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LIIAHOBHI YUTAYI!

3 2024 p. 3 06’°ckmusnux npuuun x»cypruan «Enekmpomexnixa i Enekmpomexanikay eumyuienuii npunu-
Humu cnienpayio 3 AT « Ykpnowmay w000 nepeoniamu ma po3noéctooiceHHs OPYKOBAHUX NPUMIPHUKIG
Hawiozo rncypuany. Axwo Bu, wanoeni wumaui, i naoani éasrxicacme ompumyeamu OpyKoeaHi RPUMIPHUKU
Hawi020 Kncypuany, mo Bu mosrceme ix 3amoeumu, 36epuysuiuce 6e3nocepeonbo 00 pedakuii sncypuaiy.

HIIAHOBHI ABTOPH /KYPHAJIY!

Ilocmanoeoro npesudit BAK Ykpainu 6i0 15 ciuna 2003 p. Ne 1-08/5 mnaykoeuit cypnan
«Enekmpomexnixka i Enexkmpomexanixa» eneceno 0o Ilepeniky naykosux axoeux euoanv Ykpainu,
6 AKUX MOXCYMb NYONIKyeamuca pe3yibmamu Oucepmauiitnux pooim Ha 3000ymmsa HAYKOGUX CHYNEHie
ooxkmopa i kanouoama nayk ma nepepeecmposano Haxazom MOH Ykpainu Ne 1328 ¢io 21 pyona 2015 p.
Kypnan 3apeecmposano ak gpaxoeuit 3 No 1 2002 poky.

32iono Haxazy MOH Ykpainu Nel412 gio 18.12.2018 p. nayxoeuii scypnan «Enexkmpomexnixa i Enexm-
pomexanika» eKaoueHo 00 Haiieuwoi kKamezopii «A» Ilepeniky ¢haxoseux euoanv Ykpainu
3 MeXHIYHUX HAYK.

Enexmponna xonia ycypuany «Enexkmpomexnika i Enexkmpomexanixay, 3apeccmposanomy y MidicnapooHii
cucmemi peecmpayii nepioouyHux euoans nio cmanoapmuzoganum kooom ISSN 2074-272X, naocunacmeo-
ca 0o Hauionanvnoi oioniomexu Ykpainu im. B.1. Bepuaocvkozo i, nouunarwuu 3 2005 p., npeocmaenena
Ha caiimi oioniomeku (http://nbuv.gov.ua) ¢ po3oini «Hayxoea nepioouka Ykpainuy, a maxodc Ha ogiuiii-
Homy caiimi scypuany (http://eie.khpi.edu.ua).

Houunarouu 3 Nel 3a 2016 p. yci cmammi nHa caiimi 00CMynHi HA 080X MOBAX — AHZIICLKOIO i YKPATHCHKOIO.
Takosic KodcHill cmammi 6 JHCYPHATL NPUCBOIOEMBbCA YHIKANbHUIL uupposuii ioenmugpixamop DOI (Digital
Object Identifier) 6io opeanizauii Crossref (http://crossref.org).

Kypnan «Enexmpomexnixa i Enexkmpomexanixa» 3 2019 p. inoexcyemsca y naykomempuuHtii 6azi oanux
Scopus, 3 2005 p. — y Web of Science Core Collection: Emerging Sources Citation Index (ESCI), wo
pexomenoosani MOH Yxpainu. Takooic scypnan npeocmasnenuii 6 Index Copernicus (ICV 2024: 176.00),
i 6x00umu 00 6a3 oanux EBSCO, ProQuest, GALE, DOAJ mouo.

Hayxomempuuni noxkasnuku scypuany «Enekmpomexnixa i Enekmpomexanikay:

CiteScore 2024 — 3.4; H-inoexc — 14, keapmunv — Q2; SJR 2024 — 0.350, SNIP 2024 —0.74; IPP—1.61.
3eepmacmo ysazy asmopie Ha HeoOXIOHICmb ohopmieHHs PYKOnuUcie 6i0nosiono 00 Bumoz, aki Hasedeni
Ha odiyiinomy caimi xcypnany (http://eie.khpi.edu.ua), posmiwgenomy na naamgopmi «Haykosa
nepioouka Ykpainuy (http://journals.uran.ua).

5 nucronana 2025 poky Ha 77-My poli BiAIHIIOB y BiYHICTH BiZJOMHI BUCHHUI y raiy3i eleKTpOMEXaHiKy i
SNIEKTPUYHHUX MAIlUH, YWIEH PEAKOJIeril )ypHaly «EnekTpoTexHika i eJ1eKTpoMexaHikay, JOKTOp TeXHIYHUX
Hayk, npodecop Bonrogumup IBanoBuy Misnx.

[poiimoBmy nUIAX Bif iHXeHepa a0 mpodecopa, Bomogumup Minux moHan MiBCTOMITTS HEBTOMHO
[paLOBaB y CTIHAX PiHOrO YHIBEPCHTETY, ABAUATH POKIB O4OJIIOBAB Kadeapy eNEeKTPUYHUX MALIUH.

Bce cBoe xutrs Bonogumup IBanoBuy Minux mpHCBSTHB Haylli, OCBITI Ta BUXOBAaHHIO MOJIOAOTO II0-
KOJIIHHS iH)KeHepiB. YueHuil OyB 3HaHMM (axiBLEeM y Taiy3i eleKTPHYHUX MAIIWH Ta eNeKTPOMArHITHUX
nporiecis, aBTopoM mnoHax 370 HaykoBUX mHpanb, 23 MiIPYYHUKIB i HABYAJIBHUX MOCIOHHMKIB, MOHOTrpadii,
YUCJIEHHUX METOIU4HUX po3pobok. Ilin kepiBHMITBOM mpodecopa Bosoanmupa Minuxa 3axuiieHo
JOKTOPCHKI Ta KaHAWAATCHKI AUCepTallii, BiH MiArOTyBaB JBOX IOKTOPIiB HAyK, ABOX KaHIUIATIB HayK i
omHoro PhD. Bonogmvup IBaHOBHY OyB KEepiBHHKOM YHCIEHHHX HAYKOBO-AOCHIIHUX pOOIT, MpamioBaB y CKIali HayKOBO-
MeToANYHOI KoMicii 3 Bumoi ocBith MOHY 3a HampsimkoMm «EnextpoMexaHika», OyB WICHOM CIICIialli30BaHOi BUCHOT paH, PeaKo-
JIeriii MPOBIHUX HAYKOBHX JKypHAJIB, FAPAHTOM OCBITHBO-HayKoOBOi mporpamu «Enekrpomexanikay. Iin kepiBHuuTBOoM Bonoaumupa
IBanoBHUYa Minmxa po3poOiieHi HOBI KypCH JIEKIiH 3 MepCIIEKTUBHAX HANPSIMKIB Teopil i MPAaKTUKU eNeKTPUYHUX MAIINH, eJIeKTPO-
MAarHiTHHX IOJIB Ta MPOLECIB B €IEKTPOTEXHIYHUX MPUCTPOSIX. 32 CYMIIIHHY IPAIf0 Ta BATOMHI BHECOK Y PO3BUTOK OCBITH i HAYKH
Bonomumup IBanoBry Minux OyB HaropoDKEHUH BiJOMYMMH 320XO04yBAIBHHUMH BiJl3HaKaMH MIiHICTEpCTBa OCBITH i HAyKH YKpaiHU:
HarpyJIHUMHU 3HaKamMu «BinMiHHHK ocBiTH YKpaiHm» Ta «3a HayKOBi Ta OCBITHI IOCSTHEHHS», IPaMOTaMH IbOTO MiHiCTepCTBa,
I'pamororo [lemapramenty ocBitTh i Haykum XapkiBchkol obimepikamminictparii, ITopskoro XapkiBCbKOrO MiCBKOTO TOJIOBH,
Honskoro MinictepcTBa eHepreTuku Y Kpainu, BigzHakamu pexropa HTY «XTIII» Tomo.

Pexropar HTY «XIll», aupekuis [HCTUTYTy €HEpreTHKH, eNCKTPOHIKU Ta CICKTPOMEXaHIKH, KOJEKTHB KadeApH eIeKTPUIHUX
MaIllMH, peIKojerisi XypHaly «EIekTpoTexHika i eJeKTpoMexaHika», BCi KOJETH-TIONITEXHIKM TIHOOKO CYMYIOTH 3 IIPUBORY
cMepti Bonognmupa IBanoBrua Minmxa i BUCIOBITIOIOTH IIUPI CHIBUYTTS HOTO PiXHUM 1 OJIM3BKIM.

Caitna nam’sTh po Bosoaumupa IBanoBrYa Ha3aBkKM 3aIMIIUTECS B CEPLSIX HOTO KOJIET, Y4HIB, Apy3iB 1 BCiX, XTO MaB 4eCTh
NIpaIfoBaTH opyd i3 HuM. Moro Mypicts, 106poTa, npodecioHani3M i BiIaHicTh CrpaBi — IPHKIA/ JUIsl MGy THIX TTOKOJTiHb.

Biuna mam’ts!
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EnekmpuyHi MawuHu ma anapamu
VJIK 621.313.33

Teopisi i TPAKTHKA YHUCEJIbHO-NI0JbOBOI0 AHATI3Y TA YTOYHEHHS €JIeKTPOMATHITHUX
Ta eHepPreTUYHUX MapaMeTPiB B MPOEKTAX TPU(a3HUX ACHHXPOHHUX JIBUTYHIB

https://doi.org/10.20998/2074-272X.2026.1.01

Bcmyn. Poboma npuceauena yoockonanentio npoekmis mpugaznux acunxpounux osueyrie (TAL) na ocnosi 3acmocysanns uuceins-
HUX PO3PAXyHKi6 ixuix macnimuux nonie. Taxa 3a0aua € akmyanbHoIO, 36adcalOyu He me, Wo Kiacuuna cucmema npoekmyeanns TAL]
He 3a601c0U 3abe3neyye 00CMAmMHI0 MOYHICIb IXHIX NPOEKMHUX napamempis, momy po3pobniosani 08uzyHi nompebyioms exchepu-
MeHmanvHoi 00800KU i 8i0N0GIOHO dodamKosux sumpam dacy ma kowmie. Ilpoonema. [lpu xracuynomy npoexmysanni TA/ mazcHi-
MHULL PO3PAXYHOK BUKOHYEMbCA HA OCHOBI meopii masHimuux xin. Maenimonposio TAJ] posodinaiome na ymMoeHO 0OHOPIOHT OinAHKU,
HA SIKUX MACHIMHI 6ETUNUHU 68ANCAIOMbCSL PO3NOOLICHUMU PIGHOMIPHO, NPOMe peaibHull iXHill po3noodinl € Habazamo CKAAOHIUUM.
Taxuti nioxio npu3600ums 00 NOXUOKU GU3HAYEHHS eleKkmpomachimuux napamempie TAJ], i, Ak HACTIOOK, HEMOYHOCMI eHepemuy-
HUX, MEXAHIYHUX, MENI08UX Mowjo pospaxyHkie. Memoio pobomu € nodanvuuii po3eumox cucmemu npockmysanns TAJ/ winaxom it
VMOYHEHHS 3a OONOMO20I0 YUCETbHO-NObOBUX PO3DAXYHKIE eleKmpoMaAcHIMHUX ma eHepeemuynux napamempis. Memoouka noo6y-
008aHa HA YUCENLHO-NONLOSII nepesipyi ma ymounenni knacuunozo npoekmysanusa TAJl. Bona € cysopo demepminosanoro, ne3ea-
JHCArOYU HA CKIAOHICMb JIHIUHUX A HeNTHIUHUX 83A€MO38 A3KI8 KOHCIMPYKMUBHUX, e1eKMPOMASHIMHUX A eHepeemUdHUX 1020 na-
pamempis,momy nioo0acmvcs a0eK8amHill areopummizayii i npoespamyeanHio i3 3acmocysanuam imepayiinux po3paxymkis. Teope-
MUYHi OCHOBU MEeMOOUKY NIOCUNIEHI 2APMOHIYHUM AHANIZ0M H4ACOBUX YHKYIU eNeKMPOMASHIMHUX 6eIUYUH MA YMOYHEHUM GU3HA-
YeHHAM OupepenyianbHoeo onopy po3ciloéants 0OMomku cmamopa. Incmpymenmom peanizayii memoouxu € npoepama FEMM y
cykynnocmi 3i cmeopenumu ckpunmamu Lua. Pesynemamu. Buxonano uucenvHo-nonb06i po3paxyHKu eneKmpoMacHimHux ma eHep-
ecemuunux napamempie mecmosozo TAJl, pospobrenozo 3a kracuunum npoexmom. Leii dsuzyn nepegipeno y mexcax pexncumis cum-
XPOHHO20 HepobOU020 X00Y MAa HOMIHANLHO20 HaanmadicenHs. Lle noxasano docmamuvo BUCOKY eeKmusHicms HAOAHUX Meope-
MUYHUX | NPAKMUYHUX OCHO8 HUCETbHO-NONIbOBUX PO3PAXYHKIE i susaeuno, wjo npockm TA/ e sionosioae 3asenenum nomyxicHocmi
ma nanpy3si. [{na uxo0y Ha iXui HOMiHANbHI 3HAYEHHA HAOAHO WIAX YIMOUYHEHH HAMASHIYY8ANbHO20 CIPYMY 0OMOmMKU cmamopa i
Ko63anns pomopa. Haykoeoio Hoeu3zHolo 6 pobomi € cucmema 4ucenbHO-NOAbOGUX POPAXYHKIE eNeKMPOMASHIMHUX MA eHepaemuy-
Hux napamempis TAJl, ska y cykynnocmi 3 imepayitinum npoyecom 3abe3neuye 1oeo eusio Ha 3a0aHi HOMIHATbHI Hanpy2y 06MOmKU
cmamopa i GUXIOHY NOMYJICHICMb NPU OOHOYACHOMY BapilO8AHHI HAMACSHIHIOIBANbHO20 cmpymy ma Kogzanwus. IIpakmuuna uin-
Hicmo. Memoouky uucenvno-noavosux pospaxymukie TAL na 6asi npoepamu FEMM i ckpunmy Lua pexomenoosano e6ydosysamu 6
asmomamu308any cucmemy npoeKmyeanus yux osuzymis. Okpim nepegipku i ymounenna napamempie npoexmosanux TAJ], 3a pos-
pObaeHUMU MEMOOUKOIO | NPOSPAMOIO MOJICHA OMPUMAMU 8 AGMOMAMUI0EAHOMY PO3PAXYHKOBOMY pedtcuMi Cim 10 YIMouHeHUX 11020
pobouux xapakmepucmuxk. bibmn. 29, Tadmn. 5, puc. 9.

Kniouosi cnosa: TpudasHuii aCHHXPOHHUI IBUT'YH, AaBTOMATH30BaHi YHCeJbHO-N0JILOBI PO3paxyHKH, MarHitHe noje, FEMM,
€J1eKTPOMATHITHI | eHepreTH4Hi NapaMeTpu, nepeBipka Ta yToO4YHEeHHS NPOEKTHHUX JAHHUX.

Beryn. Tpudasni acuaxponsi nuryHi (TA) € piz-
HOMAHITHHMH 1 TIONIMPEHI B TeXHOC(Epi yChbOro CBITY.
Ixue YIOCKOHAJICHHS 3aBXKIU aKTyallbHE 1 BiIOyBaeThcs
3a pI3HUMH YHHHUKAMHU, B TOMY YHCIIi Yepe3 i BUIICHHS
TOYHOCTI 1 €(pEKTHBHOCTI CUCTEMHU ITPOEKTYBAHHS.

OnHMM 3 TPOAYKTHBHHUX 3ac00iB yIOCKOHAJIIEHHS
npoektyBanHs TAJl Hapa3i € 3aCTOCYBaHHS YHCEIIBHO-
NOJIBOBUX PO3PaxyHKIB ixHiX MarHitHux noxis (MII).
Jnst 1bOro MoXKe BUKOPHCTOBYBATHCS 3arajbHOJIOCTYITHA
6e3komtoBHa nporpaMa FEMM [1], sika 3acHoBaHa Ha
MeToi ckindeHux enemeHTiB (MCE).

BrinenH:o 1i€l mporpaMu B CHCTEMY IPOEKTYBAHHS
TAJ cnpusitors ii 3py4nuil iHTepdeiic i iHTerpoBana 1o
Hel ckpunroBa MoBa Lua [1, 2]. Bona 3abe3meuye cTBo-
PEHHS IPOrpaM-CKPUIITIB JJIsi aBTOMaTH30BaHOI MOOYHO-
BU (pizuko-reomerpuuanx mogenei TAJl, mo BimoOpa-
KAIOTh IXHIO KOHCTPYKIIO, CTPYMH OOMOTOK Ta MarHitHi
BIacTUBOCTI MarepianiB. Ha ocHOBi po3paxoBanmx MII
MIPOTPaMHU-CKPUITH BU3HAYAIOTH €JIEKTPOMArHiTHI, CHIIO-
Bi Ta eHepreTHyHi napameTpu po3podiennx TA/L.

V TenepimHiii yac cknanacs 00’€HaHA PO3paxyHKO-
BO-ZIOCITiTHUIIbKA cHcTeMa npoekTyBaHHA TA/l: crouatky
CTBOPIOETbCSL MPOoeKT TAJ[ 3a KIaCMYHUMM METOIUKaMHU
MIPOEKTYBAaHHs, TaKUMHU 5K [3, 4], a mMOTiM BiZOyBa€eTHCS
YHCEIBHO-TI0JBOBI fociipkeHHs TAJl 3 MeToro nepeBipky,
PO3LIMPEHHS MeperliKy 1 YAOCKOHAJIEHHS HOT0 MPOEKTHUX
napamerpiB. Takux Pi3HOMaHITHUX JOCHIIKEHb aBTOPOM
BHKOHAHA IiJIa HU3Ka, HAMIPpUKIaL, [5—9] Tomo. | BoHH 3ro-
JIOM TOTJTHOIOBATIMCS 1 yAOCKOHaIroBaucs. [IpupoHo,
IO Ti JOCTIKEHHS, SIKi BUKOHAHI Ha MOTIEPEIHIX eTarax,
OyIyBayich Ha OUIBLIMX JIOMYIICHHSX 1 116 HE BPaxoByBa-
T 300y TKIB OAANBIIAX po3pobok. ToMy Hapasi mocTano

3aBJaHHS MPOBECTH KOPHT'YBAaHHS 3a3HAYCHOI 00’€IHAHOI
PO3paxXyHKOBO-JIOCHITHUIILKOT ~ CHCTEMH  ITPOEKTYBAaHHS
TA/ 3 ypaxyBaHHSIM HaOyTHX JTOCATHEHB 1 3 ITiBUIICHHIM
ii TOUHOCTI 32 PaXyHOK 3MEHILEHHS METOJMYHHUX 1 po3pa-
XYHKOBHX CIIPOLICHb Ta IPUITYIICHb.

Meto10 podoTH € MOJANBIIMI PO3BUTOK CHCTEMHU
npoektyBaHHs TAJ] nusixom 1l yTOYHEHHS 3a JOIIOMOT'OIO
YHCENBHO-TIOJBOBUX PO3PAXyHKIB EJICKTPOMArHITHHX Ta
SHEPreTHYHUX MapaMeTpiB. IHCTpyMeHTaMu a1 IOCAT-
HEeHHS MeTH npuiiHiaTa nporpama FEMM y cykymHOCTI 3i
CTBOPEHUMH CKpunTamu Lua.

AHaJI3 ocTaHHIX JocaixKeHb. BigomMo, 10 aCHHX-
ponHi nBuryHi (A/l) y cBoEMy pO3BHUTKY MpPOHIUIM TpH-
BaJIM{ NUIAX, ale iXHi IHTCHCHBHI JOCIIKCHHS MPOJIOB-
JKYFOTBCS, TIPO IO CBITYMTH OTJIS ITyOJIiKaIliii, 1o Hama-
€THCS JIaJli 32 TEKCTOM, X04a 1 JaJIeKO He BUUCPITHUH.

[IpuponHo, mo € my6iikanii, IKi IPUCBIYEHO ONTH-
Mizamii [10, 11], a TakoX MOCTIMKEHHSIM HOBHX BepCiit
ALl [12, 13]. [pumipom, y crarti [10] mocmimkyeTscs
NPOTHO3YBaHHS €(EeKTHUBHOCTI A/l 3a JOIIOMOTrOI0 YOTH-
PBOX QJITOPUTMIB ONTHUMI3aIlii: TEHETHYHOTO aJTOPUTMY
(GA), ontumizarttii poro gactuHok (PSO), anroputmy on-
tumizanii kuta (WOA) Ta anropuTMmy onTuMizamii gep-
BoHoT siucuili (RFO). ANropuT™Mu OLIHIOBAJIUCS HA OCHO-
Bi TXHBOT OBEIHKH 301KHOCTI, TOUHOCTI Ta EKCIICPUMCH-
TILHO BHUMIPSHMX 3Ha4eHb e(QEKTHBHOCTI. Y J0CIi-
moxerHi [11] 3acrocoByerbess MCE i ontumizamii on-
Hodaznoro AJl. L{s poboTa 30cepekeHa Ha cTpyMi, o0e-
pTaIbHOMY MOMEHTI, €()eKTHBHOCTI Ta BTparax 3a JIOIo-
MOTOK0 EKCIIEPHMEHTAIBHHX Ta CHMYJILIHHUX METOMIB.
VY crarti [12] HaBemeHO TEOPETHYHY OCHOBY Ta 3aCOOHU

© B.I. Minux

Enexkmpomexnixa i Enexmpomexanixa, 2026, Ne 1

3



JUTSA TIOAAJBIIOT ONTUMI3aIlil KOHCTPYKIIii Oe3BaIbHIIICBO-
ro AJl 3 0e3KOHTaKTHMM MiiBicoOM. BIUIMB Ha IycKoBi
XapaKTEePUCTHKN JBUT'YHA BHSBICHO aHAIITHYHHM METO-
IoM Ta minTBepipkeHo mopemoBaHHsIM MCE. ¥V crarti
[13] mpencraBneno A/l 3 MOABIHHOIO KOPOTKO3aMKHEHOIO
KIIITKOIO pOTOpA, B SIKOMY BHCOKOTEMIIEpaTypHi HaAIIPO-
BiJIHI MaTepianu Ta MiJIHI CTpHXHI BOyIOBaHi y pi3Hi ma-
3u. B cTaTTi MoCHimKy€eThCS BILTMB CTPYKTYpH Ia3a poTo-
pa Ha oOepTaJlbHMH MOMEHT, a TAaKOX IOB’Si3aHi 3 HUM
napaMeTpH, Taki sIK MarHiTHUH IOTIK HOBITPSHOTO TPO-
MIDKKY Ta IyJibcallii boro MOMeHTY Tomlo. Po3paxyHKoBi
mozeni Ha ocHoBi MCE peanizoBaHo B IporpaMHOMY
3abe3neueHi Ansys Maxwell. Jocmimxkenns [14] 3ocepe-
JUKEHO Ha aHaJi31 BIUIMBY Pi3HUX KOHCTPYKIiH Ta MaTepi-
aJTiB POTOPHHUX CTPIDKHIB Ha XapakTepuctuku TA]l Takox
3a nornomororo MCE.

VY pobotax [15-17, 8] npuainserbes yBara yI0CKO-
HaJGHHIO Ta po3BUTKY Teopii AJl. V [15] 3a3HauaeThcs,
1o 3a gornomororo MCE MoxkHa nepend0adynTH MOBEIIHKY
eleKTpoMarHiTHuX 1moJiB TAJl,ToMy BUKOHaHO YHCEIbHE
MozemoBanHs Ha ocHoBi COMSOL sk paHHBOTO 1HCTpY-
MEHTY ISl JOCIIKEHHS B3aEMOJII MK PO3ITOIIIOM X
HOJIIB Ta pi3HMX HapamMeTpiB. B crarri [16] 3a3HaueH0, mio
CTBOPEHO TPUBUMIpPHY Ta ABOBUMIpHY MOZETI IBUT'YHA Ta
3alpOIIOHOBAHO TPUBHUMIPHY CTPYKTYpY CKIHYEHHHX
enemenTiB (CE) i TakuM 9MHOM OTPHUMAHO HU3KY Iapame-
TpiB ABUTYHA. Y [17] MpOMOHY€ETHCSI HOBAa BUCOKOTOYHA
Monenb MonemoBaHHs AJl Ha ocHOBI MCE. 3anpomono-
BaHa MOJIEJIb JIO3BOJISIE IPOBOJIMTH IIBUJKE T4 TOYHE MO-
JemoBaHHSA AJl 32 JOTIOMOTOIO MOJIETIi CXEMH iHBEpTOpa
Ta aJTOPUTMY KEepPyBaHHS 3 BUCOKOIO TOYHICTIO BimoOpa-
JKCHHSI HelZleanbHUX XapakTeprcTHK AJl, Takux sk MarHi-
THE HaCHYCHHSI, IPOCTOPOBI TAPMOHIKH, ACUMETPisl TOIIO.

VY pobotax [18-20] po3risaatoThes pi3Hi MapaMeTpu
i mpouecu B AJl. Tak, y crarti [18] Hagano muHAMiYHHIA
aHaii3 aBogasHoro A/l i3 CHUMETPUYHMMH Ta OpPTOTOHa-
npHUME (azHUMHE 00MOTKaMu. Ha OCHOBI reoMeTpuyHUX
po3MipiB Moaenb ctBopeHa uis aHainizy MCE 3a pomomo-
roto mporpamHoro 3abesmnedeHds B 2D ANSYS Maxwell.
ByB mpoBexeHuii aHaii3 HepexiHUX Ta CTaliOHAPHUX
MIPOIIECIB CTPYMiB MAIIMHHU, €IEKTPOMArHITHOTO MOMEHTY
Ta 4aCTOTH OOepTaHHS Ha HEPOOOUOMY XOAY Ta IIPH ITOB-
HOMY HaBaHTaxeHHi. Y crarti [19] mpeacrasneno amarm-
THUBHY HEHPOHHO-HEWiTKy cucteMy BuBoay (ANFIS) sk
HAJIMHUN IHCTPYMEHT IMPOTHO3YBAaHHS 3HIKEHHA 00ep-
tanpHOr0 MoMeHTy TAJl B aHoManbHHX ymoBax. Jlocii-
JOKEHHS BU3HAUa€ OCHOBHI (paKTOPH 3HIDKCHHS, BKJIIOYA-
104K JaucOallaHC HampyrH, TapMOHIHI CIIOTBOPEHHS Ta
MiIBUINEHHS TeMmnepaTypu. Y mocmimpkerHi [20] 3ampo-
MIOHOBAHO METO/] PO3PaxyHKY €IEKTPUYHHUX Ta MarHiTHUX
BTpaT B ogHodazHOMy A/l 3 KOPOTKO3aMKHEHHUM POTOPOM
Ta HEOJHOPIIHMMH Ma3zamMH craTopa. MojentoBaHHsS BU-
koHaHo 3a jporomororo MCE Ta mporpamuoro 3abesre-
yeHHd AutoCAD g1 MojentoBaHHS HECHUMETPUYHHX
masiB craropa. TOYHICTH pe3yibTaTiB MO IepeBipeHa
NOPIBHSHHAM HOMIHAJIBHUX CTPyMYy, O0OEpTalibHOrO MO-
menty Ta KK 3 macnopTHuMU JaHUMU ABUTyHa. MeToro
pobotu [8] € momanbmIMi PO3BUTOK CHUCTEMH IIPOEKTY-
BaHHS TA]J] IIISIXOM YHCETHHO-TIONBOBUX PO3PAXyHKIB
aKTHBHUX 1 peakTUBHUX oropiB oOMoTok TAJl y BChOMY
Jiarma3oHi 3MiHA KOB3aHHS Ta PO3paxyHKy HOro MexaHid-
HOi xapaktepucTuku. Omnopu 0omMoTok TAJl BU3HAYAOTH-
cst po3paxyakamu MIT poscitoBanHs nporpamoro FEMM,
NPUYOMY B CTPHIKHI pOTOpA — 3 BUTICHEHHSIM CTPYMY.

3HauHa yBara mpUAUILEThCs miarHoctumi AJl [21-23].
VY pobori [21] HagaHO METOM BUSBJICHHS Ta JiarHOCTHKH
KOPOTKMX 3aMHKaHb CTaTOpa, OOpPHBIB CTPIIKHS pOTOpa
Ta EKCIEHTPHCUTETY y Benukux AJ] nuisixom aHamizy
YacTOTHOTO CHEKTPY CTpyMy crtatopa. [l BUBUEHHS
BIUIMBY PI3HMX YMOB HECHPaBHOCTI MPOBEACHO MOJICIO-
BanHsI MCE 3 kpokoM y 9aci Ha TBOBUMIipHii Mozxem AJl.
Lle nprBOANTH 10 TOYHINIMX Pe3yJbTaTIB, HOK I1HII MO-
JIelTi, OCKIJIBKM BiZoOpa)aloThCsl T€OMETPist KOHCTPYKIIii
Ta cxemMa 0OMOTKH MamuHH. Y po6oTi [22] po3pobiaeHo
moaens CE mis mocmiypkeHHs MDKBUTKOBHUX KOPOTKHX
3aMHKaHb OOMOTKH CTaTopa. 3a JOIOMOTOI0 po3po0iaeHol
CE Mopzeni mpoBeAEHO MOJETIOBaHHS JUI PO3YMIHHS
MOBEIIHKU PI3HUX EJIEKTPUYHHUX Ta MATHITHUX BEJUYUH y
4yacoBili Ta yacToTHIM oOmactsx. [IpoToTnn MammHHM 3
KOPOTKMMHM 3aMHUKaHHSAMH OyB BHIpPOOYBaHWH B €KCIe-
pUMEHTaNBHI yCTaHOBII 1 pe3yJabTaTH HOPIBHSHI 3 MO-
JICITIOBAHHAM Ta 3 AHATITHYHUMH pO3paxyHKaMu. Y pobo-
Ti [23] 3a3HauaeTbes, mo MCE npomnonye rmudoke po3y-
MiHHS GyHIaMEHTAIbHUX NPUHIUMIB Ta Pi3udHOT podbOTH
MalMHA. BiH MOXe MOZENIOBAaTH CKJIaJHY TOMOJIOTIIO
MarHiTHUX KiJl, CXeMH IUCKPETHHX OOMOTOK Ta BIIACTH-
BOCTI HENIHIfHMX MarHiTHUX MaTepiajiB MamuHdA. Bin
BU3HAYa€ Pi3Hi MapamMeTpu MAIIMHKA Ta MOXKE MOJEII0BA-
TH JIOKaJi30BaHE MarHiTHE HACHUYCHHS, CHPUYMHEHE He-
CIPaBHOCTSAMH, 3 BHCOKHM CTYIIEHEM TOYHOCTI. Y mii
CTaTTI TaKOX HaJ@HO OTJISJ JITEepaTypu IIOJIO METOJIB
niarHOCcTHKHU HecripaBHOCTelH A/l 3a momomororo MCE.

€ Huska poOit, npumMipom [9,24, 25], siKi CTOCYIOTh-
Csl aHANI3y aKTHUBHHX i PEaKTUBHUX MapaMeTpiB 0OMOTKH
CTaTopa, BUKOPUCTAHHS 1 YIOCKOHAJICHHS CXCM 3aMilllcH-
a1 TAJl, onepyBaHHs 3 HUMH. Y cTaTTi [24] ommcaHo
CHpOULICHHH MeToja OuiHKKM napameTpiB T-cxemu AJl,
KWK 0a3yeThes Ha TXHIX MPOEKTHUX JAaHHUX Ta HA B3aEMO-
Jii YUCETBHOTO Ta aHATITUYHOTO OE3PO3MIPHOTO MiIXOMy
3 BUKOPUCTAaHHAM TeopeMu TeBeHeHa. Pobota [25] Hamae
OLIIHKY €JeKTPUYHUX 1 MexaHiuHuX napamerpiB TAJl Ha
OCHOBI anroputMy audepenniansHoi eBomromii. [Ipose-
JICHO TIOPiBHSUTBHE ITOCTIKCHHS NPH BUKOPHUCTAHHI Pi3-
HUX BXIJJHUX CHTHaJIiB. Takwii anropuT™ 34aTHUH OIiHIO-
BaTH IapaMeTpU eKBIBAJICHTHOI ENEeKTPUIHOI CXEMH:
OIIOpH CTaTOpa Ta poTOpa Ta IHIYKTUBHOCTI PO3CiIOBaH-
HS, IHAYKTHBHICTP HAMArHi9yBaHHA, a TAKOXK JCIKI Mexa-
HiuHI nmapamerpu. Mertoro pobotu [9] € noganpmmii po3-
BUTOK CHUCTeMH NpoeKkTyBaHHS TAJl HUISXOM 4YHCETBHO-
MOJIBOBOTO PO3PAXYHKOBOTO aHAIi3y PEaKTUBHOI'O OIIOPY
JIu(EepeHIiaTbHOTO PO3CIIOBaHHS OOMOTKH CTaTopa, a
TaKOX IOPIBHSJIBHA NEPEBipKa BIAMOBIIHUX E€MITIPUYHUX
¢dbopMy1, BIACTUBHX METOANKAM TPAJULIHHAX MPOEKTHUX
PO3paxyHKiB.

B crarTi [26] HaBemeHO BUpa3HW IS BH3HAYCHHS
CTpyMiB poTopa KpyroBoi mozaeini TA/J] 3 BUKOpHUCTaHHIM
MOJBOBOTO AHANI3Y 3 ICHYBaHHSM CIIEKTPAIBHUX T'apMO-
HIK MarHiTOpyuniHoi cuiii cratopa. Po3pobiieHo Bupaszu
JUTS BU3HAYCHHS TAaHUX OOMOTKH Ta JAOIIEHOCTI BUKOPH-
CTaHHS PO3PaXyHKOBOI MOJIEJi CHHYCOiJaJbHOI OOMOTKH
cTaTropa 3 METOI0 MiABHIICHHA €(DEeKTUBHOCTI MaTeMaTH-
YHOTO MOJEJIOBaHHS 3 BUKOPHCTaHHSIM EKBiBaJIeHTa
MOJTEOBOT MoJeNi 3 (PiIKCOBaHMM POTOPOM Ta HaCTOTOIO
KOB3aHHS 3 BUKOPUCTaHHSIM KPYTOBOi MOJEIII.

Mertoro po6otu [27] € po3poOka Ta Bepudikaris Me-
TOJy BpaxyBaHHS 3a CJIAOKO3B’S3aHOI0 KOJIO-IIOJIHOBOIO
MOJIEIUTIO €(peKTy BHTICHEHHS CTPYMy B POTOPHOMY KOIIi
ACHMHXPOHHOTO JIBUTYHa 3 KOPOTKO3aMKHEHHM POTOPOM
ta AJ] 3 MacuBHIMH (EPOMATHITHUMH €JIEeMEHTaMH Mar-
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HITONIPOBOAY poTopa. MeTox AOCHIIKEHHS IONrae B
iTepaliiiHOMy po3B’si3aHHI PIBHSHb KOJIOBOI Ta IOJIbOBOT
MaTeMaTH4HOi MOZENi HUITXOM YTOYHEHHS IlapaMeTpiB
3acTynHOl cxemu AJl 3a pe3yabTaraMH MOJHOBOTO aHAIi-
3y Ta B iTepallifHOMy KOPHTYBaHHI PO3paxyHKOBOTO elle-
KTPOMAarHiTHOro MOMEHTY 33yl BpaxyBaHHS e(eKTy
BHUTICHEHHSI CTPyMY, OTPHMAHOT'O HAa OCHOBI €KBIBaJEHT-
HHUX CTPYMIB y CTPYMOIPOBIJHUX YacTHHaX poropa. 3a-
MMPOMIOHOBAHUHN MIIXiJl Ja€ 3MOTY MiJBUIIUTH JOCTOBIip-
HICTb PE3yJbTAaTiB MOJENIOBAHHA EJIEKTPOMArHiTHUX
nporeciB y AJl B IIyCKOBUX PEXKUMAX.

MokHa micyMyBaTH, 110 3rajJiaHl HayKoBI myOsiKarii
MIPUCBSYEHI PI3HUM acleKTaM PO3BUTKY Ta JOCIHIKEHHS
AJl. I MO>kHa 3a3HAYHTH, IO PO3MOBCIOKEHNM iHCTpyMe-
HTOM JIOCIIJUKEHHSI € YWCENbHI PO3pPaXyHKHM MAarHiTHHUX
monie MCE 3a pisHUME TporpaMHUMH TpomyKTamu. On-
HOYAacHO II€ CIIpUsi€ BJOCKOHAIECHHIO 1H)XEHEPHOI OCBITH:
iHTerparii 1bOro MeToAa ISl TOCTIKEHHS e(heKTUBHOCTI
AJl. Came Ha TOMy 30cepellkeHa cTarTs [28] — BOpoBa-
mxerHi MCE y HaB4anbHy Tporpamy 3 iHkeHepii.

AHanoriyHuid Cy4acHUH MiaXin, TOOTO BUKOPUCTAH-
H1 MCE st nocnimkxenns ta ynockonanernns TAJl, npu-
WHSTO 1 B CTAaTTi, 5IKa MPOIOHYETHCS. AJie TyT po3risiia-
€ThCS AKTYaJbHUM aCHEKT, SIKUM 1€ HE 3HAWIIOB JTOCTAT-
HBOTO BiJJOOpaKeHHSI B HAYKOBIi JiTeparypi. A came, 1e
CTOCY€TBCSI TIPOOJIEMH YHCEITBHO-TIONFOBOTO aHANIZY Ta
YTOYHEHHS eJIEKTPOMArHiTHUX Ta EHEPreTHYHUX Mapame-
TpiB B mpoekTax TAJl Ta IXHBOI IEPEBIPKH B TIPHUHITHIII.

lompasaa, € pobota [5], B IKOi IOCTaBIEHO 1€ TTH-
TaHHsS. Alle BOHA HE PO3KpHIAa B MOBHIM Mipi i€l mpo-
OJeMH, TOMY TYT I TeMa PO3DNISAIAETHCA Yy OUIBII MOB-
HOMY 00cs31 3 ypaXyBaHHSM OHOBIICHOI CHCTEMH 3HAHB i
MoxJiBocteil. [Ipuyomy poGorta chopmoBaHa TakuM
9iHOM, 00 Hamatn mociigankaM TAJl yci MOXKIHMBOCTI,
00 CKOpHCTAaTHCS HaOYTHM JIOCBIJIOM TEOPETHYHHUX i
MPAKTHYHUX HABUYOK JJISI CAMOCTIHHOTO 3aCBOEHHA i
3aCTOCYBaHHsI IPEJICTABICHOIO MaTepiainy.

O0’ekTOM I AEMOHCTPAIil BUKOHAHOTO JOCII-
JOKEeHHS € cripoekToBanuii B [4] TAJL 3 KopoTKO3aMKHEHOIO
OOMOTKOIO pOTOpa, SIKMH Mae€ HOMIHAJIbHY IIOTYXXHICTh
Py =15 xBr i Bucoty oci obepranns 160 mm. JIo ocHOBHIX
MPOEKTHUX JaHWX JABUTYHA BIIHOCSATHCS TAKOX HOMIHAJIbHA
¢azna Hanpyra Ugy = 220 B, HoMiHanbHul (azHuil cTpym
obomoTku cratopa Iy = 28,8 A, vacrorta f; = 50 I'1, koB3aHHs
sy = 10,0261 ta koedirfieHT ToTYKHOCTI cosP.y = 0,889. J{Bu-
T'YH Ma€ KUIbKICTb Iap MOJIIOCIB p=2 1 KUIBKICTb (a3 m,=3.
JIo TONMOBHUX PO3MIPIB BiJHOCSTHCS 30BHILIHI JiaMETPH
ocepab poropa d,=184 mm i craropa d,=272 MM Ta ixHs
noBxkuHa [,=130 MM, NOBITpsIHMIA MPOMDKOK O = 0,5 MM.
Crarop mae Q=48 mazis, porop — O,=38 naziB. OOMoTKa
CTaTopa € OJHOMLIAPOBOIO, AlaMETPAIBbHOIO0, PO3MOAUICHOIO.
[Ma3u poropa 3po0iieHi 3akpuTHMH 1 6€3 ckocy. Matepiain
ocepab — cTaimb Mapku 2013.

Jlist 4mMceNnbHO-TIONBOBUX JIOCHIDKEHb 3a Iporpa-
moro FEMM mpwuifHsATa ABOBHMipHa pPO3paxyHKOBa MO-
JIelTb, 110 HajaHa Ha pHc. | i BigoOpaxae HOro eeKTpo-
MarHiTHy CUCTEMY B MOIIEPEYHOMY Tepepisi.

PospaxynkoBa monens TAJ] mepeTBoproeTbes aBTo-
MaTH4YHO Ha ()i3UKO-TEOMETPUYHY MOJENIb CTBOPEHHM
ckpuntom Lua, sik ne Oyso nosicueHo B [7]. 'eomerpuuna
Mozenb nonae koHeTpykiito TAJl, ¢iznduHa Momens Hece
B €001 pO3MOJiI i HANPSIMKU CTPYMIB B OOMOTKax, a Ta-
KOXX MarHiTHI BJIAacTHUBOCTI ocepas. Ha puc. 1 Bumineni
(a3Hi 30HM OOMOTKH CTaTopa, SIKi [MO3HAYAIOTHCS MiTKa-
MU (pa3HUX CTPYMIB.

Puc. 1. EnextpomarnitHa cuctema TAJ] 3 po3moninom cTpymiB
B OOMOTIII CTaTOpa i KapTHHA CUJIOBHX JIiHI HOr0 MarHiTHOTO
HOJISL B PEXKUMI CHHXPOHHOT'O HEpo6O4Oro X0y

B nporpami FEMM npuiiHsita IpsSIMOKyTHa cucrema
KOOPJHHAT X, y, ajleé JOAATKOBO 3aCTOCOBYETHCS IONSPHI
KOOPJAMHATH 7, 0. 3 HAIPIMKOM KOOPIHUHATU O 30iraroTh-
sl HaIPSIMKH 4acToT oOepTanHs poropa n Ta MII n;.

IMinroroBKka KpUBOI HAMArHiYyBaHHS MaTepiajy
ocepas TA/l. Ha musxy pospaxynkis MIT TAJ] mporpa-
Moo FEMM BaxiMBUM € 3aB/aHHS KPUBHX HaMarHiuy-
BaHHS €NEKTPOTEXHIYHOI CTalli, 3 IKOT BUKOHYIOTHCS HOTO
ocepas. lle, Ha mepummid morysA, TpPUBIAIbHE 3aBIAHHS
MTOBHHHE BUKOHYBATHUCS 3 PO3YMIHHAM HOTO CYTHOCTI.

B ki1acnuHOMy NPOEKTYBaHHI MarHiTHUHA PO3paxyHOK
TA]l BuKOHYy€eThCS Ha OCHOBI Teopii MarHiTHHX Kill (TMK).
ToOTO MarHiTONPOBI MOUISETHCS HA OTHOPIIHI TUISTHKH, 1
B MEXaX KOXXHOI MArHiTHI BETMYNHN PUIAMAETHCS OJHAKO-
BumHd. 11100 3meHmmTH MOXMOKY, IJISI BpaxyBaHHA HOTO
HEOJHOPIAHOCTI OCHOBHa KpuBa HamarHiuyBanHi (OKH)
CJIEKTPOTEXHIYHOI CTajli 3aMIHIOETHCS CIICHIAIbBHUMA KPH-
BUMH — PI3HUMH JUTsl 3yOLiB 1 CIMHOK ocepas [3, 4].

3MiHM B KPUBHX HaMarHI9yBaHHS BiIOYBaIOTHCS yKe
3Ha4Hi, 1o nokaszaHo B Tadm. 1. st OKH crami mapku 2013
I'OCT 21427-83 Hanae 3HaueHHs MarHiTHOT iHayKuii (MI)
B 1 Hanpy>xenocti marsitHoro nosst (HMII) H B ’satu pe-
NepHUX Toukax. [Ipy THX e 3HaueHHAX IHIYKLiH Ui 3y-
OwLiB 1 CIIMHOK Ocep/lb HaBeIEHO 3HA4YeHHs H crienianbHuX
KPUBHX, SIKI BUKOPHCTOBYIOTBCSI B METOJUKAaX MPOEKTYBaH-
us1 TAJL [3, 4]. BiaMiHHOCTI € HAOYHUMU.

Tabmus 1
[MapameTpu KpuBHX HamarHidyBanHs craii 2013
B, Tn 1,54 | 1,65 | 1,75 | 1,85 2,05
OchHoBHa | 1000 | 2500 | 5000 | 10000 | 30000
H, Alm 3y6ui 763 | 990 | 1330 | 1770 | 4400
Comaka | 608 | 940 | 1500 | 2811 | 14390

ToMmy BHHHMKae NMUTaHHA — Ky KpPHBY HaMarHiuy-
BaHHS CIiJ BHUKOPHUCTOBYBaTH IPH YHCEIbHO-NOJIBOBUX
pospaxynkax TAJ? Jloriunum e BukopucranHs OKH,
TOMY WIO NIPH TaKUX po3paxyHkax posmoxain MI i HMII B
OCepIsX BXKE € HCOTHOPITHIM.

TecToBi po3paxyHKH MAarHiTHOro moJjs Nporpa-
Mmoo FEMM B pexuMi CHHXPOHHOTO Hepo0040ro xo-
ay. B cuctemi KIaCHYHOTO MPOEKTYBAaHHS MAarHITHUH
po3paxyHok TA]l, sik 3a3Hadanocsi, BUKOHYETbCA Ha OC-
HoBi TMK. BinmoBinHo mo ii TepmiHOMOTii IIe mpsma 3a-
Jlada: 3a 3aJaHUM MarHiTHAM IIOTOKOM pO3paxOBY€EThCS
HaMarHidyBalbHUH CTpyM JIBMIYHa /,, AKWH 3a/a€TbCA B

Enexkmpomexnixa i Enexmpomexanixa, 2026, Ne 1

5



Tpudasniii oMot cratopa. I pobuthes me 6e3 ydacTti
CTpYMIB OOMOTKM pOTOpa, L0 HA3WBAETHCS PEKUMOM
CHHXpOHHOTO Hepobodoro xoxy (CHX) [3, 4].

B minomy craTTs cpsiMOBaHa Ha BHSBJIEHHS HEO-
JIKIB KJacn4HOro npoektyBaHHs TAJl, ski BUHHKAIOThH
Yyepe3 3aCTOCYBaHHS UISl €IEKTPOMArHiTHUX PO3pPaxyHKiB
3a TMK. ToMy OCHOBHi IpUIIyIIEHHS, HA SIKUX 3aCHOBAHO
KJIACYHE TPOEKTYBaHHA, B CTATTi 30epiraroTbes, Mmoo
BusBUTH came pojib TMK B HeZOCTaTHIN TOYHOCTI po3pa-
XYHKY €JIeKTpOMAarHiTHuX BeauyuH. ToOTo, B qaHiil crat-
Ti IO aHAJIOTIl MPUHHATHN CHHYCOITHHU XapakTep CTPY-
MIB POTOpa i CTATOpa, 110 MOMIMPEHO Y OaraThoX IyOi-
KallisfX, X04a B HHUX 1 3a3HAYAETHCS, MO I[i CTPYMH MO-
KYTh MaTH YCKJIQJIHEHUI rapMOHIYHHHI CKIIaf.

UncenbHO-TIOIBOBIM PO3PaXyHKOM 32 IPOrpaMoro
FEMM wMoXHa NepeBipUTH aJIeKBaTHICTb PO3PaXxyHKY
pexxumy CHX, ane Taka 3amada 3a Ti€r0 K€ TEPMiHOJOTi-
€10 € 3BOPOTHOIO: B OOMOTIII cTaTOpa 3a4a€ThCSI HAMArHi-
qyBaJIbHUH CTpyM /i pospaxosytothess MII, i Ha Horo
OCHOBI — IIIe HU3Ka eJIeKTpOMarHiTHux mapametpis TA/JI.

Crpymu B (pa3HHX 30HaX 0OMOTKH craTopa (puc. 1)
3a1al0ThCS SIK ISl TpU(a3HOI CUMETPUIHOI CUCTEMHU:

ioq =1,c08(0050); igp :Imscos((ost—%ﬂ) 5
iSC = [mSCOS((Ost + % ﬂ:) P (1)

ae I, =421, — ammiiTyna cTpyMmis; [, — ixHe xirode

3HAYCHHS, M;=27f; — KyTOBa 4acTOTa; { — 4ac.

B mopeni Ha puc. 1 3HaueHHs (ha3HUX CTPyMiB 3aja-
roThes 3a (1) U1 moYaTkoBOro MOMeEHT vacy ¢ = 0, 1 Toxi ixHi
MUTTEBI 3HAYCHHS: i5y = I, Isp = Isc = —0,51,,. LIpOMy Bifmo-
BiZJalOTh BKa3aHi MUTTEBI HATIPSIMKH, SIKi BCTAHOBIIOIOTHCS
332 TO3HAUYCHNMH YMOBHHMH ITO3UTHBHHMH HaIlpsSMKaMH.
ToOT0 3HaKH «t» ab0 «» Tepel CUMBOJIAMH CTPYMIB I
JIOZTAtOTHCSI 10 BKA3aHHX IXHIX MUTTEBHX 3HAUCHb.

Sk Bimomo, y Bcix pexxumax 30ymkeHas TAJL, mpo-
rpama FEMM po3B’s3ye BeIMKy cuCTeMy ajredpaidHux
piBHsIHB, siki cpopmoBani Ha ocHoBI MCE i nudepenuia-
JILHOTO PIBHSHHS, 1110 omnrcye MII B momnepeuHoMy mepe-
pi3i enexrpomarsitHOI cuctemu TAJ], a came:

1 - -
t| ——rot(kAd,) |=kJ, , 2
ro ;,l(B)rO( ) z (2)

ne J., A, — akciaJbHi CKJIaf0Bi BEKTOpa TYCTHHH CTPyMY i

BEKTOpPHOro MarHiTHoro mnorteHuiany (BMII); & — opr
akciaipHO OCi z; L — MarHiTHA MPOHUKHICT: a00 MarHiT-
Ha CTaja [y JUI1 HEMarHiTHUX JUISTHOK, 200 BU3HAYA€THCS
g MI B 3a KpUBOIO HaMarHiqyBaHHS MaTepiaiy.

PezynpraTom po3B’s3aHHS piBHAHHA (2) IPOrpamoro
FEMM e koopaunaTauii posnoain BMIT A4.(x, y).

Pozpaxynok MII BUKOHAaHO NpU NIPOEKTHOMY Hama-
THiUyBaJbHOMY CTpyMi 0oOMOTKM crtatopa I, = 7,75 A,
3Ha4YeHHA sAKOro miacrasisierbes B (1) 3amicts /. Po3pa-
xoBaHa kaptuHa MII B pexxnmi CHX Hanana Ha puc. 1.

Jlnst MOpIBHSIHHS NPOEKTHUX JAHUX 1 pe3yJIbTaTiB
YHCENIFHO-TIOFOBUX PO3PAXYHKIB y HEPILy Yepry MpHHH-
SITO MarHiTHUH ITOTIK, SKUA BU3HAYAETHCS SIK

D = (Az,l - Az,Z) la 5 3)

ne A1, A, — 3nadenns BMII B 1Box Toukax, depes sKi mpo-
XOJISITH OOKU KOHTYPY, JUISL SIKOTO BU3HAYAETHCS MOTIK.

JI1st BU3HAUCHHSI MAarHITHOTO MOTOKY HA MOJTIOCHOMY
KPOII TOYKH PO3TAIIOBYIOTHCS Y MPOMDKKY: TepIa 3 HAX
Tam, n¢ BMII mae MakcumanbHe AojaaTHE 3HA4YCHHS A1,
Jipyra — i MaKCUMaJIbHE BiJl’€MHE 3HAUCHHSA A.p. B pexu-
Mmi CHX po3rairyBaHHs IIUX TOUOK ITOKa3aHO Ha puc. 1.

VY Takmii cmocid orpumaHo A, = 34,859 mMBO/M;
A =-34,857MB06/Mm i 3a (3) = 9,063 MB6. Ile mocrat-
HBO OJIM3BKO, X04Ya i 3 YTOYHEHHSM: MarHiTHHH IMOTIK y
npoexTi TAJ] mae 3nadenns 9,005 mBoO.

Aune, sKIIo 6 MpY YNCETHHO-TIOIBOBOMY PO3pPaxyHKy
OyJI0 BUKOPUCTAHO CIICI[ialIbHI OKpeMi KpHBiI HaMarHidy-
BaHHS U 3yOLiB 1 CIMHOK cTaTopa (auB. Tabm. 1), To OyB
OM OTpUMaHW MEHIN NPUWHATHAH MAarHiTHUH TOTIK
@y =9,703 MB6 (BimMmiHHICTE Ha 7 % € 3aHAATO BEIUKOIO).

B uncensHO-nonboBux pospaxyHkax TAJl cyTTeBy
poJb Mae MarHiTHe notoko3uervienHs (MI13).

s da3Hoi 0OMOTKHM cTaTopa, 1mo Mae Ny MOCIiIoB-
HUX BUTKIB, BiAMOBiIHO 10 puc. 1 MIT3

Wy =Ny I, x
o Ljaas—L jaase L jaas - faas |

1S, S2 s, S35, Sy s,

Jie 1HTeTpyBaHHs BinOyBa€eThCS 32 IUIOMAMH MOMEPEYHOTO
niepepizy S1—S; IPOBITHUKOBOI YaCTHHU Ma3iB (a3HUX 30H
3 [IO3HAYKaMH CTPYMIB +igy Ta —is4 Pa3HOT OOMOTKH A.

I{e MII3 cTBOPIOETHCSI MAarHiTHUM TIOJIEM Ha aKTHB-
HIil JOBXHHI O0Cep/b, TOOTO HA MA30Bii YaCTHHI OOMOTKH
craropa TA/l. Buznauenns s (4) o i iHTerpaniis B
ckpuntax Lua BinOyBalOThCS aBTOMaTHYHO 3a CIIELiajb-
HUMHU QyHKIisMU. | Takum ynHOM Buiinuo MII3 ¢asnoi
oomotku ctaropa P, = 0,9843 BO.

