the baseline con-
figuration, while the distribution was characterized by
lower asymmetry and shorter tails, indicating effective lim-
itation of extreme events.

Stage 4: Frequency Trajectory Under Stochastic RES and Events
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Fig. 12. Stage 4: frequency trajectory under stochastic RES profiles and event disturbances
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Stage 4: Frequency Nadir (Violin + Runs)
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Fig. 13. Stage 4: minimum frequency (nadir) for stochastic runs (violin + runs)

Stage 4: Peak RoCoF (Violin + Runs)
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Fig. 14. Stage 4: peak RoCoF value for stochastic runs (violin + runs)

The results in Figure 15 demonstrated a nonlinear but sys-
temically homogeneous increase in stabilization effective-
ness during the transition from the Baseline configuration
to VSM and subsequently to VSM+VPP. For all identified
technological conflicts, the normalized effect strength in-
creased from levels of 0.10-0.25 in the baseline configura-
tion to 0.85-0.95 in the VSM+VPP configuration, which is
equivalent to a 3.5-8-fold enhancement of the stabilization
effect. The largest increases were recorded for phase
desynchronization and poor resynchronization, where the
effect exceeded 90% of the conditionally maximum level.

The graph in Figure 16 confirmed the cumulative nature of
the results: the average integral stability index increased
from approximately 0.17 in the Baseline case to approxi-
mately 0.67 with VSM and approximately 0.90 with
VSM+VPP. Thus, the implementation of VSM provided an
improvement of about +50 percentage points, whereas the
addition of VPP yielded an additional increase of approxi-
mately +35% relative to the VSM-only case, thereby quan-
titatively confirming the decisive role of the coordination
superstructure.
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Final Stage: Conflict-Mechanism-Effect Matrix
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Fig. 15. Final stage: the “conflict — mechanism — effect” matrix

Final Stage: Aggregated Stability Improvement
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Fig. 16. Final stage: aggregated increase in dynamic stability

The linear comparison presented in Figure 17 demon-
strated the stable dominance of VSM+VPP across all ef-
fects. For RoCoF reduction and nadir improvement, the
normalized values exceeded the baseline by a factor of 4—
6, whereas for conflict suppression and resynchronization

success, they exceeded it by a factor of 3—4. This indicates
that virtual inertia without coordination improved dynamic
metrics, but only its integration with a VPP eliminated sys-
temic control conflicts.
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Final Stage: Effect-wise Comparison Across Mechanisms
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Fig. 17. Final stage: comparison of effects by control mechanisms
The correctness of the comparison W|th VO.C/VS.G/droop— Parameter Base- VSM- VSM+VPP
only approaches was ensured by applying identical hard- line only
ware and operational PCS constraints to all controllers, in- reduction
cluding .cu.rrent limits, power ramp-ra.te limits, maximum Phase error reduction | 0% ~45-55% | ~70-80%
power limits, and sto.rage SoC constralnts..The parametric "~ o e reduction | 0% ~30-40% | ~70-75%
settings of each algorithm were selected within ranges typ- ——
ical of contemporary literature (assumed typical ranges), ESSZ:SCS rr:tr:elzatlon =60% =80-85% | =95%

which prevented methodological bias in the results and al-
lowed the observed differences to be interpreted as a con-
sequence of the principles of control and coordination ra-
ther than the selection of boundary parameters.

In accordance with the previous results, a clear hierarchy of
effects was established: the first stage revealed the struc-
tural instability of an inertia-deficient system; the second
demonstrated a local reduction in RoCoF and an increase in
the frequency nadir due to the application of VSM; the third
eliminated operational-mode conflicts through centralized
coordination; and the final stage confirmed the statistically
robust synergy of these mechanisms at the global level. To
generalize the impact of virtual inertia and coordination-
based control, a comparative table was developed (Table
2), presenting the key stability metrics and the extent of
their improvement at each stage of the study.

Table 2. Comparative analysis of research results

Parameter Base- VSM- | ysm+vpp
line only
Peak RoCoF reduction | 0% =50-60% | =75-80%
Frequency nadir o ~A0—ENY% | ~FE_7E0
improvement 0% =40-50% | =65-75%
Settling time 0% =35-45% | =60-70%

The set of empirical results (Table 2) confirmed that virtual
inertia is a necessary but insufficient condition for eliminat-
ing technological conflicts in combined power supply sys-
tems. The VSM reduced RoCoF and increased the frequency
nadir by an average of 40—-60%; however, without coordi-
nation, its impact on system-level conflicts remained lim-
ited. Only the integration of the VSM with the VPP trans-
formed stabilization from a local process into a system-
level one, ensuring up to a 75—-80% reduction in critical dy-
namic risks and up to a 95% resynchronization success rate.
The obtained results empirically demonstrated that virtual
inertia embedded in a multi-level coordination architecture
is an effective tool for eliminating technological conflicts
and enhancing the dynamic stability of modern combined
power supply systems.

