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B npoepamnomy cepeoosuwi Mathlab Simulink cmeopeno moodenv pospsono-imnynscroi cucmemu Opyeo2o nopsioxy 3
HeNIHIIHUM ONUCOM €KEI6aNIeHMHO20 eleKMPUYHO20 ONOpY ICKPOEpO3IliHO20 HABAHMAdICEHHSA. B ymoeax npumycoeozo
00MedHCceH ST MPUBANOCmi pO3PAOHUX IMNYIbCI6 O HUSKU 3HAYEHb THOYKIMUBHOCTI MA EMHOCII PO3PAOHO20 KOHMYDPY i
NOYAMKOBUX YMO8 HA HUX PO3DPAX0BAHO NepexiOHi eneKmpomacHimui npoyecu 8 cucmemi. B epynax peocumis 3 ghixco-
BAHUMU 3HAYEHHAMU NOYAMKOBOI HANPY2U HA POOOUOMY KOHOEHCAmMOpi Ma 6 2pYnax pexicumis 3 ikcoanumu 3Ha4eH-
HAMU aMATIMYOu Hanpyau GLIbHUX po3psoié Ha HABAHMANCEHH] NOOYO0BAHO I NPOAHANIZ306AHO 3ANENHCHOCMI 810 MPUBA-
JIOCMI PO3PAOHUX IMNYIbCIB IXHbOI eHepeii, IMNYIbCHOI NOMYAHCHOCMI Y HABAHMAdCeHHi ma weuokocmi ii sminu. Iloka-
3aHO, WO 8 000X ePYNAX PeHCUMIB Ol KOHCHO20 HAOOPY 3HAUEHb NAPAMEMPIE. MPUBANOCMI PO3PAOHUX IMIYILCIE, EM-
Hocmi pobou020 KOHOeHcamopa i NOYAMKO80i Hanpy2u Ha HbOMY ICHYE 3HAYeHHs IHOYKMUBHOCTNI PO3PAOHO20 KOHMYPY,
siKe 3a0e3neuye HAUbLIbULL 3HAYEHHSL WBUOKOCMI 3MiH IMNYIbCHOL NOMYAICHOCMI Y HABAHMANCEHHI. Y 2pynax pexcumis 3
@ixcosanumy 3HAYEHHAMY AMNAINYOU HANPY2U GIILHUX PO3PAOIE HA HABAHMAICEHH 0Nl ONUCAHO20 uuje Habopy na-
pamempie makoxc iCHyIOMb 3HAYEHHA THOYKMUSHOCMI PO3PAOHO20 KOHMYPY, AKi 3a0e3neyuyioms Habinbll 3Ha4eHH s
eHepeii ma iMnyIbCHOI ROMYNHCHOCMI Y HABAHMAJICEHHT. [l MPbOX 3HAYEHb IHOYKMUBHOCMI PO3PSAOHO20 KOHMYPY 2pa-
@iuno supiweni 3a0aui ni0BUWEeHHS KA3AHUX 8ulje napamempig imnyrvcig. biom. 27, puc. 11.

Knrouosi cnoea: ickpoeposiliHe HaBaHTa)KCHHs, HEJHIIHA MOJAEIH, PO3PSIHO-IMITYIIECHI CHCTEMH, TIePEXiTHAN TPo-
1IeC, TPUBAJICTD IMITYJIbCIB.

Beryn. Metoan iMITyJTBCHOTO iCKpO- Ta IUIA3MOEPO3iHHOr0 OOpOOJIeHHS IIapiB TpaHysl METaliB i
CIUIaBiB y pOOOYNX piTUHAX € OCHOBOIO TEXHOJIOTIYHHX TIPOIECIiB BHPOOHMIITBA IXHIX MIKPOAMCIIEPCHUX
MOPOIIIKIB 13 33JJaHUMH BJIACTUBOCTSIMH: MarHiTHOIO maM’sATTi0 Gopmu [1], BUCOKOIO T'yCTHHOIO eHeprii [2],
xKapoMiHuX [3], 3 aMOpHOIO CTPYKTYpoto [4], a TAKOK HAHOAUCIIEPCHUX TiAPO30iB Gi0JOT1YHO aKTHBHHUX
MeTaliB [5], ounteHHs [6] i 3He3apakeHHs [7] IPUPOAHMX i CTIYHHX BOJI, B TOMY YHCII 1 JUIs IOTpeO eHep-
retukd. l1lnpoke 3acTocyBaHHS IIMX METOIB MOKJIMBE, 30KpPEMa, 3aBISKH 31aTHOCTI KepyBaHHS JUCIEPCHI-
CTIO €pO31MHUX YaCTHHOK HISIXOM 3MiHM HapaMmeTpiB po3psaHuX iMmyibceiB [§8]. IlinBuieHHs eekTHBHOCTI
TaKOTO KePYBaHHS 1 pO3IMIMPEHHS HOTO Jliana30HiB HEMOXIINBI 0e3 BCeOIYHOTO TOCIiKEHHS BIUIMBY CTPYK-
TYPH BHXITHUX KiT po3psmHo-iMmyiascHUX cucteM (PIC) [9], ski peamizyroTs mi mporecu, eMHocTi [10, 11]
Ta 1HIYKTHBHOCTI IXHIX pO3PSAHUX KOHTYPIiB [12] i rpanuuHNX yMoB Ha HUX [13, 14] Ha mapaMeTpu niepexi-
JHHX eJEKTPOMarHiTHHUX MPOLECiB y HaBaHTakeHH [15].
MonenroBaHHs TepexXiTHUX IMpoleciB y Buxigaux kojax PIC, ickpoeposiitne HaBanTaxkeHHs (IEH)
SIKHX CIIPOIIEHO MPEICTABICHO CKBIBAIIEHTHUM TOCTIHHUM aKTHBHUM OIIOPOM, @ TAKOX JTOCIIJKEHHS BILIU-
By MapaMeTpiB PEaKTUBHUX €IEMEHTIB IUX KUI Ha MapamMeTpy MepeXiJTHUX MpPOLECiB OMUCaHO y OaraThbox
myOmikamisx [16—-18]. V pobotax [19, 20] npeacTraBneHO aHANOTiIYHI JOCHTIKEHHS 32 MPUMYCOBOTO OOMe-
JKEHHS TPUBAIOCTI PO3PATHUX IMIYIbCIB. Takuid mMiaxia mae 3MOTy MiABUIMUTH CEPEAH] 3a 9ac MPOTiKaHHS
T po3psaHoro ctpymy i(t) 3HaueHHs mBHAKOCTI Horo 3poctanus di(t)/dt, mBraKOCTI 3pocTaHHs HANPYTH Ha
T

HaBanTaxxeHHi du(t)/dt, cepenHpoi moTyXHOCTI y HaBaHTaxkeHi P = (l/ T)J.i(t)J(t)dt Ta iH. [11] i cipuse
0

3MEHIIIEHHIO CEPeIHIX po3MipiB epo3iiiHuX yacTuHOK [8]. Lle, B cBOIO Yepry, miABHIy€E €HEPro- Ta Marepia-
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n0e(eKTUBHICTh MPOIIECIB OTPUMAHHS CTIMKUX J0 CETUMEHTAIlii Ti[po30IIiB Oi0JOTIYHO aKTUBHUX METAIB,
a TaKOX OYMIICHHS TIOBEPXHEBUX i CTIYHHUX BOJI.

[pote, Taki crnpormieHi mMoneni ekBiBaneHTHOTO enekTpuuHoro onopy (EEO) IEH nHe BpaxoByioTh
fioro HemiHiiHi [21] 1 mapameTpuyHi [22] BIACTUBOCTI, @ TAKOX CTOXACTHYHI 3MiHHU [23] BHACIIJOK BUCOKO-
YaCTOTHHUX MITpaIliif BETMKOi KUIBKOCTI OQHOYACHO iCHYIOUMX IUIA3MOBHX KaHAJIB IO IMMOBEPXHI METAICBHX
rpaHy’y ix mapi [16], uepe3 mo He € Tounnmu. HeminiiiHi moneni EEO Takux HaBaHTaXeHb € KOMIIPOMiCOM
MDK CKJIaIHICTIO 1 TOYHICTIO BiATBOPEHHS €NeKTPO(]i3HYHUX MPOLECIB Y HUX. 3 BUKOPUCTAHHIM JESIKUX 3
HUX TPOBEICHO IOCIIKEHHS SIEKTPOMArHiTHHX MPOIIECiB Y BUXigHUX Komax PIC Ge3 mpumycoBoro oome-
JKEHHsI TPUBAJIOCTI PO3PAAHUX IMITYJILCIB [8, 21]. MeToro poOOTH € AOCHIIKSHHS BIUIMBY NapaMeTPiB peak-
TUBHHX eleMeHTiB BuxigHoro xojia PIC 3 HeminifiHoto monemno EEO IEH i rpann4yHux yMOB y HUX Ha ma-
paMeTpu MepexiHOro NpoLecy B YMOBAX IPUMYCOBOTO OOMEXEHHS TPUBAJIOCT] PO3PSIAHUX IMITYJIBCIB.

MeTtoauka i yMOBH NPOBEACHHS YHCEJILHOI0 eKCHepUMeHTY. J[ociiKeHHs NPOBOIMINCS LIS
XOM YHCEJIFHOT'O MOJICIIIOBAHHSI MEPEXiAHUX MpolieciB y nporpamHoMy nakeTi Mathlab Simulink. Hanamry-
BanHs Mozeni EEO IEH BiamoBigany HaCTYITHUM peabHUM yMOBaM INIPOBEJEHHS €KCIIEpUMEHTY: 1) rpaHy-
T anmoMiHiio chepraHoi dpopmu giameTpoM 4 MM; 2) BICOTA 1 IUPHHA X mIapy B po3psaHii KaMmepi 3 Bep-
TUKILHUMH €JIEKTPOJIaMH, sika Mana (popMy NPsIMOKYTHOTO mapainenemnineny, 50 i 22 MM BiAMOBiTHO, Bil-
CTaHb MX eJleKTpoAaMu 56 MM, a ixHsa Bucorta — 78 MM; 3) poboua piguHa — BOAONPOBiTHA BO/A 3 TUTOMHUM
eJIEKTpUIHUM omopoM 25 Om M. Enexkrpoani moTeHuiany, sSKi NpH [bOMY BHHUKAIOTh, BPaXOBYBAJMCS 3a
METOJIUKOI0, OTUCAHOIO B [24].

Hnst 11 muckpeTHHX 3Ha4deHb movaTkoBoi Hanpyru Ucy Ha pobodomy konaencatopi C y nmiamasoHi
Bix 48 no 400 B [24] npoBoauircs po3paxyHKH NepexiTHuX mnpoueciB y BuxigHomy koii PIC. Jlns koxxHOTO
3Ha4eHHs! Ucy TPUBAIICTD PO3PSAAHUX IMITYJIBCIB Y HABaHTXKEHHI 7 TPUMYCOBO OOMeXyBanacs y Hiana3oHi
Bix 1 mo 20 Mkc 3 kpokom 1 Mkc. HuxHs Mexa miama3oHy Onm3bKa A0 MiHIMAIBHOTO Yacy BiIKITFOUEHHS I10-
TYKHOTO OIITOJISIPHOTO TPAH3UCTOPA 3 130JIb0BaHUM 3aTBOpOM B peanbHiil PIC [10]. BepxHs Mexka miama3oHy
npu6Iu3HO Ha 30% mnepeBulye MiHIMAaTbHO MOXKIIMBE 3HAUEHHS, IKE MOKHA JIOCSATTH B PealbHil THPHCTOP-
Hit PIC [5]. MonenroBaHHS 111 KO)HOTO 3HaueHHS Uy MPOBOIUIIOCS ISt TPHOX HAMOIIBIN MOMIMPEHUX Ha
MIPAKTHUIl 3HAYCHD IHAYKTHBHOCTI po3psaaHoro KOHTYpy Lw: 0,5, 1,8 1 10 Mx['H 1 1y1s TphOX 3HAYEHB €MHOCTI
pobouoro kouaeHcaropa C: 50, 100 i 400 mxd.

Cxemy 3amimenns EEO IEH, sika BukopuctoByBanacs, HaBeaeHo y [25]. Tam e po3paxoBaHo 3a-
JISKHOCTI TapaMeTpiB 11 peakTUBHUX €IEMEHTIB BiJl pO3MIipiB TpaHyJ i MIa3MOBUX KaHAJIB MiXK HUMHU Y PO-
0oyomy miama3oHi dactor. AxktuBHa ckiagosa EEO IEH R ommcyBanacs HeniHIMHOK MOJEIUI0 HAa OCHOBI
cTeneHeBOi  (yHKIil Big  MHUTTEBMX 3HaueHb crpymy i(t), sKkuii TpoTikKae B HBOMY:

R(i) =R: (Rl + E1|i|71)/ (R1 + E1|i|71 + RF) [24]. TToscHenHro (Gi3UUHOTO 3MiCTy ii MapaMeTpiB i po3paxyHKy

X 3HaYeHb B yMOBax eKkcrepuMeHTy i 11 nuckperHux 3HayeHb Ugy mprcBIYeHO oKpeMy myOmikamito [24].
Tyt nuime 3a3Ha4MMO, 0 Rg MOEIIOE 32 Pi3HUX 3HAYSHHSX NMPUKIIAACHOI HAPYry akTUBHY ckianoBy EEO
BOIM y JBOX 30HaX PO3PSIHOI KaMepH: 30Ha 1 — HaJ mapoM TpaHyd i 30Ha 2 — MiX TpaHylIaMu; R; — aKTHB-
HY CKJI3JIOBY ONOPY IIApy aTFOMIHIEBHX I'paHyJ 3 TUIA3MOBUMU KaHanaMu Mix HuMu; E; — nmpotu-EPC mxe-
pena, sike MOJEITIO€ BiAOBIHY CKJIaIOBY MaiHHA HANPYTH Ha IJIa3MOBHX KaHanax [24].

Simulink-moxenp BuximHoro koja PIC 3 ickpoepo3iiiHuM HaBaHTaKeHHAM HaBeICHO Ha pucC. 1.
PoGouwnii kouaencarop PIC y moxeni puc. 1 npezacrarieHo ifneaabHUM elieMeHToM 3 emHicTio C. CymapHuii
AKTUBHHH OITip 3aMKHYTOTO PO3PSIHOTO KIFOYA i 3’€qHYBAILHUX KAOETiB MPECTABICHO iJICalbHUM CIIEMCH-
TOM 3 TTOCTIHHUM aKTHBHHM OMOPOM Rp. [HIyKTHBHICTH Ka0eliB i eleMeHTiB BuXigHOTO KOHTYpY PIC Bpaxo-
BaHO iJICaJIbHUM €JIEMEHTOM 3 1HIYKTUBHICTIO Ly. Omip 1ryHTa po3psaHoi kamepu (6 OM) mpecTaBieHo ijaea-
JBHUM PE3UCTOPOM Rgpyn. JIiHINHY CKJIAZOBY aKTHBHOTO OMOPY MO HABAHTAXXCHHS MPEICTABICHO i7eab-
HUM eneMeHToM R;. Jkepeno E1 cxemu 3amilieHHS HaBaHTa)XSHHS MOJIEITIOETHCS 32 JIOTIOMOTOI0 KEPOBAHOTO
JUKepena HanpyTH, moznauenoro CVS Spark, ta Momyem 3amganns GpyHKiii kepysauus aum f(u) EL.

Cxema 3aMillIeHHs OIIOPY 3allOBHEHOI BOJIOKO 30HH 1 MOJICIIOETHCS JIHIHHOIO CKIIAI0BOIO RE op 1 Ke-
poBanuM jkepenom Hanpyrd CVS FL1 3 moaynem ¢ynkiii kepyBanus RFL1(U), siki BpaxoByHOTh 0COOIH-
BOCTI €JIEKTPOIHUX IPOIIECiB, BUKIMKAHI 3MIHOIO MPUKIIaeHo HanpyTH [24]. AHaJIOTiYHO, cCXeMa 3aMilleH-
HS OTOPY 3alIOBHEHOT BOJIOI0 30HH 2 MOJCIOETHCS JIIHIMHOIO CKIAA0BOIO Rp op 1 KEPOBAHUM JIKEPETIOM Ha-
npyru CVS FL2 3 monynem ¢ynkuii kepyBanus RFL2(u), siki BpaxoBYIOTh OCOOJIHMBOCTI €JIEKTPOIHUX TPO-
1[eCiB, BUKJIMKaHI 3MiHO¥O TIpUKIIaieHo] HanpyTH [24, 26]. [ngyktuBHicTh cxemu 3amimeHHs EEO [25] naBa-
HTa)XEHHS MPEACTABICHO 11eaIbHUM eJ1eMEeHTOM Ls, a emHicTh — Cs.
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JU1st IpeICTaBIICHHS 3aJISKHOCTEH Bijl Yacy BEJIMYMH, [0 MOJEIIOIOTHCS, B TAOJINYHOMY BUIJISI BU-
KOPHCTOBYIOThCS cTaHmapTHi 6oku ToWorkspace 6i6miorekn Simulink/Sinks 3 HaCTYITHUMHY TTO3HAYEHHIMHU:
u, i, P, W, R — BinmoBiHO Hampyra Ha HaABaHTa)KCHHI, CTPYM, TMIOTYXKHICTh Ta €HEpris B HbOMY, a TAKOXK HOro
omopy BimnorinHo; iF, iF1, iF2, iS, ICS, iSh, iS_Div_iSh — cymaproro ctpymy y Boji, CTpyMy y BO/Ii, 1110 3aM0-
BHIOE 30HHM 1 Ta 2, CTpyMy IUIa3MOBHX KaHaJiB, cTpyMy eMHOCTI Cs, CTpyMy IIyHTa 1 BIJHOILEHHS CTPYMY
IIa3MOBHX KaHAJIB 10 cTpyMy ImyHTa BigmosimHo; Qf, Qfl, Qf2, Qs, Qs_Div_Qf — zapsiais, sixi mpoiinumu we-
pe3 BCIO BOAY, Yepe3 BOLy, IO 3allOBHIOE 30HU 1 Ta 2, uepe3 mia3MoOBi KaHaIHW Ta BiJHOILICHHS 3apsiy, L0
IIPOMIIIOB Yepe3 IUIa3MOBi KaHaJIM JI0 3apsiry, IO IPOMIIoB Yepe3 Bero Boay; du, di, dP, dR — moxinguaux Hampy-
I'l Ha HABaHTa)KEHHI, CTPYMY 1 MOTY>KHOCTI B HBOMY, & TAKOK HOT0 OIOpPY BiAMOBiIHO [24, 26].
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KEpOBAaHOTO BUMHKaya, SIKMH MMO3Haye-
HO Breaker. Curnan kepyBaHHS HUM
dopmyersest 610k0oM Breaker Control
Ha OCHOBI Harmepes 3aJaHoro 3HaUCHHS
TPHUBAIIOCTI IMITYJIBCY.

Pe3syabTatn  MoOAeI0BaHHSA
Ta 00roBopeHHs. 3aJeKHOCTI BiJl 9acy
CTpyMy Yy HaBaHTa)XCHHi, HANpyrd Ha
HBOMY, MHTTEBOI TOTYXKHOCTI, IXHIX
MOXIIHUX, a TaKOX 3apsay Mald BH],
aHAJIOTIYHUN BIAMOBIAHUM 3aJIEXKHOC-
M [26] i [8] Ha THX ke AUTTHKAX 3Mi-
HU apryMEHTY, OCKUTBKH B IIMX Po0O-
TaX BHKOPHCTOBYBajlacsi TaKa XK cama
monenb EEO IEH, ane TpuBamiicts pos-
PSAAHHUX IMITYJIBCIB HE OOMeXyBamacs.
ToMy Ha WX 3aJIEKHOCTSIX 3YNHHSATHU-
cs He OyneMo.

Pesynpratn po3paxyHKiB 3a-

< Lalwova] [0 JISKHOCTEH Bil TPUBAIOCTI PO3PSAHUX
N e Div WIOF  Wiai [ data TSR daln IMITyITBCIB 7 eHeprii y HaBaHTaKeHHI
Inti Spaﬂ‘ill? E:;E:H— T
i e W :Il(t)u(t)jt, CepelHix 3a 4ac 7
P 1 r QS{t) data
) __:' | i5_Div_iSh ish "I l_ | 0
Div i Spii Sh |SASh() data | iShunt (1) data Breaker Conirol iMHy.TIBCHOT HOTY)KHOCTi 5 Ta MIBHI-
kocti 11 3pocranns dP/dt s
Puc. 1 P o A

C=const=50 Mmx®, Uco=const=121,6 B
1 HyJJbOBOMY TIOYAaTKOBOMY CTPYMY Jpocelis Ly mpeacTaBieHo Ha puc. 2 — 4 BigmoBigHo. CaMe 11eil pekum
3a Lw=1,8 Mx['H 3a0e3meuyBaB aMIUTITYy iMIYyJbCiB HaMpyru Ha HaBaHTaxeHHI Uy=110 B i OyB Onu3bkum
JI0 ONTUMAJIBHOTO JJIsl OUYMIIEHHS IPUPOTHHUX BOJ iCKpOEpO3iiiHO0 Koaryswieto [6]. PesynbpraTy, orpuMani
3a IHITUX 3HAYEHHSIX €EMHOCTI poOodoro koHaeHcaTopa C Ta modarkoBoi Hanpyru Ha HboMy Uc, 32 Opakom
MICIIS TYT HE HABOJATHCS, a iX aHaJI3 MOYKE CTAHOBUTH MPEIMET OKPEMHX JOCHTIKeHb, CyIIIBHUMU KPH-
BUMH Ha puc. 2 — 4 Ta puc. 7 — 9 npeacTaBiIeHO 3aJIe)KHOCTI, OTPUMaHi Uil IHAYKTUBHOCTI PO3PSAHOTO KOH-
Typy Lw=0,5 MxI['H, Toukamu — st 1,8 Mx['H, a mrpuxoBumu — st 10 Mx['H.
3 MiABHMILIEHHSM TPHUBAJIOCTI PO3PSAHUX IMIyNbCiB 7 ixHS eHepris W MOHOTOHHO 30UIBIIYETHCS
(puc. 2). Haii6inpmmi i 3HaUeHHS Ta MIBHUAKOCTI 3pOCTaHHS CIIOCTEPITaloThCs 32 HAMEHIIOro 3HaYeHHS iH-
nyktuBHOCTI Lyw. Ha mimsaui mamoi TpuBanocti immynbciB (mpubmusHo no 1 mxc miast Lw=0,5 Mx['H Ta mo
npubnu3Ho 6 Mxc 1 10 MkI'H) mwBuaKicTs 3poctands W HaiiMeHma. Ha cepennii minsHIi BOHA HaHOiIb-
113, a HAMPHUKIHI{ PO3TJITHYTOI'O Jiala3oHy 3MiH 7 3HOBY YHOBUIBHIOEThCS. Halikpaiiie 11 BUIHO SIS Maux
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3HAYCHb Ly, 3a SKUX HAWOLNbBIIA YacTKa eHEpril KOHICHCATOPA MEePENAEThCsl Y HABAHTAKCHHS Y PO3TIIAHY-
TOMY Jiala30Hi TPUBAJIOCTI IMITyJIbCIB. JIJis 3a0e3MeuYeHHsT MPUUHATHOI MPOIYKTUBHOCTI MpOIeCy OakaHo,
o0 iMIyJIbcu 0OMEKyBaIHCsl He paHille, HiXK HAIPUKIHI IpyToi TUISHKY 3alIeXHOCTeH puc. 2. Ane BigHO-
CHO BEJIMKi 3HA4YeHHs Ly He Jat0Th 3MOTy e()eKTHBHO TepelaBaTh SHEPrilo poO0vOoro KOHACHCATOpa y HaBa-
HTQXCHHS Yy TaKHX YMOBax 1 I poOOTH 3 IMITyJIbCaMH, TPUBAJICTh SIKHX 0OMexyeThcs 10 MKc, OakaHO,
00 Ly He neperuinyBana 0,5 Mx['H, 1110 TOBOJII CKJIATHO 3a0€3MICUNTH HA TPpaKTHIli [27].
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VY pasi 301IbIIEHHS TTOYAaTKOBOI HANpyru Ha KoHaeHcaTopi Ucy 301mbmrytoTsest 3HaueHHS W 3a THX
e CaMHX 3HAYeHb 7 , 0 MPU3BOJUTH JI0 30inblIeHHs KyTy Haxuty W (z’) 1o oci abcruc. Le y3romkyeTbes
3 pe3yJbTaTaMH MOJIEJIIOBaHHsI MEPEXiIHUX MPOLECiB 3 BUKOpUCTaHH:AM JNiHiiHuX Monenedt EEO IEH. [eski

PO30DKHOCTI B WX 3aJISKHOCTSX JUIA MiHiMHKUX 1 HemiHiiHUX Monenei EEO IEH moxyTe Oyt mpemmeToM
MOJAJIBIINX JOCIHIIKEHbD.

3aJIeKHOCTI CepeHbOl IMITYIbCHOT TIOTYXKHOCTI y HaBaHTakeHHI P Bim Tpusanocti immysbcy 3a
Lw=0,5 ta 1,8 Mk['H, mpecTaBCHI Ha PHC. 3, MAIOTh CKCTPEMYMH. 3aJICKHICTh 5(2’) 3a Ly=10 MxI'H Takox
Ma€e eKCTPEeMYM, alie BiH 3HaXOJHUTHCS 10332 MEXKaMH Jliana30Hy TPHUBAIOCTI IMITYJIbCIB, SKHH HaBEEHO Ha
puc. 3. 3HadeHHs abcuuc IUX eKCTPEMYMiB 301UIBIIYIOThCA 13 301IbLIICHHSM 3HaueHb Ly, a opAnHaT, HaBHa-

KW, 3MEHIIYIOThCs. KpiM Toro, mmprHa MiKiB 3aJeKHOCTEH 301IbIIyeThCs i3 30imbmenHsM Ly. TobTo, mis
KOokHOTO Habopy 3HaueHb C, Ly Ta EEO HaBaHTakeHHs B HOTO JiHIAHIA MO 38 KPUTEPIEM MaKCUMYyMY
P icHye onTumanbHe 3HaYEHHS TPUBAIOCTI PO3PSIAHOTO IMITYJIbCY 7 . SIKIIIO BUKOPHUCTOBYETHCS HENiHiHA
mojaens EEO HaBaHTaxeHHs, TO Tpeba Iie OpaTh 0 yBaru nNo4aTkoBi YMOBI Ha PEaKTHBHHX €JIEMEHTax po3-
PATHOTO KOHTYPY. Y pa3si 301UIbIIeHHS OYaTKOBOI HANPYTH Ha KOHACHCATOP 3HAYCHHS IMITYJICHOI ITOTYX-

HOCTI Yy HABaHTAXXEHHI, a TAKOXK KyT HAXWUITy 3alexHocTi P (r) J0 oci abcmuc 30i1bmytoTeCs. Y pasi 30i1b-

HIEHHS €EMHOCTI poO0YOro KOHAEHcAaTopa 30UIBIIYIOTHCS K OPIUHATH, TaK 1 aOCIHCH EKCTPEMYyMIiB P(Z’)
IS BCiX Ly, KpiM TOTO, 301IBLIYEThCS IIMPUHA MiKiB UX 3aJIE)KHOCTEH.
3aIeKHOCTI CepemHbOl IMBUIKOCTI 3MIiHU MOTYKHOCTI Y HaBaHTaKEHH1 dP/ dt - B 7 (puc. 4) TaKoX

MaroTh EKCTPEMyMH. 3HaYCHHS iXHIX aOciyc 301MbIIyIOTECS 13 301IbIIEeHHSAM 3HaueHb Ly, a opauHaT — 3MeH-
myrothes. [IuprHa mikiB 3a1eKHOCTEH dP/ d'[Cp Bil 7 30UIbIIy€EThCS 13 30UIbIIeHHSIM Ly. L{i ocoGnmBoCTI

3aJIeKHOCTeN puc. 4 1 3 criybHi, X04a iXHI rpadiku MarOTh Pi3HUH BUTISAA. [CTOTHOIO BiZIMIHHICTIO 3aJI€KHOC-
Tel puc. 4 B 3aJeKHOCTEH pHC. 3 € HAABHICTh TOYOK NEPETHHY KPUBUX, OTPHUMAHUX 3a PI3HUX 3HAYCHH L.
Le Bka3ye Ha icHYBaHHS 3aJa4i MOIIYKY ONTHMAIBLHOTO 3HAYCHHS 1HAYKTHBHOCTI KOHTYPY, 32 SIKOTO CEPEIHE
3HAUEHHS IIBUIKOCTI 3MiHH MOTY>KHOCTI AOCATa€ CBOr0 MakCHMY 3a YMOB IIPHMYCOBOTO 0OMEXEHHsI TpUBaJIO-
CTi IMITYJIbCIB, (PIKCOBAaHMX 3HAYEHb EMHOCTI pOOOYOT0 KOHAEHCATOPA 1 MOYaTKOBOI HANPYTH Ha HBOMY.
OTtpumany 3a pe3yJibTaTaMy, HaBEACHUMH Ha pHc. 4, Ta 3a po3paxyHKaMH 3a iHIuX 3Ha4eHs Uy, 3a-
JISKHICTh TPUBAIOCTI IMITYJIBCIB B TOUKaX nepeTuHy mapu 3anexxnocreid dP/dte, Bin 7 mis Lw=0,5 Mx['H Ta
Lw=10 Mx['n mpu C=50 mx® mnpezacraBieHO Ha PHUC. 5 TPUKYTHHKAMH, 5IKi 3’€THAHO LITPHXOBOIO JIHIEIO.
Bumie miei minii 3nauenns dP/dt;, nmst Ly=10 mMxI'a OyayTs Ounbimumu, Hixk aisa Lw=0,5 Mx['H. To6To, mist
napu 3HadeHb Lyw=0,5 Tta 10 Mx['H rpadivyHO BHpieHO 3a7ady BHOOPY PEXHMIB 3 OUTBIIAM ab0 MEHIITUM
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3HaueHHAM OP/dte, y pasi 3MiHM aMIITiTY M iMITy/IbCiB HanpyTH Ha HaBaHTaxkeHHI Up. Sk BUIUIMBae 3 aHami-
3y pHUC. 5, sl IMITYJIBCIB, YMsl TPUBANICTh CTAHOBHUTH OlnbIie npubmmsHo 13 mxc (mns Up=40 Ta 350 B), 6i-
nbmi 3HavyeHHs dP/dtg, cnocrepiratorses s Ly=10 MxI'w, mix m1g Ly=0,5 MxI'n. Qs Up=110 B opnunara
TOukM piBHOCTI 3HaueHsb dP/dt,, mms Lw=10 MxI'n ta Lw=0,5 MxI'H cTtanOBUTH mpuban3HO 9 Mkc. OTxeE, ¥
BHITAJIKy OOMEKEHHSI TPUBAJIOCT] IMITYJIBCIB 3HAUEHHSAM 9 MKC 1 MEHIIIe, 171 3a0e31meueHHs OLTBIIIOTo cepe/-
HBOT'O 3HAYCHHS MOXIJIHOT MOTYXKHOCTI 3 IBOX HABEICHUX BUIIE 3HAYCHb Ly MOTpiOHO BHOMpaTH MeHIe (y
HamoMy Bunanaky 0,5 Mx['H).

OTpuMaHi Ha OCHOBI aHaJIi3y TOYOK MEPETUHY Mmap 3anexHocten puc. 4 it Ly=0,5 1 1,8 MxI'H, a Ta-
kox i Lw=1,8 i 10 Mx['H Ta po3paxyHkiB 3a iHIIHX 3Ha4YeHHIX Up, 3a5I€KHOCTI BiJf HUX TPUBAJIOCTI iMITy-
JbCIiB B TOYKaX MEpeTUHY LMX JiHIA HaBeleHi Ha puc. 6. Bei po3paxyHKH, pe3ysnbTaTd SKUX MPEICTaBICHO
Ha puc. 6, BukonyBamucs 1t C=50 Mx®. Toukamu MO3HAUCHO I'PaHMINIO, BUIIE Kol 3HaueHHs dP/dty, Oy-
nyTh Oimerm st Lyw=10 MxI'H, HiX ama Ly=1,8 Mk['H. CyIiIpHOO JIiHIEI0 TTO3HAYCHO TPAHUITI0, BUIIE SIKOT
3nauenHs dP/dty, OynyTs Oinbumi mma Lw=1,8 MxI'n, HiX m1g Lw=0,5 Mx['H. Takum 4MHOM, BCIO IUIOLIMHY
rpadika puc. 6 po30UTO Ha TPH 30HU, ISl KOXKHOI 3 SIKUX OJIHE 3 TPhOX PO3TISTHYTHX 3HaueHb Ly 3a0e3meuye
oursmi 3HageHHs dP/dty,. OTxe, I KOXKHOI TPHBAJIOCTI IMITYJIBCIB 33 KOKHOTO 3HAYEHHS aMILTITYH iX Ha-
IpPYyTH 1 €EMHOCTI poOOUOTO KOHJCHCATOPA ICHYE 3HAYEHHS iHAYKTUBHOCTI PO3PSIHOTO KOHTYPY, IUIS SIKOTO
3HaueHHs dP/dt;, HaltOuTbmI. 31 3MeHIICHHAM 7 3Ha4YeHHS Ly, 3a sxkux dP/dty, mocsrae MakcuManbHUX 3Ha-
YeHb, TAKOK 3MEHIITYIOThCS.

7, MKC 7, MKC ITocriitae 3Hauenus Ucy 3a
20 P e 20 noctivHii C Ta 3MiHl 3HadeHb Ly
T 3a0e3rnevyye OJHAKOBY EHEPTil0 B
CHCTEMi Ha TMOYaTKy IEepeXiTHOro
nporecy. Aje B yMOBaxX MpUMYycCO-
BOr0 OOMEXEHHS 7 , BUKOPUCTaH-
Hs Hemuinol moxem EEO IEH 1
HAasBHOCTI OIIOPY BTPAT B PO3PSII-
HOMY KOHTYpi PIC mis pizHux Ly
L eHepris, sfKa IepeaacThCs y HaBa-
o . L;N=0,$MKr;4 L HTaXCHHS, 6yge Ppi3HOIO. CI)iKca}uiﬂ
Y P T T T T T Y P T S T PO T T 3HAYEHb aMIUTITYH HalpyTH Bilb-
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Un, Tak camo, sK 1 Qikcaris 3Ha-
Puc. 5 Puc. 6 uenb Ucy, He 3a0e3nedye oJHAKO-
BUX 3HAuU€Hb CHEPTii, SKa MEePeacThCs y HABAHTAXKCHHS y TAaKUX YMOBAxX JJIs Pi3HHX 3Ha4eHb L. Ale, sk
MoKasaja MpakTHKa, B PeaIbHUX TEXHOJOTIYHUX Tpoliecax OLTBIIMN BIUTUB HA BIACTUBOCTI MPOIYKINi, sKa
OTPUMYETHCS, Ma€ HE TTOYATKOBA HAMpyTa Ha pobodomy koHaeHcaTopi Ugg, @ aMILTITY1a iIMITYJIBCIB HAIIPYTH
Ha HaBaHTaXeHHI. ToMy OMHMCaHi BUIIE Cepii YNCEIBHUX EKCIIEPUMEHTIB OyJIO MOBTOPEHO 32 YMOB OJIHAKO-
BUX 3HaueHb Up, a He Ucy, SK y MOTIEpEIHIX CepisiX.
3a1J11 MOKITMBOCTI TTOPIBHSIHHS PE3YJIBTATIB, OTPUMAHUX B 000X CEpIAX YHUCEIHHUX CKCIICPHUMEHTIB,
3HayeHHs Ucy y apyriit cepil migOupanucs TakuM 4MHOM, 1100 3HadeHHs Uy s Ly=1,8 Mk['H (HaiOinbiI
MONIUPEHE HAa MPAKTHIII 3HaueHHs) crmiBnananmm i3 3HadeHHsmu Un,=110 B monepenupoi cepii. 3BicHO, mis
Lw=0,5 Mx['H 3Hauenns Uy, y HOBIl cepii ekcriepuMeHTiB OyJIi HUKY1 32 BiJOBIIHI 3HAYSHHSI TIOTIEPETHBOT
cepii, a ;g Lyw=10 MkI'H, HaBITaK® — BUIII, 10 OOYMOBHJIO JIESAKi BIIMIHHOCTI OTPUMAaHUX HOBHUX 3aJICKHOC-

Tel Bix nmonepennix. Ha puc. 7 — 9 naBeneno orpumani s Uy=const=110 B HoBi 3anexnocti W (z’), P (T)
Ta dP/ dtcp (z‘) BiNOBiMHO. baraTto B YoMy iX XapakTepu CX0Xi Ha XapakTepu BiJllIOBIIHUX 3aJIeKHOCTEH

NoTIepeIHBOT cepil YMCeIbHUX EKCIIEPUMEHTIB, mpoBeeHoi 3a ymoBu Ucgg=const=121,6 B, mo Biamosinae
Un=110 B mys Ly=1,8 Mmx['H. TomMy 30cepeaumocs JidIie Ha BiAMIHHOCTSIX.

OcCKinbKY 3HAYEHHS HAPYTH Ha HaBaHTa)KeHHI B HOBIiH cepii ekcriepuMeHTiB st Ly=0,5 Mx['H Oynm
HIDKYAMH 32 BiIIOBIAHI 3HAYCHHSI y MOTIEpEIHIN cepii 3a THX ke 3HAa4eHb apryMeHTy, a st Ly=10 mx['H —
BUILIMMH, TO 1 3HAUEHHA eHeprii iMmmybeiB Ha puc. 7 ans Lw=0,5 Mx['H Oynu Hywokunmy, a 1t Ly=10 Mx['H —
BUIMMH, HiK BiANOBinHI 3HayeHHs Ha puc. 2. lle cnpuumuuino nepetuH 3anexHocreir W (T) Ha puc. 7,

OTPUMaHHUX IS Pi3HUX 3Ha4YeHb Ly, 40TO HE crocTepiranocs Ha puc. 2. ToOTo, B yMOBax (ikcoBaHUX 3Ha-
4yeHb Up 7151 KOXKHOTO 3HAYESHHS TPUBAIOCTI PO3PSAIHHUX IMITYJILCIB Y pa3i il MpruMycoBOro 0OMEKEHHS iCHYE
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3HA4YEHHS IHAYKTUBHOCTI PO3PSIIHOTO KOHTYPY, sIKE 3a0e3Meuy€e MaKCUMaJIbHEe 3HAUCHHS €Heprii IMITylIbCcy y
HaBaHTakeHHI. Ha puc. 7 rpadiuno BupimeHo 3agady BubOopy Ly 3 ABoX 3ampomnonoBanux 3HaueHb (0,5 Ta
1,8 Mx['H), sxa 3a0e3medye OuThmti 3HaueHHs W 3a 3amaHiii 7. B onmmcaHnx ymMoBax Uil iMITyJIbCIB, TPHBa-
JICTh SKMX MeHIIe npudau3no 13 mkc, Oinbmii 3HaueHHs W 3a6e3neuye Lyw=0,5 Mx['H, Hix Ly=1,8 Mx['H, a
IUISL IMITYJIBCIB 3 TPUBAJIICTIO Olnblne 13 MKC — HaBmaky. BupilieHHs aHanoriyHol 3a1a4i A7 1HIIUX map 3Ha-
4YeHb Ly BHXOIOWTH 3a paMKW PO3MIITHYTUX Ha pHc. 7 nmiama3oHiB 3MiH 7 . Cyzasum 3 puc. 7, B yMOBax
Un=const 3aauenns Ly, ske 3abe3nedye HaibOimpme 3Ha9eHAss W, 3MEeHITyeThCS Y pa3i 3MeHIIeHHS 7 . 30i-
JBIIEHHST €MHOCTI po0o4oro xonaeHcaropa C Mpu3BOAMTH A0 3MEHIICHHS KPUBU3HH 3aJICKHOCTEH W(T),

301IBIICHHS X KyTY HAXWIy A0 0Ci aOCIMC Ta 3HAYCHb CHEPTil.

W, Ox E,KBWL dP/dt,,, kBm/mKc
0,16 prrrrrrrrr ey 8 2.5 [
0,14 F 7.
s 20 1
0,12 | 6F - [ ]
0,10 F 5E. s . 15[ h
0,08 F--- 4 L E F ]
0,06 F 3 e ]
0,04 f S S T E i ]
s 7L =10MKTH 2 1 05f it ]
E . k [ -7 1
0.02¢ ] 1 E [ /L =10MKTH ]
0.00 WA A TR TR R Eo ] 00 Looertv v ]
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
7, MKC 7, MKC 7, MKC

Puc. 7 Puc. 8 Puc. 9

Bracnigok ommcaHuxX BHIEe OCOOMMBOCTEH, CIpUUMHEHHX yMoBoI Up=const, mpeacraBieHi Ha
puc. 8 3aneXHOCTI P(r) st Lyw=0,5 Mx['H MaroTh MEHIII 3HaYCHHS 3a THUX K€ CaMUX 3HA4YCHb apryMEHTY,

Hik Ha puc. 3, a i Ly=10 M1 — 6inbimi. Kpim toro, 3anexunocri P (r) JUTSI pi3HUX 3Ha4YeHb Ly Ha puc. 8
MAalOTh TOYKHU MEPETUHY Ha BiMIHY BiJl 3aJie)kKHOCTEH Ha puc. 3. Jliama3oH 3MiH 7 Ha puc. 8§ aae 3MOry rpa-

¢biuHo BupimUTH 33129y BHOOPY Ly AUIst miBHIEeHHS 3HAaUeHb P e juist oxwiei mapu 3uadens Ly: 0,5 ta
Lw=1,8 Mx['H. Ii Bupimennsm € 7 = 12,5 Mkc. SIKIO TpUBATICTh IMITYJIBCIB MEHIIIE I[LOTO 3HAYEHHS, TO Oi-

abuii 3HavenHs P Oyayts criocrepiratucs wis Ly=0,5 Mk['H, a skmo 7 >12,5 Mkc, 10 — 11 Ly=1,8 Mk H.
Po3mmpenHs piana3zoHy 3MiHM 7 JacTh 3MOTY BUPILIMTH IO 3314y JJIS iHIINX nap 3HadeHb Ly. Sk 1y mo-

HEePEHBOMY BHUIAJKY, i3 3MEHIIEHHSM 3HAYeHb 7 3MEHINYIOThCS 3HaYeHHs Ly, 3a skux P MakcumanbHa.
Uepes ocobnuBocTi ymoBu Uy=const 3HaueHHs dP/ d'[cp (z’) st Lyw=0,5 Mx['H Ha puc. 9 MeHIII, Hix

Ha puc. 4 IUIsl OJJHAKOBUX 3HA4YeHb apryMeHTy, a it Ly=10 Mx['H — Oinbmii. Lle cipuanHmno 3cyB TOUOK
MEpETHHY Tap 3aJeKHOCTEN dP/ dtcp (r) , OTPUMaHMX JJIsl PI3HUX 3Ha4YeHb Ly, B 00JIACTh MEHIIMX 3HAYCHb

T TIOPIBHSHO 3 pHC. 4, 0COOIMBO JUIs BITHOCHO BEJTMKUX 3HAUCHD Lyy.

OtprMaHi 3a pe3yJibTaTaMu, HaBeICHUMH Ha puc. 9, 1 po3paxyHkamu 3a iHImmx 3HaueHHsx Uy Ta C 3a-
JIeKHOCTI TPUBAJIOCT] IMITYNIBCIB B TOUKaxX NepeTHHy mapu 3anexsocreil dP/dty, Bin 7 mmt Lw=0,5 MxI'H Ta
Lw=10 mx['n mpencraeneni na puc. 10 mng C=50 Mx® TpukytHuKamu, it C=100 Mk® — pomOamu, a mms
C=400 Mx® — xomamu Ta 3’€HaHI ITPUXOBUMH JIiHISIMU. AHAJIOTIYHI 3aIEKHOCTI U map 3HadeHb Ly~0,5 i
1,8 MxI's, Ta Ly=1,8 i 10 MxI'H nipencTaBieHi Ha puc. 11, 3’eMHaHI CYITUTEHUMIE JTiHIIMH 1 TOYKaMHX BiIITOBITHO.

®opmu 3anexxHoctei Big Up 3HaUeHb TPUBAIOCTI IMITYNBCIB, 3a SKOI CIOCTEPIraloThCs OJHAKOBI
3nayeHHs dP/dty, mns pisHuX map 3HadeHsb Ly (puc. 10, puc. 11) HaragyroTh BiJa3epKaleHy BiIHOCHO OCi
aocrc dpopMmy 3anexxHocTi mapamerpa R; Big Uy, matemaTuanoi HeminiitHoi Mogeni EEO IEH [24], saxy Oyio
MOKJIaIeHO B OCHOBY simulink-mozeni, 300pakeHHs sikoi npezacTaBieHo Ha puc. 1. OTxke, came 3aJIeKHICTh
OCHOBHOI KoMITOHeHTH akTuBHOI ckiangoBoi EEO IEH Bix Uy, B ocHOBHOMY 3yMOBITIO€E 3anexHICTh Bif Up
3Ha4eHb TPUBAJIOCTI IMITyJIbCIB, 32 SIKOi CrlOCTepirarThes oxHakoBi 3HadeHHs AP/dt, mit pisHUX map 3Ha-
yeHb Ly. HaitOinbimi 3nauenns R; crocrepiratorees npu Uy=250 B [24], mio BianoBinae HaliMEHIIMM 3HA-
YeHHSM IIi€i TpUBaJOCTi iMIyJbCiB. 30iIbIeHHs 3HaueHb C 3yMOBIIIOE 3pOCTaHHs 3a3HAYEHOI BHILE TPUBa-
JIOCTi IMIYJIBCIB IS BCIX JOCIHIKEHUX mMap 3HaueHb Ly. OcoOnmBoO 1€ TOMITHO 71 BETUKUX 3HaueHb Lyy.

8 ISSN 1607-7970. Texn. enexmpoounamirxa. 2022. Ne 6



7, MKC 7, MKC OT)KG, IJIs1 KOXKHOT'O Habo-
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PO3TIISIHYTOrO [Jlialma3oHy 3MiH ap-
rymeHTy. s 3a0e3nedyeHHs MPUHHATHOI MPOIYKTHBHOCTI Mporecy OakaHO, MI00 TPUBAIICTh IMIYIIBCIB
oOMexyBajacs He paHille, HK HAMPUKIHIT M€l TITHKA. 3MEHIICHHS 1HIyKTUBHOCTI PO3PSIHOTO KOHTYPY
NPU3BOJUTH 10 3MEHIICHHS 3HAYEHb apryMEHTY, sIKi HajexaThb 70 NeHTPaIbHOI TUISTHKH 3aJIeKHOCTI eHepril
IMIyJIbCIB BiJ IXHBOT TPUBAJIOCTI Ta A0 3017IbLICHHS 3HAUY€Hb €HEprii iMIyJIbCIB 38 MEHIIMX 3HAYEHHAX IX-
HBOI TPUBAJIOCTI.

2. JIyis KOXKHOTO 3HAUEHHS €EMHOCTI POOOYOro KOHJCHCATOpPA B TPyIax PexHuMIB 3 (ikcalli€ro 3Ha-
YeHb aMIUTITYyIM HalpyTy BUIBHUX PO3PSAAIB HAa HaBaHTAXCHHI, HA BIIMIHY BiJl Ipyn peXuMiB 3 (ikcali€ero
MOYaTKOBOI HAIIPyTd HAa POOOYOMY KOHAEHCATOpi, KO)KHOMY 3HAUYCHHIO TPUBAJIOCTI PO3PSIIHUX IMITYJIbCIB
pH ii TPUMYCOBOMY OOMEKEHI BIIIOBIAa€ 3HAUYCHHS 1HAYKTHBHOCTI PO3PSITHOTO KOHTYPY, SKe 3a0e3mneuye
MaKCHMaJlbHE 3HAYCHHsI CHEPTil IMITYJIbCIB Y HABaHTAXKCHHI.

3. JI71s1 KOXKHOTO HabOpy 3HA4YE€Hb EMHOCTI POOOUOr0 KOHAEHCATOpA, TOYAaTKOBOI HAIIPYTH HA HHOMY,
IHAYKTHBHOCTI PO3PSAHOTO KOHTYPY Ta €KBIBAJIEHTHOTO €JEKTPUYHOTO OIOpPY HAaBAaHTaKEHHS 3a KPUTEPIEM
MaKCHUMYyMY CEpeIHbOI IMITyJILCHOT MOTYKHOCTI iCHYE€ ONTHMAJIbHE 3HAUYEHHS TPUBAJIOCTI PO3PATHOTO iMITy-
abcy. OcoOJIMBO SICKPaBO 1I€ BUAHO B IPyNax PeKUMIB 3 (iKcalielo 3HaUYCHb aMIUTITYJW HAlpyTH BUIBHHX
PO3pAIiB HA HaBAaHTAKEHHI. 3HAYEHHS Ii€] TPUBAJIOCTI IMITYJIECIB 301BIIYIOTHCS i3 301IBIIEHHSM IHAYKTHB-
HOCTI pO3PSIAHOTO KOHTYPY, EMHOCTI poOOYOTro KOHJEHCATOPA 1 3MEHIIEHHSIM aKTUBHOI CKJIaJJOBOI eKBiBasle-
HTHOT'O aKTUBHOT'O OIIOPY HAaBAaHTAaXCHHSI.

4. 3anmeXHOCTI cepeqHbOl MIBUIKOCTI 3MiHHA MOTY>KHOCTI Y HABAaHTAXXEHHI Bifl TPHBAJIOCTI IMITyJIbCIB
MAalOTh eKCTpeMyMH. 3HaYeHHs iX abcuuc 30UTBIIYIOThCA 13 301IBIICHHAM 3HA4YeHb 1HIyKTHBHOCTI PO3psi-
HOTO KOHTYPY, a OpJIMHAT — 3MEHIIYIOThCs. [IIuprHa MiKiB MUX 3aIeKHOCTEH 301UIBIITYEThCS 13 301IbIICHHSIM
IHAYKTUBHOCTI KOHTYpY. [y KOkHOro Habopy 3HaueHb EMHOCTI poOOYOro KOHIEHCATOpa, IHAYKTUBHOCTI
PO3PSTHOTO KOHTYPY, HAIIPYTH PO3PSATHUX IMITYJIBCIB Ta 3aJI€KHOI BiJl HET aKTHBHOI CKIIaJI0BOi €KBiBAJICHT-
HOTO €JIEKTPUYHOTO OMOPY HABaHTAKEHHS iICHYE ONTHUMAaJbHE 3HAUCHHS TPUBAIOCTI PO3PSAHOTO IMIYJIBCY,
siKe 3a0e3neuye HaiOiblIe 3HaYeHHS cepeHbOT IIBUIKOCTI 3MiHH MOTYXHOCTI Y HaBaHTaXCHHI. 3HAUEHHS
i€l TPUBAIOCTI IMIYJBCIB 30UTBIIYIOTECA 13 301MBIMIEHHSIM iHAYKTUBHOCTI PO3PSIHOTO KOHTYPY, €MHOCTI
poboYoro KoHIeHcaTopa i 3MEHIIEHHSIM aKTHBHOI CKJIAZOBOi €KBIBAJIGHTHOTO aKTHBHOTO OINOPY HaBaHTa-
KCHHSI.

5. st TphOX PO3TIIAHYTHX 3HAYEHBb 1HAYKTHBHOCTI PO3PSIHOTO KOHTYPY rpadidHO BUPINICHO 3a1a-
4y BUOOpY 3HAUCHHS, sIKE 3a0e3Meuye HalOIbITy cepe/THIO IBUAKICTh 3MIHU IMITYJICHOI MOTY>KHOCTI Y JI0-
CIIIJDKEHHX Jliana30Hax 3MiH IPUMYCOBO 0OMEXKEHOI TPUBAIOCTI PO3PSIHHUX IMITYJIBCIB, X HAIIPYyTH Ta €MHO-
cTi po00YOro KOHJEHCATOpA.

Pobomy eurxonarno 3a 6100xcemnoro memoio «Po3pobumu nogi mamemamuyri Mooeni ma memoou 0OCHIONCEH-
HA eeKmpOo@i3udHUX npoyecie i o8 8 eN1eKMPOMeXHIYHOMY 00NAOHAHHT O BUPIUWEHHs 3a0aY 11020 HAOIIHOI eKCnLy-
amayii ma Oiacnocmysanns» (wugp «Komnaexc-5»). Jepowcasnuii peccmpayiiinui nomep 0121U107443, KIIKBK
6541030.
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FEATURES OF TRANSIENTS IN SECOND-ORDER CIRCUITS WITH A NONLINEAR MODEL OF
SPARK-EROSION LOAD UNDER CONDITIONS OF FORCED LIMITATION OF THEIR DURATION
N.A. Shydlovska, S.M. Zakharchenko, O.P. Cherkaskyi

Institute of Electrodynamics National Academy of Sciences of Ukraine,

pr. Peremohy, 56, Kyiv, 03057, Ukraine. E-mail: shydlovska@ied.org.ua, snzakhar@ukr.net, cherkassky a@ukr.net

In the Mathlab Simulink software environment a model of a second-order discharge-pulse system with a nonlinear de-
scription of the equivalent electrical resistance of a spark-erosion load was created. Under conditions of forced limita-
tion of the duration of discharge pulses for a series of values of the inductance and capacitance of the discharge circuit,
as well as the initial conditions in them, transients in the system are calculated. In groups of modes with fixed values of
the initial voltage on the working capacitor and in groups of modes with fixed values of voltage amplitude of the free
discharges on load, the dependences on duration of the discharge pulses of their energy, pulse power in the load, and
the rate of its change are plotted and analyzed. It is shown that in both groups of modes for each set of parameter val-
ues of: the duration of the discharge pulses, the capacitance of the working capacitor and the initial voltage on it, there
is a value of the inductance of the discharge circuit, which provides the highest values of the rate of change of the pulse
power in the load. In the groups of modes with fixed values of the voltage amplitude of free discharges on the load, for
the set of parameters described above, there are also values of the discharge circuit inductance that provide the highest
values of energy and pulse power in the load. For three values of the inductance of the discharge circuit, the problems
of increasing the above pulse parameters are graphically solved. References 27, figures 11.

Keywords: spark-erosion load, nonlinear model, discharge-pulse systems, transients, pulse duration.
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[NEPETBOPEHHS ITAPAMETPIB EJIEKTPUUYHOI EHEPT I
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AHAJII3 ITPOIIECIB Y IIEPETBOPIOBAYI KYKA 3 I30JIIOIOY0I0 CTPYKTYPOIO
3 BUKOPUCTAHHSsM METOJA YCEPEJIHEHHSI
10.B. Py}lel{lco*, JTIOKT. TEXH. HAyK
InctutyT enekrponunamiku HAH Ykpainn,
np. Ilepemornu, 56, Kuis, 03057, Ykpaina. E-mail: rudenko@ied.org.ua

Hocnioxceno npoyecu y nepemsopiosayi Kyka 3 izonionouum mpanc@opmamopom 3a 00n0MO2010 Memooa ycepeoHeHHs
Ha ocHosi meopem Jlacpamdica 6 peosicumi Oe3nepepeHux Ccmpymie ma Hanpye y HAKONUYYEANbHUX PEaAKMUBHUX
enemenmax. Po3pobneno mamemamuuny mooens npucmporo 6 6aszuci iOHocHux sminnux. Ha ocnosi pospobnenoi
MOOeNi OMPUMAHO AHATIMUYHI CRIBBIOHOWEHHS OISl PO3PAXYHKY NYAbCAYill CMpyMy ¥ 6XiOHOMY ma euxioHomy opoceii,
a makodic Hanpy2u y HAKONUWYBAlbHUX Konoencamopax. Pospobneno amanimuuni 3anexcnocmi Ons 6U3HAYEHH:
MAKCUMATLHUX 3HAYEHb CMPYMIE A HAnpye y NepemMuKkaiouux eneMeHmax nepemeopiosaya y 6cboMy OianasoHi
KoMymayii, wo 0ae 3mMoey 00IpYHmMosano ooupamu yi eiemenmu npucmpoio 3 OONYCIMUMUMU NAPAMEempamu Ha emani
toco npoexmyeanusa. Ilokasano, w0 HEXMYBAHHA GEAUHUHOIO  IHOYKMUGHOCMI PO3CIIOBAHHA  [30710104020
mpancgopmamopa y nepemeopiosayi Kyka nio uac KopucmyeamHs eupazamiu Ha 0CHOSI po3poOaeHoi MamemMamuyHoi
MoOeni 8 NeGHUX Medcax Koepiyichma mpancgopmayii 3HAUHO CRPOWYE IXHITE AHATIMUYHUL BUSTA0 MA BUKOPUCTIAHHSL
i ne npuzeodums 0o snaunux (Oinvwe 4 %) sioxurens 6 mounocmi pospaxynxy. biomn. 10, puc. 3.