B posrnsnyTiit Ha puc. 1 mo3umii ¢pazHoi 0OMOTKH A
— e MakcuMmaibHe 3HadeHHs MII3, ToMy MokHa po3pa-
XyBaru nitoue 3HadeHHs dazxnoi EPC

E,=\2nf, ¥, =2187B, 5)
Jle aBTOMAaTUIHO BPaxOBaHO PO3MOIIJICHHS OOMOTKH.

B npoexti TAJl ananoridyHe 3Ha4e€HHS CTaHOBHUTH
214,5 B, i nasBHa moxubka EPC, sk Hacmigok, qa€ HETO-
YHOCTI MOJAIBIINX IIPOEKTHUX PO3PaxyHKIB.

Yr1ounennii po3paxyHok ¢aznoi EPC oOmorku
cratopa. Posrsnyre BusHauenHs MII3 i EPC ¢asnoi
0OMOTKH cTaTropa MOXHa BBa)KaT SIK IeplIe HaOJIVKEH-
Hs, TOMY 10 amrutityga MII3 npuitaara no onHiil mo3u-
il 11 pa3HuX 30H. Bk 0OTPYHTOBAHNM € BHKOPHCTAH-
Hs nuckpeTHoi KyToBoi pyHkmii MII3 Ha 11 mepiomi.

Konkpertro, 3a posmoximom BMII B momepeunomy
nepepizi TAJ] 3a (4) poduthes «30ip» 3HaueH» MII3 das-
HOi 0OMOTKHM A TIpu yMOBHOMY MepeMimmeHHi ii da3Hux
30H B KyTOBOMY HampsaMmKy. [Iporec nepemimeHHs yMOB-
HOI «MacKu» (a3HUX 30H B KYTOBOMY HAlpsIMKY I10 11a30-
Bill CTPYKTypi cTaropa Moka3aHO Ha puc. 2 (IOKa3aHO
nepii TpH 1 ocTaHHs 24-a mo3uiii).

TakuM 4MHOM 3’SIBISIETBCS AMCKPETHA KyTOBa YHC-
nosa ¢ynkuis MII3 (tabmn. 2):

Y (og), ap=(k-Dtg; k=12,3,..K, (6)
e k — JIYNIBHUK TIONO0XXKEHb YMOBHO NeEpeMiIlyBaHOI
«macku» (asHoi 30HU; K= Q,/p — KUIBKICTh TaKHX TOJIO-
JKEHb Y MEKaxX JBOX MOJIOCHHUX KPOKIB Tp, IO € NEPIOJOM
dyukmii (6); t,=360°/Q, —3y0reBo-na3oBuii KPOK OCepAs
cTaropa.

6
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Puc. 2. Iepeminienus «Mackm» (azHoi 30HH OOMOTKH cTaTOpa
s 300py MIT3 y mexax mepiony Horo KytoBoi GyHKIii Ha T
PO3paxoBaHOTO MarHiTHOTO OIS

Tabmuws 2
Kyrosa quckperna ¢ynkuis MIT3 W, daznoi odmoTku A
Ha 24-X KyTOBHX MO3ULisX, BO

k 1 2 3 4 5 6
w,| 0,9843 | 0,9430 | 0,8337 | 0,6685 | 0,4617 | 0,2349
k| 7 8 9 10 11 12
.| 0,0001 [-0,2347 | -0,4614|-0,6683 | -0,8335 | ~0,9428
k| 13 14 15 16 17 18
¥, | -0,9843 [ -0,9430 | —0,8337 | -0,6685 | -0,4617 | ~0,2349
k| 19 20 21 22 23 24
.| -0,0001 | 0,2347 | 0,4614 | 0,6683 | 0,8335 | 0,9428

KyroBa ¢yHkuist (6) mepeTBoproeThcsi Ha YacoBy Qy-
HKITIIO 32 CHiBBimHOIICHHIM 0= Qf, 1e ), = ®,/p — KyTOBa
HIBUAKICTE 00epToBoro MarHiTHOro noisst TAJl. Orpumana
y Takui criocid dacoBa ¢yHkuis 30epirae 3Hauenus MII3
3a Ta01. 2, 1 BOHa 300pakeHa Ha puc. 3 (kpusa 1).

BEpzeerd

0.6 4

04N\ 2

02

0

-0.2

-0.4

-0.6

-0.8

-1.0

Puc. 3. Yacosa dynxuis MII3 ¢da3noi oOMoTku cTatopa

y Mexax ii mepiogy 7: 1 — CHHXpOHHUI HepOOOUHiA Xis;
2 — HOMiHaJIbHE HABAHTAXXCHHS

0.8/,
075

L
(=]

Oyukuis W(f) € nepioJuuHOI0, TOMY PO3KIIAAE€ThCS
B rapMmoHiuHuil psg @yp’e Ha 11 mepioni y qBa MOIIOCHI
KpokH (puc. 3), Ha axux po3paxoBaHo MII3 y K toukax (y
nanomy TAJl K =24).

3BaXkar04M HaTe, IO Ui CTPYMIB OOMOTKH CTaTopa
NpuitHATO KocuHycHi ¢yHKuii (1), To i ams MII3 BusHa-
YaeThCsl TAPMOHIYHMHN PsAJ] aHAIOTIYHUX (QyHKLIH, TOOTO
BHUXOIUTh I'apMOHIYHA 4acoBa (YHKIisI, sSKa BiAINOBigae
HepyxoMiii ¢a3Hiii oomoTwi 4:

y- ¥ w Q)
= 2 mv COS(szt"'Y\yv)’

v=13,5..
ae aMmtityau W, 1 aprymeHTH vy, (mouyartkosi (¢asu) rap-
MOHIK V BU3HA4YalOThCA 32 BiIOMUMH MaTeMaTUYHUMH IIpa-
BWJIaMH, 1110 OyJI0 [0Ka3aHo B [6, 9] Ta iHmMX poboTaX.

Bimomo, 1110 HOMEp HAHBHIOI TAPMOHIKH N, ne mo-
ke nepesuiyBaty K/2. B (7) BeInUUHH VO TA Yy, BUMI-
PIOETBCSA B ENEKTPUIHMX pajiaHax abo rpamycax.

Bin ¢ynkuii MII3 (7) Ha mifcraBi 3aKOHY €JIE€KTpPO-
MarHiTHoi iHAYyKHii 3a Bupasom e = —d¥/d¢ nepexoaumo
Jo rapMoHiuHoi yacoBoi ¢pynkuii EPC ¢aznoi oomMoTku:

N
g
e, = > vo,¥,, cos (voost Yy~ 11:/2)a (®)
v=1,3,5...
BiJIK1JIs BUAUIAIOTECS amintityaa EPC v-Toi rapmoHiku

EmV:vu)S‘{‘an (9)
Ta BiAMOBiAHA i mo4aTkoBa (aza
VEv =Yyy — /2 (10)
Takox 3a BiJOMUM CIIBBIJHOIICHHSIM JJIsSI TAPMOHI-
YHUX (PYHKLIH yepe3 aMILTITYly OTPUMYETHCS Jlif0ue 3Ha-
geHas EPC v-Toi rapmoHikH, a came:

E,, =20/, . (11)

Yacosi ¢ynkuii (7) i (8) BianosigHo tadmn. 2 i puc. 3
MaroTh MiB NEPIOTUYHY ACUMETPIO:

lPS,k (Otk) = _qjs,k(ak + ’Cp); k= 1, 2, 3,K . (12)

TOMY iXHI TApMOHIYHI PSH MICTATh TUIbKH HemapHi rap-
MOHIKH, TOOTO 1711 MaHUX GyHKLiH Buxomuts N, = 11.

3 ypaxyBaHHSIM yChOTO TapMOHIYHOTO CKJIajy 3Ha-
XOISThCS €KBiBaJCHTHE Iitodye 3HadeHHs (asHoi EPC
0OMOTKHM CTaTopa

(13)

PosrnsnyTra Meronuka TpaHC(OpPMOBaHA y CKPHIIT
Lua, sxuii noeanaHo 3 po3paxyHkom MII 3a mporpamoro
FEMM, i y migcyMKy OTpMMaHO Taki pe3yJIbTaTH: aMILTi-
Tyga 1 mouarkoBa (¢a3a mepuioi rapmoHiku MII3
Y,1= 0,9630 B6; v,,1=0, niroue 3HaueHHs i MoyaTkoBa (asza
nepmoi rapmoHiku asnoi EPC E; = 213,9 B, yg, = —1/2;
nitoue 3HayeHHs nosHoi EPC 3a (13) E,,,~=214,3 B.

Tlapmoniunnii cknax MII3 (7) i EPC (8) y BigHOC-
HUX OMHULSX (B.0.) HagaHo B Tabu. 3 (3a 0a3y nmpuiHSITH
3HAYCHHS IXHIX MEepIINX TApPMOHIK), HAJaHO TaKOX MII0Yi
3HaueHHs rapmoHik EPC E,, 3a (11).

Tabmuus 3
Tapmoniunmii cxnag MII3 i EPC B pexumi CHX
v - 1 3 5 7 9 11
¥,y |B.0.]1,000| 0,0203 | 0,0003 |0,0010{0,0009|0,0002
E,, |B.0.]1,000]| 0,0610 | 0,0013 |0,0067]0,0078|0,0027
E, | B |2139] 13,04 0,29 1,44 | 1,66 | 0,58

3ayBakuMo, IO TYT i Jali € TapMOHIKH, KpaTHi
TPbOM, 1110 HIOMTO MPOTUPIYUTH KIACHYHIN Teopii Tpuda-
3HHAX EJEKTPUYHUX MAamuH. Ase 1 Teopis modymoBaHa
Ha crymiHuaTuxX QyHkuisx posnoainy MPC o6MoTkH cTa-
TOpa B yMOBax 0e33y0I[0BOI0 poTOpa i MOBHICTIO HEHACH-
YEeHOTO MAarHiTonpoBoja. B Takux yMoOBax 4YHCEIbHO-
MOJBOBHH po3paxyHoK 1 (opmymn (7), (8) mamm Tex Hy-
JbOBI TpeTi 1 KpaTHI HUM rapmoniku. [Ipore mpu Hacu-
YeHH1 MarHiToONpoBOy i, B epIIy 4epry, 3yOLiB cTaTtopa
Il TApPMOHIKH IPOSIBIISUIUCS, & B PEXKHUMI HAaBaHTAKEHHS
TaKUM TapMOHIKaM CHpHSE IIe HAsBHICTh CTPyMy B 00-
MOTII poTOopa. 3a3HadyeHi OCOOJMBOCTI TapMOHIYHOTO
CKJIaZy MiATBEP/DKYEThCA TaKOK B poOoTi [29] Ha mpu-
knaji TpuazHoi 0OMOTKHM craropa TypOoreHepaTopa.

A e 10 cyTTeBOI BiAMIHHOCTI METOJHMK rapMOHId-
HOTO aHaji3y KIJIACHYHOIO 1 TOrO, SIKUA 3aCTOCOBYE B
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CTaTTi, BITHOCUTBCS T€, IO MEPIIN POOUTHCS 32 YMOB-
HUM CTymiH9acTuM posmnoxaisiom MPC i MarHITHOI iHIyK-
il B «rJagkoMy» MPOMDKKY (B pealtii Hboro i OJIM3bKO
HeMae), a apyrii — 3a MII3 oOMoTKH Ge3nocepeHpo B
nas3ax 3 ypaxyBaHHSIM peaJbHOI reoMeTpii eJIeKTpoMarti-
THOI cuctemMu TAJI i HAaCHYCHHS OCEP.Ib.

YTOYHEHHSI HAMATHIYYBAJIBHOIO0 CTPYMYy OOMOT-
KU ctaTopa. /lnsg BU3Ha4YeHHs OajaHCy HANpYT B €NEKT-
PUYHOMY KOJIi OOMOTKHM CTaTtopa i NoAajblIoro yTOYHEH-
PIBHSIHHS pIBHOBAru Hampyry BeKTOpHi ¢opmi:

Ug=-E+Up +gscdif +gsc5fh > (14)

ne 3acrocoBaHo Bektopu: EPC E; majiHHS Hampyru Ha
AKTUBHOMY OmOpi 0OMOTKM ctatopa Ug, Ta Ha IHIYKTHUB-
HUX onopax ii mudepeHtianbHOro Ussqy i 1060B0ro Uy,
po3citoBaHHs (IHIYKTHBHHI OIp MAa30BOr0 pPO3CIFOBaHHS
BKe BpaxoByIoThcs B EPC E; 3aBAsKky BU3HAYCHHIO TIOBHO-
ro MII3 oOmotku craropa (4) y Mexax i aKTHBHOI 4acTH-
HM Ha JOBXuHI ocepab TAJl); BekTop cTpyMy OOMOTKH
cTaTopa Mae HyJIbOBY IIOYaTKOBY (ha3y BiamosiaHo 110 (1).

®a3o0Bi crmiBBiHOIIECHHS BenuanH 3 (14) mpoirtocT-
poBaHO Ha puc. 4 BekTopHOIO aiarpamoro (B/I) 3aransHoro
BUTILINY (0€3 MOTpUMaHHS MacuITabdy BEKTOPIB, TOMY IO
BOHa Oyzie BHKOPHCTOBYBATHCS Y PI3HHX PO3PaxyHKOBHX
pexumax). Takox 3a3Haunmo, mo piBHsIHHEA (14) 1 B/l Ha
pHC. 4 BIANOBINAIOTH TEPUIMM TapPMOHIKAM BEJIMYHH, TOMY
1[0 caMe BOHH BUKOPHCTOBYIOTHCH 1 B mpoektax TA/I.

[MepeBepuytuii Bekrop EPC —E; BigHOCHO CTpyMy
3CYHYTO Ha KYT Qg, = 180° + Y, 1 BIH Ma€ [1it04i 3HA4CH-
HS aKTHBHOI 1 PEaKkTHUBHOI CKIANOBUX: Fy = FE,COSQg;
E,= EsinQg,. Jlirvo4i 3Ha4eHHS NaaiHb HAIIPYTH Ha 3a3Ha-
YEeHUX OMopax pO3paxoBYIOThCS 3a  (opMmysiamu
Uri= Rils; Usoair = Xsoaifls; Usom = Xsomls- LI oniopy Bu3sHa-
4yeHi npu mnpoektyBaHHi TAJ[ 1 MaioTh 3HaYeHHS
R= 0,402 OM, Xou= 0,253 OM; X5, = 0,234 Om.

> O
> Lot

Puc. 4. Bexropna niarpama Hanpyr B ¢a3Hiii 0OMoTLi cTaTopa

Uepe3 CkiIagoBi BEKTOPIB BiANOBITHO A0 PIBHSHHSI
(14) i1 puc. 4 BUXOJATh aKTHBHA Ta PEAKTUBHA CKJIAJOBI
¢azunoi Hanpyru Uj:

Usa =Egq +Upggs Uy =Eg + Uscm’if + Uscsfh >

ii firoue 3Ha4YEHHS Ta (a30BUii 3CYB BIIHOCHO CTPyMYy I

2 2
Ug =\Usq +Ug, 5 @ =arctgUy, /Ug,) .

Posrmsanatoun pexxum CHX, HeoOXimHO cKpi3b 3a-
MicTb /; Mi/ICTABNATH BiANOBITHUH CTPYM 1.

[TincranoBka y HaBe#eHI GOPMYJIH yCixX 3HAYCHb Be-
JUYUH Ja€ Aiode 3HadeHHs Hampyru 217,7 B, sxe He
«motarye» no 220 B, Tobto no HomiHamy Usy.

Tomy 11 BUXOJly Ha HOMIHAIBHY HAIPYTy OOMOTKH
cTaTtopa OyB 3aCTOCOBaHMH ITEpaliiiHUil MOLIYK BiANOBI-
JHOT'O HaMarHiuyBaJIbHOTO CTPYMY.

VY Takmii crmocid micas TPHOX ITEpariii BH3HAYCHO
YTOYHEHE 3HAYeHHs 1bOro cTpyMy /, = 8,09 A, i mpu 1150-
MY 3HA4Y€HHS PELITH BEJIWYHH, sIKi 3raJyBajlncs, CTAHOBH-
m W, = 09725 B6; E; =216 B, Ugy = 3,3 B; Usour=2 B;
Usop = 1,9 B; U, =220 B.

JlonatkoBo OyJi0 OTPUMaHO 3HAYCHHS BiTHOIICHHS
(hasHoi HarpyrH 110 aznoi EPC 00MOTKHM cTatopa npH CHH-
XPOHHOMY 00epTaHHs poTopa i MarHiTHOTO mojst TA/]

kyg =U, | E, =1028, (15)

ne Ey =E% +(E, ~U,g,)? =214,1 B — dasua EPC 6e3

ycix ckmanoBux poscitoBanHs, U= Xi,l; = 1,9 B — ma-
JIHHS HAaNpYTH HA PEaKTHBHOMY OIIOpPi Ia30BOTO PO3Ciro-
BanHs; Ey, = 0; E;, = 216 B — akTuBHa Ta peakTUBHA
cknanosi EPC E; (B pexxumi CHX 3a po3paxyHKaMu BU-
Homio @ = 90°).

Bennunna kyy BaxuBa JUI OAIBIIOTO PO3paxyH-
Ky pexumy HaBaHTaxkeHHS TAJl (B mpoexTi 3 [4] 1i 3Ha-
4yeHHst JopiBHIoE 1,026).

Po3paxynku marnitTHoro mousi TAJl B pexumi
iioro HaBaHTaxkeHHsl. [[ns 1poro pexumy HeoOXimHa
CYBOpO JIETEPMiHOBaHAa B3a€EMOIIOB’sI3aHA CHCTEMa CTpY-
MiB cTaropa i poropa. Po3paxynkosa mozaens TAJ] 3 cuc-
TEMOIO X CTPYMIB HaJlaHa Ha puUC. 5.

Puc. 5. Posmoxin ctpymiB B o0motkax TAJ] B pexkrMi HOMIHATIEHOTO
HABaHTA)KEHHS 1 BIMOBIIHA KapTHHA CUIIOBHX JIiHiiHOr0 MIT

KyroBi no3umii masiB poropa (iKCylOTbCS KOOPIU-
HATOIO TEPUIOTo Ia3a o, IKMH € HaHOImKIUM 371iBa 10
oci y (Ha puc. 5 o, = 0). Pemrra nasiB HymepyroThCs Ji-
YUIEHUKOM k 1 BOHH 3CYHYTI OIWH BiJi OZHOTO Ha KYT
3y01IEBOTO KPOKY poTopa a,, = 360°/Q..

Juis pozpaxyaky MIT TAJ] B pesxumi HaBaHTaKEHHS
KITIOYOBUM € 3aBJaHHS BiJIOBITHUX CTPYMIB B 0OMOTKaX
3 ypaxyBaHHsSM (a30BOro 3cyBy Mix HUMHU. [lsi IXHBOTO
BU3HAYEHHS BUKOPHUCTOBYIOTHCSA PO3PaxyHKH 3a (opmy-
JIaMH, SIKI HaJTAlOThCSI JJalli 32 TEKCTOM Ha OCHOBI [4].

bazoro Takux po3paxyHKIiB € KOB3aHHS S, JJISl SIKOTO
CIHOYaTKY 33/Ia€THCSI HOT'O MPOEKTHE 3HAYECHHS Sy, & TAKOK
HaMarHiuyBalbkHUH CTpyM OOMOTKH ctaropa /,, IKMi BH-
3HaueHo B pexuMi CHX. Ane nmoTim iXHi 3HaYeHHS yTOY-
HSIOTBCSI.

Crpym pexnmy CHX [j,; Mae peakTHBHY CKIIQIOBY
Iy5, IKA NPAKTHYHO JOPIBHIOE [, @ TAKOXK aKTHBHY CKJIa-
JOBY Iy45, KA BUBHAYAETHCS IPU YMOBI L3 <<I,;:
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e mSUS ’
1€ P,q; — MaTHITHI BTpPaTH B OCEpAi cTaTOpA.

Crpymu B pa3HUX 30HAX OOMOTKH CTaTOpa Ha puUC. 5
BU3HAYAIOTHCS 32 QOpMyJIaMu iXHBOI CHMETPHUYHOI CHUC-
temu (1) 1 posmoginstoTses sk i B pexxumi CHX (puc. 1).

Jlyisi BU3HAYEHHsI CTPYMIB pOTOpa 1 MOSICHEHHS IX-
HBOT'O PO3MOLTY 10 Na3aX BUKOPUCTOBYIOThC [ -1mo1ioHa
cxema 3amimenus TAJ] (puc. 6) [4] i BimnoBimua B/I, sixa
noOyznoBana Ha puc. 7. bazoBuM € BekTop ¢asHoro crpy-
My I, sikuii 3a (1) Mae HyJIbOBY ITOYaTKOBY (a3zy.

)

" "
s -1 ” X Gor
—>

Puc. 7. BextopHa piarpama ¢a3oBHX CIIiBBIIHOIIEHb CTPyMIB
oomorok TAJ]

BaxxnuBuMU /ISl pO3paxyHKIiB CTPYMIB 1 IHIIKX elie-
KTpoMarHiTHUX mapametpiB TAJ] € akTHBHI 1 peakTHBHI
oropu #oro ooMorok. BoHu BimoOpakeHi B cxemi 3ami-
IICHHS, & TXHI 3HAYCHHSI 3HAXOATHCS TPH MPOEKTYBAHHI.
Jo BXe HaJaHUX 3HAYCHb OMOPIB OOMOTKH cTaTopa Ry,
Xsoify Xso m TOAAMO CyMapHill peakTUBHHMH omip i po3ci-
roBaHHA X, = 0,725 Om.

JIy1st KOpOTKO3aMKHEHOT 0OMOTKH pOTOpa aKTHBHUIM
omip Ha ii dasHy wacTuHy cTaHOBUTH R, = 53,9-10°° Om.
BUKOPUCTOBYIOThCS TaKOXK 3BE/ICHI 10 OOMOTKH CTaTropa
neid aktuBHuH omip R, = 0,196 OM i peakTuBHHI Omip
po3sciroBanHsg X', = 1,02 Om.

PeakTrBHMI Omip HaMarHidyBaJbHOI BITKH CXEMH
3aMIiIIeHHS:

XmagzUsN/[p_XGS’ (17)

AKTUBHHUHN OMIP R0q<<X,qe d€PE3 YMOBY [10i<<I,,.
VYci 3a3HauCHI OMOPH ISl CXEMH 3aMINICHHS (pHc. 6)
MaroTh JIOJJATKOBE MIEPETBOPCHHS:

’

_ . !_ . " _ 2 ’
Xcs_ch RS—ClRS, Xcr_ch

Gs> or> Rop = cl2Rr >
ae ¢y =1 + Xy / X, — KOeillieHT, 10 XapakTepusye
BiTHOIIICHHS BEKTOpa Hanpyru 10 Bekropa EPC oOMoTKH
cTaTopa Npy CHHXPOHHOMY OOepTaHHI poTopa — I aHa-
nor koedinienty kyg (15).

Ha ocnoBi mpoektaux marmx TAJl i BigmoBimHO 1O
cxemu 3aMmimmeHHs 3BegeHoro TA]l (puc. 6) Ta B (puc. 7)
PEaKTUBHUM 1 aKTHBHHUI OTTOPH BITKH HABAHTAKCHHS:

X,o=0(Xgs +c1Xgp); Ry =R +CER. /s . (18)

CrtpyM poropa Takoro JABUTYyHa Ta Horo (azoBHii
3CyB 1010 HANpyru oOMoTku cratopa U,

I :L ; @ =arctg(X,, /Ryy),

DR

1 TOJIi AifoYe 3HAYEHHS PeaNbHOTO (HE 3BEICHOTO0) CTPYMY
00OMOTKH poTOpa

(19

I, =1, Ky, (20)
Jie KoehillieHT 3BEICHHS CTPyMy OOMOTKH pOTOpa 0
CTpyMy 0OMOTKH ctatopa [3]
NKyom, 1
Kpsg =7 —>
N r K wr My K sq
IO SIKOT0 BXOJATh Ny = 112 — KIJIBKICTh MOCTIJOBHUX BH-
TKiB y (hazHiit oOmorIi cratopa; Ky, = 0,959 — 11 oOmoTy-
BAIbHUNA KOE(]ILi€HT; I KOPOTKO3aMKHEHOI OOMOTKH
poTopa KimbKicTh a3 m, = Q,, i Ha KO)XHY KiIJIbKICTh BHT-
KiB N, = 0,5, ooOMoTyBasibHU#1 KoeditieHT potopa Ky, = 1;
KoedirieHT ckocy oro nasiB K, = 1.
Ha migcraBi BUKIaIEHOTO BUXOMISTh PEAKTUBHA 1 aK-
TUBHA CKJIJIOBI (Da3HOTO CTPyMy CTaTOpa

@n

(22)

TOJI oTO0 Nifoue 3HaYeHHS Ta KyT (pa30BOTO 3CyBY BiIHO-
cHo ¢aznoi Harpyru Us:

I Zﬁlsza-l—lszr ; @y =arccos(Iy, /1) . (23)

Takum umHOM, 3a B/l (puc. 7) BUXOOUTH €IEKTpHY-

HHU KyT (pa30BOTr0 3CyBY Mixk cTpyMami /g i /, (B rpamycax)

95 =180°— @  + ¢, , (24)

SIKMA B KOHCTPYKIIi1 IBUTYHA TIEPETBOPIOETHCS HA TEOMe-
TPUYHUMA KYT

Iy =1, +1,sinQ, ; Iy, =I5 +1,.c080,,

Q’S}" :(‘Psr/p‘ (25)

Ha nananiii ocHoBi (opMmyeThcs OaratodasHa cuc-

TeMa MHUTTEBUX 3HAYCHb CTPYMIB B CTPHIKHSIX KOPOTKO-
3aMKHEHOr'0 pOTOpa, a came:

ivp = Lyysin{p[B+(k=1)-a,, + s, +a]} L 26)
ne k=1, 2,...,0, — npuiiHATa Ha pUC. 5 HyMepallis Na3iB
poropa; 1, =\/E -1, — ammuityna ¢asHoro crpymy B

CTpHXKHSX poTopa; B=0 — mouyarkoBa (aza cTpyMy craropa.

3a po3paxyHKaMH OTPHUMAHO TaKi 3HAYCHHS BEIH-
uun: I, = 28,8 A; ¢, = 27,25°%; ¢, = 12,23°%; @, = —164,98°;
Ky =16,9; I, =446 A; o, = —82,49°.

Posmopin cTpymiB 3a mazamu craTopa i potopa Ha
TIOJTFOCHUX KPOKax T, B 6e3po3MipHiil Gopmi nokasaHo Ha
puc. 8 (Wit CTpyMiB MalOTh CEHC BKa3aHiI TOYKH, JIiHIN
MIPOBEJCHO ISl IXHBOTO HAOYHOTO MOETHAHHS).

BinmoBimHO BUKIANCHIH METOAWIN Ta TMPOEKTHHM
napameTpam TAJ] B pekuMi HOMIHAJILHOTO HaBaHTa)KCH-
HS BUKOHaHUH po3paxyHok Horo MII. Posmnozin cTpymis
B na3ax TAJ] i po3paxoBana nporpamoro FEMM kapruHa
MII HagaHi Ha puc. 5.

3a po3paxoBanuM MII Bu3Ha4YeHO HU3KY MapamMerT-
piB TA]] 3a Ti€ro s METOIUKOIO, IO 1 utst pexkumy CHX.

MarsiTHHI TOTIK Y TMPOMIDKKY Ha IOJIFOCHUN KPOK
3a ¢opmynoro (3) @, = 8,781 MBO, ToOTO BUsIBHBCS Ha
3,1 % wmeHniue, Hix B pexxumi CHX.

Yacosa ¢ynkmis MII3 ¢dasznoi oOMoTKH craTopa B
HOMIHAJIbHOMY PEXUMI HaBeJeHa Ha puc. 3 (kpusa 2) y
TIOPIBHSIHHI 3 aHaOTi4HOIO (yHKIIi€ro B pexxumi CHX.
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Puc. 8. KyToBi tyckpeTHi po3MoJiiu CTpyMiB 0OMOTOK
potopa i, i ctartopa iy TAJ] 1o #oro masax Ha po3ropTiii
KPYTOBOI JiHi1, IO TPOXOJUTH MO IIPOMIXKKY

B Tabn. 4 HajaHWii TapMOHIYHUI CKJIaj YacOBUX
¢ynkuiit MII3 ¥, Ta 3Hagens amiutityn EPC E,,, (y Bin-
HOCHUX OJIMHHIIIX), & TAKOX a0OCOIIOTHUX TIFOYHMX 3HA-
yerb EPC E, 0OMOTKH cTaTopa, [0 MOKHA ITOPIBHATH 3
JAHUMH B aHAIIOT1uHI# Tadu. 3 mis pexxumy CHX.

Tabmurst 4
Tapmowniunuii cknag MIT3 i EPC B pexumi
HOMIHQJIBHOI'O HABAHTAXCHHA

v ] -] 1 3 5 7 9 11
¥, B.0.] 1,000 0,0216 | 0,0069 | 0,0031 | 0,0001 | 0,0011
E,. |B.0.| 1,000 | 0,0648 | 0,0347 | 0,0217 | 0,0011 | 0,0117
E.| B |2069]| 13,41 | 7,18 | 449 | 023 | 242

Awmrityna 1 nouarkoBa ¢aza nepioi rapmoniku MIT3
W, =0,9313 BG; v, = —56,55°, nitode 3Ha4YeHHS i mOYaT-
KoBa (aza nepoi rapmoniku ¢aznoi EPC £y = 206,9 B;
ve1 = 33,45%; nosua EPC 3a (13) E,,., = 207,5 B; 3a (17)
¢azna nanpyra U; = 224,7 B Ta ¢a3oBuii 3cyB crpymy
BimHocHO Hel @y = 34,84° (puc. 7); maiiHHA Hampyru
URs =7 B, Uscdif’: 7,4 B;Usqﬂ, = 6,9 B.

3a yciMa BUIIMMHU TapMOHIKaMHU 3HAXOISTHCS JII0Ue
3HavyeHHs audepeniianbaoi EPC o6MoTku ctaTopa [9]

Ng
Y E2 =16,05B,

Egqiy = (22)
v=3,5...
Ta yTOYHEHU qudepeHIianbHuii orip 0OMOTKH cTaTopa
E.
Xyoaiy =2 = 0,61 Om. (23)

S

3a3HaunMMo, 110 Leil omip TYT 3HAMIEHO 3 JOTpH-
MaHHSIM HOro mareMaTtwdHol Ta (i3smgHOi CYTHOCTI, TIpO
110 #aeThest B [9], 1 BIH CYTTEBO BiAPI3HSIETHCS Bij IIPOEK-
THOTO 3HAYCHHS (IUB. BUIIE 332 TEKCTOM), SIKE 3HAXOHTh-
sl 32 HaOMIDKEHOI0 MeToIuKor. ToMy momansii po3pa-
XYHKH BiIOyBaTUMYTHCS 3 OHOBJICHHM 3HAUECHHAM X4

B pexuMi HaBaHTa)KeHHS BaXKJIMBUMH € €HEpreTHd-
Hi mapametpu TAl:

- BXi/IHa eneKkTpuyHa notyxHictb TAJl:

Py =mgU I cosqy ; (24)

- CJICKTPOMATHITHHA MOMEHT, SIKMH BH3HAYA€THCS
cnemiadpHOI0 (pyHKIiEr0 Lua yepe3 TEH30p MarHiTHOTO
HaTary MakcBena,
o [ B,.ByrdS

o (rs =7) S

ne By, B, — KyToBa i pajiiajbHa CKJIaJIOBI BEKTOpa MarHiT-
HOI iHIyKLil; S5 — MONepeYHa II0Ia HEMarHiTHOTO po-
MIXKY; 7. 1 7y — pafilyCH OKPYKHOCTEH, 110 0OMEXYIOTh
LIIO TIJIOIIMHY 3 OOKiB poTopa i craTopa;

(25)

em

- CJIGKTPOMArHITHa TOTYXHICTh, SKa IEPEHAEThCS
00epTOBIM MarHiTHHM TOJIEM 31 CTaTOpa Ha POTOP:
FPom =M Qs s (26)
ne () — BiKe 3raJlyBaHa KyTOBa IIBUKICTh L[LOTO MOJIS;
- CJIGKTPHYHI BTPAaTH MOTYKHOCTI B OOMOTKax CTa-
TOpa i poropa
Ryg=mR I35 Byp=mR.I}. @7
3HaYCHHS PEIITH BTPAT MOTYKHOCTI B TAaHUX PO3pa-
XyHKax He 3MIHIOIOThcs 1 OepyThes 3 mpoekty TAJL [4]:
P,14gs — MaTHITHI BTPaTU B Ocepiii cTatopa, P,,.. — MeXaHi-
YHi BTpaTH, N0JATKOB1 BTPATH Py, Pqer — MArHITHI BTpPa-
THUB OCEpi POTOpa, SKi CKIANAIOThCs 3 MOBEPXHEBHUX Ta
MyJbCalil HUX BTpAaT.
BpaxoByroun BTpaTtH, siKi BIIHOCATHCS IO POTOpa,
BHU3HAYA€THCS BUXIiTHA KOpUCHA OTYxkHicTh TA/I:
Fout :Pem_Pelr_Pmagr —Bec—Faa -

I napemTi koedinient kopucuoi aii (KK) TA/:
N="Fouu/ by (29)
3rajziaHi BTpaTd MOTYXKHOCTI MAlOTh TaKi 3HAYCHHS:
Py = 1046 Bt; Py = 407,77 BT; Puees = 270 B
Piagr = 87,3 BT; Py = 117 B1; Poy = 84,3 Br.

3a HamaHuMu (OPMYyJIaMH OTPHMAHO IHTErpalibHi
eHepretnuni mapamerpu TA: M, 97,72 H-wm;
P;, = 16,667 xBrt; P,, = 15,350 ¥BTt; P, = 14,741 Br;
cos@; = 0,821; 1=10,884.

dazna Hanpyra Ha ocHOBI (14) U= 224,7 B BusiBu-
nacst OUTBIIOKO 32 HOMIHAJI, alie ABUI'YH OBUHEH ITpallio-
BaTH IIpY HOMiHaJIBHIN Hanpy3i 220 B.

Hnst ycyHeHHs: Haanumiky U HEOOXiTHO 3MEHIIUTH
HaMarHiuyBanbkHui cTpym oOMoTku craropa /,. Tomy
iTepaliiHUM [UISIXOM 3HaNIEHO YHCENBbHO-TOILOBUMHU
pO3paxyHKaMH 3a HAJaHOI MeToaukoro [, = 7,25 A, i
BIIMOBITHO CTpyM OOMOTKH cTaropa gocsar [, = 29,22 A.
3BicHO, 0 3MIHWJIAcS HE TIIBKM Hampyra, aje i pemra
BEJIMYWH, SKi HaOymu Takux 3HaueHb: ¥, = 0,9101 BO;
Vo1 = =57,17°% Ey = 202,4 B; yg = 32,83%; a,, = 83,10°;
Esq = 207,5 B; U, = 7 B; Usgayr = 7,4 B; Ugop, = 6,8 B;
U= 220 B; ¢=34,28°; M,,=95,45 H-m; P;~=16,288 «Br;
P,,=14,988 xBr; P,,~14,379 xBT; cosp~=0,826; n =0,883.

3 ychOro MO>kHa BHIUIMTH Te, 0 Hampyra U crana
HOMIHAJIBHOIO, & OCh BHXi/THA TIOTYXHICTh P,,, HE JOTATYE
JI0O HOMIHAJIBHOTO 3HAYCHHS, SIKC CTAaHOBUTH 15 KBT.

3po3yMizio, MmO 3aJada OXHOYACHOTO 3a0e3TedeHHS
HOMIHQJIHUX HAaIPyT' Ta BUXIAHOI MOTY>KHOCTI € KOMILIe-
KCHOIO, 1 Ui 1i po3B’si3aHHS c()OPMOBAHMI BiIMOBITHMI
METO]I, 3aCHOBaHUH Ha METOUII 3 [4] Ta po3poOiii [5].

KoMrutekcHicTh 3a7a4i moJsirae y ToMy, IO BXigHi
BEIWYHUHH s, [, 1 BuXigni Us, P,, € B3a€MOIIOB’A3aHHMH,
TOOTO BOHAa € YOTHPHOXNIAPAMETPUYHOIO, 1 TOMY
PO3B’SI3yEThCs iTepariiiiuM MeTofoM. s mporo Hajma-
€TbCS CYBOPO NETEPMIHOBAaHa METOAMKA, CYTHICTH SKOI
OIIUCYETHCS JIaJli 32 TEKCTOM, a ITOTIM HaJlalOThCS Pe3yJib-
TaTH pO3paxyHKiB, BUKOHAHI IIPOTPpaMor0 Ha cKpumTi Lua,
sKa 3a0e3reyye B3aeMoiro 3 nporpamoro FEMM.

ITepaniiine BU3HAYeHHs KOB3aHHS i HAMArHidy-
BAJIbHOI'0 CTPYMY 0OMOTKH CTATOpa /ISl 0JHOYACHOIO
BHUXOY HA HOMiHaJbHi Hampyry i motyxHicts TA/.
J1J1s HAOUHOTO MOJIAaHHSI METOJIUKH 3aCTOCOBaHa rpadiyHa
Mojienb, HajaHa Ha puc. 9. [i ocHOBOIO € KoopaMHATHA
cucTeMa 3 HIyKaHUMH ITapaMeTpaMu: KOB3aHHAM poTopa §
1 HaMarHiyyBaJbHUM CTPYMOM OOMOTKH cTaTopa /,,.

(28)

10
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AUy

Puc. 9. I[lgrpaMa BapiioBaHux cTpymy I, 1 KOB3AHHS §
Ta BIIXUICHHS UIyKaHUX BenuuuH Uy 1 P,

II# cucrema KoopAMHAT IOJaHa B AKCOHOMETPii
IUIOLIMHOIO §, ,, B AKUH cTaBUThCA To4Ka 0 3 KOOpIUHA-
TaMH KOB3aHHs o i HAMArHiuyBaJdbHOIO CTPyMY 1,0, IO
3aJ1al0ThCsI HA MMOTOYHIN iTepallii 1jsi po3paxyHKy Harpy-
ru U, 1 moTyxHOCTI P,,;.

Ha nepuiit iTepaiii 3HaueHHs1 KOB3aHHS Sg 1 CTPYMY
1,0 6epyThes OesnocepenHbo 3 npoekty TAJL [4]. 3a cyT-
TIO Lie Meplie HaOJIMKEeHHsS 3HaueHb BapillOBaHUX BEIU-
YHH iTepaliifHoro nporecy, 1o BUKOHYBaTUMEThHCSI.

HaBkono KoOpAMHATHOI TOUKHM So, [0 B 3a3HAUEHiH
TUTOIMHI PO3TAIIOBYETHCS MPSIMOKYTHHK 3 OIOPHUMH
toukamu 1, 2, 3 i 4. Bignosigai migii 1-2 i 3-4 MaroTh
KOOpAWHATH KOB3aHHA S| 1 §,, MiHIT 1-3 1 2-4 — KoopaMHA-
TH CTPyMY 1y 1 0.

Toxi 60ku MPSIMOKYTHHKA MAIOTh PO3MIpH

As= Sy — 81, M:Iu2_lul~ (30)

Lli po3mipu BHOMpAIOTBCS TaKMMH, 100 MOXHa B
IXHIX MeXaxX HONMYCTHTH IiHIIHY 3aneXHiCTh Hanpyru U
1 moTy>xHOCTi P,,, BiJl KOB3aHH: s i cTpyMmy /. [Ipumipom,
Ha TIepIIHH iTepallii MOYKHA 3a/1aTH 3a JOCBIIOM po3paxy-
HKiB As = 0,05s0; Al = 0,051, a 1ai Ha KOXKHIil HacTym-
Hill iTepamii i po3Mipu 3MEHIITYIOTHCS YIBIYi.

Takum ynMHOM, Ha pHC. 9 33/1aHO KOOPJIUHATH YOTH-
PpBOX TOUOK 1-4:

§1=80—As/2; s,=s¢tAs/2; 1=l —AlI2; 1,=1,ytAL2. (31)

Jns koxsOI i3 3amaHmx To4dokK (31) BHKOHY€ETBCS
po3paxyHok MII B pexxumi HaBaHTtakeHHs TA/Jl. 3a pe-
3yIbTaTaMM X PO3PaxyHKIiB 3a HAJIAHOKO BUILE METOIM-
KOI0 B IIMX TOYKAaX BH3HAYAIOTHCS BINMOBIAHI 3HAYCHHS
¢aznoi Hanpyru U (14) 1 BuxigHOI moTyX)HOCTI P,,, (28):

Us,k 5 Pout,k , k=1,2,3,4, (32)

a TaKOX HEY3TOPKEHOCTI IMX BEIWYMH BiTHOCHO iXHIX
HOMIHAJBLHUX 3HAYEHD:

AUk :Us,k _USN 5 APk :Pout,k —PN, k=1, 2, 3, 4. (33)

KonkpertHi xoopanHatu Touok 3a (31) i 3HaueHHs
HeysrokeHocTi asznoi Hanpyru U; 1 BUXIZHOT OTYXHO-
cti P, 3a (33) HaBezeHi B Ta0I. 5.

Tabmuus 5
HeysromkeHHs BeJIMUUH Ha TIEpIIo iTeparii

BapiroBanHs s;=0,0248 s, =0,0274

_ AU =-2,59B AU;=-3,17B
L = 6849 A AP, =1311Br AP;=-218 Br

_ AU,=5,19B AU,=483B
Lo =771 A AP, =-787 Bt AP, =377 Br

Konrponbha Touka k: s; = 0,0274; 1, = 7,135 A;
po3xomkenas AU, = 0,19 B; AP, =19 Br

3a3HaunMo, 10 puc. 9 Mae 3arayibHUN LTIOCTpaTUB-
HUI XapakTep 3a MPHUHIIUIIOM HAOYHOCTI 1 HE BigNOBigae
JTaHUM TaOJ1. 5, K MO ITepallisiX 3MIHIOIOThCS.

Benmunan Heysromkensb (33) OyayroTecs Ha puc. 9
Y BIINOBITHUX TOYKax 1—4 sSK YMOBHI BEKTOPH MEPIICH-
JMKYJISPHO KOOPJMHATHIH NIOLINHI S, /..

Sk 3a3HaYEHO, B MEXaX KOOPIUHATHOTO MPSIMOKYT-
HUKa 1, 2, 3, 4 momyckaeTbes niHifHA 3anexHICTh Uy 1 Py,
s 1 1,. Toni MoXHa HonapHoO 4epe3 KiHIi BekTopiB AU i
AU,, AU; i AU, nipoBecTH TIpsIMi JTiHIi, 1 aHAJOTi9HO —
4epes KiHli BekTopiB AP i AP,, AP; 1 AP, (auB. puc. 9).

Ha mepeTrHax yTBOpPEHHX JIiHIN 3 OOKOBUMH JIiHis-
MU YOTHPUKYTHHKA B HOTO IJIOIIMHI BiXUIICHHS HANPY-
i AUy 1 motyxHOCTI AP, B Toukax 5, 6 i 7, 8 mopiBHto-
tote 0. Tomi MoXkHa 3ammcaTH JiHIIHI pIBHSHHS YTBOpE-
HUX TPSIMHX JIHIH, SKi HABEJEHO MyHKTUPOM, 1 338 LUMHU
PIBHSHHSIMH BU3HAYUTH KOOPAWHATH TOYOK MIEPETHHY:

s =1, AU, L;
AU, — AU,

Al
5 IHS :IH] —A}):;—.
AP, — AR AP, — AP,
Mix Toukamu 5 1 6 1 aHAJIOTIYHO MIX Toukamu 7 1 8
MPOBOIATRCS CBOI mpsiMi niHIT (Ha puc. 9 me mTpHx-
MYHKTHPHI JTiHIT), SIKi MAIOTh aHATITUYHI BUpa3H:

I, =15 +M(
As
I,=1,; +M(
As
Ha minii 5-6 AU, = 0, na minii 7-8 AP,,, = 0, Tozi B
tourli 9 Ha ixHROMY TIepeTHHi yMOBH AU, = 0 1 AP,,, = 0
BUKOHYIOTBCSI Pa30M.
3 cucremn niHitHEX piBHSHE (34), (35) BUXOAATH
IIyKaHi KOB3aHHS Ta HAMarHi4yBaJIbHUH CTPYM B TOUII A:

il =1y AU
AU, — AU, He T3

1u7 :Iul_API

s—sl); (34)

5—51). (35)

Tys =17
sp =5+ Ly =1y +Ky(sp—s1), (36)
Ky—K,
I6—1 Ig—1
ne koedilienTu Klzu; ZZM.
As As

[MizcranoBka B 1 (OpMyJIH 3HAYECHB BiJJOMHUX BEJH-
yuH pana s, = 0,0274 1 1, = 7,135 A, mo € B Tabm. 5.

Taki 3HaueHHsI Manu © OIHOYAcHO 3a0e3MEYUTH HO-
MiHanbHI Hanpyry Uy Ta moTyxHicTh P,y TAH. s me-
PEBIpPKH 1ILOTO MPH 3HANICHUX 3HAUEHHSAX Sy 1 [y 32 Bino-
MO0 METOIMKOI0 po3paxoByerscst MII i B Toumi & BU3Ha-
YalOTHCsl BIAMOBIIHO 3HaueHHs Hanpyru (14) ta BuXimHOT
notyxHocti (28): Us = 220,19 B T1a P,, = 15,019 Br.
Bingnoginni Bimxmwienas AU i AP 3a (33) CTaHOBJIATH JIHIIC
0,19 B i 19 Br, mo BigoOpaxxeHo B TabI. 5.

B npuHmum, A1 NpakTHYHOTO NPOEKTYBAHHS 1€
BXKE OCTATHBHO OJM3BKO JO 3aaHUX MPOCKTHUX HOMiHa-
apHux mapametpiB TAI Uspy 1 Pyuw. SaJUIIKOBI PO3XO0-
mxerHst AU, ta AP,,, MOXHA TIOSICHUTH TUM, IO (QyHKIIIT
Ugs, 1) 1 Pods, 1,) peanpbHO A0 BiIPi3HAIOTBCSA Bif
JHIHHUX, TPUHHATHX HA pUC. 9 1 B CYNyTHIX hopMyIax.

st neMoHCTpalii TeOpeTHYHOT CIPOMOMKHOCTI PO3-
po0IeHOT METOMKHY 3 TOUKH 30pYy 3MEHILICHHS BiAXHMICHB
AU 1 AP 1 yToYHEHHs KOB3aHHS S 1 HAMarHiuyBaJbHOI'O
CTpyMy /,, iTepaniiiHuil po3paxyHOK MOBTOPIOETHCSI.

Aue Ha JpyTi# iTepalii 3a MOYaTKOBI 3HAYEHHS KOB-
3aHHA ) 1 cTpyMy [0 TPUIIMAIOTHCS 3HAYEHHS Sk 1 [y, AKi
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BU3HA4YeHI Ha mepuii itepauii. | Termep koopauHaTHHUN
MPSIMOKYTHUK 1-2-3-4 OymyeTbcss HABKPYTH HOBOI KOOp-
JMHATHOI TOYKH K, 1 IpH 1IboMy Horo po3Mmipu As 1 Al 3a
(30, 31) 3MeHIIyeETHCS YABIY.

[Ticns TpeTwoi iTeparlii BiIXWIIEHHS B HOBiil KOHTPO-
IpHIN TOUL & 3mMeHmmucs 10 AU, = 0,01 B ta AP, =4 Br.
Tomy monaneiuii iTepauiiiHuii nporec He MaB CEHCY, 1
Pe3yJIbTaTH PO3PaXyHKIB BBKAIOTHCS OCTATOUHUMH.

V nmigcyMky otpumano sy = 0,0274; 1, = I, = 7,12 A;
In=299 A; I.=469,5 A; a,. = 83,41°; M,,, = 100 H-m;
U, = 220 B; P,, = 17,1 ¥Bt; P,,v = 15 kBT1. TobT0 pe-
3yJIBTaTH PO3paxyHKy 3a TPETHOIO iTepali€io 3abe3rneyun-
JM JIOCTaTHE YTOYHEHHs IMPOEKTHHX mapamerpis TAJI.
Sxmo 6 Hi, TO MOXXKHa OyJ0 O NPOMOBXKHUTH iTepawiiiHi
PO3paxyHKH.

3a3HauMMoO, MO TMPEICTABICHUN iTepamiiHUA Tpo-
[IeC TOBHICTIO aBTOMATH30BAaHWI 1 HOTO BHUKOHAHHS pa-
30M 3 IOTOYHMMM po3paxyHkamu MII mnporpamoro
FEMM 3a6e3neuyoThes CKIaeHuM CKpunToM Lua.

TakuM 4MHOM, YHCEIBHO-NIOJBOBA INEPEBIpKa pO3-
risiHyTOoro npoekty TAJ] mokasana cTymniHb HOTO a/ieKBa-
THOCTI, 1 ITpY IIbOMY BOHa 3a0e3neynia Horo MoMiTHI yTo-
yHeHHA. OJHOYacHO BUSIBJICHO YTOYHEHHS KoedilieHTa
moty>xHocTi 3 0,889 1o 0,898; KK/ 3 0,875 mo 0,878.

OxpiM TOro B&XJIMBUM € T€, IO 3aCTOCYBaHHA
MIPEACTABICHOTO METOLY IS TIEPEBIPKH HE JTyKe SKICHUX
mpoekTiB iHmMMX TAJl cripoMOXKHE BHUSIBUTH 1 HETIPHUITYC-
THMI TIOMHJIKH Ta JOIOMOITH X BUIIPaBHUTH.

BucnoBkn. CpopMOBaHO TEOpPETHYHY 0a3y YHCEIb-
HO-TI0JILOBOT MIATPUMKH, MEPEBIPKH 1 YTOUHEHHS KJIACH-
YHOT'O NIPOEKTYBAHHA TPU(Ha3HUX aCHHXPOHHUX JIBUI'YHIB.
3a miero 0a3010 BUKOHAHO MPAKTHYHI PO3PaXyHKH IXHIX
CJIEKTPOMArHiTHUX Ta EHEPreTUYHHUX IapaMeTpiB, SKi
CTaJIM MOKJIMBUMU 3aBJSIKM CTBOPEHHIO KEPYIOUUX CKPH-
ntiB Lua i3 3actocyBannsam nporpamu FEMM.

Po3pobiiena TeoperndHa 6a3za € CyBOpoO JETEpMiHO-
BaHOIO, HE3BAXKAIOUN HA CKJIAIHICTh JIHIMHUX Ta HEIIHIN-
HUX B32€MO3B’SI3KiB KOHCTPYKTHBHHX, €IIEKTPOMArHITHIX
Ta eHepretnyanx napamerpis TA/l. Tomy s 6a3a migna-
€ThCA AJCKBATHIA aNTOpPHUTMIi3allii i MporpaMyBaHHIO i3
3aCTOCYBAHHSIM ITEpaIlfHUX MPOLECIB.

3aranpHa CTPYKTYpa TEOpETHYHOI 0a3u mijicuieHa
TapMOHIYHMM aHaJIi30M KyTOBUX Ta YacOBHMX (PYHKIIH ele-
KTPOMArHiTHUX BEJIWYUH, YTOYHIOIOUUM BH3HAYCHHSIM
Ju(hepeHIiabHOTO ONOpY PO3CiFOBaHHS OOMOTKH CTaTopa.

Po3pobiieni TeopeTnuHi 1 MpaKTHYHI OCHOBH Iiepe-
BiPKH 1 yTOYHEHHSI TPOSKTHUX EJICKTPOMArHiTHUX Ta €He-
preruynnx mnapamerpiB TAJl anpoOoBaHO Ha TPHUKIIAAL
OITyOJIIKOBAaHOTO KJIACUYHOTO HOTO NMPOEKTY B TOBHOMY
LUKJII PO3PaxyHKIB, SIKMH BKIIOYAE /0 ceOe SIK PexuM
CHHXPOHHOTO HEpOOOYOro X0y, TaK 1 peKUM HOMiHAJb-
HOTO HaBAaHTAXKECHHSL.

Pe3ynpraTi mepeBipKH MOKa3adl JOCTaTHHO BUCOKY
e(EeKTUBHICTh HANAHUX TEOPETHYHI 1 NMPaKTHIHI OCHOB
YHCEJILHO-TIOJIOBUX PO3PaxXyHKIB, SIKI TPOSBUIH, IIO
npoekt TAJ] moryxHictio 15 kBt BusiBIsIeThCs po3paxo-
BaHuM Ha 225 B 3amicte 220 B, a BuXigHa MOTY>KHICTh
csarae ynume 14,4 xBr. BuzHadeHo, mo ans BUXoay Ha
HOMIHAQJNBHI 3HAYCHHSI B MPOEKTI HEOOXITHO 3MCHIIUTU
HaMarHiuyBaJbHUI CTpyM 0OMOTKHU ctaTtopa 3 7,75 A 1o
7,12 A, a xoB3aHHS portopa npu poboti TA/] Oyne marn
sradeHHs 0,0274 3amicte 0,0261. [Ipu oMy 0HOYACHO

YTOYHEHI TakKi BKJIMBI MapaMeTpH JBUTYHa, SIK obepra-
meHE MoMmeHT, KK, koeQilieHT MOTYXHOCTi, CTpyM
0OMOTKH CTaTopa TOIIO.

3BakalouM Ha 3/IHCHEHY NpOrpamMHy peaji3awilo
METOJIUKH YUCEIBHO-TIONBOBUX PO3PAaXyHKIB TpHDazHUX
ACHHXPOHHHMX JBHUTYHIB Ha 6a3i nporpamu FEMM i ckpu-
nty Lua, ii Mo>kHa BOYZIOBYBaTH B aBTOMaTH30BaHi METO-
JIMKU MPOEKTYBAHHS TAKUX JIBUTYHIB.

Slkmo mpoBapiroBaTH BUXITHY IMOTYXHICTH TIPOEK-
toBanux TAJl, To 3a po3poOICHUMH METOJUKOIO i TPO-
rpaMoI0 MOXXHa OTPHMATH B aBTOMaTH30BaHOMY pO3pa-
XYHKOBOMY DPEXHMi CIM’I0 YTOYHEHHX HOro poOouux
XapaKTEePUCTHK.