The control extension of the experimental design involved
the inclusion of droop-only GFM, VOC, and VSG as alterna-
tive implementations of inverter-based voltage formation.
The comparison was performed using unified dynamic met-
rics and 21080 simulation runs. This made it possible to iso-
late the effect of the coordination architecture and to verify
whether stability was formed by the algorithm itself or by
the principle of system-level interaction (Table 3).
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Table 3. Comparative effectiveness of alternative grid-forming strategies for VPP control and coordination in ensuring

dynamic stability of the combined power supply system

Control . . Resynchroni-
+ | Peak RoCoF Frequency | Settling | Conflict N .
architec (Hz/s) nadir (Hz) time (s) | rate (%) zatlonosuccess Analytical trend
ture (%)

Baseline _ _ _ _ _ _ High inertia deficiency and unsta-

(GFL) 4.6...-5.2 49.10-49.25 | 12-15 38-45 58-64 ble phase coherence

Droop- _ _ o . . N Partial frequency support without

only GFM 3.8..-4.2 49.30-49.45 | 10-12 30-36 66—72 sufficient damping

_ _ _ _ - _ Improved synchronization, but in-

VOC 3.3..-3.7 49.40-49.55 | 9-11 26-31 71-78 creased parametric sensitivity
Effective inertia emulation, with lo-

VSG -2.9..-3.3 49.55-49.70 | 7-9 20-26 78-85 cal operational conflicts preserved

VSM-only | -2.4.-2.8 |49.70-49.82 | 5-7 14-19 | 86-91 Smoothed frequency dynamics
without system-level coordination
System-level coordination and min-

VSM + VPP | -1.6...-2.0 49.85-49.93 | 3-5 6-9 94-97 imization of frequency-phase varia-
bility

The verification extension of the experimental design (Table
3) involved the inclusion of droop-only GFM, VOC, and VSG
as alternative implementations of inverter-based voltage
formation. The comparison was performed using unified dy-
namic metrics based on >1080 simulation runs. This made it
possible to isolate the effect of the coordination architecture
and to verify whether stability was formed by the algorithm
itself or by the principle of system-level interaction.

The assessment of communication latency and controller
discretization demonstrated their critical impact on resyn-
chronization in inertia-deficient systems. At delays of up to
20-30 ms, the resynchronization success rate exceeded
93-95%, whereas at 80-100 ms it decreased to 78-82%, ac-
companied by an 18-25% increase in the conflict rate. Re-
ducing the sampling interval to 5-10 ms decreased the
phase error by approximately 30% and accelerated phase
convergence by 12—-15%, confirming that latency minimiza-
tion is a necessary condition for stable VPP control in low-
inertia networks.

The analysis showed that the integration of VSM+VPP com-
plied with the key requirements of modern grid codes re-
garding primary frequency regulation, inertial support, and
fault ride-through. A 45-60% reduction in RoCoF and a
0.15-0.25 Hz improvement in the frequency nadir created
the technical prerequisites for certification as a fast fre-
guency response service with a potential availability ex-
ceeding 90% of operating time. Under a scenario tariff of
8-12 €/MW:-h, additional monetization of ancillary services
could provide an increase in annual revenue of approxi-
mately 6-10%, confirming the economic feasibility of the
coordination architecture.

The presented economic estimates were based on a scenario
assumption regarding ancillary service tariffs and were used
exclusively to illustrate the order of magnitude of potential
monetization. The values of 8-12 €/MW-h corresponded to
typical ranges observed in European fast frequency response

markets and were not interpreted as a forecast or guaran-
teed revenue, but rather served as an analytical tool for com-
paring the techno-economic effects of VSM+VPP coordina-
tion within the comparative research design [32].

Thus, the formulated research hypothesis was empirically
confirmed through a stepwise comparative analysis of the
Baseline, VSM, and VSM+VPP configurations. The quantita-
tive results showed that isolated virtual inertia reduced fre-
quency-dynamic deviations but did not eliminate inter-
component and operational-mode conflicts under stochas-
tic and emergency scenarios. The statistically significant re-
duction in RoCoF, stabilization of the frequency nadir, re-
duction in settling time, and sharp increase in the
resynchronization success rate in the VSM+VPP configura-
tion confirmed the hypothesis that virtual inertia must be
combined with a coordination superordinate layer to
achieve system-level dynamic stability.

Discussions

The need for a discussion was driven by the gap between
the locally oriented results of previous studies and the sys-
temic nature of technological conflicts in combined inertia-
deficient networks. Most existing approaches interpreted
stability as a set of parametric or resource-related effects
without accounting for inter-node interaction and the sto-
chasticity of renewable energy sources (RES). The results
obtained in this study required critical comparison with
such approaches in order to clarify the limits of their ap-
plicability and the scientific novelty of the present work.

The body of results accumulated in the literature has
formed a stable understanding of grid-forming control as
an effective tool for local inverter stabilization. Studies [33,
34] consistently demonstrated reductions in frequency and
voltage deviations due to GFM; however, stability was in-
terpreted as the sum of local effects. Such logic implicitly
ignored inter-node interactions and RES stochasticity. The
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present study showed that, in the absence of coordination,
these local improvements did not reduce the system-level
dispersion of RoCoF and conflict rate, whereas VSM+VPP
ensured their reduction by 30—-40%.

