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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

©) D

Y,

=
[N
o~

ab

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)
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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.
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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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Beresteiskyi ave., 56, Kyiv, 03057, Ukraine. E-mail: E-mail: artemenko m_ju@ukr.net

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, Os, 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
oxygen-containing gases [5]. The use of streamer corona discharge in ozone generators, which attracted at-
tention 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 posi-

tive streamer corona and is due to the high electric field strength = (150 —170)- 10° 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 gen-
eration, 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. Co-
rona 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 pre-
sented, for example, in [7, 13, 14]. The threshold value of the ionization process is determined by the condi-
tion when the ionization coefficient « begins to exceed the attachment coefficient 77 . 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 -3 1) v/ (m . Pa). In the calculations
we will use one of the most common approximations of experimental data for the effective ionization coeffi-
cient @,r =a—7

a
A =Aexp(—i} (1)

p Elp

where p is pressure, the coefficients 4 and B in the SI system in discharges in air have the following val-

ues [7, 14]:

E/p=15-114V/(m-Pa): 4 = 6.46 1/(m-Pa), B; =190 V/(m-Pa);
E/p=114-600 V/(m-Pa): 4, =11.1 1/(m-Pa), B, =277.4 V/(m-Pa)
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When a voltage of the required magnitude is ap-
plied, the avalanche of electrons (Fig. 1, ») moves in the

electric field with the electron drift velocity v, = 1, E, o=U
where 4, is the electron mobility. The number of elec- ~ [
trons N, in the avalanche increases exponentially [15]
<
N(£)=exp| [ (£)dc |. 2) o0
o A7
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 mo-
tionless. The numbers of positive N, and negative N_ ions in the avalanche trace at a point with the

coordinate £ are as follows:

¢ ¢
N, = jaNedg, N_= jnNedg. 3)

o So
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 #; in space:

o, (E)=0. )
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 £, in [13] was made based on the maximum value of the elec-

)_ 641’102
rneyW,

is the electron charge, 7 is the number of gas molecules per unit volume, Z is the number of electrons in a

tron braking force [17] F (We ln( 2We] with respect to the average electron energy W, , where e

molecule, / is the average energy of inelastic electron losses. The force F(W,) at W, = 1/2 takes on a max-
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F(1)2) &gz
e 472'83 exp(1)/
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™), the critical field strength is found to be

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

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. Réther, A. Loeb, and J. Mick in the middle of the last century laid the theoretical and experimen-
tal foundations of the development of the streamer process [18 — 20]. During the following period, the con-
cept 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 E:

E'~E,. (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:

Ss
e e
E'=—" Ny =——exp| [a, ()& |~ E, (6)
47250Re2 ¢ 47rgoReZ SJ; g

where N,, and &, are, respectively, the number of electrons in the avalanche and the coordinate where the
avalanche-streamer transition condition is satisfied, & 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:
O=In(N,)=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(l) compared to the density in the center of the avalanche. In this case, the avalanche-streamer tran-

sition occurs at Q =18—-20 and N, ~ 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 O .

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 trajec-
tory of avalanche movement (field lines) in this area the avalanche moves the required distance for which
condition (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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Sa
[ay(@)is=0, (8)
i
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.

Ionization 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 . and the distance d between the electrodes [21]

2 2 2
@-2) p , z=-L_ (z<0), 9)

d? r.d - 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, ¢). 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,
but also decreases rapidly with distance v v v
from it. The expressions for the field z d z d z d
with the needles of hyperboloid E, (z)

[22] and paraboloid E p(z) [7] types v v v

depending on the coordinate z have a N =0 N p=0 \ »=0
simple analytical form,
which allows us to obtain a clear conception Fig. 2

o=U
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of the electric field distribution:

d?+r.d 1 2

: E,(z)=U . (10)
rcd+2dz—22 d P (l’ +22)ln 1_,_%
Arth| — = c p

d* +r.d

Cc
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]:

2dla?(ES, +1)+ (a2 (E5, -1
[dz(E;‘m 1) (d-2p (E;‘m —1)]2

Eg(z)zU

Er(z)=U

: (11

Here, the normalized magnitude of the electric field strength E:m =U—;0 at the surface of the needle

has a maximum value and it is the coefficient of heterogeneity:

(12)

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 ma-
thematical 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 7, /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

£ EIET configuration of only one, hyper-
" \ ‘ bolic, type.
0.75 Cylinder Parameters _of _ionization
400 Hyperboloid, 3
\ Paraboloid processes in the electrode systems.
0.5 When applying high voltage, the
200 . X NS S distance to the boundary where the
o Ean = Epn 0.25 I —— electric field strength exceeds the
— ] value of the onset of ionization

00  0.005 001 0015 rJ/d 0 o o5 1 1.5 z/r, Drocesses in air at atmospheric pres-
a Fig. 3 b sure E; ~26-10°B/M can signifi-
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cantly exceed the radius of needle tip 7.. As an example, consider electrode systems with the following spe-

cific dimensions: d =15-107 m,7, =5- 107 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: 4z, ~ 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 -10°V/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 ( z;; =9.27- 10™*m ), the interme-

diate position is occupied by the needle of the cylindrical shape (z;. =7.33- 10%m ), and the closest point is

the point on the axis for the spherical electrode ( z;,. =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 V/(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 “ [J ”. Their coordinates are as follows: for the hyperboloid needle

Zyg = 0.71-10#m ; for cylindrical needle z;,. = 0.95-10*m ; and for sphere z;,. = 1.28:10*m.

E-107, s 3
V/m & V107, m
2.5
1.5
2 E,
1.5 1
0.5
0
‘ 0 2 4 6 8 z10° m 5 10
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. enekmpoounamira. 2026. Ne 2 21



one side by the boundary of the ionization zone, where the field strength takes the value

E (fi ): 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 O =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 Vi 1V

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 +z; )3 —(r + 24 )3 ] Assuming the

angle (2 to be the same for all needles with the same radii of curvature 7, =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 Vi :V,-,)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 V,»* =3V;/€2 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 7., 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 =7.5 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 7,, 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 7, =5.10m, 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 7./d <0.1 [7]. The calculation results of the volume V,-* =3V; /02 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 bound-
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ary of the avalanche transition into the .

streamer Q =1In(N,)=20 closer to the mm? min;
needle surface. The closer this boundary 0.6 o5 UC12kV
is to the needle surface, the smaller the 04 05
area from which effective electrons can ’ :
" lokv
start. 0.2 0.25 !
: 7~ 15k
For each voltage value, there is —

an upper limit value of the curvature %0 005 01 015 rom Og o1 02 03 r., mm
radius of the needle tip, when the growth

of the electron avalanche ceases to lead v ‘ v b
to the appearance of the streamer. Such s m’;n
limit occurs for both hyperbolic and 0.6
spherical electrode configurations. How- 0 s kv '
ever, as can be seen from the compari- 10kV 0.4
son of the dependences in Fig. 5, b and 5
5, ¢, the limit curvature radii for the 5KV 0.2
spherical electrqde are much larger than 04 05 I mm 0
for the hyperbolic one.
Another aspect of the considered ¢ Fig. 5 d

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 7, = 0.3 mm . For the curvature radius of the hyperbolic needle and for the spherical elec-

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 7, <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 = 15-1073 m, 7, = 5-10°m at voltage of
U =17kV in Fig. 3 the electric field distribution is shown only along the axis z near the needle. For the
voltage U =10kV 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 £ > 450-10° V/m . According to calculations, this area occupies a
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space with maximum thickness =~ 0.5, near the tip

of the needle and, thinning out, extends along the # ™™

cylindrical surface after tip to a distance =~ 37,.. -1.5

A feature of the start zone of the effective
electrons for high-voltage electrode with elongated
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
zone thickness gradually becomes thinner and only 0.5

; "~ 1.0 0.5 0.5
at length = 0.3d =1007, does it sharply decrease to 0 £, mm .
: . . 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 the needle tip 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.

Comparison 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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YMOBHU ITOSIBH ITO3UTUBHOI'O CTPUMEPHOI'O KOPOHHOI'O PO3PAAY Y HOBITPI B EJIEKT-
PUYHOMY ITOJII BICTPA ITPOTH IIVIOITUHU
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"HauionaabHuii YHiBepCHTET Xap4u0BHX TeXHOJIOTiH,
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e-mail: yuriy.vasetsky@gmail.com

Ocobaugocmi NOZUMUBHOLO CMPUMEPHO20 KOPOHHOZO0 PO3PAOY, WO XApaKmMepusylomvpCs GeiUK0i0 008XHCUHOIO | 4aACOM
ICHYBAHHA KOJHCHO20 CIMPUMEDPHO20 YIMBOPEHHS, GUSHAUAIOMb 1020 K 00HO20 3 AIbMEPHAMUBHUX ULTAXI8 NOMEHYIUHO20
MeXHON02IYHO20 3ACMOCYBAHHA | XAPAKMEPU3VIOMb AKMYAIbHICMb 00CHiONCeHb Y yboMmy Hanpami. Memoto pobomu €
BUSHAYEHHS BNIUBY 2eOMEMPUYHUX XAPAKMEPUCTIUK GICTNPS MA HANPY2U MIdC eleKmpoOdaMy HA 8elIUdUHy obaacmel,
nOYaAmMOoK po38UMKY JABUH eIeKMPOHI8 3 AKUX NPU3BOOUMb OO0 iX NePemeopeHHs Y CIMPUMEPHY POPMY KOPOHHO20 pO3-
psdy 6 nogimpi 3a ammocghepro2o mucky. /s enekmpoonux cucmem 3 gicmpsim 'y ¢opmi 2inep6onoioy i napabonoioy
obepmanHa, cghepu i 0082020 YUNIHOPY PO32AAHYMO PO3NOOIN eIeKMPUYHO20 NOAA | 8U3HAUEHO 00’em obracmell, Oe
nos6a ehexmusHUX NOYAMKOBUX eeKMPOHIE NPU3600UMb 00 iX POZMHOJICEHHS 00 CMaOii 1A8UHHO-CINPUMEPHO20 nepe-
X00y. Bcmanosneno, wjo na genuuuny 6xazanux ob’emie okpim padiycie KpusuHu KiHYIBOK CYMMEBUM YUHOM BNIUBAE
Gopma enekmpody nos3a YacmuHolo U020 NOBEPXHI 3 HAUMeHwumM padiycom kpusunu. Tloxazano, wo nezeasicaiouu Ha
MeHWi 3HAYEHHs MAKCUMATIbHO20 NOJs 071 2InepOoniuno20 GiCmps, 6eIuNUHA 00 €My NOABU eheKMUBHUX NOUAMKOBUX
e/IeKMPOHIE MOJICE NePesUULy8amu 8eIUYUHY 00 €My Ol YUTTHOPUYHOZO I, mum Oinvuie, cihepuynozo erekmpodie moeo
24C paoiycy KpuBUHU KiHYIBOK 3a OOHAKOBOMY 3HAUEHHI MidxcesleKmpooHoi Hanpyau. Ocobausicmio 0062020 8icmps yuii-
HOPUYHOI (hopMU € PO3NOBCIOONCEHHS 30HU CIAPM) eDEeKMUBHUX eIeKMPOHI6 HA 3HAYHY 8i0CAHb 83006804C OIUHOI No-
8epxHi enekmpody. 3 NOPIGHAHHS PISHUX eeKMPOOHUX CUCHeM 3DOOIEHO BUCHOBOK, WO BUDID MOdiCe BUKOHYBAMUCS 30
BEUNUHOIO 00 €EMIB NOSIGU ePEKMUBHUX eNeKMPOHIB K KIIbKICHO20 NOKA3HUKA, KU 6pAX08Ye KOHQicypayilo eicmpsi,
paodiycu KiHyigok i eenuduny nHanpyau. bubin. 24, puc. 6.

Knwouosi cnosa: no3uTuBHA CTpUMEpPHA KOPOHA, €IEKTPUYHE IOJIe BICTPS MPOTH IUIOIIMHH, JJABUHHO-CTPUMEPHUH Tie-
pexizn, moka3HuK epeKTUBHOCTI MOSIBH CTPHUMEDIB.
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AHAJII3 HIOHWKYBAJIbHO-IIABUIIY BAJTbBHUX HEIHBEPTYIOYHUX IEPETBOPIOBAYIB
IHOCTIMHOI HAITPYI'U 3 BUKOPUCTAHHSAM METO/JIA YCEPEITHEHHS
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Jlocnioxceno npoyecu y NOHUNCYBANbHO-NIOBUUYBATLHUX HEIHBEPMYIOUUX Nepemeopro8ayax NOCMIliHOi Hanpyeu 3a
ejleMeHmapHoI0 Mononoziero ma 3a mononozicto Luo 3 nozumusnum euxooom (PO Luo converter). 3 suxopucmanuam
Memoda ycepeOHenHs Ha OCHO8L meopem Jlazpansica po3pobieno ananimuyni Mooeri ma eupasu Oisl PO3PAXYHKY i
amanizy cepeomix, NyrbCayiiiHux CKAA008UX NPOYecie y Nepemeopiosaiax, eKuouaoyu nyrvcayii euxionoi nanpyeu 6
pedicumax besnepepenoi ma nepepusuacmoi nposioHocmi y 6cbomy oianazoni xomymayii. Pospobneni ananimuuni
MoOeni 0aioms 3M02y YWOYHUMU MA CHPOCMUMU PO3PAXYHOK HPOYecie y nepemeopiosayax 6IiOHOCHO iCHYIOUUX
Memooie po3paxyuky. Busnaueno ananimuyni ymosu, sxi 0aromos 3Mo2y NPOSHO3YE8AMU CIMYNIHb 3MEHULeHHS. NY1bCayili
suxionoi nanpyeu y PO Luo nepemeoprogaui y nopigHsnui 3 64306010 cxemor. Ompumano anarimuuxy ma epagpiuny
3anedHCHOCMI 2paHudHUX 3HaveHv napamempie PO Luo nepemegoprosaua y nosHomy oOianasoui xomymayii mioc
peacumamu CCM ma DCM, wo oae modrcnugicms 06IpyHMOBAHO 00Upamu 11020 napamempu Ha cmaoii nPOeKmy8aHHs.
Peszynomamu imimayitino2co MoOenio8anus npoyecie y maxomy nepemeoprogayi niomeepouny KopeKkmuicms OmpuMaHux
aHanimuyHux Ccniggionouienv. Po3bidchicms pesynbmamie po3paxynky npoyecié 32i0HO OMPUMAHUX AHATTMUYHUX
MoOenetl ma iMimayitino2o mooentoganus He nepesuwyye 1 %. bidn. 12, puc. 6, Tadn. 3.

Kniouoei cnosa: noHvKyBanbHO-IIIBUIYBAILHUH NEPETBOPIOBaY, nepeTBoproBad Luo 3 mo3utuBHUM Buxonom (PO
Luo converter), mynbcauii BUXiIHOT HAIIPYTH, METOJ| YCEPEIHEHHSI B TIPOCTOPI CTaHIB.

HaniBnpoBigHUKOBI MepeTBOPIOBAYi MOCTIMHOT HANPYTH IIMPOKO BHKOPHCTOBYIOTHCS B JIKepenax
JKUBIICHHS CYYacHOTO EIEKTPOTEXHIYHOIO Ta €IEKTPOTEXHONOTiYHOro obnamHanHs. CTPYKTypa OJHOTO 3
HaUTIPOCTIMHX 0a30BHUX MEPETBOPIOBAUIB — IHBEPTYIOUOTO MEepeTBOpIoBada (puc. 1, a) abo MOHMKYBAIBHO-
HiIBUIIYBAJILHOTO iHBepTyrouoro neperBoproBada (II1) — buck-boost inverting converter — € nocTaTHBO
NOMYJISIPHOIO Y pa3i JKMUBJCHHS ENEeKTPOTEXHIYHMX MPUCTPOIB pI3HOTO MPH3HAYCHHS 3 OrJsAy Ha
MO>KIIMBICTh PETYJIOBAHHS BUXIJTHOI HANPyTH SK HIDKYE, TaK 1 BUINE BXigHOI Hampyru. [Ipore Hemomikom
Takoi CTPYKTypH € IHBEPTYBaHHS BHXIJHOI Hampyrd BIJIHOCHO BXiTHOI, IO oOMexye cdepy Horo
BUKOpUCTaHHs. OTJsII BiJOMHX CTPYKTYp IEpeTBOpIOBaviB MoOCTiiiHOT Hampyru [1-3] cBiguuTh, mo 3a
PaxyHOK MEBHUX 3MiH cxeMy 0OazoBoro II1 MokHa TpUBECTH A0 CTPYKTypH Oe3 IHBEPTYBAaHHS BHXITHOI
Hanpyru. SAxmo B cxemi II1 (puc. 1, a) xormencarop C1 Ta miom VD1 TOMIHATH MICIIMH, OTpHUMaHa
CTpYKTypa reperBopioBaua (puc. 1, 6) Oyae 30epirat QyHKIFO pEeryIIOBaHHS BUXIAHOT HANPYTH BHIIC Ta
HIDKYE BXiZHOI, TOOTO buck-boost TeXxHOIIOTiIIO TIepeTBOpeHHs, MpoTe 0e3 iHBepTYBaHHS BHUXITHOI. 3a
MPUHITUIIOM poOoTH maHa cTpykTtypa (pmc. 1, 6) € CXeMOl HaHIPOCTIMIOr0 IOHWXYBAIBHO-
HiIBUIIYBAJILHOTO HeinpepTytouoro mneperBopioBada (HIIT). Onnak, sikuio B 6azosiii cxemi II1 ¢inbrpamis
BUXIiJHOT Hanpyr# (BUALJICHHS OCTIMHOT CKJIAZA0BOI 32 paXyHOK BUXigHOTO KoHAeHcaTopa C1) peamizyeThes
0e3 npobaem, To B cxemi HIII (puc. 1, 6) dyHKIis ¢inpTparii BUXiqHOI HANPYTH BiACYTHS, i MOTPIOHUM €
BBEJICHHS J0JaTKOBOI (inbTpyrouoi nanku. CxeMy MOHWKYBaJbHO-IIIIBHIYBAJBHOTO HEIHBEPTYIOHOTO
nepeTBoproBaya 3 mnokpaiieHow ¢inprpariero (HIIID) 3a paxynok momatkoBoro LC-(pinbTpa MOKa3aHO Ha
puc. 1, 6. B TexHiuHi#l JiTepaTypi 1151 CTPYKTypa 3raayeThcs il Ha3BOK Luo mepeTBoproBay 3 MO3UTUBHUM
BuxonoM (Positive output Luo converter — PO Luo converter) [1, 4, 5] abo Zeta meperBoptoBau [6—8]. B
NOJANBIIOMY JIOCIKeHH] OyaeMo motpumMyBarucs Hazeu PO Luo nmeperBoproBay. He3paxkaroun Ha BETUKY
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KUTBKICTh METOJIB Ta MiAXOMIB JOCIiIPKEHHS MEPEeTBOPIOBAUIB MOCTIHHOT HanpyTH [4—9], HEBUCBITIIECHUMHU
3aJIMIIAIOTHCS TUTAaHHS CTOCOBHO MPOCTUX Ta 3PYYHHX aHANITUYHUX MOJIENICH Ta CIiBBIAHOIICHD JUIS
PO3paxyHKy CepeiHiX Ta IMyJbCaliiHUX CKJIaJOBHUX CTPYMIB Ta Halpyr Ha €IEeMEHTaxX MepeTBOPIOBadiB,
0COONMBO TyJbcallii BUXIAHOI HANpyTH, B peKuMax Oe3nepepBHOI Ta MepepuBYacToi mpoBimHocTi. Kpim
TOTO, HEIOCTATHHO BHUCBITIICHUM y TEXHIUHIH JIiTEpaTypi € MOPIBHUTBHUNA KUTBKICHUH aHaIIi3 BIIACTUBOCTEH
MOHWKYBAJIBHO-ITI IBUIYBaJIbHAX IIEPETBOPIOBAYIB IIOCTIHHOI HANpPyrd CTOCOBHO ITyJIbCamii BHUXiTHOI
Hampyrd. AHalmi3 Ta pO3paxyHOK TpaAMLiHHUMKU METOJaMH IMPOLECiB Yy HaMiBOPOBIIHUKOBHUX
MEPETBOPIOBAYAxX Il BU3HAUEHHS IXHIX IOCTIMHHMX 1 IMyJbCAIlifHUX CKIAJOBHX BHUMAara€ po3B’s3aHHSI
IudepeHLialbHuX pIiBHSHB, MPUYOMY Yy OUIBIIOCTI BUMAJKIB PIBHAHB BHCOKUX NOpsAnkiB. [lim dac
BUKOPHUCTAHHS iCHYIOUMX METOMIB PO3PaxyHKy L€ MPHU3BOAWUTH OO 3HAYHOI KiNBKOCTI OOYHCITIOBAJIBHUX
orepauiii Ta MPOMDKHUX IEPETBOPEHb 3 BHUKOPHCTAHHAM YHMCIOBHUX Ta MaTPUYHHX METOIIB 1 4acTto aae
pe3yibTaT y PEKypeHTHOMY BHIVIAAI. 3a IXHBOTO BHUKOPDHUCTaHHS >XOAHUM YHMHOM HEMOXJIHUBO 0e3
JOJAaTKOBOT'O PO3PaxyHKy Ta 0OpOOKH BETMKUX MAcUBIiB iH(pOpMAaIii BU3SHAYUTH MOBEIIHKY XapaKTEPUCTHK
MepeTBOpIOBaUa B Jliala30HAX KOMYTalii Ta B IHIIWX [iama3oHaXx 3MIiHEHHS BHYTPIIIHIX ITapaMeTpiB,
HaNpHKJIaJ, BU3HAYATH €KCTPEMYMH XapaKTepUCTHK Ta iHmI. Jlo TOro K, BiOMiI METOAM HE NAOTh MPSAMOI
BIJIMOBI/I il Yac 3BOPOTHOrO aHaNi3y MNapaMETpPiB IEPETBOPIOBaYa, KOJU HEOOXIAHO pPO3PaxOBYyBaTH
JOIMYCTUMI BHYTPILIHI TapaMeTPH €IEeMEHTIB 3a 33JaHUX 30BHILIHIX XapaKTEPUCTUKAX MEPEeTBOPIOBaya.

3HaYHO CIIPOCTUTH PO3PAaXyHOK MPOLECIB B TAKUX IEPETBOPIOBAYaX Yy MOPIBHAHHI 3 ICHYIOUHMH
METO/IaMH Ta BJIOCKOHAIIUTH aHaJli3 IXHiX BIaCTUBOCTEH HAJIA€ 3MOTY METOJ] YCEPEIHEHHS B IIPOCTOPI CTaHiB
Ha ocHOBi TeopeM Jlarpamxka [10], sskuif 1ae MOXKIIHMBICTD OTPUMATH aHANITHYHI PO3PaxyHKOBI MoZemi Ta
cuiBBizHomeHnHs. L[i Moxemi n#alOTh 3MOry HE TUIBKM LIMPOKOTO Y3arajJbHEHHS BIACTUBOCTEH Ta
XapaKTepUCTUK TpoleciB. '0l0BHE — BOHU [ArOTh MOXJIMBICTH 3aCTOCYBAaHHS METOMAIB MaTeMaTHYHOTO
aHaJi3y NHUX XapaKTEepPUCTHK Ta OJHOYACHO 3a0e3MeuyroTh IMPOCTOTY BUKOPHCTAHHS 0€3 3aCTOCYBaHHS
TPOMI3IKUX MPOMIDKHMX OOYHCIICHB, BKJIIOYAIOUM BHUKOPUCTAHHS KOMII IOTepHHX 3aco0iB. Tomy metoro
poboTH € po3poOKa MaTeMAaTHYHUX MOAENEH 3alUld BU3HAYCHHA OCHOBHHMX IapaMETpiB NOHMKYBAJIBHO-
MiIBUIIYBAIGHUX HEIHBEPTYIOUMX IEPETBOPIOBAYiB TIOCTIMHOI HANpyrH 3 BHKOPHCTaHHSM METOJa
ycepennenns [10] ta IXHii mopiBHAIBHUNA aHATI3.

3a[uis IOPIBHSHHA XapaKTEPUCTHK IEPETBOPIOBAYIB PUC. 1 PO3IIIIHEMO MPOLECH Y MTOHMKYBaJIBHO-
MiIBUIIYBAILHOMY HEIHBEPTYIOUOMY IEpPETBOPIOBaYl 3a CXEMOK pHc. 1, 6, BPaxOBYIOUH, IO MPOLECH 3
ypaxyBaHHSM PeKUMIB poOOTH 0a30BOi IHBEPTYIOUOi CXeMH pHC. 1, a TOKJIaAHO BUCBITICHO y poboTi [11].
[lin wac amamizy maHoi cTpykrypu puc. 1, 6, Ak i HacTymHoi puc. 1, 6, NMPHUIYCKAEMO, IO CHIIOBI
nmepeMuKarodi  exeMeHTH (kepoanwii kimod S1 1 miom VD1) € imeanbHUMH KIIOYaMH, Yac iXHBOTO
NEepEeMHUKaHHS JIOPIBHIOE HYJIO; aKTHBHI OMOpU OOMOTOK iHAyKTopiB L1, L2 i BHYTpilIHIA omip Ikepena
eNIeKTPOKUBIEHHS U,y TOPIBHIOIOTH HYJIIO.

si VDI 81 Mo s1  Hcr Lz g
+ ——
+ o—" — H . iu 4 o — H i” + o—r" - |+— i
i Uct Y cr |vor Y o er Y'¥
U | [9F o l 5 v | vy €2 |+
. IS £2 -|_+ Ry & 12 Ry “ gu -|_ Ry
a o 8
Puc. 1

VY pexumi Oesnepepsroi nposigHocTi (CCM — continuous conduction mode) eKBIBaJCHTHI CXEMHU
3aMillleHHs IepeTBOpIoBava puc. 1, 6 Ha iHTepBanax poOOTH 300pakeHO Ha puc. 2, a, 6 — A1 iHTepBajiB
HAKOTMYEHHS Ta Bifiadi eHeprii inaykropoM L1 BiAmoBigHO.

Her uqu
[ . |_
Uax 1 ci (0§
® & R, HH
a 7]
Puc. 2
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JudepentiianbHi piBHIHHS, [0 ONMKCYIOTHh NMPOIECH B cCXeMaX 3aMillleHHs IepeTBopoBava puc. 1, 6
Ha BIAMOBIIHUX IHTEpBaNax poOOTH, MAFOTh BUIJIST

LlﬂzU
dt

BX %

1HTEepBaJ HAKOTIMYCHHS

(1)

0oy v r 1%
dt dt
Llﬂ =u,
. o dt
IHTEPBaJl Blaaa41 . (2)
i =18
1

dt

BuxopucTtoByroun MeTOj yCepemHEHHS Ha OCHOBiI TeopeM Jlarpamxka [10-12], mepeiimemo Bixn
orpuMaHux audepeHmianbHux piBHAHB (1), (2) mo cucTemMu anreOpaidYHUX PiBHSHB BIIHOCHO IPHUPOCTIB
He3aJIe)KHUX (YHKLIN Ha iHTepBajJax KOMYTalii Ta IXHIX cepelHiX 3HaueHb

nfhoy,,
TH
Uy =-Ug + R,,Cl%,
’ €)
Al
11— IT =Ug,
[ =1%= c12Ya

ne Ay, AU, — ipupict cTpymy iHaykTopa L1 Ta Hanpyru Ha koHmeHcatopi C1 Ha iHTepBanax KoMyTartii; /;

— cepeHiii CTpyM iHIyKTOpa Ha mepiomi komyTamii 7; 1 ((jzl) — cepemHil CTpyM KOHIEHCcaTopa Ha iHTepBai

Bigmaui eHeprii; Uq — cepefHs Hampyra KOHJIEHCATopa Ha MepioAi KomyTalii; 7, — TPUBAJICTh IHTEpBAILY
HAKOITUYEHHS.

[eperBopumo cructemMy (3) y piBHSHHS 3 BIIHOCHUMH 3MIHHUMU. J[JIs1 I[bOTO MEPENHUIIEMO BCI YWICHU
CHCTEMH BIJJHOCHO BEJMYHMHU BUXimAHOI Hampyru U, Ta BENMYMHHU BUXITHOTO cTpyMmy [, BBememo Takox
HacTynHi nosuavends: y =7, /T — BiTHOCHA TPUBANICTb iHTEpBANY HAKONMYEHHsS €HEPTii — BiIKPHTOrO

CTaHy KEpOBAaHOTO Kito4a (BiIHOCHA TPHBAJICTh KOMYTAIlii); rik =Ll/R,T - BigHocHa mnocriiiHa yacy
KOHTYpY 3 ejemenTamu L1 1 R,; T*Cl =CIR, /T - BinHoCcHa mocTiiiHa yacy KOHTYpy 3 enementamu C1 i R,.
ITo3HaunMo TaKOX BIAHOCHI 3MiHHI: TPHUPOCTY CTPYMY IHIYyKTOpa All* =Al/1,, cepenHBOro CTpyMmy
IHAYKTOpa I{k =1;/I,, IpPUPOCTY HAmpyr¥ KOHJEHCATOpa AUZI =AU /U, , cepennboi Hampyru Ha
KOHJIEHCaTOopi Ua =U¢ /U, , Binmomenns BXinHoi Ta uximnoi manpyru Uy =U, /U, . Y Takomy pasi

crcreMa B 0a3uci BIIHOCHUX 3MIHHUX MaTHME BUIIISL

*
w Al s
’Cl—l ZUH,

J )

ISSN 1607-7970. Texn. enexmpoounamixa. 2026. Ne 2 29



Po3B’s3ytoun OTpuMaHy cHUCTeMy aireOpaiuHuX piBHSIHB (4), 3amuIIEeMO MapaMeTpu MpPOLECIB y
TOHWKY BAJIHO-ITi IBUIIy BAJIbHOMY HEIHBEPTYIOUOMY TepeTBoproBayi 1yt pexumy CCM

AT = AL =(1=9)/x 1 =1 /1, =1/(1=7), AUg; =AU /U, =17

UEIZUCI/UHZI’ U;[:UBX/UH:(I_Y)/Y‘ (5)

3anuiieMo OTpuMaHi pe3ynbTaTtd (5) B a0COMIOTHHX BEIUYHMHAX, BPAXOBYIOUH, IO MPHUPOCTH HA
mepioi KOMyTaIlii CTpyMy 1HIYKTOpA Ta HAIIPYTH Ha KOHICHCATOPI JOPIBHIOIOTH ITyJIbCAIli] IIMX BETUIHH

A11 = ’YUBX/(T);RII)’ [1 :yUBX/((l _Y)ZRII)’ AUVCI = YUBX/((I_Y)tZI)’ UCI :yUBX/(l_Y)' (6)

3anuiemMo BEIMUYMHY CepeIHBOI HAPYTH Ha HaBaHTAXKEHHI1

Uu = yUBX /(1 - Y) » (7)
a BEJIMYMHH ITyJIbCAIlil BUX1THOI HAIIPYTH BiAOBIIHO
UpH = UBX /(l - Y) (8)

B Ttakomy pa3i koedimieHT mynbcamii BHXiZHOI Hampyrd MepeTBOprOBaya Mo cxeMi puc. 1, 6
PO3paxoBYETHCS 3TiJHO BHpa3y

KpHZUpH/UHZI/Y' )

CucreMa MaTeMaTHYHHX CcHiBBimHOIMEHDb (4)—(6), (9) sBmsAe co0OI0 MaTeMaTHYHy MOJCIb
€JIIEMEHTAPHOTO HEIHBEPTYIOUOro MOHWKYBAIBHO-ITIIBUILYBaJIBHOTO MIEPETBOPIOBaYa puc. 1, 6, ska omucye
napamMeTpu TpoLeciB y HboMY. 3 BUpasy (9) BUIUIMBae, 1[0 y BChOMY Jiama3oHi KomyTauii KoegilieHT
HyJbcanii BUXiJHOT HAIIPpyry HOHMKYBaJILHO-ITIIBUIYBAIFHOTO HEIHBEPTYIOUOTO IEepeTBOpIOBaya puc. 1, 6
3aBXIU csArae BenuunH Outbmie HiK 100% He3aexHO Bil MapaMmeTpiB pPeakTHBHHUX E€JIEMEHTIB, IO €
HETPUHHATHUM JUIS OT0 BUKOPUCTAHHS y OLIBIIOCTI 3acTocyBaHb. IIpoTe, 115 Tomosnorist mepeTBoproBaya €
CTapTOBOIO ISl OAAJIBIIOTO yIOCKOHAJICHHS MPOLIECIB.

Jocmimumo mporiecu y meperBoproBadi 1mo cxemi puc. 1, ¢ (PO Luo meperBoproBadi), sika HaOyBae
Takoi KoH(QIrypamii y pa3i BHKOPUCTAaHHS AOAaTKOBOro BuxigHoro L2C2-dimpTpa B cxemi puc. 1, 6.
ExgiBanienTHi cxemu 3aminienns qaHoro PO Luo neperBoproBaua Ha iHTepBanax poOOTH 300pakeHO Ha PHC.
3. Pexxumy GesnepepsHoi nposignocti (CCM — continuous conduction mode) Biamosinae cxema puc. 3, a
(iHTepBay HaKOIMYEHHs eHeprii) Ta cxema puc. 3, 6 (iHTepBan Bijmadi eHeprii). Pexxumy nepepuBuactoi
nposigHocTi (DCM — discontinuous conduction mode) BiAmoBiAat0OTh CXeMU puC. 3, a, puc. 3, 6 Ta puc. 3, 6
(iHTepBaI BiJICikKaHHS €HEPTii, KOJH BCi MEpEMUKAIOU] eIEMEHTH 3aKpPHTI).

wor LT g ul(i i
; e i : i
Mo, Y o P UY 1 cz [#e2 1
® I L1 = R, I L1 -|- Ry,

Puc. 3

Hiarpamu mporieciB y PO Luo meperBoproBadi 300pa)keHO Ha puC. 4 Ta BIANOBINAIOTh BKAa3aHUM
pexumam: CCM (puc. 4, a) ta DCM (puc. 4, 6).

