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Bituenky Carenio BsiveciaBoBuuy

I.  Tema mpoexty (poGor) «Po3pobaennss Ta gocaimkenHs cHeTemu
ABTOMATHYHOIO PEry/II0BAaHHSI AKTHBHOI OTY/KHOCTI rizpoarperarty mini-I'EC»

KepiBHHK npoekTy (poGorn) Komymko [puropiii Medbonifiosus. w11 npod.
3aTBEP/KCHA HAKA30M BMILIOTO HAaBYAIBHOTO 3aKyany Big “89”  ©f 2024 pokyNe /-2 «

2. CTpok moziaHHs CTyA€HTOM MpoekTy (pobotn) 19.12.2024 D.

3.Buxinui nami 10 mpoexty (poGoTH) YCTaHOBIEHA MOTYKHICTE I'EC - 500 xBr:
MaKCHMaJIbHi BUTpaTy Boau 1,15 M/c; Tvn rigporyp6inu — padialbHO-BiCHLOBA.

4. 3MicT po3paxyHKOBO-TOSICHIOBAIBHOI 3amucky (mepernik NHTaHb, $iKi NOTPIGHO
Po3po6uTi) OGIpYHTYBaHHS CHIOBOI CXEMH '€HEPATOPHOIO KOMILIEKCY. Ornsiz u Bubip
THny rigpotyp6inu. ITocTaHOBKA 3aja4 Ha MaricTepehbky poGory. [To6ynosa i amanis
NiHiHOT Moseli 06'ekTa YNpaBIiHHA. AHAT3 JHHAMIYHMX BJIACTUBOCTelN 00'exTa

YipasninHs. Pospobka CTPYKTYpH CHCTEMH VIDABIIHHS T4 METOAMKH CHHTe3y

. iB_rigpoarperatip Mini-TEC Ha OCHOBI MamWHM monsiitHoro sxumnenmHs.

Pospobka crpykrypn cucremn ynpasninns rizpoarperaty mini-TEC. Monemoparnis
IMHaMigmmx pexumiB poboti 1BokoHTYpHOI CAP akTwBHOI oty kHOCT] riipoarperaty
OcHOBI MIDK. BHCHOBKH.

S Mepenix rpagiunoro Marepiaiy (3 TOYHHM 3a3Ha%eHHAM 000B’T3KOBHX IUIAKaTIB)

1) Texmonoriuna cxema mini -I'EC o

2) CrpykTypHa cxema MaTeMaTH4HOI MOJeNi pajliabHO-0CE0B0] riapotyp6inu
b 3) Ilapexmm npotecu 3a MmomerToM I'A Ha ocHoBi MIDK
R ey . raHa Mozens PB rizpoTypbinu 3 ypaxysamusm ximersuno; eHepril
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BCTYII

CydacHa eJIeKTpOeHepreTHKa 3ITKHYJacs 3 Mpo0JIEMOI0 BHUCHAXCHHS
TPaJAULIIMHUX EHEPropecypciB IpH  OJHOYACHOMY 3pPOCTaHHI  CHOKHBAHHSI
enekTpoeHeprii. B pe3ynpraTi, B 3uUMOBHI Yac VYKpaiHa BIJUyBa€ HeCTaudy
enekTpoeHeprii. Tomy Haspiia HEOOXIJHICTH B 1HTEHCMBHOMY OCBOEHHI
BIJIHOBJIIOBaHUX JpKepen eHeprii. OCHOBHUM TakuM JDKEpesaoM B YKpaiHi € Majii
piuKM, IO MalwTh BHTpary Oam3bko 1 M%/c. Pembed micueBocti m03BOISE
cTBoproBatu rigpocnopyau 'EC 3 mepenagoM BUCOT BiJl JACKITBKOX JECATKIB JI0
JEKIJIbKOX COTEHb METPIB.

Cyuacna cuTyanis B Kpaini Bumarae ekonomiunoi excryaraii mini-I'EC. Le
HalOUIbII aKTyaJdbHO B 3MMOBY IIOpPY POKY, SIKE XapaKTEpU3YEThCS MEHIIOO
BUTPATOIO BOJM 110 PyClIax piukHd B MOPIBHAHHI 3 JIITHIM I1epioioM. Y TOH e yac, B
3UMOBHMM TEPIOJ CIOXKHMBAHHA €JIEKTPOEHEPTril 3pOCTaE B MOPIBHAHHI 3 JITHIM.
Buxonom 3 naHoi cutyaiii € ctBopeHHs a00 mozaepHizauis MiHi-I'EC 3 MOKIHMBICTIO
3MIHU BUPOOJICHHS €JIEKTpOeHePrii BIANOBIAHO 10 A000BOT0 rpadika eJeKTpuIHOro
HaBaHTakeHHs. Taka miHl-['EC noBunHa matu 0aceitn 7000BOTo peryatOBaHHS J1JIsI
3armacaHHs BoaW BHoYl. [Iporsrom po6m MmiHI-I'EC 1oBHHHI aBTOMaTHYHO
ONEpPaTUBHO 3MIHIOBATH BHUPOOJIEHHS €JIEKTPOCHEpril, 100 miaTpumMyBaT OajaHc
MIDXK CIOKMBAHOK MOTYKHICTIO 1 aKTUBHOIO MOTYKHICTIO, 1[0 TEHEPYETHCS.

Benuki 'EC, mo MawoTh kBaniiKoBaHUI 4eproBuil nepcoHa, 31HCHIOITh
AaBTOMAaTUYHE PEryJIIOBaHHS aKTHUBHOI IOTY)XHOCTI, 110 IeHepyeThes Pe, HUIsIXOM
3MIHM BIIKpUTTS Hampapistodoro amapaty (HA) rigporypbin. B ocHoBHOMY
pexnuMi poOOTH TifpoarperaTy Horo KyToBa IIBHIKICTh BU3HAYAETHCS YACTOTOFO
MEpexl, 10 AKOI MIKIIOYEHUH CTaTop CHHXPOHHOIO IeHepaTopa, a HEoOXIaHE
3HaueHHs P, 3a0e3reuyeTbest yCTaHOBKOKO BIAIOBIAHOIO KyTa BiAKpuTTst HA.

CyTTeBOIO OCOOJHMBICTIO TaKOro peryiwoBaHHs P. € TpuBanmmii xapakrtep
nepexiiHuX mpoueciB. Yac ix 3aracaHHs CKJajgae IecATKH cekyHna [2,3.4.5], mo
00yMOBJICHO HEMOMUIMBICTIO IIBUAKOI 3MIHM IIBHAKOCTI PyXy BOIU B BOJOIOHI.
3meHieHHst P. BUpoOnsiioTh nuisixom 3akputrts HA, 1mo BUKIMKae 3MEHIIEHHS

KIHETHYHOI eHeprii Boau B BOAoroHi. OCHOBHA YacTHHA €HEeprii rajlbMyBaHHS BOIU



NIEPETBOPIOETHCS TypOIHOK B MeXaHiuHy pobOoTy. B pesynbrarti, 3akpurtss HA
croyarky (IIpoTArom JEKUIbKOX CEKYH]1) MPHU3BOAMTH J10 30UIblIeHHs Pe, 1 TUIBKH
MOTIM TOYMHAETHCH Oa)kaHe 3HIKEHHS BeluuuHM P.. AHamoriuHa 3miHa
perynboBaHoi BenuuuHU P., Ha NOYATKOBIM [UISAHII MNEPEXIAHOTO MPOIIECY B
CTOPOHY, NPOTHIICKHY KEPYIOUOMY BIUIMBY, CIIOCTEPIra€ThCsl 1 MPU MEPEXojii B
pekum 30ubIeHHS Pe.

Tomy, excrmyatoBani HuHI ['EC He3gaTHI KOMIEHCYBATH  IIBUAKI
NOpPYUIEHHs OallaHCy MIK CIOXHMBAHOK TMOTYXKHICTHO 1 MOTYXKHICTIO, MIO
IeHEPYETHCS B €HEPTOCUCTEMI.

[Tpu Gis1b1I IHTEHCHBHOMY BUKOPUCTAHHI TAPOEHEPTOPECYPCIB (BIICYTHICTH
XOJIOCTUX BOJOCKHUAIB, BUKOPHUCTAHHS aKyMYJIFOKOYOi 3JaTHOCTI BOJOCXOBHIIA)
BILJIMB Ha HANpsMHI arnapaTd TriapoTypOiH 3A1HCHIOETECS aBTOMATUYHO CHCTEMOIO
perymtoBanHs P, 3a 701TOMOTO0I0 T1IpONPUBO/IIB T1IPOMEXAHIUHNUX OJIOKYBaHb, IS
poboTn sKuMX HeoOXijHa MacioHamipHa ycraHoBka. [lepepaxoBaHe oOiagHaHHS
BUMarae kpasi§ikoBaHOro 00CIyroByBaHHS.

B cknax crangaptHux rigpoarperatis (I'A), BXoauTs: pagianbHo ockoBa (PO)
riipotypOiHa, reHepaTtop, 3arBop, Oaimac, cucreMa NiABIAHUX 1 BIJABIJIHUX
BOJIOBO/IIB 1 CEPBOMOTOPIB HANpapisoyoro amnapary. B po3risiHytux poborax He
nependavyeHo PEryJioBaHHA BUPOOIIOBAHOI €JIEKTPOSHEPrii 3MIHOK YacTOTH
obepranHs TiipoTypOiHU. Po3rnsHyTi Mertoam perymoBaHHS ['A HEAOLUIBHO
3actocoByBatn B MiHI-I'EC, Ttomy mo I'A wmini-I'EC noBuHHI mnpamtoBatv B
ABTOMATUYHOMY PEXKHUMI, HE MAalIOUU Y€PrOBOTO MEPCOHATY.

PeryitoBaHHS aKTUBHOI MOTY)KHOCTI IIUISIXOM 3MiHHM KyTOBO{ IIBUAKOCTI BaITy
TypOIHM  MOXKJIMBO TPH  BHUKOPUCTAHHI  ACMHXPOHHHMX  TI'E€HEpaTopiB 3
KOPOTKO3aMKHEHUM poTOpoM (Al’), aCHHXPOHHUX IeHepaTopiB 3 pazHUM POTOPOM
(AI'®P) i cunxponnux reaepatopis (CI') [2-8].

Bumoru crabumizaiii napamMeTpiB €JIeKTPOCHEprii, 110 BUPOOJISETLCS, TPH
3MIHHOT KYTOBOI IIBHJKOCTI Bajly TiApOoTypOIHM MPHU3BOJATH O ABOX BapiaHTIB
nodyoBu reneparoproro kommiekcy (I'K) [3]: 3 mexaniunumu (audepeHiiaibHi

pPEIYKTOPH, T1APOMEXaHIYHI 1 IMHEBMOMEXaHIYHI NPUCTPOI) 1 EJCKTPUIYHUMHU



(cratmuni meperBoproBaui yactotu (I14)) perymsropamu. OOuaBa BapiaHTH
3a0e31ne4yloTh HEOOX1IHY cTabimi3anio napameTpiB BUPOOJIIOBAHOT
€JIEKTPOEHEPTii, MPOTE APYrUid, 10 BIAPI3ZHAETHCS MPOCTOTOK MEXAHIYHOT YaCTUHU
I'K, 6inbm npuitnatauit. B nsomy Bunaaky 'K moxe 6yt nobynoBanuii sik Ha 6a3i
AT'®P 3 ITH B komi poropa (mammuHa noasiiHoro xusienns (MITX)), tak 1 3a
cxemoro Al 3 I[TH B kouii craropa, abo CI' 3 ITH B koui craropa. [Toryxaicts [T4 B
naHio3i poropa AI'OP gns 'K 3a cxemoro MIDK npsimo mponopiiiitHa 4acToTi
KOB3aHHS.

[Toryxuicte IT4 B kom cratopa Al' (CI') po3paxoBaHa Ha mepeaady BCl€l
aKTHUBHOI IOTYKHOCTI T€HEPATOPA, 110 301IbIIy€E KaniTanabHi BUTpaTH 1 BTpaTt B [1Y
[3-4]. V 3B'aA3Ky 31 CKa3aHMM, JOLIJIbHO BUKOPHCTOBYBAaTH B SIKOCTI IeHeparopa
MalluHy 1oaBiiHoro xkuBjaeHHs 3 [T B koxni potopa.

Binowmi 3 nitepatypu [5-7] I'K na ocnoBi MIDK i cuctremu ynpaBiaiHHS HUMU
OpIEHTOBaHI Ha 1X 3aCTOCYBAHHS B BITPOEHEPreTHUHUX YCTAaHOBKAX. 3aCTOCYBaHHS
B SIKOCTI TMEPBUHHOIO ABUIYHA TiAPOTYpOIHM 3akajgae oOMIKy 1i CTaTHYHMX 1
JUHAMIYHHUX XapaKTEePUCTUK MIPU CHHTE31 PEeTYATOpIB cucTeMu yrpasiainasas MITK-
reHepaTOpOM Tijpoarperary.

[TigBUILIEHHS SIKOCT1 €JIEKTPONOCTAYaHHs CIIOKUBAYIB BUMArae IiJBULICHHS
MaHEBPEHOCTI T€HEPYIOUHMX MOTYKHOCTEH €JIeKTPOCHEPTeTUYHOI cucTteMHu [9].

Jlna onepaTUBHOI 3MIHM BUPOOJIEHHS aKTMBHOI MOTYXKHOCTI B aBapiiHHUX
pexxuMax poOOTH €JIEKTPOCHEPIeTUYHOI CUCTEMH HEOOX1IHO 3a0€3M1eUUTH BUCOKY
mBuAKoAil0 CAP akTHBHOT TOTYKHOCTI TiApoarperary 3 BUANpPaIlIOBaHHSA
M03aIlJIaHOBOTO 3aBIaHHs aKTUBHOI MOTYy»KHOCTI MiHI-I'EC, mo renepyetscs. Lle
J03BOJIUTH IIBU/ILLIE BITHOBJIFOBATH PAIITOBI MOPYIIECHHS 0alaHCy MiXk CIIO’KUBAHOIO
1 FEHEPOBAHOIO AKTUBHUMHU TOTYKHOCTSIMH B €JICKTPOCHEPTEeTUYHINH CUCTEMI.

Metoro Marictepcbkoi poOOTHM € MIABUIIEHHA IIBUAKOIII CHUCTEMH
aBTOMATUYHOI'O PEryJIOBaHHS aKTUBHOI IOTY)KHOCTI TijipoarperaTy 3a paxyHOK
3aCTOCYBaHHS TIeHeparopa 31 3MIHHOIO YacTOTON OOepTaHHS Bally MUISIXOM

(hopmyBaHHS HEOOX1THOTO 3HAYEHHS €IEKTPOMArHiTHOIO MOMEHTY Te€HepaTopa.
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JUnsg JOCATHEHHS TOCTAHOBJIEHOI METH TMOTPIOHO OyJ0 BHUPILIMTH Taki

Ha migcraBi  MOPIBHSUIBHOTO — aHalizy  poOOYMX — XapaKTEPUCTHK
riapoTypOiH OOIPYHTYBATH TUM T1APOTYpPOIH, HAWOIIBII IPUAATHUN 1JIs
peryJItoBaHHsI aKTUBHOI IOTYKHOCTI HIJISIXOM 3MIHM YHCJIa 00EpTIB.
OrpumaTi MaTeMaTU4YHY MOJE]b PajliajbHO-0ChOBOI TiAPOTYpPOIHU 3
HaIIPHUM BOJIOBOJIOM JIsi TMOOY/IOBH CHCTEM YMPABIIHHSI AKTHBHOIO
HOTY>)KHICTIO Tijpoarperary 31 3MIHHOI 4aCTOTOK 0OEpPTaHHs Bally.
OOrpyHTYyBaTH MaTeMaTH4YHy MOJe/b KepoBaHoi mo potopy MIDK,
aZIeKBaTHY 3aBJAHHIO MOOYJOBH CHCTEM pETYJIOBAHHS MIBUJIKOCTI 1
aKTHBHOI IMOTYKHOCTI Tipoarperary.

Po3pobuTi METOMKY pO3paxyHKy CyMapHOTO MOMEHTY 1HEpIIii Ha Baily
riipoarperaty i MOCTINHOI 4acy HamipHOTrO BOJOBOAY JJIs 3a0€3MeueHHs
IpaLe3/1aTHOCTI rijipoarperary B PEKNMI O0OMEXEeHHS
€JIEKTPOMArHiTHOIO MOMEHTY.

Po3pobuti METOJMKY CHUHTE3y pEryisaropa HIBHUAKOCTI, IO J03BOJISIE
3a0e3MeuYnTy TPUHHATHE 3a MIBUJAKOMIEI 1 KOJIMBAJIBHOCTI SIKICTb
riIpOMEXaHIYHUX MePEeXiIHUX MPOLIECIB.

Po3pobutu MeTonuKky CHHTE3y peryjasiaropa akTHMBHOI MOTY>KHOCTI

rijipoarperary.



1. OBIPYHTYBAHHS CUJI0OBOI CXEMU TEHEPATOPHOI'O
KOMILIEKCY

1.1 Poas mini-I'EC B eneprocucremi

VY Maricrepcokit podoti posrisinyTo MiHi-I'EC 3 BopocxoBuiiem 1000Boro
peryJiloBaHHsl, MPUEIHAHA 10 E€JICKTPUYHOI Mepeki HECKIHYeHHOI MOTYMHOCTI.
Jlanuii  THO  TIAPOENEKTPOCTAHINN €  CKIaJ0BOK  YAaCTHUHOK  €JUHOI
eslekTpoeHepreTuyHoi cucremu (€EC).

EnexTpuyni cTaHiii, 010 MNpaIliOl0Th CHUIBHO HA 3arajbHy EIEKTPUUYHY
MepeKy, JiHII mepeaayl, o MiABUILYIOTh 1 3HUKYIOTh MiacTaHuii, ckinaaaTs CEC.
BrcokoBOJIBTHI JTIHIT eleKTponepeiadi, MOB'I3yI0ud MK COOOI0 OKpEM1 CHUCTEMH,
J03BOJISIIOTH CTBOPIOBaTH 00'€iHAHI €HEeprocucTeMu. st MpU3HaYeHHS PEXUMY 1
omepatuBHOro ympasiiHHs pobotoro I'EC 1 mepex opranizoBani 00'eqHani
aucrnietdepebki ynpasiaiag (O1Y) 1 aucneTdepebki ynpaBiIiHHS CUCTEM.

Mini-I'EC MoxyTh OYyTH BUKOPHUCTaHI B €HEPIOCUCTEMI:

1. nist BUpOOICHHS €IEKTPUYHOI SHEeprii;

2. Ui IOKPUTTS HEBEJIMKUX IMIKIB €JIEKTPUYHOI0 HaBaHTaxxeHHs €EC.

VY nasiit poOOTi pO3rIsAal0OThCS TIILKH J000BI KOJIMBAHHS €JIEKTPUUHOIO
HABAHTAXXEHHS €HeprocucteMu (ToMy 1m0 BogocxoBuuie MiHi-ITEC mane), sxi
BU3HAUYAKOTHCS HEPIBHOMIPDHUM pEKUMOM CHOXXKHUBAHHS EIEKTPHUYHOI €Heprii
HaceJIeHHsIM. JlaHl KOJMBaHHS HaBaHTAXXEHHs BIAOYBAIOTHCS NPU OJHOYACHOMY
3pOCTaHHI CIOKUBAHHSA EJIGKTPUYHOI €HEprii, M0 BiAOYBAa€TbCS BHACIIIOK
TIPUEHAHHS HOBUX CIIOKHBAYiB.

Ha puc. 1.1 nokazanuii 1000BHi rpadix e€JEeKTPUIHOT0 KOMYHAJIBHO-
1mo0yToBOro HaBaHTaKeHHs. JloOoBui rpadik eIeKTPUUYHOIO HaBaHTAXKCHHS

XapaKTePU3y€EThCS 3MIHOIO HABAHTAXKEHHS P, MpOTArOM 1001.
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Pucynox 1.1 - I'padik m000BOTO HABAHTAKEHHS EHEPrOCUCTEMH.

KoMyHanbHO-m0OYTOBE HABAHTAXKEHHS; @ - 3MMOBHM JIeHb, O - JITHIN AEHb

Jlani rpadiku (puc. 1.1) HaBeneHi ajisi 3MMOBOTO 1 JITHBOTO 4acy. 3
rpagikiB BUIHO, 110 MK HABAHTAXKEHHS NPUIIA/Ia€ Ha PaHKOBUM 1 BedipHii yac. Y
3MMOBHI Yac BUTpaTa eJIeKTpOeHeprii OlIbIIe HIXK B JIITHIO TOPY poKy. Pazom 3 Tum,
B3UMKY BOJOCTIK B pa3u MEHIIE HiXK BIITKY. OCIHHIN - 3MMOBHI BOAOCTIK OJIHI€T 3

pIYOK, fIKa XapaKkTepu3ye BOAOCTIK Ha puc. 1.2.

Qnile
1400
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1000
800
600
400
200
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Pucynok 1.2 - CepeanpopiyHui piuKOBHH CTIK pluku Bopckia 3a pik

Bopckina — oana 3 HaiOuiplux JiBux nputok Juinpa. Jlonuxa piuku
Tpanetienoniona, 3aBmupiiku 10—I12 kM. [IpakTMuHO Ha BCIM OPOTSIIKHOCTI

1paBuil Oeper BUCOKU 1 KpYyTHH, JIIBUM HU3bKUH 1 oaeKkyau 6onotuctuii. lllupuna
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Iuleca pIuKy B cepeiHii 1 HYbkHIN Tedli 011. 40 meTpiB, iHoa1 nepesuntye 100 meTpis.
Cepennst rimbuna 1,5 M, makcumaiibia — 10—12 m. TToxun piuku 0,3 M/KM.

JKupnenHs Mimane. 3aMep3ae Ha IOYATKY TIPYAHS, cKpecae y OepesHi.
HaiiBuni piuni Boau — y Oepe3Hi — KBITHI, HAWHWKYI — Yy JIMIHI — YKOBTHI.
Cepenpopiuna Butpata Bojau Oins KobGensikiB — 33,4 m*/c. Minepaini3zalis BOIH
CTAHOBUTH: BECHSAHA MOBIHL — 672 Mr/aM?; TITHRO-OCIHHS MEXEHb — 766 Mmr/am3;
3UMOBa MEXKEHb — 775 Mr/am>.

3 puc. 1.2 BuIHO, 10 OCHOBHMH CTiK BOAM piuku Bopckiia npuxoauTs B
nepioj 3 TpaBHs MO BEPeceHb 1 cTaHOBUTH 76,0% Bix piuHOro ctoky [4]. 3Biacu
BUIUIMBAE, IO B 3MMOBHUH IEpioJ BOJOCTIK PIYOK 3MEHILYETbCS, a MOTpeda
enexkTpoeHeprii 30uibmyeTsest (puc. 1.1), a nmpu npoekrtyBanHi MiHI-['EC s
PO3paxyHKiB OepyTh 3MMOBUN CTIK BOJHM, LIO 3aHHKYE BCTAHOBIEHY IOTYXHICTh
miHI-I'EC.

JUis  Toro mo0 MaTh MOXJIMBICTb IIBHAKO 30UIBLINTH aKTHUBHY
NOTY)XHICTb, IO TEHEpPYeThCs, 1 TOKpUBATHU J000BUN TIpadik eIeKTPUIHOro
HaBaHTAKEHHS €HeprocuctemMu, HeooxiHo OyayBatu MiHI-['EC 3 BogocxoBuilem
A000BOTO PpEryJIFOBaHHSA, JUIS TIOKPHUTTA TIIKIB EJIEKTPUYHOTO HaBaHTAXKCHHS
€HEProCUCTEMHU.

JloboBe peryJiroBaHHs JI03BOJISIE M1IBUIATH y4acThb
MIHITIIPOENEKTPOCTAHIIIN B MOKPUTTI MAaKCUMYMY HaBaHTaXXEHHs CHUCTEMH,
3HU3UTHU NOTPEOy B MOTYXKHOCTI 1HIIMX €IEKTPOCTAHIIH 1 MOJIMILIUTH PEXUM iX
poboTu. Y MeKeHHUH mepiojl npu 1u1og000Bii podOTI HA MOCTINMHIA MPUTOUHIMI
BUTpATI T1IPOETIEKTPOCTAHIIISI MOKE PO3BUBATH IOPIBHSIHO HEBEJIUKY ITOTYKHICTb.
ITpu pobGoti 3 goGoBuM perymoBanHsIM MiHI-I'EC 3 1000BHM BOJOCXOBHILEM B
TOJMHM I1KOBOI'O HAaBAHTA)KCHHS PO3BUBAE IIJBUIICHY IOTY>KHICTb, & B T'OJUHH
MIHIMaJIbHOTO HAaBAaHTAKEHHS 3HM)KYE CBOI INOTYKHICTh 1 aKyMyJIlO€ BOIY Yy

BOJIOCXOBHILII.
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1.2 CniocoOu ynpaBJjliHHSI AaKTHBHOIO NOTYKHicTIO rigpoarperary MiHi-I'EC

[cHyIOTh KiJIbKa BaplaHTIB perysoBaHHs akTUBHOI noty:kHocti MiHi-I'EC.
Posrasitnemo no yep3i BC1 BaplaHTH.

PeryiaroBanHsg  OanacTtHuM  omopoM. Ha  aBroHomHux  MiHi-T'EC

BCTAHOBJIIOIOTH TiAPOTYpOIiHKM O€3 MAacjOHAMIPHUX YCTAHOBOK, HAIPaBJISIOUYUI
arapar BCTAaHOBJIIOKTh HAa HOMIHAJIBHUN PEXKUM POOOTH TiAPOTYpOIHM, 110 HE
J03BOJISIE €KOHOMUTH BOJAY IIPM MaJIOMY CIOKHMBaHHI eJeKTpoeHeprii. Sk
reHepaTop BUKOPHUCTOBYIOTH MAlIMHKM 3MIHHOTO CTpyMy. ABToHOMHI MiHI-I'EC, sk
paBuiIO, HE MAalOTh YEPrOBOTO MEPCOHATYy. 3MIHA AKTHBHOI MOTYKHOCTI, 110
reHepyerbcsi  (P. ) BUKOHyeTbCs Bpy4YHY BIUIMBOM Ha HamnpsMHI amnapartu
riipoTypOIH mig yac moto4Horo ornsny oo6nagHanHs MiHiI-I'EC. bamanc mix
HOTY)XHICTIO, [0 TEHEPYETbCS, 1 CIOXKUBAHOK AaKTUBHUMHU IOTYKHOCTSIMHU
3a0e3MevyeThCsl LUISIXOM «BUKUIAHHS» 3aiBO1 BUPOOIIIOBAHOI €JIEKTPOCHEPrii Ha
peoctatu [41,42,43]. PiBeHb BoJiM y BepXHbOMY 0'e€(1 BOJIOCXOBHIIA OOMEXKYETHCS
IIISXOM XOJOCTOTO BOJOCKHAY. JlaHui crioci0 peryiroBaHHS BHUPOOTIOBAHOL
€JICKTPOEHEeprii He € eHeproepeKTHBHUM.

PEFVJ’I}OBEIHH}I AKTHMBHOI HOTV)KHOCTi 34 JOIIOMOI'OK) HAIIPABJIAKYOIro arnapary

(HA). Posrmsnemo wmiHi-I'EC 3 onuum rigpoarperatom (I'A) nHa OCHOBI
cuHxpoHHoro reHeparopa (CI'), MIOKIOYEHOTO JO MEpeXi HEeCKIHYeHHOT
notyxHocTi. [Totyxknicts CI' qyxe mana B MOPIBHSIHHI 3 MEPEKEH HECKIHYEHHOI
NOTY)XKHOCTI. 3MiHa pexuMy podotn CI' He MoOke MpPakTUYHO BIUIMHYTH Ha
BenuunHy Hanpyru U, abo wactotu f. enexrpoeHepreTnuHoi cuctemu. Ilpum
napasiesptii podoti CI' 3 Mepexero HeCKiHUEHHOT mMmoTy)HocTi Hampyra U, i1
yacrora f. Ha BuBo#ax CI' KOpPCTKO 3a7aHi peXMMOM BCI€I MEPEXKI 1 HE 3alIeXKaTh
B1JI CTpYMY 30YyJUKEHHS, CTPYMY HaBaHTa)KEHHS 1 oTy»kHOCTI camoro CI [14].
Omxe, yactora obepranus CI' BU3HaueHa 4acCTOTOI MEPEKI HECKIHYEHHOT

MOTYKHOCTI, 1110 BUILJIMBAE 3 CIIBBIIHOLICHHS
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2
o= Je .

P

JI€ Pn - uncyo nap nosocis CI'.

Miui-I'EC, sk mpaBuio, He MawTh 4eproBoro nepconany. [Ipu poboti CI'
rapaJjieJibHO 3 MEPEKEI0 HECKIHUEHHOT MOTYKHOCT1 HAHOLIbII YacTO pealli3ytoThCs
J1Ba PEKUMMU:

1. mepmmii pexuM XapaKTepU3ye€TbCs 3MIHOIO (PErylIOBaHHSM) AKTHUBHOI

HOTY>KHOCTI T€HepaTopa MpH MOCTIHHOMY 30Y/KECHHI;

2. JpYrUd PeXUM XapaKTEepU3YETHCS 3MIHOIO 30YKEHHS (peryJioBaHHAM
pPEaKTUBHOI MOTYXKHOCTI) TPH  CTAJIOCTI AKTUBHOI  IOTYXKHOCTI
reHeparopa.

[Tpu napanenpHiii podoti CI' 3 Mepexero HECKIHYEHHOI MOTYKHOCTI 3MiHa
(30UIbIIEHHS/ 3MEHIIIEHHS) aKTUBHOI MOTY)KHOCTI, 1110 T€HEePYETHCS, MPOBOAUTHCS
JBOMa CIIoco0amHu:

1) Bpyuny BrumBoM Ha HA rigporypOiH, Miji 4Yac [OTOYHOIO OIJISAY
oOmagnanus miHi-I'EC;

2) B aBTOMaTHYHOMY peXHMi BIJIMBOM Ha HA 3a 10nomoroo riiponpuBoiis.

PerymoBanHst akTuBHOI notyxHocTi ['A 3a jonomororo HA He mo3BoJisie
OTpUMATH BHUCOKY IIBHUJKOIKD, fAKE OOMEXKEHA TiAPOMEXAHIYHOK 1HEPIIEI0
CUCTEMH.

CHHXpPOHHHMH I'€HEpaTrop 3 JIBOJAHKOBHM neperBoproBauyeM ugactoru (I1Y).

PeryntoBaHHs akTUBHOI MOTYKHOCTI] MPH 3MIHHIN 4acCTOTI 0OepTaHHS Bay MOYKHA
3aiicHuTH 3a qonoMorow CI' 3 nBomankoBuM I[TY B komii cratopa. [lani cuctemu
MaloTh BEJMKY MIBHAKOJMIIO, ajlé MAaOTh ICTOTHHUHM HenoJiK: nmoTyxHicte [T B
cratopi CI” po3paxoBaHa Ha riepejiauy BCi€l OTYKHOCTI IeHepaTopa, 1o 30UIbIIyeE
KaIllTaIbHI BUTPATHU 1 €JICKTPUYHI BTPATH.

OmHuM 3 BaplaHTIB BUPILICHHS LI€T IIPO0JIEMU € BUKOPUCTAHHS aCHHXPOHHHUX

redeparopiB 3 ¢azuum poropom (AI'®P). Bumorn mo crabimizaiii mapamerpis



14

€JIEKTPOEHEprii, 10 BUPOOIAETbCA NMpH 3MiHHIN YacToTi oOepTaHHs Bamy ['A
HPU3BOATE 10 BapianTy nooynosu 'K 3 enexkrpuynumu peryisrtopamu [15]. YV
namomy Bunaaky I'K moxe Oyt nodynosanuii Ha 6asi Al' 3 [T B poropHomy KoJ1i
(ManIMHa MOABIMHOTO YKUBIICHHS).

MaimnHow HO,IIBiﬁHOI’O AKHMBJICHHA. HpHHHHHOBO HOBI MOJKJIMBOCTI JJIs

HIBUIAKOI 3MIHM T€HEPOBAHOT AKTHBHOI IMOTYXKHOCTI, P., HaJaiTh reHepaTopHi
KOMIUJIEKCM Ha OCHOBI MAlllMHM TOABIHHOTO JKUBIEHHS. Bukopucranus
aCHHXpOHHOT MaluMHU ['A 1aBHO LIKaBUJIO JOCHIIHUKIB, 1110 MPAIIOI0Th B 00J1aCTI
CHUCTEM T'€HEepYBaHHS €JIEKTPOEHEPTIi.

Hoswii eran B nocnixenH1 acuHXpoHHuX ['K nos'sa3anuii 3 BUKOPUCTaHHAM
s wiei metn MIDK. 3aBasku HIMPOKUM PETyIOBaIbHUM MOAKIMBOCTSIM MITK-
reHepaTop 3aiiMae piBHOIIpaBHE Miclie B psiay anbrepHatuBHux ['K, a 3a peskumu
NOKa3HUKaMM Mae cyTTeBl nepeBaru. Hosi mepcnexktuBu 3actocyBanHss MIDK-
reHepaTop OTpPUMaB 3aBIAKH OCTaHHIM JOCATHEHHSM B 00JIacTi CHJIOBOI
€JICKTPOHIKH, CTBOPEHHS Cy4aCHUX IEPETBOPIOBAYIB YaCTOTH, sKI 3a0e3MeuyroTh
MPAKTUYHO CUHYCO1AaNbHY (hOopMy CTpyMiIB B (ha3ax eJeKTPUYHOI MAIITUHH.

PoGot mno pocnijpkeHHro Ta  BrpoBajpkeHH0 MIDK-renepatopa B
BITPOCHEPIeTUKY, CYAHOBI BaJIOr€HEPATOPHI YCTAHOBKHM BEAYThCS 1 32 KOPJIOHOM.
Hanpukian, B AAnonii ¢pipmoro Hitachi, B Hopserii - ABB KraftAs 1 ABB Corporate
Research, B ABctpanii-Rainbow Power Company, B Himeuunni - AKW, Siemens
[13]. HakonuueHno 3HauyHUN CBITOBHMH A0CBiA B po3podii Ta gochimkernHi MITK-
reHepaTopiB.

Y naniii poOOTI 3aBAaHHS NOOYI0BH CUCTEMM aBTOMATUYHOIO YIPABIIIHHSA
akTuBHOIO moTykHicTio  MIDK-renepatopa st rigpoarperaty MmiHi-I'EC
PO3IIISAAETHCS B CBIT/II IPOOJIEMU CTBOPSHHSI aBTOMATUYHOTO €JIEKTPOIIPUBO/IA, L0
Ipalioe B TEHEPATOPHOMY pPEXHMi, SK 0a30BOTO €IEMEHTY aBTOMAaTH30BaHOI
CUCTEMH YIPAaBJIHHSA TEXHOJIOIIYHUM NPOLECOM BUPOOJIEHHS EJIEKTPOCHEprii B
00'eiHAHIN €JIEKTPOCHEPreTUYHIN cucTeMl YKpaiHu.

Cnpomrena cunosa cxema 'K nHa ocnoBi MITXK nokazana na puc. 1.3.
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['enepartop siBiisie cOO0K aCHHXPOHHY MAIUHY 3 (asHuM potopoMm (AM),
CTaTOp SIKOT MIJKIIOYEHUH 10 MEpexi, a pOTOp OTPUMYE IKHUBIECHHS BIJ
HaIBNPOBIIHUKOBOIO neperBoproBaua yactotu (ITH) [4, 9]. Hanpyra IT4 no xony
poropa AM DpakTUYHO MPSIMO MPOMOPLIMNHO YACTOTI KOB3aHHS. 3MIHIOIOUHU
YacTOTY JKUBJIEHHS pOTOpa, MOXHAa pEryJoBaTh KyTOBY UIBWJKICTh Baja
regeparopa npu cuHxponHid pobori 'K 3 mpunersoro eneprocucremoro. lle
J03BOJISIE€ PEryIIOBATH MOTYKHICTE Pg, IO BIIAETHCS B MEPEKY.

Cunoa cxema [I'K, mokazama Ha puc. 1.3, 3acTOCOBYETHCS Y
BITPOCHEPreTUUHUX YCTAaHOBKAX, II0 MAIOTh JIaMa30H PEryloBaHHSA MPHOIM3HO
1:2. IT4 OyayroTh 1O CHIIOBIN CXEMI, 110 JO3BOJISE IEPEIABATU AKTUBHY MOTYKHICTh
B 000X HampsaMkax. Bcranoiena mnoTyxkHicte IIY mnpsmo mnpomnopiiiina
MaKCHUMaJIbHO JomycTuMiid yactoTi kop3anHsa. [anuii 'K no3Bomsie B Temmi
€JIEKTPOMArHITHUX TEPEXIJHUX TMPOLECIB peryaroBatd P. mnumsxom 3miHH
€JIEKTPOMAarHiTHOro MoOMeHTy M. reHepaTopa. TakuM YHHOM, 3'ABIISETHCS
MOXIJIMBICTb B JI€CATKH pa3iB 3MEHIIUTH Yac MepexigHux mpoueciB Pe(t) y
MOPIBHSHHI 3 €KCITyaToBaHMMH B JgaHuid yac 'K Ha OCHOBI CHHXpPOHHHX

reHepaTopiB, K1 IIPpanoTh IIapaliCJIbHO 3 MEPCHKCIO.

7 4 #

Pucynok 1.3 — Cunosa cxema 'K Ha ocroBi MITK
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OcnoBHa mnepesara MiHI-I'EC Ha 0a3i MammMHM MOJBIHHOIO >KWUBJICHHS
CKJIQ/Ia€ThCs B TOMY, IO YIPaBJIIHHS I'€HEPATOPOM 3JIMCHIOETBCS 3a PaxyHOK
neperBoperHs He Beiel, sik B CIT 3 nBosankoBum [TY, a juiie yacTHHU €IEKTPUUHOT
€Heprii, BiJl MOTYKHOCT1 TEHEPATOPOM.

Jlana cuioBa cxema IIMPOKO 3aCTOCOBYETHCS B BITPOCHEPIETUYHHMX
YCTaHOBKAX, 10 MPAIIOIOTh HA MEPEKY HECKIHUEHHOI MOTYXHOCTI. PeryitoBaHHs
reHEPYEThCS aKTUBHOI OTYKHOCTI P E BUpoOnsieThCs 3M1HOIO 4aCTOTH 00EpTaHHS
BITPOTYpOIHH.

