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https://doi.org/10.20998/2074-272X.2025.5.01

0O.B. €ropos, M.I1. Kynzaenko, O.}O. €roposa, B.A. Mapmzseko, A.1O. Pynerko

BniimB KOHCTPYKUIii 00MOTKM CTATOPY CHHXPOHHO-PEAKTHBHOIO reHepaTopa
HA NiABMIIEHHA i10ro eHeproegeKTUBHOCTI

Bemyn. ITiosuwenns enepeoeekmueHoCmi enekmpuiHux 2eHepamopie € akmyanbHol 3a0aqelo 0 PisHUX cgep enepeemuKu, 30Kpema
onst aemoHomMHux cucmem ma mpancnopmy. Cunxponno-peaxmueni eenepamopu (CPI) 3a60sxu npocmiti Koncmpykyii, 6iocymHocmi
MacHImie ma MexaHiuHux KOHMAaKmis, a makoic GUCOKIL HAOIlIHOCME HAOY8aOmb 6ce OLIbU020 NowUpeHHs. 3adaua 0anoi pobomu nous-
2ac y 00CnioxHceHti 6naugy KoHcmpykyii noositinoi oomomku cmamopa CPI” na tio2o enepeemuuni Xapaxmepucmuxy, GUSHA4eHHi onmu-
MAILHUX NAPAMEMPIE 63AEMHO20 POMAULYBAHHA 0OMOMOK Ma po3podyi peKoMeHOayiti 01 NIOBUWEHH ePEeKMUSHOCTII 2eHepamopa.
Mema. Ananiz eniugy koHcmpykyii noositinoi oomomxu cmamopa CPI” Ha euxioHi eHepeemuyHi XapaKxmepucmuki ma 8UsHa4eHHs peKo-
MeHOayiil npu NPOEKMYBAHHI MAKO20 Muny elekmpuyHux mawur. Memooonozia. Ananiz npogoouscs 3a AONOMO2010 YUCENbHO20 MOOe-
JII0BAHHS. MEMOOOM CKinueHHUx enremenmis y cepedosuwyi ANSYS Maxwell. Pozensinymo pizni eapianmu 63a€MHO20 pO3MAULy8aHHs 2010~
6HOI ma 36y0oicyiouoi 0bMmomox y cmamopi eenepamopa. Pesynomamu. J{ocniodiceno enius 00Houaposoi ma 060uaposoi KOHCMpyKyii
00MOMKY HA 6UXIOHI Xapakmepucmuky 2enepamopa. Bcmanoeneno, wo 0souapose posmautyBants 3 Qazoeum smiyeHHam na 2 nasu
3abesneuye MiHIMATbHI NYIbcayii KPYmHO20 MOMEHNY, NOKPauye cmabiibHicmes pobomu 2enepamopa ma cnpusic niosuwennio KKJ[ 0o
92,5 %. Haykoea nosusna. Bnepuie oemanvho 0ocniodiceno ennue ¢pazoo2o 3miujenns 0bmomox na enexmpomacrimmui npoyecu ¢ CPI,
Wo 00360J19€ ONMUMI3YBAMU 1I020 KOHCIMPYKYIIO ma noKpawumuy excniyamayiiini noxkasuuxu. Ipakmuuna snauumicmo. Pe3ynsmamu
MOJACYmb Oymu 8UKOpUCMANT NPU NPOEKMYBAHHI HOBUX 2eHEPAMOPI6 3 NOKPAWEHUMU XapaKmepucmukamu Ois 3acmocy8anis y 6impo-
eHepeemuyi, OU3ETbHUX 2eHePATNOPHUX YCMAHOBKAX MA ABMOHOMHUX eleKkmpudHux cucmemax. biomn. 19, Tadn. 1, puc. 12.

Knrouoei cnosa: CHHXPOHHO-PEAKTHBHUIL reHepaTop, 00MOTKA, POTOP, 4aCTOTa 00epTaHHs, 00ePTOBUIl MOMEHT, eHeproe)eKTHBHICTD.

Beryn. B nanwmit gac 3poctae morpeba y CTBOpPEHHI
€HEProe(PeKTUBHUX CIIEKTPUYHUX T'€HEPATOPIB 3MIHHOT
Hanmpyrd. BoHM IIMPOKO 3acCTOCOBYIOTBCS B 0araTbox
€HEePreTUYHUX MPHUCTPOSX Ta 00 €KTaX, TaKUX SIK BITPO-
€JIEKTPUYHI CTaHLii, JW3eNIbHI eJIeKTPOreHepaTopH, SK
JUKepella eJEeKTPOeHeprii B 3aJli3HUYHOMY, aBialiiHOMY
Ta aBTOMOOUTBHOMY TpaHctopTi [1].

HaiiGinpmoro nommpeHHs HaOyiau TeHepaTopu 3
caM030y/DKyBaJIbHOIO CHCTEMOIO, & caMe CHHXPOHHI re-
HEpaTopH 3 MOCTIHHUMH MarHiTaM#, aCHHXPOHHI TeHepa-
TOPH 3 TIOABIMHUM XUBJICHHSM 1 ()a3HUM POTOPOM, acHH-
XPOHHI T€HepaTOpH 3 KOHIEHCATOpaMHU 30yKEHHS, CHH-
XPOHHI reHepaTopy 3 00MOTKaMH 30y KEHHsI Ha SIKOPi.

CHHXPOHHI T€HEPAaTOpH 3 MOCTIHHMMH MarHiTamu
MalTh OUIBII BHCOKY €(EKTUBHICTb, OLIBLI BHCOKY
UIUTBHICTE MOTY)KHOCTI, II0 HE BHMAarae J0JaTKOBOTO
JOKEpela JKUBIICHHS JiIst 30YDKeHHS! MarHiTHOTO MOJs i
O17IbIII BUCOKY HA/IIHHICTh Yepe3 BIICYTHICTh MEXaHIYHUX
KOMIIOHEHTIB, TaKWX SK BYTUIbHI IITKH Ta KOHTaKTHI
KUTBIA [2] 1 BKJIFOYAE PiAKO3EMENTbHI MAarHITHI MaTepiaiy,
a came HeomuMm-3aiizo-6op (NdFeB). OcranHiM dacom
30LIBIICHU TIOTIAT HA €IEKTPOMOOILNI MPU3BIB JI0 Pi3KOTO
301IBIICHHS MTOTIATY Ta BAPTOCTI TAKUX MArHITIB [3].

ACHHXPOHHI I'eHepaTOPH 3 MOABIHHNM KUBJICHHSIM 1
(ha3HUM POTOPOM MalOTh HEIOTaHI CHEPreTHYHI XapaKTe-
PHUCTHKH, MPOTE HASBHICTH MEXAHIYHOI'O MIITKOBOIO KOH-
TaKTy JJIs Toa4i 30yKSHHS Ha OOMOTKY POTOPa 3HUXKYE
X eKCIUTyaTalliifHI XapaKTepUCTUKU [4].

I'eneparopu 3 KOH/EHCATOpaMH 30Yy/DKEHHS MalOTh
repeBard B IIOPIBHSHHI 3 TPaJUIIHHAM TeHEpaTopamu
3MIHHOT'O CTPyMY, SIKi IIOJIAITA€ B TOMY, IO B iX KOHCTPYKLIii
BiZICYTHI IIITKOBI KOHTAKTHI CHCTEMH, a TaKOX Y TPOCTOTI
KOHCTPYKIil camoi Mammau [5]. OmHak poOoTa X TeHe-
patopiB Bifpi3HAETHCS KPaWHBOIO HECTIHKICTIO, 3aJIeKHIC-
TIO HAIIPYTH, 10 IHAYKYEThCS, Bl 3HAYCHHS IiAKITIOYEHOTO
HaBaHTAXEHHS 1 YaCTOTH 00EPTaHHS pOTOpa FeHepaTopa.

CHUHXpOHHI TeHEepaTopH 3 0OMOTKaMu 30y DKEHHS Ha
SIKOP1 € HA ChOTOHIIIHIN JeHb HAWOUIBII JOCTIHKEHUMH
SJIEKTPUYHUMHU MallMHaMH. BOHM MaroTh TapHi peryso-

BaJlbHI Ta 30BHIIIHI XapakTepucTuku. OHAK OCHOBHUM
HEIIOJIKOM € MeXaHIYHHMH IMITKOBUII KOHTaKT JJIsl YKHB-
JIeHHS 00MOTKH 30y KEHHS.

CunxpoHHo-peakTuBHUil reneparop (CPI') 3 mo-
JIBIHHOIO OOMOTKOIO Ha CTATOPi € MEePCIEeKTUBHUM JDKE-
peNoM eJIeKTPOCHEPrii, 31aTHUM e(EeKTHBHO NpaloBaTH
y 6araTboX eHepreTHYHMX 00’ €KTax Ta CUCTEMax.

Merta poOOTH — aHaNi3 BIUIMBY KOHCTPYKILII IO-
nBifiHOI 00MoTKH craTtopa CPI' Ha BHXimHI eHepreTHdYHI
XapaKTEePHUCTHKH Ta BU3HAYCHHS PEKOMEHIAIINH TpH TIPO-
€KTYBaHHI TaKOTO TUITY EIEKTPHIHIX MAIIIH.

Orasig aiteparypu. CPI' B ocTaHHI poKH CTaHO-
BUTH BEJIMKY KOHKYPEHIII0O CHHXPOHHHUM T'€HEpaTropam 3
MOCTIMHMMHM Mar”iTaMM 1 aCHHXPOHHHM TeHepaTopam
3aBIIIKM CBOIW HAIIHHOCTI, MIPOCTiH KOHCTPYKIIii poTopa,
BIZICYyTHOCTI BTpat B 0OMOTIIi pOTOpa, BiICYTHOCTI MarHi-
TiB (TUM CaMHM YCYBarOud IpoOJieMy po3MarHidyyBaHHs),
MeHIorw BapricTio [6]. Hocmimkenaro CPI' npucesdeno
YHCIICHHI HAyKOBi poOoTH. Y [7] HaBEeIEHO pe3yibTaTH
nmocaimkerb CPI' 3 mojBiitHOIO 0OMOTKOO cTaTtopa 3 pi3-
HUMH BapiaHTaMH TOBITpSHHUX Oap’epiB y potopi. [Toxka-
3aHO, 1o 3actocyBaHHsI CPI' i3 cepedHNKOM IITHHHOTO
poTopa J03BOJISE HIYKYBAaTH HANPYTY XOJOCTOTO XOIY
Ha 10 % Bume, Hix a1 CPI i3 poropoM 3BHUYaitHUX TO-
BiTpstHUX Oap’epiB. Y [8] moBimomisieTbcss mpo poOoTy
CPI" 3 moCHiIOBHUM 1 IIYHTYIOUUM 3’€THAHHAM 1 HOTO
BIUIMBOM Ha II€PEeXiJ(Hi POLIECH B TeHEePaTopi.

Pobotu [9, 10] npexncraristoTh pe3yyibTaTH JOCIi-
JUKEHb  BIOpaIlifHUX  XapakTepUCTUK  CHHXPOHHO-
PEaKTUBHMX MAIIWH 3aJEXHO BiJl KOHCTPYKLII MOBITpS-
HUX Oap’epiB poropa. B [11-13] npoBeneHo nuHamivHMHA
i aHami3 mpoxyktuBHOCTI TpudazHoro CPI' musa mepesip-
Kd poOOTH TEeHepaTopa B PI3HUX YMOBaX HaBaHTaKCHHS.
[IpencraBneni 3a1eXHOCTI BUXITHOI HANIPYTH Ta MOTYX-
HOCTI reHeparopa Bifl CTpyMy 30yDKEHHS, L0 [T0JA€ThCs
B 00OMOTKY, po3TaiioBany Ha craropi. Po6ora [14] mpen-
CTaBJIsiE pe3yJbTaTH aHaji3y METOJIOM CKIHYEHHHX elie-
MEHTIB JJIsi BU3HAYCHHS NPOJYKTHUBHOCTI r'eHepaTropa B
3aJIXKHOCTI Bil HOro KOHCTPYKLii. MoJentoBaHHs BILUIH-

© 0O.b. €ropos, M.I1. Kynnenxko, O.10. €roposa, B.A. Mapzssxko, A.1O. Pyaenko
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By €JIEKTPOMATHITHOTO MOJIsI HA €JIEMEHTH KOHCTPYKIIH
TaKOX po3risHyTo B [15].

[IpoBeneHuit anani3 niTepaTypHHUX JKEpes CBIIUYUTh
npo e, mo inTepec 10 CPI € 3HauHUM, aje 3aIUIarThCs
NHUTaHHS, MO0 BIUIMBY KOHCTPYKIII OOMOTKHM CTaTOpy Ta
B3a€MOBILTUBY p0o004Y0i OOMOTKH Ta OOMOTKH 30YKEHHS
Ha WOro eHepreTUYHi XapakTepUCTHKH. ToMy caMe IbOMY
MTUTAHHIO TIPUCBSYEHO JOCHI/DKEHHS, PE3YJIbTaTH SKOTO
MIPECTaBIIeH] B JaHiid poOOTi.

Bukjaag ocHOBHOro martepiajy. AHANITHYHI Ta
YMOBHO-aHAIIITHYHI 3aJI€KHOCTI, SKi BHKOPHCTOBYIOTBCS
IIPY NPOEKTYBAHHI Ta OLIHII POOOYHX BIACTUBOCTEN elie-
KTPUYHOI MAIIMHU Ha OCHOBI ii €EKTPUIHUX MapaMeTpiB
(onopy, IHAYKTHBHOCTI) Ta 3MiHHHMX (HaNpyr, CTPyMiB),
MaroTh JIOCTaTHIO 30DKHICTD Pe3yNbTaTiB PO3PaXyHKIB Ta
BUnpoOyBanb. B nanmit yac npu npoexryBanni CPI' Be-
JIMKOTO MOLIMPEHHS HaOyJIM TakoX CIIOCOOW BH3HAYEHHS
ONTUMAJBHOT KOHCTPYKIIT Ta eHEPTeTUYHHX apaMeTPiB 3
BUKOPHMCTaHHSIM PO3PaxyHKY IIOJII METOJIOM CKiHUCHHHUX
eneMmeHTiB [12, 16]. 3okpema, TOCTiIHKEHHS 3 BUKOpPHC-
TaHHSM MYJIBTUC(EpPOINaNbHUX Mopelei momano y [17].
[Ipu monemoBanHi CPI" y dikcoBaHiit cucTemi KOOpIu-
HaT BUHHMKAIOTh TPYAHOII 3 YpaxyBaHHSIM 3MiHHU Iapame-
TpiB (IHAYKTHBHOCTI) (ha3 craropa mpu odepTaHHi poTopa.

Jns otpumanHS HaWOIIBII MPUHHATHOTO PE3yibTa-
Ty PIBHSHHS CHHXPOHHHMX MallMH Kpalle po3IisiiaTd y
cUCTeMi d-g KOOpIUHAT, 1[0 00EPTAETHCS Pa3oM i3 POTO-
pom [18]. Bick d — Bich HalOLIBIIO IPOBIAHOCTI MArHIT-
HOTO poTopa (MarHiTHa BiCh pOTOpa), BiCh ¢ — BiCh Hai-
MEHIIIOT MPOBiTHOCTI poTopa (puc. 1).

00MOTKH q

HOBITPSHI
Gap’epu

Puc. 1. BusHaueHHs CIiBBiJHOLICHHS MiX KyTamu @, 0, ¥

ITpu 3ammci piBHAHB BcTaHoBIeHOro pexumy CPI
HEOOXiTHO BH3HAYUTH KOEQIIiEHT eJIeKTPUIHOTO HaBaH-
Ta)KeHHs, AKWii TOBHHEH BHW3HAYATH 30BHIIIHIN 0bepTo-
BHIf MOMEHT, HAIPUKJIA/l, BiJ BITPOJBUTYHA a00 IHM3EIb-
HOTO JIBUI'YHa BHYTPILIHBOTO 3ropsiHHs. SIK KoedilieHT
HaBaHTaKCHHS BHKOPUCTOBYETHCS KyT O abo KyT . ba-
naHc (a30BUX KyTiB reHepaTopa MOYKHA NIPEACTABUTH SIK:

p=7n2—-0+y (1)
e ¢ — Ga3oBHH KYT MiXK BEKTOpaMH CTPYMY Ta HAIIPYTH;
O — ¢a3oBHWil KyT MIX BICCIO ¢ Ta BEKTOPOM HAIpyTH;
¥— (ha30BU KyT MiX BiCCIO d Ta BEKTOPOM CTPYMY.

Eneprernuni nmapametpu CPI" 3anexarts Bix 3HaYeH-
Hi KyTa y 3O0iIbIIEHHS ENCKTPUYHOTO HAaBaHTAKECHHS,
SKe MIIKII0YAEThCd O OOMOTKM CTaTopa IeHepaTopa,
MIPU3BOJUTE 10 3POCTAHHS 3HAUCHHS LIbOTO KYTa.

B [6] po3rmsnmaBcs BIuB (a30BOT0 KyTa MiX Mar-
HITHOIO BiCCIO POTOpa Ta BEKTOPOM CTPpyMy OOMOTKH CTa-
TOpa Ha XapaKTEePUCTUKH CHHXPOHHOTO PEaKTHBHOTO
gBuryHa. Tak sIK CHHXPOHHO-PEaKTHBHA MalllMHa € 000-
POTHOIO MAIIMHOIO, TO 1 TIPU POOOTI i1 B peKuMi TeHepa-
TOpa MO>XHa TOBOPUTHU PO 3aJIEIKHICTh TApaMETPiB r'eHe-
paTopa BiJ KyTa y. Y HOMIHAJIbHOMY PEXHMi pOOOTH JBU-
I'yHa PIBHSHHS MMO3J0BXHBOT Ta MOIMEPEYHOI HAMPYT Ma-
I0Th BUTJISIL

Uy =(r+jx)ig + jLywi, ; Q)

U, =(r+ jx)i, + jLyoig , (3)

ne Lg, L, — OBHI 1HIYKTHBHOCTI CTaTopa 3a ocsAMu d 1 g;

ig, i; — CTPyMH OOMOTKH CTaTOpa 3a OCSIMH d 1 q; 7 — aKTH-

BHUI omip (ha3u craropa; X — PEaKTHBHUI omip po3ciro-

BaHHA (a3 craropa; @ — KyToBa yactota 00epTaHHs Bajly
reHeparopa.

VY pexumi poOOTH PIBHSHHS €IEKTPUYHOI PIBHOBArH

Ha CHHXPOHHIH 9acToTi aist oxHiel ¢asu craropa CPI’
MOXHa 3alMCaTH y BUTIIL:
U=1(r+jx)+j1dxd +jlyxg . “4)
3aJIeXHICTh T03JI0BXXHBOTO Ta MONEPEYHOro OMNOpiB
BiJl iHIyKTHBHOCTEH Ly Ta L, MOXKHA BUPa3UTH TaK:
Xq=27fLa; ©)
X,=27fL, (6)
CTpyMH TO3I0BXHBOI Ta TOIEPEYHOI CKIIAJIOBUX
0OMOTKH reHepaTopa MOKHA 3HAWTH SIK:

U.
1;=—Lcoso ; (7
Xd
U.
I, =—"+cosd . (8)
X
q
Bupas st ctpymy craTopa MOKHa 3anucaTy [6] sk:
jo— Y U ©)
r+ j(x + x4 ) Ty .
——+jx,
gy

3MiHHI 3HaUYEHHS KyTa ) MOKHA 3MOJIEIIIOBATH, 00e-
pTarouM poTOp BiXHOCHO CTaTopa MIpH IOCTIHHOMY 3Ha-
YEeHHI HaBaHTaXEHHs Ha OOMOTILI craTopa y (ikcoBaHil
CHUCTEMI KOOPJMHAT, [0 BiIIMOBIA€ MOCTIHHIA aMILTITY i
(daszuoro crpymy. [lpu oMy B crarfioHapHil cucTemi
KOOpJMHAT HanpsIMOK i 3HaueHHs1 Bekropy MPC cratopa
3aNUIIAThCS HE3MIHHUMH, a TIOJOXEHHS OC1 d 3MiHUTHCS.
Lle Oyno noknaneHo B ocHOBY nociimpkeHb CPIT 3 pizHu-
MH BapiaHTaMH KOHCTPYKIIH Ta B3a€MOPO3TaIIyBaHHIM
po6o40i 0OMOTKH Ta 0OMOTKH 30Y/DKEHHS CTaTOPA.

JocmimkeHHs mpoBoauncs npu npoekryBanHi CPT
notyxHicTio 160 kBt i3 uwacrororo obepraHHs poTopa
1500 06/xB Ta niHiiiHOIO Hanpyroto Ha Buxoai 380 B mis
JIU3€JIbHOI T€HEPAaTOPHOI YyCTAHOBKU. J{M3€JIbHUI IBUTYH,
mo nepenbauvaerbes BukoprcroBysary 31 CPI', po3suBae
oGeproBuii momeHnt 1100 H-M, npu wacTtoTi oOepraHHs
Bay 1500 00/xB. MexaHiuHa BHXiJHA MOTYXHICTh 3 JH-
3eIbHOrO JIBUryHa Oynme ckiagatu 172,8 kBt. Tomy ko-
pHCHa eNeKTpUYHA MOTYXKHICTh TeHeparopa 3 ypaxyBaH-
HsM BTpat Oyne mopisHioBaTH ~160 KBT. 30BHIMHIN Tia-
METp cTaTopy cTaHoBUTH 450 MM, poTopy — 299 MM, no-
BXXHMHA MAKETiB cTaropy Ta potopy — 265 MmM. HesminHu-
MH 3aJHIIAINACS TEOMETpis MOBITPSHUX Oap’epiB poTopa
Ta ENeKTPUYHE CHMETpUYHE HaBaHTaKCHHSA Ha (azax
TOJIOBHOI OOMOTKH, SIKE€ MaJl0 CyTO aKTUBHHH XapakTep.
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e mo3Bonmio mpoBecTH MOPIBHSUIBHY OIIIHKY BapiaHTIB
Ta BUOpATH, HA TYMKY aBTOPIiB, HAWOUIBII ONTHMAaTbHUAN
3a KK/ Ta AMHaMIYHUMH XapaKTepHUCTHKAMU TEeHEPaTop.
3BUYaliHO, PO3MIpHU MOBITPSHUX Oap’€PIB POTOPY, reoMe-
Tpis poTOpa Ta CTaTOpa, MaTepialu cTaTopa Yd poTopa
BIUIMBaIOTh Ha xapaktepuctuku CPI', ame mera uporo
JOCIIIJDKEHHSI caMe BH3HAYMTH BIUIMB OOMOTOK CTaTopa
Ta iX po3TallyBaHHs Ha BHXIJHI XapaKTepUCTUKH. ToMmy
nociimxyBanucs CPI™ 3 otHaKOBOIO TE€OMETPI€O CTATOPY,
pOoTOpY i HE3MIHHIMH MaTepiajJaMyi MarHiTOMPOBO/IIB.

VYV mepuioMy BHIAIKy po3IiIsfanacs KOHCTPYKIIiS
CPI" 3 piBHUM PO3MO/IiJIOM TOJIOBHOT 0OMOTKH Ta 0OMOT-
K1 30yKeHHst y 48 mazax cratopa (puc. 2).

TonoBHa 0OMOTKa
daza A
¢daza B
(aza C

O06MoTKA 30yKEHHS
haza A
¢daza B
¢daza C

el

Puc. 2. OnHomapoBe po3TallyBaHHs TOJI0BHOI Ta 30y 1KyH0401
obomotku craropa CPT’

MogemoBannsi Ta pe3yasTaT. Sk Oyino 3a3HauCHO
BHIIIE, 3MIiHIOIOYH KYT J TOOTO IMOBEPTAIOYH POTOP BiTHOCHO
cTaTopa, MOJKHA 3MOJIEIIIOBaTH 3MiHy pexumy podotn CPI'
MIpU TIOCTIHHWX 3HAYCHHSIX HABAHTAXKEHHS 1 30YMKCHHS.
PesynbraTi IHOTO IOCTIPKEHHS IOKa3aHi Ha pHC. 3.

M, kN-m Upi, V
)
R R e =
ol F225
M 1| /U F215
-0,5
1 F 205
-1,01 L
7, rad
.00 075 050 02 000 0.5 0.50 075 100

Puc. 3. 3aneXHOCTI 30BHIIIHBOIO KPYTHOT'O MOMEHTY
Ta BUXIZHOI (pa3HOI HANPYTH BiJ KyTa ¥

Jlinii 1 ta 2 moka3yrTh 3HAYCHHS KyTa ¥ JJIs Mak-
CHMAITbHOTO 3HAYCHHS KPYTHOTO MOMEHTY (a, OTKe, I
MaKCHMAaJIbHOI BXiJHOI IIOTY>KHOCTiI TI'eHepaTopa) 1 Juis
MaKCHMAJIbHOTO 3HAYCHHS BUXIHOI Hanpyru. BuaHo, mo
3HAYCHHS X MAaKCHMYMIB He 30iraroThCs, M0 3HUKYE
XapaKTEPUCTUKU TeHEPATOPA.

Ha puc. 4 mokazaHo po3mojin iHAYKI{ B MarHitro-
MIPOBO/II MPHU OJHOLIAPOBOMY PO3TALIYBaHHI TOJOBHOI Ta
30y/PKYH040i 0OMOTOK craropa. 3Ha4eHHs iHAYKIIi B 3y-
OIIeBHX 30HAX CTATOPy CTAaHOBUTH 2 TII, 10 MPHUBOIUTH
JI0 TIIBHUIICHHS BTpAT B MarHitonpoBoi. [loniOuuii ana-
JIi3 PO3MOITY CTPYMIB B OOMOTIII ITpecTaBiicHo B [19].

Puc. 4. Poznoain iHAYyKIii B MATHITOIIPOBOII ITPU OTHOIIAPOBOMY
po3TalyBaHHi TOJOBHOI Ta 30y Kyr040i 00MOTOK cTaTtopa CPT’

Ha puc. 5 HaBeaeHo rpadiku KPyTHOTO MOMEHTY
CPI Ta BuxinHoi (a3HOI HANPYTH.

O_M,kN-m
0,5

1.0

1.5

0 10 20 t, ms
oV
2501

0.

2501

0 o 20 30  tms

Puc. 5. Kpytauit MomenT (a) Ta BuxinHa ¢azHa Hanpyra (b)

3HaK «—» MOMEHTY BKa3ye Ha Te, IO BiH € 30BHilI-
HIM MOMEHTOM BiJ JM3EIBHOTO JIBUTYHA, 110 obepTae
poTop reHeparopa. MoxHa criocTepiraTy BeJIHKi MyJbca-
il MOMEHTY, SIKi TOBOPSITH PO 3HAYHY 3MIHY 1HIYKTHB-
HOCTE# cTaTopa 3a ocsiMu d 1 ¢ ipu 00epTaHHi poTopa.

[liqmmnHUKE MeXaHIYHOT CUCTEMHU reHepaTtopa Oy-
IOyTb BiI4yBaTH BEJNHKI MyJbCYIOUi HABAHTAXKCHHS, IO
MO3HAYMTHCSA Ha iX mpanesmatHocTi. [liovye 3HaAYCHHS
BHXimHOI (pa3HOi HANpyTH cTaHOBUTH 222 B, mio Biamosi-
nmae 385 B nminHidHO HANIPYTH MPH €JIEKTPUYHOMY HaBaH-
taxernHi 158 kBt. KK]I reneparopa 3 Takoro 00OMOTKOIO
craropa cknas 91,2 %.

PosrisiHyTO BapiaHT ABOIIAPOBOI OOMOTKH cTaTropa
(puc. 6). JIBomapoBi 0OMOTKH B SIKOCTI 0OMOTOK CTaTOpy
B Cy4acHOMY BHPOOHHIITBI CIEKTPUYHUX IBUTYHIB BEJH-
KOI MOTYXHOCTI BHKOPHCTOBYIOTHCS [Iy)K€ IIUPOKO Ta
IpoIeC X BUTOTOBJICHHS TEXHOJIOTIYHO BIOCKOHATICHHH.

brmkye 10 30BHIMIHBOTO TiaMeTpy CTaTopa po3Ta-
IIOBY€ETHCS] TOJNOBHA Tpuda3Ha 0OMOTKa, ONMXKYE A0 IMO-
BepxHi poTopa — 00MoTKa 30ymkenHs. [IpoBeneHo mocii-
JOUKCHHST YOTHPHOX BapiaHTIB B3a€MHOTO PO3TAIITYBaHHS
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(a3 ronoBHOT Ta 30yMKy040T OOMOTOK IpH X IABOIIAPO-

BOMY po3TaiyBaHHi (puc. 7,a—d).

T'onoBHa 00MOTKa
haza A
¢daza B
¢aza C

O6MOTKA 30y IKEHHS
baza A
¢daza B
¢aza C

Puc. 6. [IBorrapoBe po3rauryBaHHs T0JI0BHOT Ta 30y KyH040T
obmorok craropa CPI’

g

Puc. 7. Bapiantn B3aeMHOT0 po3TalryBaHHS (a3 TOJIOBHOT
Ta 30y/pKyrodoi 00MoTok ctaropa CPI: a) 6e3 3mimieHHs ¢a3;
b) samimeHHs Ha 1 ma3; ¢) 3MilleHHs Ha 2 Ma3Hy;

d) 3MilleHHs Ha 3 mas3u

Pesynbrati  pocmimkenb xapakrepuctuk CPIT i3
JIBOILIAPOBUM PO3TAlllyBaHHIM OOMOTOK CTaTOpa HaBeeHi
Ha puc. 8,a—d.

M, KN-m U, V
Ui
r216
r212
F 208
7, rad
1.00 075 050 025 0.00 025 0.50 0.75 1.00
M, kN'm U, V
0 2 £220
-0,2 M Uy F
0.4 ‘ 1216
-0,6 B
-0.8 £212
-1,04 5
7, rad
.00 s To%o T35 ‘000 035 0.50 075 1.00
Uy, V
™
Uri 219
217
r215
1.00
L2175
R215
r212.5
T 7 rad

Puc. 8. 3anexxHOCTI 30BHINIHEOI0 KPYTHOTO MOMEHTY Ta BHXiJ-

HOi (ha3HOI HAIIPYTH BiJ KyTa ¥ IPH Pi3HUX B3a€MHUX PO3TAIIy-

BaHHSX OOMOTOK: a) 0e3 3mimeHHs ¢a3; b) 3MimenHs Ha 1 mas;
¢) 3MillleHHs Ha 2 Ta3u; d) 3MILICHHS Ha 3 ma3u

CPT 3i 3mimieHHsIM (a3 rosoBHOT 1 30ymKyr090i 0OMo-
TOK Ha 2 1a3u MPaKTUYHO MA€ 30ir MAKCUMYMY HAIPYTH, LIO
IHIYKY€eThCS, 1 KPYTHOTO MOMEHTY 3a KyToM ¥ (puc. 8.c).
[pu TakoMy BHKOHAHHI OOMOTOK CTaTOpa TaKOX CIOCTEpi-
raetbesi HalOWbIIA (Da3HA HAmpyra Ha BHXO[I TeHepaTopa
(221,7 B) nopiBHSIHO 3 IHIIMMH BapiaHTaMHu.

Po3noain iHaykuii B MarHiTonpoBoi Npy 3MilleHHI
(a3 royoBHOI 1 30yKyr040i OOMOTOK Ha 2 Ma3u HaBeJe-
HO Ha puc. 9.

3HIDKEHHS IHAYKIIT B 3yOIleBUX 30HAX Ta sIpMi CTATO-
PY Y TIOpIiBHSIHHI 3 BapiaHTOM OIHOLIAPOBOI OOMOTKH J1a€
3HIDKCHHS BTpaT B MarHitonposozi Ha 24 % (puc. 10).
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Puc. 9. Po3moain iHgyKIiii B MarHiTOnpoBoi pH 3MilIeHHi ¢a3
TOJIOBHOI 1 30y Kyr0uoi 0OMOTOK Ha 2 ma3u

P, kW "
nt A A A A
1.6
N A A A A A
/\ N N\ / N\ \ TAN I\ M\ A N \
A \ /| /N A /N [\ / I\ / \ I\
A AR 1= U A U7t WY B U2 R U A U2 A U B W A Y B WA
(W ARY4 / V \ /v N/ Y \/ V \J V
VoV \J \/ v \/ \/
\ N,
0,81
T T T
0 5,0 10,0 15,0 £, ms

Puc. 10. BrpaTu B MarHitonpoBoi cTaTopa Impu OJHOIIApOBiit
obmori craropy (1) Ta mpu ABOmIApOBiid OOMOTLI TIPH
3MinieHHi (a3 ronoBHOT i 30yAKyI0901 0OMOTOK Ha 2 ma3u (2)

[IpoBexneHi mocmimKeHAS KPYTHOIO MOMEHTY Ha po-
topi CPI" Ta opMu BHXIIHOT HANPYTH ISl HAHKPAIIOTO
BapiaHTa IBOLIAPOBOTO BHKOHAHHA OOMOTOK cCTaTopa
MOKa3yIOTh 3HIDKEHHS IyJbCalliii MOPIBHSIHO 3 OJHOIIA-

POBOIO KOHCTpYKITiEr (puc. 11).

M, KN-m

-0.54

-1.07

>

o 10 20 30 t, ms
Puc. 11. KpyTHuii MomeHT (@) i BuxinHa ¢a3na Hanpyra (b) st
CPI' 3 gBOIIAPOBUM PO3TAIlyBaHHIM TOJIOBHOI Ta 30y KYI04OT
00MOTOK Ta B3a€MHHM 3MIIIEHHSIM Ha 2 Ta3u

Jis mopiBHsiHHS konuBanb Momenty CPI' 3 omHo-
LIAPOBOI0 OOMOTKOIO CTaTOPy Ta 3 JIBOLIAPOBOIO OOMOT-
KOIO TIpH 3MiIIeHHI (a3 ToJ0BHOI 1 30y/KYI040T 00MOTOK
Ha 2 1a3u CTBOPEHI CIIEKTPOrpaMu 3 BU3HAYCHHIM aMILIi-
Tyn B miana3oni yacror 0 — 1 k['1y (puc. 12).

M, dB
’
40111 {{11,
30 ”“I il 1 ||I|.. I
2ol Nt
ol T T
LLECEO L EEEE PR L ]
02 0.4 0.6 08/ kHz
M, dB
40/
30
201
e
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, |,||I
02 04 0.6 0.8  / kiz

Puc. 12. CnektporpaMu MOMEHTY TIPH OJHOIIAPOBiH 0OMOTII
cTaTopy (a) Ta pu ABOMIAPOBil 0OMOTII NpH 3MilIeHHI (a3
TOJIOBHOI 1 30y1Kyro4oi 0OMOTOK Ha 2 nasu (b)

[opiBasnus cnektporpam CPI' 3 oxHomapoBoro
0OMOTKOIO Ta JBOIIAPOBOI0 OOMOTKOIO CTAaTOPY MOKa3an
3HIDKeHHA amIntiTyan Ha dactoti 100 I'm Ha 26 %; mns
gactotu 150 I'm — Ha 14 %. s 060X BapiaHTIB Ha 9ac-
toti 300 ['1 criocTepiraeTbest pizke 30UTBIIEHHS aMILIITY-
qu, ane st CPT' 3 aBoiapoBoro 0OMOTKOK aMILTITYAa
Mmenmia Ha 53 % uixk ais Bapianty CPIT 3 oxHoIapoBoo
O0OMOTKOI0. 3HIDKEHHS ITyJibCallii MOMEHTY IO3UTHBHO
MO3HAYUTHCS Ha MPAlEe3/1aTHOCTI MiIIINITHUKOBHUX BY3JIiB,
NIpU3BeJIe 10 3HIKeHHs BiOpariiii mix yac podoru CPT.

Pesynbratu Buznauenns Brpat ta KK/ s obpano-
ro Bapianty CPI' 3 nBomapoBoro 0OMOTKOIO CTaTOpa Mpu
3MimeHi a3 Ha 2 na3u HaBeneHo y Taour. 1.

Tabmuus 1
Brparu ta KK/I CPI" 3 nBomapoBoro 0OMOTKOIO cTaropa
mpu 3MmimeHi $a3 Ha 2 masu

Ne [Tapametp 3Ha4yeHHs
1 |EnextpuyHi BTpaTH B 00OMOTKax cTaTopy, Bt 7152

2 |Btparu B cTaji Marditonposojay, Bt 1621

3 |MexaniuHi BTpaTth, BT 2600

4 | Domatkosi BTpatH, Bt 1600

5 |Cyma Brpar, Bt 12973

6 |[KKJ, % 92,5

BucHoBkn. Ilposeneni mociimkenus CPI' 3 romo-
BHOIO Ta 30yIKYHOHOK OOMOTKaMM CTaTopa IMOKa3ajH,
IO € 3HaYHa 3aJEXKHICTh XapaKTEePUCTUK BiJj KOHCTPYK-
THBHOTO BUKOHAHHS IUX OOMOTOK. PO3risiHyTHI BapiaHT
3 OJHOIIIAPOBUM PO3TAIIYBaHHSIM 000X OOMOTOK B ma3zax
CTaTopa XapaKTepPHU3Y€EThCS THM, 110 MAIOTh Miclle BEJIMKI
myJiscaitii MoMeHTy (3 amrutitynoro 0,6 kH-M) Ta MeHii,
HDK Yy IHIIMX pO3MIIsIHYTHX BapianTax, KK/I.

JlBomapoBe po3TamryBaHHs T'OJIOBHOI Ta 30YyIKYyIO-
goi OOMOTOK cTaTopa TOKa3ajo HaWKpaml pe3yibTaTH
npu aHamizi CPT'. OmHak qocmiKeHHsT BCTAaHOBWIIH, IO i
B3a€MHE pO3TallyBaHHSA (Da3 TOJOBHOI Ta 30YMKYyrOUOi
00MOTOK Ma€ 3Ha4yHWi BILIMB Ha mapamerpu CPI'. Pe-
3yJIbTATH PO3PAXYHKOBUX EKCHEPHUMEHTIB BH3HAYMIN
HaMKpammi BapiaHT BHKOHAHHS [BOIIAPOBOI OOMOTKH
CPI, a came 3i 3MileHHsM (a3 Ha 2 ma3u OJUH OJHOTO.
He Jla€ 3HAYHC 3HUIKCHHSA KOJIMBaHb MOMCHTY Ta Hi}IBI/I-
IIeHHS eHepreTuyHux xapaxrepuctuk CPI' ta nossoise
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orpumaru Bucoke KKJI (92,5 %) npu xopucHiii enekrpu-
4Hill motyHocTi 160 kBT Ha Buxoxi CPT.

Konduaikr inTepeciB. ABTopH 3asBIsIIOTH PO Bif-
CYTHICTh KOH(JIIIKTY iHTEpeCiB.
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The influence of the design of the stator winding of a synchronous-
reactive generator on increasing its energy efficiency.

Introduction. Increasing the energy efficiency of electric genera-
tors is a pressing task for various areas of energy, in particular for
autonomous systems and transport. Synchronous-reactive genera-
tors (SRGs) are becoming increasingly widespread due to their
simple design, absence of magnets and mechanical contacts, and
high reliability. The task of the proposed work is to study the influ-
ence of the design of the double winding of the stator of a SRG on
its energy characteristics, determine the optimal parameters of the
mutual arrangement of the windings, and develop recommenda-
tions for increasing the generator efficiency. Goal. Analysis of the
influence of the design of the double winding of the stator of a SRG
on the output energy characteristics and determine recommenda-
tions when designing this type of electrical machines. Methodol-
0gy. The analysis was carried out using numerical modeling by the
finite element method in the ANSYS Maxwell environment. Various
options for the mutual arrangement of the main and excitation
windings in the generator stator were considered. Results. The
influence of the single-layer and double-layer winding design on
the output characteristics of the generator was studied. It was
found that a two-layer arrangement with a phase shift of 2 slots
provides minimal torque ripple, improves the stability of the gen-
erator operation and helps to increase the efficiency to 92.5 %.
Scientific novelty. For the first time, the effect of the phase shift of
the windings on electromagnetic processes in the SRG has been
studied in detail, which allows optimizing its design and improving
operational performance. Practical value. The results can be used
in the design of new generators with improved characteristics for
use in wind power, diesel generator sets and autonomous electrical
systems. References 19, table 1, figures 12.

Key words: synchronous-reactive generator, winding, rotor,
speed, torque, energy efficiency.
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Wind farms integration into power system with improved location and stability problem solving

Problem. This article investigates as a consistent supply to satisfy rising world energy consumption, wind energy is becoming more and
more important. Correct evaluation of the stability and performance of wind induction generators inside power systems remains difficult,
particularly in regard to ensuring compliance with grid rules and best location. Goal. To evaluate and compare the dynamic behavior
and grid compatibility of the squirrel cage induction generator (SCIG) and the doubly fed induction generator (DFIG) wind generators
in various locations within the IEEE 14 bus network, and to determine the improved generator type and location. Methodology. The
investigation adopts the small signal stability analysis for modeling the wind induction turbines due to its capability to assess system
stability, controllability and observability. The IEEE 14 bus distribution network is modeled with wind generators interconnected at
buses 10 through 14. Several parameters are analyzed under different operating conditions, including voltage, rotor angle, active power,
reactive power and frequency. Results. DFIG exhibits superior performance across all analyzed parameters, particularly in maintaining
grid stability and meeting grid code requirements. Bus 13 was identified as the improved integration point for wind farms using DFIG
technology. Scientific novelty. The study offers a structured comparison of SCIG and DFIG using state space modeling rarely applied in
a direct bus by bus comparative study within a standard distribution network. Practical value. The results help system planners choose
the right wind turbine type and location, which promotes a more reliable and effective integration of renewable energy sources into
power networks. References 51, tables 5, figures 7.

Key words: squirrel cage induction generator, doubly fed induction generator, best location of wind farms, IEEE 14 bus network.

Ilpobnema. Y cmammi posensioaemvca @impaHa euepeia AK Oxcepeno Oe3nepebiliHoco HCusNeHHs 0 3A0080J1eHHS C8IMo6020
CRoJiCUBanHsl enepeii, wo 3pocmae, i il poav Yy yvomy npoyeci. Kopexmmna oyinka cmabinbHocmi ma npoOYKMueHOCHI
8impozenepamopie 6 enepeocucmemax 3aIUUacmscs CKIaOHUM 3a80aHHAM, 0COOIUB0 3 MOYKU 30pYy 3abe3nedents 6i0NOGIOHOCI
BUMO2aM eflekmpomepedci ma ubopy onmumansHo2o posmauiyeanus. Mema. Oyinka ma nopigHAHHA OUHAMIYHOI No6edinKu i
mepedicegoi cymicnocmi simpozenepamopie 3 kopomkozamknenum pomopom (SCIG) ma acunxponnum cenepamopom 3 HOOGIUHUM
orcusnenuam (DFIG) y pisnux micyax mepeoci IEEE 14, a makosc usHauenns NOKpaujenozo muny ma micma po3mauty8amHs
cenepamopa. Memooonozia. Y 0ocnioxcenHi 01 MOOeNO8AHHS BIMPOSEHEPAMOpi8 BUKOPUCTNIOBYEMbCA AHANIZ CMIUKOCMI npu
MAnUX CUSHANAX 3AB05KU 1020 30AMHOCHI OYIHIOBAMU CMIUKICMb, KepogaHicms ma cnocmepexciugicmes cucmemu. Posnodinena
mepeoica IEEE 14 modenioemuvcs 3 gimpoeenepamopamu, 3 ' €OHanumu misc coboro na wunax 10-14. Ananizyromocs pisni napamempu
3a pisHUX pobOUUX YMOS, GKNIOUAIOWU HANPY2y, KYm pomopa, aKmueHy NOMYIICHICb, PeakmueHy ROMYJICHICMb Ma 4acmomy.
Pesynomamu. DFIG 0emoncmpye kpawi xapaxmepucmuxu 3a 8Cima npoananizo8anumu napamempami, 0cooIueo wooo niompumxu
cmabinbhocmi mepedici ma 8iOnogioHoCcmi gumozam mepedicesoeo kooekcy. Llluna 13 byna eusnavena ak noxkpawjeHa mouyka
inmezpayii 0na eimponapkis, axi eukopucmosyrome DFIG. Haykoea noeusna. /[ocnioscenns nponosye cmpyKkmyposane nOpiHAHH
SCIG ma DFIG 3 suxopucmahuam MOOen08AHH NPOCMOpPY CHMAHIG, WO PIOKO 3ACMOCOBYEMbCA NPU NPAMOMY NOPIGHATLHOMY
00CTIONCEHHT WUH Yy CMAHOapmHitl po3nodinvhii mepedici. Ilpakmuuna 3nauumicmsy. Pesyniomamu donomazaiome CUCHEMHUM
NIAHYBATLHUKAM 8UOPATU NPABUTLHULL MUN A MICYE3HAX0O0NHCEHHS 8ImpoceHepamopa, uwjo cnpuse 6inbul HaOiliHil ma eghekmueHiil
inmezpayii gionognosanux ddxcepen enepeii 6 enepeomepedici. bion. 51, Tabm. 5, puc. 7.

Kniouogi cnoséa: acMHXpOHHHUIl TeHepaTOp 3 KOPOTKO3AMKHEHHUM pPOTOPOM, ACHHXPOHHMII TreHepaTop 3 moABiiHUM
“KHBJICHHSAIM, HaliKpalle po3TallyBaHHs BITPAHUX cTaHuiil, muHa xxusjeHns IEEE 14.

Introduction. Wind energy is seen as an endless
supply of clean energy as compared to other energy
sources like nuclear, coal, gas and oil. When it was
adopted, the use of fossil fuels greatly decreased.
Globally, wind power plant construction has increased
dramatically during the last twenty years [1-4].

Globally, installed wind energy capacity exceeded 100
GW by the end of 2023, as stated by the Global Wind
Energy Council [5]. This is a 15 % increase globally over
2022 in installed capacity [6]. It’s also the year with the most
wind energy of all time. As of 2022, there were 906 GW of
installed capacity for wind energy globally, a 9 % growth.
One major problem for wind energy is the constant
variations in temperature, density, and wind speed. To
prevent unfavorable effects on grid electricity, the
integration of wind turbines into the grid must be supervised
by specific laws or grid codes [1, 7-9]. The operational
restrictions and environmental variables of different
countries influence the grid codes produced [10, 11]. Like a
traditional power plant, wind farms need a connection to
the grid that minimizes interruptions.

In wind turbines, 3 different kinds of power
generation devices are typically utilized to transform
electrical energy from wind: doubly fed induction generator
(DFIG), permanent magnet synchronous generator
(PMSG), squirrel cage induction generator (SCIG). Among
these generators, DFIG has stayed connected to the power
system and has demonstrated good performance in low

voltage ride through incidents [12]. Because of their
significant advantages, such as increased energy
efficiency, improved power quality, ease of control and
variable speed handling, DFIGs are frequently utilized in
systems that convert wind energy [13]. However, due to
their robustness, affordability and ease of use [14], wind
power conversion systems equipped with SCIGs also use
reactive power compensators.

Consequently, precise modeling of induction
generator is needed for research utilizing computer
simulations, investigations, and research in order to
effectively handle their major issues, especially with
relation to the grid installation of wind energy conversion
technologies. Understanding the utilization of wind power
and how it integrates with the grid has thus become
crucial research [15].

It is vital to do in depth research to comprehend how
wind farms and the power grid interact. A wind farm in the
design phase involves a number of research projects, which
are carried out in a manner akin to that of other new
technological facilities [13, 15]. Model planning, which
takes into account variables like voltage, electricity flow,
reactive power capability, short-circuit currents and the
transient stability, is typically used to assess the effects of
wind technology [16-19]. It is common practice to take
into account a thorough depiction of every single unit as
well as the relationships between units and the system.

© H. Hafaiedh, Y. Saoudi, A. Benamor, L. Chrifi-Alaoui

10

Enexkmpomexnixa i Enexmpomexanika, 2025, Ne 5



As an alternative, when considering the wind farm
from the standpoint of the system, it can be treated as a
lumped equivalent model [17]. Additional related research
focuses on improving transient stability and dispatching
spinning reserves in wind-thermal power systems [20, 21].

The authors of [22] examined the differences in
performance between wind turbines connected to the
power system that were induction generators, DFIG and
PMSG. By taking into account a 3-phase defect at the end
of a transmission line, the machines efficiency are
assessed. Using MATLAB software, the performance of
grid connected 5-phase modular PMSG with various slot
and pole number combinations is assessed in [23].

Additionally, the technological difficulties of
integrating wind were covered in earlier studies [24] energy
into the grid. The primary obstacles to wind energy grid
integration are discussed in [4], including the consequences
of power quality, power imbalances, wind power on the
power system and operating costs. The comparison of the
grid integration impact of DFIG and SCIG is examined in
[25]. This research [26] compares the performance of SCIG
and DFIG wind turbines under various conditions through
MATLAB/Simulink. The results indicate that DFIG is
more efficient, especially in variable speed generation and
power regulation, making it more compatible with large
wind farms connected to weak grids.

The goal of this work is to evaluate and compare the
dynamic behavior and grid compatibility of SCIG and DFIG
wind generators in various locations within the [EEE 14 bus
network, and to determine the improved generator type and
location. The working conditions for producing reactive and
active power, as well as voltage, angle theta, industrial
frequency, and stability, were the primary subjects of the
analysis. Numerous simulation programs have been
examined for the analysis and modeling of wind farms, as
well as for improved location and stability problem solving.
The Power System Analysis Toolbox (PSAT) was selected
because it offered sophisticated simulation tools and could
be used for the necessary analysis.

1. Modeling of wind energy. The wind turbines
capture wind energy through their blades and convert it into
mechanical power. This process is influenced by various
factors such as wind speed, blade design, and the area swept
by the blades. To assess the efficiency of energy conversion,
specific mathematical models that incorporate these elements
can be applied. By optimizing turbine performance, wind
energy can be effectively harnessed and used for power
generation. Through the turbine blades, wind energy is
converted to power, which is given as follows:

Pwi = Tme'wm; (l)

Tme = Pwi / W, (2)
where P,;, T,. are the generated power and mechanical
torque respectively; @, is the rotor angular speed.

The power generated by the wind is expressed as
follows [27-30]:

P,:=0.5¢,4, PpaR°V?, 3)
where ¢, is the power coefficient; A, S are the blade pitch
angle and the tip speed ratio respectively; p is the air density;
R is the radius of the turbine blades; /is the wind speed.

The tip speed ratio A is determined as:

A=w,R/V. 4
The rotor angular speed @, is:
@, =2m | 60, ©)

where 7 is the rotational speed.

The power coefficient ¢, is [5]:
¢, =044 12 60404 ©)
4

where /; is the tip speed ratio coefficient at the J™ element
of the turbine blade:

1
Ai=—. 7
7 1/2+0.002 @
2. Configuration induction generator. Wind

turbines can be classified into different types, with 2
common ones using induction generators. These turbines
use induction generators to convert wind energy into
electrical power. In an induction generator, the rotor is
driven by the wind, creating a rotating magnetic field that
induces electrical current in the stator. The key advantage
of these turbines is their simplicity and cost effectiveness,
as they can operate asynchronously with the grid. They are
reliable and require minimal maintenance, making them
suitable for various wind conditions and widely used in
both small and large scale energy projects. In this section,
the configurations of these turbines will be explored,
detailing their design and operation. Additionally, the
mathematical models associated with each type will be
presented. A comparison will then be made, evaluating
their performance, power quality, and reliability.

2.1. Modeling of induction generator. Induction
generators are commonly used in wind energy systems due
to their simplicity and reliability. These generators convert
mechanical energy from the turbine into electrical power
through electromagnetic induction. Modeling an induction
generator involves understanding key parameters like rotor
and stator voltages, which directly impact performance and
efficiency. The mathematical formulas for modeling an
induction generator by the rotor and stator voltage in d-q
(direct and quadrature) axis [17-19] are:

. dgy

Var = Rylgy + ~+ a)s¢qr;
dr
. 44y

Vagr = Ryig + dtr - s¢qr;

a4 (®)
Vas = Ryigs + de + a)s¢qs;

Vye =R +d¢ds

qs riqs dr - a)s¢ds d

where Vg, Vi, Vg Vg are the rotor and stator voltages
respectively; iy, i, are the current of the rotor; iy, iy are
the current of the stator; ¢, ¢, are the flux of the rotor;
dus» @5 are the flux of the stator; vy, v, are the voltage of
stator and rotor respectively.

The equations below present the flux linkage and
electromagnetic torque:

bar = Linlas + Lyolar
¢qr = Lmiqs + Lroiqr;

. o )
Pis = Limiar + Lsolas:
¢qs = Lmiqr + Lsoiqs >
Te/ = ¢qr idr - ¢dr iqr; (10)

where L,, is the mutual inductance; L,,, L,, are the stator
and rotor leakage inductance respectively; T, is the
electrical torque.
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The mechanical equations are as follows:

3 L . .
Ty = _Epwi L_m(¢dslqr _¢qslds)’
S0 (11)
do, 1
Tmezj(Tme _Tel _f"Qme)’

where Q,, is the angular acceleration; dQ2,,, is the angular
velocity; f is the setting in the system; J is the inertia
moment of the rotor.

These equations are used to limit how powers
variation affects voltage amplitude and frequency [31-33]:

P:PO(HDP f}fnj(VﬂJ
n 0

where P is the active power; P, is the reference active
power; D, is the active power sensitivity factor; V5 is the
voltage amplitude; o may indicate a load model parameter,
potentially connected to the active power and another
parameter, possibly related to the load dependency on
voltage or frequency respectively.

Table 1 shows the different values of the constants
for each load category. These load category parameters
vary depending on the network. The coefficient D, is used
to illustrate the frequency bearing evolution of each
electrical bus. Therefore, it is essential to introduce (12)
to show the development of a significant dynamic grid
element. In reality, there is a close connection between
these variables and the installed loads.

(12)

Table 1
Parameters of the different load category
Load category a D,
Winter 1.02 1.000
Summer 1.20 0.999
Industrial 0.80 1.000

2.2. The squirrel cage induction generator. The SCIG
running at a steady pace is used in wind energy turbines that
are directly linked to the grid [34, 35]. The generator is
connected directly to the grid, much like in other wind energy
conversion systems, while the turbine is associated with the
SCIG through a gearbox to reach the necessary speed for
power generation (Fig. 1). Since rotor slip is the primary
cause of speed variations, variations in rotor speed are
minimal, wind turbines usually run at a set speed. The SCIG
absorbs reactive power by acting as an induction motor
during changes in grid voltage. Pitch angle control is used to
adjust generator rotor speed instabilities when wind speeds
change, maximizing wind power output. Wind energy
systems with varying speeds also use squirrel cage
technology [36-42]. The SCIG data are presented in Table 2.

Turbine

Wmnd

—_—
—_—
—_—
—_—
—_—
—_—

Fig. 1. The classic method of integrating SCIGs with the grid

Table 2
Wind turbine data for SCIG
Parameters Value Parameters Value

Rated power, MVA 10 |Stator reactance, p.u. 0.01
Rated voltage, kV 13.8 |Rotor reactance, p.u. 0.08
Rated frequency, Hz | 50 |Mutual reactance, p.u. 3
Stator resistance, p.u.| 0.01 {E%{,?E&ZI’ISIE%SEVA, pu] 2.5,0.5,0.3
Rotor resistance, p.u.| 0.1 |Number of poles pairs 4

2.3. The double fed induction generator. Figure 2
shows the integrating DFIGs into the grid.

Turbme

—
Wind g_. GEAR BOX DFIG
- . f

RSC GsC o
— ][]
%

Fig. 2. Traditional integration of a DFIG with the grid

The rotor of the DFIG is associated with the wind
turbines low speed shaft by a gearbox, which increases the
speed to the necessary level so that the generator can
generates electricity [34]. With 2 wvoltages source
converters placed back-to-back and using a wound type
rotor, the DFIG configures a grid-connected AC-DC-AC
[41-46]. Normally, each converter runs at 30 % of the
specified rated power of the generator. The converter
connected to the rotor is known as rotor side converter
(RSC), while the converter connected to the grid is known
as grid side converter (GSC). These converters handle
varying wind speeds well, making sure that the output
frequency remains constant and in line with grid needs.
They are divided using a DC capacitor in the intermediate
circuit that works as an energy stock management device
[16]. The step up transformer is a device that connects the
stator to the network [13]. An integrated control system at
the wind turbine shaft manages precise power, reactive
power and voltage across the network. Different voltage
commands are generated by this system for the RSC and
GSC. The RSC ensures control of active and reactive
powers, and the GSC ensures their operation at a unity
power factor. The GSC also controls the voltage at the DC
link capacitor between the RSC and the GSC. Table 3
shows the wind turbine data for DFIG used in the model.

Table 3
Wind turbine data for DFIG
Parameters Value Parameters Value
Rated power, MVA 10 |Mutual reactance, p.u. 3
Rated voltage, kV 13.8 |Inertia constants, KW/kKVA | 3
Rated frequency, Hz | 50 |Pitch control gain, p.u. 10
Stator resistance, p.u. | 0.01 |Time constant, s 3
Rotor resistance, p.u. | 0.1 |Voltage control gain, p.u. 10
Stator reactance, p.u. | 0.01 [Power control gain, s 0.01
Rotor reactance, p.u. | 0.08 |Number of poles pairs 4

3. Small signal stability analysis is a crucial aspect
of power system dynamics, used to assess the stability of
the system when subjected to small disturbances. It helps to
understand how the system responds to minor fluctuations
and ensures that the system remains stable under normal
operating conditions. The eigenvalue method can be used
to analyze the small signal stability. This method is
essential for identifying potential instabilities and
improving system performance.

