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06rpyHMoB8AHO KOMIMAEKCHY MAMeMamu4Hy Mooesb enekm-
pomexaHiyHoi cucmemu masoi FEC 0ns yineli 00cniomeHHA iT
eHepeemu4Hoi echekmuUBHOCMI 8 yMOBAX BAPItOBAHHSA 8esu-
YUH: 8i0KpummsA aornameli 0Cb08020 HAMPAMHO20 ANapPamy, 4acmomu cmpymie acUHXPOHHO20 2eHepamopa,
cmamu4yHo20 Haropy. Po3pobneHo MemoOuKy YucenbHo20 eKcriepumeHmy 0ocnioxceHHs obaacmi ecpekmus-
HO20 3aCmMocy8aHHA YaCMOMHO020 pe2yns8aHHA mypboazpezamis. [MowyK ymos onmumanbHUX pexumiae po-
60mu 30ilicHIOEMbCA 3a KPUMEPIEM MAKCUMYMY eHep2emuYyHoi eheKmusHocmi — criegioHOWeHHS 8eAUYUHU 2e-
HeposaHoi momyxHocmi { sumpam 800U, AKi BCMAHOB/I0IOMbCA 30 Pe3ysnbmamamu 8UsHaYeHHA napamempis
ycmaneHux pexcumie pobomu 30808KU po38°A3Ky cucmemu OughepeHyianbHUX PiBHAHb eaeKmMpPUYHOi, MexaHi-
HOI, 2idpasniyHoi pieHo8a2U 00 ycmasneHo20 CMAHy 3 ypaxy8aHHAM 830EMHO20 B81/1UBY CKAAG08UX cUCMeMU, He-
niritiHocmi ix pigHaHe. lNepwili eman YucenbHoO20 ekcrepumMeHmy npU3HAYeHo 0718 8U3HAYEHHA ONMUMAsbHUX
3HQYeHb Yacmomu 3MiHU CMPYMi8 GCUHXPOHHO20 2eHepamopa 3a He3MiHHOI 8eAUYUHU CMAamMu4YH0o20 HaMopy.
MokasaHo, w0 0oyinbHICMb 30CMOCYBAHHA YACMOMHO20 pPe2ynt8aHHA mypboazpezamie 3pocmae 3 HabauxceH-
HAM 00 mex 06aacmi eHep2oedheKmuUBHO20 8UKOPUCMAHHA mypbiHu. [py2uli eman yucenbHO20 eKcriepumeHmy
rnos’a3aHuli 3 8U3HAYEHHAM yMo8 edhekmusHoi pobomu EC 3 YacCmomHUM pe2ysito8AHHAM Y PeXcumi rnpupoo-
HO20 CMOKY. BcmaHoeneHo, wo 3a onmuMasnbHUX PEeHUMI8 YaCMOMHO20 PEe2YsAHB8AHHA 3HUMCYIOMbCA 8U-
mpamu, w,o 0038075€ 3binbuwiumu pieeHo 800U y sodocxosuwi Ui eHepeemuyHuli suxio NEC. Ha KOHKpemHomy
MPUKAadi MOKA3AHO, WO 8 peXcUMi NPUPOOHO20 CMOKY 30CMOCYB8AHHA YACMOMHO20 pe2ynto8aHHA 3abe3nequno
36inbUWeHHSA 8eUYUHU 2eHepo8aHOI nomyxHocmi Ha 53 %.

Knarouoei cnoea: 2idpasniuHa enekKmpuyHa cmaryis, imimauiliHa modesb, eneKkmpomexaHiyHa cucmema, ou-
HamiyHi MamemamuyHi Moderni, ycmaseHi pexcumu pobomu, eHepeemu4yHa edheKmusHicCmb, YacmomHe peay-
/IHOBAHHA.

BMKOpMCTaHi NO3Ha4YeHHA Ta CKOPOYeHHA H — cTaTU4YHMN Hal'lip

F'EC — rigpasniuHa enekTpuyHa CTaHLjia Qg — BuTpaTH

TA — Typ6iHHUIA arperat Pe — reHepoBaHa NOTYXHiCTb

AT — aCMHXPOHHWI reHepaTop f—uacToTa

KKAT — koediLieHT KopucHoi Aii TypBiHu Pg — TennoBi BTpaTh HarpiBaHHA 06MOTKM AT

EMC — enektpomexaHiyHa cuctema

Mana rigpoeHepreTuka B ymosax YKpainu [1-5] sBukopuc-
TOBYE BOAHI PECypcu, AKi € Ba*K/IMBOK CKNALO0BOK iHLINX
ranyseit BAPOGHULTBA, a TAKOK CYTTEBO BMNJ/IMBAIOTL Ha CTaH
HaBKOMULLIHBOrO cepeaoBuwa. Y LUMX yMmoBax AOLUiNbHUIA
pexum ekcnayaTtauii sogocxosuwy, EC He MoXKHa BU3Ha-
YyaTu, 3BaKaloun Ha obcAarn BMpobsieHOT eHeprii. Pexum
cnif, BUOMPATU 32 KOMMAEKCHUMW KpUTEPIAMU ePEKTUBHO-
CTi 3 ypaxyBaHHAM 6aratbox YMHHUKIB [6]. Taka Komnaek-
CHa oujHKa noTpebye gocnigyKeHb (i BianoBigHMX 3acobis)
0N BU3HAYeHHs napameTpiB poboumx pexxkumis TEC, Aki
MOKYTb CYTTEBO BiAXMNATUCH Bif, MPOEKTHUX ONTUMA/IBHUX.

a0 — BiAKPUTTA nonaTeit 0CbOBOro HaNPAMHOro anapary

BusHaueHHA edeKTMBHOI cTpaTerii BUKOPUCTAHHA BOAHMWX
pecypciB noTpebye NOPiBHANBHOT OLLIHKM pe3ynbTaTiB PisHMX
BapiaHTiB opraHisay,ii Lboro npouecy. 30Kpema, akTyanbHUM
€ 3abe3neyeHHa BanaHcy MiXK OTPUMAHHAM MaKCUManbHOT
eHepreTMYHoi epeKTUBHOCTI 1 MiHIMI3aLLiEl0 KONMBAHb PiBHA
BOAM BOAOCXOBMLLA A/1A 3anobiraHHA ekonoriyHum npobne-
Mam i 36epekeHHA cTabinbHKUX YMOB pO6OTU iHLIMX TEXHIY-
HUX CUCTEM, 3a/1EXKHUX Big, piBHA Bogm [7-11]. HanpuKknag,
ue MoXyTb 6yTM BoAO3abopu cucTem BOAOMOCTAYAHHA,
06’EKTM COHAYHOI EeHepreTUKKM, POo3MmilleHi Ha MNoBepXHi
BoAM. [OUiNbHICTb PO3MILLEHHA COHAYHMX MaHenen Ha
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NoBepxHi BOAW BOLOCXOBMLLA NOB’A3aHa 3: NOKPALLEHHAM iX
OXOJIOAKEHHA AN BiNblLOi eHepreTUYHOI ePEKTUBHOCTI; Ha-
ABHICTIO BE/IMKMX BiSIbHUX PIBHMX NOBEPXOHb; 3MEHLLEHHAM
Harpisy BoAM BOAOCXOBMLLA A1 MEHLIMX il BTPAT 3 BUMAPO-
BYBAHHAM i HEraTMBHUX BN/WBIB Ha BOAHMI HioLeHo3.

MNip vac po6oTu MEC y pexKMmi NpUpPOAHOro CTOKY peKmMm po-
601K riapoTyp6iHK YacTo iCTOTHO BiAXMNAETLCA Big, ONTMMa-
NbHOrO. N5 10ro BAOCKOHANEHHSA AOUINbHUMU € po3pobKa
i 0OrpyHTYBaHHA [04ATKOBMX crnocobiB peryntoBaHHs [12,
13], 30Kpema 4acToTHOrO pery/itoBaHHs Typboarperartis [14,
15]. Mpn ubomy 36iNbLUYETLCA HA OAMHMLIID PO3MIPHICTb
NPOCTOPY AN1A NOLWYKY ONTMMANbHOIO CMiBBiAHOLWIEHHA pe-
MUMHUX MapameTpiB. Y cyyacHit npakTvui AocnigeHHs
eHepreTMyHoi edeKTUBHOCTI CKNAZHUX TEXHIYHWUX CUCTEM
LUMPOKOrO 3aCTOCYBaHHA Habynu YncenbHi meToam onTUmi-
3aLii, 30Kpema rpagieHTHi nigxogun, mMeToau rnobanbHOro
MOLWYKY (reHEeTUYHI anropuTMK, POi YaCTUHOK Tow). BTim,
npu pocnigxeHHi EMC manoi NEC, nobynoBaHoi Ha OCHOBI
CKNagHUX HeniHinHMX moaeneit riapoTypbiHW, acMHXPOH-
HOro reHepaTtopa Ta rigpaBAiYHOI CUCTEMM, TaKi METOoAM He
3aBXAN MOXKYTb BUABUTUCA eeKTUBHUMU. 30KpPEMA, Yepes
CKNIAgHYy CTPYKTYPY MOZAENI, L0 XapaKTepPU3YETLCA ANCKPeT-
HUMW MapaMeTPamM, CUABbHOK HeniHilHICTIO, BiACYTHICTIO
aHANITUYHMX BMPa3iB ANs TPALIEHTIB LiNboBOiI GYHKLi aBTO-
MaTM30BaHi MeToau oNTMMIi3aLii YacTo BUABNAOTLCA abo He-
CTiilKuMK, 360 064MCNOBANBbHO HEEDEKTUBHUMM.

