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MO/IA®PIKOBAHA JIBOIOJIOCHA 3ACTYIIHA CXEMA, EKBIBAJIEHTHA JIIHIHHOMY
EJEKTPHYHOMY  KOJY CUHYCOIJTHOT' O CTPYMY 3A KOMIUVUIEKCHOIO
MOTYXKHICTIO, IS ONTHUMIBALIII TA BHUMIPIOBAHHS WOI'O EHEPTETUYHHX
XAPAKTEPUCTHUK

M.IO. Apremenxo’ , nokr.Texn.Hayk, F0.B. Kyradin® , noxr.pinoc., B.B. Yonuk®  , kaH1.TexH.Hayk,
B.M. Muxaabcbkuii® JIOKT.T€XH.HayK, [.A. ].Hal'IOBaJ'IS*****, JIOKT.T€XH.HaYK,

C.H. Moaimyx®™, KaHx.TexH.HAYK

! Hanionanpuuii TexniuHmii yHiBepcuTter Ykpainu «KuiBcbkuii nosirexniuanii ineruryt iM. L. Cikopcbkoroy,
np. Bepecreiicbkuii, 37, Kuis, 03056, Ykpaina,

2 Akazemist npani, coniaTbHUX BiTHOCHH i TYypu3MY,

ByJa. KinbueBa nopora, 3-A, KuiB, 03187, Ykpaina,

3 IncTutyT eexrpoannamiku HAH Ykpainu,

np. Bepecreiichkuii, 56, Kuis, 03057, Ykpaina. E-mail: artemenko m_ju@ukr.net

3anpononosano moougixosany cmpykmypy 080NONIOCHOI 3ACMYNHOI cXeMu NIHIUHUX eleKMPUYHUX KIl CUHYCOIOH020
CmMpymy, wo 8i0mMeoproe KOMNIEKCHY NOMYHCHICIb NEPEUHHO20 KOId Mda OONYCKAE MOOeN08AHHA 8 4dco8ill obaacmi
PO3NOBCIOONCEHUMY  KOMN TomepHumMu  npozpamamu. Beedeno ¢axmop enepeemuunoi xopexyii, wo KilbKiCHO
xapaxkmepusye 3meHuienns peanvnozo KKJ{ nepsunnoco kona 3a MAaxkCuMaibHOi NOMYAICHOCMI HABAHMAICEHHS
NOPIGHAHO 3 2paHuyHUM 3Hayenuam y 50% ona xkaacuunoeo cxemuoeo exegisarenma Teeenena. Iloxkaszano e3acmmo
00HO3HAYHUIL 36'A30K Yb0o2o ¢hakmopa 3 makcumanvro docsacnum KK/ nepeunnozo xona, wjo mooice nepesuwsysamu
50% 3a onmumanvrozo HasaHmadicenHs. 3 BUKOPUCMAHHAM NAPAMEMPIE 3aNpONnoOHO8AHOI 08ONOMOCHOT 3aCMYNHOL
cXemu OMPUMAHO  AHATIMUYHI  CHIBGIOHOWIEHHS. OJsl PO3PAXYHKY NAPAMEMPIE ONMUMANBHO20 HABAHMAICCHHS.
Jlocmogipuicmes meopemuynux pesyabmamis niomeepoAtCeHo KOMN TIOMePHUM MOOeT08aHHAM 6 cepedosuwi Multisim
Ha npukaadi TiHitHol Modeni mpancghopmamopa, wo nPoOeMOHCMPYBAL0 NOGHUL 30ie ONMUMIZ08AHUX EHEPSeMUYHUX
Xapaxkmepucmuk nepeuHHO20 KOJia CUHYCOIOH020 cmpyMy ma 1020 080n00CHOT 3acmynHoi cxemu. biomn. 16, puc. 8.
Kniouoei cnosa: nBoroocHa 3aCTyITHA CXeMa; KOMIUIEKCHA MOTYKHICTh; CXeMHHI eKBiBaJeHT TeBeHeHa; KoeillieHT
KOPHCHOI J1ii; onTHMallbHe HaBaHTAKECHHS, KOJIa CHHYCOITHOTO CTPYMY.

Beryn. Teopema Tesenena [1] mpo exBiBameHTHE mkepeno (reHepaTop) Ta 3alpoIOHOBaHA HHUM
nBononocHa 3actynHa cxema (/I3C) mepBHHHOTO Kosia 3amoyaTkyBaid (yHIAMEHTAIbHUHA PO3aiLT Teopil
THIMHAX €JeKTPUYHMX Kin [2-5], 1mo BKIIFOYae METOM €KBIBaJEHTHOIO T€HEPATOpa, Ta IIOJIOKEHHS IIPO
rpanuyHe 3Ha4eHHs Koedinienta kopucHoi aii (KKJ) y 50% noBinbHOTO0 KoJia 32 MAKCUMAaIIbHOT ITOTYKHOCTI
HaBaHTAXEHHS. MeToJ eKBiBAJIEHTHOTO TIeHepaTropa, CIOYaTKy 3acTOCOBYBAaHMH B KOJax MOCTIHHOTO
CTpyMy, a micisa 3anpoBapkeHHs LlTeliHMenleM CHMBOJIIYHOTO METOAY PO3paxyHKy [6] i B Komax
CUHYCOIJIHOTO CTpyMY, I'PYHTYEThCS Ha BinTBOpeHHI Ha BuaineHux 3aruckavax JI3C TeBeneHna BOJBT-
aMIIePHOI XapaKTEPUCTUKH MEPBUHHOIO Kojla (KOMIUIEKCHOI y BHIAJIKy KoJla CHHYCOIZHOTO CTpyMY) 3a
JOBUIBHOTO JIHIMHOrO HaBaHTakeHHS. Lle nae 3MOry CHOpOCTUTH PO3pPaxyHOK CTPyMYy JAOBUIBHOI BITKH
MEPBUHHOTO €TIEKTPUYHOTO KOJIa, IPEICTABUBINY ii HaBaHTakeHHsM BiamosiaHoi JI3C TeBenena.

Onnak, sk BimsHadamocs B [7-9], JI3C TeBeHeHa He eKBiBaJeHTHA IEPBUHHOMY KOy 3a
HOTYXKHICTIO, OCKIJTBKH B PEXKUMI PO3pUBY BHILICHOI apu nountociB ioro KK/ npsmye no 100% [3], B Toit
Yac K B NMEPBUHHOMY KOJIi BiH HYJIbOBHil uepe3 HasBHICTh BHyTpilHiX BTpar. Came tomy I. Bap6i B [7]
PO3IIMPUB TPaKTYBaHHS MPUHIMITY €KBIBaJICHTHOTO JDKEpeNa, BHCYHYBIIW nojaTkoBy Bumory no JI3C
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3a0e3neuyBaTH €KBIBAJICHTHICTh MOTYKHOCTI IEPBUHHOTO KOJIa 3a JOBIIBHOTO CTPYMY HaBaHTaXeHHs. B miit
ke poboTi BiH 3ampomnonyBas JI3C KiT MOCTIHHOTO CTPyMy, CKIQJICHHX 3 HE3AICKHUX 1CATHHUX JDKEPeI
HaIlpyTH Ta PE3WCTOPIB, IO BIATBOPIOE JIHINHY BaT-aMIIEpHY XapaKTePHUCTUKY TaKWX Kijl. B momampmmx
poborax Oyma po3BuHyTa cxemoTexHika JI3C 3 BiATBOpEHHSIM MOTY>KHOCTI KiJl MOCTIHHOTO CTpyMy, IIO
MICTATh He3aJexHi mkepena crpymy [10-12] Ta s3amexHi mkepeila Hampyrd, KepoBaHi crpymamu [8], i
BHACJIIIOK IOTO BIAPI3HAIOTHCS (YHKI[IOHAJIBHOIO 3aJICKHICTIO BaT-aMIICPHOI XapaKTePUCTUKH. [IuTaHHsS
Makcumizanii KKJ[ kin mocTiiiHOro cTpyMmy LUISIXOM HANAIITyBaHHS! ONOPY HABAaHTAXXCHHS €HEPTEeTHYHO
exBiBanieHTHUX JI3C posrnmspamucs B [8-10], mpuuomy B [9] s mopnened kin, mpenacTaBieHHX
YOTHPHITOIIOCHUKAMHM Ta OAHOPIIHUMH JTOBI'MMH JTIHISIMU.

PazoM 3 TuM eHepreTHuHa e€(EKTUBHICTh CICKTPUYHUX KiJ caMe CHHYCOIIHOTO CTPyMYy € OJHIEIO 3
KIIOYOBUX MpoOJieM Teopii Ta NpakTHKH enekTpoeHepreTuku, i J3C Takux Kil MarlTbh aJeKBaTHO
BIZITBOPIOBATH iX aKTHBHY Ta PEAKTUBHY IMOTY>KHOCTI 3a JTOBUILHOTO JIHIMHOTO HaBaHTaXXCHHs. BapiaHTH
J3C 3 TakuMU BJIaCTUBOCTSMHM ISl TIPBUHHHUX KiJI, 10 CKJIAJAlOTHCSA 3 HE3AICKHHUX JDKEPES CHHYCOIITHOT
Hanpyrd OAHAKOBOI YaCTOTH Ta AKTUBHMX 1 PEaKTUBHUX OIOPIB, IPEACTaBIICH] Y HEIIOAABHO OITyOIiKOBAaHUX
poborax [13] ta [14]. Ctpykrypa 3C, obrpyHToBana B [13], BiATBOpIOE aKTUBHY Ta PEaKTHBHY MOTYXKHOCTI
HEPBUHHOTO KoJjia crerudivHoi cTpyKTypH, mo ¢irypye B Teopemi Xoami-MimiMana [15, 16] y Burmsmi
JOBLIBHOT KUJTBKOCTI MapaieiabHo 3’€JHAHUX BiTOK. EleMeHTaMu 11X BIiTOK, OKPIM JKEpen Halpyrd, MaloTh
OytH, 3rigHo [13], BUKIIOYHO aKTHBHI a00 BHKIIIOYHO peakTHBHI onopu. B [14] 3ampornoHoBaHa CTPyKTypa
J3C, exBiBaJIeHTHOI 32 KOMILUIEKCHOIO TOTY)KHICTIO TMEPBHHHOMY KOJY JIOBUTBHOI CTPYKTYpH 3 aKTHBHO-
IHIYKTUBHAMH ONIOPaMH BITOK, Ta CTBOpEHA aHAITHYHA METOJMKA PO3PaxXyHKY KOMIUIEKCHUX MapaMeTpiB
miei JI3C. LluM caMuM CTBOPEHHH NOTYXHUH IHCTPYMEHT HIOCIIIKEHHS EHEPreTUYHUX BIIACTHBOCTEH
EJIEKTPUYHHX KiJl CHHYCOiJJHOTO CTPyMYy HIMPOKOI HOMEHKJIATYPH 32 CIIPOILEHOIO JBOIOIIOCHOI MOAEILIIO.
Opnak cTpykrypa 3ampomonoBanoi J[3C [14] MicTuTe 3aleXxHe JDKEPENo CTPyMy 3 KOMITIEKCHUM
KoedillieHTOM TiepeAadi, MO0 YCKIAJHIOE ii MOJENIOBAaHHS B 4YacoBid 00JacTi pPO3MOBCIOKEHUMHU
KOMIT'IOTEpHUMHU IIporpaMamMu 3aajis Oe3NocepeqHbOr0 BHMIPIOBAHHS EHEPreTHYHUX XapaKTEPHCTHK,
€KBiBaJICHTHHUX MIEPBUHHOMY KOITy.

Mera poboTu TmoNmsATaE y PO3pOOTEHHI METOAWKH ONTHMI3allii €HEepreTHYHUX XapaKTePUCTHK
TMHIAHUX ENeKTPUYHUX KiI CHHYCOITHOTO CTpyMy IUIsixoM Mmakcumizarii ixHix KKJ]I gepe3 mHanmamryBaHHS
napaMeTpiB HaBaHTaxeHHsT MoaudikoBaHoi J3C, mo ekBiBaJeHTHA MEPBUHHOMY KOJIy 3a KOMIUICKCHOIO
MOTYXKHICTIO Ta JIOMYCKa€e MOJIENIOBaHHS B 4YacOBiil 00nacTi.

JIBomosiiocHi 3acTymHi cXeMH, eKBiBajeHTHi JIHIfHUM KoJlaM CHHYCOITHOIO CTpyMy 3a
KOMILIEKCHOIO MOTY:KHICTIO, T2 BU3HAYeHHH iXHiX mapameTpiB. B [14] yBeaena makpomopenb MEpBUHHOTO
KOJIa CMHYCOIZIHOTO CTPYMy 3 3a3HAYEHUM CKJIAJIOM €JIEMEHTIB BiJIHOCHO BH/ILIEHUX 3aTUCKadiB @,0 y Burmsni

HACTYIIHOI CHCTeMHU KoMIulekcHux ZE-mapamerpis: Ey, Z,, — xourypHa EPC Ta BiacHuil onip 30BHILIHBOTO

KOHTYPY, B sIKHI yBIMKHEHE HaBaHTaXeHHs, €,Z,Z — BiAnoBigHo, BeKTOp KoMIuleKcHHX EPC BHYyTpilIHix

KOHTYPIB, BEKTOP B3a€MHHMX KOMIUIEKCHHX OIIOPIB MK BHYTPILIHIMH Ta 30BHIIIHIM KOHTYpaMH, CHMETpUYHA
KBaJ[paTHa MAaTPHII KOMIUIEKCHHUX OITOPIB BHYTPIIIHIX KOHTYpiB. TakoX BCTAaHOBJIEHO, IO KOMITICKCHA

NOTYXXHICTh S TEPBUHHOTO KOJIA JIHIHHO 3aJIE)KUTh Bijl KOMIUIEKCHOTO CTPyMy HaBaHTaxeHHs |
-~ -
S=S,+E.I, 1)
s T (>-1a\+ . : i i | =0
ne S, =€ (Z7e)" — KkoMIUIEKCHa MOTYXHICTb B peXHUMi pO3puBY BuXimHuX 3aruckauis, komu |, =0;
T .E. =E,—€" (Z"2) i
, —3HAKH KOMIUIEKCHOTO CHpshKeHHs Ta TpaHcrnonysanns; E, = Ej,—€ (Z7°Z)" — kommiekcne airoue
. . . . . - - T—-1
3HaueHHs eksiBanenTHoi EPC, mo B 3aranbHoMy BMmnaaky Biapisuserscs sin EPC E, =E,,—-7'Z7¢

HEe3aJIeXKHOTO Kepea Hanpyru komiuiekcHoi J[3C Terenena.
7 Kommnexcuauit  omip  [I3C  TeBenena

Z_ab = Rab + anb = 700 _ZTZ_lz pazom 3 EPC

E,, € ¢parmentom 3anpomonoBanoi B [14]

komruiekcHoi JI3C  (puc. 1), mo 3a0e3mneuye
BIATBOPEHHSI KOMIUIEKCHOI 30BHIITHBOI BOJIBT-
aMIepHOT  XapaKTePUCTHUKU TEPBUHHOTO  KOJia
BIIMOBITHO 10  KJIACUYHOI  TEOpPEMH  TIPO
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Puc. 1. Kommekcna J13C, ekBiBajeHTHA
MEPBUHHOMY KOJIY 38 KOMILJICKCHOIO TIOTYKHICTIO
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€KBIBAJICHTHHUI TE€HEPATOpP B KOMIUIEKCHIM oOmacti [2-5]. Ha wmiii cxemi V — KOMIUIEKCHE air0ue 3HAYEHHS
BHXiJJHOT HANIPYTH 3a JOBIIBHOTO JIiHIHOr0 HABAHTAXKEHHS, 1[0 NPEJICTABIEHE KOMILIEKCHUM OMOPOM Z

Bamis 3abe3neucHHs eHepreTHuHoi ekBiBaneHTHOCTI J3C (puc. 1) mepBHHHOMY KONy MUISXOM
BiJITBOPEHHS OT0 KOMIUICKCHOT IIOTY>KHOCTI 32 JJOBUTLHOTO CTPYMY HABaHTa)KCHHS €JIEMEHTH Eab , Zab J3C
TeBeHeHa MarOTh OYTH JOMOBHEH] TAKUMH CTPYKTYPHHUMH elleMeHTamu [14].

1) IMapanensHO €IMHOMY HE3AICKHOMY JDKEPEITY Eab BMHKAIOTh aKTHBHO-PEAKTUBHUHI OMIp, IO

3abe3nedye KOMILIEKCHY TTOTYKHICTh B peXKHMi PO3pUBY 3aTHcKadi a,b (amamoriuno 1. Bap6i posramrysas

JIOJIATKOBU# pe3uctop y 3anpornonoBanomy HuM J[3C kona mocTiitHOro ¢cTpymy B [7] Ta YUCTO aKTHBHUI YU
qucTo peaktuBHuUil omip B J[3C xona cunHycoigHoro crpymy B [13]), KOMILIEKCHA POBITHICTH SKOTO

Y_B = S~; / E:b = (eT )*Zile/ E:b' (2)
2) Jlns xommeHcartii pizauIli koMmmiekcaux EPC
E,=E.-E,=¢€"[(Z")'z2-(Z"2)']=2je" Im(Z"'2) ?)

B [14] 3ampornoHOBaHO yBECTH 3aleXkHE [DKEPENO CTPYMy, KEpOBaHE CTpyMOM HaBaHTaxeHHs |, 3

3a3HAYEHOI0 HA PHC. | CXeMOI0 YBIMKHEHHS Ta KOMIUIEKCHUM KoedinienToM nepenaui K 3 » 1110 3aJI0BOJIbHAE
YMOBY
— .
k;=E,/E, =E, [E, -1 @)
Came 3a TakuxX CTPYKTypHUX JomoBHeHb KommuiekcHOi J[3C TeBeHeHa Ta BHU3HAYECHHS

KOMIIIEKCHOTO Koe(illieHTa Tepefadi 3alle)kKHOro JpKepelda 3a CHiBBigHomeHHsM (4) KoMIuieKcHa
MOTYXHICTh 3anp0n0HOBaH01 J3C

. e = . s, o= -

Sie = Eulo +E,(E,Y,) +E, (K Io) =E,lg +S,+(E, —E,)i; =S, +E.; )
TTOBHICTIO BiMOBIia€e piBHAHHIO (1) TEPBUHHOTO KOJIA 33 JOBLIHHOTO JIIHIHHOTO HAaBAHTAKCHHS.

Binsnaunmo, mo E, =0, sxkmo marpuus ta Bekrop Z,Z B (3) cKiIagaeThesi BUKIIOYHO 3 IiHCHUX

YHUCeN, MO BiMMOBITAIOTH PEe3UCTOpaM, abo CKJIAMA€ThCS BUKIFOYHO 3 YSABHHX YHCEN, SIKUM BiIITOBIIAIOTH
peaxruBHi omopu. Came Tomy JI3C nepBurHOTO Koma pobotr [13] 3 M0CTaTHBO JKOPCTKUMH CTPYKTYPHHMH
Ta MapaMEeTPUYHUMU OOMEXEHHSIMH He MOTpeOye 3aleKHOro JDKepela CTPYyMY, KEpOBaHOIO CTPYMOM
HaBaHTaKCHHSL.

Hemonixk JI3C ma puc. 1 momnsrae B TOMy, III0O BOHA € KOMIUIEKCHOIO CKBIBAJICHTHOIO CXEMOIO
MIEPBUHHOTO JIIHIHHOTO aKTUBHOTO €JNEKTPHYHOTO KOJa CHHYCOINHOTO CTPyMY, SIKY 3aCTOCOBYIOTH 3a/JIs
CHPOLLICHHS PO3PaXyHKiB B KOMIUIEKCHOMY METO/1 aHaJIi3y TaKUX KiJl LUIIXOM ONEPYBaHHA 3 KOMITICKCHUMHU
gucinamMu [2-5]. I, SKIIO KOMIUIEKCHHUM OIIOpaM BITOK EJIEKTPUYHOTO KOJIa CHHYCOITHOTO CTPyMy Ta
HanpyraMm JDKepen € BiJNOBLIHMKKA Yy BUDIAA (Pi3MUHMX €JeMEHTIB Ta 1X KOMII IOTEpPHUX MOJEJeH, TO
MOJIEJIb 3aJIEKHOT0 JKepelia CTPYMY 3 KOMIUIEKCHUM Koe(illieHTOM nepeadi BiACYTHS y PO3IOBCIOIKEHUX
nporpaMax KOMIT'IOTEpHOI cUMYJisiii enekTpuyHux Kil. Lle He Jae MOKIMBOCTI MOJENIOBATH 3a3HAaYECHY
J3C B uacosiii obnacti 3a/u1st 0€3MocepeJHbOTO BUMIPIOBAHHS TAKHX 1i €HEPreTUYHUX XapaKTepUCTHUK,
€KBIBaJICHTHHUX MEPBUHHOMY KOITy, SIK aKTHBHA ¥ peakTUBHA MOTYXHICTi, KOS(ILiEHT MOTY>KHOCTI, TOLIO.

BHecemo cTpyKTypHi 3MiHH B 3aCTyNHY cXeMy Ha puc. 1, 3a0e3mneurBIIn peasizamiro KOMIUIEKCHOTO
koedillieHTa Tepenadi CTpyMy, IO 3aI0BOJIbHSE (4), 3aJCKHUMHU JKepelaMH 3 JIMCHUMH 3HAYCHHSAMHU

Koe(ilieHTIiB Tepeadi. MHOKEHHIO Ha | = gl YSIBHOI YaCTHHHM KOMIDIEKCHOTO KoeillieHTa mepenadi B

4yacoBiil oOnacti BiAmnoBizae ¢a3zoBHi 3CYB BIAMOBITHOTO CHHYCOIZHOTO KOJHMBaHHS Ha 90 elNeKTpHYHHX
rpagyciB. Came TakuM € ($a30BH 3CYyB MK HalpyramMl aKTUBHOI Ta PEaKTHUBHOI YaCTHH KOMILIEKCHOTO

omnopy Z, , 4epe3 SKMH MpPOTIKAaE KOMIUICKCHHil CTpyM HaBaHTaxeHHs [,. TOMy, 3aMiHHMBIIN 3alIeXKHE

ab !
IDKEPEIIO CTPYMY, KEPOBAHE CTPYMOM B cxemi Ha pI/ICI IMapor 3aJICKHHUX JPKEPEI CTPyMY, KEPOBAHUX

HanpyramMM aKTHBHO-DEaKTHBHOTO ONOpy Z_, fK IOKa3aHO Ha PHC. 2, NOCATHEMO IIOCTABICHOI METH

HaJIe)KHUM BHOOPOM JIHCHUX BelMWYHH KoedilieHTiB nepenaui G; ta G,.
CymapHHil KOMITTIEKCHUH CTPYM 3aJIS)KHHUX JDKEPEIT CTPYMY, KEPOBAHHX HaNpyramu

I, =GV, +GV, =GR, I, +G,jX I, = (GR, + jG,X,,)I,, (6)

ISSN 1607-7970. Texn. enekmpoounamixa. 2026. Ne 2 5



ne Vg =R, Vy = jX,|,— KoMmIuekcHi Hifo4i 3HAYCHHs HAIpYT, BiANOBIIHO, aKTHBHOI Ta PEaKTHBHOI
YaCTHH KOMIUIEKCHOTO onopy Z., .
3 (6) BuIMBaE, WO CHOiIbHA [is R, X, I,
. . o

3AEKHUX JUKEPEN CTPYMY, KEPOBAHHMX 3a3Ha- . °
YEeHNUMH Harpyrami, 3abesrneuye eKBiBaJCHTHUI 7 7
KOMIUIEKCHUN KOoe(illieHT mepenadi 3a CTPyMOM D CD : _

— _ . _ . . _ . - V ZH

kJ_kR+Jk1_IEIIO_GlRab+JGZXab’ . . o E
(7) GIVR G2VX YB ab

0

3a BIJIOMOI BEJIMYMHU SIKONO BU3HAYAIOTH JIIHCHI
3HAYCHHS KoeiIlieHTIB TIepenadi

Puc. 2. Kommekcna [I3C, mio pomyckae
G, =k /R,;G, =k, I X,. (8) MOJIETTIOBAHHSA B YacoBiii 06JacTi
[Ipu npomy Bif’eMHa BeIMYMHA KOKHOTO 3 KoediuieHTiB nepenayi G; ta G, BiAnoBizae 3MEHIIEHHIO
CIIOKMBAHOI'O CTPyMY HE3aJE€XHHUM JDKEpPEeJIOM HaIpyru, 3aijisl peajizallii 4oro 3ajekHe Ta He3aJleKHe
JoKepesia MaroTh 3’ €JHyBaTy 3 OJHAKOBOIO MOJISIPHICTIO, @ 33 TOJATHOI BEIWYMHHU 3a3HAYEHOro KoedilieHTa
HEOOXiZTHO BCTAHOBUTH Pi3HY MOJISIPHICTH 3’ €IHAHHS LIUX JKEpel.
3acTrocyBaHHsI mapaMeTpiB JBONOJIIOCHOI 3aCTYNHOI CXeMH, €KBiBaJEHTHOI 32 KOMILJIECKCHOIO
MOTYKHICTIO, /ISl eHEPreTUYHOI oNTUMI3alii KiJ cHHycoigHOro cTpyMmy. Sk Bigomo [2-5], eHepreTHuHa
onTuMmizaliss Kin cuHycoigHoro ctpymy 3a J3C TeBeHena mnossirae y BHOOpPI KOMIUIEKCHOTO OIOpY
7. =72, 1o 3a0e3neuye MaKCHMalbHy aKTHBHY IOTYXHICTh HABaHTAKECHHS

HaBaHTaXXEHHS 32 YMOBU Z b
wy = E,, 1 2R ,. Bemmauna KK/ 'y JI3C Tesenena 3

TaKUM HaBaHTaXeHHsIM ckianae 50%. OnHak po3paxyHOK L€l BENTMUMHHM B 3a3HAUYEHHUX MiAPYYHUKAX 3
Teopil eNEKTPUIHKNX KiJl ITHOPYE HASBHICTH aKTHBHOI IMOTY>KHOCTI BTPAT NMEPBHUHHOTO KOJa CHHYCOITHOTO
CTPYMy B peXHMi pO3pUBY BUXIJHHX 3aTHUCKadiB Ta BiAMiHHICTH KoMiuiekcHUX EPC 3a gopmynoro (3), mo
CIOTBOPIOE JiHIHY 3ay1exkHICTh (1) KOMIUIEKCHOI MOTY>KHOCTI IEPBUHHOTO KOJIa Bil KOMIUIEKCHOTO CTPYyMY
HaBaHTaXeHHs. BHacnigok mporo BemmuuHy y 50% ciig posrisaatu sk BepxHio rparumo KK/ nepsurHOTO
KOJIa CHHYCOITHOTO CTPYMY 33 HaBaHTa)KEHHs, ONITHMi30BaHOTo 3a mapamerpamu J[3C TeBenena.

BpaxyBanus 3asHayeHux e(eKkTiB B mapaMeTpax 3ampomnoHoBaHMX KomuiekcHux [I3C,
€KBIBaJICHTHHX MEPBHHHOMY KOJIy 332 KOMIUIEKCHOIO TOTYXXHICTIO, Ta€ 3MOTY OTPHMATH TOYHE 3HAYCHHS
KKJI mnepBHMHHOTO KoOja 3a MaKCHUMAaJIbHOI MOTY)KHOCTI HaBaHTakeHHs. [liICTaBUBINKM BIAMOBITHE
KOMILJIEKCHO CIIPSDKEHE 3HAu€HHS CTPYMy HaBaHTa)KEHHsS B peajbHy 4acTuHy (1), oTpumaemMo Bupas ais
AKTUBHOI MTOTY>KHOCTI IIEPBUHHOTO KOJIA 32 MAKCUMAaJIbHOT aKTUBHOI IOTYKHOCTI HABaHTa)KEHHSI

o (k, +1)E_E,, B GP+kR+1 , )
2R, 2R,

HM
Iy |
PHM = Eab / 4Rab Ta BEIUYMHY CTPYMY HaBaHTaXCHHA |

P, =Re(S,+EI,)=EG,+R

ne G, =Re(Yy).
3navenns (9) BUKOPUCTAEMO 33 U1 OTpuMaHHs TouHOi Beinunan KK mepBHHHOTO KOJa 38 MAKCUMATBHOT
HOTy)KHOCTi HaBaHTAXCHHA

n = (P ) = — 1 ___ 05 05 (10)
P, 4R,[G,+(k,+1)/2R ] 2R, G,+k +1 &

ne Bemmunna & =2R, G, + K, +1, nokasye y ckinbku pasis Toune 3uadenns KK/ nepsunHOro koma

CHHYCOIZHOTO CTPYMYy 3a MaKCHMaJIbHOI aKTMBHOI HOTY)KHOCTI HaBaHTa)KEHHS MEHIIE 3a MaKCUMAaJbHY
Teopetnuny BennuuHy 50%. HazBeMo ii GpakTopoM KOpeKIlii eHepreTHYHUX XapaKTEPUCTUK KOMIUIEKCHOTO
CXEMHOT0 eKBiBajicHTa TeBeHEeHa, Y IOJalIbIIIOMY CKOPOUYEHO (PaKTOPOM CHEPreTUYHOI KOPEKIIii.

[lokaxemo, 10 y pasi 3MEHILIEHH] NOTYKHOCTI HaBaHTaXeHHs BigHocHo P~ KKJI niHifiHOro xona

CHUHYCOIIHOTO CTPyMYy 3 3a3HaU€HUM CKJIQJIOM €JIEMEHTIB Moxke mnepeBurnyBatd 50%, a 3 BUKOPUCTaHHSAM
napameTpiB komiuiekcHoi JI3C Ha puc. 1 BU3HAUMMO BEIMYUHY MaKCHMAILHO MOCSHKHOTO (ONTHMAIBHOTO)
KK/ niHiifHOTO KOJIa CHHYCOITHOTO CTPYyMY 3 3a3HAYCHUM CKJIAJIOM €JICMEHTIB Ta BEJIMUNHY ONITHMAIILHOTO

HaBaHTaXeHHS Z o = R o T JX 1o 38 axoro 1g Bennunna KK nocaraerscs.

6 ISSN 1607-7970. Texn. enexmpoounamixa. 2026. Ne 2



KommnexkcHuil onTuManbHUM CTpyM HaBaHTaXKEHHS |H0 = Eab / (R o T jX HO) 3a0e3neuye aKTUBHY
MOTYXXHICTh HABaHTAXEHHS
_ 12 _ 2 2
PHO = IHO RHO = Eab RHO / 201 (11)
2 2 2
Ac Zo = (Rab + RHO) + (Xab + XHO) .
AxtuBHa notyxHicTh J[3C 3a ONTUMaNIBHOTO HABAHTAXKCHHS

ST (kg +D(R,, + Ryp) + K, (X, + X ,00)
PozRe(SP+E+IH0):Ej{GP+ R b ng L2 ab — HOZ |
o

Bennuuna KK/ 3a Tux camux ymoB

P R

— _Ho

1
— HO _
o P, G,Z2+(ky+D(R,+R,,)+k (X, +X,,) G,R,,+E+BIR,,

ne B=Db, +b X, +0b,X%,:b,=G,Z2 +(k, +)R, +k,X ;b =2X ,G, +k,;b, =G,.

HanamtyBanHs mapameTpiB ONTHMAalIbHOTO HaBaHTaXKEHHS R

(12)

hor X o Mae 3a0e3leuuTH MiHiMalbHe

sHaueHHs 3HamMennnka (12). Bemnuuna B = b, (X, + b,/ 2b,)* +b, — b’ | 4b, 32 ymosn
Xuo =—0/12b, =-(2X_,G, +k,)/2G, =-X_, -k, /2G, (13)
Ha0yBa€ MiHIMyMY
b2 4RLGE+4R,Go(ky +D) k2L (ke +D)? &8~ (ke +D) k2 _ & Ky +f
4p, 4G, 4G, 4G,

Minimizanis 3HaMeHHEKA (12) 3a BETMIUHOIO aKTHBHOTO OIOPY HaBAaHTAKCHHS J1a€
— 2
i O
E—1k, +1
J
R = | D _ , (14)
G, 2G,

[MincranoBka onTtuManbHUX mapamerpiB HaBaHTaxeHHs (13) Ta (14) B (12) BH3HAYae BEIUYUHY

MaKCUMaJIbHO AocspkHOro KK/
Y i §
Mo = . i U (15)
— 2 T, *
§+\/§2—k;+1| k; +1

Posp’sisannst (15) BigHocHo 3minHOi & jae 3HaueHHs (akTOpa EHEPreTHYHOi KOpeKwUii, 110

BMIN :bo

3abe3nedye OakaHy BeMInHy MakcuMmainbHoro KK/
—, 2
£, =0.5x(n," +n,[k; +1). (26)

|ZJ*+1‘2=1 makcumaibauil KKJ[ y 50% wmae wicue, skmio

1 ra Eoa :1i BIJIIIOBIZHO.
24 ' 180

3a oNTHMAaTFHOTO HAaBaHTaXEHH!I, 10 Bu3HadaeThes (13) Ta (14), moTy)HICTh HaBaHTaKeHHs 3a (11)
Moe OYTH MEPETBOPEHA JIO BUTIISTY

3 ananizy (16) BumIMBae, MO 32 YMOBHU

$os =1,25; KKy 75% Ta 90% nocsraroThes 3a 3HAYCHHSX & e =1

P _ Pau (17)
"o R, R k? '
0,25x| 2+ —HO 4 —ab 14 5t
ab I:\>HO leGP Rab RHO

Ockinbku 3a ymoBH R, ) # R, MaeMo HepiBHICTb
Ry /R, +R, /R, >2,
o B,, <P, = Ejb /4R ,, 106TO Makcumanphuit KKJ{ (15) mocsraeThest 3a MOTYXKHOCTI HABAHTAKEHHS,

10 MCHIIIA 3a MaKCUMAJIbHY.
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Bepudikanis aHadiTHYHMX CcHIBBIZHOIIEHb eHEPreTHYHOI ONTHMI3amii KiJ CHHYCOiHOTO
CTPYMY KOMIT’IOTEPHOI0 cuMYyJisiiiiero. KoMiT roTepHe MOJIeTIOBaHHSI Ma€ MiATBEPAUTH:
1) 3rauenns (10) peanmsnoro KKJ]I mepBUHHOTO KOJIa CHHYCOITHOTO CTPYMY 32 HABAaHTA)KCHHS, ONTHMIi30BaHOTO
3a mapamerpamu komruiekcHoi J[3C TeBenena;
2) cmisigHomienns (13), (14) mist BuOOpy mapaMeTpiB ONTHMAIBHOIO HAaBaHTA)KCHHs, 110 3a0e3MeUyIOTh
MakcuMabHO nmocspkHuE KKJ]I mepBHHHOTO KOjla CHHYCOIIMHOTO CTpyMy, Ta dopmyiy (15) mis BennauHU
uporo KKJI;
3) HOBHUIA 30ir €HEPreTHYHUX XapaKTEPUCTUK MEPBUHHOTO KOJa CHHYCOinHOro cTpymy 1a Horo [3C (puc. 2) y
pasi cUMyJISLIii B YacOBii 001acTi;
4) MOXJHUBICTh 30UIbIIeHHS MakcuMmanbHoro KKJI mepBHHHOrO Kojla CHHYCOIIHOIO CTPyMy [0 OayKaHOTro
3HAYEHHS IUIIXOM MoAudikaLii napamMeTpiB HOro eIeMeHTIB 3a 151 SMEHILIEHHS ()aKTOpa eHePreTHYHOI KOPEKIIii.
Bynemo BHKOHYBaTH pO3paxyHKH Ta KOMIT FOTEPHY CHMYJISIIO B IMPOTPAMHOMY CEpPEIOBHILI
Multisim st aiHi#HOT Mojeni TpaHchopMaTopa, MPEACTaBIeHOT KOMIUIEKCHOIO 3aCTYITHOK CXeMoro [2] Ha
puc. 3, 3 TAKMMH YMCIIOBUMH IIapaMeTpaMu eneMeHTis: E =100B;Z, = Z, = (L+37)Om; R =100m; X = 200m.

3rimzHo 3 MeToamkor pobotm [14] ckiamaemo 7 7

. 1 2
MaTPUYHO-BEKTOPHY  CHUCTEMy  pIBHSHb 32
METOJIOM KOMIUIGKCHUX KOHTYPHUX CTPYMIB,

a

]
L 1

BHOKPEMHBIIH  CTPYM  HaBaHTaXCHHI |, QD ; 3 3 11:. -
30BHILIHBOTO KOHTYPY E . :
= . . . . R JX b
Z,+ jX 0 -jX Ll -V ) It %
0 Z,+R -R [x|l,|=[E],
—jX -R R+ jX |'2 0 Puc. 3 KoMIlekcHa 3acTyIHa cXeMa
3 SIKOT BCTAHOBIIIOEMO 3Ha4YeHHs EZ-mapamerpis Hiniinoi Mozeni Tpanchopumatopa
. o 0
Ew=0,7=2Z,+ JX =1+23j;z ZH—jX‘ = _j20 ;
_|E| _[woof _ |Z,+R -R | [11+3j -10
ol o ' | -R  R+jx|| | -10 10+20j|

Po3paxoByemMo KOMILIEKCHI apaMeTpu eHepreTruuHo ekpiBanienTHUX J3C Ha puc. 1, 2:

— xkowmiuiekcHa EPC Tesenena
T

L 0 11+3j 10 [ |00 —j
E =B, ,-2'Z%=—| . J _ _ 200(5 J)aEaZb:8OOOO;
—j20{ || =10 10+20j| (O 13 13
— kommiekcHui omip J3C TeBeHena
_ 0 ['Ji1+3j -10 |['[o -
Z,=7,-2"Z2"2=1+23j—| . J . ) =M,Rab=§,)(ab=ﬂ;
—j20|| || -10 10+20j| (-j20 13 13 13
— KOMIUIEKCHA MTPOBIIHICTH ITACHBHOTO €JIEMEHTA, 3arportoHoBadoro bap0i
g _)yzl 1 [100 "M1+3j 10 ['[100] 9-7j 9
= =——X =, = —,
® EZ EZ [0 -10  10+20j| [0 80 ' 7 80

Big3Haunmo, 1m0 B NEpPBHHHHUX KOJAaX CHHYCOIZHOTO CTPYyMy 3 OJHHM JDKEPEIOM HampyTH,
noyaTkoBa (aza sAKOi NpUIHATA PIBHOK HYJIIO, CKaIApHA BenvunHa €' Im(Z7'z) B (3) € ailicaum duciom, 3

YOro BUIUIMBA€, WO s Takux Kin E, =E;, Tomy \lZJ +1‘: E./E,|=1. 3okpema, y mpuknai, mo
posrsinaerses, E, = EX =200(5+ j) /13,
B St a2 15
E, 5-j 13 13 13 13

dakTop CHEPreTHYHO! KOPEKIi IS CXEeMH Ha pHC. 3 i3 3aJaHUMHU MapaMeTpaMy eJICMCHTIB
BiamoBiaHo 110 (10)
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E=2R, Gy +ky +1= 2><29 S 12 _o7 (18)

13" 80 13 40
[poruosnuii KK/ 1150r0 K012 32 MAaKCUMAIIBHOT MTOTYKHOCTI HABAHTAXCHHSI
g, = 22205240204 250877, (19)
& 57 57

3amia 3a0e3medeHHs ITi€l MOTYXKHOCTI IapaMeTpyd HAaBAHTAKCHHS KOMII' FOTEPHOI MOZCHI CXEMHU
TpaHc(opMaTopa, IpeICTaBICHOI Ha PHC. 4, MAlOTh OOUPATHCS, peani3yodn yMoBy Z,  =Z., Ha 4acToTi
50 I'm, y Burmsiai

R4=R, =29/13~2,23077Q;C1=1/(X,, x1007)=13/(67x1007) ~ 617,6162uF.

[TapameTpu iHIINX pEAKTUBHUX EJIEMEHTIB PO3PAXOBYIOTh HAa OCHOBI 3aJJaHMX KOMIUIGKCHUX TapaMeTpiB
MEPBUHHOTO KOJIa

L1=L2=3/1007z =9,5493mH; L3=20/1007 = 63,662mH.
Benanunna KK 7,, =689,655/1966 = 0,3508 3a mannmu KOMII'IOTEpHOrO MojeroBaHHs (puc. 4)

BiIMOBigae po3paxyHkoBoMy 3HadeHHio (19), mo Takox Bepudikye dopmyny (18) BusHauenus pakropa
eHepreTyHoi Kopekiii. [1oTyKHiCTh HaBaHTaXXEHHS 3a MoKa3aHHAMH BaTMeTpa XWM2 Takox BiAmoBigae
PO3paxyHKOBIiH BETMYUHI MAKCUMAJILHOI MTOTY>KHOCTI HAaBaHTaXKCHHS

8000013 20000
P, =E2 /4R =

b = = ~ 689,655Bm.
13x4x 29 29

—
\——|

i XWMl Power factor:

: Power factor: . XWM2
" | Vvoltage Current j © | voltage Current ||
e P A

Vo L) a0 LT
= Y . L .

.v1.| R"L'Il\‘js\’li

- 0.5493mH| | qq 9.5493mH

' 100 ‘u’rnqgl R4 |L3

. :SOHZ-------------: 10Q - :
=A0°

LAAAS

ﬁ&:ﬁﬁ_zmH__._::f

- 617. 6152uF

PHC 4 Kommr’ IOTEpHA MOJCJIb CXEMU TpchqupMaTopa 32 MaKCUMaJILHOT l'IOTy)KHOCTl HaBaHTaXXCHHsA
3a po3paxoBaHOi BETMUYMHHU (paKTOpa €HEepreTHYHOI KOpeKIii Ta |k 5 +1| =1 3rigso 3 (15) MoxHa
nocsarta MakcumaabHoro KKJI
2
57 57 57 —/1649
2
=E— & -1=""— || =] -1="""""" £0,409803.
T=e-Ve 40 (40) 40

3a ¢popmynamu (13), (14) mg nporo noTpiOHE HABAHTAXKEHHS 3 TapaMeTpaMu

£-1_80x(57/40) -1 |
1o 164 ~4,5120;

2x9
K, 67 5x80 31 9
ab ===t 5aa" o CHo T g
ZGP 13 2x13x9 9 31x1007

Bomnowac mpu upomy R, /R, =13x+1649/261~2,0226, i mNOTYXHICTh HaBaHTaXCHHS

BinnosinHo 1o (17) ckmaparume P,, =P, /1,2018342 ~ 573,8368m.

[MepeBipsieMo MOXIUBICTH HOocATHYTH 3a3HaueHoro KK/, peanizyBaBuin B 4acoBiii obnacti (puc. 5)
KOMIT foTepHy Mojens komiuiekcHoi JI3C Ha puc. 2 3 mapameTpamu mpkepena V1: mitode 3HaYCHHS HANPYTH

Xio ==

~924,125476)/F.
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=+/80000/13 ~ 78,446454B; nouarkoBy (ha3y Ii€i HANPYTH MPUIMAEMO HYJILOBOKO Yepe3 HE3AICKHICTh

MOTYXKHOCTEW BiJ TOYaTKOBOI (ha3w €mWHOTO Kepena miei cxemu. [lapamerpn TAacHBHHX €IEMEHTIB
BCTaHOBITIOEMO HA OCHOBI pPO3PaxOBaHUX KOMIUICKCHHX ITapaMeTPiB CXEMHU Ha puc. 2
29 X 67

RI=R, =22 =2,231Q,L1= O _164052uH;
13 1007~ 13x100%
7, -2 _ 80 _8O+7D) gy g "2 5538460, L2= L, =— 20 ~13,71181mH.
Y. 9-7j 13 13 131007

3rigHo (8) BCTAaHOBIIOEMO KOE(DIIiEHTH Mepeaayi 3aIeKHIX JKEPeT
G = kR / Ry = -1/29~ —34483><1076;G2 = kI / Xy = —5/67 ~—74627 x10°°.

Bix’emHa BenuuMHA KOXHOIO 3 OTpuMaHuX KoedimieHTiB mepemadi G; Ta G, CBIZYHTH PO
HEOOXI1THICTh 3’ €THYBaTH 3aJIC)KHI Ta HE3aJCKHE JKEpena 3 0JHAKOBOIO TOJISIPHICTIO.

[l ol R P Bl A
_ =
Cliiiiiiiiiiii 1400k | NEEE 573794W |l
XWM1 | Power factor: ). 79436 .| Power factor: 436
>§'\ /7|é Voltage Current >\_\ Voltage Current
A 4| ESRERE S (5072 :F o | [P
......... O
oo R L N

i “MHSU -M ho

Puc. 5 Komm’rorepra moaens JI3C 32 oNTHMATBEHOTO HABAHTAXKEHHS
3a moKa3aHHSMHU BIpTyalbHHUX BaTMETPIB NMEPEKOHYEMOCH, IO BUXiJHA IMOTYKHICTb BiANOBiAae

po3paxoBaHiil, a eKClepUMeHTanbHe 3HaueHHs ontumanbHoro KKJI 7, =573,794 /1400 =0,40985 nobGpe

Y3TOJKYETHCS 3 IPOTHO3HUM 3HaueHHSIM. MoJenoBaHHs IEPBUHHOIO KOJIA 3 ONTHUMAIbHUMU IapaMeTpaMu
HaBaHTaXCHHS (pHC. 6) Jae aHAJIOT1YHI EHEPreTUYH] XapaKTEePUCTHKH.

Otxe, miarBepmkeHi cmiBBimHomenHs (13), (14) nmns BuOOpy mapaMeTpiB ONTUMAIBHOTO
HaBaHTaKCHHJ, 110 3a0e3neuyioTs MakcuMmanbani KK/ mepeuaHOTO KOJTa Ta dhopmyia (15) mis po3paxyHKy
BeanunHu 1poro KKJI. KpiM Toro, KoM l0TepHOIO CHMYJIALIIEI0 B YacOBii 00J1acTi MpOAEeMOHCTPOBAHUI
MMOBHUH 30iI €HEPreTHYHNX XapaKTEePUCTHK IEPBHHHOTO KOJa CHHYCOigHoro ctpymy Tta ioro JI3C y pasi
BU3HA4YCHHI 3a (8) mificHUX 3HauYeHb KoedirienTiB nepeaaui G; Ta G, 3alIexKHUX DKEPEN CTPYMY, KEpOBaHUX
3a3HaYeHUMHU Hampyramu. Pa3zom 3 TiM mpomemoHcTpoBaHe 30inmbineHe 3HadeHds KK/ nmepsunHOrO KoOMa 3
3aJaHMMHU MapaMeTpaMy €JIEMEHTIB 3a PaxyHOK OITHMi3alii HaBaHTAXCHHS HE MEPEBHUILYE TPaHUYHOTO
3HavyeHHs y 50%, nputamanaoro [I3C TeBeHneHa 3a BiACYyTHOCTI BTpAT €HEPTii B peKUMi pO3PUBY HOJIOCIB.

_ —
\-——|
i xWMl Power factor: " | Power factor: | xWM2
Voltage Curent | T | voltage Current |
e A + - EO A T I = S
Vo ol R Vo
_O_ wa;.c,). R‘l::::L1:::'::::::::R3::"L2"_Q
A ; —AA—
-9.5493mH| - - 95493mH
100 \arrnhf1 1

s (R4 (L3
e g?.”z_: 3100 $63662mH

= - 924.12554F
Puc. 6 KOMH }()TepHa MOL[CJ'IL Tpchq)opMaTopa 3a OIITUMAJIbBHOI'O HaBAHTAXKCHHSA
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PosrnsHeM0  MOXIIMBICTH — TIEPEBHILECHHS
uporo rpanuyHoro 3HaueHHsi KKJI, pospaxoByroun
[apaMeTpy €HEPreTUYHO EKBIBAIEHTHUX 3aCTYIIHHX
cxeM, (paKTop eHepreTHYHOl1 KOPEKIii Ta MaKCUMallb-
uuii  KKJ/], mocTymoBo  30ibIIYIOYA  OMOPH
eJIEMEHTIB TONEPEYHOr0 JIAHIIOTa MIEPBUHHOTO KOJIa
Ha puc. 4, 1O BiANOBia€E 3MEHLICHHIO BTpAaT Ha
nepemMarHiuy-BaHHs ocepAs TpaHcopmaTopa Ta
30UIBIICHHIO HOTO 1HAYKTHBHOCTI HAaMarHi4yBaHHSI.
PesynpTat po3pa-xyHKIiB yHaOouYHEHi rpadikoM Ha
puc. 7, 3 skoro BumumBae, mo KKJI, Ginpmuit 3a
90%, Mae MicIe 3a
R =R4=10000; X =100Q;L3= X /1007 =318,31mH.
[Tpu upomy xomruiekcHi napamerpu J3C na puc. 1
Ta 2 HaOyBarOTh 3HAUCHD

'~ 09124324146

7 _ 207301+ 628903 j ‘R — 207301,

200 400 600 800 1000 a 106301 106301
R .
Puc. 7 I'padix 3anexnocti KKJ]I Bix mapamerpisn Y = 1101-10303]j . _ 1101
R taX ® 1000000 ' ° 1000000
Iz; 1= 531456+ 7217 | K, +1= 531456 .
531505 531505

®dakTop eHePreTHIHOI KOPEKITil IEPBUHHOTO KOJIa 31 3MiHEHUMH TTapaMeTpaMH €JICMEHTIB
£ 2R, G, +k, + _ 2x207301x1101 531456 —1.004202
106301x1000000 531505

, o rapanTye makcuManbuuit KKJ[ y 90%. JlificHo, 3a ¢hopmyoro (15)

1

€ MCHIIIUM 3a BCJINYHUHY 5019 =1

mpu k5 +1f =1 7= &'—\/£7 ~1~0912432,
e 3magenns KKJ]I 3abe3medyioTs mapaMeTpy ONTUMAIBHOTO HABaHTAKCHHS B OHOBIICHIN cxemi
IIEPBUHHOTO KOJIa Ha pucC. 8
K,
P

Cho =C1~ 263.44372pF,;

X ==X, ——L ~ —12.082652130;

5!2 _1
o = R2="—=2——~41.675561Q.
2G,
o
_ |—\

.. XWM1. . . . Powerfactor: 0.96029 C . rowerfactor:  [IEETEN - KWM2
| voltage Current | | vVoltage Current |
><~\ o T + - L.+ - foo A A
__|_|_. '+V— +|
oocpcp' ]
: v .:R1.""L1'"":::::::R3::::L2.::. ...:::::::::
= T9.5493mH| 12‘1’% 95493mH | ra2
S 100\4'"'452 R4 L3 SR IR 415?556191
(@)59_"_'2_:::::::::::::: 1000f§31831mH SRR RS 8

C 8 Komrr’ OTEpHA MOJCIIb TpaHC(bopMaTopa 3 HIHBI/IIIIGHI/IM KKI[ 3a OIITUMAJIbHOI'O HABaHTAa>XCHHA
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Bennunna makcumansnoro KKJI 3a pe3ynbraraMu BipTyaJIbHOT'O €KCIIEPUMEHTY

Mo = 201,962 0,91243082
221,345

MOBHICTIO BIJIITOBIA€ TIPOTHO30BAaHOMY 3HAYCHHIO, M0 ITIOCTPYE MOXIIHMBICTH ITAOOpPY IapaMeTpiB
€JIEMEHTIB TEPBUHHOTO KOJIa CHHYCOIIHOTO CTPyMy 3ais 3abe3medeHHS MakcuMmaibHoro KKJ[ mursixom
KOHTPOJIIO BETMYMHU (PaKTOpa CHEPreTUYHOT KOPEKIIii.

BucHoBku.