This approach works with linear models via
examining where the poles are located inside the complex
plane. The characteristic polynomial described by the
following equation has poles as its solutions [47]:

det(A— AI) =0, (13)
where det is the determinant of the matrix (4—AI); A is the
state matrix; I is the identity matrix of the same size as A;

A is the eigenvalue.
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In the latter, there is an imaginary portion and a real
part. The real portion determines the analyzed system’s
convergence, whereas the oscillating behavior is correlated
with the imaginary part. If every pole is in the complex
plane’s negative real portion, the system is considered stable.

The system model or its parameters determine the
values of the poles. One may verify the model’s stability
domain by examining how the positions of the poles
change with respect to the parameter values.

4. Results and discussion. In this section devoted to
the results of the experiment and its analysis, one examines
3 key elements. First, one examines the performance of
2 types of generators employed in wind power systems: the
SCIG and the DFIG. The disparities in stability, efficiency,
and resistance to disruption between these 2 technologies
are highlighted by this comparison. Subsequently, one
examines the stability of the electricity network when
integrating these generators. The basis of this analysis is the
eigenvalue analysis of the system, which allows
determining the conditions under which the network
remains stable or can become unstable. Finally, one
compares the results with those of other studies in order to
evaluate the relevance of the findings and to place the study
within the broader framework of existing research. The
analysis highlights the methodological disparities and the
obtained results, which allows having a more exhaustive
vision of the consequences of integrating these generators
into the electricity network.

4.1. Evaluation of 2 different types of generators.
This section compares 2 types of wind power systems,
including their performance and the market share each
type currently enjoys. The influence of wind generation
on the transient stability of the system is examined for
wind farms using an aggregated model [48]. PSAT is
utilized in this work to perform the transient stability
analysis [49, 50]. There are 16 lines, 14 buses,
5 generators, 4 transformers and 11 loads in this system.
The standard IEEE 14 bus data format has been used to
load the buses and lines [48].

The following figures show several graphs
comparing the performance of 2 types of wind turbine
generators: the SCIG and the DFIG. Each graph shows
different electrical parameters as a function of time for
buses 10-14 of the network. Figure 3 presents the
variation of the voltage profile for 2 types of wind
turbines. It shows that the rotor inductance of DFIG is
higher, which results in less variation in the magnetic
field. Therefore, the voltage fluctuations are reduced,
which decreases the voltage ripple compared to the other
case and makes the voltage smoother.

1.04 1.04
e :’ 1 1 —Bus 10 Vo ‘F ‘F 1 —Bus 10
03 ! I I —Bus 11 L0 | | | —Bus 11
o e o = Bus12| [ 0 0 ] |—Bus12
’\A/‘V\’JT\’_“AFK ~—Bus 13 [—“—:—:7 —Bus 13
R e e Bus 14| 102 ——p - -~~~ ~ Bus 14
L | | |
1.01 ! |
I I I
1 R T N T
| | I
= | I I
0.99 ‘ ‘ ‘ 0.99——7‘Lff‘L77;,,,
I I I | I I
0.98 L ! L ts @ 0.98C | | b

15 20 0 5 10 15 20

10
Fig. 3. The voltage for 2 different type of wind turbine:
a — for SCIG; b — for DFIG

The following figure shows the variation of angle 6
for the 2 types of wind turbines. The phase angle curves
in Fig. 4 show that the phase angle ripples in DFIG are
more stable and converge to a constant value. This is
explained by the higher inertia compared to SCIG, which
favors a better network synchronization with this type of
generators.

-0.31

arad | | | —Bus 10 —Bus 10
032F —x+—-—-l—-—l-——|—Busll —Bus 11
\ ! ! —Bus 12 —Bus 12

| L/x,_;lf = 1 |—Bus 13 —Bus 13
g ] Bus 14 Bus 14

-0.35

Fig. 4. The angle for 2 different type of wind turbine:
a — for SCIG; b — for DFIG

Figures 5, 6 depict the variation of active and
reactive power respectively over time for the 2 types of
wind turbines. From the presented Fig. 5, the active power
of the DFIG is more stable, with only slight fluctuations,
indicating its better ability to provide constant active
power. On the other hand, for the SCIG, oscillations are
recorded on all critical buses, with less significant
variations at bus 14.

For both types of wind turbines, Fig. 6 shows that
the same reactive power is consumed to create the internal
magnetic field. This reactive power is essential for the
proper functioning of the generators, allowing them to
produce the active power.

0.9515" —Bus 10 _||—Bus 10
—Bus 11 —Bus 11
0.0452— —Bus 12 —Bus 12
—Bus 13 —Bus 13
| | A Bus 14 Bus 14
0HEE N - (R
7 N

0.935 — = —

i 0'925””\”’\”’\”7

| | | |
0 ; 10 15 v 20 @ 0925 v
Fig. 5. The active power for 2 different type of wind turbine:
a — for SCIG; b — for DFIG
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Fig. 6. The reactive power for 2 different type of wind turbine:
a — for SCIG; b — for DFIG

Figure 7 shows the variation of frequency versus
time for both types of SCIG and DFIG wind turbines
under 3 conditions, represented by (12). This study
examines the effect of wind turbine integration on
frequency stability.
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Fig. 7. Frequency performance analysis graphs of 2 types of

wind turbines under different grid conditions: a — SCIG under
winter conditions; » — DFIG under winter conditions; ¢ — SCIG
under summer conditions; d — DFIG under summer conditions;

e — SCIG under industrial conditions;

f— DFIG under industrial condition

According to Fig. 7, the system is strongly
influenced by both grid and climatic conditions. It is
affected by climatic variations, particularly in winter and
summer, as well as by industrial factors and the type of
equipment installed on the grid.

The grid integrated wind turbine is a DFIG type,
which contributes to greater grid stability. Indeed, this
figure generally illustrates frequency variation, which is
influenced by the inertia of the DFIG. Since the inertia of
the DFIG is higher than that of the SCIG, disturbances are
more difficult to induce. Consequently, the DFIG
provides greater grid stability. Furthermore, it is possible
to produce approximately 2/3 of the power via the stator,
while approximately 1/3 of the power can be recovered by
the rotor thanks to the addition of a power electronics
stage. This configuration allows power to be distributed
between the rotor and stator, while minimizing overload
on the stator windings.

4.2. Examination of the stability of the electrical
network. Tables 4, 5 show the eigenvalue evaluation
curves for 2 types of generators: the SCIG and the DFIG,
in an electrical network, for buses 10-14. Table 4 shows
that our network is more stable when DFIG is installed,
because in case of SCIG, the minimum value of the
eigenvalues is —0.25 p.u, while for DFIG it is —1 p.u.
Thus, SCIG is very sensitive to instability, which can
cause disturbances in the system and it causes a blackout
phenomenon. In conclusion, bus 13 appears to be the

most suitable location for wind turbine integration
particularly with DFIG and SCIG technologies due to its
ability to maintain voltage levels, phase angle, power
flow, and frequency stability, thereby enhancing the
overall stability of the network.

Table 4
Network eigenvalues with integration of a wind turbine to the buses

Bus Eigenvalues of network Eigenvalues of network
with SCIG with DFIG
—7.5427+35.4824j —-100.9781+0j
—7.5427-35.4824j —0.6524+0j
10 ~10.1091+0j ~0.25+0j
—0.89032+4.1965j —0.33333+0j
—0.89032-4.1965j —1+0j
—0.25+0j
~7.5704+35.2617] —-100.9315+0j
—7.5704-35.2617j —6.2085+0j
1 —9.8834+0j —0.64742+0j
—0.91571+4.2364j —0.33333+0;
~0.91571-4.2364] —140j
—0.25+0j
~7.5704+35.2617] —-100.9315+0j
—7.5704-35.2617j —6.2085+0j
12 —9.8834+0j —0.64742+0j
—0.91571+4.2364;j —0.33333+0j
—0.91571-4.2364j —1+0j
—0.25+0j
—7.5178+35.3704j —100.8581+0j
—7.5178-35.3704j —5.7772+0j
13 —10.3942+0j —0.64476 +0j
—0.89366+4.2294;j —0.33333+0j
—0.89366-4.2294j —1+0j
—0.25+0j
—7.4181+34.68222j —101.282+0j
—7.4181-34.68222j —0.64034+05
14 —9.3169+0j —0.25+0j
—0.92836+4.2348j —0.33333+0j
—0.92836-4.2348j —~1+0j
—0.25+0j

4.3. Comparative study. Table 5 contrasts the advised
approaches with the current state of the art approaches. One
has extended the approach from [51], which just uses an
IEEE 14 bus network for voltage analysis. However, this
approach is flawed since it fails to account for network
frequency. One tested both voltage and frequency during the
investigation because they are complementary.

Table 5
Comparison with the existing state of art methods
Work [51] Proposed work
Bus number V, p.u. 0, rad V, p.u. 6, rad

1 1.06200 | 0.00000 | 1.06000 | 0.00000

2 1.04500 | —0.13560 | 1.04500 | —0.13451

3 1.01300 | —0.33210 | 1.01000 | —0.32979

4 0.99700 | —0.26440 | 0.99800 | —0.26152

5 1.00200 | —0.22690 | 1.00300 | —0.22553

6 1.07400 | —0.36950 | 1.07000 | —0.37431

7 1.03600 | —0.33930 | 1.03700 | —0.35054

8 1.09300 | —0.33930 | 1.09000 | —0.35054

9 1.01200 | —0.37900 | 1.01600 | —0.39755

10 1.01200 | —0.38440 | 1.01500 | —0.40046

11 1.03500 | —0.37980 | 1.03600 | —0.39025

12 1.04600 | —0.90590 | 1.04800 | —0.39615

13 1.03600 | —0.39140 | 1.04000 | —0.39863

14 0.99600 | —0.41050 | 1.01300 | —0.42544
In contrast to work [51], in which were used
automatic voltage regulators (AVRs) and turbine
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governors (TGs) in the network IEEE 14 bus, only TGs
are used, which enables one to drastically cut costs. In
contrast to [51], which compares the power factor (PF) on
a single bus 14 when a wind turbine is integrated into the
IEEE 14 network versus not, this work first compares the
integration of 2 different kinds of wind turbines before
calculating the PF on multiple buses (10-14) to identify
the best wind turbine and where to put it.

Conclusions. Concretely, the integration of renewable
energies is essential today in the face of the continuous
increase in electricity consumption. Renewable energies,
such as wind power, are inexhaustible, sustainable, and
profitable. However, their production is highly dependent on
natural conditions, making grid stability more difficult to
ensure without appropriate monitoring mechanisms.

In this study, we modeled the integration of SCIG
and DFIG generators into the IEEE 14 standard bus
network using the small signal stability analysis approach
to analyze their dynamic behavior and grid compatibility.
The results show that DFIG offers better performance in
terms of stability, voltage, frequency, and compliance
with grid requirements. Bus 13 was identified as the
optimal location for connecting a DFIG based wind farm.

Thus, the objective of this research, which was to
evaluate and compare the dynamic performance of SCIG and
DFIG generators and to determine their improved placement
within the IEEE 14 bus network, was fully achieved.

Future research will focus on improving existing
wind turbine technologies and jointly optimizing the
placement of wind turbines and FACTS devices to
improve the overall performance of the power grid.
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Maximum power point tracking improving of photovoltaic systems based on hybrid
triangulation topology aggregation optimizer and incremental conductance algorithm

Introduction. Maximum power point tracking (MPPT) in photovoltaic (PV) systems has been a key research focus in recent years. While
numerous techniques have been proposed to optimize power extraction, each suffers from inherent limitations that hinder their effectiveness.
Problem. Environmental factors such as shading, partial shading, and low irradiance levels significantly impact PV system performance,
with partial shading being the most critical and complex challenge due to its creation of multiple local power maxima. Goal. This study aims
to improve MPPT in PV systems under partial shading conditions by developing a hybrid approach that integrates a Triangulation Topology
Aggregation Optimizer (TTAO) with the Incremental Conductance (IC) algorithm. Methodology. Simulations were conducted in
MATLAB/Simulink under four static partial shading scenarios, comparing the hybrid TTAO-IC algorithm against traditional methods like
Perturb and Observe (P&O), IC and metaheuristic algorithms. Scientific novelty of this work lies in the hybrid TTAO-IC algorithm, which
combines the global optimization strength of TTAO with the precision of IC, addressing the shortcomings of conventional methods. Practical
value. The results show that the hybrid TTAO-IC algorithm achieves tracking efficiencies exceeding 99 %, outperforming existing methods
and demonstrating robust adaptability to varying environmental conditions. References 31, tables 5, figures 15.

Key words: solar photovoltaic system, triangulation topology aggregation optimizer, maximum power point tracking, global
maximum power point, partial shading conditions.

Bcmyn. Biocmeoicennss mouku maxcumanohoi nomyschocmi (MPPT) y gpomoenexmpuunux (PV) cucmemax € Kuouoeum Hanpsamkom
docriodxcenb 8 ocmanHi poku. Xoua 6y10 3aNpONOHOBAHO YUCTEHHI MemOOU ONMUMI3ayii OMPUMAHHA eHepeii, KOJMCEH 3 HUX MA€E NeeHi
obmedicenns, wo 3meHwyroms ix egpekmusnicmo. Ipoonema. Dakmopu HABKOMUUWIHBO20 cepedosua, MAaKi AK 3AMIiHeHHS, YACIKOge
3aminenHs ma HU3bKUll pieeHb ONPOMIHEHHS, CYMMEBO 6NIUBAIOMY HA NPOOYKmusHicms PV cucmemu, npuiomy uacmkoee 3aminenHs €
HaUOINbWL KPUMUYHOIO A CKIAOHOI0 NpoONeMoio 4epe3 CMEOpeHHs KilbKOX JIOKANbHUX Makcumymie nomysicnocmi. Mema. Lle
docniodcennsa cnpamosane na nokpawenns MPPT y PV cucmemax 6 ymo8ax 4acmko8020 3amiHeHHs WIAXOM pO3pOOKuU 2ibpuoHo2o
nioxo9dy, akull inmeepye onmumizamop azpezayii mononoeii mpuaneynayii (TTAO) 3 ancopummom inkpemenmanwroi nposionocmi (IC).
Memooonozia. Mooeniosannsi nposoounocs ¢ MATLAB/Simulink 3a womupma cmamuunumu cyeHapissMu YACMKOBO20 3AMIHEHHS,
nopigriorouu 2iopuonuii areopumm TTAO-IC 3 mpaouyitinumu memooamu, Maxkumu K Memoo 30yperv ma cnocmepedsicens (P&0), IC ma
Mmemaespucmuynumu aneopummamu. Haykoea nosusna pobomu nonseae 6 ciopuonomy ancopummi TTAO-IC, sxuii noeonye enobanvhy
onmumizayiviny cuny TTAO 3 mounicmio IC, ycysarouu medoniku mpaouyiiinux memooie. Ilpaxmuuna uinnicme. Pesynomamu
noxazyroms, wo 2iopuonuti aneopumm TTAO-IC oocseae epexmusnocmi giocmedicenns, wo nepesuwyye 99 %, nepeseputyiouu icuyroui
Memoou ma OeMOHCMPYIOUU HAOIUHY A0ANMUBHICMb 00 PI3HUX YMOB HABKOMUWIHBO20 cepedosuya. bibi. 31, Tabn. 5, puc. 15.

Kniouosi cnosa: coHsiuHa (oTOeIeKTPUYHA CHCTeMa, OoNTHMi3aTop arperaunii TomoJiorii TpiaHryJsinii, BiacTe:KeHHsI TOUKH

MaKCHMAJIbHOT HOTy)KHOCTi, 1J100a/IbHA TOYKA MAKCUMAJIbHOT ﬂOTy?KHOCTi, YMOBH YaCTKOBOI'0O 3aTiHeHHsI.

Introduction. Photovoltaic (PV) systems play a key
role in the global energy transition by harnessing solar
energy to generate electricity. Using semiconductor
devices, these systems directly convert solar energy into
electricity. However, the conversion efficiency typically
ranges from 10 % to 25 % of the total incident solar
power, highlighting the importance of optimizing power
extraction to maximize energy efficiency. In this context,
Maximum Power Point Tracking (MPPT) algorithms
have become essential tools for achieving this goal. Since
their inception in the 1950s, MPPT strategies have
continuously evolved to address growing challenges, such
as irradiance fluctuations, temperature variations, and
partial shading effects [1]. Traditional approaches,
particularly the Perturb and Observe (P&O) and
Incremental Conductance (IC) methods, dominated early
generations of MPPT systems due to their simplicity and
effectiveness under stable conditions. However, these
methods have significant limitations when applied to
dynamic or complex environments. These limitations
include slow convergence, inadequate tracking accuracy,
and an inability to effectively manage partial shading
scenarios [2-4]. To overcome these challenges,
innovative approaches based on metaheuristic and hybrid
algorithms have been developed. Methods such as
Particle Swarm Optimization (PSO), Cuckoo Search (CS)
[5] and Grey Wolf Optimization (GWO) [6] have proven
to be particularly promising. These algorithms allow for a
more accurate localization of the Global Maximum Power
Point (GMPP), while improving convergence speed and
reducing steady-state oscillations [7, 8]. Additionally,
advanced variants, such as modified PSO, Plant

Propagation Algorithm (PPA), and hybrid solutions like
Radial Basis Function Neural Network based on PSO
(PSO-RBFNN), have demonstrated their ability to
achieve energy yields above 99 %, even in variable and
complex weather conditions [9-12]. The emergence of
artificial intelligence in MPPT strategies has marked the
beginning of a new era of innovation. Algorithms based
on artificial neural networks, combined with hybrid
techniques like PSO-RBFNN, help address complex
challenges while enhancing the reliability and speed of
systems [13, 14]. Previous work, such as the study by
[15], introduced improvements to traditional methods. For
instance, an optimized version of the P&O algorithm
achieved an energy efficiency of 96 % under uniform
atmospheric conditions, but it did not account for the
effects of non-uniform conditions. Simultaneously,
advancements in DC-DC converter design, such as high-
voltage gain converters with soft switching, have
significantly contributed to improving the energy
efficiency of grid-connected PV systems [16].

Moreover, advanced control strategies, such as
Terminal Sliding Mode Controllers (TSMC), hybrid PSO-
TSMC algorithms, and approaches utilizing fuzzy logic
and fractional-order  controllers, offer enhanced
robustness. These solutions stand out for their ability to
reduce oscillations, improve system stability, and provide
a quick response to environmental changes [17-20].
Given the variety of available methods and the rapid
advancements in the field, it is crucial to evaluate and
compare these approaches to determine the most suitable
solutions for current challenges. A detailed analysis of
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existing MPPT techniques is provided, highlighting
innovative  strategies that integrate metaheuristic
algorithms, artificial intelligence, and innovations in
converter design, as evidenced by [21-23]. Other efforts,
such as those by [24], have proposed variants of the IC
algorithm adapted to changing irradiance profiles.
Although these approaches have demonstrated promising
performance, they remain limited by the lack of
experimental validation or their inability to effectively
address partial shading scenarios and rapid irradiance
variations. A hybrid algorithm combining a wavelet
neural network and a cuckoo search algorithm has
demonstrated superior performance in predicting PV
production, better capturing the chaotic variations of solar
radiation [25]. Furthermore, optimizations of the flower
pollination algorithm for MPPT under partial shading
have led to reduced tracking time and increased efficiency
[26]. Another hybrid control approach abbreviated as
ACO-ANN, based on a neural network and ant colony
optimization, has enhanced MPPT and energy quality in
industrial applications [27]. Strategies such as the improved
grey wolf optimizer and the super-twisting sliding mode
controller have also contributed to significant
improvements in robustness and response time under
shading conditions [28, 29]. Additionally, a strategy for
quickly locating the global peak in PV systems under
partial shading conditions, without particle reset, has been
introduced, reducing convergence time by 650 % compared
to traditional PSO reset methods and avoiding premature
convergence [30]. However, despite the progress made, a
major limitation remains for many MPPT techniques: their
inefficiency in the face of slow or sudden changes in
ambient temperature and solar irradiance. This highlights
the need for even more robust and adaptive algorithms.
Goal. This study aims to improve MPPT in PV

systems under partial shading conditions by developing a
hybrid approach that integrates a Triangulation Topology
Aggregation Optimizer (TTAO) with the IC algorithm.
By integrating the global optimization capabilities of
TTAO with the precision of the IC method, the proposed
TTAO-IC algorithm addresses the limitations of
traditional MPPT techniques, such as P&O and
standalone IC, which often struggle with local optima,
oscillations, and slow convergence under non-uniform
irradiance. The goal is to provide a robust, efficient, and
reliable solution for improving energy extraction in PV
systems, particularly in large-scale deployments where
partial shading is a common challenge. Simulation results
demonstrate the superior performance of TTAO-IC,
particularly in cases where conventional methods fail to
converge to GMPP. The algorithm achieves tracking
efficiencies exceeding 99 % across diverse partial shading
conditions, highlighting its robustness and reliability. Key
advantages of the TTAO-IC algorithm include:

e Rapid convergence to the GMPP, ensuring minimal
energy loss during the tracking process.

o Significant reduction in oscillations around the MPP,
even under dynamic and non-uniform irradiance conditions.

e Consistently high tracking efficiency, leading to
enhanced energy yield and improved overall system
performance.

The results from simulations demonstrate the

effectiveness of this hybrid algorithm, which combines
precision, speed, and robustness. This advancement opens

new perspectives for optimizing solar systems, ensuring
optimal and reliable energy exploitation.

1. Modelling and analysis.

1.1. PV conversion chain. The MPP is achieved by
controlling a DC-DC converter with an MPPT controller
(Fig. 1). The MPPT controller optimizes power transfer
from the PV system to the load, adapting to varying
weather conditions to ensure maximum efficiency.
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Fig. 1. DC-DC boost converter

PV system is made up of two identical solar panels
connected in series, with their electrical specifications
(Table 1). Connecting panels in series combines their
voltages while maintaining the same current, enabling the
system to achieve a higher output voltage. This
configuration is particularly useful for applications
requiring higher voltage levels, as it reduces the need for
voltage amplification by the DC-DC converter.

Table 1
PV panel specifications
Parameter PV . PV .
module | installation

Maximum power output P, under
standard test conditions (STC), W 213.15 4263
Open-circuit voltage V,. under STC, V 36.3 72.6
Short-circuit current /. under STC, A 7.84 7.84
Voltage at the MPP V,,, under STC, V 29 58
Current at the MPP /,,, under STC, A 7.35 7.35

The electrical parameters of the DC-DC boost

converter used in the simulation are provided in Table 2.
Table 2
Boost converter component specifications

Parameter Value
Inductance L, mH 1.1478
Input capacitor C;,, uF 6800
Output capacitor C,,;, UF 3300
PWM frequency f, kHz 10
Resistive load R, Q 100

The components of the boost converter are essential
to the system’s operation and have a direct impact on the
performance of the TTAO-IC algorithm. The inductor (L)
reduces current ripple, providing a stable power supply,
while the input (C;,) and output (C,,) capacitors ensure
smooth voltage levels on both sides of the converter,
minimizing disturbances during MPPT. The load
resistance (R) simulates power consumption and is crucial
for evaluating the converter’s energy efficiency.
Additionally, the switching frequency (f) influences
system responsiveness a higher frequency allows for faster
MPPT adjustments but can increase switching losses.
Optimizing these parameters is essential for stable
converter operation, which in turn improves the accuracy
and convergence speed of the TTAO-IC algorithm. This is
particularly valuable under challenging conditions, such as
partial shading and rapid changes in irradiance.
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1.2. PV panel model. A PV cell is represented by
the single-diode model. This model can be extended to a
PV module by treating it as a group of identical cells
connected in series and/or parallel. The model of an
individual cell is developed using the widely adopted
equivalent electrical circuit (Fig. 2).
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Fig. 2. Equivalent circuit diagram of a single-diode solar cell model

A PV system consists of multiple PV modules that
are connected in series and parallel configurations to
increase overall power output. The series connection of
modules helps increase the system’s voltage, while the
parallel connection raises the current output [23]. The
mathematical model of a PV system is described by a set
of equations that represent the electrical behavior and
characteristics of the modules under different conditions.
These equations consider factors such as the irradiance,

temperature, internal resistances, and electrical
parameters of the PV cells:
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where 1,;, is the photocurrent; . is the short-circuit current;
1. is the dark saturation current; N, is the number of series
cells; N, is the number of parallel cells; R, is the series
resistance; R, is the shunt resistance; V; is the thermal
voltage; g is the electron charge; E, is the photon energy; &;
is the short-circuit coefficient; & is the Boltzmann constant;
T is the temperature; G is the irradiance.

1.3. Boost converter. In PV systems, the DC-DC
converter is essential for implementing MPPT, ensuring
maximum energy capture and enhancing system
efficiency, especially in fluctuating environmental
conditions. MPPT algorithms work in conjunction with
DC-DC converters to fine-tune the system’s electrical
parameters for optimal power conversion. A widely used
DC-DC converter for this purpose is the boost converter,
which steps up the output voltage in comparison to the
input voltage. The power produced by the PV panel is fed
to this boost converter, which is regulated using a PWM
signal generated by the MPPT controller. To ensure
maximum power extraction from the PV system, the duty
cycle (D) of the boost converter is continuously adjusted
based on changes in solar irradiation, temperature, and
other environmental factors [17]. This dynamic
adjustment enables the PV system to maintain operation

at or near its MPP. An input capacitor is typically placed
on the PV panel side to filter out high-frequency
variations and stabilize the current. The optimal duty
cycle for the boost converter, which allows maximum
power extraction from the PV generator, is determined
using specific mathematical relationships and control
strategies, based on system parameters and environmental

inputs:
Dopr =1~V / [PoR - )

where P,,, is the peak power a PV system can generate
while functioning at its MPP; V,,,, is the voltage level at
which the PV panel operates to achieve maximum power
output at the MPP; R is the load’s equivalent resistance at
the output of the DC-DC boost converter plays a crucial
role in determining the efficiency of power transfer;
D, is the ideal duty cycle configuration for the boost
converter is essential for efficient MPPT, enabling the PV
system to achieve maximum power output.

The MPPT block produces a duty cycle signal to
regulate the switching element of the boost converter, which
typically functions at an operating frequency of 10 kHz.
A boost converter is employed in PV systems to increase
the output voltage to a higher level, meeting system
requirements. Its straightforward design and ease of control
further contribute to its widespread use, as highlighted in
[22]. In continuous conduction mode the inductor current
and capacitor voltage are typically chosen as state
variables. These variables are utilized to derive the
averaged model of the boost converter, which can be
represented by a set of equations, as illustrated in Fig. 1:

arp @) o o1 1 .

T { D)LVO(I)JFLVPV(I)’ (6)
O __py L -, @
dr out out

where /; is the current through the inductor; Vj is the
output voltage across the capacitor C,,; V), is the supply
voltage; D is the duty cycle (e [0, 1]). In the boost
converter circuit, the parameters R, L, C,, are the load
resistance, the input circuit inductance, and the output
filter capacitance, respectively.

1.4. Configuration of PV modules under static
partial shading conditions. In non-uniform irradiance
scenarios, such as shading caused by obstacles like trees,
buildings, or passing clouds, PV generator systems may
experience partial shading. As illustrated in Fig. 3, this
phenomenon leads to a power-voltage (P-V) curve with
multiple peaks, representing different maximum power
points (MPPs). Among these, one is the GMPP, while the
others are classified as local maximum power points
(LMPPs). To replicate partial shading conditions, PV
panels are exposed to varying irradiance levels, resulting
in P-V curves with multiple peaks. To wvalidate our
method, a case study under static partial shading
conditions is provided, including 4 practical test scenarios
for simulation:

1. Scenario 1: a test under STC (1000 W/m? at 25 °C).
2. Scenario 2: G; = 1000 W/m’, G, =400 W/m’ at 25 °C.
3. Scenario 3: G, = 800 W/m’, G, = 400 W/m’ at 25 °C.
4. Scenario 4: G, = 600 W/m’, G, =400 W/m’ at 25 °C.
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Fig. 3. Arrangement of PV modules across various static partial shading scenarios:
a) scenario 1 (STC); b) scenario 2; ¢) scenario 3; d) scenario 4

The optimal duty cycles for each scenario, as
determined by (5), are provided in Table 3.

Table 3
Optimal duty cycle calculated for each scenario
Scenario Propps W Do

Scenario 1 Py =4263 D, g=0.71721425

. P, =207.4 D, =0.80383836
Scenario 2 mpp_G opt_G

Py 1 =189.5 Doy 1 = 0.54699656

. P, =187.6 D =0.55062217
Scenario 3 mpp_G opt_G

Prpp 1 =167.3 Doy 1 = 0.77950357

. P, =184.6 D, =0.55110705
Scenario 4 mpp_G opt_G

Prpp 1 =126.1 Doy 1 = 0.74620251

"Note. P,,, ¢ is the output power at the GMPP; P, ; is
the output power at LMPP; D,, ¢ is the optimal duty
cycle corresponding to the GMPP; D,,, ;: is the optimal
duty cycle corresponding to the LMPP.

MATLAB/Simulink simulations were carried out to
evaluate the performance of the hybrid TTAO-IC
algorithm under defined static partial shading conditions.
The outcomes were benchmarked against those of two
conventional MPPT techniques: P&O and IC.

2. Enhanced MPPT based on hybrid TTAO-IC
algorithm. In PV systems, optimizing efficiency requires
identifying the ideal operating point where power output
is maximized, a process achieved through advanced
strategies. Given the non-linear characteristics of PV
systems and the variability of environmental conditions,
sophisticated algorithms are essential to consistently
locate and maintain this optimal point. Hybrid
metaheuristic algorithms, which combine the strengths of
multiple  optimization  techniques, have proven
particularly effective in enhancing this process. These
approaches are especially adept at addressing complex
challenges, such as partial shading conditions, and
adapting to dynamic environmental changes, making
them a robust solution for improving the performance and
reliability of PV systems.

2.1. TTAO algorithm.

The TTAO is a global
optimization algorithm based Tnitialize
on mathematical principles, T
designed to solve continuous Fj'm -
and engineering problems Triangular Units X2, X3
[31]. This algorithm leverages i
triangular topological Aggregate
similarity to develop 2 main BT
strategies: generic aggregation ¥
and local aggregation. These Evaluate Fitness
strategies enable the TTAO to 1
effectively explore the search Seluct Best Solutions
space, avoid local optima, and
converge toward the global &
optimum.  The  detailed -
- More Iterations? : —

functioning of this algorithm <~
is described by the flowchart
(Fig. 4) and the ~
corresponding  pseudocode

(Fig. 5). [

Retum
Best Solution ]
Fig. 4. Flowchart of TTAO algorithm

Algorithm 1: TTAO algorithm
1: Input: V,,,, I, (voltage and current from PV panel)
2: Parameters:
Population size Pop Size = 30, Iterations 7= 100
Dimension Dim =1, Bounds (Low =0, Up =1)
X1, X2, X3 and X4 : populations
3: Initialize population X7 randomly within the bounds.
4:Fort=1to T'do
5; Form triangular units X2, X3 based on X1.
6: Aggregate solutions to form X4.
7: Evaluate fitness of X1, X2, X3, X4.
8: Select the best solutions and update X1.
9: End for
10: Return the best solution D
Fig. 5. TTAO algorithm

2.2. IC algorithm. The IC algorithm is a popular
MPPT method for PV systems, aimed at maximizing
energy extraction by dynamically comparing the
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instantaneous conductance (//V) with the incremental
conductance (d//dV) in relation to the voltage. The IC
algorithm enhances efficiency by continuously fine-tuning
the operating voltage to keep the system close to the MPP
while minimizing oscillations. It adjusts the duty cycle (D)
of the power converter in response to real-time variations in
voltage (V) and current (/), ensuring optimal operation. The
MPP condition is mathematically described as follows:

dP/dV =0where P=V -1 . (8)
Expanding this gives:
-0 _ ;. p 9 9)
ar dv

The detailed functioning of this algorithm is
described by the pseudocode (Fig. 6).

Algorithm 2: IC algorithm

: Initialize Dpyey = 0.5, Vi prev = Vovs Ly prev = Iy

: Set step size AD =0.0001

: while system is running do

: Measure current voltage V), and current 1,

: Calculate the change in voltage: AV =V, =V}, prey
: Calculate the change in current: Al = I, =1, prey
1if (AV # 0) then

it (Ar/av >~1,,/V,, ) then

8: Decrease duty cycle : D = D,,,, — AD
9:elseif (AI/AV < 71pv/va ) then

10: Increase duty cycle: D = D, + AD
11: else

12: No change in duty cycle : D = D,,,.,
13: end if

14: else if (AV = 0) then

15: if (Al # 0) then

16: Decrease duty cycle : D =
17: end if

18: end if

19: Update previous values: Vy prev = Vovs Ly prev = Ipy
20: Set Dy, =D

21: end while

~N NN BN~

AD

'prev

Fig. 6. IC algorithm

2.3. Hybrid TTAO-IC algorithm. The hybrid TTAO-
IC algorithm is a method combining the global search
capabilities of the TTAO with the local refinement provided
by the IC algorithm. This hybrid approach is designed to
optimize MPPT in PV systems. TTAO is used to explore the
search space globally and identify regions close to the MPP,
while IC refines the duty cycle to achieve precise MPPT.
The power generated by the PV system is given as:

Py =Vylpy,,

where V),,, I,, are the PV panel voltage and current.
To maximize the power P,, the derivative of power

with respect to voltage must be zero:
dP,, /dV,, =0;

(10)

(11)

a7,
dev/dev=Ipv+va T (12)
pv
The hybrid TTAO-IC algorithm can be broken down
into the following steps:

e [nitialization: the algorithm starts by generating a
random initial population for the TTAO phase. The initial
duty cycle is set to D,,., = 0.5.

o Global exploration (TTAO): during each iteration of
TTAO, triangular units are formed from the population,
and solutions are aggregated and evaluated. The best

solution from this phase, denoted Dj740, represents a
candidate duty cycle near the MPP.

o Local refinement (IC): the best solution from TTAO
is refined using the IC method. IC adjusts the duty cycle
based on the change in power relative to voltage,
following the conditions:

dlpv/dev :_[pv/va ; (13)
D ey =D +(l_a)Dprev ) (14)

where a is the smoothing factor.
e Termination:  after a |
predefined number of iterations,
or once the duty cycle
converges, the final value of D
is returned, optimizing the PV

Start ‘

S

Initialize Parameters &
Population

i

TTAO Iteration: Form

system’s operation. > Triangular Units
The algorithm’s detailed *

Operation is visually Evaluate Fitness

represented ~ through  the i

Select Best Solutions

Yes
More TTAO
Iterations?
No

Obtain Best Dy1ao

i

Fine-tune with IC

O 03N L bW

flowchart in Fig. 7 and clearly
shown in Fig. 8.
The hybrid TTAO-IC
efficiency in PV systems by
combining the global
precision of IC,  thus
optimizing maximum power ‘
Moving Average
ensures the system does not get
stuck in local optima, while 0
lore Global
Iterations?
under varying environmental
conditions (e.g., static partial
Fig. 7. Flowchart of hybrid TTAO-IC algorithm
Algorithm 3: Hybrid TTAO-IC Algorithm
2: Parameters: Population size PopSize = 10,
TTAO iterations 7= 10, maximum iterations Max/ter =100,
: Initialize population for TTAO
: Initialize persistent variables: V.. ,.ep = 0, Lyprey = 0, Dy, = 0.5
:fort=1to T'do
: Form triangular units and aggregate solutions in TTAO
: end for
10: Obtain the best solution Dr40
12: Update Dy, = aDjc + (1 — @)Dy, (apply moving average filter)
13: end for
Fig. 8. Hybrid TTAO-IC algorithm
3. Simulation results and discussion.
the proposed MPPT control algorithm, a series of
simulations were conducted in the MATLAB/Simulink
simulations is shown in Fig. 9. In this setup, a DC-DC
boost converter acts as the interface between the simulated

outlined in the pseudocode
algorithm improves MPPT
exploration of TTAO with the
tracking. This hybrid approach b eyt
accurately tracking the MPP
shading conditions). |
L: Input: V), 1,
dimension Dim =1, AD = 0.0001

: for iteration = 1 to MaxlIter do

: Evaluate the fitness and update the population
11: Fine-tune using the IC algorithm to get D¢
14: Output: Final duty cycle D = D,,,.,

3.1. Simulation results. To assess the performance of

environment. The control architecture used in these
PV system and a DC load. This boost converter is crucial
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as it regulates the voltage and current, ensuring that the PV
system operates at its MPP. Four distinct MPPT algorithm
blocks were incorporated into the simulation environment,
each tested individually to evaluate their respective
performances. The main goal of this study is to evaluate the
efficiency and accuracy of 4 different algorithms for
tracking the GMPP in a PV system under static partial
shading conditions. The algorithms analyzed include IC,
P&O, TTAO and a hybrid TTAO-IC approach. The aim of
the hybrid algorithm is to optimize the precision and speed
of the search process, ensuring reliable and efficient
tracking of the GMPP. The selection of these algorithms is
based on their complementary characteristics:

e P&O is known for its simplicity and widespread use,
though it may struggle to maintain accuracy under
variable irradiance.

[

e [C offers improved precision, particularly in
dynamic conditions, as it adjusts to changes in irradiance
more effectively.

e TTAO, a metaheuristic optimization technique, excels
in locating global maxima in complex search spaces, such
as those introduced by partial shading effects.

e The hybrid TTAO-IC algorithm combines the global
search capability of TTAO with the local precision of IC,
aiming to reduce convergence time and improve tracking
accuracy. Efficient MPPT control also directly affects the
efficiency of the DC-DC boost converter. Algorithms that
minimize oscillations around the MPP reduce switching
losses, thereby optimizing the overall system performance.
Conversely, slower or less accurate algorithms can lead to
higher power losses due to increased switching activity.

D]

Bypass
Diode 4

Cout }f R % I

Fig. 9. Schematic representation of the PV system simulated in MATLAB/Simulink

The comparative performance of the algorithms is
assessed based on 3 key parameters:

e Time. These measures the time required for each
algorithm to converge to the MPP (P,). A shorter
tracking time indicates faster adaptation to the MPP.

e Tracking error. This parameter evaluates how
accurately the algorithm identifies the MPP. It is computed
as the percentage difference between the duty cycle
determined by the algorithm and the actual global duty cycle,
which is obtained from the reference values (Table 3).

o System efficiency. This evaluates the overall
efficiency of the PV system by computing the ratio of the
extracted power to the maximum available power under
the given conditions.

3.2. Simulation observations. The simulation results
are illustrated in Fig. 1013, which correspond to 4 scenarios,
each highlighting the power (P,,) and duty cycle achieved
by the algorithms (IC, P&O, TTAO, and TTAO-IC).
According to the simulation results presented in Table 4,
the performance of the algorithms is evaluated under
various scenarios:

e Scenario 1. Both TTAO and TTAO-IC exhibit
minimal tracking errors, significantly outperforming the IC
and P&O methods, which display much higher error rates.

o Scenarios 2 and 3. The IC and P&O techniques
show considerable limitations, with tracking errors
exceeding 30 %, emphasizing their reduced effectiveness

in these conditions. In contrast, TTAO and TTAO-IC
maintain notably lower error levels, with TTAO-IC
achieving superior performance.

o Scenario 4. The same trend is observed, where
TTAO-IC consistently records the lowest tracking error,
demonstrating its robustness and accuracy across varying
conditions.

The results highlight the superior performance of the
hybrid TTAO-IC algorithm compared to other methods.
This algorithm demonstrates rapid convergence to the
GMPP with minimal tracking error, ensuring high
efficiency in power extraction. Moreover, it eliminates
persistent steady-state oscillations, making it a robust and
reliable solution for MPPT under partial shading conditions.
The comparative analysis confirms the hybrid TTAO-IC
algorithm as the most effective solution for tracking the
GMPP in PV systems, particularly under partial shading. By
combining global optimization capabilities with precise
local adjustments, it ensures rapid convergence, minimal
error, and enhanced system efficiency. These findings
underscore the critical importance of adopting advanced
MPPT methods like TTAO-IC to maximize energy yield
and optimize the overall performance of PV systems. The
TTAO-IC method excels in maintaining minimal tracking
errors across all scenarios, showcasing its superior precision
in accurately determining the GMPP.
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Fig. 12. Power P,, and duty cycle D in scenario 3
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Table 4
Performance comparison of algorithms in various scenarios
Algorithm | Convergence time | Duty cycle Tracking error, % | P,.W | Efficiency, %

Scenario 1: G, = G, = 1000 W/m?, T) = T, = 25 °C, P,,,, = 426.3 W, D,,; ¢ = 0.71721435
IC 648.689 0.7103 0.9641 426.130 99.96
P&O 628.276 0.7108 0.8943 426.124 99.96
TTAO 352.368 0.7101 0.9919 426.106 99.95
TTAO-IC 397.775 0.7101 0.7808 426.130 99.96
Scenario 2: G, = 1000 W/m’, G, = 400 W/m’, T} = T, = 25 °C, P,,,, ¢ = 207.4 W, D,,, c = 0.80383836
IC 768.902 0.5305 34.0041 189.453 91.35
P&O 517.483 0.5308 33.9668 189.450 91.35
TTAO 254.545 0.7925 1.4105 204.705 98.70
TTAO-IC 265.734 0.7943 1.1866 206.400 99.75
Scenario 3: G; = 800 W/m?, G, =400 W/m’, T, = T, = 25 °C, Py =187.6 W, D, g = 0.55062217
IC 567.832 0.7704 39.9145 167.000 89.02
P&O 405.594 0.7699 39.8236 167.200 89.13
TTAO 271.329 0.7714 40.0961 167.200 89.13
TTAO-IC 442.281 0.5378 2.3287 187.600 100.00
Scenario 4: G, = 600 W/m’, G, =400 W/m’, T, = T, = 25 °C, P,,,, c = 184.6 W, D,,,, g = 0.55110705
IC 623.776 0.7401 34.2933 125.800 68.15
P&O 433.566 0.7400 34.2752 125.900 68.20
TTAO 338.462 0.7391 34.1119 125.700 68.09
TTAO-IC 443.477 0.5311 3.3631 184.500 99.95

3.3. Statistical analysis. The tracking error of the
duty cycle measures how accurately each algorithm
identifies the GMPP. Figure 14 presents a comparison of
the 4 algorithms’ performance across the 4 scenarios.

40 4D, %
35

Scenario 1 Scenario 2 Scenario 3 Scenario 4
mIC mP& mTTAO = TTAO-IC
Fig. 14. Duty cycle tracking error

BoR NN W
v o v o »n O

The power extraction efficiency evaluates the
capability of each algorithm to maximize the output

power from the PV system. The results for the 4
algorithms under the 4 scenarios are shown in Fig. 15.
Scenario 1 — all algorithms demonstrate high efficiency
(=99 %) under uniform shading conditions. However,
TTAO-IC consistently achieves slightly higher efficiency
compared to the other methods. Scenario 2—4: under
partial shading conditions, the performance of IC and
P&O deteriorates significantly, with efficiency dropping
below 70 %. Conversely, TTAO-IC sustains efficiencies
close to 100 % with showing a slight edge. The TTAO-IC
algorithm achieves near-perfect power extraction
efficiency under all conditions, outperforming other
methods, especially under partial shading scenarios.

The findings presented in Table 5 highlight the
exceptional performance of the TTAO-IC algorithm
across several critical metrics. Simulation results were
used to calculate the efficiency percentage for each
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method, showing that the TTAO-IC algorithm delivers
substantially higher efficiency compared to the techniques
detailed in [11, 12, 29].
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Fig. 15. Power extraction efficiency

Furthermore, the TTAO-IC controller demonstrates
a significantly faster response time than PSO, PPA, PSO-
OBL, ABC and SSA-GWO when subjected to static
shading conditions, emphasizing its capability to quickly
reach the GMPP. This enhanced efficiency reduces
energy losses by ensuring precise and rapid tracking of
the GMPP. These results highlight the exceptional
effectiveness and superiority of the TTAO-IC algorithm
in optimizing the MPPT process for PV systems. With its
accelerated convergence rate and improved efficiency, the
algorithm emerges as a highly effective solution for
maximizing energy production while addressing shading
challenges in PV applications.
Table 5
Comparative performance analysis of the proposed TTAO-IC
algorithm and other MPPT techniques

MPPT algorithm Efficiency, % Tr.ackmg

time, s

Particle Swarm Optimization

(PSO) [29] 99.71 0.46

Plant Propagation Algorithm

(PPA) [11] 99.91 0.68

PSO-Opposition Based Learning

(OBL) [12] 99.72 0.69

Artificial Bee Colony (ABC)

algorithm [29] 99.54 047

Salp Swarm Algorithm with Grey

Wolf Optimizer (SSA-GWO [29] 9984 043

Proposed TTAO-IC 99.96 0.398

Conclusions. This research has conducted an in-
depth exploration of various MPPT techniques,
emphasizing their essential role in optimizing the
efficiency of PV systems. By evaluating both individual
and hybrid MPPT algorithms, we have provided valuable
insights into their performance under different operational
conditions. The study focused on key parameters such as
response time, stability, performance under partial
shading and accuracy, offering a holistic view of the
effectiveness of these techniques.

The study successfully achieves the goal through the
development of the TTAO-IC algorithm, which combines
the global optimization capabilities of TTAO with the
precision of the IC method. Simulation results demonstrate
that the TTAO-IC algorithm significantly enhances MPPT
performance under partial shading conditions, achieving
tracking efficiencies exceeding 99 % and outperforming

traditional methods like P&O and IC, as well as other hybrid
techniques such as PSO, GWO, PSO-OBL, PPA, and ABC.

The algorithm addresses the limitations of
conventional methods by delivering faster convergence to
GMPP, reducing oscillations around the MPP, and
maintaining high tracking efficiency even under non-
uniform shading conditions. In conclusion, the TTAO-IC
algorithm stands out as a highly efficient and reliable
solution for MPPT in PV systems, offering a balance
between performance and high efficiency even under
challenging conditions makes it a strong contender for
large-scale solar energy applications.

Future research should focus on further refining this
hybrid approach and validating its performance in real-
world scenarios, aiming to enhance the global adoption of
solar energy. For further studies, we suggest adjusting key
parameters to optimize performance across various PV
generator  architectures, possibly using advanced
optimization techniques. Specifically, we aim to
implement the methodology in centralized, decentralized,
and hybrid PV systems, as well as with different types of
solar  panels, including  monocrystalline  and
polycrystalline varieties. Additionally, we plan to evaluate
the algorithm under a range of conditions, such as varying
irradiance levels and dynamic partial shading situations.
By applying the methodology across these different
system designs and environmental contexts, we seek to
enhance our understanding of its performance and
potential adaptations.
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Optimization of combined active-passive electromagnetic shielding system for overhead power
lines magnetic field normalization in residential building space

Problem. Normalization of overhead power lines magnetic field level in residential building. Goal. Normalization of overhead power
line magnetic field by optimization of combined electromagnetic shielding system, consisting of active and passive parts, in
residential building space based on magnetic field three-dimensional model. Methodology. Optimization of combined
electromagnetic shielding system for initial magnetic field three-dimensional model solved based on multi-criteria two-player
antagonistic game solution. Game payoff vector calculated based on finite element calculations system COMSOL Multiphysics
package. Game solution calculated based on particles multiswarm optimization algorithms. Results. The results of theoretical and
experimental studies of combined electromagnetic passive and active shielding system for magnetic field three-dimensional model in
residential building from two-circuit overhead power transmission line with wires «Barrely type arrangement presented. Scientific
novelty. For the first time the method for normalization of overhead power lines magnetic field in residential building space based on
optimization of combined active-passive electromagnetic shielding system for magnetic field three-dimensional model developed.
Practical value. Spatial location coordinates of shielding winding, currents and phases in shielding winding of robust active
shielding system, geometric dimensions and thickness of electromagnetic passive shield calculated during optimization of combined
electromagnetic shielding system for magnetic field three-dimensional model. References 49, figures 13.

Key words: overhead power line, magnetic field, combined electromagnetic active and passive shielding system, computer
simulation, experimental research.

Ilpobnema. Hopmanizayia piensa MazHimHO20 NOAs NOGIMPAHUX JIHIU eleKkmponepeoadi 6 owcumnogux oOyounkax. Mema.
Hopmanizayis piens maznimnozo noaa nosimpsaHux JNinil eiekmponepeoayi Wiaxom OnmumMizayii KOMOIHO8AHOI eneKmpPoOMAeHIMHOT
expanyiouoi cucmemu, Wo CKIAOAEMbCA 3 AKMUBHOI MA NACUBHOI HYACMUH, Y NPOCMOPI JCUMNOBUX NPUMiljeHb HA OCHOBI
MpueUMipHoi modeni maeHimuozo nois. Memooonozia. Onmumizayis KoMOIHOBAHOI eNeKMPOMASHIMHOI eKpaHylouoi cucmemu
MPUBUMIPHOT MOOeNT BUXIOHO20 MAZHIMHO20 NOJIS PO3PAX0BYEMBCS HA OCHOBI PileHHs OA2amoKpUmMepiarbHoi AHMAa2OHICMUYHOT 2pu
060x epasyis. Bekmop suepawiis epu po3paxogyemvcs HA OCHOGI Kinyego-enemenmuoi cucmemu oouuciens COMSOL Multiphysics.
Piwenns epu po3paxogyemvcsi HA OCHOSL aneopummie onmumizayii Myremupois wacmunok. Pezynemamu. Haseoeno pesynomamu
meopemuyHux ma eKCcnepuMeHmaibhux OocCHioNceHb KOMOIHOBAHO eNleKmpoOMAasHimHOl cucmemu RNACUBHO2O MA AKMUBHO2O
EeKPAHYBAHHS MPUSUMIPHOI MOOeNT MAZHIMHO20 NOA 8 HCUMA0BOMY OYOUHKY 8I0 0801AHYI020601 NOGIMPAHOI NiHIi enekmponepeday
i3 posmauiy8anHam npoeodie muny «bouxay. Haykoea noseusna. Bnepwe pospobreno memoo nopmanizayii macHimmnozo noius
NOBIMPAHUX TIHIU eleKmponepeoayi  HCUMI080MY NPUMILEHH] HA OCHO8I ONMuUMi3ayii KOMOIHO8AHOT AKMUBHO-NACUBHOI cuceMu
e1eKmpOMAazHIMHO20 eKpanysants mpusumipHoi mooeni maznimuozo nona. Ipaxmuuna snauumicme. Koopounamu pozmauty8anis
eKpanyouux 06Momox, cmpym i ¢aza 8 eKpanyouux 06Momkax pobacmuoi cucmemu aKMUBHO20 eKPAHYBAHHA, MA 2eOMemPUYHI
PO3MIpU | MOBUUHA eIeKMPOMASHIMHO20 NACUBHO20 eKPAHY PO3PAX0BYIOMbCA NPU ONMUMI3AYIT KOMOIHOBAHUX eNeKMPOMACHIMHUX
EKPAHYIOUUX CUCEM MPUSUMIPHOT Modeli maznimuo2o nons. bion. 49, puc. 13.

Knouosi cnosa: noBiTpsina JiiHis ejekTponepeaayi, MarHirHe moJie, KOMOiHOBaHA eJIEKTPOMATrHITHA aKTHBHA Ta MaCHBHA
CHCTeMA eKPAHYBAHHSI, KOMII'IOTEPHE MOJeJII0BAHHS, €eKCIIEPUMEHTAIbHI J0C/Ii/KeHHSI.

Introduction. Many residential buildings in Ukraine
are located in close proximity to overhead power lines.
Induction level in such houses is many times higher than
modern standards for industrial frequency magnetic
induction level for safe living [1-3].

Most often, single-circuit power lines with a
triangular arrangement of wires located near single-story
old buildings. Double-circuit power lines with a «Barrel»
type of wire arrangement also often located near single-
story and multi-story residential buildings of old
construction, as shown in Fig. 1.

{

Fig. 1. A multi-storeys residential uilding located near a
double-circuit power line

One of most economically justified approaches to
further operation of high-grade residential buildings
without eviction of population or replacement of existing
overhead power lines with underground cable power lines
used of original magnetic field modeling and shielding to
safe level for habitation [4—7].

To implement necessary shielding factor of initial
magnetic field, it is necessary to use active shielding [8—18].
To increase the effectiveness of shielding, especially in
long-distance residential buildings, it is advisable to use
combined shielding of the initial magnetic field, including
active and passive shielding [19].

The diagram of such combined electromagnetic
active-passive shielding system shown in Fig. 2.

The active shielding system contains shielding
windings, amplifier, control system and a magnetic field
sensor installed inside the shielding space. An external
power source used to power the active shielding system.

This magnetic field sensor, which installed inside
the shielding space, measured resulting magnetic field
generated by power line and combined electromagnetic
active-passive shielding system inside shielding space.

The source of energy for passive shielding system is
the external electromagnetic field acting on the passive
electromagnetic shield. This external magnetic field for
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the passive shield generated by power transmission line
wires and compensation windings of electromagnetic
active shielding system. Under the influence of this
primary magnetic field, currents induced in the passive
electromagnetic shield, which create a secondary
magnetic field. This secondary magnetic field directed
opposite to the original primary field.

High voltage power lines (HVPL)

H(x,.t) - initial Magnetic Field

\ B
™. H o (x,.4) — compensation cail
magnetic field

Passive shieldings

Buildiri

Active shielding |
system of magnetic |

i \ Control system field /

- —_ /

Fig. 2. Combined electromagnetic active-passive shielding
system diagram

The resulting magnetic field, which is equal to the
sum of the primary magnetic field generated by power
transmission line wires and compensation windings, and
the secondary magnetic field generated by the passive
screen, will be less than the initial magnetic field. Due to
this reduction in the resulting magnetic field, the shielding
effect of the combined active-passive electromagnetic
shielding system achieved.

Note that since the active and passive shielding
systems influence each other, when optimizing the
combined active-passive electromagnetic  shielding
system, it is necessary simultaneously optimize both the
parameters of the active and the parameters of the passive
electromagnetic system to achieve the minimum resulting
magnetic field in the shielding space.

Often, to increase the efficiency of shielding the
original magnetic field using such hybrid electromagnetic
active-passive shielding system, the active shielding
system designed as a system with two degrees of freedom.
In this case, two closed and open control loops used
simultaneously. To implement open-loop control, another
magnetic field sensor used to measure the initial magnetic
field, which installed outside the shielding space. This
magnetic field sensor usually installed away from the
shielding space but close to power transmission line wires
in order to reduce the influence of compensation winding
currents of active shielding system.

When designing electromagnetic shielding systems,
two geometric problems of magnetostatic’s solved [12, 13].
First, a geometric forward problem of magnetostatics
solved when, for given values and geometric arrangement
of sources of industrial frequency magnetic field, the
magnetic field induction calculated at given points of the
shielding space. This geometric forward problem
calculated effect from magnetic field source of a given
power and located in a given «geometric» position at
points in the shielding space.

The geometric inverse problem of magnetostatics
calculate the power and «geometric» position of industrial
frequency magnetic field sources that generate a given
magnetic field at given points in the shielding space. Thus,
in the course of solving a geometric inverse problem, it is
necessary to calculate not the result, but the cause that leads
to a given result. Naturally, a geometric inverse problem is
an uncorrected problem and can have many solutions. As a
rule, solving a geometric inverse problem reduced to
solving an optimization problem [20-23].

The work [19] considered issues of synthesis of
systems for combined magnetic field shielding in a two-
dimensional formulation. In this case, shielding is
assumed in the central section of residential buildings.

However, when magnetic field shielding in
residential buildings, it is necessary to reduce magnetic
field induction level to a safe level in apartments located
at edges of house.

Most studies carried out based on two-dimensional
magnetic field model, which does not allow studying
effectiveness decrease of original field shielding in
residential building edges [8-18]. This determines the
formulation and solution of problem of design of
combined electromagnetic  active-passive  shielding
system in three-dimensional formulation.

The goal of the work is normalization of overhead
power line magnetic field by optimization of combined
electromagnetic shielding system, consisting of active and
passive parts, in residential building space based on
magnetic field three-dimensional model.

Definition of geometric forward magnetostatic
problem for overhead power lines and compensating
winding  magnetic  field. @ Geometric  forward
magnetostatic problem calculates the consequence — the
magnetic field at a given point in space, generated by a
given source of magnetic field located at a given
«geometric» point in space. This problem is solved on
basis of Maxwell’s law is a mathematically correct
problem and calculated exactly.

Geometric forward magnetostatic problem for
overhead power lines and compensating winding magnetic
field is to calculate magnetic field at any point in space for
given magnetic field sources. Mathematical modeling of
magnetic field reduced to boundary value problem solution
for electromagnetic field with a known distribution of its
sources in the volume or on the surface of the given area
[4-6]. To correctly solve this problem, it is necessary, first
of all, to choose a physical model of this process, which
covers its main aspects. Physical model should be one of
Maxwell equations full system simplifications. Maxwell
equations describing electromagnetic fields in media with
continuous or piecewise-continuously changing properties
are the basis for analytical and numerical modeling of any
electromagnetic processes, both in vacuum and in material
media [7].

To simplify high-voltage power transmission lines
magnetic field mathematical mode, the phase’s wires taken
in infinite long form and thin straight conductors, which
allows two-dimensional magnetic field model used which
contains two spatial components along axes and does not
depend on coordinate along which power line wires
conductors located. However, in this task, controlled
windings vertical sections of active shielding system create
significant projections of magnetic field intensity vector,
which constitute, along coordinate , which determines
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three-dimensional magnetic field model used. Such model,
in addition, also allows take into account magnetic field
intensity vector component along coordinate, created by
power lines due to their sagging between supports.

When calculating current magnetic field quasi-static
approximation of Maxwell equations system [4-7] is
equivalent to Biot-Savart’s law, which can written in form [4]:

B(P):#Olmj[leR]’ (1)
4 R3

L
where B(P) — magnetic field induction at observation
point P; d/ — circuit element with current /,;; R — vector
directed from contour element d/ to observation point P.