3 ornaAy Ha BULLEBUKAAAEHE Y Uit poboTi 3acToCOBaHO Me-
ToA nepebopy ANA NOLWYKY EKCTPEMYMY, KU 3HAXOAMUTb
NpakTMYHe BUKOPUCTaHHA [16]. Y poboTi peanizoBaHo noe-
TanHUM pyYyHUI Nigxig A0 onTMMIsaLii — MeToanYHKUI nepe-
6ip MOXNMBUX KOMBiHaLil BapilioBaHUX MapaMeTpiB 3 Noaa-
JIbWUMM  @aHaNi3om iX BMJMBY HA 3HA4YeHHA KpuTepito
eHepreTMyHoi edpeKkTMBHOCTI. Takuni Niaxig A03BoONAE 34jlc-
HUTU OOCTOBIPHWI i KepoBaHWI NOLWYK obaacTi onTUManb-
HUX peXKMmiB poboTu, 36epiraroum cTabinbHiCTb PO3B'A3KY i
TOYHICTb OLiHIOBaHHA edpeKTnBHOCTI. Lle ocobanBo BaxkAnBo
B YMOBAX BUKOPUCTAHHA iMiTaLiMHOT moZeni, Lo onucye cu-
cTemy B ii gMHAMILi A0 AOCATHEHHA YCTANIEHOIO pPeXumy.
Came TaKa CTPYKTypa [AOCNIAMKEHHA A03BO/INAA YHUKHYTU
TPyZAHOLWiB 36iXKHOCTI, BAACTUBMX YMCENIBHUM aNrOPUTMaM
33 HAABHOCTI HEMIHIMHWUX Ta HEAHANITUYHUX 3a/1eXKHOCTEN.

MeTolo po60TU € OTPMMAHHSA KiNIbKICHOT OLLIHKM eHepreTu-
YHOI [OOUINbHOCTI 3aCTOCYBAHHA peryalBaHHA 4acToTu
CTPYMiB aCMHXPOHHOro reHepaTopa (Al). Ansa gocArHeHHsA
uiei metTn 6yae obrpyHTOBaHO KOMMIEKCHY MaTeMaTUyHy
mozenb AocnigaeHHsa pexumis EMC manoi FEC B ymoBax
BapilOBaHHA BE/IMYMH: BIAKPMTTA IoNaTei 0CbOBOro Hanps-
MHOrO anapary, 4acTtoTv ctpymis Al, cTaTU4HOro Hanopy.
Kpim Toro, po3pobneHo MeTOAUKY LLbOFO YUCENBHOMO eKC-
nepuMeHTy, gocnigKeHo obnactb eheKTMBHOro 3actocy-
BaHHA YaCTOTHOrO peryatoBaHHA TypboarperaTi: BWU3Ha-
YyeHO ii MapameTpu i BeAUYMHY pe3epBiB NigBULLEHHA
eHepreTMYHoi epeKTUBHOCTI.

YMoOBMU AocniaKeHHA NoAibHi L0 3aCTOCOBaHMX 33 KOMMne-
KCHOI maTtemaTtuyHoi mogeni M'EC [17] i imiTauiiHoT moaeni
rigpoTypbiHn [18]. Perknumm poboTn AoCAiAXKYOTbCA 3 ypa-
XYBaHHAM B3aEMHOrO BMAUBY rigpoTypbiHWM, aCUHXPOHHOFO
reHepaTtopa i3 3acobamu KepyBaHHs, riApaBaiyHOI cMcTemMU
FEC. dyHKUioHanbHa cxema EMC manoi TEC, Aka HaBeaeHa
Ha puc. 1, Bifobparkae CTPYKTYpy cUCTEMU | MexaHi3m B3a-
EMHOro BMAMBY il CKNagosux. BennumHa cratmyHoro Ha-
nopy (3 ypaxyBaHHAM BTpaT Hanopy rigpasnidyHoi mepexi)
BM3Hayae Hanip TypbiHuW, AKMI (3aNeKHO Big, BEANUYUHM T
WBMAKOCTI M CTaHy HanpsMHOro anapata) obyMoB/OE Be-
JINYUHY BUTPAT BOAM | MOMEHTY Ha Bany; MOMEHT TypbiHu
yepes MmynbTUNAIKaTOp NpuKnageHuin go sany Al iy B3ae-
Mofji 3 eNIeKTPOMarHiTHUM MomeHToM Al (KU 3aneXnTb
Bif, KOB3aHHA POTOPA, YacTOTU 1 BEIMYMHU CTPYMiB) BU3HA-
Ya€e WBMAKICTb 0bepTaHHA ycix BaniB i, BiANOBIAHO, BNAU-
BA€ Ha BUTPATM BOAM. 3 ypaxyBaHHAM 3B’A3KIB CKIaf0BMX
EMC (puc. 1) piBHAHHA eNeKTPUYHOI, MeXaHi4Hoi i rigpasni-
YHoi piBHoBaru [18, 17] 3abe3neuytoTb BU3HAYEHHA Mapa-
MEeTPIB yCTaNeHUX pexxmMmis poboTu BigNOBIAHO A0 Kepyto-
YMX BNUBIB CUCTEMM KepyBaHHA Ha HaNPAMHUWIA anapat
Typb6iHK | NepeTBOPIOBAY NapamMeTpiB eIeKTPUYHOI eHepril
B e/1eKTPUYHUX Konax Al. 3miHa 4aCTOTW BMJIMBAE Ha KyTOBY
WBMAKICTb BaniB i 3abe3neyye BCTaHOB/AEHHA NOTPiGHOroO
pexunmy poboTu. Y pexxnmi NnpupoaHOro CTOKy cMcTema Ke-
pyBaHHs 3ab6e3neuye piBHiCTb Npunamey i BuTpat Boam NEC
Ta BCTAHOB/IEHHA BiAMNOBIAHOINO PEXWMY CTaTUYHOrFO Ha-
nopy. EnekTpmMyHa NOTY»KHiCTb reHepaTopa nicnsa nepeTso-
PEeHHA CNPAMOBYETLCA [0 CMOMXMBAYIB.
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G BC ™™ T (M ar ey np [Fen
nat I H
A A A ! 1 AA
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AHrm L | 4/%‘- r | f| | Uar
Q e Zel| O i
g RrmQg" |« [ do CK pexum
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Puc. 1. ®yHKyioHanbHa cxema EMC manoi TEC: BC — sodocxosuuie; 'M — 2idpasniuHa mepexca; I — 2idpasniyHa
myp6iHa; M — mynsmunnikamop; A — acuHxpoHHuli 2zeHepamop; NP — nepemasoptosay napamempis enekmpuyHoi
eHepeii; CK — cucmema kepy8aHHA; Qnat — Npunaue 8odu 0o sodocxosuwa; Qg —sumpamu godu MNEC; H —cmamuy-
Huli Hanip; Hrr— Hanip I'T; AHm —empamu Hanopy 8 T'M; Rrv — onip I'M; M, Mar—momeHm Ha sany I'Ti Al; wr,
wr— Kymoea weuokicmoe eany IT i Al; i — nepedasansHe 8ioHoweHHA MIT; Pe, Pcn — enekmpu4Ha nomyxcHicmes Al |
HanpaeneHa crnoxcusayy, f, Uar—vyacmoma i Hanpyaa Al; a0 — 8idkpumms nonameli 0Cb08020 HAMPAMHO20
anapama [T
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MoLwyK yMOB ONTUMANbHUX PEXUMIB POOOTU 3AiNCHIOETBCA
33 KPUTEPIEM MaKCMMYyMy eHepreTMyHoi epeKTUBHOCTI —
cnisBigHowWweHHA obcAris BUPOb6AeHOro NPoayKTy i BUTpa-
YeHux pecypcis [6]. Ana ymos manoi NEC ue cniesigHo-
LeHHA reHepOBaHOI MOTYXKHOCTI M BUTPAT BOAM, AK MUTTE-
BMA MOKa3HUK i iHTerpanis uUMx BeNWYMH — NPWU aHanisi
poboumnx umknis [17]. Taka KOMMNEKCHa maTemaTMyHa Mo-
Lenb NPU3HaYeHa ANA AO0CNIAXKEHHA YCTAaNEHUX PEXUMIB
poboTu, sKi 3abe3neuyyoTb AOCNIANKEHHA eHepreTUYHol
epEeKTUBHOCTI 3 HEXTYBaHHAM BMNJIMBY NepexigHWX npoue-
ciB. 3a A4aHOi YMOBMW, CMIMPAKOYMCb HA YMOBWU YMCESIbHOTO
EeKCNepPUMEHTY, BU3HAYaloTbCA NapameTpy pobounx pexu-
MiB i BignoBigHi BENIMYNHU KpuTepito edeKTUBHOCTI. 3BarKa-
H0UMN Ha CKNagHi HeniHiHi mogeni cknagosux EMC FEC, no-
LYK NapameTpiB yCTaseHUX pexXmMmiB poboTH 34iMCHIOETbCA
33 pe3ynbTaTamu po3B’A3KY A0 YCTaNieHOro CTaHy cUCTeMuU
andepeHLUiaNbHUX PiBHAHb €/1eKTPUYHOI, MeXaHidYHoi i rig-
paBfiyHOI piBHOBArn 3 BMKOPUCTaHHAM 3acobiB imiTauin-
HOro mogentoBaHHA. Lle, Ha BigmiHY Big4 maTemaTMyHOro
anapaty anrebpaiyHux PiBHAHb YCTaNIEHUX PEXMMIB po-
601K, Ao3BONAE NO36YTUCA NPOobemMKn 36iXKHOCTI pilleHHA
CUCTEM PiBHAHb 3 HeNiHINHUMK KoedilieHTamu [20, 19].