The further development of the discussion was associated
with resource-oriented GFM solutions, particularly for wind
and photovoltaic installations. Studies [35, 36] demon-
strated a substantial improvement in frequency nadir and
oscillation damping within microgrids or individual inverter
clusters. At the same time, these results remained strongly
dependent on specific parameters, headroom, and topol-
ogy. The present study established that only superordinate
coordination through a VPP made it possible to scale these
effects to the level of a combined network without loss of
phase coherence.

Against this background, emphasis emerged on adaptive and
parametrically optimized GFM strategies. Studies [37, 38]
showed that adaptive VSG and droop modifications expanded
small-signal stability regions and reduced local oscillations.
However, their effectiveness varied significantly depending on
network impedance and the operating point, resulting in high
inter-scenario variability. The results of the present study
demonstrated that VSM without VPP remained parametrically
sensitive, whereas VSM+VPP transformed stability into a con-
trollable system-level characteristic.

Separately, this study established that superordinate coor-
dination through a VPP provided a 30-40% reduction in
fault-induced frequency-phase variability and conflict rate
while maintaining dynamic stability even in post-fault oper-
ating modes. Against this background, the results of [10,
39] focused on GFM limitations in the context of FRT, TOV,
and grid codes, interpreting stability primarily through
hardware and protection-oriented solutions. Such an ap-
proach limited the analysis to the level of individual instal-
lations and did not account for the system-level coordina-
tion effect in multi-component networks.

The final element of the discussion concerned the spatio-
temporal nature of frequency stability and its dependence
on PLLs. Studies [40, 41] showed that frequency in inverter-
dominated networks is heterogeneous, and that local iner-
tia emulation does not eliminate system-level discrepan-
cies. The present study logically extended this thesis by
demonstrating that the combination of VSM with VPP re-
duced the spatiotemporal dispersion of frequency and
phase discrepancies by 30—40%, transforming inertia from
a distributed and conflict-prone property into a systemi-
cally controlled parameter.

A unified analysis of the opposing studies showed that
GFM/VSM control consistently reduced local frequency de-
viations and RoCoF, yet remained constrained by the ab-
sence of system-level coordination, sensitivity to parame-
ters, and the spatiotemporal heterogeneity of frequency.
These gaps manifested themselves in the persistence of op-
erational-mode conflicts, increased dispersion of RoCoF
and phase errors, and a fragmented interpretation of fault
and post-fault dynamics. The results of the present study

showed that integrating virtual inertia with the VPP coordi-
nation superordinate layer removed these limitations, en-
suring a system-level reduction in conflict rate, RoCoF, and
phase discrepancy by 30—-40% under stochastic and emer-
gency scenarios. The novelty of the study lay in interpreting
virtual inertia not as an isolated algorithmic function, but as
a controllable system-level parameter within a multilevel
architecture, thereby transforming stability from a local
property into a global dynamic characteristic of combined
power supply systems.

Limitations

The study was limited to a model-simulation environment
and did not include full-scale physical validation in real net-
works with heterogeneous protection schemes and regula-
tory constraints. The parametric space of VSM and VPP was
investigated within discrete ranges, which did not account
for the long-term degradation of storage systems or non-
linear control effects under extreme fault disturbances. The
spatiotemporal stochasticity of renewable energy sources
was modeled using a limited set of scenarios, which may
have led to an underestimation of interregional variability
in frequency metrics.

Conclusions

The conducted study generalized that the dynamic stability
of inertia-deficient combined power supply systems was not
determined by the presence of individual stabilizing mecha-
nisms, but was formed by their systemic coordination. Vir-
tual inertia implemented in the form of a VSM reduced
RoCoF and mitigated frequency nadirs; however, without co-
ordination, it remained parametrically sensitive and did not
eliminate operational conflicts among inverter-based re-
sources. The integration of VSM with VPP transformed sta-
bility from a local effect into a controllable system-level
property, manifested in a reduction of frequency-phase var-
iability, a 30-40% decrease in technological conflicts, and
stable operation under stochastic and emergency scenarios.

The aggregate analysis showed that the key factor in im-
proving stability was not the maximization of inertia param-
eters, but their coordination-based integration with dis-
patch and operational control. The obtained results
demonstrated that it was precisely the VSM+VPP synergy
that provided up to a 70-80% reduction in peak dynamic
risks and increased resynchronization success to approxi-
mately 95%, thereby shaping a new paradigm for the con-
trol of inverter-dominated grids. Thus, the study conceptu-
ally and quantitatively substantiated the transition from
isolated virtual inertia to a multi-level system architecture
as a necessary condition for eliminating technological con-
flicts in modern combined power supply systems.

The prospects for further research involve validation of the
results through hardware-in-the-loop and field experi-
ments, taking into account grid codes and FRT require-
ments. Further development of this research direction re-
quires adaptive learning-based VSM/VPP and multiscale
stochastic analysis to enhance robustness.
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