Kondutikr inTepeciB. ABTOp 3asBiIsiE€ MPO BiACYT-
HICTh KOH(QUIIKTY iHTEpECiB.
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Theory and practice of numerical-field analysis and refinement
of electromagnetic and energy parameters in the designs of
three-phase induction motors.

Introduction. The paper is devoted to improving the designs of
three-phase induction motors (TIMs) based on the application of
numerical calculations of their magnetic fields. Considering that
the classical system for designing TIMs does not always provide
sufficient accuracy of their design parameters, this task is relevant
and therefore the developed motors require experimental refine-
ment and additional time and money accordingly. Problem. In
classic design of TIMs, magnetic calculations are performed
based on magnetic circuit theory. The magnetic circuit of TIMs is
divided into conditionally homogeneous sections, on which the
magnetic quantities are considered to be distributed evenly, but
their real distribution is much more complicated. This approach
leads to error in determining the electromagnetic parameters of
TIMs and, as a result, inaccuracies in energy, mechanical, ther-
mal, etc. calculations. The goal of the paper is to further develop
the existing system for designing TIMs by refining it using nu-
merical-field calculations of electromagnetic and energy parame-
ters. Methodology. The methodology is based on numerical-field
verification and refinement of classical design of TIMs. It is
strictly deterministic, despite the complexity of linear and nonlin-
ear interrelationships of its structural, electromagnetic, and en-
ergy parameters, and therefore it is amenable to adequate algo-
rithmization and programming using iterative calculations. The
theoretical foundations of the methodology are reinforced by
harmonic analysis of time functions of electromagnetic quantities
and a refined determination of the differential leakage resistance
of the stator winding. The tool for implementing the methodology
is the FEMM program in conjunction with the created Lua scripts.
Results. Numerical-field calculations of the electromagnetic and
energy parameters of the test TIM developed according to the
classical design were performed. This motor has been tested
within the synchronous idle and rated load conditions. This dem-
onstrated a sufficiently high efficiency of the provided theoretical
and practical foundations of numerical-field calculations and
revealed that the TIM project does not meet the declared power
and voltage requirement. To reach their nominal values, the
method for refining the magnetizing current of the stator winding
and the rotor slip is provided. Scientific novelty of this paper is
the system of numerical-field calculations of electromagnetic and
energy parameters of TIMs, which, in conjunction with the itera-
tive process, ensures its output to the specified nominal stator
winding voltage and output power while simultaneously varying
the magnetizing current and slip. Practical value. The methodol-
ogy of numerical-field calculations of TIMs based on the FEMM
program and the Lua script is recommended to be integrated into
the automated design system for these motors. In addition to veri-
fving and refining the parameters of the designed TIMs, the devel-
oped methodology and program can be used to obtain a set of
refined operating characteristics in an automated calculation
mode. References 29, tables 5, figures 9.

Key words: three-phase induction motor, automated numeri-
cal-field calculations, magnetic field, FEMM, electromag-
netic and energy parameters, verification and refinement of
design data.
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M. Al Soudi, O. Alsayyed, B. Batiha, T. Hamadneh, O.P. Malik, M. Dehghani, Z. Montazeri

Optimal placement and sizing of distributed generation units in distribution networks
using an enhanced particle swarm optimization framework

Introduction. Optimal planning of distributed generation (DG) units is a critical research topic due to the growing integration of renewable
energy and the need to enhance distribution network performance. Classical optimization methods often struggle with the nonlinear,
nonconvex, and highly coupled nature of DG allocation problems. Problem. The IEEE 33-bus distribution network experiences significant
voltage drops and high active and reactive power losses under normal operating conditions. Determining the optimal placement and sizing
of DG units is a complex problem involving multiple interacting variables and operational constraints. Goal. This study aims to improve
technical performance by minimizing total active power losses and voltage deviation while ensuring voltage stability and network reliability.
Methodology. The particle swarm optimization (PSO) algorithm is enhanced using the Dehghani method (DM) — a population-based
modification framework allowing all individuals, including the worst member, to contribute in improving the best solution. The improved
PSO-DM algorithm is applied to the IEEE 33 bus system under four cases: the base case without DG and scenarios with 2, 3 and 4 DG
units. The objective function includes active power loss minimization and total voltage deviation. Results. The 4-DG configuration
significantly improves system performance: active power losses decrease from 210.67 kW to 53.9 kW (74.4 % reduction), reactive losses
drop from 142.84 kVAr to 38.42 kVAr (73.1 % reduction), the minimum bus voltage rises from 0.9037 to 0.9741 p.u. and total voltage
deviation decreases from 1.8037 p.u. to 0.5129 p.u. (71.6 % improvement). These results demonstrate that PSO-DM effectively balances
exploration and exploitation, yielding superior DG allocation solutions. Scientific novelty. Integrating DM into PSO introduces a cooperative
solution-refinement mechanism that enhances convergence speed and search accuracy. Practical value. The PSO-DM framework provides a
reliable and computationally efficient tool for DG planning in modern smart distribution networks. References 22, tables 1, figures 3.

Key words: distributed generation, particle swarm optimization, Dehghani method, voltage deviation, power loss
minimization, distribution networks.

Bcemyn. Onmumanvhe nnamysanus yCmanoeok posnoodinenoi eenepayii (DG) € KpumuuHo 6axciusoio memoro OOCTIONCEHHS uepes
3pocmarouy inmezpayito 6I0HOGTI08AHOT eHepeemuKu ma HeoOXiOHICMb NiOBUWeHHA NPOOYKMUBHOCMI po3nodinbuoi mepexci. Knacuuni
Memoou onmumizayii 4acmo maromv npobiemu 3 JIMIUHICMIO, ONYKAICMIO MA CUTbHO MO8 A3aHol0 npodnemoro posmiwenns DG.
Ipoonema. Posnoodinbna mepexca 3 wunamu IEEE 33 3a3nac snaunux nadinb Hanpyeu ma GUCOKUX 6mpant aKmueHOi ma peakmusHoi
NOMYJICHOCMI 30 HOPMATILHUX YMOG eKcniyamayii. Busnauenna onmumansroz2o posmiwenns ma posmipie DG e cknaonoio npobiemoio, o
BKTIIOYAE YUCTEHHI 83A€MOOTIOYT 3MIHHI ma eKcnayamayiuti oomedcenns. Mema. Lle docriosicents cnpamosane Ha NOKPAWEHHSL MEXHIUHUX
XAPAKMEPUCUK UIIXOM MIHIMI3ayil 3a2anbHUX 8Mpam aKmueHoi NOMYM’CHOCMI ma GIOXUIEHHS Hanpyeu, 3a0e3neuyiouu npu ybomy
cmabinbHicmy Hanpyau ma Haditinicme mepedici. Memoouka. Aneopumm onmumizayii poio yacmurox (PSO) yoockonaneno 3a donomoeoro
memody Dehghani (DM) — nonynayitinoi Moougixayii, wjo 0036015€ 6cim 0cobam, BKIOUArOYY HAUIZIPUIO20 YIeHd, 3p0OUMU C8ill BHeCOK 6
OMPUMAaHHS HAUIKpawjoeo piuwienns. Yoockonanenuti aneopumm PSO-DM 3acmocosyembcsi 0o cucmemu wiun IEEE 33 y uomupwox
sunaoxkax: bazosuii eunadox 6e3 DG ma cyenapii 3 2, 3 ma 4 DG. Linboéa (hynkyis 6xnouae MiHimMizayito 6mpam aKmueHoi nonys#cHOCmi
ma 3azanvhe gioxunenns nanpyeu. Pesynomamu. Kongicypayia 3 4 DG 3nauno nokpaugye npooykmueHicme cucmemu: 6mpamu akmueHoi
nomyoicHocmi smernuytomocsi 3 210,67 kBm 0o 53,9 kBm (3nuscenns na 74,4 %), peakmuernoi — 3 142,84 kBAp 0o 38,42 kBAp (3Huoicenns
na 73,1 %), minimanona nanpyea na wiuni spocmac 3 0,9037 y.o. 0o 0,9741 y.o., a 3azanvhe gioxunenns nanpyeu smenutyemocs 3 1,8037 y.o.
00 0,5129 y.o. (noxpawennsa na 71,6 %). Li pezynomamu demoncmpyioms, wjo PSO-DM egexmusno banancye po3gioky ma excniyamayiio,
3abesneuyiouu Kpawi piwenns 0as posmiwenna ycmanosok DG. Haykosa nosusna. Inmecpayis DM ¢ PSO enposadicye mexarizm
KOONepamueHo20 YMoUHeHHs pilieHb, AKUll NioGuUwye weuoKicms Koueepeenyii ma mounicms nowyky. Ilpaxmuuna 3uauumicme.
Cmpykmypa PSO-DM 3abesneuye HaOitinuti ma o04UCIO8aTbHO eghekmueHuti  iHcmpymenm 018 naanyéawua DGy cyuacHux
inmenexmyanbHux po3noodineuux mepexcax. biom. 22, tadm. 1, puc. 3.

Kniouosi cnosa: po3noaijiena renepanisi, onTuMizauisi poro 4actok, metrox Dehghani, Binxusienns Hanpyru, minimizauis BTpat
NOTY KHOCTi, pO3N0OALNILHI Mepexi.

Introduction. The increasing penetration of DG refers to small-scale, decentralized power

distributed generation (DG) technologies has transformed
the operational paradigms of modern distribution systems.
Conventionally, radial distribution networks were designed
to passively deliver electrical power from centralized
power plants to end-users; however, the integration of DG
units, such as photovoltaic (PV) systems, wind turbines,
fuel cells and microturbines, has introduced new
opportunities and challenges in enhancing the efficiency,
stability, and sustainability of electrical networks [1]. DG
units significantly improve system performance by
reducing real power losses, supporting voltage profiles,
increasing network reliability, and reinforcing resilience
against disturbances [2]. Nevertheless, these benefits are
achievable only when DG units are sited and sized
optimally. Improper placement or inaccurate sizing may
lead to voltage violations, reverse power flow, feeder
congestion, or even deterioration of overall network
performance. Consequently, the problem of optimal
placement and sizing of DG units has become a central
research topic in power system planning and operation [3].

generation sources located near the load centers. Their
integration offers multiple technical and economic
advantages, including reduced transmission losses, deferred
network expansion costs, enhanced voltage stability, and
improved environmental sustainability [4-6]. As
highlighted in recent studies, DG’s impact on distribution
power networks is highly sensitive to its location and
capacity [7]. For instance, the work [8] emphasizes that
uncertainty in load demand can significantly influence
optimal DG decisions, advocating hybrid metaheuristic
frameworks for more reliable solutions. Similarly, an
improved salp swarm algorithm is employed to determine
DG allocation in radial systems, showing that properly
placed DGs minimize power losses and voltage deviations
while delivering strong techno-economic gains [9]. In
another relevant study, the jellyfish search algorithm is
applied to the optimal placement of solar PV-based DGs,
using a multi-objective formulation to concurrently
reduce real power losses, improve voltage profile, and
enhance system stability [10].
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Additional literature also confirms the importance of
combining analytical indicators with metaheuristic
algorithms to improve DG optimization effectiveness. For
instance, an integrated approach using an active power
loss sensitivity index to identify candidate buses and a
modified ant lion optimization algorithm to determine DG
sizes is presented in [11]. The incorporation of Lévy
flights significantly improves exploration ability and
prevents premature convergence. Likewise, hybridized
methodologies, such as the modified grey wolf
optimization integrated with ETAP software [12],
demonstrate the potential of advanced strategies in
supporting protection coordination while optimizing DG
allocation. Other perspectives in [2, 13—16] explore multi-
objective DG-capacitor placement, optimal scheduling
with electric vehicles, reconfiguration combined with DG
and capacitors, DG placement in microgrids using
enhanced differential evolution, and DG-energy storage
co-optimization using genetic algorithms. Collectively,
these studies reveal a consistent conclusion: metaheuristic
algorithms are indispensable tools for addressing the
highly nonlinear, multimodal, and constraint-intensive
nature of DG allocation problems in modern distribution
networks. Numerous metaheuristic algorithms have been
introduced and developed to date, and they have found
extensive applications in real-world and engineering
optimization problems [17—19].

Despite the extensive contribution in the literature,
achieving a balanced trade-off between exploration and
exploitation remains a key challenge in metaheuristic-based
DG optimization. Classical algorithms, such as the particle
swarm optimization (PSO), are powerful yet often
susceptible to premature convergence, especially when
dealing with multimodal search spaces characteristic of DG
planning. To address this gap, improved variants of PSO
have been proposed to enhance convergence speed,
robustness, and accuracy. Motivated by this need, an
enhanced PSO algorithm augmented with Dehghani method
(DM) is introduced in this study. DMeenhancement
introduces adaptive update mechanisms that refine particle
movement patterns, strengthen global exploration, and
reduce the risk of stagnation. As a result, the DM-enhanced
PSO exhibits superior capabilities in escaping local minima
and identifying high-quality solutions, making it particularly
suitable for DG placement tasks that involve complex
operational constraints and nonlinear performance indices.

This study aims to improve the technical
performance of the distribution network by minimizing
total active power losses and voltage deviation while
ensuring voltage stability and maintaining reliable system
operation. To achieve this objective, the DM-enhanced
PSO algorithm is applied to determine the optimal
placement and sizing of DG units. The IEEE 33-bus radial
distribution system is used as the test platform, and four
scenarios are considered — one base case without DG and
three cases with 2, 3 and 4 DG units — to comprehensively
evaluate the impact of DG penetration on loss reduction,
voltage improvement, and overall system performance.

The structure of the paper is organized as follows.
Problem formulation, including the mathematical model
for DG placement and sizing, objective functions, and
system constraints are presented in section «Problem
definition». The PSO algorithm and details of the
enhancements incorporated through the Dehghani method
are introduced in section «Particle swarm optimization

and Dehghani method», and simulation studies and
performance evaluation of the proposed method on the
IEEE-33 bus system under all test scenarios are provided
in section «Simulation studies and performance
analysis». Finally, section «Conclusions and future
work» concludes the paper and outlines future research
directions, emphasizing the potential extension of DM-
enhanced PSO to multi-objective DG planning,
integration of storage systems, and real-time optimal
operational strategies.

Problem definition. The optimal placement and sizing
of DG units in radial distribution networks is a nonlinear,
constrained optimization problem that aims to simultaneously
improve the voltage profile and minimize active power losses.
Let the distribution network consist of N buses and
L branches. The objective is to determine the optimal
locations {bk} and corresponding DG sizes {Ppg, Opcy} for
k =1, ..., npg, such that network performance is enhanced
while satisfying all power flow and operational limits.

Power flow model and loss formulation. For each
branch /eL connecting bus i to j, the active power loss is
calculated as:

L 2 2
b +0
Floss :ZRl—zn (D
i=1 Vi
where R, is the line resistance; P;, O, are the active and reactive
power flows; V; is the sending-end voltage magnitude.

Nodal active and reactive power balances are:

b= PBj—Pp;+Ppg,: (2)
jes
0= Y.0;-0pi+0c.i - 3)
jeL;

where Pp;, QOp; denote loads; Ppg;, Opg; denote DG
injections at bus .

Branch power flows in backward-forward sweep
include:

Pj= Y Pp+Pp;—Ppg: (4)
me? ()
Q5= 2.Qm+9p,;~Cpa, - ®)
me¥ (j)
Bus voltages are updated using:
vy Riby + X0y
j =V V. :

1

DG modeling. A DG unit can operate at unity
power factor or supply reactive power depending on the
technology. In general:

Spex = Ppe i+ jOpc - (6)
DG size constraints are:
P Bn(ifk <PpG.r < PpGk - @)

Objective function. To simultaneously minimize
active power loss and enhance voltage stability, a
weighted multi-objective formulation is adopted:

N
minF = @By + @] Y |Vi—1] |, ®)

i=l
subject to: 0.95 p.u. < V; < 1.05 p.u., where: @,, @, are the
weight coefficients; the second term minimizes total

voltage deviation (VD = ZIZJV,- - 1| ). This formulation
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provides a clear and mathematically rigorous
representation of the DG placement and sizing problem,
enabling the application of metaheuristic algorithms, such
as the Dehghani-enhanced PSO, to effectively solve the
problem under multiple DG penetration scenarios.

PSO and Dehghani method. PSO is a population-
based stochastic optimizer [20]. Let a swarm consist of N,
particles, each with position X;eR" and velocity V;eR” at
iteration ¢. Each particle retains a personal best Py, and
the swarm maintains a global best g (also denoted
Xpest)- The standard PSO update rules are:

1
ViH— = wVit + Clrl(Pbest,i - Xtt)"’_ CZFZ(gbest - Xtt)’ (9)

X = xt eyttt (10)
where ® is the inertia weight; C;, C, > 0 are the
cognitive/social coefficients; 7, r, ~ U(0, 1) are the uniform
random vectors. Objective function f{x) is minimized.

PSO is effective, but can suffer premature
convergence and stagnation; the Dehghani method [21] is
a population-level improvement operator that uses
component-wise contribution of all individuals to
refine the current best solution.

Dehghani method — concept and formalization.
DM introduces an auxiliary vector Xp,, initialized as the
current best:

XDM <~ Xbest' (1 l)

For every particle i = 1, .., N, and for each
dimension d = 1, ... , D, DM attempts a component-wise
replacement:

Xpu(d) < Xi(d). (12)
Compute the objective {Xpy). If
f(XDM) <f(Xhest): (13)
then accept the improvement:
Xhest <~ XDM: (14)

otherwise restore Xpy(d) < Xp(d) and continue. In
words: each component of the global best is temporarily
replaced by the corresponding component of every
population member. If any such replacement yields a
better objective, the global best is updated. This process
leverages information in all members — including poor
solutions — to explore promising coordinate-wise moves.
Algorithmically (pseudo-code):

1. Xpu < Xbesr-

2.Fori=1toN,:

3.;;Ford=1toD:

4. 5555 Xpu(d) < Xi(d) and evaluate f{Xpy,).

XDM(d) <~ Xhest(d)'
6. ;; End for d.

7. End for i.

DM is parameter-light (no additional random
numbers) and performs O(N,-D) objective evaluations in
the worst case per DM application.

Integration: DM-enhanced PSO. In DM-enhanced
PSO, the standard PSO loop is preserved. After updating
positions and personal/global bests at iteration ¢, apply
DM to refine X}, That is:

1. Update V!, X/

2. Update P best,i and 8best-

3. Apply DM to attempt component-wise improvement
0beest~

4. Proceed to next iteration.

This hybridization preserves PSO dynamics while
enabling coordinate-wise exploitation informed by the
entire swarm. Empirically, DM-enhanced PSO increases
the probability of escaping local minima and improves
final solution quality for high-dimensional, constrained
engineering tasks such as DG placement and sizing.

Simulation studies and performance analysis.
Performance of the DM-enhanced PSO algorithm in
solving the optimal placement and sizing of DG units in
the IEEE 33-bus radial test system [22] is evaluated in
this section. Four study cases are considered:

1) the base case without DG;

2) the optimal integration of 2 DG units;
3) the optimal integration of 3 DG units;
4) the optimal integration of 4 DG units.

The  optimization  objective  simultaneously
minimizes power losses and voltage deviation (VD).
Lower values of VD indicate better voltage quality and
improved network stability.

Global results obtained by the DM-enhanced
PSO-DM are summarized in Table 1.

Table 1
Global results after optimum DG’s placement
in IEEE 33-bus test system

Parameters Base [With 2 DG|With 3 DG| With 4 DG
Py, KW 210.67| 183.37 136.5 53.9
QOlosss KVAT 142.84] 1233 90.87 38.42
Vinins P-U. 0.903 | 09195 0.9344 0.9741
VD 1.8037| 1.6278 1.3713 0.5129
DG locations (bus)| - 18,22 17,22,33 [17,18,30,32

257.88
240.91
129.31 466.97
Ppe, kW B 306.87 29270’30 131.15
700

124.90

116.68 ’
62.63 226.16
Op, KVAr | 14862 194635965 63.52
’ 339.02

The base network exhibits significant losses with an
active power loss of 210.67 kW and a reactive power loss
of 142.84 kVAr. Furthermore, the voltage deviation is
relatively high (VD = 1.8037), confirming the weak
voltage support typically observed in unreinforced radial
systems. The introduction of DG units leads to noticeable
performance improvement, and these enhancements
intensify as the number of DG units increases.

Voltage profile analysis. Voltage profile across all
buses for different scenarios is depicted in Fig. 1. In the
base case, the minimum voltage drops to approximately
0.903 p.u., revealing the well-known voltage weakness
around the mid-feeder section. With 2 DG units, the
voltage profile rises uniformly, eliminating the deep dip
and improving overall voltage stability. The placement of
3 DG units results in further enhancement, increasing the
minimum voltage level and flattening the profile.

The most significant improvement occurs with
4 optimally located DG units. The entire voltage curve shifts
upward, with all bus voltages remaining satisfactorily close
to 1 p.u. This is also reflected in the voltage deviation value,
which sharply decreases to VD = 0.5129, representing a
71.6 % improvement compared to the base case. This
confirms that PSO-DM efficiently identifies optimal DG
sites that contribute maximum voltage support.
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Active power loss reduction. Active power loss for
each bus is shown in Fig. 2. The integration of DG units
remarkably reduces feeder losses by supplying power locally
and minimizing line currents. Active loss decreases from
210.67 kW in the base case to 183.37 kW with 2 DGs and
further to 136.5 kW with 3 DGs. The lowest loss, 53.9 kW,
is achieved with 4 DGs, corresponding to a 74.4 % reduction
compared with the base network. This significant decline
clearly demonstrates the effectiveness of the DM-enhanced
PSO optimization in loss minimization.

Reactive power loss reduction. Reactive power loss
trends (Fig. 3) follow a similar pattern. The losses are reduced
from 142.84 kVAr (base case) to 123.3 kVAr (2 DGs),
90.87 kVAr (3 DGs) and finally to 38.42 kVAr (4 DGs). The
availability of reactive power support from optimally sized
DGs directly enhances the voltage profile and lowers reactive
currents, leading to substantial loss mitigation.

Overall performance discussion. The combined
analysis of Table 1 and Fig. 1-3 clearly demonstrates that
the DM-enhanced PSO algorithm delivers highly effective
optimization solutions. The addition of DG units
systematically improves voltage quality, reduces line
loading, and significantly decreases both active and reactive
losses. Among the investigated scenarios, the configuration
with 4 DG units offers the best overall performance,
affirming the strong capability of DM-enhanced PSO in
identifying optimal DG allocation patterns.

These results confirm that incorporating DMe into
PSO considerably enhances the exploration—exploitation
balance, enabling superior DG planning outcomes in
radial distribution systems.
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Fig. 1. Voltage profile without and with DGs integration
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Fig. 3. Reactive power loss after DG placement

Conclusions and future work. An enhanced
particle swarm optimization framework, augmented with
the Dehghani method (DM-enhanced PSO), for
determining the optimal placement and sizing of DG units
in radial distribution networks is presented in this study.
The mathematical formulation simultaneously minimized
active power losses and voltage deviation while satisfying
operational constraints, including power balance, voltage
limits, and branch current ratings. Simulation results on
the IEEE 33-bus system demonstrate that the proposed
methodology significantly improves network performance
across multiple technical criteria.

Simulation results on the IEEE 33-bus system
demonstrate that the proposed DM-enhanced PSO
methodology significantly improves network performance
across multiple technical criteria. In particular, compared
with the base case (no DG), the optimal 4-DG
configuration reduces total active power loss from 210.67
kW to 53.9 kW, i.e. a reduction of 156.77 kW (=74.4 %);
and reduces total reactive power loss from 142.84 kVAr to
38.42 kVAr, i.e. a reduction of 104.42 kVAr (=73.1 %).
Voltage stability is also improved: the minimum bus
voltage increases from 0.903 p.u. to 0.9741 p.u., and total
voltage deviation VD decreases from 1.8037 to 0.5129
(=71.6 % improvement). These quantitative results confirm
that the DM-enhanced PSO reliably identifies DG
placements and sizes that materially reduce both active and
reactive losses while improving voltage quality.

Despite the promising results, several avenues
remain open for future research. First, incorporating time-
varying load models, renewable generation uncertainty,
and probabilistic constraints can improve the realism of
the optimization framework. Second, extending the model
to multi-objective formulations — such as economic cost,
emission minimization, and reliability enhancement —
would enable more comprehensive  planning.
Additionally, applying advanced hybrid metaheuristics or
reinforcement learning-based strategies may further
improve convergence properties. Finally, validating the
algorithm on larger and unbalanced distribution networks
would provide a more extensive assessment of its
scalability and practical applicability.
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Development of a NARX neural network for a tribo-aero-electrostatic separator
with rotating disk electrodes

Introduction. The exponential growth of waste electrical and electronic equipment (WEEE) requires efficient strategies for plastic waste
management. Plastics, a major fraction of WEEE, represent both an environmental challenge due to low biodegradability and a valuable
source of secondary raw materials. Problem. Tribo-aero-electrostatic separators with rotating disk electrodes offer a promising solution for
fine plastic separation. However, their performance depends on multiple, nonlinear, and time-varying factors such as disk speed, voltage,
and particle properties. These complex interactions make analytical modeling and stable process control difficult, limiting industrial
implementation. The goal of this work is to develop a reliable dynamic model based on NARX neural networks capable of predicting the
real-time evolution of key process variables such as recovered mass and particle charge. Methodology. The proposed NARX neural network
learns temporal nonlinear relationships directly from experimental data, avoiding the need for explicit physical equations. Experiments were
conducted on a synthetic 50:50 mixture of Acrylonitrile Butadiene Styrene (ABS) and Polystyrene (PS) particles (500-1000 um) to assess
model performance under varying disk speeds, voltages, and air flow rates. Results. The developed model accurately predicts the recovered
mass and acquired charge of both ABS and PS over a wide range of operating conditions. The predictions show strong agreement with
experimental measurements, maintaining low error levels even at parameter extremes. Scientific novelty. This work represents the first
application of NARX neural networks to model the dynamic behavior of a two-rotating-disk tribo-aero-electrostatic separator. The approach
captures essential time-dependent interactions that conventional static or analytical models fail to describe. Practical value. The NARX
model exhibits high predictive accuracy and robustness across an extended operating domain (4-20 kV, 15-60 rpm, 7-9 m’/h), with errors
limited to the 10° g and 107° uC ranges. These characteristics demonstrate its potential for real-time intelligent control and adaptive
optimization of electrostatic separation processes in plastic waste recycling. References 39, tables 3, figures 9.

Key words: electrostatic separation, high voltage, dynamic modeling, NARX neural network, recycling.

Bemyn. Excnonenyiansie 3pocmants Kitbkocmi 6i0X00i@ enekmpuunoco ma enekmponnozo oonaonanns (WEEE) eumacace eghexmugHux
cmpameeiii ynpasninia niacmukosumu gioxooamu. Ihacmuxu, octosna wacmuna WEEE, cmanoenamy sK exonoeiuny npoonemy uepes
HU3LKY OIOpO3KIadHicmb, mak [ yinHe Ooicepeno emopunHoi cuposunu. Ilpobnema. Tpuboaepoenexmpocmamuuni cenapamopu 3
00epmosUMU  OUCKOBUMU  eNIEKMPOOaMU  HPONOHYIOMb NEPCHEKMUeHe piuteHHs: 0Nl MOHKo20 posdinenns naacmuxy. OOwak  ixus
NPOOYKMUGHICIb  3A/1eNCUMb IO YUCTICHHUX, HEMHIUHUX Mma 3MIHHUX Y Yaci ¢hakmopis, maxux sK weuokicms Oucka, Hanpyea ma
enacmugocmi uacmuHox. Lli cknaomi e3aemooii ycknaouiooms ananimuume MOOEN0BAHHA Ma CMadinbHe KepyeanHs Npoyecom, 00Medcyiodu
npomucnose 6npogadicents. Memorw podbomu € po3pobka HAOIIHOT OUHAMIYHOT MOOeni Ha OCHO8I HelpoHHux mepedc NARX, 30amuux
NpOHO3YBAMU eBOTIOYII0 KIIOYOBUX 3MIHHUX NpoYecy, Makux sK 6IOHOGIeHA MaAcCa ma 3apso0 YACMUHOK, ) peansHomy uaci. Memooonozia.
3anpononosana netiponna mepexca NARX eusuac yacosi neninitini 3anezicHocmi 6e3nocepeoHbo 3 eKCnepuMeHmanbHux OaHUX, YHUKAYU
HeoOXIOHocmi A6HUX DI3UUHUX PIGHAHb. EXcnepumenmu nposoounucs Ha CUHMEMUYHIT CyMiutl YaCMUHOK aKpUIOHIMpUIOymaoieHCmupony
(ABS) ma nonicmupony (PS) y cniggionowenni 50:50 ona oyinku npoOyKmugHocmi mMooeni 3a PizHUX WeUOKOCmell OUCKIS, Hanpye ma
wisuoxocmeti nomoky nogimps. Pezynemamu. Po3po6iena mooens mouHo npoeHo3ye 6i0H06NeHy mMacy ma Habymuti 3apsio sax ABS, max i PS
¥y wupoxkomy oianazomi pobouux ymos. I[IpocHosu OemMoHcmpyiomb 6UCOKY GIONOGIOHICMb 3 eKCHepUMEHMANbHUMU SUMIPIOBAHHAMU,
nIOMpUMyIOUU HU3LKULL pieerb NOXUOKU HAGIMb NpU eKcmpemanbHux 3nauennax napavempie. Haykoea noeusna. L[a poboma asnse coboio
nepute 3acmocyéants Heuporunux mepexc NARX ona mooentosanns ounamiunoi nogedinku mpuboaepoenekmpocmamuyHo2o cenapamopa 3
0dgoma obepmosumu ouckamu. Lleti nioxio epaxosye 8axciusi 3anexcHi 6i0 uacy 63aemooii, AKi 36UNALiHI CIamuyHi ab0 aHATIMUYHI MoOeri He
modicyms onucamu. Ilpakmuuna 3snauumicms. Mooerns NARX oemoncmpye 8ucoky npocHocmutHy mOYHICHs Ma CIIUKICMb Y PO3UIUPEHitl
pobGouiii onacmi (420 kB, 15-60 06/x6, 7-9 m*/200), 3 noxubkamu, oomexncernmu dianasonavy 10° 2 ma 107 yxKn. Lfi xapaxmepucmuxu
OeMOHCIPYIOmb 1020 NOMEHYIan Osl IHMENEKMYWIbHO20 KEPYSAHHS 6 PEXCUMI PeaibHO20 4acy ma aoanmueHoi onmumizayii npoyecie
ENeKMpPOCMAamuyHo20 Po30LIeHHs npu nepepobyi niacmurosux eioxoodis. bion. 39, Tabn. 3, puc. 9.

Kniouogi cnosa: eleKTpocTATHYHA cenapanisi, BICOKA HAaNpyra, JMHAMiYHe MO/leJIIOBaHHs, HelipoHHa Mepe:xka NARX, nepepo0ka.

Introduction. The management of plastic waste from
electrical and electronic equipment (WEEE) has become a
global priority in the face of the exponential growth of such
waste and the environmental challenges they pose. Plastics,
which account for a significant portion of WEEE streams,
represent a major problem due to their low biodegradability
and their impact on ecosystems when not properly recycled
[1, 2]. The recycling of these plastics offers both economic
and environmental opportunities, allowing for a reduction
in their impact while meeting the growing demand for
secondary raw materials [3].

In this context, several electrostatic separation devices
have been developed in research laboratories [4-6]. The
tribo-electrostatic separator with two rotating disks, in
particular, has shown high efficiency in sorting
submillimetric granular mixtures, where charging occurs in
a fluidized bed containing the material mix to be separated.
In this system, a pair of electrodes in the form of two
rotating stainless steel disks, driven by a variable-speed

motor and connected to high-voltage power supplies with
opposite polarities, is immersed to generate an intense
electric field [7, 8].

However, the performance of this process is strongly
influenced by a combination of nonlinear, interacting, and
time-varying factors, including disk rotational speed,
applied voltage, particle charge, and air flow rate [9].
Moreover, environmental factors (such as relative humidity
and temperature of ambient air) influence the separation
process [10-12]. These dependencies make process
behavior highly dynamic and sensitive to perturbations,
resulting in difficulties in maintaining stable and optimal
separation conditions. This complexity limits the industrial
application of separators due to the difficulty in
maintaining optimal performance in a stable manner [13].

Consequently, it becomes essential to develop
dynamic models capable of accurately describing the
transient behavior of tribo-aero-electrostatic separators
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and predicting their performance under varying
operational conditions. The design of advanced control
systems for such devices relies on the availability of
internal models able to capture their nonlinear and time-
dependent  dynamics. Traditional analytical and
phenomenological modeling approaches, while useful for
simplified cases, fail to adequately describe these
complex dynamics, particularly when multiple coupled
parameters evolve simultaneously in time [14].

In this context, artificial intelligence (AI) offers a
powerful and innovative alternative. Artificial neural
networks (ANNS), in particular, have emerged as tools of
choice for modeling and identifying complex processes
[15-19]. Unlike traditional approaches, neural networks
do not require explicit knowledge of the underlying
physical relationships. They are capable of learning
directly from experimental data by identifying complex
nonlinear relationships between input and output
variables. This learning ability makes them particularly
well-suited for multifactorial processes where interactions
are difficult to model analytically.

ANNs have been effectively used to model and
optimize electrostatic separation processes. For instance,
in roll-type electrostatic separation, ANNs combined with
genetic algorithms have been employed to maximize
insulation product yield by optimizing control variables
such as high voltage and roll electrode speed [20]. In the
context of industrial electrostatic separators with rotating
electrodes, ANNs facilitate multicriterion optimization,
addressing the complexity of adjusting control variables
in dynamic industrial environments [21, 22]. ANNs also
play a crucial role in predicting the performance of
electrostatic  separation in food waste recovery,
demonstrating high accuracy in aligning experimental and
predicted results [23].

Nevertheless, most ANN-based models reported in
the literature remain static or empirical, which limits their
ability to represent the temporal evolution and dynamic
interactions inherent to electrostatic separation systems.
This limitation is particularly critical for tribo-aero-
electrostatic separators with rotating electrodes, where the
charging, transport, and separation of particles evolve over
short and long time scales [24]. To overcome these
limitations, this study focuses on the development and
validation of a Nonlinear Autoregressive with Exogenous
Inputs (NARX) neural network model designed to capture
the dynamic behavior of a tribo-aero-electrostatic separator
equipped with two rotating disk electrodes operating under
high-voltage conditions. The NARX structure, known for
its ability to represent systems with memory and feedback,
has demonstrated strong performance in modeling
nonlinear time-series processes [25-28], making it
particularly suitable for this application.

The goal of this work is to develop a reliable
dynamic model based on NARX neural networks capable
of predicting the real-time evolution of key process
variables such as recovered mass and particle charge.
Experiments are carried out on a synthetic 50:50 mixture
of acrylonitrile butadiene styrene (ABS) and polystyrene
(PS), two representative thermoplastic polymers of
WEEE streams, with particle sizes ranging from 500 to
1000 um. The dataset is acquired through a LabVIEW

based data acquisition system, allowing accurate and real-
time monitoring of operational parameters such as disk
rotational speed, applied voltage, and air flow rate.

Materials and methods. A tribo-aero-electrostatic
separator equipped with two rotating disk electrodes (Fig.
1) was used for this study. In this device, the separation of
fine granular materials is achieved under the combined
influence of electrostatic and aerodynamic forces.
Granular materials are first introduced into a fluidized bed
inside the separation chamber, where repeated particle—
particle and particle—wall collisions induce tribo-electric
charging. Simultaneously, a controlled air flow maintains
the particles in suspension, ensuring homogeneous mixing
and frequent collisions. Inside the chamber, two stainless-
steel disk electrodes rotate at adjustable seeds and are
polarized by high-voltage supplies of opposite polarity.

3

Fig. 1. Tribo-aero-electrostatic separator with two rotating disks:
1 — control panel; 2 — variable speed DC motors; 3 —vibrating
feeder; 4 — cylindrical feeder; 5 — separation chamber with two
rotating disk electrodes; 6 — Faraday cages; 7 — balances;

8 — blower; 9 — electrometers (Keithley 6514); 10 — portable
colorimeter NH310; 11 — computer [7]

The charged particles are driven toward the electrode
of opposite sign and adhere to its surface under the
combined effect of electrostatic and aerodynamic forces
(Fig. 2). Brushes or scrapers then detach the particles from
the disks and direct them to separate collectors. Less-
charged or neutral particles remain suspended until they
acquire sufficient charge to be collected [29].

Fig. 2. Collection of insulating particles in the two-rotating-disk
tribo-aero-electrostatic separator

Previous investigations on  this  separator
configuration have demonstrated its capability to
selectively sort fine polymer mixtures and confirmed the
strong influence of parameters such as electrode voltage,
disk speed, and air flow rate on separation efficiency [24,
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30-33]. Building upon these findings, the present work
extends the analysis toward continuous operation and
dynamic modeling to support the development of a data-
driven predictive model based on NARX neural networks.
The material mixture used consists of two polymer types:
brown ABS and white PS (0.5-1 mm), supplied by
APR2 (France), a company specializing in WEEE
recycling (Fig. 3). The studied mixture is balanced (50 %
ABS / 50% PS) and continuously fed by a vibratory
mechanism. According to their positions in the tribo-
electric series, ABS becomes positively charged while PS
becomes negatively charged, and they are collected
respectively by the negative and positive electrodes [30].

1000 pm
Fig. 3. Micrographs of ABS and PS particles composing the
studied materials

The separator is equipped with a monitoring and
control panel that enables real-time acquisition of key
operating data: high-voltage levels, disk rotation speed, fan
speed, and air flow rate. Separated materials are gathered in
Faraday-type tanks connected to Keithley 6514
electrometers and placed on electronic balances (0.1 g
resolution, 2 kg capacity). Measurements of electric charge
and mass are recorded through a LabVIEW based data
acquisition system. All experiments are conducted under
controlled ambient conditions (relative humidity 40-50 %,
temperature 17-21 °C).

The data collected in this study come from multiple
experimental series as described in [31]. The effect of high
voltage was evaluated in experiments conducted at a fixed
disk rotational speed of 30 rpm and a constant air flow rate
of 8 m/h, for voltages of +4 kV, £8 kV, £12 kV, £16 kV,
and £20 kV. In the second series of experiments, the disk
rotational speed was successively adjusted to 15 rpm,
30 rpm, 40 rpm, 50 rpm, and 60 rpm, while maintaining a
constant voltage of £12 kV and an air flow rate of 8 m*/h.
Finally, a separation experiment was carried out with the
fluidization air flow rate varied by adjusting the blower
speed to 7 m’/h, 7.5 m3/h, 8 m*/h, 8.5 m’/h, and 9 m*/h, at a
constant rotational speed of 30 rpm and voltage of + 12 kV.

The resulting dataset, composed of synchronized
time-series measurements of mass and charge, served as
the basis for training and validating the proposed NARX
neural network model.

Architecture and implementation of the NARX
neural network. There are currently several types of
ANNSs used in various applications [32]. In this work, we
focus specifically on the NARX neural network model,
which is a type of recurrent neural network well suited for
modeling nonlinear systems, particularly time series [33].
Figure 4 illustrates the topology of the NARX network
defined in study. The equation defining the NARX model
is as follows:

y(e+1)= fIp(e).. v —d, + Dsule)....u(t —d, + 1], (1)
where u(?), y(f) are the input and output of the network at
time f; d,, d, are the input and output orders; f is the

nonlinear function.
Equation (1) can be expressed in vector form as:

yle+1)= sy} ule)]. )

U
2 =|Nd
Q
Input

— mABS

— | Mipg

Ee 455

py

Qutput

Fig. 4. NARX neural network with delayed input

The input vector u=[U, N, O]" consists of 3
elements: the high voltage applied to the electrodes (U),
the rotational speed of the electrodes (V;) and the air flow
rate of the blower (Q); T is the transpose of the vector. In
contrast, the output vector y = [mygs, Mps, qaps qPS]T
consists of 4 elements: the collected mass of ABS and BS
(m4ps, mps) and the electrical charge of the collected mass
of ABS and PS (guss ¢ps). This network also employs
tapped delay lines to store previous values of the input
sequence u(f) and output sequence y(f). Moreover, the
NARX network output, y(¢), is fed back to the network
input (through delays), since u(f) depends on y(+1),
W(t=2),....(t-d,). However, for efficient training, this
feedback loop can be opened.

To optimize the training conditions of the network, data
preprocessing is highly recommended. Therefore, all data
used for training and testing are normalized within the range
[-1, +1]. This normalization helps reduce training time while
improving the network’s performance [34]. The dataset is
typically divided into training, validation, and, if available,
test sets, with common splits of 70/30 or 70/15/15 [35]. For
temporally correlated data, block-wise segmentation is
required to preserve the dynamics, with each subset
including at least one complete cycle.

In this study, the entire dataset of mass and mass
charge measurements collected in the previous section
was used to train the NARX network in order to
determine the optimal number of neurons in the hidden
layer. These dynamic data consist of a total of 6950
measurement points, of which 70 % (4864 points) were
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used for training and 30 % (2086 points) for testing, to
validate the performance of the NARX neural network.
The model characteristics are summarized in Table 1, and
the implementation was carried out in MATLAB using
the Neural Network Toolbox.
Table 1
Structure of the studied neural network

Neural network type NARX
Training algorithm Levenberg-Marquardt
Initialization algorithm Nguyen-Widrow
Hidden neurons activation function| Hyperbolic tangent
Output neurons activation function Identity

There is no universal rule to determine the optimal
neural network structure (number of layers, number of
neurons, types of connections) or its parameters
(activation functions, input delays, feedback delays). An
iterative process, inspired by previous work [36-39], was
implemented to optimize the NARX network structure.
This process determines the number of neurons in the
hidden layer as well as the delays on the inputs and
feedback outputs by testing various configurations and
selecting the best one based on a performance criterion.

Based on the above, the search for the optimal structure
was conducted using the parameters listed in Table 2.

Table 2
NARX network parameters
Search range of number of neurons (NN) in the hidden layer|[5, 30]
Search range for the number of input delays [1,3]
Search range for the number of output delays [1, 6]
Number of reinitializations per configuration 10
Total number of final reinitializations 50

The selection of the optimal model is based on the
mean squared error (MSE) given by (3) and the maximum
coefficient of determination (R-squared), which defines
the goodness of fit of the experimental data (4), mean
error (ME) (5) and mean absolute error (MAE) (6):

N
MSE =Y (M, —Y,~)2/N; 3)

i

R? =1—§(Mi —Yi)z/]z\_/:(Mi ‘;")2 > @

1

ME:Z(M,.—Y,.)/Ne; ®)
MAE:Z|M,.—Y,.|/N, (6)

where N is the number of samples used for training; N, is
the number of experiments performed for each variation
parameter; M; is the measured value; ¥; is the average
output; ¥; is the output provided by the network.

The total number of configurations tested is 540
(30%3x%6). Each configuration is tested 10 times, and the
best one is tested again 50 times, resulting in a total of
5,450 training runs (540x10+50) (Fig. 5). The search for
the optimal structure was performed on a machine
equipped with an Intel® Core™ i7-11800X 2.3 GHz
processor. The optimization results are shown in Table 3.
Using 24 hidden neurons, an input delay of 1 step, and an
output delay of 2 steps achieves the best performance.

Table 3
Results of the optimal structure search
Number of neurons (NN) in the hidden neurons 24
Input delays 1
Output delays 3
Number of elements 169
MSE 21.2:10°°
R’ >0.9999
h J |!_‘\ MSE—s— RIEM Best value| R
> 0,99992
a 150
=
0,99984
100 —
0,99976
50 ‘ 0,99968
053 10 15 20 25 30 NN

Fig. 5. Performance of the NARX network as a function
of the number of neurons in the hidden layer

In Fig. 6 the graphs a, b, e and f show the model
prediction results at different voltages (4-20 kV). The
train and test training data, represented by a circle symbol
and blue and black discontinuous line, are compared to
the data predicted by the NARX network, represented by
a cross symbol and red and orange solid line.

Visual inspection reveals exceptional agreement
between experimental measurements and model predictions
across all voltage levels. Both recovered mass (Fig. 6,a,b)
and acquired charge (Fig. 6,ef) show a strong positive
correlation with applied voltage, following expected physical
principles of electrostatic separation. The nearly perfect
overlap between prediction curves and experimental data
demonstrates the model’s capability to capture the
underlying system dynamics without explicit physical
modeling.

Quantitative analysis confirms this observational
assessment. The average prediction errors remain below
0,035 for mass recovery (Fig. 6,c,d) and 0,05 for charge
acquisition (Fig. 6,g,h) across the entire voltage range.
Notably, the model maintains its predictive accuracy for
both training and testing data sets, indicating excellent
generalization capabilities without over fitting. The slight
error increase at voltage extremes (particularly at 4 kV)
can be attributed to signal-to-noise ratio challenges in
low-intensity separation conditions.

The investigation of disk rotational speed influence
(Fig. 7) shows that, unlike the applied voltage, this
parameter does not exert a significant effect on particle
recovery. Across the full range of tested speeds (15-60
rpm), the collected masses remain nearly constant, with
variations within +2 g for ABS and #3 g for PS,
indicating that rotational speed is not a critical factor in
the overall separation performance.

The NARX model accurately reproduces this
insensitivity. In the test dataset, the mean error (ME) is
around 5.5 mg for ABS and 7 mg for PS, while for
the charges it remains limited to +9-10° uC.
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A temporal analysis, however, reveals transient
fluctuations up to 8-10° at the beginning of the
sequences, reflecting the short-term instability induced by
particle motion initiation and air flow turbulence in the
fluidized bed. These fluctuations quickly decay, and the
prediction errors converge back to zero in the steady-state
regime.

The comparison between training and validation
datasets highlights a remarkable consistency, as the errors
remain of the same order of magnitude in both cases. This
robustness confirms that the NARX model not only captures
the overall stability of the process but also its transient
regimes, while reinforcing the finding that disk rotational
speed does not significantly influence the recovery outcome.
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at each measured point for ABS (g) and PS (%) charge
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The investigation of air flow rate influence (Fig. 8)
shows that this parameter has a noticeable effect on the
recovery of both ABS and PS particles. As the air flow
increases from 7 to 9 m’/h, the collected masses exhibit
measurable variations, reflecting the direct role of
fluidization intensity on particle suspension and residence
time. The NARX model accurately captures these
dynamics. In the test dataset, ME remains within 4.2 mg
for ABS and 6.8 mg for PS, while charge prediction errors
are confined to +9-10° pC. A temporal analysis
highlights transient fluctuations of about 7.8-107 at the
beginning of the sequences, attributed to turbulence
effects and rapid redistribution of particles when air flow
is modified. These deviations quickly stabilize, and the
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errors converge toward values close to zero once steady-
state conditions are reached.
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Fig. 8. Comparison of real data and simulation results as a
function of air flow rate: recovered ABS (a) and PS (b) mass;
average error at each measured point for ABS (c) and PS (d)
mass; recovered ABS (e) and PS (f) charge; average error at each
measured point for ABS (g) and PS (%) charge

Figure 9 shows MAE for the prediction of recovered
mass and acquired charge of ABS and PS materials, as a
function of voltage, disk rotational speed, and air flow
rate, with a distinction between training and testing data.

The results show that the NARX model provides
good accuracy during the training phase, with low MAE
values for all variables. In the tests, slight increases in error
appear at the extreme values of the parameters, reflecting
sensitivity to extrapolation. For ABS, the errors are more
pronounced for electrical charge prediction, especially at
high air flow rates, where they reach values of 7.75 mC and

8.88 mC for air flow values of 8.5 m’/h and 8.9 m’/h,
respectively. This is probably due to unmodeled complex
electrostatic phenomena. PS shows better stability,
especially for mass prediction (it does not exceed 9.6 mg,
see Fig. 9,b), although errors also slightly increase under
reaches 9.5 mg for test data (see Fig. 9,c).
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Fig. 9. MAE of predicted mass and charge for ABS and PS as
functions of voltage, disk speed, and air flow rate (training vs.
testing data): MAE of the predicted ABS (a) and PS (b) mass;

MAE of the predicted ABS (c¢) and PS (d) charge

The main contribution of Fig. 9 lies in its ability to
precisely identify the model’s weak spots, without
undermining its overall robustness. Indeed, MAE values
remain largely within acceptable limits, even during
testing, confirming that the NARX model provides a
reliable approximation of the system’s behavior over a
wide range of operating conditions.
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Conclusions. In this work, a NARX neural network
has been developed and applied to model the dynamic
behavior of a two-rotating-disk tribo-aero-electrostatic
separator operating under high-voltage electric fields. The
proposed model considers key process variables,
including applied voltage, disk rotational speed, and air
flow rate, as inputs, while the predicted outputs are the
recovered mass and the acquired electrical charge of the
separated particles.

The main objective of the study was to develop a
dynamic model capable of accurately reproducing the
nonlinear and time-dependent behavior of the separation
process, thereby overcoming the limitations of traditional
static or empirical approaches. The dynamic and recurrent
structure of the NARX network enables it to capture
complex temporal interactions between electrical,
aerodynamic, and tribo-electric phenomena. The model
was trained and tested using time-series data collected
under multiple experimental conditions, allowing a
thorough evaluation of its generalization capability.

Quantitative validation results confirm the high
predictive accuracy and robustness of the proposed
approach. Across the full operating range (4-20 kV,
15-60 rpm, 7-9 m’/h), the ME for mass prediction remains
below 5.5 mg for ABS and 7 mg for PS, while the MAE for
charge prediction is limited to £9-10 uC. Even at extreme
conditions (e.g., £4 kV or high air flow rates), the model
maintains acceptable accuracy, with maximum deviations
not exceeding 9.6 mg for mass and 8.9 uC for charge,
confirming its robustness to parameter variations.

From a scientific standpoint, this work represents the
first application of a NARX neural network to the
dynamic modeling of a tribo-aero-electrostatic separator
equipped with two rotating disk electrodes. The model
successfully bridges the gap between analytical modeling
and real-time predictive intelligence, providing a reliable
foundation for further system optimization.

From a practical perspective, the robustness of the
model across a wide range of operating conditions (420 kV,
15-60 rpm, 7-9 m’/h) confirms its suitability for integration
into intelligent control architectures for industrial
electrostatic separation processes.

Future research will focus on developing a closed-
loop control strategy that leverages the NARX model to
optimize separation efficiency in real time. Such an
intelligent control system will enable adaptive process
regulation and enhanced operational stability in industrial
plastic recycling applications.
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Performance improvement of parallel dual-star permanent magnet synchronous machines via
type-2 fuzzy direct torque control with a single six-phase inverter

Introduction. The growing need for efficient and high-performance electric drive systems has led to increased research in advanced
control strategies for multi-machine configurations. Among them, dual-star permanent magnet synchronous machines (DSPMSMs)
connected in parallel to a single inverter offer a promising solution for applications requiring high reliability and precise control.
Problem. Conventional direct torque control (DTC) strategies, typically relying on PI controllers, suffer from significant torque and
flux ripples, which negatively impact system efficiency and dynamic response. Moreover, these traditional controllers face challenges
in handling parameter variations and external disturbances, limiting their applicability in demanding environments. Goal. This study
aims to enhance the performance of DSPMSM drive systems by improving speed regulation, minimizing torque and flux fluctuations,
and increasing robustness against disturbances, thereby ensuring greater efficiency and stability. Methodology. To address these
challenges, we propose a novel DTC strategy that replaces the conventional PI controller with a type-2 fuzzy logic controller (T2-
FLC). This intelligent control approach leverages the adaptability of fuzzy logic to improve response accuracy and dynamic
performance. The proposed methodology is validated through extensive simulations using MATLAB/Simulink, analyzing various
operating conditions and comparing the performance with conventional DTC techniques. Results. Simulation results confirm that the
T2-FLC-based DTC significantly reduces torque and flux ripples while ensuring precise speed regulation. The proposed approach
also demonstrates improved robustness against disturbances and parameter variations, outperforming traditional PI-based DTC in
terms of efficiency and control accuracy. Scientific novelty. This research introduces an innovative application of T2-FLC in DTC
for parallel-connected DSPMSMSs, offering a novel control strategy that effectively mitigates the drawbacks of conventional methods.
The integration of T2-FLC into the DTC framework provides enhanced adaptability and superior performance, distinguishing this
study from existing works. Practical value. The proposed control strategy enhances the reliability, efficiency, and stability of
DSPMSM-based drive systems, making it well-suited for high-performance applications such as railway traction, electric vehicles,
and industrial automation. By improving control precision and robustness, this approach contributes to the advancement of
intelligent drive technologies in modern electric propulsion systems. References 39, tables 4, figures 16.

Key words: permanent magnet synchronous machine, type-2 fuzzy logic controller, direct torque control, six-phase inverter,
multi-machines system.

