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EnekmpuyHi MawuHu ma anapamu
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A.A. CraBuncekuii, O.A. ABneeBa, J1.JI. Komkin, P.A. CraBuncekuii, O.M. [{uranos

TexHiuHi pilIeHHsI 1110/10 3HUKEHHS] BTPAT B MAarHiTONpoBoAax i MaTepiajoMicTKOCTI
TPU(PA3ZHOT0 TPAHCPOPMATOPHO-PEAKTOPHOI0 00 IaJHAHHS

Posenanymo cman pozsumky mpancgopmamopodyoysanus. Busnauena nedocmamus eghexmusHicmv 3acmocy8aHHsa i0oMux cnocobie
SHUDICEHHSL 6MPAM ) MASHIMONPOBOOAX OJis 3A0060JIeHHs HOBUX BUMO2 eHepeopecypcosdepedicenns. Tlokazana modcaugicmes YOOoCKoHaNeHH s
i yHigixayii mpughasnux mpancgopmamopie ma peakmopie Ha 0CHO8I KOMOIHaYill aHI30MpOnHoL, i30mponHoi i amopgHoi cmanetl, baza-
MOCPAHHUX 2eOMEMPUYHUX KOHGDIZypayitl KOHMYpi6 ma 3MiHU NOIO0JICEHb 68 NPOCMOPI WApie Cmali, d MAKoIC eNeMeHmié NIAHAPHUX i
NPOCMOPOBUX WUXTNOBAHUX, BUMUX MA KOMOIHOBAHUX HABUMO-NAACTUHYACTIUX MacHimonpoeodis. bibm. 29, puc. 8.

Kniouosi cnosa: Tpudasumii tpanchpopmatop, peakTop, IIMXTOBAHUN BUTHIl MarHiTonposia, TpanchopmaTopo0yayBaHHs.

[ocranoBka npodiaemn. 30UTHIICHHS BAPTOCTI €HEp-
rii 1 HeOOXiHICTh MOAANIBIIIOTO eHepropecypco36epe>KeHH}1
TIPU3BOJATE JIO 3POCTAHHS BUMOT 1 PEryIaMeHTYBaHHsI -
BHUIIEHHS Koe(ilieHTiB KOpuCHOI nii TpaHc(opmMaropis.
3okpema Hopmu HJT 428 1 HJ 538 mist MaciasHux 1 cyxux
TpaHc(hopMaToOpiB 3aMiHEHI OUTHII BIMOTJIMBHMH 10 3HH-
JKEeHHs1 BTpar €BpornelicbkuM crannaproM EN 50464-1 i
MibkHapomauM ctaHmaptom IEC 60034-30. HeoOximgHe
CYTTEBE 3HIDKEHHS BTpaT HEpOOOYOro CTaHy B MEPILILY Yepry
HAMOITBII MAacOBOTO [Tiara30Hy BHTOTOBJICHHS CHIIOBHX
posnoninbunx Tprudaznux tpanchopmaropis (TT) moryx-
HicTio 25-2500 kB- A i Hanpyroro 6-10 kB. Kpim ocHOBHOTO
BHECKY B 3arajibHi BTpPaTH CHEProcucreM BkazaHumu 1T
JONAaTKOBO Ha €HEpProe(eKTUBHICTh CHEProIOCTaYaHHs
BIUTUBAIOTh BTPAaTH B MAarHITOMPOBOIAX TpU(a3HUX peak-
topiB (TP) ananoriuHorO Hiama3zoHy MOTYKHOCTI. B 3B’s3Ky
3 LIUM 3HWKEHHs BTpar B MarHitornposogax TT i TP I —III
ra0apuTiB SBISIE BAKINBY aKTyalnbHy 3a1a4y [1-4].

AHaJi3 ocTaHHIX xociaimkeHb. [Ipotsarom Giibrire 20
POKIB B Tpalpix 3 aHai3oM PO3BHTKY Tpchq)opMaTopHo-
peakTopHOro o0aiHaHHS 10 IHHOBAIIHHKX BiTHOCSTH KOHC-
TPYKLil, IO YZAOCKOHAJIEHI Ha OCHOBI JIOCSTHEHb €JIEKTPOMa-
Tepiano3HaBcTBa. OCHOBHI IHHOBAILIT 3BOAATHCS 0 PO3POOKH
«CYXHX» TpaHC(HOPMATOPIB 3 «KaICyIbOBAHIMI 1 «KaOemb-
HUMI) OOMOTKaMH [5 6]. Takox BUKOPHCTOBYIOTBCS aMOp-
(I)Hl eneKTpOTeXHMHl cram (ETC), HagnpoBinHi 0OMOTKH i
KpioreHHa TexHika [7, 8]. 3aMiCTh TOKCHYHOIO Macia Uit
OXOJIO/PKEHHS! TTIOYMHAETHCS 3aCTOCYBAaHHS KPEMHIAOpraHiy-
HOT piguay i enerazy [9-11]. Kpim Toro, BaxmBuM akto-
pom miBuieHHs TexHigHoro piBHA TT 1 TP € BukopucTaHHs
TIpH 1X TIPOEKTYBaHHI MeTO/IB onTumizarii [12, 13].

bins 50 % BTpar npu HOMiHAJIBHOMY HaBaHTAKEHHI
TpaHc(opMaTopiB MpHIaae Ha BTPATH HEPOOOYOro XO.y.
Butparn Ha iX BifmIKomyBaHHsS 0araTOKpaTHO II€PEBHIIY-
I0Th BHUTpAaTH BTPAT KOPOTKOTO 3aMHKaHHA. Y 3B’S3BKy 3
pCaTbHIM HETIOBHHUM CEpeTHIM HaBaHTaKEHHSIM TpaHc(hop-
MAaTopiB, 3HIKEHHS BTPAT HEPOOOUOTO XOAY € TePIIOUepro-
BUM 3aBJIaHHSIM.

B MuHYyM mecATHpidds BTpaTH B MarHiTOIIPOBOIAX
3HWKEH] 3a paxyHok Bukopuctanus ETC 3 nokpameHumu
MMUTOMUMH XapakTepucTukamMu. OCBOEHO BHPOOHHIITBO
XOJIONHOKaTaHuX aHizorpornHux i amopduux ETC. B
oMy 3a0e3leUeHHs BUMOT HOBHX CTaHIAPTIB JOCsTa-
€TBCSI 3HIDKCHHSIM €JIeKTPOMArHiTHUX HaBaHTa)XE€Hb a00
3actocyBaHHAM cTpiukoBoi amopduoi ETC, mo mependa-
yae 30UTBIICHHS MaTepialoeMHOCTI (B aMopdHil 1 aHi30-
tponHiit ETC iHayKmii HACHYeHHSI CKIIaIal0Th BIAIOBITHO
1o 1,6 Ta i Bume 2 Tu). Kpim Toro, xoedimieHT 3amoBs-
veHHs amop¢uOoi ETC mepepisy cTpmXKHA CKIamae
0,8-0,85 y mOpiBHSIHHI 3 aHAJOTIYHUM KoehillieHTOM
0,96-0,97 mpu BuxopuctanHi kpucraneBoi ETC. CrtBo-
profothest TT 13 KOMIO3UTHUMHA OOMOTKaMHM 1 «BHCOKOTE-

MIepaTypHoO» HaamposiaaicTio [8, 9, 14]. Opmmak y
posnogineunx TT OCHOBHOro Aianma3oHy MOTYXKHOCTI 3
TEXHOJIOTISIMH 3aMKHEHUX CHCTEM BHCOKOTEMIIEPATyPHO-
r0 KpiOT€HHOT'O OXOJIOMXKEHHSI HEe Ma€ IepeBar Haj 3BH-
yaiiauMu TT, mo 0oOyMOBJIEHO CKJIAIHICTIO KpiOreHHOT
KOHCTPYKTHBHO{ YacTHHH. BUHMKae HEOOXiTHICTH 320X0-
JIOZKEHHS! TIPY BBOJII B €KCILTyaTallilo i IIOBEepTaHHs Hal-
TIPOBIAHOCTI MICIIS 3aXUCHOTO BiIKITIOUCHHS.

B uinomy «amopdui» i «HaampoBimHi» TT Bimpiz-
HSIOTBCS IIBUIICHOIO BapTicTio. KpuxkicTs amopdHOL
ETC i HannpoBiiHNX KOMIIO3UTHUX «BHCOKOTEMIIEpATy-
PHHX» OOMOTOK BHKIJIOYAE {X 3aCTOCYBaHHS B TPaHCIIOP-
THUX 1 iHIKX cneniaabHux TT.

[cHYIOTH METOIMKH KOMITIEKCHOI OI[IHKH TEXHIIHO-
ro crany (yHKIIOHYIOUHX TpaHc(opMmaropiB i peKOMeH-
Jamii mo iX momamsmmoro 3actocyBaHHS [15]. Omnak 3a
SKCIUTyaTallilo Tpare3laTHUX TpaHchopMaTopiB, MO HE
3aJI0BOJIBHAIOTH BUINE HABEICHUM CTaHAapTaM, Iependa-
4eHi mrpadHi caHKIi.

CrpyKkTypHO- KOHCTPYKTUBHY OCHOBY TT i TP ckna-
JAl0Th INMXTOBAaHI Ta BHUTI MAardiTompoBoxu. TekcTypa
anizorponHoi ETC yTBOproe OararokpaTHE 3pOCTaHHS
BTpaT B 30HAX IMOBEPTAHHSI MArHITHOIO MOTOKY BiTHOCHO
HaIpsIMKy NPOKaTy IIapiB IIMXTOBAHOTO MAarHiTOIPOBOY.
O0’eMH TIMX 30H 3MEHIIYIOTHCS BHKOPUCTAHHSIM KOCHX
CTHUKIB B KyTax 1 B JBOpaMHHX (PO3JIUICHHUX 32 IIMPUHOIO Ha
cekiii) maruironpoBoaax [16, 17]. CtBopene ckiamHe 00-
nagHaHHs GOpPMYBAHHS KOCHX CTHKIB 31 3MIHOIO PO3MIpiB i
MaJIMM 3CYyBOM CTHKIB CYMDKHHX IIapiB TPH CKJIaJaHHI
MartiTonpoBoiB (TexHomorii Step-lap, Malty step-lap) [4].
3CyB JIOCATaEThCsl 3aCTOCYBAHHAM BIIXiAHOI KOH(Iryparii
MEHIINX OOKIB mmacTvH (puc. 1,a) abo 3MEHIIEHHSM IIJIOIT
KOCHX CTHKIB 1 (DOpPMYBaHHSM KyTOBUX BHUCTYIIIB «BYCIB»
(puc. 1,b), m0 GaKTUIHO € TPIXOBAHUMH BiIXOTaMH.

3rimHo [18] KOCi CTHKM HE € e(eKTHBHIM PIMICHHIM
YIOCKOHAJICHHS IMUXTOBaHWX MarHitonpoBoaiB TT I-11
rabapuriB. TakoX TiIBUIICHHS BTPAT TOTOBUX IDIAHAPHIX
HIMXTOBAHUX MarHiTOIPOBOJIB BiJHOCHO ITUTOMHUX BTpar
anmizorponnHoi ETC B3moBxk mpokary npocsirae 37-58 %
He3aJIeKHO Bi opmu cTHKiB. Lle € BimoMum mpobieMHUM
mutaHesM cydacaux 1T (TP).

BupoOHUITBO MAarHiTONpPOBOMIB 3 IIMXTYBaHHIM
MIAKETIB JOMOBHIOETHCA TEXHOJIOTISIMH HABHBKH CTPIYKH
(pynony) ETC. Taki TeXHOJOTIi 3aCTOCOBYIOTBHCS JUIS
BHUTOTOBJICHHS CEKI[ill (KOHTYDIB) TPUKOHTYPHHUX CYIIiJIh-
HHUX Ta CTHKOBHX BUTHX i KOMOIHOBaHHX MarHiTOIpOBO-
niB [9, 16, 19-21]. BuroroBineHHS BHUTHX TPHQPAZHUX
TPUCEKIIHHUX TUIAHAPHUX 1 MPOCTOPOBUX MAarHiTONPOBO-
IIiB 3pocTa€ B 3B’S3Ky 3 PO3IMIUPEHHSIM BUKOPUCTAHHS
amopduoi ETC [19, 20]. OcranHiM 4acoM BHUTI PO3Pi3Hi
CTHKOBI MAarHiTONPOBOJIM BHTICHSAIOTbCS aHAIOTaMH 3
(hopMyBaHHSAM OXOIUTIOIOYHX MIAPIB PO3IUICHHSIM 1 BUTH-
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HOM ainsHOK ctpiuku ETC. YTBOPIOIOTBCS YMOBHO KOCi
CIIOJIy4YEeHHS] YaCTHH MarHiTOIPOBOMAIB IPH MajioMy 3CYBi
CTHKIB CyMDKHHX ImapiB. JlocsraeThcst 3HIDKEHHS CTHUKO-
BUX BTpar i crpyMmy HamarniuysanHs (Unicore — mari-
torpoBoan) [20]. OmHAK BiICYTHICTh MarHITHOTO 3B’SI3KY
BUTHX CEKIIiii OOYMOBJIIOE BEKTOPHE CKJIAJaHHS il B
CTPM)KHEBUX IUITHKAX CEKIIHHMX MAarHiTHHX IIOTOKIB.
HacninkoM MarHiTHOi BiIOKpEMJICHOCTI CEKIiH € TpeTi
TapMOHIKH BKa3aHUX MOTOKIB i moxatkoBi 30-35 % BTpa-
TH, SIKi HE 3ajexaTs Bif Tekctypu Ta Mapku ETC. Lle €
IHIIUM BIIOMHM HPOOJIEMHUM NMUTAHHAM TpaHc(opMaro-
PHO-PEAKTOPHOTO 00 THAHHS.

Ha ocHOBi BuKIazeHOro BHIIE, 3ajaya 3HHWKECHHS
BTpaT Hepobouoro xoxay i BrpaT B mMarHironpoBogax TT i
TP ©e3 30unbmIeHHS X MacoBapTICTHUX IIOKa3HUKIB €
CKJIQJIHOIO 1 TIOKH HE BUPIIIEHOIO.

Meta po60oTH — 3HIDKCHHS BTPAaT MarHiTOIIPOBOIIIB
TT i TP npu 3HMKEHi IX MaTepialloMiCTKOCTI.

Metox Ta pe3yabTaTH AociimkenHsa. Ilomani
B [1-11] sk HOBI PO3POOKH EJIEKTPOMATHITHI CHCTEMH
(EMC) TT i TP BuKOHaHI B HE3MIHHUX HPOTIATOM OLIBIII
CTOJITTA TEXHIYHHMX pIIICHHAX Mardironposoxie. Ili
PO3pOOKH B CTPYKTYpHO-KOHCTPYKTHBHOMY CEHCI JI0CAT-
I NeBHOI Mexi po3BUTKY. TeHaeHIi KOHCTPYKTUBHO-
TEXHOJIOTTYHOT IHEPLIHHOCTI eleKTPOMEXaHIuHOI 1HKeHe-
pii 30epiraroTbcsi TakoX ocTaHHIM yacoM. Ilomanbmie
ynockoHaneHHs: TT 1 TP i3 mmxToBaHNMHY 1| BUTHMH Mar-
HITONPOBOJAMHM MOJKIJIMBO METOAAaMH IX CTPYKTYpHO-
TEOMETPUYHUX TEPETBOPEHB 1 3aCTOCYBaHHS KOMOiHAIiit
mapok ETC [18, 22, 23].

30BHIMHIA «TPagULifHANY» MPIMOKYTHHI KOHTYD
IUIAHAPHOT'O MIMXTOBAHOTO MarHiTonpoBoay [24-26] yTBo-
PIO€ 3Ha4YHY HEPIBHOMIPHICTH PO3IOLTY 1HAYKIIT B MEXax
0,01-2,1 Tn B kyrax (puc. 1,c). 30BHIiLIHI IUISIHKA KyTiB
BUCOTOIO /1. (puc. 1,a,b) HEMOBaHTaXEHI 1 MPAKTUYHO €
HEKOPHCHHUM BaroBUM JI0JIATKOM MarHiTONpPOBOY.

(™

hi=h.  B-f(h)
h 1 LA
2

he

———~

B0 1 28T

a b c
Puc. 1. Cxemu BapiaHTiB CTPYKTYp IUIACTHH CTPYIKHS 1 sipMa
MIPY ABOIUIOMIMHHOMY (@) 1 KocoMy (b) pO3IINCHHAX CMYTH
CTali i 3aJIeXKHICTh PO3IOALTY MarHiTHOI iHIYKIII (¢) BiJl BUCOTH
KyTOBOI 30HH IIMXTOBAHOT'O MPAMOKYTHOT'O MarHiTOIPOBOLY

Jlo HeTpamuIiitHIX MPOTIO3UIIN 3HIKEHHS BTPAaT Bill-
HOCSITBCSI MarHitonpoBoau 3 komOiHamiero mapok ETC. [lms
3MEHIIIEHHS BTPAT 3HKEHHSAM HEPiBHOMIPHOCTI PO3MOALTY
MAarHiTHOTO TOJISI B TIONEPEYHOMY Iepepisi 1 KyTax 30BHIII-
HIO YaCTHUHY JBOPaMHOIO MIMXTOBAHOTO MArHITOMPOBOIY
MPONOHYETHCA BUKOHYBATHU 3 MOKpAIICHUMU Mar HiTHl/IMl/I
BJIACTUBOCTSIMH BiJITHOCHO BHYTPIIIHKOI yacTuHu [27].

[HImi mpomo3wuttii yIoCKOHANCHHSI TIAHAPHOTO IIAXTO-
BaHOTO MAarHITONPOBOAY SBISIOTH BapiaHTH 3 KOMOIHAIl€0
i3otponHoi i anizorponHoi ETC. B maruitonpoBomi 3 mpsi-
MUMH cTHKamH (puc. 2,a,b) komOiHaris BkazaHux ETC
4yepryerbesi B CyMbKHUX miapax [28]. KyToBi 30HH MiCTATH
titeky 130TponHy ETC, 110 MOBHICTIO yCyBae CyTTEBI 10/1a-
TKOBI BTpaTté KyTOBHX 30H. OJHAK NPHOIU3HO MOJOBHHA
KOXKHOTO 3 BapiaHTIB KOMOIHOBaHOTO MarHiTonpoBoay [28]
Mictuth i30TporiHy ETC 3 migBuieHMMH NUTOMHMH BTpa-
TaMH, 10 3MEHIITY€e epEeKTHBHICTh BKa3aHOI IHHOBAIIIi.

-

2

a b c
Puc. 2. CxeMu BapiaHTiB KyTOBHX 30H ITAHAPHOT'O LIIUXTOBAHOTO
MAarHiTONPOBOAY 3 MPSIMUMH CTHKAMH CyMDKHHX IIapiB
tpanchopmaropa (a, b) i MaruiTonpoBoay peaxkropa (c):
1 — aHi30TpONHA CTaNB; 2 — I30TPOITHA CTallb; 3 — i30IALiiHA
MPOKJIAIKa

3aranpHUM HepolikoM Tpaaumiiaux oymoB TT i TP €
po3yHidikalliss BHYTPILIHIX CTPYKTYp, TOOTO CIIOJIy4eHb
CTPIKHEBHX 1 S[PEMHHX IUITHOK IUIAHAPHUX MAarHiTOIpo-
BoJiB. [Ipu 3arayibHiil iI€HTUYHOCTI BapiaHTIB 30BHILIHBOT
KoH(pirypamii, maraitonpoBoan TT mmxTOBaHI 31 3CyBOM
kocux (puc. 1,a,b) abo npsmux (puc. 2,a,b) cTUKiB, a Mar-
HiTonpoBomu TP MicTATh KOHCTPYKTHBHI TMPOMDKKH MiX
CTPIDKHSIMU 3 130JIALIHHUMHE TIPOKJIaIKaMu (pHcC. 2,¢).

IMomanpmmii  PO3BUTOK IPOIO3HINT HETPAIHUITIHHIX
KOMOIHAIIIl €IeMEHTIB  [IMXTOBAHOTO MAarHITONPOBOY
SBJISIE yCTaHOBKa IutacTuH aHizoTpornHoi ETC B 30Hax opro-
FOHAJIBHOT 3MIHM HANpsIMKY MOTOKY BIHOCHO TEKCTYpH.
3acrocoByrothest mractuau i3otporHoi ETC  meBpoHHOT
($hopMH 3 TIPOTUIISKHUMH OOKaMH Pi3HOI mmpuHU. B 60Ko-
BUX KyTax IUIAHAPHOT'O MAarHiTONpOBO/Y LI IUIACTHHH BCTa-
HOBJIIOIOTBECSI B CYMDKHHUX IIapax 3 MPOTWICKHHM Harps-
MoM. B nporunexnux cepemnix kyrax (T-momiOHmx misH-
Kax) IIEeBPOHHI IUIACTHHH BCTAHOBIIIOIOTHCS 3 OPTOTOHANIb-
HUM TIOJIOXKEHHSIM cepefHix KyTiB (puc. 3,a). llleBponHi
wiacTHHU aHi30TportHol ETC OOKOBHX MUISHOK JUIS 3HH-
JKEHHSI HEPIBHOMIPHOCTI PO3MOIULY TOJS MOXYTh OyTH
BUKOHAHI 13 3aKpYIJICHHSIM OCbOBHX KYTIB. Paziyc 3akpyr-
JICHHSI BIIIIOBIIa€ 130JAIIIHHOMY TIPOMDKKY /; MiXK MarHiTo-
MPOBOJIOM 1 00MOTKOO (pHC. 3,b).
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Puc. 3. Cxema (a) TpuhasHOro 3 3aKpyrieHUMH BEpIIHHAMH
KyTiB (b) MarHiTONpPOBOAY 3 IUTACTHHAMH 1-4 aHI30TPOMHOT i
IUIACTUHAMH 5, 6 130TPOITHOT €NEeKTPOTEXHIUHHUX CTaeil

Hepos’emue 3’eqHaHHS aHI30TPONHMX 1 130TPOIHUX
JUISIHOK  IIEBPOHHMX IUIACTHH B CTHKaX 3BapIOBAHHIM
3HIKYE CTPYM 1 BTpatu Hepobodoro xoxmy. BumydeHHs
3HAYHOTO YCKJIaJJHCHHS BHPOOHUIITBA MArHITOIPOBOJIB i3
3’€IHAHHSIM CTHKIB 130TpomHOi 1 aHizorponHoi ETC moxk-
JIMBO IHTErpajbHUM 3BapIOBAHHSIM 1 TOMEPEYHUM PO3[Ii-
JICHHSIM CMYTOBHX 3arOTOBOK.

3aroroBku Taaemy ETC s momepedHoro po3aiity
Ha KOMOIHOBaHI IIaCTHHH (pUC. 4) YTBOPIOIOTBHCS CyMi-
IICHHAM 1 3 €THAHHSM 32 JIIHIIMH CTHKIB CMYT aHi30TpO-
mHoi (puc. 4,a) 1 i3otponHoi (puc. 4,b) ETC. lo dparme-
HTY (pparmenTiB) cMyru anizorpornHoi ETC moxxHa npu-
BapuUTH OJWH, JBa abo0 JeKiibKa (parMeHTiB CMyr
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i3otporHOi ETC. Ilepen 3’emHanHAM (pparMeHTIB aHIZ0OT-
POITHI KOMIIOHEHTH PO3TAIIOBYIOTHCS 3 HAMPSIMKOM TEKC-
TypH, fKa MapajeilpHa JiHIsIM po3niieHHs (puc. 4,c).
PosinenHi oistHKE GparMeHTiB 3 ABoMa abo JeKiTbKOMa
LIBAMH PO3PI3aI0THCS MiJ] 33JaHUMH KyTaMH Ha TUIACTHHU
(puc. 4,d,e) 3 xombinauiero ETC [29]. dparmentn Mmo-
KYTb 3 €IHYBaTHUCh OJIHUM i3 CIIOCOOIB 3BaproBaHHA (J1a-
3epHE, CICKTPOHHO-IIPOMEHEBE, MU(Y3iliHE TOIIO).
BuznauenHs cnocoOy i mpomecy Takoro 3BaplOBaHHS €
OKPEMOIO JTOCJIITHUIIBKOIO 3a1a4ero.

T
L
G

Puc. 4. I[IpuHIMIOBI cXeMH PO3KPOIO 1 3’ €AHAHHS KOMIIOHEHT
KOMOIHOBaHOTO MarHiTOIIPOBOY: MOTIEPEYHI PO3AUICHHS
MaKeTy aHi30TponHoI (@) (@) 1 i30TpoIHOI (- ) (b)
ETC na ¢parmenty; 3BaproBanHs GparMeHTiB 3a JiHIIMH

CTHKIB B 3aTOTOBKY i 11 pO3/1iJIeHHS Ha JUISHKH (C);

PO3aiIeHHs IUITHOK (hparMeHTiB Ha KOMOiHOBaHi miacTunu (d, )

OIyH 3 HampsAMKIB CTPYKTypHO-T€OMETPUYHHX IIe-
perBopens cratnuanx EMC € 3amiHa TpamuiiiftHuX mpsi-
MOKYTHHUX 1 KPYTOBUX yTBOPIOIOUMX KOHTYPIB aKTHMBHUX
€JIEMEHTIB Ha HETPAJWIiiHI, 30KpeMa BOCBMH 1 LIECTH-
rpaHHi KoHTypH [22, 23, 29]. Kpim npono3sutiii KoHCTpy-
KLi# i crioco6iB (puc. 3, 4), 3MEHIIEHHST MacH i30TPOITHUX
KOMIIOHEHT BIJHOCHO aHAJOTiB [27, 28] mpu 3HMKEHHI
3arajJbHOi MacH 1 BTpaT MOXJIMBO 3a PaxyHOK 3aMiHH
NPSMOKYTHOTO 30BHILIHBOTO KOHTYpY IUIAHAPHOIO Mar-
HITONIPOBOIY Ha BOCcbMHUTpaHHWH. CTpIDKHEBI 1 sipeMHI
IinsgHKH (pUC. 5,a) YTBOPIOIOTHCS IUTACTUHAMHU aHi30TpPO-
mHoi ETC tpamnerieBuaHoi hopmu.

3 4 5

Puc. 5. Cxemu koHCTpyKii (a) i 60K0OBOI KyTOBOI 30HH (b) IUIaHAp-
HOTO CTPHXKHEBOT'O MarHiTONPOBO/IY 3HIKCHOI MacH 3 IIaCTHHAMH
1-7 anizorpormnHoi i riactiuHamu 8-10 i30TponHoi craneit

TpanerieBuaHI TUIACTHHH CYMDKHHX IHapiB Biapi3-
HSIOTBCS JIOBXKMHAMH Ta KyTamu. KOpOTKi OCHOBH HOBI'HX
IUIACTHH JOPIBHIOIOTH JOBTMM OCHOBaM KOPOTKHX IUTACTHH
1 Il OCHOBHM PO3TAIIOBaHI MPOTHJICKHO. BOoKK aHi30TpOI-
HHUX IUIACTHH CIOJIyYaroThCS 3 IUTACTHHAMH 130TPOIHOI
ETC, mio po3ramoBani B 00koBuX KyTax (puc. 5,a). Takum
YUHOM YTBOPIOETHCS BOCBMHUIPaHHHMW 3OBHIIIHIA KOHTYP
MarsiTornpoBoay. [Ipy 1pOMy MiIBHIIYETbCS DPIBHOMIp-
HICTh PO3MO/ILTY MOJIS 1 BUIIyYa€ThCSl HEBUKOPHUCTaHa Maca
KyToBHUX 30H (puc. 5,b). Cepenni kytoBi (T-noai6Hi) mins-
HKH PO3/JICHI HNPOTUIICKHO PO3TAIIOBAHMMH B CEpPEIHIX
[1apax MEHIIAMH Ta OUTHIINMH OOKaMH TapaenorpaMHIX
mractud i3oTporHOoi ETC. Ha Bici eHTpanbHOI CTprKHe-
BOT YaCTHHH MAarHITONIPOBOAY (pHC. 5,a) BCTAHOBIIOIOTHCS
TparneiieBuaHi abo mapaaesorpaMHi IIACTHHH aHi30TPO-
nHoi ETC. B kyTax mpu BiICyTHOCTI 130JIL{II{HOTO IpO-

MIXKY b; (puc. 5,b) Tak0OX MOXYTh BCTAaHOBIFOBATHCS MiXK
TpanenieBUIHAMH IUTACTHHAMH TPUKYTHI IJIACTHHU.
YCyHyTH BTpaTH Bill TPETiX KOHTYPHHUX TapMOHIK Mar-
HITHOrO TONI1 TPU(A3HOTO IUTAHAPHOTO TPUCEKLIIHHOTO
MarHiTONpoOBOAY 3 BUTUMH KOMIIOHEHTaMH MOXJIMBO B
CTPYKTYpi 3 OPTOrOHAJIBHUM IIOJIOKEHHSIM IIapiB CEPEIHBO-
ro i 6oxoBux enemeHrtiB (puc. 6,a). bokosi C-nomiOHi ete-
MEHTH BHKOHYIOTBCSI PO3Pi3aHHSIM BHTOi 3arOTOBKH abo 3
BurHytux cmyr anizorpornsoi ETC. Cepenniii enemenT mis
BUJTYUEHHSI I0JIATKOBUX BTPAT OPTOrOHAIBHOTO MOBEPTAHHS
MOTOKY 1 3MEHILIEHHs JI0JIATKOBUX BTpaT (azHoi acuMeTpii
Mo)ke OyTH BHKOHAaHMH 3 Kpamux Mapok i3orporHoi ETC.
[Monepeunnm pozaiiom cMmyru (puc. 6,b) MoxmBO (hopmy-
BaHHS KOCHX CTHKIB CEpEeJHOTO 1 OOKOBHX €JIEMEHTIB.

a b
Puc. 6. KonctpykTusHa cxema (a) IJIaHapHOTO CTHKOBOTO
MarHiTOIpPOBOY 3 BUTUMH OOKOBUMH | i IIMXTOBaHUM 2
CepeAHIM eTIeMEHTaMHU 1 po3AiIeHHs cMyTH (D) cTani
Ha IUTaCTHHU CEPEeJHBOTO EIEMEHTY

CexIlioHyBaHHS MarHiTONpoBOJY 3a HIMPHHOIO
(puc. 6,a) 1OAaTKOBO MO KOCHX CHOJYYEHb 3HHKYE Mar-
HITHUHA OMIp CTHKIB IIEPEBEPTAHHSM CEKIiH B KOXKHIH
mapi CyMKHHX CepeIHiX i OOKOBHX €JIeMEHTIB.

KpiM KOMOIHOBAaHOTO CTPIYKOBO-IUIACTHHYACTOTO
MO>KJIMBO BUTOTOBJICHHSI BUTOTO BapiaHTy MarHiTOIPOBO-
Iy cxemu (puc. 6,a). J[Ba oqHaKOBHUX BUTHX MarHiTOINPO-
BOJIM MOXKJIMBO CKJIACTH 3 JUISHOK JBOX BHUTHX PO3pi3a-
HHUX 3arOTOBOK. 3arOTOBKH IIPH OJHAKOBHX BUCOTaxX /,, i
IIGHTHYHMX TONEPEYHHUX Mepepizax BiIPi3HSIOTHCS JIOB-
JKMHAMH /] 1 [, BHYTPIIIHIX MPSIMOKYTHUX KOHTYPIB:

ll = hm + va + tha 12 = 2bv + bta
ne b, i b, — muprHa 0OMOTKOBOT'O BiKHA 1 TOBIIMHA IIapy
TexHosorigvHoro Bigxoxay ETC (pixydoro mucky).

OOMOTKOBI KOTYIIKA HaMOTYIOThCA Ha 130JLAIiHHI
KapKacH, IO OXOIUTIOIOTh OOKOBi 1 CepemHid eleMEeHTH
MmarsitonpoBoay (puc. 6,a). Taki kapkacu CKJIaaaroTh
Hecydy 6a3sy EMC 3 kpuxkoro amopdroro ETC. B3aemuo
oproroHaneHi mapu ETC cTHKOBUX CIONy4YeHb CepeHbOT
i OokoBux auIsHOK MarHitornpoBoxy TT cxem (puc. 6,a)
MOBUHHI 130JIFOBATHCS HAHECCHHSAM TOHKOTO MII[HOTO Tep-
MOCTIHKOTO IOKPHUTTSL.

[HIIMM BapiaHTOM TEXHIYHOTO PILIEHHS, 110 MiCTUTH
C-moziOHI YacTMHM BUTHX 3aroTOBOK, € IIPOCTOpPOBA
koHCTpyKIis EMC T-moni6Hoi ¢opmu (puc. 7,a). s
30iry HampsMkiB mapiB ETC 3a yMOBH OZHOTLTOIIMHHOCTI
cTukiB omHa 3 C-mMOMIOHMX MHIMITHOK MAarHITOIIPOBOIY
CIOTYYa€eThCS 3 IBOMA IHIIMMH 3 PO3TAIIyBaHHAM OOKO-
BHX TIOBEPXOHb B OPTOTOHAIBHUX IJIOMMHAX (puc. 7,b).

Brparu Bij Tperix rapMOHIK KOHTYPHUX IOTOKIB Ta-
KOX BIJCYyTHI y BapiaHTax 3rafaHoi BHILE MPOCTOPOBOI
EMC 3 3araJibHUM MarHiTHHM 3B’SI3KOM CTPWXKHIB 1 sipeM-
HHMX YacTMH CTHUKOBOTO MAarHiTONPOBOLY IpW 3’€JIHAHHI
NEPBUHHOI 0OMOTKHM TpuKyTHUKOM. OnuHak Taki EMC Bu-
KOHaHI B TPaJMIIHHUX KPYrOBUX YTBOPIOIOYMX KOHTYpax
0OMOTKOBHMX KOTYILOK i CTprkHIB. KpyroBi KoHTypu cTpu-
JKHIB BKa3aHHX BapiaHTIB 3allOBHIOOTHCS, TPH HASBHOCTI
LEHTPAJIBHAX TEXHOJOTIYHUX OTBOPIB, KOHLEHTPHYHHMHU
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BUTKaMH 130TPOITHOT 200 €BOJILBEHTHO BUTHYTHMH JIICTaMH
anizorponHoi ETC. Takox 3acTOCOBYIOTBCS CTPHXKHI, IO
cknazedi 3 makeriB ETC pisnoi mmpuan (puc. 8,a). Bkazani
PI3HOBHIM Tiepepi3iB 1 CTPYKTYp CTPMIKHIB 3allOBHIOIOTH
KOHTYpHI Kona Ha 80-90 % i1 BCTAaHOBIIOIOTHCS Mi>K BUTUMHA
SAPEMHO-KyTOBUMH TOPLIEBUMH YaCTHHAMHU 3 TPUKYTHUMHU
BHYTPIIIHIMHA KOHTYpaMH.

g /.
i

M

o AN

1
a b
Puc. 7. KonctpyktuBHa cxema (a) i MmarHitonposif (b)
npoctopoBoi EMC 3 T-mogiOHuM OpTOrOHaIBEHUM
PO3TalTyBaHHSIM BUTHX IIISTHOK

BkaszaHi KpyroBi i TpUKYTHI KOHTYpH YaCTHH MarHito-
MIPOBOJY HEraTHBHO BIUIMBAIOTH HA BUKOPUCTAHHS aKTUBHO-
ro 00’emy EMC ra nigsuiyrors Brpatu B8 ETC TT (TP) 3
MarHiTonpoBosioM (puc. 8,a). BuHuKae 3HauHa HEPIBHOMIp-
HICTh PO3MOJUTY MATHITHOTO IIOJIS 32 PaJialIbHOI JOBKH-
HOIO /, sIpeM MPSIMOKYTHOTO Nepepi3y 3 HyJbOBUMH 3HAUCH-
HSIMH HAYKUI{ Ha BHYTPIIIHOMY 1 30BHIIIHBOMY BHTKOBHX
miapax ETC. Le mixBuinye iHIYKIO B CEPeAHIX YacTHHAX
sIpeM 1 KyTiB 1 BUKJIMKA€E MiIBUIICHHS BTpAT, [0 BPaXxOBY-
€THCS B 3JIGKHOCTI BiJI IHAYKIi BiXIOBiTHIME KoedimieH-
Tamu. [Ipy 1bOMy NiABHMINEHHS BTpaT NP 3aCTOCYBaHHI
anizotponHoi ETC Takoxk 00yMOBJIEHO HE30iroM HaIpsMKIB
CWIOBHX JIHIA MONSA B KyTax HampsMy TEKCTYPH BHTHX
yactiH. ToMy SIpeMHO-KYTOBI 1 CTPHIKHEBI YaCTUHU KOMOI-
HOBaHOTO CTHKOBOI'O HABHUTO-TLIACTHHYACTOTO MarHiTOIpo-
BOJIy JIOIJIHO BHKOHYBATH 3 130TPOIHOI a00 amMop(hHOI Ta
anizorponHoi ETC.

Vnockonanenus EMC 3 cTpiukoBO/pyJIOHHO-
IUTACTMHYACTUM MAarHiTONPOBOJOM MOXJIMBO 3aMiHOIO
KPYTOBHX 1 TPUKYTHHUX KOHTYPIiB YaCTHH MarHiTOIIPOBOIY
Ha mecturpanHi (puc. 8,b,c). HaspaHi mepeTrBopeHHS
MIPU3BOIATH O 3HIDKEHHS HEPIBHOMIPHOCTI TOJS B pali-
QIBHOMY HAaIpPAMKY sipeM, TOOTO B3HOBX IOBXHHU /,
(puc. 8,a,b). Ilpu 3amaHoMy ceperHROMY 3HAUCHHI aMILTi-
TYJM MarHiTHol iHOyKUii sipMa B, po3noain 1 3MiHIOETh-
cs1 10 posnojiny 2 (puc. 8,d). TakuM YHHOM 3MEHIIYIOTh-
cs inaykuii B ocHOBHUX cepennix 060’emax ETC sipem i
KYTiB i 3MEHIIYIOTHCS] BTPATH.

Inentnuni npsimoxytHi tuiactuan ETC crpmxHiB
(puc. 8,b) mpaktuuHO NOBHicTIO 3anoBHIOIOTE ETC mec-
TUTPaHHI KOHTYPH 1 3aIIOBHIOIOTH OIHMCaHEe KOJIO 3 Koedi-
mieaToM 0,826. B 3B’A3Ky 3 CITiBBiTHOMICHHAM JOBXKUH
Koma paniycy rr (puc. 8,b) i BIUCaHOTO IIECTHTpaHHHUKA
1.047, 3amiHOIO0 KPYroBHX KOH(QIrypariii BUTKIB Ha IIec-
TUTPaHHI JOCATAETbCA JesKe 3HWKEHHS Mach 1 BTpar
0oOMOTKM TpHW 3aJaHiil momi nepepizy crpwxaa. Hass-
HICTh NEHTPAJIBHUX OTBOPIB IIECTUTPAHHUX CTPUKHIB
3HW)KY€E Macy 1 BTpaTH MarHiTONPOBOJY 3aCTOCYBaHHIM
JBOKOHTYPHUX SIPEMHO-KYTOBUX YacTHH 1 CTPYKTypHu
cTprkHiB 3 ineHTnuHuX wiactue ETC (puc. 8,¢).
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Puc. 8. KOHCTpyKTHBHO-TreOMETpHYHI 0COOIMBOCTI BapiaHTIB
TpU(A3HOTO CTPIYKOBO-IIACTHHYACTOIO MarHiTOIPOBOY 3
KPYTOBUMH 1 TPUKYTHUMH (a) Ta MIecTUrpaHHuMH (b, ¢)
KOHTYPaMHU CTPHXKHIB 1 IPEMHO-KYTOBHX YaCTHH Ta BapiaHTH
po3noainy inaykuii B sipmax (d) 3 TpukytHEM (1)

i mectTurpanHuM (2) BHYTPIIIHIMU KOHTYpaMH

OOrpyHTOBaHMH BHOIp MEBHOIO TEXHIYHOTO PiLlIEHHS
3 HAsIBHUX BapiaHTIB IIPH HOBOMY IPOEKTYBaHHI a0o JI0Ka3
niepeBar BIIepIlie CTBOPEHHX iHHOBaliil MoTpedye pilieHHs
3a1a4i CTPYKTypHOI ab0 CTPYKTYpHO-TIapaMETPU4HOI OI-
TMizamil. MarteMaTH4yHi MOAEl BKa3aHUX 3afad [MOBHUHHI
3a70BOJIBHATH yMOBaM iHBapiaHTHOCTI. [lepmioro € HasB-
HICTh MaTEeMaTHYHHX MOJETed 3 HUTbOBHMH (DYyHKIIIMH
YHIBEpCAJIBHOTO BHAY 1 MOPAAKY CKIAaHHS 3 OZHAKOBUM
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HA0OpPOM KEpOBaHMX 3MIHHHMX JUisi OyAb SIKMX BIJOMHX 1
HOBHX IIPOIO3UIIIH TeXHIYHOrO 00’€KTy. [Ipyroro € Bimmo-
BIZIHICTh MAaT€EMaTUYHUX MOJEJIE BHMOraM 3iCTaBJICHHS
OJIJMHULIb BUMIPY, TOOTO pe3yJbTaTé po3paxyHKIB ONTHMi-
3alifHUX KPUTEPIiB HOBHHHI BU3HAYATHUCH y OE3pO3MIPHUX
a00 muToMuUX (BiIHOCHUX) OZMHHILIX.

TakuMm ymMOBaM BiflTOBia€ METOX YHIBEpCAIBHUX IIi-
JbOBUX (YHKLIH Oe3p0o3MIpHUX MOKAa3HHUKIB TEXHIYHOTO
PIBHS i BiTHOCHUX TEOMETPHYHUX 1 EIEKTPOMATHITHHX Ke-
poBaHuX 3MiHHMX [22-24]. Tlpu 3acrocyBaHHI BKa3aHOTO
METOJy BHSIBIICHA iCHTHYHICTh 3aTaIbHOTO BHIY LLTHOBHX
¢byHKLIH TpaHchOpPMATOpIB, PEAKTOPIB 1 ACHHXPOHHUX Ma-
mmH [22, 23], Mo BiANOBiaE 3arajJbHOMY EIEKTPOMArHIT-
HoMy npuHumIy ix ail. I{inboBi ¢yHKUIT k£ — OKpeMux Kpu-
TepiiB onrruMizanii (Macu k = 1, Baprocrti k = 2, BTpar k= 3)
ij —BapianT EMC TT i TP Bu3Ha4ar0ThCs PiBHSIHHIMU:

3/4 o *
Frrrij :KMK(HTT)/ H grry; s

Firry = Ky (g Y ;Rij ,
ne Kyx — CKJIaoBa IUTOMUX XapaKTEPUCTHK OIHOTO 3
AKTUBHUX MaTepiaHiB EMC, HTT(TR) i H*KTT(TR)i/' — IIOKa3-
HUK BUXIJHHUX JMaHUX 1 €JIEKTPOMATHITHHX HaBaHTAXKCHb
Ta Oe3po3MipHa ONTHMI3alliiiHa CKJIJoBa i{j — BapiaHTy
EMC TT (TP), 1o BIAMOBIAE k — Kpmepuo oInTHUMi3arii.

Cxanosi IT° KTT(TR)j € HETIHITHUMHI plBHSIHHHMI/I 3 BifI-
HOCHMMH KEpPOBaHUMH 3MIHHHUMH. Ix eKCTpeMyMH ig IT(TR)e
YABISIIOTH ITOKa3HUKM TEXHIYHOTO pIBHS ij — BapiaHTIB
EMC [22-24].

[Tpu 3acTocyBaHHI HAa3BAaHOTO METOJY BHSBJIECHA iie-
HTHYHICTh TIOKa3HWKIB TEXHIYHOTO PIiBHSA 1 BIIMOBIAHO
ONTHUMAJIbHUX TEOMETPUYHHUX CIiBBIIHOIIEHb OIXHAKOBUX
koHcTpykii 1 ctpykryp TT i TP [22]. Lle namae moxiu-
BICTb BHI'OTOBJICHHS Ha OCHOBI OJHAKOBHX BHUTHX a0o0
KOMOIHOBaHHX CTUKOBHX MArHIiTOIPOBOIB cxeM (puc. 6,a;
puc. 8,b,c) yHidpikoBanux onrtumizoBanux EMC TT i TP,
IO BiJIPI3HSIOTHCS YHMCIIOM BHUTKOBHX KOTYIIOK B OOMOT-
koBoMmy BikHi. [ToziOHa yHidikamis npu3Beae 10 3HAYHOTO
edexry npu BurorosnenHi TT i TP I-11I rabapuris.

Bucnoskn.

1. 3acrocoBaHi B IIMXTOBaHHWX TEKCTYpPOBaHUX MarHi-
TOMPOBOAAX KOCI 1 JBOKOHTYPHI (pamHi) CHOJyYeHHs
BIJIMIOBITHO KYTOBUX, CTPMIKHEBUX 1 IPEMHUX JIITHOK HE
3a0e3MeUyI0Th CYTTEBOTO 3HIKEHHS NONATKOBHX BTpaT
HEpoOOYOTro XOAy TPAAWIIHHUX BapiaHTIB TpHUdasHUX
tpanchopmatopis (TT) i peakropis (TP).

2. BukopucTaHHS 3aMiCThb aHI30TPOIHOI CTPIYKOBOI
amopduoi enextporexHiunoi crami (ETC) mimiToBaHO
TexHonoriyHoo Mexero noryxHocti TT (TP) 3 Burtumn
MAarHiTOIIPOBOIAaMH 1 CYTTEBO TIOTIPIIy€ iX MacOBapTICTHI
NOKa3HUKH. [IpM 1HbOMYy NUTaHHS 3HW)KEHHS 3HAYHHX
JONATKOBHX BTPaT BHTHX TpH(A3HUX TPUKOHTYPHUX
MarHiTONPOBO/IIB 3aJIHIIAETHCS TPOOIEMHIM.

3. VoockoHaneHnss TT (TP) 3 mmxtoBaHWME TEKCTYpoO-
BaHMMH IUIAaHAPHUMHU MAarHiTONPOBOAaMU 3a0e3MedyeThCs
pO3TanIyBaHHAM B 30HAX 3MIHH HANpsIMKy TOTOKY (pparme-
HTiB 130TporHoi ETC mpu 3akpyrieHHi npsiMUX KyTiB abo
BOCBMHTPaHHIN KOHDITypallil 30BHIIIHIX KOHTYPIB.

4. YcyHeHHs1 BTpaT Bil TPeTiX TapMOHIK KOHTYPHHX
MTOTOKIB JTOCATAETHCS 3aMiHOI0 BHUTHX TpH(a3HUX MarHi-
TOIPOBO/IB 3 BiIOKPEMJICHHUMH KOHTYpaMH Ha IUIaHAPHI
1 TIPOCTOPOBI CTHKOBI MAarHITONPOBOOW 3 MAarHITHUM
3B’S13KOM CTPIIKHEBUX 1 IPEMHO-KYTOBHX YaCTHH.

5. Ha OCHOBI 1I€HTHYHOCT] ONTUMAILHUX TCOMETPHIHHX
CIIBBIJJHOIIEHb OJHAKOBUX 3aranbHux crpykryp TT i TP
YSIBISIETBCSL JOLIIBHOIO pO3po0Ka iX YHi(IKOBAaHUX EJIeKT-
POMArHITHMX CHUCTEM 3 BapiaHTaMH CTUKOBHX IUIAHAPHUX Ta
MPOCTOPOBUX BUTUX 1 CTPIYKOBO-ILIACTHHYACTHX MarHiTo-
MPOBOIIB, IO BIAPI3HAOTHCS BIIIOBITHO OPTOTOHAITEHUM
posramryBaHsM mapisB ETC abo monoxeHHAM B 1pocTopi
cepetHboi 1 OOKOBHX JUISHOK Ta MIECTHTPaHHUMH KOH(QIrY-
pamisiMi KOHTYPIB CTPIDKHIB 1 BHYTPIIIHIX KOHTYPIB SpeM.

6. IToOynoBa TPOCTOPOBHUX CTPIYKOBO-IDIACTHHYACTHX
CTHUKOBHX MAaTHITOIPOBOJIB TIOBHHHAa Oa3yBaTucs Ha
KOMOiHaIl Mapok i3oTpomnHoi i1 anizorpomHoi ETC B
SAPEMHO-KYTOBHX YaCTHHAX 1 CTPIDKHSX.

Kondurikr inTepeciB. ABTOpHU EKIapyrOTh BiICYT-
HICTh KOH(QUIIKTY iHTEpECiB.
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Technical solutions to reduce losses in magnetic cores and
material consumption of three-phase transformer and reactor
equipment.

Purpose. The increase in energy costs and the need for further
energy saving lead to an increase in requirements for reducing
losses in the magnetic cores of transformers and reactors. Prob-
lem. The improvement of transformer and reactor equipment is
traditionally carried out by applying the achievements of elec-
trical materials science and new technologies to traditional
designs and structures of electromagnetic systems. The basis of
modern transformers is made up of laminated and twisted mag-
netic cores. The disadvantage of laminated magnetic cores is
large additional losses in corner zones due to the texture of
anisotropic steel. Disadvantage of twisted three-phase three-
contour magnetic cores is large additional losses caused by the
lack of magnetic coupling of three separate magnetic flux con-
tours. The disadvantages of combined joint tape-plate magnetic
cores are the unsatisfactory use of the active volume and in-
creased losses, which are determined by the uneven distribution
of the magnetic field and the negative impact of steel texture in
the corner zones of the twisted parts. Aim. To determine the
possibility of improving three-phase transformers and reactors.
Methodology. The improvement is achieved by geometrical and
structural transformations of the outer contours and elements of
the varieties of magnetic cores. Results. The possibility of elimi-
nating additional losses of a planar laminated magnetic core by
a combination of anisotropic and isotropic steels at the appro-
priate location in the yoke-rod and corner sections is deter-
mined. With an octagonal outer contour of the combined mag-
netic core, a reduction in mass is achieved without an increase
in losses. The mutually orthogonal position of the steel layers or
the elements of the joint twisted and combined three-phase
planar and spatial magnetic cores achieves magnetic coupling
and elimination of additional losses of individual twisted con-
tour sections. The hexagonal configurations of the inner con-
tours of the twisted yoke-corner parts and the cross-sections of
the laminated rods of the variants of the axial spatial joint mag-
netic core improve the magnetic flux density distribution and
reduce the main losses of the yokes, as well as reduce the com-
plexity of manufacturing rods from identical rectangular steel
layers. Originality. The paper presents constructive and techno-
logical proposals and features of varieties of non-traditional
planar and spatial, laminated, twisted and combined tape-plate
joint magnetic cores, which differ in the combination of anisot-
ropic, isotropic and amorphous steels, as well as the multifac-
eted geometric shape of contours and the spatial arrangement of
elements. Based on the identity of the optimal geometric ratios
of the variants of electromagnetic systems of transformers and
reactors, with joint planar and spatial twisted and combined
and tape-plate magnetic cores, the unification of the structure of
transformer and reactor equipment with a capacity of I-1Il
dimensions. References 29, figures 8.

Key words: three-phase transformer, reactor, laminated
twisted magnet core, transformer construction.
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Intelligent fuzzy back-stepping observer design based induction motor robust nonlinear
sensorless control

Introduction. The control algorithm of Induction Motor (IM) is massively dependent on its parameters, so, any variation in these
parameters (especially in rotor resistance) gives unavoidably error propagates. To avoid this problem, researches give more than
solution, they have proposed Variable Structure Control (VSC), adaptive observers such as Model Reference Adaptive System, Extended
Luenberger Observer (ELO) and the Extended Kalman Filter (EKF), these solutions reduce the estimated errors in flux and speed. As
novelty in this paper, the model speed observer uses the estimated currents and voltages as state variables; we develop this one by an
error feedback corrector. The Indirect Rotor Field Oriented Control (IRFOC) uses the correct observed value of speed, in our research,
we improve the observer’s labour by using back-stepping Sliding Mode (SM) control. Purpose. To generate the pulse-width modulation
inverter pulses which reduce the error due of parameters variations in very fast way. Methods. We develop for reach this goal an
exploration of two different linear observers used for a high performance VSC IM drive that is robust against speed and load torque
variations. Firstly, we present a three levels inverter chosen to supply the IM; we present its modelling and method of control, ending by
an experiment platform to show its output signal. A block diagram of IRFOC was presented; we analyse with mathematic equations the
deferent stages of modelling, showed clearly the decoupling theory and the sensorless technique of control. The study described two
kinds of observers, ELO and EKF, to estimate IM speed and torque. By the next of that, we optimize the step response using the fuzzy
logic, which helps the system to generate the PI controller gains. Both of the two observers are forward by SM current controller, the
convergence of SM-ELO and SM-EKF structures is guaranteed by minimizing the error between actual and observed currents to zero.
Results. Several results are given to show the effectiveness of proposed schemes. References 25, table 2, figures 9.