Definition of forward quasi-static magnetic field
active shielding system design problem. Let us consider
definition of forward quasi-static magnetic field active
shielding system design problem. Forward magnetic field
active shielding system design problem calculated
magnetic field induction generated by the compensation
windings in shielding space given point for given
compensation windings spatial location coordinates of
active shielding system.

First, consider geometric direct problem solution for
power lines — mathematical model design of initial
magnetic field generated by power transmission line.
Power lines wires position initially known. Power lines
wires instantaneous values currents set in dependences
sinusoidal form. We set amplitudes 4; and phases ¢, of
industrial frequency currents of power line wires. Let’s set
power transmission lines wire currents in complex form

I(e)= 4 exp j(ot + ;). (2)

Then, based on relation (1), initial magnetic field
induction By(P;,Iy(f),t) at point P created by power
transmission lines currents calculated in following form

BB 0= BB ). O

Power line currents vector Iy(f) introduced
components of which are power line wires currents

1o(0)=1{5,0))-

Note that when transmission line resulting magnetic
field calculating according to (1) for 3D modeling, it is
necessary to take into account the real sagging of
transmission line wires, and elementary sections number
of transmission line conductors at ends of considered
sections of transmission lines must be determined from
required accuracy of resulting magnetic field induction
calculation, which generated by all power lines at given
point in shielding space.

Let us now consider forward problem solution for
calculating magnetic field generated by compensation
windings at shielding space points. Let us set
compensating windings location coordinates of active
shielding system in form of initial geometric values vector
of compensating windings dimensions of active
protection, as well as amplitude 4; and phase ¢; of
compensating windings currents [12—-14]. Let’s set
compensating windings currents in complex form

[ai(t): Ayi expj(a)t + ¢Wi)' 4)

Then, based on (1) similar to (3) magnetic field
induction at point P; created by windings currents at time
moment ¢ calculated in the following form

M
By(Pi’Iy(t)’t): ZBym(E'slym(t)st)» (5
m=1

here currents vector I(f) in compensating windings
introduced with windings currents components

1,(0)= 73 (-

Note that when calculating resulting magnetic field
generated by all compensating windings wires, according
to formula (5), for 3D modeling, it is necessary to take
into account not only real dimensions of horizontal parts
of compensating windings, but also real length of
compensating windings, since it is near ends of horizontal
sections of compensating windings that greatest change in
magnetic field induction level generated by compensating
windings is observed.

Naturally, that in 3D modeling in (5) it is necessary
to take into account vertical parts of compensating
windings, since it is these vertical parts that generate main
part of the of the magnetic field induction level.

Then, based on superposition principle, the resulting
magnetic field induction vector B(P;,Iy(t),1,(?),t) at the point
P, created by power line wires currents (1) and controlling
windings currents (5), is equal to vectors sum [4]

BB Io(0).1,(c).t)= By(B.Io(t).0)+..+ B, (B.1,(1)). (6)

Definition of forward dynamic problem of
magnetic field active shielding system design. The
calculation of the magnetic field generated by the
transmission line wires and compensation windings
calculated based on the Biot-Savart’s law [4—7]. In this
case, the magnetic field induction is a static dependence
(1) on the current of the transmission line wires or
compensation windings. Thus, the magnetic field is
practically «instantaneously» generated by currents and
the speed of propagation of the electromagnetic field of
industrial frequency is neglected.

However, the active shielding system is a dynamic
system, the processes in which are commensurate with the
industrial frequency. Moreover, the design of the active
shielding system performed taking into account the
dynamic characteristics of its elements - the presence of
inductances of compensating windings, the presence of
time delay of magnetic field sensors and other. In the active
shielding system with two degrees of freedom, open-loop
control by disturbance and closed-loop control by deviation
with the help of feedback used simultaneously.

The forward problem of dynamic magnetic field
active shielding system is the calculation of the dynamic
characteristics of the active shielding system with two
degrees of freedom for the given values of the parameters
of the open-loop and closed-loop control regulators and for
the given values of the parameters of the disturbing effects
and interference measurements of the sensors of the initial
and resulting magnetic field, with the help of which the
open-loop and closed-loop control is implemented. This
forward dynamics problem of an active shielding system is
a correct mathematical problem and solved «exactly», for
example, by direct modeling of processes in such a
dynamic system with two degrees of freedom.

The inverse dynamics problem of an active shielding
system consists in calculating the values of the parameters
of the open-loop and closed-loop control regulators for
the given values of the parameters of the disturbing
effects and the interference of the measurements of
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magnetic field sensors of initial and resulting magnetic
field for implementation of specified dynamic
characteristics in designed system. The solution of the
inverse problem of the dynamics of an active shielding
system reduced to an optimization problem.

In this case, the open and closed control channel
regulators synthesized from the condition of minimizing
the error of compensation of the initial magnetic field,
caused by the disturbing effect in the form of induction of
the initial magnetic field. In this case, with the help of
these same open and closed control regulators, the noise
of the magnetic field sensors measuring the initial
magnetic field and the resulting magnetic field in the
shielding space filtered.

The inverse dynamics problem of active shielding
system is an uncorrected mathematical problem, and its
solution is also found approximately by numerical
methods. One of the possible approaches to solving the
inverse problem of dynamics for active shielding system
with two degrees of freedom control used of robust optimal
control based on four Riccati equations solutions [24-26].
To implement such robust optimal control, robust optimal
Kalman’s filters used, which also synthesized based on four
Riccati equations solutions [26-28].

Such a robust optimal solution to the inverse dynamics
problem for active shielding system with two degrees of
freedom control allows obtained the highest accuracy of the
active shielding system; however, the implementation of
such a system presents certain difficulties. Therefore, the
overwhelming majority of industrial control systems built
on the principle of subordinate regulation and implemented
using standard PID controllers.

Let us accept the structure of the active shielding
system as two-loop subordinate control system. The
internal loop of such a system is the current control loop
of the compensation winding. With the help of the PI
controller of the current loop, the «large» time constant of
the current loop, caused by the inductance of the
compensation winding, compensated. The external loop
of this two-loop subordinate control system is the loop for
regulating the induction of the resulting magnetic field.

A delay link used to form open-loop control for
active shielding system with two degrees of freedom
control over the initial magnetic field. The magnitude of
the gain and delay coefficients experimentally adjusted
during the system setup from the condition of minimizing
the space-time characteristic of the resulting magnetic
field in the shielding space.

Let us consider definition of forward magnetic field
active shielding dynamic system design problem. Forward
dynamic magnetic field active shielding system design
problem calculated magnetic field induction generated by
the compensation windings in shielding space given point
not for given compensation windings spatial location
coordinates but and for given structure and parameters of
active shielding system regulators as closed loop and open
loop dynamic system [20-23]. This dynamic active
shielding system is two degrees of freedom dynamic
system. This dynamic system combines both open loop and
closed-loop control. However, in contrast to classical
synthesis of robust control system with two degrees of
freedom, in the developed method, the synthesis of open-
loop coarse control performed based on quasi-static model
of magnetic field. Synthesis of closed-loop refinement
control carried out based on closed system dynamics

equations, taking into account plant models and measuring
equations devices, disturbances and measurement noise.

First, consider the possible structures of dynamic
magnetic field active shielding system design problem. If
it is possible to measure the of the power line wires
current of three-phase power lines or directly measure
magnetic field induction near power line wires , then can
design open loop system of dynamic magnetic field active
shielding system as follows.

Initial magnetic field model in considered space can
be taken in form of magnetic field generated by three, six,
and etc. conductors of three-phase current of industrial
frequency, located in known position relative to considered
space, in which it is necessary shielded magnetic field.

To design open loop control circuit of magnetic field
active shielding system sufficient measured current wires
current line one phase and used some reference voltage

u, (t) =4, sin(a)t + ¢, ) . N

Based on measured wires current line as reference

voltage, we will form open loop control by compensation
windings current at following form

wi(6)= Ay sin(@t + 9;)+ fur (®)
where A; — the sought amplitudes and ¢; — control phases
in the i-th compensation windings current with respect to
the measured current in the phase of the current line or
reference voltage; f,; — equivalent noise of current or
reference voltage measurement.

It is advisable to supplement such open loop control
circuit with feedback control circuit, so that the active
shielding system becomes two degrees of freedom
dynamic system one based on control principle.

To design closed loop control by active shielding
system, it is necessary to have magnetic field induction
measuring devices — magnetometers installed at certain
points in space to measure resulting magnetic field
induction created by both power line wires current and
compensation windings current of active shielding system.
Let’s form a vector y(f) of measured components of
resulting magnetic field induction vector at some points P;

v(t)=1{Bo(P. Io(e)t )+ B (P 1, (1)1 )} ©9)
at time moment ¢ at magnetometers installation points P;
in following form
Y@y =v()+w(1),
where w(f) — magnetometer noise vector.

Note that when using combined shielding resulting
magnetic field, simultaneously generated by power line
wires, compensation windings wires of active shielding
system and passive shield, measured by magnetometer
installed in shielding space point [19].

Let’s take structure of closed loop control by active
shielding system of magnetic field in following form: we
will apply corresponding magnetometer output voltage to
each channel PID controller input.

Let’s write down state differential equation of
discrete PID regulators, the input of which is vector y(f)
of measured magnetic field induction components, and
output is closed-loop control vector u;(¢) of compensation
windings wires in the following form

X, (t+1)= A,x, (1) + B,y(1) ; (11)
u3(t):Cpxp(t)+Dpy(t): (12)

in which elements of matrices 4,, B,, C,, D, calculated by
PID regulators parameters.

(10)
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Then design of two degrees of freedom dynamic
system of active shielding of magnetic field, which
includes open and closed control loops reduced to
calculated regulators parameters vector, components of
which are sought elements of matrices 4,, B,, C,, D,,
determined by closed control channels PID regulators gain
coefficients, as well as vector of sought amplitudes A ={4;}
and phases ¢={p;} of compensation windings wires
currents, components of which are amplitudes 4; and
currents ¢; of components of compensation windings
wires currents open loop control regulators [24-26].

Definition of geometric forward magnetostatic
problem for passive electromagnetic shielding magnetic
field. Let us now consider geometric forward problem of
magnetostatics for a continuous electromagnetic passive
shield. The geometric forward problem for a passive
electromagnetic shield also calculates the consequence — the
magnetic field at a given point in space, generated by a given
source of magnetic field in form of passive shield, located at
a given «geometric» point in space. This problem is also
solved on basis of Maxwell’s law and is mathematically
correct problem and calculated exactly [4-7].

The principle of operation of a passive electromagnetic
shield based on action of the initial primary magnetic field,
as a result of which conduction currents induced in the
passive screen. These currents create a secondary magnetic
field, which, according to Faraday’s law, directed opposite
to the initial magnetic field. The resulting magnetic field,
equal to the sum of the primary and secondary fields, is
weaker than the primary field in the protected area, due to
which the initial magnetic field shielded.

The general approach to solving magnetic field
shielding problems using a passive electromagnetic shield
also comes down to integrating Maxwell’s equations in all
areas: both inside the shield volume and in the external
environment. When considering the problems of shielding
industrial frequency magnetic field, Maxwell’s equations
solved in a quasi-stationary approximation. In the numerical
solution, the space divided into simply connected dielectric
regions, the boundaries of which are conducting shells. The
finite element method has received the greatest distribution
for numerical study of electromagnetic field.

The numerical procedure reduced to compiling and
solving a system of linear equations. The computational
domain divided into a set of polygons, which in the
simplest case have triangular cells. The geometric inverse
problem of magnetostatics for electromagnetic passive
shield calculated not only «geometric» position of passive
screen, but also the thickness and conductivity
characteristics of the passive screen. Naturally, geometric
inverse problem of magnetostatics for electromagnetic
passive shield is an uncorrected problem and can have
many solutions. As a rule, the solution of this geometric
inverse problem also comes down to solving an
optimization problem and solved approximately.

Definition of geometric inverse magnetostatic
problem for magnetic field combined electromagnetic
silence design. Geometric inverse magnetostatic problem
calculates the cause — the magnitude of source of initial
magnetic field and coordinates of «geometric» location of
this source at a given «geometric» point in space in such a
way as to realize the effect — a given magnetic field at a
given point in space. Naturally, this problem is a
mathematically uncorrected problem and can have many
solutions. The same given magnetic field at a given point

in space can be realized using different sources of the
initial magnetic field and these sources can be located at
different «geometric» points in space. This problem is
always solved approximately, as a rule, based on the
solution of the optimization problem.

In fact, geometric inverse problem is the problem of
approximating a given distribution of a magnetic field
using a finite number of sought sources of a magnetic field,
so that the approximation problem is parameterized in the
form of power values and coordinates of the «geometric»
location of the sought sources of a magnetic field.

Geometric inverse magnetostatics problem for
combined electromagnetic shielding system design
problem calculated spatial location and parameters of
magnetic field sources to generate compensating magnetic
field directed opposite to original magnetic field [20-22].
Initial magnetic field generated by power line wires and
the compensating magnetic field simultaneously
generated by compensating windings of active shielding
system and continuous passive shield.

Consider  geometrical inverse problem  of
magnetostatics for task of designing a combined
electromagnetic screen, which consists in calculating the
spatial location and parameters of magnetic field sources
to generate a compensating magnetic field directed
opposite to initial magnetic field [27-32]. At the same
time, initial magnetic field generated by power line wires,
and compensating magnetic field simultaneously
generated by compensating windings of active shielding
system and solid passive shield.

Consider desired parameters vector X for design of
combined shielding system, components of which are
geometric dimensions values vector X, of compensating
windings, as well as currents A4,; and phases ¢, in
compensating windings: as well as geometric dimensions
vector X, thickness and material of passive shield [33-35].
In addition, we also include in desired parameters vector
X sought elements of matrices 4,, B,, C,, D,, determined
by closed control channels PID regulators gain
coefficients [36, 37].

Then, for given initial values of sought parameters
vector X and uncertainty parameters vector é of combined
shielding system designing task resulting magnetic field
induction effective value Bp(X,0,P;) at shielding space
point Q; calculated, based on finite element calculation
system of COMSOL Multiphysics [38—41]. Then
combined shielding system designing task reduced to
vector game solution calculating

BR(X,0)=(Br(X,0,P)). (13)

Game payoff vector components Br(X,0,P;) are
effective values of resulting magnetic field induction at all
given points P; of shielding space. In this vector game, it
is necessary to calculated payoff vector game minimum
along vector X, but same payoff vector game maximum
along the vector o [42—44].

At the same time, it is necessary to take into account
restrictions on desired parameters vector X of combined
shielding system in form of vector inequality and,
possibly, vector equality.

G(X)< Gy, H(X)=0. (14)

Solving problem algorithm. Components of the
vector game (13) and vector constraints (14) are nonlinear
functions of required parameters vector X and calculated
based on finite element system of COMSOL Multiphysics.
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Consider method of solving formulated problem.
Local minimum task calculation at one point of
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 calculation algorithm for Pareto-
optimal solutions set of multi-criteria nonlinear
programming problems based on stochastic multi-agent
optimization [45]. Particle swarm optimization algorithms
— PSO algorithms have been developed based on
collective intelligence idea of particle swarm, such as
gbest PSO and Ibest PSO algorithms.

Stochastic ~ multi-agent  optimization — methods
application for multi-criteria problems solving causes
certain difficulties and this direction continues to develop
intensively. To solve original multi-criteria problem of
nonlinear programming with constraints stochastic multi-
agent optimization algorithm design based on particle
swarms set, which number is equal to vector optimization
criterion components number [46].

To increase global solution calculation speed
stochastic multi-agent optimization nonlinear algorithms
used, in which particle i swarm j movement described by
following expressions [47]

v,-j(t+l)= wjvl-j(t)+c1jr1j(t)H(p1j —glj(t))x...
...><[yl-j(t)—xij(t)]-i-czjrzj(t)H(pzj—gz_j(t))x... (15)

)y )]

where position x;(f) and speed v;(?) of particle i swarm j.

To global solution calculation of initial multi-criteria
problem, individual swarms exchanged information
among themselves during local criteria optimal solutions
calculation [48]. Information about global optimum
calculated by another swarm particles used to particles
movement speed calculated of one swarm, which allows
all potential Pareto-optimal solutions identified.

At each step ¢ particle 7 swarm j movement of local
solutions advantages functions calculated by all swarms

used. Solution X j (¢) calculated during objective function
B(X(%),P)) optimization by swarm j is better in relation to
solution X Z (t) calculated during objective function
B(X(?),P;) optimization by swarm £, i.e. X j (t)> X Z (t) s
if condition fulfilled

max B(Pi,X;(t))< maxB(Pi,XZ(Z)).

i=l,m i=l,m

(17)

Global solution XZ (¢) calculated by swarm k used

as global optimal solution Xj» () for swarm k, which is

better in relation to global solution XZ () by swarm k

based on preference relationship (17).

Simulation results. Let us consider the results of
calculations of resulting magnetic field in the designed
combined electromagnetic combined shielding system
during 3D modeling. The initial magnetic field generated
by «Barrel» type double-circuit power line with wires
currents / = 26.79 A. As result of designing combined
electromagnetic shield for this power line, coordinates of
two compensation windings location of active shielding

system, as well as currents magnitudes and phases in
these windings, were calculated. Figure 3 shows diagram
of power line wires arrangement, residential building and
two compensation windings.

Arrangement of active elements

.
18—

16—
14—

12—

Z, m

Fig. 3. Layout of power lines, residential buildings
and two compensation windings

First, let’s look results of 3D modeling of resulting
magnetic field when combined shield operates without
side plates. Figure 4 shows distribution of resulting
magnetic field induction along passive screen length for
various coordinates along passive shield height.
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Fig. 4. Resulting magnetic field induction distribution
along passive shield length
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As follows from Fig. 4,a initial magnetic field is most
effectively shield at 0.3 m height and a width of 0.35 m at
center of passive shield length so that resulting magnetic
field induction is 0.4 uT. At the same time, along edges of
passive screen length, induction level of resulting magnetic
field further increases by 4.6 times and amounts to 1.85 pT.

When approaching passive shield width to 0.03 m
distance resulting magnetic induction level field increases
by 2.8 times and amounts to 1.12 pT. This occurs due to
an increase resulting magnetic field induction level near
passive screen. At the same time, along edges of passive
shield length resulting magnetic field induction level
further increases by 1.7 times and amounts to 2 uT.

When moving away from passive shield by 0.99 m
distance in width resulting magnetic field induction level
also increases by 3.75 times and amounts to 1.5 pT.
However, at passive shield length edges resulting
magnetic field induction level decreases by 1.57 times
and amounts to 0.92 uT.

As follows from Fig. 4,c highest value of resulting
magnetic field induction level of 4.8 uT observed near
passive shield at 0.03 m distance and at 1.17 m height.
Firstly, at this height highest value of initial magnetic field
induction is 2.55 uT, and, secondly, near passive screen
there is an increase in initial magnetic field induction level
by 1.88 times.

However, at passive screen length edges resulting
magnetic field induction level decreases by 1.41 times
and amounts to 3.4 uT.

Let us now consider calculations results of magnetic
field generated by a double-circuit power line of the
«Barrel» type with wires currents / = 26.79 A for
combined screen in which of the passive screen side
surfaces are covered with aluminum sheets.

Figure 5 shows resulting magnetic field induction
distribution along the length of passive screen with side
plates for various coordinates along height and width of
passive screen.

Comparison resulting magnetic field induction
distributions with side surfaces combined shield (Fig. 5) and
without side surfaces (Fig. 4) shown that resulting magnetic
field induction levels in central subsection of passive shield
for these combined shield are almost the same.

However, at passive shield length edges when using
side plates induction level is slightly lower. So, for
example, for section at 0.3 m height and 0.35 m width at
passive shield length center, where initial magnetic field is
screened most effectively so that of the resulting magnetic
field induction is 0.4 pT for both combination shield types.

Moreover, for combined shield without side surfaces
along passive shield length edges resulting magnetic field
induction level increases by 4.6 times and amounts to
1.85 uT, and when using side surfaces resulting magnetic
field induction level increases only by 3.87 times and
amounts to 1.55 pT.

Combined shield experimental setup. To conduct
experimental studies experimental setup of combined
shielding system under consideration developed. All
experimental studies carried out on the magnetodynamic
measuring stand at the Anatolii Pidhornyi Institute of
Power Machines and Systems of the National Academy of
Sciences of Ukraine [49].
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Fig. 5. Resulting magnetic field induction distribution along
passive shield length with side plates

0.8

The experimental setup contains setup of double-
circuit power line with six wires «Barrel» arrangement, two
compensation windings of active shielding system and
electromagnetic passive shield made of solid aluminum.

To conduct experimental studies of a combined
shielding system, in which the side surfaces of the passive
shield are open experimental setup was developed (Fig. 6).

- S N
W Wiy

. Fig. 6. Passive shield without side plates
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Two magnetic field sensors installed inside passive
screen to implement two closed-loop control loops for
two compensation windings of active shielding system
with feedback on resulting magnetic field.

During process of adjusting control loops axes of
these sensors set in such a way as to measure magnetic
field induction maximum value generated by
compensation winding of corresponding compensating
channel. This installation of magnetic field sensors axes
makes it possible to minimize the influence of channels
on each other when they work together.

Two more magnetic field sensors are also installed
inside passive shield, axes of which directed parallel to
coordinate axes. These two sensors used in system for
measuring  space-time characteristics of resulting
magnetic field. This measuring system used to adjust
control loops of active shielding system of combined
magnetic field shielding.

To power compensation windings power amplifiers
used (Fig. 7).

In Fig. 8 shown combined shielding control system.
To measure resulting magnetic field inside shielding space
three-coordinate magnetometer type «TES 1394S triaxial
ELF magnetic field meter» used with shown in Fig. 9.

This magnetometer measures three components of
magnetic field induction vector using three orthogonal
measuring coils (Fig. 10). Axes of these three measuring
coils are orthogonal to each other and form an orthogonal
coordinate system for measuring magnetic field.

Fig. 8. Combination screen control systen{ N

To conduct experimental studies of combined shield,
in which the side surfaces of the passive shield are
covered with aluminum sheets experimental setup was
developed (Fig. 11).

TES 13545 musar
o weren

MABKETIC ik

Fig. 9. Three-coordinate
magnetometer for measuring
resulting magnetic field

Flg 10. Measurmg coils of
triaxial magnetometer

Fig. 11. Experimental installation of passive shield with side pla;é'é.

Experimental studies results. Let us now consider
experimental studies of resulting magnetic field
distributions with combined electromagnetic shield
consisting of two compensation windings of active shield
and electromagnetic continuous passive shield.

First, let us consider experimental studies results of
resulting magnetic field when operating combined shield
without side plates. Figure 12 shows experimentally
measured distributions of magnetic field induction along
passive shield length for various coordinates along height
and width of passive shield.

By analogy with calculations results of resulting
magnetic field induction shown in Fig. 4,a, as follows from
Fig. 10,a initial magnetic field is most effectively shield at
0.3 m height and 0.35 m width at passive shield length
center so that resulting magnetic field induction is 0.27 uT.

At the same time, along passive shield length edges
resulting magnetic field induction level increases by
2.59 times and amounts to 0.7 uT.

When passive shield width approaching to 0.03 m
distance resulting magnetic field induction level increases
by 1.22 times and amounts to 0.33 uT. This occurs due to
an increase in resulting magnetic field induction level
near passive shield.

At the same time, along passive shield length edges
resulting magnetic field induction level further increases by
2.12 times and amounts to 0.7 pT. When moving away
from passive shield by 0.99 m distance in width resulting
magnetic field induction level also increases by 2.59 times
and amounts to 0.7 pT. However, at passive shield length
resulting magnetic field induction level decreases edges by
1.57 times and amounts to 0.455 uT.
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Fig. 12. Experimentally measured distributions of magnetic field
induction of passive shield without side plates

As follows from Fig. 12,c resulting magnetic field
induction level highest value of 0.88 uT observed near
passive shield at 0.03 m distance and at 1.17 m height.
Firstly, at this height initial magnetic field induction level
is highest and, secondly, near passive shield initial
magnetic field induction level increase observed.

However, at passive screen length edges resulting
magnetic field induction level increases by 1.05 times and
amounts to 0.93 uT.

Thus, magnetic field induction distribution change
nature experimentally measured on combined shielding
system installation corresponds to calculated values of
resulting magnetic field induction distribution during
operation of combined shield.

Let us now consider experimental measurements
results of magnetic field induction on experimental
installation of combined shield, in which passive shield
side surfaces covered by aluminum sheets. Figure 13
shows experimentally measured distribution of resulting
magnetic field induction level on experimental installation
of combined shield, in which passive shield side surfaces
covered by aluminum sheets.
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Fig. 13. Experimentally measured distributions of magnetic field
induction along passive shield length with side plates

Comparison of experimentally measured distributions
of resulting magnetic field induction with combined shield
without side surfaces (Fig. 12) and with the side surfaces
(Fig. 13) shows that resulting magnetic field induction
levels in passive shield central section for these combined
shield are almost the same.

However, at passive shield length edges when using
side plates induction level is slightly lower. So, for
example, for 0.3 m height section and for 0.35 m width at
passive shield length center, where initial magnetic field
is screened most effectively so that the experimentally
measured resulting magnetic field induction is 0.27 uT for
combination shield both types.

Moreover, for a combined shield without side
surfaces along of passive shield length edges, resulting
magnetic field induction level increases by 2.59 times and
amounts to 0.7 uT, and when using side surfaces resulting
magnetic field induction level increases only by 2.4 times
and amounts to 0.65 uT.

Conclusions.

1. For the first time the method for normalization of
overhead power lines magnetic field in residential
building space based on optimization of combined active-
passive electromagnetic shielding system for magnetic
field three-dimensional model developed.
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2. Optimization of combined electromagnetic shielding
system for initial magnetic field three-dimensional model
solved based on multi-criteria two-player antagonistic
game solution. Game payoff vector calculated based on
finite  element calculations system COMSOL
Multiphysics package. Game solution calculated based on
particles multiswarm optimization algorithms.

3. During optimization of combined electromagnetic
shielding system for magnetic field three-dimensional
model Spatial location coordinates of shielding winding,
currents and phases in shielding winding of robust active
shielding system, geometric dimensions and thickness of
electromagnetic passive shield calculated.

4. The results of theoretical and experimental studies of
normalization for overhead power lines magnetic field by
combined electromagnetic passive and active shielding
system for magnetic field three-dimensional model in
residential building from two-circuit overhead power
transmission line with wires «Barrel» type arrangement
presented. In the future, it is necessary to implement such
combined electromagnetic passive and active shielding
systems to normalize the field in real residential building.
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Improve of the direct torque control strategy applied to a multi-phase interior permanent
magnet synchronous motor using a super twisting sliding mode algorithm

Introduction. Conventional direct torque control (DTC) is a superior control strategy for managing the torque of a five-phase interior
permanent magnet synchronous motor (FP-IPMSM). Nevertheless, the DTC’s switching frequency results in large flux and torque
ripples, which produce acoustic noise and impair control performance. On the other hand, the DTC scheme’s performance when using
conventional PI controllers results in high flux and torque ripples, which decreases the system’s robustness. Goal. This work aims to use
a modern variable structure control of the DTC scheme based on a super twisting algorithm in order to ensure efficient control of
multiphase machine, reduce flux and torque ripples, minimize tracking error, and increase robustness against possible disturbances.
Scientific novelty. We propose to use super-twisting sliding mode control (STSMC) methods of the DTC based on the space vector
modulation (SVM) algorithm of the multiphase motor. Methodology. In order to achieve a decoupled control with higher performance
and to ensure stability while handling parameter changes and external disturbances, a STSMC algorithm on the DTC technique
incorporating the SVM algorithm was implemented in place of the switch table and PI controller. Results. The suggested STSMC-DTC
based SVM approach outperforms the conventional DTC methods in achieving the finest performance in controlling the FP-IPMSM
drive. Practical value. The merits of the proposed DTC technique of FP-IPMSM are demonstrated through various tests. The suggested
STSMC-DTC approach reduces flux and torque ripples by roughly 50 % and 60 %, respectively, in comparison to the conventional DTC
strategy. Furthermore, the proposed technique of FP-IPMSM control method is made to provide robust performance even when machine
parameters change. References 24, table 2, figures 8.

Key words: direct torque control, flux and torque ripples, robustness, multi-phase interior permanent magnet synchronous
motor, super twisting sliding mode algorithm.

Bemyn. Tpaouyivine npame ynpagninnsi momenmom (DTC) € uydoeoto cmpamezicio ynpaeninms Kpymuum MOMEHMOM N SIMuQasHoco
CUHXPOHHO20 O8u2yHa 3 eHympiwnivu nocmitimumu maewimamu (FP-IPMSM). Oonax, yacmoma nepemuxanna npu DTC npuzsooums 0o
6ENUKUX NYTbCAYiTi NOWMOKY MA MOMEHIMY, SIKi CMGOPIOIOMb AKYCIUYHULL UM MA NOIPULYIOntb XapaKmepucmuKy KepyeanHs. 3 inuio2o 60Ky,
epexmusricme cxemu DTC npu guxopucmanni mpaouyivinux I1l-pe2ynsimopie npuseooums 00 8elUKUX RYIbCayilti HOMOKY mMa MOMEHMY, W0
SHUDICYE Hadllinicmy cucmemu. Mema. Poboma cnpsimosana Ha 6UKOPUCAHHSL CYHACHO20 YRPAGTIHHS 3MIHHOI0 cmpykmyporo cxemu DTC,
3ACHOBAHOI MG ANOPUMMI  CYNEPCKPYUYBanHs, ONs 3abe3nevents eeKmusHo0 YNpaeuinHsa 6azamoghasHolo MAWUHOI0, 3MeHUEeHH
nynbcayiti ROMOKY ma MOMEHNMY, MIHIMI3ayil NOMWIKU CIMENCEHHs. Ma NIOSUWEHHsL CIIIKOCII 00 Moxciusux nepeuikoo. Haykoea nosusna.
3anpononosano suxopucmosysamu mMemoou KepyeanHs KogsHum pedxicumom cynepckpyuyeanns (STSMC) 3 DTC, 3acnoeani na aneopummi
npocmopogo-eekmophoi modysayii (SVM) 6acamoghasnoco dsueyna. Memooonozia. /i 0ocsehentss po3e s13aH020 YRpasuiHHs 3 Olibuu
BUCOKOIO NPOOYKIMUBHICIIO MA 3a0e3nedeHHs: cmabilbHOCmi npu 00podyi 3MiH napamempie ma 306HIWHIX 30YpeHb, OYI0 peanizo8aHo
ancopumm STSMC na ocnosi DTC, wjo exmouac ancopumm SVM, 3amicmo mabnuyi nepemuxannsa ma Ill-pecynamopa. Pesynsmamu.
3anpononosanuii STSMC-DTC nioxio na ocnosi SVM nepesepuiye mpaouyitini DTC memoou y docsienenni Halikpaujoi npooyKmueHoCmi npu
xepyeanni npusooom FP-IPMSM. Ipakmuuna yinnicme. [lepesacu 3anpononosanozo DTC memoody ona FP-IPMSM npodemoncmposati 6
X00i pizHux eunpobyeans. 3anpononosanuti nioxio STSMC-DTC suudicye nyavcayii nomoky i kpymuozo momennty npubnusto na 50 % i 60 %
6i0n06ioHo 6 nopigHanti 3 mpaouyitinoro DTC cmpamezieio. Kpim moeo, 3anpononosanuti memoo xepyeanns FP-IPMSM pospob6nenuii ona
3abe3neyents HAOILIHOT pobomu Hagime 3a 3minu napamempie mawuny. bion. 24, Tabmn. 2, puc. 8.

Kniouosi cnosa: ipsaMe ynpapiliHHs KDyTHHUM MOMEHTOM, Iy/1bcauii IIOTOKY Ta KPYTHOI0 MOMEHTY, HajiiiHicTb, OaraTodasnmii
CHHXPOHHHUI JBUTYH 3 BHYTPIilIHiIMH NOCTIHHAMH MarHiTAMH, AJITOPUTM KOB3HOI0 Pe:KHMY CyNIepCKPYYyBaHHs.

Introduction. Many electrical energy sources are When compared to the traditional direct torque

being transformed into mechanical energy through the use
of electric motors. The numerous benefits of interior
permanent magnet synchronous motors (IPMSM), such as
their exceptional efficiency, low operating noise, and high
power density, have led to their widespread use in a
variety of applications [1-4]. A prolonged flux weakening
region is another benefit of IPMSM, along with their
strong rotor and reluctance torque, which are essential in
high-speed applications [5, 6].

Compared to three-phase systems, multiphase
systems offer a number of benefits, such as improved
performance, robustness, reduced torque pulsations, high
output power rating, and steady speed response [7, 8].
Multiphase machines have attracted interest in a number
of application areas where high dependability is required,
such as robotics, energy conversion, ship propulsion,
pump drives, and multi-machine systems [9, 10].

Several works that make use of the Ilatest
technological advancements have addressed the drawbacks
of conventional technical approaches. Among them, the
following innovative technologies are listed: artificial
neural networks (ANNS), adaptive backstepping controller,
sliding mode controller (SMC), fuzzy logic, super-twisting
sliding mode control (STSMC), high-order sliding mode
control, ANFIS algorithm, genetic algorithms and
synergetic control.

control (DTC) switching method, the DTC with PI
regulator has become more and more popular in
polyphase motors due to its higher efficiency.

In the conventional DTC approach uses 2 hysteresis
controllers and lookup tables to control rotor flux and torque.
Compared to the V/f technique and field oriented control,
DTC features a more robust algorithm and a simpler
structure [11]. In [12], the ANN with DTC has been
introduced to reduce the torque and flux ripples of the five-
phase interior permanent magnet synchronous motor (FP-
IPMSM). In [13], the authors designed a master-slave virtual
vector duty cycle assignment with an enhanced DTC
technique of the dual 3-phase PMSM. It has been
experimentally confirmed that the suggested technique
improves both dynamic and steady-state performance by
reducing the phase current total harmonic distortion (THD),
significantly reducing the content of the 5™ and 7™ current
harmonics and effectively suppressing torque and flux
ripples. In [14], to choose the optimal voltage vector that
may greatly reduce the torque ripple, a unique sequential
approach combined with a duty ratio optimization technique.
The suggested approach can successfully lower the THD and
the ripple in both dynamic and steady-state torque, according
to experimental data. Due to the parametric sensitivity that a
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classical regulator PI has, minimal research has been done to
avoid this problem as in papers [15-17].

The goal of the paper is to use a modern variable
structure control of the DTC scheme based on a super
twisting algorithm in order to ensure efficient control of
multiphase machine, reduce flux and torque ripples,
minimize tracking error, and increase robustness against
possible disturbances

DTC principal of FP-IPMSM. Conventional DTC
provides motors with a very sensitive and efficient control
approach, but it requires accurate switching frequency
management and real-time processing, which may make
implementation more challenging [14]. Because of the
additional phase, using it to an FP-IPMSM offers several
advantages, such as improved fault tolerance and reduced
torque ripple.

The equation for the stator voltage of a FP-IPMSM
in a d-g, x-y rotating frame [12] is:

. d(, .
Vs = Ry +5(Ld’ds +¢f)—a),Lq gs’

=

. d . .
s = Rszqs +5quqs +a)r(Ld’ds +¢f); "

. d
Vis = Rylyg + ELlslxs;

. d .
Vys = Rslys + aLlslys >

where vy, Vys, Vi, Vys are the stator voltages in the d-g, x-y
axis; igs, Igs, ixs» 1ys are the stator currents in d-g, x-y axis;
R, is the stator resistance; Ly, L, are the stator inductances
in the d-q axis; ¢, is magnetic flux; o, is the rotation
speed; Ly is the leakage inductances.

The electromagnetic torque 7, of the FP-IPMSM is:

5 .. .
Tom = Ep((Ld _Lq )ldslqs +¢flqs) . (2)
The equation for dynamics @, is:
do
de_tr:pTem_pTr_fma)r’ 3)

where J,, is the moment of inertia; 7, is the load torque;
f 1s the viscous damping; p is number of pairs poles.
DTC controls the opening and closing of the voltage
source inverter switches by directly determining the
control sequence that is applied to these switches [12].
In terms of flux stator @ and current i, the
electromagnetic torque of the FP-IPMSM is expressed as:

5 ) .
Tom ZEp(@alﬂ—Cpﬂla). 4

The torque and flux errors determine the inverter’s
switching states:

Table 1
Switch table for conventional DTC

Flux sector | S1 | S2 | S3 | S4 | S5|S6|S7]S8|S9 |S10
d7=-1| V7 | V3 |V19|V17|V25|V24|V28|V12|V14| V6
d7=1 |V14| V6 | V7 | V3 [VI9|V17|V25|V24|V28|V12
d7=0 |V31| VO [V31| VO [V31]| VO [V31]| VO |V31]| VO
d7=-1|V17|V25|V24|V28|V12|V14| V6 | V7 | V3 |[V19
d7=1 |V24|V28|VI12|V14| V6 | V7 | V3 |V19|V17|V25
d7=0 | VO |V31| VO |V31| VO [V31| VO |V31]| VO | V31
The block diagram of conventional DTC technique

for the FP-IPMSM is shown in Fig. 1.

do=0

do=1

Fig. 1. The block diagram of conventional DTC technique
for the FP-IPMSM

DTC-SVM technique. Conventional DTC provides
motors with a very sensitive and efficient control
approach, but it requires accurate switching frequency
management and real-time processing, which may make
implementation more challenging [12, 17]. Applying it to
a FP-IPMSM provides a number of benefits because of
the additional phase, including decreased torque ripple
and enhanced fault tolerance.

The 5-phase SVM can be applied via 2 or 4 vector
approaches. There are 3 groups that comprise the active
switching vectors; medium (V,,), large (V), and small (V)
switching vectors. The formula for switching time while
applying the 4-vector approach is:

Vi I =V Ty + Vi Loy +VamTam + Vi Tp s (8)

2 V4
Vi :‘Vbl‘z‘Vl ‘:ngcchS(g}
©)
2
Vam :‘me‘:‘Vm‘ngdc;
Tal/Tam :Tbl/Tbm:|Vl|/|Vm|:T:l'618' (10)

Equations (8—10) when be solved, yield the equation
for the switching time:

A =D~ [ 10,2764, [sin (kz /5 - 0)
’ ’ ’ ®) am = |VmA| sin(7/5) 53
Al oy =Tom —Top, )
where @: is the reference flux; 7, e,,,* is the reference torque. o= |0-7236 Vier |sin (k 7/5-0 ) ]
The amplitude of the stator flux is expressed as al V;|sin(z/5) v
follows using the Concordia que;ntmes:2 . < | 0.2764 7, sin O (k=1)z/5) (11
=,/ . T, = .
2 Py +Pp ©) bm |Vm|sin (z/5) :
The position (angle) of the stator flux 6 is: )
6, = n (@, /) - ., 10,2764, [sin (0 - (k ~1)z /5)
=tan . = :
y "3/ ¢ ) bl |Vl|sin(7z/5) )
The authors [18] provided a switching table for
conventional DTC of FP-IPMSM (Table 1). \Jo =T - (T am + Ty + Ty, + T
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where V, is the reference voltage vector; 7, is the
switching period; T,,,, Tpm, Tu, T are the switching times
of medium and large voltage vectors; & is the number of
sector; T, the switching time of zero voltage vectors; 6 the
angle of position for the reference voltage vector.

STSMC-DTC strategy of FP-IPMSM. The
conventional method of controlling multi-phase PMSM is
to use PI controllers. This method reduces the robustness
of the system by increasing torque ripples [19, 20]. There
are several different types of SMC procedures in the
literature and all these proposed methods aim to reduce
chattering phenomena [21-23].

In order to provide robust control, a unique method
for FP-PMSM is proposed in this section. The developed
method, known as super-twisting sliding mode control
(STSMC), effectively addresses the primary shortcomings
of the standard SMC technique as documented in the
literature for uncertain systems. The following is the
selection of the sliding surfaces based on (1) and (4):

S(CDS)ZCDS —@S;
S(Tem):Tem _Tem;
Sw,)=w, —o,.

(12)

The suggested second-order SMC is composed of 2
parts and is predicated on the super twisting technique
that Levant originally introduced in [15]:

Vas = V1T V2 (13)
v = —Ksign(S(2y));
with . (14)
vy = —1|S(@,)| sign(S(®y);
Vgs = Wi T Wy 15)
. wy =—Kysign(S(T,,,));
with . (16)
wy = =b|S(Top)| sign (ST );
iqs:Zl+ZZ (17)
] 21 = —K3sign(S(®,));
with . (18)
Zy = —I3|S(a),)| sign(S(w,).

The gains can be selected as follows to guarantee
that the sliding manifolds will converge to zero within a
finite time [15]:

kj>i’ LN 4;1; KMJ-(ijj);
Tk T Ky Kk -2 (19)

0<y<05; j=1,2,3.

Figure 2 provides the block diagram for the
STSMC-DTC of the FP-IPMSM.
EHH

M AV
*

T, A S v Phase

STSMC Inverter

|

S op ECTARS
ot ‘
5 . |“jL-u,..4_,ﬁ_:‘abcde
o [Fean o] g
s .
o= [0 0] i, ¢ =
5 4& l—l
T, |6=tan @, - ap
FP-
% IPMSM
*
Wy

Fig. 2. The block diagram for the STSMC-DTC of the FP-IPMSM

Results and discussion. In MATLAB/Simulink
numerical simulations have been carried out to validate
strategies created for a DTC scheme employing the
STSMC-based SVM algorithm of the FP-IPMSM. The
machine’s parameters are as follows: f'= 50 Hz, p = 2,
Jn=0.004 kg/m’, p,= 0.2 Wb, L, = 8.5 mH, L, = 8.5 mH,
R, =0.67 Q2 [24]. The conventional DTC and STSMC-DTC
with SVM approaches will be examined and contrasted in
2 different tests — tracking performance and robustness.

Test 1. The reference tracking test is the initial test.
The objective is to determine which approach yields
superior reference tracking outcomes under the influence
of load torque 7, variation. Additionally, in terms of
torque ripple value and flux. At initialization, the
FP-IPMSM’s reference speed is set to 125 rad/s. The rotor
speed rises to 50 rad/s at = 0.2 s. A nominal 7, = 10 N-m
was applied at £ = [0.4, 0.6] s, and at ¢ = 0.8 s, a consign
inversion —50 rad/s was performed.

The results of the rotation speed simulation are
shown in Fig. 3. In contrast to the second-order SMC-
DTC strategy, which maintains its reference speed within
an excellent range, the conventional DTC showed a speed
decline from 50 rad/s to 36 rad/s at the instant t = 0.4 s
while applying 7,. Figure 4 displays the torque 7,
simulation results. The second-order SMC-DTC strategy
minimizes torque oscillations in comparison to the
conventional DTC method, where the T,, ripple values
reached 3 N-m using the proposed technique and 7.5 N-m
using the conventional technique (Table 2).
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125 T it el el B § **r***(l:?s"e?ﬁc)
100 — === q4\-—-—t—-——-r -~ TZeemz2t — — — + — —|_(Conv-
75,/:,,‘,,”\77#77 w b _|—(STSMC-DTC)
50H — — —1— — — L I 1 [ [ R—
25%,,,L,,“'—"’,,,CJ,,,J,,,L,,, __a___]
I A 7 A S I ER I\ DR
| | | | | | | |
'257777\7777777T777\7777\777777777777\777777’
L e B el o e i f
B e B e e e R e e e i
100 ! ! ! ! | | ! | A
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oom Zoom 2
@, rad/s 70r@,, rad/s—————————
125 ' —Desired 651 R N R
~ 7 7|——(Conv-DTC) ! 1 !
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\ | | 50 T | T
[ e e 451 —\-/~ — R Sy
\‘ ! a0k — 777: —(Dceswe%_rc)
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- - — | L 35 —|— — —
% ! \ \ s ol 7 | —(sT8MC-DTC)
015 02 025 03 035

|
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Fig. 4. Electromagnetic torque (Test 1)

40

Enexkmpomexnixa i Enexmpomexanika, 2025, Ne 5



The stator flux was improved using the proposed
technique (Fig. 5) with very low ripple (7 mWb) when
compared with the conventional DTC method (14 mWb).

@, Wb | | | | | | | |
O'A T T T i - > 1 U T T
| | | | | | | |
| | | | | | | |
03----1-————-——4—-——4+ - ——F ==l —— - ——H4 - —— 4+ —— —
| | | | | | | | |
| | | | | | | | |
I S R NN Y R S
02 | | | | I | | | |
| | | | | | | | |
| | | . . . | | |
0~ == === === [ (Com-DTC) |~~~ 7———1 -~
! ! ! —(STSMC-DTC) ! ! !
0 : : : —Desired : : : ts
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
041 \ \ - Zoom \ \
ewy T T T ~_[=(Conv-DTC)

i
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[ [l |u -
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Fig. 5. Stator flux (Test 1)

The torque 7,, and stator flux utilizing the
conventional DTC, where the torque ripple values reached
114 N-m, are clearly impacted by these changes in
machine parameters (Fig. 7). Figure 8 shows that the flux
ripple values reached 22 mWb for conventional DTC.

40 T T — - ™ T T
Tom, N-m ! | I ! — (Conv-DTC)
—(STSMC-DTC)
—Load Torque

| |
| | | | | |
20 1 __1_C _ 1 I
| | |
| | |
|

—(Conv-DTC)
—(STSMC-DTC)

| f ll — Load Torque
I | i w‘ TN TgE | [T o

Table 2
The comparative analysis of the various techniques G 048 049 05 051 052 05 05 05 0% 057 G5
Parameter Conventional DTC STSMC-DTC Fig. 7. Electromagnetic torque (Test 2)
@, response time 0.1s 0.02s 04 2, Wb 1 1 ‘ 1 1 1 1 ‘
Torque ripple 6.3-13.8 (7.5 N-m) | 8.6-11.6 (3 N-m) o e
@ dropping due 36 rad/s 43 rad/s i e T
to 7, application : : : : : : ! ! !
Flux ripple 0.393-0.407 Wb | 0.3965-0.4035 Wb e e e e TS
(0.014 Wb) (0.007 Wb) | | | | | | | | |
As can be observed, the second-order SMC-DTC 0.1 -- *i* - *i - 7: - :ES%KA%TS%C) - - *i - - 7: - :T -
strategy has a better dynamic response for speed, torque w w | |—Desired | | L
and flux when compared to the conventional DTC % 01 02 03 04 05 06 07 08 08 1
technique, suggesting that the second-order SMC
controller was less sensitive to load disturbance. i "o T o :Eg%;;,'gg%c)
Test 2. The robustness test is the second test. The il LA ey e —Desired

stator resistance R, and machine’s moment of inertia J,,
values from the 1* test are multiplied by 2 in this test. The
values for the L, and L, are reduced by 20 %. Simulation
results are presented in Fig. 6-8.

Figure 6 indicates that the conventional DTC speed
responses are more impacted by changes in machine’s
parameters than the STSMC-DTC for the FP-IPMSM. It is
also observed that the speed is overshoot at the start as well
as when the speed is reduced to 50 rad/s (¢ = 0.2 s), unlike
the STSMC-DTC strategy for the FP-IPMSM results where
the speed continues to follow the reference without overshot.
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75 77\7777777+777———f(STSMC»DTC)
50,,,,\,,, Il L — K~ Il [ T |
) I s g I Y S ! | R N
ol - - fzeomt | o o\ ]
| | |
B3 e e S Sl et Tty Helti il Eil
S0-----—-—-=“-"-—"-—"4+-"——+t-—-—-F-—-—-—-—-+- - - —t
B T [ B e e e e e e
100 | | | | | | I | LS
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Zoom 1 Zoom 2
- 60
@, rad/b — Desired w’" rad/§ | |
125 - — — 1—(Conv-DTC) | | | |
—(STSMC-DTC) 55— —:———‘L—— ‘———:——
T T
100 — — =)=\ =4 - = =+ — = — | | |
| | 50 | Prows S )
| | | | |
B —— —|-\— 4 - - -+ - —— | | |
! ! 451 —\— |- — L [—Desired
] ‘ ! ! |— (Conv-DTC)
S0 - - ! ! | (stSmMcDTO)| £ ¢
1 1 1 £)

| I 1,S 4
0.15 0.2 0.25 0.3 0.35 0.4 0.5 0.6 0.7

Fig. 6. Rotation speed (Test 2)

g
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Fig. 8. Stator flux (Test 2)

Conclusions. In this research we proposed a novel
method for the DTC scheme applied to the FP-IPMSM
drive. We improved the control and the behavior of the
FP-IPMSM by controlling the speed, torque, and stator
flux using the STSMC technique with SVM approach. A
comparison between the conventional DTC and the
suggested STSMC-DTC based on SVM is presented
where the modification goal was reduce some of the
drawbacks of conventional DTC such as flux and torque
ripples overshoot, rise time, and decrease in both
robustness against changes in machine parameters,
stability, and dynamic response.

The following are the main findings:

e A new STSMC-DTC based on SVM technique of
the FP-IPMSM was proposed and designed.

e The proposed STSMC-DTC technique is much more
robust compared to the conventional DTC technique.

e Minimization of ripples for flux and torque has been
shown in two different tests — tracking performance and
robustness. The proposed STSMC-DTC-SVM method
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lowers torque ripple =60 % and flux ripple =50 % when
compared to the conventional DTC method.
The STSMC-DTC-SVM  technique  will  be
experimentally implemented and validated in the future work.
Conflict of interest. The authors declare that they
have no conflicts of interest.
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Performance evaluation and analysis by simulation for sliding mode control
with speed regulation of permanent magnet synchronous motor drives in electric vehicles

Introduction. This study introduces a sliding mode control (SMC) that utilizes multivariable system command estimation (MSCE-
SMC) to create an innovative speed control system for the permanent magnet synchronous motor (PMSM). The motor operates
through a 3-phase voltage source inverter when used in an electric vehicle (EV) model, with the goal of achieving fast speed
regulation and high performance. Problem. The primary challenge is to achieve fast and accurate speed regulation for PMSMs
while maintaining high performance, despite varying system parameters and external disturbances. The goal is to design a robust
and adaptive speed control system for PMSMs using the SMC approach, which ensures precise speed tracking and high-performance
regulation. Scientific novelty. The integration of MSCE-SMC approach, offering an innovative solution for speed control in PMSMs
used in EVs. Methodology. SMC approach for the PMSM divides the system into 2 subsystems: electrical and speed. A d-q
coordinate frame is used to model the PMSM, and its control strategy is outlined. A detailed model of the PMSM with SMC is
presented after an in-depth review of the theoretical concepts and principles of sliding mode control. Results. To validate the
proposed approach, MATLAB/Simulink is conducted, demonstrating the effectiveness and robustness of the method in PMSM speed
regulation. The results confirm that the proposed method provides straightforward and precise control, accurate speed tracking, and
high-performance regulation. It also shows adaptability to parameter variations and external disturbances. Practical value. The
practical value of the proposed method is significant, as it provides a reliable and efficient control system for PMSMs. It offers
precise speed control, robust performance under variable conditions, and high adaptability to external disturbances, making it
suitable for real-world EV applications. References 22, table 1, figures 18.

Key words: permanent magnet synchronous motor, sliding mode control, electric vehicle, speed regulation.

Bemyn. 'V oocnioscenni posensioacmuca kepyéana koe3uum pexcumom (SMC), wo suxopucmosye bazamonapamempuiny OyiHky
cucmemuux xomano (MSCE-SMC) o0aa cmeopenHa iHHOBAYIUHOI cucmeMu Kepy8aHHs WIBUOKICIIO CUHXPOHHO20 OBUSYHA 3
nocmiunumu  maewimamu (PMSM). [leueyn npaytoe uepe3 mpugasnuil ingepmop Hanpyeu npu GUKOPUCMAHHL 6 MOoOei
enexkmpomobina (EV) 3 memoio docsaenenns weuokozo pe2ynto8anus weuoxocmi ma eucoxoi npooykmuernocmi. IIpoonema. Ocrnosne
3a60aHHA NOAA2AE 8 OOCACHEHHI WBUOK020 1 MOYH020 pecyntoganHa weuokocmi 011 PMSM npu 30epedscenni gucokoi
NPOOYKMUBHOCII, HE36ANCAIOYU HA NAPAMEMPU CUCMEMU, WO 3MIHIOIOMbCA, | 306HIuHT 30ypentss. Memoro € po3podka HaodiiHoi ma
aoanmugnoi cucmemu Kepysanusa weuoxicmio o PMSM 3 euxopucmanuam SMC nioxody, wo 3abesneuye moune i0CmediceHus
weuoxocmi ma ucokonpoodykmuegne pecynioganns. Haykoea noeusna. Inmecpayis nioxooy MSCE-SMC nponownye innosayitine
piwennss 0as ynpasninna weuoxicmio PMSM, wo euxopucmogyromsca ¢ EV. Memoodonozia. SMC nioxio onsn PMSM nooinse
cucmemy Ha 2 niocucmemu. elekKmpuyHy ma weuoxkicny. [ns mooenoganna PMSM euxopucmogyemuvca d-q cucmema xoopounam i
onucyemuvcsa cmpamezia ioco ynpasninua. Hagedeno ooknaony modens PMSM 3 SMC nicas nocnubneno2o ananizy meopemuuHux
KOHYenyii ma npuHyunie ynpaeninus @ Kog3nomy pesicumi. Pesynomamu. /{na nepegipku npononosano2o nioxo0y npogeoeHo aHaniz
y cepedosuwi MATLAB/Simulink, wo nokaszaeé egexmusnicmv ma HaoiliHicme Memooy pecynosants weuoxocmi PMSM.
Pesynomamu niomeepooicyioms, wo 3anpononoganuii memoo sabesneuye npocme i moune Kepy8amHs, KOPeKmHe Gi0CmedceHHs
wWeUOKoCcmi ma 6UCOKONPOOYKMUGHe pe2ynioeants. Bin maxooc demoncmpye adanmuenicmes 00 3MiH napamempie ma 3068HIUHIX
30ypens. Ilpakmuyna yinnicme 3anponoHo6ano2o memooy 3HAYHA, OCKIIbKU 6IH 3abe3neyyc HaOiliny ma eekmugny cucmemy
ynpasninna PMSM. Bin 3a6e3neuye moyune ynpagninusa weuoKicmro, HaoiliHy pooomy 6 3MIHHUX YMO8AX, i 6UCOKY a0anmueHicmy 00
308HIWMHIX 30YpeHb, Wo pobums 1020 npudamuum 0is 3acmocyéanns 6 peanvnux EV. biomn. 22, Tabmn. 1, puc. 18.
Kniouogi crnosa: CHHXPOHHWH [IBUTYH 3 WOCTIHHNMH MAarHiTaMH, KepyBaHHSI KOB3HHM pPeKHMOM,
pery/Il0BaHHs IIBUAKOCTI.

eJIEKTPOMOOiJIb,

Introduction. Electric vehicles (EVs) that use
electric motors are used to replace traditional gasoline
vehicles that use internal combustion engines in order to
reach the level of emissions of fossil fuels [1-4].
permanent magnet synchronous motor (PMSM) in recent
years have played an increasingly important role in many
industrial applications due to the advances in magnetic
materials, recent technological developments in power
electronics and control theories [5]. Due to their high
torque-power density, high efficiency and low
maintenance, PMSM-based drive is also becoming widely
used in EVs [6, 7]. There are various nonlinear command
methods have been proposed to improve the command
performance of PMSM, such as sliding mode control
(SMC), adaptive control, predictive control [8, 9],
intelligent control, etc. Field-oriented control based
conventional PI method is difficult to deal with loud
disturbances, variations parameters and cannot adapt to
the applications of high-precision control [10]. SMC has
attracted many researchers in recent years. High-
frequency switching devices and high-performance
microprocessors have contributed to the recent increase in
interest in this command method [11]. The effectiveness
of this solution is attributed to its distinct advantages,

including insensitivity to parameter variations, rapid
dynamic response and the ability to reject external
disturbances [12].

SMC is a particular mode of operation of systems
with variable structure [13]. The theory of these systems
was studied and developed in the USSR first by S.V.
Emelyanov, then by other collaborators such as V.I. Utkin
based on the work of the mathematician A.F. Filippov on
differential equations with discontinuous second member.
Then the work was taken up elsewhere: in the US by Prof.
Slotine, and in Japan by Prof. Young, Prof. Harishama
and Prof. Hashimoto. In SMC, the command switches
between two different values according to the sign of a
switching function (called switching or sliding surface)
defined in the state space of the system [14]. This is
introduced in order to obtain better stability, and high
precision than those generally obtained by classical
regulators [15, 16]. Several approaches exist for the
choice of the sliding surface. In this work, we are
interested in the study of an approach that considers a
nonlinear surface [17, 18], the synthesis of which is based
on Lyapunov stability theory. The strong robustness,
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simplicity and ease of implementation make it an ideal
choice for high performance by regularly adjusting the
system structure to combat parameter variations and
external disturbances [19, 20].

The goal of the article is to design a robust and
adaptive speed control system for PMSMs using the SMC
approach, which ensures precise speed tracking and high-
performance regulation. The proposed controller is
investigated and analyzed in different control speeds, load
conditions, and rotational speed direction.