MartemaTuyHa mogenb KOMNAEKCHOro gocnigeHHa EMC
FEC 3 nponenepHumu rigpoTtypbiHamu Mp 15/1100-5-25 3
Adiametpom D1= 1,2m i 3 Al Ha 6a3i cepillHUX ABUryHiB
4A355M2, [17, 18, 21] ckoperoBaHa 3 ypaxyBaHHAM 4acTo-
THOro peryntoBaHHA TypboarperaTiB i nepenbayae 3miHy
yactotu ctpymis Al i, BiANoBigHO, BEAMYMHKM HAaNpPYrK 3a 3a-
KoHom U/f = const. Mopaenb [17] nepeabayae MOMKNUBICTb
3MiHW KiZIbKOCTI MapanesibHO MpPaLIolYMX OAHOTUMHUX

QD>

TypboarperaTis. MexaHi4yHa eHeprisi 3 KOXKHOi TypbiHU ne-
penaetbca fo ABox Al, AKi y napanenb nepefatoTb enekT-
PUYHY eHeprilo A0 CMoXKMBaYiB. [11Aa NoKpalLeHHA CTyneHA
3aBaHTaXKeHHA Al nepenbayeHO MOMKAMBICTb e€NeKTpUuy-
HOTO BiAK/NOYEHHA OAHOrO 3 HUX. MaTemaTuuHy mogenb Al
ANs cuctemu imitTauiiHoro mogentoBaHHA nobyaoBaHo 3
ypaxyBaHHAM BTpaT y CTai 32 4ONOMOroHo BigNoBiAHUX eK-
BiBaJIEHTHUX KOHTYypiB [22].

KomnnekcHa matemaTtnyHa mogenb EMC manoi TEC ana
LOCNIoXKEHHA PeXXMMIB 3 BapitOBAaHHAM YacCToTh cTpymis Al
Y cUCTeMi imiTalinHOro MoaentoBaHHA HaBeaeHa Ha puc. 2.
BoHa BignoBsigae ¢yHKUiOHaNbHIM cxemi, 306paKkeHilt Ha
puc.1. Y BepxHih TPeTUHi puc.2 po3milleHO 610KM
po3B’A3Ky AndepeHLiaNbHUX PIBHAHD rigpasBaivyHoi 1 mexa-
HiYHOi piBHOBaru [18] 3 BU3HAYEHHAM BUTPAT BOAM i KyTO-
BOI WBMAKOCTI poTopa TypbiHWU. MpKU LbOMY BUKOPUCTAHO
610K MoAentoBaHHA nponenepHoi riapoTyp6iHm
Mp 15/1100-5-25, [18]. Y cepeaHiit YacTuHi puc. 2 po3mi-
WeHo imiTauiiHy mogenb ALl 3 eKBiBaJIEHTHUMWU KOHTY-
pamu BTpaT y ctani [22]. Us moaenb nobygosaHa Ha 6asi
mogeni ALl eneKTpoOMexXaHOTPOHHOI CUCTEMM 3 AOBINIbHOO
CTPYKTYpOto 06MOTKM cTaTopa. Y cucTemi imiTawiiHoro mo-
AeNtoBaHHA BITKM 0OMOTKM cTaTopa NpeACcTaBNEHO KepoBa-
HUMW gKepenamm CTPymy, BignoBsigHO A0 iX po3paxoBaHUX
BenumMH (i nepeaaHux 6nokamu il, i2, i3) y 610ui cTpyKTy-
pHoro mogentosaHHA AD_355M2. Y Hbomy BignoBigHO A0
BXigHWX BE/IMYMH KYTOBOI LUBWAKOCTI pOTOpa i MUTTEBUX
3HaYeHb Hanpyru (MaTpuuA HanpyrM CKAASaETbCA 3 TPbOX
HY/1bOBMX BE/IMYMH A1 KOPOTKO3aMKHEHUX EKBIBAaNIEHTHUX

Mp 15/1100-5-25
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Puc. 2. KomnnaekcHa imimauyiliHa modens EMC manoi FEC 3 eapitoeaHHAM yacmomu cmpymie Al
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KOHTYpiB BTPAT Y CTani i ABOX NiHIMHMX HaANpyr 4aa cXxemu
3’egHaHHA pa3 ALl «3ipKa») po3paxoByOTbCA MUTTEBI 3Ha-
YeHHA CTPYMiB (TPbOX EKBIBaNE€HTHUX KOHTYPIB i TpboX da3
cTaTopa), eNeKTPOMarHiTHUA MOMEHT, iHAYKLIA NoBiTpA-
HOro NPOMIXKy. Po3paxyHoK napametpis AL 34ilcHI0eTbCA
y 610ui Param_AD, napameTpiB eKBiBaNleHTHUX KOHTYpiB —
r_st, BTpat noTy:KHocTi y A — del_P. Y HWXHIN TpeTuHi
puc. 2 po3mMileHo 6/10KN BUXIAHUX AaHUX i PO3pPaxyHKy Mno-
Ka3HUKiB poboumnx perkumis. MpuKnaga po3paxyHKy napa-
meTpiB pobounx pexkmmie EMC manoi EC go ycraneHoro
CTaHY MOKa3aHOo Ha pwuc. 3. PO3MipHOCTI YKa3aHO B MO3Ha-
YeHHAX KPUBMX: CTAaTUYHOrO Hanopy, H; BuTpat Boau, Qg;
BIAKPUTTA nonaTtel 0CbOBOro HanNpAMHOro anaparty, al; re-
HepoBaHOI NOTYXKHOCTI Al, Pe; Tennosi BTpaTK HarpiBaHHA
06MoTKM AT, Pg; noKasHuKa edpeKTnsHocTi, Pe/Q.

T T T T

3
6 "l m Qg, M/C  pe/q, 0,01MIx/M? -
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Puc. 3. Po3paxyHok napamempis pobo4ozo pexcumy 00
ycmaneHo20 cmaHy

Y ujit poboTi BAOCKOHaNEHa KOMMNIeKCHa MaTeMaTUYHa MO-
Lenb, L0 BUKOPUCTOBYETHCA A1A NOLYKY ONTUMANbHUX Be-
NINYUH PEXMMHUX MapameTpiB 32 KPUTEPIEM MaKCMMyMmy
BiAHOLIEHHA reHepoBaHOI NOTYXXHOCTI (Pe) 4,0 BATPAT BOAU
FEC (Qg). Npu ubomy BapitOOTLCA BENUYMHU CTaTUYHOTO
Hanopy (H), BigKpUTTa NonaTteit 0CbOBOro HanNpPAMHOro ana-
paTy (a0), yactotn ctpymis Al (f). MaTemaTnuHa mogaens,
AKa nobyaoBaHa B cUCTEMI iMiTaLiiHOro moaentoBaHHA ce-
peposnwa MATLAB, cnupatoumcb Ha 3a4aHi MO4YaTKOBI
ymoBM, 3abesnevye po3s’a3oK cucteMn guobepeHLiaNbHUX
PiBHAHb E/IeKTPUYHOT, MEeXaHiYHOi 1 rigpaBAiyHOi pPiBHO-
BarM [0 YCTa/fIEHOro CTaHy NapamMeTpiB poboyoro pexumy.
BennumHa ocTaHHix 3abe3neyye BCTAaHOB/MEHHA 3HAYEHHSA
KpuTepito edbeKTUBHOCTI 1 BaykaHMIA HaNpAM 3MiHM Bapilio-
BaHWX MapameTpiB A41A NOLWYKY ONTUMAJIbHOrO BapiaHTa.
BignosigHO [0 ocob6amMBOCTEN KOHCTPYKUIi rigpoTyp6iHu
BE/IMYMHA BiAKPUTTS SionaTeit OCbOBOro HanpAMHOro ana-
paTy 3MIHIOETLCA AUCKPETHO, @ HaNip Ta YacToTa MOXKe 3Mi-
HOBaTUCb NaaBHO. Cuctema MATLAB Haga€e MOXAMBOCTI
3MiHM BapiloBaHOI BENMYMHM B NPOLLECI PO3PaxXyHKY, ane B
po3pobneHiii mogeni e MoxKe CTOCYBaTUCA TiIbKM Hanopy,
OCKi/IbKM 334aHe 3HaYeHHA YaCcTOTU BUKOPUCTOBYETLCA NpU
iHiLiani3ayii mogeni oA 3afaHHA NapameTpiB CTaHAAPTHUX
6.10KiB PO3PaxXyHKY.