1. 3anpomnoHOBaHO MOAMMIKAIIIO TBOIMOJIOCHOI 3aCTYITHOI CXEMH JIHIHHOTO KOJa CHHYCOITHOTO
CTpyMy, IO 3a0e3meuye JiHIHI 3aJ1€XHOCTI AKTHUBHOI Ta pPEaKTHBHOI MOTYKHOCTEH Bifl CTpyMy
HaBaHTAXEHHS 3 KoedilieHTaMHd NpPONMOPLIHHOCTI, NPUTaAMAaHHUMHU IMEPBHHHOMY KONy, 3aCTOCYBaHHSIM
3aJIeKHUX JKEpell CTPyMY, KEpOBaHUX HANpyramu, 3 JIIHCHUMHU 3HAYCHHSMH KoedilieHTiB nepenaui. Le
BIZIKPHMBA€ MOXKJIMBICTH MOZEIIIOBATH B YacOBiil 00JacTi eHepreTUyHI BIACTHBOCTI IEPBUHHOIO KoJia 3a HOTo
CHPOLLICHOIO JIBOIIOJIIOCHOIO 3aCTYHHOI0 CXeMOKW 3 0Oe3rmocepenHiM BHMIPIOBAaHHAM EHEPreTHYHHX
XapaKTePUCTHUK.

2. Brepiie BBeIeHO TIOHSATTSI Ta OTpriMaHa (opMysa Bu3HaueHHs (hakTopa KOpeKIlii eHepreTHIHUX
XapaKTepUCTUK KOMIUIEKCHOTO CXEMHOTO €KBiBaJieHTa TeBeHeHa, II0 Moka3dye y ckinbku pasiB KK]|
MEPBUHHOTO KOJIa CHHYCOIZJTHOTO CTPYMY 32 MaKCHMAJIbHOI aKTUBHOI MOTY)KHOCTI HABaHT)KEHHS MEHIIINH 32
MaKCHMAaJIbHy TeOopeTHuyHy BeiauuuHy y 50%. Bmepie moka3aHuil B3a€MHO OJHO3HAYHHMN 3B'SI30K MIXK
(hakTOPOM KOpEKIil eHePreTHYHUX XapaKTEPUCTHK Ta MakcuManbHO nocsbkHuM KK mepBuHHOTO KOna, 110
Moxe nepeBuinyBatu 50% 3a oNTUMaIbHOTO HAaBAaHTAXKEHHS, IOTYKHICTh SIKOTO MEHIIIA 32 MAKCUMAJIBHY.

3. Brepine 3 BHKOpUCTaHHSIM IapaMeTpiB 3alpOIOHOBAHOI JIBOMOJIIOCHOI 3acCTYMHOI CXEMH,
€KBIBAJICHTHOI MEPBUHHOMY KOJY 32 KOMILIEKCHOK TOTYXHICTIO, OTPHMaHI aHANITUYHI CITiBBiAHOIICHHS
U BUOOpY MapaMeTpiB ONTHUMAaIbHOTO HABAaHTAXKEHHS, 110 3a0e3MeuyroTh MakcuMaibHO nocsikHud KK/
MEPBUHHOTO KOJIa CHHYCOIHOTO CTPYMY.

4. Komm’'ioTepHe MOJENIOBaHHS B YacoOBid OONACTI MiATBEPAWIIO TMOBHHK 30Ir €HEPreTHYHHX
XapaKTePUCTUK IIEPBUHHOTO KOJIa CHHYCOIIHOTO CTPYMY Ta HOro 3ampONOHOBaHOI ABOMOIIOCHOI 3aCTYIHOI
CXEMH, KOPEKTHICTb BH3HAueHHS (pakTopa KOpEKUii EHEpreTMUYHUX XapaKTePUCTHK Ta MapaMeTpiB
ONTUMAJILHOTO HABaHTAKCHHsI, 10 3a0e3neuyroTh MakcuManbHO nocsokHuid KK, a Takox MOXIIHMBICTH
301npmenHs: MakcuMasibHoro KK/ nepBUHHOTO KOj1a CHHYCOIAHOTO CTPYyMY [0 0a)KaHOTO 3HAYEHHS LIUIIXOM
Monu(ikarmii mapaMeTpiB HOTO €IeMEHTIB, M0 BEAYyTh IO 3MEHIICHHS (akTopa KOPEKIli eHepreTHYHUX
XapaKTePUCTUK.

Pobomy eurxonamo 3a OepowcbOrdicemnoro memorw «Hocniodcenuss memooié NiOGUUIEHHS eeKmUsHOCmi cucmem
ENeKMPOIICUBTEHHSL 3 0JCEPeNamMU PO30CePeONCeHOI 2eHepayii wsaxom po3poOieHHs HOUX Cnocobie no6yoosu ma
KepyBaHHsi HANIGNPOGIOHUKOGUMU KOMNEHCAMOpamu 36YpeHb [ HeakmueHux CKIdoo8ux NOmydcHocmiy (wugp
«Aoanmep-2»), KIIKBK 6541030.
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MODIFIED ONE-PORT EQUIVALENT CIRCUIT, EQUIVALENT TO A LINEAR ELECTRICAL AC
NETWORK IN TERMS OF COMPLEX POWER, FOR OPTIMISATION AND MEASUREMENT OF ITS
ENERGY CHARACTERISTICS

M.Yu. Artemenko?, Y.V. Kutafin?, V.V. Chopyk®, V.M. Mikhalsky?, I.A. Shapoval®, S.Y. Polishchuk®
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The article proposes a modified structure for the one-port equivalent circuit of linear electric AC networks that
reproduces the complex power of the primary circuit and enables time-domain simulation in common computer
software. An energy correction factor is introduced, which quantitatively characterises the decrease in the real
efficiency of the primary circuit at maximum load power compared to the limit value of 50% for the classical Thevenin
circuit equivalent. A one-to-one relationship of this factor with the maximum achievable efficiency of the primary
circuit, which can exceed 50% at optimal load, is shown. Using the parameters of the proposed one-port equivalent
circuit, analytical relations for calculating the optimal load parameters are obtained. The reliability of the theoretical
results is confirmed by computer simulation in the Multisim environment on the example of a linear transformer model,
which demonstrated a complete coincidence of the optimised energy characteristics of the primary AC network and its
one-port equivalent circuit. References 16, figures 8.

Keywords: one-port equivalent circuit; complex power; Thevenin equivalent; efficiency; optimal load; sinusoidal
current circuits
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CONDITIONS FOR THE EMERGENCE OF POSITIVE STREAMER CORONA DISCHARGE
IN AIR IN THE NEEDLE-TO-PLANE ELECTRIC FIELD
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The features of the positive streamer corona discharge are the long length and the duration of each streamer. They de-
fine this type of discharge as one of the alternative paths of potential technological application and characterize the
relevance of research in this direction. The aim of the work is to determine the influence of the geometric characteris-
tics of the needle and the voltage between the electrodes to the size of the areas, the beginning of the development of
electron avalanches from which leads to their transformation into a streamer form of corona discharge in air at atmos-
pheric pressure. For electrode systems with needles in the form of hyperboloid and paraboloid of rotation, sphere and
10.15407/long cylinder, the electric field distribution is considered and the volume of the areas where the appearance
of effective initial electrons leads to their multiplication to the stage of avalanche-streamer transition in the strongly
inhomogeneous electric field is determined. It is established that the size of the specified volumes, in addition to the
curvature radius of the tips, is significantly affected by the shape of the electrode outside the part of its surface with the
smallest radius of curvature. It is shown that despite the smaller values of the maximum field for the hyperbolic needle,
here the volume of the appearance of effective initial electrons can exceed the volume for cylindrical and even more so
for spherical electrodes of the same tip curvature radius at the same value of voltage. A feature of the long cylindrical
needle is the extension of the start zone of the effective electrons over a considerable distance along the cylindrical sur-
face of the electrode. From the comparison of different electrode systems, it was concluded that the choice can be made
according to the magnitude of the volumes of appearance of effective electron, as a quantitative indicator that takes into
account the needle configuration, tip radius, and value of voltage. References 24, figures 6.

Key words: positive streamer corona, needle-to-plane electric field, avalanche-streamer transition, streamer emergence
efficiency indicator.

Introduction. Among the numerous applications of electric discharge in gas, corona discharge is
still important today. The attractiveness of this type of discharge lies in the efficiency of creating electrically
charged and chemically active particles: particle charging is carried out by ions generated in corona dis-
charge and drifting in the electric field; energetic electrons and photons generated in the corona discharge are
used to carry out electrochemical reactions to produce active radicals, such as HO, NOx, Oz, and others,
which are effectively used to decompose harmful impurities in gases and liquids [1, 2]. Currently, compre-
hensive studies of corona discharge in gases have been carried out, a detailed review of which is reflected, in
particular, in [3, 4].

Two forms of corona discharge — avalanche and streamer — have found application in various techno-
logical processes and devices. A special area of use of corona discharge is the production of ozone from ox-
ygen-containing gases [5]. The use of streamer corona discharge in 0zone generators, which attracted atten-
tion after the avalanche discharge, allows for increased reliability of the process and economic efficiency [6].
Studies have shown that the use of positive corona (with a positive potential of the corona electrode) gives a
higher yield of chemically active particles. This is related to the feature of the development of a positive

streamer corona and is due to the high electric field strength = (150—170)-105 B/m in the streamer head [7],
which can significantly exceed the breakdown strength of the gas in a homogeneous field.
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Compared to the barrier discharge [8-10], which, in particular, shows high efficiency in ozone gener-
ation, the corona discharge has a number of important features. The gap between the electrodes in barrier
systems does not exceed a few millimeters. The corona discharge develops in a volume with much larger
dimensions, the streamers have a much greater length and each of them exists for a longer time compared to
streamers in the barrier discharge [11]. Increasing streamer density is achieved by using a system with a
large number of electrodes from which streamers develop. So, the features of streamer corona discharge de-
fine it as one of the alternative paths of potential technological application. The study of the development of
the streamer process in a sharply inhomogeneous field created by electrodes with a small radius of curvature
is important not only for understanding the electrophysical processes that accompany the streamer discharge.
This ultimately allows for purposeful selection of the parameters of the electric discharge system to obtain
the necessary characteristics of technological processes.

The aim of the work is to determine the influence of the geometric characteristics of the needle,
which forms the distribution of the sharply inhomogeneous electric field, and the voltage between the elec-
trodes on the size of the areas, the beginning of the development of electron avalanches from which leads to
their transformation into a streamer form of corona discharge in air at atmospheric pressure.

The development of the streamer process from the beginning of the growth of the electron avalanche
to the transformation of the avalanche into streamer is considered. This process is analyzed in a system with
a single electrode in the form of the needle, which can have a different configuration and curvature radius of
the tip. It is assumed that electroionization processes take place in the electric field formed in the gap without
taking into account the volumetrically distributed charge of ions. This mathematical model most closely cor-
responds to the processes when a single rectangular pulse is applied to the electrode system. The approxi-
mate mathematical model is often used in the investigation of the avalanche stage of the electric discharge
development also for other dependences of voltage in time [7], including, under certain assumptions, a con-
stant voltage. In the text, the term “needle” refers to a thin long electrode, which can have a different shape
of the lateral surface and end with a tip of the smallest curvature radius.

Growth of the electron avalanche and the condition for its transformation into streamer. Coro-
na is a low-current discharge that appears in the strongly inhomogeneous electric field in an area where the
field is sharply enhanced, for example near the needle, wire, etc. Fig. 1a shows an electrode system in the
form of the needle with positive potential opposite a conducting body with flat surface. A feature of ioniza-
tion processes in the sharply inhomogeneous field is that they take place in a relatively narrow region near
the electrode and in the head of the streamer, where the field strength has a maximum value, and in the rest
of the gap there is no ionization, there is only charge drift. The positive corona may have a streamer shape,
which manifests itself as filamentary channels. In any case, an avalanche form of electron propagation,
where the main mechanism is impact electron ionization of neutral molecules, precedes the appearance of
streamers. To transform the avalanche into streamer, certain conditions must be met under which the electric
field of the electron avalanche reaches the required value [12].

In electronegative gases, which include air, in addition to ionization, electrons attach to molecules.
Both processes are characterized by ionization « and attachment 7 coefficients, respectively (number of

ionization or attachment events when an electron moves in the electric field over a distance of 1 m). These
coefficients depend on the electric field strength, the empirical functional dependences of which are present-
ed, for example, in [7, 13, 14]. The threshold value of the ionization process is determined by the condition
when the ionization coefficient « begins to exceed the attachment coefficient 7 . For air, the presence of

oxygen in which determines its electronegative properties, the ionization and attachment coefficients are
equalized at the ratio of the field strength to the gas pressure E/p ~(26-31)V/(m-Pa). In the calculations

we will use one of the most common approximations of experimental data for the effective ionization coeffi-

cient ags =ax—n
et _ Aexp(—i) , (1)
p p

where p is pressure, the coefficients A and B in the Sl system in discharges in air have the following val-
ues [7, 14]:
E/p=15-114 V/(m-Pa): A, =6.46 1/(m-Pa), B, =190 V/(m-Pa);

E/p=114-600 V/(m-Pa): Ay =11.1 1/(m-Pa), B, = 277.4 V/(m-Pa)

16 ISSN 1607-7970. Texn. enexmpoounamixa. 2026. Ne 2



When a voltage of the required magnitude is ap-

plied, the avalanche of electrons (Fig. 1, b) moves in the
electric field with the electron drift velocity v, = 1E, @ ¢=U
where 4, is the electron mobility. The number of elec- [
trons N, in the avalanche increases exponentially [15] Zl
¢
Ne(&)=exp| [aer ()¢ |. ) =0
o Y
a b
Fig. 1

Here, the value of the effective ionization coefficient in the electric field that varies in space depends on the
position of the point in space ¢ (E(r)) In expression (2), the coordinate along which the avalanche of elec-

trons moves is denoted by & (usually this is a field line). The avalanche of electrons moves, increasing from

the position &, of the initial electron. If the movement of the avalanche is carried out along the axis z — the

smallest distance between the electrodes, then replacing the coordinates in expression (2) it is necessary to
take into account the opposite direction of the coordinates & and z in Fig. 1.

During the ionization of neutral molecules, positive ions are formed simultaneously with electrons,
and in electronegative gases, negative ions are also formed. The mobility of ions is much lower than the mo-
bility of electrons, and during the movement of the avalanche of electrons, ions can be considered motion-
less. The numbers of positive N, and negative N_ ions in the avalanche trace at a point with the coordinate

& are as follows:

¢ <
N, = [aNeds, N_= [nNede. (3)

$o o
The charge of the avalanche creates its own electric field, which is superimposed on the external
field of the electrode system. The total field near the avalanche of electrons increases in the direction of elec-
tron motion and, conversely, decreases in the opposite direction. The volume distributed charge of ions also
creates its own electric field, but due to its certain distance from the avalanche head and lower concentration
in space, its effect to the electric field near the electron avalanche is smaller compared to the field of the elec-
tron avalanche. For this reason, we will neglect the electric field of ion charge at the avalanche stage of the

electric discharge process.

In a strongly inhomogeneous field, the ionization zone is limited by a boundary where the electric
field strength drops to a critical value E;, which is determined by the achievement of the condition of no

ionization at the corresponding points r; in space:

oy (E)=0. (4)
With a positively charged needle, the movement of the electron avalanche is directed from the outer area to
the needle in the direction of increasing field. Therefore, condition (4) defines the limit beyond which free
electrons will not lead to ionization and, accordingly, the appearance of electron avalanches.

In sharply inhomogeneous field, more often near an electrode with small radius of curvature, the en-
ergy gained by an electron over the mean free path may exceed the energy given off in inelastic collisions. In
this case, the electrons enter the continuous acceleration mode or otherwise there is "electron escape”. In [16]
it is shown that there is an upper limit of the electric field strength E, for the transition of the usual form of
discharge to the continuous acceleration mode, starting from which the ionization coefficient decreases with
increasing field. The field strength estimate E, in [13] was made based on the maximum value of the elec-

. e*nyz 2W, .
tron braking force [17] F(We): 20 In( ej with respect to the average electron energy W, , where e
872'6‘0We |
is the electron charge, ng is the number of gas molecules per unit volume, Z is the number of electrons in a
molecule, 1 is the average energy of inelastic electron losses. The force F(W, ) at W, = I/2 takes on a max-
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F(1/2)  e®nyzZ

e 4zl expl)l
from E, the energy of electrons can only increase. For nitrogen at atmospheric pressure and temperature
0°c (Z =14,1 ~(75-80)eV, ny = 2.69-10%° m‘3), the critical field strength is found to be

E, =450 .10° V/m. For oxygen, we obtain a similar value.

Beyond the specified values of the field strength, the correctness of using avalanche or streamer
models of electric discharge development is hardly justified. That is, the area of study of ionization processes
before the appearance of streamers can be limited both from the outside by the ionization boundary and near
the tip of the needle when the field reaches the limit of electron continuous acceleration.

H. Rother, A. Loeb, and J. Mick in the middle of the last century laid the theoretical and experi-
mental foundations of the development of the streamer process [18 — 20]. During the following period, the
concept of the electric discharge and its streamer form received significant development [7, 13].

It is believed that the condition for the avalanche-streamer transition is achievement the electric field
strength of the electron avalanche charge a value E’ that is approximately equal to the magnitude of the field
of the external source Eg:

imum value, which gives the magnitude of the critical electric field E, = . Starting

E'~Ey. (5)
The electric field strength at the surface of the avalanche created by avalanche charge is primarily
determined by two factors: the number of electrons N, in the avalanche and its size. In each avalanche, as

electrons move in the electric field and the number of electrons increases, the diffusion of electrons and its
electrostatic repulsion take place [7]. At the initial stage, the size of the avalanche is determined by the diffu-
sion process. As the avalanche grows, the repulsion process begins to take precedence. At this stage, the
growth of the avalanche size is limited by the oppositely directed forces between the electrons and positive
ions. Approximately the maximum radius of the electron cloud is determined by the condition when it is

equal to the ionization length R, ~ ae‘fl. In the stationary electric field, the process of electron repulsion de-

termines the final size of the avalanche and, accordingly, the electric field at its surface.
Using the model of the electron avalanche in the form of a charged sphere, which is often used in
theoretical models, condition (5) taking into account (2) can be rewritten as:

s
e e
E'= =———eXp| | ae (E)dE |~ Ep, (6)
47[80R62 & 47[50R62 5‘[ Ef( ) 0

where Ngg and & are, respectively, the number of electrons in the avalanche and the coordinate where the
avalanche-streamer transition condition is satisfied, &g is the electric constant.
Processing a significant amount of experimental data for data at atmospheric pressure in the station-
ary field gives the following critical value of the following parameter:
Q=In(Ng)=20 (7
This value Q in (7) is consistent with the data in the works of A. Loeb and J. Mick, where the radius of the

avalanche was taken as the radius at which, due to the diffusion of electrons, their density decreases by a fac-
tor of exp(1) compared to the density in the center of the avalanche. In this case, the avalanche-streamer tran-

sition occurs at Q ~18—20 and Ngg ~108, respectively. At the same time, as noted in [7], a different way
of choosing the avalanche radius R, has a weak effect to the value of the parameter Q .

The existence of ionization does not necessarily lead to the fulfillment of conditions (5) or (7) of the
avalanche-streamer transition. The appearance of the streamer in a certain area is possible if for any trajecto-
ry of avalanche movement (field lines) in this area the avalanche moves the required distance for which con-
dition (5) or (7) is fulfilled. Denoting the coordinate along the trajectory of avalanche movement as &, the

condition for the appearance of the streamer in the area can be represented as follows:
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$a
Jaer (e Q, (8)
Si

where the integration extends over the entire field line from a point on the boundary of the ionization area &;
to the electrode &, or to the boundary of the area of continuous electron acceleration &, .

The fulfilling the streamer appearance condition (8) also determines the coordinates &, of surface
corresponding to the minimum possible distance to the needle. The coordinates &, correspond to the posi-

tion of the initial electron for which the avalanche transforms into the streamer at the extreme point of mo-
tion, i.e. reaching the positive electrode or the boundary of the area of continuous electron acceleration. The
initial electron appearing in the area between & and &, initiates the development of the avalanche to the

size when it transforms into the streamer.

lonization zones and emergence of the streamer in the needle-to-plane electric field. Since the
field strength near the needle is significantly higher than the field in the rest of the gap, it is here that the
main electrophysical processes of the electric discharge in gas take place, in particular: ionization of neutral
molecules, increase and movement of electron avalanches, transformation of the avalanche to streamer and
its growth to the opposite electrode, as well as excitation of molecules, photon emission, plasma chemical
processes associated with the electric discharge. The main parameter that determines the value and distribu-
tion of the sharply inhomogeneous electric field of the needle against the plane are the ratio of the radius of
curvature of the needle tip to the distance between the electrodes (in the case of a rounded tip), as well as the
average field strength and the configuration of the needle outside the part of its surface with the smallest ra-
dius of curvature. From this point of view, we will consider the electric field of several typical configurations
of the needle mainly in the area near the tip of the needle.

The electric field of the needle of different configuration. First, we will consider how different the
electric field distributions near the needle of following geometric shape: hyperboloid and paraboloid of rota-
tion, sphere, and long cylinder. This question is important for modeling electrophysical processes in the sharp-
ly inhomogeneous field.

The geometry of the needle in the form of the hyperboloid (Fig. 2, a) and paraboloid (Fig. 2, b) of ro-
tation is described by analytical expressions containing the values of the minimum radii of curvature at the
peak r. and the distance d between the electrodes [21]

2 2 2
@-2F p°_y ,_ 2" (1<), )

d? red 2r
where the coordinate z is counted from the peaks of the needle, p is the distance from the axis of symmetry

in the radial direction. The geometry of the needle that usually used in experiments has a cylindrical form
(Fig. 2, c). We will assume that the tip of the needle has the shape of a hemisphere of the same radius as the
cylindrical part. This assumption is justified if we consider the electric field at a distance from the tip that
exceeds the characteristic size that equal to the radius of cylinder.

In the figures equal radii of curvature of the tips are chosen. They are shown as spheres of the corre-
sponding radius. Near the tips, the ge- :
ometry of the needles differs slightly,
but becomes noticeable when moving
away from it.

The electric field strength on the
axis of symmetry of the gaps reaches the
highest values at the surface of the tip, el ¥ A&
but also decreases rapidly with distance v v
from it. The expressions for the field z d z d
with the needles of hyperboloid E(z)

[22] and paraboloid Ep(z) [7] types ,;\ il .

depending on the coordinate z have a \ =0 \ =0 \ ¢=0
simple analytical form,
which allows us to obtain a clear conception Fig. 2
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of the electric field distribution:

[ 2
Eq(z)=U 47+ red L Ep(z)=U 2 (10)

5 :
red +2dz -2 d (rc+22)ln(1+2dJ

Arth| ———— "
Jd2+r.d

For the sphere-plane electrode system, the exact dependence of the field strength distribution along
the axis z cannot be represented by simple expressions. However, for the ratio values d/r; <100, it is pos-

sible to use the expression that gives an error at the surface of the sphere that does not exceed 0.5% at small
ratios and error decreases with the ratio d/r; increases [22]:

2d|02(Ej +1)+ (d - 2)2(Efy -1

[d (g5 +1)-(d - 2P (g, —1)]2

E (z)=U

: (11)

Here, the normalized magnitude of the electric field strength E:m :% at the surface of the needle
has a maximum value and it is the coefficient of heterogeneity:
2
E;*mz1 20 g (ﬁﬂj +8 1. (12)
41 1. re

The calculation of the field strength for electrode system containing the needle in the form of cylin-
der with hemispherical tip was performed here and further by a numerical method using the COMSOL math-
ematical package.

The dependence of the maximum magnitude of the field strength at the peak of the needles on the ratio
of the maximum electrode curvature to the size gap r./d is shown in Fig. 3, a. From the comparison of the

maximum electric field strength for the needles of different shape, it follows that modeling the needle with the
spherical electrode, the radius of which is equal to the minimum curvature radius of other configurations, can
lead to an error reaching 100%, in the direction of increasing the field for the spherical electrode. It should be
noted, however, that the situation will be the opposite for another model, when an isolated conducting body
located in an external electric field. Here, with an increase in the length of the body the electric field strength
will increase at the point where the radius of curvature is minimal. So, despite the fact that the model with an
isolated sphere is quite simple, the feasibility of its application must be justified in specific cases.

The peculiarity of the decrease in the electric field strength near the needle with distance from it is
shown in Fig. 3, b for the same needle configurations. The greater the maximum field strength at the needle
tip, the faster the field decays with distance from it. At the same time, under the conditionr, <<d, z <<d

the parameter r./d has practically no effect to the values E/E,, of the corresponding needle configurations.

The field strengths for the needle of hyperbolic and parabolic shapes differ to the smallest extent. For these
configurations, the maximum value of the field strength at the needle surface also differs little. Under such

conditions, from (10), the field strength for these two types of needle have the values E;m ~2/In(4d/r.) and

E;m ~2/In(2d/r;) . Their difference at d/r, >>1 is relatively small, it does not determine significant
changes in the development of electrophysical processes, and therefore, in the following we will consider the

E,~ E/E. I _configuration of only one, hyperbol-
i ic, type.

0.75 ylinder Parameters of ionization

400 Hyperboloid, processes in the electrode systems

Paraboloid :

0.5 RN When applying high voltage, the

200 distance to the boundary where the

0.25 [——— electric field strength exceeds the

value of the onset of ionization pro-

00 0.005 001 0.015 rJd 0 0 05 1 15 zr,  Cessesinair at atmospheric pressure
a Fig. 3 b E; ~26-10°B/m can significantly
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exceed the radius of needle tip r.. As an example, consider electrode systems with the following specific

dimensions: d =15-10"m, ro = 5.10°m, which correspond to values that can be used in experiments [23].
We will assume that the voltage between the electrodes is U =17 kV .

From the results presented in Fig. 3a it follows that for the selected parameters at the surfaces of all
the needle tips the electric field strength exceeds the continuous acceleration limit of electrons, which we
will take equal to E/p =450 B/(m-Pa). The distances from the surfaces along the vertical axis, on which

the field reaches the limit, are insignificant. They turn out to be as follows: Azy ~ Az, ~0.57r;
Az, ~0.86r;; Az, ~1.8r;.

The electric field strengths at more distant points on the axis are shown as continuous curves in
Fig. 4, a. The points marked with “ x ”” on the curves show the distances from the needle tips to the points
where the strength is equal to the ionization limit in air 2.6-108V/m . It can be seen that the point farther-

most from the tip is the point on the axis z for the hyperboloid of rotation (zjy =9.27 10™m ), the interme-

diate position is occupied by the needle of the cylindrical shape (zj. = 7.33:10™*m ), and the closest point is

the point on the axis for the spherical electrode ( zj, =5.22 10™%m ).

Analysis of the appearance of streamers in corona discharges, similar to [24], will be carried out on
the basis on the influence of the distribution of a sharply inhomogeneous field on the characteristics of the
avalanche stage of the discharge from the start of ionization to the fulfillment of the avalanche-streamer tran-
sition condition. If the initial electron appears at a distance z;, the farthest from the needle where ionization
is possible, then the condition (7) of the avalanche-streamer transition is fulfilled at the points marked with
the labels *“ o ”” on the curves in Fig. 4, a.

Initial electrons can randomly appear at any point in the gap, but only those electrons will lead to the
creation of a streamer that will pass the required growth path, at the end of which condition (7) will be ful-
filled. We will assume that the endpoint of the avalanche increase is the point at which the field strength

reaches of the continuous of electron acceleration limit 450 VV/(m-Pa) or electrode surface at lower field
strength. The positions of the initial electrons, where the avalanche-streamer transition takes place at such
endpoint are marked on the curves as “ [1 . Their coordinates are as follows: for the hyperboloid needle

Zig =0.71-10"*m ; for cylindrical needle Zye = 0.95-10#m ; and for sphere Zir =1.28-10"*m.

E-107, ‘.9 3
Vim “IJF Vi-10°, m
2.5
15
2 E,
15 1
1
0.5
0.5
0.26+-
0
z 0 2 4 6 8 z.10* m 5 10
c
a b

Fig. 4
As can be seen from the presented data, the intervals z; —z, , where the appearance of initial elec-
trons leads to transformation of growing avalanches to the streamers differ significantly for different needle
configurations. Therefore, the question arises about the configurations for which the initial electrons are
more likely to appear during the same time. It is also useful to obtain an estimate of the indicator that allows
us to compare configurations.
Such indicator can be the value of volume V;, where the appearance of effective initial electrons

leads to the development of avalanches and their transition to the streamer form. The volume V; is limited on

ISSN 1607-7970. Texn. enexmpoounamixa. 2026. Ne 2 21



one side by the boundary of the ionization zone, where the field strength takes the value
E(gi ): 26-10°V/m, and on the other — by the surface, starting from which electrons multiply and at the sur-

face of the needle or when reaching the limit of continuous acceleration, the number of electrons in the ava-
lanche reaches the value N, =exp(Q) at Q =20 . These boundaries are determined by the distribution of the
electric field near the needle, which primarily depends on its configuration, tip radius, and the voltage be-
tween the electrodes.

In this study, we will assume that the avalanche growth and drift of the electron occur in the electric
field of the electrode system. This assumption of neglecting the field of the distributed charge of ions is often
used in the study of alone avalanches and streamers. From the assumption that the initial electron can appear
with equal probability at any point in the volume V;, it follows, that this volume is also indicator of the
probability of the development of the avalanche and it transition to the streamer form. Then, for the needle
configurations under consideration, the probability ratio will be equal to the ratio of the corresponding vol-
umes Vig :Vje Vi .

In this case, we will consider only the areas with the highest field strength near the surface with the
smallest radius of curvature. Since the areas where effective electrons appear are close to the surface of the
needle, we will estimate the values of the corresponding volumes as the volumes of spherical layers bounded

by a certain solid angle 2. Then each of the volumes will be V; :%[(rc +7; = (r, + zk)s]. Assuming the

angle 2 to be the same for all needles with the same radii of curvature r, = 5.10™°m, at the voltage 17 kV
and distance d =15 mm we will obtain the following ratio of volumes normalized to a unit value for the hy-
perboloid of rotation (Vig Vie :Vir)z (1:0.46:0.20). Approximately the same ratio between the volumes is
maintained when applying the voltage other than 17 kV.

Fig. 4, b shows the dependences of the normalized volumes Vi* =3V; /£ on the voltage between the

electrodes for the previous values of the distance between the electrodes and of the curvature radii of needle
tips. Since in this example r;, z, << z;, and the distance z; to the boundary of the ionization zone is propor-

tional to the value of the applied voltage, the volumes increase with increasing voltage as V; ~U 3 . For the

minimum voltage U =75-10°V the average electric field strength U /d =5-10°V/m is still sufficient for

the streamers to reach the cathode. In this case, the volume is very small and does not exceed a tenth of a
cubic millimeter. Note that with the specified ratio of distances r;, z, << z; the deviation of the shape of the

electrode tips from the taken into account will not lead to a change in the results for the volumes V; .

It should be noted that the volume size, the appearance of the electron in which leads to the genera-
tion of streamer, can also be the indicator for choosing the voltage, needle configurations and their geometric

parameters. So, at the radius of the needle tip rC=5-10‘5m, the distance between the electrodes

d=15-10">m, and voltage 17 kV the best configuration is the hyperboloid of rotation, the field of which on
the needle surface is the smallest among those considered and which decreases most slowly with distance
from the needle. However, this conclusion is valid with the selected parameters and the assumptions made,
the main one of which, in our opinion, is the neglect of the electric field of the distributed charge of ions.

We will analyze the influence of the curvature radii of the needle tips and the voltage between the
electrodes on the possibility of streamer formation within certain limits of changing these parameters at the
distance between the electrons d =15mm. Minimum voltage limits the value U =7.5kV that ensures

reaches to the cathode by the positive streamer. The maximum value should not exceed the spark breakdown
voltage, which has order 20 kV . The maximum radius of curvature of the needle tip is limited by the need to

create the streamer corona discharge r, /d <0.1 [7]. The calculation results of the volume Vv =3V /€2 for the

needle in the shape of the hyperboloid of rotation compared to the spherical electrode are shown in Fig. 5.
The first of the figures (Fig. 5, a) shows that the advantage of the needle of the hyperbolic configura-

tion over the system with spherical electrode is limited by a certain value of the curvature radius of the tip.

With its increase, a smaller value of the field near the hyperbolic needle leads to the approach of the bounda-
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ry of the avalanche transition into the - .

Vg,
streamer Q =In(Ng)=20 closer to the mm? U=10 kv m?ns
needle surface. The closer this boundary 0.6 V,* 0751~ Y12k
is to the needle surface, the smaller the 04 05
area from which effective electrons can ' Vo* :

Y 10 kV
start. 0.2 025 7~ |
For each voltage value, there is ,\/7-5 M

an upper limit value of the curvature %o 005 01 015 .m0y 01 02 03 r.mm
radius of the needle tip, when the growth
of the electron avalanche ceases to lead
to the appearance of the streamer. Such
limit occurs for both hyperbolic and
spherical electrode configurations. How-
ever, as can be seen from the compari-
son of the dependences in Fig. 5, b and
5, ¢, the limit curvature radii for the
spherical electrode are much larger than
for the hyperbolic one.

Another aspect of the considered
feature of the development of the posi-
tive streamer in the sharply inhomogeneous electric field is the existence of a lower voltage limit, the value
of which depends on the curvature radius. Fig. 5, d shows the dependence of volumes on voltage at different
curvature radii of the tip of the hyperbolic electrode. The larger the curvature radius, the greater the limiting
voltage value. For the distance d =15 mm, the limiting voltage increases to U =12 kB with increasing cur-

vature radius to r, =0.3mm. For the curvature radius of the hyperbolic needle and for the spherical elec-

8 9 10 11 U,kVv
d

trode of arbitrary radius, the limiting voltage value is absent in the range U/d >5.10° V/m.
Regarding the influence of a possible deviation of the tip shape from the considered one, it should be

noted that near the limit values of the parameters, the character of the dependences of the volumes Vi* on the
voltage and the curvature radii may differ somewhat from those determined. However, this will not affect the

presence of limit values and the dependences of the volumes Vi* when the parameters are removed from the

limit values.
If for the distance d =15 mm the voltage does not exceed the value U =12 kV when there is no

spark breakdown, then the electrode in the form of the hyperboloid of rotation has the larger volume of ap-
pearance of the effective electron for the curvature radii r, <0.17 mm. That is, the feasibility of using the
electrode of specific configuration depends on the size of the curvature radii of their tips.

lonization processes for the cylindrical needle. The needle in the form of the cylindrical electrode
with hemispherical tip has intermediate characteristics of the electric field distribution between considered
hyperbolic and spherical configurations. For this system, let's consider another feature that is characteristic of
extended high-voltage electrodes. It concerns the distribution of the electric field strength in the area sur-
rounding the electrode, including its lateral surface.

For the cylindrical electrode with geometric parameters d =15-10"3m, [ =5-10°m at voltage of
U =17 kV in Fig. 3 the electric field distribution is shown only along the axis z near the needle. For the
voltage U =10 kV the area, in which the appearance of initial electrons leads to increase in avalanches to the
size of their transformation into the streamer has been determined. The results based on the calculations of
the electric field and the growth of electron avalanches in the space around the cylindrical electrode, are
shown in Fig. 6a as the shaded area. The outer boundary of the area corresponds to the electric field strength
E = 26-10° B/m of the ionization threshold of molecules in air at atmospheric pressure. Outside the shaded
area near the electrode, despite the very high field strength, the parameter Q < 20 is insufficient to transform
the avalanche into the streamer. In addition, near the tip of the needle there is an area of continuous electron

acceleration, where the field strength is E > 450-10° V/m . According to calculations, this area occupies a
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space with maximum thickness ~ 0.5r, near the tip

of the needle and, thinning out, extends along the ™M
cylindrical surface after tip to a distance = 3r, . -1.5
A feature of the start zone of the effective

electrons for high-voltage electrode with elongated 10
cylindrical shape is the extension of this zone, -0.5
which is shaded in Fig. 6, a, over a fairly large dis-

tance along the electrode. For the data in Fig. 6, the 0

¢ the 4

zone thickness gradually becomes thinner and only 05

at length ~ 0.3d =100r, does it sharply decrease to L0050 05p mm X
. . . a .
zero. This structure of the zone indicates that the Fig. 6

above estimates of its volume, which took into account only the area near we neeaie up with the highest
electric field strength, turn out to be significantly understated for the cylindrical electrode. Experiments per-
formed at the Institute of Electrodynamics with the long cylindrical needle showed that indeed streamers also
appear along the cylindrical surface with a characteristic distance between them ~10 mm.

The trajectory of the formed streamer generally coincides with the field line of field. The streamers
formed near the side surface of the cylindrical electrode, are developing along the field lines (Fig. 6, b),
lengths of which are larger compared to those that stats from the peak of electrode. Accordingly, streamers
formed at the side surface propagate at lower average field strength. They reach the surface of the opposite

electrode if the average field strength along the trajectory of motion exceeds the value ~ 5-10°V/m . Other-
wise, the streamer stops before reaching the electrode.,

The presented results reflect the areas of the electron avalanche growth only in the external field,
when the field of a single avalanche is not disturbed by the charges of previous avalanches and streamers,
and possibly by other avalanches or streamer channels propagating nearby. That is, the results relate to the
isolated streamers, which is often observed in experiments, and the streamer corona discharge does not have
a volumetric character. However, analysis of the field structure of the electrode system with an estimate of
the volumes for the appearance of effective electrons can provide certain qualitative indicators even in the
case of limited mutual influence of several streamers. The more reliable information about the corona dis-
charge in specific cases can be obtained in the experiment.

Conclusions. The comparison of electrode system configurations intended for the practical applica-
tion of positive streamer corona was carried out by the volume near the needle, in which the appearance of
effective initial electrons leads to the development of avalanches and their transition to the streamer form.
This approach allows us to obtain quantitative estimates of the appearance of streamers, which in the com-
plex take into account the configuration of the corona electrodes, the radius of the needle tip and the magni-
tude of the voltage between the electrodes.

Comeparison of the features of the distribution of the sharply inhomogeneous electric field in the elec-
trode systems with the needles of hyperbolic, cylindrical, and spherical configurations showed that, despite
the smaller values of the maximum field for the hyperbolic needle, the volume of the appearance of effective
initial electrons can exceed the volume near the needle tip for cylindrical and, even more, for spherical elec-
trodes of the same curvature radii. This feature is related to the influence of the shape of the electrode outside
its tip to the electric field distribution. The ratio of the volumes of the appearance of effective initial electrons
for different needle configurations near the limit values of voltage and the tip curvature radii can vary de-
pending on their magnitudes.

For each value of voltage between the electrodes there is an upper limit of the curvature radius of the
tip or, in other words, for each radius of the tip there is a lower limit of the voltage. Moreover, for each value
of voltage, the larger the curvature radius of the tip and, accordingly, the lower the maximum electric field
strength, the larger the volume of the appearance of effective initial electrons.

A feature of the long cylindrical needle is the spread of the zone of appearance of effective electrons
over considerable distance along the lateral surface of the electrode, for example, with tip radius of 0.05 mm,
this area has the length of about a hundred tip radii. The thickness of the area along the electrode gradually
decreases with distance from the tip and at the end the thickness drops sharply to zero. Streamers can also
start from the area near the lateral surface of the electrode, however their lengths are greater than those that
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depart from the tip. Such streamers reach the surface of the opposite electrode when the average field

strength along the trajectory of movement of the streamers exceeds ~5 10°V/m.

For the distance between the electrodes of 15 mm and the voltage up to 15-20 kV, which does not ex-
ceed the spark breakdown voltage, with an increase in the curvature radius of the needle tip at least to values of
(0.3 - 0.5) mm, the volume of the appearance of effective electrons that generate streamers increases, which
indicates the feasibility of choosing the appropriate tip radius for intensification of the streamer process.
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Ocobaugocmi NOZUMUBHO2O CIMPUMEPHOZO KOPOHHOZ0 PO3PAOY, WO XAPAKMEPUIYIOMbCS GEAUKOIO O0BIHCUHOIO | 4aACOM
ICHYBAHHS KOJICHO20 CIMPUMEPHO20 YMBOPEHHS, BUSHAYAIOMD 1020 K 0OHO20 3 ANIbMEPHAMUGHUX WLISIXI8 NOMEHYTTIHO20
MEXHON02IUHO20 3ACMOCYB8ANHS | XAPAKMEPU3yiomsb akmyaibHicms 00CHiodicensb Y ybomy Hanpimi. Memoio pobomu €
BUBHAYEHHS BNIUBY 2COMEMPUUHUX XAPAKMEPUCMUK GICIPS MA HANPY2U MIJC eleKmpooamMu Ha 6eluduny obracmet,
NOYAMOK pO3GUMKY NAGUH €IeKMPOHIE 3 AKUX NPU3B0OUMb 00 iX NepemeopenHs y Cmpumepty Gopmy KOPOHHO20 pO3-
A0y 8 NOGIMpI 3a ammoc@epHo2o mucky. J{ns enekmpooHux cucmem 3 gicmpam y gopmi 2inepoonoioy i napabonoioy
obepmanHs, cghepu i 0082020 YUNIHOPY PO32AAHYMO PO3NOOIL eLeKMPUUHO20 NOJAA | U3HAYeHO 00’em obracmell, Oe
nos6a egheKMUBHUX NOYAMKOBUX eeKIMPOHIE NPUIBOOUMb 00 IX PO3ZMHONCEHH 00 CMAlii TA8UHHO-CIMPUMEPHO20 nepe-
Xo00y. Bcmanoeneno, wjo Ha éenuduHy 8KA3aHUX 00 °€Mi8 OKpiM padiyci@ KpUSUHU KiHYIBOK CYMMEBUM YUHOM BHIUBAE
Gopma enekmpooy noza 4acmuHoOW 1020 NOBEPXHI 3 HalMeHwuM padiycom Kpusunu. Ilokasano, wo Hezsaxicarouu Ha
MeHWi 3HAYEHHs MAKCUMATbHO20 N0 OJ1A 2inepOoNiuH020 8iCMpsl, eIUYUHA 00 €My NOSABU eheKMUBHUX NOUYAMKOBUX
€/IeKMPOHIE MOIHCE NEPEeSUUYBAMU BeTUUUHY 00 MY 0151 YUNIHOPUYHOR20 T, muM Olibue, chepuynoco enekmpooie mozo
J4C paoiycy KpuGUHU KIHYIBOK 3a OOHAKOBOMY 3HAYEHHI MidceleKmpooHoi Hanpyau. Ocobausicmio 0062020 sicmpsi Yuli-
HOPUYHOT hopMU € PO3NOBCIOOIICEHHS 30HU CINAPMY eEeKMUBHUX eNeKMPOHIE HA 3HAYHY 8I0CMAHb 63008 OIUHOI NO-
6epxui enexmpooy. 3 NOpiGHAHHSA PIZHUX eIeKMPOOHUX CUCEM 3POOIIEHO BUCHOBOK, WO GUOID MOJICE BUKOHYBATNUCS 30
BENIUYUHOIO 00 '€MIE NOSBU ePHEKMUSHUX eLeKMPOHIE K KIIbKICHO20 NOKA3HUKA, SIKULL 8pAX08YE KoHpieypayio sicmps,
padiycu Kinyieox i éeauyuny nanpyeu. bubn. 24, puc. 6.

Knrouosi cnosea: mo3suTHBHA CTpUMEpPHA KOPOHA, €JICKTPUYHE IOJIE BICTPS NMPOTH TUIOIIHWHHY, JIABUHHO-CTPUMEPHHUH Tie-
pexin, moKka3HUK e()eKTUBHOCTI MOSBH CTPHMEPIB.
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AHAJII3 HOHWKXYBAJIbHO-NIIIBUINY BAJIbBHUX HETHBEPTYIOYHUX IEPETBOPIOBAYIB
IHOCTIMHOI HATIPYTH 3 BUKOPUCTAHHAM METOJA YCEPEJHEHHSA
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Jlocniosceno npoyecu y NOHUKCYBANbHO-NIOBULYBATbHUX HEIH8EPMYIOUUX Nepemeoprosayax NOCMItiHOI Hanpyeu 3a
elleMenmapHolo monooziero ma 3a mononoziero LU0 3 nosumuenum euxooom (PO Luo converter). 3 suxopucmanusm
Memooa ycepeOHeHHs. HA OCHO8I meopem Jlacpandica po3pobleno ananimuyui Mooeni ma eupasu 018 PO3PAXYHKY i
aHANi3y cepeoHix, NYIbCAYIliHUX CKIA008UX NPOYECi8 Y Nepemeoprogauax, 8KYAuy nyavcayii suxioHoi Hanpyau 6
peodicumax besnepepsnoi ma nepepuguacmoi npogioHocmi y 8cbomy oOianaszoni xomymayii. Pospobneni ananimuuni
Moleni Oaromb 3MO2y YMOYHUMU MA CHPOCMUMU PO3PAXYHOK NPOYeCcié y Nepemeoprosauax GIOHOCHO ICHYIOUUX
Memooig po3paxyHKy. Busnaueno ananimuuni ymosu, siki 0aroms 3M02y NpocHO3y6aAmu CMyNiHb 3MEHUEHHS NYIbCayill
suxionoi nanpyeu y PO Luo nepemeoprosaui y nopisHsnui 3 64306010 cxemor. Ompumano auarimuisy ma epapiuny
3a1eAHCHOCMI 2PAHUYHUX 3HaAYeHb napamempie PO Luo nepemeopiosaua y nosHomy Oianazoui xomymayii mioc
peacumamu CCM ma DCM, wo oae mosicnusicmos 06IpyHmosano obupamu 1020 napamempu Ha cmaoii NPoeKmy8aHHsL.
Peszynomamu imimayitinoeo MoOenio8ants npoyecie y maxomy nepemeoprosayi niOmeepouiu KOPeKmHicms OmMpUMAaHux
AHANIMUYHUX CniggioHoweHb. Po30ixcnicmeb pe3yiomamie po3paxyHKy npoyecié 32i0HO OMPUMAHUX AHANIMUYHUX
Modeneti ma imimayitino2o modentosanns ne nepesuwye 1 %. bion. 12, puc. 6, tada. 3.

Knrouosi cnosa: nOHWKYBaIbHO-IIIABUIIYBAIBHAN MIEPETBOPIOBAY, repeTBoproBady LUO 3 mo3uruBHUM Buxomom (PO
Luo converter), mymbcariii BUXiqHOT HATIPYTH, METO yCEPETHEHHS B IPOCTOPi CTaHIB.

HamiBnpoBiTHUKOBI TEpeTBOPIOBAYl MOCTIHHOI HANPYTH IMHPOKO BUKOPHUCTOBYIOTHCS B JDKEpEIax
JKUBJICHHS CYy4YacHOTO €JEKTPOTEXHIYHOIO Ta €JIEKTPOTEXHOJOriyHoro obnazHanHsa. CTpyKTypa OJHOTO 3
HalnpocTimmux 0a30BUX MEPETBOPIOBAYIB — IHBEPTYIOYOTO NepeTBoproBaya (puc. 1, @) abo MoHMKYyBaIbHO-
I IBHIIYBAILHOTO iHBepTyrouoro mepersopioBaua (IIT) — buck-boost inverting converter — € mocraTHbO
MOMYJISIPHOIO Y pa3i KHUBJCHHS EJIEKTPOTEXHIYHUX MPHUCTPOIB PI3HOTO NPU3HAYCHHA 3 ONNIAAY Ha
MO>KJIMBICTh PEryJIIOBaHHS BUXIJHOI HaNpyr# SIK HIDKYE, Tak 1 BUIIEe BXigHOI Hampyru. IIpote Hemomikom
Takoi CTPYKTypH € IHBEPTYBaHHS BHXIJHOI HaNpyrH BIJIHOCHO BXIiJNHOI, IO 0oOMexye cdepy ioro
BUKOpUCTaHHs. OrIsa BIIOMHUX CTPYKTYp TEpeTBOPIOBadviB MOCTiiHOT Hampyru [1-3] cBiguuTth, 1o 3a
paxyHOK NHeBHUX 3MiH cxeMy 06a3oBoro IIl mMoxHa mpuBecTH OO CTPYKTypu Oe€3 iHBEpPTYBaHHS BUXiJHOI
Harpyrd. Skmo B cxemi IIT (puc. 1, @) xongencarop C1 ta mionm VD1 HOMIHATH MICISIMH, OTpHUMaHa
CTpYKTypa rneperBopioBaya (puc. 1, 6) Oyzae 30epirati QyHKIIFO peryIrOBaHHS BUXIJHOT HANIPYTH BHIIE Ta
HIWK4Ye BXigHOI, TOOTO buck-boost TexXHOMNOTiIO MepeTBOpeHHs, mpore Oe3 iHBepTyBaHHA BUXimHOI. 3a
NpUHOUIIOM po0OoTH JaHa cTpykTypa (puc. 1, 6) € CcXeMOl HaMIpOCTIMIOrO MOHMKYBAJIBHO-
IiIBHIIYBJILHOTO HeiHBepTyrouoro neperBoproBaua (HIIT). Onnak, skmo B 6a3osiii cxemi II1 dimbTpariis
BHX1IHO1 HaNpyTH (BUIIIEHHS MMOCTIHHOI CKJIaJ0BOI 32 paXyHOK BUXinHOro KoHaeHcaTopa Cl) pearnizyerscs
6e3 mpobiiem, To B cxemi HIIT (puc. 1, 6) dynkuis ¢inaprpanii BUXiAHOI HAPYTH BiACYTHS, 1 MOTPIOHUM €
BBEJICHHS JTOJIATKOBOT (inbTpyrouoi naHku. CxeMy MOHWKYBaJIbHO-IIIBUIYBAJHHOTO HEIHBEPTYIOYOTO
nepeTBoproBaya 3 nokpaiieHoro ¢inerpaniero (HITID) 3a paxyHok momatkoBoro LC-¢inbpTpa mokazaHo Ha
puc. 1, 6. B TexHiuHi#i miTepaTypi s CTPYKTypa 3raJlye€ThCs IMiJl Ha3BO Luo mepeTBoproBad 3 MO3UTHBHUM
suxonom (Positive output Luo converter — PO Luo converter) [1, 4, 5] abo Zeta nepetBoproau [6-8]. B
MOAJIBIIOMY JIOCHiIKeHHI Oyaemo norpumysatucs Ha3zsu PO Luo nepetBoproBau. He3paxkarouu Ha BEIHMKY
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KIJIBKICTh METOJIB Ta MiAXO/IB JIOCIIKSHHs MEePETBOPIOBAYIB MOCTiHHOT Hanpyru [4-9], HeBUCBITIICHUMH
3QJUIIAIOTECA THTAaHHS CTOCOBHO TPOCTUX Ta 3PYYHHX AHATITHYHMX MOJIENed Ta CITiBBIIHOMIEHB IS
pPO3paxyHKy CepedHiX Ta MyJIbCalliiHUX CKJIAIOBUX CTPYMIB Ta HAmpyr HA €IEMEHTaX IEepEeTBOPIOBAYIB,
0co0NMBO Mynbcalii BUXiAHOI HANpYyTH, B peKUMax OesnepepBHOI Ta mepepuBYacToi mposizHocTi. Kpim
TOTO, HEJIOCTATHHO BHUCBITJICHUM y TEXHIUHIH JIiTepaTypi € MOPIBHUIBHUMA KUTBKICHUH aHaIIi3 BIIACTHUBOCTEH
MTOHM)KYBaJILHO-ITI IBUIITYBATLHUX TIEPETBOPIOBAYIB ITOCTIHHOT HANpPyrd CTOCOBHO ITyJIbCArlii BUXiTHOI
Hampyru. AHami3 Ta pO3paxyHOK TpaJUUiMHUMK METOJaMHM TMPOLECIB Yy HaIiBIPOBIIHUKOBHX
NepeTBOpIOBaYax Uil BH3HAYCHHS iXHIX MOCTIMHMX 1 MyJbCalliiHUX CKIaJOBUX BHMAara€ po3B’s3aHHSI
nudepeHIialbHUX PIBHSAHb, NPUYOMY Y OUIBLIOCTI BUNAAKIB PIBHSAHb BHCOKHMX mopsakiB. Ilim dgac
BUKOPUCTAHHS ICHYIOUMX METOMIB PO3PaxyHKy 1€ MPHU3BOAWTH 10 3HAYHOI KUTHKOCTI OOYHMCIIOBATBHHX
orepauiid Ta MPOMKHUX MEPETBOPEHb 3 BUKOPHCTAHHAM YHCIOBHX Ta MaTPUYHUX METOZIB 1 4acTo Jae€
pe3ynpTaT y pEeKypeHTHOMY BHUTIIAAI. 3a IXHBOTO BHKOPWUCTAHHS S>KOJAHAM YHHOM HEMOXJHNBO 0e3
JIOJJATKOBOTO PO3PaxyHKY Ta 0OpOOKH BEIMKUX MacHBiB iHQOpMAI[l BU3HAYUTH MOBEJ[IHKY XapaKTEPHCTHK
IepeTBOpIOBaya B Jialna3oHax KOMyTalii Ta B IHIIMX [iama3oHaxX 3MIiHEHHS BHYTPIIIHIX MapaMmeTpis,
HaNpHUKIaj, BU3HAYATH €KCTPEMYMH XapaKTEepUCTHK Ta iHm. Jlo TOTo K, BiIOMi METOAU HE JArOTh MPAMOL
BIJMOBI/AI MiJi 4Yac 3BOPOTHOrO aHali3y IapaMEeTpiB IEPETBOPIOBAYa, KOJM HEOOXIAHO pPO3paxoByBaTH
JOITyCTUMI BHYTPILIHI MapaMeTPpH €IEMEHTIB 3a 33IaHUX 30BHIIIHIX XapaKTepUCTUKAX MEPEeTBOPIOBaYa.