Model of PMSM. The model of PMSM in d-g
frame is represented by equations: electrical, magnetic,

and electromagnetic. The stator voltages equations
expressed as [21]:
dey
Vy=Rlj;+—%*—-wgp,; 1
d a0 (1)
do
V,=RI, +d_tq+ op, ()

where Vy, Vi, @4 @, 14 1, are the direct and quadrature
axis of voltages, fluxes and currents respectively; R is the
stator resistance; @ is the mechanical angular speed.
The stator flux equations expressed [21]:
Pa =Lalg +Pms A3)
where L, L, are the direct and quadrature stator

inductances; @, is the constant permanent magnet flux.
The PMSM model equations in d-q axis expressed as:

dr
Vy=RI;+1L, d—td— ol,l,; 5)
dz,,
Vq:R1q+LqE+a)(Ld1d+¢m). (6)

The expression for electromagnetic torque 7, [21] is:
T, = P((Ly L) Lg +1,00) )

PMSM is assumed to surface mounted PMSM
(La= L, = L) the electromagnetic torque becomes:

T, =pl qPm > 3
where T, is the electromagnetic torque; p is the number of
pole pairs.

The expression of the mechanical equation [21] is:

d
J%+ foty =T, =T}, ©)

t
where J is the moment of inertia; 7} is the load torque;
f, is the viscous friction coefficient; @, is the rotor
mechanical speed of the PMSM.

SMC theory. Variable structure systems can be
controlled using SMC. Three different parts make up the
trajectory (Fig. 1): the convergence mode (CM), the
sliding mode (SM) and the permanent mode (PM) [22].

F

S(x,)=0

PM j CM
X

GM
Fig. 1 Different modes trajectory of the SMC

The choice of the surface. The design of SMC was
executed in 3 key phases [22]: selection of the surface,
conditions necessary for convergence, meaning of the
control law. The sliding surfaces choice is shaped by the
number and shape of required functions. The control
vector u# and surface vector have the same dimension
defined by:

i= A(x,t)x+B(x,t)u . (10)

The nonlinear form depends on the error in the

variable to be regulated, known as x:

S(x)= [%+/Ier_le(x), (11)

where e(x) is the difference between the variable to be
adjusted and its reference: e(x) = x — x; A, is the positive
constant; r is the relative degree and indicates the number
of times the surface needs to be differentiated to show
control.

The SMC objective is to maintain the surface at zero.
The only possible solution for this surface is e(x) = 0,
which a linear differential equation.

Convergence and existence conditions. Two
considerations to ensure convergence mode [22], the
discreet switching function (it is proposed and studied by
S.V. Emelyanov and V.I. Utkin):

S(x)>0 if S(x)<0;
. (12)
S(x)<0 if S(x)>o0.
This condition can be formulated in another way:
S(x)s(x)<o0. (13)
The Lyapunov function defines as follows:
V(x):%SZ(x). (14)
The derivative of this function is:
V(x)zS(x)S(x). (15)

Calculation of the control. The SMC structure
consists of the exact linearization (u.,) and the other

stabilizing (u,) [22]:
U= Uey T Uy (16)

In order to illustrate the previous development, we
will consider a system that is described in the state space
by (10). The aim is to establish the equivalent expression
for the control input u.

The derivative of the surface is:

§(x)=25 98 &
ot ox ot
Replacing (10) and (16) in (17), we find:

. oS oS
S(x):g(/l(x,tﬁ B(x,t)ueq )+§B(x,t)un. (18)
Equivalent command’s expression:

-1
oS oS
Meq z—(a—xB(x,t)] a—xA(X,t)

For the equivalent control to take a finite value, it is

(17

(19)

necessary that Z—SB(x,t) #0.
x

Substituting the equivalent control with its
expression from (18) in convergence mode we obtain:

S(x,t):g_ig(x,t)un. 20)
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Attractiveness condition expressed by (13) becomes:
@2n

In order to satisfy this condition, the sign of a must

oS
S(x,t)aB(x,t)ueq .

be opposite to that of S(x,t)Z—SB(x,t) .
x

The simplest form that discrete control (Fig. 2):

u,=K- sign(S (x,t)) , (22)

where the sign K must be different from that §B(x, 7).
X

H
&

K

S (0

-K
Fig. 2. Representation of discontinuous control

Application the SMC for the speed command of
PMSM drive EV. The model of the PMSM, whose state
variables are the stator currents and the mechanical speed [21]:

L
dl—d:—ild'f—a)—qlq-l-LVd;
df R L 1
el 0y gty (23)
dr L, L, L, L,
dw, 1 1 b2
—A = I, ——T; - w,,.
dr Jpq)m q 7 L J m

The diagram of the SMC for the PMSM drive in an
EV (Fig. 3) includes 3 surfaces.

Speed Control Id and Iq Control Vdc DC-Link
‘ Voltage
-

Vi
- w Inverter
w M U rel | 2
i by 2|
3 ls ) - <
L | ==-=1 ¢k Va[ Wyl Vo
_l‘ Tran.
=1 It
[P LT
I i
PMSM

Measure|
Wm

w

_ [Calcul of
w

Fig. 3. Diagram of SMC for PMSM drive an EV

Speed control surface ®,. Speed control surface
has the form:

S(@n)= @~ @y, (24)
The derivative of the surface is:
S(ay,) = oy — oy - (25)

The equation (25) becomes:
. |1 1 A
S(a}m)zwm_|:7p¢m[q_7TL_7vwm:|‘ (26)
By replacing the current /, with the control current
1, = 14eq + I, equation (26) can be written as:

: L * 1 1 1 1
S(a)m):a)m _|:7p¢’m1qeq +7P(/’m1qn_7TL _7va)m:| (27)

We have S(@,,) = 0 and consequently S‘(a)m ) =0 and
1,, =0, the equivalent order /.,
Lyeq = L{iwm +lTL} .
PPl J J
The condition S(w,, )S(@,,)<0 must be checked.
Substituting (28) in (27), we find:

(28)

. 1

S(@n) =G == POulyn - (29)
By choosing the discontinuous control form (Fig. 2),

we therefore pose:

1., =K ,sign(S(e,,)). (30)
Current quadrature control surface /,. Current

quadrature control surface has the form:
*

slt,)=1,-1,. 31)
The derivative of this surface is:
Sl )=17-1,. (32)

Taking into account the expression of / g4 given by

the system (23), the equation (32) becomes:

q LCI Lq q

By replacing the voltage V, with the control voltage
Ve = Vyeq + Vyn, we find:

sl, )=1; —[—L—Iq —0=d, ——¢m+L—V4 .(33)

- % R Ld w 1 1
S(Iq)zlq _|:_qu _wfld _L¢m+Lquq+Lan:| (4
q q q q q

We have S(/,) = 0 and consequently S'(I q): 0 and

Van = 0, the equivalent order V.,
quq :R1q+a)Ld1d + 0P, . (35)
The condition S (1 q )S(I q)< 0 must be checked.

Substituting (35) in (34), we find:

$(r,)= LLV‘I” . (36)
q
We therefore pose:
Vw = Ksign(s(z, ). 37)

Current direct control surface /,. Current direct
control surface has the form:

%

S(ty)=15-14. (38)
The derivative of this surface is:

S(1,)=1;-1,. (39)

Taking into account the expression of / 4 given by
the system (23), the equation (39) becomes:
. " R L 1
S(Ig)=1y~|-—1I;+o—L1,+—V,;|. (40
(d)d{de qude}()
By replacing the V; with V;= Ve, + Vi, we find:

. . R L, 1 1
Sy)=1,-|-——I1;,+o0—+—1,+—V,,,+—V,, |. (41
(d) d |: Ly d Ly q Ly deq Ly dn:| 41)
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We have S(Z;) = 0 and consequently S(l d): 0 and
Van = 0, from which we derive the equivalent order V,:
Va’eq = RIa' + CUL I (42)
The condition S(I, )S (I;)<0 must be checked.
Substituting (42) in (41), we find:

: 1
S(a)=—Vau - (43)
Lq
We therefore pose:
Van = Kasign(S(1)). (44)

Simulation results of speed regulation of PMSM-
SMC. SMC for PMSM powered voltage source inverter for
a model EV has been implemented in MATLAB/Simulink.
A constant reference flux (@, = 0.12 Wb) is used to
conduct the simulations. In this set of simulation, a load
variation is added when the PMSM is under the speed
regulation, and the operating speed is 157 rad/s. PMSM is
considered in the simulation and parameters as given in
Table 1.

Table 1
PMSM parameters

Parameters Values
Rated power 1.5 kW
Frequency 50 Hz
Rotor speed 1500 rpm / 157 rad/s
Stator resistance 0.18Q
Inductance d axis 2.1 mH
Inductance ¢ axis 4.2 mH
Moment of inertia 0.0066 kg-m*
Viscous friction coefficient| 0.0014 N-s/rad
Constant rotor flux linkage 0.12 Wb
Number of pole pairs 2

Simulation for successive step changes in reference
speed under full load conditions (Fig. 4-8). We involve
sequential step change in control speed under full load
conditions. The PMSM is initially started at 83.5 rad/s step
control speed. At + = 1 s, a step-up change occurs,
increasing the control speed from 83.5 rad/s to 104.5 rad/s.
Finally, at # =2 s, another change the command speed from
104.5 rad/s to 157 rad/s.

w, rad/s ! !
1500 —------ it i 1
1 |
100 ------- l s :
sof =,
| |- Dref
0 2 ts 3

Fig. 5. Electromagnetic torque and load torque

40

30

20

10} ------- — 1,

|
wer |
O 1
0 1 2 3
Fig. 6. Quadrature ax1s component stator current
\
|
|

Fig. 7. Direct axis component stator current
4

i

40—

Fig. 8. 3-phase stator currents

[\
(=

ts\

Simulation for reference speed fix and step change
of load (Fig. 9-13). In this part, the PMSM is under speed
control 157 rad/s with a load variation at # = 1 s, the load
torque changes from 10 N-m to 5 N'm and at ¢ = 2 s another
change the load torque changes from 5N-mto 10 N-m.
w,rad/s |

150F

100

50-------

Fig. 10. Electromagnetic torque and load torque

40

30

20

10

0 : 3 - Iqref
0 1 2 t,s 3

Fig. 11. Quadrature axis component stator current
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Fig. 12. Direct axis component stator current
[,JA \
200 --—-—--"-"-"""-"-""-"-"-"---

| V} WMWM‘WMMM |

1 1.5 2

Fig. 13. 3-phase stator currents

=)

Simulation for reference speed and inverse speed
and under full load (Fig. 14-18). We apply a full load
start of PMSM (7, = 10 N-m) until at ¢ = 1 s. The speed
reference is equal to the synchronism speed 157 rad/s
until # = 1.5 s, then the direction of rotation is reversed at
a speed — 1570rad/s

200 (@, rad/s

100

0

-100

-20()0 1 >

3
Fig. 14. Reference speed and PMSM speed

1 2

0 1 2 ,s 3
Fig. 16. Quadrature axis component stator current
15

0 1 2 3
Fig. 17. Direct axis component stator current

N3 12 15 16 17 o5
Fig. 18. 3-phase stator currents

Discussions of results. In Fig. 4, 9, 14, the speed of
PMSM obtained with SMC the speed appears to be
consistent, with the real speed closely mirroring the
command speed. The system responds efficiently to
changes in command speed and exhibits a smooth rise
time from 104.5 rad/s to 157 rad/s. Analyzing the
difference between command and real speeds at each
stage is crucial to gain insight into the system’s
performance and potential limitations. In these cases, the
rise time indicates how responsive the system is, and
shorter rise times generally mean better control dynamics
and faster adaptation to command input changes and
settling time is satisfying in tree case seamlessly traced
the speed reference without exceeding; in Fig. 9 rotation
speed equal to rotation speed 157 rad/s seamlessly traced
the speed reference without exceeding; in Fig. 14 with a
positive speed command of 157 rad/s, speed response
with the SMC neatly settled at the reference. Sudden
reference speed reversal from 157 rad/s to —157 rad/s
leading to change in speed orientation for the 2 models at
—157 rad/s, the SMC seamlessly traced the speed
reference without exceeding.

The load torque and electromagnetic torque are
matched in Fig. 5, 10, 15 by SMC. The electromagnetic
torque is kept constant during the speed build-up phase to
ensure acceleration. The electromagnetic torque will
decrease to 5 N-m once the rotor speed matches the
reference speed. This equilibrium is achieved faster in the
SMC model due to the absence of speed overshoot. The
electromagnetic torque closely tracks the load torque,
except during brief intervals when the speed increases
(Fig. 5) or reverses (Fig. 15). These deviations are
minimal and occur over very short periods.

In Fig. 6, 11, 16, the quadrature component of the
stator current are compared with the quadrature
component current reference; is in direct proportion to
electromagnetic torque 7.

In Fig. 7, 12, 17, the direct component of the stator
current is compared with the direct component current
reference is met at zero.

In Fig. 8, 13, 18 the stator 3-phase currents (abc) are
shown. When as the PMSM speed rises, the frequency of
the current waveform also increases (Fig. 8) and when the
load torque decreases from its nominal value (5 N-m) to 3
N-m of the current waveform also decreases (Fig. 15).

Conclusions. This paper describes the creation and
execution of speed controllers that use SMC-based
technology in a SMC drive structure for a PMSM in an
EV drive. The SMC algorithm’s speed control loop uses a
sliding mode controller based on surface dynamics
instead of the traditional PI controller in the outer control
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loop. Applied MATLAB/Simulink software was utilized
to conduct simulation analyses and evaluations to assess
the performance and effectiveness of the SMC for
PMSM. The proposed system’s dynamic response was
tested under different reference speeds, load conditions,
and reverse speed scenarios.

The simulation results show that the SMC can
perform dynamically quickly and accurately, without any
overshoot, minimal steady-state error, and a short rise
time, which is superior for PMSM speed control
applications. SMC is characterized by its significant
torque ripple, which remains a major concern.
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Takagi-Sugeno fuzzy model identification using improved multiswarm particle swarm
optimization in solar photovoltaics

Introduction. The particle swarm optimization (PSO) algorithm has proven effective across various domains due to its efficient search
space exploration, ease of implementation, and capability to handle high-dimensional problems. However, it is often prone to
premature convergence, which limits its performance. Problem. This issue becomes critical in identifying Takagi-Sugeno (T-S) fuzzy
models, especially in complex systems like solar photovoltaic (PV) applications, where model accuracy is vital for tasks such as
maximum power point tracking (MPPT) and shading compensation. Goal. This manuscript introduces an improved multiswarm PSO
(I-MsPSO), designed to enhance search performance and robustness in identifying T-S fuzzy systems. The method is particularly suited
to nonlinear modeling challenges in renewable energy systems. Methodology. I-MsPSO divides the swarm into 4 independent
subswarms, each operating in a local region with specific inertia weights and acceleration coefficients. Periodic information sharing
between subswarms allows the algorithm to converge collectively toward optimal solutions. A new modeling approach, specific
Takagi-Sugeno modeling (STaSuM), is introduced, using I-MsPSO to determine both the structure and parameters of T-S fuzzy
systems. Results. The I-MsPSO’s performance was tested on benchmark optimization problems and real-world engineering cases.
Results show that STaSuM produces highly accurate and generalizable fuzzy models, outperforming existing techniques. Scientific
novelty lies in the development of I-MsPSO, which enhances the traditional PSO by using 4 interactive subswarms with customized
parameters, and the creation of STaSuM for advanced T-S fuzzy system identification. Practical value. I-MsPSO and STaSuM provide
a powerful optimization and modeling framework, offering robust and accurate solutions for nonlinear and dynamic environments.
Their structure makes them especially valuable for future applications in MPPT control, fault-tolerant modeling, and real-time
optimization in PV energy systems. References 39, table 5, figures 8.

Key words: improved multiswarm particle swarm optimization, particle swarm optimization, specific Takagi-Sugeno modeling.

Bcmyn. Aneopumm onmumizayii poio uacmox (PSO) 006is c60io eghexmusnicmp y pizHux 2any3sx 3a605Ku e@heKmusHOMY 00CTIONCEHHIO
npoOCMopy NOULYKY, Npocmomi peanizayii ma 30amHoCmi supiuysamu 3a60ants 8Uucokoi posmiprocmi. OOHAK GiH YACMO CXUTbHULL 00
nepeoyacnoi 30ixcnocmi, uwjo 0omedcye 1020 npodykmugHicmo. L npobaema cmae KpumuuHo 8adicaugoio npu ioenmugpixayii Heuimxux
mooeneii Taxaei-Cyzeno (T-S), ocobnuso y cknaduux cucmemax, maxux sk comsuni gpomoenexmpuuni cucmemu (PV), de mounicmo
MOOeni € KpUMUYHO 8AXNCIUBOIO OJisl MAKUX 3A60aHb, SIK GIOCMedCeHHs MouKu Makcumanvhoi nomyxcnocmi (MPPT) ma xomnencayis
saminenns. Mema. Y pobomi npeocmasnenuii yoockoumanenuii 6azamopocesuii PSO (I-MsPSO), pospobienuii 01s niosuwjenns
npooyKmugHocmi nowyky ma Haoivinocmi npu ioenmucpixayii newimxux cucmem T-S. Leii memoo ocobaugo nioxooums 0ns 3a0a4
HeniHiliH020 MOOen08anHs y cucmemax ionosmosanoi enepeii. Memooonozia. I-MsPSO Oinume piti na 4 nesanesicni noopoi, Koxcen 3
SAKUX NPAYIOE 8 JIOKAbHIL 001Iacmi 3 ne6HUMU 8azamu iHepyii ma Koegiyienmamu npuckopents Ilepioouunuti oomin ingpopmayicro miswe
NOOpOAMU O0360JA€ ANOPUMMY KOAEKIMUBHO CXOOUMUCS 00 ONMUMATbHUX piwens. HasedeHo Hosull nioxio 00 MOOento8amis,
cneyughiune mooenrosanna Taxaci-Cyeeno (STaSuM), 3 euxopucmanuam I-MsPSO Ona eusHauenHs cmpykmypu ma napamempie
neuimxux cucmem T-S. Pesynemamu. [Ipooykmugnicmo I-MsPSO npomecmosana na emanoHHUx 3a0auax onmumizayii ma peanbHux
iHotceHepHux npuxaadis. Pesymvmamu noxasyiomv, wo STaSuM cmeopioe 6ucokomouni ma y3azanibHeHi Hewimki Mooeni, ujo
nepesepuyoms ichyioui memoou. Haykoea noseuszna nonseac 6 pospooyi I-MsPSO, saxuil poswupioe mpaouyitinui PSO 3a paxyHok
BUKOPUCTNAHHA 4 THMEPAKMUBHUX NOOPOI8 3 NApamempamu, wo HACMpPorIomvcs, a makodc y cmeopenri STaSuM ona poswuperoi
ioenmudpixayii neyimxux cucmem T-S. Ipakmuuna yinnicms. I-MsPSO ma STaSuM nadarome nomysicHy niamgopmy onmumizayii ma
MOOeNI06anHs, NPONOUYIOuU HAdilii ma mouni piwenns Ona HemiHitinux ma Ouxamivnux cepedosuwy. Ixns cmpyxmypa pobums ix
0co0nU60 YiHHUMU OiA MauOymuix dooamxkis y eanysi ynpasninua MPPT, 6iomoocmitikoeo MoOentoeants ma onmumisayii  peanbHomy
uaci y PV enepeemuunux cucmemax. bion. 39, ta6n. 5, puc. 8.

Kniouosi cnosa: mnoxkpameHa oONTHUMIi3allis POl YacTOK 3 KUIBKOMa pOSIMHM, ONTHMI3alisg PO YacTok, cneuudiune
moaemoBanHs Takari-Cyreno.

Introduction. The Takagi-Sugeno (T-S) type fuzzy
model, used to model complex systems particularly in the
area of fuzzy logic and control systems, was first
introduced by Mamdani and Assilian [1]. It was later
enhanced by Takagi and Sugeno who developed the T-S
type model. In the new approach, fuzzy linguistic rules
were replaced by more precise mathematical rules.
Historically, a fuzzy model is described by a formalism
based on fuzzy rules, providing a prolific framework to
study nonlinear dynamic systems and, particularly, to
analyze their stability and synthesize laws control
(stabilization). From a conceptual point of view, a fuzzy
system is identified by determining the structure of the
model (the premise parameters) and estimating the
consequent parameters [2]. The first step is performed
employing identification methods based on coalescence or
even fuzzy classification (fuzzy clustering algorithms).
Fuzzy coalescence algorithms are also applied to identify
nonlinear systems using to the T-S model. In the
literature, numerous algorithms derived from the fuzzy c-
mean algorithm, such as the Gustafson-Kessel algorithm
[3], the fuzzy C-means algorithm [4], the Gath-Geva

algorithm [5], were proposed. After determining the
premise parameters of the model, the consequent
parameters of the fuzzy rules are estimated. Among the
identification techniques proposed in the literature we
cite: the graph kernel recursive least-squares algorithms
[6], weighted least squares method [7], the orthogonal
least squares algorithm [8]. Several works showed that
fuzzy coalescence algorithms derived from fuzzy c-means
are sensitive to initialization. In fact, random initialization
can generally lead to convergence towards a local
minimum of the objective function. The problem of
synthesizing fuzzy systems was treated by many
researchers, as an optimization problem, whose resolution
is reduced to the search for the optimal solutions (fuzzy
models), in order to satisfy the performance criteria and
the predefined constraints. In recent years, researchers
have used several algorithms to optimize the structures
and parameters of the T-S model. For instance, particle
swarm optimization (PSO) has been utilized in many
applications [9, 10] given the small number of parameters
to adjust, its easy implementation, rapid convergence and
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its ability to produce high-quality solutions within a
shorter calculation time. The combination of T-S fuzzy
systems and PSO algorithms offers a powerful and
flexible approach to solve a wide range of optimization
problems. By exploiting the strengths of each technique,
this approach allows developing more accurate, robust
and interpretable models. However, the PSO is easily
trapped in a local minimum and it is difficult to guarantee
that the fuzzy models obtained will have good
performance and the optimized fuzzy model largely
depends on the performance of this algorithm.

To deal with these weaknesses, numerous improved
versions of PSO and several hybrid methods were
suggested [11-13]. In [14], the PSO algorithm was
implemented to optimize the 5 parameters of PID
controller applying El-Khazali’s approach in order to
minimize several error functions, satisfying some step
response specifications such as the set of time domain and
frequency domain constraints. In [15], the population was
divided into many small swarms, different grouping
strategies were used and the exchange between various
small swarms improved the population diversity. Work
[16] proposed a dynamic multiple swarms to solve
multiobjective problems applying 2 main strategies: the
swarm growth strategy and the swarm decay strategy.
Besides, in [17] a methodology to automatically extract
fuzzy T-S models from data using PSO was developed. In
their approach, the parameters and the structures of fuzzy
models were encoded in a particle and evolved together to
obtain simultaneously the optimal structure and
parameters. A new method, where the population was
divided into 4 subswarms and heterogeneous search
strategies were used to accomplish the optimization task,
was applied in [18]. In this method a new strategy was
applied under the so-called OptiFel to extract the structure
and parameters of the T-S model. In the multiswarm PSO
(MsPSO) algorithm used a homogeneous search strategy
for all particles and in each subswarm, which reduced the
convergence rate. In [19] authors suggested a novel
cooperation strategy C-MsPSO based on the distribution
of populations into 4 subswarms; each of which used
inertia weight parameters and specific acceleration
coefficients. This strategy allowed minimizing the risk of
trapping the algorithm by the local optima.

In this article, an optimization algorithm, called
improved multiswarm particle swarm optimization
(I-MsPSO), is introduced to identify fuzzy T-S type
models. In I-MsPSO, the population is divided into
4 subswarms; each of which ensures the internal search
strategy relying on inertia weight parameters and specific
acceleration coefficients. A new parameter search strategy
applied by the fuzzy system T-S, called specific Takagi-
Sugeno modeling (STaSuM), is also presented with the
I-MsPSO algorithm to improve the search performance
and ensure that the resulting fuzzy models will be highly
efficient. The main contributions of this paper are:

e dividing the population into 4 subcooperative
swarms in I-MsPSO algorithm.

e In this algorithm, each subswarm utilizes specific
parameters (the subswarm S1 employs sigmoid inertia
weights and constant acceleration coefficients, while
subswarm S2 uses linear varying inertia weights and
constant acceleration coefficients and subswarm S3
employs adaptive inertia weights and the coefficient of
the constant accelerations).

e Determining the structure and parameters of the
fuzzy models, coded in a particle, in STaSuM.

Preliminaries. = Optimization problem. An
optimization problem is defined by an objective function,
a set of variables, a set of equality (or inequality)
constraints and a search space formed by the set of the
possible problem solutions where each dimension
corresponds to a variable. Depending on the type of the
problem to be solved, the best solution consists in finding
an extreme value, also called extremum (i.e. the minimum
or maximum of this objective function). In fact, an
optimization problem corresponds to solving the
following problem: min/max (function) under the
constraint [20, 21]. It can be mono-objective or
multiobjective (several objective functions must be
optimized), static or dynamic (the objective function
changes over time) and with or without constraints. In the
literature many methods, such as Newton’s method [22],
linear programming methods [23], the simplex method
and the gradient method [24] were introduced to obtain
the optimal solution of the optimization problem in a
reasonable time. They require that the objective function
should have a minimum of characteristics such as
convexity, continuity or differentiability.

PSO algorithm. PSO is a non-specific heuristic
optimization algorithm like evolutionary algorithms, tabu
search or ant colonies [25-27]. Its convergence speed also
makes it efficiently used in dynamic optimization. Due to
its multiple advantages, such as a rapid convergence, ease
of implementation and wide search range, PSO has been
employed in a variety of research fields and applications.
The swarm’s particles are initially dispersed randomly
over the search space, where each particle has a random
displacement position and speed. Thereafter, the
algorithm can, at each instance, access its current
position; memorize the best solution; communicate with
neighboring particles; obtain, from each of them, its best
performance; and modify its speed according to better
solutions. The displacement of a particle between iteration
t and iteration #+1 is formulated analytically by the
following velocity (1) and position relations (2):

vi(t+1) = wvi®) + c1r1[Xppess — XD T Cora[Xgpes — X4D)]; (1)
x(t+1) =xi(1) + vit+1), @)
where X,p. is the best position determined by the it
particle; w is a constant called the inertia weight; ¢y, ¢, are
the acceleration coefficients while », and r, are randomly
generated by a uniform distribution in [0, 1]; Xgy is the
best overall position found by the population.

Thus, to make its next move, each particle applies

the following steps:
o follow its speed;
e return to its best performance;
e move towards the best performance of its neighbor.

T-S fuzzy model. Although several fuzzy models
were introduced in the literature and the most commonly
used ones are: Mamdani type model, Takagi-Sugeno-
Kong type model and T-S type model. The main
difference between these models lies in their consequent
part. In fact, a fuzzy model is based on the linguistic
partitioning of the values of its variables. The input
(premises variables) and output (consequent variables)
values are described by fuzzy sets having membership
functions. In the fuzzy model of the T-S, the premises of
the rules are formulated symbolically and the conclusions
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are expressed by linear functions [28, 29]. They are
generally written in the following form:

R’ :if x; is A}, x5 is A}, ..., x,, is A then 3

y; = WiTx+b,~, i=12,...m
where x = xj, X3, ... , X, is the input variable; n is the
dimension of the input variable x; i = 1, 2, ..., m is the
number of fuzzy rules; w = wy, w,, ... , w, are the
consequent parameters; A4, is the fuzzy set; y; is the output
of fuzzy rule.

The output of the fuzzy model can be calculated by a

weighted mean defuzzification, as shown below:

m m
=2 myi | D s “4)
i=1 i=1
where the weight strength z; of the i™ rule is computed as:

wi () = [T (). ()
j=1

where the g4(x) is the grade of membership function.
Subsequently, the c; and o parameters of the Gaussian
function specified by (6) and the parameters of the fuzzy rule
of T-S model are calculated applying the fuzzy rule (3):
((sz ~<; oy ) ©)
Improved multiswarm particle swarm
optimization (I-MsPSO). General concept of the
improved multiswarm particle swarm optimization.
I-MsPSO algorithm divides the population into 4
subswarms to address the issue of premature convergence
and to ensure proper exploration and exploitation of the
research processes, which improves its capacity for search,
communication and cooperation between subswarms.
Every subswarm executes a single PSO, including updating
speed and position of the particles, in accordance with the
exact equations. In this study, a unique algorithm that relies
on 4 subswarms and several techniques of inertia weights
and acceleration coefficients is implemented to enhance the
exploration and exploitation performance of the standard
MsPSO. I-MsPSO algorithm is based on constant
accelerations coefficients values, time-varying inertia
weight, sigmoid inertia weight and adaptwe inertia weight
value (Fig. 1). Additionally, the i™ particle in subswarm S3
is adjusted based on the fitness values and Velocmes of the
partlcles in the base subswarms. Meanwhile, the i™ particle
in subswarm S4 updates its velocity in accordance with the
velocities of the particles in subswarms S1, S2 and S3.
Figure 2 describes the mechanism of exploring the new
region. [-MsPSO algorithm enhances PSO by dividing the
population into 4 subswarms, each with specific inertia
weights and acceleration coefficients, and by implementing
periodic information exchange among the subswarms.

By (x) = exp

C2=Cl=cst

W : Linear Velocity

Fitness

G best 1

C2=Cl=cst
W : Adaptive

€2=Cl=cst
W : Sigmoid

Fig. 1. Communication model in I-MsPSO
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Fig. 2. The cooperative evolutionary process in I-MsPSO

I-MsPSO algorithm can be summarized as follows:

Algorithm 1. Pseudo-code for I-MsPSO algorithm

Begin.

Initialize the particle size of each subswarm.

Initialize the positions and velocities of all particles in the
search space.

Initialize the global best position of each swarm.

Find the best local position (Py) in each subswarm and the
best global position (Gupes)-

Do in parallel until the maximum number iteration reached.
Calculate the velocity of each particle in subswarm S1, S2,
S3 and S4.

Update the position of each particle in subswarm S1, S2, S3
and S4.

Evaluate the fitness of the i particle.

Update the global best of the swarms.

If the guide condition is satisfied.

Apply diversity guided convergence strategy to the current
particle in each subswarm.

End Do.

Return the best solution of the algorithm.

End.

Convergence of the I-MsPSO. The particle paths, the
convergence of [-MsPSO algorithm and the particle velocity
of each subswarm are theoretically investigated. According
to the following limit, convergence is defined as:

lim x;(¢)=p;, (7
t—+0

where p; is the local or global optimum; x; is the location
of the /" particle at time . If I-MsPSO is applied with the
adaptive inertia weight, the sigmoid inertia weight and the
linear varying inertia weight, the velocity and the position
update their equations using (1) and (2). Therefore, the
following I-MsPSO system is obtained:

x(t+1) = F-x(f) + R-E, ®)
where R is the constant matrix; F is the system matrix:
3 .4 1 2 3
x(1) = [xtvxt SX7 5 X s X X5 X7 ] ©)

and

E=[pW,p@,p® p® g7 (10)

designates the vector containing 4 local solutions and a
single global solution. The used symbols are listed below:

Qr=viitvip =0t

Py =Vy TV =+, (11
@3 =V31tV3p =731+ 6ol
where r; is the random number in [0; 1]; j = 1; 2 and

i = 1; 2; 3. The equation applied to obtain the position of
a particle in S1 is:
O — @M

t+1 =% TV

Dy — ) - w, X,( )1 +v i) +vpg, s (12)

where wy is the sigmoid inertia weight:
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W, = O.9~numlt.er —0.5: , (13)
numiter
where numiter is the maximum number of the iterations;
i is the current iteration.
The equation used to calculate the position of a

particle in S2 is:

) _ (2,2 _. 2 2
A3 =P v =52 1w, =) = wxZ) vy o) +vpg, (14)

where w, is the adaptive inertia weight:

|
Wa(i):Wmax +(Wmax _Wmin)' T , (15)
e +1
where x; = (Zpess — 1) / (Qpesr T 1); Winin» Winax are the initial and
the final values of inertia weight; i is the current iteration.
In the subswarm S3, the equation applied to obtain
the position of the particles is:

3 _ 3 {Lm Y @3

X=X +w v =y Y [+
t+1 t L t+1 t+1 t
72 } (16)

3 3
+V31[Pz( ) —x?]+v32[gz _xz( )l

where w; is the linear varying inertia weight represented
by the following equation; y = y+»; 5, J» are the fitness
values of the particles in the subswarm S1 and S2. As r,
and r,, r; and 7, are vectors of the random numbers.

wr (i) = ( ](Wmin ~ Wmax )+ Wmax - (17)

The equation employed to compute the location of a
particle in S4 is:

4 4
x((pzn = x| )

numiter —1

numiter

+ayp? vasg vy (18)

In this study, 3 impact factors (a;—a;) are used to
determine the influence of the past information on the
current position of the particles within subswarm S4. They
are constrained by this expression a; + a, + a3 = 1. In the
performed analysis, the following values were assigned to
the impact factors: a; = 1/6, a, = 1/3, a3 = 1/2. The bigger
o; (i =1, 2, 3) was the larger the effect of the previous
information on the current search would be, and vice versa.
The larger effect of the previous information on the current
search will be, and vice versa. As shown in (18), the
different impact factors regulate the effect of the historical
data on the particle’s location within S4.

In a convergence analysis, researchers observed that
particles within each subswarm converge towards stable
positions defined by the limits presented in (19) — (22):

. c c
lim x® = —lp(l) +—2gbm s (19)
t—>+0 2
. 2 C 2 C
lim x® =—1p( ) +—2gbest s (20)
t—>+00 2 2

tim x® =we,(p0 + p®)+ L p® 4 gy Quwey +2), 21)
t—+o0 2 2

lim @ = dZWea 0, @y a0,

{—>+00 2

(22)
C
+ar P+ gpes (1-2w)ey =L+ 3).

Methodology of STaSuM based on I-MsPSO.
A new parameter search strategy applied by the fuzzy
system T-S, called STaSuM, is also presented with the
I-MsPSO algorithm to improve the search performance.

STaSuM framework for T-S fuzzy model identification is
presented in this section. The structure and parameters of
T-S fuzzy model are all encoded in a particle. The
following sections provide the details.

Particle mapping and objective function. In the
identification process, the structure and parameters of the
fuzzy model were all coded in a particle of the I-MsPSO
algorithm, and the mean square error (MSE) value was used
to choose the best local position in a swarm and the global
optimum in a population. A single nest in the I-MsPSO
algorithm is shown in Fig. 3. Each particle is specified as a
vector corresponding to a particular fuzzy model and each
vector corresponds to a fuzzy rule made up of the premise
parameters (structure) and the consequent parameters.

Rule i
|

Structure parameters

& >
&
<€ > €

ctl ¢c?| .- |cN|gin| .. | Oin
Fig. 3. i" rule encoded in a particle. The code consists
of 2 necessary items: structure and consequent parameters

To create an accurate mathematical model, an
objective function was applied to measure the difference
between the output of the model and that of the actual
process. MSE was utilized to measure the difference
between the output of the model and the real value.
MSE was mathematically formulated as:

1 .
MSE=—3 0 (e =3e)*

where N is the number of observations; y; is the actual
output; y; is the output estimated by the model.

Implementation of STaSuM. Algorithm 2
describes the implementation of STaSuM. The rules of
the T-S fuzzy model were encoded in the particle x* and
the MSE value was utilized to select the best solution in
the subswarm. The best overall structure was obtained
from the 4 optimal g, in the subswarms s = 1, 2, 3, 4.
Algorithm 2. The STaSuM algorithm
1. Initialization.

(a) Set the number of iterations and rules s.
(b) Specify the size of each subswarm.

(c) Initialize the position of particle.

(d) Initialize the position of particle.

(e) Determine the global best nest g.

2. Set the number of rules as constant.

3. Termination check.

(a) If the termination criterion holds stop.

(b) Else go to Step 4.

4. For do.

(a) Update the position x;’ according to
Equations 12, 14, 16, 18, respectively.

(b) Update the velocity v;* according to Equation 1.
(c) Evaluate the fitness of the i particle f{x;)
(d) If the f(x;’) is better than f{p;’), then p;’= s,
End For

Update gbest = arg{minf{p;,} }.

End For

Update gbest = arg{minf{g.} }-.

Sett=1¢+1

5. Go to step 3.

(23)
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Simulation result and discussion. This section is
composed of 2 parts. In the initial part, the performance of
the I-MsPSO algorithm is evaluated through numerical
experiments using benchmark functions and engineering
problems. On the other hand, the subsequent part shows
the effectiveness of the STaSuM method applied in
nonlinear systems.

Convergence analysis of I-MsPSQO. To validate the
performance and efficiency of the proposed algorithm,
12 benchmark functions from the CEC-2017 test set were
selected to test the I-MsPSO algorithm [30]. The upper
limit for optimization processes was set at 1000, and each
test run a maximum of 30 times. The experimental
machine in use is equipped with a 3rd generation i3
processor running at 2.5 GHz with a storage capacity of
128 GB. The utilized programming language is
MATLAB. The maximum number of iterations in the
numerical experiences was set at 1000 on each of the 12
reference functions for each algorithm. Each experiment
was carried out independently of the reference functions.
The mean values and standard deviations are presented in
Table 1. Figures 4-6 show the average convergence
characteristics of each approach on the reference
functions. A comparison of the proposed algorithm to
common strategies is presented in this section. The
performances of different strategies, including adaptive
MsPSO (AMsPSO), linear time-varying (L-MsPSO) and
standard MsPSO, were analyzed in the experiments
carried out on 12 static problems.

Table 1
The results on the 12 benchmark functions of each algorithm
Function F1 F2
L-MsPSO | 4.97-10'%+9.90- 102! | 4.26:10%+1.24-10°°
A-MsPSO | 5.23-10"3+523.10° | 2.94.107°+2.40-107*
MsPSO | 4.01-10'%+7.80-10"% | 3.82-10°*+6.18-10™*
I-MsPSO | 2.83-10'%+2.52.10"% | 7.14-10°%+6.12-10""
Function F3 F4
L-MsPSO | 2.97-10'°+922.10"® | 3.02.10%°+8.21.10°%°
A-MsPSO | 1.60-107"°%1.60-107% | 1.121-107°+1.21-107
MsPSO | 9.30-10'%+2.92.10"'™ | 7.37.10°°+2.24.10
I-MsPSO | 1.03-10"7%+1.051-10"7® | 1.33-10**+1.01-10*
Function F5 F6
L-MsPSO | 2.89-10°+2.71-10 0
A-MsPSO | 2.89-10°+2.00-10 0
MsPSO | 2.89-10°+3.60-10% 0
I-MsPSO 2.89-10"+ 0 0
Function F7 F8
L-MsPSO | 1.001-10%'+3.966-10%" | 3.995.10%+7.59-10"*
A-MsPSO | 1.401-10%'+3.966-10%" | 5.601-10°+8.00-10*
MsPSO | 1.451-10%'+3.966-10%" | 3.005-10%°+8.78-10*
I-MsPSO | 1.321-10%+3.966-10%" | 4.99.10*+8.111-10*
Function F9 F10
L-MsPSO 0 4.665-10+8.52-10%
A-MsPSO 0 4.665-10+8.52-10%
MsPSO 0 4.665-10+8.52-10%
I-MsPSO 0 4.665-10*+£8.52-10%
Function F11 F12
L-MsPSO 0 3.65-10%+8.3.10*
A-MsPSO 0 4.65-10%+7.52.10°*
MsPSO 0 4.115-10%£7.51-10%
I-MsPSO 0 3.52.10°+8.114-104

Function: F1 Function: F2
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The mean values and the standard deviation
throughout the optimization runs are shown in Table 1.
On the other hand, Fig. 4-6 outline the average
convergence characteristics to each approach on the
reference functions. Figures 4-6 demonstrate that
[-MsPSO performs better than the other PSO variants on
the benchmark functions. As exposed in Fig. 4-6
[-MsPSO reaches the target optima in the majority of
benchmark functions (Table 1). The results obtained by
I-MsPSO are superior to those of the other PSO versions
on each benchmark function, with the exception of the
Function F8 and F11.

Application of I-MsPSO to engineering problems.
This part examines the I-MsPSO’s effectiveness by
extending its application to solve real-world engineering
optimization problems. Specifically, the next section delves
into the optimization of the tension/compression spring,
while the after section summarizes the findings provided by
pressure vessel design. The performance of I-MsPSO is,
then, benchmarked against those of the existing algorithms
such as PSO [31], genetic algorithm (GA) [32], velocity
pausing particle swarm optimization (VPPSO) [33] and
grey wolf optimizer (GWO) [34].

Tension/compression spring design (TCSD). TCSD
problem is a classic engineering problem whose primary
objective consists in minimizing the spring’s weight. This
optimization task requires finding the lightest possible
spring while meeting specific design constraints, including
limitations on shear stress, surge frequency and deflection.
It ultimately translates into a minimization problem where
the weight of the spring is minimized while adhering to all
boundary and constraints conditions. The design variables
include the wire diameter d(X;), the mean coil diameter
h(X3), and the number of turns of the spring P(X;). The
following subsection outlines the objective functions and
the constraints associated with these three optimization
variables. Consider:

X= [dn h9 P] = [X13X29 X3] (24)
Minimize:
F(x)=X{ Xy (X5+2). (25)
Subject to:
X3X
g(X)=1-——22-<0; (26)
71785X
2
4X3 - X\ X 1
2 (X)= A S-1<0; (27)
12566 (X7 X, - X{') 5108X]
140.45X
g(x)=1-—5—1<0; (28)
2X3
X +X
24(x) =11—52s 0. (29)

Variable range: 0.05<X1<2, 0.25<X,<1.3, 2<X5<15.

Table 2 illustrates the statistical results of the TCSD
problem. Each algorithm was independently run 50 times,
the maximum number of iterations and the population size
were set to 1000 and 30, respectively. Overall, the -MsPSO
algorithm ranks first since it explores a solution to make the
spring weight smaller for the TCSD problem. VPPSO offer
similar solution, ranking second.

Table 2
Optimal solutions of tension/ compression spring design
problem optimized by different algorithms

Algorithm d H p Value
GA 0.0598 | 0,3521 11,5980 0,032
GWO 0.0513 | 0.3474 11.8763 0.0127
PSO 0,0500 | 0,3104 14,998 0,0131
VPPSO 0.0525 | 0.3756 10.2659 0.0127
I-MsPSO 0.0516 0.356 11.3186 0.01266

Pressure vessel design (PVD). Pressure vessels
typically comprise a cylindrical shell and 2 hemispherical
heads, fabricated through the welding processes. The
design objective is to minimize the overall cost, encompass
material acquisition, form operations, and weld expenses.
This optimization problem involves 4 design variables:
cylinder wall thickness FE (X;), the thickness of the
spherical cover E,(X3), cylinder inner diameter D(X3), and
cylinder length L(X;). A description of the objective
functions and constraints relevant to these 3 optimization
variables is presented. Consider:

X=[Es Ep, D, L] = [X1, X, X5, Xg]. (30)
Minimize:
F(x)=0.6224X, XX, +1.7781X, X3 + a1
+3.1661.X2 X, +19.84 X7 X5,
Subject to:
21(X)=—-X,+0.0193X; <0 ; (32)
2>(X)=-X, +0.00954X; <0; (33)

4
g3(X)=—IIX3X, —511)(33 +1296000<0; (34)

g4(X)=X,-240<0. (35)

Variable range:
X1,X, €{1:0.0625,2-0.0625,...,99-0.0625} ,
10< X5 and X4 <200 .

Table 3 presents the best solutions of all algorithms.
It is evident that I-MsPSO achieved the best result.

Table 3

Optimal solutions of PVD problem optimized by different
algorithms

Algorithm | X X, X3 X, Optimal cost
GA 0.810 | 0.436 | 42.096 | 176.655| 6059.945
GWO 0.812 [0.4375| 42.098 | 176.636| 6059.719
PSO 0.875 [0.4375| 45.288 | 140.743 | 6096.830
VPPSO |0.8125|0.4375]|42.0979 | 176.646 | 6059.850
I-MsPSO | 0.8125 | 0.4375 | 42.0973 | 176.654 | 6059.714

Application of STaSuM to Box-Jenkins gas

furnace data. Due to its non-linear nature, the Box-
Jenkins system [29] has become widely adopted to
validate the performance of the recently developed
modeling methods. The used dataset contained 296 paired
input-output observations (y(¢), u(f)) for a gas furnace
process, where ¢ ranged from 1 to 296. At each sampling
time ¢, u(f) is the input gas flow rate and y(¢) is the output
CO, concentration. The simulation was conducted to
predict y(f) based on (), ¥(t,), u(t,), u(ty). The first 148
input-output data were employed as training data and the
final 148 were utilized as testing data in order to validate
the efficiency of the suggested method. The population
size in the 4 subswarms was set to 6, the number of rules
was 3, the number of iterations was 50, the acceleration
coefficients were set according to the equations and the
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inertia weight was chosen as shown in (13), (15), (17). In
prediction case, compared to the A-MsPSO algorithm and
other algorithms mentioned in Table 4 the I-MsPSO
algorithm had the best performance index of 0.104.
Table 4
Identification results obtained by the different methods
on the Box-Jenkins system

rules, which guarantees better quality of approximation. The
results show that the proposed model has more powerful
generalization ability with a good accuracy in modeling the
system of the Box-Jenkins gas furnace dataset.
Table 5
Prediction results provided the different methods
on the Box-Jenkins system

Figure 7 shows the STaSuM model’s prediction, the
actual outputs and the errors between them for the training
set of data. The other 148 data points were used to validate
the generalization performance of the obtained fuzzy mode
— Fig. 8 reveals the test results. Their respective related
MSEs are 0.057 and 0.145.

60 -CO, concentration, %
g

55 -

50
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TaSuM output H
sl b ‘ ‘ ‘ §amp11ng @]

0 50 100 150 200 250 300
T T T T

:
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Fig. 7. Modeling with 296 pairs of observations: a — the real
output and the output of the fuzzy model; b — the estimation error
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and the output of the fuzzy model; b — the estimation error
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Table 5 presents a comparison with various models and
demonstrates that our method’s generalization ability
outperforms that reported in the literature. Therefore, it can be
noticed that the real output and the estimated output were
within a negligible error. These results were justified by
observing the values of the MSE performance index given in
Table 5. The latter reveals that the performance indices
obtained by the developed model during the identification and
validation phase are the best, compared to those provided by
other models mentioned in this table, even in the case of
reduced number of input variables and minimized number of

Reference | Number of inputs Number of rules | MSE Reference | Number of rules | MSE identification | MSE validation
[35] 6 - 0.202 [36] 3 0.059 0.152
[36] 2 3 0.110 [37] 6 0.022 0.236
[37] 2 4 0.148 [39] 3 0.0159 0.126
[38] 2 2 0.161 [18] 3 0.058 0.146
[18] 2 3 0.106 I-MsPSO 3 0.057 0.145
I-MsPSO 2 3 0.104 Conclusions. In this paper, improved multiswarm

particle swarm optimization (I-MsPSO) algorithm was used
to optimize and estimate the parameters of Takagi-Sugeno
(T-S) fuzzy systems. In the proposed specific Takagi-Sugeno
modeling (STaSuM), the structure and the parameters of T-S
fuzzy model were encoded into a nest vector to find the
optimal solution simultaneously. The main advantage of
STaSuM is that it can keep the inner-correlation between the
system structure and the parameters, and more highly-
accurate model than the traditional 2-stage identification
process method. I-MsPSO divided the population into
4 subswarms; each of which utilized a search strategy
independent of the other. The exchange of information
between the 4 subswarms allowed -collecting useful
messages from the subswarms, maintaining particle diversity
and improving the search capability. The best personal
interactive learning strategy increased the convergence
speed. The experimental results on 12 benchmark functions
proved that the proposed algorithm had good comprehensive
performance in the optimization of unimodal and multimodal
functions and kept a good balance between exploration and
exploitation. Additionally, the developed method was
applied to estimate blur T-S system models using a fuzzy
model STaSuM. The obtained finding showed experimental
results proved that the suggested method can produce robust,
reliable and effective fuzzy T-S models. The obtained
finding showed experimental results proved that the
suggested method can produce robust, reliable and effective
fuzzy T-S models. In our upcoming work, we will: apply
I-MsPSO to solve real industry problems; use I-MsPSO in
solar PV; analyze the influence of different levels of noise on
the accuracy of this algorithm.
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B.A. Pomamiko, JI.M. batpax

Pery.oBa/ibHi XapaKTepUCTHKH iMIIYJIbCHOTO Pery/isiTopa NOHNAKYBAJIbHOI0 THILY
B pe:KHMax 0e3NepepBHOro Ta NepepuBYaACTOro0 CTPYMY iHAYKTHBHOCTI

Bcmyn. Innynocni pecynamopu (IP) wupoko euxopucmogyioms Onisl pecynto8anHs ma cmabinizayii nanpyau JHcueieHHs cnodicueaiie
nocmiiinozo cmpymy. OCHOBHOIO XAPAKMEPUCMUKOIO 6Y0b-K020 Pecylsmopa € 1020 pe2ynioéaibha Xapakmepucmuxa. Y sazanvio-
MY 8UNAOKY MOJMCIUGI 08a pedcumu pobomu IP — pescum 6e3nepepenozo cmpymy ma pedsicum nepepusiamozo cmpymy 8 iHoyKmue-
nocmi IP. IlIpoénema. Ilpu nepexooi IP 6i0 00H020 pesicumy pobomu 00 iHuL020, 1020 pe2yno8anbHi XapaKmepucmuKku 3MiHIIOMbCAL.
B peoicumi 6e3nepepsnozo cmpymy iHOYKMUGHOCMI pecyiio8anibHa XapaKkmepucmurka € QYHKyiero 6i0 oOHicl 3MiHHOL. B pedcumi ne-
Pepusyacmozo CMpymy pe2yniogaibHa Xapakmepucmuka cmae gyuxkyicio 06ox sminnux. Tomy, 6 maxomy pexcumi, IP onucyemocs
cimelicmeom pezyniosanbhux xapakmepucmuk. Memoio pobomu € pospodoka mamemamuynoi mooeni, axka 6 onucysanra pooomy IP 'y
pedcumax besnepeperozo ma Nepepusyacmozo Cmpymy iHOYKMuGHOCHI, 30KpemMa 00ePHCAHHA Pe2yO8AIbHUX XAPAKMEPUCIUK, AKi
6 Oynu Oitichumu 01a 000x exazanux pesxcumie. Memoouka. B pobomi na npuxnadi IP noHuscysansno2o muny 6us3HaueHo yMo8u
nepexody IP 6i0 00Ho20 pedtcumy pobomu 00 HUL020, A MAKONHC 3aNexcHicmb uxionoi nanpyau IP 6i0 mpusanocmi naysu y cmpymi
inoykmuenocmi. Pesynomamu. [Ipoananizoearno eéniue napamempis enemenmie IP na mpusanicme naysu. Ilobyoosano epagix ci-
Meticmea pe2ynosanvhux xapakmepucmuk IP, axuil € Oiticnum, Ak 01 pedcumy 6esnepeperozo, max i nepepusyacmozo cmpymy
inoykmugnocmi. Haykoea nosusna. Iloxaszano, wo npu nepexooi IP 0o pesicumy nepepuguacmozo cmpymy, oeo pe2ynio8anbhi Xa-
PaAKmepucmuKyu 3MiWyomscs 6 CMopoHy Oinbwux euxionux manpye. Lle smiwenns € mum OGinvuum, yum OLIbWON € MPUBATICMb
naysu y cmpymi inoykmusnocmi. Ilpakmuuna snauumicme. Busnaueno, wo 3adanuil xoegiyicnm nynvcayii suxionoi nanpyeu IP, y
DpedcuMi nepepusuamozo cmpymy, sabesneuyemocs meHuwum snavenuam 0ooymky LC enemenmie IP, y nopienanni 3 pescumom Oes-
nepepsrozo cmpymy. bion. 17, Tabm. 2, puc. 5.

Kniouogi crnosa: pemnM nepepuBYacTOro CTPyMy iHAYKTHBHOCTI, Pery/Il0BajibHi XapaKTePHCTHKH iMITyJbCHOTO peryJsTopa,

KkoedinieHT myJbcanii BUXiiHOT Hanpyru.

Beryn. Immynscai perymsaropu (IP) mmpoko 3acro-
COBYIOTh [UISL PETYJIIOBAHHS Ta CTa0iMizallii HATIPYTH KH-
BIICHHS CITO’KMBAUiB MOCTIHHOTO cTpyMy [1—4]. V 3B’s13Ky
3 MIMPOKUM BUKOPHCTaHHSIM HETPAJULIAHUX Ta BiJHOB-
JIIOBAHUX JDKEPEN eIEKTPUYHOI eHeprii, IP cramu BUKOpH-
CTOBYBAaTH IJIs Y3TOPKEHHsS BUXIZHOTO ONOPY HXepena
€JIEKTPUYHOI €HEeprii 3 OMOPOM HaBaHTAKEHHS, 3 METOIO
BIOMpPAHHS Bijl [DKEepesia MAKCHMAaIbHO MOXKIIHBOI MOTY-
xHOCTi [5-9]. OcHoBHOWO XapakTepucTkoio IP e ioro
perymoBanbHa xapakrepuctika U, = f (f') — 3a1exHicTs
BHXiHOT Hanpyru IP Bij perys0BaHOro mapameTpa f , e
{ =ty / T — BiIHOCHMII 4ac 3AMKHEHOTO CTaHy KJIKOYA 7.
Ha riepioai 7. Y 3araqpHOMY BHIAIKy MOJKIIHBI JIBa pe-
xumu podotu [P [10-13].

e pexkuM 0e3nmepepBHOTO MPOTIKAHHS CTPYMY B IHAYK-
THBHOCTI;
® pEeXHUM IEepepUBYACTOTO CTPYMY B IHIYKTUBHOCTI.

Y momeHT niepexoxay IP Bix ogHOTO pesxumy poboTH
JI0 1HIIOTO, HOTO perysroBajIbHI XapaKTEPUCTHKH 3MiHIO-
I0ThCA.

VY pexuMi O0e3mepepBHOro CTPyMy B poOodYoMy Iia-
Ma30HI cepeslHE 3HAYeHHs HAIpPYr'd HA HaBaHTAXXEHHI He
3aJIeKUTh Bij fioro omopy R. CTpyM, IO MPOTIKAE Yepes
iHAyKTHUBHICTE [P, Mae BIZHOCHO HEBENWKY IMTyJBCAIIIO.
OCKiNBKHM 3MiHHA CKJIa0Ba LBOTO CTPYMY 3aMHUKA€THCS
yepe3 KOHAEHcaTop (ibTpa, EMHICTh IIHOTO KOHICHCATO-
pa Moke OyTH MOPIBHSHO HEBEIHKOI. Y PEXHMIi mHepe-
PHBYACTOTO CTPYMY IHIYKTHBHOCTi, KoeimieHT hopmu
L[BOTO CTPYyMy 3pocTae. ToMy BTpaTu MOTY>KHOCTI B €Jie-
MeHTax [P OynyTh OLTbIIMMH, HIK Yy pexumi Oe3nepeps-
HOTO cTpyMy. €MHICTh KOHJeHcaropa (inbTpa Takox
30UIbIIy€EThCS. BaXIIMBUM HENOJIIKOM TakKOro PEXUMY €
Te, 10 BHUXigHa Hanpyra [P 3anexarume Bix omnopy HaBa-
HTaxeHHS R. OCKUIBKU B PEXHMI IIEpepHBYACTOTO CTpPY-
My IHIYKTUBHOCTI peryJioBajibHa XapakTepuctuka [P
Ui =f (t*; R) € dyHKIIiErO Big ABOX 3MIHHHUX, TO B TaKO-

My pexnmi [P onmcyeTbest He OJHi€IO0, a CIMEHCTBOM pe-
TYJTIOBAJIBHUX XapPAKTEPUCTHK. 3 ypaxyBaHHSIM BKa3aHUX
HenouikiB, [P B pi3HUX raiy3six 3aCTOCYBaHHS TPALIOIOThH
MEPEBAXHO y PEXXHUMi O€3MEPEePBHOTO CTPYMY IHIYKTHB-
HocTi. OJIHaK, B MEBHUX BUIMAAKAX, HAIPUKIA, JJIs 3Me-
HILIIEHHS KOMYTAlilHUX BTPaT B KJIIOYOBUX Ta BEHTHJIb-
HuX eneMeHTtax I[P, MoxiuBa Ta nomiibHA HOro poboTa y
PEKHMMI IIEpEepUBYACTOTrO CTPYMY iHIXyKTUBHOCTI [14—17].

B nepepaxoBanux po0oTax pexxHMHU Oe3mepepBHOTO
Ta MEPEePUBYACTOTO CTPYMY PO3TISAAIOTHCS OKpeMo. Pe-
TYJTIOBAIBHA XapaKTEPUCTHKA HABOJUTHCS JIMIIC JUIS pe-
KUMY Oe3repepBHOrO cTpyMmy. B Toli ke wac, meperBo-
pIOBaY MOKe BUKOPHCTOBYBATHCH OJJHOYACHO B JIBOX pe-
JKUMax. Y TaKWX BHITAIKaX HEOOXiTHO MaTH PETryIoBa-
JMBHI XapakTepUCTUKH, sAKi Oymu O miiCHUMH IJIsI 000X
BKa3zaHUX pexuMiB. TOMy Ba)KJIMBO 3HATH OCOOJIMBOCTI
po6otu IP B pexuMi nepepruBYacTOro CTpymy iHIYKTHB-
HOCTI, a TaKOX CIOCOOM BHU3HAUEHHS PETYJIIOBAIBHUX
XapaKTEPUCTHK B TAKOMY PEKUMI.

Metor poboTH € Po3podOKa MaTEeMaTHUHOI MOJEII,
ska 0 omucyBaiga podoty IP y pexxumax GesnepepBHOTO
Ta MEPEePUBYACTOTO CTPYMY iIHIYKTHBHOCTI, 30KpeMa oJie-
PKaHHS PETYIIOBATBHUX XapPAKTEPUCTHUK, 5IKi O Oyiu niii-
CHUMH JJIs1 000X BKa3aHHUX PSIKUMIB.