Key words: induction motor, indirect rotor field oriented control, extended Kalman filter observer, extended Luenberger
observer, fuzzy logic control, sliding mode control.

Bemyn. Ancopumm kepysanns acunxponnum osueynom (A1) 6azamo 6 womy 3anedxicums 6i0 1020 napamempis; momy 0yob-saKa 3mind
yux napamempie (0co6IUBO ONOPY POMOPA) HeMuHyye Npu3eo0ums 00 nowiupenns nomunox. LLJo6 ywuxmymu yiei npobremu,
O00CNIOHUKU NPONOHYIOMb WOCL Olblie, HIdC NPOCMO PIleHHA: GOHU 3anponoHyeanu ynpaeninusa sminnoro cmpykmyporo (VSC),
adanmusHi cnocmepieayi, maxki AK a0anmMueéHa cucmema emaioHHoi moodeni, poswupenuil cnocmepizau Jloendepeepa (ELO) ma
posuupenuil pinemp Kammana (EKF); yi piwenus smeHuyoms nepeddauysani noMuaku 3a nomokom ma weuokicmio. Hoeusnoro yiei
cmammi € me, wo cnocmepieay WEUOKOCI MOOei BUKOPUCMOBYE OYIHEH] CIPYMU Md HAnpyau K 3MIHHI CIAaHU; MU po3pOoOIsIEMo
11020 30 OONOMO20I0 KOPEKmopa 360pomnoco 363Ky nomunku. Henpsme ynpagninma 3 nomo pomopa (IRFOC) suxopucmosye
npaguibHe 3HAYeHHS WBUOKOCMI; Y HAWOMY OOCTIONCeHHI MU NOKPAWyeEMO pobomy cnocmepizayd, GUKOPUCMOBYIOYU KepyBaHHS
Ko63HuM pesicumom (SM) 3i 36opomuum kpoxom. Mema. [enepysamu imnynbcu iH8epmopa WUpPOMHO-IMINYAbCHOI MOOYIAYLl, sKi
WBUOKO 3MEHULYIOMb NOMUIKY, BUKIUKAHY 3MiHamu napamempis. Memoou. /s docsenenms yici memu mMu po3pooasieMo 00CiONCeHH s
060X pIi3HUX JIHIIHUX CHOCMEpieayis, Wo GUKOPUCHOBYIOMbCA ONsl 8UCOKONPOOYKkmugHozo npueody VSC AJl, cmitikoeo 0o 3miH
weuokocmi ma Momenmy Hasawmadcenus. Ilo-nepute, mu npedcmagiiemo mpupisHesuil ineepmop, eudpanuil ona scusienus A/, mu
npeocmasiaeEmMo 1020 MOOeNI08aHHA MA Memoo YNPaGIinHA, 3aKiHUYIOUU eKCHePUMEHMANbHOI NAam@OpMOIOo, Wo OeMOHCHPYE 1020
suxionuti cueran. Ilpeocmaenena 6nox-cxema IRFOC; mu aHamizyemo 3a OONOMO20I0 MAMEMAMUYHUX DPIGHAHb DI3HI emanu
MOOeTI08aHH s, HAOUHO OEMOHCMPYIOUU Meopiio po36's3Ku ma Oe3cencopruti Memoo KepysauHs. Y docniodcenmi onucani 06a munu
cnocmepieauis, ELO ma EKF, ons oyinku weuoxocmi ma xpymnozo momeumy AJ. [ani mu onmumizyemo nepexiony peaxyiro,
BUKOPUCIIOBYIOWU HEYImKY JN02IKY, AKA 0onomazae cucmemi cenepysamu Koegpiyienmu nocunenns I1l-pecynamopa. Obudea 3 060x
cnocmepieauie nepedaiomucs kKonmpoaepom cmpymy SM, 36nusicenns cmpykmyp SM-ELO ma SM-EKF eapanmyemscs 3a paxyHok
36€0€HHA 00 HYISL NOMUAKU MIdXC akmuunum ma cnocmepesxcysanum cmpymamy. Pesynvmamu. Haseoeno pesynomamu, o
noxaszyrome egekmueHicms 3anpononoganux cxem. biomn. 25, Tabm. 2, puc. 9.

Kniouogi cnosa: aCHHXpOHHHI IBUTYH, HellpsiMe KepyBaHHs 10 MOJII0 POTOpPa, po3mMpeHuii cnocrepiray ¢iastpa Kanmana,
po3mmpeHuii cniocrepiray Jlroenoeprepa, kepyBaHHs1 HEYiTKOIO JIOTiKO0I0, KepYBAHHSI KOB3HHUM PeKHMMOM.

Introduction. Recently, in the literature researches
develop Induction Motor (IM) control in modern
methods, taking in consideration IM parameters variations
as inputs and signal behaviors as wishes outputs, the
implantation of modern observers in control schemes is
more than necessary.

In several structures and families, observers take
places in linear and non-linear configurations systems as
important solution can deals with motors states variations
in good manner; for example, in the case when IM
parameters was changed, we can see in [1-7] that the
researches use adaptive observer as solution to get a speed
convergence, in [8-11] researches deal with this problem
by using back-stepping control, which gives better results.

We can see also in [12-24] the using of fuzzy logic
technique to observe the controller parameters. In [22] the
writer gives a model of Sliding Mode (SM) observer
powered by fuzzy logic technique in goal of minimizing

the error surface. In [22, 24], they use fuzzy logic to
esteem the PI or PID parameters (K, and K;) which vary
with the IM parameters variation during system operation.

Purpose. In our work, we take a new reasoning
method to preserve the system divergence when changing
motor parameters (rotor resistance in our case). We
propose the using of a Variable Structure Control (VSC)
methodology in order to improve the system robustness,
the application runs by the implementation of SM in two
observers structures combining by Extended Luenberger
Observer (ELO) and Extended Kalman Filter (EKF) is
shown in [12-17] the system is vector-controlled by
indirect rotor field control scheme.

Not only the control of parameters variations is
reached in our proposed method; but the robustness is
also ameliorated by using SM, which we can observe in

© K. Abed, HK.E. Zine
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lateral conditions of speed and torque variations during
system operation.

In addition, in our paper, we made a comparison
between SM control and fuzzy logic technique, this
comparison allowed us to select our prefer method which
plays a role in the improvement of the IM nonlinear
sensorless control.

The simulation results, in the end of work, are given
to show the effectiveness of proposed control approach.
Those results are obtained from a drive control algorithms
in the laboratory, with the help of MATLAB tool.

Three levels voltage inverter. We can create Three
Levels Inverter (3LI) voltages in complete bridges by
collecting three half-bridges using capacitive divider
structure (Fig. 1).

E ™
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Fig. 1. Three Levels inverter Neutral Point Clamped (3LI-NPC)

1. Inverter’s command strategy. The output
voltages of 3LI are given in:

b b
v, 2 -1 -1] || 8n Big
1 b b

Ve |==|-1 2 =11 B | Ua—|B | Us¢,1)
1 b b
V., 1 1 2 B2, BL,

where Bg; is the transistor’s base command Tk

Researchers have controlled the 3LI with deferent
pulse-width modulation (PWM) strategies; in the next
(Fig. 2 and Table 1) we present simulation and
experimentation comparison between three strategies
methods, we found that saw tooth-sinusoidal command is
the better one to use; we use it, in this research, with two
identical carriers. The experimental results in [18] were
raised by using the acquisition card AT-MIO-16X
through a current and voltage sensor card.
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Fig. 2. Output voltage ¥, as a function of time:
- triangular-sinusoidal command with one carrier simulation
result in (a) and experimentation result in (b);

- principle of saw tooth-sinusoidal command with two carriers:
reference voltage and saw tooth carrier 1 in (¢) and reference
voltage and saw tooth carrier 2 in (d);

- saw tooth-sinusoidal command with two carriers simulation
result in (e) and experimentation result in (f);

- vector modulation strategy simulation result in (g)
and experimentation result in (/)

Table 1
Comparison between harmonics of the various command types
Command strategy THD max | THD min
Triangular-sinusoidal with one carrier 0.671 0.669
Saw-tooth-sinusoidal with two carriers 0.421 0.420
Vector modulation 0.498 0.497

2. Power stage. The IGBT transistor characteristics
are: IRFBC40, 3 to 8 kHz, Vg = 600 V, I = 49 A,
VCE (sat) <2 V, ETS <9 ml.
The commutation diode characteristics: BYT30PI
1000, VRRM: 1 kV, IF =30 A, t,= 55 ns, VS =147 V.
Command stage:
o PIA card (Parallel Interface Adapter);

e a galvanic insulation card for the PC and card PIA
protection;

e an interface card.
Sample of experimental installation is shown in Fig. 3.

PC + PIA Card

Fig. 3. Experimental installation constituents

Field oriented control structure. This plan uses a
more robust strategy (Fig. 4), which exclude all kind of
sensors in its algorithm.
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The Indirect Rotor Field Oriented Control (IRFOC)
proposes:

. k ]
digs -7 o, — p-N-k
dt Tr -
] 1l
dlqs 0 -y —p-N-k x .ds
dr | _ Ty lgs +
d L 1 .
iz Im _— w,—p-N Yar
dgt Tr Tr _¢qr
r L 1
1 0 ™ _(w,—p-N) -— 2)
dr ] L Tr o
1 0 where iy, i, are the d-g axis stator
ol ~ currents; Vg, V4 are the d-g axis
o I |lvas | stator applied voltages; ¢, @, are
oL, | Vgs | the d-q rotor flux linkages; 7. is the
0 0 rotor time constant, 7. = L,/R,; @, 1S
0 0 the synchronous angular speed;

k = M/oLL,; y, k are the simplifying constants; =1 - M
YL.L,: N is the estimated speed; L,, L, are the stator and rotor
inductances; L,, is the mutual inductance; R,, R, are the stator
and rotor winding resistances; M is the mutual magnetizing
inductance; o is the leakage coefficient; p is the number of
pole pairs.

The decoupling between d and g axes can be
realized by: @, = 0; d@,,/d¢t = 0, and @, = @,, where @,
is the rated flux. So:

digg { M? J M
Vis =0Lg——=+| Rg + R, 5 fids — oiqzqg —2Rr<D,,;
dt Ll" LI‘
—GL%-!— aL'+R+RM—2' MNcD
Vgs = OLg i WeOLiglgs s Ty L% lds — 2 P "(3)

da,

7. D,
The mechanical equations, electromagnetic torque
and motor speed are related by:
dnv
SN =TT 4)
t
where T,, T; are the electromagnetic and load torques; f'is

the friction coefficient; J is the total inertia.

The expression of electromagnetic torque is:

M
Tp=p—yigg- (%)
L}"
The decoupled system is given by:
*
Vds = Vdsl ~€ds>
¥ ©)
Vgs = Vgs1 ~€ys->
where
M
eds = WeOLgiys + —RD,;
r
) %)
e, =—w,0Li; ——a,D, + i
qs ePlstds e r qs>
r LVT)"

where «™» is the estimated value; «*» is the reference value.
Sensorless speed control design. The estimation of
synchronous angular speed is calculated by using the row 4 in (3):

M i
=pN+——L—, ®)
7 di +&

where @, is the estimate flux; £= 0.01 is the constant to

avoid the mathematical divergence when @,. ~0.
From the row 3 of (3) we estimate:
~ M
D, =
l+z,.p
Speed control. From the synchronous angular
speed, we obtained 6, = [@,dt . To estimate the speed, we

Ids*

establish following function:
1
T, -T, )
= f( 1)
Closed loop Luenberger observer implantation.
Several researches use ELO in sensorless control of IM
[14, 16, 17], the goal is to remove all mechanical sensors.

From (4) and (5) we have:
W _ Sy MO igs — Lr. (10)
dt J JL,

The 2™ order ELO is given by: {){ ZCA);( +BU+L(Y=Y);

where ¥ = { Nobs },L = {ll } , and we have finally:
Tl — obs 12
dN s —-f 1
dr | |:Nobs :|
=l J J +
97— obs. -1, 0 Ti—obs
dr (11)

pMD,
Lt 4
+| UL, (’qs){l ]N,
2

where N, is the observed speed; T; .5 is the observed
load torque. We put /; = 250, [,= —600 to fix the observer
dynamics.

Control with extended Kalman filter observer.
EKF offers the estimation of the systems states [12, 13].
The forward approximation is used to discretize (2):

xlk+1)= f(x(k), k)+ glu(k), k),
{y(k)=h(x(k), k), ¢ (12)

where
Sx(k), k) + g(u(k), k) = Apx(k) + Bau(k);
Ad =1+ ALT.S) Bd = BcToa
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where T, = (t, — t;_1) is the sampling time.
The stochastic model of the disturbances is
established by adding noise vectors as below:

{f(k +1) = f(x(k), k) + g(u(k), k) + w(k);
y(k) = h(x(k), k) + v(k),

where u(k), y(k) are the input and output signals; w(k) is
the process noise; v(k) is the measurement one; x(k) is the
state vector, which can be observed by the EKF as:

X(k+1) = f(x(k), k) + g(u(k), k) + K [y(k) - h(x(k), k)] (15)
By using Riccati difference equation, we can
establish the Kalman gain K, and we can simplify it as:

Ke:{ 0 0 0 }T{ co.séi Sinﬁ:e}’ (16)
ket key kez| |—sind, cosé,
where k.1, k.», k.3 are the adjustable parameters, and:
h(x(k)) = [eos B, (k) sind,(b)]"
The output variables of the EKF may be chosen as:
1), 2(0)] =@, P, (17)

where @, @ are the a-f stator flux linkages.

(14)

S T . .
When x = [6’6 W, w'] are the state variables with

w' as the double integration of noise.
When we put u(k) = 0, the model (14) can be written as:

{2(1{ +1) = F(x(k)) + w(k); a18)
y(k) = h(x(k)) +v(k),
where
1 7, 0
F={0 1 1
0 0 1
So, W, and 6, can be observed by:
() = el O 2‘ OB )+ kie); (19)
W, (k +1) —w, (k) = w' (k) + kye(k) ; (20)
W (k+1)—w (k) = ke (k) ; Q1)
e(k) = yy(k)cos8,(k)— y (k)sin§,(k) - (22)

The block diagram of the EKF used is shown in Fig. 5.

Fig. 5. Simplified EKF observer block diagram

SM current and flux observer design. The
application of SM control to IMs has been widespread in
[8-11, 22]; we implant it to estimate the speed and rotor
time constant, our method guarantees the convergence of
the current during control time and produces, as well,
fluxes along the d and ¢ axes. From (2) we can write:

iy

|, fas | [ Far |1 |vas |, (23)
Olgs Iys Yor] oL |ves]
ot
aczA)dr
Qt :ﬂ Ids _ iy (24)
0P | 7, lgs ] [¥ar ]
ot
where
Vg = —uggsign(syg) ; yr = —ugssign(sys) ;
- ¢d
Ugs == Nds _k(T_r+pN¢qr >
' (25)
- ¢qr
Ugs = _qu_k T + PNy, |,
r
where iy =45 gy lgs = lgs —igs
1 .
— PNk -
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'4 ~
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T}"

and Sds =gy —ldss Sgs = iqs _iqs ’

So, speed and real value of the rotor time constant
can be calculated by:

1 A A
g :AL{ q:)dr qur:|{:dr} (27)
o] 1AL P Par | Yar
where |q>r| - (_q>§r _¢§r) )

Fuzzy-PI controller architecture. It has been
developed recently in [19-24], we use fuzzy logic
algorithm, as a smart attitude, to reconstruct the rotor
resistance and load time constant, after their variations. The
fuzzy part in the controller adjusts the PI gains, which
planned to enhance the step feedback; the improvement of
PI observers has been developed in other way by [25].

The speed error and its rate of change are the
controller inputs, the K; and K, are its outputs,

e(k)=N— N and Ae(k) = e(k)—e(k—1)

The program uses such linguistic tags: NL (Negative
Large), NM (Negative Medium), NS (Negative Short), ZE
(Zero), PS (Positive Short), PM (Positive Medium), PL
(Positive Large). Every fuzzy tag has a related membership
function. «Set if then» is the logic sentence, which
represents the fuzzy control rules, these rules are formulated
as follows: If e(k) is NL and Ae(k) is N then 7, (k) is ZE.
Results for speed control are shown in Table 2 with E is the
error, CE is the convergence of error.

Table 2
Control rule base

JCE/E—> |NL|NM |NS|ZE |PS|PM | PL
N ZE S M| L | M| S |ZE

ZE ZE S M| L|M| S |ZE

P ZE | M L|JL|L|M|ZE

To produce the inference mechanism, we use
Mamdani Max-Min method (Fig. 6). We apply the center
of gravity process to crisp the output value in the
defuzzification stage:
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Fig. 6. Synoptic model of fuzzy controller for IM

Results and analysis. We consider the IM as
continuous model. The IGBT based inverter is a 3LI-NPC,
controlled by an 18 kHz PWM. The robustness of sensorless
speed control is verified, in the first, we apply varied load
torque values as: +10 N-min 1 s, —10 Nm in 2.5 s, +10 N-m
mné6s, —10 Nmin 7 s, 0 Nm in 8 s with flux 0.8 Wb.
The speed is fixed at 150 then —150 rad/s into 3.5 s.

In Fig. 7,a we show, obviously, that the dynamic
performances of the speed are very good.

, ‘rad‘/ s a Zoom o, rad/s b
| |

150

100

50

—FPI-ELO

15000 1 - — - ~—FPL-EKF

150

1498 1 - —— - - s s
2.05 2.1 215 s
Fig. 7. Simulation results of the improved EKF and ELO
observer by FPI controller: IM speed in (a); zoom in speed gives
a comparison between the observer’s time responses in (b);
zoom in speed during control shows the speed overshoots in (¢);
speed delay time during the change of the speed reference in (d);
harmonics observed during control in (e)

Presented in Fig. 7,b the Fuzzy Proportional-Integral
FPI-ELO gives the better time response; it is more
reliable and less-noise than the FPI-EKF (Fig. 7,d and
Fig. 7,e). But it makes a slightly overshoot as shown in
Fig. 7,c when step changes take place in the load torque.

Figure 8 shows the superiority of the FPI-EKF
controller compared to the traditional Proportional-Integral
PI-EKF either in the overshoot or in the harmonic’s noises.

In other stage of studying, using VSC with SM, we
have tested the strength of our controllers, with load torque
applied as the following way: +10 N'-m in 1.5 s, 0 N-m in
255, FI0N'-min6s,-10 N-min7s,0 N-min 8 s.

The comparison in Fig. 9,a,b,c reveals that the
observation by ELO or EKF of the electromagnetic torque.

Zoom @, Wb b

1
8 1,8

1
6 6.5 7 7.5
Fig. 8. Estimated electromagnetic torque 7 (a); «d axe» flux in (b)

T.N-m ‘ ‘ a

20Z‘oom T.N-m_ b

150

100

50

3.6 38 LS 4
Fig. 9. Simulation results of the improved EKF and ELO
observer by SM control: observed electromagnetic torque
in (a and b); harmonics observed during electromagnetic control
in (¢); comparison between SM-ELO and SM-EKF speed in (d);
comparison between SM-ELO and SM-EKF speed response
time in (e); harmonics observed during speed control in (f);
comparison between SM-ELO and SM-EKF speed delay time
during speed reference change in (g)

Conclusions. The high-performance intelligent
sensorless based variable structure control in an indirect
rotor field oriented control scheme, of the induction motor
drive, using Luenberger and extended Kalman filter
observers is discussed in this literature. The robustness of
the speed response using two different observers design
has been compared, and it has been found to be favorable.
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The results investigation confirms that the combination of
sliding mode with adaptive observers achieves a pleasing
performance even in the presence of noises or variations
in the induction motor parameters and drive conditions.
Moreover, it can be said from the results that the
estimation of rotor speed has been done satisfactorily, and
the sliding mode extended Kalman filter has better
characteristics than the other observer presented.
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Harmonics suppression in high-speed railway via single-phase traction converter
with an LCL filter using fuzzy logic control strategy

Introduction. The railway Traction Power Supply System (TPSS) encounters a common challenge related to high-frequency harmonic
resonance, especially when employing AC-DC-AC traction drive systems in high-speed trains. This resonance issue arises when the
harmonic elements introduced by the traction AC-DC converter on the grid side of trains align with the innate resonance frequency of
the TPSS. The novelty the proposed work focuses on the challenges associated with resonance elevation and high-frequency harmonics
in high-speed trains, while simultaneously enhancing energy quality. This is achieved by integrating a pulse-width-modulated converter
on the grid side with a single-phase configuration and incorporating an LCL filter. Methodology. In order to optimize the system’s
efficiency, a robust control system is employed, taking advantage of the capabilities of a fuzzy logic controller (FLC). The choice of the
FLC is justified by its straightforward design and reliability, emphasizing the dedication to precise control, as fuzzy logic excels in
handling complex, nonlinear systems. Through the use of linguistic variables and heuristic reasoning, the FLC adjusts to dynamic
changes in the system, demonstrating its efficacy in enhancing both transient and steady-state responses. Practical value. A grid-side
LCL filter-based converter was meticulously designed and rigorously simulated using the MATLAB/Simulink platform. The inclusion of
an advanced FLC in the system introduced a novel approach to control strategies, surpassing the traditional PI controller. Through a
comprehensive comparative analysis, the simulation results showcased the remarkable efficacy of the proposed solution in an effectively
mitigating high-frequency resonance within the TPSS. This outcome underscores the potential of FLC as a sophisticated control
mechanism for enhancing the performance systems in railway applications, showcasing its superiority over conventional control
methods. The study contributes in shedding light on innovative approaches for optimizing the control and efficiency of grid-side LCL
filter-based converters in high-speed train systems. References 33, table 2, figures 16.

Key words: grid-side converter, LCL filter, harmonics, power quality, fuzzy logic controller, simulation, high-speed rail.

Bemyn.  Cucmema msazosoeo  enexkmponocmauanua  3anisnuyv  (TPSS) cmuxaemuvca i3 3aeanvHoro  npobiemoro, nog’si3anoio 3
BUCOKOYACMOMHUM 2APMOHIIHUM PE30HANCOM, OCOONUBO NPU BUKOPUCAHHI CUCHEM MA208020 HPUBOOY 3MIHHO20, NOCMIliHO20 Ma
3MIHHO20 CIMPYMY ) BUCOKOUWIBUOKICHUX noi30ax. L[a npobrema pe3onancy 8UHUKAE, KO 2APMOHINIHI eNeMeHmuU, Wo BHOCAMbCS MAL08UM
nepemeoprosayemM 3MIHHO20 CIPYMY 6 NOCMIUHULL CMPYM HA CIMOPOHI Mepedci noi30ie, 30ieaiombcs i3 6HYMPIUHbOIO PE30OHAHCHOIO
yacmomoro TPSS. Hoeusna 3anpononoganoi pobomu 30cepeddrceHa HA Npoonemax, noe sa3aHux i3 NiOBUWEHHAM Pe30HAHCy ma
BUCOKOYACMOMHUMU 2APMOHIKAMU Y BUCOKOWBUOKICHUX NOi30ax, npu ooHowacHomy niosuwjenui sxocmi enepeii. Lle docseacmuca 3a
PAXYHOK iHmezpayii nepemeopiosaua 3 WUPOMHO-IMIYIbCHOI MOOYIAYIEID HA CMOPOHI Mepedci 3 00HOpaA3HOI KoH@izypayiero i
exmoyennst gpinoempa LCL. Memooonozia. [{ns onmumizayii eghekmugrnocmi cucmemu 6UKOPUCMOBYEMbCS HAOIIHA CUCEMA YNPAGTiHHSL,
KA BUKOPUCIOBYE Modcugocmi kowmponepa Heuimxoi noeiku (FLC). Bubip FLC eunpasoanuii 11020 npocmoio KOHCIMPYKYIE ma
HAOMIHICMIO, WO NIOKPECTIOMb NPUXUILHICb 00 MOYHO20 YNPABNIHHA, OCKUIbKU HEYimKa J02iKa 4y0080 CHPAGIAEMbCA 3i CKIAOHUMU
HeniHitiHuMU  cucmemamy. 3a80aKU GUKOPUCMANMIO TIHSGICMUYHUX 3MIHHUX ma espucmudnux mipkyeans, FLC npucmocogyemvbcsi 0o
OUHAMIYHUX 3MIH Y cucmeMmi, 0eMOHCIMPYIOUU C80I0 egheKmuHIicmy y nOCUnenti ax nepexionux, max i cmiixux peaxyiu. Ilpakmuuna
yinnicmy. Ilepemsopiosau na ocnosi LCL-¢hinempa Ha cmoponi mepedsici pemeibHO CHPOeKMOSAHULl Ma PemeibHO 3MO0eTbOGaAHULL 3a
donomoeoro namepopmu MATLAB/Simulink. Bxmouennss 0o cucmemu edockonanenozo FLC npedcmaguio noguil nioxio oo cmpamezii
ynpaeninHa, wo nepegepuiye mpaouyitinuii I1l-pecynsmop. 3ae0aku 6ceOiyHOMY NOPIGHATLHOMY AHANIZY, Pe3VIbMAmu MOOETO8AHHS
npooemMoHCmpy8anu 4y008y egekmusHicms 3anpoNnoHOBAH020 DIeHHSI 8 eeKMUBHOMY NOM SIKUEHHI BUCOKOUACTONHO20 PEe30HAHCY
TPSS. Leii pesynomam niokpecnoe nomenyian FLC ax ckiadnoeo mexauismy ynpaeninms NiOGUWEHHAM NPOOYKMUSHOCHI cUCHeM 8
BANIBHUYHUX  3ACTOCYBAHHAYX, OEMOHCPYIOUU U020 nepesazy HA0 Mpaouyitinumy Memooamu YRpaeninHa. J{ocniodiceHHs chpuse
NPONUBAHHIO CEIMIA HA THHOBAYILIHI NIOX00U 00 ONMUMIZAYIL YRPAGIiHHA Mma epekmusHoCmi Mepedicesux nepemeopiosatis Ha ocnogi LCL-
¢hinempis y cucmemax gucoxowuokicrux noizois. biomn. 31, rabn. 2, puc. 16.

Kniouosi cnosa: mepexesuii nepersoprosad, LCL-piibTp, rapMoHiky, IKiCTh eJleKTpOeHeprii, KOHTPoJIep He4iTKOY JIorikH,
MO/Ie/1I0BAHHS, BUCOKOIIBU/IKICHA 3a/1i3HULS.

1. Introduction High-speed rail frequently employs
AC-DC-AC traction converters featuring Pulse Width
Modulation (PWM) within electric units. This is done so
as to enhance the energy quality and dynamic
performance of railway electric systems [1], nevertheless,
the presence of high-order harmonics is a common
occurrence in railway electric networks, resulting in the
challenge of high-frequency resonances [2, 3]. These
harmonics give rise to a range of issues, including
increased errors and disturbances, torque surges, thereby
affecting the overall performance of the traction network
[4]. Two primary strategies are commonly explored to
tackle the issue of high-frequency harmonics in high-
speed trains: one involves addressing the matter within
the traction electrical system, meanwhile, the other aspect
concentrates on the drive unit of high-speed trains.

The predominant research emphasis has been on
mitigating harmonics within the traction system, with
many scholars opting for the use of passive filters to alter
the impedance of harmonics in this system [5]. In order to

improve power quality, a grid-connected voltage source
converter has incorporated an LCL-type filter, renowned
for its superior high-frequency harmonic attenuation in
comparison to conventional L-type filters. LCL filters
find extensive use in grid-connected converters [6, 7] and
front-active rectifiers [8, 9].

Comprehensive design procedures for a single-phase
converter with an LCL filter were extensively discussed
in [10, 11]. In addition, LCL filters often produce
resonance peaks that endanger the stability of the grid-
connected voltage link converter and impair the reliable
operation of the traction power system.

Therefore, developing controllers suitable for LCL
type single-phase converters faces huge challenges.
Traditional PI linear controllers are usually used for grid-
side converters of high-speed railways [12, 13]. However,
the process of adjusting the PI parameters in the voltage or
current control loop can be a problem, as incorrect settings
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may result in undesired low-frequency oscillations in
traction networks. In order to overcome this issue, various
advanced nonlinear control techniques like model
predictive control [14] and sliding mode control [15] were
proposed in order to improve the dynamic behavior of
systems. Nonetheless, implementing and adjusting
parameters for these controllers in real-world scenarios can
be difficult due to the presence of unknown parameters,
complex structures and intricate mathematical models.

Fuzzy logic-based control has demonstrated
effectiveness in various industrial applications [16, 17],
owing to its heuristic nature, simplicity and efficiency for the
utilization of fuzzy logic-based control has shown
effectiveness in diverse industrial applications [16, 17], due
to its simplicity, heuristic nature and efficiency for both
linear and nonlinear systems. By utilizing linguistic variable
knowledge, an intelligent fuzzy controller can be developed
without the need for a complex mathematical model of the
system. This not only reduces computation time but also
improves the transient response characteristics of the system
[18, 19]. However, designing an effective fuzzy controller in
order to enhance the performance of a plant remains a
challenging task, often requiring multiple trial-and-error
procedures based on computer simulations.

As a solution, a proposed approach involves a
simplified structure for the Fuzzy Logic Controller (FLC).
Previous studies on line-side converters in high-speed
railways have mainly focused on various aspects of
controller design, including dynamic performance, stability
analysis, and the mitigation of high-order harmonics [20-24].

Introducing a model predictive control for line-side
traction rectifiers has demonstrated superior performance in
suppressing high-order harmonics compared to traditional PI
controllers. Another innovative method involves utilizing a
nonlinear controller with active disturbance rejection control,
aiming at optimizing the load characteristics of the train
rectifier and reducing harmonics [25].

The application of the harmonic transfer function was
employed to examine the stability of oscillating voltage
fluctuation and controller performance [26]. Additionally, a
combined predictive and extended state observer-based
control system was proposed to mitigate voltage oscillations
and reducing current distortions on both the train and
network sides [27]. Some researchers have suggested a
passivity-based control model for traction rectifiers so as to
enhance both dynamic and static characteristics [28].

While these analytical methods have exhibited certain
enhancements in controller performance, they heavily rely
on precise mathematical models and a multitude of
unknown parameters, often challenging to ascertain in
practical applications. Despite the challenges associated
with modern intelligent controller design, it is evident that
existing control methods possess limitations. Specifically,
they struggle to eradicate high-frequency harmonics, attain
optimal system performance, and adjust control parameters.
This limitation may impede the broader adoption of single-
phase traction converters with LCL filters, consequently
hindering advancements in railway electric systems.
Notably, only a few endeavors have been made to explore
the effectiveness of a fuzzy logic-based controller in
electric drive applications [29, 30].

For high-speed railway line-side converters, the
FLC emerges as a promising solution, eliminating the

necessity for a detailed mathematical model of the
system. Furthermore, it introduces a transparent physical
approach to the control base in the closed loop, deviating
from the use of cumbersome rings by others, implying an
improvement in computational efficiency.

The goal of the paper is to devise a precise controller
utilizing fuzzy logic control for a single-phase traction
converter equipped with an LCL filter, with the aim of
enhancing energy quality and mitigating undesired harmonic
distortions within the railway traction power supply system.

2. System topology. A standard configuration for a
high-speed railway traction power supply system is
visually depicted in Fig. 1, offering a clear representation
of the system. In this diagram the three-phase 220 kV
utility undergoes a step-down transformation within an
electrical substation to become two single-phase 27.5 kV
feeders. This transformation is crucial for providing
power to the all-parallel autotransformer-fed network
through a V/x structure traction transformer.

Reginal Grid y:
220KV
— .l
@ Traction
Cat
atenary =

Substation
Train

= Rails
Fig. 1. Typical power-supply system for high-speed railway

Figure 2 illustrates a simplified diagram that
showcases the positioning of the electrical train within the
traction network system, in which: Z; is the feeder
substation’s equivalent impedance; ir is the electric train’s
current; /; is the separation or gap between the electric
train and the substation; /, is the distance between the
electric train and endpoint of the feeder section.

Electrical Substation Section Post

Train (T) it

< I >« b >

Fig. 2. The electrical train location diagram
in the traction network system

This diagram incorporates various components such
as communication wires, feeders, protection wires, rail
and integrated grounding wires. The methodology used to
create this diagram has been described in [31]. In this
representation, the electrical train load is conceptually
equated to a current source that contains harmonics.

Using the equivalent zm-circuit model for multi-
conductor transmission lines, Fig. 3 depicts the traction
power network, in which: Z7 and Y7, are the impedance
and admittance from the train to the substation; Z;, and
Yy are the impedance and admittance toward the
supplying segment termination. The expressions for these
values are:
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where y, Z, are the unit-length propagation constant and
characteristic impedance of the contact line, respectively.
These parameters can be mathematically expressed as:

Zo=~NZ'1Y';

y=VZY',
where Z’, Y’ illustrate the impedance and admittance per
unit length for the contact line, respectively.

2

Zrn Zrn Zrn Zrn
—{1 1 1 L ©

ir
|IZSS =Y CT) =Yr Zc

Fig. 3. Representation of equivalent traction network using
topology of a m-circuit

]

When viewed from the train’s electric system within
the traction network, the parallel input impedance (Z,,)
formulation for the traction network can be expressed as:
7o Z cosy/(l—ll)(ZSS cosy +Z sin;/ll) 3)

Pa Zg sinyl+Zycosyl '

The overall extent of the contact line, denoted as /
(sum of /; and /), influences the parallel resonance in the
traction network. The system exhibits parallel resonance
when the denominator in (3) becomes 0, leading to the
maximum impedance (Z,,). The resonance condition is
expressed as follows:

Zysinyd+Zycosy=0. 4)

Given that y/ is significantly less than 1, it is valid to
approximate tanh(y/) as ~l, leading to the simplification as:
.—1 = —1 , (%)
joC.d  joC
where L, is the internal equivalent inductance of the
electrical supply substation (Z,=jwL); C. is the
distributed capacitance per unit extent of the contact line;
C is the overall capacitance along the contact line.

The frequency of parallel resonance f,, is:

1

for=———
Prop L C

The resonance in the traction power network is a
parallel resonance involving the equivalent inductor of the
electric supply substation and the distributed capacitance
across the multi-conductor transmission line. The
resonance frequency is determined by the inherent
properties of the traction network and remains unaffected
by the electric train’s location [32].

3. The LCL-type converter analysis. Figure 4
illustrates the unit equivalent to the traction drive for a
high-speed locomotive, featuring a single-phase LCL-type
converter topology on the grid side. In each power unit,
line-side converters connect to the DC-link and
incorporate an LCL-type passive filter. The traction
transformer is idealized; L, is the comparable leakage

joLg =

(6)

inductance on the secondary side; C, is the DC-link
capacitor; V. is the voltage on DC-link; R, is the load
equivalent for the traction inverter-motor drive system.

g i
' |,

Contact line

|
L3

%? .l.cr Vi [== e R
o]

DC-Link The equivalent
Load

Fig. 4. Equivalent circuit of LCL-type rectifiers on the single-
phase line side in every propulsion unit of a high-speed train

Traction
Transformer

LCL-type Filter

Rectifier

3.1. Designing and modeling LCL filters and their
parameters. The inductance on the converter side L, is
usually determined based on the acceptable maximum
converter current ripple (diy,y), typically ranging from 30-
40 % of the rated current level. Therefore, the constraint
condition for the inductance L, can be expressed as:

L o> tde 7
* 8f sAimax ( )
where f; is the switching frequency of the converter
guides the selection of filter capacitance Cy.

Balancing high-frequency harmonics suppression and
managing reactive power at the primary frequency is crucial
[33]. To meet allowable reactive power, capacitance C; can
be calculated using (8), particularly at the primary frequency:

Cp<p—s. ®)

211,
where P, is the specified power of the converter; £ is the
coefficient constrained to be under 5 %; f, is the primary
frequency of the grid voltage.

The design of the grid-side inductor L, involves
leveraging the proportion of high-order current on the
converter side to that on the grid side. Due to unipolar
PWM in a single-phase converter, emphasis is on high-
order harmonics around double the switching frequency.
Assuming no high-frequency components in the grid
voltage, the LCL filter at double the switching frequency
is addressed, as illustrated in Fig. 5.

ig(k) ir(k)
' YY"
Lg Ls *
ug(k) =Cr as(k)

Fig. 5. Model of LCL filter

In Fig. 5 the transfer functions describing the
relationship between u,, and i;, as well as i,, can be
articulated as:

. . .3
ugp (k) _ JoyLg +]kang _ja)kaLng .

. .2
.ab( ) = joyLg _kaLg _lestLngs
X0

where w; is the twice angular frequency of switching.
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Consequently, the calculation of the ratio between
harmonic components on the grid-side current and high-order
harmonic current on the inverter side can be determined as:

ig (k) 1
=TT : (10)
L l-wiLy -Cy

where the permissible ripple amplitude in the converter
current set between 30 % to 40 % of the rated current,
choosing o at 15 % magnitude ensures a maximum
fluctuation in grid-side current of around 5 %.

Consequently, the potential range for L, can be
inferred as:

23

1207Cy

In conclusion, the values of the inductor and capacitor
need recalibration so as to align with the permissible design
parameter range for the resonant frequency f,. This study
ensures that the resonant frequency f, of the LCL filter is
confined within the specified range:

St <Jr <fs-

The filter parameters specified in Table 1.

4. Control block diagram. Figures 6, 7 depict the
control diagrams using a PI controller and a FLC,
respectively. Table 1 presents the values for the single-
phase traction converter with LCL filter parameters.

Lg>

(11

(12)

Table 1

System parameters

Parameters Value
Contact-line voltage V,, V 1550
Voltage across the DC-link V. s, V 3000
Capacitor of the DC-link C,, uF 3000
Frequency of switching f;, Hz 550
Primary frequency f, Hz 50
LCL-type filter L,, mH 1.3
Inductance on the converter side L,, mH 1.6
Filter capacitance C, uF 125
Load resistor R;, Q 20

4.1. Control diagram with PI controller. Figure 6
shows the control scheme of the LCL rectifier based on PI
controller, in which ¥, is the output voltage across the DC-
link, where the initial block denotes V.. The regulator
calculates the discrepancy between the reference and actual
voltages, forming the input for the PI control unit. The
output current from the PI regulator, combined with cosat
from the phase-locked loops (PLL) block, serves as the
input for the 2nd block. The 3rd block represents the error
from comparing the previous two values.

v +
vic 4o s & PWM Ac/pC
X PI Controller 3 (—>| PR Controller Rectifier
& - +
5

. Tiny vg
vae Coswt

4

Fig. 6. Control scheme of the LCL rectifier based on PI controller

The output value (PR) from the proportional
resonant controller (PR) unit becomes the voltage
reference V., added to V. This resultant value is used
in PWM generation for driver signals in the power
electronic IGBT rectifier with a LCL filter, as shown in
Fig. 6. The summarized mathematical equation for the
system is:

Lep = K pUiterer =Vae) + K1 [ Vireg =Vae)de . (13)

4.2. Control diagram with FLC. Figure 7 shows
the control scheme of the LCL rectifier based on FLC.

Fuzzy
Rule base
Controller
Inference . -
Fuzzification N Défuzzification
engine

Data base

Vi 4o & o v PWM .
&< 0 PR Controller Rectifier
- .= +
rdet Timy. vg
C:S“l
B
L

1onpoid

v

Coswl”
Verid i
Sinwt

Fig. 7. Control scheme of the LCL rectifier based on FLC

A fuzzy control system leveraging fuzzy logic,
evaluates input values in analog form using Boolean
variables with continuous values ranging from 0 to 1. This
contrasts with classical or digital logic, which operates on
discrete values of either 1 or 0. The fuzzy controller
consists of 3 stages: fuzzification, where inputs are
converted into fuzzy representations using predefined
membership functions; the rule-based inference system,
which generates a fuzzy response based on linguistically
defined rules; and defuzzification, converting the fuzzy
response back into a crisp output. The design employs the
Fuzzy Logic Toolbox in MATLAB/Simulink.

The inference engine in fuzzy logic, using Mamdani’s
method, connects membership functions to rules,
generating fuzzy output. Defuzzification is the reverse
process, transforming a fuzzy quantity into a precise value.
In this application, the centroid method computed the result
of the FLC, particularly the reference current in Table 2.

Table 2
Rule base of FLC

ldele—>| NB NS Z PS PB
NB NB NB NB NS Z
NS NB NB NS V4 PS
V4 NB NS V4 PS PB
PS NS V4 PS PB PB
PB Z PS PB PB PB

The inference engine is crucial in fuzzy logic, linking
membership functions and fuzzy rules to generate the fuzzy
output using Mamdani method. Defuzzification is the reverse
process, transforming a fuzzy quantity into a precise value.
In this application, the center of gravity method determined
the output of the FLC, particularly the reference V, as shown
in Fig. 8, illustrating the surface of fuzzy rules.

320 10 0 0 20 g -100 Error

Derivate
Fig. 8. Fuzzy rules surface
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5. Results and comparison. Figures 9, 10 depict
simulated waveforms of the DC-link voltages (V,.),
utilizing both the PI controller and the FLC, respectively.
The observation highlights that the FLC reduces ripples
and distortions in the capacitor voltage to a certain extent,
while reducing the stabilization time to a value of 1 =0.1 s
compared to the PI controller, where the stabilization time
is higher (# = 0.6 s), hindering the system’s performance.

|[—Vdc-ref
4000 : | '
V,V —Vdc with PI
3000
2000 - ]
1000 1
0 L L L L t’ s
0 0.5 1 1.5 2 2.5 3

Fig. 9. The simulated waveforms of DC-link voltages based on
PI controller

4000 T | Vdc-ref

Vv,V — Vde with FLC
3000
2000
1000

ts
0 ‘ ‘ ‘ ‘
0 0.5 1 1. 2 25 3

5
Fig. 10. The simulated waveforms of DC-link voltages based on FLC

This result indicates that the FLC brings a significant
improvement in reducing fluctuations and distortions in the
capacitor voltage, contributing to a faster and more stable
system response. In comparison, the PI controller exhibits
inferior performance with a longer stabilization time, which
may compromise the overall system performance. These
findings underscore the effectiveness of the FLC in
enhancing dynamic response and the quality of the voltage
across the DC-link in the considered converter.

Figures 11, 12 wunveil the simulated voltage
waveforms V, of grid-side voltage during the functioning
of a single-phase LCL rectifier using PI and FLCs,
respectively. Examination of these figures reveals a
significant disparity in the high-order harmonic
components in the LCL rectifier with both controllers.

It is clearly evident that under the regulation by the
PI controller, the voltage V, exhibits more pronounced
high-order harmonic components compared to those
observed in the LCL rectifier operating with the FLC.
This observation highlights the remarkable ability of the
LCL converter topology with the FLC to significantly
attenuate high-order harmonic resonance.

It is crucial to note that this enhanced harmonic
attenuation capability offers substantial advantages in the
context of power quality, thereby contributing to the
stability of the traction power system. These results
underscore the notable effectiveness of the FLC in
reducing harmonics in comparison to the PI controller,
suggesting that the adoption of the FLC could constitute a
significant improvement in LCL rectifier applications,
especially when it is crucial to effectively suppress high-
order harmonic resonance.

Figures 13, 14 depict simulated waveforms of the grid-
side current /, of the LCL-type converter with PI and FLCs,
respectively. The ability to eliminate high-frequency
harmonics proves to be a crucial factor in the evaluation of

filters and control systems. Following the comparison
between Fig. 13, 14 it is noticed that the grid-side current is
distorted, especially during the period 0-0.2 s, with higher
harmonics from the PI controller compared to the FLC.

4000 T T T
V,V — Vg with PI
2000 - l
0 V“ l
-2000 '
t,s
-4000 : : ‘ :
0 0.5 1 1.5 2 2.5 3
4000 T T T -
v,V Zoom — Vg with PI
2000 -
0
-2000 1
t,s
-4000 : : : :
0.5 0.6 0.7 0.8 0.9 1

Fig. 11. The simulated waveforms of the grid-side voltage V,
using the PI controller

4000 T ; . .
ny — Vg with FLC]
2000
-2000
4000 s ‘ ‘ ‘ ‘ LS
0 0.5 1 1.5 2 2.5 3
4000 T T .

— Vg with FLC

-2000
t,s

-4000 : : ‘ ‘
0.5 0.6 0.7 0.8 0.9 1
Fig. 12. The simulated waveforms of the grid-side voltage V,
using the FLC
1000 LA T T . .
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Fig. 13. The simulated waveforms of the grid-side current ()
using the PI controller

1000 ; LA —Ig with FLC
O
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0
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Fig. 14. The simulated waveforms of the grid-side current ()

using the FLC
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This observation suggests that the attenuation of low-
order harmonics operates effectively for the FLC, and
low-order harmonics exhibit no significant impact
influencing the grid-side current. This conclusion is
corroborated by the results obtained from Fast Fourier
Transform (FFT) analysis.

An examination of the results highlights the superior
performance of the FLC in terms of harmonic reduction
and waveform maintenance of the grid-side current,
particularly during the critical period 0-0.2 s. These
observations indicate that the choice of the FLC could
represent a significant improvement in LCL-type converter
applications, demonstrating increased effectiveness in
suppressing harmonic distortions.

FFT algorithm is employed to assess the harmonic
order within the grid-side current and THD of said current
in a single-phase LCL converter utilizing Pl and FLCs.
THD measurements are contrasted for the PI and FLCs, as
illustrated in Fig. 15, 16.

Fundamental (S0Hz) = 462.9 , THD= 4.60%

L8]

0 1000

(=1

2000 3000
Frequency (Hz)
Fig. 15. The harmonic spectrum of the simulated grid-side

current utilizing the PI controller

4000 5000

Mag (% of Fundamental)

= Fundamental (50Hz) = 462.2 , THD= 0.21%

S

24
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Fig. 16. The harmonic spectrum of the simulated grid-side
current utilizing the FLC

Figure 15 displays the THD measurement results for
the PI controller, yielding a value of 4.6 %. Conversely,
Fig. 16 illustrates the corresponding results for the FLC,
showing a notably reduced value of 0.21 %. These values
fall well below the critical threshold of 5 %, aligning with
harmonic standards.

This analysis demonstrates that the LCL filter ensures
satisfactory compliance with harmonic  standards,
guaranteeing that the THD is below 5 %. Specifically, the
results highlight the enhanced effectiveness of the FLC in
harmonic suppression, particularly for high-frequency
switching sub-harmonics. These findings underscore the
notion that the implementation of the FLC represents a
significant improvement for the LCL converter, notably
ensuring a substantial reduction in THD.

Conclusions. A topological investigation and a
mathematical model have been undertaken for the traction
power supply system and the circuitry of single-phase
line-side LCL-type rectifiers in each power unit of a high-
speed train.

The control system aims at addressing high-order
harmonic resonance in traction converter systems,
particularly focusing on attenuating high-order harmonics
in single-phase LCL PWM rectifiers. When guided by a

Fuzzy Logic Controller (FLC), these rectifiers efficiently
eliminate high-order harmonics in train traction drive
systems. This approach, unlike conventional control units
with a PI controller, effectively avoids stimulating high-
frequency resonance.

The proposed method exhibits notable characteristics
such as heightened robustness and autonomy from
intricate system parameters. The simplicity and efficiency
of the FLC distinguish it, suitable for both linear and
nonlinear systems. Its intelligent control implementation
does not require an intricate system model, reducing
computation time and enhancing response dynamics.

The study conducts a comprehensive comparative
analysis of harmonic suppression performance in the LCL
converter, comparing its performance with a traditional PI
controller to the proposed FLC. Analytical scrutiny and a
THD study emphasize the efficacy of the FLC-controlled
transformer, affirming its role in ensuring high-quality
dynamic performance in traction systems.

Conflict of interest. The authors of the article
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An adaptive controller for power quality control in high speed railway
with electric locomotives with asynchronous traction motors

Introduction. Power quality in an electric railway system pertains to the dependability, consistency, and purity of the electrical power
provided to different components and systems within the railway infrastructure. Assessing power quality offers considerable opportunities
to improve the efficiency of railway systems. Problem. Managing the flow of active and reactive power effectively, decreasing harmonic
currents, and addressing the negative sequence component are all critical parts of improving power quality for electrified rail systems. As
a result, flexible AC transmission systems are the major means of minimizing or decreasing these difficulties. Purpose. This study
describes a half-bridge reactive power railway power conditioner (HB-RPC) with a novel Ynev balancing transformer. HB-RPC is made
up of four switching devices and two DC capacitors and the compensator’s stability is determined by the operating voltage of the DC-link.
Any variations or imbalances in the DC voltage might cause the compensator to operate in an unstable manner. Novelty. Of a novel
balanced transformer with HB-RPC in a high-speed railway system with two scenarios. Methods. The study utilized MATLAB/Simulink
software for simulation purposes. The system integrates a fuzzy logic controller (FLC) and a PI controller to optimize DC voltage,
ensuring its constancy and balance, with the objective of improving the overall stability of the system. Results. The simulation outcomes
illustrate the efficacy of the control approach. Through a comparison of results between scenarios (two and four trains) with the Pl-based-
HB-RPC and the FLC-based-HB-RPC, the system exhibits enhanced stability for the proposed railway system when employing the FLC-
based-HB-RPC, compared to a controller based on PI. Practical value. The proposed configuration elucidates its role in enhancing both
the dynamic performance of the system and the power quality of the three-phase rail traction chain. References 21, table 6, figures 21.

Key words: railway power conditioner, Ynev transformer, fuzzy logic controller, PI controller, asynchronous motor, power
quality, electric railway system.