Knrouosi cnoea: meronu po3paxyHKy HaIiBIPOBITHUKOBHX IEPETBOPIOBAUIB, METOJ YCEPENHEHHS B IPOCTOpPi CTaHIB,
MIepeTBOPIOBaYl MOCTIHHOI HAPYTH, TIepeTBOpIoBad Kyka 3 1305110109uM TpaHchOopMaTOpOM.

[TepetBoproBau Kyka € omHMM i3 HaWIOMMPEHINMNX OAHOTAKTHHX IIEPETBOPIOBAUIB ITOCTIHHOT
HAMpYTH, 10 IHUPOKO BUKOPHCTOBYETHCS B CHCTEMaX KHMBIICHHS €JIEKTPOTEXHIYHOTO OONaIHAHHS 3aBIISIKH
MOXJIMBOCTI 3HAYHOTO 3MEHILIEHHS MyJbcaliii BXiAHOTO i BUXimHOTO CcTpyMiB [1-4]. BkitoueHHs B #oro
CTPYKTYpYy 1305II0F0UOT0 TpaHc(hopMaTopa Ja€ MOXIIWBICTh BHpIIICHHS HOBHX 3aBllaHb, a caMe —
NOJICTIIEHHS Y3TO/PKEHHSI PiBHIB BXiJIHOT Ta BUXIJHOT HANPYTH 32 IXHBOI BETUKOi pO301XKHOCTI, ONTUMI3allil
BCTaHOBJICHUX TIOTY)KHOCTEH €JEMEHTIB IepeTBOpIOBaya, peayizalii CTPyKTYpH MepeTBOproBaya 3
JIEKiJTbKOMa TaIbBaHIYHO 130J1hb0BAHUMH BUXiTHUMH Hanpyramiu. [IpoTe, He3Bakaroun Ha iCHYBaHHS BEJIHMKOI
KUTBKOCTI JIOCTIPKEHb HAMIBIPOBIIHMKOBUX IIEPETBOPIOBAUIB, Ta 30KpeMa IepeTBoproBauiB Kyka 3
i3ommor0unM  TpaHcopmaropoMm [1-3, 5-7], iXHiId po3paxyHOK 3a ICHYIOUMMH pe3yJbTaTaMHd BHUMaraec
3aCTOCYBaHHS  TPYAOMICTKHX  TPOMDKHHX IE€PETBOPEHb. 3HAYHOMY  CIIPOIIEHHIO  PO3PaXyHKY
nepeTBoproBada Kyka 3 130JI0F09MM TpaHC(HOPMATOPOM CIIPHSAE METOJI yCepeIHEHHS B MPOCTOPI CTaHIB Ha
ocHOBI TeopeM Jlarpamxka [8-10]. ¥V 3B’sA3Ky ¢ MM MeTOK J[aHOi POOOTH € pPO3poOKa 3a JOMOMOTOHO
BKa3aHOTO METOAY 3pYYHHMX AaHAJITHYHUX BHpa3iB Uil PO3PaxyHKy OCHOBHHX IapaMeTpiB IaHOTO
MIEPEeTBOPIOBAaYa, BKIIOYAIOYH PO3PaXyHOK TpaHUIb PEKUMIB Oe3lepepBHOCTI CTPYyMIiB 1 Hampyr B
PEaKTHBHHX €JIeMEHTaX Ta BU3HAYeHHS MaKCHUMaJbHUX CTPYMIB 1 HAPyT HA IEPEMUKAIOYNX €JIeMEHTaX, 0
€ BIJICYTHIM y BiJIOMHX Ha JTJaHUI 4ac poOOTax i3 NaHOI TEMATHKH.

Posrisitnemo cTpykTypy i30morouoro meperpoproBada Kyka, cxemy sikoro 300pakeHo Ha puc. 1. B

L, gy €2 oy, 12 CXeMi IO3HAY€HO CHIJIOBl IEPEMHKAIOYl €JIeMEHTH

—

"M"‘“—"——I VTI1, VDI, Bxigauii i Buxigaumii apocemi L1, L2
L £  nHakommuyBanbHi KoHaeHcatopu Cl, C2, BuXigHUHI

Lix :l— | kouaencatop C3, i3omorouunii Tpanchopmarop TVI.
VIt AHari3 mporneciB B MEpeTBOPIOBaYi PO3IIIs-
o HEMO Y PEeKHMi Oe3MepepBHUX CTPYMIB Ta HANpyT Y

peakTUBHUX eneMeHTax. IlpuiimemMo  HacTymHi

Puc. 1 npumnyiieHns. CHIOBI  NMEPEMHKAKOUi  €JICMEHTH

NEepeTBOPIOBaYa € iJeajJbHUMH KIIOYaMH 3 HYJBOBHMH OIIOpPAaMH y BIAKPUTOMY CTaHi, 4ac iXHBOTO
TIEPEMHUKaHHS JIOPIBHIOE HYII0. AKTHBHI OITOpH 0OMOTOK JPOCENiB Ta TpaHC(hopMaTopa AOPIBHIOIOThH HYITIO.
B cxemi 3amimenHs TpaHcdopmatopa TV1 mpuitMemo, mo BCS CyMapHa Mapa3uTHa IHAYKTHBHICTb
pO3citoBaHHS OOMOTOK BU3HAUYAETHCS ii BEMUUMHOIO MO TMEPBUHHINM cTOpoHi. 3amis eeKkTuBHOI poOoTH
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130J1F0K040TO0  TpaHchopMaTopa HOro CTpyM
HaMarHiYyBaHHS Ma€ OyTH 3HAYHO MEHIIUM
32 CTPyM HaBaHTAXCHHS, W0 3a3BUYail
BUKOHYETHCS B TPAMOTHO CIPOCKTOBAHUX
Tpanchopmaropax 3 BucokuM KKJI 1 mae

a ) 3MOTYy HEXTYBaHHS CTPYMOM HaMarHiuy-
BaHHs [1]. Taki mpumyIueHHs TO3BOJISIOTH
Lg c2’ i L2 BiTOOpa3UTH CXeMy 3aMillleHHS TpaHchop-
I—m.—." N MaTopa JIUIIE OJHMM II03J0BKHIM Mapasur-
Uau |R:  num enmeMeHTOM — iHAYKTHBHICTIO PO3CifO-
Rig BaHHS.

3a HajgBHOCTI peXuMy Oesrre-
6 i i PEPBHUX CTPYMIB Ta HAIpyr y pEeaKkTHBHUX
eJIEMEHTaX TepiOJUYHHUN yCTaJeHUuH IIpo-
1eC B TEPETBOPIOBAYi 3 TEPIOOM KOMY-
taiii 7 wmicTuth B c00i JBa IHTEpBAIH
crany. llepmuii inTepBan — Binkputuil ctan Tpansucropa VT1 i 3akpuruii ctan miona VDI, mo Biamosinae
TPHUBAJIOCTI IMITYJIbCY KEPYBaHHS TPAH3UCTOPOM T} NPYTHl — 3aKpUTUH cTaH TpaHzucropa VT1 i Bigkputuid
cran gioga VDI1. BkazanuMm iHTepBanmaM poOOTH MEpeTBOPIOBaYa BiAMOBINAIOTH EKBIBAJICHTHI CXEMH
3aMilleHHs, sfKi 300pakeHo Ha puc. 2. Ha puc. 2, a mpeacraBieHO cxeMy 3aMillleHHS 3a BiAKPUTOTO
TPaH3HUCTOPA, IKUI EKBIBAJICHTOBAHO PE3UCTOPOM Ryt 3 HynboBUM omopoM. Ha puc. 2, 6 — cxema 3amilieHHs

Puc. 2

3a BIAKPUTOTO Ji0/1a, KWK €KBIBAJICHTOBAHO PE3UCTOPOM R\',D 3 HYJIBOBHM OITOPOM. SIK mMoka3aHo y poOoTi
[9], 3amns cripomeHHsT po3paxyHKIB MPOIIECIB MOIUTHHOIO € 3aMiHa KOHIIEHCATOpa B KOHTYP1 HaBaHTaXCHHS
CXEMH 3aMillleHHsI TIepeTBOproBaya pkepenoM noctiiinoi EPC, mo Bianmoigae peamizalii NpUITyIeHHS PO
HEXTYBaHHsI MyJbCAIlISIMUA Ta TMPUPOCTAMK HAMPYTH HAa HHOMY Ha iHTEepBajaX KOMYTallii B pa3i OCTATHLO
BEIMKAX 3HAYeHb €MHOCTI IIbOTO KOHJEHcaTopa. TOMy B KOHTYpI HAaBaHTKEHHS CXEM 3aMillleHHs
nepeTBoproBaua KoHueHcatop C3 3aMiHeHO pkepesiom mnoctiiHoi EPC 3 BennyuHOI Hampyru U;,H. B

HaBEJICHUX CXEeMaxX II03HAYCHO TMapaMeTpH, sIKi HaJleXaTh JO TIEPBHHHOI Ta BTOPHHHOI CTOPOHH
TpaHcOpMaTopa, NPUUYOMY BEIMYMHHU MapaMeTpiB BTOPHUHHOI CTOPOHH € TPUBENECHHMMHU IO TEPBHHHOI

CTOpOHH 3 ypaxyBaHHAM koedimienra tpancdopmanii K, peamsHoro tpamcpopmaropa: L2 =L2KZ,

R; = RHKTZPf ivz =i, /Krp U;H U . Kre, C2 :C2/KT2P .

Ha iHTepBam BiIKpuUTOTrO TPaH3UCTOPA 1 3aKPUTOTO J110]1a TPUBANICTIO T; MAEMO

LI—t=U,; C, u,, _ I; L2 g + L g, _ u., —U,, . Ha inTepBaii 3akpuToro TpaH3ucropa i BIAKPUTOrO
dt dt dt dt
mioga tpuBaiicTio T — T; 3amumiemo: le—ltl+ L, % =u,-U,; C, d(l;—t“ =i;; LZ% =U,,, 1e U, -

CyMapHa Hampyra Ha TMOCHiIOBHO 3’e€gHaHuX KouaeHcatopax Cl, C2, ski 3aMiHEHO 3arajJlbHUM

xkonzaeHcaropom C, = C1C2 /(Cl +C2 )

Iepeiinemo 10 cucTeMu anrebpaidHUX PiBHSAHB 3 yCepeIHEHUMH 3MIHHIMH BiITHOCHO CTPYMIB iy, iy,
Hampyra Ug,, BpaxOBYIOUHM 3HAK MPHPOCTY GYHKIiH 3MIHHHUX CTaHIB Ha IHTepBajax KOMYyTallii
NEepeTBOPIOBaYa 1 BUKOPUCTOBYIOUH METO/I YCEPEAHEHH: B IPOCTOPi CTaHIB HAa OCHOBI TeopeM Jlarpanxa [9]

LlA_Il:st; C')’ AU03 = ;tcp; L1 All +LS All =U;3_Uex;
L1 AII +LS All =U("3_Us‘c; C3&=|lc ; L2'A—I2:U;H’
me Aly, AI'2 , AUy — mpupocTH BiANOBIAHMX (YHKIIH 3MIHHMX CTaHIB Ha IHTEpBaJax KOMYyTallii

neperBoproBada; Ug, — cepeliHe 3HaUeHHs HaNpyru Ha KoHjaeHcaropi C, 3a nepioa KomyTauii; |, — cepenne
3Ha4eHHs cTpyMy apocens L1, I,., — cepeniHe 3HaueHHS CTPyMy HAaBaHTA)KEHHs, 1110 JOPIBHIOE CEPEAHBOMY
cTpyMy loey apocens L2 3a mepion komyTauii.
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OtpumaHa cucTeMa 3 WICTHOX anreOpaiuHuX piBHSAHB 3a iHIIMX 3aJaHUX MapaMeTpax Mae IUiCTbh

HEBIJJOMHX He3alexXHHUX 3MiHHUX Al;, Al,, AU, ligp, | Ucsep 3 ypaxyBanusam, mo U, =1, R, . Tomy

'
HCp HCp

JlaHa CHCTEMa € TMOBHOIO Ta Ma€ €JUHUN PO3B’SI30K.
3ay1s MOAATBIITIOTO aHATI3y TIEPETBOPUMO OTPHMAaHI aJireOpaidHi piBHSAHHS B CUCTEMY 3 BITHOCHUMH

3MiHHuMH. [lepenumemo Bel WiIEHU LMX PiBHAHb BiIHOCHO BUX1IHOI Hanpyrd U, Ta BIJHOCHO CEpeIHBOrO

i

BuxigHoro crpymy |, y piBHSHHAX. BBenemMo Takox HacTymHi HosHadeHHs: y =T, /T — BigHOCHA
TPUBATICTH 1HTEPBAIY BIIKPUTOTO CTaHY TPaH3UCTOPA; rf = LI/R,T — BixHOCHA mOCTiiiHa Yacy KOHTYpy 3
enemenTamu L1 1 R,; r; =L2/R,T - BizHOCHa mocTiliHa 4Yacy KOHTYpYy 3 enemeHtamu L2 i R,;
T, =L /R,T — BisHOCHA TIOCTilHA Yacy KOHTYpY 3 eneMeHTamu Lg i R,; 1, =C4R, /T — BixHOCHaA 1OCTIiiHA
uacy KOHTypy 3 enementamu Cs i R,. Ilosnaunmo Takox Bimsocki sminmi: Alj = Al /1, , Aly = AL/l
AU;’:AUCS/UCH’ I

MOXJIUBICTD 3alTUCATH CUCTEMY B 0a3HCl BiTHOCHUX 3MiHHHX

* *

* .
10 =N/ My s Yy Uiy /Uew» Up=U_ /U, . Beeneni nosnauenns naiorh

*

Al

AL KpAUL . . _iy®
1 —L=Uy,; 1, —/——=1; (T2+T5/KT2P)_=UCBCP/KTP_1;
Y Y Y
* * 1
* * All * * *AU; * * AIZ ()
(T2+TS)_:UC3LP_UU; 1~'c—1_y = ligy s TZ_I—YZI'

Otpumana cucteMa piBHAHB (1) € MaTeMaTHYHOIO MOJEIUTIO TepeTBopioBada Kyka 3 i30JI0r0unM
TpaHCPOPMATOPOM B PeXHMi Oe3MepepBHUX CTPYMIB Ta HANPYTH y PEAKTHBHUX €JIEMEHTaX, IO BigqoOpaxae
B3a€MO3AICKHICTh TIApaMeTPiB y MPOCTOpPi BiTHOCHWUX 3MIiHHHX. Ll Momenp mae 3Mory po3paxoByBaTH
CepeaHi Ta IyJbCalliiHI CKIAJ0BI MPOILECIB 3 KyCOYHO-TIHIHHMUM XapakTepoM (DYHKIIIH 3MIHHHX CTaHIB y
JAaHOMY TIEpeTBOPIOBAYi, BU3HAUYaTH WOTO pETyJIIOBaJbHI Ta HaBaHTaXXyBaJbHI XapaKTEPUCTHUKHU,
PO3paxoByBaTH MapaMeTpH CTPYMIB i HAMpyT B MEPEMUKAOUNX eIIEeMEHTaxX, a TaKOX TPaHWYHI apameTpu
ICHYBaHHS peXHUMYy Oe3NepEepPBHUX CTPYMIB W Hampyr B PeakTHBHHX eneMeHTax. [lis peanmizaiii BkazaHHX
PO3paxyHKiB HEOOXiTHUM € PO3B’S3aHHSI OTPUMAHOI CHCTEMH alTeOpaidHuX PiBHIHD BITHOCHO HE3AJICHKHIX
3MiHHUX. PO3B’SI3KOM I1i€1 CUCTEMU € HACTYITHI BUPA3U:

A|l*=A|1ZKTP(I_Y),A(I_Y)"‘Y. A|;_A|2=1__Y. AU*:AUcaz Y.

Iucp TT B'Y +1- Y , Iucp T; , v U cH TZ KTP ’
. U, -y . I Y « U K (l—y) A(l—y)+y @
chcp = b= A +1 KTP; Ilcp = £ = ; UH = = TP
UCH Y Incp KTP(l_Y) UCH Y B'Y+1—'Y

ae A=1+r:/(r;KT2P), B =1+T:/’Er .

Bupasu (2) mronmoBHEMO HopMyIaMu sl pO3PaxXyHKY CepeaHiX Ta MyabCallifHUX 3HAYCHb HAMPYT Ha
koHmeHcatopax Cl1 Ta C2', sxi Ha KOKHOMY 3 JBOX IIOCIHIIOBHO 3’€qHaHUX KoHAeHcaTopax C1 Ta
C2' cxemun SaMiHICHHH BU3HAYAIOTHCA HACTYITHUM YHHOM!

Usip =U.y ~Ulsey» Uiy =U,p» 1ie p=Cl/(C1+C2).

c2cp c2cp = c3cp
[Tepenucyroun maHi BUpa3y y BiZTHOCHUX OJUHUIIIX 3 YpaxyBaHHAIM (2), OTpEMAEMO

caep

U:lcp :Uclcp/Ucu :(A(l_'Y)'Y71+1)KTP(1_p)’ U:ZCp :UCZCp/Ucu :(A(l—’}/)’}/71+1)p (3)
[lynbcaniiini 3HaueHHs Hampyr Ha koHjeHcartopax Cl Ta C2' cxeMmu 3aMillleHHS BH3HAYAKOTHCS
NpUPOCTAMH HANpYTW Ha iHTepBajax KoMmyTalii neperBoproBada: AU, = I;wp T,/Cl, AU, = I;{Cp T; / c2,
3BiIKM OTPUMAEMO Yy BiTHOCHUX 3MIHHHAX
* AU cl "{ * AUCZ 'Y * *
AUclz—z—*, AUC2: =—, A€ Tclzc:lR”/T, TCZ =C2R”/T. (4)
UCH KTPTCI UCH TCZ
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ITin yac aHamizy mpoIEeciB 3a JOMOMOrOK PO3pOOJIEHOT MaTeMaTWYHOT MOJENI IMEpeTBOPOBaYa
BOXKIMBAM (AKTOPOM € BH3HAYCHHS TpaHUIi oOnacTi Oe3lepepBHUX pPEXHMIB CTPYMIB Ta Hamlpyr B
PEaKTHBHUX elleMEHTaX, B MeXax Kol oOTpuMaHi BUpasu (2) — (4) € akTyaJTbHUMHU.

3a/yig LOTO PO3TISTHEMO TPAHUYHI PEXKHUMH, KOJIM CEPEIHI 3HAYCHHS CTPYMIB Ta HANPYT B JaHUX
eJIeMeHTaxX JOPIBHIOIOTH MOJIOBHHI iXHROI BEIMYUHHU IPUPOCTY (TIyJIbcallii) Ha iHTepBali KOMyTaIlii.

Hust ctpymy npocenst L1 rpaHnyHuii pexum BU3HA4YaeThes Bupasom | = Al /2. lincrasnsioun B

JaHuil BHpa3 3Ha4YeHHS 3 ¢opMyn (2), OTPUMAEMO YMOBY /Js BHU3HAYeHHA TPAHUYHOTO PEXKUMY,
NPUIYCKAIOYH HEXTYBAaHHS BEJIMYMHOIO iIHAYKTUBHOCTI PO3CitoBaHHs L Ta mpupiBHIOOUH 11 10 HYJIA

‘C* _ K'IgP(l_Y)2 . (5)

1
2p 2'}’
['pannunnii pexum crpymy apocensi L2 Busnagaerbes takum umHom |, =Al, /2. Tomy, 3

H
ypaxyBaHHAM QOpMyI (2), 3aMUIIEMO YMOBY AJISl pO3paxyHKY IPaHUYHOTO PEXKUMY
* 1- Y
B, =L (©)
3HaiiIeMo TpaHWYHI YMOBH Oe3lepepBHOCTI Hampyru Ha KoHueHcaropax Cl ta C2, BUXOns4d 3

sanexHocreir U, =AU /2, U =AU, /2. MixcraBusioun B naHi sanexsocti dpopmymn 3 (3), (4),

clep c2cp

OTPUMAEMO
2 2
* Y * Y
Totoy = 5> Teomp = - 7
clep 2 0 c2ep
2(1-p)Kss 2p
BaxxnuBor XapaKTepHUCTHKOIO TPOIECIB B TNEPETBOPIOBAaUi € BelMYMHA KoedillieHTa ITyibcarii
cTpyMy B Apocensx L1, L2, sky BU3HAYUMO BiITOBITHAM YHHOM:

Al Al
K=", K :I_z'

Ile HCp

BuxopucroByroun ¢hopmyiu (2) Ui BUIIe IPUBEIEHUX BUPA3iB, OTPAMAEMO

K, <=1V Ke Al-v)ey 1oy
T,y By+1—-v T,

Ha eranmi mnpoekTyBaHHS Ta pO3paxyHKy TIEpeTBOpIOBada HEOOXiHUM KpPOKOM € BHUOIp
MIEPEMUKAIOYUX €IEMEHTIB, MAaKCUMAIILHO JOMYyCTHMIi MapaMeTpH SKHUX 3aJ0BOJBHSIN OW MakCHMalbHUM
CTpyMaM y BIAIOBIMHUX TiJKax IEPETBOPIOBada Ta MaKCHMAJIbHHM HampyraM MK HOTO BiTIOBITHUMH
By3idamMu. TOMy pO3IJITHEMO BUpPa3H, IO JAIOTh 3MOTY PO3paxyBaTH BKa3aHI MaKCUMAaJbHI MapaMeTpH y
KOJIaX IepEeTBOPIOBaYA.

3riIHO €KBIBAJICHTHHUX CXEM 3aMIIICHHS ITEPETBOPIOBAYA, B YCTAICHOMY PEXUMI MUTTEBI 3HAYCHHS

@®)

CTPYMIB 4epe3 NepeMUKa0Yi eIEMEHTH JOPIBHIOOTh CyMi MUTTEBHX CTpyMiB I, Ta I, Ha 060X iHTepBaiax

KoMyTarii. TakuM YHHOM, 3amuIIeMo (pOpMyJIH s BU3HAYCHHS MaKCUMAalIbHHX CTPyMiB Tpansuctopa |,

Ta mioma |y, Ly = Lgn = Lo T AL/ 2+1,, +ALL /2.

vtm

[Tepexonsum Bin mapameTpiB TpanchopmaTopa, MPUBEIACHUX 10 MIEPBUHHOI CTOPOHH, IO TTapaMeTPiB
3 peasbHUM TpaHcdopmaTopoM 3 KoedimienToM Tpanchopmanii K7p Ta mpumyckaroun Ly = 0, 3anumiemo

OCTaTOYHI BUPa3H JJI1 MAKCUMAIBHUX CTPYMIB NIEPEMUKAIOUUX EIEMEHTIB B 0a3HCi BiTHOCHUX 3MIHHUX
2 2 * * 2
|’ loim _1+0L(1—y) " ~ igm _1+a(l—y) 1 +15,Kp )

vtm I - (1 )K ’ vdm_I - 1 , HE A = 2** .
HCp =Y TP HCp = D)

V BIANOBIAHOCTI 0 CXeM 3aMill[eHHs [epeTBOPIOBaYa, HANPYrH Ha 3amepTux Tpamsucropi U, i

miom U BH3HAYAIOTLCI HAIMpPYyroi U, Ha ITOCIII0BHO 3’ e€aHaHux koHaeHcaTopax C1, C2 Ta Hampyrorwo
vdm

Ha iHAYKTUBHOCTI pO3CitOBaHHS U, s HA BIIIOBIIHUX IHTEpBAIaX KOMyTaIliil. 3aruIiemMo

AU, Al , AU, . Al
thm:Uc3cp+ 2c _Ls-l-_.l_i > Uvdm :Uc3cp+Tc_LsT_i'
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BpaxoByroun mapaMeTpu peajgbHOr0 TpaHchopMaTopa Ta HEXTYHOUHW IHAYKTHBHICTIO PO3CIFOBAHHS
TpaHcdopmaropa, 3aNKIIEeMO BUPa3y JJIs BUBHAYCHHS MaKCHUMaJIbHHUX HANPYT Ha MEPEMHUKAIOYNX eIEMEHTaX
MepeTBOpIoBaya B 0a3MCi BITHOCHUX 3MiHHUX

u: = thm — 217:KT2F’ +Y2 U = Uvdm _ 2TZKT%P +y2

o 2yt K o 2y7.K7

CH CH

(10)

VY pasi po3paxyHKiB 3a orpuMaHuMu Gopmynami (5) Ta (8)—(10) BapTo mpoaHaizyBaTH KOPEKTHICTh
HEXTYBaHHSIM B HUX BEJIMYMHOIO 1HIYKTHBHOCTI PO3CitOBaHHs TpaHchopmaropa. Sk mokasye aHaii3, OTHUM
3 KOMIIOHEHTIB JaHUX (OPMYII, SIKi BPaxOBYIOTh iHIYKTHBHICTh PO3CIIOBAaHHS, € HACTYITHE CITiBBiIHOIICHHS:

All—v)+ .. ..
:w. Ha puc. 3 mnokasaHo po3paxyHOK 3HAa4Y€Hb I[LOI'O CITIBBIJHOLIEHHS B 3aJ€KHOCTI BiJ

By+1-vy

IHAYKTUBHOCTI po3ciroBaHHs B miana3oHi 0...100 mxI'H 3a ‘ET = ‘C; =2, ‘EZ =0,36, Ymin = 0,1 Ta Y0 = 0,9 3
ypaxyBaHHsIM 3MiHeHHs KoedimieHTa TpaHchopmarnii Krp. AHami3 crmiBBigHOMEHHs F mokasye, mpo 3a Ly =0
BenmmunHa ¢yHKINI F mopiBHIOE ommmwMI, mo 3HaYHO cruporrye dopmynu (5) ta (8)—(10) 6e3 BTpaTH
TOYHOCTI po3paxyHKy. [IpoTte, 3a 3HAUHWX BEIMYUH IHIYKTHBHOCTI PO3CilOBaHHA, Hampukiai, no Ls =100
Mkl'H, BiamiaHicTe ¢(yHKOIT F Bim oaWHWINI CcKiIagae TEBHI BENIMYMHHA 3a PIi3HUX KoedilieHTax
Tpancopmarii. Sxmo 3a K7p = 0,5 MakcuManbHe BiaxuiieHHS GYHKIT F Bim OQUHUIN B 30HI pETyIIIOBAHHS
3a Ly = 100 mMxl['n ckmamae 18%, To y pasi 30uibmieHHS koedinienta Ttpancdopmarii Big 1 mo 10
MaKCHMalbHE BiAXWIEHHA 3MeHIyeTbesi A0 4 %. ToOTo, HaBiTh 3a 3HAUYHUX BEIMYHMH IHAYKTUBHOCTI
posciroBanHsa 70 100 Mxl'H mpu 1 < Kyp < 10 HexTyBaHHS ii BENMYMHOIO Yy BHIIE3ralaHUX (GopMyiax
NPU3BOUTH O TOXUOKHU po3paxyHKy nuie 10 4 %. Leit dakT miarBepmKye NOMyCTUMICTh CIIPOIICHB i
gyac otpuManHs Gopmyn (5), (8)—(10) B mexax 3HaueHb 1 < K7p < 10 IUISIXOM HEXTYBaHHS iHIYKTHUBHICTIO
po3citoBaHHs TpaHChOpPMATOpa 3 ypaxyBaHHSIM HE3HAUYHOI HOXHOKU PO3PaxyHKY.

F F F
L% T T 105 T T T Y 103 T

p=05 frp=l / K= 10
1137 1025 . . 1o

1 035 ra i i = 1
/ Y max min
| L"JE'J//‘ . 0975 . -‘-‘""h\-\‘ 0973 .
i =

0% 0395 0935

1] H 40 Al £0 Ll i I & ln) &0 10 ] H 40 &l 20 100

Ly melH Le. vl Lyl H
Puc. 3

BaxnuBowo mnepeBaroro po3poOiieHOi MaTreMaTHyHoi Mojenmi meperBoproBaya (1) € oTpumaHHS
AHAIITUYHOTO IHCTPYMEHTY JUI pO3B’sI3aHHA 0araThOX 3a7ad JOCIiKEHHS MapaMeTpiB IpUCTporo. Takumu
3aJjauaMH €: pO3PaxyHOK PeryIioBalbHUX, HABAHTAKYBATLHUX XapaKTEPUCTHK MIEPETBOPIOBAYA, BU3HAYCHHS
MaKCHUMaJlbHUX, MyJbCAlIHHUX Ta CEPeAHIX 3HAUEeHb HAIPYT 1 CTPyMiB B HOTO eleMEeHTax Ta iHIIi.

JlOCTOBIpHICTh OTPUMAaHWUX PE3YNBTATIB PO3pPaxyHKIB MiATBEPHKEHO 3a JOTIOMOTOIO iMITaIliifHOTO
MOJICTIOBaHHS TIPOIIECIB Y TEPETBOPIOBadl B YKa3aHUX pPEXMMax 3 BHUKOPHCTaHHSIM makeTy PSim. Sk
NPUKJIa] PO3TIISIHYTO pO3paxyHOK MpoLeciB y nepeTBoproBadi Kyka 3 i30mt0104nM TpanchopmMaTopoMm 3TiTHO
3 oTpuMaHuMH criBBigHomeHHsMHU (13)—(20) 3a ymoBH HacTynmHuX mapameTpiB neperBoproBava: U, = =100
B, T=50mkc, L1 =L2 =2 mI'H, Lg=1 Mk, C1 =10 Mx®, C2 = 1 Mx®, K7p =1 R, =20 OM B ngiana3oHi y
= 0,2...0,7. Po30DKHICTh MiX pe3ylbTaTaMHd IMITAIllIHHOTO MOJENIOBAHHA Ta PO3paxXyHKaMHU 3TiJTHO
PpO3po0IIeHOT MaTeMaTHuYHO1 MoJiesi cKinana He Oinbiie 2,5%.

BuchHosku.

1. IIpoimrocTpoBaHO NUISX BHKOPHUCTAHHS METOMY YCEPEAHEHHsS B IPOCTOPI CTaHIB HA OCHOBI
TeopeM Jlarpamxka i aHajdi3y NpOIECiB B meperBoproBadi Kyka 3 i30i0r0unM TpaHcopmaropom 3
ypaxyBaHHSM HOTO MapaMeTpiB B PEKUMax OE3MEepepBHOIO CTPYMY Yy PEAaKTUBHHX €JEMEHTax, SKUN
CITPOIITY€E PO3PAXyHOK TEPETBOPIOBaYA 3aBISIKH CKOPOYCHHIO KIJTbKOCTI OOYHCIICHD.
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2. OtpumaHO 3pydHi aHANITHYHI CIIBBIIHONIIEHHS I PO3PaXyHKY MOCTIHHUX Ta MyJbCAIlIHHUX
CKJIQJIOBUX TIPOIIECIB, IO BKJIIOYAIOTh B Cce0€ OCHOBHI IMapaMeTpH i30JII0I040ro TpaHchopmaropa —
IHAYKTUBHICTh PO3CilOBaHHS Ta KoediuieHT TpaHcgopmauii. Ha iXxHbOI OCHOBI po3pobieHO BUpa3H IS
PO3paxyHKy TPaHHIb PEXHMIB O€3NEepepBHOCTI CTPYMIB Ta HAampyr y PEaKTUBHUX EJIEMEHTax, a TaKOXK
MaKCHMAaJbHUX CTPYMIB Ta HAmpyr y INEpeMHKAIOuMX eJeMeHTax IepeTrBoproBada Kyka 3 i30150BaHOIO
CTpyKTypor. OTpHMaHI aHAJIITHYHI CIIBBIJIHOIIEHHS JalOTh 3MOI'Yy 3aCTOCYyBaTH METOIM MaTEMAaTUYHOIO
aHaJi3y KUIBKICHUX Ta SKICHHX XapaKTepPUCTHK IPOLECIB, L0 CHpPUSE MiABUIICHHIO €()eKTHBHOCTI
pO3paxyHKy IepeTBOpIOBaYa Ha eTari Horo MpoeKTyBaHHS.

3. Tloka3aHo, 10 HEXTYBaHHS BEJIUYMHOKO IHIYKTHMBHOCTI PO3CIIOBaHHS 130JIIOI0UOT0 TpaHChOp-
Mmaropa y meperBoproBaui Kyka y pa3i KOpUCTyBaHHS BHpa3aMd Ha OCHOBI PO3poOJeHOI MaTeMaTW4HOI
MoOzeNn B NEBHUX Mexax KoedimieHTa TpaHcopmamii 3HAYHO CHPOIIye iX AHATITHYHHNA BHIJISAN Ta
BUKOPHUCTaHHS 1 HE PU3BOJUTH 10 3HAYHMX (Oubie 4 %) BiIXMIEHb B TOYHOCTI PO3PaXyHKY.

Pobomy suxonano 3a deporcobrooxicemmuoro memoro " Possumox meopii ma Haykose 0OTpYHMYBAHHA NPUHYUNIG
1n06y008uU NOMYHCHUX IMAYIbCHUX HANIBNPOBIOHUKOBUX NEPemeopro8ayie 3 HeNiHIIHUM OUHAMIYHUM HABAHMANCEHHAM
mooynvnoi cmpykmypu' (ocepeno-3), depoicasnuil peecmpayitinuti Homep pobomu 0119U001289, KTTKBK 6541030.

ANALYSIS OF PROCESSES IN A CUK CONVERTER WITH ISOLATED STRUCTURE
USING THE AVERAGING METHOD
Yu.V. Rudenko

Institute of Electrodynamics National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine. E-mail: rudenko@ied.org.ua

The processes in the Cook converter with an isoted transformer have been studied using the averaging method based on
Lagrange's theorems in the mode of continuous currents and voltages in accumulating reactive elements. A
mathematical model of the device based on relative variables is developed. Based on the developed model, analytical
relations were obtained for the calculation of current ripple in the input and output chokes, as well as the voltage in the
storage capacitors. Analytical dependences have been developed to determine the maximum values of currents and
voltages in the switching elements of the converter in the entire switching range, which allows to reasonably select
these elements of the device with acceptable parameters at the design stage. It is shown that neglecting the leakage
inductance of the isolated transformer in the Cook converter when using expressions based on the developed
mathematical model within certain limits of the transformation coefficient greatly simplifies their analytical appearance
and use and does not lead to significant (more than 4-5%) deviations in calculation accuracy. References 10, figures 3.

Keywords: calculation methods for semiconductor converters, state-space averaging method, DC voltage converter, Cuk
converter with isolated transformer.
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EJIEKTPOMEXAHIYHE ITEPETBOPEHHS [TAPAMETPIB

YK 621.313.323 DOIL: https://doi.org/10.15407/techned2022.06.019

3O0BHIIIHA AEMII®EPHA CUCTEMA POTOPA
ABHOINOJIKOCHOI CUHXPOHHOI MAILIMHU

FO.M. BacbkoBcbkuii*, ToKT. TexH. Hayk, K.M. Tarapinos
Hanionanbuuii Texniunmii ynisepcurer Yrpainu «KIII im. I. Cikopcbkoro»,
np. llepemoru, 37, Kuis, 03056, Ykpaiuna, e-mail: vunl157@gmail.com, tarantinco@gmail.com

Memooamu mamemamuyno2o MOOeNO8AHHS NPOBEOeHO NOPIGHANbHUL AHANI3 XAPAKMEPUCTIUK AGHONONIOCHOI CUHXPO-
HHOI MawiuHu 0151 080X 8apianmie KOHCMPYKyii demnghepnoi cucmemu pomopa. B nepuiomy eapianmi 6UKopucmogy-
embest mpaouyitina (6Hympiuns) demngepna cucmemu pomopa, wo UKOHYEMbCSL 3 eAeKMPONPOGIOHUX CIPUIICHIS,
3aHYpeHUX 8 NOBEPXHIO NOMOCI8. B Opyeomy eapianmi 306HiwHA OeMnghepra cucmemu pomopa BUKOHYEMbCA Y 8UAAOI
eneKmpOnpOBIOHUX TUCMIB, 3aKPINIeHUX HA NOBEPXHI NO0Ci8. Biomiueno, wo 3068HiwHA demngepra cucmema pomopa
3abe3neuye Kpawji ACUHXPOHHI XAPAKMEPUCTUKU | XAPAKMepusyemuocs Oilbll PIBHOMIDHUM HASPIBOM, WO 3MEHUYE
MepMOMeXaHiuHi HABAHMACEHHA eleMenmie KOHCmpYKyii. Taka KoncmpyKyia niosuwye HAOitiHicms MAWUHY He Milb-
KU y pasi UHUKHEHHs KOPOMKOYACHUX ACUHXPOHHUX pexcumie pobomu, are i y pasi nosaeu HepigHOMIpHOCMI nosimps-
HO20 NPOMIICKY MidIC CAmOpoOM i pOMOPOM, AKUL 3A36UYall 6UHUKAE 6 NPoYeci Mpueanoi eKxcniyamayii nomyjicHux
SIGHONOJIIOCHUX CUHXPOHHUX MAWUH, HANPUKIAo, ciopoeenepamopis. bioin. 10, puc. 6.

Knwouoei crosa: sBHONONIOCHA CUHXPOHHA MalllMHAa, AeMII(pepHa cucremMa poTopa, aCHHXPOHHUI PEeXHUM, EKCICHTPH-
CHTET POTOpa, TEMIIEpaTypa 1 TepMOMEXaHIYHI HAIPy>KeHHSI.

MocTanoBka 3aaaui. Tpanuniiitna koHcTpyKList AemiiepHoi cuctemu potopa (JICP) siBHOMOMIOCHOT
cuaxponHoi MammHU (FICM) BHKOHYETBCS MO THUIY KOPOTKO3aMKHEHOI “OlNIS40T KIITKHU 1 CKIANAEThes 3
3aHYPEHHX B IOJIFOCHI HAKOHEUYHHUKH €JIEKTPOIPOBIAHUX CTPHIKHIB, 3’ €JHAHUX MK CO000 Ha TOPLSX IMOJIIO-
CIB KOPOTKO 3aMHKAIOYMMHU CETMEHTaMH. TaKi CHCTEMH Ha OKPEMHX IOJIFOCaxX MOXKYTh 3’ €THYBaTHUCS MiXK-
MOJIIOCHUMH 3’ €IHAHHSAMH, YTBOPIOIYH CYLIIbHY AeMidepHy 00MOTKY poTopa. Taky 0OMOTKY OyaemMo Ha-
3WBaTH BHYTPINIHBOIO AemMiipepHoro cuctemoro (BJIC) portopa.

BBaxaeThcsl, 110 Taka KOHCTPYKLISL € JOCUThH MPOCTOIO 1 HAAIHHOIO Ta 3a NPaBUJIBHOTO BHOOPY Ma-
paMeTpiB CTPHXKHIB 3a0e3reuye 3a1aHi aCHHXPOHHI XxapakTepucTuku SICM. Ane oCTaHHIM 94acoM B ITOTYXK-
Hux SICM cnocrepiraetscs 301MbLICHHS YKcIa BUMAAKIB YIIKOAKeHHsT KoHCTpyKuii JICP 31 3HaunnMu Tex-
HIKO-eKOHOMIYHUMH BTpatamu. BimipBani enementu JICP — ctpmkHi a6o TOpieBi KOPOTKO3aMHUKAarOUi Cer-
MEHTH TiJ Ji€I0 BIAMEHTPOBUX CHJI 3MIIIYIOTHCS B TOBITPSHUNA MPOMIXKOK Ta YIMTKOKYIOTh KOHCTPYKIIIIO
craropa. Lli Bumaaku 30kpema criocrepiratotscs B notyxkaux JACM, Hanpuknaz, rigporeneparopax (I'T) [1].

30iIbIIeHHS TAKUX aBapiil OB’ sI3YI0TH 3 MOCTYNOBOIO Aerpagauicto JJCP BHaciqok TpHBaIoi eKCIuTy-
atanii ICM # BigmpamroBaHHSIM TapaHTIHHUX TEPMiHIB IXHBOI poOOTH, 30KpeMa, 3 MOSIBOI0 €KCIIEHTPUCHUTETY
potopa. SICM € THXOXiJHUMH CHHXPOHHHMH MalllHHAMH, SIKI XapaKTepU3yIOThCs BEJHMKAM JiaMEeTPOM POTOpa
1 BITHOCHO HEBENUKUM HOBITPSHUAM MIPOMIXXKOM MiK cTaTopoM 1 potopoM. Hampukian, B motyxuux I'T Bin-
HOUIEHHS] BUCOTHU IOBITPSIHOIO NMPOMDKKY A0 diaMeTpy po3TOukH craropa ckiazae ycsoro 0,1...0,3%. Tak B
I'T tumy CB 1230/140 - 56 motyxwictio 130,6 MBA miameTp po3Touku craropa gopisaioe 11600 MM, a Buco-
Ta MoBiTpsHOTO MPoMixkKy — 20 Mm. Inst kanicyneHoro I'T Tunmy CI'K 538/160 - 70M notyxwicTio 23 MBA 1i
po3MipH TOpiBHIOIOTH BiamoBigHo 6100 MM 1 6 MM. Taki ocobimBocTi kKoHCTpYKIii [T 00yMOBIIOIOTH MOSBY B
rporieci TpuBaioi excruryatamii ['T HepiBHOMIPHOCTI TOBITPSIHOTO MPOMDKKY y3/I0BX KOJIa PO3TOYKH CTATOpa.
HepiBHOMIipHICTh MO’KE BHHHMKATH BHACHIJOK MOSBU EKCIECHTPHUCUTETY pOTOpa ad0 BTpaTH LMTIHAPHIHOCTI
(hopm ocepps cratopa abo poropa. [IpakTrka ekcrtyaTarii Mmokasye, 110 BiIoOMi TEXHIYHI 3aX0IU JUIS MiATPH-
MKH PiBHOMIpHOCTI TIOBiTpstHOTO TIpoMiXKKY ['T" He € mocTaTHhO epeKTHBHIMHY.

Sk HacNIigOK HEPiBHOMIPHOCTI MOBITPSHOTO MPOMIDKKY Mij 4ac oOepTaHHS pOTOpa B HOTO MOJOCaxX
BUHHKAIOTH ITyJIbCallii OCHOBHOI'O MarHiTHOTO HOTOKY. B cBOI0 uepry mynbcauii moTOKy NPU3BOASTE 10 TO-
seu EPC 1 crpymiB, aki 3amukatotbes B cTprkHiax [CP. OdeBunmHO, 1m0 BUHUKHEHHS IMX CTPYMiB HE
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noB’s13aHo 3 poboToro SICM B aCHHXPOHHUX 1 HECUMETPUYHUX PEXUMAaxX, a 00YMOBJICHO BUKIIIOYHO TOSBOIO
nedektiB B ICM, 1110 MpU3BOASTH A0 NOPYIIEHHS PIBHOMIPHOCTI MOBITPSIHOT'O IPOMIXKKY. 3a3Ha4YeHe SIBUILE
OyJo AeTalbHO JOCHIHKEHO B poboTax [2, 3], a TakoX po3risiganocs B podoTax iHO3eMHUX aBTOpiB [4 — 9].
JoBeneHo, mo xo4a yactoTa mynbcariii (1...2 I'n) i Benmununaa EPC € HeBenMKUMHU, ajne BHACHIJOK Majoro
ornopy JCP BenwmumHHM CTpPyMiB CATAIOTH HEOE3MEYHWX 3HAYEHBH 1 MPOTIKAIOTH BOHHM TPHBANO. Po3momin
CTpyMiB Mix pisHuME cTprokHsMu JICP i BinmoBigHUH iXHIiN HarpiB € qyxe HepiBHOMIpHUM [2, 7], 110 Tpu-
3BOAMTH A0 3HAYHUX BHYTPIIHIX TepMoMexaHiuHux aedopmaniii B JJCP ta moganbmoro ii ymkomKeHHSs.
Crin miakpecnuty, mo B icHytounx SICM kouctpykmis JJCP crBoproBaiiacs 0e3 ypaxyBaHHS HACIIIKIB IT0-
SIBU HEPIBHOMIPHOCTI MOBITPSIHOTO MPOMiXKKY. ToMy icHye HaranpHa moTpeda B MOJANBIIOMY YJOCKOHAJICH-
Hi JICP, 30kpeMa BBeJeHHI Ha eTalli MPOEKTYBaHHS B IXHIO KOHCTPYKIIIO MEBHUX TEXHIYHHUX PilIeHb, IO
3a0e3neuyroTh cTiiikicTh JICP 10 HEpiBHOMIPHOCTI MOBITPSHOTO MPOMIXKKY.

OmanM 3 eheKTUBHUX TEXHIYHUX PIIICHB € 3acTOCyBaHHS Ha poTopi SICM 30BHIITHKROI AemmepHOL
cucremu (31C). Inero 3/1C poTopa cHHXpOHHOI MalIMHU OyJI0 3aPONOHOBAHO HA MPUKIaLi TypOoreHepa-
TOpa HOBOTI'O THITy — CHHXPOHHO-aCHHXpOHHOTrOo TypOoreneparopa (CAT) 3 mOKpalleHUMH aCHHXPOHHUMH
xapaktepuctukamu [10].

3/1C poropa CAT € KOHCTPYKIIi€I0, sIKa KOHIICHTPUYHO OXOIUIIOE OOYKY pOTOpa TypOOoreHepaTopa
10 BCii 30BHILIHIM MOBEPXHi i B MONEPEYHOMY Iepepisi 300pakeHa Ha puc. 1. Lis KOHCTpyKuig BIamToBaHa
B Takwii crioci0. [ToBepxHs MacHBHOTO pOTOpa MiCTUTH (hepOMarHiTHI
3youi 11 mas3u 2 3 06MoTKOr0 30y mKeHHs. [1a3u poTopa 3aKkpuBarOThHCS
¢dirypHuMu KImHaMu 3, SKi CIMPalOTHCS Ha MIICYUKH 3yOuiB. DirypHi
KJIMHU BUKOHAHI 3 HEMarHiTHOTO €JIEKTPOIPOBIJHOIO Marepiany Ta
MaioTh (irypHi rpediHIi, Mo BUCTYMAIOTh HaJ TIOBEPXHEI0 pOTOpa Ha
Bucoty h. Ilpu pOMy MmIMpUHA KJIMHOBUX IPeOiHIIB OiIbIIa, HIXK IIHU-
puHa masziB potopa. Ilpoctip Mixk GirypHUMHU KIMHAMH HIUTEHO 3aI10-
BHIOIOTH BCTaBKaMH 4, TaK0’K BUKOHAHMMH 3 HEMarHiTHOTO MaTepiaiy
3 BUCOKOIO EJIEKTPOIPOBiAHICTIO. DirypHi KIMHH BUKOHYIOTH TakKi
($yHKUOii: yTpUMYIOTh Y ma3zax 2 0OMOTKY 30ymKeHHsl TypOoreHeparo-
pa; YTpUMYIOTh BCTaBKH 4; CTBOPIOIOTH Pa30M i3 BCTaBKaMH Ha IOBE-
PXHi pOTOpa €INHUI KOPOTKO3aMKHEHHI €IEKTPOIPOBITHUIA LIap ISt
MOJIMIICHHS TapaMeTpiB TypOOreHepaTopiB B ACHHXPOHHUX PEXUMaX POOOTH.

Y cBOill CyKYITHOCTI €IeMEHTH OIMCAHOI KOHCTPYKLIi YTBOPIOIOTh CUMETPUYHY JeMI(epHy cHCTEMY
potopa. Y cuaxponHomy pexkumi CAT "He BigdyBae" HasBHOCTI JeMIiepHOI CHCTEMH, OCKIJIBKH i BUKOHAHO 3
HEMarHiTHUX MaTepiaiiB, II0 MAaloTh TaKy X MarHiTHy IPOHWKHICTb, SIK 1 HOBITpSHUN MpoMibKOK. [lpn mpomy

Puc. 1

TEHEPATOp Ma€e ONTHMAIIbHI 3HAYCHHS] CHHXPOHHHX IHIyKTUBHUX OIOPIB Xy, Xy 1 AOCTAaTHIN 3amac cTaTHYHOL

q
Ta JMHAMIYHOI CTIMKOCTI 1 MOKE TPHUBAJIO MPAITIOBATH B CHHXPOHHOMY PEXFMi. Y pa3i aCHHXPOHHOTO PEKUMY B
3/1C inaykyrothes BuxpoBi crpymu. Ockinbku 3JIC Mae OUIbIIME giaMeTp y MOPIBHSAHHI 3 iaMETPOM MAaCHBHOTO
poTopa, TO y pasi mepexoay N0 aCHHXPOHHOTO PEXKUMY CIIOCTEPIracThesl BITHOCHE “3MEHIIEHHS TOBITPSHOTO
MPOMIKKY” TypOoreHepatopa. Lle Beae no mimBumeHHs koedirieHTa moTykHOoCTi. [1in yac mepexoay B acHHX-
ponnuii pexxum posrisinytaii CAT po3BuBae Ha 15...20% Outbimii aCHHXpOHHHH MOMEHT 3a MeHIoro B 1,5...1,7
PpasiB KOB3aHHi, HDX 3a TPaAULiHOT KOHCTPYKLII pOTOpa CHHXPOHHOTO TypOoreHeparopa.

Takum 4rHOM, TaHa KOHCTPYKIiA peallizye iier0 “peryboBaHOr0 MOBITPSHOTO MPOMIXKY™ TeHe-
paTopa, SKUH aBTOMAaTHYHO 3MIHIOETHCS B 3QJICXKHOCTI Bil pexuMy #oro po6otu. 3[C CyTTeBO 3MEHIIyE
BTPaTH Ta HarpiBaHHS POTOpa Y HECUMETPUYHUX pe-
xHUMax pobotu, B skux 3/IC ekpaHye cTpyMu 4acTo-
1 100 ', M0 IHAYKYIOTECS B POTOPHHUX KOHTYpax.
Baxxnusum mapametpom, o xapakrepusye 31C, € ii
Brucota. OCKIJIBKU Cy4acHi MOTYKHI TypOOTreHeparo-
pPY MaloTh JOCUTHh BEJIMKHIA 3arac 10 BUCOTI MIPOMi-
KKy, BcTaHoBlieHHS 3/]C He yCKIIQJHIOE TEXHOJOT-

YHUX OIepaLii i3 BCTaBli poTopa B CTaTop.
3a3HaueHa ifies BUKOHAHHS JeMII(epHoi cH-
CTEMH POTOpa MOke OYTH TepeHeceHa Ha KOHCTPYK-
1iro nemrndepHux cucteM poropa notykHux ['T. Ha
Puc. 2 pucC. 2 TIOKa3aHO JBa BapiaHTH KOHCTPYKIIil TOIrOCa
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I'T: niBmit — BJAC, npasuii — 3[1C. BJIC BUKOHYEThCS Y BUTIISAII OKPEMUX CTPIKHIB 1, 3aHypeHUX y moBepX-
HIO TOJIIOCA 2, Ha KOMY pO3TamioBaHo o0OMoTKy 30ymkenHs 3. 3[1C saBise co00I0 BUKOHAHHM 3 Mii CYI[iIb-
Hui et 1 Bucororo h, HakIageHui i 3aKpilIeHuid Ha OBepXHIi Houtoca 2 3 00MOTKOI0 30ymkenHs 3. [lpu
IFOMY TOTPiIOHO OOTPYHTYBaTH MouiabHuH BuOip Bucotu 3C 3 Touku 30py BHMOT /0 il aCHHXPOHHUX Xa-
PaKTEepUCTHK 1 0OMEKEHB OJI0 MiHIMAIBHO JOITYCTUMOI TEXHOJIOTIYHOT BUCOTH TTOBITPSHOTO IIPOMIXKKY

Ouikysani nepesaru 31C y nopiBHsHHI 3 BHYTpimHb010 BJIC € HacTynHUME:

1) 3 ormsany Ha maibke piBHOMipHUI HarpiB enementiB 3JC, gidcymui snauni 1oxkanvii mepmomexani-
HI HanpyscenHs, SKi CIPAYUHSIOTH IIOCTYTIOBY ii AeTpaaaliio 1 yITKOHKCHHS;

2) BHACHIIOK “3MEHIICHHS MOBITPSAHOTO MPOMIKKY MIDK CTaTOPOM 1 POTOPOM 30iMbULYEMbCS ACUHX-
POHHULL eeKMPOMASHIMHUL MOMEHM B aCHHXPOHHOMY peskuMi poboTu I'T" 1 3a KonMBaHb MIBUAKOCTI POTO-
pa, 1o miaBHIIye cTabimizyody fito aemrdepHoi cucteMu. [Ipu 1boMy B cCHHXpOHHOMY peskuMi podotu I'T
30epirae He3MiHHUM CHHXPOHHI iHAYKTHBHI OIIOPH 1 PO3PaXyHKOBI CHHXPOHHI XapaKTePUCTUKH;

3) TaKoX BHACHiAOK ‘‘3MEHILICHHS MOBITPSHOTO MPOMIXKKY 3pocmac cos(() B aCHHXPOHHOMY PEXUMI
po6otu I'T, 1m0 3MeHIIy€e peakTHBHY CKJIAZOBY CTpyMy OOMOTKH craTopa Ta ii Harpis. Lle cpusie 36inbiieH-
HIO JIOITyCTHMOTO 4Yacy pobotw I'T B aCHHXpOHHOMY PEXHMIi, SIKHH Y TaHWUH 9ac 0OMEXKYEThCS BUMOTaMH
iHCTpYKLiH 1o ekciutyaranii [T BenmuunHoIO 15 C;

4) cyuineHuii enekrponpoBinHuit MmacuB 3/1C Ha MOBEPXHI MONIOCA BUKOHYE eKpaHyioui QyHKYii, 3aXu-
Iaf0Yd 0OMOTKY 30y KEHHS 1 BHYTPIIITHIO KOHCTPYKIIIFO TTOJTFOCA Bi/l HETATUBHOTO BIUIUBY CTPYMiB YaCTOTH
100 I'n B HecumeTpuuHUX pexkumax podotu I'T Ta Big mynbcamiid 3yOLeBUX rapMOHIK MarHiTHOTO TIOJIsI, BU-
KIIMKaHHUX 3yOLsIMHU cTaTopa.

Mertoro pobotu € mopiBHAIBHUN aHami3 xapakTepuctuk 3JC 3 aHanorignoro mo mapamerpam BJIC
Ta TIepeBipKa 3a3Ha4YCHHUX BUIIE ouikyBaHux nepesar 3J1C.