3HAaYHO CIPOCTHTH PO3PAXYHOK MPOILECIB B TaKMX MEPETBOPIOBAYAaX Yy MOPIBHSIHHI 3 iCHYIOUHMU
METOJaMH Ta BIOCKOHAIMTH aHaJli3 IXHIX BIACTHBOCTEH HaJa€ 3MOTY METOJI YCEPEIHEHHS B MPOCTOPi CTaHIB
Ha ocHOBI TeopeM Jlarpamwka [10], sskuii 1a€ MOKJIMBICTH OTPUMATH aHAJTITHYHI PO3PaxyHKOBI MOJCII Ta
cniBBigHomenHs. Lli Momemi pAalOTh 3MOry HE TUIBKM IIMPOKOTO Yy3araJlbHEHHS BIIACTHBOCTEH Ta
XapaKTEePUCTHUK TpOIEeciB. ['0JI0BHE — BOHU [AlOTh MOXJIHMBICTh 3aCTOCYBaHHS METOJIB MaTEMaTHYHOTO
aHami3y WX XapaKTEPUCTHK Ta OJHOYACHO 3a0e3MedyloTh MPOCTOTY BUKOPHCTAaHHS 0e3 3acTOCYBaHHS
TPOMI3AKHUX MPOMDKHUX OOYHMCIICHb, BKIIOYAIOYM BHKOPHUCTaHHS KOMIT'IOTepHUX 3aco0iB. Tomy mertoro
poboTu € po3poOKa MaTeMaTHYHUX MOJENed 3aajisi BU3HAUEHHS OCHOBHHUX MapaMeTpiB MOHMKYBalTbHO-
MiIBUIIYBAIGHUX HEIHBEPTYIOUMX [EPETBOPIOBAYIB TIOCTIHHOT HAmpyrd 3 BUKOPUCTAaHHAM METOoJa
ycepeanenns [10] Ta ixHii mopiBHIBHUIT aHAI3.

3a114 MOPIBHAHHS XapaKTEPUCTHK NEPETBOPIOBAYIB PUC. | PO3TISTHEMO MPOLIECH Y MTOHMUKYBAJIBLHO-
i IBUITYBATPHOMY HEIHBEPTYIOUOMY IIEPETBOPIOBAUl 3a CXEMOIO puc. 1, 6, BpaXxOBYIOUH, IO TMPOIECH 3
ypaxyBaHHAM PEKUMIB poOOTH 06a30BOi iHBEPTYIOUOI CXeMH puc. 1, @ JOKIAAHO BHUCBITIEHO y podoTi [11].
[lin wac anamizy gaHoi cTpykTypu puc. 1, 6, sk 1 HactymHoi puc. 1, ¢, mpuiyckaemo, IO CHJIOBI
nepeMuKkamoui enemMeHTH (kepoBanmii kimrod S1 1 miom VD1) € igcanbHUMH KJIFOYaMH, 4ac IXHBOI'O
MEPEeMUKaHHS JOPIBHIOE HYJIIO; aKTHBHI Ormopu oOMOTOK iHmykTopiB L1, L2 i BHyTpimHi# omip pkepena
eNeKTPOXKUBJICHHS U,y TOPIBHIOIOTH HYJIIO.

si VDI 81 uc;: §1 M .
e R, e Yy
II i J_u ci H 11' 7 VDi II ci 2 J_ECZ #H
U | U, | p VDI
L S . 13 e gu o
a 0 6
Puc. 1

VY pexknmi OesnepepBroi mposigHocTi (CCM — continuous conduction mode) eKBiBaJCHTHI CXEMH
3aMiIeHHs TIepeTBOproBada puc. 1, 6 Ha iHTepBaigax poOOTH 300pakeHO Ha pHcC. 2, a, 6 — NI IHTepPBaJiB
HaKOMWYEHH Ta Bingaui eneprii ingykropoM L1 BiamosigHo.

[£ of ) u(f
I . |_
i S L i
U 3 i [0 §
“® ¢z |
| Ry L1 |
a 7]
Puc. 2

28 ISSN 1607-7970. Texn. enexmpoounamixa. 2026. Ne 2



HudepenuianbHi piBHSIHHS, 10 OMUCYIOTH MPOLECH B CXEMax 3aMillleHHs IepeTBOpIoBaya puc. 1, 6
Ha BIJIMTOBITHUX 1HTEpBajgaX poOOTH, MAIOTh BUTJIST

ndh_y
. dt
iHTEepBal HAKOITMYEHHS di q 1)
L=y, +R 1Mo
dt dt
LI% =Ug,
. . . dt
iHTepBan Bimmadyi . 2
=18
' dt

BuKopHCTOBYIOUH METOI ycepeaHeHHs Ha ocHOBI Teopem Jlarpamka [10-12], mepeiimemo Bix
oTpuMaHux mudepeHIianpbHuX piBHAHL (1), (2) mo cucTteMu anreOpaidHUX PIBHSIHB BiIHOCHO TPHPOCTIB
He3aIeKHUX QYHKLIN Ha iHTepBajiaX KOMyTallii Ta IXHiX cepeHiX 3HaYeHb

nii_y,
TH

U,=-U+ RHC1%,

Aly H ®)

L1 =
T-T,

UCl’

=10 =12
e T-T

H

ne A, AUc; — npupicT ctpyMy inaykropa L1 Ta Hanpyru Ha koHzaeHcaTopi Cl Ha iHTepBanax KomyTariii; Iy
— CepemHii CTpyM IHIyKTOpa Ha mepioai komyraiii 7 I((:i) — CepenmHii CTpyM KOHJIEHCATOpa Ha iHTepBai

Bigmaui eHeprii; Ug; — cepenHs Hampyra KOHAEHcaTopa Ha mepiofi Komyrauii, 7, — TPUBAJICTh iHTEpBaILY
HAKOIIMYCHHS.

[leperBopuMo cucteMy (3) y pIBHSHHS 3 BIIHOCHUMH 3MIHHUMH. J[JIs1 I[bOT'O MEPEMHUIIIEMO BCl YWICHH
CHCTEMH BiJHOCHO BEJIMYMHM BUXigHOI Hanpyru U, Ta BenmmumHu BuximHoro crpymy l,. BBegemo Takox
HACTYIHI Mo3Ha4eHHs: Y =T,/T — BiIHOCHA TPUBANICTH iHTEpBALY HAKOIMYCHHS CHEPrii — BiIKPHTOro

CTaHy KepOBaHOTO Kitoda (BiIHOCHA TPHBANICTh KOMYTAIIii); ’EI =L1Y/R,T - BigHocHa mocTiiiHa 4acy
KOHTYpY 3 enemeHTtamu L1 1 R,; TZl =CIR, /T - BigHocHa mocTiiiHa gacy KOHTYpY 3 enementamu C1 i R,.
ITo3HaunMO TaKOXX BiJHOCHI 3MiHHI: MPUPOCTY CTPYMY IHIYKTOpA Alf =Aly/l,, cepenHboro crpymy
IHITyKTOpa If =14/1, , IpUpOCTY HANpPYrH KOHAECHCATOpa AUEleUCl/UH, CEepeHbOI HANpyrd Ha

. * . . .. . .. * .
koHgeHcatopi Ugq =Ucq/U,,, BigHomeHHs BXinHOI Ta BuxigHoi Hanpyrn U, =U, /U, . Y takomy pasi
cucrema B 6a3uci BIAHOCHUX 3MIHHUX MaTUME BUITISI

«AlL o«
n—+=Up,
* AU* * *
TCl 'yCl =U 7 +UC1’
AL (4)
* 1 *
T =Ue1,
11_y c1
I = tc1AUc1
1-v)
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Po3p’si3ytoun oTpuMaHy cucteMy ainreOpaiuHuX piBHSIHB (4), 3alUIIEMO MapaMeTpu MpPOIECIB y
MOHMYKYBaJIbHO- I IBUIIYBAJIbHOMY HEIHBEPTYHOUOMY IepeTBOpIoBayi ajs pesxxumy CCM

Aly = Al /1, = @=7)/, 1 = /1, =Y(-7), Vg1 =AU /U, =Y 5n

U21:UC1/UH:1’ U;:UBX/UH:(l_y)/Y' (5)

3anuimemMo oTpuMaHi pe3ynbTatd (5) B aOCONIOTHHUX BEIIMYMHAX, BPAaXOBYIOUH, IO MPUPOCTH Ha
mepioi KOMyTaIlii CTpyMy 1HAYKTOpa Ta HAlIpyTH Ha KOHACHCATOP1 TOPIBHIOIOTH ITYJIbCAIlil ITNX BETMINH

Aly :YUBX/(TIRH)’ Iy =YUBx/((1_Y)2 RH)’ AU, :YUBX/((l_Y)Tzl)’ Uc :YUBX/(l_Y)- (6)

3anuiemMo BETMYMHY CEPeIHbOI HAPYTH Ha HaBaHTaKEHHI

UH:yUBX/(l_y)’ (7)
a BeJTMIMHM ITyJIbCAIlil BUX1THOT HAIIPYTH BiIIIOBITHO
UpH :UBx/(l_Y)' (8)

B Takomy pasi koe(ilieHT myJbcallii BHXIIHOI HAmpyrd IMepeTBOpIOBada 1o cxemi puc. 1, 6
PO3PaxOBYEThCA 3TiJTHO BUPA3Y

KpH:UpH/UH:]-/Y' ©)

Cucrema MaTeMaTW4YHUX CHiBBiIHOIIEHL (4)—(6), (9) sBisie cO0O MaTeMaTU4YHY MOJCIb
€JIEMEHTAPHOTO HEIHBEPTYIOYOTO MMOHWKYBAJIBLHO-ITIIBUIIYBAILHOTO TIEpETBOPIOBayda puc. 1, 6, sika omucye
mapaMeTpH IPOIECiB y HboMy. 3 BHpasy (9) BumumMBae, 10 y BCHOMY iama3oHi KOMyTarii KoedirfieHT
myJbcalii BUXiAHOI HAIPYTW HMOHIMKYBaJIbHO-IT1ABUIITYBAIBHOTO HEIHBEPTYIOUOTO IEepeTBOpIoBaya puc. 1, 6
3aBXAM csrae BennduH Oinmbire HiK 100% He3ane)KHO BiJi mapamMeTpiB PEeakTHBHUX €JIEMEHTIB, IO €
HENPUHHATHUM JIJIs1 HOTO BUKOPUCTAHHS y OUTBIIIOCTI 3acTocyBaHb. [IpoTe, 1l TOMOJIOTIs IEpEeTBOPIOBaYa €
CTapTOBOIO ISl TOAAJIBILIOTO YAOCKOHAIECHHS IIPOLIECIB.

Hocniaumo niporiecu y nepeTBoproBadi o cxemi puc. 1, ¢ (PO Luo neperBoproBadi), sika HaOyBae
takoi KoH(QIrypamii y pasi BHKOPHUCTaHHS J0OAaTKoBoro BuxigHoro L2C2-dimstpa B cxemi puc. 1, 6.
ExBiBanenTHi cxemu 3amimeHHs nanoro PO Luo neperBoproBaua Ha iHTepBajax poOOTH 300paKeHO Ha PHC.
3. Pexxumy GesnepepBHOi mpoigHocTi (CCM — continuous conduction mode) Bignosigae cxema puc. 3, a
(iHTepBay HaKONMWYEHHS eHeprii) Ta cxema puc. 3, 6 (iHTepBan Bijmadi eHeprii). Pexxumy mepepuBUacTol
nposignocti (DCM - discontinuous conduction mode) BiamosinaroTs cxemu puc. 3, a, puc. 3, 6 Ta puc. 3, 6
(iHTepBan BiCiKaHHA €HEPrii, KOJIH BCi IEPEMUKAIOYi CIIEMEHTH 3aKPUTI).

ey L2 He L2

PARAA i .
iI Fard 2 Yoy} Lpe
(0§ 2 2 |+
= H L1 -|- Ry
a o 6
Puc. 3

Hiarpamu mporneciB y PO Luo mepeTtBoproBaui 300pakeHO Ha puc. 4 Ta BiANOBiAAaIOTH BKa3aHUM
pesxkumam: CCM (puc. 4, a) ta DCM (puc. 4, 6).

Ha piarpamax mnoka3aHO 4YacoBi 3aJIeKHOCTI CTPYMIB IHIYKTOpIB i1, Iy, CTpyMy BHXIJHOTO
KOHJICHCATOpa Ic; Ta HANPYTH HA BHXITHOMY KOHIEHCATOpi Ucy, @ TAKOXK CTpyMy Iioxaa iyp;. Ha miarpamax
mo3HavueHo: 7, — TPHWBAIICTh IHTEpPBAIY HAKONMWYCHHS CHeprii B 1HAYKTOpi; 7, — TPUBAIICTh iHTEpBAITY
Bianaui eHeprii; T,. — TPUBAJICTh IHTEPBaIy BIACIKAHHS €HEPTil; Sc, Sp — MO3HAYCHHS 3371 BU3HAYCHHS
aMIIep-CeKyHIHHUX IUIOU] CTPYMIB BHUXiJHOTO KOHJIEHCATOpa y PO3paxyHKy IyJbcalliil BHXiAHOI Hampyru
MepPeTBOPIOBaYa y BianoBigHux pexxumax CCM, DCM.
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Puc. 4

3anuIemMo BIATIOBIMHO 1O €KBIBAJICHTHHX CXEM 3aMIICHHS CHUCTEMU J(EpCHINabHUX PIBHSHb, IO
OITMCYIOTh TPOIIECH B TIEPETBOPIOBAYI Ha IHTEpPBaJIaX HAKOIIMYCHHS Ta BiIAadi eHeprii iHMyKTopoM B pexxumi CCM

di di
L1—-==uU,_, L1 =ug,,

dt BX dt C1

di di di
le—,[l+uc1= de_'[2+ucz’ L2d—t2=u02, (10)
c1 d:fl =i, c1% —i,.

[lepefinemo mo0 cucreMu anreOpaidHUX PIBHSAHB BIIHOCHO IPHPOCTIB HE3ICKHUX (DYHKIN Ha
IHTepBajgax KOMyTallii Ta iXHIX CEpeIHiX 3HAYeHb, BUKOPUCTOBYIOUH METOJ] yCEPEIHEHHS Ha OCHOBI TEOPEM
Jlarpamxka 10 oTpuMaHuX audepeHiaabaux piBHsHb (10)

nalh_y
T

H

BX !

Llél.—llJrUm = L2A_|_—|2+UC2,

H H

Cl%z l,,
) 11
Al (11)
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ne Al, AL, AUc; — mpupoctu ctpymiB ingyktopiB L1, L2 ta manpyru Ha xongencatopi Cl Ha iHTepBamax
komyTartii, l;, I, — cepenni crpymu iHgyKTOpiB Ha mepioAi komyTtarlii 7; Ucy, Ucy — cepemui Hanpyru Ha
koHaeHcaTopax C1, C2 Ha nepiojii KOMyTariil.

B pesynbraTi po3B’A3aHHS 1aHOI CHCTEMH aireOpaiyHuX piBHSHb 3 ypaxyBaHHSAM CITiBBiIHOIICHHS
I,=U,, /R, Ta paHime npuiiHATHX MO3HAYCHb 3aIMIIEMO HACTYIHI BUpa3H B 0a3HCi BIXHOCHHX 3MiHHHX

IU1s mapaMeTpiB mporeciB y PO Luo nepetBoproBadi B pesxxumi CCM:

AII :All/IH :(1_Y)/TI' II = Il/IH :y/(l_Y)' AI;:AIZ/IH :(1_Y)/T; ) IZ = IZ/IH =1, (12)
AU¢y =AUct /Uy =Y/T21 Uc1=Uc1/Uez =1,U /U, =1-7)/y,
ne 1= L2/R,T.

VY 0azuci abCoMIOTHUX 3HAYE€Hb OTPUMaHi BUPa3H AJIsl MapaMeTpiB MPOLECiB BUTISIAIOTh HACTYTHUM
YUHOM:

AI1 :yUBx/(TIRH)’ I1 ZYZUBX/((]'_Y)ZRH)’ AIZ :YUBx/(T;RH)’ |2 = YUEX/((l_y)RH)’ (13)

AUClzyusx/((l_’Y)tZl)' UClszBx/(l_Y)’ UH:UCZZYUBX/(l_Y)'

Otpumani cruiBBigHommeHHs (12), (13) € MaTeMaTHYHOIO MOJEIUTIO TIEPETBOPIOBaYa 332 CXEMOIO PHC.
1, 6, AKi MafOTh 3MOTY MEPEUTH IO PO3paxyHKy Iyibcamii BuxigHoi Hanpyru y pexkumi CCM. Ilymnncartito
BUXifgHOI Hanpyru U,, = Upc, BU3HAUMMO, BUKOPHCTOBYIOUH aMIIEP-CEKYHJHY ILIOILY CTPyMY Ic, 3apamy
KoHIeHcatopa C2 Ha IimsHLI HamiBIepiony KomyTamii meperBoproBada (puc. 4, a, ioma ¢irypu Sc
IOMiYeHa CipuM KOJIBOPOM Ta oOMekeHa (YHKINE CTpyMy icp). Y TakoMy pasi Iyibcallis Hampyrd
KoHzieHcaTopa C2 Ta BUXiJJHA HAIIPyTa BU3HAYAIOTHCS TAKUM YHHOM:

T/2

. S AlT
Upcor =— [icadt==C, ne Sc =22,
pC2 C2J.cz Co A€ oS¢

ToMy, BHKOPHCTOBYIOUM (OPMYIly [UIS BU3HAUeHHS mpupocty crtpymy Al, 3 Bupasie (13),
OTPUMAEMO CITIBBIHOIICHHS /I PO3pPaxyHKYy Myjbcalii BuxigHoi Hanpyru PO Luo meperBoproBaua y
pexumi CCM

2
yTU
=—— 14
" 8L2C2 a4
KoedirienT mynpcartii BUXiaHOI HAIPYyTH 3alHAIIEMO Y HACTYITHOMY BUTJISI:
2
K. = U pr _ (1_ Y) (15)

U, 8L2c2’

Posrnsaemo 3anexnicth mapamerpiB PO Luo meperBopioBaua, IO BH3HAYA€ TPAHMIIO MiX
pexxumamu CCM 1a DCM. YMoBoto icHyBaHHS peskumy CCM € epeBHUILEHHS CepeiHiM 3HAYCHHSAM CTPyMY
lyp mioma VD1 Ha iHTepBaii Bifmadi eHeprii MOJOBHHHA BEIMYUHA HOTO IpUpOCTy Alyp Ha IIbOMY 1HTEpBAJI.
BpaxoByroun Te, mo cepenHii ctpym mioga VD1 Ha 3a3HaueHOMY IHTEpBaNi JOPIBHIOE CYMi CEpEIHIX
CTpyMiB iHIYyKTOpIB |; Ta |, a mpupicT cTpyMy AioAa TOPiBHIOE CyMi MPHUPOCTIB CTPYMiB iHAYKTOpiB Al; Ta
Aly, 3anumemo Bupas asis rpanuaHoro ctany Mixk CCM ta DCM

Al + Al
|1 + |2 = 1—2
[lincTapistoun y naHWi Bupa3 3HaueHHS napamerpiB 3 Gopmyn (13), OTpUMaeMo B KiHIICBOMY

*
BapiaHTI (YHKLIOHAJbHY 3aJ€XKHICTh T'DAaHUYHOI BEJMYMHM BIJHOCHOI NOCTiHHOI uacy Tq, PO Luo
MepEeTBOPIOBAYA V Miama30Hi KOMYTaIlii y, 3MEHIIIEHHS SKOi MPU3BOAUTH 10 OB pexumy DCM

2
« L (@-y) L1L2
Teh=— =" re Le=———. 16
OTRT T2 T (10)
Posrnsaemo mpomecu PO Luo meperBoproBada y pexumi DCM. Ilim wac aHami3zy 3aMiHUMO
kouaeHcatopu Cl, C2 BianoBimHUMHU Kepenamu mocTiiiHoi Hanpyru Ucy Tta Ucp, mpumyckarouu, IIo

nyJibcalii Hampyrd Ha LUX KOHAEHCATOpax € HEXTYBaHO MaJMMH B IOPIBHSAHHI 3 iXHIMH CepeiHIMH
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3HayeHHsIMH. lle mpumylieHHs € HeoOXigHUM 3ayls CIPOLICHHS 3aCTOCYBaHHS METOAA YCEpEAHEHHs A
aHaji3y 4epe3 HEOMHAKOBICTh NMPUPOCTIB HANIPYTH Ha KOHIIEHCATOPAxX HA IHTEpBaTaX KOMYTAIl I 3aMiHU
iX OIHI€I0 He3aleKHOI0 3MIHHOIO Ha mepiomi komyrtariii (puc. 4, 6). 3acTOCOBYBaHMI y JaHOMY aHaji3i
METO/ yCepeOHEHHS Ha OCHOBI TeopeM Jlarpamxka AOCTYMHUE IS MPOLECiB 3 OJHAKOBUMH MPUPOCTAMHU
(yHKIIIH Ta IXHIMUA CepeIHIMHU 3HAYCHHSIMHU Ha iHTepBadaX. ToMy, HEOOXiqHY BEIUUMHY MyJbCallii BUXITHOT
HAIpPyTH, M0 JOPIBHIOE MyJbcallii HAIPYrd Ha BHXITHOMY KoHAeHcaTopi C2, 3HaiIeMO 3aCTOCOBYHOUH
BU3HAYCHHS aMIIeP-CEKyH THOI IJIOMI CTPYMY BHXiJHOTO KOHJIEHCATOPA.

HudepenuianeHi piBHAHHA, M0 onucyioTh npouecu y PO Luo meperBoproBaui y pexxumi DCM,
BUTJIAJAIOTh HACTYITHUM YHMHOM:

Llﬂ =U_,
IHTEpBaIl HAKOTTHYEHHS it a7
d'l fUg=L2% 1y,
dt
19y,
IHTEpBaJ Biagadi t (18)
L2 (;'2 Uco.

3acTOCOBYIOUH METOJ] YCEPEIHECHHS Ha OCHOBI TeopeM Jlarpamka 10 oTpuMaHuX AudepeHITIaTbHIX
piBasHb (17) Ta (18), oTpumaemo cucrteMy anreOpaidHUX PiBHSHB, JOTIOBHIOKOYH 11 CITIBBIIHOLICHHSM IIPO
CepeAHili CTpyM HaBaHTaXEHHS, W0 JOPIBHIOE cepeaHboMmy cTpymy nioga VD1 na inTepBami Bimmadui
TpuBaiictio 7,. Lle poOuTh cuctemMy anreOpaiaHuX piBHSHL TOBHOIO IS OTPUMAHHS €MHOTO PO3B’I3KY

iy
Aly Al,
L].T UCl—LZ TH +UC2'
oy, (19)
T(f
Al,
L2—:UC2,
(AI1+AI2)T6 _ U
2T R,

Po3p’sizkom cuctemu (19) € HacTymHi Bupasu, sKi JalOTh 3MOTY pO3paxyBaTH IyJIbCalliiiHI Ta
cepenni cknanosi npoueciB y PO Luo meperBoproBaui y pexumi DCM y BizHOCHOMY Ta aOCONIOTHOMY
BUMipax BiIIOBITHO

Ny RN N =y PSRN VIR VO =y S

Aly ZYUBX/(TIRH)' Al, Z’YUBX/(T;RH)' Uc, =Ug, :’YUBX/\/E’ Te=T 27; : (21)

[Mynbcanito BuxinHOi Hanpyru nepersoproBada PO Luo BU3HAYMMO, BpaxOBYIOYH aMITEP-CEKYHIIHY

TUIOILY CTPyMy KoHIeHcaTopa C2 3a HOro MO3UTHBHHUX 3HAYCHHSX ((irypa 3 Imiomer Sp, M0 00MEXKYy€eThC
CTPYMOM icp, BiIMid€eHa CipuM KOIBLOPOM puc. 4, 6)

Aly —AlLNT, =Ty +T T Al, -1
SDZ( 2 H)(H 1 2)’ ne Ty = HH TZZ( 2 H)TBI
2 Aly Aly
BukopucToByroun 3HaiineHi B (21) cmiBBiZHOIIEHHS, pO3paxyeEMO OCTaTOYHO BETMUMHY ITyJIbCAallii
BUXiJHOI Harpyru neperBopioBaya PO Luo B pexxumi DCM
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1 S
— |igpdt =2£
P c2 ¢ T2
T
abo y 3aBepIIICHOMY BUTJISI
2
U, T% T, *
u, =—= 1-—=2-1,2 22
pu 21L.2C2 T2 ( )

Ta Koe(ilieHT mynbcanii BUXigHOI HAIIPyTu

* * *

_UpH _T2 T9Te

12
K = 1- .
MU, e |0 Ly

(23)

Otpumani criBBimHomenas (20) — (23) € marematnyHOI0 MoneuTO IeperBoproBada PO Luo B
pexxumi DCM.

TakuM YMHOM, 3 BUKOPHCTAHHSIM METOJy yCEpeIHEHHS Ha OCHOBI TeopeM Jlarpamxka OTpHMaHO
IPOCTI MaTeMaTHUHi Mojeli (aHaJiTH4HI CITIiBBITHOIINEHHS) IS PO3PaxyHKy MyNbCAIlifHUX Ta CepemHix
3Ha4eHb CTPYMiB Ta Hampyru neperBoptoBaya PO Luo B pexumax Oe3mepepBHOI Ta IepepUBUACTOL
npoBigHocTi. Lle Hamae MOKIMBICTh po3paxyBaTy rpadiuHi 3aeKHOCTI BETUUMHY ITyJIbcallii Ta KoedilienTta
nyJibcailii BUXiIHOI Hanpyru nepeTBoproBada PO Luo B miana3oHi KoMyTallii [uisi BKa3aHUX pexuMiB (puc. 5
a ta 5, 6 BignosiaHo). Brasani 3anexHocTti po3paxoBani mys 3Havenb U, = 300 B, L1 =2 mI'w, L2 = 2 MI'H,
C1l =10 Mx®, C2 = 50 mx®, T = 50 mkc. Toukamu «1» Ta «2» Ha puc. 5, @, 6 BUAIIEHO TPAaHUYHI 3HAUCHHS
BIIHOCHOI TPHWBAJOCTI 1HTEpBaly HAKOIMWYEHHS CHEPTil Yp, IO BIANOBIAAIOTH MEPEXOAy MiXK PEKUMaMHU

. . . . . *
CCM ta DCM Yy BignosigHocTi 1o cmiBBigHomeHHs (16): y,(«1»)=0,553 3a 15 =0,2, y5(«2») = 0,225 — 3a
* . . . . . . . co
15 =0,6. JlOCTOBIpHICTH pE3yJNbTATIB PO3PAXyHKIB MIATBEP/UKCHO 32 JOIOMOTOI0  IMiTalifHOro
MOJIEITIOBAHHS TIPOIIECIB Y IIEPETBOPIOBAYl B YKa3aHWX PEXXMMaX 3 BUKOPHUCTaHHIM makery PSim. B tab6m. 1

HABEJICHO pEe3yJIbTaTH pO3pPaxyHKy 3a pPO3POOJICHMMH aHAJITUIHHMH CIiBBigHOmICHHSMEH (AM) 1 3a
JOMOMOToI0 imiTaliiHoro mopemoBaHus (IM) 1is nmekiapKoX 3HaueHb Y B Jiama3oHi KomyTamii mpu

.*
3HauYeHHl 1, =0,2.

1 LIPCLB Kpcg, %
0,25 .
T2=006
0.8 0.2 _'ﬁ-\ <
e ’ T5=02
0,6 ,/ 0.15 2 =0 \
04|
? T2=02 0,1
0,2 \
T5=06 0,05
0 GRS B\ ¥ 2 1 ¥
0 02 04 06 08 | % 03 04 06 08 1
a 0
Puc. 5
Taoauns 1
v 0,1 0,3 0,5 0,7 0,9
AM M AM IM AM M AM IM AM M

Upcz, B | 0,111 0,11 0,33 0,33 0,554 0,493 0,656 0,658 0,845 0,847
Ue,, B | 67,082 | 67,078 | 201,25 | 201,27 | 335,41 | 335,65 | 700,0 | 700,64 2700 2702
Kpc2, % | 0,154 | 0,153 0,154 | 0,153 | 0,154 0,142 0,093 0,093 0,031 0,031

Po30iKHICTE pe3ynbTaTiB PO3paxyHKIB 3a JBOMa BKazaHMMH crocobamm B pekmmi CCM He
nepepuilye 1% 3a BHHATKOM 00JacTi MOONM3y TIpaHUMYHUX 3HAUYCHb Y CTOCOBHO 3aJIKHOCTEH IS
KoeilieHTiB Mmybcanili BUXiAHOI HANPYTH, ¢ BOHA BUILE Ta 00yMOBICHA NPUHHATUMHE MIPUITYLICHHSIMH IIiJ]
yac pO3pOOKH MaTeMaTH4HOI MOjeli neperBoproBada B pexkuMi DCM. Ilpote, 111 po30LKHICTD MOOIH3Y
CPaHUIIl MIXK PEKUMaMH € He CYTTEBOIO Ha (hOHI JOBOJII HU3bKUX 3HaUCHb KOCOIIIEHTIB My/Ibcalliif Ha PiBHI
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menme 0,5%, He cymepeydTb OCHOBHMM TEHIEHLIAM iX 3MIHEHHS Ta CTOCYETbCS JIMILIE BKa3aHOTO
napaMerpa. Peinta mapamMeTpiB IPOIECIB PO3PaxOBYETHCA 3a PO3POOJICHUMH CIIBBIAHOIICHHAMH 3
PO3OKHICTIO TaKoXkK He Oinbiie 1% B MOPIBHSIHHI 3 IMITAIlIHHIUM MOJICTIOBAHHSM.

B T1abn. 2 momaHo pe3ynbTaTH PO3PaxyHKy [UIS JEKITBKOX 3 PEXKHMIB, AOCHIIKEHHUX TiJ 4Yac
BuKOHaHHS poOoTH. B pexxumi CCM BukopucroBysajiocs 3HadeHHs R, = 10 Owm, B pexxumi DCM - R, = 100
OM 3a BKa3aHOi BUIIE PEIITI 3HAYEHb IHIYKTUBHOCTEH Ta EMHOCTEH €JIEMEHTIB, BX1HOI HAPYTH Ta MEepioay

KOMYTalii mepeTBoproBaya.

Tabnuus 2 _ [Ipoananizyemo mpouecu y INepeTBOproBaui
Hapametp AM M BIHHOCH(? PO Luo Ta gocmiguMo eeKT 3MEHIICHHS Iyjbcalii
AL A 1875 186 p13Hng{, % BUXIJTHOI HAlpyrd B IOMY MPHUCTPOI y gopiBHﬂHHi 3
Alz’ A 1:875 1:86 0:8 0a30B0I0 cxeMoIo pHC. 1, a 3a paxyHok ¢inbrpa L2C2
AUCZL, B 125 12.46 0.3 32 OJIHAKOBHX L1C1. Mnsa uworo _posrigHeMo
CCM I A 333 335 06 CHIBBIIHOMIEHHS  BEJIMYMHM  MYJIbCALIT  BHXijHOT
I, A 10 10 0 Hanpyru Ta ii koedinieHTa mynbcauii Rp 3 ypaxy-
Ua, B 100 99,7 03 BaHHAM PO3pOOJIEHMX aHANITHYHUX CHIBBiJHOIIEHL B
Ug, B 100 99,7 0,3 pexxumi CCM. 3rigHo pesymsrariB  pobotu  [11]
Aly, A 1,875 1,86 0,8 BEeNMYMHA TYyJbcalii BHUXIAHOI Hampyru y 0a3oBiit
Aly, A 1,875 1,86 0,8 CXeMi I1HBEpPTYIOUOrO IEPETBOpIOBAYa  JOPIBHIOE

DCM | U, B 118,58 | 118,58 0 bb YZU . bb _ .
U, B | 118,558 | 118,58 0 Upca =m, ne C1” — emmicTh BuXigHOTO

T, mxc | 31,62 | 31,3 1,0 v "

KOHJICHCATOPA.
BukopuctoByroun Bupas (14) mis myibcauii BuxigHoi Hanpyru PO Luo nepetBoproBaya, 3amumemMo
criBBigHOWEHHS RP
bb
Upc1  y 8L2C2

Uk, 1-v cPR,7’

Rp=

e U 882 — BEJMYMHA ITyJIbcarlii BuxigHoi Hanpyru PO Luo nepeTrBoproBaya.

BBakaroum, 10 BENTWYMHA €MHOCTEH BHUXITHHX KOHIEHCATOPIB y TEPETBOPIOBavdaX AOPIBHIOIOTH

lbb

oauna oxuiii C1°" =C2, 3amuireMo OCTaTOYHE CITiBBIHOIICHHS

-1 *
Rp=y(1-y) -81,. (24)
Crnig monmatu, MO OTpuMaHuil Bupa3 (24) mae Takuii caMui BUTJISL 1 JIJISL CIIBBIJIHOIICHHS KOE(]illi€HTIB
nyJbcaliil BUXiAHOI HATIPYTH.

. o . *
I'padiune 300pakeHHs TaHUX 3alIexXHOCTEH RP mogaHo Ha puc. 6, a 3a pi3HUX 3Ha4YEHb T, .

Ry ™"

& |
3 LS
L)) ] L

) \
1 10 0.5 .
/4 t;fo,ﬁ . o O e ¥
0 0,25 0.5 0,75 1 0 0,25 0,5 0,75 1
a

Puc. 6
. . . L) .. * . .
BinnosigHicTh BeINYUH NOCTIHHOT Yacy Ty 10 HOMepy rpadikiB Bka3zaHa B TaOI. 3.

VY Tabn. 3 moJaHo TaKoX I'paHUYHI BEITUYMHH BiTHOCHOI TPUBAJIOCTI KOMYTaLii Y, MK peKUMaMu
CCM i DCM, a TakoX BEIMYMHHU CIIBBIIHOILICHHS RP B rpaHUYHMX TOYKaX Yp JJIS BiAIOBIAHOI BEIWYMHU

* . . * . . *
T5. Ha puc. 6, 6 nokasaHo rpadiuHy 3alexkHICTb ToRp = (1—v)/(8y), sixa BinmoBinae 3HaueHnAM Ty, KOMHM
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*

CIiBBiIHOIIEHHA RP JOpiBHIOE OJMHMIL, Ta Tpadik IPAHUYHUX 3HAYEHb Top B J1ala30HI KOMyTalii Y Mik
peskumamu CCM ta DCM.

Taoaunsa 3
Homep 1 2 3 4 5 6 7 8 9 10
rpacgika
R, 30 45 66.7 100 135 200 300 500 1000 | 5000
” - 006 | 022 037 | 046 | 055 | 063 | 071 08 | 001
o 133 | 089 0.6 0.4 03 0.2 013 | 008 | 004 | 0,008
Rpb - 043 14 1.86 1.98 1,97 1.85 1,62 128 | 065

Amnani3z 3anexHoctedl puc. 6, a mokasye, mo B cxemi PO LuO meperBoproBaua 3a paxyHOK
nonatkoBoi nmanku L2C2 QinbTpa 3MEHIIYEThCS BENMYMHA MyJbcallil BUXIAHOI HANPYTrd y TOPIBHSHHI 3

. . . . . * *
0a30BOI0 CXEMOIO IHBCPTYIOUOI'o IICPETBOPIOBadYa B ACCATKHU Pa31B B A1alla30H1 BIA To = 0,04 A0 To = 0,6 B

1bb

pexumi CCM 3a ogHakoBHX BenWuuWHaX BuXigHumx emHocted C17- =C2. Po3paxyHkHm TOKasaid, IO B

pekuMi DCM  crHiBBiIHOMIEHHS BUXIIHUX MYJIbCAIlil HANpPyrd y BKa3aHUX IEPETBOPIOBAYAX JIOPIBHIOE
OJTMHUILIL.

TakuM YHHOM MPOLTIOCTPOBAHO, MO 3amiHa Micismu eneMenTiB C1l, VD1 y 6asosiit buck-boost
tonosiorii II1 ta BBemeHHs momatkoBoro ¢inbTpa L2C2 3a 0aHAKOBHX BEIMYMHAX BUXITHUX €MHOCTCH

ci’b=c2 NPU3BOAUTH O CYTTEBUX 3MiH y BIACTUBOCTIX MEPETBOPIOBaYa y pasi 30€pe:KeHHS XapaKTepy

PETYIIOBAIBHOI XapaKTePUCTUKH, siKa BigoOpaxae buck-boost TexHomoriro nepeTBOpeHHs:

— BIICYTHOCTI iHBEpPTYBaHHS BUX1IHOI HAIPYTH;

— 3MEHIIICHHS IyJIbCalliif BUXIAHOI HApPyrd B JECATKU Pa3iB B IIMPOKOMY Jiana3oHi 3Ha4YeHb L2 B

pexumi CCM.

BucnoBku.

1. Po3pobieHO HOBI MareMaTW4Hi MOJeNi A PO3paxyHKy HEIHBEPTYIOUMX MOHWKYBaJbHO-
MiIBUITYBILHUX MIEPETBOPIOBAYIB MOCTIIHOT HAIIPYTH 3a eJIeMEHTapHOIO TOIOJIOTIE0 Ta 3a Tononoriero PO
Luo B pexxumax Oe3mepepBHOI Ta MepPepUBUACTOI NPOBIIHOCTI, SIKI CHPHUSIOTH CIPOIICHHIO PO3PaxyHKiB
NEPETBOPIOBAYIB BiTHOCHO iCHYIOUMX METOZIB PO3paxyHKy Ta JAlOTh MOXIIMBICTb pealizyBaTh HEoOXiIHi
BUXIJTHI TIapaMeTpH TEPEeTBOPIOBAdIB 32 3aJlaHUX OOMEKEHHSX HA BEJIMYMHU IyJbCallii HA PEaKTUBHHUX
CJIEMEHTaX.

OTpumaHo aHaNITHYHY Ta TpadiuHy 3aJeXHOCTI TpaHHYHUX 3HaueHb napamerpie PO Luo
MIEPETBOPIOBaYa y IMOBHOMY Jiama3oHi KomyTtallii Mix pexumamu CCM ta DCM, 1o mae MOXIUBICTH
00rpyHTOBaHO 0OMPATH HOr0 TApaMeTpH Ha CTaJlil MPOEKTyBaHHS.

3 orjsimy Ha BiACYTHICTh MOIIOHMX pE3yNbTaTiB y BIIOMHUX CyYacHHX HAyKOBUX Hpallsix,
OTpUMaHi B JJaHill poOOTi aHATITHYHI CIiBBITHOIIEHHS Ta MOJIENIi OOYMOBIIOIOTH IXHIO HAYKOBY HOBU3HY Ta
NPaKTUYHY [[IHHICTb.

2. TlpoJaeMOHCTPOBaHO BIUIMB 3MiHEHHsS TOMOJOTII TepeTBOproBaya Ha oOcCHOBI buck-boost
TEXHOJIOTIT TEepPEeTBOPEHHS BiX 0a30BOr0 IHBEPTYIOUOTO [0 HEIHBEPTYIOUOrO THUIY 3 IIOKpPAIICHOO
¢inerpaniero Buxignoi Hanpyru (PO Luo meperBoproBava) Ha Horo BmactuBocTi. Jlana tomomnorist PO Luo
nepeTBOpIOBaya Crpusie OLTBIIOMY 3aCTOCYBaHHIO MepeTBOproBadiB 3 buck-boost TexHomori€l0 B 33ma4ax,
KOJIM iHBepTYBaHHS BUXiTHOI HATIPYTH € HeOaKaHUM ab0 3aiBHM.

Po3paxoBaHo niama3oH 3MeHIIEHHsS mynbcanid BuxigHoi Hanpyru PO Luo meperBoproBaua
BiTHOCHO 0a30BOi Tomousorii mpu 30epekeHHI PIBHOCTI BEIMYMH €MHOCTEH BUXiTHHX KOHICHCATOPIB.
OTtpuMaHuil pe3ynbTaT MOPIBHSHHS MyJbCAIlliil BHUXITHOI HANPYTH MEPETBOPIOBAYIB € KOPHUCHUM T dac
IXHBOTO TPOEKTYBAHHS 3aBISKH MOXKIIMBOCTI KiJBKICHOTO MPOTHO3YBaHHS BIUIMBY BUXIIHOTO (pimbTpa Ha
BEJINYHMHY MyJIbCaIliid.

Pobomy euxonano 3a Oepacobrodocemnoro memoro  "Poszsumox meopii ma npunyunie nodyoosu
eHep2oeheKMUBHUX BUCOKOUACMOMHUX HANIGNPOGIOHUKOGUX NEPEemBOPIO8aAtie MOOYIbHOI CIMPYKMypu Ol ROMYJICHUX
cucmem JCUBNEHHS eNeKMPOMEXHONIO2IUHO20 00NAOHAHHS 3 HecmayionapHum Hasanmaicenwam" ([ocepeno-4),
Oepoicasrutl peecmpayitinuii Homep pooomu 0124U00039. KIIKBK 6541030.
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ANALYSIS OF NON-INVERTING DC VOLTAGE BUCK-BOOST CONVERTERS USING THE
AVERAGING METHOD
Yu.V. Rudenko

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

The processes in non-inverting DC-DC buck-boost converters were investigated: using the elementary topology and the
positive output Luo topology (PO Luo converter). Using the averaging method based on Lagrange theorems, analytical
models and expressions have been developed for calculating and analyzing the average, pulsating components of
processes in converters, including output voltage pulsations in continuous and discontinuous conduction modes across
the entire switching range. The developed analytical models allow us to refine and simplify the calculation of processes
in converters relative to existing calculation methods. Analytical conditions have been developed that allow predicting
the degree of reduction in output voltage ripple in the PO Luo converter compared to the base circuit. Analytical and
graphical dependence on the limiting values of the parameters of PO Luo converter in full commutation range between
CCM and DCM modes was obtained, which makes it possible to reasonably choose its parameters at the design stage.
The results of simulation modeling of processes in the PO Luo converter confirmed the correctness of the developed
analytical relationships. The discrepancy between the results of process calculations according to the developed
analytical models and simulation modeling does not exceed 1%. References 12, figures 6, tables 3.

Key words: buck-boost converter, positive output Luo converter (PO Luo converter), output voltage ripple, state space
averaging method.
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IMPROVEMENT OF THE COMPUTER SIMULATION MODEL OF A FREQUENCY-
REGULATED INDUCTION MOTOR IN THE MATLAB SOFTWARE PACKAGE

V.O. Volkov*
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64, Universytetska Str., Zaporizhzhia, 69063, Ukraine,
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The article is devoted to improving the well-known computer simulation model of a three-phase squirrel-cage induction
motor with frequency control (which is present in the MATLAB software package). This improvement the simulation
model consists in expanding its functionality (in particular, carrying out a refined calculation of the instantaneous
values of all types of basic power losses, basic active power consumption, and energy indicators of the motor) and
increasing the precision of finding the instantaneous values of the basic harmonic components of the motor's phase
stator currents in steady-state and start-braking modes. This task was solved by supplementing the abovementioned
well-known model from the MATLAB software package with refined analytical dependencies for calculating the main
energy parameters of a frequency-regulated induction motor and as because of obtaining new refined analytical
calculation dependencies for determining the instantaneous value of the modulus of the generalized stator current
vector of this motor. To confirm the capacity for work of the improved computer simulation model, the following
parameters were calculated using it (for a squirrel-cage induction motor loaded with a centrifugal fan) in steady and
start-braking modes of the motor: its basic power losses and basic active power consumption, efficiency and power
coefficients. The practical value of the improved computer simulation model consists in increasing the precision of
calculating the electromagnetic and energy processes of a frequency-regulated induction motor in steady and start-
braking modes under scalar control. References 18, figures 4, tables 2.

Keywords: induction motor, frequency regulation, computer simulation model, electromagnetic and energy processes.

Introduction. Considering the widespread use of frequency-regulated (f-r) squirrel-cage induction
motors (IM) in various industries today and taking into account the rising cost of electricity in the world and
Ukraine, it has become relevant and in demand in practice to refine the definition and study of the energy
characteristics of these motors. It is particularly important now to create computer simulation models (CSM)
for research energy processes in these motors, since these computer models (unlike direct experimental
research) allow for the rapid and relatively less labor-intensive to optimizate of the control of IM operating
modes in operation, thereby reducing overall power losses or minimizing the power consumption of these
motors in the steady and start-braking modes.

Currently, the most well-known and widely used in practice is the IM computer simulation model,
which is presented in the Simulink library of the MATLAB software package [1]. It should be noted that
according to international standards: IEEE112 for the USA, IEC34-2 for Europe, and IEC37 for Japan, five
types of basic power losses must be taken into account in an induction motor (mechanical, electrical in the
stator and rotor windings, magnetic, and additional [2-4]). However, in the mentioned well-known motor
CSM from the MATLAB software package only takes mechanical power losses into account in full, while
magnetic and additional power losses are not taken into account at all. In addition, the idealized computer
simulation model of IM from [1] does not fully take into account the electrical power losses in its stator
winding, since the calculation of the electromagnetic processes of this motor in its model does not take into
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account the increments in the motor stator current caused by a transportation of magnetic and additional
power losses to the magnetization circuit or through the motor air gap, respectively. Thus, the well-known
CSM from the MATLAB software package does not contain any calculation dependencies for determining
the instantaneous energy processes of the IM, and the mentioned low actual precision of calculating its stator
current does not meet the required precision for determining the energy processes of this motor.

Taking into account the above, the purpose of the proposed article is to improve the existing well-
known (from the MATLAB software package) computer simulation model of a frequency-regulated
induction motor. This improvement consists in expanding its functional capabilities (aimed at more precise
determining the instantaneous values of all types of basic power losses, energy processes and indicators of
the induction motor) and increasing the precision of the model in finding the instantaneous values of the
basic harmonic components of stator currents in the steady and start-braking modes of this motor under
scalar control.

Next, we will evaluate the possibility of realization the above-mentioned improvement of the known
CSM, based on a preliminary analysis of existing publications, devoted to the refined calculation of energy
and electromagnetic processes. In publications [5-7] there are set refined analytical dependencies for
determining electrical power losses in the stator and rotor windings of the f-r IM in the steady modes through
the controlled phase values of the stator and rotor currents of the motor, respectively, and through the known
values of the active resistances of its stator and rotor windings (where values of this active resistances are set
by the corresponding steady-state mode of the motor or determined for a concrete motor in operation using
identification devices [8]). To increase the precision of determining electrical power losses in the stator and
rotor windings of the f-r IM during start-braking modes, in publications [1, 9, 10] are used calculations from
[11] of the mentioned power losses through the projections of generalized vector of the IM stator current.

The known refined analytical dependencies for calculating magnetic power losses in IM from
publications [5, 12-14] take into account the simultaneous influence of hysteresis and eddy currents on these
losses. The increase of the stator current of the IM (caused by the transfer of magnetic power losses to its
magnetization circuit) is determined in articles [12-14] from the substitution scheme of this motor,
supplemented by a resistor (connected in parallel to the magnetization inductance of the IM). This resistor
simulates the electrical losses in it, which are equaled to the instantaneous magnetic power losses of the
motor. Calculations of the increase in the stator current of the IM (caused by the mentioned transfer of
magnetic power losses) are significantly complicated in start-braking modes, since the resistance value of the
simulating resistor in the motor substitution scheme changes with a variation the instantaneous values of its
frequency, speed, main flux linkage and torque of the f-r IM.

The change in the instantaneous value of additional power losses for the IM powered by a voltage
source with a constant frequency (equal to the nominal frequency) is characterized by a variation in the
motor load, according to [5], a quadratic dependence on the modulus of the generalized vector of its stator
current, created by the basic (first) harmonic components of its phase stator currents. With regard to the f-r
IM motors, the following other analytical dependencies have been proposed in known publications for
determining the refined instantaneous values of additional power losses, which are characterized by: in [15]
— a quadratic dependence on the motor torque, as well as a directly proportional change from the modulus of
the generalized stator flux linkage vector; in [16] — a directly proportional change from the frequency of the
first harmonic of the phase stator voltage and a quadratic dependence on the modulus of the generalized
stator current vector of the motor, created by the basic (first) harmonic components of its phase stator
currents. To determine the increase in stator current caused by the transportation of additional power losses
through the air gap, additional resistors (simulating additional power losses) are installed in the electrical
substitution scheme of this motor in known publications: in [14] — in the rotor or in [17] — in the stator link of
the motor, which significantly complicates the calculations of its electromagnetic and energy processes. A
known refined calculation of the instantaneous mechanical losses of the IM is given in article [5].

The above carry out analysis of known publications shows that there are currently sufficient refined
analytical dependencies for calculating all types of basic power losses in the f-r IM, which can be used to
create on a basis of the known idealized model of the f-r IM with scalar control from the MATLAB software
package [1] (the block diagram of which is shown in Fig.1) an improved computer simulation model of the
f-r IM. This improved simulation model will provide refined calculations of the electromagnetic and energy
processes of this motor. However, it is desirable to simplify (in particular, without changing the idealized
substitution scheme of the IM and the corresponding CSM from [1]) the determination of the instantaneous
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increments of the stator current, which are caused by the transportation (transfer) of additional power losses
through the motor air gap, and magnetic power losses — to the motor magnetization circuit.

1. Initial assumptions. The following assumptions and designations are accepted for an IM:

a) three-phase stator and rotor windings for different motor phases are symmetrical and structurally
identical,

b) the motor air gap is the same along the inner circle of the stator;

c) the motor is powered (according to the block diagram in Fig. 1) from a three-phase stator voltage
source with continuously adjustable frequency f; [Hz] and amplitude ugy, [V] of phase stator voltages

Uga (t), Ugp(t), ug(t) sinusoidal shape (with displacements from each other by 120 and 240 electrical
degrees
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Fig. 1

for these voltages). In the improved model to the input «Tm>x» of the IM model are supplied (unlike the well-
known CSM [1]): static torque T, mechanical torque losses ATyecn and torque losses AT,q IM (the latter

are caused by the influence of additional motor power losses); the values of the above quantities are
determined from the analytical dependencies given in the further content of the proposed article.
Substitution scheme for the three-phase IM in the MATLAB software package [1] is shown in Fig. 2

and is composed of projections Vs, Vs of the generalized stator voltage vector Vs, projections iy, igs and
igr, Igr Of the generalized vectors of the stator is and rotor if currents, projections @gs, ¢gs, and @'y, ¢’

generalized vectors of stator y, and rotor vy, flux linkages of the motor on the axis of the immobile

orthogonal coordinate system (OCS) «g-d», connected by the real axis «g» with the direction of the
geometric axis of the stator winding of phase «A» of the motor; here and further, the hat symbol for short-
circuited IM denotes its rotor values, reduced to the equivalent three-phase rotor winding of the motor.