Bcmyn. fxicmb  enekmpoenepeii 6 cucmemi  eleKmMpUUHUX 3ANI3HUYL BIOHOCUMbBCA 00 HAOIIHOCMI, CMANOCmi ma 4ucmomu
efleKmpoenepeii, wo nooacmvCcsi PisHUM KOMAOHEHMAM ma CUucmemam 3anizHudHoil ingpacmpykmypu. Oyinka sxocmi erekmpoenepeii
8IOKpUBAC 3HAUHI MOJCIUBOCMI niOBUwjeHHs egexmugnocmi 3anisnuunux cucmem. IIpoénema. Egpexmusne kepysanns nomoxamu
aKmMueHoi ma peaxmugHoi NONYICHOCIE, 3HUNICEHHSL 2APMOHILIHUX CIPYMI8 MA YCYHeHH KOMNOHEHMA 360pOMHOI NOCIi008HOCHI — 6ce ye
BANCTIUB] YACTNUHU NOKPAWEHHS AKOCMI efleKmpoenepeii Ol eleKmpupiKoganux 3ani3HUUHUX cucmem. B pesymomami emyuki cucmemu
nepeoaui 3uiHHO20 CMPYMY € OCHOBHUM 3AcO00M MIHIMI3ayii uu 3meHwenHs yux mpyonowie. Mema. Y yvomy oocniodcenni onucyemocs
Haniemocmosuil cmabinizamop peakmueroi nomyoicnocmi 3aniznuyi (HB-RPC) 3 nosum 6anancyrouum mpancgopmamopom Ynev. HB-
RPC  cknadaemvcsa 3 4OMUpboX nepemMukalowux npucmpois ma 080X KOHOEHCAMOpis NOCMILHO20 CMPYMY, @ CMAOiNbHICHb
KOMNeHcamopa GU3HA4Acmvpcs. pobouolo Hanpy2010 TAHKU NOCMIiHO20 cmpymy. Byov-axi aminu abo oucbananc nanpyeu nocmitinozo
CIMPYMY MOXHCYMb npuzeecmu 00 Hecmabinbhoi pobomu komnencamopa. Hosusna. Cmocyemuvca H06020 6ananchoeo mpancgopmamopa
3 HB-RPC' y cucmemi 8UCOKOWBUOKICHUX 3aMi3HUYb i3 0860Ma cyeHapismu. Memoou. Y 0ocniOdiceHHi BUKOPUCTIOBY8AOCS NPOSPAMHE
sabesneuenns MATLAB/Simulink 3 memoro mooemosanns. Cucmema no€onye komponep newimxoi noeiku (FLC) ma I1l-pecyismop ons
onmumizayii Hanpyau nOCMilHO20 cmpymy, 3abe3neveHHs 1020 cmanocmi ma 6anaucy 3 Memor NOKPaweHHs 3a2anbHoi cmabitbHocmi
cucmemu. Pesynomamu. Pe3ynomamu modeniosanns imiocmpyions eexmugHicms nioxooy 00 ynpasuinus. 3a 00nomoeor NopieHsHHSA
pe3ynemamis cyenapiie (06a ma yomupu noizou) 3 HB-RPC na ocnoei Il ma HB-RPC na ocnosi FLC cucmema 0emoHcmpye niosuwyeny
cmabinbHicmy 0151 3anponoHo8anol 3aniznuuHoi cucmemu npu suxopucmanni HB na ocnoei FLC-RPC, y nopieHsiHHi 3 KOHMPOAEpom 3
sacmocyeannsiv 11l Ilpakmuuna winnicme. 3anpononosana Kougizypayisi noscuioe il ponv Yy niOSUWEHHI SIK  OUHAMIYHUX
Xapaxkmepucmux cucmemu, max i AKOCMi enekmpoeHepeii mpugaznoeo 3anisHuuHo20 msa206020 koaa. bion. 21, tadn. 6, puc. 21.

Knrouogi crosa: 3anisHUYHMIA cTadimizaTop Hampyru, Ynev TpancopMaTop, KOHTpoJiep HediTkoi Joriku, III-peryasitop,
ACHHXPOHHMUIi IBUTYH, SIKICTh eJIeKTpOeHeprii, eJJeKTPUYHA 3a/Ii3HMYHA CHCTeMa.

Introduction. The configuration and utilization of
electrified railways are well-established [1]. With the

overhead contact line system, and the electric train, as
illustrated in Fig. 1 [1].

surge in rail traffic and widespread adoption of modern L = Uittty
traction vehicles equipped with sinusoidal current L = thnx:“;h’fu
absorption rectifiers, electric transport systems have = 1

become substantial single-phase loads for the traction = Teschion

supply system. Additionally, they function as nonlinear transformer

loads, consuming reactive power and giving rise to power r v _
factor and stability issues. Consequently, electric trains - 1" — Em‘:{
contribute to imperfections in the railway supply, ﬁ - ) = @ s

including negative sequence current (NSC), reactive
power and harmonics [1].

Enhancing energy efficiency and ensuring high-
quality performance have become imperative across

Fig. 1. Synoptic of traction chain system

The high-voltage network faces challenges due to the
uncertainty, non-linearity, and asymmetry introduced by

various technical domains today. The prevalent power
quality issues typically fall into two main categories:
voltage irregularities and harmonic distortion [2]. The
traction power system can be segmented into four
components, namely the upstream power system (three-
phase power system), the traction power substation, the

traction loads, resulting in the presence of NSC and
harmonics. The asymmetry and non-linearity within the
traction power supply system contribute to more significant
issues for the power grid, including imbalances and
harmonic disturbances. The characteristics of locomotives,
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utilizing power electronics techniques to adjust speed, make
them non-linear loads. In this scenario, these loads act as
sources of harmonics while also operating as single-phase
loads. This is the reason why the traction system can extract
two single-phase electric powers from a three-phase power
supply [3, 4], introducing a lot of power quality challenges
to the three-phase power system, ultimately impacting the
operation of electrical equipment and the network.

Various methods have been used to improve the
power quality of three-phase power systems in order to
maintain the dependability and balance of electrical
railway power systems. This entails reducing the impacts
of nonlinear traction loads on three-phase power systems
[5] through the use of Flexible AC Transmission Systems
(FACTS) [6]. In particular, the wuse of balance
transformers (such as Scott, YNvd, Leblanc, and others)
has been a prominent technique to addressing this
difficulty [7, 8]. Balancing transformers possess the
capability to transform a three-phase system into a two-
phase system, thereby reducing NSC on the secondary
side under equal load conditions [9].

However, it is important to note that employing
balancing transformers alone is insufficient to enhance
power quality in the railway traction system.
Consequently, the integration of a compensator into the
traction system has become essential.

Enhancing the efficiency and rapid control features
of these technologies has spurred research into various
FACTS devices [10-12]. The selection of specific FACTS
devices depends on the intended purpose, leading to their
connection in configurations such as shunt, series, series-
series and series-shunt [13, 14]. The compensator’s
overall performance is fundamentally shaped by the
configuration of the controller being manipulated.

The aim of this study is to implement a control
method for the suggested half-bridge reactive power railway
power conditioner (HB-RPC) with Ynev. Consequently, a
fuzzy logic controller (FLC) with 49 rules based on HB-RPC
is developed to govern the outputs of two power switching
legs, thereby enhancing the overall performance of the power
system. Subsequently, the achieved outcomes are contrasted
with those obtained using a PI controller. This comparison
aims to elucidate which controller exerts a more significant
influence on the dynamic stability of the traction system
under different loads. The paper provides a detailed
description of the traction power substation, the transformer
connections, and the structure of the HB-RPC.

The system operation and the control method for the
compensator under Ynev are described. Trains
(asynchronous motors) are used as loads to validate the
performance of the system. The most important power
quality issues in electrified railways have been investigated
here. Results and discussion are analyzed and concluded in
this study.

Modeling of proposed system. For studying the
performance of our system, an electrified railway system
as illustrated in Fig. 2 is proposed.

The Ynev transformer principles. The traction
loads operate as single-phase loads within a three-phase
system. Consequently, balanced transformers are
employed in the power supply system to generate two-
phase output from the three-phase system, effectively

addressing power quality issues such as the elimination of
zero sequence current and reduction of NSC. In [7, 8],
various connection configurations are illustrated, each
transformer  possessing  distinct advantages and
disadvantages. The selection of a specific configuration is
contingent on three key factors: Transformer Utilization
Factor (TUF), Line Utilization Factor (LUF), and the
current unbalance ratio &.

TUF = SR/ST ; €))

LUF =SR/SL ; 2)

EE‘[_‘/ , 3)

where SR, ST, SL are the maximum utilization capacities
for the system, transformer and line, respectively;
I, I" are the negative and positive sequence currents.

I+

A
B
If_‘\ Ix\ L! ¢
B A
Proposed Balanced
Traction Transformer N =

R HERPC N
Fig. 2. The proposed electrified railway system

This study involves the transformation of a three-phase
system into a single-phase system using a Ynev two-phase
balanced transformer (Fig. 3), wherein the primary three-
phase winding is interconnected in a star configuration with
a grounded neutral point.

Grid network %
>

i

[
—
| | i | l
£ - X - 3 - X
B AAJ LA 1A
| | T

2 JAipha

A:‘JD Com (3 )Beta

Fig. 3. Ynev transformer wiring diagram

This transformation not only enhances system
protection but also involves a secondary winding connected
in an open delta configuration [9-15]. The magnitudes of the
mathematical voltage expressions on the secondary side are:

/
|va|=J§V(N§+N§+N2N3y . @)

|vﬂ|=\/§V(N22+N32+N2N3)/3, (5)
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where N,, N; are the turn ratios associated with the
windings of the transformer.
The current relationships can be expressed as:

I4] [(N3+N;3) =Ns

1

—N3 (N2+N3)La}» (6)
I N, -N, |7
where I, Ip, Ic are the primary side’s phase currents;
1,, I are the secondary side’s two-phase currents.

The components of three-phase currents zero
sequence 1°, positive sequence /*, and negative sequence
I currents are:

[BE

1° 0 0 e
=L Nz(l—a2)+N (I-a Nz(a—a2)+N3(a—1) '

3
I~ Nz(l—a)+N3Z1—a2 Nz(az —a )+ N;la? —1)

Load model. In this paper, we model an electric
locomotive train, illustrated in Fig. 4, each asynchronous
motor driven by two inverters controlled through pulse
width modulation. The system incorporates static power
converters to transform the physical characteristics,
specifically voltage, prior to reaching the traction motor.

i | 1
’ < .

l

4 Motors axis

Traction  load

AC DC
DC AC

Asynchronous

Motor

Fig. 4. High speed train’s traction circuit schematic diagram

HB-RPC configuration. HB-RPC is one of the
FACTS devices that have been specifically designed for
railway traction power supply [11]. As illustrated in Fig. 5,
HB-RPC is made up of four switching devices and two DC
capacitors, which reduces the number of switches
compared to a normal railway power conditioner (RPC).
As a result, this structure is employed to lower the cost and
complexity of the control. It is utilized to manage active
and reactive power flow, as well as harmonics suppression.

4
C1 -

+# Lb j

]
c2 -

E+«—m T g

+
::

Fig. 5. HB-RPC topology proposed in MATLAB

The Ynev transformer’s secondary side is linked to
the half-bridge converters through a pair of step-down
transformers and inductors. This setup is designed to
mitigate the transmission of harmonics and reactive
power through the transformer. In this arrangement, each

side of the traction power substation accommodates two
electric trains (in the 1st case) and four trains (in the 2nd
case), with i, and is representing the currents of sections a
and f, and denoting the compensating currents.

To address symmetrical and sinusoidal waveforms in
the secondary side currents (i, i), the HB-RPC introduces
compensatory currents (ic,, icp) into the system through
interface inductances (L,, L) and step-down transformers.

The load currents can be written as [9-16]:

ILa(t) = ‘/ELLP(Z Cos(a)t + 61)+ z‘/a]ha cos(a)t + Hha);
h=2 8
ILﬁ(t)E—\/EILPﬂcos(a)t+6’2)+ Z\/Elhﬂcos(a)t+9hﬁ)>( )
h=2
where I, Iy are the h™ order harmonic currents of the o
and f phases, respectively; 0,,, 0;5 are the phases degree
of A" order harmonic currents of the a and [ phases; 6, 0,
are the phase difference between a and S phases; /4, I1pp
are the active components.

The compensation currents (/¢,, /) for the two half-

bridge converters can be expressed as:

Icq :Ia(t)_lrefa(t);

Iep =15(t)=Lgp(t),
where 1,, I; are the secondary side currents; /s, 1. are
the reference currents.

The connection between the compensation currents
and the reference currents can be established as:

2
Lot (t) = \/;Imp cos t;

)

(10)
2 2r
]refﬁ (t) = \/;Imp(COS wt —T],
where I, is the DC component:
1
Imp:E]LPa'f‘[LPﬂ, (11)

where I;p,, I1pp are the active components of two loads
currents of traction power arms.

Operation and control method of the system.

A. Operation of the HB-RPC involves the dynamic
exchange of power between sides, achieving the transfer
and equilibrium of active power, and compensating
reactive power to meet the load requirements. This is
accomplished by charging or discharging capacitors C1,
C2 as illustrated in Fig. 6, 7, representing the primary
goal of the HB-RPC [16-18]. The operations modes of
HB-RPC are next:

e when the supply current i > 0: the charging mode of
the DC-link capacitor, diode D1 is conducted and the
discharging mode of the DC-link capacitor, power switch
S2 is conducted (Fig. 6);

e when the supply current i < 0: S1 is conducted, the
capacitor C1 is discharging, and |i| starts to increase, when
D2 is conducted, the capacitor C2 is charging, and ||
starts to decrease (Fig. 7).

B. DC-link voltage control. The utilization of two
capacitors gives rise to a voltage balance issue. To
address this and attain dynamic energy equilibrium, two
FLC and PI controllers are suggested. These controllers
generate the reference current signals for phases 4, B, C
along with a compensator to maintain the DC-link voltage
stability and minimize power losses.
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Fig. 6. Charging (above) and discharging (below) mode
of HB-RPC for the supply current i > 0

.
DI 1
Cl Va
sl T
L
Y
<::§z:>
D2 © —_— 2 Vo
+
D1 ——Cl V¢
Sl —— a
! f‘Y‘i"‘\
U =
b2 5 -2 Vo

Fig. 7. Charging (above) and discharging (below) mode
of HB-RPC for the supply current i <0

Approach utilizing a FLC. It is a mathematical
framework designed to assess analog input values in the
context of logical variables with continuous values
ranging from 0 to 1 [14-19]. FLCs are particularly well-
suited for addressing uncertain control problems. The
FLC is structured into 3 components: fuzzification, fuzzy
inference, and defuzzification (Fig. 8) [20, 21].

base

Fuzzy Fuzzy

. —inputs [ |pference | Outputs
e
'-~- Membership ]

functions

Fig. 8. Architecture of FLC

Fuzzification is the process of transforming crisp inputs
values into language values represented by membership
functions. FLC’s inputs are designated as the error (e) in DC-
link voltage and derivate error (de) at simple times # [15]:

1) =Vge,,, (Ve (0}
de(t)=e(t)—e(t -1).

Common types of input membership functions
include triangular, trapezoidal, or exponential shapes.

(12)

In our study, we used triangle membership (Fig. 9).
Seven linguistic variables for both inputs and output were
selected as results there are 49 rules for FLC.

NE PB

NMAAAAN
AAAAAN

\ \

“input variable <ERROR»

%0 80 100

NB NM NS Z Ps PM P8

0.5

-10 ] 10
input variable «DERIVATE»
i 1 | f
NB NM NS z PS PM PB

output variable «Iref»

Fig. 9. Membership functions of fuzzy system

The inference engine plays a crucial role in fuzzy logic
operations by linking membership functions with fuzzy rules
to produce a fuzzy output. Memdani method is employed to
execute this process. On the other hand, defuzzification is the
opposite of fuzzification, involving the conversion of fuzzy
quantities into precise values. In our case, the center of
gravity is employed to calculate the output of the FLC,
specifically the reference current as outlined in Table 1.

Table 1
Rule base of FLC
NM NS zZ PS NM PB
NM | NM NS Z

de/e NB
NB NB NB NB

NM | NB NB | NM | NM | NS Z PS
NS NB | NM | NM | NS Z PS PM
Z NM | NM | NS Z PS PM | PM

PS NM NS Y4 PS PM PM | PB
PM NS Y4 PS PM PM PB PB
PB Z PS PM PM PB PB PB

Figure 9 illustrates the membership functions of
the input and output variables in the fuzzy system, while
Fig. 10 displays the surface of fuzzy rules.

Derivate
-20

-100
Fig. 10. Fuzzy rules surface

26

Enexmpomexnixa i Enexmpomexanika, 2024, Ne 2



The configuration block of the compensator control
system for HB-PRC is shown in Fig. 11.

Ta
ira—

e

Sin(e:t-90)

1y .
cosfor-120')

cos(mr-307)
Voe ry

cos(er-907)
P

S

Fig. 11. HB-RPC control system with FLC

PI controller approach. The PI controller’s
efficiency in limiting steady-state error, as well as its ease
of implementation, are the grounds for its extensive
application. Figure 12 shows the PI controller principle
and the configuration block of the compensator control
system for HB-PRC.

Desired Control |
Objective

Measured Control
Objective

Output of
Control

ira— .
Sin((u!—j@—k *Ver
<
Sinfer-90)
irg
Ve

Fig. 12. HB-RPC control system with PI

Results and discussion. The aforementioned test
system was created in MATLAB/Simulink. This section
is further divided into two scenarios:

e case (1) has HB-RPC in high-speed railway system
with 2 trains;
e case (2) has the HB-RPC with 4 trains.

A comparison of the DC-link voltages and
simulation results for scenario (1) and (2) is performed,
taking into account both scenarios with and without a
compensator and controller. The simulations were utilized
to verify the effectiveness of the proposed compensator
and control method, as well as to evaluate the new
transformer’s ability to alleviate NSC.

A standard electrical traction system was selected to
facilitate an authentic comparative case study between
FLC and PI controllers with two scenarios with varying
load conditions are examined to analyze the influence of
the proposed topology. The assumed values for the public
electrical grid voltage are 230 kV, and its secondary side
provides a 27.5 kV supply to the traction loads. In the
analysis of our electric railway system, electric
locomotives are modeled as asynchronous motors, which
representing nonlinear loads and providing a suitable
basis for result evaluation.

The compensator is linked in parallel with the three-
phase power system. The specific parameters of the
chosen traction system are outlined in Table 2.

Table 2
Simulation parameters

Transformer (class TPS) ratio 230kV /27.5kV
Ynev transformer ratio 27.5/1
Interface inductance, mH 4
DC-link capacitors, mF 40
Nominal power, MW 10
Voltage of DC capacitor Vdc,., V 2000

The controller is used to correct the error between
the reference value of the DC-link voltage Vdc,,r and the
instantaneous actual value V,. The HB-RPC’s controller
should issue instructions for the compensation currents to
be injected, followed by the acquisition of sinusoidal and
symmetrical currents on the three-phase electrical grid
side without the NSC and to transfer active and reactive
energy from one segment to another.

The DC-link voltage is displayed in Fig. 13, at
t = 0.5 s, the HB-RPC is activated the V, voltage
following to the reference signal Vic.. It is clearly
observed that the DC-link voltage stable and regulated
(reducing the voltage fluctuation) better with the FLC
compared to the PI. Fuzzy control demonstrates
robustness by efficiently managing variables with distinct
fuzzy logic and facilitating the enhancement of fuzzy
rules. The utilization of fuzzy control for refining
compensation contributes to improved performance in
achieving better compensation outcomes.

Vdc; \
—Vdc, . —Vdc With FLC

3500
3000

2500

2000
1500
1000

500

t, s
0 0.5 1 1.5 2
Vdc; )

—Vdc_—Vdc With PI

0

3500

3000
2500

2000
1500
1000

500

t,s

0
0 1 2 3
Fig. 13. DC-link voltage with FLC (a) and with PI ()

Case I with two trains. The currents of the primary
side and the secondary side are shown in Fig. 14; I, I
and /¢ are unbalanced and unequal, when the compensator
turned off, which contain NSC but after the HB-RPC is
turned on at 0.5 s, the currents are more stable (balanced,
equal, phase difference 120°). It is clear appeared that the
time response of the compensator with the FLC is less
than the PI.
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Fig. 14. Three-phase currents before and after compensation
with FLC (a) and with PI (b) for Case [

In Fig. 15, as we can see the secondary current of the
transformer /,, /5 are balanced even before turned on the
HB-RPC, which confirms the transformer’s ability to
reduce the imbalance.

1500 LA

8 With FLC

—1 —I
a

1000

500

-500 k
t,s
0.6

-1000
0.55

1500 :
—1,—1, With PI

B

1000

500

-500

-1000
0.5 0.55 0.6
Fig. 15. The secondary side current of the traction transformer

with FLC (a) and with PI (b) for Case [

Figure 16 presents the compensation current /¢, /cp.
After 0.5 s the present current is sinusoidal which shows
that it includes most effective active current without
harmonics, which can induced balanced three-phase
currents on the power grid.

Ie, A

1500
—I With FLC

Cq_ICB

1000

500

-500

-1000

ts
0.6

-1500
0.55

1500

c a_l c BWith Pl

1000
500
0| b
-500

-1000

t,s

0.5 0.55 0.6
Fig. 16. Compensation current with FLC (a) and with PI (b) for Case |

According to Fig. 17, which shows the NSC which
is reduced to almost zero and explain the symmetrical
three-phase current. We called the relationship between
the NSC and PSC the current unbalance ration. Table 3
represents the ratio index before and after the HB-RPC
start working.

-1500

100 A
'—NSC with FLC —NSC with Pl

80
60
40
20 .

0

0 0.5 1 15 LS 2

Fig. 17. Negative sequence currents with FLC and PI for Case [

Table 3
NSC ratio in the public electrical grid current with PI and FLC

HB-RPC integrate Before | After
Time, s 0-04 ] 05-2
0,
PL, % 25 2.08
FLC, % 1.17

Table 4 shows the FFT analysis results before and
after the compensation of the currents at the phases 4, B
and C; it is observed that the performance of the HB-PRC
and Ynev transformer with the FLC is superior to the PI
controller for harmonic elimination.

Table 4
THD compensation results

Cases 2 trains I, | I I
Without compensation, % 7.888.94|13.68
Compensation / FLC, % 1.1810.92| 1.51
Compensation / PI, % 3.1611.69] 2.74
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Case II with four trains. The loading situation,
which was created by delivering a step load to the system,
was simulated in order to stress the system with a high-
power variation for a stability test.

Figures 18, 19 illustrate the simulation outcomes
corresponding to case II. In this scenario, the absence of a
compensator (no HB-RPC) interval is associated with
elevated levels of nonlinear signal components and
harmonics, necessitating compensation.

I, A
400 _
‘—IA—IB I with FLC
200
0 XQX’XX)/X\ a
-200
t,s
-400
/A 0.5 0.55 0.6
400 .
— I, —lg— I with PI‘
200
-200
t,'s
-400
0.5 0.55 0.6

Fig. 18. Three-phase currents before and after compensation
with FLC (@) and with PI (b) for Case II

1500 LA

—I_—I, with FLC
a B

1000
500
0
-500

-1000
t, s
06 065 0.7

-1500
0.5 0.55
A

_Iu_lﬁ with PI

1500 [
1000

500

0 b
-500

-1000

t,s

05 055 06 065 0.7
Fig. 19. Two-phase currents before and after compensation

with FLC (@) and with PI (b) for Case 11

-1500

Figures 18, 19 illustrate the three-phase and two-phase
current waveform under HB-RPC-based FLC and PI control

in response to variations in traction load. The three-phase
side currents maintain stability amid changes in traction load.

Figure 20 shows the compensatory currents of the
converter in FLC/HB-RPC and PI/HB-RPC, respectively.
Following ¢ = 0.5 s, the HB-RPC is activated. As depicted in
Fig. 20, all power quality indices show enhancement and
comply with the specifications outlined in the IEEE 1159
Standard. Therefore, drawing from the findings of the two
cases, the suggested system has effectively mitigated grid-
side nonlinear signal component, and current THDs.
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Fig. 20. Compensation current with FLC (a) and with PI (b) for Case 1L

NSC values for the FLC/HB-RPC are significantly
lower compared to those of the PI/HB-RPC as illustrated
in Fig. 21 and Table 5.

Table 6 displays the results of FFT analysis conducted
both before and after current compensation for phases 4, B,
C. The data indicates that the HB-PRC and Ynev
transformer, in conjunction with the FLC, outperform the PI
controller in terms of harmonic elimination.

-1500
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‘—NSC with FLC—NSC with Pl
80
60
40
20
0
0 0.5 1 15 1,s 2
Fig. 21. Negative sequence currents with FLC and PI for Case II
Table 5
NSC ratio in the public electrical grid current with PI and FLC
HB-RPC integrate Before | After
Time, s 0-04 | 05-2
PI, % 2.1
FLC, % 474 1.2
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Table 6
THD compensation results

Cases 4 trains 1, Iy I
Without compensation, % 25.37 [ 16.05 | 39.55
Compensation / FLC, % 221 | 1.12 | 2.81
Compensation / P1, % 542 | 1.88 | 3.89

Conclusions. Addressing power quality issues in the
traction power supply system of a high-speed railway
equipped with Ynev wiring transformer. Ynev transformer
is characterized by the capability to provide symmetrical
two-phase current for traction loads and balanced three-
phase current in railway system.

This study introduces a novel power quality control
approach centered around half-bridge reactive power railway
power conditioner (HB-RPC). The paper initially examines
the mathematical model and control strategy of HB-RPC to
improve the power quality in high-speed railway system.
The use of adaptive fuzzy logic control is demonstrated to
offer enhanced stability compared to PI control.

Through an analysis of two traction load scenarios, it
is determined that HB-RPC, under adaptive fuzzy logic
control, exhibits superior stability. Beyond improved
stability, the response times are faster when compared to
PI control, both during HB-RPC activation and changes in
traction load. The use of fuzzy logic control ensures a
combination of swift response and stability, thereby
guaranteeing the reliable and efficient operation of HB-
RPC. Both scenarios demonstrate that proposed system
has superior stability and dynamic performance.
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Method for design of two-level system of active shielding of power frequency magnetic field
based on a quasi-static model

Aim. Development of method for design a two-level active shielding system for an industrial frequency magnetic field based on a quasi-
static model of a magnetic field generated by power line wires and compensating windings of an active shielding system, including
coarse open and precise closed control. Methodology. At the first level rough control of the magnetic field in open-loop form is carried
out based on a quasi-static model of a magnetic field generated by power line wires and compensating windings of an active shielding
system. This design calculated based on the finite element calculations system COMSOL Multiphysics. At the second level, a stabilizing
accurate control of the magnetic field is implemented in the form of a dynamic closed system containing, in addition plant, also power
amplifiers and measuring devices of the system. This design calculated based on the calculations system MATLAB. Results. The results
of theoretical and experimental studies of optimal two-level active shielding system of magnetic field in residential building from power
transmission line with a «Barrel» type arrangement of wires by means of active canceling with single compensating winding are
presented. Originality. For the first time, the method for design a two-level active shielding system for an power frequency magnetic field
based on a quasi-static model of a magnetic field generated by power line wires and compensating windings of an active shielding
system, including coarse open and precise closed control is developed. Practical value. It is shown the possibility to reduce the level of
magnetic field induction in residential building from power transmission line with a «Barrely type arrangement of wires by means of
active canceling with single compensating winding with initial induction of 3.5 uT to a safe level for the population adopted in Europe
with an induction of 0.5 uT. References 53, figures 9.

Key words: overhead power line, magnetic field, quasi-static model, system of active shielding, computer simulation,
experimental research.

Mema. Po3pobka memody npoekmysanisi 080pieHegoi cucmemu akmugHo20 eKpanysants Oisi MAHIMHO20 NOJs NPOMUCTOBOT Yacmomu
Ha OCHOGI KGAZICMamuyHoOi MOOeni MAZHIMHO20 NOJs, SIKe CMBOPIEMbC NPOBOOAMU JIHIL elekmponepeday i KOMNEeHCAyiliHumMu
00MOmMKaMU CUCeMU AKMUBHO20 eKPAHYB8AHHS, 6KIoYaiouu epybe posiMKHyme i moune 3amkuyme ynpaeniuns. Memooonozia. Ha
NnepuiomMy pIeHi NPOSPAMHE KePYEAHHST MASHIMHUM NOJeM 6 PO3IMKHYmIll (opmi 30ICHIOEMbC HA OCHOGI KeazicmamuyHoi mooeni
MA2HIMHO20 NOJIA, 5AKe CMBOPIOEMbCA NPOBOOamMu JiHii enekmponepeoay i KOMHEHCAYIiHUMU OOMOMKAMU CUCTNEMU aKMUGHO20
expanysants. Lle npoexmyeans 6UKOHYEMbCA HA OCHOBI Po3paxyHKoeoi cucmemu ckinuenux enemenmie COMSOL Multiphysics. Ha
Opyeomy pieHi peanizo8ano cmabinizyoye YNpaeiiHHa MASHIMHUM NoJeM 8 POpMi OUHAMIYHOT 3AMKHYMOT cucmemu, wo Micmums, Kpim
06°ckmy  YnpasninHA, MAaKodc NIOCUno8ayi nomydcHocmi ma eumipiosanvii npucmpoi. Lle npoexmyeanns 6uKonyemocsa 6
pospaxynkositi cucmemi MATLAB. Pesynemamu. Hagedeno pezynomamu meopemuyHux ma eKCHepUMEHMATbHUX OO0CAiOANCeHD
ONMUMAanbHOI 080PIEHEEOT cUCmeMU AKMUBHO2O eKPAHYB8AHHS MASHIMHO20 NOJSL 3 OOHIEI0 KOMNEHCYIOU0I0 0OMOMKOIO O ACUMIOBO20
OVOUHKY 610 Oil MACHIMHO20 NOJIsL NUHIL eneKmponepedayi 3 po3mauly8anHamM nposodie muny «boukay. Opuczinanvhicme. Bnepue
3anponoOHOAHO MemoO NPOEKMYBAHHS 0BOPIGHEBOI cUCeMU AKMUBHO20 eKPAHYBAHHA MASHIMHO20 NONA NPOMUCIO60] Yacmomu Ha
OCHOGI  K8A3ICMAMUYHOi MOOeni MAcHIMHO20 NOJA, fAKe CMEOPIOEMbCA Npoeodamu JiHii enekmponepedad i KOMNEHCAYIHUMU
obMOmKaMu cucmemy aKMueHO20 eKpaHy8anHs, 8 uaiadi epyboeo po3iMKHeHo2o i mouHo2o 3axkunymozo ynpaeninus. Ipakmuuna
yinnicmy. [lokazano MOMCIUBICMb 3HUNCEHHS PIGHA THOVKYIT MASHIMHO20 NOJA 8 HCUMTIOBOMY OVOUHKY 6i0 MACHIMHO20 NOAA JiHIT
eflekmponepeoay 3 poO3MauLy8aHHAM npPogoodie muny «O0UKa» 3a 00NOMO2010 OOHIET KOMNEHCYIOHOi 0OMOMKU, 3 NOYAMKO080iT IHOYKYil 6
3,5 mxTn 0o 6e3neurozo pieHa 0 HaceneHHsa, akull npuiinamui ¢ €gponi, 3 inoykyicro 6 0,5 mxTa. bidn. 53, puc. 9.

Kniouoei crosa: mnoBiTpsiHAa JIiHiA eJieKTpomepenadvi, MardiTHe moJie, KBa3icTaTHYHA MoOJesIb, CHCTeMa AKTHBHOIO
eKpaHYBaHHS, KOMII'IOTepHE MOJe/TI0BAHHS, €KCIIEPUMEHTAJIbHI 10C/Ti/uKeHH .

Introduction. The  constantly  accelerating large residential and populated areas. They are densely

technological progress in energy and communications
means that our environment is becoming more and more
saturated with electromagnetic waves of various spectra,
which can threaten human health. The main cause for
concern is the possibility that chronic exposure to low-
level non-ionizing radiation can lead to long-term effects
such as cancer or degenerative diseases of the immune
and nervous systems [1-3].

Therefore in recent years, the terms «electromagnetic
ecology», «electromagnetic pollution of the environmenty
have become firmly established in the topics of scientific
publications, scientific conferences, and public hearings
and in the controversy of social networks. These terms
reflect the awareness of the fact that such presence poses a
threat to human health. Such risks of prolonged exposure to
an electromagnetic field on the human body are assessed by
the World Health Organization and the International
Agency for Research on Cancer [1-3].

The most negative impact on the residential
environment is provided by overhead power lines that cover

distributed in the modern environment of long-term human
stay in residential, industrial and public buildings and in the
residential area. Overhead power lines generate industrial
frequency magnetic field (MF) inside residential buildings
located near power lines, the level of which is often 3-5
times higher than the norms for safe living in the level of the
magnetic field adopted in Europe [4-6].

Prolonged exposure of the population to even weak
levels of the industrial frequency magnetic field leads to
an increased level of cancer in the population living in
residential buildings near power lines. The creation of
methods and means of normalizing the level of the
electromagnetic field in existing residential areas near
power lines without evicting the population or
decommissioning existing electrical networks determines
the economic significance of such studies. Therefore, all
over the world, methods are being intensively developed
to reduce the level of the magnetic field in existing
residential buildings located near power lines to a safe
level for the population to live in it [7-23].
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The magnetic field active shielding system is an
automatic control system, with the help of which a
compensating magnetic field is automatically formed,
directed against the original magnetic field, which needs to
be compensated [24-28]. All fundamental results of the
theory of automatic control systems are obtained on the
basis of mathematical models of controlled processes in the
form of systems of ordinary differential equations [29-33].
Analysis and synthesis of control systems for objects, given
in the form of systems of differential equations, is a purely
mathematical problem based on the structure of solving
differential equations in an analytical form, or on numerical
integration methods [34-38].

The cornerstone of the theory of automatic control is to
obtain the time dependences of the parameters that determine
the state of the control object. In the most general case,
mathematical models of control objects can consist of a
composition of subsystems of ordinary differential equations
and partial differential equations [39-43].

Mathematical modeling of an electromagnetic field
reduced to solving a boundary value problem for the
system of Maxwell’s equations [6]. Maxwell’s equations
are a system of partial differential equations. When
modeling the electromagnetic field of power frequency, a
quasi-stationary magnetic field is used, which at each
moment of time is completely determined by the
distribution of electric currents at the same moment of
time and can be found from this distribution in the same
way as it is done in magnetostatics.

The task of synthesizing a magnetic field control
system is usually complicated by significant uncertainties
in the mathematical model of the control object [34-37].
Due to objective circumstances, such as the inaccuracy of
the first level model, unmeasured external and internal
disturbances, the actual values of the output coordinates
will differ from the calculated ones [44-47]. In this
regard, we will consider design of two-level magnetic
field control system.

At the first level, rough control of the magnetic field
is carried out on the basis of a mathematical model of the
first approximation. At the second level, a stabilizing
accurate of the magnetic field is implemented, which aims
to eliminate errors in the output coordinates due to the
inaccuracy of the mathematical model of the first level.

In this regard, we will consider a two-level system of
active shielding of the industrial frequency magnetic field
based on a quasi-static model of the industrial frequency
magnetic field generated by power line wires and
compensating windings of the active shielding system.

The aim of the work is to develop a method for
design a two-level active shielding system for an power
frequency magnetic field based on a quasi-static model of a
magnetic field generated by power line wires and
compensating windings of an active shielding system, and
including rough open-loop and accurate closed-loop control.

Quasi-static model of a magnetic field. Mathematical
modeling of an electromagnetic field in general terms can be
reduced to solving a boundary value problem for Maxwell

partial differential equations system [6]
rotH=j+0,D+j,,; (1)
rot E=-0,B, 2)

where E is the electric field strength, H is the magnetic
field strength, D and B are the electric and magnetic
induction vectors, j — conduction current density,
Je — density of extraneous currents created by sources
outside the area under consideration.

The first equation expresses the generalized Ampere
law, which states that the total current density is a vortex of
magnetic field strength. The second equation contains a
differential formulation of Faraday law that the change in
time of magnetic induction generates a vortex electric field.

In particular, the magnetic field induction in the
immediate vicinity of the wires depends on two spatial
variables and changes harmoniously with time and
therefore satisfies the second-order elliptic equation

Of1oB) of1%B —(ja)a—a)zg)BzO, 3)
ox\uox ) oy\uoy

where u — relative magnetic permeability, @ — circular
frequency of the electromagnetic field, o — electrical
conductivity, &— relative dielectric constant.

An intermediate position between a constant field and
a rapidly changing field is occupied by the so-called quasi-
stationary field, which is of particular importance in
technical applications. A quasi-stationary field is such an
electromagnetic field, in the study of which displacement
currents can be neglected in comparison with conduction
currents. Maxwell equations for a quasi-stationary field are

rotH = j+ j,,.; 4)
rot E=-0,B . 6)
It follows from the first equation of this

approximation that the quasi-stationary magnetic field at
each given moment of time is completely determined by
the distribution of electric currents at the same moment of
time and can be found from this distribution in exactly the
same way as it is done in magnetostatics.

To assess the impact of the magnetic field of power
lines on the environment, most calculations were
performed [33-41] based on the Biot-Savart-Laplace’s
law for elementary current

dH (1) = Lt)S(dl xR), (©6)
47R

where the vector R is directed from an elementary segment
d/ with a total current /(¢) to the observation point P(x, y, z).
Then the total field strength vector is equal to:

H(P,1)= 1) | (d>R) (7

3
47[L R

This formula is widely used to calculate the
magnetic field of air power transmission lines instead of
Maxwell equations system.

Thus, the dependence of the magnitude of the MF
intensity on the current is static and is described by (7).

In conclusion, we give one more form of writing a
quasi-stationary model of an electromagnetic field those
changes in time according to a sinusoidal law. The basic
equations and methods for their solution can be significantly
simplified by excluding from consideration one of the
independent variables — time [6]. When analyzing such
fields, a symbolic method is used and harmonically
changing quantities are written in complex form
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I(x,1) = A(x)el™ (8)

where A(x) is the field amplitude.
First level control system synthesis. The block
diagram of a two-level control system is shown in Fig. 1.
disturbance

Fig. 1. The block diagram of a two-level control system

At the first level, program controller C, in the form
of an open loop rough control u, is carried out on the
basis of a quasi-static mathematical model of the first
approximation. At the second level, a stabilizing accurate
controller C, is implemented in the form of a closed loop
control u, based on the equations of the dynamics of a
closed system, taking into account models of actuating
and measuring devices, disturbances and measurement
noise, and aimed at eliminating errors in the output
coordinates due to the inaccuracy of the mathematical
model of the first level.

The magnetic field generated by the power line must
be reduced to a safe level. With active shielding with help
compensation windings, it is necessary to generate a
magnetic field directed against the original MF generated
by the power transmission line. The task of the active
shielding system design is to calculate the coordinates of
the spatial arrangement of the compensating windings, as
well as the magnitudes of currents and their phases in the
compensating windings.

We set the currents amplitude 4; and phases ¢; of
power frequency o, wires currents power lines. Then we
set wires currents in power lines in a complex form

L(t)= 4; exp j(ot + ;). )

The magnitude of the currents of power lines do not
remain constant and have daily, weekly, seasonal and
annual fluctuations. Moreover, the magnetic field
generated by multi-circuit transmission lines and groups
of transmission lines, when changing currents, changes
not only the intensity, but also the spatio-temporal
characteristic. Therefore, we introduce the vector J of
uncertainties of the mathematical model of the magnetic
field. Then, for given currents (9) of the wires of a power
transmission line or a group of power lines the vector
B;(Q,0,t) of the magnetic field generated by all power
lines wires B(Q;9,?) in point Q; of the shielding space
calculated based on Biot-Savart’s law (8)

B1(0,.0.1)=2 B(0;.0.1). (10)

Let’s set the vector X of initial geometric values of
the dimensions of the compensating windings of active
shielding, as well as the currents amplitude 4,; and phases
¢4 1n the compensating windings. We set the currents in
the compensating windings wires in a complex form

Iai(t):Aaiexpj(wt+¢)wi)' (11)

Then the vector Bi(Q;,X1,f) of the magnetic field

generated by all compensating windings wires of active

shielding B (0., X1,f) in point Q; of the shielding space
can also calculated based Biot-Savart’s law

B(01. X1.1)= Y By;(0;. X).1). (12).

Then the vector Bz (0;,X),0,f) of the resulting

magnetic field generated by power lines and only

windings of the first level active shielding system
calculated as sum
By (0, X1,6,t)= B (0;,0,0)+ By(0;, Xy,1).  (13)
Sanitary norms usually limit the value Bz (Q;,X,0)
of the effective value of the magnetic field induction,
which determined by the vector of the instantaneous
value Bz (0:,X1,0,f) of the magnetic field induction

T
2 |1
BRI(QiaXlaé):—{ ?“BRI(QiaXlaéatlzdt- (14)
0

Often they also limit the semi-major axis of the
ellipsoid of rotation of the magnetic field induction vector

2
BRI(QiaXbé):TOIE?}T'BRI(QIGX]’&JX- (15)

Then the problem of designing a first level control
system is reduced to computing the solution of the vector
game

Bpi(X,,0) = (B (0;. X),9)) (16)

The components of the game  payoff
vector Bz (X1,0) are the effective values Bg(0;,X1,0) of
the induction of the resulting magnetic field at all
considered points Q; in the shielding space.

In this vector game it is necessary to find the
minimum of the game payoff vector (16) by the vector X,
but the maximum of the same game payoff vector (16) by
the vector 0.

At the same time, naturally, it is necessary to take
into account constraints on the vector X desired
parameters of a combined shield in the form of vector
inequality and, possibly, vector equality

G(X))<Ghax» H(X;)=0. (17)

Note that the components of the vector game (16)
and vector constraints (17) are the nonlinear functions of
the vector of the required parameters [5, 6] and calculated
based on the finite element calculations system COMSOL
Multiphysics.

Second level control system synthesis. Consider
the structure of the second level active shielding system in
the form of a dynamic closed system containing, in
addition plant, also power amplifiers and measuring
devices of the system. In the zone of active shielding of
the magnetic field, m sources of the magnetic field —
magnetic executive bodies — are installed. Let’s introduce
a n — dimensional control vector up(f), the m components
of which are the currents 7,(¢) in the control windings.
Let’s introduce an n — dimensional state vector xp(f)
whose components include currents 7,(f) in the windings
of magnetic field sources. Then the state equation of such
magnetic field sources can be written in the standard form

x,(t+1)=4,x,(t)+ B,up(t), (18)

1,(6)=Cpx,(0), (19)

in which the state Ap, control Bp and output Cp matrices
of magnetic field sources as plant.
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This differential equation describes the dynamics of
only the actual windings and their power sources as plant.

Let’s write down the differential equation of state of
discrete PID controllers, the input of which is the ug(f) of
measured magnetic field induction components, and the
output up(f) is the vector of closed-loop control of
magnetic executive bodies in the following form

x.(t+1)= A.xc(t)+ Boug (t); (20)

up(t)= Cexc(t), 2n

in which the state 4, control B¢ and output C¢ matrices
of PID controllers.

To design second level active shielding system, it is
necessary to have magnetic field measuring devices —
magnetometers installed at certain points in space to
measure the magnetic field Hg(?) created both by the output
transmission line and by the executive windings of the
active shielding system. Let’s form a vector ugf) of
measured components at the moment of time ¢ at the
points P; of installation of magnetometers in the following
form

x(t4+1) = Agxg(t)+ BgH(2); (22)

ug(t)=Coxs(t)+w(), (23)
in which the state Ag, control Bg and output Cg matrices of
magnetometers.

Let’s introduce the vector X, = {A¢, B¢, Cc} of
sought parameters, the components of which are the
sought elements of the state 4¢, control B¢ and output C¢
matrices of PID controllers of second level active
shielding system.

Then for the current 7,(¢) calculated by (19) in the
windings the vector By(0;X,f) of the magnetic field
generated by all compensating windings wires of second
level active shielding B,{Q;,X>,f) in point Q; of the
shielding space can also calculated based Biot-Savart’s law

By(01. X5.t)= " By, (01. X.1). (24)
Then the vector Br(Q;,X,X5,0,f) of the resulting
magnetic field generated by power lines and windings of

both first and second level active shielding system
calculated as sum

BR(Qi7X17X276’t)= BL(Qiaaat)Jr"’

ot B0, X1,1)+ By (01, X,1)
Note that equations (18) — (25) describe the dynamics
of a closed second level active shielding system.
Then the problem of designing a second level
control system is reduced to computing the solution of the
vector game

(25)

Bp(X,0)=(Bp(Qn X X0,0).  (26)
The components of the game  payoff
vector Bp(X5,0,t) are the effective

values Bp Qi,Xl* , X 2,5) of the induction of the resulting
magnetic field at all considered points Q; in the shielding
space calculated for the optimal value of the vector X 1* of

parameters of first level active shielding system.

Then the synthesis of the two level system of active
shielding of the magnetic field, which includes open and
closed control circuits, is reduced to finding the X, and
the X, of the parameters of the controllers.

Problem solving algorithm. A feature of the
solution of the considered multi-criteria problem is
inconsistency of local criteria to each other, which
prevents the simultaneous optimization in general by all
criteria at the same time [44]. This is due to the fact that
minimizing the induction at one point, for example,
located in the center of the screening space, leads to an
increase in the induction at the points located closer to the
power line due to overcompensation of the original
magnetic field, and at the same time leads to an increase
in the induction of the resulting magnetic field at points
located farther than the power line due to
undercompensation of the original magnetic field.

This means that one goal cannot be optimized at the
expense of another goal. To solve the problems of
multicriteria optimization, various strategies have been
developed and each approach has its own pros and cons,
and there is no single best option for solutions to multi-
criteria optimization in the general case. The simplest
method for solving the problem of multi-objective
optimization is to form a composite objective function as
a weighted sum of goals, where the weight for goals is
proportional to the preference for this local criterion.
Scalarization of the target vector into one component
objective  function transforms the multiobjective
optimization problem into a single optimization goal.

Usually, the maximum values of partial criteria are
known, which makes it possible to perform normalization.
In this case, the normalized partial criteria are in the range
0 < Br(0:,X) < 1. Approximation of the normalized
value of the i—th particular criterion to unity corresponds
to a tense situation. If the value of the normalized value of
the particular criterion approaches zero, then this
corresponds to a calm situation. To solve this problem of
multicriteria optimization, the simplest non-linear trade-
off scheme is used, in which the original multi-criteria
problem is reduced to a single-criteria

J
X" = argfninzai[l_BRN(Qi»X)Tl ;
X =l

@7

where ¢; are weight coefficients that characterize the
importance of particular criteria and determine the
preference for individual criteria by the decision maker.
Naturally, such a formalization of the solution of the
problem of multi-criteria optimization by reducing to a
single-criteria problem allows one to reasonably choose
one single point from the area of compromises — the
Pareto area. However, this «single» point can be further
tested in order to further improve the trade-off scheme
from the point of view of the decision maker.

Note, that such a nonlinear scheme of trade-offs
actually corresponds to the penalty function method with
an internal point, since when the criterion B(Q;X)
approaches unity, i.e. in a tense situation, scalar
optimization is actually performed only according to this
tense particular criterion, and the remaining criteria with a
calm situation are practically not taken into account
during optimization.

Such a non-linear trade-off scheme allows you to
choose criteria in accordance with the intensity of the
situation. If any criterion comes close to its limit value,
then its normalized value approaches one. Then this non-
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linear compromise scheme, in fact, with the help of a scalar
criterion, reduces the problem of minimizing the sum of
criteria to minimizing this one criterion, according to which
there is a tense situation. If, according to other criteria, the
situation is calm and their relative values are far from unity,
then such a non-linear compromise scheme operates
similarly to a simple linear compromise scheme.

Thus, with the help of this non-linear scheme of
compromises, in fact, the tension of the situation according
to individual criteria is a priori introduced into the scalar
criterion. It can be shown that this non-linear compromise
scheme satisfies the Pareto-optimality condition, i.e. using
this scheme, it is possible to determine a point from the
region of unimprovable solutions. When such a composite
objective function optimized, in most cases you can get one
concrete compromise solution. This processing procedure
multiobjective optimization problems are simple, but
relatively subjective. This procedure is based on
preferences multipurpose optimization.

The second approach is to define the entire set
solutions that are not dominated with respect to each
another. This set is known as the Pareto optimal set. Bye
moving from one Pareto solution to another, always a
certain number of victims in one or more goals to achieve
a certain gain in other(s). Pareto-optimal solution sets are
often preferred over single solutions because they can be
practical when consideration of real life problems. Pareto
set size usually increases with an increase in the number
goals. The result obtained preference-based strategy
largely depends on the relative a preference vector used in
the formation of a composite function. Changing this
preference vector leads to another compromise solution.
On the other hand, the ideal multipurpose the
optimization procedure is less subjective. The main task
in this approach is to find as many different compromises
as possible solutions as far as possible.

Let’s consider the method of solving the formulated
problem. In order to correctly solve the problem of multi-
criteria optimization, in addition to the vector
optimization criterion and constraints, it is also necessary
to have information about the binary relations of
preference of local solutions to each other. The basis of
this formal approach is the construction of areas of
Pareto-optimal solutions. This approach makes it possible
to significantly narrow the range of possible optimal
solutions to the initial multi-criteria optimization problem
and, therefore, to reduce the labor intensity of the person
making the decision regarding the selection of a single
variant of the optimal solution.

The task of finding a local minimum at one point of
the considered space is, as a rule, multi-extreme,
containing local minima and maxima, therefore, it is
advisable to use stochastic multi-agent optimization
algorithms for its solution. Consider the algorithm for
finding the set of Pareto-optimal solutions of multi-
criteria nonlinear programming problems based on
stochastic multi-agent optimization.

To date, a large number of Particle Swarm
Optimization (PSO) algorithms have been developed —
PSO algorithms based on the idea of the collective
intelligence of a particle swarm, such as the gbest PSO
and Ibest PSO algorithms [48-50]. The application of

stochastic multi-agent optimization methods for solving
multi-criteria problems today causes certain difficulties
and this direction continues to develop intensively.

To solve the original multi-criteria problem of
nonlinear programming with constraints, we will build a
stochastic multi-agent optimization algorithm based on a
set of particle swarms, the number of which is equal to the
number of components of the vector optimization
criterion. In the standard particle swarm optimization
algorithm, particle velocities change according to linear
laws. In order to increase the speed of finding a global
solution, special nonlinear algorithms of stochastic multi-
agent optimization have recently become widespread, in
which the movement of particle i swarm j is described by
the following expressions

v,-j(t+l) = wjv,-j(t)+ Cle1j(f)H(P1j —51j(t))><

...><[yij(t)—xij(t)]+czjr2j(t)H( 2 —82‘/(1‘))><... (28)
L y;(t)—xij(t)T;
xj(t+1) = x5 (e)+ vy (£ +1), (29)

where, are the position x;(¢) and speed v;(f) of the particle
i of the swarm j; ¢; and ¢, — positive constants that
determine the weights of the cognitive and social
components of the speed of particle movement; r,(f) and
75(?) are random numbers from the range [0, 1], which
determine the stochastic component of the particle

velocity component. Here, y;(¢) and yj- — the best local-

Ibest and global-gbest positions of that particle i are
found, respectively, only by one particle i and by all
particles i of that swarm j. The use of the inertia
coefficient w; allows to improve the quality of the
optimization process.

The Heavyside function H is used as a function of
switching the movement of the time-stick in accordance

with the local y;(¢) and global y; (t) optimum. Parameters

of switching the cognitive py; and social p,; components of
the speed of particle movement in accordance with the
local and global optimum; random numbers &,(f) and
&(f) determine the parameters of switching the movement
of the particle according to the local and global optimum.
If p<e|(f) and p,<e,(?), then the speed of movement of
particle i swarm j does not change at the step ¢ and the
particle moves in the same direction as in the previous
optimization step.

With the help of individual swarms j, optimization
problems of scalar criteria B(X,P;), which are components
of vector optimization criteria, are solved. To find a
global solution to the original multi-criteria problem,
individual swarms exchange information among
themselves during the search for optimal solutions of
local criteria. At the same time, information about the
global optimum obtained by the particles of another
swarm is used to calculate the speed of movement of the
particles of one swarm, which allows all potential Pareto-
optimal solutions to be identified [51-53].

For this purpose, at each step ¢ of the movement of
particle i swarm j, the functions of advantages of local
solutions obtained by all swarms are used. The

solution X;(t) obtained during the optimization of the
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objective function B(X(?),P;) wusing the swarm £k

is X;(t)>— XZ(I) better in relation to the solution

obtained during the optimization of the objective function
using the swarm j, i.e., if the condition is fulfilled

maxB(Pl-,X;(t))< maxB(Pl-,XZ(t)). (30)
i=l,m i=l,m

At the same time, the global solution XZ(t)
obtained by the swarm k is used as the global optimal

solution X:- (t) of the swarm j, which is better than the

global solution X, ,t (t) of the swarm £ on the basis of the

weight ratio.

In fact, this approach implements the basic idea of
the method of successive narrowing of the area of rade-
offs — from the initial set of possible solutions, based on
information about the relative importance of local
solutions, all Pareto-optimal solutions that cannot be
chosen according to the available information about the
attitude of superiority. The deletion is carried out until a
globally optimal solution is obtained. As a result of
applying such an approach, no potentially optimal
solution will be removed at each narrowing step.

Simulation results. Let us consider the results of the
design of a two-level system of active shielding of the
magnetic field generated by a double-circuit power line in
a residential bu1ld1ng, as shown in Fig. 2.

Fig. 2. Re31dent1al building closed to doubleCIrcult power line

Figure 3 shows the scheme of the two-level active
shielding system design.