VYV [13] posrasigaeTbecsi aBa aarOpuTMy YIPABIIHHS: [JI8 aBTOHOMHOIO
pexuMy 1 71st poOOTH Ha EHEPTOCUCTEMY TIOTY)KHICTD, K01 IIEPEBHUIIY€ MTOTYKHICTh
MIDK B 10 pasziB. [IponoHOBaHi HUMM QJITOPUTMHU HANOUIbIIE MIAXOAATH O
JABUT'YHIB BHYTPILIHBOTO 3rOpsiHHS, BITpOycTaHOBKH 1 10 MiHI-['EC 3 akTMBHUMHI
rigpotyp0Oinamu, 1e 3MiHa M HisIK HE BIJIMBA€E HA T1IPOCUCTEMY.

byB npoBenenuii anamiz poOiT i OyiaM BUSBIEHI HACTYIIHI HEBHpIIIEHI
nutands. B cuctemi ynpasninasgs MIDK B sikocti ITH Oy oOpaHuii JBOJIAaHKOBUI
aBTOHOMHMM 1HBepTOp cTpyMy (AIC), 110 € HEeAOMIKOM JaHOI CHUJIOBOI CXEMHU -
HU3bKa IBUIAKOAIS 110 M. BHACHII0K 1HEpUIHHOCTI aApocens (puc. 1.4).

T Mepeaea

CHcHaT Kep) SaHHE
e PEarIIISHEN NONT MoK icimg

b f _NH‘—#— my y—cvie_|PCe jf
/s il

4

ses| (7N — i

o—w—t——r | MIDK ] ATC IB -+

N Tz T 4,

DEANMIEHaNA
Ll eyl HCHICIHNG

Pucynok 1.4 — ®@ynkimionansHa cxema ['A Ha ocHoBl MITXK 3 AIC
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ABTOpamu MoTnepeaHiX podiT He PO3B'A3aHO TaKl 3aB/IaHHS:

HEe BUBYEHI 1 HE BpaXOBaHI CTaTUYHI XapaKTEPUCTUKH T1ApOTYpOIHHM;
- He BPaxOBaHO JMHAMIYHI BJACTUBOCTI IAPOTYPOIHH 3 BOAOBOIOM, a CaMe,
HE MPUNHSITA 10 YBaru KIHETUYHA €HEeprisi BOAU B BOJIOTOHI;
- posrisHyta cucrema ynpasiaiHHS MIDK He oOmexye KoB3aHHS
ACMHXPOHHOI MAIIIMHU B CTAJIUX 1 JUHAMIYHUX PEKUMAX;
- He po3pobJieHa METOJMKA CHHTE3Y PETYJISTOPIB MIBUIKOCTI Ta aKTUBHOI
MOTYXHOCTI.

HeoOxi11He npoaoBkeHHS IMX poOIT B HANpsAMKAaX, MOB'SI3aHUX 3 aHAII30M
€JIEKTPOMArHITHUX Ta  €JIEKTPOMEXaHIYHUX MPOLECIB, CHHTE30M CHUCTEM
aBroMatuyHoro perynroBaHHs MIDK-renepatopa, BIULIMBOM Ha XapaKTEPUCTHKH
reHeparopa THUITy HepeTBoproBavya 4yacTtoTH 1 1H. Bzaemoxis rigporypbinu 1 MIDK
AOCTIIKEHO HEOCTATHHO.

3a pesynpraTamu 3poOinenoro orisay B I'A miHI-I'EC npononyetses
3aCTOCOBYBaTH cucTeMy BekTopHoro kepyBanHs (CBK) Ha ocCHOBI MaluuHu
noagiitHoro kusjieHHs [7]. CydacHi CBK enekTpuyHUMM MaliMHaMu 3MIHHOTO
CTPyMy, BHMKOHAaHI Ha OCHOBI TPaH3UCTOPHUX I[IEPETBOPIOBAYIB YaCTOTH,
XapaKTEePU3yIOThCsI BUCOKOIO IIBUIAKOIEIO MO €JIEKTPOMArHITHOMY MOMEHTY.

[Tocriitna ywacy CBY MIDXK 1no ei1ekTpoMarHiTHOMY MOMEHTY, a BIJATIOBIIHO
1 MO aKTUBHIM NOTykHOCTI, A cydacHux CBK enekrpmynumu mammHamu
3MIHHOI'O CTPYMY BEJIMKOI OTY>HOCTI craHoBUTH BiJ 0,005 1o 0,02 cek.

[Ipotu-EPC potopa npsimo mpormnopiiiiiHa BeJIU4YrHI a0COTIOTHOTO KOB3aHHS
aCHHXpOHHOI MamuHuA. ToMy BHXIJHA Hampyra, Ha SKy IIOBUHEH OyTu
pO3paxoBaHMil IEPETBOPIOBAY YacCTOTH, BU3HAYAETHCS IIEPEBAXKHO BEIMYHUHOIO
MaKCUMaJbHOI'O0 KOB3aHHS 3 poOovoro jmianazoHy wmBujakocteil. Kpim Toro, 3a
paxyHOK KepyBaHHSI CTPYMOM pPOTOpa aCMHXPOHHOI MAIlIMHU MOKHA 3a0€3MeYnTH
MIHIMYM CYMapHHUX BTpar.

Omxe, MIDK 3 CBK xapakrtepusyloThCcsi BHCOKOI E€KOHOMIYHICTIO IIpH
po0OTI Ha ONU3BKOCMHXPOHHMX YacTOTaXx oOOepTaHHS pOTOpa ACUHXPOHHOI

MalluHU. 3a3BU4ai yactora odepTaHHs poTopa 3MiHeThCs Bl -40% 10 + 30% Bix
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CHUHXPOHHOI IBUAKOCTI. L{i BUMOTH BU3HAYAOTh J1aa30H BapirOBaHHS MOTYKHOCTI
cuI0BOro mneperBoproBaua — B mMexax 30 + 40% Bijg HOMIHAJIBHOIO 3HAYCHHS
notykHocti MIDK-reneparopa. 3acTocyBaHHsS MalIMHU TOJBIMHOTO JKUBJICHHS
0co0IMBO €PEeKTUBHO TaM, Je MOTpiOHa TpuBaja poOOTa HAa WIBHUIAKOCTSX, IO
NEPEeBUILYIOTh CUHXPOHHY JUIs TI'eHeparopa, 1 IOBHE, 30KpeMa, HOMiHAJbHE
MeXaHiuHe HaBaHTaKeHH: [13].

Y mux pexumax MIDK renepye mo xosax craropa i poTopa €JIEKTPUYHY
enepriio. B pexumax, ne MIDXK npairoe Huxkuye CMHXpOHHOI mBuakocti, MITK
TeHepy€e MO0 KONy CTaTopa eNeKTPUYHY EHEpPrilo, a 1O KOy POTopa CIIOJKHUBAE.
Bracininok oomexenoi notykHocti cydacHux IT4, ctBopenns 'K na ocaosi MITK
NEePCIEeKTUBHO, B mepury 4epry, mis miHi-ITEC. ABTOpoM cTaBUTBHCS 3aBIaHHS
JOCIIIUTH MOKIMBOCTI PETYIIOBAaHHSA OCHOBHMX TEXHOJOTIYHUX MAapaMeTpIB MiHi-
I'EC muisxom 3MIiHM 4aCTOTH 0O€pTaHHS Iiapoarperary.

Orus1 JOBIAKOBOI JliTeparypu 1o riapotypoin [12,13,14] noka3zye, mo ajs
T1APOTYpOIH 3 JKOPCTKO 3aKPINICHUMHU JIONATAMHU 30UIbIICHHS KYTOBO1 IIBUIKOCTI
npuOJIM3HO B IBa pa3u B MOPIBHSAHHI 3 HOMIHAJIBHOIO, MPU3BOAUTH 10 3HH)KECHHSI

MOTYXKHOCTI, 1110 PO3BMBAETHLCS I'IpOTYpOiHOI0, 10 HYJIs (pucyHOoK 1.5) [14] .

Pucynok 1.5 - Xapakrepuctuku PB rigporyp0Oinu.
o - BigHocHe BiAKpuTTSt HA; A=n/n, - Binnocuuit KK/I; ¢=0/0, - BinHOCHA

BUTpaTa BOJH
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Merta perymoBaHHs 4YacToTh oOepTaHHS ['A B OCHOBHOMY pEXKHMI —
HiATPUMaHHS MaKCUMaJIbHOTO 3HaueHHsi Hanopy MiHi-I'EC, ane 6e3 xosocroro
Bogockuay. Kepytounit BrumB Ha ['A B Ttakux MiHi-I'EC — enexTtpoMarHiTHUH
MOMEHT reneparopa Me..

Cucrema aBromatuuHoro perymoBanHs (CAP) kyrosoi mBuakocti ['A
MOBUHHA OYTH BHYTPILIHIM KOHTYpoM perystoBanHs B CAP akTHBHOT MOTYKHOCTI,
o renepyerbcsi P (puc. 1.6). lIBuakonirounii BHyTpimHIM KOHTYp — CAP o
HEOOXIHUH, Tepur 3a Bce, I OOMEXEHHS (0 B NEPEXIJHUX Mpolecax IpHu
parnToOBUX MO3aIUIAHOBUX 3aBJaHHAX MO MOTYXKHOCTI P.. Ockinbku Hampyra Ha
BuBogax IIY mo kxomy poropa AM mnpakTH4YHO NOPSAMO MPONOPLINHO YaCTOTI
KOB3aHHSI, OOMEKEHHS MIHIMAJbHOI 1 MAaKCHMAaJbHOI BEIWYMH ® JIO3BOJIUTH

zaxuctutu [1Y Bij nepeBuIlieHHs JONYCTUMUX 3HAUYEHb HAPYTH 110 KOJIy pOTOpA.

|7« T
Y
U, _ !

A

U, A

Pucynoxk 1.6 - ®ynkuionansHa cxema CAP MITXK
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MIDX 3 cucremoro BekTopHoro ympasininasa (CBY) B nanmii yac 3Haimum
HIMPOKE 3acCTOCyBaHHs B BiTpoeHepreTHuyHux ycraHoBkax. MIDK 3 CBY wmae
KaHa/lM BIUIMBY JUISl YHOPaBIIHHA AaKTUBHOI 1 PEAKTUBHOI IMOTYXHOCTI, IO
MIEPEIAETHCS B MEPEKY.

Cucrema BEKTOPHOIO KEpyBaHHS EJEKTPONPHUBOJAY Ha OCHOBI MalllMHH
MO/IBIHOTO JKMBJICHHS siBJIsie c00010 aBoKaHaibHy CAY. Kepyrounmu BIiMBaMu B
HIl € KOMIIOHEHTH BEKTOPY CHUTHAJIIB 3aBJIaHHS HAa CTPyMH a00 HAmpyrud poTtopa
rerepatopa. Ilpu 1bOMy OJHAa 3 KOMIIOHEHT BEKTOPY BUKOPHUCTOBYETHCS IS
peryJiroBaHHs MIBUIKOCTI (MOMEHTY).

3aBaanHs TOOY/I0OBU KOHTYPIB PETYIIOBAHHS 1 CHHTE3Y PETyIsSTOPIB CHCTEMH
ynpaBiiHHS akTHBHOK moTykHICTIO ['A wmiHi-’EC Ha ocnoBi MIDK Bumarae
MaTEeMaTHYHOTO OMHCY TMPOIECIB  EJISKTPUYHOI MallMHI MEePeTBOPIOBAYIB
€JIEKTPUYHOI €Heprii pIBHAHHAMU iX ABO(A3HOI Mozeni. 3MIHHUMHU AaHOI MOl
NOBHHHI OyTH peryiboBaHi koopauHatu CBY 1 mpoekiii BEKTOpY YIpaBIIsIFOUHX
BIUIMBIB HA OCI JEKapTOBOI CHUCTEMU KOOPIMHAT, 110 00EPTAETHCS CHUHXPOHHO 3

IMOJIEM JBHUI'YHA.

1.3 MareMaTHYHHIi ONMC CUCTEMH BEKTOPHOI0 KePYBAHHSA MAIIUHU

MOABIHHOIO KHBJICHHS

MaimHoo 1o/IBIHHOTO JKUBJICHHS B J1aHiil poOOTI Ha3MBAETHCS ACHHXPOHHA
MairHa 3 GazHUM POTOPOM, KepOBaHa 3a JIONMOMOTOIO MEPETBOPIOBAYA YACTOTH,
IPUYOMY CTATOp TeHepaToOpa MiAKIFOYCHHI 10 MEPEXi 3MIHHOTO CTPYMY, @ POTOP —
J0 BUXOJIB IEpeTBOpIOBaya. ACMHXpPOHHA MallMHa MO)ke OyTH K CepiiHOI0, 3
TpudazHUMU OOMOTKAaMH, TaK 1 CIELIalbHO CIPOCKTOBAHOIO, 30KpeMa, MaTH
naBodazHy 0OMOTKY Ha pOTOpI.

ACHHXpOHHUH TreHepaTop 3 (a3HUM POTOPOM € HESIBHOIOJIIOCHOIO
CHMETPHYHOI0 B MATHITHOMY i €IEKTPMYHOMY BiZHOIICHHI MamIMHOW. Moro

MaTEeMaTUYHUN OMHC Yy JAEKApTOBIM CHCTEMI KOOpJAMHAT, M0 OOEpPTaEThCS 3
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JIOBIJIBHOKO KYTOBOK IIBHMJKICTIO M MOXeE OyTH NpPEACTABICHO HACTYNMHHMHU
BEKTOPHO-MaTPUYHUMH PIBHAHHIMU:

PiBHSIHHS piBHOBAru Hanpyr oOMOTKH KoJia

¥
S — U, —RJI, - D¥,.

PiBHSIHHSI pIBHOBAaru Hanpyr KoJja potopa

ik7, =L —~RB I~ .
dr (1.2)
PiBHSIHHS MarHITHOI'O KOJia
Y, =L;I; '+meﬂ (1.3)
Y, =L, + L1, ) (] 4)
TrH:L}nUSJrIr:'_ (1.5)

Bupa3 a1 e1eKTpOMarHiTHOro MOMEHTY JBUTYHA

Msy=cL I DI,
(1.6)

Tyr ¥, ¥, Us, U,, I, I, — 1BOBUMIpHI BEKTOPHU-CTOBIILI MOTOKO3YETLICHHS,
Hanpyr i crpymis Buay Xi = [Xi1, Xi2]"; Xi1, Xi2 - KOMIIOHEHTH BekTopa X;, 110 € Horo
IPOEKIISIMA Ha BIAMOBIAHI OCl AekapToBoi cuctemu Koopaunat 1,2. Immekc i
O3Hayae, 110 3MIHHA BIJIHOCUTHCS 10 OOMOTKH cTaTtopa abo poropa; T — cuMBOII
TPaHCIIOHYBaHHS BeKTOpa-cToBNUA. V., - BEKTOp TNOTOKO3YEIUICHHS, IO
XapakTepusye MaruiTHuii notik B nositpsaoMy 3a30pi, ¥ m [ mi1, ¥ m2]". D -
MaTpPHULIS IEPETBOPSHHS BEKTOPA-CTOBIILIS,

J B
D= ;
i 0
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R, R; - axtuBHi omopu 0OMOTOK cTaropa 1 portopa, L, - royioBHa

IHIYKTUBHICTh JIBUT'YHA, Ls, L; - BJIacHI IHAYKTHBHOCT1 0OMOTOK cTaTopa i poTopa,

LS = Lm + Lcrs >
Loy g

ne Lo, Loy - IHIYKTUBHOCTI PO3CIFOBAHHS. - IIBUJIKICTE OOEPTAHHS CUCTEMU

KoopuHar 1, 2 om0 poropa,

®A = Ok — T (1.7)

3a yMOBH, 1110 cUcTeMa KoopauHaT 1, 2 o0epTaeTbCcsi CHHXPOHHO 3 MAarHITHUM
1oJIeM cTaTtopa, a B (1.7) € 4acToTor0 KOB3aHHs. Mg - €1€KTpOMarHiTHUH MOMEHT,
C - KOHCTPYKTMBHa cTaja reHepartopa. Jlam B poOori OynemMo BBaKaTH, IO
nByx$a3Ha MOIENb ACHMHXPOHHOTO TEHeparopa CKJIaJeHa 3 BUKOPUCTAHHSIM
1HBaplaHTHOI MO MOTY)XHOCTI NEPETBOPEHHsS (I3UYHUX 3MIHHUX. Tonl c=pp.

PiBHSIHHSI MEXaHIYHOT'O PyXy Ma€ BUIJIS

520w w (1.8)

el

ne Mt - MoMeHT riapoTypOinu, Mg - enekrpomarHiTHUE mMomenT MJIII-
reHepatopa, a Jy - cymapHuili MoMmeHT iHepuii ['A, npuBeneHuil 10 Baiy
reHeparopa.

PiBasinns (1.1) - (1.6) maTeMaTHYHOrO OINKCY ACMHXPOHHOTO r'eHeparopa 3

(ha3HUM POTOPOM CKJIAJIEHI B CUCTEMI 3arajlbHONPUNHATHX MPHUITYILEHb [24]:

1. oOMOTKM cTaropa 1 poTOpa EJIEKTPUYHOI MAIIMHU pPO3TAlIOBaHI
CUMETPUYHO LI0J0 OC1 00epTaHHs, a TAKOX BIJIHOCHO OJMH OJIHOTO MPHU
Oy/1b-SIKOMY KyTOBOMY IOJIO’KE€HHI1 Baja;

2. B3aeMHI I1HAYKTHBHOCTI (a3 craTtopa 1 poTopa € TapMOHIHHUMH
(YHKLISIMH ~ KYTOBOI'O  IIOJIOKEHHST ~ pOTOpa;  HEPIBHOMIPHICTD
MOBITPSIHOTO 3a30Py, 0OYMOBJIEHA T1a3aMH, HE OEepeThCs 10 yBaru;

3. XapakKTepuCTHKa HaMarHiuyBaHHS € KyCOUHO-JIIHIIHOO;
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4. He BpaxoBYETbCA €(EKT BUTICHEHHS CTPyMy 1 aKTHBHMH Omip Koja
HaMarHivyyBaHHS;

5. Hemae aemndepHUX KOHTYPIB HA POTOPI;

6. BIJICYTHI €MHOCTI BCEpeAuHI OOMOTOK 1 MK HHUMH, a OTKE, €HEpris

€JIEKTPOCTATUYHOTO MOJISI IPUIMAETHCS PIBHOO HYIIIO.

[Tpy moOy0BI CHUCTEMH PEryJsiTOPIB €JICKTPONPUBOIY B SIKOCTI CHIIOBHX
BILIMBIB HA TeHepaTop 3 00ky kepyrouoi yactuuu I'A Mini-I'EC Oyaemo posrasgatu
Cepe/iHi 3a MepioJ KOMyTallli CUIIOBOTO MIEPETBOPIOBAaUa 3HAYEHHS CTPYMIB 1 ¢, 1 12
a00 Hampyr u ,, U . 3a3Ha4YeHi 3MIHHI MPEACTABISAIOTH COOOK MPOEKIIil
y3araJpHEHHX BEKTOPIB CTpyMy, a00 HApyTu poTopa, BiAMOBIIHO, HA oci 1, 2, o
00epTa€eThC CHHXPOHHO 3 TI0JIEM I'€HEpaTopa OPTOrOHAIBLHOT CUCTEMHU KOOPIMHAT.

CydacHuil piBeHb PO3BUTKY HAIIBMPOBIIHUKOBOI 1 TEpEeTBOPIOBAIBLHOI
TEXHIKU 103BOJIA€ OyAyBaTH CUCTEMHU E€IEKTPONPHUBO/IIB 3MIHHOTO CTPYMY, B SAKUX
B IKOCTI KEPYIOUHMX BIUIMBIB BUCTYIIA€ y3aralbHEHUH BEKTOP CTPYMY, a00 HaIlpyru
Ha BUXOJl CHJIOBOrO MepeTBopioBaya. lle o3Hayae, 1m0 HIBUAKOMIS CHUCTEM
perymoBanHs crpymiB (Hampyr) Takux EIl sk MiHIMyM Ha MOpSIOK BHIIE
IIBU/IKO/I1T 30BHILIHIX KOHTYpiB peryiatoBanHs ['A mini-I'EC.

[ToOynoBy cucrem BekTtopHoro kepysaHHs EII Oynemo BupoOsisiTH,
BBA)KAIOYM MEPETBOPIOBAY €JIEKTPUYHOI eHeprii Oe3iHepiiiuum enemeHTom CAY
eJIeKTponpuBoAy. MaTemMaTUuHUI ONMMC CUCTEMH PETYJIOBAHHS CTPYMIB POTOpa

ACHHXPOHHOIO TeHepaTopa MPUHMEMO Y BUIJIS

1e kyr — koediuieHT nocusieHHs "0e31HepIIHHOr0" Kepelia CTpyMy;
If =[] i3 : C o
“ - CHUT'HaJM 3aBJaHHs CTPYMIB Ha BHXOJI 30BHILIHIX

perymasitopi CBY.
AHaJIOTIYHUI BHIJISI MAaTHME MaTeMAaTHYHA MOJIETh CUCTEMH PETYJIIOBAHHS

HaIpPyTu:

B, =kuliZ, (1.10)
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TYT Ky - Koe(illieHT TOCUIIEHHS JUKEpesa HallpyTH;
V4 V4 zZ r
LL :[url,ur.z} :
ufl,ufz _ o ;
- HAlpyryu Ha BUXO/I1 30BHIIIHIX PEryJsATOPIB CUCTEMH BEKTOPHOIO
kepyBanusg M/JIIIL
EnexkrpomarnitTHuii MOMEHT Mg reHeparopa BU3Ha4a€eThCs JJ00yTKOM
BeJIMUMHU cTpyMy poTopa I; (1.9) 1 ammmityau noroko3ueryieHHs craropa ‘Ps.

OTxe, B pesknmax podotu EII 3i crabinizamiero maraiTHOTO cTany (Ws=const)

MHTTEBE 3HaYeHHs1 Mg Oy1ie psiMo POTOPIIHHO iy, 1 BUpa3 1yt Mg MaTHUMe BUTJISL,

My =—p k ey P i5, (1.11)
My =xy M5 (1.12)

ne ks - 6e3MipHuil KoeilieHT.

1.4 Orasa u BUOIp THIY TiAPpOTYpPOiHN

Ha puc.1.7 npencrasnena miHi-I'EC, ska ckinagaeTbcsi 3 BOJIOCXOBHILA
N000BOTO peryiroBaHHs, HAMIPHOTO BOJOBOJAY M Tiapoarperaty. l'igpoarperar
CKJIQIa€ThCA 3 T1IPaBIIvHOI TYpOiHM U TeHEepaTopa 3MIHHOTO CTPyMY.

[ipporypbiHa — ue TiApaBIidyHUN NEPBUHHWI JBUTYH, NMPU3HAYCHHS IS
NEPETBOPEHHS €HEePril MOTOKY, sKa MiBOJAUTLCS /10 HbOT0, B MEXaHIYHY EHEPriio Ha
foro Bamy. TakuM 4YHHOM, TiIpaBiiYHA EHEPrisl CIOYATKy IEPETBOPIOETHCS B
riipoTypOiHl B MEXaHIYHY, a IMOTIM 3a J0IIOMOT0I0 I'eHepaTopa 3MIHHOTO CTPyMYy —

B CJICKTPUYHY E€HEPTIIO.
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Pucynox 1.7 — Texnonoriuna cxema mini-I'EC

Opniero 3 npodaem npu npoektyBanHi MiHi-I'EC € BuOip rigporypOiHu.
[TotyxHicTh riipoTypOiHl Pr, 10opiBHIOE JOOYTKY MOMEHTY T1ApOTYpOIHU HA

KyTOBY IIBUJIKICTb:

Pr=M;o. (L3

[ToTyxHICTh riApOTYpOIHH 3MIHIOETHCS TP 3MiHI BUTpaTH Boau Q 1 Haropy
H. Bupa3s gjis po3paxyHKy MOTYKHOCTI T1ApoTypOiH1 Mae Buruisig [11]

Py =9,810Hn,, (1.14)
ne H - Hamip Boau, mijiBeAeHOT 10 riapoTypOiHu;

Q - BUTpaTH BOJIH;

nr — koedimient kopucHoi aii (KK/I) rigporypOinm.

Bennunna KK/I rizporyp0inu 3anexuTh Bijl ii KOHCTPYKLIi Ta pO3MIpIB 1
3MIHIOETBCS TIPH 3MiHI HaBaHTaKCHHS TiApOoTypOiHW. s Mamux riapoTypOiH
naiamerpom npubau3Ho 1M Havbinemia Bennunna KK/ ctanosuts 0,88 - 0,91.

HominaneHa noTyXHICTh Pty BU3HAaYa€ThCA IpU HOMiHAIBbHOMY Haropi H y 1
HOMIHAJIBHOIO TMPOITYCKHOIO 3/1aTHICTIO Q g.

[ToryxHictb reneparopa Pg, BUMIpIOETbCS Ha 3aTMCKadax reHeparopa. Y
CTaJIuX PEKUMAX MOTYKHICTh T€HEpaTopa AOPIBHIOE MOTYKHOCTI TIAPOTYpOiHU 32

BUpaxyBaHHSIM BTpAT B FeHepaTopl,
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Pr =Prizen,
e 1., - KKJI renepatopa.
[Tpu B1OGOPI rigpoTypOiH HEOOX1IHO 3BEPHYTH yBary Ha Te, o0 rijapoTypOiHu
AUIATBCS HA JBa TUIIH:
— aKTHBHI TiIpOTypOiHM, $KI BHKOPHUCTOBYIOTH CHEPril0 IOTOKY B
KiIHETHYHOMY BUIJIsl (puc.1.8. a);

— peakTuBHI riipotyp0Oinu (puc.1.8. 0, B) BAKOPUCTOBYIOTH B OCHOBHOMY

MOTEHIIIIHY YaCTUHY €HEPTii0 MOTOKY.

Pucynoxk 1.8 — I'izpotypOinu: a - KOBIIOBa, O - IpoMeEepHa, B - pal1ajbHO-0CbOBA

AxTuBHI_Tigpotyp0bini (puc.l.8.a). KoHCTpYKTHBHOIO OCOOJIMBICTIO TypOiH

I[LOTO THITY € T€, [0 BOHHU MPALIOIOTh BiJl BUILHOTO CTPYMEHIO ITPU HOPMAaJIbHOMY
atmoc(epHomy THcKy. CoIio HampaBlissie BOJY Ha Jionari poOOYMX KOJIEC, SIKI
MaroTh (hOpPMY KOBIIIA, ¥ BCSI CHEPIisl B COILIL IIEPETBOPIOETHCS B KIHETUYHY €HEPIiIO.

AxTUBHI TypOIHM NPaLIOIOTh, TAKUM YMHOM, 32 PaXyHOK KIHETHYHOI €Heprii

1 3aCTOCOBYIOTBCS JIMIIIE NPU BEIUKUX Hanopax, Big 40 1o 800 merpis.
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PeakTuBHI riipoTypOiHu. PeakTuBHI TiapoTypOIHH MpPaIo0Th, FOJOBHUM

YUHOM, 32 PaxXyHOK €Heprii THCKY.

PeakTuBHI riapoTypOiHK IIISTHCS Ha JBa THIM, OCHOBI TiIpOoTypOiHM Ta
paalanbHO-0ChOBI T1APOTYpOIHU. OCBOBI TypOiHH B CBOIO 4YEpry AUISTBCA Ha
nporiesepHi Ta noBopoTHoJionacTHi (puc.1.8. 6). ¥V ocboBuX TypOiHaxX NHOTIK B
MepiAI0HAIbHIN TUIOIMHI B 30Hi JI0MaTei podoyoro Kojieca Ma€ OCbOBHUI HAITPSAMOK,
a B pajilaJibHO-0ChOBUX T1APOTYpOiIHAX — PaAlaTbHO-OChOBIN HAMIPSMOK.

30epiraroun €HEpriro B Mipy MOXJIMBOCTI B MOTEHIIIHIN (opmi A0 caMoro
MOMEHTY 1i MEepeTBOPEHHS B MEXaHIYHY €Hepriio, TYpOIHM IbOTO THUIY MalOTh
BHCOKY IHTEHCHBHICTh BHKOPHUCTaHHsA eHeprii nmotoky Ta Bucokuit KKJI. Hini
pPEaKTHBHI IAPOTYPOIHU € HAUIOMMPEHIIIUM TUIIOM TYPOiH, 1110 OXOIUIIOE 00J1aCTh
Hanopis Big 1,5-2 no 350 m [11].

Koxen Tun rigpotypOiH BiANOBIIa€ IEBHOMY Alana30Hy HATUCKY Ta BUTPATI
BOJIM 1 M€ CBOIO NEepEeBakHy 00J1acTh 3aCTOCYBAaHHS.

[lnsixoM 3BEACHHS TIAPOTEXHIYHMX CHOPYA MOMKIMBO CTBOPIOBATH
HAWPI3HOMAHITHIIII HAMOPH BiJ MIHIMAJIBHOIO H0 MaKCUMAJIbHOTO 3HAYEHHS, SKE
00Mexye pesbed) MICIIEBOCTI HABKOJIO BOAOTOKY.

[ippoTyp0OiHM TMOBMHHI MaTH 3JaTHICTL 3a0e3reyyBaTd BUKOPHUCTAHHS
CKOHIICHTPOBAHOI eHeprii, 0e3 Oyab-sKMX OOMEKEeHb 3a HAMOpOM B 3a3HAYECHIN
rany3i ero 3MiHu i1 3 BucOKkuM KKJ[ 11i BUMOTrM 3aJ0BOJIBHSIIOTBCS TaKHUMH
CUCTEMaMM TIAPOTYPOIH, LIO0 XapaKTEpPU3YKThCS, B OCHOBHOMY, KOHCTPYKLIEO
pobouoro kojeca:

— IPONEIEPHUMH 1 TOBOPOTHO-JIONATEBUMH — ITPH TUCKY BiA 1,5 10 40 M
U BUILIE;

—  paalalibHO-OCBOBUMU — IIPHU TUCKY B11 20 10 350 Mm;

— KoBIIOBUMH — Iipr TUCKY Big 200 go 1500 m u Bue.

Jlani TypOiHM BUKOHYIOTBCS SIK 3 TOPU30OHTAJIbHUM, TaK 1 3 BEPTUKAJIbHHM
pO3TallyBaHHIM Bay.

PosrnsitHeMo NpUHUMIIOBI (OPMHU YHIBEPCAIBHUX XapaKTEPUCTHK Pi3HUX

cucTeM TypOiH 1 THUIIB iX POOOYHX KOJTIC.
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KoBmosi Typ6inu. Ha puc.1.9 300pakena yHiBepcaibHa XapaKTEpUCTHKA

KOBILIOBOT IiApoTypOiHM, IS KO XapakTepHo, mo kpusi noctiiiaux KKJI maroTh
(hopmy eTIICiB 3 BEJIMKOIO MiBBICCIO Y30BXK 0Ci Q, 131 3MIHOIO HaBEIEHUX 000POTIB
n' 3Hauends KKJ[ cunbro 3meHmyroTees. Ha puc.1.14 moka3ani ocHOBHI rabaputu
KOBILIEBOI I'APOTYpPOiHH.

PoGoua xapakrepucTuka KoBIIEBOi TypOiHuM Mae nosory dopmy. Kpusi
MOCTIMHUX BIIKPUTTIB HA YHIBEPCATbHIN XapaKTEPUCTUIIl 300PaKYIOTHCS Y BUTIISII
BEPTUKAJIBHUX NMPsAMUX. [T0SCHIOETHCS 1I€ TUM, IO BUTPATH BOAM HE 3aJI€KaTh BiJl
000poTiB TypOiHH, a 3aJIe’KATh TUILKHU Bijl BIAKPUTTS COILIA U BiJl HATHCKY, i SKUM

B1/10yBa€THCSI BUTIKAHHSL.
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Pucynok 1.9 — YHiBepcajibHa XapaKTepPUCTHKA KOBLIOBOI IApOTypOiHH

PajiiaibHO-0CHOB1 MApOTYpOIHH 3 HU3BKHUM KOeMhIIEHTOM [IBUIKOXIAHOCTI

n=45+150. TypOinu ojHi€l 1 Ti€T K CHCTEMH MAIOTh Pi3HI TUIIM POOOUYHUX KOJIIC.

Koxna cucrema TypOiH Mae THUXOXIAHI, HOpMaJbHI 1 IIBUAKOXIJIHI Kojeca. Ha
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puc.1.10, 300paxkeHa yHiIBepcaJibHA XapaKTepUCTHKAa PpaaiadlbHO OCHOBOI
riipoTypOIHU 3 HU3bKUM KOE(ILIEHTOM IIBUIAKOXIIHOCTI, a Ha puc.l.14.6 noka3aHi
ocHOBHI rabapurtu. Taki kojeca MarTh Maji BiHocuHH bo/D;. BxXimHi kpomku
JIoTIaTe# KoJjieca 3HAXOAThCS MOOIN3Y BUXITHUX KIHIIIB JIOIATOK HAMPABISIOYOTO
anapary 1 MaroTh Mai’Ke BEpTUKaJIbHE PO3TAlllyBaHHS, a JOBXKHHA JIOMAaTe! 110 JIHi1
CTPYMY BIZHOCHO Besuka. Hucio sonareir podo4yoro koseca Tex Besdke — Bijg 17
no 21. JloTuyHi 10 KPUBHUX MOCTIMHUX BIIKPUTTIB YTBOPIOKOTH 3 MPSMOIO,
napajieqpHo0 oci Q, Tymuit kyT. Butpara BOAM 3aneXuTh, SIK BiJ 4YacTOTH

obepTaHHs riApoTypOIHM, Tak 1 B BIAKpUTTS HA.

ny.00 | MUH

70—

40

ng = 45-150

Pucynok 1.10 — XapakTepucTHKH pajliaibHO-0CbOBO1 TAPOTYpOIHHM 3

HU3bKUM KOE(DIIEHTOM HIBUAKOX1IHOCTI

PajuiajibHO-0CH0BA TIIPOTYPOIHA 3 cepeHIM KOehIIIEHTOM IBUAKOX1IHOCTI

n=145+260. Ha puc.1.11 300paxeHna yHiBepcajgbHa XapaKTEPUCTUKA pajialibHO-
OCBOBOI TiAPOTYpOiIHH 13 cepeaHiM Koe]ilieHTOM MBUAKOXITHOCTI, a Ha puc.l.14.B

1oKa3aHi il OCHOBHI rabapuTH.
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Pucynok 1.11 — XapakrepucTuku paglajbHO-0CbOBOI MAPOTYPOIHH 13

cepeiHIM KOoe(ilI€EHTOM IIBHIKOX1IHOCTI

Koneca HopmanbHHX palajibHO-OCKOBHX TYpOIH MarOTh OLUIbII BHUCOKE
3HaueHHs bo/D; B MOpIBHAHHI 3 KOJecaMu THUXOXOJHUX TypOiH. BXijHa kpomka
Jjonarei podo4oro Kosieca po3TalloByEThCS Maike BepTHKaabHO. KpuBi moCTIMHUX
BIJIKPUTTIB HAOIMKAIOTHCS /10 BEPTUKAIBHUX MPAMUX.

PajiianbHO-0CHOBI T1IAPOTYPOIHM 3 BHCOKMM KOE(DIlIEHTOM MIBUAKOXITHOCTI
n=260+400.

Ha puc.1.12 300pakeHa yHiBepcaibHa XapaKTEPUCTHUKA PajiialbHO-0ChOBOT

ripoTypOIHU 3 BUCOKUM KOE(ILIEHTOM MIBUAKOXIAHOCTI, a Ha puc.l.14.r noka3aHi
il OCHOBHI rabapuTH.

Bxigna kpomka jomarei Kojieca 3HAYHO BIJJIajieHa BIJ BHUXIJIHUX KIHIIB
JIOTIATOK HAIIPaBJIIFOYOI0 anaparty 1 pi3Ko HaxuiieHa J1o oci Baiy. JloBkuHa tonarei
110 JIIHIT CTPYMY BIJIHOCHO HEBEJIMKA, a YUCIIO JIonaTel pobovoro Kojieca CTaHOBUTh

8-16 .
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Pucynox 1.12 — XapakTepucTuku paaiaibHO-0ChOBOI MAPOTYpOIHH 3

BUCOKUM KOE(IIEHTOM HIBHIKOX1JAHOCTI

YHiBepcanbHI XapaKTePUCTUKHU PallaIbHO-0CbOBOI T'IPOTYpOIHU 3 BUCOKUM
KOoe(DILIEHTOM IIBUIKOXIAHOCTI CTUCHYTI Y3H0BK OCl Q, 1 BATATHYTI Y3I0BXK OCI Nn.

['o1OBHUM HEMOJIKOM TaKMX XapakTepuctuk € pizka 3miHa KK 31 3miHom0
NOTYXXHOCTI TypOIHM, NPUYOMY KpHBa M'SITMBIJICOTKOBOIO 3amacy IMOTYXHOCTI
0JIM3BKO MIAXOJAUTH J10 onTuMaibHoro 3HadeHHs KKJI. IIBuakoxiaHi paaiajibHO-
OCBhOBI TiAPOTYpOIHM AOLLILHO BCTAHOBIIIOBATH HA THUX CTaHLIAX, IS SKHX 3a
yMOBaMH €KCIUTyaTallii He MOTPiOHO 3MIHIOBAaTH HABAHTAXKEHHSA B IIHPOKOMY
aianazoHl. BUTATHYTICTB y3/10BK OC1 n KpUBHUX T)=const J03BOJIsA€ 30epiraTi BUCOKI
snauenns KK/] B OuibiomMy Jiara3oHi 3a paxXyHOK 3MiHH HaIopy.

[Iponenepui rigporypdbinu. Ha puc.1.13 300paxkena yHiBepcaibHa
XapaKTepUCTUKa NPOIENepHOi riapoTypOiny, a Ha puc.l.14.1 300pakena opma ii

1potrouHoi yactunu. [Iponenepuum TypOiHaM npuTaMaHHi BCl HEI0JIIKH padiaibHO-
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OCBOBHX T1IPOTYpOIH 3 BUCOKMM KOE(]IIIEHTOM IMIBHAKOXIJHOCTI, aje TIIbKU B

OL1b1I pi3Kik dopmi.
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Pucynoxk 1.13 — IIponenepna riaporypOiHa.

3nayna 3miHa KK/ BUXOauTh BKe NpU MaluxX 3MiHaxX MOTYXXHOCTI, a KpUBa
' TUBIZICOTKOBOT'O 3a11acy MOTYXHOCTI IIPOXOAUTH MO0JIN3Y ONTUMAJIbHUX 3HAYEHb
KKJI. Onnak no3utuBauM edextom € HeBennka 3mina KK/ B mmupokomy miamnazoHi
HaropiB.