Bcemyn. 3pocmatoua nompeba 6 eghekmusHux ma BUCOKONPOOYKIMUGHUX CUCEMAX eleKmponpueody npuzeenda 00 NOCUTEHHS OOCTION#CEHb
YOOCKOHaneHux cmpamezii kepysants onsi 6azamomawunnux kougizypayiti. Ceped HUX, CUHXPOHHI MAWUHY 3 ROCMITLIHUMY MASHIMAMU Ma
00MOMKOIO CIMAMOpa 3a cXemol0 3 €OHaHMA «3IPKay i3 CRITbHUM pe2yToeaHHAM cmpymie obmomok cmamopa (DSPMSM), wo niokmoueni
napanenbHo 00 00HO20 IHEEPMOpA, NPONOHYIONb NEPCHEKMUGHE PiueHHs. Ol 3aCMOCY8aHb, SIKI GUMAAIOMb GUCOKOL HAOLIHOCME ma
mounoeo kepysarnns. Ilpoonema. Tpaouyiini cmpameeii npsamoco kepyeéanns kpymuum momenmom (DTC), sxi 6azyiomwvcs Ha PI-
KOHMPOIepax, Maomy 3HAUHI NYIbCAYIT KPYMHO20 MOMEHITY Ma ROMOKY, WO He2AMUBHO BNIUBAE HA eHeKMUBHICINb cucmeMu ma OUHAMIUHY
xapaxmepucmuxy. Kpivm moeo, yi mpaouyitini Konmponepu cmuxaiomscs 3 npooiemami 06pooKu KoaueaHs napamempie ma 306HiUHIX
30ypeHb, o 0OMeNCYE IXHIO 3ACMOCO8HICMb ) CKIAOHUX yMmosax. Mema. Lle 0ocniodicents cnpamosane Ha niO8UIeHHs NPOOYKIMUBHOCTE
cucmem npueody DSPMSM wuisixom noxpawenms pecymoBanHs wieUOKOCH, MiHIMI3ayii KOnueans KpymHO20 MOMeHmy ma HOMOKY, a
MaKodic NioGUeH s Cmilikocmi 0o 30ypenb, mum camum 3abesneuyiouu oinouty egexmuericms ma cmadinoricms. Memooonocin. [na
BUpIUEHHs Yux npobrem 3anponoHoéaro Hogy cmpamezito DTC, sxa 3aminoe mpaduyitinuil PI-koHmponep KOHmMpoiepom 3 HeuimKor
noeikoro 2-eo muny (T2-FLC). Lleil inmenexmyanvruil nioxio 00 KepyeaHHs GUKOPUCTOBYE AOANTMUBHICTIb HeYIMKOL TI02IKU OJisl HOKPAWEHHS
MOYHOCMIE IO2YKY MA OUHAMIYHUX XAPAKMEPUCUK. 3anponoHOSaHa Memooosoeis Nepesipena 3a 00NoMo20t0 MAcumadHoi cumynayii 3
suxopucmanuim MATLAB/Simulink, ananizyiouu pisni poboui ymosu ma nopisniorouu npooykmueHicme 3 mpaouyitinumu DTC memooam.
Pezynomamu mooenosanns niomseepoxcyioms, wo DTC na ocnosi T2-FLC 3uauno 3menutye nynscayii KpymHoeo MOMeHmy ma NOmoxy,
3abe3neyyroul npu YboMy MmouHe pesyiro8aHHs WEUOKOCHI. 3anponoHosanutl nioxio OeMOHCMpYe NOKpaujeHy cmitikicms 00 30ypeHb ma
Konusans napamempis, nepegepuiyiouu mpaouyitinui DTC na ocnosi PI 3 mouku 30py eghexmusnocmi ma moynocmi kepysanns. Hayxoea
HosusHa. Lle docniocennsn npedcmasnsie innosayitine 3acmocyeanna T2-FLC y DTC ons napanenvho 3 ’c¢onanux DSPMSM, nponouyrouu
HOBY cmpameziio KepyBaHHs, SIKA egheKMmuHo yCyeae nedoniku 3eudaiinux memoois. Iumezpayia T2-FLC y cmpykmypy DTC 3abe3neuye
NOKpaujery aoanmueHicms ma 6UCOKY NPOOYKMUGHICMb, W0 GIOPIZHAE ye 00CTiONCeHHs 6i0 icHylouux pobim. Ilpakmuuna 3nauumicme.
3anpononosana cmpameeis kepyeanHs nidguugye HAOIIHICMb, epeKmueHicmy ma cmabiibHicmy cucmem npugody Ha ochosi DSPMSM, wo
pobums i dobpe npuodammolo O UCOKONPOOVKMUBHUX 3ACMOCYBAHb, MAKUX AK 3AN3HUYA, eleKmpoMOOini ma NpoMUciosd
asmomamuzayis. 3a805Ku NOKpaWeHH0 MOYHOCII Ma HAOIIHOCIMI KEPYBAHHS, yell NiOXi0 CNpUac po3eUmKy iHMeNeKmyanbHUX MexHON02il
NpuUoody 8 CYYACHUX enekmpuyHux pywitinux cucmemax. biomn. 39, tadm. 4, puc. 16.

Knioyogi croéa: CHHXpOHHA MALUIMHA 3 MOCTIHHUMH MAarHiTaMH, KOHTPOJEpP 3 He4YiTKOI0 JIOTiKOKW 2 TUmy, HmpsiMe YNpaBJiHHS
KPYTHHM MOMEHTOM, liecTu(asHuii inBepTOp, 6araToMalIMHHA CHCTeMA.

Introduction. In today’s rapidly evolving industrial
landscape, there is an increasing focus on optimizing
system performance while reducing weight, volume, and
operating costs. To achieve this ambitious goal, the
concept of using a multi-machine drive system powered
by a single inverter has emerged as an innovative
solution. Such systems find applications in various
industries, including paper and rolling mills,
transportation, electric traction, marine propulsion, and
electric vehicles.

In the domain of multi-motor drives, the design and
control strategy of the drive system must be carefully
tailored to meet the specific requirements of the
application. These include factors such as output power,
speed control, and accuracy [1-8]. The implementation of
drive techniques involving the parallel connection of two
dual-star permanent magnet synchronous machines
(DSPMSMs), both powered by a six-phase pulse width
modulation (PWM) inverter, has been adopted in various
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industrial applications [1, 2, 9]. However, when it comes
to controlling the speed of multi-phase drives, traditional
control mechanisms face persistent challenges due to
parameter variations, flux and torque ripples, and the
effects of power disturbances on the load [9-11].

To address these issues, this paper proposes an
innovative approach [12] by integrating a type-2 fuzzy
logic controller (T2-FLC) with direct torque control
(DTC) to regulate the speed of two DSPMSMs operating
in parallel [13-15]. This method not only improves
system performance but also mitigates torque and flux
ripples that could otherwise affect operational efficiency.
The motivation behind this work lies in overcoming the
limitations of traditional DTC methods [9—11], which are
known for their sensitivity to rotor parameter variations
and challenges in managing variable switching
frequencies due to the use of hysteresis controllers [12].

In response, this work explores a state-of-the-art
methodology by integrating a T2-FLC, aiming to
overcome these limitations and provide a more suitable
approach for systems affected by uncertainty.

Extensive research on the application of type-2
fuzzy logic in engineering is ongoing, highlighting several
advantages over type-1 fuzzy logic controller (T1-FLC) in
systems affected by uncertainty [15-19]. Recent studies
confirm that the T2-FLC offers better performance than
T1-FLC in managing uncertain or imprecise system
parameters [20-22].

Before presenting the proposed methodology, it is
important to review the current state of the art.
DSPMSMs, featuring two star-connected three-phase
stator windings shifted by 30°, offer several advantages
over conventional three-phase PMSMs. These include
lower torque ripple, reduced current harmonics, higher
reliability, and greater power capability [23]. Moreover,
DTC has proven effective in achieving high dynamic
performance in AC motor drives [24]. Traditional DTC
methods estimate torque and flux to select appropriate
voltage vectors, keeping errors within hysteresis bands.
While this enables fast torque response, it results in
variable switching frequencies [25].

Fuzzy logic controller (FLC) provides an alternative
control strategy that relies on linguistic rules and
membership functions (MFs) rather than complex
mathematical models [26]. FLC is recognized for its
robustness against uncertainties and is particularly well-
suited for complex, nonlinear systems. T2-FLCs are
distinguished by their ability to handle higher degrees of
uncertainty compared to T1-FLCs [27].

Recent studies have investigated the integration of
intelligent control techniques to enhance the performance
of DTC. Notable developments include fuzzy-based DTC
strategies for induction motors, which have demonstrated
improved speed regulation and reduced maintenance costs
[1]. Fuzzy logic controllers have also been incorporated
into DTC systems to improve the efficiency, reliability,
and dynamic behavior of variable-speed drives in a wide
range of applications. For example, fuzzy-2 DTC
combined with space vector pulse width modulation has
shown faster dynamic responses, lower total harmonic
distortion (THD) in current and voltage, and reduced
capacitor voltage spikes in induction motor drives,
outperforming conventional PI-DTC schemes [24].

Furthermore, FLCs have been applied to DTC
schemes to improve the overall performance of variable-
speed drive systems. In [25], a fractional-order FLC was
introduced to enhance the dynamic performance of DTC
in induction motors, leading to significant gains in
efficiency and reliability. In [27], FLC was employed to
optimize electromagnetic torque and speed regulation in
induction machines, effectively replacing conventional
hysteresis comparators and PI speed controllers.

Additionally, DTC has been integrated with adaptive
fuzzy control in the case of DSPMSMs, significantly
reducing harmonic currents and improving efficiency in
high-power traction applications [28]. Fuzzy logic-based
control has also been applied to grid-connected
photovoltaic inverters, stabilizing output voltage and
current, minimizing THD, and enabling power injection
into the grid when generation exceeds local demand [29].

In PMSMs, fuzzy logic-based DTC techniques have
enabled the reduction of torque and flux ripples without
modifying the inverter’s switching frequency [30].
Moreover, fuzzy logic has been used for the control of
DSPMSMs connected in parallel and supplied by a single
six-phase inverter, achieving superior speed tracking
performance, particularly under load disturbances [15].

In the context of five-phase interior PMSMs, a fuzzy
logic-based DTC space vector modulation approach was
proposed, offering fast and simple speed control while
outperforming classical DTC methods [18].

In this paper, we propose an innovative speed
control approach for DSPMSMs operating in parallel and
supplied by a single six-phase PWM inverter. Our
contribution lies in the integration of a T2-FLC with DTC
to address the complex challenges of multi-motor control.
The use of a six-phase PWM inverter, as emphasized in
this work, enhances both system reliability and overall
performance compared to traditional configurations.

The integration of T2-FLC plays a crucial role in
addressing elevated levels of uncertainty, which are often
encountered in real-world applications. Combined with
DTC, well known for its high dynamic performance in
AC motor drives, the proposed approach yields an
intelligent and adaptive control strategy that significantly
improves system behavior under varying operating
conditions. This research highlights the advantages of T2-
FLC over its TI1-FLC counterpart, particularly in
scenarios where uncertainty is a dominant factor, thus
demonstrating the practical relevance of T2-FLC
implementation in industrial contexts. In summary, the
proposed method constitutes a significant advancement in
motor drive control, with the potential to enhance the
reliability, efficiency, and overall performance of electric
drive systems across a wide range of applications.

The goal of the work is to enhance the performance
of DSPMSM drive systems by improving speed
regulation, minimizing torque and flux fluctuations, and
increasing robustness against disturbances, thereby
ensuring greater efficiency and stability. Unlike
conventional DTC approaches that rely on PI controllers
and suffer from significant torque and flux ripples, the
proposed method introduces an adaptive and intelligent
control scheme that improves dynamic response,
minimizes electromagnetic ripples, and ensures stable
operation under parameter uncertainties and external
disturbances.
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System configuration. Figure 1 shows the
configuration of the proposed DTC system applied to two
DSPMSMs operating in parallel and driven by a single
six-phase inverter. This topology effectively mitigates the
risk of over-magnetization in the machines, preserving
performance and system integrity.
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Fig. 1. Block diagram of the type-2 fuzzy logic-based DTC
for two DSPMSMs

The core principle of DTC lies in determining the
appropriate switching states of the voltage source inverter
to directly control the stator voltage vectors. The selection
of these vectors is based on a predefined switching table
that considers torque and flux errors, along with the
position of the stator flux vector. This process is critical to
achieving accurate control and optimizing the overall
performance of the drive system.

The rotational speed of both machines is measured
using high-precision sensors, enabling fine speed
regulation. To achieve this level of control accuracy, the
T2-FLC is embedded within the outer speed regulation
loop of the DSPMSM drive, as shown in Fig. 1.

Additionally, the system’s capability to handle a wide
range of disturbances is thoroughly evaluated. These
disturbances include internal factors such as parameter
variations, as well as external influences such as load
changes and speed fluctuations. This comprehensive analysis
demonstrates the system’s ability to maintain stable and
reliable performance, even under dynamic and uncertain
operating conditions. This aspect reflects the scientific rigor
and practical relevance of the proposed approach.

DSPMSM model. A comprehensive mathematical
model is developed to represent the dynamic behavior of
the DSPMSM. The state variables include stator currents,
stator flux components, and rotor speed, while the control
inputs are the stator voltages (Vy, Vy). The model is
formulated in the (d—g) reference frame, which rotates
synchronously with the rotor magnetic field. The dynamic
behavior is expressed through a set of differential
equations (1-4) [31, 32]:

T APy, i .
dsl,i”sl,i " 1dsl,i + — Wi gsli»
_ gsl,i
Vqsl,i_Rsl,i 'Iqsl,i + ‘ Wei 'desl i
do &
_ ds2,i .
VdsZ,i_Rs2,i '[ds2,i + - Wsi '¢qs2,i’
do, . ;
_ qs2,i
Vqs2,i_R52,i '[qSZ,i + — Wi '¢d52,i=
where the expressions of stators fluxes are:
Dys1,i=Las1,i Last,i + Masa,i Las2,i + Ppais
gzsqsl,i:l‘qsl,i 'Iqsl,i +qu2,i 'IqSZ,i; (2)
Dsa,i=Las2,i Las2,i ¥ Mas1i Last,i ~ Peuis
gbqu,i:LqSZ,i '[qSZ,i +qul,i '[qsl,i'

In these equations, the subscripts (s, s,) designate
the 1st and 2nd stator of both DSPMSMs, while
subscripts (i = 1, 2) denote variables and parameters about
DSPSM1 and DSPSM2, respectively. The variables and
parameters include: [(Vuii Visiin)s (Vaszis Vs2,)1s [Last i
Los1,6)s (asnis Lgs2. )]s [(@astis Pystin)s (Puszis Pysa,d)s [(Last i
Lgs1.6)s (Laszis Lasod)]s [(Mastis Mys1ir), (Masa,is Mys;)] and
@py,;, Tepresenting voltage, currents, stator flux linkage,
stator inductance, mutual inductance in the (d—g) axis, and
the permanent magnet flux, respectively.

The mechanical equation of the machine is:

I 0T, - T 3

where J is the moment of inertia; fr is the friction
coefficient; 7, is the electromagnetic torque; 7, is the load
torque; £2is the rotor’s mechanical speed [13].
The structural representation of the DSPMSM in the
electrical domain is depicted in Fig. 2.
Sp

1
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Fig. 2. Schematic of the DSPMSM stator windings

The electromagnetic torque equation is articulated in
terms of stator currents and stator flux as:

[stl,i 'Iqsl,i _Qqsl,i '[dsl,i +

, “)
+¢ds2,i 'Iqs2,i _qqu2,i 'Ids2,i

where p is the number of pole pairs.

Six-phase inverter model. The stator windings of the
DSPMSMs are supplied by a six-phase voltage source
inverter, as shown in Fig. 3 [33]. In this configuration, the

T, =p-

i
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notation K, Ky, K. represent the switches of the upper
half-bridge, while K, Kj», K., correspond to the switches of
the lower half-bridge. Additionally, n; and n, denote the
neutral points associated with stator 1 and stator 2,
respectively.

Fig. 3. Schematic diagram of the six-phase inverter

It is important to note that, since the windings of
stator 1 and stator 2 are assumed to be ideally balanced and
their neutral points are not connected, the phase voltages do
not contain any zero-sequence components. As a result,
equation (5) remains valid under these conditions:

Vsal + Vsbl + Vscl= 0;
VsaZ + Vst + Vsc2: 0.

Furthermore, equation (6) accurately represents the
voltage vector generated by the six-phase inverter:

Vel [2 =1 =1 0 0 0 Vao

Var | 1-1 2 =1 0 0 0

Ver | |-1 =1 2 0 0 0 [V

= . (6)
Vsa2 0 0 0 2 -1 -1 Va20

Ve | LO 0 0 =1 =1 2|V, |
When multiple motors are connected in parallel and
supplied by a single inverter, the inverter directly controls
the current to ensure proper system operation. However,
discrepancies in speed or parameter variations between
the two motors can lead to an imbalance in the currents
flowing through each stator winding. The stator currents
I;; and I, are flowing in each machine, can be
represented by /;; which flows equally in both stators
windings and Al;; which circulates between each stator
winding (Fig. 4) and described as [16]:
]s[:Isl,l + 1s2,i ; (7
I 52,1 -1

, Li
Al == (8)

The mean control strategy is based on averaging the
input variables of both motors to form a virtual mean motor
model. The measured variables for both machines include
the stator currents /;; and /;,; and rotor speeds (@, @»). The
corresponding average quantities are computed as:

)

Vpio

1 1 1 2
Isi: sl,i 5 §2,i : 9)
w[:%. (10)
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Fig. 4. Current decomposition in the parallel-connected dual
motor system

DTC based on fuzzy logic. DTC operates on a
fundamental principle that involves selecting appropriate
switching commands for the voltage inverter to control
the stator voltage vectors. These vectors are carefully
chosen from a predefined lookup table based on the
estimated torque and flux errors, as well as the angular
position of the stator flux vector. Two comparators
continuously monitor the key control variables: stator flux
and electromagnetic torque.

A hysteresis controller is integrated into the DTC
scheme to maintain the error between each control
variable and its reference within a defined hysteresis
band. In the case of a two-level controller, the voltage
vector selection depends solely on the polarity of the error
rather than its magnitude. To avoid unnecessary switching
when the flux error becomes negligible, a hysteresis band
centered around zero is introduced [15].

Fundamentally, DTC relies on the orientation and
regulation of the stator flux. The mathematical expression
of the stator flux in the Park reference frame is given as:

t

Dys(1,2) = %J.(Vlds(ll) + V2ds(l,2))dt -

0 an
t

1
—EfRs : (11ds(1,2) + lzds(l,z))dt;
0

1 t
Dys(1,2) = EI(qus(l,z) + qus(l,z))df -
0 (12)
1 t
- E(J;Rs ’ (Ilqs(l,2) + I2qs(1,2)}jt;

Consequently, the stator flux module is:

D= D+ Doy (13)
djﬂ:‘\f gzj532 +¢§S2 : (14)

The electromagnetic torque can be estimated from
the estimated magnitudes of the flux, and the measured
magnitudes of the line currents:

Tezg[gbdsl '([lqsl +12qsl)_ (pqsl .(Ildﬂ +[2d‘91)+

+Dys2 '(IquZ +12qs2 )_ Qqs2 '(IZdSZ +1o450 )

To enhance the performance of conventional DTC,
particularly by reducing torque and flux ripples and
improve the THD of the stator current, the hysteresis
controllers and switching table are replaced with fuzzy
logic-based decision blocks. These blocks take as inputs
the stator flux angle, torque error, and flux error, resulting
in a fuzzy logic-based DTC scheme [14, 19, 31].

(15)
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The universe of discourse for the stator flux angle is
divided into 6 fuzzy sets (¢#;—s) (Fig. 5,a). Triangular MFs
are used for all angular sectors (¢). The universe of
discourse for the electromagnetic torque error is divided
into 3 fuzzy sets (Fig. 5,b): Negative torque error (N), Zero
torque error (Z) and Positive torque error (P). Triangular
MFs are assigned to the central fuzzy set (Z), while
trapezoidal MFs are used for the boundary sets (P) and (&).

Similarly, the universe of discourse for the stator flux
error is divided into 2 fuzzy sets (Fig. 5,c): Negative flux
error (N), Positive flux error (P). For both sets, trapezoidal
MFs are selected to better accommodate uncertainties at the
boundaries of the domain.
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Fig. 5. MFs of the input and output variables used in the fuzzy DTC

The output variable, illustrated in Fig. 5.d, is
decomposed into 3 sub-outputs, corresponding to the 3
switching signals S,, Sj, S. used to control the inverter
switches in a two-level configuration. The universe of
discourse for each sub-output is divided into 2 fuzzy sets:
Zero and One. Trapezoidal MFs are selected for both sets
to ensure robust switching decisions under uncertainty.

T2-FLC, which relies on type-2 fuzzy sets (T2-FS),
is a powerful approach for managing complex and
nonlinear systems [34]. To address higher levels of
uncertainty in modelling and control, T2-FS are
introduced as an extension of the conventional type-1
fuzzy sets (T1-FS) to better handle uncertainty and
imprecision in complex systems [16, 34-36]. Numerous
studies have demonstrated that T2-FLC offers superior
performance compared to TI1-FLC, particularly in
environments characterized by high levels of uncertainty
and nonlinearity. The fuzzy rule base forms the core of
the T2-FLC system. It encapsulates expert knowledge
through a set of fuzzy rules that describe the expected
behavior of the system under different operating
conditions. In this work, the rule base consists of 36 fuzzy
rules (Table 1).

Table 1
Set of fuzzy rules

Stator flux angle &

Flux error A@| Torque error AT,

Wl |ttt

P V3| V4| V5(Ve| V1|12

P Z Vo V7| Vo |viiro|vi

N V1| V2| V3| V4| V5| Ve

P V4 V5| Ve |V1|V2| V3

N Z Vi|Vo|v7|vo|vi|ro

N Vo | V1| V2| V3| V4| V5

where:
VOo=[000]; ¥V1=[100]; ¥2=[110]; V3=[01 0];
VA=1011]; V5=[001]; V6=[101]; V7=[111].

T-2FLC of DSPMSM. This section describes the
implementation of T2-FLC, which effectively replaced
the PI controller in order to achieve faster response times
while maintaining system stability and eliminating static
error. T2-FLC is well-suited to handling complex non-
linear systems that exhibit a degree of uncertainty [16]. It
does not require an exact model of the system or precise
parameter values [17].

T2-FLC contains 4 elements [16, 18]:

o Fuzzification. This initial step involves the
transformation of classical data into MFs such as negative
grand (NG), equal zero (EZ) and so on.

e Fuzzy inference engine. This component leverages
a lookup table that consolidates control derivatives
obtained from the interplay of control rules and MFs .

e Type reducer. This essential component of the T2-
FLC is responsible for transforming the output of T1-FS and
subsequently transferring it to the defuzzification process.

o Defuzzification. The output from the type reducer is
further processed through the defuzzification process,
which converts MFs into crisp data.

In this specific application (Fig. 6) the T2-FLC uses 2
input variables: the speed error (e;) and the variation in
speed error (Ae,). The output variable U, is generated
through the fuzzy inference and defuzzification process,
and corresponds to the electromagnetic torque reference 7.

N FOU (A3}

» (i
LX (e5) Gil—» 1
= (U, u
—»G3 System —»
d (deg) 62 —_—
[ I

Fig. 6. Block diagram of the T2-FLC

MFs associated with the input variables are depicted
in Fig. 7. T2-FLC follows the conventional IF-THEN
rule-based structure; however, it differs from classical
fuzzy controllers by employing T2-FS for both the
antecedents and the consequents [37-39]. T2-FLC
represents an innovative and robust control strategy that
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offers enhanced flexibility in managing uncertainties and
handling complex nonlinear dynamics. By incorporating a
footprint of uncertainty (FOU) in its MFs, the T2-FLC
has the potential to significantly improve the performance
and reliability of control systems operating under
imprecise or variable conditions.

Fig. 7. MFs of the input variables

1 L5 1 L5

To illustrate the operation of the proposed T2-FLC
for speed control, a few representative fuzzy rules are
presented below:

Rule 1: if e; is NG, and Ae, is NG then U, is NG.

Rule 2: if e, is NG, and Ae, is NM then U, is NG.
Rule 3: if e, is NG, and Ae, is NP then U, is NG.

Rule 36: if ¢, is PG, and Ae, is PG then Uy is PG.

Simulation results and discussion. The described
mathematical model was used to develop the simulation
environment in MATLAB/Simulink. The parameters of the
DSPMSM were adopted from [14] and are listed in Table 2.

Table 2
Simulation parameters of the DSPMSM

Parameter Value
Nominal stator voltage U, V 220
Stator resistances R;; = Ry, Q 0.12
Stator inductance L,, mH 0.8
Mutual inductance L,,, mH 0.3
Flux linkage @p,;, Wb 0.394
Pole pairs p 4
Moment of inertia J, kg-m2 5-107°

Viscous friction coefficient fi, N-m-s/rad| 0

PI controller gain (integral) K; 3
PI controller gain (proportional) K, 900
0.021
T2-FLC gains Gy, Gy, G3 0.012
100

The simulation model was developed to enable the
performance evaluation of various DTC strategies. To that
end, 3 distinct test scenarios were defined for comparative
analysis:

Test 1. Speed reversal with load torque steps. This
scenario evaluates tracking performance and disturbance
rejection capabilities. A trapezoidal reference speed profile
alternating between +150 rad/s, —150 rad/s and +50 rad/s
was applied. Simultaneously, a load torque of 20 N-m was
imposed on both machines.

Test 2. Load torque variation. Designed to assess
the dynamic response to external load disturbances, this
test involved stepping the load torque from 0 to 20 N-m,
then to 40 N-m, and finally back to 20 N-m, while
maintaining a constant reference speed of 150 rad/s.

Test 3. Parameter uncertainty. This test focuses on
evaluating robustness against internal variations by
modelling +100 % increase in the stator resistance R;.

The proposed T2-FLC was compared via
conventional PI-DTC scheme. Performance metrics such
as speed tracking accuracy, electromagnetic torque ripple,

and robustness to disturbances were recorded for a
comprehensive quantitative comparison.

The simulation results clearly indicate that the T2-FLC
significantly enhances the control performance of the
DSPMSM under all test conditions, particularly in terms of
disturbance rejection and reduced torque ripple,
outperforming the classical PI-DTC strategy.

Test 1. In the 1st scenario, both motors were
subjected to a trapezoidal reference speed profile
comprising positive and negative transitions. A load
torque of 20 N-m was applied at different time intervals:
motor 1 at r € [0.1, 0.2] and motor 2 at ¢t € [0.14, 0.2].
The simulation results (Fig. 8, 9) provide a detailed view
of the system’s dynamic behavior, highlighting the
effectiveness of the proposed T2-FLC in tracking and
disturbance rejection.

DSPMSM1

-200 - - - . LS
0 0.1 02 03 04 05
Fig. 8. Speed response of the two DSPMSMs in Test 1
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Fig. 9. Torque waveforms of the two DSPMSMs in Test 1

It is evident from the simulation results that the T2-
FLC exhibits superior performance in accurately tracking
the reference speed trajectory. To facilitate a quantitative
comparison between the proposed T2-FLC and the
conventional PI-based DTC, several performance indices
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have been calculated, including the Integral Squared Error
(ISE), Integral Absolute Error (IAE), and Integral Time
Squared Error (ITSE) (see Table 3).

T2-FLC successfully tracks a wide speed range,
achieving a transition from +150 rad/s to —150 rad/s at
t=0.2 s, and reaching 50 rad/s at +=0.4 s. Moreover, the
controller demonstrates significantly reduced oscillation
amplitudes and enhanced disturbance rejection,
confirming its superior dynamic response and robustness
compared to the classical PI controller

Test 2. In this scenario, the system’s ability to
handle external load disturbances was thoroughly
evaluated. The load torque applied to the motors was
varied in three steps: from 0 N-m to 20 N-m at #=0.12 s,
then increased to 40 N-m at =0.2 s, and finally reduced
back to 20 N-m at =0.28 s. The corresponding simulation
results motor speed, electromagnetic torque, and stator

currents are illustrated in Fig. 10-12.
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Fig. 10. Speed response of the two DSPMSMs under load torque

variation

As shown in Fig. 10, T2-FLC maintained accurate
speed regulation across all disturbance intervals, with
deviations confined within a narrow margin of £0.5 rad/s
from the reference speed of 150 rad/s. This result
underscores the controller’s strong capability for
disturbance rejection, consistent with findings reported in
[9]. In contrast, the PI-based DTC exhibited notable speed
deviations, reaching over +2 rad/s, revealing its
limitations in coping with rapid load variations.

The torque waveforms (Fig. 11) further highlight the
contrast between the two control strategies. T2-FLC
achieved a peak-to-peak torque ripple of only +3 N-m,
demonstrating smoother torque behavior and better
dynamic stability. In comparison, the PI controller showed
substantial oscillations, with ripple amplitudes reaching
+10 N-m, indicating poorer disturbance rejection and less
stable operation. It is important to note that minimizing
torque pulsations is critical for precise and efficient
operation of PMSMs, particularly in applications requiring
high dynamic performance [7].

] 01 02 03 04 05
Fig. 11. Comparison of torque ripple under T2-FLC
and PI controllers in Test 2

The stator current (Fig. 12) offers additional insight
into the performance distinction between the T2-FLC and
the PI controller.
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Fig. 12. Stator current response of the two DSPMSMs under
load torque variation (Test 2)

Under load variations, the T2-FLC maintains a
smooth and nearly circular current trajectory, indicating
stable operation and consistent current regulation. In
contrast, the PI controller displays noticeable distortions
and irregularities in the current locus, along with a slower
settling time following torque disturbances, as also noted in
[11]. These results confirm the robustness and dynamic
stability of the T2-FLC, even under fluctuating load
conditions. In summary, the load torque variation test
demonstrates that the T2-FLC offers superior disturbance
rejection, smoother current dynamics, and faster recovery
than the conventional PI-based DTC approach.

Test 3. While the previous tests focused on the
response to external disturbances such as speed reversals
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and load torque variations, this experiment evaluates the
robustness of the control strategy under an internal
disturbance. Specifically, a 100 % increase in stator
resistance was introduced to simulate parameter
uncertainty, which is common in real-world operating
conditions due to temperature variation or aging effects.
Figure 13 illustrates the speed responses of both
DSPMSMs under this condition. The results reveal a clear
distinction in performance between the two control
approaches. T2-FLC  shows strong robustness,
maintaining precise speed tracking despite the abrupt
internal change. The speed error remains within a narrow
tolerance band, indicating effective compensation for the
parameter deviation. Figures 13—16 illustrate the impact
of these parameter variations on speed, torque, stator
current, and stator flux.

T
o, rad/s )

50 011 0.12 0.13 0.14 0.15

Pl-DEPMEM'
— T2FLC-DSPMSM,
00 pLospumsm,
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150 | | |
0 0.05 041 0.15 02 0.25 03

Fig. 13. Speed response of the two DSPMSMs under internal
parameter variation (Test 3)
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Fig. 14. Torque ripple performance of DSPMSMs under stator
resistance variation
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Fig. 15. Stator current response of the two DSPMSMs under
internal parameter variation (Test 3)

In contrast, the PI-based DTC exhibits degraded
performance, with noticeable speed deviations and slower
convergence to the reference trajectory. This confirms the

sensitivity of conventional PI control to internal
parameter variations, and highlights the adaptive nature of
the T2-FLC in uncertain environments.

Overall, this test reinforces the T2-FLC’s superior
adaptability and resilience in the presence of internal
uncertainties, further validating its effectiveness for real-
time motor drive applications.
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Fig. 16. Comparison of stator flux behavior under internal
disturbances (Test 3)

Discussion. The simulation results offer valuable
insights into the performance of the T2-FLC for the
DSPMSM when compared to the conventional PI
controller. This section provides a detailed interpretation of
those results, supported by quantitative metrics. Table 3
shows a summary of performance indices ISE, IAE and
ITSE across 3 test scenarios. The recorded values clearly
validate the simulation outcomes and confirm the
effectiveness of the proposed T2-FLC strategy.

Table 3

Comparison of ISE, TAE and ITSE for PI and T2-FLC

under different test conditions

Controller ISE IAE ITSE

Test 1 PI 3.425 0.2889 0.204
T2-FLC 2.355 0.0982 0.1197
Test 2 PI 0.1892 0.0912 0.01832
T2-FLC 0.0066 0.0388 0.00139

PI 1.738 0.3162 0.387

Test 3

T2-FLC 0.0769 0.0401 0.0194

In addition to the error-based indices, dynamic
performance was also assessed. As shown in Table 4, the T2-
FLC controller outperformed the PI controller across all
measured criteria. The settling time was reduced from 0.52 s
to 0.28 s, and the overshoot was lowered from 12 % to 7 %.
The steady-state error decreased significantly from 0.04 to
less than 0.01. Furthermore, under a load disturbance applied
at t = 1.5 s, the T2-FLC restored the system stability within
0.12 s, while the PI controller required 0.26 s.

Table 4
Dynamic performance comparison between PI and T2-FLC
Performance metrics PI |T2-FLC
Settling time, s 0.52 ] 0.28
Overshoot, % 12%| 7%
Steady-state error 0.04 | <0.01
Recovery time after disturbance, s 026 | 0.12

The results consistently demonstrate the superiority,
robustness, and adaptability of the proposed control
approach. T2-FLC provides improved tracking accuracy,
reduced torque ripple, and better disturbance rejection
under both external and internal perturbations. These
findings confirm that T2-FLC is a reliable and promising
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control solution for DSPMSMs, especially in demanding
industrial and traction applications.

In the first test, both motors were subjected to a
trapezoidal speed profile with a 20 N-m load torque
applied. The results in Fig. 8, 9 highlight the superior
performance of T2-FLC controller. T2-FLC shown
exceptional speed tracking capabilities, efficiently
transitioning between positive and negative speed values.
Notably, transient speed oscillations were significantly
reduced, emphasizing its improved dynamic response
compared to the standard PI controller.

The second test assessed the system’s response to
varying load torque. As seen in Fig. 10, T2-FLC controller
consistently maintained precise speed regulation even
under fluctuating load conditions, showcasing its robust
disturbance rejection capabilities. In contrast, PI controller
exhibited greater speed deviations, indicating its inferior
ability to reject disturbances. Analysis of torque waveforms
(Fig. 11) demonstrated that T2-FLC effectively minimized
torque pulsations, a critical factor for the precise control of
PMSM. Additionally, the stator current locus plot (Fig. 12)
showed that T2-FLC maintained a cleaner and more
consistent response, even in the presence of load variations.

The final test evaluated the performance of both
controllers under parametric uncertainties, specifically a
100 % increase in stator resistance. PI controller exhibited
sensitivity to these disturbances, with noticeable
deviations in the system’s responses. In contrast, T2-FLC
controller displayed resilience and maintained stable
performance, highlighting its robustness against internal
parameter mismatches.

Overall, the results from these tests suggest that the
proposed T2-FLC controller offers significant advantages
over the conventional PI controller, particularly in terms of
dynamic response, disturbance rejection, and robustness. T2-
FLC controller demonstrated precise speed control, reduced
torque pulsations, and consistent performance under varying
load conditions and internal disturbances. This highlights the
potential of T2-FLC to enhance the efficiency and robustness
of DSPMSMs in practical applications. While T2-FLC
controller shows considerable promise, it is important to
acknowledge certain limitations, such as the increased
computational complexity. Future work could focus on
optimizing the controller for real-time applications, with a
particular emphasis on reducing computational overhead and
ensuring real-time performance. Additionally, experimental
validation in practical settings is essential to confirm the
simulation results and further refine the controller for
industrial applications.

Conclusions. In this study, an intelligent DTC
strategy based on T2-FLC was proposed for the speed
regulation of two parallel-connected DSPMSMs powered
by a single six-phase inverter. By replacing the
conventional PI controller with T2-FLC, the proposed
control approach aims to enhance dynamic performance,
robustness, and precision in multi-machine drive systems.

Simulation results confirmed that T2-FLC
significantly improves tracking accuracy, reduces torque
and flux ripples, and enhances the system’s ability to
reject external disturbances and withstand internal
parameter variations. Compared to the conventional PI-
based DTC, the proposed method consistently delivered

superior dynamic response, better stability, and greater
resilience to uncertainties.

These findings demonstrate the potential of T2-FLC-
based DTC as a robust and efficient control solution for
complex multi-machine architectures, particularly in high-
performance applications such as electric traction, marine
propulsion, and industrial automation.

Future work will focus on the real-time
implementation of the proposed controller and its
experimental validation on a physical test bench to further
assess its practical applicability and performance in real-
world environments. This step is essential to confirm the
simulation outcomes and to verify the robustness of T2-
FLC under actual operating conditions.

Conflict of interest. The authors declare that they
have no conflicts of interest.

REFERENCES
1. Barrero F., Duran M.J. Recent Advances in the Design, Modeling,
and Control of Multiphase Machines—Part 1. /EEE Transactions on
Industrial  Electronics, 2016, vol. 63, no. 1, pp. 449-458. doi:
https://doi.org/10.1109/TIE.2015.2447733.
2. Jones M., Vukosavic S.N., Levi E. Parallel-Connected Multiphase
Multidrive Systems With Single Inverter Supply. [EEE Transactions on
Industrial Electronics, 2009, vol. 56, no. 6, pp. 2047-2057. doi:
https://doi.org/10.1109/T1E.2009.2017219.
3. Parsa L. On advantages of multi-phase machines. 31st Annual
Conference of IEEE Industrial Electronics Society, 2005. IECON 2005, 6
p. doi: https://doi.org/10.1109/IECON.2005.1569139.
4. Demir Y., Aydin M. A Novel Dual Three-Phase Permanent Magnet
Synchronous Motor With Asymmetric Stator Winding. [EEE
Transactions on Magnetics, 2016, vol. 52, no. 7, pp. 1-5. doi:
https://doi.org/10.1109/TMAG.2016.2524027.
5. Kozovsky M., Blaha P. Double three-phase PMSM structures for fail
operational control. /FAC-PapersOnLine, 2019, vol. 52, no. 27, pp. 1-6.
doi: https://doi.org/10.1016/j.ifacol.2019.12.733.
6. Vu D.T., Nguyen N.K. Semail E., Nguyen T.T.N. Current
Harmonic Eliminations for Seven-Phase Non-sinusoidal PMSM Drives
applying Artificial Neurons. Lecture Notes in Networks and Systems,
2021, vol. 178, pp. 270-279. doi: https:/doi.org/10.1007/978-3-030-
64719-3 31.
7. Nguyen N.L., Fadel M., Llor A. A new approach to Predictive
Torque Control with Dual Parallel PMSM system. 2013 [EEE
International Conference on Industrial Technology (ICIT), 2013, pp.
1806-1811. doi: https:/doi.org/10.1109/ICIT.2013.6505950.
8. Wang X, Yan H,, Sala G., Buticchi G., Gu C., Zhao W., Xu L.,
Zhang H. Selective Torque Harmonic Elimination for Dual Three-Phase
PMSMs Based on PWM Carrier Phase Shift. /EEE Transactions on
Power Electronics, 2020, vol. 35, no. 12, pp. 13255-13269. doi:
https://doi.org/10.1109/TPEL.2020.2991264.
9. Anka Rao M., Vijayakumar M., Kumar N.P. Speed control of
parallel connected DSIM fed by six phase inverter with IFOC strategy
using ANFIS. International Journal of Research and Engineering, 2017,
vol. 4, no. 9, pp. 244-249.
10. Lee Y., Ha J.-I. Control Method for Mono Inverter Dual Parallel
Surface-Mounted Permanent-Magnet Synchronous Machine Drive
System. [EEE Transactions on Industrial Electronics, 2015, vol. 62, no.
10, pp. 6096-6107. doi: https://doi.org/10.1109/TTE.2015.2420634.
11. Ramachandran G., Veerana S., Padmanaban S. Vector control of a
three-phase parallel connected two motor single inverter speed sensorless
drive. Turkish Journal of Electrical Engineering & Computer Sciences,
2016, vol. 24, pp. 4027-4041. doi: https://doi.org/10.3906/elk-1410-48.
12. Wang Z., Wang X., Cao J., Cheng M., Hu Y. Direct Torque Control
of T-NPC Inverters-Fed Double-Stator-Winding PMSM Drives With
SVM. [EEE Transactions on Power Electronics, 2018, vol. 33, no. 2, pp.
1541-1553. doi: https://doi.org/10.1109/TPEL.2017.2689008.
13. Kamel T., Abdelkader D., Said B., Padmanaban S., Igbal A.
Extended Kalman Filter Based Sliding Mode Control of Parallel-
Connected Two Five-Phase PMSM Drive System. Electronics, 2018,
vol. 7, no. 2, art. no. 14. doi: https://doi.org/10.3390/electronics7020014.

36

Enexmpomexnika i Enexmpomexanika, 2026, N¢ 1



14. Laggoun L., Kiyyour B., Boukhalfa G., Belkacem S., Benaggoune S.
Direct Torque Control Using Fuzzy Second Order Sliding Mode Speed
Regulator of Double Star Permanent Magnet Synchronous Machine.
Lecture Notes in Electrical Engineering, 2021, vol. 682, pp. 139-153. doi:
https:/doi.org/10.1007/978-981-15-6403-1_10.

15. Tir Z., Malik O.P., Eltamaly A.M. Fuzzy logic based speed control
of indirect field oriented controlled double star induction motors
connected in parallel to a single six-phase inverter supply. Electric Power
Systems  Research, 2016, vol. 134, pp. 126-133. doi:
https://doi.org/10.1016/j.epsr.2016.01.013.

16. Bounab A., Chaiba A., Belkacem S. Evaluation of the High
Performance Indirect Field Oriented Controlled Dual Induction Motor
Drive Fed by a Single Inverter using Type-2 Fuzzy Logic Control.
Engineering, Technology & Applied Science Research, 2020, vol. 10, no.
S, pp. 6301-6308. doi: https://doi.org/10.48084/etasr.3799.

17. Liang Q., Mendel J.M. Interval type-2 fuzzy logic systems: theory
and design. IEEE Transactions on Fuzzy Systems, 2000, vol. 8, no. 5, pp.
535-550. doi: https:/doi.org/10.1109/91.873577.

18. Mehedi F., Yahdou A., Djilali A., Benbouhenni H. Direct Torque
Fuzzy Controlled Drive for Multi-phase IPMSM Based on SVM
Technique. Journal Europeen des Systemes Automatises, 2020, vol. 53,
no. 2, pp. 259-266. doi: https://doi.org/10.18280/jesa.530213.

19. Mehedi F., Nezli L., Mahmoudi M.O.H., Taleb R., Boudana D.
Fuzzy logic based vector control of multi-phase permanent magnet
synchronous motors. Journal of Renewable Energies, 2023, vol. 22, no.
1, pp. 161-170. doi: https://doi.org/10.54966/jreen.v22i1.734.

20. Bai Y., Wang D. On the Comparison of Type 1 and Interval Type 2
Fuzzy Logic Controllers Used in a Laser Tracking System. /FAC-
PapersOnLine, 2018, vol. 51, no. 11, pp. 1548-1553. doi:
https:/doi.org/10.1016/j.ifacol.2018.08.276.

21. Karnik N.N., Mendel J.M. Operations on type-2 fuzzy sets. Fuzzy
Sets and Systems, 2001, vol. 122, no. 2, pp. 327-348. doi:
https:/doi.org/10.1016/S0165-0114(00)00079-8.

22. Sedaghati A., Pariz N., Siahi M., Barzamini R. A new fractional-
order developed type-2 fuzzy control for a class of nonlinear systems.
International Journal of Systems Science, 2023, vol. 54, no. 15, pp. 2840-
2858. doi: https://doi.org/10.1080/00207721.2020.1867927.

23. Fouad B., Ali C., Samir Z., Salah S. Direct Torque Control of
Induction Motor Fed by Three-level Inverter Using Fuzzy Logic.
Advances in Modelling and Analysis C, 2017, vol. 72, no. 4, pp. 248-265.
doi: https://doi.org/10.18280/ama_c.720404.

24. Venkataramana Naik N., Panda A., Singh S.P. A Three-Level
Fuzzy-2 DTC of Induction Motor Drive Using SVPWM. [EEE
Transactions on Industrial Electronics, 2016, vol. 63, no. 3, pp. 1467-
1479. doi: https://doi.org/10.1109/TIE.2015.2504551.

25. Kamalapur G., Aspalli M.S. Direct torque control and dynamic
performance of induction motor using fractional order fuzzy logic
controller.  International Journal of Electrical and Computer
Engineering, 2023, wvol. 13, no. 4, pp. 3805-3816. doi:
https:/doi.org/10.11591/ijece.v13i4.pp3805-3816.

26. Moussaoui L. Performance enhancement of direct torque control
induction motor drive using space vector modulation strategy. Electrical
Engineering & Electromechanics, 2022, no. 1, pp. 29-37. doi:
https:/doi.org/10.20998/2074-272X.2022.1.04.

27. Lokriti A., Zidani Y., Doubabi S. Fuzzy logic control contribution to
the direct torque and flux control of an induction machine. 2011
International Conference on Multimedia Computing and Systems, 2011,
pp. 1-6. doi: https:/doi.org/10.1109/ICMCS.2011.5945645.

28. Boudana D., Nezli L., Tlemgani A., Mahmoudi M., Tadjine M.
Robust DTC Based on Adaptive Fuzzy Control of Double Star
Synchronous Machine Drive with Fixed Switching Frequency. Journal of
Electrical Engineering, 2012, vol. 63, no. 3, pp. 133-143. doi:
https:/doi.org/10.2478/v10187-012-0021-y.

29. Hannan M.A., Ghani Z.A., Mohamed A., Uddin M.N. Real-time
testing of a fuzzy logic controller based grid-connected photovoltaic

How to cite this article:

inverter system. 2014 IEEE Industry Application Society Annual
Meeting, 2014, pp. 1-8. doi: https://doi.org/10.1109/1AS.2014.6978394.
30. Kakouche K., Guendouz W., Rekioua T., Mezani S., Lubin T.
Application of Fuzzy Controller to Minimize Torque and Flux Ripples of
PMSM. 2019 International Conference on Advanced Electrical
Engineering (ICAEE), 2019, pp- 1-6. doi:
https://doi.org/10.1109/ICAEE47123.2019.9015066.

31. Naas B., Nezli L., Naas B., Mahmoudi M.O., Elbar M. Direct
Torque Control Based Three Level Inverter-fed Double Star Permanent
Magnet Synchronous Machine. Energy Procedia, 2012, vol. 18, pp. 521-
530. doi: https://doi.org/10.1016/j.egypro.2012.05.063.

32. Guezi A., Bendaikha A., Dendouga A. Direct torque control based
on second order sliding mode controller for three-level inverter-fed
permanent magnet synchronous motor: comparative study. Electrical
Engineering & Electromechanics, 2022, no. 5, pp. 10-13. doi:
https:/doi.org/10.20998/2074-272X.2022.5.02.

33. Lallouani H., Saad B., Letfi B. DTC-SVM based on Interval Type-2
Fuzzy Logic Controller of Double Stator Induction Machine fed by Six-
Phase Inverter. International Journal of Image, Graphics and Signal
Processing, 2019, wvol. 11, mno. 7, pp. 4857. doi:
https:/doi.org/10.5815/ijigsp.2019.07.04.

34. Srinivas G., Durga Sukumar G., Subbarao M. Total harmonic
distortion analysis of inverter fed induction motor drive using neuro fuzzy
type-1 and neuro fuzzy type-2 controllers. Electrical Engineering &
Electromechanics, 2024, no. 1, pp- 10-16. doi:
https://doi.org/10.20998/2074-272X.2024.1.02.

35. Khemis A., Boutabba T., Drid S. Model reference adaptive system
speed estimator based on type-1 and type-2 fuzzy logic sensorless control
of electrical vehicle with electrical differential. Electrical Engineering &
Electromechanics, 2023, no. 4, pp- 19-25. doi:
https://doi.org/10.20998/2074-272X.2023.4.03.

36. Rahali H., Zeghlache S., Cherif B.D.E., Benyettou L., Djerioui A.
Robust adaptive fuzzy type-2 fast terminal sliding mode control of robot
manipulators in attendance of actuator faults and payload variation.
Electrical Engineering & Electromechanics, 2025, no. 1, pp. 31-38. doi:
https://doi.org/10.20998/2074-272X.2025.1.05.

37. Kaddache M., Drid S., Khemis A., Rahem D., Chrifi-Alaoui L.
Maximum power point tracking improvement using type-2 fuzzy
controller for wind system based on the double fed induction generator.
Electrical Engineering & Electromechanics, 2024, no. 2, pp. 61-66. doi:
https://doi.org/10.20998/2074-272X.2024.2.09.

38. Loukal K., Benalia L. Type-2 Fuzzy Logic Controller of a Doubly
Fed Induction Machine. Advances in Fuzzy Systems, 2016, vol. 2016, art.
no. 8273019. doi: https://doi.org/10.1155/2016/8273019.

39. Rahali H., Zeghlache S., Benalia L. Adaptive Field-Oriented Control
Using Supervisory Type-2 Fuzzy Control for Dual Star Induction
Machine. International Journal of Intelligent Engineering and Systems,
2017, vol. 10, no. 4, pp- 28-40. doi:
https://doi.org/10.22266/ijies2017.0831.04.

Received 18.06.2025
Accepted 20.09.2025
Published 02.01.2026

A. Bounabl, PhD Student,

A. Chaibal, Professor,

S. Belkacem', Professor,

A. Chariete*, Doctor of Technical Science,

! Department of Electrical Engineering,

University of Batna2, Algeria,

e-mail: bounab_alaeddine@yahoo.fr (Corresponding Author).
2 Energy and Information Technology Hub,

University of Technology of Belfort-Montbéliard, France.

Bounab A., Chaiba A., Belkacem S., Chariete A. Performance improvement of parallel dual-star permanent magnet synchronous
machines via type-2 fuzzy direct torque control with a single six-phase inverter. Electrical Engineering & Electromechanics, 2026,

no. 1, pp. 28-37. doi: https://doi.org/10.20998/2074-272X.2026.1.04

Enexkmpomexnika i Enexmpomexanixa, 2026, Ne 1

37



UDC 681.516
H. Mostefaoui, S. Tahraoui, M. Souaihia, R. Taleb, M. Mostefaoui

https://doi.org/10.20998/2074-272X.2026.1.05

Advanced control of twin rotor multi-input multi-output systems using seagull optimization
for linear quadratic regulator tuning

Introduction. During the past decade, advanced control of complex multi-input multi-output (MIMO) systems has been a sustained focus
owing to their growing use in aerospace and robotic platforms. The twin rotor MIMO system (TRMS) serves as a helicopter-like benchmark
system for testing advanced control techniques. Its nonlinear behavior and significant cross-coupling render it difficult to control using
traditional methods. Problem. The TRMS features strong nonlinear dynamics and cross-coupling effects that challenge conventional control
methods. Manual tuning of control parameters often results in suboptimal performance and reduced robustness. The goal of this study is to
optimize the linear quadratic regulator (LOR) weighting matrices Q and R for the TRMS using the seagull optimization algorithm (SOA) to
improve transient performance, minimize overshoot, and accelerate stabilization in both pitch and yaw compared to classical LOR tuning.
Methodology. The new approach integrates the SOA with LOR control theory. The SOA determines the best values of Q and R matrices by
minimizing a cost function defined by system performance metrics. SOA-optimized LOR is evaluated through simulations and contrasted
with the classical LOR under identical conditions. Population size is 50 agents with a maximum of 100 iterations to achieve convergence.
Results. Simulation results show that the SOA-optimized LOR has a remarkable improvement in the system’s time response. In comparison
to the classical LOR, these results provide a shorter settling time from 7.35 s to 5.34 s (=28 %), decreases overshoot (=3 % vs. 30 % open
loop), increases damping, and reduces oscillations. The pitch and yaw angle responses across several control schemes clearly demonstrate
the superior performance of the proposed optimization technique. Scientific novelty. This work demonstrates, for the first time, the use of
SOA for optimal tuning of LOR in a TRMS benchmark. It opens new avenues to enhance the performance of high-order nonlinear systems,
pointing toward more accurate and stable control techniques in industrial and aerospace engineering fields. Practical value. The technique
provides an efficient method to enhance the functionality of complex nonlinear systems without requiring manual tuning, and it has potential
applications in the industrial and aerospace areas. References 38, tables 3, figures 4.

Key words: seagull optimization algorithm, linear quadratic regulator, twin rotor multi-input multi-output system, parameter
tuning, control performance.

Bcemyn. Tlpomsazom ocmannvozo Oecamunimms po3uwiupene Ynpaeninusa ckiaOnumu baeamoexooosumu ma bazamoguxionumu (MIMO)
cucmemamu 3Haxo0UNOCs 8 YeHmpi yeazu y 36 A3Ky 3 iX 3pOCMaroduM 6UKOPUCIAHHAM 6 AePOKOCMIYMILL meXHiyi ma pooomomexHiyi.
Heopomopna MIMO cucmema (TRMS) cryswcums emanonnoro cucmemoro, noodibnoio 0o 6epmonbomy, Onisi Mecmy8aHHs nepeoosux
Memooie ynpaeninma. Ii neninitina nosedinka ma snaunuti nepexpecnuii 36’130k YCKIAOHIOIONL YIPAGTIHHS MPAOUYILIHUMU MEMOOaMIL.
Ilpoonema. TRMS xapaxmepusyembcs CUNbHOIW HENIHIUHOK OUHAMIKOW MA eheKkmamu nepexpectHozo 36 3Ky, o KUuoaiomv GUKIUK
mpaouyitinum Mmemooam YnpaeuinHa. Pyune uanawimysamms napamempie Kepy8auHs HACHmO NPU3EOOUms 00 HEONMUMATbHUX
Xapakxmepucmux ma 3HudceHHs Haoitinocmi. Memoio pobomu € onmumizayis azoeux mampuyvb Q i R ninilino-keadpamuunozo
peaynsimopa (LOR) onss TRMS 3 euxopucmannam ancopummy onmumizayii «uatikay (SOA) ona nokpawjens nepexionux xapaxmepucmux,
MiHIMI3ayii nepepezyntoeanHs ma NPUCKOPeHHs cmabinizayii K 3a 6ucomoro, max i 3a HanpsamKom 6 nopieHauHi 3 xaacuunum LOR
Hanawmysanusim. Memoouka. Hoeuii nioxio inmezpye SOA 3 meopieto ynpasninnsi LOR. SOA susnauae natikpawyi suauenis mampuyv Q i
R wunsixom minimizayii pynxyii eapmocmi, SKa 8UHAUAEMbCA MEMPUKAMU npooykmugrnocmi cucmemu. Onmumizoeanuii 3a 00nOMO2010
SOA LOR oyintoemuvcs 3a 00nomo2010 MOOen08anHs ma nopieHioemuca 3 knacuunum LOR 3a ioenmuunux ymos. Kinvxicms cmanogums 50
azenmie 3 maxcumymom 100 imepayiti 0 docsienenns 36idcnocmi. Pesynomamu. Pesynomamu MoOent06anHs NOKA3YVIoOmb, o
onmumizoeanuti SOA LOR 3abe3neuye 3naune noxpawjeHHs uacy 6io2yky cucmemu. Y nopiseuamui 3 xaiacuunum LOR, yi pesynomamu
3abe3neuyioms OLbU KOPOmMKULL yac ecmarosnenus 3 7,35 ¢ 00 5,34 ¢ (=28 %), smenuyroms nepepezymosants (<3 % nopisnsno 3 30 %y
PO3IMKHYMOMY KOHMYPI), 3011buiyioms 0eMnysans i smenutyloms Konusanns. Peaxyii kymig 3a 6ucomoro ma HanpsamKom Osl KbKOX
cxXeM YNpaeniHHA HAOYHO OeMOHCHPYIOMb GUCOKY MPOOYKMUGHICHb 3anponoHoéano2o memoody onmumizayii. Haykoea noeusna. Y yii
pobomi enepute demoncmpyemocs guxopucmannsi SOA ons onmumanvhozo narawmysanns LOR y TRMS. L]e siokpusac HoI Moocaugocmi
0 niOBULYeHHs NPOOYKMUBHOCHI] HENHIUHUX CUCIeM BUCOKO020 NOPAOKY, 6KA3VIOUU WAX 00 OLlbld MOYHUX MA CMADITLHUX Memolig
YIpaeniHHa 8 NpomMucnosgii. ma aepoxocmiuniu mexuiyi. Ilpakmuuna 3nauumicms. Memoo 3abesneuye eghekmuene niogueHHs
yHryioHATLHOCME CKIAOHUX HENIHIUHUX cucmem Oe3 HeoOXIOHOCIE PYYHO20 HANAWNTY8AHHS A MAE NOMEHYILIHI 2ay3i 3CMOCYBAHHSL )
npomuciosii ma aepokocmiunii mexniyi. bion. 38, Tadm. 3, puc. 4.