Ha piarpamax moka3aHO 4YacoBi 3aJIeKHOCTI CTPYyMIB 1HIYKTOpiB i;, i, CTPyMy BHUXiZHOTO
KOHJIEHCATOpa i Ta HAIPYTH Ha BUXIMHOMY KOHICHCATOPI Ucn, @ TAKOXK CTPYyMY mionma iyp;. Ha miarpamax
no3HaueHo: 7, — TPHBAJICTh IHTEpBaly HAKONMWYEHHS eHeprii B iHaykrTopi; T, — TpUBANICTh IHTEpBAILY
Bignaui eneprii; 7, — TpUBAJICTh IHTEpPBANY BiJCiKaHHS eHeprii; Sc, Sp — MO3HAYCHHS 3a/J1s BH3HAUCHHS
aMIep-CeKyHHUX TUIONI CTPYMIB BHUXIJHOTO KOHJAEHCATOpA Y PO3PaxyHKYy MyJbCAlliii BUXIMHOI HAMpyTH
MepeTBOproBaya y Bianosiganx pexknmax CCM, DCM.
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Puc. 4

3anuIemMo BifIIOBITHO IO €KBIBAJCHTHHX CXEM 3aMIIEHHS CHUCTEMU JH(epeHIlaTbHUX PIBHSHB, IO
OIKCYIOTH TIPOIIECH B TIEPETBOPIOBAYI Ha IHTEepBajIaX HAKOIIMYEHHS Ta Biiadi eHeprii inmykTopoM B pexxnmi CCM

Llﬂ:UBX, Llﬂ—ua,
dt dt
di di di
Nt +u. =L2—"2%+u,,, L2—2=uy,,, 10
dt 1 ar e dt c2 (10)
Cl duCl — Cl duCl —
a7 d

[Tepeiinemo mo cucreMu anreOpaivHUX PIBHIHL BIAHOCHO TPHPOCTIB HE3ISKHUX (YHKIN Ha
iHTepBalaXx KOMyTalii Ta IXHIX cepeAHiX 3HaueHb, BAKOPUCTOBYIOUH METOJl yCEPETHEHHS! HAa OCHOBI TEOpeM
Jlarparmka 1o oTpuMaHuX qudepeHianbHuX piBHIHB (10)

LlﬂzU ,

BX
H

Al Al
LI—+U, = LZTZ+UC2,

H H

; (11)
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ne AL, Al,, AU¢, — nipupoctu cTpyMmiB iHmykTopiB L1, L2 Ta Hanpyru Ha koHAeHcaTopi C1 Ha iHTepBamax
komyTauii, /;, I, — cepenni crpymu inaykropiB Ha nepioai komyramii 7; Uc, Urp — cepenHi Hanmpyrd Ha
koHneHcaTopax C1, C2 Ha nepioai KoMyTarii.

B pesynbraTi po3B’si3aHHS JaHOi CHCTEMH aireOpaidHUX PIBHAHB 3 ypaxXyBaHHSM CIIiBBIIHOLICHHS
I, =U, /R, Ta paHiule NpUilHATHX [O3HAYCHb 3aIMIIEMO HACTYIHI BUpasH B Gasuci BiIHOCHUX 3MiHHHX

It mapametpiB nporeciB y PO Luo neperBoproBaui B pesxkxumi CCM:

AI;‘ :All/ll-l :(1_'}’)/‘5?’ 11* :II/IH :Y/(l_'Y), N; :AIQ/[H 2(1—Y)/T; P 1; :IZ/IH =1, (12)
AU =AU U =Y/1'*01 U =Uc1/Ucs =1,Ug JU, = (1=7)/v,
ne 15 =L2/R,T.

VY 6a3uci aOCOMOTHUX 3HAYSHb OTPUMAaH| BUPA3H ISl TapaMeTpiB MPOIECiB BUTISAAI0Th HACTYITHUM
YUHOM:

AIl szBx/(TTth)’ 11 zyzUBx/((l_Y)an)’ AIZ :yUBX/(T;R”)’ 12 :yUBX/((l_y)RH)’ (13)

Al]CI ZYUBX/((I_Y)TZI)’ UCl :'YUBX/(I_'Y), UH = UC2 :'YUBX/(I—'Y).

Otpumani cmiBBigHomeHHs (12), (13) € MaTeMaTHIHOIO MOJEIUTIO TIEPETBOPIOBaYa 3a CXEMOIO PHC.
1, 6, sIKi AOTHb 3MOTY MEPEUTH O PO3PaxyHKY Iylibcanii BUXigHOi Hanpyru y pexxumi CCM. Ilynscamito
BuxigHoi Hanpyru U,, = U,c, BU3HAYMMO, BUKOPUCTOBYIOUH aMIIEP-CEKYHJIHY ILUIOLLYy CTPYMY ic» 3apsmay
KoHAeHcaTopa C2 Ha NOUISHIN HAMBIEPioxy KOMyTamii meperBopioBada (puc. 4, a, tioma ¢irypu Sc
NOMiYeHa CIpUM KOJbOPOM Ta OOMEkeHa (YHKIEI CTPYyMY icp). Y TakoMy pasi IyJibCallis HampyrH
KoHJeHcaTopa C2 Ta BUXi/JHA HANPyra BU3HAYAIOTHCS TAKUM YHHOM:

T/2 ALT
U =— |1 dtz—C, ne S =22
PC2= s J-CZ ol c

Tomy, BUKOpHCTOBYIOUM (OpPMYINy Ui BH3HAa4YeHHs TNpUpocTy cTpymy Al 3 Bupasis (13),
OTPUMAEMO CITIBBIJHOIIEHHS IJISi pO3paxyHKy mynbcanii BuxigHoi Hampyru PO Luo meperBoproBaua y
pexumi CCM

2
yI“U
=—2= 14
Pt 8L2C2 (14
Koedirmient mynpcartii BUXiTHOT HAIIPYTH 3aIMUIIIEMO Y HACTYITHOMY BUTJISII:

U 1—v)?
PO ) (15)

8L2C2

PH
UH
Posrnsinemo 3anexnicte mapameTpiB PO Luo mneperBoproBaua, 10 BH3HA4Ya€ TPAHUIIO MiXK
pexumamu CCM ta DCM. YmoBoto icHyBanHs pexxuMy CCM € nepeBHIleHHs] cepelHiM 3HAYSHHSIM CTPyMY
Iyp mioma VD1 Ha iHTepBati Biggadi eHeprii MOJTOBHHU BETWIUHHU HOTO MpUpocTy Alyp Ha 1TOMY iHTEPBATI.
BpaxoByroun Te, mo cepenHii ctpyMm mioga VD1 Ha 3a3HaueHOMY iHTEpBalli JOPIBHIOE CYMi CEpelHix
CTpyMIB IHIYKTOPIB /| Ta I, a IPUPICT CTPyMy AioJa JOPIBHIOE CyMi MPHPOCTIB CTPYMiB iHIYKTOPIiB Al; Ta
AL, 3aniiieMo BUpa3 aisi rpanngHoro crany Mik CCM ta DCM
AL+ Al
L+, =—"1"=2
[MigcraBnstoun y naHuil BHpa3 3HA4YeHHS mapamerpiB 3 ¢opmyn (13), oTpuMaeMo B KiHLIEBOMY
. . . . . . .. (v 3 *
BapiaHTi (yHKLIOHANbHY 3aJ€XKHICTh I'DAaHMYHOI BEIMYMHM BiHOCHOI mocTiiHOi uacy T,, PO Luo
MepPETBOPIOBAYA y Jialla30Hi KOMyTaIlii Y, 3MEHITIIEHHS K01 IPU3BOANTH 110 MOsBH pesxknmy DCM
L, (1—v) L1L2
Tep =——=—"""—, e L,=—. (16)
R,T 2 L1+ L2
Posrnsaemo mpomecm PO Luo meperBoproBaua y pexumi DCM. Ilim wac aHamizy 3aMiHUMO
kouaeHcatopu Cl, C2 BignoBimHUMH JpKepeidamu mocTiiHol Hanpyru Uc, Tta Ue, TpUIYCKarouH, IO
nyJjbcalii Hampyrd Ha LUX KOHAEHCATOpax € HEXTYBaHO MalMMHU B IOPIBHSHHI 3 IXHIMH cepeIHIMH
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3HaYeHHsAMHU. [le MpUmyIieHHs € HEeOOXiAHUM 33Ul CIPOIICHHS 3aCTOCYBAaHHS METOAA YCEPEIHCHHS s
aHaJli3y Yepe3 HeOMHAKOBICTh MPUPOCTIB HANIPYTHM HAa KOHACHCATOpaX Ha IHTepBajaX KOMYyTaii IJis 3aMiHU
iX OJHIEI0 HE3AIEKHOK 3MIHHOK Ha mepioai komyTamii (puc. 4, 6). 3aCTOCOBYBaHUH y JaHOMY aHami3i
METOJI yCEepeIHEHHS Ha OCHOBI TeopeM Jlarpamka JOCTYMHHUH Ui TPOLECIB 3 OAHAKOBHMHU MPUPOCTAMU
(yHKIIHN Ta IXHIMU cepeIHIMH 3HAYCHHSIMH Ha iHTepBajaX. ToMy, HEOOXiTHY BEeIWINHY MyJIbCaIlii BUXiIHOT
HaMpyry, IO JIOPIBHIOE MyJbcallil HANpYrd Ha BUXIAHOMY KoHzaeHcatopi C2, 3HaiileMo 3acTOCOBYIOUH
BU3HAYCHHSI aMITeP-CEKYH/IHOT IUIOMIi CTPYMY BHXiTHOT'O KOHJICHCATOPA.

Judepenrianpai piBHAHHA, 0 ONMUCYIOTh mpomecu y PO Luo meperBoproBaui y pexumi DCM,
BUTIISAAI0Th HACTYITHUM YHHOM:

Llﬂ =U,,
IHTEpBaJ HAKOITUYCHHS d (17)
Llﬁ +Ug = LZ& +U
¢ d 7
Llﬁ =U¢y,
. . . dt
1HTepBaI Biaaayl 5 (18)
L2=2=Ugs.
dt C2

3acTOCOBYIOUM METOJ] yCepeIHEHHS! Ha OCHOBI TeopeM Jlarpanxka 1o oTpuMaHux AudepeHIiaTbHIX
piBasHB (17) Ta (18), oTpuMaemMo cuctemy anreOpaidHUX PiBHSHB, JOTOBHIOKYH ii CIIBBITHOIICHHSM IIPO
CepemHii CTPyM HaBaHTAKCHHS, IO ITOPIBHIOE CEPENHBOMY CTpyMy mioma VD1 Ha iHTepBami Bimmadi
tpuBanictio T,. Lle poouts cuctemy anredpaiuHux piBHSIHb NOBHOIO JUIS OTPUMAHHS €JMHOTO PO3B’SI3KY

0y

H

BX 7

Al Al
Ll?l-’-UCl =L2T2+UC2,

Al
LlleUcp (19)
L2%=Uc2,

6

(A7, +AL)T, _Ugq
2T R,

H

Po3B’si3kom cuctemu (19) € HacTymHi BUpasu, sIKi JalOTh 3MOTY pPO3paxyBaTH MyJbcalliiiHi Ta
cepenHi ckimanoBi mporeciB y PO Luo meperBoproBadi y pexkumi DCM y BiZHOCHOMY Ta aOCOIOTHOMY
BUMIpax BiAMOBITHO

NI = ALT, =28 [ AT = AL 1, =2 [, UL JUG =U, UG =22 i, @0)

AL =vU, [(6R,), AL =yU, J(iR,), U =Ues =yU, /25, T, =Ty27, . @1

[Mynbcartito BUXiAHOT HANpyTH nepeTBopioBada PO Luo BU3HAYNMO, BPAXOBYIOUH aMIIep-CEKYHIHY

IJIONTY CTPyMy KoHIeHcaTopa C2 3a #oro mo3WTUBHUX 3HadYeHHAX ((Dirypa 3 miromero Sp, o 00MeXyEThCS
CTPYMOM ic, BiIMi4U€Ha CiprM KOJILOPOM pHC. 4, 0)

SDZ(AIZ_A]H)(TH_TI"'TZ)’ ,Z[CTI=IHTH, T2=(N2_1H)T6.
2 Al Al

BukopucroByroun 3Haiineni B (21) chiBBiJHOIIEHHS, PO3paxyeMO OCTaTOYHO BEIMYHMHY MyJbcarlii
BUXi/THOT HarpyTH riepetBoproBada PO Luo B pexxumi DCM
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Ta KOe(IIEHT MyJIbcallil BUX1IHOT HAIPyTH

* %
X _UpH_T2 rzrel r;
PR T 202 | x|
H \/2’52

(23)

Otpumani cmiBBigHomeHHs (20) — (23) € MaTemMaTnyHO MO0 meperBoproBaua PO Luo B
pexxumi DCM.

TakuMm 9MHOM, 3 BHKOPHCTAHHSM METONIY yCepeIHEHHS Ha OCHOBI Teopem JlarpaHka OTpHMaHO
IpocTi MaTeMaTH4YHI Mojeni (aHANITUYHI CHIBBIAHOIIEHHS) IJIsi PO3PAaXyHKY ITyJbCAliHHUX Ta CepelHiX
3HaueHb CTPYMIB Ta Hampyru neperBoproBaya PO Luo B pexumax Oe3nepepBHOI Ta NepEepPUBYACTOI
npoBigHOCTI. 1{e Hagae MOXIHMBICTE PO3paxyBaTH TpadidHi 3aJICKHOCTI BEIMUWHH ITyJIbCaIlii Ta KoedilieHTa
nyJbcallii BUXigHo1 Harpyru neperBoproBada PO Luo B mianma3oHi koMyTalii A BKa3aHUX PEXHUMIB (puc. 5
a ta 5, 6 BiqnoBigHO). BkasaHi 3ayexHoCTi po3paxoBani 1 3HaueHb Uy, = 300 B, L1 =2 mI'H, L2 =2 M['H,
Cl =10 Mx®, C2 = 50 mx®D, T = 50 mkc. Toukamu «1» Ta «2» Ha puc. 5, a, 6 BUIICHO TPAaHUYHI 3HAYCHHS
BIIHOCHOI TPHWBAJIOCTI IHTEpBaTy HAKOMWYCHHS CHEPTil Y, IO BIAMOBIMAIOTH MEPEXOAy MIXK PEKHUMaMHU

CCM ta DCM vy BianoBigHocTi 10 criBBigHomeHHs (16): y,(«1»)=0,553 3a r; =0,2, yp(«2») = 0,225 — 3a

15 =0,6. JIOCTOBiIpHICTH pPE3yJBTATIB PO3PAXYHKIB MIATBEPPKEHO 3a JOIOMOTOI0  IMITaIiifHOTO

MOJICITIOBaHHS TPOIIECIB Y MEPETBOPIOBAYi B YKa3aHUX PEeKUMax 3 BUKOPHUCTaHHSAM makeTy PSim. B Tabm. 1
HaBEJICHO pe3yJbTaTH PO3PaxyHKy 3a pO3pOOJIEHMMH aHANITUYHUMH cHiBBiiHOmeHHsME (AM) i 3a
JIOTIOMOTO0  iMiTariiHoro MoxemoBaHHs (IM) anst nmekinmbkoX 3Ha4eHb Y B JIiala3oHi KOMyTamii mpu

. *
3Ha4eHHi 1, =0,2.

1 LIDCZ; B Kpcz, %o
0,25 .
T2=06
0.8 0.2 _'ﬂ—\ <
- ’ Th=02
0.6 ,/ 0.15 2 > \
04 L
’ T2=0,2 0,1
0.2 \
15=06 0,05
0 2 11 ¥ 2 1 ¥
002 04 06 08 1 % 03 o4 0s o0s 1
a ' ’5 ’ |
Puc. 5
Taoauns 1
v 0,1 0,3 0,5 0,7 0,9
AM M AM M AM M AM M AM M

Uy, 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
K,c2,% | 0,154 | 0,153 0,154 | 0,153 0,154 0,142 0,093 0,093 0,031 0,031

Po30ikHICT, pe3yJbTaTiB pPO3PaxyHKIB 3a JBOMa BKa3zaHMMH crocobamu B pexumi CCM He
nepeBuilye 1% 3a BHHATKOM 007acTi MOOJM3Yy TPaHUYHUX 3HAYCHb Y CTOCOBHO 3aJIeKHOCTEH LIS
KoeiIiEHTIB MyJIbcalliii BUXiTHOI HANIPYTH, /ie¢ BOHA BHIIE Ta 00yMOBJIeHA IPUHHATAMY MPUTYIIEHHIMH ITi]]
gac po3poOKH MaTeMaTHIHOi Mojen meperBopioBada B pekumi DCM. Ilpote, s po30ikHICTE TOOTH3Y
TpaHMLi MIX peXUMaMH € HE CYTTEBOIO Ha ()OHI JOBOJII HU3BKUX 3HAYCHb KOeQili€eHTIB MyJbcaliil Ha piBHI
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menme 0,5 %, He CylmepevyuTh OCHOBHUM TEHACHISIM X 3MIHEHHS Ta CTOCYEThCS JIMIIE BKa3aHOTO
napaMeTpa. Peita mapamMeTpiB IMpOIECIB PO3PAaXOBYETHCA 3a PO3POOJICHUMH  CITIBBIJIHOIICHHSIMH 3
Ppo30iKHICTIO TaKOXK He Oinbie 1% B MOpiBHSAHHI 3 iMITALIHHIM MOJEITIOBAHHSM.

B Tabn. 2 momaHo pe3ynbTaTH PO3paxyHKy IS JEKITBKOX 3 PEXHMIB, IOCIIIDKEHUX Iia 4ac
BUKOHaHHS poOoTh. B pexxumi CCM BukoprcToByBaiocs 3HaueHHS R, = 10 Om, B pesxkumi DCM — R, = 100
OM 3a BKa3aHOI BHUIIE PEIITi 3HAYCHb 1HIYKTUBHOCTEH Ta EMHOCTEH €JIEMEHTIB, BXiJTHOI HAIIPYTH Ta MEPioay

KOMYyTallii IepeTBOpIoBaya.
Tabanus 2 IIpoananizyeMo MpoIiecH y II€EpeTBOPIOBaYI

[Mapamerp AM M BIHHOCH(")‘ PO Luo ta mocmimumo edekT 3MEHIIEHHS IMyJIbCarlii
_— — e plSH(I;IIgI, % BHXIJHOI HAIIPYTH B IIbOMY MPHCTPOI y n.opiBHSIHHi 3
Mz, X 1,875 1’86 0’ 2 0a3oBor0 cxeMoro puc. 1, a 3a paxyHok ¢inprpa L2C2
AUc,l B 1’2’5 12’,46 0:3 33 ONHAKOBHX L1C1. [Jns  uporo _ PO3IIIAHEMO
ceM [ 1,A | 333 | 335 0.6 CHIBBILHOUICHHS BEMMTMHN MyNbCaull  BHXIAHOL
oA T 10 0 HanpyTu Ta ii koedimieHTa mymnbcamii Rp 3 ypaxy-
U, B 100 99,7 03 BaHHAM PO3POOJICHUX aHAIITHYHUX CIIBBIIHOILICHbL B
Us B 100 99.7 0.3 pexumi CCM. 3rigao pesymsrariB podotu [11]
AL A 1.875 1.86 0.8 BeIMYMHA ITyJibcauii BUXiAHOI Hampyrun y 0a3oBii
AL, A 1,875 1,86 0,8 CXEM1 1HBEPTYIOYOIO IIEPETBOPIOBAaYa  JIOPIBHIOE
DCM | U..B | 11858 | 118,58 0 s VU, bb ~ ~
Us, B | 118,58 | 118,58 0 Uy R, CIT — ewiers simxiznoro
T,mxc | 31,62 | 313 1,0 !

KOHJIEHCaTopa.
Buxopucroyroun Bupas (14) mans mynscanii Buxinnoi Hanpyru PO Luo neperBoproBaua, 3anmumeMo
CITIBBiAHOMICHHS Rp

Uhti  y  8L2C2
Rp:UPO T1-y bRy
pC2 v H

me U 582 — BEeITMYMHA ITyjIbcarlii Buxigaoi Harpyru PO Luo neperBoproBauya.
BBakaroum, 110 BETUYMHU €MHOCTCH BHXIJHHX KOHJCHCATOPIB y TEPETBOPIOBaYaX JOPiIBHIOIOTH
onna onuii C lb b_ C?2 , 3anMIIeMo OCTaTOYHE CITIBBIIHOIIEHHS
-1 *
szy(l—y) -81, . (24)

Crnig nojmatw, 1O OTpUMaHWil Bupa3 (24) mMae Takuil caMuil BUIJIST 1 JUTsl CHIBBIIHOMIEHHS KOe(illieHTIB
MyJbCaIliil BUXiTHOI HAPYTH.

. o . 3
I'padiune 300paxkeHHs JaHHUX 3aI€KHOCTENH Rp MOAaHO Ha puc. 6, a 3a PI3HUX 3HAYEHb T, .

Rp ™

T iy
)] L
/s AN
v rzlzo,ﬁ Ton TS

0 025 05 075 1 0 025 05 075 1
a

Puc. 6
BignoBigHicTh BEITHMYMH NOCTiMHOI yacy T, A0 HOMepY IrpadikiB BKa3aHa B Tabi. 3.

VY Tabn. 3 momaHO TaKOX TPaHWYHI BEIMYMHH BiJTHOCHOI TPHUBAJIOCTI KOMYTAIIii Y, MK peXAMaMHU
CCM i DCM, a TakoX BEJIUYMHHU CITIBBIJHOIICHHS Rp B TPAaHUYHUX TOYKAX Y, JJIS BIIAMOBITHOI BETMUUHU

Ty. Ha puc. 6, 0 ToKa3aHo Fpa(bll-IHy 3aJIC)KHICTh TZRp = (l —’y)/(8'y) , IKa B1AIIOB11a€ 3HAYCHHAM T, , KON
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. . . . . * . . “ee .
CIiBBIHOIIEHHs Rp NOPIBHIOE OJMHMI, Ta Tpadik rPaHMYHUX 3HAYEHb T, B Jiala3oHi KOMyTalii y Mik
pexumamu CCM ta DCM.

Taoauna 3
Howep 1 2 3 4 5 6 7 8 9 10
rpadika
R, 30 45 66,7 100 135 200 300 500 1000 5000
Yo - 0,06 0,22 0,37 0,46 0,55 0,63 0,71 0,8 0,91
r; 1,33 0,89 0,6 0,4 0,3 0,2 0,13 0,08 0,04 0,008
Rpb - 0,43 1,4 1,86 1,98 1,97 1,85 1,62 1,28 0,65

Amnani3 3anexHocteil puc. 6, a mokaszye, mo B cxemi PO Luo meperBopioBaua 3a paxyHOK
nmonaTkoBoi JmaHku L2C2 ¢inbTpa 3MEHIIYETHCS BEIWYHMHA ITyJIbCallil BUXiMHOI HANpyrd y TOPIBHSHHI 3

0a30BOI0 CXEMOIO 1HBEPTYIOUOr0 IIepeTBOPIOBada B JECATKU pa3iB B Aiana3oHi Bix T =0,04 mo 1, =0,6 B

lbb

pexumi CCM 3a omHAKOBHX BeMYMHAX BUXIAHHX emHOcTed C17° =C2 . Po3paxyHKHM TOKa3aiau, IO B

pexxumi DCM  criBBiIHOLICHHST BUXIAHUX ITyJbCallii HANPYT'W y BKa3aHUX MEPETBOPIOBaYaX JOPIBHIOE
OJUHMIII.

TakuM YMHOM TNPOLTIOCTPOBAHO, L0 3aMmiHa MicisiMu enemeHtiB Cl, VD1 y 6asoiii buck-boost
tonogorii II1 Ta BBemeHHs momaTkoBoro ¢imbTpa L2C2 3a OJHAKOBUX BEIMYMHAX BHUXITHUX €MHOCTEH

c1?t =c2 MPU3BOJUTH 10 CYTTEBHX 3MIH y BJIACTHBOCTSIX IEPETBOPIOBaYa y pasi 30epeKeHHs XapaKTepy

peryTIOBANBHOI XapaKTEPUCTHKH, sika BinoOpaxae buck-boost TeXHOJOT1I0 EPETBOPEHHS:

— BiZICYTHOCTI iHBepTyBaHHS BUXiTHOI HAIIPYTH;

— 3MEHIIIEHHS ITyJIbCAIliii BUX1THOT HAIPYTH B ACCSITKH pa3iB B IIHPOKOMY Jiana3oHi 3HadeHb L2 B

pexxumi CCM.

BucHosku.

1. Po3po0OiieHO HOBI MaTeMaTW4YHi MOJENI I PO3PaxyHKy HEIHBEPTYIOUHMX ITOHWXYBAJIBHO-
MiIBUITYBAILHUX TIEPETBOPIOBAYIB OCTIHHOT HANIPYTH 32 €JIEMEHTAPHOIO TOIIOJIOTIEI0 Ta 3a Tomouoriero PO
Luo B pexumax OesnepepBHOI Ta MepepuBYacTOi MPOBITHOCTI, SIKi CHPHSIIOTH CHPOILEHHIO PO3pPaxyHKIB
MEPETBOPIOBAYIB BITHOCHO ICHYIOUHMX METOMIB PO3paxyHKY Ta JalOTh MOXJIHMBICTH peajlizyBaTh HeoOXimHi
BUXIiJHI TIapaMeTpu IMEPEeTBOPIOBAUIB 3a 3aJlaHMX OOMEKEHHSIX Ha BEIWYMHU MYJbCAllil HAa PEAKTHBHHX
eJIEMEHTaX.

OTpruMaHO aHaANITHYHY Ta TpadiuyHy 3aJeKHOCTI TPAaHMYHUX 3Ha4YeHb mapamerpiB PO Luo
MEepEeTBOpIOBaYa y IMOBHOMY mdiama3oHi komyTtarii Mix pexumamMu CCM ta DCM, mo mae MOXIHUBICTH
00IpyHTOBaHO 0OMpATH HOTO TTApaMeTpHy Ha CTaJil MPOSKTYBaHHS.

3 ommAgy Ha BiJICYTHICTh TOJIOHWX pe3yNbTaTiB y BiOMHUX CyYacHHMX HAyKOBHX NpallsX,
OTpHMaHi B JTaHid poOOTI aHAITUYHI CITIBBITHOIICHHS Ta MOJEJi 00yYMOBITIOIOTH iXHIO HAYKOBY HOBH3HY Ta
NPaKTUYHY [IHHICTb.

2. IlpomeMoOHCTpOBaHO BIUIMB 3MIiHEHHS TOIOJIOTIi mepeTBopoBada Ha oOcHOBiI buck-boost
TEXHOJIOT1] TIepPEeTBOPEHHS BiX 0a30BOr0 IHBEPTYIOUOrO 1O HEIHBEPTYIOUOTO THUIY 3 IIOKPAICHOO
¢inprpaniero uxingnoi Hanpyru (PO Luo neperBoproBaua) Ha ioro BiactuBocti. JlaHa tomomnoris PO Luo
TIEPETBOPIOBaya CIpHs€E OiMBIIOMY 3aCTOCYBaHHIO NIEPETBOPIOBAYiB 3 buck-boost TexHONOTIEH B 3aaayax,
KOJIM iHBEPTYBaHHS BUXIHOI HANPYTH € HeOaxkaHUM a00 3aiBHM.

Po3paxoBaHo miama3oH 3MEHINEHHS ITyJbcamiii BuximHoi Hampyra PO Luo meperBoproBada
BITHOCHO 0a30BO1 Tomoiyorii mpu 30epekeHHI PIBHOCTI BEJWYHH €MHOCTEH BUXIJHHX KOHJEHCATOPIB.
OtpumaHuil pe3ysbTaT MOPIBHSIHHS ITyJbCalliii BUXITHOI HANPyId NEpeTBOPIOBAYiB € KOPUCHHUM IIiJ 4ac
iXHBOTO TIPOEKTYBAaHHS 3aBISKA MOKIIUBOCTI KITBKICHOTO MPOTHO3YBaHHS BIUIMBY BHXITHOTO (iTbTpa Ha
BEJINYHMHY MyJIbCaIliil.

Pobomy euxonano 3a Oepacobrodsncemnoro memoro "Poszsumox meopii ma npunyunie nooyoosu
eHepeoeheKMuUBHUX BUCOKOYACOMHUX HANIBNPOBIOHUKOBUX NEPEMBOPIOsayie MOOYIbHOI CIMPYKIMYPU 015l NOMYHCHUX
cucmem JICUBTIEHHS  eleKMPOMEXHON02IYH020 001A0HANHHA 3 Hecmayionapuum Hasawmasjicenuam" ([icepeno-4),
Oeparcasnutl peccmpayitnuil 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 Ukraine,
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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EJIEKTPOMEXAHIYHE IMEPETBOPEHH S EHEPTII
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IMPROVEMENT OF THE COMPUTER SIMULATION MODEL OF A FREQUENCY-
REGULATED INDUCTION MOTOR IN THE MATLAB SOFTWARE PACKAGE

V.0. Volkov*
Zaporizhzhia Polytechnic National University,
64, Universytetska Str., Zaporizhzhia, 69063, Ukraine,

e-mail: green_stone@ukr.net.

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 sofiware 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 ug, [V] of phase stator voltages

ug (t), ug(t), ug(t) sinusoidal shape (with displacements from each other by 120 and 240 electrical
degrees

' i 74@—’
E i 4:EI_’—:
27pif3 ¥ P sin » i

2%pi/3 ” sin

Fig. 1

for these voltages). In the improved model to the input «7m» of the IM model are supplied (unlike the well-
known CSM [1]): static torque T, mechanical torque losses AT}, 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 V, , projections iy, Iqs and

igr, igr of the generalized vectors of the stator iy and rotor  currents, projections Qu,, Pgs, and @'y, @',

generalized vectors of stator Wy, and rotor W 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]:

Ve = Rl i, +d(pgr/dt+(co—cor)‘(p;r,

Vi.=R i +do./dt+o- 0y,
q q (Pq (pd I/d’r =R:l:1r +d(p’dr/dt_(('0_(0r).(p:]r’ (1)

Vi =R, iy +doy /dt —o- ¢,
BT e T o T,=1.5p (04 iy ~ 0 i)

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: ® 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); , 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, Vcir of the generalized rotor

voltage vector V/ are equal to zero: V§, = V(ir =0.
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Internal parameters of the motor substitution scheme: active resistances [Ohm] of the stator Ry and
rotor R; 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, 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 ¢,
[Wb] of the generalized vector of the main flux linkage ¢, (which is equal to the magnetic flux in the air
gap of the motor), as well as the instantaneous values of the projections ey, , ¢4y, and the modulus ey, [V] of
the generalized vector e, of the electromotive force (EMF), the instantaneous values of the modulus i, of
the generalized vector of the rotor current 7. [A] and the angular frequency of rotation of the rotor (speed) o,
[rad/s] of the motor in steady and start-braking modes using known analytical dependencies [1, 11]:

Pam :Lm '(ids +i(,ir)’ (qu :Lm .(iqs +i<,]r)’ O = V(P(zim +(P<§m’ l; = V (l(;r)z +(i(,ir)2 ’
t
€im = _i((pdm)’ eqm = _i((pqm)’ €m = V ejm +e§m > O‘)r zéj[Te _(T;t +A71nech +ATad):|'dl

dr dr )

where J is the total moment of inertia [kg-m’] of the drive; ¢ is the value [s] of instantaneous time.
Calculating in an immobile OCS «gq—d» harmonic functions from the instantaneous argument of the

@

generalized magnetic flux vector ¢, =0, e’ ®» M in the form [18]:

cos(@q,) = Qgm /o, and sin(@q,): Qo / Py » 3)
use them to determine the instantaneous values of the motor's rotating electromagnetic torque 7, and
orthogonal projections i,y and iy, ¢, and @, e,, and e, [18]:

Pum = (pqm ’ COS(@(D )+ Pam - sin (@(D)’

T =15p- Ty — Iy ),
e p ((Pum Lys = Oy lus) (Pvm=(Pdm'COS(@q>)_(qu'Sin (@(D),

. l.qs C.OS( (D) .ld sm( cb) €um = €qm 'cos(@®)+edm -sin (@‘D)’
Iys =g 'Sln(@(b)_lds . COS(C(D)’ e —e 'COS(@ )_e .sin (@ )
=€im () qm @

vm

lus

4

accordingly, generalized vectors of stator current g, 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 ¢,, 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 i, 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 i

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 ¢ .., ¢,
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and ey, ey, of the generalized vectors of the main flux linkage @, and EMF e, , are equal to their
modules ¢, , ey, or zero, respectively:

(Pum = (pm 4 (pum = 0 and eum = 0 4 evm = em : (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 ey, ey, of the above-
mentioned generalized vectors ¢ and e, 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, as a function of the angular frequency of rotation of the stator magnetic

field o, (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, ¢

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

2 A
APes:iRs‘(i:)z’ APer:iRr,(i;)z’APir:APirn‘ (p_m ’ L ’x‘:l'?”cad:iRad’
. 2 ' 2 . (Pmn In 2
AP AP, 2
AP, =C,,- Wy .ifzcad, o, .isz’ Radzg.%’ATmechn:ﬂ’mS:Lfl,
O‘)Sl’l (Drn 3 IS.H ‘ ml’ﬂ p
Sn=%,Fr=Gr+(F+G)- 4 1F2a +i—(F—G)- e lE2a) Gr—(F—G)‘Hza,
p L 2 2L 2 2L
C=03, F=C-|T|/R,, AP;=3.75-10"0 F, , AT;=AP;/0,, AP, =AP;+AP,, (6)

APadAnZO'OOS.IDZn/nn’ Af)mzAj)e.s_l_Af)e.r—i_Aj)ir_l_Af)ad_l_Af)

mech »
Py=0, TP =P,+AP,, T, =T, +J-(do, /dt),AT,.,, = AT; + AT,

Af)em :APITI _AP

mech

T, =T, +AT,., + AT,

us ® m> Lus mech — svole mec
3 2
(O] Q) 0, —0 0, —0
A1)sv.n= AIDmech.n_Aj)f.n’Af)sv:Aj)sv.n'( - J ’AY—'SV:AF)SV.I’I.[ 31’ ]’S: > raB: > r’
Oy rn Oy Oy,
n= 30- r COS((P): 2})l Z{PZ/PI at T6207 IDSmZ(DSTeZPI_AF)e.s_APir’
i STARIA P /P, at T,<0; P 4,=0T1,=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 ¢, respectively; o, and o, is the

instantaneous and nominal values [rad/s] of the angular frequency of the phase stator flux linkages of the IM
respectively; n and ®,, is the instantancous 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 ecn, 1S the nominal value [Nm] of
mechanical torque losses of the motor; 7, 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 APg, are the instantaneous and
nominal values of power losses due to friction in the motor bearings [W]; AP, 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]; ATy and AT, are the instantaneous friction torque losses in

bearings and self-ventilation of the IM [Nm]; /, [+ 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

mech.n
the nominal values [W] of additional and mechanical power losses of the IM, respectively; s and P are the
relative and absolute slip [%] of the IM, respectively; n and n, are the instantaneous and nominal values [%]
of the motor efficiency, respectively; i; and ug 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() 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, ,q of stator current in the rotational OCS «u—v». This increments leads to a change of the

instantaneous value of the orthogonal projection iy 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,;, 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 P,.., 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,q are not affected by
electrical losses in the stator AP, ¢ and rotor AP, , windings, as well as magnetic power losses AP;. 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:
APald =1‘5.R:d (O‘)r/o‘)m)1522 =1‘5'R:d (O‘)r/o‘)m)(lli +i3§2)’ lTsZ zius +jist H
R:dzz'APad.n/[3'(i2 +i2 )]:2‘Apad.n/(3.1.522.n):Rad'(is.n/isZ.n)2

us.n vsZ.n
through the instantaneous values of the modulus igy or longitudinal i, ; and transverse i, v projections of

(7)

the generalized vector igz on the axes of the previously mentioned rotational OCS «u — v». In formula (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, ,, , as well as using the nominal values of the module i ,,, of
the longitudinal i,,, and transverse i, , projections of the generalized stator current vector igy , 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 AP, .., IM) the energy balance for its mechanical power P ..
[4]:

P 415 Ry (o0, /o, )ik, id=(i2+i2), (8)
where the instantaneous value of the electromagnetic moment 7, is determined from the first relation in (4)

mech ZO‘)r'T:e :mr'(Tus—i_ATInech

without taking into account or taking into account (5), respectively, using known dependencies [1, 11]:
To=1.5p-(Oum i vz = Pum i0s) =159 @i s ©)
Let us obtain, by analogy with (9), calculated relations (through orthogonal projections i, ¢ and i, g
of the motor stator current) for a determining the sum of moments (7,5 + AT} ecp, ) Of the f-r IM:
Ty + AT, = 15D (Oum iy = Oumy *ig) = 1.5P 0 - (10)
Based on the known relation for torque 7, from formula (6), dependence (10) also determines the
instantaneous value of the electromagnetic torque 7, 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 4 =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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(11)

APad :1'5'R:d '(wr/o‘)rn).(ilfs +i5s2):0‘)r ‘Te_o‘)r ‘(Tus +ATmech):0‘)r.[7::_(Tlvls +A mech)]:
=15p0)r [(pum .(ist _ivs)_(Pvm '(lus _ius)]zl's‘p‘o‘)r P ‘Aiv.ad ’ Aiv.ad :ist _ivs

through the instantaneous value of the modulus igs of the generalized vector igs of the stator current and the
increment Aiy ,q of the projection i ,4 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-Rly-(0,/0,,)i2+i2)=15 p-o, @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, .4 of the stator current.