[TporienepHi rigpoTypOiHM palliOHAJbHO BCTAHOBJIIOBATH HA CTAHIINAX 3
BEJMKOI KIJIBKICTIO arperariB, Tak sSK B LUX YMOBax MOXHa Oyjae BeCTH
eKCILTyaTalio TypOlHU 3 MAJIMMHU 3MIHAMM IIOTYKHOCTI, @ 3HA4H1 3MIHU IOTYKHOCTI
Bciei 'EC 3abe3neuyyBaTH IJISXOM BKJIIOYEHHS 1 BHUKIIOYEHHs OAHOro abo
JEKIILKOX arperaris.

Ha puc.1.15 300pakeHa rpyna poO04YMX XapaKTepUCTHK T1IpOTypOiH pi3HUX
TUIIB 1 IBHAKOXIIHOCTEH. KOBIIOBI MOBOPOTHOJIONACTHI TiAPOTYPOIHH MarOTh
HaNOUIbII 1oJory GopMy XapakTepUCTHUKH 3 BiAHOCHO Maiioio 3MiHow KKJI npu
KOJIMBaHHSX HaBaHTa)XCHHS B Mexkax Bij 25-30 no 10%. PapianbH0-0Ch0BI TYpOiHU
BUSBJISIIOTH THM Oinbiie maainas KKJI nmpu yacTKOBMX HaBaHTa)XKEHHSX, UMM O1JIbIIe

X Koe(DIIEHT MBUIKOX1IHOCTI.
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PucyHoxk 1.14 — Tunu rizporyp0in

PoGoui xapakTepucTuku 31 30UIbLICHUM KOE(IIIEHTOM MIBUAKOXITHOCTI
HAOJIMKAKOTBCS 10 XapaKTEPUCTHK MPONENEPHUX TiApOTypOiH. 3 i€l NpUYUHH
poGoTta pajiajibHO-OCHOBHX 3 BHCOKHM KOe(DILIEHTOM MIBHAKOXIAHOCTI Ta
MPOIEJICPHUX T1IAPOTYPOIH MPH YaCTKOBUX HABAHTAKEHHSX € B O1IBIIOCTI BUIIA IKIB
HE €KOHOMIYHOIO.

3MiHa BUTPATH MPHU 3MiHI 4acTOTH oOepTanHs ['A, IHIIMMHU CIIOBaMM, HAXUJI
JIHIA PIBHOTO BIAKPUTTA HA BUTPATHUX Xapakrtepuctukax, y PO rigporyp0Oin

3aNeKUTh BiJ (POPMHU MPOTOYHOI YACTUHHU, TOOTO BiJ THUMY Kojeca. Brums tumy
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KOJIeca Ha MOJIOKEHHS JIIHIN PIBHOTO BIIKPUTTS MOXHA IMIPOCTEKUTH, 31CTABIISIOUH
yHIBEpCaJIbH1 XapaKTePUCTUKH KOJIIC PI3HUX THITIB.

Jlng pamlanbHO-0CHOBUX TIPOTYPOIH 3 HU3BKUM 1 CepeIHIM KOoe(IlleHTOM
HIBUJIKOX1THOCTI XapaKTepPHO 3MEHIIEHHS MPOIYCKHOI 3JaTHOCTI TPU 30UIbIIIEHH]
yactoTh oOepranHs. Lle nosicHioeTbest TUM, 10 iX poOoul Kojieca MalOTh 3HAYHI
IUISHKY JIONATEH 3 pajilajibHUM HANPSIMKOM MIKPa11aJibHOTO MOTOKY.

[Ipn migBuUIEHHI YacTOTH OOEpPTaHHSA, 3aBISKU BIALEHTPOBOMY €(dEeKTy
CTBOPIOETBCS MPOTUTUCK, 110 TEPELIKOKAE HAAXOMKEHHIO BOJAM  4Yepe3
HampaBiAOYUNA amapar B poboue Kojdeco. Y HHU3bKOHAMIPHUX 1 JESKHX
cepenuboHamnipaux PO rigpoTypOiH, HaBMaKy, BEJIMKA YACTUHA JIOTATEH MPaIioe B
PEKUMI 3 OCBOBUM HaIIPaBJIEHHAM MDKPaIiallbHOTO ITOTOKY. TOMY NMpH IiIBUILEHHI
4acTOTH 00epTaHHs 3a paXyHOK 301IbILIEHHS OCbOBUX CKJIaJOBUX IIBHIKOCTEH y PO
riApOTYpOIH HAMIYAETHCS TEHACHINIS 10 AE€AKOTO 3pOCTaHHS MPOMYCKHOI 3/1aTHOCTI

Py HE3MIHHOMY BiIKpuTTI HA.
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Pucynok 1.15 - PoOo4i XapakTepUCTHKH TiipOTypOIiH PpI3HMX CHCTEM 1

[IBUJIKOX1/HI

Ha mimcraBi orisigy TEXHIUHMX BJIACTHBOCTEM TiAPOTYpOIH 1 yMOB iX

eKcIuTyaTailii, 3po0JeHui HaCTYIMHUI BUCHOBOK OO0 BUOOPY TUITY IApOTYpOiH.
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V 3B'13Ky 3 TUM, 110 OCHOBHMM CTIK Boau (puc.l.2) mpunaaae Ha mepiof 3
TpaBHs 110 BepeceHb 1 CTaHOBHTH 76,0% BiJl pIYHOrO CTOKY, @ Ha PEIUTYy MICSIIIB
JIOBOJIUTBCS MIHIMAJIBHUNW CTIK MPU OJHOYACHOMY 30UIbIICHHI MOTpeOU B
enexktpoeneprii (puc.l.1), a npu npoextyBanti MiHi-I'EC OepyTh 3uMOBHUI CTIK
BOJIM, IO 1ICTOTHO 3aHMXKY€E BCTaHOBJIEHY NoTykHIcTh MiHI-I'EC, 1 He no3Bouise i
Opatu yuacth y n000BOMYy perymioBaHHi. Jlisi KOpOTKOYACHOrO 30LILIICHHS
BUPOOIEHHs akTUBHOT OTY)HOCTI MiHI-I' EC Ta yuacri ii B 7000BOMY peryintoBaHH1
HEOoOXi/THO:

— OyayBaTh BOJOCXOBHINA JIOOOBOTO pEryJIOBaHHs, IO J03BOJHUTH
miABUIMTH y4acTh MiHI-['EC B NOKpPUTTI MakCMMyMy HaBAHTA)KEHHS
EHEepProCHCTEMH, 3HU3UTH MOTPEOY B MOTYKHOCTI 1HIIHMX €JIEKTPOCTAHIIIHN 1
MOJIIIIXATH PEKUM X pOOOTH;

— BHOpaTM 3 pO3MISIHYTUX BHILE TiAPOTYpOIH  paaialbHO-OCHOBY
riapoTypOiHy 3 HU3BKMM KOEe(ILIEHTOM IIBUAKOXIJIHOCTI, 110 J03BOJIUTH
NPy 3HWKEHHI BEJIMYMHU AKTUBHOI MOTYXKHOCTI P., 1110 reHepyerbcs,
3MEHUIYBaTH BUTPATU BOJM ILIISIXOM 30UIbLICHHA 9acToTH oOepTanHs ['A.

3 puc.l.5 BuIHO, 10 P BHUKOPUCTAHHI TIAPOTYPOIH 3 HU3BKUM
KOE(IIIEHTOM IBHAKOXITHOCTI, T1ApoTypOiHa mae HauBummii KKJ] Ha ocHOBHIM
KyToBoi mBHAKOCTI Bany ['A w@=1. Po3misHeMo TOJOBHY YHIBEpCalbHY
xapakTepuctuky (puc.l.5) mo miHii a=1 ska BiANOBiIa€ HOMIHAJIBLHOMY KYTY
BiikputTss HA T'A. 3poctanns KyToBoi mBuakocTi Bany I'A 10 @=1,4 npu3BoanTh
70 3MEHILIEHHS BUTPATH BOJU 4epe3 TiIpoTypOiHy (q) MpUOIM3HO 10 3HAUYCHHSA
q=0,6 1 10 3MEHILUEHHS MOTYXHOCTI, 1110 PO3BUBAETHCA T1ApoTypOiHOIO (P1) - B 2,4
pasu. [1pu 3MeHIIeHH] KyTOBOT IIBUAKOCTI Basty I'A Bij HOMiHAIbHOT BHU3 10 @=0,7
BUTpaTa BOJM 3pOCTAE€ BCHOTO Jiuiie Ha 16 B1ACOTKIB, BHACHIOK 3HMKEHHS KK/|
rizipotypOinu. Ilojganpiie 3MEHIIEHHS IMIBHAKOCTI HE MAa€ CEHCY, OCKUIBKH HE
HPU3BOJAUTL 10 30UIBIIEHHS MOTYXKHOCTI TrigpotypOinu. [lpu iHmMX KyTax
BLAKpUTTS HA cuTyatiis aHanorigsa.

Takum umHOM, JUIs TrigpoarperariB Ha ocHOBI PB rizpotypOiH 3 HU3BKUM

Koe(DiieHTOM MIBUAKOX1JIHOCTI HEOOXIAHWH Jlara3oH 3MIHM YacTOTH OOepTaHHS
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cknaae npubmuzHo 1:2. Ilpm Takomy aiama3oHi KyToBuX mBHakocTed ['A €
MOJIMBICTB 3MiHIOBaTH Pt B aianasoni 1:2,4 6e3 BrumBy Ha HA riapotyp0inu. [1pu
bOMY € MOXIIMBICTb B TOIUHM MIHIMYMY €IEKTPHUYHOTO HAaBAHTAKEHHS
3MEHIIYBATH ( TIPUOJIM3HO B 2 pa3u JIJisl 3aracaHHs BOJU Y BOJOCXOBHIII.

[Tpy HE3MIHHOMY MPHUIUIMBI BOJM y BOJOCXOBHII OUIBIIMM 3HAYEHHSM
BIJINOBIJIAIOTh MEHII 3HAYEHHS MOTY)KHOCTI Pg 1 3amacaHHsi BOAM; MEHIIUM —
Olnbiie 3HaueHHs Py 1 3HMKEHHs piBHS BoAM Y BogocxoBuiili. Taka mini-I'EC moxke
ABTOMATHYHO OTIEPATUBHO 3MIHIOBATH BUPOOJICHHS €JIEKTPOCHEPTIi, MiATPUMYOYH
0ajaHC MDK TE€HEPYEMOIO 1 CHOKHUBAHOKO AKTUBHUMH TOTYXKHOCTSIMH, 1
BUKOPUCTOBYBATH aKyMyJIOIOYYy 3JaTHICTh BOJOCXOBHILA MJiE MOKPUTTS IIKIB
rpagika eJeKTPUYHOTO HABAaHTAXKEHHSI.

Merta perymoBaHHs 4acTOTH oOepraHHs ['A B OCHOBHOMY pEXKHMI —
NIATPUMKA MakCUMaiabHOTO 3HaueHHs Hamopy MiHI-I'EC, ane 6e3 xomnocroro
BOJOCKHTY.

Kepytounit BruuB Ha I'A B Takux MiHi-I'EC — enexTpoMarHiTHUH MOMEHT

reneparopa (Mg).

1.5 CraTnuHi XapaKTepUCTHKH PadiajibHO-0CHOBOI IiAPOTYpPOiHU

3 Teopii eNEeKTPONPUBOAY BIAOMO, 1[0 CUHXPOHHA MalllMHA Ma€ a0COJIHOTHO
KOPCTKY MEXaHIYHY XapakTepucTuky. JlaHa MexaHI4Ha XapaKTepHCTHKa He
no3Bosisie ['A 3MIHIOBaTH 4acTOTy 0OEpTaHHS.

[Tpu He3MiHHIM KyTOBOI MIBHAKOCTI Baixy I'A, B Oyab-sKkuil BIIPI30K Hacy
30epiraeTbest piBHICTh MK MOMeHTaMH M g 1 M 1. I1ix yac poboTtu rigpoarperary
BEJIMYMHY Mt MOXKHA 3MIHIOBATH B LIMPOKUX Mekax. MOMEHT TIiipoTypOiHu
3MIHIOETBCA 3a paxyHOK 3MiHM BUTpaTu Boau Ha ['A mini-I'EC.

MoOMEHT, 110 pO3BUBAETHCS TAPOTYPOIHOKO, 3aJICKUTh BiJ BUTpATH BoaU Q,
KYTOBOI IIBHMJIKOCTI oOepTaHHs poropa, Airodoro Haropy H 1 Bu3HauaeTbcs 3a

dhopmynoro
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M, -981% (1.15)
()

3 UBOro BHpa3y BUAHO, 11O NPU M=CONSt MOMEHT TipOTYypOIHM MOXKHA
3MIHIOBATH IIJIIXOM 3MiHHM BUTpaty Boau Q abo mamopy H. B peanpHHX ymoBax
[IPAKTUYHO HEMOJKJIMBO ABTOMATUYHO 3MIHUTU YMHHUU HATUCK, TOMY MOMEHT
TypOiHU pEryJIOITh 3MIHOKW BUTpaTh BoaW. BurTpata Bogm Q € Tak 3BaHUM
apamMeTpoM pPETYJIIOBAHHS, 3@ JOMOMOIOK SIKOTO BEIMYHMHA, 110 PETYIHETHCS
(aKTUBHA MOTY>KHICTh, 1110 TEHEPYETHCS) MIATPUMYETHCS B 3aJaHUX MEKax. 3MiHa
BUTPATU BOAU 3IHCHIOETHCS PETYIIOIOUMMH OpPraHaMHM, sIKl BIAMOBIAAIOTH THITY
riIpoTypOiHu.

JIist iepecTaHOBKU PErysiol0YMX OpPraHiB B TapoTypOiHaxX 3aCTOCOBYHOTHCS
BUKJIFOYHO TIAPABIIYHI CEPBOMOTOPH, IO JO3BOJISIIOTH CTBOPUTH HEOOXIIHI
3YCHUILIAL.

[TigTpuMKa aKTMBHOI MOTYXKHOCTI Tigpoarperary B 3aJlaHuX MexXax IpH
pI3HUX HABAHTAKCHHSAX TeHEpaTopa 3IUCHIOETHCS ABTOMATUYHUM PEryJIsaTOPOM
HIBUIKOCTI, SIKWM, 3MIHIOIOUH TTOJIOKEHHS HAIMPaBJISIOYOro anapary, BiAMOBIIHUM
YMHOM 3MIHIOE BUTpaTy BOJAM 4Yepe3 riporypOiny. Jlanuii croci® ynpaBiaiHHS
AKTUBHOIO TMOTYXKHICTIO He miaxoauTsh s MiHI-[IEC yepe3 yckimaaHEHHs
MEXaHIYHOI YaCTUHU T1IpOTYpOIHM 1 BIACYTHOCTI 4€PrOBOI0O MEPCOHAITY.

ABTOpPOM TIPOIIOHY€TBCS ~PEryJllOBaTH AaKTUBHY MOTYxHicTb MIDK-
re’eparopa nuisxom 3Mminu yucia ooepris I'A. Hanpyra cratopa MITX i yactora f;
€IEKTPUYHOIO CTPyMy B KOJI CTatopa MIATPUMYETHCS EHEPrOCUCTEMOIO
HECKIHYEHHOI ITOTYXKHOCTI.

HInsxom 3minu yactotu odepranns I'A mae OyTu 3a0e3nedeHo peryioBaHHs
aktuBHOI oty xHOCTI Pg MITXK Bignosiano 1o 3aBmpanus 3 OAY. PiBHicTs Mi Mg =
M7 3abesneuyerbest npu davdt= (). Y auHamidHHX pekumax podotu davdt = 0.
MowmenT M7y rigpoTypOinu 1 enekTpomMarHiTHUi MoMeHT My MIDK B nunamiuHux

PEXHUMaAxX 3MIHIOIOTBCS. MOMEHT Mg 3MIHIOETBCS 3a PaxyHOK 3MIHH 3aBJaHHs
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YIpaBIIHHA, @ MOMEHT Mrt TiIpoTypOiHM 3MIHIOETBCS 3a PaxyHOK e€QeKTy
caMOperyJItoBaHHs, IIPH 3MIHI BUTPATH BOJIH.

3aBaanHs aBroMatnuuHOoro ynpasiinuas I'A mini-I'EC 3BoauThes 10 TOrO, 1100
MpY 3MIHAX CHUTHATY YMPABIIHHS IIBUIKO BiAMPAIIOBATH CHUTHAT 3aBIAaHHS T10
aktuBHOI notykHocTi MIDK. Tlpu nupomy kyroBy mBuaKiCTb I'A nepenbayaeThes
3MIHIOBATH B Jliana3oHi 1:2.

[loTyXkHICTB, 110  PO3BUBAECTBHCS  TIAPOTYpPOIHOW  MPU  BIAKPUTTI
Hanpasisrouoro anapaty (HA) a=const, 3anexxuTh BiJ BUTpati Q, YUHHOTO HANIOPY
H i enextpomaraitHoro momenty MIDXK i1 Buznagaerses popmynoro (1.14) 1 (1.8).

SIKIO NPUHHSATH, 1110 B CTAIUX pexkumax My =My, To dopmyay (1.15) Moxna

3alMcaT B TAKOMY BHFJIH,H,i

@ = 9,SlQH

. (1.16)
T

3 UbOro BUpa3y BUAHO, L0 MpHU o=const KyToBa MBUIAKICTb ® ['A 1 BUTparty
riipoTypOiHM MOKHA 3MIHIOBATH LIUIIXOM 3MIHHU €JIEKTPOMAarHiTHOro MOMEHTY Mg
MITDXK. 3a jponomorow enekrpomarditHoro momeHty Mg MIDK, perynaboBana
BeauunHa (akTuBHA MOTYKHICTh Pp MiHi-I'EC) miaTpumyeThes B 3ajaHUX MeEXKaXx.
Ax Bimomo 3 npaktuku, B MiHI-['EC mnpakTHuHO HE 3yCTpIHarOThCS CUCTEMHU
ABTOMATUYHOI'O PEryJIFOBaHHS aKTHUBHOI MOTYKHOCTI 32 JJOIIOMOI'O) PeryJsIroBaHHs
BUTPATH BOJM MPHU 3aiKCOBAHOMY BIAKPUTTI HA 0=01;0y.

Bianosigno 10 popmynu (1.15), MoMeHT riipoTypOiHu € (DyHKII€:0 BUTpAT,
HIBUIAKOCTI OOEpTaHHS HaAIopy BOJAM 1 KoediuieHTa KOPUCHOI Iii, TOOTO, SKIIO
BpaxOBYBaTH, 110 BUTPATH uepe3 TiAPOTYypOIHYy BHU3HAYAETHCS BIAKPUTTAM
peryaroruoro  oprany a. Llg  3anexHICT  HA3MBAETBCA  CTATUUHOKO
XapaKTEPUCTUKOIO T1APOTYPOIHH.

CraTu4Ha XapakTepuCTUKa IIpoTypOiHu Moke OyTH 1o0OyoBaHa 3a JaHUMHU
YHIBEpCAIBHOI XapaKTEPUCTUKH MOJIENI TiIpoTypOinM, Ha AKil B KOOpAMHATAX N i

Q1 , npuseenux 10 / m nanopy i / m giaMmerpy po60o4oro Koseca, mody0BaHi KpuBi
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MOCTIMHUX BIJKPUTTIB PETYJIIOIOUOTO OpPraHy ay 1 KpHBI TOCTIMHHUX 3HAa4YCHb
koe(dilieHTa KOpUCHOT Ail IApoTypOIHH.
HaiiGinbin mupoke 3acTOCYyBaHHS 3HANIIUIA cTaTH4HI Xapakrepuctuku (CX),
noOy/10BaHi Ha OCHOBI [7]:
- B OCSIX BIJHOCHUX 0€3pO3MIpHUX MapaMeTpiB: M - MOMEHTY, @ - YaCTOTH
obGepranHs, h - Hanopy, q - NPONYCKHOI 34aTHOCTI;
- B ocsix HaBejeHux napametpiB M', n';, Q'; (puc.1.16).

BijHOCHI 0€3p0o3MipHI apaMeTpy BU3HAYAIOThCS CITIBBIAHOIIEHHSIMHU

m= (1.17a)
S H

el (1.176)
(:}H

e H (1.178)
HH
0

i (1.177)

-y

ne M, My - MoMeHT TypOiHH 1 0oro HOMiHa/IbHE 3Ha4YeHHs, Q, Qu - BuTpara
BOJM yepe3 TypOiHy 1 Horo HomiHaibHe 3HaueHHs, H, Hy - Hanip Ha TypOiHi 1 Horo
HOMIHAJIbHE 3HAYCHHS, Oy — HOMIHAJIbHA KYyTOBA IBUJIKICTHL OOEpPTAHHS.

CrniBBITHOIIEHHSIMU /J1 PO3PaXyHKY HaBEJAEHUX MapaMeTpiB,

M, = ‘”3. (1.18 a)
HD;
A, :_i’%_ (1.18 &)
. 0 .
_ e (1.18 B)
QI DE‘JE

Craruuni xapaktepuctuku (CX) € MOBHUMHU B TOMY CEHCI, 1[0 OXOILTIOIOTh
BCl PE&XKHMH, AKI MOXKYTh MAaTH MICLE NpHU eKcIulyatamii rigpoarperaty. 3a CX

MOKH2 HA0YHO MPOCTEKUTH, a TAKOXK IpopaxyBaTH (3 ypaxyBaHHSM BILTUBY
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HECTAJIOro pyxy piJIMHU) 3MiHY HABEJIEHOT BUTPATH, MOMEHTY 1 4aCTOTH O0epTaHHS

B1JT MOMCHTY CKHUAAHHA HABAHTAXKCHHA 3 arperary 1o HOro noBHOI SYINHHKH.

M, Hu
2000
a, =38
30 374 |np=50 o6/
ra _‘+f '
1500 —{ =60
n£=?ﬂ
J-f£=Sﬂ
1000 .
n;f:?ﬂ
n,=100
500 =110
2 e
0 e
50
]
500

Pucynok 1.16 - [loBHa cTaTiuHa MOMEHTHO-BH/IATKOBA XapakTtepuctuka PB

ripoTypOoiHU

Jlng 3BM4aliHUX TIAPOTYpOIH ICHYE TPpHU PEKHUMU: TypOIHHUM, PO3TIHHUM 1
pexuM rigpasiaigyHoro raasMyBaHHs. [Ipu noOyaosi CX TypOiH BUKOPUCTOBYETHCS
1HIIIE IPABUJIO 3HAKIB — 3a MO3UTUBHI IMPUAMAIOTHCS TYpOIHHI MapaMeTpu: II0
HaNpsIMKY pyXy PIAMHU, Y HAMPSIMKY 0O€pTaHHS Baly 1 3HAKy MOMEHTY.

Ha dopmy xapakTepuCTHKH BETUKUN BIUTMB POOUTH THUM TiapoTypOiHu. Ha
puc.1.16, nokazana CX paaiaibHO-OCBOBOI IAPOTYpOIHH.

[lepin 3a Bce, BapTO BII3HAYUTH BIAMIHHOCTI B XapakKTepi JIHIA MOCTIMHUX
BiakpuTTiB HA: y PB rigporyp0iH 3 HM3bKUM KOE(ILIEHTOM IIBHAKOXIAHOCTI 3
MiJBUIICHHAM YaCTOTH 00CpTaHHS BUTpaTa BOJM 3MEHILYETHCS, IO MOSCHIOETHCS,

eeKTOM «TiAPaBIIYHOrO 3aMUKAHHS KaHAIy», a y OChOBHX TypOiH, HaBIaKH,
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MIJBUILIEHHS YacTOTH O0OEpTaHHS CYIPOBOJUKYETBCA 3pPOCTAaHHSAM BUTPATH,
00YMOBJICHUM «HACOCHUM €(PEKTOM.

[ToOynoBa cTaTMYHMX XapaKTEPUCTHK TiApoTypOiHM mpoekroBaHoro ['A
BEJIeThCS HACTYMHUM 4YuHOM. Hexalt moTpiOHO moOyayBaTu XapakTEPUCTUKY IS
BeJaMuuHU BiIKpuTTss HA, BignosigHoro ay B Mozeni. CrioyaTtky HeO0OXiJIHO
BU3HAYMTH BiAKpUTTS @ HA npoekroBanoro I'A, sike BiJINOBIZA€ BIAKPUTTIO dy
(ay— BHU3HAYAETBCS 3 YHIBEPCAJIBHOI XapakTEPUCTUKUA (PI3UUHOT MoOjenl
riIpoTypOiHn), o hopmy.i

n:aML, (1.19)

Dyrzy
ne Dy — plametp poOo4Yoro kojeca MOJAEN; z [ Zy YUCIO JIOMAaTOK
HaIpaBJIIOuOro anapary BIAMOBIAHO TiApoTypOiHu 1 MOAeni; ay — Bigkpurrs HA
MOJIeJI.
Bung  yHiBepcalbHOT  XapakTEPUCTHKH  MOJENl  pajiiajibHO-OChOBOI

riipoTypOiHu noka3zanuii Ha puc.l.17.

n,,00 [ MuH
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Pucynok 1.17 — Buj yHiBepcaabHOT XapaKTEPUCTHUKU PaialibHO-0ChOBOT

T1IApOTYypOIHU

[ToTiM TIPOBOAMTHLCS PsAJ JIHIA MOCTIMHUX 3HAYCHb HABEJCHOI IIBMJIKOCTI

n’y;, n’1, 0’3 1 T 1 3a BUpazoMm (1.18.0) a1 KOKHOTO 3HAYEHHS N’ BU3BHAYAETHCS
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HIBUJIKICTh O0EpPTaHHsS peasIbHOI TiAPOTYpOIHU. Y TOYKax MEpPEeTHHY LMX JIHIN 3
KPUBOIO ay=const BHU3HAYaKOTLCA 3HaYeHHs HapeneHoi Burpatd Q’; 1 KKJ|
Mojeni M. Jlami, 118 KOKHOTO 3 pO3TASHYTHX 3HAYEHb N’ | MAPaXOBYETHCS MOMEHT

riipoTypOiHu 3a hopmyJioro [16]

30 ' |
0 piry, (1.20)

ilf[}" = -
7 My

KKJI rigporyp6inm B Bupasi (1.20) B mepumiomy HAOMMXKEHHI MOXKHA
npuitHaty piBHUM KKJ[ moxpeni ny. OpHak st OUIBII TOYHOrO BHM3HAYEHHS

MOMEHTY TiAPOTYpOIHH JOIUIBHO KOPUCTYBATUCS EMITIPHYHOIO 3aJI€KHICTIO,

DM . (1‘21)

_i?}_. :1'—(1_.;?_&1 )'5

To4HO TaKUM K€ HIIAXOM OYIYIOTHCS CTATUYHI XapaKTEPUCTUKH 1 1JIs IHIITHX
BIJIKPUTTIB PETYIIOI0YOT0 OPrany.
Po3risiHeMo npHOIM3HUI BHUITIST CTAaTUYHMX XapaKTEPUCTHK pajialibHO-

0cbOBOI riapoTypOiHu (puc.1.18) npu pi3HUX BIAKPUTTAX HAIIPABIAIOUYOro anapary

ay .0y, dy .

;M]' ‘ a3

.'MTI
JM]—[:I

Mr

Pucynok 1.18 — CratuuH1 XapaKTepUCTUKU TIPOTYpPOIHA

3 rpadikiB BHJIHO, 110 31 30UIbIIEHHSIM MIBUAKOCTI 0OepTaHHs TypOiHM Ti
MOMEHT 3MEHIIyeThcs. Lli€l0 BIACTUBICTIO BOJIOMAIIOTH BCl 0€3 BHHSATKY THIIH

riipoTypOiH, 1 BOHO Ha3UBA€ThCS €(pekTOM camoperytoBaHHs. KiIbKiCHO edekT
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CaMOpPETYJIIOBAaHHSI XapaKTepU3YETbCS KOEPILIEHTOM CaMOPETyJIIOBaHHS TypOiHU
er, AKUHI JUIsl 3a/IaHOT0 PEKUMY BH3HAYAETHCA HAXWIOM JIOTHYHOI, IPOBEICHOI /10
KPHUBOI MOCTIMHOIO BIAKPUTTS B AaH1i TOYIll. 3a3BUuai KOS(DILIIEHT €1 BUPAKAETHCS

4yepe3 BIIHOCHI BETMYMHU 1 BU3HAUAETHCS 3a CITIBBIIHOLICHHSIM

_dM; ng

er =————"—, (1.22
T dn My )

Je Mty 1 nty — HOMiIHANBHI (PO3paxyHKOBI) 3HAYEHHS MOMEHTY 1 IIBHIKOCTI
obepranHs TypOIiHH.

3rigHo puc.1.18, noxigna dMy/dn 3aBxKau Ma€e 3HaK MIHYC, T. K. KOS(DILIIEHT
caMOperyJIloBaHHsS € BeIU4YuHOIO Bia'eMHOro. Ciij 3a3HA4YMTH, 1[0 3a3BUYail B
TEXHIYHIM  JITEpaTypl 3  pPEryalOBaHHA  TiAPOTYypOIH  Koe(]imieHTOM
CaMOpETryJIIOBaHHS HAa3UBalOTh BEJIMYMHY (1.22), B3ATY 3 NPOTHIICKHUM 3HAKOM.
Jlane BuIlle BU3HAYEHHS Koe(illleHTa caMOperyaoBaHHS MPUHHATO BIANOBIIHO 10
MiXHapOJHOTO KOy 3 BUIIPOOYBaHb CUCTEM PETYIIIOBaHHS IapoTypOiH [8].

Ha mniacrasi 3po0siieHOro Orisiy CBITOBOrO cTaHy po3BUTKY MiHI-['EC
ABTOPOM MPOMOHYETHCA (PYHKI[IOHAIBHA cxeMa yrpasiaiHHsa MiHI-['EC.

Jlana cxema BIJpI3HAETBCS BIJ CTaHJAPTHUX CXEM aBTOMATHYHOTO
perymtoBaHHs akTHBHOI notykHocti ['EC 3 ogaum I'A, Tum, 1o peryiitoBaHHs
akTUBHOI oTyHocTi Ha ['EC 3a1iCcHIOETBCS 32 paXyHOK 3MIHHM YaCTOTH 00epTaHHS
['A. Y 3anponoHoBaH1i aBTOPOM CHUCTEMI1 PETYJIIOBAHHSA AKTUBHOI MOTYKHOCTI, HA
riIpoTypOIHN HE BUMarae HasiBHOCTI MacioHamipHoi ycraHoBkr (MHY).

PerymoBanust nosiokennss HA npoBoauThesi Bpy4HY, HAJIAIITOBYETHCS Ha
HOMIHAJILHUH PEKUM POOOTH, a pETyJII0BaHHS BUPOOIIOBAHOT aKTUBHOI TOTYKHOCTI
3IIHCHIOETBCS 3 OOKY reHepaTopa 3a paXyHOK 3MiHH €JICKTPOMArHiTHOTO MOMEHTY
Mg renepartopa (yacroru obepranns ['A). Miui-I'EC na ocuosi MIDK npaioe
napanenbHo EEC. PerymioBanHs B 3alpONOHOBAHIM CHUCTEMI 3IIHCHIOETBHCS 3a
PaxyHOK 30UIbIIEHHS 00 3MEHILEHHS €JIEKTPOMArHiTHOIO MOMEHTY, IO J03BOJISE
aKyMYJIIOBaTH BOJY, 1 JI03BOJISE 1i BUKOPUCTOBYBATH B IIKM HABAaHTAXXEHHS IPH

HAsBHOCTI BOJOCXOBHUINA. YTpPaBIiHHSA OONAJHAHHSAM Tigpoarperaty 3abesmneuye
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uudposuii npuctpiit 00poOku iHdopmanii (LIITOI), skuii BxKHBa€e BCiX HEOOX1THUX
CUTHaJM BIJ JaTYMKIB, sKi € Jpkepenamu iHpopmauii B CAY 1 3a 3anaHum
aJIrOPUTMOM 3/1MCHIOE YIIPABIIIHHS.

BUKOHaBUMM MPHUCTPOEM, IO PETYJIE BHUPOOICHHS EIEKTPOCHEepTii
BIJIMOBIIHO  JI0 3aBgaHHs notyxHocti, € MIDK-renepatop. 30iablICHHS
€JICKTPOMATrHITHOIO MOMEHTY TIeHeparopa, NMPHU3BOJAUTH JIO0 3MEHIIEHHS YacTOTH
obepTaHHs T1APOTYpOIHH, BHACIIIOK YOTO BUTPATA BOIU 30UIBIIYETHCS.

KpyrHuii MOMeHT Ha Bany TrigpoTypOiHM TMEpeAacTbesi 3a JIONOMOTrOH
MEXaHIYHOI0 3'€/JHaHHS HA POTOp reHeparopa enekTpoeHeprii. Lle nmpu3zBoauTs 10
o0epTaHHs TeHepaTopa 3 MEBHOIO YaCTOTOIO 1 BUPOOIEHHS €1EKTPOCHEPTii.

OTpuMaHa eNeKTpoeHepris HaAXoauTh B KoMMyTawiiHy mada (1K), mo
BUKOHY€ (DYHKLIIIO CUJIOBOTO BUMHUKaua 1 nepenaerscsi B EEC.

[IponioHOBaHa TigpOEHEPTreTHYHA YCTAaHOBKA BHUKOPHCTOBYE BIIACTHBICTH
riIpoTypOiHN 3MEHIITYBAaTH BUTPATY BOAM 1 TOTYKHICTB IPH 301JIBIIICHH] IIIBHIKOCTI
o0epTaHHs ISl 3aracaHHs BOAM Y BOAOCXOBHMILI IiJ YaCc 3HWKECHHS CIIOKHBAHHSI
€JIeKTPOCHEepril CIIOYKUBAYAMH. 3anacena BOJIA BUKOPHCTOBYETHCS

I'JIPOCHEPreTUYHOK YCTAHOBKOIO NP A€(ILUTI MOTYKHOCTI B €HEPrOCUCTEMI.

BucHoBKH 1o po3aiay 1

1.  OOrpyHTOBaHO HEOOXIJHICTH JI0OOBOTO pEryjlOBaHHS PIBHS BOIU Y
BojgocxoBuil MiHI-I'EC 118 MNOKpUTTS MakCUMyMy HaBaHTAKCHHS
eJIEKTPOCHEPTeTUYHOT cucTeMH. Take perymroBaHHS JO3BOJMTH 3HU3UTH
BUPOOJICHHS. AKTUBHOI TNOTY)XHOCTI IHIIMX €JEKTPOCTAHLIM B T'OJUHH
MaKCUMYyMY €JICKTPUYHOI'0 HABAHTAKECHHS 1 NOJIIIIUTH PEKUM iX poOOTH.

2. OOrpyHTOBAaHO JOLIJBbHICTH PETYJIIOBAHHS aKTHBHOI MOTYXHOCTI I'A MiHi-
['EC na ocnoBi MIDXK nuisixom 3miHu yactoTH oOepTanHs Bainy ['A.

3.  OOrpyHTOBaHO MATEMATHYHHI OIMC ACHMHXPOHHOI MAIUIMHU IOABIHHOIO
xuBieHHs 3 [IY B komi poropa sik o0'ekra ynpasninss. Jjig mopanbmmx

JIOCJIIJDKEHb TIpHitHsATa Oe3iHepiiiiHa MoJieJb CHUCTEMH BEKTOPHOTO
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yTpaBIiHHA €leKTpoMarHiTHuM moMeHntom M/III 3 jxepenom cTpymy B
KOJI1 poTopa.

Jlnst et perysioBaHHS AKTHUBHOI TOTY)KHOCTI 3MIHON 4mcia 00epTiB
HaOUIbII MIAXOAMTH  PAalalbHO-OCbOBA TipOTypOiHA 3  HHU3BKUM
KOoe(DIIEHTOM IIBUIKOX1HOCTI.

PerymoBanns kyroBoi mBuakocti MITK-reneparopa B ckimaai I'A Oyae
noTpiOHO poOUTH B J11ama30H1 He mupiie, Hix 1:2, BHACTII0K HAPOCTAOUOTO
samkeHHs KKJI rixpotypOinu mpu BiAXWIICHHI 1 4acTOTH 0OepTaHHS Bij
OCHOBHOI.

[Toctiitna yacy CBY MIIXK no enekTpomaraHiTHOMy MOMEHTY, a BIAIIOBIIHO
1 10 aKTUBHIN NOTY)XHOCTI, 17151 cydyacHuX CBY enekTpuyHMMH MallmHaMU

3MIHHOI'O CTPYMY BeJIMKOI MoTyKHOCTI ctaHoBuTh Big 0,005 1o 0,02 cek.
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2. MATEMATHYHE MOJEJIOBAHHS TIJIPOTYPBIHU 3
HAIIPHOT'O BOJOBO/Y

2.1 /ImHaMiyHi XapaKTEepPUCTHKH PaldiajbHO-0CHLOBOI TiApPOTYpPOiHH 3

HAMiPHUM BOJ0BOI0M

B mpomeci podotu wmini-I'EC 3miHa 103amiaHoBOro 3aBJaHHS aKTHBHOT
MOTY)XHOCTI CYIIPOBODKYETHCS TiTPOMEXaHIYHUM TEPEXiAHUM TPOIECOM, KU
BUKJIMKAHUN 3MIHOIO €JIeKTpoMarHiTHoro MomeHty My MIDK 1 3MiHOIO BUTpaTu
riIpoTypOIiHN.

JIns 1mo4yaTkoBOi OLIHKM TiJIPOMEXaHIYHUX MEpPeXiAHUX IPOLECiB, MO0
BUHUKAIOTh B HOPMAJIbHMX EKCILTyaTalliHUX peXHMax, HEOOX1JHO MNOIepeIHbo
posrnsgaTy anreOpaidHi 1 AuQepeHIiaibil PIBHAHHSA, SIKI XapaKTepU3yIOTh PEXHUM
po6otu MiHi-I'EC.

Oco0sMBYy yBary HEOOXIAHO MNPUIAUIATH TIAPOMEXaHIYHUM TMepeXiJIHUM
mpoiiecaMm, TaKk SK BOHM BU3HAYAIOTh MIABUIICHI AMHAMIYHI HABAHTAXKEHHS, IO
BUHUKAIOTh B BOJOBOAAX 1 MPOTOYHOMY TpPaKTl TIIPaBIIYHUX MAalIMH, 1
HPOSIBIISIOTHCS Y (OPMI TiIpaBIivHOIO yaapy.

[Tpu mepeximHMX mporecax MICas CKUAAHHS HABAHTAXKEHHS TiApoTypOiHa
MPOXOIUTH HA3BUUAHHO MIUPOKY 00J1aCTh PEKUMIB.

Tomy nanst po3paxyHKIB NPOrHO3YBaHHSI LMX IPOLIECIB TAKOXK HEOOXI1/IHI
€KCIIEPUMEHTAJIbHI MMOBHI CTATUYH]1 XapaKTEPUCTUKU TypOIHH, 110 OXOIUIIOIOTH BCl
MOYKJIUBI PEKUMH POOOTH.