Electromagnetic processes in the IM substitution scheme in the Fig. 2 are described by mathematical
relations [1]:

Vo =Rl -if +dol /dt+(0—o, ) @,
Vd,r = Rr, Iér +d(P:jr /dt _((’O_wf)'(p:lf’ (1)
T, =15p (g -igs — @ i)

Vs = R -ligs + Aoy, /dt + @ - g,
Vs = R -lgs + dogs /dt — 0 - @,

where T, is the instantaneous value of the rotating electromagnetic torque IM; p is the number of motor pole

pairs.

In the substitution scheme in Fig. 2 and formula (1) are used the following symbols: o is the angular
frequency [rad/s] of the «g—d» coordinate system (for the immobile «g—d» OCS equal to zero angular
frequency: ©=0 corresponds); w, is the instantaneous value of angular frequency [rad/s] of rotor rotation
(speed) of the motor; for a squirrel-cage induction motor, the projections Vg, Vq, of the generalized rotor

voltage vector V' are equal to zero: V{; =Vgr =0.
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Internal parameters of the motor substitution scheme: active resistances [Ohm] of the stator Ry and
rotor Ry phase windings (which are brought to the operating temperature of the motor) and magnetizing
inductance L, [H], as well as the leakage inductances [H] of the stator L;s and rotor L;, windings of the

motor, were considered constant.
Based on the substitution scheme in Fig. 2 and formula (1), it is possible to determine for the f-r IM

in the immobile OCS «g-d» the instantaneous values of the projections ¢, ¢4, and the modulus o,
[Wh] of the generalized vector of the main flux linkage o, (which is equal to the magnetic flux in the air
gap of the motor), as well as the instantaneous values of the projections eqp, , €4 and the modulus ey, [V] of

the generalized vector &, of the electromotive force (EMF), the instantaneous values of the modulus i; of
the generalized vector of the rotor current i [A] and the angular frequency of rotation of the rotor (speed) w;
[rad/s] of the motor in steady and start-braking modes using known analytical dependencies [1, 11]:

Pam = L (ds + Idr) (pqm - L ( I Pm = \/ (pdm +(qu ' qr dr
d d 1
__((pdm ) ) eqm = ((qu) €m = Y edm + eqm y O = TJ. [Te - (Tst + ATmech + ATad )] dt

e =
™ dt ot )

where J is the total moment of inertia [kg-m?] of the drive; t is the value [s] of instantaneous time.

Calculating in an immobile OCS «g—d» harmonic functions from the instantaneous argument of the
generalized magnetic flux vector ¢, = o, -e1® IM in the form [18]:

008(0p) = @gn /@ N SIN(Oy) = O/ Pp, 3)

use them to determine the instantaneous values of the motor's rotating electromagnetic torque T, and
orthogonal projections i, and iy, ¢, and ¢, , eym and ey, [18]:
Pum = Pgm 'COS(@®)+(Pdm -sin (@d))'
Pum = Pm 'COS(@(D)—(pqm -sin (@CD)'
€um = Eqm * COS(Oy )+ €41y +SIN (6 ),
€vm = €dm 'COS(@cD)_eqm -sin (@d))
accordingly, generalized vectors of stator current ig, main flux linkage ¢,, and EMF &, IM on the axis of

rotational OCS «u-v», oriented by the real axis «u» in the direction of the generalized vector o, of the main

flux linkage of the motor.

From the theory of frequency control of IM [4, 10, 18] it is known, that when the rotational
orthogonal OCS «u-v» is oriented with the real axis «u» by the generalized vector of the main flux linkage
®,,: the projection i, of the generalized vector ig of the stator current on the axis «u» sets the level of

magnetization of the motor (in particular, the instantaneous value of the modulus ¢, of the main flux
linkage), and the projection of this vector onto the axis «v» sets the active (torque-producing) projection iy

of the motor stator current, which creates its rotating torque and consumed active power (including
compensating for power losses and increments of the stator currents of the IM caused by the transportation of
magnetic and additional power losses to the magnetization circuit or through the air gap of the motor,

respectively). Moreover, for the steady operating modes of the f-r IM the values of the projections ¢, ®yn

(2)

Te =15 p'((Pum 'ivs ~Oym ‘ius)’
i -€08(0,, )+ iy -Sin(0,, ),
-sin(@, )iy -cos(0, ),

(4)

us — Iqs

lys = Iqs
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and e,y , e,y of the generalized vectors of the main flux linkage o, and EMF g, are equal to their
modules ¢, , ey Or zero, respectively:

Oun =Pm: Q=0 and e;n=0, eym=ep. (5)
However, in very rapid start-braking modes, deviations from formula (5) are possible, therefore, in this
article, the following calculations of electromagnetic and energy processes will be executed in the general
case using the calculated instantaneous values of the projections ¢, ¢,, and eyy, eym of the above-
mentioned generalized vectors @, and &, on both axes of the rotational OCS «u—v».

An important distinguishing feature of the proposed calculation of electromagnetic and energy
processes is, according to [16], the assumption about a directly proportional change of the instantaneous
basic additional power losses AP,q as a function of the angular frequency of rotation of the stator magnetic

field ws (or the instantaneous rotor speed ;) of the f-r IM.
For a more refined calculation of the instantaneous values of the basic (caused by the first harmonic
components of the phase stator voltages and currents of the motor) electrical power losses in the stator AP, g

and rotor AP, windings, magnetic AP;,, additional AP.q and mechanical AP, power losses, total
AP, and electromagnetic AP,,, power losses, useful on a shaft P, and consumed active P; motor power,
electromagnetic P,,, and mechanical Py, power of the f-r IM, the following known analytical
dependencies were selected [3-5, 10, 12, 17]:

2 A
AP :ER (Is)zy APer :gR;(I;)Z! Apn' :Apir,n ((P_mj (LJ ! }V:13!Cad zgRad ,

es S
2

(Pmn In
APy =Cy | O |izacy | 2|2, Ry =2 2Pan np AP, 2T
(Dsn (Drn 3 Isn (Drn p
@ g :ﬂ’ Fr =Gr +(F +G)'(]—+ ! +2aj+ &_(F —G)'(].-F |+2a + &_(F —G) | +2a y
p L 2 2L 2 2L
C=03 F=C:T|/R,, AP;=375-10"w F , AT;=AP/o,, AP, =AP +AP,, (6)

AP, =0005 P, /n,, AP, =AP, +AP,, +AP; + AP, + AP, AP, =AP, —AP s

P,=0, Tx, P, =P, + AP, Te =T, +J-(do, fot), AT,y = AT; + ATy, , T, =Ty + AT ey + AT,
3 2
AI:)sv.n = APmech.n _Apf.n’APsv :Apsv.n (&] ’ATSV :Apsv.n [ OZr ]’S: 2 O B= D O )
(Dr.n (Dr.n O‘)S (Dsn
- 300, cos(o)= 25’1_*, . P,/P,a T.,20, P, =0T =P,—AP, AP, ,
T R P, /P, at T,<0; P, =0T, =P,+AP_, +AP,.

The following symbols are used in formula (6): ¢, and ¢, are the instantaneous and nominal
values [Wb] of the generalized vector of the main flux linkage o, respectively; os and ws, is the

instantaneous and nominal values [rad/s] of the angular frequency of the phase stator flux linkages of the IM
respectively; n and o, is the instantaneous value of speed [rpm] and nominal value [rad/s] of angular
frequency of motor rotor rotation, respectively; f; and f;,, are the instantaneous and nominal values [Hz] of

frequency of phase stator voltages of the IM, respectively; AT yechn 1S the nominal value [Nm] of
mechanical torque losses of the motor; T, and C .4 are the useful torque [Nm] on the motor shaft and
constant coefficient for calculating additional losses, respectively; G, and G are the weight of the IM rotor
and half-coupling [N]; F and F, are the radial force applied to the protruding end of the shaft (caused by

the reaction of a transmission and the weight of the half-coupling) and equivalent radial force acting on the
motor bearings; d = 0.048 and R, = 0.069 are the diameter of the outer end of the motor shaft and radius of

the transmission of the force in the MYBII-8 elastic coupling [m]; AP¢ and AP, are the instantaneous and
nominal values of power losses due to friction in the motor bearings [W]; APy, and AP, , are the
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instantaneous and nominal values of IM power losses due to self-ventilation (including friction between the
rotor and the air inside the motor) [W]; AT¢ and AT, are the instantaneous friction torque losses in

bearings and self-ventilation of the IM [Nm]; I, | +a, L are the length of the protruding end of the shaft,
distances from the end of the shaft to the front bearing and between bearings [m]; AP,q, and AP, are
the nominal values [W] of additional and mechanical power losses of the IM, respectively; s and 3 are the
relative and absolute slip [%] of the 1M, respectively; n and n, are the instantaneous and nominal values [%)]
of the motor efficiency, respectively; i: and u: are the refined calculated instantaneous values of the

modules of generalized vectors of stator current [A] and voltage [V] of the f-r IM, respectively; cos(o) is the
instantaneous value of the motor power factor.

2. Theoretical research. At the first stage, we obtain an analytical dependence for determining the
increment Ai,, 54 Of stator current in the rotational OCS «u-v». This increments leads to a change of the

instantaneous value of the orthogonal projection i, of the IM stator current and is caused by the transfer

(transportation) of additional power losses of the f-r IM through the air gap of the motor. To increase the
precision of determining additional power losses AP.q, we will calculated them differently from the

calculated expression for them in formula (6). Namely, taking into account the inclusion of additional losses
in the mechanical power Pecn IM [4] and also taking into account the last ratio for the mentioned power

from formula (6), we will establish that, physically, additional power losses AP,4 are not affected by
electrical losses in the stator AP, and rotor AP, windings, as well as magnetic power losses APj, of the

motor. Therefore, we will find additional power losses not directly proportional to the square iS2 of the
modulus of the generalized stator current vector ig, but directly proportional to the square of the modulus

iszz of another generalized stator current vector igs from the following expressions:
AI:)ad =15- R;d '((Dr /wrn)‘iszz =15- R;d '((Dr/wrn)'(igs +i552)’ isz =i us T jivsX ) }
* -2 -2 -2 - - 2
Rad = 2'APad.n /[3 ( lysn T1 stn)]: 2 'APad.n /(3 I sE.n): Rad '(Is.n /Isz.n)
through the instantaneous values of the modulus igz or longitudinal i, and transverse i, ¢» projections of
the generalized vector igs on the axes of the previously mentioned rotational OCS «u — v». In formula (7):

(7)

R;d is the the refined value of the equivalent (intended for calculating additional power losses) active
resistance of the motor, which is calculated using the nominal (i.e., corresponding to the nominal mode of the
motor) value of additional power losses AP,q, , as well as using the nominal values of the module igy ,, of
the longitudinal i s, and transverse i,y , projections of the generalized stator current vector isx,, of the

motor on the orthogonal axes of the OCS «u-v».
Let us compile (taking into account (7) and the calculated relations from formula (6) for useful
power P, and mechanical power losses APy IM) the energy balance for its mechanical power Py ech

[4]:
:(Dr'Tezwr'(Tus+ATmech)+1'5'R;d'(mr/mrn)'iszz’ iszzz(i55+i2 )v (8)

P mech VSZ

where the instantaneous value of the electromagnetic moment T, is determined from the first relation in (4)
without taking into account or taking into account (5), respectively, using known dependencies [1, 11]:
Te =15 (Pyn i vex =P 105) =1.5P O i s )

Let us obtain, by analogy with (9), calculated relations (through orthogonal projections i, ¢ and iy g

of the motor stator current) for a determining the sum of moments (T, + ATynech ) Of the f-r IM:
T+ AT o =1.5P (O -ivs = Oy “iys ) =1.5P - @y -lys - (10)

Based on the known relation for torque T, from formula (6), dependence (10) also determines the
instantaneous value of the electromagnetic torque T, IM in the known CSM [1], which does not take into
account additional power losses (AP,q =0) of the IM and created by it the torque losses (AT 54 =0).

From formula (8), taking into account (9) and (10), we find the calculated dependence for additional
power losses of the f-r IM:
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Al:)a\d =1'5'R:d '(mr/mrn)'(ifs +i\352)=(0r 'Te_(Dr '(Tus+ATmech):(Dr '[Te_(Tus+ATmech)]:} (11)

=15 p-o - [(pum : (ivsz - ivs)_(pvm '(ius - ius )]:1'5' p-o, oy 'Aiv.ad ) Aiv‘ald = ist —lys

through the instantaneous value of the modulus igs of the generalized vector igs of the stator current and the
increment Aiy, oq Of the projection i, ,q of the generalized vector of the stator current of the f-r IM (which is
caused by the transportation of its additional power losses AP,y through the air gap of the motor).

Let us transform the left and right expressions from the first dependence in formula (11) to the form:

AP =15-R (0, /o,,)- (12 +125)=15 -0, @Al (12)

composed of the module ¢, of the generalized vector @, of the main flux linkage and the above-mentioned
projections iy, iysy and increment Ai,, 54 Of the stator current.

From the last relation in formula (11) we determined the instantaneous value of the projection iy ¢»
of the generalized vector igs in the form:

sz =lys + Aly a9 (13)
and after substitution it into formula (12), we obtain the following equation:
R;d '(mr/mrn)' llfs +(ivs + Aiv.ad)ZJ: p-o, ¢y Aiv.ad ) (14)

which after equivalent algebraic transformations we will reduce to the usual quadratic equation with respect
to the variable value Aiy aq:

Ai 5.ad +Aiv.ad '(Z'ivs PPy /R;d)+i§s +i55 =0. (15)
The solution to this equation (relative to the increase Aiy ,q) is the following relation:
- * - * - 2 - -
AIv.ald = (05 PP / Rad _Ivs)_\/(O'S' P-o.,-Qpn / Rad _Ivs) _IES _I\?s ’ (16)

which allows to calculate the mentioned instantaneous increment Aiy, 54 in the function of the instantaneous
values of the modulus ¢, of the main flux linkage vector @, and orthogonal projections i,s, iy Of the
stator current vector ig of the f-r IM. After calculating in the relations (16) and (13) the instantaneous values
of the increment Ai, ,q and projection i,gs Of the stator current, the instantaneous value of the additional
power losses AP,4 of the IM are found from formulas (7) and (11).
To estimate the instantaneous error & between the angular frequency ratios: (o,/®,,) and
(0 /), as well as to determine, based on formula (8) and the relation for torque T, from formula (6), the
instantaneous value of torque losses AT,q4 (caused by the influence of additional motor power losses AP,q),
the following analytical expressions are proposed:
5=(0,/0,,)-(0/0,,) and ATy =15R%-[i2 + (i + Ai)? /0. 17)
A complete coincidence between the instantaneous values of the rotating electromagnetic torque T,

calculated using formulas (1), (6) and (9) has been revealed, which, in turn, confirms the precision of the
calculations obtained with using the improved CSM.

In the second stage, we will obtain analytical dependencies for determining the instantaneous
increments Aiyj, and Aiy j, of the stator current in the rotating OCS «u-v», which lead to a change in the
orthogonal projections of the generalized stator current vector and are caused by the transportation of
magnetic power losses of the f-r IM to the motor magnetization circuit. According to publications [12-14],
the mentioned increments of the stator current of the IM motor, caused by the influence of instantaneous
magnetic power losses AP;,, are simulated in the known electric substitution schemes of this motor by
introducing in it an additional resistor R;,, which connected in parallel to the magnetization inductance L.

Taking this into account, the instantaneous value of the resistance R;, of the mentioned resistor
(which is selected from the condition that the instantaneous electrical power losses in it are equal to the
instantaneous value of the magnetic power losses of the IM) is found from the analytical dependencies:

AP, =15-€2/R;;, Ri =15-€2/AP;, (18)
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where e, is the instantaneous value of the motor EMF module, determined from (2). Using the
instantaneous projections e, and e, of the generalized motor EMF &, vector calculated in formula (4)

and taking into account the expression, given in formula (6) for determining the instantaneous magnetic
power losses AP;., we obtain, taking into account (18), the analytical dependencies for finding the

increments Aiy . and Ai j, longitudinal and transverse projections of the stator current of the f-r IM:

2 by
Al :eum zzeﬁAP":AP”nze&((P_mj ELJ ,

u.ir 2 2
i o 3e,, f
r Prmn 1n i ) (19)
Al =8m _26;m ap _2 AR o %[(P_mJ (L)
V.Ir Ir ir.n
Rir 3er§ 3 em 3en% Pmn 1:ln

Based on (13), (16), and (19), we obtain refined dependencies for determining the instantaneous
values of the longitudinal i;s or uas and transverse i;s or u;S projections, modules is* or us*

respectively of the generalized vectors of stator current i's* or voltage LTS* of the f-r IM:
i Ai u.ad = 0,

Is

*

- - -k - - - -
— . = R
_Ius+J Ivs’ Ius Ius_f'Alu.lr Iu

S !
*

U, =Uy + JUy, s =lysy T AL =1y + AL g + A

v.ir

*

is*: (ius)2+(it/s)2’ u:s:eum+Rs'ius_p'ws'Lls'ivs_i'Lis'%(ius)’ (20)

us* = (utjs)z +(u’:/s)2! u:s =eym + R, I’\C/s +P-og- Ly 'ius + Ly %(I’;s)

These dependencies simultaneously take into account the presence in the f-r IM model of all basic
types of power losses, as well as current increments Ai, 5,4 and projections Aiy ., Ai, j Of stator currents

caused by the transportation of additional and magnetic power losses of this motor through its air gap or to
its magnetization circuit, respectively. Finding the instantaneous values of the modulus ug and projections

Uys, Uys OF the generalized stator voltage vector Ug of the motor on the rotational axis OCS «u—v» in the
improved the f-r IM model can be carry out from the last three expressions in formula (20), if we substitute:
u: - to ug, uzs — 10 Uy, u\ts — 10 uyg and i\is —to iy respectively.

According to the dependencies from (20), we will compile a distribution diagram of increments
Aiyjr, Alyjr and Aiy oq Of the stator current between the generalized vectors of stator currents is*, iss and
is f-r IM on Fig. 3 for the improved model.

3. Modeling results. Results of modeling 2 iy A
(shown in Fig. 4) of steady and start-braking ———= —_— .
modes of the f-r IM (using the example of a
4A160M4U3 motor with nominal parameters from \ \ ~L
Table 1), which is loaded with a BP217-30-6.3 w -V Aiyag
centrifugal fan with a moment of inertia Aldgis Alyir (are provided the

(are provided the transportation of losses AP,q)

— . 2 1 i -
Jfan = 1.44 kg-m” and is characterized by a to-tal transportation of losses APy )

moment of inertia J of the drive and an
instantaneous static moment Tg according to the Fig. 3
dependencies:
3=dm +3fans Tst=Tatn (/1) %5 Tgn =Tugn =120.6 (Nm), (21)
Formula (21) uses the following symbols: T, and T, are the corresponding to the nominal
speed ny, IM values of static torque Tg and useful torque T,q on the IM shaft; J,, is the moment of inertia
of the motor rotor from Table 1. In the modeling there was applied the well-known scalar law of frequency
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control: U,/ f, =const , which is widely used in practice for f-r IM loaded with centrifugal fans or pumps. In
the existing CSM of the f-r motor from the MATLAB software package, there were set the frequency fl(t)
and amplitude ugy(t) of the instantaneous phase stator voltages Ug, , Ugp, Ug for the induction motor (but

in the improved model there were set the frequency f4(t) and amplitude u:m (t) of the instantaneous phase

stator voltages u:a, u:b, u:C for the refined model of this motor), which varied linearly over time: during

accele-ration — in the range from zero to the nominal frequency (equal to f;,, =50Hz) and to the nominal
effective

f1/f1n, n/1000, P
5 11/T1a, /1000, rpm g0 Jsa:A
i
1t ~ e m e
0 = "‘ - | fl”fln | e =~ t,S
w2 4 6 8 10
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400 p >
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0 2 4 6 8
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Fig. 4

voltage value Ug, =220V (at which the amplitude value ugy,, of the phase stator voltage is equaled to

Uqn -\/5-220=311.1V); during the braking mode, on the contrary, this values change from the above-
mentioned frequency f;, and nominal voltage amplitude ugy,, = 311.1 V — to their zero values.

The offered refined analytical calculation dependencies (1) — (4), (6), (7), (16), (17), (19) and (20)
for determining the instantaneous values of stator current and voltage, instantaneous values of torque and
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power losses, and energy indicators of the f-r IM were realized in an improved simulation model using
standard Simulink library blocks from the well-known MATLAB software package (the calculation
discreteness automatically coincides with the IM calculation, which is present in the same existing Simulink
simulation model [1] and is equal to 0.0001 s). The graphs of the electromagnetic and energy processes
(which are shown in Fig. 4) of the researched f-r IM, loaded with the fan, were calculated using the improved
CSM, and correspond to the acceleration and deceleration times equal to 4s. The designation of the
instantaneous calculated values in Fig. 4 fully corresponds to their conditional designation previously
considered in the text of this article.

Table 1
I. Nominal parameters, dimensions | Value I. Nominal parameters of th_e 4A1§0M4U3 asynchronous Value
motor, dimensions
Useful active power, kKW 18.5 | Useful torque T,,, Nm 120.6
Effective phase stator voltage, V 220 | Motor rotor moment of inertia, kg-m? 0.13
Amplitude of phase stator I1. Parameters of the T-shaped substitution Value
50.35 .
current, A scheme: r.u. Sl
- active resistance of the stator phase windin

Frequency of phase stator 50 p g 0042 | 07416
voltage, Hz Rs, Ohm
Number of pole pairs 2 - active resistance of the phase stator winding 0.024 | 0.1483
Motor speed, rpm 1465 | Ry, Ohm : :
Efficiency, % 89.5 | - magnetizing inductance Ly, mH 4.3 84.58
Power factor 0.88 | - stator winding leakage inductance Lyq,mH 0.086 1.672
Maximum torque ratio 2.3 | - rotor winding leakage inductance Lj,, mH 0.13 2.557

Using the offered improved CSM, the following calculations were also accomplished over a time
interval: 4s<t<b5s electromagnetic and energy processes of the researched 4A160M4U3 motor in its
nominal steady-state mode of operation (at a nominal stator frequency f;,, =50Hz, nominal amplitudes ugy,

of phase stator voltages and with a load in the form of a centrifugal fan BP 217-30-6.3) with respect to the

following three variants: I, Il and Il of the IM model (the results of these calculations are given in Table 2).
Table 2
Electromagnetic parameters of the motor
Var. - - . x *
n S Tus ATy Alyjr | Alyag Ism Ism Usm Ugm

Unit rpm % Nm Nm A A A A \% \%

I 1465.3 2.316 119.88 0 0 0 49.13 — 311.1 —

11 1465.0 2.333 119.84 0.7110 0 0 49.40 — 311.1

11 1465.0 2.333 120.62 | 0.7191 0.7443 | 0.2617 49.44 50.35 310.8 311.1
Energy parameters of the motor

Var.
APy APy ARy APyq APrech AP AP 3 n cos(9)
Unit kw kw kw kw kw kw kw % % -
I 0.9389 | 0.4456 | 0.3221 0 0.3006 | 0.0590 1.7067 | 0.0183 | 90.22 0.8954

11 0.9490 | 0.4510 | 0.3219 0.1091 0.3005 | 0.0590 | 1.8310 | -0.0030 | 89.67 0.8956
I | 0.9862 | 0.4519 | 0.3212 0.1103 0.3008 | 0.0593 | 1.8697 | -0.0023 | 89.50 0.8800

Variant | corresponds to the IM model from the existing MATLAB software package (in which the
basic magnetic and additional power losses, as well as electrical losses during their transportation, are not
taken into account in the motor); in variant Il the model of the motor additionally takes into account the basic
magnetic and additional power losses, but does not take into account the losses, associated with their
transportation; variant 111 corresponds to the proposed improved CSM of the frequency-regulated IM (when
all the basic power losses present in the motor (including magnetic and additional ones) are taken into
account at the same time, as well as electrical power losses caused by the transportation of magnetic and
additional losses. The analysis of Table 2 shows that, firstly, in variant 111 there is a complete coincidence of

the values of efficiency m, cos(p) and current i;m with the corresponding reference data from Table 1,
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secondly, the greatest deviations from the reference data correspond to variant | (in which, due to the highest
degree of «idealization» of the IM model, the efficiency value n is unreasonably overestimated by more than
0.77%, and, conversely, the stator current is and electromagnetic power losses AP, — are underestimated

by 2.43% and 8.72%, respectively. Moreover, the detected decrease in electromagnetic power losses APy,

in variant | (compared to the reference data in Table 1 or the improved model in variant I1l) leads to an
incorrect verification of this motor for permissible heating during operation, if its instantaneous heating is
monitored through the abovementioned electromagnetic power losses. Thirdly, for variant 1l of the IM
simulation model (compared to variant I11) the errors in calculating the efficiency and electromagnetic power
losses of the motor do not exceed 0.19% and 2.1%, respectively.

Conclusions. An improvement has been made to the computer simulation model of an induction
motor from the MATLAB software package, which allows to accomplish the refined calculation of the
instantaneous values of all basic types of power losses, as well as the active power consumption, efficiency
and power coefficients of the f-r IM. Compared to all known existing models of the f-r IM from the
MATLAB software package, the offered improved model takes into account for the first time all the basic
power losses present in this motor, as well as the electrical losses caused by transporting magnetic and
additional power losses to the magnetization circuit or through the air gap of the motor, respectively. New
refined analytical dependencies (7), (16), (17), (19), and (20) have been obtained for calculating
instantaneous values of stator currents and their components, as well as torque losses caused by additional
power losses of the motor in steady and start-braking modes. The theoretical results, presented in the article
are confirmed by the results of modeling a general-industry induction motor, loaded with a centrifugal fan, in
the MATLAB software package at the researched modes.
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VYJIOCKOHAJIEHHSA KOMIT'FOTEPHOI IMITAIIIHHOI MOJEJI YACTOTHO-PEI'YJIbOBAHOT'O
ACHHXPOHHOTI'O IBUI'YHA B TAKETI IPOTPAM MATLAB

B.O. Boakos

HY "3anopi3bka nmouirexnika",

BYJ. YHiBepcUTeTChbKa, 64, 3anopixixks, 69063, Ykpaiuna,
e-mail: green _stone@ukr.net.

Pobomy npucesueno yoockounanennio 6i0omoi imimayitinoi mooeni KoMn '1omepHoco MOoOeno8ants mpugpasnoeo
KOPOMKO3AMKHEHO20 ACUHXPOHHO20 OBUSYHA 3 YACMOMHUM KepYBaHHAM Yy npoepamuomy komniexci MATLAB, wo
noasieae y poswupenti i hyHKkyionanvHoi modcaugocmi (30Kkpema, 30iCHEHHIO YIMOYHEHO20 PO3PAXYHKY NOMOYHUX
3HAYeHb 8CIX 6UOAIE OCHOBHUX GMPANM NOMYICHOCMI, OCHOBHOI CNOJNCUBAHOI AKMUBHOI NOMYIHCHOCMI, EHEPLeMUYHUX
NOKA3HUKIE 08USYHA) | NIOBUWYEHHIO MOYHOCI 3HAXOONCEHHS NOMOYHUX 3HAYEHb OCHOGHUX 2APMOHITIHUX KOMNOHEHMIE
GazHux cmamopuux cmpymie i Hanpye 6 YCmMaieHoMy i NYCKO-2albMIBHOMY pedicumax osueyna. Lle 3asoanns eupiuieno
WISIXOM OONOGHEHHSL 8i00MOI Modeni 3 npoepamnozo komniekcy MATLAB ymounenumu ananimudiumu 3a1eHCHOCHAMU
3007 PO3PAXYHKY OCHOBHUX eHepeemuyHux napamempis 4acmomHO-pe2yib08aH020 ACUHXPOHHO20 O8USYHA mda
BHACNIOOK OMPUMAHHA HOBUX YMOUHEHUX AHANIMUYHUX PO3PAXYHKOBUX 3ANeHCHOCMeU 300158 BUSHAYEHHS NOMOYHUX
3HAYEHHb MOOYII8 Y3a2aNIbHEeHUX BeKMOpie CMAMOPHUX CMPYMIE U HaAnpye ybo2o 08U2YHA. 3a018 NiOmeepOtCeHHs
npaye30amHocmi cmeopeHoi 600CKOHANIEHOI KOMN TomepHOoi imimayitinoi mooeni 6yau 3 ii 6UKOPUCMAHHAM 0OUUCTEeH]
(CMoco8HO 00 3a2aNbHONPOMUCIOB020 KOPOMKO3AMKHEHO20 ACUHXPOHHO20 OBUSYHA, HABAHMANCEHO20 BIOYEHMPOBUM
BEHMUNIAMOPOM) 8 YCMALEHUX | NYCKO-2ANbMIGHUX PENCUMAX 0B8USYHA U020 OCHOBHI 8Mpamu NOMYAHCHOCHI i OCHOBHA
CHOJICUBAHA AKMUBHA NOMYICHICMY, Koehiyichm xopucHoi 0ii ma nomyowcnocmi. [Ipaxmuuna yinnicme cmeopenol
YOOCKOHANEeHOT KOMN TomepHOi iMimayitinoi Mooeni nousedac y nioguiyenHi mouHoCmi po3paxyHKy eieKmpoMacHimHux
ma enepeemuyHux nPoyecie ACUHXPOHHO20 OBUSYHA 3 YACIOMHUM Pe2YNI08AHHAM 8 YCMANEHOMY Ma NYCKO-2anAbMIGHUX
pedcumax 3a ckanaprHoeo kepysanns. bion. 18, puc. 4, Tadu. 2.

Kniouosi cnosa: acHHXpOHHHI IBUTYH, YaCTOTHE PETYJIIOBAHHS, KOMITIOTEpHA iMiTaIliifHa MOJIEITb, €IIEKTPOMArHiTHI Ta
E€HEePTeTHUYHI MTPOIIEeCH
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IIpeocmaeneno pesyibmamu YuceibHo20 00CHIONCeH s MA NOPIGHATbHOZO AHANIZY MAL0BUX eeKMPONPUEOOi8 Olsl Mi-
CbKUX Mpoaeidycis, wo 6a3yiomucs Ha ACUHXPOHHUX OBUSYHAX MA CUHXPOHHUX OBUSYHAX 3 NOCMIUHUMU MACHIMAMU,
MaxKoxc KOMOIHAYIT UCOKOUWBUOKICHUX 0BUSYHI6 3 NOCMITIHUMU MAZHIMAMU ma MazHimHux pedykmopis. Ilokazano, wo
3amina 8 CIMaHOAPMHOMY ACUHXPOHHOMY OBUZYHI KOPOMKOZAMKHEHO20 POMOpa HA pOMOP 3 NOCMILIMUMU MASHIMAMU 0aE
MOJICIUBICIb OmpuMamu icmomue 30L1bUen s, NUMOMOI HOMYJICHOCMI elekmpuuroi mawunu. IIpoeedeno uucenvhi doc-
JHOXHCEHHA MA AHATI3 XAPAKMEPUCTUK eNeKMPOOSUSYHA 3 HeOOUMOBUMU MASHIMAMU 01 HOMUPbOX KOHpieypayitl mazHi-
MHOI cucmemu pomopa ma 6U3HA4eHo ONMUMATLHY 3 MOYKY 30PY NUMOMUX NOKA3HUKIG. Pe3yrbmamu meniosux po3pa-
XYHKI8 3 YyPAXy8aHHAM (3008020 YUKILY NOKA3AAU, WO 3ACMOCYBAHHS PIOUHHO20 0X0I00HCEHHS 3a0e3neuye NiOmpUMaHHsL
memnepamypu HeoOUMOBUX MASHIMI8 i 0OMOMOK HUXMCUe KPUMUYHUX 3HAYEHb HABIMb 3d HABAHMACEHb, OIU3LKUX 00
epanuynux. J[o0amro8o po3enaHymo MONCIUBICMb 3MEHUEHHS 2abapumie i Macu e1eKmponpusood WiaXom SUKOPUC-
MAHHA BUCOKOULBUOKICHO20 OBUSYHA 3 MACHIMHUM pedyKmopoMm. Po3paxynku enekmpomacHimuux i meniogux xapak-
mepucmuk 8UKOHAHO 6 npozpamuux nakemax Simcenter Magnet i Simcenter MotorSolve. bion. 9, puc. 9, Ta6i. 3
Kniouoei cnosa: uncenbHe MOJICIIOBaHHS, €IEKTPOJBUTYH JUIsl Tposeiidyca, NOCTIHHI MarHiTH, i310BUi LUKII, poOoui
XapaKTEPUCTUKHU, TEIJIOBUM PO3PAXyHOK.

Beryn. Ha manwii MOMEHT MU MPUBOAY TPOJICHOYCIB MEpEeBaKHO BUKOPHUCTOBYIOTh ACHHXPOHHI
neuryan (A/Jl). Brucoka epeKkTHBHICTS 1 HAMIHHICTh ACHHXPOHHOTO TATOBOTO JBUTYHA TOPIBHSHO 3 TSATOBUM
JBUTYHOM TOCTIHHOTO CTpyMy 3a0e3rnedunina HoMy IUPOKe 3aCTOCYBaHHS Il MPUBOLY TPAHCHIOPTHUX 3aCO-
6iB. OmHaK 13 MIBHUINCHHSM CIIOXHUBYUX SKOCTEH Tposeiibyca Takux, SK IiABUIICHA MacaKUPO-MiCTKICTh,
BHCOKI TMHAMIi4YHI XapaKTEPUCTHUKH, 3pOCIH BUMOTH JI0 TATOBOTO MPUBOAY. ACHHXPOHHHUH TATOBHUH IBUT'YH
Ma€ HHU3KY HEIOJIKIB: HeOCTaTHS e(DEKTUBHICTD 3a HEBEJIMKOI LIBHAKOCTI, HEIOCTATHBO )KOPCTKA MeXaHiy-
Ha XapaKTEePUCTHKA B Jiana3oHi BEIMKHUX IIBUAKOCTEH, CXWIBHICTD 10 3HAYHHUX TEIUIOBUX BTPAT, 0COOINBO
B POTOPI, ITiJ] YaC YaCTUX IUKIIiB PO3TOHY 1 raJlbMyBaHHI.

CunxponHi aBuryHH 3 noctiianMu MarHitamu (CAIIM) € nepcniekTrBHO0O anbTepHaTtuBoo AJl 3a-
BISIKM CBOIM UyJOBHM TeXHiYHUM xapaktepuctukam. CHAIIM 3naTHi 3abe3neuyBaTy 3HaYHI epEeBaHTaXKEH-
HS 32 KPYTHAM MOMEHTOM, IO pOOUTH TX iIealbHUMH JIJIsl 3aCTOCYBaHHsI B TposielOycax, Jie TOTpiOHa yacTta
3MiHa mBHKOCTI. [Tutomi xapakrepuctuku C/ATIM y pa3i BUKOPUCTaHHS PiTUHHOTO OXOJIOJUKECHHS TaKi, sIK
BiJTHOIIEHHS! KPYTHOTO MOMEHTY 1 IOTY>KHOCTI 10 MacH, iCTOTHO MEPEBEPLIYIOTh aHAJIOTT4H] MOKa3HUKU A/
[1]. 3a paxyHok Bapiatiii reometpii MarHiTHOI cuctemu poropa CIIIM, 3anporoHoBaHOI B [aHiit poOOTi,
MOYJIMBO CTBOPIOBATH OB KOMIIAKTHI Ta JIETKi IBUTYHU 3 MIOKPAIICHUMH TUTOMUMH XapaKTEPUCTHKAMHU.
Hapasi B ramysi ctBopennst C/IIIM HakonmuueHO BETMKHIA IOCBil, pO3p00IeHO eEeKTHBHI EIEKTPOMAarHiTHI
CTPYKTYPH 3 BHYTpilIHIMU TOCTiitHIMH MarHiTamu (IPM), siki MOXyTh OyTH 0COOJIMBO MPUAATHUMU 3aBJIsI-
KM iXHIH 3[aTHOCTI 3a0e3MeuyBaTy MIMPOKUHN Jiana3oH MIBHIKOCTEH 3a JOMOMOror0 ocyiabieHHs noist [2].
[okazano, 110 BIIPOB/IXKECHHS MIEPEJJOBUX METOJIIB KEPYBaHHS TATOBOTO JIBUTYHA 3 MOCTIHHUMH MarHiTaMu
3a0e3reuye BMCOKI JMHAMIYHI XapaKTEPUCTUKM €JIEKTPOIPUBOIA KOJICHOrO TpaHCIopTHOro 3acoby [3].
Omnak mupokoro 3actocyBanus CJIIIM ms nmpuBoy Tposieidyca MOKH 110 He 3HANUTIUIA. AJie CJTiJT BiIMITH-
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i, mo CHAIIM 3 piIuHHAM OXOJOJKEHHSM BXKE 3aCTOCOBYIOThCS. Hampukian, MO>KHA BUIIIMTH KOHLEPH
HESS AG (IlIsefiniapis), y Tponeiidycax sxoro BukopuctoByioThes CJIIIM moTyxHicTio 250 KBT 3 BOAsSHUM
ab0 MacIISTHUM OXOJIOKCHHM [4].

[Ile omHUM MEPCIIEKTUBHUM HANPSIMKOM PO3BHUTKY TATOBOTO HMPUBOIY TPOJICHOYCIB € BUKOPUCTaHHS
Mar”iTHoro pemykropa (MP) 3 BHCOKOIIBUIKICHAM IBUTYHOM 3 mocTiauMu MarHiTamu (BIIIIM). Taxwit
MiIX11 BXKEe BUKOPUCTOBYETHLCS B TATOBOMY IIPHBOII TpamBas [5]. B maHii poOOTi TakoX HABEIEHO pO3paxy-
HKM Ta TIOPiBHSJIBHUHN aHaNi3 TAroBoro npusoaa 3 MP.

TakuM YMHOM, OCTaHHIMH POKaMH BiZ3HAYAETHCS 3pOCTaHHS KiTBKOCTI PO3pO0OK (IOCTiIKEHb) TATO-
BOT'O JIBUT'YHA 3 TIOCTIHHMMH MarHiTaMu JJisl TIPUBOJY TPAHCIIOPTHUX 3acO0IB 1 TpoJenOyciB, 30kpeMa, TpH
[IbOMY BCE YAaCTillle 3aCTOCOBYETLCS PIIMHHE OXOJIOJPKEHHS. Lle CBIMYMTH MpO MEepCHEeKTUBHICTh HATPSIMY 3i
CTBOPEHHS TATOBOT'O ABUTYHA 3 MOCTIHHUMU MarHiTaMH Ta MiIBUILEHUMH IUTOMUMH XapaKTEPUCTUKAMH.

MeTo10 10CTiAKEHHS € TIIBUMICHHS MUTOMHUX XapaKTEPUCTUK TATOBUX EJICKTPOBUTYHIB, MPH3HA-
YeHUX IS MICBKOTO TpoJeiibyca i MpoBeAeHHS MOPIBHAJIBHOTO aHai3y KOHCTPYKTMBHHX BapiaHTIiB
(CAIIM), BuKOHaHHUX y rabapuUTHUX pO3Mipax iCHYIOYOTr0 aCHHXPOHHOI'O TSTOBOTO JIBUTYHA, Ta 31CTABICHHS
enekTpomexaHiyHux napametpis CAIIM 3 piiuHHMM OXOJOMKEHHSAM i3 BiANOBIAHUMH XapaKTEPUCTUKAMH
CepiiHNX aCHHXPOHHUX JBHUTYHIB (A/]) 3 MOBITPSIHUM OXOJIO/KEHHSM, 1110 BHKOPUCTOBYIOTHCS y TPOJIEHOY-
cax. Kpim toro, npoBoautscs nopiBHsaHHA C/{I[IM 3 BUCOKOIIBUAKICHUM IBUTYHOM Ha MOCTIHHUX MarHiTax
(BLUIIM), ocHameHIM MaraiTHUM pexykTopoM (MP), 3 MeTOr0 OIiHKYM IXHBOT €)EeKTHBHOCTI Ta JOUITHHOCTI
3aCTOCYBaHHS B MiCBKOMY €JIE€KTPOTPaHCIIOPTI.

OnHak eeKTHBHE MPOSKTYBaHHS TATOBUX €JIEKTPOIPHBO/IIB TPOJICHOYCIB Ha OCHOBI €JIEKTPOIBUTYHIB
3 IIOCTIMHMUMHU Mar"iraMu NoTpeOye MpoBeeHHS (YHIaMEHTAIbHUX J0CHTIHKEHb, CIIPSIMOBAHUX HA CTBOPEHHS
napaMeTpUYHMX CIeNiali30BaHMX KOMIT FOTEPHHUX MOJIENEH, SKi MoOyA0BaHi 3 BUKOPUCTAHHSIM METOAY KiHIIe-
BUX €JIEMCHTIB 1 BpaXOBYIOTb B32€EMO/IIO EIEKTPOMArHITHHX Ta TEIUIOBHX MPOIIECIB.

I310Buii muKa TposteiiGyca. Po3po6ieHHs TATOBOTO eleKTPONPHBOIY TpoJieiibyca ependadae aHamis
po0OTH IBUTI'YHA 3 ypaxyBaHHSM i340BOTO LUKy TpoJieiOyca, SKUi MOAEIIOE PEXUM PyXy B LIMPOKOMY Jia-
Ma30Hi 3MiHH IBUAKOCTI, TPUBAJIOCTI PO3TOHY i rallbMyBaHHs. THIIOBUI I3M0BUIA UK MiCBKOTO TpoJieiidyca —
e mpo¢iTh MBUAKOCTI B Yaci, Mo BigoOpakae XapaKTepHi PEKUMHU PyXy B MiCBKHX yMOBAX: 4acTi 3yMHHKH,
PO3TOHH, TabMYBaHHS 1 TEPioaN PyXy 3 MOCTIHHOI MBUAKICTIO. Taki MUKIM BaYKIWBI JUIS OWIHKA €HEpPro-
CTOKMBaHHS, €(pEeKTHBHOCTI peKyIepalii Ta TEIUIOBUX HAaBaHTaXEHb Ha 00JIaIHAHHS.

Pexxum po3rony Tposeidyca MpUIHHATO Ha OCHOBI 3araJIbHUX BHMOT JI0 TEXHIYHUX XapaKTEPUCTUK
Tposeitdyci [5-8]. Ilix gac anamizy pexxumy poOOTH IBHUTYHA MPUHHATO I30BHIA LUKI TpoJeiOyca, SKHi
CKJIaJa€ThCs 3 HACTYIHUX CEMH JUISHOK: 1 — cTosHKa — 15 cek; 2 — po3rin 1o 40 km/rox — 15 cek; 3 — posrin
Bix 40 km/rox o 50 kM/rog — 5 cek; 4 — pyx i3 mocTidHO mBUAKICTIO S0 kM/Tox — 15 cek; 5 — ranpMyBaHHsS
Big 50 km/rox o 40 xm/ron — 5 cek; 6 — ranmbMmyBaHHs Bij 40 kM/ToJ 10 3ynuHKH — 15 cek; 7 — cTosHKka — 15
cek. Jlami mi IUKITN TOBTOPIOIOTHCS.

3a BiJOMUX 3arajibHUX KOHCTPYKTHBHUX XapaKTEPHCTHK TpoJeitdyca (Maca, fiameTp Koneca, Koedi-
LIEHT peyKTopa mepegadi MOMEHTY KoJiecaM, IUIONIa MOMEPEeYHOro mepepily Ta iHIe) MOKHa BU3HAYUTH
MOMEHT OTIOpY PYXy TpoJjeiidyca. Po3paxyHOK MOMEHTY OmOpYy, IIO Ji€ Ha KoJjieca Tpoyeli0yca, 3aCHOBaHHN
Ha B1JOMIH 3aJI€EKHOCTI

wd

M(H-m) 29_(1000

Jos (gww-va+0,5Ad -Cd - A(vs —ws)’ +9,80665- Cr - gvw+9,80665- gww-ct),

ne gr=9,84 - mepemaBambHE YHCIIO MEXaHIYHOro peaykropa; wd = 1084 mMm — niametp KoJjeca,
gvw = 18000 kr — 1moBHA Maca Tpolneiibyca; Va — IMPHCKOPEHHs TPAHCIIOPTHOro 3acoby, m/c’; Ad = 1,23 —
rycrura nositps; Cd = 0,4 — koedirienT aepoauHamiunoro omopy; A = 7,4 M° — e(eKTHBHA IUIOMIA TOTIepe-
YHOTO Tepepidy; VS — MBHIKICTH TpoJeidyca, M/c; WS — mBHAKICTh BiTpy, M/c; Cr = 0,018 — koedimient
OTIOpY KOUEHHIO; o, % — koedilieHT KyTa HaXWiy JOPOTH.

Ha puc. 1 nokazano npuitHaTHil rpadik i370Boro HuKIy Tpojeiidyca B Mexax pyxy TPbOX IUKIIB.
Ha npoMy prcyHKy Takox 300paskeHo0 rpadik 4acToTH 00epTaHHS POTOpa €IEKTPOIBUTYHA Ta MOMEHT OMO-
Py pyxy Tponeiibyca. 3a MakcHManbpHOI IIBHAKOCTI pyxy S50 Km/roa, dacToTa oOepTaHHS poTOopa —
n = 2408 06/xB. I'padik 1370BOr0 LMKy HAOUHO MOKA3ye, IO KPYTHUH MOMEHT €JIEKTPOIBUTYHA BU3HAYEHO
3 YMOBHU 3a0e3leueHHs po3roHy TposeiOyca. [lij yac po3roHy Ha MiNsHINI 2 MOMEHT OMOpPY JOPIBHIOE
M =921 H-m, Ha minsuui 3 — M = 744 H-m. I1ix yac piBHOMIPHOTO pyxy TpoJiciiOyca MOMEHT OIOpy He3Ha-
yHMH 1 nopiBHIOE 194 H-M.
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[lig wac ranemyBaHHs TpoJeidyca
s, slrox TSATOBUH EJIEKTPONPHBOJ TPALIOE TLTBKU
40 MPOTH iHEpLil Tposeidyca, TOMy MOMEHT
20 TATOBOTO ENIEKTPOJABUTYHA IIiJ] Yac Tallb-
MyBaHHS MEHIIWN, HIXK IIiJ] 9ac PO3roHY 1
3000 nopiearoe 560 H-M. AsapiiiHe raib-
2000 |05 7 R SN MyBaHHS Tposeidyca 3a0e3nedyerhes
; \ / \ / \ TPaJULIHHOIO HE3aJEKHOI  CHCTEMOIO

J N N \ rajJbMyBaHHS.

[Tix yac po3poOKH TATOBOTO ENEKT-
ponpuBoay Tposeiidyca TakoX BaKIIHBO
MPOBECTH TIOPIBHUIBHUI aHalli3 MexaHiu-

400 HOI 1 XapaKTEpUCTUKU TATOBOIO €JIEKTPOJI-
-300 BUTYHA 1 MOMEHTHOI XapaKTepH-TUK! OIO-
0 o0 120 130 4, cex py pyxy Tposeiidyca. Ha puc. 1 HaBemeHo
Puc. 1 IIUKJIOrPaMy MOMEHTY OIOpY HiJ 4ac yXH-
ay noporu o, = 0%. ¥ pasi yxuiny 10pora o
= 6% po3riH 3a YacoOM ICTOTHO OLIBIIHIA 1 CTaHOBUTH S0 CeK, a MOMEHT onopy He nepeBuiirye M=920 H-m.

Pe3ysibTaTu po3paxyHKy acHHXPOHHOIO ABHUTYHA. Sk BUXifHUI 00paHO iCHYIOUMH acCHHXPOHHHN
JBUTYH TPUBOAY Tposeidyca Tumy AJ1903 V1 BupoOHHMITBa XapKiBChbKOTo 3aBoay «EjekrpoBaxmani» abo
ATA-1VY1, ocHOBHI TapaMeTpH SKOTO HACTYITHI: HOMiHAJIbHA NOTYXHicTh P, = 180 kBT; HOMIHaNbHA JTiHIH-
Ha Hanpyra (3ipka) U, =450 B; nominansHuil niHiHuil ctpym |, = 276 A; yactora obepTaHHs HOMiHAJIbHA
n,= 1500 06/xB; yacToTa 00EpTaHHSI MaKCUMAITbHA Nmak = 4000 00/xB; koB3anHs 2%; KKJI 93%; koedimieHT
notyxnocTti 0,9; miametp kopmycy D, =550MM; nosxkuna kopmycy L = 860 MM; Maca akTHUBHUX MaTepiajiB
m,..= 640 kr, 3aranpHa Maca ABUTYHA M,,, = 840 kr. TakuM 9MHOM KOEDIIiEHT MTUTOMOI TOTYKHOCTI ITHOTO
asurysa fopisatoe K, = P,/m,,,.=180/840 = 0,21. 1200

Ha puc. 2 noka3zano rpadik 3MiHE MOMEHTY TSTOBO-
ro aCHMHXPOHHOIO [BMIYHA IIiJ 4ac pO3roHy Tpoaeibyca. 1000
Pexxum posrony 3abesneuye TSAroBuid nepeTBoproBay. Pozpa-
XYHOK xapakTepucTuk AJl BHKOHaHO B makeTi Simcenter
MotorSolve. IIpoiiec po3rony MoxHa MPEACTABUTH MEXaHi- 600
YHOIO XapaKTEPUCTUKOIO (BUAIIEHOIO YEPBOHUM KOJIBOPOM), | 7
AKY OTPHMAHO OE3TiUdi0 MEXaHIYHHX XApPAKTEPHUCTHK 3a pi- o
3HUX YacCTOT TATOBOT'O NEPETBOPIOBaYa (Ha PUCYHKY YMOBHO g9 |7
MOKa3aHO TOHKUMH JIHISIMA). - \ 1 ob/xE

[nsixoM perymnioBaHHSI HAaIpyTd i 4aCTOTH KOHTPO- 0
JIEpOM TSTH TSTOBOTO MEPETBOPIOBaYa 3a0e3MeuyeThCsl Moc-
TIHHUN PEKHMM TATH, IO BCTAHOBIIOETHCS MeqalI. Mo- Puc. 2
MEHT OIOpY 3TiAHO 3 i310BUM LIMKJIOM Ha PUC. 1 BUIIICHO CHHIM KOJIBOPOM.

