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TEOPETUYHA EJIEKTPOTEXHIKA TA EJIEKTPO®I3NKA

YK 621.315.21 DOI: https://doi.org/10.15407/techned2024.06.003

THTEHCHU®IKAIIS YACTKOBHX PO3PSAIIB B TOJIMEPHIHA I30JIAIII CHJIOBAX
KABEJIIB 1111 BINIMBOM BULLIUX 'TAPMOHIK TA ®OPMHU I'A30BUX MIKPOBKJIIOYEHb

M.A. Hlepﬁa , ,I[OKT TexH. Hayk, €.0. Tpouenko' KaH,I[. TEXH. HayK,
O.P. Ilponenko' , kaus. Texn. Hayk, M.C. FyTopOBa ™ KaH[. TEXH. HayK
"HTY Yxkpaiun "K[Il iMm. Iropst Cikopcebkoro',
npocn. bepecreiicbknii, 37, Kuis, 03056, Ykpaina, e-mail: m.shcherba@gmail.com.
? ImcrutyT enexrponunamiku HAH Ykpainn,
npocn. bepecreiicbknii, 56, Kuis, 03057, Ykpaina, e-mail: vsi@ied.org.ua.

Onucano gakmopu, sKI GnIUSAIOMb HA [HMEHCUDIKAYII0 HaACMKOSUX pO3pSI0i6 6 2a308UX MIKPOGKIIOUEHHSIX 6
noaimepniu izonayii cunosux kabenie. [o makux gaxmopie iOHOCAMbCS amniimyoa, wacmoma i Gopma Hanpyeu
€NIeKMPOIACUBTIEHHS, A TAKOdIC po3MIp, hopma i po3mauty8anus GIOHOCHO eNeKMPUUHO20 NOASL MIKPOSKIIOUEHHS.
LlInsaxom mamemamuuno20 MOOEN08aAHH NOKA3AHA 3ANENCHICMb HANPYICEHOCMI eNeKMPUYHO20 NOsl 6CepPeOUHi
MIKPOBKTIIOUEHHS 8I0 11020 OpMU 8 KOHMEKCHE MONCTUBOCI OOCACHEHHs HANPYJICeHOCmI npoboio easy Ons iHiyiayil
4ACMK08020 po3psady. EKcnepumeHmanoHO NpoOeMOHCMPOBAHO, WO 30iIbUeHHA NYIbCcayitl NOCMIUHOT eunpamaeHol
Hanpyau 30in1buye 8 OieleKMmpUKy KilbKiCmb 4acmKosux pospsaoie 6 oounuyio uacy. Cunio 36epHymu ysazy, wo énaueu
BUWUX 2APMOHIYHUX CKAAOOBUX HANPYSU HA 301AYII0 CUNOBUX Kabenig € 000amKosuMU 00 BNIUBIE 3d CUHYCOIOHUX
peacumie pobomu, i nosea 2apMoOHiK nid uac eunpoOyeamHs Kabeunig i po3poOKU PEeKOMEHOAYIl 00 pedlcuMis iXHboi
excnayamayii na oanuil yac He peznamenmyemocs. biona. 12, puc. 3.

Knrouosi cnosa: cwnoBuii Kabenb, MOJIMEpHA 130JUAIsl, YACTKOBHW PO3PsA, BHINI TapMOHIKH, MaTeMaTH4YHE
MOJICTIFOBaHHSI, HAIIPY>KEHICTh €JIEKTPUYHOTO TOJIS.

Beryn. [lienexTpuyHi MaTepiany cy4acHHX KaOeJbHUX CHCTEM 3a3BHYall eKCILTyaTYIOThCS B OLIbII
KOPCTKUX yYMOBaX, HIX NPOTHO3YETbCS BUPOOHMKOM, OCKINBbKM ()OpMa HANpyrd B €JIEKTPOMEPEXkKi 4acTo
BiMiHHA BiJ cMHYCOiAHOI. HassBHICTh 0arath0X BUIB HEJIIHIHHOTO HABAHTA)KEHHS Ta 301IBIICHHS KIIBKOCTI
BiZTHOBJIIOBAHUX JKEpeNl €Heprii MPU3BOIUTH A0 MOSBH, OKPIM OCHOBHOI YacTOTH, AOJATKOBHX BHIIHX
TapMOHIYHUX CKJIAJOBUX, sIKi (OpMyIOTh 3arajibHy HECHHYCOiOHY Hampyry. B pesymneraTi pecypc
MOJTIMEPHOT 130JIAMIi1 CHIIOBUX KaOeliB TOJATKOBO 3MCHINYETHCS Y TMOPIBHSIHHI 3 IIPOTHO30BAHUM IIiJI Yac
BUKOPHUCTaHHS B YMOBaX CHHYCOiTHOTO XHUBJIEHHS [1].

BaxnueuMm (akTopoMm, [0 BIDIMBaE Ha CTapiHHSA 1, 3rofoM, MpoOiii kabermbHOI i30AMmii, €
BHHHKHEHHS dYacTKOBHX po3psaniB (UP) B MikpomopoKHWHAX, 3alOBHCHHX Ta30M (Ta30BHX MIKpO-
BKItoueHHsX) [2, 3]. Takox BuMiproBanHs piBHS YP craso moTy)XKHUM 1HCTPYMEHTOM HEIHBa3iiHOI
JiarHOCTHKH MOTOYHOTO cTaHy i3omsuii [4]. Psan nocmigHukis, 30kpema [5], 3a3Ha4aroTh, 10 HECHHYCOINHA
(hopMa Harpyru KUBJIEHHS MPU3BOAUTH IO 3MiH iHTEHCHBHOCTI YP, MopiBHIOIOYM 3 CHHYCOiTHOIO, 1 UM
MOSICHIOIOTH TIPUIITBUIIICHE CTapiHHSA MmomiMepy. IIpoTe, He3BaXkaroun Ha Iporpec y po3yMiHHi mporieci UP,
3HAYHY KUTBKICTh €KCIIEPUMEHTAIBHUX [6] 1 TEOPETUUHUX POOIT [7], mOTpeOye yTOUHEHHS OMUC MEXaHi3My
3miH y UP 3a HeCHHYCOIIHOT IPUKIIaieHO] HANIPYTH 1 KiTbKiCHA OIliHKa ()aKTOPiB BILUIHUBY.

HeoOximanMu ymoBamMu BUHUKHeHHS YP y Ta3oBoMy MIKpOBKIIIOUCHHI € OJHOYACHE:
1) mepeBuieHHss HampyxeHocti enekrpuyHoro nons (EIT) £ y rasi 3HaueHHS HaNpyKEHOCTI MPoOOIo
Eup =3 xB/MM (E > Ep); 2) HasiBHICTh BUIBHHMX €JIEKTPOHIB UL 3alI0YaTKyBaHHA JIABMHU po3pany. B cBoro
4yepry, Ha BUKOHaHHsS LIMX JBOX YMOB BIUIMBAIOTh IapaMeTpU E€JNEKTPOXKUBIICHHS: aMIUITyJAa, 4acToTa i
¢dbopma mpuUKIageHOT HAUPyTd, a TAKOX IapaMeTpu MIKPOBKIIOYEHHS: po3Mip, (opma i po3TallyBaHHS
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BigHOCHO HamnpsiMKy EIl. Y3aranpHeHHS ¢akTopiB, sSKi BIUIMBAIOTH HA aKTUBHICTH UP, Ta B3a€MO3B’SI3KiB MiXkK
HUMH HABEJICHO y BUTJISIII OJIOK-cxeMHu Ha puc. 1. B maniit poboti yBary 3ocepemkeHo Ha BIUIUBI (opMu
ra3oBOro MiKpOBKJIIOUEHHS Ta CTETeHi HECHHYCOiJHOCTI MPUKJIaAeHO1 Hapyry Ha iHTeHCuBHICTH YP.
Mertoro po6oTu € aHami3 GHakTopiB, sIKi BA3HAYAIOTH iIHTEHCUBHICTh YACTKOBHUX PO3PSIIiB B Ta30BUX
MIKPOBKJIFOUCHHSX B TIOJIIMEPHiH 130411 CHIIOBUX KaOemiB 3ayIs OIIHKM BIUIMBY KOCQIIIEHTY TapMOHIK
HAINpPYTH eIEKTPOKUBICHHS, Ta (OPMHU MIKPOBKITIOUEHB Ha TIepeOir YaCTKOBHUX PO3PSIIIB.

1) Hampyra KUBJICHHS:
) BiIbHI enekTpoHH: 2.1) IBUIKICTh reHepallil BiTbHIX EIEeKTPOHIB: - aMInTiTY A2
- eMicisl 3 MoBepXHi - yacTora
- Big nonepeansoro YP - hbopma
2.2) ebeKTUBHUIT Yac KUTTS BUIBHUX EIEKTPOHIB: «! KOHQITyparisi MiKpOBKIIIOUCHHS:
- pexoMOiHaIis - po3Mip
- HeHTpanizalis ioHaMHu - popma

- €JIEKTPOIPOBIAHICTH MOBEPXHI BKIIOYCHHS - po3TaIryBaHHs BiJTHOCHO ITOJIS

Puc. 1
BauB koHdirypamii mikpoBkiodenHss. Ha mepmoMmy ertami gocmimkyBaBcs BIDIUB  (hopMmu
NOPOKHUHHU B [IieJIEKTPUKY Ha iHTeHCHBHICTh y Hid YP. 3MmiHa y ¢opmi BKIIOUEHHS, 3TiJHO Teopil
€JIEKTPOMATrHITHOTO TI0JIsI, 3MiHIO€ BennuuHy HanpyskeHocti EIl y rasi.
Posmoxin EIN B mienekTpukax OMUCyEThCS PIBHIHHIMHA

V-D=p, (1)
v+ P g 2)
o

ne D — enexTpudHe 3MIMEHHS; p — TYCTHHA BUIBHOTO 3apsiiy; J — TYCTHHA CTPYyMY.
3 piBHsAHB (1) i (2) MOXHA OTpUMATH BUPA3 IS €JCKTPHYHOTO ITOTEHIIATY ¢

v-(cv@)+v-(gva—¢j=0, 3)
ot
JIe G — MUTOMA eJIEKTPOIPOBITHICTh MaTepiaiy; € — HOTo JieJIeKTpUIHA TPOHUKHICTb.