[Tpu npoekryBanHi MiHI-IT'EC  po3paxyHKH mepexigHHUX IpOIIECIiB
BUKOHYIOTBCSL JUJISl TIOJIIIICHHST PEXUMIB PEryJlOBaHHS, HANPHUKIAL 3 METOIO
MIABULIEHHSA HAOIMHOCTI, 1 BU3HAUEHHS IIBHJAKOAII 3MIHM IOTYXHOCTI
rijjpoarperaty 1 BHOOpY HaWKpalluX pPEKHUMIB perysroBaHHsA. [HOAI BHHHKAE
MOJKJIMBICTh MIJIBUIMTH HOMIHAJIbHY MOTYKHICTh IiJpoarperary.

Mini-I'EC  we Tuibku 3a0e3medyroTh YacTKOBE TMOKPUTTS Tpadika

HaBaHTAXC€HHA CHEProCUCTEMH, aJIE€ BHKOHYIOTH (I)YHKLIIIO BHCOKOMAHCBPECHOTO
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pe3epBy MOTYXKHOCTI. Y 3B'SI3KY 3 IIUM Ba)KJIMBUM iX €KCIUTyaTallliHUM TTOKa3HUKOM
€ LIBUIKOJIS 31 3MIHM aKTHBHOI MOTYXHOCTI. ToMy nepexijiHi npouecu 3MiHU
enekTpomardiTHOro momeHty My MIDK mini-I'EC po3risigaioTecs py NOCTIHHOMY
BikputTi HA rinpotyp6inu. [Ipupoano, 110 B iux yMoBax 3'sBISIOTHCS HAMOLIBII
JUHAMIYHI1 JI11, SKI TPOSBISIIOTLCSA Y GOpMI I'APaBIIYHOTO yaapy.

[Ipu 3MiHI aKTUBHOI MOTYKHOCTI P(?) 3MIHIOETBCS BUTpaTa BOAH, IO
BUKJIMKAE TiapaBimiuyHuid yuap AH (¢) B HanipHUX BOJIOBOAAX 1 MPOTOYHOMY TPAKTI
['A, axuii TPU3BOAUTHL 10 TUMYACOBOTO MaAiHHS HAmopy TypOiHu. TyT BaKIMBO
3a3HAYMTH, IO TiIPaBIIYHHUN yHap 3aBXKIW i€ Ha TIOTY)KHICTh B HAINPSAMKY,
HNPOTUIICKHOMY JIii 3MIHM €JIEKTPOMArHiTHOro MOMEHTY Mg, 10 MPHU3BOAUTH JI0
BIICTABaHHS 3MIHHU MMOTYKHOCTI1, TOOTO /10 3HUKEHHS HIBUAKOAIT peryntoBaHHs [8].

VY nocniuKeHHsX, NMOB'SI3aHUX 3 MAJIUMU KOJIMBAaHHSAMM 4acTOTU OOEpTaHHS
rApoTypOIHH, 3MIHAMHU HAMOpPY 3a3BHYal HEXTYIOTh, TOOTO BBa)xaroThb H = const.
Opnak npu pi3KMX 3MIHax BIJKPUTTS HANpsIMHUX amnapaTiB a00 3MiHI 4acTOTH
obeprannst ['A, 00yMOBIIEHUX, HANPUKIA/, A€ CrelialbHOI aBTOMATHUKH, TaKe
MPUIMYILIEHHS € TPYOUM, TOMY 1110 BOHO HE BPAaXOBY€ 3HAYHOTO 30UIBIIEHHS THCKY
Boau nepea HA, oOyMOBIEHOTO 3MIHOK KIHETHYHOI €HEeprii BEIMKHUX Mac, 110
MICTSITBCS B TPYyOOINpOBOAI (sIBUIIE, BIJOME MiJl Ha3BOw rigpoynapy). s
UIIOCTpallii BIUIMBY TiApOyAapy Ha XiJ 3MIHHM 4acToTH oOepTaHHs Ha pwuc.2.l
MPUBE/ICHA TaK 3BaHA JUHAMIYHA XapakTepuctuka ['A.

3 1i€i XapaKTEPUCTUKU BUIHO, 1110 BAHUKHEHHS TApOy1apy pi3KO 3MIHIOE HE
TUILKHM IIBHJKICTh 3MIHM MOMEHTY, ajie 1 HOro xapakrtep (Ha IOYaTKy MpoLecy
MOMEHT HE 3MEHIIYEThCSA, a 30LIBIIYETHCS ).

["ippaBniuauit yaap (yaapHuil THCK) — siBJIsi€ COO0I0 JUHAMIYHE IT1IBUILECHHS
a00 MOHMIKEHHS THCKY, B HAIIIPHOMY TPyOOIIPOBO/1i BUKIUKAETHCS AI€I0 IHEPLIHHUX
CHJI, 110 BUHUKAIOTh IIPH HEBCTAHOBJIEHUX pexumax, ko dQ /dt # 0.

[Tpu cramomy pexumi TUCK B OyJIb-IKOMY IEPETHHI HAIipHOrO BOJIOBOLY
BU3HAYAETHCS BUCOTOK II'€30METpUYHOrO piBHs, B mepepisi C-C (puc.2.2),

nopiBHIOE (p/pg)C. B AMHAMIYHUX pEeXMMax JI0AcThCs JMHAMIYHA CKIIAJ0Ba —
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rigipapaiynuii yaap Beanunnoro AHC Ta BucoTa nm'e30MeTpUYHOTO PiBHS CTAE PIBHOKO

(p/pg)* +AHC .

'lHi'.E

0 !‘.c?-h
2 4 6 8§ 10 11

Pucynok 2.1 - JlnHaMiuHi XapaKTEPUCTHKH TiIpoarperary

BusHauumo rigpaBmiuyHul yjAap, NPUHHSBIIM JOMYLIEHHS, 10 UILJIBHICTD
PIJIMHM 1 PO3MIp NEPETUHY BOAOBOJLY HE 3AJIEKHUTh Bl TUCKY (<GKOPCTKI»).
BukopuctoByemMo Teopemy KiabKOCTI pyXy [8]
d(mv )T i
———==3X, 2.1)
dt
ne W, V—wmaca 1 IBUAKICTh PIIMHHU B BOJIOBOII; 2X - cyma IPOEKIii Ha BICh
X 30BHILIHIX CHJI, IO AIFOTh HA JaHy Macy piJIMHA B MOMEHT 4Yacy t.
Posrisitnemo macy piiMHM B BOAOBOJI Ha JUISHI, PO3TAIIOBAHIA MIXK
BOJIOCXOBHIIIEM 1 T1IPOTYpOiIHOIO (puc.2.2)
W =pSL,
€ P - UUIBHICTh PIAMHM, S - IUIOIIA MEepeTuHy BojaoBody, L - momxuHa
BOZ0BOY MK nepetuHaMu A —A 1 B — B. Ocb x 30iraeThes 3 BicCo TPyOOIIPOBO1Y

1 cripsmoBana Bijg A 1o B.
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Pucynok 2.2 — CxeMa riipoyiapy B HallipHOMY TpyOOIpoBO/Ii

3aMICTh BUCOTH M'€30METPUYHOTO PIBHSA BHUKOPUCTOBYEMO BHpa3 s

MOTEHIITHOTO HATopYy:

Bl v 2.2)
pg

SKUM 3PYYHMN THM, 110 HAIIp HE 3aJ€kKHUTh BIJI MO3/I0BKHBOTO MPOdLIIO
TpyOOnpoBOAYy, SKIIO HE BpaxOBYBaTH ripasiiuHi BTpaTH. [Ipn npoMy airoue Ha
Macy W 3ycuiis B3JI0BXK OCl X JiopiBHIOBaTHME [8]

2 X =pgSAH (2.3)

Skimo He OpaTu 10 yBaru npysxHi jaedopmarii piauHu 1 BOJOBOAY, IO
BUKJIMKAIOTHCS 3MIHOK TUCKY, TOOTO BB@XKaTH, L0 LIUIBHICTH PIAMHHU P 1 ILIOLIA
NEPEeTHHY S He 3aJIeXaTh B1Jl TUCKY (piAMHA 1 BOAOBII )KOPCTKI), TO Ha mijacTasi (2.1)

1(2.3) orpumyemo:

dV
—pSL— =SpgAH .
dar
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(3Hak MIHyC mMOKa3ye, IO MiABUIIEHHS YIApHOTO THCKY BHUKJIMKAE€ThCS

3MEHIIeHHIM 1mBuakocti dV / dt =(). 3Bijucu

/ :_£ﬁ_ (2.4)
g dt
npu dV / dt=(dQ/ dt)/ S .
Y . ) (2.5)
gS dt

[Tpu BigoMOMY 3aKOH1 3MIHM BUTPATU BOJH Yepe3 rApOoTypOiHYy, I1BULICHHS
TUCKY MO’K€ OyTH 3HaiaeHo msaxom audepenuioBanus Gpyukuii V.=V, (t ). Oanak,
caM 3aKOH 3MIHM LIBUAKOCTI BHU3HAUAETHCS 3HAYEHHSMHU PO3MOJIJIEHMX THCKIB,
NPUKJIAJICHUX 0 PIAUHU.

Jns BusHaueHHs ¢yHkiii V.=V, (f ) BUKOPUCTOBYETHCSA TIOHATTS MPO
PIBHOBa)KHI 1 HEPIBHOBa)KHI PEXKHMMH 1, BIAMOBIIAHO, MPO CTATHYHI 1 JMHAMIYHI
napametpu. [Ipu mocriitHomy Hamopi Hy 1 pi3HUX 3HAYEHHSAX [l - TapaMmeTpa, o
XapakTepu3ye cTaH (BIAKPUTTS) peryjordoro opraHy abo 3MiHY YacTOTH
obepTaHHs Tiapoarperary, 3a0e3MnedyrThCsl PIBHOBAKHI (yCTalieH1) PEKUMU, MPU
KX MOKYTh BU3HAYaTUCS EKCTIEPUMEHTAIIBHO 3HAYEHHS NIBUIKOCTI B POTOYHIH
yacTuHi. OTpUMaHi 3Ha4YeHHsI LIBUAKOCT1 Oy/1lyTh CTATHYHUMH.

Kousu npu nepexijinomy npoueci BigdyBaerbes 3MiHa 4acToTu ooepranus I'A,
3HAQYCHHS MIBHJIKOCTI BOAM B MPOTOYHIM YaCTUHI HE BIJMOBIJIAE 3aJICKHOCTI,
OTPUMAaHOI NpPU PIBHOBAKHUX pexkumax. PO3NOIUIEHHS THCKY NIPHU3BOIATH JI0
BUHMKHEHHS JOJATKOBHMX IlepenajiiB TUCKIB Ha HA, 110 CTBOpIOE iHIII YMOBH
MPOTIKAHHS Yepe3 PETyIIOIYHI OpraH.

Bunukae HEBIAMOBIAHICTE MDK IOJIOKEHHSIM |l PEryji0uyoro opraiy,
4acToTO0 OoOepranHs ['A 1 3HAYEGHHSM HIBHAKOCTI BOJM B IMPOTOYHIM YACTHUHI.
KpuBa 3MIHM HIBHAKOCTI IIPY HAsBHOCTI PO3MOAUIEHUX TUCKIB HE 30iraerncs 3i
CTaTMYHOK XapaKTEPUCTHKOK MIBHAKOCTI, IO CBIAYUTH IMPO ICHYBaHHS
HEPIBHOBAXHUX pexkuMiB. HOB1 3HaU€HHS MIBUJIKOCTI HA3UBAIOTh JIMHAMIYHUMH, a

3MIHAa IIBUJIKOCT] BU3HAYATHME 3aJIEKHICTD
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V. o=V bt

X _ OuH X _Oun

V pasi 30uabeHHST yacToTH oOepranHs ['A (puc.2.2), nepen HA BuHukae
JTOAATKOBUU TUCK Ap, 1 BUTIKAHHS PIIWHM BIIOYBAETHCS BKE HE M HAIopoMm Hy,
K 11e OyJIo Mpu BiJNOBIZHOMY PiBHOBa)XXHOMY pEXHMI, a il HanopoM Hy+Ap/y.
Pi3ka 3MmiHa yacTotu oOepraHHs abo pizka 3miHa BIAKpUTTS HA mnpusBoasats 110
JAMHAMIYHUX [TPOLIECIB B BOIOBO/II, 1110 MIPU3BOIUTH JI0 MOSBH Iiapoyaapy. Y KoxeH
MOMEHT 4acy 3B'SI30K MDK JUHAMIYHUMU 1 CTATUYHUMH 3HAYEHHSIMU UIBUIKOCTEH

BHPaXa€TbCA 341 CXKHICTIO

(2.6)

[Tpu 3menmeHH1 yactotr odepranns ['A BUTIKAaHHS pIAMHU BIAOYBA€THCS i1
HArmopoM 1 3B'S30K MK JAUHAMIYHAMM 1 CTATHYHHUMH 3HAUYEHHSAMU IIBUIKOCTEH

BH3HAYAETHCS 3aJICIKHICTIO

2.7)

3 po3risiHyTUX BUpasiB (2.6) 1 (2.7) BUAHO, 110 PI3HHUIIA B BEIMYHMHAX 3pOCTAE
31 301MBIICHHSAM IHTEHCHBHOCTI TEpeXiJHOTO mpolecy. [Ipn MOBIIBHHUX 3MiHAX
yactotu obOepranHs ['A MoO)KHa BUKOPUCTOBYBATH O€3MOCEPEJHbO CTaTHYHI
3HAYEHHS IBUIKOCTEH 0€3 Oyab-IKUX MOMPABOK.

JlonaTkoBui, B TOPIBHSAHHI 31 CTadMM pPEXKHUMOM, IIEpenajg THUCKIB Y
PEryJI0YOro OpraHy BpIBHOBAXXKY€E CHIIM 1HEPIIii, Oyyuu B TOM e yac NPUYHHOIO,
o OOYMOBIIIOE PIZHMLIO B 3HAYEHHSX ILIBUIKOCTCH [PU PIBHOBAKHUX 1
HEPIBHOBAKHUX PEXKUMAX.

[HepuiitHuit Harlip, B 3aJIEKHOCTI Bl 3HAYeHHsI yacToTH obepTanHs ['A, 1ae B
foro obxnacti edekt 3miHM jiiicHOro Hamnopy Hpy VY 3B'S3Ky 3 UMM BiJIHOIICHHS

IHEPIIHHOTO HATIOPY A0 AIMCHOTO HA3UBAIOTh BITHOCHOIO 3MIHOIO HATMIOPY:
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it g S (2.8)
HH ‘HH
AH L dv

h= = ok (2.9)
ol gH, dt

BHUKOpHUCTOBYIOUM MOHATTS MPO IHEPILIHHOMY HAIopi, OTPUMAEMO 3aMICTh

(2.6) i (2.8):

(2.10)

[Tpu 301nb1eHH] YacToTH oOepTanus I'A h>(0, npu 3menmenHi h <0.

Tak sk 1pu nepexiIHOMY MPOILIEC] MoJie MBUAKOCTEH B IPOTOYHIN YaCTUHI B
KOKEH MOMEHT uacy 30iraeTbcs 3 IMOJEeM MIBHIKOCTEH CTaloro peXuMy IIpH
ronepeHii 3MiH1 4aCTOTH 00epTaHHs, MOXKHA TOBOPUTH MPOo e(eKT 3ari3HIOBAHHSI
B TMEPECTPOIOBAHHI MOJISI MIBUAKOCTEHM, MOB'SI3YIOYM 3aIli3HEHHS 3 1HEPTHICTIO
piauHu. Jl1iiCHO, 1110 BUHUKAE €(DEKT 3ami3HIOBAHHS CUJIBHILIE MPOSBISIETHCS NIPH
3HaYHUX 3MIHAX KIHETUYHOI €Heprii piAuHM 3a MaJli IPOMIXKKH 4Yacy.

Takum YMHOM, PO3IJIsij] OJTHOBUMIPHOI'O HECTAJIOTO PYXY PIAMHM MOKA3Ye, 110
pI3HULS B HEPIBHOBAXKHHUX 1 PIBHOBAXKHUX PEKUMAX TMOSACHIOETHCS 1HEPLIMHICTIO
piauHu. 3HaHHA (QYHKIIT BIHOCHOrO 3MiHM Hanopy A =h(()) 103BoJisie BU3HAYATH
MIPU PO3PAXYHKY MEPEXITHUX MPOILIECIB BIUIUB IHEPTHOCTI PIAUHU.

[Tepeitnemo y gpopmyni (2.9) no 6e3p0o3MipHOTO 3HAYEHHSAM LIBUIKOCTI

ne Vi - WBHIKICTh B IPOTOYHIA YacTHUHI T1APOTYpOIHM NIPU HOMIHAJIILHOMY

pexumi. Toai oTpuMaeMo

_ LVH dvc)wf -_T dva:m ) (211)

h=-——3%&
gH, dt Todt

[TocTiiiHM [J19 JAHOTO MPOILIECY MapaMeTp Ha3UBAIOTh MOCTIMHON 1HEpIl

ab0 MOCTINMHOK Yacy HamipHOro BO/0BOAY. BiH XapakTepu3ye 4ac po3roHy mac



53

BOAM — Yac, MOTPIOHMH IS MOBIAOMJIEHHS PIAMHM, 110 3HAXOJWUTHCS B CTaHI
CIIOKOIO, IUBUAKOCTI ¥y Ml BIUIMBOM Hanopy Hy.

3 orisay Ha Te, 10 B 0e3po3MipHiit Gopmi I OJHOTO 1 TOrO XK PEKUMY
3HAQUEHHS WIBUJIKOCTI 1 BUTPATH pPIiBHI, BUKOPHCTOBYIOUH 3aIeKHICTH (2.11),

OTpUMaEMoO

1'.c)mi :1'c'm \‘1+h :qcm *‘1+h‘ (212)

VY OGunbiiocti Bunaakie MiHi-I'EC mMaroTh UWIHAPUYHUN HaNipHUH BOIOBIJ
(puc.2.2) mnouero nepetuny S (aiametp Drp), JOBKUHOIO L, B KIHIII TPYOOTIPOBOLY
posramoBaHa TypOiHa 3 HA, skuil peryntoe BUTpaTy BOJH.

[TonosxeHHs nepeTHHIB BUBHAYAETHCS KOOPIMHATOIO X, 1110 301raeThes 3 BICCIO
BOJOBOY B HaNpsMKY Bia nepetuny 1-1. Hanpsmu Butpatu Q 1 mBuakocti V=Q/F
OPUMMalOThCSl TO3UTHUBHMMM, TOMY BOJAa PYyXaeTbCs BIJ BOJOCXOBHIIA JI0
riApoTypOIHHU.

B pesynbTati nepexoay a0 0e3po3MipHuX mapamerpax otpumaemo (2.11) y

BUTJISITI
dg
A e ) 9.13
v (2.13)
-
r=Ls 5k (2.14)
gHy §;

Koediuient Tw, Ha3uBaeTbCs MOCTIHHOKW 1Hepuii (abo MOCTIHHOW wvacy)
HaIIPHUX BOJAOBO/IIB 1 BJIsI€ COOOK0 KOMILIEKCHHM MOKA3HUK 1HEPLIHHOCT] HAIIPHOI
CUCTEMHU.

3anexHo BiJ] 3HAUCHHA 1 HallipHA CUCTEMA BBa)KA€ThCS:

masioinepuirnoro rnpu Ty <1,5 cek;

cepennboinepiiitnoro npu 1,5 <7y <3 cek;

BUCOKOIHEPLIHHOIO 1Tpu 7> 3 cek.

Yum BHIE IHEPIIHHICTD, TUM OLIbIlIe 3HAYEHHS Ma€e 00K JUHAMIYHUX i

MIPU TIPOCKTYBAHHI 1 €KCIuTyaTalii rigpoarperaris 1 Hanipaux BogoBoaiB ['EC [8].
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2.2 MareMaTHYHHI ONHUC IiAPOTYPOiHU B a0COJTIOTHUX BeJIHYHHAX

Jlnst po3poOku anroputmy yrpasiinas Midi-I'EC HeoOxijgHa maTemaTH4Ha
MOJIENb TIPOTYPOIHHU, A€ MOKHA MPOMOEIIOBATH BCI 11 peKUMH podOTH. ABTOPOM
IPOINOHYETHCSI  MareMaTU4Ha Mojeinb PB  rigpotypOiHM 3 HAcTynHUMHU
MPUITYIIEHHSIMH:

— KKJI cucremu juist BCbOT0 Jliania3oHy peryJIrOBaHHs IPUNHHATA 7] = COnst,;
— CTIHKH BOJOBO/Y a0COJIFOTHO KOPCTKI;
— BOJIa HECTUCIIUBA.

Ha niacTaBi 3aranbHONPUAHATHX (OPMYII B TEOPIi MAPOEIeKTPOCTAHIIIN, K1
HaBOASTHCS HUK4E, Oyina moOynoBaHa mateMaTtuyHa Mojaens PB rigporyp6Oinu. Y
Bupasi (1.12) naBegena ocHoBHa ¢dopmyna, ska € 0a30BO0 A1 MOJednl

ripoTypOiHHy,
E. =981HOn. .

Sk BuaHO 3 BUpa3zy (1.12), noTyxHICTh TApOTYypOIHH 3aJI€KUTH Bl HAIlOpy
H 1 Butpatu Q.

Hamip I'A cknagaeTbes 3 HACTYITHUX CKIIA/IOBHX:

H=H, +AH —h

nom

2.15)

ne Hpy=const - HomiHanpHui Hanip MiHI-['EC,

Mpom — BTPATH HANOPY B BOAOroHi [5,20],

L dO

gS dt

h =A-K, -L-Q, (2.16)

nor

ne A - muTOMMI omip JUIs cTajieBUX TpyO, K, - nonpaBouHuii koedilieHT 10
3Ha4YeHb A NI CTaJIeBUX TPYO.

Burpara Boau uepes riapoTypOiHy 3aJeKHTh Bl BIAKPUTTS HaIPaBJIsSOUYOTro
anapaty. BigHocHe rijipaBiaidHHi Omip TriIpoTypOiHM BH3HAYAETHCS BUPA30OM

BUTIIAOY,
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M=y = Mo (2.17)

JI€ Mpa - TAPABIIYHUNA OMip, OOYMOBJIEHUH BIJKPUTTAM HAIPaBIISIFOYOIO

anapary; Wyes - TApaBIIYHUE O111p, 00YMOBJICHHI 1€10 BIALIEHTPOBOT CHIIH,
Hyen = k:;eﬂ @, (2.18)

TakoX MNOTYXHICTh TIAPOTYpOIHM MOKHA 3alucaTH 4Yepe3 MeEXaHIuHY

ckyanory (1.11)

I‘} :ﬁ/_fr-(o.

VYV cranux pexumax A0TpUMyeTbcsi ymoBa Mr=Mg, toxai Bupaz (1.11)

3aNUIIEMO B HACTYITHOMY BHTJISI/II
=M, o, (2.19)

Pyx poropa riapoTypOiHu npeacTaBieHo BUTIAAL BUpa3y (1.8)

do
iM — ‘M == J —h
i x dt

3a oTpUMaHMMH PIBHSAHHIMM CKJIaZIeHa cTpyKTypa mojeini PB rigporyp0inn
puc.2.3.
MarematuuHa Mopenb T1ApOoTypOiHKM Oylia MpoMoje/bOBaHa 1 OTpUMaHI1

HACTYIHI NEPEeXi/iHI NpoIecH, MpeicTaBieHi Ha puc.2.4 - 2.7.

s -

Heu

O =14k, -L

- N

Y

L

g | b=

Pucynok 2.3 - CTpykTypHa cXeMa MareMaTHYHO1 MOJIENI paaiadbHO-0CbOBO1

riapoTypOIHU



56

100

20}

Pucynok 2.4 - Ilepexiaui npouecu 3a MomenTom I'A Ha ocHoBi MIDK

xi0° P, Br

—PT * = :

o

Pucynok 2.5 - IlepexiJiHi IpoLecH 10 aKTUBHOI OTY>KHOCTI I'A Ha OCHOBI

MIDK

g i _
d :
; B0 b . ]

— 11 —
E | :
3 4l N
s |

IT |

15 I, cek

Pucynok 2.6 - [lepexiznni nponecu no KyToBHH MBUAKOCTI Baly 1 BUTpaTi

Boau ['A
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Pucynok 2.7 - JIluHaMiuHa 3aJ1€KHICTh BUTPATH BOJM BiJl KYTOBOI IIBUAKOCTI

Baity ['A

Pesynbratu nudpoBoro MojenoBaHHS HaBeAeHl Ha puc.2.4 - 2.7. Sk BUIHO
3 puc.2.4 - 2.7 npu 301IbLIEHH] eJeKTpoMaruiTHoro Mmomenty My MIDK B nepunit
MePioJ1 Yacy MOTYIKHICTb MAPOTYPOIHH 3MEHIIIYETHCS 1, IIOTIM, IIOCTYIOBO HAPOCTAE
a0 cranoro 3HaudeHHA. lleit edexkT NOACHIOETBCS HACTYNMHHUM YHMHOM: IIPU
301IblIEHH]  eJekTpoMardiTHoro MomeHty MIDK junamiunuii mMoment I'A
3MEHIIYEThCS, 1€ MNPU3BOAUTL A0 TainbMyBaHHs ['A, wdacTtora oOepraHHA
3MeHInyBatucs. [Ipu oMy BiAIIEHTPOBA CHJIa 3MEHIIIYETHCS, HE TIEPEIIKOKAI0UH
IIPOXOJDKEHHIO BOJM depe3 HA, 1o npusBoauTh /10 3HMKEHHS TUCKY rnepex HA
(rigpoyaap). 3HWKEHHS THCKY Jajil NPU3BOAUTL A0 3MEHIICHHSA TMOTYKHOCTI
rIpoTypOIHU 10 THUX MIp MOKK BUTpaTa BOAM He nounHae 30uibiryBatucs. [licas
TOIO SIK BUTpaTa BOJIM Tovasia 30UIbIIyBaTHCS, 1 YaCTOTa 00EPTaHHS 3MEHITYBAaTUCS
— MOTYXHICTh TIAPOTYpOIHM IMOYMHAE 30UIBIIYBATUCA 3a PAXYHOK 30UIBLICHHS

BHUTpaTH BOAH, N0 CTAJIOTO 3HAYCHH:.

2.3 MaremaTH4YHHI ONUC PAAiaibHO-0CHOBOI IiAPOTYPOiHN B BiTHOCHHMX

BeJIHYHHAX

[igpomexaHiuHi IEpexiJHI MPOLECH MOXKHA IMpeAcCTaBiIsATH Yy (opmi

TPAEKTOPI MUTTEBUX PEKUMIB, MOKA3aHUX HA YHIBEPCAIbHIN XapaKTEPUCTHII
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TypOiHHOrO Tigpoarperary (puc.2.8). IIonokeHHs KOXKHOI TOYKH TPA€KTOpii, 110
BIJUIOBI/IA€ JIaHOMY MOMEHTY Yacy, BH3HAYae€TbCs JIBOMa KOOpPJMHATaAMMU:
BIJIKDMTTAM HANPABJIAIOYOrO anapaTy ¢ i HaBeICHOI YaCTOTH 00epTaHHs n; . 3MiHK
a(t) 1o 3aJar0ThCsl B 3AJIEKHOCTI BiJ] 4acy, [PEICTaBIISIOTh PEXKUM PETYJIIOBaAHHS
I'A. Koopauuara n| 3a/I€)XKUTh Bifl AMHAMIYHOTO Hanopy H=Hy+AH 3 ypaxyBaHHAM
TIIpaBIIYHOTO yjaapy 1 B 4acToTh obOepranHa n. OOuaBa Ii TOKa3HUKA
BU3HAYAIOTLCS B PE3YyJbTaTi PO3paxXyHKIB MMEPEXiJTHUX TMPOLECiB, 1 3amaTh ix
3a3/1ajeriib HEMOXKIIMBO.

Pozainbauit po3paxyHok ypapy H(t) 1 3MiHM yacTtoTH oOepTaHHs 71 (7).
CrnouaTKy nIpuiMaloTh JesIKi 3HAYEHHs N 132 3aaHUM PEKMMOM perymoBanns ['A
3HAXOAATh JMHAMIYHMHM Hamip; Jaji 10 HbOMY BHM3HAYalOTh 3MIHHM YacTOTH
o0epTaHHs; MOTIM 3 ypaXyBaHHSIM pe3yJIbTATIB MEPUIOro PO3paxyHKy OyIyrOTh
JIHII0O MUTTEBUX PEKUMIB.

Po3paxyHKOBI CIIBBIHOIIECHHS /AJI1 BU3HAUEHHS T1IPaBIIYHOTO yaapy Oynu
npuseieHi Buie. TyT po3risitHeMO 3aJI€KHOCTI, 110 J03BOJISIOTh BU3HAYATH 3MIHY
4aCTOTHU OOEpPTAHHS.

[ippoenepretukamu [10] Oyno mnpoBEIEHO JOCHIKEHHS JAMHAMIYHHUX
PEXKUMIB €HEProCUCTEM, BCi TIIPOTYpPOIHM PO3IIISIal0Th, SIK TYpOIHM 3 OJIHUM
PEryJIoYUM OPraHoOM.

3MiHA MOTYXKHOCTI TAPOTYPOIHU 3A1MCHIOETHCS HANPSIMHUM anaparoM, 110

3MIHIOE BUTPATY BOJM 4Yepe3 TypOiny.
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Pucynok 2.8 — TpaekTopii MUTTEBUX pEXKHUMIB rijgpoarperary 3 paiiajibHo-
ocb0oBOI TypOiHOW0. Pexxumu: 1 - TypOinnmit; Il - posrinnmii; Il - ranemiBHM.
IIponecu: 1 - ckuaaHHs HaBaHTaXEHHs; 2 - SMEHILICHHS HABAHTAXKEHHS; 3 - 3yIIHHKA
arperaty; 4 - 30UIblICHHS HAaBAaHTAXKEHHS, 5 - BUXIA B PO3TIH NpU a=const, 6 -

BUBEJICHHS 3 PO3roHy (a - 3 PO3riHHOI 4acToTh; O - 3 NPOMDKHOI 4YacTOTH

o0OepTaHHs); 7 - MyCK arperary

JU1s MaTeMaTUYHOTO OMHUCY TiAPOTYPOIHH 3 OJHHM PETYJIIOI0YUM OPraHOM
3actocoByBaM Mozeiab [10], po3poOneHy s BUpIMICHHS 3aBJaHb JIMHAMIKH
peryJiroBaHHsI aKTUBHOI MOTYKHOCTI TiJ[poarperariB (CTIMKICTh PEryJIloBaHHS TPU
napajiesbHiii poOOTI B €HEPrOCUCTEMI HA XOJIOCTOMY XOJI 1 IiJ HABAHTAXKECHHSM,
IIpY aBTOHOMHIM poOOTI Ha 130bOBaHEe HaBaHTaxkeHHs). Ll mMonens BpaxoBye
IepexiJiHi MPOLIECH B BOAOBO/II 1 SABMILIE I'APABIIYHOr0 yaapy. Y Mo4aTKOBIH cTaiil
HIEPEMIIICHHS HAPaBJISIFOUOT0 anapaTy MPU3BOIUTH 10 KOJUBaHb THUCKY B BOJOTOHI

1py 301IbIICHH] BUTpATH BOAM. [10TYXHICTB TApoTypOIHM CrIOYATKY Iajia€e, MoTiM
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NOYMHAE 301nbITyBaTUCS. |, HABMAKK, MIPU 3MEHIICHHI BUTPATH BOJU TOTYXKHICTh
riipoTypOIHK CHOYATKy 3pocTae, a IMOTIM TMo4YMHAEe 3HWXKyBaTHCS. IloBemiHKy

riipoTypOIHU B AMHAMILI OMKUCY€E HACTYIHA CUCTEMA PIBHSHb:

q=u(1+0.5h), (2.20)
h=—W(p)q. (2.21)
my=q(1+h). (2.22)

BB iHepuii MOTOKY BOJAM 1 KOJHMBAaHb THCKY B BOJOIOHI Ha JUHAMIYHI

BJIACTUBOCTI TiAPOTYpPOIHU BPAXOBYETHCSA PIBHIHHAM KOPCTKOTO TiIPaBIIYHOTO

yxapy
W(p)=T,p. (2.23)

[Tapamerpu npyXHOTO ripoyaapy 3a3BU4ail HEBIIOMI, I X BH3HAYEHHS
MOTPIOHI CremianbHl JOCHIDKeHHA. Y IMX YMOBaX B IMPaKTUYHUX PO3paxyHKax
BUKOPHCTOBYIOTb BHpa3 (2.21) mnst KOpPCTKOro rigpoynapy, B sikomy Qirypye
eaunuit napamerp TW, skuii abo Bijjomuii, ab0 HOro MO)KHA po3paxyBaTH, MarO4u
napaMeTpH BOJIOBOJLY.

Ha nincrasi BupasiB (2.20 - 2.23) qna 'A na ocnoBi CI' B jiTeparypHux
JpKepesax MPOINOHYETbCA MAaTeMAaTHYHMHM OnuC TiApoTypOiH npH @ = const.
[TepenaBanbHa QyHKLis riApoTypOiH, pO3IIsIHYTA BIJIHOCHO KEPYHOYOIro BIUIMBY L,

(hopMoBaHOro NUIAXOM 3MIHM KyTa BIAKpUTTS HA, npu o = const,

i AM = |
W, (p)=—"T ks f((};) =M, el (2.24)
H\ P ) %p-ﬁ-l

[Ipu perymoBanHi noTyxHoCcTI ['A nusixom BrumBy Ha HA rigpotypOinm,
nepeaaBagbHa (QyHKIIS 00'€KTa ynpaBiiHHA SBIsSE€ cO00H0 HEMiHIMalbHO-(a30BY
JIAHKY. 3aMKHYTY CHCTEMY Ha MijcTaBl HEMIHIMaIbHO-()a30BOT JJAHKK HEMOMIIMBO
3pOOUTH MIBHAKOI, TOMY 10 HEMOMKJIMBO KOMIICEHCYBATH IIpaBl HYyJl B

nepeaaBanbHoi (PyHKIIi 00'ekTa ynpapiniHHas (2.24).
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JInst po3poOKK HOBOT MaTeMaTUYHOT MOJIEII CKOpHCTaEMOCs BUpa3aMu (2.20+
2.23). /lani BUpa3u oTpuMaHi s TiApoTypOinu rpu o = const. Tomy B (2.20 - 2.23)
HE BpaxOBaHO 3MiHY yacToTH oOepTanHs ['A, 1m0 BUaHO 3 BUpa3y (2.20).

Jns wmini-I'EC na ocuHoBi MIDK panuii THnm MaTeMaTHYHOrO OIHUCY
ripoTypOIHN HE MIAXOAUTH, TOMY 110 yacToTa obepranHs ['A @ = var. ABropom
MPOTIOHYETHCS 3aUCaTH MAaTEMaTHYHY MO/JICIIb TAPOTYPOIHH 3 ypaxXyBaHHIM 3MIHH

gacTtoTu o0epranHsa. Toal matematnyauii ornuc PB riapotypOinu HaOyae BUTTIALY:

LA - KEPYIOUHM BIUIUB, 1110 TIPEACTABISAE COOOI0 TAPABIIYHUAM OMip TYpO1HH,

pr=q(l+h) (2.25)
= (1+£)'
q=H 5 )
A= Hyy + He (226)
dq
h=-T_ —:
" dt
oe:
P
=— 2.27
Pt P, ( )

K€ 3MIHIOEThCA 3a jornoMororo HA (HomiHanbHOMY BiAKpuTTIO HA Biamosimae
3HaYeHHS Upa = 1); Lo - 3MIHHA, LIO BPAXOBYE [i}0 BIILEHTPOBOI CHIIM, IO
HEePENIKO/KAE TPOXOHKEHHIO BOJIU Yepe3 HaNpaBIIsIFOuni arnapar.

3MiHHa, LI0 BPAaxOBYE [0 BIALEHTPOBOI CHJIM, BU3HAYAETHCA BUPA30OM

BUI'TIAOY

p, =—k, ((a - (oy) =—k, Ao, (2.28)

Ko =t (2.29)
.'H
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ne koedimieHT KU - TaHreHe KyTa HaXHiTy JOTUYHOI 10 XapaKTePUCTUKH O =

const PB rigpotyp06inu (puc. 1.5) B Touli JiHeapu3aiiii,

@
A._.er -
Ao
3a oTpMMaHMMH BHpa3aMH CKJIaJeHa CTpykTypa mojeini PB rigporypOinm,

IpeacTaBieHa Ha puc 2.9 1 NpoBEACHO MOJEIIOBAHHS NMPU CTYMIHYACTIM 3MiHI

KEPYH4Oro BIIIUMBY ME.

(O]
o - .) (_) q
X 1P;r PH = ’;.':. El — I < -+ ¢ |
TW + |—
h I
1 -2 [
M,
Y
1 @ @ fum H
*'ME _><-D_p i = j »{ + _k,f-’ —
=3 2§ (-)
(OHO.U HHA

Pucynok 2.9 — Maremaruuna mozelb PB rijiporyp0inu 3 ypaxyBaHHSIM

KIHETMYHOT €Heprii BOJAM B BOJIOTOHI

Jlana MaTemaTM4Ha MOJENIb HEOOXIAHAa JUId TEpeBIPKM IapameTpis,

OTPUMAHUX PO3PAXYHKOBUM ILIAXOM, a00 YTOYHEHHS 1 KOPUTYBAHHS IapamMeTpiB

JU1s1 HEOOX1THOTO aJIrOPUTMY YIPaBIiHHS.
3anponoHoBaHa MaTEMAaTU4YHA MOJICIIb Ma€ KIJIbKa MPUITYIICHb!

— CTIHKH BOJOBOJ1Y JKOPCTKI;

— rigpotypOiHa mpaioe B 30HI mBHakocTed, ge KKJI nmpaktuuno He

3MIHIOETBHCS

— MaTeMaTHu4Ha MO/IEJNIb HE PO3IJIsiae MycK 1 raabMyBaHHs ['A.
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PesynpTaTu mmdpoBoro MojentoBaHHs HaBeneHi Ha puc. 2.10 - 2.12. TA

BIJIITPaIlbOBYE 301JIbIICHHS 3aBJaHHs aKTUBHOT IMOTYKHOCTI.