Arrangement of active elements

5

Fig. 3. Scheme of the two-level active shielding system design

Figure 4 shows the dependences of the initial and
resulting magnetic field. With the help of the system, the

level of the magnetic field does not exceed the level of
0.5 uT, which is accepted as a safe level of the magnetic
field in Europe.

Field before (red) and after (blue) compensation, on level z=25m

15 155 16 165 17 75 18 185 19 195 20
Fig. 4. Dependences of the initial and resulting magnetic field

Figure 5 shows the dependences of the spatio-
temporal characteristic of the initial and resulting
magnetic field and the magnetic field generated only by
the compensation winding.

. Bz,HT Field at point x=16m, z=25m

initial MF

2-MF g'enera'ted on'Iy p
by the compensatlon :
-3+-winding

4 i i i i i i i BonT
4 -3 2 -1 0 1 2 3 4
Fig. 5. Dependences of the spatio-temporal characteristic of the
initial and resulting magnetic field and the magnetic field

generated only by the compensation winding

Results of experimental studies. Let us now consider
the results of experimental studies of the system. On Fig. 6
shows the compensation winding of the experimental setup.

Fig. 6. Compensatlon winding of the experimental setup

On Fig. 7 shows the control system of the
experimental setup.

On Fig. 8 shows the experimental spatio-temporal
characteristic of the initial magnetic field.

On Fig. 9 shows the experimental spatio-temporal
characteristic of the resulting magnetic field. On the basis
of experimental studies of the experimental installation of
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a two-level active shielding system, it was found that the
shielding factor is more than 7 units.

CH1 100mY  CH2 100mY s Maod
Fig. 8. Experimental spatio-temporal characteristic of the initial
magnetic field

CH1 50.0mY CHZ2 S0.0mV &Y Mod
Fig. 9. Experimental spatio-temporal characteristic of the
resulting magnetic field

If it is possible to measure the current of the current
line of three-phase power lines or to directly measure the
induction of the magnetic field near the current line, then
an open system of active shielding can be built on the
basis of these measurements.

Conclusions.

1. At the first level rough control of the magnetic field
in open-loop form is carried out based on a quasi-static
model of a magnetic field generated by power line wires
and compensating windings of an active shielding system.
This design calculated based on the finite element
calculations system COMSOL Multiphysics.

2. At the second level, a stabilizing accurate control of
the magnetic field is implemented in the form of a dynamic
closed system containing, in addition plant, also power

amplifiers and measuring devices of the system. This design
calculated based on the calculations system MATLAB.

3. Design both first and second level control according
to the developed method reduced to computing the
solution of vector multi-criteria two-player zero-sum
antagonistic game based on binary preference relations.
The payoff game vector and constraints calculation based
on quasi-static model of a magnetic field. These solutions
calculated from sat of Pareto-optimal solutions based on
binary preferences based on stochastic nonlinear
Archimedes algorithms.

4. Two-level control system under consideration is a
system with two degrees of freedom, which combines
both open-loop and closed-loop control. However, in
contrast to the classical synthesis of robust control of a
system with two degrees of freedom, in the developed
method, the synthesis of open-loop rough control is
performed on the basis of a quasi-static model of the
magnetic field. The synthesis of a closed-loop accurate
control is carried out on the basis of the equations of the
dynamics of a closed system, taking into account models
of actuating and measuring devices, disturbances and
measurement noise.

5. Using calculated optimal two-level active shielding
system made it possible to reduce the level of magnetic
field in residential building from power transmission line
with a «Barrel» type arrangement of wires by means of
active canceling with single compensating winding with
initial induction of 3.5 pT to a safe level for the
population adopted in Europe with an induction of 0.5 uT.
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Smart current control of the wind energy conversion system based permanent magnet
synchronous generator using predictive and hysteresis model

Introduction. Given the increasing demand for performance and efficiency of converters and power drives, the development of new
control systems must take into account the real nature of these types of systems. Converters and dimmers power are nonlinear
systems of a hybrid nature, including elements linear and nonlinear and a finite number of switching devices. Signals input for power
converters are discrete signals that control the ‘opening and closing’ transitions of each component. Problem. In the multilevel
inverters connected to grid, the switching frequency is the principal cause of harmonics and switching losses, which by nature,
reduces the inverter’s efficiency. Purpose. For guarantee the satisfying quality of power transmitted to the electrical grid, while
ensuring reduction of current ripples and output voltage harmonics. Novelty. This work proposes a new smart control, based on a
predictive current control of the three level neutral point clamped inverter, used in Wind Energy Conversion System (WECS)
connected to grid, based permanent magnet synchronous generator, powered by a hysteresis current control for the rectifier. This
new formula guarantees handling with the influence of harmonics disturbances (similar current total harmonic distortion), voltage
stress, switching losses, rise time, over or undershoot and settling time in WECS. Methods. The basic idea of this control is to choose
the best switching state, of the power switches, which ameliorates the quality function, selected from order predictive current control
of WECS. Results. Practical value. Several advantages in this intelligent method, such as the fast dynamic answer, the easy
implementation of nonlinearities and it requires fewer calculations to choose the best switching state. In addition, an innovative
algorithm is proposed to adjust the current ripples and output voltage harmonics of the WECS. The performances of the system were
analyzed by simulation using MATLAB/Simulink. References 33, table 3, figures 11.

Key words: hysteresis current control, permanent magnet synchronous generator, predictive current control, wind energy
conversion system, three level neutral point clamped inverter.

Bcemyn. 3sascaiouu na spocmaroui 6umozu 00 NpOOYKMUBHOCMI MA eQeKmUsHOCI nepemeoplosauie ma CUi08Ux npusoois, npu
PO3poOYi HOBUX CcucmeM KepySaHuHs HeOOXIOHO 6paxo8yeamu peanvHy Hnpupooy cucmem makozo muny. Ilepemsoprosaui ma
pezyiamopu NOmyH#cHocmi A61A10Meb co00I0 HEeNiHIliHI cucmemu 2iOpuUOHoOi npUpPoOU, Wo BKII0YAIOMb JIHIHI MAa HeNiHiliHI eleMeHmu
ma Kinyege HUCIO KOMYMAYiUHuX npucmpois. BXioui cuenanu 01 cunosux nepemeopiogavié € OUCKPEMHUMU CUSHANAMU, SKI
Kepyloms nepexooamu «8iOKpUmms ma 3aKkpummsay KodcHo2o komnovenma. IIpoénema. Y 6azamopisnesux ineepmopax,
NIOKNIOYeHUX 00 Mepedici, 4acmoma nepemMukaHHs € OCHOGHOIO NPUHUMOI0 2APMOMIK ma 6émpam NepeMUKaHHs, Wo 3a CBOEI0
npupoooro 3uudicye egpexmusnicms ineepmopa. Mema. [apanmysamu 3a008inbHy AKICMb eleKmpoenepeii, wjo nepeoacmvcs 6
eeKmpUIHY Mepedicy, npu OOHOYACHOMY 3HUIICEHHI nyabcayiti cmpymy ma capmonik euxionoi nanpyeu. Hoeusna. YV yiii pobomi
NPONOHYEMbCA HOBULL THMENIEKMYANbHUL KOHMPOTb, 3ACHOGAHUL HA NPOSHO3YIOUOMY KePYBAHHI CIPYMOM MPUpPi6Heo20 ineepmopa 3
iKCcO8aHOI0 HEUMPANLHOI MOYKOI, WO BUKOPUCTOBYEMbCA 8 cucmemi nepemeopenns enepeii ¢impy (WECS), niokniouenoi 0o
mepedici, Ha OCHOBI CUHXPOHHO20 2eHepamopd 3 NOCMILHUMU MASHIMamMu, wo JHCUGUMbCs 6i0 KepyeanHs cmpymom . L{a noea
Gopmyna eapanmye 06poOKY 3 Ypaxy8amHAM 6NAUBY 2APMOHIYHUX NepeuwKoO (aHano2iuHi 3a2anbHi 2apMOHIYHI CHOMBOPEHHS
cmpymy), nepenanpyau, empam nepemMuKkants, 4acy Hapocmawnis, nepe- 4y Heoope2ymnosants, a maxodic dyacy cmabinizayii WECS.
Memoou. Ochosna ioes ybo2o YNpasuinHa NoasA2ac y GUOOPI HANIKPAW020 CMAHY NEPeMUKAHHS CUTOBUX NEPeMUKAIB, WO NOKPAULYE
@ynxyito axocmi, obpany 3 nopaoky npoenosyiouozo xepysauna cmpymom WECS. Pesynvmamu. Ilpakmuuna yinnicmes. [leii
IHMeNeKMyanbHull Memoo MA€ KilbKa nepeeae, Makux sK WEUOKA OUHAMIYHA 6I0n06i0b, npocmoma peanizayii meniniinocmeil i
HeoOXIOHICMb  MeHwol KilbKocmi 00uucienb 018 eubopy Haukpawjoeo cmany nepemuxanus. Kpim moeo, 3anpononosano
IHHOBAYITIHULL AN2OPUMM Pe2YTIO8AHHs NYIbCayitl cmpymy ma 2apmowix euxionoi nanpyeu WECS. Xapaxmepucmuku cucmemu
NPoananizo8ano wisixom mooeniosanis 3 suxopucmanusim MATLAB/Simulink. Bi6in. 33, Tabm. 3, puc. 11.

Kniouogi cnoga: ynpapiliHHSI CTPyMOM 3 ricTepe3ncoM, CHHXPOHHHII reHepaTop 3 NOCTIHHMMH MAarHiTAMH, NPOTHOCTHYHE
yHpaBJliHHSI CTPYMOM, CHCTEMA NepeTBOPEHHs eHeprii BiTpy, iHBepTOp 3 TPUPiBHEeBUM (ikCyBaHHAM HeHTPAJIbLHOI TOYKH.

Introduction. The increasing use in the industrial
sector of powered systems electronically and controllable,
motivated by the improvement of their performance, has
led to a proliferation of static converters. Among these
most common structures and the most attractive are the
Pulse Width Modulation (PWM) voltage rectifier [1].

Participation in system services must be on an
alternative grid three-phase. It is then necessary to use an
electronic converter for the DC-AC and/or AC-DC
conversion in the conversion chain wind energy [1, 2].

The advent of power electronics has a major impact
on the world of industry in recent decades. This advent
occurred through the arrival on the market for power
electronic components such as thyristors, triacs, GTO,
IGBT or high-power transistors.

The constant growth of energy consumption in all its
forms and the associated polluting effects, mainly caused
by the combustion of fossil fuels, are at the heart of the
issue of sustainable development and care of the
environment in a discussion for the future of the planet.

Wind energy is clean and renewable energy, unlike
conventional energy which presents the constraints of
distance from the electricity network and the constraints
of fuel transport, as well as the periodic maintenance of
the installations [3].

In recent literatures, authors have investigated the
potential technical impacts in voltage regulation, active
and reactive power variations, transformers loading,
current and voltage harmonics causes with renewable
energy integration [4-6].

In the resolution of harmonics disturbances problems,
many researchers used the sinusoidal PWM approach and
implement it in Wind Energy Conversion System (WECS)
to ameliorate the harmonic content on the output voltage
waveform [7]. Space vector modulation technique
possesses remarkable performance in 3-level PWM
topologies [8]. Other techniques involving modulation
methods at a low switching frequency that have attained
more demand in a broader field of function are staircase
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modulation, space vector control [9, 10], selective
harmonic elimination [10, 11] and sliding mode control for
Permanent Magnet Synchronous Generator (PMSG) [12].

System for application generator. In the studied
system, we are interested in the wound rotor PMSG and its
use for the production of electrical energy from wind power.
The variable speed configuration is represented in Fig. 1.

r'\ Gearbox
B

Turbine

Fig. 1. PMSG-based WECS

The rotor is connected to a rectifier (rotor side
converter). A predictive control applied to Three Level
Neutral Point Clamped (3L-NPC) inverter (grid side
converter), which is placed in the output of the rectifier
controlled by PWM hysteresis.

1. The modeling of the turbine. The turbine rotate
speed is depending on wind speed; this makes it possible
to know the wind torque applied to the wind turbine. This
modeling is based on bibliographic cross-checking or
additional information from brochures from different
manufacturers [13]'

Pm= ¢, (4, ﬂ)/ﬁV3:— RV, (1)
where
LR,
/,L_ V b (2)

\4

where P, is the aerodynamic power; ¢, indicates the
performance coefficient of the wind generator; A is the
speed ratio (rad); S is the inclination angle of the blade,
which depicts the orientation angle of the blades; (2 is the
turbine rotation speed; R, is the blade radius; V, is the wind
speed; p is the air density (1.22 kg/m’ at atmospheric
pressure at 15 °C); the Betz limit is that the coefficient
¢,(4, p) does not exceed the value 16/17=0.59 [13, 14].

2. Modeling of the multiplier. The multiplier
adapts the turbine rotation speed to the PMSG rotation
speed. For this we grant a multiplier between the turbine
and the PMSG, the latter is mathematically modelled by
the following equations:

C,=C/G (3 and Q=0Q.../G &
The mechanical equations:
Ct _ J t deo h ft .
J’ tJ,=J (6) and ft +fg f.
So, the mechanical equations are:
dQ,.con
Crnech = J% > ®
Cmech = C - C _Cvis 5 ©
vzs f-Qmecha (10)
where Cyeen, Ci, Cg Cyy are the mechanical, wind,

electromagnetic and viscous torques, respectively; J, J,, J,

are the total, turbine and generator inertias; f, f;, f; are the
coefficient of total friction, viscous friction of the turbine
and of the generator; G is the ratio of the speed multiplier;
0, 1s the generator rotation speed (fast axis).
3. PMSG modeling. By choosing a d-g reference
frame synchronized with the stator flux [3, 14, 15] are next.
The equations of tensions:

d
Via =Relgq + Psa

—OsPsq s

d q
Vsq = Rslsq + —OsPsqd;

(ws - a))%fq 5

dqu B (a)

do,q
Vg=R.1,;+—"%
rd = rd dr

(1n

qu =R, rqg t a))(prd ;

J dgff =C,p
The equations of the flux:

Psa = Lslsq + M,y
Psq = Lslsq + M,y
Pra = Lypdrg + Mgy
Prg = L1y + M,

_Cr _fr'Qr’

(12)

M
Cem :L_

The electromagnetic torque becomes:

p((pdrlqs - ¢qr1ds)' (13)

r

(14)

The stator and rotor active and reactive powers are
expressed by:

p((oqs]dr - (Ddslqr )

em _EL_S

3
Q :_(Vs [sd +Vsd1sq}
(15)

F, :%(Vrd[rd + qu[rq)

Q ;(qulr dqul

where R, R, are the stator and rotor resistances; L, L,, M are
the stator, rotor, mutual inductances, respectively; Ly, Lig, 1a,
1, are the stator and rotor currents in the d-q frame; ¢, (/)Sq,
@, Prq are the stator and rotor flux in the d-g frame; p is the
number of pairs of poles; P, Os, P,, O, are the stator and
rotor active and reactive powers; Vi, Vg, Vya, V,q are the
stator and rotor voltage components in the d-g frame; , 18
the speed of stator magnetic field; @, = @, — @ is the angular
speed of rotor; @ is the mechanical angular speed.
PMSG and turbine parameters are shown in Table 1.
Table 1
PMSG and turbine parameters

PMSG parameters Turbine parameters
P,=1680 W L,=0.6 mH R=18m
V=110V Ly=5.25mH J=0.07 kg-m2
f=50Hz ®,=0.1827 rad/s G=1
R,=0.9585Q C=8Nm p=125kg/m’
=0.5Q p=4
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Hysteresis current control.

1. Modeling of the rectifier. The rectifier bridge
consists of three arms with six bipolar transistors
antiparallel with diodes. These switches are controlled by
closing and opening (pulse time closing «0» and opening
«1»). And in the same arm the switches operate in a

complementary way (K, = F) to avoid the short circuit
[16]. The model of bridge rectifier is depicted in Fig. 2.

o D %H} 4&}

+

e

Fig. 2. Bridge rectifier

The different switching and combination states of
the PWM rectifier switches are shown in Table 2.

Table 2
8 possible states of the switches
K Sa Sb Sc Vab Vbc Vac
0 1 0 0 Uye 0 ~Uye
1 1 1 0 0 Uye ~Uye
2 0 1 1 ~Uye Uye 0
3 0 1 0 ~Uye 0 Uye
4 0 0 1 0 —Uye Uye
5 1 0 1 Uye ~Uy. 0
6 0 0 0 0 0 0
7 1 1 1 0 0 0

From Table 1 we can represent the rectifier input
voltages in general as follows [17-19]:

Vab = (Sa - Sb) Udc; (l 6)
Ve = (Sp—S)Uacs (17)
Vca = (Sc - Sa)Udc- (1 8)
So we can deduce the phase-to-neutral voltages:
Vo = foUac (19)
Vc :j{cUdc: (20)
where:

fo= M : 1)

3
P (s, +SC); )

3
f. = ZSC_(ia +Sb) ] (23)

8 possible states of the input voltage V in a complex
plane a-f [20]:
Jkz

%Udce 3 for k=0..5;

Vir1= (24)

V=V, =0.
8 voltage vectors noted as V4(0 0 0) — V7(1 1 1) are
presented in Fig. 3, where V,;, V)., V., are the complex
voltages; f., f», f. are the rectifier switching function;

Uy 1s the rectified voltage; S,, Sy, S, are the switching
states of the rectifier; V,, V, V, are the simple voltages.

Vi
110

¥i
> 100
a

E Ve
001 101
Fig. 3. Presentation of voltage vector V,

2. Functional representation of the PWM rectifier
in the three-phase reference. The voltage equations for
the balanced three-phase system without neutral can be
written as (Fig. 3):

e=V+V; (25)
e=Ri+ LY. T (26)
dt

ea ia d ia Va
ey =Rib +LE ib + Vb 5 (27)

eC iC iC C

The rectifier input voltage can be written as:
1 C
Va =Udc(Sn 'E‘zSnJa (28)
n=a

where S, = 0 or 1 are the state of the switches, where
(n = a, b, ¢). In addition, we can write the DC bus current as:

dU,. .
C—%=j,. 29
Gl (29)
The current in the capacitor can also write:
ic = idc - ich; (30)
dU, .
de el —ige - 31)

Also, the current i, is the sum of the currents of each
phase by the state of its switch [16]:

U4

=Saia +Sbib +Scic _ich' (32)
So, the AC side of the rectifier:
di c
Ld—;’+ Ri,=e,~Uy| S Z
m=a (33)
—ea—Udc(Sa 3 S +Sb+S \J
. C
Ldi+Rl'b =ep _Udc(Sb —l‘ ZSn]:
dt 3= (34)
1 .
=, ~Uge| Sp —g(Sa +8y+Sc) |
di 1 <
L—S+Ri, =e, —Ud{SC —=. ZS,,J:
dr 3 (39
1
=éc _Udc Sc _E(Sa +Sb +Sc) >
where the network voltages are expressed by:
e, = E,sin(ar); (36)
e, = E,sin(wt-273);, 37
e. = E,sin(or27/3). (38)

The above equation can be summarized as:
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di, .. 1 <
Ld_:"'Rln :en_Udc[Sn _g'zsn]; (39)
n=a

C
e 30,5, = (40)
n=a
where e,, e, e. are the network voltages; V, are the
instantaneous phase voltages; S, are the switching states;
i. is the capacitor current; iy is the rectifier output current;
iy 1s the load current; E,, is the maximum phase voltage.

3. PWM to hysteresis band. The purpose of
hysteresis controller is to force the actual current to
follow the predefined reference current. In conventional
hysteresis controller, the comparators switch between the
fixed bandwidths, this technique only requires a hysteresis
comparator per phase [21, 22].

The principle of hysteresis used in this system is
expressed in Fig. 4. The switch opens if the error becomes
less than —H/2, it closes if the latter is greater than +H/2,
where H is the range (or width) of hysteresis. If the error
is now between —H/2, and +H/2, (it varies within the
hysteresis range), the switch does not switch [21, 23].

1

Y

-Hi2 Hi2

Fig. 4. Diagram of proposed hysteresis controller

The topology of hysteresis current control PWM
technique using in this configuration is shown in Fig. 5.

Rectifier

AC

= I vde
T >
DC
S f
3
_E]_ Vvdc ref
T
yearive
Pl
) - g
DC voltage <«

nt

Fig. 5. Control diagram of the hysteresis current control rectifier
connected to the inverter

Implementation predictive current control 3L-NPC
inverter.

1. Modeling inverter 3L-NPC. The power and
control circuit of a 3L-NPC inverter connected to grid is
shown in Fig. 6, each phase of three-phase 3L-NPC
inverter consists of 3 arms constituted of 4 switches (S1,
S2, S3, S4) connected in series and 2 median diodes (D1
and D2). The midpoints of switches (S2 and S3) of each
phase are connected to the load and the midpoints of diodes
(D1 and D2) are connected to the neutral point [24, 25].

In the same arm the switches operate in a
complementary way connection functions of the arm
switches k (a complementary way) will be given by:

{Sal =Sa2 {Sal =543 {Sal =Sa4

Sa3=Su4 Sa2 =844 Sa2 =843

(41)

Vdc

|||—‘

Fig. 6. The power circuit model of a 3L-NPC inverter connected
to the grid

The switching function on 4, B, and C phase can be
defined as follows:

{Skl =Sk3 {Skl =1-83
Sk2 = Ska
The equations of voltages (a), (), (c) of the three-

level inverter, with respect to the midpoint «0» of the
input voltage source is expressed as [26, 27]:

Vao = (Sa1Sa2 = SaaSaa Vaes
Voo = (Sp1Sp2 = Sp3Spa Waes
Veo = (SCISCZ —S8c38c4 )VdC‘
The compound voltages in matrix form are:
Vab ] Va0 ~ Vb0
Ve | = Vo0 =Veo | =

. (42)
Sk2 =1=Sk4

(43)

Vac_ Va0 ~Ve0
I -1 0 SaISaZ _Sa3Sa4
=10 1 =1\ SpSp2=Sp3Spa | Ve
-1 0 1 SCISC2 _S03S04

We can define the simple voltages (v,, vy, v.) with
respect to the neutral point #:

(44)

Va =Van = Va0 ~Vn0>
Vb =Vbn = Vb0 ~Vno>
Ve =Ven =Ve0 ~Vno-
The voltage equation between the midpoint of the

DC power supply of the inverter and the point load
neutral which is written as follows:

(45)

1
Vo = E(VaO +Vp0 +Veo) - (46)

Finally, the system in the matrix form is:

Va 2 -1 -1 Salsa2 - Sa3Sa4

3 —L{- Sp1Sp2 = Sp3Spa Vac » (47)
Ve -1 -1 2 SCISCZ - Sc3Sc4

where Sy, Si, Sk, S are the switching states of the

inverter power switches; vy, vy, Ve are the phase-to-

neutral voltages at the output of the inverter between the

phases of the load and the midpoint «0»; v, is the voltage

between the midpoint of the inverter DC supply and the

neutral point of the load; v,,, Vs, Ve, are the phase-to-

neutral voltages with respect to the neutral point n.
Depending on the states of the inverter, this vector

can take several positions in; these positions are

Vb =—|-1 2
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designated on the vector diagram or switch hexagon
shown in Fig. 7 [24, 26].
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Fig. 7. Space vector diagram of a 3-L NPC inverter

2. Implementation predictive current control. The
proposed predictive control strategy is based on the fact that
only a finite number of possible switching states can be
generated by a power converter static and that models of the
system can be used to predict behavior variables for each
switching state. For switching selection appropriate to
apply, a selection criterion must be defined. This selection
criterion is expressed as a quality function that will be
evaluated for the predicted values variables to control. The
prediction of the future value of these variables is calculated
for each possible switching state. The switching state that
minimizes the quality function is selected [28, 29]. This

approximation is considered in Fig. 8.
Inverter 3L-NPC

Ve

|||+
°

i

Voez Vaer
. sfsfst

Predictive
Model control

Minimization
lof cost function g

P=(k+1) T
Vepp=(k+1) i"=(k+1)

Fig. 8. Block diagram of predictive current control
for a 3L-NPC inverter connected to grid

ia|ib]ic

The system model equations are given as follows:

. di
Van = Ri, +Ld—;’—ea;

vy, = Riy +L%—eb; (48)

Ven = Ri, +L%—ec.

After the Clarke transformation and with the use of
Euler’s method to obtain a discrete-time model of the
current, the current equations are expressed as follows:

di ik +1)-i(k)
dr T

S
where 7 is the sampling period and k& shows sampling
time.

, (49)

0= 11 k) 0 e )

z-;;(kﬂ):(l_ng}ﬁ(k){_s(vﬂ_eﬂ(k))

The currents i, i, supplied by each capacitor Cy, C,
are represented by the following equations:

{icl (k) =ige (k) Hygig (k)= Hypi (k)= Hy i (k)
) . . . . (51
%) (k): Lde (k)_ H2ala (k)_ H2blb (k)_ H2clc (k)

The switch states function of the 3L-NPC calculates
the variables (H,,, H»,) and is given by:

1 if S, ="+";
Hyy = .

0 other;

1 lf S :H_H.
H,, = o ’
2x {0 other.

We use the Euler method to obtain the equations in
discrete time which allows the prediction of DC bus
voltages as follows:

1.
Vﬁ(k + 1)= vcl(k)+Elcl(k)Ts;

(50)

(52)

| (53)
sz (k + 1): Ve2 (k)+Eic2(k)Tsv

where i(k) is i,/, i and represents the current vector in
stationary frame a-f3; i., in are the currents flowing
respectively through the capacitors C,, C,; variables Hj,,
H,, depend on the switching states; v., v, are the
voltages across DC-link capacitors Cj, C,.

3. Cost function. The objective of the current
control scheme is to minimize the error between the
currents measured and reference values. This requirement
can be written as a cost function. The cost function is
expressed in orthogonal coordinates and measures the
error between the references and the predicted currents:

, (34

+ /,de

’2’ - iﬁ Vi —vh
where g is the cost function; 4. is the weighting factor.

The evaluation of the precomputed results and the
determination of future optimal control actions are made
by the cost function [30-33].

4. Diagram smart current control. Predictive
model algorithm applied to control the centralized
3L-NPC inverter in WECS is shown in Fig. 9. To make
the necessary calculation of the equations of the
predictive command Fig. 9 presents the algorithm of the
deferent step of this smart control [28, 29].

Results. This section is to validate the results obtained
from the model smart predictive current control of 3L-NPC
inverter algorithm of WECS through eigenvalues analysis
and also the comparative studies between the proposed
model and the exist solution already used for PMSG
connected to grid. In the first part, the results obtained after
rotor side converter are illustrated in Fig. 8.

Figures 10,a,d show the applied variable change of
wind profile for the studied system. Figure 10,c presents
the form of the DC link voltage. The DC link voltage
reference is set to 540 V, the measured voltage perfectly
follows the reference signal.

.* .
g:‘za—15‘+

44

Enexmpomexnixa i Enexmpomexanika, 2024, Ne 2



[ wwvam. v |

3
L L

#k=1) mplk= l)-?l(k]-(l?-?}ﬂk-ll
|

I x={}, gp=INF |

vik+ 1)
vE(k+ 1)

Cost fumction

| x=(0, gp=INF |

<

| Apply eptimal vector v{k) |

Fig. 9. Smart current control algorithm
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Fig. 10. Simulation results of the rotor side converter:
a — wind speed; b — mechanical speed; ¢ — DC-link voltage;

d — zoom DC-link voltage; e — PMSG power

The second part shows the results after grid side

converter and is illustrated in Fig. 11.

Figure 11,a clearly shows the proper tracking of the

converter reference currents with small currents ripples.

It can be seen in Fig. 9,b waveform of the controlled

currents 7, and iz is smooth and stable.

Figure 11,c illustrates the DC voltage ripples are low

enough. The spectral analysis of the modulated voltage
signal is presented in Fig. 11,g, where we noticed a drop
in Total Harmonic Distortion (THD).

50— A T T T T T
1 o~ — ia
@ P ki —ia ref|
0 a
ts
50 . I . I . .
3 3002 3004 3006 3008 301 3012 3014 3016 3018 302
50— T T T T T T
i, A )
T —ialpha mes
A ) —ialpha d
—i beta mes
—ibeta
of b
t,s
50 . . . . . .
1 1002 1.004 1006 1008 101 1012 1014 1016 1018  1.02
T T T T
— Vet
—ve2
. c

fs
- R B

3 3.005 3.01 3.015 3.02 3.025 3.03 3.035 3.04 3.045 3.05
400 T V V T T T 1
300 - ans i
200
100 ‘ ul

0

e
-100 - 7
-200
-300 1
fs

-400 - L |

L L L J
2 2.005 201 2015 202 2.025 203 2.035 204 2.045 205

Enexkmpomexnixa i Enexmpomexanixa, 2024, Ne 2

45



600 ml
Vab> \%

400

200

-400 - bl

L I I I |
1 1.01 1.02 1.03 1.04 1.05 t,S 1.06

(50Hz) = 39.83 , THD=1.79%
T T T T

Mag (% of Fundamental)
S s
—
P
0Q

0 100 200 300 400 500 600 700 800 900, 1000
,Hz

Fig. 11. Simulation results of the grid side converter:

a — output current i,; b — controlled currents i,, iz and their
references; ¢ — DC voltages across the two capacitors V.1, Vye;
d — zoom of the DC voltages across the two capacitors V.1, Vs

e —simple voltage at inverter output V,,; f— output line-to-line
voltage V,; g — spectrum of current i,

Comparison to state-of-the-art. The purpose of this
part a comparative study between the smart current control
of the WECS and exist solution using in [11]. Table 3
summarizes the principal differences between exist solution
and the new smart current control of the WECS.

These results and comparison showed high stability,
fast response, low disturbance, eases of implementation
and strong the robustness of this smart current control.

Table 3
Comparison of smart current control and exist solution
Parameter E.XiSt Smart
solution [11] | current control

Answer dynamic Stable Stable
The behavior of current 53 138
in regime const THD, % ) )
Frequency of switching, Hz 2500 2500
Response time, ms >40 40
Robustness, % 45 80
Complexity of implantation, % 35 10

Conclusions.

1. In this paper, a new design and intelligent control
has been proposed and implemented for wind energy
conversion system based PMSG.

2. All presented results have validated the capability and
effectiveness of the proposed intelligent control strategy
and showed a high performance and dynamic behavior
even at high power. Also, the measured DC voltage follows
the reference voltage closely (transitory response 30 ms)
and this proves its robustness. The control of three level
neutral point clamped inverter is guarantied by smart
advanced current control, which gives good results
regarding THD (1.38 %) in the both of simulation and
experimentation results.

3. Optimizing using metaheuristic algorithms are more
precise for THD optimization and switching loss
mitigation.

4. Experimental validation is the focus of future work:
using DC machine for creating mechanical speed of the
turbine, multiplier, PMSG, PWM rectifier, board
Dspacel104, current sensors, voltage sensors, DC voltage

stabilizer, control interface, three level neutral point clamped
inverter, MATLAB/Simulink and control desk.

Conflict of interest. The authors of the article
declare that there is no conflict of interest.
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M.I. Bapanos

Po3paxyHkoBo-ekcniepuMeHTAJbHE BU3HAYEHHS IBUAKOCTI MPOCYBAHHS MJ1a3MOBOT0
JIIEPHOT0 KaHAJY iMITYJILCHOT'O iICKPOBOI'0 pO3psily B aTMOC(epPHOMY NMOBITPi

Haoani pesynbmamu po3paxynKko60-eKcnepuMeHmanbHo20 UHAYEHHA YCepeOHeHol WBUOKOCMI V), NPOCY8AHHS NIA3MOB020 Ni0epHO-
20 KaHAy enekmpuino2o iMnyI6CHO20 iCKPOBO20 PO3PAJY @ 00820MY NOGIMPAHOMY NPOMIJICKY 080eNeKmMPOOHOI PO3PAOHOI cucmemu
«8icmpa-niowuHay (015 080X NPUKAAOHUX 8UNAOKi6 npu lyin=1,5 m i I, =3 M), AKka eunpobosye 0ito cmaHOapmMHO20 KOMYMayitiHo2o
anepiooudnozo iMnyascy eucokoi i naogucoxoi nanpyeu yacosoi popmu T,/T~200 mxc/1990 mxc nozumusnoi noaspuocmi. 3anpo-
NOHOBAHUTL MEMOO YUCENbHOT OYIHKU 6CIUNUHU Vi 8 OAHIL PO3PSAOHIT cucmeMmi 6a3yemvcs HaA BUKOPUCMAHHT OMPUMAHOT eMIIPUHOL
dopmynu ma OMpUManHi OCYUNOSPAM NPoYecy 3pizy 3acMoCO8AHUX IMNYIbCI8 HAO- i BUCOKOT HANpY2u Npu eneKmpuyHomy npoboi 6
Hill 0082UX NOGIMPAHUX NPOMINCKIE 8KA3AHOI MIHIMANLHOT 006dcUHU |y Ha ocHosi 3anpononosanoi HabaudxiceHoi po3paxyHKoeoi
Gopmynu i 6UKOHAHUX 3a OONOMO2010 NOMYIHCHO20 HAOBUCOKOBOILIHO20 BUNPOOYBATLHO20 0ONAOHAHHA CUTLHOCIPYMOBUX eKcne-
PUMEHMIB NOKA3AHO, WO 8KA3AHA WEUOKICIb V) PO3NOBCIOONCEHHS 8 AMMOCHEPHOMY NOGIMPI NepeOHbo20 YPOHMY NOZUMUBHO2O
nidepa IMRYIbCHO20 iCKpo802o po3pady wucensho ckiadae vi~(1£0,03)-10° m/c. Ompumani po3paxynkoo-excnepumenmanvhi Oani
01 ycepeonenoi weuoKocmi vy npocy8anHs 6 NoGimpi 1i0epHo20 KaHay iMIYIbCHO20 ICKPOBO20 PO3PAOY 000pe Y3200H4cyIomucs 3 il
NPUTTHAMUMU OJ1 2DO306UX ICKPOBUX PO3PAJI6 6 ammocdepHoMmy nosimpi yucenvHumu noxkasuxamu. biomn. 20, puc. 5.

Knrouoei cnosa: ni1a3MmoBHMii JlijiepHuii KaHal, eJIeKTPUYHHUIl IMITYIbCHMI iCKpOBMIi po3psA/l, MOBITPAHUN Jie1eKTPUK, IBH]I-

KicTb npocyBaHHsl (PPOHTY iCKPOBOIO pO3psi1y, PO3PaXyHOK, eKCIIEPUMEHT.

CTaH Ta aKTyaJbHIiCTh 3aa4i. Y TEXHII[i BUCOKHX
(HaOBUCOKHX) CNEKTPUYHHUX HAIPYT peajbHy HeOe3NeKy
JUISl BAKOPUCTOBYBAHOT'O €JIEKTPOYCTAaTKyBaHHS IpeicTa-
BJISIE €JIEKTPUYHUM NpoOili Horo BaKyyMHO{, ra3oBoi, pil-
KOi abo TBepaoi 130JIAMi1, SIKUH CYyIpPOBOKYETHCS BUHHK-
HEHHSIM SIBHIIa KOPOTKOTO 3aMHKaHHS B E€JICKTPUYHOMY
KOJi, YTBOPEHHSM B Micui NMpoOOI0 BHCOKOMPOBiTHOTO
ICKPOBOTO (IyroBOTO) KaHaly po3psay 1 HpOTiKaHHAM
yepe3 HbOTO BEIIMKOTO iMITyibcHOTo cTpyMmy. [loBiTpsiHa
130711111 3HAMIUIA JOCTAaTHBO HIMPOKE MPAaKTUYHE 3aCTO-
CYBaHHS SK B TIPOMHCIIOBIH €JIEKTPOCHEPTreTUIll, TaK 1 B
00J1acTi BUCOKOBOJILTHO] iMITysbeHOT TexHiku (BIT), npu-
3HAYECHOI U151 HAYKOBUX 1 TEXHOJOTTUHUX I1ineit [ 1-6].

Bimomo, 0 B TOBrUX MOBITPSIHUX MPOMDKKAX (MIpH
JOBXKMHAX 1 M 1 Oimpmn) iX enekTpuyHHNA HpoOiil 3aikc-
HIOETHCSI IIISIXOM IIPOPOCTAaHHS BiJ OJHOTO ENEKTPOIY
(HampuKIaj, Bi HOTEHIIHHOTO aHOAA) BHCOKOBOJIBTHOTO
MIPUCTPOIO 0 1HIIOTO (HANPHKIIAJ, 10 3a3€MJICHOTO KaTo-
J1a) Jifepa eJIeKTPHUYHOrO Ta30BOTO PO3PSAY — TOHKOTO
IIa3MOBOTO MPOBIIHOTO KaHaJly, CTyIiHb 10HI3alii Moe-
Ky (aTOMIB) Ta3y B SIKOMY € 3HaYHO BUIINM, HIX B IT0Ya-
TKOBOMY CTPUMEPHOMY KaHaii po3psay [3, 7]. icas mo-
CSITHEHHSI TOJIOBKOIO JIiZIEpa €IEKTPUYHOTO PO3pAIy, SKa
SICKPaBO CBITUTHCS, MPOTHIICKHOTO EJEKTPOJy-Karona i
PO3TOBCIOKEHHSI TIO JIiJepHOMY KaHAIy y Oik aHonma i3
mBHKicTIO 611 ve~107 M/c croyaTky 3BOPOTHOI XBHII
CHJIBHOTO €JIEKTPUYHOTO MO (XBHJII €IEKTPUIHOTO II0-
TEeHLialy) 1 Aaii 3BOPOTHOI XBHJII CTPyMY MPOBIAHOCTI Ha
MICIIi JIiIEPHOTO KaHaIy (OPMYy€eTHCS CHIIFHOIOHI30BaHUI
ICKpOBHMI KaHaJl pO3psiy, SIKHiA sICKpaBo CBITUThCA [3, 7].
[3-3a mpoTikaHHA MO IOMY BHCOKOIIPOBIIHOMY KaHaIy
BEJIMKOT'O IMIYJIbCHOTO CTPYMY Ta IHTEHCHBHOTO €HEpro-
BHUIEHHS HA HOTO OMIYHOMY OIIOpi TeMIIepaTypa i THCK
B HIM PI3KO 3pOCTalOTh, L0 NPUBOAMTH JO PO3ILIUPEHHS
KaHaJTy iCKPOBOTO PO3PSAY i3 IMIBUAKUM PaTiallbHUM PO3-
JILOTOM HOro HHU3BKOTEMIIEpaTypHOI IJIa3MU 1 YTBOPEH-
HSIM B HaBKOJIMIIHBOMY TOBITPSIHOMY CEPEIOBHIII IOTY-
JKHOI y#apHoi xBuii. He muBisiauces Ha HasgBHICTH O6arato
pasiB anpo0OOBaHMX B HAyKOBUX JlabopaTopisx CBITY Bi-
JOMHUX TEOpiii CTPUMEPHOIO i JiiepHOTO IMPOOOI0 TOBIT-
psHOT 130ysmii [1, 3, 7], MATOBUBYCHUMH TMUTAaHHSIMHU Ha
CHOTOJHI B 00yacTi (Pi3MKH IMITyJIbCHOTO iCKPOBOTO PO3-
psany B arMoc)epHOMY MOBITpI 3IMINWINCA Ti, SIKi
OB’ A3aHi 3 ypaxyBaHHAM OCOOIHMBOCTEH HOTO MpOTiKaH-

HS B YMOBax Aii pi3KO HEOJHOPIIHUX CHJIBHHUX IMITYJIbC-
HUX EJIEKTPUYHHUX IOJIB, XapaKTEpPHUX IUI €IEKTPOTEX-
HIYHOT TPAKTHKH, 1 BU3HAYCHHSM MIBHIKOCTI V; HPOCY-
BaHHS WOTr0 IUIa3MOBOTO JIIGPHOTO KaHay, KU Hep-
MM TpU IPO00i 3aKOpOUy€e MOBITPSIHI MPOMIKKH €JIEKT-
POPO3PSAHUX CUCTEM, IO BXOAATH 10 CKJIAAy Pi3HOMaHi-
THHUX BUCOKOBOJIbTHHUX IIPUCTPOIB.

PesynbraTi MaTeMaTH4HOTO 1 KOMIT FOTEPHOTO MO-
JICTIOBAHHS CKIaJHUX EJIEKTPOPO3PSIHUX MPOLECIB B
pi3HMX BHAax nienekTpukis [1, 3, 8-14], ski cnpsmoBaHi
Ha MiABHIIEHHS €IEeKTPUYHOT MIIIHOCTI Ta30Boi, piaKoi i
TBEpJO1 130J1s111ii BUKOPHCTOBYBAHOTO B €JIEKTPOEHEpre-
Tuni 1 BIT BHCOKOBOJBTHOTO €NEKTPOYCTaTKyBaHHS, HE
JIO3BOJISIIOTH JJaTH BIAIIOBIJI HAa BKa3aHI BUILE aKTyaJbHI
MUTaHHA 3 00JIaCTi eJIeKTPO(I3UKH razoBOro iCKpOBOTO
pozpsiny. IlornubiieHHsT HaMMX HAYKOBUX 3HAHb PO elie-
KTPHYHHUH IMITyJIECHUH 1CKpPOBHIA pO3ps B Ta30Bii 13071s-
il (30KpemMa B JIOBI'HX IMOBITPSHUX NPOMIKKax), IO Bil-
HOCHTBCSI 10 KOMIUIEKCHOTO 1 CKJIaJHOTO elIeKTpodi3my-
HOTO SIBHIIA NPUPOAH, JJO3BOJISIE PalliOHAJIBHIIIE PO3pO0-
JSITH KOHCTPYKIii 0araTb0X BUCOKOBOJIFTHUX EJIEKTPOTE-
XHIYHUX 1 €JEKTPOCHEPreTHYHUX HPHUCTPOIB 3 IiJ(BHUIIE-
HOIO HAQMIWHICTIO iX poOOTH B HOPMAJFHHUX 1 aBapiHUX
peKMMax, a TakoX 3aco0M OJHMCKAaBKO3aXMCTY SIK JUIs
PI3HUX JITaTPHUX amapaTiB, TaK 1 CTPATEriyHUX MPOMHUC-
JIOBO-TEXHIYHUX 00’ €KTIB Ha3eMHOT iIHPpaCcTPyKTypH.

MeTo10 CTATTi € pO3paxyHKOBO-EKCIIEPUMEHTAIIEHE
BU3HAUYCHHS yCepeIHEHOT BHUKOCTI v, MPOCYBaHHSI Ilj1a-
3MOBOTO JiJIEPHOTO KaHAIy EIEKTPUYHOTO IMITyJILCHOTO
ICKPOBOTO O3PSy B JOBrOMY IOBITPSHOMY HPOMIXKY
JIBOGJIEKTPOJIHOT PO3PSIIHOT CUCTEMH «BiCTPA-TIOIINHAY.

1. locTanoBKa 3agavi. TUIIOBUM MPUKIIAZIOM B 00-
nacti BIT enexrpopo3psigHOI cuCTeMH 3 pi3KO HEOTHOPi-
JTHUM CHJIBHUM IMITYJIbCHUM €JIEKTPUYHUM MOJIEM € JIBO-
enektpogHa pospsgHa cucrema ([JEPC)  «sictps-
TUIOLIMHAY, 10 MICTUTh BEPTHKAJIbHO PO3MILIEHUI MOTe-
HIIMHANA eNEeKTPOX Yy BHIUIIAI METaleBOrO CTPIKHA |
pazmiycoMm 7y i3 3aTOCTPEHHM HIDKHIM KPaeM 3 paiiycom
HOTO KPUBU3HHM 7.<<r( 1 3a3eMJICHUH €JIEKTPOJ] y BUTIISI
TOPH30HTAILHO PO3TAIIOBAHOI METAJIEBOI TUIOIIMHKU 2 He-
obmexxeHnx posmipis (puc. 1). Xaii enexrpruuHi noTeHmia-
JY TUX eeKTpoiB 1 1 2 piBHI BiAMOBIIHO ¢ 1 ¢,=0, a Mk
HUMH B MDKEJIEKTPOAHOMY 130JISIIHHOMY HPOMIDKKY MiHi-
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MaJIbHOIO TOBXKUHOKO /iy, PIBHIN JOBXKHUHI MPSIMOi, IPOBE-
JICHOT BiJ{ BICTpPsI MOTEHIIHHOTO €NEKTPOAY 1 32 HOPMAILTIO
JI0 TUIOCKOT TIOBEPXHi 3a3€MJICHOTO €IEKTPOIy 2, po3MiIlie-
HO TOMOreHHE arMmoc(epHe MOBITPS 3a TaKHX (i3HIHUX
ymoB [15]: Tuck rasy P,~(1,013£0,005)-10° Ila; a6comor-
Ha Temreparypa razy 71,~(293,15+5) K; BizHocHa BoJO-
ricTs razy y,~(45%15) %.
Usp

Imin

Puc. 1. Cxemarrane 300paykKeHHsI JIOCIIDKYBAHOT MOBITPSTHOT
JIEPC, Ha npukiaji K0T po3rIIsIIaeThes SNEKTPOGi3nIHUI poIiec
PO3IIOBCIODKEHHST [JIa3MOBOTO JIiISPHOTO KaHATY iMITYJIBCHOTO
ICKpOBOTO po3psay B aTMocdepHoMy ToBiTpi (1, 2 — BiamoBiTHO
MOTEHIIIMHKI 1 323eMIICHII METaJIeB] eJICKTPOJIH; 3 — 3UT3aromoii-
OHWUIA JTiIepHUi KaHas ickpoBoro po3psay B JIEPC)

[MpuiiMemo, 110 €NEeKTpUYHA MIIHICTh MIXEJIEKTPO-
nHOTO ToBiTpstHOTO TpoMikKy B JIEPC ctocoBHO ycepe-
THEHOTO DPIiBHA HOTO MpOoOWBHOI HAIpykeHocTi E,; Crib-
HOTO IMITYJIbCHOTO EJEKTPUYHOTO IO AJS IMITYJIbCY
HaJ- 1 BUCOKOI HampyrH , mo noxaetbea Ha JJEPC, cxia-
nmae BenmuunHy Ey i Ly,=1,5 M 1 Ep s Lyin=3 M. Y
LUX ABOX NPHKIAJHUX BHUIAJKAX EJEKTPUYHUNA OTEHIIi-
an ¢, Ha kpato crpwkHs 3 Bictpsm JIEPC naOysaTmme
KPUTUYHHUX 3HAYCHB, BIAMOBIAHO PIBHUX @14 1 @1p. OO-
MEKHMOCS PO3IJIAI0M BHITQJIKY, KOJIM aMIUTITY/IHO-4aCcOBI
napamerpu (AUIl) enekrpuyHOi IMIyJIBCHOI Hampyru
Uin(O)=(p1—¢2) y MDKENEKTPOAHOMY MOBITPSIHOMY IPOMi-
*Ky JIEPC 3MiHIOIOTBCS B Yaci £ 32 3aKOHOM CTaHIapTHOTO
KOMYTALIfHOTO anepioANYHOTO IMITYJIECY HANpPYTH Yaco-
Boi popmu T,/ T,~(250+50) mxc/(2500+750) MKC TO3UTHB-
HOI TOJIIPHOCTI 3 BiANOBiAHUMH Tomyckamu [16-18]. Bxka-
JKEMO, IO came I yacoBa (opMa BHCOKOI (HaIBHCOKOI)
IMITyJIbCHOT HaNpYTu 3a3BHU4Yail BUKOPUCTOBYETHCS B MPO-
MUCIIOBIH enexkrpoereprerui i BIT npu BuzHaueHHi eie-
KTPUYHOI MIITHOCTI BHYTPILIHBOI 1 30BHIIIHBOI 13015101
PI3HOTO BHCOKOBOJIBTHOTO €JIEKTpOycTaTKyBaHHs. [1oTpi-
OHO Ha OCHOBI PO3pPaxyHKOBHX 1 €KCHEPHUMEHTAIbHHX
JIaHUX, SIKI CTOCYIOTbCS HPOTIKAHHS eNeKTPOdi3NIHUX
IIPOLIECIB B PO3PSITHOMY JOBIOMY IOBITPSIHOMY ITPOMIXK-
ky JAEPC (nuB. puc. 1), B HabnmKeHOMY BHTIISIII YHCEITh-
HO BHM3HAYWTH YCEpPEIHEHY IIBUIKICTH V, NPOCYBaHHS
ITO3UTHBHOTO JIi/iepa B TUIA3MOBOMY KaHAJI €JEeKTPUIHOTO
IMIIYJIBCHOTO iCKPOBOTO PO3pPSITy B MOBITPSHOMY HpPOMi-
xKy pociipkyBanol Hamu JIEPC «BicTpsi-ruiomunay 3
BKA3aHUMHU [[BOMA YHCEJBHUMH 3HAYEHHSAMH HOr0 MiHi-
MaJTbHOT TOBXKHUHU ([in=1,5 M 1 [,j;=3 ™m).

2. Po3paxyHKoOBO-eKCIIEpHMEHTATbHA OLIHKA
IIBHAKOCTI v; NPOCYBaHHS IUIA3MOBOIO JIiIEPHOTO
KaHa1y iMIyJbCHOro iCKpOBOro po3psiny B aTMmocde-
pHomy moBiTpi. [locnigHi pe3yapTaTH A0CTIKEHb B 00-
nacti BIT enexrpuunHoro mpo0Oo0 NOBrHX IMOBITPSHHX
mpomikkiB B IEPC «BicTps-1mionimHay 3 BUKOPUCTAHHSIM
CTaHJAPTHOTO KOMYTAIIHHOTO IMITyBECY HAIPYTH Yaco-

Boi popmu 7,/T,~200 Mkc/1990 MKC MO3UTHBHOI TOIAP-
HOCTI CBiAYaTh MPO Te, IO PO3BUTOK B HUX ILIa3MOBOTO
JAEPHOTO0 KaHAIY BUCOKOBOJIBTHOTO IMITYyJIBCHOTO iCKPO-
BOTO pO3psAAy BiAOyBAa€ThCS MO IUIIXY 3Ur3aronofioHoi
(hopmu, TOBKHHA SKOTO /. 3aBKIU NEPEBUILY€E X MiHIMa-
JIbHY JOBXHUHY [ 3 000B’SI3KOBUM BHKOHAHHSIM HEPiB-
Hocrti Burisany [>1,10,:, [1, 3, 17-19]. Ipu 3MiHi y BKa3a-
Hilt moBiTpsHiil JJEPC MiHIMabHOT JOBXHUHU [y, TX pO3-
PSAAHUX TIPOMDKKIB B JdiamasoHi /,;,=(1—4) M nana Binm-
MIHHICTb MK JOBXUHAMH [, 1 [y, ckimamae Big 10 1o 15 %
[17-19]. dnst BM3HAYEHOCTI MOJAJIBIIMX PO3PaxyHKOBHX
OLIIHOK YCEpPEeIHEHOTO 3HAYECHHS IIyKaHOTO MapamMeTpa vy
3yNMHUMOCS Ha TOMY TPHUKJIaJHOMY BHIAKy, KOJH Iis
BiIMIHHICTh MK TOBXUHAMH /. i [, B CEpeIHROMY BHSIB-
JSIETBCS PIBHOKO mpuOim3Ho 13 %, a BimHOmeHHS [/,
4quCeNbHO cKianae Oust [/l ~1,13. BpaxoBytoun neii
JocTigHui pe3ynbTat, hopMyna A HaOMMKEeHOI po3pa-
XYHKOBO{ OIIIHKH yCEpEeJIHEHOT IBUIKOCTI V;, MPOCYBaHHS
TUIa3MOBOTO JIJIEPHOTO KaHalTy BHCOKOBOJBTHOIO EJIEKT-
PUYHOTO IMITYJILCHOTO ICKPOBOTO PO3psiay B aTMocdep-
HOMy moBiTpi npuitHaToi JJEPC «BicTps-ruommHa» mnpu
Inin=(1—4) M npuiiMae HaCTYIHUH eMITIpUYHNIN BUTIISL:

v = L13in / Tye » 1)
ne Ty — TpUBANICTh 3pi3y IMITYJICY HANpPYyTH, SIKUI BU-
KJIMKA€ eNeKTPUYHUI NMPOOiH JOBroro MmoBiTpSHOIO Hpo-
MikKy B gociimkyBaniit JIEPC «BicTps-utomuHay, MiHi-
MaJlbHa JIOBKHHA SIKOTO YHCENBHO CKIIAMIAE [pin>1 M.