BukopucroByroun piBHsHHS (3), momoBHeHe ymoBamu Jlipixyie Ta Heiimana Ha rpanuui momimy
130JIALS-TIOBITPS], y TPOrPaMHOMY TaKeTi U1 MaTeMaTHYHoTo MozemoBanHs Comsol Multiphysics metonom
CKIHYCHHX €JIEMEHTIB oO4mcieHo HampykeHicTh EIl B Ta3oBoMy MIKpOBKIIOUEHHI (anroputM Oimbmn
JeTAIBHO onrcaHuil y [8, 9]). 3a mpukiIamzeHoi 3MiHHOT HAIIPYTH JKUBJICHHS PO3PaXOBaHO MHUTTEBI 3HAUCHHS
HanpyxeHocTi EIl B ra3oBux MiKpOBKIIIOUEHHSIX (OpPMH elincoiga oO0epTaHHd 3 MAaKCUMaJIbHUM PO3MipOM
50 MKM B 3IINTIN DOJIETUICHOBIN 13011111 BUCOKOBOJIBTHOTO Kabdemro 110 xB.

Pe3ynbrati o0uncieHs HaBENEGHO y BIMHOCHUX OJWHHILIX IS 1XHBOI iIHTEpPIpETalii Ha 3araabHUI
Bunagok. Hanpyxenicte EIl mpencraBieno y Burisagi koediiieHta migacuieHus nois kg = E/Ey, ne Ey —
HaNpyXEHICTh OAHOPIAHOTO Moyl B i3omAdii. Jis omucy ¢GopMH elincoifalbHOrO MiKpPOBKIIIOUEHHS
BKa3yeThesl KoedilieHT GopMu ky = a/b — cniBBIIHONIEHH HOro miBocel meprneHIuKyIsapHo 1 B3moBxk EIN.
Ha puc. 2, a nHaBemeno mnpoctropoBuii posmoxain EIl, e TeMHe TOHYBaHHS BiAIOBiNa€e HaNOLIbIIIN
HaNpy»XEHOCTI, sIKa CIOCTEepIraeTbcs y Ta30BOMYy BKIoueHHI. Ha puc. 2, 6 HaBegeHO 3aleXHICTbH
HamnpyskeHocTi EIl B rasi (Benuuunu k) Bif GpopMH BKIIOUEHHS, TOOTO BiJ KoediuieHTa ky. Y pasi kg > 1
eIINCoiA BUTATHYTHH NEPNEeHIUKYISPHO MOMI0, 33 ky <1 — B370BXK moms. Tak mmd MIKpOBKIIFOUCHHS

¢ixcoBaHOro 00’e€My y BUNAJAKy 3MiHi kg
b kg, B.O. Bin 1/4 mo 4 nanpyxenicte EIl B rasi
3poctae Ha 60% (BemnumHa kp Big 1,05
mo 1,70). Takum 4YMHOM, ISl OLIIHKH
IHTEHCHBHOCTI qp KOH(ITyparliro
ra3oBOro  MIKPOBKJIIOYCHHS  BapTo
BpaxoByBaTtu. Hasenemo mpukian, e
MpOaHaNi3yeEMO [Ba BKJIIOUCHHS Pi3HOT
¢opmu y 3zoBHimHBbOMY EIl. Skmo B

Multishice: Electric field norm (v/m) 1 ,75

ks, B.O. OIHOMY 3  HHX  CIIOCTEPIra€Thes

: t t } —»  HampyKeHicTh nois 2,5 kB/MM (mpoboro
- 1 2 3 4 5  Hemae, OCKIIbKM €IIEKTPUYHA MIIHICTh
6 moBiTps 3 kB/MM), TO B iHImIOMY
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HanpyXeHicTb Oibira Ha 60%, To6TO 4 KB/MM (npo0iii ra3y BinOyBaeThCs).

BumB cTeneHi Hecunycoignocti. Ha npyromy erami JocimiguMo BIUIMB CTENEHI HECHHYCOIMHOCTI
HaNpyry XKUBJICHHS Ha iHTeHcHBHiCTH UP. Ha HasgBHICTH BUNIBHUX €NEKTPOHIB AJis modaTKy YP BrumBaioTh
IBa (pakTOpH: MIBHIKICTH IXHKOI TeHepaiii (TOOTO sKa KiJbKICTh €JICKTPOHIB 3’ SBISETHCS B Ta3i B OJMHUITIO
gacy) Ta IiXHiH e(peKTUBHUN dYac XUTTSA (IKa KIUIBKICTh CJICKTPOHIB 3HWUKAE 3 IUIMHOM dacy). BimbHi
CJIIEKTPOHH B Tra3li MOXYTh 3’SBISATHCSA BHACHIJOK eMicii 3 TOBEpXHI MIKPOBKIIIOYCHHS IIiJ] €0
€JIEKTPUYHOTO TOJIS (BUBUIBHEHHS 3 HETIMOOKUX MOTEHIIaIbHUX SIM) Ta 3aJUIIaTHCS Bif monepenasoro YP.
EdextuBHUiT Wac XWTTS BUIBHUX €JICKTPOHIB BH3HAYAETHCS HACTYIMHHUMH TIpOIleCaMH CHaay BITLHOTO
3apsily: PEKOMOIHAIlE€l0 eNEKTPoHiB (mepexin X 13 30HM NPOBITHOCTI Ha3aa IO 30HU BAJIEHTHOCTI),
HeWTpaii3aliclo ioHaMH Ta3y, CHaJaHHsIM 3apsay yepe3 eJIeKTPOIPOBIAHICTh CTIHKM MiKPOBKIIIOUEHHS (sIKa
JIO pedi 3 4acoM IIiJ{ Ai€l0 eNeKTpo(]i3NIHUX BILTUBIB Oy/1e 3MIHIOBATH CBOE 3HAUCHHS).

3i 3pocTaHHSAM YacTOTH 3a Yac OJHOTO TEpiofy KOJHMBAHHS CIIall BUTHPHOTO 3apsay Yepe3 ONHCaHi
BUILIE MEXaHi3MU OyJle MEHIIUM 1 3pOCcTe iIMOBIpHICTh HAsIBHOCTI BUIBHUX €JIEKTPOHIB AJIS 3all0YaTKyBaHHS
JTaBUHM po3psny. OJHOYACHO 3 IUM 30UTBIIYETHCS KUTBKICTh MOMEHTIB JIOCSTHEHHS aMIUTITY/IHUX 3HA4YeHb
EIl, mo npumBuminye 3araabHy TeHepallifo eleKTpoHiB. Ha ocHOBI mux aBox (akTopiB chopMOBaHO
rinoTe3y mpo 30ibIIeHHST KiTbKOCTI moaid YUP B mieleKTpHKy B ONUHHMINKO Yacy 31 3pOCTAHHSM CTereHi
HECHHYCOIMHOCTI Hampyru. J{J1si mepeBipKu TinoTe3n MPOBOAMIMCS €KCIepUMEHTalbHI BUMiptoBaHHa YP B
HOBITPSHUX MOPOKHUHAX JIEJEKTPUKA, a CaMe eJIEKTPOTEXHIYHOTo KapToHy 3 mopamu. Sk nmokaszano y [10],
¢isuka mpoOo TOBITPSIHOTO MPOMDKKY 1 mepebir YP y enekTpoTexHIYHOMY KapTOHI Ta 3HIUTOMY
MOJIETUIICH] CXOXKi, OCKUIBKHM MAi€JeKTPHUKH B 000X BHUIIaJKaX BHCTYMAlOTh 30BHIIIHIM CEpeIOBHUILEM, a
PO3psAIH BiIOYBAIOTHCS B ITOBITPi MOPOKHUHHL.

3 BHKOpPHCTAaHHSM CHCTeMH BuHMiptoBaHHsA UP, sky nperampHo ommcano B [11], mpoBemeHO
eKCTIIepUMEHT 10 JociipkeHHo YP 3a pizHuX GopM npukianeHoi HanpyTu. JlieNeKTpHK Imi1aBaBcsl BIUIUBY
MOCTIHHOT HAMPYTH 3 Pi3HUM KOoe(DilliEHTOM ITyJbCcalliii 3a JOIMMOMOTOI CXEMH IiBXBHUIIBOBOTO BHITPSIMIICHHS
Harpyru. Komu immynee ctpymy, BUKIMKanwi YP, mpoxonuTe depes3 ACTEKTOp, BiH MEPETBOPIOETHCS B
CUTHAJI HAIIPYTH, MPOMOPIIAHUM 3apsLy IMITYJIbCY Ha BXOJI AeTekTopa. OCKIIbKY 3apsij, 10 BUHUKAE B 30HI
po3psiay, He MOKHA BUMIpATH O€3MOCepeHBO, TO BHKOPHUCTOBYBAJIOCS MOHSTTSA YSBHOTO 3apsiy, TOOTO
3apsady, SKWA 4Yepe3 IHKEKII0 MiX eNeKTpoJaMHu 3MIiHWB Ou Hampyry Ha HuX (i Ha BHMIipIOBaJbHHX
npuiIajax) Ha BEJIMYHMHY, €KBIBaJleHTHY peanbHii monii UP. VsBHuUE 3apsa BUMIPIOETbCS B MIKOKYJIOHAX
(nKn) 1 3a3Buuait mocsrae aecatkiB abo corenb nKi. [Topir uyTnmuBocTi BuMmiproBanbsHoi cxemu 0,1-0,5 nK,
110 OyJI0 MATBEPHKEHO CXEMOKO KalliOpyBaHHs, onrcanow y [11].

AMITTITY 2 IyNbcalliii perysroBagacs 3MIHOI0 €MHOCTI BUXiTHOTO ¢inbTpa Bumpsmissda. Koedimient
mysnbcarii y (%) 1opiBHIOE

7=2=100, (4)

ne U. — aMIutiTyTHe 3Ha4eHHs 3MIHHOI CKJIaJoBO1 myabcanii Hanpyru; U- — mocTiiiHa CKi1ajoBa.
Ha puc. 3 noka3aHo pe3ynbTaTd BUMIPIOBAaHHS YaCTKOBUX PO3PsiB yepe3 Air0 A0JATHOI HMOCTiMHOI
HanpyTu 5 kB 3 xoedimientamu mynbcatiit y = 6,35 % (puc. 3, a) 1 15,52 % (puc. 3, 6).