MatemaTuuHa mMojaensb. [1in yac nocmimkenns ¢iznanux npoueciB B 3[1C i BJIC enekTpoMarsiTHe i
TeMIIepaTypHe TOJe aHali3yIOThCS y JBOBUMIPHOMY HAOJNIKEHHI y TIOMEPEYHOMY Iepepi3i akTHBHOI 30HH.
Merty mociipkeHb MOJKHA TOCATHYTH 3 BpaXyBaHHSAM MEPIOAMIHOTO XapaKTepy PO3MOJILTY ITOJIS B3IOBXK TOBi-
TPSHOTO TPOMDKKY TiJI Yac BHKOPUCTAHHS PO3PAaXyHKOBOI 00JNACTi, SIKa MICTUTh OJHY Tapy mojrocis. [Ipu
LBOMY BBXXA€THCS, 110 OKPEMi MOJFOCK POTOpa 3’€THAaHI MK COOOI0 TOPLEBUMH MIKIOMIOCHUMH €JIEeMEHTa-
MH, YTBOPIOIOYH CYLIJIbHY KOPOTKO3aMKHEHY CUCTEMY pOTOopa. AHai3 MOJIs BEAETHCS AJIsl CTAJIOr0 aCHHXPOH-
HOTO 00epTaHHsI pOTOpa 3a HAsSBHOCTI KOB3aHHS S. OCKUIBKH OCeplisi CTaTopa i pOTOpa BUKOHAHI ITUXTOBAHH-
MH, BIUIMBOM BHUXPOBHX CTPYMIB B TOHKHX JIMCTaX MIMXTOBKU Ha PO3MOJLI MOJISI MOKHA 3HEXTyBaTH. Ejekt-
POMarHiTHe 1ojie B Meax nonepeyroro nepepizy SICM BiAHOCHO KOMIUIEKCHOT aMILTITyJ BEKTOPHOTO Mar-
HITHOTO MOTEHIIIaTy OMUCYETHCS B JEKapTOBUX KOOPIMHATAX HACTYITHUM KBa3iCTalliOHAPHUM PiBHSIHHSIM:

L] L]
*A OPA . : :
—— 5~ Josuy A =—pnd o, )]
OX oy
ne o, = 27f, — kyroBa yacrora crpymy cratopa; S — KOB3aHHSI pOTOpPa; u — MarHiTHAa IIPOHUKHICTB; y— eJle-
KTPOTMPOBIHICTE; J 7., — TYCTHHA CTOPOHHIX CTPYMIB (TYCTHHA CTPYMiB B [a3aX CTATOpA, sIKi 3aJal0ThCs Y

BIJIMOBITHOCTI IO cXeMHU OOMOTKH, T'yCTHHA CTPYMiB B 0OMOTII 30ykeHHs). BennunHa | B KOXKHINA TOYII
PO3paxyHKOBOI 00JIACTI, 1€ 3HAXOAAThCS (PepPOMArHiTHI MarHiTOIPOBOAH, BU3HAYAETHCS IiJ] 9aC YHCEITHLHOTO
po3B’s3aHHs piBHSIHHA (1) iTepaliifHIM METOJOM 3a 3alaHMMH KPUBUMH HaMarHidyBaHHs. EnxexTporpoBia-
HICTb 33/Ia€ThCS TUTHKU B €lIEMEHTaX JeMI(EepHOT CUCTEMHU POTOpa — B Ma3aX, B AKAX PO3TAIIOBAHO EIICKT-
porpoBinHi ctepxkHi BJIC a6o B 30HI enekTpomnpoigHoro jucta 3/1C. EnrekTponpoBimHIiCTh B Ta3ax cTaTopa
NpUAMaeThCs PIBHOIO HYJIIO, alie IPH [[bOMY B Ta3ax 3aJa€ThCSd CTOPOHHS T'YCTHHA CTPYMIB, SIKa JJISl Pi3HUX
(a3 3amaeTbest hopMyamMu

‘]ACTop =lpup /Sp,
J.B crop I mup [cos (=27 /3)~ jsin(~27/3)]/ S, )

JC erop = !mUn [cos(= 47 /3)— jsin(- 47 /3)]/ Sy,

ne |y — amrorityaa ctpyMy B gaszi 0OMOTKH cTaTtopa; U — YUCIIO MOCTIIOBHO 3’ €JHAHUX MTPOBIIHUKIB B Ma3zy
cTaropa; Sy — IUIoMIa mepepisy masza craropa. [locTiiiHi cTpyMu B 0OMOTII 30yIKeHHS 3 BiJICYyTHI, OCKIJIBKH
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B ACHHXPOHHHUX PeKUMax MOTY)HUX [T 00MOTKa 30Y/DKEHHS 3a3BHUAll BIAKIIOYAETHCS (32 HASIBHOCTI CTPY-
My 30yDKCHHS B aCHHXPOHHOMY PEXUMI CIIOCTEPIratoThCsl BEIMKI KOJWBAHHS CTPyMy OOMOTKH cTaropa i
enexTpoMartiTHoro MoMeHTy ['T'). Takox Tpeba miaKpecTuTH, IO YMOBA BiICYTHOCTI CTpyMy 30y DKEHHS B
0o0MOTII 3 pUUMAEThCS OJTHAKOBOIO it 000x BapianTiB JICP, 1mo po3risinaroTses, M0 y IIJIOMY HE BIUIH-
Ba€ Ha pe3yJbTaTH MMOPIBHAIILHOTO aHANI3y aCHHXPOHHHX Ta IHIIUX XapakTepucTuk [T.

PiBHsiHHSI (2) IOMIOBHIOETHCSA TPAaHUYHIUMH YMOBAaMH — 3HAUEHHSIM BEKTOPHOI'O MarHiTHOTO MOTEHLIi-
ay Ha TPaHUIX PO3paxyHKOBOI 06macTti. Ha 30BHIMHIX TpaHumsx ocepab craropa i potopa G, 1 G, 3a3Bu-
yail 3a7al0ThCS OMHOPIMHI TPAaHWYHI YMOBH IEPIIOTO POAY, IO O3HAYAE MPHITYIICHHS IIOAO BiICYTHOCTI
MarHiTHUAX MOTOKIB pO3CiIOBaHHS Yepe3 3a3HaueHi rpaHuIll pPo3paxyHKOBOI 00acTi

A =Ag, =0. (3)
Ha 6okoBux rpanutisx po3paxyHkoBoi odnacti G; i G4 3a/1a10ThCsl YMOBH MEPiOIUIHOCTI
Ao, = A, - )

[HIyKOBaHA B €NEKTPOIPOBIAHUX €JIEMEHTaX poTOpa TyCTHHA CTPyMy BH3HA4Ya€ThCS Ha MiAcTaBi
HEepIIoro piBHAHHA MakcBea HaCTyIIHUM BHPa30M:

.

Jzz(ﬁBy/ﬁx—ﬁBx/ﬁy)/yo, %)

Jle CKJIaJ0BI MarHiTHOI I1HIYKIii 3HaXOAATHCS IICIS PO3PAXyHKYy BEKTOPHOTO MAarHiTHOTO IMOTCHITiATY
B,=0A/dy, B,=0A/dX.

EnexTpoMarHiTHUIT MOMEHT BU3HAYA€THCS SK JOOYTOK TaHTEHIIadbHOI (IOTHYHOI JO TOBEpXHI)

CKJIaJOBOI E€NEeKTPOMAarHiTHOI CWJIM, L0 TMPHKI3JAeHa 1O TOBEPXHI POTOpa, Ha IJiede CHIIM — Pajiyc

poropaR,. IloBHHil eIeKTPOMAarHiTHHII MOMEHT MiX CTaTOpPOM i POTOPOM 3a JOMNOMOIOK TEH30pa

MAarHiTHOT'O HATATY BU3HAYAETHCA HACTYITHOIO (l)OpMy.l'IOI-OZ

M.J’BH.BT.(“, (6)
Hy 0

ae p, T, l;; — gucno map mosrociB, MOJIOCHA MOJIIIKA 1 aKTHBHA TOBXUHA poTtopa; By, B, — HopmanbHa (Hamnpas-
JICHa y3JI0BXK BEKTOpa HOpPMaJi JI0 IOBEPXHI POTOpa) Ta TaHTEHIliAIbHA (HAIIPaBJICHA Y370BXK BEKTOPA TOTHY-
HOI JI0 TIOBEPXHI pOTOpa) CKIAAOBI BEKTOpa MAarHiTHOI iHmyKIii. JndepeHmiline piBHIHHSA IS PO3PaXxyHKY
HecTalioHapHoro Temmneparyproro nons 7' B mosoci I'T B 1ekapTOBUX KOOpIMHATAX MAa€ HACTYITHUIA BUTJISI:
2 2
kg+kaZ—Cpﬂsz, @)
OX oy ot

me A — KOedilieHT TEIUIONPOBIAHOCTI; ¢ — TEIUIOEMHICTB, p — muToMa ryctuHa; Q, — cymapHi murtomi

Mp, =2-p-F-Ry =

00’e€MHI BTpAaTH, SKi CKIIATAIOThCS 3 MUTOMUX 00’ €MHHUX BTpAT B OOMOTII 30YDKCHHS, TeMITpEpHii 0OMOTII
Ta IOJATKOBUX BTPAT HA MOBEPXHI MOIOCY BiJl BUIMX FAPMOHIK MarHiTHOTO MOJISl B TPOMIXKKY.

[ToyaTkOBUMH YMOBaMH € OAHOPIAHUHN PO3MOALT TEMIIEPAaTyPH B MOMIOCI, IO AOPIBHIOE TeMIepaTy-
pi HaBKoHIIHBOTO cepenosuma (mpuitasito Ty = 40°C). Posmoin TeMiepaTyps € OQHAKOBUM ISl KOXKHOTO
nonrocy [T, mo gae 3Mory po3riisiaaTy TEIIoBy 3a/1a4y B MeKaxX OJHOTO IMoiitocy. Takuid miaxia no aHamizy
TEMIIepaTypHOTO MOJIsl JOCTATHIN AJIsl IPOBEACHHS nopignstvrozo ananizy narpisy BJIC 1 3[1C.

[Tig yac 3aBmaHHS Ha 30BHIMIHIX KOHTYpax IMOOCY TPAHUYHUX YMOB HEOOX1THO ypaxyBaT 0COOIH-
BOCTI cucteMu BeHTHIAMIL [T, st skoi MOkKHA BBa)KaTH, IO TETUIOOOMIH MiX OXOJIODKYIOUMM ITOBITPSAM 1
NOBEPXHIMHU NoJroca B31oBxK KoHTypy BCDEFG (puc. 2) BianoBinae 3akony Hetotona — Pixmana, To0TO Ha
IIbOMY KOHTYPi MOXKHA 3aJ]aTH TPAaHUYHY YMOBY TPETHOTO POIY

oT /on=—al™'(T -T,), ®)

Iie o — KoediIieHT TeruoBimnavi. Taka >k yMOBa TPETHOTO POAY 33JIA€THCS HA BHYTPIIIHbOMY KOHTYpi AH
spma potopa. Ha moBepxusix AB, GH 3agaroTbcst rpaHUdHI YMOBH IPYTOTO POIY

oT /on=0, )
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K1 XapaKTepU3yOTh BIICYTHICTh TETIOOOMIHY MiXk CYCIAHIMH MOIIOCAMH Yepe3 spMO pOTopa i3-3a CUMETPIi
o310y TeMIepaTypH B CyCiiHiX nojirocax. KoedimieHT A 1 o BU3HAYAIOTHCS 110 JIOBIIKOBUM JIITEpaTyp-
HUM JAaHuM. MatematuuHa Mmogens (1) — (9) peanizyeTbcs 4YMCENBHO METOJOM CKiHYEHHUX €JIeMEH-
TiB.O6’€KT Hocaimkennb. JlocmimkenHs mpoBoasTeest Ha npukitaai [T tumy CB 1230/140-56, sxuil Mae

Puc.3
Puc. 4
3.10 T T T T T T T T T
i . BIC
© o "
i 2t —r i)
& 5
= :
= :
=9 H
-] :
o : :
= : :
g : 3C
Zo1 | ? |
0,5F
0 0,1 0.2 0.3 0,4 0,5
IIHEPHHA MOTOCY, M

Puc. 5
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HAaCTyNHHI BHUXimHI gaHi. [loBHA MOTYXHICTH
130,6 MBA; mniniliHa HOMiHaJbHA HaIpyra
13,8 kB; HoMiHanpHMI ¢a3Huil cTpyMm 5,465
KA; cos(p) = 0,85; KK/ = 0,979; uncno mosnro-
ciB 56; miametp posrouku cratopa 11600 mwm;
MOBITPSIHUM TpoMibkok 20 MM; YHCIO Ma3iB
cratopa 420; akTuBHa A0BxkuHa ctaTopa 1400
MM; guciio ctprxkHiB BJIC Ha ogHOMY TOJTIOCI
poropa 8; miamerp crpmxHi 20 MM; BHCOTa
nojroca 290 MM; BHCOTa IOJIIOCHOIO OalMaka
50 mMm. KoedimieHT TermoBiamadi Mix TOBIT-

psaM i ocepasv momocis 214 Bt/(M*°C), xo-
e(IlieHTH TEIIOMPOBITHOCTI CTami oceps
noutociB 47 i mini crpmwxaiB 384 B1/(M°C) .

Ilix wac mpoektyBanns 3/1C y nepmo-
My HaOJMKEHHI BHCOTa MiJJHOTO JICTa Ha I0-
BEpXHi mojrocy h BuOMpaeTbest 3 YMOBU 00HA-
KO8oCcmI CyMapHOI IUIONI Tepepi3y ycix CTpH-
kHIB BignosigHoi BJIC i1 mwiomii CymuibHOrO
MiZHOTO €JIEKTPONPOBITHOTO JHcTa:
nS,, =hb,, To6ro h=nS_ /b, ne n — 4ucmno

CTPHXKHIB Ha HONIOCI; S¢p — IUIOMIA OJHOTO
crpwkast BJIC; b, — mmpuna momocy. s
nanoro I'T orpumaemo h = 7 mm. B pesynbrati
MPOMIXKOK MIX ITOJIFOCAMH POTOpa 1 PO3TOY-
KO0 cratopa “y cBitii” mopiBHtoe 13 mm. [lo-
MYCTUMICTh MPUNHSTTS TAKOTO MPOMIXKKY I0-
TpiOHO OOIPYHTYBATH 3 OTJISAY Ha OCOOIMBOC-
Ti KOHCTPYKIIi 1 ekcroryaranii [T y mimomy.

PesyabTatu nocuimxenns. 1. Acunx-
ponnuii pexcum. Ha puc. 3 mokazaHo po3nomi
nons B BapianTax moioca [T, mo marote BJIC i
3/IC B acHMHXpOHHOMY pEXKHMi 3a KOB3aHHS
potopa S = 0,01 B.o. i BiICyTHOCTI CTpyMy B
obmoTIi 30ymkeHHs. CTpuUTKaMu MMOKa3aHoO Ha-
MIPsIM BEKTOpa MarHiTHOTO HATATY (6).

Ha puc. 4 moka3aHo 3aJ€KHOCTI eJleK-
TPOMAarHiTHOr0 acHHXpOHHOTO MoMeHTy [T
BiJl KOB3aHHS JUIS JIBOX 3a3HAYCHUX BapiaHTIB
BUKOHaHHS AemrdepHoi cuctemMu. BemnumHn
CTpyMy OOMOTKH cTaropa B 000X BapiaHTax
JUTSE KOYKHOTO KOB3aHHS € oJHaKoBuMH. Puc. 4
BiloOparkae Kparli aCHHXPOHHI XapaKTepUCTH-
ku [T y pasi Buxopucranns 3/1C y nopiBHSIHHI
3 TpaguuiiinuM Bapiantom BJIC. 3okpema,
Makcumanpanii MomeHT 3/1C B 1,31 pasu 6i-
aeiie, Hixk B BJIC. B miama3oni Maiux KOB3aHb
0...0,015 B.0o. Moment 3/IC mepeBuirye Mo-
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meHT BJIC, a Hagani BOHU MPaKTHYHO 3PIBHIOIOTHCS. AJle CIIijl 3ayBaXKUTH, 10 KOB3aHHA Oinbine Hixk 0,015
B.0. B I'T aHOi MOTY»XKHOCTI IPaKTHYHO HE BiOYBAETHCA.

Ha puc. 5 300pakeHO OUCKpeTHHUH PO3MOJIN TYCTHHH CTpyMy B cTpmkHsaXx BJIC i HenepepuBHMIA
po3moAiN rycTuHu cTpyMy mo mupuHi noirocy B 3JC 3a xoe3anas S = 0,01 B.o. MakcuMaibHa TyCTHHA
cTpyMmy B kpaiiHix crpmwkasx BJIC cyrreso (B 1,6 pasziB) Oubma, Hik Ha kpasx 3JIC. Brpatu B kpaiiHix
crpwxkHsix BJIC B 2,38 pasiB Ounbli, HiK BTpaTH B HEHTPAIbHUX CTPHXKHsX. [Ipy HbOMy cTanuii mepemnaj
TEMIIEPATypH Mik KpaHIMHU i HeHTpanbHUME cTpkHaMH gopisrioe AT = 38°C, mo npu3BoauTh 10 pi3HEX
TEMJIOBUX PO3MIUPEHDb NOBXKUHU OKpeMuX cTpuwkHiB AL = ¢ -L-AT, (@ — KoedillieHT NiHIHHOro po3IHu-

peHHs; L — mMOBKHHA CTPYIKHSA) 1 JO 3HAYHUX HECHMETPHUYHHX TEPMOMEXaHIUHMX HAIPYyKEHb HA MIJITHKAX
3’€JIHaHb CTPHIKHIB 3 TOPLIEBUMHU KOPOTKO 3aMuKarounmu cermenramu [3]. Ha Binminy Big BJIC B 3/1C BHa-
CIIIJTIOK CYTTEBO KPAIIOTO TEIUIOOOMIHY MK Pi3HHMH AiNITHKaMU cytineHoro mapy 3/1C i kpamumu ymoBa-
MH HOTO OXOJIOUKEHHS epenaz cranoi Temmeparypu mo umpusi 3JIC cknagae yesoro 7°C i ToMy HempHiTy-
CTHMI TepMOMEXaHiuHi HanpyskeHHs B ucti 3/1C He BUHUKAIOTh.

Taxum ynaoM, 3/IC y mopiBHsaHHI 3 BJ/IC 3a piBHHMX iHIIMX YMOBax HE TiNbKH HaJa€ MOXKIHUBICTH
Oinpin TpuBanoi podotu I'T B KOPOTKOYACHOMY aCHHXPOHHOMY PEKUMI (0 YCYHEHHS IPUYHH MOSIBU aCUH-
XPOHHOTO PEKHUMY), aJie ¥ IpH IIboMy 3a0e3medye OiIbIn piBHOMIPHUAN HATPIB 1 OUTBITY HaMIHHICTh (yHKIII-
OHYBaHH$ KOHCTPYKILIi AeMI(pepHOi CHCTEMH POTOpA.

2. Hasaenicms excuenmpucumemy pomopa. SIk Bigmidanocs BHIIE, y pasi oOepTaHHS poTOopa B HEpiB-
HOMIpHOMY TIOBITpsIHOMY npoMikKy I'T, Hanmpukmam, mix yac mosiBu cratndHoro ekciuentpucutety (CE) po-
TOpa, BHACIIIJIOK MyJIbCallii OCHOBHOTO MarHiTHOTO MOTOKY B CHHXPOHHOMY pexumi podotu ['T' B nemmdep-
Hill cucTeMi poTopa MOCTIHHO MPOTIKaOTh CTpyMH [2, 4, 6]. Bennmuuna CE poTopa xapakrepusyeTsesi Koe-
(hiITiEHTOM BiTHOCHOTO €KCIICHTPHUCHUTETY, IO OMUCYETHCA (POPMYITOI0

0 _ -1
AT, C €= (amax - 8min )(6max + 8min) >

/ ae 9.0, — MaKCUMaJbHa 1 MiHIMaJIbHA BEJIMYMHH MOBITPSIHO-

40 A . . . .. . .
BIC ro MpOMiXKKY BianoBingHo. KoedilieHT € 3MiHIOETbCS B MeKax BifJ
% // 0 (9, =9,, — BIACYTHICTh eKcleHTpHcuTeTy) 10 € = 1. Ha puc.
20 __| 6 moKa3aHO 3aNEKHICTh MAaKCUMAJILHOTO TIepenajay TeMIepaTypu
10 / 31Cc | wmix crpmwxaaMu BJIC abo oxpemumu ginsakamu nucta 3/1C Bin
L~ BenmmunHN CE € 3a xoB3anHs S=0 (CHHXpOHHOMY OOEpTaHHI POTO-
0 pa I'T). Orpumani pe3yabTaTH 3aCBiAUyIOTh CYTTEBO MEHIIY He-

0 0,2 04 06 08 1 & . L. . . .
piBHOMIpHICTh HarpiBy okpemux 4actuH 3/IC y mopiBHSHHI 3

Puc. 6 BJIC mns mmmpoxoro amiamazony 3Hauenb CE, mo migrBepmxye

OLTBIITY TepMOMEXaHIYHY CTIHKICTh 1 HamiHicTh 3/[C y BHITanKy BUHUKHEHHS HEPIBHOMIPHOCTI MOBITPSHO-
ro npoMixky I'T.

Ouesuano, mo 3acrocyBanns 3/{C poropa B ICM npu3BoanTh A0 3MEHIIEHHS ()aKTHYHOTO MOBITPSI-
HOT'O TIPOMDKKY MiJK CTaTOPOM 1 pOTOPOM (TIPOMIXKOK y “CBITIII”’) y TIOPIBHSAHHI 3 aHAJIOTIYHOIO 3a TTapaMeTpa-
mu SICM 3 BJIC potopa. Lle noTpeOye neBHOT0 KOHCTPYKTHBHO-TEXHOJIOTIYHOTO aHaJi3y MOKJIMBOCTI BIPO-
BamkeHHs 3/1C B konkpetHiit ICM. Ane MOKIJIMBE BUKOPHCTaHHS Pi3HUX KOHCTPYKTHBHUX DillIeHb JUIsl BUPi-
mieHHs wiel npobaemu. Hanpuknaza, MOXIIMBe HEBENMKE 30i1buleHHss HeMarHiTHoro npoMikky SICM 3a oxHO-
YACHOTO 30inbutennss CTpyMy (ab0 dMcia BUTKIB) OOMOTKH 30y KSHHS 31715 3a0e3NeueHHsT HOMIHAIBHOT Be-
JMYMHU MarHiTHOTO MOTOKY 30y KeHHS. AOO 301bIIEHHS MOBITPSHOTO MPOMIXKKY Y “cBiTii” SICM MoximBe
3a paxyHOK MEBHOTO 3MEHIIICHHs BUCOTH N cyiinpHOro nucta 3/]C nusixoM BUKOHAHHS Ha BHYTPILLIHIN 00ep-
HEHIiH JI0 TIOJTIOCY MTOBEPXHI JINCTa HEBEIIMKUX BUCTYIIIB, SIKi 3aKPIILTIOIOTHCS Y BIATOBIHI BUKOHAHI Ha TTOBEP-
XHI TOJIFOCIB Ma3u, YMM 3a0e3Meuy€eThesl HeoOXiTHa CyMapHa IIoIa nonepednoro nepepiszy 3J1C, Toio.

BucnoBku. OTpuMaHi pe3ybTaTd MAaTEMaTHIHOTO MOJAEIIOBAHHS HiATBEpIKy10Th nepeBaru 3/C y
nopiBHAHHI 3 TpamutlitHoo BJIC poTopa sk 3 TOUKH 30py MOKPAIICHHS aCHHXPOHHUX XapakTepucTuk [T 3a
KOPOTKOYacHOT poOOTH B aCHHXPOHHOMY PEXHMi, TaK 1 3 TOUKH 30py HiJABUIIEHHS HAAIHHOCTI QyHKIIOHY-
BaHHS JeMI(epHOi CUCTEMH 3a paXyHOK OilbII piBHOMIpHOTO ii HarpiBy. Taki ocobmuBocti 3[JC oco6nuBo
KOPHUCHI B YMOBaxX BWHUKHEHHS HEPIBHOMIPHOCTI TMOBITPSHOTO TMPOMIKKY POTOpa, SKa 3 PI3HUX MPUYUH
3’SIBISETHCA BHACHIOK TpuBaiol excrutyatamnii ICM, oCKUTbKY TIPH IIbOMY CYTTEBO 3MEHIIYIOTHCSI HEPIBHO-
MipHi TepMOMEXaHIuHi HaNpyKeHHs B AeMI(EpHii cucTeMi poTopa, SKi € OAHIEI0 3 TOJIOBHUX MPUYHH 11 1ie-
rpagauii Ta yIIKoHKEHHS.
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EXTERNAL DAMPHER SYSTEM OF THE SALIENT POLE SYNCHRONOUS MACHINE
Yu.M. Vaskovsky, K.M. Tatarinov
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A comparative analysis of the characteristics of the salient pole synchronous machine for two variants of the rotor damping system
design was performed by mathematical modeling methods. In the first embodiment, a traditional (internal) damping rotor system is
used, which is made of electrically conductive rods immersed in the surface of the poles. In the second embodiment, the external
damping system of the rotor is made in the form of conductive sheets fixed to the surface of the poles. It is noted that the external
damping system of the rotor provides better asynchronous characteristics and is characterized by more uniform heating, which re-
duces the thermomechanical loads of structural elements. This design increases the reliability of the machine not only in the event of
short-term asynchronous modes of operation, but also in the event of uneven air gap between the stator and rotor, which usually
occurs during long operation of high-pole synchronous machines, such as hydro generators. References 10, figures 6.

Keywords: salient pole synchronous machine, rotor damping system, asynchronous mode, rotor eccentricity, temperature and ther-
momechanical stresses.
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SPECIFICATION OF DETERMINATION THE INDUCTION MOTOR TORQUE
BY THE MAGNETIC CORE MODES IN THE SATURATED AREA
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The error value of the formula for calculating the electromagnetic moment under the assumption of equality of
magnetic energies and coenergies has been investigated under the operation conditions of induction motor (IM) the
magnetic core in the saturated region. For serial motors, under nominal conditions, the error does not exceed 5%, with
a voltage increase of 75%, the error increases to 40%. The specified value of the electromagnetic moment is determined
by calculating the value of the integral dependences of the magnetic coenergy on the angle of the rotor rotation in the
process of calculating the dynamic mode of attenuation the currents in the windings. To improve the efficiency of
refined calculation method of the electromagnetic moment, the dependence of the correction coefficient in the Magneto-
Motive Forse (MMF) function of the motor is proposed for use. The use of this pre-determined dependence significantly
speeds up refined calculations. The substantiation of the results reliability of the refined definition of electromagnetic
moment without the assumption of the equality of magnetic energies and coenergies is carried out by comparing the
results of the nominal operating modes caculation of serial motors with two and six poles, which have a significant
difference in the degree of saturation. References 17, tables 2, figures 2.

Keywords: induction motor, saturated mode, electromagnetic moment, coenergy.

Traditional IM designs have reached a high level of perfection thanks to accumulated design
experience and manufacturing technologies using traditional electrotechnical engineering materials. In
particular, electrotechnical steels are used in the form of thin sheets in laminated magnetic cores to minimize
losses in the steel. At the same time, in the majority of cases, the operating condition corresponds to the near
region behind the bend of the magnetization curve of this steel. This allows to reasonably apply a number of
simplifying assumptions when building mathematical models of IM research and design. In particular, use a
simplified expression to determine the magnitude of the IM electromagnetic moment under the condition of
equality the magnetic energy and coenergy [1].

The development of adjustable electric drive systems, the involvement of new electrotechnical
materials contribute to the expansion of the traditional limits of IM operating conditions. This is connected
with modes of voltage forcing, frequency regulation, dynamic modes of switching processes. In addition, the
application of one of the modern trends in the development of technologies for the magnetic cores
manufacture of electric motors, powder metallurgy (for obtaining without a stamp technology for the
manufacture of magnetic cores, including new complex forms), creates conditions for a significant reduction
of losses in steel and a shift in the parameters of the optimal operating conditions of IM magnetic cores to
great saturations.

The tasks of increasing the electric drives efficiency with the wide application of saturated operation
conditions determine the need for precise consideration of this factor in mathematical modeling for their
effective design synthesis. Mathematical modeling of IM in saturated modes is carried out taking into
account the nonlinear properties of magnetic cores, both by circular [2] and field methods of analysis [3, 4].
At the same time, a refinded definition of the currents of the operating conditions is provided in the iterative
process of field and circular calculations. In the latter case, nonlinear dependences of the IM electromagnetic
parameters are used for this purpose. Field methods provide greater accuracy, but they are also more
expensive in terms of calculation time. This limits their use in design synthesis tasks. Using the advantages
of field methods in terms of accuracy and circular methods in terms of speed is provided by the
parameterization of field models [5].

For refined take into account saturation, in addition to improving the definition of currents, there is a
need to develop refined mathematical tools of determining the torque based on the magnitude of these
currents. For this purpose, the expression of the derivative of magnetic coenergy reserve by displacement is
often used [1, 6-11].This expression is obtained from the energy balance equation in the electromechanical
system with taking into account the change in the energy reserve in the magnetic field. The energy of the
magnetic field can be determined by calculating the processes of attenuation the currents in electric circuits
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with the release of magnetic field energy in the form of electrical losses. The expression of this energy
reserve is significantly simplified for a linear medium and represents half the product of the flux linkage by
the current. Due to the non-linearity of the magnetic cores characteristics, the use of such a simplification
leads to significant errors because in the expression of electromagnetic torques [1], instead of half the
product of the flux coupling on the current, the expression of the integral dependence of the flux coupling on
the current appears, the deviation of which from half the product of the flux coupling on the current increases
with increasing saturation.

The study of the mechanical action of electromechanical converters with the determination of the
integral dependence of the flux coupling on the current is quite simple to implement using the calculations of
motors with one electrical circuit [10]. Such an analysis for multi-circuit systems, for example IM, is much
more complicated. An example of its application is given in [11]. The introduction of such clarifying
approaches to the practice of IM design synthesis requires the use of special mathematical models and
analysis algorithms. Such models are more difficult to realize in software view, they consume more machine
time during calculations. Therefore, it is necessary to determine the areas of their appropriate application, to
develop a methodology for the refinded determination of the moment of IM saturated with less losses of
machine time.

The aim of this work is development and justify the feasibility of using in mathematical models of IM
design and the reliability of the refined determinated means of the electromagnetic moment without the
assumption of the equality of magnetic energies and coenergies. These models are assigned for the IM
improvement with the operation condition of the magnetic core in the saturated region. The article deals with
the refinement of the formula for determining the electromagnetic torque of a saturated IM. The correction
factor is determined by comparing two options: 1) Calculation of currents for a non-linear formulation of the
problem (electromagnetic parameters change in accordance with the change in the saturation coefficient) and
determination of the electromagnetic torque by the formula with the assumption of equality the magnetic
energies and coenergies; 2) Calculation of currents for a non-linear formulation of the problem and
determination of the electromagnetic torque according to a refined formula without the assumption of equality
the magnetic energies and coenergies. The article deals with the refinement of the formula for determining the
electromagnetic torque of a saturated IM. The correction factor is determined by comparing two options: 1)
Calculation of currents for a non-linear formulation of the problem (electromagnetic parameters change
according to the change in the saturation factor) and determination of the electromagnetic torque according to
the formula with the assumption of equality of magnetic energies and coenergies; 2) Calculation of currents for
a non-linear formulation of the problem and determination of the electromagnetic torque according to the
refined formula without the assumption of equality of magnetic energy and co-energy.

The research in this paper was performed using the IM mathematical model electromechanotronic
systems (EMTS), which is presented in the MATLAB simulation system [12]. This model provides a study
of the IM operating conditions with a short-circuited rotor, taking into account a possible arbitrary
connection scheme of the stator winding turns, the spectrum of spatial harmonics of the MMF, nonlinearity
and asymmetry of the parameters. The differential equations of electrical equilibrium are solved relative to
the instantaneous values of the independent currents of the stator windings and the projections of the
resulting spatial complexes of currents of the rotor circuits

lig,]; iF, =Re[2227kv} ir, =Im£2227kvj, 1)
k=1

k=1

where [iSH] is the matrix of independent currents of the stator winding turns, which is related to the currents

matrix of all the windings according to Kirchhoff's first law: [ig]=[kin |- [is, ]; [is]=[is;.-dgi--igy ] is the

matrix of currents for all stator winding turns; V is the number of the winding turns; [K;,, ] is the matrix of

transformations according to Kirchhoff's first law; ik, = iy, -€ 1K 010 s the spatial complex of the k-th

contour current of the rotor (formed by adjacent rods and sections of rings) according to harmonics v ;
oy =2r /7, is the angle between the axes of the rotor teeth in the coordinates of the first harmonic; z, — the
number of rotor teeth; ® is the angle between the rotor tooth axis with the number z, and the real axis of

the complex plane in the coordinates of the first harmonic.

The methodology for obtaining the equations of electrical balance of the IM mathematical model
EMTS [12] involves the following steps: formulating the equations in phase coordinates, relative to the
instantaneous currents of electrical circuits; definition of the system of new rotor (1) and stator variables
(independent currents of the stator windings according to Kirchhoff's first law); conversion of equations to
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new variables taking into account the unified coordinate system of spatial vectors, the relationship between
the currents of the circuits according to Kirchhoff's first law and the connection between the voltages of the
circuits and the known voltages of the IM power supply system - according to the second law.

The equation of the electromagnetic moment is defined as the partial derivative of the magnetic
coenergy reserve by displacement [1, 11]. The equation of electrical equilibrium of the stator winding and in
phase coordinates [12] consider to obtain the expression of the electromagnetic moment

. d Y "N . d '™ 2 .
Ugi = Il +az Mig + ZMiquOS(5iv —5qv) a5t > > My, cos(v@ -5, +kudy i, ,  (2)

q=1 v=v] v=v k=1
where ug, i, I, are the instantaneous values of voltage, current and active resistance of the i stator phase;
Migv» Mik,» My, are the maximum mutual inductances according to the main harmonic v field between

the i and q stator phases, the i stator phase and the rotor circuit, the rotor circuit and i phase of the stator,

respectively, provided their axes are aligned; mj, is a mutual inductance between the i and ¢ stator phases

along the paths of the dissipation flow; &, 8,, are the angular position of the axes of the i and ¢ stator

v?
phases (the position of the maximum MMF of the phase according to the harmonicv ) in the coordinates of
the order harmonic v ; r, r_ are the an active resistance of the rotor rod and the section of the short-circuit

c? Tyk
ring between the neighboring rods; M,, , m , m are the a self-inductance of the rotor circuit: according to
the main harmonic field v , according to the paths of the groove and ring dispersion flow.
Let's multiply the left and right parts of (2) by igdt. The value ugigdt is an energy received by the

branch phase of the stator from the power source. The value [ iszidt is losses in active resistances. Taking this

into account and taking into account that the self-inductance and currents (independent variables) are not
functions of the rotor rotation angle ® and that according to the law of conservation the energy, in addition

to active losses, the energy of the source is spent on mechanical work M .,d® and changing the energy
reserve of the magnetic field dW,,, we determine the share of the electromagnetic torque M, which is

v v
caused by energy processes in the stator i branch (Mg = Mg, dW, =D dWq )
i=1 i=1

V V
(Mg zzMesi , AWy, = demsi );
i=1 i=1

d|. w2 . dW,
Mo =—] is M:. ., cos(® —o;, + kv, iy, | ——msL 3
esi de mvgl kz=:1 iky ( iv k)kv de ( )

where M, W, are the particles of the electromagnetic torque and the energy of the magnetic field, which
are determined by the stator i phase ratios.

To calculate the value (3), it is necessary to obtain an expression for determining the corresponding
share of the energy reserve of the magnetic field. The algorithm for obtaining the expression of the magnetic
field energy [11] provides drawing up the equations of the electrical balance of all motor circuits for the
analysis of the currents attenuation process in case of short-circuited input terminals of phases and
dissipation of energy in active resistances. The value dW,,g; /d® = dW; s /d® + dW,,g; . /d® is represented
by two components, which are due to the processes in the stator and rotor, respectively. In order to obtain the
expression dW,i s/d®, at zero voltage we multiply the left and right parts of equation (2) by igdt and take
the integrals from them for the time of complete attenuation of the currents. The energy of the magnetic field
is equal to the losses in active resistances. After that, taking into account that changing the limits of
integration changes the sign of the integral, the desired expression can be obtained. Further transformations
will be performed in two variants: with constant parameters, when _[isd (Li;) =1isLi, /2 (magnetic energy and

coenergy are equal) and with variable parameters, when the energy expression is written using integral
dependencies.
With constant parameters, the expression dW,,g; s /d® is as follows:
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dWmsi.s _ d

VN 22
de d@{SI Z ZMlkv COS(V@ é‘|v+kV5k)kv}/2 (4)

v=v] k=1

Let's transform (3) taking into account (4) and ratios (1), take the derivative by the angle of rotor
rotation and get

o d\Nmsi.r _ d -SI QY Z _ SI
M i = > 3 My, cos(® =&, + kv iy, | = ZVM i iR sins,, —i coss, ). (5)
do d® v=v k=1 2 v=v|

During transformations, it is taken into account that: e %" +el%v = 2¢oss, ; je I — je v = 2sin Siv s

cos(v@—&ierkvé‘ ) ( Ik, o= 1%y -e“@Jre_M(ék .gJoiv -e_“@)/Z;
Z

Zy * "
ZMikVCOS(@_giv+kV5k)ik ZMIKV(”(V e ~1diy +|k eJ(S'V]/2 Mlkv(""’ e ~1diy +| e]é‘i‘/J/z.
k=1 k=1

To determine dW,,i,/d® we will perform similar transformations. At the same time, consider the
equation of electrical balance for circuits z, of the rotor according to each harmonic of the stator MMF [12]

(assuming that each harmonic of the stator induces its own system of currents in the rotor). The equation for
the K rotor circuit

d . R A 7y !
0= a 2(mn +m, )lkv -m, (I(kfl)v + I(k+l)v)+ z M Kk v COS[(n — k)V5k ]Inv:| +
n=l1
(6)
. : _ q Vv _
+2fr+ ry“)"‘" L ('(k—l)v + '(k+1)v)Jr Ez M i, cos(vO +kvy = 5, Jig
i=1

Similarly to the previous case, we transform (6), as well as the equations of other rotor contours, sum
up their losses when the currents decrease, and taking into account all the branch of the stator winding, we
get, taking into account that My, = My, , the full expression of the electromagnetic torque for an random

number of MMF harmonics and for an random structure of the stator winding

\ VN
e :Zisi ZVNIikv(iIBV Sil’lé‘iv _il!v COSé‘iv)' (7)
i=l  v=y;
In the case of motor symmetry, the torque expression (7) is equivalent to the traditional expression
[12]. It was obtained with the assumption of equality for magnetic energies and coenergies. If the above
transformations are performed without this assumption, with the involvement of integral dependencies, then
the expression will be as follows:

isj 'rv Iry

M = Z Z '[VM'kV(r" sindj,, —lr, COS )j Isi + J.ISIV'VIIKV sin é‘ivdifv - J. ii"M i, cos5ivdirlv =
1
i=lv= V1 0 (8)
V VN tZ . tZ R tZ .
=2 .[VMikv(lR sin 0j,, — Iy, COS G )dls' dt + iy, sin5;, dir, dt - I'sMthv cos &, dir, dt |
i=lv=vi| 0 dt 0 dt dt

Comparison (7) and (8) makes it possible to investigate the amount of refinement by directly
determining the integrals in the expression of the electromagnetic torque without the assumption of equality
for magnetic energies and coenergies

Km zMek/Me' )

The value of the correction factor (9) is equal to one in the unsaturated mode. With increasing
saturation, the value increases. Information about the dependence of its change will allow to determine the
areas of expedient application of this clarification. In turn, a refined analysis of operating conditions taking
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into account the torque correction factor ky, (9) requires, at each calculation point, the study of the transient
process of current attenuation to determine the integrals (8).

The algorithm for calculating the operating condition with the determination of the torque specified
value M, can be significantly improved if the dependence of the change k), as the function of total MMF

F,, - The invariance of this dependence was established from the analysis of different operation conditions for

the investigated IM. Therefore, having formed it based on the study of one mode, it can be used to determine
the adjusted moment for different operation conditions according to the transformed expression (9)

Mek =Ky (Fm)Me- (10)

Mathematical model for determining the dependence of the torque correction factor k), as the

function of total MMF F,, or in the function of the saturation coefficient k,, is based on the mathematical

model of the dynamic operating conditions of IM EMTS [12]. This model is intended for research and design
of IM, allows to study the transient processes of currents attenuation and to determine the integrals in this
process (8). The initial conditions of the calculation are the instantaneous values of the currents at the given
calculation point, zero speed. For this calculation, the differential equations of electrical balance of the IM
EMTS model [12], which were obtained by transforming (2), (6) into variables (1), were used

4V 2 . Y . 0
Ugi = Filsi +az Mg + ZMiquOS(é‘i _5qv) Isq +a ZMikv(lrv cos o, +ir, Sln5iv); (11)
g=1 v=v] v=v]
‘R d R 7, Y . . Z, ¥ . .
0:rrvlrv+H{Lrvlrv+?2ZMkivCosgivlsi:|+va)r[l-rvlrv+722Mkiv51n5ivlsi:|; (12)
i=1 i=1
. d o Zy v . . .R Z, v .
Ozrrvlrv"-a LI’VII’V+7ZMkiVSIH5iV|Si —Vay Lrvlrv+?szivCOS5ivlsi > (13)
i=1 i=1

where L, =1,, +272Mkkv; Mey =20, +2r.(1-cosvsy ); I, =2m, +2m, (1-cosvd,); a; =%® is the

rotor rotation frequency.

Taking into account the nonlinearity of the electromagnetic parameters, the solution of the system
(11) — (13) requires the determination of the derivative of their change by time. The study was carried out
taking into account the change of inductive parameters according to the main field as a function of the
saturation coefficient k u» [12]. This coefficient changes according to the change in the total MMF of the

motor Fony =

vV __
Z fgivisi + frv(ifv + Jll!vi > (14)
i=1

are rotor contours

where ?gi , are the spatial complexes of single MMF branches of the stator winding; f,,

[12].
The time derivative from the change of inductive parameters matrix with respect to the main field

has the following expression:
d & O ok, dF,,
S -3 ) e s

v=v,

The solution of the system (11) — (13) taking into account (15) is possible in the presence of
ok

—* (F,,, ), which are previously defined. The value
mv
solving the equations system as a derivative in time from expression (15) by the values of derivative
currents.
Numerical experiment on the study of the torque correction factor k,,, (9) is performed on the
example of a serial two-pole IM, with a power of 1500 W: 4A80A2U3. The mathematical model of IM
EMTS [12] was used, taking into account the change in the value of electromagnetic parameters by the main

Fmv

dependencies k,,, (Foy ), is determined by
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field when the saturation factor of the magnetic circuit changes. The study was performed taking into
account only the main MMF harmonic. The calculation results for the dependence of the saturation factor of
the magnetic circuit k,, are shown in Fig. 1. The dashed line corresponds to the dependence determined by

the method of the magnetic circle sections [2], the solid line - using field analysis [5].
It can be seen that up to twice the nominal MMF value, both dependencies k ., practically match up.

Further discrepancies are caused by the algorithm for taking into account the field flattening in [2] and the
sinusoidal conditions of the currents in the field analysis with the quasi-static model in [13].

The methodology of research for the torque correction factor ky, corresponds to the following steps:

1) calculation of the steady-state IM mode taking into account the influence of saturation on the
electromagnetic parameters when the saturation factor changes [5], definition M, (7); 2) determination of
ininstantaneous system currents (11) — (13) at the calculation point for their use as initial conditions for
calculating current attenuation; 3) calculation of the damping mode currents with zero voltage at the input
IM terminals and zero rotor speed (ensures constancy of the rotor angle rotation and determination of the
reserve of only magnetic energy without the influence of mechanical energy) and determination of integrals
of the refined electromagnetic torque M, expression (8); 4) determination of the factorky, (9).

Calculations showed that in order to obtain a stable dependence of the change of the factor (9), it is
necessary to ensure a strict correspondence of the dependences k 1 ok p / OF,, . For this purpose, the

calculated dependence according to the field analysis k, (Fig. 1) is approximated by a polynomial in the
curve region dependence, which was used to determine the derivative ok, / oF,, , Fig. 1. This area, for IM

4A80A2U3, is limited by points 1 and 2 with coordinates: k; =100; f, =1,15; k, =200; f, =1,31. Outside
the area, the dependence has a linear character, for which point 3 is used: ky; =500; f; =2,08. Conditions
for forming the polynomial of the bending region: the
polynomial values at the boundaries region
correspond to the specified points coordinates, the
derivative of the polynomial value at the boundaries
region correspond to the direction of the dependence
linear sections.

In accordance with the following specified
conditions, for three sections of the approximation
dependence, the limits of the sections of the change in
the MMF value F, the corresponding expressions of
the dependence k ., and its derivative were formed

FelF<f:fi<F<fF>fl
K, = ok +b(F = 1)k, +e(F - 1,);
8kﬂ/6Fm = [O;bC(F - fl)c_l;e],
Fp. 10°A where e =(k; —k;)/(f; - f,);
Fig. 1 c=e(f, - f)/(ky —kp); b=(ky —k)/(f, = f)°.

The graphs of the approximation function (coincides with the given curve) and its derivative are shown in
Fig. 1.

The obtained approximate dependences of the saturation factor function and its derivative, the matrix

of the derivative from the inductive parameters change (15) provide the possibility of solving the system (11)
— (13). Thus, it is possible to investigate the change in the torque correction factor k), according to the

11 T T IR CERRRRRRR ........... ........... .......... 4

outlined methodology. The study k,, was carried out on the example of calculations of IM 4A80A2U3

operating conditions with three specified values of the angular speed of rotor rotation and with variations in
the voltage value.

The results of the study are summarized in Table 1, where, according to the specified speed and the
effective value of the phase voltage, the following values are given (calculated taking into account the
nonlinearity of the electromagnetic parameters): current, saturation factor, MMF, torques, Kk, . The line of

the nominal mode is marked in bold.
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The analysis of dependencies in Table 1 shows that at all speeds, the patterns of changes in the
torque correction factor ky, as the function of the total MMF F,,, or as the function of the saturation factor

k,, practically almost completely. This substantiates the possibility of increasing the analysis models

adequacy of the IM saturated operation conditions, due to the precise determination of the torque value
without the assumption of the equality of magnetic energies and coenergies, with the help of a pre-calculated
dependence of the change in the torque correction factor Kk, as a function of the total MMF F, (10).

Table 1

o, ¢ | ULV Ir, A Ky, Fn, A M., Nm Mgk » Nm Km
55 0,74 1,15 70,61 0,3273 0,3273 1
110 1,49 1,198 146,9 1,307 1,314 1,005
165 2,3 1,503 2752 2,914 2,983 1,024
220 3,26 2,099 507,3 5,08 5,339(5.18) 1,051

300,21 375 4,71 3314 | 980,9(2050) | 7,62(7.0) | 8,431(3.08) | 1,106
385 13,75 | 1121 | 4059(9500) | 11,4(8.5) | 15,83(15.85) | 1,389
18,33

440 | 2147 | 17.63 6557 12,05 2007) 1,52
55 0,444 1,15 733 0,182 0,182 1
110 0,9 1,21 154 0,7264 0,7307 1,006
165 147 1,554 294.9 1,615 1,656 1,025
307 220 | 2321 | 2224 556.1 2,801 2,959 1,056
275 | 3993 | 3,648 1111 4,156 4,658 1,121
385 | 1448 | 1234 4496 5,953 8,423 1,415
440 | 2237 | 18,77 7001 6,239 9,603 1,539
165 | 1,134 | 1,581 305,5 0,8563 0,879 1,027
310,5 |_220 | 2,008 | 2293 582.,9 1,482 1,57 1,059
275 | 3.877 | 3.834 1184 2,184 2,466 1,129

For the IM studied, such a calculated dependence is shown in Fig. 2. From the data in Table 1 and
Fig. 2, it can be seen that the refinement of the determination of the torque value (due to the increase in the
adequacy of the formula for its calculation) for saturation to the nominal level is relatively low - does not
exceed 5%. It is at the level of ordinary errors of
calculation methods and has little effect on the research
result. As the saturation increases, neglecting the
refinement torque factor ky, becomes unacceptable - the

error increases significantly. When the voltage increases
by 25%, the error increases to 10%, by 75% - to 40%.
An estimate of the reliability of the
mathematical modeling results without the
assumption of the equality of magnetic energy and
coenergy can be performed by comparing the results of
physical and mathematical experiments under the
conditions of a change in the degree of saturation the
motor magnetic core. As can be seen from the data in
Fig. 2, the influence of this factor is significant at high
saturations, when the precision in determining the
. electromagnetic torque value reaches tens of percent.
Fig. 2 Long-term operation of serial IMs in such conditions is
impossible due to thermal overloads. This makes it difficult to obtain reliable data of a physical experiment.
In this work, the estimation of errors value with the assumption of equality of magnetic energies and
coenergies was carried out during a comparative study of the nominal operating conditions of the same type
series IMs with two and six poles. At the same time, we assume that the motors have the same temperature
mode in nominal operating conditions, the same type of materials and manufacturing technology. As a result,
the algorithms for calculating the electromagnetic parameters value must be the same.An increase in the
number of serial IMs poles is accompanied by a decrease in the saturation degree, which is caused by a
change in the ratio of the lengths of the magnetic flux paths through non-magnetic and magnetic media. The
change in saturation under an unchanged calculation algorithm should be reflected in the calculated

14
1.35

1.25
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electromagnetic torque value and the accuracy of the mathematical analysis results of the nominal operating
conditions. Let's check it in the next study.

The comparison was made based on the calculation of the nominal operating conditions of IMs
4A80A2U3 and 4A80A6U3. Reference data [14] about the parameters of their nominal operating conditions
are given in Table 2. The initial information for the calculated determination of the operating condition
parameters is the power supply voltage, the substitute circuit parameters, and the rotor angular speed. The
speed is determined by solving the differential equation of the IM mechanical balance by the given inertia
torque of the rotating parts and the resistance torque on the IM shaft (taken at the level of the nominal IM
torque). The analysis is carried out according to the calculated values of the IM electromagnetic torque,
taking into account the nonlinearity of the electromagnetic parameters, and torques of IM mechanical losses,
in accordance with the adopted calculation algorithms. During the electromagnetic calculation of IM, the
substitute circuit parameters are determined in accordance with [2], the electromagnetic torque (7) is
increased taking into account expressions (8) - (10) and the dependence ky, (Fm)from Table 1, losses in steel

and additional ones are taken into account by connecting the appropriate resistances in parallel to the IM.

Table 2
Source of information stai}lti/lard P2 I @r Efficiency cosp k/l k M
size W A 5,% C_l 5’% 8,%

directory 4A80A2Y3 [1500 | 33 | - 300 [o0s8l| - |os5| - - -

4A80A6Y3 | 750 [ 222 - [ 959 0,69 - 074 - - -

W,# |4A80A2Y3 | 1500 | 3,36 | 1,8 | 300,6 [0,812| 0,2 |0,839| 1,3 | 2,07 | 1,05

g |Conditions for| W [4A30A6Y3 | 750 | 22 | 09 | 96 [0707] 2.5 [0.731] 1.2 [ 132] 101

b5 parametersgl W,= |4A80A2Y3 | 1500 | 3,46 | 4.8 | 299,8 |0,771| 4.8 |0,849| 0,1 |2,05| 1

3 Wi [4A80A6Y3 | 750 [ 222 0,0 | 959 | 0,7 | 1,45 [0,734] 0,8 [ 131 ] 1

S | Conditions for | W, = [4A80A2Y3 [ 1500 [3,351] 1,5 | 300,8 |0,812] 0,25 |0,835] 0,18 | 2,08 | 1
calculating |y JAR0AGY3

parameters 2 K 750 |2,174| 2,1 96,5 |0,736| 6,7 |0,715| 3.4 | 1,34 1

The first four terms of the calculated results in Table 2 were obtained under the following parameters
calculation conditions: the conductivity of the stator copper winding is 41 MSm/m; conductivity of
aluminum rotor winding is 22.56 MSm/m; additional losses are taken at the level of 1% of the consumed
active power [15]; mechanical losses of IM are determined according to [16], taking into account the
influence of the elastic coupling [17]; losses in steel are determined based on the calculation of the main
losses in steel [2] with the coefficient of technological factors influence 3.

The first four terms of the calculated results in Table 2 were obtained under the following parameters
calculation conditions: the conductivity of the stator copper winding is 41 MSm/m; conductivity of
aluminum rotor winding is 22.56 MSm/m; additional losses are taken at the level of 1% of the consumed
active power [15]; mechanical losses of IM are determined according to [16], taking into account the
influence of the elastic coupling [17]; losses in steel are determined based on the calculation of the main
losses in steel [2] with the coefficient of technological factors influence 3.

The results of refined calculations without the assumption of the equality of magnetic energy and co-
energy (the first two lines of calculation data in Table 2) show that the error value (relative to the reference
data) of the calculations results of currents and energy coefficients 6 is approximately the same for both
motors. The same level of errors, independly of the difference in the saturation factors values of the magnetic
circuit and the increase of the torque (given in Table 2), confirms the feasibility of applying the studied
refinement.

If the difference in magnetic energy and coenergy is not taken into account (Wm=Wk, the influence
of the torque correction factorky, is not taken into account, it is equal to one), as can be seen from the third
and fourth terms of the calculation results of Table 2, the error of the IM calculation results of different
polarity is significantly different. Without an accurate determination of the torque taking into account the
value kj, itis impossible to simultaneously ensure a minimum error for IMs of different polarities. Thus, for
a six-pole IM (fourth row of calculations in Table 2), the error in determining energy coefficients does not
exceed 1.5%, and for a two-pole it increases by three times (third row). If the calculation conditions
correspond to the minimum error for a two-pole IM (fifth row), then for a six-pole IM it increases
significantly, according to the data of the sixth row of Table 2 — up to 6.7%. For this case (rows 5, 6), the
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following parameters calculation conditions are applied: the conductivity of the copper of the stator winding
is 43 MSm/m; the conductivity of aluminum of the rotor winding is 23.2 MSm/m; additional losses are
accepted at the level of 0.5% of the consumed active power, according to ICTY; IM mechanical losses are
determined according to [16]; losses in steel are determined based on the calculation of the main losses in
steel [2] with the coefficient of technological factors influence of 2.5.

Conclusions.

In order to carry out studies of IM operation conditions based on the refined expression of the
electromagnetic torque, without the assumption of equality of magnetic energies and coenergies,
mathematical models for determining the electromagnetic torque value based on the calculation of the
currents attenuation process in the IM electric circuits were developed and implemented in software. The
conducted studies showed: the amount of refinement in nominal operating conditions does not exceed 5%;
with an increase in the saturation of the magnetic circuit, the error in determining the torque reaches tens of
percent, which justifies the need to use the developed refined tools. The torque correction factor is
determined as a ratio of the calculation results for two options: 1) Calculation of currents for a nonlinear
formulation of the problem with a change in electromagnetic parameters in accordance with a change in the
saturation factor and determination of the electromagnetic torque according to the formula with the
assumption of equality of magnetic energy and coenergy; 2) Calculation of currents for a nonlinear
formulation of the problem and determination of the electromagnetic torque according to the refined formula
without the assumption of equality of magnetic energy and co-energy. According to the study results of the
dependence of the change of the torque correction factor in the total MMF function, it is proposed to use it in
practice for a simpler and easier numerical implementation of the first version calculation with the
simultaneous use of the correction factor according to the previously found dependence of its change.

At applying the same algorithm for calculating the operating conditions parameters of the same type
IMs of different polarity, it is impossible to simultaneously minimize the error of their calculations, unless a
refined definition of the IM torque is applied without the assumption of the equality of magnetic energies and
coenergies. Such clarification reduces the calculation error of operating condition parameters up to 3...4
times. A comparative study of the operating conditions parameters of the same type IMs of different
polarities allows us to substantiate the feasibility of a refined definition the electromagnetic torque value
without assuming the equality of magnetic and coenergies.
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3a peoicumie pobomu MacHimonpoeoody ACUHXPOHHO20 OBUSYHA Y HACUYEHIll 00aacmi 0OCHIONCEHO BETUNUHY NOXUOKU
Gopmynu po3paxyHKy eneKmpomMAacHimHO20 MOMEHMY 3d NPUNYUeHHs PIGHOCMI MASHIMHUX eHepeii | koeHepeil. s
CepiliHUX O0BUSYHIE 3a HOMIHAILHUX pedicumis noxubxa He nepesuwye 5%, iz 30invwennsm nanpyeu Ha 715% noxubka
spocmae 0o 40%. Vmouweny eenuuuny eneKmpoMAacHIMHO20 MOMEHMY GU3HAYEHO 34 PO3PAXYHKY GelUdUHU
iHMezpanbHux 3anexdcHocmeti MAa2HiMHOI KoeHepeii 3a Kymom noeopomy pomopa ma y npoyeci pO3PaxXyHKY
OUHAMIUHO20 pedcuUMy 3aMyXaHHs CMpPYyMi8 y oomMomKax. 3a0ns nioguijeHHs epekmugHoCmi MemoouK YmouYHeH020
DO3DAXVHKY — eNIeKMPOMASHIMHO20 ~MOMEHMY 3anponoHO8AHO 00 3ACMOCY8AHHA  3ANEHCHICb  NONPABOYHO2O
koegiyicumy y ¢ynxyii MPC mawunu. 3acmocyeanns yici, 3a30ane2iob 6USHAYEHOT, 3A1eAHCHOCMI CYMMEBO NPUCKOPIOE
ymouyHeHi pospaxyuku. ObepyHmy8aHHs 00CMOGIPHOCMI pe3yIbmamis YIMOUHEeHO020 BUSHAUEHHA eNeKMPOMASHIMHO20
MoMmeHmy b6e3 npUnYujerHst PIGHOCMI MACHIMHUX eHepaii | KoeHepzii 30IUCHEeHO 30 NOPIBHAHHS Pe3yIbMAamie pO3PAXyHKY
HOMIHAILHUX PedHcUMie pobomu cepiinux O08USYHI6 i3 080MA Ma WICMbOMA NOIIOCAMU, AKI MAlOmv CYmmesy
posbidicHicmy Yy cmyneri Hacuuenns. bion. 17, Tabn. 2, puc. 2.