VY (1) uncenbHe 3Ha4YeHHS Mapamerpa lyn>1 M s
noBitpsiHoi IEPC «BicTps-miomuyHa» BUOMPAETHCS TIEp-
COHAJIOM BHIIPOOYBaibHOI Opuramm i Qikcyerbes Bimmmo-
BiTHIM BHMIpIOBAJIIFHUM IHCTPYMEHTOM (ZOBTOI0 METPH-
YHOIO JTIHIAKOI0) eKCTICPUMEHTAIBHUM IIITXOM, a 4Hce-
JbHE 3HAYEHHs TPUBAJOCTI 3pi3y T, IMIIyJIbCY HANpyru
BU3HAYAETHCA LIIIXOM pO3IIN(pyBaHHA HOro OCLMIOT-
paM y mporieci eJIeKTPUIHOro MPOoOO0I0 MOBITPSHOTO MPO-
MiKKy B JIEPC 10BXUHOIO /;, 3 BUKOPHCTaHHAM LUPPO-
BOTO 3aram’sTOBYIOUYOro ocuuiorpada i HaJBHCOKOBOJIb-
THOro omiuHoro noaiuteHuka Hamnpyru (OITH). 3actocy-
BaHHS y BUIAJAKY, 1[0 PO3MJISIAETHCS HAMH, BKa3aHOTO
THUITy TOJALTbHUKA HaJABHCOKOI HANpPyTH IIOB’A3aHO 3 Bil-
HOCHOIO TIPOCTOTOI0 HOrO BHUI'OTOBJECHHS 1 HOPIBHSHO
HEBEJMKOIO BAaPTICTIO KOMIUIEKTYIOUHX EJIEKTPUYHHUX
€JIEMEHTIB, [0 BXOJAATH JI0 oro ckiany [18, 20].

Buxopucransas B (1) came BenmuunHU T, TOSCHIO-
€TbCS TUM (I3MYHUM IIOJIOKEHHSM, LIO LI TPHBAIIICTh
3pizy 7, IMIOyJIbCy BHCOKOi (HAaABHCOKOI) IMIYJIBCHOI
HAaIpyry, o noaaerbes Ha nopiTpsiny JJEPC, xapakrepu-
3y€ Yac 3aKOpOYYBAHHS 10 MOBITPSHOMY IIUIAXY peajb-
HOIO JIOBXXWUHOIO /. MPOBIHUM IIJIa3MOBHM JIIIEPHUM Ka-
HaJIOM EJIEKTPUYHOTO IMITYJIbCHOT'O 1CKPOBOTO DPO3pSIY
BHOpaHOTO HAMU MOBITpstHOTO poMiXkKy B aaHii JEPC 3
HOro MiHIMAJbLHOI JOBKHUHOIO [y, 1 BIAIOBIJHO Yac BHU-
PIBHIOBaHHS €JIEKTPUYHUX NOTeHIiamB (¢;=¢p,~0) Ha
enekTponax mociimkysanoi Hamu JIEPC.

Ha puc. 2 npuBeneHnii 3arajdpHUI BUTISII JOCIIIKY-
BaHOi JIEPC «BiCTps-IUIONINHAY 3 TOBTHM PO3PSAHUM TIO-
BITPSHUM IIPOMIXXKKOM JOBXXHUHOIO /1nin=3 M, sika OyJia rajb-
BaHIYHO MiJKIIOYEHa 10 CHIBHOCTPYMOBOTO PO3DSIHOTO
EJICKTPUYHOTO KOJAa HaJABHUCOKOBOJILTHOTO T'€Heparopa
CTaHIAPTHUX KOMYTALIHUX anepioJuYHuX IMILYJIbCIB
Harnpyru yacoBoi ¢opmu 7,,/T,~200 mMkc/1990 mMkc mo3u-
TUBHOI (HEraTUBHOI) HOJIIPHOCTI, PO3pOOIJIEHOTO i CTBO-
penoro B HATIKI «Momais» HTY «XII» [17, 18].
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Puc. 2. 3aransHuil BUTIIA]] HaJBUCOKOBOJILTHOI ITOBITPSTHOT
JEPC «Bictps-mutonuaay (/=3 M), B SKiii 10 MOTEHIIHHOTO
BEPXHBOI'0 3aTOCTPEHOT0 Ha HIDKHBOMY KPAlo CTAJIEBOTO CJIEKT-
POMY-CTPHIKHIO PaiycoM rp=15 MM, po3Mill[eHOMY 110 HEHTPY Ti
3a3eMJICHOTO HH)KHBOT'O TIOCKOTO €JICKTPOY 3 OLIMHKOBAHOI
cTaii 3 rabapuTHUME po3Mipamu 5x5 M, npuenHanuii OITH-2,5
HAa HOMIHAJIBHY CJIEKTPUYHY iMIyJIbCHY Hanpyry 2,5 MB
3 koedinienTom ginenHs K,~53650 [18]

Ha puc. 3 HaBeneHa JociiHa OCLUIOrpamMa IOBHO-
ro CTaHJAapPTHOIO KOMYTALIHHOrO arepioJuyHoOro imiry-
necy Harpyru 4acosoi ¢opmu 7,/T,/~200 mMrc/1990 mxc
MO3UTHBHOI MOJSPHOCTI, KUK i€ B PO3PSIAHOMY KOJI
BKa3aHOT'O Ha/IBUCOKOBOJIFTHOTO BHIIPOOYBAIBEHOTO T'eHe-
patopa [17, 18] Ha mocnimxyBany Hamu noBiTpsaHy JEPC
«BICTPS-IUIOMKHAY 0€3 ENEKTPUIHOTO MPOOOIO ii JOBroro
TTOBITPSTHOTO TIPOMIXKKY 3aBIOBXKKH /ppin=3 M.

CURSOR

@ Acq Camplete W Pos: 1.000m

Delta
11.6Y

(NN IEXEHEN

.............................................. Cursor 1
0.00%

.}

- : : : : Cursar 2
[ : : - : : : : 11.6%

CHT S.00%Ey CHT 7 140
Puc. 3. Ocuunorpama NOBHOTO KOMYTALIIfHOTO aniepiofHIHOr0
IMITyJIbCYy BUCOKOT HaNpyry 4acoBoi opmu
T,/T~200 mxc/1990 MKC MO3UTUBHOT MOJISAPHOCTI 6e3
CJIEKTPUYHOTO MPOOOIO TOBroro MOBITPSHOIO NPOMIKKY
3aBAOBKKH /i, =3 M B JIEPC «BicTpsi-rutomunHa
(U,,=11,6 B x 53650~622,3 kB — ammityaa iMIyJibCy BUCOKOT
Hanpyru; 7,~200 MKc — 9ac HapocTaHH (MigiioMy) IMITyJIbCy
Hanpyru o ammutityau U,.; T,~1990 Mkc — TpuBamicTh
iMITynbey Hanpyru Ha piBHi 0,5U,,.; MacmTad 3a BEpTHKAILIIIO —
268,2 xB/nin; macmrab 3a ropusonTaiLIo — 250 MKC/ i)

Ha puc. 4 300pakeHa mociaiaHa ocuuaorpama 3pisa-
HOrO Ha HApOCTAKOYil 4YacTHHI BHKOPHUCTOBYBAHOTO B
eKCIIepUMEHTaX CTaHAAPTHOI'O KOMYTALI{HOTO arepiou-
4yHOTO imMmyJsbcy Bucokoi Hamnpyru 7,,/T,/~200 mkc/1990
MKC 3 €JIeKTPUYHUM NPOOOEM JOBrOro MOBITPSHOI'O PO3-
psnHoro npoMikky B JIEPC «BicTps-muiomuHa» MiHiMa-
JIBHOKO JTOBXKUHOIO [,;n=1,5 M, AUII sxoro BHU3HAYaIUCS
3TiHO BUMOT JIFOYOT0 CTaHmaprty [16].

CURSOR
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Source
CH1

Delta
11.4%
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1+ Cursor 2

11.4%

CH1 2.00WEy hd S0.0 s CHT 7 &80y
Puc. 4. Ocuunorpama 3pi3aHoro CTaHIapTHOTO KOMYTALiiHOTO
aTnepioAMYHOTO IMITYJIBCY BUCOKOI HAPYTH 9acoBoi hopMu
T,/ T,~200 Mxc/1990 MKC TO3UTUBHOI HOJIIPHOCTI TIpH
CJIEKTPHYHOMY IIPOOOT JOBrOro MOBITPSIHOTO MIPOMIXKKY
3aBAOBKKH /pi=1,5 M B IEPC «BicTpsi-rutomunna
(Upnea=11,4 B x 53650=611,6 kB — piBens 3pi3y imMITyjbCy
Hanpyru; 7,~95 MKc — 4ac 3pi3y iMITyJIbCY HallpyTH;
T,~17 MKC — TpHBaJICTh 3pi3y (KoMyTamii) iMITyI6Cy HaPYTH;
MacmTa6 3a Beprukamio — 107,3 kB/ni;
MacmTab 3a TOpU30oHTAILTI0 — 50 MKC/min)

BukopucToBytour OTpuMaHi 3riiHO puc. 4 NOCIiaHI
YKCeJIbHI JaHi Ui TpUBaoCTi 3pizy 7,~17 MKC BiAMOBi-
JTHOTO IMITYJIbCY BHMCOKOI Hampyrd (IJisi BUMAAKY, KOJIH
U,nei~611,6 xB) B noBiTpsniii IEPC (/,;,=1,5 M), mo po3-
risiaerbes, 3 (1) s ycepeaHeHol MBHIKOCTI vy, TIPOCY-
BaHHS IIa3MOBOTO JIJIEPHOTO KaHAJy IMITyJIbCHOTO iCKpO-
BOTO pO3psAy B arMoc(hepHOMY TOBITpi i BKa3aHOTO IOB-
rOro PO3PSAIHOTO MPOMIKKY BHTIKae, 1o v,~0,997-10° m/c.
[Ipu maHiii MWBHUAKOCTI Vv, PO3MOBCIOKEHHS B arMocdep-
HOMY TOBITPI MO3UTHBHOTO JIiZiepa IMITYJILCHOI'O 1CKPOBOTO
pO3psily MPOXiMHWH M pealbHUil LUIAX JOBXKHHOK /. B
MDKENeKTpOJHOMY  HOBIiTpstHOMY — mpomikky  JIEPC
(lnin=1,5 M) mipm Hioro enexTpuyHoMy 1po6oi (7,;~17 Mkc)
3aCTOCOBAaHMM IMITYyJIbCOM BHCOKOi HAaIlpyrd YHCEJIbHO
cknanae [~v; T,~1,695 M. bauumo, 110 B I[bOMY BHITAIKy
peaibHa JIOBXKHMHA /. MUISIXY PO3BUTKY JIIJEPHOTO KaHAITY
ickpoBoro paspsay B pociikyBanoi IEPC mepesuinye
MiHIMaJIBHY AOBXHUHY /[ni,=1,5 M Ti po3psitHOro moBiTpsi-
HOTO MIPOMIXKKY npr0im3Ho Ha 13 %.

BigmiTiMo, 110 TIpW IIBHAKOCTI 301IBIICHHS IMITYIIb-
cHoi Hampyru Ujy(f), AKa TMPUKIATAEThCS O PO3PSITHOTO
npomixky nositpsinoi IEPC, piBHiit dU»(¢)/d>5 kB/mxe
(sIK B HAIIMX €JIeKTPO(DI3UYHNX BHIIAKaX) PO3SBUTOK I10-
3UTUBHOTO JIijiepa B aTMoc(epHOMY TIOBITPI BiI0yBa€ThCs
6e3nepepBHO (0e3 cryminyactoro yrBopeHHs B JIEPC
OKpEeMHX IIJIa3MOBHX JiiiepHux kaHaiiB) [3]. [Ipu Takomy
NpoLECi MPOCYBaHHs B IOBITPI MO3UTHBHOIO JIiiepa po3-
psiny noBxuHa /. #oro miaa3moBoro kanany B wi JJEPC
MOHOTOHHO 301TBIIYBaTHMEThCS (AMB. puc. 1).

Jn1st NOpiBHSTHHSL OTPUMAHOTO BHIIIE YHCEJIBLHOTO pe-
3yJbTaTy Ul CEPEIHBOI MIBUIKOCTI V;, MO3UTUBHOTO Ji-
Jepa, XapakTEepHOTO Ul EJIEKTPOPO3PSIHUX IIPOLECIB,
SKi TIPOTIKAIOTH B JTAOOPATOPHUX yMOBaxX B IIOBITPSHIN
JEPC «gicTps-IuionmHa» 3 ii JOBrUM PO3PSIIHUM MPOMi-
KKOM ([ini=1,5 M), 3 BIIOMHUMH Bi3HAYMMO, 110 3TiTHO [7]
HaliMeHINIa cepenHs MIBUIKICTH v, IPOCYBaHHS B aTMOc(e-
PHOMY MOBITPI NepeaHbOro (GPOHTY HEraTHMBHOIO Jijepa
JIOBIOrO iICKPOBOI'O PO3PsiLy MiX I'PO30BOIO XMapolo i Io-
BepxHelo 3emuli (OJIMCKaBKM) KUIBKICHO CKJajae Oins
v;~10° M/c. STk GauuMo, OTpUMAHHIT B TaGOPATOPHUX YMO-
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Bax 3 BukopucranusaM 1iei JIEPC mpu /,;,;=1,5 M i cTanza-
PTHOTO KOMYTAIlIfHOTO amnepiofgndHOrO IMITyJIbCY HaIBH-
cokoi Harpyru 4acoBoi ¢opmu T,/T,~200 mrc/1990 mxc
MTO3UTHBHOI MOJISIPHOCTI HAOMMKEeHNH 3 ypaxyBaHHsIM (1)
PO3PaxyHKOBO-EKCIIEPUMEHTAIBHUI pe3ysbTaT Iyisl yce-
pennenoi mBuakocti v,~0,997-10° M/c mpocyBaHHS B
aTMoc()epHOMY MOBITpPI IIA3MOBOTO JIIAEPHOTO KaHay
IMITyJILCHOT'O iCKPOBOTO PO3psily NPAaKTHYHO JOPIBHIOE 11
MpUAHATUM B oOusacti (isuku aTMocepHOi eIeKTpHUKH
(OnnckaBky) 1 eeKTpo(i3NKK HaJBHCOKHX HAINPYT Kilb-
KICHUM 3Ha4YE€HHSIM (vLZIO5 m/c [7]).

3a3HauMMo, IO NpU BUKOHAHHI Haj- i BUCOKOBOJb-
THHAX EKCHEPHMEHTIB 3 BHKOPHUCTAHHSM JOCHiIKYBaHOI
moBiTpsiHOi JIEPC  «BicTps-tutomuHay (ouB. puc. 2) i
OTPUMaHUM HaMU TIPH LbOMY U JOBIHX PO3PAAHHX
MOBITPSHUX MPOMIKKIB (/pnin=1,5 M 1 [;;;=3 M) qocaigHuM
pe3yabpTaTam 3rigHo puc. 4 i puc. 5 6ynm 3acTOCOBaHi AK
oMi4HUMi1 noainbHUK Hanpyru tuny OITH-2,5 (K,~53650)
[18], Tak i moBipeHuit epKaBHOIO METPOJIOTTUHOIO CITYXK-
6oro nudposuit ocimtorpad Tektronix TDS 1012B, mo
3amaM’sITOBY€ KOPHCHI €JIeKTpUYHI curHamm (ceprudikar
kaniopyBanust UAOINe1312 Bix 29.06.2023 p.).

Ha puc. 5 300pakeHa ocrmmorpaMa 3pi3aHoro Ha Gpo-
HTATBHIA YacTWHI BUKOPHUCTOBYBAaHOTO B JIa0OPATOPHUX
CHJIBHOCTPYMOBHX €KCIIEPHMEHTaX, 110 BUKOHYBAIKCS Ha-
MH, HaJIBUCOKOBOJIFTHOTO CTAaHIAPTHOTO KOMYTAI[IHOTO
ariepiogaHoro iMnyibey Harpyru 7,/T,/~200 mxc/1990 mxc
3 ENEKTPUYHHM MPOOOEM OBTOTO TOBITPSHOTO PO3PS-
HOrO TMPOMiXKY B gociimkyBanii JIEPC «sicTpsi-
IJIOIIMHAY MiHIMAJILHOKO JOBKHHOKO [pin=3 M.
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- T T T T T T
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Puc. 5. Ocruorpama 3pi3aHoro CTaHIAPTHOTO KOMYTaLlifHOTO
aTepioANYHOTO IMITYJIBCY HA/IBHCOKOI HAMIPYTH 9acoBoi (popMu
T,/ T,/~200 Mkc/1990 MKC TO3UTUBHOI TIOJISIPHOCTI TIPU EIIEKTPUY-
HOMY MPO0OT TOBrOro MOBITPSHOTO MPOMIXKKY 3aBIOBKKH /i=3 M
B JIEPC «sictps-monmaay (U,,~19,8 B x 53650~1062,3 kB —
piBeHb 3pi3y imMmyIibey Hanpyru; 7,~104 MKc — 4yac 3pi3y iMImybsCy
Hanpyry; 1,~33 MKC — TPHBAJICTh 3pi3y (KOMYyTaIlii) iIMITyJIbCY
HAIpyry; Macmrad 3a BepTUKao — 268,2 kB/min;
MacITad 3a FOpU30HTAILTIO — 50 MKC/1TiT)

BkaxxeMo, 1110 HassBHICTB IIKOIOIOHMUX CIIJIECKIB Ha
MPUBEACHNUX 3T1IHO puc. 4 1 puc. 5 ocruiorpamax 3pisa-
HUX IMITYJIbCIB HANpyTrH (CrOYaTKy iX (POHTAIBHUX Yac-
THH) TIOB’SI3aHO 3 KOHCTPYKIIHHUMHU OCOOIHBOCTSIMU
no0y/I0BH BUKOPHCTOBYBAHOI'O B cXeMi ()OpMyBaHHS 3a-
CTOCOBAaHMX HaMM amnepioMYHUX IMIYJIBCIB HANpyru
HAJBUCOKOBOJIbTHOTO reHeparopa tumy ['TH-4 [17, 18],
[0 Ma€ pO3MIIIEHUI Ha BHCOTI ~12 M HaJ 3eMJICIO MacH-
BHUH CTaJeBHI €KpaH-/Iax Iwiomieto oist 60 e JR00:37910 %071
3aps 1 po3psi eNEKTPHYHOI EMHOCTI IIEOTO €KPaHy-Iaxy

I'MH-4 i Buximkae mosiBY BKa3aHWX MikiB Hampyru. Lli
MIKOMOAiOHI CIUIECKH HANpPYTH HE MOXKYTH BIUTMHYTH Ha
PO3BHUTOK €NIEKTPOPO3psIIHUX poueciB y Hamii JJEPC.
3rigHO IOCHiAHUM JaHuM (pHC. 5) y pasi enexkTpud-
HOTO MpOOOI JOBrOro MOBITPSIHOTO IPOMDKKY B JIOCIHI-
okyBaHiit JIEPC «Bictps-miomuna» (/=3 M) TpuBa-
micte  3pidy 7T, Ha (pPOHTI HAJBUCOKOBOJILTHOTO
(Upne~1062,3 xB) crangapTHOr0 KOMyTaliifHOTO arepio-
qugHoro immynscy Hampyra 7,/7,/~200 mMkc/1990 mkc
TIO3UTHBHOI TOJIIPHOCTI NpUiIMae 4YHCeNbHE 3HAYCHHS,
piBae npubmzHo 7,~33 Mkc. baunmo, 1o i3 30iIbIIEH-
HaM yaidi (3 1,5 M 1o 3 M) MiHIManbHOT JOBXHUHHA /iy
MOBITPsTHOTO po3psimHOTO TpoMikky B JIEPC «BicTps-
TUTOIIMHAY MPAaKTUYHO Y/ABIYi 3pOCTA€ 1 TPHUBAJICTD 3pi3y
T,. Ha HApOCTAIOYili YaCTHUHI BUKOPHUCTOBYBAHOTO BUIIPOOY-
BaJILHOTO iMITyJibey Harpyru Uyy(f) (pubim3so 3 17 Mkc 10
33 MKC 3rigHO JaHWM JOCIIAHHAX OCIHJIOTPaM Ha puc. 4 i
puc. 5). /laHi excriepuMeHTalIbHI pe3yJIbTaTH BKa3ylOTh
Ha Te, U0 yCepelIHeHa IUBUJAKICTh Vv, MPOCYBaHHS ILIa3-
MOBOT'O JIIJICPHOI'O KaHAJy IMIYJbCHOTO iCKPOBOTO PO3-
psany B armocdepHOMy HOBiTpi nocmimkyBaHoi [IEPC
«BICTPS-IUIONIMHAY 3 PI3KO HEOTHOPITHUM CHIBHHM iM-
MyJTBCHAM EIIEKTPUYHIM IOJIeM IIPH 3MiHi B Hill MiHiMa-
JBHOT JOBXWHHA /iy, B Miamas3oHi /i, =(1,5-3) M mpakTuaaO
HE 3QJIE)KHUTH Bifl TOBKXUHHU €JICKTPUYHO MPOOMBAHOTO B
uiit JIEPC moBroro moBiTpstHOTO MPOMIXKKY BHCOKOIO a0
HA/IBHCOKOIO IMITyJIbCHOIO Hampyroto U (9)=(¢—¢,), axa
npuiimae npu  ,;,=1,5 M uucenbHe 3HaYeHHA Oins
U,ned~611,6 kB (nuB. puc. 4), a npu /;;=3 M — IpHOJIN3HO
U,et=1062,3 kB (nuB. puc. 5). KonkperHum minrsep-
JOKEHHSIM TOMY € T€, 1110 Y BUKOPUCTOBYBaHIH MOBITPSHIN
JEPC «sicrps-mnomuHa» (/pi=3 M), sika BHIIPOOOBYe
IO CTaHAAPTHOTO KOMYTAIIHOTO arepioJuyHoro iMimy-
nbey Hanpyru yacosoi qopmu 7,,/7,/~200 mMkc/1990 mxc,
ycepeqHeHa MIBUAKICTh v, IPOCYBaHHS B aTMOC(HepHOMY
MOBITPi TJIa3MOBOTO KaHAIy MMO3UTHBHOTO JIifepa iMIry-
JBCHOTO ICKPOBOTO PO3PSY 3 YpaxyBaHHSM EMITIpUYHOT
dopmymu (1) mput /yiy=3 M i T,;,~33 MKC YHCENBHO CKIIA/Ia€
6t v;=1,03-10° m/c. Ile xinmpkicHe 3HaYeHHS I v, (TIpU
Inin=3 M B nioBiTpsiHiit JIEPC) Bigpi3HAETHCS HE OLIbIIE HiXK
Ha 3 % Bix paHilllie OTPUMAHOTO HAMH HA OCHOBI 3aIIPOIIO-
HOBAHOTO TYT PO3PaxyHKOBO-EKCIIEPUMEHTAIIBHOIO METOIY
KIUJIbKICHOTO BU3HAYEHHS YCEPEIHEHOT IBHUIKOCTI vy, MIPO-
CyBaHHS B ITOBITpPI MO3UTHBHOTO JiJiepa IOBIOTr0 iCKpOBO-
TO po3psily NpH eNeKTpuuHoMy Ipoboi B Tii sxe JEPC
PO3PSITHOTO TIOBITPSIHOTO TPOMIKKY MiHIMAJIbHOIO JIOB-
JKMHOIO /i,=1,5 M 4HCEIBHOro 3Ha4YeHHS UL V;, 110 CTa-
HOBHTH TPHOIH3HO v,70,997-10° wm/c. Peanbhuii muisx
3aBIIOBXKKH /. IPOCYBAaHHS B MIKEICKTPOIHOMY IIPOMiXK-
Ky mnositpsaoi JEPC mo3utmBHOTO Inizepa iCKpOBOTO
po3psagy B mpoMmy BHINAAKY ([min=3 ™; 7,~33 MKc;
v~1,03-10° wm/c) Oyme uMCenbHO PpIiBHUM  Gis
1~v;Ty~3,399 M, mo npubnuszuo Ha 13 % mnepesuiye
BKa3aHy MiHIMaJbHY AOBXHHY ;=3 M PO3PSIHOTO IMOBI-
TPSHOrO TPOMiKKY B apociimkyBanii JJEPC «sictps-
wiomuHay. [Ipy ICTOTHO MEHIIiH MIBHIKOCTI v, HPOCY-
BaHHS O3UTHBHOTO Jijiepa po3psiny B noitpi JJEPC «Bi-
CTps-IUIomuMHay (Hanmpukian, mpu v;~1,5-10° m/c, nus.
puc. 5.36 B [3]), y fAKil eXeKTpUUHUI mpoOiit 11 po3psia-
HUX TPOMDKKIB ([nin=1,5 M 1 [;;;=3 M) 0OyYMOBIIOETHCA
TaKOX IOIa4ero Ha 11 BIATIOBIAHI €IEKTPOIN CTaHAAPTHO-
ro KOMYTAI[IfHOTO amepioAWYHOTO IMITyJIbCy BHCOKOL
(Upe~611,6 xB) abo wnanmsucokoi (U,,.~1062,3 &B)

Enexkmpomexnixa i Enexmpomexanixa, 2024, Ne 2

51



Hanpyru gacoBoi Gopmu 7,,/T,~200 mxc/1990 MKc mo3u-
TUBHOI TOJSIPHOCTI, Ui peanbHO 3a(iKCOBAaHUX HAMH
YHCETbHUX 3HAYCHb TPHUBAJIOCTI iX 3pi3y 7y (BiAmOBimAHO
piBHEX ~17 MKC 1 ~33 MKC 3rigHO maHuX puc. 4 i puc. 5)
MPOXOKEHHSI HHUM (TIOMIOHMM TMO3UTUBHUM JIiJIEPOM
PO3psilly) BKa3aHUX PEealbHUX LUIAXIB 3aBIOBKKH [~v; T,
(y nepwomy Bumaaky ans [~1,695 m, a B apyromy —
1~3,399 M) crae npuHUKIIOBO HeMOxJIuBUM. [Ipn Bkaza-
Hil MBUAKOCTL vL:1,5~104 M/c [3] st MPOXOMKEHHS Ta-
KHM JIIZIEPOM O3PSIy BUKOPHCTOBYBAHUX JOBXKHUH /> /iy
OyayTh MOTpiOHI 3HaueHHsS [y, SKi TMOBHHHI YHUCEIHHO
cxianatu He Mermie (110-220) mkc, mo Oyzne cymepeduTn
yMOBaM 1 peasisiM MPOBEACHUX HaMU HaJBHCOKOBOJBT-
HUX EKCIIEPUMEHTIB. B 3B’s3Ky 3 muM Bimomi mocmigHi
naHi, ski npuseneHi B [7] (amB. Tabm. 17.2) nns Haii-
MeHIIO! cepesiHpoi MBHAKOCTI v, ~10° M/C IIpOCyBaHHS B
aTMoc(epHOMY TMOBITPI HEraTHBHOTO Jiijiepa OJIMCKABKH,
MaroTh OUIBIIY MOCTOBIpHICTH. Di3uKa PO3BUTKY JIiaep-
HOTO NPOOOI0 JIOBIUX IMOBITPSIHUX MPOMDXKKIB SIK B IPH-
POJHUX, TaK i B J1aDOPaTOPHUX YMOBAX, HE JUBIISTYUCH HA
3HAYHY PI3HMIIO NIPH BOMY B PiBHSX HAJBHCOKOI HaIlpy-
ru Upp(f), mpu dU\»(f)/de>5 kB/MKC IOBHHHA 3aNUIIATHCS
onHakoBo0. OTprMaHi 3a TOTIOMOTOI0 3aIPOIIOHOBAHOTO
PO3paxyHKOBO-CKCIIEPIMEHTAIEHOTO METOAY MJaHi s
yCepemIHEeHOI MIBUIKOCTI v, MMPOCYBaHHS B aTMOC(HEPHOMY
MOBITPi TO3WTHUBHOTO JIiiepa IMITyJIBCHOTO iCKPOBOTO
po3psany B HEPC «gictps-tutomuHay npH /i, =(1,5-3) M
JIOTIOBHIOIOTH 1 YTOYHIOIOTh MaJlOBUBUEHI B CBITI €JIEKT-
podiznuHi 0coONMBOCTI TPOSBY MEXaHI3MIB JIiAEPHOTO
npoOOI0 JOBTUX HOBITPSHHUX MPOMIKKIB Y BUKOPHCTOBY-
Baniii JIEPC «BicTpsi-ruioniuHay 3 pi3KO HEOIHOPIJHUM
CHJIBHUM IMITYJIbCHUM €JIEKTPHYHHM I10JIEM.

3 ypaxyBaHHSM NPUBEACHUX B Il poOOTI HAOIH-
JKEHUX YUCENBHUX MaHUX I vy 1 MIHIMAIbHOI MOXHOKH
BumiptoBanHs AYIl BHKOPHCTOBYBaHHMX B HPOBEIECHUX
eKCIIepuMeHTax 3a jgornomororo mositpsHoi JJEPC «BicT-
PA-TUIOLIMHAY CTAaHAAPTHUX KOMYTAaLiHUX amnepioand-
HUX IMIOYJIBCIB HaJ- i BUCOKOI HANPYTH YacoBOi (OpMHU
T,/T/~200 Mxc/1990 MKc MO3UTHBHOI TMOMSAPHOCTI, SKa
ckianae He mennie 3 % [16, 17, 20], Mo)xHa BBa)KaTH, 1110
ycepenHeHa MIBUAKICTH Vv, PO3IOBCIOMKEHHS B aTMoc(e-
pHOMy moBiTpi i€l JAEPC nepeanporo GppoHTY MO3UTHB-
HOTO JIiiepa B TJIA3MOBOMY KaHaJIi iIMITyJIbCHOTO 1CKPOBO-
o PO3psiAy uKcenbHO cknanae oins v;~(1+0,03)-10° m/c.

3. Po3paxyHKoBoO-eKCIIEpUMEHTAIbHA OLIHKA KO-
POTKOYACHOI eJIeKTPUYHOI MillHOCTi AOBruUX MOBIiTPH-
HUX NPOMiKKiB. TyT BaXXJIMBO IiJAKPECIUTH T€, IO €Je-
KTPUYHA MILHICTh MOBITPSIHOI 130JIA1LIi1 B eNeKTpoeHepre-
tuni i BIT Bu3HavyaeThcs 1 BUOMPAETHCS, BUXOISIYU 3 il
Ha Hel HACTYNMHUX NBOX (OpM IMIYJIBCIB HAI- 1 BUCOKOT
HanpyrH [1, 3, 16]: mo-mepiie, cTaHAapTHOTO KOMYTAIliii-
HOTO aIlepioIMYHOTO IMITYNBCY; MO-IpyTe, CTAaHAAPTHOTO
KOJIMBAJIBHOTO 3aracalovyoro CHHYCOITaJbHOTO IMITYJIbCY.
OTpuMaHHA TOMIOHUX JaHWX JJIs JOBTUX MOBITPSHHX
MPOMIKKIB (1 /iy =(1-10) M) mpu iMITyTECHOT HampyTH
piBaeM Ujy(#)=(1-5) MB mnoB’si3aH0 3 BEJIMKUMH TEXHIY-
HMMH TPYJHOLIAMH 1 MaTepiaJIbHUMH BUTpaTamMu. B nipomy
BUIMAJIKY HEOOXiHO HAIIHO 3aXWIATH BiJi BUHUKAKOYMX
SJICKTPUYHHUX TIEPEHANPYT SK OCHOBHI EJIEKTPOIPHCTPOI
CaMoro HaJIBUCOKOBOJIETHOT'O BHIIPOOYBAJILHOTO €JIEKTPO-
yCTaTKyBaHHS, TaK i 3B’s3aHi 3 HUM 30BHIIIHI JKUBJISYI
enexTporpuctpoi [1, 2]. Kpim Toro, mpu mpomy noTpidHO
rependavaTé OCOOIIBI 3aX0AHU K 3 TEXHIKH O€3IeKH, TaK 1
10 3aro0iraHAI0 MOKJIMBUX ENEKTPUIHUX MpoO0iB i30II-

il BHKOPHCTOBYBaHMX eyieKTponpucTpois [1, 3, 17].
VY 3B’3Ky 3 IIMM pPO3paxyHKOBO-EKCIIEpHMEHTaJIbHI pe-
3yJbTaTH, 5K IPEACTABIICHI BUILE ISl HAJIBUCOKOBOJIBTHOI
noBiTpsiHOT JIEPC «BicTps-TUIOIIMHAY, SIKa BITHOCUTHCS 10
OIHi€T 3 OCHOBHHX 0a3WCHHX po3psoHux cucteMm [1, 3],
MOXXYTh MaTH II€BHE NPUKJIAJHE 3HAYEHHS IPH BHOODI B
obyacTi mpomMuciIoBoi enekrpoenepretuku i BIT minima-
JBHUX PIBHIB PO3PSAHUX €NEKTPUIHHUX HANPYT i TpOOUB-
HUX Harpy>xeHocTed £, CUILHOTO IMITYJIbCHOTO €JIEKTPH-
YHOTO TIOJISL JIJIsL JOBTUX TOBITPSIHUX POMIXKKIB.

BpaxoByroun emmnipuuny Gopmyiy (1), mis ycepen-
HEHOT'O 3Ha4YEeHHs NPOOMBHOI HAIIPYKEHOCTI £, CHIBHOTO
€JIEKTPUYHOTO TIOJII B JOBIMX TOBITPSHUX IPOMIKKaX
nmocaimxyBanoi JJEPC «BicTps-moiommHa» MOKHA 3ard-
CaTH HACTYIIHE PO3PaxXyHKOBE CIiBBIIHOIICHHS:

Eg~¢1g /(1131in) 5 @

JIe (1 — ENEKTPUYHUM TOTEHIia] Ha Kpar BEPXHHOIO
enekTpony B pociijukyBaniii JIEPC mpu enexrprnuHOMy
PaKTepU3YETHCS CBOEIO MiHIMAIEHOKO TOBKUHOIO /i

VY mpuknagaomy Bunanky 1, xkomn [y,=1,5 M, 3 (2)
npu ¢1,~0141~U,,./~611,6 kB (nuB. puc. 4) mns ycepente-
HOTO piBHS TNpPOOHMBHOI HampyxeHocTi E,=F, CHIBHOTO
IMITYJIbCHOTO €JIEKTPHYHOTO TIOMsI y BKAa3aHOMY JOBIOMY
noBitpsioMy npoMikky JIEPC «BicTpsi-uioniyHay oTpumy-
€MO YHCEINIbHE 3HAYCHHS, MPUOIHM3HO piBHE E,~360,8 kB/M.
Jns  npukiIamHOro  BUMANKy 2 mOpH [pi=3 M i
01850107 Une~1062,3 kB (nuB. puc. 5) 3 (2) 3HaxoauMo,
IO yCepeIHEHEe 3HAueHHs NPOOMBHOI HAIPY>KEHOCTI
E,=E;, cUJBHOTO IMITYyJIbCHOTO €JEKTPUYHOI'O IIOJISI B
FOMY JOBIOMY HOBIiTpstHOMY mpoMixky maHoi JJEPC
ypcelnbHO ckiangae Oing Ep~313,4 xB/M. SIk O6aunmo, i3
30utpmenHsM (y 2 pasu 3 1,5 M 10 3 M) y DOCHiKyBaHIi
JEPC 3 pi3ko HEOAHOPITHUM CHIBHUM IMITYJIbCHUM elre-
KTPUYHHUM TI0JIEM MiHIMaJbHOI JOBXUHU /i, 11 PO3PSIHO-
T'O MOBITPSHOTO MPOMIKKY yCepeJHeHE 3HaYEeHHs IPOOH-
BHOI HampyxeHocTi £, B Hili 3MeHIIyeThCs (IPHOJIM3HO
Ha 13,1 % 3 360,8 kB/Mm mo 313,4 xB/m). 1li po3paxyHko-
BO-€KCIIEPUMEHTAIIbHI PE3yJIbTaTH JJIsl yCEPEAHEHOT Ipo-
O6uBHOI HanpyxeHocTi E; CHIBHOTO IMITYJIbCHOTO EJIEKT-
pruHoro nons B mositpsHii JAEPC «BicTps-ruionuHay
npa /pip,=(1,5-3) M mobOpe y3romKyrTbCs 3 BIJOMHUMH B
00JacTi eNeKTPOCHEPTeTUKA MAHWMH, SKi CTOCYIOTBCS
MIHIMAIFHOI €IEKTPUYHO]T MIITHOCTI MOBITPSHUX TPOMiXK-
KiB 3aBIOBXKH [in=(1-4) M [1-3].

BucHoBkmn.

1. 3amponioHoBaHM  HAOMMKEHWH  PO3PAXyHKOBO-
EKCIIEPUMEHTAJIbHUN METOJl BHU3HAYEHHS YCEPEIAHEHOI
MIBUAKOCTI V;, IPOCYBaHHsI I1a3MOBOTO JIIZIEPHOTO KaHATY
€JIEKTPUYHOTO IMIYJIBCHOTO iICKPOBOTO PO3PSIY B JOBIO-
My mositpsHOoMy npoMixky JAEPC «BicTps-ruoniiaay.
Januit Meroq 6a3yeThCs Ha 3alpONIOHOBaHIN eMITIpHYHIN
(hopmyIti U HOCHIIHUX AaHUX IJISL TPUBAIOCTI 3pi3y (KO-
myTanii) 7, iMIyibciB TPOOMBHOI HANIPYTH, OTPUMAHUX
3a pe3yJbTaTaMH pO3MHM(pPyBaHHS OCIHMIOTPaM HpOLECY
3pi3y CTaHZAPTHOTO KOMYTALIHHOTO alepiogndHOTO iM-
MmyJgbCy Haa- 1 BHCOKOI Hampyru 4acoBoi (opmu
T,/T~200 Mrc/1990 MKC MO3UTHBHOI MOJSPHOCTI MPHU
eNeKTpudHOMy 1po6oi y Bkaszanid JIEPC noBrux mosiT-
PSAHUX MPOMDKKIB 3 TX MIHIMAJIBHOIO JOBXKUHOK /i, IO
JIUCKPETHO 3MIHIOEThCS B Aiana3oHi [ =(1,5-3) m.

2. Iloka3aHo, 10 ycepeaHEeHa IUBUJAKICTb V; PO3IO-
BCIOJDKEHHSI B aTMOC(EpHOMY IOBITpPI NMEPEeAHBOro (HpoH-
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Ty IUIA3MOBOTO KaHAIy MO3UTHBHOTO JiJiepa eIeKTPHIHO-
ro IMIyJIBCHOTO iICKPOBOTO PO3PSAY B IOCHTIIKYBaHiH
JEPC «BicTps-TuiomuyHa» sl ABOX PO3LIISTHYTHX MpH-
KJIaTHUX BUOAAKIB TPH /=1, M [;;=3 M YHCETBHO
ckmagae npubmmsHo v;~(1£0,03):10° m/c. Otpumanuii
HaMH YUCEIBbHUI Pe3yNbTaT Jyisl v, 100pe y3roIKy€eThCs 3
BIJOMUMH JOCIIIHUMHU ITaHUMHU JJIs IIBHIKOCTI MPOCY-
BaHHs v;~10° M/c B aTMOC(hepHOMY TIOBIiTpi MIaA3MOBOTO
KaHaJly HETaTUBHOTO JIiJepa AJIsl JJOBIOTO I'PO30BOTO ic-
kposoro po3psaay B JJEPC «3apsxena xmMapa-3eMisy.

3. Po3paxyHKOBO-€KCIIEPUMEHTAIbHUM IISIXOM BCTa-
HOBJICHO, IIIO JJISl CTAHIAAPTHOTO KOMYTAIIHHOTO arepio-
JUYHOTO IMITYyJIBCY BHCOKOI 1 HaJIBUCOKOI HAIIPYTH Yaco-
Boi popmu 7,/T,~200 Mkc/1990 MkC MO3UTUBHII MOJISP-
HOCTI ycepenHeHe 3HaYeHHs TPOOUBHOI HAIIPYKEHOCTI F,
CHJILHOTO IMITYJIbCHOTO EJIEKTPUYHOIO TIOJISI B JIOBIOMY
MOBITPSTHOMY TPOMDKKY mocimimkyBaHoi JEPC «BicTps-
[JIOIIMHAY MIHIMAILHOIO JOBXKUHOIO [pi,=1,5 M dnceasHO
cknagae 6ina E£,~360,8 xB/M, a qias Horo MiHIMaJIbHOT
JTOBXKUHH ;=3 M — E;~313,4 kB/M. OtpumaHni pe3yJib-
tat st E,; noOpe KOperroroTh 3 BITOMUMH JaHUMH IS
MIHIMQJIBHOT €eKTPUYHOI MILHOCT] HOBITPSIHUX HPOMIXK-
KiB 3aBIOBXKH /,;,=(1-4) M B mocmiimKyBaHill MOBITPSAHIM
JEPC «BicTps-TUIOMMHAY.

®@inancyBanns. Po0oTy BHKOHAHO 3a MiATPUMKH
MinictepctBa ocBiTh 1 Hayku Ykpainu (tema b Ne
0123U101704).
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Calculation and experimental determination of the speed of
advancement of the plasma leader channel of a pulse spark
discharge in atmospheric air.

Goal. Calculation and experimental determination of middle
speed v; of advancement of plasma leader channel of a pulse
spark discharge in the long air interval of the double-electrode
discharge system (DEDS) «tip-plane». Methodology. Bases of the
theoretical electrical engineering and electrophysics, electrophys-
ics bases of technique of ultra- and high-voltage and high pulse
currents, bases of high-voltage pulse technique and measuring
technique. Results. The close calculation and experimental
method of determination of middle speed v, of advancement of
plasma leader channel of an electric pulse spark discharge is
offered in the long air interval of DEDS «tip-planey. This method
is based on the offered calculation empiric formula for finding of
the indicated speed v and results of decoding of oscillograms of
process of cut of in-use standard interconnect aperiodic pulse of
over- and high-voltage of temporal shape of T,/T~200 us/1990
us of positive polarity at an electric hasp in indicated DEDS of
long air intervals with their minimum length of I, numeral mak-
ing 1,5 m (first case) and 3 m (second case). It is shown that mid-
dle speed vy of advancement in atmospheric air of front of plasma
channel of positive leader of an electric pulse spark discharge in
probed DEDS «tip-planey for two considered applied cases at
Iin=01,5 m of lw=3 m numeral makes approximately
vi(1£0,03)-10° m/s. The found numeral value of this speed v,
well coincides with the known experimental information for speed
of advancement of vi=10° m/s in atmospheric air of plasma chan-
nel of negative leader for a long storm spark discharge in DEDS
«charged cloud-earthy. It is set that for the standard interconnect
aperiodic pulse of high- and ultra- voltage of temporal shape of
T,/T=200 ps/1990 s of positive polarity middle value of aggres-
sive strength E; of high pulse electric field in the air interval of
probed DEDS «tip-plane» numeral makes minimum length of
Lyin=1,5 m near E;=360,8 kV/m, and for his minimum length of
Inin=3 m of — E;p=313,4 kV/m. Originality. The comfortable is
developed in the use and reliable in practical realization techni-
cians-and-engineers calculation and experimental method of re-
search in the conditions of high-voltage electrophysics laboratory
of difficult electro-discharge processes of development of leader
hasp of long air intervals and determination of minimum electric
durability of air insulation of electrical power engineering and
electrophysics equipment on working voltage of classes of 330-
1150 kV. Practical value. Application in area of industrial electri-
cal power engineering and high-voltage pulse technique of the got
numeral electrophysics results and offered calculation and ex-
perimental method of determination of middle speed v, of ad-
vancement in atmospheric air of plasma channel of leader of a
long spark discharge will allow, from one side, to deepen our
scientific knowledges about a long electric pulse spark discharge
in an air dielectric, and, from other side, to develop high-voltage
electrical power engineering and electrophysics devices with
enhanceable reliability of their work both in normal operation
and malfunctions. References 20, figures 5.

Key words: plasma leader channel, electric pulse spark dis-
charge, air dielectric, advance speed of a spark discharge
front, calculation, experiment.
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D.V. Lavinsky, Yu.l. Zaitsev

Computational studies of electromagnetic field propagation and deforming of structural
elements for a thin-walled curved workpiece and an inductor

Introduction. At the present stage of industrial development, the electromagnetic field is widely used in various technological
processes. The force effect of an electromagnetic field on conductive materials is used in a class of technological operations called
electromagnetic forming. Problem. Under the conditions of electromagnetic forming, the main element of the technological
equipment — the inductor — is simultaneously subjected to the force impact with the workpiece. At certain levels of the
electromagnetic field, the deformation of the inductor becomes so significant that it can lead to a loss of its efficiency. Goal.
Computational analysis of a thin-walled curved workpiece and a two-turn inductor under the conditions of electromagnetic
processing of the workpiece corner zone. Determining the distribution of quantitative characteristics of the electromagnetic field and
the stress-strain state and conducting assessments based on them regarding the efficiency of the technological operation.
Methodology. Computational modeling using the finite element method as a method of numerical analysis. The results on the
distribution of quantitative characteristics of the electromagnetic field and components of the stress-strain state for a thin-walled
workpiece and an inductor are obtained. It is shown that for the specified characteristics of the technological operation, the inductor
remains operational, and plastic deformations occur in the workpiece. A series of calculations were carried out, in which some
parameters of the technological system were varied. Originality. For the first time, the results of the calculation analysis of the
quantitative characteristics distribution of the electromagnetic field of the deformation process for the «inductor — thin-walled
curved workpiece» system are presented. Practical value. The presented design scheme of a curved thin-walled workpiece and a two-
turn inductor, the method of calculation analysis and some obtained results can be used in the analysis of electromagnetic processing
of thin-walled structures that contain curved elements. References 16, table 1, figures 6.

Key words: computational analysis, electromagnetic field, electromagnetic forming, deformation, finite element method.

Bemyn.  Enexmpomacnimne noie Ha CY4ACHOMY emani PpO36UMKY NPOMUCTIOBOCMI WUPOKO SUKOPUCTNOEYIOMb )  DI3HUX
mexnonociunux npoyecax. Cunosuii 6niue eneKmpomacHimHo20 NOAsL HA NPOGIOHUKOBI mamepianu GUKOPUCHOBYEMbCA 6 KIACH
MEeXHONO2INHUX onepayill, Wo HA3U8AcMbCs enekmpomazHimuum gopmyeanusm. IIpobnema. 3a ymos enekmpomacHimmo2o
Gopmyeanns cuno8omy 6naugy O0OHOHACHO I3 3A20MOBKOI0 NIOOAEMbCS | OCHOBHULL eleMeHm MEeXHONO2IYH020 00NAOHAHHA —
inoykmop. Ilpu neenux pieHAX eNeKMpOMASHIMHO20 NOiA 0eOPMYy6aHHs IHOYKMOPA CMAE HACMINbKU 3HAYHUM, WO MOdice
npueooumu 00 eémpamu tioeo npayezoamuocmi. Mema. I[Ipoeedentsi po3paxyHK068020 aHAli3y MOHKOCMIHHOL GUSHYMOIL 3a20MO8KU
ma 06808UMK0B020 iHOYKIMOPA 30 YMOE eeKmpoMazcHimnoi obpodKu Kymoeoi 30Hu 3a20moeku. Busnauenns po3nooiny KilbKiCHUX
Xapaxkmepucmux enekmpomMazHimHuo20 nois i Hanpylceno-0egpopmoearo2o cmany ma npoeeoeHHs Ha iX OCHOGi OYIHOK CMOCOBHO
eghexmuernocmi mexrnonociynoi onepayii. Memodonozia. Po3paxynxoge mooOentoganHsa i3 GUKOPUCIMAHHAM MemooOy CKIHYEHHUX
eleMenmie 6 AKOCmI Memoody uHuceibHozo auanizy. (Olepdcaui pe3yabmamu 3 PO3NOOLTY KIIbKICHUX XAPAKMEPUCMUK
e1eKMpOMACHIMHO20 NOJA MA KOMNOHEHMIS HANPYICEHO-0ehopMOBaH020 cmary Ol MOHKOCMIHHOL 3d20MOo8KYu ma iHOYKMopa.
Tlokasano, wjo Ona 3a0anux Xapakmepucmux mMexHoNI02iYHOI onepayii IHOYKMOp 3aTUUAEMbCA NPaye30amuum, a y 3a20moeyi
uHUKaiomb naacmuuni degopmayii. Ilposedeno cepito pospaxyHkie, y SKUX 6apilo8anucs OesKi napamempu mexHOI0SIUHOT
cucmemu. Opuzinanvuicms. Bnepuie npeocmasneno pesyromamu po3paxyHko8o20 ananizy 3 po3nooiny KilbKiCHUX Xapakmepucmux
eNIeKMPOMAZHIMHO20 NONA npoyecy 0eopMYySanHs O CUCeMU «IHOYKMOp — MoHKocminHa suenyma sacomoskay. Ilpakmuune
3Hauenna. Ilpeocmasnena pospaxynkosa cxema ueHymoi moHKOCMIHHOI 3a20MOGKU ma 0808UMKO8020 IHOYKMOPA, GUKOPUCTANUL
MemoO pO3PAxyHKOB020 AHANI3Y MA 0esKi OMPUMAHI pe3yTbmamu MOJICYMs BUKOPUCHIOBYBAMUCA HPU AHANI3I eleKMPOMALHIMHOT
00pOOKU MOHKOCMIHHUX KOHCPYKYIl, AKI Micmams eueHymi enemenmu. biomn. 16, Tabm. 1, puc. 6.

Kniouoei cnosa: po3paxyHKOBHMii aHaJli3, eJIeKTPOMArHiTHe II0Jie, eJeKTPOMAarHirHa o0po0ka, nedopMyBaHHs, MeTOJ
CKiHYeHHHX eJ1eMeHTIB.

Introduction. Electromagnetic field (EM-field)
energy is widely used in various modern technological

elements are manufactured in two stages: in the first
stage, they reach the required general (overall)

operations. The force effect of the EM-field is used in a
class of technological operations traditionally called
electromagnetic forming (EMF). A fairly complete
overview of the current state of issues related to the
classification of various technological operations of the
EMF is presented in works [1, 2]. In general, the standard
EMF technological operation can be characterized as
follows: the using of the EM-field energy to influence a
conductive workpiece with the aim of plastically changing
its shape. It should be noted that non-traditional directions
of the EMF are currently being developed. The basic
questions of some modern trends in the development of
EMF technologies are presented in articles [3-5].

Currently, thin-walled structural elements are widely
used in various branches of mechanical engineering. Very
often such structural elements have a pre-produced
curvature. Usually, the necessary curved structural

dimensions and shape, in the second stage they achieve
the required quality directly in the corner zone. Part of the
technological operations of EMF is aimed at creating
conditions for the occurrence of residual deformations in
curved thin-walled metal workpieces directly in the
corner zone. This zone can be called the «target zone» of
the technological operation. This group of technological
operations was named technological operations of «filling
cornersy». In practice, it means the reduction of rounding
radii to acceptable values in the bending zones of thin-
walled workpieces. From the point of view of the
conditions of the technological operation, it is necessary
to exert the maximum force around the «target zone». In
works [6, 7], it is proposed to use an inductor with two
turns, which have one common current line directed along
the bend, to «fill the corners» on thin-walled curved
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workpieces, each of the turns is a plane that makes an
angle of up to 15° with the wall of the workpiece.