-==Ma
— M}

-2200

-2400

-2600

-2800F

-3000}

-3200

-3400

15 t, cek

Pucynok 2.10 - Ilepexigni npouecu 3a MomeHTOM I'A Ha ocHOB1I MIDK

Ak BuaHo 3 puc.2.10 - 2.12. npu 30UIbIICHH] €IeKTPOMArHITHOIO MOMEHTY
Mg MIDX B nepmmii nepiof yacy NOTYKHICTb MAPOTYPOIHM 3MEHIIYETHCS 1, TOTIM,
MOCTYIIOBO HapOCTa€ A0 CTAJIOro 3HaueHHA. Lleil epeKkT nosicHIOEThCS HACTYITHUM
yuHoM. [Tpu 30inb1eHH] enekTpoMartuiTHoro momenty MIDK nuHamiunuii MOMEHT
I'A 3menmyetscs. Lle npusBoauts 10 ransMyBanHs ['A. [Ipu npomy BiAeHTpoBa
CUJIa 3MEHILYEThCS, HE MEPEIIKO/KAIYM TMPOXOKEHHI0 Boau depe3 HA, mio
MPU3BOUTH JI0 3HWXKEHHs THUCKY mepen HA (riapoynap). 3HMKEHHS THCKY Jaii
IPU3BOAUTE O 3MEHIIEHHS MOTYXHOCTI TApOTYpOIHM 1O TUX Nip MOKM BUTpara

BOJIM HE MOYMHAE 301IbIITYBATHUCS.

x10° P, Br
E ~ e I 1
-==Pg {"‘zh
—Pr
5_5 - |
4 5% I
P E— e 1
3-.5 8 I

ltl- 13 t.cex

Pucynoxk 2.11 - IlepexiaHi npouecu 1o akTUBHIN NOTy»kHOCTI ['A Ha OCHOBI

MIDK
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ITicns Toro, IK BUTpaTa BOJM TOYaja 301IbIIYBAaTHCA, a 4aCcTOTa 00epTaHHsA
3MEHIIYBATUCS, MOTYXHICTh T'APOTYPOIHK MOYMHAE 301LIBIIYBATHCS 3a PaxXyHOK

301JIBIIEHHS. BUTPATH BOJM [0 CTAJIOr0 3HAYEHHSI.

150

Eﬂ'ﬂ;- : :

150l 1 1 | | |
.y 0 5 10 15 i, cex

Qi)

[+] 5 11 15 I, cex

Pucynok 2.12 - [lepexiani mpouecu no KyToBUl IIBUIKOCTI Baja 1 BUTpATi

Boqu ['A

w (pap/c)
3
I
|

-
(1]
o

160} -1

1951 =

1? | | 1 | | |
.85 0.9 0.95 1 1.05 a,.. 1 1.15 1.2 1.25
Q (m7/c)

Pucynok 2.13 - JluHaMiuHa 3aJ1€KHICTh BUTPATH BOJIM BiJl KyTOBOT

mBuakocti Baina ['A

BucHoBku 1o posaiay 2
1. Ha miacrasi anamizy (izuuHux rpoiiecis B rigpocuctemi ['A po3podiieHa HoBa
mMaTemaTnuHa mozenb PB rimpotyp6inm (puc. 2.3). ANEKBaTHOCTh JaHOI
MOJIEN1 MIITBEPKYIOTh PE3yiabTaTh HU(POBOIO MOJIEITIOBAHHS.
1. V rpaguuiiinux ['A Ha OCHOBI CHHXPOHHOI'O reHepaTopa 4acTora o0epTaHHs;
['A Bu3HaueHa MOCTIMHUM 3HAYEHHSM YaCTOTH MEpeXi, a aKTHUBHA

MOTYXXHICTb, 110 T€HEPYETHCA, JOPIBHIOE MOTYXKHOCTI Ha Baixy TypOiHHM (3a
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BUpaxyBaHHSIM BTpaT B TeHEparopi). YIpaBliHHA MOTYXHICTIO Ha Bally
TYpOIHH YCKJIQIHIOETHCS HEOOXIJHICTIO 3MIHIOBAaTH BHUTPATy BOJU 4Yepes3
TypOiHY, 3HaUEHHS SIKOI'0 BU3HAYAE KIHETUYHY EHEPIiio Mac BOAM B HAMIPHOMY
BO/JIOBO/Ii. 3aCTOCYBAaHHS TEHEPATOPA 3 PETYIHOBAHOK YACTOTOK OOEpTaHHS
BaJIy JIa€ MOXJIMBICTb I1€PETBOPIOBATH 3MIHY KIHETUYHOI €Heprii Mac BOJAM B
HAIIPHOMY BOJIOBOJII B 3MiHY KiHeTH4YHOi eHeprii obeproBux mac I'A. B
pe3ynbTaTi 3'SBASETHCA MOKIMUBICTH MPAIOBATA 3 PI3SHUMH 3HAYCHHSIMH
aKTHUBHOI MOTY)XXHOCTI, 10 T€HEPYEThCS, 1 MOTYKHOCTI Ha Bajlly TypOiHM B
IUHAMIYHUX pekuMax. Lle 1o3Bosisie mBUIKO 3MIHIOBATH AaKTUBHY MOTYKHICTh

TeHepaTopa, KEPyHUn HOro eIeKTPOMarHiTHUM MOMEHTOM.
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3. IOBY/IOBA I AHAJII3 JITHIMHOI MOJIEJII OB'€EKTA YIIPABJITHHSI

3.1 IlepepaBanbHi (yHkuii rigpoarperary, KepoBaHOI0 N0 4YacCTOTI

00epTaHHsA BaJXy

Jlns po3poOKM METOJIMKM CHHTE3y KOHTYPIB pPEryJiOBaHHS, 4YacTOTH
0o0epTaHHs 1 aKTUBHOI MOTYKHOCTI, 110 TeHepyeTbes, ['A, HE0OXiIHO OTpUMaTu
BIANOBIAHI mnepenaBaibHl  QyHkuii ['A. Buxignum Marepianom ais  LbOTO
MOCIIY)KUTh OOIPYHTOBaHA B po3iii 2 cuctema piBHsHb (2.8, 2.20, 2.21, 2.23, 2.25,
2.26, 2.27) npu o = var. Tak ax ['A € HemiHIMHUM O00'€KTOM yIpaBIiHHA,
PO3IJIIHEMO HAOLIbIL MOIIMPEHY [UISl TAKOTO BUMAAKY (DOpPMY ONHUCY BIACTHBOCTEN
CHUCTEM.

Jlnst orpumaHHs nepeaaBaibHuX (PYHKINT HEOOX1IHO JIIHEApU3YBATH CUCTEMY
piBHsHb (2.8, 2.20, 2.21, 2.23, 2.25, 2.26, 2.27). Posrasuemo pobdoty I'A nobiauzy
nesaKoi podouoi Touku Py, Qp. BukopuctoByeMo piBHAHHS, HABEACHI B pO3Iiil 2

(2:8,2.20; 221, 2.23,2:25, 2.26,2.27).

pT:q(lJrl‘r),

G’:(»UHA +ym)(l+g],

d
h=-T,
dt
ne:
iy Zop
g, 75,
. H-H, K&H
HH HH



67

g . M
1=5 7  mp=— L. 4

[lepeitnemo o piBHsHB Yy BiaxuiaeHHsax. Toal Bupasu (1.17 1), (2.8), (2.27)

NPUAMYTh BUTJISAL:

g=2 - 20 (3.1
Oy Oy
0 /

it M T, (3.2)
PH PH

AH _ Ty dAQ (3.3)

H, 0, dr

[TpoBenemo mifcTaHOBKY BHIE NpuBeAeHUX BupasiB (3.1), (3.2), (3.3) y
Bupasu (2.25), (2.20):

P°+AR. Q. +A AH
rtah _GrAQl J: (.4)
A | AH
Mz(;{ﬂ —;’cf&m) 1+—|. (3.3)
Oy 2Hy

[TeperBopumo Bupa3s (3.4) 1 mijcraBuMo B HbOrO (3.3)

AE, _AQ O, T, dAQ
B, By GuB &

(3.6)

PiBasiHHs (3.6) npeAcTaBUMO B ONEpaTOpHid (opMi, 3aMIHUBIIM CHMBOJI
audepeHIIIOBaHHS OIIepaToOpoOM P,
d

a P

[1- &y Tﬁ,p]. (3.7)
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Bukopucroyroun (3.5) neperBopumo Bupa3s (3.3)

L +AL Uy — By Wil Ao+ kD Aw by SO0 .
Oy 20, dr | ' 20, dt
[Tpn S _ A,
H
A0 __ toly dAQ ~kCAw. (3.8)

Ox 20,4 di

PiBHsaHHA (3.8) mpeacraBuMO B OnepaTopHOi (OpMi, 3aMIHMBIIHM CHMBOII

audepeHIIoBaHHS OMepaTopoM P, TOAI

d

a

AO(p) kO (3.9)
Ac
o(p) 1+%p

[Tepemuoxxumo Bupasu (3.7), (3.9) i orpumaemo mepenaBaibHy (DYHKIIIFO

rizgporyp0Oinu
S (2)_ AR AO_ By, 0,y ) OdkS
Ao(p) AQ Aw " a. " I T
‘iP(P} 2 l—}{,{f,p )

OrpumaBu rnepegaBaibHy (YHKIIO [0 HOTYXHOCTI TiApOTypOiHHU,

AM . (p)

3HaKIeMO TniepeiaBaibHy (DYHKIIIO 110 MOMEHTY TiApoTypOiHH, am\p)
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ﬂﬂﬂ HbOT0 CKOPUCTAEMOCA BUPA30OM
AP, = AM o, + AoM ] + AM A . (3:11)

ne M - 3HaueHHsI MOMEHTY TypOiHH B TOYILI JliHEApHU3ALIii

Cku1aj1oBOIO Apyroro nopsiaky B Bupasi (3.11) Hextyemo.

Bupimumo (3.10) cnisibro 3 (3.11). B pesyabraTi Mmaemo:

AM(p) =_Pﬂkﬁ 1— pigTyyp _Mg
Ao p) @) 1+ﬂ0—3}FP @y

AM, (p)ao, + Ao(p) M} » {_'l—;fﬂpr]
; X :_PHkﬁ F o
Ae(p) ' ‘1+ 15

P

)

)

¥
+

AM:(p)ay pE® (;l_ffﬂTﬁ'Pt]' e

=Bk —— M,
.‘jf—i} 1 T |
AR
o /
: [ T
R |1 — 2 -—_fk{\cl ]_5__":' L
AM; (p) Pij:]{ “lyP) I‘ 2 |
Ao(p) @ (. T, :
[P_} 0 l - g d g |
L 2 ¥
‘D ® Y J_HGMT il
AM, (p) —(Pyk, + My |-T, | 3 - Bk |
ol , — 3.12
ilﬂJLp} ' I%j}, ) { )
o a ’ l4———p |

[lepeTBOpUMO OTpHUMaHy TepeaaBanbHy QyHKI0 (3.12) 70 O1IBII 3py4HOTO

BUOY,
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1470
o S5~ EF¥
Iy 2 Pl
7 A T @ . 340
W (p):A‘4T(p):_(Pszf +JMT) (PHk;1+*WT) (% 13
4 Ao(p) N toLy
Ty B

P

1+

Bwupas (3.13) sBiisie co06oto niepenaBaabHUil PyHKIIO TAPOTYPOIHN Y BUTIISII
BIJTHOILLIEHHS 300pakeHHs 1o Jlaniaacy MOMEHTY TiipoTypOiHu 10 300pa)KeHHS 110
Jlanacy kytoBoi mBuakocTi pobodoro koseca. IIpomonpenioemo I'A mini-I'EC.

Marematuyna Moieb T1ApOTYpOIHN NpeacTaBIeHa Ha puc. 3.1.

< AM ()
> 0.6s-1 >

s+1

CurHasn 3aBJlaHHs Kt INaporypbina Ocuunorpad

Pucynok 3.1 — MaremaruuHa Mo/ieJib TiApOTYpOiHH.

s - oneparop Jlannaca

[TpoananizyeMo peakiiro riipoTypOiHi Ha CTYMIHYACTHI curHai. 3 puc. 3.2.
BUIHO, 1110 NepexigHa QyHKIisg Ma€ anepruoandeckuid Bud. I'iipoTypOiHa BXOJUTH B
5% 30HY yCTaJIEHOTO PEXKHUMY 3a 5 CEKYH].

PosrisinemMo cTpykTypHy cxemy I'A, HaBeneny Ha puc. 3.3. Jlns paaianbHo-
OCbOBHUX TIAPOTYpOIH HHU3BKUM KOE(]ILIEHTOM MIBUIKOXIAHOCTI € MOMKJIMUBICTH
ONEPATUBHO 3MIHIOBATH BUPOOICHHS AKTUBHOI MOTYKHOCTI HIJIAXOM 3MIHU YaCTOTH
oOepranHa  rigpoarperary. Tomy  MOXHa  OpraHidyBaTd  IIOBHOLIHHE
(dhyHKIIOHYBaHHS Takoro ['A aBTOMaTUYHOMY PEXKHMI, MAIOUX 3BUYANHE U1 MiHI-
I'EC rizpomexaniyHe o0OJIaJiHAHHS 3 PYYHUM IIPUBOJIOM, TOOTO 0€3 BUKOPUCTAHHS

rigponpusoaiB HA 1 maciocTanmii.



71

Vopasnigasa enexkrpomarHitTHuM MomeHToM MIDK (Mg) BupoOnsioTh B
cUcTeMax aBTOMaTtuyHoro peryioBaHHs MIDK 3 opieHTyBaHHSM 1O BEKTOpPY
notoko3uerieHHs: craropa ( Ws). Makcumanbuuit Mg, sSiKuii MOXe CTBOpPIHOBATH
MIDK, nopiBHioe 100yTKy Moy W, Ha TpaHUYHO JOMYCTUME 3HAYCHHS CTPYMY
poropa. 3Ha4y€HHs MPAKTUYHO TOBHICTIO BHU3HAYAETLCS CIIBBIJHOIICHHSM
aMIUNITYI1 1 4aCTOTH HANpyru Mepexi. ToMy Npu mpocajakax Hampyru Mepexki

OynyTb BiiOyBaTucsi pantoBe 3MeHblleHHs W 1 3HMKeHHS Mg,

0 2 4 6 r, cex

Pucynok 3.2 - IlepexinHa pyHKUISA I1IpOTypOIHU IPU MUTTEBOMY 3MiH1 KyTa

BiakpuTTs HA

VYV pexnmax OOMEKEHHs raabMyH4oro eIeKTPOMAarHiTHOro MOMEHTY Mg
MIDXK, npu pocaruensi crenboBoro 3HadeHHs M E = M E, nepexiani npoiecu 3a
mIBUAKICTIO Bajia ['A OyayTh 00yMOBJIEHI BIACHUMH JUHAMIYHUMH BJIACTHBOCTIMU
I'A. YV takomy pexumi MIDK-reneparop mae aOCOMIOTHO M'IKy MEXaHIYHY
XapaKTEePUCTHUKY, TOOTO PO3BUBAE OIUH 1 TOH € rajJbMyHO4YHil MOMEHT Y BCbOMY
alarna3oHi WBUAKOCTEH 00epTaHHs Baly.

Bkpaii HeOakaHUM € KOJIMBAJILHMM XapakTep mHpoueciB o (t), OCKUIbKH B
BogoBoaax MiHi-I'EC € yMOBH /1151 HOIIMPEHHS TO3/I0BXKHIX XBUJIb BUTPATH 1 TUCKY.

B pe3synbrari Hak/1aieHHs XBUJIb, BIIOUTHUX B1JI HEOJHOPIAHOCTEHN TpyOOTIPOBOIY, 1
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XBUJIb,  CTBOPIOBAHHUX  TIIPOMAIIMH,  MOX€  BMHHMKAaTH  pYyWHYBaHHS
riIpoMexaHIqHoro obsaHaHHs. /laHe siBuIlle HOCUTH Ha3BY I'iJIpoyAapy.

3 METOK BHMBYEHHs BIUIMBY OCHOBHMX mnapameTpiB ['A Ha KOJIMBaIbHICTH
NEPEeXiIHUX TPOLECIB 3a MIBUJKICTIO 00epTaHHsA, (t ), mocTaBieHa 3ajada
JOCHIJDKEHHS IMHaMIYHUX BiacTuBocten ['A.

CrpyktypHa cxeMa 00'ekTa yrpaBIliiHHS IPUBEEHA HA puc. 3.3.

AM (p) Modens
c1Opomypoltl

AMz (p) X, ©) 1 Ao p)
- __
Jp

Pucynok 3.3 - CtpykTypHa cxema AuHaMiuHO1 Mozeni ['A

Ha mizgcraBi cTpykTypHOi cxemu (pucyHok 3.3) nepenaBanbHy QyHKiio ['A

3aMUILIEeMO y BUTTISI

(. T |
140
#rs(p) = ‘ 2 p.-‘ . (3.19)

)= v a0 0T,
H%y T Jo, My n-’pi i

= =+
Pykl + M7  Pykl+M

: 1Ty |
R - Bk Ty + M p i)
T\ J

Lk g 2O
=2 oy P
- AM (p) Pk +M? T?p? +2&Tp+1
Ja, @ 1 ¢ 1T \
e I’ =———=—, 26T=———| Jay, — Bk’T;, + M1 |,
Pk® + My Pk +MP\ - 2

& - xoepiuient nemngipyBanHs; M T - 3HaueHHsS MOMeEHTy TypOiHM B TOYL

JIiHeapu3allii.
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3HaiiniemMo nepenaBaabHy (yHkiio ['A mo enekTpuuHoi moTykHOCTI 'A.
3uHatouu, 1m0 Pg = Mgy BukopuctoByemo Bupas (3.14) i 3anuuiemMo nepeaTouny

dynkimiro 'A Mo enexkTpudHIi MOTYKHOCTI OO0 KYTOBOI MIBUAKOCTI IIEW BUpa3

Oyne:
. -_Apa(}))_ 34'1’1‘(3(}))
Hnm(}’)__——mo—_-
Ao(p) Aax(p)
L. o X
Jopt, L p* 1 y e |
MY +k P, 2 Jay, — T, PYk? + JM.OiW- +1]
(Mr-+k,Fy ) Pyk? + M2 PHA—jfﬁMﬁL e TR T
Wrane(p)= ~ 7 X /. (3.15)

s
L —p=+1
[\}'o 5 p

s

Otpumana mepenarouyHa QyHKIIE HEOOX1gHA Il CHHTE3y KOHTYpY

peryJIIOBaHHS I€HEPOBAHOI AKTUBHOI MOTYKHOCTI.
3.2 AHaji3 AMHAMIYHHX BJIACTUBOCTEH 00'€KTa ynpasJiHHs

Ymoga criiikocti I'A (puc. 3.3). OcKUIbKH CTIHKICTh CUCTEMH BU3HAYAETHCSI
KOpHSIMU 3HAMEHHUKa mnepeaaBaibHol GyHkIi (3.14). YMoBoro criiikocti 25T > 0

Bi/IITOBI/1a€ HEPIBHICTB,

M;

el = T kSR — gl (3.16)

YMmoga (3.16) 3abe3neuyeThcsi 3SMEHIIEHHSIM CHiBBiHOMIEHHS Tw/J.

YMoBa anepuoau4HOro xapakrepy npouecis ['A Oinbi cyBopa, Hixk (3.16) —
yMOBa BIJICYTHOCTI BUIBHMX KOJuBaHb, & > 1. Bukonanus uepiBhocTi , § > 1
MIOBUHHO 3a0€3MeunTH AeMI(ipyBaHHS KOJIMBaHb IIBUAKOCTI Bana I'A, HeOe3neune

3 TOYKH 30pY BUHUKHEHHS Tiipoyaapy. [lana ymoBa Mae BUIIISA

< ¥

((OOJ Ty T—;"Mﬁ ~T,k°F; j > 2T, ] iy (M7 + k[ By ) . (3.17)
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_T
7
3 ypaxyBaHHSIM CIIBBIIHOIICHB HEPIBHICTD (3.17) Moxe OyTH MmpeacTaBIeHO

y BUTJISL
7 i 2 2 2 \
(0, ) +( ;ff)?er;f] +(T,kSR ) 2Ty, yo(JM'ﬁ + Tk (M7) + 4Jk_fPHJ. (3.18)
[Tokaxemo, mo BukoHaHHS yMoBU (3.18) 3a0e3meuyeTbcsi 3MEHIICHHAM
criBigHomenHs Tw/J Ui 40ro po3iIMMO TIpaBy i JiBy YyacTUHM Ha J?

! (o . A ' B it
(o(;+(,u _w)' {z“ ¥ P j 27“(90;10(MTO+7”A—;’(M§) +4ijH]. (3.19)

-
i

@,

[Totim, cripsmyBaBmn B (3.19) 10 HyJs, OTPUMYEMO HEPIBHICTH =0,

CHPABEIUBICTD SIKOTO OYCBUIHA.

Omxe, BukoHaHHs yMOB (3.16, 3.17) 3a0e3nedyeThest MIITXOM 301TbIICHHS J
1 3MeHmeHHs Tw. 3miHa iHmUX KoediuieHTiB (3.16, 3.17) o3Hagae abo 3MiHY
pexuMy TiAPOTYpOiHM uuIsixoM BIUiMBYy Ha HA, abo 3MiHYy KOHCTPYKTHUBHHMX
napaMeTpiB TiApoTypOiHu.

3MEHILIEHHSI TNOCTIHHOT 4Yacy BojaoBoay, Tw, Ha II04aTKOBIA crajil
npoexktyBaHHsi MiHI-TEC MOXJIMBO 3a paxyHOK BHOOpY Tripocrnopyind 3
HAlMEHIIIOK JOBXKHUHOK BOoAoBoay. Ha HacTtynmHux cranisix crBopeHHs MiHI-['EC
i 3meHmieHHSs T W MoxxHa 3011bnIyBaTé S 1 - TUIOINII TIOTIEPEYHOTO Tiepepizy
OKPEeMHUX JUISIHOK POoTOYHOro Tpakty ["A.

['A wmini-I'EC, sax mnpaBuino, Mae BOJAOBIA Yy BHUIJISAI METAIEBOrO
TpyOonpoBoay noctiiiHoro mepepisy S poBxkuHU L. BHECOK mpoTO4HOT 4acTUHH
TypOinu B Beanuuny T W s posrisaytux midi-I'EC He3HauHuM y NOpPIBHSHHI 3
BOJIOBOJIOM.

3rigHo (2.14), npakTH4YHO NPsIMO MPOMNOPIiiiHA CIIBBIIHOIIECHHIO. Y TOM XKe
yac, 1 KIHETHYHA €HEepris, 3armaceHi Boaow B BoaoBol - E K, npsmo nponopiiiiina
CIIBBIIHOIIEHHIO TakuM YMHOM, MOKHA BBaxkatH, 110 E K, npsmo nponopiiitna T

W.
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JlonatkoBe 3017bIIEHHST MOMEHTY iHepmii, ['’A 3a1HCHIOIOTH YCTaHOBKOIO
MaxoBuka. KiHeTnuHa eHepris, 1o 3anacaerbcs ooeproBumu macamu I'A (E K),
301JIBILIYETHCS MPSMO TPOMOPLIHHO J,

3MEHIIEHHsI 1J1si BUKOHAHHS YMOBHU JeMiiipyBaHHs KonuBanb (3.17) o3nauae
3MEHILIEHHS CIIBBIIHOIICHHS KIHETHYHUX EHEpriil, 110 3aracarThCs BOJAOK B
BOIOBO/II 1 00epTOBUMHU MacaMu Ha Baity ['A,

[Ipomopentoemo otpumany nepeaaBanbhHy ¢yHKiio ['A (pucynok 3.3) i
CTpyKTYpHY Mozenb ['A (pucyHok 2.9) B nporpami Matlab / Simulink.

[Tpu moxemoBanHi MatematuuHoi moxeni MiHi-I'EC orpumana peaxitis

CHCTEMH Ha CTYNiHYacTHH curnai, Pucynok 3.5.

My

SO000015T

Trandgaod|
Dy

o L
5 | Eonstant | 2 35< 1 T

|
Il
" N
Kea MNepeparcea dysapmlA I
|
|
|

HAineapizoeanda
modens 14

Pucynok 3.4 - CtpykrypHa moznens I'A 1 nepenaBaibHa QpyHkuis ['A

3 puc. 3.5 BUJIHO, 1110 peakiii MOJE/ICH Ha CTYIIHYACTUH CUIHAJI 3aBAaHHS
MPaKTUYHO 1IEHTUYHI

[Tepexinna dynkiis, pospaxoana 3a W I'A ( p) (3.14):

- 4ac JOCSATHEHHS MaKCHUMAaJIbHOT TOUKHU Ha 5,5 CeKyH/I1;

- gac JOCATHEHHs 5% 30HM CTIMKOCTI Ha § CeKyHi;
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- TIepeperyJIroBaHHs CTaHOBUTH G = 15, 7%

nepexiHui mpoiec crpykTypHoi moaeni I'A (pucynok 2.10.)
- 4aC JIOCSITHEHHSI MAKCUMAJIbHOT TOUKH Ha 5 CeKYHII;

- yac JocsrHeHHs 5% 30HM cTikocTi Ha 8,8 ceKkyH/Ii;

- IEpeperyNOBaHHs CTAaHOBUTE G = 12, 8%.

T T 1
Cmammec’_mgl

NOZPEUIHOCHTb

HOZPEUHOC B

.......-;.- @,

L

1

i L i i i i
4 6 8 10 12 14 16 18 1, cex

Pucynok 3.5 - Ilepeximni ¢yukuii ['A. oJIM (t) - nepexigna ¢yHKIis
po3paxoBaHa 1o JiMHeapuzoBaHHoi moaem I'A, ® M (t) - nepexijHa QyHKII MO

HeJiHeapi3oBaHHoOM moaenl ['A

ITpoMozienoBaTy 1 NOPIBHSABILM Pe3yJbTaTH JIIHIAHOI 1 HeJiHIAHOT Moaeini A no
CTYIIHYaCTOMY BIUIMBY €JIEKTPOMArHiTHOr0O MOMEHTY 0ayMMmo, IO JiiHeapu3allis

aae cratuuny noxuoxka 1,14%, makcumanbHa JuHamMiyHa noxuoOka ckiana 2,5%.

BucHoBKu 110 po3ainy 3
1. 3pobiieno BucHoBok nepeaaBambHux ¢QyHkiiii ['A na ocuoBl MIDK sx
o0'ekTa ympaBJIiHHA 3 KyTOBOI IIBUAKOCTI Basia (3.14) 1 10 reHepyeThes
aKTUBHOI MoTyxHOCTI (3.15). B sIKOCTI KepyI0O4Oro BILIMBY PO3IJISIA€THCS
enexkrpomaruitTHuii momeHT MIDK-reneparopa, 3agaHe 3HAUYEHHS SKOTO
NPaKTUYHO OE3IHEPUiIMHMII  BIATBOPIOETHCS CyYaCHHUMH CHCTEMaMH

BeKTOpHOTIO yrpasiaiuas MIDK.
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2. Ilpm mpocagkax Hampyrd Mepeki CHCTeMa aBTOMATHYHOTO YIPaBIIiHHS
MITX-reneparopoM MoKe epeBOIUTH HOTO B PEKUM POOOTH 3 aOCOITFOTHO
M'SIKOI0 MEXaHIYHOK  XapaKTePUCTHKOI BHACIIJIOK aBTOMATHYHOI'O
OOMEXKEHHsI CTPYMIB NEpPEeTBOPIOBAYAa YaCTOTH IO JIAHIIOTAX POTOPA.
BunukHeHHs: pexumiB ['A, npu sSKUX reHepaTtop Mae abCONIOTHO M'SKY
MEXaHIYHY XapaKkTEPUCTUKY, HebaxkaHo, OCKUIbKH Taka
ENEKTPOT1IPOMEXaHIuecKass CUCTEMa MOXKe OyTu KoJie0aTelbHOW 1 HaBITh
HECTIMKOTIO.

3. Ha migcraBi anamizy moJiiHOMa 3HAMEHHMKA MepeaaBaibHOI (YHKIIIT
JUHEAPU30BAaHHONW MOJENl KEpPOBAaHOTO TO KyToBUM mmiBHUAKOCTI ['A
OoTpuMaHi yMOBHM cTilikocTi (3.16) 1 anepuoAMuYecKoro Xapakrepy
nepexigHUX MpoleciB mo KyToBui mBuakocTi Bajga ['A (3.17) B pexumi
OOMEXEHHS €JIEKTPOMAarHiTHOro MOMeHTY. JlaHi yMOBH [103BOJSIIOTH
BUPOOIATH BHOIP 3HA4YEHb CYMAapHOIO MOMEHTY IHEpIii 1 NEpeTUHY
HanipHoro BojgoBoay I'A.

4. [TiBuIlIeHHS 3aMMaciB CTIMKOCTI 1 ieMipipyBaHHS KOJIMBAaHb IBUIKOCTI Bajia
['’A B pexumi OOMEXKEHHs eleKTpoMarHiTHoro MomeHty MIDK-
reHeparopa 3abe3neuyerbes 30UIbIIEHHSIM CyMapHOro MOMEHTY 1Hepuii Ha
Bary ['A 1 3MeHHIeHHsAM MocTiiiHOI 4acy BomoBoay TW. Ilpaktuyno
3MEHUIEHHS PEasi3yeTbCsi 30UIBLIICHHAM IUIOIII MOMEPEYHOrO Mepepisy

BogoBoxy SW. Benmunnaa T W obepHero nponopiiiitna S W.
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4. PO3POBKA CTPYKTYPU CHUCTEMH VYIIPABJIIHHA TA
METOJIUKHU CUHTE3Y PEI'YJIATOPOB I'l IPOAI'PEI'ATIB MIHI-T'EC
HA OCHOBI MAIIIMHU MOJBIMHOT O YKUBJIEHHSI

Sk Bxke Oysno mokazaHo B nepuiomy posait, MiHi-I'EC npaiorors 3
HE3MIHHUM BIIKPUTTSAM HaNpsMHUX anapatiB TypOiH. [Ipu 1ipboMy 3Ha4Ha YacTHHA
BOJIM MPOXOAUTH M0 OOBIIHOMY PYyCIy, MUHAIOUU TiApoTypOiHy. CuTyallis KoJu
NIPUPOJAHMIN TIPUILIIMB BOJAM B BEpXHIN 0'ep MeHIue, HiK BUTpara Boau uepes ['A
HENPUITYCTHUMa, TOMY IO BOHA Oy/e NPUBOIUTU IO 3HIKEHHS PIBHS BOAU Y
BOJOCXOBHIII HI)KUE JOIMMYCTUMOTO 1 10 MOAAIBIIOTO pyHHYBaHHS TAPOTYpPOIHH.

[TporionoBanuii B Marictepchkiii poOoTi crociO miABUILIEHHS €()EeKTHBHOIO
Bukopuctanus MiHi-I'EC 103BoiuTh:

— BHUPOOJIATH €EKTPOCHEPTIIO BIAMOBIIHO 10 MOTPeO CroKUBava;

— aBTOMAaTUYHO 3/1MCHIOBATH I103aIUIAHOBE BHUPOOJICHHS EJIEKTPOCHEpPTii
BIINOBIJIHO JI0 CUTHAITY 3aBJIaHHA, 1110 IPUXOASATH BIJ JUCTIETYEPA;

— BUKOPHCTOBYBATH aKyMYJIOIOYY 3/IaTHICTh BOJOCXOBHIIIA;

— 00MexyBaTH MiHIMaJIbHE 3HAYEHHS PIBHS BOJM Y BOJAOCXOBHIILII.

Jlna 3m1iCHEHHST PO3MJISSHYTUX MOJMKJIMBOCTEH, 3alpOINOHOBAHO aJTOPUTM
YNpaBjIiHHS BUTPATOK BOAM LLIAXOM 3MiHM 4acTOTH 0OepTaHHs ['’A Ha OCHOBI
CUCTEMM MIIANOPSAKOBAHOIO PEryJIOBaHHS KyTOBOI IIBUJKOCTI 1 aKTUBHOI
notyxHocti ['A mini-I'EC.

Jlns peanizaniii JaHOTO aJITOPUTMY HEOOXITHO 3aCTOCYBaHH:A ['A 31 3MIHHOIO
4acTOTOI0 00EpTaHHS Bajy Ha OCHOBI pajiaJiIbHO-0ChOBOI TJAPOTYPOIHH 3 HU3bKUM
KOE(IIIEHTOM IMIBUAKOXITHOCTI 1 FTEHEPATOPHOTO KOMILIEKCY 32 CXEMOK MaIlluHa
MOJIBIHHOTO KMBJICHHS.

3acrocyBanns Ha MiHI-I'EC PB rigporyp6inn 3 'K ma ocnoBi MIDK
J03BOJIUTH HaM JIOCSIITU PAlliOHAJIBLHOIO0 BUKOPUCTAHHS, SK €JICKTPOCHEprii, TaK 1
TiIpopecypciB.

Mini-I'EC 3 I'A Ha ocnoBi MIDXK miakmtodena craropom MIDK 1o mepexi

HECKIHYEHHOI MOTYXHoCcTi, a potop ueped [IH 1o Mepexi HECKIHYEHHOI
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noTy)XHocTi. Lle 103BOJI€ BiA/laBaTH €IEKTPOEHEPTiI0 B MEPEXKY HECKIHUEHHOI
HIOTYKHOCTI, SIK 3 00Ky cTaropa, Tak i poropa. [Tpu 3MiHi 3aBJlaHHs OTYKHOCTI Pg?,
MOBUHHO 3MIHIOBATHCS BUPOOJIEHHS akTUBHOT notyxHocti Pg MIDK-reneparopa,
IO Peali3y€eThCsi 3a PaXyHOK PEry/IIOBaHHS €JISKTPOMArHiTHOTO MOMEHTY Mg
MITX.

3MeHIIeHHsT  BUpOOIIOBaHOI  akTuBHOI  motyxkHocti  MIDK  Oyne
CYIPOBO/IKYBATHCS 30LIBIIEHHSIM MIBUAKOCTI Tigpoarperary. [Ipu nboMy BuTpara
Boau I'A Oynae majnaru 3a paxyHOK BiaueHTposoro edexry PB rigporypOinu. 3
yHIBepcanbHOi xapaktepuctuku PB rigporypoinun (puc.1.10) Buano, 1110
301IBIIEHHS. YaCTOTH 0OepTaHHs TypOiHM, sIKA MpallO€ 3 HOMIHAIBHO BIJIKPUTUM
HaANPSMHAX arapaToM, IPU3BOINUTE J0 3MEHIIICHHS BUTPATH BOJIH.

3a paxyHOK BOJM, SIKa 3amacaeTbcsi B BoJocxoBuine, I'A Oyne 3marHui
BiJIIPAIFOBATH CUTHAJI TT03ATUIAHOBOTO HABAHTAXKEHHS, 110 MpuxoanuThb 3 O/1Y.

Kpim Toro, 3'sIBife€ThCS MOXKIMBICTH KOPOTKOYAaCHO 301IbIIyBaTH
BUpOOJEeHHss akTHUBHOI moTyxHocTi MiHI-[EC, BuTpavaioun 3amaceHy B

BOOOCXOBHIIE BOOY.

4.1 Po3poOka cTpyKTYpH CHCTeMH ynpasJjiHHs rigpoarperary mini-I'EC

3aBISKH Cy4aCHOMY PO3BHUTKY €IEKTPOHIKH, CTBOPIOIOTHCS €IEKTPOTIPUBOIN
3 BHMCOKMMM JIMHAMIYHMMM XapakTepucTukamu. B cucremi ynpaiiHHS
EeKTPONPHUBOIAMH  HAWOLIBIIOrO  TOINMPEHHS  HAOyIM  CTPYKTYypU 3
HiATOPSAKOBAaHUM peryntoBaHHsaM koopauHar (CIIP).

Cucremy ynpasiinasg MiHi-I'EC Ha ocnoBi MIDK pouisnbHo OyayBaTu y
BUIISAII GAraTOKOHTYPHOT CHCTEMH HIATIOPSIAIKOBAHOIO PEryIIOBAHHS KOOPUHAT.

s nodynosu CIIP HeoOXiaHO:

1. TlpoBectu BHOIp peryaboBaHUX 3MIHHHX 1 3aKOHIB iX B3a€MO3aJICKHOIO

YIPABIIIHHSL.
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2. 3a1iCHUTH KOMIEHCALIl0 OCHOBHMX BHYTPIIIHIX NMEPEXPECHUX 3B'A3KIB
MK  KaHaJaMu  00'€eKTa  peryJiloBaHHS  LUISIXOM  BBEJICHHS
KoMIeHCcyro4yux curiaiis B CAP.

3. 3ailicHUTH  KOMIIGHCAI[II0  CTAaTUYHUX  HENiHIWHOCTeW  00'ekTa
peryJroBaHHs 3a JornoMoror BkiIoYeHHs CAP HeniHIHHUX eJIeMEeHTIB,
110 BIATBOPIOIOTH (DYHKIIIOHANIBHI 3aJI€KHOCTI, 3BOPOTHI BiJIMOBIIHUM
3aJIeKHOCTSIM MK PeryJTbOBaHUMH 3MIHHUMU.

4. BwuzHauutu nepenaBaibHI (PYHKUIH PEryisATOPIB  BIAMNOBIIHO JO
NPUHIUIY MANOPSAIKOBAHOIO PEryJIIOBAHHS IOCHITOBHOI KOPEKIIii
napamMeTpiB.

Cucrema miANOPSAKOBAHOTO PETYJIIOBAHHS KOOPJAMHAT XapaKTepU3YEThCS
HOCJIZOBHUM BKJIIOYEHHSIM PEryJISTOPIB, YHUCIO SIKUX BIJINOBIAA€ KIUIBKOCTI
perynboBanux koopauHat. Jns ympaBninus ['A wmini-I'EC pouminbHO mpuitHATH
TPUKOHTYPHY CUCTEMY PETyJIIOBaHHS KOOPAMHAT: BHYTPIIIHIA KOHTYpP IIBHJIKOCTI
I'A, KOHTYp aKTHBHOI MOTY>KHOCTI ['A 1 30BHIIIHIA KOHTYpP PEryJIIOBaHHS PiBHS
Boau y BogocxoBuiii miHi-I'EC.

3anporioHoBaHa (YHKILIOHaJlbHA CXema, [o0yJoBaHa 3a BKa3aHUM
IPUHLIMIIOM, TIpejicTaBiieHa Ha puc. 4.1. Ha BXoJi peryssitopa KOKHOTO 3 KOHTYPIB
MOPIBHIOKOTHCS CUTHAJIM, IPOTMOPIIHHI 3a7aHOMY 1 JIHCHOMY 3HAYEHHSM BHXIIHOT
KOOPJIMHATU JAHOTO KOHTYpPY, @ BUXIAHUI CUTHAJ PETYJISITOPA CIYKUTh 3a4a0UUM
CUTHAQJIOM JUJIsl MOJAJIBIIOrO KOHTYpPY. BaxIMBOIO mnepeBaror wi€i CTPYKTypH €
TaK0X MOYKJIMBICTh MPOCTUMH 3aCO0aMH 3/IMCHIOBATH OOMEXKEHHS OyIb-SIKOi 3
pErylIbOBaHMX KOOPJAMHAT CHCTEMH. 3al€KHO BIJ KOHKPETHHX YMOB MEXI
0OMEKEHHSI MOXKYTh 3MIHIOBATHCS 32 33JJaHUM 3aKOHOM.