Kniouoei cnosa: aciHXpOHHNH IBUT'YH, HACHYEHUH PEXXUM, EIEKTPOMArHiTHUII MOMEHT, KOCHEPT 1.

Hapiitmna 08.06.2022
Ocratounuii Bapiant 11.07.2022

ISSN 1607-7970. Texn. enexmpoounamixa. 2022. Ne 6 35



VK 621.313 DOI: https://doi.org/10.15407/techned2022.06.036

JOCJIIIZKEHHS CIIOCOBIB KEPYBAHHS BEHTUWJIBHO-IHAYKTOPHUM ITPUBOJOM
HACOCHOI'O OBJIAIHAHHSI 3 HUKJIITYHUM HABAHTAKEHHAM

JLI. Ma3sypenko , T0KT. TexH. Hayk, O.B. Bi6ik , 10KT. Texn. Hayk, M.O. IIINXHeHKO , KaH. TeXH. HAYK
Incruryr eaexrpoannamiku HAH Ykpainn,

np. [lepemoru, 56, Kuis, 03057, Ykpaina.

E-mail: bibik@ied.ua

Pozenanymo enexmpomexaniyny cucmemy 6000NOCMAHAHHA 6A2AMONOBEPX08020 OYOUHKY HA OCHOBI BEHMUNLHO-
iHoykmopHozo Osucyna. Hasedeno imimayiuny moodenv 2iopaeniunoi mepedici ma Kpumepii oyiHKu epexmugHocmi
K8A3ICMAanux pexcumié HacocHo2o obaaonanns. IIposedeno O0ociodicenus eKChiyamayitinux ma eHepeemuyHux
Xapaxmepucmux GiOYEeHMpOB020 HACOCY NIO HAC Pe2yNO8aHHsL U020 YaCmomu 00epmans 34051 GUHAYEHHS YaCmom,
3a AKUX 3a6e3nedyemsbcs 8I0ON0GIOHICMb HANOPY ma nodavi Hacoca eumozam ciopomepedci. Pospobnerno imimayiini
MOOeIi cucmem Kepy8amHsl, o 3ab6e3neuyioms 4acmomy 00epmanHs 6eHMUIbHO-IHOYKMOPHUX OBUSYHI6 HA PIGHSIX, SIKI
8i0N06I0aOMb  3a0aHUM BUMPAMAM  2IOPOCUCTNEMU HACOCHO20 OONAOHAHHA, WIAXOM  WUPOMHO-IMNYIbCHO2O
peayniogants (haznoi Hanpyeu abo pez2ynosanusi pieHs obmedcenns ¢haznozo cmpymy. Ilposedeno komniexcHi
00CNiONHCeHHA | NOPIBHANbHUL AHANI3 CNOCO0I8 Kepy8aHHs 8eHMUNbHO-THOVKIMOPHUM NPUBOOOM BIOYEHMPOBO20 HACOCY
30 KpumepisiMu OYIHKU eHepeoehekxmusHoCmi pobomu nid uac pecyito8aHHs 4acmomu 00epmanHs ma 3MiHi Kymie
xomymayii. Busieneno, wo obudsa cnocobu kepysawHsi NpU0OOM HACOCHOL YCMAHOSKU 3abe3neyuyioms HeoOXiOHy il
NPOOYKMUGHICIb MA € ONU3LKUMU NO eeKmUSHOCMI — 0ewjo U020 3HAYEHHs Koeiyienma KOpUcHoi Oii ModcHa
oocsiemu, BUKOPUCIOBYIOUU WUPOMHO-IMIYIbCHE Pe2yO8aHHs (a3HOI Hanpyeu eHMUIbHO-IHOYKIMOPHO20 08USYHA 3i
3minor Kymig komymayii. biomn. 10, puc. 8.

Knwowuosi cnosa: BEHTHWIBHO-IHAYKTOPHHUI TPHBOJ, PErYJIOBAaHHS 4YacTOTH OOEpPTaHHsS, HACOCHA YCTaHOBKa,
EHEepProePeKTHBHICTb.

Beryn. CyuacHa TeHAEHLIS PO3BUTKY €IEKTPONPHUBOLY MOJSra€ y IIMPOKOMY BHKOPHCTaHHI
KEPOBaHUX CHHXPOHHHUX 1 aCHHXPOHHHX JABUTYHIB. [IpH 1IbOMY 3pocTae 4acTka O€3KOJEKTOPHUX JBUTYHIB 3
HOCTIHMMHU MarHiTaMd Ta BEHTWJIBHO-IHIYKTOPHMX JBUTYHIB (MiKHapoaHa Ha3zBa — “‘switched reluctance
motor”’). BukopucTaHHS BEHTWIBHO-iIHAYKTOpHUX nABuTyHIB (BIJ]) mae 3Mory mokpammry eHepreTHdHi
XapaKTEePUCTUKH EJIEKTPONPHUBOLY, PO3IIUPUTH MAiala30H PEryJIIOBaHHS IPOAYKTUBHOCTI HACOCHUX 1
KOMIIPECOPHHUX arperatiB Ta 30UTbIINTH €HepProeeKTUBHICTh enekTpoMexaHiynux cucreM (EMC) y ninomy
[1-4]. ITpu pomy BIJI TexHOMOTIYHI, HAJiI{HI, MalOTh BHCOKI ITyCKOBI Ta PEryJIIOBajIbHI BIACTHBOCTI [5].

JlocmimkeHHsT CIocO0iB  KepyBaHHS BEHTHJIHHO-IHIYKTOPHAM €IEKTPONPHUBOIOM J1a€ 3MOTY
BCTAHOBUTH HaOMbII eQeKTUBHUI crocid KepyBaHHS 3auis 3a0e3ledeHHs HEeOOXiMTHMX MOKa3HUKIB
€JIEKTPOMEXaHIYHOTO mepeTBopeHHs eHeprii [6]. [luranus edextuBHOrO KepyBanua BIJl nurixom 3miHH
KyTiB KOMyTallii 3 BpaXyBaHHSAM 3MiHH MOMEHTY OIIOpPY OIHO- 1 ABOIOPILIHEBUX KOMIIPECOPIB PO3IJISTHYTO B
[3]. Leit crioci6 kepyBaHHSI BEHTHIIbHO-1HIYKTOPHUM JABHI'YHOM Y CKJIaJi HACOCHOTO arperary TiJpaBiiuyHOi
CHCTEMH 3 IMKJIIYHUM HABaHTAXEHHSIM AOCIHiIKeHO B [2]. OfHAK Ba)KIMBOIO 337a4€l0 CUCTEMH KepyBaHHS
IIBUTYHIB HACOCHHX arperariB € 3abe3medeHHs HeoOXiTHOI MPOJXYKTUBHOCTI Ta eHeproe(eKTHBHOI poOoTH
HAcOCIB IIISIXOM PETYJIIOBAHHS YacTOTH iXHHOTO OOEpTaHHS Ha PiBHI, SKUH BH3HAYAETHCS BiIIOBITHO
BUTpaTaM Tigpomepexi [7].

e nutanHs He OynO pO3TISHYTO B MOmepenHix poborax [2, 3]. 3amnsa 3abe3neueHHs HEOOXiITHOT
gactotu obepranHs BIJl mMoxyTes OyTu BHKOpHCTaHI MHPOTHO-iMITyslbcHe perymoBanas (LIP) ¢asnoi
Harpyru [5, 8, 9, 10] abo perymtoBaHHS piBHS oOMexeHHS (asHoro crpymy [6]. [Ipu mpomy s
nociipkeHHs pexumiB poooru BIJ[ y ckmami EMC HacocHoro oOiajgHaHHS JONUIBHO BHKOPUCTATH
iMiTaIliiiHy MOJIelTb, sIKa peani3ye BKa3aHi ClIOCOOM PeryJItoBaHHS.

MeTo10 po0OTH € TTOPIBHATIBHUNA aHAaJI3 CIIOCOOIB KePYBAaHHS BEHTHWJIHHO-IHIyKTOPHUM TPHUBOIOM
HACOCHOTO OOJafHaHHs, sKi 3a0e3MeuyloTh 3aJaHy 4acToTy OOepTaHHS ABHTYHA 332 PaXyHOK LIMPOTHO-
IMITYITECHOTO PETyJIfoBaHHS (a3Hoi Hampyru abo peryiroBaHHsS pPiBHSA OOMekeHHS (a3sHOro CTpyMmy, 3a
KpUTEpiIMU eHeproe(eKTUBHOCTI SK MPHUBOAY Ta 1 €JIEKTPOMEXaHIYHOI CUCTEMH B IIJIOMY 3 BPaxyBaHHSIM
LOUKITIYHOTO HABAHTAKCHHSI.
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Imitaniiina momeab. B po0oTi pPO3MISAHYTO e€INEKTPOMEXaHiYHy CHUCTEMY BOJOIIOCTaYaHHS
0araTormoBepxoBOoro OYAHMHKY, sIKa CKIAQNA€ThCsi 3 HACOCa, BEHTHIBHO-IHIYKTOPHOTO JBHTYHa, WHOTO
BEHTHJILHOTO ME€PETBOPIOBAYA, CUCTEMH KEpyBaHHS Ta

“7’683’1 L EE EE S o e rinpomepesxi. s po3paxyHKy Tif[paBIiuHAX TIPOLECIB
6000 T Nagt 08 p93p0§neH0 IMITallIiHy MOJETb B cepeoBHuIl Matlab
\ - 07  Simulink 3 BHKOpHCTaHHSM eneMeHTIB O0ibIioTeKH

3000 N - 06  SimHydraulics i3 BpaxyBaHHSM ©apaMmeTpiB Hacoca
4000 ~— 05 K20/30 (mominanbHi Hamip Ta nmogada — H,,,~=30 M Ta
3000 ~L. | g: Q,0,=20 M’/rOx  BiAMOBIZHO), a IS PO3PAXYHKY
2000 | 0,  CVeKTpoMexaHiuHuX npouecis BIJI Bukopucrano Horo
1000 | 01  IMiTaIiliHy MOJIeNb i3 Oi0MIOTEKH eNeKTPHYHIX MAIIUH
0 0 SimPowerSystems.  [lapamerpn  mis  MammHH

¢ 45 1 L5 2 5 3 35 Bl PO3paxoBaHO MOJBOBUMU METOAAMHU i3 BPaxyBaHHSIM
Puc. 1 KpHBOi ~ HaMarHiuyBaHHS  CTaJIi. Po3paxyHku

npoBoawiucs st BIJl, BeHTWIbHUI TepeTBOprOBay
SKOTO BHKOHAaHO 32 CXEMOK aCHMETPHUYHOTO MOCTa 3 HACTYIMHHMH HOMIHANGHUMH JaHHUMHU: KOPHCHA
noTykHicTe aBUryna P,=3 xBt, Hampyra sxusneHHs Ug=310 B, uacrora obepranus 3800 06/xB, KKJI
87,2 %. Po3paxoBaHi MexaHiuHa XapakTepucTuka Ta 3ajexHicTe KKJ| BEeHTHIBHO-IHIYKTOPHOIO IBUTYHA
BiJl KOPUCHOI TIOTYKHOCTI TIOKa3aHi Ha puc. 1.

HukmiyHe HaBaHTaXEHHS Hacoca MPeACTaBIeHO J0OOBUM rpadikoM BOJOCHOKHUBaHH [2] y BUTIAl
Y3ro/DKeHUX MacuBiB BUTpat Boau [Q] = [2; 4; 6; 8; 10; 12; 16; 20] M>/TOL Ta BiIIOBIAHUX IHTEpBaJiB Yacy
[T] = [4; 2; 3; 2; 2; 3; 3; 5] ron. MaTemaTi4Ha MOJENb TiIPaBIiYHOI MEpeXi Ja€ 3MOTY 3a 3aJaHuMHU
BUTpaTaMU pO3paxyBaTH MiHIMalbHUI JOcTaTHIN Hamip Hacocy Hop, sAkuil qopiBHIOE MiHIMaIbHOMY Hpin, Ta
BU3HAYAETHCS

H,.=R, Q’ +i[Hsti +R(Q- Ki)2:|+ R (%J ’ (1)

ae 1 —aomep noBepxy (i=1...N); N — kinbkicTh moBepxiB; R,; — omip TpyOOnpoBoLy TOPH30HTAIBHOT TUISTHKH
(1 moBepx); R.y — omip TpyOOompoBoxy OCTaHHBOTO MOBEpXy; Ri — omip TpyOompoBoay i-ro moBepxy;
Hyi=3,51 M, Hy=21,06 M — cTratn4ni Hamopu i-r0 TOBepXy Ta pe3ynbTyrouni; Ki — koedimieHTH, ski
pospaxosaHo 3a popmynoro K, =(N—-i+1)-N".

Brnok rigpaBiiku po3paxoBye BOAOCIIOKMBAHHS, BEIMYMHA SKOTO 3aJIS)KUTh BiJl HANIOpy Hacoca Ta
OTIOpiB TPYOOIPOBi/Ia, 32 HACTYITHUM BHPa30M:

N
H min z H sti
— i=2
Q- —= . @
R, +

NA;‘ +iZ[Ri : Ki2:|

MeTtomoJiorisi gocaimkeHb. JlocmimkenHs pexuMiB cucteMu BIJl — BimmeHTpoBHii Hacoc —
UKJTIYHE HABAHTAXXCHHS MPOBOAMJIOCS 3TIAHO MiAX0My, KUl BukianeHo B [1, 2]. B ocHoBYy mokiazeHo
aHaJi3 eeKTUBHOCTI ycTaneHux pexxumiB EMC 3 IUKITIYHIM HaBaHTaXECHHSM 13 3a0€3M€UeHHSIM Aiala3oHy
3MiHH MPOIYKTHBHOCTI Hacoca 3riIHO 1000BOTO rpadiKy BOIOMOCTadYaHHS 0araTonoBepxoBOro OyAMHKY. 3a
KpUTEPiiB OIIHKM e(EeKTHBHOCTI KBa3iCTAIMX PEXUMIB HACOCHOTO OOJIATHAHHS OOpaHo: KoediIlieHTH
KOPHUCHOI JIiT Hacoca 7], BEHTUIILHO-1HyKTOPHOT'O IBUTYHA g1y Td HACOCHOTO arperara Marp.

Pesyabratu  gociimkenb. [IpoBeeHO JOCHIDKEHHS eKCIUTyaTallifiHUX Ta CHEPreTHYHHX
XapaKTepUCTUK BIIIEHTPOBOTO HACOCY 4Yepe3 PEryJIoBaHHS WOro YacTOTH OOepTaHHS. XapaKTepHUCTUKU
rHacoca H=f(Q)|n=const 1 Timpomepexi H.=f(Q..), a Takox 3anexxuocti KKJI Hacoca Bix momadi N=F(Q)|n=const
JUTs CTaNMX 4acToT ooepranus B/l HaBeneHo Ha puc. 2 Ta 3 BiIOBiIHO.

Sk BuUmgHO i3 pHC. 2, 3a HE3MIHHOI YaCTOTH OOEPTAHHS THIIOBY XapaKTEPHUCTHKY HAacOCa MOXHA
po30uTH Ha MBI AINSHKY: JIHIAHOrO 3pOCTaHHA Ta JIHIKHOTO cHajaHHs Hanopy. Ha mepmriit mimsHIi
(BimmoBinae miamasony momad Bix 0 10 15...25 M°/ro B 3aI€XHOCTI BiZ 4acTOTH 0OepTaHHs) HaIip Hacoca
MPAaKTHYHO HE3MiHHUH (3pocTae Bix 1 B.o. 3a HymboBoi momayi no 1,034 B.o. He3aleXHO BiJ YacCTOTH
obepranns). Ha mpyriii MiSHII CIIOCTEPITaeThCs pizKe 3HMKEHHS HAITOPY HACOCA, SKE € TUM OLTBIIIM, YHM
HIXKYOI0 € YacTOTa 0OepTaHHs Hacoca.
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Puc. 2 Puc. 3

3 puc. 3 BUAHO, 0 KOe(iieHT KOPUCHOI Iii Hacoca 3pocTae 3i 301IBIICHASIM TI01adi B Aiama3oHi Bif
0 mo 25M/rom i mocsArac HaWOLIBIIMX 3HAYEHbL 32 rmojgayax, ONM3LKUX [0 HOMIHAJIBHOI BEIMYMHHU
Q=20...30 m’/rox. V pasi 36insimenns noaaui Big 25 10 35 m’/rox KKJI €10 3HUKYeThCs. 3 eHepreTHHIX
XapaKTepUCTHK Hacoca OYEBHIHO, IO POOOTYy Hacoca MOXKHA Pealli3yBaTH 32 KPUTEPIEM MaKCHMAJIbHOTO
KKJI, oqHak, B TakoMy BHIIQJIKy HOro Hamip a0o He BiANOBiZaTMME BHMOTaM TipoMepexi, abo Hacoc
BUPOOJSITUME OiIBIIYy KOPHUCHY IMOTYXKHICTH 1, BiJNOBiAHO, CHOXHBAaTUME OiNblIe €JIeKTpOeHeprii 3a
HE3MIHHUX BUTPAT Tigpomepexi. TakuMm 4MHOM, OUIBIN AOLIIBHUM KpHUTEpieM eHeproeeKTUBHOI poOOTH
Hacoca € MiHIMyM ITOTY>KHOCTI, IO 3aTpadeHa Ha Horo poOoTy, 3a 3a1aH0T BUTPATH TiAPOMEPEIKI.

MiHiMyMy TigpaBIiyHOi TOTYXKHOCTI Hacoca 3a 3aJaHUX BHUTpaT MOXKHA JOCATTH Yy pasi
PETyJIIOBaHHS YacTOTHM OOEpTaHHS pOTOpa HOr0o JABUTYHA TAKUM YMHOM, INOO XapaKTEpPUCTHKA Hacoca
CIIBIIajiaja 3 XapaKTEPHUCTUKOIO TiIPOCHCTEMH. 3HAYCHHS HEOOXIMHMX dYacTOT OOEpTaHHS, 3a SIKUX
3a0e3MevyeThCss MiHIMATBHUK JOCTATHIA Hamip Hacocy, MOXHa 3HAWTH 3 pHUC. 2 B TOYKAaX MEPETHHY
xapakTepuctuk Hacoca H=f(Q)|n=const 1 Timpocuctemu H,=f(Q,.). Takum drHOM BenWYMHA 3aJaHOI YaCTOTH
obepranHs BIJI BH3HAuaTHMEThCs MOJiHOMiambHOWO 3anexhictio N =f(Q), po3paxoBaHOK BiAMOBiIHO
XapaKTepUCTHUKaM Hacoca Ta TiJpOCUCTEMH.

3miHa wacToTH oOepraHHs potopa BIJ] mMoxe 3milicHIOBaTHCS 3a PaxyHOK BIUIMBY Ha BEITHYHHY
(haznoi Harpyru. OgauM i3 croco6iB Takoro perymroBanas € TP ¢a3noi Hanpyru. [HmmM cmocobom €
KoMyTamis (a3 y pasi HepeBHINEHHS ii CTPYMOM 3aJaHOrO 3HAUYCHHS, IO HPU3BOAWUTH TAKOX JI0
3MEHILIECHHS CEepeIHBOT0 3HAUCHHS (pa3HOi HAIPYTH.

Po3pobieno cucteMn KepyBaHHS BEHTHJIBHO-IHIYKTOPHHM IIPHBOJIOM HAaCOCHOT'O OOJagHAaHHS AJIS
3a0e3medYeHHs] 3a/aHoi 9acTOTH oOepTaHHs 3a aBoMma crocobamu: mmisixom IIIP  dasmoi mHampyrwy;
peryoBaHHAM piBHSI 0OMeXeHHs pa3Horo cTpymy. IMiTariifHi MOAE UX CHCTEM 3a MEpPIIUM Ta JIPyruM
criocobaMu KepyBaHHS HaBeJeHO Ha puc. 4, a Ta 4, 6 BiANOBiAHO.

Bennunna BiIXWMICHHS BUMIpSHOI 4acTOTH oOepTaHHsS Bim po3paxoBamoi i3 3amexnocti N =f(Q)
BH3HAYA€ BEIWYMHY KEepyrouoi 3MiHHOI: KOoe(illieHTy 3allOBHEHHS IMITYJILCIB MPSMO MPHUKIAIeHOi (a3zHol
HanpyTu (crociod 1) abo piBHS 0OMexeHHs (pa3HOTO CTpyMy (crocib 2).
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[IpoBeneHo mocnigkeHHs BIUIMBY 3CYBY KyTa BMHKaHHS 0, Bix 39° no 54° i3 30epeXeHHSIM 30HU
komyTaitii 0,=0,,,—0,,~=const (0,,, — xyr Bumukanus) Ha KKJ[ BIJ] 3a nBoma crmocobamu 3a0e3rneueHHs
3aJaHo] YacTOTH OOEpTaHHS: 3a IIUPOTHO-IMITYJIECHOTO peryoBaHHs (a3Hoi Hanpyru (puc. 5) Ta 3MiHOIO
piBHs oOMexxeHHs (asHoro crpymy (puc. 6). 3anexxnocti KKJ| HaBemeHo mim wac poOOTH Ha HacOCHe
HaBaHTA)KEHHS 3a 3MiHHM BUTPAT Hacoca y miama3oHi Big 0 mo 30 M>/ron 3a cranux KyTiB BMUKaHHSA 0,,—CONSt
1 0,=30°. Ilix yac po6oru BIJI i3 cranumu kytamu 0,,=45° 1 0,,,=75° KK]I BEeHTUIBHO-1HIYKTOPHOI MaIllMHU
(cmoci6 1) 3HaxoauThes B Mexax 84...85,5 %. 3a apyrum cnocobom kepyBanHs (puc. 6) KK/ € mpaktuuno
HE3MIHHUM, 3pOCTaruu juiie B miamasoni Q=25...30 M>/TOJL. Jnsa xytiB 0,,=45°, 0,,=75° KK]I 3a
HEBEJMKHUX Toavyax Jemo oinpmmii (6au3pKko 1%), Hixk 3a nepuioro cnoco0y KepyBaHHSI.

i T Al v
=. ¢ = ~

. B.O.
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Puc. 5 Puc. 6

Po3pobmeno anroputMu 3MiHM KyTa BMHKAHHS 3a CTaJOi 30HM KOMYyTarlil JUIsI ABOX CITOCOOIB
kepyBanusa. ns HIIP anroputm mpencrasieno upazamu (3) i (4). Pobory BIJ] mix uwac perymoBaHHS
YacTOTH OOepTaHHS 3a JBOMa CIOcO0aMH KEpyBaHHS 3a 3MiHM KyTiB BIINOBIJHO 3alpOHOHOBaHUM
aNropuTMaM MpoLTIOCTpoBaHo 3anexHocTsamu oro KK/ Bix Butpatu Hacoca Ha puc. 7
akmo Q<13,6,  =50°%
akmo 13>Q <18, 0, =49°% 3
akmo 18>Q <23, 0, =48% 3
™ |sakmo 23>0Q<25, 0, =47°
akmo 25>0Q<29, 0, =45
axmo Q > 29, 6, =44,85°.

0,,, =0,, +30°. (4)
AHaNi3yroun 3aJeKHOCTI, HABEACHI Ha pHC. 7, MOXKHA CTBEPPKyBaTH, IO OOMIBa CIOCOOHU
. B.0. peryIoBaHHA 4YacTOTH OOepTaHHS B MOEAHAHHI 3i
0,868 3MIHOIO KYTiB KOMYTallii BiMOBIHO 3aIIPOITOHOBAHUM
0.866 T aJrOpUTMaM MPAKTHIHO 1ICHTHYHI 32 €()EKTHBHICTIO.
R i N 3anponoHoBaHl aJrOpUTMHU KepyBaHHs BIJI nmarots

M T 3Mmory 3a0e3neunty oro KKJI Ha piBHi 85...86 %.
502 IR o Msmlemcis el Pesyneratn  pocmimxkens KKJ[ BeHTHIIBHO-
0.86 ==L e IHIYKTOPHOTO JBUTYHA, HACOCA Ta EIEKTPOMEXaHITHOT
0,858 Tes e CHUCTEMU BOJOIIOCTAYaHHSI 6araTOHOBerOBor0
0,856 ~ k2 OyIMHKY 3a 3MiHHM dacToTH obepranHs potopa BIJI 3a
0.854 o 17 paxynok IIIP ¢a3Hoi Hanpyry 1 3MiHK KyTiB, HaBEJCHI
0,852 0 Ha puc. 8, cBigYaTh, WIO 3alpPONOHOBAaHUM CIIOCIO
0.55 KepyBaHHA 3a0e3neuye eQeKTHBHY pOOOTY CHUCTEMH
o 5 10 15 20 25 Q.mron BOJOIIOCTa4YaHHS  0araTolmoOBEPXOBOTO  OYAHMHKY.
Puc. 7 Koediuient kopuchoi aii BIJ] 3HaxoauThest He HIKYE

nc.

86%, KKJI Hacoca Ta cucTeMH y LiJIOMY 3MiHIOIOTBCS
Bix 0 mo 73% Tta Bix 0 go 63%, BiAMOBiAHO, B [iana30Hi 3MiHHA MPOAYKTHBHOCTI.
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Po3pobneni cucteMu Ta anropuTMH KepyBaHHS BEHTHWIBHO-IHIYKTOPHUX ABHUTYHIB JAalOTh 3MOTY
MiIBUIIATH  CHEProe(eKTHBHICTh HACOCHUX AarperatiB CHUCTEM BOJIOIIOCTAdaHHS OaraTornoBEPXOBUX
OyIWHKIB 3a [MKIIYHOI 3MIHM  HaBaHTAXCHHSI.

1. B.O.
0.0 M52z OtpumaHi pe3yJbTaTd € YHIBEpCAIBHHMH JUISi CUCTEM
WSS e— — O — | B~ B == - — — |- —m—— | — .
08 BOJIO-TTOCTaYaHHS 0araTomoBepXOBUX OyIIMHKIB,
o L2 - OCKUTBKM  eKCIUTyaTamidHi ~ XapaKTepUCTHKH  IXHIX
’ b My rizpomepexx € moxiOHMMHU. 3HaueHHs Koe(ilieHTiB
0.6 i S e .
§ ’,,-———-— KOPHCHOI 11 CKJIaJOBUX €EJIEKTPOMEXAHIYHUX CHUCTEM
0.5 f pi3HOT TOTY)XHOCTI OyAyTh BIIpPi3HATHCS, OJHAK
0.4 y xapaxTep IXHbO1 3MiHM Oy/ie CliBIaaaTH.
0.3 }7 BucnoBku. IlpoBeneHo nocmifpkeHHs eHepre-
0.2 THYHHUX XapaKTEPUCTUK BEHTHJIBHO-IHIYKTOPHUX IBH-
ol ; TYHIB 3 UUKJIIYHAM HaBaHTaKEHHSM HACOCHUX arpe-
raTiB mig 4vac 3a0e3meueHHsl 3aJaHoi 4YacTOTH oO0ep-

0

25 3 35 p,xar TaHHA 1mosixom P ¢dasmoi  mampyrm  abo
Puc. 8 pETyIIOBaHHSM PiBHS 0OMEXeHHs (a3HOTO CTPyMYy, IO
JIa7io 3MOT'Y BCTAaHOBUTH BIUIMB CIOCOOIB KepyBaHHA Ta
KyTiB KOMyTaIlii Ha xapaktep 3MiHHU KoedimienTa kopucHoi Aii BIJ y pa3i 3Minu HaBaHTa)xeHHs. Bu3HaueHo,
110 32 HE3MIHHMX 0a30BHX KYTiB KOMYTaIlil Mepmmid crocid KepyBaHHS € OUTbII e(pEeKTHBHUM 3a BUTpAT
Q=0...0,875 Q,0n, a mpyrmit — 3a Q =0,875...1,5 Q,,. Ilig yac 3acTocyBaHHsSI PO3POOJIICHUX AITOPUTMIB
3MiHH KyTiB KOMYyTaIlii 00M/Ba criocodu KepyBaHHs 3a0e3neqyoTh MakcuMaibHi 3HaueHHs: KK/ BeHTHIIEHO-
IHIYKTOpHOTO ABUTYHA B cKiaai EMC Ta € mpakTHYHO iICHTUYHUMH 32 €EKTUBHICTIO.
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THE STUDY OF CONTROL PRINCIPLES OF THE SWITCHED RELUCTANCE PUMPING
EQUIPMENT DRIVE WITH CYCLIC LOAD

L.I. Mazurenko, O.V. Bibik, M.O. Shykhnenko
Institute of Electrodynamics National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine.

E-mail: bibik@ied.ua

The electromechanical water supply system of a multi-storey building based on a switched reluctance motor is
considered. A simulation model of the hydraulic network and criteria for evaluating the quasi-steady modes
effectiveness of pumping equipment are given. A study of a centrifugal pump operational and energy characteristics has
been carried out when adjusting its rotational speed to determine the frequencies at which the compliance of the pump
pressure and flow with the hydraulic network requirements is ensured. Simulation models of control systems have been
developed that provide the switched reluctance motor speeds at levels corresponding to specified flow rates of the
hydraulic system pumping equipment, by means the phase voltage pulse-width regulation or the phase current
limitation level adjustment. Comprehensive studies and comparative analysis of the switched reluctance centrifugal
pump drive control principles were carried out according to the criteria for evaluating energy efficiency when
regulating the rotational speed and changing the switching angles. As a result of this study, it was found that both
pumping unit drive control principles provide its necessary productivity and are close in efficiency - a slightly higher
efficiency can be achieved using the phase voltage pulse-width regulation of the switched reluctance motor with a
changing the switching angles. References 10, figures 8.

Keywords: switched reluctance drive, rotational speed control, pumping unit, energy efficiency.
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EJIEKTPOEHEPT'ETMYHI CUCTEMU TA YCTAHOBKU

YVIK 621.311 DOI: https://doi.org/10.15407/techned2022.06.042

PO JAEAKI BINIMBU CKJIAJTY TEHEPYIOUMX IOTYXKHOCTEM
HA JUHAMIYHI BJACTUBOCTI EHEPTOCUCTEM

O0.®. ByTkeBn4 L2 OKT. TexH. nayk, T.M. T'ypeesa', B.B. Un:keBchKuii 2 KaHJI. TEXH. HayK,
H.T. FOneeBa ', kany. TexH. HayK

! Incturyt enekrponnHamiku HAH Ykpainu, np. Ilepemornu, 56, Kuis, 03057, Ykpaina,

> HanionasbHuii Texniunmii ynisepeurer Yipainu “KIII im. I. Cikopcbkoro”,

np. [lepemoru, 37, Kuis, 03056, Ykpaina, e-mail: o.butkevych@gmail.com

Hasedeno pesyromamu ananisy 6naugy 3miH y CKIAOI 2eHepyIOuUx NOMYMHCHOCMEN eNeKmpoeHepeemuiyHux Cucmem
(EEC) na enacni wacmomu ma enekmpomexaniuni nepexioni npoyecu ¢ EEC. Pozensinymo eunaoxku, Koau 3a3HA4eHi
3MIHU € HACTIOKOM 88€0€HHs SPYN OXlCepen 2eHEePY8anHs, WO YACMKOB0 3AMIHIOBAMUMYMb 2EHEPYIOUl NOMYHICHOCT
mennosux erekmpocmanyii. Y oocaioxcenni euxopucmarno 0oope ioomi 2-3onny (4-wawunny) ma 6-mawunny mec-
mogi cxemu EEC. biomn. 10, puc. 5, Tabm. 3.

Knwuosi cnoea: enexTpoeHepreTHyHa CUCTEMa, TeHEPYI0Ui MOTYKHOCTI, cTana iHepllii, eNeKTpOMEeXaHiuHl mepexiaHi
MPOIIeCH, BIIACHI YaCTOTH.

Beryn. CyuacHi TeHneHuii po3Butky enekrpoerepreruunux cucreM (EEC) cBiguats mpo 3pocTaHHs
PO DKEpeIT «YUCTO) eHeprii, HacaMrepe | BigHoBIOBaHUX Jkepen eneprii (BJE), 31 ctBopeHHsIM edexTHB-
HOI Ta HaJAilHOI CTPYKTYpH €JIEKTPOCHEPIeTHYHOTO BUPOOHHUIITBA, B IKOMY MakcHMallbHa €()eKTHBHICTh IUIa-
HyBaHHS Ta peaji3allii TEXHOJOTITHUX MPOIIECIB JOCATAETHCS 3 BUKOPHUCTAHHSIM Pi3HUX Smart-CHCTEM Ta smart-
TexHousorii. [losiBa B eNeKTpUYHMX Mepekax po3ocepemkeHux mxepen reHepyBanns (PAlY), mo sxux Hame-
*atb i BJIE, Moxke mepeTBOproBaTH Taki Mepeki — 3aJIeXKHO Bifl CyMapHOi moTykHocTi HasBHUX P/ y ixHBO-
My CKJIaJll — y JIOKaJIbHI «KBa3i-€HEPrOCUCTEMH», 3 HOBUMH BJIACTUBOCTSMH Ta JUHAMIYHUMH XapaKTEPHUCTH-
kamu. Biamosigno, pexxumu EEC Tex 3a3HaBaTUMYTh 3MiH BHACHIZIOK 3pOCTaHHSI cyMapHOI noTy»xkHocTi P/IT.
[Muranasam BBy BJIE Ha nunamiyni BaactuBocTi Ta pexxumu EEC npucBsueHo 6arato gociiuKeHb Ta my0-
JKaIlid, TATOPSIKOBAaHUX PO3B’S3aHHIO PI3HUX 3a/1ad, IMOB’SI3aHUX, 30KpeMa, 3 OATaHCYBaHHSIM PEKHMIB 3a
YacTOTOI0, BAKOPUCTAHHSAM BipTYaJIbHOT 1HEpIIii, CHCTEM 3aXHCTy Ta aBTOMAaTHKH, JieMII()yBaHHS KOJWBAHb Ta
inmre [1-4]. Bognodac ganeko He Bci nuranHs BrumBy PJIIT Ha BrmactuBocti EEC mocnimxkeno. B nmoBoeHHi
poku EEC Ykpainu 3a3HAI0Th CTPYKTYpHHX 3MiH, 30KpeMa 3MiH CKJIaLy T€HEpYIOunX HOTY>KHOCTEH, 110 BILJIH-
HYTh Ha TXHI BJIACTUBOCTI, TOMY 3aBYacHO OAEp KaTH BiIIOBIII HA 3anmTaHHs 1Moo BracTuBocTeit EEC Yipa-
{HM B TIOBOEHHUII MEPioJl 32 THX YU THX CTPYKTYpHHX 3MiH BOXJIMBO B aclekTi ruiaHyBaHHs po3Butky EEC ta
peadizamii BiAMOBITHUX 3aXOMiB 331 3a0e3redeHHs pexuMHoi HafiHocTi Takux EEC. Hapasi mBuakicts
CTapiHHSI E€HEepProreHepyrodoro ooOmamHanHs TerioBux enekrpoctanmii (TEC) Ykpaiam cTpimMko 3pocrae
BHACII/IOK 3aJIyueHHs €HEeproOIoKiB A0 poOOTH B MaHEBPEHHX PEKMMax: 3HauyHA 4YacTUHA E€HeproOJIoKiB
NepeBHUILIIIA HAaBITh MMOJOBKEHUH 1HANBIAyasHIHA pecypc (300 Tuc.rox.).

Jani BUKOPUCTOBYBAaTMMEMO TEPMiH-CIOBOCIIONYUYCHHS 30cepeddicena epyna 0dicepen eeHepy8aHHsl
(3CAT), mig sSKUM po3yMITHMEMO JIESKY KUTBKICTh JKEpeN TeHepyBaHHS, 30CEpeIKCHUX B OJHOMY MicCIi,
KOXKHE 3 AKHX € JDKEpEJIOM IeHepyBaHHs MEHIIOI OJMHUYHOI MOTY>KHOCTI y MOPIBHAHHI 3 TeHEPYIOUHMHU
notyxxHocTsimu TEC.

Merta naHoi po0oTH — SKiCHO OIIIHWTH BIUIMB 3MiH Yy CKJaJi TeHepyrounx noryxHocreir EEC BHa-
ciigok BBeneHns 3T, 1m0 4acTKOBO 3aMiHIOBaTUMYTh TeHepyroui notykHocTi TEC, Ha BmacHi 4acToTH
EEC Ta enekrpomexaniuni nepexinni nponecu B EEC.

Ilonepenni 3ayBaxeHHsl. 3as 3a0e3MeueHHs] MOXKIIMBOCTI Pi3HOOIYHOT MepeBipKH aJeKBaTHOCTI
OJIEp’KaHUX Pe3yJIbTATIB Ta BUKOPUCTAHHS Pi3HUX Mojeiel enementiB EEC fyist BuHaYeHHsI IXHBOTO BILIUBY
Ha pE3yJIbTaTh MOJENIOBaHHS Yy HNOCHIIKEHHSX OyJO BHKOPHUCTaHO JABI IIMPOKOBIZIOMI TECTOBI CXEMH
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(mopemni) EEC: 1) 4-mammuny 2-30HHY cxemy EEC [5, c. 813-814]; 2) 6-mammany 14-mmmany cxemy EEC,
JlaHl 11070 sSKOI HaBEJCHO, HAmNpukiaa, B [6]: 11 BUKOpuUCTOBYBadM Ie 3a 4aciB koiaumHboro CPCP sk
mecmogy  cxemy  «Eunepeomepesicnpockmy»  Uid  TOPIBHAHHS  PI3HUX TpOrpaM  MOJENIOBAaHHS
eJIEKTPOMEXaHIYHUX MEePEXiAHUX MPOIIECiB Ta oliHIoBaHHs criiikocTi EEC.

OCKUTBKY AaHi OCTIKeHHS OyJI0 BUKOHAHO 3 BUKOPUCTaHHAM TecToBHX cxeM EEC, sKki € meBHUMH
exBiBasieHTamu OaratoMammmHaHuX EEC, a CTBOpPeHHS CIICHApiiB MOJCNIOBaHHS 3 PI3HUM CKJIaJ0M
rerepytounx notyxkHocted EEC moB’s3aHO 3 «pO3ropTaHHAM-3aMiHOIO» €KBIBAJIEHTIB T'eHEPYIOUYHX
MOTY)KHOCTEH PI3HOI0 KUIBKICTIO JDKEpeNT TeHepyBaHHSA MEHIIOI OJMHHYHOI IOTYKHOCTi, TO IOIUIEHO
HarajaTi mpo Jesiki ocoOmuBocti ekBiBaneHTyBaHHS EEC. 3agayaM cnpollleHHS Ta €KBiBaJeHTYBaHHS
po3paxyHkoBux cxem (mozeneil) EEC mpucBsueHO BeNUKy KiTBKICTh NPAaKTHYHUX pO3pOOOK Ta mie Oiblue
nyOuikaniii. B okpeMux BUmagkax ajabTEpPHATHBOIO EKBIBAJICHTYBaHHS CKIAJHUX CXEM € BHUKOPHUCTAHHS
miakontukw  [7, 8], mo ©HaOyma o0coOJWBOI MOMYyJSAPHOCTI TMiJA dYac 3acTOCYBaHHS EICKTPOHHHX
00YHCIIOBAJIBHUX MAIIMH 3 JOCUTh OOMEXKEHOI0 Ha TOM Yac ONEepaTUBHOIO MaMATTIO IS PO3PaxyHKY
pexnMiB ckimangaux EEC. 3amexxHo Bij mpu3HaueHHS pe3yibTariB ekBiBalieHTyBaHHsA EEC (po3paxyHku
YCTaJICHUX PEXHMMIB, PO3PaXyHKH CTPYMiB KOPOTKHX 3aMHKaHb Ta IapaMeTpiB HEMOBHO(A3HHUX PEXKHMIB,
OIIIHIOBAHHS CTIMKOCTI, BUKOPHCTAHHS CKBIBAJICHTIB B CHUCTEMaX MPOTHUABAPIHOrO KepyBaHHs Ta IHIIE)
BUKOPHUCTOBYIOTh Di3HI KpUTepii eKBiBaJIeHTYBaHHs, 3aJMIIAIOYM CTaJMMH BHUMOTH 30€pE)KEHHs 3HAuCHb
nmapaMeTpiB Ta MOKa3HUKiB pexxuMy B dacTuHi EEC, mo He mimnmsArana exBiBaJeHTYBaHHIO, HE3MiHHUMU.
Buxoastun 3 MeTu 1aHoi poOOTH, Bi3bMEMO 0 YBaru Kputepii ekBiBajieHTyBaHHs Mojened nuHamiku EEC,
sIKI BUKOPUCTOBYIOTB TI1Jl Yac PO3B’sA3aHHsI 3a]ja4i aHali3y pyXy CUCTEMH BiTHOCHO CHHXPOHHOI OCi.

Bigomo, 1o migcraBoro Ui ekBiBasieHTyBaHHS B OararomamnHEUX EEC € HasBHICTD rpyn CHHXPO-
HHUX TeHeparopiB (CI'), o XapakTepu3yoThCs CHH(A3ZHUM PyXOM POTOPIB MIcCIs 3HAYHUX 30ypeHb Pexu-
Mmy. Takuif pyx MaTuMe Miclie y pa3i 0JJHAKOBUX NMPHCKOpeHb poTopiB BinnoBiguux CI'. 3a3HaueHe npucko-
PEHHSI BUHHKA€E BHACTINOK il Ha poTop CI' Ha/UIMIIIKOBOTO MOMEHTY SIK Pi3HHUII MexXaHiqHOTro (M,,) Ta enek-
TpuaHOTO (M,) MOMEHTIB. 3B's130K npuckopeHHs poropy CI' Ta 3a3HAYEHOTO HAMTUIIIKOBOTO MOMEHTY MOXK-
Ha MOJIaTH PiIBHSHHIM

d%ﬂ—(M -M))/JI=M,/J €]
d t 2 - M e - HO b
— MexaHiuyHui KyT poropa CI” BiIHOCHO CHHXPOHHOT Oci, pad; M,, — HaJUIMIIKOBUI1 MOMEHT, Hm; J

e O

mex
— MOMEHT iHepuii, k2.
Kinetnuny eHeprito 06epToBUX Mac, moB’s3anux 3 poropom CI' (W), MokHa ToaTH y BHTIISAL

W =05 Jo? (2)

mex 2

oe @, —KyToBa mBHAKiCTs poropa CI' BiTHOCHO CHHXPOHHOI oci, padlc.

mex

3 KIHETHYHOIO EHEPTi€ro MoB'sA3aHa cTana inepuii (H), ¢
H=W/S, 3)
2

ne S, — HoMiHalbHa IoBHA NoTyxHicTh CI, B 4.
Ha mincragi (1), 3 ypaxyBauasm (2)-(3), 3anumiemMo Bupa3s 11 mpuckoperas poropa CI'
d 25uer 2
— =M,
dt

3 ypaxyBaHHSM TOTO, IO B JITEPaTypi «CTaJOK iHepuii» YacTilie Ha3WBAIOTh BednuuuHy |, =2H,

/(2HS ). 4)

mex

3armumiemMo (4) y BUTTSI
d’s 5
dt;ex = MH()a)MeX /(TJSH) H (5)
i mani sk cmany inepyii BAKOPHCTOBYBAaTHMEMO BEJIMYUHY | .

Bin piBHsiHHS (5) MOXHA TepedTH A0 OiIbII 3BUYHUX (HOPM 3amKcy MPUCKOpeHHs pyXy poropa CI,
OJTHAK JIJIS HAIKX IJIeH Y [IbOMY HeMae MOTpeOu: JOCTATHRO TOro (akTy, IO MPUCKOPESHHS Mae 0OCpHEHY
3JICKHICTh BiJl CTAJIOI IHEPITi.

ExsiBanenTHy ctany iHepuii rpymu i3 N CI' (T, ), 0 XapaKTepusyroThesi CHH(pA3HIM PyXOM POTOPIB MiCIIs

30ypeHHs pekuMy, Bi3Ha4aroTh ([9, 10] Ta iHmi ) six cymy cramux isepiii CI” Takoi rpymu
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T = : TJi' (6)

i=1
AHanorivHuM YMHOM BH3HAYalOTh aKTHBHY IOTYKHicTh ekBiBanenTHoro CI' ( P;)

P.=> P. )
i=1

Bracninok ekBiBanienTyBaHHs TincucreMyd EEC mae 3a0e3medyBatiicsi BAKOHAHHS YMOBH BiJITIOBIZTHOCTI Py-
Xy («moBeniHkm») eksiBanieHtHoro CI pyxy («aoBeminmi») rpymu CI, sky Oyno 3amidero M CI, mig yac BUHMK-
HEHHS1 30BHIIIHIX BifHOCHO Takoi mifcuctemu EEC 30ypenb. Taki BuMorn (BOHH K BiITBOPIOFOTH KpPUTEPIi eKBiBaIe-
HTYBaHH) ITOJTAHO HIDKYC Y BUIVISII (hOpMaTIFHIX YMOB OTHAKOBUX MMBHIKOCTI (8) Ta mprckopeHs (9) potopis CII

do i=n_ dJ;
JE dt Z:I J dt ( )
d?s, iz d?
Tee dtzE T ©)

ITpuHarizHo 3BepTaEMO yBary, 110 y 3araabHoMy Bunazaky crany inepuii EEC (T, ) BU3Ha4aroTh

3a BupazoM (10), mo He € TOTOKHUM BUpPazy (6)
i=n
Tieee = ZlTJi Si/Seecs (10)
i=

me Ty, S

{ — cTaja iHeplii Ta HOMiHa/lbHa NOBHA NOTYXHICTh i-ro CI' BiANoBigHO; N — y JaHOMY BHIAAKYy

3arajibHa KilbKicTh «BBiMKHeHHX» B EEC CI'; S, — cymMapHa NOBHa HOMiHaJlbHA IOTYXKHICTb «BBIMKHE-

aux» B EEC CI'.

3raziani Buiie /i TecToBi cxemu (Moeni) EEC 3a3Buuaii cipuiimMaroTh SIK exgisanieHmui ¢XeMHu (MOJIEI)
6araromammmaHuX EEC. OueBHIHO, 110 BHACIIZOK 3BOPOTHOTO TIEPEXOAY — B/l €KBIBAJICHTHHX JHKEPEIT TeHEpYBaH-
HS 10 TPYITH JDKEpeN (BHACTIIOK «PO3rOPTaHHSD) €KBIBAICHTIB) — 32 TIEBHUX YMOB MOYKHA OUIKyBaTH Ha JIESIKI 3MIHA
BractuBoctedl EEC. Ilinkpecinmo, 1Mo BUKOHaHI JIOCHIDKEHHS He OyIIM CIpsSMOBaHI Ha OTPHMAHHS EKBiBaJICHTIB
JOKEPEIT TEHEPYBaHHS UM «PO3TOPTAHHD) CKBIBAJICHTIB, a CTOCYBAIUCS SIKICHOTO OLIHIOBAHHS BIUIUBY 3MiH y CKIaJli
TeHEepPYIUNX TOTYKHOCTeH, BukiankaHux eeneHHsM 3[ /I 3amicTh yacTrHM reHepyrounx notyxHoctelt TEC, Ha
BiacHi gactotrl EEC Ta enexTpomexanivni iepeximmi mporecu B EEC.

BpaxoBytoun tenaeHtito po3Butky EEC y HanpsiMi gekapOoHi3allii, 4aCTHHY TeHepYIOYHX MMOTYKHOC-
teit TeroBux enektpocraniii (TEC) 3amiaars motyxuocti P/IL, 30kpema i BIE. Taka 3amina Moxe BinOy-
BaTHCS 3a PI3HUMH CIieHapisMu. Hanpwukmaa, mpHITycTiMO, IO BHACTIIOK 3MEHINEHHS HaBaHTaxeHHs TEC
(11 3MEHIIeHHS BUKHUIIB B atMocdepy, BHACTIIOK (i3UYHOT 3HOIIEHOCTI 0ONaJHAHHSA UM 3 1HIINX IPHYHH)
MOTYXHICTb O10KiB Aeskoi TEC 3meHImmMnacs, ane BOHH 3aJUIIMIACSA B poOOTi (1 HOMIHANBHI MOTYHOCTI Ta
CTaji iHepii BiAMOBiTHMX TypOoreHeparopiB (opMabHO He 3MiHWINCS ). BomHOYac 101aTKOBO BBEEHA TeHe-
pyroda noTyxHicTs y Burisiai P «koMrieHcyBanay 3a3HaucHe 3MEHILIECHHS MOTY>KHOCTi reHepyBaHHs TEC,
BHACIJOK Yoro OanaHc akTuBHUX moTyxHocTel B EEC He 3minuBca. Skmo typooarperatu TEC 3anumarors-
csi B poOOTi (Maroul MEHIIe HaBaHTaKEHHS), TO 13 BBemeHHAM foxatkoBux 3I'/II" 3MiHIOETBCS cTana iHepIii
EEC. Yu 3a3nae 3min nmoBeninka EEC BHacminok peamizariii iHmmx MoaiOHUX CIIEHapiiB Ha NIIAXY JeKapOOHi-
3aiiii EEC? PosrnsiHemo pe3ynbraTi 10CIiKEHb, BAKOHAHKX 32 JCSIKUMU 13 TAKUX CIICHAPIIB.

OcHoBHi pe3yabTaTn qocaimkens. [1in yac monenroBannst pexxrMie EEC 3 BUKOpHCTaHHAM 3a3HAUCHUX
TECTOBHUX cxeM rependadanocs, mo BeeneHi 3I' A" mpueanayroTs o Tux xe mmH, o i CI' TEC, akTiHBHY MOTYXHICTh
TeHEepYBaHHS SIKUX, 3aJIeKHO BiJI CIICHApit0, OYJI0 3MEHIIICHO 4M B3araji BUMKHEHO. 11100 neBHrM unHOM «yHi(iKyBa-
TID BIUIUB CHCTEM aBTOMAaTUYHOTO KepyBaHHs 30y pkeHHssM CIT Ha nepeximai nporiecu B EEC, mi yac MoenroBanHs
pexumiB EEC He «BMukammy cuctemHi crabimizatopu (PSS) 1 HexTyBamm nepexiqHuMu nporiecaMmy B KOHTYpi 30y-
mxennst CI' (st yeix CI' Gyio BuKoprcTaHo Moziers E' = const, 1110 3a pe3yabTatamu BijlOBIIA€ BUKOPUCTAHHIO
ABTOMATHYHHX peryiiropiB 30ymkeHHs (AP3) CI' mponopItiHoi i, siKi, K BiJIOMO, MarOTh «HYJILOBHID) IeMII(yFO-
YMil BIUTUB, a 332 HEKOPEKTHUX HAJAIITYBaHb AeMIT(YIOUHii BIUTUB MOXe OyTH Bil’eMHHUM). 3BUYAIHO, 1€ anpiopi He
CIIPUSIIO NeMIT()YBaHHIO KOJIMBaHb, OIHAK JIABAJIO 3MOTY SIKICHO OIIIHUTH, HacaMIlepe/l, BIUTMB CTaIMX 1HEpILi Ha ere-
KTpoMexaHiuHi niepeximai nporiecn B EEC 3a pi3HuX crieHapiiB MojemoBaHHs. Y KOHKPETHHX BHIIAAKAX JUIS OfIep-
YKaHHS TOYHIIINX, JICKBATHILINX Pe3yJIbTaTiB OTPIOHO BUKOPHCTOBYBATH BiJITTOBIHI MaTeMaTHIHI MOJICIT eJleMeH-
tiB EEC 3 iXHiMH cicTeMamMu KepyBaHHS], 110 BIUIMBAIOTh Ha niepexiani npouec B EEC. Hanpuknan, nnst Takux ene-
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MEHTIB, SKHUMH € BITPOYCTaHOBKH,
MOTPIOHO BPAaXOBYBAaTH THII T€HEPATOPIB
Ta  0coOMMBOCTI  (DyHKIIOHYBaHHS
CWJIOBMX TIEPETBOPIOBAYiB 3  IXHIMH
crCTEMaMH KepyBaHHS BUIAYl
noTyxHocti. HaBeneHi nmami pe3ynbraTn
CITil pO3IJISIIAaTH HacamIiepes] B acreKTi
SIKICHOTO OITIHFOBAHHS BIUIMBY BBEIICHIX
3L, mo 4acTKOBO 3aMiHIOBATUMYTh
reHepyrodi notyxkHocti TEC, Ha
nepeximni nmponecu B EEC.
1. ocaimxkeHHss 3 BHKO-
PMCTAaHHSIM 4-MAIIMHHOI 2-30HHOL
cxemu (moaeai) EEC, nokazaHoi Ha
puc. 1, a (cxema OCHOBHHX €JIEKTPHY-
HUX 3’€lHaHb) Ta puc. 1, 6 (cxemy
CTBOpPEHO B cepeoBull Marmiab).
3HavyeHHs ycixX MapaMeTpiB JaHoi Mo-
JIeJTi HaBeIeHo B [5].
Yactuna EEC, sxy Ha puc. 1,
a mo3HaueHo Area 1, micTtuth 1Ba
exBiBa-tenTHux CI' TEC (G1 Ta G2),
TIOBHA MOTYXHICTh AKMX Y TIOYaTKOBOMY PEKHMI CTAHOBWJIA Sg3=705+j185 MBA, $z; = 700 + j235 MBA.
Cymapna moBHa mnotyxkHicte CI' G3 Ta CI' G4 B iHmiit uwacturi EEC (Area 2) craHoBuia
8, = 1419 + 393 MBA. Crani inepuii (T;) o6eproBux Mac, nos’s3anux 3 CI', cranoswm 13 ¢ (mna G1, G2)
ta 12,35 ¢ (una G3, G4) 1 3anummanucs He3MIHHUMH. J0CiKyBaBCsl BIUIMB 3MiHH CKJIaJy T€HEPYIOUHX MOTY-
xHocTed B yactuHi EEC Area 1 (BimmoBigHO 70 clieHapiiB MojentoBaHHsA) Ha BiacHI wactot EEC 3a ymoBH,
IO CyMapHi aKTHBHI MOTYXKHOCTI T€HEpYBaHHS Ta CIIOKUBAHHS 3AJIUILIAIOTHCS, MPAaKTHYHO, HE3MiHHUMH. B
vyactuHi EEC, sixy Ha puc. 1, a nozHaueno Area 1, no mua 1 ta 2 npuennysanu 3UAL y Burnsazi: 1) aBox ke-
pen renepysanns (1117 ra 2/I"), craii iHepIii SKUX 3MIHIOBAJIHCS 32 PI3HUX CIIEHAPIiB; 2) COHSYHUX €IIEKTPO-
cranamii (CEC), iHBepTOpH SKUX TpsSMO He MonemoBancs. CKiTall TeHepYIoUnX MoTykHOCTel B yacTuHi EEC
Area 1 3a cuieHapisiMi MOJIEJIIOBaHHS HaBeIEHO y TaouI. 1.
CymapHa akTHBHA NOTY>XHICTh reHepyBanHs 3I'AI" 3a pi3HMX creHapiiB JOpiBHIOBaJa MOTYXHOCTI,
Ha Ky Oyyo 3MenireHo cymapHy notyxHictb CI' G1 ta CI' G2. Cuenapiii Ne 1 BiAmoBigae mo4aTkOBUM
YMOBaM MOJICITIOBAHHS, PE3yIbTAaTH SKOTO BUKOPUCTAHO JUIsl MIOPIBHSHHS 3 pe3yJbTaTaMH MOJETIOBAHHS 32
iHIMME cueHapismu. 3a cueHapismu Ne 2 Ta Ne 3 motyxHicTs reHepyBanHs CI' G1 Ta G2 Oyno 3meHiIeHo,
OJIHAK BOHU 3anumanucs B poboTi, a crani inepuii CEC, BBeaeHux 3a creHapiem Ne 2, Opanucs piBHUMHU
Hymo. Croenapiem Ne 4 mepen-

Tabmaums 1

~ 5 5 5 = S = < 0aueno Buseaenns CI' Gl 3 po-

o Gl s G2 14T J1ATS 20T J2NTI CEC» : _
cucapiio | MBA MBA MBA . MBA . MBA ootu. CI_Iej-Iap1€M No 5 mepen
7 700185 | 705235 - - - - - 0adeHo TOH Ke CKIIall TeHEepYyIo-

2 1754210 | 180+]230 3 ; - ~ | 105040 qi’; rﬁTz’K:;’gT;i’e Helialrgﬁzmz

3 350+85 | 3554110 | 3504112 | 2,5 | 3505113 | 2.5 - pa s 3T pa - I;y
BAHHA B X KTCPU3y-

4 - 7054235 | 350+j93 | 10,08 | 350492 | 10,08 - i P i P 1?'