B pesynbrati BuzHauenus KK enekrpoasuryHa amst ©6e3midi MEXaHIYHUX XapaKTEPUCTUK, MOXKHA
ouinutH (Bu3HaunTH) 3anexHicth KKJI tarosoro AJl y mporeci posrony (ta6um. 1). KK koxHOT MexaHiqHOT

XapaKTepUCTUKH BU3HAYECHO 32

M, Hu M, aeurve BRI, %4l

80

800
60

\/ 40
M, {270BHH THET

0
0 300 600 o00 1200 1300

Ta6auus 1 nocriitHOTO MOoMeHTy 1000 H-m,
Isuakicts | LIsuakicts |[Kpuruune | Moment | Hampyra. | Crpym | KKJI | fikuil 3a06e3nedyeTbcs 3a KpUTH-
KM/TOJ 00epTaHHs |KOB3aHH. H-m B A % yHoro kop3aHHs. Jlani Ta0m. 1
00/xB % MOKa3yroTh Hemonik AJl — He-

59 300 20 1000 78 386 61 | spmaunmit KKJ| 3a HeBenmkoi

11,7 600 10 1000 145 386 78 mBuaAKocTi odepranns. [lig yac
17,6 900 7 1000 212 390 84 pyXy TponeiiGyca 3 HE3HAYHOI
23,4 1200 5.6 1000 279 405 87 | 1mBmakictio (10 15 xm/ron) Biz-
29,3 1500 4.0 1000 345 389 | 90,3 GyBAaeThCS 3HAUHE HATDIBAHHS

poropa AJl. Ilim wac po3roHy
KK/ tsroBoro AJl 3minroerses Binm 61% mo 90,3%. Cepenniit KK/l mix 4ac po3roHy CTaHOBUTH OJIU3BKO
80%. Ha ocHoBi orpumannx BenmunH KK/ enekTponBuryHa Mo)kHa OI[iHUTH CIIOXHUBAaHY ITOTY)KHICTH 1 BH-
TpaTH eJIeKTpoeHeprii TaroBoro A/l mig yac po3rony Tpoineiioyca. CepeqHs CoXKUBaHa MOTYKHICTh TATOBO-
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ro A/l mix gac posrony TponeiiOyca ckinana 113 kBt. ButpaTta enekrpuuHoi eHeprii miJ yac po3roHy Tpo-
neitdyca 10 HeBenukoi meuakocTi 30 km/rox 3a 10 cek ckitana 0,316 kBr-ro.

JIBUTYH 13 OCTIHHMMM MarHiTaMH HaBIIAKH il 4ac pO3TOHY TpoJjieilyca 3abe3rneuye BUCOKY edek-
TUBHICTB. I0CTiifHI MarHiTH poTopa 3a0e3neuyloTh BeJIMKUI MarHiTHUH MOTIK poTOpa MiJl 4ac MycKy i HOMi-
HaJpHOI MBHUAKOCTI. [1i 9ac mycky MOMEHT ABUTYHA 3 TIOCTIHHIMH MarHiTaM# IPSMO IMPOTIOPIIHHAN CTPY-
My OOMOTKH cTaTtopa. BianoBinHO, MOXKJIMBO CTBOPUTH BEJIIMKHMN ITyCKOBUI MOMEHT JABUIYHA, IKHH OOMEXY-
€TbCS JIMIIE AOMYCTHMUM CTPYMOBUM HaBaHTaKEHHAM OOMOTKHM nIBuryHa. Ilim wac pos3rony tpoieidyca
KKJI TsrOBOrO €J1eKTpOABUTYHA 3 MOCTIMHMMH MarHiTaMu 3MiHIOETBCS Bif 90% mo 96%, cepenniit KKJ|
cTaHoBHUTH OnM3bko 94%. Cepenus crnioxxuBaHa notyxHicte CJIIIM tponeiidyca craHoButh 100 xBr. Bu-
Tpara eJEKTPUYHOI eHepril MmijJ 4ac po3roHy Tpouseiidyca mo HeBenukoi mBuakocti 30 km/rox 3a 10 cek
ckiana 0,288 kBr-ron. Takum 4MHOM €KOHOMIsI €JIEKTPUYHOI eHeprii mix yac po3rony tpoineiidyca CHAIIM
nopiBHsHO 3 TaroBuM AJl cranoButume 0,028 kBT-ro.

Ha mepmuii mornsi eKoHOMIs €JICKTPHYHOI €HEprii IMmiJi Yyac po3roHy TpoJjeiidyca B pa3i BUKOPHC-
tanHs C/IIIM cTaHOBUTH HEBEIWKY BEIMYMHY, OJHAK, 3 OTIISAAY Ha 13MOBWH IHKI pyXy Tpojeidyca 3 4uc-
JICHHUMH 3YIIMHKaMH, €KOHOMisI eJIEKTPOSHEPTii 3a piK MOXKE CKJIACTH 3HA4YHy Bean4uHy. [IpoTrsarom podouo-
ro JHs Tpoieidyc 3aiiicHioe Oim3bko 200 3ynmuHOK. 3 ypaxyBaHHSIM TEXHIYHOTO OOCITyTrOBYBaHHS TPOJICH-
Oyca TpuBaJicTh eKCIUTyaTamii Tposeiidyca mpoTAroM poky ctaHoBuTuMe Onm3bko 330 aHiB. 3a UX YMOB
€KOHOMIsI eJleKTpoeHeprii 3a pik y pasi Bukopuctanaa CIIM nopiBusiHO 3 A/l cTaHOBHUTMME NPHOIU3HO
1848 kBt-ron. Tomy nominbHO po3risiHyTH 3actocyBanHst CJIIIM st TposeiiGyca Gkl AeTanbHO.

Pe3yabTaTH pPo3paxyHKy CHHXPOHHMX €JEKTPOABHMIYHIB 3 mocTiinumu marnitamu (CIITM).
[lig wac mpoekryBanns CHIIM 3a ocHOBY Oyio B34TO CTaTOp TATOBOTO ACHHXPOHHOT'O €JEKTPOABHIYHA
ATJI-4, OCHOBHI TeXHI4HI XapaKTEPHCTHKH SIKOTO TaKi: HOMiHaJbHA MOTYXHIcTh 90 KBT; HOMiHamBHA TTiHIH-
Ha Hanpyra 400 B; HoMinansHui niHifHKE cTpyMm 160 A; yactora obepranHs HomiHanbHa 2100 00/xB; dac-
Tota oOepranHsa MakcumanbHa 4800 00/xB; xoB3aHHs 1,7%; KinbKicTh (a3 3; MOMEHT Ha Bajly 32 HOMiHAJb-
HO1 yactotu obepranus 318 H-Mm; koedinient noryxuocti 0,9; maca enexrponpuryHa 350 kr.

[Tin yac npoBeneHHs AOCIIPKeHb 00paHo Taki BapiaHTh KOHCTpyKIii CJTIM:

— neuryH (TR1) i3 BOynoBannmu (imkopnopoBannmu) [IM ycepenuHi potopa;

— neuryH (TR2) i3 BHyTpimHBOIO ycTaHoBKOO [IM i TaHTeHIiaThHIM HaMarHivyBaHHsM [1M;
— neuryH (TR3) 3 moBepxHeBoto ycranoBkoro [IM Ha portopi;

— nBuryH (TR4) i3 BHyTpimHBKOIO ycTanoBKo [IM y Kinbka mapis.

BapianTi KOHCTPYKIIiii CHHXPOHHUX ABUTYHIB i3 MMOCTIHHUMHU MarHiTaMy OXOIUTIOIOTh HaHTIepCIek-
TUBHIII THIX JBUTYHIB, SKI HUHI HA0YJIM IIMPOKOro nomupenHs. s Beix BapianTtiB nuryHis i3 [IM mpu-
HHITO OIHAKOBI rabapuTHI po3Mmipu: aiameTp 30BHilIHIN cratopa D, = 345 MM; moBxuHaA cTaTopa i potopa
L,=270 mm. JocnimxyBani asurynu 3 [IM rapantoBaHo MOXyTh OyTH BCTAHOBJICHI B TpoJieii0yc 3aMicTb
HasIBHOTO TATOBOTO AaCHHXPOHHOTO IBHUryHa. [lif Yac po3paxyHKY XapaKTEpPUCTHK UYOTUPHOX BapiaHTIB
IIUTBHICTE CTPYMY B OOMOTKAX 1 BEJTMYMHA MArHITHOI 1HIYKIi MarHiTHOTO IIOJIS B CTaji cTaTopa MPHHATI
OJIHAKOBUMH. Y¢i BapiaHTH ABHUTYHIB 13 [IM mOBHHHI MaT# MOMEHT He MeHIle M = 990 H-M, sxuit rapan-
TOBaHO 3a0e3Meuye pyx TpoJieiidyca BiAMOBIAHO JO NPUIHATOTO 1310BOTO HMKITY. TakuM 4HHOM, 32 3aJaHUX
YMOB pe3yJIbTaTH PO3paxyHKy ABUTYHIB i3 [IM MaroTh MiATBEPAUTH MOXJIHUBICTH IXHBOI'O 3aCTOCYBAaHHS K
TATOBOI'O €JIEKTPONPUBOAY TpoJieioyca.

Pospaxynox CJIIIM BuxonyBaBcsi B mporpami Simcenter MotorSolve. Po3paxyHok y wmiit mporpami
enekTpuyHuX MamuH 3 [IM y monepeaHix TOCHiKEHHIX [M0Ka3aB, 0 po301KHICTh PO3PaXyHKOBUX Ta eKC-
MEPUMEHTAILHUX 3aJISKHOCTEH JUIS KUTbKOX 3HAYCHb YacTOTH 0OEpTaHHS pOTOpa CTAHOBHUTH He Oinbiie 4%
[9]. OcHOBHI KOHCTPYKTHBHI IapaMeTpH pi3HHX BapiaHTIB JABHTYHIB (IiaMeTp poTOpa, pO3MIpH MAarHiTiB,
PO3MipH Ma3a cTaTopa, 4YKcia BUTKIB) OyJI0 BU3HAUYEHO 3 YMOBH OJI€p’KaHHA MAaKCHMAaJIIbHOIO MOMEHTY B
YCbOMY Jliana3oHi 3MiHH HIBUIKOCTI Ta MPUHHATHX SIEKTPOMATrHITHUX HAaBaHTAXCHb (TYCTHHA CTPYMY, Be-
JIMYMHA IHAYKII B cTali cTaTopa). BidmosigHo, A1 KOXKHOTO 3 BapiaHTIB JBUTYHIB i3 OCTIHHUMM MarHita-
MU OyJI0 BUKOHaHO HU3KY PO3PaxyHKIB, IKi Jaji 3MOT'Y BU3HAYUTH ONTHMAaJIbHUN BapiaHT KOHCTPYKLii ABU-
ryHa. BuxinmHi gaHi ans po3paxyHKy Bcix BapiaHTiB: Hampyra skueieHHs: U, = 600 B; HomiHanbHU# cTpym
I,=600 A; HomiHambHa YacToTa 0OepTanHs n = 2500 00/XB; 30BHilIHIKA HiaMeTp cratopa D, = 345 mM; mia-
MeTp koprycy 400 MM; akTHBHA JOBXHHA craTopa L =270 MM; BelMYMHA MOBITPSHOrO 3a30py 0 = 1 MMm;
TUT ocTiHHUX MarHiTiB N45SH. OcHOBHI mapaMeTpy MOCIIKYBaHUX IBUTYHIB 13 MTOCTIHHUMH MarHiTaMu
HaBeIeHo B Ta0II. 2.
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Tadauns 2

TR1

[Tapametp

Kyt Bunepemxenns (°) - y

Maca ocepast potopa (kr) - m, 60,9

Maca MarHiTiB (Kr) - My, 16,2

Maca ocepas cratopa (Kr) -m,

Maca 00MOTKH cTaTtopa (KI) — My

3arajibHa Maca akTHB. YaCTHH (Kr) - My 171,8 |

[IBunkicTe o6epTanHs (06/XB) - N

Kpyruuit moment (H-m) - My, 10945 993,5 1229,3
Buxigna notyxHicts (KBT) - Py, 286,5 260,1 321,8
KK (%) - 1 97,0 97,4 97,4
CepennboKBaapaTuuHuii ctpym (A) 591,3 586,2 597,5
Brparu - 3aransHi (kBT) 8,7 8,7 6,9 8,5
Brparu - oomoTka (KBT) 5,6 5,7 5,8 5,7
Brparu - 3a1i30 (kBT) 3,2 3,0 1,1 2,8
HlinbHicTh cTpyMy (A/MM?) 9,7 9,9 9,7 9,8
Ky = Mgy / ms (H-m /kr) 6,37 6,73 5,67 6,91
Kp = Poy/ My (xB1/kT) 1,67 1,76 1,48 1,81

AHaITI3yI0UM PO3pPaxyHKOBI MapaMeTpu AociimpkyBannx moxaenerr CIIM, ciin 3a3HaYWTH, 0 MaKCH-
MaJbHUI nuTOMUiA MOMEHT (K)) 1 muToMa HoTyxHicTh (K),) orpumaHno ms auryHa TR4 (Ky, = 6,91 1 K= 1,81),
Apyruii pesynbrar — 1 asuryHa TR2 (Ky, = 6,73 1 K,=1,76). HaliMeHme 3Ha4eHHS MUTOMHX KOe(iLI€HTIB
oziepkaHo Juist KoH(irypanii MaraiTHOT cuctemu aBuryna TR3 (K, = 5,67 1 K, = 1,48).

Jns BapiantiB aBuryHiB (TR1, TR2, TR3 ta TR4) na puc. 3, a HaBeeHO 3aJI€KHOCTI €IeKTpOMarHi-
THOT'O MOMEHTY BiJ] YaCTOTH 00€pTaHHs pOTOpa, a Ha pHC. 3, 6 — 3aJEKHOCTI BUXiJHOT MOTYKHOCTI Bij yac-
TOTH 00epTaHHs poTopa. 3a/uIsd 3MEHIICHHS IyJIbCalliil MOMEHTY y BCIX MOJEINSX BUKOHAHO CKOCH IOJIIOCIB
pOTOpa Ha OAMH 3yOLIEBUIH O,

Ha puc. 3, a myHKTUPHOIO JiHI€I0 HABEACHO TaKOX 3aJIEKHICTH MOMEHTY OIOpY, LIO Ji€ Ha Kojeca
TpoJeiOyca BIAMOBIAHO 10 13/I0BOTO IUKITY; HA PHC. 3, 6 — MYHKTUPHOIO JIIHIEK MOKA3aHO MOTYKHICTh, He-
0OXIIHY JUIS IEPEeMIIIIEHHS TpoJiciiOyca BiAMOBIIHO JI0 13/10BOTO LUKITY.

OcCKiNIbKM MakCUMallbHa IIBUJIKICTD MEpeMileHHs TposeiOyca BiAMOBIAHO 10 13710BOTO LMKIY AOPiB-
Hioe 50 KM/ToA 1 Lill MBHAKOCTI BiAINOBiAae yacToTa oOepraHHsA poropa aAuryna 2409 o6/xs, To 3 rpadikis,
HaBEJICHUX Ha PHUC. 3, BUILUIMBAE, IO BCi JOCIIHKYBaHI MOJEII MAlOTh MOMEHT 1 MOTY)KHICTb, IO TICPEBHIILY-
I0Th 3HAYEHHS MOMEHTY OIOpY 1 HOTY)KHICTh, HEOOXinHY 1 nepeMimmeHHs. HaiiMeHiie 3HaueHHS MOMEHTY
U1l HOMiHaJIbHOT 4acToTH obepTanHs orpumano A moaeni TR3, mo nopisaioe 993,5 H-m. [{ns Bapianta TR4
3HAYCHHSI MOMEHTY Il HOMIiHaJIBHOT yacToTr 1229,3 H-M, TOOTO BEeTHUMHY CTPYMY JUIS IIbOT'O BapiaHTa MOXKE
Oyt 3MmeHiieHo npubmu3no Ha 20%. Tomi momens auryHa TR4 3a HOMiHANBbHOI YacTOTIM OOCpTaHHS
n=2500 00/xB Mae HACTYIHI XapaKTEPUCTUKU (IIapamMeTpH): MOMEHT HoMmiHainbHui M, = 1000 H-M; HOMiHa-
nbHAi ctpyM 1,=495 A; HOMiHaNBbHA TOTYXHICTB P, = 256 KBT,; winsHicTs crpymy —J = 8,1 A/Mm°.

Crmig 3a3HAYUTH, IO PO3PAXYHKOBI 30BHIINTHI XapaKTEPUCTHUKH IOCIIHKYBaHWX ABUTYHIB 3 [IM
OTPHMAaHO 3 ypaxyBaHHIM ONTUMAIBLHOTO KepyBaHHs ABUTYHOM. [1if yac po3paxyHKy JBUTYHIB 3aJI€KHO Bij
4acToTH 00epTaHHA BU3HAYCHO ONTHMAJIbHUN KYT BHIIEPEPKEHHS KOMYTalil 0OMOTOK CTaTopa IBUTYHA 3
ypaxyBaHHSIM MOJOKEHHS POTOPA, 3a SKOT0 3a0e3Mey€eThCs MAKCUMAIBHUI MOMEHT.

[onoxeHHst poTOpa, 3a SKOTO BiIOYBA€THCS KOMYTALisl OOMOTOK CTaTopa, 3a/1a€ThCsl KyTOM BHUIIEpe-
JOKEHHS KOMYyTallii, o gopiBHIOe KyTy Mixk MPC (MarHiTopymiiiHolo cuiioro) cratopa i moiaem portopa. st
neuryHiB  TR1, TR2, TR4 ontumaneHuMid KyT BUIEpPEIKCHHS B Jialla30HI YacTOTH OOepTaHHS
n = 0+2500 06/xB mopiBHioe Y = 40°, st nBuryna TR3 ontumanshuit Kyt ¥ = 10°. Takum 4uHOM, OTpUMaHi
XapaKTepUCTUKU MBUTYHIB 3 [IM BH3HAYEHO SIK KOHCTPYKTHBHUMH ITapaMeTpaMH JBHUT'YHIB, TaK i peKUMOM
pOOOTH CHCTEMH KepyBaHHS IBUTYHOM 3a JOIOMOTOIO iHBEpTOpA.

ISSN 1607-7970. Texn. enexmpoounamirxa. 2026. Ne 2 55



1400 400
M, Hu P, kBT
1200 L—ﬂ‘- L — 350
2 " " e )
1000 & ol & - - 300
_______ ~ 250
800 s
200
600
150
400
100
200 ) 50
n, o’xu n oé_fxn
0 0 2
0 1000 2000 3000 4000 0 1000 2000 3000 4000
—=—TR4(N'm) —+—TR2(N'm) TRI (N-m) —8— TR4 (kW) +— TR2 (kW) TRI (kW)
—8—TR3(N'm) ---- [3008mi w1 —8—TR3 (kW) = === [3n08uit unK1
a 0
Puc. 3

Ha puc. 4 HaBeieHO KapTHHU MarHiTHOTO modist uis ABUryHiB TR2 1 TR4 mis HOMiHANBEHOTO CTPyMY,
3 KHMX BHUIUIMBAE, MO sl TR2 MakcumanbHe 3HAYEHHS IHAYKINT B CITUHIN cTaTtopa nopiBHioe B, = 2,09 T, y
3yOIsix - B, = 2,04 Tn,; st neuryHa TR4 BiamoBigHi 3HaueHHs iHaykii Taki: B. = 1,94 T; B, = 2,02 T

Puc. 4

Pesynbratu po3paxyHKy MOKa3ylOTh, IO 3a MPHHHATHX YMOB pOOOTH JOCIIKYBaHHX JABHUTYHIB YCi
BapiaHTH 3a0€3MCUyIOTh 3aJaHl MOMEHT 1 HOTYKHICTh TATOBOTO €JICKTPOIPUBOIY TpoJieli0yca, MPOTe ONTH-
MabHUM € BapianT TR4.

JBurynu 3 [IM MaroTh MOKJIMBICTB 30UTbIICHHST 00epTaIbHOTO MOMEHTY. [lepeBaHTaKEeHHS IBUTY-
Ha OOMEKY€EThCS JIMIIC HArpiBaHHSAM CTATOPHOI OOMOTKH. Y pa3i BUKOPUCTAHHS €(ESKTUBHOI CUCTEMH OXO-
JIO/KEHHSI ABUTYHA 3 MIOCTIHHUMU MarHiTaMu MOXJINBA TPUBaja poOOTa 3 IepEeBaHTAXKEHHSM.

Po3paxyHOk TemmepaTypH eIeMeHTIB KOHCTPYKILI{ TociKyBaHux enekTpuunux MamuH TR2 1 TR4
(0OMOTOK, MarHiTiB, 3aji3a cTaropa i poTopa, Bajly, KOPIyCy, NiAIINITHAKOBUX LIUTIB) 31iHCHIOBAaBCS B Ia-
keti Simcenter MotorSolve 3 piIHHHOIO CHCTEMOIO OXOJIOKEHHS.

TennoBuil po3paxyHOK BHKOHYBAaBCSl 3 ypaxyBaHHSIM i3J0BOT0 LMKIYy Tpoiseiidyca (puc. 1). Ha
puc. 5 nokazaHo rpagiku HarpiBanHs [IM 1 0OMOTOK, a TaKOX KapTUHHU TEMIEpPaTypHOTo MOJIs AJIs LeHTpa-
JHHOTO Tepepi3y enektpoaBuryHiB TR2 i TR4. PinuaHa cucTeMa 0XOJIO0IKEHHS CKIaJacThCs 3 KaHaliB, PO3-
TaIIOBAaHUX PIBHOMIPHO 30BHI 30BHIIIHHOTO KOPIYCY €NEKTPUYHOI MAIIMHM 1 30pi€HTOBAHHUX Y3/IO0BX OCI
oOepranHA poropa. BuxiaHi naHi A TEmI0BOro po3paxyHKy Taki: THUI KaHaJiB, BOyIOBaHUX Yy KOPITyC; Ki-
JBKICTh KaHaJiB OXOJOMKEeHHS Ng= 60; dopMa KaHATIB OXOJO/KEHHS — KPYyTIJa; JiaMeTp KaHalliB 0XO0Jo-
mkeHHst Oy =10 MM; TPOIYKTHBHICTh IHPKYJIsiiiiHOro Hacoca Q = 10 11/xB; moyaTkoBa TemIiieparypa Ha
BX0/1 B kaHanu oxoixomkerHs 20 °C.

[Tix yac po3paxyHKy TeMIIepaTypu €JIeMEHTIB KOHCTPYKIII HacaMIiepell HeoOXiTHO KOHTPOJIOBATH
HarpiBaHHS IOCTIHHUX MarHiTiB. I3 rpadikiB HarpiBaHHsS MarHiTiB, HAaBEACHUX HA PHC. D, BUIUIMBAE, IO 3a
PIAMHHOTO OXOJOMKEHHS Il HOMiHAJIBHOTO cTpymy |=600 A MarHiTH HarpiBarOThCS IO TEMIEpaTypu
110 °C, mo HIKYE KPUTUIHOTO HArpiBaHHs Uit MarHiTiB Tuny N45SH. MakcumansHa Temmeparypa, 3a sSKoi
marHiTia N45SH 30epiratoTh CBOi BlIaCTHBOCTI O€3 3HAa4YHUX BTparT, AopiBHioe 150 °C.

[TepeBaHTaXXEHHS TSATOBOTO €JIEKTPOJIBUTYHA PETYIIOETHCS IHBEPTOPOM, SIKUH OOMEXKYye CTpyM 10
HOMIHAJIBHOTO PiBHS Ha BCbOMY Jiana3oHi mBuakocted. I1ix yac posrony tponeiibyca Hanpyra 3MEHITYEThb-
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sl JIE KOHTPOITIO CTPYMY, a y pa3i MePeBHICHHS] HOMIHAJIBHOI IBUKOCTI CTPYM OOMEXKYEThCS 3pOCTAHHSIM
npotu-EPC.

TakuM YMHOM 3aCTOCYBaHHS €JICKTPOJBUTYHA 3 TIOCTIHHUMH MarHiTaMH Ta PIAMHHUM OXOJIOJKEH-
HSM JIJIS IPUBOJLY TPOJeiOyca gae 3MOTy CYTTEBO IMiIBUIIUTH TUTOMY MOTYXHICTh TIOPIBHSHO 3 aCHHXPOH-
HUM ABUTYHOM. IIMTOMa MOTYXHICTH aCHHXPOHHOTO enekTpoaBuryHa K, = 0,21, nuTomMa NOTY>XHiCTb ONTH-
MajbHOTo BapiaHTa aBuryna TR4 — K, = 0,92, To6to 0,92/0,21=4,38.

0
T,°C
)0 p
et TR2 TR4

———TR2, Maruita

—— TR4, Marmtn
0 = TR4, ObmoTEa
! e TR2, ObmoTKa
t, Mg ’ V
0 Tenmepatypa, °C
0 20 40 60 80 100 120 40 408 57,5 663 750 838 925 101 110

L — —mml

Puc. 5

Pe3yabTaTH po3paxyHKy TAroBOro mMpuBOAY 3 BHCOKOIIBUAKICHUM JBUTYHOM 3 MOCTIHHMMM
marnitamu (BLIIIM) i marnitHoro pexykropa (MP). 3i 30i1pIeHHSIM IIBUAKOCTI OOepTaHHS €IeKTPOJI-
BUTYHA 3 TIOCTIHHMMH MarHiTaMH 3MEHIIY€ThCS HOTO MUTOMA Bara, BOJHOYAC 3a0€3MeUyeThCsl MOXKIUBICTD
3HaYHOTO 3MEHIICHHS Bard MOCTIHHUX MarHiTiB, MiJTHUX OOMOTOK 1 €IEKTPOTEXHIYHOT CTali - HAWAOPOKINX
€JIEMEHTIB JIBUTYHA. TeXHOMOT1l BUPOOHUIITBA BUCOKOIIBH/IKICHHX JIBUTYHIB 13 MMOCTINHUMH MarHiTaMu yao0-
CKOHAJIOIOTHCS. MOKHA BIJI3BHAYNATH BUKOPUCTAHHS KOMITO3UTHUX MaTepialiB Ha OCHOBI BYTJICBOJIOKHA JIJIS
BUTOTOBJICHHS OaHnaxa poropa. PeanizoBaHO eeKTHBHI TeXHIYHI pillIEHHA 3 YNpaBiIiHHS JBUTYHIB 3 MOC-
TIHHUMH MarHiTaMu, BiI3HAYA€THCS MOCTIHHE 3POCTaHHS BHUITYCKY JABUTYHIB 3 IOCTIHHUMM MarHiTamu 3i
HIBUAKICTIO o0epTanHs moHan 10000 06/xB.

3 iHmoro 00Ky, BiJI3HAYA€THCS PO3BUTOK HANPSIMY 31 CTBOPEHHSI MarHiTHUX penykropis (MP) 3aBus-
KM TI0SIBl HA pUHKY BHCOKOTEMIIEPATypPHHUX MOCTIMHMX MAarHiTiB, €JIEKTPOTEXHIUHOI CTali 3 HU3bKUMH ITHTO-
MHMH BTPAaTaMH 3a BUCOKOT YaCTOTH 1 KOMIIO3UTHUX MaTepiajiB, 0 Ja€ 3MOTy CTBOPIOBATH MarHiTHI pery-
KTOPH 3 BUCOKOIO TUTOMOIO BETMUMHOIO EPEJAHOTO MOMEHTY.

[MToeHaHHS BHCOKOIIBUIKICHOTO JIBUTYHA 3 MOCTIHHUMHU MarHiTamu i MP nae 3mMory 3MeHIHTH Ta-
OapuTH 1 Bary eJIeKTpoIpuBoia TpoJeiidyca MOpiBHIHO 3 HASBHUM aCHHXPOHHHUM IIPUBOAOM a00 MPUBOAOM
Ha OCHOBI NOCTiifHUX MarHiTiB 6e3 MP.

VY poboTti posrisinaeTbes BUCOKOMBUAKICHUN ABUTYH TRS (puc. 6) 3 mocTilHUMHU MarHitaMu B TO€-
HauHi 3 MP, nepenaBajibHe YMCIIO SIKOTO CTAaHOBUTH | = 6,33, 1, TAKUM YHHOM, HOMiHAJIbHA 4acTOTa O0EPTaHHSI
BaJly CJICKTPOJABUIYHA BIIIOBIIHO 1O i3I0BOr0 IMKIYy TPOJeHOyca
(3a vs = 50 kxm/rox) cranoButh N = 15850 00/XB, 110 CTBOPIOE YMOBH
JUIsl 3MEHILEHHS! rabapuTHUX po3MipiB 1 Barn. MakcuManbHUI MO-
MeHT omopy 3 MP nopiBaioe M = 145 H-m. Kpim Toro, y aBuryHi
3aCTOCOBYETHCS PIIMHHE OXOJIOHKCHHS, IO JIA€ 3MOTY 30UIBIIHTH
CTPYMOBI HaBaHTa)KEHHS ABUTYHA. PajiaTop cHCTEMH OXOJOIKEHHS
MoyKe OyTH BCTAaHOBJICHUH Ha Jaxy TpoJenoyca.

Byno crmpoekToBaHO BHUCOKOIIBUAKICHUI €JICKTPOABHUTYH i
pO3paxoBaHO HMOro  XapakTepHUCTHKM B MakeTi Simcenter
MotorSolve. TTonepenti po3paxyHKu AEKiIbKOX KOHGIrypauiii mar-
HITHOT CHCTEMH pOTOpa BHUSBWIH, IIO ONTHUMAJILHOIO € KOH(QIrypa-
uist 3 BHyTpimHiM V-nioaiOaumM posmimenusimM [IM. Tlig gac pospa-
lzysia, Ta XyHKY Xapakrepuctuk BJIIIM oCHOBHI mapameTpu MarHiTHOi CHC-
e’ Temm MiI0Upad TAKUM YHHOM, 00 3a0e3MeYnTH MaKCUMallbHUH

MOMeHT moHan M =145 H:m y pnianma3oHi 4acToTH 0OepTaHHS
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n =0+12200 o6/xB i monag M = 115 H-m — y miamazoni n = 12200+15200 06/xB, 1o BiAmoOBiAa€e i3m0BOMY
LUKy 13 KoediieHTom peaykuii MP | = 6,33.

Ha puc. 6 nokazaHo MarHiTHy CHCTEMY JOCIIIKYBaHOTO BUCOKOIIBUAKICHOTO nBuryHa TR5 ta kap-
TUHY MAar”iTHOro moisi. POTop BHKOHaHO 3 iHKOPIOpOBaHMMH MOCTiHHMMHU MarHiTamu N45SH, posmipu
SIKMX TakKi: TOBIIMHA — 8 MM, J0BKHHA — 28 MM. J[BuryH 3 [IM 1 MarHiTHUM peIyKTOPOM Ja€ 3MOTY 3a0e31ie-
YUTH OUIBIIY MOTYXHICTh 38 BUCOKOI IIBHUIKOCTI OOCpTaHHS IMOPIBHSHO 31 CTAHAAPTHUM TATOBHM aCHHX-
poHHUM aBuUTryHOM. LIInaxom peryiroBaHHS KyTa KOMyTalii 0OMOTOK JBUTYHA, 10 BU3Hadae KyT Mixk MPC
(MarHiTopymiifHOIO CHJIOI0) cTaTOpa i MOJEM POTOPa, MOXKHA 3a0€3ME€YUTH BETUKUI MOMEHT Y IIUPOKOMY
Jliana3oHi YacTOTH 00EePTaHHS POTOpa.

OCHOBHI TeXHIYHI XapaKTEPUCTHKH CIPOCKTOBAHOTO BHUCOKOIIBUKICHOTO JBUTYHA 3 MOCTIHHHUMH
MarHiTaMH HacTYIHi: HOMiHaJbHa MOTYXHICTh 250 kBT; Hanpyra >xuBnenHs 600 B; HoMmiHaneHMIA TiHIHHAR
ctpyM 400 A; HoMiHaIbHA yacToTa oOepTanHs 15850 00/xB; MakcuMalibHa yactora ooepranusa 25000 00/xB;
HominaneHUE KK/ 98,9 %; niametp cratopa 200 MM; g0BKHHa cTaropa 350 MM; YHCIIO TOJIIOCIB poTopa 4;
YHCJIO Ma3iB cTaTopa 36; YMCIIO BUTKIB Y Ma3y OOMOTKH cTaTtopa 4; YUClo MapajedbHUX T'JIOK KOTYLIOK KO-
*HO1 (a3 2; ToBIIMHA OaHAa)Xka poTopa 3 MM; BeJIMUKMHA poO0YOro 3a30py 1 MM; 3aranbHuil 3a30p 3 ypaxy-
BAaHHAM TOBLIMHM OGannaxka 4 MM. Maca ocepas poropa m, = 19,1 kr; maca MarsitiB My, = 4,7 Kr; Maca oce-
pas craropa m.=42,6 xr; maca oOMOTKM craTtopa M,;= 10,9 kr; 3araibHa Maca aKTHBHOI YaCTUHH
my = 77,3 Kr. 3arajbpHa Bara akTHBHOIT YaCTUHH BHCOKOIIBHAKICHOTrO ABUryHa TR5 B 2,3 pa3u MeHIa 3a Ba-
Ty aKTUBHOI YaCTHHU eleKTpoasuryna TR4 - my = 178 kr.

MinnicTe poTOpa 3a BENHMKOi LIBHAKOCTI oOepTaHHA 3a0e3neuye OaHOaK, BUKOHAHHWH i3 KOMIIO-
3UTHOTO Martepiaiy — ByrieBosokHa. [1ig yac BUKOHaHHS PO3paxyHKiB ABUTYHA IPUIHATO, IO MEKa MillHO-
CTI Ha PO3pHB IEpea0auYyBaHOIO KOMITO3UTHOI'O Marepiajly Ma€ CTaHOBUTH IoHaiiMeniie 1500 Mlla, mio
SIBHO MeHIIIe 3a Mexy MinHocTi 2420 MIla komnosutHoro marepiary CFRP DW260 komnawnii CirComp. 3a
niamerpa potopa 100 MM ToBUIMHA OaHIa>KHOT 000JIOHKM cTaHOBUTUME He Oinbiue 3 MM. Ha nanuii MoMeHT
TEXHOJIOT1Sl HAMOTYBaHHSI BYTJIEBOJIOKHA 3 HATATOM HA POTOP EIEKTPOJBUTYHA € Haie(eKTHBHIIIOW 1 JIoc-

TYITHOIO JIJIsl ITUPOKOTO 3aCTOCYBAHHSI.
200

Ha puc. 7 noka3aHo 3a1eXHOCTI MOMEHTY 1 IO-

300
M, Hu Hpirys TRS Pou. xBr - TY>KHOCTI JIBUTYHA BiJ| 4acTOTH OOEpTaHHSA pOTOpa, a
PO N S S X "’ TakOX MOMEHT OIIOpY, IO i€ Ha TPOJICHOyC BiAMOBIA-
200 HO A0 i3moBoro mmkiay. Yacrori  oOepraHHS
100 o N7 2500 00/xB miisi HU3BKOIIBUAKICHOTO nBHUTYHa TR4
| ) BiJnoBifae dactora oOepranHs N =15850 o00/xB s
AT M= . .
. w 3 .. | 100  BUCOKOWIBUAKICHOTO ABUTYHA TRS.
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Puc. 7 Taki: kpytHuid mMomeHT My, = 151,1 H-M; BuximHa mo-
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Ty)kHIicTh Po, = 250,8 kBt; KKJI n = 98,9 (%); cepen-
HpoKBazpaTuuHuii ctpym /=400 A; BTpatu 3arajibHi
Ps =2,7 xBt; BTpatn B ooOmMoTKax P,;=1,6 kBT; BTpatn
B 3aiizi P,= 1,1 kBrT; miineHicts cTpymy J = 8,4 A/Mm?;
MUTOMUHN KOCQII[iEHT — BiIHOMIEHHS KPYTHOI'O MOMEH-
Ty mo Macu aktuBHOI dactuan K = Mg,/my=1,95 H-m
/KT.

3am1a CHUTBHOI pOOOTH 3 BHUCOKOIIBHAKICHUM
JIBUTYHOM OYB po3poOiieHuii i po3paxoBanuii MP. Ha
puc. 8 mokazaHo KOH(IrypawLil0 MarHiTHOI CHCTEMH 1
KapTUHY MarHiTHOTO TMOJISI WIIHAPUYIHOTO MarHiTHOTO
pelyKTopa 3 MOIYJISITOPOM MAarHiTHOTO TOTOKY JUIs
eJIIeKTpONpUBOy Tpoieiidbyca. Po3pobieHo xomir'tore-
pHY MapaMeTpU4Hy MOJIENb, 10 A€ 3MOTY BapiroBaTH
TAaKUMH TIapaMeTpaMH: YHUCIOM TIIOJIFOCIB  BUCOKO-
MIBUJIKICHOTO 1 HU3BKOIIBHJKICHOTO pOTOpa, PO3-
MipaMHu MOCTIHHMX MAarHiTiB, BUCOTaMH SIpM 000X pO-
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TOpiB, PO3MipaMH MONIOCIB MOAYJIATOPA, BETMYMHAMH MOBITPSHUX 3a30piB, a TAKOXK IapamMeTpaMu Marepia-
JIiB, III0 BUKOPUCTOBYIOTHCS. Y PE3ynbTaTi cepii po3paxyHKiB BU3HAUECHO ONTHMAJIBbHY KOH(]IrypaIriro ta po-
3MipH MarHiTHOI CHCTEMH PeIyKTOpa, 3a AKOI OTPUMAHO 3aJaHi 3HAYCHHS MaKCHMaJbHOTO MOMEHTY Ha BH-
COKOIIBUKICHOMY 1 HU3bKOIIBUAKICHOMY pOTOpi 3a MiHiManbHOT Macu MP.

MarsiTHHI PeTyKTOp CKIANAETHCS 3 TPhOX OCHOBHHUX KOHCTPYKTHBHHX €JIEMEHTIB: 30BHIIIHBOTO HU3b-
KOIIBHKICHOTO POTOpa, HEPYXOMOTO MOJIYJISITOpAa MAarHiTHOTO TOTOKY 1 BHYTPIIIHBOTO BHCOKOIIBHIKICHOTO
poTopa. HU3bKOMIBUAKICHUI POTOP CKIaAaeThes 3 ApMa 2 MarHiTHOTO MOTOKY 13 30BHIIIHIM AiamerpoM D,=340
MM i TOBIIMHOIO h,,, =15 MM, Ha BHYTpIIIHIH TOBEPXHI SKOTO 3aKpiuieHo 38 mocTiiiHuX MarHiTiB 1 pamianbHol
HAMarHiueHOCTI 1 MOJIAPHICTIO, 1110 Yepryerhes. [llupuna maruitis 20 MM, ToBIIMHA 7 MM, 1oBxuHa 170 Mmm. Mo-
IYJIATOP MarHiTHOIO MOTOKY SIBJISIE COOOK0 HaOip 13 22 MOMIOCIB 5 IMMXTOBAHOI €IEKTPOTEXHIYHOI CTajli BUCOTOIO
20 MM, fIKi 3aKpiIUIeH] Y cenaparopi 3 eIeKTPUYHO HETIPOBIAHOTO MaTepialy.

BucokomBHIKICHII pOTOP CKIIAIAETHCS 3 sipMa 4 13 IMMXTOBAHOT EJIEKTPOTEXHITHOI CTajl 3aBBUIIIKH
30 MM i3 3aKpiIUIEHUMH Ha HbOMY HOCTIHHMMM MarHitamMu 3. KiabKicTh IHap IOIIOCIB BUCOKOIIBHIKICHOTO
potopa 3. Koxxen nmomroc HaOpaHuii 3 7 pAgiB MOCTIHHUX MarHiTiB 3aBIIMPIIKK 15 MM, 3aBBUILKH 7 MM, 3a-
BIOBXKKH 170 MM. Bennuuna noBITpSIHMX 3a30piB MK POTOpaMH MarHiTHOTO pelyKTopa i MoxyisTopom 1
mM. KoedirieHT peaykitii MarHiTHOro peaykTopa CTaHOBHUTH | = 6,33 1 IOpiBHIOE BiIHOIICHHIO YHCIIA Tap
nojrociB poropiB MP. 3araibHa maca MarHiTiB peayKkTropa CTaHOBHTH My, = 12 Kr, Maca eneKTPOTEXHIYHOI
craj M, = 55 kr, TOOTO Maca akTMBHMX YacTHH M,.,= 67 kr, a 3aransHa maca MP m,,, = 100 kr. Kapruna
MaruitHoro moyst MP, npeacrasieHa Ha puc. 9, mokasye, 1o po3mMipu MartitTHoi cuctremMu MP oOpaHo Takum
YUHOM, 00 CTaNeBl €JIEMEHTH KOHCTPYKIIii mepedyBaii HE B HACMYCHOMY CTaHi. BemndmHa MarHiTHOT iH-
IOyKLii B OCHOBHOMY (KpiM OKpPEMHUX KYyTOBHX TOYOK) HE MEPEBHIIYE 3HAUYEHB: Y 3aMHUKadi BUCOKOIIBHKIC-

1500 HoTro poTopa 1,6 Tn, y 3aMHuKadi HU3HKOIIBUAKICHOTO PO-
M, Hu topa 1,8 Tx, B ememenTax moayisitopa 1,75 Tir.

1000 OpnHi€lo 3 HaliBaXTUBIINX XapakTepucTuk MP €
500 MaKCHUMaJIbHUHA KPYTHUM MOMEHT, L0 NEPENAEThCS peay-
[ KTopoM. BiH BH3Ha4YaeThCs 32 CTATHMHUMH MOMEHTHHMH
0 ' ' l'\{m HM‘ XapaKTepUCTUKAMU Mal."HiTHOFO penykropa. Ha puc. 9
-500 oo T HaBE/ICHO PO3PAXYHKOBI CTATHYHI MOMEHTHI XapaKTepuc-
THKU MP 3anexHo Bl KyTa IOBOPOTY BUCOKOIIBUIKICHO-

1000 o ro poropa. .
-1500 Pesynbpratn MonentoBaHHA 3aCBITUMIIM, IO Mak-
0 20 40P gﬂ 80 100 120 cUMaTbHUHA MOMEHT, SIKHH MepeacThesi 3 00Ky BUCOKOIII-

uc.

BUJIKICHOTO POTOpa, cTaHOBUTH 212 H-M, 3 00Ky HH3bKO-
mBuaKicHOTO potopa 1362 H-M. Crnix 3a3HaunTH, 10 3 ypaxyBaHHSAM ITUHAMIYHUX HaBaHTa)KEHb pealbHUI
MaKCHMabHHUN NEepeqaBalbHU MOMEHT peaykTopa HIKIui Ha 20% + 30%.

BukopucTaHHS BUCOKOIIBUKICHOTO JBUT'YHA 3 TIOCTIMHUMHM MarHiTaMH B TIO€HAHHI 3 MarHiTHAM pe-
JYKTOPOM € TIePCIEKTUBHUM HAIIPSIMKOM 31 CTBOPEHHSI TATOBOTO MPHUBOY s Tposieiibyca. OnHak 3a/yis 3HH-
JKEHHS] BUXPOBHX BTpaT y MarHitax TpeOa 3aCTOCOBYBATH IXHIO CETMEHTALIO, 110 YCKIIaTHIOE Ta 3[10POXKUIYE
BUpOOHUITBO. KpiMm TOrO, mMymnbcallii MOMEHTY HaBiTh Ha piBHI 5—10% momiTHI Tacakupam, 1o notpedye 3a-
CTOCYBaHHSI 1HKEHEPHHX PillleHb, TAKUX, HAMIPUKIAJ, K CKiC MOJIOCIB HA BUCOKOIIBUIKICHOMY poTopi. Tomy
3acTocyBaHHs MP Bennkoi HOTY>KHOCTI BUMaraTume MoJaJIbIINX JOAATKOBUX JOCIHIIXKEHb. Y JTaHOMY BHIA-
Ky po3risiHyTo MP sik mepmmii eran po3po0iieHHsI NPUBOAY 3 BUCOKOLIBHIAKICHUM IBUTYHOM 1 PELYKTOPOM.
P03BHUTKOM IIbOTO HATIPSIMY € JOCIIIPKEHHS! HOBUX €JIEKTPOMATHITHUX KOH(Irypamiil, y skux nsuryH i MP sB-
JISFOTH CO00I0 OTHY 00'eHaHy KOHCTPYKIIifo. L{i HOBI KoHiTypatii OyayTsh qOCTiHKEeHI Hagami.

VY tabn. 3 HaBeqEHO OCHOBHI MOKA3HUKHU PI3HUX THUIIB TATOBOTO E€IEKTPONPUBOAY Tpojeitdyca. [1u-
TOMHH MOMEHT TIOPiBHSIHO 31 CTAaHJAPTHUM aCHHXPOHHUM JIBUTYHOM 301IBIIY€ETHCS B 2 pasu MiJ] 4ac 3acTo-
cyBanHs nuryHiB CIAIIM i B 3,65 pa3u — y pa3si Bukopuctanasi BCJIIIM 3 MP. [Ipu 11bomMy 3a0e31euyroThCs
MOYJIUBICTh 3HAYHO 3MEHIINTH 3arajbHy Bary NpuBOJa.

Texuomorii BUpOOHUIITBA BHUCOKOIIBUAKICHHUX ABUTYHIB 13 TOCTIHHMMH MarHiTaMu yIOCKOHAJIO-
I0ThCsl. MOYKHA BiI3HAYMTH BUKOPHUCTAHHS KOMITO3UTHUX MaTepialliB HA OCHOBI BYTJICBOJIOKHA IS BUTOTOB-
neHHs1 OaHpaxa poropa. PeanizoBaHo eeKTHBHI TeXHIUHI pillIeHHs 3 YNpPaBIiHHS ABUTYHIB 3 MOCTIHHUMH
MarHiTamH.

TakuM YMHOM IMOEJHAHHS BUCOKOIIBUIKICHOTO JIBUTYHA 3 MOCTIHHMMH MarHiTaMH Ta MarHiTHOTO
peAyKTOpa Aa€ 3MOTYy 3MEHILIMTH TrabapuTH Ta Bary €JIEKTPONpPUBOILY Tpolieiidyca MOpPIBHSHO 3 HasiBHUM
ACUHXPOHHUM TPUBOJIOM a00 MPHUBOAOM Ha OCHOBI MOCTIHHUX MarHiTiB.

ISSN 1607-7970. Texn. enekmpoounamixa. 2026. Ne 2 59



BucHoBKH.

Ta6auus 3 1. CHHXpPOHHI IBUTYHH 3 TIO-
Al CAlM | BCAIIM critinumu Maraitamu (CIIIM) € me-
HaﬁMeHyBaHHﬂ rnmapamMeTpa (ﬂTA (TR4) (TR5) pCHeKTI/IBHO}O aJ‘IBTepHaTI/IBOIO Tpa_
. _ "1V1) +MP TUIIITHAM aCHHXPOHHHM JBHTYHaM
HOM}HaJ‘ILHHH MO.MeHT,H'M 1150 1000 1000 (Al) y TATOBUX MPHBOJAX TpOEHi-
BuxigHa noTyxHicTth, KBT 180 321,8 250 Gvei .
yCiB, OCKUIBKH AJl JEMOHCTPYIOTbH
YacroTa obepraHHs, 00/XB .
Hoinamssa 1500 2500 2500 HenoctatHii KKJ[ Ha HM3bKUX IIBH-
Maxk cham,I;a 4000 | 4000 4000 JIKOCTSIX 1 CXUJIBHICTh JI0 HarpiBaHHs
I[iaMeTp KOpITyCY, MM 550 400 340 poropa B JII/IHaMiT-IHI/IX peXKUuMax po-
Josxuna kopmycy (6e3 Bany), 6otu. 3acrocyBanus CHAIIM obymo-
MM 860 580 570 Breno ix BucokuMm KKJI (B cepen-
3araibHa Bara, KT 840 350 200 HbOMY 94% mix 9ac po3rosy B mopi-
IMuToMa NOTYXHicTh, KBT/KI 0,21 0,92 1,25 BHsHHI 3 80% y AJl), mo mpusBo-
IMuromuii Moment, H-m/kr 137 | 285 5.0 IUTh /10 EKOHOMIl eJeKTpOeHeprii,

BHCOKHM ITyCKOBHM MOMEHTaM, Mpsi-
MO MPONOPUIHHUM CTPYMYy CTaTopa i 3HaYHOIO 3[aTHICTIO IO MEPEeBAaHTAXXECHb MO KPYTHOMY MOMEHTY, IO
KPUTUYHO BXKJIMBO JIJISl IMHAMIYHOTO MICHKOTO IUKITYy PYXY 3 YACTUMHU ITyCKaMH 1 TaibMyBaHHSIM.

2. 3acTocyBaHHS MOCTIMHUX MAarHiTiB Ta PiAUHHOTO oxoyiomkeHHs y CAIIM naroTh 3MOry 3Ha4HO I10-
JITIIIATH TATOMI XapaKTEPUCTUKA (BiIHOIIEHHS KPYTHOTO MOMEHTY 1 MTOTY>KHOCTI IO MacH) TOPIiBHIHO 3 A/
tunty JITA-1Y1, gakuii BUKOPUCTOBYIOTBCS B TposieiOycax. B poOoTi mpencTaBieHo pe3ynabTaTH, SIKi MOXKHA
PO3TIIATH SK OMIHKY MOXUTHBOCTI cTBopeHHsI C/IIM y rabapurax craropa TsroBoro A/l tuny AT/I-4 murs-
XOM 30UTBITICHHS CTPYMY OOMOTKH CTAaTopa Ta PiAMHHOTO OXOJOKCHHS, IO A€ 3MOTY CTBOPIOBATH OLTBII
KOMITaKTHI Ta JICTKi IBUTYHH, 30€pirarouu Mmpu 1-OMY BHCOKY MPOIYKTUBHICTh. Hampukian, nutomMa motyx-
HicTe ontumanbHoro Bapianta C{IIM (TR4) cranosuts 0,92 kBT/kT, 1110 B 4,3 pa3u Bullle, HXK Y aCHHXPOHHO-
ro neuryna tumy JATA-1V1 (0,21 kBt/kr). Kpim Toro, Bukopuctanus CAITM npu3BOAXTh 0 €KOHOMIi eJIeKT-
poeneprii 1o 1848 kBt-roz Ha pik 1151 Tposeidyca, o MpaItoe B MiCbKOMY UK.

3. Ilopanpuie MiIBUIIEHHS MUTOMUX XaPaKTEPUCTHK TATOBOTO MPHUBOLY TpoJeiOyca MOXIMBE 3a
PaxyHOK BUKOPHUCTAHHS BUCOKONIBUAKICHUX JABUTYHIB 13 MOCTIHHUMH MarHiTaMH y MOEIHAHHI 3 MAarHITHUMH
penykTopamu. Take MoeqHaHHS Ja€ 3MOTY iICTOTHO 3MCHIIHMTH Ta0apuTH 1 Bary elekTporpuBojaa. Hampu-
KJIaJ], 3arajibHa Bara BUCOKOIIBUAKICHOTO nBuryHa TRS5 3 MP cranoButh He Oinbmie Hix 200 kr, mo B 1,75
pasu menine 3a Bary CJITIM TR4 (350 kr), BogHOo4ac 3a0e3MeUyr0YH BUIIUN MHTOMUNA MOMEHT.

Pobomy euxonano 3a ¢inancosoi niompumxu  Hayionanvnoco  ¢gondy  Odocnioscenv  Vrpainu —
npoexm « Enexmpomexaniuni cucmemu nioguujeHoi enepeoepexmueHocmi Ol eHepeemuKuy, MmexHoo2itl i mpancnop-
my», 2024-2025 pp.

COMPARATIVE ANALYSIS OF TRACTION MOTORS FOR URBAN TROLLEYBUSES
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The article presents the results of a numerical study and comparative analysis of traction electric drives for urban trol-
leybuses based on induction motors and synchronous permanent magnet motors, as well as a combination of high-
speed permanent magnet motors and magnetic reducers. It is shown that the replacement of short-circuited rotor with a
permanent magnet rotor in a standard induction motor can significantly increase the specific power of the electric ma-
chine. Numerical studies and analysis of the characteristics of an electric motor with neodymium magnets for four con-
figurations of the rotor magnetic system have been carried out and the optimal one in terms of specific performance has
been determined. It is established that in order to ensure maximum specific characteristics in traction electric motors, it
is necessary to take into account the peculiarities of the driving cycle and use liquid cooling. The results of thermal
calculations taking into account the driving cycle showed that the use of liquid cooling ensures that the temperature of
neodymium magnets and windings is maintained below critical values even at loads close to the limit. Additionally, the
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possibility of reducing the size and weight of the electric drive by using a high-speed motor with a magnetic gearbox
was considered. Calculations of electromagnetic and thermal characteristics were performed in the Simcenter Magnet
and Simcenter MotorSolve software packages. References 9, figures 9, tables 3.