P

M3IM
4 ) | { M'l' Qpexu
H” = r_,}z Mz M QT (+) II
PV PM —b%—b PC MUl L-reniepaTop »| Typsuna Boxoxp.
=)

)
Z A
P, ducn

Pucynok 4.1 — ®@ynkiionansHa cxema CAY minl-I'EC 3 mianopsakoBaHuM

PETYIHOBAHHAM KOOPpAHWHAT
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Ha puc.4.1 naBeneni taki enementu: PY, PM, PC - perynaropu piBHsA Boaw,
AKTHBHOI IOTYKHOCTI i KyTOBOI IIBMKOCTI BaJjia, Bijnosinano; H%, o%, M* — curnanm
3aB/IaHHsl PIBHS BOJM, KYTOBOI LIBHIKOCTI Ta €JIEKTPOMArHITHOIO MOMEHTY,
BIAMOBITHO; P?%yyen. — CHTHA 3aBAAHHS MO3AIIAHOBOT aKTUBHOT MOTYKHOCTI 3 OJ1VY.

BHyTpiuHi# KOHTYp MIBHAKOCTI IMIJNOPSJAKOBAHUN KOHTYPY IOTY>KHOCTI,
AKMI € JpyruM (30BHIIIHIM) KOHTYpPOM [0 BIAHOIIECHHIO [0 TEPIIOTro
(BHYTPIIIHBOTO) KOHTYPY.

KoHTyp nOTYKHOCTI MANOPSAAKOBAHUN KOHTYPY PIBHIO BOJM Y BOJIOCXOBHILII,
SAKOI0O € TPEeTIM 30BHIIIHIM KOHTYPOM, IO BIJHOLICHHIO 10 APYTrOro — KOHTYPY
MOTYKHOCTI.

BHyTpiIHI#i KOHTYp IIBUAKOCTI BKJIFoUae B cede perymstop mBuakocti (PC),
CUCTEMY BEKTOPHOI'O K€pYBaHH4 eJieKTpoMarHiTHuM Mmomentom MIDK-reneparopa,
rizporypbiny ['A 1 Ttaxoreneparop. Ha Bxoai peryasitopa IIBHIKOCTI
HOPIBHIOKOTBCSI CUTHAJI 3aBAaHHs IIBUJIKOCTI 3 CUTHAJIOM 3BOPOTHOTO 3B'SI3KY IO
mBUAKOCTI. KOHTYp MOTYKHOCTI BKJIIOYA€ B ce€0e peryJisiTop akTUBHOI MOTYKHOCTI
(PM), onTuM130BaHMI KOHTYD IIBUIKOCTI 1 IJATYUK aKTUBHOI MOTY)HOCTI. Ha BXo1
peryinstopa PM nopiBHIOIOTBCS CUTI'HAJI 3aBJIaHHS aKTUBHOI MOTYXKHOCTI 1 CUTHaJI
3BOPOTHOIO 3B'A3KY 110 MOTYXKHOCTI. Buxianuit curnan PM e curnaiom 3aBaaHHs
HIBUAKOCTI IS MANOPSIAKOBAHOTO BHYTPIIIHBOTO KOHTYPY IIBUAKOCTI. 30BHIIITHIN
KOHTYp PIBHS BOJM Y BEpXHbOMY 0'e(hi BOJOCXOBHUIIA BKIIIOYAE B ceOe perysitop
piBHsg Bojau (PY), onmTumi3oBaHMil KOHTYpP NOTYXKHOCTI, JAaTYUMK PIBHS BOIU Y
BepxHbOMY 0'e(di BojgocxoBuimia. Cyma BuxigHoro curHainy PY 3 P?y,.,. € curnaiom
3aBJIaHHs MOTYXKHOCTI IS TATIOPSAAKOBAHOTO BHYTPIIIHEOTO KOHTYPY MOTYXKHOCTI.

OnTumizaniss 3anporOHOBAHOI CHUCTEMHM METOJOM IIOCIIJJOBHOI KOpEKLIi
cripaBe/UIMBa IpU JOTpUMaHHI HAacTynHux ymoB: 3MiHHI CAY T['A noBuHHI
3MIHIOBATUCS B MallUX MEXaX; PEryJiaTOpU HE TOBHHHI BXOJUTH B PEKUM

00OMEXKEHHS.
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4.2 Meroauka CHHTE3Y KOHTYPY PperyJloBaHHsi  IIBHIAKOCTI

rigpoarperary Ha ocHoBi MITAK

Miui-I'EC nHa ocnoBi MIDK € HeniHiiiHUM 00'€KTOM yIIpaBIiHHS, IO
XapaKTepU3y€eThCS CYKYITHICTIO JIHIMHUX MM1100'€KTIB, IMOB'S3aHUX MK CO00r0
HEeMHIAHOT (DYHKIIIOHAIBLHOT 3alieXKHICTIO. MoyiuBa peainizallis peryisTopiB y
BUTIISIAL JIIHIMHUX aKTUBHUX (DUIBTPIB, BUXOASYH 3 ONTHMAJIBHOI TE€peaaBaabHOI
(yHKUIT 3aMKHYTUX KOHTYpPIB PETYJIFOBaHHS.

Cucremy perymoBanus ['A wmini-I'EC na ocuoBi MIDK mnotpibHo
CHHTE3yBaTU TAaKMM UYMHOM, 100 cucTema 3ale3mnedyBaja B CTaJIMX PEKUMAX
HiATPUMKY 4YacToTH oOepraHHa. B paumnamini CAP noBuHHa 3abe3nedyBaTH
HIBUAKUM BUX1J] IIBUAKOCTI (t) HA piBEHB 3aBAaHHs. Y AuHamidyHuX pexxkumax CAP
IIBUIKOCTI MOBHHHA 3a0e3rneuyBaTH OOMEKEHHS KOB3aHHS POTOpa aCMHXPOHHOI
MallMHM Ha 3aJaHOMy piBHI, BHUXOJISYHM 3 YMOBU OOMEKEHHS HaIpyru
MepeTBOPIOBaYA YACTOTH 3 OOKY K11 poTOpa.

I[i Bumoru nocsratotbes npu cuHTe3sl CAP 3a paxyHOK MakCHUMalIbHOTO
yTOYHEeHHs AuHamiyHuX BiactuBocter I'A mini-I'EC.,

Posrnsnemo ¢yukuionansny cxemy CAP I'A wmini-I'EC, naBeneny Buiie
(puc.4.1), o KOHTYypax.

Sk Oyno ckazano B po3aum 4.1, CAY I'A miHi-I'EC cucrtema ckiajiaerscs 3
JIEKITbKOX KOHTYpIB. PO3riisiHeMO BHYTPIIIHIA KOHTYP - KOHTYP PEryJIIOBaHHS
mBuakocTi (KPLL).

Ha puc.4.2 npuBeneHa CTPyKTypHa cCXeMa BHYTPIIIHBOIO KOHTYpa
HIBUIKOCTI, SIKa MICTHTh JIIHEAPU30BaHY MOjIeJ]b 00'€KTa YIpaBIIHHSA B Mallix
BIJIXMJICHHSIX.

JlocnimpkyBaHuii 00'eKT yrpaBiIiHHS caM 110 co0l € HeCTaHIapTHUM 00'€eKTOM
YIPaBIIIHHS JIJISE CACTEM KEpyBaHHS ejiekTporpuBoaaMu. s 6e3aBapiitHoi podoTu
['K HeoOximHo oOMexyBaTu 4acToTy oOepranusa ['A, yepe3 oOMEeKEHHS HANpPyTrH
ITY no konax poropa. 30UIBLIECHHS BUPOOJIEHHS €JIEKTPOEHEPTii, B PO3IIIIHYTOMY

EIl Bumarae 30UIbIICHHS €JEKTPOMArHITHOIO MOMEHTY, IO MPHU3BOJUTH JIO



83

3MEHIIIEHHS KyTOBOI IIBUAKOCTI ® 1, BIAMOBIAHO, 10 3MiHH EPC B poTOpHO1 YacTHHU

CJIEKTPUYHOI MAILIMHH.

AMZ (p) Ao p)

Woe () f——m W ()

Pucynok 4.2 - CtpykrypHa cxema KPLLI

Ha erani cunte3y KPIL npuiinaro gomyuieHHs npo OesiHepuiiHicts CBY
ynpasiinasg MIDK-reneparopa no momenty. CTpyKTypHa cXeMa CHHTE30BaHOIO

KPIL npu 3a3HaueHoMy JOMYIIEHH] IpUBEAeHA HA puc. 4.3.

Ao’ (p) AMZ (p) —AM,(p) Aar(p)
W (p) | 72 (0 Y 7, (p) —
T(-)
k. |-

Pucynok 4.3 - CTpykTypHa cXeMa KOHTYpPY pEryJII0BaHHS LIBUIKOCTI

Ha puc. 4.3 Wpc(p) - nepenatHa GpyHkiiis peryiasaropa mBuAKOCT; Wymk(p) -
nepeaarna ¢pynkuis MIDK 3 CBY; AMg(p) - enexrpomarHiTHuid MoMeHT MIDXK;
Wra(p) - nepematHa ¢ynkuis I'A; ke - koedinieHT 3BOPOTHOIO 3B'S3KY 10
HIBUJIKOCTI.

JUisi CTBOpPEHHSI METONMKU CHUHTE3y KOHTYpPY pEryJIIOBaHHS IIBHJIKOCTI,
CKOPHUCTAEMOCS METOJIOM ITOCITIIOBHOT KOPEKIII].

Y CcTpyKTypy peryistopa BBEAEMO JaHKY, IepeaaBajibHa (YHKIIS SKOI

o0epHEHa 10 BIAHOLIEHHIO J10 N€PE1aBalIbHOI (PYHKILIIT KOMIIEHCY€EMOI JIAHKH,

Woen(P) =[P ()] (4.1)
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Jlns 3a6e3neuenns acratuzMmy KPII B cTpykTypy perynstopa mociiJOBHO
BBE/ICMO IHTErpyIouy JIaHKY,

1 _
Woey (p) = —— (4.2)

Ip

Hasenemo nepenaBanbHy QyHKI[IIO pETyISITOpPaA NIBUAKOCTI A0 BHAY,
1

(4.3)
Ip

Wee(p) = [W}AC (P)]_l :
[TapameTpy KOMIIEHCYIOUOT YACTHHHM PEryjsiTopa MOBHICTIO BU3HAYATHCS
nmapaMeTpamH Tigpoarperaty. € AMHUM BapiiioBaHUM MapaMeTpoM peryisTopa 0yae
MOCTIiHA Yacy Moro iHTerpyr4oi Janku T;.
Hexomnencoana moctiiina yacy Ty=XT.=Tgy agopiBHIOE cyMi
HEKOMIICHCOBAHUX IIOCTIHHUX Yacy CHUCTEMH. 3 OIJISIy Ha CKa3aHe B IEpLIOMY
po3aiii, Benuuuny T, npuiimemo piBHoo 0,01 cekyHau.

B pesynpraTi, nepemaBanbHa (YHKLIS peryasaropa IMIBHAKOCTI HaOyne

BHTJISILY,
J o, /%TET'PQ i ¢ o :
" o, 40 @ 5| @ — Pk, 1Ty + M, = | p+1
. Bk +M, Pk, +M, Pk +M, / 2 )
e\ .(o ' | ' " g,
o kke [ I 1]21"._“ P

JInst cuHTE3y MOJANBIIOTO PETYIATOpa — PEryasITopa aKTUBHOT MOTYKHOCTI,
HEOOXITHO BH3HAUMUTHU mepenaBaibHy ¢QyHKUil0 3amkHyToro KPIII. Cnouatky
BU3HAYMMO IepeaaBaibHy (YHKII0 PO3IMKHYTOI CUCTEMHU.

Jlng otpuMaHHs niepeaaBaabHOl (DYHKII PO3IMKHYTOT CUCTEMH PO3MHUKAEMO
TOJIOBHUI 3BOPOTHIN 3B'SI30K 1 TOYKY PO3PHUBY BBAKAEMO BXOJOM 1 BHXOJIOM
cuctemu puc. 4.3. [Totim neperBopumo cTpykrypHy cxemy CAY. 3a npaBuiiom
BU3HAYCHHS TIepenaBaibHOI (YHKINT JEKUJIBKOX TOCIIIOBHO 3'€IHAHUX JIAHOK

3HAIIEMO Pe3yJIbTYIOUY MepeaBaibHOl (PYHKIIII.
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Busnaunmo mnepepaBasibHy (QyHKHi0 pos3imMkHyToro KPII. Otpumaemo

BUpa3:
W ois(P) = Woe (D) Wiy (P) - Wy (P) - Woe (D), (4.4)
W (p) = i
- ; ;
pi (& - IHépc€aaBalilbHa Q)YHKLIIH no CJICKTPOMAarHiTHOMY
momenty CBY MITDXK;
Woc(p)=k¢

- Koe(iLI€HT 3BOPOTHOTO 3B'A3KY 110 IIBUIKOCTI.

[lpu cuHTE31 perynsTopa MBHUIKOCTI MepeaaBaibHy (PYHKINIO 3aMKHYTOTO
KOHTYpPY LIBHAKOCTI 3 JOCTaTHIM CTYIIEHEM TOYHOCTI MOYKHA IPUWHATU y BUIJISIL,
L/ r'CC
2.2 5 '
20 0 +2L p+)

Wiwe (D) = (4.5)

[Ipu a=2 (4.5) BIANOBIJA€ KOJUBAIBHIM JIAHII 3 KOE(DIIIEHTOM

. £=1/42=0.707.
aemngipyBaHHs

OtpumyemMo nepesiaBajibHy (YHKILIIO peryjsropa MBUAKOCTI peryisropa

IIBUKOCTI,

Wee (P) =Wz (P) - Wa(P)

I
Jar, =T, Py ik ® + M, ?“”

ok sk 2T o T
- KOe(1LI€HT MOCHJICHHS MPOTIOPIIIHHOT YaCTHHN

M7 +kZP,

kokq0,2T . . .
“ - KkoedillEHT TMMOCWJICHHS IHTErpaJbHOI YacTHHU peryJstopa

IIBUJIKOCTI,
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Jp T
A‘—Q&—C 4.Ti' . . . .
“ - koediuieHT mnoOCWICHHS JudepeHIiaIbHOI YaCTUHM peryJssTopa
IIBHIKOCTI,
W.(p)= 1
+(p)=
M, 2p+1
2 - repeaaBajibHa (QyHKIS, KA KOMIIEHCYE 1HEPLIHHICTh BOJU
B BOJOTOHI.

KoedimieHT 3BOpOTHOr0 3B'SI3KY 10 ILIBMJAKOCTI BHM3HAYa€ThCs 31

CITIBBITHOLICHHSA
k — L PM max
oc — )
@y
U =10=158
e - MaKCHUMaJIbHE 3HAYCHHS 3a/1a040ro0 CUTHAJIY HAlpyTu

Ha Buxojal PM.

[IpoMOAENIOEMO CHHTE30BAHUI KOHTYp PpErylIOBaHHs IIBUAKOCTI B
cepenosuill Simulink. Ha puc.4.4 npusenena maremarnyna mojiens KPII I'A miHi-
I'EC na ocnoBit MIDK 3 CBY, mio cknanaerscs 3 010Ky curtany 3aBaanns 3 O/1Y,

perymnsropa msuakocti, MIDK 3 CBY 1 nepenaBansnoi ¢ynkuii I'A.

2.29752+1.695s+1 203 0.023s+0.023 1
. [™ 4 4
—|_ ) W 0.02652+0.0265 0.01s+1 2.29752+1.6955+1
Cirnan saEganes Kpe PII+dimetp mOn ¢ CBY TAC Ocumerpad
/nfn,a:]:

Pucynok 4.4 - Maremaruuna mozenb KPI I'A wa ocnosi MITK

Ha BXix cucreMu moJaeTbCs OJMHUYHUHN CTYMIHYACTUH CUTHAJ 3aBIaHHS
mBuakocti 1 KPII BianpauboBye 3amanuii curnan. IlepexigHa xapakTepHCTHKa
KPIL npuBenena Ha puc. 4.5.

[lepexiguuii npouec (puc.4.5) mae He3HAYHE TIEPEPETyINIOBAHHS.
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[Tpsimi moka3uuku sxocti cuHTe3oBaHoi CAP KPII, orpumani 3 rpadika
HepexiIHOro NpoIiecy:
— yac BXoKeHHA 5% 30ny - 0,041cexk.;
— nepeperyitoBaHHs - 4,3%;

— yYac JOCATHEHHSI MaKCUMaJIbHO1 TOYKH - 10,0624 cek.

a),paa/c '
1.2_ ............ ............ ............ - ............ ............ ............ ——— o

e —
R 0 W W O T O
0t i ___________ ___________ - __________ |
0.2} ..... ..... ..... _______ e

0 002 006 01 0.14 7 cex

Pucynok 4.5 - [lepexinna pynkuis KPII I'A na ocnoi MITXK

Jlist ToUHOTrO OOMEXEHHS KOB3aHHS aCMHXPOHHOI MalIMHM B JUHAMIYHUX
pexnmax aoibHO 3actocyBanHs KPII B cuctemi aBTOMaTHUYHOTO pEryrOBaHHS
axTHBHOI NOTYKHOCTi. Kpim Toro, KPIL 1038011Th YHUKHYTH XBUIBOBHX IIPOLECIB

3MIHM TUCKY B BOJIOTOHI, SIKI MOXYTb HEraTMBHO BIUIMBaTH Ha ['A.

4.3 MeToauKka CHHTE3Y KOHTYPY PeryJl0OBaHHSi AKTHBHOI NMOTY:KHOCTI

rigpoarperary Ha ociosi MIIK

3pobumo cuHTe3 apyroro koutypy CIIP - koHTypy peryitoBaHHs
noTy>XHOCT1 (puc.4.6). KoHTYp NOTY)KHOCTI € 30BHINIHIM 110 BIJIHOIICHHIO [0

BHYTPILIHBOI'O KOHTYPY PEryJIIOBaHHS IIBHIKOCTI.
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Po3paxyHkoBa cxema KOHTYpY peryiroBaHHS mNoTyxHOCTI MiHI-I'EC Ha
ocHoBi MITXK Mictuth B 001 pery/stop noryxHocti 3 pyHkuieto nepegadi Wem(p),
ONTUMI30BAaHUM KOHTYp MIBHAKOCTI 3 (yHkuicro mnepenadi Wgpmi(p) 1 00'ekT
yrnpaBiiHasg 3 QyHkiieo nepeaadi Wram(p). Buxiguuii curnan perynsitopa
MOTY)KHOCTI CJIiJ1 OOMEKUTH uepe3 0OMEKEHyY 37aTHICTh CUJIOBOTO MEPETBOPIOBaYA
[0 Hampy3i, TaKk sK Hampyra MepeTBOprBaya I0 KOJaX pOTopa 3ajeKUTh BIJ
JlanasoHy peryJiioBaHHsS KoOB3aHHsA. Yepe3 TeXHIYHI 1 €KOHOMIYHI MOKA3HMKH
PEKOMEH/I0BAaHUMN [lana30H peryiaroBaHHA MBHAKOCTI 1: 2. B maHnoMmy KOHTYpi
peryJIbOBaHOK BEJIMYMHOIO € akTUBHA NoTy)HIcTh MIDK-reneparopa.

Sk Oyno mokaszaHo Buule, cTpykTtypa KPM ckiagaerscd 3 nepeaaBaibHOI
dyHkiil peryasgTopa noTykHocTi, ontumizoBanoro KPII 1 perymboBanoro mo
HOTY)XHOCTI TiipoTypOinu. CkopucTaeMmocs nepeaaBaibHO0 (pyHkuieo (3.19) mo

akTuBHIU notyxkHocTi MIDK-reneparopa, naBenenoi B po3auil 3, Wram(p).

v

p) Ao® (p) Ao(p)
Tl D) =iz (P o)
()
T Ku [

PucyHok 4.6 - CTpyKkTypHa cxeMa KOHTYpPY peryJtOBaHHs aKTUBHOI

AP;;(P]

MOTYKHOCTI

3anuiiemMo nepegaBalibHy (QYHKIIO peryisropa nmoTyx HOCTI

1

)=[Weae(2)] =

Lp

Ak 1 panime Oylo pO3TISHYTO, €IWHUM BapiiOBaHHUM IapaMeTpOM
perynsTopa € BeIMUrHa MOCTiHHOI yacy T> HOro iHTErpyr4oro JaHKH.
Hanamryemo cucremMy Ha MOLYJIbHUI OIITUMYM 33 YMOBOIO
T, =2T, =4T,.
Po3srisiHeMo mnepeaBalibHy (DYHKIIIFO KOHTYPY PEryJtOBaHHS MOTYKHOCTI

(KPIT) npu HanamtyBaHHl HA MOAYJIbHUN ONTUMYM.
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IIpu cuHTE31 perynsTopa MOTYXKHOCTI NepeaaBaibHa (YHKIIS 3aMKHYTOTO
KOHTYpPY  IIBMJIKOCTI  JIOCTaTHIM  CTYIIEHEM TOYHOCTI  (4epe3  MalliCTh

HEKOMIIEHCOBaHI MocTiiHOT yacy T) anpoKCUMY€EThCSI BUPA30M

W ()= ik - Uk, “.6)
el 2T p* +2T p+1 T 9T pEl '

To/11 HEKOMITEHCOBAHOIO MOCTIHHOIO Yacy B KOHTYP1 MOTYXHOCTI € BeJIMYUHA
TuM:z T] .

3anumemo nepenaBaibHy QyHKUi0 1 CAP noTyXHOCTI B pO3IMKHYTOMY

CTaHi,
W pas.xena (P) =W ( ) Wipe () Wrane (P) =
1/, : 4.7)
= W p)] T W i W e (2)-

3HaiiaeMo nepeaaBasibHy QYHKIII0 3aMKHEHOT CUCTEMH, sIKa HaJIallTOBaHAa Ha

MOJYJIbHUM ONTUMYM

1/ kyy,

8T2p +4Tp+l

Weps(P) = (4.8)

Y miACyMKY OTPUMYEMO PETyIsSTOP MOTYKHOCTI 3 MepeaaBaibHOT (PYHKITIEO

BHLY,
Wost(2) =W () Wors ().
il
) ,ugfrcjﬁ p+ke
Wy (P)= ( j .
(M2+%°R,) TR g S (P PEE & MO | AT
M, +k + o, — Ty 1t + I + :
7. Tl PH;’\’;)+AJ§ PH'(—;}'E'A{?L b —iwtly Ho 5 )P o P
\
,‘foi"cTU
AT k % o o
nie #TOM _ koedili€HT NOCHIIEHHS MPOMOPLIMHOI YacTMHM peryjsTopa

MOTYXHOCTI;
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B
411.;:0%-{ . - - ..
MR = KOC(plIJ,lEHT IMNOCHUJICHHA 1HTETPAIbHO1 YaCTHHH pPETYIATOpPa
MOTYXKHOCTI;
r ].
Wers(P)= ; 7 o
: {J@oﬂo_n—p_ 1 : ‘S
(M2 +k°B,) 2, O[Ja)o — T, Pk + u MO | p 41
- [ P ke + MY " Pk® + M “ 2

nepeaaBanbHa QyHKIIsA (iIbTpa, SKUH KOMIIEHCYE BJIAaCHI JUHAMIYHI BIACTHUBOCTI
TA.
Po3paxyHkoBe 3HaueHHs Koe(]illeHTa 3BOPOTHOTO 3B'SI3KY MO MOTY>KHOCTI

BU3HA4YA€THCA 3 BUpPA3y,

TZ
k _ lj max
OM 2
PH
Dm =10+158B .
Pl (5] MaKCHUMaJIbHE 3HA4YCHHA HAIpyTrd 3aBIAaHHA aKTHBHO1

MOTYXXHOCTI; Py - HOMiHANIBbHE 3HAYEHHS aKTUBHOI OTYKHOCTI ['A Mini-I'EC.
Jls nepeBipky pO3paxyHKOBUX IapaMETpiB 1 BU3HAUYEHHS Ipale3AaTHOCTI
cuntezoBaHoro KPM, cunre3oBana CAP Oyna npomojiesibOBaHa B CEpeIOBHIII

Matlab / Simulink (puc.4.7).

2 Pa
| 3 0.064s+0.064 > i 6834 2.29s% +1.69s+1 > |:|
0.013s3 +0.0093s2 +0.0055s 0.000152 +5+1

CurHan 3aganms Kpm TAM Ocuunnorpacd

PCnn+dunetp
@ <

Kom

Pucynok 4.7 - Maremaruuna mozesib KPM I'A nHa ocxosi MITXK

Moaens cki1aaeThes 3 IKepelia CUTHATY 3aBAaHHs, PEryJIsiTopa MOTYKHOCTI
(PM), KoOHTYpy peryjiOBaHHS IIBHUAKOCTI, mepexaBaibHOi (yHkuii PB

rigpoTypOiHu.
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Curnan 3aBnanns noryxHocti KPM cknafaeTbes 3 1BOX CUTHANIB, MICIIEBUM
CHUTHAJ 1 30BHIIIHIA, 1o Haaxoauth 3 OJIY. MicueBuii curHajg 3aBJlaHHS
MOTY)KHOCTI BCTAHOBIIIOEThCS Oe3nocepeanbo Ha MiHI-I'EC, a 30BHILIHIA CUrHAI
3aBaaHHs npuxoauThb 3 OJ1Y.

Ha Bxia cucreMu Mnojaerscs OAMHMYHUI CTYNIHYACTUH CHUTHAJI 3aBJaHHS
MOTY)KHOCTI, 1 CHCTeMa BIJANpanbOBYE 3agaHui curHan. IlepexigHuii mporec

JOCIIKYBAHOI CUCTEMHU HaBEAEHO Ha puc. 4.8.

P, xBm

0.i05 0.1 0.15 0.2 f,cex

Pucynok 4.8 - [lepexinna ¢pyukiiss KPM I'A miai-I'EC #a ocnosi MIDK

Ha puc.4.8 npejcrapiiennii mepexiiHui rnpoiec no notyxHocti I'A Ha 0CHOBI
MIDK-reneparopa. Ilepexiauuii npouec mae He3HayHe nepeperyitoBanus. [Ipsmi
nokasHuku skocTl cuHte3oBaHoi CAP KPM, orpumani 3 rpadika nepexiHOro
IIPOLIECY:

— yac BXopkeHHA B 5% 3omny - 0,1 ¢;
— mepeperyiroBaHHs 6. 8§%.

3a OTpUMaHUMM pe3yJbTaTaMH MOJICIIOBAHHS MOXHa 3 YIEBHEHICTIO
TOBOPUTU TIPO JAOLUIBHICTH 3acTocyBaHHs rnponoHoBanoi CAP s oneparuBHOl
3MiHM BHPOOTIOBAHOI AKTHBHOI MOTYKHOCTI B AWMHAMIUYHUX PEXKHMaX pPoOOTH
CJICKTPOCHEPIETUYHOI CUCTEMH.

CrBopennst MiHi-I'EC Ha OCHOBI 3alpONOHOBAHOTO AJITOPUTMY YIIPaBIIHHS

OJO3BOJINTL:



92

— MiABUIIUTH €()EKTUBHICTH BHUKOPUCTAHHS T1IPOEHEPropecypciB 0e3
3aCTOCYBaHHs IIPUBOJIIB JIJIsl BIUIMBY Ha HaNpsSMHI anapatu TypOiH;

— 3MEHIIUTH 4Yac BIJHOBICHHA 0alaHCy MDK CIOXHBAHOK 1
IeHEPOBAaHOK AaKTHBHUMH TIOTY)KHOCTSIMH TIPH PanTOBHX 3MiHaX

PEXKUMIB POOOTH EHEPIrOCUCTEMH.

4.4 MojenoBaHHsI AMHAMIYHHMX pexkuMiB poooTn 1BOKOHTYpHOI CAP

aKTHBHOI MOTYKHOCTI rigpoarperaty Ha ocHosi MIIK

Y nanomy po3aui npeacTaBlIeH] pe3yibTaTu HudpoBoro MmoaemoBanus CAP
aktuBHOI oTy»HOCTI ['A MiHI-I'EC Ha ocHoBi MIDK HOMIHAIBHOIO MOTYKHICTIO.
JInsg  mATBEpUKeHHS  OTPUMAHUX  pe3yJabTaTiB  OyB  IPOMOJEILOBAHUM
IPONOHOBAaHUN anroput™ ynpasiaiHHA Ha ocHOBI CIIP mma I'A wmini-I'EC 3
IPOMOHOBAHMM METOJIOM BHpIIICHHS T[IOCTAHOBJEHOI 3ajadi B mporpami
MATLAB/Simulink. Hagani moaens I'A na ocnoBi MITXK po3risganacs B auHamiii
IIPU CTYIIHYACTIN 3MiHI CUTHaNy 3aBjaHHs 1o notyxHocTi. [Iyck ['A € okpemum
NUTaHHSIM 1 B JlaHid poOOTI HE po3MIAJaeThes. Y JAaHiii poOOTI pO3riIsiiaeThes
TIUILKH BiAMPALIOBAHHS 3MIHU 3aBIaHHs MOTYKHOCTI Bijg O/1Y.

CydacHuil piBeHb pPO3BUTKY LHU(PPOBOI TEXHIKM JO3BOJSIE MOIEIIOBATH
ckiaangHi npouecn Ha EOM juis ajekBaTHOI OIIIHKM IPOEKTOBAHOI cucTeMH. B
JAHOMY pO3JUTI BUKOPHUCTOBYETHCS MareMatuyHa wmojaens ['A mpu o=var 3
ypaxyBaHHSIM MacH BOJH B HaIlipHOMY BOJOBO/Ii, OTpMMaHa B po3aiii 2.

Jlauuit po3all NMPUCBAYEHUH JOCHIIHPKEHHIO HOBOI METOIUKU PO3PaXyHKY
perynstopiB MiHI-['EC Ha ocHoB1 MIDXK 3 BuKkopuctanHsm po3po0ieHo1 B po3aiil 2
MaTeMaTU4HOI MO TAPOTYpOIHH.

Ha puc.4.9 npencrapiiena crpykrypHa mojenb I'A Ha ocnosi MITXK 3 CBY i3
3aCTOCYBAHHSM QITOPUTMY KEPyBaHHsS Ha OCHOBI MPUHIMITY IMiJIETIIOTO

peryIroBaHHS KOOpPAUHAT.
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Pucynok 4.9 - Ctpykrypa mozaeni I'A na ocuosi MIDK 3 CBY

Ha npomnonHoBaHiii mojzeni OynM NpOMOJENbOBaHI BCl MOXKIIMBI PEXKUMH
pobotu I'A. [lana Moielib J03BOJISE BI3yadbHO MOOAYMTH BIUIMB 3MIHM OY1b-SKOTO
3 MapaMeTpiB CHUCTEMHU, IO JI03BOJISE Kpallle HAJIAIITYBATH CUCTEMY 1 JO3BOJIHTH
CKOPOTHUTH Yac HaJIaroPKEHHS Iipoarperaris.

Jns  migrBepipkeHHst  (abo  mepeBipkM) e(pEeKTHBHOCTI  IPONOHOBAHOT
Metoauku cuHTe3y CAP ['A mini - 'EC Ha ocHoBl MIDK po3riisitHeMo ABOKOHTYpPHY
cHUCTEMY miuiersioro pearyBanas koopauHat aist I'A mini - TEC 6e3 oOmexeHHs
peryJb0BaHUX KOOPAMHAT: IIBUIKOCTI 1 MOMEHTY.

Pesynbrat uudpoBoro mopentoBaHHs HaBeaeHl Ha puc.4.10 - 4.13. Sk
BugHo 3 puc.4.10 - 4.13, mpu 30inblIEHHI CHWTHATYy 3aBJaHHS TOTY)KHOCTI
30UIbIIY€EThCS elieKTpoMardiTHuid MmoMeHT Mg MIDK-renepatopa. ¥V novarkoBuit
MepioJl 4acy MOTYKHICTh TIAPOTYpPOIHM 3MEHIIYEThCS, a TMOTIM, ITOCTYIIOBO
HApOCTAE JI0 CTajoro 3HaueHHs. Lleit eekT mosCHIOEThCS HaCTYMTHUM yuHOM. [Ipu
301IbIIEHH]  eflekTpoMardiTHoro MomeHty MIDK punamiuauii Moment I['A
3MeHInyetbes. Lle npusBoauts no ranemysanHHs ['A. KyroBa mBHAKICTH Balia
nounHae 3MeHmyBatucs (puc.4.12). Ilpu nupomy BiILIEHTPOBA CHJIa NEPEIIKOKAE

MMPpOXOIKEHHKO BOAH HEPE3 HA, SMCHIIYETBCA, IO ITPH3BOJAUTDL 10 3HHKCHHS TUCKY
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nepen HA. 3HWKEHHS THCKY, Jajli, TPU3BOJAWTH IO 3MEHIIEHHS TMOTY)KHOCTI

riApoTypOIHU 0 THUX I, MOKK BUTpaTa BOJM He 30LIbIMThCS (puc.4.12). ITicas
TOro0 SIK BHUTpaTa BOJAM 30UIBIIYETHCS, MOTYKHICTH TiAPOTYPOIHM IOYMHAE

30UIbIIYBATHCSL 32 PaxyHOK 30UIbIIIEHHS BUTPAaTH BOIUM JO HOBOTO CTajoro

3HaY€HHA. 3 JMHAMIYHOI XapakTepUCTHKU puc.4.13 MokHa OauuTH 3aJEKHICTH
BUTPATH BOJIM Bijl KyTOBOI IIBUAKOCTI Baja ['A.
3 mepexigHux xapaktepuctuk (puc.4.10) BUgHO, 10 cUCTEMA MPAKTUYHO
MHUTTEBO BIJANPALbOBYE CUTHAI 3aB/IaHHS 10 AKTUBHINA MOTYKHOCTI, 110 TaKOX
unoctpye puc.4.11 (3a 0.1 cekyHau cucTema BiANPalbOBYE CHUTHANl 3aBJAHHS 110

AKTUBHOI MOTYKHOCTI).

y 10° P, B1
i
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I, ek
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Pucynok 4.10 - I1epexiani npouecu no akTuBHOI notyxHocTi ['A Ha ocHoBl MITK
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Pucynok 4.11 - [ToyarkoBa AUISHKA NEPEXITHOTO MPOLECY
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Pucynok 4.12 - ITepexiuni npouecu I'A 1o KyTOBHH MIBUAKOCTI Bajia 1 BUTpaTI

BOOHU
1720 T T T T

170- _

w {panfc)
g

%
T

164

103 1.04 1.05 1.0 a {M-Sn'n]1'm 1.08 1.00 11

Pucynok 4.13 - JlunamiuHa 3a71€5KHICTh BUTPATH BOJIU B1J] KYTOBOT IIBUIKOCTI1

Bana ['A

Ha puc.4.14-4.16 nHaBeneHi nepexigHi XapaKTEPUCTHUKH IPH 3MEHIIEHHI
CUTHAJTy 3aBIAHHS 110 MOTY>KHOCTI (ILIBUKO BIANPALOBYETHCS CUTHA 3aBAAHHS 110
HIOTYXKHOCTI).

Ak BuaHO 3 puc.4.14 - 4.16, npu 3MEHIIICHH] CUTHATY 3aBJIaHHS M0 aKTUBHIN
MOTY)KHOCT1 3MEHIIYEThCS enekTpoMarHiTHuii MmomeHT Mg MIDK. V nmouarkoBuit
nepioJl 4yacy MNOTYXKHICTh TIApOTYpOIHM 30UIBIIYETHCS, a IOTIM, ITOCTYIIOBO
3HIDKYETBCSL 10 HOBOTO CTajoro 3Ha4eHHs. lleit edexT moscHI0EThCS HACTYITHUM
yuHOM. [Ipu 3MeH1IeHH]I enexkTpoMardiTHoro momenTy MIDK nunamiuHuit MOMEHT
I'A 30umbmyeThes. Lle npusBoauTh 10 npuckopenHs ['A, KyToBa IIBHJKICTh Baja
30uIbInyeThes (puc.4.15). Ilpu upomy BIALEHTPOBA CHiIA, L0 MEPEIIKOKAE

IPOXO/UKEHHIO BoAM 4epe3 HA, 30uibLIyeThCs, M0 NPU3BOAUTE 10 MiJBUILCHHS
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tucky nepen HA. IligBumieHHs THUCKY, Aani, HPU3BOAUTH JO0 30LIBIICHHS
MOTY)KHOCTI T1IpOTYpPOIHM O THX Iip, NMOKH BHUTpaTta BOJM HE 3MEHIIMTHCS

(puc.4.14).

w10° P, Br

4 67 T
i
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£ 1
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Pucynok 4.14 - Tlepexigni npouecu I'A Ha ocHoBi MIDK no axTuBHii

MOTYXHOCTI
T 178~ —
15 1, G
1,04 -
102 -
= I 1 %
0 3 10 15 1, cex

Pucynok 4.15 - Ilepexigni mpouecu I'A 1mo KyTOBi# MIBHAKOCTI Bajia i BATPATi BOAU

-
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Pucynok 4.16 - JIlunaMiuHa 3aJ1€KHICTh BUTPATH BOJIM BiJl KyTOBO1 LIBUIKOCTI

Bana ['A
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[Ticns TOro sK BHUTpaTa BOJAM TMOYajJa 3MEHUIYBAaTHCS, IOTYXKHICTh
riipoTypOIHN NOYMHAE 3HW)KYBATUCS 32 PaXyHOK 3MEHILEHHS BUTPATH BOIH JI0
HOBOI0 CTaJIOr0 3HA4YE€HHs. 3 JAMHAMIYHOI XapakTepucTuku (puc.4.16) MoxkHa

0aunTH 3aJIe)KHICTh BUTPATHA BOAM BiJI KyTOBOI IIBUAKOCTI Baja ['A.

BianpanoBanHs CHrHAJIY 3aBJIaHHSA MOMEHTY

Posrnsinemo po6oty I'A nipu BiICyTHOCTI 3aMKHYTHX KOHTYPIB PETYJIIOBaHHS.
Ha Bxig MIDK 3 CBY nojaerbcst CTymiHYacTHi CUTHAJI 3aBJIaHHSI 110 MOMEHTY.
CBY MIIX 6e31HepiiitHo BIANpaIbOBY€E JaHUN CUTHAL.