5 3504j85 | 355110 | 3504112 | 10,08 | 3504113 | 10,08 - FOTRCA THIIHMH CTAIMMHU THCPILL.

Ilix gac mocmimkeHb 3a
KOXXHOTO yctajeHoro pexxumy EEC, po3paxoBaHOTO BiAIOBIIHO 0O YMOB YE€pProBOro clieHapiro (tadi. 1), Ha
muHax 7 (puc. 1, a) «BMukamm» myHT 3-hazHoro koportkoro 3amukanus (3-¢. K3) tpuBamictio 0,20 ¢ Ta
MOJIENTIOBANIN eNleKTpoMexaHiuHni nepexinauii npouec B EEC. [TotpiOHO OyI0 OMIHUTH BIUIUB 3MiHH CKIIaIy
reHepyrounx motyxHocteil B gactuai EEC Area 1 sHacninok BBenenns 31" (3 BiAmOBiAHOO 3MiHOIO Cyma-
pHoi cranoi ineprrii B yactuai EEC Area 1) Ha 1i B1acHi 9acTOTH. 3 €0 METOIO OYJIO BUKOPHCTAHO BHOIPKH
JIaHWX, C(POPMOBAHMX 32 Pe3yIbTaTaMK MOJICITFOBAHHS TIEPEXiIHUX MpoIieciB, mo BuHukanu B EEC micis kopot-
KOTO 3aMHKaHHS. 3 METOI0 OTPUMaHHS 00’€KTHBHILINX pe3ynbTaTiB BU3HaueHHs BnacHuX yactoT EEC s anamizy
3a3HaueHNX BUOIPOK MaHWX OYyJIO 3aIydeHo aHcaMONIb pi3HUX MeToiB: HaiiMeHmx kBanparis ['ankernst (Hankel total
least squares method), myuka Matpuie (matrix pencil method), ITponi, mBuakoro nepersopennst Oyp’e (LLUI1D). B
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TabJ. 2 HAaBeNIeHO MapaMeTpH KOXKHOI (#-01) JOMIHAHTHOT MOJIM KOJIMBAHb TIOTOKY aKTHBHOI TIOTY KHOCTI TIOBITPSIHUMH
nirismu (TIJT) 7-9 (Bu3HaueHi y pa3i BAKOpUCTAHHS ist 0OpoOIIeHHS BUOIPKU TAHNUX «YacOBOTO BIKHA) HIMPHUHOIO 5
¢), 30kpema: yactoty o [I'uj; avmnityny 4; [MBT]; nokasuux gemndysanns & = —g;(ef + wd)~ %7 [6.5.],
ne o, [¢'] — cTana nemmngyBanHs. 3a3HAUMMO, 1O VTS 00POOIIEHHs BUGIPKH TaHHX, COPMOBAHOI 32 Pe3yIHTATAMHU
MOJIEIOBAaHHSI €JIeKTpOMeXaHIuHMX nepexianux npoueciB B EEC 3a ciieHapiem Ne 3, MeTon IydKa MaTpHLb He BUKO-
puctoByBaBcs. B Tabn. 2 mapameTpr KOXKHOT 13 MO , 1110 MarOTh HAWOWIBIIN aMIUTITY/IH, PO3TAIIOBAaHO B TOPSAKY

30UTBIIIEHHS YacTOT (TTapaMeTPH MOJI 3 HEBESITMKAMHU aMILIITyIaMH y TabJ1. 2 He TTOKa3aHo).
Tadauusa 2

[TapameTpu MO/ KOJIMBaHb MMOTOKY aKTUBHOI MIOTY>KHOCTI, BU3HAYCHI 3 BUKOPUCTAHHSIM METOJIIB:

Ne HalMEHIINX KBaJPaTiB

ClLieHa- Tankens [Ty"ka MaTpuitb Ipomni LTI
p1ro w; , Ai, éi ;i , Ai, & i, A, & o, 4
Ty | MBr Iy | MBr Iy | MBr Iy | MBr

0,49 56,5 | -0,22 029 | 1252 | -0541 | 0,54 1797 | 0,007 | 0,47 |144.23
0,56 | 120,5 | 0,025 0,54 | 186,7 | -0,01 1,08 28.5 0,018 | 1,41 | 557
1,09 20,5 | 0,013 1,01 33,6 | -0,067 1,59 2,7 0,241 - -
1,52 6,5 | -0,026 1,05 31,8 | -0,006 | 2,09 0,6 0,058 - -
0,45 |218,70| -0,01 0,45 |213,10] 0,00 0,55 | 136,50 | 020 | 0,47- |202,2-
0,58 |266,80| -031 0,57 0,90 0,27 0,97 47,60 0,09 1.17 | 12.7
’ 0,91 |180,70 | -0,04 0,91 | 55,60 | 004 2,06 1,20 0,07 - -
1,30 | 34,60 | -0,07 1,30 2,60 0,07 - - - - -
1,84 8,70 | -0,04 1,84 1,70 0,04 - - - - -
2,25 3,70 | -0,04 2,26 0,80 0,04 - - - - -

0,57 | 2477 | 0,03 - - - 0,55 | 3356 | 0,028 | 047 |23294
1,07 | 112,6 | -0,037 - - - 1,11 1144 | 0047 | 3,52 | 4,12
222 | 153 | -0,085 - - - 2,24 67,1 | 0213 | 2,58 | 335

3 299 | 447 | -0,115 - - - 204 | 1185 | 0243 | 1,64 | 296
3,55 81 | -0,152 - - - 3,52 382 | 0,103 | 633 | 1,08
541 | 284 | -0,184 - - - 4,75 46,5 | 0,176 - -
6,24 54 | -0,102 - - - 6,09 8,6 0,109 - -
014 | 430 | -086 | 052 | 2,10 | 001 0,52 2,60 0,02 | 047 | 1,89

4 052 | 2,50 | -0,01 147 | 0,10 | 0,00 - - - - -

- - - 2,09 0,30 | -0,03 - - - - -
0,26 |138,10| -0,552 0,30 420 | 0,178 0,56 17580 | 0,014 | 0,47 [119,91
0,55 |171,50| -0,01 0,56 |136,10| 0,013 1,09 27,30 | 0,033 | 1,88 | 6,72
s 1,06 | 90,50 | -0,302 1,13 440 | 0,047 1,76 18,00 | 0,137 - -
1,10 | 10,30 | 0,012 - - - 3,20 4,70 0,186 - -
1,79 | 14,90 | -0,139 - - - - - - B B
3,27 2,30 | -0,159 - - - - - - - -

Jani Tabm. 2 cBimgath, mo BBeneHHs 311" 3amicTh reHepyrounx notykHocteld TEC B wacturi EEC Area 1
He MPHU3BOJIUTH JI0 ICTOTHHX 3MiH BiacHUX dactoT EEC: min yac peamizaliii KO>KHOTO 13 crieHapiis (Tabm. 1) 30epiraersb-
Csl IOMiHaHTHA POITh MOJT, YaCTOTA SKMX 3MiHroBanacs B miarazonax 0,45-0,58 I'iyta 0,91-1,11 I'u. Baecku iHmmx Mo
y «popMyBaHHD) KOJMBaHb IMMOTOKY TOTY>KHOCTI [1J1 Oy menm Baromumm.. [TimkpeciriMo, 110 BUKOPHUCTAHHS aHCa-
MOJTFO METOJIIB aHaJIi3y BHOIPKH JaHWX JIa€ 3MOTY TIEBHOTO y3aralbHEHHS 1 OJlepKaHHs 00’ €KTHBHIIINX Pe3yJIbTaTiB
ineHTH(iKamii JOMIHAHTHUX MOJ KOMMBaHb. [loka3oBiM € Te, 1110 BukopucTanus Meroay LITI® 3a pizHux crenapiiB
3MiHH CKJIay TeHepyrounx notyxHocted B yactuai EEC Area 1 mapano 3Mory BUSIBIITH JIMINE OHY JOMIHAHTHY
Moy 3 yactororo 0,47 ', a aMImtiTy iy iHIIMX MOJI, BUSIBIICHUX [IMM METOZIOM, OyJIM MaJIMMH: HAHOLIBIILY aMILTITy Ty
B a0COITFOTHOMY Ta BITHOCHOMY BUMipi MaJia Mojia 3 uactororo 1,17 Iy 3a ciienapiro Ne2 (6,28% Bin amrutityam qomi-
HaHTHOI Mo 3 yactotoro 0,47 I'm).

2. JlocaiTzkeHHsI 3 BUKOPUCTAHHAM 6-MamnHHOi cxemu (Moaei) EEC (rpadivme 300pakeHHs ii oc-
HOBHHX €JIEKTPUYHUX 3 €/[HAHb Ta PeaTizallito B cepeoBuill Matiad rmoka3aHo BiANOBIAHO HA puC. 2, a Ta 2, 6). Jlo
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mmH 201 ta 203 npuegnano mo exsiBanieHTHOMYy CI' TEC (moBHa HOMiHAJIBHA TOTYXKHICTH KOYKHOTO CTaHOBHIIA
1411,76 MBA), a 1o mmmH 1 Ta 3 — 10 eKBIBAJICHTHOMY I'€HEpaTOpy TiIPaBIIUHOI €ICKTPOCTAHILi 3 HOMIHAIBHOIO
notyxHicTio y 470,59 MBA koxHHIA.

Jo mwmm 101 npuennano exBiBasieHTHHE CI, TIOBHa HOMIHAIBHA TTOTYXKHICTH SIKOTO craHoBwia 2117,65
MBA, a fo mmH 7 TIpreaHAHO CHHXPOHHMI KomrieHcatop. YciM CIT HamaHo HOMepa IIHH, 10 SKUX iX TPHUETHAHO.
Hnst yeix CT Ca8@,,q,, = 0,85. Crani iHepiii 06epToBrx Mac, o’ si3aHux 3 koxkanM 13 CI 1, 3, 201, 203, 101 Bixmosi-
mHo cranoswm 7,0 ¢, 7,0 ¢, 6,4 ¢, 6,4 ¢, 10,8 ¢, a crana iHepIlii CHHXPOHHOTO KOMIIeHcaTopa / JopiBHIOBana 2,8 C.
AKTHBHI TIOTY>KHOCTI CIIOXKHMBAYiB eJICKTpoeHeprii, mpuenHanux a0 umH 4, 6, 100 ta 203, BiqmoBinHO CTaHOBWITH
1000, 1100, 2000 ta 500 MBT, a peaxtusHi — 100, 300, 600 Ta 250 MBAp. 3a o4aTKOBHX YMOB TOTYKHICTh HaBaH-
TaxkeHHs1 koxkroro 13 CI" 201, 203 cranosuia 1200 MBr, CI" 1, 3 —400 MBT, a CI" 101 —1546,09 MBrT. Jlocnimkysa-
Bes BruB BBenieHHst 31 /11T 3amicts yactunm notysxHocTeil TEC Ha enexkTpoMexanivai nepexiaHi nporecu B EEC.

Hivxae 32 HOMepaMu ClieHapiiB 3a3HaUSHO aKTHUBHI ITOTY>KHOCTI HABAHTa)KEHHS Ta CTaJll iHEPIIil PHETHAHNX
no e 203 CIU (yei mxepena reHepyBanss y cktani 3111, nprenranmx o s 203, Texx mo3nadeno CI). 3a crieHa-
pisimu Ne 4 ta Ne 5 3Ha4yeHHs cranmux iHepiii o0epToBrx Mac, noB’si3anux 3 CI', Oys10 3aaHO JOCHTh MaJlAMH («EKC-
TIEpUMEHTATLHUMIY ). [leB’s1Th 13 3a3HaueHnx B creHapisx CI' 3 HaBaHTakeHHsM y 50 MBT npueHano a0 mvH 3
Bukopuctanssm [T 3 mamum oropom, yci i CI™ 0ys10 npueanano o 1mH 203 6e3mocepeaHpo yepe3 BAMHUKAYI,

Crenapiii Ne 1 (Bimosinae nouarkoBuM ymoBam): 1 CT' 3 moryxHictio HaBanTaxkeHHst y 1200 MBT Ta cra-
JIOFO THEepITil I =64c.

Crienapiid Ne 2. 3araimpHa kimbkicts CI' — 13: 1 CT (exsiBasientamid CI' TEC) 31 3MeHITICHOIO TTOTYKHICTIO
HaBaHTa>keHHs 10 600 MBT Ta I;=64c¢ 1 12 CI', xoxxHHIT 3 IOTYXHICTIO HaBaHTakKeHHs Y 50 MBT, HOMiHAIBEHOO

aKTUBHOIO IOTYXKHICTIO B, = 100 MBrTa T; = 3,0 €.

Crenapiit No 3. 3aranpHa kutbkicte CI' — 18: 1 CI” (exBiBastenTHrii CI” TEC) 31 3MEHIIIEHOIO MOTYKHICTIO
HagaHTaxeHHs 10 100 MBr1a Ty = 6,4 ¢; 5 CI' 3 notysxaictio HaBanTaxkeHHst 110 100 MBr ta 12 CT" 3 noty»HicTio

HaBaHTaxeHHs 110 50 MBT. st koxkroro i3 17 3a3Hauenux CI' B, = 100 MBrT, a ;=30c

Cuenapiii Ne 4. 3aranbia kinekicts CI' — 18: 1 CI' 3 By, = 1200 MBT Ta NOTY>KHICTIO HABAHTOKCHHS Y
100 MBT; 17 CT' 3 B,,., = 100 MBT, cepen sikux 5 CI' 3 notyxHicTio HaBanTaxeHHs 1o 100 MBr Ta 12 CI' 3 moty-
JKHICTIO HaBaHTakeHH: 110 50 MBT. [l koskHoro i3 18 3a3Hauenux CI' Tf = (178 e.

Crenapiit Ne 5. 3aranpna kinekicts CI' — 18: 1 CI' 3 B,,,, = 1200 MBT Ta NOTYXHICTIO HABAaHTKCHHS Y
100 MBT; 17 CI' 3 Bygpy = 100 MBT, cepen sikux 5 CI' 3 notyxHicTio HaBanTaxeHHs 1o 100 MBr Ta 12 CI' 3 moty-
JKHICTIO HaaHTaxKeHHs! 110 50 MBT. Jist koskHoro 13 18 3asnavennx CI' T; = 0,118 ¢.

Cxnan ta napamerpu CI', mepenOaveHi cueHapisiMH, BIUIMBAIOTh Ha MPOTIKAHHS eJIEKTPOMEXaHIYHHX Tepexi-
maux mporieciB B EEC. Hampukian, Ha pric. 3 mokazaso 3MmiHy y 4aci kyTiB poropiB ocHoBHEX CI' EEC y pasi mone-
JIFOBAHHS €JIeKTpoMeXaHigHoro Tiepexianoro mporiecy B EEC 3a crierapiem Ne 1 (prc. 3, @) Ta 3a cieHapiem Ne 3 (prc.
3, 0). 3 puc. 3, a BuaHO, 1o micis BuHUKHeHHA 3-¢. K3 mprickopenns potopa CI' 203 Bifpi3HAETHCS Bill IPHCKOPEHB
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potopiB inmmx CI, Tomi sik 3 puc. 3, 6 BUIHO, 0 B3aeMHi KyTe potopiB CI' 3 He 3MIHIOIOTBCS, CTIHKICTh BITHOCHOTO
PyXy 30epiraerbesi.

B Tabn. 3 HaBeneHo pe3ynbraré MozentoBaHHs nepexinaux nporieciB B EEC 3 BunukHenasm 3-¢. K3 Ha
nmrax 202 tpuarictio 0,25 ¢ (3-¢. K3 «Bmukamocs» B 0,1 ¢ Monep0BaHOTo mporiecy, a «BuMukanocs» B 0,35 c).
3azHadeHi pe3ysIbTaTH CTOCYIOTHCS IT SITH CIICHAPiiB MOICITIOBAHHS, IO BiPI3HSIOTHCS CKIIAIOM TEHEPYIOUHX TIOTYXK-
HOCTeH, prerHanmX 1o muH 203.

Ta6muus 3
3HaveHHsI IOTOKIB akTHBHOI noTy>kHOCTi (MBT) TLJT 100-202 T2 T1JT 2-5,
Yac mMoze- BH3HAYCHHX 3a CIICHAPISIMA MOJICTTFOBAHHST
JIbOBAHOIO crieHapii Ne 1 crieHapiit Ne 2 crieHapiii Ne 3 crieHapiii Ne 4 crieHapiii Ne 5
HpoLecy U1 U1 U1 U1 I1
100-202 / 2-5 100-202/2-5 100-202 / 2-5 100-202/2-5 100-202 / 2-5
0,0 737,63 /-88,28 -737,63 /-88,28 737,63 /-88,28 -737,63 /-88,28 -737,63 /-88,28
0,1 -737,63 /-88,28 -737,63 /-88,28 -737,63 /-88,28 -737,63 /-88,28 -737,63 /-88,28
0,101 130,98 /210.36 130,98 /210.28 130,98 /210.10 130,98 /210.10 130,98/210.10
0,35 128,76 /246.94 128,75/246.85 128,75 /246.72 128,75 /246.72 128,75/246.72
0,351 -814.78/-112.91 -778.54/-82.85 -743.00/-65.52 29.70/186.29 258.87/362.21
04 -825.52/-174.00 -790.60/-142.63 -743.78/-114.79 105.47 /231.04 -780.99/-152.27
0,5 -833,42/-250.11 -795,69/-198.71 -741,12/-162.77 -17.88 /290.06 -805,73/-148.02
1,0 -830,26/-210.03 -794,70/-164.51 -739,4/-131.49 -717,65/-71.52 -677.23 /-31.23
2,0 -829,27/-197.65 -796,4/-161.89 -746.05/-132.75 712,95/ -64.63 -701,95 /-54.83
10,0 -816,1 /-149.52 -792,32/-130.34 -763,17/-119.31 730,49/ -84.82 -723,70/ -80.56
tmax pegepc. | 130,98 (0,101)/ 130,98 (0,101)/ 130.98 (0,101)/ 276,70 (0471)/ | 258,87 (0,358)/
HOTOKY 303.029 (0.123) 30290 (0.123) 302.73 (0.123) 37154 (0.483) 383.14 (0.360)
tmax moroky | |-834,36] (0,456)/ | |-797.11| (0.454)/ | |-763,1715|(10.0)/ | |-844,65]| (0.563)/ | |-842,95| (0.416)/
samod4. Hamp. | [-278.708 | (0.373) | |-230.06| (0.372) | |-182.92| (0454) | |-214.45] (0.562) | |-202.46| (0.474)
Max sinx. Bit [ 96,73/190,43 59,48/141,78 25,54/94,35 107,02/126,17 | 10532/114,18
TIOYATK. 3HaY.
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Hamamo nosicHeHHs 70 Tabu. 3, 110 MIiCTUTB 3HaYeHHS TIOTOKIB akTHBHOI noTy»xHocTi [T 100-202 ta [TJI 2-5
B OKpeMi MOMeHTH Mo/ieNtoBaHoro rporecy (I1J] nmo3HadeHo 3a HoMepamy IIWH MPHEHAHHS). Y Ci JaHi B Ta0u. 3, o
nioB’s3aHi 3 [1J1 2-5, 3a3HaueHO KypcHBOM TICHst TAHKX, 110 cTocytoThes [T 100-202, i BimaiieHO Bil HUX ClieIeM.
3Hak MiHyC OLIS 3HaY€Hb MOTOKIB aKTUBHOI MOTY>KHOCTI [LJ] CBimIMTh TIpO Te, M0 HAMpsM TOTOKIB MOTYXKHOCTI €
TIPOTIUICKHUM TIOPSIIIKY PO3TAITyBaHHS HOMEPIB IIMMH TPUEAHAHHS Y TTo3HaueHHi BifmoBimamx 11, 3 puc. 2 BumHO,
1o [T 100-202 Ta IJ1 2-5 Hanexars 10 pi3HUX KiaciB HoMiHanbHOT Hanpyru (220 kB ta 500 kB Bimnosiguo). On-
HuM Kinnem [T 100-202 npuennano no mmH 202, Ha sikux Oymno MoaensoBaHo 3-¢. K3, ToMy BUKOpHCTaHHS JaHUX
ITIOJT0 TIOTOKIB aKTHBHOI MOTY>KHOCTI 11ieto I V1 B Tab:. 3 € momiTbHIM B acTieKTi aHami3y HepeximHoro nporiecy. Hase-
JICHHsI aHAJIOTIYHHUX JaHuX, 1oB’s3anux 3 [T 2-5, mo BignaneHa Bin micus 3-¢. K3, nae 3Mory onepskaty noBHire
YABIIEHHSI IIPO XapakTep NPOTIKaHHS eJleKTpoMexaHidHuX nepexigaux npouecis B EEC.

3 Tabn. 3 BuaHO, o BuHMKHEHHS 3-¢0. K3 Ha mmaax 202 B 0,1 ¢ mpu3BOIMTH 10 3MiHK HATIPSIMY TTOTOKIB T10-
TyxHOCTi 3a3HadernMu [ 1] Ha npotmnexawii B 0,101 ¢ (Kpok 4MCeTbHOTOo iHTeTpyBaHHS MH(epeHITiaTbHIX PIBHIHD
crarosus 10° ¢, TOMY 3HAYeHHsI PEBEPCUBHUX MOTOKIB MOTYKHOCTI HaBeeHO, mounHatour 3 0,101 ¢). B HmwkHIX psj-
Kax Ta0i. 3 «t max peBepc. MOTOKy» Ta «t MaX MOTOKY 3a MOY. Halp.» HABEACHO MAaKCHMAIIbH1 3HAYEHHSI IOTOKY aKTH-
BHOI TIOTY’KHOCTI Ta BiTOBIIHI iM 3Ha4YeHHS 4acy (Y IyXKKaxX) ISl PEBEPCHBHOTO Ta «IIPSMOTO» (TIOUaTKOBOTO) Ha-
npsIMIB BiINOBIAHO. OcTaHHIM psiok Taom. 3 «Max Binx. Bi movar. 3Hau.» MICTUTh 3HAUCHHST MAaKCUMAJTBHUX BIIXH-
JIeHb TIOTOKIB aKTHBHOI OTY>kHOCTI [ 1J] Bixt 3HaueHb, 1m0 Mayu Micie 10 BUHUKHeHHs 3-¢. K3 Ha mmHax 202.

AHaITi3yrouH pe3ybTaTi MOZICITFOBaHHS 32 MEPIINMU TPhoMa CIieHapisiMu (Tad. 3), MOYKHA JiHTH BUCHOBKY,
ro BBezaeHns 3[/1[ 3amicTh yacTHHU TeHepyrourx notyxkHocteid TEC MOo3uTHBHO BIUIMBAE Ha TIOKA3HHUKH €JIEKTPO-
MexaHiyaux nepexigaux npouecis B EEC. B octanHboMy psaky Tabin. 3 HaBeeHO 3HaY€HHsT MaKCUMAIbHUX BiIXHU-
JIeHb TOTOKIB akTiBHOI notyxHocTi [1JI 100-202 ta IUI 2-5 Big THX, 110 Maiu Miclie 10 BUHUKHEHHS aBapiiHOTO
30yperns pexrmy EEC B 0,1 ¢ MoaenmsoBaHoro mporiecy. [lopiBHSHHS 3a3HaYeHUX JaHHUX, BU3HAYCHHUX TS TPHOX
BapiaHTIB CKIIay reHepyrounx notyxHocrell EEC BiIMOBiAHO 10 CLieHapiiB MOJEIIOBAaHHS, CBITYUTB, 11O 32 CIIeHa-
pito Ne 3 BixusieHHs MOTOKIB akTUBHOI moTy>xHOCTi [ LJT 100-202 ta ITJ1 2-5 Big THX, 1110 Maii MicIie B TOYaTKOBOMY
pexumMi, Oy HatiMeHIMy. OTHAK ampiopi JKATH TaKOro BUCHOBKY, OYEBHIIHO, HE MOYKHA, SIKITIO KEPYBATHCSI JIHIIIC
BrzHaueHHsM ctanioi iHepii EEC nHa mincrasi supazy (10), skuid, ckopire, Oy/e «CXHISTI 10 TPOTHICKHOTO BU-
CHOBKY. Pe3ynbTaTi MoziennioBaHHs BKa3yrOTh Ha Te, LIO ITiJ] YaC BUHMKHEHHSI eIEKTPOMEXaHIYHHX MEePEXiTHUX Tpo-
ieciB pyx portopis 3 JI[, BBemenoi 3a crieHapisimur Ne 2 ta Ne 3 3amicts yactuam reHepyrounx nortyxHocteid TEC, €
cuH(azHuM (0rm3bkuM 110 cuHpasnoro) 3 pyxom poropa CI' 203, 110 3aymimBes B poOOTi, X04a 1 31 3HAYHO MEHIITUM
HaBaHTKEHHSIM. 3a TAKMX YMOB 1]l Yac BU3HAYEHHsI EKBIBAICHTHOI cTaol iHepuii rpynu CI, mpueaHanmx 10 IiH
203, GinbIe miACTaB € A1 BUKOpPUCTaHHs Brpasy (6), Hix Bupasy (10). 3a cundazHoro pyxy poropiB CI” 31" 36i-
neIeHds KutbkocTi CIT B Takii rpyTii MO3UTHBHO BIUIMBAE HA €JICKTPOMEXaHIUHI TIEPEXiTHI MPOIIECH, CIPHSIOYH 30¢e-
pexentto crivikocti EEC nin wac aBapiiiHnx 30ypeHb peKiMy.

Posrisinemo pesynbrath, otprMai 3a cueHapismu Ne 4 ta Ne 5, 3a sxux crani inepuii CI', nprueaHanux 10
umH 203, Oy 3aauHOo MeHtmmu Bijt cramx iHepitii CI' 3T/1T, mependayenux crieHapiem Ne 3. 3HaueHHS MakcuMa-
JIBHHUX BIIXWJICHb OTOKIB aKTUBHOI NOTY»HOCTI [1J] Biji MOYaTKOBMX 3HAYEHB, 1110 MaJIM MICIIE IO BUHUKHEHHS 3-).
K3, nepeButytoTh Ti, 1110 Mamu micue 3a cueHapiem Ne 1. Ha BiqMiny Bix nonepeHix cueHapiiB, ZOCSTHEHHS MaKCH-
MaJTbHUX 3HaYeHb PEBEPCHBHIX ITOTOKIB 3a crieHapiiB Ne 4 Ta Ne 5 Hactae Bike Ticis «BUMKHEHHD 3-¢). K3 Ha mmHax
202. 3acnmyroBye Ha yBary Takox Tou (axr, o «moseinka» CI' B 3['/I[" 3a Takux CTaIMX iHEPIi Ta OHAKOBUX Ha-
BaHTaKCHHSX MOXKE JeIio Binpisastucs. [puknan takoi «moeninkmy» CI 3a cuenapito Ne 4 imoctpye puc. 4, e no-
Ka3aHo 3MiHy y 4aci kyTiB potopi CI" 203 (puc. 4, a) Ta CI" 315 3i ckinamy UL (prc. 4, 6), 1110 May HaBaHTKEHHS
no 100 MBr (ms CI' 203 B,,,, = 1200 MBT), Ta CI" 301 3i crnagy 3T (puc. 4, 6) 3 HaBaaTaxxeHHsM y 50 MBT (y
«BIKOHIISIX» TpadiuHoro iHTEpdEiicy 3a3HaUeHO eKCTpeMasbHi 3HAUCHHS, SIKUX HaOymu KyTH potopis CI).
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Y pa3i 3pocTaHHs cyMapHOI MOTY>KHOCTI MaTOIHEPIIHHNX JhKepen reHepyBaHHs, 30kpema BJIE, crig odiky-
BaTH Ha CYTTEBE 3MEHINCHHS Yacy PO3BUTKY aCMHXPOHHUX PEeXuMiB. Taki BUCHOBKM MOXKHA 3pOOWTH Ha IMiJICTaBi
Pe3yJIbTaTiB BUKOHAHHX JIOCIIIKEHb, YACTHHY 3 SIKMX TYT HaBezeHo. J{st inmroctpartii Ha prc. 5 mokasaHo (parmMeHTH
JIBOX TIPOTOKOJIIB PEECTpaIlii TOii Ta aHaTi3y MPOIIECiB I1iJT YaC MOJIEITFOBAHHSI €JIEKTPOMEXaHIYHIX TIEPEeXiTHIX Mpo-
tieciB B EEC, e puc. 5, a ctocyerses Bumanky, ko crani inepmii CI' 31T cranosmm 0,178 ¢ (3a ciieHapiem Ne 4), a
puc. 5, 6 — Bunaaky, koiau Bouu craHouid 0,118 ¢ (3a cueHapiem Ne 5).

3 HaBeZIeHUX (PparMeHTIB MPOTOKOJIB BUAHO, 0 3a Manmux cranux iHepuii CI" 3T'/I[" yac po3BuTky
ACHHXPOHHOT'O PEKHMY CYTTEBO 3MEHIIYETHCS: y BHUIAJAKY, TIOKa3aHOMY Ha pHUC. 5, O, €IeKTpUYHHN LIEHTp
KoJIMBaHb 3adikcoBaHo Bxe o 0,28 c, me o «BuMkHeHH» 3-(b. K3 Ha mmuax 202. Taka >k kKapTHHA CIIOCTEpi-
TAETHCSA 1 Y BUMAJIKY, SIKAN UTIOCTPYE pUC. 5, a: BIIMIHHICTS TOJIATAE JIMIIIE Y JCIIO Mi3HIMIHA (a1e He CYTTEBO)
¢ikcaii eIeKTPUYHOTO LIEHTPY KOJIUBAHb.

BucHosku.

OTpumMaHi pe3yJbTaTH MalOTh SKICHUH, OIIHIOBAIBHUI XapaKTep 1 CTOCYIOTHCS BHITAIIKIB, KOJH 3a-
MICTb TreHepytounx noryxHocteit TEC BBOISTH Ipynu JKepen reHepyBaHHS MEHIIOI OIMHIUYHOI MOTYKHOC-
Ti, 30CEpEIKEHUX B OJHOMY MicCIIi.

Beemerns 3I'/II" 3amicTh 9acTHHM TeHepyrounx NoTykHocTel TEC, 1110 3aimImaroThest B poOOTI 3 MEHITIAM
HaBaHTAKEHHSIM, MOXKE TIOKPAIIlyBaTH MOKa3HUKHU eJEeKTpOMeXaHiuHuX repexianux npouecis B EEC, cnpustioun 30e-
pexennto crivikocti EEC mi yac aBapiitHuX 30ypeHb pexumMy.

PesynpraTtn aHamizy KoJMBaHb MOTOKIB akTWBHOI moTyxHocTi ILJI, mo moennye 2 gactuau EEC,
CBiZUaTh, 10 3MiHA CKJIaQy T€HEPYIOUHX MOTYKHOCTEH, 30cepekeHnx B onHii yactuHi EEC, He mpusBo-
JIUTh JI0 CYyTTEBOI 3MiHM BiacHuX dactoT EEC.

OtpumaHi pe3yabTaTH Aal0Th MiJCTaBU BBAXKAaTH, 110 31 3MIHOIO CKJIaLy T€HEPYIOUHX MOTY>KHOCTEH
EEC BHacmimok BBeIEHHS B EKCILTyaTallil0 3HAYHOI CYMapHOi MOTY>KHOCTI MAJIOIHEPIIHHIX JPKEpe TeHepy-
BaHH, 30kpeMa B/IE, 3a3nat0Th 3MiH AuHaMiyHi Xapakrepuctuka EEC, 30kpemMa 3MEeHIIMTHCSI Yac POTIKAHHS eJIeKT-
POMEXaHIYHMX MEPEXiTHMX MPOLIECIB Ta Yac PO3BUTKY ACHHXPOHHUX PEKHMIB, BUHUKHE MOTpeda MepeHaIalTyBaHHs
Ta YIOCKOHAJICHHST 3aC001B CHCTEMHOI aBTOMATHKH IS 3a1100iraHHs pO3BHUTKY aBapiitHuX rporiecis B EEC.

Pobomy suxonaro 3a depacobrodscemnoro memoro «Po36umox enemenmie meopii, po3poOaeHHs HOBUX Memo0i8 po3pa-
XYHKY ma CMB0peHHs 3ac0o0i6 015 ni0gUueHHs. HAOTUHOCME MA eHepeoe@eKmMUEHOCMI PedcUMi6 [ MexXHOL02IUHUX Npo-
yecis 6 erekmpoenepeemuyHux ma erexkmpomexniunux cucmemax» (wugp «Peaxcum-1», KIIKBK 6541230) ma 3a nio-
mpumku CRDF Global (epanm G-202102-68020).
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The analysis results of the composition changes' impact in the power systems' (PSs) generating capacities on natural
frequencies and electromechanical transient processes in the PSs are given. The cases when specified changes are a
consequence of the introduction of generation sources groups which will partially replace the generating capacities of
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Haoano awnaniz cmany, npobnem ma 308HIWHIX YMO8 (@DYHKYIOHYEAHHA CMAHYIN KOMOIHOBAHO20 BUPOOHUYMEA
eleKmpuyHoi i mennogoi enepeii ¢ Yxpaini, a maxoosc iXHix 3min niowac 6oeHHUX Oitl. Po3ensaHymo numants ma Ha0aHo
nponosuyii wooo eubopy payionanrvuux pedxcumie pooomu TEL] 6 ymoeax deghiyumy nep8unno2o naiusa, 3HUMCEHHs
ENeKMPUYHUX HABANMAIICEHb eHepeemUYHOI cucmemu, Hebe3neky NouKoO0JICeHHs eHepeemuiHo2o 001aoHanHsa niovac
B0€HHUX Oill Mma y nepioo NiCIABOEHHO20 BGIOHOBNEHHA. 3aNPONOHOBAHO PO3POOUMU MA 3aNPOBAOUMU Y NPAKMUKY
nnanyeanns poseumxy TEL] xpumepiig ocugyyocmi cmanyiii ma nNpueOHaHux 00 HUX CUCEM YEHMPALi308aHO20
mennonocmayanusi. bion. 7, puc. 4.

Knrouosi crosa: craniii KoMOIHOBaHOT'O BUPOOHHUIITBA, CKOHOMIS MMAJIMBA, TEXHIKO-CKOHOMIYHI TTOKa3HUKH, BOEHHI Iii,
TMOIIKO/KSHHS 00J1aIHaHHS, )KUBYYICTb.

Beryn. V 3B’s3Ky 3 IpOBEICHHSM TOJITHKU JeKapOoHi3alii eHepreTHKH Ha OCHOBI IHTEHCHBHOTO
PO3BUTKY TIEPEPUBUACTHX JDKEPEJ BiTHOBIIOBAHOI €HEPrii Ta €HeProepeKTUBHOCTI, BBEICHHSI OOMEXKEHb Ha
BUKOPUCTAaHHS HAa(TH Ta BYTULIS, MOBCIOAHUM BIIPOBAKEHHSM Ji0epali3oBaHIX PUHKIB €Hepril Ta majiuBa,
(hysakmionyBanas Ta po3BUTOK TEILl y cBiti Ta B YKpaiHi Bif0OyBalOTECS B OCTaHHI POKM B YMOBax IIBHIKHX 1
CYTTEBUX 3MiH 30BHINIHIX YMHHUKIB. Y TEPIITy Yepry BOHH TOPKAIOTHCS OOCATIB Ta PEKUMIB BHPOOHHUIITBA
SJIEKTPUYHOT €Heprii i TEemIoTH B YMOBaxX KOHKYPEHIIil, MEXaHi3MIiB LIHOYTBOPEHHS Ha MOKYIHI ITaiuBa Ta
BUIM BHUPOOJIEHOI €HEpreTMYHOl MpOAyKii, HOPM 1 MpaBWJl OMOJATKyBaHHS BHUKUAIB TowIo. [Ipobmemam
amantanii TEI[ 1o HOBHX yMOB poOOTH TIPUCBSYEHO BEIHUKY KiIBKICTh IMpallk, OUTBIIICTH 3 SIKMX IOB’s3aHa,
30KpeMa, i3 3a0e3MeUeHHs EKOHOMIYHOI CTIHKOCTI Ta iHBecTuIiitHol npuBabnuBocti TEL] 3a BHCOKHX IliH Ha
NEepPBUHHE NajJMBO Ta BUCOKOI MHMTOMOI BarW NEPEpUBYACTHX BiJIHOBIIOBaHUX JpKepen eHeprii. Lli muTaHHs
MIPOaHANI30BaHoO, 30KpeMa, y [1, 2], B Tomy uucii B acnekti ekoHomiuHoi miarpumku TELl. Po6ora TEL] Ha
KOHKYPEHTHOMY PHHKY EJEKTpUYHOI eHeprii moTpedye mepexomy Bifl 0a30BHX PEKUMIB HaBaHTAKEHBL 3a
TEIJIOBUM TpadikoM Ha peXKMM PO3AUTGHOI MIATPHUMKH €JCKTPUYHUX HaBaHTa)KEHb CHEPreTUYHOI CHCTEMH
pasoMm 3 TemioBUMHU. JlOCBin 3a0e3leueHHs] TaKMX PEKHMIB 3 BHUKOPHCTAHHSM MOXKIIMBOCTEH IDKepen Ta
€JIEMEHTIB CHUCTEM IIEHTPATI30BaHOTO TEIUIONOCTAYaHHs PO3TILIHYTO, 30Kpema, y [3]. besmocepenuiit BimB Ha
koHKypeHTHui ctaH TELl, sik 1 Ha 3aX0AM TXHBOTO 30BHIMIHBOT EKOHOMIYHOT MiATPUMKH CIIPABISIOTH METOIH
PO3MOJiNY BUTpAaT MK BWAAMH il MPOAYKIii. AHalli3 METOAIB PO3MOALTY BHTpaT B YMOBaxX MOBHICTIO a0o
YaCTKOBO JI0EpajIi30BaHNX PUHKAX €HEPrii, a TAKOX OCBiA iX BUKOpUCTaHHS y KpaiHax €C HaBeneHo y [4].

Honatkosi npodnemu TEL[ BuaMKIN BHACHiIOK BoeHHOI arpecii PD Ha teputopii Ykpaian. Bornu
NOB’513aHl 3 YCKJIaJHEHHS yMOB MANMBOIOCTAYaHHS, 3POCTaHHAM LiH Ta AC(IIUTHOCTI MANWB, 3MiHAMH
00cATIB Ta peXMMIB BUPOOHMIITBA TOINO, 3 3aXHCTOM IEPCOHANY CTaHIN, a TaKOX i3 3amoOiraHHsAM Ta
MTOTOJTAHHIM HACIIIKIB (hi3MYIHUX TOMTKOIKEHb CHePTeTHIHOTO 00TaTHAHHS ITiT9aC BOEHHUX JTiH.

OcHoBHi MeTa Ta 3aBaaHHs Wi€i po0OTH TMOJATAIOTH Yy aHai3i ICHYIOYOTO TEXHIYHOTO Ta
€KOHOMIYHOT'O CTaHy i mpo0jeM KOMOIHOBAaHOTO BUPOOHMIITBA €IEKTPUYHOI €HEpTii 1 TeIUIoTH B YKpaiHi Ta
JOUITFHUX IIJISXiB IXHOTO BUPIMIEHHS B ICHYIOYHX YMOBaX.

Texniunuii cTan cTaHuii KOMOIHOBaHOr0 BHUPOOHMITBA JOBOECHHOIO mepioay. YkpaiHa mae
JaBHI Tpamuuii y cdepi xoMOiHOBaHOTO BHMPOOHHUNTBA. 30BHIIIHIM BiAIyCK TEIUIOTH 3 BiANpanbOBaHOIO
Mapor0 3MIHCHIOIOTH BCi eNeKTpuYHi craHIii Ykpainu, Brmodaroun AEC i xormencaniiini TEC (mamami —
TEC renepyrounx kommnaniii, ckopoueHo — TEC I'K), ane nominytouy pomns Bimirpators TEL] 3aramsHOTO
kopuctyBaHHs (Hagami — onamoBanbHi TELL), Brimodeni y ckinag OEC Ykpainu.
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Haii6inemmii po3sutok TELL oxepxxanu B Ykpaini y 60—90-x pp. MUHYIIOTO CTOJITTS, 3a0€3Medy0un
MOKPHUTTS TPETHHU CyMapHUX TeryioBux HaBaHTaxeHb CLIT micT 1 mpoMucioBux 30H, 10 20% BUpOOHHUIITBA
enexktpuunoi eHeprii TEC. Oanak Haganmi oOcsir KOMOIHOBAaHOrO BHUPOOHHUIITBA TEIUIOBOI 1 €NEKTPUYHOL
eHeprii MOHOTOHHO 3HWXKYyBaBcs (puc. 1) [5].

3aranmpHa BCTaHOBIJICHA enekTpuyHa MoTyXHICTh TEL] Ykpaiam 3a ganmmu HEK «Yxpenepro» Ha
noyarok 2022 p. cknagana 6115 MBt a6o 10,98% Bixg BCTaHOBIEHOT MOTY>KHOCTI €HEPrOCUCTEMH, PidHE
BUPOOHUNTBO eneKTpu4Hoi eHeprii y 2020 p. — 12798,2 mun. kBrron abo 8,6% Big BUpoOHHMLITBA BCiMa
eJeKTPUYHUMH cTaHIlissMu Ta 24,4% — Bix BupooHunrea TEC.

BcraHoBiieHa TemioBa MOTYXKHICTH €NEKTPO-
CTaHLiil pi3HUX THIIB (32 BIAMYCKOM TEIUIOTH 3
BimpanboBaHoto mapoto) y 2015 p. ckmagana 8,2 THC.
I'kan/rom abo 22,8% Big 3arambHOI MOTY>KHOCTI
teromkepen CLT [6]. B tomy uucni TEC 'K — 5,41
I'kan/ron, AEC- 2,56 TI'kan/rong, TEL] 3arambHOr0
KopuctyBaHHs — 6,2 I'kan/rox. TemoBa MOTYXHICTBH
TEC I'K ta AEC nopiBasiHO 3 2005 p. He 3MiHMIACH, a
onamoBanbHuX TEL] — 3HM3UIAaCS HA TPETUHY.

brmuzeko  70%  BCTaHOBIEHOI  €NEKTPUYHOT
notyxHocTi onamoBanbHux TEL[ po3mimeno Ha 23
CTaHIIAX MOTYXHicTio Buie 20 MBT, HallOibIIIMH 3
skux € Kuisebki TELL-5 Ta TEII-6 i XapkiBceka TEILL
Eneprernune oOmamHaHHS CTaHIIA PO3PIZHAETHCS 3a
BIKOM, TEXHOJIOTIYHUM PIBHEM CHEPreTUYHOTO 00Jaj-
HaHHA (XapaKTepU3yeThCsl MOYATKOBUM THCKOM IIapH)
Ta 32 TUIIOM OCHOBHOTO MNayivBa. Po3mozin BcTaHOB-
JeHoro obnamHaHHs onamtoBanbHux TEI] 3a 03HaueHMMU MapamMeTpaMu, HaBEJICHUH Ha pUC. 2, TTOKA3ye, 110
OUTBIIICTD 3 HUX PO3PaxoBaHa Ha CIIAIFOBaHHS MPUPOAHOTo rasy. Ilig yac Horo noOyaoBH BUKOPHUCTAHO JaHi
mopiuaux 3BiTiB HKPEKII Ykpainn.
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Ckman TexHonorigudoro ob6nagHands TEL e
JOCUTDH pi3HOpiZHUM. JloMiHyIO4a pONib y BUPOOHHULITBI
TEIIOBOi 1 €JEKTPUYHOI €HEepTii HaJeXKUTh 3 BITHOCHO
CyYacHHUM OOJIaTHAHHSAM Ha MOYAaTKOBHM THCK mapu 12,8
MIla Ta 23,5 Mlla, BBenenumM y airo y 70-x- 80-x pokax
MuHyJoro cromitrsa. Ilopsn i3 muM, B eKkcIulyaTarii
3HAXOJUTHCS 1 3aHAITO MOPAJILHO Ta (BI3UYHO 3acTapiyie
oOmagHaHHs TexHoJoriyHoro piBHs 40-x -60-Xx pOKiB,
30epeXeHHIO SKOTO JOBIMH dYac CHpUsUIa MOJITHKa
Jep’)KaBHOTO TIPOTEKIOHI3MY. Y 3B’s3Ky 3 ITUM, B
VYkpaiHi 31aBHa icHye TpobiemMa JOKOPIHHOTO TMepeod-
nagHaHHs icHytounx TEL] 3 migBUIIEHHSM €KOHOMId-

HOCTI, €KOJIOIYHOCTI Ta HaJIHHOCTI.

Cepen Benukux 6mounux craniiiit OEC Ykpainu KoHAEHCAIITHOTO THITy HaiO1LIhIINM BUPOOHUKOM
600 TertoTy Ha 0asi simepHoi eHeprii € 3anopizeka AEC, Ha
0a3i Byriys — ninposcska TEC (puc. 3).

Exonomiuni mpo6semn TEI. Cranmii
KOMOIHOBaHOTO BHpPOOHHMITBA B YKpaiHi TOBruil wac
Oynu mo30aBieHi TpoOIeM pPHHKOBOI KOHKYpEHIIl,
MIPAITIOIOYN 33 PEryJIhOBaHUMHU 0€330MTKOBUMH TapH-
(amu, 110 MOKPUBAIM BUPOOHHUYY BapTICTh 3 MEBHOIO
HOPMOIO TPUOYTKY (T.3. IPUHLIMI «COOIBapTICTH +»).
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Puc. 3 OpHak BIpoOBaKeHHA B YKpaiHi JiOepamizo-
BAHOTO PUHKY E€JEKTPUYHOI €HEPrii, IO MoYaB JISITH 3
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2019 p., mocrasmino TEL] y ckmagHe cTraHOBHINE — [iHK HA eneKTpuaHy eHepriro Bix TEL Ha ra3i BusBumucs
BUIIMMH, HiX BianosimHi koHkypeHTHI minm TEC T'K. Liam (tapudm) Ha TeruoBy eneprii Bim TELL
3aJIMIIAIOTHCSl PEryIbOBAaHUMH, OJHAK IXHI PiBHI 3aleXaTh BiJ TUIy Ta CTaHy CTaHILIi, iH HA TaJHBO AJSI
BUPOOHHUIITBA TEIJIOBOI €HEprii, a TaKOX METOAMKM IOIITYy BUTPAT HA EJIEKTPUYHY 1 TEIUIOBY €HEpriio,
po3pobnernns skux Bigmane Ha pozcyn TEL. Lle mpu3BoAWTH pa3oM a0 3HAYHOTO PO3KHAY TapudiB Ha
TETJIOBY €HEPTiI0 (K MOKHA 0auuTH 3 pHc. 4, Ie HaABEJCHO 3iCTaBIeHHS Tapu(]iB, 3aTBEPIKEHHUX IS PI3HHX
CTaHLill KOMOIHOBaHOTO BUPOOHHUITBA 32 JaHUMU piuHux 3BiTiB HKPEKII).
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Puc. 4

BHacniiok BHCOKMX BUTpaT Ha EKCIUTyaTalilo i MiATPUMKY TEXHOJOTIYHO 3acTapiiuX TEIIOBHX
Mepexk razoBi TELl mporpaioTe KOHKYPEHINIO KpaIiuM aBTOHOMHHUM (OyIWHKOBHM) KOTEIBHHM, IO HE
cnpusie po3BuTky korenepanii y CL[T. BuBenennst razoBux TEIL] i3 cTaHy €KOHOMIYHOT HECHPOMOMXHOCTI
Oyo 6 MOKJIMBUM 3a PaxyHOK IepeBelIcHHsI Ha OibII JemeBi BUAM nanuBa (Byrimwist). OQHak 3a3HaYeHUH
HalpsiM BXOJUTb y KOJi3il0 i3 CBITOBOIO TEHACHLIEIO OA0 NPUIMHEHHS BUKOPUCTAHHS BYTULIA K JDKepesa
MApHUKOBUX BHUKHUIIB. Y 3B 3Ky 3 HEBU3HAUCHICTIO NMUIAXIB MOMATBIIONO TEXHOJOTIYHOTO po3BUTKY TEIL]
BUHUKA€E HEOOXIIHICTh 30EpeKCHHS Ha TICBHUI Yac MOJITUKU JEPKABHOTO MPOTEKIIOHI3MY, MIONpaBia, i3
3MiHOIO (hopM ii 3iliCHEeHHSI.

TyT Moxe cratm Ha mpuromi BiAmosigHa mpakTtuka kpaim €C, me TELl mpaioroTs B yMoBax
KOHKYPEHIIII Ha pHUHKAax eJIeKTpoeHeprii 1 TemioTu Oarato pokiB. Yepe3 HU3BKI ONTOBI IiHKM Ha
€JIEKTPOCHEPTiI0 Ta BUCOKI LIIHU Ha MaJMBO KOTEHepallis Ha ra3i y 6aratbox KpaiHax €BpomnH € eKOHOMIUHO
HeBUTITHOIO [3, 4]. ¥V 3B’s3Ky 3 tuM Oy po3po0OiaeHi pizHI MeToau ekoHoMigHOI miaTpumkn TELL i pazom 3
TUM 3aXHCTy IHTEpPECiB TEIIOBUX CIIOKHMBAYiB, SIKi MOTJIM O BUKOPHUCTOBYBATHUCS 1 B YKpaiHi.

OcobauBocti pynkuionyBanns TELl y nepiox Boennux aiii. Pi3ki 3MiHM yMOB QyHKIIOHYBaHHS
TELL B ocTaHHI pOKYM BUHHUKIIH IIiJ1 Yac naHaeMii kopoHoBipycy 2020 p. i IpOJXOBXHUIUCS BHACIIIOK Ta30BOi
KpU3W Ha TJi crpob BBEeNEHHS B eKCIUTyaTaliro razompoBony «IliBHiuHHI MOTIK-2» 3 Oe3mpereeHTHUM
3pOCTaHHSM PUHKOBHX I[iH Ha ra3 Ta 1HIII BUAW NanuB. Bpemri pemT po3noyvanacs BoeHHa arpecisi PO, ska
BIUIMHyJla Ha pPOOOTY EHEpreTMKH KpaiHW, CHPUYMHMBIIM (hi3UUHI MOLIKOPKEHHS EHEePreTHYHOTO
obnannanHs kinpkox TELL BHacmizok oO6cTpiniB, CyTTEBO YCKIAIHUBIIN YMOBH NAIMBOTIOCTAYaHHS CTaHIIIN,
a TaKOXX Yepe3 3pOCTaHHs I[iH Ha MaJIMBO BHACIIIOK BIPOBA)KEHHS CaHKIIIH 3 00Ky KpaiH €BpomH.

MomkonKeHHSI TEXHOJIOTIYHOTO 00JIaTHAHHA BHACTIIOK BOEHHUX Aiil. 3TiTHO BIAKPUTUX JaHUX
3MI, HalOiNbII MOMKOMKEHHS! €HePTeTUIHOTO O0JaaHaHHsA, OyMiBeNb 1 CIOpY BHACIHIJOK BOEHHUX il
orpumanu Kpemenuynbka TEL, Uepnirieceka TEL], Cymcbka TEIL] Ta OxTupchka TEL. Ha Kpemenuynbkiit
TEL 3anummiucs 6e3 Teronocradanns 0nmmu3bko 35 % nacenenHs micra. Bimnosnenns TEL] moxe 3alinsaTu
3HaYHUM dYac 1 OmiHeThesa mnomnepenqHbo y 500-800 wmuH. rpH. OxTtupcbka TEIl, ska € eguHAM
NOCTaYaJIbHUKOM IIOCJIYT ONAJIEHHS Ta Tapsdoro BOJOINOCTauyaHHS HACEICHHS, OIOMKETHUX YCTAHOB Ta
IHIINX criokuBadiB M. OXTHUpPKa BBaXAEThCs 3pyiHOBaHOO noBHIcTIO. YepHiriBebka TELL Ta Cymcbka TEILL
BiZOyTUCS YaCTKOBHMH TOIIKOIKCHHSIMHI OCHOBHOTO 00JIaJHaHHS, K1 MiAAI0ThCs YCYHEHHIO.

3MiHM YMOB NOCTaYaHHS NAJIMBHO-eHePreTHYHUX pecypciB. IIpupodnuit 2a3. B ymoBax BOEHHUX
Iiil BacHuid BHIOOYTOK MPUPOIHOTO ra3y B OCTaHHI MiCALll 3HU3MBCS HECYTTEBO, 33 PI3HUMHU JTAHUMHU — Ha
4-15 % mopiBHSHO i3 JOBOEHHUM 4YacOoM, OCKiTBKH OCHOBHI POJOBHUINA MPUPOJHOTO ra3y 3HAXOISATHCS 1M03a
30H BeJICHHS aKTUBHUX BOEHHMIA Jiif. Y cXOBHIIax mepeGyBae 6Iu3bK0 9 MIPI. M’ IPUPOIHOTO rasy. IcHye
MOJKITHBICTD 3aBaHTAKEHHS y cxoBuima e 13-14 mupa. m. [l 3a0e3MeueHHs HACEICHHS y IOBOECHHHIT
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nepios Gyno moTpi6HO 14-15 MinbsApaiB M MPHPOIHOrO Tasy, MPOTE Yepe3 MACOBHil BHi3[ HACETCHHS 3a
MexXi YKpaiHu CHIOKMBaHHS 3HU3WIOCS MPHOIU3HO Ha TPeTHHY. TakoX CYTTEBO BIIaB MPOMHUCIOBHH IMOIHUT,
y ToMy uucii uepe3 Brpaty 30% MertanypriiHoro BUpoOHHITBA. B Toii ke wac, y 3B’S3Ky 3 MOBEPHEHHSIM
YaCTUHM HACEJIEHHS 3 €BaKyalil Ta BiXHOBJIEHHSAM POOOTH YaCTKU MiANPHEMCTB, BUHHKHEHHS MEBHOTO
nedinuTy IPUPOTHOTO Ta3y B MEPioj] ONMaTIOBAILHOTO CE30HY BCE XK YSABIIETHCS MOXINBUM. Lle motpebye
BXKHTTS 3aXOJIB SK 3 MaKCHMaJbHOTO CKOpPOYEHHsS crokuBaHHs razy Ha TEILl, Tak i1 ioro 3amimieHHs
IHIIMMHU BHJAM{ NaluBa. 3 METOI0 3aXHCTy HACENCHHS BiJ BHCOKMX I[iH Ha ONMAJEHHs LiHA Ha ra3 s
moTpeOd BUPOOHUIITBA TEIUIOBOI eHeprii mimmpuemctBaMu KTII 10 KBITHS HACTYITHOTO POKY ITOCTAaHOBOIO
KMY 3adikcoBana. LliHa ra3y s MpOMHCIOBOCTI, B TOMY YHCIi JJIsl IOTpeO BHUPOOHHIITBA €IEKTPUYHOT
€Heprii, 3aJMIIAeThCSl PUHKOBOIO. Y 3B’A3KY 3 LIMM BaXKJIMBO HE MPHUITYCTUTH MEpEKIaJaHHs BUTPAT eHeprii
eJIeKTPUYHOI eHeprii Ha TeruioBy Ha piBHI TELI.