2 ‘ i
ettt T T P O 1RO WS VI KR A L 2‘. .Mu (- (" ,u&
Hotnsi st ab st " et RE e osbofit t ad

Macurra6: kpusa | —2 B/mog; kpusa 2 — 100 MB/mog
Bich yacy — 5 mc/mojx

a 7]
Puc. 3

Kpusa / BimmoBimae Hampy3i, IpUKIAAEHINA 0 mieleKTpuKa, KpuBa 2 — iMmyiabcaM YUP. 30imbImeHas
koedimieHTa mysbcariil y, o Bu3Ha4Yae GopMy KpuBoi /, BiNOBIZa€ POCTY aMILTITYJH BUIIIUX TAPMOHIYHUX
CKJIaJJOBUX, TOOTO 30iNBIICHHIO CTENEHI HECHHYCOIAHOCTI HANpyTH. 3 OCLUIOTpaM MOXHa 3pOOHTH JBa
BUCHOBKH: TIO-Tiepine, iMmysbcu YP 3MingyroThess B 0071aCTh 3 MAaKCHMAIbHOKO HIBHIKICTIO POCTY HANpPYTH
(KOHIIEHTPYIOTBCS B TIEBHUX YAaCOBUX O0JIACTSAX Ha pHUC. 3, 6), MO Y3TOMKYETHCS 3 eKcnepuMenTamu y [12].
[o npyre, 31 30iNbIICHHSM PiBHS IMyJIbCalLiid 3pOCTa€ KUTBKICTh iMITynbCciB UP B oguHuUIIO Yacy (MOpiBHAHHS
puc. 3, a i 6). ExcriepuMeHT TiATBepIXKye TimoTe3y mpo iHTeHcu(ikamiro YP B mienexTpuky, a came
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CIIOCTEPIraeThes 30UTBIICHHS KUTBKOCTI MOMIH PO3PSAAY B OMUHUIO Yacy 3i 3pOCTaHHAM aMILIITY] BUIIHX
TrapMOHIYHUX CKJIaJOBUX.

BucnoBku. 1. Ha akTHBHICTh YacTKOBUX PO3PSOIB y Ta30BHX MIKPOBKIIOUEHHSIX B IONIMEpPHiH
i3omsmii cMoBHMX KaOediB BIUIMBAaIOTH TApaMeTPH EJIeKTPOKUBJIICHHA: aMIUTTyAa, 4acrtora i ¢opma
MIPUKJIAJICHOT HAIPYTH, a TaKOXK MapaMeTpH MiKpOBKIIIOUEHHs: po3Mip, Gopma i po3TarryBaHHs BiJTHOCHO
HAMpPSIMKY €JIEKTPUYHOTO ToJs. ISl 3apoPKeHHS YacTKOBOTO PO3psiLy MOTPIOHO OJHOYACHE MEPEBUIICHHS
HaNpY>XEHOCTI ENeKTPUYHOrO TOJNS B Tra3i 3HaueHHA Hpo0OI0 Ta HAsBHICTh BUIBHHX EJIEKTPOHIB LIS
3ar0yaTKyBaHHs JIaBUHHU po3psny. IIiBUINEHHS 9acTOTH HANPYTH KUBJICHHA, a TAKOX ii HECHHYCOIJHICTB,
TOOTO HasBHICTh BHIIMX TapMOHIYHUX CKIIQJIOBHX, BIUTMBAIOTH HA 3a3HaueHi (haKTOpH, IHTCHCHU(IKYIOUU
Npolec BUHUKHEHHS YaCTKOBHUX PpO3psAMiB. 3i 3pOCTaHHSAM YacTOTH HAMpPyTrd 301TBLIYETHCS MIBHIKICTD
re”eparlii BUIBHUX EJEKTPOHIB B Ta3i, OCKIJIbKM YaCTHHA EJEKTPOHIB 3alINWIAacid BiJl MONEPEIHHOTO
po3psay, a TaKoX 30UTBITYEThCS ©(PEKTUBHUN dYac KHUTTS BUIBHHX EIEKTPOHIB, OCKUIBKHA €(hEKTH Bil
pexoMOiHamii, HeWTpamizamii ioHamMu Tazy Ta CHagaHHSA 3apsay dYepe3 eNeKTPONPOBITHICTH CTiHKH
MiKpOBKJIIOUEHHS TPUBAIOTh MEHILHUIT Hac.

2. lIngxoM MaTeMaTUYHOrO MOJIEJIIOBAHHS BCTAHOBJICHO 3aJICKHICTh HAIPY>KCHOCTI €JIEKTPHUYHOTO
NOJIsI BCEPEAMHI TMOBITPSHOTO MIKpPOBKIIIOUEHHS Bifi HOro (OpMU B KOHTEKCTI MOJKIJIMBOCTI JTOCSTHEHHSI
Hanpy»XeHOoCTi Mpo0oro ra3y Ui iHiniamii YacTKOBOToO po3psiay. Tak IiIst eincoinanbHOro MiKpOBKIIIOUEHHS
B 3aJISKHOCTI BiJ| CITiBBIHOIIEGHHS HOTO MiBOCEH Ta Opi€eHTamii BiTHOCHO ENEKTPUYHOTO TOJS B 130JAIil
HAIpPYKEHICTH MOJISl BCEPEIHHI MIKPOBKIFOUEHHS MOXe 3pocTatu Ha 60% i OinbIie.

3. It 9acTKOBUX pO3PSAIB B IICTIEKTPUKY Ha MPHUKIAAl €ICKTPOI30ALIHHOIO KapTOHY 3 MOpaMH
€KCHEPUMEHTAIBHO NPOJEMOHCTPOBAHO, IO MiJBUILEHHSA CTENCHI HECHHYCOINHOCTI HANpPyTH >KUBJICHHS
(TiABUIICHHS TyJIBCAIlii TTOCTIMHOI BHNIPSAMIICHOI HAMPYTH) 301IBIIYy€E KUTBKICTh PO3PSIIB B OJHHHINIO Yacy
Ta 3MilIye iX y 9acoBy 0ONacTh 3 MakCUMalbHOIO MIBHIKICTIO 3pOCTy Hampyru. OTpuMaHi pe3yibTaTh
Y3rOKYIOTECS 3 TEOPETUIHUMH NPUIYLICHHSIMH CTOCOBHO MPHUPOAM 3aJIEKHOCTI IHTEHCUBHOCTI YaCTKOBHX
PO3PSTIB BiJl YACTOTH HANIPYTH KUBJICHHS.

Locnioocenns euxonarno 3a Ilpoexmom Ne 2022.01/0211 "Po3pobka mobineHoi cucmemu oOpmMy8anHs Hanpyeu
30 3MIHHUMU napamvempamu Onsi MOHIMopuHey Oe3nexku [ HAOIIHOCMI BUCOKOBOIbMHO20 eNeKMpPOoOOIAOHAHHS
eHepeemuyHux 00 ’exmie Kpumuunoi ingpacmpykmypu Ykpainu", sxuti ¢@inancyemocs Hayionanenum gonoom
docnioxcenv Yrpainu.
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INTENSIFICATION OF PARTIAL DISCHARGES IN THE POLYMER INSULATION OF POWER CABLES
UNDER THE INFLUENCE OF HIGHER HARMONICS AND THE FORMS OF GAS MICROINCLUSIONS
M.A. Shcherba!, Ye.O. Trotsenko', O.R. Protsenko', M.S. Gutorova®

' NTU Ukraine "Igor Sikorsky Kyiv Polytechnic Institute",

Beresteiskyi Ave., 37, Kyiv, 03056, Ukraine, e-mail: m.shcherba@gmail.com.
? Institute of Electrodynamics National Academy of Sciences of Ukraine,
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The factors affecting the intensification of partial discharges in gas microinclusions in polymer insulation of power
cables are described. Such factors include the amplitude, frequency, and shape of the power supply voltage, as well as
the size, shape, and orientation in the electric field of the microinclusion. Mathematical modeling shows the
dependence of the field strength inside the microinclusion on its shape in the context of the possibility of reaching the
gas breakdown field strength for the initiation of a partial discharge. It has been experimentally demonstrated that an
increase in pulsations of the direct rectified voltage increases the intensity of partial discharges in the dielectric. It
should be noted that the effects of higher harmonics on the insulation of power cables are additional to the effects of
sinusoidal operating modes, and the appearance of harmonics during cable testing and development of
recommendations for their operating modes is currently not regulated. References 12, figures 3.

Key words: power cable, polymer insulation, partial discharge, higher harmonics, mathematical modeling, electric field
strength.
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Ilposedeno ananiz nepexionux npoyecie nio 4ac KOIUSANLHUX 3apsidie EMHICHO20 Hakonuuysaua enepeii (€HE) enexm-
popo3paouoi yemanosxku (EPY) 6io oocepena nocmitinoi nanpyau ([JIIH) Uy 30 ymoeu 3MiHeHHA nouyamko6oi Hanpyau
Ha €HE na momenm nouamxy 3apsaody. Ompumano 3anesicHoCmi MaKkcumanbHoi 3apsonoi nanpyeu €HE ma enepeemuu-
HUX Xapaxkmepucmuk (003u eHepeii, wjo Haoxooums 00 KoHOencamopy 6i0 HIIH, enepeii empam i koeghiyienma xopuc-
HOI 0ii) 8i0 @enuuunu i 3HaKy (nonaprocmi) nowamxosoi nanpyeu €HE i dobpomuocmi 3apadnozo xona. Ilokasano, wo
30inbUenHA abconomHol eenuduny 68i0'emHol nouamrosoi nanpyeu €HE, ax i 30inbuwenus 006pomHocmi 3apsaoH020
KOna, Npueooums 00 NioGUUjeHHs MaKcumanvHoi nanpyeu 3apsady €HE. Busnaueno enepeemuyHo OOYLTbHI pedcumu
sapsady €HE. Obrpynmosano, wo 30in1bueHHs NOYamKo80i Hanpyeu HA KOHOeHCamopi, AK i 000pomHocmi 3apsaoH020
Kona, npueooums 0o 36invuenns KK/ 3apady. Ananiz cniggioHoweHHs Midc 003010 eHepeii, o HA0X00Ums y KOHOeH-
camop 3a 00uH YUK 3apsoy W'e, ma enepeicio empam W *BTpaT noxazas, wo ionowenns W e/ W*BTpaT 30ibUYEMbCSL 31
sminennam nanpyau Uyc 610 —Upny 00 +Upmy. bi6a. 15, puc. 3.

Kniouosi cnoea: emHicCHMI HakonM4yBad €HEprii, 3apsa KOHJAEHCATOpa, IOYaTKOBA HAlpyra KOHJEHcAaTopa, 3apsiHa
Hanpyra konaeHcatopa, KKJI 3apsny.