BignosigHoO 40 BMK/AA4EHOrO MOWYK ONTUMaNbHUX Pob6o-
yMx napameTpiB (3a KPUTEPIEM MaKCUMYMy BENUYUHM
Pe/Q ) 3ailicHioBaBcA 33 pesyibTaTaMu pAgyY PO3PaxyHKoO-

o

BMX CNpob 3i 3MiHOK MOYATKOBMX YMOB 4YacToTU W Benu-
YMHM BIAKPUTTA JloNaTel OCbOBOrO HaNPAMHOro anaparty, a
TAKOX CTAaTUYHOrO Hanopy BOAW BOAOCXOBULLA 3 MOX/IUBI-
CTO 10ro 3MiHM B Npoueci po3paxyHKy. [Ana miHimisauii Ki-
NIbKOCTi PO3PaxyHKOBUX CNPO6 YMCeNbHUA eKcnepumeHT
3/iiCHIOBaBCA Y KifibKa eTani..

Mepwiii eTan YMcenbHOro eKCNePUMEHTY MOYMHAETLCA 3
BM3HAYEHHA ONTUMAIbHUX 3HAYEHb YaCTOTU 3MiHU CTPYMIB
AT 33 HE3MiIHHUX BENIMYUH cTaTMYHOro Hanopy (H, Big 3 o
8 M 3 KpoKom 1 M) i BigKpuTTA nonaten HanpAMHOro ana-
paTy (a0, Big 23 oo 31 mm 3 Kpokom 1 mm). AK NpuKknag pe-
3yNbTaTV YNCENIBHOTO EKCNEePUMEHTY 3a BE/IMYMHUN HaMopy
H =5 M noKasaHo Ha puc. 4. Y KOXXHOMY PAAKY BiANOBIAHO
40 BennunHu a0 noKasaHo, 3a 3MiHM YacToTu f, T, 3miHy
BE/MUYMHM NapameTpiB pobouoro pexumy: Pe/Q,
0,01MBT/(m3/c)=0,01MIx/m3; KKAT — KKAO TypbiHu; Pg,
KBT — Tennosi BTpath HarpisaHHA 06MOTKK AT, AKi B HOMi-
Ha/NIbHOMY PeXXUMi CTaHOBANATb 16,77 KBT (MHOXHUK none-
pesy BKA3ye Ha KiNbKiCTb 04HOYACcHO npautotounx Al Typ-
6iHn); Qg, m3/c— sutpatn TEC; Pe, KBT— reHeposaHa
MOTYXHiCTb. 32 KOXHOI BeNnumHu a0 BapitoBaHHA YaCTOTOO
3/iNCHIOBANOCh 3 METOO MOLLYKY YMOB MaKCMMa/ibHOI ede-
KTWUBHOCTI. BHacnigoK aHanisy oTpumMaHmx gaHux npu Bapi-
IOBAHHI BeAIMYNHOW a0 BM3HAYEHO, WO 3a Hanopy H=5m
ONTUMaNbHUMMU € BENUYUHN: a0 =26 mm i f= 45 Tu,.

- 375 20 425 45 50
Pe/Q 383 388 388 3.8 348
aliH [ kkpT 858 87 87 855 791
245 | pg 1*1054 1104 1102 1'9.85 1°9.1
Qg 516 522 528 534 545
Pe 198 203 205 203 190
f 40 425 45 475 50
Pe/lQ 3879 3914 39 38 364
aO/H | KKDT 87 878 .88 858 825
255 | Pg 11072 1°106 1104 110.06 1'9.7
Qg 535 542 548 554 559
Pe 208 212 214 211 203
f 425 45 475 50
PelQ 389 3916 39 378
a0/
Se/s | KKOT 875 882 g8 858
Pg 1°10.85 1°108 11062 1°10.29
Qa 556 562 569 575
Pe 216 220 222 218
f 45 47.5 50 52.5
PelQ 388 39 387 375
BOH | kkDT 88 88 879 855
275 | pg 111 1°1094 1°10.8 1°10.53
Qg 578 58 59 5.98
Pe 224 228 229 224
f 50 525 55 575
a0/H Pe/Q 3.77 3.79 3.77 3.67
29/5 | KKDT 859 865  .865 847
Pg 19112 1°1125 1°11.27 1°11.13
Qg 6.3 6.35 6.43 6.51
Pe 236 240 242 240

Puc. 4. 3miHa napamempig pexcumy 3 Hacmomoio 3d
H=5mi3miHu a0
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Y Takunit camunit cnocié BUKOHAHO AOCAIAMKEHHS i 3 iHWUMMK
BE/IMYMHAMM HANoOPy B 3a[aHOMY Aianas3oHi MOro 3miHu.
[nAa KOXKHOIO 3 HUX BU3HAYEHO PEXKMMU 3 MAKCUMAJIbHOIO
BE/IMYMHOIO KpUTEpito epeKTUBHOCTI cuctemu. Pesynbratu

3BefeHo 4o Tabn. 1, ae AN1A KOXKHOMo 3a4aHOro 3HaYeHHs
Hanopy HaBeAeHO NapameTpy ONTUMANbHOrO PeXXMMy 3a
cTanoi yactotu, 50 Ny, [17] (nepwiit cToBNYMK) i 32 3MiHHOT
4acToTu (aHanoriyHo puc. 4).

Ta6bauua 1. MapameTpu ONTUMaNbHUX PEXUMIB POBOTU 3a CTaNOi BEIMUMHU Hanopy

H,m
g:)’:(au’;"ﬁp” 8 7 6 5 4 3

50ry | 53My | 50y | 50ry | 50My | 50ry | 50Ty | 45My | S0ry, | 40ry | 50ry | 34ry
Q, m¥/c 675 |68 |64 |64 |625]|625 595 [562 |58 |502 563|436
a0, Mm 245 |25 |25 25 |26 |26 |27 |26 29 |26 |31 |26
Pe, 0,1 MBT 4,2 43 |35 35 (29 |29 235 |22 |[175 157 |12 | 1,02
Pe/Q, 0,01 Mx/m> 614 | 622 |55 55 |4,75 | 475 [3,9 |[3916]3 3,13 | 2,05 | 2,34
A(Pe/Q), % 1,3 0 0 0,41 4,33 14,15

OcTaHHiIM pagok Taba. 1 noKasye y BiACOTKax, 3a CTafoi Be-
JNIMYNHW Hanopy, 36iNbLEHHA BEIMYUMHU KpUTEPItO edeKTMB-
HOCTi 3aBAAKM peryntoBaHHIO YacToTu cTpymis Al BugHo, wo
npu poboTi TypbiHM B 0bnacTi makcumanbHux KKA [18, 21]
33CTOCYBAHHA YACTOTHOIO Pery/toBaHHA He MA€E NO3UTUBHUX
HacniaKie. EQeKTUBHICTb peryitoBaHHA 36iM1bLIYETLCA i3 3Cy-
BOM pOB0UMX peXMMIB A0 MeX 0bnacTi eHeproeheKTMBHOro
BMKOPUCTaHHA TypbiHW. Hanpuknaga, nig 4yac pobotu 3 Hano-
pom 3 M, AKLLO 3HU3UTU YacTOTy CTpymiB o 34 'y, eHepre-
TUYHY eDEKTUBHICTb MOKHA 36inblwnTK Ha 14 %.

L pyruii eTan YncenbHOro eKCNepuMeHTy Nos’s3aHWi 3 BU-
3Ha4YeHHAM ymoB edeKTnBHoiI poboTtu M'EC 3 YyacToTHUM pe-
TYNOBaHHAM Yy MEBHUX EKCMAyaTauiMHuX pexumax. Ons
3MEeHLIEeHHA HeraTMBHOIO TEXHOFEHHOTO BMJINBY HA HAaBKO-
NIVILLHE cepenoBuLLE 3apa3 aKTyaslbHUM € 3abe3neyeHHs
NpUPOAHOro cToky Bogocxosuy NEC 3 miHimisauieo Konu-
BaHb PiBHA BOAM B Hbomy. Y poboTi [17] aocniaskeHo Takuit
peXKMM i BHaCNiAOK YNCENBHOTO EKCMEPUMEHTY 33 MPOMMC-
N0BOI YacCTOTU CTPYyMiB Al BU3HAUEHO, LLLO MAKCUMYM eHep-
reTMyHoi edeKTUBHOCTI B pasi MNPUMPOLHOrO CTOKY 3
Q = 4,875 m3/c mae micue 3a ymos: a0 =23 mm; H=4,078 m
3 napameTtpamu poboyoro pexkumy: Pe=114,8 kBT;
Pg = 6,8 kBT; Pe/Q = 2,354*10°2 Mx/m>.

3acTocyBaHHA YacTOTHOrO peryntoBaHHs Typboarperaty fo-
[A€ [OAATKOBUIA ONTMMI3aLiHMIA NapameTp, WO 3HA4HO
YCKNAAHIOE NOLWWYK ONTUMYMY. [11A 3HUMKEHHA KiNbKOCTi po3-
paxyHKoBMX crnpob uei nowyk po3noyHemMo 3 yMOB ONTUMa-
NbHOT po60TH 3i CTa/IMMM Hanopamu BignoBiaHo Ao Tabn. 1.
[na uboro 3a AaHUMM L€l Tabauui y dyHKUiT BUTpaT nobyay-
€MO 33/1eXKHOCTi 3MiHW ONTUMANIbHUX YACTOTKM i HanNopy, AKi
HaBeAeHo Ha puc. 5. Mpu uboMmy onNTMManbHa BENYUHA BiA-
KPWTTA JlonaTei 0CbOBOrO HAaNPAMHOIO anapaTy NPaKTUYHO
He 3MIHIOETbCA | CTAaHOBMUTDL 25...26 mm. Lli 3anexHoCTi A03BO-
NATb BU3HAYUTW, AKI BEIMUYKMHI CTANOro Hanopy BianoBiAa-
tOTb 3aJaHi BUTPATK i AKOK NOBMHHA BYTM YacToTa 419 MaK-
CUMYMY eHepreTuyHoi epeKTUBHOCTI 3a LLiEI yMOBW.