Byzinna. B ymoBax Boemnux nid moctradanHs TEC 1 TELl ByrimsM BiIacHOTO BHIOOYTKY
noripmmiocs. BugoOyTok Byriuii Ha JepXKaBHUX IHaxTaxX 3HU3UBCS, BHHUKAIOTH MPOOJIEMH 3 HOTO
BiJIBAHTKEHHSAM uepe3 0OCTPUTH 3alli3HUYHUX KOJIiH Ta 9acoBi OOMEXEHHsI — BUBE3CHHS CTAJI0 MOXKIMBUM
3apa3 TUTBKY BIeHB. [liHN Ha ByTUIIS Ha €BPOIEHCHKIX Oipikax CYTTEBO 3pOCIH, a HOTO TOCTaBKY MOPCHKUM
TpaHCIOPTOM (akTHYHO 320J70K0BaHO [8]. ¥V 3B’A3KYy 3 IIMM HEOOXIMHO BXXKUTH BCI MOXKJIMBI 3aXOIH IS
miaTpUMKH il HeaepskaBHUX ByrineHUX TELL i3 camo3abe3nedeHHs ByTriusiM.

Hoepne nanueo. 3anaciB nammBa 11 AEC mocratHbo mnst 5-6 pokiB ixHBOi pobotn. OcHOBHa
npobieMa ramy3i — HeOOXiIHICTh BUKOPUCTAaHHS cXoBHIIa onpomineHoro nanusa (XOSIT) na 3anopi3bkiit
AEC, KOHTpONb HaJ SKUM BIICYTHIH. Y 3B’A3Ky 3 MM HEOOXigHE CIIOPY/HKEHHS HOBOTO CXOBHIIA, IO €
IIKOM MOXIUBUM [6]. Buxonsun 3 mporo, AEC B yMOBaxX BOEHHOTO 4Yacy CTalOTh OCHOBHUM J[KEPEIOM
CJICKTPUYHOI eHeprii B YKpainu

Liopoenepzia. BHacmioK CyTTEBOTO 3HI)KEHHS eNeKTpuuHuX HaBaHTaxkeHb OEC VYkpainu mutoma
Bara ['EC ta 'AEC sk incrpymenta OamancyBanHs AEC Tta BJIE 3pocrae. lle cTBOpro€ MOXIUBICTH
edexTuHOi miaTpuMku I'EH cucremu 3 BucoknMm piBHeM rerepariii AEC HaBiTh B yMoBax neinuTy majanBa
quist Manespennux TEC 1 TELL

Onrumizauist podorn TELL Yepe3s cyTTeBe 3HIKEHHS €ICKTPOCIOKHUBAaHHS (32 PI3HUMH JaHUMHU —
Ha 30-40% Bin moBoenHoro nepiony) B OEC Ykpainu 3'1Busiacsi MOXXJIMBICTh TIOKPHUTTS BIACHOTO MOMHUTY Ha
CJICKTPUYHY EHEPrii0 32 paXyHOK, MEPEBaKHO, SAEPHOI Ta TiApoeHeprii. Y 3B’A3Ky 3 IIUM CIIiJl O4iKyBaTH Ha
neBHi oOMexkeHHsI moa0 Bukopuctanus TEL[ B eHeprocucteMi ik 6a30BHX JDKEpeN €IEKTPUYHOI eHeprii 3
HACTYITHUX MPUYUH: 30UIBIIICHHS CUCTEMHOI I[iHM eNeKTpUYHOI eHeprii BHacminok ButicHeHHs TEL Oimbmn
nemeBoi renepartii AEC 3 6a3oBoi wactuan ['EH OEC; ButicHenus 3 6a3zoBoi dactuam I'EH maneBpenmnx
eHepro0iokiB TEC; 3HMKEHHS IOCTYIHOTO PeCcypcy NPHPOTHOTO ra3zy JUis ONAJEHHs HACENCHHS Ta
MPOMHUCIIOBOCTI; 301bIIICHHS] BUKHMIIB IIKIUIMBUX PEYOBUH Ta MAPHUKOBHX ra3iB 3 NPOIYKTaMH 3TOPSHHS.

HaiiGinpmmx oOMexeHsb ciif owikyBaTé i TEL] 3 BUCOKMMH 3HAYCHHSIMH IHTOMOTO BHPOOITKY
€JICKTPOCHEPrii Ha TEIUIOBOMY CIIOKMBaHHI. [IOSCHIOETBHCS IIe TUM, IO €KOHOMis MEPBHHHOI €Heprii B
cucremi BHacmigok poGotu TELl BinOyBaeThcsi 3a paxyHOK CKoOpoueHHs crokuBanHs nanuB KEC i
kotenbHUMH CLT BHacHimoK 3HM)KEHHS HUMH BIIIYCKY €JIEKTPUYHOI 1 TEIUIoBOi eHeprii Ha BEeTUYMHH
ixaporo Bimmycky Big TELl. SIkmo TEIL] 1 kKoTenbHsS MpaIooTh Ha OJHAKOBOMY ITAWBI 3 OJU3BKUMU

3HaueHHsMH TermioBoro KK/, mo 3Bu4aiiHo Mae Miciie, TO EKOHOMIIO €Heprii IepBUHHOTO MajiBa B CUCTEMI
-1
Kec

MOJKHA OLIHUTH SIK: AB~E(n __ — n;;u) , 1e AB — eKoHOMIsI eHeprii epBUHHOTO nayimBa, MBTr; E — Bimmyck

enexktpuunoi eneprii Bin TEL[, MBTT; 1y, — noBHUiA (eHepreruunuii) KKJ[ TEL[; Ny, — enexrpuunmii KKJI
KEC. Jlns xoHAEHCAliiHMX MNapOTypOIHHUX YCTAHOBOK BYTUIBPHMX Ta AaTOMHHUX CTaHLIHd BeIUYMHA
enekrpuunoro KKJI Moxxe OyTH OpiEHTOBHO OILIHEHA Y Myee = 0,33, moBHuit KK/ TEL] — y 1y = 0,85.
ExoHoMiuHMi e(eKT, 110 yTBOPIOETHCS BHACIIIOK CKOPOUEHHSI BUTPAT IIEPBUHHOI €HEpril B cucTeMi,
MoyKe OyTH BU3HAUEHHH Y TPOIIOBOMY BUMIipi HacTymHUM YnHOM: AC ~ E(c b.. —c..b ), I€ Cyec> Cren —

KEeC "Kec TEIl ~ TCI[
nina oxuuuni ymosHoro manuBa Ha KEC i TELl, siamoBigno, rpH./MBTr. 3 1poro Bupa3y BUAHO, IO 3a
neBHOro BiaHomenHs win Ha mamuso TEL[ i KEC c /e >b. /b, rpomoBuii exsiBaieHT exOHOMII

najyyBa CTa€ BiJl’€MHHM 1 HOro abCONIOTHE 3HAYEHHS 3pOCTAa€ MPOIOPIIIHHO BiIYCKy €IeKTPHYHOI eHepril
Bix TELl. ToOto 3a Bucokux 1iH i medinutHOocTi mamuea ans TEL] mopieasHo 3 manmuBom s KEC i
HAsBHOCTI BIIPHMX MOTYXXHOCTiI i manmuBHUX pecypciB Ha KEC, BupoOHunTBO enexkrpoeneprii Ha TEIL]
301IBIIY€E HE TIIBKU CEPEIHIO I[iHY reHepallii eJeKTPUYHOI eHepril B cucTemi, aje i aediuur naaupa ajis
rerepauii enexrpoeHeprii Ha TELl. 30uTku Bix BUKOpPHCTaHHS KOMOIHOBaHOTO BHPOOHUITBA OCOOIHBO
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3HauHi y Bunaaky TEL] na rasi, a KEC — Ha siepHiit eneprii. Ha choroHimHii 1eHb Cy, #3145 rpa./MBTr,
Crec = 42,4 TpH./MBTT i exoHOMIYHHH eekT Bix KOMOiHOBaHOTO BUpOoOHUITBAa Ha 1| MBTr enekrpoeneprii,
Bimmymenoi Bix TELL cranoButs: AC ~ 1(42,4/0,33- 3145/0,85) = 128,5-3700 =-3571,5.

B 3anexnocri Big poni TELl y micueBoMy eleKTpo- Ta TEIJIONOCTAa4YaHHI Ta TEXHOJOTTYHOTO CTaHy
CTaHLIl y pa3i BUHUKHEHHS CYTTEBOTO Ae(hilUTy Ira3y Ta 3alpoBaKEHHS 0OMEXEHb Ha BUAAUy MOTY>KHOCTI
3 6oxy OEC MoxiuBe:

. 3amwkeHAs renepartii TEL] no TexHojorigHOro MiHIMyMy 3 HIATPUMKOIO BIIACHHX IOTpPeO
napotyp6inaux ycranoBok (IITY ) ta mikoBux BoxorpiiiHux xotimis (I1BK);

° BuBesneHHs [ITY y xonognuit pesepB 3 mepexomom Ha podoty 3a momomororo [1BK 3a
JOCTaTHOCTI 30BHIIIHBOTO JKEperia BIACHUX MOTPe0 CTaHIIiT;

J BiATepMiHyBaHHS MOBHOro BimHOBIeHHS TEIl i3 3HaUHMMM MOIIKOIKEHHSMH OCHOBHOTO
obOnagHaHHS HAa HACTYIHHH PiK i3 TEPMIHOBHM CHOPYKEHHSM 3aMIIIyIOUHUX KOTEJIeHh Ha OiomayimBi abo
NPUPOJTHOMY Ta3i.

3axoam Oe3mexku. ['onoBHe — 3a0e3meveHHS 3aXOMAiB IIOJ0 30EpeXEHHS XHUTTS Ta 370POB'S
po6itaukiB TEL] BHaciOK MOXINBUX MOIIKO/KEHB BiliCEKOBOIO 30pO€I0 Ta HEOOXiTHUX il 3 MiHIMi3amii
HEOE3[MeYHOTr0 PO3BUTKY Ta JIKBifamii HACHiAKIB aBapii BHACHIAOK KPUTHYHHUX IOIIKOKCHB
TEXHOJIOTTYHOTO OOJIaJIHAHHSA: MIArOTOBKA 1 HEYXWUJIbHE BHKOPUCTAHHS HAMIMHUX CXOBHWII, JOACPIKAHHS
HOPM 1 TIpaBUJI TPOMAISIHCHKOI O€3MeKH TEPCOHANIOM CTaHIIii; BUSBICHHS Ta MiHIMI3allisl BUKOPHCTAaHHS B
0COOOBHWH Tepioy HAWOUTBIT HEOE3MEYHHX Ta BPA3IHMBHUX BY3MIB CEHEPreTUYHOTO OOJagHAHHS, IO
noTpeOYIOTh MPUCYTHOCTI KCILTYaTaliiHOTO MEPCOHANTY; PO3POOJICHHS BapiaHTHUX IJIaHIB il Ta poO6odnx
IHCTPYKLIH 1010 HOpM Oe3reku, JiKBigamii HacHiAKIB Ta 3amoOiraHHs pO3BUTKY aBapiii €HEpPreTHYHOTO
o0JIafHAHHS BHACIIAOK BOEHHUX Iiil.

MepcnexkTuBHi 3axoau. Y HaiiOmmxkuiii nepcnektuBi (>1-2x pokiB) Ha icHyrouunx TEIL[ Oyne
JOLITBHUM BIIPOBAKEHHS 3aXOMIB 3 €HEpro30epekeHHs Ta MiABUILEHHS MaHEBPEHOCTI: 3alpOBalKEHHS
CHCTEM TIIMOOKOTO OXOJIOKEHHS BUX1AHUX ra3iB; BCTAHOBJICHHS TEIJIOHACOCHUX YCTAaHOBOK — YTHJII3aTOPIiB
teroBux BTpaT TEL[ 3 MOMIMBICTIO 3HMKEHHS DIBHS CIIOKMBAaHHS IPUPOJHOIO Tras3y, 3[CIIEBICHHS
TeroBol eHeprii, 3abe3neueHns y4yacti TEL] y perymtoBanHi enextpuunux HaBaHtaxkeHb OEC; ocHameHHs
TEL TernoBUMH aKyMyJISITOPaMH [T THYYKOTO PETYJIIOBaHHS €JEKTPUYHKX 1 TEMIOBUX HABAaHTAKEHb.

Takokx HEOOXiIHO pO3pOOMTH Ta BpPAaxOBYBaTH Y po3poOKax IUIaHIB PO3BUTKY CHCTEM
TEIUIONIOCTAYaHHsI KpUTepil JKMBYYOCTI TMiJgyac BOEHHUX [iif; BifJaBaTH TNepeBary po30CEepeIKCHUM
cUcTeMaM TeIIo- i eIeKTPONIOCTaYaHHs Ha MicleBuX nepBUHHUX pecypcax (B/IE, 6ionmanuso, Topd To1110).

BucHosku.

CyugacHi mpobnemu ¢yHKIioHyBaHHSA Ta po3BuTKy TELl B YkpaiHi moB’s3ani i3 30epeKeHHIM
NEepCOHANly T4 €HEPreTUYHOr0 OOJaJHAHHS B YMOBAaX BOEHHHUX Iii, ONTHUMIi3aLi€l0 PEXUMiB BUKOPUCTAHHS
TEIIOCHJIOBOTO OOJaJHAaHHS 3 METOI0 CKOPOYCHHS CHOXHMBAaHHS NajiBa IJIsl BUPOOHHMLTBA EJIEKTPUYHOI
eHeprii, neperisinoM miaHiB po3BuTky TEL[ Ta TemmoBux Mepek i3 3a0e3lmeueHHsIM IXHbOI MaKCHMAabHOT
JKUBYYOCTi B TIEPi0J] BOEHHUX JIiH.
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the practice of planning the development of survivability criteria of stations with connected district heating systems.
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AHAJII3 NEPEXIIHUX MPOLECIB ITPU TIOCTAHOBII JIEII 3SMIHHOI'O CTPYMY
I HAIIPYTY B I'lbPUJTHUX EHEPI'OCUCTEMAX

O.I'. lllnoastHCHKMIi , KaHJI. TEXH. HAYK
InctutyT enekrponunamiku HAH Ykpainm,
np. llepemornu, 56, Kuis, 03057, Ykpaina,
e-mail: shpolyanskyy@ied.org.ua

Ilposedeno ananiz nepexionux npoyecie, wjo SUHUKAIOMb NIO YAC NOCMAHOBKU NOBIMPAHOL NIHIL eleKmponepecuIanHs
(VIEII) 750 kB nio uanpyey ¢ eibpuonit enepeocucmemi (I'E). Ilokasano, wo nodaua xcusnenns na JIEII 3 6oky
nepedaui nocmitinozo cmpymy eucoxoi nanpyeu (IICBH) oae smo2y 3acmocyéamu 3acobu KepyeamHs nepemeopiosaiem
051 0OMEJICeHHs BeUMUHU KOMYmayiuHol nepenanpyeu i anepioduunoi cknadosoi cmpymie. Ile nadae 3mozy
po3wupumy neperix mpaouyiinux 0N eHepeoCUcmeM 3MIHHO20 CMPYMY 3axX00i6 NiOGULYEHH PelcUMHOi Oe3nexu.
bi6n. 8, Tadu. 2, puc. 1.

Knrwowuoei cnoea: nepexinmuuii mporec, TiOpuaHa eHeprocucremMa, KOMyTaliiiHa NepeHanpyra, arnepiofudHuid CTpyM,
MOCTaHOBKA IIiJ HAIIPYTY, JIiHis eJeKTPONEePECHUITaHHS.

Beryn. IcHye nexinpka NpUYMH BUHUKHEHHS IEpeXiHUX MpoleciB B eHeprocucremax. Cepen
HaHOLTBIIT PO3ITOBCIODKEHUX: ITiIKIIFOUYCHHS a00 BIIKITIOYCHHS €IIEMEHTIB €HEPTOCUCTEMH, TTOSIBA KOPOTKUX
3aMHUKaHb, pi3ka 3MiHA BEJWYMHU HaBaHTaXEHHs 1 reHepanii. [lepeOir mepeximHUX MpOIECiB B
EHEeprocucTeMax 3aJIeKUTh BiJ Oararbox (akTOpiB: MapameTpiB JiHii eJEKTPONepecHaHHs, pPIBHIB
KOMIICHCAIlii 3apsAaHOI MOTYKHOCTi, €KBIBAJIGHTHHX OIOPIB CHCTEM, MOMEHTIB 3IHCHEHHS KOMYTalild Ta
inmux. [losBa y ckmaai TpaguLiiHUX EHEProcUcTeM JDKepeN TeHepallii, NMepeTBOpeHHsl Ta mepeaadi
€JIEKTPOeHEPrii MOCTIHHOTO CTpyMy NpH3BeNia A0 YTBOPEHHS TiOpuaHux eHeprocucteMm. OAWH 3 OCHOBHHUX
enementiB I'E — € mepemaua mocTiiHOrO CTpyMy BHCOKOi Hampyru. Bona Oyma cTBopeHa sk
KOHKYPEHTOCIIPOMO>KHA Ta IIpUBabIuBa ajJbTepHATHBA NI€peadaM 3MIHHOIO CTPyMy. ICHYIOTh IIEBHI yMOBH,
3a SIKUX Tepelnavya Ha MOCTiHHOMY cTpyMi Oyne OuThIl e(peKTHBHOIO 3 €KOHOMIYHOI TOYKH 30py, HXK Ha
3MiHHOMY. Tako, BOHH BUKOPUCTOBYIOTHCS ISl 3’ €IHAHHS €HEPrOCHCTEM, SIKi MOKYTh MaTH Pi3HY 4acTOTY
CTpyMy 1 miama3oH ii KonmBaHHS. 3aBASKH JIETKOCTI KOHTPOIIO Tiepenadi MmoTykHOCTi, mepemadi [ICBH
NPOJIEMOHCTPYBAIM 3HAYHUI cTalii3ylounii BIUIMB B CUCTEMax >KUBJIECHHS 3MiHHOro crpymy. LlIBuakwii
Biaryk nepenauy IICBH 3a akTHBHOIO MOTYKHICTIO BUKOPHUCTOBYETHCS 3a[UIsl MiJBUILEHHS THYYKOCTI Ta
cTabinbHOCTI poOoTH eneKTpuIHuX Mepex [1, 2]. PazoM 3 M po3mupuBCs MepertiKk YUHHHKIB, [0 MAOTh
BINTUB Ha XapakTep Ta IapaMeTpH IEepeXiTHUX IMpoleciB. 30KpeMa, Bi IMapaMeTpiB HaJaIlTyBaHHSI
KOHTpOJiepa TMepeTBOpIoBaya, pO3TAallyBaHHS JiHII MOCTIHHOTO CTpyMy Ta, B JESKHMX BHIAKax,
PEBEPCUBHOCTI TOTOKY IIOTY)KHOCTI 3aleXuTh 37aTHicTh mepenad [ICBH BmnmmBaTé Ha cTalinbHICTH
cuctemu [3]. KoHTponepn mepeTBOPIOBANLHUX MiACTAHINN MArOTh BEIMKE 3HAYEHHS IS 3a0e3MedcHHS
sracaHHs TEpexilHUX MpoleciB. 3a mepuioro >k 30ypeHHS 3a KOPOTKHH 4Yac CUCTeMa MOXE CTaTH
HecTa0iIBHOIO.

[locranoBka miHii enextponepexaui JIEII mix Hampyry B HOpMajbHHX peXHMax poOOTH
EHEProCUCTEeMH € OJHHMM 3 eTamiB 3MiHM KOHQIrypaiii eJIeKTPUYHOT MEpexki 3aJyulsl Mepepo3Mnoiry
NPOTIKaHHS MOTOKIB aKTHBHOI i peakTHBHOI eHeprii. Y micisaBapiiiHUX pexuMax I OIepalis € eTarnoM
BiZJTHOBJICHHSI €JIEKTPOIIOCTauYaHHs. 3 OIJIsIAy Ha L€, JOCTIUKEHHS IepeXiAHUX MPOLECIB MMiJ] 4ac IOCTaHOBKH
JIEII mig HampyTy Mae Ge33arepeyHy aKTyalbHICTb.

Mera poGorn. BusHaunTH Ta TOPIBHATH BIUIMB HaJalITyBaHb KOHTPOJIEPY KepyBaHHS
niepetBoproBadeM niepenadi [ICBH 3i croponn JIEIT 750 kB Ha mapamerpu mepexigHOTO MPOIECy ITij] Jac
MMOCTAHOBKH 11 TIij] HATIPYTY.

Onuc mopgeni. /s mpoBeneHHsT NOCTIIHKEHb MEPeXiJHUX MpOILECiB B TiOpWAHINA eHeprocucTemi
Oyno po3polieHo iMiTaliiiHy MoOzenb, Ky IOKa3aHO Ha pUCYHKy. BoHa Bkiodae B cebe aBa BY3JH
enekrpuaaoi Mepexi 750 kB (Cl i C2), sxi 3'emnani mix coboro JIEIT 750 xB 3 mryHTyBampHUMH
peakropamu o ii kinmsiM (LIP1 i [IIP2), Ta nepexayero [ICBH nanpyroro +400 kB. [lo mepexaui IICBH
BXOJIUTh TIOBITPsIHA JiHisA JOBXKUHOI 150 KM Ta MepeTBOPIOBANIBHI IMiCTAHIIT HA 11 KIHIAX, A0 CKIAAY SIKHUX
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BXOAATH IIEPETBOPIOBAYl EIEKTPOCHEPrii 3MIHHOTO CTPyMy Ha €JIEKTPOEHEPril0 MOCTIMHOro CTpyMmy, Ta
HaBMAKW. YTIPaBJIiHHS MEPETBOPIOBAYAMH 3IMCHIOETHCS TAKUM YMHOM, 100 MiATPUMYBATH IXHIO BHXIIHY
Hampyry Ha MeBHOMY piBHI. 3a aHTJIOMOBHOIO TepMiHoJoriero e Voltage Source Converter (VSC), To6TO
neperBoptoBad — kepeno Hanpyru (IIJIH). 3a mpororun moxmeni mepemaui I[ICBH B3aro momens
Matlab/Simulink [4].

P LP v b
Q | f—
== =
Q |
—{Vabc A a A a A
labc
A A ap—y A ap—y a B B b B b B
2 = 2 - b e c c c c c
] BumiplogaHHs KeposaHuii nepenaua MCBH C1750 B
C2 750 kB ii;p::f;qﬁg JIEN 750 kB BuMuMKaY 1 R

< 0 Olypr < @ Olypq

CamoxkomyrTartis 3 [1JIH gae 3Mory migkiarodaTs MOBHICTIO 3HECTPYMIICHI MEPEKi 3MIHHOTO CTPyMY,
TOOTO MEepeTBOPIOBaY MOXKe OYTH BUKOPHCTAHWH [UIsd CHUHTE3y TpU(a3zHOI HAmpyrd sK BipTyalbHUH
CHUHXPOHHUI reHeparop. uHamiuHa miATPUMKa 3MiHHOI HAIPYTH HA TePMiHANaX MEPEeTBOPIOBaYa MOKpPAILye
CTaOUIBHICTH HATIPYTH [5, 6].

Konrtponep neperBoproBaya 3 MOCTIHHOTO Ha 3MIHHUI CTPyM NpAaIlOBaB B PEXHMi PEryIIOBaHHS
Hanpyru TOCTIHHOTO CTPYMYy 1 peakTHBHOI MOTYXHOCTi. Lle nae 3Mory peryiroBaTh Hampyry 3MiHHOTO
CTpyMy 1 KyT HJs YHOpaBIiHHS MOTYXHIicTIO [7]. YHpaBiiHHS BUXITHOIO HAIPYTOK 3IiHCHIOBANOCS
peryisaTopaMyd 3a BEIMYMHAMH BXITHOI HANpyrd 1 CTpyMy, IO TPOTiKae depe3 mepeTBoproBad. Lli
PETYISATOPH AisI 33 IPONIOPLIHHO-1IHTErpaIbHUM PHHLIUIIOM.

PeaktuBHI omopu 060x cucteM ckiaiau 38 Om. [loroHHi mapaMeTpu MOBITPSIHOI JIiHIT MOCTIHHOTO
ctpymy Oymm Taki: aktuBHHE omip — 0.01173 Owm/kwM, inmyktuBHICTE — 3.0988e-003 ['m/kM, eMHICTH —
1.0343e-008 ®/km. [Toronni mapameTpu mpsiMoOi Ta HyJIBOBOI MOCIIIOBHOCTEH MOBITPSHOI JIiHINA 3MIHHOTO
cTpyMy: aktuBHHH omip — 0.014 1 0.1698 Om/kmM, ingykTHBHICTE — 0.9836€-3 1 2.0882¢-3 I'H/KM, €MHICTh —
12.4e-9 i 8.89¢-9 ®/xkm. [losxuHa miHil 3MiHHOTO cTpyMy — 200 kM. B Mozeni BoHa Oyia mpencTaBieHa siK
JiHIA 3 PO3NOIUICHUMH ITapaMeTpaMy. [HAyKTHBHICTh HIYHTYBaJBHOTO peakTtopa — 5.9842 I'n. OOmexyBaui
NepeHaIpyTy B MOJIENI HE 3aCTOCOBYBAJIUCS.

[o kiHmgx miHii 3MiHHOTO CTpyMy BUMiptoBamucs (as3Hi HanpyTd i crpymu. [lin yac MomenroBaHHS
BBaXKAJIOCS, IO Iepefada MOCTIHHOTO CTpyMmy >KMBHTHCA Bif cucteMu Cl 1 3HAXOAWTHCA MiA HANPYTOIO.
Bumukadi 061a1HaHO IPUCTPOSIME KEPOBAaHOI KOMYTallii, 0 Aa€ 3MOTY BMUKATH Ta BUMHKATH KOXKHY (azy
BUMHKa4ya OKPEMO y 3aJaHU{ MOMEHT 4acy.

Hocaigxennsa nepexinnux mpouecis. Ilix vac mocranosku JIEIl mix Hampyry MoXXyTh BUHHKATH
KOMYTalilHI MMepeHanpyru Ta JOBrOTpUBAIi anepioAndHi cTpyMu. KomyTauiiiHi nepeHanpyru HEraTuBHO
BIUIMBAIOTH Ha 130JISILII0 €JIEKTPOTEXHIYHOTO 00NagHaHHs 1 MOKYTh CTaTH MPUYMHOIO KOPOTKUX 3aMHUKaHb, a
amnepiofinyHi CTPYMH MOXYTh CYTTE€BO YCKIQIHUTH a00 HaBiTb 3pOOUTH HEMOXIIMBHM BiIKITIOUEHHS
niHiliHUX enera3zoBux BuMukadiB (EB) [8]. 3amist BU3HaUeHHS XapaKTepUCTUK KOMYTaliiHOI epeHanpyru i
anepioguyHuX CTPYMiB OyJiO 3MIHCHEHO cepilo MOJENIOBaHb MEPEXiAHMX MPOLECIB i3 PI3HUM CTyNEeHEM
koMmrmeHcamnii 3apsaaoi motyxHocTi JIEII 3MiHHOrO CTpyMy Ta MOMEHTY KomyTarlii. Takox, 3MiHIOBaiUCs
JIesKi TapaMeTpyd KOHTpoJiepa MEpeTBOPIOBada 3 IMOCTIMHOTO CTPyMy Ha 3MIHHHMMA: MEXI PETyJIOBaHHS
peakTuBHOI MOTY>XHOCTI AQ, KOedilieHTH MiACUICHHS iHTErPAIbHUX JIAHOK PETyJIATOPY MOCTIHHOI Hapyru

AV . | .
K| 1 perymnatopy cTpyMmy, L0 OpoTikae yepes nepersoproBad, K. . 3a 3aMOBUYBaHHAM L IapaMeTpU Malld

snauenns: AQ=%0,5; K'Y =40; K'=6 [4]. Ilepexianuii npouec MojentOBaBcs MPOTATOM 4 CEKyHI.
Kowmyrartii niHIHHUX BUMHKAYiB BiIOyBaIHMCS OKPEMO B KOXKHIH ¢a3i miciie MOMEHTY Jacy 1,3 ¢ Big moyaTky
MoJieNfoBaHHA. Taka TOCUTh OBra BUTPUMKa Oyia oOpaHa JJisl TOTO, 00 YHUKHYTH BIUIMBY Ha pe3yJIbTaTH
Big mepeximHux mporeci B nepeadi [ICBH micns ii BkimoueHHs B poboTy. B Tabnuisx 3 pesynpTaramu
JIOCHIPKEHb niepexianux mnporeciB B ['E 3a3HaueHo mopsAaKoBUi HOMep nociiny, Miciie npueananss [P mo
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JIETI 3minnoro ctpymy (I1 — Ha mouaTtky, K — B KiHIN), MakcHMallbHa aMIUTITy/la HANpyrd y ¢a3ax Ha
novyarky i B kiHmi JIEIT 3MiHHOrO CTpyMy, MakcUMajbHE 3HAYCHHS anepioJUYHOi CKIAJ0BOI CTPyMy y
¢azax.

Bimomo, mo B Mepexax 3MIHHOTO CTPyMy HaiiMeHI piBHI KOMYTAIlilfHOI TepeHanpyru
CITOCTEPITAIOTHCA, KOJIM KOMYTAIlil 3iCHIOIOTHCS TIPU MPOXOIKEHHI KPHUBOI HANPYTH 4Yepe3 Hylb. AJie B
OMY BHIIQJIKy BEJIIMYMHH allepioNUYHUX CKIaJOBUX KOMYTAIIHHUX CTPyMiB € HaiOumbmmmu. Kpim Toro,
BaXXJIUBOIO € IIBUJAKICTh 3racaHHs anepioJuyHOl CKIaloBoi CTpyMy. Pe3ynbraTi MoAeIoOBaHHS MepexigHuX
MporieciB HaBeAeHo y Tabi. 1.

Taoauns 1

No Micre 11IP Umax nouatky, kB Umax ki, kB Idc, %

JIOCIT Ty A B C A B C A B C
1 IL,K 642,8 643,6 638,9 641,7 646,3 6289 | 1049,0 | 1093,0 | 1021,0
2 I1 627,1 635,7 630,3 640,6 647,7 645,0 | 10420 939,1 | 1079,0
3 K 624,7 637,7 628,2 6220 638,9 624.9 436,1 3714 362,0
4 IL,K 643,3 662,6 649.9 641,5 672,6 6744 756,5 803,8 823,5
5 I1 711,3 663.9 698,2 736,6 670,5 7247 844,0 | 1069,0 871,9
6 K 710,2 685,8 697.,9 728,7 678,9 678,2 317,0 287,3 255,3

B nmocnimax 1 — 3 mapamerpu KOHTpoJepa IepeTBOpioBava OyJiM HANAlITOBaHI 32 3aMOBYYBAHHSM
[4]. Baunmo, o Hi Ha mouyaTky, Hi B KiHui JIEIT 750 kB nepenanpyru He cnocrepiratotbesi. HasBHe nurre
HE3HAYHE IEPEBUINEHHS MAaKCHMaJIbHO TMPHITyCTUMOI BenmdwHM (a3Hoi amiurityau Hampyru (643 kB) B
nocmigax 1 1 2. B mocmigi 3 Hanpyra miguac MEpexiJHOTO MPOIeCy HEe BUXOIUTH 3a MPUIYCTUMI MEXI.
CryneHb KOMIEHcalli peakTHBHOI MOTY>KHOCTI B LIbOMY PEXHMMi Ma€ HE3HAUYHUI BIUIMB HA BEITUYMHU
nepeHanpyru. MakcuMaibHi anepiognyHi ctpymu y (azax y pasi miakmodens LIP Ha mouatky i 3 000x
kiamiB JIEIT 750 kB — cniBcraBHi 1 cknamatote mpubiamsHo 940-1090 %. Ane xapaktep IXHBOTO 3racaHHS
pizHuit. B gocmigi 1 amepiomnyHi cTpyMH 3racaioTh IIBUAIIE. Y KiHII Mepiogy MOJETIOBAaHHA BOHHU
cTa”oBIATH 145-160 %. A B mocmimi 2 — 273-317 %. Ilixg wac migkmrouens LIP tineku y kiami JIEIT 750 kB
CIIOCTEPIrarOTHCS 3HAYHO MEHII BENIMYMHU alepiOANIHUX CKIAI0BHX CTpymy 362—-436 %. Bonn 3racaroTh
HIBUJIIIE, HIX B Jociax 112 Ta HanpUKIHIN NEePioy MOJICIIOBaHHS CTAaHOBJISAThH MPUOIu3Ho 5—17,5 %.

3amis 3MEHIIEHHS anepioguyHOi CKIaZoBOi CTPyMy IIEpEXiHOro mporecy OyjJo 3MEHIICHO
inTerpanbHuil KoedillieHT MicHIeHHs perynsTopy BHyTpimmHboro crpymy K!' 3 6 mo 4 (mocmimm 4 — 6).
Pe3ynbrati MojaenmtoBaHHS TOKa3ajaH, 10 HAWOIIBIIE 3pOCTaHHSA HANpPyTH Yy (a3ax MpH IBOX ITiAKITIOYCHUX
rpymax P cknamo npubnuzno 7 %. Y pasi miakmodeHHs Ha moyatrky abo y kinmi JIEIT 750 kB oaniel
rpynu HIP MakcumanbHe 3poctanHs ¢as3noi Hanpyru Ha nodatky JIEIT nocsarmno 14 %, a B kiaui — 17 %. Ilpu
IIHOMY, JUIIE B Mociiai 5 v ¢dasi B MakcnManbHa BeIWMYWHA allepiogUIHOTO CTPYMY 3pOcCiia MPUOIU3HO Ha
14 %. B ycix iHmmx BUnaakax gAocuiaiB 4 — 6 BoHa 3HM3WIACh Ha 2442 %. AnepioguyHi CTpyMHU B KiHIII
nepioay MOJIENIOBaHHs TaKoK 3MeHmunucs. s gocniny 4 Boru ckiamu 117-132 %, nna nocmigy 5 — 237—
249 %, nns pocmixy 6 — 5—14 %.

[lix gac 3miiCHEHHS KOMYTAIlilf B MepeaxX 3MIiHHOTO CTPYMY Iigdac IPOXOKEHHS HAPyTH depe3
MaKCUMYM CIIOCTEPIraloTbcs HAHOIbIII BENIWYMHM KOMYTAUiWHOI MepeHanpyrd 1 HalMeHII BeTWYMHU
anepioguyHMUX CKIAZOBUX CTpyMiB. B Tabnuii 2 HaBeneHO pe3ynbTaTH MOJEJIIOBAHHS IEPEXiAHUX MPOLECIB
B I'E 3a mux ymMOB KOMyTaItii.

Taoauns 2

No Micrue Umax nouyatky, kB Umax kinig, kB Idc, %

JocIiay 1Ip A B C A B C A B C
7 ILK 916,4 944 4 855,9 979,9 | 10750 949.,0 37,8 35,4 46,1
8 I1 1 045,0 941,1 961,4 | 1056,0 | 1036,0 | 1065,0 37,3 38,5 37,8
9 K 1019,0 967.,9 951,8 | 1030,0 | 1061,0 | 1044,0 36,5 38,3 41,3
10 ILK 683,0 641,2 7623 7333 731,6 8432 | 12520 ] 1117,0| 1078,0
11 I 756,0 720,7 8724 817,6 841,1 | 10250 ] 13150 | 1576,0 | 1746,0
12 K 748.,9 711,3 865,3 786,9 782,7 960,7 504,1 478.,9 416,1
13 ILK 723,5 675,1 668,0 768.,9 711,6 677,0 | 11350 ] 1202,0| 1276,0
14 I 765,9 735,9 7232 908,7 786,1 820,6 | 1050,0 | 1295,0| 15100
15 K 766,9 739,9 703,1 869,3 750,2 761,3 237,7 216,9 234,1

B mocnigax 7 — 9 mapameTpu KOHTpoOJiepa MepeTBOpIOBada OyJiM HaJIAIITOBAHI 332 3aMOBYYBaHHSIM.
baunmo, mo B mux mgociigax MakcUManbHI amrutiTynu ¢aszHoi Hampyru Ha modatky JIEIT 750 kB mo
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BiTHOIIEHHIO 10 AochiniB 1 — 3 3pocnu npubnusHo Ha 217418 kB, a kpaTHicTh nepeHanpyru cknana 1,33—
1,6. Hanpukinni JIEIT 750 kB Hanpyru mo BigHOIIEHHIO A0 pociiniB 1 — 3 3pociau npubnu3Ho Ha 320-
429 kB. Kparnicts nepenanpyru ckinana 1,48—1,62.

MaxkcuManbHi anepiognyHi cTpyMu B gociinax /7 — 9 Mixk co00r0 BiIPI3HSAIOTECS HE JTy’Ke CHIIBHO.
Bonu 3HaxomsaTeca B Mexkax 35,4-46,1 % i He mepeBUIIyIOTh TPAHUYHOTO PIiBHA ISl YCHIIIHOTO 3racaHHs
IOYTH TiJl Yac pO3MHUKaHHSI KOHTAKTIB eliera3oBux BuMukadiB 50-55 %. Lle o3Hauae, mo y pasi norpedu EB
MoO>Ke OyTH MoJlaHa KOMaH/1a Ha BilIMKHEHHS ofpa3y Micis iX yBiIMKHEHHs 0e3 OyIb sSIKkoi HABMUCHOI Hay3u.
HaiiMeHIi BeNMWYWHU BiMHOCHUX AamepioAMYHUX CTPYMIB HANPHKIHIN TEPIOgy MOMETIOBAHHS CIIOCTEpi-
raroThcs B gociiai 7. Bonu He meperuinytoth 8,6 %. B mocmiai 8 BiAMOBiHI BEIUYMHU HE TEPEBUIILYIOThH
23,6 %, B nocmiai 9 — 14,4 %.

B nocmimax 10 — 12 st 3MeHIIEHHS piBHIB TIepeHANpyTy OyJI0 PO3MIMPEHO Niala30H PeryIoBaHHS
peaKkTHBHOI MTOTY>KHOCTI Ha TiepeTBoproBadi 3 0,5 10 +0,7 B.0. B ux mocmimax mampyra Ha modatky JIEIT
750 kB y ¢a3i 4 smenmmnacst npubausno Ha 233-290 kB, ¢azi B — na 220-303 kB, ¢azi C — na 89-94 xB
BimHOCHO pocmifiB 7 — 9. Hampukinmi JIEIT 750 kB 1i moka3Hukyu ckiany BignosigHo 238-246 kB, 195-343
kB 1 40-106 kB. Sk 6aunmo, y ¢a3i C 3MeHIIeHHs PiBHS MEPEeHANPYTH BUSABHIOCS CYTTEBO MEHIIMM. B TOM
JKe Yac, BIJHOCHI BEJIMYMHHU aNepioMuHUX CKIaA0BUX cTpyMy B pocmigax 10 i 11 3pocnu B AecaTku pasis, a
ixas BennumnHa nepesuniiaa 1000 %. Hanpuxinni nepiofy MOJENIOBaHHS anepiogUyYHI CTPYyMH CTaHOBHIIU
pubam3Ho 245-293%. B nocmimi 12 MakcrManbHI BETHMYMHH alepiOAWYHUX CKIAJAOBUX (Da3HUX CTPyMiB
3HAXOMAThCS B Mexax 416-505 %, mo npubmu3Ho B 2,3—4,2 pa3su MeHmre, Hix B gocmigax 10 i 11,
Hanpukini nepioxy MoJenOBaHHs BOHU CTaHOBIATH NpuOau3Ho 13-33 %.

Takox 3as 3MEHIIEHHs PiBHIB MEpPEeHANnpyTrH Mix 4ac MepexigHuX mpolleciB OyIo 3aCTOCOBAaHO

3MEHIICHHS iHTErpaqbHOro KoedillieHTy TiacHieHHs peryastopy noctiiinoi mampyrm K\ 3 40 no 20.

BennunHy 1HIIUX TTapaMeTpiB PeryJII0BaHHS MePeTBOPIOBaYA 3aIMIIMIINCS 3a 3aMOBYyBaHHAM. Jlocminu 13 —
15 BiamoBimaroTh pe3yiabTaTaM MOAETIOBAHHS B IIbOMY peKUMi. MoKHa BiAMITHTH, 0 Ha modaTtky JIEIT
750 xB y dazax 4 i B nepeHanpyru BusBuiucs OutemmMu rnpubian3Ho Ha 10-40 kB, HiXK y BiAmoBigHUX
JOCITIZIaX 3 PO3IIMPEHUM Jialla30HOM PETYIIOBAHHSA peakTHBHOI MOTyXHOCTI. OmHak y daszi C Hampyru
HaBIAKH CTaJM MEHIIUMH Npuban3Ho Ha 94—162 kB. B kinni JIEII 750 kB nanpyru Oyiu Oinbinmu Jauiie y
(hazi 4 — npubimzao Ha 36-91 kB. Y ¢azi B nanpyru 3menmmmcs Ha 20-55 kB, a 'y ¢aszi C — Ha 166-204
kB. MakcumanpHa aMrutityia Hanpyru B gociigax 10 — 12 na mouatky JIEIT 750 kB cknana 872 kB, a B
kinmi — 1025 kB. Bignosinni Hanpyru B pociigax 13 — 15 cknanu 766,9 kB i 908,7 kB. To6To BoHM cTanu
meHmuMHy Ha 105,5 Ta 116,3 kB. MakcumanbHi BETMYWHY anepiognYHUX CKIIaI0BHX CTPYMiB B gociigax 13
i 14 € nmopiBHAHO OM3bKUMU 10 cTpyMiB 3 mociigiB 10111, A B gocmiai 15 BoHM HpuOJIM3HO BABIYI MEHIIIE i
cknanath 217-234 %. Hanpukinii nepiofy MOJEITIOBaHHS anepiofudHi cTpyMH B gociini 13 ckianaroTh
npubnuzHo 151-162 %, B mocmigi 14 — mpubmuzno 311-330 %, B mocmini 15 — mpubmuzno 2-9 %. Lle
MEHIIIe HiXK B JOCIifax 3i 3017bIIEHUM /ialla30HOM PETYJIOBaHHS PEaKTHBHOI MOTYKHOCTI. TakuMm 4uHOM,
BUKOPHCTaHHS PEryJsITopy NOCTiifHOI Hampyru mneperBoproBada mnepemaui 1ICBH 3amns 3meHmeHHs
nepenanpyru B JIEII 750 kB € Oinbn eeKTHBHUM 3aX0IIOM, HIK 30UTbIIEHHS Jiana3oHy peryJtoBaHHS
PEaKTUBHOI IOTYXHOCTI.

BucHoBku. AHami3 pe3yabTaTiB MOACIIOBAHHS IIEPEXiTHUX IMPOIECiB B OMHCaHIA TiOpmmHiit
EHEeprocUCTEeMI TI0Ka3aB, IO HOPSJl 3 KEPOBAHOI KOMYTAII€I 1 PETYJIIOBAHHSAM CTYNEHIO KOMIICHCAIlil
PEaKTUBHOI MOTY>KHOCTI, SIKi € TPATULIIHHUMH 3aX0AaMH JIJIsl eHEPrOCHCTEM 3MIHHOTO CTPYMY, PETYIIOBaHHS
napamMeTpiB CUCTEMH KEpPyBaHHS IIEPETBOPIOBAadYa Ma€ CYTTEBUH BIUIMB Ha BEJWYHMHHU IIEPEHANPYTH 1
anepioMYHUX CKJIAJOBUX CTPYMIB Mia 4vac moctaHoBku mia Hampyry JIEIT 750 kB, mo uBUTBCS Bin
nepenaui [ICBH. 3mina HamamrtyBaHb CHCTEMM KEpyBaHHS MEPETBOPIOBauYa Ul 3MEHIIEHHS BEITUYMHU
HEepeHaNpyrd NPU3BOMUTH 1O 30UIBIICHHS BEIMYMHM AalepioguyHMX CTPYMIB 1 HaBHOAKW. 3MEHIIEHHS
KoeQiIieHTy MiACHIEHHS OJIOKY IHTETPYBAaHHS PETYISTOPY CTPyMy, IO MPOTIKae depe3 MepeTBOPIOBAY, €
JIieBUM 3aco00M OOMEXKEHHS anepioAMYHHX CKJIAJAOBHUX CTPYMIB IMiJ 4Yac MpPOTIKaHHS KOMYTallidiHHX
nepexiJHUX mpoleciB. Po3mmpeHHs [iama3oHy peryiioBaHHS PEaKTUBHOI IMOTY)KHOCTI 1 3MEHIIEHHS
KoediIieHTy TiACHICHHS OJOKY IHTErpyBaHHS PETYJSATOPY MOCTIHHOT HaNpyTH MEepPEeTBOPIOBAYa CIIPHUSIOTH
3MEHIIICHHIO PIiBHIB TiepeHanpyru. [OCHiJpKeHHsS TOKa3ald, MI0 OCTAaHHIH 3axij € OUIbIl e(peKTUBHUM
3ac000M 3MEHILECHHS IEPEHAIPYTH 1 MPU3BOAUTE 10 MOSBU MEHIINX aNepioJUYHUX CTPYMiB.

Pobomy suxonano 3a 6w00xcemnoro npocpamoro «Po3pobka Mmemodie i Mmoldeneu Oas  aHANI3Y
€/IeKMPOMACHIMHUX NePeXiOHUX NpPoYecie 6 eleKMPUYHUX Mepedicax 3 Memolo 3anodicanHs Nosigi Hebe3neuHux
nepenanpye («Besnexa-4»)», KITKBK 6541030.
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The paper analyses the transients that occur during the energisation of overhead transmission line 750 kV in a hybrid
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? HanioHa i Huii TeXHiuHMii yHiBepcHTeT «XapKiBChKHMIi MOIiTeXHIYHMIT iIHCTHTY T,
ByJ. Kupnnyoga, 2, Xapkis, 61002, Ykpaina.

Jlocnioxceno pedicumu Komnencayii peakmueHoi NOMYHCHOCMI 8 cucmemi eneKmponoCMAayants, Wo HCUBUMbCA 8i0
CUHXpOHHO20 2eHepamopa. Illoxkazano, WO peakmusHa CK1A0084 KOMHIEKCHO20 ONOpYy 2eHepamopa ma Mpakmy
efiexmponepeoayi moxce 06yMosniosamu 6i0HOCHO GeNUKE PIGHI peakmueHoi nomyosicHocmi 6 cucmemi. Ll nomyosicnicmo
3AMUMAEMbCA 8 CUCmeMi HAGIMb NiCA 3ACMOCY8aAHH NONePeyHoi EMHICHOT KoMnencayii, AKa He 8 3M03i 3abe3neyumu
NOBHY KOMNEHCAYIIO0 PeaKmugHoi NOMYICHOCMI 6 CUCMEMI eleKMPONnOCMAa4ants. 3a yux ymos mMemooom noulyKogoi
onmumizayii Ha KoM’ IOMEPHIll MOOeli 3HAUOEHO ONMUMAIbHE 3HAYEHH BeIUYUHU EMHOCHMI KOMNEHCYBATbHO2O
KOHOeHCcamopa i 00CHI0NCeHO pedicumu 8 cucmemi nio uac eapiayii kpumepiig onmumizayii. bion. 16, puc. 6.

Knrwowuoei cnosa: peakTuBHA TOTYXHICTh, IOBHAa KOMIIGHCALlisl, CHHXPOHHHMH T'eHEpaTop, JIiHif eJeKTpolepenadi,
MONTYKOBA ONTHMIi3aIlis.

Beryn i mocranoBka 3agaui. J[s cucTeM eneKTpPONOCTadaHHS —OJHIEI0 3 OCHOBHHUX (PYHKINH e
nepeadya eJeKTPOSHeprii BiJ reHeparopa J0 CIOXKHBaya 3 MiHIMAJIBHUMM BTpaTaMu eHeprii. 3a 3aJaHux
napaMeTpiB i KoH(Irypauii eneKTpuIHoi Mepeski 3a0e3meueHHs i€l QyHKILIi momsirae B ONTHMI3alii pexXuMiB B
cucteMi. BaxumBuM 3aco00M B IbOMY HANpsAMKY € KOMIIGHCALisl PEaKTHBHOI MOTY)XHOCTI B CHCTEMi
enekrporioctadanus [1, 2]. [Ipu oMy MOXKe HOCATATHCS TAaKOX CHMETPYBaHHS PEKAMIB TpHU(a3HUX CHCTEM
€JIEKTPOIIOCTAYaHHs, sKe 3a0e3redye PIiBHOMIpHE 3aBaHTaXXEHHsI JDKEPEN ENeKTPOSHEpril HaBiTh 3a HECH-
METPUYHOTO Xapakrepa criokuBaHHsa [3-10]. [Ipuctpoi, mo 3abe3neuyroTs cUMETpyBaHHS Ta KOMIIEHCAIIIIO
PEaKTHBHOI TOTY)KHOCTI, HA3WBalOTh cuMeTpo-KomrreHcyrounMu mpuctposmu (CKII). 3amrs xommeHcartii
PEaKTUBHOI TOTY>KHOCTI CIOXKHMBAdiB 3aCTOCOBYEThCS TomepedHa komreHcamis, komu CKII y Burmsmi
KOHJICHCATOPHUX OaTapell BMHKAlOThCA MapajiellbHO CIIOKHMBaueBi a00 Tpymi CIIOKHMBaviB, pPEaKTHBHA
HOTYKHICTb SIKMX TaKMM YMHOM KOMIIEHCY€eThCs [3-6]. TeopeTnuHe oOrpyHTyBaHHS 1 IPaKTUYHE 3aCTOCYBAHHS
3Halnum Bu3HadeHHs mapametpiB CKII Ge3 ypaxyBaHHS MapaMeTpiB €JIEMEHTIB 3aCTYIHUX CXEM TPaKTy
enextponepenayi. Ilin gac cumerpyBaHHA TpH(A3HUX CHCTEM EJEKTPOIOCTayaHHS TPAAMLIHHO pO3Tisijaa-
IOTbCSl Ta BPAaxOBYIOTHCS IapaMETpH HECUMETPUYHOI'O HaBaHTakeHHA [3-5]. 30kpema, ABOKOHAEHCATOpHE
CHMETPYBaHHs, MOBHE OOIPYHTYBAaHHS SIKOTO IIUISIXOM HPWIYIMICHHS 3BOPOTHOT CHMETPUYHOI CKIIaJIOBOT
KUBWIBHUX CTPYMIiB HaBelleHO B [7], 3aiMIIae B CHCTEMi HAJJHMIIKOBY PEAaKTHBHY IIOTYKHICTH BiJ
HaBaHTAXXEHHsI, OCKUILKY MPH [IbOMY HE 3a0e3MeuyeThes CiBIaganHs 3a (a3ol0 CHCTEM JKUBHIBHOI HANPYTH 1
pAMOi CHMETPUYHOI CKJIa0BOT )KUBMIIBHUX CTPyMiB. Y pasi 3alpoBa/KEHHS 1HAWBIAYyalbHOI ad0 TPYIOBOi
KOMIIeHcalii B TpU(a3HUX CHCTeMax eJeKTPOIOCTayaHHS BU3HAYCHHS €MHOCTEH KOHACHCATOpHHUX Oarapeii
3OIMCHIOETBCA TAaKOX 3 YpaxyBaHHSM JIMILIE peakTUBHOCTeH HaBaHTaxkeHHA [6, 8-10]. [ns pospaxyHKy
HOTYXHOCTI Q¢ KOMIUIEKTY KOMIECHCYBAJIBHHMX KOHICHCATOPIB 3a 3aJlaHUMH aKTHBHOIO MOTYXHICTIO P
HABAaHTAXXECHHsI, IIOYAaTKOBUM (; Ta KIHIEBUM ¢, (a30BUMM KyTaMM, IO BHU3HAYAIOTh IIOYATKOBUH Ta
CKOPEKTOBaHMI KOC(ILIEHTH MOTYKHOCTI, BAKOPUCTOBYEThCSI (hopMyJia

Q. =P(199, —199,).

Takuit migxim cam 1o cobi BKe Tependadac HEMOBHY KOMITCHCAINI0 PEaKTUBHOI MOTY>KHOCTI
HaBaHTa)XCHHS. BIIMBaIOTh, KpiM TOTO, HECTAI[IOHAPHICTD CIIOKUBAHHSI €IIEKTPOCHEPTl, sSIKa JIUIE MPUOIH3HO
BPaxOBYEThCSI JOOOBUMH rpadikaMu, a TaKOXK AWUCKPETHICTh BEMYMH €MHOCTEH KOHAEHCATOPIB, 3 SIKHX
HaOMpaeTbcsl KOMIUIEKT. YacTKOBO OCTaHHI NUTAaHHS BHPILIYIOTHCS 3aCTOCYBAaHHSAM CHJIOBHX AKTUBHHX
¢uteTpiB [10, 11]. Axe i mi npUcTpoi TaKOX HAJAIITOBYIOTHCS HA KOMIICHCALIII0 PEaKTUBHOT IMTOTYKHOCTI JIUIIE
HaBaHTA)KEHHsI, OCKIIbKM iXHI CHCTEMU KepyBaHHsS BHKOPHUCTOBYIOTH iH(OpMAlil0 PO HAMpPYyTH 1 CTPyMH y
By3J1ax MiAKIIOUEHHS CUIOBOTO aKTHBHOTO (hibTpa, 110 3a34aJ1eTi b BMUKA€THCS MapaebHO HABAaHTAKEHHIO.
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Ane Takuii crmoci® 3anmMimaE B CHCTEMI pPEaKTHBHY MOTYXKHICTh, OOYMOBIIEHY TpPaKTOM €JIEKTPO-
nepenayi, TOOTO TOBHAa KOMIICHCALlisl pEaKTUBHOI MOTYKHOCTI MPU ILOMY He 3abesmneuyerbes. [lin pexxumom
MOBHOI KOMIIEHCAIlli pEaKTUBHOI TOTY)XHOCTI OyJgeMo BBaKaTH TaKWH, KOJIM CTPYM TIeHeparopa
CHHYCOIaJIbHOT HAIPYTH CIiBHagac 3a (as3oro i (GopMoro 3 HAMPYTOO, IO ii CTBOPIOE T€HEPaTop. 3a TaKuX
YMOB I'eHepaTop IMOB'I3aHUH JIUIIE 3 aKTUBHOIO IMOTYXKHICTIO. BiICyTHICTh peaKTUBHOI IMOTYXKHOCTI TeHepaTopa
O3Hauae, 1110 BOHA IIUPKYIIIOE B KOJIaX 11032 TEHEepaTopa, a e, B CBOIO Uepry, PO3BAHTAXKYE EIEKTPUIHI Mepexi
BiJl HA/UIMIIKOBUX CTPYMIiB, MOB’S3aHMUX 3 MPOHUKHEHHSIM PEaKTHBHOI MOTYXHOCTI IO CaMoro reHeparopa
yepe3 JiHIT enekTporepenadi. Ha TtemepimHiii gac 3a0e3ledeHHS B CHCTEMaxX €JEKTPOIOCTAYaHHS OITH-
MaJIbHUX PEKUMIB 3 TIOBHOIO KOMIICHCAIIIE€I0 PEAKTUBHOI MOTYKHOCTI HaOyBa€ 03HAK 0COOJIMBO aKTyaJbHOTO
MUTAaHHA B 3B’A3Ky 3 OYpXJIMBUM pO3BUTKOM IHTEJEKTyalbHHX CHUCTEM EJIEKTPOIOCTaYaHHS Ta
€JIEKTPOCIIOKUBAHHS, OCKUIBKA B TAKMX CHCTEMaX IMOBHHEH 3/IHCHIOBATHCS MUPPOBHIA KOHTPOIb MapaMeTpiB
PeKHMIB 3 Tiepefadero MmoBHOI iH(opmarii mpo QyHKIIOHYBaHHS OyIb-SIKHX €JIEMEHTIB CHCTEMH EJIEKTPO-
nocrayaHasa [11]. JilicHo, 1 iHTENEKTyalbHUX ENEKTPHYHUX CHCTEM OYIKYEThCS HIMPOKE BIPOBAIKCHHS
IHTENIeKTyalIbHUX JaTYWKiB, IdpoBizamis iHpopmariii, KepyBaHHS BEIWKHMMH MacuBaMH iH(popMmarii Ta
BITPOBAKEHHST HOBOTO TPOTpaMHOTO 3abe3redeHHs. Bee me qae mepcnekTuBy A1 MPaKTHYHOI peartizarii imel
MOBHOT KOMIIEHCAIlil PEaKTHBHOI TMOTYXKHOCTI caMe B IHTEIEKTyalbHHX EJICKTPUYHMX CHUCTEMa Ha OCHOBI
OINTUMI3AIIHHUX TOIIYKOBHX METO/IIB.