At the modern stage of development, the design of
new technological operations of the EMF and the
improvement of existing ones is impossible without
computer modeling and computational studies. Creating
calculation models that are closest to reality is impossible
without the use of numerical methods. The most popular
is the finite element method (FEM), which allows, within
the same design model, to perform a computational
analysis of various physical processes. This is especially
important in the case of analyzing EMF technological
systems, since here it is very important to study the
processes of workpiece deforming. As an example of a
computational analysis of EMF processes using FEM,
works [8-12] can be considered.

Note that in most cases, the object of study when
analyzing deforming is the workpiece. At the same time,
the main element generating the EM-field, the inductor, is
also subject to intense force action. Under certain
conditions, the deforming of the inductor can become
quite intense and lead to its destruction. Therefore, from
our point of view, analysis of the inductors deforming
under the conditions of technological operations of the
EMEF is also an important task.

The goal of the paper is the computational analysis
of the EM-field distribution under the conditions of the
«filling corners» technological operation of a thin-walled
curved workpiece and determination of the stress-strain
state (SSS) components of the inductor and the workpiece
for the assess the effectiveness of this technological
operation.

Mathematical formulation of the problem. The
effectiveness of the EMF technological operation can be
considered achieved if, on the one hand, the inductor
remains operational, and on the other hand, an irreversible
change in the shape of the workpiece is achieved. If we
conduct a computational analysis, then we must determine
the presence or absence of plastic deformation zones in
the inductor and the workpiece. Thus, it is necessary to
obtain the distribution of quantitative characteristics of
the EM-field and then solve the problem of elastic-plastic
deformation.

The solution to this problem must be based on a
correct mathematical formulation. The complete
mathematical formulation of the problem of the EM-field
quantitative characteristics distribution and further elastic-
plastic deforming of systems of conductive bodies is
presented in work [13].

Figure 1 shows a design diagram of a curved thin-
walled workpiece and a two-turn inductor designed to
concentrate the force in the rounding zone (this is where
plastic deformations should occur).

The problem of numerical EMF calculation was
considered under the assumption of a plane-parallel
distribution of the field. Physically, this assumption is valid
for the case when the length of the workpiece and the
inductor along the z coordinate is significantly (several
times) larger than the dimensions along the other two
coordinates. The formulation of the problem in this
assumption allows not paying attention to specific ways of
closing the turns of the current conductor of the inductor.

T
Fig. 1. Design diagram of a curved workpiece together with
a two-turn inductor and a dielectric mold: 1 — workpiece;
2 — turns of the current conductor of the inductor;
3 — inductor insulation; 4 — dielectric mold

As in work [13], the resolving equation for the EM-
field is formulated with respect to the vector magnetic
potential A. In the setting of the plane-parallel
distribution, the vector magnetic potential has only one
non-zero component: A4 = (0, 0, Ay); A7 = A. This also
applies to the current density vector j . The magnetic
field intensity and magnetic induction instead have two
non-zero components, in the chosen coordinate system:
H = (H,, H,, 0); B = (B, By, 0); B = ,u,,lfl , Where
Lo = Holty, o =4710"" H/m is the magnetic constant, s, is
the relative magnetic permeability of the system elements
material. The defining equation for the non-zero
component of the vector magnetic potential in this case
takes the form (in the case of a material with constant
magnetic permeability g, and constant specific electrical
conductivity y):

2’4 %4 o4
—t———p,y— =, j\t). 1
o2 T M #a(0) ()
At the same time, the components of the magnetic
induction vector can be found as follows:
A A
b-Oip 01
ooy Ox
We use initial and boundary conditions:
A(0)=0; 4 =0, )

where I is the boundary of the calculation area, on which
the EM-field attenuation conditions must be met.

The variational formulation of the problem requires
the determination of the stationarity of the functional,
which has the form:

2 2
1|(04 0A 0A
A= +| = t+py—A—pu,j4|dS .3
2 (ij (8)/] al ot al )

where S is the area occupied by the design scheme.
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An electric current evenly distributed over the cross-
section of the current conductor turns of the inductor is
considered as a source of EM-field. The magnitude of the
non-zero component of the current density vector varied
over time ¢ according to the next law:

J(t)= jpe % sin(27zv1), )
where j,, = Z—’g is the current density amplitude; 7, = 40 kA

is the amplitude of the current in the inductor, v = 2 kHz
is the pulse current frequency, @ = 2zv is the cyclic
frequency of the current change, dy = d/w = 0,3 is the
relative coefficient of the inductor current attenuation .

The second and main stage of the analysis is the
study of the elements deforming of the inductor and
workpiece, which are presented within the framework of a
single scheme. In this case, the bodies system deforming
is considered within the framework of plane deformation.
The distribution of the main tensor-vector components
that describe the deforming process of the inductor
elements and the workpiece is subjected to the following
group of equations. Equilibrium equation:

or
6§x +—2 1 7.=0
- : 5)
L+ —24f,=0
Ox oy

where o, o0,, 7, are non-zero components of the stress
tensor; f. = —B,, f, = —jB; are the components of the
volumetric electromagnetic force vector.

Geometric dependences in the Cauchy form:

ou ou
&y = au)‘; £y =—2% ¥y = O +—=,
Ox Oy dy  Ox

where &, &, j, are the non-zero components of the
deformation tensor; u,, u, are the non-zero components of
the displacement vector.

The relationship between stresses and deformations
is accepted according to the elastic model:

I+v —-v 0
fe)=[4lo . [Ag]z(lzv) v 1+v 0], ()
0 0 2

where E is the modulus of elasticity, v is the Poisson ratio.

The following can be stated regarding the fixing
conditions: the conductive workpiece must be freely
located on the dielectric mold; its edges must not be fixed
in any way (article [14] shows that in the case of fixed
edges of the workpiece, the highest stress levels occur
around them). In turn, since the force effect on the mold
in this case is not of interest to us, we will not dwell on
the specific method of its fastening, we will assume that
the its lower outer border is fastened.

In the case when the workpiece is freely located on
the mold (see Fig. 1), the conditions of one-sided contact
between them must be taken into account. In this case,
during the numerical solution, the contact was modeled
by introducing a layer of special contact elements (similar
to how it was done in [15]). Also, layers of contact
elements are introduced between the turns of the inductor
and the insulation. The inductor was considered fixed on
the boundaries indicated in Fig. 1 as I';:

(6)

ux| xel =0, uy
yel,

[xef 2) =0. (®)
yel,

The solution was based on finite element modeling.
The defining equations for which in similar problems are
generally given in [16]. A three-node finite element (FE)
with a linear approximation of the non-zero component of
the vector magnetic potential and displacements is used as
the basis. At the first stage of the analysis, the spatio-
temporal distributions of the main quantitative
characteristics of EM-field were found. Here, a series of
calculations was carried out, in which the rational
parameters of the calculation model were determined: the
dimensions of the environment, the number of FEs, and
the time integration step. All this was done in order to
satisfy the boundary conditions (2) and prove the
reliability of the obtained results.

During calculations, the following values of
geometric dimensions were considered: d = 10 mm,
L=100 mm, 2 =2 mm, o= 15°.

The physical and mechanical parameters of the
system elements, which were used in all subsequent
calculations, are given in Table 1.

Table 1
Physical and mechanical parameters of system elements
. The The The data
inductor . The
The elements workpiece | . . of the
o, current insulation | .. .
characteristics parameters, dielectric
conductor . parameters,
name aluminum mold,
parameters, kaprolon
co alloy fiberglass
pper
7 1 1 1 1
7, (Qm)™! 7107 4,6:107 0 0
E, GPa 120 71 2,5 200
v 0,33 0,29 0,3 0,27
o,, MPa 380 190 — —
oz, MPa - - 70 100
op , MPa - — 90 120

In Table 1 adopt the following designations: o, is the
yield strength of the material; 03" is the tensile strength
limit; o3 is the compressive strength limit.

The dimensions of the surrounding environment
were characterized by the distance from the vertical and
horizontal walls of the workpiece. Based on the results of
the calculations, the maximum values of the tangential
component of the magnetic field intensity on the inner
surfaces of the workpiece around the corner were
compared. The first calculation was carried out at a
distance of L/10 (see Fig. 1). The subsequent calculations
were carried out with an increase in the distance by the
same amount of L/10. It turned out that when the distance
goes from L/2 to 3L/5, the difference in the values of the
tangential component of the magnetic field intensity
around the corner does not exceed 2,32 %. Therefore, all
subsequent calculations were carried out under the
condition that the boundaries of the surrounding medium
are at a distance of L/2 from the walls of the workpiece.

To establish the reliability of the finite element
modeling results, studies were conducted in which the
number of FEs was changed by increasing them. It should
be noted that since the main object of consideration was
the workpiece and the inductor, the FE concentration was
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carried out precisely in the areas of the calculation
scheme corresponding to these elements. The initial FE
mesh consisted of 1650 elements. Further calculations
were carried out by doubling the number of elements,
while comparing the maximum values of the magnetic
field strength in the vicinity of the rounding. When
moving from 13200 FEs to 26400 FEs, it turned out that
the value of the maximum magnetic field strength
changes slightly — by 1,214 %. Therefore, all further
calculations were carried out for a finite element mesh
containing 13200 FEs.

Regarding the variation of the integration step over
time, it was found that the reduction of the time step does
not lead to significant changes in the results of the
distribution of EM-field components. All calculations
were performed for a step of 0.1 ms.

Analysis of the calculation results. Let us consider
some calculation results. At the first stage, the spatio-
temporal distributions of the main quantitative characteristics
of EM-field were obtained. In Fig. 2 shows the distribution
of the H,-component of the magnetic field intensity
corresponding to it maximum in the time interval.

6
H, 10°A/m) 732

-512

-6.67

-8.23

Fig. 2. Distribution of the H -component of the magnetic field
intensity

From the data of Fig. 2 is seen that the maximum
values of intensity H, are observed around the turns of the
inductor current conductor and it is here that the maximum
force impact on the workpiece should be expected.

Let’s consider in more detail the results of SSS
calculations of the workpiece, mold and inductor.
Calculations were performed in a quasi-stationary setting,
for EM-field components that have maximum values from
the considered time interval.

The found distributions of the tensor components of
the SSS make it possible to carry out quantitative
assessments of the strength of the workpiece and the
elements of the inductor, which in turn allows drawing
conclusions about the efficiency of the technological
operation. When carrying out the relevant assessments, we
used the approach given in article [16], when the equivalent
stresses were determined and compared with the material
strength characteristics. The stress intensity was calculated
for the elements of the calculation scheme made of
conductive materials (workpiece, inductor conductor), and
the equivalent stress was calculated for dielectrics (inductor
insulation) according to Mohr’s criterion.

Figures 3 and 4 show the spatial distributions of
stress intensity o; and equivalent stresses according to
Mohr’s criterion oy, in the workpiece.
6,(10°MPa) ;.
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Fig. 3. Distribution of stress intensity
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Fig. 4. Distribution of equivalent stresses according to Mohr’s
criterion
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The given distributions of equivalent stresses allow
us to conclude that the most loaded are: the workpiece
zone around the rounding («target zone» of the
technological operation), the current conductor and the
insulation zones bordering the current conductor.

The maximum value of the stress intensity in the
workpiece, which is observed on the workpiece surface
(directly in the vicinity of rounding — in the «target zone» of
the technological operation), is 227 MPa, which is greater
than the yield strength of the aluminum alloy. Thus it can be
stated that from the point of view of the plastic deformations
possibility in the workpiece, the technological operation is
efficient. The maximum intensity of stress in the current
conductor of the inductor is approximately 60 MPa, which
does not exceed the yield strength of it material. The
maximum value of the equivalent stress according to
Mohr’s criterion in the insulation of the inductor is 52 MPa,
which also does not exceed the limit of the tensile strength
of the material. So, it can be concluded that in this case the
inductor remains operational.
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Next, a series of calculations was carried out in order
to determine the influence of the design and operational
parameters of the technological operation on the process of
elastic-plastic deformation of the workpiece. The purpose
of these calculations was to determine the inductor
application limits of this type and size, as well as to
determine the rational values of some design and
operational parameters of the technological system.

One of the series of calculations was aimed at finding
out the degree of influence of the distance between the
inductor and the workpiece on the distribution of SSS
components in it. Here, the value of the distance between the
coil of the inductor, which is close to the workpiece, and the
workpiece varied, while other parameters of the
technological operation (the dimensions of the workpiece,
the values of the characteristics of the external EM-field)
remained constant. The analysis of the results shows that
when the inductor is moved away from the workpiece, the
value of the maximum stress intensity in it decreases (Fig. 5),
at a distance of 14 mm, the maximum stress intensity in the
workpiece is approximately equal to the yield point of the
aluminum alloy, i.e., with further distance, the workpiece
will deform elastically. Thus, the most rational option is
when the inductor touches the workpiece, and the largest
distance between the inductor and the workpiece should not
exceed 14 mm.

G;’VIGX’
230

~

220 ™

210
200 \

N

190 S,mm
2 5 8 11 14

Fig. 5. Dependence of the maximum stress intensity
in the workpiece on the distance between the inductor
and the workpiece

MPa

Another series of calculations was aimed at finding
out the influence degree of the current amplitude in the
inductor on the distribution of SSS components in the
elements of the technological system. Calculations were
performed for the case of contact between the inductor
and the workpiece. Five calculations were carried out, in
which the amplitude of the current 7,, was assumed to be
equal to 40, 45, 50, 55 and 60 kA.

As the current strength increases, the qualitative
patterns of distribution of SSS components in the workpiece
are preserved, and the stress values increase. Figure 6 shows
graphs illustrating the growth of the maximum stress
intensity in the workpiece and in the current conductor, as
well as the maximum equivalent stress according to Mohr’s
criterion in the dielectric insulation with increasing current
magnitude in the inductor.

It can be seen that when the amplitude of the current
I, exceeds the level of 50 kA, the values of the equivalent

stresses in the insulation of the calculated system reach
dangerous values: at the same time (o, > o3).

max
G, MPa

370

290

210 /

130 OR4 A

e o J=
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Fig. 6. Dependence of the equivalent stresses on the magnitude
of the current amplitude: 1 — in the workpiece (stress intensity);
2 —in the inductor coil (stress intensity); 3 — in insulation
(equivalent stress according to Mohr’s criterion)

Thus, with the considered design parameters, the
amplitude of the current 7, in the inductor should not
exceed 50 kA, because with its further increase, there is a
possibility of operability loss of the used inductor due to
the destruction of the dielectric insulation.

Conclusions.

1. The design scheme of the technological operation
of «filling corners», which includes a curved thin-walled
workpiece and a two-turn inductor, is considered. A
mathematical formulation of the problem of electromagnetic
field propagation and deformation is presented. The finite
element method was used as a numerical method.
Numerical studies were carried out to substantiate the
parameters of the design scheme.

The results of calculations on the distribution of the
electromagnetic field quantitative characteristics and the
deformation process are given. The spatial distribution of
the H,-component of the magnetic field intensity, which
corresponds to it maximum in the time interval, is
presented, from which a forecast can be made regarding the
zones of maximum force impact on the workpiece. Spatial
distributions in the elements of the calculation system of
equivalent strength indicators are also given: stress intensity
and equivalent stress according to Mohr’s criterion.

2. It is shown that the maximum force impact occurs
directly in the area of the workpiece rounding. In this
case, with the considered parameters of influence, plastic
deformation begins in the workpiece, and the inductor
remains operational.

A series of calculations of the electromagnetic field
and the stress-strain state of the calculation system were
carried out, in which the values of the distance between
the inductor and the workpiece, as well as the amplitude
of the inductor current, varied. Rational values of the
specified parameters were found, at which the used
inductor remains operational, and plastic deformations
occur in the workpiece material.

3. The further development of this work consists in
carrying out calculation studies of the workpiece deforming
in the region beyond the yield strength of it material.
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EnekmpuyHi cmaHuii, Mepexi i cucmemu
UDC 621.314 https://doi.org/10.20998/2074-272X.2024.2.09

M. Kaddache, S. Drid, A. Khemis, D. Rahem, L. Chrifi-Alaoui

Maximum power point tracking improvement using type-2 fuzzy controller
for wind system based on the double fed induction generator

Introduction. In this paper, to maximize energy transmission in wind power system, various Maximum Power Point Tracking (MPPT)
approaches are available. Among these techniques, we have proposed the one based on typical fuzzy logic. Despite the somewhat reduced
performance of fuzzy MPPT. For a number of reasons, fuzzy MPPT can replace conventional optimization techniques. In practice, the
effectiveness of conventional MPPT methods depends mainly on the accuracy of the information given and the wind speed or knowledge of
the aerodynamic properties of the wind system. Novelty. Our new MPPT for monitoring the maximum power point has been proposed. We
developed an algorithm to improve control performance and govern the stator’s developed active and reactive power using the typical
fuzzy logic 2 and enable robust control of a grid-connected, doubly fed induction generator. Purpose. MPPT which implies the wind
turbine’s rotating speed should be modified in real time to capture the most wind energy, is necessary to achieve high efficiency for wind
energy conversion, according to the aerodynamic characteristics of the wind turbine. Methods. Developing a mathematical model for a
wind energy production system is complex, can be strongly affected by wind variation and is a non-linear problem. Thanks to these
characteristics, thus, the Lyapunov technique is combined with a sliding mode control to ensure overall asymptotic stability and robustness
with regard to parametric fluctuations in order to accomplish this goal. We contrasted our fuzzy type-2 algorithm’s performance with that
of the fuzzy type-1 and Perturbation & Observation (P&O) suggested in the literature. Practical value. The simulation results demonstrate
that the control performance is satisfactory when using the fuzzy logic technique. From these results, it can be said for the optimization of
energy conversion in wind systems, the fuzzy type-2 technique may offer a workable option. Since it presents a great possibility to avoid
problems either technical or economics linked to conventional strategies. References 21, figures 15.

Key words: wind turbine, doubly fed induction machine, Lyapunov function, maximum power point tracking, fuzzy logic type-2,
fuzzy logic type-1.

Bemyn. Y yiti cmammi 015 makcumizayii nepedaui enepeii y gimpoenepeemuyHil cucmemi Hagederi pisui nioxoou i0CmedCceHHs. MmoyKu
maxcumanvioi nomyscnocmi (MPPT). Ceped yux memooig Mu 3anponoHysanu moi, wo 0a3yemvcs Ha Munositi. Hewimkii 102iyi.
Heseaocarouu na oewjo 3uudicery npodykmuericme weuimkoeo MPPT. 3 psaody npuuun neuimkuii MPPT modice 3aminumu 36udaiini Mmemoou
onmumizayii. Ha npakmuyi egpekmusnicme 3guuaiinux memooie MPPT 3anedicums 20106HUM YUHOM 6i0 mMOYHOCHIE Haoanol ingopmayii ma
weuoKocmi 6impy abo 3HaHHA aepoouHamiuHux enacmueocmeti 8imposoi cucmemu. Hoeusna. byno sanpononosaro nawt nosuii MPPT ona
MOHIMOPUHZY MOYKU MAKCUMATLHOT nomysicHocmi. Mu po3pobuau aneopumm 015 nNOKpaweHHs: npOOYKMUGHOCI KepyB8aHHs ma Kepy6aHHs.
PO3BUHEHOIO AKMUBHOIO MA PEAKMUBHOIO NOMYICHICIIO CIAmopa 3a 00NOMO2010 MUNno8oi HewimKoi 102iku 2 ma 3a6e3neyenHs HaoiliHo20
KepyBaHHs NIOKTIOUEHUM 00 MepedxCi THOYKYIIHUM ceHepamopoMm i3 nodeilHum scusienram. Mema. MPPT, axui o3nauae, wjo weuoxkicmo
0bepmanHa 6iMpAHOT MypOiHu Mae Oymu 3MIHEHA 8 PeXCcUMi peanbHO20 4acy, wob ompumysamu Haudilbwly KilbKicmb eHepeii 6impy,
HeoOXIOHa 07151 00CASHEHHSL BUCOKOT eqheKMUBHOCMI nepemeopenHts enepeii 6impy 8iON0GIOHO 00 AePOOUHAMIYHUX XAPAKMEPUCTUK BIMPOBOT
mypbinu. Memoou. Pospobxa mamemamuunoi mooeni 0na cucmemu 6upoOHUYMEa 6impoeoi enepeii € CKIaoHoI0, HA Hel MOJICYNb CUTbHO
SNIUBAMU KOUBAHHSL BIMPY, KA € HENHILIHOIO 3a0ayelo. 3a605KU Yum XapaKmepucmukam, makum YUHOM, Memoo JIAnyHoea noeoHyemvcs
3 KepYBaHHAM KOG3HUM PedCUMOM Ol 3aOe3nedeHts 3a2aibHOi ACUMNMOMUYHOI Cmadinbhocmi ma cmitikocmi Wooo napamempuiHux
Gnykmyayiti ona docacnenns yiei memu. Mu nopieHanu npooykmueHiCmb HAWO020 An0pUmMMy Hewimkozo muny 2 3 NOKASHUKAMU
aneopummie newimxozo muny 1 i 30ypennss ma cnocmepexcenns (P&QO), 3anpononosanux y nimepamypi. Ilpakmuuna uinnicme.
Pesynvmamu MoOen08anHs deMOHCMPYIOmb, Wo eQeKmusHiCIG Kepy8anHsl € 3a006LIbHOI NPU GUKOPUCTIAHHL Memoody HeuimKkoi nociku. 3
Yux pe3ynvmamie ModCHA CKA3amu, wjo Ol ONMUMI3ayii nepemeopenHs enepeii y 6impsaHux cucmemax Memoo Hewimko2o muny 2 moaice
3anpononyeamu npaye30amuull 6apianm, OCKinbKu ye 4y008a MONCIUBICIb YHUKHYIMU MEXHIYHUX aO0 eKOHOMIYHUX npobieM, 08 A3aHUX
31 sguuatimumu cmpamezismu. biom. 21, puc. 15.

Knrouoei cnoea: BiTpsina Typ6iHa, aCHHXPOHHA MAIIMHA 3 NOABIl{HUM KMBJIeHHAM, PyHKLiA JIsnyHOBa, BiACTe:KEHHS TOUKH
MAKCHMAJILHOI IIOTYKHOCTI, HeYiTKA JIOrika THIIy 2, He4iTKa Jorika Tumy 1.

Introduction. Despite the use of windmills since : ' * V. m/s gz
antiquity, wind energy has long been forgotten. It was : LI 58
only after the oil crisis of 1973 that alerted the energy o
producing states fossil that it has known for more than 40 ™" 1 &5
years an exceptional development. Indeed, from the year s - 28
2000 and in the same context of the fossil fuel market | || 4
disruption, the increase electricity demand in the world g
and the awareness of environmental issues, these are 2 | By
reasons that have accentuated the need to exploit the clean .| 1 B
energies where wind power takes a privileged place [1]. 3
The rapid development of this technology has given rise ~ *] | B
to increasingly powerful wind turbines, whose operation 2 LI
increases energy efficiency, reduces mechanical efforts 2

. . . 20 - 1.8
and improves the quality of the electrical energy produced 18

[2]. Algeria having good wind potential, whose wind ¢ r T T T
regime is moderate between 2 and 6 m/s (for 10 m from  ;

—

g. 1. Wind potential map of Algeria for 10 m from the ground,

the ground) according to the wind map established by the CDER [3]
Center for the Development of Renewable Energies
(CDER) [3, 4] (Fig. 1). © M. Kaddache, S. Drid, A. Khemis, D. Rahem, L. Chrifi-Alaoui
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The In-Salah site has an average wind speed of 6.4 m/s
next to Adrar which 6.3 m/s. The Hassi-R’Mel site has fairly
high average speeds reaching 6.5 m/s, whereas the province
of Illizi shows speeds above 5 m/s at roughly 10 locations.
As for the north of the country from west to east, various
microclimates are also found. In the case of the Hauts-
Plateaux, we observe that the regions of Mecheria and Tiaret
have a particularly interesting average speed of 5.6 m/s.
While 5.1 m/s and 5.3 m/s are recorded respectively in Djelfa
and M’sila. Algeria plans to reach nearly 40 % of national
electricity production from renewable sources by 2030. In
addition to the installation of several photovoltaic plants in
the Hauts Plateaux and the south, large wind farm projects
should be built before 2024. In fact, in 2014 Algeria took
delivery of the pilot Kaberténe wind farm in Adrar (10 MW)
and studies have been carried out to detect favorable
locations in order to carry out other projects over the period
2017-2030 for a power of approximately 22 GW. Currently,
variable speed wind systems based on the Doubly Fed
Induction Generator (DFIG) are increasingly used on wind
farms. The main advantage is the use of low power rated
converters to control the slip power which is a small part of
the machine rated power. By the way, the grid-connected
DFIG ensures that the converters will be less in size since it
permits operation across a speed range of +30 % or less
around the synchronization speed [1, 2, 5, 6]. In fact, it is a
considerable economic benefit over alternative approaches
(for example, the permanent magnet synchronous generator).
The studied system is shown in Fig. 2. The C, coefficient can
be considered as part of the available wind power. It depends
on the type and dimensions of the turbine. Generally, it is a
function of the tip speed ratio A (Fig. 3). In order to optimise
the wind system, it is important to maximize C,. To do that,
we should keep the tip speed ratio at its optimal value with
controlling the speed. In recent years, many researchers have
focused on improving control strategy of Maximum Power
Point Tracking (MPPT) based on fuzzy algorithm [7, 8].

Py Stator voltage and

<:: current sensors
P [ {
&= 1] \ S
© oy
Grid <= !
Usfs | l
—_— |
P,>0 Stator powers | —————>|AP:: AQ)
Sub-Synchronous T computing
e Post | MPPT Algorithm
Power controllers *
~ Qures
— et
Fig. 2. Control system of the DFIG
05 Cp /__\
' X

0.4 / \
03 /
02

0.1 # a)

A

o] 2 4 6 8 10 12

Fig. 3. Function C, = f'(4)

The goal of the paper. In this paper, we propose a
type-2 fuzzy MPPT controller. This controller will be
compared with others MPPT’s previously developed to
demonstrate the efficiency of the proposed technique.

0

Modeling of wind. Turbines considering a tool for
wind energy recovery on a surface S and assuming that
the wind speed is identical at every point on this surface,
the volume of air passing through this surface is equal to
p, S. Consequently, the wind’s incident power is kinetic
and depends on the surface area that the wind sensor
offers to the wind. This power P,, is defined as [9]:

P,=05-C,-S-p-V3, (1)
where P, is the wind power; C, is the power coefficient; S is
the blades surface; p is the air density; V is the wind speed.

The relationship between the gear ratio is the
product of the blades’ linear speed and the wind speed:

A=, -R|V, (2)

where A is the tip speed ratio; £2 is the mechanical angular

speed of the wind turbine; R is the wind turbine radius.
Replacing (2) in (1), we have

3
PW=0.5-Cp(/1)-S~p-[§] Yook ©)
The following equation is used to compute the
electromagnetic torque 7 of the turbine:
1
T=0.5~Cp-S-p-V-z. @)
The schematic diagram of the dynamic turbine

model based on these equations is given in Fig. 4.

A [k 0
C=f ) R

Gl

Vot 1] Ce !
e _’@_' Us+7)
Cn

Fig. 4. Diagram of the turbine model

The DFIG model is represented by the ensuing
equations in the synchronous reference frame [10]:

- . dg
VS :RSIS + dtg

+Ja)s_¢fs;

- (%)
- dg
V,= r
: d

V¢r’
where Vi, V,, Ry, R, I, I,, &, ¢, @, w, are the stator and
rotor voltages, resistances, currents, fluxes and current

frequencies, respectively; J is the inertia moment.
The equation for current and flux is:

-

Is=yp,+19,;

Ly Q)
Ir =93+ 19,,
where
y=1ocL; A=-Ml/cLgsL; y=1/cL,.
The following equations result from equalizing the
real and imaginary components of (5):

Vsa =11%sa = 72%ra + dz;d by =i+ d¢3d
Vg =728sq — 72914 +d§%+ Oy =15+ d¢sq .
Via = 73sa + Vabra +%—w brg=—f3+ d¢rd
Vg =730sq +7491rq +%+ O g =S4+ d(%
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where «s» and «»» mean stator and rotor; «d» and «g» are
the direct and quadratic indicators for orthogonal
component parts; and:

=l/ot, n=MorL,; =MoL n=1ocr,
where M is the mutual inductance; o is the leakage flux
total coefficient; 7,, 7, are the stator and rotor time
constants; L,, L, are the stator and rotor inductances; and:

=1 =1 — 728 — ws¢sq;
b :7/1¢sq _72¢rq + O ®)
—3=730ba + V4bra — a)r¢rq;
- Jfa= )/3¢sq + 74¢rq + Opfyg.
The rewrite of (7) gives
d
¢sd =fi+
d¢
f2 sqﬂ
©)
d
¢rd f3
¢
rq =fa+

Vector control strategy of the DFIG considers the
stator voltage shown as follows in the d-q axis [10]:

Veia =05
{Vsq =V,
The power expressions become
{PS =V, (21 + 11, )
0 =V (Adyq +18ya )

where Py, O, are the stator active and reactive power.
Choosing a Lyapunov function

vref)2 (Qv chef)z >0.
The functions derivate is
Vl = (PS PSVf?f' XPS _Psref)+ (Qs _eref XQS _eref)‘ (13)

Substituting (9) and (12) in (13) it results in
= ( srej Xal + AV sref )+

(10)

(11)

=P - (12)

14
(Q eref Xa2 +AV rd — Qs‘ref)’ ()
with
{alz/ws.ﬁ +7 (2 +V) (15)
o) :ﬂ'st,’) +7/f1'

Equation (14) can be clearly negative, if the control
law described below is established

1
Vrd = % (a2 + eref _KZ (Qs - eref ))’
S
(16)
1
qu = W ( 1t Psref _KI(PS _Psref))
N
Replacing (15) in (14) can be obtained

Vl Kl( ref)z K2<Qs eref)2<0

So (16) is stable, if K; (i =
all positive [11], in other words

(17)

1, 2) were, of course, are

lim (Qs - eref):
t—0
jim (P, - P,
t—0
Robust control. The robust non-linear state return
control law based on Lyapunov theory is designed to
address the problems of model uncertainties related to the
variation of machine parameters and measurement noise
[12, 13]. Model uncertainties in this type of control are
generally non-linear functions [14]. Generally, the
functions (f;, ;) are written as:

ref ) =

Replacing (18) in (9), can be obtained:

d¢—”’ = fl +Af +Vyy

¢

vq f2 +Af +V, 5q>
19)

d¢rd 7
———=f3+4f +V,

dr f3 f 7
dg,, -

= fqa+ A +V,
dt f4 f T

The new law control can be selected by taking into
account Af; as follows:

. _L{—azﬂLme—Kz(Qs—ere/')—}
T, | Ky senl0, Oy ) o
yo | [0!1+ Sref ~ KI(P Pcref)_] @0
SVTAEY 5 Sgn( srej) '

where K,‘,‘ > ,B,', K,‘,‘ > 0, I{, (l = 1, 2)
Equations (19), (20) were used to build the
Lyapunov function analog from (14)
V2. = (Ps sref XAO(] K Sgn( sref ))
+ <Qv - eref XAa2 —Ky Sgn(Qs - eref ))< 0.

Therefore, if chosen, the f; with enhanced system
stability, variances can be absorbed:

2D

Ky :|Aa1|; @
K22 = |Aa2|.

Finely, we can resume:
Vi <V, <0. (23)

For the convergent processes stability, the control
law given by (20) is applied for any a; The design of
robust controllers is illustrated in Fig. 5.

1
oy, 0y ———> o —> V..V,
du
P,

— K,

PQ

Fig. 5. Diagram design of robust controllers

New MPPT. In order to maximize the generated
power, a new MPPT has been developed based on the
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relationship of the aerodynamic power P, turbine speed (2,
and electromagnetic torque 7 of the DFIG (Fig. 6):
A=, -R/V,
P=05-p-R*.V3;

C,=a-T/P.

24
(25)
(26)

0O —
Hxéi CpE

rT—>
A
ik

v %-p-Rz-V3

— re
>

#le X

Fig. 6. New MPPT

In this research, a nonlinear empirical interpolation
to represent the C, is shown in Fig. 7.
08

06

04r

02r

oF

-0.2

Fig. 7. Coefficient various tip speed ratio characteristic

MPPT using fuzzy logic type-2. Stator power
active and speed turbine variation are the fuzzy
controller’s two inputs (Fig. 8).

Rules Base
......... AQy,

|
: |

Fig. 8. Proposed fuzzy controller type-2

The definitions of error variation AP and ACQ are [15]:

AP, = Py(t)= Py (t — At) = Py (k)— Py (k —1}; o
AQ, = Q,(1)- 2,(t— 4t)= 2, (k) - 2, (k-1).

where At is the time step; & is the time step number.
The output of the regulator is corresponding to the

coefficient variation AQm . The three quantities AP, A4Q,,
and A(,,, are standardized as:

APy =G Py;
AR, =GoAQ,
AQ,, =G 40402,

where G,, G, Gaq are the scale factors or normalization,
and they have a significant impact on both the control’s
static and dynamic performance.

The fuzzy logic type-2 membership functions for the
stator active power and speed turbine variation are selected
to be the same as Gaussian forms, with AP defined on the
interval [0, 1] in Fig. 9,a and AQ,, is defined on the interval

(28)

[-1, 1] in Fig. 9,b. The fuzzy logic type-2 membership
functions of the variation A¢2,, are chosen with intervals
formed on the interval [0, 1.2] (Fig. 9,c).

PS TpM " PB

1

0.8

06

04

0.8

0.6 |

04

021

-1 -0.5 0 0.5 1

" ps M
.
08
06
041
02
0.2 0.4 0.6 0.8

0 12
Fig. 9. Fuzzy type-2 membership functions

for the variation of AP (a); AQ,, (b); Afzm (o)

PB

1

Comparative study with fuzzy type-1 and
Perturbation and Observation (P&O) algorithm. In
order to show the performance of our approach based on
fuzzy logic type-2, a comparison with the approach based
on fuzzy logic type-1 and the P&O algorithm has been
carried out [16-21].

P&O algorithm stands out because it does not need
a database or training. This guarantees more versatility to
this algorithm, with direct application in the system,
without the need for previous information or wind speed
sensors or understanding of the curve of the aerodynamic
characteristics.

Figure 10 shows the P&O algorithm flow chart as it
should be implemented in the control microprocessor.

|

Calcul of P(k) and Q(t)

Fomsy)

AQ, (k) = lster| AQ, (k) = [step]

Q (k) =Q, (k=1)+40, (k) ‘

Fig. 10. P&O algorithm flow chart

20 (k) = =lepl| a0 (k) = -|step|

Fuzzy logic type-1. For the variation of the active
power of the stator AP and the speed of the turbine Q,,
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their membership functions have been chosen with
triangular forms and is defined on the interval [-1, 1]
(Fig. 11,a,b). The membership functions type-1 of the
variation of A.Om chosen from triangular shapes over the

interval [-1, 1] (Fig. 11,¢).

GN MN PN ZE PP \p GP
|

a
0.5r
0
-1 0.5 0 0.5 1
GN MN PN ZE PP pmp GP
1
b
0.5
0

GN MN PN ZE PP Mpp GP

0.5¢

0
-1 -0.5 0 0.5 1

Fig. 11. Fuzzy type-1 membership functions
for the variation of AP (a); AQ,, (b); A.Qm ()

Results. The results are arranged in accordance with
the following criteria, respectively:
e simulated system with a variable wind speed with an
average value of 5.8 m/s (Fig. 12);
e turbine speed (Fig. 13) fixed at 140 rad/s;
e power coefficient C, (Fig. 14);
e stator active power (Fig. 15).

58V, m/s

5.6

5.4

5.2F

5k

ts
48 1 1 L 1 1 1 L 1 1
o 1 2 3 4 5 6 7 8 9 10
Fig. 12. Wind speed
16 . . . . , , ; ‘ .
14 0, rad/s e
12\/\//\ o —DL—‘
100
80+ —o—P&0O
—o— FUZZY1
60- FUZZY2
40
20-
1 1 1 1 1 1 L L 1 t, S

0 1 2 3 4 5 6 7 8 9 10
Fig. 13. Turbine speed
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p I
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Fig. 14. Power coefficient C,
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Fig. 15. Stator active power

The active power varied between —5 kW to 1 kW
while the reactive power is fixed at 0 VAr. After seeing
the correct follow-up of the proposed instructions it is
necessary to assess the structure’s robustness to parameter
uncertainty. Therefore, the next step is to assess the
resistance to stator and rotor change.

Finally, the results evince that the method based on
fuzzy logic type-2 is superior in terms of effectiveness,
robustness, and response time.

Conclusions. The results obtained show the
performance of our type-2 fuzzy maximum power point
tracking (MPPT) compared to two other techniques
(Perturbation and Observation) and type-1 fuzzy. For
several reasons, the latter technique can replace
conventional optimization techniques. In practice, the
effectiveness of conventional MPPT methods depends
mainly on the accuracy of the information given and the
wind speed or the knowledge of the aerodynamic properties
of the wind system. However, this need an anemometer,
which raises the systems cost. Thus, knowledge of
aerodynamic properties requires the manufacturer to carry
out tests that are a bit complex and expensive. In addition,
these characteristics change from turbine to turbine. They
also vary with climatic conditions, which decrease the
reliability of the system. It is better to choose the command
strategies that do not depend on these parameters.
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JL.I. Mazypesnko, O.B. /Ixypa, M.O. llluxuenko

Po3paxyHok XxapakTepuCcTHK riOpPUIHOI eHEProcucTeMu
3 mapaJjieJibHO BKJIIOYEHUMHU AaCHHXPOHHMM reHeparopoM i AC/DC neperBoproBadyem

Tiopuoni cucmemu enexmponocmavanns (I'CE) pozensoaiomvcs sk xopowiutl 8apianm 0151 eleKmponoCmayaHHs 6l00aIeHUX 8i0 Mepe-
JHCI CNOJCUBAYIB 3A605KU 3HAUHIL eKOHOMIT nanuea nopieHaHo 3 ousenv-azpecamamu. Llleuoxa pospodxa i é0ockonanenns I'CE moocymo
oymu docszHymi 3a 00NOMO20I0 Cheyianizoeanux mMemooux i npospam. B cmammi 3anpononosano cxemue piwenns ma pospooneHo
npunyunu pobomu I'CE npomucnosoi nanpyeu i uacmomu 400 B / 50 I'y. Cucmema nobyoosana na ocrosi 6edy4ozo ciopoeiekmpoazpe-
eama 3 acunxpounum 2enepamopom (AI)) nomyoicnicmio 250 kBm. Cmabinizayis nanpyau cucmemu 3abesneuyemucs cuiosum AC/DC
nepemeoplosayem, a cmaoinizayisi eneKmpuUHoL Yacmomu cCucmemu — pe2yisimopom yacmomu 0bepmanns 2iopomypoinu. Bimpoycma-
HOBKA, HAKONUYYyeay enepeii i pezynvosane baracmue naganmaoicentst niokmouaromocsi 00 Al uepez AC/DC nepemesoprosay. Memoio
pobomu € po3pobka MemoouKu po3paxyHKy Xapakmepucmux asmonomnozo Al 3 2iopomypoinnum npugooom, wo npayioc napanerbHo
uepez AC/DC nepemesopiosau 3 000amkogumu 0dcepenam ma Cnojicusavam. akmugroi nomysxcrnocmi. Pospobieno memoouky pospa-
XYHKY xapakmepucmux AL 3anpononosanoi cucmemu. Pospobnena memoouka 6azyemuvcs Ha OCHOBI eK6I6ANEHMHOI cXeMu 3aMilyeHHs]
cucmemu, pigHAHbL OANAHCY AKMUGHOT | peakmueHoi nomyascnocmi ma memooy Haxkiaoanus. Haeedeno pisnanna pecynamopie wacmomu,
Hanpyeu i nomyascnocmi cucmemu. 3 00nomM02010 po3poodeHoi MemoouKy BUKOHAHO po3paxyHku xapakmepucmuk Al” 3a akmuenozo i
AKMUBHO-IHOYKMUBHO2O HABAHMANCEHHS CROJCUBAYIE NPU YMOBI NIOMPUMANHA NOCMIlHO20 3HayenHs nanpyeu AL i enexmpuynoi yac-
momu @ cucmemi. Cmeopena mMemoouKa Mac HOGU3HY 8 YACMUHI BPAXY8AHHS AN2OPUMMIE KepyeaHnHs cucmemoro. I[Iposedeno ananiz i
cniecmaenens xapakmepucmuk Al ompumanux 3a 1io2o pobomu 6 ckiadi 2idpoeneKkmpoazpezama npayiovo20 ademMoOHOMHO i 6 CK1adi
3anpononosanoi cucmemuy. Ompumani peynomamu Modcymo 6ymu UKOpUCMani npu po3poobyi ma O NOKPaweHHs MeXHIYHUX Xapa-

KMepUCmuK 2I0pUOHUX cucmem eiekmponocmaiantsa sminnozo cmpymy. biomn. 19, tabmn. 1, puc. 4.
Kniouosei cnoea: ribpuaHa cucTemMa eJIeKTPONOCTAYAHHSA, ACHHXPOHHMII FeHepaTop, MeTO HAKJIA/IAHHS, CXeMa 3aMilllecHHH.

Beryn. Enextporenepyrodi aBTOHOMHI CHCTEMH Ta
Cy4acHI CHCTEMH PO3IOAIJICHOI reHeparnii 3aBAsKu 3/atT-
HOCTI TIPAIfOBaTH i130JIbOBAHO BiJ IICHTPAJi30BaHOI Me-
peXi MO3BOJSIIOTH IMiABUIMUTH HAMIHHICTH €IEKTPOIIOCTA-
YaHHA 32 aBapidHUX CHTyalildl B MEpeXi i 3MCHIIIUTH BU-
TpaTH Ha PO3BUTOK MEPEX Ta BTPATH €JIEKTPOSHeprii B
JIHIAX eJeKTpoIepenad Ta PO3MOAIIBYUX Mepexax MmpH ii
TPAHCHOPTYBaHHI 10 BiAJalleHUX BiJA BHUCOKOBOJBTHHX
JiHIA MicueBux croxuBauiB [1-4]. CoHsuHI naHeni, BiT-
poycranoBku (BY), rinpoenexrpoarperatu (I'EA), reore-
PMaJibHI €JICKTPOCTAHIIT, T. 1H. YaCTO KOMOIHYIOTBCS MiXK
co0010 B CKJIaJli CHCTEM PO3IOJIICHOI reHepallii Ta aBTo-
HOMHHX €JIEKTPOI'€HEPYIOUHNX CUCTEM JUIS MOJIIIIIEHHS 1X
TEXHIKO-€KOHOMIYHHMX TTOKa3HUKiB. Enekrporenepytoui
CUCTEMH, SIKi BHKOPHUCTOBYIOTH Di3HI BHIHW TEPBHHHOL
BiTHOBIIIOBAHOI €HEprii, Ha3MBAIOTh TIOPUIHUMH CHCTe-
Mamu enekrpornoctadanas (I'CE). s Ginbin HamiiftHOTO
enekrpornocradands ['CE 3a HeoOXiTHOCTI JOYKOMITICK-
TOBYIOTH AN3EIBHUMH €JIEeKTpoarperaTamMu.

Bcranosnena notyxHicts ['EA, BY i ausenpHux ar-
perariB Binomux ['CE, sk npaBuiio, 3HaXOIUTLCS B MeXax
1o 3-4 MBrt. BY i I'EA Takoro niana3oHy MOTYHOCTI
NPOEKTYIOThCSl HA OCHOBI T€HEpaTopiB 3 MOCTIHHUMH Mar-
HITaMH, CHHXPOHHUX TeHepaTopiB, Al moaBifHOro >XHB-
JIEHHS Ta 3 K.3. potopoM [5-7]. AT 3 K.3. pOTOpOM MaroThb
nemo menimidi KK/, Hixk cCMHXpOHHI 1 reHepaTopu Ha 1o-
CTIHHMX MarHiTax, IpoTe OUTBII IPOCTi B 0OCITyTOBYBaHHI i
PEMOHTI Ta 3aBISKH MEHIIIH BapTOCTI 1 MEHITUM BHTpaTaM
Ha 00CITyTOBYBaHHS LIBUJIIIE OKYIIAIOThCS.

Bupiniennst 3aau, 1moB’si3aHUX 3 PO3PaxyHKOM Xa-
PaKTEpPHUCTHK 1 EHepreTHYHUX Moka3HukiB Al, siki obep-
TAIOTHCS B/l IPUBOIB 3 PETYJIHOBAHOIO YacTOTOIO 00ep-
TaHHS, TakuX sK rigporyp6inu (I'T) i au3enbHI ABUTYHH
(A1), ycrimHo mpoBOAMIOCH 1 BUCBITIIOBAJIOCH B JIITEpa-
Typi [8-10]. B TOit e dac ciix 3a3HaAYUTH, 0 METOIUKH
PO3paxyHKy YCTAJICHUX PEXKHMIB OJMHOYHHX ABTOHOM-
Hux AI, mo 0a3yloThCsl Ha EKBIBAJICHTHIA cxemi 3ami-
mennss Al', He MPUCTOCOBaHI Oe3MOCEPEaHBO ISl TPOBE-
JIeHHS OOoCmimKkeHbs A, HpaIforounx MmapajieiibHO 3 Pi3-

HOMaHITHUMH JDKEpelaMH eJeKTPOCHeprii B  CKIai
Bin’eqnanux Big mepexi ['CE. JlocnmimkeHHS XapakTepu-
ctuk AL, MpaIoYuX B CKIIAA1 CICKTPOMEXaHIYHUX CHC-
TEM, € OUIBII CKIAJHOK 3aJa4€t0, BUPIMICHHS SKOI IO-
TpeOye po3poOKH KOMIUIEKCHUX MaTeMaTHYHUX MOJeeit
[11, 12]. KoMruiekcHi AMHAMi4yHi MOJEN € THOTYXHUM
3ac000M HAyKOBHX JIOCIIKCHb, MPOTE MOTPEOYIOTH H0-
CTaTHbO OaraTo yYacy Ha HaJlaro/PKeHHs 1 NPOBEIEHHS
po3paxyHkiB. ToMy icHye HEOOXiTHICTh PO3POOKH CTaTh-
YHHX MaTeMaTHYHUX Mojeneil 1 OuIbIl yHIBepcaTbHUX
METOAMK, MIPUIATHUX ISl BUKOHAHHS 3a3HAYCHUX JOCIHi-
JOKEHB a00 K ITOaJBIIOTO PO3BUTKY BXKE ICHYIOUHX.

MeTto1o po6oTH € po3poOIeHHS 1 Bepudikamis MeTo-
JOUKH PO3PaxyHKy CTaTHYHHX XapaKTEPHCTUK aCHHXPOH-
HOT'0 TeHepaTopa, 10 00epTAETHCS Bifl TiapaBiIiuyHOl TypOi-
HHM BEIy4Oro TiIpoeNeKTpoarperara i Mpamioe B PeKUMI
«TIOCTiIHHA Hampyra — MOCTiifHa YacTOTay mapajenbHO ue-
pe3 AC/DC HamiBIpOBITHHUKOBHI TIEPETBOPIOBAY 3 JDKEpe-
JIAaMU 1 CTIOKMBaYaMH aKTUBHOI TOTY)KHOCTI B CKJIaJi Tij-
PO-BITPO-aKyMYJIATOPHOI TiOpHIHOI CHCTEMHU €JEeKTPOIIOC-
Ta4yaHH, 0 KUBUTH TpU(a3HE HABAHTAKCHHSL.

Cxemue pimenns i npunnunu podorn I'CE. 3a-
npororoBaHa ['CE (puc. 1) mictuts Bemyunii [EA 3 AT,
BY 3MiHHOI wacToTH 0OepTaHHS, CHCTEMY HaKOIIMYCHHS
ereprii (CHE) i perymsoBaHe OajacTHe HaBaHTa)KCHHS
(PBH). Teneparop BY mimkmodaetscss no Al yepes
AC/DC namniBnpoBigaukosi epersoprosaui VSC1 1 VSC2,
a PBH i CHE — uepe3 VSC1. CuiioBi HamiBIpOBIIHUKOBI
MIEPETBOPIOBaYi J03BOJISIIOTH TUIABHO PETYJIOBATH TOTYXK-
HicTh pKepen enextpuuHoi eneprii [13, 14]. CHE moxe
OyTH pi3HMX THUIIIB: MAXOBUKOBOIO, HA OCHOBI aKyMYyJISITO-
pHUX OaTtapel, cynepkoHIeHcaTopis, T. iH. [15, 16]. I'CE
3a puc. | MOXKe MparroBaTy SIK Ha MEpPeXy, Tak i 130J1b0Ba-
Ho. lo cximany I'EA, xpim AT G1, BxoauTs npuBoaHa I'T,
neperBoproBad VSC1 1 Garapess KOMIIEHCYIOUMX KOHICH-
caropiB (BKK), ska 3a0e3medye modyaTkoBe 30yIHKEHHS
AT B aBroHOMHOMY peskumi podotu I'CE. fxio B micii
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Puc. 1. Cxemue pimennst 'CE

posramryBanas I'CE rigpoenepris BincytHs, 3amicts I'T
MOKHa BukopuctoByBatu JIJI. PerynroBaHHs eneKTpUYHOL
YaCTOTH B CHUCTEMi 3IIMCHIOETBCS PETyISTOPOM YacTOTH
obepranns npuBoxy Al'. BuxigHa moTyXHICTh TeHEpaTopa
BY perymoerbess B QpyHKIIT HIBUAKOCTI BITPY 1 4acToTH
obeprannst BitpoTypOiHu. CHE mnpusHadeHa s 3MeH-
LICHHS NIepeperyIoBaHHs 110 YaCTOTI B EPEXiTHUX PEXH-
Max i OOMeXeHHs aKTUBHOI NOTyxkHOCTI Al 3a BelIMKUX
KOPOTKOUaCHUX HaBaHTaXeHb criokuBayiB. PBH npusna-
YyeHe, TOJIOBHUM YHMHOM, JUISl CIIOKMBAHHS HaJUTHIIKY akK-
THBHOI ITOTYXHOCTI B CUCTEMI B pa3i IIOBHICTIO 3apsIPKEHOT
CHE. Takox 3 HOro JONOMOrOK MOXE CTBOPHOBATHUCH
IIBUIKOJIFOUUI pe3epB aKTUBHOI MOTYKHOCTI [17, 18].
PiBHSIHHS perynsaTOpiB 4acTOTH, HANPYTH 1 IMOTYX-

HOCTI MalOTh HACTYITHUI BUTIISL:

® PEryJlATOpPH 3MIHHOI HampyTH, HAOpyrH Koja Io-
CTIfHOTO cTpyMYy, yactoTu obepranas [ EA

U; = const ; (1
U ;c = const ; 2)
a)z =const . 3)
e peryisitop notyxHocti PEH
* * *
Ppr = Pex + APpp » “4)
ae
* * * *
—APg; , APg; <0 Ta @y < 0, < Opaxs
o AP[*)LI , CHE 3apsmxena ta @, > a)r*nax;
APpy =

* *
APpy,, CHE pospsmxkeHa Ta @, < Opip s

0, iHakrire;
* * .
APgy, = P+ Pey — Py — Pgs 3
* ~ ~
APppy = max(O, wmaxkpl + Iwmaxkil);
3k ( 3k ~ ~ .
APpro = max\~ Ppy , Omink ) + Iwminkil ;

*
a)h).

~ * sk ~ *
DOmin = Op — (wmin + a)h) Omax = Oe — (wmax -

e perynsrop BuxigHoi noryxsaocti CHE

PESl , CHE 3apsamxena ta o, > a)mm ;

PESZ» CHE 3apskeHa 1a @, < a)mm,

PE*S _ PES3’ CHE pospspkena, o, > a)min 5)
1al, <kgrlgy;

* *
Prg4, CHE pospsmkeHa Ta @, > Oy

0, iHaxe,
e
PE*SI max(O, Ig max 2t _[Ig max 12)
PESZ - rnax(O a)mm p2 _.‘.aN)minkiZ )9
PES3 = _Idc‘esUdc ;
PE*S4 = min<oﬂ_5maxkp2 - IamaxkiZ );
Tg.max = ]g _I;.max .