OcnoBHa yacTuHa. Sk Bimomo [16], pexum Oe3me-
PEpBHOTO CTPYMY B iHIYKTUBHOCTI L Oyzne 3abe3rnedeHunit
3a YMOBHU

Al /2<1;, (1)
ne I; — mocriiiHa CKJIaioBa CTpyMy 4epe3 iHIyKTUBHICTb;
Al = I max — Ipmin — TyJBCALIS BOTO CTPYMY.

B pexumi nepepuB4acToro CTpymy, a Takox y rpa-
HUYHOMY peXuMi, [;ni, = 0. Tomy, g muX pexwuMiB
Al = Ijmax = I,. [lpoaHanizyeMo yMOBH BUKOHAHHS HEpi-
BHOCTI (1) Ha mpukiIani momupeHoi cxemu [P moHmKyBa-
mpHOTO THITy. Ilpy aHami3i BBakKaTMMEMO, IO BHXiJHA
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Hanpyra [P € nobOpe 3riamkeHoro, a BTpaTH B HOTO elre-
MEHTax € He3HauHuMH [ 14—17].

IP nonmxkyBajbHoro tumy. /[ns IP nonmxysansb-
Horo tuny (puc. 1) B pexxumi Oe3nepepBHOrO CTPyMy
IHAYKTUBHOCTI L BUKOHYIOThCSI yMOBH [16]:

. Uou = Unn s Lo = Lin I 1, )
net =t/ T— BiAHOCHUMH Yac 3aMKHEHOTO CTaHy Kito4a S
Ha nepioxai 7. Ile i € perymtoBanbHI XapakTepucTuku [P
IUTS PeXUMY Oe3MepepBHOTO CTPYMY iHAYKTHBHOCTI.

C
= | R
| T

rt-clt'"

VD

.

Puc. 1. IP noHmwxyBaabHOTO TUILY

B ycranenomy pexumi podotu IP 3mina crpymy iH-
OYKTUBHOCTI Ha €Tamax 3aMKHEHOTO Ta PO3IMKHEHOTO CTa-
Hy KJIfo4a S € OZJHAKOBOIO, aJle Ma€ MPOTHIICKHUH 3HAK

AILcl = A]Lop = Im

BusraunMo BeTMUMHY ITi€l 3MiHU:

— Uin _Uout 1y = Uout ¢ (3)
m C op *
L L
Toni, yMOBy Oe3repepBHOTO CTpyMy iHIyKTUBHOCTI
(1) moxHa 3ammcaTy HaCTYITHUM YHHOM:
Uin _Uout (<, =1 _ Uout (4)
cd =4L ~out — :
2L R
Po3ninnmo o6uBi yacTuHYU HepiBHOCTI Ha T+
* *
(Uin - Uout)t < Uaut 27 s

1

ne © =L/RT.
OT1xe, ymoBa 0e3MEpPEpPBHOCTI CTPyMy B iHIYKTHB-
HOCTI s cxemH (puc. 1):
r>(1-1)/2. (5)
YpM GIIBIINAM € TIapaMerp !, THM MEHIIOK MOXE
OyTH IHIYKTHBHICTH L, 32 SKOI 3a0€3MEUYETHCS PEKUM
Oe3nepepBHOTO CTpymy. st 3a0e3ledeHHs] TaKoro pe-
KHMY B yChOMY Jiana3oHi peryitoBauss (/' > 0) Mae BH-
KOHYBATHCS yMOBa:
7 >0.5. (6)
3a ymoBu 7 < 0.5 B mpomeci peryiosanss IP BuHu-
KaTHMe PEeXHM [epepUBYATOrO CTPYMY iHIYKTHBHOCTI L.
Orxke 7 = 0.5 € KPUTHYHAM MTAPAMETPOM, 33 SKOTO Bil-
OyBaetbest mepexin IP Bim omHoro pexumy pobGoTH 10
HIIOTO:
%
7., =L/RT=05. 7
st 3a0e3neueHHs] peXXxuMy Oe3NepepBHOTO CTPyMy
B YChOMY Jlialia3oHi peryJiloBaHHs, IHAYKTHBHICTb L Mae
BuOuparucs 3 ymou L>0.5RT. SIkumio B mpoueci podotn
omip R Oyae 3MiHIOBaTHCh, HEOOXiZHO OpaTH HOro mak-
cHMalbHe 3Ha4YeHHs . 3a Takol YMOBH iHOYKTHBHICTh L
Ha3UBAETHCS KPUTHIHOIO:
Lo = 0.5R i T. ®)
PexkuM mepepuBYacTOro CTpyMy iHIYKTHBHOCTI.
Ha puc. 2,a moka3aHo rpadik CTpyMy iHIyKTHBHOCTi B
TPaHUYHOMY PEXHMIi, a Ha puC. 2,b — y IepepruBIacTOMYy.
Ockinbky Hanpyra Ha Bxoai IP e mocriiiHoto, a BUXiaHA
Hanpyra no0pe 3riapkeHa, CTpyM IHIYKTHBHOCTI L Ha
IHTEpBaJax 3MIHIOEThCS 32 JIIHIHUM 3aKOHOM 1 Ma€ TpH-
KyTHY opmy [14-17].

L,
1,12 N 2
\rIL 3
PR SR PR TR 5 T >
1,
AN
I \ ]
< !cl i tﬂP .
) o - fp’{—

Puc. 2. CtpyM iHAYKTUBHOCTI:
@) TPaHWYIHUH PeXUM; b) IepeprBUaCTHH PEKUM

B ycranenomy pexumi pobotu IP, He3amexHO Bix
pexxuMy poOOTH IHIYKTHBHOCTI, CepelHE 3HAYCHHS Ha-
npyru Ha Hil 3a nepion Uy(T) = 0. Orxe, BONbT-CEKYHIHI
IHTEeTpajy Ha eTalli 3aMKHEHOTO Ta PO3IMKHEHOTO CTaHy
KJII0Ya MalTh OyTH OJHAKOBHUMH, ajie 3 MPOTHIICKHHM
3HaKOM. BifmoBigHO 10 puc. 2,b, Iis pexUMy HEpEpUB-
Y4acTOro CTPYMY MOYKEMO 3allucaTH:

. (Uin - Uout)tcl = l].ozlﬂ (tup - tp)v . (9)
Jie t, — TPMBAJIICTh May3H y CTPyMi iHIyKTUBHOCTI.
Bu3Haunmo BUXiZHY Hampyry y pexuMi nepepuBua-
TOTO CTPYMY:
l]in tg= Uout (tcl + top - tp) = Uout (T_ tp)'
OTxe:
Uout = (Jin Z‘cl/ (Tﬁ tp)s
a00 y BITHOCHHUX OJWHUILIX:
U=t/(-t),
ne U = U, !Uy; t, =t,/T. )

Takum 4yrHOM, IIpH 33/1aHOMY 3HA4YEHHI Napamerpa ¢ ,
BuxinHa Hanpyra [P Oyne TiM Oinbluoto, yuM OUIBIIOKO €
TPUBAJICTD MAy3H Y CTPYMi IHAYKTUBHOCTI. Y pexxuMi Oe3-
HIEPEPBHOTO CTPYMY, a TAKOX TPAHMYHOMY pexuMmi, £, = 0 1
Buxigna Hanpyra U, = U, {', mo criBnazac 3 (2). BuzHa-
YHUMO, BiJ] 4OTO 3aJIEKNTh TPUBAIIICTE £,.

B ycranenomy pexumi podotu IP iioro BuxinHa Ha-
mpyTa CKIaIae:

(10)

Uout = Iout R= [L R.

VY rpanudHOMYy pexxuMi poboTH (puc. 2,a) cepemHe

3HA4YEHHsI CTPYMY 1HIYKTUBHOCTI MOXKHA BU3HAYUTH SIK:
L=1,/2.

BinnosinHo 10 puc. 2,b, cepeqHe 3HAYCHHS CTPYMY
IH[yKTHBHOCTI B IIEPEPUBYACTOMY PEIKUMI:
f -t Tt Inf_ )

2 T 2 v F
AHajorigao 10 (3) MOXeMO 3aIiCcaTH:
1 U U,,T * %
7’”= 2"L”’ (top —tp)= ;”Lt (1—z —tp).
Toni, BignosigHO 10 (11):

U T * * *
Iy =11 :g—}‘j(l—t —th1—tp).

Orxe:

an

U sk * *
Uput = Lo R = zjjf (l—t —thI—tp).

B pe3yabTati OTpUMaEMo Take KBaJpaTHE PiBHSIHHS:

*2 * * * *
ty —tp(Z—t )+(1—t -27 ):0. (12)
JificHUM KOpEeHEM MBOr0 PIBHSHHSA € TPHBAJICTh

naysu:
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0= (Z—f*)—‘VZ’*ZJ“ST* , (13)

B tabn. 1 HaBeneHo pe3ysbTaT PO3paxyHKY TpUBa-
JocTi iHTepBany ¢, (13), a Takox BuxXigHoi Hampyru IP
(10) st Pi3HUX 3HAYEHB MAPAMETPA 7 .

Tabmuns 1
Po3paxyHKH TPHBAJIOCTI £,

205t [01]02]0370.4]0.5]0.6[0.7]0.8]09[1
Ut,=0[ 0.1 [0.2]03]0.4[0.5]0.6]0.7[0.8[0.9]1
o4l 006[0J0JofoJo[o]ofolo
U~ 10.106[0.2]0.310.4[0.5]0.6[0.7[0.8[0.9]1

#—03 |t [017]0.12]0.08f 0 [0 o [0 [0 Jo]o
U~ 10.12]0.23]0.33[0.4[0.5]0.6 [ 0.7 [ 0.8 [0.9]1

0o |t 0.32]0.26[0.20.14/0.07] 0 [ 0 | 0 [0 [0
T U 10.15[0.27]0.38]0.46[0.54] 0.6 [ 0.7 [ 0.8 [0.9]1
0.1 |te_| 0.5 [0.44]0.37]0.31]0.24]0.16[0.08] 0 [ 0 [0
U1 0.2 0.36]0.48]0.58[0.66/0.71]0.76[ 0.8 [0.9]1
0,05z 0.63]0.57] 0.5 10.42[0.34]0.27]0.18]0.09] 0 [0
U 10.27]0.46] 0.6 [0.69]0.75]0.82[0.85]0.88]0.9]1

3a pesysibrataMu IMX PO3paxyHKIB Ha puc. 3 moOy-
JIOBaHO rpadiky peryioBaJbHUX XapakTepuctuk IP mo-
HIDKYBJIBHOTO THITY, SIKi € JIMCHUMH SIK JUISl PeKuMy Oe3-
MIEPEPBHOTO CTPYMY iHAYKTHBHOCTI, TaK 1 JJISI EpepUBYAC-
TOTO PEKUMY.

1 U

0.9 T=005 1
0,8 g
K
0.6 y
05 VAVAW. i
0.4 / ,/ LT 102
03 "//'/ T=0,3
o2{ LT

T=04
0.1 7205 .

t
0 010203040506070809 1
Puc. 3 PerymoBasbHi Xxapakrepuctiky [P moHIKYBaIBHOTO TUITY

BigmoBimHO 10 WX rpadikiB, y BHUIAAKY T <05
IP mepexomuTh y pexuM NEpeprBYACTOrO CTPyMY iHIYK-
THBHOCTI L. 3i 3MEHIICHHAM TIapaMeTpa 7 peryIioBalbHi
XapaKTePUCTHKN BIIXWIATAUMYTBCS B CTOPOHY OLIBIIIX
BHXIJTHUX HAIpYT Yy MOPIBHIHHI 3 PeXUMOM Oe3epepBHO-
ro ctpymy. OpHak, 3riapKyBaHHA BHXimHOI Hampyru [P
3a0e3nevyeThesl He JIMINE IHIYKTHBHICTIO L, ane 1ie i eMm-
nictio C, Touninie ix po6ytkom LC [16]. Busnauumo, sik
BIUIMBaTHMe miepexif [P B pexxuM nepepuB4acToro crpy-
MY Ha 3HaY€HHS [bOTO T00YTKY.

Hexaii 3anano koedilieHT mysbcanii BUXigHOI Ha-
npyru IP:

Kp = Al]out / 2Uouta

SIKMH Tpeba 3a0e3NeunT! Ha HaBaHTaXKEHH] R.

Po3risiHeMo OinbII IETANBbHO OAMH TEPION CTPYyMY
IHAYKTUBHOCTI #; B IEpEepUBYACTOMY pexkuMi (puc. 4).

[ig miero 3amTpUXOBaHOI YAaCTHHU IIHOTO CTPYMY
HampyTa Ha eMHOCTi C 3pOcTaTiMe Ha BEIHUYHNHY:

AU, c= Aq / C,

ne Ag — 3MiHa 3apsay Ha EMHOCTI.

Leit ctpym Mae hopMy TpUKYTHHKA BACOTOFO (1, — )
i TpuBanicTio #,. CepelHe 3HAYEHHS LIOTO CTPYMY, SIKE

(14)

(15)

MPOMOPIIiiiHEe IUIONI TPUKYTHUKA, BU3HAYATUME 3MIiHY
3apsily Ha EMHOCTI:

Aq:(lm_IL)tx :(Im_IL)Ttx ) (16)
2 2
3 ypaxyBanusm (11):
1 ) 1 *
Im_IL:Im_Tm(l_tp)ZTrn(l+tp)' a7
I
1,
Im-IL
1,12
X
ta yL1o\ L/t
¢ t.\' >
T

< »
< '

Puc. 4. CtpyM iHIYKTHBHOCTI B IEPEPUBIACTOMY PEXKUMI

BukopucToBytoYH BIIACTUBOCTI TOAIOHHX TPHKYT-
HUKIB MOYKEMO 3aITHCaTH:
*
I m — T B tp — P (1 8)
L, -1 Iy t

OTxe, 3 ypaxyBanusM (17):

AL R A S5 R R

m m

Toni, BianosigHo 110 (16):
& *2 &
_ Im(1+tp)-T~(l—tp ): ImT(1+tp)-(1—t
2-2:2 8
Bepyun no ysaru (9) ta (15) ocTarouHo oTprIMaemMo:
2
AU gy = AU =7 == (tap —thI-H‘le—tp (21
Tomi, BignoBimHO 1m0 (14), omepxuMo GoOpMyIy LI
BU3HAUYCHHS KoedilieHTa mysbcarii BuxigHoi Hampyru I[P
TIOHIDKYBAIBHOTO TUITY, KA € TIHCHOIO JUIA PeXXuMiB Oe3-
MEPEPBHOr0 Ta MEPEPUBYACTOTO CTPYMY IHAYKTUBHOCTI L:
2
AU T (* *)( *)( *2)
=—o = to, —t, Nl+2, \l=2,). (22
r v, leLctr PN PP @2)
30KkpeMa, A peXuMy Oe3NepepBHOTO CTpyMy iH-
JyKTUBHOCTI (1, = 0), oTpuMaemo Biomy dopmyay [16]:
K,= r f
PoteLc
TakuM 4YMHOM, y pexHMi Oe3IepepBHOIO CTPyMY,
30KpeMa y TPaHUYHOMY PEXHUMI, JUIS 33/1aHOTO 3HAYEHHS
no0yTtky LC xoedimieHT mynbcamii BHUXiTHOI HampyTu
3aJeKaTHMe BiJl TPUBAIOCTI PO3IMKHEHOTO CTaHY KITFO9a
t,,p* i, y Halfripmomy BHIIaIKy (top* —1), nocsarae makcu-
MaJIbHOTO 3HAYCHHS:

*2

L ) (20)

(23)

T2
Kpmax = ¢
[pummyctrMo, o CTOITh 3a1ava 3a0e3NeUnuTH 3a]a-
HY 3Ha4eHHs KoeiieHTa myascamnii BuxinHoi Hanpyru [P
K,. YV pexumi 0e31epepBHOTO CTPyMY, JUlsl 3a0€31eUeHHs
3apasoro K, no6yrok LC:

(LC)cenr =

(24)

7% .

—— . (25)
16K,
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npudoMy 3aiaHuil K, MOXHA OTPMMATH 30LIbLIYIOYH
IHyKTUBHICTb 1 3MEHIIYIOYH €MHICTB, 1 HABIaKH.

Y pexuMi NepepuBYACTOrO CTPyMy HEOOXIJIHUMA
no6yrtok LC:

2
T * * * *2
(LC)peas :—(top —tp)(1+tp)(1—tp )
16Kp

3aJIC)KAaTUMC He JINIIC BI,H TpI/IBaJ'IOCTl pOBlMKHeHOFO cTa-

(26)

HY KJIIO4Ya top , aJIC I 51 BI,H TpI/IBaJ'IOCTl naysu t I[J'[H
aHamSy I_[1€1 3aJI€)KHOCT] BU3HAYHNMO BlIlHOI.HCHH}I.
(s _ o=t i1, J1-137)
. _ -
(Le) = peym _ Nop " 'p p v 07

(ZC)ecm top

3 ypaxyBaHHSIM peE3yJIbTATiB, IpPEICTaBICHUX B
Tab. 1, B Ta6n 2 HaBEJCHO pe3yNIbTaTH OOYHCIICHb Bif-
HOIICHHS (LC) Ha puc. 5 maBeneHo rpagiku 3ane>1<HOCT1
(LC) = fltop ") s pisHEX 3HaYCHb MapameTpa T BI,H SIKO-
IO 3aJIeKUTh TPUBATICTh MAy3U t pHY 3aJaHOMY top

Tabmuws 2
Pesynbratu pospaxyHkis (LC)

. % ]09] 08 ]0.7]06]05]04]03]02]0.1
= . 9
TOS(LC)tplllllllll
o4 006 0 [0 Jo]o]o]o]o]o0
'(qu.9711111111
o3l _[017[0127008] 0 [0 [0 [0 [0]0
C@o” [092[093[095] 1 | 1 |1 ] 1|11
o Lt 1032[026] 0.2 [0.14[0.07 0 [0 [0 |0
“ I @o [077]079 082 084fo01] 1 | 1 | 1 |1
o4 |t 10510441037 0.31]0.24[0.16[0.08] 0 | 0
[ (@O* [05]0.52]0.54]0.57]0.62]0.68[0.78] 1 | 1
005t 10.63]0574] 05 [0.42]034[0.27]0.18[0.09] 0
PI(LC)” 0.3 ]0.305[0.321]0.34]0.35]0.38[0.46]0.59] 1
ch’ T=0,5
NI=0E
0,9 .
0,8 ! \T=0’3
0’7 \ \ T‘={),2 g
’
096 \ T:'\O].\\\
0.5 NG —
N
0,4 N
T=0,05 [T~
0,3
0,2
0,1

' f,
0 0102030405 0,6 0,708 09 1 .
Puc. 5 3anexHicts (LC)*=f(t0p ) [Utst pi3HUX 3HAYEHD T

Amnani3 otpuManux rpagikis okasye:

® y PeXHMi NEPepuBYACTOrO0 CTPYMYy IHAYKTHBHOCTI
3aaHuii KoedillieHT Mmynbcaniil BuxigHoi Hanpyru IP K,
3a0e3MedyeThCsl MEHITNM 3HaueHHsIM T00yTKy LC Horo
€JIEMEHTIB;

e 3i 3MCHINCHHSAM Iapamerpa 7 =
3HauYeHHS JOOYTKY 3MEHLIY€EThCS;

 3i 30UIbLICHHIM TPUBAJIOCTI IHTEPBAITY tup* HEoOX1qHMi
n06yTok LC 3MeHIIyeThesl. Y KpaliHBOMY BUITAJIKY (tgp* —1)

3
(LC) —>(1—t;2)z. (28)
VY pexumi 6e3nepepBHOro CTpyMy 3MIHIOKOYH HIYK-
TUBHICTb L Ha kL, Moxemo 3MeHIuTH eMHicth C Ha C/k.
PexxuM 1iepepuBYaTOro CTPyMy BUHHKAE TIPH 3MEHILCHHI

L/RT weoOxinne

iHnykTuBHOCTI L < L. OJHaK, y IOMY BUIAJKY, HEOOXi/-
He 30utbieHHs eMHoCcTi C OyJae MEHIINM, HDK Yy PeXUMi
6esnepepsHoro crpymy. Hanpukmaz, y Bunmaaky 7 = 0.05,
L <L,y 10 pa3ziB. B Toii e 4ac, BiamoBigHO 10 rpadikiB
(pnc 5), 715 3a0e3MeueHHs Takoro camoro K, y BHIIaiKy
top > 0.4, EMHICTb 10BE/IETHCA 30UIBIINTH JIHILE Y 3.5 pasi.
Ile MOKHA MOSICHUTH TUM, 1110 Y NIEPEPUBUACTOMY PEKHMI,
NpM 3aJaHid BXiJHIM Hampysi, BUXifHA Hampyra 30iTbIIy-
€ThCA, IO BiANoBiaHO 10 (14) 3Menmye K,,. OTxe, 3a1aHuii
Koe(iIieHT MyJbcariii Moke OyTH OTpUMaHUH 3a JOMIOMO-
TOI0 MEHIIIOTO 3HaueHH: No0yTKy LC.
BucHoBkm.

1. 3amponoHOBaHO MaTeMaTHYHY MOJENb, SIKa OIHCYE
noBeiHky [P B pexxumax Oe3niepepBHOTO Ta nepepuByYac-
TOrO CTPYyMy IHAYKTHBHOCTI, IO JJAJI0 MOXKJIMBICTH YHi-
(hikyBaTH onuc 000X PEeKUMIB y paMKax €MHOI TEOPETH-
YHOI OCHOBH.

2. Bu3Ha4eHO CIMEHCTBO PETYIIOBAIBHUX XapaKTepUC-
THK, SIKi € JIMCHUMH Ui 000X pexxumiB podotu IP i mo-
Ka3yIoTh, 0 Tipu nepexoni [P mo pexxumy nepepuByacto-
0 CTPyMy iHIYKTHBHOCTI, HOTO peryiIfoBajbHI XapaKTe-
PUCTHKH 3MIIIYIOTECS B CTOPOHY OINTBININX BHXIJTHUX Ha-
npyr. lle 3MmilieHHs € TUM OUIBIIUM, YUM OIJBLIOID €
TPUBAIICTh HAy3H y CTPYMI IHIYKTHBHOCTI.

3. ITokasaHo, 1o st 3a0e3eueHHs 3a1aH0ro Koediri-
€HTa MyJbcaliil BUXinHOi Hanpyru [P, y pexumi nepepu-
BYACTOTO CTPYMY HEOOXiJHE MEHIIE 3HAYCHHS I00YTKY
LC enementiB IP, Hix y pexumi Oe3nepepBHOTO CTpyMy,
110 J1a€ 3MOTY 3MEHIIYBaTH PO3MIpH Ta BapTiCTh €JIEMEH-
THOI 6a3u IP.

Konduikr inTepeciB. ABTOpH 3asBISIOTH PO BiJ-
CYTHICTh KOH(QIIKTY iHTEpECIB.
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Regulation characteristics of a step-down pulse regulator in
continuous and discontinuous conduction mode.
Introduction. Pulse regulators (PRs) are widely used to regulate
and stabilize the supply voltage of DC consumers. The main char-
acteristic of any regulator is its regulation characteristic. In the
general case, two modes of PR operation are possible: continuous
conduction mode and discontinuous conduction mode in the in-
ductance of the PR. Problem. When the PR transitions from one
operating mode to another, its regulation characteristics change.
In the continuous conduction mode, the regulation characteristic
is a function of one variable. In the discontinuous conduction
mode, the regulation characteristic becomes a function of two
variables. Therefore, in such a mode, PR is described by a family
of regulation characteristics. The goal of the work is to develop a
mathematical model that describes the operation of the controller
in both continuous and discontinuous conduction modes, as well
as to determine the control characteristics that are valid for both
of these modes. Methodology. In the work, using the example of a
step-down type PR, the conditions for the PR transition from one
operating mode to another are determined, as well as the depend-
ence of the PR output voltage on the duration of the pause in the
inductance current. Results. The influence of the parameters of
the PR elements on the pause duration is analyzed. A graph of the
family of PR control characteristics is constructed, which is valid
for both continuous and discontinuous conduction modes. Scien-
tific novelty. It is shown that when PR transitions to discontinuous
conduction mode, its control characteristics shift towards higher
output voltages. This shifi is greater, the longer the pause dura-
tion in the inductance current. Practical value. It is determined
that the specified ripple coefficient of the PR output voltage in the
discontinuous conduction mode is provided by a smaller value of
the LC product of the PR elements, compared to the continuous
conduction mode. References 17, tables 2, figures 5.

Key words: discontinuous conduction mode, control characteris-
tics of a pulse regulator, ripple coefficient of the output voltage.

Romashko V.Y., Batrak L.M. Regulation characteristics of a step-down pulse regulator in continuous and discontinuous conduction
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TexHika cusbHUX eJIeKMPUYHUX Ma MagHimHux noisiie, iHxxeHepHa esiekmpogbizuka
UDC 621.314:621.373:537.528 https://doi.org/10.20998/2074-272X.2025.5.09

M.I. Boiko, A.V. Makogon

Disinfectant treatment of liquids with high specific electrical conductivity
by high-voltage nanosecond pulses with a subnanosecond front

Purpose. The purpose of the work is to determine, using computer modelling, energy-efficient modes of disinfecting treatment of water-
containing liquids with high specific electrical conductivity using high voltage nanosecond pulses with a subnanosecond front including
pulsed discharges in gas bubbles. Methods. We considered methods of obtaining high-voltage nanosecond pulses with sub-nanosecond
fronts. To achieve this goal, we used computer simulation using Micro-Cap 12. We also used analytical and empirical formulas for
calculating the electric field strength, inductive and resistive phases of energy switching from a capacitive source to resistive-inductive
loads. We have applied the method of comparing calculated and experimental results. Results. Energy-efficient modes of disinfecting
treatment of water-containing liquids with high specific electrical conductivity using nanosecond discharges with a subnanosecond front
in gas bubbles are such modes when the active resistance of the treated liquid is 10—40 €2 In this case, the lumped inductance of the
discharge circuit during liquid treatment does not exceed 2 nH, the capacitance of the layer of the treated liquid is 3.6—14 pF with an
amplitude of pulses from a high-voltage low-resistance source of at least 30 kV and a pulse frequency of 1500-2000 pulses per second.
With an increase in the active resistance of the liquid within the specified limits, the amplitude of the voltage on the layer of the treated
liquid increases under other unchanged conditions, including with an unchanged amplitude of the voltage from the source. The voltage
amplitude on the layer of the treated liquid with such an increase can exceed the voltage amplitude from the source by 1.6 times, and
exceed the voltage on the reactor as a whole (the series connection of the bulk streamer and the water layer). This happens due to the
presence of a lumped inductance in the discharge circuit, in which energy is stored during discharge. Scientific novelty. We have shown
the possibility of using nanosecond discharges with sub-nanosecond fronts in gas bubbles for energy-efficient disinfection of liquids,
including those with high specific electrical conductivity. In this case, a plasma electrode — a volumetric streamer — acts as a high-
voltage electrode in the disinfection of liquids. Practical value. The obtained of the computer modelling results confirm the possibility of
industrial application of nanosecond discharges with a sub-nanosecond front for disinfection and purification of water-containing
liquids with high specific electrical conductivity. References 23, figures 13.

Key words: water disinfection with high-voltage pulses, discharge unit, high-voltage streamer plasma electrode, nanosecond
discharge in gas bubbles in water, long electric line, sub-nanosecond rise time of high voltage.

Mema. Memorw pobomu € 8U3HAUEHHA 3a OONOMO20I0 KOMN TOMEPHO20 MOOETIOBAHHS eHePOehEeKMUBHUX DPEeXCUMIE Oe3IH@IKYIOUO0T
00pOOKU 8000BMICHUX DIOUH 3 BUCOKOIO NUMOMOIO eeKMPONPOGIOHICIMIO 3 BUKOPUCIANHAM BUCOKOBOTIbIMHUX HAHOCEKYHOHUX IMNYIbCIG
i3 CYOHAHOCEKYHOHUM (DPOHMOM, BKIIOUAIOYU IMIYIbCHI po3pAoU 6 2a3oeux oyavoawkax. Memoou. Po3znanymo memoou ompumants
BUCOKOBONLIMHUX HAHOCEKYHOHUX IMNYIbCI8 i3 cYOHAHOCEKYHOHUMU @poumamu. [nsa Oocacnenus yiei memu 6y10 GUKOPUCANHO
Komn tomepHe mooenioganus 3a donomozoro Micro-Cap 12. Taxooic Oyn0 6UKOPUCMAHO AHATIMUYHI MA eMRIPUYHi Gopmyau OJis
DO3DAXYHKY HANPYHCEHOCHI eNeKMPUUHO20 NOJIA, THOYKMUBHOT Mma pe3ucmusroi (asz nepeMukants enepeii 6i0 EMHICHO20 Oxcepena 00
Pe3UCmuBHO-IHOYKMUBHUX HABAHMADICEHb. 3ACTNOCOBAHO MEMOO NOPIGHAHHS PO3PAXYHKOBUX MA eKCHePUMEHMANbHUX Pe3VIbInamis.
Pesynemamu.  Enepeoeghexmusnumu  pesxcumamu  0e3ingixyiouoi  oOpobKku  80006MICHUX — pIOUH 3  BUCOKOIO — NUMOMOIO
eNeKMmpPOnPOGIOHICMIO 3a OONOMO20I0 HAHOCEKYHOHUX pO3ps0i6 i3 CYOHAHOCEKYHOHUM (DPOHMOM y 2a306ux OY1sbauikax € maki
pedcumu, Koau akmuguuil onip 0opoonroeanoi piounu cmanosums 10-40 Om, 30cepedaicena iHOYKMUSHICMb Po3paoOH020 KOA Nio uac
06pobKu piounu ne nepesuwye 2 nlH, emuicmo wapy 06pobmosanoi piounu cmanosums 3,6—14 nd 3 amnimyooro imnyvcie 6i0
BUCOKOBONLINHO20 HUILKOOMHO20 Oxcepena He Mmenwe 30 kB ma uyacmomoro imnynvcie 1500-2000 imnynvcie 3a cexymoy. 3i
30IIbUEHHAM AKIMUBHO20 ONOPY PIOUHU 8 3A0aHUX Medcax AMnaimyoa Hanpyau Ha wapi obpoomosaHoi piounu 3pocmae 3a iHUWUX
HE3MIHHUX YMO8, Y MOMY YUCTE 30 HE3MIHHOT aMnainmyou Hanpyau 6i0 Odcepend. Amnuimyoa Hanpyeu Ha wapi 00poonoeanol pioury npu
makomy 30inbuenni modlce nepesuuyeamu amniimyoy Hanpyeu ei0 odcepena 6 1,6 pasu, a maxodic nepeguuyy8amu Hanpyzy Ha
peakmopi 8 yinomy (nocnioogue 3’ €OHaHHA 00 €EMHO20 cmpumepa ma wapy 800u) uepe3 HAABHICMb 30CePeOHCeHOi THOYKMUBHOCI
Kol po3psady, 6 sKill HAKONU4yemvcs eHepeis nio uac pospsady. Haykoea mnoseusna. Iloxazano Modciusicmv SUKOPUCAHHS
HAHOCEKYHOHUX PO3PA0i6 I3 CYOHAHOCEKYHOHUMU GPOHMAaMU 6 2a308ux OyIbbaukax 0s enepeoeheKkmueHoi 0esingexyii pioun, y momy
YUCHi 3 BUCOKOIO NUMOMOIO eeKMPONPOGIOHICMIO. Y ybomy UNAOKy niasmosuti elekmpoo — 00 €EMHULL cmpumep — BUCTYNAE 6 PO
BUCOKOBONLIMHO20 — eneKmpooa npu  Oesingexyii pioun. Ilpakmuuna 3unauumicms. Ompumani pesyibmamu  Komn 10mepHo2o
MOOeNI08aAHHS NIOMBEPOIHCYIONb MONCIUGBICING NPOMUCTOBO20 3ACMOCY8AHHS HAHOCEKYHOHUX PO3PAOIE i3 CYOHAHOCEKYHOHUM (HPOHMOM
oA de3iHgexyii ma ouueHHsA 80008MICHUX PIOUH 3 BUCOKOK NUMOMOIO eflekmponpogionicmio. bidn. 23, puc. 13.

Knrouoei cnosa: 3He3apaskeHHs BOAM BHCOKOBOJLTHHMH iMIyJIbCAMH, PO3PAJHHIl 00K, BHCOKOBOJILTHHMIl CTPpHMEpPHHIl
ILIA3MOBHIA €J1eKTPO/, HAHOCEKYH/HHI PO3psj y ra3oBHX Oy/IbKax y BOJi, 10Bra eJeKTPHYHA JiHifA, CyOHAHOCEeKYHIHUN 4ac
HAapPOCTAHHSI BUCOKOI HANIPYTH.

Introduction. Liquids with high specific electrical
conductivity, which exceeds the electrical conductivity of
river and tap water, are, for example, seawater, milk. Is it
possible to disinfect such liquids using discharges in gas
bubbles inside such liquids?

Discharges are permissible in water, unlike in food
products, because discharges in food products cause
undesirable changes that impair their organoleptic
properties. It follows that water can be disinfected and
purified using a wider range of factors. This range includes
such powerful factors as high-energy electrons and
microparticles with high electrochemical potential: OH
radicals, hydrogen peroxide H,0,, ozone Os;, as well as
broadband radiation from discharges. However, these
factors can be used jointly and effectively only when

discharges are carried out inside a volume of water in a
gaseous environment, for example, in gas bubbles. This
action is fundamentally different from the action that is
widely used in the world today, which is provided by ozone
technologies. In ozone technologies is used only one active
factor from electrical discharges (barrier discharges are most
often used) — ozone, which is also not the most effective
active factor that can be obtained and usefully used for
disinfection and purification of water from discharges.

The most effective can be considered nanosecond
discharges, when in a gas volume (for example, in gas
bubbles) inside the water, a volumetric streamer is created
in a fraction of a nanosecond, which glows and covers the
entire gas discharge gap along its length. This is ensuring
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the presence of a strong electric field in the water itself,
contact over the maximum area on the plasma interface
surface of the volumetric streamer with water and the
transition of active microparticles (electrons, ions, atomic
oxygen O, radicals OH’, hydrogen peroxide H,O,, ozone
O;, etc. in the paradigm of de Broglie’s theory of matter
waves) into the water for its disinfection and purification.
It is method minimizes specific energy consumption and
the cost of disinfecting water treatment.

The interest in using high-voltage pulses as short as
possible for disinfection of water and liquid food products
is to reduce the specific energy costs for disinfection and to
increase the efficiency of such treatment by increasing the
amplitude of the electric field strength in the treated liquid
while reducing the duration of the operating high-voltage
pulses. For example, magnetic-semiconductor high-voltage
generators with nanosecond stream interrupters are known
[1, 2]. At present, researches have achieved sub-
nanosecond fronts of high-voltage voltage and current
pulses with durations from one to several nanoseconds (in
the load). They are using both closing and opening
switches [3-5]. It is for such pulses that it is possible to
obtain a volumetric streamer plasma in the discharge gap
without transitioning to a contracted (cord) discharge.

Purpose. The purpose of the work is to determine,
using computer modelling, energy-efficient modes of
disinfecting treatment of water-containing liquids with high
specific  electrical ~ conductivity using nanosecond
discharges with a subnanosecond front in gas bubbles.
More energy-efficient modes are the ones that provide a
higher disinfection degree than traditional technologies of
high-voltage ozonation of water and air environments, with
the same specific energy for disinfection. The efficiency of
a high-voltage pulse modes significantly exceeds 70 %,
because the installation is based on a Tesla transformer, the
efficiency of which exceeds 80 %. The proposed flow-
through mode of water disinfection provides specific
energy consumption of less than 0.7 kWh/m?>.

Electrical diagram and calculating the parameters
of a high-voltage pulsed installation discharge circuit,
where volumetric nanosecond streamer discharges with
a sub-nanosecond front in gas bubbles are possible. The
electrical circuit of the experimental installation for water
disinfection using discharges in gas bubbles is given in [6].
Figure 1 shows the electrical circuit, with the help of which
in this work, the computer simulation in Micro-Cap 12 of
the process of processing liquids with high specific
electrical conductivity by pulsed electrical discharges in
gas bubbles inside the liquid was carried out.

The main high-voltage storage capacity in the
diagram (Fig. 1) is designated C2. The circuit for
simulation was chosen to emphasize the importance of the
main high-voltage discharge circuit, namely, C2-SW1-L2-
TD (long line with input capacitance C4 and output
capacitance C3)-SW3-parallel connection L1 and RI-
parallel connection R7 and C1-C2. The letters SW denote
switches that operate instantly. Elements of the electric
circuit: SW3-parallel connection L1 and Rl-parallel
connection R7 and C1 simulate the reactor — a series
connection of the gas discharge gap (with a transient
active resistance R1) with the plasma after switching
(with the inductance of the plasma volume L1) and the
liquid layer with the active resistance R7 and the
capacitance C1.

R10

100 R11
— u 100u
Icz

Z0=10 TD=2ns

Fig. 1. The electrical circuit diagram used for the computer
simulation in this work

The capacitance C2 in our calculations we took equal
to C2=150 pF, which corresponds to the value of C2 used in
our experiments, or C2=1000 pF. The active resistance of the
water layer R7 we took equal to R7=10 Q or R7=40 Q. In
this case, the capacitance C1 of the water layer was taken
equal to C1=14 pF or C1=3.6 pF, respectively.

Since the bandwidth of the Rigol DS1102E digital
oscilloscope, which we used to measure voltage and current
pulses, is 100 MHz, the oscillograms may not transmit the
high-frequency component of real pulses. Therefore,
computational studies of the capabilities of the electrical
circuit of our installation are required. According to [7], we
assumed the specific electrical conductivity y when
calculating the resistance R7=R,, of the liquid layer (see
Fig. 1) equal to y=5 (Q'm)', which approximately
corresponds to the specific electrical conductivity of sea
water. In the calculations, we did not take into account
electrode effects, which can cause a nonlinear dependence
of the electrical conductivity [8] of the «water—metal
electrodes» system on the applied voltage, because their
contribution is minimal when the high-voltage pulses have
a voltage amplitude of approximately 30 kV and a duration
of less than 50 ns.

If, during a discharge in a gas bubble, we assume the
thickness of the water layer for the flow of a pulsed current
through the water layer to be /=5-10° m, and the cross-
sectional area S of the current flow through the water
5=0.25-10"* n2’, then the active resistance of the water layer
will be: R,=IAy S)=5-10"/(5-0.25-10 *)=40 Q. The capacitance
C,=¢yc-S/1~8.85-10'%-81-0.25-10*/(5-10%)=3.58-10 "> F,
where g, is the dielectric constant (absolute dielectric
permeability of vacuum); ¢ is the relative dielectric
permeability of the medium. At R,=10 Q of a volume of
water with the same specific electrical conductivity
»=5 (Q-m) ", its capacitance will be:

C,=ey-c-S/1~8.85-10%-81-0.25-10*/(5-10)=14-10 " F.
We have assumed that the relative dielectric constant of
water is a real constant, which is equal to 81.

The time constant 7, of the discharge of the
capacitance C, of the water volume to the internal
resistance R,, of this volume is determined as:

7,=R,, C,.=[Iy-S)] &9 & S/l=ey€ly.

From this formula it follows that this time constant is
determined by the ratio of the dielectric constant
(permeability) of water to its specific electrical
conductivity and is the smaller, the greater the specific
electrical conductivity of water. At y = 5 (Q'm)"
7= 8.85-10'%-81/5~1.43-10 '* 5. This means that after the
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instant disconnection of the external source of high-voltage
pulses, the capacitance of this volume of water will be
discharged to the active resistance of this volume with a
time constant 7,~1.43-10""" s.

With a capacitance C of the high-voltage pulse
source C=150 pF, the time constant 7 of its discharge into
a resistive load with a resistance R=10 Q will be
=R-C=10-150-10"""=1.5-10" s. It follows from this that
the duration of the front (rise time) of the voltage on the
load R=10 Q must be less than 1 ns so that the real
maximum voltage on the load is not significantly less than
the maximum (possible) voltage on it, to which it can be
charged by a pre-charged capacitive source of high-
voltage pulses with a capacitance C. If the duration of the
front of the pulses on the load is determined mainly by the
inductive component, namely #=2.2:-L/R, then with
L=2 nH and R=10 Q ¢=22-L/R=2.2-2-10°/10=
=4.4-10"" s = 0.44 ns. Thus, the lumped inductance of the
discharge circuit with a load R=10 Q should not exceed
L=2nH.

We use the formula for the inductances of short
conductors to determine approximately the inductance of
the volumetric discharge channel in a gas bubble [9]:

L ﬂ_l(lﬂéw_J 0

27 r, 4 / 472
where / is the length of the discharge channel, and r. is its
radius. At /=5-10°m, »=2.5-10"m L=2-10"-5-10"(In4—
—3/4+0.4527-0.0625)~10""-(1.386-0.75+0.4527-0.0625)~
~1.03-10° H. In Fig. 1, the inductance of the volumetric
discharge channel (volume streamer) is denoted by L1.

To estimate the resistive phase 7z of the commutation,
we use the empirical formula of J.C. Martin [10, 11]:

1 4 1
tr =88R 3E,(p/po)? . 2)

The dimension of the time constant 7z of the resistive
switching phase (exponential voltage drop) is [ns], for the
electric field strength £, along the discharge channel near it
is 10 kV/ecm. The dimension for R — the generator
impedance (in our case, this is the active resistance of the
water layer in the discharge circuit) is [Q]; p/po — the ratio
of the density of a gas in a gap to the density of the same
gas under normal conditions; in our case p/py=1.

The field strength E, at the sharp edge of the end
of the high-voltage rod electrode in the gap between the

Water
5 flow
direction

~ Water

$ Z$Outlet
J 9N N T
7

Water
inlet 2]

[]

Fig. 4. a — axial longitudinal section of the pipe-reactor with running water;
b — cross-section A-A of the pipe-reactor with running water

high-voltage rod electrode and the grounded electrode
with zero potential opposing it is determined using the
evaluation formula [12]:
-1
Fo= 22w, G)
r r
where Uy=U=V is high-voltage potential of the rod
electrode.
d Figure 2 shows the remaining
elements: » — radius of the tip,
N #d — distance from the end of
Fig. 2. Electrode system the rod electrode to the plane.

At Uy=50 kV, r=0.1 mm, d=10 mm according to (3)
we obtain:

Ey=(50/0.1)/In(2-10/0.1)=500/5.3=94 kV/mm.

At d=5 mm Ey=500/4.6=109 kV/mm.

At R=10 Q, Ey/=94 (10 kV/ecm)=940 kV/cm,
(p/po)"*=1 we get the following result:

7z=88-10""°-94 *°=88.0.464-0.00237~0.1 ns.
At Ey=109 kV/mm:
7=88-10""7-109 *°=88-0.464-0.002<0.08 ns.

In Fig. 1, the active resistance of the water layer in
the discharge circuit is designated R7.

A typical picture of pulsed discharges in a gas
bubble inside water and a sketch of the design of a
reactor (unit) for disinfecting water in a stream using
nanosecond discharges with a subnanosecond front in
gas bubbles. Figure 3 shows a typical integral picture
(photo) with many pulsed discharges in a gas bubble inside
water. We received this photo while conducting our
experiments. The image in Fig. 3 can be spectrally analysed,
for example, using the methods described in [13].

Fig. 3. A typical photo with many pulsed'discharges in a gas
bubble inside water
Figure 4 shows a reactor (unit)
! design wvariant for disinfection
treatment of water in a stream using
nanosecond discharges with a
subnanosecond front in gas bubbles
in real dimensions. We have used
the following notations here. The
arrows (—) indicate the direction of
gas movement in the reactor;
1 — high-voltage rod electrode
6 under U potential; 2 — the insulation
of high-voltage electrode 1;
3 — insulating cylinder to ensure
gas movement in water, creation of
bubbles in the reactor with flowing
water; 4 — metal pipe with
zero potential for introducing
high-voltage pulses and gas into the
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reactor through it; 5 — metal reactor pipe with flowing
water and gas bubbles in it (water), to which (pipe) pipe 4
is short-circuited; 6 — gas bubble; 7 — volume inside the
gas bubble, which is filled with plasma of a pulse
discharge in gas (volume streamer or near high-voltage
electrode plasma). It (plasma) borders on the water being
disinfected. 8 — conventionally depicted electric field lines
in water in the zone of the most effective disinfection
treatment in the presence of a discharge in a gas bubble.
l, — the minimal distance in water between the plasma
high-voltage electrode and the inner surface of the metal
reactor pipe (tube). When breakdown pulse voltage in the
gas bubble equals 50 kV /,~2—5 mm.

Results and discussion. In [14], based on
experimental data, the possibility of the existence of a
primary volumetric ionization zone during switching of
high-voltage dischargers is shown. In [15], the existence
of volumetric streamers is shown by calculation. In [16],
the possibility of the operation of a high-voltage trigatron
in the subnanosecond time range is shown by calculation.

Figure 5 shows the result of our computer modelling
of the electric field distribution in the discharge gap (in the
reactor) with a gas bubble and a layer of treated water at the
time #=1.5 ns after the start of the nanosecond discharge in
the gas bubble. It follows from this figure that inside the
volumetric streamer between the rod metal high-voltage
electrode (in Fig. 5 it is represented by a white figure) and
the surface of the water layer the electric field strength does
not exceed 25 kV/cm. At the same time, in the water layer
near the interface with the plasma of the bulk streamer, the
electric field strength reaches 100 kV/cm.

Calculations [15] and experiments [17] have shown
that when the duration of the discharge pulse front in a gas
bubble is approximately 1-2 ns, a plasma volume (volume
streamer) is created in the discharge gap, which covers the
entire length of the gap to the water interface. In the
process of creating volume streamers runaway electrons
play an important role, and in the case of creating negative
streamers, the emission of electrons from a high-voltage
cathode [18, 19]. The potential of the high-voltage metal
electrode, because of the appearance of a plasma formation
(a streamer) in the discharge gap, moves by the streamer
towards the interface between the gas bubble and water.
Inside the streamer, the electric field strength is
significantly lower than in water near the water-gas bubble
interface. That is, a strong electric field penetrates the
water, creating a volume in the water with a strength of
more than 40 kV/cm. Thus, in the water layer between the
plasma volume high-voltage electrode and the grounded
metal electrode, a volume zone of a strong electric field

15.00

o nlH)— —1Q2)

-30-0044 o8n 12.00n

V(1) (V) ve

with an intensity of 40 kV/cm to 120 kV/cm is created. In
addition, broadband radiation, including ultraviolet and
even shorter wavelength radiation, as well as active
microparticles, including OH™ radicals, enters the water
from the volume streamer, or a volume nanosecond
discharge [20]. This set of factors of the combination of
high-voltage pulse actions provides a significant reduction
in specific energy consumption for disinfecting water
treatment compared to traditional ozonation.

Time=1.5E-9 s Surface: Electric field norm (kV/cm)
mm v

E, kV/cm

= o PR—
Fig. 5. Distribution of electric field intensity inside reactor

Due to the short length of the discharge pulses (less
than 10 ns), they may not change the organoleptic
properties of food products, which opens up the
possibility of using such short high-voltage discharge
pulses for disinfecting food products.

Figure 6 shows the result of calculating of the pulse
voltage V1 on the reactor (serial connection of the plasma
discharge channel in the gas bubble and the water layer)
and the pulse voltage 72 on the water layer through which
the current flows. In this case a capacitance C2=150 pF,
an active resistance of the water layer R,=10 Q and a
capacitance of the water layer C,~14-10'* F.

With a volumetric discharge channel (volume
streamer) in a gas bubble with a channel diameter of
approximately 5 mm and a length of 5 mm, it is possible to
achieve a channel inductance of 1 nH [9]. Then, it is possible
to obtain voltage pulses with an amplitude of up to 28 kV. It
is possible if the amplitude of the pulse voltage from the
pulse generator is 30 kV, in a reactor with a volumetric
discharge channel in an air bubble 5 mm long and a water
layer 5 mm thick, which is connected in series with the
discharge volumetric streamer. Then the amplitude of the
voltage pulses will be 25.2 kV in the water layer (see Fig. 6).

circuits.cir

t, ns

16 00n 20 00n

Fig. 6. The result”b‘f the calculation (according to the scheme in Fig. 1) of the pulse voltage V(1) on the reactor voltage
and V(2) on the water layer at C2=150 pF, C1=14 pF, R,=10 Q. The long 7D line is taken into account
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The wave impedance of the long line should be made
small (approximately 10 ), because with an increase in the
wave impedance of the long line, the amplitude of the pulse
voltage on the water layer decreases. As can be seen from
Fig. 6, the calculated pulse duration on the load — a reactor
with a discharge in a gas bubble and a water layer — is in the
considered case approximately 1.5 ns at half-wavelength,
and the pulse front duration on the water layer is ~0.4 ns.

Figure 7 presents the result of calculating the pulse
voltage V(1) on the reactor (serial connection of the

so0

v, kV

— V2

n(1)

11.72n

plasma discharge channel in the gas bubble and the water
layer) and the pulse voltage /(2) on the water layer. This
is in the case when the circuit on Fig. 1 does not have a
long 7D line, and the high-voltage outputs (terminals) of
the capacitors C3 and C4 are short-circuited, R7=10 Q,
C1=14 pF, C2=150 pF. Compared to the option when the
presence of a long 7D line is taken into account (Fig. 6),
the time dependence of V(1) and F(2) has a more
oscillatory nature, and the amplitude of (2) and V(2) is a
little more.

t, ns

WF)ig. 7. The result of the calculation (according to the scheme in Fig. 1) of the pulse voltage V(1) on the reactor voltage

and voltage 7(2) on the water layer at C2=150 pF, C1=14 pF, R,=10 Q. The long 7D line is not taken into account

Creating a technologically advanced installation for
the disinfection treatment of liquids with high specific
electrical conductivity up to y=5 (Q-m) ' using discharges
in gas bubbles is a complex scientific and technical
problem, but one that can be solved right now.

Figure 8 shows the result of calculating the pulse
voltage V(1) on the reactor (serial connection of the
plasma discharge channel in the gas bubble and the water
layer) and the pulse voltage /(2) on the water layer

through which the current flows. In this case the active
resistance of the water layer R,= 40 Q and the
capacitance of the water layer C,~3.6-10"> F according
to the scheme in Fig. 1. It can be seen that in this case the
amplitude of the voltage ¥(2) on the water layer exceeds
the voltage from the pulse source by approximately
1.5 times, and the amplitude of the voltage V(1) on the
reactor as a whole exceeds the voltage from the pulse
source by approximately 1.3 times.

circuit5 cir
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Fig. 8. The resuit 6f the calculation (according to the scheme in Fig. 1) of the pulse voltage (1) on the reactor voltage
and V(2) on the water layer at C2=150 pF, C1= C,~3.6 pF, R,=40 Q. The long 7D line is taken into account

Figure 9 shows the result of calculating the pulse
voltage V(1) on the reactor (serial connection of the plasma
discharge channel in the gas bubble and the water layer)
and the pulse voltage ¥(2) on the water layer. This is in the
case when the circuit on Fig. 1 does not have a long line
TD, and the high-voltage terminals of the capacitors C3 and
C4 are short-circuited together, R7=40 Q, C1=3.6 pF.
Compared to the option when the presence of a long line
TD is taken into account (Fig. 8), the time dependence of
V(1) and V(2) has a more oscillatory nature, the amplitudes
of V(1) and V(2) are almost the same (as in Fig. 8), there is
no reflection from the ends of the long line.

Figure 10 shows the result of calculating the pulse
voltage V(1) on the reactor (serial connection of the
plasma discharge channel in the gas bubble and the water
layer) and the pulse voltage 7(2) on the water layer. This
is at C2=1000 pF, C1=3.6 pF, R7=40 Q.

Figure 11 shows the initial part of the same pulse.
These figures show the results taking into account the
presence of a long line in the circuit in Fig. 1.

It follows from Fig. 10, 11 that the amplitude of 7(2)
on the water layer is slightly larger than at C2=150 pF
(other conditions being equal).
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Fig. 9. The result of the calculation (according to the scheme in Fig. 1) of the pulse voltage V(1) on the reactor voltage
and ¥(2) on the water layer at C2=150 pF, C1= C,~3.6 pF, R,=40 Q. The long 7D line is not taken into account
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Fig. 10. The resulf of the calculation (according to the scheme in Fig. 1) of the pulse voltage V(1) on the reactor voltage
and ¥(2) on the water layer at C2=1000 pF, C1= C,~3.6 pF, R,=40 Q. The long 7D line is taken into account
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Fig. 11. The initial part of the pulses from Fig. 10

Figure 12 shows the result of the calculation
(according to the scheme in Fig. 1) of the pulse voltage
V(1) on the reactor (serial connection of the plasma
discharge channel in the gas bubble and the water layer).
It shows also the pulse voltage V(2) on the water layer at
C2=1000 pF, C1=14 pF, R7=10 Q, and Fig. 13 shows the
initial part of the same pulse.

The emergence of a volume streamer in the
discharge gap of the reactor and, as a consequence,
subnanosecond volume avalanche-streamer switching are
possible only at voltage rise rates in the discharge gap on
the gas bubble of the order of 10" V/s (3x10"-10™ V/s)
[16, 21]. To achieve such a rise rate at a breakdown
voltage of 50 kV, the time required for the voltage rise on
the gas bubble to breakdown is of the order of
5-10°V/(3:10"-10" V/s)=(5-10"° —1.7-10°) s. This is a

very short, but already achieved switching time of high-
voltage switches [17, 21, 22].

The question of the possibility of using short
discharge pulses in gas bubbles, when the high-voltage
electrode in contact with the processed liquid is plasma
(in the form of a volumetric streamer), for the processing
of liquid and flowing food products remains open.
Appropriate experimental studies are needed. It is not
clear whether any chemical and biochemical reactions
take place during processing with nanosecond pulses. It is
necessary to find out, if such reactions take place, what
exactly the reactions are processing during such, and what
the final products of such reactions are. Will the
organoleptic properties of liquid food products change
during such processing with nanosecond pulses with sub-
nanosecond fronts?
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Fig. 12. The result of the calculation (according to the scheme in Fig. 1) of the pulse voltage V(1) on the reactor voltage
and V(2) on the water layer at C2=1000 pF, C1=14 pF, R7=10 Q. The long 7D line is taken into account
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Fig. 13. The initial part of the pulses from Fig. 12

From the analysis of the above calculated results,
previously obtained experimental results and results of
other authors (including the results presented in [23]), we
can conclude that the energy-efficient modes of
disinfecting treatment of water-containing liquids with
high specific electrical conductivity using nanosecond
discharges with a subnanosecond front in gas bubbles are
the following modes. Namely, these are modes when the
active resistance of the treated liquid in one reactor in one
discharge circuit is 1040 Q, the lumped inductance of
the discharge circuit during liquid treatment does not
exceed 2 nH. Add, such modes use the capacitance of the
treated liquid layer is 3.6—-14 pF with an amplitude of
pulses from a high-voltage low-resistance source of at
least 30 kV, and a frequency of passing pulses is 1500—
2000 pulses per second. When the active resistance of the
liquid increases within the specified limits, the voltage
amplitude on the layer of the processed liquid increases
under other constant conditions, including at a constant
voltage amplitude from the source. The voltage amplitude
on the layer of the processed liquid with such an increase
can exceed the voltage amplitude from the source by 1.6
times. It also exceeds the voltage at the whole reactor (the
series connection of the volumetric streamer and the water
layer) because of the presence of concentrated inductance

in the discharge circuit, where (in the inductance) energy
is stored during discharge.
Conclusions.

1. The possibility of obtaining nanosecond high-
voltage pulses (with volumetric streamers in gas bubbles
inside water) with subnanosecond fronts in reactors for
the disinfection treatment of liquids with high specific
electrical conductivity up to 5 S/m=5 (Q:m’"' has been
shown. Such pulses can provide a higher disinfection
degree at lower specific energy consumption than longer
pulses, because of the lower energy in each pulse and the
higher amplitude of the electric field strength in the
treated liquid. Experiments that we have already
conducted have shown that nanosecond pulses provide a
higher disinfection degree at lower specific energy
consumption than microsecond pulses [6]. Therefore,
further reduction of pulse duration and duration of their
fronts is promising. In addition, such short pulses with a
subnanosecond front ensure the presence of volumetric
plasma formations — volumetric streamers, as an
extension of a metal high-voltage electrode. These plasma
formations provide an additional disinfection effect on the
liquid being treated by supplying it with active
microparticles and broadband radiation, including
ultraviolet and even shorter-wave radiation.
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2. Experimental results obtained by various researchers,
including the authors of this material, confirm the
possibility of obtaining volumetric pulse discharges in gas
environments (mediums) at atmospheric pressure.

3. An example of a sketch of the design of a liquid
processing unit in the flow mode is given, when as a result
of a pulse discharge in a gas bubble, a volumetric streamer
(volumetric plasma electrode) is created. This plasma
electrode is an extension of a high-voltage metal electrode
and creates a volumetric zone of the most effective
decontamination treatment in the treated liquid with an
electric field strength that can reach 100 kV/cm and more.