3anis JOCSATHEHHS PEXWMY TIOBHOI KOMIIEHCAIil PEeaKTHBHOI TMOTY)XKHOCTi, BOYEBH[b, Tpeda
KOMITEHCYBaTH PEaKTUBHI MOTYKHOCTI B TPaKTi enekTponepenayi. Bin, B 3arasHOMY BHUTIAJIKy, BKIIIOUAE B
ceOe 1HOYKTUBHOCTI OpOTiB camoi JiHil enekTpomepenadi, a, KpiM TOTO, iHIYKTHBHOCTI pPO3CiIOBaHHS i
HaMarHi9yBaHHS TpaHC(HOPMaTOPiB, IO MiABHITYIOTH HANIPYTY TeHEepaTopa nepes nojadero ii Ha APOTH JiHil
eJIeKTpoIiepeaadi, i TpaHchoOpMaTopiB, SIKi 3HWKYIOTH HANPYTY 3 JIiHIT Iepen momadero ii croxuBadam. J[is
KOMIICHCAIIIT 1[i€] PEaKTHBHOT MOTYHOCTI 3aCTOCOBYETHCS TIOB3/IOBXKHSI KOMIICHCAIISI, KOJU KOHJCHCATOPHI
OaTtapei BMHKAIOTHCA IOCIITOBHO 3 JiHIAMH enekrponepenadi. Ciig 3a3HAYUTH, MO TaKi IOB3TOBXKHI
KOH/IGHCATOPH MaroTh OyTH pO3paxoBaHi HAa BUCOKI HANPYTH, i, KPIM TOTO, IXHS HasIBHICTh MOXe IPUBOIUTH
JI0 BUHUKHCHHS PE30HAHCHUX SBUII B cucTeMi. B Tol ke uac, sk moka3yroTh HociimkeHHs [12, 13], noBHa
KOMIIEHCallil MO)Ke OyTH AOCSTHYTa JIMIIEC 3aBASKH IONepeuHiil kommeHcawii. Y Takomy pasi Ha CKII
MOKJIAZIAIOTHCS 3a7adi He TUTPKA CHMETPYBaHHS HABaHTAKEHHS 1 KOMIIEHcAIlii came HOro peakTHBHOI
CKJIaJJOBOI IOTYKHOCTI, a i I0JaTKOBOI KOMIIEHCallii peaKTHBHUX TOTYKHOCTEH B TPAKTi eNeKTponepeaayi.
JocnimkeHHs TakKuX PEeXUMIB 3 IMONEPEYHOI0 KOMIICHCALIEI0 IiKaBe TAKOXK 3 MPUBOLY CHIOBUX aKTHBHHX
¢dinpTpiB mapanenpHOTO THIY [14], AKi € HaWOPOCTIIMMU B CEHCI BMUKaHHS iX B CHCTEMY EJIEKTPO-
mocTadaHHsa. SIK MOKa3yioTh JOCHTIDKEHHS HA MOJENSIX, MOXKIIMBOCTI IOBHOI KOMIICHCAIli PEaKTUBHOI
NOTYKHOCTI 1 B LMX BHMAAKax 3aJeXaTh BiJ CHIBBIAHOIICHHS MapaMeTpiB HAaBaHTaKEHHS 1 TPaKTy
elleKkTponepenadi. B octaHHbOMy HasiBHICTh 1HIYKTUBHOCTEH APOTIB 1 TpaHCc(OpMATOpPiB MOXKE MPUBOAUTH
JTO 3HAYHOT'O 3pOCTaHHS PEAKTHBHOI MMOTYKHOCTI ITUX €JIEMEHTIB,

Meto10 cTaTTi € IOCHIKeHHS BIUIMBY MapaMeTpiB TPakTy Iepelnadi eNeKTpU4YHol eHeprii i
KOMIIEHCYBaJIbHOTO IPUCTPOI0 HA EJNEKTPOMArHITHI MPOIECH Ta I[MapaMeTpd PEKUMIB 3a TMONEpedHOi
KOMIIeHCalii peakTHBHOI TOTY>KHOCTiI B CUCTEMI €JIEKTPOIIOCTauYaHHS 32 YMOBH JIOCATHEHHS ONTHMAaJIbHOTO
pexuMy MOBHOI KOMIIEHCAIlli peaKTHBHOI MOTYKHOCTI B CHCTEMI, a 3a BiJICYTHOCTI MTOBHOI KOMITEHCAIlii —
JOCTIINTH MOXKITUBICTh JOCATHEHHS OINTHUMAIILHOTO PEeXUMY 32 3a/JlaHUM KpPUTEpPieEM ONTHMIi3allii.
[IpenmeToM mOCHiMKEHHS BUCTYNAaTHME Yy3araJibHEHa eJeKTpUYHAa CHCTeMa EHEProloCTadaHHs, B SKid
BpPaxOBYIOThCSI ITApaMETPH TeHepaTopa eIeKTPOCHEPTii, JIiHii eleKTpornepeadi Ta HaBaHTaxXeHHs. J[o Takoi
CHCTEMH 3 TOYKH 30py 3aTHCKayiB HaBaHTaXCHHS MOke OyTW mpuBelecHa Oynb-sKa CKIaJHa CHCTEeMa Ha
OCHOB1 BHKOPHCTaHHSI TEOPEMHU NPO aKTUBHHUH NBOMOMOCHUK. O0’€KTOM IOCITIKEHHS € eJeKTPOMarHiTHi
MIPOIECH Ta EHEPTeTHYHI MOKa3HUKH, 110 CYNPOBOKYIOTh PEXKUMHU KOMIICHCAIIIT PEaKTUBHOI MOTY>KHOCTI B
CHCTEMI.

OcHoBHU 3micT crarTi. Po3rimssHeMO cHcTeMy eNeKTpPONOCTa4daHHsS, IO JKUBUTHCS Bif
CHHXPOHHOTO TEHEepaTropa 3 HACTYITHUMH 3aJ[aHUMH TapaMeTpaMu [15]: moBHa HOMiHaJbHA TOTYXKHICTh
CHHXPOHHOr0 reHeparopa Sg=15 MBA; niniiiHe air04ye 3HAYCHHS HAMPYrH HA 3aTHCKadyaX CHHXPOHHOI'O
redepatopa Ug=6,3 kB; KkoeQillieHT NOTYXHOCTI CHHXpOHHOro reHeparopa K),=0,8. HaBaHTakeHHs
BU3HAYAETHCA 3 YMOB JiHIMHOT Hanmpyru U,=6 kB, akThBHa MOTYXXHIiCTh HaBaHTakeHHI P,~11,43 MBr,
Koe(ImieHT TMOTY)KHOCTI HaBaHTaXKEHHS cosP,=0,8, wactora 50 ['m. AKTHBHA TOTYXHICTH TeHepaTopa
Pon=12 MBT. O04nciieHHs eKBiBaJIEHTHOTO ONOpy HpuBeno B [15] no pesynsraty Z, =(2,015+ j1,511) Om.

KommnexkcHuit onip CHHXpOHHOTO TeHepaTopa NPeICTaBICHO Y BUIIISL \/ck =3505,83e)*)
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Kowmrekcawmii omip JiHIi enekTponepenadi MpunHATHNR Z
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Puc. 1

BMXLOHI AAHHI CMCTEMM:
=3 = FG + -F0 = 0088 + 324
e

Zi=Fi+ j-Fi=0.17a + 326351

Clk = 752221710 °

O o= (fow- Ok b 40
Fr o= RZ 4+ {-3XZ = 2015 + 1.511i
E T

PEXMM YACTKOBOI KOMIMNEHCA LI

TZE = ECGin = 5144 = 103

I1Z = o= _ 16534 = 1EI3 — 1.2251 = 103
==

I = o= _ 1.2251 = 103
pod

IG5 =1IC + 1= = 1634 = 1l:l3 + 5 2BEi o= 10 5

CHw e

ECGm = Zi- IG5 + U= U= = =Z=-12
U=E = 02T IS = 1= + I

Ik

El

I

Ao | = Findd DG I 12 TTED

I=

Uz

I TEENES — TFE.alsl

e 520.11 + 5902881

I= B 207 975 — 13654 = 103

u= 2481 = 103 — 24351 = 103

Puc. 2

=(0,11+ j0,063) Om.

Ili yMOBM NpH3BOAATH 1O EKBIBAJICHTHOI CXEMHU
y3arajbHEHOI CHCTEMH EJIEKTPOIIOCTAauYaHHS, HaBEACHOI Ha
puc. 1. Taka exBiBajeHTHa cxeMa BimoOpakae omHodazHUI
BapiaHT JuId OJHi€l (a3M CHCTEMH eJIEKTPOIIOCTaYaHHS B
NpUOyLIeHHi, mo  TpudasHa cucremMa  abCONIOTHO
cumerpuuHa. Eg mpu mpomy BimoOpakae (asHy Hampyry
CHHXPOHHOTO  TeHeparopa 3  [IIOYMM  3HAYCHHSM:

P, =6,3/\3

32 mux ymMoB B [15] BH3HAYEHO EMHICTh
KOMIICHCYBANBHOTO ~ KOHJAeHCaTopa C, =758 Mxd, IO

lin

BMHUKAEThCS TapalieibHO HABaHTAXEHHIO 1 3a0e3medye
OJIMHWYHE 3HAaYeHHs KoedimieHTy moTyxHocTi. OmHaK mpu
bOMY He 3a0e3Ne4YeHO JOTPUMAaHHS MPUHIMITY MiJICHOCTI

CHCTEMHOTO MiAX0Y, OCKIITbKH HABaHTAKECHHS
pO3TIAMAETRCS yV BiIPWUBI Big Kl TeHeparopa 1 JiHii
eJIeKTpoIepe1ayi.

[IpoBenemo aHamiz pexuMy A TPENCTABICHOTO
BapiaHTy 3 IOTPUMAaHHSAM CHCTeMHOro miaxony. Ha puc. 2
HaBeJICHO pOOOYMIA JIUCT 3 TEKCTOM MPOTPaMH ISl CHCTEMHU
KoM '1oTepHoi Matematukd MathCAD 3 pospaxyHKoM
napameTpiB pPeXHUMy KOMIIEHCAllii pEakTHBHOI MOTYXHOCTI
IUISIXOM YBIMKHEHHSI IIONIEPEYHOro KOHJEHCATOpa 3aJaHoi
emHOCTI. Ha mowarky mnporpamu HaBeIeHO Iapamerpu
CHCTEMH €JIeKTPOIIOCTauaHHs 1 KoHAeHcaTopa. Jam 3amaHo
MOYATKOBI 3HAYEHHS CTPYMIB 1 HAmpyr#, BiHOCHO SIKUX
BeleThCSI  OOYMCIGHHS  PEeXKUMY.  BHUKOPHUCTOBYETHCS
HEOAHOpiAHUH Oa3ic, a caMme: Hampyra Ha HaBaHTakeHHI Uy
Ta CTpyMH HaBaHTaxeHHS |z, konmeHcatopa Ic Ta
CHHXPOHHOTO TeHepaTopa lg. Po3B’s13aHHS piBHIHBL peKUMY
Jam 3OIMCHIOETHCS ONTHMI3ALiHHUM METOIOM, a 3auld
MOJNIMIICHHST 1 TMPUCKOPEHHs 301KHOCTI  BHUPINICHHS
[IOYAaTKOB1 3HAYEHHS [JI1 3MIHHMX, SKI 3HaXOIIThCH,
HaOMIKEeHI B TEBHIM Mipi 1o po3B’s3aHHs. s 1poro
NpPU3HAYAEMO TIOYATKOBI 3HAYEHHA 3a YMOBH PIBHOCTI
Halpyr'l HaBaHTa)XEHHs HAaIpy3l reHeparopa, a CTpyMH
3HAXOJUMO Ha OcHOBI piBHsSHL Oma i Kipxroda, sk ue i
MOKa3aHO Ha pHUC. 2 y PO3MiNi, OO0 MEepeaye OomepaTropy
Given. 3a 1mMM  OmEepaTopoM  PO3MIMIEHO PIBHSIHHS
€JIEKTPUYHOI PIBHOBAarm CHUCTEMH, NPHUOMY JIiBi 1 TpaBi
YaCTUHH KOXKHOTO pIBHSHHS 3B’si3aHi MK co0or0 3a

JIOTIOMOTOFO TaK 3BaHOI MO3HAYKHM JIOTTYHOI piBHOCTI. Onieparop Find iHiiiroe mporiec 3HaX0KSHHSI PillIeHHSI
ONTHMI3allifHUM METOJOM B MEXXaX 3aJaHoi TOYHOCTI. Pe3ymbratu po3B’si3aHHSA HAIACHIIAIOTHCS Y BEKTOP
HIYKAHUX 3MIHHHUX Y BUTJISII KOMIUIEKCHHX BEJIMYMH HANpyTH HABAaHTaKEHHS 1 CTPYMIB YCIX TPhOX TiJIOK

CUCTEMH EJICKTpOIOCcCTauaHHs (puc. 2).

Ha ocHOBiI oTpuMaHuX pe3yJibTaTiB pO3PaxOBaHO EHEPreTUYHI TOKA3HUKH CHUCTEMH eJEKTPO-
NOCTayaHHsS 3a Takoi YacTKOBOI KOMIIGHCAlii pPeakTHBHOI MOTYXHOCTI. Po3paxyHKH eHEpreTHYHHX
MOKa3HUKIB HaBeJeHO Ha puc. 3. TyT Ha poOOYOMY IUCTI MO3HAYCHO KOMIUICKCHI BEITHUYMHU TIOBHUX
notykHocreii SG — reHeparopa, Si — Ha omopax TreHeparopa Ta JiHii enektpomepenadi, SC -
KOMIICHCYBAJIbHOT'O KOHJEHCaTOpa, SZ — HaBaHTaXeHHs. BCi i MOTYKHOCTI 00YMCITIOIOTHCS K TOJIOBUHU
JOOYTKIB KOMILJICKCIB HAIIPYTH €IEMEHTa Ha CIPSDKEHHH KOMILIEKC CTPyMY LOrO eneMeHTa. [lopiBHAHHS
PCaKTHBHHUX TOTYXKHOCTECH KOHJIEHCATOpa Ta HABAHTAXCHHS CBIMYHTh PO Te, IO KOMICHCYBaJIbHHUL
KOHJICHCATOP CTBOPIOE PEAKTHBHY IMOTYXKHICTh EMHICHOTO XapakTepy, sika MOBHICTIO KOMIIGHCYE PEaKTHHY
MOTY)KHICTh HABAHTAXXCHHS, 1[0 MAa€ IHAYKTHBHHMU XapakTep. L[0 oOCTaBHHY BiOOpaXEHO B MEpIIOMY

ISSN 1607-7970. Texn. enexmpoounamirxa. 2022. Ne 6 65



piBHSHHI 0allaHCY PEaKTHUBHUX MOTYXHOCTEH, /Ie CyMa BKa3aHUX MOTYXHOCTEH CKJIa/la€ BENHYUHY, OJIM3BKY
JIO HyJISl B MEXaX YHCEIbHOI TOXUOKU PO3B’ I3aHHS.

AHANMI3 EHEPT ETHYHMWX MNMOKA3HUKIB

NOBHI NOT¥HHOCTI:

55 = D.5-EGm-E = 2.027 = 1EI§S + 199 = ID6

Si= 05-Zi10I0 = 1073 1IJ5 + 1.9%9i % lD6

SC = 0.5 UZIC = —1.439i x ID6

& 4]

SZ:=0.5UZIZ = 1.92 » 10° + 1.439%i 10

EANHC PEAKTMEHMWE NOTYHHOCTER:

Im(3C + Im(32) = —0.062

Im(S0) — Im(SD) = —0.062

KOERILIEHT NOT»HHOCTI:

LETHEHI NOT»#HOCTI CHMHXFOHHOIO
FEHEPATOPRA | HAEAHTAOKEHHA (ANA 3 das):

PG3F = 3-Re(33) = 6.081 = 106

PE3If = 3-Re(32Z) = 5759 = 1|ZIlﬁ

NIHIAHL HANPYTA He HABAHTAKEHHI
ETEKTHEHE 3HAYEHHA]:

UZeflin = M = 4358 = 103
NG

Puc. 3

[opiBHSHHSA PEaKTHBHUX CKJIAJOBHX KOMIUIEKCIB MOBHHUX
MOTYKHOCTEH Te€HepaTopa i CyMapHOro omopy reHeparopa Ta JiHil
eJIeKTpoTiepeIaui BKa3zye Ha Te, IO B CHCTEMi IPOJOBKYE
UPKYJIIOBaTH HEKOMIIGHCOBAaHA pEaKTWBHA TMOTYXHICTh. Lls
00CTaBHHA LIIOCTPYETHCS APYTMM PIBHAHHSIM OallaHCy peakTUBHHX
MOTYXKHOCTeH (puc. 3). 3a OTpUMAaHUMHU Pe3yJbTaTaMi OOYUCIICHO
koedirient mortyxuocti COSFi=0,714, sKuWii CTaHOBUTH JIOCHTH
MaJie 3HA4YeHHS 1 XapaKTepu3ye CUCTEMY ENEKTPOIOCTAUYaHHS SK
HeeekTuBHY HaBiTh y pas3i 3acrocyBanHs CKII. Tum mnaue,
KOHTPOJIb AKTUBHHUX IOTY)KHOCTEH TIeHepaTopa 1 HaBaHTAXKECHHS
NPU3BOANTL Y TEPEpaxyHKy A0 TpH(]azHOi CUCTEMH 10 3HAYCHb
BignoBigHO 6,081 MBT Ta 5,759 MBT 3amicTh 3ajexiapoBaHUX Yy
[15] Pegy=12 MBT 1a P,=11,43 MBT. Mane 3HaueHHS MOTYXHOCTI
HABaHTAXXCHHSI TOSICHIOEThCS CYTTEBUM 3HIDKCHHAM JIHIHHOT
HAampyrd Ha HABaHTaXEHHI, e(eKTHBHE 3HA4YCHHS SKOI Y
nepepaxyHky (puc. 3) ckianae nvme 4,258 kB 3amicTh odikyBaHUX
6 xB. Ille OuibIn Bpakatouuii 3aHENaa PeKUMY CIIOCTEPIraEThCs 3a
BigzcytHocti CKII. TlokmaBmum C=0, oOTpuMaeMo HacTyIHI
nokasHUkH pexxumy 3a BiacytHocti CKII B mepepaxyHky Ha
Tpudasuauii  pexum: Pgy=3,152 wMBtr Tta P/~2,899 wMBr,
CosFi=0,417. EdexTuBHe 3HAueHHs JIHIKHOI HAampyrd Ha
HaBaHTa)XEHHI IPH 1[bOMY cTaHOBHTS Juie 3,021 kB 3amicts 6 kB.

Crpobu BiTHAWTH pEXUM IMOBHOI KOMIIEHCAIll METOJIO0M
nomrykoBoi onrumizanii Ha MathCAD BHUKOpPHCTOBYBaJIM TIOBHY
CHCTEMY piBHSIHb, Ky OYJO JOHNOBHEHO IOAATKOBOIO YMOBOIO
PIBHOCTI HYJII0 PEaKTHBHOI IOTYKHOCTI JDKepena XUBHIBHOT
HaNpYTH B 3aCTYIHIN CXeMi.

3a nux yMOB, ojlHaue, pillieHHs! He OyJo 3Hai/ieHe, He AUBISYUCH Ha CIPOOM 3MIHIOBATH HMOYAaTKOBI
YMOBH IIYKaHUX 3MiHHUX. TOMy NMpHHIIIOCS 3aCTOCYBaTH IOLIYK PEeKUMY MOBHOI KOMIeEHcalii 3acobaMu

[ 2.061e+006

1.989e+006

DispN

MATLAB B 9acoBOMy IIPOCTOpi 3 BUKOPUCTAHHIM Sim
Power System — BisyamebHoi Momeni (puc. 4) i
BOYJOBaHMX (PYHKLiH onTUMi3aii.

nnnnnnnn

DispSload

1.952¢+006
1.464e+006

1.989¢+006

CutoBa 9acTHHA MOENI (PAKTHIHO TTOBTOPIOE
BUXIJTHY 3aCTYIIHy CXEMy, HaBelleHy Ha puc. 1, 3a THM
BUHSTKOM, III0 KOMIUIEKCHI OTIOpHU TeHepaTopa Z i JiHii
eNeKTponepenadi Zj, 00'€MHAHO B OIUH EIEMEHT 3
KOMIUTIEKCHAM OTIOPOM

z=12,+12;, =(0,176+ j3,263) Om.
€wmuicte Cy KOHAEHcaTOpa, MO KOMIICHCYE
pEaKkTHBHY TIOTYXHICTh, MNPUHAHATO SK 3MIHHY
ontuMmizamii. Y Mozenb YBIMKHEHO BHMiproBadi
Hampyry 1 CTpyMy J[XKepeia Hampyrd, M0 Aa€ 3MOTY

eJIEKTPOCHEPTii 3aJa€Thcsl HEOOXiqHEe aMIDTITYJHE 3HAYSHHS HAIPYTH

OCKUTBKH  ()yHKI[IOHYBaHHS

Mozeni

Jami  3a  JIOTIOMOTOI0  BIPTYallbHOTO — BHMipIOBada
aKTMBHOI Ta pEaKTHBHOI TMOTY)XHOCTEH OLIHUTH
CHEepPreTHYHi TMOKa3HWKH cucreMu. J[nga mxepena
U2
E,, =—°~—=51439B,
3
3MIACHIOETBCS B  YacoBii o0O0NacTi [UIAXOM IHTETpyBaHHS

mudepeHITtiabHIX PIBHAHB IS TPOCTOPY 3MIHHUX CTaHy. PeakTHBHY MOTYKHICTH JKepesa eleKTpOeHepril
MPUUHATO 32 HUILOBY (DYHKIIIIO ONTHUMI3allii, 1110 BiJIOBIJA€ CUCTEMHOMY MIAXO/Y IiJ] 4ac BUPIIICHHS 3a1a4
ONTUMI3allii MPOIECIB CHUCTEMH EJNEKTPONOCTAYaHHS 3 TOYKH 30py CHEPreTHYHUX MOKa3HUKIB. Mojesb
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Ipamoe B 4acOBOMY iHTEpBalli, IO BiJINOBIAE OAHOMY IIEPiOLy HANPYTH JKUBJICHHS 3 MMM KPOKOM
interpyBanns At=10" ¢ 3a meromom Po3eHOpoka, 10 aae 3MOry po3B’s3aTé AudepeHIiaTbHIME
piBHSAHHSAMU. 3HalZieHE B pe3yIbTaTi MOACTIOBAaHHS 3HAUECHHsI L1TbOBOI (DYHKILII epeIacThes 3a JOMOMOT 010
enementa To WorkSpace B po6ouwnii mpoctip MATLAB, 3Biacu BoHO HaaXoauTh y BOYIOBaHy (YHKIIiO
fminsearch(), sxa s3milicHroe i3 3aJaHOI0 TOYHICTIO TMOMIYK ONTHMYMY METOAOM JIe(hOpPMOBAHOTO
OararorpanHuka. Lls QyHKIiST BUKIUKAETHCS B OCHOBHIM Mporpami, 3 SKOi, B CBOIO Uepry, BUKIHMKAETHCS
¢daitn-pyHkuis, mo 3ade3medye OOYMCICHHS 3HAYEHHS LITbOBOI (YHKLIl MICHSg YEpProBOr0 MPOTOHY
BisyamsHOI Sim Power System-momemi. 3amis OTpUMaHHS ONTHMAIBHOTO pPE3yNbTaTy 3Hamo0mmocs 63
BUKIIUKY MOJIJ, BHACIIIJIOK YOT0 OTPUMAHO 3HAYCHHS €MHOCTI KoHaeHcaropa Cy = 776,174 Mx®d. OnHak,
10 0COOJIMBO MPHUMITHO IJIsl BapiaHTa, IO PO3TISIAETHCS, HiIboBa (QYHKILIS MPU LOMY HE 3BOAUTHCS IO
HyIH0BOI BennuuHH. 1Ipo me cBimuaTh HaBeleHiI Ha puc. 4 MOKa3aHHS MPWIALIB, SIKi BIAMOBIAAIOTH came
BUTIAJIKy JIOCATHEHHSI pilmeHHs. TyT BHIHO, IIO TIOBHA TOTYXHICTh, SIKa CIIOKUBAETHCS B JDKepena,
CTaHOBHTH BeMUUnHY Sg = Pg+ jQs= (2,061 +j1,989) MBA.

Ha puc. 5 nokazanwmii rpadix 3MiHM [TBOBOT (DYHKIII B 3aJI€KHOCTI BiJl HOMepa HporoHy SPS-
moxeni. Ile#i rpadix dakTuHO BimoOpakae peEaKTUBHY
MOTYKHICTh Jkepena Qg Ha BIAMOBIAHOMY KPOIIi ONTHMI3aIlil.,
] Sk BuAHO 3 uporo rpadika, 3HaUeHHS LiIbOBOT (PYHKILIT CTIHKO
- | JOCATa€ MIHIMAJIBLHOTO 3HAYCHHS 1,989-106. e roBopurs mpo
JNOCSTHEHHS 3a 33JaHuX T[apamerpax JIMIe 4YacTKOBOI
KOMIICHCAIlIi PeaKTUBHOI MOTYKHOCTi B cHCTeMi. BiamosimHuii
1 KOeQiIiEHT MOTY>KHOCTI

] 2,061
cosQ =

; ] {2,061% +1,989°
» \ \ \ \ \ \ Mo BiAMOBinae KyTy BixcTaBamus crpymy ©=44°%. Jlns
IPOMOJIETHOBAHOTO TAKUM YMHOM BapiaHTy CTPYM Bij JKepela

=0,72 <],

Puc. 5 B JiHil enexrponepenaui [, = 1113,826“743’980). Hanpyra Ha

=1391,971C5187

T1OTYXHICTb, IO CIOXHBAETHCS HABAHTAXKEHHAM: S, = 0,5U, - I = (1,952 + j1,464) MBA.

FE . i(—45° 5
HaBaHTAXCHHI 1 koHgencaropi U, = 3505,83¢!") Crpym uepes HaBamTameHHs I,

B [15] mig yac po3risiy mapamMeTpiB HaBaHTAXKCHHsS HABOAATHCS HACTYIIHI JIaHI: CTPyM uepe3
HaBaHTaKeHHS (mitoue 3HadeHHsd) |; = 1375 A; akrtuBHa moTyxkHicTh Pz=11,43 MBA; ¢a3na Hampyra Ha
HaBaHTaXeHHI (mitoue 3HaueHHs) Uz7=3464 B. 3BepraroTh Ha cebe yBary HacTYIHI OOCTaBWHHW, OUEBHIIHI 3
MPOBEJCHOIO aHali3y. AKTHBHA TOTYXKHICTh HaBaHTaxkeHHs 1,952 MBT 3a pesynbTaramMu MoOJETIOBaHHS
CHCTEMH MeEHILa 3aaekiapoBaHoi B [15] 1 ckiamoBolo B mepepaxyHKy Ha oxnHy ¢azy 11,43/3=3,81 mBrT.
BingHOmIEHHS X MOTY)KHOCTEH cTaHOBUTH BenmuuHy 3,81/1,952=1,952.

Hanpyra Ha HaBaHTa)XeHHI, 1[I0 CTAHOBUTH Jif0Y€ 3HAUYEHHSI BETMYHHOIO

Ve =208 o479 B,

NG)

TaKOXX MEHIIa 3aaekinapoaHoro B [15] mitoworo 3HaueHHs Uz=3464 B. BimHolneHHS Hampyr CTaHOBHTH
3464/2479=1,397. KBaapar 1i€i BenMUUHU caMe 1 CTAHOBUTh BiTHOIIECHHS MMOTYXHOCTEH.

TakuM 4MHOM, 3MEHIICHHS IMOTYXXHOCTI HABaHTAXEHHS ITOSICHIOETHCS 3MEHIICHHSM HArpyrd Ha
HaBaHTaxkeHHI Ha 40% Yy mopiBHAHHI 3 po3paxyHkoBuM B [15]. Ilpuuomy, 3ayBakmmo, mo Iie
CIIOCTEPIraeThest OE3MOCEPEIHBO B PEIKUMI KOMIICHCAIlIT pEaKTUBHOI MOTYKHOCTI.

[IprunHaMy BUSBICHUX TIPOTHPIY €, HA HAII MOTJSA, Taki oocraBuHU. [lo-miepie, anami3 pexxuMiB B
KOJI HaBaHTa)XEHHSA 1 KojJi reHeparopa B [15] mpoBemeHo okpemo 0e3 cucreMHOro minxoxay. Ha
HaBaHTa)KEHHI Hampyra ampiopi BBaXA€TbCs PiBHOIO 6 KB i Npu HbOMY TaKOXX BBAKAETHCS, LIO Pi3HUL
Hanpyr reseparopa i HaBantaxenHs B 0,3 kB nmazae Ha omopax reHepaTopa i JiHii enektponepenayi. Tax i
MOBHHHO Oyi10 6 OyTH Ha MPAKTHIII, IO € MiACTaBOIO I HAOMMKEHNX OLIHOYHUX po3paxyHKiB. OgHaK, MO-
JpyTe, OIip TeHepaTopa BUOpaHO HAJMIPHO BEJMKHM, MPHYOMY ioro BuOip B [15] He oOrpyHTOBY€ETHCS aHi
PO3paxyHKOBHMH (OpPMyJaMH, aHi OyAb-sSKHMHU HOCHIaHHSIMH. OCOOJIMBO 3aBUILECHOIO NPEICTABISETHCS
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peaKTHBHA CKJIaJOoBa OMOPY reHepatopa Xs=3,2 Owm. JlificHo, 0a30BWii Omip CHHXPOHHOTO TE€HEpaTropa

2 2
7, =96 63" _ 5 646 Owm.
Se
BimHocHe 3HaueHHs 0OpaHoro B [15] peakTHBHOTO OMOPY CTAHOBHUTH, TAKAM YHHOM, BEJIMUNHY
2
2 -100% =121%,,
2,646

)
B TOH yac, sIK Ha IPaKTHLI 15 BEIMYUHA 3a3BUYail CTaHOBUTH 8 + 25% st TypOoreHeparopis [16].

HagiTh He KOPUCTYIOUHCh CUCTEMHUM IIIXOJ0M, 331a1y BUOOPY KOMIICHCYBaJIbHOIO KOHJEHCATOPa
MOJKHA BUPIIIUTH 3 YMOBHM KOMIICHCAIIIT JIUIIIE PEAKTHBHOI CKJIaJIOBOI MPOBITHOCTI HABAHTAXKEHHS 3aBISKU
pisasHE0 OC +1,,-Z.'=0

Ockinbku 3a Z;= 2,015+j1,511 npoBigHICTh HABaHTaKEHHS

Y, = ; =0,31766— j0,23820.
2,015+ j1,511

3gincu C, =0,2382 ' =758,22 Mx®.

Take pilieHHS HEe BUMAara€ BUKOPUCTaHHS 1HIIMX BUXIAHMUX JAHHUX 1 pO3paxyHKIB AJsl mapaMeTpis,
HaBeneHuX B [15].

Jnst BUSBICGHHS BIUIMBY BEJIMYMHH €MHOCTI KOHJICHCATOpa Ha eJIEKTPOMArHiTHI MpouecH i
napamMeTpu peXHUMIiB 3a TONEPEuHOi KOMIEHCALil MPOBEIEHO KOMII'IOTEPHI €KCIEpUMEHTH Ha MOZeNi 3
MIOITYKOM ONTHMAJbHHUX DPEXUMIB 3a PI3HUMH KpHUTEpisMH onTuMi3aii. Pe3ynbraTi mux excrnepuMeHTiB
HaBEJICHO Y TaOJHIII.

Cx Img (KA) | Imck (KA) | Unz (xkB) | Qi (MBA) | Qe (MBA) | Qz (MBA) | 4Q (MBA) | Cos ¢
(MKD)

0 0,9793 0 2,466 1,565 0 0,724 2,289 0,417
600 1,038 0,608 3,228 1,757 -0,982 1,241 2,016 0,655
700 1,076 0,743 3,383 1,890 -1,258 1,363 1,995 0,693
758,22 | 1,104 0,828 3,477 1,990 -1,439 1,439 1,990 0,714
776,13 | 1,114 0,855 3,506 2,024 -1,499 1,464 1,989 0,720
800 1,127 0,891 3,545 2,072 -1,579 1,497 1,990 0,727
900 1,191 1,050 3,712 2,314 -1,948 1,642 2,007 0,755
1000 1.268 1.220 3.883 2.624i -2.368 1.795 2.051 0.778
1266,4 | 1,535 1,718 4317 3,844 -3,708 2,220 2,356 0,8024
1730,9 | 2,077 2,562 4711 7,035 -6,034 2,643 3,644 0,7311
2000 2,298 2,870 4,567 8,613 -6,553 2,484 4,545 0,639
2034,6 | 2,316 2,893 4,533 8,749 -6,559 2,448 4,639 0,6273
3000 2,338 2,852 3,026 8,918 4315 1,091 5,693 0,322
4000 2,133 2,513 1,999 7,423 2,512 0,476 5,388 0,189
9x10° 1,574 1,574 0,55x10° | 4,044 -48x10° 0,37x10° | 4,043 0,054

TyT, KpiM €MHOCTI KOHJeHcaTropa (y MEpIIOMY CTOBIIII) BimoOpaxkeHo Taki BenmuuuaH: IMG —
aMIUTITYJIHE 3HA4YEHHS CTPyMy CHHXpOHHOro reHeparopa; IMCK — ammuniTynHe 3HAYCHHS CTPyMYy
KOMIICHCYBaJIBHOTO KOHJAeHcaTopa, UmZ - aMmmiTyJqHe 3HAYeHHS HANpyrd Ha HaBaHTAKEHHI 1 Ha
KoHIeHcaropi; Qi — peakTHBHA MOTYXHICTh, OOYMOBJIEHA PEaKTHBHUMH OIMOpPaMH TeHepaTopa i JIiHil
enexkrponepenadi; QCK — peakTWBHA MOTYKHICTH KOMIIEHCYBaJIBHOTO KOHaeHcaTtopa, QZ — peakTHBHA
NOTYKHICTh HaBaHTaXxKeHHs; AQ — cyMma TonepeiHiX TPbOX peakTHBHUX MOTyx)HOCTel; COSp — KoedimieHT
MOTY>KHOCTI CUCTEMHU.

Pesynbratn nocimipkeHb MOKa3yIOTh, MO 32 BIACYTHOCTI €MHOCTI OKPIM HaJ3BHYAHHO HHU3BKOTO
koeillieHTa MOTYXHOCTI CHOCTEpIracThCs 3aHUKEHA HANpPyra Ha HABAaHTaXKEHHi. [i BiJHOCHA BemMuMHA
cknanae 2,466/4,9=0,503, mo oOyMOBIIO€ HAasIBHICTh HA HABAHTA)XKCHHI JIHIIE Ois YBEPTi BiJl HOMIHAIBHOT
MTOTY>KHOCTI. 32 eMHOCTI 758,22 MK® BHHHMKAE pEeKUM IMOBHOI KOMITCHCAIli pEaKTUBHOI IMOTY>KHOCTI JIMIIIS
HABaHTAKEHHS, aje MPH IbOMY 3JUIIAETHCS HEKOMIICHCOBAHOIO PEaKTHBHA TTOTYKHICTh BHYTPIIIHBOTO
omopy TeHepaTopa i1 JiHii enekTponepenadi. Hampyra Ha HaBaHTa)KeHHI JOCATa€ BiAHOCHOTO 3HAYEHHS
3,477/4,9=0,71, mo, omHak, 3a0e3redyye JUIIE OIS TMOJOBUHA HOMIHAIHHOI MOTYXXKHOCTI HaBaHTAKCHHS.
[Tomanbiie 3pocTaHHS €MHOCTI KOHJICHCATOpa IOB’S3aHE 13 JOCATHCHHSM MIHIMAKCHHMX 3HA4YCHb IEBHHUX
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MOKA3HUKIB, I 3HAXOMKEHHS SIKUX Mojaelb Oyino Moau]ikoBaHO 1 HaJIaro[KeHO Ha OOYUCIIEHHS
BIJIMOBIAHUX [UTbOBUX (PyHKIiH. Tak MiHIMyM peakTHBHOI MOTY>KHOCTI B CHCTEMI JOCSTAETHCS 38 €MHOCTI
KoHjIeHcaTopa 776,13 Mx®d, oqHaK HU3LKUMU 3aJIUINIAIOTHCS K KOE(IIiEHT MOTYKHOCTI, TaK i HANpyra Ha
HaBaHTakeHHI. HacTymHuii MakcuMyMm BIZHOCHO caMe Koe(illieHTa TOTYKHOCTI JIOCSTa€EThCs 13
30UTBIIIEHHAM €MHOCTI 0 3HadeHHS 1266,1 Mx®d. Jlami MakcuMyM aMIUTITy M BUX1AHOI HAIPYTH BHHHUKAE Y
pasi 30UIbIICHS €MHOCTI KOHJAeHcatopa a0 BenuuumHu 1730,9 Mk®, i BiIHOCHE 3HAYCHHS HAMPYyrd Ha
HaBaHTa)XXEGHHI Jocsirae B MakcuMywmi 3HaueHHs 4,711/4,9=0,96. Hapemri, mocmipkeHHS MOJeNi Ha
MaKCUMYM pPEaKTHBHOI TMOTY>KHOCTI Ha KOHJEHCATOpI NMPU3BOIUTH 10 3Ha4eHHs -6,559 MBA 3a emHOCTI
koHneHcatopa 2034,6 Mx®. TakuM YMHOM, BUKOPHCTaHHS MOIIYKOBOI ONTHMIi3allii Ha Bi3yalbHIH Mopeni
Ja€ 3MOTY BU3HAYHMTH TapaMeTpyd KOMIIEHCATOpa B 3aJIEKHOCTI BiJi 0aKaHOTO PEXUMY HUIIXOM 3MiHU

iTHOBOT (PYHKIII, IKa OOYHCIIOETHCS ¥ pa3i MPOTOHY Bi3yalbHOI MOJIEINI CUCTEMH EIEKTPOIIOCTaYaHHS.
[Monasnbine 30UIBIICHHS €MHOCTI KOHJICHCATOpA MPHU3BOJWTH JO TMOTIPIIAHHS TTOKa3HUKIB, IO
(hi3MYHO TMOSCHIOETHCS IIYHTYIOUOKO JTi€I0 KOMITEHCATOPa 1010 HaBaHTaKEHHS. 3aBIISKH I[IbOMY Hampyra Ha
HAaBaHTAXEHHI 3MCHINYETHCS, 10 OOYMOBIIOE 3MEHINCHHS CITO)KMBAHOI HABAaHTAKCHHSIM TOTYXXHOCTi. 3
JIpyroro OOKy, IIpH I[bOMY 3POCTa€ CTPyM uepe3 JIHII0 eJieKTpornepeaadi, Mo MPU3BOAUTL 10 3POCTAHHS
PEakTUBHOI 1 aKTUBHOI MOTYXHOCTEH, 10 TPUXOAATHCS Ha JONIO JiHii enekrporepenayi. L x npuuunHa mo
CYyTi HE J1a€ 3MOTH JOCSTTH PEXHUMY ITOBHOI KOMITGHCAIIIl B CHCTEMI €JIEKTPONIOCTAYaHHs, B Kl ITapamMeTpu
TpaKTy Iepenadi eJIeKTPHIHOI €Heprii MaroTh BITHOCHO BEJIMKI 3HAYCHHS PEaKTHUBHOTO omopy. Hamaramms
301IBIIATU JOIK0 CKOMIICHCOBAHOT KOHJICHCATOPOM PEaKTHBHOI MOTYKHOCTI IIISXOM 301UIBIICHHS €MHOCTI
KOH/IGHCaTopa (akTHYHO HApaKa€ThCs Ha MPOTHAiOYE 3HIKCHHS HANpPYTH Ha I[bOMY KOHJeHcatopi. Lle
3HIKEHHST OOYMOBJIGHO 30UIBIIEHHSIM CTPYMYy 4Yepe3 JIHII0 eJeKTporepeaadi, 10 NPU3BOIUTH 1O
30UIbIICHHS MAJiHHS HAlPyTH Ha PEaKTUBHOMY OMOPi JiHii eleKTponepenadi, 1 e OAHOYACHO 301IbLIyE
PEaKTHBHY IOTYXHICTh, CIIO)KMBaHy caMme JIHIEIO eJeKTporepenadi, sKy Hamara€rbCsi KOMIICHCYBAaTH
KOHJICHCATOP 3a PaxyHOK 301IbIICHHS HOro eMHOCTI. [{1M 1 MOSICHSAETHCS HEMOXKIIUBICTh JOCSATHEHHS ITOBHOT
KOMIICHCAIli PEaKTUBHOI TOTYXKHOCTI B CHCTEMi EJICKTPOIOCTaYaHHs i3 3aBUIICHUMHU PEAKTUBHOCTSIMHU
TPaKTy eleKTpomnepeaadi, o 00yMOBIEHO B

. 4.076e+008] JJaHOMY BHIIAJKy HEpealbHO 3aBUILEHOIO
[__0.004036] PEaKTUBHICTIO CHHXPOHHOT'O T€HEpaTopa.

Display1 3amamoct, OJIHAK, pealbHUM

3HAYEHHSAM pEaKTUBHOTO OII0py

CHHXPOHHOTO TeHepaTropa, BHOpaBIIH HOTO
3a BEpXHBOIO Mexer 2,646x0,25=j0,6615
Owm. IlomykoBa onTuMiszauis MPUBOAUTH 10
BCTaHOBJICHHS PEXKUMY ITOBHOI KOMIEHcaii
(Full Compensation) 3a €MHOCTI

] =
" LE |_3.95e4006|  gommIeHCYBATBHOTO KOHJIEHCATOpa
2.962e+006
0 g [ 2:862e+006] CFC=1004,758 mMx®. Ha puc. 6 mokazaHo

Display2 BUIJISA]  Bi3yalbHOI MOJENi CHCTEMH i

=
= BIpTyaJbHUX BHMIPIOBAaYiB IOTY>KHOCTEH

Ll
_aI.-T ;
I MiCNsl  3aBEpIICHHS MPOIECy IOIIYKOBOT
ontumizamii. [Ipu 1pOMYy MOTYKHICTB, IO
Puc. 6 BifmaeTecs  JKepenoMm, Se=4,203 wBT,

HOTYKHICTB, 110 CTIO’KHBAETHCS
HaBaHTaXeHHsM, SZ= (3,962 + j2,976) MBA. Lleii pexxum mpakTu4yHO 3abe3rnedye 3afaHi MOTYKHOCTI
Tpru(a3HOro HABaHTAKEHHS 1 CAMOTO CHHXPOHHOTO TeHepaTopa.

CtpyM Bifn JuKepena B JIiHIi eleKTponepenadi I'a =1634,34e1"
Hampyra Ha HaBaHTa)XeHHI Ta KOMIIEHCYBaJIbHOMY KOHJEHCATOP1 \/.CC =4998,55¢e BT,

CrpyM uepe3 HaBaHTAXKEHHA |, = 1984,66ej(_50’570)_

Maroun B CBOEMY pO3MOPADKEHHI 3HAYCHHS aMmIUNTyJ HaBeIeHHX CTPyMiB 1 Hampyrwy,
MPOKOHTPOJIOEMO 0allaHC PEaKTUBHUX TOTYXKHOCTEH B CHCTeMi. [IOTYXHOCTi, $SIKi CIIOKHBAIOThCS
IHIYKTABHOCTSIMH, OOYHCIMMO SIK TTOJIOBUHU JOOYTKIB KBaJpaTiB aMIUTITY ] CTPYMIB Yepe3 iHIYKTUBHOCTI Ha
PEaKTUBHI OMOPH 1HAYKTUBHOCTEH. [ IHAYKTHBHOCTI HAaBaHTa)KCHHS PEaKTHBHA MOTYKHICTh

Q, =0,5x1984,66° x1,511=2,976 MBA.
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Jis cymapHOi iHAYKTUBHOCTI JIiHIT eNeKTponepeaadi i TeHepaTopa peakTUBHA TOTYKHICTb
Q, =0,5x1634,34% x0,7245=0,9676 MBA.

[lin yac oO4YHCIEHHS pEaKTHBHOI TMOTYXHOCTI KOMIICHCYBaJIbHOTO KOHJIEHCATOpa YMOBHO
pO3MOAIMMMO HOro €MHICTh MK [BOMa MapajleibHO 3'€IHAHMMHU KOHIEHcaTopamy. €MHICTH MEpIIOro
CZ=758.22 mx®d, sKka TMOBHICTIO KOMIICHCY€ PEaKTHBHY CKJIQJOBY ITIOBHOI ITOTY)KHOCTI HaBaHTa)KCHHS.
YacTtuHa €MHOCTI MOBHOI KOMIICHCAINIT, 1[0 3aJMIINIIACSA, BIIIOBIAE APYrOMY YMOBHO BiJJOKPEMIJICHOMY
koHnencatopy Ca=CFC-CZ=246.538 wmk®. [lpyruii yMOBHHMH KOHIEHCATOp TOBHHEH IIOBHICTIO
KOMIICHCYBaTH PEAKTHBHY MOTYXKHICTh CYMapHO! I1HIYyKTHBHOCTI IIiHIi eJIeKTpoIiepenavi i TeHeparopa.
PeakTuBHI TOTYXXHOCTi, IO TEHEPYIOTHCS KOKHUM KOHIEHCATOPOM, OOUYMCIMMO SK TIOJIOBHHY ITOOYTKY
KBajJlpaTa aMIUNTyId HamNpyrd KOHJEHCATOpa Ha PEaKTUBHY MPOBIJHICTE LBOTO KOHAEHcaropa. Jlis
HEePIIOro KOHJEHCATOpa PeaKTHBHA MOTYKHICTB, IO TEHEPYETHCS

Q., = 0,5x4998,55* x100mx 758,22 x107° = 2,976 MBA.
Ha moito mpyroro yMoBHOTO KOHACHCATOpA MPUTIAJAE PEaKTHBHA ITOTYKHICTh
Q,, =0,5x4998,55> x 1007 x 246,538 x10™° = 0,9676 MBA.

HaBeneni uncenbHi po3paxyHKH IMOKa3ylOTh, IO 32 PeajlbHUX TapaMeTpiB iHIYKTUBHOI'O OMOpPY
CHHXPOHHOTO TeHepaTropa MolepeyHa KOMIIGHCALlisl MUIIXOM LIYHTYBAaHHS HaBaHTaKEHHS KOCHHYCHUM
KOHJICHCATOPOM 37aTHa 3a0€3MeUUTH JOCITHEHHS PEKUMY TIOBHOI KOMIIEHCallii peakTUBHOI NOTy)HOCTI. Lle
MOXIIMBO IIUIIXOM 30iNBIICHHS €MHOCTI KOHJIEHCATOpa Ha BEJIMYMHY, JOCTaTHIO JUIS KOMIIEHCAIIil
PEakTHBHOI TMOTY)KHOCTi, IO CHOXHBA€THCI IHAYKTUBHHUMHU CKJIaJOBUMH TOBHHMX OMNOpPIB JiHil
eJIEKTpoIepeiadi i CHHXPOHHOTO reHeparopa.

BucnoBkmn.

1. Po3paxyHOK KOMIICHCYBAJbHOTO TNPHCTPOIO 1 PEXHMMYy KOMIIEHCAIil PEaKTUBHOI MOTYXKHOCTI 3a
BIZICYTHOCTI CHCTEMHOI0 MiAXOAYy NPHU3BOAUTH 10 CHOTBOPEHUX PE3YJIBTAaTiB MiX 4Yac BHU3HAYEHHS SIK
BHXIJTHOTO PEXUMY, TaK 1 pSKUMY KOMITEHCAIlli peaKTUBHOI IMTOTYKHOCTI.

2. 3a TiIBUINEHMX 3HAYCHb IHIYKTHBHOTO OIIOPY TeHepaTopa 1 JiHIl enekTpomepenadi crae
HEMO>KJIMBHUM 3I1HCHEHHS PEXUMY MOBHOI KOMIIEHCAalii peakTUBHOI ITOTY>KHOCTI.

3. Meron momrykoBoi onTuMmi3arliii, peanizopanuil B cucreMi MATLAB, HamaB 3Mory BU3HAYHMTH IS
BHITAJIKy HEMOBHOI KOMITCHCAIl ONTHMAJIbHI PEKHMH 1 €MHICTh KOMIICHCYBAIHHOTO KOHIEHCATOPY IS
0o0paHUX KpUTEpiiB omTuUMi3amii, B TOMy YHCJII 3a KpUTEpPiEM MaKCHMAJLHOTO 3HAa4YeHHS KoedilieHTa
HOTY>KHOCTI CUCTEMH €JIEKTPOIIOCTaYaHHS.

4. Tloka3zaHo, MmO 3a OOTPYHTOBAaHMX 0A30BMMH CITiIBBITHOIICHHSAMH IapaMeTpax 3acTyIHOI CXEeMHU
CHHXPOHHOTO TEHEpaTopa B CHCTEMH EJIEKTPOIOCTa4aHHS 3a0e3MeuyroThCsl SIK BUXIJIHUH PEXUM, TaK 1
PEKUM MOBHOI KOMIIEHCaMii peakTUBHOI ITOTY>KHOCTI.
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POWER COMPENSATION MODES RESEARCH IN GENERALIZED ELECTRICAL SUPPLY SYSTEM
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The article is devoted to the study of reactive power compensation modes //in a power supply system powered by a
synchronous generator. This power remains in the system even after the application of transverse capacitor
compensation, which is unable to provide full compensation of reactive power in the power supply system. Under these
conditions, the optimal value of the parameter of the compensating capacitor was found on the computer model by the
method of search optimization and the modes in the system with variations of the optimization criteria were
investigated. References 16, figures 6.

Keywords: synchronous generator, power line, reactive power, search optimization, full compensation.
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V3ATAJIbHEHUH ITEHTA®PIKATOP HAABHOCTI
CIIOTBOPEHDb SIKOCTI EJJEKTPUYHOI EHEPT'II

A.B. B0JIOIIKO , IOKT. TeXH. HayK
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IIp. Ilepemoru, 37, Kuis, 03056, Ykpaina.
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Po3pobra 3axo00ié no 3abe3neuennio aKOCmi eleKMPUYHOi eHepaii MONCIUBA MINbKU NICA OYIHKU aAKMU4Ho2o0 cmamy
AKocmi erekmpuyHoi enepeil y 6cix gysnax erekmpuunoi mepedxci. Tomy 6 ocHogy cucmemu 3abe3neyeHHss HeoOXIOHOI
AKOCMI eleKMPU4HOi enepeii NOGUHHO Oymu noxknadeHo cucmemy ii monimopuney. Ilpedcmasneno nioxio 0o nooyoosu
cucmemy  MOHIMOPUHZY AKOCMI  eleKMPUYHOi eHepeli y peanvHOMY 4aci Wiisixom po3poOKu  y3a2aibHeH020
idenmu@ikamopa HASABHOCMI CROMBOPEHHS AKOCI eeKMPUYHOL eHepeii He3anedCHO 6i0 1020 Muny, 4acy noseu ma
mpugaiocmi Ha OCHO8I NOOYO08U NPOCMOPOBO-YACOBO2O PO3NOOINY THHOPMAYIUHO20 CUSHATY [ NOOATLULOCO
OPMO2OHANLHO20 AHANI3Y YACMOMHO-YACO8UX 3MIH 11020 CHEeKMpAlbHUx KomnoHewm. Lle Oae 3moey cmeopenms
cucmemu MOHIMOPUHSY AKOCMI eleKmpUudHoi eHepeii 8 peailbHOMy YAci HA GIOMIHY 6I0 ICHYIOUUX MemoOdis, nid yac
3ACMOCYBAHHA AKUX NPOBOOUMBCS NOCTIO08HA 0OPOOKA BUMIPIOBATILHO20 CUSHATY O BUSHAYEHHS OKPEMUX NOKAZHUKIE
AKOCMI eIeKMPUYHOT eHep2il, W0 YHEMOICTUBTIOE 11020 npogederHs 8 peanrbHomy uaci. biom. 10, puc. 2.

Kntwouoei cnosa: skicTb €NEKTPUYHOI €HEPTii, CIIOTBOPEHHS MapaMeTpiB SKOCTI €IEKTPUYHOI eHeprii, BeiiBieT-aHanis.

Beryn. AHani3 cydyacHOTO CTaHy €JIeKTPOSHEPreTHYHOI raly3i YKpaiHu CBiquuTb, IO 11 iHTerpaLis 3
CJICKTPOCHEPTeTUYHIM CEKTOpoM KpaiH €C MOXIIHMBA TUIBKM 32 YMOBU JAOTPHMAaHHS KOPCTKUX BHMOT JI0
mapamMeTpiB SKOCTI EJIEKTPUYHOI CHEeprii, sKi IMOBHHHI 3HAXOIUTHCS y MEXax JOIMyCTUMHX PiBHIB,
BCTaHOBJICHUX Yy HOPMaTUBHHUX MokyMmeHTax [1]. IIpu mpomy ciifi 3ayBaskUTH, L0 SIKICTH EJEKTPUYHOL
eHeprii B 3Ha4Hil Mipi BIUTUBAaE HA HAMIHHICTh (DYHKIIOHYBAaHHS €IEKTPOCHEPTETHKH YKPAIHH 1 € TIOCTIHHO
JiI0o9nM (paKTOPOM, SKHH MOYKE MPHU3BOJUTH 10 HEOOTPYHTOBAHWX CKOHOMIYHHX BTpAT SK OE3MIOCEPEIHBO
€HEePronocTayaJbHUX KOMIAaHiH, TaK i 0araTboX CHOXUBAYiB €JIEKTPHUYHOI €HEeprii.

OpHuM i3 3axofiB BUpINICHHS [AaHWX NHTAaHb € CTBOPEHHS CHCTEMH MOHITOPHHTY SKOCTI
SJICKTPUYHOI eHeprii B peaTbHOMY 4aci Ha OCHOBI TaKOT'O MaTeMaTHYHOTO amapary, sSIKUii OM HajaBaB 3MOTY
MIPOBOJIUTH HE TUTHKH BU3HAYCHHS HASBHOCTI CIIOTBOPCHB SKOCTI €IIEKTPUYIHOI €Heprii, aje i HeoOXiqHICTh
nojansioi o0poOku BUMiptoBaIbHOI iHGopMalii i Tpu oMY OYTH aJanTUBHUM A0 CHHTYJISIPHOI MOBEIiHKU
iH(pOpMAaIIHHOTO CUTHATTY.

JliteparypHuii orjsia. Sk ciigye i3 HOpMAaTUBHUX JOKYMEHTIB [ 1], TOKa3HUKA SIKOCTI €JIEKTPHUIHOT
€Heprii po3MoAUIIOTECS Ha IB1 Ipynu: Oe3NepepBHi SBUIIA, TOOTO BiIXWUICHHS BiJl HOMiHAJbHOTO 3HAYCHHS,
10 MalOTh Miclie TIPOTSTOM YChOTO Yacy, Ta BUMAAKOBI MOIl 3 HAMPYro, TOOTO panToBi Ta iCTOTHI BiAXUIN
BiJl HOpMaJIbHOI YM Oa)kaHOoi (hopMHU KPHUBOI HaMpyru. 'apMOHIKY Ta IHTEPrapMOHIKH, KOJIMBAHHS HAMPYTH 1
HeOanaHC Hampyr BiAHOCATHCS 10 MEPLIOl TPYNH, a MEePexXilHi MpoLecH HANpyTH, 3HUKECHHs/TIEPEBHUILICHHS
HaNpyry, IepepuBaHHs HAPYTH Ta iHIII BUCOKOYACTOTHI CIIOTBOPEHHS CKIaJaloTh APYTY TPYILY.