From the last relation in formula (11) we determined the instantaneous value of the projection i, »
of the generalized vector igy in the form:

Iysy =lys +Alyad (13)
and after substitution it into formula (12), we obtain the following equation:
R:d : (wr /wrn)' lllfs + (ivs + Aiv.ad)sz PO Q- Aiv.ad > (14)

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

Ai\%.ad +AivAad (Zlvs _p'O‘)rn '(pm /R:d)—i_ilfs +ifs = 0 . (15)
The solution to this equation (relative to the increase Aij ,q) is the following relation:
Aiv.ad = (05 PO, Py /R:d _ivs)_\/(o's PO, Py /R:d _ivs)2 _ilfs _i\%s 5 (16)

which allows to calculate the mentioned instantaneous increment Aiy .4 in the function of the instantaneous
values of the modulus ¢, of the main flux linkage vector ¢, and orthogonal projections i, i, of the
stator current vector i of the f-r IM. After calculating in the relations (16) and (13) the instantaneous values
of the increment Ai, ,4 and projection iy of the stator current, the instantaneous value of the additional
power losses AP,y of the IM are found from formulas (7) and (11).
To estimate the instantancous error & between the angular frequency ratios: (o, /®,,) and
(oo Jog, ), as well as to determine, based on formula (8) and the relation for torque 7;, from formula (6), the
instantaneous value of torque losses AT,y (caused by the influence of additional motor power losses AP, ),
the following analytical expressions are proposed:
8§=(0,/»,,)-(0,/®,,) and ATad=1.5R:d-[ifs+(ivs+Aiv_ad)2J/wm. (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 Ai ;. and Ai ;. 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, =1.5-¢2/R;., Ry =15-¢/AP;, (18)
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where e, 1is the instantaneous value of the motor EMF module, determined from (2). Using the
instantaneous projections e, and e, of the generalized motor EMF e, 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, ;. longitudinal and transverse projections of the stator current of the f-r IM:

2 s
Aiuirzeﬁzze“;“'APirzAPirn'ze_ugl‘ P | . L ,
SR, 3e T e P Sin

" " " ) e (19)
Aiyy =om = 2em ap 2 AR p 2w [ Ou | | S
A Rir 3em 3 em ' 3em (pmn fin

Based on (13), (16), and (19), we obtain refined dependencies for determining the instantaneous

values of the longitudinal i, or u, and transverse i,y or u.s projections, modules i or ug
. . . %
respectively of the generalized vectors of stator current i; or voltage ug of the f-r IM:
ok * * Al' — 0,

N zlus+Alu.ir zlu
.* . . . . .
lvs:lst+AlvAir :lvs+Alv.ad+Al

vs l u S u.ad

v.ir 2

i*: (ius)2+(i*s)2’ l/l* :eum+Rs.ius_p'ms.Lls'i:s+Lls'%(ius)’ (20)

u, = (u*s)2+(u* )2, uis=evm+RS-i*VS+p-a)s-Lls-iuS+LIS-%(1'* )

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, ,q and projections Aiy ., Al ;. 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

u,s, Uy of the generalized stator voltage vector g 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 uy, uzs —t0 Uy, uf,s —to uys and i;k,s —to iy respectively.

According to the dependencies from (20), we will compile a distribution diagram of increments
Aiy i, Al and Aiy .4 of the stator current between the generalized vectors of stator currents zTS*, iis and
i f-r IM on Fig. 3 for the improved model.

3. Modeling results. Results of modeling 7 iy %
(shown in Fig. 4) of steady and start-braking ———= e .
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 l\L ~ V Aiyad
centrifugal fan with a moment of inertia Adyjr Alyjr (are p‘fo“dEd the

_ 2 . . (are provided the transportation of losses APag)

Jfan = 1.44 kg'm” and is characterized by a to-tal iRkl AR

il
moment of inertia J of the drive and an
instantaneous static moment 7y according to the Fig. 3
dependencies:

2
J=Jm +Jtan> Tst:Tst.n'(n/nn) 5 Tstn =Tusn =120.6 (Nm). (21)

Formula (21) uses the following symbols: 7, and T, are the corresponding to the nominal
speed n,, IM values of static torque T and useful torque 7,4 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 ug, (¢) of the instantaneous phase stator voltages ug, , ug, Ug, for the induction motor (but

in the improved model there were set the frequency f 1(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
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voltage value Uy, =220V (at which the amplitude value ug,,, of the phase stator voltage is equaled to

Ugy 2 -220=311.1V); during the braking mode, on the contrary, this values change from the above-
mentioned frequency fj, 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
. Nominal parameters, dimensions | Value I. Nominal parameters of th'e 4A1§0M4U3 asynchronous Value
motor, dimensions
Useful active power, kW 18.5 | Useful torque 7, , Nm 120.6
Effective phase stator voltage, V 220 | Motor rotor moment of inertia, kg-m’ 0.13
Amplitude of phase stator 50.35 II. Parameters of the T-shaped substitution Value
current, A ’ scheme: r.u. SI
- active resistance of the stator phase windin
Frequency of phase stator 50 p g 0042 | 07416
voltage, Hz R, Ohm
Number of pole pairs 2 - active resistance of the phase stator winding
' 0.024 | 0.1483

Motor speed, rpm 1465 | R, Ohm
Efficiency, % 89.5 | - magnetizing inductance L, , mH 43 84.58
Power factor 0.88 | - stator winding leakage inductance ;¢ ,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<¢<5s 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 ug,,

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, II and III of the IM model (the results of these calculations are given in Table 2).

Table 2
Electromagnetic parameters of the motor
Var n S Tys ATy Ay iy Aly ad Ism l:m Usm u:m
Unit rpm % Nm Nm A A A A \Y \Y
I 1465.3 2316 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.
AP, AP, AP, AP APech AP AP, ) n cos(¢)
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

II 0.9490 | 0.4510 | 0.3219 0.1091 0.3005 | 0.0590 1.8310 | -0.0030 | 89.67 0.8956
111 0.9862 | 0.4519 | 0.3212 0.1103 0.3008 | 0.0593 1.8697 | -0.0023 | 89.50 0.8800

Variant I 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 II 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 III 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 III there is a complete coincidence of

the values of efficiency m, cos(¢) 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 I (in which, due to the highest
degree of «idealization» of the IM model, the efficiency value 1 is unreasonably overestimated by more than
0.77%, and, conversely, the stator current i; and electromagnetic power losses AP, — are underestimated

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

in variant [ (compared to the reference data in Table 1 or the improved model in variant III) 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 II of the IM
simulation model (compared to variant III) 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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YJIOCKOHAJIEHHSA KOMIT'FOTEPHOI IMITAIIIHHOI MOJEJI YACTOTHO-PEI'YJIbOBAHOT' O
ACHHXPOHHOTI'O IBUI'YHA B TAKETI IPOTPAM MATLAB

B.O. Boakos
HY '"3anopisbka noairexnika',
BYJ. YHiBepcUTeTChbKA, 64, 3anopixixks, 69063, Ykpaina,

e-mail: green_stone@ukr.net.

Pobomy npucesueno yoockounanennio 6i0oMoi imimayitinoi Mooeni KoMn 10mepHo2o MOO0eno8anHs mpughasnoeo
KOPOMKO3AMKHEHO20 ACUHXPOHHO20 OBUSYHA 3 YACMOMHUM KepYBaHHAM y npoepamuomy komniexci MATLAB, wo
noasieae y poswupenti ii yHkyionanvHoi modcaugocmi (30kpema, 30iUCHEHHIO YIMOUYHEHO20 PO3PAXYHKY HOMOUHUX
3HAYeHb 8CIX 6UOIE OCHOBHUX GMPAN NOMYICHOCMI, OCHOBHOI CNOJNCUBAHOI AKMUBHOI NOMYIHCHOCMI, EHEPLeMUYHUX
NOKA3HUKIE 08USYHA) | NIOGUWYEHHIO MOYHOCTI 3HAXOONCEHHS NOMOYHUX 3HAYEHb OCHOBHUX 2APMOHITIHUX KOMNOHEHMIE
GazHux cmamopuux cmpymie i Hanpye 8 YCmManieHoMmy i NYCKO-2albMIBHOMY pedicumax osueyHa. Lle sasoanns eupiuieno
WASIXOM OONOGHEHHSL 8i00MOI Modeni 3 npoepamnozo komnaexcy MATLAB ymounenumu ananimudnumu 3a1eHCHOCHAMU
3007 PO3PAXYHKY OCHOBHUX eHepeemuyHux Rnapamempis 4dacmomHO-pe2yib08aH020 ACUHXPOHHO20 O8USYHA mda
BHACNIOOK OMPUMAHHA HOBUX YMOUHEHUX AHANIMUYHUX DO3PAXYHKOBUX 3ANeHCHOCMeU 30018 BUSHAYEHHS NOMOYHUX
3HAYeHHb MOOYII8 Y3a2ANbHEHUX 8eKMOpI8 CMAMOPHUX CMPYMI6 U Hanpye ybo2o 08ucyHa. 3adns niomeepodiceHHs
npaye30amHocmi 8600CKOHAIeHOT KoMN TomepHoi imimayitinoi modeni Oyau 3 ii 6UKOPUCTNAHHAM 0OYUCAEHT (CMOCOBHO
00  3A2aNbHONPOMUCTIOB020  KOPOMKO3AMKHEHO20 — ACUHXPOHHO20 — O8USYHA,  HABAHMANCEHO20  BIOYEHMPOBUM
BEHMUNIANOPOM) 8 YCMANEHUX | NYCKO-2ANbMIGHUX PENCUMAX 08USYHA U020 OCHOGHI 8Mpamu NOMYAHCHOCHI | OCHOGHA
CHOJCUBAHA AKMUBHA NOMYICHICIY, Koeghiyienm xopucHoi Oii ma nomyowcnocmi. [Ilpaxmuuna yinnicme cmeopeHol
VOOCKOHANEHO! KOMN TIomepHOI IMIMmayitiHoi MOOei Noiseae y NIOBUUEHHI MOYHOCME PO3PAXYHKY e1eKmMpPOMASHIMHUX
ma eHepeemudHux npoyecié ACUHXPOHHO20 0BUSYHA 3 HACTOMHUM Pe2yI0BAHHAM 8 YCMALEHOMY Md NYCKO-2ATbMIGHUX
pedicumax 3a ckansipHoeo kepyeanns. bion. 18, puc. 4, Tadm. 2.

Kniouosi cnosa: acMHXpOHHWI TBUTYH, YaCTOTHE PETYIIIOBAaHHS, KOMITIOTEpHA iIMITaIliifHa MOJIEITb, €IIEKTPOMArHiTHI Ta
E€HEePreTHUYHI MPOIeCH
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IIpeocmaeneno pesynomamu YUceabHo20 00CTIONCeHHA MA NOPIBHANLHO20 AHANI3ZY WAL0GUX eleKMPORPUEOOis 0N Mi-
CbKUX Mpoaenudycie, wjo 6a3yiomucsa Ha ACUHXPOHHUX OBUSYHAX MA CUHXPOHHUX OBUSYHAX 3 NOCMIUHUMU MACHIMAMY, 4
MaKoxc KoMOIHAYII UCOKOWBUOKICHUX 08USYHIE 3 NOCIITIHUMU MASHIMAaMy ma MazHimuux pedykmopis. Ilokasatno, wo
3amina 8 CmaHOapmMHOMY ACUHXPOHHOMY OBUSYHI KOPOMKO3AMKHEHO20 POMOpa HA pOMOp 3 NOCMIIHUMU MASHIMAMU 0a€
MOJICIUBICIG OMPUMAMU ICIOMHE 30ibUeHHA NUMOMOI ROMyHcHoCmi enekmpuunoi mawunu. [Iposedeno uucensvhi do-
CNIOJNCEHHS MA AHANI3 XAPAKMEPUCUK eNleKMPOOBUSYHA 3 HEOOUMOBUMU MAHIMamu OJia YOmupbox KoHgicypayii mae-
HIMHOI cucmemMuy pomopa ma 6U3HAYEHO ONMUMALbHY 3 MOYKU 30pY NUMOMUX NOKA3HUKIG. Pezynomamu mennoeux pos-
PAXYHKI8 3 YPaxy8auHAM i3008020 YUKILY ROKA3AMU, WO 3ACMOCYBAHHA PIOUHHO20 OXON00NCEHHSA 3abe3neyye niompu-
MauHsA memMnepamypu HeOOUMOBUX MASHIMIE i 0OMOMOK HUMCHE KPUMUUHUX 3HAYEHb HABIMb 30 HABAHMANCEHD, ONU3L-
Kux 0o epanuynux. [o0amko6o po321AHYMO MOICTUBICMb 3MEHUIeHHA 2abapumis i Macu eneKxmponpusooa uiiaxom
BUKOPUCAHHSA 8UCOKOUIBUOKICHO20 OBUSYHA 3 MASHIMHUM peOyKmopom. Pospaxynku enrekmpomazHimuux i meniogux
Xapaxkmepucmux 6UKOHAHO 8 npocpamuux naxemax Simcenter Magnet i Simcenter MotorSolve. Bion. 9, puc. 9, Ta6mn. 3
Kntrouosi cnoea: arcencHe MOAETIOBAHHS, SNEKTPOABUTYH IS TposeiOyca, OCTiiHI MarHiTH, 1300BHH IHKI, poOodUi
XapaKTEePUCTHKH, TETIOBUI PO3PaxyHOK.

Beryn. Ha nanuit MOMEHT Ui MPHUBOIY TpOJEHOyCiB MepeBaKHO BHUKOPUCTOBYIOTh AaCHHXPOHHI
neurynu (AJ]). Bucoka eeKTHBHICTb i HAAIHHICTh ACHHXPOHHOTO TATOBOTO ABHTYHA MOPIBHIHO 3 TATOBUM
JBUTYHOM IOCTIHHOTO CTpyMy 3a0e3medunia HoMy IIMPOKE 3aCTOCYBaHHS AJIsl IPUBOLY TPAHCIIOPTHHUX 3aCO-
0iB. OgHaK i3 MiIBUINEHHSM CIIOXUBYNX SIKOCTEH Tposeidyca Takux, SK IMiIBHUIINCHA ITacaKUPO-MiCTKICTh,
BUCOKI JIMHAMIYHI XapaKTePUCTHKH, 3pOCIH BUMOTH J0 TATOBOI'O MPHUBOAY. ACHHXPOHHHH TSATOBHH BUTYH
Ma€ HHU3KY HENOJIIKIB: HEAOCTAaTHS e()EKTHBHICTh 32 HEBENHKOI MIBUIKOCTI, HEAOCTATHRO JKOPCTKA MEXaHiy-
Ha XapaKTEPHUCTHKA B Jialla30Hi BEJTUKHUX MIBUIKOCTEH, CXMIBHICTH 10 3HAYHUX TEIIOBHX BTPAT, OCOOIMBO
B POTOPI, ITiJ] Yac YaCTHX IMKIIIB PO3TOHY 1 TaJIbMyBaHHS.

CuHXpoHHI ABUTYHH 3 nocTiiHuMu MarHitamu (CAIIM) € mepcnekTuBHOIO anbTepHaTHBOIO A/l 3a-
BISIKM CBOIM UyJOBUM TeXHi4HUM xapakTepuctukam. CAIIM 3natHi 3a0e3nedyBaTu 3Ha4HI IEpeBaHTaKEH-
HS 32 KPYTHAM MOMEHTOM, ITI0 pOOUTS iX iealbHUMU IJIS 3aCTOCYBaHHS B TpoJseiOycax, e moTpiOHa JacTta
3MiHa mBuAKocTi. [Iutomi xapaktepuctuku CAIIM y pa3i BUKOPUCTaHHS PiJUHHOTO OXOJIOKEHHS TaKi, K
BiJTHOIIIEHHSI KPYTHOT'O MOMEHTY 1 TTOTY>KHOCTI [0 MacH, iCTOTHO TIEpEBEPIIYIOTh aHAJIOTI4HI MOKa3HUKHA A /]
[1]. 3a paxyHok Bapiariiii reomeTpii MaruiTHol cuctemu poropa C/IIM, 3anponoHoBaHoi B AaHiii poOoTi,
MOXJIMBO CTBOPIOBATH OLTBII KOMIAKTHI Ta JIETKI JBUTYHHU 3 TIOKPAIICHUMH ITUTOMUMH XapaKTePUCTHKAMHU.
Hapasi B ramysi ctBopennst C/IIIM HakonuueHO BEIMKHUI TOCBil, pO3po0IeHO e(EeKTHBHI eNeKTPOMAarHiTHI
CTPYKTYpH 3 BHYTPIIHIMU MOCTiiHUMHU MarHiTamu (IPM), siki MOXyTh OyTH 0COOJIMBO MPUAATHUMU 3aBJIsI-
KM iXHIl 37aTHOCTI 3a0e3revyBaTi MIMPOKUH JHiana3oH MIBUAKOCTEH 3a JONMOMOTOI ocliabieHHs mons [2].
[TokazaHo, 0 BIIPOBaIKECHHS MEPEJOBUX METOJIIB KEPYBaHHS TATOBOTO JABUTYHA 3 TIOCTIHHUMH MarHiTaMu
3abe3meuye BHCOKI JWHAMIYHI XapaKTEPHUCTHKH €JIEKTPOIPHBOAA KONICHOIO TpaHCIOpTHOro 3acoby [3].
Opnak mupokoro 3actocyBanus CJIIIM nns npusomy TpoJieiidyca MOKH 10 HE 3HAWIUIN. AJle CIIiJT BIAMITH-
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i, mo CHAIIM 3 piTuHHUM OXOJIOIKCHHSIM B)KE 3aCTOCOBYIOThCS. Hampukian, MokHa BHIUIMTH KOHLEPH
HESS AG (IlIBeiinapist), y Tponeidycax sikoro BUKOpuctoByThes C/AIIM nmotyxHicTio 250 kBT 3 BoasHuM
a0b0 MacIsIHUM OXOJIOKCHHSM [4].

[Ile omHUM MEPCHIEKTUBHUM HANpPsIMKOM PO3BUTKY TATOBOTO MPHUBOAY TPOJICHOYCiB € BUKOPUCTAHHS
Mar"iTHoro pexykropa (MP) 3 BHCOKOIIBHIKICHAM NBHUTYHOM 3 TocTiiiHuME MarHiTamu (BIIIIM). Taxwit
Mi/IX1/1 BXXE BUKOPHCTOBYETHCS B TSATOBOMY MPUBOJI TpaMmBast [5]. B naHiit poboTi Takok HaBeeHO po3paxy-
HKM Ta TOPIiBHSUIBHUE aHalli3 TArOBOTo npuBoaa 3 MP.

TakuM 9UHOM, OCTAaHHIMH POKaMH BiJI3HAYAETHCS 3POCTAHHS KITBKOCTI pO3POOOK (IOCIIIHKEHB) TATO-
BOT'O JIBUT'YHA 3 TIOCTIHHMMH MarHiTaMH JJisi TIPHBOMY TPAHCIIOPTHUX 3aco0iB 1 TposeiOyciB, 30kpeMa, TIpH
IbOMY BCE€ YaCTillle 3aCTOCOBYETHCS PiIMHHE OXOJOKeHHS. Lle CBiIUMTh MpO MEpCHeKTUBHICTh HANpsMy 3i
CTBOPEHHS TATOBOTO ABHUI'YHA 3 MOCTIMHUMHK MarHiTaMH Ta IiABUILECHUMH TUTOMHUMH XapaKTEPUCTUKAMH.

MeTo10 J0C/Ii2KeHHs € IiABUIIECHHS MUTOMUX XapaKTEPUCTHUK TATOBUX €JIEKTPOJBUIYHIB, IPU3HA-
YeHUX Ui MICBKOTO TpoJjeiidyca i MpoBeNeHHs IMOPIBHSUIBHOTO aHaNli3y KOHCTPYKTHUBHHMX BapiaHTIB
(CAIIM), BuKOHAaHUX y TabapUTHUX pO3Mipax iCHYFOUOTO aCHHXPOHHOTO TATOBOTO JIBUTYHA, Ta 3ICTaBIEHHS
enexkTpoMexaHigyHuX mapametpiB C/IIM 3 piiHHHAM OXOJIOKEHHSIM i3 BiIITOBITHUMH XapaKTePHUCTHKAMH
CepiiHUX aCHHXPOHHHX JBUTYHIB (A/l) 3 TOBITPSHUM OXOJIOJKEHHSM, 1[0 BUKOPUCTOBYIOTHCS Y TPOJICHOY-
cax. Kpim toro, npoBonutbcs nopiBHsaHHA C/IIIM 3 BUCOKOIIBUAKICHAM ABUTYHOM Ha MOCTiHHMX MarHitax
(BLUIIM), ocHamernM MaraiTHAUM pexykTopoM (MP), 3 MeToro omiHKY IXHBOT €(peKTHBHOCTI Ta AOMITBHOCTI
3aCTOCYBaHHS B MICHKOMY €JIEKTPOTPAHCIIOPTI.

OnHak e(eKTHBHE MPOEKTYBAHHS TATOBUX €JIEKTPOIPHBOIIB TPOJICHOYCiB HA OCHOBI €JIEKTPOBHUTYHIB
3 MOCTIMHUMHU MarHitaMu HoTpeOye NMpoBeneHHs (GyHIaMEHTAIbHUX JOCTiKEHb, CIIPIMOBAHUX HA CTBOPEHHS
MapaMeTPUYHUX CIIEITiai30BaHUX KOMIT FOTEPHUX MOJIEINIEH, sSKi TOOY/I0BaHI 3 BUKOPUCTAHHSAM METOMY KiHIIe-
BUX €JIEMEHTIB 1 BpPaXOBYIOTh B3aEMO/IIIO EJIEKTPOMATHITHHX Ta TEIUIOBHUX MPOLIECIB.

I3n0Buii muKa Tposeiibyca. Po3pobnenns TATOBOTO el1eKTPONpUBOIYy Tposieiibyca nependayuac aHami3
po0OTH IBUT'YHA 3 ypaxyBaHHSAM 130BOT0 LMKILY TPOJeHOyca, KUl MOAENIOE PEXUM PyXy B IIMPOKOMY Jia-
Na30Hi 3MiHH HIBUKOCTI, TPUBAJIOCTI PO3TOHY i raibMyBaHHs. TUNOBHUIT i3M0BUIA UK MiCBKOTO TpOJIeiOyca —
e npo¢iib MBHUAKOCTI B Yaci, MO BigoOpaXkae XapaKTepHi PeKUMH PyXy B MICBKHUX YMOBAax: 4acTi 3yIHHKH,
PO3TOHH, TalbMyBaHHS 1 MEPioAM PyXy 3 MOCTIHHOK MIBHIKICTIO. Taki MUKIA BaXIUBI JJIs1 OLIHKA €HEPro-
CIIOKMBAHHS, €(pEeKTHBHOCTI peKyIepalii Ta TeTUIOBUX HAaBaHTa)XKeHb Ha 00JIaIHAHHSI.

PesxxuM po3roHy Tpodjeiidyca MpUHHATO Ha OCHOBI 3arajlbHUX BHUMOT A0 TEXHIYHHX XapaKTepUCTUK
Tpozeiidyci [5—8]. Ilix yac aHamizy pexxumy poOOTH ABUTYHA MPUHHSTO I30BUN UK Tpojeidyca, KUl
CKIIAJIAETHCS 3 HACTYITHUX CEMHU AUITHOK: 1 — cTosiHKa — 15 cek; 2 — po3rin mxo 40 km/rox — 15 cek; 3 — po3rin
Bix 40 km/rox no 50 kM/Tog — 5 cek; 4 — pyx 13 mocTiHHOW MBUAKICTIO 50 kM/Tox — 15 cek; 5 — ranbMyBaHHS
Bix 50 km/rox o 40 km/rox — 5 cek; 6 — ranbMyBaHHs Bij 40 kM/Toj 10 3ynuHKH — 15 cek; 7 — crostHKa — 15
cek. Jlami 11l UKIIA TTOBTOPIOIOTHCSI.

3a BiJOMHUX 3arajlbHUX KOHCTPYKTHBHHUX XapaKTEPHCTHK Tpojelidyca (Maca, JiaMeTp Koieca, Koedi-
LIEHT peAyKTopa mepedadi MOMEHTY KojecaM, IJIOIIa MOMEepevyHoro mepepisy Ta iHIIe) MOXXHa BU3HAUYUTH
MOMEHT OIOpYy PyXy TposeiOyca. Po3paxyHOK MOMEHTY Omopy, L0 i€ Ha Kojieca TposeiOyca, 3aCHOBaHHUM
Ha BiJIOMiH 3aJIe)KHOCTI

M(H-m) = L(%jo,s (gvwva+054d - Cd - Alvs—ws) +9.80665 - Cr- gyw+9,.80665- gvw-ct).
g}"

ne gr=9,84 — mepemaBanmbHE YHCIO MeEXaHIYHOTO pemykropa;, wd = 1084 MM — miamerp KoJjeca;
gvw = 18000 kr — moBHa Maca TpoJeibyca; va — MPUCKOPEHHS TPaHCIIOPTHOTO 3acoly, m/c’; Ad = 1,23 —
rycruna nositps; Cd = 0,4 — xoedirient aepoaunamiunoro onopy; 4 = 7,4 M> — e(peKTHBHA IUIOMIA MOIe-
PEYHOr0 Tepepisy; vs — MBUAKICTh TpoJeidyca, M/c; ws — MBHIKICTE BiTpy, M/c; Cr= 0,018 — koedimieHT
OTIOpY KOUEHHIO; o, % — Koe(illieHT KyTa HaXHily JOPOTH.

Ha puc. 1 nokazano npuiHATHNA Tpadik i3M0BOTO UKy TpoJjieii0yca B MeXKax pyXy TPbOX ITHKIIB.
Ha npoMy puCyHKY Takok 300paykeHO Tpadik 4acTOTH 00epTaHHS POTOpa EIEKTPOABUTYHA Ta MOMEHT OMO-
Py pyxy Tpouseiibyca. 3a MakcMMalbHOI IIBHAKOCTI pyxy S50 km/roa, dactora oOepTaHHS poTopa —
n = 2408 006/xB. I'padik i3M0BOT0 UKy HAOYHO TIOKA3YE, IO KPYTHUH MOMEHT €JIEKTPOJIBUTYHA BU3HAYCHO
3 YMOBH 3a0e3ledeHHs po3roHy TposeiOyca. Ilim gac po3roHy Ha MIISHINI 2 MOMEHT OIOPY IOPiBHIOE
M =921 H-m, Ha pinsaui 3 — M = 744 H-m. Ilix yac piBHOMipHOTO pyXy TpoJieiil0yca MOMEHT ONoOpy He3Ha-
yHU i gopiBHIOE 194 H-Mm.
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Vs, KM/TOT

400

60

120

Puc. 1

180 t cex

[Tlig yac rameMyBaHHS TpoyeiOyca
TATOBUI EJEKTPOIIPUBOJ MPAIIOE TiJIbKH
NpOTH iHepuii Tponeibyca, TOMy MOMEHT
TSTOBOTO €JIEKTPOJBUTYHA IiJl Yac rajb-
MyBaHHS MEHIIWH, HiX I 9ac pO3roHy 1
nopiBHroe 560 H-M. AsapiiiHe raib-
MyBaHHS TpoJeii0yca 3abe3meuyeTbcs
TPAAUIIHHOI0  HE3aJEeKHOI CHCTEMOIO
rajJbMyBaHHS.

[lin wac po3poOKM TATOBOTO
SNEKTPONIPUBOLY ~ TpoielOyca  Takoxk
BRXJIMBO TIPOBECTH TOPIBHSAIBHHUNA aHATI3
MeXaHiYHOI 1 XapaKTEpUCTUKH TATOBOTO
eNIEKTPOJBUTYHA 1 MOMEHTHOI XapaKTepH-
THKH OTIOPY PyXy Tpoieiioyca. Ha pumc. 1
HaBEJICHO IIUKJIOTPaMy MOMEHTY OIOpY Mif
yac yxuny goporu o= 0%. Y paszi yxwmiy

nmoporu oo = 6% po3TiH 3a 9acoM iCTOTHO OibIIHif 1 cTaHOBUTH 50 CeK, a MOMEHT oropy He nepeBunrye M=920

H-m.

Pe3ysbTaTi po3paxyHKy acHHXPOHHOI'O ABMI'YHA. SIK BUXiIHMIA 00paHO iCHYIOUHMH aCHHXPOHHUH
IBUTYH TIpuUBoOy Tposeiioyca tumy AJ1903 Y1 BupoOHUIITBA XapKiBCEKOTO 3aBony «EnekrpoBaxmann abo
ATA-1VY1, ocHOBHI mapaMeTpH SKOTO HACTYITHI: HOMiHaJIbHA NOTYXHicTh P, = 180 kBT; HOMiHATbHA JTiHIM-
Ha Hanpyra (3ipka) U,= 450 B; HominanbHuil niniiinuii ctpym [,= 276 A; yactota oOepTaHHs HOMiHAJIbHA
n,= 1500 06/xB; 4acToTa 00epTaHHS MAKCUMANBHA My, = 4000 00/xB; koB3anHs 2%; KK 93%; xoedimieHT
noTykHocTi 0,9; miamerp kopmycy D,=550MMm; moBxuHa Koprrycy L = 860 MM; Maca akTHBHHX MaTepialiB
Mg, = 640 Kr, 3aranpHa Maca IBUTYHA /i, = 840 kr. TakuM YuHOM KOe(Dilli€eHT TUTOMOI TOTY>KHOCTI IIbOT'O
IBUryHa aopiBHoe K, = P,/m,,.=180/840 = 0,21.