BukopucTtanHs HaKONUYyBayiB €IEKTPOSHEPTii B KOJaX CUCTEM €JIEKTPOKUBIICHHS Ja€ MOXKJIMBICTh
OaraTtokpaTHO TiIBHIIYBAaTH T'yCTHHY €HEPTii, 0 BBOIUTLCS B TEXHOJOTIYHHHA 00'€KT, 1 KEPYBAaTH HECTAII0-
HApHUMH ITpoliecaMy i CIIOKMBaHHS 32 JOTIOMOTOI0 PETYJIOBAaHHS BEJMYUHH, TPUBAIOCTI T4 YaCTOTH IMITy-
JHCHUX CTPYMIB Y HaBaHTaKEHHi, 110 3a0e3leuye peani3amilo HOBITHIX MPOMHUCIOBHX EJIEKTPOTEXHOJIOTIH
[1-4]. B nanwii yac st peanmizamii y HaBaHT)KEHHI BEJIMKUAX IMITYJIbCHUX ITOTYKHOCTEH 1, BIIIOBITHO, €JIEK-
TPUIHHUX CTPYMIB Ta MIBUIAKOCTEH IXHBOTO 3MIHCHHS HAWOLIBIN MONTUPEHUM € 3aCTOCYBaHHS €MHICHUX Ha-
kornnuyBauiB eHeprii (EHE) — Oatapeit iMmnynbcHUX KoHIeHcaTopiB [5—8]. Taki HakonmuuyBadi BUKOPUCTO-
BYIOTBCS B €NIeKTpOpo3psaaHux ycraHoBkax (EPY) 3 amruniTy THUMU 3HaYSHHSIMH CTPYMIB BiJl COTEHb JI0 Mi-
THHOHIB ammep (TPHBAIICTIO BiJ MECATKIB HAHOCEKYHII 1O COTEHb MIKPOCEKYHM) IS €JIEKTPOIMITYJIbCHOI
(enmeKTpOMarHiTHOI, ICKpOEpO3iiHOT, TIa3MOIyTOBOT Ta €IEKTPOTiApaBIiuHOi) 0OpOOKH PI3HHX CepelIOBHII
Ta BupoOiB [9—12]. [ns po3pobku HOBUX EPY po3BUBarOTHCS TEOpPETHUHI OCHOBH 3apsSAHUX 1 PO3PSIIHHUX
eJIEKTPUYHUX KiJ EMHICHUX HakonmnuyBadiB eHeprii (€EHE). 3okpema, 3a11s aHamizy nepexiTHuX MpoLeciB y
konax EPVY 3i cToxacTHUHMM OTIOPOM HaBaHTAXKEHHs OYJI0 PO3BUHYTO METOA pi3HHUIEeBUX piBHSAHB [13]. ITig
yac ctBopeHHs1 EPY nns BUpoOHUIITBa €eKTPOiICKPOBUX MIKpO- i HAHOTIOPOLIKiB BUKOPUCTOBYIOTHCS Oara-
pei mapasnenbHO 3’ €IHAHUX KOHICHCATOPIB, B IKUX 0a)KaHO BPaXxOBYBATH MEPEPO3MOALT MK HUMH €JIEKTPO-
eHeprii [14] 1 3aleXHICTh 1i BTpAT BiJl MOYATKOBUX HANPYT Ta CITIBBITHOIICHHS €MHOCTEH KOHICHCATOPIB
takux Oatapeii [15].

VY OimbIIOCTI IMITYJIECHUX TEXHOJOTIYHHX ycTaHOBOK €HE 3apsmkators Bia GopMyBadiB IMOCTIHHOT
HaIIPYTH, SIKI HA3UBAIOTh TaKOXK BTOPHHHUMH JDKepesiaMu mocTiitHoi Hanpyru (JII1H). Hait6inmemn npoctum,
asie HeIoCTaTHRO eHeproedexkTuBHUM, € 3apsn €CHE Bix mkepena nocTiifHOT Harpyru 3a HyJIBOBOI MOYATKO-
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Boi Harpyru Ha €HE i moBHMIT Hioro po3psan 1o movaTky HacTymHOTo 3apsny [3, 5, 6, 9]. 3a Takux ymoB €HE
MOBHICTIO PO3PSKAIOTH Yepe3 HaBaHTaKCHHS 1 JOJATKOBI €JIEMEHTH Ta B HACTYIHOMY 3apsSIHOMY LUK
3apskaroTh oro no Hampyru JITH 3a HysnpoBoi nowarkoBoi Hampyru Ha €HE i1 6e3 mpuMycoBoro oome-
JKEHHS TPUBAJIOCTI 3apsAAHOTO NUKITY. 3a nux ymoB koedinieHT kopucHoi mii (KKI) xin 3apsny €HE Bin
JIIH nopisaroe 50% i He 3aJIeXKUTH BiA JOOPOTHOCTI 3apsIHOTO KOJia Ta IHIIMX HOTo mapameTpiB. Aje mij-
KpEecInMo, 10 1€ BIpHO JIUILE JUIA BUMAAKY, Konu 3apsa €HE BinOysaerscs no Hanpyru JAITH i mounHaeTs-
Cs1 32 HAIPYTH HA KOHAEHCATOPI, IO AOPIBHIOE HYIIIO.

OpmHak y pa3i BUKOPUCTaHHS IMOYaTKOBUX HEHYIHLOBUX Hampyr Ha €HE 1 BUKopHcTaHHI HAMIBIIPOBI-
JTHHUKOBUX (30KpeMa THpucTopHHX KitodiB) KKJ] Ta eHepreTnyHi, eneKTpoJUHAMIYHI 1 TEXHOJIOTIYHI Xapak-
TepucTukd EPY MOXyTh 3HaYHO MOKpAIyBaTUCS, OCOOIUBO Y pa3i BUKOPUCTaHHS BUCOKOIOOPOTHUX 3aps-
nmHUX 1 nepe3apsaaux kin €CHE.

MeTo10 po0OTH € BH3HAYCHHS BIUTUBY MoYaTkoBOoi Hampyrd €HE Ha enekTpuuHi Ta eHEepreTUJHi
XapaKTepUCTUKU Horo xonuBaibHOTO 3apsany Bix JAITH y tupucropaux EPY enexrpoickpoBoro aucmepry-
BaHHJ IIapy METAJIEBUX TPaHyJl Y PiJHHI.

Ha puc. 1 mpuBeneno enexktpuany cxemy EPY enexTpoickpoBoro aqucnepryBaHHS CTPYMOIPOBIIHAX
rpanyn y pinuni. B maniit cxemi €HE (BnacHe HakonmuuyBajdbHUN KOHAEHCATOp eMHICTIO C) 3apsIKacThes
Bia mxepena nocriiinoi Hanpyru (JITH) Uyny uepes pesuc-
TOp R (aKTHBHHI OTIip 3apsSAHOTO KOJa), KOTYIIKY 1HTyKTH-
BHOCTI L i THprcTOpHHI KomyTaTop VT.

Ockinbku 3apsinHe koo Takoi EPY micTute HamiB-
NPOBIIHUKOBUN TUPUCTOPHUI KJIIOY, TO NIPH KOJIMBAJIHHOMY
3apsmi KOHIEHCATopa BilOYBAEThCS IMBUAKE BUMKHCHHS
3apsAHOTO THUPUCTOpA MPHUPOTHUM HUIAXOM 0€3 3acTOoCy-
BaHHS JOAATKOBHUX BY3JIB U1 IPUMYCOBOT KOMYTAIlii.
| IMopanpuuit  KoNMUBaJIBLHUN PO3PANl KOHJAEHCATOpa
Puc. 1 3IIMCHIOETBCS Yepe3 PO3PSIIHUA THPUCTOPHHH KOMYTAaTOp

VT, pesucropu R, (omip HaBaHTakeHHs) Ta R; (aKTUBHUIA

OITip PO3PSAHOTO KOJIA) Ta KOTYMIKY iHAYKTHBHOCTI L (IHAYKTHBHICTH PO3PSAHOTO KOJa). 3311 MOKITUBOC-

Ti peanizyBaTH Pi3HHN 3BOPOTHUI 3B’A30K MO Hampy3i (moxaTHHH abo Bil'eMHUIT) y CXeMi 3aCTOCOBYETHCS

JIOJJTATKOBHM KOHTYp Iepe3apsay KOHIEeHcaTopa 4epe3 TUPHUCTOpHUil komyrtatop V7T,, pe3uctop R, (aKTHUB-
HUH omip mepe3apsaHoro Koja) Ta KOTYIIKY iHAYKTUBHOCTI L.

[TapameTpu 3apsAHOro Kojia KOHAEHCATOPY BUOMpANUCs TaKUM YHMHOM, 1100 BUKOHYBajacs yMOBa

JIMH

HOTO KOJMBAJIBHOTO 3apsmy: O =JL / (R\/E ) >0,5, ne O — n1oOpOoTHICTH 3apsaHOro Koja. CTaTUYHUMU 1

JUHAMIYHUMH BTPaTaMH €JIEKTPOCHEPTil B THPUCTOPHOMY Kitoui VT OynemMo HeXTyBaTu.
Binmoginno no 1l 3akony Kipxroda micis BkimtoueHHs TuprucTopa V7 BipHUM € HACTyITHE PiBHSHHS:

uR(t)+uC(t)+uL(t):UL[l'lH' (1)

BpaxoByioum, mo ug(t)=R-i(t), i(t)=Cduc(t)/dt ,a u;(t)=Ldi(t)]dt = LC d*uc(t)]dt?
Bupa3 (1) HaOyne BUTISI LY
LCd*u.(t)/dt* + RCdu.(t)/dt +u.(t) = Uy, - (2)

Po3B's3yroun 1ie qudepeHiiiiine piBHSIHHS KJIACHYHAM METOJIOM PO3PaxyHKY IEPEXiIHUX MPOIECiB, 1
BPaxOBYIOUH, 10 IOYAaTKOBI YMOBH JJIsl HAPYTH Ha KOHJACHCATOPI € HeHYIbOBUMH: U(1=0) = Upc # 0, oTpu-
Ma€eMO BHPA3H JUIS HANPYTH Ha KOHIEGHCATOPI Ta CTPYMY B 3apsSJHOMY KOJIi

ue () =Upy +(U[[HH _Uoc)‘(pzem - pe™ )/(p1 _pz)a 3)
i(t) = C(UﬂHH _Uoc)plpz (eplt - ePZI )/(pl 2 ) ’ (4)

ni€ py 1 p2 — KOMIUIEKCHO-CIIPSDKEH] KOPEHi XapaKTEPUCTUIHOTO PIBHAHHS p,, = —R/2L+ jI/LC-R’ / ar’ .
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BukopucraBmm Bupasz s noopotHocti QO = JL / (R NLE ) , 1 BBOMSIYM mapamerpu o = R/2L,
®, =+/l/LC , o=/o; —a’ , micas nepetopensb (3) i (4) oTpuMaemo

uc ()= Uy = (Ups = Uy )-€ "2 x(sin(w, 41)/204 + cos(,41)), (5)
i(t) = (Upy —Uye )& -sin(w,41) /Loy 4., (©6)

ne A :\/1—1/ 40’ . Bupasu (5) i (6) MOKHa CIPOCTHTH, MalO¥M Ha yBasi, 0 Bxke 32 O > 2 BEIHYMHOIO