Perynsrop yactotu obepranus BY posristayTo B [17].

B (1) — (5) npuitasaro Taki no3HaueHHs: U Z, — 3a71aHe

nitoue 3HaueHHs (aszHoi Hanpyrm Al'; w,— 3agmaHe 3Ha-

3 *
YCHHS CJIICKTPUYHO1 9aCTOTH CUCTEMMU, Udc — 3aJlaHC 3Ha-

3 *
yeHHs1 BunpsimiieHol Hanpyru VSC1; Pgy — 3amaHe 3Ha-

YeHHS MIBUIKOAIFOYOTO PE3epBY aKTUBHOI MOTY>KHOCTI,
mo 3abesmeuyerbess 3 momomoroio PBH; P, — aktuBHa
MOTYKHICTh CIIOXHBadiB; Py — BUXiHA aKTHBHA IIOTY-

xHICTb BY; Ppg — 3amaHa BuxizHa notyxHicte CHE,
. k
AKy B PEXHUMI pO3psy BBaXKaeMo 10JaTHO; FPp; — 3a-

JaHa axkTtuBHa mnoTyxkHicTs PBH; [, [ g.max > Loy —

(hakTHYHWH, 3aJaHUH MaKCHMAIIbHO JONMYCTHMHN Ta HO-
MiHaJIbHUI CprMH AT ki, ki, ko, kin, ko — MORaTHI KOH-

CTaHTH, w. ®, — MAKCUMAaJIBHO 1 MIHIMaJIBLHO

max > Cl)

'min >
JIOMycTHMi Ta (paKTHYHA EIEKTPHYIHI YaCTOTH CHUCTEMU;

* * * * . o
0<ay << (a)max = Omin ] 0,55 14y — 3aJaHUNA BXITHUH

ctpym CHE.
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3 (4) BUIHO, IO B pa3i, KOJIU CyMa aKTHBHOT MMOTYK-
HOCTI CIIOXKMBAaYiB 1 33[JaHOTO MIBUAKOMAIIOYOTO pE3epPBY

HOTYXHOCTL P; + Pgy Oulbllla 3a cymMapHy BHUXIZHY IO-

. . * *
tyxnicte BY 1 CHE Ta @i, <@, <@y, TO

* *
Ppp = Pgy . Komn x Pgy < Byg + Pgg — P; , Maemo Haj-
JIMIIOK aKTHBHOI MOTYXHOCTI B cucTeMi. IIpu mpomy, 3a

* * . .
Win < Wp < Opax notyxuicte  PBH  nopisaioe

* . .
Pp; = Pyg + Pgg — P;, a BUXiZiHA aKTMBHA IIOTYKHICTh
AT nopiBHIOE HYIIIO. SIKIIO K €JIeKTPUYHA YaCTOTa BUXO-

. * * .
JWTh 32 MEXI |@pin...@max | 1 cTan CHE Be no3Bonse
3IiliCHIOBaTH 11 peryJroBaHHs, 110 3a1ady Bukonye PBH B
MeXXaxX CBOIX (DYHKIIOHAJIBHUX MOXKIMBOCTEH.

CHE, six BuzHO 3 (5), 32 HaIBHOCTI HAKOITMYCHOT €HE-

prii 06Me>1<ye CTPYM IeHEpaTopa Ha PiBHI [g yay KO

*
Wi < ®, a00, AKIO @, 3MEHIIYETbCS HWXKYE @i,

3 ey . * * .
HiIBHUILYE ii X0 PIBHA @p;, + @), . OAHOYACHO 3 LUM, BiJ-
MOBIHO 10 (3), peryioBaHHs 4acTOTH CHUCTEMH 3a puc. |
BUKOHYETBCS 1 PETyJIATOpOM 4acToTu obepTanus [EA.

3apsupxkanns CHE BinOyBaetbest B pasi, konmn CHE
pospsukeHa, A" Mae gocTaTHIN 3amac MOTYKHOCTI 1 mpu

*
UBOMY @i < @, . 3@ Takoro BUMaaky crnoxusaHna CHE
HOTY>KHICTb PETYNIOETHCS IIUIIXOM PETyJIIOBaHHA CTPYMY

* . .
1 4 o5 - SIKIIO K Ma€ MiCIIe IEpEPETYIOBAHHS 110 YaCTOTI,

*
3a AKOTO @, > Wpyay > @ CHE pospsamkena, To peryisro-

pom mnoryxuocti CHE 3pilicHIo€eTbCsl BifmpaintoBaHHs
. . & *
YJaCTOTH Ha PIBHI @y — @ -
Po3pobJieHHs MeTOAMKH PO3PaXyHKY XapaKTepHuc-
Tk AT 3a podootu B ckiagi I'CE. Ctatuuni xapaktepruc-
ik ['CE oTprMaeMo Ha OCHOBI 11 €KBIBaJICHTHOI CXeMH
samintensst (EC3). B 3anpononosaniit EC3 (puc. 2) Bei
eJleMeHTH cucTeMHu (puc. 1) mpeicTaBiieHi eKBiBaJIeHTHUMA
OTIOPAMHL.

\Zysci ' e | N .
v i | Xesti 11X SFXG X HFX;,
1 1l @ "= il
13 1 N ]
€ 1 h i
i g ! !
STV Zar i SXebl | o -iXalbi R JFXmp = JX
2l Mol e Bt R[] 35T
1 © I h !
i 1 h i
=3 | T ! "
: Mepesxa || I P ' i } ! AcuHX OHHI/HZ'reHe aTop 3 IIPUBOAOM
! "a6o ' PBH BY CHE PeakrupHuii 1K0MHeHcy}0q1 n PO patop 3 IPUBOJ
1 aBTOHOMHe! oIip |I<0H£[eHcaTop1/I ! B1J[ IM3€JILHOTO JIBUTYHA
| HaBaHTa- VSCl1 :'— ------------ Y a0o rigporypoinn
LoKeHHa v ______ . L o

Puc. 2. Cxema 3aminienns 'CE

[MpuitaATO Taki MO3HAYCHHS: 7, ), X1, X, — aKTHBHI 1
peakTHBHI oropu po3sciroBaHHs (a3 craropa i poropa Al
@, — KPyroBa enekTprudHa yactora poropa Al'; R, — ekBi-
BaJICHTHHUH omip BTpar B craimi; F = @,/ @,y — BiIHOCHA elte-
KTpHU9HA 9acToTa craropa Al, @,y — HOMiHaJIbHA eIeKTPH-
YHA YacTOTa CTaTopa; X, — PEakTHBHHUU OITip HaMarHivy-
BaHHs; Rp;, Ry, Rp — exsiBanentHi onopu PBH, BY Ta
CHE. Bemnuunu Xj,, Xiy, Xep, Xoup, Xy BIATIOBIIAIOTE 0a30-
Biif enexktpuuHii yactoti 50 I

3a U, = const i @, = const EC3 (puc. 2) no3sonse
JOCIIANTH XapakTepucTuku Al sk mpu poOoTi Ha aBTO-
HOMHE HABaHTAXEHHSA Z;, TaK i HA MEPEXKY 3 BXiTHUM
OIIOPOM Zg,.

YMoBamu TOTpUMaHHS GajaHCy aKTHBHOI i peakTH-
BHO{ ITOTY>KHOCTI B cXeMi (pHc. 2) € piBHICTh HYJIO Jilic-
HOI 1 ySIBHOT YaCTHHHU CYMH TIpoBigHOCTEH Y5, ¥, Ta Y3

Re(Yg +7,, +Yg)=0;
Im(Yg +7,, +Yz)=0,

(6)
(M

e
-1

v v JXesZeg
s=ntJ 1_— >

Zeq_]Xes
1 1 1

Y, =——+—1; Ygp=
JXm Ry

Xes=Xe+ X3

_jX2+V2/S’
ZL :RL+jXL:Z[€j(pL

Zey =70 ) + (R +

= Zeg€ ](0“1 =R, +]Xeq,
= (we - wr)/we :
[puitmemo F = 1. Toxi 3 (6) OTpUMyeMO PiBHSHHSA
KoB3aHHS AT’

5= rz(\ll —4agXP - 1)/(2%)(,2,), (8)

a 3 (7) — piBHSHHS peaKTUBHOTO OIOpPY KOHTYPY HaMarHi-
qyBaHHA

X = Xy = boled + X257 Yo~ 2 07 ) ©)
e

2
a]R +( 2+6122) XesReq
40 = o ERt——;
(al +a, )Rm as
2
- X _Requs XequS(Xeq_Xes).
ay =As )
a3 a3

2 . 2 2.
a3:Req+(Xeq—Xes)2, b():al +ay”,

Hanpyra xona HamaraiuyBanus Al U, 3HaX0TUThCS
3 xapaktepucTuku HamarHiuyBaHHsi Al X, = U,,(Xu)
3HATOI Ha 0A30Bii YaCTOTI.

YactoTa obepranHs poropa, (azHuii ctpym, ¢asHa
Harpyra i BXiZiHa IpOBiJHICTb Ha a3y Al BU3Ha4alOTHCS
3 HACTYITHHUX PiBHSHBb

bl =—ap.
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, :(l—s)a),
=U,Ys5

(10)
Iy = (1

Ui ==J1 i X sz, ew"q/(z P ix, ); (12)

1
n=lrs i+, =00 a3)

Cuin 3a3HaYMTH, IO CXeMa 3aMilIeHHs 3a pHc. 2 10-
3BOJISIE po3paxoByBaTH He Bci peskumu podotu I'CE 3a
puc. 1, a uie Ti, B IKUX JTOTPUMYETHCSI YMOBa @, = CONst
abo w, = const.

Po3pobiniena mMeToauka po3paxyHKy XapaKTEpPUCTHK
AT, KW TIparfoe B CKJIaZl BEIydOro eleKTpoarperara
I'CE 3a puc. 1, nependavae HacTYITHY ITOCTiIOBHICTb.

Crioyatky po3paxoBYyeEMO PEXHM OJMHOYHOI aBTO-
HOMHOI pobotu AT

1. 3agaeMo koedimieHT MOTY>KHOCTI HABAaHTAKCHHS
COS@; Ta MaTPUIII-BEKTOPU MOBHOTO OTOpPY HaBaHTaKCH-
HS CIIOKUBadiB Z; po3MipHICTIO k1% 1 i mpoOHUX 3HAYCHD

cymaproro peakruHoro onopy BKK ta VSC1 X £ pos-
MipHicTio A1%1
- ig _
Zy —(Zk,h)klxls Xes —(xh,k)hlxl- (14)
2. Po3paxoByeMo €JIeMEHTH MaTpHLb: HAPYTH KoJia
HaMarHi9yBaHHSA 3 XapaKTePUCTUKKA HamarHiuyBaHHA Al

1(9), daznoro crpymy i Hanpyru 3a (11), (12), xoB3aHHSA i
BxinHoi mpoigHocTi Al 3a (8), (13) BUKOpHCTOBYIOYM

Bci KOMOiHaILii eeMenTiB BeKTopiB Z; Ta X 5
ig _ ig _ [
Un (”mk h)klxhl’ Iy = (lphkvh)klxhl’
ig _ ig _
Upn = (”phk h)klxhl , SI® = (Sk’h)klxhl )

YI% = (ylk h)klxhl

3. 3amaemo nanpyry Al i B xoxxHOMy psinky U, f;%'

(15)

(k = const, h = var) BU3Ha4Ya€EMO HOMEpP CTOBIIIIS, SKHIA
BIJIMOBi/Ta€ YMOBi MiHIMAJIFHOTO BiIXWJICHHS HATIPYTH Bif

* o .
3a1aHoro 3HadeHus U g =const. 3HaliieHi HOMEepH CTOB-

OwiB 3BoMMO B ofHOMIipHHUH MacuB. ami 3 maTpunsb (15)
(hopMyeMO MaTpUIi-BEKTOpU po3MipHicTIo k1x1 Hampyrn

ig,uc tg,uc

Koja HamarHidyBaHHa U,  , dasHoro crpymy 1,

iguc
U ph
ig,uc

¢dazHoi Hampyru BximHOi mpoBimHOCTI AT

Y, Iig,uc
TaHHA potopa W,

BK 1a VSC1 X&"¢

KoB3aHHA S1 , CIIEKTPUYHOI 4acTOTH 00ep-

i8¢0 | cyMapHOro PeakTHBHOIO ONOpPY

, IO HaWOIIBII BiAMTOBINAIOTH YMOBI
*
U, = const 3a KOKHOIO 3HAUCHHS HABAHTAKEHHS.
4. 3 XZ" smaxomumo peaxtusHmii omip BKK

X

n
OTIOpy HaBaHTAKEHHA MacuBY Z; (HABAaHTAXXCHHS Haii-
OipI HabMMKEHe 10 X.X. Z] [il] = max(zk,h )klxl ).

;= X8%[i1], ne innexc il BimmoBinae HaiiGimbIOMY

5. 3HaxoauMo MacuBH peakTuBHOTO onopy VSCI1 Ha

dazy X,’}:S’.'éc] , assoro crpymy VSCI I,’%’é‘} , TIOBHO{

notyxsocti VSC1  Sp5ey

PF/" iKKJ EF/&" AT

KOEQIIiEHTy TOTYXHOCTL

1 1
Xigcilk]= XER] X ; (16)
es
zg,uc[k]
1% k)= ’g—“‘[k] (17)
VSCI
giguc igucly ‘ lg,uc[k]
Sigcslk]= 0% k] =3 ] (18)
VSCl
zg,uc[k] ReY’lig,uc[,(] . (19)
‘Yllg’uc[kl
ig,uc
zguc[k] [k] ’(20)

zg,uc[k]+Pzg,uc[k]+ zg,uc[k]+PIi;€,uc[k]

tg,uc 1g,uc 1g,uc . ig,uc ig,uc
ne [k]= P[]+ PS5 [k]; P, P&,

ig,uc ig,uc
P Cu2 ~ P Fe >
MOTY>KHOCTi HAaBaHTa)XKCHHS, BTPAT B Mili cTaTtopa, BTpat
B MiJll pOTOpa, BTPAT B CTAJ 1 BTPAT Ha TEPTS;

bl

|2, [x]
plseli] =3kl o

. 2
i AN
X, 47y /ST K]

P’g’"c — MAaTpUIi-BEKTOPH aKTUBHOI

PLig’”c [k] = CoSQy ;

lguc[ ]__,|

Cu2 n,

lg,uc [k]

m

PE&“[k]=3R,, s Pk = kg FPyy
kg, — KoedilieHT BTpaT TepTs; P,
HicTh ATl

Hani ckopucTaeMOCh TNPHUHIMIIOM CYIEPHO3HLil 1
po3paxyemMo akTHBHY MoTyxHIicTh Al 3a Horo pobotu B
CKJIaJli CHCTEMH 3a pHC. | IUIIXOM HAKIAJaHHSA XapakTe-
PHCTHK «TIOTY>XKHICTh JpKepesia — MOTYKHICTh HaBaHTaKEH-
HsI» IHIIUX €JIEMEHTIB Ha Xapaktepuctuku A" oTpumaHi 3a
Horo i301p0BaHOT OMHOYHOI poOoTu. [IpuHIMN cymnepro-
3WIII 1 METOJ] HAKIJIAJIAaHHS BUKOPHUCTOBYIOTHCS TIPH PO3pa-
XYHKY CTPYMY 1 HanpyTH JIHIHHAX KiJ Ta IHKOJIHM JUIsl PO3-
pPaXxyHKy CTaTHYHHX XapaKTEePHCTHUK CHCTEM 3MIiHHOTO
CTPyMy 3 HapajenbHO MPaLOIOUYUMH JPKEPENaMU eJIeKTPO-
e”eprii [19]. B i3omeoBanomy pexumi podotu I'CE 3a
pHc. 1 3aJIeKHICTh aKTUBHOT TOTYXHOCTI Al BiJl aKTHBHOT
MOTYXXKHOCTI HaBaHTaXXECHH: Y BUMAAKy mozentoBanHsa [ CE
3 ponomororo EC3 3a puc. 2 uepe3 HeXTyBaHHS BTpaT Ha
nepenady eJIeKTpOoeHeprii € miHiifHOIo. [HmI eremMeHTH
(BY, PBH, CHE) mpezcraBiicHi Ha cXeMi 3aMiIlICHHS Ji-
HIMHAMH aKTHBHUMH oniopamu. OT)Ke NPHHLMII CYIIepIIo-
3Ullii B [bOMY BHIAJIKy MOXKE OYTH 3aCTOCOBAHO.

CHE mnpwuitmeMo 3apsmKeHO0, a BHXIAHY IOTYX-
HicTh BY Py — noctiitaoro. Criouatky nogamo BY i PBH
no 'EA 3 AT BBaxarouwm, o CHE He BrumBae Ha ainro-
putm pobotu PBH. 3rimmo 3 (4) 1 (5) 3a

* * .
Omin < Op < Opax 1€ MOKINBO IpH yMoBi, saxmo CHE

— HOMIHAJIbHA TOTYX-

He 3ajisiHa abo skio 3a podorn CHE B pexumi oOme-
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S
xeHHs1 cTpyMy Al BukoHyeThest yMoBa AP >0, T00TO

KOJIM HEMa€ Ha/UTMINKY aKTUBHOI MOTY)XKHOCTI B cuctemi. Lls
yMoBa B cucteMi (puc. 1) Oyae BUKOHYBaTHCh, SIKIIO 3apsi-
mwkennii CHE we Oyne pospsmkatuck B pexumi x.X. Al
TOOTO MPaKTHYHO 3aBXKAM B YCTAJICHUX pexuMax. Bpaxo-
BYIOUH BHIIEC 3a3HAUCHI MPUITYIICHHS], 32 BIICYTHOCTI MOXH-
Oku perymoBaHHs oTy>kHicTs PBH nopiBHioBatnme

Pprlk]=Pey + APy [K], 1)
e
_ piguc *
APy K] = 0, By — P [k]< Pey

By — P2 k|- Pex, By — P [k]> Pgy
6. Buznauaemo akTuBHY NOTYXHIicTh Al 3a HasBHO-
cti PBH 1 BY Ta Bigcyrnocti CHE B cucremi
WD g,
P’ [k]= P[]+ Po [k]- By - (22)
7. ®asznmii ctpym Al 3a HasBaocti PBH 1 BY Ta

BigcyrHocTi CHE B cucTeMi OTpUMy€eMO IHTEPIIOJISIIIEI0

3aJI©KHOCTI MIXK MaTPUISIMH aKTUBHOI MTOTYXKHOCTI HaBa-
HTa)KEHHS P'g’"c i ctpymy AL B i3071b0BaHOMY peXHMi

tg,uc

pobotu I

" oh [k]—lnter(P’g’"c I; guc_plD [k]) (23)

Hactynmaum kpoxom nomaemo CHE mo cucremu i
PO3paxoByeMO HACTYIIHI BEJTMYMHU.

8. [Toryxnicts CHE 3a BizcyTHOCTI mOXHOKH pery-
JIIOBaHHS

0, 1) [k]< Ig s

Peglk]=4 pe 1 R (24)
P [k]_P max’Iph [k] Ig max >
ne P ;.max = inter(l PP T <. max) — aKTHMBHA IIOTYk-
nicts Al B cucremi 6es CHE 3a /), = Iz,.max .

9. AktuBHa notyxHicte Al 3a HasiBHOCcTi PBH, BY
ta CHE B cucremi

P F k)= P [k]+ Pppk]- By — Pegk].  (25)

10. ExBiBasienTHHH omip HaBaHTaxkeHHS Al Ha dazy
3a HasgBHocTi PBH, BY ta CHE B cucremi

ZVPE K] le[k] ) [k]; (IZV*G)Z— Pgslk]

:(I/ZL[ 1+ 1/ Ry [k ]Tl

— ManI/IHH-CTOBGCHL AKTUBHOI'O OIIOpY Ha

-1

(26)

WDE
ne Ryscr
¢dazy VSCI.

11. IToBTOpIOEMO PO3paxyHKH 3a ILI. 2—5, BUKOPUCTO-
BYIOYM MacHB ONOpPIB HaBaHTaXXeHHS Z] WDE samicts Z,.B
Ppe3yJbTaTi OTPEMYEMO HOBI MacHWBH HalpyrH Koja Hamar-

HiTyBaHHS U,P,,VD £ asuoro crpymy I, WDE , (azHOi Ha-

npyru U ZZ’ £ , BXigHO1 mipoBigHOCTi A" Y1 WDE , KOB3aHHS

S1"PE , GIIEKTPIYHOI YaCTOTH 0OepTaHHS POTOpa W,WD £

cymapHoro peaktuBHoro omopy BK ta VSC1 XZDE i
peakrrBHOTrO omopy VSC1 X%%g Ha a3y po3MipHICTIO

k1x1 3a massaocti PEH, BY ta CHE B cucremi.

3unaxoanmo 3a HasBHocTi PBH, BY Tta CHE B cuc-
TeMi (IIOBHA» CHCTEMa) €JIEMEHTH HACTYIIHUX MAacHBIB
3MIiHHHX.

12. TToawii omip VSC1 Ha dasy Ta ¢asuuii crpym VSCI

zpi (k)= ixvedilk]+ RIS ] @)
Iyl = UpPE k) g2 [k ). (28)

13. AxTHBHa, peakTHBHa i TOBHA NOTYXHIicTh VSC1

2
REE I =-JupPE ] (RIS o)
2
O I]=3U PP ] xRl o)
sRE 1= 2r e} oM Tf - o
14. MacuBu xoedinienty noryxsocti PFpg WDE |

KKJ AT EF}PE

BU3Ha4YaeMo Ha ocHOBI (19), (20) migcTaBmsIOun eIeMEeHTH
WDE IWDE UWDE UZ/DE . SI WDE

3a Horo poboTtH B cucTeMi 3a puc. 1

macuBiB Y1 3aMiCTh

eneMeHTiB MacusiB Y1, I, 'g’"‘ U;g;l"c , U ff’"c Y

Pe3yasTatn pociimkenb. Po3paxyHku xapaktepric-
K Al" motyxHicTio 250 KBT mpaitoro9oro B i30J60BaHOMY
aBTOHOMHOMY pexumi podotH i B ckiani ['CE 3a puc. 1 6y-
JIM TIPOBEJICH] 3 BUKOPUCTAHHSM BHILEHABEICHOI METOIUKH
3a 3HAYCHHSMH KOE(IIIEHTY TOTY)KHOCTI HaBaHTKEHHS
cnoxuavis 1 (puc. 3) ta 0.9 (puc. 4). Byﬂo 3a71aHO

PEX 0,1 B.0., Py=0,3B.0, U =1 B.o, I,

g.max =1 B.O.

Sk BumgHO 3 puc. 3 i puc. 4, xapakrepuctuku Al 3a
AKTHBHOTO 1 aKTUBHO-IHAYKTHBHOTO HABAHTAXXEHHSI CIIO-
KMBa4YiB  MalOTh  CXOKHH  xapakrtep.  OCKUIBKH

Py > PE*X , To ipu poboti AI' y ckmani I'CE 3a mammux

3HAaYCHb aKTHUBHOI MOTYXXHOCTI criokuBadiB (0...0,2 B.0.)
y CHCTEMi HasBHUHM Ha/UIMIIOK AKTHBHOI MOTY)KHOCTI,
kit crioxkuBaeTbesi PBH, aktnBHa mortyxkuicts AI' Gl
IIPU IIEOMY JIOPIiBHIOE HYJIIO, @ YaCTOTa 00epTaHHs poTopa
AT HabmmkeHa 10 CHHXPOHHOI yacToTu. [licis Toro, s
ctpym AL nocsirae 1 B.o., moryxHicth CHE mounnae mi-
HIIfHO 3pocTaTH, 110 3abe3rnedye cTalbuTi3alio CTpyMy i
akTHBHOI motyxHocTi A" Ha HoMiHanbHOMY piBHI. Koe-
¢inient notyxuocti i KK A" 3a Hagnumky akTHBHOT
MOTYXHOCTI B CHUCTEMI 3aJIMIIAIOTHCS HEe3MiHHUMHU. Yac-
ToTa OOcpTanHs potopa AI' Ha miungHI crabumizarii
CTPYMY TaKOX € MOCTIHHOIO.

BigminHocTi Mk puc. 3 i puc. 4 cTOCYIOTbCS JTUIIE
xapakTepucTuk neperBoproBada VSCI. OckinbKH 3a ak-
TUBHO-IHAYKTUBHOTO HaBaHTaKeHHs crioxuBadiB AC/DC
neperBopioBad VSC1 ms crabimizanii Hanpyru Al mo-
BUHEH 3a0e3rmedyBaTH, KpiM KOMITEHCAlii pPeaKTHBHOL
moTyxHOCTi Al', TakoX KOMIIEHCAIliF0 pEaKTUBHOI ITOTY-
’KHOCTI HaBaHTAXXCHHS, 3HaYe€HHs (pa3HOro CTPyMYy i mo-
BHOI notyxHocTi VSC1 cyTT€eBO OiblIi, HiX 32 aKTHBHO-
ro HaBaHTaXeHH:A. Sk BUAHO 3 puc. 3 i puc. 4, IpHu 3Ha-
YeHHI aKTHBHOI CKJIaJoBOI HaBaHTaxkeHHs P; = | B.o. B
130JIbOBaHOMY aBTOHOMHOMY pexxumi podotu ['EA 3 AT’
CHIBBIJHOIICHHS 3HAYCHb CTPYMIB 1 MOBHHUX MOTYXKHOC-
teit VSCI, oTpuMaHMX 3a aKTHBHOTO 1 aKTHBHO-
IH[yKTHBHOTO XapakTepy HaBaHTaXXEHHs, ckiamae 1:4.7,
a ipu poboti 'EA 3 AT B ckimani I'CE — 1:2.8.
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Puc. 4. Xapakrepuctuku I'CE 3a akTHBHO-1HIyKTHBHOTO HABAHTAXKCHHS
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[Tpu 1pOMy 3HAYECHHS CTPYMY i IOBHOI IOTY>KHOCTI
VSCI1 mpu pobori A" B cucremi 3a P, = 1 B.o. Oinbi,
HDXK MPH aBTOHOMHIHM poboti A" B 1.7 pa3 3a aKTHBHOTO
HaBaHTKEHHS 1 MPAaKTUYHO OJIHAKOBI y Bumaiky RL-
HaBaHTaxeHHs. Koediuient noryxxHocti A" mpu podoti
B 130JIbOBAHOMY PEXHMI B yCbOMY Jiana3oHi HaBaHTa-
JKEHb CIOXKMBAUiB, KPIM X.X., OUTbIINKI, HIX HpU poOOTi
AT B ckmani I'CE. Makcumanbhe 3uauenns KK/ Al 3a
fioro po6otu sik B i301p0BaHOMy Tpamtorodomy I'EA, tak
i B ckiani ['CE, cranoBmio 0.947, a koeilieHT MOTYX-
HOcTi AT" — 0.91 1 0.88 3a poOOTH 1301HOBAHO 1 B CKJIAI
I'CE, BinmoBinHO, o 100pe CIiBBITHOCUTHCS 3 MACTIOPT-
HUMH JaHUMH CepiltHuX 3pa3kiB Al

OcHoOBHI MapaMeTpu Ta TeXHiYHI XapaKTepUCTH-
ku I'CE. Po3paxyHKH TpOBOAMIINCH 32 HACTYITHUX Iapa-
MeTpiB Ta TexHIYHHUX xapakrepucTuk I'CE.

AT G1. HomiHanbHa MOTYXHICTh / Hanpyra / 4actora
/ KinbKicTh Tomoci / 3’ exnannst: 250 kBt / 400 B / 50 'y
4/ (Y); aktuBHuU# omip ¢aszu craropa / poropa: 7.7 MOm /
7.7 MOM; peakTHUBHHIA omip po3ciroBaHHs (a3u cratopa /
potopa: 33 MOwm / 33 MOwm; omip BTpar B craii: 42.3 Owm;
koeoimient Tepts: 0.015 H-m-c/pan. Xapakrepuctuka Ha-
MarHiqyBaHH: T€HepaTopa 3a1aHa B Taor. 1.

TaGnur 1

Xapakrepuctuka HamarHiayBanas Al G1
®Daznuii ctpym, A [20| 27 | 54 [105]141[191]290]421|592|836
®da3zna Hanpyra, B|99(110(154|201|221{243|265]|287(310|331

BY, PBH, CHE, neperBopioBau VSC1, HaBaHTa-
skenns, BKK, npoceni. BuxinHa noTyXHIiCTh TeHepaTopa
BY - 0,3 B.0.; 3anana notyxuicts PBH 3a BincyTtHOCTI Han-

JIMIIKYy aKTHBHOI MOTYKHOCTI B cucteMi Pry =0.1 B.0;

CHE 3apsypxeHa i mpalioe B peXkKuMi 0OMEXKEHHS CTpyMy
AT na piBHi 1 B.0.; Brpatamu B neperBoptoBaui VSCI i
OTIOPaMH JPOCENTiB HEXTY€EThCS; HABAaHTAXKCHHS CIIOXKUBA-
YiB CHMETpPHYHE aKTHBHE a00 3 K0e(ili€eHTOM HOTYKHOC-
Ti 0.9, emuicts BKK Ha dazy — 2,2-MD.

Ba3oBi 3Ha4eHHs1 MOTY’KHOCTi, HANIPYTH, CTPyMY i
4yacToTH 3anaexkHocTei (puc. 3, 4). 250 kBt = 1 B.o. moty-
xHocTti; 230 B = 1 B.o. Hampyru; 418 A = 1 B.0. cTpyMy;
1500 06/xB. = 1 B.0. wactotu obeptanus; 50 ['m = 1 B.o.
YacTOTH.

BucHoBkn. Po3po0ieHO METOIUKY PpO3paxyHKy
CTaTHYHHUX XapaKTEPUCTHK AaCHHXPOHHOTO TI'eHEpaTopa,
mo o0epTaeThes BiJ TifpaBiIiyHOl TypOiHM BEIYHOTO Tif-
poeTeKTpoarperara i mpaIoe B peXkuMi «IIOCTiHA HATIPy-
ra — IocTifiHa gactoTta» napanensHo yepe3 AC/DC Hamis-
MIPOBITHUKOBUI ITEPETBOPIOBAY 3 JDKEPETaMH 1 CIIOKHBa-
YaMH aKTUBHOI TMOTYXXHOCTI B CKJaJl TiIpo-BiTpo-
aKyMyJIATOPHOI TiOPUAHOI CHCTEMH €JIeKTPONOCTadyaHHs,
110 )KUBHUTH TpU(a3He HABAHTAKEHHSL.

Binomi MeToaukn po3paxyHKy CTaTHYHUX XapaKTe-
PUCTHK aBTOHOMHHX TiOpWIHUX CHUCTEM EJIEeKTPOIIOCTa-
YaHHS 3 aCHMHXPOHHHMH T'€HEpaTopaMH 1 CTaTHYHUMH
NIepeTBOPIOBAYaMH €Heprii moOy1oBaHi Ha OCHOBI JHMHa-
MIYHUX MOJIEJIEH, 0 YCKIIaAHIOE iX BUKOPUCTAHHS 1 MO-
mudikariro. Ha BiqMiHy BiJl BiTOMHAX METOAUK PO3PaAXyH-
Ky XapaKTEepPUCTHK aBTOHOMHOI'O aCHHXPOHHOI'O I'eHepa-
TOpa Ta MapajeibHO MPAIIOIYNX ACHHXPOHHHX I'eHepa-
TOpIB, Y PO3pOOIIEHI METOINII PO3PaXyHKY BUKOPHUCTO-
BYETBCS METOJl CYIEPIO3MLii Ta IHTEPIOJISLis XapakKTe-
PHUCTHK AJIS BPaxyBaHHSA IONATKOBHUX JDKepes >KHBJICHHS
Ta CIOKUBAYIB i3 3aJ]aHUMHU AITOPUTMAaMH KepyBaHHS. 3a

JOIIOMOTOI0 PO3POOJICHOT METOMKU PO3PaxyHKY MOXKHA
OTPUMATH XapaKTEPUCTHKH JOCITIPKYBaHOI CHCTEMH UL
JOBUIBHO 33/JaHOTO 3HAYCHHS BUXIIHOI HAIIPYTH 3aBISKH
nepen0aveHoMy B METOAMII TapaMeTpUYHOMY aHali3y
1i€i cucremu.

Ampobarito po3po0iieHoi METOTUKN OyIIo TpoBee-
HO Ha aBTOHOMHIH CHCTEMI €JIeKTPOIOCTayaHHs, sSKa Mic-
TUTh ACHHXPOHHHUI TeHepaTop MOTyxHicTio 250 kBT.
OTpuMaHi XapaKTEPUCTHKH ACHHXPOHHOTO TeHeparopa,
SIKM{ TIPAIIO€ B CKJIaJli CHCTEMH, BiAPI3HIIOTHCS Bix HOTO
XapaKTepUCTUK 32 pOOOTH B aBTOHOMHO IIPALIOIOYOMY
TiZpoeneKTpoarperari i 3ajexarb BiJl XapaKTEpPHCTHK 1
AJITOPUTMIB POOOTH MOAATKOBUX JKEpPEN 1 CIIOKHBAYIB
AKTHBHOI HOTY)KHOCTI CUCTEMH. 3TiTHO PE3yJbTaTiB IIPO-
BEJICHUX JOCIII/DKeHb, P HOMIHAJIbHIA aKTHUBHIN CKJa-
JIOBiif HABAHTA)KEHHI CIIOKMBAYiB 3MCHIICHHS KOCQIIli€H-
Ta TOTYXXHOCTI HaBaHTaXkeHHA Bif 1 mo 0.9 mpusBeno mo
30UIBIIEHHS. TOBHOI MOTY)XHOCTI 1 BXIHHX CTpyMIB
AC/DC perynsitopa B 4.7 pa3u B 130JIbOBAHOMY PEKHMI
poboTH rixpoenekrpoarperata i B 2.8 pasu 3a iioro po6o-
TH B CKJI3/li CUCTEMH. A OTKe MOTPEOYBATUMETHCS CYTTE-
Be 30imbIeHHs1 BcTaHoBieHoi motyxHocti AC/DC pery-
JsITopa SIK B pasi 130J1b0BaHOi pOOOTH TiJpOeeKTpoarpe-
rara, Tak i 3a #Woro pobOotu B ckiami cuctemu 3 RL-
HaBaHTa)KEHHSM MOPIBHSHO 3 PEKUMOM POOOTH Ha aKTH-
BHE HaBaHTaxeHHs. OTpuMaHi 3HaYE€HHS MaKCUMaJIbHOTO
koedimienta noryxuocti 1 KKJI acuHxpoHHOro reHepa-
TOpa J100pe CIHiBBIIHOCATHCS 3 TEXHIYHUMH XapaKTepUC-
THUKaMH CePIHHUX aCHHXPOHHUX MAILIHH.

[Nonanbiie BJOCKOHANICHHS! 1 PO3BUTOK BHKJIAJEHOT
METOIHMKH MOXXIIMBO 3IIHCHUTH 3aBISKH OUTBII TOYHOMY
PO3paxyHKy BTpaT Ta PO3MJIALY HOBUX PEXKHMIB pOOOTH i
CXEMHUX DIllIeHb TIOPUIHIX CHCTEM EJIEKTPOITOCTaYaHHSI.

Kondutikr inTepeciB. ABTOpH eKIapyrOTh BiICYT-
HICTh KOH(QIIIKTY iHTEpPECiB.
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Steady-state analysis of a hybrid power supply system using
an induction generator with a shunt AC/DC converter.
Hybrid power supply systems (HPSSs) are comsidered as a good
option for electric power supply of remotely located from the grid
consumers due to significant fuel savings compared to diesel sets.
Quick development and improvement of HPSSs may be achieved
using specialized methodologies and programs. In the paper a
schematic diagram is proposed and operation principles of a 400 V
/50 Hz HPSS were developed. The system’s main component is the
master generating unit of the hydropower plant using a 250 kW
induction generator (IG). The voltage of the system is controlled by
the controller of the AC/DC power converter. The electrical fre-
quency of the system is controlled by the speed controller of the
hydropower turbine. A wind turbine, an energy storage system and
a regulated dump load are connected to the IG through the AC/DC
converter. Goal. The paper aims to develop a methodology for
steady state performance analysis of the hydraulic turbine driven
isolated 1G operating in parallel through an AC/DC power con-
verter with additional sources and consumers of active power.
Methodology. The methodology for evaluation of performance
characteristics of the IG operating in the proposed system has been
developed. The methodology is based on the equivalent circuit of the
system, equations of active and reactive power balance in the sys-
tem and the superposition method. Results. The equations of fre-
quency, voltage and power regulators of the system are given. The
performance characteristics of the IG operating in the system sup-
plying resistive and RL load in «constant voltage — constant fre-
quency» mode are obtained. Novelty. The developed methodology is
innovative in taking into account the control algorithms of the sys-
tem. The comparative analysis of the IG’s performance operating in
the stand-alone generating unit and in the generating unit con-
nected to the proposed system is performed. Practical value. The
developed methodology can be used for development and perform-
ance improvement of hybrid AC power systems. References 19,
table 1, figures 4.

Key words: hybrid power system, induction generator, su-
perposition method, equivalent circuit.
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AHAJNITHYHUI MeTOX BU3HAYCHHSI YMOB IMIOBHOI KOMIIEHCALlil pEAKTUBHOI NMOTYKHOCTI
B CHCTeMi eJIeKTPONOCTAYaHHS

Mema. Memoto cmammi € po3poOKa aHATIMUYHO20 MEMOOY BUSHAYEHHS Y MO8 00CASHEHHS. NOBHOI KOMNEHCayii 8 Y3a2anbHenill cuc-
memi eneKmponoCmayantsa, Ha OCHOBI GUKOPUCTNANHA 3AMIHHUX CXeM, AKI OMPUMAHI 3d OONOMO20K0 eKBIGAIeHMHUX NePpemeopeHs
mononoeii euxionoi cxemu. Memoodonozia. Y cmammi 3anpononogano mMemoouxy 3aminu nociiooeHoi Komnencayii peakmugnoi no-
TYIHCHOCMI Y GUCOKOBOILIMHUX MPAKMAX CUCEMU eeKMPONOCMAYaHH HA NAPANENbHY KOMIEHCAYII0 PeakmueHol NOMYNHCHOCMI Y
8y371i Haganmasicentsi HU3bKoi nanpyeu. Pezynemamu. Po3pobaeno aizopumm nociioo8HUX NEPemeopenb cxemMu HCUGTEHH S, o 0ae
3MO2y OYIHUMU 3HAYEHHS. EMHOCMEN KOMNEHCYB8ANbHUX KOHOEHCAmopis, npu AKUX 00CSA2AcmbCsl NOBHA KOMNEHCAYisl peakmugHol
nomyoswcnocmi 6 cucmemi. Opuzinanvnicms. 3anponoHosana aHANIMUYHA MEMOOUKA PO3PAXYHKY NAPAMeEmpie 8y31a KOMNeHcayii
0036071€ GIOMOBUMUCSA 8i0 CKIAOHUX KOMN 10MEPHUX Memooie onmumizayii ma 0ae MONCIUBICING OYIHUMU KOMNEHCAYIlIHI MOMCIU-
8ocmi, AKI NPUNAOaOmMs HA YAcmMKy HaganmascenHs ma mepesici. Ilpakmuyuna yinnicme. 3anpononosana memoouxa 0036015€ 3a
NPOCMUM AN2OPUMMOM 3 BUCOKOIO MOYHICMIO BUSHAYUMU HeOOXIOHI napamempu KOMNEHCAYiliHO20 NPUCMporo, AKi 3a6e3neuyoms
ONMUMATBHULL PENCUM 8 CUCMEMI eleKmMPONnOCMAYanHs. 3anponoHoSanull aneOpumm Jieeko peanizyeEmvcsi 6 MIKPOKOHMPOIePHill
cucmemi aBMOMAMUYHO20 KEPYBAHHS PeACUMAMU cucmemu erekmponocmayanns. bion. 15, adn. 1, puc. 6.

Knouosi cnosa: elleKTpu4Ha cUCTeMAa, PeaKTHBHA MOTY:KHiCTb, MOBHA KOMIIEHCANlisl, MOIIYKOBa ONTHUMi3auisi, KoepimieHT

NOTYKHOCTI, eKBiBAJICHTHi IepeTBOPEHH:, 3aCTYIIHA CXeMa.

Beryn i nocranoBka 3agaui. Kommercariis peaktu-
BHO{ MOTYXHOCTI 3QJIMIIAETHCS OJHUM 3 OCHOBHHX 3aCO-
0iB MiJBHIICHHS EHEProe()eKTUBHOCTI CHUCTEM EJIEKTPO-
nocrayanHs [1-6]. B Ykpaini npu cyyacHuX ymoBax BO-
€HHOTO CTaHy 1Ii MUTaHHs MOBUHHI CTATH OJHUMH 3 TOJIO-
BHUX (PaKTOpiB MiABHUIIECHHS MOXJIMBOCTEH Oe3aBapiitHO-
TO TIOCTauaHHs eIeKTPOCHEPTi€l0, 30KpeMa, KOMIICHCAITis
PEaKTHBHOI MOTY>KHOCTI {O3BOJIMTH PO3BAHTAXKUTH €JIEK-
TPUYHI MEpPexi 1 MIABHIUTH KOCGIIIEHT KOPUCHOI il
cucteM B miomy [4, 5]. Ilopsan 3 TpagumiftHAM MiAX0I0M
YaCTKOBOI KOMIIEHCAlil PEaKTHBHOI MOTY>KHOCTI HaBaH-
TaXCHb 3aCJIyTOBYE YBark PEKUM IOBHOI KOMIICHCAIIIT
PEaKTUBHOI MOTY>KHOCTI, TIPH SIKOMY B TpU(a3HUX Mepe-
’Kax KOMIICHCYIOTbCS 3BOPOTHA 1 HYJbOBa CHMETPUYHI
ckianoBi [7-11], peakTUBHI MOTYXHOCTI Oe3mocepeHbO
HABaHTAXCHHA 1, KpIM TOTO, PEaKTHBHI IOTY)XKHOCTi B
camiif enexTpudaHii Mepexi [12-14]. OcranHi TpaauiitHO
KOMIICHCYIOTBCS TaK 3BAHOKO MOB3JOBXXHBOKO KOMIICHCA-
L€, TP SIKii KOMIIEHCYBaJIbHI KOHIEHCATOPH BMHKa-
FOTBCSL MOCHIZIOBHO B JIiHII enekTporepenaBanus [1, 2].
Aute, sik nokazaHo B [14], komneHcanii CKIagoBUx, 00y-
MOBJIEHHX IHAYKTHBHOCTSIMU JIiHIH eleKTpornepeaaBaHHs,
MOJKHA JIOCSITTH 3@ PAaXyHOK 30UIBbIICHHS €MHOCTEH KOH-
JICHCATOpIB TONEPEeYHOI KOMIIeHCallil, 0 BOHU IIYHTY-
I0Th HAaBaHTA)XEHHS Yy By3Jax BiOopy enekrpoeHeprii. B
3araJbHOMY BHIIQJIKy BH3HA4€HHs ITOBHOI KOMIIEHcamii
MoKe OyTH 3JiiicCHEeHe 3a IOIOMOTOI0 ITOIIYKOBOI OITH-
mizarii [12, 13] HaOMMKEHUMHU YHCETHbHIMH METOJAMH,
OCKIIBKA TIO0 CYTi NMPHUXOIHUTHCSA PO3B’SI3yBATH CUCTEMY
HeNiHIHHUX PIBHSIHD, B SKHX MICTATBCS SIK TapaMeTpu
CHCTEMH, TaK i CTPYMH 3 HaIlpyram, i BOHH 3B’s13aH1 MiX
co00r0 orepamisMid MHOKEHHs 1 mieHHs. Ile BiactuBe,
K OyJe MOoKa3zaHO HIDKYE, 1 JJIs BapiaHTy OIHOJIHIMHOT
y3arajbHEHOI CXeMHU, sika MOKe OyTH 3aCTOCOBaHa HaBITh
NpU PO3MIISAAI PO3TayKEHUX eJIEKTPUUHHUX Mmepex. Ox-
HaK YHCENIbHI METOIM 3/1aTHI MPOBECTH JOCITIDKEHHS IS
KOHKPETHUX YHCEJIIFHUX 3HAaueHb, SIKI XapaKTepU3yloTh
PEXUM ITOBHOI KOMIIEHcallil. AHAJITHYHI CUMBOJIbHI Me-
TOIIN TO3BOJISIOTH MPOBECTH SKICHUI aHaNi3 i OTpUMYyBa-
TH y3araJbHEHHI pe3yJIbTaTH, peKOMEHAIIi i BHCHOBKH.

Merta cTaTTi TOJNSTaE y CTBOPEHHI AHAIITHYHOTO
METOJly BH3HA4YEHHS YMOB [OCSTHEHHS ITOBHOI KOMIICH-

cauii B y3arajbHEHIH CHCTEMi €JIEKTPOIIOCTaYaHHs 3ayis
CHPOIICHHS METOJUKHA BH3HAYCHHS ITapaMeTpPiB KOMIICH-
CYBaJIbHHX TPUCTPOIB i JOCSATHEHHS pe3yNbTaTiB 0e3 BU-
KOPHCTaHHS BIJHOCHO CKIIQJHUX MPOICIYyp Ha OCHOBI
ONTUMI3AIITHAX aJNTOPUTMIB.

OcHoOBHA YacTHHA TOCTigxKeHHs. Bymemo po3rs-
JATH TPATUIfHy CHCTEMY EJIeKTPOIIOCTa4aHHS 3 ToIre-
PEYHOI0 KOMIICHCAII€I0 peakTHBHOI MOTYyXHOCTI [1-3, 5,
6, 10], sixa 300pakeHa Ha puc. | y 3araapHONPUHHATOMY
JUTSL €IIEKTPOSHEPTeTUKN BUTIISIIIL.

Lto cucremy BapTO Ha3MBaTH y3araJbHEHOIO CHCTeE-
MO0 €JICKTPOIOCTaYaHHs, OCKIIbKY B Hil BHIIIJICHI OCHO-
BHI CKIIQJIOBI CHCTEMH EJCKTPOIIOCTAYaHHS IMPH JOTPH-
MaHHI 3arajJbHONPUHHATHX B CICKTPOCHEPIeTHIIl YMOB.
Takumu yMOBaMHU €, MO-TIepIie, MPUITYIIECHHS, [0 Tpuda-
3Ha 3a3BHYAl CHCTEMa eJIEKTPONOCTadYaHHs (PYHKI[IOHYE B
CUMETPHUYHOMY PEXHMi, a TOMY JOCTaTHbO aHANi3yBaTH il
JUIIEe 32 OJHIEI0 3 TPhoX (pa3 i 3aBOSKKM IIOMY MOXKHA
PO3IISIIATH TaK 3BaHWN ONHONIHINHUKM BapiaHT CHCTEMH,
TO0TO, OJHO(A3HY 3aCTYIHY CXEMYy 3 OJHUM JDKEPEIOM
Hanpyru. Ilo-gpyre, mapameTpu 3acTyIHOI CXEMU IIPUBO-
JITBCS 10 OZIHIET CTOPOHH — ab0 10 CTOPOHHU TeHeparopa,
abo 710 CTOPOHHM HaBaHTaXEHHsI, SIK L€, HAIPUKIAJ, PO-
OUTHCS MPH PO3PAXYHKAX PEKHUMIB KOPOTKUX 3aMHUKAHb.
[o-Tpere, Mepexka, ska MOXKE MaTH PO3TAyKEHY TOIIO-
JIOTif0, 3aMINIy€ThCS OJHUM KOMIUICKCHHM aKTHUBHO-
IHAYKTUBHUM OTIOPOM Ha OCHOBI TEOPEMH PO CKBiBaJICH-

THUH aKTUBHUI JIBOIOIIOCHHUK.
Zn

U I R
| ——

Puc. 1. V3aransHeHa ogHOINIHIHHA CHCTEMA €JIEKTPOIIOCTAYAHHS
3 KOMIICHCATOPOM PEaKTHBHOI ITOTY)KHOCTI

B miif cxemi e; — Kepeno HalpyrH, K€ TeHepye i
MOCTAavYa€e eJIEKTPOEHEPTito; Z; — KOMIIJIEKCHUN aKTHBHO-
IHAYKTUBHHUH OIIip, IO BiZoOpakae JiHIIO eleKTpomnepe-
JTaBaHHS 1 BpPaXxOBy€e BHYTPIIIHIN OMip CaMOTo TeHepaTo-
pa; Z, — KOMIUICKCHE aKTUBHO-IHAYKTUBHEC HaBaHTa)KCH-
Hs1; C — eMHICTh Oarapei KOHJIEHCATOPIB, SKi KOMIIEHCY-
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IOTh PEAaKTHBHY NOTYXXHICThP B CHCTEMi €JIEKTpOIIOCTa-
yaHHS. 3a3BUYall TPAAMIIIMHO B €JIEKTPOCHEPTETHUIll BH-
KOPUCTOBYIOThCS JIOCHTh HAOJIMKEHI OI[IHKHA 3HAYCHHS
i€l eMHOCTi. BOHA BH3HAYAETHCS K Taka, IO CIIPOMOXK-
Ha KOMIICHCYBAaTU II€BHY 3aJaHy 4YacCTUHY PEaKTUBHOI
MOTY)XHOCTI HaBaHTakeHHs. lle MoB’s3aHO 3 MOCTIHHOIO
3MIHHOIO HaBaHTaXXCHb, HAIIPUKJIAJ], B MEpEKax EIeKTPO-
MoCTayaHHs! KOMYHAJIBHUX croxwuBaviB. KpiMm Toro, He-
MOJKJIMBO BUCTaBUTH TOYHE 3HAYCHHS €MHOCTI OaTapel
KOH/IGHCATOPiB HaBiTh TOJi, KOJH II¢ 3HAYCHHS BU3HAUe-
HO, OCKUTBKH HaJa€ BIUIMB Ha JUCKPETHICTH 3HAUYCHb €M-
HOCTEW OKpEeMHX KOHIEHCATOPiB, IO CKJIAJAI0Th Oarta-
pero. OmHAK PO3BUTOK HAIMIBIIPOBITHMKOBOT CHIIOBOI elre-
KTPOHIKH 1 3aCO0IB aBTOMAaTHYHOI'O YIPABJIIHHS €JICKTPO-
TEXHIYHHUMH CHCTEMaMH MAlOTh TEHICHIIT IU(poBi3arlil
€JIEKTPOHIKH 1 Nepexij A0 IHTEJIEKTyaIbHUX CHCTEM eJie-
KTporocrayanHs [11], mo J03BONATH BUPINIATH B3arani
i IpoOJIeMH 1 HaJlaTH MOXKIIMBICTD JTOCATTH TOYHUX IIa-
paMeTpiB KOMIIEHCYBAIBHHUX IPUCTPOiB HaBITH B yMOBax
Bapiamiii HaBaHTa)KeHb. MaeThCcs HA YBasi 3aCTOCYBaHHSI
KEpOBAaHUX I1HAYKTUBHOCTEH 3 YBIMKHEHHMH 3YCTPI4HO
TUPHUCTOPAMHU, a TAaKOXX CHIIOBHX aKTHBHHX (QIIBTPIB 3
[IMPOTHO-IMITYJIBCHOIO MOAYJIALIETO.

Ha puc. 2 HaBeneHO 3aCTymHY CXeMy y3arajabHEHOL
CHCTEMH EJIEKTPOIIOCTaYaHHS 3 KOMIIEHCATOPOM.