Peaxiiisi OCHOBHMX 3MIHHUX (KOOPJMHAT) CUCTEMHU HA CTYMIHYACTUU CUTHAT

3aBJIaHHs [0Ka3aHa Ha puc.4.18 - 4.25.

| Pl M0 ¢ CBY —| Mo * 1
CwWrHan 3ajaHua . Ocuwnnorpod
i -
OtkpbITHe HA q—
Ocuwmnnorpod P
71.3 ——{H
PT
Hanop
115 p—Q MT >| |
HomuHansHeli pacxon TypOuHb T Ocuunnorpody Mt

Pucynok 4.17 - Crpykrypa moueni ['A Ha ocHoBi MIDK 3 CBY 06e3

O0OMEIKEHHS 10 MOMEHTY

3 nepexiIHOro nMpouecy 1o MOMeHTy (puc.4.18) BUIHO, 110 CUCTEMa MUTTEBO
BIJIIPALIbOBYE CUTHAJ 3aBJaHHS [0 €JIEKTPOMAarHiTHoMy MomeHTy. [lpu 1pomy
BIICYTHE TiepeperyoBaHHs. MoOMEHT TiApOTypOIHM [0CSTa€ CTAJIOrO 3HAUYCHHSA
npubsn3Ho yepe3 10 cexyna (puc.4.18).

3 nepexiJIHUX IpoILeciB 3a MOTYKHICTIO (pucyHok 4.19) BumgHO, 110
eEeKTpUYHA MOTYXKHICTH ['A 3MIHIOETBCS MHUTTEBO, TOMY IO [BOMY HE
NEPELIKOKAIOTh Oy b-5IK1 IHEPLINHOCTI. MakcHUMallbHE 3HAYEHHS 110 €JIEKTPUYHOL

MOTY)KHOCTI JIOCATAETHCS B MEPIIMI MOMEHT I0YaTKy MepexiJIHOro Ipolecy, a
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IOTIM, 3a PaxyHOK 3MEHIIEHHS KyTOBOi MIBUAKOCTI Bana ['A, enekTpuyHa

HOTY)KHiCTB clragac 10 CTaJIoro 3Ha4CHHA.
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Pucynok 4.18 - [1epexiani nporecu 3a MomeHToM I'A Ha ocnoBi MIDK
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Pucynok 4.19 - IlepexiaHi mpouecu 1o akTUBHIN MOTY)HOCTI I'A Ha OCHOBI

MIDK

Ha puc. 4.20 npezacrapieHi nepexigHi MpOLUECH 110 KyTOBUH IIBHUIAKOCTI 1
Butpati Bojau. [Ipu 30LIBLICHHI €JIEKTPOMArHITHONO MOMEHTY TiJpoTypOiHa
MOYMHAE TalbMyBaTHCs. [IpU [BOMY 3MEHIIYETHCS BIANEHTPOBA CHIIA, MO
HIePEeIIKO/PKAae PoXoKeHHI0 Boau 4epe3 HA. Ilpu 30iibIIeHHI BUTpaTH BOJU
HIBUILYETHCS MOMEHT TIPOTYpOIHM, L0 MPU3BOIUTE A0 3POCTAHHS MOTYKHOCTI

A.
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Pucynok 4.20 - ITepexijni npouecu I'A 1o KyTOBHM IIBHAKOCTI Bajia 1 BATPaTI
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Pucynok 4.21 - JlunamiyHa 3aJ1€KHICTh BUTPATH BOJIA B1JI KYTOBOT IIBHUIKOCTI

Bana ['A

Ha puc.4.22 - 4.25 npexacrasieHl mnepexiHl MPOLECH MPU 3MEHILICHHI
CUTHAJy 3aBJAaHHA MO MOMeHTy. Ha TuMwacoBMX miarpamax MoOxHa OaduTH
IIPOLIECH, AHAJIOTIYHI TUM, 1110 1 IPY 30UIBLICHH] CUTHAJTY 3aBAaHHS [10 MOMEHTY.

Posrnsinemo nepexifHi Nponecu OCHOBHUX 3MIHHUX (KOOPJMHAT), OTPUMAaHI
IIPU MOJIETIOBAHHI pOOOTH PO3IMKHYTOI 10 IIBUAKOCTI 1 aKTUBHOI OTYkHOCTI CAP
I'A mini - 'EC Ha ocHoBi MITXK.

Sk BujgHO 3 puc.4.22 - 4.25, npu 3MEHILIEHH] €JIEKTPOMArHiTHOIO MOMEHTY
Mg MIDK, enexTpuuHa aKTUBHA TOTYXKHICTh MUTTEBO MAaJa€ A0 MIHIMAJILHOTO
3HAYEHHS, a MOTYKHICTh TAPOTYPOIHH B IOYATKOBUM MEP10]] Yacy 301IbIIYETHCS a,

HOTiM, MNOCTYNOBO 3HHUXKYETHCA JO HOBOI'O CTAIOro 3HAYCHHA. VY Toi ke qac, 10
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CTAJIOTO 3HAYEHHS 3POCTaE€ EIEKTPUYHA aKTHBHA TOTYXHICTh. 3 JUHAMIYHOI
XapakTepucTuku (puc.4.25) MoxkHa 1M0OAYUTH 3aJIKHICTH BUTPATH BOAM BIJ

KyTOBOI 1miBHaKOCTI Bayia ['A.
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Pucynok 4.22 - Ilepexiani npouecu 3a MomeHToM I'A Ha ocHoBi MIDK
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Pucynoxk 4.24 - Ilepexinni npouecu I'A 1no KyToBiil NIBUIKOCTI Bajia i

BUTpaTi BOAH
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Pucynok 4.25 - JIlunaMiuHa 3aJ1€5KHICTh BUTPATH BOJM BiJl KyTOBOT LIBUIKOCTI
Bana ['A

BinnpaunoBanHs CHrHAJYy 3aBJaHHS N0 IIBUAKOCTI Baja ['A.

Posrisitnemo po6oTy KoHTypy peryntoBaHHs mBUAKOCTI. CAP mBHAKOCTI
Bana ['A cknamaetncs 3 111 - perynaropa mBugkocti, MITK 3 CBY, matematuunoi
MoJell TiApoTypOiHM 3 ypaxyBaHHSIM BOJOBOAY 1 3BOPOTHOTO 3B'SA3KY IIO
uBuakocTi. Sk Bxke Oyyio nmokazano Buine, KPIII neoOximHuii s oOMeKeHHSs
kyroBoi mBuakocti A Ha ocnoBi MITXK 3 CBY, mo6 oOmexyBaru Hampyry

NEPETBOPHOBAYA HACTOTH 110 KOJIaX pOTOpPAa.

w  Mblmon e cey s Ms 40 [
CurHan 3afauns PCnmﬂbnanp P ocyunrorpad
1 Pa
OTkpbITHE HA b |:|
713 ——H
=4 ocuunnorpad P
Hanop
15— 1
1.15 Q T >
HomuHansHel pacxon TypOuHe!

0.064

Kc

Pucynok 4.26 - Ctpykrypa mozeni I'A na ocaost MIDK 3 CBY 31 3BopoTHUM

3B'I3KOM 3a HIBHJIKICTIO
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I'A mini-I'EC mpaimoe Ha KyTOBHMH IWIBHUAKOCTI @ = 157 paod/c (puc.4.27).
CtyniH4acTo 3MEHLIYEMO CHUIHAJI 3aBJaHHs 110 KyToBi# mBuakocti Baiga ['A 1 CAP
['A BiampanboBy€e JaHWNW CUTHAJ 3 BEJIMKOKO MBUAKOICIO 32 MIBUKICTIO, SK BUIHO
3 puc.4.28.

Ha puc. 4.27 HaBeneHi nepexiaHi Npouecy no KyroBui mBuiakocTi Bajga ['A i
BUTpATI BOAU. 3 MEPEXIAHOTO MNPOLECY MO KYyTOBMM MIBHAKOCTI BUAHO, IO Yy
KOHTYPY IIBHIKOCTI BUCOKA IIBUIKOAIsI. MakcuMalibHa TOUKa jgocsaraeTbes 3a 0,063

CEeKYH[H, K BUAHO 3 puc.4.28.
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Pucynok 4.27 - Ilepexiani npouecu I'A 1o KyToBiil IIBUAKOCTI BaJia 1 BUTPaTI
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Pucynok 4.28 - IlouaTkoBa AUISHKA NEPEXiTHOTO NPOLECY MO KyTOBHH

mBuIKocTI Baja I'A
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Pucynok 4.29 - Ilepexiani nporecu 3a MomeHTOM I"A Ha ocHoBi MITK
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10 15 t,cek

Pucynoxk 4.30 - Ilepexinni nporiecu mo aktuBHii noTykHocTi ['A Ha ocHoBl MIDK
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Pucynox 4.31 - JIlunamiuHa 3aJ1€5KHICTh BUTPATH BOJM BiJl KyTOBOT LIBUIKOCTI
Bana ['A
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Pucynok 4.32 - Ilepexiani npouecu I'A 1o KyTOBIi# HIBUIAKOCTI BaJia 1 BUTpaTI

BOJIH
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['A wmiHi-I'EC npamroe Ha KyTOBIH INBHAKOCTI w=157, paod/c (puc.4.32).

CryniHyacTo 30UIbIIYEMO CUTHAI 3aBjaHHs 1o KytoBui mBuakocti A 1 CAP I'A

BIIMIPAIIbOBYE TAHWW CUTHAJT 3 BUCOKOIO HMIBHIKOIECIO 32 MIBUJKICTIO, SK BUIHO 3

puc.4.33. Tlpu upomy 3 Mepexi uis 3a0e3MeUeHHs MBUAKOJII 3a IIBHJIKICTIO

CIOXKMBAETHCS eJIeKTpuuHa eHepris (puc.4.35).
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Pucynok 4.33 - IloyaTkoBa AUISHKA MNEpPeXiAHOro IPoOLECY MO KyTOBIMH

MBUIKOCTI Baia ['A
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Pucynok 4.34 - I1epexiani nporecu no noryxHocti I'A Ha ocHosi MITXK
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Pucynox 4.35 - [lepexiani npoiecu mo akTUBHIN NOTYXHOCTI ['’A Ha OCHOBI
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Pucynok 4.36 - JIlunaMiuHa 3aJ1€5KHICTh BUTPATH BOJM BiJl KyTOBOT LIBUIKOCTI

Bana ['A

BinnpaumoBaHHsi CHrHAaJy 3aBJAaHHS 10 AKTHUBHINA NOTYXHOCTI 3
00MeKeHHSIM MO0 4acToTi o0epraHHs mo Baay ['A

[lepexonaBmMch nUIAXOM IM(GPOBOTO MOJENIOBAHHS B TPaLe3AaTHOCTI
IPONOHOBAHOT METOJMKH CHHTE3y PpEeryJsTOpiB IIBHAKOCTI Ta aKTUBHOI
MOTYXXHOCTI, po3risineMo ternep 1o CAY MIDK B pexxumax oOMexKeHHs 10 4acToTi
obepranus Bany ['A.

Bracmiyiok oOmexenHs Hanpyru ITY mo kosax poropa, 00yMOBIIEHHX
TEXHIYHUMH 1 €KOJIOTYHMUMH IPUYMHAMHU, OYJ10 BBEJIEHO OOMEKEHHs 110 KyTOBUI
HIBUIKOCTI.

Posrisinemo poboty npornoHoBaHoi CAP I'A mini-I'EC. Ha Bxia cucremmu
MOJAETHCS CUTHAM 3aBAaHHs 1O akTUBHOI noTy:kHOCTI Up = 10 B, mio Bignosigae
HOMiHAJIBHOMY 3HAYEHHIO aKTUBHOT oTy)HOCTI 'A Mini — TEC Py=510° Br.

3 O1Y npuxoauTh CTYIIHYACTHI CUTHAJ 3aBJaHHs Ha 301IbIIICHHS aKTUBHOT
noTy)XHOCTi. CHcTeMa MOYMHAE BIANPAIbOBYBATH JIAHUN CUTHAJ 3aBIAAHHS 10 TUX
mip, MOKM KyTOBa IIBHUAKICTH He yBiiine B oOmexenHs (puc.4.39). Konrtyp
MOTY>KHOCT1 PO3MHUKAETHCS, 1 B CHCTEMI TPUBAE JIATH TUIBKU OJMH KOHTYP — KOHTYP
UIBUAKOCTI. 3HAYEHHS aKTUBHOT OTYXHOCTI Ha 4,3 CEKYH/I1 CTae PIBHUM 3HAYCHHIO

HOTY)KHOCTI TIAPOTYpPOIHM 1 IPOAOBXKY€E 30UIBLIYBATUCA Pa3oM 3 MOTYXKHICTIO
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rigpotyp6inu (puc.4.38). CAY Tak i He BUXOJUTh 3 OOMEKEHHS IO MIBUJKOCTI. 3

puc.4.39 - 4.40 BUJIHO, SIK CHCTEMA BXOAMTH B PEKUM OOMEKEHHS 10 HIBUIAKOCTI.

m—bQ—bp ww MLUZII'I: CEY ) i " '“"II |5
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Pucynoxk 4.37 - Ctpykrypa moaeni ['A 31 3BOpOTHUM 3B'SI3KOM 10 IMOTYKHOCTI

1 IIBUJIKOCTI 3 0OMEXKEHHSIM MOMEHTY 1 HIBUAKOCTI Bana ['A
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Pucynok 4.38 - Ilepexiani npouecu 1o noryxHocti I'A Ha ocHosi MITXK
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Pucynok 4.39 - [lepexigni nporecu ['A mo KyToB1# HIBUAKOCTI BaJjia 1 BUTPATI

BO/IH
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Pucynok 4.40 - JIlunaMiuHa 3aJ1€5KHICTh BUTPATH BOJIM BiJl KYTOBOT LIBUIKOCTI

Bana ['A

Posrnsinemo po6oty npornonoBanoi CAP I'A wmini-I'EC. Ha Bxia cucremu
MOJA€THhCS CUTHAM 3aBAaHHs 10 akTuBHIN motyx)HOCTI Up = 10 B, mo Bigmosigae
HOMIHAJIBHOMY 3Hau€HHIO akTuBHOI motyxkHocti I'A. 3 OIY npuxoautsb

CTyIIiHLlElCTI/Iﬁ CUIHAJI 3aBJIaHHS HA 3MCHILICHHS aKTUBHO1 l'[OTy}KHOCTi.
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Pucynok 4.41 - [lepexinni nporuecu no noryxHocti I'A Ha ocHoBi MIDK

Cucrema MOYMHAE BIANPANBOBYBATH JIAHWM CUTHAJN 3aBJaHHSA 10 THX MIp,
IOKM KyTOBa WIBMJKICTb HE yBiiiAe B oOMmexeHHs (puc.4.42). Toxal KoOHTyp
MOTY)KHOCT1 PO3MHUKAETLCA, 1 B CUCTEMI IPOIOBKYE HIATH TUILKH OJUH KOHTYp -

KOHTYp mBuakocTi Bajga ['A. 3HaueHHS aKTHBHOI IOTY)KHOCTI MHTTEBO
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MiABULLYEThCS Ha 4,3 CEeKyH/I1 10 3HAUE€HHS MOTYKHOCTI TMAPOTYpOIHHU 1 TPOIOBKYE
3MEHIIYBATUCS pPa3oM 3 TMOTYXHICTIO TiapoTypOinu (puc.4.41). Cucrema He
BUXOJIMTh 3 PEKUMY 00MexeHHs 1o mBuAKOCT Banga ['A. 3 puc.4.42 - 4.43 BujHo,

SIK CUCTEMA YBIMIIUIA B peKUM OOMEKEHHS 10 MBUAKOCTI Baa ['A.
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Pucynok 4.42 - [1epexiani npouecu I'A 1o KyTOBi# HIBHAKOCTI Basa i
BUTpAaTI BOJIU
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Pucynok 4.43 - JlunamiuHa 3aJI€XKHICTh BUTPATH BOJM BiJl KYyTOBOI

mBuakocTi Baiia A

IIpomonemroBatn CAP aktuBHOi nortyxHocTi I'A MmiHi-I'EC B pi3Hux
pexkuMax poOOTH, 1 OTPUMABILHU IIPU LIBOMY OCIIJIOTPaMHM JUIsl PI3HUX PEKUMIB, Ha
T1JICTaBl OTPUMAHUX PE3yJIbTAaTIB MOYKHA 3 YIIEBHEHICTIO CKa3aTH, 1[0 MPOIMTOHOBAHA
CAP akrtuHoi notyHocTi I'A MiHi-I'EC 3 noctaBnenumu nepes Hero 3aBIaHHIMU

CITPABJISETHCS, IK BUJIHO 3 MaoHKIB 4.10 - 4.43.



109

Otpumani mepexigHi MPOLECH MOBHICTIO Y3TOKYIOTBCS 3 TOJIOKEHHSIMHU
Teopii I'1JIpOeJIeKTPOCTaHIIIH [3.8] MITBEPKYIOTh npane3 aTHiCTh
3aMpONOHOBAHOI 1HXKeHepHOT MeTouku 1mo0yaoBu CAP aktuBHOT notyxHOCTI ['A
Ha ocHoBi MIDX.

BucnoBku no posainy 4

1. 3anpornoHOBaHO aaropuTM yrpasiinHs rigpoarperatom miHi-I'EC Ha ocHoBI
MIDK. [IponoHoBaHMM aarOpUTM 3aCHOBAHUW HA TPUHIMIN MIAJIETIOTO
PETYJIIOBaHHS KOOpPJAMHAT. 30BHIIIHIM 110 BIJIHOHIEHHIO [0 KOHTYpPY
pEryJIlOBaHHS aKTUBHOI MOTY)KHOCTI MOBHHEH OyTH KOHTYp peryJrOBaHHS
PIBHS BOAM Yy BOJOCXOBHMIII. BHYTpIIHIM MO BIAHOLIEHHIO 10 KOHTYPY
PETYJIIOBaHHS AKTUBHOI IOTY)KHOCTI IOBHHEH OyTH KOHTYpP PEryJHOBaHHS
KyTOBOI mBHaKOCTI Bajia ['A.

2. Po3po0neHo iHXKEHEPHY METOAUKY CHHTE3y PEryisTOpiB HIBUIKOCTI Ta
IeHepyeEMOi aKTHUBHOI MOTYXHOCTI. [laHa MeTonMka BpaxoOBY€ CTATHYHI 1
JIMHAMIYHI BJIACTUBOCTI T1APOTYpOIHHM 1 IHEpLII0 Mac BOJM B HaIipHOMY
BogoBoai. IlIBuakoais CAP mo akTUBHINH HOTYXHOCTI OOMEXKEHa CYMOIO
HEKOMIICHCOBAHHUX IMOCTIHHUX Yacy B KOHTYP1 peryJfoBaHHS MBHIKOCTI ['A.

3. TlpoBeneHO MOCIHIJKEHHS 3allpONOHOBAHOT 1HXXEHEPHOI METOJMKU CHHTE3Y
perynsTopiB  MetojaoMm I1mdpoBoro MojentoBaHHA. JlaHl AOCHIIHKEHHS
MiATBEP/ANIIN NIPALlE3/1aTHICTh 3alIPOIIOHOBAHOI METOAMKH, B TOMY YMCJI1 1 TPH
BuxoJi CAP B pexxuMu 0OMEXEHHS! KOB3aHHSI aCHHXPOHHOI MallIMHH.

4. Tloctiiina yacy HamipHOTO BOJI0BOAY, Tw, MoMeHT iHepiii ['A, J, i 3HauCHHS
Koe(ilieHTa JIIHeapu3alii TOJOBHOI YHIBEPCAJIBHOI XapaKTEPHUCTUKH
riipoTypOiHu B poOoUiit Toulll, Ku, € OCHOBHUMH BUXIJIHUMH JaHUMH IS
pO3p00ICHOI METOJUKH CHHTE3Yy PEryJsTOpiB IIBHAKOCTI Baja 1 aKTUBHOI

notyxHocTi ['A.
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BUCHOBKHU

. ITokazano, mo 3actrocyBanHs B ['A pajaiajibHO-OCBHOBIM TiAPOTYpOIHI 3
HU3BKUM KOE(DIIIEHTOM IBUIKOX1AHOCTI J03BOJISIE€ BUPOOIISATH PETYTIOBAHHS
reHEepyeMOT aKTUBHOI MOTYKHOCTI LUISIXOM 3MIHM KYTOBOI IIBUJKOCTI BaJia
redeparopa npu 3HadeHHsx KKJI rigporypOiHu, HECYTTEBO MEHIINUX
HOMIHAJIBHOTO.

. 30iJIBIIIEHHI0 YaCTOTH OOepTaHHS TiApOTYpOiHM BiAMOBimae 30iMbIICHHS ii
T1APaBIIYHOTO OMOPY BHACIIIOK 11 BIALEHTPOBOI CUJIM B CHipalibHIN Kamepl
1 Kamepi pododoro koseca. ToMy € MOXKIHUBICTh 3MIHIOBAaTH BUTPATy BOIU
gyepe3 TypOiHY 1 TMOTYKHICTh Ha Bajly IMUIAXOM 3MIHM 4YHClIa 00epTiB,
BHACJIJIOK YOro MOXHA BHKOPUCTOBYBAaTH aKyMYJIIOIOYY 3IaTHICTb
BOJOCXOBHIA HE 3MIHIOIOYM TIOJIOKEHHS HAMpPAaBISIOUOTO  amapary
TipOTypOiHN.

. Ha miacraBi 3acToCOBYBaHOI MOji€/l paaiaibHO-OCLOBOI IiApOTypOIHH, IO
NpPAIIoE HA OJHOMY BaJly 3 CHHXPOHHUM T'€HEPATOPOM MPHU MOCTIHHOMY
3HaYEHHI 4YaCTOTH MEpPEeXi, OTPUMAHO MaTeMaTUYHUH OINUC padialibHO-
0CBHOBOI IAPOTYpOIHM 1111 Yac 3MIHM 4acTOTH oOepraHHs Baiy ['A.

. HepouinbHO mpoBOAWTH pEryiarOBaHHS KyTOBOI MIBHAKOCTI ['A B miama3oHi
mpiue, HDK 1:2, BHacmijiok Hapoctarodoro 3HmxkeHHsi KKJI paapianbHo-
OChOBOI T'JIPOTYPOIHM NPH BIAXMIICHHI ii KyTOBOI IIBUJKOCTI BiJi OCHOBHOI.
Maroun Takui [iana3oH PEryjaiBaHHS KyTOBOI MIBHAKOCTI Bama ['A
3HAUEHHA TE€HEPYEMOI aKTUBHOI MOTYXKHOCT1 MOKHA 3MIHIOBAaTH B Jliaa3oHi
BIJl HYJIS /10 HOMIHQJIBHOIO SIK B JUHAMIYHUX, TaK 1 B CTaJMX pEXRUMAax
poboTH.

. CyyacHOMy piBHIO pO3BUTKY TE€XHIKH BIANOBija€ 3acTocyBaHHsA B ['A miHi-
I'EC renepatopa Ha ocHoBi MIIK 3 cHCTEMOIO BEKTOPHOIO YyIpaBJIiHHS
€JICKTPOMArHiTHUM MOMEHTOM IeHepaTopa.

. Y tpaguuiitnux ['’A Ha OCHOBI CHHXPOHHOIO T'€HEepaTopa 4acToTa O0EepPTAHHS

Baiy ['A BHM3HaueHa NMOCTIMHMM 3HAYEHHSM YacTOTH MEpEeXi, a TeHepyeMa
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aKTHBHA TIOTYKHICTh JOPIBHIOE TIOTY>KHOCTI Ha Baily TypOiHM (3a
BUpaxyBaHHSIM BTpaT B TE€HEparopi). YIpaBiliHHA MOTYKHICTIO Ha Baiy
TYpOIHH YCKIIAIHIOETHCS HEOOXITHICTIO 3MIHIOBATH BHUTPATy BOJU uepe3
TypOiHY, 3HaUCHHS SKO1 BU3HAYAE KIHETUUHY €HEPTii0 Mac BOJW B HAMIIPHOMY
BOJIOBO/I].

. IlokazaHo, 110 3acTocyBaHHs TE€HEpaTopa 3 PEryjlbOBaHOK YaCTOTOKO
o0epTaHHs Baly J1a€ MOKJIMBICTh IEPETBOPIOBATH 3MIHY KIHETUYHOI €HEPTii
Mac BOAM B HAlliPHOMY BOJIOBOJII B 3MiIHY KIHETHYHOI €HEprii 00epTOBUX Mac
['A. B pesyabraTi 3'SBISETHCS MOXKJIMBICTH MPAIIOBATH 3 PISHUMHU
3HAUEHHAMM TE€HEPYEMOI aKTHBHOI MOTYXHOCTI 1 MOTY)XHOCTI Ha Baly
TypOiHHM B IMHAMIYHHUX pexuMax. Lle 103Bosisie MBUAKO 3MIHIOBAaTH aKTUBHY
MOTY)XHICTh I'€HepaTopa, KEPYUYH HOro eeKTPOMarHiTHUM MOMEHTOM.

. Cucrema ynpasninas MIDK-reneparopom Moxke nepeBOAUTH HOTO B PEKUM
poOOTH abCONIOTHO M'AKOKO MEXAHIYHOK XapaKTEPUCTHKOI BHACIHIJIOK
00MeXeHHsI CTpyMiB poTopa. B nanux pexumax poOOTH CTIHKICTh, a TAKOX 1
anepuoOJUYHUN  XapakTep TiApOMEXaHIuHUX mepexiaHux mpoiecis ['A
3a0e311euyr0ThCsl YCTAaHOBKOKO JI0JIaTKOBHX MaxoBMX Mac Ha Bain ['A abo
301IbIIEHHSIM NIEPETUHY HAIMIPHOTO BOJAOBO/Y.

. Ha mingcraBl aHamizy mnojiiHOMa 3HAMEHHHKA MepeaaBaibHOi (QYyHKIIIT
JIIHEapU30BaHOI MOJEl KEpPOBAaHOTO MO KyTOBMM MIBHAKOCTI Bama ['A
OTpUMaHi YMOBHM CTIMKOCTI 1 amnepuoOJMYHOrO XapakTepy IepexiJIHuX
MPOIECIB 10 KyTOBUM mBHAKOCTI Baia [A B pexumi oOMeKeHHs
€JIEKTPOMArHiTHOIO MOMEHTY. JlaH1 yMOBH /J03BOJIAIOTH BUPOOIATH BUOIp

3HaY€Hb CYMapHOI'0 MOMEHTY 1HEpLii 1 IEpeTUHY HalipHOIro BojoBoay ['A.



112

JITEPATYPA

. Ilorna M.B. Mana enektpoeHepreTka Ha NPHKIaAl MIKporec. AKTyajbHi
3a/1aul CydyacHUX TEXHOJIOTiH : 30. Te3 momoBifaei X MiKHAp. HAYK.-TIPAKT.
KoH(}. Mosoiux ydyenux ta cryaeHtis, (Tepromninb, 24-25 nucron. 2021.) /
M-Bo ocBiTH 1 Hayku Ykpaiuu, TepH. HamioH.TexH. YH-T iM. [. [Tysros [Ta iH.].
— Tepnomnins: 2021. T. 2. — 48.

. Austrailian Renewable Energy Website. Commonwealth of Austrailia,
Austrailian Greenhouse Office,. — [Enexkrponnuii pecypc]. — 1999. — Pexum
JOCTyIy 10 pecypcy: http://acre.murdoch.edu.au/ago/hydro/hydro.html

. BuildingTECH. [Enextponnuii pecypc|. Pexum pocrymy no pecypey:
https://building-tech.org/kompaktnaya-mini-ges-rotor-smozhet-obespechit-
elektroenergiej-nebolshoe-selo/

. Tapacenko M.I'., 3inp M.M. IlInsxu npuUCKOPEHHS TEMIIIB PO3BUTKY Majoi
riipoeHepretuk  Ykpainu.  Bicauk  KnHY  imeni  Muxaiina
Octporpancekoro. 2014. Bum. 4(87). C. 56-61.

. 3itnp M.M., Iliaraitauii FO.b. CyuacHi tenaenuii po3sutky Mamux ['EC B
Vkpaini / Marepiaim MibKHApOHOT HAYKOBO-TEXHIYHOI KOH(pepeHii
,DyHIaMEHTAIbHI Ta MPUKJIAIHI TPOOIEMHU CyHYaCcHUX TEXHOJIOTIM— /10 60-
piuusi 3 AHS 3acHyBaHHS TepHOMIIBCHKOTO HAIIOHAILHOTO TEXHIYHOTO
yHiBepcuTeTy imeHi IBana ITymrost Ta 175-piuus 3 qHs Hapo/keHHs IBana
[Tymtos, M. Tepuonuis, B-so THTY, 2020, C. 203

. Komans B. [1. EHepreTuyna eeKTHBHICTh CUCTEM MO3UILIOHYBAHHS TJIOCKUX
coussunux manened / B. Il. Kosane, P. P. IBacenuko, K. M. Kozak //
DHeprocoepexenue. JHepreruka. Jueproayaut. —2015. — Ne 3. — C. 2-10.

. Kosanp B.II. 3apsinka eneKkTpUYHMX TPAHCIOPTHHUX 3acO0iB HAa OCHOBI 66
OesnpoBigHoi nepenaui  eneprii / ILIL. Jleuyk // Marepiamm X
MixHapoHOT HAYKOBO-TEXHIYHOI KOH(MEpEeHILil MOJOJUX YYCHHX Ta
CTYEHTIB ,,AKTyallbH1 3a7a4yl Cy4aCHUX TEXHOJOTrii—, 25-26 nucromnana

2020 poxy. — T. : THTY, 2020. — Tom 2. — C. 117.



113

8. XKumeupkuit B.I{. OcHoBu oxoponu mpari. [liapyunux/ B.1. JKunenskui,
B.C Ixurupeii, O.B.MenbuukoB. — Buj. 5-te, nonosHene. — JIbBiB: Adilia,
2000. - 350 c.

9. Crebmok M.I. [{uBinbHa 060poHa Ta HUBLILHUM 3axucT: [Tigpyunuk. — 2-re
BU/., nepepo0. 3areeppkeno MOH / MLI. Crebmok.— K., 2010. — 487 c.

10. Bouak, B., Tecnenko, O., Camuenko, O. (2018). Mana rigpoeHepreruxa
Vxkpainu. Anamituaauii ormsaa. Tom [ URL: https://energyukraine.org/wp-
content/uploads/2018/05/0Otchet-MGES1.pdf

11. European Small Hydropower Association (2004). Guide on How to Develop
a Small Hydropower Plant. Part 2 URL:
https://energypedia.info/images/4/4a/Part 2 guide on how to develop a
small hydropower plant- final-21.pdf

12. Manish Kumar Saini. (03-Aug-2022). Difference between Impulse Turbine
and Reaction Turbine. TutorialsPoint. URL:
https://www.tutorialspoint.com/difference-between-impulse-turbine-and-
reaction-turbine

13.Baoling Guo, Bacha Seddik. Mazen Alamir, Amgad Tarek Mohamed.
Variable speed micro-hydro power generation system: Review and
Experimental results. SYMPOSIUM DE GENIE ELECTRIQUE (SGE
2018),3-5 JUILLET 2018, NANCY, FRANCE. URL: https://hal.science/hal-
01907850/

14.B.1. byasko, I1.®. Baceko, C.T. Ila3zuu. 'igpoeHepreruxa: Kypc JICKIIiH
[EnexTponHMii pecypc]: HaB4aIbHUI MOCIOHUK U1 CTY/I. ClieianbHOCTI 141
«EnexTpoeHepreTuka, €IeKTpOTEXHIKA Ta eynekTpomexaHikay/yknan.: /KIII
iM. Irops Cikopcbkoro, — Enekrponni tekcrosi aani (1 ¢ain: 13,6 Moaiit).
— Kuis: KIII im Irops Cikopcekoro, 2023. — 205 c.

15. Hildinger T., Kédding L. (October 2013). Modern Design for Variable Speed
Motor-Generators - Asynchronous (DFIM) and Synchronous (SMFI) Electric
Machinery - Options for Pumped Storage Power Plants. Hydro 2013. URL:
https://www.researchgate.net/publication/307919334 Modern Design for



114

Variable Speed Motor-Generators -
_Asynchronous DFIM and Synchronous SMFI Electric Machinery -
_Options_for Pumped Storage Power Plants

16. Creager W., Justin J. Hydroelectric Handbook. Second Editor. — USA, 2015.
— 1151 c.

17. Gulliver J., Arndt R. Hydropower Engineering Handbook. — McGRAW-
HILL, INC. — 1991. - 667c¢

18. Ramos H. Small Hydropower Plants. - WREAN and DED. — Belfast, North
Ireland. — 2000. — 206 c.

19. SlkicTe enextpuunoi eneprii. [lata onosnenns 21.02.2022. GOV.UA. URL:
https://www.nerc.gov.ua/sferi-diyalnosti/elektroenergiya/yakist-
elektropostachannya/yakist-elektrichnoyi-energiyi

20. GRE2H3R200K00ONO0OOO Gamactuuii pesuctop. Caiit BupoOHuKa Vishay.
URL: https://www.vishay.com/docs/31833/grel gre2.pdf.

21. Tupucropuuit  peryastop 3minHoi Hanpyru PEHAII-3T-250. Caiir
BupoOHrka Tems. URL: https:// www.tems.com.ua/components/com -
jshopping/files/demo_products/RENAP3T.pdf

22. Tupucropnuii peryusarop Hanpyru PEHAII-3B-200. Caiit BupodbHuka Tems.
URL.: https://www.tems.com.ua/components/com_-
jshopping/files/demo products/RENAP3V.pdf

23. Tpancdopmarop T3CI-6.3 380/36. Caiir nocrayanpHuka eNasos. URL:
https://enasos.com.ua/ru/products/transformator-ponizhayuschij-tszi-63-kvt-
38036-trehfaznyj-v-korpuse-suhoj

24, latunk  nanpyru  HV4117. Cait nocrasassHuka YNDS. URL:
https://cdn.shopifycdn.net/s/files/1/2723/6858/files/HV4117.pdf?v=1669009
027

25. larunk gactotu Datacom-DF-1010. Caiit mocravanpauk Electro. URL:

https://ecshop.com.ua/files/ DATAKOM-DF0101-manual.pdf



115

26.I1I-perynsrop REX-C100-D401-88-N. Caiir IocTavaJbHUKA
Rcscomponents. URL: https://www.rcscomponents.-
kiev.ua/datasheets/REX C-100 RUS ALARM.pdf

27. Tennose pene [IPOMDAKTOP PT 2-200. Caitt nocrauanbauka 220volt.
URL: https://220volt.com.ua/rele-teplovoe-promfaktor-rt-2-200-125-200a/

28. ABromatnunuii  Bumukady EATON BZMB2-A200 116971. Cair
noctayanbHuka Enexrpokontpons. URL: https://electrocontrol.com.ua-
/ua/avtomaticheskie-vyklyuchateli/avtomaticheskii-vykluchatel-
200anominalnoe-napryazhenie-400-4 15-v-as-3-polusa-otkl-sposobnost-
25ka-eaton-bzmb2-a200-116971

29.Krause C., Wasynczuk O., Sudhoff S. Analysis of electric machinery and
driver systems. 2 Edition. The Institute of Electronics Engineers. — USA-

2002 -613 ¢



Jlogarku



117

1. GROUNDING OF THE POWER SCHEME OF THE GENERATING SET

1.1 The role of mini-hydroelectric power plants in the power system

The master's thesis considers a mini-hydroelectric power plant with a daily
regulation reservoir connected to an electric network of infinite capacity. This type
of hydroelectric power plant is an integral part of a unified electric power system
(UES).

Power stations working together on a common electrical network,
transmission lines, raising and lowering substations, make up the UES. High-voltage
power transmission lines, connecting individual systems, allow you to create
combined power systems. To assign the mode and operational control of the
operation of hydroelectric power plants and networks, combined dispatching
departments (ODU) and system dispatching departments are organized.

Mini-hydroelectric power plants can be used in the power system:

3. for generating electrical energy;

4. to cover small peaks in the electrical load of the UE.

This paper considers only the daily fluctuations in the electrical load of
the power system (because the mini-hydroelectric power plant reservoir is small),
which are determined by the uneven mode of electricity consumption by the
population. These load fluctuations occur with a simultaneous increase in electricity
consumption, which occurs due to the connection of new consumers.

Fig. 1.1 shows a daily schedule of the electrical utility load. The daily
schedule of the electrical load is characterized by the change in the load pload during

the day.

a) o)

100 — ,\ 100 —
50 //\_f‘\‘_/ \ 50 / \/\_—\

0 6 12 18 244 0 6 12 18 244




118

Figure 1.1 - Daily load schedule of the power system. Utility and

household load; a - winter day, b - summer day

These graphs (Fig. 1.1) are given for winter and summer time. The graphs
show that the peak load falls on the morning and evening hours. In winter, electricity
consumption is greater than in the summer season. At the same time, in winter the
water flow is several times less than in summer. Autumn - winter water flow of one

of the rivers, which characterizes the water flow in Fig. 1.2.
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Figure 1.2 - Average annual river flow of the Vorskla River per year

The Vorskla is one of the largest left tributaries of the Dnieper. The river
valley is trapezoidal, 10-12 km wide. Almost along its entire length, the right bank
is high and steep, the left bank is low and in some places marshy. The width of the
river in the middle and lower reaches is about 40 meters, sometimes exceeding 100
meters. The average depth is 1.5 m, the maximum is 10—12 m. The river slope is 0.3
m/km.

The water supply is mixed. It freezes in early December , thaws in March .

The highest annual water levels are in March- April , the lowest in July - October .

The average annual water flow near Kobelyaki is 33.4 m?/s. The mineralization of
the water is: spring flood - 672 mg/dm?; summer-autumn low water level - 766

mg/dm?; winter low water level - 775 mg/dm?.
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From Fig. 1.2 it is seen that the main water flow of the Vorskla River
occurs in the period from May to September and is 76.0% of the annual flow [4]. It
follows that in the winter period the water flow of the rivers decreases, and the need
for electricity increases (Fig. 1.1), and when designing mini-hydroelectric power
plants, the winter water flow is taken for calculations, which underestimates the
installed capacity of the mini-hydroelectric power plant.

In order to be able to quickly increase the generated active power and
cover the daily schedule of the electrical load of the power system, it is necessary to
build a mini-hydroelectric power plant with a daily regulation reservoir to cover the
peaks of the electrical load of the power system.

Daily regulation allows to increase the participation of mini-hydroelectric
power plants in covering the maximum load of the system, to reduce the need for
power of other power plants and to improve their operation mode. During the low-
water period, with round-the-clock operation at a constant inflow flow, the
hydroelectric power plant can develop relatively small power. When operating with
daily regulation, a mini-hydroelectric power plant with a daily reservoir develops
increased power during peak load hours, and during hours of minimum load it

reduces its power and accumulates water in the reservoir.