1/ 40’ y migKopeHeBOMY BUPa3i MOKHA 3HEXTYBATH, OCKIILKM MOMUJIKA Oy/e MEHIIO Bij 3%

ue(t) =Uppy — (U)ZlHH -U, ) -e " (sin oyt /20 + cosmyt ), (7)
i(0)= (U ~Use )€ 2 sinoyt /Lo, (8)

OCKUIBKH B CXE€Mi € THPUCTOPHHUH K04 V7, TO KONMBAJIBLHUN TIPOIIeC 3apsay KOHIEHCATOpa Iepe-
PHUBA€ETHCSI B TOH MOMEHT 4acy, KOJIM CTPYM y KOJIi 3MIHIOE CBOIO TOJISIPHICTB 3 TOJNATHOI Ha Bim'emHy. Ha-
npyra )X Ha KOHAEHCATOpi AO0Crae B el MOMEHT CBOTO MaKCHUMalIbHOTO 3HaYeHHS Ugpax 1, BIIIOBIAHO, TO-
ximHa du,(¢)/dt =0 . IlincraBuBim B 11e piBHAHHA npoaudepeniiiopanuit Bupas (7), 1 BpaXoByr04H, IO 3a

0O > 2 BEIMYNHOIO 1/ 4Q2 MOYKHA 3HEXTYBAaTH, BU3BHAYAEMO MOMEHT YAaCY fyemayx, KOJIW HAIIPyTra HA KOHJIEHCA-
TOpi CTaHEe MAaKCHMAJILHOIO

ty,  =mo,. 9)

Otxe, BUpa3 UII MAKCUMAIBHOI HAIPYTH, 10 SIKOI 3apsIIUTHCS KOHAEHCATOP, OTPHMAEMO, TiJCTaB-
nstoun y BUpas (7) 3HadeHHs dacy (9)

Ut = Ugs + (Ugra = Uy ) €72, (10)

Cmax
Ha puc. 2 npencrarieHo QpyHKIIOHAIBHI 3a1€KHOCTI MAKCUMAIBHOT HAPYTH 3apsly KOHJCHCATOPA,
npuseseroro a0 Bemnauid Unnn (U o = U / Uy ) Bl HOYATKOBOI HANPYTH KOHJIEHCATOPA, NPUBEIE-
.. * .
Hoi 10 BenmnuuHU Unny (U oc = U/ Upnn) 40151 TphOX 3HaUeHb 100poTHOCTI Kona Q1 = 2; O, = 5; O3 = 30 mpu
KOJMBaJIbHOMY 3apsmi kKonaercaropa Bix JI1H y wacoBomy inTepBani Big ¢t = 0 10 ¢ = w/wy.
AHaJi3 3aJIeXKHOCTEeH Ha pHC. 2 TIOKa3ye, 0 y pasi

U*Cmax . . . .
~ 3 3MiHH ITOYaTKOBOI Hampyru Ha KoHaeHcatopi Uyc B miama-
Q3:3(: \\\\ 30Hi 3HaueHb Bif + Upny 10 — Uppy BeIMYMHA MakCUMallb-
0,=5 \"'N\\\\\ 5 HOI Hampyru 3apsny konaeHcaropa Ucy, 3MIHIOETBCS B
QI=2‘~"""4~».‘,_' - N\\\\ Jliana3oui Bix Unnn mo 3HAUEHD, SIKi MOXKYTh NIEPEBHIIBATH
ma ~4:~'\ 2Upnu (1 uuMm Buue JOOpOTHICTH Kona (), TUM Oinblie me

= -
1 NN:N TIEPEBUILEHHS).
p

Takum 4yuHOM, peaiizailis BiJ'€MHUX MOYaTKOBHX
HaMpyr Ha KOHIEHCATOPI A€ MOMJIMBICTh 3HAYHO ITiJ(BH-

* . *
- mute Uy (mpu O3 =30 1 Upc = — Uppu Hanpyra U,
-1 -08 -06 -04 -02 0 02 04 06 08 1

v 3pOCTae Maike B 3 pasw).

0c

Pac. 2 MakcumanbHe 3HaYEHHS 3apSHOTO CTPYMY MOYKHA
OoTpUMAaTH 3 BUpasy (6), miacTaBuBIIM ¢ = 7T/ 2wy 1 MatOYl Ha yBa3i, M0 BXke 3a O > 2 MOXHA BBaXKATH, IO

napameTp A =1
Imax :(U)ll'lH _UOC)'e_nMQ/\/L/C . (11)

Byno BH3HAYEHO 3aJ€KHOCTI CHEPrEeTHYHHX XapaKTCPUCTHK (IIO3M €HEprii, 0 CIIOXUBAETHCS BifT
JITH, xoedimieHTa KOPUCHOT Jii Ta 103U €HEpPrii, [0 HAXOAUTh Y KOHJEHCATOP) BiJl BEIMYUHH 1 3HAKY (I10-
nsipHOCTI) moyaTkoBoi Hanpyru €HE Ta 1o6poTHOCTI 3apsAHOTO KoJa.
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Hoza eneprii Wy, mo cnoxusaetbes Big AIIH 3a wac 3apsiny KoHaeHcaTopa 10 MOMEHTY CIIPALO-
BaHHs THPUCTOPHOIO KOMYTaTopa 3a ¢ ={, , BU3HAYanacs K

Wy = | Ui (0)dlt - (12)

0
ITicna nmigcranoBku y (12) Bupasy s ctpymy (8), BpaxyBaHHs, mo 3a Q > 2 wac £, = Tc/ ®, Ta BH-

KOHaHHA NEPETBOPEHL OTPHUMAHO

Wi = C Upps (U =U o)+ (1477 . (13)

Hozy eneprii W, 1110 HaAXOOUTh Y KOHAEHCATOP, PO3PaxoBaHo 3a (popMyIoo

W, =C-(U2_ -Up)/2. (17)

Cmax

[Migcramsroun (10) B (17), orpumaHo ocTaTouHmid BUpa3 st We
CU; o2
St T ),

KK]I nponecy 3apsay KOHAEHCATOpa 1) 004YMCIIIOBaBCA K M =W, / W - Hinerasnstoun (18) 1 (13)

BifnoBiaHO Wit We i Wy, Oylio oTpuMaHo

== (1 (1O U )€ T =i /U [2- (Vs U ) (150 79). 19)

JIH

. . %
IIpuBeneHa eHeprist BTpaT y 3apaaHOMY KOJI Wy, BU3HAYAETHCA K VK;W =Wy —We..

Ha puc. 3 mokasaHo 3aiexHoCTi Bin U'oc IpHBeNeHnX 103 eHeprii: W, =W, / CUpy  (puc. 3, a);

* — 2 . * _ 2 _ * *
Woas =Was /CUnn (puc. 3, 6); W, =W, /CUR (puc. 3, 6) Ta KKJ{ n=W. /Wy, (puc. 3, 2) npu O
=2;0,=15; 04=10; Qs = 20; O3 = 30 y yacoBoMy IpOMiXKY Bif ¢ = 0 110 ¢ = T/,
we W *inn
0,=3p 4 4,5 |
35 ?L Q30—
Q>=20 T gs:fg 3 5H> |
=10— 5~ =10~
9, 25 e 0-5— 3FH T
Qz:5 NN ™~ ? 2,5 j — \\\ §
2 SN 02— ~ TS
1,5 x T
072 — —— = 1,5 -~
[ 1 ~
0,5
, 0,5 S
0 0 R
-1 -08 -06 -04 -02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 06 08 1
Uhe 8 -0,6 -0,4 -0, 2 04 06 08
a 0 0c
W srpar KKJ
02 1’2 ‘ Q;30—1‘2 Bl
14 i\ PN = : =1 | |
= ._——-—-—-—"—‘:___,__..——--—" [
1,2 N 0.8 == =1 —
=5 ] ) QZ,S x| ""’""
08 \\L I 0.6 =
0710 y ] ™ S 0=2 =)
0.6 14 - 20,4
0=20 0,4 =T — I~
s 2 — —— ~ [ 0,2
— ’ R S —
0730—% 0
-1 -0,8-0,6-0,4-02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 06 08
[ U¥oc 2 U
Puc. 3
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AmHai3 3aneKHOCTEH, HABEJICHUX Ha PHC. 3, MOKa3ye, 110 y pa3i 3MiHEHHs HAdalbHOI HAIPYTH Ha
xonaeHcaropi Uyc y nianasoni — Upnpy ... + Upnn, BEIMUUHUI BCIX JOCIIIKYBaHUX €HEPrii, a caMme 103 eHep-

Tii: WC* , 0 HAAXOAWTH Y KoHmeHcaTop (puc. 3, a); W;nH , mo croxkuBaetwes Bixg AIH (puc. 3, 6); W;pm

(puc. 3, 6) 3menIIytoThHCS, Toal, ik KK/ 3apsimy n 3pocrae.

3a3Ha4unMO, MO TSI 3aKOHOMIPHICTD € CIPaBEIUIMBOIO IS BCIX PO3TISHYTHUX 3HA4Y€Hb JOOPOTHOCTI
kona Q (O =2; O, =5; 04=10; Qs =20; O3 = 30). IIpr mboMy 9rM OUTBIION0 € BEITMYWHA TOOPOTHOCTI KO-
na O, TUM BUIUMH € JIO03H €HEPrii: WC* , 0 HAAXOJIUTh Y KOHAEHCATOP 1 W;HH , 1o crioxuBaeThbes Big JIITH,

. * .
a eHepris BTpaT WBTpaT € MeH1010. 3a Uy /Upny > 0 3poctanns BennunHu Uy Bukimkae 30iipmenss KK n

(puc. 3, &) 1 3MeHIIeHHS W; (puc. 3, a). IIpu Upc /Upnn < 0 3pocTaHHSA BEIMYUHU |UOC| BUKITUKA€E 30111b-

* .
wenHs W, (puc. 3, a), Toal sIK 3HaU€HHs 1 3MEHIIy€eThCA (pHC. 3, 2).