Ha puc. 2 nokazano rpadik 3MiHE MOMEHTY TSITOBO-

ro aCMHXPOHHOTO JBUTYHA MiJ 4ac PO3rOHY TpoJieibdyca.
PexxuM posrony 3abesreuye TSAroBuii nmepeTBoproBad. Pospa-

1200

XYHOK XxapakTepucTuk AJl BUKOHaHO B makeTi Simcenter

MotorSolve. IIporiec po3roHy MoKHA TPEICTABUTH MEXaHi-

YHOKO XapaKTCPUCTUKOIO (BI/IZ[iJ'ICHOIO YCPBOHUM KOJ'II:OpOM),

Ky OTPUMAaHO O€3IIiY4I0 MEXaHIYHUX XapaKTEePHCTUK 3a pi-
3HUX YacCTOT TATOBOTO NEPETBOPIOBaYa (Ha PHCYHKY YMOBHO

MOKa3aHO TOHKUMH JIHISIMH).
[InsxoM peryiroBaHHS HANPYTd i YaCTOTH KOHTPO-
JIEPOM TATH TITOBOTO IEPETBOPIOBAadYa 3a0€3MEUyETHCS I10-
CTIMHUI PEXUM TATH, IO BCTAHOBIIOETHCS Meaamto. Mo-
MEHT OIOPY 3T1THO 3 I3A0BUM LIMKJIOM Ha pUC. | BUAIIEHO CHHIM KOJIBOPOM.
B pesynprari BusHaueHnss KKJ| enexrponsuryHa s 0e3midi MeXaHIYHHX XapaKTEPUCTHK, MOXHA
orinuTH (BU3HA4YNTH) 3asiexkHicTs KK TsaroBoro AJl y mpomeci posrony (ta6m. 1). KK koxxHOT MexaHigHOT

M, Hu M, AEHTVH KE, %_
1000 20
200
60
600
/ 40
400 M, [ZI0BHE ITHET
200 20
7 11, 00/XE
0 0

600
Puc. 2

a00 1200 1300

XapaKTCpUCTUKKU BH3HAYCHO 3a

Taéauus 1 noctiiitHoro MmoMeHTy 1000 H-m,
Ipuakicts | [uakicts |Kputuune | Moment | Hampyra. | Ctpym | KKJI | AKui 3a0€3me4y€Thes 32 KPUTH-
KM/TOJ 00epTaHHs |KOB3aHHS. H'm B A % yHOro KoB3aHHs. Jlani Ta0m. 1
06/xB % MOKa3yloTh Hemodik AJl — He-

5,9 300 20 1000 78 386 61 | 3pgauynmit KKJ| 3a HeBenukoi

11,7 600 10 1000 145 386 78 mBUAKoCTI o0epTanHs. Ilix yac
17,6 900 7 1000 212 390 | 84 | puxy tponciibyca 3 HesHauHoI
23,4 1200 5.6 1000 279 405 87 wBHAKicTIO (10 15 KM/rom) Bif-
29,3 1500 4.0 1000 345 389 90,3 GyBacTbcs 3HAYHE HATDIBAHHS

poropa A/l. Ilim uyac po3rony

KK tsroBoro AJl 3minroerses Bim 61% mo 90,3%. Cepenniit KKJI mix wac po3roHy CTaHOBUTH OJIU3BKO
80%. Ha ocnoi orpumanux Benrmund KK]I enexkTponBuryHa MO>KHA OLIHUTH CIIOKWBAHY MOTYKHICTD 1 BU-
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TpaTH enekTpoeHeprii Tsarooro AJl mix yac posrony Tposneiidyca. CepenHs CoXMBaHa MOTY>KHICTh TATOBO-
ro AJl mig gyac po3rony tposnetidyca ckiana 113 kBt. Butpara enextpuuHoi eHeprii mija 4ac po3roHy Tpo-
neibyca no HeBenukoi mBuakocti 30 km/rox 3a 10 cek cknana 0,316 kBr-rox.

JIBUTYH i3 TOCTITHIMYU MarHiTaMH HABITAKH TIi/I 9ac PO3TOHY Tposelidyca 3abe3nedye BUCOKY edek-
TUBHICTB. [10CTiliHI MarHiTH poTOpa 3a0E3MEUYIOTh BETUKUNA MAarHITHAN ITOTIK pOTOpa i Jac IMycKy i HOMi-
HaJbHOT mBHAKOCTI. [1if Yac MycKy MOMEHT JBHMIYHA 3 TIOCTIHHMMH MarHiTaMy MPsMO MPOIOPIIIAHUN CTPY-
My 0OMOTKH cTaTopa. BiAMoBiAHO, MOXIMBO CTBOPUTH BETUKHUH ITyCKOBUII MOMEHT IBUTYHA, SIKHI 0OMEXY-
€THCS JIMIIE AOIMYCTMMUM CTPYMOBHUM HaBaHTAKEHHSAM OOMOTKHM nBuryHa. Ilin vac pos3roHy tposenOyca
KKJI TsroBOro €j1eKTpOJBUIYHA 3 MOCTIHHMMH MarHiTamu 3MiHIO€ThCs Big 90% mo 96%, cepeaniii KKJ|
cTaHoBHUTH O0nu3bK0 94%. Cepennst cniokuBana notyxHictb CAIIM Ttponeiibyca cranoButs 100 kBT. Bu-
TpaTa eJIeKTPUYHOI eHeprii mia yac po3roHy Tpouseiidyca mo HeBenukoi mBuakocti 30 km/rox 3a 10 cex
cknana 0,288 kB1-rog. Takum 9MHOM €KOHOMIS €IEKTpUYHOI eHeprii mix gac po3roHy Tposneidyca CIIIM
nopiBHsHO 3 TsroBuM AJ] cranoButume 0,028 kBT-rog.

Ha mepmuuii morsisin eKkoHOMisl eeKTPUYHOI eHeprii miJ Jac po3roHy Tpojeidyca B pas3i BUKOpHC-
tanHa CJIIIM cTaHOBUTHL HEBEIWKY BEIMYWHY, OAHAK, 3 OTJIIAY Ha I3OBHH MUK pyXy TpoJielidyca 3 duc-
JICHHUMH 3yIIMHKaMH, €KOHOMIsI €JIEKTPOEHEPTii 3a PiK MOKe CKIIACTH 3HAuHY Benu4uHy. [IpoTsarom pobodo-
ro AHA TpoJeidyc 3ailicHioe 6im3bko 200 3ynuHOK. 3 ypaxyBaHHAM TEXHIYHOTO OOCIYTOBYBaHHS TpOJeH-
Oyca TpUBaJiCTh eKCIUTyaTallii Tposieiidyca mpoTsIroM poky craHoBuTHMe Onmu3bko 330 mHiB. 32 UX yMOB
EKOHOMIsl eJIeKTpoeHeprii 3a pik y pa3i Bukopucranus C/IIIM nopiBHsiHO 3 A/l cTaHOBUTHME MPHOIN3HO
1848 kB1-roa. Tomy nouinbsHo po3risanyTu 3actocyBanns CAIIM mis TponeiiGyca Oinbln AeTaibHO.

Pe3ynbTaTH po3paxyHKY CHMHXPOHHHX eJeKTPOABUIYHIB 3 mocTiiHnMu mar”itamu (CIIIM).
Ilix gac mpoekryBanas CIIIM 3a ocHOBY OyJI0 B3STO CTAaTOp TATOBOTO ACHHXPOHHOTO €JIEKTPOJIBHUTYHA
ATJI-4, OCHOBHI TeXHIUHI XapaKTEPUCTHKH SKOTO TaKi: HOMiHaIbHA NOTYXHicTh 90 KBT; HOMIHaNbHA TiHIN-
Ha Hanpyra 400 B; HoMiHanpHMI NiHiHWHA cTpyMm 160 A; gacTora obepranHs HoMiHanbHa 2100 00/XB; Yac-
ToTa obepTanHsa MakcuMainbHa 4800 00/xB; koB3aHHA 1,7%; KITBKICTh (a3 3; MOMEHT Ha Bally 3a HOMiHAIb-
Hoi yactoT ooepTanns 318 H-m; koedimienTt notyxkHocti 0,9; Maca enexrpoasuryHa 350 kr.

[1ix yac mpoBeneHHs AOCTiAKEHb 00paHo Taki BapianTH koHCTpyKuUiit CJIIM:

— neuryH (TR1) i3 BOynoBanumu (imkopniopoBanumu) [IM ycepenuni poropa;

— nBuryH (TR2) i3 BHyTpimHbOIO ycTanoBKkot [1IM i TaHreHIiansHIM HamardivyBanHsam [1M;
— nBuryH (TR3) 3 moBepxHeBoto ycranoBkoro [IM Ha portopi;

— neuryH (TR4) i3 BHyTpimHBOIO ycTaHOBKO [IM y KinbKka mmiapis.

BapianTn KOHCTPYKIiii CHHXpPOHHUX IBUTYHIB 13 MOCTIHHUMH MarHiTaMH OXOIUTIOIOTH HaHTIepCIIeK-
TUBHIII THIX JBUTYHIB, SKi HUHI HA0YJIM IIUPOKOTO nommupenHs. s Beix BapiantiB ABUryHis i3 [IM npu-
HHATO OHAKOBI rabapuTHI pO3Mipu: IiaMeTp 30BHIlIHIHM cTatopa D,= 345 MM; JOBXHHA cTaTopa i poTopa
L,=270 mMm. lochimkyBaHi neuryan 3 [IM rapanToBaHO MOXYTh OyTH BCTaHOBJICHI B TPOJICHOYyC 3aMiCTh
HAsIBHOTO TATOBOTO ACHHXPOHHOTO ABWTYHA. [li yac po3paxyHKYy XapaKTEpPHUCTHK UYOTHPHOX BapiaHTIB
HIJIBHICTE CTPYMY B OOMOTKaX 1 BEIMYMHA MArHiTHOI 1HAYKILIi MarHiTHOTO MOJISL B CTaJli cTaropa MpUHHATI
OHAKOBUMHM. Yci BapianTH nBuryHiB i3 [IM noBuHHI MaTi MOMEHT He MeHIe M, = 990 H-m, saxuii rapan-
TOBaHO 3a0e3Ieuye pyX TpoJielOyca BiAMOBIIHO A0 MPUHHATOTO 13/T0BOTO ITUKITY. TakKiM YHHOM, 32 3aTaHUX
YMOB pe3yJIbTaTH PO3pPaxyHKy ABUTYHiB i3 [IM MaioTh MiATBEPAUTH MOXKJIHMBICTH IXHBOTO 3aCTOCYBaHHS SK
TATOBOT'O €JIEKTPOIIPUBOAY Tposieiidyca.

Pospaxynox CJIIIM BukoHyBaBcs B mporpami Simcenter MotorSolve. Po3paxyHok y mii mporpami
eJIEKTpUYHNX MamuH 3 [IM y monepenHix JociiHKeHHIX MoKa3aB, MO PO301KHICTh pO3PaXyHKOBUX Ta EKC-
NEPUMEHTAIBHUX 3aJI€KHOCTEN ISl KUIBKOX 3Ha4eHb YacTOTH 00epTaHHs pOoTOopa CTaHOBUTH He Oinbiue 4%
[9]. OcHOBHI KOHCTPYKTHBHI MapaMeTpu pi3HUX BapiaHTIB JBUTYHIB (IiaMeTp pOTOpa, PO3MipH MAarHiTiB,
pO3MipH Ta3a cTaTropa, YMcia BUTKIB) OyJl0 BU3HAUEHO 3 YMOBHU OJIEPYKAHHS MaKCHMAaIbHOTO MOMEHTY B
yCbOMY Jiana3oHi 3MiHM IIBUAKOCTI Ta MPUUHATHX €JIEKTPOMAarHiTHUX HaBaHTaXeHb (I'YCTHHA CTPyMy, Be-
JTUYMHA IHAYKIIL B cTali ctatopa). BinmoBigHO, 171 KOXKHOTO 3 BapiaHTIB ABUTYHIB i3 MOCTIHHMMYU MarHira-
MU 0yJI0 BUKOHAHO HU3KY PO3PaxyHKIB, SKi JaJIM 3MOTY BU3HAYNTH ONTHMAIILHUNA BapiaHT KOHCTPYKITiT JBU-
ryHa. BuxinHi maHi ans po3paxyHKy BCiX BapiaHTiB: Hampyra xwuslieHHs: U, = 600 B; HomiHanbHUE cTpym
1,= 600 A; HoMiHanbpHA YacToTa obepTanHa n = 2500 00/xB; 30BHiIHIN MiameTp cratopa D,= 345 mmM; mia-
meTp kopmycy 400 MM; akTHBHA JOBXMHa craropa L =270 MM; BelM4MHA MOBITPSHOTO 3a30py O =1 Mwm;
TUn nocTiiHuX MarHiTiB N45SH. OcHOBHI mapameTpu JOCTIKYBaHUX JBHUTYHIB i3 MOCTIHHUMH MarHiTaMu
HaBeJICHO B Ta0I. 2.
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Taoauns 2

ITapameTp

Kyt Bunepexenns (°) - y

Maca ocepas potopa (Kr) - m,

Maca MarHitiB (Kr) - My,

Maca ocepas craropa (Kr) -1,

Maca 00MOTKH cTaTopa (KT) — My

3arajipHa Maca aKTHUB. YaCTHH (KT) - My 171,8

[IBuaxkicTe 00epTanHs (00/XB) - 1

Kpytauit moment (H-m) - M, 1094,5 993,5 1229,3
Buxigna notyxHicts (kBT) - Py 286,5 260,1 321,8
KKA (%) - n 97,0 97,4 97,4
CepeaHbOKBaZpaTHUHUHA CTpyM (A) 591,3 586,2 597,5
Brparu - 3araneHi (kBT) 8,7 8,7 6,9 8,5
Brparu - o6MoTka (KBT) 5,6 5,7 5,8 5,7
Brparu - 3amizo (kBt) 3,2 3,0 1,1 2,8
linpHicTh cTpyMy (A/MM?) 9,7 9,9 9,7 9,8
Ky = My, / my (H-M /xr) 6,37 6,73 5,67 6,91
Kp = P,/ ms (kB1/kT) 1,67 1,76 1,48 1,81

AHari3zyroun po3paxyHKOBI mapameTpu aociipkyBanux moxeneit CJIIIM, crmin 3a3Ha4uTH, M0 MaKCH-
MasbHUI NUTOMUI MOMEHT (K)) 1 muToMa noTykHicTh (K},) orpumano as asuryna TR4 (K, = 6,91 1 K,= 1,81),
apyruii pesynbrar — 1 qsuryHa TR2 (Kjy, = 6,73 1 K,= 1,76). HaiiMeH1iie 3HaueHHs MUTOMHX KOE(IIIEHTIB Ofie-
prKaHo JUIs KOHQIirypauii MariTHoi cuctemu neuryHa TR3 (K, = 5,67 1 K,= 1,48).

Jns BapianTiB nuryHiB (TR1, TR2, TR3 Ta TR4) Ha puc. 3, a HaBeIeHO 3aJICKHOCTI €IEKTPOMAarHi-
THOTO MOMEHTY BiJl 4aCTOTH 0OEpTaHHs pOTOpa, a Ha pHC. 3, 6 — 3aJIEKHOCTI BUXIAHOT OTYKHOCTI BiJl 4ac-
TOTH 00epTaHHs poTopa. 3aaisl 3MEHIIEHHS ITyJIbCalliii MOMEHTY Y BCiX MOJENSX BUKOHAHO CKOCH IOJIOCIB
poTopa Ha oH 3yOlLEeBUi MO

Ha puc. 3, ¢ TyHKTHPHOIO JiHIEI0 HABEJACHO TaKOX 3aJEKHICTH MOMEHTY OIOpY, IO Ji€ Ha Kojieca
Tposeiibyca BiIMOBIAHO 1O 1310BOT0O LUKITY; Ha PUC. 3, 6 — MyHKTUPHOIO JiHIEI0 IOKAa3aHO MOTYKHICTh, HE-
00XiHY JUTs TIepeMileHHs TpoJie0yca BiIOBIIHO 10 i310BOTO ITUKITY.

OCKiTbKY MaKCHIMaJIbHA IIBUAKICTD TIEPEMIIIICHHS TpoJieii0yca BiIIIOBIIHO 10 137/0BOTO MUKy JAOPiB-
HIoe 50 KM/roq 1 Iilf MIBUAKOCTI BiINOBiae yacToTa obepTanHs potopa nsuryHa 2409 o6/xB, To 3 rpadikis,
HaBEJCHUX Ha PHC. 3, BUILUIMBAE, 110 BCi AOCIIHKYBaHI MOJEI MarOTh MOMEHT 1 TIOTY>KHICTB, 11O TIEPEBUILY-
I0Th 3HAUEHHS MOMEHTY OIOpY 1 HOTY)KHICTh, HEOOXiqHy Ui mepeMimenHs. HaliMeHie 3HaueHHs MOMEHTY
VTS HOMIHAJIBHOT 4acTOTH 00epTaHHs oTpuMano i Mojei TR3, o nopieaioe 993,5 H-m. [{ns Bapianta TR4
3HAYEHHsI MOMEHTY JUIsl HOMiHaJIbHOT yactoTd 1229,3 H-M, TOOTO BENMUUMHY CTpyMy AJIs LIBOTO BapiaHTa MOXKE
Oyt 3meHmeHo npuOmm3zHo Ha 20%. Tomi Monens nBuryHa TR4 3a HOMiHaJIBHOT 4yacTOTiM OOEpTaHHS
n=2500 06/XxB Mae HACTYIHI XapaKTePUCTUKH (TTapaMeTpu): MOMEHT HoMiHampHHNA M, = 1000 H-M; HOMIHA-
nbHMi cTpyM 1,495 A; HOMiHaNbHA TOTYXHICTb P, = 256 KBT,; minbHicTs cTpymMy —J = 8,1 A/mm’.

Crnig 3a3HauWTH, MO PO3PAXYHKOBI 30BHIIIHI XapaKTEPUCTUKU AOCHTIKyBaHUX IBUTYHIB 3 [IM
OTPUMAHO 3 ypaxyBaHHJIM ONTUMAaJIbHOIO KepyBaHHs ABUryHOM. [1ix yac po3paxyHKy IBUTYHIB 3aJI€KHO Bif
4acToTH OOEpTaHHs BH3HAYEHO ONTHMAIBHUI KyT BHIIEPEKEHHS KOMYTalii 0OMOTOK CTaTOpa IBUTYHA 3
ypaxyBaHHSM IOJIOKEHHS POTOPA, 3a SAKOT0 3a0€3MeUy€EThCs MAKCUMAIbHUI MOMEHT.

[TonoxeHHs poTopa, 3a SIKOTo BifOyBa€ThCSI KOMYTALlisi 0OMOTOK CTaTopa, 3a1a€ThCsl KyTOM BHIIEpe-
JOKEHHST KOMYTaIlii, o JopiBHIOE KyTy Mixk MPC (Mar"iTOpymIiifHOIO CHIIOI0) cTaTopa i mojieM potopa. Jis
meuryniB  TR1, TR2, TR4 ontumansHuid KyT BHUIEpEKEHHS B [iama3oHi 4YacTOTH OOepTaHHS
n = 0+2500 06/xB nopiBHtoe ¥ = 40°, nnst neuryHa TR3 onrtumanbauit kyT y = 10°. Takum 4MHOM, OTpUMaHi
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XapakTePUCTUKU ABUTYHIB 3 [IM BH3HaueHO K KOHCTPYKTUBHUMHM MapaMeTpaMH ABUTYHIB, TaK 1 peKUMOM
PpOOOTH CHCTEMH KepyBaHHS IBUTYHOM 3a JOTIOMOTOI0 iHBEPTOPA.

1400 400
M, Hm P, kBT
1200 G = & —bn\n 150
1000 o 5 © © ° ; 300
B 155 R ) S SRR 3 \ 250
800 i .
200
600
150
400
100
o
200 h 50
n, ol/xB n. of/xe
0 0 i
0 1000 2000 3000 4000 0 1000 20010 3000 4000
—8—TR4 (N'm) —#&—TR2(N'm) TR (N'm) —&— TR4 (kW) +—TR2 (kW) TR1 (kW)
~—8—TR3 (N'm) ---- {3goBuii umnxn —a—TR3 (kW) = === [3g0Buit unkn
a o
Puc. 3

Ha puc. 4 naBeneno xapTuau MarditTHoro noist 1uist AuryHiB TR2 1 TR4 myis HoMiHanmbHOTO CTpyMY,
3 AKUX BUIUIMBAE, 10 U1t TR2 MakcuMasbHe 3HaUCHHS iHAYKLIl B CIUHLI cTaTtopa nopiBHioe B, = 2,09 T, y
3yOIsix - B; = 2,04 Tn,; nna nuryna TR4 BiamoBigni 3HaueHHs iHAyKiil Taki: B, = 1,94 Tm; B, = 2,02 Ton.

Puc. 4

PesynbTati po3paxyHKy MOKa3yloTh, IO 3a MPUUHATHX YMOB POOOTH JOCTIIKYBaHHX JBUTYHIB YCi
BapiaHTH 3a0€3MeuyIOTh 3aJaHi MOMEHT i MOTYKHICTb TATOBOT'O €JEKTPOIIPUBOAY TpoJieiidyca, mpoTe OnTu-
MaJbHUM € BapianT TR4.

Jeurynu 3 [IM MaioTh MOKIMBICTH 301IbIICHHS 00epTaTbHOrO MOMEHTY. [lepeBaHTaKeHHS JBUTY-
Ha 0OMEXY€EThCS JIMIIE HArpiBaHHSIM CTaTOpHOI OOMOTKH. Y pa3i BUKOPUCTAHHS €(eKTHBHOI CUCTEMH OXO-
JIOZKEHHS ABUTYHA 3 TOCTIHHUMHU MarHiTaMH MO>KJIMBA TPHBaja poOOTa 3 NEpEeBaHTAKECHHSIM.

PozpaxyHOK TemmnepaTypu eleMeHTIB KOHCTPYKIIi AOCTiKyBaHuX enekTpruaHux MamuH TR2 i TR4
(0OMOTOK, MarHiTiB, 3aii3a cTaropa i poropa, Baly, KOPHycCy, MiJIINITHAKOBUX LIUTIB) 3/iHCHIOBAaBCS B Ma-
keti Simcenter MotorSolve 3 piIMHHOIO CHCTEMOIO OXOJIOKEHHS.

TemmoBwii po3paxyHOK BHKOHYBABCS 3 YpaxyBaHHSAM I370BOTO HHKIy TpoieiOyca (puc. 1). Ha
puc. 5 nmokazano rpadiku HarpiBaHHs [IM i 0OMOTOK, a TaKOX KapTUHH TEMIIEPaTypHOTO MOJS AJIs eHTpa-
JpHOTO nepepisy enekrpoaBuryHiB TR2 i TR4. PinunHa cuctemMa 0XOJIO0MKEHHS CKIaJaeThCs 3 KaHATIB, PO3-
TAIIOBAHUX PIBHOMIPHO 30BHI 30BHIIIHBOIO KOPIYCY €NEKTPUYHOI MAIIMHM 1 30pi€HTOBAHUX Y3IOBXK OCi
obOepraHHs poTropa. BuxifHi AaHi IJIs TETUIOBOTO PO3paxyHKY TaKi: THN KaHATiB, BOYJOBaHUX y KOPITyC; Ki-
JBKICTh KaHATIB OXOJIOKEHHs 7= 60; opMa kaHaiB OXOJOPKEHHS — KpyIia; JiaMeTp KaHATIiB 0XOJIO-
mkeHHs dy= 10 MM; IpOOYKTHUBHICTh LUPKyJsLiiHOro Hacoca Q= 10 J1/XB; mo4yaTkoBa TeMIeparypa Ha
BX0Ji B KaHayu oxostoxeHHs 20 °C.

[Tixg wac po3paxyHKy TeMIepaTypy €JIEMEHTIB KOHCTPYKIil Hacamriepe] HeoOXiTHO KOHTPOIIOBATH
HarpiBaHHS MOCTIMHUX MAarHiTiB. I3 rpadikiB HarpiBaHHA MarHiTiB, HaBeIEHUX HA PHUC. 5, BUIUIMBAE, LIO 3a
PIAMHHOTO OXOJIO/KEHHS I HOMIHAJIBHOTO cTpyMy /=600 A MarHiTH HarpiBarOThCA IO TEMIIEPATypH
110 °C, mo HMKYe KPUTUIHOTO HATpiBaHHs AJst MarHiTiB Ty N45SH. MakcumanbsHa Temrieparypa, 3a Kol
marHitTu N45SH 30epiratoTh cBO1 BIaCTUBOCTI 0€3 3HAUHUX BTpart, AopiBHioe 150 °C.

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



[lepeBaHTaXEeHHS TATOBOTO ENIEKTPOJBUTYHA PETYIIOETHCA 1HBEPTOPOM, SKUH OOMEXye CTPyM 10
HOMIHAJFHOTO PiBHS HA BChOMY Jliana3oHi mBuakoctel. [1ig yac po3rony Tpomeidyca Harnpyra 3MEHIIY€Th-
Cs1 ISl KOHTPOJIIO CTPYyMY, a y pa3i HepeBHUILEHHS HOMiHAIBHOI IIBUAKOCTI CTPYM OOMEXKYETHCS 3pOCTaHHIM
npotu-EPC.

TakuM 9YMHOM 3aCTOCYBaHHS €NEKTPOABUTYHA 3 IOCTIHHUMM MarHiTaMy Ta PIANHHAM OXOJIOJKEH-
HSIM JIJIS1 IPUBOJY TpoJiel0yca Aae 3MOTy CYTTEBO MiJIBUIIUTH ITUTOMY MOTYXHICTh MOPIBHSIHO 3 aCHHXPOH-

0
T,°C
0 "
TR2 TR4

~——TR2, Marsita

——TR4, Marmutn
0 = TR4, ObroTA
: = TR2, ObMOTKa
t, MiH ’ V
0 Tenmepatypa, °C
0 20 40 60 20 100 120 40 408 )?..3 6(?.31_?;0 83,8 92I.> l()ll-llU

Puc. 5

HHMM JBUI'YHOM. IInTOMa MOTYKHICTh ACHHXPOHHOTO enekrpoaBuryHa K,= 0,21, nmuTomMa MoTyXHICTh ONTH-
MasbpHOro Bapianta Jpuryna TR4 — K, = 0,92, To6to 0,92/0,21=4,38.

Pe3ysibTaTH po3paxyHKy TSroBOro MPUBOAY 3 BHCOKOIIBHAKICHHM JBUTYHOM 3 MOCTiiiHUMH
marditamu (BIUIIM) i marnitHoro peaykropa (MP). 3i 30iibleHHSM MIBUAKOCTI 0OEpTaHHS €JIEKTPO-
IBUTYHA 3 MIOCTIMHUMH MarHiTaMy 3MEHIIY€ThCS HOTO MMMUTOMA Bara, BOJHOYAC 3a0€3MeTyEThCSI MOXKIIUBICTD
3HAYHOTO 3MEHIICHHS Bark MOCTIHHMX MAarHiTiB, MiITHUX OOMOTOK 1 €JIEKTPOTEXHIYHOT CTali - HAWJOPOKIUX
€JIEMEHTIB ABUTYHA. TeXHOJOrii BUpOOHUITBAa BUCOKOIIBUAKICHUX ABUTYHIB 13 MOCTIHHMUMHU MarHiTaMu yao-
CKOHATIOIOTHCSA. MOKHA BII3HAUNTH BUKOPHCTAaHHA KOMIIO3UTHHX MaTepiajiB Ha OCHOBI BYIJIEBOJIOKHA JUIS
BUTOTOBJICHHs OaHmaxa poropa. PeanizoBaHo edeKkTHUBHI TEXHIUHI PIilIEHHS 3 YIpaBIiHHS ABHTYHIB 3 II0-
CTIMHUMH MarHiTam¥, BiI3HAYA€ThCs MOCTiHHE 3POCTAHHS BHUITYCKY IBUTYHIB 3 MOCTIHHMMH MartiTamu 3i
mBUAKICTIO oOepTanHsa noHaxa 10000 06/xs.

3 iHmoro 00Ky, BiJ3HAYAE€THCS PO3BUTOK HANPSAMY 31 CTBOPEHHS MarHiTHUX pexykTopiB (MP) 3aBas-
KH TIOSIBi HA PUHKY BHCOKOTEMIIEPATypHHUX MOCTIMHUX MAarHiTiB, €IEKTPOTEXHIUYHOI CTalli 3 HU3bKUMHU MUTO-
MHUMH BTpaTaMH 3a BHCOKOI YacTOTH i KOMIIO3UTHHUX MaTepiaiB, 0 Ja€ 3MOTy CTBOPIOBATH MAarHiTHI peay-
KTOPH 3 BUCOKOIO IINTOMOIO BEJIMUUHOIO IIEPEJaHOIO MOMEHTY.

[ToeHaHHST BUCOKOUIBUAKICHOTO BUTYHA 3 MOCTIHHUMU Marditamu i MP nae 3Mory 3MEHIIWTH ra-
0apuTH 1 Bary eleKTponpuBoOja TpoJieiidyca NOPIBHAHO 3 HASBHUM aCHHXPOHHUM MPUBOJIOM 200 MMPHBOAOM
Ha OCHOBI MOCTiIHHMUX MarHiTiB 6e3 MP.

VY poboTi po3risinaeThes BUCOKOMBHAKICHUE ABUTYH TRS (prc. 6) 3 mOCTIHHUME MarHiTaMu B MO€A-
HanHi 3 MP, nepenaBanbHe 4iciIo SIKOTO CTAaHOBHTH i = 6,33, 1, TAKMM YHHOM, HOMiHaJIbHa YacTOTa 0OepTaHHs
BaJly €JEKTPOIBUIYHA BIINOBIZHO A0 1370BOTO LUKy TpoJsieiidyca
(3a vs =50 xkm/rox) ctanoBUTH 1 = 15850 06/XB, IO CTBOPIOE YMOBHU
JUIsl 3MEHILeHHsT rabapuUTHUX pO3MIpiB 1 Baru. MakcuManbHUIT MoO-
MeHT onopy 3 MP nmopisaioe M =145 H-m. Kpim toro, y nsurysi
3aCTOCOBYETHCS PiITMHHE OXOJIOPKEHHS, IO A€ 3MOTY 30UTBIINTH
CTPYMOBI HaBaHTa)KEHHS IBUTYHA. PajiaTop CHCTEMH OXOJOKEHHS
MOKe OyTH BCTAaHOBJICHUI Ha Jlaxy TpoJieiidyca.

Bysio crpoeKToBaHO BHCOKOLIBHIKICHHM €IEKTPOABUIYH i
po3paxoBaHO HOT0  XapakTEpPHCTHMKH B TakeTi  Simcenter
MotorSolve. ITonepenHi po3paxyHKu AeKUIbKOX KOH(pIrypawiii mar-
HITHOT CHCTEMH pOTOpa BHUSIBWJIM, L0 ONTUMAaJIBHOIO € KOH(Irypa-
1is 3 BHyTpimHIM V-oaibnum posmimensasm [IM. Ilig gac pospa-

layxuis, Tn XyHKy xapakrepuctuk B/I[IM ocHOBHI mapaMeTpu MarHiTHOI cuc-
T S I ) (R )
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TEMU MiAOWpai TAKUM YHHOM, 100 3a0e3MevnTH MaKCUMalbHUA MOMEHT noHax M = 145 H-m y niama3oni
yactoTu o0epranns n = 0+12200 06/xB 1 monag M =115 H-m — y mianazoni n = 12200+15200 06/xB, 1110
BiJINIOBi1a€ 13710BOMY ITUKITY i3 KoedirienTom peaykuii MP /= 6,33.

Ha puc. 6 moka3zaHO MarHiTHy CUCTEMY JOCIIKYBaHOTO BUCOKOMIBUAKICHOTO nBUTYHa TRS Ta Kap-
THHY MAar”iTHOro mojisi. POTOp BHKOHAHO 3 IHKOPHOPOBaHHUMH TOCTiHHWME MarHiTamu N45SH, po3mipu
SKMX TaKi: TOBIIMHA — 8 MM, JoBKuHa — 28 MM. J[BuryH 3 [IM 1 MarHiTHUM peayKTOPOM Jia€ 3Mory 3a0e3re-
YUTH OUTBINY TOTYXHICTh 32 BHCOKOI IIBHIKOCTI 00€pTaHHS MOPIBHSHO 31 CTAaHIAPTHUM TATOBUM ACHHX-
poHHUM ABUTYHOM. I1IIsIXOM perymoBaHHs KyTa KOMyTaIllii 0OMOTOK JBHTyHa, IO BU3HAYae KyT Mik MPC
(MarHiTOpymiifHO CHJIOI0) CTAaTOpa i MOJEeM POTOpa, MOKHA 3a0€3MEYUTH BEITMKHUA MOMEHT Y HIMPOKOMY
Jliana3oHi 4acTOTH 00EPTaHHS POTOpA.

OCHOBHI TEXHIYHI XapaKTEPUCTUKH CIPOEKTOBAHOTO BHCOKOIIBHJIKICHOTO JIBUTYHA 3 TOCTIHHUMH
MarHiTaM¥u HacTyITHi: HOMiHaJIbHA MOTYXHICTh 250 kBT; Hampyra xusnerHs 600 B; HoMminanpHUN TiHITHIIT
ctpym 400 A; HoMiHadbHA yacToTa obepTaHHs 15850 00/xB; MakcumanbHa yactota ooepranus 25000 06/xs;
HoMiHaneHuA KK/ 98,9 %; niamerp cratopa 200 MM; noBxuHa ctaropa 350 MM; 4nciIo NojrociB poropa 4;
YHUCIIO Ta3iB cTaTopa 36; YKCIIO BUTKIB Y TTa3y 0OMOTKH cTaTopa 4; 4nCciIo mapajelbHUX TUTOK KOTYIIOK KO-
HOT a3y 2; ToBIIMHA OaHAaXa poTopa 3 MM; BelTMUWHA pOOOYOro 3a30py 1 MM; 3arayibHUA 3a30p 3 ypaxy-
BaHHAM TOBLIMHM Oanjaxa 4 MM. Maca ocepas poropa m, = 19,1 kr; Maca MarsitiB m, = 4,7 Kr; Maca oce-
pas cratopa m.=42,6 Kr; Maca OOMOTKH cTartopa m,;= 10,9 kr; 3aranbHa Maca aKkTUBHOI YaCTHHU
my = 77,3 xr. 3aranpHa Bara aKTHBHOI YaCTWHU BUCOKOMBHUAKICHOTO nBUryHa TRS B 2,3 pasu meHma 3a Ba-
Ty aKTUBHOI YaCTHHU eneKTpoaBuryHa TR4 - my =178 kr.