4. Using computer modelling, energy-efficient modes
of decontamination treatment of water-containing liquids
with  high specific electrical conductivity using
nanosecond discharges with a subnanosecond front in gas
bubbles are determined. These are such modes when the
active resistance of the liquid being processed is 10—40 Q,
the lumped inductance of the discharge circuit during
liquid processing does not exceed 2 nH. At the same time,
the capacitance of the layer of the liquid being processed
is 3.6—14 pF with amplitude of pulses from a high-voltage
low-resistance source of at least 30 kV and a pulse
frequency of 1500-2000 pulses per second.
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O.1. Xpucro

AHaJIi3 eHepreTHYHNX XapaKTePUCTUK TPAH3MCTOPHOIO reHepaTopa iMnyJabceiB y npoueci
€JIeKTPOiCKPOBOIo IMCIePryBaHHS CTPYMOIIPOBIIHUX I'PAHYJILOBAHUX CepeI0BHII]

Bemyn. [ocnioscenns enekmpo@izuiHux i mexHoN0iYHUX dCNeKMi8 eleKmpPUYHO20 po3psoy 6 PeakyiliHux Kamepax 3 epanyibo8aHum
Memanesum 3Aa8aAHMANCEHHAM O 00EPIHCAHHA 1020 BUCOKOOUCNEPCHUX CMAHNIE 6e0yMbCs 8Xce HA Npomsa3i 6a2amvox Oecamuiime,
npome Odicepena JHCUGNEHHA YCMAHOBOK eleKMPOICKPOBO20 OUCNEP2YBANHS HA CbO20OHI 3ANUULIAIOMbCS NEPEBAICHO KAACUYHUMU U000
cnocody eenepayii iMnyibcie cmpymy 6 enekmpoickpose nasanmaicents. OCHOBHOIO RPOOIEMOIO BUKOPUCAHHS (POPMYBAI8 NONYIiCc-
HUX IMNYIbCI6 CIMPYMY MaA Peakyilinux Kamep 3 Ni0CKO-NapanebHol0 CUCIEMOI0 el1eKmpooie € HACTIOY8anHs NPUHYUNY MepMO8Udyxo-
6020 MeXAHIZMY PO3GUHEHHS eNeKMPUUHO20 NPODOI0 WINbHUX MIJICSPAHYILHUX NPOMIICKIB, WO NPU3B00UMs 00 NCYBAHHA OUCNEPCHOCTI
epo006aHo20 Mamepiany, a GUKOPUCMAHHA MeHwux dianazonis enepeitl (<1 [oic) y maxux ycmaHo8kax yckiaoHAEMbCsl yepes eneKn-
poizuuni obmedicenns iCHY8AHHA NIA3MOBUX KAHANIE ma empamy enepeoepexmusnocmi npoyecy eiekmpoickposoi oopobxu. Mema.
Hocnioocenns enepeoeekmusnocmi npoyecy eneKmpoickpoeoeo OUCHEP2Y8aAHHsL 2eMePO2eHHUX CIMPYMONPOSIOHUX SPAHYIbOBANUX cepe-
dosuwy y pearyitinitl Kamepi 3 YUriHOPUYHOIO CUCIEMOTO eNeKMpOoOi6 3a YMO8U i HCUBTEHHS 8I0 MPAHIUCTHOPHOZ0 2EHEPAMOPA IMNYIbCIE.
Pesynvmamu. I[Iposedeno nopieHsnvbHuil ananiz nogeoiHKu Xapakmepucmuk cepeoHboi CHONCUBAHOL NOMYNHCHOCH MPAHZUCTIOPHOO0
2eHepamopa iMnyIbCi6 6 3aNedCHOCmi 6i0 HACUNHO20 00 €My 3a8aHmMadlcerts ma diamempy 308HIUHLO20 eNeKMpPoOa peakyitiHoi kame-
PU ONlsL Memanesux epamyl 3 pizHoio GeIUUUHOIO X MIJICKOHMAKMHO20 AKMUGHO20 ONOPY 00 YMEOPEHHS ) ceped0GUIYi IAHYIOIICKIE HA-
CKpI3HOT npogionocmi. Busnaueni numomi enepeozampamu y npoyeci en1ekmpoicKpogo2o OUCNEeP2yS8aHHs ATOMIHIEBUX Ma MUNAHOBUX
2pamyn, Wo Kopemoioms 3 NOKAZHUKAMU CepeOHbOIO CROJICUBAHOI0 NOMYIUCHICMIO 0OPOOKU 6 3anedcHOCHi i) iX HAcunHo20 06 €My y
medicax negnoi kongizypayii enexkmpoonoi cucmemu. Haykosa noeusna. Ilpucymuicms cmpymy Kpize KOHmakmuuii onip 00 ¢popmyean-
H5l OCHOBHO20 PO3PAOY Y MINCSPAHYTILHUX 00 EMAX PeaKkyilinoi Kamepu GUKTUKAE NAOIHHA HANpYeU HA THOYKMUBHOCMI PO3PAOHO20 KOHNLY-
DY, WO BION0GIOHO 3MEHULYE AMNIIMYOY NPUKIAOEHOT HAnpy2u 00 MIdCeneKMpOOHO20 NPOMIJICKY, Hepe3 Wo MAKCUMYM XAPaKmepucmuky
CEPEOHbOT CRONCUBAHOT NOMYNCHOCII MPAHZUCIMOPHOSO 2EHEPAMOPA IMIYIIbCIB, SKULL BUHUKAE 00 NOYAMKY OLISHKU HACUYEHHS KPUBOT
eexmueHoi uacmomu po3PAOHUX IMIYIbCIE 8IONOGIOAE HAUOLIbUL NOLOONCEHOMY PENCUMY B6COCHHSL eHEP2Il 6 eleKMPOICKPO8e HABAH-
maoicenns. IIpakmuuna 3Hauumicms OmpuManux pe3ynomamie po32iaHymoi Mooeii eneKmpopo3psaonoi YCmaHoeKu 00KA3ye 00Yilb-
Hicmb i1 gUKOpUCManHsl OJisi 3a0ay eNeKmpoiCKPO8oi 06pOOKU CMpPYMONPOGIOHUX 2PaHyIbo8aHux cepedosuwy. biomn. 21, Tabm. 2, puc. 7.

Knwouoei crosa: eHepreTH4Hi XapaKTePUCTHUKH, €JeKTPOiCKpOBe AMCHEPryBaHHs, TPAH3MCTOPHMIl reHepaTtop immy.asbciB,

HUTHAPUYHA CHCTEMA eJIeKTPO/IB, IIap MeTaJleBUX I'PaHYJI, CTPYM OMiYHMX KOHTAKTIB.

HocranoBka 3amayi. OMHIM 3 IIUPOKO 3aCTOCOBYBA-
HUX METOJIB Ul OTPUMAHHS TOPOIIKIB, SIK YHCTUX MeTa-
JIiB, TaK ¥ CIIONYK Ha X OCHOBI, € METOJI EJIEKTPOICKPOBOTO
mucnepryBanss (EIJl) meraneBux rpanyn [1-3] 3aHypeHHX
y PiIMHY 3 BIZHOCHO MAJIOI0 EJIEKTPONPOBIAHICTIO. Sk
BIJIOMO, OCOOJIMBICTh €JIEKTPOICKPOBOTO METOY JUCIICPIY-
BaHHS IOJISITAa€ y HAsBHOCTI JBOX HAMOUIBIN BipOTiTHUX
IUIIXIB PO3BUHEHHS! ICKPOBOTO PO3PSLy MDK CYCIIHIMH
TIOBEPXHAMM KOHTaKTYIOUHMX TpaHyl [4]: TemioBoro mpo-
0010 y 30HI KOHTaKTHMX MIKPOBHCTYIIB, CHPHYMHEHHM
MIPOTIKaHHSM BHCOKOIO IIUIBHICTIO CTPYMY Ta €JIEKTPUYHO-
TO TPOOOI0 332 PaXyHOK MPHCYTHOCTI TIOBEPXHEBUX OKCHI-
HUX IDTBOK a00 KaBitamiitHux OympOamrok. Tomy Tod 4u
IHIIMI MexaHi3M 1po0oro Oyzie BiOyBaTHCs B 3aJIXKHOCTI
BiJl TIOBEPXHEBOI YUCTOTH METALy Ta CIPOMOXKHOCT] KOHTa-
KTYIOUHMX IIOBEPXOHb TIPaHyl K YTBOPEHHIO IIPOBITHMX
MOCTHKIB MDK HUMH. AJie He3B)KalO4M Ha Te 3a SIKUM Me-
XaHI3MOM YTBOPIOETHCS ICKPOBHI PO3psill, Mporec Gpopmy-
BaHHsI €PO3iHHUX YaCTMHOK B OCHOBHOMY MOXeE BiOyBaTH-
Csl 3a paxyHOK TEIUIOTH TOIUICHHS ab0 BHIIApOBYBAHHS
JIOKaJIbHUX 30H METajly, IO B3a€MOJIIOTH 3 HEpPIBHOBaXK-
HOIO IUIa3MOI0 BHCOKOEHEPIeTHYHHX €JIEeKTPOHiB. baraHc
MDK €HEpTi€r0 IDIaBICHHS Ta BUIAPOBYBAaHHA OyZe 3aiexka-
TH BiJl IIBUAKOCTI BBEJCHHS €HEprii y c(opMOBaHHIA KaHAI,
Horo CTymeHs iOHi3awii, TeMIepaTypd Ta eJIeKTPHIHOTO
onopy. PerynroBaHHs IbOro NPOLECY YCKIAAHIOETHCS TUM,
IO BOJBT-aMIIEPHA XapPAaKTEPUCTUKA ICKPOBOTO PO3pSLY
Ma€ CraJalouuii XapakTep Ta NPHBOAUTH A0 JIABUHOIOI0-
HOT'O 3pOCTaHHs CTpyMYy, IO TOTpeOye 3acTOCYBaHHS Ia-
paMeTpUYHMUX METOJIB KOHTPOJIIO TIpoLiecy Iepenadi eHep-
rii 10 HaBaHTaXeHHS. ToOTO YTBOPIOETHCS TO3UTHUBHHIA
3BOPOTHHI 3B 530K 32 CTPYMOM MDK JDKEpEJIOM JKUBJICHHS
Ta HABAHTAKEHHSIM, III0 MOXKE TIPU3BOAUTU 10 KPUTUYHOTO

pO3irpiBaHHA KOHTAKTHHX 30H, 1X 3BapIOBAHHS a00 HABITaKU
CKiMaHHA Ta BUXIIIOMYBaHHS 3HAYHOI KUTBKOCTiI KPYITHOT
¢pakuii MeTaneBHX YaCTWHOK Y HABKOJMIIHIO PiIUHY.
Haituacrime ui siBuia BigOyBarOThCsl depe3 HAasIBHICTH Y
CepPEIOBUII BEIMKOI KUTBKOCTI IIUIBHUX KOHTAKTHHX 30H
MDK ITOBEPXHSIMH I'PaHyJI, 110 MalOTh MAJIMH aKTHBHHUH OIIip
Ta NPOTHAIIOTH CIPUSTIMBAM yYMOBaM PO3BUTKY peaKIlii
CJICKTPOICKPOBOT 00poOku. Jlis ix pyliHyBaHHS y jabopa-
TOpHIM MpaKkTHLi 3a3BHYail BUKOPHCTOBYIOTh HAKOMHYEHI
BHCOKI €Heprii Ta TpuBajii po3psiHi ctpymu. BoxHouac y
po0OTi [5] MOBIIOMIISETBCS, IO CHEPTis Ha OLTBIIT 3aTSXKHIN
JUISHIL IMITyJIbCy TIEPEBaYKHO BUTPAYAETHCS HA PO3IrpiB
cepenoBHIa ado eIeKTPOXIMIUHI peakiii y HbOMy 3a paxy-
HOK ITOCHJICHHSI MPOIIECIB PEKOMOIHAIT Ta 3racaHHs IUIa3-
MOBHX KaHAJIIB.

VY HanpsMKy MOKpAIeHHs] NOKa3HHUKIB eeKTUBHOCTI
nepenayi eHeprii y enextpoickpoBe HaBaHTaxeHHs (EIH)
PO3po0IIeHO OaraTo MmiJaXo/iB, sSKi 3aCTOCOBYIOTh HEJiHIMHI,
napamMeTpr4Hi a0o HeJiHIIHO-WMOBIpHICHI Mopneni Horo
JMHaMIYHOTO omopy [5—7]. TakoX OCTaHHIM YacoM Ipax-
THKYIOTBCSl CIICKTPOMETPHYHI METOAW aHAJi3y IIa3MOBHX
KaHaJIiB, sIKi 32 PaXyHOK IOTY>KHOCTI Ta KOJIbOPY BHITPOMi-
HIOBaHHS HA/IAIOTH iH(POPMAIIIO TPO iX KUTBKICTH Ta PO3MO-
T eHeprii MK HUMH, BiJl 9OTO 3aJICKHUTh PO3MIp YACTHHOK
Ta MPOIYKTUBHICTP iX oTpuMaHHA [8, 9]. 3i cBoro 60Ky, s
CHHTE3Y epO3IiHUX YaCTUHOK 3 KOHTPOJIBOBAaHUM PO3MIPOM
Ta 3MEHIIIEHUM [ialla30HOM IX PO3KHUIy, IU1a3Ma y 00’eMi,
0 3alOBHEHMH OaraTbMa IIAapaMH METAIEBUX TpaHyll
(OBLIMI') noBuHHa OyTH OLIBII «XOJOIHOIO», a 1€ MOXK-
JMBO 3a PaxXyHOK OOMEKEHHsS aMIUTITyJH Ta TPUBAIOCTI
IMITYJIBCIB PO3PSITHOTO CTPYMY.

© O.I. Xpucro
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AHami3 ocTaHHIX AociaikeHb W myOJikamiii. Ha
CHOTOJHIIIHIN JeHb Yy JaOOpaTOpHHUX YCTAHOBKAxX NI iHi-
nitoBanHs rnpouecy EIJ] reTeporeHHHMX CTpyMONPOBITHHX
IPaHyJIbOBAHUX CEPEOBUII] 32CTOCOBYIOThH SIK BUCOKOBOJIb-
THi (popMyBadi OJHOKPATHHUX IOTYXKHHX IMITYJIbCIB, TaK i
HaITiBIIPOBITHMKOBI T€HEPATOPH IMITYJIbCIB MIKpO- Ta CyO-
MikpocekyaHoi TpuBasiocti [10, 11]. ITepeBaroro BUCOKOBO-
JIBTHOI eeKTpoickpoBoi 0O6poOkwu [12, 13] € BucOKa MIBUII-
KicTh (OpMyBaHHS IepenHiX (POHTIB Ta MOXKIIHMBICTD BH-
KOPHCTaHHS IIMPOKOTo fiarmasony enepriit (0,1-10° [Ix), a
TaKOX JOBTUX MbkenekTpomanx mpomikkiB (MEII) peak-
LiAHOT KaMepH. AJie TOJIOBHAM HEIOJIIKOM TaKHUX CHUCTEM €
HHU3bKa 9acToTa BinTBopeHHs mnporecy EIJl uepes Bukoprc-
TaHHs TA30HANIOBHEHNX KOMYTATOpPiB a00 MOBITPSHUX PO3-
PAIHUKIB. BUTbII MEpCIIEKTUBHUM HAINPsIMOM BHCOKOBOJIb-
THOT IMITyJIbCHOT TEXHIKM y HamnpsMKy IiIBHIIEHHS edek-
tiBHOCTI ElJl € BUKOpHCTaHHS IHIYKTUBHUX HAKOIHWYyBa-
4iB eHepril y moeaHaHHi 3 npeiigorumMu miogamu [14], mo
JI03BOJISIE CTAOUTI3yBaTH CTPYM Y HABaHTAKEHHI 31 CTPIMKO-
CTIa/Iaf040I0 BOJIBT-AMIIEPHOIO XapaKTEPHCTHUKOIO.

Ha BigMiHy Bif IMX cHCTEM THPHCTOPHI a00 TpaH3UC-
TOPHI TIEPETBOPIOBAYi XapaKTEPH3YIOTHCS BHCOKOK) YacTo-
TOr0 npoxo prents immyibeiB (0,1-10 kI'x) Ta gianazoHom
€Hepriil BiJi 4acTKH 0 COTeHb JDKOYJiB. Hampuknan, nso-
KOHTYpHI 3apsiTHO-PO3pSAAHI CXEMH THPHUCTOPHUX TIeHepa-
TopiB [15] 3apexkomeHyBasM cebe K HaJiliHe pillieHHs TS
(hopMyBaHHS Ha HH3bKOOMHOMY HAaBaHTa)XEHHI JIOCTATHBO
TPUBAIUX KiJIOAMIIEPHUX IMITYJIbCIB alepiofNYHOrO Xapakx-
Tepy 3 BHCOKOIO IIBHUAKICTIO 3pOCTaHHS iX MNEPEAHBOIO
¢poHTy 3a ymoBM MiHiMizamii iHmyKTHBHOCTI (1 MKI'H)
PO3pSHOTO KOHTYPY €MHICHOTO HaKONW4YyBaya EHeprii
(100 Mx®). IIpoTe, TOIIOBHIM HEHOJIKOM IUX IEPETBOPIO-
BaviB € OOMEXEHHS TOYHOCTI PEryJIIOBaHHS TPHBAIOCTI
CTpYMy, a BUKOPHCTaHHS Iepe3apsaHuX JJaHOK abo JIAHOK,
IO IIYHTYIOTh HABaHTAXKEHHS, TUIBKH 301IBLIYIOTH NOIAT-
KOBI €HEproBUTPATH Ta 3MEHIIYIOTh KOE]Il[IEHT KOPUCHOT
Il Takux IpucTpoiB. KpiM TOro, CTOXacTHYHE ITiABUILICHHS
exBiBasieHTHOro onopy OBIIMIT mMoxe npu3BOAMTH 10
aBapiiHUX PEXUMIB POOOTH TUPHCTOPHUX KIIOYIB. Y BU-
MaJKy 3aTsHKHOTO IMITYJIbCY CTPYMY 4epe3 HaBaHTaXKEHHs
PO3pSIHHI TUPHCTOP MOYKE 3TUIIATHCS Y CTaHI MPOBiAHO-
CTi JI0 TIPUXOJy HACTYITHOTO 3apsTHOTO IHKIY, IO CHpH-
YHHSE TPOTIKaHHS HACKPI3HOTO CTPYMY Bif IDKepela KUB-
JIEHHS 10 HaBaHTaKeHHs. Tako CIif 3a3HAYUTH, IO €Hep-
roe(peKTUBHICTh TAKUX TPHUCTPOIB CYTTEBO 3MEHIITYETHCS
[IPY BUKOPHCTAHHI EMHOCTI pOO0YOro KOHIEHCATOpA MEHIIIE
20 Mx®d Ta hopMyBaHHI IMITYJIBCIB TPUBAIICTIO MEHILIE HDK
15 MKc. 3 TOUYKH 30py JMCIIEPCHOCTI Marepiajly OCHOBHOIO
pOOJIEMATHKOIO BBEACHHS MOTY)XHUX IMITYJIBCIB Y CEpe/io-
BUIIC € TosiBa HebakaHoi Mikpodpaxiii (10-100 mxm), 1110
YTBOPIOETHCS MIEPEBAXKHO 32 PAXyHOK KPAIIEIbHOTO MEXaHi-
3My KOHJIEHCAIlii YACTHHOK METaly.

TpansucropHi neperBoprosaui it 3axad ElJ] Ha cpo-
TONHIIIHIA JeHb He HaOylMHM JOCTaTHBOI TOIYISPHOCTI,
TOMY IO MArOTh 3HAYHO MEHII TpaHWYHI IapamMeTpH II0
aAMIDTITYAl CTPYMY Ta IIBHIKOCTI HOTO 3pOCTaHHS HOX TH-
PHCTOPHI, POTE TOJIOBHA iX IepeBara 1e MOXKJIMBICTH pe-
TYJIOBAaHHS TPHUBAJIOCTI CTPyMy 3a YMOBOIO iX KOPCTKOT
KoMyTalii b0 TMHAMIYHOTO MiIAITOBYBAHHS i/ MEpioj
KOJIMBaHb KOHTYpy. Hampukian, y podori [16] maust otpu-
MaHHsI HAaHOYaCTHHOK 3aJ1i3a BUKOPHCTOBYBABCS T€HEPATOP
KBa3IMPSAMOKYTHHX IMITYJIbCIB CTPYMy TPHBAIICTIO BiX

0,5 1o 5 MKc Ha 6as3i MOCIIIOBHOTO HIMPOTHO-IMITYJILCHOTO
NIepPeTBOPIOBaYa IIOHIDKYIOUOTO THUITy. SIK BiAMIYalOTh aB-
TOpU POOOTH, Tepe]] MOYaTKOM EKCHEPUMEHTY IOBEpXHs
MeTaJIeBUX IpaHyJsl MMPOMIIUIA peTebHy OYMCTKY Bin Heba-
JKAHUX OKHMCHHX ILUTIBOK. MOXKHA MPUIYCTUTH, IO 32 IHUX
YMOB MexXaHi3M ()OpMyBaHHSI €JIeKTpoepo3ii 3/1e0LIbIIoro
HIIOB 10 NIIAXY TEIUIOBOTO NMPOOOI0 YTBOPEHMX IPOBIIHUX
MOCTHKIB. 3Ba)KalOud Ha Te, 0 MaKCHMalbHA aMILTITya
CTPyMy y TOCTaBJICHOMY EKCHEPHMEHTI CTaHOBHJIA JIMIIC
48 A, ToMy y pas3i BeIHKOi KUTBKOCTI c(hOPMOBAHUX KOHTa-
KTiB 10 MOBXXWHI KaMepH Ta Mayuoi TPUBAJIOCTI IMITyIIbCy
TAaKoi CHJIM CTPyMy MO)Ke OYyTH 3aMano I e(peKTUBHOTO
IHIL[IFOBAHHS MEXaHI3My TEIUIOBOrO MpoOoio 1 hopMyBaHHS
ICKpOBHX KaHAJIIB, a BiTIOBITHO BBEJICHA CHEPTIs Y Cepeio-
BUIIE OLIBII BIpOTiZHO OyJie HTH Ha TEIIOBE PO3CIFOBAHHSL.
IIlo crocyeTbCcst pamioHATFHOTO BHOOPY T'€OMETPUYHUX
napameTpiB peakiiiHoi kamepH, (OpMH EJIeKTPOJHOI CHC-
eneprernyuHi nokasHuku EIJ], To y Oaratbox ImyOmikarisx
[15, 17] HamaeThes WIS eMITIpUYHA OIIiHKA, MOCHIAI0YHCH
Ha Jiana3oH crabimizalii oOpoOKH 3a BIICYTHOCTI peXHUMIB
HepoO0YOoro X0y Ta KOPOTKOTO 3aMUKaHHSL.
BinokpemiieHHsl paHillle He BUPIIICHOI YACTHHH 3a-
BlaHb. Y LUIOMY po3risiHyTy npobnematuky EIJl merane-
BUX MatepiaiiB MOXHA PO3JUIATH Ha JIBA NUIIXU — 3aCTOCY-
BaHHA OUIBII TPHBAIMX IMITYJIBCIB 3 BHCOKOIO EHEpTi0
(1 Ix — 1 x/Ix) abo OinbII KOPOTKHX IMITYJIBCIB 3 EHEPTi€l0
JI0 4acTKH JUKOYJIs1. OCHOBHOIO TPOOJIEMOIO 31 BBEJCHHSIM
3Ha4YHOI KUTBKOCTI €Heprii y JIOKaJIbHI 30HH € IICYBaHHS
epOo3iifHIX YacToK 4epe3 ix arsomeparito. [lo-mepie, oka-
JBHUH TIEperpiB  KOHTAKTHUX MIKPOBHUCTYIIB CHPHUINHSE
TEIUIOBHH Mpo0iii Ta iHiMiI0e BHOYXOBY XBHITIO, IIIO IO COO1 €
HEKOHTPOJIFOBAHKUM TIporiecoM. [lo-npyre, peakuis mia3smo-
YTBOPEHHS Ma€ CTOXACTHYHMI XapakTep, a KUIbKICTh IUIa3-
MOBHMX KaHAJIIB 1 CHIBBIHOIICHHS €Heprii Mk HUMH Y
OBILMI" po3noAUIsIOTECS BUMAAKOBO, TOMY ICHYE BIpOTif-
HICTh BBEJICHHSI 3HAYHOI KUTHKOCTI CHEPTIl TUTBKUA B OKpEMY
JIOKaJIbHY 30HY ILJIa3MOYTBOPEHHSI, 3aMiCTh 1l PIBHOMIPHOTO
PO3MOMAUICHHS TI0 BCHOMY 00’€My CepeIOBHINA. 3 IHIIIOTO
0OKy, Tpu 3aCTOCYBaHHI MaJMX €Hepriil IUIa3MOBI KaHaM
TPHBAIOTh MEHIIIE Yacy, MaroTh MCHILHI AiaMeTp Ta Biamo-
BIIHO 30HY pO3irpiBy Ta JO3BOJISIIOTH IPOBOIWTH TaK OW
MOBHUTH «TOYKOBE PO3MIICHHS» IOBEPXHI MaTepiamy, IIo
BITIOBITHO TIOKpAIy€ THCHEPCIHUA PO3MOIT Ta BHOPS/I-
KOBAHICTh CTPYKTYPOYTBOPEHHS €pO3IMHUX YacTHHOK. Ale
TOJIOBHA MPOOJIEMATHKA Y IIbOMY Jlialla30Hi eHeprii mossirae
y TOMy, IO TeHEepPaTOpH KOPOTKHX IMILYJbCIB IPaLIOOTh
MEPEBAKHO 32 MEXaHI3MOM €JIEKTPHYHOTO TPOOOO0 MPOMIK-
Ky Ta BKpall YyTJIMBI JI0 YTBOPEHHS Y CEpPEIOBHILI MPOBIJI-
HHMX MOCTHKIB, TOMY IIIO JUTsl X pyHHYBaHHS MOTPIOHO BBEC-
TH 3Ha4YHO OLIBIIY €HEprilo Ul peasiizallii MexaHi3My Tell-
JIOBOTO 1P000I0. 32 YMOBH CTOXAaCTHYHOTO XapaKTepy 3MiHH
omnopy EIH, kinbkicTs BBe#eHOI eHeprii y IIa3MOBI KaHaIN
Bil IMITYJIECY IO IMITyJIBCY MOKE CYTTEBO 3MIHIOBATHCS I
3aleXiTh Bim 0arathox (pakTopiB SK YMOB HONEPEIHBOI
i0HI3aMii KOHTAKTHUX MPOMIKKIB, HAMPYXEHOCTI TOJIST MiXK
HHMH, IIOPCTKOCTI TMOBEPXOHb, HIUILHOCTI CTPYMY MIX
MIKpPOBHCTYIIaMH Ta iHIIe. BomHouac ai1s omiHKK e(exTrB-
Hocri nporiecy EIJ] moctaTHbo cripaTvcs Ha cepeiHe 3Ha-
YeHHsI BBEJICHOT eHeprii y M1a3MoBi KaHaJIU 3a MEBHUH TPO-
MDKOK 4acy, sika Oe3rnocepeiHb0 BIUIMBA€E HAa CyMapHy Macy
€pO/IOBAHOTO METally, 10 BUHOCUTBCS 3 KOHTAKTHHX JIOKa-
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JIBHUX 30H MDK TpaHyJlaMH K pe3yJbTaT MifBOAY TEIIOTH
pO3TOILIEHHST a00 BHIAPOBYBaHHA. TakuM YHWHOM, IOIIYK
YMOB IIiIBUILIEHHS cCaMe KOPHUCHOI MOTY>KHOCTI BiJ| reHepa-
TOpa IMITYJIBCIB, IO W€ Ha pO3IrpiB JIOKAIHHUX 30H Ta
YTBOPEHHS €pOJOBaHMX YaCTHHOK MeETajly Y HarpsMKy
TIOKpalIeHHs ITOKa3HUKy eHeproedekruBHocTi EIJ] rerepo-
TEHHOTO CTPYMOIIPOBITHOTO TPaHyJILOBAHOTO CEPEIOBHIIA
3INIIAETHCS aKTYaJIbHUM 3aBJaHHSIM.

Meta po6oTH — IOCHIIKEHHA €Heproe)eKTUBHOCTI
TIPOLIECY €TIEKTPOICKPOBOTO JHCTICPTYBAHHIO T€TEPOreHHHX
CTPYMOIIPOBITHUX TPaHYJIHOBAHIX CEPEIOBHII y PEaKIIiHIH
Kamepi 3 [ITIHAPHIHOK CUCTEMOIO eJIEKTPO/IIB 32 YMOBH 1i
JKUBJIEHHS BiJ] TPAH3UCTOPHOT'O TeHepaTopa iMITyJIbCIB.

OcoomBocti mpononosanoi cucremu EIJI. Ha Bin-
MiHY Bix icHytounx peaxtopiB El/I, siki MatoTh npsMOKYTHY
(dbopMy Ta OJJHAKOBI 3 IIOCKOI (HOPMOIO ENICKTPOIIIB Y BHU-
TSI TDTACTHH, PO3TAlIOBAHMX HA BifICTaHI B CEPEIHBOMY
40-50 MM, TO B 1iit poOOTI POMOHYETHCSI IPOBOIUTH 00PO-
OKy B peakwiiHiii Kamepi 3 ITIHAPHIHOI0 CUCTEMOIO EJIeK-
TpomiB. BincraHp MiK eJIeKTpogaMu BHCTAaBILIIACH JEIIO
3MEHIIEHOI0 ¥ Mekax 2035 MM 111 301TBIIIeHHST €HEPTOBK-
Jagay y KOHTaKTHI 30HM MDK MOBEpXHSIMH TpaHyl. Kyrtosa
CHMETpIsl paiaJibHOi HAIPYKEHOCTI EeNeKTPUYHOIO OIS
LJTIHAPUYHOI CUCTEMH eNIEKTPO/IIB Ha BIIMIHY BiJI IIOCKOT
CHCTEMH, Jie HalPY KEHICTh ITOJIsI HalOUIBIa TI0 KpasiM eJIeK-
TPOAIB, J03BOJISIE 3aCTOCOBYBATH MEHII TEXHOJIOTIUHI MPO-
MDKKH 32 YMOBH JIOTPUMAHHS PiBHOMIPHOTO PO3IMOALICHHS
IUIa3MOBUX KaHAIIB 10 00’eMy peakuiiiHoi kamepu. Taxox
JI0 KOHCTPYKIIIl PEaKIifHOi KaMepHu BXOIWUTH MEXaHIYHHA
TIepeMilllyBay, SIKHi MpeJICTaBIsie COOOI0 AUCK 3 BEPTHUKAIIb-
HO 3aKpIIUICHUMU CTPIKHSAMYA Ha TICBHIX BiZICTaHI BiTHOCHO
Horo oci o0epTaHHs, IO CBOIMH KpasMH 3aHYPIOIOTECS Y
OBIIMI" Ta MpakTUYHO MPHUTYIBIFOTECS [0 HU3Y KaMEpH.
Jluck 31 CTPIDKHAMH KPIMHUTHCS HA By PEXyKTOPHOTO Me-
XaHI3My Ta 3a JIOTIOMOTOK0 KPOKOBOTO [BUTYHA IIPUBOJC
Horo y pyx. Y CBOIO Yepry CTPIDKHI CBOIMH KpasMH TOpKa-
I0ThCS MIPWJICTIINX TPAHyJI Ta NIPUMYLIYIOTh 1X HepeMilyBa-
THCS1, HAJTAFOUYH M MOCTYTIABHI Ta 00epPTAIbHI PYXH.

VY SIKOCTI JiKepera JKUBIICHHS PEaKIliitHOI KaMepH 3a-
CTOCOBYETBCSl JIBOKOHTYpPHA CXEMa TPaH3MCTOPHOTO T'eHe-
paropa immynsciB (TI'T) (puc. 1), oo MiCTUTH 3apsmHUI
Co-VTy-VDy-Lo-Cy Ta pospsimauit Ci-VTi-VDy-Li-R KOHTY-
pu. Leit mepeTBoproBad 1Mo CBOil CTPYKTYpi MOMIOHHUN 10O
JBOKOHTYPHHUX THPUCTOPHUX MPHUCTPOiB [6, 18], mo BUKO-
PHCTOBYIOTh JIaHKH Iepe3apsily poOOdoro KOHAEHcaTopa,
aje 3 TOI OCOOJMBICTIO HWDKYE 3a3HAYEHOIO CXEMHOIO
pitreHHs, mo (yHKHi0 0OMexXyBaya CTpyMy L€l JaHKu
BUKOHYE€ 3apsaHuil apocenb L. LlIBuakoxirodi mioaw, mo
CTOSITh TIOCJIZIOBHO 3 TPaH3MCTOPAaMH, 3al00IraroTh BifIH-
paHHIO 3BOPOTHHX IHTEIPOBAHHMX JIiOAIB Ta OOMEXKYIOTh
€JIEKTPUYHI KOJIMBAHHA y KOXXHOMY KOHTYpi IO OJIHOTO
mniBrepiony crpyMmy. Bunpsimiiena Harpyra Ha BXO#i Hepe-
TBOproBaya 3anaerbes Bix 400 1o 500 B ta koHTpOOETHCS
Tab0paTOpHUM aBTOTPaHC(HOPMATOPOM. 3a paxyHOK pe3o-
HAHCHOI 3apsaku| pododoro KoHmeHcaropa C) Hampyra Ha
HBOMY MOXKe Tinifimatucs go 800 B.

Ha BigmiHy Bix icHyr04UOi 3araJbHONPUIHATOI ITpaK-
TUKU JKUBJIEHHS peakuiHmx kamep EIJ] i3 3acrocyBan-
HSM KOHJIEHCATOPiB 3 HOMiHAJIOM, 10 HaliMeHIe 25 Mk®D
Ta eHeprieto Big 2 [k i Oinblie, y MocTaBleHUX €KCIie-
pUMEHTaX Jiala30H CHEPrii, IKUM OIepye reHepaTop, He
nepesuutyBas 1/3 Jx. [lapameTpu po3psiAHOrO KOHTYPY

BUOMPAIMCh TAKHMH, 100 HOro XapaKTepPUCTUYHHUI OIIip
ctaHoBuB 4 Om.

U[) VTO
/
7, G +C&;§
o—+ACoq ——
N N

Puc. 1. Ilpunuunosa cxema TI'] 3 HaBaHTa)XeHHSIM Y BUIIISII
peaxwuiifHol KaMepH 3 LTI HAPHYHOIO CHCTEMOIO EIIEKTPOIB

BaxnuBoro (GyHKINE 3BOPOTHOrO mioxa VD, 1o
PO3MIIIICHO TMapalieibHO pobodoMy KoHaeHcatopy C €
3ar00iraHHs HEKOHTPOJILOBAHOTO HApOCTaHHS HANpyru Ha
HbOMY dYepe3 HOro pe3OHaHCHHH 3apsii NPH HEHYJIbOBUX
MOYaTKOBUX YMOBAX, BUKJIMKAHIX HEY3TODKEHICTIO PO3psi-
JTHOTO KOHTYPY Yy 3B’S3KY 31 CTOXaCTHYHHAM XapaKTepOM
eksiBasieHTHOTO oropy EIH. ITompu Te, mo 3apsiaHa Hanpy-
ra Ha C; y nporieci EI/l y neBHOMy eHepreTHIHOMY Jiara-
30HI KOJMBaHb T'€HEpaTopa MOXKe MaTH MOIYJIALIIHY CKIa-
JIOBY, OJTHAK IIPY I[bOMY TaKe PIllIeHHS J03BOJISIE T€HEePaTo-
Py HaIiHO MPAIFOBATH BiJ PEXKHMY HEPOOOUOro XOIy 0
pexUMy KOpPOTKOTO 3aMHKaHHs. Hamnpuknan, XxapakrepHoro
03HAKOI0 PEKUMY KOPOTKOIO 3aMHKAHHS € CTalliOHAPHICTh
HOro KOJMBaHb, MPOTATOM SIKOTO 3apsia eMHocTi C BinOy-
BA€THCS 32 YMOBH HE3MIHHOI JJO/IaTHOI 3aJIMIIIKOBOI HAIpY-
ru Ha HhOMy. [losiBa Bin’emMHOI 3aymmkoBoi Hanpyru Ha C|
CBITYHTHh TPO TE, IO CKBIBAJICHTHUIA OIIp HABAHTAKCHHSI
HIDKYE 32 XapaKTePUCTHYHUHA OIip PO3PSOHOTO KOHTYPY.
Taka cutyaris MOke BUHHKATH SIK TIPH YTBOPEHHI CTPYMO-
MPOBIHUX MOCTHKIB, TaK 1 IUIa3MOBHX KaHajiB. OmHaK
KOXKHOTO pa3y, ko Ha C 3’SBIS€ThCA Bill'€MHA HAIpyTa,
TO BMHKA€EThCA iof VD;, mo BUKIMKAe 30yHKEHHS 3BOPO-
THOTO KOJIMBAaHHS Ta MoBepTae Hanpyry Ha C /10 MOJspHO-
CTi BXIJIHOTO JKepera noctiiinoro crpymy. Ha puc. 2 npen-
CTaBJICHI TAKTH 3apsiiy, po3psiay Ta nepesapsiny Ci.
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Puc. 2. CHHXpOHHI OCIIIIOrpaMy CTPyMy Ta HalpyTH poO0doro
koHneHcaropa C; y npomneci EIJ]

3a monmomMoror Mu(pPOBOi CHCTEMH KEPYBaHHS 4acOBi
IHTEepBaJIM KOMYyTamii KOXKHOTO 3 TPAH3UCTOPIB MOXKYTb
BUCTaBIIATHCA NOBUIBHO. [IpoTe, Ha BigMiHy Bin V7, Ko-
MyTamito 3anupads V7, MOXIJIMBO MPOBOIUTH TLTBKH 3a
YMOBU JOCATHEHHS PO3PSIHOIO CTPyMY TOYKH HYJIBOBOI'O
3Ha4YeHHs. 3BOPOTHUH MIBHAKOAIOUMIA niox VD, Bigirpae
TaKOXK BTOPUHHY (PYHKIIIO, OIIOHO K y CXeMi OJTHOTAKT-
HOT'O MIOHIKYIOUOT'0 [IEPETBOPIOBaYa HAIPyTH, 3aMUKAIOYH
Ha ce0e 3aJIMIIKOBUI CTPYM HaMarHiuyBaHHS 3apsiHOTO
npocens L.

VY mporeci EIJ] mra3MoBi KaHaMH yTBOPIOIOTHCS Xao-
TUYHO, Yepe3 Ie BKIAJICHA CHEeprisi y KOXKHOMY IMITYJbCi
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Oyne pi3HOI, Ha IO BKa3ye 3aiuuiikoBa Hampyra Ha C)
(puc. 3), sika Ma€ CXOAMHKOTIOAIOHMI XapakTep. AJle TaKui
PEeXKHM KOJIMBaHb TeHepaTopa OUTbIl BUP)KSHUH TUTbKH Ha
MICBHIH UISHIIN €HEPreTHYHOI KPUBOI, JIE MPOLIECH Tepeaadi
eneprii y EIH maroTs po3raysxeHuii xapakrep.
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Puc. 3. CxonunkonozniOxa Hanpyra pododoro koHaeHcaropa C,
y mpoueci EIJ]

Jlis BUMipy aKTHBHOI MHUTTEBOI IMOTYXXHOCTI Ta CIIO-
JKMBaHOI €HEeprii B YCTaHOBII BHKOPHUCTOBYETHCS IOOYTO-
BUl eHepromerp (Momenbs TMSS5), Akuii TiOKITIOYAETHCS
MDK BXOJIOM I'eHeparopa Ta IIEpBHHOI0 MEPEeKeI0 3MiHHOTO
cTpyMy. ExcniepiMeHTanbHO BCTaHOBIEHO, LIO A MeTa-
JIEBUX TpaHyJl, sIKi CXHJIBHI JI0 YTBOPEHHS IPOBIJHUX JIaH-
LIOXKKIB, TakuX sik Ti, Cu, Fe, y pe3ynbTaTi pe>KMMy YMOBHO
KOPOTKOT'0 3aMHUKAHHSI, IOTY)KHICTh TeHEpaTopa MpUOJIH3HO
B 2 pazu menute (30 BT), HX U1t peskuMy, KOJIH HII{IIOETh-
Csl peakilisi eNeKTPOiCKPOBOi 0OPOOKH 3 MiHIMAJIBHOIO MO-
HOIIIAPOBOIO BHCOTOIO METAIEBHX I'paHysl. Y TakoMy BHIIa-
Ky NUHAMIKa Halpyrd Ta cTpyMy Ha eMHOCTi C; MaloTh
BHCOKY CTaIliOHApHY CTAaOUTBHICTh YCTAIICHOTO PEKUMY
KOJIMBaHb TeHepaTopa. Tak SK eIeKTPUYHUHA OIip MPOBijI-
HUX MOCTHKIB Ha0araTto HIKYMN 3a XapaKTePHUCTHYHUI
OITip PO3PSITHOTO KOHTYPY, TO JiHiiIe yacTka eHeprii C) Oyze
posciroBatucst y OBLIIMI™ Ta Ha aKTUBHHX eJIeMEHTax KOH-
Typy. Kpim TOro, ycraneHa Hampyra Ha C; MK TakTaMu
MICPETBOPEHHST CHEprii Oyle HaOMMKEHOI [0 Hampyru
JDKepena JKMBJIEHHS. B iHIIOMy Bumajaky y pasi 3aBaHTa-
KEHHSl y peakliiHy Kamepy rpaHyll Al, M0 CXWIBHI JI0
YTBOPEHHSI OKCHJTHMX IUTIBOK Ha iX MOBEPXHSIX, Y TeHEepaTo-
Pl MOXXe criocTepiraTucs pekKuM, HaOIKEHUH 10 HepoOo-
4oro Xomy. Y IIbOMY PEeKHMMi KOJIMBaHb KPHBA HAIPYTd Ha
C, Oyme MaTé TaKkOX CTAIliOHAPHUH XapakTep, aue Biipis-
HSTHCSI HASIBHICTIO TUTBKH IOAQHOT aMIUTITY/I ITyJIbCaLlii Ta
11Ie MEHIIOK CIIOXHMBAHOI MOTYXkHicTi0. KpiMm Toro, He3Ha-
YHa YacTHHA Hakor4deHol eHeprii C; Oyze poscitoBaTtucs y
CEePEIOBUILI Yepe3 BTPATH HA EJICKTPOJIi3 Ta SICKTPOXIMIUHi
peaxuii y piauHi.

OnHak, SIK IOMI4€HO, 1110 3pYLIEHHS] CUCTEMH 31 CTaHy
YMOBHO CIIOKOIO (PEXHM HepoOOo4oro xoay abo KOpOTKOro
3aMMKaHHs) y OIK 3aIaIlOBaHHs peaKLii MIa3MOyTBOPEHHS
Ta iHiriroBaHHA nporiecy EIJl MOXITHBO 3a paxyHOK TOIIe-
PEIHBOTO MEXaHITHOTO 3MIMIEHHS KOXKHOI METaJIeBOl 4acT-
ku OBLIMI'. To6To mpumMycoBe pyHHYBaHHS IPOBITHIX
MOCTHKIB 200 OKCHJIHUX IUTIBOK HAa KOHTAaKTHHX MOBEPXHSX
MDK TpaHyJIaMH CTBOPIOE YMOBH ISl MIOTIEPEAHBOT 10HI3aLii
CepeloBHUILa Ta YTBOPEHHS IUIa3MOBHX KaHawiB. /1 1iboro
y KOHCTPYKILIT KaMepH, SIK 3a3HAUY€HO BUIIE, 3aJisTHUH Me-
XaHI3M IIPUMYCOBOTO 30ypIOBaHHS Ta aKTHUBALl CepeIoBH-
ma. /lnsi yHUKHEHHS! cuTyalii OJIOKYBaHHS pyXy MexaHid-
HOT'O MIepeMilllyBaya yepe3 B3aEMHE 3UEIUICHHsI TPaHyJl MK

coboro 1x opma BUOHpaIach HAOIMKEHOO 10 KBasichepu-
4HOi. KpiM Toro, Oyso Takox MOMIYEHO, IO VISl TPaHyJI,
SIKI MaIOTb TJIaJIKy TOBEPXHIO Ta YTBOPIOIOTH OUIBII MIUIBHI
KOHTaKTH MiX CO0OI0, CKJIAJHO HAaBITh iX MEPEMIICHHIM
OCTaTOYHO JOCSITH MEXI 3aMalFOBAHHS pPeaKIlii caMorri-
xoruieHHst Mexanismy EIJI. Ilpote, 3a paxyHok Oe3nepeps-
HOTO IEepeMilIyBaHHS CEpPEeZOBHINA BiJ MEXaHi4HOTO 30Y-
proBaua Ta miarpuMyBaHHs peakuii EIJl TpaH3ucropHM
TEHEpaToOpOM IMITYJIECIB, TJafKa TOBEPXHS METAIEBUX
rpanyn (7i, Cu, Fe) MOCTYIIOBO BKPHBAETHCS €PO3IMHIMU
JYHKaMH Ta CTa€ OUTBII MIOPCTKOIO 3 YTBOPSHHSM OLTBIIOT
KiIbKOCTI MikpoBHCTYMiB. Lle nae 3Mory uepes neskuii yac
MPUMYCOBOTO TEPEMIIlIyBaHHS CEpEeOBHINA IHIIL[IFOBATH
PEaxililo CaMOMiAXOIUIEHHS «Oe3MepPEepBHOI0» IIIa3MOYTBO-
PEHHsI €JIeKTPOICKPOBOi OOpPOOKHM, MICNsi YOro MOAAJIbIIE
NepeMIlIyBaHHS TPaHyJI BXKE€ Ma€e ONOCEPEeIKOBaHY Mil0 Ta
MOXe OyTH MPU3YITUHEHO. Y XOJIi JOCTIKCHb Ha TIPUKIIAI
3 rpanynamu A/ Takoxx Oys10 OMi4eHo, 1o noTykHicTh TT'1
HaBITb 3pocTana 3i 30UIbIICHHSAM 4acTOTH 00epTaHHS CTPU-
JKHBOBOTO MeXaHi3My. Tpeba BIIMITHTH, IO IS TTEpeBaxK-
HOI YaCTHUHHU TPYIH TPaHyll AONATKOBE 30ypeHHs Oyio 1o-
BUKJIMKAJIO JISIKY HECTaOUIbHICTh Ta MepepUBYACTICTh 3aria-
JIFOBAHHA IIIa3MOBUX KaHaliB. Peaiizariisi Takoro JOMOBHE-
HOTo croco0y 0OpOOKH TakoX BiIMIYA€ThCS Y JITEparypi,
aJie IpH 3aCTOCYBaHHI 1HIIMX MEXaHi3MIB 30ypeHHs! cepe/io-
BuLIa. 3o0kpeMa, y [19] Big3HaueHO, 1110 MPOCTOPOBHUIA KOJIHU-
BaJIbHUH PYyX TPaHyJl BIIHOCHO 1X CTATMYHOIO TIOJIOXKEHHS Y
pe3ysbTaTi Ail I0AATKOBOTO JDKEpesia MEXaHIYHUX 30ypeHb
(BiOparisi, yJIbTpa3ByK) NPHMYCOBO BIUIMBAE Ha JIOBKHHY
IUIA3MOBHX KaHAJTIB, CTPUMYE 1X PO3BHTOK, JIMITYE TiBe-
JIeHy CSHeprii 10 HHX, IMOCHIIOE IX MIrpaIiifo Mo ITOBEPXHi
TpaHyy, 10 y IJIOMYy MiABUINYE IUCIEPCHICTD €pPO3iiHMX
YaCTHHOK Ta €Heproe(eKTHBHICTh 00pOOKU. AJle, 3 IHIIOTO
00Ky, 3aCTOCYBaHHS JOJIaTKOBOTO MEXaHI3My Ta HaJMipHOTO
3BOPYIUEHHS CEePeOBUII[A MOXKE iCTOTHO IOTIPIIMTH 3ara-
JIbHY €HeproeeKTUBHICTh €JIEKTPOICKPOBOT 00POOKH.

IMocranoBka excmepumenTy. J[iis peaizarii mocra-

BJIEHOT METH HEOOXITHO BUPIILIMTH HACTYII1 3aBJaHHS:

® BHMIPIOBAaHHS TIOKAa3HHKIB CHOXKHBAHOI ITOTYKHOCTI
€JIEKTPOPO3PSIIHOT YCTAHOBKH Bifl €JIEKTPOMEPEIKi KUBIICH-
HSl B 3JISKHOCTI BiJI KOHCTPYKIIIHHHUX MapaMeTpiB peaKilii-
HOi Kamepu Ta ocobmuBocteit OBIIMI npu iHmmX ¢ikco-
BaHuX mapamerpax TI'T (MakcuMmanbHa 3apsIHa HAIpyra Ta
€Heprist podoYoro KOHIEHCATOpa, YacTOTa Ta TPUBAJICTh
IMITyJIBCIB);

® OIIiHKA B3a€MO3B’SI3KY TOKa3HHKIB MOTYXHOCTI €JIeK-
TPOYCTaHOBKU 3 IMTOMUMMU eHeprosurparamu npouecy EIJ]
METAJICBHX TPAHYJ 3 PI3HUM 3HAYCHHSM iX MIKKOHTAKTHO-
ro akTuBHOTO onopy (A, Ti) y nepepaxyHky Ha KBT-ron/kr;

e ananiz enekrpodiznunux mpoueciB EIJ] anst Bu3Ha-
4yeHHs1 e()eKTHBHHUX PeXUMIB repenavi eneprii Big TIT y
HeniniiiHe EIH.

Jnst sSICHOCTI BHKJIAJICHHSI METOAMKH EKCTICPHMEHTY
OyJi0 BU3HAYCHO BXIiMHI Ta BHXIOHI JaHi, SKAMH OICPYE
enexrpodizuuna moxens TI'T — EIH.

dikcopani nmapamerpu TI'l Ta peakiiiiHol KaMepH: Ha-
npyra Ha BXiiHINA enexTpounituuHiid emHocti Cy — 420 B;
MaKCHMaJIbHa 3aps/iHa HaIpyra Ta €MHICTb POOOYOro KOH-
nencaropy C; — 750 B ta 1 Mk®; iHIyKTUBHICTb PO3pSIIHO-
ro KOHTYpY Lo — 14,6 MKI'H; 4acToTa MepeTBOPEHHS TeHe-
paropa — 1 kI['I; MakcUMasbHa TPUBAIICTh IMITYJIBCY CTPY-
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My — 12 MKc; poboda pigpHa — BOJA 3 MUTOMOIO €IIEKTPO-
nposianictio  30-50 MxCwm/cMm; [iamerp BHYTPILIHBOTO
enexkrpoay 30 mm; TpuBanicts nporecy EIJ] — 10 xB.

PerynboBani mapamMeTpu YCTaHOBKHU: TEXHOJIOTiY-
HUN TPOMIKOK MK HATIHAPUYHUMHU €ICKTPOIAaMH pea-
KLIAHOT KaMepH; Maca rpaHyJIbOBaHOTO Marepiany 0
NOYaTKy IUCIIEPryBaHHSI — m;, T'; BHCOTa Ta KiJbKICTh
enemenrapanx mapie OBIIMI- A;, MM, Ny,; moiameTp
30BHIIIHBOTO EJIEKTPONY; CEpenHild IiaMeTp TpaHyIu
(xBazicthepuyHe HAOIKEHHS).

BuxigHi mapamerpu TEXHOJOTIYHOTO MPOIECy MiCIs
00pOOKH: CepelHsl TIOTY>KHICTh CIOXKUBAHOI CHEPTil eNeKT-
POPO3PsTHOT YCTAHOBKH Bifl €IEKTPOMEPEX] JKUBIICHHS — P,
Br; 3amuiikoBa Maca TpaHyJIbOBAHOTO Matrepiamy it
00pOoOKH — m,,, T; Maca JUCIEPrOBaHOTO Matepiany — Am, T;
NMTOMI 3aTpaTy eJeKTPOCHEPrii Ha JUCIIEPryBaHHs IpaHy-
JHOBAHOTO MaTepiany — O, KBT rom/kr.

Konnenrpauist rpanyn meraniB (4/, Ti) po3paxoByBa-
JIach 3a TOTIOMOTOI0 MIPHOTO CTaKaHy 3 poOodnM 00’eMoM
50 mx 3 Bucororo 125 mm Tta giamerpom 22 mm. [lorim
TTCIIS TIepepPaxyHKy KUIBKOCTI TpaHyll y HACHITHOMY 00’ eMi
BU3HAUYaJIMCh IX cepelHsi KoHueHrpauis N, Ha 1 cM’ Ta
TTiCIIS 3BaKyBaHHS — IX HACHITHA IIUThHICTE. CepenHiil mia-
METp T'paHyJl OTPHUMaHO y HaOJIIDKEHHI iX KBasicepuuHOl
(dopMu Ta 3a YMOBH iX KyOi4HOI MOJETI pO3TAallyBaHHS y
npoctopi (dy = 2,4 MM, dr; = 3,5 mm). [l po3paxyHKy
HACHUIHOI KUTBKOCTI IMIApiB y aKCialbHOMY HAIpPSAMKY II0
JIOBXKHMHI peakiiifHOi KaMepu 3 IMIIHIPUYHOIO CHCTEMOIO
€IIEKTPO/IiB BUKOPHCTOBYBAIACH (hpOpMyIIa:

IN, Y,

_ a vt

Ny = AL
7 \Ry — Ry

Ie Ro, Ry — 30BHIIIHIN Ta BHYTPIIIHIA paaiyCH eJIeKTPOIiB,;

(1

V, — HacunHuMil 00’€M METaNeBUX TpaHys;, 3N, — Kilb-
KIiCTh I'paHyJ Ha OAMHUILIO JOBXHWHU Y JOBUIBHOMY Harpsi-
MKy. Benmnmuuna 7, / ﬁ-(Rg —Rlz) — ue Bucora OBLIMI y

aKClaJIbHOMY HaIIPSIMKY TI0 IOBXKHHI peakIiitHoi KaMepH.

BumiproBaHHs MOKa3HUKIB cepeanboi notyxuaocti TI'T
y TpoLeci eIeKTPOiCKpoBOi OOpOOKM B 3aJeKHOCTI Bif
00’eMy KOXHOTO 3 MarepiajliB MPOBOAWIOCH y Jliana3oHi
ixnix Bar Bix 50 no 300 r 3 KpOKOM aHai3yBaHHs uepes
koxkHi 20 T Ta TpuBanocTi 00podku He Oibie 30 ¢, TakuM
YHHOM, 00 SK HaMEHIIIe BIUIMHYTH Ha TIOTIEpeIHIN mova-
troBuii ctan OBLIMI y mporeci EIJT.

Buxosau 3 oTpEMaHOTO CiMEWCTBa 3aJI€KHOCTEN Cce-
peOHBOT TOTYXKHOCTI TIEpPEeTBOPIOBaYa BiJl HACHITHOTO
00’eMy TpaHYJN Ta JiaMeTpy 3OBHIIIHBOTO €JEeKTpoma —
do=72 mm, d,=82 MM, d,=98 mm (puc. 4,a,b), sk I ato-
MIHIEBOrO, TaK 1 JJIsI THTAHOBOI'O 3aBaHTAXKEHHS, MOKHA
CTBEPJDKYBaTH, 10 CIIIFHOIO PUCOI0 YCIX KPHBUX € HasiB-
HICTh BUpA3HUX MAaKCHMyMIB TOTY)KHOCTi, SIKi TPOSBIISA-
I0TBCS IPUOJIM3HO Ha OfHIH ¥ Tid ke BucoTi OBLIMI (3a
MIEBHOI KUTBKOCTI MIapiB) IJIs KOXKHOTO BHIIAIKY T€OMETpii
METAJICBOI0 TPaHyJIbOBAHOTO 3aBaHTAXEHHA. Y Jliama3oHi
miBoi numtHKE OBIIMI™ excriepiMeHTaBHI  3aJIeKHOCTI
TaKOXX MaloTh MOMIOHMI TIOCTYMNOBHUIT XapakTep 3pOCTaHHs,
HaOMMKEHUI 10 JIiHIKHHOrO. PasoM 3 ThM, 31 30LIBIIEHHIM
JiaMeTpy 3O0BHIIIHBOTO €JIEKTPOJa KYTOBHMA KOeDillieHT
HAXWITy KOXKHOI KPUBOI CIMEWCTBA 3MEHIIYETHCS, a IX Mak-
CHUMYMH 30UIbLIYIOTBCS, 110 OCOOJIMBO BIIUYTHO /ISl THUTa-
HOBOI 3acHnKH. KpiM Toro, BIIMiHHOIO PHCOIO € eNeKTpodi-

3WYHI OCOOJIMBOCTI MOBEIHKY THTAHOBHX T'paHyJl Ha 3a/IHIN
YaCTHHI iX 3aJIeKHOCTEH, Jie TTOTYKHICTh CTPIMKO CITaJia€.
Lle mosICHIOETHCS TUM, IO SHEpTil IMITyJIbCy, Ha SIKii BUKO-
HyBasiocst mocmimkerHs (0,25 JIK) BHUSBIIETBCS BXKE HE
nocratHbo Ha miit aistaii OBILIMIT (npasime Bix Makcu-
MyMy) Il 6e3nepepBHOTO YTPUMAHHS PEeaKilii I1a3MoyT-
BOPCHHS 1 CTaOLTLHOTO TPOIIECY €IEKTPOICKPOBOT 00POOKH.
300

PW dli d2
250 d0

200 \

150

—

Al
100

50
V.em

0
20 40 60 80 100 120 140 160 180 200

250
PW dl dz

200
do

150

100 \

50

Ti

020 30 40 50 60 70 80 90 100
b
Puc. 4. Kpugi 3anexHocTi HOTyHOCTI reHeparopa Big OBILIMIT
peakLiifHOT KaMepH AJIsl TPhOX 3HAUEHb JiaMeTpy 30BHILIIHBEOTO
eNeKTpony: a —rpanynu Al; b —rpanynu Ti

SIkmio B cxeMi reHepaTopa HacTyIa€e PekKUM KOPOTKO-
TO 3aMHKaHHA a00 HaOMIDKEHHUH 10 HBOTO, TO YV peaKmiiHii
KaMmepi BiTOyBa€eTHCS TIOBHE 3TacaHHs po3psay ado peakitist
IUIa3MOYTBOPEHHS W JINIIE TOOIM3Yy LEHTPATIbHOTO EJIeK-
TPOIY-aHOy, & TIOTYKHICTb IIPOLIECY BCE OJJHO 3AJIHIIAETh-
cs1 Hu3pKoto (30-50 Bt). MakcuMyMu KpUBHX TS aTOMi-
HI€BOI 3aCHIIKM MalOTh MEHII BHPAXCHHHA XapakTep 3poc-
TaHHSA 31 30UIBIICHHSM JiaMeTpPy 30BHIIIHBOIO CJICKTPOLY,
a iX 3aJ{Hi YaCTHHHU MOCTYIOBO CIAJAI0Th B 3JICKHOCTI Bif
OBIIMI. Crmin TakoX BiI3HAUUTH, IO YCI MaKCUMYMH
HOTY>KHOCTI Py, K JUISL UTIOMIHIIO TaK 1 71 THTaHY 3apo-
JUKYIOTBCSI IPHOJIM3HO TIPU OAHINM ¥ TiH e BHCOTI HAaCHII-
HOTo 00’ €My rpaHyJ1, a00 BIAITOBIIHO JO KUTHKOCTI IX IIapiB
(1). Tomy mns Al: hy = 22 mm, N, = 8 mmapis, g Ti:
hr; = 13,5 MM, N, = 5 mapiB. Y Toii ke yac 3HaYCHHS Mak-
CIMyMy TIOTYKHOCTI Ma€ TEHJEHIIII0 3pOCTaHHs Tpu 30i-
nemeHHi gopkuan MEIL, Ha sIKOMy pO3MIIIY€ThCSI TIEBHA
KUTBKICTh TPaHyJI B 3aJISKHOCTI Bifl IXHBOTO AiameTpy. st
CepeaHbOl KIJIBKOCTI IpaHyJl y paialibHOMY HalpsIMKy IO
noxkuHi MEIT (Ry—R,) peakuiifHOT kamepH BiIHOBIIHO ISt
BHIIIE 3a3HAYCHOT MOJIEII TX MAKyBaHHS MAa€MO BHPA3:

Ny =3N, (Ro—Ry). @)

ToMy Kepyrounch BUILIE CKa3aHUM, MOXHA TIPUITYyCTH-
TH, IO cepeHs crnoxkuBana notyxHicts TI'T y npoueci EIJ]
METaJIeBUX TpaHyJ] € OJHO3HAYHOI (YHKILEIO, 110 3alle-
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JKHUTH TIEBHOIO MIpOI0, SIK BiJ] moyaTtkoBoi Harpyru Ha MEI],
eHeprii IMITyJIbCy Ta YaCcTOTH iX NMPOXODKEHHS, Tak 1 Bij
napamerpiB ynakyBanus OBIIMI y peakiiiiHiii kamepi —
KUIBKICTh €JIEMEHTApHUX IIapiB y HACUITHOMY 00’eMi MeTa-
JIEBUX TPaHyJ Ta KUIBKICTh IPaHyJl B OIHOMY iX mmapi. Kpim
TOT'O MOBEPXHEBA CXMJIBHICTh I'PaHyJI TUTaHy 10 YTBOPEHHS
TIPOBIIHUX MOCTHUKIB Y CEPEIOBHILI MPOSIBISIETHCS Y CTPIM-
KoMy 3HIKeHHI rmotyxHocti TI'T yepe3 HacTaHHS peKUMY
KOPOTKOTO 3aMHKaHHS.