ExcnepuMenTanbHo OyJio BHUSIBIICHO, LIO0 3017bIICHHS BEJIMYMHM MaKCHUMaJbHOI HAaNpPyTH, A0 SIKOi
3apsIINThCA KOHIEHCATOp, 3a3BUYAll BUKJIMKAE 3MEHIICHHS BEIMYMHM AKTHBHOTO OINOPY HAaBAaHTAXKEHH,
skuM B EPY 006'eMHOTO €NeKTpoicKpOBOTO ITUCTIEPTYBaHHS € [Iap METANEBUX IpaHys y AieJIeKTPUYHIN piau-
Hi Mix enektpogamu [12, 13], 1 BiamoBigHe 301UTbIIEHHS JOOPOTHOCTI PO3PSTHOTO KOHTPY 1 HANIPYTH Tiepe-
3apsany €HE mpoTsaroM AeKiIbKOX 3apsIHO-pO3PSAIHUX ITUKIIIB, IO HE 3aBXAM € AOIIILHUM. B TakoMy BH-
nasKy, sIKIIO MiCJs 3aBepIeHHs po3psny V7| Ha KoHIeHcaTopi Oye HeJOMyCTUMO BIUCOKa Harpyra nepesa-
psiay, TO BKIIOUAETHCS TUPUCTOPHUHN Kimtoy VT, i 301CHIOETBCS 3BOPOTHHI Niepe3apsia konaeHcaropa €HE, a
JIMIIE TOTIM BKIIIOYAEThCs 3apsaHuil Tupuctop V1. [lpudomy ioro BKIOUYEHHS MOXKe BiOyBaTuCs paHille,
HI)XK 3aBEPIINTHCS 3BOPOTHHI Tiepe3apsi koHaeHcaropa €HE. 3MiHeHHSIM MOMEHTY BKJIFOUEHHS THPUCTOP-
HOTO Kitoua V7, MOKHA 3I1MCHIOBATH PETYJIIOBAaHHS BEIMUMHH IMOYATKOBOI Hanpyru Ha KoHaeHcaropi €HE
1, BiIMOBiTHO, 11 BeMWMUYWHM Tijx yac HacTtymHoro 3apsny Bin JITH, sxwii Oyme 3milicHIOBaTHCS HACTYITHUM
BKJIIOUEHHSIM 3apsIHOTO TUpUcTopy V7.

BucHoBku. 3217151 BU3HAaYCHHS BIUTMBY novaTkoBoi Hanpyru €HE tupucropaux EPY Ha enextpuuni
XapaKTepUCTUKU Npu Horo KonmBanbHOMY 3apsai Bix JITH ta BukopucranHs mporo BBy B EPY Gyno
MPOBEJICHO aHaI3 MEePEXiTHOTO IMPOIEeCy TAaKOTO 3apsAmy Ta OTPUMAHO aHAIITHYHI BHpa3W IS HAPYyTH Ha
€HE i ctpymy B 3apsimHOMy Koui. Byno orpumaHno Bupasu i MakcuManbHOi Hanpyru 3apsay €HE i no3
eHepriH, ski 3a onuH ki 3apsagy €HE mMoxyTs Hagxoautu y Hboro, xxusnsuuck Bin JAITH. Otpumano Tta-
KOXX BTPaTH eNeKTpoeHeprii B 3apsaHomy koii ta 3HaueHHs KKJI takoro 3apsny. BusznaueHo 3anexxHOCTI
IINX XapaKTEepUCTHK y pa3i 3MiHeHHs nouyaTtkoBoi Hanpyru €HE Uye Big — Upny 1o + Upny 32 pi3HUX 3Ha-
4yeHb 100pOTHOCTI 3apaaHoro kona (. Ha migcraBi mpoBeaeHOro aHami3y oJlepKaHO HACTYIIHI Pe3yJIbTaTu.

1. BukopucranHs HEHYJIbOBHUX MOYATKOBUX HAIPYT NpH KonuBanbHoMYy 3apsini €HE mae 3mory pe-
TYJIIOBaTH MaKCHMaJbHYy HANpyTy HOTro 3apsmy, sKa MOKe TIepeBHINyBaTH moaBiitHy Harpyry JITH 6e3 3a-
CTOCYBaHHSI ITiIBUIIYBaIBHOTO TpaHcopMaTopa, i Takum yrHoM miaBuinyBatu KK/ 3apsgy €HE.

2. 3a pisaux Upc 3MIHIOETBCS 032 €HEprii, 10 HagXOIUTh Y KOHAEHCATOp 3a OAMH LUK 3apsamy
W*c. s no3a Oyne makcumanbHOo pu Upe = — Upny (mpuuoMy unM Buiue O, TUM Bulle Oyze il 3HaUCHHS).
MinimanbHOO 11 03a eHeprii Oyae npu Upe = +Unnny.

3. 3i 3miHOIO BenuuuHH nodaTkoBoi Hanpyru Ha €EHE Uy B aianasoni Big —Uyny 20 +Upnn: KK
3apsimy 1 30UIBLIYETHCS Bif AESIKOTO MiHIMAJIBHOTO 3HAUEHHS Mmin A0 1. [IprdoMy 3HAUCHHS TMin 3QJI€KUTH
BiJT JOOPOTHOCTI 3apsAHOTO Kojia () — BOHO TUM OinbIne, 9uM Oitbite 3HadeHHS Q.

4.V pasi 3minenHs Uyc y aiana3oHi Bif — Uppy 10 +Upynn , €Hepris BTpar W*BTpaT 3MEHIIYEThCS BiJl
MakcumaibHoro (npu Upe = — Upnn) Ao MiHiMansHOro 3uadenHs (nmpu Upe =+ Upny). [lpuyomy unm Buie
0O, THM MEHIIUM Oyze 3HaU€HHsI MaKCUMaJIbHUX BTPAT.

5. AHani3 nokasas, 110 3a BCiX 3HAYEHHSX JOOPOTHOCTI 3apsAHOTO Koua () 31 301IbIICHHSIM HANPyTH
Uoc Big —Upnn 10 +Uppn eHeprist BTpar W*mpaT 3MEHIIY€ETHCS MIBUIIE, HIXK 1032 €Heprii, 0 HaAXOJUTh Y
KOHJICHCATOP 32 OJMH LUK 3apany W ¢, T06T0 BigHOmeH s W ¢ / W*BTpaT 3pOCTaE.

Hocnioscenns uxonano 3a Ipoekmom Ne 2022.01/0211 "Po3pobka mobinbHol cucmemu (popmyeanns Hanpyau 3i 3MiH-
HUMU napamempamu O MOHIMOpUHey 6e3nexku i HaoitHOCMI 8UCOKOBONIbIMHO20 eleKMPOOOIAOHAHHS eHEPLeMUYHUX
00 exmie kpumuunoi ingppacmpyxmypu Yxpainu", axuil gpinancyemocs Hayionanonum gpornoom oocnioxcens Yrpainu.
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INFLUENCE OF THE INITIAL VOLTAGE OF THE CAPACITIVE ENERGY STORAGE
IN ELECTRICAL DISCHARGE INSTALLATIONS ON THE ELECTRICAL CHARACTERISTICS
OF ITS OSCILLATORY CHARGE

N.I. Suprunovska', D.V. Vinnychenko', V.V. Mykhailenko*

!Institute of Electrodynamics National Academy of Sciences of Ukraine,
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An analysis of the transient processes of the oscillatory charge of the capacitive energy storage (CES) in the electric
discharge installation (EDI) from the direct voltage source (DVS) of the Upys was carried out under the condition of a
non-zero voltage of the CES at the start time of the charge. The dependences of the maximum charging voltage of CES
and energy characteristics (dosage of energy consumed from the DVS and one entered to capacitor, energy losses and
efficiency) on the magnitude and sign (polarity) of the initial voltage CES and the Q factor of the charge circuit were
obtained. It is shown that an increase in the absolute value of the negative initial voltage of the CES together with an
increase in the Q factor of the charging circuit leads to an increase in the maximum voltage of the CES charge. The
most energetically appropriate capacitor charge modes were determined. It is substantiated that increasing the initial
voltage on the capacitor, as well as the Q factor of the charging circuit, leads to an increase in the charge efficiency.
Analysis of the ratio between the dose of energy entering the capacitor during one charge cycle W'c and the energy
losses W*loms showed that the ratio W*C / W*loms becomes larger with the change of the Uyc voltage from —Upys to
+ Upys. References 15, figures 3.
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[NEPETBOPEHHS ITAPAMETPIB EJIEKTPUUYHOI EHEPT I

YK 621.314 DOI: https://doi.org/10.15407/techned2024.06.015

TPAH3UCTOPHUI NEPETBOPIOBAY 13 Y3I'OI)KEHHSAM IMIIEJIAHCY
HABAHTAXEHHS IHIYKIIAHOT' O HATPIBAJIBHOI'O OBJIATHAHHSA
3 ABO/TPUYACTOTHHUM BUXITHUM CTPYMOM

O.M. IOpuenko*, nokt. TexH. HayK, B.K. 'ypin**, kann. Texn. Hayk, FO.0. TBepaoxmio***
Incturyt eaexrpoannamiku HAH Ykpainn,

np. bepecreiicbkuii, 56, Kuis, 03057, Ykpaina,

e-mail: yuon@ied.org.ua.

B pobomi 3anpononosano cxemomexuiyne pIUEHHS MPAH3UCHOPHO20 NEPemeopiosaya Osl  iHOYKYIUHO20
HA2piBANbHO20 00NAOHAHHA 13 080/MPUYACOMHUM GUXIOHUM CMPYMOM, WO Oal0 3MOZ2Y OUCKPEMHO pe2yniosamu
6XIOHY Hanpyey IHEepmopa Yb0o2o NePemeoplosaid 3 Memoio Y3200M4CeHHs. IMNeOaHCy HABAHMANCEHHS! THOYKYIIHO2O
HazpieabHo2o 061a0HaHHS 3a NOCAIO06HIt Oii cmpymis pisnux uacmom. Ipynmoeno onucani pescumu pobomu DC/DC
nepemeoprogayd, 0CoOIUGICMIO K020 € me, Wo 1020 Hani6NPOGIOHUKOGI eleMenmu nPayioloms 6 Pexcumi O1U3bKOMY
00 cmamuyHo2o, 6IONOGIOHO OuHamiuni empamu 01usbki 00 Hyas. e, 6 ceoio uepey, dae modciusicmo nidguUMU
eHepeoehekmusHicmb  ma  NONINMWUIMY — eeKMPOMASHIMHY — CYMICHICIb — Nepemeoproéavis  Oisi  IHOYKYIUHO20
HaepisanrbHo20 00NA0HAKHS i3 060/mpuyacmomuum euxionum cmpymom. bion. 10, puc. 4.