Keywords: numerical simulation, electric motor for trolleybus, permanent magnets, driving cycle, operating characteris-
tics, thermal calculation
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EJIEKTPOTEXHOJIOI'TYHI KOMIIJIEKCH TA CUCTEMU

YIK 621.74 : 537.84 DOI: https://doi.org/10.15407/techned2026.02.062

MOJIEJTIOBAHHS EJEKTPOTTAPOJJUHAMIYHUX ITPOIECIB VY BIJIGUBHIN ITEYI
AJI51 AJIIOMIHIIO 3 EJJEKTPOBUXPOBOIO KAMEPOIO I3 YPAXYBAHHSIM
JAE®OPMAIII BIJIBHOI INTOBEPXHI PIIKOI'O METAJIY

0.1 Bonnap*, KaHa. TexH. Hayk, FO.M. FopucnaBeub**, JIOKT. TeXH. HayK, T.O. IenbKOBHI
Incruryr eaexrponnnamiku HAH Ykpainn,
np. Bepecreiicbknii, 56, Kuis, 03057, Yxpaina. E-mail: yugoris@ukr.net.

Ipeocmaeneno cxemy 8i0OUGHOI neui 05 NIAGKU ATIOMIHIESUX 8I0X00I8 3 YUNHOPUUHOK eNIeKMPOBUXPOBOI0 KAMEPOI), 8
AKIl 30 00NOMO2010 0Y208020 IHOYKMOPA CMEOPEHO 8UXpo8Uli (0bepmanvHull) nomik piokozo memany. 3a3HaveHa Kxamepa
060oMa KaHanamu 3 €OHAHA 3 NIABUTLHOIO BAHHOIO Nedi I BUKOHYE 08I (DYHKYIL: nepemiuye po3niaeneHuti Memai y 6auHi
neui ma 3aHyprOE 8 pO3NIA8 NOOpIOHeHul Memanesuti O6pyxm O 3AXUCMYy Memdany 8i0 OKUCTEeHHA 3 NOOanbUUM
MPAHCROPMYBAHHAM 1020 8 NAABUIbHY 6aHHY. 1A mMakoi cucmemu copmyrb08aHO MamemMamuyny mooeib 3a0/s
00CNIONHCEHHS. eNeKMPOMACHIMHUX 1 2I0pOOUHAMIYHUX NpOYeci8 8 Hill 3 YpPaxy8auHam Oepopmayii 8inbHOI No6epxHi
(meHicky) piokoeo memany. Moodenv cknaoaemsca i3 080X wacmun — cucmem OughepeHYiabHUX piBHAHb, WO ONUCYIOMb
3asnaueni npoyecu. Jlechopmayis 6ibHOI NOGEPXHI GUHAYANAC MEMOOOM PYXOMOi cimiku. JocniodxcenHs npogoounocs
0714 Pi3HUX 3HAYEHb BUCOMU MEMAny y 8aHHi neui, aKe 3MiHI08an0cs 8i0 noyamkoeo2o sHavents 0,2 M 0o nosHoi eucomu
sannu 0,5 M, wo Mo0enosano npoyec HAnIAGIeHHs Memany 6 neui ¢ npoyeci pobomu. Pozensnymo 0ea eapianmu
PO3MAULYBAHHS IHOYKMOPA NO GUCOMI 8UXPOBOL Kamepu: 00UH — Y HUNCHIL i1 yacmuni, a Opyeuil — no cepeouti iOHOCHO
BUCOMU Memany NOGHICMIO HANIAGNEHOI 8aHHU nedi. Y pe3yibmami npoeedenozo Mooento8anHs OMPUMAHO pO3NoOinu
WeUOKOCmi piOK020 Memany y 6aHHi neui ma 6UxXposill Kamepi, GUSHAYEHO 0eqopMayilo 8epxHboi GLIbHOI NOBEPXHI
Memarny 8 Kamepi ma cepeoHiil pigeHb Memay 8 Hill iIOHOCHO PIGHA Memaiy 6 NIAeUIbHIll 8aHHI. /[ pi3HO20 HANOBHEHHS
BAHHU Neul BU3HAYEHO MPAEKMOpIT pyxXy pioko2o memarny 6 eiekmposuxposii kamepi. biomn. 10, puc. 8.

Knrouosi cnosa: BinOUBHA Ti4, EICKTPOBUXPOBA KaMepa, PIIKAN MeTall, MaTeMaTHIHEe MOJCIIOBAHHS, TiIpOIUHAMIYHI
nporiecH, nedopmMallis BUTBHOT IIOBEPXHI.

Beryn. [Ipo6iema meperuiaBieHHs allOMiHIIO € OCOOTUBO aKTyalbHOIO 3a BiACYTHOCTI MIEPBHUHHOTO
BUPOOHMIITBA 11i€i CUpOBHHMU. J[JIT OTpUMaHHS ATIOMIHIIO Ta MOTO CIUIABIiB y TaKWX BUMAIKAX 3aIyYa0Th
BTOPWHHHK aJIFOMIiHIH, KU OTPUMYIOTh Y PE3yJbTaTi MEperiaBKu MeTaIeBHX BimxomiB (Opyxry). Yacto
JUTS IIbOTO BUKOPUCTOBYIOThH BiIOMBHI 1edi, TOOTO Tedi 3 BEPXHIM MOBEPXHEBUM HarpiBaHHsIM, SIKI MOKYTh
OyTH eJIeKTpHYHUMHU (TIedi eJIeKTPoonopy) abo mojaym’ssHUMH (IaJTUBHUMH, ra3oBUMH). MeTasnesi Bigxonu,
0COOJIMBO JIETKOBAroBi BiJIX0[M (MeTaneBa CTPYKKa TOIIO) Tiepe/l 3aBAaHTAKCHHSAM y TakKi 1edi MorepeHb0
KOMITAaKTYIOThCs (OPHKETYIOThCS). AJie BHACIIZIOK BiTHOCHO MaJIoi Macu Taki OpUKETH MPaKTHYHO MOBHICTIO
3HAaXOAATHCS (IU1aBalOTh) Ha MOBEPXHI PO3IUIABICHOIO METally, Je, MiJJal0YhCh BEPXHbOMY HArpiBaHHIO,
3HaYHA YaCTHHA METAITy B HUX OKUCIISETHCS Ta 3ropac [1].

Bimoma TtexHomoris, mo peanizyerbes cuctemoro Metaullics LOTUSS (LOw TUrbulence Scrap
Submergence) [2, 3], 3a sIKOFO TUIABJICHHS ATIOMIHIEBUX BiIXOiB 3MiHCHIOIOTh Y BiIOMBHHX I€4aX, OCHAIIICHUX
BUXPOBOIO KaMepolo, B SIKili CTBOPIOETHCSI BUXPOBUH (0OepranbHHil) pyX piakoro meramy. [ns mporo
NOTIEpEeTHBO TTOJIPIOHEHMI OpyXT aloMiHil0 (IIMXTa) MOJAETHCS B 3a3HAYCHY KaMepy, B SIKi CTBOPECHOIO
TiIPOIMHAMIYHOIO BOPOHKOIO BUXPOBOr'O MOTOKY BiH 3aTATYETHCS (3aHYPIOETHCS) B PO3ILIAB, 1 1aJli OAAETHCS
B IUIaBWJIbHY BaHHY Iedi. Taka TEXHOJIOTis Aa€ 3MOry CYTTEBO 3MEHIINTH OKHCIECHHs Ta OE3MOBOPOTHI BTpaTH
Metanry. 3a qaHumu [4] Ta IHIIUX JpKepes BUXiJ MPUAATHOTO JUIsS IOBTOPHOTO BUKOPHUCTAHHS aTIOMIHIIO 32
TaKoK TexHoJoriero csrac 97-98 %. BuxpoBuii MOTIK piIKOro MeTamy B Takiii YCTaHOBII CTBOPIOETHCS
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3aHYPEHHM BiALICHTPOBUM €JICKTPOMEXaHiYHUM HacocoM. Lleit Hacoc okpiM GopMyBaHHS BUXPOBOI BODOHKHU B
KaMmepi 3a0e3redye TaKoX IMUPKYIII0 METaIy B Iedi, TOOTO 3MiHCHIOE TIepeMIITyBaHHS PO3IUIaBy Y BaHHI,
1ojadyy HarpiToro B Hi MeTally 10 BHXPOBOI KaMepH Ta TPAHCIOPTYBAHHS MOAPIOHCHUX BIAXOIIB 10
TUIABWJIBHOI BAaHHM I1edi, 3a0e3Mevyroud TaKuM YMHOM e(eKTHBHE IUIaBJICHHs amoMiHieBoi mmxTtH. Ilpote
HasSBHICTh MEXaHIYHOTO HACcOCa 3HWKYE HAIINHICTD 1 JOBFOBIYHICTh TAKOTO KOHCTPYKTHBHOTO PIIIICHHS Yepe3
3HAXOKEHHS HOro poropa (JiomaTreil) B arpeCHBHOMY CEPEIOBHIII PIAKOro MeTany. 3aijii YCYHEHHS I[bOro
HEJIONIKY aBTOpaMH 3alpolOHOBAHO CTBOPIOBATH TakHW pyX MeTaly B IMJIIHAPWUYHIM Kamepi iHIYKUiHHUM
CIocoOOM 3a JIOTIOMOTOI0 €JIeKTPOMATHITHUX CHCTEM, 30KpeMa JAYyroBOro iHIYKTOpa (IyroBOTO CTaTtopa), IIo
OXOILTIOE 30BHI BUXPOBY Kamepy [5].
Ha puc. 1 HaBeneno cxemy
\ BiIOMBHOI IUIaBWJIBHOI mewi 3 Ipu-
e T T R R T R R R €IHAHOIO JI0 Hei BUXPOBOIO (€JIeK-
Hpliglplpliglpiplglglglginl TPOBHXPOBOIO) Kameporo. Ha BiaMiHy
H H A Bix cucremu LOTUSS, sika Brimrouae
e = aly B cebe 1BI 3’€qHaHI MDK CO0OIO
‘\ HHH KaMepH, B OJHIM i3 SKUX IIOMi-
iyl IIA€ThCA BiANIEHTPOBUN MEXaHIYHUN
2 U 1 - 1 - | B~ <} HACOC, a B IHIIIA CTBOPIOETHCS
gligh; BUXPOBa TiJpOJMHAMIYHA BOPOHKA,
/A HH] s CHCTEMa Ma€ y CBOEMY CKIafi
=~ = HHH OIIHY IWJIIHIPpUYHY Kamepy 1, B siKiit
HTH 3a JIOTIOMOTOI0 TyTOBOTO 1HAYKTOpa 2
Mplplglglpglpiplplglpipl Balgl CTBOPIOETHCSI BHXPOBHIT (00epTasb-
HHHHHHHHHHHHHHH HUI) TOTIK  piAKOTO  MeTany.

L 3a3HauyeHa Kamepa JBOMa KaHaJlaMU
> (BCMOKTYBaJIbHUM 3 1 HATHCKHUM 4)
Puc. 1 3’€/lHaHa 3 TUTABWIIBHOIO BAaHHOIO 5

nedi. [logpiOHeHa meraneBa mINXTa,
sika Oe3nepepBHO MOAAETHCS B KaMepy, Yyepe3 HATUCKHUE KaHaJl MOCTYNAaE y BaHHY Iedi, Jie BOHA TUIaBHTHCS.
Buxpopuii NOTIK, 1110 BUHUKAE B KaMepi, YMOBHO MOYKHA PO3JIIINTH HA JIBI YaCTUHH, OJTHA 3 IKUX HAJIXOIHUTH Y
BaHHY IUIaBUIIBHOI TIeYi, TPAHCTIOPTYIOYH TaKUM YMHOM MO/IPIOHEHY MMXTY, TIEPEMIIITY€ B Hill pO3ILIaB i Mojae
HarpiTMii MeTaJl y BUXPOBY KaMmepy, a iHIlA 3aMHKA€ThCsI OE3MOCEpEIHLO B CaMili KaMepi, CTBOPIOIOYY B Hii
o0epTanbHU MOTIK PIAKOrO MeTally IJisl 3aHypeHHs MOJApiOHEeHO] MMXTH. TakuM YMHOM, BUXpOBa KaMepa B
TaKii CHCTeMi OJTHOYaCHO BHKOHYE /Bi (DYHKIIII: (QYHKIIFO €IeKTPOMArHITHOTO TIEPEMIITyBava PiJKOTO METaITy
B IDTABWJIBbHIN TI€Yil Ta CHCTEMH JUTS 3aHYPEHHS IIUXTH B PIIKAN METaN 331 3aXHUCTy BiJl OKUCIEHHS 1 IMo1adi
il y BaHHY TeHi.

B po6oti [5] muigxoM TPHUBHMIPHOTO MOJCTIOBAHHS EJIEKTPOMATHITHUX 1 TiAPOAMHAMIYHUX
IIPOIIECiB MTPOBEACHO JOCIIKEHHS TaK01 yCTaHOBKH. MoieroBanacs CUCTeMa, B SIKiii HATUCKHUI KaHal OyB
MIPUETHAHMN IO KaMepH y HUKHIH 11 9aCTHHI 110 BUCOTI, 2 BCMOKTYBAJIBHHN — y BepXHiil. ¥ pe3yibrati 0yio
BCTAHOBJICHO, IO €(PEKTUBHICTh EIEKTPOBHUXPOBOI KaMepH BIAOWBHOI INIABUIBHOI Tedi 3aJICKUTH Bil
BiTHOCHOI BHCOTH 3’€JHYBAJIbHUX KaHAJIIB Ta KyTa NPHEIHAHHS HATHCKHOTO KaHAIy 10 LHMIiHIPHYHOI
TIOBEPXHI BHXPOBOI KaMepw. 3a3Ha4eHi JOCITIKEHHS NPOBOAMIMCS O€3 BpaxyBaHHS MEHICKYy, TOOTO
nedopmariii BUIBHOI TIOBEpXHI pigKOro Meramy. Taka mTOCTaHOBKAa Ja€ 3MOTY OIMHUTH €()EeKTHUBHICTH
CJIEKTPOBUXPOBOi KaMepH SK eJNEeKTPOMAarHiTHOIO IMepeMilllyBaya, MPOTe BOHA HE A€ MOXKIMBOCTI
JOCTOBIPHO OTPHMATH YSBJICHHS PO POOOTY KaMepH sIK 3aHypIOBada METAJICBOI IIUXTH, OCKIIBKH B LILOMY
BUTIQJIKy HE MOJICIIOETHCS TiPOJMHAMIYHA BOpOHKA. [IpeicTaBleHHS MPO CHPOMOXKHICTh TaKol KaMepu
3aHypIOBaTH MIMXTY MOXKE HaJaTh IOCTaHOBKA 1 PO3B’SI3aHHS TiIpOAWHAMIYHOI 3a4adi 3 ypaxyBaHHSIM
nedopmanii BUTbHOI (BEpXHBO1) MOBEPXHi PiAKOro MeTally B Hii.

Bimoma poGora [6], B sKiii HaBeIeHO pe3yabTATH MOJIEITIOBAHHS TiAPOJHHAMIYHHX IPOIECIB Y
BUXPOBili KaMepi 3 ypaxyBaHHsM MeHicky mis cucremu Metaullics LOTUSS. B po6ori 3a3HaueHo, 1110
po3poOieHa aBTOpaMH OOYMCIIIOBaTbHA MOJENIb 3a0e3leuye JOCTOBIpHE MPEACTaBICHHS NpPO TOTIK
BCEpEAMHI BUXPOBOi KaMepu Ta € KOPUCHUM 1HCTPYMEHTOM JJIs Bizyanizamii HUpKyJsALii Metany B Hid. 3a
JIOTIOMOTOF0  IHIMKATOPHUX (TpAacepHMX) YACTHHOK, PO3MIIICHUX Ha T[OBEPXHI BHXOpY, IOKa3aHa
MOXJIUBICTh OIIIHKH 3aHYpeHHs NOApiOHEHOi muXTH Oe3 MPOBENEHHS CKJIAJHUX TEPMOJIUHAMIYHUX
PO3paxyHKiB.
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Bunaerbcss  AOUINBHUM TIPOBEACHHS AHAJOTIYHUX JOCHIDKEHb JUIS ITUIABWJIBHOI Tedi 3
€JICKTPOBUXPOBOIO KaMEpPOI0, KOHCTPYKTHBHY CXEMYy SKOI TIpeICTaBiIcHO Ha puc. 1. A Tomy Mera mi€i
Po6oTH — Ha OCHOBI PO3PO0JIEHOT MaTEMAaTHYHOI MO IUITXOM BUKOHAHHS KOMI'TOTEPHOTO MOJIETIOBAHHS
€JIEKTPOTiAPOAMHAMIYHIX TIPOIECIiB y BIMOWMBHIA I1€di, OCHAIICHIH EIIEKTPOBUXPOBOIO KaMeporw, 3
ypaxyBaHHSM aedopmaiii BibHOI MOBEpXHi (MEHICKY) PIAKOTO MeTaly OLIHUTH (YHKIIOHAJIBHY
MOMKJIMBICTh €JIIEKTPOBHXPOBOI KaMepH OJHOYACHO IIEPEMINIyBaTH pIIKAH MeTal y BaHHI Tedi Ta
3aHYpIOBATH ANIOMIHIEBUHA OpYyXT B TOBINY PO3IUIABY, JOCIITUTH 3aKOHOMIPHOCTI €JIEKTPOMAarHiTHOTO
BILTUBY HA PIIKWIA METaJl Ha Pi3HUX eTanax HaIUIaBJICHHS BaHHU IICYi.

MartemaTn4Ha MoAedb. 3ajs BUPIMICHHS MOCTaBICHOI 3alavi CPOPMYIbOBAHO MaTEMAaTUYHY
MOJECIb IS YACETHLHOTO (KOMII IOTEPHOT0) JOCHTIKSHHS 3a3HaUYEeHUX MPOIIECIiB Y Takiit ycTaHoBI. Momens
CKIIAJIAEThCS 13 NTBOX YACTHH — CHUCTEeM audepeHIiadbHUX pPIBHSAHB, IO OMUCYIOTh €JIEKTPOMArHiTHI 1
TiApoAMHAMIYHI IPOLIECH.

EnextpomarniTHa dYacTMHa MoOAENI TpeACTaBleHa IU(EpeHLiaIbHUM PIBHAHHSAM BiJHOCHO
KOMITJIEKCHOI aMILIITYIi BEKTOPHOTO MAarHITHOTO TTOTEHITIATy A

Vx (g1t 'V x A) + (joo — 0’g,e, JA —oux(VxA)=J_, (@))
Ie o, 1 & — Mar"iTHA 1 JieIeKTpUYHA TTPOHUKHOCTI BaKyyMy; Ly 1 & — BIIHOCHI MarHiTHa 1 JTi€JICKTPHYHA
MPOHUKHOCTI; G — IHATOMa EJICKTPOIPOBIAHICTh, U — IIBHIKICTH PYyXy; ® — KyTOBa YacTOTa; Je -
KOMIUIEKCHA aMIUIITy/la 30BHIIIHLOI T'YCTHHH CTpyMy. ['paHM4YHOI0 yMOBOIO JJIsi IIMX PiBHSHb € yMOBa

MATHITHOT {30/1A11i1 Ha 30BHIMIHIX rpaHUIX po3paxyHKoBoi o6macti (A =0). CKiazoBa el1eKTPOMArHiTHOTO
OJIs1, 3yMOBJIEHA PYXOM PiIKOTO MeTally, He BpaxoByBajiacsi, TOOTO BBaxasocs, o B piBHsaHHI (1) u = 0.

3a pe3ynbTaTaMH MOJETIOBaHHS (OTPUMAaHUM PO3MOAIIIOM MAarHiTHOrO MOTEHILIANy) 3HAXOISTHCS
3HaYeHHS AudepeHIiabHUX apaMeTPiB eIEKTPOMArHiTHOTO OIS (HAIPYKEHOCTI Ta 1HIYKI[i1 MarHiTHOIO 1
€JICKTPUIHHX IIOJTiB, TYCTHHHU €JIEKTPUIHOTO CTPYMY TOIIO) Ta IHTETPAIBHHX IMapaMEeTPiB €JIEKTPOMArHiTHOT
CHCTEMH, TaKuX SK Halpyra, CTpyM, aKTUBHA, PEaKTUBHA 1 TIOBHA MOTY>KHOCTI, IOTY>KHICTh TETUIOBUIJICHHS
B PIIKOMY MeTaJli Ta iH., @ TAKOXX 3HAYCHHS €JICKTPOMArHITHUX CHUII, 10 BUHUKAIOTh Y PIAKOMY METaIi

f=0,5Re(JxB), )

ne J —rycTuHa cTpyMy OpoBigHocT; B=V x A, B — crpskeHHil KOMIUIEKC iHIYKIIii MArHITHOTO MOJIS.
laponuHaMiYHMIA TIpOIleC B MOJICTI TNPEACTABICHO YCEPEAHEHOI PeHHOIBICOM CHCTEMOIO
HeniHiHMX qudepenuianbHux piBHAHL HaB’e-CTokca 11st TypOyneHTHOT Tedii B’A3K0i piguHN

ou
pE:—p(u-V)u—Vp+V-(neﬁVu)+f; ©)

V-u=0. 4)
TyT p — rycTHHA PiIKOTO MeETady; P — THCK; Mex = N + 1M; — KoedilieHT eQeKTUBHOI AMHAMIYHOI
B'SI3KOCTI, JIe 1 — KOediIli€EHT MOJEKYJIIPHOT TUHAMIYHOI B'SI3KOCTI, 1) — Koe]irieHT TypOyIeHTHOI B'I3KOCTI,
pO3paxoBaHUil BiAMOBIAHO J0 MpHitHATOI Momeni TypOyiaeHtHocTi; f — muTOoMa emexTpoMarHiTHa cuia B
pinkomy merani, o04mcieHa 3rigHo BHpasy (2). s 3aMuKaHHS PiBHSHb BHKOPHCTOBYBanach K-¢ mMonenn
TypOysieHTtHocTi [7]. Po3paxyHkoBa o00jacTh TiApoauMHAMIuHOI 3ajadi OOMEKyBaylacs JUIlIe 00’ eMOM
piOIKOTO METalxy y BaHHI IIeYi, KaHAJIaX Ta BHUXPOBIH Kamepi. Posrmsmanmcs nBa BHOW TPaHUIh IS
JOCHIDKYBaHOT 00JacTi — HEMPOHUKHI CTIHKM Ta BUIbHA MOBEpXHS. ['paHMYHI YyMOBH ISl LIBHIKOCTI,
TypOyneHTHOi KiHeTH4YHOI eHeprii Ta i ;gucumamii Ha HENPOHMKHHX CTIHKax 3 BpaxyBaHHSIM
norapu@mivyHOro TMpodiNFo IMBUAKOCTI JUISl MPUTPAHMYHOTO IIApy 3aCTOCOBYBAJKCS y BIAMOBITHOCTI 3
MaTeMaTHYHOIO0 MOJIEIUIIO, 3alIPOIOHOBAaHOI0 B po0oTi [8]. THCK HaBKONMIIHBOTO CEPEeOBUINA Ha BiNbHIN
MOBEPXHI OMHUCYBABCA CIiBBIIHOLICHHM

(—pl+r|eff (Vu+(Vu)T))-n=—patm-n, %)

Ie Pum =101325 ITa. Tedopmartist BiIbHOT HOBEPXHI PiAKOr0 METally BU3HAYaIacs METOAOM PYXOMOI CITKH,
npy [[bOMY HOpMaJibHa CKJIaJ0Ba MIBHAKOCTI PyXy BY3JiB CITKH BIIbHOI MOBEPXHI 3a7aBanacs HACTYIMHUM
yuHOM [9]:

Upesn -N=U-N, (6)

e u — IMBUAKICTH PYXY BY3JIiB CITKH.

mesh
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C(l)OpMYIIBOBaHy TaKUM YHWHOM MATEMAaTU4YHY MOJCJIb peani3OBaH0 B IIAKeTi MmporpaMHoOro

cepenosuma COMSOL Multiphysics [10].
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ITocTanoBka 3amaui. Po3rmsgamacs
BiAOMBHA MY IS IUIABJIEHHS aJIOMIHIIO 3
CJICKTPOBUXPOBOK KaMEpOK y  BHIJISLII
LHATHIPUYHOT KaMepd 3 JYrOBUM IHIYK-
TOPOM, CXEMY SKOi 3 TTO3HAYCHHSIMH OCHOB-
HUX PO3MipiB HaBeJleHO Ha puc. 1. JloBxuHa
1 MMpHHA BHYTPINIHBOI YaCTUHH TIJIaBHIIb-
Hoi Bagpun meui L = 3 M 1 B= 2 wm.
BuyTpimHiii giamerp BuxpoBoi kamepu 2R
= 0,6 m, po3mip | = 0,8 M, BigcTanp Mix
KaHaJaMHu y BaHHi meui b = 0,8 M, mupuHa
KaHamiB b 0,1 ™. IllectunonrocHui
IyTOBUM  IHAYKTOp  OXOIUTIOE  30BHI
MOJIOBHHY IMJIIHAPUYHOI BUXPOBOI KaMepHu.

Woro BmyTpimmiii niamerp ckmamae 0,8 M, a BucoTa (o Marmitomposoxy) — 0,2 M. Posrmspanocs nsa
BapiaHTH PO3TAILlyBaHHs iHAYKTOPa IO BHCOTI BUXPOBOI KaMepH: OJUH — B HMXKHIHM ii 4acTHHI SIK [MOKa3aHO
Ha PUC. 2, Ha IKOMY TIPEJICTABICHO 3arajJbHUIN BUTII (pparMeHTa YyCTAHOBKH 3 €IEKTPOBUXPOBOIO KaMEPOIo,
Ta IPYrMid — KOJH 1HAYKTOp PO3TAIIOBAHO IO CEPEAMHI BIAHOCHO BMCOTH METajly MOBHICTIO HaILJIaBJICHOT
BaHHM Iedyi, sika npuiiHsara piBHO0 H = 0,5 M. MonentoBaHHS €I€KTPOMAarHiTHOIO IIOJIS, K€ CTBOPIOE
IHAYKTOp, TipoBoAmiIocs Ha 4yactori 50 [ 3a 3amaHuX ammep-BUTKaX B KOTYIIKAaX, aMIUTITYHI 3HAYEHHS
SKHX Y KOXHIN 13 HuX cknaganu mo 20 kKA. da3zoBuil KyT MiX CTpyMamu CYCiJHIX KOTYIIOK MPHUHHSITO
piBauM 60 en. rpaa. 3a Takoro >KUBJIEHHS 1HOYKTOpP CTBOPIOE B Kamepi Oikyde (0OepToBe) MarHiTHe MoJje,

SKe i BU3UBa€ 00EPTaIbHUN BUXPOBHI PyX PIIKOTO METAIy.

JlocimKeHHs TPOBOAMIIOCS ISl PI3HUX 3HAYCHb BUCOTH MeTainy H y BaHHI medl, sike 3MIHIOBAIOCS
BiJ movatkoBoro 3HaueHHs H = 0,2 M no moBHOI BucoTH BaHHM H = 0,5 M, 10 MOZenIIOBaJIO MpoLec
HaIUIaBJICHHsS] METaly B Iedi, TOOTO 301IbIIEHHs pO3IUIaBy y BaHHI B mpoueci podotu medi. OcoOnuBicTh
KOHCTPYKTHBHOTO BUKOHAHHS IIi€1 CUCTEMH TIOJISITa€ B TOMY, IO ii HAIIIPHUI KaHa NPUETHAHO 10 HIKHBOT
YaCTHMHU KaMepH, a BCMOKTYBaJbHHI KaHaJl BHKOHAHO 3BepXy BiAKpuTUM (y BUINISAAI JOTKa). Bucora
NOMEPEYHOro Tmepepidy HamipHoro kanaimy ctaHoBuTh 0,1 M. OOuaBa KaHaiM NpPHEAHAHO 10 OOKOBOI

ITTHAPUYHOT TTOBEPXHI KaMepH TaHTEHIIIHO (MB. pucC. 2).

Pe3yabTaTu MoaenoBaHHs Ta ix aHami3. Ha puc. 2 nokazana po3paxyHKOBa CiTKa JUIsl CHCTEMH 3
MTOBHICTIO HANIOBHEHOK BaHHOM 1iedi (H = 0,5 M) 3 HIDKHIM pO3MIIIIEHHIM JTyTOBOTO iHAYKTOpa, a Ha puc. 3
JUIS Takol BaHHU MPEJCTABICHO PO3MOAUTH INBUAKOCTI PIJKOTO METaly B €JICKTPOBHXPOBIN Kamepi
(cTpimkamMu Ta B KONBOpi) I JBOX IMOJOXEHb iHAyKTOpa. Puc. 3, @ BIAHOCHTBCS 10 HHYKHBOTO
po3TaiyBaHHs 1HAYKTOpA, pUC. 3, 6 — 10 CepeAHbOro. PO3mo iy MBHIKOCTI HA WX PUCYHKAaX IMOKAa3aHO B

=

I
e T o N ~
_‘:,..‘-\v"._"’heév"- > S = Hn

Puc. 3
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TOPU30HTAJBHUX TIepepizax KamepH, moOynoBaHux 3 Kpokom 0,1 M Mo BHCOTI, a TakoX Ha BEpXHil
(medopmoBaHiii) MOBEpXHI MeTady, Ha SIKiH 3aMICTh CTPUJIOK IIBHAKOCTI YMOBHO ITOKa3aHa pO3PaxyHKOBa
CiTKa, sIKa Ja€ 3MOTY CKJIACTH YSBJICHHS PO OTPUMAaHUHA MEHICK, TOOTO (OpMy BUIRHOI MOBEPXHI PiIKOTO
Mmetany. [lopiBHIOIOWM MK COOOIO IIi JBa PUCYHKH, MOXHa BiI3Ha4WTH, LIO, SIK 1 ciix Oyllo OdiKyBatw,
MaKCHUMaJbHI 3HAYEHHS MIBHJIKOCTI METaly Yy TMepIIOMy BHIAJAKy JOCATAlOTh Yy HIDKHIN 4YacTuHI
€JICKTPOBUXPOBOI Kamepu, a y aApyromy — B cepeaniid. Illo crocyerhcs Benmuumbu aedopmarii BiIbHOT
MOBEPXHI, IKY MOKHA OMHUATH K AZ = (Zmax — Zmin), TOOTO SIK PI3HHUIIIO MiK MaKCHMaJIbHUM 1 MiHIMaJbHAM
3HAYCHHSIMM KOOPAHUHAT TOYOK Je(hOPMOBAHOI ITOBEPXHI 110 BEPTHKAJIbHIN OCi, TO BOHA BUSBHJIACS O1JIBIIO0
y BUMNIAJIKY CEPEIHBOT0 MOJIOKEHHS 1HIYKTOpA.

BpaxoBytoun, 1m0, sk Oyio mokasaHo B [5], HATHCK BHXITHOTO KaHAIy €JIEKTPOBHXPOBOI KaMepu
CYTTEBO IEPEBEPIIYE BCMOKTYBaJbHY 10 BXIIHOTO KaHAaIy, PIBEHb PIIKOT0 METaly B Kamepi Oyie HIKUe
piBHS MeTany B IUIaBWIBHIA BaHHI Ie4Yi, IO 1 MiATBEPIKYETHCS MOAETIOBaHHSAM. Y pa3i YBIMKHEHHS
1HAYKTOpa piBeHb METAly B KaMepi 3MEHLIYETHCS, & Y BaHHI M€Yl BiH NPAaKTUYHO 3aIHIIAE€THCS HE3MIHHUM
yepe3 BEIMKY PI3HMIIO 00’€MIB MeTajly B Kamepi 1 y BaHHI meui. SIK BHAHO 3 puC. 3, I HUXKHBOTO
MIOJIOKEHHSI TyrOBOTO iHAYKTOpa CepelHii piBeHb MeTally B Kamepi BHSBUBCS BUIIMM Y TOPIBHSHHI 3
CepeaHiM HOoro po3TalryBaHHIM.

Posmoninn mMBUAKOCTI PIAKOTr0 MeTany B IJIABHWIbHIM BaHHI BIJOMBHOI IMeYi 3 €JIEKTPOBHXPOBOIO
KaMeporo, OTPUMAaHHUN y Pe3y/IbTaTi MOJCIIOBAHHS TaKOi CUCTEMH, MPAKTUYHO HIYUM HE BiJIPI3HAETHCS BiJl
posmofiny, HaBemeHoro B poOoti [5] mnst aHamoriuHoi cuctemMu 6e3 BpaxyBaHHs aedopmariii BUTbHOI
MOBEPXHi, & TOMY TyT HE MTPUBOJIUTHCAL.

[IpocniakyBaTH NETambHO 32 PyXOM METaly B CHUCTEMI, IO PO3TIISIAETHCS, MOKHA 32 JIOTIOMOTOIO
PO3paxyHKOBUX TpaekTopili pyxy motoky. Ha puc. 4 gk mpukiax moka3aHO OTPUMaHi y pe3ysbTaTi
MO/ICITIOBAHHSI TPAEKTOPIT pyXy Yy BUXPOBIil KaMepi JJisi HUXKHBOTO MOJIOKEHHS iHaykTopa mpu H = 0,5 m. Sk
BUJIHO 3 IIOTO PUCYHKY, Y Pa3i MOBHOT BaHHU T4l PIAKHIA MeTal, SKUH HaJXOJUTh B KAMEpPY 13 BAaHHHU Yepe3
BIJIKPUTHI 3BepXy BCMOKTYBaJIbHUI KaHaJl, PO3KPYUYYEThCS B Hild, pyXarOuuCh [0 CKIaJHUM TPAEKTOpisM. Ta
YacTHHA MeTaly, IO MOCTYMae B KaMepy dYepe3 BEPXHIO 10 BUCOTI JUISIHKY MOMEPEYHOTo Mepepizy
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BCMOKTYBaJIbHOTO KaHanmy (puc. 4, a), cHodatky
\ - PYXA€ETBCS MO0 KPYTOBHM TPAEKTOPISIM MAaKCHMAJIBHOTO
paaiycy, Jdalli OIyCKAeTbCS BHU3 31 3MCHIICHHIM
paaiycy TpaekTopiit (mpuOIM3HO 10 CepenHE KaMepH),
P a TOTIM 3 MOJAJBIINM OIyCKaHHSIM Lieil pajaiyc 3HOBY

/6 i 301IBLIYETHCS 1 B HWO)KHIA YaCTHHI KaMepH Il YacTUHA

L
=

MeTaly HaJXOOUTh B HATUCKHHWHA KaHaj. Metan, 1o
MOCTYIIa€ B KaMepy uYepe3 CEepeiHI0 YacTHHY IIoIle-
PEUYHOTO Tepepi3y BCMOKTYBAJIBHOTO KaHay (puc. 4, 6),
CIOYaTKy MiAiAMaeTbCsl BBEpX II0  TPAEKTOPIAM
BEJIMKOTO PajliyCy, a TOTIM OITyCKA€ThCS BHU3 CIIOYATKY 31 3MEHIICHHSM, a TIOTIM 31 30UTBIIEHHSIM Paaiycy
TPAEKTOPIN ak IO MOMaJaHHA MOTO B HATHCKHWW KaHaj. I, HapemTi, Ta 4YacTWHA MeTally, 0 TOCTYIa€e B
KaMepy uepe3 HWXKHIO [IUISHKY T[IONEPeYHOro mepepisy BCMOKTYBaJbHOTO KaHainy (puc. 4, 6),
MPUCKOPIOETHCS B KaMmepi 1 3pa3y K HaAXOAUTh B HATUCKHUI KaHAIL.
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[{ikaBO TIPOCIIUTH 32 PYXOM CaMOro BEPXHBOI'O IIAPy METaIly, IO MOCTYIAE 13 BCMOKTYBAJIBHOTO
KaHaly Ha JeQOpMOBaHY BEPXHIO IIOBEPXHIO KaMepH, a/pKe caMe IIed IIap IOYMHAE BTATYBAaTH
(3aHyproBaTH) TBEpAY IMXTYy BrauO pimkoro Mmeramy. Ha puc. 5 ms H = 0,5 M mokazaHo TpaekTopii pyxy

e Uy M/C
e e / 1.6

= —
0.8
"
== 0.6
N g N
a 0.4 —
= \\\ =
0.2 |
a 0 o

Puc. 5

i€l yacTUHU MeTally JUIs HIDKHBOTO (PHC. 5, @) Ta cepeHbOro (puc. 5, 6) po3MilLleHHS AYTOBOTO iHAYKTOpA.
B 00ox Bumangkax neil Meral, momagaroud B KaMepy, PyXaeThCs B Hill HA BEpXHil MOBEPXHi IO KPYyTrOBUM
TPA€EKTOPIsIM, a MOTIM, MOYMHAIOYU 3 MEBHOTO PAAiyCy, OMYCKAa€TbCS BHU3, MPOJOBKYIOUH PyXaTucs MO
TpaeKTOpisiM MeHIIoro paziycy. JIiHii MOTOKY BKa3ylOTh Ha Te, IO iHAYKTOP, SKUH CTBOPIOE LHUPKYIALIIO
piIKkoro Meraly B KaMmepi, BHUKJINKA€ CWIBHY BHXPOBY Ji0, IO CIpPHUSE NPUMYCOBOMY 3aHYPEHHIO
METaJIEBOr0 OPYXTY 3 BUILHOI MOBEPXHI PiAKOro MeTady. BpaxoByrouu, 10 y pa3i HHKHBOIO PO3MIILEHHS
IHIYKTOpA I YaCTHHA METaIy 3AIHCHIOE Ha BEPXHIH MOBEPXHI MEHIIY KIJIbKICTh O0CPTIB 1 4aC 3HAXOHKCHHS
il Ha Uil MOBEpXHI Maibke y JBa pa3W MEHIIMH, MOXKHA MPHUITYCTUTH, 10 MOYAaTKOBA 3aHYpIOBAIbHA JIis
€JIEKTPOBUXPOBOI KaMEepH 3a TAKOTO PO3MIIIEHHs IHAYKTOpa Oyzae OibIIo0.

Ha puc. 6-8 mpencrasieHo oTpuMaHi y pe3yiabTaTi HMPOBEIEHOIO MOJEJIOBAHHS iHTErpasibHI
napaMeTpy CHUCTEMH B 3aJIE)KHOCTI BiJi BUCOTH MeETaly B IUIaBWIBbHIA BaHHI BIIOMBHOI Iedi A JBOX
MOJIOKEHb JIYTOBOTO 1HIYKTOpa: HIKHBOTO (KPUBI YEPBOHOTO KOJBHOPY) 1 CEpeHLOrO (KPUBI CHHBOTO
KOJIBOPY).

Ha puc. 6 naBeneHo ycepenHeHi mo 00’eMy 3HA4Y€HHS LIBHIKOCTI PIAKOTO MeTany U, Yy BaHHI
TIaBHUIBHOI Tiedi (ITyHKTHUPHI KpWBi) 1 y BHXpOBii Kamepi (CyImUJIbHI KpHBi), a Takok 00’€MHa BHUTpaTa
MeTaly depe3 3’€nHyBaibHI KaHamu G (IITPUX-MYHKTUPHI KpHBI). SIK BUIHO 3 IbOI'O PUCYHKY, YCEpEIHEHA
IBUJIKICTh MeTaly y BaHHI medi Ta o0’eMHa BHTpaTa HOro uepes 3’€JHyBaJbHI KaHaJId HEMOTaHO
KOPEJIIOIOTBCA MiXK CO0OK Ta NPAaKTUYHO HE 3aJe)KaTh BiJf BHCOTH METally y BaHHI Iedi it 000X
pO3TalllyBaHb AYrOBOIO iHIyKTOpa. SIKIIO MOPIBHIOBATH MK COOOIO IIi pO3TalllyBaHHS, TO CJIiJ 3a3HAYUTH,
10 HIKHE TIOJIOKEHHSI 1HAYKTOpa MPUBOAUTH A0 JACLIO OUTBLIIMX 3HAYEeHb UX JBOX mapamerpiB. OCKilbKH,
sk Oyno mokaszaHo B [5], edexTHBHICTh MepeMilllyBaHHS PO3IUIaBY y BaHHI M€Yl 3aJ€KUTh BiJ cepeaHbOl
HIBHJIKOCTI METaly y BaHHI (YMM Oibllla MBUAKICTh, TUM BHIA €QEKTHBHICTH), TO HUKHE PO3TALTYBAHHS
IHAYKTOpa 3 L€l TOYKU 30py SBISETbCA OUIBII IOUIMBHUM. BpaxoByrouW, LIO0 Take poO3TallyBaHHs
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NPU3BOAUTH A0 OUIBIIOT BUTpAaTH METaly depe3 3’€IHyBalbHI KaHalM, a OTKe i 10 OiIbLIOi yceperHeHOl
BEPTUKAIBHOI (CIPsIMOBAHOI BHU3) KOMIIOHCHTH IIBHIKOCTI METAIy B KaMepi, 3 BpaxXyBaHHSIM TPAEKTOPii
HOTOKY, TPEJCTaBICHUX Ha pUC. 5, MOXKHA OYIKYBaTH, IO 3aHYPIOBAJbHA 3aTHICTH €JIEKTPOBHXPOBOI
KaMepH y LIbOMY BHMaAKy Texx Oyae Oinbmioro. o crocyeThest cepeHbOI MIBUAKOCTI METALy Y BUXPOBiH
KaMmepi, TO BOHA IO-Pi3HOMY 3aJIC)KHUTh BiJl BUCOTH HAILIaBJICHOTO METaldy y BaHHI. MaKCHUMalbHI 3HAYEHHS
Ii€i MBUIKOCTI U HIWKHBOTO MOJIOKEHHS 1HAYKTOpa BUHHMKAIOTH 32 MAJIOTO Ta CEPEAHHOrO HAIIOBHEHb
MeTajy Y BaHHI, a Y BUMAJKy CEPEJHBOT0 PO3MIIIEHHS — IIPU CEPETHIX 1 BETMKUX 3HAUCHHSX BHCOTU METaITy

y BaHHI I1edi.
3anexHOCTI BeMMYMHU Jledopmallii AZ BUTBHOI TOBEpXHI pilkoro merany (rauOWHA MEHICKY) B
CJIEKTPOBUXPOBI  Kamepi Uil  JBOX  TIOJIOKEHb

Ah IHAYKTOpa MpPEACTaBICHO Ha puc. /. Sk BUIIUBae 3

M

av?

0,08 IIOTO PHUCYHKY, 3a3HAYCHI 3aJIOKHOCTI HEMOraHo
KOPEIOIOTLCSL 13 CEepPelIHhOI0 IIBUJIKICTIO METaly B

0,06 \—-.. KaMepi, sIKi IpeJICTaBIeHO Ha puc. 6.
"-—-—-____* Puc. 8 meMoHCTpye Ha CKIJIbKH MOHWKYETHCS
0,04 i ——— cepenHiil piBeHb METajly B KaMepi y mpoiieci poOoTu
\ BinOuBHOI meui. Jlns 000X BapiaHTiB pO3TallyBaHHS
0,02 1HAYKTOpA 31 301IBLICHHSM BUCOTH METaly Y BaHHI Nedi
(B mpolIeci HAITABJICHHS) Pi3HUIIS PIBHIB METaly y medi
0 ta Kamepi Ah,, 3meHmryetbcs. Jls Manumx 3Ha4YCHb
0,2 0.3 0.4 H, M BucOoTH H 1 pisHuus Oinplia y BUOAIKYy HHXKHBOTO
Puc. 8 HOJIOKCHHST 1HIYKTOpa, a IS BEIHKHX — Yy pasi

CepeTHbOro HOro po3TaIIyBaHHL.

BucnoBku. ChopMynp0BaHO MATEeMATHYHY MOJIENb IS JTOCHTIDKEHHS EICKTPOTiApOAMHAMITHHX
NpoleciB 3 ypaxyBaHHsAM Jedopmanii BUTBHOI MOBEpXHi (MEHICKY) PIIKOro MeTalny Uil BiZOMBHOL
TUTaBUJIBHOT Te4i, OCHALICHOI €IEKTPOBUXPOBOIO KAMEPOIO 3 JYTOBUM 1HIYKTOPOM.

VY pe3ynbTati MPOBEJICHOT0 KOMIT IOTEPHOTO MOJICITIOBAHHS TIOKA3aHO, MO eNIEKTPOBUXPOBA KaMepa
TaKoi meyi 0HOYacCHO BUKOHYE JBI TEXHOJOTIUHI (QyHKLII — mepemillye po3miaBieHuid MeTall y BaHHI neui
Ta 3aHYpPIOE€ B PO3IUIAB MOJPIOHEHUI MeTalleBUil OpPYXT 3a/J1s1 3aXUCTY HOTO BiJl OKHCIICHHS 3 MOJAIBIINM
TPaHCHOPTYBAaHHSAM y IUIaBWIbHY BaHHy. OOuzaBi (yHKuii Taka kKamepa 3AiHCHIOE e(eKTHBHilIEe Yy pasi
HWDKHBOTO PO3TAILlyBaHHsI Ha Hil IyrOBOTO 1HAYKTOpA.

YcraHOBNIEHO, IO piBEHb MeETaly B €JICKTPOBUXPOBIM KaMepi BiIOMBHOI Tiedi pPO3MIISTHYTOTO
KOHCTPYKTUBHOI'O BUKOHAHHSI 1 KOMIIOHOBKHM HIKYE PiBHA MeTally y ii BaHHI. Pi3HMLS IUX PiBHIB 3aJICKHUTh
BiJl HAIOBHEHHS BAHHU METAJIOM, SIKE€ 3MiHIOETHCS B IIPOLIEC TUIABKH, TA PO3TALIYBAaHHS iHAYKTOPA MO BUCOTI
KaMepH.
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(wugpp "Enmex")". Jepocasnuii peecmpayitinuii Homep pobomu 0122U000839. KTIKBK 6541030.
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SIMULATION OF ELECTROHYDRODYNAMIC PROCESSES IN A REVERBERATORY FURNACE
FOR ALUMINUM WITH AN ELECTROVORTEX CHAMBER TAKING INTO ACCOUNT
THE DEFORMATION OF THE FREE SURFACE OF THE LIQUID METAL

O.1. Bondar, Yu.M. Goryslavets, T.O. Penkovyi
Institute of Electrodynamics National Academy of Sciences of Ukraine,
56, Beresteiskyi Ave., Kyiv, 03057, Ukraine. E-mail: yugoris@ukr.net .

A scheme of a reverberatory furnace for melting aluminum waste with a cylindrical electrovortex chamber, in which a vortex
(rotating) flow of liquid metal is created using a curve inductor, is presented. This chamber is connected to the melting bath of
the furnace by two channels and performs two functions: it stirs the molten metal in the furnace bath and immerses crushed
metal scrap into the melt to protect the metal from oxidation with its subsequent transportation to the melting bath. For such a
system, a mathematical model has been formulated to study electromagnetic and hydrodynamic processes in it, taking into
account the deformation of the free surface (meniscus) of the liquid metal. The model consists of two parts - systems of
differential equations that describe the specified processes. The deformation of the free surface was determined by the moving
grid method. The study was conducted for different values of the height of the metal in the furnace bath, which varied from the
initial value of 0.2 m to the full height of the bath of 0.5 m, which simulated the process of metal deposition in the furnace
during operation. Two options for the location of the inductor along the height of the vortex chamber were considered: one -
in its lower part, and the second - in the middle relative to the height of the metal of the fully deposited furnace bath. As a
result of the simulation, the velocity distributions of the liquid metal in the furnace bath and the vortex chamber were
obtained, the deformation of the upper free surface of the metal in the chamber and the average level of metal in it relative to
the level of metal in the melting bath were determined. For different fillings of the furnace bath, the trajectories of the
movement of the liquid metal in the electrovortex chamber were determined. References 10, figures 8.

Keywords: reverberatory furnace, electrovortex chamber, liquid metal, mathematical modeling, hydrodynamic processes,
deformation of the free surface.
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IHTET'PAIIA IIOBYTOBUX BOJOHAI'PIBAYIB Y CUCTEMU PEATI'YBAHHSA
HA IIOIIUT B EHEPTETUYHINA CUCTEMI

B. M. Kisinuyk *, K. B. Maxotiio

HanionanbHuii TexHivHmii yHiBepcnTeT «XapKiBchbKHIl MOTiTeXHIYHMI iIHCTHTYTY,
ByJ. Kupnuyioga, 2, Xapkis, Ykpaina, 61002

E-mail: Vladyslav.Kiianchuk@ieee.khpi.edu.ua.

Y pobomi npeocmagneno komniexche 00CIiONHCeH A NOOYMOBUX eIeKMPUYHUX HAKONUYYBAbHUX 6000Hazpisayie (EHB)
K 2HYYK020 pecypcy Ol peazy6anHs Ha Nonum 6 emepeemuuuii cucmemi. IIpoeedeno amaniz ykpaincbkozo puHky
nooymoeux 6000HA2PIBAYI8, OYIHEHO IXHIO NOWUPEHICMb mMa MeXHIYHUll nomenyian Oas ywacmi y npocpamax
peazysanna na nonum. Cnpockmoeano ma peanizogano Oocniony ycmanosky EHB, saka Oac 3mozy 3dupamu
BUCOKOMOUHI OaHi NPO Mennosi npoyecu 6 OAKy ma CHOICUBANHHA eNeKMPUUHOL eHepeil, AKi CMmanu OCHOBON Ol
sepugixayii mooeii. Peanizosano ma eepudikosano Komn romepHy mamemamuyry mMooeib menio8oi ma ereKmpuiHol
Oounamixu EHB, nobyodosany Ha ocHO8I Qisuunux i nogediHKOBUX 36UYOK CHOJCUBAYi8. 3a 0onomozoio yici mooeiui
nobyodosano xkpuei onmumanviocmi Ilapemo, siKi 0anu MONCIUBICIb GUBHAYUMU KOMIPOMIC MIdC pigHeM KOMBOpmy
ma enyuxicmio cnoxcusanna EHB. Bcmanoeneno memnepamypHi medxci NPUUHAMHO20 KOMDOpMY Chodcusaya, d
makooic peakyito EHB na cucnanu xepysanns 6i0 acpecamopa. 3anponoHo6anHo 060pieHeEy apXimekmypy iHmezpayii
EHB y cucmemu kepy6anHs nORUMOM 3 GUKOPUCIAKHAM 6i0Kpumozo npomokony OpenADR, wo dae 3mozcy azpecamopy
eexmusHo 83aEMO0iamu 3 onepamopamu cucmem posnoodiny ma nepeoadi, a MmaxKoxc Kinyegumu cnoxcusadamu. 3aona
niOMEepOAHCEHHsL pe3yIbmMamie 6UKOHAHO eKCNepUMEHMAanbHe MOOEI0BAHHA NOBEOIHKU A2peco08aHOl epYniU CRoJICU8aA4is
¥ 8i0n06i0b HA cucHaIu axmusayii. BusHaueno Kiouosi emani CImeopeHHs pPUHKO8UX NPOOYKMI6 peazy8aHHs Ha NONUM.
Gopmyeanns pecypchoi 6asu, CMeopeHHs azpe208anux NPooyKmie ma ixws peanizayis Ha PUHKY eleKMpPU4Hoi eHepeil.
Ilpoananizosano Oap’cpu, AKi CMPUMYIOMb BNPOBAOICEHHS NPOSPAM Peazy8aHHs HA NORUM, 30KpeMmd HU3bKY
iH(hopMOBaHicMb CROJICUBAYIB, BIOCYMHICHb eKOHOMIYHUX CIUMYII8 Ma 00MeNCeHICMb MeXHON02IYHOI 20MOBHOCHII.
Bi6x. 11, tabm. 1, puc. 9.