MimHicTh poTOpa 3a BENHKOI IIBHAKOCTI oOepTaHHS 3abe3rnedye OaH[aX, BUKOHAHWH i3 KOMIIO-
3UTHOTO Marepiany — ByrieBosiokHa. [1ig yac BUKOHaHHS po3paxyHKIB IBUTYHA MPUUAHSTO, 10 MeXa MIITHO-
CTI Ha PO3pUB MependadyBaHOrO KOMIIO3UTHOTO MaTtepialy Mae CTaHOBHTH IioHaiiMenme 1500 Mlla, mo
SIBHO MEHIIIE 3a Mexy MirHocTi 2420 Mlla xomno3urHoro matepiamy CFRP DW260 kommnanii CirComp. 3a
niamerpa poropa 100 MM ToBImMHA OaHIAXHOI 00OJIOHKH CTaHOBUTHME He Oinbie 3 MmMm. Ha manuit MoMeHT
TEXHOJIOTisl HAMOTYBAHHS BYTJICBOJIOKHA 3 HATSATOM Ha POTOP EJEKTPOJBUTYHA € Haie(heKTHUBHILIOW 1 J0-

CTYITHOFO JUIsl ITUPOKOTO 3aCTOCYBaHHSI.

200

Ha puc. 7 mokaszaHo 3a1eKHOCTI MOMEHTY 1 TTO-

300
M., Hm Pou, B . .
= Apuryn TRS o EET ,sp TYXHOCTi JBHTYHA Bill 4acTOTH obepTaHHsi poTopa, a
ST R N I . "’ Tako)X MOMEHT OIIOpY, IO i€ Ha TpoJyieiOyc BiAmoBia-
200 HO A0 i3moBoro mmkiay. Yacrori  obepTraHHA
100 0 T 2500 06/xB TSI HU3BKOMBHUAKICHOTO MBUTYHa TR4
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Puc. 7 . .
BUX1JHA MOTY>KHICTh P..=250,8 kBT; KK
n =98,9 (%); CepeIHbOKBaAPaTUYHUM CTpyM
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1=400 A; Brpatn 3araneHi Py =2,7 xBT; BTpatn B
obmotkax P,~=1,6 kBT; BTpatn B 3am3i P,= 1,1 kBT;
MIUTBHICTE CTpyMy J = 8,4 A/MM?; TUTOMHNA KOS(IIli€HT
— BIJIHOWIEHHST KPYTHOT'O MOMEHTY 10 Macu aKTHBHOI
gactuan K = M, /ms= 1,95 H-m /xr.

3amns cniibHOT POOOTH 3 BHCOKOIIBUIKICHUM
IBUTYHOM OyB po3poOsieHuil i po3paxoBanuii MP. Ha
puc. 8 mokazaHO KOHGITYypaIlifo MarHiTHOI CHCTEMH 1
KapTUHY MarHiTHOTO MOJIsI WJIIHAPUYHOTO MarHiTHOTO
penykropa 3 MOAYJIATOPOM MAarHiTHOTO TOTOKY ISt
€JIEKTPOIIPUBOAY TpoJieiidyca. Po3pobiieHo KoMITIoTep-
HY MapaMeTpuyHy MOJelb, IO Ja€ 3MOTYy BapiroBaTu
TaKUMH TapaMeTpamMH: YHUCIOM IOJIOCIB  BHCOKO-
MIBUIKICHOTO 1 HHU3BKOIIBHIKICHOTO pOTOpa, pO3-
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MipaMH MOCTIHHUX MAarHiTiB, BUCOTaMH SipM 000X POTOPiB, pO3MipaMy TOJIOCIB MOIYJISATOPA, BETUINHAMHU
MOBITPSAHUX 3a30piB, @ TAKOXK IapaMeTpaMHu MaTepiajiB, 1110 BAKOPUCTOBYIOThCS. Y pe3yJibTati cepii po3pa-
XYHKIB BU3HAU€HO ONTHMANbHY KOH]Irypamito Ta po3MipH MarHiTHOT CHCTEMH PeAyKTOpa, 3a IKOi OTPUMAaHO
3a/1aHi 3HauYeHHS MaKCHMAaJIbHOTO MOMEHTY Ha BHCOKOIIBHIKICHOMY 1 HU3BKOIIBHIKICHOMY POTOPI 32 MiHi-
ManbHOI Macu MP.

MarHiTHHI PEIyKTOp CKIAIA€ThCs 3 TPHOX OCHOBHUX KOHCTPYKTUBHUX €JIEMEHTIB: 30BHIIIHBOTO HU3b-
KOLIBU/KICHOTO POTOpa, HEPYXOMOTO MOAYJISITOPa MAarHiTHOTO MOTOKY 1 BHYTPIIIHBOIO BHCOKOIIBHKICHOTO
portopa. HU3bKOMBHIKICHUN POTOP CKIAAAETHCA 3 ApMa 2 MarHiTHOTO TOTOKY 13 30BHINMIHIM giameTpom D,=340
MM 1 TOBIIMHOO /1,,=15 MM, Ha BHYTpILIHIi TOBEPXHi SIKOTO 3aKpiruieHo 38 MOCTIHUX MarHiTiB / pajiansHol
HaMarHi4eHOCTi 1 MOJISIPHICTIO, 10 YepryeThes. [1npuna marHitiB 20 MM, ToBIIMHA 7 MM, AoBxkuHa 170 MM. Mo-
JYJISTOP MAarHITHOTO TIOTOKY SIBIISIE COOO0 HAOIp i3 22 MONFOCIB 5 MIMXTOBAHOI €JEKTPOTEXHIYHOI CTalli BUCOTOO
20 MM, SIK1 3aKpITUIEH] y ceraparTopi 3 eJICKTPIIHO HETIPOBIAHOTO MaTepiay.

BrcokomBUAKICHAN POTOP CKIaga€ThCs 3 sipMa 4 13 IIMXTOBAHOI €JIEKTPOTEXHIYHOI CTajl 3aBBUILKU
30 MM i3 3aKpilUIEHUMH Ha HROMY TOCTiliHNMH MarHiTaMu 3. KibKicTh map MOJIOCIB BUCOKOIIBHAKICHOTO
poropa 3. KoxeH monroc HaOpaHuii 3 7 psAAiB MOCTIHHAX MAarHiTiB 3aBIIAPIIKA 15 MM, 3aBBHUINKH 7 MM, 3a-
BIoBXKH 170 MM. BennuuHa MOBITPSHUX 3a30piB MiX POTOPaMH MarHiTHOTO pPeayKTopa i MOAyIsaTopoM 1
mM. KoedimieHT peaykuii MarHiTHOro peayKTopa CTaHOBHUTH i = 6,33 1 AOpIBHIOE BiIHOLICHHIO YHCIA Iap
nomociB poropiB MP. 3aranmpHa Maca MarHiTiB peyKTopa CTaHOBHTBH My, = 12 KT, Maca eneKTPOTeXHIYHOT
crani m, = 55 Kr, TOOTO Maca aKTUBHUX YacTHH m,.,= 67 Kr, a 3araneHa maca MP m,,, = 100 kr. Kapruna
MmarHiTHOro nonsit MP, npencraBnena Ha puc. 9, mokasye, mo po3Mipu MarHiTHoi cucteMu MP o0paHo Takum
YUHOM, MO0 CTajeBi eNeMEeHTH KOHCTPYKIIii mepe0yBaii He B HACHYCHOMY CTaHi. BelnmunHa Mar"iTHOI iH-
IyKITii B OCHOBHOMY (KpiM OKPEMHX KYTOBHUX TOYOK) HE NEPEBUINYE 3HAYCHD: Y 3aMHUKadi BUCOKOIIBUIKIC-

1500 Horo poropa 1,6 Tn, y 3amMukadi HHU3bKOIIBHIKICHOTO
M, Hu potopa 1,8 Tn, B enementax moaynaropa 1,75 Ti.

1000 OnHi€ero 3 HAWBAXUIMBIIIAX XapakTepucTuk MP €

500 MaKCUMaJIbHUMW KPYTHUH MOMEHT, 10 MepeJaeThCs

PEAYKTOPOM. Bin BHU3HAYA€ETHCA 3a CTaTUYHHUMHU
MOMCHTHUMMH XapaKTCPHUCTHKAMU MAarHiTHOTO peaykropa.

0 T T T T

-500 EEEII::: Ha puc. 9 HaBeneHO pO3paxyHKOBI CTaTWYHI MOMEHTHI
xapakTepuctuku MP 3anexxHo Big KyTa MOBOPOTY
-1000 o BHCOKOIIIBUIKICHOTO POTOpA. .
-1500 Pesynpratm  MoOzemroBaHHS — 3acBLOYMIM, IO
0 20 40P 30 80 100 120  MakCUMaJbHHH MOMEHT, SIKHH TepenacTscsi 3 OOKYy BH-
uc.

COKOIIBUAKICHOTO poTopa, cTaHoBUTH 212 H-'Mm, 3 Ooky
HU3BKOMBHUAKICHOTO poTopa 1362 H-m. Crix 3a3HaunTH, 10 3 ypaxyBaHHAM TUHAMIYHUX HAaBaHTaXEHb pe-
aNbHUN MaKCUMAaJIbHUH MepenaBajIbHUi MOMEHT peaykTopa Huxuuil Ha 20% + 30%.

BukopucTaHHS BUCOKOIIBUIKICHOTO JBUTYHA 3 MIOCTIHHUMH MarHiTaMy B MO€AHAHHI 3 MarHITHUM pe-
IOYKTOPOM € TIEPCIIEKTUBHUM HAIPSMKOM 31 CTBOPEHHSI TATOBOTO MPUBOLY IJIs Tposieiibyca. OnHak 3a11sl 3HU-
JKEHHsSI BUXPOBHX BTpaT y MarHirax Tpe0a 3aCTOCOBYBaTH IXHIO CETMEHTALll0, 110 YCKIIATHIOE Ta 310POXKUIYE
BUpOOHHUITBO. KpiMm Toro, mynbcaliii MOMEHTY HaBiTh Ha piBHI 5—10% moMiTHI macaxkupam, 0 NoTpedye 3a-
CTOCYBaHHsI iH)KEHEpHHX PIllleHb, TAKWX, HANIPUKIIA], K CKiC MOJIFOCIB HA BUCOKOMIBUAKICHOMY poTopi. Tomy
3acTocyBaHHs MP BenMkoi MOTYKHOCTI BUMararume MoJaJIbIINX JOAATKOBUX JOCIHIIIKEHb. Y TaHOMY BHUIA-
Ky po3risiHyTo MP sik mepmmii eran po3poOiieHHs PUBOIY 3 BUCOKOIIBUAKICHUM IBUTYHOM 1 PEIyKTOPOM.
Po3BUTKOM LIFOTO HANPSAMY € JOCTIPKEHHS! HOBUX €JISKTPOMArHiTHUX KOHQIrypauiil, y sskux 1BuryH i MP sB-
JSIOTH COO0K0 OTHY 00'eIHaHy KOHCTpPYKIifo. L{i HOBI KoHbirypartlii OyayTh qOCTiHKEeHI Haai.

VY Tabia. 3 HaBeJIeHO OCHOBHI MOKA3HUKH PI3HUX TUIIB TATOBOTO EIEKTPONPUBOIY Tponeldyca. [1u-
TOMUH MOMEHT TOPIBHSHO 31 CTAHJAPTHUM aCHHXPOHHUM JBUTYHOM 30UIBIIYEThCA B 2 pasu MiJ 4ac 3acTo-
cyBanHsa neuryHiB C/IIIM i B 3,65 pa3u — y pa3i Bukopuctanas BCAIIM 3 MP. [Ipu nipoMy 3a0e3nedyroThes
MOXJIUBICTh 3HAYHO 3MEHIINTH 3arajbHy Bary IpuBOJa.

TexHoorii BUpOOHHUIITBA BUCOKOIIBUAKICHMX JBUTYHIB 13 MOCTIHHUMHU MarHiTaMu YyJIOCKOHAJIIO-
10ThCsI. MOXHA BiJ3HAUYUTH BUKOPUCTAHHS KOMIIO3UTHUX MaTepiajiiB Ha OCHOBI BYTJIEBOJIOKHA AJISI BUTOTOB-
JeHHs OaHAaka poTtopa. PeamizoBaHo epeKTHBHI TEXHIUHI PIIICHHS 3 YIPaBIiHHSI IBUTYHIB 3 IMOCTIHHUMU
MarHiTaMmu.
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TakuM YHHOM IHoO€EAHAHHA

Tadauus 3 BHUCOKOIIBUKICHOTO JBUTYHA 3 TIO-
Al CAlIM | BCAIIM CTIHHUMM MAarHiTaMu Ta MAardiTHOTO
Haitvenysanus mapaverpa | (ATA | (TR4) (TRS) pelyKTOpa Ja€ 3MOry 3MEHLIUTH Ia-
i _ -1V1) +MP OapuTh Ta Bary eJIEKTPOIPHBOLY
HOMllHaIII)HI/II/I MO.MeHT,H'M 1150 1000 1000 Tponeiibyca MOPIBHAHO 3 HASBHAM
BuxigHa notyxHicTh, KBT 180 321,8 250
ACUHXPOHHUM IPHBOJOM ab0 MPHUBO-
Hacrora obeprans, 06/xs OM Ha OCHOBI ITOCTIMHMX MAarHiTiB
Hominanbha, 1500 | 2500 2500 o B .
MakcumanbHa 4000 | 4000 4000 HCHOBKH.
HiameTp Koprycy, MM 550 400 340 - L. CHHX.pOHHI ABUI'YHH 3 I10-
JloBKHHa Kopriycy (6e3 Bany), 260 520 570 criitaumu marditamu (CIIIM) € me-
MM PCTIEKTHBHOIO aJITEPHATHBOIO Tpa-
3arajgbHa Bara, Kr 840 350 200 JIULIHHUIM ACMHXPOHHUM JBUI'YHaAM
IuTOMa MOTYXHICTB, KBT/KT 0,21 0,92 1,25 (AJl) y TaroBHX mpUBOIAX TPOJEH-
IMTuromuii MomenT, H-m/kr 1.37 2.85 5.0 OyciB, ockimpku AJl IeMOHCTPYIOTH

megoctatHii  KKJI Ha  HH3BKHX
MIBUJKOCTSIX 1 CXMJIBHICTH J0 HarpiBaHHS poTOpa B JMHAMIYHUX pekumax pobotu. 3actocyBanus CHIIM
ob0ymosineHo ix BucokuMm KK/ (B cepennbomy 94% min wac posrony B nopiBasaHHI 3 80% y A/l), mo npu-
3BOJIUTH JI0 €KOHOMIi €JIEKTPOCHEPTil, BACOKHM ITyCKOBUM MOMEHTaM, MPSIMO TPOIOPIIIHHUM CTPYMY CTaTo-
pa i 3HaYHOIO 3aTHICTIO O MEPEBaHTaKEHb 110 KPYTHOMY MOMEHTY, 110 KPUTHYHO Ba)KJIMBO AJISI JUHAMIU-
HOT'O MICBKOTO LMKy PYXY 3 YACTHMH ITyCKaMH 1 raJlbMyBaHHSIM.

2. 3acTocyBaHHsI TIOCTITHUX MarHiTiB Ta piquHHOTO oXOoMomKeHHS y CAIIM maroTh 3Mory 3HA4YHO TI0-
JIIIIATHA ATOMI XapaKTePUCTHKH (BiHOLIEHHsI KPyTHOTO MOMEHTY 1 TIOTY>KHOCTI IO MacH) MOpiBHSIHO 3 AJ]
tuny ATA-1VY1, skuit BUKOPUCTOBYIOTHCS B Tpolieiidycax. B poOoTi mpencTaBieHo pe3ynbTaTH, siKi MOXHA
PO3TIIAAATH K OMIHKY MOXUTHBOCTI cTBopeHHsT C/IIIM y rabapurax craropa TsroBoro AJl tunmy AT/I-4 nuis-
XOM 30UIBIICHHS! CTPYMY OOMOTKHM CTATOpa Ta PIAUHHOTO OXOJIOJKEHHS, IO A€ 3MOTY CTBOPIOBATH OIBII
KOMIIaKTHI Ta JIETKi JIBUTYHH, 30€piralour Npu ObOMY BHCOKY MPOXYKTHUBHICTh. Hampukian, mutoma moTyx-
HicTh onrtuManbHOTO Bapianta CJIIIM (TR4) cranosuts 0,92 xBT/kT, 110 B 4,3 pa3u BuIle, HXK Y aCHHXPOHHO-
ro asuryna tany ITA-1VY1 (0,21 kBr/kr). Kpim Toro, Bukopucranus CJIIIM npu3BoauTE 10 €KOHOMIT €NeKT-
poeneprii no 1848 kBt-roa Ha pik A Tposneidyca, o MPaLioe B MiCbKOMY LUK

3. Ilopanpiie migBUILEHHS MUTOMUX XapaKTEPUCTHUK TATOBOTO MPUBOLY TposelHOyca MOXKIMBE 3a
pPaxyHOK BUKOPHUCTAHHS BUCOKOIIBUAKICHUX ABUTYHIB 13 TOCTIHHUMH MarHiTaMH y TIO€THAHHI 3 MarHiTHUMHU
penykropamu. Take MmoeqHaHHS Ja€ 3MOTY iICTOTHO 3MEHIIMTH Ta0apUTH i Bary elekrpornpuBona. Harmpu-
KJIaJI, 3arajbHa Bara BUCOKOMIBUAKICHOTO nBuryHa TRS 3 MP cranoButh He Oinbiie Hixk 200 xr, mo B 1,75
pasu menme 3a Bary CJIIIM TR4 (350 kr), BogHOYac 3a0€3MeIyr09n BUITAH THTOMIH MOMCHT.

Pobomy euxonano 3a @inancosoi niompumku  Hayionanehozo  @ondy  odocniodcenv  Ykpainu —
npoexm «Enexmpomexaniuni cucmemu nioguugeHoi enepeoe@ekxmugHocmi Oisl eHepeemuKy, MexHoN02ill I mpaHcnop-
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
trolleybuses 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

60 ISSN 1607-7970. Texn. enekmpoounamira. 2026. Ne 2



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
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
characteristics, thermal calculation
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EJIEKTPOTEXHOJIOI'TYHI KOMIUJIEKCHU TA CUCTEMU

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

MOJEJIOBAHHSI EJEKTPOTJIPOJUHAMIYHUX ITPOLIECIB Y BIABUBHIN NEYI
JIUISI ATIOMIHIIO 3 EJJEKTPOBUXPOBOIO KAMEPOIO I3 YPAXYBAHHSIM
JE®OPMAILII BLUILHOI MOBEPXHI PLIKOI'O METAJTY

O.1. Boupap , kanp. TexH. Hayk, FO.M. Fopuciaasens , 10KT. TexH. Hayk, T.O. [lenbKoBHii
IncrutyT enexrponunamikn HAH Ykpainn,
np. Bepecreiicbkuii, 56, Kuis, 03057, Ykpaiuna. E-mail: yugoris@ukr.net.

Ilpedcmasneno cxemy 8i00UBHOI neui 01 NIABKU ANIOMIHIEBUX 8i0X00i8 3 YUTIHOPUUHOIO eeKMPOBUXPOBOI0 KAMEPOIO, 8
AKIL 30 00NOMO2010 0Y208020 iHOYKMOPA CMEOPEHO UXpOosUli (0bepmanbHull) nomik pioko2o memainy. 3asHadvena Kamepa
060Ma KaHanamu 3 €OHAHA 3 NAABUTLHOIO 8AHHOIO NeYl | BUKOHYE 061 (QYHKYIL: nepemiulye po3niagienuil Meman y 6aHHi
neui ma 3aHyplO€ 8 po3niag NOOpIOHeHull Mmemanesuti OPYXm Ojisl 3aXUCHy Memany 6i0 OKUCLEHHS 3 NOOaNbUUM
MPAHCROPMYBAHHAM 1020 8 NAABUNLHY 6anny. [[iss makoi cucmemu cQOpMyIbOSaAHO MAMEMAMUYHY MOOelb 340
00CTIOJNCEHHST eNeKMPOMASHIMHUX [ 2IOPOOUHAMINHUX NpOYyecié 6 HIll 3 YPaxy8awHsm Oepopmayii 6inbHOI NOGEPXHI
(menicky) pioxoeo memany. Moodenv cknaoaemucsi i3 080X HACMUH — cucmem OuepeHYianbHUX PIGHAHb, WO ORUCYIOMb
3azHayeHi npoyecu. Jlepopmayis GinbHOI NOGEPXHI GUBHAYANACT MEMOOOM PYXOMOI cimKu. JoCHiONiCeHHs npo8oOUNOCs
0715 PI3HUX 3HAYEHb BUCOMU MEeMAry y 8aHHI neui, aKe 3MIHI08aN0CA 8I0 NOYamKo6o2o 3Hayents 0,2 m 0o nosHoi gucomu
sannu 0,5 M, wo Mo0ent08ano npoyec HAnlAGIeHHs Memainy 8 neyi 8 npoyeci pobomu. Posenanymo 0ea eapianmu
PO3MAULYB8AHHSA THOYKMOPA NO 8UCOMI 8UXPOBOT Kamepu: 00UH — V HUNCHIL iT yacmuni, a Opyeuii — no cepeouri i0HOCHO
BUCOMU Memayy NOGHICMIO HANJAGNEHOI 8aHHU nedi. V pe3ynomami npoeedenozo MoOento8aHHs OMPUMAHO PO3NOOLNU
WBUOKOCII PIOK020 MemAy y 6anui neyl ma GUXPOGI KAMEpI, 8U3HAYEHO Oedopmayilo 6epxXHbOi GLIbHOI NOGEPXHI
Memarny 8 kamepi ma cepeoHitl pigeHb Memany 8 Hill BIOHOCHO PIGHA Memairy 8 NaAsUIbHil 6aHHiL. /[l pi3HO20 HANOBHEHHS
6AHHU NeYl BU3HAUEHO MPAEKMOPIT PYXy PiOK020 Memany 6 erekmposuxposii kamepi. bion. 10, puc. 8.

Knrouosi cnosa: BinOVBHA I1iY, €ICKTPOBUXPOBA KaMepa, PiIKUN MeTall, MaTeMaTHYHEe MOJICIIOBAHHSI, TiAPOIUHAMIYHI
npotuecH, nedopmaliist BUTbHOI HOBEPXHi.

Beryn. [Ipobnema neperiaBiieHHsT allOMiHIIO € 0COOJIMBO aKTyalbHOIO 3a BiJICYTHOCTI NMIEPBUHHOTO
BUPOOHHUIITBA ITi€i CUPOBHUHU. {711 OTpUMaHHS aFOMIHIIO Ta MOTO CIUIABIB Yy TaKWX BUMAAKAX 3aTy9Ial0Th
BTOPHHHUH QIOMIHIH, SIKUH OTPUMYIOTH Y pe3yJibTaTi IeperiaBKhu MeTaleBHX BiaxoniB (Opyxty). Yacro
JUISL IIbOTO BUKOPUCTOBYIOTH BiOWBHI medi, TOOTO meui 3 BEpXHIM MOBEPXHEBUM HAarpiBaHHAM, SKi MOXKYTh
OyTH eJeKTpUIHUMH (TIeUi eJIeKTPOOITopy) abo moayMm’ sHIMHE (TTaTUBHAMH, Ta30BUMH). MeTaneBi BiIxoy,
0COOJIMBO JIETKOBAroBi BiAX0M (MeTaleBa CTPY)KKa TOIIO) TIepell 3aBaHTAKEHHIM y TaKi Medi MonepeIHbo
KOMITaKTYIOThCS (OpHUKeTYIOThCS). AJie BHACTIAOK BiJTHOCHO MaJioi MacH TakKi OpUKETH MPaKTHYHO HOBHICTIO
3HAaXOAATHCS (IUIABAIOTHh) Ha MOBEPXHI PO3ILIABICHOTO MeETaily, I, MiANalunuch BEPXHHOMY HarpiBaHHIO,
3HaYHA YaCTHMHA METaTy B HUX OKHUCIISIETHCS Ta 3ropac [1].

Bigoma TtexHomoris, mo peamnisyerbes cucremoro Metaullics LOTUSS (LOw TUrbulence Scrap
Submergence) [2, 3], 3a SIKOIO TUIABJICHHS aJIOMiHIEBUX BiAXOIB 3/1iHCHIOIOTH Y BIIOMBHUX T€UaX, OCHAICHUX
BHXPOBOIO KaMepoio, B SKili CTBOPIOETbCS BHXPOBHUH (00epTampbHUI) pyx pigkoro meramy. Jms mboro
NONIEPETHBO TONPIOHEHNH OpYXT aloMiHil0 (IIMXTa) MOAAETHCS B 3a3HAYCHY KaMepy, B SIKIH CTBOPEHOIO
TIpOIMHAMIYHOIO BOPOHKOIO BUXPOBOr'O MOTOKY BiH 3aTATYETHCS (3aHYPIOETHCS) B PO3IUIAB, 1 1Al HOAAETHCS
B IUIaBWJIbHY BaHHY Iedi. Taka TeXHOJIOTis 1a€ 3MOTY CYTTEBO 3MEHIINTH OKHCIICHHS Ta O€3I0BOPOTHI BTpATH
MeTany. 3a JaHuMu [4] Ta IHIMX JpKEpes BUXiA MPUAATHOTO JJIS MOBTOPHOTO BUKOPHCTAHHS aJIOMIHIIO 3a
TaKoI TexHoJoriero csrae 97-98 %. BuxpoBuil MOTIK pigKOro MeTaly B Takii YCTaHOBLI CTBOPIOETHCS
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3aHYpEHHM BiALICHTPOBHUM €JIEKTpOMEXaHiuHMM HacocoM. Lleit Hacoc okpiM GopMyBaHHS BUXPOBOI BOPOHKHU B
Kamepi 3a0e3redye TaKoXK MUPKYJISIII0 MeTaly B Tedi, ToOTO 3/iHCHIOE MepeMilllyBaHHS pO3IIaBy Yy BaHHI,
NoAavyy HarpiToro B Hid MeTally 10 BHXPOBOi KaMepH Ta TPAaHCHOPTYBaHHS MOAPIOHEHHMX BiIXOIIB M0
IUIaBUJIBHOI BaHHU Tedi, 3a0e3Medyloun TaKuM YMHOM e(EeKTHUBHE IUIaBJICHHS anroMiHieBoi mmxtH. Ilporte
HasSBHICTh MEXaHIYHOTO HAacOoCa 3HMKYE HAIMHICTD 1 JOBIOBIYHICTh TAKOTO KOHCTPYKTHBHOTO PIIIICHHS Yepe3
3HAXOJKCHHSI HOro poTtopa (Jomarei) B arpeCHBHOMY CEPEIOBHUIII PIAKOr0 MeTany. 3aijisi YCYHEHHS I[bOTrO
HEJIOJIKYy aBTOpaMH 3alpolOHOBAHO CTBOPIOBATH TaKWK pyX MeTaly B LWIIHAPUYHIA Kamepi iHIYKUiHHUM
CIocoO0M 3a JOTIOMOTOIO €IEKTPOMArHITHIX CHCTEM, 30KpeMa JYTOBOTO iHAYKTOpa (IyrOBOTO CTaTOpa), IO
OXOIUTIOE 30BHI BUXPOBY Kamepy [5].

Ha puc. 1 naBeneno cxemy
BiIOVMBHOI TIJIaBWJIBHOI Tedi 3 TpH-
€THAHOIO JT0 HEi BUXPOBOIO (eJeK-
TPOBUXPOBOO) KaMeporo. Ha BinMiny
Big cucremu LOTUSS, sxa BKirodae
B cebe mABI 3’€mHaHI MDK 00010
KaMepu, B OJHIA 13 SKHUX IOMi-
IIAETHCS BIALCHTPOBHH MeXaHIYHHUH
HacoC, a B IHIII CTBOPIOETHCS
BUXpOBa TiJpOJMHAMIYHA BOPOHKA,
IS CHUCTEMa Ma€ y CBOEMY CKJagi
OIIHY IWIIIHIPUYHY KaMmepy [, B sIKii
3a JIOIIOMOT OO0 IyTOBOI'O iIHAYKTOpa 2
CTBOPIOETBCSI BUXPOBHUH (00epTab-
HUI) TOTIK  pigKoro  MeTany.
3a3HaueHa Kamepa JBOMa KaHajlaMu
(BCMOKTYBaJIbHUM 3 1 HATUCKHUM 4)

Puc. 1 3’¢qHaHa 3 IUIABHMJIBHOIO BaHHOIO J

nedi. [logpiOHeHa meraneBa MIMXTa,

ska Oe3MepepBHO MOJAECTLCS B KaMepy, Yepe3 HATUCKHUM KaHal TOCTYIaE y BaHHY Iedi, e BOHA IIaBUTHCS.

BuxpoBwuii NOTIK, 10 BUHUKA€E B KaMepi, YMOBHO MO>KHA PO3JUIUTH Ha /1Bl YACTUHH, OJHA 3 SIKMUX HAAXOAUTH Y

BaHHY IUIABIJIBHOI 1€, TPAHCTIOPTYIOUYH TAaKUM YHHOM IOJIPiOHEHY MINXTY, MIEPEMIIIy€E B Hill pO3IUIaB i ogae

HarpiTH MeTal y BUXPOBY KaMepy, a iHIa 3aMHKAEThCs Oe3mocepeTHb0 B caMiif KaMepi, CTBOPIOIOYN B Hilt

00epTaNbHUI MOTIK PIAKOTO METally JUIsl 3aHypEeHHS MOJPiIOHEHOT MUXTH. TaKuM YHHOM, BUXpOBa Kamepa B

TaKii cucTeMi OJHOYACHO BUKOHYE JIBi QYHKILIT: (PYHKIIIO €JIeKTPOMAarHiTHOrO IepeMilllyBada piIkoro MeTairy

B IUIABWJIBHIN TT€Ui Ta CHCTEMH JUIA 3aHYPCHHS IIAXTH B PiTKANA METaN 311 3aXUCTY BiJl OKUCIICHHS 1 Toavi
ii y BaHHY revi.

B po6Goti [5] wmuisixoM TPUBHMIPDHOTO MOJETIOBAHHS EJIEKTPOMArHITHUX 1 TiIpOAWHAMIYHHX
NPOLIECiB NPOBEICHO TOCTIIKEHHS TaKOl yCTaHOBKH. MoentoBaiacsi CHCTeMa, B sIKiil HATUCKHUHM KaHai OyB
NpUETHAHUN 10 KaMePH y HIKHIN ii YaCTHHI 10 BUCOTI, @ BCMOKTYBaJIbHUN — Y BEpXHii. Y pe3yibTaTi Oyino
BCTAHOBJICHO, IO €()EKTHUBHICTH E€JICKTPOBHXPOBOi KaMmMepH BiJOWBHOI IUIABMIIBHOI I€Ui 3aJeKHUTh Bif
BIZTHOCHOT BHCOTH 3’€JHYBAJIPHHX KaHAJIB Ta KyTa MPHEIHAHHS HATHCKHOTO KaHATY 10 HJIIHIPUYHOI
MOBEpXHI BHUXPOBOi KaMepu. 3a3HaueHi AOCHKEHHS NpOBOAMIMCA Oe3 BpaxyBaHHS MEHICKy, TOOTO
nedopmariii BiTbHOI MOBEpXHiI pikoro meramy. Taka MOCTaHOBKA Ja€ 3MOTY OIIHHTH e(EeKTHBHICTh
€JIEKTPOBUXPOBOi KaMepH sK eJIeKTPOMAarHiTHOrO IepeMilllyBaya, NPOTe BOHA HE Ja€ MOXKIMBOCTI
JOCTOBIPHO OTPHMATH YSBJICHHS IIPO POOOTY KaMepH SIK 3aHypIOBaua METaJeBOi IIUXTH, OCKIIBKH B LILOMY
BUIAJKy HE MOZEIOETHCS TiApoIuMHaMidHa BOpOHKA. [IpencTaBieHHS Npo CIPOMOXKHICTH Takoi KamepH
3aHYpIOBATH IMUXTY MOXE HAJaTH ITOCTAHOBKA i PO3B’SA3aHHS TiMPOTWHAMIYHOI 3amadi 3 ypaxyBaHHIM
nedopmarnii BUTbHOT (BEepXHBOT) MOBEPXHI PIAKOTO METay B Hii.

Bigoma poGorta [6], B sKii HaBeJEHO pe3yJbTaTH MOJENIIOBAHHS TiAPOAMHAMIYHMX NPOLECIB Y
BHXPOBI kKamepi 3 ypaxyBaHHsAM MeHIicky s cuctemMu Metaullics LOTUSS. B po6oTti 3a3HadueHo, 110
po3polOiieHa aBTOpaMHM OOYMCIIIOBabHA MOJENb 3a0e3ledye JOCTOBIpHE MpPEICTaBICHHS TPO TOTIK
BCEpeAMHI BUXPOBOi KaMepu Ta € KOPUCHUM IHCTPYMEHTOM JUIA Bisyanlizalii OUPKyJSLii MeTany B Hill. 3a
JOTIOMOTOI0  IHAWKATOPHUX (TpacepHUMX) YACTHHOK, PO3MIIIEHMX Ha IIOBEPXHI BHUXOpY, IIOKa3aHa
MOXKIIMBICTh OITIHKA 3aHypCHHS TONPIOHEHOI IMMXTH O0€3 TPOBEICHHS CKIAIHUX TEPMOIWHAMIYHUX
PO3paxyHKiB.
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Bunmaerbcs AOUITBHUM —TIPOBENCHHS AaHAJOTIYHWAX JOCTIDKeHb JUIA TUIABWJIBHOI Tedi 3
€JIEKTPOBUXPOBOIO KaMEpOIo, KOHCTPYKTUBHY CXEMYy SKOI TPEICTaBICHO Ha puc. 1. A Tomy Mera miei
POGOTH — Ha OCHOBI PO3pOOIEHOT MATEMaTHIHOT MOJIENi IIITXOM BUKOHAHHSA KOMI'TOTEPHOTO MOJIETIOBAHHS
CJIEKTPOTIAPOIUHAMIYHUX TMPOIECiB y BiJOWBHIN TMeYi, OCHAINEHIH eNIEeKTPOBUXPOBOIO KaMepow, 3
ypaxyBaHHsAM zAedopmauii BinbHOI MOBEpXHI (MEHICKy) PIZKOTO MeTaly OLIHUTH (YHKLUIOHAJIbHY
MOJJIMBICTh €IIEKTPOBUXPOBOI KaMepH OJHOYACHO TMEPeMillyBaTH pPIiAKUH MeTal y BaHHI Iedi Ta
3aHYpPIOBATH ANIOMIHIEBHI OpYyXT B TOBILY pPO3IUIABY, MOCTIIMTH 3aKOHOMIPHOCTI EJIEKTPOMArHiTHOTO
BIUIMBY Ha PIAKHI METal Ha Pi3HUX eTarax HaIUIaBICHHS BaHHH Iedi.