Knrwouoei cnosa: TpaH3nCTOPHUI NEPETBOPIOBAY, PE3OHAHCHUI 1HBEPTOP, IOMHOXXYBa4 HAIPYTH, MOIUIBHUK HAIIPYTH,
MIOTO/KEHHS IMIIEJAHCY.

Beryn. OcranHIMH — poOKaMHd IMHPOKOTO 3aCTOCYBaHHS HaOyJaM PE30HAHCHI TPaH3UCTOPHI
MIEPEeTBOPIOBAaUl HAa OCHOBI IHBEPTOpa HAMPYyTH, MO0 OOYMOBJICHO iXHIMHM IepeBaraMH, a came: BHIIIH
eHeproe(eKTUBHOCTI, MEHIIUMH Maco-Ta0apuUTHUMH MOKAa3HUKaMH, a TaKoX HWKYUM PIBHEM EJIeKTpo-
MarHiTHUX 3aBaj, TCHEPOBAHUX TAKUMU TIepeTBOproBadamu [ 1, 2].

OnHUM 13 TEXHOJIOTIYHUX 3aCTOCYBaHb, JI€ BHUKOPHCTOBYIOTHCS PE30HAHCHI IEpETBOpIOBadl Ha
OCHOBI1 iHBEpTOpa HANpyTH, € IHAYKUiAHUKA HarpiB. 3amns epeKTHBHOI mepenadi eJeKTpoeHeprii HaBaH-
Ta)XCHHS 1HIYKI[IHHOTO HarpiBaJIbHOTO OOJIAHAHHS MMOBHHHO OYTH Y3TOJKEHO 13 JDKEepPelloM JKUBIeHHS. [liis
Y3TrODKEHHS IMIIEIAHCY BUKOPHCTOBYIOTBHCS TpaHCcPOpMaTopH, sSKi TaKoXK 3a0e3MedyloTh TalbBaHIUHY
PO3B’A3KY, a TAKOX CXEMH Y3TOI>KESHHS.

Jus marpiBy neraneil ckiagHoi OpPMH TakWX, SK IIECTEPHI Ta 3ipOYKH, HEOOXiIHO 3a0e3MednTH
JIBO- YW TPUYACTOTHUH BHUXITHHUH CTPyM IHIYKIIIHHOTO HArpiBajgpbHOTO OONagHaHHSI. 3 IIi€I0 METOI0
BUKOPHUCTOBYIOTh JeKiabka miaxomiB [1, 3]: 1) 3acTOCOBYIOTBCS IBI CHUCTEMHU IHAYKI[IHHOIO HarpiBy 3
PI3HUMH YacTOTaMH BHUXiTHOTO CTpPyMYy, SKi JilOTh IOCHiZOBHO; 2) 3aCTOCOBYETbCS OJHA CHUCTEMa
IHAYKIIHHOTO HArpiBY, SKa B CBOEMY CKIJIaJ[i MICTHTh J[Ba NEPETBOPIOBaUi, SKi 3a0€3MEUyIOTh CTPyMH i3
PI3HUMH YacToTaMH; 3) 3aCTOCOBYEThCS OJIHA CHCTEMa 1HIYKIIHHOTO HArpiBy, sika B CBOEMY CKJIaJli MICTUTh
OIUH TepeTBOPIOBaY, SKWUH 3abe3leuye MOCHOBHY [il0 CTpyMiB pi3HOi dacToTHm ab0 OIHOYAaCHUM
JIBOYACTOTHUH BUXITHHUHA CTPYM.

[Mepmmii i mpyTuii MiIXOANM TOPOTOBAPTICHI, aje 3aBIIKH TaKUM IIAX0JaM Y3TOKEHHS IMITeIaHCy
HaBaHTAKEHHsI HE € MPOOJIEMOI0, OCKIIBKH BUKOPHUCTOBYIOTHCSI OKpEMi Y3To/DKyBallbHI TpaHchopmaTropu Ha
BUXOJI TPaH3UCTOPHUX T[EPETBOPIOBAYIB 13 BIAMOBIZHMMH KoedilieHTaMu TpaHcopMalii 3aams
Y3rOJDKEHHS IMIIEAaHCy HaBaHTAXXKCHHS, IO OOYMOBJICHO pi3HUM OIOPOM HaBaHTAKEHHA y pasi mil
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CepeHbO- T4 BUCOKOYACTOTHOro cTpyMy. Cucrema iHAYKUIHHOTO HarpiBy, SIKa B CBOEMY CKJIaJAi MICTUTbH
OIIMH TIEPETBOPIOBAY, € 3HAYHO MPOCTINIMM Ta JAENIeBIIMM pimieHHsIM. OJHaK, HasBHICTb OIHOTO
Y3rO/IKYBaJIbHOTO TpaHCOpPMAaTopa CTBOPIOE TPYAHOLI 13 Y3TOKEHHSM IMIENAaHCy HaBaHTAa)KEHHS,
OCKLIBKH OITip HABaHTAXECHHA Y Pa3i Aii CepelHbO- Ta BUCOKOYACTOTHOTO CTPYMY MOXKE BIAPIZHATUCS OLIBII
HDK B 9OpTH pasu [1]. B cBoro depry BHKOpPHCTaHHS Y3TOKyBaJLHOTO TpaHchopmaTopa i3 Bimmankamu
CYTTEBO YCKIAIHIOE HOTO CTPYKTYpy, Macy Ta TabapHT, a TakoX MOTpeOy€e BUKOPHCTAHHS JOJATKOBUX
KJIIOUiB, SIK MMPaBHJIO TOOYA0BAaHUX HA OCHOBI 3yCTPIYHO-IIOCIIIOBHOTO 3’ €IHAHHS ABOX TPAH3UCTOPIB.

B poGoti [1] 3amns y3romKeHHS IMIIEJAHCY HABAHTAKCHHS IHAYKIIHHOTO HArpiBajIbHOTO
oOmagHaHHS 13 JBOXYACTOTHHUM BHUXIJHHM CTPYMOM 3allpOIIOHOBAHO BHKOPHCTAaHHS 1HBepTOpa i3
PO3LIMPEHOI0 TOMOJIOTIEI0, SKUH Ja€ MOXKIMBICTD 3MIiHIOBATH AaMIUNTYyly BHXiZHOI 3MIHHOI Hampyru
iHBEpTOpa B JBa Pa3H, 10, B CBOIO Yepry, HEOOXiTHO JJIsl y3TOKEHHS IMITeaHCy HaBaHTAKEHHS MPH 3MiHi
BHXigHOT yacToTn. OHAK, TAaKHMH MIEPETBOPIOBAY Ma€E CBOI HEMOIKH, 30KpeMa: 1) y pa3i podoTH iHBepTOpa i3
PO3LIMPEHOI0 TOMOJIOTI€I0 Ha CepelHiX dYacToTax HWOro poOoTa BiAmoBimae poOOTI iHBepTOpa i3
HAIIBMOCTOBOIO TOIOJIOTIEO, BiJIIOBITHO, OaraTo METO/MiB KEpyBaHHS, sKi 3a0€3Meuyr0Th M AKi a00 OIU3bKi
JI0 M’SIKUX PEXKUMIB KOMYTaIlil TPAaH3UCTOPIB TakKi, K (Ha30BUl METO KEPYBAHHS Ta MOMYJIAIIS IIUTBHOCTI
IMITyJIBbCIB, HE MOXKYTh OYTH BHKOPHCTAaHI; 2) BUXi/{HA HANpyTa iHBEPTOpa 3MIHIOETHCS JIMIIE B JIBA PasH, IO
00MeKye BUKOPHCTAaHHS LLOTO MEPETBOPIOBaYa 3aI Y3roIKEeHHS iMIIeJaHCy HaBaHTAXKEHHS 1HAYKIIHHOTO
HarpiBATBHOTO OOJIAHAHHS i3 TPUYACTOTHUM BUXiJTHUM CTPYMOM.

Metoio poGoTH € po3podka CTPYKTYpH TPAH3UCTOPHOTO IMEpeTBOpIOBadYa Jisi 1HAYKLIHHOTO
HarpiBaJbHOTO OOJagHAHHSA i3 JBO/TPUYACTOTHHM BHXIIHHUM CTPYMOM 3 MOXIHUBICTIO JUCKPETHOTO
peryiroBaHHs HOro BUXiAHOI HAIPYTH AJ1s1 Y3TOPKEHHS IMIIeJaHCYy HaBaHTAKEHHS.

OcHoBHuii 3MicT. JloridHuMm pilieHHSIM I IHAYKIIHHOTO HArpiBaapbHOTO OOJMagHAHHS i3
JIBO/TPUYACTOTHUM BHUXITHUM CTPYMOM € BUKOPUCTAHHS IMITyJIbCHOTO PEryJIsiTOpa HApyrd abo KepoBaHOTO
BUNPAMIIAYA, 3 METOI0 PEryJIoBaHHA BXiAHOI Hampyrd iHBepTOpa Uil Y3TOMKEHHS iIMIedaHCy
HaBaHTAXXEHHS y pa3i poOOTH iHBEpTOpa HAa PI3HMX dYacToTax. AJle IeW MiIxXia Mae HHU3KY HEHOJIKiB,
Hacammepel 1€ CYTTE€BE YCKIAJAHEHHs CTPYKTypH IMEpeTBOpIOBaya, TOTIPIIEHHS Maco-rabapuTHUX
noka3HukiB Ta KK/ (3a paxyHOK AWHaMiYHHMX BTpAT B 3a3HAYCHUX €JIEMEHTaX CTPYKTYpH), & TAKOXK CyTTEBE
30iNBIIEHHsT BAapTOCTI IHAYKIiHHOTO oOmamHanHA. KpiM TOro iMOyJIbCHHH pEryjisaTop Ta KEepOBaHUU
BUTIPSMIISTY  TE€HEPYIOTh BUCOKWH piBEHb EINEKTPOMATHITHHX 3aBaJl B HIMPOKOMY Jiala3oHi YacTOT, IO
BIUIMBA€E HA PiBEHb €IEKTPOMArHiTHOI CyMiCHOCTI IT€peTBOPIOBaya.