Y nowyKy onTUManbHUX YMOB PEXMMY NPUPOLHOTO CTOKY
BM3HAYa/IbHUM € Came CTana BeSMYMHa BUTPAT BOJOCXO-
Buwa MEC, a He cTanni Hanip, AKMN € ymoBOK Nobya0BU
3a/1eXKHOCTEN Ha puc. 5. Tomy Li 3anexHocTi 3abe3neuyoTb
TiNIbKM MOYATKOBI YMOBM A4/1A NOAANbLWOrO0 ONTUMI3aLLin-

Horo nowyky. Mpu BenuuuHi npupogHoro croky Q

= 4,875 m3/c 3a ,ONOMOrOI0 3a71eXKHOCTel Ha pUC. 5 BU3Ha-
YeHO TaKi MOYaTKOBIi 3HA4YeHHA oNnNTUMI3auiHoro pochi-
nxeHHa: H=3,78 m; f=38,68 I'L,.

Hm — . ; ; ; .
f,

x100My, H
7 L ! ! ! { ! 4

3 ] | | | |
5.5 6 Q, Mgfc

Puc. 5. 3miHa onmumasnsHUX Yacmomu i Hanopy y yHKuil
nodayi 30 daHUMU maba. 1

YncenbHUM eKCnepuMeHT NOLLYKY YTOYHEHMX 3HAYeHb Na-
pameTpiB ONTMMANbHOIrO POBOYOro perrMmy NPUPOLHOro
CTOKY BUKOHAHO 3a CEPIED PO3PaxyHKOBUX CNPob, KOXKHa 3
AKMX BigbyBanach i3 3agaHumm BenmunHamu a0 i f. Y 3apa-
HUX YMOBax 3a A0MOMOro po3pobneHoi maTemaTU4YHOI
mMmogeni 34iMCHI0BaBCA po3paxyHOK audepeHLianibHUX pPiB-
HAHb [0 YCTaNeHOoro cTaHy. Mpu ubomy 3icTaBnanmca oTpu-
MaHa Be/JIMYMHA BUTPAT i 3afaHa BeIMYMHA NPUPOAHOro
CTOKy. Po3paxyHKoBa cnpoba BUKOHYBA1acb A0 OTPUMAHHA
PIBHOCTI LMX BE/IMYMH, LLO [0CAranoCb NOCTYMNOBOK 3Mi-
HOO 3HaYeHHsA Hanopy 6e3 3ynnHKKW Po3paxyHKOBOro Npo-
uecy. CyKynHicTb NOCNiA0BHO OTPUMAHUX pPe3ynbTaTiB Bi-
pobpaxkeHa y Tabn. 2. KoxHa HacTynHa po3paxyHKoBa
cnpoba 3zicHI0Banaca 3 BUXiAHUMM JAaHUMM, AKi BiANOBI-
Aanu KiHLIo po3paxyHKy nonepeaHboi cnpobu i 3i 3miHoo
YyacTtoTu cTpymis Al y HaNpAMKY, AKMIK 3abe3neyye 36inb-
LWeHHA eHepreTUyHoi epekTnBHocTi MEC.
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Ta6bauuya 2. MapameTpu peXKUMiB 32 PO3paxyHKOBUMM cnpobammn oNTUMI3aLiiHOro A0CAIAKEeHHA

Ne 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
a0, mm | 25 25 25 25 25 25 25 25 24 24 24 23 23 23 23
fiTy 38,68 |38 37,5 |37 36,5 |36 355 |35 355 |35 345 |355 |35 345 |34
H,m 4,03 |4,065 4,09 |4,117 (4,144 |4,172 | 4,199 | 4,227 | 4,462 |4,49 |4,52 |4,733 |4,763 | 4,794 | 4,827
Pe, kBt |153,7 |154,9 | 155,6 | 156,3 | 156,7 | 157,1 | 157,2 |157,2 | 166,9 |167 |166,9 |175,7 |176 |176 |175,9

Y nepwomy psaky Tabn. 2 BKazaHO HOMep PO3pPaxyHKOBOI
cnpobu. KoxKHa 3 HUX 3aKiH4YyBasacb i3 04HAaKOBO BeNK-
UnHol BUTPAT. OCKINbKM BeUYMHA BUTPAT € CTanok, TO
OLiHKA edeKTMBHOCTI BUKOHYBanacb 3a BEINYMHOIO reHe-
POBAHOI MOTYKHOCTI. AKLLO 32 3MiHW YacTOT ePEKTUBHICTb
nepecrtasana 36inbwyBaTNCb, TO 3MiHIOBasacb Be/NYMHA
a0. 3a pesynbtatamu 15 po3paxyHKoBKX cnpob (y gonyctu-
MMX 3@ TEXHIYHHUMWM XapaKTEpPUCTUKaMKU TypbiHM mexkax
3MiHM BIZKPUTTA sionaTeit HanpsAMHOro anapaTty) BM3Ha-
YEHO YMOBWM MaKCMMaNbHOI eHepreTM4Hoi epeKTUBHOCTI
FEC i3 yvacToTHMm peryaoBaHHAm Al a0 =23mm;
H=4,78 m; f=34,75Tu; Pe=176,2 KBT. Pe3ynbTtaT mocni-
OXXEHHA ANA UMX YMOB MOKa3aHO Ha puc. 2 i puc. 3. OTpu-
MaHi pe3ynbTaTi 33 gaHUMK Tabn. 2 NOKasaHo y BUrAAAj
rpadiyHuMX 3anexKHOCTeN Ha puc. 6.

Pe, N 7
KBT| 1Z=4,78 m a0=23

170 F

a0=24

1 L

1 Hisaom

160 |

H=421m
o a0=25
155 | o
3 345 35 355 36 365 37 375 38 f Iy

Puc. 6. BesniuyuHa 2eHep0o8aHOI MomyxHOCMi 3a yacmom-
HO20 pezynto8aHHA 8 PEXCUMI MPUPOOHO20 CMOKY 3
Q=4,875 m*/c

YTOouHeHe onTUMi3aLiiHee AOCNIAKEHHA PEXUMY NPUPOL-
HOrO CTOKY 3abe3neyvye KpalLli pe3ybTaTv, NOPIBHAHO 3 Aa-
HMMM 32 yMOBaMM ONTUMYMY NPU CTaZnX Hanopax (puc. 5).
LLe MOXKHa NOACHUTU TUM, O 3MEHLLEHHA ONTMMA/IbHOI 33
E€HEepPreTUMYHOI e(PEKTUBHICTIO BEIMYMHM YaCTOTU CTPymiB
CYMNPOBOAKYETbCA 3MEHLUEHHAM BUTPAT, a iX 36iNbeHHsA
[0 BE/IMYMHU NPUPOLHOro CTOKY NiATPUMYETHCA 3a NiABKU-
LLLeHOT BeZIMYMHM Hanopy. Y pe3ynbTaTi Hanip Ha puc. 6 6i-
JIbLWKIMA, HiXK Ha puc. 5, Ha 1 m, a e NpMBOAMUTL 0 CYTTEBOTO
36i/blUEHHA NOTEHLiNHOT eHeprii BOAM i, BiANoBigHO, reHe-
POBAHOI MOTYXHOCTI. Ha po3rnAHyTOMYy NpUKAaai noka-
3aHO, L0 YaCTOTHE peryntoBaHHsA, NOPiBHAHO 3 poboToto 3

YacToOTOK MPOMMCNOBOI Mepeski, 3abesneyye 36inblIEeHHA
eHepreTu4Hoi edpexkTmBHoCTi y 176/114,8 = 1,53 paswu.

BucHoBku. KomniekcHa matematnyHa mogenb EMC manoi
F'EC 3a6e3neyye NOPiBHANBHUI aHaNi3 ePEKTUBHOCTI peXun-
MiB 4YaCTOTHOro peryntoBaHHA Al BHACNifOK BM3HAYEHHA
napameTpiB yCTafieHUX peXxMmiB poboTu 3a pi3HMX YacToT 3
NiABULWEHHAM TOYHOCTI AOCNIAMKEHHS 3aBAAKN PO3B’A3KY
cucteMn gudepeHuianbHUX PIBHAHb NEKTPUYHOI, MeXaHi-
YHOI, rigpaBAivHOI piBHOBArM 4,0 YCTAaNEHOrO CTAHY 3 ypaxy-
BaHHAM B33aEMHOrO BMN/INBY CKAAZ0BUX CUCTEMMW, HENIHIN-
HOCTI iX PiBHAHb.