Knrouosi cnosa: anroputm ontumizauii «4aiika», JiHiiiHUA KBaApaTUYHUI peryJsiTop, IBOPOTOPHA 0araToBXiqHa 0araToBHMXiIHa
cHcTeMa, HATAIITYBAHHS MapaMeTpiB, XapaKTepHCTUKH KePYBaHHSI.

Introduction. The twin rotor multi-input multi-
output (MIMO) system (TRMS) remains one of the most
highly regarded benchmark platforms within the fields of
control research and educational applications, as it
effectively represents the challenges of real-world
multivariable systems. Constructed to mirror the dynamic
properties of a helicopter with two distinct rotors, the
TRMS demonstrates notable inter-axis coupling,
nonlinear behavior, and open-loop instability, making its
control particularly challenging [1-3]. These features
make the TRMS an ideal platform for designing and
refining advanced control strategies, such as those applied
to MIMO systems, where the complex interaction
between control variables is critically important [3-5].

Traditionally, robust control methodologies have
been employed to address the significant nonlinear cross-
coupling inherent in the TRMS. Among these
methodologies, the linear quadratic regulator (LQR) is
particularly appealing due to its capacity to stabilize the

system by minimizing a quadratic performance index that
penalizes deviations in state variables and control efforts.
Recent studies on TRMS control have confirmed the
effectiveness of LQR-based strategies. Adaptive LQR
approaches have exhibited superior performance relative
to classical LQR and PID controllers, whereas
SimMechanics-based LQR designs incorporating steady-
state  compensation and optimal state-feedback
formulations have yielded favorable outcomes for pitch
and yaw regulation [6—-12].

Traditional PID control is characterized by its
simplicity and robustness, rendering it appropriate for
systems exhibiting relatively low levels of complexity [13,
14]. However, in the case of nonlinear and tightly coupled
MIMO systems like the TRMS, intelligent methodologies
are more advantageous. Neural networks [5] and fuzzy logic
controllers [15, 16] are capable of addressing uncertainties
and complex dynamics without the need for precise models.
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Although numerous conventional control
methodologies have been employed in the context of
TRMS, they frequently do not adequately address its
nonlinear dynamics and pronounced pitch—yaw coupling
[3, 5, 17]. To enhance regulatory capabilities and
robustness, contemporary research endeavors have
concentrated on intelligent control methodologies. For
example, a butterfly-inspired particle swarm optimization
algorithm has been implemented to optimize the
parameters of controllers within TRMS [18, 19], while a
multi-objective genetic algorithm has contributed to the
improvement of stability and tuning precision [20].
Moreover, the integration of inverse modeling with Al-
driven controllers has been suggested to effectively manage
intricate dynamic interactions [21]. These approaches have
succeeded in advancing tracking and damping
performance; however, they often fall short in the direct
optimization of transient characteristics. To the best of our
knowledge, this is among the first studies applying seagull
optimization algorithm (SOA) to dynamically tune LQR
weighting matrices for TRMS, specifically targeting multi-
objective transient improvements.

To address this limitation, the current study
introduces a seagull-optimized LQR controller, which is
designed to enhance settling time, overshoot, and the
overall stability of the system within cross-coupled
nonlinear environments.

The goal of this study is to optimize the linear
quadratic regulator (LQR) weighting matrices Q and R for
the TRMS using the seagull optimization algorithm
(SOA) to improve transient performance, minimize
overshoot, and accelerate stabilization in both pitch and
yaw compared to classical LQR tuning.

This paper applies the seagull optimization algorithm
to automatically adjust the Q and R matrices of the LQR
for the TRMS, with the goal of enhancing the balance
between response speed and system stability. In contrast to
traditional LQR or PID designs, which often necessitate
significant manual tuning due to nonlinearities and intense
cross-couplings, the SOA offers a self-optimizing feature
that decreases the amount of tuning required. By
adaptively probing the O-R space, the proposed technique
results in superior transient performance, including faster
rise time, reduced overshoot, and quicker settling when
compared to both classical manual tuning methods and
less adaptive optimization strategies.

The TRMS model. The TRMS is a laboratory
platform that is widely used for teaching and research in
multivariable control (Fig. 1). The mechanical design
features a beam attached to a pivot that rotates about two
orthogonal axes, allowing for coupled pitch and yaw
movements similar to the interaction between the main and
tail rotors of helicopters [3, 22]. Two DC motor-driven
rotors supply the actuation: the «main» rotor primarily
influences vertical (pitch) dynamics, whereas the «tail»
rotor generates lateral torque for yaw control; the
interaction between these channels results in significant
cross-coupling, rendering the system a valuable benchmark
for study [22-28]. An arm connected to the beam provides
stability by balancing angular momentum. The TRMS
contains multiple sensors, including incremental encoders
and tachogenerators, that monitor 4 essential state
variables: pitch angle, yaw angle, pitch angular velocity
and yaw angular velocity [28]. Aerodynamic forces and
torques are produced by adjusting the rotor speeds, which

are controlled via the supply voltage to the DC motors. The
system operates in three control modes [3]:

e single degree of freedom (rotors controlled
independently);
e two  degrees of freedom (both  rotors

simultaneously);
e decoupled control (cross-couplings modeled and
compensated).

In every control mode, the aim is to direct the beam
along a defined path, reducing transient errors in the resulting
angles. The TRMS system, developed by feedback
instruments limited, is an example of a high-level nonlinear
system and provides a valuable platform for control studies.

A Figure 2 presents a
simplified diagram of
the TRMS. To
control TRMS two
inputs are used: u;
(applied to the main
rotor) and u, (applied
to the tail rotor).
Dynamic  couplings
between two motors

o

P

> 3 / . are  the  most
o Fig. 1. important feature of

The general view of the TRMS [23] the TRMS system.

The position beams are measured by incremental encoders,
which deliver a relative position signal [28] Therefore,
whenever real-time TRMS simulation is executed, it should
not be forgotten that setting the proper initial conditions is a
critical issue.

U . 0
—p| Pitch rotor | Main path pitch

—| Cross path from pitch

—p|{ Cross path from yaw
“2 50 vaw rot 9
—»| Yaw rotor > Main path yaw

Fig. 2. Diagram of TRMS functions

Modeling and analysis. The modeling requires four
linear models: two describing the main dynamic paths
from u, to ¢ (pitch) and from u, to € (yaw) and two
additional models for the cross-coupling dynamics, from
u) to @and from u, to ¢.

The main rotor (pitch angle) equation is defined by:

B=M|~Mpp Mg, ~M,, (1

where [; is the moment of inertia of vertical plane; M is
the gross momentum of the main rotor; Mpr is the
gravitational momentum; My, is the momentum due to
frictional force; M, is the gyroscopic momentum.

The momentum is defined as follows:

M, =ayri +byry ; (2) Mpp=Mgsing> 3)
M g, = By + By, sin20)¢” 5(4) My = Ko M0 cos g (5)
where a;, b; are the static characteristic of parameter;
B,1, B, are the friction momentum function.

The torque 7; generated by the main rotor is linked
to the input voltage u; and is can be represented by the
following transfer function:

Ky
(5 e |
s +Tho

(6)

Enexkmpomexnixa i Enexmpomexanixa, 2026, Ne 1

39



where K, is the gain of the main rotor; 7', T}y are the
main rotor time constants.

In the same way, we develop the equations of the tail
rotor (yaw angle), with the moment produced by the latter
described by:

1,0=My-Mpy-Mp, @)
where I, is the horizontal rotor moment of inertia; M, is
the tail rotor’s gross momentum; Mpy is the friction
momentum; My is the cross-reaction momentum:

2
M2 =ay7, +b2r2; ®)
M gy = B¢+ By psign0 ; ©)
K (Ths+1
:MM , (10)
R T s+1 1

P
where a,, b, are the static characteristic of parameters; K, is

the cross-reaction momentum gain; 7, is the cross-reaction
parameter; 7 is the cross-reaction momentum of the
parameter.

The dynamic behavior of «Motor 2» is modeled in a
manner analogous to that of «Motor 1» with the torque 7,
produced by the tail rotor being related to the input voltage
u and represented by the following transfer function:

aP (11

2T Ty 2
where T,y, T, are the tail rotor time constants; K, is the
tail rotor gain.

The main physical parameters of TRMS described in
Table 1 play a paramount role concerning the
determination of the system dynamic behavior. Besides,
these parameters are very important and useful in the
development of different control strategies for achieving
the wanted performance of the system.

Table 1
TRMS parameters [27]
Parameters and description Value
I - moment of inertia of vertical plane 0.068 kg-m2
(pitch axis)
- morpent of inertia of horizontal plane 0.02 ke-m’
(yaw axis)
a, — static characteristic of parameter 0.00135
b — static characteristic of parameter 0.0924
a, — static characteristic of parameter 0.02
b, — static characteristic of parameter 0.09
M, — gravity momentum 0.32 N-m

0.006 N-m-s/rad
0.001 N-m-s*/rad

By, — parameter of friction momentum
By, — parameter of friction momentum

B, — parameter of friction momentum 0.1 N-m-s/rad

B, — parameter of friction momentum 0.01 N-m-s*/rad

K,, — parameter of gyroscopic moment 0.05 s/rad

K; —motor 1 (pitch) gain 1.1

K, — motor 2 (tail) gain 0.8

Ty, — motor 1 denominator parameter 1.1

T1o — motor 1 denominator parameter 1

T,; — motor 2 denominator parameter 1

T,y — motor 2 denominator parameter 1

T, — cross-reaction momentum parameter 2

T, — cross reaction momentum parameter 3.5

K, — cross-reaction momentum gain -0.2
State space representation. The state-space

representation of the TRMS describes the system behavior
as a set of matrices (4, B, C, D), defining how the system
state varies with time in response to control inputs:

x(t)=A-x@)+B-u(@);,
{y(t) =C-x(t)+D-u(t), (12)

where x(7) is the state vector; u(%) is the control input. The
matrices A, B, C, D define the dynamics of the system.
The state variables include the pitch and yaw angles
together with their corresponding angular velocities. The
control vector u(?) consists of the voltages applied to the
main rotor (affecting pitch) and the tail rotor (affecting
yaw). The output vector y(f) corresponds to the measured
pitch and yaw angles [12].

The system is linearized around the equilibrium
points where ¢p=0 and 6=0, so the nonlinear components
become simpler and thus the system simpler to analyze.
The state vector x(¢) and control input #(f) for the TRMS
are delivered by:

@
0
4
U
x=(7 |; (13) u:{ } (14)
Uy
Mp
@
N
From (5), we can describe our system as
[0 0 0 0 0 1 0]
0 00 0 0 0 1
0 0 -099 0 O 0 0
A=|0 0 0 -1 0 0 0|
0 0 0,218181 0 -05 O 0
-4,70588 0 1358823 0 O —-0,088235 0
0 00 45 -50 -5 0]
o 0
0 0
1 0 QC:F OOOOOO}D:{O 0]
B=|0 0,8 01 00O0O0O 0 0 0
-035 0
0 0
0 0

LQR formulation. LQR is designed to optimize a
quadratic cost function, effectively balancing state
regulation with control effort. This makes it particularly
well-suited for intricate systems like the TRMS [9, 29].
For the TRMS, the severe cross-coupling and nonlinear
dynamics require an energy efficient control approach. In
the LQR problem, the cost function is usually given by:

o0
J = j(xTQeruTRu)dt’
0
where x is the state vector, encompassing the pitch and yaw
angles as well as their corresponding angular velocities; the
vector u indicates the control inputs that are applied to the
rotors; Q is the state-weighting matrix that is positive semi-
definite which penalizes variations in the pitch and yaw
states, in contrast R is the positive definite weighting matrix
that prioritizes the reduction of control effort [11, 25, 26].
The purpose of the LQR controller is to determine
an optimal state feedback gain matrix K, such that the
control law:

(15)
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u(t)y=—K-x(1). (16)

The matrix K results from solving the algebraic Riccati
equation, which balances state regulation (minimizing
deviations) and control effort (minimizing energy use). The
resulting K provides optimal feedback gains that stabilize
the system with high efficiency [25, 29-31].

This work applies SOA to tune the @ and R matrices
of the LQR, improving stability and energy efficiency in
the nonlinear TRMS. The new method assures improved
control performance.

Seagull optimization algorithm (SOA) is a
population-based metaheuristic proposed by Dhiman and
Kumar in 2019 and is inspired by the migratory and predatory
behaviors of seagulls [32]. Migration here refers to periodic
motion of gulls while searching for rich food sources to keep
their energy levels. During migration, all seagulls avoid any
collision with others while updating positions in accordance
with information about the best-performing individual in the
population [32, 33]. This behavior motivates the seagulls to
attack a target in a spiral path through the air. In SOA,
migration performs global exploration, and attack performs
local exploitation [33]. By integrating both behaviors, the
SOA continuously updates the positions of the seagulls to
identify the optimal solution. The SOA algorithm is
comprised of two main phases: the migration (exploration)
phase and the attack (exploitation) phase [33].

Migration phase. The migration behavior of the
seagulls involves 3 steps:

1. Collision avoidance.

2. Moving towards the best agent.

3. Convergence towards best agent.

Collision avoidance. To prevent the collision with
the neighboring seagulls, a variable A4 is used to update
the position of every seagull:

C, =A-P(1), (17)
where Cy is the position where the seagull will not collide
with another one; Py(?) is the current position of seagull;
t is the iterations number; 4 is utilized to find the new
position of seagulls.

It is updated as [32, 34].

Azfc_t‘(fc/TmaX)’ (18)
where T, is the maximum number of iterations; f. (set to 2)
is the frequency to control the variable 4 which is linearly
decreases from £ to 0.

Movement towards the best seagull. After
avoiding collisions, the seagulls move toward the best
seagull [34-38]. This behavior can be mathematically
modeled as follows:

Ms‘ =B- (Pbest(t) - P?(t)) (19)

B=2-4rd, (20)
where M; is the direction leading to the optimal location;
Pps(t) refers to the current position of the most effective
search agent; B is the movement behavior of the search
agent, which is essential for balancing exploitation and
exploration; rd is the randomly generated value that falls
between 0 and 1 [36].

Convergence towards best agent. After
determining the convergence direction, the seagull move
toward the best search agent [33, 38]:

D,=|C,+M,|, (21)
where Dy is the distance between seagulls and the best
search agent.

Attacking phase. In the second phase, after
reaching a new location, seagulls execute a spiral attack

on prey. This predatory behavior can be mathematically
modeled as follows:

P(t) = D.r X-y-z + Pbe.rt(t)a (22)
where P(f) retains the best solution; x, y, z are the spiral
components:

x =r-cosb; (23) y=rsind; (24)

z=r0; (25) r=pe”, (26)

where r is the spiral radius during the seagull’s motion,

while u and v are the correlation constants that define the

spiral shape; 6 is the angle, which is a random value
within the range of [0, 2xt] [35].

In the standard SOA, both x and v are set to 1. The
updated position of the seagull is determined using
equations (23)—(26), as illustrated:

Ps(t—"_l) = DS XYz + Pbest(t)s
where P(#+1) is the new position of the search agent.

Results and discussions. In this study, SOA was
utilized for the TRMS. The population size was set to
50 agents, which is a balance between exploration
capability and computational cost. The optimization
process was allowed to perform at a maximum of 100
iterations 71,,,=100, therefore providing sufficient time
for convergence.

The frequency control parameter f, was set as 2, and
the movement behavior parameter A started at 2 and
linearly decreased to 0 over iterations to reduce collisions
and enhance convergence. The best position Py (f) was
updated incrementally, improving the global best solution
at each iteration 4 random variable rd uniformly generated
in the range of 0 to 1 was included to maintain a balance
between exploration and exploitation by introducing
stochastic variability. In addition, collision avoiding
mechanisms and distance calculation based on the current
position of the agents and their iteration steps were
implemented to ensure an optimally balanced and effective
search process. As shown in Table 2, in open loop the
system is rapid (rise time 0.896 s), but unstable with lengthy
overshoot of 30.34 % and settling time of 65.88 s,
indicating an under damped system.

27

Table 2
Temporal characteristics for pitch response
Characteristic of | Open Classical SOA-optimized
pitch loop LQR LQR
Rise time, s 0.896 4.0069 1.2379
Settling time, s 65.88 7.3462 5.3055
Overshoot, % 30.34 1.3589 3.0618

With the classical LQR controller, the TRMS
becomes stable with a slower rise time of 4.0069 s, settling
time of 7.3462 s and smaller overshoot of 1.3589 %,
showing improved damping. The performance of SOA-
optimized is accomplished with the rise time of 1.2379 s,
settling time of 5.3055 s and controlled overshoot of
3.0618 %, achieving a balance between speed and stability.

The TRMS in open-loop yaw (Table 3) response is
very slow with a rise time of 316.18 s and a settling time
of 455.89 s, indicating severe instability. The classical
LQR controller enhances the performance significantly,
by minimizing the rise time to 0.75 s and settling time to
6.28 s, and an overshoot of 10.72 %, which shows a
minor oscillatory response. The SOA-optimized LQR
further reduces these values, the rise time coming to 0.48
s and settling time coming to 2.67 s, which shows
accelerated convergence. The overshoot is reduced to
9.71 %, indicating a damped response.
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Table 3
Temporal characteristics for yaw response

Characteristic of | Open Classical SOA-optimized
yaw loop LQR LQR
Rise time, s 316.18 0.75 0.48
Settling time, s 455.89 6.28 2.67
Overshoot, % 0 10.72 9.71

For pitch response, the SOA-optimized LQR
decreases settling time to 5.3055 s (7.3462 s for classical
LQR) with a 28 % decrease but keeps the overshoot in
control at 3.0618 %. For yaw response also, the settling
time decreases from 6.28 s to 2.67 s, a significant 57 %
decrease, with an eased overshoot 0f 9.71 %.

Figures 3, 4 illustrate the pitch and yaw angle
response of the system under 3 control modes: open-loop,
classical LQR, and SOA-optimized LQR.

Open-Loop Pitch Response
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Fig. 3. Temporal characteristics of pitch responses
under open loop (a); with LQR and SOA controller ()

Open-Loop Yaw Response
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loop and standard LQR control. Although the rise time is
slightly increased, the settling time and overshoot have been
significantly reduced, realizing a balance speed between
stability. These results validate the performance of SOA in
regulating control parameters of deeply coupled complex
MIMO systems as well as in dealing with nonlinearities.

Conclusions. Twin rotor MIMO system was
effectively controlled with an SOA-optimized LQR
algorithm, demonstrating improved dynamic response
(pitch settling =28 % faster; yaw =57 % faster vs classical
LQR) and enhanced stability compared to open-loop
(overshoot =3 % vs 30 % open-loop pitch) and standard
LQR control strategies.

This research proposed a new contribution by
combining the seagull optimization algorithm with
systematic parameter space exploration, adding a new
reference for adaptive control of dynamic systems. The
limited trade-offs observed in this study indicate potential
for future progress.

Future research might focus on real-time
implementation, addressing computational complexity
and robustness against external disturbances, in order to
enable reliable experimental applications.
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Q.B. Nguyen, X.C. Nguyen
Finite-time robust position tracking control for DC motors under uncertain dynamics

Introduction. This study proposes a finite-time robust control law for position tracking of a DC motor under conditions of model
uncertainty and external disturbances. The motor operates through a pulse-width modulation (PWM) unit and an H-bridge power
circuit, aiming to achieve finite-time position tracking while minimizing the effects of model uncertainties and external disturbances.
Problem. The main challenge lies in achieving accurate and rapid position and speed regulation for the DC motor while maintaining
high performance, despite model inaccuracies and external disturbances. The goal of this paper is to design a robust finite-time position
tracking control law for a DC motor based on the differential geometric approach, ensuring high tracking accuracy and control
efficiency in the presence of disturbances and parameter uncertainties. Scientific novelty. The integration of finite-time control based on
a virtual system, diffeomorphism transformation, and disturbance compensation introduces an innovative solution for DC motor position
tracking under incomplete modeling and external perturbations. Methodology. The study employs the differential geometric method to
construct a virtual system with finite-time characteristics and uses Lyapunov theory to prove global stability in the presence of
uncertainties and disturbances. A finite-time virtual system is proposed after analyzing the incomplete dynamic model of the DC motor.
Results. To validate the proposed approach, MATLAB simulations were conducted and compared with a conventional sliding mode
controller. The results demonstrate improved settling time and robustness of the proposed method in DC motor position tracking. The
findings confirm that the proposed controller provides intuitive and precise control, accurate position tracking, and enhanced
performance regulation. It also exhibits strong robustness against model uncertainties and external disturbances. The practical value of
the proposed method is considerable, as it offers a reliable and efficient position control scheme for DC motors using PWM. The method
ensures precise position control and robust performance under varying conditions and external interferences, making it well-suited for
real-world DC motor control applications. References 23, tables 1, figures 12.

Key words: DC motor, finite-time control, sliding mode control, diffeomorphism transformation, differential geometric method.

Bemyn. 'Y oocniosicenni npononyemocsi pobacmuuti 3aKOH KepyBaHHA 3i CKIHYEHHUM HAcOM Ol GIOCMEICEHHSI NOJNOINCEHHS OBU2YHA
NOCMILIHO20 CIMPYMY 8 YMOBAX HEGUZHAUEHOCH MO0 Ma 306HIHIX 30ypetb. [leueyn npayroe yepes 610K WupomHO-iMIYIbCHOT MOOYIAYIT
(PWM) ma cxemy srcuenenuss H-nodibnozo mocma, mMemoro 4020 € 00CASHEHHs1 6I0CMENCEHHS NOJIONCEHHS! 31 CKIHYEHHUM YACOM, MIHIMIZVIouU
6nue HegusHaueHocmetl Mooeni ma 306Hiunix 30ypens. Ilpoonema. Ocnoena npobiema nonseac 6 OOCAHEHHI MOYHO20 MA WEUOKO2O
De2YNIoBanHs NONONCEHHS MA WEUOKOCH 08USYHA NOCMITHO20 CIMPYMY, 30epiearoyu npu YbOMY 6UCOKY NPOOYKIMUGHICIb, HE36ANHCAIOYU HA
Hemoynocmi mMooeni ma 306HiwHi 30ypenns. Memoro pobomu € po3pobka pobacmHo20 3aKOHY KepYBaHHs GIOCHMENCCHHAM NON0JICEHHS
0BUSYHA NOCMITIHO20 CIPYMY 31 CKIHUEHHUM YACOM HA OCHOSI OUpEPEHYIaIbHO-2e0MEMPUUHO20 NIOXOOY, WO 3a0e3nedye 6UCOKY MOUHICHb
8i0cmediceHHss ma eghekmugHicmes Kepyeanis 3a HaseHocmi 30ypeHb ma Hesusnauenocmeli napamvempis. Haykoea noeusna. Inmezpayis
KepyBanHs 3i CKIHUEHHUM YaCOM MHA OCHOBI GIPMYanbHOi cucmemu, nepemeoperHs Ougeomopizmy ma Komnencayii 30ypeHs npononye
iHHOBaYilIHe pilieHHs 0N BIOCMEIHCEHHST NOIONCEHHsL OBUSYHA NOCMILIHO2O0 CMPYMY 30 HENOBHO20 MOOETIOBAHHS MA 306HIUHIX 30)PeHb.
Memooonozia. Y Oocniodcenni 8UKOpUCMOBYEMbC OupepeHyianbHo-2eOMempuyHuil Memoo 01 nobyo0osu GipmyanbHoi cucmemu 3
Xapakmepucmukamu 3i CKiHUeHHUM Yacom ma meopist JIanyHoea 0iist 008e0eHHs1 2100aNbHOT CIMIUKOCMI 30 HASIBHOCMI HeGU3HAYeHOCmell ma
30ypens. 1licnsa ananizy HenoeHol OUHAMIUHOT MOOeT J8U2YHA NOCMIIHO20 CIMPYMY 3anpPONOHOBAHO GIPMYATLHY CUCIEMY 3 CKIHYEHHUM
uacom. Pezynomamu. /[ns nepesipku 3anpononoéano2o nioxody 6yno npogedero mooemosanns 6 MATLAB ma nopisnano 3i 36uuaiinum
KOHMPONEPOM K083H020 pedicumy. Pezynbmamu demoncmpyromes nokpaweHuli 4ac 6CMaHoenenHs ma Cmitikicms 3anponoHOBaH020 Mmooy
8I0CMECEHHS NONIOAHCEHHA 08USYHA NOCMILIHO20 cmpymy. Ompumani 0aui NiOMeepo’CyoNb, WO 3aNPONOHOBAHUL KOHMPOep 3a0e3neyye
iHmyimueno 3po3ymine ma moune KepyeaHHs, MoyHe 6I0CMedICeH sl NONOJICeH s MA NOKpawjene pezyriosantis npooykmueHocmi. Bin maxooic
0eMOHCMPYE BUCOKY CITUKICIb 00 HegUHaUeHOCHell MoOen ma 3068HiuHIX 30ypetb. IIpakmuuna 3nayumicme 3anponoHo8anoeo mMemooy €
3HAUHOIO, OCKINbKU BiH NPONOMYE HAOWIMY MA epeKmueHy cxemy KepyBaHHs NONOJCEHHAM ON OBUSYHIE ROCMILHO20 CMpYyMy 3
suropucmannsim PWM. Memoo 3abesneuye moune kepysantst NOJONCSHHSIM Ma CMILKY pOOOmMY 3a PI3HUX YMO8 MA 306HIUHIX NEPEUKO0, WO
Pobumb 11020 00Ope NPUOAMHUM OJist PEATIbHUX 3ACIMOCY68AHb KePYBAHHA 08USYHaMU nocmiinozo cmpymy. bion. 23, Tabn. 1, puc. 12.

Kniouogi cnosa: TBUTYH NOCTIHHOTO CTpyMy, KiHIleBe KepyBaHHsl, KOB3HHIi peskMM KepyBaHHsl, Iu(eoMop(He TNepeTBOPEHHs,
qudepeHIiaIbHO-TeOMEeTPUYHMIA MeTO.

Introduction. A DC motor has been widely applied
in various fields such as robotics, servo systems,
biomedical devices, and embedded systems due to its
simple structure, ease of control, and low cost [1, 2].
However, achieving precise control of DC motors remains
a significant challenge because of their strong nonlinear
characteristics, parameter uncertainties (such as friction,
inductance, and back electromotive force), and external
disturbances including load variations or dead zones [3].
In particular, for small-scale DC motors driven by pulse-
width modulation (PWM), direct measurement of the
armature current is often difficult, which highlights the
need for developing control strategies based on
incomplete or uncertain models [4].

Over the past decades, numerous control approaches
have been proposed to improve the trajectory-tracking
performance of DC motors. However, the conventional
PID control method cannot accurately capture the dynamic

variations of motor excitation [4, 5]. Consequently, with
the growing interest in nonlinear systems, a wide range of
control theories and techniques related to nonlinear
dynamics have been employed to address DC motor drive
control problems, such as backstepping control [3], sliding
mode control (SMC) [6, 7], adaptive control [8, 9], fuzzy
control [2, 10], neural network-based control [11], and
robust control [12]. In studies [13-15], several
optimization-based methods were proposed for tuning
controller parameters using nature-inspired optimization
algorithms, aiming to minimize steady-state error and
shorten the transient response. However, these studies did
not consider the finite-time response of the system and
were limited to ensuring only asymptotic stability.

The finite-time control technique [16-19] offers
significant advantages, including rapid response,
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predefined convergence time, and strong robustness
against disturbances. The application of finite-time
control in tracking problems has yielded remarkable
results. In many practical cases, DC motors require real-
time control, and the system must achieve stability within
a short period. Therefore, employing finite-time control
techniques for DC motors under disturbances and model
uncertainties has attracted considerable attention from
researchers seeking to enhance control performance. In
[16], a controller was developed to ensure that the
transient motion process is almost completed within a
predetermined finite time, after which the desired
trajectory is tracked with a specified precision. In [17], a
novel finite-time disturbance observer was proposed for
trajectory tracking of DC motors with model uncertainties
and exogenous disturbances. The application of finite-
time control has also produced impressive results in
electromechanical systems with DC motor actuators, as
reported in [18, 19]. Furthermore, studies [20-23] have
introduced an approach to control law design based on the
diffeomorphic control method. This method utilizes
geometric transformations to map the actual system into a
simplified virtual system, enabling the design of a control
law that ensures the real system states are embedded into
a desired invariant manifold [20]. The main advantage of
diffeomorphic control lies in its flexible design
framework, which can be readily extended to various
nonlinear systems, allowing the designer to specify
desired manifold properties directly.

Purpose and objectives of the article. This paper
proposes a synthesis technique for a finite-time robust
control law based on geometric control theory. The
approach involves constructing a virtual system with both
asymptotic and finite-time stability properties and
establishing a diffeomorphic transformation between the
real and virtual systems to derive the control law. The
proposed control law ensures the equivalence of dynamic
properties between the real and virtual systems, meaning
that the real system also achieves finite-time stability. To
guarantee the robustness of the control system under
model uncertainties and external disturbances, a
disturbance compensation component is incorporated. A
Lyapunov-based stability analysis is then carried out to
rigorously prove the global finite-time robust stability of
the overall system.

1. System description and modeling.

1.1. Experimental setup and operating principle.
The study of the motor control algorithm was conducted
on an experimental system. Figure 1 illustrates the
connection diagram of the motor control model based on
a microcontroller platform. The experimental setup for
DC motor position control was developed in the Control
Systems Laboratory at Le Quy Don Technical University
and serves as the research object.

The nominal parameters of the motor were
approximately determined through measurements and the
manufacturer’s datasheet. The YFROBOT Metal
Gearmotor GA25 operates at a 12 V DC supply and is
equipped with a 34:1 gearbox, which increases torque
while reducing rotational speed. Additionally, a Hall-
effect encoder is directly mounted on the motor shaft to
provide position feedback.

13 CPR Encoder
Hal Q

7

BTS7960 Motor
Driver

Embedded board
STM32F4 DIS

YFROBOT Metal
Gearmotor GA25 12V

Fig. 1. Block diagram of the experimental DC motor control setup

The embedded controller is implemented on an
STM32F411 microcontroller. The microcontroller acquires
the motor shaft’s angular position through a 13-CPR Hall-
effect encoder, whose signals are read via the built-in
external interrupt interface. The rotational speed of the
motor shaft and the control algorithm are executed within
the embedded software. The control signal is generated in
the form of PWM using the microcontroller’s internal timer
and transmitted via GPIO to the BTS7960 motor driver
module, enabling the motor to rotate precisely to the
desired position.

1.2. Nonlinear mathematical model of the DC
motor. The schematic diagram of the DC motor is shown
in Fig. 2, where R is the armature resistance, L is the
armature inductance, v is the applied voltage, i is the
armature current, e is the back electromotive force (back
EMF), Jy, = J + AJ is the load moment of inertia, J is the
nominal inertia, 4J represents its bounded variation, B is
the viscous friction coefficient, 7 is the electromagnetic
torque generated by the motor, 6 is the angular position,
and o the angular velocity of the motor shatft.

Fig. 2. Model of the permanent magnet DC motor system

The dynamic equations of the DC motor, according
to [4], are expressed as

do) _

” (1);
d;([) W(t) = Ri(t) — k(1) )
799D _ ity = Beo(t)— C sen(e) +d, (1),

where k,, is the back EMF constant; k; is the motor torque
constant, C is the static friction of the motor. The
disturbance term d(¢) accounts for external disturbance
torques and model uncertainties (for example, inertia
variations AJ).

For small-scale DC motors, the control method
typically employs PWM signals applied to an H-bridge
circuit, which makes accurate and efficient current
measurement highly complex. The electrical time
constant (L/R) is typically much smaller than the
mechanical time constant (J/B). Therefore, the current
dynamics reach steady state much faster than the
mechanical dynamics. This allows the armature current i
to be considered nearly steady, meaning that i=v/R.
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Nevertheless, when operating in high-frequency or large-
angle regimes, the inductance L can influence the
transient response, and this approximation may require
further validation through experimental comparison. Let
the state variables be defined as 6=x,, w=x, and v=u. The
dynamic model of the DC motor can be rewritten in the
following form [5, 8, 10]:

X = X3
. B C k; ()
Xy =——Xy ——sgn(x,)+—u+d(1),
257X 2788 (x2) TR (0
where d(f) represents both the electrical model

uncertainties and the disturbance term d,(¢).

Assumption 1. The disturbance term d(¢) is bounded
within the interval (—D, D), where D is a positive
constant.

In this study, the DC motor is coupled to the load
through a gearbox with minimal backlash. The stiffness of
the coupling and the gearbox is assumed to be sufficiently
high, allowing the elastic effects to be neglected.
Therefore, the system can be reasonably modeled as a
single-mass electromechanical system rather than a two-
mass one. The control objective is to design a finite-time
robust position-tracking controller for the DC motor to
follow a given reference trajectory x,,(f), based on the
incomplete mathematical model (2) in the presence of the
disturbance d(z).

2. Synthesis of a finite-time robust position-
tracking control law (RFTC) for the DC motor.

2.1. Fundamentals of finite-time control theory.

Consider a nonlinear system that can be described as
follows:

x(0) = f(x(0),u), x(0)=xo, €)

where xeR, is the state vector of the system; f{0)=0. The
function f{x) is the continuous nonlinear function defined
in an open neighborhood around the origin.

Definition 1 [23]. Given an initial time ¢, a positive
constant 7, and two state sets X, and X, system (3) is said
to be finite-time stable with respect to (¢, T, Xo, X)) if

X0 eX0:>x(t):Xt, fE[fo,to-l-T], (4)
where x(f) denotes the solution of (3) starting from the
initial state x, at time f,.

Lemma 1 [20]. Assume there exists a continuously
differentiable  function V(x)eC', defined in a
neighborhood UcR" of the origin, and real constants ¢>0
and 0<a<l1 such that:

1) V(x) is positive definite on U;

2) V(x)+cV¥(x)<0, VxeU.

Then, the origin of the system is finite-time stable. The
settling time depends on the initial state x, and satisfies

V' (xo)
k(—a)

for all x, within some open neighborhood of the origin. If
U=R" and V(x) is radially unbounded (i.e., V(x) — +o as
Xx — +o0), then system (4) is globally finite-time stable at
the origin of the coordinate system.

Lemma 2. Consider the strict-feedback system
given by

Ti(xg) < (5)

Z'l =2y,

. 2p-1 Z 6
Zp = —ﬂ,Sgl’l(C'lZl +Zz)|(,’121 +Zz| & +ov ﬁ —C12p, ( )
VZ] +&
where vi>0, >0, >0, S<(0.5, 1), ¢;>0. Then, system (6)
is globally finite-time stable.
Proof. Consider the Lyapunov function

Vi =055 =05(c1z +25)°. (7)
Taking the time derivative yields
Vf = (clzl + Zz)(CIZ.I + 22) =
21 2
= (clzl + 22)(— isgn(clzl + Z2)|C121 + Z2| ﬂ ) = —A|S| ﬂ
From this, we obtain:
V2P v P <o, ®)
From Lemma 1, it follows that the virtual system
(6) is globally finite-time stable, which guarantees that
system (6) evolves on the manifold s=0. Next, it is
necessary to show that the motion on the manifold s=0
drives the system (6) states to the origin z=0.
With s=0, we have
Zp =—C171. (9)
Substituting this into (6) gives
Z1

—— .
Jo2 4 a2

Now, consider estimating the settling time of (10)
with the initial condition z,(0)=z,, and define ¢, as the
minimum time after which |z| does not exceed a
prescribed value 4.

To analyze convergence, consider the Lyapunov
function

(10)

le = —Vl

szlz, (11)

whose time derivative is
+ Cl 212 < 0 .

V:2212.1 =-2 V1 (12)

_a

Vzt +&?
From (13), it is evident that the solution of (10)

converges to the origin. Moreover, from (12) we obtain

Zl 2
V<=2 v——t¢ |72 (13)
Jo2+e?
dV Z]
A R —— T (14)
v NEmE

Integrating this inequality for ¥ evolving from V,
corresponding to the time interval from O to ¢,, yields

2 2

VZioté 21,0

» <———In|——|.
V1+Cl»\’212’0+€2 A

In classical linear control theory, the settling time ¢,
is defined as the time after which the deviation between
the instantaneous response and the steady-state value does
not exceed a specified threshold 4. The results above
demonstrate that system (6) is finite-time stable with
respect to the manifold s=0 and that the state variable z;

t

(15)
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converges to within the prescribed bound 4 in the finite
time f,, determined by the initial conditions and the
chosen value of 4.

Therefore, according to Definition 1, it can be
concluded that system (6) is globally finite-time stable.

2.2. Synthesis of a robust finite-time control
(RFTC) law based on the differential geometric
method. To design the finite-time control law u for
system (2), it is assumed that the system operates without
disturbances, i.e., d(f)=0. Based on the differential
geometric method, a diffeomorphic transformation is
established between the nonlinear system (2) and the
virtual system (6) with respect to x; Consider the
transformation z,=x,—x,,, where x,, is the desired angular
position of the motor shaft. Under this construction, the
diffeomorphic transformation is expressed as follows

Z1=X ~ Xeps

(16)

. Z

Zp=Xp—X +V]ﬁ.
V21 +&

sp
This means that z; depends only on x;. Therefore, by
substituting z, from the last equation of transformation
(16) into the last equation of system (2), and combining it
with system (6), the following control law is obtained:

Xp—X
EXZ +£sgn(x2)+)’ésp—€2v12—‘§p5
J J (212+32)L
R _
uzi{— —lsgn(clzl+22)|clzl+22|2/j1 - (17)
1 Zl
+CIV1—05—C122
2 2
(Zl +& )
The control law is acceptable only if a

diffeomorphic mapping exists between system (3), when
d(t)=0, and system (6), meaning that the Jacobian matrix
of the mapping between the two systems must be non-
singular, which implies that:

& o

1 0
ox; Ox

det| 21 2= 2" 4|%0. 18
2 o (212 o
8x1 6)62 1

According to Lemma 2, the control law (17)
guarantees that system (2), in the absence of disturbances,
achieves finite-time stability, where the settling time is
determined by the sum of the time required for the state to
reach the manifold s=0 (5) and the time ¢, (15).

To mitigate the effect of the disturbance term d(f) on
the stability and control performance of the DC motor under
control law (17), a disturbance compensation component is
further incorporated into the control law as follows:

u, :u—i—R5sgn(clzl+zz). (19)
1

Theorem 1. Under the conditions of parameters
vi>0, >0, >0, f<(0.5, 1), ¢;>0, 6>4 and Assumption 1,
the control law (19) ensures that system (2) is globally
asymptotically stable.

Proof. Consider the Lyapunov function defined in
(7). Taking its time derivative and substituting from (2),

(6), and (9), we obtain:

24-1
—ftsgn(qzl +22)|clzl +22| B _

Vi=(c1z1+23) = 20

—o0sgn(cizy +zp)+d(t)
=281 P ~|eyz) + 2,|(6 — sgn(eyz) + 25)d(0))

According to Assumption 1, if 6>D is chosen, it
always follows that ¥, <0. Consequently, system (3) is

globally asymptotically stable. The structural block
diagram of the DC motor control system employing
control law (19) is shown in Fig. 3. It is noteworthy that
the saturation blocks in the figure constrain the
controller’s voltage, considering the electromechanical
limits of both the power circuitry and the motor. This
ensures that the motor accurately and feasibly tracks the
reference trajectory.

B

=x, —Eign(x )+X, —&™, L =
S e 7’ X
o u | »
% —Asgn(cz + 2|z +o" + ' % = 5
; 2

oy,

4
1 2 2
Jz+e

X,

-Gz,

i

Xsp

Fig. 3. Block diagram of the DC motor control system

2.3. Design of the SMC law. From system (2), the
control signal must be determined so that the control
objective x;=xg, is achieved. The output tracking error of
the system is defined as:

€1 =X —xsp. (21)
The sliding surface of the controller is chosen as:
s =é+e. (22)

where y>0 is the parameter ensuring the asymptotic stability
of the sliding surface. Applying SMC theory, we obtain:

Xy —Xgp )+ y\X1 —Xgp )= —Ksgn(s), (23)
where K is the positive constant.
Hence, the SMC law is expressed as:
B C .
:ﬁ 7)62 +7sgn(x2)+xsp (24)

ki - 7(x2 _xsp )_ngn(s)

3. Simulation and experimental results.

3.1. Simulation results. To validate the effectiveness
of the proposed finite-time control law for the DC motor,
numerical simulations were carried out in the MATLAB
environment. The parameters of the motor and its load in
the mathematical model were determined from the
datasheet and through direct measurements on the physical
system, given as: J = 0.225 kg-mz; R=9.1 Q; L=6 mH;
C=0.001 N'm; B = 6.25 10° N-m-s/rad; £=6.8 N-m/A,
k, = 0.015 N-m/A. The parameters of the proposed
control law, ¢, vy, 4, £, and &, were selected to satisfy the
global stability conditions derived in the previous section.
In this study, these parameters were chosen as: c¢,=15,
vi=2, =20, =0.9, e=0.001 and 6=7. For comparison, the
parameters of the SMC were set as K=380, y=100. To
alleviate the chattering phenomenon in the control law
(24), the sign function sgn(s) was replaced by a linear
saturation function bounded within [-1, 1]. The
simulations were performed on the dynamic model of the
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DC motor (1) over a period of 10 s, under a disturbance
di(f) = 5+sin(0.05f), an additional pulse-like external
torque was applied to the load, resulting in a total
disturbance of d(¢) +9. The initial conditions of the motor
shaft were set to the origin, i.e., x;=0, x,=0.

In the first simulation scenario, the reference signal
varied over time as follows: from 0 s to 2 s, the desired
position was set to x,, = 1 rad; from 2 s to 8 s, x,, = —1 rad;
and from 8 s to 10 s, x;, = 0 rad. The simulation results
presented in Fig. 4-6 demonstrate that both control laws,
SMC and RFTC, enable the DC motor shaft to accurately
track the reference signal with negligible steady-state error.
As shown in Fig. 4, the position responses during the
transient phase reveal that the SMC controller exhibits
noticeable oscillations, a longer settling time, and a higher
overshoot compared to the RFTC controller (as
summarized in Table 1). Figure 5 shows the position
tracking errors over time, showing that both controllers
quickly eliminate the steady-state error; however, their
transient behaviors differ: SMC presents small local
oscillations around transition points, while RFTC achieves
a smoother response. The most remarkable comparison
appears in Fig. 6, where the SMC controller generates high-
amplitude control pulses at step transitions, whereas the
RFTC provides a smoother and more continuous control
signal. During the disturbance period between 3.5 s and 4 s,
the angular response, tracking error, and control voltage of
the RFTC controller clearly outperform those of SMC.
Specifically, the RFTC achieves a faster settling time —
approximately 1.25 s shorter — with less oscillation in the
control input u and lower overall energy consumption.
These findings indicate that when fast response, vibration
attenuation, and enhanced robustness and accuracy are
required, the RFTC controller proves to be more effective
and reliable than the SMC law.

1.5

-
S

P
I —x,(SMC)

—x,(RFTC)

0.5~

0 2 4 6 8 1510

Fig. 4. Position tracking response of the DC motor
using RFTC and SMC controllers (1st scenario)

e, rad. | | —— ¢, (SMC)
| | ——¢,(RFTC)
| |
1Fr----14------- ‘F fffff 4‘ fffff =
| | |
| | |
0 L _ 7:7 | |
| | |
3 3 3
-1 I I I
0 2 4 6 8 1510

Fig. 5. Position tracking error of the DC motor
using RETC and SMC controllers (1st scenario)

10 I |—uemo
; ; —u(RFIC)
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|
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| I
| |
10 B || |-
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Fig. 6. Control voltage applied to the DC motor
using RFTC and SMC controllers (1st scenario)
Table 1
Position response performance indices in the first scenario
t=(0-2)s t=(2-8)s t=(8-10)s
RFTC |SMC| RFTC |SMC| RFTC | SMC
Settling time, s| 0.5 |0.863| 0.6 |0.94 | 0.52 0.88
Overshoot, % 10 29.1 0.2 3.6 11 31

Steady-state ) 5} 4l4.10412.5.10|4.104(2.8-104.9-10~
error, rad

Variable

In the second simulation scenario, the reference signal
was defined as xg,=cos(¥)+0.3sin(0.5¢). The simulation
results presented in Fig. 7-9 demonstrate that both SMC
and RFTC control laws achieve effective trajectory
tracking performance for the DC motor. As shown in
Fig. 7, the position responses obtained using both
controllers closely follow the reference trajectory x,,.
However, during the transient period, the RFTC controller
exhibits a noticeably faster response and avoids the
oscillations observed in the SMC controller. In particular,
under external disturbances, the RFTC controller provides
superior tracking capability and converges more rapidly to
the desired trajectory. Figure 8 illustrates the position
tracking error, where both controllers achieve very small
errors that quickly converge to zero after the initial
transient phase. Nevertheless, the proposed RFTC
controller yields smaller transient errors. Remarkably,
RFTC achieves faster error stabilization with nearly no
oscillations, whereas the SMC controller still exhibits local
high-frequency oscillations during the early response stage.
The control input signals shown in Fig. 9 clearly highlight
the distinction between the two methods. The SMC
controller generates large-amplitude, abrupt control pulses
at the beginning of the response and exhibits chattering
under sudden disturbances. In contrast, the RFTC controller
produces a smoother and more continuous control signal.
This observation suggests that RFTC can effectively reduce
vibration and mechanical wear compared to SMC.

0 2 4 6 8

ts 10
Fig. 7. Position tracking response of the DC motor
using RFTC and SMC controllers (2nd scenario)

48

Enexmpomexnika i Enexmpomexanika, 2026, N¢ 1



ts 10
Fig. 8. Position tracking error of the DC motor
using RFTC and SMC controllers (2nd scenario)
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Fig. 9. Control voltage applied to the DC motor
using RFTC and SMC controllers (2nd scenario)

3.2. Experimental results. In this section, the
objective is to validate the proposed controller on a real-
time hardware setup in the laboratory, using the same
reference signals as in the previous simulations. The
experimental drive system is illustrated in Fig. 10. The
motor shaft is coupled with a flywheel-type load to
introduce additional inertia. The complete control
algorithm was implemented on an embedded STM32 board
programmed using STM32CubelDE, while data acquisition
was performed through the STMStudio software.

12V DC A
Power Supply =
s l' A
L | STM32F4-Disc
e B Board
T

<
7

-
13CPR § N ¢
,",:’T_;i Encoder Hall )\‘ T
2 - >’
2280 CAVes :
YFROBOT W % -
S GA25 Metal [
Gearmotor

o

R
=7

Fig. 10. The experimental drive system

Figures 11, 12 present the angular position responses
of the real DC motor system under the SMC and RFTC
control laws for two types of reference signals: step and
sinusoidal. The results indicate that both controllers ensure
satisfactory tracking performance; however, there are
noticeable differences in the quality of the responses. For
the step reference, both controllers enable the motor shaft
to follow the desired trajectory with negligible steady-state
error. Nevertheless, the RFTC controller achieves
significantly faster response times compared to SMC, with
settling times of approximately 0.2 s, 0.5 s, and 0.19 s for
each transition, respectively. It should be noted, however,
that the proposed controller exhibits a slightly larger
overshoot than the SMC controller. When tracking the
sinusoidal reference, the RFTC demonstrates superior

continuous tracking capability and faster recovery under
external disturbances. In contrast, the SMC controller
responds more slowly, although it still maintains acceptable
tracking accuracy. Furthermore, variations in the SMC
controller parameters can lead to oscillations around the
reference trajectory. Overall, the experimental results
confirm that the RFTC controller provides accurate and
well-damped responses in the real system, particularly
excelling in fast and smooth tracking of continuous
trajectories, while the SMC controller retains its advantage
in robustness against disturbances.

-

sp
—x,(SMC)

—x,(RFTC)

1,510
Fig. 11. Position response of the DC motor in the real system
under the 1st scenario

-

p
| ——x,(sMC)

—— x,(RFTC)

ts 10

Fig. 12. Position response of the DC motor in the real system
under the 2nd scenario

Conclusions. This paper presents a synthesis
method for a robust finite-time control law based on
differential geometry, applied to position control of a DC
motor under external disturbances. The proposed control
law guarantees finite-time stability of the system in the

presence of model uncertainties and external
perturbations. By constructing a virtual system with a
nonlinear  feedback  structure and applying a

diffeomorphic transformation, the control law is designed
such that the system state trajectories converge to a
neighborhood of the equilibrium point within a finite
time. The finite-time stability and disturbance rejection
capability are rigorously proven using Lyapunov theory.
Both simulation and experimental results, compared with
the conventional SMC under two reference signal
scenarios, demonstrate the superiority of the proposed
method. In future work, the authors plan to incorporate
observers, neural networks, and fuzzy logic to further
improve the performance and overcome the remaining
limitations of the proposed control strategy.
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An integrated series active power filter combined with a PV-battery system based on a fuzzy
logic controller to enhance power quality for various linear and non-linear loads

Introduction. Rapid capacity development and the incorporation of new loads are adding complexity to the distribution power system. As a
result, the distribution system faces additional power quality issues, particularly with increasingly sensitive equipment and distributed
generation. Problem. Modern power systems face escalating power quality degradation due to non-linear loads. Voltage disturbances (sags,
swells) and harmonic distortions directly affect the sensitive equipment, causing significant economic losses. The goal of this work is to design,
model, and evaluate series active power filters (SAPFs) integrated with energy management for an independent solar storage system, using a
multi-stage DC-DC converter. The objective focuses on mitigating voltage harmonics and grid disturbances resulting from diverse loads
(linear, non-linear, and combined) and integrating renewable energy (PV). Control is achieved through an intelligent fuzzy logic controller
(FLC) and a PI controller to ensure a stable DC voltage and reduce the total harmonic distortion (THD) of the voltage to less than 5 %.
Methodology. This study models and analyzes a unique SAPF configuration integrated with a PV-battery storage system utilizing
MATLAB/Simulink. Outcomes of the proposed control, wherever the FLC regulates the DC-link voltage reference signals utilize the
instantaneous reactive power theory. The suggested methodology entails simulation studies across four scenarios: an analysis of performance
to keep voltage components and a comparison of the proposed SAPF performance with existing research on linear, non-linear, and combined
loads. Results. Simulation results show the effectiveness of the control approach in mitigating the voltage THD level to less than 5 % under
various operating conditions that included the main supply voltage and loads, which satisfies the international PQ standards (IEEE Std. 519).
The scientific novelty lies in the combination of a new 3-phase SAPF with a PV-battery system by FLC and a cascaded DC/DC converter. This
allows effective voltage disturbance and harmonic compensation in various load situations without conventional transformers. Practical
value. This research offers a robust solution for power quality problems in modern grids, reducing losses by ensuring stable, no-distortion
power for sensitive industrial loads across varied operating conditions. References 46, tables 3, figures 19.

Key words: power quality, series active power filter, PV-battery system, fuzzy logic control, voltage disturbances, harmonic
mitigation, linear and nonlinear loads.