Kniouoei cnoea: pearyBaHHs Ha TOIUT, BOJOHArpiBad, arperaTop, EHeproedeKkTHBHICTb, pPO3YMHa MepeKa,
€HEePrOMOHITOPUHT, PUHOK €JIEKTPUYHOT eHeprii

Beryn. CyvacHi eHepreTHYHI CHCTEMH HEPSKUBAIOTh CTPYKTYPHY TpaHC(HOPMAILIiI0 Yepe3 3pOCTaHHS
YaCTKH BiTHOBIIIOBAHUX JKEpEN €Heprii Ta mereHTpaiisaliii 00’ ekTiB reHepaiii. Ile Bumarae po3poOku Ta
BIIPOBAKCHHS HOBHX MiAXOAIB 10 OanancyBaHHS. OTHUM i3 HAHOUIBII MEPCIIEKTUBHUAX 1IHCTPYMEHTIB CTa€
pearyBaHHSI Ha IIOMUT, MiJ Yac SKOrO CIOXKHMBadi aJanTyIOThb CBO€ CIOXHBAHHS 3aJIe)KHO BiJ CTaHy
EHEepPreTUYHOI CHCTEMH Ta IIiH Ha PUHKY eJIEKTpUYHOI eHeprii. JlomorocmonapcTsa, sIK HaldMcenbHIMA
KaTeropisi Cro)KMBaviB €JICKTPUYHOI €HEeprii, MaloTh 3HAYHUI MOTEHIAN JJI 3MEHIICHHS CHOXXUBaHHS. B
CBOIO 4epry, cepen nodyroBux npunaaie, EHB € HalimomupeHimmMy Ta TEXHIYHO HAWMPUAATHIIIMMHA IS
pearyBaHHs Ha IOMMT. 3a JOMOMOIOI) arperaTopiB MOXJHMBE o0'emHaHHS THCsS4 abo MijbiioniB EHB 3
METOI0 CTBOPEHHS THYYKOTO pecypcy sl peaiizaiii Ha pUHKY eleKTpu4Hol eHeprii. Bce me crBoproe
nepeayMoBH st MacoBoi inTerpauii EHB B aunamiuni cuctemu KepyBaHHS HaBaHTa)KEHHSM, IO HAAACTh
JOJATKOBI pecypcH Uil OallaHCyBaHHSI €HEpPreTHYHoi cucteMu. llomepenHi Hamm AOCTIIKEHHS OKPEMHX
ACTEeKTIB pearyBaHHs Ha momuT 3a jornomororo EHB [1-4] mokazany MOKIHBICT YCIIITHOTO PO3B’sS3aHHS
miei 3agadi, Mo 00yMOBIIOE HEOOXIJHICTh IX y3arajJbHEHHS Ta MOAAJBILOTO PO3BUTKY AJISl MOJEIIOBAHHS 1
BU3HAUYCHHs e€(EeKTHBHUX TOPrOBUX CTpATETil arperatopa Ha PUHKY eNeKTpu4HOi eHeprii. Takum dmHOM,
JaHa po0oTa MOEIHYE TEXHIUHI, OpraHi3aliifHi Ta MOBEAIHKOBI acneKTd, (GopMyloun IiIiCHY OCHOBY JJIs
PO3BHTKY IPOTrpaM pearyBaHHS Ha MOMUT i3 BUKOpUCTaHHIM 1moOyTtosux EHB.

Metow poOOTH € TOE€THAHHS PE3YJIBTAaTiB EKCIIEPUMEHTANbHUX Ta TEOPETHYHUX OCITIJKEHb
mopeneit mooyrosux EHB Ta oOrpyHTyBaHHs miaxoaiB ao arperyBanus rpyn EHB y mporpamu pearyBanHs
Ha TONHT Ta peaji3allii MPOAYKTIB Ha PUHKY CIEKTPUYHOI €Heprii 3 ypaxyBaHHSM BIUIMBY Ha KOM(OPT
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XapakTepucTHKka BOJOHarpiBauiB sk 00'ekTa pecypcy pearyBaHHs Ha MNONHT. 3a
CTAaTUCTHYHUMU JaHuMM JlepkaBHOI CIry»Ou cratucTuku Ykpainu [5] cepen 14,678 MiIH 1OMOTOCIIONApCTB
YacTKa THX, XTO Ma€ EJNEKTPUYHHMHA BOAOHArpiBad, ctaHoBUTH 38,9 %. lle mae 3MOTy OIIIHUTH OPIEHTOBHY
KUIBKICTh €KCIUTyaTOBaHUX IPUCTPOIB Ha PiBHI 5,71 MIH OAWHULIE.

3rifHO 3 aHANITHYHUMHU JaHUMH OJHOTO 3 TPOBIIHHUX OHJIAWH-TIOPTATIB po3ApiOHOT TOPTiBii
texuikoro — Hotline.ua — ctanom na mouarok 2024 poxy MOKHA TPUITYCTHTH, [0 YaCTKA HAKOTHIYBAIbHHX
BOJIOHArpiBaviB Ha YKpaiHCHKOMY PHHKY cTaHoBUIa 83,6 %, y TOH 4ac sIK MPOTOYHI MOJeNi 3aiiManu uiie
16,3 %. TunoBi o0'emu OakiB craHoBiATH Bix 10 mo 200 5, a HOMiHaJbHA TOTYXHICTH TPyO4acTHX
enekrponarpiaviB (TEH) y mexax Big 1 o 5 kBr.

Cepen naxkommuyBanbHHX EHB mnepeBaxkae BeprukampHuii MoHTax — 81,7% mpotu 18,2 %
MoJenell ropuzoHTansHoro MoHtaxy. llogo Tunis TEH 6inbwicts npencrasienux Ha punky EHB (61,2 %)
MaroTh Tak 3BaHi «Mokpi» TEH, naromicte EHB 3 «cyxumun» TEH npencrasieni (38,7 %).

Bubip BomoHarpiBaua € iHIUBIAyadbHUM 1 1

5

BiZOyBa€eThCA 3 BpaxyBaHHSIM KOHKPETHUX IOTPeO i 10

Ta YMOB KOKHOI CiM’i. MoKHa mpumyctutd, mo s ° I I B I . I N | I . 0a _1

TUIIOBMM BapianToM B Ykpaini € EHB 06’emom Bin = 0 N P P T P

50 mo 100 i Ta notyxHicto Bix 1,6 10 2 KBT. 2 GERTERVERATLRUERNT LN
Po3nozmin dYacTkM mpomo3uuii Ha PHUHKY 5 230 5075 80 100 120150 =150

VYkpainu pisaux moxeneit EHB 3a 00’emom Ta Torysaicts, KBT T2 00'em, 1EHB
MOTYXHICTIO HAaBEJICHO Ha pucC. 1.

3 HaBeJCHUWX JaHUX BHUIUIMBAE, IO B
VYkpaini chopmoBana 3nauHa 0aza EHB i3 moTeHiianoMm ajis BUKOPUCTAHHS SIK THYYKOT'O €HEPropecypcy
OanaHCyBaHHS €HEPTETHYHOI CUCTEMH. AJie HEOOXiTHOIO MEepeayMOBOIO JUIsl €(DEKTUBHOTO 3alIy4eHHs IHX
EHB B mporpamu pearyBaHHsS Ha IONUT € BpaxyBaHHS IXHIX TEXHIYHHX XapaKTEPUCTHUK Ta TUIIOBHX
PeXUMiB eKCILTyaTarlii.

Hocainna yeranoBka EHB. Onnicro 3 K1F090BUX Mpo0IeM Mij yac MOJENIOBAHHS Ta YIPaBIiHHS
EHB € oOMmexxeHa TOCTYIHICTh BepH(iKOBaHUX EKCIIEPUMEHTANBHHAX JTAaHUX, IO MMOKa3yIOTh iXHIO pPeabHy
poboTy B ymoBax MOOYTOBOTO BHKOPHCTaHHS. 30KpeMa, CKIAIHICTh MONATaE B TOYHOMY BiZOOpakKeHHI
B3a€MO3B 513Ky MK (PaKTHYHUM PO30OPOM Tapsdoi BOIH, €JICKTPUYHUM HABAHTAXKEHHSIM 1 TEMIIEPaTypHUM
koMdpopTroM crniokuBada. Ockinbku edextnBHe ynpasiminHs EHB morpebye Tounoi indopmarii mpo ixHro
JMHAMIKy B YMOBaX peaJbHOTO CHOKMBAHHS, BaXXJIMBUM € BIIPOBA/DKEHHS KOHIICTIII 1HTEIEKTyaJIbHOTO
MOHITOPHHTY, 110 0a3y€ThCsl Ha MOEAHAHHI aBTOMATH30BaHOTO 300pYy, CUCTEMHOIO aHalli3y BiAMOBIIHO M0
CyJacHUX MiaxomiB udposizamii eneprocuctem [6]. s 300py HaHUX, MEPEBIPKH MaTEMAaTHYHUX MOJEIEH i
OIIIHKH MOTEHIIay IPSIMOTO pearyBaHHs Ha MOMUT OYyII0 CIIPOEKTOBAHO Ta Peali3oBaHO AOCTIIHY YCTAaHOBKY

EHB, cxemy sikoif moka3aHo Ha pucC. 2.

Ormouboramit petofhy P o N OcCo6MUBICTIO i€ TOCIHIAHOI YCTAHOBKH €
BUKOPUCTAaHHS MacoBO JOCTYIMHHUX KOMIIOHEHTIB i3
CeTMEHTAa «PO3YMHOTO» JIOMY, IO Ja€ 3MOTYy
R 3a0e3neyuT  JUCTaHIiifiHe  yOpaBIiHHA  Ta
AP MOHITOPHHT 0€3 TmOoTpedM Yy cremiani30BaHuX
il - npuctposix.  JlochHiDkeHHS — NPOBOAMIIOCS — Ha
e ) tunoBoMy nooyrosomy EHB mnotyxknictio 1,2 kBt i
: : ob'emom 80 1, i oXOmWIO TOHAA JBA POKH

Puc. 1

Ao
sy

Y o JETalli30BaHUX ICTOpHYHMX JaHMX. OOnagHaHHA
i JIOCITITHOI YCTAHOBKY BKITIOYAE B ceOe€: «PO3YMHHUI
i3 o JMYAIBHUK, «PO3YMHY» PpO3ETKY, AaBTOMaTHYHHUN
— : wiuaw  PEECTpATOp — TEMIEpaTypd — Ta  KOHTAKTHHIi
BHMIpIOBaY TeMIIEpaTypH.
Puc. 2

Marematnuna moaeas EHB. IloOynosa
koM '1oTepHoi Mozaeni EHB Bumarae BpaxyBaHHsS IIMPOKOTO KOJIA BXiAHHUX HapameTpiB, SIKi OXOIUTIOIOThH
(bi3uvHI, TEOMETPUYHI Ta TEXHIYHI XapaKTepUCTUKH sk camoro EHB, Tak i HaBkonmummHbOro cepenopumia. J{o
TaKUX MapaMeTpiB HaJeKaTh MUIBHICTh T4 MUTOMA TETUIOEMHICTh BOJH, KOe(IIieHT TepMiuHOi Tudysii,
reoMeTpuyHi po3mipu Oaka, mnoryxHicte TEH, xoediumient temmoBtpar ©Oaka. Cepex mnapamerpiB
cepeloBHINa HEOOXiIHO BpPaxOBYBAaTH TeMIlepaTypy moBiTps HaBkono EHB Ta Ttemmeparypy BximHOI
xonoaHoi Boju. KpiM TOro, KIOYOBY poib BIIITPAOTh MOYATKOBI YMOBH Ta PEKUMH BHKOPHCTAHHS,
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30KpeMa MOYaTKOBUI TeMIepaTypHHil po3monin y 0aky, 3aJaHa TeMIlepaTypa HarpiBy, BUTpaTa rapsioi
BOJIU B 4aci Ta TUII TEPMOPETYJIATOpA.

B poGori [2] omucaHo TriOpuaHy MOEIb, IO IOEIHYE BHCOKY TOYHICTh 13 IOMIPHUMH
obumncmoBanbHUMH 3aTpatamu. OCHOBHA ifiest i€l Mofelni mossrae B po3aiieHHi auHamiku podbotn EHB Ha
OKpeMi THUITOBI (ha3u, KOXKHA 3 AKHX XapaKTEPU3YEThCS JOMIHYBaHHAM OTHOIO (Di3MUHOTO mporecy. Y Mexax
i€l KOHLEMIT BUAUISIIOTh TPU XapaKTepHi (a3u: CHOKIH, HarpiBaHHA Ta 31uB (3 a00 0e3 OIHOYACHOIO
HarpiBaHH#), SIKi ONMUCYIOTBCS HACTYITHUMU A epeHIiaTbHUMHU PiBHSHHAMY 3 YACTUHHUMU ITOX1JHUMHU.

®aza I — cnokiil. BomonarpiBau He mpalfoe, BoJa HE 3JIUBA€ThCI. 3MiHA TeMIEpaTypH
BiZIOyBa€ThCs JIUIIE Yepe3 TEIUIOBI BTpaTH Ta MUdy3ito. JIMHAMIKA ONMUCYETHCS OMHOMIPHUM PiBHSHHIM
TETUIONPOBIHOCTI 3 TPAHUYHUMH YMOBaMHU

2
%—I ZTZ k(T - T) (o t)=0; T(h,t)=0;T(x,O)=T0(x), 1)

OX
ne Ty(X) — modatkoBHil TeMmIepaTypHHit npoqnm;; T(X,t) — remneparypa Boau y miapi Ha piBHi X y

MOMeHT 4acy [; X — BincTans Bia AHa 0aka 10 piBHS LIapa BOJU.
®a3a Il — narpiBanusa. Boma HarpiBaeTscst 6e3 3muBy. BHHHKae 30Ha «IJIaTo TEMIEPATypH» Bil

mma o sucot X, (t) , ne Temmepatypa oHopinHa i fopisHIoe

T, (1) = To(x, (1)) )
Eneprernunuii 6amaHc TUIaTO OMMUCYETHCS PIBHIHHAM
Xp (1)

T, (t)x, () = jT(x)dx+j (T)d 3)

JlnHaMika MeXi IJIaTO OMUCYETHCS

Ty (X)X, P

= 1 %,(0)=0. 4)
P
ox ot SpC,X,
®a3a IIl — 31uB. BinOyBaeThcs OMHOYACHUI 37TMB Tapsdoi Ta HArpiB XOJOMHOI BoAW. Y Oaky
dopmyeTsest 30Ha 3minryBanus Bucotoro X, (t) 3 omHOpinHo Temmepatyporo T, (t)
T, () =T (%, (1).1). ()
Temmneparypa Bullle 30HU 3MIllIyBaHHS onuCcyeThes 3aaaueio Ctedana

2
CLEVCLNAUIY T)aT(ht)
ot OX " ox

ne o, =13 — edextuBHuii KoedilieHT TeIIOBOI Ta TypOyIeHTHOI audy3ii; V, — MBHAKICTh 3MiHH BUCOTH

0T, (0)=T,:%(0) = %:T(x,0)=To(x),  (6)

BOJISTHOT'O CTOBIIA, BU3HAYeHa uepe3 00’ eMHU po30ip BOAM.

Bamms poss'szanas  (1)—(6) y mporpamaomy cepemoumii OpenModelica [7] pospobieHo
KoMIT totepHy Monens EHB, sika mae 3Mory TO9HO BiATBOPIOBATH HOTO TEIUIOBY AMHAMIKY, PEKHMH HArpiBy
Ta CIIOXKMBAHHSI €JICKTPUYHOI eHeprii. Pearnizaris Ha OCHOBI BiAKPUTOTrO MPOrPaMHOTO MPOAYKTY 3a0e3Meuye
il MOCTYIIHICTh, MacIITabOBaHICTh 1 MOXKJIMBICTh 1HTETPAIlil B CHCTEMH YITPaBIIHHSI €HEPTOCTIOKUBAHHSIM.

Jani, oTpuMani 3 JOCTIAHOI YCTAaHOBKH, Ja¥ MOXJIMBICTH BH3HAYHTH THIOBI Mpodii peassHOTo
eNleKTpuyHOro croxkuBanus EHB, BusiBUTH XapakTepHi 4acoBi naTepHH Ta oliHUTH JuHaMiky EHB y pisanx
pexxumax pobotn. Ha ix ocHOBI BuMKOHaHO ineHTH(IKaLil0 MapaMeTpiB Ta MNOJANbIIy Bepudikawito
mateMaTruHoi mozeni (1)—(6). Ha puc. 3 HaBeneno npukinaa moxaenoBanHs poootd EHB 06’emom 80 1 ta
noryxkuictio 1,2 kBt mporsrom 24 roauH, sKuii mokasye crnoxkuBaHHsa moryxHocTi (P)Ta 3minm

Temmneparypu B 6aky Oinst 30HM uyTimBocTi gartumka tepmoperymsitopa (T, ). Pesynbratn umcenbHUX

sens
€KCIIEPUMEHTIB 3 MOZEJUII0 JIEMOHCTPYIOTh ii TOCTATHBO BHCOKY TOYHICTH HiJ Yac MOZAETIOBaHHS POOOTH
EHB mpotsrom mo6m, a TakoX 31aTHICTh MOJEIIOBATH Oe3MEepepBHI MPOMIKKH Yacy A0 45 mHiB 0e3 BTpaTu
CTIWKOCTI Ta 3HAYHOTO MOTIPIIEHHS TOYHOCTI.

Ha puc. 4 HaBeneHo nmpukian THIIOBOTO rpadiky BiZOOPY BOAM y MEpexXiAHUI mepioa poKy Ta OAHY 3
HOro BUIAJKOBUX peai3alliif, sKka BUKOPUCTaHA Uil pO3paxyHKiB Ha puc. 3. Taki rpadiku HEOOXimHI At
MOJIAJIBIIOr0 JOCHIKCHHS Ta MOZCIIOBaHHS pi3HUX pexxumiB podoru EHB. 3okpema, BOHM 1al0Th 3MOrY
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chopMyBaTH peaNiCTUYHI CIICHApil BUKOPUCTAaHHS 33JUlsl MojemoBaHHs ydacti EHB y mnporpamax
pearyBaHHsI Ha ITOITUT OKpeMO abo0 y CKJIaJli arperoBaHuX TPy CTIIOKHUBAUiB.

4
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B TunogHi Binhin romm B Rumanvnruil rimhin RO N 7T AT e TR Tn\.vngpa-[}-pa
Puc. 4 Puc. 3

Ouinka norenuiany EHB ngis pearyBannsi ma momut. HacTymHum eTamoM IOCHIIKEHHS €
(dhopMyBaHHS MIIXOAIB 10 OLIHKH PiBHSA KOM(OPTY CroxuBadiB Ta eHeproedektupHocTi EHB i3 Gaxamu
pizHOTO 00'eMy. [IpOmOHYETHCS BHKOPHCTOBYBATH 3amac Traps4uoi Boau (3I'B) sk iHTerpaJibHHNA MTOKA3HHK
pecypcy EHB, 110 Bu3HauaeThes SIK eKBiBaJIGHTHUI 00°eM Boau Temrieparyporo 40 °C, noctymHuii i3 Oaka 3
ypaxyBaHHSAM TeMIIEpaTypHOro pO3HOAUTy o Horo Bucoti. L Temneparypa npuiiHsiTa sik KoM(OpTHA AJIs
OinpmrocTi MOOYTOBUX MOTPEO, TOMI SAK il 3HMKCHHS HIDKYC 3a3HAYCHOI MEXi IMPHU3BOAUTH JI0 TEIUIOBOTO
JUCKOM(OPTY Ta HETAaTUBHOTO CIIPUUHATTS Oynb-akux oomexenb podotn EHB. JlogatkoBo nmpomoHyeThest
BUKOPUCTOBYBAaTH TOKa3HUK HAANMHMIIKOBOI rapsdoi Boau (HI'B), mo xapaktepusye oOcsr rapsdoi Boau 3
Temieparyporo He Hrokde 40 °C, KU 3aJIMIIAETHCS MiCs HAOIBIIOro JOO0OBOI0 MKy BOJOCIOXHUBAHHS.
Takum unHom HI'B € kimodoBuM mapamerpoMm 3ai51s TuiaHyBaHHs pexkuMiB poootr EHB, amke BinoOpaxkae
(hakTHUHUHA piBeHb KOM(OPTY CIIOKUBAYA.

{06 mocmiguT Ta BHU3HAYMTH MEXI KOMIPOMICY MiX KOM(OpPTOM CHOXHBaya Ta MOTEHIIAIOM
EHB, no yd4acti B mporpamMax pearyBaHHS Ha TIONHUT 3JIMCHEHO MAaTEeMAaTUYHE MOJICIIOBAHHS PEKUMIB
pobotru EHB 3 pisHuM 006'eMoM 1 HamamtyBaHHSIM TeMmmepaTypu HarpiBy. llpumyckaerscs, mo yci EHB
MaJld  1JCHTUYHY NOTYXHicTh (2 kBT), oOIHaKoBI TEIUIOI3OMALIMHI XapakTEpPUCTHKH Ta  Oynn
3MOJICThOBAaHHMH B OMAIOBAHOMY TPHUMIIIEHHI 3 TEMIIEpaTypor0 HaBKOJHMIIHBOTO cepepoBuma +23 °C.
BBaxaetscs, mo micue BctanoBneHHss EHB 3Haxogutecs 6e3mocepennbo 01 TOUOK BOAOPO300OpY, 110 Aa€
3MOTY 3HEXTYBATH TEIUIOBUMHU BTpaTaMu B TPyOOIPOBOAAX.

Hns uporo monemoBaHHs EHB BukopucraHo TumoBuil Tpadik CHOXKHMBaHHS rapsdoi BOAU
HaBeJICHW Ha pHc. 3, OTPUMAaHUI y pe3ysIbTaTi HATYPHOTO €KCIIEPUMEHTY B NepeXiJHUI Ce30H (30BHIIIHS
temneparypa +20...25 °C, remneparypa BxinHoi Boau — oausbko 15 °C). Lleii rpagik Oyno 3acTocoBaHo 10
11 ymoBuux mMonenert EHB, siki Bimpizusutuch 06'emom 6aka — Bin 50 10 100 11 i3 kpokom 5 .

Ha puc. 5 HaBeneno orpumany ouinky HI'B y MoMeHT MakcHuMalibHOTO po300py IUTst KOKHOI 3 30H
I-1V: 30Ha | — cTan guckomMdopTy, KoM HasIBHOT rapa4oi BOIU y 0aKy HEJOCTaTHBO Ul MOKPHUTTS HIKOBOTO
HaBaHTaXeHHs; 30Ha Il — MiHiManpHO Homyctumuit komdopt i3 HI'B 0 1; 30Ha I — migBumennii piBeHb
komdopty 3a HasBHOcTi HI'B 20 1; 30Ha IV — pexum, mo iMiTye KOMaHIy arperatopa Ha TOIHMHHE
BIIKITIOYECHHS 3 TToanbimuM Buaepranasm HI'B mo 0 1.

@dakTHYHO, KpWBI Ha pHC. 5 € KpWBUMH omnTUManbHOCTI [lapero, sKi MOKa3ylOTh 3B’S30K MiX
3HAUYCHHIMH 00’eMy Oaky Ta HalallTyBaHHSAM TEeMIICpaTypH, 3JaTHUMH 3a0e3NeUnTH TOW caMUil piBeHb
koMdopTy. 3MeHIIeHHs 00’eMy abo TemrepaTrypd HHX4Ye KPUTHYHOTO MOPOTY, BU3HAYEHOTO HUYKHBOIO
30HOK0 MEXi, TMNPU3BOAUTH JO  IHMOBIpPHOTO
TEIIOBOTO  jmuckoMdopty. Takuii miaxig nae
MOJIMBICTh HAO0YHO TMPEICTaBUTH, SK 3MiHa
napaMeTpiB BIUIMBA€E Ha KibKicTh goctymHoro HI'B
Ta PU3UK BUHUKHEHHS JUCKOMQOPTY.

OTpumaHi pe3ynbTaTH TAKOX JAal0Th 3MOTY
3MIACHUTH KUTbKICHY OIIIHKY  PeCypCHOro
norenniary EHB B YkpaiHi sik THydkoro pecypcy
331l peatizallii MexaHi3MiB pearyBaHHS Ha IMOIHT
50 [3]. Bamns ouinkum BpaxoByBaimcs suime EHB

05 6065 ?O,, 75 80 8 %0 95 100 o0'emom 80-100 1, 1110 € HAWOLNBII MOIIUPEHUMHU
Obem EHB, Ha BITYM3HAHOMY PMHKY BOJOHArpiBadiB Ta MAaroOTh

80

60

HanautyBarHs, Harpisy

55

Puc. 5
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JocTtatHi 00°€M 1 MOTYKHICTh Ut €pEeKTUBHOTO 3aly4eHHs 0 NporpaM pearyBaHHs Ha NOMUT. Po3paxyHku
0a3yloThCcs Ha IIOEIHAHHI PHHKOBHUX YAaCTOK, CEPEOHIX TEXHIYHUX XapaKTEPUCTHK Ta KOEQiIlieHTIB
CTPYKTYPH CIIO’KUBAHHS.

3arayipHUN TEXHIYHUH pecypc TaKUX HPUCTPOIB OLiHeHO Ha piBHI Omm3bko 3 I'Br, mo Bkasye Ha
CYTT€BUH NOTEHLIaNd IX BHUKOPUCTAHHS MJS THYYKOTO YIPABJIIHHS EHEPrOCIOKUBAHHAM. 3aBISKH
MOJKJIMBOCTI arperyBaHHs Benukoi Kinbkocti EHB B eawHy cucTeMy, BOHH MOXYTh CTaTH BaKJIIMBUM
IHCTPYMEHTOM Il MATPUMKH OajlaHCy B CHEPreTHYHid CHCTeMi, 3MEHILICHHS MOTpeOM B pPE3epPBHHUX
TeHEPYIOUHX MOTY>KHOCTSX 1 MiABUILEHHS €(EeKTUBHOCTI pOOOTH EHEPrOCUCTEMH 3arajloM.

Opranuizauiiini acnextn interpanii EHB y nporpamm pearyBannsi Ha monuT. ABTOMaTH30BaHi
CHUCTEMH KEpyBaHHS HABAaHTA)KCHHSIM € KPUTHYHMM KOMIIOHEHTOM TMIpOrpaM pearyBaHHS Ha IIOIHT,
3a0e3nedyroyn eeKTHUBHICTD IX peai3amii 3aBIsSKH BUCOKOTOYHOMY €HeproMoHiTopuHry [8]. Bonu naroth
3MOTYy arperatopaM y peajibHOMY 4Yaci BiJCNIJKOBYBATH CIIOKMBAHHS E€JIEKTPUYHOI E€Heprii, JAUCTaHIIHHO
KepyBaTH MpHUIIaJlaMU Ta aJalNTyBaTH iXHIO poOOTY JI0 MOTOYHOTO HaBaHTa)kKeHHs B eHeprocucremi. EHB
MOXYTh OyTH iHTerpoBaHi B Taki cucremu uepe3 loT-TexHomnorii. 3amponoHoBaHe pillleHHs TPEACTaBICHO Y
BUTTISAI (DYHKUIOHAJIBHOI CTPYKTYpPH, IO BPaxOBYE IHTETPaLil0 3 PUHKOBUMH MeXaHi3MaMu Ta 3a0e3rneuye
e(eKTHBHY B3a€MOJIII0 MiXK yCiMa CTOPOHAMH TPOIIECy arperartii.

OauH i3 HAWNOIIMPEHINIMX MPOTOKOMIB aBTOMaTH30BaHOro pearyBanHs — OpenADR [9],
MDKHApOIHUI CTaHTapT OOMiHy JaHMMH MiK omeparopa cuctemu nepeaadi (OCII), arperaropamu Ta
cnoxkuBadamu. OpenADR Bukopucrorye HTTP abo XML 3amns mepemaui JaHUX MK CHCTEMaMu
crokuBadviB Ta arperaropiB. OOMiH iH(opMariiero 6a3yeThCs Ha ABOX KIFOYOBUX KOMITOHEHTax: (1) 3amut Ha
aKTHBAIl0 — CHUTHAJ BiJl arperaropa 3a/Jisi KOpUTYBaHHS CIIOXHUBaHHS BiamoBigHo 1o komanau OCII; (2)
BIJINIOBIIb CHOXKHBaYa — 3MiHA pPEXUMY pPOOOTH eJjeKTponpuiani, 3okpema EHB, BiamomigHo 10
OTPUMAHOTO 3aIIHTY.

Ha puc. 6 moka3zaHo 3ampormoHOBaHe iH(PACTPYKTYpHE DpillleHHS, AK€ TIOKa3ye B3aEMOJII0
arperaropa 3 cucremamu OCII, onepatopa cuctemu poznoziny (OCP) i KiHIIEBUMH CIIOKHBadaMH.
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Puc. 6

B3aemozis MiX CHCTEMOIO YIIPaBIIiHHS PUHKOM Ta arperatopoM 3IIHCHIOETBCS Yepe3 MEpeKy
IaTeprer i3 gorpumanusaM TexHigHUX BUMOr OCII 1momo kaHamiB 3B’s3Ky, iHTep(hEHciB 1 KOMyHIKAMIHHIX
MPOTOKOMIB. LleHTpalbHUM €lIeMEHTOM ILOTO Tpoliecy € GOpMyBaHHS arperoBaHUX T'PYII, 10 Nepeadavae
MOJIAaHHS 3asBOK, ITiIKIIOYCHHS BIAMOBITHOTO OOJIQJHAHHS, OpraHi3allilo OOJIKY €JIEKTPOCIIOKHBAHHS Ta
peectpariiro B cucremi arperaropa. ®opmyBaHHs Tpyn BiAOyBaeThCs 3a PETiOHATHHUM MPUHIMIIOM 13
IIPHB’SA3KOK0 10 MOCTa4alibHUKIB yHiBepcanbHux mocayr (ITYII) i mocradanbHUKIB MOCIYT KOMEPIHHHOIO
o0miky (IIIIKO). ArperoBaHi MOTYXHOCTI PEECTPYIOTHCS SK pECypcHi 00’€KTH 31 CTATyCcOM OAMHUII
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HaJaHHs MOCIYT, OTPUMYIOTH eHepreTuunuil inenrudikaniianii xon (EIC) tumy W i BipTyanbHy TOuKy
001iKy 3 KoztoM ZV. Arperatop y mexax B3aemomii 3 OCII BukoHye (GyHKIII CTOPOHHM, BiIIOBiIaIbHOI 3a
b6amanc (CBbB), a takoxx mocradanbHmKa mociyr 3 OamancyBanHs (IIIIB) i mocrauanpbHUKA ITOTMOMIKHHX
nociyr (ITAID) mix wac mogaui mpomno3uniii Ha Oanancyrounii puHok (BP) Ta puHOK mOmOMiXHUX MOCITYT
(PAID).

IadpacTpykTypa arperaropa Ma€ IBOpiBHEBY CTPYKTYpy [4]. BepxHiii piBeHs — cepBep yIpaBIiHHSA
— BiAnoBigae 3a 0OpoOKy JaHMX, pECYpCHE IUIaHyBaHHS, B3a€MOAII0 3 PUHKOM, 3aCTOCOBYE 1HTErpamiiHi
wiatgopmu, TexHonorii Big Data, ontumizaniiini anroputMu Ta MallMHHE HaBuaHHA. HwkHIN piBeHb —
iHTEeNneKTyalbH1 Moy eHeprokepyBanHs (IME) y crioxuBadiB — 3a0€31e4yr0Th MOHITOPUHT 1 JUCTaHIlIHHE
kepyBanHs EHB uu iHIIMMH MOTY>KHUMH eJIEKTPOIpUIaJaMH, MiATPUMYIOTh 3B 530K 4epe3 Wi-Fi abo
MoOinbHI Mepexi. Jani 3 IME 30epiratoTbest Ha cepBepi, BUKOPUCTOBYIOTHCS 3317151 aHANI3y, IPOrHO3yBaHHS
Ta KOMEPIIHHOTO 00IKY.

CTBopeHHs1 PHHKOBHX MPOAYKTIB arperanii. [Ipomecu arperaimii crnoXXuBadiB yYMOBHO
MOJUIAIOTECS HA TPH OCHOBHI TPYITH:

1. dopMyBaHHSI pecypciB arperamii — OXOIUIIOE CTBOPECHHSI arperoBaHUX Pyl YYacHUKIB,
peecTpalliro Ta OOMIK IXHIX JaHUX, a TakoX (GopMyBaHHS OmWHUIlL arperaifii. [lepemdauae ocHaICHHS
€JIEKTPOYCTaHOBOK BiAMOBITHUMH IPUCTPOSIMU KEPYBaHHS CIIO)KHBAHHSM;

2. CTBOpEHHS MPOMYKTIB arperauii — BKIIOYA€ PEECTPALio OJUHUIL arperamii sk pecypcHUX
00'eKTiB, OTpUMaHHS CTaTyCy Hajapada JIOTIOMDKHHX IOCIYT, 30ip Ta 0OpoOKy TeleMEeTpUYHUX JaHUX,
NPOTHO3YBAaHHS CIIOKUBAHHS Ta (GOPMYBaHHS rpadikiB i 00CSTiB HABAHTAKCHHSI.

3. BuBeneHHs nmpoayKTiB arperarii Ha pPUHOK — OXOIUTIOE MOJAHHS IUIAHOBUX PECYPCHUX
rpadikiB, yd4acTb B ayKIiOHaX, YIpPaBJIiHHSA HABAHTAXKCHHSAM CIIOKUBA4iB, a TaKOX IMPUHAMAaHHS,
MiATBEP/DKCHHS W BUKOHaHHsS pgucrnerdepchkux koMaua Big OCIL. Takok BKJIFOYAE MOHITOPUHT 1
TiepeaBaHHs JaHUX KOMEPI[iHHOTO OOIIKY JIJIs ONIEpaToOpiB CHCTEM PO3MOALTY Ta epeadi.

Ha puc. 7 HaBeIeHO NpHKIAX arperoBaHoro Mpo(digio CHOXUBaHHS, CPOPMOBAHOTO MUIIXOM
00’€THaHHS THUIMOBMX TPyl crnoxuBauiB. KoskeH mnpodins Tpynmu OTpUMaHO LUIAXOM YyCepeAHEHH:
IHAMBIAyanpHAX 1000BHUX NpodimiB crioxkuBanHs EHB, 1o BianmoBiatoTs THITY TOMOTOCIIOIAPCTBA.
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Puc. 7
ArperoBanuii Tpoinb  CIOKMBaHHA MOOYIOBaHO Ha OCHOBI 12 TumoBux mpodimiB

JAOMOTrocrnoaapCTB, IO OXOIUTHOIOTH HII/IpOKI/Iﬁ CIICKTpP COHiaHLHO'HCMOFpa(bi‘IHI/IX XapaKTEPpUCTUK — Bi,[[

ciMeii i3 IITbMH 70 MEHCIOHEPIiB i OJUHAKIB. 3a JOMOMOrOK CremianbHol moBeaiHkoBoi Mozaeni [10] mis
KOXKHOI KaTteropii 3reHepoBaHo Bif 25 no 50 yHikanpHHX TpadikiB BOJOCHOXHMBaHHS, XapaKTEepHUX IS
OyaHiX IHIB OCiHHBOTO mepioay. Ilpodini BimoOpakaloTh Pi3HI PEKUMH 3aWHATOCTI (MOCTiiHA, 3MiHHA,
BIJICYTH#), 110 3a0€31euye MOIel 3AaTHICTh BPaXOBYBATH PEATiCTHUHI IOBEIIHKOBI ITaTEepHU Ta POPMyBaTH
HaOJIMKeHe 10 peabHOTo MOPT(OIio HABAHTAKECHHSI.

[nmuBinyansHi KonuBaHHS TpadikiB 3rIIa/PKYIOTECS Ha €Tami arperyBaHHs, B pe3yJbTaTi 4oro
(dhopMyeTbCss  CTaOLIBHMM y3arajbHeHWH mnpodins crnoxuBaHHg. lle chpuse 3raKEHHIO MKOBHX
HaBaHTaXEHb, MIABUIIEHHIO KOe]illieHTa 3alIOBHEHHS Ta IiJBUILEHHIO IPOTHO30BaHOCTI 1000BOro rpadika
€JIEKTPOCIIOKUBAHHS arperoBaHoi rpynu. Ha ocHOBI aHalizy oTpuMaHux rpadikiB BUIIJIEHO 4acOBi BiKHA 3
HAWBHIIMM TIOTESHIIIANOM JJIsl pealtizallii pecypciB THyYKOCTI, TO3HAYCHI BEPTUKAILHUMH CMYTaMHU.

Y Mopeni peanizoBaHo crieHapii aktupaiii EHB, npu skux podota BxmouenHs EHB oOMexyeThes
BIJMOBIAHO J0 KEPYIOUHMX CUrHaiiB arperatopa. Yci EHB B moaemoBanHi MatoTh 00°eM 80 11 1 OTYXHICTb
1,2 kBt. TemneparypHi napamerpu poboTu koxHoro EHB KoHTpoiroroThCcs BOYZOBAaHMM TEPMOCTATOM,
KU aBTOMATUYHO akTHBYeE a0o neaktuBye TEH Bix moToyHOl TemrepaTypu OiJisi 30HA YyTIUBOCTI TaTINKa
TEPMOPETYJISATOPa Ta BCTAHOBJICHO1 CIIOKMBA4YEM TEMIIEpaTypH HarpiBy, sika cknazgae 50 °C ans Beix EHB.
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Jnst aHanizy peakuii arperoBaHoi IpylH CHOXHBAayiB 3MOAEIHOBAHO AKTHBALIIO ABOX THIIOBHX
MPOIyKTIiB Oanancyrodoro pwHKy: bP 3 09 (Bimkmouenns EHB 3 08:00 mo 08:59) Tta BP 3 21
(Bimxmouenns 3 20:00 mo 20:59). Arperoanuii mpodisib, OTpUMaHUHN MIITXOM 00'€THAHHS 1HIUBITyTBHAX
pexumiB pobotn EHB, BucTymae OCHOBOIO [j1s1 OLIHKM BHKOHAaHHS KOMaHJ, BIUIUBY Ha Komdopt
CITO’KMBAYiB, PO3POOKH ONTUMAIBHUX TOPTOBHX CTPATETii, a TAKOXK BIICKOKY CITOKHBAHHS ITICIIS BIIMIHH
KOMaH/IH.

Ha puc. 8 HaBeneHo rpadiku crioKMBaHHS MOTYKHOCTI arperoBaHoi rpynu 3 425 EHB notyxHicTio
1,2 xBt 3a nBoma cueHapisimu: 0a30BMM Ta 3a YMOBU aKTHBAlil 3a KOMaHIOIO arperatopa. B TaOmumi
HaBeJIeHO TTapaMeTpy akTuBalii arperosanoi rpynu EHB BignosigHo o puc. 7.

100 IIpoayxr
- Mapavetp BP 3 09 |BP 3 21
_ 75 < 3miHa MKy gIOTy)KHOCTl BHACJIIJIOK +31.8 +24.10
X . akTuBalii, %

g 50 @ Yac /10 miKy Micist BiJIKIIOYEHHS, XB 1 16
% ! E BinxuieHHs BiJ IIIAHOBOT'O 3HIDKEHHS, %0 0 -8,6
a, 25 - 5] 3arajbHa arperopana MoTyHiCTh, KBT 510 510
[\M B Kinbkicts EHB, wr 425 425
0 MiHiMasbHa arperoBaHa rHy4KicTh, KBt 193 167
00 0z 04 06 08 10 1z 14 16 18 20 22 Iepenecena enepris, KBT-ron 208 182
Uac, FOOHHE Cepenne 3amxenns 3I'B, 1 15 24
C—)PesymsTar KoMaHIH =~ —=—==- Ba30Ee CHOKHBAHES MaxkcumanesHe 3Hmkenns 3B, n 39 94

Puc. 8

PankoBuii mepiog neMOHCTpye THUNOBUH piBeHb akTuBHOCcTi EHB y 0azoBomy pexumi.
[IpumnyckaeTbes, mo akTuBalis komanau arperatopa 3 08:00 no 08:59 3abe3nedye moBHE BiIKIIOUYEHHS BCiX
EHB. Ilicns 3aBepuieHHs aktuBaiii, y mpomixkky 3 09:00 mo 10:30, croctepiraerbcst eheKkT BIACKOKY e
aKTUBHICTH IepeBuIlye 0a30oBHi piBeHb 1 csarae Onu3bko 60%, IO CBIAYWTH NPO BiAKIAAEHHHA MpOLEC
HarpiBy. Y JIeHHHH MepioJ aKTHBHICTH 3alviiaiacs BHLIOK 3a 0a3oBy mo 14:00, omHak gami ikcyeTsbcst
craj HaBaHTAKEHHS, 10 BKa3y€ Ha MEPEHECEHHs YaCTUHH IMOMMTY Ha iHIII mepioaun. BedipHiili cueHapii
JIEMOHCTPYE JEMIO0 3HIKEHE CTIOKUBAHHS MOPIBHIHO 3 0a30BUM PEKHMMOM, HATOMICTh Yy TIEPiOJ] aKTUBAIIii 3
20:00 mo 20:59 HaBaHTa)XCHHS TUIAHOBO MOBHICTIO BifACyTHE. [licist 3aBepIieHHs] KOMaH U 3HOBY (iKCYEThCS
e(deKT BIJHOBJICHHS, OJJHAK MEHIIOI aMIUNTYyId MOPIBHSIHO 3 PaHKOBHM, IO CBITYUTH PO YACTKOBE
NOKPUTTS TIOTPeO B ENEKTPUYHIN eHepril Ha HarpiB BOJM y BIIPOJIOBXK JHS.

Y paHKOBOMY TIepio/li €HEPrOCIIOKMBAHHS BITHOBIIOETHCS IIBUAINIS, a IIK ICIAS aKTHBAIil
MIEPEBUIIYE MMIKOBE HaBaHTaKeHHA Oe3 akTuBauii Ha 31,8%, Toni sk yBeuepi jume Ha 24,1%. YV BeuipHii
akTuBaiii Oyso 3adikcoBaHO 3HMKCHHS BiJl TUIAHOBOTO piBHS Ha 8,6% depe3 BIUIMB paHKOBOI aKTHBAIIil Ta
3MiHy rpadika CIOXKMBaHHS €JIEKTPUYHOI eHeprii Ha HarpiB. 3aranbHuil 00CsAT epeHeceHoi eHeprii CKiaB
208 kBt'rox mns pankoBoro mpoaykty Ta 182 kBrrom — mis Bewippboro. Cepenne 3umxenHs 3B
craHoBwiIO 15 ;1 Bpanmi Ta 24 5 BBeuepi, a MakcHUManbHe 3MeHIICHHS B okpemMux EHB — 39 m i 94 n
BIZIOBIAHO.

BcranoBneHo, 110 paHKOBa aKTUBALlsl COPUSE 3HWKEHHIO BEUipHBOrO MIKOBOrO HaBaHTaXeHHs. Lle
MOSICHIOETHCS 3MIllIEHHAM TiepioiB poootn yactuau EHB y MixknikoBi roanau. Takuii B3a€M0O3B’ 130K Mae
BIUIMB Ha OITHMI3alil0 TOPrOBHX CTpaTeriii arperaropa, OCKUIbKM BHMarae KOMOIHYyBaTH IOCIiIOBHI
PaHKOBI Ta BE4ipHi MPOAYKTH, BPAXOBYIOUH HAKONUIYBAJILHUH €(eKT iX 3acTOCYBaHHS.

AHani3 pe3ynpTaTiB MOIENIOBAaHHS TOKa3aB, MO0 B MoMeHTH akrtuBarmii jume 40-50% EHB
nepeOyBarTh y (a3l HarpiBy, TOOTO € BKJIIOYEHUMHU B poOOTy. lle 3yMOBIEHO TEIUIOBOKO IHEPIIHICTIO,
CMOXKMBYMMH 3BUYKAMHU Ta OCOOJNMBOCTSAMH KEpyBaHHS TEPMOCTaTOM. Biarak, 3a HOMiHaJBHIM MOTYKHOCTI
onHoro mpuctporo 1,2 kBt mns dopmysanHs rapantoBaHoro 1 MBT pecypcy Ha 0amaHCYyHOUOMY PHHKY
HEIOCTATHBO MPOCTO arperyBaTd eKBiBaJieHT wiei moryxHocTi Ommzpko 850 EHB. 3 ypaxyBanHIM
(hakTUYHOTO PIBHS CIOXMBaHHS HEOOXiTHO MaclITadyBaTd Ipymy 3 KoedillieHTOM pe3epByBaHHA 2-2.5. YV
pe3ynbTaTi 3amis 3abe3nedeHds crabinmpHoro 1 MBT mpoaykTy B paHKOBOMY Mepiofi MOTPiOHO OIMU3BEKO
1850 EHB, y Bewipapomy — g0 2150 mpuctpois. Lle migkpecmroe HEOOXiTHICTh BpaxyBaHHS pPEaTbHOI
AKTUBHOCTI CIIOYKMUBAYIB ITiJ] 4aC MPOEKTYBAHHS arperoBaHUX THYYKUX PECYPCiB.

3anns 3abe3neueHHs e€PEKTHUBHOI ydYacTi arperatopa Ha Pi3HHX CETMEHTAaX PUHKY eJIeKTPHUIHOL
eHeprii HeoOXiTHO KOMIUIEKCHO BpaxOBYBAaTH TEXHIKO-€KOHOMIYHI UWHHHWKH, IO BIUIMBAalOTH Ha
ONITUMI3allil0 HOTO olepaniifHol AisbHOCTI Ta (opMyBaHHS I0XOiB. OUiKyeThCs, 0 OCHOBHI MPUOYTKH
arperaropa OyayTh (JOPMYBaTHUCS 3a paXyHOK HaJaHHs qonoMixHux mociyr Ha P/IIT Ta yuyacti Ha BP. P/II1
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€ HalO1nbm CTaOlIPHUM JKEpPENIOM JOXOAY 3aBISKH OIUIaTi pe3epBYBAaHHS MOTYKHOCTI Ta MOXKIMBOCTI
OTpUMaHHS IOJATKOBOTO NpHOYTKY Yy pasi akTuBamii pe3epBy. BomHouac, pO3BHUTOK KOHKYPEHIN Ta
TPAaHCKOPAOHHUX IIAT(GOPM 3yMOBIIIOE MTOCTYIIOBE 3HIKCHHS MAapKMHAIBHOCTI HA IIbOMY CETMEHTI.

CkopoueHHs yacy TOpriBmi Oyae BaKIMBHM JISl arperaTtopiB, IO KEPYIOTh BEJHMKOIO KUTBKICTIO
moOyTOBUX CIIOKMBAYiB, OCKIJIBKU 3a0e3leuye ONEPaTUBHIIIEC pearyBaHHS Ha BiIXHICHHS, e(peKTHBHIIIEC
BUKOPHUCTAHHS THYYKOCTI Ta 3MEHIICHHS LIHOBUX PHU3MKIB. Y IO€AHAHHI 3 TOYHIIIMM IPOTHO3YBaHHIM
CHOXHMBAaHHS 1€ CIpHs€e TIMOWIN iHTerpaunii arperatopiB y KOPOTKOCTPOKOBI PHHKOBI HPONYKTH Ta
MiABHILYE 3araibHy e(peKTUBHICTb YIPaBIiHHS TOMUTOM.

[TmanyBaHHS TOPTOBHMX CTpATETii arperaropa BU3HAYalOTh HACTYITHI OCHOBHI (pakTopH.

1. AHai3 MIHOBUX CHTHATIB, 30KpEMa CepeIHBO3BAKCHI I[IHU PHHKY «HA MO0y Hamepem» Ta
BHYTPILIHbOA000BOMY PHHKY, a Takox aHaini3 omepatuBHuX Aanux OCII mono po6otu BP ta PAIL, sxi
JTAl0Th 3MOTY 31HCHIOBATH BHYTPIIIHBO1000BE TPOTHO3YBAHHS Ta BHSIBJISATH PUHKOBI TCHICHIIIT.

2. OriHKa aKTHBIB THYYKOCTi, IO BKJIIOYAE K (Di3WYHY 3MAaTHICTH CIIOKMBAYiB 3MIHIOBATH
PIBEHB CBOTO CITOKMBaHHS CHEPTii, TaK 1 MPOTHO3YBaHHS iX y4acTi Ha PUHKY.

3. OmnepaiiiHi Ta TEXHIYHI BUMOTH, HAPUKIaJ, IIOJAaHHs CTaBOK y KOHKPETHHUH dac 100u abo
MiHIMaJIbHUN 00OCAT CTABKH, & TAKOX BUMOI'H JI0 KOHKPETHUX PUHKOBHX MPOAYKTIB 0 Yacy peakilii Ta 3MiHU
MOTYXHOCTI;

4, OriHka MOTEHIIIHHUX BUTOJ Ta BUTPAT IIiJ1 Yac 1oaavi Mporo3ullii, OCKITbKH OKPIM JOXOIiB

arperatop MOBHHEH BPaxOBYBAaTH BHUTPAaTH Ha 30aJaHCYyBaHHS BIACHOTO MOPT(dens, a TakoX MOXIIHUBI
mrpadu 3a HEBUKOHAHHS 3000B’s13aHb II€PEl PUHKOM.
Pearizanist mpoayKTiB arperatopa Ha pUHKY €JIeKTPHYHOI eHeprii BKIIIOYA€E eTarny, HaBeJeHi Ha puc. 9.
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Puc. 9

Bap’epn Ta nepcnexktuBn BnpoBakenHss EHB y mnporpamMm pearyBaHHs Ha IIONHT.
HesBaxaroun Ha TEXHOJOTTUYHHH MPOTPEC 1 3pocTarody NOTpedy B THYYKOCTI €IEKTPOCHEPTETHYHHUX CHCTEM,
B YCHOMY CBITI TOOYTOBI CIIO’KHBAUi 3AJIMIIAIOTHECS MaJIO iIHTETPOBAaHUMU y MPOTPaAMH pearyBaHHs Ha ITOIHUT.
OpHi€l0 3 KIIOYOBHX MPUYMH LBOTO € OOMeXeHa MOiH(GOPMOBAaHICTH CIIOKHBAYiB TPO MEpeBarn Ta
MeXaHi3MH Aii mporpaM pearyBaHHs Ha HONUT. baraTo croKuBadyiB HE PO3YMIiIOTh, SIK MOYKHA 3MiHUTU CBOI
EHEProCIOKMBYI 3BUUKU 0€3 IMKOIU Jsi KoM(pOPTY, 1 HATOMICTh OOMPAIOTh MPOCTi, aJieé MEHIN e(eKTHUBHI
METOJM EKOHOMii. SIK HachmiJiok, 3HAYHWU TMOTEHIal KepyBaHHS HABAHTAKCHHAM 3aJTUIIAECTHCS
HeBUKOpHCcTaHuM [11].

ToMy e OMHMM aKTyalbHUM 3aBIAHHAM € po3poOKa iHTYITUBHO 3pO3YyMIJIMX, TEXHIYHO MPOCTHUX 1
MMOBEIIHKOBO TPHHHATHUX CTpATEeTii KOPHCTYBAHHS EJICKTPOIPHIIAIaMU, SKi CIOXHBadl 3MOXYTH JICTKO
BIIPOBAIUTH Yy TOBCSKACHHE >KUTTA. KilouoBy posib y LbOMY BiJlirpa€ ABOCTOPOHHIN 3B'SI30K MiX
NPUCTPOSMHU Ta CHCTEMOIO yHpaBimiHHS arperatopa. OcobmuBo 1ie ctocyerbes EHB, siki 3maTHi He nume
OTPpUMYBAaTH CHUTHAJIW BiJl AWCICTUYCPCHKUX IICHTPIB, ajlc ¥ HAACWIATH BAXKIWUBY I1H(POpPMAIIIO MPO CBIi
MOTOYHMM cTaH. L{e 3a0e3nedye HamiiHII KOHTPOJIL 32 BUKOHAHHSIM KOMaH]I, CBO€JacHE BUSBJICHHS 3001B.