MartemaTndHa MoJedb. 3ajsd BUpIMIEHHS IOCTaBICHOI 3amadi cQOpMyIbOBaHO MaTeMaTHUHY
MOJEIb JIs YACETHHOTO (KOMIT IOTEPHOT0) TOCHTIKEHHS 3a3HaUYCeHUX MPOIIECIiB y TaKiil ycTaHoBIi. Momens
CKJIAJa€ThCsl 13 JIBOX YAaCTHH — CHCTEM JIU(epeHIiaJbHUX PiBHSIHb, L0 OMHCYIOTh EIEKTPOMArHiTHI i
TiApOIMHAMIYHI TTPOIIECH.

EnexTtpoMarmiTHa dYacTWHHAa MOJENI TIPEeACTaBlieHA AW(PEPCHIATbHAM PIBHSAHHAM BiJIHOCHO
KOMITJIEKCHOT aMILTITYTd BEKTOPHOT'O MarHiTHOTO IMTOTEHITiaTy A

V(' 1t'V x A) + (joo — o, )A —oux (Vx A)=J_, (1)
I€ o 1 €& — MarHiTHa i JieNeKTPUYHA TIPOHUKHOCTI BaKyyMmy; [ 1 € — BIJJHOCHI MarHiTHa 1 JieJIeKTpHUYHA
NPOHUKHOCTI; G — IHTOMA IEKTPONPOBIIHICTE; W — IMBHAKICTE PyXy; ® — KyToBa dactoTa; J . -
KOMIUIEKCHA aMIUTITy/la 30BHIIIHBOI TYCTHHH CTpyMy. |'paHHYHOI0 YMOBOIO Ui LIMX PIiBHSHb € YMOBa
MATHITHOT 130715111i] Ha 30BHIMIHIX FPaHUIAX Po3paxyHKoBoi o6macTi (A =0). CKIagoBa eneKTpOMArHiTHOTo
10151, 3yMOBJIEHA PYXOM PiIKOTO MeTally, He BpaxoByBajacs, TOOTO BBaxkajocs, o B piBHsHHI (1) u = 0.

3a pe3yibpTaTaMu MOJETIOBAHHS (OTPHUMAaHWM PO3MOAIIOM MAarHiTHOTO TOTEHINaNy) 3HaXOJAThCS
3HAYEHHS IU(epeHIiaTbHUX apaMeTpiB eNeKTPOMArHiTHOTO MO (HApyXEHOCTI Ta iHAYKIIii MarHiTHOTO 1
€JIEKTPUYHUX TI0JIiB, TYCTUHH €JEKTPUYHOTO CTPYMY TOIIO) Ta IHTErpalbHUX MapaMeTpiB eNeKTPOMarHiTHOI
CHUCTEMH, TaKWX SIK HANpyTa, CTPYM, aKTHBHA, PEaKTHBHA i IOBHA TIOTY>KHOCTI, TOTYXHICTh TEIUIOBUIIEHHS
B PiAKOMY MeTaJi Ta iH., a TAKOK 3HAYCHHS €JIEKTPOMATHITHUX CHJI, III0 BUHUKAIOTh Y PIAKOMY MeTai

f=0,5Re(JxB), )

ne J —rycruna crpymy nposigHocTi; B=V x A, B — cipskeHuii KOMILIEKC iHIyKIlii MArHITHOTO TIOJISL.
lNpgponuHamiyHMii Tpouec B MOJENI MNPEACTABICHO YyCEpeOHEHOI PeHHONbICOM CHCTEMOIO
HENiHIHHUX qudepeHianbauX piBHAHE HaB’e-CTokca mis TypOyiaeHTHOT Tedii B’ I3K01 piarHA
paa—l;:—p(u-V)u—VerV-(neﬁ-Vu)Jrf; 3)
V-u=0. 4)
TyT p — ryctuHa piskoro Metamy; p — TUCK; Ny = N + 1), — KoedilieHT e(eKTUBHOI JUHAMIYHOL
B'SI3KOCTI, JI€ 1| — KOE(II[IEHT MOJEKYISIPHOT JUHAMIYHOI B'SI3KOCTI, 1), — KOe(IIieHT TypOyJIeHTHOI B'I3KOCTI,
poO3paxoBaHWil BIAMOBIZHO A0 MPHUIHATOI Mofaeni TypOyJeHTHOCTi; f — MUTOMa eJeKTpOMarHiTHa cuia B
piakoMy Mertaii, obuucieHa 3riqHo Bupasy (2). [is 3amukaHHS piBHSHH BUKOPHCTOBYBAJlaCh k-& MOEIb
TypOynenTHoCcTi [7]. Po3paxyHkoBa o007acTh TiApOAMHAMIYHOI 3amadi OOMeKyBajacs JMIie 00’ eMOM
piAKOro MeTany y BaHHI Tedi, KaHalax Ta BUXPOBiH Kamepi. Posrmspanucs nBa BUAM TPaHUIb IS
JOCTIKYyBaHOi 007acTi — HEMpPOHWKHI CTIHKA Ta BiIbHA IMOBEpXHA. |'paHWYHI YMOBH JUIsl TIBUIKOCTI,
TypOyJIeHTHOI KiHeTWYHOI eHeprii Ta 1ii Jucumarii Ha HEMPOHUKHHUX CTIHKaX 3 BpaxyBaHHIM
norapuMiyHOTO TPODITI0 MBUAKOCTI Ui MPUTPAHUYHOTO IIAPy 3aCTOCOBYBAJMCS y BIAMOBITHOCTI 3
MaTeMaTHYHOI MOJEIUII0, 3allPONOHOBaHOI0 B po0oTi [8]. THCK HABKOMUIIHLOTO CEpelOBHINA Ha BUIBHIN
MOBEPXHI OTIMCYBABCS CITIBBiTHOIICHHIM

(—pI+T]eff (Vu+(Vu)T))-n=—pm ‘n, (5)

ae P, =101325 Ila. [lebopmaliis BUIbHOI IOBEPXHI PIAKOr0 MeTaly BU3HAauaIacs METOJOM PyXOMOi CITKH,
Ipy bOMY HOpMallbHa CKJIaJ0Ba LIBHIKOCTI PyXy BY3JiB CITKH BUTBHOI MOBEPXHi 3aJaBaiacsi HACTYITHUM
yyHOM [9]:

umesh.n:u'n’ (6)

e U — IMIBHIKICTh PyXy BY3JiB CITKU.

mesh
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CdhopMmynpoBaHy TakuM 4YHHOM MAaTeMaTH4YHy MOJIENIb peali3oBaHO B IIAKETI MPOrPaMHOrO

cepenopuiiia COMSOL Multiphysics [10].
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ITocTanoBka 3amaui. Posrmananacs
BIIOMBHA MY IUIA IUIABJICHHS AJIOMIHIIO 3
€JIEKTPOBUXPOBOIO KaMEpOI Yy  BHIIIAII
MUIIHAPAYHOT KaMepu 3 JyrOBHM iHIYK-
TOPOM, CXeMYy SIKOI 3 TIO3HAYEHHSIMH OCHOB-
HUX pO3MipiB HaBeaeHo Ha puc. 1. JloBknHa
1 MIMpHHA BHYTPINIHBOI YaCTUHH ILJIABHIIb-
HOl BaHHW meui L = 3 M i B= 2 M.
BayTpimHiil niamerp BuxpoBoi kamepu 2R
= 0,6 M, posmip [/ = 0,8 M, BiICTaHb MiX
KaHaJllaMH y BaHHI neui b = 0,8 M, mupuHa
kanamB b, = 0,1 M. IlecTumomrocHui
IyTOBUM  IHIYKTOp  OXOIUIIOE  30BHI
MOJIOBUHY IWJIIHIPUYHOT BUXPOBOI KaMepH.

Woro BHyTpimmiii miamerp ckiamae 0,8 M, a BucoTa (Mo Marmitomposoxy) — 0,2 M. Posrispanocs asa
BapiaHTH PO3TaIllyBaHHS IHIYKTOpA IO BUCOTI BUXPOBOi KaMEpHU: OJUH — B HIKHIH il YaCTHHI SK TIOKa3aHO
Ha pHC. 2, Ha IKOMY TPEICTABICHO 3araJIbHUI BUTIIS ()parMeHTa YCTaHOBKH 3 €JIEKTPOBHUXPOBOIO KAMEPOIO,
Ta APYTHHA — KOJIU 1HAYKTOP PO3TAlIOBaHO MO CEPeHMHI BiTHOCHO BUCOTH METAly MOBHICTIO HAIUIaBIEHOI
BaHHU Tedi, ska npuitHara piBHOWO H = 0,5 M. MonemoBaHHS €IEKTPOMAarHiTHOrO MOJIs, SIKE CTBOPIOE
IHIYKTOp, TpoBoarIocs Ha dactoti 50 I'1y 3a 3amaHuX aMmIep-BUTKAaxX B KOTYINKAX, aMIUTITYIHI 3HAYCHHS
SAKHX Y KOXHIN 13 HuX cknaganu mo 20 kKA. da3oBuil KyT MiX CTpyMamu CYCIJHIX KOTYIIOK MPHUHHSATO
piBHUM 60 en. rpan. 3a Takoro XKUBJICHHS iHAYKTOpP CTBOPIOE B KaMepi Oixyue (0OepTOBE) MarHiTHe Ioie,

sIK€ ¥ BU3UBA€E 00EepTATHHIM BUXPOBUH PyX PiIKOTO METAIY.

JocimkeHHs] TPOBOAMIIOCS IS PI3HUX 3HAYCHb BUCOTU MeTaldy H y BaHHI Ieul, sKe 3MIHIOBAJIOCS
BiJl mouyaTkoBoro 3HaueHHs H = 0,2 M 10 moBHOI BucoTH BaHHM H = 0,5 M, II0 MOJETIOBalO IMPOIEC
HAIUIABJICHHS METay B Medi, TOOTO 30UTbIIeHHS PO3IUIaBy Y BaHHI B mporeci poootu nedi. OcobmuBicTh
KOHCTPYKTHBHOT'O BUKOHAHHS I[I€] CUCTEMH II0JIATaE B TOMY, IO 1 HAIIPHUN KaHaJ MPUEIHAHO 0 HUKHBOT
YaCTMHU KaMepH, a BCMOKTYBAJIbHUN KaHal BUKOHAHO 3BepXy BimkputuM (y BUIIsIAi JioTKa). Bucora
MOTIEPEYHOr0 Tepepidy HamipHoro kaHaimy crtaHoBuTh 0,1 M. OOuaBa KaHamW TpPUENHAHO JO OOKOBOI

MU HAPWIHOT TIOBEPXHI KaMEPH TaHTEHITINHO (IUB. PHC. 2).

Pe3ysbTaTu MoaeoBaHHs Ta ix aHami3. Ha puc. 2 moka3zaHa po3paxyHKOBa CiTKa JUII CHCTEMH 3
MOBHICTIO HAIIOBHEHOK BaHHO0 mevi (H = 0,5 M) 3 HKHIM pO3MIIIICHHSM JTyTOBOTO 1HIyKTOpa, a Ha puc. 3
JUII Takoi BaHHM TIPEICTaBIICHO PO3MOMIIN IMIBHIKOCTI PIIKOTO METATy B EIICKTPOBUXPOBIM Kamepi
(cTpinkamMu Ta B KOJBOPi) s JBOX IMOJOXKEHb IHAYKTOpa. Puc. 3, @ BITHOCHUTBCS [0 HUKHBOTO
po3TairyBaHHs iHAYKTOpa, pUC. 3, 6 — 10 cepeHbOr0. Po3moing MBHUIKOCTI HA IUX PUCYHKAaX IMOKa3aHO B

Puc. 3
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TOPU3OHTAJIBHUX Mepepizax Kamepu, NmoOymoBaHHX 3 KpokoM 0,1 M IO BHCOTi, a TakoX Ha BEpXHiH
(medopmoBaHiii) MOBepXHI MeTaly, Ha SKi 3aMICTh CTPIJIOK IIBHAKOCTI YMOBHO IMOKa3aHa pPO3PaxyHKOBa
CiTKa, sIKa Ja€ 3MOTY CKJIACTH YSBJICHHs MPO OTPUMAaHHUN MEHICK, TOOTO (opMy BiIbHOI MOBEPXHI PiIKOTO
Mmetany. [lopiBHIOFOUM MiXk cO0OIO IIi IBa PUCYHKH, MOXHA BiI3HAYUTH, IO, SK 1 Ciij OyJIo OYiKyBaTH,
MaKCHUMaJIbHI 3HAYCHHS IMBUAKOCTI METAy y TEpIIOMY BHMNAQAKY JJOCATAIOTh y HIKHIA dYacTHHI
€JICKTPOBUXPOBOI KaMmepu, a y Apyromy — B cepeaniid. Illo crocyerhcs Benuumbu nedopmariiii BiTbHOT
MTOBEPXHI, SIKY MOXHA OIIHUTH K AZ = (Zmax — Zmin), TOOTO SIK PI3HUITIO MK MAaKCUMAJILHUM 1 MiHIMaJTHHIM
3HAYEHHSIMH KOOPAMHAT TOUOK Ae(hOpMOBAHOI MOBEPXHI IO BEPTUKAIBHIN OCi, TO BOHA BUSBHJIACS OLIBIIOND
y BUMAJKY CEPEIHBOTO MMOJIOKEHHS 1HIYKTOPA.

BpaxoByrouwm, 1m0, sk OyJ0 MOKa3aHO B [5], HATUCK BUXIAHOTO KaHAITy EJICKTPOBHUXPOBOI KaMepHu
CYTTEBO IEPEBEPIIYE BCMOKTYBAIBHY JIil0 BXiJHOTO KaHAy, PIBEHb PIKOTO MeTally B Kamepi Oyae HUKYe
piBHS MeTanmy B IUIABWIBHIM BaHHI IeYi, IO 1 MiATBEP/KYETHCS MOIENIOBaHHSAM. Y pasi YBIMKHEHHS
IHIYKTOpa PiBEHh METAIY B KaMepi 3MEHIIYEThCS, a Y BaHHI M€Yl BiH MPAKTHYHO 3AIMINAETHCS HE3MIHHIM
yepe3 BENMKY PI3HMIIO 00’€MIB MeTaly B Kamepi 1 y BaHHI meyi. SIk BUIHO 3 puc. 3, ISl HUKHBOTO
NOJIOKEHHSI JYTOBOTO iHIYKTOpa CepedHid piBeHb MeTally B Kamepi BHSBUBCS BHIIMM Y TODIBHSHHI 3
CepeHIM HOro po3TallyBaHHSM.

Po3monin MIBUAKOCTI PIAKOTO METany B IUIABWIBbHIA BaHHI BIJOMBHOI IeYi 3 €JIEKTPOBHXPOBOIO
KaMeporo, OTPUMAaHHUK y pe3yNbTaTi MOAETIOBAaHHS TaKOi CHCTEMH, MPAKTUYHO HIYMM HE BiJPI3HAETHCA Bix
po3nofiny, HaBeneHOro B poOoTi [5] ans aHamoriyHoi cucteMu Oe3 BpaxyBaHHS nedopmarlii BibHOI
HIOBEpPXHi, a TOMY TYT HE IIPUBOIUTHCS.

[pocniakyBaTH NeTadbHO 32 PyXOM METally B CHUCTEMi, IO PO3IIIAJAETHCS, MOKHA 32 TOTIOMOTOI0
PO3paxyHKOBUX TpaeKTOpill pyxy moTtoky. Ha puc. 4 sk mpukian MokKa3zaHO OTPUMaHi y pe3yJbTaTi
MOJIEITIOBaHHS TPAEKTOPIl PyXy Y BUXPOBIiM KaMepi AI HIKHBOTO TTOJIOKEHHS iHayKTopa ipu H = 0,5 M. Sk
BUJIHO 3 IIOTO PUCYHKY, Y Pa3i MOBHOT BAHHU T4l PIAKUIA MeTal, SKUH HaJXOIUTh B KaMEpy i3 BAaHHHU 4epes
BIZIKPUTHH 3BEpPXY BCMOKTYBaJIbHUN KaHaJl, PO3KPYUYETHCS B Hill, pyXarOuuCh MO CKIaJHUM TpaekTopism. Ta
YacTMHA MeETally, II0 TOCTyIa€ B KaMmMepy depe3 BEpXHIO MO BHCOTI AUIIHKY HONEPEYHOro Iepepizy

U, Mc

av?

R —

1.4

Puc. 4

BCMOKTYBaJIbHOTO KaHamy (puc. 4, a), CIOYaTKy
PYXa€ThCS MO KPYTOBUM TPAEKTOPISIM MaKCUMAaJbHOTO
pamiycy, Jgami OITyCKaeTbCs BHU3 31 3MEHIICHHSIM
pazniycy TpaekTopiit (mpuOIM3HO 10 CepeINHA KaMepH),
P a MOTIM 3 MOJNAIBIIMM ONMYCKaHHSIM IEeH paaiyc 3HOBY

(

g -_— 30LIBIIYETHCS 1 B HUKHIM YaCTHHI KaMEpU I YaCTHHA
_.———"-'-_'--._-_'_'_r-'_ v
; METaqy HAAXOMUTh B HATUCKHHUHA KaHai. MeTan, 1o
— [IOCTyIA€ B KaMepy 4Yepe3 CEepeNHI0 YacTHUHY IIolle-
N———— — y Py Hep pen y

———__——|  PpedYHOro nepepizy BCMOKTYBaJIbHOTO KaHaiy (puc. 4, 6),
CIIOYATKy MiiAMaeThCAd BBEPX IO  TPAEKTOPISIM

BEITUKOTO PaliyCy, a MOTIM OIyCKAETHCS BHU3 CIIOYATKY 31 3MEHIICHHSIM, a TIOTIM 31 30UTBIIICHHAM paaiycy
TPAEKTOPIi &K JI0 MOMNaJaHHsA MOT0 B HATUCKHUHN KaHaj. I, HapemTi, Ta 4acTHHA METajly, IO IOCTYIaE B
KaMepy uYepe3 HIDKHIO JUISHKY [OMEPEYHOro Tepepidy BCMOKTYBAJILHOTO KaHaimy (puc. 4, 6),
MIPUCKOPIOETHCS B KaMepi 1 3pa3y K HaAXOJUTh B HATUCKHUM KaHaJI.

=

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



[ikaBo MPOCTIAUTH 32 PYyXOM CaMOTO BEPXHBOTO MIApy METajy, IO MOCTYMAE i3 BCMOKTYBAILHOTO
KaHaTy Ha Je(GopMOBaHy BEPXHIO IIOBEPXHIO KaMepH, aJDke caMe Ieil Iap TOYHHAE BTITYBAaTH
(3aHyproBaTH) TBEpAY IMHMXTY BIIHO pimkoro Merany. Ha puc. 5 g H = 0,5 M 1moka3aHo TpaekTopii pyxy

-4-';__."‘" Uy, MIT - -’/ﬁ
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e
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Puc. 5

1i€1 YaCTUHU METaNy JUIs HIKHBOTO (pUC. 5, @) Ta cepeAHbOro (puc. 5, 6) pO3MIIIEHHS TyTOBOTO 1HIYKTOPA.
B 00ox Bumagkax mei Meran, Momajgaroud B KamMepy, pyXaeThCsl B Hil Ha BEpXHid MOBEPXHi MO KPYTrOBUM
TPAEKTOPISIM, a TOTIM, TMOYWHAIOYHM 3 MEBHOTO Pajiycy, OMYCKAae€ThCS BHU3, MPOJOBXKYIOUH PyXaTHCA II0
TPAEKTOPIsIM MEHIIoro paaiycy. JIiHii mOTOKy BKa3ylOTh Ha Te, IO iHAYKTOpP, KU CTBOPIOE MUPKYIIAIIIO
piAkoro Meramy B Kamepi, BHKIMKA€ CHIBHY BHUXPOBY [Iif0, IO CHpPHUSE TMPHUMYCOBOMY 3aHypPEHHIO
METaJICBOTO OPYXTY 3 BUIHHOI IMMOBEPXHI PiIKOTO METalmy. BpaxoByrouw, mo y pasi HIKHBOTO PO3MIMICHHS
IHIYKTOpA 115l YaCTHHA METaIly 3/IiCHIOE Ha BEPXHii MOBEPXHI MEHIITY KUTBKICTh 00EpPTIB i 4ac 3HaXOKEHHS
il Ha Uil MOBEpXHI MalKe y JBa pa3d MEHIIMH, MOKHA TPHITYCTUTH, 10 MOYAaTKOBA 3aHYpIOBAIbHA [Iisl
€JIEKTPOBUXPOBOI KaMEPH 3a TAKOTO PO3MIILEHHS iHAYKTOpa OyAe OiIbIIOL0.

Ha puc. 6-8 mpencraBneHo oTpuMaHi Yy pe3ysibTaTi MPOBENEHOrO MOJAETIOBAHHS iHTErpayibHi
nmapaMeTpu CHUCTEMH B 3aJIeKHOCTI BiJ] BHCOTH METally B IUIAaBWJIbHIA BaHHI BiIOWMBHOI mewi IS JBOX
MOJIOKEHb JTYTOBOTO IHAYKTOpAa: HIKHBOTO (KPHUBI YEPBOHOTO KOJBOPY) 1 CepeaHBOro (KpHBI CHHBOTO
KOJBOPY).

Ha puc. 6 HaBeneHo ycepemHeHi 1Mo 00’e€My 3HAYEHHS IIBHIKOCTI PiIKOTO METaly i, y BaHHI
IJIaBWIBHOI TIedi (IMyHKTHPHI KpWBi) 1 y BUXPOBIH Kamepi (CyHIUTbHI KpHWBI), a TaKoXX 00’€éMHa BHTpaTa
MeTany uyepes3 3’€qHyBalbHI KaHaU G (IITPUX-ITyHKTUPHI KpUBi). SIK BUIHO 3 IOTO PUCYHKY, YCepeaHeHa
IBUIKICT, METaly Yy BaHHI meui Ta o0’e€MHa BHTpaTa HOro uepe3 3’€IHYBaJbHI KaHall HEMOTaHO
KOPEIOIOThCS MK CO00I0 Ta TPAKTUIHO HE 3ajeXaTh Big BUCOTH METATy y BaHHI medi Uil 000X
po3TaiyBaHb JyroBOro iHayKTopa. SKI0 HOpIBHIOBATH MK COOO0 IIi PO3TaIlyBaHHS, TO CJiJl 3a3HAYUTH,
10 HW)KHE TOJI0KEHHS iHAYKTOpa MPUBOAUTE 10 JAEmIo OLIBIINX 3HaYeHb LUX JIBOX MmapamerpiB. OCKilbKHy,
K Oyno mokaszaHo B [5], eeKTUBHICTh MepeMilllyBaHHsS PO3IJIaBy y BaHHI Ie4i 3aJIe)KUTh BiJ CEpeIHBOI
MIBUIKOCTI METalTy Y BaHHI (YMM OLIbIIa MIBHIAKICTH, THM BHUINA €()EKTHBHICTH), TO HIKHE PO3TANTyBAHHS
IHAYKTOpa 3 IIi€i TOYKM 30py SBISETbCSA OUMBII MOUUTBHUM. BpaxoBylouw, IO Take pPO3TallyBaHHS

L Mic G, M3,"x3 AZ, M

1 0,6 0.13

0.6 0,4 0,09
0,4_____-‘__‘_‘_-____'— 0,3 0,07 = \

0,2 0,05

02 fr——— ——

0 0,1 0,03
0.2 0,3 04 H.om 0,2 0,3 04 Ho™

Puc. 6 Puc. 7
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MPU3BOIUTH 70 OINBIIOT BUTpPATH METaly udepe3 3 €IHYBaNbHI KaHAM, a OTXKe 1 0 OUThIIOI ycepeaHeHol
BEPTUKAIBHOI (CIPSMOBAaHOI BHH3) KOMIIOHEHTH IIBUIKOCTI METally B Kamepi, 3 BpaxyBaHHIM TPa€eKTOPii
MOTOKY, TPEACTAaBICHUX Ha pHUC. 5, MOKHa OYIKYBaTH, L0 3aHypIOBaJbHA 3JAaTHICTh EIEKTPOBHUXPOBOI
KaMepHu y [IbOMY BHIAJAKy Tex Oynae Oiumbinoro. 1o ctocyeThest cepeHbOT MBUAKOCTI METANy y BUXPOBIH
KaMmepi, TO BOHA ITO-Pi3HOMY 3aJICKHUThH BiJl BUCOTH HAILIABICHOTO METATy Y BaHHI. MakCcHMabHI 3HAYCHHS
i€l MBHIKOCTI JUIS HUKHBOTO TIOJNIOKEHHS iHAYKTOpPa BUHHKAIOTH 32 Majoro Ta CepeJHbOr0 HANOBHEHb
MeTaly y BaHHI, a Y BUIAJIKY CEPEAHBOTO PO3MIMIECHHS — IIPH CEPEAHIX 1 BEMKUX 3HAYCHHAX BUCOTH METAITY

y BaHHI medi.
3aJe)KHOCTI BeNWYMHU Jedopmanii Az BITBHOI MOBEpXHi piAKOro Merany (TIMOMHA MEHICKY) B
CNIEKTPOBUXPOBI  Kamepi i1  JBOX  IOJIOKEHb
Ao IHIyKTOpa TIPEACTABICHO Ha puc. 7. SIK BUIUIMBaE 3
0.08 IIOTO PHUCYHKY, 3a3HAYCHI 3aJIeKHOCTI HEMOTaHO
— KOPENIOIOTECSL 13 CePeIHbOI0 ILIBHIKICTIO MeETaly B

0,06

. KamMepi, SKi MpeIcTaBIeHo Ha pHC. 6.
\ Puc. 8 neMOHCTpye Ha CKiJIbKM TOHUKYETHCS
0,04

~—] cepeiHid piBeHb MeTaldy B KaMmepi y mpomeci podoTu
\ BiOMBHOI medi. J[ins 000X BapiaHTiB poO3TanlyBaHHS

0,02 IHIyKTOpAa 31 301TBIIICHHSM BUCOTH METay Y BaHHI Iedi
(B mporieci HATUIABJICHHST) Pi3HULS PIBHIB METAy Yy Iedi

0 Ta Kamepi Ah,, 3MeHImyeTbcs. s Manux 3HaueHb
0,2 0.3 0.4 H.om BUCOTH H 1 pi3HWIM OiNblla y BHIAAKY HUKHBOTO
Puc. 8 NOJIOKEHHS 1HIYKTOpa, a s BEIMKHX — Y pasi

CepeTHbOro HOTo PO3TANTyBaHHS.

BucnoBku. ChopMysbOBaHO MaTEMaTHYHY MOJACIb JUIS JOCIIKCHHS EJICKTPOTiAPOAUHAMIYHUX
NpoleciB 3 ypaxyBaHHsAM Jedopmanii BUTBHOI MOBEpXHi (MEHICKY) pIOKOTO MeTaly s BiIOMBHOI
IUTaBHJIBHOI TI€Yi, OCHAIIEHO] eJIeKTPOBUXPOBOIO KaMEPOIO 3 JyTOBUM iHIYKTOPOM.

VY pe3ynbTaTti MpOBEACHOT0 KOMIT IOTEPHOTO MOJICITIOBAHHS IMOKa3aHo, IO eNEKTPOBUXPOBa KaMepa
TaKoi TIevi OAHOYACHO BUKOHYE JIBI TEXHOJIOTIYHI PYHKIIT — TIepeMilrye po3IUIaBICHUA METal y BaHHI Imedi
Ta 3aHYpPIOE€ B PO3IUIAB MOJPIOHEHUI MeTalleBUi OpyXT 3a/JIs 3aXUCTy HOTO BiJl OKHCIICHHS 3 MOJAIBIIAM
TPaHCIIOPTYBaHHAM Yy TUIaBHIIBHY BaHHY. OOuiBi ¢yHKIII Taka kamepa 37iliCHIOE e(deKTHBHIINe y pasi
HIDKHBOTO PO3TallyBaHHS Ha HiM yTOBOTO iHAYKTOpA.

YcraHOBNIEHO, 1O piBEHb METAly B EJIEKTPOBUXPOBIH Kamepi BiOMBHOI TeYi pPO3TISTHYTOTO
KOHCTPYKTHBHOTO BUKOHAHHS 1 KOMIOHOBKH HUK4€ PiBHS MeTaiy y ii BaHHI. Pi3HHII UX PiBHIB 3aJISKUTh
BiJI HATTOBHEHHS BAHHH METAJIOM, SIK€ 3MIHIOETHCS B TIPOLIEC] IIABKH, TA PO3TALTyBaHHS 1HAYKTOpA 110 BUCOTI
KaMepH.

Dinancyemvcs 3a  Kowmu Oepocoroddcemuoi memu "Poszsumox meopii  enekmpomexnonociuHux npoyecie ma
PO3PO0ONIEHHS eeKMUBHUX eNeKMPONIABUNLHUX | eNeKMPO3APAOHUX CUCIIEM 3 KEPOBAHUM eeKMPOMASHIMHUM GHIAUBOM
(wughp "Enmex")". Jleporcasnuii peecmpayitinuti Homep pobomu 0122U000839. KIIKBK 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.I. 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 firee 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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IHTEI'PAIIISA HIOBYTOBUX BOJAOHAI'PIBAYIB Y CUCTEMU PEATI'YBAHHS
HA IIOIUT B EHEPTETUYHINA CUCTEMI

B.M. Kim{qylc*, K.B. Maxoriio ,

Haunionanbuuii TexHiuyHuil yHiBepenTeT «XapKiBchbKU MOTITEeXHIYHMIA IHCTUTYTY,
ByJ. Kupnuyoga, 2, Xapkis, 61002, Yxpaina.

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

Y pobomi npeocmasneno komnnexcrue 00CaioHicenHs NOOYMOBUX eleKMPULHUX HAKONUYYBATbHUX 800oHazpisayie (EHB)
SAK 2HYYKO20 pecypcy Ol peacy8aHHs HA NONUmM 6 emepeemuuii cucmemi. Ilposedeno ananiz yKpaiHcbKo2o puHKy
nobymosux 6000HASPIEAUIs, OYIHEHO IXHIO NOWUPEHICMb MA MeXHIYHUN ROMmeHyian OAs y4acmi y npocpamax
peazysanns na nonum. Cnpockmoeano ma peanizoeano 0ocniony ycmanosky EHB, sxa oac 3mocy 3dupamu
BUCOKOMOYHI OAHI NPO MENI08i npoyecu 6 OaAKy ma CRONCUBAHHS eLeKMPUYHOT eHepeii, AKI Cmaiu OCHO80I0 O
sepugixayii mooeni. Peanizoeano ma 6epuikosano Komn romepHy Mamemamuyry Mooeib menio8oi ma eieKkmpuyHol
ounamixu EHB, nobydosany Ha ocHOGI (i3uuHux i noGediHKOGUX 36UYOK CROJCUBAuie. 3a 0onomozow yiei mooeni
nobyooearo kpugi onmumanvrocmi Ilapemo, sKi 0anu MONCIUBICMb GU3HAYUMU KOMAPOMIC MIJIC DI6HEM KOM@opmy
ma enyukicmio cnocusanusi EHB. Bcmarnosneno memnepamypHi Medici NPUtiHAMHO20 Komgopmy cnodcusavda, da
maxodxc peakyito EHB na cuenanu xepysanus 6i0 azpecamopa. 3anponoHo8ano 080pieHesy apXimekmypy iHmezpayii
EHB y cucmemu Kepysants nonumom 3 UKOPUCManuam 8iokpumoezo npomoxony OpenADR, wo dae 3mo2y azpecamopy
epexmugHo 83aEMO0iamu 3 onepamopamy cucmem po3nooiny ma nepeoadi, a MAKONHC KiHYesUMU CROHCUBa4amu. 3aons
niOMBepON#CeHHs pe3yIbinamie BUKOHAHO eKCnepuMeHmaibHe MOOeT08aAHHA NOBEOIHKU A2pe208aHOi 2pynu CROXCUBAUI8
¥ 8i0n08i0b HA cueHanu axmusayii. Busnaueno Kiouosi emani CMmeopeHHs PUHKO8UX NPOOYKMI8 pedsy8aHHs HaA NONUML.:
@opmyeanns pecypcrol 6asu, CMeoPeHHs azpe208anux NPooyKmie ma ixusa peanizayis Ha PUHKY eleKmpuyHoi enepeil.
Ipoananizosano Oap’epu, AKI CMPUMYIOMb 6HPOBAOINCEHHS NPOSPAM Ppedazy8aHHs HA NONUM, 30KPeMd HUZbKY
iHGhopMmoBanicmb CROJNCUBAYIE, BIOCYMHICMb EKOHOMIYHUX CIUMYIIE A 0OMEeNCeHICMb MeXHON02IUHOI 20MOBHOCMI.
Bi6x. 11, Tabn. 1, puc. 9.

Knrouosi cnoea: pearyBaHHS Ha TIONUT, BOJOHArpiBad, arperarop, CHEProceKTHBHICTh, pPO3YMHA MEpeKa,
C€HEPrOMOHITOPHHT, PHHOK €IICKTPUYIHOT CHEepTil.