Bemyn. lsuoke posuiupentss nomyx#cHocmeli ma 6KoYeHHs HOBUX HASAHMANCEHb YCKAAOHIOIOMb CUCEMY PO3NOOLTY eNeKmpoeHepeil.
B pesymomami cucmema po3noodiny cmukacmucs 3 000amKoSUMU NPodIeMamu AKOCMI efleKmpoenepeii, 0cobnuso uepes dedani wymiauee
obnadnanna ma posnodineny eenepayiro. Ilpoonema. Cyuacui emepeocucmemu CMUKaOmMvcs 3i 3pOCMAIONUM NOSIPUEHHAM AKOCMI
enekmpoenepeii uepes Hemimitini Hasawmaoicenus. Konueamns Hanpyeu (npoeanu, 30iIbuieHHs) mMa  2QPMOHIMHI  CHOMEOPEHHS.
be3nocepeOnbo GNAUEAIOMb HA YYMAuee OONAOHAKHA, CHNPUYUHAIOYU 3HAYHI eKoHoMiuni empamu. Memorto pobomu € npoexmyeanms,
MOOETIIOBAHHL MA OYIHKA NOCTIO06HUX aKmusHux @itempie nomydchocmi (SAPF), inmeeposanux 3 ynpasniHuam euepeiero, O
He3aNeXHCHOT CUCmeMU COHAYHO20 HAKONUYEHHs! eHepeli, 3 6UKOPUCAHHAM Oa2amocmyneneso20 nepemeoplosaia noCMmitiHo20 cmpymy.
Mema 30cepedoicena na 3MeHwieHHI 2apMOHIK HAnpyeu ma KOAueaHb y Mepedici, Wo GUHUKAIOMb BHACTIOOK DI3HUX HABAHMADJICEHDb
(UiHIHUX, HeNHIUHUX ma KomOiHosaHnux) ma inmezpayii eioHoemoeanoi enepeii (PV). Kepysamns Oocseaemvcsi 3a 00OnOMO20H0
inmenexmyanbHo2o Konmponepa 3 newimkoio nocikoio (FLC) ma Pl-xonmponepa 0na 3abe3neuentss cmabinbhoi Hanpyeu nocmitino2o
CMpyMy ma 3MeHWeHHs 3a2aibHo20 Koeghiyienma eapmonitinux cnomeopenv (THD) nanpyeu 0o menwi nisic 5 %. Memoodonocin. Lle
docniodcenna modemoe ma auanizye yuikamwhy xonghieypayito SAPF, inmecposeany 3 cucmemoro 36epicannsi PV bamapeil,
suxopucmogyiouu MATLAB/Simulink. Pesynemamu 3anpononosanozo xepysanns, 0e FLC peeynioe cuenanu onopmoi nanpyeu aauku
NOCMIliHO20 CMPYMY, BUKOPUCTNOBYIONb MEeOopilo MUMMEBOT pPeakmusHoi NomydsicHOCHI. 3anpononosana memooonoeis GKIHAE
00CTIONHCEHHL MOOENIOBAHHA 30 YOMUPMA CYEHAPIAMU: AHATI3 NPOOYKIMUBHOCI Oid NIOMPUMKU CKIA008UX HANpy2u ma NOPIGHAHHS
sanponorosanoi npooykmuernocmi SAPF 3 icHytouumu OOCHIOXHCEHHAMU JIHIUHUX, HEIHIUHUX Ma KOMOIHOBAHUX HABAHMAIICEHD.
Pesynvmamu mooeniosanns nokasyioms egexmugHicms nioxody 0o kepyeanns y smewenti piena THD nanpyeu 0o memnw i 5 % 3a
PIBHUX pODOUUX YMO8, BKIIOUAIOUU OCHOBHY HANPY2Y JICUBNEHHS MA HABAHMAIICEHHS, WO 8iONosioac MidcHapooHum cmanoapmam PQ
(IEEE Std. 519). Haykoea noeusna nonseac 6 noeOHauHi Ho6o2o mpugasnozo SAPF 3 cucmemoro PV 6amapeii 3a donomozoro FLC ma
Kackaono2o nepemeopiosaia nocmiiinozo cmpymy. Lle doseonse egpexmusno komnencysamu KOMUEAHHA HANPpyeu ma 2apMOHIKU 8 PisHUX
cumyayisax naganmagicenis 6e3 sukopucmania 3eudainux mpancgopmamopis. Ilpakmuuna 3nauumicms. Le oocniodicenns nponomye
Haoitine piwienns Ona npobnem AKOCMI eNeKmpoeHepeii 6 CYYacHUX Mepedicax, 3MeHuLylouu empamu, 3abe3neuyiouu cmabiibHy
nomysicHicmo 6e3 cnomeopens OJisi YymIUGUX NPOMUCTIOBUX HABAHMAICEHD 34 PI3HUX yM08 excniyamayii. biomn. 46, tadn. 3, puc. 19.
Kniouosi cnosa: sikicThb enekTpoeHeprii, nocaiioBuuii akTuBHUH GinbTp MoTy:KHOCTI, cucTeMa (oToesieKTPHYHUX OaTapeii,
HeYiTKa JIOrika KepyBaHHs, 30ypeHHs1 HANIPYT'H, 3MEHILCHHs TapMOHIK, JIiHiiiHi Ta HeniHiliHI HABAaHTAKEeHHSI.

Introduction. Reliability is a crucial concept for
utility companies and their customers in general. It holds
particular significance for businesses operating in highly
competitive environments because it directly affects
profitability, a key driver in the industry. Although
electrical transmission and distribution systems have
attained a very high degree of dependability, disruptions
cannot be completely eliminated. Any distortion in the
voltage waveform can lead to operational issues with
electrical and electronic devices [1]. To ensure
uninterrupted production, users require a consistent sine
wave shape, constant frequency, symmetrical and
standard voltage value [2, 3].

The focus on improving efficiency and minimizing
variations in industrial operations has resulted in more use
of the complex equipment that is highly sensitive to
voltage disturbances, such as voltage sags, voltage swells,

interruptions, and harmonics [4]. Voltage sags are
considered the most critical, as sensitive loads are
particularly sensitive to temporary voltage changes [5]. In
some cases, these issues might result in the total stoppage
of an entire production line, especially in high-tech
industries like semiconductor manufacturing, causing
significant economic losses for affected changes [2, 6].
Traditionally, solutions to address power quality
issues relied on conventional passive filters [7]. However,
their limitations, such as fixed compensation, resonance
with source impedance, and challenges in tuning time-
dependent filter parameters, have created a demand for
active and hybrid filters [8]. Active filters offer better
compensation compared to passive filters, and when
combined with passive elements, they form hybrid filters
that provide cost-effective and optimal solutions [2, 9].
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As a result, the advancement of active filter
technology has progressed to mitigate voltage-related
power quality issues, especially in systems that include
diode bridge converters with substantial DC-link
capacitive filters [10]. Series active power filter (SAPF) is
preferred in such applications. Although series filters
efficiently remove voltage and current harmonics, they
are not optimal for ensuring zero voltage regulation at the
point of common coupling (PCC). Additionally, a series
filter to handle voltage-related concerns is more
efficacious than employing a shunt filter for better
utilization of system ratings [2, 11]. Most addressing
escalating challenges of power quality degradation in
modern electrical systems have been solved by using
FACTS devices, such as a 3-phase SAPF for power
distribution systems [7]. The impact on power supply and
quality of energy with the growing number of power
electronic devices, which are not linear in nature and can
comprise voltage deviation and harmonic distortions, is a
serious issue, and thus, the reliability and performance of
electrical distribution systems are affected [2, 12].

To mitigate the detrimental effects experienced by the
systems, the proposed architecture in this study possesses
unique characteristics and capabilities for energy
management of stand-alone photovoltaic (PV)-battery
energy storage systems integrated with the SAPF. The
objective of this cooperative control is to effectively
counteract both sag and swell voltage, as well as harmonic
distortions in load voltage, thereby ensuring superior power
quality and overall stability of the power system.

Review of the literature. The following section
reviews the most significant research works in the literature
on SAPFs and hybrid SAPF configurations for improving
PQ. As outlined in [13], the methodology analyzed fuzzy
logic-based phase-locked loops (PLLs) and linear
controllers (RST and PID) for SAPF suppression of non-
linear load voltage dips, with the most attention being given
to fuzzy hysteresis band control, where a performance
comparison with traditional techniques using higher
complexity was carried out. The work [14] proposes a
SAPF based on an adaptive fuzzy logic controller. It aims
at improving the power quality in stand-alone wind/solar
power systems by eliminating the voltage problems such as
modulation, surges, distortion, and imbalance, resulting
from non-common loads. The power sources are used to
prop up the AC side to minimize voltage distortion and to
satisfy the standard of IEEE 519-1992 as well as to
improve the use of renewable energy sources. A key
contribution of [15] is a new control strategy, fuzzy slide
mode pulse width modulation (FSMPWM), compared with
PI control, for a series hybrid active power filter to enhance
power factor. FSMPWM can reduce the total harmonic
distortion (THD) and perform better than a hysteresis
controller. Another advantage of the FSMPWM is that it
can suppress noise, standardize switching frequency, and
cope with voltage dips/spikes. This is confirmed via
MATLAB simulation based on IEEE-519 laws. The study
[16] highlighted how hybrid active power filters with
sliding mode control were capable of managing harmonic
pollution due to non-linear loads under smart grid
environment development, and support was given to active
versus passive alternatives. The work [17] confirms the
superiority of the ANFIS-based control of the SAPFs for
harmonics and voltage disturbances mitigation. By

extensive simulations and experimental tests, it is shown
that the ANFIS controller has proven superior to the
backstepping sliding mode control by minimizing the THD,
thereby increasing the power quality at the grid level. Its
robustness and flexibility make it a good candidate.
Building upon previous work, [18] developed a new
control algorithm for SAPFs in the low-voltage distribution
grid serving a voltage source non-linear load in order to use
the feeder impedance factor practically calculated via
simulation and experiment. The authors of [19] presented
an improved second-order generalized integrator controlled
series hybrid active power filter for harmonic current
suppression in 3-phase interfaces, involving PV systems
showing substantial THD drop. The results from [20]
investigated hybrid SAPFs, using an adaptive neuro-fuzzy
inference system for better power quality control in power
grid-connected systems with non-linear loads. Further
analysis by [21] studied the influence of power electronics-
generated harmonics and also confirmed in simulation as
well as measurement that shunt and SAPF can suppress
these distortions. Specifically, [22] focused on presenting
the improved quality of power by connecting SAPFs to the
proton exchange membrane fuel cell through advanced Al-
based control in both conventional and PV-integrated
distribution systems. The work [23] concentrated on SAPFs
to alleviate source-produced voltage, and the matrix pencil
method was reported as a superior method compared to
traditional methods in terms of THD reduction. In general,
these investigations constitute an important part of the work
on the advancements of SAPFs and their hybrid forms for
power quality conditioning in different electrical systems.
The proposed PV-battery system without an MV
transformer employs a multi-stage DC-DC converter and
an integrated energy management control concept [24]. A
PI controller optimizes PV DC voltage [25, 26] under
various loads.

By directly addressing the adverse impacts of non-
linear power electronics, this integrated SAPF and PV-
battery system offers a robust, efficient solution to the
growing challenges of maintaining power quality in
contemporary electrical systems.

The goal of this work is to design, model, and
evaluate series active power filters (SAPFs) integrated with
energy management for an independent solar storage
system, using a multi-stage DC-DC converter. The
objective focuses on mitigating voltage harmonics and grid
disturbances resulting from diverse loads (linear, non-
linear, and combined) and integrating renewable energy
(PV). Control is achieved through an intelligent fuzzy logic
controller (FLC) and a PI controller to ensure a stable DC
voltage and reduce the THD of the voltage to less than 5 %.

Active power filter (APF). The core operating
principle of active filtering is based on the extraction and
subsequent injection of reference signals that include
prominent harmonics at the PCC. This complex process is
executed using specialized modulation methods, including
pulse width modulation (PWM). In shunt APF
applications, source current harmonics are predominant,
whereas voltage harmonics are rather small and are not
substantially influenced by non-linear loads [27].
Consequently, numerous researchers inadvertently
employ classic SAPFs with sinusoidal voltage sources
and non-linear loads (Fig. 1), configurations typically
intended for shunt APF applications [28, 29].
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Fig. 1. Classic SAPF
Conversely, in the context of SAPFs, when

appropriately configured under linear load conditions with a
voltage source exhibiting significant harmonic distortion, the
resultant current waveform inherently mirrors the source
voltage’s harmonic profile. This phenomenon may
compromise the efficacy of reference-signal extraction
techniques, particularly in linear load scenarios [29]. To
address this challenge, a comprehensive investigation into
the applicability and robustness of extraction methodologies
within SAPF frameworks is imperative, with emphasis on
linear load configurations (Fig. 2).
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Fig. 2. Modern SAPF

The present study undertakes a rigorous analysis of
linear, non-linear, and hybrid (combined linear and non-
linear) loads conditions, while also accounting for source
voltage anomalies such as sags, swells, and significant
harmonic distortion (Fig. 3). The characteristics of SAPF
types can be clarified through the flowchart (Fig. 4).
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Fig. 3. Developed SAPF

When checking the flowchart, notice that the
advanced SAPF excels at enhancing power quality,
making it well-suited for environments with distorted

source voltage and distorted current loads. Its flexible and
precise operation effectively mitigates voltage distortion
originating from both the source voltage and the flow of
distorted current through the system’s impedance, capably
handling linear, non-linear, and combined load types. The
modern SAPF employs contemporary technology to
improve power quality and is also effective in situations
with distorted source voltage.
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Fig. 4. Flowchart characteristics of SAPFs with proposal path

It offers flexible and accurate correction of voltage
distortion caused by the distorted source voltage and
functions efficiently with linear loads. In contrast, the Classic
SAPF improves power quality but is not ideal for distorted
source voltage conditions. It specifically targets voltage
distortion resulting from distorted current flow within.

Medium-voltage grid integration of PV systems
through advanced DC-DC conversion topologies. The
escalating concerns surrounding environmental degradation
and the limitations of conventional energy sources have
propelled PV technology to the forefront of renewable
energy research and deployment. Over the past decade,
significant advancements in solar cell efficiency and
manufacturing processes have established PV power
generation as a compelling alternative and complementary
energy resource, particularly within hybrid energy systems
[25, 30]. This rapid expansion of PV adoption is further
fueled by the increasing demand for distributed generation,
highlighting the crucial role of solar energy in meeting
renewable electricity targets [31].

However, the growing integration of distributed solar
PV generation into low- and medium-voltage distribution
networks introduces a range of technical challenges. These
include alterations in voltage profiles (such as voltage rise
and imbalances), potential overloading of feeder
components, increased activity of voltage regulation
devices, voltage fluctuations, power quality degradation,
elevated energy losses, and a reduction in overall network
reliability [23, 26]. Concurrently, ongoing innovations in
PV technology have led to significant cost reductions, with
PV module prices experiencing a substantial decline (80—
85 % between 2009 and 2016) [32], further accelerating
their adoption in these years until now.

A critical component in optimizing the performance
of PV systems, particularly under varying solar irradiance
and temperature conditions, is the maximum power point
tracking (MPPT) system. Given the inherent low efficiency
of PV modules in suboptimal conditions and their non-
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linear voltage-current characteristics, an MPPT system is
indispensable for extracting maximum power output.
Usually adopting algorithms of perturb and observe for its
simple operation, the MPPT system also requires a joint
utilization DC-DC converter to behave as a control
interface [33, 34]. This converter adapts its duty cycle
according to the variations of the environmental conditions
in order to operate continuously at the MPPT [35]. There
are many different types of DC-DC converter topologies,
such as buck, boost, buck-boost, Cuk, Sepic, etc., which
individually have their own special characteristics and
limitations for the dedicated application [36, 37].

In order to efficiently control the output voltage of PV
modules and to achieve the maximum power point
tracking, it is necessary to have a DC-DC converter. This
research focuses specifically on the boost converter
topology, known for its ability to step up the input voltage
level. Boost converters find widespread application in
battery-powered systems where higher operating voltages
are required for electronic devices. The fundamental
principle of power transfer in this converter relies on the
interaction of a power switch, an inductor, a capacitor, and
a diode, with power flow managed through the switching
action of the power switch. Output voltage regulation is
achieved by controlling the duty cycle of the switch using
PWM at a fixed switching frequency [36, 38].

The increasing penetration of PV generation has
profoundly impacted power system operation. While
distributed generation offers numerous benefits, the
intermittent nature of solar resources presents challenges
for distribution system operators concerning power quality,
efficiency, and grid stability. This evolving scenario
necessitates a shift from solely focusing on active power
generation from PV systems to exploring their reactive
power capabilities for enhanced grid support and voltage
regulation. Recent research has explored generalized
optimization frameworks applicable to various distribution
networks, integrating dynamic PV control strategies [39].
The growing awareness of energy security and climate
change has further spurred the proliferation of distributed
energy resources, with PV systems gaining prominence in
low-voltage distribution networks due to their decreasing
costs and lack of moving parts [40, 41].

In the context of medium-voltage distribution
networks, DC-DC converters play a crucial role in
harnessing energy from PV panels. The standard DC
voltage for residential system between 400600 V, while
the commercial PV modules typically have voltage
limitations below 1 kV, in addition, the utility-scale PV may
go up to 1.5 kV and DC bus voltages are often significantly
higher; high step-up ratio DC-DC converters are required.

One effective approach to achieve the required high
voltage gains is through the utilization of multiple
cascaded submodules from low voltage DC (LVDC) to
medium voltage DC (MVDC). Three primary cascaded
DC-DC converter configurations exist: the input-
independent output-series (IIOS) type, the low-voltage
bus-based (LVBB) type, and the two-stage conversion
(TSC) type, as shown in Fig. 5-7 [24, 42].

The more efficient proposed multiport cascaded
converter, which includes capacitors and battery storage
groups (Fig. 8). The capacitors handle the high-frequency
ripple and the transient response. This method gives a
more efficient and reliable MVDC supply.
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Il

The proposed type of power system architecture
utilizes a PV array to charge a battery bank through a
boost DC-DC converter. This specific converter topology
is employed to step up the voltage from the PV array to
the required charging voltage of the battery. The
suggestion used batteries have a capacity of 16.5 MW
over 10 min. It can be increased if more support time is
needed. A PI controller meticulously regulates the duty
cycle of the boost converter’s switching elements. This
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closed-loop control ensures a stable and consistent DC
voltage is maintained across the battery terminals,
compensating for variations in solar irradiance and battery
state-of-charge. To construct a cascaded system, multiple
identical units, each encompassing the PV array, a boost
DC-DC converter with PI control, and a battery bank, are
connected in series. This serial connection allows for a
scalable increase in the overall system voltage output,
offering enhanced flexibility for higher voltage
applications and facilitating modular design and
maintenance. The following section will detail how the
cascaded system’s output voltage is accurately controlled
and explain the principles for determining the necessary
number of stages to achieve target voltage levels.

Control system. The control system has been split
into two stages: first, control of the DC link and reference
signal extraction using a conventional PI controller, and
second, control of the DC link stages using an intelligent
FLC. In DC link systems, voltage regulation is a critical
aspect, achievable through either external or internal DC
sources. When an internal source 1is utilized, a
supplementary control circuit becomes essential to
maintain the DC link voltage at a predefined reference,
necessitating the feedback of the V-DC value to the
controller. However, for the scope of this investigation, an
external DC source is considered. Conventional control
methodologies often face limitations in non-linear systems
due to their reliance on precise mathematical models. In
contrast, FLC offers a significant advantage by its inherent
capacity to process data characterized by uncertainty,
imprecision, and even apparent contradictions [14, 15].
FLCs emulate human-like control reasoning, diverging
from traditional controllers by obviating the need for a
rigorous mathematical model to address the inherent
vagueness and uncertainty frequently encountered in
linguistic problem formulations. Fuzzy logic demonstrates
proficiency in representing uncertain and imprecise system
knowledge, while fuzzy control enables decision-making
even with uncertain inputs or outputs, based on a set of
imprecise rules [43, 44].

The ANFIS, a hybrid intelligent control architecture,
synergistically integrates the interpretability of fuzzy
logic with the adaptive learning capabilities of neural
networks. This integration facilitates the realization of
robust, self-optimizing control frameworks. Grounded in
a Takagi-Sugeno-type fuzzy inference model, ANFIS
eliminates reliance on manual rule formulation and
expert-driven parameter tuning, thereby significantly
enhancing adaptability and operational efficiency in
complex, non-linear environments [45].

In the current work, an ANFIS creates an FLC that has
been specifically designed for seven-stage DC-link voltage
regulation. The input-output data set for training ANFIS
contains two inputs and one output. Four Gaussen
membership functions characterize both input variables. The
training error is about 3.9-10° with 50 epochs. The designed
structure of the fuzzy logic controller is depicted in Fig. 9.
This system employs two critical input variables load current
(ranging from 1.4-11.5 kA) and THD (0-22.8 %) to
generate a single control output. This output undergoes
saturation and iterative error minimization, converging to
approximately zero.
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Fig. 9 The designed structure of the fuzzy logic controller

The computed control signal dynamically
determines the minimum DC voltage amplitude, ensuring
compliance with active power demands under varying
operating conditions. This is achieved via a demultiplexer
(Demux) driven activation mechanism that selectively
engages a predefined number of cascaded power-stage
modules. The power circuit (Fig. 10) comprises seven
series-connected stages. By dynamically adjusting the
number of active stages, the system achieves precise
output voltage regulation while compensating for losses
and maintaining stability during voltage sags, swells, or
harmonic distortions.
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Fig. 10 The designed fuzzy logic controller with Demux

Control of voltage extraction. The SAPF is
connected in series with the power circuit via a transformer
with a 1:1 turn ratio. The primary elements of the SAPF are
the voltage source inverter (VSI), the DC-link, and the
control algorithm. IGBT transistors are the predominant
switching devices used in the VSI module. For this
investigation, PWM was used as the modulation method.
Under conditions where standard power equations become
invalid, Akagi theorized that instantaneous reactive power
theory (IRPT) transforms into a theoretical framework used
in a series filter, operating as a dual d—gq theory for
regulation. This theoretical framework entails the
incorporation of a current source, either at the source or
load, to ensure sinusoidal current waveforms inside the
circuit, thereby isolating harmonic content exclusively
within the voltage signal [23].
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The MATLAB/Simulink for the proposed model that
included the sample power system with the proposed SAPF,
controlled by a fuzzy logic controller is shown in Fig. 11.

Demux

Fig. 11. Control system of compensator voltage extraction

The control circuit depicted in Fig. 11 derives the
reference signal from the source voltage, which is fed into a
PLL to extract the instantaneous phase angle (wt). This
phase angle serves as the synchronization basis for
generating independent voltage sources within the system.
Subsequently, the voltages of both the independent sources
and the load are transformed from the 3-phase (ABC)
reference frame to the synchronous dq0 (direct-quadrature-
zero) reference frame using the extracted w, [46]. A
subtraction operation is then performed between the dq0
components of the load voltage and those of the
independent sources. The resulting difference, representing
the required compensation signal, is transformed back from
the dq0 frame to the 3-phase (ABC) domain.

This compensation signal addresses
distortions, mitigates voltage sag by

harmonic
injecting

supplementary voltage, or suppresses voltage swell by
subtracting excess components. These disturbances
originate from the primary power source. The
compensation process is implemented via a SAPF, which
utilizes a voltage source converter (VSC) operating under
a hysteresis PWM control strategy. The VSC is powered
by an external PV-DC link, and its switching is triggered
by the reference signal generated through the
aforementioned control steps. Compensation is injected
into the power line via a series-connected converter,
ensuring that the voltage delivered to the load remains
sinusoidal, free of distortions, and compliant with high
power quality standards.

Proposed simulation. This section presents a
computational analysis of the proposed SAPF topology
using MATLAB/Simulink. The simulation framework,
depicted in Fig. 12, incorporates the parameters detailed
in Table 1. The voltage source is configured to emulate a
distorted grid supply; the series filter block incorporates a
3-phase 1:1 isolating transformer. The controller unit
incorporates the extraction algorithm based on IRPT,
PWM generation, and a seven-stage cascaded DC-DC
converter topology. This converter, regulated by a PV
system, achieves medium-voltage levels through
operational control enabled by a demultiplexing unit for
signal routing and an FLC system, which enhances
dynamic stability and transient response.

Table 1
Simulation parameters for the proposed design

Parameters Range
Source voltage and frequency 6600 V, 50 Hz
Source impedance 0.01 mH, 0.05 Q
Coupling reactance 1 mH
Coupling capacitance with resistance | 2000 uF, 1 Q
DC link voltage (5000-13000) V
One-stage linear load SmH,1Q
One-stage non-linear load 3mH, 6 Q
Transformers 6600Y / 6600Y

A A2

L& ]

Fig. 12. Proposed SAPF in MATLAB/Simulink

To validate the efficacy of the proposed SAPF-
based extraction technique comprehensive simulations

scenarios

four
involving diverse load conditions.

were conducted across operational
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2) Second scenario. harmo 1cs compensating for nt distur b and
This assessment evaluates the SAPF effectiveness  suppressing volta tage d ops from source impedan

under high linear loads and grid harmonic distortion. FFT nalysis details the lt h own F ig. 16.
The system, using consistent voltage source FLC optimizes DC- lnk sta g sele t t maintain

properties (Table 2), undergoes a 3-step linear load (L1, voltage quality for linear loads.

L2, L3) (Fig. 15). The focus is on mitigating source
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Fig. 15. Voltage waveforms and load current scenario 2
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3) Thi d nario A fuzzy-controlled DC-link adaptation ensures

This tigatlon assesses the SAPF’s robustness  consistent perform under e treme e load demands. The
under mb dl near (Ll L2, L3) and non-linear (NLI, p ima ry f mains on mit g g ource harmo 1cs
NL2, NL3)1 ads, with consistent voltage source properties  compen g f t disturbances, and suppressing
(Table 2)(Fg17) voltage drp dby ource impe dan

It evaluates the y em’s capac ty attenuate FFT ana ly is provides detailed results (F ig. 18).
harmo ddr transi d sturban nd mitigate

voltage dr op in hi ghly mpl dtions.
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4) Fourth scenario. This section synthesizes the
preceding analyses to demonstrate the precision of the
SAPF and the accuracy of its DC-link voltage regulation
(Fig. 19). The fuzzy logic control system dynamically
selects the optimal DC-link stage by assessing load
characteristics (magnitude and type) (Table 3), and the
load voltage THD. This adaptive selection ensures

efficient and precise compensation. Collectively, the
simulations validate the SAPF’s capability to enhance
voltage quality across diverse load and grid conditions.
FLC plays a pivotal role in optimizing DC-link
dynamics, thereby ensuring both system stability and
effective harmonic suppression.
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Table 3
Load variations within the fourth scenario
Time, s Loads type
0-0.1 NL1 without SAPF
0.1-0.2 NL1 with SAPF
0.2-0.4 NL2
0.4-0.6 NL3
0.6-0.8 NL1+NL2+NL3+ L1
0.8-1 NL1+ NL2+ NL3+ L1+ L2
1-1.2 NL1+ NL2+ NL3+ L1+ L2+ L3
1.2-14 LI+ L2+1L3
1.4-1.6 LI+ L2+13

Results discussion. This study aims to evaluate the
performance of a SAPF in mitigating power quality
disturbances, including voltage sags, swells, and harmonic
voltage sources. The voltage source values over time will
be set according to the parameters listed in Table 2.

In the first scenario, the experimental results of this
scenario demonstrate a significant improvement in the
voltage waveform under non-linear load conditions
following the introduction of the successive effective
filter. The voltage stabilizing to the source value,

0.4 0.6 0.8 1 1.2
Fig. 19. Voltage waveforms and load current for the fourth scenario

s 1&

indicating successful compensation for voltage drops,
evidences this improvement (e.g., up to 3.1 % AV) at the
source without the use of SAPF (Fig. 13). Furthermore,
FFT analysis, as Fig. 14,a,b,c confirms the system’s
efficiency in managing the load voltage, with observed
THD values of 1.6 % during voltage sag, 0.41 % during
voltage swell, and 0.46 % in the presence of a harmonic
source exhibiting a 14.05 % THD

In the second scenario, the results of this scenario
demonstrate a significant improvement in the voltage
waveform with a high linear load after the introduction of
the successive effective candidate. This improvement is
evidenced by the voltage’s stabilization to the source value,
indicating successful compensation for voltage drops,
which evidences this improvement (e.g., up to 4 % AV) at
the source without the use of SAPF (Fig. 15). Moreover,
the FFT analyzer verifies that the system efficiently handles
the load voltage, according to the following detected THD:
0.09 % for voltage sag, 0.1 % during voltage swell, and
0.07 % with a load-source that injects 18.03 % THD. These
THD values are shown in Fig. 16,a,b,c.
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In the third scenario, the results of this scenario
demonstrate a significant improvement in the voltage
waveform under combined 3-stage linear and 3-stage non-
linear loads, with consistent voltage source properties
(Table 2) after the introduction of the successive effective
candidate. This improvement is evidenced by the
voltage’s stabilization to the source value, indicating
successful compensation for voltage drops, which
evidences this improvement (e.g., up to 7.22 % AV) at the
source without the use of SAPF (Fig. 17). Furthermore,
the FFT analyzer confirms the system’s efficiency in
managing the load voltage, with the observed THD
measured 3.81 % during voltage sag, 1.64 % during
voltage swell, and 0.44 % in the presence of a harmonic
source exhibiting a 15.11 % THD. These specific THD
values are visually represented in Fig. 18,a,b,c.

In the fourth scenario, this section synthesizes prior
analyses to demonstrate the efficacy of the SAPF and the
precision of its DC-link voltage regulation. This is observed
across diverse load conditions, as comprehensively presented
in Table 3 and visually depicted in Fig. 19. The FLC
dynamically determines the optimal harmonic compensation
phase, and the quality of compensation is directly affected by
the THD value. This type of adaptive control allows an
effective, highly accurate compensation that is to be held
stable below 5 % THD, in line with industry levels. Besides,
the installation of SAPF helps to reduce the voltage drop
developed across the source impedance, which in turn
enhances the overall performance of the system.

Conclusions. This paper presents a novel 3-phase
SAPF topology to address the increasing challenges of
power quality deterioration in modern electrical systems,
including electric power distribution networks. The
proposed SAPF, the sole SAPF integrated with PV-battery
energy storage, significantly enhances power quality. The
outcome is highly effective in mitigating voltage
abnormalities such as sags and swells, as well as filtering
harmonic distortions in load voltage across various load
circumstances (linear, non-linear, and mixed).

The THD values were measured well below the 5 %
over the whole frequency range, 5 % (e.g., 1.6 % during sag,
0.41 % during swell, and 0.46 % with a harmonic source for
non-linear loads), validating its efficiency. A key innovation
is using an FLC system for dynamic DC-link voltage
regulation and optimal harmonic compensation, which
eliminates the need for medium-voltage transformers. The
results confirm the SAPF’s capability to ensure enhanced
power quality, overall system stability, and proficient voltage
management even during significant voltage drops (up to
7.22 % AV) at the source without relying on conventional
SAPFs. This robust and efficient solution offers a promising
direction for maintaining optimal power quality in
contemporary electrical grids. This work provides a future
recommendation to enhance the efficiency and sustainability
of the proposed system by adding a battery management
system (BMS), which aims to precisely coordinate charging
and discharging operations among the energy storage units
(batteries). Implementing a BMS ensures a balanced
distribution of the stored energy consumption, thereby
avoiding uneven stress on individual units. Practically
speaking, this extends the operational lifespan of the batteries
(number of cycles) and improves the overall performance
and reliability of the energy storage system.
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Association smooth-pole dual open-end windings permanent magnet synchronous machine
with cascaded 2-level inverters for improved performances

Introduction. Power segmentation is an increasingly important priority in high-power industrial drive applications that utilize AC machines.
Problem. To improve the dynamic performance, reliability and power segmentation of drive systems in high-power applications (above the
megawatt range), it’s advantageous to replace a single high-power converter with several low-power converters. This principle is applied to
the combination of AC machines and inverter structures. Goal. The authors propose a novel dual open-end windings permanent magnet
synchronous machine. This machine reduces the required size of the power supply inverters while also improving dynamic performances
and lifespan. Its power supply using 2-levels cascading inverters, further enhances these performances. Methodology. For this study, the
mathematical model of the system in the Park reference frame is introduced and validated using the MATLAB/Simulink environment. First,
simulation results are presented for the proposed machine supplied by four conventional two-level inverters based on the pulse width
modulation technique. Next, the new machine is fed by four multilevel converters, with each converter consisting of two two-level inverters.
To further demonstrate the benefits of this converter structure, the authors then use a configuration with three cascaded two-level inverters.
The results demonstrate that the use of the new machine with conventional two-level inverters ensures power segmentation and improves the
quality of the voltage, stator current, and torque. Furthermore, associating this same machine with cascaded multilevel inverter structures
significantly enhances dynamic performance and reliability. The scientific novelty lies in the synergy achieved by integrating the novel
synchronous machine with the cascaded two-level inverters, enabling the system to simultaneously surpass conventional limitations in both
performance and reliability. Practical value. A simulation model of the novel dual open-end winding permanent magnet synchronous
machine was implemented to validate the superior performance achieved with cascaded multilevel inverter structures for voltage supply
compared to conventional two-level inverters. References 19, table 2, figures 17.

Key words: smooth-pole dual open end permanent magnet synchronous machine, cascaded 2-levels inverters, power
segmentation, reliability.

Bcemyn. Ceemenmayis nomysicnocmi cmae 6ce Oibud 8adiCIuGUM 3a60aHHAM Y NOMYICHUX NPOMUCIOBUX NPUBOOHUX CUCMEMAX, WO
BUKOPUCOGYIOMb MawiuHy 3minnozo cmpymy. Ilpobnema. [{na nokpawenns OuHamivHux Xapakxmepucmux, Haoitinocmi ma cecmenmayii
NOMYIHCHOCI NPUBOOHUX CUCEM ) NOMYIHCHUX YCMAHOBKAX (8Uuje Me2asamuozo Oianazony) OOYINbHO 3AMIHUMU OOUH NOMYIHCHUL
nepemeopioeay Kilbkoma Manonomysichumu nepemeoprogadamu. Lleil npunyun 3acmocogyemuvcs Ons KOMOIHAYii Mawiun 3MIiHHO20
cmpymy ma ineepmopHux cmpykmyp. Mema. Aeémopu npononyioms HO8y CUHXPOHHY MAWUHY 3 0BOMA GIOKpUMUMU OOMOMKAMU MA
nocmitinumu  maewimamu. Lla mawuna smenwye HeoOXiOHi pO3MIpu [HEEPMOpPIE JHCUGNEHHS, OOHOYACHO NOKPAWYIOUU OUHAMIUHI
Xapaxmepucmuky ma mepmin cuyxcou. Ii scusnenns i3 6UKOPUCTAHHAM 0BOPISHEBUX KACKAOHUX iHEEpMOpI6 000amKoso nioguiyye yi
xapaxmepucmuxu. Memoouka. /[na ybo2o 00cniodxcents po3pobiena MamemMamuuna Mooenb cucmemu y cucmemi koopounam Ilapka,
ska nepesipena y MATLAB/Simulink. Cnouamky npedcmaeneni pezyiomamu MoOen08aHHs OJisi NPONOHOBAHOT MAWUHY, WO HCUBUMbCSL
YomupmMa  36UHAIHUMU  OBODIGHEGUMU  [HEBEPMOPAMU HA OCHOBL Memooy WUPOMHO-IMIYIbCcHOI moodyasayii. [lomiv Hoéa Mmawiuna
3AXCUBTIOBATIACH BI0 YOMUPLOX 0ASAMOPIGHESUX NEPEMEOPI8ais, KONCEH I3 SKUX CKIA0AEMbCsl 3 080X 080pIieHesux ineepmopis. [is
nooabuol deMoHcmpayii nepesaz OAHOi CIMPYKmMypu Nepemsoprosaya asmopu SUKOPUCHOSYIoNb KOHQIZYpayiio 3 mpboma KACKAOHO
3’€OHanumu 0sopisnesumu ingepmopamu. Pesynomamu noxasyioms, wo 6UKOPUCMAHHA HOB0I MAWUNY 13 36UYAUHUMU OBODIGHESUMU
ineepmopamu 3abesneyye cecMenmayilo NOMYMHCHOCMI Ma NOKPAULYE AKICHb HANpY2u, CIMpyMy cmamopa ma Kpymnoz2o momenmy. Kpin
M020, NOEOHAHHS Y€l MAWIUHU 3 KACKAOHO 3 €OHAHUMU 6A2amopieHesUMU IHEEPMOPHUMY CIPYKMYPAMU 3HAYHO RIOBUWYE OUHAMIYHI
xapaxmepucmuku i naoiiinicmo. Haykoea nosusna nonseae 6 cumepeii, ka 00CsA2a€mbcsl 34 paxXyHOK inmeepayii HOOI CUHXPOHHOT
MAWUHYU 3 KACKAOHO 3 €OHAHUMU OB0PIGHEBUMU THEEPMOPAMU, WO 00360AE CUCMEM] OOHOYACHO Q0NAmMU MPAOUYIIHI OOMENCEHHS SIK 34
npodykmusnicmio, max i 3a naoivnicmio. Ilpakmuuna 3nauumicme. Peanizoeana imimayivina mooens HOB0I CUHXPOHHOT MAWIUHU 3
06oma GIOKpUmuMY OOMOMKAMU MA NOCMIUHUMU MASHIMAMU Ol NIOMEEPOICEHH, BUCOKUX XAPAKMEPUCMUK, WO 00CA2ArOmbCs 3d
00NOMO20I0 KACKAOHO 3 €OHAHUX 0a2amopieHesux IH8EPMOPHUX CMPYKMYP O JCUGTEHHS HANPYeU NOPIGHAHO 13 36UYAUHUMU
oeopigrnesumu ingepmopamu. biomn. 19, tadm. 2, puc. 17.

Knrouoei crnoea: TiIagkomoOJIOCHA CHHXPOHHA MAIIMHA 3 NOCTIfHMMHM Mar"iraMu Ta JBOCTOPOHHIM BiIKDUTHM BHMBOJOM,
KaCKa/lHi ABOpiBHEBi iHBepTOpPHU, CerMeHTALlisl MOTYKHOCTI, HAXIHHICTD.

Introduction. The machine-converter associations the new machine structure; it is the dual three-phase open-

are widely used in application industrial drives [1-3]. But
this association machine with conventional converter is
not without disadvantage especially in high power. To
ensure the power segmentation, the improvement the
reliability and consequently the availability of this
association inverter-machine, several researches have also
been developed. The research at the level of inverter
structures  includes cascaded H-bridge multilevel
inverters, diode clamped multilevel inverters, flying-
capacitor multilevel inverters, cascaded two-level
inverters and other structures [4-8] and in synchronous or
asynchronous machines structures, in particular the
permanent magnet synchronous machine (PMSM)
includes multiphase machines [9, 10], the multi-star
machines [11, 12], the open-end stator winding machine
[13, 14] and the multiphase open-end stator windings
machine [15]. Recently, some researchers have developed

end stator windings AC machines supplied by four
voltage source inverters [16-18]. Furthermore, this
machine offers good solution for the power segmentation
and best dynamic performance compared with classic
machine, double star machine and open-end stator
winding machine. Also, this machine increases the liberty
degrees of system drive in degraded mode.

The goal of this work is to present a novel dual open-
end windings permanent magnet synchronous machine
(DOEWPMSM). This machine is designed to improve
dynamic performance and lifetime, while reducing the size
of the required power inverters. The use of cascaded two-
level inverters improves these performances. In the first
part, the mathematical modeling of novel machine is
presented in the Park reference frame and implemented in
MATLAB/Simulink environment. In the second part, the
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proposed machine is fed by four voltage source inverters
using a pulse width modulation (PWM) technique. The
results obtained for the total harmonic distortion (THD) of
the phase-to-phase voltage, the THD of the stator current,
and the torque ripple are shown. To improve the
performance of the new machine, a combination of
cascaded inverter structures is used. In the first
configuration, two cascaded 2-level inverters are used,
while the second configuration consists of three cascaded
2-level inverters [19]. The simulation results obtained from
the cascaded configurations show significant advantages in
terms of voltage, current and torque quality.

Modeling of the smooth-pole DOEWPMSM. The
windings of this machine shifted by 0° in the (d, ¢) Park
reference (w(, 4 = w,) are represented in Fig. 1.

A
A 4, Ad
.,.
/
TVSdzrvgdzz
‘F!l V. vV i
S Squ1—VSq12 . 2
~
/\ ' 7 Asdll_vsdlz

Vsqi—Vsq S,

S

Fig. 1. Windings representation in the (d, ¢) reference frame

The relation that links the flux and the currents is:

Wsdl Ly Mg 0 0 |isdr| [y
M L 0 0 ||z
Vsd2 _ d d .sd2 N Ve )
Vsql 0 0 Lq Mq Isql 0
Vsq2 0 0 My Ly igp| [0

The voltage is related by the following matrix:

Va1 =Vsaiz | R, 0 0 0 Vsdl
Vsart =Vsaz | | 0 Ry 0 0 |hsa2 | d|Vsa2
Va1t =Vsqiz | | 0 0 Ry 0 |isqr| df|Wsql i
Vi =Va | L0 0 0 R]ig vz] (2)
0 0 —a)dq Vsl |
N 0 0 wdq} Vsd2
ogq 0 Wsql |
0 g Ysq2 |

where R; is the stator resistance; Ly = Lq = L is the stator
inductance in d, g axis for the smooth-pole synchronous
machine; M, is the mutual inductance of the stator in d|,
d, axis; M, is the mutual inductance of stator in g, ¢,
axis; y; is the flux of the permanent magnet by pole.

If the smooth-pole DOEWPMSM is supplied by
voltage sources, the mathematical current model is written
in (d, q) reference frame, and described as:

=L 8L ®

where: [1] = [ T is the state vector;

Isdl ist isql isqz]
T
Vsat1 —Vsd12

Vsaz1 =Vsda2
WV1=|Vigi1 = Veqi2
Vsq21 - Vsq22
Ve

is the control vector.

The state matrix [A4] is:

RL ~RL oy 0
>-M3; *-M} a
~RL R,L 0 Y
2 2 2 2 dq
- >-M3 I*-M] @)
o o, 0 Rl &My
dq 2 2 2 2
L —Mq L —Mq
0 Ay, _Rqu RSL
R A V- A Vi
The matrix [B] is:
L —My 0 0 0
2 22 12 1,2
-M§ IF-M;
My L 0 0 0
2 22 2 a2
18] -M; IF-Mg (5)
N 0 0 L My oy
LZ_MZ LZ_MZ L-M
d q q
0 0 —M, L ~Ddq
L2 _M2 L2 _M2 L-M
q d q

Tile electromagnetic torque of the DOEWPMSM is:

3 . .o . .
Tem = Ep((Md _Mq )(lsd2lsql + lsdllqu) +yr (lsql +lsq2)) . (6)

The drive mechanical equation is:
Cifw. (7

Case 1. Supply of the DOEWPMSM by 2-levels

inverters. The DOEWPMSM is fed by four three-phase
2-level inverters based on PWM technique (Fig. 2) with:
Vsai1, Vsarz, Vsaiz are the simple voltage of inverter A;;
Vsaz1, Vsana, Vsaxs are the simple voltage of inverter Ay;
Vsgi1, VsBi12, Vsgi3 are the simple voltage of inverter By;
Vsga1, Vspaz, Vspas are the simple voltage of inverter B,;
(Vsa11—Vsa12) is the pole voltage of inverter A;
(Vsar1—Vsap) is the pole voltage of inverter A,;
(Vsg11—Vsgi2) 1s the pole voltage of inverter By;
(Vspa1—Vsga2) is the pole voltage of inverter By;

UA = (VSAI 1—VSA12)—(VSA21—VSA22) is the phase—to—phase
voltage of machine stator winding A;

UB = (VSBl1—VS312)—(V5321—VS322) is the phase—to—phase
voltage of machine stator winding B.

The Voltages (VSAl 1—VSA12), (VSAZI_VSA22), UA
(winding A) and same simulation results for winding B
are shown in Fig. 3.

Figure 4 shows the harmonic content of the phase-
to-phase machine voltage.

Figure 5 shows the simulation results of the speed
and the torque. At time ¢ = 1 s the impact of torque
T, =180 N-m is applied.

In order to analyse the torque quality, the definition of
the torque undulations 47, by the expression is:

AT,y = Tmax —Tem 1000, (8)

em
The enlarging effect of the torque for a load torque
T, =T, is indicated in Fig. 6.
Then, the torque undulation is:

AT, :%.100%:17.5%.

T —T: = J
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Fig. 3. Pole voltages of inverters and phase-to-phase voltages of
machine stator windings A and B

Fundamental (50Hz) = 452.3 , THD= 44.27%
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Fig. 4. Harmonic content of machine voltage

The simulation results of the stator currents /;;; of the
winding A and [, of the winding B are shown in Fig. 7.

1000

o

o oz 0.4 0E o8 1 12 1.4 16 18

Fig. 5. The simulation results of the speed and the torque

250 T
Tem, N'm -
200
150
: : ts
14 15 16 18 13 2
Fig. 6. Enlarging effect of the waveform torque
a0t Isy s A
= j ) | b IRRRA P i i
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V Iz, A ) ) : ’ . ) ZOOM
| :
)” i y \
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Fig. 7. The simulation results of the stator currents
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The harmonic content of the stator current Is,, of the

winding A is shown in Fig. 8.
Fundamental (50Hz) = 29.18 , THD= 5.35%
;

I I I
I I I

08— ——r -~ - [ [ T e I n
I I I
I I I

I

|
06H---b----—-—- :7777

|

I

02H-----— -~~~} -~ — - ]»
|
0 |||||H aldLat ‘ l |

I I

| |

A L
0 50 100 150 200
Harmonic order

Fig. 8. The harmonic content of the stator current

Case 2. Supply of the DOEWPMSM by two 2-levels
inverters in cascading. To enhance the performance of
the DOEWPMSM in terms of voltage, current and torque
quality, it’s essential to supply it with a multi-level
inverter. As shown in Fig. 9, this inverter is a cascaded

configuration of two 2-level inverters [19].
Inverter Al

Ty |
Ty

Mag (% of Fundamental)

Inverter A12

Ty |
T’zd

Tu |
T’zd

- E/4

I <RICRN

3 b

Is12 (A)
1 Is13 (A) >
— E/4 —- Fig. 9.
T T ™ Two 2-levels
J % IZJ 13J inverters
Inverter All in cascading

In order to control the two cascaded 2-level
inverters, the phase disposition PWM technique was used,
as shown in Fig. 10.

v P+ -
B

Carrier 1 Vref 2 I .

Vref 3. ||og

All

o

Carrier 2

P

By v
B el SR

s

A21

A22

T23
Fig. 10. Principle of the phase disposition PWM technique

Three reference voltages with a frequency of £; and a
120° phase shift between them are compared with two
amplitude carriers. This method controls the two cascaded
inverters at input Al of stator winding A. Similarly, three
other reference voltages, shifted by 180° relative to the first
three, are compared with the same carriers to control the
two cascaded inverters at input A2 of stator winding A.
This same control principle is applied to the two cascaded
inverters located at inputs B1 and B2 of stator winding B.

Figure 11 shows the pole voltages (Vsaj—Vsarn),
(Vsax1—Vsax) and the phase-to-phase voltage U, of the stator
winding A, which have five voltage levels between phases of
the machine. The same applies to the stator winding B.

Vsau—Vsan, V
T

i
Vsa2=Vsan, V
0 T

B0 f
a00f
a00f

of
200
-400
600

181 w‘az w‘aa w‘aa 1‘35 1‘35 1:37 1:33 189 13 A
Fig. 11. The pole voltages and the phase-to-phase voltage
of the stator winding A (case 2)

The harmonic content of the phase-to-phase machine
voltage for the DOEWPMSM is shown in Fig. 12.

Fundamental (50Hz) = 451.2 , THD= 26.82%

100

[ R e

O — -~ =~ —— —m—— —m = — —— — — == — — = — — — |

Mag (% of Fundamental)

Harmonic order

Fig. 12. The harmonic content of the machine voltage

Using multi-level voltage converters to feed the
DOEWPMSM significantly improves the voltage level
and reduces its THD from 44.27 % with a conventional
inverter to 26.82 % with cascaded 2-level inverters. The
enlarging effect of the torque is indicated in Fig. 13.
Then, the torque undulation is:

193-1
AT, =123 7180 45004 = 7209,
180
= ?Tems le I I I
ao0bi R O T [
150_5 ............ I e ............. ............ ..............
100 | ] i i 1 I LS
1.4 15 18 1.7 18 14 2

Fig. 13. Enlarging effect of the waveform torque

The harmonic content of stator current is shown in
Fig. 14. Connecting the machine to two cascaded 2-level
inverters, instead of a conventional inverter, improved the
stator current’s THD from 5.35 % to 3.86 %. It also
reduced torque ripple from 17.5 % to 7.22 %.
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Fundamental (50Hz) = 25.19 , THD= 3.86%
1 T T T T T T T
| | | | | | |
D - 1 [
| | | | | | |
| | | | | | |
Bl e e e Mt St Bty Bttt
c | | | | | | |
Lo 1 ¢ e [
B I I I I I I I
| |
- T T T 1 i |
I I I H I I I
0 MMt tiw I L ) L L i
0 50 100 150 200 250 300 350 400

Harmonic order

Fig. 14. The harmonic content of the stator current

Case 3. Supply of the DOEWPMSM by three 2-levels
inverters in cascading. To demonstrate the performance
improvement gained by using cascaded 2-level inverters,
the proposed machine is also supplied by a second
cascaded multi-level inverter structure at each input (Al,
A2, Bl and B2). This structure is formed by three 2-level
inverters connected in a cascade (Fig. 15).

Converter A2
Inverter A23
| T | Ts LTy
E/6 ——
| T35 |_T’32 | T3

Inverter;A22

|_ Tas |_Tzz

e
ZE;LTB ZIE;LTH ZIJ{jLTn

L T2 gy ——

|_T’21

The enlarging effect of the waveform torque is
shown in Fig. 17.
511 L ETTTT— LTS ] T ]

11 OSSP F S PP T N 4

L1 T e TP T fo e 4

00 e [ REITEIITIe s LTI, e L 4
1.4 15 16 1.7 1.8 19 s 2

Fig. 17..Enlarging effect of the waveform torque

Then, the torque undulation is:
187.4-180
AT, _

m =80

Table 1 presents the results obtained with three
cascaded inverters, along with those from the two other
types of power supply structures. This table clearly
illustrates the advantages of the DOEWPMSM when
combined with cascaded 2-level inverters. Indeed, the use
of these cascaded structures improves stator current
quality, voltage THD and reduces torque ripple.

-100% =4.11%.

Table 1
Different results for three structures
Inverter Al | inverter 2.cascaded 3_cascaded
inverters mverters
THD voltage, % 44.27 26.82 16.42
THD current, % 5.35 3.86 1.63
AT, Yo 17.5 7.22 4.11

Assuming the machine has a total power P. Table 2
summarizes the specifications for its power supply system.
The table details the power ratings for the two cascaded
inverters, as well as the required stator current and the
voltage of the switches needed to supply the machine. This
same process is applied to all inverter modules at each of
the machine’s inputs, ensuring consistent sizing across the
entire system [19].

I Table 2
ﬂéA) 12 Is12 (A) E/6—— Sizing of the two cascaded inverters
—»1 Is13(A) Inverter Al Power Stator Switches
inverter current, A voltage, V
LT’I3 |_T’12 LT’H Inverter Al11 Pl4 1/2 VTll =FE/2
Inverter A12 P/8 12 Vi =E/4
Inverter A21

Fig. 15. Three 2-levels inverters in cascading

Figure 16 shows the pole voltages (Vsai—Vsarn),
(Vsa21—Vsaz) and phase-to-phase voltage U, of the stator
winding A. The results indicate that an increase in the
voltage level enhances the lifespan of this machine.

Vsu=Vsan. V

300

-400 b o4

1 IS 1 135 1 ‘9 It‘ 5
Fig. 16. The pole voltages and the phase-to-phase voltage
of the stator winding A (case 3)

Table 2 demonstrates that using two cascaded
inverters to supply the DOEWPMSM is not a constraint
but rather a key component of power segmentation. The
table shows that the cascaded inverter Al2 has a
significantly lower power rating P/8 than the principal
inverter A11. This finding is crucial because it indicates
that the system can be built with a smaller and more cost-
effective secondary inverter while still achieving the
benefits of a multilevel configuration.

The combination of a DOEWPMSM with cascaded
inverters provides a reliable solution for degraded-mode
operation. However, to ensure the drive system’s
continued performance, specific operational conditions
must be met in the event of an inverter failure. This
involves a precise reduction of the machine’s speed to
prevent a rise in current draw, which in turn avoids the
overheating of both the motor windings and, most
importantly, the semiconductor devices.

The characteristics of the machine are: nominal power
P =40 kW, speed 1000 rpm, stator resistance R, = 65 mQ,
stator inductance Ly = Ly= 0.655 mH, mutual inductance of
stator d; , axis My = 0.545 mH, mutual inductance of stator
q12 axis My = 0.545 mH, magnet flux y; = 0.8 Wb, inertia
moment J = 0.02 kg-m’, viscous force F =2 10~ N-m-s/rad.
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Conclusions. The novel smooth-pole dual open-end

windings permanent magnet synchronous machine
(DOEWPMSM) when associated with cascaded inverters
structures offers a significant advantage over the

conventional 2-levels inverters. The mathematical model of
the DOEWPMSM is presented and simulated in
MATLAB/Simulink. The machine is first fed by
conventional 2-level inverter and then by cascaded 2-level
inverter structures. The new machine offers such benefits:

e a good solution for power segmentation, reducing
clutter, improving the availability of the drive system, and
increasing redundancy in degraded mode compared to a
classic synchronous machine.

e When the new machine is powered by cascaded 2-level
inverter structures, it provides a better voltage level between
the machine phases. With a conventional 2-level inverter,
three levels are obtained. With two 2-level inverters in
cascading, five levels are obtained, and with three 2-level
inverters in cascading, seven levels are obtained.

e A better voltage THD. If the THD is 44.27 % with a
conventional inverter, it drops to 16.42 % when powered
by three 2-level inverters in cascading.

e A better quality of stator current. With a
conventional inverter, the THD is 5.35 %. Using three
cascaded 2-level inverters, the THD becomes 1.63 %.

e A better torque quality. The value decreases from
17.5 % to 4.11 % with three cascaded 2-level inverters.

e A reduced the DC bus voltage value of E going from
E/2 to E/6 with three cascaded 2-level inverters.

e An extended bandwidth.

In future work it is planned to experimentally confirm
the advantages of the proposed new DOEWPMSM and
powered using cascaded 2-level inverters.
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Numerical study of particles trajectories in a multifunctional electrostatic separator
powered by photovoltaic system

Introduction. Electrostatic separation is a growing technology in the recycling industry. It is an effective technology for processing
plastics and metallic materials in the form of granular mixtures or fine powders from waste electrical and electronic equipment. Problem.
Understanding the various physical phenomena occurring in the separation zone is crucial for improving the efficiency of electrostatic
separation devices. This has led to the adoption of efficient and reliable numerical models for simulating particle trajectories. The goal of
the work is to represent graphically the trajectories of two insulating charged polypropylene particles of different sizes (2 mm and 4 mm)
in the multifunctional electrostatic separator powered by photovoltaic (PV) system use a multipoint electrodes as charging device
employing numerical simulation and demonstrate its effectiveness and reliability for the study of particles trajectories by integrating PV
panels as a power source for electrostatic separators according to the recommendations of the new energy system. Methodology. Using
the Euler-Cromer method as numerical model to solve the equation of motion of the particles. This method was based on the calculation of
the electric field intensity, which is done by the COMSOL Multiphysics sofiware, which uses the finite element method (FEM). The
numerical simulation was carried out using MATLAB software by varying the voltage applied to the active electrodes of the
multifunctional electrostatic separator suggested, and the distance between them, taking into account the influence of electrostatic and
mechanical forces on the charged insulating particles as they pass through the separation zone. The results were showed that the
numerical model used is an effective and reliable tool for the study of particles trajectories. Scientific novelty of this work is to integrate
PV panels as the main low-voltage energy source at the input of the high-voltage generator supplying the electrostatic separator with an
optimal voltage of 30 kV. In addition, this numerical study has used electrostatic forces, gravitational forces, and dynamic forces
simultaneously. Practical value. The numerical simulation was contributed to a thorough understanding of various physical phenomena
occurring in the separation zone and was considered a tool to validate experimental results. References 31, tables 2, figures 14.