VYdacHHUKH HE 3aBXKIU YiTKO YCBIIOMIIIOIOTH CBOIO POJIb, OYIKYBaHi pe3yibTatu abo HACTIIKM y4acTi,
10 3HMKYE MOTHBALIIO 10 3aiy4ycHHs. L{e BUMarae BIpoBaKEHHs SKiCHOT 1H(OpPMAIiHHO-TIPOCBITHUIIBKOT
MIATPUMKH: JOCTYIHHUX IHCTPYKINH, OaraTokaHalbHOI KOMYHIKAIlii, HAOYHUX TPHUKJIAAIB 1 MOSCHEHb, IO
MOBTOPIOIOTBCS. 3 JOCTAaTHBOIO YacTOTOI0. Peryisipauii MOHITOpMHI piBHS 3aJOBOJICHOCTI YYacHHUKIB,
IHTepaKkTUBHI MIaTGOpMH 3BOPOTHOTO 3B’S3KY, @ TAaKOX IEPCOHATI30BaHI peKOMEHalil MI0AO0 ydYacTi y
Iporpami pearyBaHHS Ha IOMHT AAIOTh 3MOTYy MiHIMi3yBaTH Oap’epu cripuifHATTSA. BaxkinnBo BpaxoByBaTH i

Croxipay
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MOBE/[IHKOBI YUNMHHUKHU: CIOKMBAYi Y4acTO HE 0a)arOoTh 3MIHIOBATH 3BUYHUH CHOCIO KUTTS, HABITh SKIIO iM
MIPOIOHYIOTh (PIHAHCOBY BHIOAY, Yepe3 IICHUXOJIOTiYHI Oap’epu, HeOaKaHHSA BTPATUTH KOHTPOJb Hal
MoOyTOBUMH TIPUITAIaMH a00 HU3BKY OBIPY JO HOBUX TEXHOJIOTIMH.

AJie HAUMOTYXHIIUM IHCTPYMEHTOM TOAOJaHHA LUX Oap'epiB 3aIMIIAIOTHCS €KOHOMIYHI CTHMYJIH.
IIpsimi BUTUTATH, 3HIKKH Ha paxyHKH a00 OOHYCH 3a y9acThb 3/1aTHI aKTHBI3yBaTH IHTEpPEC 0 mporpam. Brim,
piBeHb CTUMYJy Ma€ BiIIOBIJaTH OYiKYBaHHSM 1 BUTpaTaM Yacy UM 3yCHJIb CIIOKHBada. SIKIO BHHAroposma
CHpuiiMaeThCs SIK HE3HAUYHA, PIBEHb 3aTy4eHHS 3aIHIIaTUMETHCS] HU3bKUM.

Kpim Toro, noBipa 10 eHepreTHYHHUX KOMIAHIH 1 omepaTropiB CUCTEM € BUPILIATBLHUM (HaKTOPOM.
CrioxxuBadi MOXYTh BIJIMOBIISITHCS 4epe3 CTpax BTPaTh MPUBATHOCTI, BIJICYTHOCTI MPO30pPOCTi Yy
BUKOPUCTAHHI JaHUX a00 HEraTMBHUH AOCBiA. ToMy BaKJIMBO BIIPOBaDKyBaTH YiTKi, MPO30pi MpaBuiia
y4acTi, TapaHTyBaTH 3aXMCT AaHUX Ta BIJKPUTO KOMYHIKYBaTH YMOBH 1 CITIIBHY BUTOIY Bi B3a€MOii.

BucHoBku.

1. Bcranorneno, mo nodyrosi EHB B VkpaiHi MaroTh 3HaYHMI MOTEHINAT K THYYKHI pecypc
y mporpaMax pearyBaHHS Ha IONUT 32 YMOBM BpaxyBaHHsS iXHIX TEXHIYHUX MapaMeTpiB, MOBEIiHKU
CHOXXMBaYiB Ta e(eKTUBHOI B3aeMozii Mk arperaropom, ciokuBadamu ta OCII.

2. CTBOpEHO MOCIIZHY YCTaHOBKY, Ha OCHOBI SIKOI 310paHO BEJMKHI OOCAT JeTali30BaHUX
ICTOPUYHUX JaHUX MPO peasibHi pexkumu podotn EHB Ta moOynoBaHO KOMIT FOTEPHY MaTeMaTHYHY MOJACTb
EHB, 110 3a6e3ne4nio BUCOKOTOUHE MOJICTIOBAHHS TEIUIOBHX MPOIIECIB 1 CTANO OCHOBOIO JJISl MOJAIBIIOTO
JOCTIJKEHHS pecypcy pearyBaHHs Ha MOITUT.

3. [MpomonenboBano pi3Hi cuenapii podorn EHB 3 ypaxysannsm pias HI'B, mo nano 3mory
OIIIHUTH KOMITPOMIC MK KOM(OpPTOM CHOXHBa4a Ta EHEPreTHYHOI THYYKICTIO. Pesymbratu TexHiKo-
COILIIAJILHOTO aHaJli3y CBiqYaTh PO PECYPCHUI MOTEHIIIa pearyBaHHs Ha nmonuT arperosanux EHB 00’ emom
80-100 i Ha piBHi 6mu3bko 3 I'BT.

4. 3anporoHOBaHO JBOPIBHEBY apXiTeKTypy iH(pacTpykrypu mns interpamii EHB y cucremu
pearyBaHHs Ha IIONWT Ha OCHOBI IBOPIBHEBOT MOJEIIi arperatopa 3 BUKOpUCTaHHAM cranzapty OpenADR.
o. [IpoBeneno monemoBanHsa ydacTi pisaux EHB y mporpamax pearyBaHHS Ha MONHT yepes

MEXaHI3MH arperyBaHHsi, O[O0 Jaio 3MOry c(hopMyBaTH KIFOUOBI eTamy peaiizallii MpOomyKTIB arperaropa:
(hopMyBaHHS pecypcy, CTBOPEHHS arperoBaHNX MPOMYKTIB 1 1X pearizallis Ha pUHKY €IeKTPUIHOT eHEepTii.

6. OnineHo epeKTUBHICTH 3alIPONIOHOBAHMX MPOAYKTIB IS OANaHCYIOUOTO PUHKY, IXHiH BIUTUB
Ha CNOXHMBAHHS B iHIN rofauHu 1o0u. [TokazaHo, 110 HAHOUIBII TMEPCICKTUBHUM ITiIXOIOM arperyBaHHS €
creHapHuil miaxig mo ¢opmysanHs noptdens EHB, mo 3abesmedye OamaHc MiK TEXHIYHOIO THYYKICTIO
CHOKMBaHHA 1 KOM(OPTOM KOPUCTYBauiB.

7. Busnaueno ymoBu, 3a sikux interpauis EHB y cuctemm pearyBanHs Ha momuT Oyae
e(heKTUBHOIO, 00CST pe3epByBaHHS MOPTQeINs arperaropa Ta TOCTpy HOTpeOy B MOETHAHHI TEXHOJIOTIYHHX
pilIeHb, EKOHOMIYHHUX CTHMYIIB 1 iHPOpPMaIiHHOT M ATPUMKH CIIOKHBAYIB.
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INTEGRATION OF DOMESTIC ELECTRIC WATER HEATERS INTO DEMAND RESPONSE
MECHANISMS OF THE POWER SYSTEM
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This study presents an extensive investigation of domestic electric storage water heaters (ESWHSs) as a flexible demand-
side resource in the power system. An analysis of the Ukrainian residential water heater market is conducted,
evaluating both their prevalence and technical potential for participation in demand response programs. An
experimental ESWH testbed has been designed and implemented to collect high-precision data on thermal processes
within the tank and electricity consumption, serving as a foundation for model validation. A computational
mathematical model of ESWH thermal and electrical dynamics has been developed and validated, incorporating both
physical system parameters and consumer usage behavior. Using this model, Pareto optimality curves were constructed
to identify the trade-off between user comfort levels and ESWH demand-side flexibility. Acceptable consumer comfort
temperature ranges and the response of ESWHSs to control signals from an aggregator have been established. A two-
level system architecture is proposed for integrating ESWHSs into demand-side management frameworks using the
OpenADR protocol, enabling effective coordination between aggregators, distribution and transmission system
operators, and end-users. To validate the proposed approach, experimental simulations were carried out to model the
aggregated response of ESWH users to demand activation signals. The research identifies key stages in the
development of demand response market products: resource base formation, creation of aggregated flexibility products,
and their deployment in the electricity market. Furthermore, the study analyzes barriers hindering the implementation
of demand response programs in the residential sector, including low consumer awareness, lack of economic
incentives, and limited technological readiness. References 11, table 1, figures 9.

Key words: demand response, water heater, aggregator, energy efficiency, smart grid, energy monitoring, electricity
market, load aggregation
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CORRECTION OF THE INFLUENCE OF HIGHER HARMONICS DURING SYNCHRONOUS
DETECTION OF QUASI-SINUSOIDAL SIGNALS
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This article examines errors caused by the influence of higher harmonics during synchronous detection of step-
approximated quasi-sinusoidal signals in electrical impedance meters and other devices. Numerical modeling of the
synchronous detection process is performed in case of coinciding shapes of the input and reference detector’s signals. It
is shown that when the number of approximation steps in the input and reference signals is equal, the dependence of the
error on the phase of the input signal is periodic, with the period of error variation coinciding with the width of the
signal step. An analytical expression is derived showing that the maximum error value decreases proportionally to the
square of the number of signal approximation steps. Changing the shape of the reference signals of the detectors by
varying the number of approximation steps is proposed to reduce the error. In this case, the error decreases
proportionally to the square of the least common multiple of the numbers of steps in the input and reference signals. A
combination of stage numbers that have no common factors are found to be an optional choice. It is demonstrated that
the error under study can be reduced by several dozen times without narrowing the frequency range of the converted
signals. An experimental determination of errors caused by the influence of higher harmonics was carried out, results of
which confirmed the effectiveness of the proposed method for correcting these errors. References 13, figures 5, tables 3.
Keywords: impedance, quasi-sinusoidal signal, higher harmonics, synchronous detection, error correction.

Introduction. Test voltage generators in the form of a stepped quasi-sinusoid are becoming
increasingly widespread in many areas of measurement technology [1-3]. Their advantages include high
stability and discreteness of signal parameter adjustment, ease of implementation thanks to the use of digital
and digital-to-analog integrated components, and minimal need for microprocessor computing resources. The
use of such generators in electrical impedance meters or other devices where the signal modulus and phase
are informative quantities allows for significant advantages to be achieved at minimal additional cost: ease of
changing the operating frequency, precise generation of auxiliary reference signals with digital setting of the
required initial phase, and strict synchronization with the main signal [4, 5].

One of the promising applications of quasi-sinusoidal step voltage generators is the construction of
bridge-type impedance meters, in which they are used to generate alternating currents through compared
measurement objects and standards. The generalized structure of such devices is shown in Fig. 1. The signal
from the SG generator is connected to the input of the measuring circuit, which generates an output signal
whose informative parameters are the amplitude Sy and phase ¢y. The output signal is synchronously
detected using in-phase and quadrature detectors, with the reference signal of the in-phase detector being in
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phase with the generator signal, and the quadrature detector being phase-shifted by 90°. Measuring and
processing the output signals of the Sg and Sq detectors allows for a very accurate determination of the
parameters of the impedance being studied.

The development of modern technologies increases the need for high-precision impedance parameter
meters. In particular, this is very important for metrological support of measurements at industrial
frequencies [6]. The AC transformer bridges used for this purpose are too complex, expensive and
insufficiently accurate. Our earlier

Generator step SIN | g | Measuring Sx*cj"f In-phase S, W(?rks [7] shovv_ed _the prospects of
r‘J_“-LlU‘J circuit ™ detector > using bridge circuits with a step

= quasi-sinusoidal test voltage

Reference in-phase signal generator at such frequencies.

Quadrature AC bridges with two
such generators, one of which

Quadrature| S,

| detector | > produces a test voltage that is

quadrature to that supplied to the

Reference quadrature signal 1 measurement object, allow the use of
a reference standards in the form of

Fig. 1 active resistance for any impedance

under study. This solves the problem
of insufficient accuracy of reactive standards at low frequencies. However, as studies show, achieving the
precision accuracy of such meters is limited by specific measurement errors caused by the influence of
higher harmonics of the step voltage. Similar difficulties occur in other devices with AC data signals. This
problem has not been sufficiently studied to date.

The aim of the work is to study the errors of synchronous detection of step quasi-sinusoidal signals,
as well as to substantiate the method of their correction.

Error values depend significantly on the type of synchronous detectors used. The most widely used
synchronous detectors are of two types: commutators based and multiplying converters based [8], including
those using digital-to-analog converters (DACs). Synchronous detectors based on commutators employ
square-wave reference signals, which implement alternate, coherent (in-phase or quadrature) multiplication
of the signal by +1 and -1 during each period. Using DACs as multiplying elements allows the use of
reference signals with a shape close to sinusoidal. For synchronous detection of stepped quasi-sinusoidal
signals, synchronous detectors with DACs are most easily implemented; their reference signals have the
same number of steps as the input signal. Detectors with a reference signal approaching an ideal sinusoid
(represented in the form of large arrays of digital sinusoid samples) have higher accuracy. However, the
generation of such reference signals is limited by the speed of the DAC.

Numerical simulation of the synchronous detection process. The estimation of the synchronous
detection errors was carried out using numerical simulation in the MATHCAD software package. As an
example, the calculation of the synchronous detection errors of the stepped sinusoidal signal consisting of 32
steps per period was carried out. The reference signals of the in-phase and quadrature detectors had the same
number of steps. The model of each signal is an array of 44800 points per period of the fundamental
frequency of the signal. The initial phase of the reference signal of the in-phase detector was zero. The initial
phase of the reference signal of the quadrature detector was n/2. The input signal of the detectors is an array
of values of the step heights of a quasi-sinusoid with initial phases from 0 to n/2 with a step of n/128. The
output signals of the detectors are calculated as the sums of the products of the input and each of the
reference signals, averaged over the period of the signals. The errors of the detectors are calculated as the
ratios of the deviations of the output signals from the output signals of ideal detectors (in which the reference
signals are pure sine and cosine). Note that this model takes into account the complete array of higher
harmonics of signals.

Relative errors of the in-phase detector:

S COSQy —Sg

)
S S

(1)
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Relative errors of the quadrature detector:
SO -sin Oy — SQ
-— " > 2
Q S (2)
where Ss, Sq are the values of the output signals of the in-phase and quadrature detectors at the phase of the
input signal ¢; Sq is the value of the output signal of the in-phase detector at zero phase of the input signal:

s—131‘2”12' =05 3
O_Ei;)sm (§(+ |)j—, . (3)

Fig. 2 shows the results of mathematical modeling — the dependences of the errors of synchronous
detectors in the range of phases of the input signal from 0 to /2. The yellow line is the error of the in-phase
detector, the black line is the error of the quadrature detector.

0 10 20 30 42 50 &0 70 &0 90 100

Phase, deg

Fig. 2

The errors under study arise because when multiplying the higher harmonics that are simultaneously
present in the input and reference signals, zero-frequency components appear. They are summed up with the
useful signal caused by the fundamental harmonic and it distorts the detection results.

From the data provided, it is clear that the errors dependences on the phase of the input signal are
periodic — they have 8 periods in the phase range from 0 to 7/2. Meaning one period is equal to one step of
the reference signals. In this case of the phases corresponding to the beginning of each step, the error values
are minimal. For the phases corresponding to the middle of the steps, they are maximal for a given step.
When the phase changes from 0 to /2, the maximum values of the in-phase detector errors for each stage
decrease, while those of the quadrature detector increase. The maximum values of each error are about
0.0048. Note that the same errors are also obtained when using detectors with rectangular reference signals,
since the higher harmonics numbers in the input and reference signals are the same in both cases.

When measuring impedance parameters, the errors under study directly affect the measurement
results. For example, the conversion coefficient of a measuring transducer for the active component of
impedance is normalized at zero phase of the common-mode detector's input signal. Error in the
measurement of the active component occurs if the measurement object contains a reactive component. If the
object being measured contains a reactive component, and the phase of the current through the object
corresponds to half of the first stage of the signal, then an error in the measurement of the active component
occurs, equal to the value calculated according to (1). A similar error arises when measuring the predominant
reactive component of the object's impedance in the presence of a small active component, if the phase of the
current through the object is close to w/2.

Error analysis. If the values of the stepped quasi-sinusoidal function are equal to the values of the
continuous sinusoid in the middle of the steps, then the signal containing k steps per period can be
represented as follows [9, 10]:

535 (1) = byfsin ot + gﬁsin[(ki +ot] (5)
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where t is time; o is the circular fundamental frequency of the signal; b, is the coefficient determining the
amplitude of the fundamental frequency component:
s

~1— . 6
na1- ©

Thus, the signal has a fundamental (first) harmonic, as well as odd harmonics with numbers (kiz1),
i=1...00. The amplitude of a harmonic decreases in proportion to its number.
If the phase shift of the input signal relative to the reference signal of the common-mode detector is
¢y, then the output signal of the ideal common-mode detector should be:
SINFO(',x =0,5-cosoy . @)

2

Signal at the detector input:

Sp, (1) =by[sin(ot + ¢y ) + Zﬁsin[(ki 1) (ot+y)] - (8)
i=1 "
Detection consists of multiplying this signal by the reference signal described by (5). Each product
of sines is replaced by half the difference of the cosines of the difference and the sum of the arguments. The
cosines of the sums of the arguments are variable components. Their average values over the period of the
fundamental frequency are zero. If they are excluded, the result of synchronous detection takes the form:

b? T - 1 :
SINF, =-={cos—+ cos[(ki D)oy ]. 9)
2k é (ki +1)2 X
Components caused by higher harmonics:
— cosines of the sums of the arguments
cos[(ki +1)p, ] =coskip, - cos%—sin Kipy -Singy ; (10)

— cosines of the differences of the arguments
cos| (ki —1)@y | =coskigy - Cos@y +sinkipy -sing, . (11)

From the graph of the error of the common-mode detector (Fig. 1) it is evident that the error has a
maximum value at the phase of the input signal corresponding to half the duration of the first stage of the

reference signal, i.e., ¢, =@, =7/k . At this point, the second components in (10) and (11) become zero,
since sin(i-m) = 0 for any integer “i”. Let us determine the signal component caused by higher harmonics at
the signal phase @x:

b? n{w cosint | < cosin}
ASHGe, =—C0S—| » — +y : (12)
"2 k[EM-)® {E ki
For each value of i:
2
ASHG(pl_:&cosincosE L 5+ L 5 |- (13)
b2 K| (ki-1)° (ki+1)
After transformations, expression (13) takes the form:
1+(k1)
. n 1 i)2
ASHG(P_zblzcosmcos— - (14)
Li k(kl)z 1_L+ 1
(k)2 (ki)

We expand the last factor in a series in powers of the small value 1/(ki)* and discard the higher-order
terms:

. n 1 1
ASHGiwl ~ bf cosin COSEW[H 3WJ : (15)
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The deviation of the multiplier (1+3-(ki )_Z)from 1 decrease with increasing k, i. If this multiplier is

replaced by 1, the maximum relative error in calculating each will not exceed 0.03 for k>10 (i.e., for most
practical cases). Since we are analyzing the conversion error, this deviation is the "error in determining the
error" and does not significantly affect the measurement result.

If we take into account that cos(in) is equal to "-1" for odd "i", and "1" for even, we obtain an
alternating-sign series:

i
AShg,, = 2-cosﬁ-izﬂ . (16)

The sum of the alternating-sign series of inverse squares of integers is equal to "-n%/12" [11]:

T TCZ

k 12.k2
This sum takes into account the entire array of higher harmonics of the signals.
The output signal of the detector from (9) taking into account (17):

2 2
SINE,, =2 cos [ 1- | (18)
2 Tkl 6.k2

For a phase value corresponding to half the first stage, the output signal of an ideal common-mode
detector is:

ASHG(P1 = —blz -C0S (17)

T
SINFO,, =05-cos. . (19)

The ratio of the received signal (18) to the ideal:

2 2 \3
mzbf{l— T ]:{1— T ] . (20)
SINF O, 6-k?2 6-k2
Hence, the maximum relative error of the output signal of the common-mode detector (with the
phase of the input signal corresponding to half of the first stage) is approximately equal to:
2
0 NI
SINF ol 212 (21)
From Fig. 2 it is clear that the obtained value also characterizes the maximum value of the error of
the quadrature detector. Table 1 shows the values of the maximum errors of synchronous detectors, in which

the shape of the reference signals coincides with the shape of the input signal, depending on the number of

signal steps.
Table 1
Number of steps per | Max. error When performing precision measurements of impedance
period parameters, very high requirements are imposed on the measurement
16 1'9'1(_): error. In particular, the solution to the problem of creating a precision
gg 48;30_3 AC quadrature bridge for metrological support of measurements at
50 é-10'3 industrial frequencies requires ensuring an error in measuring
64 1.2:10° electrical capacitance of no more than 5-10°. As can be seen from
100 4,8-10™ the data in Table 1, such a value can only be achieved with a number
200 1,210 of signal approximation steps of at least 1000. It is obvious that
400 310° increasing their number leads to a reduction in the frequency range at
1000 510° which impedance parameters are measured due to the limited speed

of the DAC, as well as the need for additional time to enter the control digital code into the DAC.
Recently, many researchers have been working on creating synthesizers of sinusoidal signals based
on Josephson matrices [12], but this solution requires significant costs and is not suitable for commercial use.
Solution. The performed analysis relates to the variant of constructing synchronous detectors, in
which both the input signal and the reference signals have the same number k of steps per period. In this
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case, the numbers of harmonics that coincide in both signals are equal (kixl), i=1...0c. Here the error value
decreases proportionally to the square of the number of steps.

The authors propose the way to reduce studied errors that does not require increasing the number of
signal steps. To solve the problem, it is sufficient to change the number of reference signal steps. If the
number of input and reference signal steps is different, the highest harmonic, the number of which coincides
in the signals, is determined by the least common multiple of the numbers of input and reference signal steps.
According to (21), k will be equal to this least common multiple, which can be significantly greater than the
number of steps (in the best case, equal to their product). Table 2 shows the calculated values of the
maximum errors of synchronous detectors for the variant of constructing a detector with reference signals,
the number of steps in which differs from the number of steps in the input signal.

Table 2
Number of steps Number of steps in | Least common multiple | Maximum | Error Reduction
in the input signal reference signals of the numbers of steps error Factor
32 28 224 1-10* 49
32 25 800 8:10° 625
64 50 1600 2:10° 625
64 100 1600 2:10° 625
100 128 3200 5107 1024

The data in Table 2 demonstrate a significant reduction in the error level under study when changing
the number of stages in the reference signals compared to the previously discussed detector design.
Specifically, with 32 stages in the input signal, changing the number of stages in the reference signals by 25
is sufficient to reduce the error to 10°. To meet the requirements of even more precise measurements, a
64/50 stage ratio can be selected, and for further accuracy enhancement, a 100/128 stage ratio is suitable.

Note that generating reference signals with a multiple of 4 stages is the easiest method, since it is
easy to obtain the quadrature detector reference signal by shifting the generation start by % of the in-phase
reference signal count table. However, it is not difficult to generate a quadrature reference signal with any
number of stages, including those not multiples of 4 and even odd numbers. This requires generating a
separate "cosine" table, distinct from the original "sine" table.

Experimental verification of the research results. The research results were verified on an
experimental sample of the precision quadrature AC bridge created in the Institute of Electrodynamics of the
National Academy of Sciences of Ukraine. The generator and detectors in the device are implemented on the
basis of 16-bit multiplying DACs of the LTC1592 type (Linear Technology), connected according to the
bipolar scheme. The analog input signal of the generator was obtained from the source of stable constant
voltage on the ADR3650 microcircuit (Analog Devices). To carry out the described experiments, the output
signal of the generator was connected directly to the analog inputs of the detectors. Sequences of digital
codes from sine-cosine tables for the corresponding number of steps of the quasi-sinusoidal signal were used
as reference signals of the detectors. Synchronization of the generator and detectors is ensured by forming
the moments of writing codes to the DAC from one timer, which is part of the control microprocessor. The
clock frequency of the timer was 12800 cycles per signal period. The phase shift of the generator signal
relative to the reference signals of the detectors was adjusted by delaying the start of signal generation by an
integer number of cycles, due to which the resolution of the phase adjustment was ©/6400, i.e., 0.028155
degrees. Digital readings of the output voltages of the detectors were obtained using analog-to-digital
converters on ADS1244 microcircuits (Burr-Brown, Texas Instruments). The results of the study take into
account the influence of higher harmonics of signals that were not suppressed by analog elements of the
DAC. Since the frequency bandwidth of these elements is about 10 MHz, and the frequency of the signals
was 50 Hz, the influence of harmonics with humbers up to 200,000 was taken into account. The harmonics
suppressed by analog elements did not have a significant effect, as their amplitudes were negligible.

Fig. 3-5 show the results of experimental determination of the error dependencies of synchronous
detectors for various combinations of the number of steps. The yellow lines show the graphs of the error
dependencies of the in-phase detector, the gray lines show the quadrature one. Combination of Fig. 3: 32
steps in the input signal, 25 in the reference ones.
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Combination of Fig. 4: the same number of steps in the input and reference signals — 100 each.
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Comparison of the graphs in Fig. 3-5 with the graphs in Fig. 2 shows that the total error (in addition
to the component caused by higher harmonics) has another, aperiodic component that is not associated with
the number of steps in the signals. There is a theory, that this component is caused by time delays in the
response of the analog units of the equipment, which leads to the fact that the phase difference of the
reference signals of the detectors differs from n/2 [13]. Analysis of this component is beyond the scope of
this study. The level of error caused by higher harmonics can be estimated by the amplitude of the periodic
component, which predominates in Fig. 4, and is weakly expressed in Fig. 3 and 5. An approximate estimate
in Fig. 3 and 5 is that it's less than 2:10”. Table 3 shows the results of the experimental determination of the
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maximum errors of synchronous detectors, caused by the influence of higher harmonics, for two variants of
synchronous detectors: with reference signals, the number of steps of which is equal to the number of steps
in the input signal, and with reference signals with a different number of steps.

Table 3

Number of | Number of steps Least common Maximum error The de_lta_ln rows 1,2 and 4
stepsinthe | inthe reference | multiple of the due to the of Table 3 coincide quite accurately
input signal signals number of steps in influence of with the data in Tables 1 and 2. It is
signals higher harmonics | difficult to obtain exact values of the
25 25 25 8-10” studied error for rows 3 and 5 of
32 32 32 4,8-10° Table 3, since the error due to the
32 25 800 <2-10® influence of higher harmonics turns
100 100 100 4,8-10" out to be negligibly small in
100 128 3200 <210” comparison to the error caused by

other factors.

Conclusions.

1. The presence of higher harmonics in the step quasi-sinusoidal signals leads to the appearance of
specific errors in the synchronous detection of such signals. The results of numerical modeling and analytical
research show that the dependence of the error on the phase shift of the input signal relative to the reference
signals of the detectors is periodic.

2. When the number of approximation steps in the input and reference signals is equal, the period of
the error change coincides with the width of the signal step.

3. The maximum value of the error caused by the influence of higher harmonics decreases
proportionally to the square of the number of steps in the signals.

4. A way to reduce the studied errors is proposed, which consists in using reference signals with a
number of steps different from their number in the input signal. In this case, the error decreases
proportionally to the square of the least common multiple of the numbers of steps in the input and reference
signals. The optimal choice is a combination of numbers of steps that do not have common factors.

5. Experimental studies have confirmed the possibility of a significant (20-200 times) reduction in
error without narrowing the frequency range of input signals.

The work was carried out at the expense of the budgetary theme "Expansion of functional capabilities and
advancement of metrological characteristics of vibration control systems in monitoring and diagnostic systems in the
power industry” (code - "PARAMETER-D"), KPKVK 6541030.
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KOPEKIIS BINIMBY BULIIAX TAPMOHIK I YAC CMUHXPOHHOI'O JETEKTYBAHHS
KBA3ICUHYCOIJAJIBHUX CUTHAJIIB

I1.1. BOpIIIOBl*, KaH[. TexH. Hayk, O.JI. ﬂaMeKOZ**, KaHJ. TexH. HayK, B.I'. Me.]ILHI/IKl***, JIOKT. TEXH. HAYK
! Incruryr enexrpornnamikn HAH Ykpainn,

np. Bepecreiicbkuii, 56, Kuis, 03057, Ykpaiuna,

e-mail: pavbor2010@gmail.com.

2 HaykoBo-Bupoounuuii nentp "Eneproimnynnc' Incruryry eaexrpoannamiku HAH Ykpainn,

np. Bepecreiicbknii, 56, Kuis, 03057, Ykpaina.

Pobomy npucesueno 00cniodicennio noXuOoK, 00YMOGIEHUX 6NAUBOM GUWUX 2APMOHIK N0 YAC CUHXPOHHO20
O0emeKmy8anus  CIMyniHYACMO-anpOKCUMOBAHUX — KBAZICUHYCOIOANbHUX — CUSHANI6 6  suMiplosauax napamempis
eeKMPUYHO20 IMneoancy ma 8 iHwux npucmposx. Ilpogedeno uucnoge MoOenio8anHs nNpoyecy CUHXPOHHO2O
Oemekmyg8anus Ois 6UNAOKY CHIBNAOIHHA (opmu 6XiOHO20 Ma ONOPHUX cucHanie demexmopis. Iloxazano, wo 3a
PIBHOCMI yucel CMyneHie anpokcumayii 6XiOH020 Ma ONOPHUX CUSHANIE 3ANeNCHICMb NOXUOKU 6i0 gasu 6xiOH020
CUCHANY Mae nepioOudHull Xapakmep, npu YboMy Nepiod 3MiHU NOXUOKU CRIGNAOAc 3 WUPUHOIO CMYNEHi CUSHALIG.
Ompumano ananimuynuil 8upas, 3 AK020 GUNIUSAE, WO MAKCUMANTbHE 3HAYEHH NOXUOKU 3MEHWYEMbC NPONOPYIUHO
Keaopamy uucia cmyneueti anpoxcumayii cueHanis. 3aons 3MeHuleHHs NOXUOKU 3anpOROHOBAHO 3MIHUMU Hopmy
ONOPHUX CUSHATIB OeMEKMOPI6 WIISIXOM 3MIHU YUCAA CMYNeHie anpokcumayii. 3a605aKu ybomy HOXUOKA ZHUICYEMbCSL
NPONOPYIIHO  KEAOPAMY HAUMEHWO20 3A2ANbHO20 KPAMHO20 HUCel CMYNeHi8 6XIOHO20 U ONOPHUX CUSHATIG.
OnmumanvHum 6ubopom € KOMOIHAYIA HuUcen CMYNeHis, WO He MAarmb 3a2aibHUX CnieMHodcHukie. Ilokazano
MOJMCTUBICMb 3HUNCEHHSI  NOXUOOK 6 KilbKa OecAmKie paszie 0e3 38YJHCeHHA YACMOMHO20 Oiand3oHy CUSHATIS.
Ilposedeno excnepumenmanvhe BU3HAUEHHS NOXUOOK, 0OYMOBNEHUX BNAUBOM BUWUX 2APMOHIK, pe3yIbmamu sK020
niomeepounu egekmueHicms 3anponoH08aH020 Memooa kopekyii. bion. 13, puc. 5, Tadm. 3.

Knwwuogi cnosa: imrenanc, KBa3iCHHYCOINaTbHUN CUTHAN, BHINI TAPMOHIKHM, CHHXPOHHE JCTEKTYBAaHHS, KOPEKIIis
IMOXHOOK.
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Ilepconaii

JIO 90-PIYUSI AKAJIEMIKA HAH YKPATHU CTOT'HISI BOPUCA CEPTTHOBHYA

Axamemixk HAH  VYkpaiau, mokTop
TeXHIYHUX Hayk, npodecop bopuc CepriitoBuu
Croruii HapoauBcst 18 Oepesnst 1936 poky B c.
I'peuaniBka ["agsucekoro paiiony IlontaBcbkoi
obnacti. B 1959 pomi 3akinuumB KwuiBchkuii
NOJITEXHIYHUN IHCTHTYT 3a CHeIialbHICTIO
«EnekTtpuuHi cTaHuUii, Mepexi Ta cHUCTeMU» 1
pO3MOYaR TPYAOBY MISUIBHICTH B  MEXKOJIOHI
TpecTy «MoccTpoianeKTponepeaada
Minenepro CPCP. 3 1961 poky #oro Tpyaosa
IiSUIBHICTE  TICHO TOB’sA3aHa 3 [HCTHTYyTOM
enexkrpoanHamikn HAH VYkpainy, a 3 1968 poky
takox 1 3 [pesumieto AH YCCP. B Incrutyri
Bopuc CeprifioBuy posmnoyaB cBOI HAyKOBi
PO3pOOKHM 1 OTpUMAaB HaiBaroMimi pes3yibTaTH,
MOJOJABIIM HUISX BiJ aclipaHTa 10 JOKTOpa
TEeXHIYHUX Hayk, akagemika HAH Ykpainn.

B.C. Croruii — BMIaTHHM, BH3HAHHH Ta
no0pe BiIOMHI SIK B Halii KpaiHi, Tak i 3a il
MeXaMH  BYCHWH, 3aCHOBHHK 1  Iijep
BITUM3HSHOI HAayKOBOI IIKOJW 3 HAyKOBHUX Ta
HAYKOBO-TEXHIYHHUX MPOOJIEM CTBOPEHHSA 1
pO3pOOKH aBTOMATH30BaHUX Ta ABTOMATUYHUX
CHUCTEM  OIEpPaTHBHOTO 1  TEXHOJOTIYHOTO
KEepyBaHHSI B EIEKTPOCHEPreTUIll, 30KpeMa,
NEPBUHHUX BUMI-PIOBAILHUX KaHANIB CTPYMIB
Ta HaOpyr eJNeKTPO-CHEPreTHYHUX 00 €KTiB,
cUCTEeM 300Dy, peecTpa-iiii, 00poOKH Ta OOMIHY
iHpOpMalli€r0 3 BEpPXHIMHU PIBHSAMH KEPYBaHHS, CHCTEM KOHTPOIIO 1 OOJIKY eJIeKTpOeHeprii, MpUcTpoiB
peJIeHHOrO 3aXHMCTy Ta MPOTHAaBapiiiHOI aBTOMAaTHWKM, 3ac0o0iB MOHITOPMHTY IapaMeTpiB PpEXHUMIB
€HEepProcucTeM, 3aco0iB JIarHOCTYBaHHS €JIEKTPOTEXHIYHOTO OOJaJHAHHS;, PO3POOKH HOPMAaTHUBHOIO,
METOJMYHOTO Ta METPO-JIOTIYHOTO 3a0e3MeveHHs] TaKHX CHCTEM, iX CHCTEMHOTO Ta IIHPOKOTO
BIIPOB/I’KCHHS B €JICKTPOCHEPTeTUYHIHN Ta 1HIINX rary3sx HaliOHAaJIbHOT EKOHOMIKH.

¥Yci BukoHyBaHi 3a y4yacTio Ta miJ kepiBHUOTBOM b.C. CTOrHis HayKOBi AOCHIPKEHHS, B OCHOBI SIKHX
JeXKUTh TTTHOOKE BUBYEHHS EJICKTPOMEXAHIYHHX Ta €JCKTPOMArHiTHUX HPOLECIB B €IEKTPOSHEPTeTUIHHX
cucTeMax Ta iX eJeMeHTaX, HalpaBJICHI Ha IIIBHIIEHHS IOCKOHAJOCTI Ta €Heproe(eKTHBHOCTI TEXHIKH
KEepYBaHHS €JIEKTPOCHEPTETUYHUMH 00’ €KTaMu, MiABUIICHHS €(EKTUBHOCTI BUKOPUCTAHHSI €HEPropecypciB
Ta EIEKTPOTEXHIYHOrO OOJIaJHAHHS, IIiJIBHIICHHSI HamifHOCTI, CTIAKOCTI Ta EKOHOMIYHOCTI
(OYHKI[IOHYBaHHS €JICKTPOCHEPIeTHYHOI I'aly3i KpaiHu.

[Tig xepisauuTBoM Bopuca CepriiioBnua nanpukinii 60-x pokiB XX cT. 0yj0 po3noyaTo MaciuTaOHi
JOCHI/DKEHHSI BHCOKOBOJIFTHHX BHMMIPIOBAJBHUX  NE€PETBOPIOBAYiB 3MIHHOTO CTPyMy 1 Hampyrd, 3a
pe3yibTaTaMy SIKUX PO3POOJICHO TEOPETHYHI 3acajii aHajily, MPOEKTYBaHH:I, MOOYJ0BU Ta BUIPOOYBaHb
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HOBOT'O KJIACy BUCOKOBOJIbTHUX NEPETBOPIOBAYIB, IPU3HAUYCHUX IJI1 pOOOTH 3 HOPMOBAaHUMH NMOXMOKaMU HE
JIMIIE B YCTAJICHUX PEXHMMax IPH CUHYCOIAAIbHUX BXIJHUX CUTHAJIaX IPOMHUCIIOBOI YacTOTH, a H B yMOBax
aBapifHUX MEPEXiTHUX PEKUMIB EHEPTOCUCTEM, IO XapaKTEPHU3YIOThCS IHTCHCHBHUMH €JICKTPOMArHITHUMH
npolecaMy Ta CKIaIHOIO CIIOTBOPEHOIO (HOPMOIO BUMIPIOBAHOTO CTPYMY.

3a po3poOKy Teopii Ta CTBOPEHHS HOBOTO IMOKOJIIHHSI BUCOKOBOJIBTHUX TPAHC(HOPMATOPIB CTPYMY IS
enexkTpuaHnX Mepex Hampyroro 330-1150 kB konexktuBy HaykoBmiB mmif kepiBHUIITBOM b.C. CrorHis B
1985p. 6yno mpucymxeHo Jlepxxapay npemito YPCP B ramy3i Hayku i TEXHIKH.

Ha mouatky 80-x poxiB XX cr. 3a ininiatruBoro Ta mif kepiBHUUTBOM b.C. Ctornis B IHcTHTYTI
enekrpopuHamikn AH YPCP Oynu po3modati JOCHI/PKEHHST MIKPONPOIECOPHUX CHCTEM KEpYBaHHS B
€JIEKTPOCHEPreTHII, 10 3aII0YaTKyBajJ0 HOBHH HAYKOBHIH HANPSMOK KEPOBaHOI HUM HAyKOBOI HIKOJHA —
PO3pOOKY TEOPETHYHHUX OCHOB, IPUHLHUIIB i METOAIB iHpOpMaTH3aLii Ta aBTOMATH3ALI] €JIEKTPOCHEPTETUKU
Ha OCHOBI BIIPOBaPKEHHS MIKPOIPOIIECOPHUX CHCTEM.

Byno cTBOpeHO HM3KY MIKPOIPOIECOPHHX CHUCTEM JUIsl pEeecTpallii mapaMeTpiB aBapiiiHUX pPEKUMIB B
€JIEKTPOCHEPIeTHYHMX CUCTEMaX Ta IIBHIAKOIUIMHHMAX MPOLECIB B ENEKTPOTEXHOJOTIYHUX ycTaHOBKax. Ilig
kepiBauITBOM boprca CepriiioBuya TEOPETMYHO 1 MPaKTUYHO PO3B’si3aHa MNpobieMa €OUHOrO 4Yacy B
eNIEKTPOCHEPreTHIli YKpaiHH, CTBOPEHO OCHOBHU Teopii TEPBHHHHUX BHUMIDIOBAJIBHUX KaHATIB Y CKIaJl
IHTErpOBaHMX CHUCTEM KEPYBaHHS EIIEKTPOSHEPIreTUYHIMHI 00’ €KTaMHU, 1H(POPMAITiHHO-[IarHOCTUYHHN KOMIDIEKC
«Perina» Ta 11ia HU3Ka Woro Mouikartiii, siki CKJIaJal0Th CHOTOAHI OCHOBY iH(oOpMamiiiHoi iHDPacTpyKTypu
eJIeKTpoeHepreTuuHol ramy3i Ykpainu. Humu ochamieni Oubrricte AEC, TEC Ta elekTpu4HUX IiICTaHIini
Harpyroro 750 1 330 kB, a Takoxk yci miIcTaHIIii 3MIHHOTO CTPYMY 3aJIi3HUI[b HAIIIOI KpaTHH.

Ha 6a3i IIK «Perina» nmoOynoBaHo mepiy 4epry CUCTEMH MOHITOPHHTY mepexianux npouecis OEC
VYkpainn — cucremy mupokomMacimTabHoro Mositopuary (WAMS) Kpumcbkoi eHepreTH4HOl cUCTeMH i
cydacay ACY TII niacranuii Hanpyroto 750 kB «KuiBcbkay. [JIK «Perinay Takox HIMPOKO BIPOBAIKEHUH
Ha eNleKTpoeHepreTHIHNX 00’ ekTax binopyci, Momnmosu, I'py3ii, Kazaxcrany Ta AzepOaiimxany.

PesynpraTtn HaykoBoOi mismibHOCTI boprca CepriiioBu4a BUCBITICHO Y YHCIEHHUX IMyOiKaIisax (TroHa
400), cepen sxux 15 monorpadiii Ta 38 BuHaxoniB Ta mareHTiB. Cepen Horo y4uHiB 6 JOKTOPiB HAayK Ta
noHax 20 KaHIUAATIB.

bopuc CepriiioBnu Oepe misuibHY y4acTb B YKpaiHCBKHX Ta MDKHApPOJAHHX HAyKOBHX (opymax, €
kepiBHukoM HaykoBoi pamm HAH VYkpaimnm 3 xomruiekcHoi mpobOnemu «HaykoBi  ocHOBH
enekTpoeHepreTukm», wieHom Ceknii Komitery 3 HamionanbHoi mpemii Ykpainu imeHi Bopuca Ilatona,
MIPAIOE y CKIIAI1 peIKoyIeriii Hu3KH (paXxOBUX HAYKOBHX Ta HAYKOBO-TIPHKIIATHUX TEPIOUIHIX BUIaHb.

3acnyru B.C. CrorHis mnepen VYKpaiHCBKOIO JEpKaBOIO B PO3BUTKY BITUM3HSHOI HAyKH, HOTO
OaraTopiuHa IUTiIHA HAyKOBa, OpraHi3alliiiHa, TMeJaroriyHa Ta TPOMAJChbKA [isJILHICT BiJ3HAuUEHI
JIep>)KaBHUMH TIpeMisiMu Ta Haropoxamu. Bin maypeat JlepkaBHoi npemii YPCP B ramy3i Hayku 1 TeXHIKH
(1985 p.) Ta mpemii HAH VYxpaiam im. C.O. Jlebenepa (1995 p.). b.C. Crorsiro B 2001porti 6yi0 MprcBOEHO
noyecHe 3BaHHS «3aciy)KeHUH Hisd HayKd 1 TexHIKM YKpainm». BiH HaropomxeHuil opaeHoM «3HaK
[Momranm» (1981 p.), Bim3HaKoOW Tpe3ujeHTa YKpaiHu — opaeHoMm «3a 3aciayrm» I crymens (2006 p.),
MemalasIMu Ta TpamoraMu. bopuc CeprilioBud — mOYeCHUH MOKTOp nBOX HamioHaahbHUX TEXHIYHHX
yHiBepcHTeTIB YKpaiHu «XapKiBChbKUi momitexHiyHUH iHCTHTYT» (2007 p.) 1 «KUIBCHKHI MOMITEXHIYHUT
iHcTuTy™ (2014 p.).

Konexmue Incmumymy erekmpoounamixu HAH Yxpainu, peoakyisn scyprany « Texuiuna
enekmpoouHamikay wupo eimaromos bopuca Cepeitiosuua 3 108ieem i 3udams oMy MIYHO20 300P08’ s,
On1azononyyys ma noOAILUUX MEOPUUX YCNIXIE.
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PPE-2026
XIX International Scientific and Technical Conference
PROBLEMS OF PRESENT-DAY ELECTRICAL ENGINEERING - 2026
June 23-26, 2026, Kyiv, Ukraine

P([ sN Komitet
Cyh] Elektrotechniki

Institute of Electrodynamics of the National Academy of Sciences of Ukraine
National Technical University of Ukraine "'Igor Sikorsky Kyiv Polytechnic Institute™
Warsaw University of Technology
Committee of Electrical Engineering of the Polish Academy of Sciences
Lithuanian Energy Institute
have the honor to announce the X1X International Scientific and Technical Conference
"PROBLEMS OF PRESENT-DAY ELECTRICAL ENGINEERING -2026"

Venue of the conference: Institute of Electrodynamics of the National Academy of Sciences of
Ukraine
Beresteyskyi ave., 56, Kyiv, 03057, Ukraine

Scientific directions of the conference:

1. Theoretical electrical engineering

2. Electric drive and power electronics

3. Electric Power Systems and Grids, Energy Management

4. Electromechanical energy conversion

5. Electrotechnical complexes and systems

6—Information measuring systems in electric power engineering

Working languages of the conference: Ukrainian, English

Deadlines for paper preparation:

e submission of a registration card and a paper (4-6 pages of A4 format, formatted according to the

Jo 8T Lo (=] 1T ) PP U PSSP no later than 15.05.2026
e confirmation of Paper aCCEPLANCE .......cccviveieiece e 01.06.2026

Registration for participants is available online until 15.05.2026 at the link on the conference website:
http://ied.org.ua/ppe, in the "Registration™ section.

Papers are uploaded during registration.

The conference papers will be published in the journal "Technical Electrodynamics”, which is included in
international scientometric databases, in particular SCOPUS. All papers undergo mandatory peer review
and scientific editing.

Based on the results of the review and the submission of the heads of sections, specific reports can be
recommended for publication in the journal "Proceedings of the Institute of Electrodynamics of the National
Academy of Sciences of Ukraine", which is included in the list of professional publications of Ukraine.
Payment for publication

Publication based on the results of the report and consideration of the Payment for the
submission publication of a paper
report at the conference with publication in the journal "Technical Electrodynamics” 15 EUR per page
report at the conference with publication in the journal "Proceedings of the Institute of 5 EUR per page

Electrodynamics of the National Academy of Sciences of Ukraine"
One author accepts no more than two papers.

We kindly ask authors to adhere to the formatting rules strictly!
Detailed information about the  conference is available on the website of
https://sites.google.com/view/ppe2026
Address of the organizing committee of the conference: 56 Beresteyskyi Ave., Kyiv, 03057, Ukraine,
room 314, Tel. (044) 366-26-57, (044) 366-24-65 E-mail: ppe.conf.ied@gmail.com
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XX MixkHapoaHa HayKOBO-TeXHIYHA KOH(pepeHuis
MPOBJIEMHA CYYACHOI EJIEKTPOTEXHIKH-2026
23-26 yepBHs 2026 p., m. KniB, Ykpaina

Komitet
Elekirotechniki

IncturyT enekrponuHamiku HanionaasHoi akagemii Hayk YKpaiHu
Hanionanbuuii Texniynuii yHiBepeuter Ykpainu «KuiBeskmii mostitexniunnii ineruryr im. Irops Cikopcbkoro»
Bapmascbka noJgirextika
Kowmirer Enexkrporexniku [osbcbkol akageMii Hayk
JIMTOBCHKUI eHepreTHYHUI IHCTUTYT
MOBIJOMIISIIOTH Tpo npoBezieHHs XX MixkHapoIHOT HayKOBO-TEXHIYHOT KOH(pepeHii
«[MPOBJIEMU CYYACHOI EJEKTPOTEXHIKH - 2026»

Micue npoBeneHHs1 KOH$epeHii: Incruryt enekrpogunamikn HAH Ykpainn
npocn. bepecmeiicokuit, 56, m. Kuie, 03057, Ykpaina
HaykoBi HanpsiMKkH KOHpepeHIii:
1. TeopeTnuHa eneKTpOTEXHIKa
2. EnextponpuBoj Ta CHI0Ba €IEKTPOHIKA
3. EnexkTpoeHepreTHuHi CHCTEMHU Ta MEPEKi, CHEPrOMEHEIKMEHT
4. EnextpomMexaHigyHe NepeTBOPEHHsI eHeprii
5. EnekTpoTexHiuHi KOMIUICKCH Ta CHCTEMH
6. [ndpopmaniiHO-BUMIPIOBaJIbHI CHCTEMH B €HEPIETHIII
Po6oui moBu KoH(pepeHnii: ykpaiHCbKa, aHTTIHChKa
I'padik minroroBku nonosineii Ha KoH(epeHLiIO:
e IIOJAHHS PEECTpaIliiHOl KapTKu Ta momoBimi (4-6 cropinox dopmary A4, odopmieHi 3rigHO 3

L0003 1) 01T 0 P He nizHime 15.05.2026
® TIOBIOMJICHHS PO MPUUHATTS JOTIOBIL  +.enentneenenttit ettt et ettt ettt eee e e ae e e 01.06.2026

Peectpanisn yuacHukiB BigOyBaeTbcss B on-line ¢opmari go 15.05.2026 p. 3a mocuiaaHHSIM Ha CalTi
xkoHdepentii http://ied.org.ua/ppe B po3aini «PeecTpamisi»

JlonoBizi y eneKTpOHHOMY BUIJIS/I 3aBaHTXYIOTBCS TiJT 4ac PeeCTparlii.

Iyonikamisi 1onoBigeil koudepenuii Oyne 3aificHOBaTUCS Y KypHaIl «TeXxHIUHA €IEKTPOAMHAMIKAY, IO
BKJIIOUCHHUH 70 MDKHAPOJHHX HAyKOMETpHUYHHMX 0a3 maHux, 3okpema SCOPUS ((haxoBe BumaHHS Kareropii
«A»). Bci monoBiai mpoxoasite 000B’s13K0BE pPelleH3YBaHHS TAa HAYKOBE PelaryBaHHs.

3a pe3ynbTaTamMy pelieH3yBaHH Ta MMOJIAHHSAM KEPiBHUKIB CEKIIiH MeBHI JOMOBiIi MOXXYTh OyTH peKOMEHJ0Ba-
Hi 10 myOuikarii y 30ipauky «IIpari IHctuTyTy enexrponunamiku HarioHanbHOT akaaemii Hayk YKpaiHuy, 110
BKJIIOUSHHUH 70 Tepeniky (axoBuX BUAaHb YKpainu (kateropis «by).

Omiara nmy0Jaikanii

[TyGmikartist 3a pe3yIbTaTaMy JOTIOBIII T PO3TILIAY TTOTAHHS | OrmnaTa myOumikartii cTaTTi |
- JIONOBiAb HAa KOH(EpeHIIil 3 myOJikaiiero B xkypHaii « TexHiuHa 150 TpH 3a CTOPIHKY
€JIEKTPOANHAMIKAY
- JIOmoBiAb Ha KOHQepeHuii 3 mybmikamieto B 30ipHUKY «IIpari 50 rpH 3a CTOPiHKY

[HcTHTYTY enekTpoauHamiky HarioHanpHOT akagemii Hayk Y Kpaiamy
Bin ogHOTO aBTOpa MpHUIMAETHCS HE O1IBIINE JBOX JOTIOBIICH.
IIpocumo asmopis uimko dompumyeamucs npagun ogropmaenns oonoegioeii!
HetaabHa iHdopmanis mpo koHdepeHIil0 MiICTUTBCS Ha CalTi: https:/sites.google.com/view/ppe2026
Anpeca oprauizamiiinoro komitery koHdepenuii: mp. bepecrelicekmii, 56, M. Kuis, 03057, Ykpaina, k.
314, Ten. (044) 366-26-57, (044) 366-24-65 E-mail: ppe.conf.ied@gmail.com
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