Beryn. CygacHi eHepreTHYHI CHCTEMH TTePEKUBAIOTh CTPYKTYPHY TpaHCHOPMAIIif0 Yepe3 3pOCTaHHS
YacTKU BiJJHOBJIIOBaHUX JDKEPEJ €Hepril Ta JemeHTpanmizaiii 00’ekTiB renepaiii. Lle Bumarae po3poOku Ta
BIIPOBAKEHHSI HOBUX MiAXOMiB 70 OanaHcyBaHHA. OJHUM i3 HAHOLIBII MEPCIEKTHBHUX iHCTPYMEHTIB CTa€
pearyBaHHs Ha IONMT, MiJ 4ac SIKOIO CIOXKHBaudl aJaNnTylOTh CBOE CIIOKUBAHHSA 3aJIEXKHO BiJl CTaHy
EHEepreTUYHOI CHCTEMHM Ta IIiH Ha PUHKY EJIEKTpUYHOI eHeprii. JlomMorocmonapcTea, sik HaluucenbHima
KaTeropisi CroXKMBaviB €NEKTPUYHOI eHeprii, MaroTh 3HAYHUK MOTEHIial AJsl 3MEHIIEHHS CIOXMBaHHA. B
CBOIO 4epry, cepen nmodyroBux npuianis EHB e HaiimommupeHimmMy Ta TEXHIYHO HAWIPUIAATHIIIAME IS
pearyBaHHs Ha TIONHWT. 3a OTIOMOTOI0 arperaTopiB MOXKJIWBe o0'eqHaHHS THCSd abo MimelioHiB EHB 3
METOI0 CTBOPEHHSI THYYKOTO pecypcy Jjisl peamizaiii Ha pUHKY eleKTpu4Hoi eHeprii. Bce me crBopioe
nepeayMoBH st MacoBoi inTerpauii EHB B aunamiuHi cucteMu KepyBaHHS HaBaHTa)KEHHSIM, IO HAAACTb
JIOMATKOBI pecypcH uIs OalaHCyBaHHS €HEpPreTHYHOI crucTeMu. [lomepemHi Hamm AOCTIIKEHHS OKPEMEX
ACIeKTIB pearyBaHHs Ha momuT 3a gornomorord EHB [1-4] mokazanu MOXJIHMBICT YCHIIIHOTO PO3B’SI3aHHS
miei 3amavi, 1m0 OOYMOBIIOE HEOOXiJHICTh iXHBOTO Y3arajJbHEHHS Ta MOJAJIBIIOTO0 PO3BUTKY IS
MOJEIIOBAaHHS 1 BU3HAYEHHS €(EKTUBHUX TOPrOBHUX CTPATETil arperaropa Ha pUHKY €IEKTPUYHOI eHepril.
Takum 4MHOM, JaHa poOOTa MOEAHYE TEXHIYHI, OpraHi3alliliHi Ta MOBEAIHKOBI aCeKTH, (OPMYIOUH LITICHY
OCHOBY ISl PO3BUTKY MPOTpaM pearyBaHHS Ha MOMUT i3 BUKOpHCTaHHAM oOyToBux EHB.

Meto0 pobOTH € TOE€THAHHS PE3YJbTAaTiB EKCIEPUMEHTAIBHUX Ta TEOPETUYHUX JOCHIIHKEHb
Moxeneit mooyroBux EHB Ta oOrpynTyBaHHS MiaX0aiB 10 arperyBanHs rpyn EHB y nporpamu pearyBaHHsS
Ha TOMHT Ta peani3amii MPOAYKTIB Ha PUHKY CIEKTPUYHOI €Heprii 3 ypaxyBaHHSM BIUTUBY Ha KOMGMOPT
CIOXKHMBAaYiB.
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XapakTepucTuka BOJOHArpiBayiB sIK 00'ekTa pecypcy pearyBaHHsl Ha MNoONur. 3a
CTATUCTUYHUMH JaHUMHU J[epikaBHOI ciTy:kOu craTucTuku Ykpainu [5] cepen 14,678 MitH. TOMOTOCTIONAPCTB
YacTKa THX, XTO Ma€ €JEKTPUYHUN BOJOHArpiBad, cTaHOBUTH 38,9 %. Lle mae 3Mory OLiHUTH OPiEHTOBHY
KUTBKIiCTh €KCIUTyaTOBaHUX MPHUCTPOIB Ha PiBHI 5,71 MIIH. OTUHHUIIb.

3rifHO 3 aHANITHYHUMH JTaHUMH OJHOTO 3 TPOBIMHAX OHJIAWH-TIOPTATIB pPO3ApiOHOT TOPTiBiIi
TexHikoro — Hotline.ua — cranom Ha mouatok 2024 poKy MOKHA MPHUITYCTUTH, IO YaCTKA HAKOMTUYYBaJIbHHX
BOJIOHATpiBauiB Ha YKpaiHCBKOMY PHHKY cTaHoBHIa 83,6 %, y TOH Yac sk MPOTOYHI MOJENi 3aliMaly JIHIIe
16,3 %. Tumosi o6'emu OakiB ctaHoBiATH Bim 10 mo 200 7, a HOMiIHaJNbHA MOTYXHICTH TPyOUacTHX
enexrponarpiBauiB (TEH) y mexax Big 1 no 5 kBr.

Cepen HakonuuyBanbHUX EHB nepeBaxae BepTukansauii MoHTaxX — 81,7 % npotu 18,2 % Moneneit
ropuzoHTa’IbHOr0 MoHTaxy. lllono tumis TEH, Gineicts npeacraBnenux Ha punky EHB (61,2 %) matoth
tak 3BaHi «Mokpi» TEH, natomicts EHB 3 «cyxumm» TEH cknanatots 38,7 %.

Bubip BonoHnarpiBaya € iHOUBiZyadbHHM i 15
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VYkpainn pizaux moxeneit EHB 3a o0’emom Ta TloTyxzicTs, KBT 1a 06'eM, TEHB
NOTY>KHICTIO HaBEJEHO Ha puC. 1.

3 HaBeNEHHWX [aHMX BUIUIMBA€E, IO B
VYkpaini chopmoBana 3HauHa 6a3za EHB i3 moreHIiamoM uisi BUKOPUCTAHHS K THYYKOTO €HEpropecypcy
OanaHCyBaHHS €HEPTETHYHOI CUCTEMH. AJie HEOOXiJHOIO MEepeayMOBOIO IS e(DEKTUBHOTO 3aITyYeHHS IHX
EHB B mnporpamu pearyBaHHS Ha MONHMT € BPaxyBaHHSA iXHIX TEXHIYHMX XapaKTEPUCTHK Ta TUIIOBUX
PEXUMIB eKCILTyaTarii.

Hocainna ycranoBka EHB. Onniero 3 x1r090BUX MpoOieM Mij Yyac MOJENIOBAHHS Ta YIPABIIHHS
EHB € oOMexeHa HOCTYIHICTh BepH(]PIKOBaHUX EKCIIEPUMEHTAJIbHUX JaHUX, IO MOKa3yIOTh iXHIO peajbHy
poboTy B ymoBax MOOyTOBOTO BHKOPHCTaHHS. 30KpeMa, CKIAIHICTH MOJSATae B TOYHOMY BimoOpakeHHi
B3a€MO3B 513Ky MK (DaKTUIHAM PO300OpOM Tapsiuoi BOIU, €IEKTPHYHHM HABAHTAKEHHSM 1 TeMIIEpaTypHUM
koMpoproM crnokuBaua. Ockineku edexruBHe ynpaminHi EHB morpeOye Tounoi indopmauii npo ixHro
JUHAMIKy B YMOBaX pEaJIbHOTO CHOXKMBAaHHS, BaXJIMBHUM € BIIPOBADKECHHS KOHLEMLil 1HTENEKTYaJbHOTO
MOHITOPHUHTY, IO 0a3yeThCs HA MOETHAHHI aBTOMATH30BAaHOTO 300py, CHCTEMHOTO aHaji3y BIAMOBITHO IO
CcyuyacHMX miaxoiB nmudposizailii eneprocuctem [6]. s 300py naHMX, MEPEBIPKH MaTEMaTUIHUX MOZEICH 1
OLIIHKU MOTEHLially MPSMOT0 pearyBaHHs Ha HOMUT OYyJI0 CIIPOEKTOBAHO Ta Peali3oBaHO JOCTIIHY yCTaHOBKY
EHB, cxemy sKoi moka3aHo Ha puc. 2.

OcoOnuBICTIO 1i€T AOCHIAHOT YCTAaHOBKU €
BHUKOPUCTAaHHS MAacoBO JOCTYIHHMX KOMIIOHEHTIB i3

L— o CerMEHTa «PO3YMHOI0» JOMYy, IO Ja€ 3MOTY
P Hpgoimasmacil plemeperyrope 3a0e3NeUnTH  TUCTAHIliHHE  yOpaBIiHHA  Ta

L 1l

=t = (] MOHITOPHHI' 0e3 moTpedM Yy CHeliani30BaHuX
et exmeparypn || Peryammop

e npuctposix.  JlocmiUkeHHS — NMPOBOAMJIOCS — Ha

tunoBoMy nodyroBomy EHB motyxHicTo 1,2 kBT 1

! ob'emom 80 I 1 OXONWIO TMOHAJ [JBA POKH

: . JETalli30BaHUX iCTOpUYHUX HaHux. OOJagHaHHS

' JOCITITHOT YCTaHOBKU BKIJIIOYAE B ce0e€: «PO3yMHHID)

o s JTYUIBHUK, «PO3YMHY» PO3ETKY, aBTOMATHYHUIl

: S PEECTPATOP — TEMIEpaTypd  Ta  KOHTAKTHHMIA
BUMIpIOBaY TEMIIEpaTypH.

Marematnuia moxaeab EHB. IloOymosa
koM 1oTepHoi Mozeni EHB Bumarae BpaxyBaHHs HMIMPOKOro KoOJia BXIJIHUX TapameTpiB, SIKi OXOILTIOIOTH
(hi3uuHi, reOMETpPUYHI Ta TEXHIUHI XapakTepucTHKH K camoro EHB, Tak i HaBkonmuImHBOTO cepenosuina. o
TaKUX MapaMeTpiB HaJeXkaTh IIUTBHICTH Ta MATOMA TEIUIOEMHICTH BOIH, Koe(DilieHT TepMidHOI Audy3ii,
reoMeTpuyHi po3mipu 0Oaka, mnoryxHicth TEH, xoedimient temnmoBrpar ©Oaka. Cepex mapamerpiB
cepeioBHIa HEOOXiTHO BPaxOBYBAaTH TemIlepaTypy NoBiTpsa HaBkoio EHB Ta Temmeparypy BximHoi
xosogHol Boau. Kpim TOro, KIIFOYOBY poOJb BigIrpalOTh MMOYAaTKOBI YMOBH Ta PEKHUMH BHUKOPUCTAHH,

Puc. 1

Oneaonbonandl wywon ofaiy Poamoaamamil ey Bogonarpsnry

Puc. 2

ISSN 1607-7970. Texn. enexmpoounamixa. 2026. Ne 2 71



30KpeMa MOYaTKOBUH TeMIlepaTypHHH po3moain y Oaky, 3ajaHa TemIieparypa HarpiBy, BUTpara rapsqoi
BOJIM B 4aci Ta TUIl TEPMOPETYJIATOpPA.

B pobGoti [2] onmcaHo TiOpuAHY MoneNlb, IO TMOEAHYE BHUCOKY TOYHICTH 13 TOMIPpHHMH
oOuncroBaIEHUME 3arparamMu. OCHOBHA izies i€l Mozeni moisirae B po3aiieHHi AuHamiku pobotu EHB Ha
OKpeMi TUTIOBI (pa3u, KoXKHA 3 TKUX XapaKTePU3YETHCI JOMIHYBAHHSM OTHOTO (Di3HIHOTO mporiecy. Y Mexkax
i€l KOHIENIi BUAUIAIOTH TPU XapakTepHi (as3u: CIOKii, HarpiBaHHS Ta 31HMB (3 ab0 0e3 OJHOYACHOTO
HarpiBaHHs), sIKi ONMCYIOTHCS HACTYITHUMH JU(EpEeHLIaTbHUMH PIBHAHHAMH 3 YACTHHHUMH MOXiTHHMHU.

®a3a I — criokiit. BomonarpiBad He mpaiftoe, Bojia He 3TUBAETLCA. 3MiHA TEMIIEPATYPH BiIOyBa€eThCS
JIMIIE Yepe3 TEIUIOBI BTPATH Ta TUdy3ito. JInHaMiKa ONHCYETHCS OJHOMIPHUM PIBHSIHHSM TEIIONPOBIIHOCTI
3 TpPaHUYHUMHU YMOBaMH

2
I a2l k-1 (0,0 =02 (1) = 0,7 (x,0) = Ty (). 1)
ot ox ox ox

ne T,(x) — mouarkoBuii TemmeparypHuii npodins; 7(x,f) — TeMmmepaTypa BOAM y LIapi Ha PiBHI X y

MOMEHT 4Yacy f; X — BIACTaHb BiJ THA Oaka J0 PiBHS IIapa BOIH.
®a3a Il — HarpiBanHs. Bona HarpiBaeTbest 6e3 3nmuBy. BuHUKae 30Ha «IU1aTO TeMIIepaTypr» BiJ THA

J1o BUCOTH X ,(7) , 1€ TeMnepaTypa OIHOPi/IHa i TopiBHIOE

T (1) = T,(x, (1)). 2)
Eneprernunmii 6amaHc TIIaTO ONMACYETHCS PIBHIHHAIM
x, (1)
_ t P(7)
T (0)x, () = ! T, (x)dx + J.Ogdr. 3)

p
JluHaMika MeXIi IJIaTO OMUCYEThCS

ol (x,)x, P
ox of  Spc,x,

1x,(0) =0. )

®aza III — 3nmuB. BinOyBaeTbcsi omgHOYACHUE 37UB rapsdoi Ta HarpiB XOJNOOHOI Boau. Y Oaky
(bopMyeThes 30Ha 3MilllyBaHHS BUCOTOIO X, (¢) 3 oqHOpiaHOIO Temmepatypoto T, ()

T(1) = T(x,(0).1) )
TeMneparypa BUIIlE 30HU 3MilllyBaHHs ONUCY€ThCs 3anaucto Credana
2
O O 0T k-1 0T %D o7 (0)=10:x,(0) = 2T (0 = Ty(x),  (6)
ot ox ox ox

ne a, =13 — edexruBHuii koedinieHT TemI0BOI Ta TypOyneHTHOI AUdY3il; V, — MBUIKICTH 3MiHU BHCOTH

BOJITHOTO CTOBIIA, BU3HAYCHA Uepe3 00’ eMHUH po30ip BOAH.

3amist pos3s'szanHs (1)~+(6) y mnporpamHomy cepemopuinii OpenModelica [7] po3pobieHo
KoMIT 10TepHy Moaens EHB, sika nae 3Mory TouHO BiATBOPIOBAaTH HOTO TEMJIOBY IMHAMIKY, PEKUMH HarpiBy
Ta CIIO’KMBAHHS €JIEKTPUYHOI eHeprii. Peamnizalist Ha OCHOBI BIIKPUTOrO MPOrPaMHOrO MPOAYKTY 3a0e3Meuye
il TOCTYITHICTh, MacIITA00BaHICTh 1 MOXKIIMBICTh IHTETPAIlil B CHCTEMH YIIPaBIiHHSA €HEPTOCTIOKUBAHHSIM.

JaHni, oTpuMaHi 3 AOCHIIHOI YCTAHOBKH, JajdX MOJJIMBICTh BH3HAYUTH THUIIOBI MPOQii peanrbHOTo
eNeKTpudHOTro criokuBanHs EHB, BusSBUTH XapakTepHi yacoBi maTtepHHu Ta oniHuTH quHaMmiky EHB y pizanx
pexuMmax poborm. Ha iX oCHOBI BHKOHAHO imeHTH(IKAIII0 TapaMeTpiB Ta MOMAIBITY BepHQIKaIliio
maremarnynoi monemni (1)—(6). Ha puc. 3 naBeneno npukian monemoBanHs poootu EHB 06’emom 80 11 Ta
noryxkHictio 1,2 kBt mporsrom 24 roauH, KMl NOKasye CIOXHMBaHHA noTykHOCTI (P) Ta 3miHu

TeMIepaTypu B Oaky Oins 30HM 4yTIMBOCTI fgaTumka tepmoperymsitopa (7., ). Pesynbrati umcenbHUX

€KCIEPUMEHTIB 3 MOAEIUIIO0 IEMOHCTPYIOTh ii JOCTATHBO BHCOKY TOYHICTH IiJl Yac MOAEIIOBAHHS POOOTH
EHB nporsroMm 100w, a TakoXx 3JaTHICTh MOJICIIIOBATH Oe3MepepBHI MPOMIXKKHU Yacy 10 45 nHiB 0e3 BTpaTu
CTIMKOCTI Ta 3HAYHOTO MOTIPLIEHHS TOYHOCTI.

Ha puc. 4 HaBeneHo npuKIaj TUTIOBOTO Tpadiky BiqOOPY BOAU y MEPEXiTHUIA Tepioj] pOKy Ta OIHY 3
HOTO BHITAIKOBHUX pealtizalliii, IKy BHKOPHUCTAHO JJIsA po3paxyHKiB Ha puc. 3. Taki rpadiku HeoOXimHi st
MOJJABIIIOTO JTOCTIKEHHS Ta MOJCTIOBaHHS pi3HHX pexuMiB podotn EHB. 3okpema, BoHM naroTh 3MoTy
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chopMyBaTH peaJicCTUUHI CLeHapil BHKOpPHCTaHHs 3amisi MognemoBaHHS ywacti EHB y mporpamax
pearyBaHHs Ha MOMUT OKpeMo abo0 y CKIIa/i arperoBaHuX IpyI CIIOKUBAYiB.

ey

B 12 60
= 1 F' ' I | -
@] .
< 0,8 0 O
3 2 2 06 30
T m 0, 4
= 2 =
g 1 A 04 2 F—?
z 12 10
2 0 0 0
:E 00 02 04 06 08 10 12 14 16 18 20 22 00 02 04 06 08 10 12 14 16 18 20 22

Yac, ron Yac, ron

B TunogHi Bimhin rRomw B Rumankoruit rRiTHhin ROTT E TTomremieTh TeumepaTypa
Puc. 4 Puc. 3

Ouinka motrenuianry EHB nns pearyBanns Ha momut. HacTynmHuM eramoMm AOCHIKEHHS €
(hopMyBaHHS TiAXOAIB O OLIHKK PiBHS KOMQOPTY crokuBaviB Ta eHeproedekruBHocti EHB i3 Gakamu
pizHoro 00'emy. IIponoHyeTbcs BUKOPHCTOBYBaTH 3amac rapsvoi Boau (3I'B) sk iHTerpanpHUil MOKa3HUK
pecypcy EHB, 1m0 Bu3HauaeThcs K eKBiBalleHTHHI 00’ €M Bonu Temnepatyporo 40 °C, moctynHwmii i3 6aka 3
ypaxyBaHHSM TE€MIIEpaTypHOrO PO3HOAUTY o Horo Bucoti. Ll Temneparypa mpuiiHiaTa sk KoM(opTHA A
OUIBIIIOCTI TOOYTOBUX MOTPEO, TOMI K i1 3HMKECHHS HMXKYE 3a3HAYCHOI MEXKI MPHU3BOJAUTH JI0 TEIJIOBOTO
JUCKOM(OPTY Ta HEraTUBHOTO CHPUHHATTS OyIb-skux ooMexeHns podotu EHB. /lonatkoBo nmpomoHyeThes
BUKOPHCTOBYBAaTH IOKa3HUK Haanumkosoi rapsdoi Bogu (HI'B), mo xapakrtepusye oOcsr rapsdoi Boau 3
Temrepatypor He Hiwkde 40 °C, kUil 3aUIIAEThCA MICHsA HAWOIIBIIOro0 J0OOBOIO MKy BOJAOCHOXHBAHHS.
Taxum yunom HI'B € kmovuoBUM mapaMeTpoM 3a11sl TlaHyBaHHA pexkumiB podotu EHB, amxke BigoOpakae
(hakTHYHMIT piBeHh KOM(DOPTY CIOKUBAYA.

[IIo6 mocHmiguTH Ta BH3HAYUTH MEXI KOMIIPOMICY MiX KOM(OPTOM CHOKHMBada Ta TOTEHITIAIOM
EHB, 1o ywacti B mporpaMax pearyBaHHsS Ha IONUT 3iHICHEHO MaTeMaTW4HE MOJENIOBAHHS PEKUMIB
poborn EHB 3 pizanM 00'eMoM 1 HamamrtyBaHHSM TemIiiepatypu HarpiBy. [lpumyckaerbes, mo yci EHB
Majgl iACHTHYHY TOTYXHICTH (2 kBT), omHAKoOBI TEIJIOI3ONAIINHI XapaKTEPUCTHKH Ta  OyJIH
3MOJICJIbOBAHUMH B OIAJTIOBAHOMY MPHUMIIICHHI 3 TEMIIEPAaTypO HAaBKOJUIIHBOTO cepemoBuina +23°C.
BBakaetncs, 1m0 Micie BcraHoBiieHHs: EHB 3HaxomuThest 6e3nocepeabo Oiis TOYOK BOAOPO300py, 110 Jae
3MOTY 3HEXTYBAaTH TEIUIOBUMHU BTpaTaMu B TPyOOIPOBOAAX.

Hns uporo mopnemoBaHHs EHB BukopucranHo TtumnoBuil Tpadik CIIOKHWBAaHHS rapsdoi BOIU
HaBeJeHUI Ha pHC. 3, OTPUMAaHUK y pe3yJbTaTi HATYPHOTO €KCIIEPUMEHTY B IEpeXiAHUI Ce30H (30BHILIHS
temneparypa +20...25°C, Temneparypa BxigHoi Bogu — 6mu3bko 15°C). Lleii rpadik Oyno 3acTocoBaHO 10
11 ymoauX Mozenerr EHB, siki Binpizusucs o6'emom 6aka — Bix 50 go 100 i1 i3 KpokoM 5 1.

Ha puc. 5 naBeneHo orpumany ouinky HI'B y MOMeHT MakcHMalsHOTO po300pYy LTS KOKHOI 3 30H
I-1V: 30Ha I — cTan nquckomdopTy, KoM HasiBHOI raps4oi Boau y 6aKy HEAOCTaTHBO ISl HOKPHUTTS MIKOBOTO
HaBaHTaXeHHS; 30Ha Il — miHiManpHO momyctumuit komdbopt i3 HI'B 0 i; 30ma Il — migBumennii piBeHb
komdopty 3a HasBHOcTi HI'B 20 n; 30ma IV — pexuM, mo imiTye KOMaHIy arperaropa Ha TOAHWHHE
BIJIKJIFOYCHHS 3 TojanbiuM Bruuepmnanusm HI'B o 0 .

@®akTU4YHO, KpUBI HAa pHUC. 5 € KpUBUMH onTuManbHOCTI Ilapero, siki MOKa3yIOTh 3B’SI30K MIiX
3HAYEHHsIMU 00’eMy Oaky Ta HaNalITyBaHHSM TeMIIEpaTypH, 3JaTHUMH 3a0€3MEeUUTH TOW caMHUil piBeHb
KoMdopTy. 3MeHIeHHs 00’eMy abo TeMIepaTypH
HIDKYE  KPUTUYHOTO  IIOPOTY,  BHM3HAYCHOIO
HIDKHBOIO 30HOIO MEXi, TPU3BOAUTH 10 HMOBIPHOTO
TEIUIOBOTO  JucKoMpopTy. Takuii miaxig Jae
MOJJIUBICTH HAOYHO TPEACTaBUTH AK 3MiHa
rapaMeTpiB BIIMBA€E Ha KUIBKICTh goctymHoro HI'B
Ta pU3UK BUHUKHEHHS TUCKOMQOPTY.

OTpumMaHi pe3yibTaTH TAKOX Jal0Th 3MOTY
3MIHCHUTH  KIUTBKICHY  OIIHKY  pEecypcHOro

UTYBaHHs HApiBY

60

Has

55

50 noteHriary EHB B YkpaiHi K THy4YKOTO pecypcy
50 55 60 65 70 75 80 & 90 95 100 3aJyIs peanizalii MexaHi3MiB pearyBaHHS Ha MOMUT
Ob'em EHB, 1 [3]. 3aans ouinku BpaxoByBaducs aumme EHB

Puc. 5 ob6'emom 80-100 1, 0 € HANOUTBIIT MONTUPEHUMH
HcC.
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Ha BITYM3HSHOMY PWHKY BOJOHArpiBadyiB Ta MarOTh JOCTaTHI 00’€M 1 MOTYXHICTh IS e(EeKTHBHOTO
3aJly4eHHs IO TporpaM pearyBaHHS Ha MomuT. Po3paxyHku 0a3yloThcs Ha TO€IHAHHI PUHKOBHX YacTOK,
Cepe/IHIX TEXHIYHUX XapaKTEPUCTHK Ta KOS(IiEHTIB CTPYKTYPH CHOKHBaHHSL.

3aranpHUN TEXHIYHUH pecypc TaKWX MPHUCTPOIB OLHEHO Ha piBHI Omm3pko 3 ['BT, mio Bkaszye Ha
CYTTE€BUH IOTEHLIaJ iXHBOTO BHUKOPUCTAHHS Ul THYYKOIO YIIPaBIiHHA €HEPIrOCIIOKUBAHHAM. 3aBISIKH
MOXIIMBOCTI arperyBaHHs BelHKoi KigbkocTi EHB B €nuHy cuctemy, BOHM MOXYTb CTaTH Ba)KIUBUM
IHCTpYMEHTOM AJISl MiATPUMKH OajaHCy B CHEPreTHYHIH CHUCTEeMi, 3MEHIICHHS MOTpPeOM B pPE3epBHUX
TEHEPYIOUHX TOTY>KHOCTSX 1 ITiIBUIICHHS ¢(DEeKTUBHOCTI pOOOTH €HEPTOCUCTEMH 3arajioM.

Opranizaniiini acnexktn interpanii EHB y nporpamu pearyBaHHsi Ha monuT. ABTOMaTH30BaHi
CHCTEMH KEpyBaHHs HaBaHTQXECHHSAM € KPUTHYHHM KOMIIOHEHTOM TMIpOrpaM pearyBaHHsS Ha IMOIUT,
3a0e3nedyroun eeKTHBHICTD iX peaisaiii 3aBASKH BHCOKOTOYHOMY e€HeproMoHiTOpuHTY [8]. BoHu natots
3MOTy arperaropaMm y peaJlbHOMY 9aci BiJCIITKOBYBAaTH CIIOKMBAHHS CIICKTPUYHOI CHEprii, AMCTAHIIIIHO
KepyBaTH NpHJIaJaMH Ta aJanTyBaTH iXHIO poOOTYy 0 MOTOYHOTO HaBaHTa)keHHS B eHeprocucremi. EHB
MOXYTh OyTH iHTETpoBaHi B Taki cucremu uepe3 loT-rexHonorii. 3anponoHoBaHe pillleHHS TPEACTABICHO Y
BHUTJISITI QYHKITIOHAIBHOI CTPYKTYPH, IIIO BPaxoBYeE iHTETpAIlilo 3 PHHKOBUMH MeXaHi3MaMH Ta 3abe3rnedye
e(eKTHBHY B3a€MOJIiI0 MiX yCiMa CTOPOHAMH TPOIECy arperaii.

OauH i3 HaWNOMMPEHINIMX MPOTOKOJIB aBTOMAaTW3oBaHOro pearyBanHs — OpenADR [9],
MIXXHAPOJIHUHN CTaHAApT OOMiHY JaHMMHU Mik omnepatopamu cuctemu rnepenadi (OCII), arperatopamu Ta
cnoxxuBauamu. OpenADR Bukopucropye HTTP abo XML 3amis mepemadi JaHMX MK CHCTEMaMu
CIOXKUBA4iB Ta arperaropiB. OOMiH iHQopMaIliero 6a3yeThcs Ha IBOX KIFOYOBHX KOMIOHEeHTax: (1) 3anut Ha
aKTUBAIlII0 — CUTHAJ BiJ| arperaropa 3aJyisi KOpUTYBaHHS CIOKWBaHHS BimnoBimHo a0 komaumu OCIL; (2)
BIIITOBITh CIIOXKWBada — 3MiHA pPEXUMy pOOOTH eJIeKTpoIpmianiB, 30kpema EHB, Biamosimuo 1o
OTPUMAHOTO 3aITUTY.

Ha puc. 6 mnokazaHo 3amporioHOBaHE 1H(QPACTPYKTYpHE pILICHHS, SKE IOKa3ye B3aEMOLII0
arperatopa 3 cuctemamu OCII, oneparopa cucremu poznoiny (OCP) i KiHIIEBUMHA CTIO)KMBAYaMH.

/alen T LD
‘.\5%/. o b YKPEHEPIO

TobyTosi cnioxmsayi ‘Omepartop crcTeMn po3noaiTy Arperatop Omeparop crcTemn nepeznadi

{ ArperoBana rpyia \
(pecypcumii 06'ekT) 1
4} OCP 1 ( Cucremu OCII
e (IT¥YIL, INIKO)
wy -
4 ;E JlaHi KoMepIIiTHOTO 00MIKY AnminicTparop ¢j
IME {7 l KOMEPUIITHOrO 00Ky
-
Eag N
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1
” IME
Cepgep ynpasiinus
o arperatopa ¢ AuvinicTparop
) =B (CBB. IIIKO, TIpoRejierHs po3paxyHKiB Ppo3paxyHKIB
- oy Kepyeanus cranom EHB
- Mepeaa ¢ e LIIIE, LLIIT) ji
nepexaui gannx Jlaxi Tenemerpii ;
I Arperogana rpyna \ 3 pukopucTanaaM OpenADR | .| MOHITOPIHT ZONOMIKHIX
(pecypcunii 06'ekT) n Arperopari mo W xozam nocayr
OCPn JIaH1 TeNeMeTpii i"
(II¥VIL, INIKO)
1
| - Axymionn Ha bP ta PIIIT
.D ITozaua Ipono3nmiil
L= \ /
—_—
Cuctema ITITKO

Puc. 6

B3aemomiss MK CHCTEMOIO YIPaBIiHHS PHUHKOM Ta arperaropoM 3IiHCHIOETBCS 4Yepe3 MepeKy
InrepHer 13 potpumanasaM TexHiuHMX BuMOr OCII momo kaHamiB 3B’S3Ky, IHTEpQeEHCiB 1 KOMyHIKaliiHHX
npoTokoiiB. LleHTpansHUM eleMeHTOM IIbOTO Tpolecy € (opMyBaHHS arperoBaHHMX TPyI, IIO Hependavae
MOJJAHHS 3asBOK, MiJKITIOYCHHS BiIOBIIHOTO OOJIQJHAHHS, OpPTaHi3allifo OOJIKy eNeKTPOCIIOKUBAHHS Ta
peectpaiiito B cuctemi arperaropa. ®opmyBaHHS Tpyn BiOyBa€TbCs 3a PETIOHAIBHUM MPUHIIAIIOM 13
NPUB’A3KOI0 70 MOCTavyaibHUKIB yHiBepcaldbHuX mociyr (IIYII) i mocTayanbHUKIB MOCIYT KOMEPLIHHOTO
o0miky (ITI1IKO). ArperoBasi HOTYXHOCTI PEECTPYIOTBCS SIK PeCypcHi 00°€KTH 31 CTaTycOM OJMHHUII HaJTaHHS
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TIOCITYT, OTPUMYIOTh eHepreTuuHui inenrudikamiianii kon (EIC) tumy W i BipTyallbHy TOUKY OOJIKY 3 KOZAOM
ZV. Arperarop y Mexax B3aemonii 3 OCII Bukonye ¢yHKIIT cTopoHH, BianosiganeHOi 3a 6ananc (CBB), a
TaKoX TMocTadabHuKa mocayr 3 O6anancyBanHs (I1[16) i moctayansHuka gonmomixaux mocayr (ITIT) mig gac
nojadi npormno3wuiii Ha 6anancyrounii puHok (bP) Ta purOK momomixkaux nociyr (PAIT).

IadpacTpykTypa arperatopa Mae IBOPiBHEBY CTPYKTYpy [4]. BepxHiit piBeHb — cepBep YIIpaBIiHHS
— BiAMOBIZae 3a 00POOKY NaHUX, PECypCHE IJIaHYBaHHS, B3aEMOJII0 3 PUHKOM, 3aCTOCOBYE IHTErpalliiiHi
wiatdopmu, Texnonorii Big Data, onTtumizamiiiHi alropuTMH Ta MallMHHE HaB4YaHHS. HukHiH piBeHb —
IHTeIeKTyalIbHI Moyt eHeprokepyBanHs (IME) y cnoxknBadiB — 3a0€31edy0Th MOHITOPUHT 1 AUCTAHITIITHE
kepyBanHs EHB um iHIIMMH MOTYXHUMH €leKTpONpHiIaaMH, MiATpUMYIOTH 3B 530K depe3 Wi-Fi abo
MoOineHI Mepexi. Jlani 3 IME 30epiratoTbest Ha cepBepi, BUKOPUCTOBYIOTHCS 31711 aHAIII3y, TPOrHO3YBaHH
Ta KOMEPIiITHOTO OOIIKY.

CTBOpeHHs1 PHHKOBHX MNpPOAYKTIiB arperamii. Ilporecm arperarii cIO)XHBa4iB  yMOBHO
HOJIISIOTECS HA TPH OCHOBHI TPYIIH.

1. dopMyBaHHsS pecypciB arperamii — OXOIUIIOE CTBOPEHHSI arperoBaHUX TIPyN YYacHUKIB,
peecTpamiro Ta OONK IXHIX JaHWX, a TakoxX (GopMyBaHHS OTWHUITL arperarii. Ilepembauae ocHameHHS
€JIEKTPOYCTaHOBOK Bi/MTOBITHUMHU TIPUCTPOSMH KEPYBaHHS CITOKUBAHHSIM.

2. CTBOpEHHS MPOMYKTIB arperauii — BKIIOYA€E PEECTPALiio OJUHHUIb arperamii sk pecypCcHUX
00'€KTiB, OTpUMaHHS CTAaTyCy HaJaBada OIOMIKHHUX IMOCIYT, 30ip Ta 0OpOOKy TeneMeTpUYHHUX NaHUX,
MPOTHO3YBAHHS CIIOKUBAaHHS Ta GOpMyBaHHS rpadikiB i 00CSTiB HABAHTaKCHHSI.