Key words: electrostatic separation, electric field, photovoltaic system, numerical modeling, particle trajectories, waste
electrical and electronic equipment.

Bemyn. Enexmpocmamuyna cenapayisi € mexHonoeiclo, wjo poseusacmucs 6 inoycmpii nepepobku. Lle egexmuena mexmonoeis Ons
nepepoOKuU NIACMUKY Ma Memaneeux Mamepianie y euenioi epanyib08aHux cymiwell abo moHKux NOPOWIKIG i3 6i0X00i8 eleKmpuiHo20 ma
enekmponno2o obnaouanus. Ilpoonema. Po3yminna pisnux izuunux aeuwy, wo npomikaroms y 30Hi NOOLTY, MA€ SUPILLATbHE 3HAYEHHS O
nideuwerHst epeKmMueHOCmI npUCMpois elekmpocmamuynoi cenapayii. Lle npuzeeno 0o nputiHamms eeKmueHux ma HAOIHUX YUCETbHUX
MmoOenell Onisi MOOento8ans mpaekmopiti vacmunox. Mema cmammi nonszac y epaghiunomy npedcmasierti mpaekmopii 080X i3010104UX
3apsI0ANCEHUX YACIUHOK NONINPONLIEHY Pi3HUX po3Mipig (2 mm i 4 mm) 6 6a2amo@yHKYIOHATbHOMY eeKmPOCMAmMUYHOMY CEenapamopi, wo
npayroe 6i0 ghomoenexmpuunoi (PV) cucmemu, suxopucmogyiouu 6a2amomourkogi enekmpoou K 3apsiOHUuil NpUCmpit, 3acnocogyrou
ylcenbHe MOOeOBaHH ma demMoHcmpylouu eekmusnicmo PV naneneii sk 0dcepena sicusnens Onsl eNeKmpoCmamuiHux cenapamopie
8IONOBIOHO 00 peKomMeHOayili Ho8oi enepeemuynol cucmemu. Memoouka. Buxopucmanns memoody Eivinepa-Kpomepa sik uucenvroi mooeni
07151 BUPIUEHHS PIGHAHHA PYXY YACMUHOK. [lanuti Memoo 3aCHOBAHUL HA PO3PAXYHKY HANPYICEHOCMI eeKMPUYHO20 NOA, SIKe BUKOHYEMbCS
3a donomoeoro npocpamnozo 3abesneuenns COMSOL Multiphysics, wo euxopucmogye memoo ckinuennux eremenmie (FEM). Yucenvne
MOOETOBAHHS NPOBOOWIOCS 3 BUKOPUCIIAHHAM NpoepamHo2o 3abesneuenns MATLAB wiisixom 3minu nanpyeu, wo nooaemocsi Ha aKMueHI
eneKmpoou NPONOHOBAHO20 DA2aMOPYHKYIOHATLHO20 eNeKMPOCIAMU4HO20 cenapamopa, ma GiOCmani Midic HUMU 3 YPaxyBaHHam 6HIUGY
ENeKMPOCMAMUYHUX WA MEXAHIYHUX CUL HA 3apsIOJiCeHi YACMUHKU 13011004l npu X npoxoodiceHHi uepes 30Hy nodiny. Pesynvmamu
NOKA3an, Wo BUKOPUCIAHA YUCETbHA MOOeTb € eheKMUSHUM | HAOIUHUM THCMPYMEHMoM Ol OOCTIONCEeHH MPACKMOPIL YACMUHOK.
Hayxoea nosuzna pobomu nonsizac 6 inmezpayii PV naneneii ax ocHosHoeo Ooicepena enepeii HU3bKoi Hanpyau Ha 6X00i UCOKOBONLINHO20
2eHepamopa, Wo JHCUBUMb eleKMPOCMAMUHUIL cenapamop onmumanvholo Hanpyeoio 30 kB. Kpim moeo, 6 oanomy uucenvHomy
00CTI0IHCEHH] OOHOUACHO BUKOPUCIOBYBANUCS eleKmpoCmamuyHi, epagimayitini ma ounamiuni cunu. Ipakmuyuna 3snavumicms. Hucenvhe
MOOENOBAHHS CRPUSIO 2TIUOOKOMY PO3YMIHHIO PISHUX (DI3UUHUX AU, WO 8I00Y8ar0OmMbCa 6 30Hi NOOLTY, MA PO32NAOANOCA AK THCMPYMEHM
07151 NiOmeepOdicenis ekchepumenmanshux pesynomamis. biom. 31, Tabm. 2, puc. 14.

Kniouogi cnosa: ejleKTpoCcTaTHYHA cenapalis, eJIeKTPHYHe 1oJ1e, (oToeJeKTPHYHA CHCTeMa, YHceIbHe MOAeTIOBAHHS, TPAEKTOPil
YaCTHHOK, BiIX0JH eJIEKTPHYHOI0 Ta eJIEKTPOHHOT0 00.1aIHAHHSI.

Introduction. During recent years, the world has been
experiencing a rapid pace of consumption of electrical and
electronic devices for domestic and industrial use. This pace
is due to two main factors: the remarkable technical
advances that have affected most modern devices. The
digital and electronic transformation has brought about a
radical change in the lives, businesses, relationships, and
affairs of individuals and society [1, 2]. At the end of 2022,
waste electrical and electronic equipment (WEEE) was
estimated at around 62 million tones, or an average of 7.8 kg
per capita, of which 22.3 % (13.8 million tones) was
destined for proper collection and recycling [3]. This
category of waste has caused numerous economic, social,
and environmental crises. It also occupies vast areas, which
is a source of concern for human health and a major
challenge for sustainable development [4].

Over the past 20 years, the recycling industry has
emerged as a new resource for genuine environmental

restructuring and has been embraced as a main solution in
the WEEE recycling [4, 5]. Electrostatic separation is an
efficient technique that is built into the new energy
paradigm. In addition to the electrostatic separation, there
are several other electrical separation methods used across
industries  like  electrophoresis,  electro  pulse,
dielectrophoresis, conductivity-based separation, and
magneto-electrostatic hybrid separation. It stands out for
its minimal energy consumption, low operating and
maintenance costs, and environmental friendliness, but
has drawbacks in the sensitivity of humidity and particle
surface conditions [6—8]. It is also highly efficient
compared to the other methods mentioned, and a feasible
transformation technology for plastics, and metallic
materials from WEEE, such as electric cables, and
electronic cards [9], as well as in agricultural food [10],
and mining products [11]. The WEEE recycling process
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goes through 4 original stages, which are as follows. First,
plastics and metals from WEEE are sorted according to
their type. Second, they are cut into millimeter granular
mixtures of sizes ranging from 1 to 6 mm or ground into
fine powders of sizes less than 1 mm, having the same
density and electrical conductivity [12—14]. Third, the
granular mixtures or fine powders are charged by at least
one or more electrical charging mechanisms such as
corona discharge, electrostatic induction, and triboelectric
effect. Finally, the granular or powdery mixtures are
separated in an intense electric field generated by two
electrodes coupled to a high-voltage DC power source of
opposing polarity [4].

Currently, there are many efficient and reliable
electrostatic separators that have been applied to sort the
components of granular mixtures or fine powders. These
include drum electrostatic separators [15], vertical electrode
electrostatic  separators  [16], tribo-aero-electrostatic
separators with conveyor belts [17], tribo-aero-electrostatic
separators with two rotating disks [18], free-fall electrostatic
separators [19], and multifunctional electrostatic separators
of the metal belt conveyor type [20].

The multifunctional electrostatic separator and the
free-fall electrostatic separator are two of the most
favored and useful models for sorting the parts of
electrical and electronic equipment, especially the
insulating granular particles. This is because they work
well and are reliable [19].

Utilizing numerical methods to model the separation
process plays a vital role in minimizing the need for
extensive experimental trials, as it offers deep insights
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into the associated physical phenomena. Consequently,
researchers have employed particle trajectory simulations
to investigate how different parameters impact the
efficiency and result of the separation process [2].

The goal of the work is to represent graphically the
trajectories of two insulating charged polypropylene
particles of different sizes (2 mm and 4 mm) in the
multifunctional electrostatic separator powered by
photovoltaic (PV) system use a multipoint electrodes as
charging device employing numerical simulation and
demonstrate its effectiveness and reliability for the study
of particles trajectories by integrating PV panels as a
power source for electrostatic separators according to the
recommendations of the new energy system.

The use of PV panels ensures the required voltage to
power the suggested electrostatic separator. During the
separation process, a 2 mm and 4 mm insulating particles
are charged as they pass through the charge zone by
coronal discharge generated by the multipoint
configuration with the same charge as the electrode. They
then reach the separation zone, where they are separated in
the presence of an intense electric field. This work aims to
represent graphically the charged particles trajectories
using numerical simulation, demonstrate their effectiveness
and reliability for the study of particles trajectories and
improve the efficiency of electrostatic separators.

Methods. Multifunctional electrostatic separator
description. Figure 1,a shows a design of a multifunctional
electrostatic  separator with two flexible verticals

electrodes, powered by PV system. This system powered
the separator.

1. Swing chute
2. Two DC/DC motors
3. Metallic conveyor

4. Multi-point electrode
5. Vertical electrodes

7. High voltage DC/DC converter
8. Collector

9. Variable continuous power supply
10. Scale

11. Digital voltmeter & ammeter

12. Peak voltmeter

13. Electrometer

6. PV panels 14. Computer
e , __________________________________ e T -
I L H Cr Ro
; — _ o
I' > Q —/ T .il S
N D Co Rbis
Do -C i, 3

S: S —LPE
JE<E< ;

“Boost Converter Inverter " Voltage Multiptier

" High Volrage DC-DC Converter

Fig. 1. a — multifunctional electrostatic separator with two flexible vertical electrodes powered by PV panels; b — basic electrical circuit
that explains the conversion of the low-voltage primary source of direct voltage to high direct voltage for powered the separator
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The design consists of a grounded metal belt
conveyor, measuring 1000 mm in length and 100 mm in
width. The conveyor belt is responsible for transporting the
particles in the form of homogeneous spheres deposited on
its surface to the electrical charging zone and the separation
zone. This conveyor belt is driven by two DC or three-phase
motors. These two motors are powered by an adjustable
voltage source and rotated at an appropriate speed, where
the charged particles fall into the electrostatic separation
zone. A multi-point corona electrode in the form of needles
perpendicular to the metal belt of the conveyor belt to
generate corona discharges used to charge insulating
particles. It consists of four points set 20 mm higher than the
surface of the belt. Each point is 130 mm long and 2 mm in
diameter, spaced 20 mm apart.

An electrostatic separation zone consists of two
flexible vertical electrodes in the form of plates measuring
200 mm wide and 300 mm long, separated by a distance
of 80 mm. The two electrodes can move back and forth
between them.

The corona electrode and one of the vertical
electrodes are connected to a 30 kV via a 500 V/30 kV
high voltage DC/DC converter supplied by fourteen PV
panels (Fig. 1,b). The voltages applied to the electrodes
can vary from 20 kV to 30 kV for specific applications.

The multi-point electrode generates corona
discharges that expose the insulating particles. They
acquire electrical charges of the similar sign as the
voltage applied to the corona electrode and fall into the
electrostatic separation zone. When they freely fall into
the separation zone, they are attracted to the electrode of
opposite polarity and fall into the right part of the
collector. However, the uncharged insulating particles,
located in an intense electric field at the separation zone,
fall into the middle part of the collector. The left part of
the collector remains unchanged. Three collector boxes
collect the separated insulating particles. The boxes are
divided into two compartments and constituted in the
form of a Faraday cage connected to an electrometer for
measuring electrical charges, set on an electronic scale by
measuring the mass of the separated particles.

You can record real-time information about how this
electrostatic separator is working on a computer. The
computer can record the power produced by the PV
panels (P,), the voltages applied to the two active
electrodes (V), the speed of the metal belt on the conveyor
(n,c), the number of charges on the particles (O,) and the
masses of the particles (m,).

Numerical modeling. This section involves the
numerical modeling of the PV panels that power the
electrostatic separator suggested, the electric field, the
motion of the charged particles and their trajectories in
the separation zone.

PV panel modeling. A PV panel, otherwise called a
PV module, is generally made up of a set of elementary
PV cells manufactured in the form of a thin layer of P-N
junction semiconductor. These PV cells are connected in
series and/or in parallel in order to obtain the required
current, the required voltage, and the necessary power
required to supply the load, due to the fact that each PV
cell has a low nominal power. Figure 2 presents the model
of the equivalent electrical circuit of a PV cell [21-23].

®

11

Ry £ [] R

oo
Fig. 2. The single-diode model represents the equivalent
electrical circuit of a monocrystalline PV cell

The expression of the current generated by the
single-diode PV cell is given as follows:
Lpy=1g+1,+1p,; )
Lyy=1y~14-1,=

_ Il ex /q’(va+Rs'Ipv))_l:|_va+Rs'lpv7(2)
ph—10 pC
n-k B T R D

where [, is the photocurrent of the PV cell; /; is the
current at the diode junction; I, is the current in the
resistor R,; 1, is the output current of the PV cell; I, is the
saturation current of the diode or the dark current; V,, is
the output voltage of the PV cell; R;, R, are the series and
parallel resistances of the PV cell; n is the ideality
coefficient of the cell; k3 is the Boltzmann constant; ¢ is
the electron charge; T is the temperature of the PV cell.

The following equation provides the mathematical
model for the PV panel, assuming that all the cells are
identical:

I,y =Npy-Iy—

Q'(Ns'va""(Ns/Np)'Rs'Ipv) 3)
)-1|-
n-k B T
NV (NN, )Ry 1
(N S/ N p)'Rp
where N, is the number of cells in series; N, is the number
of cells in parallel.

Electrical field modeling. This study uses a
numerical model of the electric field to study the motion
and trajectory of charged particles in electrostatic
separators. The electric field is an important and essential
factor for the electrostatic separation process. The electric
field is responsible for the charge and the motion of the
particles through the electrostatic force it generates. It is
generated by applying a high voltage to the active
electrode and the grounded electrode. To obtain the
electric field strength E, it must solve the Laplace
equation or the Poisson equation, both of which are partial
differential equations or use the COMSOL Multiphysics
software, that uses the FEM [2, 24, 25] it can be
expressed as follows:

E=-VV, 4)
where E is the electric field intensity vector; V is
the electric scalar potential. The boundary conditions
are [24]:

e The potential on the active electrode is equal to the
high applied voltage.

o The potential on the grounded electrode is zero.

o The electric field on the active electrode is equal to
the onset field strength.

Modeling the motion of charged particles and their
trajectories. While moving, particles that have been

=N, -Iy- exp(
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charged by the corona discharge used in this study are
affected by electrostatic force, gravitational force, and
aerodynamic force. When they fall freely at the middle of
the electrostatic separation zone, where there is a strong
electric field, they are subject to all of these forces [26-28].

Gravitational force F,. Any charged particle with a
mass m,, experiences a gravitational force during free fall.
The following relationship determines its value:

£ || 5
o VN )

where m,, is the mass of the charged particle, and g is the
gravitational constant (g= 9.81 m/s).

Electrostatic force F,. Any charged particle O,
located in a region of intense electric field is subject to an
electric force of attraction or repulsion. Coulomb’s law
expresses it this way:

F E. (x,
F, :|:Fel,x:|:Qp'|:Ex( y):|, ©6)
el, y y (X >y )
where O, is the charge of the charged particle, E,, E, are
the horizontal and vertical components of the electric field
vector, respectively.
Aerodynamic force F,,, Any charged particle in
the form of a homogeneous sphere of radius »r,

experiences an aerodynamic force when it rubs against the
air. The following formula gives the aerodynamic force:

Frerox 1 2 | Vx
F = T N==-Cs-p-7- . 7
aero |:F 5 pTT, VV (D

aero,y

where C; = 0.5 is the coefficient of friction; p is the
density of air; r,, is the radius of the charged particle; v,, v,
are the components of the vector of the relative velocity
of the particle.

Gravitational, electrostatic and aerodynamic forces
act on the motion of charged particles, according to
Newton’s second law. It is defined by the following
relationship [29-31]:

mp'an:ZF:Fg+Fel+Faer0’ (®)

where a, is the particle acceleration.

For represent graphically the trajectory of charged
particles, we based on the Euler-Cromer method to solve
the equation of motion numerically. This method is given
by the following relation [28]:

Vel =V, +a, - At )

Pntl = DPn +Vyg1 - AL, (10)

where v is the velocity; p is the position; At is time step.
Results and discussion. In this paper we present the
current-voltage  (I-V) and power-voltage (P-V)
characteristics of 14 PV panels by varying the solar
irradiation using the PV module characteristics (Table 1),
the evolution of the electric field in the electrical charging
zone and the separation zone (Fig. 3) through the
COMSOL Multiphysics program for two configurations
(Table 2) and the graphical representation of the trajectories
of two polypropylene insulating particles of 2 mm and 4
mm sizes in the separation zone through the Euler-Cromer
method was programmed in MATLAB by varying the
value of the voltage applied to the active electrodes and the
inter-electrode distance and by injecting the intensity of the
electric field previously obtained. The particle sizes for

which the Euler-Cromer method is most effective range
from I mm to 5 mm [2, 28].
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Fig. 3. The distribution of electric field:
a — the electric charging zone; b — the electrostatic separation zone

Table 1
PV characteristics of an ETSolar PV module
Reference ET-M572185
Maximum power P, W 185
Open circuit voltage V., V 44.6
Short circuit current /., A 5.8
Rated voltage Vypp, V 36.3
Rated current /,,,, A 5.09
Cell per module 72
Table 2
Two configurations of the inter-electrode distance
Configurations Dy, mm | D,, mm | D;, mm
Multipoint-conveyor 60 40 20
Verticals electrodes 80 95 110

PV characteristics of the ETSolar PV panels. Figure
4 shows -V and P-V characteristics of 14 ET-M572185
panels. These panels are linked in series to power the
multifunctional electrostatic separator with two flexible
verticals electrodes with a voltage of 30 kV via a high-
voltage converter DC/DC of 500 V / 30 kV. The
measurements were carried out at a temperature of 25 °C and
3 different solar radiation values (800 W/m? 900 W/m?
1000 W/m?). Each of these solar radiation values corresponds
to a maximum electrical power that the 14 panels could
provide.
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Fig. 4. -V and P-V characteristics of 14 modules
of type ET-M572185 at 25 °C

Electric field variation. Electrical charging zone.
Figure 5 depicts the electric field variation at the
conveyor generated by 4 points as a function of their
positions p, which represents the electrical charging zone
of insulating particles for an applied voltage of 30 kV and
an inter-electrode distance of 20 mm. The multipoint-
conveyor configuration allows the insulating particles to
cross the region of the intense electric field produced by
each point and acquire electric charges of the same sign as
those of the corona electrode.

Figures 6, 7 show the electric field variation at the
conveyor for 3 different applied voltages (20 kV, 25 kV,
30 kV) and 3 different inter-electrode distances for a
multipoint-conveyor configuration shown in Table 2.
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Fig. 5. Electric field variation at the conveyor
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Fig. 6. Electric field variation at the conveyor for different
applied voltages
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Fig. 7. Electric field variation at the conveyor for different distances

Electrostatic separation zone. Figures 8, 9 show the
electric field variation generated in the separation zone.
These results are for 3 values of the applied voltage of
20 kV, 25 kV and 30 kV and 3 values of the inter-electrode
distance — 80 mm, 95 mm and 110 mm. The curves show
that the electric field is uniform in this region. It is strong
and intense, with a value of 3.75-10° V/m for a 30 kV
voltage and an 80 mm distance between the electrodes.

This investigation demonstrates the importance of the
electric field process in electrostatic separators. That is
electrostatic separation requires an intense electric field of

the order of 10° V/m.
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Fig. 8. Electric field variation at the ground for different applied

voltages
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Fig. 9. Electric field variation at the ground for different distances

Trajectories of the charged particles in the

electrostatic separation zone. We illustrate in Fig. 1013
the trajectories of 2 mm and 4 mm polypropylene particle

in

the separation zone for three different values of the

voltage applied to the active electrode (20 kV, 25 kV and
30 kV) and three different distances between the
electrodes of 80 mm, 95 mm and 110 mm. These
trajectories were obtained numerically.

For the case of a variation of the applied voltage and

the distance, we can observe that the charged particle of
size 2 mm is attracted with a strong acceleration by the
opposite electrode without colliding with it. Moreover,
the other electrode repels it when its sign matches.
Indeed, the electrostatic force is dominant compared to
the gravitational force due to the lightness and small
diameter of the particle. Finally, the charged particle
gathers in the left compartment of the collector box.
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Fig. 10. 2 mm polypropylene particle trajectories for different
voltages applied at an inter-electrode distance of 80 mm

In the case of a charged particle of size 4 mm, we

can note that there is a ratio between the gravitational
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force and the electrostatic force. As expected, the
gravitational force is dominant compared to the
electrostatic force. The large-diameter charged particle
makes a slow acceleration due to the effect of
gravitational force. The deflection of the charged particle
increases proportionally to the increase in the applied
voltage while keeping the same tangent, and it collects in
the right compartment of the collector box.

Y, m ' ! T === 80 mm
==u95 mm
== =110 mm
orf - :
-
wuy
005} - -
~
» ::
¢ o
0.1 o .
n Ty
-: -
0154 . E
02 F e .
-
-
0.25 . -
=
.
03 | " g
1 1 1 1 L X', m
008 -004 0 004 008

Fig. 11. 2 mm polypropylene particle trajectories for different
distances at an applied voltage of 30 kV
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Fig. 12. 4 mm polypropylene particle trajectories for different
voltages applied at a distance of 80 mm
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Fig. 13. 4 mm polypropylene particle trajectories for different
distances at an applied voltage of 30 kV

of two

Figure 14 shows the trajectories

polypropylene particles of 2 mm and 4 mm sizes when a
voltage of 30 kV is applied and there is an inter-electrode

distance of 80 mm.
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Fig. 14. 2 mm and 4 mm polypropylene particle trajectories at
30 kV and 80 mm

Conclusions. A design of the multifunctional
electrostatic separator and the simulation results obtained in
this article allow us to formulate the following conclusions.

The integration of PV system as a power source for
electrostatic separators, and give it high priority according
the recommendation of the new energy system due to its
numerous advantages and effective contribution to
sustainable development.

The multi-point configuration used in this work has
a high efficiency for charging the insulating particles.

The numerical model based on the Euler-Cromer
method that based on the calculation of the electric field
intensity, which is done by the COMSOL Multiphysics
software, and programmed in MATLAB software, is an
effective and validated tool for the study of the particles
trajectories. The numerical simulation has provided a
profound comprehension of various phenomena that occur
in the electrostatic separation zone. It is also considered a
tool to validate experimental results.

Directions for further research may be the following:
To conduct this work experimentally in the future and
study the trajectories of conductive and nonconductive

particles in the proposed electrostatic separator.
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YK 621.319

https://doi.org/10.20998/2074-272X.2026.1.10

I'.B. besnpo3Bannux, . A. [Tymkap

BrummB ramMa-BUIIpOMiHEHHSI HA eJIeKTPUYHI Ta MeXaHiYHi BJ1acTUBOCTI Ka0esliB 00pPTOBHX cHCTeM

Bemyn. Enexmpuuni ma onmuyni kabeai 6opmosux cucmem 0isi nepedayi CueHanie MOHIMopuHzy, Kepyeants ma 36 3Ky 6ce uacmiuie
BUKOPUCIMOBYIOMbCA HA AMOMHUX eNeKMPUYHUX CMAHYIAX, 8 CUCeMaXx JIMantbHUX anapamie ma silicbkosomy sacmocyeanti. Taxi ymosu
eKCnIyamayii Xapakmepuzyomocst RIOSUWEHUM NOPIGHAHO 3 (POHOBUM Pi6HeM [OHIZYI0U020 sunpoMmiHtosants.: 6i0 10 klp y Kocmiunux
sacmocysannsix 0o 1 I'Tp 6 akmusnitl 30mi a0eprozo peakmopa. IIpoénema. Cmitixicms noaimepnoi izonsayii 0o 0ii ionizyo1uoeo sunpomi-
HIOBAHHS GUBHAYAEMbCS HA NIOCMABE MEXAHIYHUX, MENI0QI3UUHUX, (IZUKO-XIMIYHUX NOKAZHUKIG, KT 81000padicaomy JOKAIbHI Xapaxkme-
pucmuxu norimeproi izonayii enexmpuunux kabenis. Cyyachi cneyianvhi padiayitino-cmitiki OonmuyHi 6010KHA 30aMHI NPAYI06amu npu
0ii’ camma-sunpominenns 0o3u 1 MIp. 3aons 3ab6e3neuennss mexaniyHoi MiyHoCmi ma 3axucniy 6i0 80102U ONMUYHO20 BOIOKHA 8 ONMUY-
HOMY Kabelli 3acmoCco8yIOmMbCs BUCOKOMIYHI KOHCIPYKIMUBHI eleMenmu ma 2iopoghodmi 3anoeHrosayi. Mema pooomu nonseae y 6Cmano-
GNIeHHI BNIUBY 2AMMA-GUNPOMIHENHs HA HeeKpaHosani Kabeni 3 HeekpaHOBaHUMU BUIMUMY NApamyu ma OnmuyHi Kabeni 3 U3HAYEHHAM
OUHAMIKU 3MIHEHHSL eeKMPUYHUX BIACMUBOCHIEN NOTIEMUNIEHOB0 I301AYil NPOBIOHUKIE MA MEXAHTUHUX G1ACTIUBOCTHEN APAMIOHUX HUMOK
3 60003AXUCHUM NOKPUMMAM 8i0n0gioHo. Memoouka rpynmyemocsa Ha GU3HAYEHHT NOPIBHAHO 3 HEONPOMIHEHUM CIAHOM 3MIHeHHS elleK-
TPUYHOT EMHOCTIE KOJHCHO20 3 80CbMU 1301b0BAHUX NOJIeMUNEHOM NPOGIOHUKIS GUIMUX NAP MA MEXAHIYHOT MIYHOCTI HA PO3MsE Keanapo-
BUX HUMOK 3 60003AXUCHUM KOMHAYHOOM 8 3aNedHCHOCTE 6i0 no2iuneHoi 003u eamma-eunpominenns 100 klp, 200 xl'p ma 300 klp npu
06pO0Yi 3pa3Ki6 eNeKMpUHO20 MA ONMUYHO20 Kabenie 6 yemanosyi kobarem-60 (Co™). Haykoea noeusna nonseae y écmaroeneni
Kpumepito 00CASHeHH s, KPUMUYHO20 CIAHY NOJIMEPHOT noaiemunenogoi i3onayii i301606aHUX NPOGIOHUKIE Ma epeKmy GNIUBY 80003aXUC-
HO20 NOKPUMMSA 3 HAOBUCOKOIO NOIUHATLHOIO 30AMHICINIO HA MEXAHIYHY MIYHICMb apamioHux HUMOK npu Oii eamMma-eunpomiHeHHs Ha
3pAa3KU eNeKMPUUHO20 Kabemo Y 3aXUCHill NoTiMepHill 000IOHYT 3 NONIXIOPEIHIN08020 NIACMUKY A ONMUYHO20 KaDento ) 3axXUcHil 060-
JIOHYI HA OCHOBI NONIMEPHOI 8ocHecmilikoi KoMnosuyii 6ionoeiono. Ilpakmuuna winnicme xeanipikyemvcsi 0ianazonom paodiayitinoi
CMILIKOCMI KOHCMPYKMUBHUX e/leMeHmia OJisi 3a6e3neuens eKCniyamayiinoi Qynkyionamsnocmi ma egpekmusHocmi kabeiie 60pmogux
cucmenm 6 ymosax 0ii’ eamma-eunpominennsi. bion. 50, ta6m. 3, puc. 6.

Kniouogi cnosa: GopToBi cHcTeMH, HeeKPAHOBAHUI Kadelb 3 HeeKPAaHOBAHMMM BHTHMH NapaMH, ONTHYHUI Kadelb, MOTJIN-
HEHa 1032 raMMa-BUIPOMiHEHHS, MOJieTHIeHOBA 130JI511i5l, eJIeKTPMYHA €EMHICTb, apaMiaHi HUTKH, BOJA03aXMCHUIl KOMMa-

YH/I, MeXaHi4Ha MiLHICTh HA PO3TAr, pajianiiina cTiliKicTh.

Beryn. KabGeni 60pToBuX cucTeM, SIK KDUTUYHO Ba-
JKITMBI KOMITOHEHTH O€3MeKH, BiIIirparoTh BUPIMIATLHY
POJIb y MIAKIIOYEHH] Pi3HUX €JIEKTPOHHUX Ta €JIeKTPHY-
HHX CHCTEM, BKJIFOYAIOYN PAJIi0JIOKAIIHHI CUCTEMH, aBio-
HIKy, HaBiramiiiHe OOJIaJHAHHS Ta CHUCTEMH O030pOEHHS
[1-10]. OcHoBHMM mnpH3HAYCHHSM KabeniB OOpPTOBUX
cucTeM € 30ip Ta yIpaBiiHHS JaHHUMHU; PO3IOJI EJIEKTPO-
€Heprii 3 0JIHOYACHOI0 TIepelavucio JaHuX; 3a0e3meueHHs
HaJIIHHOTO Ta OE3MEeYHOro 3B’sA3KYy 3 BUCOKHAM PIBHEM 3a-
BajocTiiikocTi. Kabeni Ha OCHOBI BUTHX Tap Ta ONTHYHI
BCE YacTillle BUKOPUCTOBYIOTHCS JUIsl TIepeadl B pexuMi
pPEANBHOTO Yacy CHUTHAJIiB MOHITOPHHTY, KepyBaHHS, Ja-
HUX, 3B’5I3Ky B OOPTOBMX CHUCTEMax Ta Ha aTOMHUX €JIeK-
tpoctraniisnx (AEC) [1-14].

Tennenmii 10 MiHiaTIOpHU3aIlii MPOIOBKYIOTh BILIH-
BaTH HA BCi aCIIEKTH OOPTOBHX CHUCTEM. [HHOBAITT B eJleK-
TPOI3OJIALIMHNX MaTepianax 1 KOHCTPYKIisx KabelsiB po-
OJATH 116 MOXKJIMBUM O€3 BTpATH IPOIYKTUBHOCTI CHCTe-
MH 3aBJISIKA CTBOPEHHIO TiIOpHMAHMX KaOeliB IIJISTXOM I10-
€THAHHSI B OJTHI KOHCTPYKIIii €IEKTPUYHUX Ta ONTUIHUX.

KaGeni moBHHHI BiAMOBiAaTH TMepeiky BHMOT, TO-
B’s13aHUX 3 (DYHKIIOHAIEHIMHU XapaKTEePUCTUKAMH, PO3Mi-
pamu, Baroto. Excrutyarartifina yHKIIOHAIBHICTE KaOeIiB
y OOpPTOBHX cHcTeMax BH3HAYAETHCS CTIHKICTIO 0 BILIUBY
30BHIIIHIX Ta BHYTPIlIHIX (akTopiB. J[o mepimx Haxexath
TaKki yMOBHM eKcIUTyarallii ka0eliB, Sk TeMmIepaTrypa, THCK,
BOJIOTICTh TIOBITpPSI, HASABHICTh 30BHIIIHIX PO3TATYBAIBHUX
MeXaHIYHUX HaBaHTaxkeHb [10], XiMiyHa arpecUBHICTH 30-
BHIIITHHOTO CEpeIoBHIIA Ta BIUMB pamiamii [12]. Excrutya-
Tanis kabeniB OOPTOBHX CHCTEM XapaKTEPH3yIOThCS IMiJ-
BHIIICHHM IOPIiBHSIHO 3 (DOHOBMM pIBHEM 10HI3yHOYOTO BH-
npomintoBanHs. Tak, Ha AEC 3a HOpManbHUX yMOB €KC-
IUTyaTarlii B yMOBaX IiBHUIIEHOI TEMIIepaTypu Kabemi rep-
METHYHOI 30HH 3a3HAIOTh MOCTIHHMN BIUIMB raMma-
BurpoMiHeHHs [13—17]. 3a Mexamu pamialiiiHOro 3axXucTy
peakTopa piBeHb BUIIPOMIHEHHsI HAOJIMKAETHCS 10 (HOHO-
BOTO, TeMIleparypa — IO TeMIIepaTypyd HaBKOJIWIITHBOTO
cepenoBuiia. AepoxkocMiuHi kabemi [12] migmarotses
BIUIMBY COHSYHOI pajiamii, BKIIOYAIOYN {HTEHCUBHI COHS-

yHi cnianaxy. BificbkoBi kaberni (Jitaku, O€3MIOTHI anapa-
TH) TaKOX MOXXYTh IiJJaBaTHCS BIUIMBY IPHPOIJHOTO Ta
IITYYHOTO BHIPOMIHIOBaHHSI, BKJIIOYAIOUM sIEPHI BUOYXU
[1, 7]. PiBHI pamiamii MoxyTh KommBatucs Big 10 x['p mpu
3aCTOCYBaHHI Ka0emiB y KOCMIYHHX 3aCTOCYBaHHSX 10
1 I'Tp B akTHBHII 30Hi siHEepHOTO peakropa [17-19].

HocTranoBka nmpobaemu. loHizamiiiHi kepena eHe-
prii (mormMHEeHa 103a) MOBHICTIO BU3HAYAIOTH TIOBHOIIIH-
HUH e(eKT BIUIMBY Ha IMOJIMEpPH, IO 3aCTOCOBYIOTHCS Y
SKOCTI €JIeKTpHYHOI i30ismii kabeniB, Ta ONTHYHI KBap-
1oBi BostokHa [20-31].

VY nonimepax npu Jii 10Hi3y04Oro BUIPOMIHIOBaHHS
MPOTIKAIOTh HACTYITHI OCHOBHI MPOIIECH:

® CTBOpEHHS XiIMIYHUX 3B’SI3KiB, K Mi)K MaKpOMOJIe-
KyJIaMH, TaK 1 BCepeAnHI HUX, NECTPYKIisA i po3nmaa Mak-
POMOIIEKYJT 3 BUIUICHHSM Ta30MO0JI0HNX 1 pIIMHHUX KOM-
MIOHEHTIB, 3MiHa YHCJa 1 XapaKTepy MOIBIHHUX 3B’S3KiB
(3a HasIBHOCTI KHMCHIO) Ta IHIIMX rporeciB [23-27];

e JIOBIl JIAaHIIOTH MOXYTb 3’€IHYBaTHCS B KOPCTKI
TPBOXMIpHI CITKH (TIpoliec 3IMBaHHs) a00 PO3IIeILTIoBa-
THCSI HA MCHIII 332 PO3MIpOM MOJIEKYJIH (TIPOLIEC ACCTPYK-
ii). OOuaBa mpouecH MOXYTh BiIOyBaTHCS OIHOYACHO,
TOMY TpH TEBHiil TOTJIMHEHIN 031 BUIIPOMIHEHHS KiHIle-
Bi BIIACTHBOCTI i CTPYKTypa IOJIMEPY BH3HAYATUMETHCS
peaktieto, sika gominye [23-27].

Jlnst mostieTuineHy y Mipy 3pOCTaHHS HOTJIMHEHOI 1031
BUIIPOMIHEHHSI CIIOCTEPIraeThesl 3POCTAHHS CTYICHIO 3IIU-
BaHHS 1, OJJHOYACHO, HAKOIMYYIOTHCS ()parMEeHTH PO3Hay
MOJIEKYJIH, 10 Y CYKYITHOCTI IPU3BO/UTS JIO 3HIKEHHS Me-
XaHIYHUX BJIACTHBOCTEH 1 pyiiHyBaHHs Mmatepiaiy [25, 26].
Papiamifina JecTpyKiis MakpOMOJEKYJd HPH3BOAUTH [0
3HIDKEHHS MEXaHIYHO1 MIITHOCTI, 3pOCTaHHSA (10 BU3HAYEHOI
MeXKi) BiTHOCHOTO BHIOBXKEHHs, po3TpickyBaHHs. [loBepxHs
moJiMepy crae Jmnkoro. HeoOximHa mo3a Uit 3IIMBaHHS
nomietuneny craHoButh (200—400) k['p [28, 29]. Panpiamiitna
CTIMKICTh TTOJIBIHUIXJIOPUIHOTO IIIACTHKATy BHU3HAYAETHCS
JIOITyCTUMOIO TIOTJIMHEHOIO JI030F0 raMMa-BHIIPOMIHEHHST Ha
piBHi 500 kI'p [28] Ta BcTaHOBIIOETHCS, SIK 1 s OaraTbox
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IHIIMX TOJIMEPHHUX MarepiaiB, Ha MiJCTaBi MEXaHIYHUX,
Terogi3nuHuX, (i3UKO-XiMIYHMX MokasHUKiB [28-32]. Lli
MMOKA3HUKH BiZOOPaKAIOTh OIOCEPEIKOBAHI XapaKTECPHUCTH-
KM TOJIMEpHOT 130JsILii Ha BIAMIHY Bifl €JIEKTPUYHUX, SIKI €
OCHOBHUMH 1 HOCSATH IHTETpalbHUI XapakTep Ta BimoOpa-
JKAIOTh CTaH 130JBAIIi1 KaOeIiB B MiIOMY.

B onTuuHux kabensx y HaiOLIbIIiNA Mipi po3risiia-
€THCS BIUTUB BUITPOMIHIOBaHHSI OKPEMO Ha ONTHYHI BOJIO-
kHa [33-36]. J{ns kBapIy ONTHYHMX BOJIOKOH XapaKTepHi
OLITBII BICOKI 3HAYCHHS JJO3HM BHIPOMIHCHHS, 32 SKOI BiJ-
OyBa€eThCs MOUIKO/HKEHHS CTPYKTYPH, HOPIBHSIHO 3 MOJIi-
MepHuMHU MaTepianamu [37]. [lig miero raMmma-npoMeHiB i
HEHTPOHIB y BOJIOKHI BilOyBaeThcs 10HI3allisi MOJEKYI
KBapILy, Mirparist eJIeKTPOHIB 1 JIETYIOYHX JOMIIIOK, 3Mi-
HEHHsI TYCTHHH PO3IIOJiLy BaJEHTHHX €JIEKTPOHIB, YTBO-
proroTbest i0HU rinpokcuiay OH 3 BiIbBHOrO BOAHIO, 3’SIB-
JSAIOTHhCA pajiamiiiHi meHTpu norauHaHHA [36]. Sk Hacmi-
JIOK, 30UIBIIYIOTbCS BTPATH €JIEKTPOMArHiTHOI eHeprii
[35], TOOTO 3HMKYETHCS MOTYKHICTH ONITUYHOTO CHTHATY,
10 PO3MOBCIO/DKYETHCS Y BOJIOKHI. PamiariiiiHo-HaBeneH1
BTPATH E€NEKTPOMATHITHOI eHeprii BU3HAYarOThCS SIK KOH-
[CHTPAIII€I0 IICHTPIB MOTJIMHAHHS B caMiii MaTpuili Ha
OCHOBI OKHCI KBapIly, TaK 1 JOMIMKax (OKHCI TepMaHifo,
bochopy) [35, 36]. Lli BTpatu 3anexkarh Bij TUIY Ta €HE-
prii BHIIPOMIHEHHS, JO3W, Yacy €KCIO3WIii, JOBXHHU
XBHJII, Ha SIKiii BUMIPIOIOTBCS pajiialiiHO-HABEIeHI BTpa-
TH, TEMIEpaTypH, THITY BOJOKHA Ta TEXHOJOTii HOTo BHU-
rotoBieHHs. [licns 3akiHyeHHs Aii pajianidiHOTO BHITPO-
MIHEHHS ONTHYHI BOJIOKHA YaCTKOBO BiJHOBIIIOIOTH CBOI
BUXIJIHI BJIACTUBOCTI, 30KpEeMa, CIOCTEPIraeThCsl MOKpa-
LICHHS TIOKAa3HHUKIB HaBEICHHX BTPAT €JIEKTPOMArHiTHOI
eHepril B ONTHUYHOMY BOJIOKHI, 1[0 3yMOBJICHO pelaKcaili-
€10 pamianiianx nedexris [38].

Cri 3a3HaYUTH, 10 PaTiaiiHAN BIUIMB HE 3aBXKIU €
JIECTPYKTUBHIM, OCKUIBKH BiIOMO, IIO CHEHIAIbHI MPOBO-
1 Ta Kabeli 3 paaiallifHO-3IIUTO0 TOJIIMEPHOO 130JIS1Ti-
€10 BUPOOJISIOTHCS POMUCIIOBICTIO OaraTtbox KpaiH Ta 3a-
CTOCOBYIOTBCSI B CUCTEMaX 3B’ 3Ky, BOEHHIH, aBialiiHii Ta
KOCMIUHIH TEXHIlll, eJNeKTPOHHOMY Ta KOMII IOTEPHOMY
3abe3mnedeHi, sAepHUX ycTraHoBKax Tomio [15]. Pazom 3
THM, HEOOXIZTHO PO3YyMITH, IO JOCSATHEHHS ITO3UTHBHOTO
pamiaiitHo-CTUMYJIbOBAHOTO €(EeKTy BiIOYBa€ThCS 3a Cy-
KYIHOCTI Y3rOJUKEHNX TEXHOJIOTIYHMX YMOB: LIBHAKICTBH
Habopy 103W, TeMIlepaTypa BUIPOMIHEHHS, CHJia HaTsTy
Kabeo B IMOJi BUIPOMIHEHHS Ta iH., TOAI SIK B yMOBax
eKCIUTyaTallii 11i YUHHUKH € JOCUTh BUIIaJKOBHMH.

Po3polusitoThest crienianbHi pagialiifHO-CTIHKI on-
TUYHI BOJIOKHA Ha OCHOBI YHCTOTO OKCHIY KpeMHito 0e3
JIOMIILIOK 3 TEPMETUYHHM HEPBUHHUM MOKPHUTTSIM Ha OC-
HOBI BHCOKO-HACHYCHOTO JIaKy 3 ByrieneM [39].

Excryaraniiina (yHKIIOHaIBHICTH ONTHYHOTO BO-
JIOKHa y Kabensix OOPTOBHUX CHCTEM BH3HAYAETHCS BOMA
CKJIaJIOBUMU: ONTUYHOIO, 5K MOJIATa€e y MPOMYCKHIii 3/71a-
THOCTI CHUTHAITy Ha BiAMOBiNHIN BifcTaHi, OB’ s3aHO0 31
CTaOUIBHICTIO NepellaBajibHUX ONTHYHUX MapamerpiB, Ta
MEXaHIYHOIO, 3yMOBJICHOIO 30epeKeHHAM IIUTICHOCTI BO-
JokHa. Ha mpakTuini MexaHiyHa MILHICTh Ha PO3TAT ON-
THYHOTO BOJIOKHA JiaMeTpoM 125 MKM CTaHOBHTH IIpH-
6mizuo 5 I'Tla a6o 60 H mnst quHamivyHOT MIIHOCTI Ha
po3tsir ta 3 I'Tla a6o 40 H s cratmaHoi MIITHOCTI Ha
posTsar [40]. Lle moB’s3aHO 3 BTPATOIO JTOBrOBIYHOCTI OTI-
THUYHHUX BOJIOKOH 3 4acOM, LIO MOSICHIOETHCS 3POCTaHHIM
Tpimua I'piddirca B pesynprari XiMiuHOI peakiiii mif
MEXaHIYHUM HalpyXeHHsIM (KOpO3is MiJ HAIPy>KSHHSIM)
MpU pO3pHUBI BOJIOKHA. Ha 3pocTaHHS TpIilIMHU BILUIMBA-

I0Th TAKOX YMOBH HAaBKOJIMIIHBOTO CEPEJOBHIIA, 0CO0-
JIUBO BOJIOTICTh, B SAKii 3HAXOAUTHCS BOJOKHO.

Y IpuCYTHOCTI BOJIOTH BOJIOKHO PYHHYEThCS, HABITH
SKIIO MeXaHIYHe HANpYXEHHS, W0 MPUKIAJTA€ThCs 10
HBOTO, MEHIIIe 3a pyiHiBHe. CaMe cTaThdHa BTOMa 0OMe-
Kye TepMiH cityOu BosiokHa [40, 41], sika siBisie o000
MpoIleCc MOBUIFHOTO 3POCTaHHS MIKPOHHUX TPIMIUH (Ie-
(exTiB) BHACHIZOK BIUIMBY BOJIOTHM Ta PO3TATYBaJbHUX
HarpyXeHb. ICHye HMOBIPHICTh pyHHYBaHHS BOJIOKHA
yepe3 3pOCTaHHs MIKpOHHHUX TpimuH. Bosiora B CTpyKTy-
pi kabemo pa3oM 31 CTUMYJbOBAaHMM MEXaHIYHUM Ha-
MIPYXKEHHSIM BUKIWKA€E MPOIEC KOpO3ii Ha BEpUIMHI Tpi-
IIMHY, PO3TAIOBaHIM Ha MOBEPXHI BOJOKHA. Y I[OMY
MpoIeci MOJISKYJIM BOJIH, IO MOTPAIUIAIOTh Y TPIIUHY 3
HaBKOJIMIIHBOTO CEPEOBHUINA, aKTUBYIOTh PO3PHB XiMid-
HUX 3B’S3KiB Ha BepmvHi TpimuHu. lle mpu3BoguTh 10
30UIBIICHHS JOBXXMHU TPILIMHHU i J€I0 MEXaHIYHOTO
HampyXeHHs, SKe MPHUKIATAEThCS JO BOJIOKHA. 31 301J1b-
IIEHHSM JIOBXXMHH TPILIMHK 301IBIIY€ETHCSI KOHIIEHTpALis
HampyXeHb Ha ii BepIIMHI Ta 30UIBIIYETHCS MIBUAKICTH
POCTY TPIIIMHM, IO 3PELITOI0 IPU3BOANUTH A0 PYyHHYBaH-
HS BOJIOKHA: MEXaHIYHE HANPYKEHHS J0CIrae KpUTHIHO-
ro 3HaueHHA. ToMy MeXaHiYHiI BJIACTUBOCTI ONTHYHHUX
BOJIOKOH € HAWBXIUBIIIUMU XaPAKTEPUCTHKAMH, IO
BU3HAYAaKOTh MO)KJ'II/IBiCT]) ix MMPaKTUYHOTO BUKOPUCTAHHA
B OopTOoBUX cHcTeMax. [ MiABUINEHHS MEXaHIYHOI Mi-
IIHOCTI Ta 3a0e3le4yeHHs! eKCIuTyaTaliiHol (yHKIIOHATb-
HOCTI ONTHYHOTO BOJIOKHA B KOHCTPYKIISAX KaOemB 3a-
CTOCOBYIOTBCSI CIICI[iaJIbHI CHJIOBI €JIEMEHTH Ta Triapodo-
OHi Marepianu. 1{i KOHCTPYKTHBHI €JIEMEHTH Ta MaTepia-
JA JJId 3aXUCTY Bi[l BOJIOI' OIITUYHOI'O BOJIOKHA TaKOX
MiTAF0ThCS 3HAYHUM BIUIMBaM, 30KpeMa paaialliiHuM, 3i
3MIHOIO BJIACTUBOCTEMH, 30KpeMa MeXaHIYHHX.

B Oymp-sikoMy pa3i 3aJMIIaloThCS HEBHCBITIICHUMH
MUTAaHHS [IOJI0 BIUIMBY 10HI3YIOUOTO BUIIPOMIHIOBAaHHSI HE
TIIBKHM Ha eIeKTpoi3osmiiHI Marepiamu [27, 30, 42, 43] Ta
OIITHYHE BOJIOKHO OKpemo [34-36], a B 1ijloMy Ha Kabei
6oproBux cucreM. Came Takuil MiIXiZ AO3BOJISIE BpaxyBa-
TH IHTETPAIBHUMA XapakTep BIUIMBY CKIAIHUX (I3HUKO-
XIMIYHAX TPOIECIB i Mi€0 TaMMa-BHUIIPOMIHECHHS Ha
€JIEKTPUYHI MMOKA3HUKHU EJIEKTPUIHUX KaOelliB Ta MeXaHid-
HY MIIIHICTh ONTUYHUX KaOeIiB.

Meta po0GoTH TIOJISITA€ Y BCTAHOBJICHH] BIUTUBY T'aM-
Ma-BUIPOMIHEHHsI Ha HEEKpaHOBaHI KalOell 3 HeeKpaHOBa-
HUMH BUTHMH TapaMH Ta ONTHYHI Kabesi 3 BU3HAYECHHSAM
JMHAMIKW 3MiHEHHS €JIeKTPUYHMX BJIACTHBOCTEH MOJETH-
JICHOBOI 130JIs111i1 TIPOBITHUKIB T4 MEXAHIYHUX BIACTHBOCTEH
apaMiTHAX HUTOK 3 BOJIO3aXHCHUM ITOKPHUTTSIM BiJIITOBITHO.

TecroBi 3pa3ku kabeaiB 0opToBux cucrem. Jlo-
CJIIJDKEHO J[BA THITU KaOeiB:

1. EnexTpuuynuii — HeeKpaHOBaHWKA Kabenb 3 YOTHP-
Ma HeeKpaHOBaHMMH BUTHUMH Napamu Kateropii Se. Enek-
TPHUYHA 130JIAIIisI MiTHUX MPOBITHUKIB BUKOHAHA Ha OCHO-
Bl IOJIiETHIIEHY, 3aXKCHA MOJiMepHa 00O0JIOHKA — 3 TUIac-
THKY Ha OCHOBI MONIBIHUIXJIOpHIY. 3OBHIMIHIA TiameTp
kabexo — 5,1 mm. KabGesb ipu3HadeHo 1yist mepenayi cur-
HaJIiB B miara3oHi yactoTu 1o 125 MI'm.

2. OntuuHuii Kabeslb 3 OJHOMOJOBUM OINTHYHUAM BO-
JIOKHOM Y IIUTFHOMY ABOIIApOBOMY MOKpUTTi. CeprieBrHA
Ta CBITJIOBiOOMBaI0OYa OOOJIOHKA BOJIOKHA JliaMEeTpoOM
125 MM — Ha OCHOBI KBapity. bydepre nepBuaHE MoiMep-
HE MOKPUTTS TOBLIMHU 62,5 MKM — Ha OCHOBI KpeMHilopra-
HIYHOTO JIaKy YIbTpadioleToBOro TBEpHiHHA U 3abe3me-
YEHHSI MEXaHIYHOI IUTICHOCTI ONTUYHOIO BOJIOKHA. JIpyruii
TIap MOKPHUTTS TOBIIUHHU 325,5 MKM — Ha OCHOBI TepMOIDIa-
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CTHYHOTO KPEMHIHOPraHITHOTO KOMIIAYHY 3 BEpXHIM IpO-
IIAPKOM TOBIIMHU 15 MKM CHHBOTO KOJIbOpY. B KOHCTpYKIIii
Ka0eI0 CUIIOBHI €JIEMEHT SIBIIsIE COOOI0 [IBI ITACMO apamif-
HHMX HUTOK Ha OCHOBI KeBJIapy (OpraHi4YHOIO BOJIOKHA 3 cepii
apOMAaTHYHMX TTOJTiaMitiB) [44] IS T IBUIIEHHS MEXaHITHOT
MIIHOCTI 3 HAHECCHHUM BOJIO3aXHUCHUM KOMIIAYHIIOM ISt
3aXMCTy Bil BOJIOTM ONTHYHOTO BOJIOKHA. JIiHiiiHA mIib-
HICTh KOXHOI macMo HUTOK — 805 Tekc [Tekc — JiHiiHa
mimeHicTh: 1 Teke = 1 r/km]. KoxkHa macMo ckiagaeThbes 3
S5-TH HUTOK JTiHIHHOT miibHOCTI 161 Teke. ObooHKa kabesto
BUKOHAHA HA OCHOBI IOJIMEPHOI BOTHECTIMKOI KOMITO3HIIIT
OPaHKEBOT'O KOJIBOPY. 3arajibHAN JiaMeTp Kademo — 2,8 MM.
VY T1abn. | HaBeAeHO NOPIBHSUIBHI BIACTHBOCTI Me-
XaHIYHNX XapakTepucTHK HETOK Kevlar® BupoGHHITBA
¢ipmu DuPont Ta iHmmx Marepianis.
Tabmuws 1
[MopiBHsIBHUI aHANI3 MEXaHIYHUX Ta TEIUIOBHX BIIaCTUBOCTEH
MarepialiB CHJIOBHX €IEMEHTIB ONTHYHHX KabeiniB [44]

Marepian | I'yctu- | Min- | Mo- | Bingnoc- | Koedimient
CHJIOBOTO | HA, |HICTbHA| Hyib |HE BUIO- | TEILIOBOTO PO3-
enementy | xr/M° | pospus | IOHra | BxkeHHs | mmpenns (y
0,10°, |E 10°,| &% M03/I0B)KHBOMY
Ia Ila Hanpsvky), 107,
K—l
Kevlar 49 [1439.35| 3.0 1124 2.4 2.2
S-ckio 2491.19| 345 85.5 54 +1.7
Crarenitii | 7750 37) 196 | 1999 | 2.0 +37
CTPH)KEHb
Bucoko-
MiLHHT 1799.19| 3.1 220.6 1.4 0.1
BYIJICLIb

[MpencraBneHi Marepiali MOKYTh OyTH BHKOpHCTa-
Hi Y SIKOCTi CHJIOBHX €JIEMEHTIB ONTHYHHX KalesiB Oop-
TOBMX CHCTEM. YHIKaJIbHI BJIACTHBOCTI BIAPI3HAIOTH
Kevlar® Bij iHIMX KOMEPIifHMX IITYYHMX HHTOK 3aBJIs-
KM ITOEJHAHHIO BMCOKOI ME€XaHIYHOI MIIIHOCTI, BUCOKOTO
MOJYIISL TIPY>KHOCTI, yAApHOI B’S3KOCTi, TEPMOCTAOIITEHO-
CTi 3 BUCOKMM 3HA4€HHSM BiJ’€MHOTO KOe(illieHTy Ter-
JIOBOTO po3LIMpeHHs [44].

3aBSIKM 3aCTOCYBAaHHIO KEBJIAPOBUX HHUTOK 3 BOO-
3aXUCHUM KOMITAYHIIOM BIAETHCS 3a0C3MCUUTH CTIHKICTh
JI0 3yCHJIb, IO PO3TATYIOTh, ONTHYHUKN Kabels OOpTOBUX
cucteM HOBKHHU 50 KM 1pu poOOTI ONTHYHOTO BOJIOKHA
Ha pobouiit noxuHi xBum 1,31 MKM.