Py4HW BapiaHT YMCENbHOrO eKCNepUMEHTY 3 MNOLUYKY On-
TUMYMY, CTPYKTYPOBAHUI Y KinbKa /IOriYHMX eTanis 3 noci-
[OBHOIO 3BY)KEHOLO AeTanisaujieto obnacti napameTpis, BU-
ABMBCA He /INLLe AOLINbHUM, @ M NPAKTUYHO BUNPABAAHUM
LUNAXOM AOCATHEHHA AOCTOBIPHUX i Pi3MUHO 0b6rpyHTOBA-
HUX Pe3yNbTaTiB WOA0 YMOB MaKCMMAbHOI eHepreTMyHoi
edpeKTnBHOCTI GYHKLiOHYBaHHA Manoi TEC y 3MiIHHWX pexXu-
Max poboTtn. MiHimizauia KinbKocTi po3paxyHKoBUX cnpob
YMCENbHOrO EKCMEPUMEHTY 3 MOLLYKY ONTUMYMY (33 KpuTe-
PIEM MaKCMMYyMY BigHOLWEHHA BEAUYMH reHepOoBaHOI NOTy-
*KHOCTI g0 sutpat NEC, 3 BapitoBaHHAM BEAMUYMHU BIAKPUTTA
Jionaten 0CbOBOrO HANPAMHOrO anapaTy, YacToTu CTPyMiB
AT, cTaTMyHOro Hanopy) 3abe3neyyeTbca nonepegHim no-
LUYKOM ONTUMYMY PEXMMIB 3i CTa/IMM HAanoOpoM 3 HacTyn-
HMUM iX YTOYHEHHAM 3 ypaxyBaHHAM Bumor pexxkumy MEC,
AKUIN [OCNIAKYETBCA.

LouinbHICTb 3acTOCyBaHHA 4aCTOTHOro peryntoBaHHA Al
TypboarperaTis manux FEC 3anexuTtb Big CniBBigHOLWEHHA
napameTpis NoTpibHOro eHeproepeKTMBHOIO PeXxnmy po-
601K (Hanip, NPOAYKTUBHICTb, BiAKPUTTA NoNaTeil 0CbOBOro
HanpsMHOro anapary), ki BU3Ha4YeHo 3a ZONOMOro Bapi-
IOBaHHA 4YacToTu cTpymis Al, 3 onTMManbHUMK NapameT-
pamu pobotn TypbiHM 33 NEBHOrO HaNopy i NPOMMUCAOBOIT
YyactoTu. Y pasi 36iry umMx napameTpiB AOLINbHICTb MiHiMa-
NibHa. BOHa 3pocTae 3 HabAUKEHHAM A0 mex obacTi eHe-
proedeKTMBHOro BUKOPUCTAHHA TYPOIHM.

[JouinbHicTb 3acTOCyBaHHA YacTOTHOIO pPerytoBaHHA Typbo-
arperatis manux MEC 36inbLIYETbCA B peXMMax NPUPOLHOro
CTOKY, 419 AKUX XapaKTepHa poboTa 3 MainmMm Harnopamm.
Mpu ubOMy 32 ONTUMANBHUX PEXUMIB YaCTOTHOTO peryto-
BaHHA 3HWMKYIOTbCA BUTPATK, LLO L03BOAAE 306inblUMTK pi-
BEHb BOAM Y BOAOCXOBML 11 eHepreTuyHuin Buxig MEC. Ha
npuKknagi pobotn TypbiHm Mp 15/1100-5-25 3 piameTpom
D1=1,2 mi3 Al Ha 6a3i acMHXPOHHOro ABuryHa 4A355M2 3a
NPMPOAHOro CToKy 3 Q = 4,875 mM3/c, 3MEHLUEHHA YacToTH 3
50 po 34,75 'y, (3a ymoBu BMB6OPY ONTUMANbHOI BEANYNHU
iHWWX perynoBaabHUX NapameTpiB) CynpoBOAKYETbCA YMO-
Bamu BanaHcy mix Butpatamm FEC i npupoaHNM CTOKOM y
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pasi 36inbleHHA BEIMYMHM HAanopy Ha 1 M i BENIMYUHU reHe-
POBaHOi NOTYXKHOCTI Ha 53 %.
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A comprehensive mathematical model of the electromechani-
cal system of a small hydropower plant has been substantiated
for the purpose of investigating its energy efficiency under var-
ying parameters: the opening degree of the axial guide vane apparatus, the current frequency of the induction
generator, and the static head. A methodology for conducting numerical experiments aimed at studying the do-
main of effective application of frequency control of turbine-generator units has been developed. The search for
optimal operating conditions is carried out according to the criterion of maximum energy efficiency—the ratio of
generated power to water consumption—determined from the steady-state operating parameters obtained by
solving the system of differential equations of electrical, mechanical, and hydraulic equilibrium until the steady
state is reached, with consideration of the mutual influence of system components and the nonlinearity of their
equations. The first stage of the numerical experiment is intended to determine the optimal values of the asyn-
chronous generator current frequency variation under constant static head. It is shown that the expediency of
applying frequency control to turbine-generator units increases as the operating point approaches the boundary
of the turbine’s energy-efficient operating region. The second stage of the numerical experiment is related to iden-
tifying the conditions for efficient operation of the hydropower plant with frequency control under a natural flow
regime. It has been determined that, under optimal frequency control modes, water discharge is reduced, thereby
increasing the reservoir water level and, consequently, the hydropower plant's energy output. A specific case study
demonstrates that, in natural flow conditions, the application of frequency control resulted in a 53% increase in
generated power.

Keywords: small hydropower plant, simulation model, electromechanical system, dynamic mathematical models,
steady-state operating modes, energy efficiency, frequency control.

List of symbols and abbreviations H — static head;

HPP — hydro power plant; Qg —flow rate;
TA —turbine assembly; Pe — generated power;
IG — induction generator; f—frequency;
NnT —turbine efficiency; Pg — heating losses of the IG;

EMS — electromechanical system; a0 — opening of the axial guide vane apparatus

Small-scale hydropower in Ukraine [1-5] utilizes water re-
sources that are an essential component of other produc-
tion sectors and significantly affect the environment. Under
these conditions, the energy volume produced alone can-
not determine the optimal operational regime of hydroe-
lectric reservoirs. The selection of such a regime should be
based on comprehensive efficiency criteria, taking into ac-
count multiple influencing factors [6]. This comprehensive
assessment requires specialized studies and corresponding
tools to determine the operational parameters of hydroe-
lectric power plants (HPPs), which may substantially devi-
ate from the project-design optimal values.

Determining an effective strategy for water resource utili-
zation requires a comparative evaluation of the outcomes
of different organizational approaches. In particular, it is es-
sential to maintain a balance between achieving maximum
energy efficiency and minimizing water-level fluctuations in
the reservoir, in order to prevent ecological issues and en-
sure stable operation of other technical systems dependent
on water level [7-11]. Examples of such systems include
water intake facilities for municipal water supply and solar
energy installations located on the water surface. The de-
ployment of floating solar panels on reservoirs is justified
by several factors: improved cooling for higher energy
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efficiency, availability of large flat surfaces, and reduced
water heating, which minimizes evaporation losses and
mitigates negative impacts on the aquatic biocenosis.

Operation of HPPs under natural flow regimes often results
in significant deviations of turbine performance from its op-
timal state. To improve this performance, it is advisable to
develop and justify additional regulation methods [12, 13],
including frequency control of turbine-generator units
[14, 15]. This approach increases the dimensionality of the
parameter space for searching optimal operational set-
tings. In modern practice, numerical optimization meth-
ods—such as gradient-based approaches and global search
algorithms (genetic algorithms, particle swarm optimiza-
tion, etc.)—are widely used for evaluating the energy effi-
ciency of complex technical systems. However, when ana-
lyzing small-scale HPPs modeled using complex nonlinear
representations of turbines, induction generators, and hy-
draulic systems, these methods may not always be practi-
cal. Specifically, due to the complex model structure char-
acterized by discrete parameters, strong nonlinearity, and
the absence of analytical expressions for objective function
gradients, automated optimization methods often prove
either unstable or computationally inefficient.

In this context, the present work employs a brute-force
search method for extremum identification, which has
practical applicability [16]. A stepwise manual optimization
approach has been implemented—systematic iteration
through possible combinations of variable parameters, fol-
lowed by analysis of their impact on the energy efficiency
criterion. This approach enables a reliable and controlled

search for the domain of optimal operational regimes,
maintaining solution stability and assessment accuracy.
This is especially important when using a simulation model
that captures the system's dynamic behavior until it
reaches a steady-state regime. The chosen research struc-
ture effectively prevents convergence issues commonly en-
countered in numerical algorithms applied to nonlinear and
non-analytical dependencies.

The objective of this study is to obtain a quantitative assess-
ment of the energy feasibility of implementing frequency
control of the induction generator (IG) currents. To achieve
this goal, a comprehensive mathematical model is devel-
oped for the investigation of operational regimes of the
small-scale HPP’s electromechanical system (EMS) under
varying conditions of axial guide vane opening, IG current
frequency, and static head. Additionally, a methodology for
this numerical experiment is proposed, and the effective
application domain of turbine-generator frequency regula-
tion is investigated, including the determination of its pa-
rameters and potential reserves for improving energy effi-
ciency.

The research conditions are similar to those applied in the
comprehensive mathematical model of HPPs [17] and in
the simulation model of the hydraulic turbine [18]. Opera-
tional regimes are studied considering the mutual interac-
tions among the hydraulic turbine, the induction generator
with its control system, and the HPP’s hydraulic system. The
functional diagram of the small-scale HPP EMS, shown in
Fig. 1, reflects the system structure and the mechanism of
interaction between its components.