3. BuBeneHHs MponyKTiB arperamii Ha PUHOK — OXOIUIIOE TMOJAHHS IUIAHOBHX PECYPCHUX
rpadikiB, yd4acTb B ayKIiOHaX, YIPaBIiHHSI HABAaHTAXKEHHSM CIHOXHBAYiB, a TaKOX NPUIMaHHSA,
MIOTBEPDKEHHS W BUKOHAaHHA jaucneTdepchkux kKoMaHn Big OCII. Takox BKIfOYa€ MOHITOPHHT i
nepelaBaHHs JaHUX KOMEPIIHHOTO 00Ky JJIsl OTIepaTopiB CUCTEM PO3IOJTY Ta Iepeaadi.

Ha puc. 7 HaBemeHO NpUKIaL arperoBaHoro Mpo¢iro CHOXHUBaHHI, C(HOPMOBAHOTO LUIIXOM
00’eqHAHHS THIIOBHX TpYym CrHokuBadiB. KoxkeH mpodias TpynmH OTPUMAHO MUISXOM YCEepeaHCHHS
IHAMBIAyaIbHUX 1000BHX Npodinie crioxkuBanHs EHB, 1110 BianoBial0Th THITY TOMOTOCIIONAPCTBA.
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Yac, ron
Hotysauicts Arperosannii npoding
EHB 1 3 rpynu cnosusadis | I'pyna cnosmsauis 1 I'pyna cnosusauis 2 CHOAKHBAHHA
Puc. 7
ArperoBanuii  mpodiab  CIOXKHBAaHHA MOOYIOBaHO HAa OCHOBI 12 TumoBuX  mpodimiB
JIOMOTOCHOZIAPCTB, M0 OXOIUIIOIOTH IIUPOKHHA CIEKTP COIialbHO-IeMOTpadiuHiX XapaKTePUCTHK — BiJ

ciMell i3 IIThbMH IO TIEHCIOHEpiB 1 OJMHAKIB. 3a JOTIOMOTOI0 CIIEIlialbHOT MoBeAiHKOBOI Mozemni [10] mms
KOXKHOI Kareropii 3reHepoBaHo Bim 25 mo 50 yHikampHHX rpadikiB BOJOCIIOXHBAHHS, XapaKTEPHUX IS
OyaHixX AHIB ociHHbOro Tepiony. Ilpodimi BimoOpaxkaloTh Pi3HI PeXUMHU 3alHATOCTI (MOCTiiiHA, 3MiHHA,
BiZICYTHS), 10 3a0e3Meyy€e MO 3AaTHICTh BpaxOBYBaTH PealiCTHYHI MMOBEIIHKOBI MaTepH Ta (JOpMyBaTH
HAOIMKEeHE 10 peaTbHOTO MOPT(OTI0 HAaBaHTAKEHHS.

[HnuBigyansHi KonmBaHHA TpadikiB 3MVIAJKYIOTHCS HAa €Tali arperyBaHHA, B PE3yJibTaTi 4oro
dopmyeTbest  cTalOinbHUN y3aranbHeHHH mnpodins crnoxuBaHHS. lLle chopuse 3riamkeHHIO MIKOBHX
HaBaHTAKEHb, MiABUIICHHIO Koe(dilieHTa 3aMIOBHEHHS Ta ITiBUIICHHIO POTHO30BAHOCTI J000BOTO rpadika
€JICKTPOCITOKMBAHHS arperoBanoi rpymnu. Ha ocHOBI aHami3y OTpUMaHHUX TpadiKiB BHUAUICHO YacoOBi BiKHA 3
HAWBHIIIMM TIOTSHIIAIIOM JJIsl peatizallii pecypciB THYYKOCTI, TO3HAYCHI BEPTUKAILHIMHU CMYTaMH.

VY moneni peanizoBano cuenapii aktuBanii EHB, 3a skux pobora BxmouyenHss EHB oOmexyerscs
BIZIITOBITHO 70 KePyIOUMX CHUTHAJIB arperatopa. Yci EHB B monemoBanHi MaroTh 00’eM 80 11 1 TOTYXHICTH
1,2 kBt. TemmeparypHi napamerpu pobotn koxxHoro EHB KOHTpoirOIOTBECS BOYIOBAaHMM TEPMOCTATOM,
SIKMH aBTOMaTHYHO akTHBYE a0bo neaktuBye TEH Bix moTouHOi TemmepaTypu Oifisi 30HH YyTIUBOCTI JaT4YnKa
TEPMOPETYJIISATOPA Ta BCTAHOBJICHOI CIIOKHBAaUYEM TeMIIepaTypH HarpiBy, sika ckinanae 50 °C mns Bcix EHB.

3amns aHamizy peakilii arperoBaHoi TPYITH CIOXHBAdiB 3MOJEIHOBAHO AKTHBAIIIIO TBOX THIIOBHX
npoayKkTiB Oanancytouoro puHky: BP 3 09 (Bigkmiouenns EHB 3 08:00 no 08:59) ta BP_3 21 (BimkimroueHHs 3
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20:00 mo 20:59). ArperoBaHwuii podib, OTPUMAHUH NUIAXOM O0'€JHAHHS 1HIUBIIyabHUX PEXUMIB poOOTH
EHB, BucTynae ocHOBOIO Uil OIIHKA BHKOHAHHS KOMaHJ, BIUIMBY Ha KOM(OPT CIIOKUBaYiB, PO3POOKH
ONTHMAIILHUX TOPTOBHX CTpPaTerii, a TaKOX BiJACKOKY CIIOXXHMBAHHS MICJIs BIIMIHA KOMaHIH.

Ha puc. 8 maBeneHo rpadiku crioxuBaHHS MOTYKHOCTI arperoanoi rpynu 3 425 EHB moTyxHicTo
1,2 kBt 3a gBoma crieHapissMu: 0a30BMM Ta 3a YMOBH aKTHBaIlii 3a KOMaHIOIO arperaropa. B tabmmiri
HaBeJICHO MMapaMeTpy akTuBalii arperoBanoi rpynu EHB Bigmosiano no puc. 7.

100 Ipoayxt
- Mapamerp BP 3 09 |BP 3 21
_ 75 - 3miHa niKy DHOTyX(HOCTl BHACIIIJIOK 1318 +24.10
= . akTuBanii, %
g 50 3 Yac /10 miKy micis BiAKIIOYEHHS, XB 1 16
% ’E BigxuieHHst BiJ IIIAHOBOTO 3HIDKEHHS, %o 0 -8,6
a, 25 - 5] 3arajbHa arperoBaHa MoTyKHiCTh, KBT 510 510
r\M = Kinpkicts EHB, it 425 425
0 MiHiMaJIbHa arperoBaHa rHyuKicTb, KBT 193 167
00 02 04 06 08 10 12 14 16 18 20 22 INepenecena eHepris, KBT-rox 208 182
Yac, FOOHHE Cepenne 3amwkenss 3I'B, i 15 24
C—) Pe3vIbIAT KOMaEOH  ====-= Ba30Be CHOKHBAHHS MakcumanbHe 3HIKeHHs 3I'B, 1 39 94

Puc. 8

PankoBuii mepiom nmeMOHCTpye THIOBME piBeHb akTuBHOCTI EHB 'y 0azoBomy pexumi.
IIpumyckaeTncs, mo akTuBallis komauaau arperaropa 3 08:00 mo 08:59 3abe3meuye moBHE BiAKIIOUSHHS BCiX
EHB. Ilicna 3aBepmienns aktuBamii y nmpoMikky 3 09:00 mo 10:30 cmoctepiraetscst edekT BiICKOKY e
aKTUBHICTh TEpeBHIye 0a30BUH piBeHb 1 csArae Omm3pko 60%, IO CBIQYHTH MPO BigKIAJCHUH Ipolec
HarpiBy. Y IEHHWH Tepioj] aKTHUBHICTH 3ajUIIajacs BUIIO 3a 0a3oBy mo 14:00, omHak mam (ikcyeThes
CraJl HaBaHTaXXCHHS, IO BKa3y€ Ha IMEPEHECEHHS YaCTHHM IONHUTY Ha iHII mepioau. BewipHiil cuenapiit
JEMOHCTPYE ACLIO 3HWKECHE CIIOKUBAHHS MOPIBHIHO 3 0a30BUM PEXHMOM, HATOMICTh Y Tepiof akTHBaLii 3
20:00 o 20:59 HaBaHTa)KE€HHS TUIAHOBO MOBHICTIO BificyTHE. [licis 3aBeprieHHs KOMaHAN 3HOBY (PiKCY€EThCS
e(deKT BIJHOBJICHHS], OJHAK MEHIIOI aMIUTITYId TOPIBHSHO 3 PaHKOBHM, IO CBITYUTH MPO YacCTKOBE
HNOKPHUTTS TOTPeO B €NEKTPUYHIN eHeprii Ha HarpiB BOJH y BIPOAOBXK JAHS.

Y paHKOBOMY TEpiOfli €HEProCIOXKUBAaHHS BITHOBIIOETHCS IIBUAINIE, a IIK MCIAS aKTHBAIil
TIEpPEeBHIIY€ MMIKOBE HaBaHTakeHHS Oe3 aktwBarii Ha 31,8%, Tomi sk yBedepi numie Ha 24,1%. YV BedipHii
akTuBalii Oyso 3aikcoBaHO 3HW)KEHHS BiJl IJIAHOBOTO piBHSA Ha 8,6% uepe3 BIUIMB PaHKOBOI aKTUBAIi Ta
3MiHy Tpadika COXHBaHHS EJNEKTPUYHOI eHeprii Ha HarpiB. 3aralbHUI 00CAT TIepeHECeHOl eHeprii CKIlaB
208 kBt'rog mis paHkoBoro mponykry Ta 182 xBrrom — mis Bewipawsoro. Cepemne 3HmkeHHS 31'B
cTaHoBHWJIO 15 1 Bpanmi Ta 24 5 BBedepi, a MakCHMainbHe 3MeHIIeHHs B okpemMux EHB — 39 m i 94 n
BIZITOBITHO.

BcranoBneHo, 1110 paHKOBa aKTUBALlisl CHOpUSE 3HWKEHHIO BEUIPHBOIO MIKOBOTO HaBaHTakeHHs. Lle
MOSICHIOETHCS 3MIIIEHHSIM TiepioAiB podotn dactTuH EHB y MikmikoBi roguau. Takuii B3a€EMO3B’ 130K Mae
BIUIUB Ha OITHMI3alil0 TOPrOBUX CTpaTeriii arperatropa, OCKUIBKM BHMara€e KOMOIHYBaTH IOCTiIOBHI
PaHKOBI Ta BEUipHi IPOLYKTH, BPaXOBYIOUH HAKONUYYBaJIbHUN €EKT iIXHBOTO 3aCTOCYBaHHS.

AHami3 pe3ynbTaTiB MOJIENIOBaHHS II0Ka3aB, IO B MoMmeHTH akTuBamii smme 40-50% EHB
nepeOyBarTh y (a3i HarpiBy, TOOTO € BKJIHOUYEHUMH B poOoTy. lle 3yMOBIEHO TEIUIOBOI IHEPIIHHICTIO,
CHOXKMBYMMHU 3BUYKAMHU Ta 0COONMBOCTSAMH KepyBaHHs TepMocTaToM. Binrak, 3a HOMiHaNbHOI MOTYKHOCTI
omHoro mpuctporo 1,2 kBt mis dbopmyBanHs rapanToBanoro 1 MBT pecypcy Ha OalaHCyI0OUOMY PHHKY
HEIOCTaTHBO MPOCTO arperyBaTd eKBiBaJeHT wiei moryxkHocTi Onmmsbko 850 EHB. 3 ypaxyBaHHSIM
(haKkTHYHOTO PiBHS CIIOKUBAaHHA HEOOXIAHO MacmTadyBaTd TPyIy 3 KoeQilieHTOM pe3epByBaHHA 2-2,5. Y
pe3ynbTaTi 3311 3abe3neueHHs crabimpHOro 1 MBT mpoaykTy B paHKOBOMY Iepiofli MOTPiOHO OIM3BKO
1850 EHB, y Beuiparomy — mo 2150 mpuctpois. lle migkpeciroe HEOOXimHICTH BpaxyBaHHS peaabHOT
AKTUBHOCTI CIIOYKUBAYIB I1iJ] YaC MPOEKTYBAHHS arperoBaHUX THYYKUX PECYPCiB.

3amna 3a0e3nedeHHs e€QEKTHBHOI ydacTi arperaTopa Ha pi3HHX CETMEHTax PHUHKY €JIeKTPHYHOI
eHeprii HEeoOXiAHO KOMIUICGKCHO BpPaxXxOBYBaTH TEXHIKO-€KOHOMIYHI UWHHUKH, IO BIUIMBAIOTh Ha
ONITUMI3allil0 HOTO omnepariifHoi AisibHOCTI Ta (hopMyBaHHs J0X0MiB. OUIKyEThCS, 0 OCHOBHI NPUOYTKH
arperaropa OyayTh (GOpMyBaTuCs 3a paxXyHOK HaJaHHA JonoMiKHEUX nociyr Ha PIII ta yuacrti va BP. P/I1
€ HahOUTpII CTaOLIBPHUM JDKEPEJIOM JIOXOMY 3aBISKH OIUIaTi pe3epBYyBaHHsS MOTY)KHOCTI Ta MOKIJIMBOCTI
OTPHMaHHS JOJAaTKOBOIO NPUOYTKY Yy pa3i akTuBaumii pe3epBy. BogHodac, po3BHTOK KOHKYpEHIIi Ta
TPaHCKOPAOHHUX TUIATPOPM 3yMOBIIIOE IIOCTYTIOBE 3HIKECHHS MapKUHAJILHOCTI Ha LIBOMY CEIMEHTI.

76 ISSN 1607-7970. Texn. erexmpoounamixa. 2026. Ne 2



CKOpOYeHHS 4Yacy TOPTiBJIi OyJe BaKJIWUBUM JUIA arperaTtopiB, IO KEPYIOTh BEIUKOI KUTBKIiCTIO
noOYTOBHX CITOKMBAUiB, OCKUJIbKM 3a0e3ledye OINepaTHuBHINIE pearyBaHHS Ha BIIXWICHHs, e(eKTHBHIIIC
BUKOPUCTAHHSI THYYKOCTI Ta 3MEHIICHHS LIHOBUX PHU3UKiB. Y TO€IHAHHI 3 TOYHILIMM MPOTHO3YBaHHIM
CIIOKUBAHHS IIe CHpHUs€ TIUOMIN iHTEerparmii arperaTopiB y KOPOTKOCTPOKOBI PHHKOBI TPOAYKTH Ta
IIBUIITY€ 3arajdbHy e(PeKTUBHICTH YIIPABIIHHS ITOITUTOM.

[TmanyBaHHS TOPrOBUX CTpATETil arperaropa BU3HAYalOTh HACTYITHI OCHOBHI (hakTopH.

1. AHasi3 HiHOBHX CHTHAJIiB, 30KpeMa CepelHbO3BAYKEHI LIHW PHHKY «Ha JOOY Hamepem» Ta
BHYTPIIIHBOJ000BOMY PHHKY, a Takox aHaimi3 omeparmBHUX maHux OCII momo podotm BP Ta P/II, ski
JIAFOTh 3MOTY 3/IICHIOBATH BHYTPIIIHHO1000BE MPOTHO3YBAHHS Ta BUSIBIIATH PUHKOBI TCHICHIIII.

2. OmiHKa aKTHBIB THYYKOCTi, IO BKIIIOYA€ K (Pi3MUHY 3IaTHICTH CIIOKWBAdiB 3MIHIOBATH
piBEHb CBOTO CIIO)KHMBAHHS CHEPTii, TaK 1 MPOTHO3yBaHHS IXHBOI y4acTi Ha PHHKY.
3. Ormepartiiiai Ta TEXHIYHI BUMOTH, HAaIIPUKJIAA, TIOJJAHHS CTABOK Y KOHKPETHUH Yac 1oom abo

MiHIMaJbHUN 00CAT CTaBKH, a TAKOX BUMOTH JJO KOHKPETHUX PUHKOBHX MPOAYKTIB IO Yacy peakuii Ta 3MiHu
MOTY>KHOCTI.

4. OriHKa MOTEHITIHHUX BUTOJ] Ta BUTPAT ITiJT Yac MOaavi MPOTO3HILiH, OCKITHKH OKPIM JTOXO/IIB
arperatop TMOBHHEH BpPaXxOBYBaTH BHUTpATH Ha 30aJaHCYBaHHS BJIACHOTO TOPT(HENs, a TaKoX MOKIIHBI
mtpadu 3a HEBUKOHAHHS 3000B’s13aHb NP/l PUHKOM.

Peani3zarist mpo/yKTiB arperaTopa Ha pHHKY €JICKTPHYHOI €Hepril BKIFOYae eTary, HaBeeHi Ha puc. 9.
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Puc. 9

Bap’epn Ta mnepcnexktuBu BhnpoBajukenHss EHB y mnporpamMm pearyBaHHs Ha TIONHT.
HesBaxaroun Ha TEXHOJOTIYHUH MPOrpec i 3pOCcTarody MOTpedy B THYYKOCTI €IEKTPOCHEPTETHIHIX CHCTEM,
B YCHOMY CBITi ITOOYTOBI CIIOYKHMBAYi 3IMIIAIOTHCS MAJIO IHTETPOBAHUMH Y MTPOTPAMHU pearyBaHHs Ha MOIHUT.
OpHi€l0 3 KIIOYOBUX MPHYMH LBOTO € OOMEXeHa MOiHQOPMOBAaHICTh CIIOKUBA4YiB PO MEpeBarn Ta
MEXaHI3MH Jii TIporpaM pearyBaHHS Ha MOMHT. barato crokuBaviB HE PO3YMIIOTh, SIK MOYKHA 3MIiHUTH CBOT
EHEePTOCIIOKUBYI 3BUYKH 0€3 MIKOAM AJSI KOMQOPTY, 1, HATOMICTh, OOUPAIOTH MPOCTi, ajie MeHII e()eKTHUBHI
METOAM eKoHOoMil. Sk HaciaimoK, 3HAuYHMHA TOTEHLiaJl KEpyBaHHS HABAaHTAKEHHSIM 3aJIMIIA€ThCS
HeBUKoOpHUcTaHuM [11].

Tomy mie OMHUM aKTyaJlbHUM 3aBIAaHHSIM € Po3poOKa IHTYITHBHO 3pPO3YMITHX, TEXHIYHO MPOCTHX i
MOBEIIHKOBO MPUUHATHUX CTpAaTeriii KOPHCTYBaHHSA EJEKTPONpHIAAaMH, SKi CHOXKWBadl 3MOXKYThH JIETKO
BIPOBAOUTH Yy HOBCSAKIACHHE XHUTTSA. KiroyoBy ponb y IbOMY Bilirpa€ ABOCTOPOHHIN 3B'SI30K MiX
MPUCTPOSIMU Ta CHUCTEMOIO YIpaBiiHHA arperaropa. OcobmmBo me crocyerbes EHB, siki 3matHi He nume
OTPHMYBATH CUTHAJIM BiJl JWCIETYEPCHKUX LIEHTPIB, aje W HaJCHIATH BaXIHMBY iH(OpPMALIO TpO CBii
noTouHuit ctad. Lle 3abe3nedye HaniiHUN KOHTPOJIb 32 BAKOHAHHSIM KOMaH]I, CBO€YacHe BUABJIICHHS 3001B.

Y4acHUKH HE 3aBKIU YiTKO YCBiIOMIIIOIOTH CBOKO POJIb, OUIKyBaHI pe3yasTaTH ado HACIIIKU Y4acTi,
IO 3HWKYE MOTHUBAIIiIO 10 3anydeHHs. Lle BUMarae BnpoBamKeHHs sIKiCHOT iH(opMamiiHO-IIPOCBITHUIIBKOT
HiATPUMKHU: JOCTYIHHUX IHCTPYKLiH, OaratokaHadbHOI KOMYHIiKallii, HAOYHUX NPHUKIAAIB 1 TMOSCHEHb, IO
MOBTOPIOIOTECSL 3 JOCTaTHHOIO YAacTOTOI. PerymspHuil MOHITOPUHI pIBHS 3aJ0BOJICHOCTI YYacCHHMKIB,
IHTEpaKTUBHI IIaTGOpPMHU 3BOPOTHOTO 3B’SA3KY, a TAaKOX IEPCOHATI30BaHI peKOMEHMAIll IMOAO0 ydYacTi y
nporpami pearyBaHHs Ha MOIUT JalOTh 3MOTY MiHIMI3yBaTH 0ap’epu CpuAHATTS. BakmuBo BpaxoByBaTH i
ITOBEIIHKOBI YMHHHUKH: CIIOKMBayl 4acTO He Oa)KalOTh 3MIHIOBAaTH 3BMYHHUI CIIOCIO KUTTS, HABITH SKIIO iM
MPOIIOHYIOTh (hiHAHCOBY BHTOAY, dYepe3 IICHXOJOTIUHI Oap’epu, HeOaKaHHS BTPATUTH KOHTPOIL HAal
noOyTOBMMH NPUJIaZIaMU a00 HU3BKY JIOBIPY 10 HOBUX TEXHOJIOTIH.
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AJle HaHTIOTYXXHIIIMM THCTPYMEHTOM MOJOJAaHHS IUX Oap'epiB 3aJIUIIAIOTHCS €KOHOMIUHI CTHMYIIH.
[psiMi BUTLIIATH, 3HIDKKK Ha PaxyHKH a00 OOHYCH 3a y4acTh 3/IaTHi aKTHBi3yBaTH iHTEpec A0 mporpam. Brim,
PiBEHb CTHMYIy Ma€ BiANOBiAaTH OYiKYBaHHAM 1 BHUTpaTaMm 4acy 4M 3yCHJIb CIIOKMBada. SKIIo BUHaropona
CIPUIMAETHCS SIK HE3HAUHA, PIBEHb 3aIy4YEHHS 3aJIHIIaTUMETHCS] HU3bKUM.

Kpim Toro, moBipa 10 SHEPreTHYHMX KOMITAHIM 1 OIEepaTopiB CHCTEM € BHPIMAIHHUM (aKTOPOM.
CrioxvBaui MOXYTh BIZIMOBISITHCS 4Yepe3 CTpax BTpaTd NPUBATHOCTI, BIJCYTHOCTI MPO30POCTi Yy
BUKOPHUCTaHHI JaHMX a00 HeraTMBHHH AOCBiA. ToMy BaKIMBO BIPOBAKYyBaTH 4YiTKi, MPO30pi mpaBuia
y4acTi, TapaHTyBaTH 3aXUCT JaHUX Ta BiIKPUTO KOMYHIKYBAaTH YMOBH i CITIJTbHY BHUTOIY Bifl B3a€MOJIIi.

BucHoBkHu.

1. Bcranosneno, mo nodytosi EHB B Ykpaini MatoTh 3Ha4HMI MMOTEHLIad K THYYKHHA pecypc
y IporpaMax pearyBaHHS Ha IONHMT 32 YMOBU BpaxyBaHHS IXHIX TEXHIYHUX [apaMeTpiB, MOBEIiHKU
CIIOKMBAYiB Ta e(peKTUBHOI B3aEMOII Midk arperatopoM, crioxkuBadamu ta OCIIL.

2. CTBOpEHO AOCHIIHY YCTaHOBKY, HA OCHOBI KO 310paHO BENMKHUW OOCHT JeTaai30BaHUX
ICTOPUYHUX JaHUX Mpo peajbHi pexxumu podotu EHB Tta moGynoBaHO KOMI'IOTEpHY MaTeMaTHIHy MOZAETb
EHB, mo 3a6e3ne4nio BUCOKOTOYHE MOJIENIIOBAaHHS TEIJIOBUX MPOLECIB 1 CTaJI0 OCHOBOKO VIS IOJAJIBIIOTO
JOCTIKEHHS pecypcy pearyBaHHS Ha IOTIHUT.

3. [IpomonensoBano pi3Hi cuenapii podotu EHB 3 ypaxysannswm pisast HI'B, mo nano 3mory
OIIIHUTH KOMIIPOMIC MiK KOM(OpPTOM CHOXXKHMBa4a Ta E€HEPreTUYHOI THYYKICTIO. Pe3ympratm TexHiko-
COLIIAJILHOTO aHaJIi3y CBiYaTh MPO PECYPCHUIA MOTEHIIIA pearyBaHHs Ha monut arperoBaHux EHB 00’emom
80-100 i1 Ha piBHi 6am3bKO 3 'BT.

4. 3arporoHOBaHO JBOPIBHEBY apXiTeKTypy iHpacTpykTypu ans iHTerpauii EHB y cucremu
pearyBaHHs Ha ITOIUT Ha OCHOBI JBOPIBHEBOI MOJIENIi arperaropa 3 BUKOpUCTaHHAM cTaHmaapty OpenADR.
5. [IpoBeneno monemoBanHs yvacti pisHux EHB y mporpamax pearyBaHHsS Ha IONHT 4epes

MeXaHi3MHU arperyBaHHA, IO Jajio 3MOTy C(OpMyBaTH KIIOYOBI €TalM peani3amii MpOoAyKTiB arperaropa:
(hopMyBaHHS PECypCy, CTBOPEHHSI arperoBaHMX MPOAYKTIB 1 IX peanizallis Ha PHHKY €JIeKTPUIHOI SHEPTii.

6. OnineHo e(heKTUBHICTh 3aIPOIIOHOBAHUX MPOAYKTIB IS OaJIaHCYIOUOTO PUHKY, IXHIH BILTUB
Ha CIIOKUBAaHHS B iHIII roxuHu 1o0u. [lokasaHo, mo HaiOLIBII MEPCIEKTUBHUM IiAXOIOM arperyBaHHS €
creHapHUi miaxix mo ¢opmysanHs noptdens EHB, mo 3abesnedye OajmaHCc MiK TEXHIYHOIO THYYKICTIO
CTIOKMBaHHS 1 KOM(OPTOM KOpPHCTYBadiB.

7. BusnaueHo ymoBu, 3a skux iHterpauis EHB y cuctemMm pearyBanHs Ha momuT Oyzne
e(eKTHBHOI0, 00CAT pe3epByBaHHS HOpT¢es arperaropa Ta rocTpy HoTpedy B MO€IHAHHI TEXHOJIOTIYHHUX
pileHb, eKOHOMIYHAX CTHEMYJIB 1 iHGOpMAIiHHOT MATPUMKH CIIOKHBAYIB.
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This study presents an extensive investigation of domestic electric storage water heaters (ESWHs) 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 ESWHs to control signals from an aggregator have been established. A two-
level system architecture is proposed for integrating ESWHs 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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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 S\, and phase ¢,. 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 Ssand Sy 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 | S.#¢™ In-phase S, works [7] showed the prospects of

X

HJ_LLH_\_FH ™ circuit > detector 3 using bridge circuits with a step
— quasi-sinusoidal test voltage
Reference in-phase signal generator at such  frequencies.

Quadrature AC bridges with two
Quadrature| S, such generators, one of which
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 m/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:

Sp-cos@, —Sg
dg=—"""TFTF"".

5, (1)
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Relative errors of the quadrature detector:
So -sing, —Sp
0 SO ’
where Ss, Sp are the values of the output signals of the in-phase and quadrature detectors at the phase of the

input signal @,; Sy is the value of the output signal of the in-phase detector at zero phase of the input signal:
1 31 2[ - j
So=—) sin“| —(1+2i)|=0,5. 3
053, IZ::,) 35,12 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 w/2. The yellow line is the error of the in-phase
detector, the black line is the error of the quadrature detector.

2
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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 m/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]:

53 (¢) = b [sinwt + i ! sin[(ki £ Dwt] , (5)
i=l

~ ki t1
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where ¢ is time; o is the circular fundamental frequency of the signal; b; is the coefficient determining the
amplitude of the fundamental frequency component:
n

~1- . 6
hr- ©)

Thus, the signal has a fundamental (first) harmonic, as well as odd harmonics with numbers (ki£1),
i=1...0. 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
¢, then the output signal of the ideal common-mode detector should be:
SINFO, =0,5-cospy - (7

2

Signal at the detector input:

in[(ki +1)- . 8
Dkl CEDRCRTN) ®)
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:

e8]
So, (1) =bi[sin(or + @)+ !
i=1

b12 - © 1 .
SINF, =—{cos—+ cos[(ki£1)o,.]. 9
2k ,Z‘ (ki £1)* *

Components caused by higher harmonics:
— cosines of the sums of the arguments

cos[(ki + 1)@, ]=coskio, -cos%—sinki(px -sinQ, ; (10)

— cosines of the differences of the arguments
cos| (ki —1)@, | =coskig, -cos@, +sinkip, -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., ¢, =@, =/k . At this point, the second components in (10) and (11) become zero,

[13%:1)
1

since sin(i-w) = 0 for any integer “i”. Let us determine the signal component caused by higher harmonics at

the signal phase @,:

bt | & cosin L cosim
AS G, = ——cos— + . (12)
Hoe = k{g{(ki—l)z z{(kiﬂ)zl
For each value of i:
2
bi . T 1 1
ASHGe,, = ——COSITCOS— + . (13)
G k| (i-1)% (ki+1)?
After transformations, expression (13) takes the form:
1+ !
, 1 (ki)2
ASHGe, =b12 COSimCos (14)
! kiy? 2, 1
(ki)>  (ki)*

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

12 n 1 1
ASHGi,, = bi cosincos— ) (1+3(ki)2]' (15)
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The deviation of the multiplier (1 +3- (ki)_z) from 1 decrease with increasing £, i. If this multiplier is

replaced by 1, the maximum relative error in calculating each will not exceed 0.03 for £>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:

0 1\l
ASHGlpl:blz-cosz-Lz( D . (16)

The sum of the alternating-sign series of inverse squares of integers is equal to "-7*/12" [11]:
L

k12-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):

ASHGq)l =—b12 - COS (17)

2 2
SINF, A s ™o | (18)
2 k|l 6.2

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

T
SINFOQI =0,5- cos; . (19)

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

3
SINF, 2 2
—— O p - = 1= | (20)
SINF 0 6-k 6-k
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:

TE2

OSINFol ¥~ - (21)
" o2

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
;g 12’39i 1)03 error. In particular, the solution to the problem of creating a precision

3 18107 AC quadrature bridge for metrological support of measurements at

30 5-10'3 industrial frequencies requires ensuring an error in measuring

64 12107 electrical capacitance of no more than 5-10°. As can be seen from

100 4810 the data in Table 1, such a value can only be achieved with a number

200 1,2:10° of signal approximation steps of at least 1000. It is obvious that

400 3'10:2 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 & of steps per period. In this
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case, the numbers of harmonics that coincide in both signals are equal (ki£l), i=1...c0. 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 5-107 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 m/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 numbers 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 7/2 [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
maximum errors of synchronous detectors, caused by the influence of higher harmonics, for two variants of
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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 .1n ronS 1,2 and 4
steps in the | in the 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 25 810~ studied error for rows 3 and 5 of
32 32 32 4,810 Table 3, since the error due to the
32 25 800 <210” influence of higher harmonics turns
100 100 100 4,810 out to be negligibly small in
100 128 3200 <2-10° 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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Pobomy npucesueno 00caiodicennio noxuboK, 00YMOGIEHUX BNAUBOM GUWUX CAPMOHIK N0 HAC CUHXPOHHO2O
0emeKmy8anus  CMyNiHYACMO-ANPOKCUMOBAHUX — KBAZICUHYCOIOANbHUX — CUSHAN8 6  euMipiosauax napamempis
eleKmpU4Ho20 iMneoancy ma 8 iHwux npucmposx. Ilpogedeno uucnoge MoOento8anHs npoyecy CUHXPOHHO2O
Oemexmyganus 01 8UNAOKY CRIBNAOIHHA hopMu 6XIOHO20 Ma ONOpHUX cucHanie doemexmopis. [loxasano, wo 3a
pisHOCMI uucen CMynemie anpokcumayii 6XxiOH020 ma ONOPHUX CUSHANIG 3ANeNHCHICMb NOXUOKU 6i0 ¢ha3u 6XiOH020
CUCHANY Ma€ nepioOudHull Xxapakmep, npu YbOMy Nepioo 3MIHU NOXUOKU CRIGnaodc 3 WUPUHOIO CMYNEHI CUSHALIG.
Ompumarno aHarimuyHuil 6Upas, 3 AKO20 GUNIUBAE, WO MAKCUMATIbHE 3HAYEHHS. NOXUOKU 3MEHULYEMbC NPONOPYIIHO
Keaopamy uucia cmyneueii anpoxcumayii cueHanis. 3aons 3MeHuileHHs NOXUOKU 3anpOROHOBAHO 3MIHUMU hopmy
ONOPHUX CUSHATIB OeMEKMOPI6 WIIAXOM 3MIHU YUCAA CMYNeHi6 anpokcumayii. 3a605Ku ybomy nOXUOKA ZHUICYEMbC
NPONOPYIiHO  KEAOpAMY HAUMEHWO020 3A2ANbHO20 KPAMHO20 4YUCel CMYNeHi8 6XIOH020 U ONOPHUX CUSHAIE.
Onmumanvuum 6uOOpomM € KOMOIHAYis Hucenr CMYNEHI8, WO He MAarmyv 3a2aibHux CnieMHONCHUKiIG. Ilokazano
MOJICTUBICMb  3HUIICEHHST  NOXUOOK 6 KIilbKa O0ecsmKie pasie 0Oe3 36YlCeHHsT YACMOMHO020 OIANnd3oHy CUSHATIS.
Ilposedeno excnepumenmanvhe BU3HAUEHHS NOXUOOK, O0OYMOBNIEHUX BNAUBOM BUWUX 2APMOHIK, pe3yIbmamu AK020
niomeepounu egheKmuHicCmob 3anPonoHO8an020 memooda Kopexyii. bibmn. 13, puc. 5, Tabm. 3.

Kniouosi cnoea: immenanc, KBa3iCHHYCOINalbHUN CHUTHAJ, BUIINI TapMOHIKW, CHHXPOHHE IETEKTYBaHHS, KOPEKILis
MOXHMOOK.
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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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https://drive.google.com/file/d/1dIx1AgBUa0yIwovkxPssnMeSEw92iWqL/view?usp=sharing
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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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