Ipouenypa pagianiiinoro onpomineHHs. 3pa3ku y
KUTBKOCTI 1O 15 Bifpi3KiB TOBXWUHHU 5 M KOXKHHMA 3 OJIHIET
OYXTH ENCKTPUYHOTO Ta ONTHUYHOTO KaOewiB BiJIMOBIITHO
MTOMIIIICHO B IOJIICTHIICHOBUN KOHTEHHEp 3311t 00pOOKH
B YCTAHOBI raMMa-BHIpOMiHeHHS K06ambT-60 (Co™).
[oTy»XHiCTh €KCHO3MUIIMHOI 103U BHIPOMIHEHHSI CTaHO-
Buiaa 207 P/xB. Hac 00poOKu 3pa3kiB KaOeIiB BU3HAYABCS
MTOTJIMHEHOO 103010. JIIs KOXKHOI mapTii 3 5-TH 3paskiB
KaOelliB MOTJIMHEHA 1032 TaMMa-BUIIPOMiHEHHS CTaHOBHU-
ma 100 xI'p, 200 xI'p i 300 x['p BigmoBigHO. PiBHOMIp-
HICTb pO3MOJUTY JO3U IPU ONPOMIHEHHI Marepiany 3
eHepriero ramma-kBaHTiB 1,17 MeB Ta 1,33 MeB, Bunpo-
MIHIOBaHHS SIKHX CYIPOBOKYETHCS PO3IMAAOM 130TOIY
Co®, 3abesmeuyBazach BHOOPOM HOrO eKBiBaJEHTHOI
TOBIIMHY HE OinbIre 20 MM [45]: miaMeTpH eIeKTPUIHOTO
Ta ONTUYHOTO KaOeliB He IEePEeBUIIYIOTh 3HAYCHHS EKBi-
BaJIEHTHOI TOBILIUHU.

B mouatkoBoMy ctaHi Ta micis il ONpOMiHEHHS TIPo-
BE€/ICHO JIOCII/UKEHHS IIOAO BIUIMBY JI03M BUIIPOMiHEHHS
Ha eJIEKTPUYHI 1 MEXaHI4Hi BJIACTUBOCTI €JIEKTPUYHOTO Ta
ONTUYHOro KabeiiB BiamoBinHo. Ha Bcix eramax mocii-
JOKEHHsI KaOelli 3HaXOIWITHCS B HE TePMETH30BaHOMY CTaHi

3311 3MEHIIICHHS BIUIMBY JIETKOJIETKMX PEYOBHH Ha pe-
3ynbTaty aHanmizy. Lli pedoBHHHM, IO HAKONMYYBAIHCS Y
BUILHOMY TPOCTOpi ocepisi KabeniB, 3a paxyHOK audy3ii
BUXOIWIN Ha30BHI KaOeIiB.

YuceabHUH PO3PAXYHOK €JIEKTPUYHOIO MOJSA TAa
€MHOCTi i30/1bOBAHUX TMPOBITHUKIB HEEKPAHOBAHOIO
Ka0ey110 B nojiMepHiii 3axucHiid o6osnonmi. J{is enextpu-
YHUX KaOeJiB eJeKTPHYHA €MHICTh € HAWOUIBIN YyTIMBUM
CJICKTPUYHUM TaPaMETPOM IIIOJI0 OI[IHKK BIUIMBY pajiarii
Ha TBEpIY MOJIMEpHY i30Iito [46] 3 ypaXyBaHHSIM BIUTHBY
CKJIaJIHUX (I3UKO-XIMIYHHMX MPOLECIB y KOHCTPYKTHBHHX
eJIeMEeHTax, Y TOMY YHCII 1 TIOJIIMEPHOI 3aXHUCHOI 0OO0JIOHKH.

OOrpyHTYBaHHS CXeMH OOCTEIKEHHS 11010 KOHTPOJTIO
€JIEKTPUYHOT EMHOCTI TBEPJIOI IMOJIIMEPHOT 130J1sLii IpOoBi-
JTHUKIB HEEKPAHOBAHOTO Ka0elto 3 YOTHpMa BUTUMH T1apa-
MU y TTOJIMEpHii 000JIOHII BUKOHAHO Ha MIJICTaBI YHCEITh-
HOTO MOJEIOBAaHHS IIOCKO-TIapaeIbHOTO EIEeKTPOCTATH-
YHOI'O IOJII METOJIOM BTOPUHHUX Jkepen [46, 47]. Merox
IPYHTYETHCSI HA CYNEPIO3ULIT eIEKTPUYHUX TIOJIIB €IeMeH-
TapHUX CJICKTPUYHUX 3aps/IiB, PO3TAIIOBAHUX Y BAKYYMi.

Ha puc. 1,a npencrasieHo ¢i3uuHy MOJeb HeeKpa-
HOBAHOTO Ka0eNo 3 YOTUPMa HECKPAHOBAHUMH BHUTHUMH
napamu. Ludpamu mo3HaueHo: Bix 1 10 8 — MPOBiTHKUKH,
1’ — 8’ — moniMepHa 30JIs11i51.
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Puc. 1. ®iznuna Mozienb HeeKPaHOBAHOTO KaOelro 3 YOTUpMa
HEeeKpaHOBaHMMHM BUTHMH IapaMH (a) Ta KapTHHA JiHIH
HOPMAJIBHOI CKJIAJIOBOT HAIPY KEHOCTI 30HIyBaJILHOTO
CJICKTPUYHOTO 1MOJIsI (6) 32 YMOBH 3HAXOKCHHSI M1 TOTCHIIaIOM
OJTHOTO 3 MPOBIJIHUKIB Ta HyJILOBOMY TTOTCHITIAJ BCIX IHIIHX

VY Mopzeli HEXTYeThCsl TBUHTOBA IIOBEPXHS CKpyde-
HHUX BUTHX Hap, 10 3a0e3nedye IUI0CKo-TIapalielibHe elie-
KTpHYHE II0JIe Y TIoNIepedHoMYy Tepepisi kabenro. ITosep-
XHI TPOBIJHUKIB Ta i30Js1i1 NPOBIHUKIB MPUHHSATO KpY-
TOBUMH IMUIIHAPUYHUMHE, L0 Y3TOMKYETHCS 3 MEKaMH
MOJIUTY CEPEeIOBUIN Yy BUXIiAHIA 3amavi. BpaxoBaHo Bif-
MIHHICTP JieJIeKTPUIHUX BIACTUBOCTEH KOHCTPYKTHBHHUX
€JIEMEHTIB Ka0esro: JieJeKTpUYHa IIPOHUKHICTD MOJTieTH-
JICHOBO{ 130JIALlIT TPOBITHUKIB JAOPiBHIOE £=2,3; MiXK(a3-
HOTO TOBITPSIHOTO CepeIoBHIIA &=1; 3aXUCHOI moJimMep-
HOi 000mOHKH &=4,5. Kabenp po3ramoBaHo y MOBITps-
HOMY CEpEJOBUIL 3 JIIeIEKTPHYHOIO TPOHUKHICTIO £=1.

3amis pearizamii METOAy BTOPUHHHX JDKEpeN 3ikc-
HIOETBCSI TEpeXiJ] Bill PO3PaxyHKy €JIEKTPHUYHOrO IO Y
BUXINHIN 3amadi 10 PO3paxyHKY EJIEKTPUIHOTO MO y
Bakyymi. [yt bOro 3aMicTh 3B’SI3aHUX 3apsiliB Ha TOBe-
PXHSX MOy CEepelIOBHIN BHUXiIHOI 3a7adi poO3TaIloBY-
I0ThCSl Y BaKyyMi (Ha HECKIHYEHHO TOHKIH ToBepXHi S Tiel
K QopMH, IO 1 MekKa MOALTY CepeIOBUIN BUXITHOI 3a/1a-
4i) BUIbHI BTOPUHHI EIEKTPHYHI 3apsiIH.

Po3paxyHkoBa moBepxHepa rycruna ¢ (Kin/m’) mux
BTOPHMHHUX 3apsi/iB TOBUHHA 3310BOJIBHATH JBOM YMOBaM:

1) Ha TMOBepXHSX, IIO BiJOOpa)KaroTh INPOBIIHUKH
(enmexTpoan), MOBHHHI HOCSTaTHCS 3aAaHi noteHmamm U,

2) Ha TOBEpXHSX, IO BiOOpaKarOTh MEXi MOy
JIEeEeKTPUYHUX CEepPEelOBHI, IOBHHHA BHKOHYBAaTHCh
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yMOBa PIBHOCTI HOPMAaJbHHUX CKJIAJJOBHX BEKTOpa EIIEKT-
PHUYHOTO 3MillICHHS:
S N/ N ./ ) 0
280 280

ne E, — HopMaJbHa CKJIaJI0Ba HANPY)KEHOCTI eNIEKTPUYHOTO
MOoJIsL B TOYIII i, CTBOpPEHA BCIMa 3apsaMu, KpiM TOTO, IO
PO3TAIIOBaHMH Y IIilf TOUI Ha HECKIHYEHHO MaJiii TIOBEPXHIi
AS; 0i/(2¢y) — HOpMasbHa CKJIaJ0Ba HaIPY>KEHOCTI eJIeKTpH-
YHOTO TI0JIs Y TOYL #, CTBOPEHA CaMe 3apsIoM, PO3TAILIOBA-
HUM y I TOYI[l HAa HECKIHYCHHO Majii mMoBepxHi AS;
g0 =8,85:10"'% ®/m — enexTpuuHa cTana.

[Mepiua ta apyra yMOBHU 3aITUCYIOTHCS y BUIIISAL iH-
TerpaibHUX piBHAHb Ppearonpma nepmoro (2) ta apyro-
ro (3) pony BiANoOBigHO:

1

2me,

Ty

L

17
[o;m 2L 1d1, =0, ©)
0

O &8 1 J‘O_.j_cos(;'j"n_l’)_dl__(), 3)

2e, &, teg 2me, s T J

—AS y

Ie i — HoOMep By3J1a, e IIyKalOThCs XapaKTEePUCTHKHU elle-
KTPUYHOTO TOJIS; j — HOMEp BYy3J1a, B IKOMY PO3TalllOBaHO
3apsJ; 7y — BiAICTaHb MiX TOYKAMH i 1 j; 7o; — BiJICTaHb BiJ
TOYKH j M0 TOYKH O, TOTEHIiaNl K01 MOXKHA TIPHHHSATH
HyJBOBUM (ro; = 1 M JUIs Mozeneii, monepeuHuii po3smip
SIKMX JISKUTh Y CAHTHMETPOBOMY [liana3oHi, 0 CHpaBe/-
JIMBO JUIS MOZEJ HEeKpaHOBaHOTO Kalelllo 3 uYoTUpMa
BUTUMH IIaPaMM); 0; — I'yCTHMHA BTOPMHHOTO 3apsjy B TO-
gl j; d/; — HOBXHMHA HECKiHYEHHO MaJyiol AUISHKM 3

LEHTPOM B To4i j; coslr;

;j»Mi ) — KOCHHYC KyTa MiXK BEK-

TOpaMu 7 Ta n; — BEKTOPOM HOPMaii 10 MeKi moairy

CEPEIOBUII y TOYIII i.

TifnbKK B TAKOMY BHIIAJKY SJEKTPUYHE MOJE PO3pa-
XYHKOBOI Moziesti Oyzie 1IeHTUYHE TI0JII0 BUXIJHIN 3a1ayi.
Po3paxyHOK  eJIEKTpUYHOrO  MOJsL  3BONUTHCS 1O
PO3B’sI3aHHS CKJIA0BOI CHCTEMH JIHIHHUX aareOpaidHux
piBasiab (CJIAP), mo sixkux 3Bomsrecs (2) ta (3). Ha mia-
CTaBi uncensHOro po3B’si3aHHs Takoi CJIAP BU3HaUaIOTh-
Csl pO3paxyHKOBa MOBEpPXHEBa I'yCTHHA (Y BaKyyMi) BTO-
PHHHHX 3apsiIiB Ta HAMPYKEHICTh ENEKTPUIHOTO MOJIS:

E = g _ JUIS TIOBEPXOHb MPOBIAHUKIB (EIIEKTPOMIB),
€

E. _i[l-i-lj — JUIA MEXIi TOJITy MieJICKTPUIHUX Ce-

Y20«

penoBuil (HOpMallbHa CKIIa[J0Ba HAMPYKEHOCTI eNeKTPH-

YHOTO IT0JIsI 31 CTOPOHH JJOAATHOTO HANpsMYy HOpMalli), ae
78 _ rapamMeTp, OB’ 3aHu 3 TieNeKTPUIHIMUA
& te,

MIPOHUKHOCTSIMUA CYMDKHHMX CEPEIOBHII TPH OpieHTamii

BEKTOpa HOpMaJli 3 Cepe/lOBHINA 3 JIEJIEKTPUYHOIO MpO-

HUKHICTIO & (TIOJICTUIICHOBA 130JIS1IisT) B CEPEIOBUILE 3 &,

(Mixda3He MOBITPsIHE CEPEOBUILIE).

@dakTHYHA TYCTHHA ¢; TOBEPXHEBHX 3aps/iB HA IO-
BEPXHSAX 130JIbOBAHUX MICJICKTPUKOM 3 JIENIEKTPUYHOIO
MIPOHMKHICTIO €| IPOBITHUKIB OiJIbIIE y &) pa3iB

o'=¢-0,
IO BPaxOBYETHCS NPH BU3HAUCHHI 3arajbHOTO 3apsiy
KOXKHOI 130J71b0BaHO XWJIM 1 €JIEeKTPUYHOI €MHOCTI 3a
YMOBH 33/IaHHUX MMOTEHIIIaNIB TPOBIHUKIB.

Ha puc. 1-4 npencrasneno kapTUHU €IEKTPUIHOTO IO~
Jis 'y BUIJISIAIL JIHIH 711 HOPMAJIbHOT CKJIaJIOBOT HaNpy>KeHOC-
Tl ENEKTPUYHOrO TOJIsi Ha MOBEPXHI MPOBIJHUKIB Ta MEXi

o=—

MOALTY MICTICKTPHYHUX CEPEIOBHUII B 3AJICKHOCTI BiJl CXEMHU
00CTeXKEHHS 3a YMOBH NPHKJIaAaHHs oTeHiaty 1 B mo:

® OJIHOTO MPOBITHHMKA Ta 3HAXOJDKCHHI IHIIHMX CEMHU
i HyJbOBUM TOTEHIIaIoM (puc. 1,6);

® IBOX MPOBIIHWKIB Ta 3HAXOKCHHI IHINUX IIECTH
i1 HYJIbOBUM IOTEHIIAIOM (pHC. 2),

® TPHOX MPOBITHHKIB Ta 3HAXOKCHHI IHIMNX T SITH
i1 HyTbOBUM TIOTeHIIanoM (puc. 3);

® YOTHPHOX NPOBIIHUKIB Ta 3HAXOIKCHHI IHIINX YO-
TUPBOX /I HYJILOBUM MOTEHLIAIOM (pHC. 4).

ToukaMu Noka3zaHO BY3JIM Ha OBEPXHI MPOBITHHUKIB
(1-8) ra i3omsuii (1°-8”) 3 HIyKaHUMH 3HAYEHHSIMU TyC-
THHHU TIOBEPXHECBHUX 3apsiiB Ta HAMPYKCHOCTI CICKTPHY-
HOTO TIOJII B PO3PaxyHKOBIH MOJENI HEEKpaHOBAHOTO
Ka0eJTo 3 YOTHPMa HECKPAHOBAHUMH BUTUMH MapaMHU.

©

» a », R r S, N & 6

Puc. 2. Bizyamizaniss HOpMaJIbHOI CKITa0BO1 HAMPYKEHOCTI

30HyBaJILHOTO €JIEKTPUYHOTO II0JIS 32 YMOBH 3HAXOXKEHHS
JIBOX i30JIbOBaHHX MPOBIAHUKIB 5 Ta 6 (@) i 1 T2 6 (6)

mig norenuiaiom 1 B

a , 4
Puc. 3. Bizyaunizaiiiss HOpMaJIbHOI CKJIaI0BOi HAPY)KEHOCTI
30H/yBaJIBHOTO €JIEKTPHYHOTO TIOJISI 32 YMOBH 3HAXOHKEHHS
TPbOX 130JbOBAHKUX MPOBIAHUKIB 1, 5 Ta 6 ()12, 5 Ta 6 (6)
mix norenuianom 1 B

- a : g aan®” 6 -
Puc. 4. Bizyami3zaiist HOpMaJIbHOI CKITa0BO1 HAMPYKEHOCTI
30H/1yBAJILHOTO EJICKTPHYHOTO T10JIs 38 YMOBH 3HAXOJDKCHHS
YOTHUPHOX 130JbOBAHKUX MPOBIAHUKIB 3, 4, 5 Ta 6 (@)

il,4,6Ta7(6) mgnoreHuianom 1 B

Jls ipencraBiernx cxeM obcrexxenHs (puc. 1-4) 30-
HIYBaJIbHE CJICKTPUYHE TI0JIE 30CEPEIKYETCS SIK B TBEPAIH
TIOJTIETUJICHOBIH 130111, Tak 1 Mik(pa3sHOMY IMPOCTOpi i30-
JHOBAHUX TIPOBITHUKIB, IO JT03BOJISIE BH3HAYUTH CYKYIIHI
Cs Ta 4acTKOBi Cpyy ENEKTPHYHI EMHOCTI 30JIALIHHMX TIPO-
MDKKIB Ha MiJICTaBl BU3HA4YeHHs (paKTUYHOI TyCTHHHU o' TO-
BEPXHEBHX 3apsiIiB Ta 3arajbHOTO 3apsily KOXKHOTO i30J1b0-
BAHOT'O TPOBIIHMKA 32 YMOBH 33/IaHOTO TIOTEHITIAITY.

Tax, HarprKIIa, 32 YMOBH IPUKIIAIAHHS HoTeHjany 1| B
JIO TIPOBIZIHMKA 5 Ta HYJIbOBOTO TOTEHIIATY 10 CEMH 1HIIHX
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npoBigHUKIB (puc. 1,a) gactkoBi emHOCTI Cs, Cs,, Css,
Cs.4, Cs.g, Cs7, Csg 130JAIIIHHUX TPOMIDKKIB MIXK ITPOBIHH-
Kkamu 5-1, 5-2, 5-3, 5-4, 5-6, 5-7 Ta 5-8 BKIIOYEHO Mapare-
JIBHO T4 BU3HAYAIOTh CYKYITHY €MHICTh Csg IPOBITHHKA 5:

Css=Cs.1+ Cs5+ Cs3+ Csu+ Csg+ Csg+ Csg.

3a yMOBH 3HaXOJKCHHs JIBOX i130JIbOBAaHUX MPOBIJI-
HUKIB 5 Ta 6 (puc. 2,a) mig moteHmiaioM 1 B Ta 6-u iHmmx
i1 HYJIbOBUM MOTEHITIATIOM YaCTKOBI €MHOCTI 130JIAIIITHAX
MIPOMDKKIB MK TpoBimHUKamMu 5,6-1, 5,6-2, 5,6-3, 5,6-4,
5,6-7 Ta 5,6-8 BKIIOYEHO MapaienbHO Ta BH3HAYAIOTH CY-
KyITHY €EMHICTB ITPOBIJHUKIB 5 Ta 6 BIAIOBIAHO:

Css+ Cos= Csp1 + Cs g+ Csg3+ Cseq+ Csq+ Csgs

CxeMy 0OCTEKEeHHS 32 YMOBH Ioziadi noreHmiany | B
Ha OJIMH 3 NPOBIJHUKIB Ta HYJILOBOTO Ha IHIII CIM MOXHa
3anmcatél y JBiiKoBii cuctemi. Hampuxman, mpu 3Haxo-
JOKeHHI M noteHnianoM 1 B mpoBigHuka 5 BiAnoBiaHuA
xox Mae Burisa: 00001000 (puc. 1,a). Ins nposigHuka 6 —
00000100 (puc. 1,6).

VY Tabin. 2 HaBeJEHO OKpeMi pe3ysIbTaT BU3HAYCHHS
€JIEKTPUYHOI EMHOCTI ITPOBIHKUKIB B 3aJI©KHOCTI BiJI KO-
JIy 0OCTEEHHS BIIIOBITHO 110 puc. 1-4.

Tabmuws 2
EnextpuyHa eMHICTh 130Jb0BAaHUX MPOBITHUKIB HECKPAHOBAHUX
BUTHX I1ap HEEKPAHOBAHOTO KaOeIIo

Kon
00CTEXKEHHS

EnextpruHa eMHICTB 130Jb0BAHOTO MTPOBITHUKA
C, nd/Mm

1 2 3 4 5 6 7 8
1.041]0.263|1.972|3.712|43.13|29.06|3.706/1.974
0.223|2.494(2.061{20.58|28.10{76.31|2.059|20.58
1.363|2.717|6.285|22.64|15.26|48.20(6.281(22.63
42.21(28.32|8.445|4.120|28.30(42.17(8.439(4.119
41.95(30.79|10.51|24.70|47.98(14.11{10.49(24.69
29.44|73.55(8.345|43.21(15.03|45.71(8.339|43.20
00111100 |7.644|25.35|8.966(25.56|8.966|25.56|7.644|25.35
10010110 {39.89(51.13|38.60|51.16|12.05|27.19{10.72(27.39

BigMiHHICTE MiX 3HaUEHHSIMH CYKYIHOi €EMHOCTI Ta
JacTKOBUMH 3a cxemoro obcrexxkenHs 00001000 crano-
BUTH 2,9 %, 3a cxemoro ooctexxenns 00001100 — 2,5 %.

Hagith 32 0JJHaAKOBOI CXeMH OOCTEKECHHS CICKTPHYHI
€MHOCTI TIPOBIITHHKIB y Kabesi 3 Pi3HOI OpiEHTALIEI0 BH-
THX TIap — pi3Hi 32 MPUYMHY Pi3HOT KOH]Irypamnii enekTpu-
YHOT'O TIOJISl T2 BIJICTaHI MIX 130JIbOBAHUMH TPOBITHUKAMHU
(mopiBHsiiTe puc. 1,a Ta puc.1,6). s ineansHoi po3paxy-
HKOBOI Mogzeni Kabenmro 3 4oTMpMa BUTUMH IapamH, IO
CKpYYeHl 3 OIHAKOBHMM KpOKaMH CKpyTKu (puc. 1), 3a
YMOBH 3HAXOJKEHHS OJJHOTO 3 MPOBITHHKIB IiJ] TIOTEHIII-
aJIoM, a BCIX IHIIMX CEMH IiJ HyTbOBHUM, ICHY€E TiJIbKH JIBi
CXEMH, 32 SIKOT EMHOCTI 130JIbOBaHUX MPOBIIHUKIB 3 ypa-
XYBaHHSM BIUIMBY NOpPYY PO3TAIIOBAHUX BiJPI3HAIOTHCS
oJHe BiJ ogHOro (auB. Tabu. 1). 3HAYCHHS ENEKTPHUYHOT
eMHOCTI 3a kKomamu obcrexxernss 00000100 Ta 00001000
BiApi3HseThes y 76.31/43.13=1,7693 pasm.

JInst HacTyIHUX cXeM OOCTEXEHHs, a caMe: JBa Ipo-
BiJHHKA — BIJHOCHO IIIECTH; TPW IPOBIIHUKA — BIIHOCHO
II’SITW; YOTHPH TPOBIIHUKA — BIJJHOCHO HYOTHPHOX, ICHYE
YOTHPH OCHOBHI cXemu oOcTekeHHs. Bcei iHII — iHBEpCHi.
[NopiBHSIHHS pe3yJbTaTiB YHCENLHUX PO3PAXYHKIB €JIEKT-
PUYHOI €EMHOCTI JUII OCHOBHHX 3 iHBEPCHHUMH BiJIPi3HSAIOTH-
cst Ha 0,4 %, 110 CBIAYHUTH PO BUCOKY TOYHICTh YHCEIIBHO-
IO PO3paxyHKy €JIEKTPUYHOrO MOJIs Ta BU3HAYCHHS HA if0-
TO Ii/ICTaB1 JIEKTPUYHOT EMHOCTI TIPOBITHUKIB.

Ha mpakrtumi gotupm mapm KabGemo CKpydeHi 3 pis-
HUMH KPOKaMH 331 MiJABUILECHHS 3aBaJIOCTIMKOCTI Mpu

00001000
00000100

00001100
10000100
10001100
01001100

nepenadi mudposux curHaiis. [lomimepHa 3axucHa 000710-
HKa Ha OCHOBI TOJISIPHOTO IUIACTHKY HIUTBHO HAKJIaJEHO Ha
ocepls cKpydueHHX BHTHX map. Lle oOymoBmoe OLIBIT
CKJIaJTHy KOH(Irypaito mosjs 3a OyAb-sKoi CXeMH MpUKIIa-
JTAHHS TIOTEHITiaTy 0 MPOBiTHHUKIB Ta BUKOHAHHS TIOBHOTO
HAOOPYy CXeM OOCTeXKCHHs. Y TMepINy 4epry, JUis BH3HA-
YeHHS JUHAMIKH 3MIHEHHS EIEeKTPHUYHOI €MHOCTi, TOOTO
BJIACTUBOCTEH came TBepAOi 130JIs11ii KOXKHOTO MPOBiTHUKA
32 CXeMOI OOCTEXCHHS KOXHUHU 3 8-M MPOBIIHUKIB TIiJT
MPUKIAJCHIM MOTEHIIAJIOM — BiZJHOCHO BCIX 1HIIUX ChOMa
i HyJbOBMM HOTeHIiaj oM (auB. puc. 1, Tadmn. 2). B Ta-
KOMY BHIIJIKy 30HIyBaJbHE eJIEKTPUYHE HOJIE 30CePEmIKy-
€TBCSI TIEPEBAXKHO B TBEPAiN MOJIIMEPHIH 130I111ii KO>KHOTO
3 8-u mpoBiguuKiB (nuB. puc. 1). Taka cxema 00CTeKEHHs
3a0e3meuye KOHTPOJIb iHAUBITyaTbHUX EICKTPUYHUX BIIAC-
THUBOCTEW TBEPJOI MOJiMEpHOT 130MsL1ii TPOBIIHUKIB 1 T0-
BUHHa OyTH peayli3oBaHa Ha NMpakTHLi. B peanbHili KOHC-
TPYKLIT KaOelto 3a Takol CXeMHU OOCTEeHKEHHs eJICKTPHYHI
€MHOCTI TIPOBIZJHUKIB B IOYaTKOBOMY HEONPOMIHEHOMY
CTaHi BifIpi3HAIOTHCA HE Oijblue Hix Ha 4 %, 10 BUMarae
BHCOKOI TOYHOCTi KOHTPOJIO EICKTPUYHUX MAPaMETPiB.

JuHamika 3MiHeHHSl eJIeKTPHMYHOI €MHOCTI i30-
JIbOBAHUX MPOBIIHUKIB B 3aJ1€5KHOCTI BiJl MOTJIMHEHOL
034 TaMMa-BHIIPOMiHEeHHA 3pa3kamMu Kademio. KoHT-
POJIb €IEeKTPUYHOI EMHOCTI 3pa3KiB eNeKTPHYHHUX KaOeliB
y MOYaTKOBOMY CTaHi Ta MICIsl MOTJIMHEHOI 03U BHIIPO-
minennst 100, 200 Ta 300 k['p mpoBeneHO I YOTHPHOX
3Hauenpb yactotu 0,1; 1; 10 1 1 000 xI'1[ 3a mOmOMOro:o
NpWIaaiB 3 JBOMa KJIIEMaMH BIiAMOBIAHO. Y Jiama3oHi
yacrtordl Bix 0,1 mo 10 k[ BUMipiOBaHHS BHKOHaHO B
pexxuMi 10-TH KpaTHOTO HAKOMMYCHHS PEe3yJbTATIB 3 aB-
TOMATHYHUM iX yCEpeTHEHHSAM 331 IiJBHIICHHS TOY-
HOCTI KOHTpOJIIO. 3arajbHa KUIBKICTh BHMIPIOBAaHb JUIS
KOXKHOTO 3pa3ka ckiana 241 BUMIprOBaHHSA OO 1 MiCiA
BIUIMBY papmiamii. Pe3ynpraT BHMipOBaHP KOXKHOTO 3
I1’SITH 3pa3KiB B TOYATKOBOMY CTaHi Ta IICIS BiAMOBIIHOL
JI031 BUIIPOMIHEHHS YCEPEIHEHO.

Ha puc. 5 npeacraBieHo AUHAMIKy 3MiHEHHS €JIEKT-
PUYHOT EMHOCTI 130JIbOBaHUX TPOBIJHUKIB B 3aJI€KHOCTI
BiJl MOTJIMHEHOI O3 TaMMa-BHIIPOMIHEHHS 3a Pi3HUX
3HauYeHb 4acToTu. KpuBi 1 BimNOBinaOTh 3HAYCHHIM €M-
HOCTI MPOBIJHUKIB B IOYaTKOBOMY CTaHi A0 il ramMma-
BunpoMiHeHHs. KpuBi 2 — 3a MOTTIMHEHOT 103K BUIIPOMi-
uHerns 100, 200 Ta 300 x['p BigmoBigHO.
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Puc. 5. IopiBHsIbHUIA aHAITI3 TUHAMIKA 3MiHEHHSI SKCTIEPHMEH-
TaJIFHUX YaCTOTHUX 3aJIC)KHOCTEH eNEKTPUIHOI EMHOCTI
130JIbOBAHUX TOJIICTHIICHOM MPOBITHUKIB IO Ta MiCIs
raMMma-BHIIPOMIHEHHS 3pa3KiB Kabeto 3 BUTUMH apaMu
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B Ttabn. 3 maBemeHO BHW3HAuUCHI KOS(IIIEHTH MapHOT
JHIAHOT KOPEAIi MiXk EMHICTIO 1307b0BaHHUX TPOBITHHKIB
Ka0eIo 3 BUTUMH TIapaMH B OIIPOMIHEHOMY Ta HEOTIPOMiHE-
HOMY CTaHaX Ul Pi3HUX 3HA4YCHb YaCTOTH BIiATOBITHO IO
puc. 5. Jonatai koedimientn xopermimii [lipcoHa cBimuats
PO HASIBHICTH CYTTEBOTO MPSMOrO 3B’SI3KY MK €MHICTIO
NPOBIJIHUKIB B OMPOMIHEHOMY Ta HEONPOMIHEHOMY CTa-
Hax: HalOLIbIIi 3HaUeHHs Ha piBHI 0,99 criocTepiratoThes B
miana3oHi yactoTu Bif 0,1 k[' g0 10 k[ ipy onpoMiHeH-
Hi 103080 200 KI'p.

Tabmuns 3

Koeoinientn napuoi kopessiuii [lipcoHa Mix elneKTpHYHOI0
€MHICTIO 130JIbOBaHUX MPOBITHUKIB

Yacrora, kI'11

0.1

1

100

| 1000

KoeoimienTt mapHoi Kopessmii Mix 3HAUYSHHSIMH eJIeKTPHIHOL
€MHOCTI 130750BaHUX MPOBITHNUKIB B OPOMIHEHOMY CTaH1

BiJIHOCHO HEONIPOMiHEHOTO CTaHy

1-2 | 3-4 | 5-6 | 7-8
ITpwu nii ramma-Bunpominensst 103010 100 xI'p
0.9725 0.9780 0.9705 0.9829
0.9777 0.9822 0.9755 0.9857
0.9762 0.9809 0.9740 0.9846
0.9721 0.9722 0.9653 0.9653
IIpu gii raMmma-BunpominerHs 103010 200 k['p
0.9866 0.9858 0.9870 0.9207
0.9875 0.9866 0.9864 0.9178
0.9866 0.9861 0.9864 0.9390
0.9887 0.9877 0.9846 0.9164
IIpu gii raMmma-BunpominerHs no3ot0 300 k['p
0.9725 0.9777 0.9762 0.9721
0.9780 0.9822 0.9809 0.9722
0.9705 0.9755 0.9740 0.9653
0.9829 0.9857 0.9846 0.9788

Ha puc. 5 Takoxk Moka3aHO BIUTUB JIO3M BHUIIPOMi-
HEHHsI Ha BiHOCHE 3Ha4yeHHst AC eneKTpUYHOT EMHOCTI B
ONPOMIHEHOMY CTaHi O €MHOCTI B TIOYaTKOBOMY He-
OIPOMIHEHOMY CTaHi 3pa3KiB KabeniB (HMXKHIA PUCYHOK,
npaBopy4). BimHocHe 3HaueHHS ENEKTPUYHOI €MHOCTI
BusHaueHo ak: AC = (C, — Cy) / C;-100, %, ne Cy — enekr-
pHYHA €MHICTh MPOBIJHUKIB B MIOYaTKOBOMY, N0 Hii ram-
Ma-BUIPOMiHEHHs], cTaHi; C, — eNeKTPHYHA EMHICTh NPO-
BIZIHUKIB IIPH Aii raMMa-BHIIPOMIHEHHS.

3a mormmaeHoi 1o3u BrmpomineHss 100 k[ p Ta 200 k[ p
BiTHOCHE 3HAYEHHS €MHOCTI — JOAATHE, IO CBITYHUTH TIPO
NpoleC 3IIMBaHHS TEPMOIUIACTHYHOI MOTIETHICHOBOT
i3omsmii. 3a mo3u BurpominenHs 10 100 k[p BinOyBaeTh-
Csl 3IIUBAHHS IOJIIETUJICHOBOI 13011 3 YTBOPEHHSIM
MIOTNIEPEKOBUX MIXMOJIEKYJISIpHUX 3B’s13KiB. Llel mporec
00YMOBJIIO€ 3pOCTaHHS I'YCTUHH MOJIMEpY 1, SIK HACIIJIOK,
3pOCTaHHSI JIEIEKTPUYHOI ITPOHUKHOCTI, TOOTO EJIEKTPH-
YHOI €MHOCTI 130JIbOBAaHMX IPOBIIHUKIB. B TO#l ke wac
JIICTIEPCisl eNEeKTPUYHOT EMHOCT] — 3aJIEXKHICTh €NeKTPHY-
HOI €MHOCTI BiJl YacTOTH, SKAa BHU3HAYAETHCS DI3HUIICIO
3Ha4YeHb eMHocTi st yactoTh 0,1 k' ta 1 MIw, y 6ims-
i Mipi croctepiraetbes 3a nmormuHeHoi no3u 200 xIp
(muB. puc. 5). Ilpu 1iit 7031 BUIIPOMiHEHHS IOYHHAETHCS
NpoLeC IHTEHCHBHOI JECTPyKIii MONIMEPHOI 130ismii 3
JOATKOBHUM 3IIMBAaHHAM CTPYKTYpPH, LIO IiJBHILYE TEI-
JIOBY CTiHKICTh 130wl [48]. JlecTpyKiiis pU3BOAUTH /10
YTBOPEHHS y CTPYKTYPI MOJIETUIICHOBOI 1301111 HOoTiMe-
PHHX JIQHIIIOTiB MEHIIOI JOBXUHH, 1110 00YMOBIIIOE MPOSIB
npotecy iX mojsipu3anii y HU3bKOYaCTOTHOMY Jiana3oHi
gacrtotd. lle BiAmoBimae TimoTe3i YIOBUIBPHEHOI JAHITOINB-
HO-CErMEHTANBHOT TOJNSpH3alii MoiMepiB, sIKa BUSBIIS-

€TBCS CaMe Y Jiara30Hi 4acTOTH MPOBEICHUX EKCIIepruMe-
HTaJIBHUX JOCHIPKeHb. [HIMMMU ClIOBaMU, 32 MOTJIMHEHOT
no3u BuripominenHs 6impire 200 kI'p mponecu mecTpykiii
JIOMIHYIOTh HaJ| TPOIECOM 3IIWBAHHS MOJIMEPHOI 130JIs1-
iil. s mo3u Bunipominenss 300 k[p BigHOCHE 3HAYCHHS
€MHOCTI 3MIHIOETBCSI Ha MPOTUIICKHE Ta CTAE Bil’€MHHM
(muB. puc. 5). CnoctepiraeTbcsi 3MEHILICHHSI TYCTHHH T10-
JIIETHJIEHOBOI 130JIALIi1 1, SIK HACJIIIOK, 3MEHIIIEHHS €MHOC-
Ti 130JIbOBAaHUX MPOBITHUKIB (IHB. PHC. 5).

BuzHavyeHHnsi MexaHiyHOi MiHOCTI apamMiTHUX
HHUTOK ONTHYHOro Kafeawo. MexaHiYHI MOKa3HHUKU €
HaWOUIBII TPUHHATHUMH [UISL OLIHKH €(EeKTy BIUIMBY
pamianifHOro BUMPOMIHEHHS HA 3aXHUCHI EJIEMEHTH Kade-
JiB Ta NIMPOKO BUKOPHCTOBYIOTHCS, HAMPUKIAA, IPH Jia-
THOCTHIII 3aXUCHHAX OOOJIOHOK €JIeKTpUYHUX KabemiB. J{o
HUX HaJIe)KaTh TakKi MMOKa3HUKH [42, 43].

1) BimHOCHE BHIOBXKEHHS TIPH PO3PHUBI — OCHOBHUI
MOKA3HUK SIKOCTI MOJIMEPHOI 130141111 KaOelliB Ta ONTUYHO-
ro BosokHa. Pecypc momimepHoi i3omsuii kabeiiB 1o0pe
KOPEJIOE 31 3HAYEHHSIM BHUIOBXKEHHS NIPH PO3PUBI. 3HAYCH-
Hsl BUJOBKEHHS TIpU po3puBi craHoBisith (400 — 500) %
JUIsL HOBOT TMOJTi€THIICHOBOI 130umsinii Ta jmme 50 % s 3i-
CTapeHOI: 3a TAKUX 3HAYCHb BUJIOBXKEHHS PECYpC IMOJIeTH-
JICHOBOT 130JIA11i1 BBAXKAEThCS BIUepriaHuM [49].

2) Moaynb mpy>KHOCTI 130JIA1IiT IPU KPYUCHHI — I10-
Ka3HUK, AIbTCPHATHBHUI BUIOBKEHHIO IIPH PO3PHBI.

3) Monyns mpy>KHOCTI TpH BAaBimoBaHHI. Lle Haii-
MPOCTIMINIA CTHOCiO OWIHKK cTaHy 000JOHOK KaOemiB. Lli
NOKa3HUKM HE MIIXOIATh JJISA OLIHKH CTaHy CHJIOBHUX
€JIEMEHTIB ONTUYHUX KaOeliB yepe3 IXHI0 KOHCTPYKIIIIO.

OriHKa BIUIMBY I'aMMa-BUIIPOMIHEHHsI Ha CHJIOBHMA
€JIEMEHT 3 KEBJIAPOBHX HHUTOK, IIPOCOYECHHX BOJO3aXHUC-
HUM KOMIIayHJIOM, BHKOHAHO Ha MIiJCTaBi BHU3HAUCHHS
MEXaHIYHOT MIIHOCTI Ha po3TsAr. BumpoOyBaHHS mpoBe-
JIeHO BianoBiaHO a0 crangapty ASTM D7269/D7269M-2
«CranmapTHi METOIM BUIIPOOYBaHb Ha PO3TAT apamiTHOl
npsoki». ASTM D7269 — MixkHapOoIHUH CTaHAAPT BHIIPO-
OyBaHb JJIs1 BU3HAUCHHS MIIHOCTI Ha PO3TAT apamiIHOl
TIPSDKi, KOPIIB, CKPYYCHUX 3 TaKOi MPSDKi, Ta TKAHUH, BU-
TKaHUX 3 TAKUX KOPZIB.

Cranpapt ASTM D7269 oxorutioe Kijibka BapiaHTIB
NpoLeayp BUMPOOYBaHHS apaMigHOI NpsDKi Ta BOJIOKOH
KeBJIapoBOro Tuily. lle BUnpoOyBaHHS BUKOHAHO 3a JOIIO-
MOT'OI0 MaIllMHU JUIsi BUNPOOYBaHHS Ha po3Tsar. Mammna
SBJISIE COOOI0 MEXAaHIUHO-EJIEKTPUYHY 1HTErPalliio Ta CKIa-
JIA€THCS 3 JlaT4YnKa CHJIM, NlepeaBayda, MIKpoIpolecopa Ta
MeXaHi3My MPHUBOJY HaBaHTa)KCHHs. BUCOKOTOUHMIT enek-
TPOHHHUU JBHTYH MO)KHA PEryJIOBATH Ha I1'SITh IIBHJKO-
CTeil, a KOMIIOHEHTH 3’€IHYIOThCS ITeKepamu. Bumipro-
BaHHS PO3PHBHOTIO HABAaHTa)KCHHsSI BUKOHAHO 3 IIOCTiHHOIO
HIBUJIKICTIO PYXOMOTO 3aTHMCKa4ya 3 MasTHUKOM. [ yOku
3aTHCKaYiB IUIOCKI 3 TPOKJIAIKOIO 33UIsl YHHUKHEHHS KOB-
3aHHs Ta 3a4ilaHHS HUTOK MiJ Yac BUIPoOyBaHb. Burmpo-
OyBaHHSI IPOBEJICHO HA HE KPyueHUX HUTKax. HomiHambHa
BIZICTAaHP MDXK 3aTHCKa4aMH (JOBXKMHA 3pa3KiB HUTOK) —
200 mm. HIBuakicTs 3aTrckanns — 250 mm/xB. [Tomepeanii
HaTsr HATOK — (20 £ 2) mH/Tekc. @akTudHe po3pUBHE Ha-
BaHT&XECHHS MPU OOpUBI HUTKHU NMPUIMAETHCS K CEpEHE
apu(MeTHYHE IT’ITH Pe3yNbTaTiB BUMPOOYBaHb Y HEOIPO-
MIHEHOMY CTaHi Ta MiCIsl KOXHOI MOTJIMHEHOI 103U BUIIPO-
MIHEHHS 3pa3KiB OIITUYHOTO KaOeJro BiIIOBiIHO.

BB norimHeHoi 1031 raMMa-BHIPOMiHEHHSI HA
MeXaHiYHy MillHiCTh Ha PO3TATr BUCOKOMIIIHMX HUTOK 3
BO/I03aXHCHUM KOMITAYH/IOM ONTHYHUX KadeJiB. be3no-
CepeHbO caMi HUTKH KeBJIapy JOBOISTH BUCOKY pajliariii-
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HY CTIAKICTh TIPH Jii ONPOMiHEHHS MPHUCKOPESHUMH €JIEeKT-
poHamu [44]. Ha puc. 6 xpuBa 1 migTBepmKyroTh BHUCOKI
MexaHiuHi BiractuBocti mrst HuToK Kevlar® 49 [44]: cro-
cTepiraeThesi He3HauHe Ha 7 % 30UIBIICHHS BIJHOCHO I10-
YaTKOBOTO, HEOIIPOMIHEHOTO CTaHY, MEXaHIYHOI MIITHOCTI
Ha PO3TSIT MpH HorMHeHiH 1031 10 2000 xI'p [44].
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Puc. 6. luHamika 3MiHEHHsT MEXaHIYHOI MiLIHOCTI Ha PO3TSIT
apamigaux Hatox Kevlar® 49 3a yMOBH ONpPOMIHEHHS IPHCKO-
peHuMu enexTpoHamu (kpusa 1) [44] Ta apaMiZHUX HUTOK Ha
OCHOBI KEBJIapy, IPOCOYEHUMHU BOJ03aXUCHOIO EMYJIbCI€r0, 32
YMOBH JIi raMMa-BHIIPOMIHEHHS Ha 3pa3Ky ONITHYHOTO Kabeo

OnpomiHeHHS 3pa3KiB ONTHYHOTO Kabemro 3 KeBia-
POBUMH HHUTKaMH, IPOCOYECHHMH BOJIO3aXHCHOIO €MYJIb-
Ci€r0, JOBOMATH CYTTEBUI BIUIMB IMOTJIMHEHOI JO3U TaM-
Ma-BUIPOMIHEHHsSI Ha MeXaHIYHy MIIHICTh ONPOMiHEHUX
3pa3KiB MOPIBHSHO 3 MEXaHIYHOIO MIIIHICTIO HEONIPOMiHe-
Hux. KpuBa 2 Ha puc. 6 BiANOBIiJa€e eKCIEPUMEHTAIbHIN
3aJIC)KHOCTI MEXaHIYHOI MIITHOCTI Ha PO3TST BHCOKOMIII-
HHMX HHTOK Ha OCHOBI KEBJIapy 3 BOJO3aXUCHUM KOMIIay-
HIIOM, BHJIYYCHHX i3 3pa3KiB ONTHYHOTO KaOENlro, OImpo-
mineHux go3oto 100, 200 ta 300 x['p. Touku Ha KpuBiit 2
— pe3yJIbTaT ycepeaHEeHHs 3Ha4eHb MEXaHIYHOI MIIIHOCTI.
[InaBHa kprBa 2 € MOJMIHOMIAJILHUM HAOJM>KEHHSM TOJTi-
HOMOM 5-ro0 nopsiaky [50].

Y po3risiHyTOMY JTiana3oHi MOTTTMHEHOI 103U raMMa-
BUIPOMIHEHHS CIIOCTEPIraeThCs XapaKTepPHE 3MCHILCHHS
MexaHiuHoi MinHOCTI Ha po3Tsir Ha 30 % 3a no3u 75 k['p Ta
30uteIeHHs Ha 11,5 % 3a mo3u 6mu3bko 250 xI['p BiTHOCHO
MOYaTKOBOT'O HEOMPOMIHEHOTO CTaHy. SHW)KEHHS MEeXaHiu-
HOI MIITHOCTI apaMiJHUX HHUTOK CIIOCTEPIraeThCs 3a MpH-
YMHU BIUIMBY BOZO3aXHCHOTO ancopOenTy. Ilin mieto pami-
amii  BimOyBaeThCA JONATKOBA TOJIIMEPH3AIlisi BOJTHO-
MACIISTHOT eMYJIbCii MOiMepiB 3 HAJBUCOKOIO TMOTIIMHAIb-
HOO 371aTHiCTIO. Lle mpu3BomUTE N0 i ycaaku, 0 3yMOB-
JFO€ CHJIPHUH e(DeKT BIUIMBY HAa MEXaHIYHY MIIHICTh apa-
MIJTHAX HUTOK. 3a OLIBIIMX 3HaYeHb MOIJIMHEHOI 03U BH-
MIPOMiHEHHS BIUTHB BOJHO-MACIITHOI eMYJIbCii ToTiMepiB 3
HAaJIBUCOKOIO TTOTJIMHAIBHOIO 3/IaTHICTIO 3MEHILYEThCS. Y
IFOMY BHIAIKy CIOCTEPIraloThCS TporecH Oesmocepe-
HBOT'O BIUTHBY I'aMMa-BUIIPOMIHCHHSI Ha apaMiJHi HUTKH 3i
30UTBIIEHHAM iX MEXaHIYHOI MIIHOCTI: TPOCTEKYETHCS
NpOLEC paialiifHOro 3LIMBaHHS OPraHiYHOTO BOJOKHA HA
OCHOBI apOMATHYHUX TIOJTiaMiIiB.

Bucnosku.

1. Ha mingcraBi 4McenbHOTO MOJICIIOBAHHS E€IIEKTPO-
CTQTUYHOTO IOJA y HEEKPaHOBAHOMY €JIEKTPUYHOMY Ka-
Oeni 3 PI3HOI0 OPIEHTAIEI0 YOTHPHOX HEEKPaHOBAHUX
BUTHUX I1ap OOIPYHTOBAHO CXeMy OOCTEKEHHS 3aUlsl KOH-
TPOJIFO 1HJMBIAYaNbHHUX SJCKTPUYHHUX BIACTHBOCTEH TBe-
P01 mosiiMepHOT 130141111 130JIbOBAHHUX MPOBITHHKIB.

2. EKCIepUMEHTAIbHUMH JOCIiKEHHAMH J10BEACHO
BIUMB mornuHeHoi no3u 100 kI'p, 200 xI'p ta 300 xI'p

raMMa-BUIIPOMIHEHHsI Ha TPOLECH 3IIMBAHHS Ta JECTpPY-
KIIii TOJICTUICHOBOI 130JIAIMi1 3pa3KiB HECKPaHOBAHOTO
enekTpuuHoro kabemo. lle omocepemxoBaHo MiATBEp-
JUKEHO JIMHAMIKOIO 3MIHEHHS €JIEKTPHUYHOT €EMHOCTI 130-
JBOBAaHHUX IMPOBIJHUKIB HECKPAHOBAHUX YOTUPHOX BUTUX
map 3a CXeMOI0 00CTe)KEeHHS KOKHUI 130JTbOBaHUH TIPOBI-
JHUK IIiJ{ TIOTSHINaJOM — MPOTH BCIX CbOMa IHIIMX IIiJ
HYJIbOBUM ITOTCHI{IaJIOM.

3. 3anporoHOBaHO KPUTEPiil JOCATHEHHS! KPUTHIHO-
ro CTaHy HOJIIMEPHOT MOJIIETHIEHOBOT 13011 1301b0Ba-
HHUX MPOBIJIHMKIB 32 YMOBH [ii raMMa-BUIIPOMIHEHHS Ka-
OeniB. Kpurepili rpyHTy€eThCsl Ha 3MiHEHHI 3HAaKYy BiJJHOC-
HOI ENIEeKTPUYHOI €MHOCTI i30JIbOBaHHMX IPOBIIHHUKIB B
OTIPOMIHEHOMY CTaHi O HEOIPOMIHEHOTO CTaHy KaOelliB
6oproBux cucteM. B miama3oHi mornuHeHOi 103U raMma-
Bunpominenns Bix 100 k['p mo 200 xI'p (B miana3oHi gac-
toru Bix 0,1 x['q mo 10 x['1y) BigHOCHA eNEKTPUYHA €M-
HICTh Ma€e aoxaatHii 3Hak. [Ipu mornmuHenin mo3i 300 kI'p
— BiJ’€MHHH 3HAK.

4. EKCHepUMEHTILHO JOBEACHO CHHEPreTUUHUI
e(eKT BIUIMBY BOJIO3aXHUCHOTO aJCOPOSHTY HAa MEXaHIuHY
MIIHICTh apaMiHAX HUTOK CHJIOBOTO EIIEMEHTY Tph il
raMMa-BUIIPOMIHEHHS Ha 3pPa3KH ONTUYHOTO Kabemo Oop-
TOBHX CHCTeM. B [iama3oHi MOTIMHEHOI J03U BHIIPOMI-
HeHHs 10 175 x['p crocrepiraeTbest 3MEHIIIEHHST MEXaHid-
HOT MIITHOCTI Ha PO3TST apaMiJHUX HUTOK, 10 00YMOBJIEHO
BILIMBOM came azacopOenty. [lpm  go3i  ramma-
BUIpOMiHEeHHs Outbire 175 x['p BIIMB amncopOCHTY 3MEH-
uryerbesi. EdexT pamianiiHoro 3MinHEHHsS MeXaHIuyHOT Mi-
ITHOCTI apaminanx HUTOK Ha 11,5 % BimHOCHO HEompomi-
HEHOTO CTaHy IIOMiYa€eThCs TIPH MOTIIHHEHIH 1031 250 k[p.

5. TlpoBeneHi eKcrieprMeHTaIbHI JAOCIIKEHHS Ha-
JTAIOTh TJICTaBH IiJBUIINATH paialiiHy CTIHKICTh KOHC-
TPYKTHBHHUX €JIEMEHTIB Ta B LIJIOMY €(EeKTHBHICTH €KC-
IUTyaTtallii eJeKTPUYHUX Ta ONTHYHHX KaOesiB OOpPTOBHX
CHCTEM B YMOBaX Jiii raMMa-BHIIPOMIHEHHSI.

Konduikr inTepeciB. ABTOpH 3asBISIOTH NPO BiJl-
CYTHICTh KOH(JTIKTY 1HTEPECIB.
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Influence of gamma radiation on the electrical and mechanical
properties of on-board systems cables.

Introduction. Electrical and fiber-optic cables of on-board systems
for transmitting monitoring, control and communication signals
are increasingly used in nuclear power plants, aircraft systems and
military applications. Such operating conditions are characterized
by an increased level of ionizing radiation compared to the back-
ground: from 10 kGy in space applications to 1 GGy in the corium
of a nuclear reactor. Problem. The resistance of polymer insula-
tion to the action of ionizing radiation is determined on the basis of
mechanical, thermophysical, physicochemical indicators that re-
flect the local characteristics of the polymer insulation of electrical
cables. Modern special radiation-resistant optical fibers are capa-
ble of operating under the action of gamma radiation with a dose
of 1 MGy. To ensure mechanical strength and protection of the
optical fiber from moisture, high-strength structural elements and
hydrophobic fillers are used in the optical cable. The goal of the
work consists in establishing the effect of gamma radiation on
unshielded cables with unshielded twisted pairs and optical cables
with the determination of the dynamics of changes in the electrical
properties of polyethylene insulation of conductors and mechanical
properties of aramid yarns with a water-blocking coating, respec-
tively. Methodology is based on the determination of the change in
the electrical capacitance of each of the 8 polyethylene-insulated
twisted pair conductors and the mechanical tensile strength of
Kevlar yarns with a water-blocking compound, compared to the
un-irradiated state, depending on the absorbed dose of gamma
radiation of 100 kGy, 200 kGy and 300 kGy when processing sam-
ples of electrical and optical cables in the cobalt-60 (Co™) installa-
tion. Scientific novelty consists in establishing the criterion for
achieving the critical state of polymeric polyethylene insulation of
insulated conductors and the effect of the influence of a water-
blocking coating with ultra-high absorption capacity on the me-
chanical strength of aramid yarns under the action of gamma ra-
diation on samples of an electric cable in a protective sheath of
pobyinyl chloride plastic compound and an optical cable in a
protective sheath based on a polymer fire-resistant composition,
respectively. Practical value is qualified by the range of radiation
resistance of structural elements to ensure the operational func-
tionality and efficiency of cables of on-board systems under the
action of gamma radiation. References 50, tables 3, figures 6.

Key words: on-board systems, unshielded cable with unshielded
twisted pairs, optical cable, absorbed dose of gamma radiation,
polyethylene insulation, electrical capacitance, aramid yarns,
waterproof compound, mechanical tensile strength, radiation
resistance.
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