H H i !
Q_> BC o MV rm o T MrTI 1 Mgr AT Pe > np Pcn
nat 1 H
A A ¥ 3 ! I A A
! v W
AHrm T : 4/” . | f| | Uar
Qg RmQy’ |« Qg Wrr ! W E a i
g el 0 |k operating
mode

Fig. 1. Functional diagram of the EMC of a small hydropower plant: BC — water reservoir; T'M — hydraulic network; I'T -
hydraulic turbine; MIT— multiplier; AT — asynchronous generator; 1P — converter of electric power parameters; CK — con-
trol system; Qnat — water inflow to the reservoir; Qg — water flow at the HPP; H — static head; Hrr — head of the HT; AHrv —
head loss in the hydraulic network; Rrv — hydraulic network resistance; Mrr, Mar— torque on the shaft of the GT and AG;
wrr, wr— angular velocity of the GT and AG shaft; i - transmission ratio of the MP; Pe, Pcn — electric power of the AG and

directed to the consumer; f, Uar — frequency and voltage of the AG; a0 - opening of the blades of the axial guide apparatus
of the GT

The magnitude of the static head (taking into account
losses in the hydraulic network) determines the turbine
head, which, depending on the turbine speed and the state
of the guide vane apparatus, dictates the water flow and
torque on the shaft. The turbine torque, through a multi-
plier, is applied to the IG shaft and, in interaction with the
electromagnetic torque of the IG (which depends on rotor
slip, frequency, and current magnitude), determines the ro-
tational speed of all shafts and, consequently, affects the
water flow.

Considering the interconnections of EMS components
(Fig. 1), the equations of electrical, mechanical, andhydraulic
equilibrium [17, 18] provide the determination of steady-
state operational parameters in accordance with the control
system’s influence on the turbine guide vane and the conver-
sion of electrical energy parameters within the IG circuits.
Frequency variation affects the angular velocity of the shafts
and ensures the establishment of the desired operational re-
gime. Under natural flow conditions, the control system en-
sures the equality of HPP inflow and outflow and establishes
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the corresponding static head regime. The electrical power
generated by the |G, after conversion, is supplied to consum-
ers.

The search for optimal operational conditions is carried out
according to the criterion of maximum energy efficiency,
defined as the ratio of the produced output to the con-
sumed resources [6]. For small-scale HPPs, this ratio corre-
sponds to the generated power versus water consumption,
considered both as an instantaneous indicator and as the
integral of these quantities over operational cycles [17].
This comprehensive mathematical model is intended for
the study of steady-state operating regimes, allowing the
assessment of energy efficiency while neglecting the influ-
ence of transient processes. Under these conditions, based
on the numerical experiment, the operational parameters
and the corresponding values of the efficiency criterion are
determined. Given the complex, nonlinear models of EMS
components in HPPs, steady-state operating parameters
are determined by solving the system of differential equa-
tions for electrical, mechanical, and hydraulic equilibrium
until a steady state is reached, using simulation tools. Un-
like the algebraic approach for steady-state operating

regimes, this method avoids convergence issues in systems
with nonlinear coefficients [19, 20].

The mathematical model for comprehensive EMS analysis
of HPPs with propeller hydraulic turbines Pr 15/1100-5-25,
with a diameter of D1 = 1.2 m, and induction generators
based on series 4A355M2 motors [17, 18, 21], has been re-
fined to account for turbine-generator frequency control. It
allows for variation of the IG current frequency and, accord-
ingly, the voltage according to the law U/f. The model [17]
also allows adjustment of the number of identical turbine-
generator units operating in parallel. Mechanical energy
from each turbine is transmitted to two induction genera-
tors, which supply electrical energy to consumers in paral-
lel. To improve the loading factor of the 1Gs, the model in-
cludes the option to electrically disconnect one generator.
The 1G model for simulation purposes is built considering
steel losses using appropriate equivalent circuits [22].

The comprehensive mathematical model of the EMS of a
small-scale HPP for investigating operational regimes with
variable |G current frequency in a simulation system is
shown in Fig. 2. It corresponds to the
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functional diagram in Fig. 1. In the upper third of Fig. 2,
blocks for solving the differential equations of hydraulic
and mechanical equilibrium [18] are placed, determining
the water flow and rotor angular velocity of the turbine. A
propeller hydraulic turbine Pr 15/1100-5-25 [18] is used in
this block for simulation.

In the middle part of Fig. 2, the simulation model of the in-
duction generator (IG) with equivalent steel-loss circuits
[22] is located. This model is based on an induction gener-
ator model for electromechanical systems with an arbitrary
stator winding structure. In the simulation system, the sta-
tor winding branches are represented by controlled current
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sources according to their calculated values (transmitted
via blocks i1, i2, i3) within the structural modeling block
AD_355M2. In this block, using the input rotor angular ve-
locity and instantaneous voltage values (the voltage matrix
consists of three zero values for the short-circuited equiva-
lent steel loss circuits and two-line voltages for the I1G “star”
connection scheme), the instantaneous values of currents
(three equivalent circuits and three stator phases), electro-
magnetic torque, and air-gap flux density are calculated.
The calculation of IG parameters is performed in the
Param_AD block, equivalent circuit parameters in r_st, and
IG power losses in del_P. In the lower third of Fig. 2, output
blocks and blocks for calculating operational regime indica-
tors are placed. An example of calculating the operational
regime parameters of the small-scale HPP EMS until reach-
ing steady state is shown in Fig. 3. The dimensions are indi-
cated in the curve labels: static head, H; water flow, Qg ;
axial guide vane opening, a0; generated power of the IG,
Pe; IG losses, Pg; and efficiency indicator, Pe/Q.

3
of Hom FE™/S Pe/a 0,01Mi/m?
\ N
4 - 4
a0,0,1m
Y
2 i
, /
0 o
Pe, 0,1 MW
27 ' ‘ " Pg, 10kW
-4 == 1 I 1 1 -
0 0.1 0.2 0.3 0.4 05 ¢t ¢

Fig. 3. Calculation of operating mode parameters to steady
state

In this study, a refined comprehensive mathematical model
is used to search for optimal operational parameter values
according to the criterion of maximizing the ratio of gener-
ated power (Pe) to HPP water flow (Qg). The variables con-
sidered are the static head (H), the axial guide vane opening
(a0), and the IG current frequency (f). The mathematical
model, implemented in the MATLAB simulation environ-
ment, solves the system of differential equations of electri-
cal, mechanical, and hydraulic equilibrium until the steady-
state operational parameters are reached, based on the
specified initial conditions. The resulting steady-state val-
ues allow the determination of the efficiency criterion and
indicate the desired direction for adjusting the variable pa-
rameters in the search for the optimal configuration.

According to the turbine design characteristics, the axial
guide vane opening changes discretely, whereas the head
and frequency can vary continuously. MATLAB provides the
capability to modify variable parameters during the calcu-
lation; however, in the current model, this feature applies
only to the head, as the specified frequency value is used

during model initialization to set the parameters of stand-
ard calculation blocks.

Based on this approach, the search for optimal operational
parameters (according to the maximum Pe/Q criterion) was
conducted through a series of computational trials with
variations in the initial conditions of frequency, axial guide
vane opening, and reservoir static head, allowing for head
adjustment during the calculation process. To minimize the
number of computational attempts, the numerical experi-
ment was conducted in several stages.

The first stage of the numerical experiment begins with de-
termining the optimal IG current frequency values while
keeping the static head (H, from 3 to 8 m with a step of 1
m) and the axial guide vane opening (a0, from 23 to 31 mm
with a step of 1 mm) constant. As an example, the results
of the numerical experiment for a head of H=5 m are shown
in Fig. 4. In each row, corresponding to a specific a0 value,
the variation of operational parameters with changing fre-
quency f [Hz] is presented: Pe/Q, 0.01 MW/(m3/s) = 0.01
MJ/m3; nT — turbine efficiency; Pg, kW — IG heat losses,
which are 16.77 kW under nominal conditions (the multi-
plier indicates the number of simultaneously operating IGs
per turbine); Qg, m3/s — HPP water flow; Pe, kW — gener-
ated power. For each a0 value, frequency variation was per-
formed to identify conditions of maximum efficiency. As a
result of analyzing the obtained data over the range of a0,
it was determined that for a head of H=5 m, the optimal
values are: a0=26 mm and f=45 Hz.

f 375 a0 425 45 50
Pe/Q 3.83 3.88 388 38 3.48
a0H | kkpT 858 87 87 855 791
245 | pg 1*1054 1*104 1°102 1'9.85 1°9.1
Qg 5.16 5.22 528 534 545
Pe 198 203 205 203 180
f 40 425 45 475 50
Pe/Q 3.879 3914 39 38 364
aOH | KKDT .87 878 88 858  .825
25/5 | Pg 11072 1'106 1°104 1*10.06 197
Qg 535 542 548 554 559
Pe 208 212 214 211 203
f 425 45 475 50
Pe/Q 389 3916 39 378
al/H
Ses | KKDT 875 882 .88 858
Pg 1°1085 1°10.8 1°10.62 1°10.29
Qo 556 562 569 575
Pe 216 220 222 218
f 45 47.5 50 52.5
PelQ 388 39 387 375
BO/H | KKkDT .88 .88  .879  .855
2715 | pg  1*11  1*1094 1'108 11053
Qg 578 58 59 5.98
Pe 224 228 229 224
f 50 525 55 575
a0/H Pe/Q 3.77 3.79 3.77 3.67
29/5 | KKDT 859  .865  .865 .847
Pg  1°11.2 1"11.25 1°11.27 11113
Qa 63 635 643 651
Pe 236 240 242 240

Fig. 4. Changing the mode parameters with a fre-
quency of H=5 m and changing a0
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A similar investigation was carried out for other head val-
ues within the specified range. For each head, the opera-
tional regimes corresponding to the maximum value of the
system efficiency criterion were determined. The results

are summarized in Table 1, where for each specified head
value, the parameters of the optimal regime are presented
for a fixed frequency of 50 Hz [17] (first column) and for a
variable frequency (analogous to Fig. 4).