Benuka KiabKicTh METOIB 00poOKH 1H(GOPMALIIHHUX CUTHAIIB BUKOPUCTOBYETHCS 3a,1IsI BU3HAUCHHS
MMOKA3HUKIB SKOCTI €JIEKTPUIHOI eHeprii. BciM iM mpuTamani K mepeBar Tak i HeTOIIKU IS 3aCTOCYBaHHS
iX B cucTeMax MOHITOPUHTY sIKOCTi enekTpuyHoi eneprii (S1EE).

AHaii3 JiTepaTypHHX IDKEpen AaB 3MOTY OKPECIUTH OCHOBHI iCHYIOUWi MeToAH iAeHTH]ikamii
HAasBHOCTI Ta THITY CIIOTBOPEHB SKOCTI €ICKTPHYHOI €HEPrii:

* IITY4HI HEHPOHHI Mepexi (CKpHUTI MapKiBchKi Moeni). Jocmimxysanucsa ydeaumu Perunicic (1998 p.),
Santoso (2000 p.), Gaouda (2002 p.), Gaing (2004 p.), Mishra (2008 p.), Zwe-Lee Ching (2004-2012 p.p.) [2];

* Ha OCHOBI eKcIepTHUX cucteM — Santoso (2000 p.), Styvaktakis (2001, 2002 p.), Chung (2002—
2009 p. p.), Reaz (2007-2011 p. p.) Ta aganTuBHOI HEUITTKOI ekcriepTHOI crcteMu — Ibrahim (2001 p.) [3];

* SKCIIEPTHI cHUCTeMH i3 HewiTkor yorikor — Dash (2000 p.), Tharak(2003 p.), Zau (2004 p.),
Chilukuri (2004-2008 p. p.), Ortiz (20062009 p. p.), Bizjak (20062010 p. p.) [4];

* SVM — MeTooJiorist HaB4aHH: 3a npeteaentamu (Bishop, Moulin, Lin, Axelberg, Roberts [5];
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* KOMOiIHOBaHI METOJIM — IITY4YH1 HEHPOHHI Mepexi Ta SVM [6];

* BeitBieTH Ta Mozeni Mapkosa [7];

* EKCIIePTHI CUCTEMH 13 HEUITKOIO JIoTiKoI0 Ta Dyp’e-anamni3 [8].

AHani3 0coOMMBOCTEN 3aCTOCYBaHHS JTAHMX METOJIIB MOKa3aB HACTYIHE. BUKOPUCTaHHS CKPUTHX
MapKiBCBKHUX MoJIeieii moTpeOye 3HaAHHSI CTATUCTUIHUX BIACTHBOCTEH CHTHAIIB. METO | OIMOPHUX BEKTOPIB
BUKOPHCTOBYETHCS B OCHOBHOMY JIJIsi BHUpIIIEHHS 3aj4ad Kiacudikailii Ta perpeciiHoro aHamsy, a
HEHpPOMEpPEeKEeBl EKCIEePTHI CHUCTEMH, 3a3BHYail, MpH3HAUYCHI JJIS pO3B'I3aHHS 3a7ad JIarHOCTHUKU Ta
nporao3yBaHHs. [lpu 1poMy cCiiji BpaxoByBaTH, IO HABYAHHS Ta IMEPCHABYAHHS INTYYHUX HEHPOHHHX
Mepexk € OaraTorapaMeTpHYHOIO 3a1adueio HeTiHIHHOI onTuMizallii Ta BuMarae 6arato gacy. TakuM YHHOM
3aCTOCYBaHHS 3a3HAYCHUX METOMIB Il imeHTH(IKaIii crnoTtBopers SIEE B peanpHOMYy dWaci HE MOXKHA
BB2XKaTH JIOCTATHHO S(hDEKTUBHUM.

BpaxoByroun BUIICHaBEACHE, Y MaHI pOOOTI pO3TIIAIAETHCS MIBUIKE TEpeTBOPeHHS Dyp’e sIK OUH
13 HAWTOMIMPEHIMUX METO/IB BH3HAYUCHHS IapaMETPiB SKOCTI EJIEKTPUYHOI €HEprii Ta METON BEHBIICT-
aHaJmizy, MPOCTOPOBO-YACOBI BIACTHUBOCTI SIKOTO € IIIJIKOM TPUAHATHUMH JJI BUSBJICHHS HasBHOCTI
criotBoperHss SEE, #ioro mowyaTky i TPUBaJOCTI Ta MOAANBIIOrO BU3HAYCHHS Ta KiIacu]ikaiii mboro
CTIIOTBOPCHHSI.

Metorw panoi podoTH € po3poOJeHHS y3araJbHEHOTO ieHTHU(IKATOPY BU3HAUYEHHS HAsIBHOCTI
criotBoperHs SIEE He3zanexxHo Bif HOTo TUITY, 4acy MOSBU Ta TPUBAIOCTI y PealbHOMY 4aci.

Po3pobka cnoco0y onHo3HAYHOI iTeHTH}iKALil HASIBHOCTI CIOTBOPEHDb AKOCTI eJIeKTPOeHeprii.

Ha nanwmii yac He iCHye y3arajibHEHOTO iieHTH(IKaTopa BH3HAYCHHS HASBHOCTI JOBUILHOTO THITY
CIIOTBOPEHb. TOMY aKTyaJbHOIO 13 HAayKOBO-TIPAKTUYHOI TOYKH 30py € pO3poOKa CIOCO0y OIHO3HAYHOI
imentudikarii moripmenas SEE y peansHOMy 4aci. SIk MOKa3yrOTh pe3yabTaTH 0aratbOx AOCTIIKECHD IS
aHajgizy CTPYKTYpPH CHTHAJiB pPI3HOMAHITHOI TpPHBAJIOCTI HEOOXigHI YacTOTHO-9acoBI aTOMH 3
PI3HOMaHITHUMU YaCOBUMH HOCISIMHU.

B opToroHanpHHX MEpeTBOPEHHSX SK CIMEWCTBA TAKUX YaCTOTHO-YACOBHX ATOMIB 3aCTOCOBYETHCS

BelBIeT-QyHKIA y, () B pe3ynbrarti ii MacIiTaOyBaHHs Ha BEJIMYHUHY S 1 3CyBY Ha BEJIMYUHY U

wu,x(t)=%w[t;”) (1)

[Ipu upoMy, OpTOrOHANBHE TIEPETBOPEHHS Y € r (R) Bix wacy u i MaciTaly s € HACTYITHUM:

—Uu

1
Wf(u,s)=<f,\vu S>= b O v L @)

ne < f, \yw> — CKaJIpHHIT T0OYTOK.

Sk cminye i3 Bupasy (2), BeiBIeT-IepeTBOPEHHS MOXe (HOKYCyBaTHCA Ha JIOKAJIBHHUX CTPYKTypax
CHTHAJIy 3a JOMOMOTOI0 TIPOIEeAyprd HAOMMKEHHS Ta BigmaleHHS 00 €KTiB, fAKa IOCTYIIOBO
3MeHIye/301blrye MacmTaOHui napamerp. OcoONMMBOCTI Ta HETNMaAKi CTPYKTYpU CUTHAIy 4acTO MICTATh
OCHOBHY iH(opMamiro moa0 HWOoro xapakTepucTUKU. OCKUIBKM JIOKaJlbHA TJAAKICTh CHUTHAIY
XapaKTePU3Y€EThCS 3MEHIICHHSAM aMIUIITYId BEHBIICT-TIEPETBOPEHHS 31 3MECHIICHHSAM MacuiTady, B poOoTi
JIOCITIKEHO OCOOJIMBOCTI 1 TeEpemamd CHTHATY NUBIXOM aHaji3y JOKAJIbHMX MAaKCHMyMIB BeEHBIET-
MEPETBOPEHHS 32 MAIMX MacIITa0iB, IO 1AJI0 3MOTY AeTaji3yBaTH MICISl «aHOMaJIii» y curaani [9].

Sk Big3HAYaeThCS B HAYKOBIHM JHiTepaTypi, 3MEHIICHHS aMIUTITyId BeHBIIET-KOCe(DILli€EHTIB B
3QJIEKHOCTI Big MacmTa®y ITOB’S3aHO 3 PIBHOMIPHOIO 1 TOYKOBOIO TIAAKICTIO JIIMIIUIL CHUTHATY.
BumMiproBaHHsT IIbOTO aCHUMITOTHYHOTO YyOYBaHHsS €KBiBaJeHTHE HAOJIDKEHHIO CTPYKTYp CHTHaly 3a

MmaciuTada, SKui npsimye o Hyis. To0To, skmo f € I (R) 3amoBoibHsA€e yMOBi Jlimmung o, o < 7 Ha [a, b],
TO icHye A > 0 Take, 110

V(u,s) e[a,b]xRJr ‘W(u,s)‘SAsaJ%. 3)

, AKIIO § mpsiMye 1o Hyms. Ilpu

HepiBHicTtb (3) € yMOBOIO aCHUMITOTHYHOTO CIaJaHHS |Wf (u,5)

OMY, y pa3i 3MEHIICHHS MacTady s QyHKIisS |Wf (u,s)| XapakTepusye ApiOHoMacTaOHi 3MiHU JOBKIJIIS

u. MacmTab s Mae Oytu Outblie 2, B MPOTWICKHOMY BHITAIKy KPOK BHOIpKM MOXKe OyTH OilbIlIe HOCIS
BeiiBeta. ToMy mig dac OOYMCIICHHiS HaWMEHIIMH MaclmTald BeHBIET-TIEPETBOPEHHS OOMEXKEHUH
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PO3AUICHHSAM JUCKPETHHX JaHUX. SIK BiJIOMO, JIUCKPETHE BEUBICT-TICPETBOPCHHS OOYHCIIOETHCS 3
Jj -1 ..
MacmraboM 27 2 s> puN *, 1e | Moxe OyTH IOCTaTHHO BEIUKE JUIS TOTO, MO0 YCYHYTH BIUTUB HETOYHOI

BMOIpKM Ha BEHBJIETH HaiiMeHImoro Macmraby. ToMy Haibinbmmil MaciuTab 2/ moTpi6HO 06MpaTH Tak, Mmoo
BiH OyB MCHIIIUM, HI)K BiJICTaHb MiXk JBOMA MOCIiJOBHUMH OCOOJIUBOCTSMU y Yaci JUIsl TOTO, 100 3ano0irTu
BIUIMBY iHIIUX ocoOnuBocTedt HA Wf (u,s).

3a koxkHOro Macimraba 2’/ IIpeaCTaBiIeHHS MaKCUMYyMiB Ja€ 3HA4EHHS VW(u,ZJ ) Tam, ne

‘Wf (u,2’ )‘ — nokanpHUN MakcumyM. I[Ipm 1boMy, Koimu 3HadYeHHS (YHKINI f{f) 3CyHyTe Ha T, KOXKHE

Wf (1,2’ ) Takox 3cyHyTe Ha T, SIK 1 IXHI MAKCHMYMH.

Anpo0anis pe3yJbTaTiB 10CTiIKeHHSA.

3aqa mepeBipKH aJeKBaTHOCTI TEOPETHYHOTO DIlIEHHS Ta HOTo MPaKTUYHOI 3HAYMUMOCTi OYi0
MIPOBEICHO MTOPIBHAIBHUM aHai3 Pe3ysIbTaTiB 00poOKH CUTHAIIB 3a qomoMoroo dyp’e Ta BeitBieT-aHai3y.
Sk indopmaniiiHi curHanu 0yi0 BHOpaHO HACTYIHE: HAasABHICTH PO3puBiB | pony (mepenaniB aMILTITy 1) Ta
HasIBHICTh TPETHOI Ta IM'ITOI TAPMOHIK Ha Pi3HUX NepioJax OCHOBHOT'O CUTHAITY.

Pesynmeratn ®yp’e-aHamizy CBIIUMIN MPO HASBHICTH aHOMaliil y curHami (po3pusiB I pomxy) Ta
HAsBHICTh TPETHOI U I’ATOI rapMOHIKH, ajie 0e3 imeHTHdIKaIlli Yacy IXHbOTO BUHHUKHEHHS Ta TPHUBAJIOCTI.
Pesynpratn BeliBieT-aHalizy TOKazaidu HacTynHe. HasBHiCTh BelBieT-KOeQili€eHTIB NepIIOro piBHSI
BeiiBeT-nexomnosumii (Wfu,2)) — ¢D1 cBig4mIn Npo HasBHICTH aHOMANiH y curHami (po3pusiB I poxy),
HasBHICTP 3 Ta 5 TapMOHIK B CHTHAJI 13 3a3HAYCHHSIM dYacy iXHHOTO BHUHUKHECHHS Ta TPHBAIOCTI

OPOTSKHOCTI.
[Ipoananizyemo BruuB HasBHOCTI criotBopeHb SEE, sixi mpucyTHi B iHpoOpMamiiiHoMy curHaii, Ha
pe3ynbTaTH MOT0 OPTOTOHANBLHOTO IepeTBOpeHHs (puc. 1 Ta 2). Puc. 1 — BeHWBIET-ICKOMIIO3UITIS

iH(pOpMaLIHHIX CUTHATIB: ¢ — CHHYCOiJAJIbHUI CUTHAJI Ta HasIBHICTh MIEPEBULICHHS HOMIHAJIBHOTO 3HAYCHHS
HaNpyru; 0 — CHHYCOiZalbHUN curHad i3 HasBHicTIO myMy (SNR — 20%) Ta moHMXeHHS HOMiIHAJIBHOTO
3HAYCHHS HamnpyTH. Puc. 2 — BEWBIET-ACKOMITIO3UIlIS CUTHATY 3 IIPOBAJIOM HOMIHAJIBHOTO 3HAYCHHS (a) Ta
3HELIYMJICHOT'O CUTHAIY (0).

Cunycoina 3amymMaeHa cHHyCoia
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BumaneHnHs nrymMoBOi KOMITOHEHTH (pO3TiIsaanacs HasBHICTH agUTHBHOTO Oioro I'aycoBoro mrymy
13 cepemHIM HyJlIeM 1 CTaHAAPTHUM BIAXWICHHSAM G) MPOBOAMIOCS BHOOPOM aJalNTHBHOTO IIOPOTOBOTO

3HAYEHHS WYMY Ay, = % , I G, — JIOKaJbHA CEePeJHbOKBAIPATUYHA TTOXHOKA IOCIIKYBaHOTO
JIOK
CUTHAITy Ta TUILy TOporoBoi oopooku [10]
( D ) D [ijOCDJ’k]/l D, >4
5 BN ) [k T J LIk = A
C. ],k = ) ( )
0, CDj,k <A i

Jie A; — IOPOroBe 3HAYEHHS j-IO PiBHA BEHBIET-NIEPETBOPEHHS; cD; ) — IeTaNi3ylounii BeiBIeT-KoeilieHT /-
ro piBHA. 32 YMOBH 1 — o BHpa3 (4) € eKBIBAICHTHUM >KOPCTKill moporosiit 00po0ii, a y Bunaaky n — 1 (y
HAIIOMY BHUMAJKYy) — M sKild. SIK ciigye 13 pe3ynbTaTiB AOCTIIKEHHS HasBHICTh CIIOTBOPEHHS B CHTHAJax
JI000r0 TUIY MPU3BOAMTH 0 IOSBM 3HAYCHHS MCTali3yl0doro koe(ilieHTa IEpIIOro PiBHSA BEUBICT-
nexomnosuiii (cD1), BiIMIHHOTO BiJT HYJISI.

3a HasgBHOCTI cuHYycoigansHoro curtainy c¢D1 = 0 indopmariiiHuii curHan He MiCTUTH CIIOTBOPEHb.
CroTBOpeHHs THWITy TIOHIKEHHS / IEPEBHUILICHHS HOMIHAIBHOTO 3HAYCHHs Hampyrd (iHpopmauiitHoro
CHUTHaJTy) Ta TIEPEpUBAHHS HAINPYTH MPU3BOIWUTH JO TOSBH 3HA4YCHHs KoedimieHTy cD1 3 mo3HadeHHSIM
MMOYaTKy Ta 3aKiHYEHHS CIOTBOpPEHHSA. HasBHICTH IIyMOBOI KOMIIOHEHTH B 1H(OpPMAIIHHOMY CHUTHAJI
MPU3BOIUTE 10 IOSBH JETANI3yI0UOro KoehillieHTy MEPIIOro PiBHSA BEHBIET-ACKOMIIO3HUIIIT, BIAMIHHOTO BiJl
HYJISL.

BucHoBkn.

1. Anamni3 OTpUMaHHX pe3yIbTaTiB BEHBIET-IEKOMIIO3HIII] CHHYCOiJaTbHOIO CUTHAIIY TA CHUTHAJIB 13
HAsBHICTIO CIIOTBOPECHD SIKOCTI €IEKTPUUHOI €Hepril (3HAYeHHS IETali3yI0UnX KOe(]Ili€HTIB MEePIIOro piBHsI
JICKOMITO3HIIIT) TOKa3y€e MOMJIMBICTh O€3II0CEepPEeIHhOr0 BHSBJICHHS CIIOTBOPEHb Ta BU3HAUCHHS IOYATKY
Ta/a00 3aKiHYCHHS Jii BiJIIOBIHOTO CIOTBOPEHHS 3a 3HAYCHHSM JICTANi3YIOUOr0 KOCQII[iEHTy MEpIIOro
piBHS BeliBiIeT-neKkoMITO3uII. Jlanuit meranizyrounii Koe(imieHT MepIIoro piBHS BEUBIECT-TIEPEBTOPEHHS Ma€e
HYJIbOBI 3HAYCHHS Y OUTBITOCTI TOYOK 32 BUKITIOUCHHSM THX, B SKUX ITOPYIIICHHS BiIOYBAETHCS.

2. HasBuicte aertamizyrouoro koedimieHTa BelBier-aHamizy (cD1) ciyrye sk y3araibHeHHR
iICHTU(IKATOp HAsABHOCTI CIIOTBOPEHHs SIKOCTI ENeKTPUYHOi €Heprii He3aJe:kHO Bix #oro tumy. B
MPOTHIICKHICTh MIAXOAY 3alpOINOHOBAHOTO B JaHIM poOOTi, y IHIMUX poOOTax MPOBOAWTHCS IOCIITOBHA
00poOka BUMIPIOBAILHOI'O CUTHATY U BU3HAUCHHS OKPEMHX MOKAa3HUKIB SIKOCTI €JEKTPUYHOI CHEeprii, o
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YHEMOXKIIUBITIOE PO3POOKY CHCTEMH IMPOBEICHHS MOHITOPUHIY SIKOCTI €JICKTPUYHOI €HEprii B peasbHOMY
gaci.

3. lonmanpima BeHBIET-ACKOMITO3UIlS 1HGOPMAIIHHOTO CUTHANY (J — Jueosx, AKUN 3ATCIKUTH BiJ
MaKCUMaJIbHOI YacTOTH iH(QOPMAIiHHOTO CHTHAIy) Ma€ 3MOTy He TUIBKH 1TeHTH(]IKYBATH HASBHICTH
cniotBoperns SIEE, ane i, 3a He0OXiHOCTI, BU3HAYATH X THII Ta JHKEPEIIO TIOSBU.
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GENERALIZED IDENTIFIER OF THE PRESENCE OF DISTORTIONS OF QUALITY OF ELECTRICITY

A.V. Voloshko

National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”,
37, prosp. Peremohy, Kyiv, 03056, Ukraine.

E-mail: avolosko820@gmail.com

Development of measures to ensure the quality of electricity is possible only after assessing the actual state of
electricity quality in all nodes of the electricity network. Therefore, the system of ensuring the required quality of
electricity should be based on its monitoring system. An approach to building a real-time electricity quality monitoring
system by developing a generalized identifier for the presence of electricity quality distortion regardless of its type is
presented, time of occurrence and duration based on the construction of spatio-temporal distribution of the information
signal and subsequent orthogonal analysis of frequency-temporal changes of its spectral components. This allows the
creation of a system of real-time monitoring of electricity quality in contrast to existing methods, when using which the
sequential processing of the measuring signal is carried out to determine certain indicators of the quality of electric
energy, which makes it impossible to conduct it in real time. References 10, figures 2.
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A FOUR TERMINAL AXIAL-BISHIELDED NETWORKS

0.0. Mikhal’
Institute of Electrodynamics National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine. E-mail: a mikhal@ukr.net

An impedance measurement object with an H-shaped four-terminal equivalent substitution circuit is considered. An
error analysis was performed for sensors whose non-informative supply resistances are of the same order or exceed the
measured impedance. A new definition of four-terminal impedance has been proposed, namely four-terminal axial be-
shielded (FTABS) measuring object. Based on such new definition, the scheme of axial-bishielded bridges is proposed
for precision measurement of temperature and electrolytic conductivity of liquids. Such bridges differ from the well-
known coaxial bridges since the former ones have an additional circuit for equipotential protection, which is located
between the flow circuits of direct and reverse currents. References 18, figures 7.

Keywords: impedance, model, four-terminal axial be-shielded object, measuring bridge.

From the works of Samuel Christie [1] and Charles Wheatstone [2], which became the prototype of
the four-branch bridge [3], the Kelvin double bridge [4] or the first transformer bridges (patent Rosenthal's in
1883) to the present day, improvement of the impedance measurement accuracy has been related to bringing
invariance to a large number of impact factors, increasing efficiency of the four-terminal connections, and
eliminating shunting effects. The key technical solutions to achieve an error of 0.1 ppm in the measurement
of AC resistance were the transformer bridges of Gibbings [5], Hill [6], Furd [7]. Amidst major requirements
for such bridges, along with the high precision of branches ratio, was an effective four-terminal connection
of the standard measure and the measuring object. In 1964, for precision immittance measurement Cutkosky
proposed to use the definition which he formulated as ‘four-terminal-pair networks’, Fig. 1, a [8]. In the co-
axial variation a model is presented in Fig. 1, b where an object is surrounded by a shield with potential
equaling zero and a reverse current flowing through it.

a)

Fig. 1

Each of the four signals (two current and two potential) is fed to the object via a coaxial port. Later
on, such objects and measuring networks on their basis became known as coaxial bridges [9, 10]. A model
with the four-pair connection allows to pass direct and reverse currents in spatial contours with the minimum
area. This enables to reduce scattering fields in the transformer measuring networks, optimize the signal-to-
interference ratio (primarily magnetic), and realize, along with other techniques, high sensitivity of the coax-
ial bridges. The four-terminal-pair connection of a measuring object in Fig. 1 has the formula of connection
4x2, i.e. four terminals with two connectors each. The modes to be formed on each connector are given in
Table 1.

© Mikhal O.0., 2022
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Therefore, the purpose of this article is to analyze the problems of the four-terminal-pair measuring
object, to consider ways to solve these problems, to introduce a new type of object to correct the influence of
transverse parasitic admittance, which was defined as four-terminal axial-bishielded (FTABS) measuring
object and examples of implementation of such objects in double-shielded coaxial bridges designed for pre-
cision measurement of temperature or electrolytic conductivity.

Table 1
Tape of connections: Modes on port connectors
I, and I, (Cp) lLand I, (C) Us; and Us™ (Py) Ugand U, (P)

Four-terminal-pair L=1 L=1, s=13=0 l,=1,=0
connections [8] U’ =0 U, =0 Us=U,U; =0 Us=U, =0

||=|2,U|:U3 U2:U4
Four-terminal bi-shielded | U, = U, [U," =0, U, =U; [ U =U,#0
connections (FTABS) U, #U; U, #U,

The problem and its analysis. The Cutkosky impedance definition is based on several conditions.
The voltage difference at Uy and U’y connectors should be equal to the voltage of the power source, and the
voltage difference at U, and U", connectors should be zero. This means that potentials of Iy, Uy connectors
and point A coincide, and potentials of the connectors I, U and point B coincide accordingly. But in this
case, a model of the four-terminal object neglects impedances in the current circuits Z;, Z, and voltage cir-
cuits Z3, Z4 (Fig. 1, ¢). However, there are a number of measurement objects where impedances cannot be
ignored. For EG, at cryogenic temperatures, the active resistance 100Q of Standard Platinum Resistance
Thermometer (SPRT) decreases by three orders of magnitude to 0.1Q, whereas the input impedances Z,—Z4
remain significant at 0.6Q level. Additionally, in four-electrode AC conductivity cells with the calculated
constant (absolute 4T cell [11]), impedances Z;, Z and Z; of liquid columns are almost identical in module
and reach 10 kQ. Moreover, informative parameter Z has a parallel capacitive equivalent circuit [12], while
the non-informative parameters Z;, Z; have a serial capacitive equivalent circuit, the phase angle tangent of
which for some solutions approaches 1. For above mentioned objects, the working current and parasitic ca-
pacitances C; breach the Cutkosky conditions U; # U; and U, # U,. This is a major problem that leads to
error. We'll look at it in more detail below.

Typically, measuring devices and sensors are connected with an communication line (cable). Fig. 2
shows a scheme for measuring informative parameter Zx which is represented by an H-shaped four-terminal
measuring object [13].

Fig. 2

The scheme contains the following elements of the device: a power source with output conductance
Y. and a voltmeter with input conductance Yy, connected respectively by cable C1 with connectors P;-Py,
and cable C2 with connectors Ps-Pg to the measuring object.

A systematic error caused by non-informative parameters will occur during the measurement proc-
ess. For its calculation in [13] the following formula is applied:

0, = _[(Ye +YCl)Zl +(Yv +Ycz)22]a (1)
where:
1+ (Y, +Yo, (2, +2,+2,)
1+ (Y, +Ye, (Zy + 26, + 2,4+ Z,)°
1+ (Y, +Ye )(Ze, + 2, + Z,)
1+ (Y, +Yo 2y + 2, +2,+ 2,)

2, =L+, +2,+ 7,

,=Le,+ L+, + 2,
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In [13] all non-informative parameters (Fig. 2) denoted by symbols Z; are called longitudinal imped-
ance, and Yj-denoted parameters are named transverse admittance, respectively. As a rule, only short-length
cable [9, 10, 13] parameters are used in the analysis. In [9], linear parameters of a standard (50 Q) coaxial
cable, based on one-meter-length, are given: Z¢; = Z¢, = 1072 + j®2,5 x 107 and Yoy = Yor = jcolO'lO. It stands
to reason that at typical operating frequencies ranging from 100 to 1000 Hz inductance in the impedances Z¢;
and Zc; can be neglected for thermometry and conductivity measuring instruments. It should be noted that,
for EG, SPRTs are calibrated at reference points which are located over a large area, sometimes in different
rooms. Whereby a thermometry bridge (F900), depending on its configuration, has a weight of 27-31 kg, is
grounded and, as a rule, is installed as stationary one. Therefore, the length of the measuring cables for the
thermometry bridges can reach 10-30 m in the laboratories of the national metrological institutes. Thus, the
longitudinal impedances of the measuring objects can be an order of magnitude larger than the informative
parameter. Under interconnection line we mean not only the measuring cable connecting a device and a sen-
sor (we denote these parameters as rcap and Ccap), but also the part of the cable inside the device (parame-
ters r'vpev and Cpey), as well as the cable inside the sensor, which links sensor connectors and electrodes of
the sensing element (parameters I'iyseny and Cinsen)-

For some of the most commonly used types of precision thermometry and conductivity sensors
(high-temperature SPRTs of BTC type and IITC10 type; low-temperature SPRTs of platinum resistance
thermometer TCITH-4B type, Russian designation; or absolute 4T conductivity cell), the values of longitudi-
nal and transverse parameters are presented in Table 2.

Table 2
Parameters of interconnection line Object parameters
Sensor I'NDEV, CinpEvs FcaB, CCAB, INSEN, Cinsens 1Z1|,1Z5], |Z3],1Z4] |Zx]
type MQ pF MQ pF MQ pF
BTC 1-3 10-30 10-300 100- 10-15 100-150 0.2-0.6 0.2-0.6 0.6-2
3000 MQ MQ Q
IITC10 1-3 10-30 10-300 100- 10-15 100-150 2-6 2-6 10-25,
3000 MQ MQ Q
TCIIH- 1-3 10-30 10-300 100- 10-15 100-150 0.3-1 0.3-1 0.1-100
4B 3000 Q Q Q
4T cell 1-3 10-30 10-15 100-150 1-3 10-30 5Q- 3Q- 5Q-
10kQ 3kQ 10kQ

In the formula for an error (1) there are three components: additive, multiplicative, and linear error.
We make a simplified estimation of the additive component of an error in the assumption that the parameters
of a source and a voltmeter are compensated, i.e. Y. << Y¢; and Yy << Yc,. At the highest range, upon equal
distance between the potential and current electrodes, impedance modules of the conductivity sensor are
equal Zy=Z,=Z, = 5 kQ. Hence, an additive component of the error (1) will be 6Z,~Y¢,(Z, + Z;). Then at an
operating frequency of 1 kHz the error can reach 0.6%. Thereby, linear and multiplicative errors will be of
the same order of magnitude. There are two methods to handle this problem. The first method is based on the
compensation of the voltage drop on the longitudinal parameters to reduce the influence of the impedances
Z,, Z,. The second one is based on equipotential protection in coaxial measuring networks to reduce the im-
pact of the Yc; and Y¢, transverse admittances. There are ways to solve the second problem. This is the use of
three axial measuring cables with the formation of a protective potential. But in [10] only the idea is formu-
lated. Even the principle of action is absent. There is also an original solution based on a symmetrical passive
transmission structure obtained with a center-tapped four-coaxial cable [14, 15]. It requires four axial cables
in current or potential circuits. But the effect is achieved only for a cable of a specific length. Further, since,
for example, for Z; = Z (Fig. 1, c), the potentials of terminals I; (port Cy) and U; (port Py) will differ twice,
this method will not work. This article discusses the second method in more detail.

Ways to solve the problem. The essence of new approach lies in combining methods of magnetic
and electrostatic protection of the measuring networks. Schematically this idea is shown in Fig. 3, a. Well-
known coaxial measuring networks [9, 10], where operating current |y flows through an object with imped-
ance Z; and returns to the power source through a shield with impedance Zj,, forming in the space contour L
with a minimum area. It is suggested that such networks will be supplemented by an additional contour
which performs the function of equipotential protection of the direct working current circuit. It should be
located between the direct and reverse working current circuits. The new object, Fig. 3, a (as opposed to two-

ISSN 1607-7970. Texn. enexmpoounamirxa. 2022. Ne 6 79



terminals pair 2P or four-terminals coaxial 4C [16]) can be defined as two port triple-coaxial impedance
(code 2 TC). The following relation is a condition for the absence of leakage currents (ljcaage = 0, Fig. 3, @):
liZin = 1xZ;. (2)
If we apply the above approach to all elements of the four-terminal object (Z, — Z4, Zx, Fig. 2), then
we obtain the multi-terminal model of the measurement object. The model presented in Fig. 3, b, allows or-
ganizing universal protection against magnetic and electrostatic external or internal interference.

P o — — Pas
nenfi=an . mﬂﬂﬂ i:f
O i
Ps2 (% ,_’:q
i SALAL
Ps3 &

\_C P4s

st @ &
—:—A /#—:— P

a) P21 ] 21 ] 41 Pai

TR \%\i___’i%}%

Pza @

Fig. 3

The scheme shown in Fig. 3, b contains five ports (terminals) P1 — P5 with connectors Pjj to form the
respective modes. The first four ports have the same set of five connectors each. A pair of Pj, and Pj; connec-
tors for the inner shield, a pair of Pj; and Pjs connectors for the outer shield, and P;j; connectors for a classic
four-terminal connection. Fifth port terminals have the same functions, but do not have terminal Ps;, because
by definition four clamping objects, the corresponding terminals of ports P1, P3 and P5 are connected at
point A, and the terminals of ports P2, P4 and P5 with are connected at point B. The scheme in Fig. 3, b,
upon forming appropriate modes, is suitable for the implementation of wires bifilarity with direct and reverse
currents and for equipotential protection of sensor sections, connectors and measuring networks.

If you combine P;s and Ps4 connectors, as well as Ps; and P,5 connectors, you are able to form a cir-
cuit for reversing current through the connectors P4 and Po4. If you exclude circuits for equipotential protec-
tion, but combine pair wise connectors P;s and Ps,4, Ps; and Pys, P35 and P4s both electrically and construc-
tively, then in combination with the connectors Pj; one can obtain a four-terminal pair definition of the ob-
ject, Fig. 1. In general representation of the scheme in Fig. 3, b, 21 variants of independent connector combi-
nations for Pjj connectors can be identified to form protection circuits. The variations with the most practical
significance are given in Table 3.

Four-terminal axial-bishielded (FTABS) measuring object. The implementation of some protec-
tion options proposed in Table 3 significantly complicates the sensor design. For existing designs (for EG,
Strelkov’s design of a high-temperature SPRT) it is only partially possible. This is explained by the fact that
a shield can be inserted inside a thermometer’s quartz tube only with the manufacturer’s consent. In other
cases, as a rule, additional studies of the shunting influence of the capacitances C; (Fig. 1, C) are required.

The most effective and promising approach is to combine the methods of bifillation of signals and
their equipotential protection, which is achieved by combining schemes 1 and 6 of Table 3. Accordingly,
there is a need to identify a new type of multi-terminal object.

The new definition of a measuring object has the formula of type connectors 4x3, as shown in Fig. 4.
The object differs from the well-known four-terminal-pair object by the fact that each terminal is provided
with a third connector for equipotential protection. By analogy with a "bi-shielded" cable, such measuring
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object can be called as a four-terminal coaxial bi-shielded one. Its connection scheme and designation of the
modes on the connectors are represented in Fig. 4. Table lists additional requirements for voltages and cur-
rents at the connectors which are needed to define a four-terminal coaxial bi-shielded object.

Four-terminal axial bi-shielded (FTABS) measuring object. The implementation of some protec-
tion options proposed in Table 3 significantly complicates the sensor design. For existing designs (for EG,
Strelkov’s design of a high-temperature SPRT) it is only partially possible. This is explained by the fact that
a shield can be inserted inside a thermometer’s quartz tube only with the manufacturer’s consent. In other
cases, as a rule, additional studies of the shunting influence of the capacitances C; (Fig. 1, C) are required.
Table 3

Ps, and Ps; — none

No Scheme configuration Jumper link Scheme description and purpose
o 1 Pi, and Pj; — none Combined bifilarity of current and
= J Pis+Pss+ potential circuits. Four-terminal-pair
8 Pss + Py + connection. The definition given in [8]
g_ Pys+ Py + and used in [9, 10, 14-16].
8 Pys + P3s +
2 P3s + Pia+
éﬂ 2 Pi, and P;; — none Separate bifilarity of current and potential
o P15 + P54 + circuits.
2 Pss + Py
é Pss + P34
(]
=
3 Pi; and P;5s — none Five-port symmetrical inclusion for
independent equipotential protection of
each element.
(5
& &
.5 4 7. & Pis and Pj5s — none Equipotential protection of current
g Pi;+ Ps3; circuits, separately with high and low
I P, + Py potential.
a,
2
s
72
g
3 %l =2
:0 5 Pis and Pjs — none Separate equipotential protection of
° ﬁg Pi3+Psy + current and potential circuits.
3 Ps3 + Py
g
[
=
6 Pis and Pj5s — none Equipotential protection of the

communication line to a sensitive
element.

The most effective and promising approach is to combine the methods of bifiling signals and their
equipotential protection, which is achieved by combining schemes 1 and 6 of Table 3. Accordingly, there is a
need to identify a new type of multi-terminal object.

The new definition of the measurement object requires a new type of connection. According to the
formula terminalxconnector, this should be the type of terminal — 4x3 connector, as shown in Fig. 4. This
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object differs from the well-known four-terminal-pair object by the fact that each port is provided with a

third connector for equipotential pro-

Z1 Zx_Za — 1, U, tection. By analogy with a "bi-

A B — 17 Uy shielded" cable, such measuring ob-

| 7> U, ject can be called as a four-terminal

z 1l bl ozl | 2C ) qoax1a1 bi-shielded one. IFs connec-

s el tion scheme and designation of the

modes on the connectors are repre-

sented in Fig. 4. Table lists additional

requirements for voltages and cur-

rents at the connectors which are

4(P) needed to define a four-terminal co-
axial bi-shielded object.

Fig. 4 Examples of coaxial bi-

shielded bridges. To protect against

leakage currents of the measuring circuit with inductive voltage dividers and the formation of protective po-

tentials can be used special transformers, the secondary winding of which is made of shielded wire. This wire

has a four-layer structure: flexible internal lead, insulation, screen and again insulation. In real devices, we

used such a shielded cable in isolation with an outer diameter of 1.1 mm. This allows up to 30-35 turns to be

performed on amorphous toroid core (dimensions 40x25x11 mm) without noticeable loss of magnetic cou-

pling. Measuring circuits with such transformers and objects in Fig. 4 were called tri-axial [17], by analogy

with a triaxial cable [10]. Further on, the authors admitted the opinion of the reviewers that the term ‘coaxial

bi-shielded’ more closely corresponds to the physical essence of the proposed changes in an object. There-

fore, by analogy with coaxial bridges [9], measuring networks with objects in Fig. 4 can be called as coaxial

bi-shielded bridges. Here below we propose several variants of schemes for such bridges for thermometric

and conductometric tasks. One of such variants is shown in Fig. 5 for temperature measurement with SPRT.

The basis of the scheme is a two-stage transformer T2, the secondary windings of which (in the circuit of

flow of working current its m,;, and in the circle of comparison of voltages its m,,) are made of shielded

wire.

Uy 14
Uy Iy
Ui I

1(Cw)

Us Us Us Us Ui Ui

3(By)
I3 I35 I Is Ii Ii

—_—— — — — — — — — — — — — — — — — — — — — —— —— — — — — —_———_— —

The scheme is intended for operation in the range of non-cryogenic temperatures, where parameter I,
indicates resistance of the wires inside the quartz tube of the standard platinum resistance thermometer
(SPRT). Therefore, this resistance will be less than the resistance of the object R;. In this case, the voltage
drop across I, (Fig. 5) will be insignificant and, thus, there is no need to protect current and potential branch-
es with low potential. In the scheme, the equipotential protection spreads not only throughout the device and
cable, but also throughout some terminals to the sensitive element of the resistance thermometer, equalizers
El and E2.
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As a result, under these conditions, we may restrict ourselves to a type connection configuration 2x3.
That is, two connectors (for current P11-P13 and potential circuit P21-P23, Fig. 5) with coaxial double
shielding. In Fig. 6, a shows an example of a simpler, cheaper implementation of a connector that uses three
terminals instead of coaxial double shielding. It is this type of connector has been used in thermometric
bridge CA 300.

Upon precision conductivity measurements, the measurable temperature of the liquid is almost
always stabilized with high accuracy. For this purpose, a conductivity sensor, such as a precision absolute 4T
cell [11] with a calculated constant (Fig. 6, b), is placed in a thermostat. The metal box of a thermostat can
serve as a shield from electrical and magnetic interference. However, for safety reasons, the housing must be
grounded. Therefore, it can lock the capacitors’ currents of the supply filter. For this reason it is impractical
to use the thermostat housing as a housing for a four-pair connection.

Equipotential coaxial connectors
P11, P12...P41, P42

Connectors P21... P23 \

Sensitive
cell ele-
ment
Connectors P11... P13 Shielded
cable
a b
Fig. 6

As such, it is possible to utilize a section of metal foil or mesh fixed just behind the quartz tube of a
four-electrode cell, Fig. 6, b. In this case, the screen S (Fig. 7) will also be in the thermostat. Therefore, it is
not advisable to pass reverse working current through it. But it can be used as a screen shell for protection
against interference. The scheme of such equipotential protection of the precision reference cell is shown in
Fig. 7. It realizes a 4x2 connection type, that is, four terminals with two coaxial connectors each. The scheme
in Fig. 7 is implemented in the Ukrainian standard of the unit for electrolytic conductivity of liquids [18].
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It differs significantly from the well-known four-pair connection (Fig. 1) in that each of the shields
has its own potential close to (ideally equal to) the potential of the central wire. Such connection enables full
equipotential protection, including protection inside the sensor and the sensitive element itself, Fig. 6, b. That
is, inside the device you can implement a coaxial bi-shielded connection but use a 4x2 cable configuration,
or four terminals with two connectors. This will minimize the area of current and potential circuits, and
therefore reduce the level of interference (including in-phase one) caused by the magnetic connections inside
the device.

Thus, the use of the new definition of a coaxial bi-shielded measuring object and the formation of the
necessary modes (Table 1) in the measuring networks of bridges allow to ensure the invariance of the meas-
urement result to non-informative transverse admittance (Fig. 2) regardless of their magnitude with an error
(1.0 —0.1) ppm. This corresponds to the LBS of precision thermometry or conductivity bridges.

Conclusion. The scheme of known coaxial bridges (in the sense of Kibble's [9]) consists of two sep-
arate contours (frame), as if strung on top of each other. The first contour of the main is a classic four-armed
bridge (in the sense of Hague's [3]). The second contour is a system of wires through which the reverse cur-
rents of the bridge branches flow, which are maximally aligned with the first circuit. The new bridges we
have considered differ in that a third contour is placed between the first and second contours of the coaxial
bridge. This contour performs the functions of equipotential bonding signals in the middle of the measuring
circuit as well as the cable and the measuring object.

The new definition of the object of measurement - four-terminal axial be-shielded (FTABS) object
allows combining as effectively as possible the bifilization of signals and their equipotential protection for
four-terminal impedances having the lead (snood) resistance are commensurate with the information resis-
tance. For such objects, the proposed approach reduces the influence of transverse admittance to the level of
sensitivity of instruments, allows the use of measuring cables of any length and has the same small meas-
urement error as in the case of four-terminal pair networks.

Pobomy suxonano 3a paxynox depacoroodxicemuoi memu ““Po36umox HayKosux ocHo8 ni08uueHHs MOYHOCHI KOHOYK-
MOMEMPUUHUX GUMIDIOBAHL 3 eMATOHHUMU 080eNeKMPOOHUMU Komipkamu’, wiugp memu “JHITIOJIb-2", depacasnuii
peecmpayiinuu Homep memu 0119U001281, KTIKBK 6541030.
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YOTUPUTEPMIHAJIBHI AKCIAJIBHI TOIBITHO-EKPAHOBAHI BUMIPIOBAJIBHI KOJIA
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Incturyt eaexrpoannamiku HAH Ykpainu,
np. [lepemoru, 56, Kuis, 03057, Ykpaina.
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Poszenanymo imneoancnuti 00’ ekm eumipioganus 3 H-nodibnoio uomupu3amuckHoo exeieaneHmHoI0 CXemMor 3amiujen-
us. IIposedeno ananiz noxubku 015 0asauis, HeiHPopmamueHi onopu nio8oody AKUX 00H020 NOPAOKY ab0 nepesuLyyoms
BUMIPIOBAHUL IMNEIaHC. 3anponoHOBAHO HOBE GUSHAYEHHS HOMUPUIAMUCKHOZ0 IMNEOAHCY, d came YOMUPUmepMIiHaIb-
Hutl akcianoHuil noositno-exkparnosaruti (FTABS) 06’ exkm sumiprosanus. Ha 0cHo8i HO8020 8U3HAYEHHS 3ANPONOHOBAHO
cxXeMu aKcianbHUux nOOGIlIHO-eKPAHOBAHUX MOCIG 05 NPeYU3IIHO20 BUMIDIOBAHHA MEMNePaAmypu ma enekmponimuy-
Hoi npogionocmi pioun. Taki mocmu 8i0PI3HAIOMbCA 8I0 8i0OMUX KOAKCIANLHUX MOCMI8 HAABHICMIO 000AMKOB020 KOH-
mypa Ona eK8inomeHyiliHo20 3axXucmy, wo pO3MIWyEmMbCa Midnc KOHMYpamu NPOMIKAHHA NPAMO20 MA 3860POMHO20
cmpymy. bion. 18, puc. 7.

Kntouoei crosa: imuenanc, MoJielb, YOTUPU3ATUCKHUN 00’ €KT, BUMIPIOBAJIBHUH MICT.

Hapiitna 10.05.2022
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JIO 100-PTUYS BIJI JTHSA HAPOIKEHHA AKAJIEMIKA HAH YKPATHA
OEOJOCIAA BOPUCOBUYA I'PUHEBUYA

(1922-2015 pp.)

Haponuscs ®@eonociit bopucosud I'punesnd 1 mucronana 1922 poky B cem Pimaa Bomounchkoro pa-
oy XMenpHHUIBKO1 o0acti . CBiil TpyAOBHH NUIAX BiH PO3MOYaB Y HEMOBHI 17 pOKIB BUUTENEM CiIbCHKOT
MIKOJIH. Y POKH Apyroi CBITOBOI BiiHM BOIOBAB Y JiaBax /il0voi apMii, OpaB y4acTs y mrypMi bepaina.

VY 1948 p. ®@. b. I'puneBny BcTynae 10 JIbBIBCHKOTO MOMITEXHIYHOTO iHCTUTYTY, MIiCIIs 3aKiHUCHHS
sKoro y 1953 p. oB’s13aB CBOIO TPYIOBY 1 TBOPUY MISITEHICTH 3 AKaneMi€ro HayK.

B 1958 poui @.b. ['puneBny npuiiMaB akTUBHY y4yacTb Y 3aCHyBaHHI |HCTUTYTy aBTOMaTHKH Ta €JIeK-
Tpometpii Cubipcrkoro Bigminenns Akagemii Hayk CPCP, a B 1962 poui — B cranoBieHHi [HetutyTy aBTO-
Matuku Akagemii Hayk Kuprusskoi PCP (M. @pyH3e — bimkek).

3 1966 mo 2007 pixk @.b. 'puHeBNY 3aBiqyBaB BiIALIOM €ICKTPHUYHUX 1 MarHITHAX BUMIpIOBaHb IH-
ctutyty enektponunamiku HAH Ykpainu, nokrop TexHiuHux Hayk (1964 p.), mpodecop (1967 p.), unen-
kopecrnonneHT (1973 p.) Ta akagemik (1979 p.) AH Ykpainm, 3acinyxenunii puraxigauk YPCP (1972 p.), na-
ypear [epxxasroi nmpemii CPCP (1976 p.) y rany3i HayKu 1 TEXHIKH.

Axagemik HAH Ykpainun ®@eogociit bopucosuu ['pruneBnd 3poOuB Beanye3HU BHECOK y HayKy. Bu-
JaTHUH BUeHUH npoxuB 92 poku. BiH 3acHyBaB BifoMy cepel HAyKOBOI CHITBHOTH IIKOMY 3 AECATKAMH BH-
COKOKBaJTi(piKOBAaHUX CHEIITICTIB, KA ITiTHSIA Ha HOBUH PiBCHb BaXKJIMBI HAIIPSIMKHA BHUMIpIOBaJIBHOI TEXHI-
kd. ['onoBHMM HaykoBUM pe3ynbTatoM mpaui ®. b. ['puHeBnya, sik HayKOBIIS, cTana TEOpis Ta NPUHLIUIN
CTBOPEHHSI HOBOTO KJIACY €JIEKTPOBUMIPIOBATBHUX MPHJIAiB, IO OTPUMANU Ha3By HU(QPOBI eKCTpeMalbHi
MOCTH 3MiHHOTO CTpyMy. Ha 06a3i 1miei Teopii 6yno po3po0iaeHo Ty HU3KY THIIB MPENU3iHUX TpHUiIagiB
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JUISL BUMIPIOBaHHS K CICKTPUYHUX, TaK 1 HECNEKTPUIHNX (Pi3WIHUX BEIMYMH. Bysio HararomkeHo MoCTiiHe
1 TicHe CriBpOOITHUIITBO 3 3aBOJIOM «TouenexTponpuiany, skuii BUTOToBUB moHa 10000 ex3eMInisapiB yHi-
BEpCaIbHUX MOCTIB 3MiHHOTO cTpyMy. Llle cOTHI 1 THCAYI crieniani3oBaHUX NPUIAiB BUTOTOBIISUIHCS 1HIIIN-
MU MiIIPHEMCTBAMU. bararo 3 nux mpunagiB Oyau MEPIIMMHU Ta HAWKPAIIUMU Y CBOEMY KJaci HE TITbKU Y
Pansacerkomy Corosi, moTiM B YKpaiHi, ajie ¥ y oMy CBITi. | ChOTOAHI 32 BOKIUBUMU METPOJIOTIYHUMH
XapaKTEPUCTHKAMH BOHU HE IMOCTYMAIOTHCSA CYJaCHUM 3apyODKHUM aHajioraM. A 1mie OyJid i YHIKaJIbHI TIpH-
Jany UIs MEAUIMHN, KOCMOCY Ta JJIs METPOJIOTIYHMX OpTaHi3amiil YKpaiHu i AeSKHUX iHIIHUX KpaiH.

bararo BaXTMBHUX HAyKOBUX 1 MIPAKTHYHUX PE3YNIBTATIB OyJIO 3alI0YaTKOBAHO B poOOTaXx ITiJl KEPIBHU-
urBom ®. b. 'puHeBHuYa Ta pO3BUHYTO HOro ydHsMHU. P0o3po0iieHo 1 BIPOBAIKEHO B €KCIUTyaTallil0 Cepiro
eTaJIOHHHX 3ac00iB, 3ac00iB Nepeaadi 3HaYeHb €TaJIOHIB Ta CEPiiHUX pOOOYNX NMPHIIAIB ISl METPOJIOTYHO-
ro 3a0e3neueHHs QPyHKIIOHYBaHHs eeKTpOCHEpreTUKN YKpainu. CTBOPEHO TEOPETHYHI OCHOBHU Ta PO3p00-
JICHO Ipujaau i OaraTokaHalbHI 1H(GOPMAIIHHO-BUMIPIOBAIbHI CHCTEMH JIs AMCTAHI[IHHOIO BHU3HAYCHHS
napaMeTpiB (pi3MYHUX BEIIMYUH 3 BUKOPUCTAHHIM €EMHICHUX, IHAYKTUBHUX Ta PE3UCTHBHUX, a TAKOXK KOHIY-
KTOMETPUYHUX CEHCOPiB. 3alPOIIOHOBAHO 1 Peani3oBaHO B YHIKaIbHUX PO3pOOKax epeKTHBHI TEXHIUHI pi-
IIIEHHS Ha OCHOBI BUCOKOTOYHHMX VHi(DIKOBAaHUX BHMIPIOBAIEHUX TepeTBOpioBadiB. CTBOPEHO MPHUHIIMIIOBO
HOBUH METOJ BUMIPIOBaHHSI MAarHiTHHUX XapaKTEPHUCTHK, PO3POOJICHO Ta BIPOBAKECHO y BUPOOHUIITBO aB-
TOMATUYHI CUCTEMH JIJIsi BU3HAUCHHSI TTapaMETPiB MArHITIB Ta BUTOTOBJIICHHSI MTOCTIHHUX MAarHiTiB 3 BUCOKO-
eHepreTHYHUX MarepiaiiB. CTBOPEHO HOBI HPUHIUIIK MOOYA0BU (pa30METPHUYHUX CHCTEM Ta IpuiamiB. Po3-
pOOJIEHO JIa3epHI JAJIEKOMIPHI CHCTEMH, 110 0a3yrThCs HAa BHCOKOTOYHOMY BHMIPIOBaHHI 3MillleHHS (a3
OpsSIMOTO Ta BiAOUTOTO curHaiiB. Po3po0ieHo MPpUHIMUIOBI 3acaau, TEOpilo Ta MPUHIMIK MOOYIOBHM HOBOL
JUCTAHIIHHOI aBTOMAaTUYHOI KyTOMIPHOT CUCTEMH «EMKOCHH» 3 MOXHUOKOIO BUMipIOBaHHS He Oinbine HiXK 1
KyTOBa CEKyHIa (IOPIBHIOE MPOTHHY >KOPCTKO1 O6aku 3aBAoBXKH 200 MeTpiB Ha 1 mimiMeTp).

3aranpHa KinbKicTh po3pobok @.b.I'puHeBnya i HOro y4HiB MepeBHUILy€E COTHIO, 3 HUX 35 Oyio oCBOE-
HO y cepiiHOMY BUPOOHHIITBI.

LlikaBo 3a3Ha4MTH, 1110 Iicist BHOYXy Ha YopHoOunbebkiit AEC, Koiu 10CUTh TpUBajIO (IPOTATOM Je-
KIJIBKOX POKIB) TPUMaBCs palioaKTUBHUHN (OH, 3HAUHO BHUINKH 32 HOpMy, @D. b. ['puHeBnY HamucaB Ta omy-
OnikyBaB kaury «l3mepenne HeBUIuMOK» HakinagoM 18600 mpumipHukiB. Knura Oyna po3paxoBana, pai-
1Ie, He Ha CIEIHaIICTIB, a HA JONUTIUBUX YUTAYiB, IO IIKABWIUCH SIK BUMIPATH «IIKiJJIUBY HEBUIUMKY,
IHTEHCHBHICTh PaJi0aKTUBHOTO BUIIPOMIHIOBAHHS Ta BUSBUTH PO3TAT aTOMa.

HaykoBwuii nopo6ok @. b. I'puneBuua Hamiuye 6mu3pko 400 HayKOBHX mpaib, cepen SKUX monan 12
MoHorpadiii, 200 HaykoBHX cTaTeid, 175 aBTOPCHKUX CBIJIONTB Ta MATSHTIB, OLIBIIICTh 3 SKUX BIIPOBAKCHO
y BuUpoOHUIITBO. Lli mpari myke HMOMUPEeHi cepel HayKOBOI CIITLHOTH, HU3KY iX OIMyOJIiKOBaHO 3a KOPIO-
HOM.

3nayny yBary @.b. ['puHeBUY NpuAiISB MiATOTOBLI Ta BUXOBAaHHIO HAYKOBUX KafapiB. I1ix fioro kepis-
HUIITBOM ITiITOTOBJICHO 7 MOKTOPIB Ta MOHAM 35 KaHIUAATIB TEXHIYHMX HayK. [IpoTsrom TpuBaioro gacy
BiH OyB 3aCTyIHHKOM TOJIOBH Panm 3 HaykoBoro mpwiamxoOymyBauus mipu [Ipe3umii Axanemii Hayk YPCP,
yiieHoM [Ipesnzii HaykoBo-mMeToanyHol pagu 3 iHpopMaLiiiHO-BUMIpIOBaIbHOI TeXHIKM MiHicTEepCTBa BH-
101 Ta cepeJHbOT OCBITH, WIEHOM PEIKoJeTii KypHaniB «ABromeTpis» Cubipcokoro Bigninenus AH CPCP,
«KoHTpobHO-BUMIpIOBAIbHA TeXHIKa», «TexHiuyHa eneKTpoanHaMikay, «EJeKTpoHHE MOACITIOBaHHM), TO-
noBoro CrieniaslizoBaHo1 BUSHOT pajid i3 3aXUCTY TOKTOPCHKUX AUCEPTALii.

@.b. I'puHeBHY K aKTUBHUN Y4acHHK OOHOBMX il Yy POKH APYTOi CBITOBOI BIHHM HArOpOIKEHUH 5-
Ma Op/IeHaMU Ta OaraTbMa MeIallsiMu.

®deonocis bopucoBnua ['puHeBHYa HEMAE cepel] )KUBHUX BXKE CiM POKiB, 3 HAM ITIIJIA €0Xa BUCOKUX
3BEpIICHH 1 TOYMHAHB, AJI€ 3aKJIaJIcHa HUM IIKOJIA MPAIOE 1 TPOIOBXKYE TOTYBAaTH BUCOKOKBaITi(DiKOBaHi Ka-
JIPHM 3 METPOJIOTI 1 BUMIPIOBAJIBHOT TEXHIKH JJI HAIoi Y KpaiHm.

Caitna mam’stb ipo Peogocis bopucosuya ['puneBrya Oyne 3aBXIU B HAIIUX CEPIIX.
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