Is Rs Ls
T

e Cf) Rn

Ln

Puc. 2. 3acTynHa cxema y3arajabHEHOI CUCTEMU
eJICKTPOIIOCTA4YaHHs 3 KOMIICHCATOPOM

B miit cxemi R i Ly — akTHBHHH OIIip 1 IHAYKTUBHICTD
JiHii enekTponepeaaBaHHs, KyJI1 TaKOX BKIOUEHI 1 Bif-
MMOBIJHI MapaMeTpu peaabHOro remeparopa; R, i L, —
AKTHBHUM OIIp 1 IHAYKTUBHICTh HABAHTAKEHHS IIPH NIPE/I-
CTaBJICHHI HABAHTA)XCHHS IIOCIIIJOBHAM €KBiBaJCHTOM.
Cucrema piBHSHBb 32 METOJOM KOMIUICKCHHUX aMILTITYI,
[0 OITKCYE II0 €KBIiBAJICHTHY 3aCTYITHY CXEMY, BUTJISIAE

HAaCTYITHUM YMHOM B 6a3uci 3minaux [, 1, U, :

Ry + joL )+ U, =é,; (1)
(R, + joL)l, - U.=0; )
I,—1,-joC, U, =0. 3)

Crin 3ayBaKUTH, II0 B CHUCTEMI I[UX PIBHSHb MiC-

TATbCSA HeBigoMi crpymu [, I, i Hanpyra U,., a kpiMm

TOTO HEBIZIOMOIO BEJIYMHOKO € eMHICTh C, sika pa3oM i3 U,
YTBOPIOE TOOYTOK cU, ¢ - Lle B CBOIO 4epry JIMIIAE CHCTEMY
(1) — (3) miHiftHOCTI, @ KPIM TOTO TPHOX PIBHSIHB BXKE HE
BHCTAYaE TS OHO3HAYHOrO BU3HAUCHHS | s I 0o U ¢ 1C

B Meroni monrykoBoi onTuMi3atii It 3aa4a po3B’ I3yEThCS
HaKJIaJaHHAM JOJATKOBUX YMOB KOMIIEHcalil peaKTUBHOI
MOTYXHOCTI 3 TIOJAIBIINM BUKOPHUCTAaHHSAM YHCJIOBUX ajl-
TOPUTMIB 13 3aCTOCYBaHHSIM HBIOTOHIBCHKUX METOJIB a0bo

METOJly ONTHMI3allil 3a alropUTMOM, HANpHKIa, nedop-
MOBaHOTO OaraTorpanHuka [12, 13].

3acTocyeMO HACTYIHI €Talmd CKBIBaJICHTHUX IIepe-
TBOPEHB 3aCTYIIHUX CXEM Y3arajllbHEHOI CHCTEMH EJIEKT-
porocTayaHHs.

Etan 1. IlepeTBoprMO TOCTIIOBHUH €KBIBaJCHT Ha-
BAHTAXEHHS 3 KOMIUIEKCHUM ONOpOM R, + jwl, B mapaine-
JHHAH €KBIBAIICHT 3 KOMIUIEKCHOIO TIPOBiTHICTIO Gy — j Y1

1 R

R, +joL, - R,% +a)2L,21

n

G —JjYn =

; oL, _ R ; X
R:+w*2 R?+X% " R2+X?

Kpim toro, xorgencatop Cj; 3aMiHIMO IBOMa KOH-
nercaropamu C, = Cy + C,, ne C; Oyne npu3HaYeHui s
KOMITEHCAIlil peakTUBHOCTI CyTO HaBaHTaxeHHd, a C,
OyZIe OTIOBHIOBATH MPOIIEC KOMIICHCAIIl 10 PiBHS, KOJH
JOKEpeIo e; He OyJie MOoB’si3aHe 3 PEaKTHBHOIO TOTYXKHIC-
TI0, TOOTO (ha3u HAIPyTH 1 CTPYMY JpKepena CHiBNaayTh i
THUM CaMuM OyJie OCSTHyTa IIOBHA KOMIIEHCALlisl PEaKTH-
BHOI MOTY>KHOCTI B cucteMi. OTpuMaHa micis eramy 1
3acTyIHa cxeMa 300pakeHa Ha puc. 3.

n n

Rs Ls
—1 A
LT

o <f> c2== c1== vm% Gn1|::|

Puc. 3. 3acTynHa cxema CHCTEMH 3 apajelbHUM €KBIBAJICHTOM
HABaHTA)KEHHS 1 PO3MOALIIEHUM KOMIIEHCATOPOM

Eran 2. BusHagaemo emHicTh KoHaeHcaropa Ci,
SIKMI TTOBHHEH KOMITCHCYBAaTH 1HIYKTHBHICTh ITapalielib-
HOT'O €KBIBaJICHTY HaBaHTa)KEHHSI:

X

n
R+ X2

n n

joC—jY,=0 abo wC = ,

3BiKH:
X,/ o L
G=—'—"5=" "5 )
R, +X, R;+X;

Ha mpoMy >k eTami MOXHA B CKBIBAICHTHIM CXeMi
(puc. 3) mo30aBUTHCS JBOX PEAKTHBHHX €JIEMEHTIB. Ma-
I0ThCS Ha yBa3i IHAYKTHUBHICTb MApaJICIbHOIO €KBiBaJICH-
Ta HaBaHTAKEHHS 3 MPOBimHICTIO Y, 1 KoHAeHcaTop C,
SKU{ TIOBHICTIO KOMIIGHCYE IO IHIYKTHUBHiCTh. Cyma
MPOBITHOCTEH LIUX EJIEMEHTIB JOPIBHIOE HYIIO, TOMY 3
TOYKH 30py METOJa KOMIUIEKCHHX aMIUTITY[, IO 3acTO-
COBYETBCS TYT IJISL aHAJI3Y, i €JIeMEHTH MOXKHA IPOCTO
BUKJIFOYMTH 31 CXeMH Ha puc. 3. B pe3ynbrari orpumaemo
€KBIBaJICHTHY CXeMy 0e3 BKa3aHHX CJICMCHTIB, sKa Mpe.-
cTaBjeHa Ha puc. 4.

Rs Ls
LT

Cc2 —

(1) e ]

Puc. 4. 3actynHa cxema CHCTEMH 3 KOMIIGHCATOPOM PEaKTHBHOL
CKJIa[I0BO] JIiHII eleKTponepeaaBaHHs

76

Enexmpomexnixa i Enexmpomexanika, 2024, Ne 2



Eran 3. Tenep Tpe6a BU3HAYMTH €MHICTh KOHACHCA-
topa C,, IKU#l MAKIFOYCHUI MapaieapHO MpoBITHOCTI G 1
NOBMHEH KOMIICHCYBaTH PEaKTUBHY IOTYXHICTb 1HIYKTHB-
HocTl L, niHii enekrporniepenaBanHs. [leperBopumo naii
napasenbHe koo G,; — C; B TIOCIIIOBHE 3 €/JHAHHS CKBiBa-
JIEHTHHX pe3ucTopa R; i koHneHcaropa C; (puc. 5).

Rs Ls c3
1 Y I]
LI 1

e (1) e ]

Puc. 5. 3acTynHa cxema cuCTeMHU Ha eTari BU3HAYEHHS €EMHOCTI
KOMIIEHCaTopa JUIs JIiHi1 eleKTporepeaaBanHs

Tlo3naunmo: )(S = COLS, Ycz = a)Cz, Xc3 = l/Yc3,
Y3 = @Cs. Toni mapaMeTpu HOBOTO KOJia HaBAaHTAKECHHS
OTPUMAEMO 3 OUYCBHIHUX CITIBBIIHOIICHB:
1 _Gu—JYe

Ry—jXc3 = = ®)
Gu+i¥er GA+Y3
3BijcH SICHO, 110
G
Ry =———; (6)
Gn+Ye
Y,
Xe3=—5 5 ()
Gn+Ye

B cxeMi Ha puc. 5 peakTHBHI €JIEMEHTH YBIMKHEHI
MOCITIJOBHO, 1 YMOBH ITOB3JIOBXXHBOT KOMIIEHCAIlIT peak-
THUBHOI IIOTY>KHOCTI MOJISITAIOTh y BHKOHAHHI YMOBHU
)(S = Xc3, TOOTO

Xg =Yoo (G +Y3s), ®)

[0 TMPHUBOIHUTH 10 PO3B’SI3aHHS anreOpaidHOTO KBaapaT-
HOTO PiBHSIHHSA

1
Yés —X—Ycz +Gpy =0. ©
s

3BijcH MOKHA BU3HAYHTH MPOBIAHICTH KOHIEHCATO-
pa Cy:

+ 1
2Xg \4x?2

Sk BMIHO 3 OTPMMaHOTO BHpPa3y, PO3B’S3aHHS Mae
JIBa KOpEHI, 3 SIKMX Ul PEasbHOrO BHIIAJKY CIif o0paTtu
PIBHSIHHS 3 IO3HAYKOI «MIHYC» mepen kopeHem. Jlpyre
3HAYECHHs MIATBEPKY€E iCHYBaHHs JBOX PEXHMIB ITOBHOI
KOMIIEHCAIlil peakTHBHOI MOTY>KHOCTI B CUCTEMI €JIEKTPO-
MIOCTAYaHHs, Ha M0 OyJI0 BKa3aHO B ITIONEpPENHIX Mparsix
[14, 15], me mapameTpu APYTOTO PEXUMY OTPHMYBAIHCS
YHCENFHIM METOIIOM B XOJi IMPOBEACHHS ONTHUMi3alliil 3a
MeTooM nedopMoBaHOro OaratorpaHHuKa. Jpyruii Ko-
PiHb BIATIOBI/Ia€ 3aBUIIEHIH €MHOCTI KOMIIEHcalil 1 3Ha4-
HOMY 301UJIBIIICHHIO CTPYMY, IIIO CIIOKHBA€ETHCS BiJl [HKEpe-
na. €mHIicTh KoHAeHCaTtopa Cy: C= Yy, / w. CymapHa em-
HICTh, HEOOXiaHa 111 moBHOI KoMmeHcalii: C, = C; + C,.

YMOBH [OCATHEHHSI PeKUMY NMOBHOI KOMIIEHCA-
mii. 3 Bupasy (10) MoxHa OTpPUMATH YMOBY JOCSITHEHHS
PEeXUMY TOBHOI KOMIIEHcallii, sika IoJIsirae B TOMy, 1100
IiAKOPiHHKUHI BUpa3 OyB IO3UTHBHHNA:

2
-Gy -

Yor = (10)

1

—— =Gy > 0. (11)
4X5
Ile mpuBOaUTE 10 BUpaA3y:
1
Xg < . 12
S <26, (12)
3 ypaxyBaHHAM TOTO, IO
R
Gy = ﬁ’
R, + X,
OTPUMAEMO:
1 X
Xg<—(R,+ ;). (13)
2 R

n
Takum YMHOM, MeTOAMKA BHKOPHCTAHHS OTpUMa-
HHUX BHUILIE PO3PaxyHKOBHX CIIIBBIAHOIICHb MOXe OyTH
OIMcaHa HACTYIIPUM YHHOM:

e PozpaxoByemMo mapajesbHUI €KBIBaJCHT HaBaHTa-
JKCHH.

e BukopucTOBYIOUM IHOYKTHBHY CKJIaJOBY IMapaJieib-
HOTO EKBiBaJICHTA, 3HAXOAWMO €MHICTh KOMIIEHCATOPA,
IO BiH KOMIIEHCYE PEaKTHBHY CKJIQJIOBY CyTO HaBaHTa-
JKCHHS 32 CITIBBIIHOIICHHSIM (4).

¢ Bukirodaemo i3 3aCTYIHOI CXeMH iHIYKTHBHY CKJIa-
JIOBY ITapaJielIbHOT0 €KBIBAJICHTY HaBaHTa)XXEHHS Pa3oM 3
il eMHICHIM KOMIIEHCATOPOM, OCKUIBKH iX cymMapHa Ipo-
BIJIHICTh JIOPIBHIOE HYJIIO. BBOJMMO B €KBIBaJICHTHY CXe-
My eMHICTb C,, IO MPU3HAYEHA [Tl KOMIICHCAIIIT peaKTH-
BHOI CKJIQJIOBOT JIiHIT eleKTponepeaBaHHsl.

e 3a cmiBBigHomeHHsM (13) mepeBipseMo yMOBH 110-
CSITHEHHSI TTOBHOI KOMIIEHCAIlli PeaKTHBHOI MOTY>XKHOCTI B
CHCTEMI.

e SIkumo moBHa KOMIIEHCalish MOXe OyTH JOCATHYTa,
cKiazaeMo piBHSAHHSA (9) 1 po3B’s3yeEMO HOTrO 3a CIIiBBil-
HomeHHAM (10), mo M03BOJsIE BU3HAYHUTH IIPOBIIHICTH
komnencatopa C,.

e Po3paxoByemo emHicTh C, i CyMapHy €MHICTh KOM-
HEeHCaTopa, 10 3a0e3Neyye NOBHY KOMIIEHCALI0 PeaKTH-
BHOI TIOTY>KHOCTI B CHCTEMI.

Pe3yabTaTH 4ncejJbHOr0 aHadi3y i MoJe/0BaH-
Hsl. Po3risiHeMO y3araJibHEHY CHCTEMY eJIEKTpOIIOCTa-
gaHHA (puc. 2) TOpHM  HACTYNHUX  [apaMeTpax:
e,(t) = 100sin(wt), ne @ = 1007, R,=3 Om; L, = 0,03 I'n;
R, =7 Owm; L, = 0,05 I'n. KommiekcHuii omip HaBaHTa-
J)KeHHs Z, =7 +j15,708.

KowmriekcHa mpoBiHICT MapanenbHo eKBiBaJICHTHA
HaBaHTAXCHHS.

1
7+ j15,708
IpoBinHicts koHaeHcaTopa Cj, O BiH KOMIIGHCYE

peakTHBHICTh HaBaHTaKeHHs Y = 0,053119 Cwm.
€MHICTh KOHAeHCaTopa Ci:

G :h: 0,05311
w 1007

KBagpaTHe piBHSHHS NI 3HAXOIDKEHHS MPOBiITHO-
cTi Y, for

Gu—JjYm = =0,0237- j0,05311.

=169,07 Mx®.

Y2, —0,1061- Yoy +5,6024-1074 = 0,
3BIIKA

Y5 =0,05305—- \/0,0028 ~5,24-10"* =0,0055728 Cm.
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€muicts koHIeHcaTopa Cp, SIKMH KOMIEHCYE 1HIYK-
THBHICTB JIiHIT €JIeKTPOIIepeaaBaHHs,:

G, = Yoo _ 17,739 Mx®.
1007

€MHICTB, 10 3a0e31eyye MOBHY KOMIIEHCAIII0 peak-

THUBHOI ITOTY>XHOCTI B CUCTEMI
C, =C+C, =186,81 mMxd.

3a OTpMaHUMH pe3yIbTaTaMu IPOBEAEHO MOJIEITIO-
BaHHS CUCTEMH JJIsl TPhOX BapiaHTIB:

[ — Ge3 KOMIIEeHCYBAJILHOTO KOHIEHCATOPa;

IT — 3 emuicTio C;, = C}, KONMH 3a0€3MEUYETHCA YACT-
KOBa KOMITCHCAIIisl JIMIIE PEaKTHBHOCTI HABAHTAXKCHHS;

IIT — 3 emuictio C; = C + C,, mo 3a0e3meuye MOBHY
KOMIICHCALII0 PEaKTUBHOI OTY>KHOCTI B CHCTEMI.

Jns MonenmroBaHHs CKJIAJIeHA Bi3yallbHa MOJENb B
cucremi MATLAB/Simulink/SimPowerSystem. Kondi-
rypauist Mozieni (pakTHYHO MOBTOPIOE CXEMY, MPHUBEACHY
Ha puC. 2, 1 TOMy HE HaBOJIUTHCS. BUMIprOBaiHcs KOM-

IUIEKCHI BEJIMYUHH Hanpyra U, Ha KOHAEHCcaTopi, TOOTO
Hampyra Ha HABaHTAXEHHI; CTpyM [g pKepena elTeKTpo-
eHeprii; ctpyM [~ konueHcatopa Ci; ctpyM [, uepe3

HaBaHTaKEHHS. Pe3ynbTaTh MOJICTIOBAHHS MPHBE/CHI B
TabI. 1.

Tabmuws 1
PesynbraTit MOZETIOBaHHS
Iapametpu | I Bapiant 11 BapianT 111 BapianT

Ck 0 C Ci+G

UC 63,8£4-2,32° | 91,41£-11,77° | 95,57£-13,25°
js 3,74-68,3° | 2,16£-11,77° 2,32/£0°

jC 0 4,86.78,23° 5,61£76,75°
jZn 3,74-68,3° | 5,33£-77,75° | 5,56£-79,23°

AwHani3yloun npuBe/ieHl pe3yiabTaTH, BapTo 3ayBa-
XKHTH, IO NPU BiACYTHOCTI KOMIICHCYBAJILHOI'O KOHACH-
caTopa peXHM XapaKTepH3y€eThCsl HAM3BHYAHHO HU3BKUM
piBHEM HAmpyrH, sSKa HAJXOTUThH IO HaBaHTaXeHHs. Bin
JDKepesia CIOKMBAEThCS BITHOCHO BENUKHHA CTPYM, SKHIA
CTBOPIOE Ha KOMIUIEKCHOMY OMOpI JiHil eJekTponepena-
BaHHS JOCTATHBO BEJMKE MANiHHA HANpPYTH, aMILTTYAa
sIKOTO Aocsrae Oimpin Hixk 30 % BiJ HANPYTH CaMOTO JIKe-
pema. OOuuciieHHs 3HA4YeHHS KoedillieHTa MOTY>KHOCTI
Jla€ BeIbMH HU3bKe 3Ha4YeHHs co0s(68,30°) = 0,369. 3acTto-
CyBaHHS 4acTKOBoOi komrreHcamii mpu C;, = C| MOBHICTIO
KOMIICHCY€E PEaKTHBHY IOTYXHICTh HaBaHTakeHHs. [Ipo
Le CBIIYNTH OJHAKOBI (ha30Bi 3CyBH HaIpyrd HaBaHTa-

xerns U, ¢ 1cTpymy I 5 » TOOTO HABAaHTa)KEHHs CYMICHO 3
koHzAeHcaTopoM C| MOBOIATH ce0e SIK aKTHMBHUHU pe3uc-
Top. Lle B cBOIO "epry miaTBepaXKy€e Ii€3aTHICTD 3aCTyI-
HO1 cxeMmu, 300paxkeHoi Ha puc. 4 npu C, = 0. [lificHo,
MOJIUTUBILHU CTPYM I s Ha Hampyry U ¢ OTPHUMAEMO IIpo-
BiJJHICTh €KBIBAJICHTA HABAaHTAXKECHHS
_2,16£-11,77°
4291 41£-11,77°
nio criBnagae 3 G, 3actynmHoi cxemi Ha puc. 4. ExBiBa-
neHtHu# omip R, =1/ G,; = 42,319 Om. be3 komnencarii
MOJTyJTh HABAHTaKECHHS CKJIaB

=0,02363 O™

|Z,| =/7% +15,708% =17,971 Om.

TakuM YUHOM, MiTKIFOUEHHs KoHAeHcaTopa Cj, 10
KOMIICHCY€E PEAKTUBHICTh HABAHTA)KCHHS, MOXKHA TPAKTY-
BaTH SIK CYTTEBE 3pOCTAHHSI €KBIBAJICHTHOTO OIIOPY HaBa-
HTaXCHHS. 3aBASKH IIbOMY 3MEHILIYETHCS CTPYM, CIIOXKH-
BaHUIl BiX jkepena. B Toi ke wac 30UIBITYETHCS IO
HaIpyTH JUKepela, sika IoCTymnae 0e3nocepeiHbo Ha BY3-
T HABaHTAXCHHS. X04a MaliHHA HAIpYTH Ha JiHii eJeK-
TpornepeaBaHHs 3MEHIIYEThCS Maike BTpU4YI 1 Terep
ckimagae Outs 10 % Bim Hampyru Jpkepena, Hampyra Ha
HaBaHTa)KeHHI BCE )X TaKW He jocArae 5 % NOIMyCTHMOTO
BiaxuneHHs. Y Tperbomy Bapianti C; = C; + C,, 1 1ipn
IBOMY JIOCSITAETHCSI TIOBHA KOMITEHCALlisl PEaKTHBHOI I10-
TYXHOCTI B cucteMi. [Ipo me cBiguuTh 30ir ¢asu cTpymy

Ig mxepena 3 ¢a3soro Horo Hanpyru ey(?). 3aBIasKu gona-
TKOBIH KOMIICHCAIIT IHAYKTUBHOCTI JIiHIi eleKTponepeaa-
BaHHS HaNpPyTH HaBaHTaxkeHHs U 30imblIyeThes i 1ocs-

rae 5 % IOIMyCTUMOTrO BiIXWJIEHHS BiJl HAIIPyTH JUKEpeda.
CrioxuBaHUMH BiJl JpKEpena CTPyM JIem0 30LIbIIyeEThCS.
Lle MO’KHA MOSICHUTH 110 3aCTYIHIN cxeMmi, 300paxkeHiil Ha
pHc. 5, SKIIO MPUHHATH 10 yBaru, MO CyMa PeaKTHBHUX
omopiB iHTYKTHBHOCTI L; i C; KOHAEHCATOpa MOPIBHIOE
Hymo. ToMy Ii €IeMEeHTH MOXKHa IMPHOpaTH 3i CXEMH,
3aMIHUBIIN IX KOPOTKO3aMKHEHHM MpOBimHUKOM. OTpH-
Ma€EMO TPOCTY 3aCTYMHY CXEMY 3 TMOCHIJOBHHX MiIKIIIO-
YEHHSAM PE3UCTOPIB R; 1 R,3. OOUHUCINMO OITip OCTaHHBO-
ro pesuctopa 3a (6):

Ryy=—Jn 0,0237 ~39.983 Owm.

G4 +Y% 002377 +0,00557282
Sk BumHO, omip R,; HE3HAUYHO 3MEHILIYETHCS y TOPIB-

HsHHI 3 R, CTpym 1 5 » OOUMCIIEHHI 3 ypaxyBaHHM R, 1R3!
Ig= _10___, 2,326 A,
3+39,9834
11O CHIBMAaJae 3 pe3ysibTaTaMi MOZETIOBaHHs B Ta0I. 1.

Hampyra Ha HaBaHTa)KeHHI OOYHUCIIOETHCS SK I'€O-

MeTpHYHa cyma Hanpyr Ha R,3 1 Cs:
1/2
2 1 2| _
UR3) +(—1y) =95,59 B,
CUC3
II0 TaKOX CITIBIAJIAE 3 pe3yIbTaTaMH MOJICITIOBAHHS.

Jiis MoziemioBaHHS B YaCOBOMY TIPOCTOPI BUKOPHCTaHA
BisyanmsHa Mozens y cucteMi MATLAB/SimPowerSystem
(puc. 6). BipryasbHi Mpuaaan J03BOJSIOTH BU3HAYATH aMII-
JITY/U CTPYMIB 1 HAIpyT, a TAKOX aKTHBHI 1 PEaKTHUBHI IO~
TYKHOCTI Ha €JIeMEHTaX CUCTEMU.

[Tokazani Ha puc. 6 pe3yJibTaTd BIANOBINAIOTH pe-
JKUMY MTOBHOI KoMIeHcarlil. TyT BHIHO, IO JDKEPEIo Bil-
JIa€ JIMIIe aKTUBHY MOTYXHicTh P, = 116,2 BT, akTuBHA
MOTY>KHICTh HABAaHTAXXCHHS CTaHOBUTH P, 108,1 Br,
aKTHBHI BTpAaTH Ha JIHII €NEKTpOINepeaaBaHHs 1 ONopy
reHeparopa Py 8,102 Br. PeakTuBHa TOTYXHICTB,
OB ’s13aHA 3 JDKEPEIIOM eJIEKTPOSHEPTii, JOPiBHIOE HYIIIO,
i Tomy kxoedimieHT motyxHOCTI cosg = 1. KK]I cucremn
npu npoMy ckiamae 17 = 108,1 /116,2 = 0,93. V toif xe
gac ISl HEKOMIICHCOBAHOTO PEXHUMY IIi BETMYWHH CKJIA-
nmarote: P, = 68,34 Br, P, = 47,84 B, P, = 20,5 Br,
n =47,84 / 68,34 = 0,7. PeakTuBHA MOTY>XHICTH, IO Bij-
JTA€ThCS JDKEPETIoM MpH boMy, ckianae O, = 171,8 BAp,
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1110 00YMOBJIFOE€ HU3bKE 3HAUEHHS KOe(Ili€HTa MOTYKHO-
cti cosp = 0,37. Lli pe3yabTaTH HAOYHO CBIIYaTh HA KO-
PHCTB PEeXUMY TTOBHOI KOMIEHCAIIiT, 3aBASKH SKOMY Ha-
BaHTAXKEHHS CIIOKUBAE HANPYTY, OIH3bKY J0 HOMiHAlb-
HOi, 110 3a0e3rnedye B CBOIO 4Yepry HaJISKHHH DPIBEHb
CIIOXKMBAHOI TOTYXHOCTI, BTPaTH Ha JIiHii eJeKTponepe-
JlaBaHHs 3MEHIIYIOThCA y 2,5 pa3H, a KoeillieHT Kopuc-

Pe
NN 116.2 Ims
wf—s[ _ 2.324)
ol -0.004877]
' Zuf—>]
Se Qe

Fourier1 Fils

Us Ps

|: Rs=3 Ls=0.03
a|

.
:
= % L
i T e e -
Is .

C=C1+C2

HOI aii migBuiyeTbes Ha 23 %. Takum uuHOM, TIpU pearti-
3alii NOBHOI KOMITEHCAIl CyTTEBO MiBHIIYIOTHCS EHEp-
TeTHUYHI MMOKAa3HUKU CHUCTEMH EJIEKTPOIIOCTauYaHHs 1 3a-
Oe3meuyeThCss HOPMANbHE KUBJICHHS HABAHTAKCHHS, SKE
NPU BiJICYyTHOCTI KOMIIEHCAllii IepeBaHTAXye MEPexy i
THM CaMHUM HEMPUITYCTHMO 3HIDKYE HAMpPYry B TOYL ITij-
KJIFOYCHHS LIbOTO HABAHTAXKCHHSL.

!¢

> | Q
jUE I - 'Ly 25.45

; @ E=1001=50 v P B-102

Qn
Umn
ot || 95.57|
=[]
— PN -13.25]
Rn=7 Ln=0.05 Fourier FiUn

Qs

ul 22.99
£u 72.35
 —

Fourier2
FiUs

Continuous

powergui

Puc. 6. BizyansHa Mozens cucTeMu IS Bepudikarii pexkuMy MoBHOT KOMITeHcamii

BucHoBKk#H.

1. 3ampONIOHOBAHO AHANITHYHUA METOJ BHU3HAYCHHS
YMOB IOCSTHEHHsI TIOBHOI KOMITEHCAIlil PEaKTHBHOI II0-
TYXHOCTI B y3arajJbHEeHI CHCTEMi eNeKTPONOCTadaHHs,
o0 TPYHTYEThCS Ha 0a3i eKBIBaJICHTHUX IE€PETBOPCHb
TOIOJIOTIi CHCTEMH eJIeKTPOIOCTAuYaHHs Ta J03BOJISIE HE
3aCTOCOBYBATH CKJIAZHI METOAM PO3B’S3aHHS HENIHIHHUX
PIBHSHB ITEpAIliHIMHU Ta ONTUMI3AIITHUMH METOIAMHU.

2. Ha oCHOBi 3alpONOHOBAHOTO METOXIy po3polieHa
aHAJITUYHA METOJMKA PO3PAaXyHKY MapaMerpiB KOMIICH-
CYIOYOTO ITPUCTPOIO 1 pEXKUMHHUX MapaMeTpiB CUCTEMH, Ta
BUKOHaHA 11 Bepu(ikailis, Mo MiATBEpIUIA CIiBIATIHHS
OTPUMAaHUX Pe3yNbTATiB 13 BI/IOMUMH NPHUKIAIAMH peati-
3aI1ii TOBHOT KOMIICHCAIIT pEaKTUBHOI IIOTYKHOCTI.

3.13 mpoBeseHOro aHaji3y BHWTIKae, MIO 3arajbHO-
MpUHHATA YacTKOBAa KOMIIGHCAIiSl PEakTUBHOCTI HaBaH-
Ta)KEHHSI MOXKE He 3a0e3IeYyBaT HAICKHOTO 3POCTAHHS
HANpYTd Ha HABAHTAXKCHHI, B TOH k€ 4Yac 3aCTOCYBaHHS
TTOBHOI KOMITEHCAIlii pPeaKTUBHOI MOTY>KHOCTI 3a0e3medye
MOJIaJIbIIIE TiIBUIICHHS HAITPYTH HA HABAHTA)KEHHI.

4. TlokazaHo, W0 MpolecH 30LTbLICHHS HANpPYTH Ha
HaBaHTAXXCHHI 1 3MEHIIEHHS CTPyMy JDKEpena MO)KHa
TPaKTyBaTH 5K 30UIBIICHHS €KBIBAJICHTHOTO OMOpPY HaBa-
HTa)KEHHSI.

5. 3amporoHOBaHI METOJ Ta METOAMKA PO3paxyHKy Ha
HOr0 OCHOBI MalOTh NEPCHEKTHBY OYyTH 3aCTOCOBaHUMH
TIPY aHaJli31 IPOIIECciB KOMITEHCalii PeaKTUBHOI IOTYKHOC-
Ti B EIIEKTPUYHUX Mepexkax 3 OaraTbMa HaBaHTRKECHHAMH 1
JeKITbKOMA JpKEpeIaMy TIOCTaYaHHsI eIIEKTPOCHEPTii.

6. Pe3ynmpTaTii MOJCNIOBAaHHS PEXUMY B CHCTEMi Ha
mogzeni, ckmaneHii B makeri MATLAB/Simulink/Sim-
PowerSysten npu 3aiaHuX BUXIJIHUX Mapamerpax i 3Hai-
JICHUX TIapaMeTpax KOMIIEHCATOPa MOKa3yloTh a0CONIIOTHE
CHIBNa/IiHHS 3 PO3PaxOBaHUMH 3a JIOMIOMOTOI0 PO3podIIe-
HOI METOJMKHU pe3yJIbTaTaMU PO3PAXyHKIB PEIKHUHUMIB.

Kondutikr inTepeciB. ABTOpHU IeKNapyrOTh BiICYT-
HICTH KOH(QUIIKTY iHTEpECiB.
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Goal. The purpose of the article is the development of an analyti-
cal method for determining the conditions for achieving full com-
pensation in the generalized power supply system based on the
use of substitute circuits, which are obtained using equivalent
transformations of the topology of the original circuit. Methodol-
ogy. The article proposes a methodology for replacing series re-
active power compensation in high-voltage paths of the power
supply system with parallel reactive power compensation in a
low-voltage load node. Results. An algorithm for successive
transformations of the power supply circuit has been developed,
which makes it possible to estimate the values of the capacitances
of compensating capacitors, at which full compensation of reac-
tive power in the system is achieved. Originality. The proposed
analytical method for calculating the parameters of the compen-
sation unit makes it possible to dispense with complex optimiza-
tion computer methods and makes it possible to estimate the com-
pensation capacities that fall on the share of the load and the
network. Practical value. The proposed technique allows, using a
simple algorithm, to determine with high accuracy the necessary
parameters of the compensating device, which provide the optimal
mode in the power supply system. The proposed algorithm can
easily be implemented in a microcontroller system for automatic
control of the modes of the power supply system. References 15,
table 1, figures 6.

Key words: electrical system, reactive power, full compensa-
tion, search optimization, power factor, equivalent trans-
formations, substitute circuit.
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KOeinei

BABAK BITAJIIIA TABJOBUY

(1o 70-pivust 3 THSI HAPOPKEHHS )

Biramiii [1aBnoBuu Hapommscs 15 mrotoro 1954 p.
B M. JIyOouu [lonrtaBcekoi obmacti. Bimomuii BueHuit y
ramysi eHepreTukd Ta iHQOpMAIifHUX TEXHOJOTIH, JOK-
TOP TEXHIYHUX HAyK, Mpodecop, 3acayKEeHHl il HAyKn
i TexHiku Ykpainu, naypear [epxaBHol npemii Ykpainu
B Tramy3l HayKH 1 TEXHIKH, 4YIIeH-
xopecnionneHT HAH VYkpainu.

3akinunB y 1977 p. 3 Bin3HaKow
KuiBcbknii  MOMITEXHIYHUH — IHCTHTYT,
(aKyIbTeT eNEKTPONpPHIIAI00yyBaHHS Ta
00UHCITIOBAJIBHOI TEXHIKM 3a CHeliaibHic-
TiI0 «[H(DOpMaLiitHO-BUMIipIOBAIFHA TEXHi-
Ka», acCHipaHTypy Ta JOKTOPaHTYpY.
3 1977 mo 1995 pp. mpOWIIOB TPyHOBHI
LUISIX BiJ iHXKeHepa 0 3aBidyBaua kaden-
poro. Y 1981 p. 3aXuCTWB KaHIUIATCBHKY,
a B 1995 p. — HOKTOPCBKY AMCEPTAILiIo;
B 1994 p. mpuUCBOEHO BYE€HE 3BaHHSI
npodecopa.

3 Gepesns 1995 p. — HAYaJIBHUK TO-
JIOBHOTO YHNpaBJIiHHA akpeauTanii MiHic-
TEpCTBa OCBITH YKpaiHW, a 3 TPYyAHS TOTO X POKY —
3aCTYIHUK MiHICTpa OCBITM YKpaiHM 3 NUTaHb BHIIO]
ocBitu. CmiBaBTop 3akoHIiB «IIpo ocBity», «IIpo Bumry
OCBIiTY», HOPMAaTHBHO-IIPaBOBOi 0a3W BHUILOI OCBITH, MO-
JepHi3allii mepeiky HaBYalbHUX Ta HAyKOBUX CIIEIliallb-
HocTel, moctaHoB KaGinery MinicTpiB Ykpainm mpo
JIIEH3yBaHHS Ta AaKPEAWTALI0 HaBYAIBHHUX 3aKJIaJiB,
iHimiaTop BiOKpUTTSA B YKpaiHi miArotoBku (axiBUiB i3
3axucTy iHhopmarii.

Yaopomorx 1998-2008 pp. B.II. Babak — pekrop
HanionaneHoro asianiiinoro yHiBepcurery (HAY), sxuit
I Horo KepiBHMLITBOM 3100yB CTaTyC HaliOHAIBHOTO
(2000), aBTOHOMHOrO 1 CaMOBPSTHOIO YHIBEPCHUTETY
(2004). ITix maykoBuM kepiBHuITBOM B.I1. Babaka ycmimi-
HO BHMKOHAHO HH3KY MDKHApOJHHX HayKOBO-TEXHIYHHX
MIPOEKTIB, NIepKaBHUX Ta BIIOMYHX HAYKOBO-TEXHIUHHIX
Iporpam 3 Po3poOJICHHS TEOPETUYHMX 3acajl MOHITOPHHTY
Ta MIarHOCTHKHA €HEPreTUYHUX CHCTeM, iH(opMmariiHo-
BuUMIiproBaIbHUX TexHOuorii. Y 2003 p. Bitaiis ITaBmoBu-
ya oOpaHo wieHOM-kopecronaeHToM HAH VYkpainu 3i
crierianbHocTi «/liarHocTHKa GOPTOBHUX €HEPrOCHCTEM.

3 2008 p. B.II. Babak mpairoe roJIOBHUM HayKOBHM
criBpoOiTHUKOM [HCTHTYTY TexHiyHOI Ternodizukn HAH
VYxpainuy, y 2011 p. 040nMB Bifzii MOHITOPHHTY Ta ONTHMi-
3amii Tertodi3MyHUX Tporecis, B nepiog 20162021 pp. —
3aCTyIMHHK AUPEKTOpa [HCTUTYTY 3 HAyKOBOT POOOTH.

B 2022 p. B.IL babak mepedimoB Ha poOOTY
B [HCcTHTYT 3arampHOi eHepretukn HAH Ykpaian Ha mo-
cany B.O. mupekTopa [HeTUTyTy, 3aBigyBada BiJainy mpo-
THO3YBAaHHS PO3BUTKY €JIEKTPOCHEPIeTHYHOIO KOMILIEK-
cy. B moromy 2024 p. npusHadeHuil gupexropom IHcTH-
TyTy 3aranbHoi eHepretuku HAH Ykpainu.

Ha TemepimHii wac [JOKTOp TEXHIYHUX HayK,
npodecop, wi.-kop. HAH Ykpainu B.I1. babak € omaum
3 HayKOBUX JIiiepiB YKpaiHu 31 CTBOPEHHS! HOBOTO KJIACy
CHCTEM MOHITOPUHIY €HEPreTHYHUX 00’ €KTiB. 3aCHOBHUK
Ta KEpiBHUK 3HAHOI B CBITI HAyKOBOi IIKOJH 3 MOHi-

TOPUHTY CHEPreTHYHUX O00’€KTiB Ta iH(popMaIiitHnx
TEXHOJIOTiH, miarorysaB 19 mokropiB Ta 30 kaHOMIATIB
Hayk, Mae 500 HayKOBHX IMpalpb B TOMY YHCIi: 22 MOHO-
rpadii, 10 migpy4nukiB, 7 cioBHUKIB, 110 maTeHTiB.
[icte MoHorpadiii BUAAHO AHMIIHCHKOIO MOBOIO, 4 —

o1y0J1iKOBaHO y BUJABHULITBI
SPRINGER (Illseituapis).
Y  nponomx  0ararbox — pOKIB

B.I1. babGak Oepe akTHBHY y4acTb y po-
00Ti HAyYKOBHX 1 I'POMaJICEKUX OpraHi3a-
uif. BiH — wineH arecraumiiHOi Kouterii
MOH Vxkpaian (1994-2008), xoierii
HepxaBHoi aBiamiiiHoi cimyx0u Minic-
TepcTBa TpaHcmopTy Ykpainum (2000—
2008), cekiii 3 eHEPreTHKH Ta SHEProe-
¢dextuBHOCTI Komitery 3 JlepkaBHuX
npemiii YkpaiHu B raiy3i HayKH 1 TexHi-
ku (3 2004), 6ropo Bimminenus ¢izuko-
TeXHIYHUX mpobieM enepretukn HAH
VYkpaiau (2006-2014), npe3unii Ykpain-
CHKOTO TOBapUCTBa HEPYWHIBHOTO KOHT-
poio Ta TexHigHoi miarHoctuku (3 2012), HamionansHo-
To KoMmiteTy 3 TeruiomacooOminy (3 2018), komicii 3 Hay-
koBoi Tepminomorii mpu IIpesumii HAH VYkpainm
(3 2018), xomirtery i3 cumctemHOro amamizy mpum HAH
Vkpainu (3 2023), penkosnerii 3apy0iKHAX 1 YKpaTHCEKHUX
(haxOBUX HAyKOBHX JKYpHAJiB, B TOMY YHCIHI 1 KypHalIy
«ENeKTpOTEXHIKA 1 eIEKTpOMEXaHiKay.

B.Il. babak — modecHuit HOKTOp BiNkHIOCHKOTO
TeXHIYHOTO YyHiBepcurery iM. [emuminaca (JIutsa),
I'pysuHcbkoro  texHiuHoro yHiBepcurery (I'pysis),
yuiBepcutery Kopnosu (Icmanist), Kopeticekoro aepoko-
cmiuHoro yHiBepcuretry (Kopest), TexHiuHOTO yHIBEpCH-
tery Mionxena (Himewumna), YHiBepcurery IliBHiuHO]
Jakotu (CIIIA), mouecHuit wien Institute of Electrical
and Electronics Engineers (IEEE) (CILIA).

3a BaromMmii BHECOK y PO3BHTOK HAyKH 1 OCBITH
Vkpainn B.II. babak HaropomkeHuii opiaeHamMu «3a
3aciyru» 111 (2003) i II cr. (2006), [ToyecHumMu rpamora-
mu Kabinety Minictpi (1999) ta BepxoBroi Pagn Ykpa-
iHm (2004), GaratbMa Me#aIsIMH i MOYECHUMH 3HAKAMHU.
Bunaxinank poxky HAH Vkpaiau (2015), Binznaka HAH
VYkpainu «3a WIArOTOBKY HayKoBOi 3MiHM» (2014),
Menanb HarioHanpHOT akajgemii IedaroriyHuX Hayk
VYxpainn «Boxoanmup Monomax» (2018), Bingznaka HAH
VYxpainn «100-pivust HAH VYkpaiam» (2018), nmaypear
npemii HAH VYkpaimm im. T.®. Ilpockypm (2017)
ta im. B.I. Tonybuncekoro (2021).

[pupona mieapo obnapysaia Biramis [TaBnosuya Ta-
JIAHTaMH, OaThbKH BHXOBAIHM MPAILOBHUTICTH 1 JIO00B 10
OJMKHBOTO, BUMTENI Iali 3HAHHA Ta BBEIM B HAyKy, a
peruty BiH 37100YyB 3aBSIKM HANoJIETJIMBIH Ipalli, He3raca-
104ili I[IKaBOCTi 10 HOBITHIX ieH, MOLIYKYy iHHOBAIiIHHUX
pillieHb Ta HECTPUMHOMY MPArHEHHIO JI0 HOBUX TOPH3OHTIB.

Pemakuiitna koserist xypHany «EnexTporexHika
1 elekTpomexaHika» mupo Bitae Birtamis IlaBnoBuua
3 IOBUIEEM, 3UYUTHh HOMY MIITHOTO 37I0POB’Sl, IOJAIIBIINX
TBOPYHX YCHIXiB y HOTO BU3HAYHIN AisITBHOCTI.
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BYTKEBHUY OJIEKCAHJAP ®EJOTOBHUY

(1o 75-pivus 3 THSI HAPOPKEHHS )

Onexkcannp enotoBud Haponuscs 24 6epe3ns 1949 p.
B M. Illnmona, Yepkacbkoi obOmacti. JIOKTOp TEXHIYHUX
Hayk, mpodecop, naypear [lepxaBHol mpemii B ramysi
HaykH 1 TexHiku (2010 p.). OnuH 3 NPOBITHUX HAYKOBILIB
YkpaiHu B Tay3i MATEeMaTUYHOTO MOJICIIOBAHHS Ta 1HTe-
JIEKTyati3amii CHCTEeM KEepyBaHHS €JIEKTPO-
SHEepPreTHYHUMH 00’ €KTaMu, eJeKTpoMepe-
JKaMH Ta CUCTEMaMH.

VY 1972 p. 3aKiHYHB €ICKTPOCHEPTETHY-
Huil (akysnpTeT KHiBCHKOTO MOITEXHIYHOTO
IHCTHTYTY 3a crermianbHicTio «KibepHeTnka
eNeKTpUuYHuX cuctem». Y 1972-1974 pp.
NPOXOIMB BIHCHKOBY CIyXO0y Yy 3€HITHO-
paKeTHHUX BiliCbKaX MPOTHIIOBITPSIHOI 000pO-
HU CYXONYTHUX BIMCHK (JAJIEKOCXITHUMN
BifICBKOBHI1 OKpYT).

YV 1974-1989 pp. npauroBaB Ha nocaaax
IH)KEeHepa, CTapmioro imKeHepa, HadalbHUKa
CeKTopa, HavaIbHUKA CITy)KOu B
006’ eqHAaHOMY THCITETYCPCHKOMY YITPABIIiIHHI MIBICHHUMHA
eneprocucreMamMu CPCP (Ha Toit yac — 00’eTHaHa eHEp-
rocucremMa Ykpainum ta Monmasii — OEC IliBmus), 3a-
HWMarYich NHTAaHHAMH YIOCKOHAJIEHHS Ta PO3BUTKY
ABTOMATH30BaHOI CUCTEMH JIUCIIETUYEPCHKOTO YIIPABIIHHS
OEC IliBaHs1, po3B’si3aHHSM YChOI'O CIIEKTPY 3ajay ome-
paruBHO-UcnieTyepebkoro ynpasiinas OEC.

V 1982 p. 6e3 BiApUBY Bia BUPOOHMIITBA 3aKiHUHB
acmipanrypy Iacturyry enekrpomunamiku AH VYPCP.
Kanmunatceky amcepranito «Po3poOka meromiB Ta Impo-
rpaM po3paxyHKy CTATHYHOI CTIHKOCTI CKJIaJHUX €HEPro-
CUCTEM 32 HEOOXIIHUMH Ta JOCTATHIMH yMOBaMm» (CITe-
mianeHicTh 05.14.02) 3axuctuB y 1988 p. y Beecoroznomy
HI enextpoenepretuku (M. Mocksa). ¥ 1989 p. mepe-
wmoB mparroBatu 10 IEJl HAH VYkpaiuu, me mpaitoe i
JOTEIep Ha MOCadi rOJ0BHOTO HAYKOBOTO CITIBPOOITHHKA.

Y 2001 p. 3aXHCTUB JOKTOPCHKY JUCEPTALil0
«IHTeNneKTyaizallis CUCTeM IHUCIETYECPCHKOrO YIpaB-
JIHHSL TEPUTOPiaJIbHO-PO3MOIIIEHUMHU EJIeKTpOeHepre-
ThyHUMHU 00’ ekTamu». HaykoBe 3BaHHS mpodecopa
npucBoeHo y 2003 p.

HaykoBi mocnijpkeHHS Ta NPAKTHYHI PO3POOKH
mpod. O.®. byTkeBuya 3aBKIU CIPSIMOBaHI Ha HayKO-
BE Ta INPAaKTUYHE BHUPINICHHS HANOINBII aKTyanbHUX
mpoOIeM eIeKTPOCHEPTeTHIHOTO BUPOOHUIITBA, 3a0e3-
MEYCHHS CTIHKOCTI Ta e(eKTUBHOCTI (yHKI[IOHYBaHHS
CJICKTPOCHEPIeTHYHNX 00’ €KTIB Ta CHCTEM Ha 0a3si
BUKOPHMCTAHHS IHHOBAIIMHUX TEXHOJOTIH Ta IHTEJIEK-
TyaJbHUX CHCTEM pO3B,H3aHHH 3ajla4y OIcpaTuBHO-
qucreryepcbkoro ynpaniinas. Hum Oyno 3ampornoHo-
BaHO 1 MiJ HOro KEpiBHUITBOM Ta 3a 0e3MOCepeTHBOL
ydacTi peasli3oBaHO 1 BIPOBAJPKEHO HOBHUH MiAXin 10
BHSIBJICHHS Ta 3aM00iraHHs 3arpo3W BUHUKHEHHS CHC-
TEMHHUX aBapiii, 3yMOBICHUX IMOSBOIO, MOCHICHHSIM Ta
MOIIUPEHHSM B €HEProod’eHAHHSIX HHU3bKOYACTOTHHX
eJeKTPOMEXaHIYHAX KONWBaHb. Takwil Mimxin mepen-
Oauae peainizamilo IPOOIEMHO-OPIEHTOBAHOI CHCTEMHU
MOHITOPHHTY MapaMeTpiB pPexXUMy €Heprood’eJaHaHHs
Ha 0a3i MPUCTPOIB BEKTOPHUX BHMIPIOBaHb (BITYH3HS-

HUM TIPEJCTaBHUKOM sKuX € «PeriHa-U» — enekTpoBu-
MIpIOBaJIbHUI PEECTPYIOUNI MPUCTPil, po3po0IeHn B
IEJI HAH Yxpainu) uis BUSBICHHSI B peajbHOMY 4aci
HeOe3neuHnX sl QyHKIIOHYBaHHS €HEeprood’eHaHHS
JOMIHAHTHUX MOJ| €JIGKTPOMEXaHIYHUX KOJINBaHb.
Po6otu ocrannsoro wacy mpod. O.®. Byr-
KEeBHYa TIOB’s3aHI 3 JOCIHII)KEHHSIMH Ha-
NPsSMIB OBOEHHOTO PO3BUTKY E€HEPrOCHC-
TeM YKpaiHu Ta yMOB 3a0e3medeHHs iXHbOi
HaJIMHOCTI, 3 JOCIHIDKEHHSMH BILIUBY
CTPYKTYpHHUX TpaHc(hopMaliil eHeprocuc-
TEM Ha 1XHI JMHAMIYHi BJIACTUBOCTI.

[Iupoka HayKoBa epynuLis Ta 6araTopi-
YHUI JOCBIJ MPAKTHYHOI POOOTH B €JIEKTPO-
eHepreTul naroTh 3mory npod. O.D. Byrke-
BUUY YCIHILIHO TNOEIHYBaTH HAyKOBi JOCIHIi-
JUKEHHS  Ta  pO3poOKM 3  HAayKOBO-
MEearorivHo  MisutbHICTIO. [Ipamroroun 3
1995 p. 3a cymicHuIITBOM B HamionaapHOMY
TEXHIYHOMY YHiBepcuTeTi YKpainn «KuiBCchkuil momitex-
HiyHKUH 1HCTHTYT iMeHi Iropst Cikopcbkoro», BiH Beze
JIeKIIHHI 3aHATTS Ta Kepye IMiArOTOBKOI MAaricTpiB Ta
6akanaBpiB. B IEJl HAH VYkpaiau npoBOIUThL 3aHATTS 3
acripaHTaMu, HaJIa€ KOHCYJIbTAllii JOKTOPAHTaM.

[pod. O.®. ByTkeBnuem ocoOUCTO Ta y CIiBaBTOp-
cTBi omyOikoBaHo 189 HaykoBuX mpailb, 30KpeMa 6 Mo-
Horpadii, minpyunuk 3 rpupom MOH VYkpainu, 3 HaBua-
JIBHUX MOCIOHMKY. HUM MmiAroroBsiieHO 5 KaHAUAATIB Ta
1 moxropa texHiunux Hayk. [Ipod. O.dD. BytkeBuu BXO-
JIUTB IO CKJIaAy CIieriaii3oBaHuX BYeHUX pax J126.002.06
ta J126.187.03 i3 3axucry muceprailiii 3a CreIiabHICTIO
141 «EnexTpoeHepreTHka, eJIeKTPOTEXHIKA Ta SIICKTPOME-
XaHiKay, BIH € TOJOBOIO MigKoMiTeTy «Cucremu i 3acodu
yIpaBiiHHA 1 iHQOpMaIiifHOTO 3a0e3IeUeHHs] eHepreTHy-
HUX 00’ekTiB» TexHiuHoro koMitery TK 162 «YmpasniHus
SHEPreTHYHNMH CHCTEMaMH{ 1 TIOB’s3aHI 3 HAM MPOLECH
iH(pOpMaTIIiiHOi B3aeMOil», mIicTh pokiB (2002-2008 pp.)
OyB uneHoM ekcriepTHOi pagu BAK Vkpainu.

[po¢. O.®. ByTkeBUY BXOIUTH 10 CKIAIy peAKOIe-
riff TakuxX TNepioAWYHUX BUAAHb, K «EnekrporexHika i
eJleKTpoMexaHika», « TexHiuHa enekTpoJuHaMika» (3acty-
ITHUK TOJIOBHOTO penakropa), «IIpami IHcTutyTy enekrpo-
muHamikn HAH VYkpainm», «EHepretuka: eKoHOMiKa,
TEXHOJIOTIi, eKoJIorisy, «IIpomenekTpoy (HayKoBHH penax-
TOp). Mloro excrepTHi OLiHKH 3 Pi3HUX HAYKOBO-TEXHIUHHX
MTUTaHb 3aBXKIM BCEOIYHO apryMEHTOBaHI Ta BUBAYKCHI.

3a Barommit BHecok y po3Butok OEC Vkpainu
Onexcanzapa PexoToBUYa HArOPOMKEHO OYECHUM HArpy.-
HUM 3HaKOM «3a 3aciyrm» HamioHambHOI eHepreTHIHOl
KoMmraHii «YkpeHepro». Bin € maypearom npemii HAH
VYkpainn imeni B.M. Xpymosa (2000 p.) Ta maypearom
JeprkaBHoi ipemii B Tamy3i Hayku i TexHikn (2010 p.).

Penmakuiitna koserisi xypHany «Enexkrporexsika i
eJleKTpoMexaHika» mupo Bitae Onekcannpa Penorosnya
3 [OBUICEM, 3UYUTH HOMY MIIIHOTO 3JJOPOB’Sl, MOJAIIBIINX
TBOPUMX YCHIXiB y Horo OaraTorpaHHii Ta ILTIOHINA
IISIIBHOCTI.
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