Table 1. Parameters of optimal operating conditions at a constant head

H, m
Mode parameters 8 7 5 4 3

50Hz | 53Hz | 50Hz | 50Hz | 50Hz | 50Hz | 50Hz | 45Hz | 50Hz | 40Hz | 50Hz | 34Hz
Q, m¥/s 6,75 6,8 6,4 6,4 6,25 | 6,25 | 595 | 562 |5,8 502 | 563 | 4,36
a0, mm 24,5 25 25 25 26 26 27 26 29 26 31 26
Pe, 0,1MW 4,2 4,3 3,5 3,5 2,9 2,9 2,35 | 2,2 1,75 | 1,57 | 1,2 1,02
Pe/Q, 0,01 MJ/m3 6,14 | 6,22 |55 5,5 4,75 | 4,75 | 39 3,916 | 3 3,13 | 2,05 | 2,34
A(Pe/Q), % 1,3 0 0,41 4,33 14,15

The last row of Table 1 shows, in percentage terms and at
constant head, the increase in the efficiency criterion
achieved through IG frequency control. It can be seen that
when the turbine operates within the region of maximum
efficiency [18, 21], the application of frequency regulation
does not yield positive results. The effectiveness of regula-
tion increases as the operating regimes shift toward the
boundaries of the turbine’s energy-efficient operating re-
gion. For example, at a head of 3 m, reducing the current
frequency to 34 Hz can increase energy efficiency by 14%.

The second stage of the numerical experiment concerns
determining the conditions for efficient HPP operation with
frequency regulation across specific operational modes. To
reduce the negative environmental impact, it is currently
important to ensure the natural water outflow from reser-
voirs while minimizing water level fluctuations. In [17], such
a mode was investigated, and as a result of the numerical
experiment under industrial 1G frequency, it was deter-
mined that the maximum energy efficiency for a natural
outflow of Q=4.875m3/s occurs under the conditions:
a0=23 mm; H=4.078m, with the following operational pa-
rameters: Pe=114.8 kW; Pg=6.8 kW;
Pe/Q=2.354x1072 MJ/m?3.

The application of frequency regulation to the hydro unit
introduces an additional optimization parameter, which
significantly complicates the search for the optimum. To re-
duce the number of calculation attempts, this search is ini-
tiated from the conditions of optimal operation at constant
heads, as specified in Table 1. Based on these data, fre-
quency—head dependencies as a function of flow rate were
constructed, as shown in Fig. 5. In this case, the optimal
value of the axial guide vane opening remains practically
unchanged at 25-26 mm. These dependencies make it pos-
sible to determine which constant head corresponds to the
given water flow and the frequency should be applied to
achieve maximum energy efficiency under these condi-
tions. When searching for optimal conditions for the natu-
ral outflow regime, the decisive factor is the constant res-
ervoir discharge of the HPP, rather than a constant head,
which was the basis for constructing the dependencies in

Fig. 5. Therefore, these dependencies provide only the ini-
tial conditions for further optimization. For a natural out-
flow of Q=4.875 m3/s, the dependencies of Fig. 5 yielded
the following initial values for the optimization study:
H=3.78 m; f=38.68 Hz.

H,m
f.F
x10Hz H

3 1 | | | |
4 4.5 5 55 6 Q, m3/s

Fig. 5. Changes in the optimal frequency and head in the
flow function according to Table 1

The numerical experiment to refine the parameters of the
optimal operating regime for natural outflow was carried out
through a series of calculation attempts, each performed at
specified values of a0 and f. Under these conditions, the de-
veloped mathematical model was used to solve the system
of differential equations until a steady state was reached. At
the same time, the calculated discharge was compared with
the prescribed natural outflow value. Each computational at-
tempt continued until equality between the calculated and
prescribed discharge was achieved, which was accomplished
by gradually adjusting the head value without interrupting
the computational process.

The set of consecutively obtained results is presented in Ta-
ble 2. Each subsequent computational attempt was perfor-
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med using the output data from the end of the previous at-
tempt, with adjustment of the IG current frequency in the
direction that ensured an increase in the HPP’s energy effi-
ciency.

The first row of Table 2 indicates the number of the com-
putational attempt. Each attempt ended with the same dis-
charge value. Since the discharge value is constant, effi-
ciency was evaluated based on the generated power.

Table 2. Parameters of the modes according to the calculation attempts of the optimization study

No 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
a0, mm | 25 25 25 25 25 25 25 25 24 24 24 23 23 23 23
f,Hz 38.68 | 38 375 |37 36.5 |36 355 |35 355 |35 345 |355 |35 345 |34
H, m 4.03 [4.065 |4.09 |4.117 |4.144 |4.172 |4.199 | 4.227 |4.462 |4.49 |4.52 |4.733 |4.763 | 4.794 | 4.827
Pe, KW | 153.7 | 154.9 | 155.6 | 156.3 | 156.7 | 157.1 | 157.2 | 157.2 |166.9|167 |166.9 |175.7 |176 |176 |175.9

When the efficiency ceased to increase with frequency ad-
justment, the value of a0 was modified. Based on the results
of 15 computational attempts (within the permissible range
of guide vane openings according to the turbine’s technical
specifications), the conditions for maximum energy effi-
ciency of the HPP with IG frequency regulation were deter-
mined as follows: a0=23mm; H=4.78 m; f=34.75Hz;
Pe=176.2 kW. The outcome of the study under these condi-
tions is shown in Fig. 2 and Fig. 3. The results obtained from
Table 2 are presented in graphical form in Fig. 6.

pe |———*———

kW Hf‘f?Sm a0=23m
170
— @0=24m

S yZa,49m

160 H=4,21m

. a0=25m
155 |
34 3435 35 335 36 3635 37 313 3 gme

Fig. 6. Generated power at frequency control
in the natural flow mode with Q=4.875 m>/s

The results of the refined optimization study of the natural
flow regime provide better outcomes compared to those
obtained under conditions of constant head optimization
(Fig. 5). This can be explained by the fact that a reduction
in the optimal frequency value for maximum energy effi-
ciency is accompanied by a decrease in discharge, while its
increase up to the value of the natural flow is sustained un-
der a higher head. As a result, according to Fig. 6, the head
is 1 m greater than that in Fig. 5, which leads to a significant
increase in the potential energy of water and, accordingly,
in the generated power. In the examined case, it is shown
that frequency regulation, compared to operation at the in-
dustrial grid frequency, provides an increase in energy effi-
ciency by a factor of 176 / 114.8 = 1.53.

Conclusions. The comprehensive mathematical model of
the electromechanical system of a small HPP ensures a

comparative analysis of the efficiency of induction genera-
tor frequency-controlled modes by determining the param-
eters of steady-state operating conditions at various fre-
quencies. The improved accuracy of the study is achieved
through solving the system of differential equations of elec-
trical, mechanical, and hydraulic equilibrium up to steady
state, taking into account the mutual interaction of system
components and the nonlinear nature of their equations.

A manual version of the numerical experiment for optimum
search, structured into several logical stages with a sequen-
tial narrowing and detailing of the parameter domain,
proved to be not only feasible but also practically justified
as a way of obtaining reliable and physically sound results
regarding the conditions for maximum energy efficiency of
a small HPP in variable operating modes. The minimization
of the number of computational trials in the numerical ex-
periment for optimum search (with the criterion of maxim-
izing the ratio of generated power to discharge, by varying
the opening of the axial guide vane, the frequency of the
induction generator currents, and the static head) is
achieved by the preliminary search for optimum modes un-
der constant head, followed by refinement that takes into
account the requirements of the HPP regime under study.

The feasibility of applying frequency regulation of induction
generator turbine units in small hydropower plants de-
pends on the ratio between the parameters of the required
energy-efficient operating mode (head, discharge, and
opening of the axial guide vane), determined by varying the
generator current frequency, and the optimal turbine pa-
rameters at a given head and industrial frequency. When
these parameters coincide, the feasibility is minimal. It in-
creases as the operating point approaches the boundary of
the turbine’s energy-efficient utilization range.

The feasibility of applying frequency control to turbine
units in small hydropower plants increases under natural
flow conditions, which are characterized by operation at
low heads. Under optimal frequency-regulated modes, dis-
charges are reduced, which allows for a higher reservoir
water level and greater HPP energy output.

For example, for the turbine Pr 15/1100-5-25 with a diam-
eter D1 = 1.2 m and an induction generator based on the
motor 4A355M2, under natural flow with Q = 4.875 m3/s,
reducing the frequency from 50 to 34.75 Hz (with optimal
adjustment of other controllable parameters) results in a
balance between HPP discharge and natural inflow,
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accompanied by a 1-meter increase in head and a 53% in-
crease in generated power.
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