Hactynmanm eramoM poOOTH € BH3HAYEHHS MHUTOMHX
3aTpar eNeKTPOCHEePrii y mepepaxyHKy Ha OTpuMaHHS | KT
MOPOILKOBOI CHPOBHHH. Y IIhOMY pasi MPOBOAMIIOCH BXKE
BUMIPIOBaHHSI HaKOIMYEHOTO 3HAYEHHS CEPEeIHbOI MOTYXK-
Hocri 3a Outbin TpuBaiuit mpomikok EIJI. Jlns Al rpanyn
00poOKa TPOBOIMIACE 13 72 MM JiaMETPOM 30BHIIIHBOTO
eNIeKTpoay Ta (PIKCOBaHMMH IapamMeTpaMd CHUCTEMH, IO
3a3Ha4yeHo Bulle. EKCriepuMeHTaIbHI Ta pO3paxyHKOBI J1aHi
nio EIJ] rpanyn A/ ta Ti HaBeneHo y Tabi. 1, 2 BiAmoBimHO.
Enexrpruni mapamerpu EIJ] TuTaHOBHX TpaHyn Oymu obpa-
Hi Taki caMi, SIK W I aJFOMIHI€BHX TPaHYJ, ajle 3a BHHAT-
KOM 30LTBIICHOTO JliaMeTpa 30BHIIIHBOTO €JIeKTpoa 82 MM.

Ta6mmmsg 1
Pesymsratn EIJ] anoMiHi€BUX TpaHyI

m;, T| My, T |Am, T|V}, oM’ h;, M| N, xin.on.| P, Br|Q, kBt rom/kr

50 [ 48,68 | 1,35] 294 | 8,5 32 65 8,02
70 | 67,52 (248 | 412 | 11,8 4,5 105 7,1
90 | 85,12 (4,88 | 52,9 | 15,2 5,8 165 5,6
110(103,22| 6,78 | 64,7 | 18,6 7,1 225 54
130(121,62| 838 | 76,4 | 22 8,4 250 5
150143,25| 6,75 | 882 | 254 9,8 210 5,13
1701163,85| 6,15 | 100 | 28,7 11 190 5.2
Tabmuw 2

Pesynbratu EIJ] TuTaHOBUX rpaHyn

M, T| My, T |Am, T| Vi, o) b, MmN, kimoz. | P, Bt 0, kBr-rom/kr

70 [ 69,32 0,68 | 25,7 | 5,5 2 65 159
90 | 88,78 | 1,22 33,1 | 7.1 27 | 95 13
110]108,14| 1,86 | 405 | 87 | 34 | 130 11,8
130] 127,6 | 2.4 | 47.8 | 103 4 155 10,7
150 147 | 3 | 552 | 119| 46 | 170 95
170]166,15[3,85 | 62,5 | 13,5 | 52 | 210 9
1901755 | 45 | 662 | 143 55 |230 8,5

TakuM 4MHOM, OTPUMaHI MOKA3HUKH MUTOMHX BUTPAT
enekrpoeneprii y mporeci EIJ] AI-Ti Takox KOpEIrOHThH 3
BIJINOBITHUMH MMOKA3HUKAMH iX CEPEeHBOI NOTYKHOCTI. J[i1s
Al NOCATHYTO HM)KYOTO 3HAYCHHS CHEPrOBUTPAT JUCIEPTy-
BaHHA HiK Ui Ti — 5 kBr-rom/kr, ane 3a ymoBoto 20 Br-oi
nepeBaru. OTpuMaHe 3Ha4YeHHS () KOPEIIOE 3 IMOKA3HUKOM,
HamaauM y [20] — 5,45 kBt row/kr. Ilpore, ne 3HaueHHs O
JOCSITHYTO 32 Jy)Ke HU3BKOIO TPOXYKTHBHICTIO EIEKTPOICK-
PpoBOi 0OpOOKH Ta MOTYKHOCTI [PKeperia KUBJICHHS — YIIPO-
JIOBXK 3 ron 00poOKH 3araiibHa Maca A/ TpaHyJI Ta eIeKTpo-
IiB 3MeHImIacs auie Ha 1,8 r. HaliMeHitie 3HaueHHs OKa-
suuka Q st Ti — 8,5 kBT rom/kr OyJ0 JOCSATHYTO TLIBKH
npH 30UIbILIEHH] BX1THOT HANIPYTH JKUBJICHHS T€Heparopa J10
450 B, 110 103B0aMiI0 CTaOUTI3yBaTH TPOIEC ILIA3MOYTBO-
PCHHSI, Ta HE3BAXKAIOYM HA TCHACHIIIIO HA puc. 4,b MiAHATH
MMOTYXKHICTH 00pPOOKH. 3 ypaxyBaHHSM BH3HAYCHOI Macu
€pOIOBAaHOTO MaTepiaily, MO OTPUMAHO Ha TPOTA3i Yacy
1#oro oOpoOKH Ta YaCTOTH MPOXOKEHHS IMITYIIBCIB TeHe-
paropa MOXHa pO3paxyBaTH JOJIO YaCTHHOK, LIO YTBO-
pPIOIOTBCS 32 OAMH  PO3PSOHUN  IMIOyJabe — —
my=Am/(T" j)=Am/6'105. BinmosigHo Maemo: mg = 13,9 Mk,

mor=7,5 MKr. Jlami. cnmparodrchk Ha TEPMOJIMHAMIYHI PiB-
wsaHEA [21] Ta BiAnmoBiAHI Terwiodi3uyHi KOS(IMiEHTH IS
AI-Ti, Bu3Ha4aIOTHCS €HEPro3aTparH, SKi IyTh HA TOIUICH-
Hs E,, Ta BUNapoByBaHHsA E, I1i€1 YaCTKH €pOJOBAHOIO Ma-
tepiany. Tomy min Al E,=13,5 wm/lx, E=189 mx;
Ti: E,=9 mJIx, E,=84 m/Ix. CepenHs eHepris IMITyJIbCY IS
Al — 250 mJTx, s Ti — 210 mJDx. SIKoio npummycTuTy, mo
BCl €pO/IOBaHI YAaCTWHKH IPOXOMATH IOBHICTIO CTailo
BUTIApOBYBaHH:, Toni edexruBHicTh EIJ[ 1m0 BigHOMIEHHIO
1o eneprii E, cranosutume: Al —n =76 %, Ti — n = 40 %.
Bomnaouac enepris E, mist Ti 'y iepepaxyHKy Ha OHY U Ty K
camy Macy matepiany Ha 17 % Hmwkue HIX 1t AL Skmo
3BEpPHYTHCH A0 puc. 4,b, TO TOTYXXHICTh T'€HepaTropa Mae
TEH/ICHIIII0 3pOCTaHHs, MPOTE HE JIOCSTae IMOpOry CBOTO
HAaCHYEHHS 4epe3 NMpPUIMHEHHS pPeaKiii I1a3MOYTBOPEHHSI.
Hanpukiaz, npu giaMerpi 30BHIIIHBOTO ejeKTpona 98 M
Ta/IiHHs TIOTYKHOCTI reHepaTopa BifdyBaeTbcs micis 90 v’
00’eMy, 10 3aIIOBHEHHUI METaleBUMHM rpaHynamu. st miei
reomerpii OBLLIMI, enepro3arpaTu BAA€THCS 3HU3UTH BKE
1o piBas 8,3 kBT rom/kr. ToMy 1ieil MOKa3HUK IIe pa3 Mij-
TBEPIKYE Ty PEABHICTD, 32 AKOIO 31 30UIBIICHHSIM KLUTBKO-
CTi KOHTaKTIiB MK rparynamu o mosxwHi MEIT Ta 3i 30i-
JIBIIEHHSIM KUTBKOCTI MIapiB MO BUCOTI PEaKIiHHOT KaMepH
BiZIOYBa€ThCS MOCTYIIOBE 3POCTAHHA ITOTYKHOCTI TeHepaTo-
pa Ta 3HMKEHHsI IOKa3HMKa MUToMuX enepro3arpat EIJ] no
HaCTaHHs [TOPOry WOro HACUUEHHSI.

BaximBoro CTOPOHOIO JIOCIIPKEHHS € BCE 3K TaKH I10-
SICHCHH:A HOBeHiHKI/I OTPUMAHUX CKCIICPUMCHTAJIbHUX 3a-
JIGKHOCTEH CEpeAHBOI IMOTYXKHOCTI HAa KOXHIN JUISHII
OBIIMI'. Tomy [utst BUpILIEHHS [ILOTO IIUTAHHS MPOBEJICHO
BUMIpIOBaHHS BOJIBT-aMIIEPHHUX XapaKTEPHCTHK SIK Ha €JIeK-
Tpomax Kamepu, Tak i Ha ememeHTax TIL. IleperBopeHHS
SIIEKTPUYHAX KOJIWBAHB IO PiBHS aMILTITYJ CHUTHAJIB Oe3-
MEYHUX Ul ocuuorpadyBaHHsS BUKOHAHO 3a JOIIOMOTOIO
JIIbHUKA HAIPYTH 3MIIAHOTO TUIY 3 Koe(illieHTOM mepe-
nadi 1:46,5 Ta KoakciaJbHOTO IIYHTA CTPYMY 3 aKTUBHUM
omopoM 1,55 mMOm. OOuiBa CUrHaimuM HaaXoIsTh 4Yepes3
KOaKCiaJIbHI ~ JIHIIT Ha BXOIM JIBOKQHAIBHOIO  3a-
mam’sitoByrouoro  ocipiorpadgy SDS1022.  Ouudposani
JlaHi 30epirajmcst y TeKCToBOMY (popmMari Ta IepeHOCHINCS
y Excel mns maremaTnunux po3paxyHKiB. KijbkicTs TOUOK
JICKpeTH3allii, 1o aae ocipuiorpad mo KoXHOMY KaHay,
cranosuth 10* 3 inTepBaom 10 HC Ta aMIUTITYIHHM 3Ha-
YeHHSIM Yy MiTiBonbrax. Pesynpratu ommdpyBaHHS Tepe-
TBOPIOBAJIMCh 3 yPaxyBaHHSIM BEPTHUKAIGHOTO 3CYBY Ta
koediLieHTy nepeaadi mo KoHoMmy curHany. [licnst orpa-
IIOBaHb 0araThbOX CHHXPOHHMX Tap OCHUIOrpadiqHuX
JlaHuX OyJo 3’5ICOBaHO, 110 e(heKTUBHICTD 3aNalieHHs ILIa3-
MOBHX KaHaJIiB 3pOCTa€ 3 KOXKHUM JIOIaHUM [IApOM MeTa-
JIEBUX IpaHyJl peakiiHol kamepu. [Ipy moyaTkoBHUX piBHSX
HACHUITHOTO 00’eMy criocTepiraeThesi 0arato Hee()eKTUBHHUX
po3psziB 1 Bij eHeprii podo4Yoro KoHJEHcaTopa BizOupa-
€ThCS JIMIIE He3HayHa ii wactuHa. Ha mpomy iHTepBaui
edeKTuBHA YacToTa po3psaHux immyisciB (EUYPI) merra 3a
YacTOTY MPOXOPKEHHS IMITYNBCIB TeHepaTopa. BimmosimHo
JI0 CXOOMHKOIOMIOHOT miarpamu Hampyru Ha C); MOXKHa
BIZIOKpEMHTH Hee(DeKTHBHI PO3PSAAN BiI 3arajbHOI iX Kijlb-
KOCTI 3a ITEeBHUI MPOMIXKOK Yacy, Ta 3a MepernajaMy Harpy-
T/ BiJI 3apsAHOL A0 3aJIMIIKOBOI Ha KOKHOMY TaKTi KOMyTa-
il CHJIOBHMX KIIIOYiB PO3paxyBaTH CEPEIHIO CHEPril0 Ta
MOTY)KHICTh TIepeTBOpeHHs. J[is 30epeeHHs TOYHOCTI
onu(ppyBaHHsS CUTHATY MaKCHMajbHAa IIMPUHA BIiKHA IS
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3aram’sITOByBaHHS JITAHUX Ha pO3ropTii vacy 1 mc/mon.
craHoBmiIa 20 Mc. 3 TOYKH 30py OLTBII KOPEKTHOTO HAOH-
JKSHHSI 710 CEPEIHIX 3HAUCHB MOTYKHOCTI 00pO0JISLIIOCH 10 5
Jiarpam Hampyru 3 3arajgbHuM yacom y 100 mc. Tomy,
BIJINOBITHO JI0 BUKJIAJICHOTO aJITOPUTMY, CEPEIHIO CHEPTi0
edextrBHuX po3psaiB (CEEP) MokHa po3paxyBaTH sK:

Nsp NA( 2 2)
PE; —oUc ~U; )
— 21:0 ! :E Zl:o ¢ Th , El > El‘ 5 (3)

Fa==y 2 N,
sp sp
ne U, U, — 3apagHa Ta 3aimummkoBa Hampyru Ha Ci;
C — emnictb koHzaeHcaropa Ci, Ny, — KUIbKICTh €(pEeKTHBHUX
PO3psi/IiB 32 BUMIPIOBAJILHUI IPOMDKOK Hacy; F; — eHepris
edexTrBHOrO po3psiay; £, — MiHIManbHUK TOpIr eHepril
PO3pSIHOTO CTPYMY.

BumiproBanHs Oy 1poBesieHi 31 30epesKeHHsIM Ti€el kK
CaMoi T€OMeTpii eNeKTPOIIB, SIK y MONEPETHbOMY E€KCIIepH-
MeHTi. BiIMITHOIO OCOONHBICTIO OTPUMAaHOI KPHBOI 3aIIeK-
Hocti EUPI st Al rpanyn (puc. 5,a) € HassBHICTB TUITHKH il
Hacuuenns (75100 cm’), e yacTora eheKTHBHUX PO3PAIIB
30ira€ThCsi 3 YaCTOTOIO MEPETBOPEHHsS reHeparopa 1 kI
Cepennsi eHeprisi e(peKTHBHHUX PO3PSAIB Ha IiH MUISHIN
00’eMiB micnsi ocsirHeHHsT cBoro Makcumymy (0,22 k)
TaK caMo, SIK 1 Cepe/Hs MOTY)KHICTh, IIOCTYIIOBO Criajae. ¥
BUnajky 3 rpanyiaamu 7i kpusa EUPI (puc. 5,b) Biamnosinae
YacTOTI TeHepaTopa TUIBKM NpH HOTO MOTpAaIUIsHHI Y pe-
UM KOPOTKOTO 3aMUKaHHS, a MAaKCHMallbHe 3HAYCHHS
CEEP nocsiraethest Ha pissi 60 cm® OBILIMI.
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Puc. 5. Kpusi 3ajexxHocTi cepenHboi eHeprii Ta eeKTHBHOT
4acToTH po3psiaHuX imimybciB Big OBILIMI peakuiitnoi kamepu:
a — aIOMiHi€B] TpaHyNd; b — THTAHOBI TPaHyIH

CrauionapHi enekrpuyni konuBanus y TT'T Ha ginstaii
HacuueHHs1 kpuBoi EUPI mist A/ va Bigminy Bin 77 Bim3Ha-
YarOThbCS OUIBIIOK CTAOUILHICTIO T4 MEHIIUM 3HAYEHHIM
3BOPOTHHX MEPEKOJIUBaHb. TOMYy 3a yMOBH CTabiIbHOCTI
YAaCTOTH PO3PSTHUX IMIYJIBCIB Ta iX aMIUNTYId MOXHA

3HATH BOJIBT-aMIIePHI XapaKTepUCTHKH y NEKUIBKOX TOUKaX
nistaky HacuuenHs EYUPI ta BUKoHaTH po3paxyHOK MHUTTE-
BOI MOTY>KHOCTI Ta TMHAMIKH OTIOPY Ha HAaBaHTaXKECHHI.
ExsiBanenTHe 3HaueHHs omopy R., OBIIMI 3a vac
TPUBAJIOCTI IMITYJIbCY 3a3BHYail pO3paxOBYEThCs 3a (HOpMy-
5010 [6], ane HaOIMOKEHHS! 10 IHTErpaIbHUX BHPA3iB BUKO-
HaHO 32 JIONIOMOTOI0 alpOKCUMAIlii I10 METOTy Tparlewiii:

n . .
R Zkzo(uk e it i)

eq
ZZ:O(i]% + i]%+1)

I Uy, iy — MATTEBI 3HAYCHHS CTPYyMY Ta HAIIPYTH Y PO3PSA-
HOMY KOHTYpi Ha k-My KpOIIi iHTeTpyBaHHSI.

XapaKTepUCTUKN MUTTEBOI TIOTYKHOCTI, III0 BHALICHI
na EIH, po3paxoBaHi Ha OCHOBI OTPHMAaHHX Iap CHHXPO-
HHHUX OCLMJIOTPaM CTPYMY Ta Halpyrd y 3-X TOYKaXx HiJIsH-
KW HACHYEHHS ¢(DEeKTHBHOI YacTOTH po3psiaiB (puc. 6).
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Puc. 6. XapakTepHCTHKNA MUTTEBOT MOTY>KHOCTI JUIst 3-X PiBHIB
Bucoty amominiesoro OBIIMI!

CHHXpOHI3aLlisl yCIX XapakTepUCTHK MPOBOAWIIACH 110
MEPLIOMY IIBHIKO CIIaIat04oMy (D)POHTY IMITYJIbCY Halpyru
Ha MEII, m1o BiANoBigae MOMEHTY 4acy CTajiii OCTaTOYHOTO
€JIEKTPUYHOTO IPOOOIO CepeIOBHIIA Ta MOYATKY PO3BHHEH-
HsI ICKPOBOTO PO3PsLy 3 TOJAJIBIION0 Tepeadeto OCHOBHOI
JIOJTi €Heprii BiJ] EMHICHOTO HAKOIIYyBaya €Heprii 10 HaBa-
HT2XXEHHA. SIK IOMITHO 3 XapaKTepHUCTHK IS PiBHIB 3aCHII-
KH g =22 MM, h; = 25 MM, IXHBOIO TOJIOBHOIO OCOOJIMBICTIO
€ HAsBHICTh 3HAYHOIO CIUIECKY INOTYXHOCTI JO MOMEHTY
PO3BHHEHHSI IU1a3MOBoro kanaiy. CTpHUOOK HOTYXKHOCTI
TOJIOBHUM YMHOM I10B’SI3aHUH 3 NPOTIKaHHSIM CTPyMy OMi-
YHHUX KOHTAKTIB Y JIOKAJBHUX 30HAX MiX IPaHyJaMH, PO3-
BUHEHHSM 10HI3AI[IMHKUX JIABUH Ta MOJISPU3ALIEI0 poOOUOT
piIMHM y MDKTpaHyJIbHUX 00’emax. Tpeba 3a3HaumTH, 110
OCTaTOYHE 3HAYCHHS HAIPYTH, SKE BCTAHOBIIOETHCS HA
MEII micnst TOBHOTO BiANMPaHHS TPAH3UCTOPHOTO KITIOYA,
Oyne mepenyciM BU3HAYATUCS CTPYMOM OMIYHHMX KOHTAKTIiB
HAaBaHTAXXCHHS Ta PEAKTHBHUMH ITapaMeTpaMH PO3PSIITHOTO
KOHTYpY. [IpoTikaHHA CTpyMy OMIYHMX KOHTAKTiB BHKIIHU-
Kae MajJiHHA HANpyrd Ha IHAYKTUBHOCTI japocens L, 110
BIJITOBITHO 3MEHIY€ MaKCUMAbHY aMIUIITYHy MpHUKIIaje-
Hol Hanpyru 1o MEII, 3Ha4eHHs 5KOI B CBOXO Uepry BILIM-
Bac Ha mnoro/pkeHictb BBemeHHs eneprii y EIH. Sk
3’5ICOBaHO HA OCHOBI aHaJli3y 0arathbOX CHHXPOHHHUX Tap
BOJIbT-aMIEpHUX JaHuX, Harpyra Ha MEII we nesxuii yac
TPUMAETHCSI Ta 3IUIIAETHCS NMPAKTHYHO IOCTIHHOIO, TpH
IIbOMY YTBOPIOETHCS «IUIATO» HAIPYTH IO MOYaTKy PO3BH-
HEHHS TIJIa3MOBOTO Po3psiay. B cBoto uepry, Bin 3Ha4YeHHS
CTPYMy OMIYHMX KOHTaKTiB, IO PO3irpiBae KOHTAKTYHOUi
TIOBEPXHI TpaHyl, Oyze 3ajJeXaTH IHTEHCHBHICTb PO3MHO-
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XKEHHs eJISKTPOHHMX JIABHUH Ta MOAAJBIINN PO3BHTOK ILIa3-
MOBHX KaHAJIB.

3pocTaHHs CTpyMy OMIYHMX KOHTAKTIB BiJl BHUCOTH
Iapy TMOSICHIOETHCS 30UIBILIEHHSIM IUIOIII TTOBEPXHI JOTHKY
rpaHyJ 3 eIEKTPOJaMHU PEaKIHOI Kamepu. AJie B JCIKUN
MomeHT 1ipu BucoTi OBIIMI™ /1, = 29 MM cTpym OoMiuHKX
KOHTAKTIB CTa€ JIOCUTh ICTOTHUM Ta 3JIUBAETHCS 31 CTPYMOM
ICKPOBOTO PO3psIy, Y TOH )K€ Yac «IUIaTo» Harpyryu — ioHi-
3alfiifHa TIOJIKa HATPYTH TOBHICTIO 3HUKAE, IO MOTipIIye
PO3BUTOK IUIa3MOBHX KaHAIIB. TOMY BHTIZHO, SIK pa3 BUKO-
HATH BUTPHUMKY TPOLIECY 10Hi3aIlil, KOJIH IDIaTO HAMPYTH Ha
MEII tpumaeThbes 11e OeIKril 9ac, y cepeIHbOMY JEKUTbKa
MIKPOCEKYH/I, 1[0 Ba)KIIMBO JUIsi 30LIBILEHHS KiIbKOCTI
IUIa3MOBUX KaHaliB Ta edexkTtuBHOCTI ix pocty. Crpym
OMIYHHUX KOHTAKTIB y I[bOMY CEHCI PO3IrpiBac KOHTAKTYIOUH
HIapU TPaHyJI Ta CTUMYJIIOE TEPMOCICKTPOHHY EMICIf0 3 iX
TIOBEPXOHb, 1110 B CBOIO Yepry BILIMBA€E HA CTPYM iOHi3amil,
SIKHH € TPUTrepoM — TIEPBUHHHM JKEpesioM Jutst (opMyBaH-
HS TUTA3MOBUX KaHAJIB. 3 1HILOI CTOPOHM JOCTATHS Pi3HULIS
TIOTEHITiaJliB Mi>K HarPiTUMU TIOBEPXHSIMH TPaHyJI CTBOPHUTH
YMOBH 111 e()EKTHBHOTO PO3MHOXKCHHS €JICKTPOHHUX JIa-
BUH Ta YTBOPESHHS IUIA3MOBHX KaHAJIIB.

s posrisiHyTOrO CiMeHCcTBa KPUBHX MHTTEBOI MO-
TY)KHOCTI 32 MPOMDKOK TpHBaiocTi po3psaiB (12 mkc),
pO3paxoByeThes eHepris, mo poscitoersest y EIH. 3HoBy
TaKH, SIKIIO 1HTErpaJl MOTY)KHOCTI 33 4aCOM alpoOKCUMYBaTH
3a METOZIOM TparleLiii, TO MO’KHa OTPUMaTH BUpa3:

E, = 0,5'ZZ=0(U1{ g +Upst i) A0, (5)
ne At — Kpok yacy inTerpyBaHss, At =10 He.

3BiIKM Ma€eMo, IO €HEpTis I KPUBOi /) TOPIBHIOE
240 mIx, hy — 190 MIOx, h, — 160 mIx. Li pesynbratu
TaKO0X KOPEITIOIOTh 31 3HAYEHHAMH, OTpUMaHUMU 32 (3) s
KPHBOI HOTY>KHOCTI TeHepaTopa Ha puc. 4,a.

[Mono muHAMiKM OMOpPYy HABAaHTAKEHHS 33 YacoM
(puc. 7), TO KOKHa KpWBa Ma€ CBOE IMMOYATKOBE 3HAYCHHS
oropy. IIpoTe BiIMITHOIO OCOOJHMBICTIO KPHUBOi /1, € HasiB-
HICTh HYJIOBOT'O 3HAQUEHHS ONOpPY Ta HOro MUTTEBUH CTPH-
0OK 32 KOPOTKHMI HPOMDXKOK 4acy 3 HyJIbOBOI BIAMITKH JI0
TI0YaTKOBOTO 3HAYEHHS R.

10

0 I, us
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Puc. 7. Jlunamika omopy eneKTpOiCKpOBOTO HABAHTAKCHHS

Ha piBai Bucotn mapy npunaiivHi y 30 MM IpuCyT-
HICTH CTPYMY 3MIIICHHS MDKTPaHYJIFHHX 00’€MiB poOodoi
piIMHA CTae CYTTEBO IOMITHOK, IO CHPHYHMHSE IIOSIBY
PEaKTHBHOI CKJIQJIOBOI y AWHAMIIi OMOPY HAaBAaHTA)KEHHSI.
Jani BukopucroBytoun (4) s ycix 3-X KpuBHX /g, Mae-
MO HACTYIIHI 3HAUEHHs EKBIB&JICHTHOIO OIOPY HaBaHTa-
skeHust: hy — 3,95 Om, Ay — 2,41 Om, A, = 1,84 Om. Sxio
xapakrepuctiynuid omip kxoHtypy Ci-VTi-VD,-L, craHo-
BUTH 4 OM, TO 6€3yMOBHO MOXHA CTBEP/IXKYBaTH, 1110 OCHO-

BHOIO nprunHOI0 3HKeHHs: CEEP 3i 3poctanasimv OBLIIMIT
Ha gl HacudaeHHs EYPI e 3sHmkeHHs 1Horo ekBiBaIeHT-
Horo oropy. Uepes 11e epexiiHui mporec y oMy KOHTY-
pi cTae OUIBII KOJMBAILHUM Ta PO3ray:KeHuM [7].

V TOH K€ Jac 3HaYEHHS R, KOPENFOIOTh 3 MOYATKOBUMH
3HAYEHHSIMH OMOpPYy Ha MOMeEHT mpoOoro MEI, siki Tex Ma-
F0Th TEHJICHIIIO 3HWKCHHS — Ry(f)=25 Om, Ry(h)=8,5 Om,
Ro(h,)=4,5 Om. OtpumaHuii B3a€MO3B’S130K MiXK BHCOTOIO
OBIIMI" ta movatkoBuMm omnopom EIH moxe Oyt Takox
JIOTIOBHEHHSIM JI0 TIapaMETPUYHOI MOJIENI eJIeKTPOiCKPOBO-
IO HaBaHTaXEHHs [4], e BCTAaHOBJICHA 3AJICKHICTH L[LOTO
OTIOPY BiJ] MOYATKOBOI MpHKIaaeHoi Hanpyru 10 MEIL.

[HmoI0 MiKaBOIO OOCTAaBHHOIO € TE M0 IPHCYTHICTH
CTPYMY OMIYHHX KOHTAKTiB TPH KOMYTAIlii pPO3PSIHOTO
KOHTYpPY THPUCTOPHMM KJIIOYEM Ba)KKO IOMITHTH Yepes3
Horo iHepmiiHI 0COOIMBOCTI — MPOIEC PO3IrpiBaHHSI MiXK-
TpaHyJIBHUX MPOMDKKIB Ta ()OpPMYyBaHHS IUIA3MOBHX KaHa-
JIB 31MBAIOTHCS y Yaci. KpiM Toro, Hu3bKe 3HAUSHHS 1HIYK-
TUBHOCTI KOHTYPY TUIbKH CHPHSIE CTPIMKOMY PO3BHHEHHIO
IUIa3MOBOTO O3PSl Ta B NMPHHIMI YHEMOXIIMBIIIOE PO3-
Ii3HaBaHHS 1bOTO siBUIA. SIK pa3 y pobori [17] HaparoTses
TUIBKM NPUOJM3HI 1HTEPBaJIM ICHYBaHHS KOXXHOTO CTPyMY,
TOMY IO BOJIBT-amMIlepHi xapakrepuctuki Ha MEII e momi-
OHI TMajKili KPUBIK MOTY>KHOCTI IMITYJIECY Y TOYIII BiIdyT-
HOTO TaJiHHsA KoHTakTHOTO omopy EIH, mo 300paxkeHo Ha
puc. 6 (kpuBa /). Y bOMy CEHCi TIEpeBaror0 came TpaH3H-
CTOPHOTO KOMYTaTOpa € MOXKJIMBICTb HIBUJIKOTO IPHKIIA-
nanns Hanpyru 1o MEIT ta onpasy BiJoKpeMIIeHHs! IeKiIb-
KOX CTaJlii PO3BHHEHHS iICKPOBOTO PO3pSIy y 00’€Mi MeTa-
JIEBOTO 3aBAHTAXKEHHSI PEaKIiHOT KaMepH.

BucnHoBku.

1. 3anporioHOBaHa MOJIEb €IEKTPOPO3PSAHOI YCTAHOB-
ku — TI'T 3 MakcuMasIbHOIO Hanpyroto imiysbscis 10 800 B
Ta enepriero 10 0,3 JDx y moenHaHHI 3 peakiifHOIO KaMe-
POIO 3 MITIHAPUYHOIO CHCTEMOIO EIEKTPOIIB MiTBEPIIKYE
cBoto edexTrBHICTh 11 3ama4d EIJl reTeporeHHIX CTpyMO-
MPOBIJHUX TPaHYJIbOBAHUX CEPEHOBHII 3 PI3HOK MIPOIO
AKTUBHOCTI MDKKOHTaKTHOT'O OTIODY.

2. BcraHoBneHO, IO cepeiHs CIOXKHMBAaHA IOTYXKHICTh
TT'T mpu podorti Ha EIH 3a ymoBu (hikcoBaHOT BXifHOT Ha-
NPYTd JKUBJICHHS Ta YaCTOTH IIPOXOKEHHS IMITYJIbCIB
BUSIBIISIETHCS 3QJICIKHOIO BiJl TEOMETPUYHUX PO3MIPIB MeTa-
JICBOTO 3aBAHTAXEHHsI y peakliliHid Kamepi — KUIbKOCTI
Horo mapiB Ta KibKocTi rpaHyn no nowxuni MEIT y on-
HoMmy mapi. Kpim toro, Ha xapakrep notyxxHocti TI'T micst
JIOCSITHEHHSI CBOTO MaKCHMYyMY Ha JIUISHIII HACUYCHHS ede-
KTHBHOI YaCTOTH PO3PSIIHMX IMITyJIbCIB BIUIMBAIOTH €JICKT-
podi3ugHi 0COOIMBOCTI TOBEAIHKH MXKKOHTAKTHOTO OTIOPY
TpaHyJ Ta iX CXWIBHOCTI IO YTBOPEHHS Y CEPEIOBHIL JIaH-
IFO)KKIB HACKPI3HOT ITPOBIHOCTI.

3. Ilutomi eneprozarpatu Q y nporeci EIJ[ amrominie-
BUX TpaHy’l (5 KBT-TOm/Kr) BHSABMIMCH HWDKYE HDK UL
tutanoBux (8,3 kBr'ro/kBT), BomHOUac orpuMaHa KpuBa
MOTY>KHOCTI Ul TATAHOBOTO 3aBAaHTAXKEHHSI XapaKTepHU3y-
€TBCS BIICYTHICTIO AUISHKY 11 HACHYEHHS Yepe3 HACTaHHS Y
TI'T pexxuMy KOPOTKOTO 3aMHMKaHHS. Y pasi 30UIbIIEHHS
30BHIIIHBOTO JIIaMETPy peakuiiiHOi KamMepH Ta BiIIIOBIIHO
MDKKOHTaKTHHX TNMpoMDKKIB 1o nosxkuHi MEII 3a ymoBn
neBHOi KinmbkocTi mapie OBIIIMIT MakcuMyM TOTYKHOCTI
TaKOX 3POCTAE, 0 BiAIIOBITHO KOPEITIOE 3 TOKa3HUKOM O y
61K 10TO 3HIDKCHHS.

4. 3’scoBaHo, 110 e(eKTHBHA YacTOTa PO3PSIAHUX IMITy-
nbciB EIJl 3anexuth BiJ CTpyMy OMIiYHHX KOHTAaKTIB, 0e3-
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TIOCepEIHE TPOTIKAaHHS SKOTO [0 MOYaTKy OCHOBHOI'O PO3-
psily CHOpPHYMHSIE PO3IrpiBaHHS KOHTAKTHHX MOBEPXOHb
rpaHyl, IO BIUIMBAE HAa 1OHI3aLiiHI MPOLECH PO3BHUTKY
€JICKTPOHHMUX JIABUH Ta ()OPMYBaHHs IJIA3MOBHX KaHAIB.

5. BCTaHOBIIEHO, IO OCHOBHOKO IIPUYMHOK 3HMKCHHS
CepesHbOl MOTYXKHOCTI 31 3pOCTaHHSM HACHITHOTO 00’eMy
METAJIICBUX TPaHyJl Ha AUSHII HACHYCHHS KPUBOT e(heKTUB-
HOI 4acTOTH PO3PSTHHX IMITYJIBCIB, € 3HIDKEHHS HOTO SIK
MTOYAaTKOBOTO, TaK 1 EKBIBAJICHTHOTO OTIOPY, L0 BUKIMKAHO
30UTBIICHHSAM IUIOIII TIOBEPXHI JOTHUKY TPaHyJ 3 €IEeKTPO-
JAMH peakIiifHOi KamepH, TOMY NepeXiTHWi Mporec y
PO3PSITHOMY KOHTYPI CTa€ OLIIbII PO3TraTy’KEHUM.
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Analysis of energy characteristics of a transistor pulse
generator in the process of electric spark dispersion

of current-conductive granular media.

Introduction. Studies of electrophysical and technological
aspects of electric discharge in reaction chambers with granu-
lar metal loading to obtain its highly dispersed states have been
conducted for many decades, however, the power sources of
electric spark dispersion installations today remain mainly
classical in terms of the method of generating current pulses on
the electric spark load. The main problem of using powerful
current pulse generators and reaction chambers with a plane-
parallel electrode system is to imitate the principle of the
thermo-explosive mechanism of developing an electrical break-
down of dense intergranular gaps, which leads to deterioration
of the dispersion of the eroded material, and the use of smaller
energy ranges (<1 J) in such installations is complicated by the
electrophysical limitations of the existence of plasma channels
and the loss of energy efficiency of the electric spark treatment
process. Goal. Research on the energy efficiency of the electric
spark dispersion process of heterogeneous conductive granular
media in a reaction chamber with a cylindrical electrode sys-
tem, provided that it is powered by a transistor pulse generator.
Results. Specific energy consumption in the process of electric
spark dispersion of aluminum and titanium granules was de-
termined, which correlate with the average power consumption
indicators of processing depending on their bulk volume within
a certain configuration of the electrode system. Scientific
novelty. The flow of current through ohmic contacts until the
formation of the main discharge in the intergranular volumes
of the reaction chamber causes a voltage drop across the in-
ductance of the discharge circuit, which accordingly reduces
the amplitude of the applied voltage to the interelectrode gap,
due to which the maximum of the average power consumption
characteristic of the transistor pulse generator, which occurs
before the beginning of the saturation section of the effective
frequency curve of the discharge pulses, corresponds to the
most consistent mode of energy input into the electric spark
load. The practical value of the considered model of the elec-
tric discharge installation proves the feasibility of its use for
the tasks of electric spark treatment of conductive granular
media. References 21, tables 2, figures 7.

Key words: energy characteristics, electric spark dispersion,
transistor pulse generator, cylindrical electrode system,
layer of metal granules, ohmic contact current.
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EnekmpuyHi cmaHuii, Mepexi i cucmemu
VK 621.3.013
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C.1O. llleBuenxo, J1.0. Jaamnpuenxko, P.O. I'anyc, C.1. pusenskuii, C.K. bepeska, O.M. I'peuko

Oco001MBOCTI NPOEKTYBAHHS BUCOKOBOJIbTHUX NMOBITPSIHUX JIiHIH eJIeKTponepeaaBaHHs
B Mi/I3¢eMHOMY KOJICKTOPI

IIpobnema. 3axucm eucorko6obmHUX NOGIMPSAHUX JiHill enexmponepedasaniis (IIV1) 6i0 306HiwHix ammocgepHux ma GilicbKOBUX 6NIUBIS,
ma 3meHuents ix Hebe3neuHo2o eneKMpOMASHIMHO20 BUNPOMIHIOBAHHS MOJICIUBO NPU IX BUKOHAHHI Y KOMNAKIMHOMY 8U2iA0i I posmilyeH-
HI Y ni03eMHOMY Kolekmopi. Ane 015 3a0e3neuenHs GUCOKOT PONYCKHOT CNPOMOJICHOCE Ma HAOIIHOT poOOmMU MAKUX KOMNAKMHUX NOBI-
mpsnux 1IJI neobxiono yoockonanents icHylouux KOHCMpYKyiil ix cmpymonposionux enemenmie. Memoro pobomu € usHnavenHs nepche-
KMUGHUX KOHCMPYKMUGHUX NApAMempie cmpyMonpogooie KOMIAKMHUX GUCOKOBOTbMHUX NOGIMPAHUX iHill eneKmponepeoasanis, AKi
npoxaadeni y niozemromy konekmopi (ILVITIK). Memoouka pospaxynky oonycmumux mpuganux cmpymie IVIIIK 3acnoseana na 3anpono-
HOBAHIll a8MOpaAMYU AHATIMUYHIL MOOeNi ONUCY NPOYECi8 MacomenionepeHecen s 8 nogimpi niozemnozo konekmopy. Haykoea nosusna.
Bnepuwe ob1pynmosarno mosicaugicms egpexmugnozo suxopucmanta IIJ1 6 ymosax niozemnoz2o konrekmopy ma 8U3HA4eHo yMoeu HaditiHoT
nepeoaui HUMU e1eKmpoenepzii 3 niOBUWEHOI0 NPORYCKHOIO cnpomodichicniio. Lle 0ocsienymo 3a60Ku 3acmocy8anHIO NPAMOKYMHUX NIO-
CKUX 6ePMUKATILHUX CIPYMONPOGIOHUX WIUH, SAKI MAIOMb 30i1bUeHy NIOWY NOGEPXHI ma 3a6e3neuyoms Kpawuti KOHEeKYIHUIL Mmeniooo-
MiH ROPIGHAHO 3 MPAOUYIIHUM KPY2IUM NPOBOOOM, A MAKOIC 3d PAXYHOK GU3HAUEHHS OONYCIUMO20 MPUBAno2o cmpymy onsa maxux TIJT
npu 3MeHweniti memnepamypu 308HiuHb020 cepedosuwia (15 C), wo xapaxmepHna 015 YMO8 eKCniyamayii 8 nio3eMHUx Koaekmopax i
cymmeso Hudkcua 3a cmanoapmuy memnepamypy (25 C), nputinamy ona I11, posmiwenux na eiokpumomy nosimpi. Ilpakmuuna 3nauu-
Mmicmey. Buxopucmannsa 3anpononosanoi IIVIIIK mae 3ab6e3newumu nadiiine nepedasanHs enekmpuiHoi enepeii, 00cmammio nponyckHy
CNPOMODICHICb | NIOBULYEHY 3aXULYEHICMb 6I0 308HIUHIX (PAKMOPI6 NPU 3MEHWEHH eNeKMPOMACHINHO20 6NIUBY HA OMOYYIoue cepeoo-
sulye (3a paxyHoK iCmomHo20 3meHuwienHs miswcghasroi eiocmani 3 3—4 m 00 0,3—0,6 m ona IL1 110 kB), i mac nepesazu Hao gioomumu
nio3eMHUMU elekmpomepedcamu (TIHIIMU eleKmPONepe0asantss 3 eecd3080i0 i301AYI€r0 ma KAOeTbHUMU JIHISIMU, WO XApaKmepusy-
1ombes niosuwerolo eapmicmio izonsayii). biomn. 36, Tabm. 1, puc. 6.

Kniouogi croeéa: kOMIaKTHA BUCOKOBOJIbTHA MOBITPSIHA JiHifA ejleKTponepeaaBaHHs, MiI3eMHHIi KOJEeKTOpP, CTPYMOMNPOBIx i3

IUIOCKHUX IIHH, MOJICJTIOBAHHA TEIJIOBOI'0 PEKUMY.

Beryn. 3abe3neueHHs HAMIHHOTO €1eKTPOIIOCTAYaHHS
CIIOYKMBAYIB € TOJIOBHUM 3aBJaHHSIM EJIEKTPOESHEPIeTHIHOT
ramy3i. g #ioro BUKOHaHHS HEOOXiTHO TIOKPAIICHHS TeX-
HIKO-CKOHOMIYHHUX TOKA3HUKIB BHCOKOBOJIbTHUX EJICKTPO-
Mepexx. Haifgacrilme BHKOPHCTOBYIOTBCS JBa OCHOBHHIX
THITH €JIEKTPOMEPEX JUIsl KUBJICHHSI CIIOKMBAYIB €JIEKTPH-
YHOIO €HEpri€l0: BHCOKOBOJIBTHI ITOBITPSHI JIIHII €IeKTpO-
nepenaBanns (ILJT) Ta BUCOKOBOJBTHI Mig3eMHI KaOelbHi
ninii (KJI). IIpote mix wac excroryaramii [1J1 1 KJI BuHmKa-
I0Th TPOOJIEMH 13 3a0€3MEUCHHAM iX HaMiHHOrO (YHKINO-
HyBaHHA. lle 3yMOBJIEHO BIUIMBOM NpPUPOIHUX atMochep-
HHX (akTopiB (0KeJeab, COHSYHA pajiallis, CHIbHI BITPH 1
3JIMBH, TOIIO), @ TAKOX BHCOKOIO BPA3JMBICTIO WX JIHIN ¥
pasi BeneHHs1 OOHOBHX il 13 BUKOPHCTaHHSIM CY4acHOT'O
ApTHIIEPINCHKOTO Ta PAKETHOTO 030PO€EHHSI.

OkpiM TOro, NOTpedye HarajJbHOTO BHPILICHHS MPO-
61eMa TTOKPAIIEHHsI €JIEKTPOXKUBIICHHS CYJ4acHHX MEraro-
JICIB 3 IMUIBHOIO 3a0YyZ0BO0. 3pOCTaHHS HABAHTXKECHHS Y
MicTax MpU3BOAUTE 10 HEOOXiJHOCTI MOIIYKY HOBUX METO-

OpmauM 3 epeKTUBHUX METOJIB IiBUINCHHS HaJiii-
HOCTI €JEKTPOKUBIICHHS MICT 1 3aXHIIEHOCTI €IeKTpoMe-
PEX BiJl HETaTUBHUX 30BHIIIHIX TEXHOT€HHUX, IIPHPOJTHHX
1 BIHICBKOBHX BIUTHBIB, € PO3MILICHHS EJIEKTPOMEPEXK Yy
Mi3eMHUX 3aTi300€TOHHUX TYHENsAX (KOJEKTOpax), o
JOCTaTHBO HIMPOKO PO3MOBCIOHKEHO ¥ cBiTi. Tak, B pobo-
tax [1-11] HaBeneHO MpHKIaAN PO3POOKH MUIOTHUX IPOE-
KTiB 31 CHOPY/DKEHHS MiI3eMHHX EIEKTPOMEPEX Pi3HUX
KJIaCiB HATIPYTH 3 130JIALIER0 13 TIOBITPS, 3MIUTOTO MOJICTH-
JIEHY Ta enerasy.

B po6orax [1, 2] po3rstHyTi nUTaHHS BUOOPY 130511111
JUTSL TT/I3EMHMX JIIHIA Ta MiACTAaHIINA PiI3HOTO KOHCTPYKTHB-
HOTO BUKOHAHHS, HaBeJIeH] NMPUKIIaIH iX po3paxyHKiB. Po-
6ota [3] mpucBsYeHa aHaJi3y BIUIMBY HAa HABKOJMIIHE Ce-
penosuine [T ta mimzemuaux KJI. VY Hill oka3aHo, 110 mij-
3eMHi JIiHI] MafOTh CYTTEBO MCHIINY KUIbKICTh MapaMeTpiB
30BHIIIHBOTO BIUIMBY Ta Ha0arato MeHIIE BIUIMBAIOTH Ha
OTOYYIOYE CEPEOBHIIE.

Pobotu [12—14] mpucBsaeHi MOPiBHSIHHIO TapaMeTpiB
ITJT ta migzemuux KJI i3 3mmroro nomieruieny. [lokasano,
mo KJI e OurpIn 3aXWINEHAMH Bifl 30BHIIIHIX (DaKTOPIB i
MalOTh KOMIIAKTHY KOHCTPYKIIIIO, SIKa 3MEHILYE eJIeKTPO-
MAarHiTHUHA BIUIMB HA JOBKUUISA 1 HE BAMarae BiTdy KCHHS
BEJIMKUX 3eMEJIbHUX AUISHOK. OMHAK MpPU OIHAKOBIH MPo-
myckHii cnpomoykHocti, KJI B mopiBastHHI 3 [1J1 MaroTs y
2-10 pa3u OiiblIy BapTICTh 32 PaXyHOK BHUCOKOI BapTOCTi
BHCOKOBOJIBTHOT 1301111 i3 3mmToro nomiermeny [13, 14].
Takox cimin 3a3HaunTH, WO peMoHTHI podoru [T ta KJI
MOXYTbh BIAPI3HATHCS IO BapTocTi y 5—10 pasis.

PoGotu [4, 5] micTaTh Martepiaiy IOAO CHOPYIKEH-
Hs migzemuoi minii 500 kB y Kamidopnii, mo Bukonana
KabeseM MOCTiHOro cTpyMmy. Take pilieHHS 00yMOBJICHO
HEMOXITUBICTIO BHKOpHcTaHHA KJI 3MiHHOTO cTpymy Yy
HEeOoOXimHii moBxuHI. BuOIp mia3eMHOi JiHIi 00yMOBICHO
CIIPOTHBOM I'POMAJIH CIIOPYIKEHHIO HazeMHoi [1J1.

Y po6otax [6, 7] HaBenEHO MaHi PO peastizalliio B Ku-
TaliChKOMY MICTi YXaHb NPOEKTY 3 Oy/IIBHULTBA MOBHICTIO
mimsemuoi mincranmii 220 kB. Hapasi y Bigkputux mxepe-
Jax JietajgbHa iH(pOpMAILlis MIOJ0 IbOTO IPOEKTY HE HaBe-
JeHa, OJHAK Te, LI0 BOHA pO3TAIOBaHA B TOPTOBOMY
LEHTPI, HaKJIaa€e Ha i KOHCTPYKIIIO JOJaTKOBI BUMOTH.

Pobora [8] mpucestaena po3podi y 2013 p. Xapkisch-
KAM TIPOEKTHO-KOHCTPYKTOPCHKUM iHCTHTYTOM «Terio-
enexTporpoekT — Cor03» MPOEKTY MiA3EMHOI IiACTaHII]
220 kB 3 i3o5s11i€ro 13 enerasy.

VY pobortax [9, 10] po3riasHyTa MOMXIUBICTH CIOpPY-
JUKEHHS TiJ3eMHUX €JIEeKTPOMEpEeX, BU3HAUEHI IepeBaru
TaKHX MEpeX, ONHAK He HaBEJECHO JaHi Mpo X KOHCTPYK-
TUBHI 0COOJIMBOCTI.

Pobora [11] mpucesueHa aHami3y BHKOPHUCTAHHSA B
CIIEKTpOMEpekax eyera3oBoi i3omsnii. HaBeneni mepeBaru
Ta HEJIONIKA BUKOPHCTAHHS eJiera3y y SKOCTI i30JIiHOTO
cepenoBuIna. Po3risiHyTi JIiHIT eJeKTponepeiaBaHHs 13 erne-
raszoBoro i3omsmiero (GIL — Gas Insulated transmission
Line). [Tpsame 3arnubnennst B 3emmo cucremu GIL noennye
y co0i mepeBary miI3eMHOI IPOKITAIKH KaOeliB 3 BICOKOIO
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MIPOITYCKHOIO CHPOMOXHICTI0O HazeMHHX [LJI BimmomimHOT
notyxHocTi. [Tokaszano, mo GIL MaroTh BHCOKY HaJIIHICTS,
BHCOKY TIPOITYCKHY CHPOMOKHICTB, Ta HU3bKHI PIBEHb Ma-
rHiTHOTO NoJist. Taxi JiiHii 32 cBOiM KOHCTPYKTHBOM ITO/1I0HI
JI0 TaK 3BAHMX KOMIUIEKTHHX CTPYMOIPOBOAIB Ta MarOTh
BCEPEANHI KOHCTPYKLI{ 130JsTOpH, M0 0OMEeXye paniycu
MOBOPOTY Ta 3HAYEHHS MPHUILYCTUMUX CTPYMIB KOPOTKOTO
3amukanHs. Okpim Toro, koprycu GIL maroth OyTH BHKO-
HaHI TepMETHYHIMY, 10 CYTTEBO YCKIIAJHIOE {X KOHCTPYK-
nito. TakoXk BapTO BIAMITHTH BHCOKY BapTiCTh Ta CKJIaj-
HICTH 00CITYTOBYBaHHS TaKkoi JiHii y mopiBHsaHI 3 [1J] ana-
JIOTYHOT OTYXKHOCTI.

B poborax [15-18] nokazaHo, 110 BeJIWYUHA MIKIIIH-
BOTO JUIS JTFOJICH 1 JJOBKLUDISA MArHiTHOTO TOJIA, IO CTBOPIO-
erwsest [T 1 KJI, mponopriiina mi>kdasHii BixcraHi ix cTpy-
MonpoBoaiB. ToMy BenmM4KHA IX MarHiTHOTO IOJISI ICTOTHO
(Ha TIOPS/IOK) 3MEHITYEThCS MPU KOMITAKTHOMY BHKOHAHHI
SIIEKTPOMEPEXK, SIKi XapaKTepU3yIOThCA MiX(a3HOK Bif-
CTaHHIO MEHII 1 M.

OCHOBHMM MapaMeTpoM, IO CYTTEBO BIUIMBAE€ Ha
XapaKTEePUCTHKH EIEKTPOMEpPEeX, € KOHCTPYKIA ix das-
HUX CTPYMOIIPOBOIIB, B TOMY YHCIIi iX Marepial Ta reo-
metpis. Ha Tenepimmniii yac BuGip crpymonposoaiB ITJT i
KJI pernameHTOBaHMI HOPMAaTUBHUMHU JOKyMeHTamu [19].
Cuizx 3a3HauMTH, WO iX peKOMEHALT € PI3HUMHU JIIs PI3HUX
KiaciB Harpyrd. Tak, Ui BU3HAYEHHS Nepepidy Ta KUIbKO-
cti npooxiB y ¢asi wis [1J] 3 HoMiHANBHOIO HAIPYTOIO 110
20 kB, HeoOXiqHO BUKOHYBaTH €JIEKTPHYHI PO3PaXyHKH, a
Ti K TTApaMeTpH IS JIiHIH 3 OUIBIIO HATIPYTOH BH3HAYA-
10Thcs 0e3 OyIpb SKUX TEXHIYHUX a00 eKOHOMIYHHX pO3pa-
XyHKIB y [19] y Burssni tabm. 2.5.16. Ile o6ymoBitoe HeoO-
XITHICTh MONIYKY IHIIMX MiIXOXIB A0 BHOOpY MaTepiany i
KOHCTPYKIIi{ CTPyMOIIPOBOIB y MOPIBHSAHHI 3 TPaIULIHHIM
migxomom [20-23], i ocoGmmBO, 3BaXKal09IX Ha Te, IO y BKa-
3aHMX JpKepesiax He pO3IJISHYTI MUTaHHs BUOOPY Mapamer-
PIB CTPYMONpPOBOLY [UIsl €IEKTPOMEPEK, PO3MILICHUX Yy
i I3¢MHUX KOJIEKTOpPaX.

B poborax [24-26] HaBeneHi NPUKIAIH BUKOPHCTAH-
HsI Ta BUOOPY TaK 3BAHMX BUCOKOTEMIIEPATYPHUX IPOBOJIB.
VY pobotax [27, 28] HaBeneHi BiTOMOCTI Ta BUCBITJICHI TIe-
peBaru MpoBOIB 3 KOMIO3UTHUM OCEP/ISM, SIKi TO3BOJISIIOTH
ITiIBUIIATA MEXaHIYHI XapaKTePHCTHKU Ta 30LIBIINTH J0-
BxuHy npoipotiB IJI. B [29, 30] ommcyroTses mepeBaru
BUKOPHCTaHHS IPOBO/IIB, BUTOTOBJICHHX 31 CILIABIB alOMi-
Hil0, Ta HaBeJeHI NPHUKIIAIH iX BUKopuctanus s [1J1.

Cuizg 3ayBa>kKUTH, 1110 HaBE/ICH]I BUIIE NIEpeBaru HOBIT-
HIX MapoK HPOBOAIB HE MOXYTh OyTH BHU3HAUaJIbHUMH IS
BUOOpPY KOHCTPYKTHBHOT'O BUKOHAHHS cTpyMorpoBois [1J1
y mij3eMHOMYy KosekTopi. HeoOXxinHO BpaxoByBaTH, IO
BU3HAYCHHS KOHCTPYKIII ctpyMompoBoniB st [1J1, po3mi-
MICHOI Y Mi3eMHOMY KOJIEKTOPI, Oy/Ie TOCUTH ONMU3BKIM 10
BHOOPY KOHCTPYKIIIi (ha3 3aKPUTHX POMOATHHIX IPHCTPO-
1B 3 MOBITPSHOIO 130JIAIIIEI0 BiAMOBiAHO A0 [19-23]. B mux
JUKepenax HaBeleHO TaOmumil 31 3HAYCHHSAMHU IepepisiB
MPOBOIB 1 MIMH Ta iX MaKCHMAaIbHO AOIYCTHUMI TPUBAJIi
crpymu. OfIHaK HE BKa3aHO, 3 IKUX YMOB BOHH JIIIOTh.