1.2 Methods of controlling the active power of a mini-hydroelectric power

plant hydraulic unit

There are several options for regulating the active power of a mini-
hydroelectric power plant. Let's consider all the options in turn.

Ballast resistance regulation. Autonomous mini-hydroelectric power plants

install hydroturbines without oil pressure units, the directing device is set to the
nominal operating mode of the hydroturbine, which does not allow saving water
with low electricity consumption. AC machines are used as generators. Autonomous
mini-hydroelectric power plants, as a rule, do not have on-duty personnel. Changing

the generated active power (P . ) is performed manually by influencing the directing
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devices of the hydroturbines during the current inspection of the mini-hydroelectric
power plant equipment. The balance between the generated power and the consumed
active power is ensured by "throwing" excess generated electricity to rheostats
[41,42,43]. The water level in the upper reaches of the reservoir is limited by an idle
spillway. This method of regulating the generated electricity is not energy efficient.

Active power regulation using a directing device (NG). Consider a mini-

hydroelectric power plant with one hydraulic unit (HU) based on a synchronous
generator (SG) connected to an infinite power network. The SG power is very small
compared to an infinite power network. Changing the SG operating mode can
practically not affect the voltage U . or frequency f . of the power system. When the
SG operates in parallel with an infinite power network, the voltage U . and frequency
f . at the SG terminals are rigidly set by the mode of the entire network and do not
depend on the excitation current, load current and power of the SG itself [14].

Therefore, the frequency of rotation of the SG is determined by the frequency
of the infinite power network, which follows from the relation

2z e
Py

o

where p ,1s the number of pairs of SG poles.

Mini-hydroelectric power plants, as a rule, do not have on-duty personnel.
When operating a hydropower plant in parallel with an infinite capacity network,
two modes are most often implemented:

3. the first mode is characterized by changing (regulating) the active power

of the generator with constant excitation;

4. The second mode is characterized by a change in excitation (reactive

power regulation) while the active power of the generator remains

constant.
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When operating a solar power plant in parallel with an infinite power network,
the change (increase/decrease) of the generated active power is carried out in two
ways:

1) manually by influencing the NA of the hydroturbine, during the current
inspection of the mini-hydroelectric power plant equipment;

2) in automatic mode by influencing the NA using hydraulic actuators.

Regulation of the active power of the GA using the NA does not allow for
high performance, which is limited by the hydromechanical inertia of the system.

Synchronous generator with two-link frequency converter (FC) . Active

power regulation at variable shaft speed can be achieved using a SG with a two-link
FC in the stator track . These systems are very fast, but have a significant drawback:
the power of the FC in the SG stator is designed to transfer the entire generator
power, which increases capital costs and electrical losses.

One of the options for solving this problem is the use of asynchronous
generators with a phase rotor (AGFR). The requirements for stabilizing the
parameters of electricity generated at a variable frequency of rotation of the GA shaft
lead to the option of building a GC with electrical regulators [15]. In our case, the
GC can be built on the basis of an AG with a frequency converter in the rotor circuit
(a doubly powered machine).

A double-feed machine. Fundamentally new opportunities for rapid changes

in the generated active power, P ., are provided by generator sets based on a double-
feed machine. The use of an asynchronous machine HA has long been of interest to
researchers working in the field of electricity generation systems.

A new stage in the study of asynchronous GCs is associated with the use of
MPG for this purpose. Due to its wide regulatory capabilities, the MPG generator
occupies an equal place among alternative GCs, and in some respects has significant
advantages. New prospects for the application of the MPG generator have been
obtained thanks to the latest achievements in the field of power electronics, the
creation of modern frequency converters, which provide an almost sinusoidal shape

of the currents in the phases of the electric machine.
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Research and implementation of the MPZH generator in wind power and ship-
mounted shaft generator installations are also being carried out abroad. For example,
in Japan by Hitachi , in Norway by ABB KraftAs and ABB Corporate. Research , in
Australia - Rainbow Power Company , in Germany - AKW, Siemens [13].
Significant world experience has been accumulated in the development and research
of MPG generators.

In this work, the task of building an automatic control system for the active
power of a multi-phase generator for a mini-hydroelectric power plant hydraulic unit
is considered in the light of the problem of creating an automatic electric drive
operating in generator mode as a basic element of an automated control system for
the technological process of electricity generation in the unified electric power
system of Ukraine.

A simplified power diagram of a GC based on a MPZh is shown in Fig. 1.3.

The generator is an asynchronous machine with a phase rotor (AM), the stator
of which is connected to the network, and the rotor receives power from a
semiconductor frequency converter (FC) [4, 9]. The voltage of the FC around the
rotor AM is almost directly proportional to the slip frequency. By changing the rotor
supply frequencyi, it is possible to adjust the angular velocity of the generator shaft
during synchronous operation of the GC with the adjacent power system. This allows
you to adjust the power P ., which is supplied to the network.

The power scheme of the GC, shown in Fig. 1.3, is used in wind power plants
with a control range of approximately 1:2. The IF is built according to a power
scheme that allows the transmission of active power in both directions. The installed
power of the IF is directly proportional to the maximum permissible slip frequency.
This GC allows the regulation of P e at the rate of electromagnetic transients by
changing the electromagnetic moment M . of the generator. Thus, it becomes
possible to reduce the transient time P . ( t ) by tens of times compared to currently
operated GCs based on synchronous generators operating in parallel with the

network.



123

72 Y-S

Figure 1.3 — Power scheme of a GC based on a MPZH

The main advantage of a mini-hydroelectric power plant based on a dual-feed
machine is that the generator is controlled by converting not all, as in a SG with a
two-link inverter, but only part of the electrical energy from the generator power.

This power scheme is widely used in wind power plants operating on an
infinite power grid. The regulation of the generated active power P E is carried out
by changing the speed of the wind turbine .

In [13], two control algorithms are considered: for autonomous mode and for
operation on a power grid with a power exceeding the power of the MPZh by 10
times. The algorithms proposed by them are most suitable for internal combustion
engines, wind turbines and mini-hydroelectric power plants with active
hydroturbines, where the change in M . does not affect the hydraulic system in any
way.

a two-link autonomous current inverter (AIS) was selected as the inverter ,
which is a disadvantage of this power circuit - low speed in M . due to the inertia of

the choke (Fig. 1.4).
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Figure 1.4 — Functional diagram of a GA based on MPZ with AIS

The authors of previous works did not solve the following problems:

- the static characteristics of the hydroturbine have not been studied and
taken into account;

- the dynamic properties of the hydroturbine with the water pipe were not
taken into account, namely, the kinetic energy of the water in the water
pipe was not taken into account;

- the considered MPZ control system does not limit the slip of the induction
machine in steady and dynamic modes;

- a methodology for synthesizing speed and active power regulators has not
been developed.

It is necessary to continue these works in areas related to the analysis of
electromagnetic and electromechanical processes, the synthesis of automatic control
systems for the MPZ generator, the influence on the characteristics of a frequency
converter-type generator, etc. The interaction of the hydroturbine and MPZ has not

been sufficiently studied.
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According to the results of the review, it is proposed to use a vector control
system (VCS) based on a dual-feed machine in the mini-hydroelectric power plant
[7]. Modern CVSs with alternating current electric machines, made on the basis of
transistor frequency converters, are characterized by high speed of electromagnetic
torque.

The time constant of the MVU MPZH in terms of electromagnetic torque, and
accordingly in terms of active power, for modern SVK with high-power alternating
current electric machines is from 0.005 to 0.02 sec .

The rotor back-EMF is directly proportional to the absolute slip of the
induction machine. Therefore, the output voltage for which the frequency converter
must be designed is determined mainly by the maximum slip in the operating speed
range. In addition, by controlling the rotor current of the induction machine, it is
possible to ensure a minimum of total losses.

Therefore, MPG with SVC are characterized by high efficiency when
operating at near-synchronous rotor speeds of an asynchronous machine. Typically,
the rotor speed varies from -40% to + 30% of the synchronous speed. These
requirements determine the range of power variation of the power converter - within
30 +40% of the nominal value of the MPG generator power. The use of a double-
feed machine is especially effective where long-term operation at speeds exceeding
the synchronous speed of the generator and full, in particular, nominal mechanical
load is required [13].

In these modes, the MPZh generates electric energy along the stator and rotor
circles. In modes where the MPZh operates below the synchronous speed, the MPZh
generates electric energy along the stator circle, and consumes it along the rotor
circle. Due to the limited power of modern inverters, the creation of a GC based on
the MPZh is promising , primarily for mini-hydroelectric power plants. The author
sets the task of investigating the possibilities of regulating the main technological
parameters of mini-hydroelectric power plants by changing the speed of rotation of

the hydraulic unit.
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A review of the reference literature on hydroturbines [12,13,14] shows that
for hydroturbines with rigidly fixed blades, an increase in angular velocity by
approximately two times compared to the nominal one leads to a decrease in the

power developed by the hydroturbine to zero (Figure 1.5) [14].
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Figure 1.5 - Characteristics of the PV hydroturbine.
a - relative opening of the NA; A=#/# , - relative efficiency; ¢ = O/ Q , - relative

water flow rate

The purpose of regulating the speed of the generator in the main mode is to
maintain the maximum pressure value of the mini-hydroelectric power plant, but
without idle spillway. The controlling influence on the generator in such mini-
hydroelectric power plants is the electromagnetic moment of the generator M ..

The automatic control system (AC) of the angular velocity of the GA should
be an internal control loop in the AC of the active power generated P . (Fig. 1.6). A
fast-acting internal loop - AC o is necessary, first of all, to limit @ in transient
processes during sudden unscheduled power tasks P .. Since the voltage at the
terminals of the AC along the circumference of the AM rotor is almost directly
proportional to the slip frequency, limiting the minimum and maximum values of ®
will protect the AC from exceeding the permissible values of the voltage along the

circumference of the rotor.
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Figure 1.6 - Functional diagram of the ATS MPZH

MPZ with a vector control system (VCS) are currently widely used in wind
power plants. MPZ with CVS has influence channels for controlling the active and
reactive power transmitted to the network.

The vector control system of an electric drive based on a dual-feed machine
1s a two-channel ACS. The control influences in it are the components of the vector
of the setpoint signals on the currents or voltages of the generator rotor. In this case,
one of the vector components is used to regulate the speed (torque).

The task of constructing control circuits and synthesizing regulators of the
active power control system of a mini-hydroelectric power plant based on MPZh
requires a mathematical description of the processes of the electric machine of
electric energy converters by the equations of their two-phase model. The variables
of this model should be the regulated coordinates of the SVU and the projections of
the vector of control influences on the axes of the Cartesian coordinate system,

which rotates synchronously with the motor field.
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1.3 Mathematical description of the vector control system of a doubly

fed machine

A doubly fed machine in this work is an asynchronous machine with a phase
rotor, controlled by a frequency converter, with the generator stator connected to the
AC network, and the rotor to the converter outputs. An asynchronous machine can
be either serial, with three-phase windings, or specially designed, in particular, to
have a two-phase winding on the rotor.

An asynchronous generator with a phase rotor is an implicitly poleless,
magnetically and electrically symmetrical machine. Its mathematical description in
a Cartesian coordinate system, rotating with an arbitrary angular velocity ®  can be
represented by the following vector -matrix equations:

Circuit winding voltage balance equation

a¥
: £=Uy,—RJI,— ey D¥..
g (1.1)

Rotor circuit voltage balance equation

il =U_—R I —o,\D¥,
d (1.2)
Magnetic circuit equation
Y, =L;I; _:mer‘ (1.3)
Y, =Lyl + Ly, ) (1.4)
Yo = mUSJrIr')_ (1.5)

Expression for the electromagnetic torque of the motor

My=cL IIDI,.
(1.6)
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Here W, ¥ ,., U, U,, I, ]I, are two-dimensional column vectors of flux
linkage, voltages and currents of the form X ; =[x i1, x12]"; X i1, X i are components
of the vector X ;, which are its projections onto the corresponding axes of the
Cartesian coordinate system 1,2. The index 1 means that the variable refers to the
stator or rotor winding; T is the symbol for the transposition of the -column vector .
¥ ., 1s the flux linkage vector characterizing the magnetic flux in the air gap, ¥
[P mi, ¥ m2]". Dis the transformation matrix of the -column vector ,

0 -l
D= :

R ¢, R ;- active resistances of the stator and rotor windings, L ., - main
inductance of the motor, L , L , - intrinsic inductances of the stator and rotor
windings,

Ly =Ly, +Lgy,
TS T
where L o, L o - leakage inductances. - rotation speed of coordinate system

1, 2 relative to the rotor,

WAk = Op © ( —wl.7)

Provided that the coordinate system 1, 2 rotates synchronously with the stator
magnetic field, wain (1.7) is the slip frequency. M gis the electromagnetic moment,
c is the design constant of the generator. In the following work, we will assume that
the two-phase model of an asynchronous generator is compiled using a power-
invariant transformation of physical variables. Then c¢= p , . The equation of

mechanical motion has the form

J:%=MT—M3, (1.8)
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where M ris the moment of the hydroturbine, M g is the electromagnetic
moment of the MIS generator, and J yis the total moment of inertia of the GA,
reduced to the generator shaft.

Equations (1.1) - (1.6) of the mathematical description of an asynchronous
generator with a phase rotor are compiled in a system of generally accepted
assumptions [24]:

7. the stator and rotor windings of the electric machine are located
symmetrically relative to the axis of rotation, as well as relative to each
other at any angular position of the shaft ;

8. the mutual inductances of the stator and rotor phases are harmonic
functions of the rotor angular position; the unevenness of the air gap due
to the slots is not taken into account;

9. the magnetization characteristic is piecewise linear;

10. the effect of current displacement and the active resistance of the
magnetizing circuit are not taken into account;

11. there are no damping circuits on the rotor;

12. There are no capacitances inside the windings and between them, and
therefore, the energy of the electrostatic field is taken to be zero.

When constructing a system of electric drive regulators, as force influences
on the generator from the control part of the mini-hydroelectric power plant, we will
consider the average values of currents i1, 1 2 Or vOItages U 11, U 12 during the switching period
of the power cONverter. These variables represent projections of generalized current
vectors or rotor voltages, respectively, on axes 1, 2, which rotate synchronously with
the generator field of the orthogonal coordinate system.

The modern level of development of semiconductor and conversion
technology allows to build systems of alternating current electric drives, in which
the generalized vector of current or voltage at the output of the power converter acts
as the control influences. This means that the speed of current ( voltage ) regulation
systems of such EPs is at least an order of magnitude higher than the speed of

external control circuits of mini-hydroelectric power plants.
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We will construct vector control systems for electric motors by considering
the electric energy converter as an inertialess element of the automatic control
system of the electric drive. We will take the mathematical description of the rotor

current control system of an asynchronous generator as

I =kyI?, (1.9)

H

where k yris the gain coefficient of the " inertia-free " current source;
17 =ik, ifa] st S

' - current setting signals at the output of external
regulators of the IED.

The mathematical model of the voltage regulation system will have a similar

appearance:

U, =kl (1.10)
here k ynis the gain of the voltage source;
Uf :[ufl,ufz]r ;
TR
- voltage at the output of external regulators of the TIR vector control
system.

The electromagnetic moment M g of the generator is determined by the

product of the rotor current I ,(1.9) and the stator flux linkage amplitude ¥ s.
Therefore, in the operating modes of the EP with stabilization of the magnetic

state (W s = const ), the instantaneous value of M g will be directly proportional to 1

» and the expression for M g will have the form,

My =-p,k kg P i5, (1.11)
M, =x2Y M5 . (1.12)

where k ¢1s a dimensionless coefficient.
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1.4 Overview and selection of the type of hydroturbine

Fig. 1.7 shows a mini-hydroelectric power plant consisting of a daily
regulation reservoir, a pressure water main and a hydraulic unit. The hydraulic unit
consists of a hydraulic turbine and an alternating current generator.

A hydroturbine is a hydraulic prime mover designed to convert the energy of
the flow supplied to it into mechanical energy on its shaft. Thus, hydraulic energy is
first converted into mechanical energy in the hydroturbine, and then into electrical

energy by means of an alternating current generator.

Figure 1.7 — Technological scheme of a mini-hydroelectric power plant

One of the problems in designing a mini-hydroelectric power plant is the
choice of a hydroturbine.
The power of the hydroturbine P t1is equal to the product of the hydroturbine

torque and the angular velocity:

The power of a hydroturbine changes when the water flow rate Q and the head

H change. The expression for calculating the power of a hydroturbine has the form

[11]
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P, =9.810Hn;, (1.14)
where H is the pressure of water supplied to the hydroturbine;

Q - water flow;

n t —is the efficiency of the hydroturbine.

The efficiency of a hydroturbine depends on its design and size and changes
with the load on the hydroturbine. For small hydroturbines with a diameter of
approximately 1m, the highest efficiency is 0.88 - 0.91.

The nominal power P v is determined at the nominal head H y and the nominal
throughput Q ..

Generator power P g, is measured at the generator terminals. In steady-state
conditions, the generator power is equal to the hydroturbine power minus generator
losses,

R g =R 1 Ngene,

Where 7., 1s the generator efficiency.

When choosing hydroturbines, it is necessary to pay attention to the fact that
hydroturbines are divided into two types:

— active hydroturbines that use flow energy in kinetic form (Fig. 1.8. a);
— Jet hydroturbines (Fig. 1.8. b, ¢) use mainly the potential part of the

energy of the flow.

Figure 1.8 — Hydroturbines: a - bucket, b - propeller, ¢ - radial-axial
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Active hydroturbines (Fig. 1.8.a). The design feature of turbines of this type

is that they operate from a free jet at normal atmospheric pressure. The nozzle directs
water onto the blades of the impellers , which have the shape of a bucket , and all
the energy in the nozzle is converted into kinetic energy.

Active turbines therefore operate on kinetic energy and are only used at high
pressures, from 40 to 800 meters.

Jet hydroturbines . Jet hydroturbines operate primarily through pressure

energy.

Reactive hydroturbines are divided into two types, axial hydroturbines and
radial-axial hydroturbines. Axial turbines, in turn, are divided into propeller and
rotary-blade (Fig. 1.8. b). In axial turbines, the flow in the meridional plane in the
impeller blade area has an axial direction, and in radial-axial hydroturbines - a radial-
axial direction.

By storing energy as much as possible in potential form until the moment of
its conversion into mechanical energy, turbines of this type have a high intensity of
use of flow energy and high efficiency. Today, jet hydroturbines are the most
common type of turbine, covering the range of heads from 1.5-2 to 350 m [11].

Each type of hydroturbine corresponds to a certain range of pressure and water
flow and has its own preferred area of application.

By constructing hydraulic structures, it is possible to create a wide variety of
pressures from minimum to maximum values, which limit the relief of the terrain
around the watercourse.

Hydroturbines must have the ability to provide the use of concentrated energy,
without any restrictions on head in the specified range of its change and with high
efficiency. These requirements are met by the following hydroturbine systems,
which are characterized mainly by the impeller design:

— propeller and rotary -blade - at pressures from 1.5 to 40 m and higher;
— radial-axial — at a pressure of 20 to 350 m;

— bucket - at pressures from 200 to 1500 m and higher.
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These turbines are available with both horizontal and vertical shaft
arrangements.

Let us consider the basic forms of universal characteristics of various turbine
systems and types of their impellers.

Bucket turbines. Fig. 1.9 shows the universal characteristic of a bucket

hydroturbine, for which it is characteristic that the curves of constant efficiency have
the form of ellipses with a semi-major axis along the Q axis, and with a change in
the given revolutions n', the efficiency values \u200b\u200bare greatly reduced. Fig.
1.14 shows the main dimensions of a bucket hydroturbine.

The operating characteristic of a bucket turbine has a flat shape. The curves
of constant openings on the universal characteristic are depicted as vertical straight
lines. This is explained by the fact that the water flow does not depend on the turbine
speed, but depends only on the nozzle opening and the pressure under which the

outflow occurs.
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Figure 1.9 — Universal characteristic of a bucket hydraulic turbine
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Radial-axial hydroturbines with low speed coefficient n {=45+150. Turbines

of the same system have different types of impellers. Each turbine system has slow-
speed, normal and high-speed impellers. Fig. 1.10 shows the universal characteristic
of a radial-axial hydroturbine with a low speed coefficient, and Fig. 1.14.b shows
the main dimensions. Such impellers have small ratios b ¢/ D ;. The leading edges
of the impeller blades are located near the leading ends of the blades of the guide
device and have an almost vertical arrangement, and the length of the blades along
the streamline is relatively large. The number of impeller blades is also large - from
17 to 21. The tangents to the curves of constant openings form an obtuse angle with
a straight line parallel to the Q axis. The water flow rate depends on both the speed
of the hydroturbine and the opening of the NA.
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Figure 1.10 — Characteristics of a radial-axial hydroturbine with a low speed

ratio

Radial-axial hydroturbine with medium speed coefficient n (=145+260. Fig.

1.11 shows the universal characteristic of a radial-axial hydroturbine with an average

speed coefficient, and Fig. 1.14.c shows its main dimensions.



137

ny%

140
%
20
=
2100
Y =]
|
< 80
S

60 - .

50 60 70 30 90 100 110 ©.%
100%. Q; = 500—12002/ cex
n, =145-260

Figure 1.11 — Characteristics of a radial-axial hydroturbine with an average

speed coefficient

The wheels of normal radial-axial turbines have a higher value of b ¢/ D
compared to the wheels of low-speed turbines. The leading edge of the impeller
blades is located almost vertically. The constant opening curves approach vertical
straight lines.

Radial-axial hydroturbines with high speed coefficient n (=260-400.

Fig. 1.12 shows the universal characteristic of a radial-axial hydroturbine with
a high speed coefficient, and Fig. 1.14.g shows its main dimensions.

The leading edge of the impeller blades is significantly distant from the
trailing ends of the guide vanes and is sharply inclined to the shaft axis. The length
of the blades along the streamline is relatively small, and the number of impeller

blades is 8-16 pcs.
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Figure 1.12 — Characteristics of a radial-axial hydroturbine with a high speed

coefficient

The universal characteristics of a radial-axial hydroturbine with a high speed
coefficient are compressed along the Q axis and elongated along the n axis.

The main disadvantage of such characteristics 1s a sharp change in efficiency
with a change in turbine power, and the curve of a five percent power reserve closely
approaches the optimal efficiency value. High-speed radial-axial hydroturbines are
advisable to install at those stations for which, under operating conditions, it is not
necessary to change the load in a wide range. The elongation along the n axis of the
curves 1= const allows maintaining high efficiency values in a larger range due to
the change in head.

Propeller hydroturbines. Fig. 1.13 shows the universal characteristic of a
propeller hydroturbine, and Fig. 1.14.d shows the shape of its flow part. Propeller
turbines have all the disadvantages of radial-axial hydroturbines with a high speed

coefficient, but only in a more severe form.
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Figure 1.13 — Propeller hydroturbine.

A significant change in efficiency is obtained even with small changes in
power, and the five percent power reserve curve passes near the optimal efficiency
values. However, the positive effect is a small change in efficiency over a wide range
of pressures.

Propeller hydroturbines should be rationally installed at stations with a large
number of units, since under these conditions it will be possible to operate the turbine
with small changes in power, and significant changes in the power of the entire
hydroelectric power plant can be ensured by turning one or more units on and off.

Fig. 1.15 shows a group of operating characteristics of hydroturbines of
different types and speeds . Bucket rotary blade hydroturbines have the most flat
shape of the characteristic with a relatively small change in efficiency during load
fluctuations in the range from 25-30 to 10%. Radial-axial turbines show a greater

drop in efficiency at partial loads, the greater their speed coefficient.
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Figure 1.14 — Types of hydroturbines

The operating characteristics with an increased speed ratio approach those of
propeller hydroturbines. For this reason, the operation of radial-axial with a high
speed ratio and propeller hydroturbines at partial loads is in most cases
uneconomical.

The change in flow rate when changing the speed of rotation of the GA, in
other words, the slope of the equal opening lines on the flow characteristics, in RO
hydroturbines depends on the shape of the flow part, i.e. on the type of wheel. The
influence of the type of wheel on the position of the equal opening lines can be traced

by comparing the universal characteristics of wheels of different types.
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Radial-axial hydroturbines with low and medium speed coefficients are
characterized by a decrease in throughput with increasing rotational speed. This is
explained by the fact that their impellers have significant blade sections with a radial
direction of inter-radial flow.

When the speed increases, due to the centrifugal effect, back pressure is
created, which prevents water from entering the impeller through the guide device.
In low-pressure and some medium-pressure RO hydroturbines, on the contrary, most
of the blades operate in the mode with axial direction of the interradial flow.
Therefore, when the speed increases due to the increase in the axial component of
the velocities in RO hydroturbines, there is a tendency to some increase in

throughput with the same opening of the NA.
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Figure 1.15 - Operating characteristics of hydroturbines of various systems

and high-speed

Based on a review of the technical properties of hydroturbines and their
operating conditions, the following conclusion was made regarding the choice of the
type of hydroturbine.

Due to the fact that the main water runoff (Fig . 1.2) falls on the period from

May to September and is 76.0% of the annual runoff, and the remaining months have
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a minimum runoff with a simultaneous increase in the need for electricity (Fig. 1.1),
and when designing mini-hydroelectric power plants, winter water runoff is taken,
which significantly lowers the installed capacity of the mini-hydroelectric power
plant and does not allow it to participate in daily regulation. For a short-term increase
in the generation of active power of a mini-hydroelectric power plant and its
participation in daily regulation, it is necessary:

— build reservoirs with daily regulation, which will allow increasing the
participation of mini-hydroelectric power plants in covering the maximum
load of the power system, reducing the need for the capacity of other power
plants and improving their operating mode;

— choose from the hydroturbines considered above a radial-axial
hydroturbine with a low speed coefficient, which will allow, while reducing
the amount of active power P . generated, to reduce water consumption by
increasing the speed of rotation of the turbine.

From Fig. 1.5 it is seen that when using hydroturbines with a low speed
coefficient, the hydroturbine has the highest efficiency at the main angular velocity
of the GA shaft m=1. Let us consider the main universal characteristic (Fig. 1.5)
along the line a=1 which corresponds to the nominal opening angle of the NA GA.
An increase in the angular velocity of the GA shaft to @=1.4 leads to a decrease in
the water flow rate through the hydroturbine (q) approximately to the value q=0.6
and to a decrease in the power developed by the hydroturbine (P 1) - by 2.4 times.
When the angular velocity of the GA shaft decreases from the nominal down to
@=0.7, the water flow rate increases by only 16 percent, due to a decrease in the
efficiency of the hydroturbine. A further decrease in the speed does not make sense,
since 1t does not lead to an increase in the power of the hydroturbine. At other angles
of opening of the NA the situation is similar.

Thus, for hydropower units based on RV hydroturbines with a low speed ratio,
the required range of rotation frequency changes will be approximately 1: 2. With
this range of GA angular velocities, it is possible to change P rin the range of 1: 2.4

without affecting the NA of the hydroturbine. At the same time, it is possible to
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reduce q approximately 2 times during hours of minimum electrical load to store
water in the reservoir.

With a constant water inflow into the reservoir, larger values correspond to
smaller values of power P ; and water storage; smaller values correspond to larger
values of P g and a decrease in the water level in the reservoir. Such a mini-
hydroelectric power plant can automatically and quickly change the electricity
generation, maintaining a balance between generated and consumed active
capacities , and use the storage capacity of the reservoir to cover peaks in the
electrical load schedule.

The purpose of regulating the speed of the HPP in the main mode is to
maintain the maximum pressure value of the mini-hydroelectric power plant, but
without idle spillway.

The controlling influence on the GA in such mini-hydroelectric power plants

is the electromagnetic moment of the generator (M g ).
1.5 Static characteristics of a radial-axial hydroturbine

From the theory of electric drives it is known that a synchronous machine has
an absolutely rigid mechanical characteristic. This mechanical characteristic does
not allow the synchronous machine to change the speed.

gand M ris maintained at any time interval . During the operation of the
hydraulic unit, the value of M tcan be varied within wide limits. The moment of the
hydroturbine changes due to changes in the water flow rate at the GA mini-
hydroelectric power plant.

The torque developed by a hydroturbine depends on the water flow rate Q, the
angular speed of rotation of the rotor, the acting pressure H and is determined by the

formula

My=981% (1.15)
(0
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From this expression it is clear that at m= const the torque of the hydroturbine
can be changed by changing the water flow rate Q or the head H. In real conditions
it is practically impossible to automatically change the effective head, therefore the
turbine torque is regulated by changing the water flow rate. The water flow rate Q is
the so-called control parameter, by means of which the regulated quantity (active
power generated) is maintained within the specified limits. The change in the water
flow rate is carried out by regulating bodies corresponding to the type of
hydroturbine.

To rearrange the regulating elements in hydroturbines, exclusively hydraulic
servomotors are used, which allow creating the necessary forces.

The active power of the hydraulic unit is maintained within the specified limits
at different generator loads by an automatic speed controller, which, by changing
the position of the guide device, accordingly changes the water flow through the
hydraulic turbine. This method of controlling active power is not suitable for mini-
hydroelectric power plants due to the complexity of the mechanical part of the
hydraulic turbine and the lack of personnel on duty.

The author proposes to regulate the active power of the MPG generator by
changing the number of revolutions of the GA. The MPG stator voltage and the
frequency f . of the electric current in the stator circuit are supported by a power
system of infinite power.

By changing the speed of the GA, the regulation of the active power P t MPZh
should be ensured in accordance with the task with the ODU. Equality between M £

=M ris ensured at d @/ dt =) . In dynamic operating modes d @/ dt #0. The torque

M rof the hydroturbine and the electromagnetic torque M g of the MPZh change in
dynamic modes. The torque M g changes due to a change in the control task, and the
torque M r of the hydroturbine changes due to the self-regulation effect when the
water flow rate changes.

The task of automatic control of the mini-hydroelectric power plant is to

quickly process the signal for the active power task of the MPZh when the control
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signal changes. In this case, the angular velocity of the power plant is expected to
change in the range of 1:2.

The power developed by the hydroturbine when the guide device (GA) is
opened o= const depends on the flow rate Q, the effective head H and the
electromagnetic torque of the MPZH and is determined by formulas (1.14) and
(1.8).

If we assume that in stable regimes M z =M r, then formula (1.15) can be

written in the following form

)
(g:9,81£'H

nr- (1.16)
Mo

From this expression it is clear that at o= const the angular velocity wof the
GA and the flow rate of the hydroturbine can be changed by changing the
electromagnetic moment M ¢ MPZH. Using the electromagnetic moment M g
MPZH, the regulated value (active power P g mini-hydroelectric power plant) is
maintained within the specified limits. As is known from practice, in mini-
hydroelectric power plants there are practically no systems for automatic regulation
of active power by regulating the water flow rate at a fixed opening of the NA a=a

According to formula (1.15), the torque of a hydroturbine is a function of the
flow rate, the speed of rotation of the water head and the efficiency, that is, if we
take into account that the flow rate through the hydroturbine is determined by the
opening of the regulating body «a . This dependence is called the static characteristic
of the hydroturbine.

The static characteristic of a hydroturbine can be constructed according to the
data of the universal characteristic of the hydroturbine model, on which the curves
of constant openings of the regulating body a y and the curves of constant values of
the coefficient of efficiency of the hydroturbine are constructed in the coordinates ,
i and Q 1, reduced to / m of head and I m of impeller diameter.

The most widely used are static characteristics (SC), built on the basis of [7]:
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- in the axes of relative dimensionless parameters: m - torque, @ - speed, h -
head, q - throughput;
- in the axes of the given parameters M' |, n' 1, Q' 1 (Fig. 1.16).

Relative dimensionless parameters are determined by the ratios

m= (1.17a)
M,

iy (1.176)
{OH

Bt (1.178)
HH

P (1.170)
Oy

where M, M y - turbine torque and its nominal value, Q, Q y - water flow
through the turbine and its nominal value, H, H y - turbine head and its nominal
value, oy - nominal angular speed of rotation.

The ratios for calculating the above parameters,

B (118 a)
HD;

nj_,=i’/‘%. (1.18 &)

0, = _ (1.18 B)

Y piJE

Static characteristics (SC) are complete in the sense that they cover all modes
that can occur during the operation of a hydraulic unit. Using SC, it is possible to
visually trace and also calculate (taking into account the influence of unsteady fluid
movement) the change in the induced flow rate, torque and speed from the moment

the load is removed from the unit to its complete stop.
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Figure 1.16 - Full static torque -discharge characteristic of a hydraulic turbine

For conventional hydroturbines, there are three modes: turbine, acceleration
and hydraulic braking mode. When constructing SH turbines, a different sign rule is
used - turbine parameters are taken as positive: in the direction of fluid movement,
in the direction of shaft rotation and the sign of the moment.

The shape of the characteristic is greatly influenced by the type of
hydroturbine. Fig. 1.16 shows the SH of a radial-axial hydroturbine.

First of all, it i1s worth noting the differences in the nature of the lines of
permanent openings of the NA: in RV hydroturbines with a low speed coefficient,
with increasing speed, the water flow rate decreases, which is explained by the effect
of "hydraulic channel closure", and in axial turbines, on the contrary, an increase in
speed is accompanied by an increase in flow rate due to the "pumping effect".

The construction of static characteristics of the hydroturbine of the designed

GA is carried out as follows. Suppose it is necessary to construct a characteristic for
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the value of the opening of the NA corresponding to a jin the model. First, it is
necessary to determine the opening « of the designed GA, which corresponds to the
opening a y ( @ y— 1s determined from the universal characteristic of the physical

model of the hydroturbine), according to the formula

Dz

(1.19)

a—=apr B 2
M=M

where D ), —diameter of the model impeller; z and z y,the number of blades of
the guide device, respectively, of the hydroturbine and the model; @ ) 1s the opening
of the NA model.

The view of the universal characteristic of the radial-axial hydroturbine model

is shown in Fig. 1.17.
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Figure 1.17 — View of the universal characteristic of a radial-axial

hydroturbine

Then a series of lines of constant values of the reduced speed n' 1;,n" 12, n' 13
_etc. 1s drawn and according to the expression (1.18.b) for each value of n' ; the speed
of rotation of the real hydroturbine is determined. At the intersection points of these
lines with the curve a y = const the values of the reduced flow rate Q' | and the
efficiency of the model Mr are determined - Next, for each of the considered values of n'

| the moment of the hydroturbine is calculated according to the formula [16]
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30 ; _
My :—;fongT. (1.20)
bry Fiir

The efficiency of the hydroturbine in expression (1.20) in the first
approximation can be taken equal to the efficiency of the model n . However, for
a more accurate determination of the torque of the hydroturbine, it is advisable to

use the empirical dependence,

Static characteristics are constructed in exactly the same way for other
discoveries of the regulatory body.
Let us consider an approximate view of the static characteristics of a radial-

axial hydroturbine (Fig. 1.18) at different openings of the guide device.

ay .0y, ay.

Figure 1.18 — Static characteristics of a hydroturbine

The graphs show that with increasing turbine rotation speed, its torque
decreases. This property is possessed by all types of hydroturbines without
exception, and it is called the self-regulation effect. Quantitatively, the self-
regulation effect is characterized by the turbine self-regulation coefficient € 1, which

for a given mode is determined by the slope of the tangent drawn to the constant
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opening curve at a given point. Usually, the coefficient e ris expressed in terms of

relative values and is determined by the ratio

. _dﬂ-ﬁ} Ny
i dn Mgy E

where M 1 and n 1y are the nominal (calculated) values of the torque and
speed of rotation of the turbine.

According to Fig. 1.18, the derivative dM 7/ dn always has a minus sign, since
the self-regulation coefficient is a negative value. It should be noted that usually in
the technical literature on hydroturbine control, the self-regulation coefficient is
called the value (1.22) taken with the opposite sign. The above definition of the self-
regulation coefficient is adopted in accordance with the International Code for
Testing Hydroturbine Control Systems [8].

Based on the review of the global state of development of mini-hydroelectric
power plants, the author proposes a functional scheme for controlling mini-
hydroelectric power plants.

This scheme differs from standard schemes for automatic regulation of active
power of a hydroelectric power plant with one GA in that the regulation of active
power at a hydroelectric power plant is carried out by changing the frequency of
rotation of the GA. In the active power regulation system proposed by the author,
the hydraulic turbine HP does not require an oil pressure installation (MPU).

The position of the NA 1is adjusted manually, set to the nominal operating
mode, and the regulation of the generated active power is carried out by the generator
by changing the electromagnetic torque M g of the generator (the frequency of
rotation of the GA). A mini-hydroelectric power plant based on the MPZh operates
in parallel with the EES. Regulation in the proposed system is carried out by
increasing or decreasing the electromagnetic torque, which allows water to be
accumulated and allows it to be used during peak loads in the presence of a reservoir.
The control of the hydraulic unit equipment is provided by a digital information

processing device (DIPD), which uses all the necessary signals from sensors that are
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sources of information in the ACS and performs control according to a given
algorithm.

The actuator that regulates the generation of electricity in accordance with the
power task is the MPG generator. An increase in the electromagnetic torque of the
generator leads to a decrease in the speed of rotation of the hydroturbine, as a result
of which the water flow rate increases.

The torque on the hydroturbine shaft is transmitted via a mechanical
connection to the rotor of the electricity generator. This causes the generator to rotate
at a certain frequency and generate electricity.

The received electricity enters the switch cabinet (SC), which acts as a power
switch, and is transmitted to the electrical power system.

The proposed hydroelectric power plant uses the property of a hydroturbine
to reduce water consumption and power when the rotation speed increases to store
water in a reservoir while reducing electricity consumption by consumers. The
stored water is used by the hydroelectric power plant when there is a power shortage

in the power system.

Conclusions on section 1

7.  The necessity of daily regulation of the water level in the mini-hydroelectric
power plant reservoir to cover the maximum load of the electric power
system is substantiated. Such regulation will allow to reduce the active power
generation of other power plants during hours of maximum electric load and
improve their operation mode.

8.  The feasibility of regulating the active power of a mini-hydroelectric power
plant based on a multi-phase motor by changing the frequency of rotation of
the power plant shaft is substantiated.

9. The mathematical description of a doubly-fed induction machine with a
frequency converter in the rotor circuit as a control object is substantiated.

For further research, an inertia-free model of the electromagnetic torque
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12.
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vector control system of the TDM with a current source in the rotor circuit
is adopted.

For the purpose of regulating active power by changing the number of
revolutions, a radial-axial hydroturbine with a low speed coefficient is most
suitable.

The angular velocity of the MPG generator as part of the GA will need to be
adjusted in a range no wider than 1:2, due to the increasing decrease in the
efficiency of the hydroturbine as its rotation frequency deviates from the
main one.

The time constant of the MVU of the MPZ in terms of electromagnetic
torque, and accordingly in terms of active power, for modern MVUs with

high-power alternating current electric machines is from 0.005 to 0.02 sec .
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