Po3risiHyTi BuIle poOOTH, 1110 TPUCBSYEHI CTBOPEH-
HIO KOMIIAKTHHX IJJ3¢MHUX €JIEKTPOMEPEK Pi3HUX THIIIB,
Ta iX KOHCTPYKTUBHHX €JIEMEHTIB, HE MICTSITH KOHKpET-
HUX TEXHIYHUX MapaMeTpiB BUKOHAHUX abO 3aIpOIIOHO-
BaHMX ITPOEKTIB.

Ha nymky aBTOpiB crarTi, HaHOLIbIIMI iHTEpec Uit
MPaKTHYHOTO BUKOPUCTAHHSI MalOTh BUCOKOBOJIBTHI KOMIIA-
ktHI [IJ] 3 MOBITPSIHOKO 130JIAIIER0, MO PO3MIIIYIOTBCS Y

nigzemaomy kosekropi (IUIIIK). Ane IJITIK B nopiBHsHHI
3 Hazemaumu [T, migzemuumu KJT 1 mig3eMHUMU JTiHIIMA
GIL Ha cporomHi IOCHIDKEHI HEIOCTATHRO. PartioHaibHI
KOHCTPYKTHBHI HapaMeTpy iX CTPyMOIPOBOXIB, IO IIpH
0oOMeXeHI BapTOCTi JO3BOJITIOTH pealli3yBaTé 30LTBIICHY
MPOITYCKHY CHPOMOKHICTh HPH MiJBHIICHINA 3aXHIIEHOCTI
BiJl 30BHIMIHIX ()aKTOpIiB i 3MEHILIECHHI EIeKTPOMArHITHOTO
BIUIMBY Ha OTOYYIOYE CEPENOBHIIE, 3aJMIIAIOTHCS JOCI He
BU3HAYCHUMH.

MeTto0 poGOTH € BU3HAYEHHS NEPCIEKTUBHUX
KOHCTPYKTUBHHX TIapaMeTpiB CTPYMOIPOBOJIIB KOMITAKT-
HUX BHCOKOBOJIFTHUX IOBITPSHUX JiHIA eJIeKTporepe/a-
BaHHS, K1 MPOKJIAJICH] Y IMiJ3eMHOMY KOJEKTOPI.

[IpoBenenuit Bume aHaii3z mokasye, mo [IJITTK mo-
XKyTb OyTH PO3IIITHYTI SK IEPCHEKTUBHUH 3aci0d mepenadi
CIIeKTPHYHOI eHeprii 3a yMOB 3a0e3MedYeHHs X KOHKYpeHT-
HUX TEXHIKO-€KOHOMIYHUX Xapaktepuctuk. Tak, TIJITIK
Mae JocuTh cyTTeBi nepeBaru Han I[1J1, 1 B mepury uepry
TOMY, IIO B MiI3¢MHOMY KOJIGKTOPi HE JilOTh HETaTHBHI
NpUPOHI (akTopH, 10 BIUMBaroTh Ha [1J], ki po3mirieHi
npocro Heba. Tomy TTJITIK MOXKyTh po3risaaThcs SIK alb-
tepraruBa KJI 1 GIL, siki MaroTs OUIBII CKIIAHY KOHCTPYK-
IO 130JIAI11iT CTPYMOIIPOBO/IIB 1 BUCOKY BapTiCTb.

TakuM 4MHOM, BUMOTH 110 KOHCTPYKTUBHHUX €JIEMEH-
tiB [IJIITK OymyTh oyke BiOMiHHI Bill BiJOMHX BHMOT IO
koHCTpyKkTHBHUX enemeHTiB [1JI. Le#t dakt migrBepmkye
HEeoOXiJHICTh BUKOHAHHS JAOCTI/HKEHb 3 BU3HAYEHHS PaIlio-
HanmpHOI KOHCTpyKii enemenTiB TUIIIK, i B mepmry depry

BusHaueHHs KOHCTpPYKUii (pa3HOro crpymomnpo-
poxy IIVINIK. OnHuM 3 OCHOBHHX KOHCTPYKTMBHHUX Ha-
pamertpiB sk 11, tak i [TJITIK, € mepepi3 cTpyMompoBoay.
Crimparoduch Ha OTHO3HAYHI peKOMEHAIii HOpPMAaTHBHUX
JIOKYMEHTIB 1moxo nepetnHy ¢asu [1JI 3 HOMiHATBHOIO
Hanpyroto 110 kB, npuiinsTuii mepetnn ¢azu 240 M,
pexomenzoBannii y [19] mns mpooxiB Tumy AC. Jlns
tazaux ctpymonposoziB IITIK 3 mmockux mmua (IT1II)
nepeTuH Moxe OyTH OOpaHMH TakuM CaMHM, SIK 1 JUIs
npoBoay tuny AC. OnHak, SKIIO0 po3paxyBaTd JOIMYCTH-
Muil TpuBanuit ctpym nposoxy I1JI 110 kB Buxomstum 3 ii
MaKCHMaJIbHOT HaTypaibHOI noTyxHocTi 30 MBT, oTpH-
Ma€eMO 3HaueHHs cTpyMmy y ¢asi 6insa 272 A. [pu 36im6-
IIEHHI TOTY>XHOCTI Ha 25 % (craHgapTHA NpaKTHKa BH-
kopuctanas JiHiid 110 kB) — cTpy™m 3pocTe mpuOIHU3HO 110
340 A. [lna Takux 3HA4YEHBb CTpyMiB MOXxHA 3 [19] Bu3Ha-
upTH neperunn nposoais AC 95 mm® ta 150 Mm* Biamo-
BimHO. BmOip Takux mepepi3iB MPOBOJIB MPU3BEAE IO
301IBIICHHS. BTPAT aKTHUBHOI MOTY)KHOCTi, OJHAK 3MEH-
IINTH KaIliTAIOBKIAaJeHHA Y JiHil0. ToMy 111 BU3HaUEHHA
pallioHAILHOTO Tepepi3y MPOBOAY HEOOXiMTHO MPOBECTH
TEXHIKO-€KOHOMIUHE TOpIBHSIHHS KOHCTPYKLii ¢a3u 3
ypaxyBaHHsM YCiX ()aKTOpiB, IO BIUIMBAIOTH Ha Hel.

OnHak yMOBM BHKOpHCTaHHSI npoBoaiB a3 mis [1J1
npocro Heba Ta crpymonposoaiB [IJIIK, sk 3a3HaueHo
BHIIE, JJOCUTh CWJILHO BiJpi3HAIOTECS. HopmaTuBHI HOKY-
MEHTH PEKOMEH/IYIOTh IIPOBOIUTH BHOIp (hasHUX MPOBOIB
Ha 0a3i JOIyCTHMOTO TpUBAIOTO CTpyMy. Jlist foro Bu3Ha-
YeHHS HEOOXITHO po3paxyBaTH KOE(DIIli€HT TeInIoBimmadi,
SIKHH iCTOTHO 3aJISKUTH BiJl KOHCTPYKTUBHUX OCOOJHBOC-
TeH CTPyMOIPOBOIB (a3 Ta TeMIepaTypH HOBITPS B IIia3e-
MHOMY KOJIEKTOPI.

Buxopsiau 3i 3Hauenp crpymiB (0,3-2 kA), siki HeoO-
ximHo 3a6e3neunt A [TJIKIL, iX cTBOpeHHs HE BUMarae
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BUKOPHCTAHHS CIIEHIaJIbHUX CKIIAJHUX KOHCTPYKLIH CTpy-
MOIIPOBOIIB ¥ BUTJIAII KOpPOOiB, TpyO, IByTaBpiB abo NeKi-
JIBKOX IIMH MPSMOKyTHOTo mepepizy [19-23]. Tomy aBto-
paMH TIPOTIOHYETHCS Y SIKOCTi (pa3HOTO CTPYMOIPOBOIY
TUITK po3rsiHyTH BUKOpHCTaHHS abo 3BuyaiiHoro ot [1J1
npoBoay Tuiy AC, abo oaniel npsimokytHoi [T ITpu 1po-
My BUHHMKA€ HEOOXIJHICTh BUKOHAHHS TEIUIOBHX PO3paxyH-
KiB npsiMoKyTHUX 1inH TT11I, sixi mmpoko BxKBaHI Ha HU3bKI
Ta cepenHi Hanpyry. Lis HeoOXisHICT 3yMOBJIEHA THM, IO
HOMEHKJIaTypa muH [19-23] He BinmoBizae ymoBaM iX BH-
KOpHCTaHHs Uit JIiHIM enekrponepenasanns. s TTJITIK
MOXYTb OyTH palliOHaJbHAMH 30BCIM iHIII THIOPO3MIpH
[, sxi BixmoBimaroTs BuMoram [19] 3 mepepizy cTpymor-
PpoBOIIB (a3 LI pi3HKX KIIACiB HOMIHAIIBHOT HAIIPYTH.

[Tpu BU3HAYEHHI KOeQIIiEHTy TEIUIoBinAadi Ta Jo-
IyCTUMOTO TPHUBAJOTO CTPYMy CTPYMOIIPOBOMIB (a3
[UITIK Takox HEOOXigHO BPaxOBYBAaTH CIEUU(iYHI yMO-
BU iX ekcrutyatauii. OcHoBHOIO BiaMmiHHIicTIO Bix [1J] € Te,
o s I[TJIITK He noTpiOHO BpaxoByBaTH CHIY Ta Ha-
IpsiM  BITPY, a TaKOX COHSYHE BUIPOMIHIOBAHHS, SIKi
BIUIMBAIOTh Ha TEIUIOBHH PEXUM NP 3aJaHiil TpuUBaid
JONycTHMiit TemiiepaTypi crpymonposony 70 °C [19-23].

EdexruBHictb oxonomkenns: crpymornposoais [TJITTK
OLIIHIOETHCSI KoeirieHToM iX TertoBimmayi [31], mo Bu3Ha-
Yae IHTEHCHBHICTh TepejaBaHHsI TEIUIOTH BiJ] TBEPJIO] OBe-
PXHi JI0 TIOBITPsSI B HABKOJIMIIHBOMY cepenoBuii. s Horo
PO3paxyHKy 3a YMOB JIAMiHAPHOCTI Ta MPUPOAHOI KOHBEKIIii
MoyKe OyTH BUKOPHCTAHO HACTYITHE CITiBBiIHOIICHH! [32]:

Nu=C(Gr-Pr)", (1)
ne Nu — kputepiit Hyccensra; Gr — kpurepiit ['pacroda;
Pr — xpurepiit [Ipanarns; koedinieatn C Ta n 3aexaTh
BiJl peXXHMY BUTBHOTO PyXy i YMOB OMHBAHHS IOBEPXHi.

Kpwurepiit Hyccensta Nu [33] xapakTepusye iHTEH-
CHBHICTh TEIUIOOOMIHY B IPHKOPAOHHOMY IIapi Mix
ra3oM i HOBEPXHEIO TiJIa, 110 OOTIKAETHCS:

Nu=a-l/2,, (2)

ne | — xapakTepHuil posmip, M; A, — KoedillieHT Temso-
mpoBinHOCTI razy, Br/(m-K).
Kpurepiit [Ipanarns Pr [33] BuzHadae ismuHi Bia-
CTHBOCTI rasy:
Pr=u-C,/2,=v,la, 3)

ne u — ouHaMiuHEE koedimient B’si3kocti, H-c/M%; v, —
KiHEMaTHYHUH Koe(]imieHT B’SI3KOCTI ra3zy 3a JaHOi TeM-
nepaTypu CepeioBHINA f,, M/c; a — koedilienT Temmepa-
TYpHOI CTIHKOCTI Ta3zy NpH 3ajaHii Temmepatypi, M/c;
C, — i300apHyHa MacoBa TETUIOEMHICTb razy, KJIx/(krK).

Kpurepiit I'pacrodpa Gr xapakrepusye CIHiBBiJHO-
LICHHS MiAHOMHUX CHJI, [0 BUHUKAIOTh B ra3y Mpu Harpi-
BaHHI, 1 CWJI B’sA3K0cTi [33]:

3
GroLfgd A g”zl A )
Vp

ne S — xoeodinieHT 06’emHOro posimpeHHs rasy, 1/K;
g — TIPUCKOPEHHS i Ii€I0 CHIN TSDKIHHSA, M/c%; At — piz-
HHUIIS TEMIICPATyp MiXK MOBEPXHEIO (CTIHKO0) po3MipoM d i
ra3oM, MiXK SIKOIO 3IIHCHIOETHCST 00MiH TermaoM, °C abo K.

Bukopucraemo criBBigHomieHHs (1-4) mis pospa-
XYHKY JOIYCTHMOTO TPHBAJOTO CTPYMY CTPYMOIIPOBOIY
[JITIK i3 kpyrioro npoBoxy tumy AC.

Po3paxyHok [0mycTHMOro TPHBAJIOIO CTPyMY
IUIIK i3 kpyraoro mpoBoxay. ['eomerpist ctpyMonpoBo-
ny TIJITIK i3 kpyrioro npoBoy HaBeJeHa Ha puc. 1.

Puc. 1. lo Bu3HaueHHs KoedimieHTa
TerIoBinadi kpyrioro nposoay [TJIITK

Jns po3paxyHKy oOpaHo pexomMeHoBaHy B [19] koHc-
Tpykuito ¢gazu 110 kB 3 ogaiM nipoBogom Trity AC miepeTH-
HOM 240 MM’ , sika BUKOPUCTOBY€ThCs utst 11,

Po3paxyHOK BUKOHAHO 32 HACTYITHHX YMOB.

[IJITIK nanpyroto 110 kB po3ramoByersest y 3aiii-
300€TOHHOMY KOJIEKTOpi 3 MiHIMaJIbHUM BHYTPIIIHIM
po3mipoM 3x4 M, SIKHI 3HAXOTUTHCS IMiJl 3€MJICIO Ha TIIH-
6mni He MeHI 4 M. [Ipu HpOMy po3paxyHKOBa TeMIepa-
Typa MOBITPsl y KOJIEKTOPI BimmoBiaHO 10 [34] Oyae ckia-
nmatu 14-16 °C. ToMy po3paxyHOK BHKOHAEMO IS TEM-
nepaTypu ToBiTps £, = 15 °C, a Takox s MOPiBHAHHA
JJ1s TeMneparypu t, = 25 °C, sixa BianosigHo no [19-23]
€ PO3paxyHKOBOIO 1 HazeMHux [1J1.

TpuBana momyctmma TeMrmeparypa  CTPYMOIPOBOIY
t; = 70 °C, xoedimient Tertonposinsocti A = 0,0287 Br/mK;
KiHEMaTHYHUH Koe(illieHT B’A3KOCTi v, = 17,46-1076 MZ/C;
kputepiit Ilpanarist ans nmositps Pr = 0,698; koedirieHT
00’eMHOTO po3mmpeHHs mositps S = 0,00343 1/K.

[Ipu po3paxyHKy BHKOPHCTaHI HACTYIHI MapaMeTpu
nposoy ¢asu: niamerp npoBogy AC 240/32 d = 21,4 mm;
KOe(DII[IEHT BUIPOMIHIOBAHHS aOCOJIIOTHO YOPHOrO Tijia
Gy = 5,67-10° Br/m%; koeirieHT YopHOTH Tina Ej = 04;
aKTUBHHY orip ipoBoy 7y = 0,1182 MOM/M.

3 ypaxyBaHHsIM TOTO, 10 mpoBia Tuny AC BHKOHa-
HO 13 MydYKa APOTiB MEHIIOrO IiaMeTpy, BHKOPHCTAHHH
€KBIBAICHTHHUH JliaMeTp NMPOBOJY, 30UIbIIeHHH Ha Koedi-
mienT 1,33 [35]. HasiBHICTH CTIHOK KOJIEKTOPY B pO3paxy-
HKY HE BPaxoBYBaJacsl.

Kpwutepiit I'pacroda Gr po3paxoBaHHii BiIIIOBITHO 10
(4). BpaxoByroun 3HaueHHs 3a kputepieMm [lpanaris s
moBiTpsi, kputepiit Hyccenpra Bu3Havaemo sx [33]:

Nu=0,5(Gr-Pr)"%. (5)

KoedoirmieHT TemmoBigmadi Bif MPOBOIY PO3PAXOBY-

€MO 32 (OpMYJIOIO:
a=Nu-Ald. 6)

TemnoBuii MOTIK BiJ IPOBOAY 332 paXyHOK KOHBEKIIii

3 1 M? nopiBHIOE:
q=a(ty—1,). (7)

TennoBuIiNeHHS Bl IPOBOAY 33 PaXyHOK KOHBEKIIii

3 1 M* mosepxai mposoxy AC 240/32 [33] nopiBHroe:

QC =a (tsl‘ _tp)F > (®)
ne F — mioma nmoBepxHi IPOBOLY.
TemnoBuminenust 3 1 M~ TOBepXHI HIPOBOLY
AC240/32 3a paxyHOK BHITPOMiHIOBaHHs ckianae [33]:

O = 20Col(ts/100)* =z, J100f J . )
CyMapHe TerIOBU/IIEHHs B KaHaJi JOPiBHIOE:

0,=0c+0%. (10)
TemoBuaieHHS Bijl IPOTIKaHHS cTpyMy / CKIIajae:
0,=1°R, (11)

Jie R — eNeKTpuIHHIA OITip CTPYMOIIPOBOLIY.
Jomyctume 3HaYCHHS CHIITU CTPYMY, IO MPOTIKA€E y
mpoBo/Ii 3a ymMoBH O, = O IOPIBHIOE:

1=(0,/Rf". (12)
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Pe3ynpraTi po3paxyHKy OOMYCTHMOIO TPHBAIOTO
crpymy aist npoBoay AC 240/32, 1110 BUKOHaHHN BiAIO-
BinHO 10 (5—12) 3a (1-4), npeacrasieHi Ha puc. 3 i J0-
3BOJIAKOTH HOpiBHﬂTl/I Woro 3 TaGHI/l‘iHl/IM, HaBCACHUM B
[19]. [Toxubka po3paxyHKy ckiaia 2,6 % (tabauyHe 3Ha-
yeHHs 505 A, po3paxoBane 3HaueHHs 518,13 A). Lle min-
TBEPKY€E KOPEKTHICTh PO3pOOJIEHOT METOJUKH PO3paxy-
HKY 1 MOXJIMBICTb 1 BUKOPUCTaHHS JJIsl BU3HAUCHHS J0-
IMyCTUMUX TPHUBAIUX CTPYMIB CTPYMOIPOBOMIB, PO3Mi-
IICHHUX B MiA3eMHOMY Koiyiekropi. [Ipu mpoMy ymMoBH po-
0OTH CTPYMOIIPOBO/IB Y KOJEKTOPI € MPAKTHYHO OJHAKO-
BHMH 3 YMOBAaMH iX POOOTH y IIPUMIIICHI.

Po3paxyHok [0mycTHMOro TPHBAJIOIO CTPYyMY
crpymonposoay IIVIIIK i3 miockoi mmun (ITHI). IIpo-
NOHYEThCsl BUKOHYBaTH (azHuit crpymonposin UK y
Bursiai oxuiei munan I npsimokyTHOTO TIepepizy. Taka
KOHCTpPYKILIiA (a3sHOro cTpyMornpoBoay oOpaHa BpaxoBy-
104l MpocToTy i MOHTaXy Ta ekcruryaramii. I1pu ananizi
nepetuH 11 npuiiMaemMo piBHUM mepepi3y MpOBOAY UL
AC 240 I1JI 110 kB, sixuit pekomennyetbes B [19]. Crig
3a3HAYATH, IO TIPHU PIBHOMY Tepepi3i 3 MPOBOIOM THITY
AC, I na BinMiny Bix AC Moke MaTH pi3HE KOHCTPYK-
THUBHE BUKOHAHHSI.

Jnsa pospaxysky oOpani Bapiantu I 3 reomerpi-
€10, IO BiJIIMOBiA€ CHIBBIAHOIIEHHIO HACTYITHUX PO3Mi-
piB A/d (puc. 2): 240/1, 120/2, 80/3, 60/4, 48/5, 24/10,
20/12, 12/20, 12/24, 5/48, 4/60, 3/80, 2/120, 1/240.

Pozpaxynok pomycrumoro tpusanoro crpymy IIII
IPYHTY€ThCS Ha criBBigHOMEHHX (1-4), ki BUKOpHCTaHi
1 Ans Kpymioro npoBofay. ['eomerpis ctpymoripoBoay 3
11T HaBeneHa Ha puc. 2.

Puc. 2. [lo Bu3HaueHHs KoedilieHTa
TerutoBiiaui crpymornposoay [IJITIK 3 miockux mvH

B TIII nporec TEIUIOBUAUICHHS BiIPI3HAETHCS Y
3B’SI3KY 3 HasBHICTIO BUPAKEHUX BEPTHKAIBGHOI Ta TOPH30-
HTanbHOI oBepxoHb 111, st kKX, 32 HAIBHOCTI TIPHPO-
IHOT KOHBEKIIii, yMOBH TeIUIOBinmavi € iHmumu. s Bin-
MIHHICTh BPaXOBY€THCS pi3HUMH Koedimientamu y (1).

CriBBigHOIIEHHST I BU3HAYEHHS  KPHUTEPItO
Hyccenpra mns ropusontansHoi wactiaun [THI [32]:

Nu =1,18-(Gr- Pr)*'?3. (13)
Jlst BeprukanbHOi yactuau I [32]:
Nu =0,75-(Gr- Pr)%%. (14)

Po3paxyHok koedillieHTa TEIJIOBiAgaYl 32 yMOBH
NPUPOIHOT KOHBEKLIT BUKOHYEMO BiZNIOBLAHO 10 (6). YMoO-
BU PO3paxyHKY aHAJIOTI4HI BU3HAUYEHUM BUIIE ISl KPYTIIO-
ro nposogy tuy AC.

Pozpaxyemo kpurepii noxioHocti [Ipanarns Ta ['pac-
roda, siki HeoOXiaH1 JUIs BU3HAUeHHs kpurepito Hyccenpra
3a (3) Ta (4) BimnoBimHO. Kputepiit Hyccenbra BU3HA9a€EMO
JUTS TOPH30HTAIFHOI Ta BEPTUKAIBHOI IIOBEPXHI [IIHHM.

Koedimient temmosimmagi [ Bix ropm3oHTaIBEHOL
TOBEPXHI CKIIaIae:

oy=Nu-1/d,

Je d — TOBIIMHA NPSIMOKYTHOI IIUHH.

(15)

KoedirieHT TerwioBimmayi B BEPTHKAILHOI TOBEPXHI
CKIIaJIa€e:
oy =Nu-Alh,
Jie i — BUCOTA IPSMOKYTHOI ILIUHH.
[Ioma ropu3oHTaNBHOI MOBEpPXHI IUHHU (pHUC. 2)
JIOPIBHIOE:

(16)

F=2d-L,
ne L — noBXuHa IPSIMOKYTHOT IIMHHU.
[Tnoma BepTuKanbHOI MOBEpXHI WMIMHU (puc. 2)
CKJIaziaE:

0]

r,=2-h-L. (18)

TensioBuii MOTIK 32 paxyHOK KOHBEKIIi 3 TOPU30H-
TaJILHOT MMOBEPXHI LIMH JIOPIBHIOE:

qo1= a1y~ 1) (19)

TeruoBuineHHs 3a paxyHOK KOHBEKIIi 3 TOPH30H-
TaNbHOI IIOBEPXHI IHH JJOPIiBHIOE:

Oc1=9c1- k- (20)
TemoBuii MOTIK 32 paxyHOK KOHBEKIIi 3 BEpTHKa-
JIbHOT MOBEPXHI IIUH CKIIAIAE:
qea =0 - (ty —tp). 21
TennoBuineHHs 32 paxyHOK KOHBEKLIl 3 BEPTHKa-
JHHOT TOBEPXHI IINH JOPIBHIOE:

Oca=4qc2 F>. (22)
TeIoBUIUICHHS 33 PAXyHOK KOHBEKIIIT BU3HAYUMO SIK:
Oc=0c1+9c2- (23)

Termosuninenns Bix I 3a paxyHOK BHUIPOMIHIO-
BaHHS BH3HadaeMo 3a (9), a cymapre — 3a (10).

Honyctumuii TpuBamuii ctpym Juis I Bu3HavaeTsest
BiamoBimHO 10 (12). Pesynpraté Horo po3paxyHKy, 10 BH-
KOHaHi BimosinHoO 10 (12-23), npexacrapineHi Ha puc. 3.
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Puc. 3. PesynbraTu po3paxyHKy AOIyCTHMOTO TPUBAIOTO CTPYMY
TJITIK mpu pisHOMY KOHCTPYKTHBHOMY BHKOHaHHI ()a3HOTO
CTPYMOIIPOBOY mepepizom 240 MM i Pi3HIX TeMIepaTypax

noBiTps: @) npu t, = 15 °C; 6) mpu t,=25°C
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AHani3 pe3yJbTaTiB pPO3PaxyHKy JOMYCTHMHUX
TPUBAINX CTPyMiB Ta BHOIp KOHCTpYKHii (a3HOro
crpymoniporoxay IJITIK. Anani3 oTpuMaHUX pe3ysbTaTiB
nokasye, 1o riocki mwuau [JITIK y nopiBHsHHI 13 KpyT-
JIMM TIPOBOZIOM TOTO K Hepepizy MaloTh OUIbLI 3HAYECHHS
JOIyCTHMHX TPUBAINX CTPYMIB.

Ha puc. 3 Ha oci abciyic BiIKIaIcHO CITiBBiTHOIIICHHS
h/d nns piznoi reomerpii I, sxi posrasoanncs. OTxe,
npu Temrieparypi noBitps 15 °C y KomekTopi, TpaHUYHI
3raueHHsa ctpyMmiB ms [TJITIK 3 [T y mopiBHAHHI 3 TeM-
neparyporo 25 °C Moxyrb Oyru migsuiueni. Tak, s
UK 110 xB 3 IIII 240/1, momyctuMuii TpUBamuii
cTpy™m 3pocte Ha 12 % (3 1164 A go 1302 A), mo no3Bo-
JUTH 30UTBIIATH MPOITYCKHY CIPOMOXHICTH EIEKTpoMepe-
ki Ha 15 MBT. ¥V T10i1 e yac, npu BukoHaHHi [TJITIK 3
npoBoxy Tunty AC 240/32, 3mMiHa Temriepatypu TOBITps 3
25 °C nmo 15 °C npu3BOANTH 0 30UTBIIEHHS TOITYCTHMOTO
TPUBAJIOTO CTPYyMy TiIbKH Ha 9 %.

Pesynbratn  po3paxyHKIB JOMyCTHMHX TPHBAJIHX
crpymiB aist 111 3 pisHuM criBBigHOIICHHSIM //d 103BO-
JIIFOTh BU3HAYUTU HAHOUIBIN palliOHAIbHI KOHCTPYKII (ha-
3aux nposoxiB IUJITIK 3 ITII. Taki KOHCTpyKuii MaroTh
OyTH BpaxoOBaHi Y TEXHIKO-€KOHOMIUYHOMY OOTIpyHTYBaHHI
npu peatizaii koHkperHoro npoexty ITJITIK, BpaxoBytoui
Taki iHINI TEXHIYHI MapamMeTpH, SK Tpaca IMPOXOKEHHS
TiHil, HAsSBHICTh TEXHOTCHHHUX BIUIMBI, HASBHICTH MeEpexki
HOMIHAJILHOT HalpyTH, BIUIMB Ha OTOUYIOYE CEPEIOBHILE,
BUTpATH Ha EKCIUTyaTallif0 Ta PEMOHT, HEOOXiTHa MPOITyCK-
Ha CIPOMOJKHICTh, MEXaHiYHa MIIHICTh, PEAKTHBHHU Ta
AKTUBHUM omip Ta iH. Bu3Ha4yeHHs pauioHaIbHUX KOHCTpY-
kvt [TJITTK 3 TTI 103BONMUTH CKOPOTUTH KUTBKICTH BapiaH-
TIB JUIs1 OUTBII JETATBHOTO TEXHIKO-€KOHOMIYHOTO aHaIi3Yy.

TUITIK 3 TIHI mae Ourbmni IOMycTUMI TPUBAII CTPY-
MH, [0 TIOB’SI3aHO 31 30UIBIICHHSIM MOBEPXHI TEIDIOBIIIaY1
P ctpymonposony (puc. 4).
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Puc. 4. [Tnoma noBepxHi Temiosignadi P pi3sHUX KOHCTPYKIiit

ctpymorposoniB [IJITIK nepepizom 240 MM

Amnani3yloun pe3yJibTaTH, HaBeleHI Ha puc. 3, 4,
MOJKHA 3pOOHTH BICHOBOK, IO iCHYIOTh KOHCTpYKIil 1111
sIKi 3a MeHIIol HiX y mpoBoxy AC mmomii moBepxHi abo
mepuMeTpy (3a OJHAKOBOI JOBXHHH) MArOTh OUTBIN JO-
MyCTUMI TPUBAJI CTPYMH. 32 PIBHOI OBXHHHU CTPYMOII-
POBOIIB, III0 MMOPIBHIOIOTKCS, iX IJIOIIA IPOIMOPIIiiiHA ITe-
puMeTpy cTpymornposoay. IIpu oMy nepumMeTpu crpy-
monpoBoaiB 3 [, nocuTh CyTTEBO BIAPI3HSIOTHCS BiX
nepumMeTpy nposoay tuiry AC 240/32. 1le migrBepikye,
o pomyctuMi Tpusaii crpymu st [UITIK 3 TIHH 6ynyts
OIIBIIMMU 3a CTPYM Ul Kpyryioro mpooxy. Lle takox
MIATBEPIKYE PHC. 5, JIc HABEJCHO CITiBBIIHOMICHHS k MiXk

nepuMeTpamu pisHux KoHCTpykmii [T 1 mpoBoxy Kpyr-
JIOTO Tepepi3y Ta CHiBBIOHOMIEHHS Kk Ui AOMYCTUMHX
tpuBanux crpymis [ i npoBoxy Kpyrioro nepepisy.
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Puc. 5. CniBBigHOLICHHS k MiXX TapaMeTpamMy IPOBOJIIB:
1 — criBBIAHOIICHHSI [UIOLII TIOBEPXHi TEILIOBiAIai
qutst mpoBony Tuiy AC 240/32 nust pisHux koHcTpykuii ITIH
3 epepizom 240 MM
2 — CHiBBiAHOMICHHS IOy CTUMHX TPUBAINX CTPYMIB
qutst mpoBoxy Tuity AC 240/32 nnst pisHux koHcTpykiii TTIH

Sk mokazaHO BUILE, €PEKTUBHICTH OXOJOMIKEHHS
ctpymonposoziB ITJITIK i iHTeHCHBHICTS TPUPOIHOI KOH-
BEKIIii BU3HAYAIOTHCSA 1X KOe(illiEHTOM TEIUIOBiAIadi o
BianoBinHo 10 (1-4, 6, 15, 16). [Ipu 3aganux Temmnepary-
pl MOBITPsl B KOJIEKTOp1 1 TpaHUYHINA TeMIepaTypi cTpy-
MOTIPOBOAY, . ICTOTHO 3aJISKUTh BiJ] HOTO reoMeTpii, aKa
BU3HAYa€ IUIOLIY TOBEPXHi, a TaKOX BiJl HPOCTOPOBOI
Opi€HTAIlil CTPYMOIIPOBOAY, IO LITIOCTPYE pHC. 3.

Tax HaiiOuIbIIy €(EeKTHBHICT OXOJIOJDKEHHS 1 Hali-
OUITBII 3HAYCHHS JAOMYCTHMHX TPHUBAJHMX CTPYMIB MArOTh
crpymornpoBoau 3 I (puc. 2) 3 MakCUMaJIbHUM CIIiB-
BiTHOIICHHSAM HOTO BUCOTH /i 10 mupuHU d. Jlo Takux
KOHCTPYKIIiH, TeopeTnyHo MokHa Bimguectu I1II 3 cmis-
BigHOIIEHHAM cTopiH A/d 240/1, 120/2, 80/3, 48/5 3 Bep-
TUKaJIbHOIO ycTanoBkor ITI (pu 4 > d) BimnmoBimHO 10
puc. 2. OnHak 3 ypaxyBaHHSAM 3a0e3IedeHHsT HeoOXiaHO1
mexaniynoi Minuocti 1, npu mnpoekrysanni ITJIITK
JIOLUIEHO OOMEKUTUCHh BEPTHKAIBHUM CTPYMOIPOBOIOM
TOBILIMHOIO HE MEHIII 2 MM.

B pasi ropmsonTamsHOi ycraHoBku I (A < d),
e(eKTUBHICTh OXOJIOJDKEHHSI 1 3HAYEHHS JOMYCTHMHUX
TPUBAIUX CTPYMIB 3MEHINYIOTHCSA (pHC. 3) B 3B SI3KY 3
MOTIPILEHHSIM MTPUPOIHOT KOHBEKIIIT.

Buznavennss mickgasnoi BigcTraHi i JOBKHHHU
npoabotiB miasi IIJIMIK 3 IIHI. 'eomerpuuHi po3Mipu
IUITIK 3 I Bu3HavaroThes iX MiHIMaIbHOIO MiX(as-
HOO BigctanHio D (puc. 2), siKa 3aJI€KHUTh BiJ 130JIAIIiM-
HHUX BJIACTMBOCTEH MOBITPsL. ISl 3aKPUTHX PO3MOALIBHUX
npuctpoiB 110 kB, Halimenmia mixkdazHa BiACTaHb MiX X
mIMHAMU BiamoBinHO 10 [36] ckiamae 250450 mm, mo
Moxe Oytu npuiinsite 1 st TUITIK.

[Ile ogHUM BaXKJIMBMM NHTAHHSIM € BHU3HAYEHHS Mi-
HiMasibHOT 1OoBXUHH TposiboTiB TIJITIK 3 ITIII 3a npuiins-
TOT MiXk(a3HOI BiJICTaHi, sIKa 3aJCKUTH BiJ] CICKTPOIMHA-
MIYHHAX CHJI, III0 BUHUKAIOTh IPH MHPOTIKAHHI yJapHOTO
CTPYMY KOPOTKOTO 3aMHKaHHS dYepe3 CTPYMOIIPOBOAN
IUJITK. V TakoMmy aBapiiHOMY pexumi (a3Hi CTpyMOIl-
POBOIM HE MOBHMHHI HaOIMXaTHCA 10 CyciqHboi (asn Ha
BIJICTaHb, MIPH SKIi MOYKJINBE POOHUBAHHSI 130JISIIi1.

Jnst nocimipKkeHHsT hOTO MTUTaHHS BUKOHAHI po3pa-
XYHKH MIHIMaJIBHO JTOIYCTHMOTO 3HAYEHHSI MPOJILOTY MIXK
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onopamu [TJIIIK npu Buxopucranni IIII. Ilpu anamizi
Oyro mpuitHaTe pomymeHHs, mo 111 moxe OyTH mpexncra-
BJIeHa sIK Oalika, IO CIMPAaEThCsl Ha JieKiibka omop. [Ipu
OFOMY TPUIYIICHHI TPUIYCTUME 3YCWIUII ¢ HAa PO3PUB
111 3 anroMiHir0 MOXe OyTH BU3HAYCHO K [35]:
i2-1?
o=3-108 2L, 24)
W.-D
ae i, — ynapuuit ctpym K3, kA; / — 10BXHMHA TPOIBOTY;
D — Biacranp Mix ¢azamu, M; W — MOMEHT ONOpY LIMHU
BiJTHOCHO OCi, IEPICHIUKYISAPHOL IO Hii 3yCHILIA, M,
MinimansHy AoBxuHy npossory [IJIIII BuzHaum-
MO i3 HACTYIHOTO CITiBBiTHOIIEHHS, OTPIMAHOTO BiIIO-
BimHO 10 (24) Ta Tabm 1, OOMEXHWBIIH MPUITyCTUME
sycmwist o urs [ 3 amominiro 3HauerasM 40 MITa:

,5
I= ((a-W-D)/(\/E-w*8 -iﬁ))o . (25)
Tabu. 1
BusHaueHHs MOMeHTY iHepIlil Ta MomeHTy onopy [THI TIJITIK
MomeHT MowmeHT
PosranryBanns muH .
iHepii onopy
h
7 7 77 7 d-h/12 d-nl6
| B i ik
D D
P o
M| wdna | onde
i L d

PesynbraT po3paxyHKy JOBKUHH MPOJILOTIB YIS Pi-
3nux koHcTpykuin TIJITIK 3 I npu aii pisHUX ygapHUX
CTPYMIB KOPOTKOTO 3aMHKaHHS, [0 BUKOHAHI BiIIOBIIHO
10 [35] mist MiHIMAJIEHO MOJKIIMBOL 32 YMOBaMHd MPOOOIO
MOBITPSAHOI 130ismii MibkdaszHoi Bimctani y 300 MM mms
[UJITIK 110 B [36] i npencTaBieHi Ha puc. 6.
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Puc. 6. PesynpraTi po3paxyHKy JOBXHUHH 1poiboTis / TIJIITK
B 3anexHoCTi Bix koncrpykuii I mepepisom 240 mm? (h/d)
IIPH Pi3HUX CTpyMax

Amnani3z oTpuMaHMX pe3yJbTaTiB (pHUC. 6) TOKa3ye,
o npunyctuma gosxkuHa mnponsoty UK 3 I mo-
CHUTb CYTTEBO 3JICKUTH Bl 1i KOHCTPYKTUBHHX IapaMeT-
piB. OTpuMaHi Ipu po3paxyHKax 3HAYCHHS TOBXKUH TIPO-
JBOTIB CBIMYATH MPO MOXKIHUBICTE criopymkenns [JITIK 3
I npaktuuHo st Beix koHcrpykuiit ITHI, mo po3sris-
HyTi B po6ori. Lle cBiquuts mpo te, mwo [IJITIK 3 I Ha-
BiTh 32 HallMEHINUX 3HauYeHb NPoJbOTIB (50 M) Oyne ne-
HIeBIIOK, HDK 3Bu4YaiiHa [1JI y 3B’S3Ky 3 BIJCYTHICTIO
TPaAULIHUX OIIOP, SIKi B HALLIOMY BHUIJKY 3aMiHIOIOTHCS
Ha OUTBIII EIICBII TipJISHAM 130JISTOPiB, 200 OMOPHI 130-
nsitopu. Tomy TIJITIK, HaBiTh mpu ckopoveHHi i IPOJIbO-

TiB 10 MiHIMaJIbHOTO 3Ha4eHHS (50 M), € KOHKYPEHTO3/1a-
THOFO B mopiBHsHHI 3 TTJ1.

Takum umHOM, 3anpononoBani asropamu [IJIIIK B
nopiBHsiHHI 3 HazeMHumu I1J1, a takox migzemunmun KJI
OJTHAKOBOI MOTYKHOCTI, TO3BOJIIIOTH 3a0€3MEUUTH HaIiiHE
NepelaBaHHsl  EJIEKTPOEHEPrii 3 BHCOKOI IPOITYCKHOIO
CIPOMOXKHICTIO, MiJBUIIEHHS SKOi B IOPIBHSHHI 3 Ha3eM-
vy [T 110 xB cknmanae Bin 3 % mo 230 % (B 3anexHOCTI
Bix koHctpykmii [TI1I) mpu ogHakoBHX mepepizax iX CTpy-
MorpoBoxiB. IIpn oMy 3anpornonoBani [IJIIIK 3a6e3rre-
YYIOTh BHCOKY 3aXWIICHICTh BiJl HETaTHBHUX 30BHIIIHIX
aTMOc()epHHX Ta BIMCHKOBHX (DAKTOPIB MPH 3MCHIIECHHI
€JIEKTPOMArHiTHOTO BIUTMBY Ha OTOYYIOUYE CEPEIOBHIIIE.

[Ipu nHampyrax 20-110 kB 3anpononosani TTJITIK
€ KOHKYPEHTHHMH 3 ITIJ3€MHUMH JIHISIMHU 3 €JIera3oBOI0
130JISILII€10, TaK SIK MPU OJIM3bKUX TEXHIYHMX XapaKTepUC-
THKaX BOHHM MalOTh CHPOLIEHY KOHCTPYKIIIO CTPYMOIIPO-
BOJIIB, SIKa MOTPeOye MEHIIMX KalliTallbHUX Ta eKCILIya-
TallMHUX BUJATKIB.

BucHoBkH.

1. OGrpyHTOBAaHO TEXHIKO-CKOHOMIUHI NIEpeBary BH-
kopuctarssa [UJIIIK mpu po3MimieHHi B Mig3eMHOMY KO-
JIEKTOpI Ha OCHOBI MOPIBHSUJIBHOTO aHAIi3y XapaKTepuc-
Tk [1JI, KJI, Ta 7iHii# 3 €J1era3oBo0 130JIAIII€0.

2. 3amponoHOBaHO METOJHKY PO3PaxyHKY IOIMyCTH-
mux TpuBaiux crpymi I[TJIITK |, sika 3acHOBaHa Ha po3po-
OJsieHili aBTOpaMH aHaJITUYHIA MOJENI ONHCY IPOLECIB
MACOTEIUIONIEPEHECCHHS B MOBITPI MiI36MHOI'O KOJIEKTOPY
1 103BOJIsIE OOIPYHTYBAaTH paliOHAIbHY KOHCTPYKIIIO
(ha3HUX CTPYMOIIPOBO/IiB, BAKOHAHUX 13 IJIOCKHX LIHH.

3. Tloka3aHo, 10 BHKOHAaHHS CTPYMOIIPOBOIY
[JITIK i3 BepTUKANBHUX TUIOCKHUX IIUH 31 CIHiBBiIHOIICH-
HaM cTopin 240/1, 120/2, 80/3, 48/5, sxi xapakTepuzy-
FOTHCS 301JIBIICHOI0 IUIOMICIO IMOBEPXHI Ta IMiABHIICHUM
MPUPOJTHUM KOHBEKIIHHUM TEMJIO0OMIHOM IMOPIBHSIHO 3
KPYIJIMM TPOBOJOM OJHAKOBOTO MEpepidy, a TaKoxK i3
ypaxyBaHHSIM 3HWKEHHS TEMIIEPATYPH MOBITPS B MiJ3eM-
HOMY TyHeni 1o 15 °C nopiBHSHO i3 30BHIIIHIM cepeio-
BuieM (25 °C), 103BOJISIE CYTTEBO MiABHIIUTH MPOITYCK-
Hy cripomoxkHicts [IJITIK y nopiBasHHI 3 T11.

4. Ha ocHOBI aHaJi3y TEIUIOBHX, €JIEKTPOMArHITHHX,
enexkTpoarHamiuHux npouecis B [IJITK Tta mitepaTypHux
JoKepen o0IPyHTOBAaHO MOXKIUBICTh ICTOTHOTO 3MEHIIICH-
Hs Mikdazsoi Bigcrani mnsa [IJITIK B mopiBasHHI 3 [TJ1
(s TIJT 110 xB 3 3-4 M no 0,3-0,6 M), mo 103BOJISIE
npoektyBatu [1IJIIIK B KOMIakTHOMY BHKOHAHHI i3 3Me-
HIIIEHUM PIBHEM €JIEKTPOMArHITHHX ITOJIB.

5. Buepiie oOrpyHTOBaHI TEXHIKO-SKOHOMIYHI Iie-
pesaru Bukopucranns [1JITIK B nopiBHSHHI 3 HA3eMHUMHU
ITJI, a Takox migzemaumu KJI 1 mig3eMHUMU JTiHIIMH 3
€JIera3oBOI0 130JIA1[i€10, Ta BHU3HAUCHI YMOBHU UIsl 3a0e3-
nedeHHs1 HaaidHoro nepexasanns [IJITIK enexrpoeneprii
3 BHCOKOIO TIPOITYCKHOI CIPOMOXKHICTIO, IiJBHUILICHHS
sikoi ckimagae Bin 3 % 10 230 % (B 3aeKHOCTI Bi KOHC-
tpykuii I1HI) B mopisasaai 3 [TV 110 kB mpocto HEba
TP OJTHAKOBHX IIepepi3ax iX CTPyMOMPOBOIIB.

6. 3anpomnonoBani [JITIK € KOHKYpeHTHUMH 3 TIiJ-
3eMHHMH JIHISIMH 3 €JIera30BOI0 130JIILIEI0 HA HANPYTy
20-110 kB, Tak sk npH OJU3bKUX TEXHIYHUX XapaKTepH-
CTHKaX BOHH MalOTh CHPOLICHY KOHCTPYKIIIO CTPYMOII-
POBO/IIB, sIKa MOTPeOy€e MEHIINX KalliTaJbHUX Ta EKCILTY-
aTaliiHUX BUAATKIB.
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7. IlpoektyBaHHs 1 OyIIBHHLTBO 3alPOINOHOBAHUX
TUUITIK 3a0e3mnednTh HaifHE NEpeaaBaHHS EICKTPUYHOT
€Heprii, JI0CTaTHIO MPOITYCKHY CIIPOMOXKHICTD 1 TiJIBHIIE-
HY 3aXHIIEHICTh BiJi HEraTUBHHUX 30BHIIIHIX atMocdep-
HUX Ta BIlICBKOBHX (DaKTOPIB IPH 3MEHIICHHI €JIeKTpoMa-
THITHOTO BIUIMBY Ha OTOYYIOYE CEPEOBUILE.

8. Tlomanpmii JOCHIIKEHHS TUIAHYETHCSI 30CEPEAUTH
Ha po3po0JIeHHI HAYKOBUX OCHOB HOPMATHBHHX JOKYMEH-
TiB 3 mpoektyBanHs [JITIK, siki Hapa3i B YkpaiHi BiICYTHI.

KonguikT intepeciB. ABTOpH 3asBISIOTH PO Bil-
CYTHICTh KOH(IIIKTY iHTEpPECIiB.
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Features of designing high-voltage overhead power lines in
an underground collector.

Problem. Protection of HV overhead power lines (OPL) from
external atmospheric and military influences and reduction of
their hazardous electromagnetic radiation is possible if they are
made in a compact form and placed in an underground collector.
But to ensure high capacity and reliable operation of such com-
pact HV OPL, it is necessary to improve the existing designs of
their current-carrying elements. The goal of the work is to deter-
mine promising design parameters of busbars of compact high-
voltage overhead power lines laid in an underground collector.
The methodology for calculating permissible long-term currents
of HV OPL laid in an underground collector is based on the ana-
Iytical model proposed by the authors for describing the processes
of mass and heat transfer in the air of an underground collector.
Scientific novelty. For the first time, the possibility of efficient use
of HV OPL in an underground collector conditions is substanti-
ated and the conditions for their reliable transmission of electric
energy with increased capacity are determined. This is achieved
through the use of rectangular flat vertical conductive busbars
with an increased surface area and providing better convective
heat exchange compared to traditional round wire, as well as by
determining the rated current for such overhead lines at a reduced
ambient temperature (15 °C), which is typical for operating con-
ditions in underground collectors (25 °C) adopted for overhead
lines located outdoors. Practical value. The use of the proposed
HV OPL laid in an underground collector should ensure reliable
transmission of electrical energy, sufficient throughput and in-
creased protection from external factors while reducing the elec-
tromagnetic impact on the environment (due to a significant re-
duction in the interphase distance from 3—4 m to 0.3-0.6 m for
110 kV HV OPL), and has advantages over SF6-insulated cable
lines and cable lines characterized by an increased insulation
cost). References 36, table 1, figures 6.

Key words: compact high-voltage overhead power line,
underground collector, busbar conductor, thermal modeling.
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KOeinei

BOJIIOX BOJIOJJUMHUP ®ETOPOBHUY

(1o 70-pivust 3 THSI HAPOPKEHHS )

Bononumup ®enoposuu borox Hapoauses 1 BepecHst
1955 p. B m. [TonrraBa. ¥V 1979 p. 3akinunB XapKiBCHKHA
MONITEeXHIYHUH  iHCTHTYT. HaBuaBcst Ha  (¢i3uko-
TeXHIYHOMY (akynbTeTi 3a crenianbHicTioO «KpioreHna
TexHikay». [HxeHep-(i3uk.

3 1979 mo 1982 p. mpairoBas iH-
KeHepoM-(i3ukoM B XapKiBCbKOMY
¢izuko-TexHiuHoMy  iHcTUTyTIi AH
YPCP, ne 3aiimaBcsi po3poOKor0 Haj-
MPOBITHUKOBOTO JIIHIHHOTO TMPUCKO-
proBava eNeKTPOHIB Ta HAIIPOBiTHHU-
koBuX pe3oHatopis HBU-giamazony.

3 1982 p. mpamtoe B Hamionans-
HOMY TEXHIYHOMY YHiBepCcHTETi «Xa-
PKIBCHKHMH TONITEXHIYHUH THCTUTYT»
Ha Kadeapi 3arajabHOI EIIEKTPOTEXHi-
KH. 3aliMaB TIOCay CTapIIOro iHXKEeHe-
pa, acmipaHTa, MOJIOJIIIOTO HayKOBOTO
CHIBpOOITHUKA, ACHUCTCHTA, JOIICHTA,
JOKTOPaHTa, IPOBIJIHOTO HAYKOBOI'O
cniBpoOiTHHKa, Tpodecopa.

B 1987 p. Bononumup denopoBud 3aXUCTUB KaHH-
JIATCHKY UCEPTAIlilo, OB’ sA3aHy 3 PO3POOKOI0 HAIPOBI-
JHUKOBHX MArHITIB cremiagbHoi (opMH Ta KpIOTSHHHUX
MOJIYIIB JUIsl €JEKTPOAWHAMIYHOTO TiJBICY 1 JIHIHHOTO
CJIEKTPONPUBOY 3 OOMEKEHUMH MajorabapUTHHUMHU
napaMeTpamH.

B 2004 p. Bomroxa B.®. 3aXHUCTHB TOKTOPCHKY IH-
cepTauito Ha TeMy «HaykoBo-TeXHIUHI OCHOBH CTBOPEHHS
eNeKTPOMEXaHIYHUX IMITyJIbCHUX HEepPEeTBOPIOBAYIB iHIY-
KIIHHOTO TUITY 3 KPIOPE3UCTUBHAMHU OOMOTKAMI.

HaykoBi nmocmimxenns boxroxa B.®. mom’s3ani 3
BUKOPUCTaHHSIM KPIOT€HHOTO OXOJOIDKEHHS B €NEeKTPO-
MAarHITHHUX, €JIEKTPOMEXaHIYHIX 1 O10JIOTIYHAX CHCTeMax
Ta CTBOPEHHSM €JICKTPOMEXaHIUYHHX ITyCKOBUX 1 CHIIOBUX
HPUCTPOIB PI3HOTO MTPHU3HAUCHHSI.

[Ipod. bomox € ygacHUKOM 0araTh0X MiKHApOIHUX
KoH(epeHIii, B Tomy uuchi B Uexii, Himeuunni, CIIA,
Opanrii, Aprentunu, Kwutaro, Icmamii  Tormo.
OCHOBHI HaNPSIMKH HOTO JOCIIIKEHb:

® HA/NPOBITHUKOBUH JiHIHUI NPHUCKOPIOBAaY €JIEKT-
POHIB 1 HaxpoOBiAHNUKOBI pe3oHaropu HBU-nianazony;

® BHCOKOIIBUAKICHUN HA3eMHHUH TPAHCIIOPT 3 €JIEeKT-
PpOIUHAMIYHHM MiIBICOM 1 JTiHIHHUM €JIEKTPOIIPHBOIOM;

® BHCOKOE()EKTHBHI HAAIIPOBIIHUKOBI €JIEKTpPOMAarHi-
TH CHelialbHOI ()OPMHU 1 KpIOTeHHI MOy 3 OOMEXKEHH-
MU Maco-rabapuTHAMH ITapaMeTpaMu;

® IIOBHICTIO HAJNPOBIAHUKOBUI TypOOreHeparop i3
30BHILIHIM €JIEKTPOMArHiTHUM €KPaHOM;

® CIICKTPOMEXaHIYHI IMIYJIBCHI TEPETBOPIOBAUl 1HIY-
KLIHHOTO THITY 3 KPIOPE3UCTUBHUMH 0OMOTKaMU;

e JiHIHHI IMITyJIbCHI ENEKTPOJABUIYHH, HPUBOJH Ta
MPHUCTPOI YAapHOI Mii;

® HANIIBHAIKE OXOJIOMKEHHS OIOJIOTIYHMX O0’€KTIB 3
BUKOPHCTaHHSM KPIOT€HHOTO OXOJIOJDKEHHS, MPH SIKOMY
BOHHM IEPEeXOiITh BiTpudiKoBaHUI cTaH (CHOUTBHO 3
Celltronix, Can-/liero, CIIIA);

® KOMIUIEKC eJISKTPOMEXaHIYHHUX IPUCTPOIB, IIPH-
3HaYeHUX [UIS 3HUMICHHA BaXINBOI iHpopMmarii, ska
30epiraeTecsl Ha MUPPOBUX HAKOTHIyBadax, IPH HECAH-
KI[IOHOBAHOMY JIOCTYIIi CTOPOHHIMH 0C00aMu (CHIIBHO 3
TOB «®ipma «Terpa, LTD», M. XapkiB);

e Ui JIEp)KaBHOTO TEPBUHHOTO
eTaJoHa OJMHUII TPUCKOPEHHS BiJib-
HOTO TAIiHHS PO3POOJIEHO i BIPOBa-
JUKEHO KOHLEIIII0 YHIBEPCAIBHOTO
OaJiCTUYHOTO JIa3epHOTO IpaBiMeTpa,
SKHAH peaizye K CUMETPUYHUH, TaK i
HECHUMETPUYHHAN CII0OCOOM BHMIipIO-
BaHHA (cmimeHO 3 HHI[ «lHCTHTYT
METPOJIOTii», M. XapKiB).

bomox B.®. € aBTopom 638 Ha-
YKOBHX Ipalb, cepel SKUX: 5 MOHO-
rpadiii, 15 HaBYaNBHHUX MOCIOHHUKIB,
64 crarti B 6a3i Scopus. MoHorpadii
Bonoaumupa ®demopoBuya ommy0ImiKo-
BaHi B Ykpaini, CioBenii Ta Himeu-
ynHi. Bin € aBropom 130 BHHaXo0miB,
IO BKJIIOYAIOTh aBTOpchbKi cBigonrsa CPCP, mareHTn
Vkpainu ta CIIIA.

[Ipo¢. bomox € kepiBHUKOM OaraTteox AeprkOromKe-
THUX 1 TOCIIOTOBIPHUX TeM, IMOB’S3aHUX i3 PO3POOKOIO
BUCOKOC()EKTHBHUX JIHIHHUX YIapHUX EJIEKTPOMEXaHiu-
HUX MPUCKOPIOBAYIB Ta CHJIOBUX IMPHUCTPOIB. TaKoX BiH €
3aCTyITHHKOM T'OJIOBHOTO pefakTopa xypHary «Enekrpo-
TEXHIKa 1 SJIEKTPOMEXaHIKa», YWICHOM PEIKOJIETil KypHa-
niB «Eneprozoepexxenns. Enepreruka. Eneproaynu» Ta
«CBITJIOTEXHIKA Ta CJICKTPOCHEPTeTHKAY.

IIpo¢. bomox B.D. € romoBoro cremianxizoBaHOl
BueHoi pamu JI 64.050.08 mpu HTY «XIII» 3a cremiasib-
HocTsiMH «Enekrpudni MammHu i amapatny, «Teopernu-
Ha eJeKTPOTeXHiKa» i «Di3uKa CHIBHHX eNCKTPUYHHX Ta
MarHiTHUX momiBy. Takox Bonomumup DenopoBuu €
YICHOM creriami3oBanoi BueHoi pamu JI 64.050.09 mpu
HTY «XIII» 3a cnenianbHicTio «IIpunany i MeToan KoH-
TPOJIFO Ta BU3HAYEHHS CKJIaay pPedoBUH». ByB rojioBoo
4-X 1 peleH3CHTOM 5-TH Pa30BUX CIICIiali30BaHUX PaJ 110
3axucty aucepranii npu HTY «XIII» Ha 3100yTTs Hay-
KOBOTO CTyneHs goktopa dinocodii. Ilix Horo kepiBHUII-
TBOM 3aXUCTHIIMCH | JOKTOD 1 2 KaHAM/aTa HAYK.

Bomiox B.®. 3axomnoerbest MOI0pOKaMH B ropax Ta
Ha Oaiimapkax. BiH 3 prok3akoM moOyBaB B AJblax
(®panuis), B ropax Kanidopnii (CLIA), B Annax (ITepy),
Ha KaBkasi, Anrai ta Xi0inax, B Kpumy Ta Kapmarax,
B ropax Bipmenii ra Kupruscrany.

Bononumup ®denopoBuu Mae BHCOKY IIOBary cepen
HAYKOBO-TIEJJATOTIYHUX TPAIIBHUKIB K B YHIBEPCUTETI, TaK
1 3a foro Mexamu, Ta € MPUKIaJO0M JUIs OaratboX y Ipare-
JFOOHOCTI Ta CTApaHHOCT] y BUKOHAHHI Oyb-SIKNX 33/1a4.

Hpysi, xonern, yuHi Bomommmupa DemopoBuda
IIMPO BITAIOTh HOTO 3 IOBiICEM, OaXarTh HOMY HOOpOro
3I0pPOB’sl Ta MOAAJIBIIMX YCIIiXiB Y HAYKOBIH pOOOTI.

Penakmiitna xomeris xypHany «EjexTporexHika
1 eJeKTpOMEeXaHiKa» NPUETHYETBCS [0 LHX MIHUPHX
nobaxxaHs.

Enexkmpomexnixa i Enexmpomexanika, 2025, Ne 5

89



=1

MarepiannnpnimaroTbca’3a’ajjpecolo:

KameapayEnexTpnni anaparn; JHTV Xl BynIKipnniesa 2, \m.
EneKTpoHHi BapianTn MaTepianis|nole-mail:la!m.grechko@gmail.com

Nlogigkn’3atenethonamn:+38 067,359/46 96 Ipeyxo’Onekcangp’ MuxannoBny