B miii poGoTi 3amis JOCATHEHHS MocTaBleHoi MeTu mporoHyeTbess DC/DC  meperBoproBad,
HaITIBIIPOBITHUKOBI €JIEMEHTH SKOTO IPAITIOIOTh B PEXHMi, Onm3pkoMy 1o cratngHoro. 1o, B cBoro depry,
Ja€ 3MOTY 3MEHIIMTH BTPATH TOTYKHOCTI Ta 3arallbHHi pPiBEHb EJIEKTPOMATHITHUX 3aBaJl T€HEPOBAHHUX
oOnagHaHHSAM TOPIBHSAHO i3 BUKOPHCTAHHAM IMITyJIbCHOTO PETyJsTOpa Yd KEPOBAaHOTO BHIIPSIMIIIYA.
PerymroBanHs BXiIHOI HampyTrw iHBepTOpa 3aUIs Y3TOKCHHS IMITEAaHCY HaBaHTaXCHHS BiIOyBaeThCsS
nuckpeTHo. KpiM Toro Take pillieHHs, Ha BiMiHY BijJ TpOMOHOBaHOTO B [1], He Hakiamae oOMeKeHb Ha
METOAU KEepyBaHHS, MO0 OOYMOBIEHO (YHKUIIOHYBaHHSM JIMIIE HAMIBMOCTOBOI YaCTHHHM TOMOJOTT
iHBEpTODA.

Binomi DC/DC meperBopioBadi Ha OCHOBI KomyTarlii KoHAeHcaTopa [4 — 6]: OJOK TOIBOEHHS
Hanpyru (switched-capacitor voltage doubler unit) (puc. 1, @) Ta 610k noxineHus BaBivi (switched-capacitor
half-module unit) (puc.1, 6) manpyru. Ha ocHOBi Tomoorii uX MepeTBOproBadiB Ha pHC. 1, 8 300paKeHO
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torosiorito mpomnonoBanoro DC/DC meperBoproBaya [Uisi BHUKOPHUCTaHHS B CKJIAAl 1HAYKLIHHOTO
HarpiBaJbHOTO 00aJHAHHS 13 IBO/TPHUYACTOTHIUM BUXiTHHUM CTPYMOM.
Ha puc. 2 300paxeno komyTauiiiHi cranu nponoHoadoro DC/DC nepeTBoproBaua:

O pexuM | — BBiMKHEHI TpaH3HCTOpU S;—Sg, @ TPAH3UCTOPH S; Ta S, BUMKHEHI; CTPyM MpPOTIKae Bif
JoKeperia KUBJIeHHS Vy. depes mionu Dy, D,, Tpamsuctopu Ss Ta S¢, HEXTYIOUH MAIIHHAM HANPYTH HA IHX
elleMeHTaX, BHXimHa Hampyra npomoHoBaHoro DC/DC meperBoproBaua JOpIBHIOE BXIimHIN Hampysi
nepeTBoproBaya Vy.; Hanpyra Ha konneHcaropax C; Ta C, nopiBHIOE Vg /2.

0 pexwuM Il — BBIMKHEHI TpaH3UCTOPH S|, Ss Ta Sg, TPAH3UCTOPH S, Ta S, BUMKHEHI, TPAH3UCTOP S3 MOXKE
OyTH BBIMKHEHHMH Ui 3MCEHIICHHS CTaTUYHUX BTpAT; CTPyM mpotikae Bin Vg uepes S;, C;, S; (um
BHYTPILIHIHA Aiox TpaH3ucTOpa S;, SIKIIO S; HEYBIMKHEHHUH), Ss, S¢ Ta D,, HEXTYIOUM MAAiHHSAM HamNpyTH Ha
HaMIBIPOBITHIUKOBHX elIEMEHTaX, BUXiqHa Harpyra nmpornoHoBaHoro DC/DC nepeTBoproBada AJOPiBHIOE CyMi
V4. Ta Hatipyru Ha C.

0 pexuM Il — BBiMKHEHI TpaH3UCTOPHU S,, S5 Ta Se, TpaH3uCcTOPH S; Ta S3 BUMKHEHI, TPAH3UCTOP S4 MOXKeE
OyTH BBIMKHEHHH I 3MEHIIEHHS CTATUYHUX BTpAT; CTPYM MpoOTiKae Bix Vy. wepes Dy, Ss, Sg, Co, Sy (um
BHYTPIIIHIA Ji0X TpaH3UCTOpa S,, AKIIO S; HEYBIMKHEHHN) Ta S);, HEXTYIOUM IAiHHIM HAINPyTHd HA IUX
HAITIBIIPOBITHUKOBHX €JIEMEHTaX, BUXiIHa Harpyra npornoHoBanoro DC/DC nepeTBopioBaya JOpiBHIOE CyMi
Vi Ta Hamipyru Ha C,.

0 pexuM IV — BBIMKHEHI TpaH3UCTOPH S; Ta Sg, TPAaH3UCTOPH S|, Sy , S4 Ta Ss BUMKHEHI; CTPYM MPOTIiKae
Bix Vg uepe3 Dy, S;, C), D3, S¢ Ta Dy, HEXTYIOUM HaIiHHAM HaNpyrd Ha HaIiBIPOBITHUKOBUX €IEMEHTaX,
BUXigHa Hampyra npornoHoBanoro DC/DC nepeTBoproBaya JOpiBHIOE pi3HULI V. Ta Hanpyry Ha C.

O pexuM V — BBIMKHEHI TPaH3UCTOPH S, Ta Ss, TpaH3UCTOPHU S; — S;3 Ta S¢ BUMKHEHI; CTpyM HPOTIKa€ Bix
V4 "epe3 Dy, Ss, Dy, Sy, C; Ta D,, HEXTyI0UN MamiHHAM HAMPyTH HAa HAIIBIIPOBITHUKOBUX CIIEMEHTAX,
BUXinHa Hanpyra npornoHoBanoro DC/DC nopiBHo€ pi3HuUIll Vy Ta Hanpyru Ha C,.

D, M~ +
= 1 ey

Pexum 1

D, = IS _|.
D= 3T .,
Pexnm IV Pexum V

Puc. 2

3Bakarouu Ha pexumMu podotu npononosanoro DC/DC nepeTBoproBaya, HOTo BUXiIHY HAPYTY Viys
MOYHA IPEACTAaBUTH BUPA30M

Vi —pexuml;
1.5V, — pexum ILIIL; (D)
Vi/2 — pexum IV.

Ve

us
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3a pexumy Il Buximna Hampyra mpomonoBaHoro DC/DC mepeTBoproBaua JOPIBHIOE HAIpy3i B
pexumi 111, a B pesxumi [V — pexxumy V. TeopeTnaHo MokHa OYJI0 OOMEKHTUCH BUKOPUCTAHHSM JIHIIE TBOX
i3 mux pexxumiB. Opnak, uepryBanHs pexxumy Il ta III, a takox pexumy IV i3 pexxumom V nmae 3Mory

YHUKHYTH  TOSBM  JucOanaHcy  Hampyrn  Ha
koHneHcaTopax C ta C,.

Cnin 3ayBaXKHTH, IO Ha BiAMIHY Bij OJOKYy |
noABoeHHA Hampyru (puc. 1, a), sSKMH TOABOIOE 0.08 | i
BXIJHY HaIpyry, MIPOIIOHOBAHUI DC/DC " - G
riepeTBoproBay 30inbmrye ii Tinmbku B 1.5 pasu, mo €  [Om] %1
aKTyaJlbHUM 3 YpaxyBaHHSIM YacTOTHOI 3aJeKHOCTI VI
3MIHM ~ OMOpY  HAaBaHTAXEHHS  IHAYKIIHHOTO !
HarpiBaJbHOTO 00JIaHAHH. 002 I

Ha puc. 3 mokazaHo 4YacCTOTHY 3aJI€XHiCTh o | _ , . :
€KBIBAJICHTHUX rmapaMeTpiB HaBaHTa)KCHHS 0 100 200
(aktuBHOrO omopy R., Ta I1HIYKTHBHOCTI L) J [xlu]
iHAyKIiiiHOTO HarpiBanbHOrO oOnamHanHs [1]. Tak 3a Puc. 3
gactoT f; =40 xl'm, £, = 150 xI'n ta f3 = 250 kI’
€KBIBaJICHTHUI aKTHBHHH OIip HABAaHTAXXEHHs CTaHOBUTH: R..(fi) = 0.028 Om, R.,(f>) = 0.064
0.09 Om.

0.10

T
hY

I

~“eq

[_\u\'I.‘n]

300

OM, R.(f3) =

Sk pesynbrar, 3arajibHa cXeMa IepeTBOPIOBaYa JUIs IHAYKIIIHOTO HArpiBaJbHOrO OONaTHAHHS i3
JIBO/TPUYACTOTHUM BUXIJTHUM CTPYMOM HaBefieHa Ha puc. 4. J[o ckiaay mepeTBoproBava BXOIATH: JIOAHUN
BHTIpsAMILTY, TiportoHoBaduit DC/DC mepeTrBopioBad, iHBEPTOP HAIPYTH i3 MOCTOBOIO TOIOJIOTi€l0, CXeMa

Y3ropKE€HHA Ta CUCTEMA KEPYBaHHH.

| Mioanuii DC/DC nepersopiosay Cxema
| micr P ~ y3ro/Kenus
™~ R [ [
_:_ T D 1T 1 \I
I : Ss) Ss : I
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3a BukopuctanHs mnpomnoHoBaHoro DC/DC meperBoproBada Il y3TOJDKEHHS

IMITeTaHCy

HaBaHTa)KEHHsI 1HAYKLUIHHOTO HArpiBaJbHOTO OOJaJHAHHS i3 TPUYACTOTHUM BUXITHHUM CTPYMOM, TOLIIBHO
(hopMyBaTH BXiZHY Hampyry iHBepTopa piBHY Vy/2 3a il cTpyMy MiHIMambHOI 4acToTH, Vy. 3a Oii cTpymy

cepenHpoi JacToTu Ta 1.5V 3a mil cTpyMy BHCOKOi 4aCTOTH. 32 YMOBH BHKOPHCTAHHS CXEMH

Y3roKECHHA

BIIHOCHA BUXiJHA MOTYXXHICTh P 1HAYKIIIHOTO HarpiBaJIbHOTO OOJIATHAHHS 13 TPUYACTOTHUM BUXITHUM

CTPYMOM 32 J1ii CTPYMiB Pi3HOT YaCTOTH CKJIAAaTUME

po b (0.5 / Ry ().
1 Pmax Pmax ’
2 *
P =P = b W/ Ry (f2)
’ Pmax Pmax ’
P* 3 _ (ISK)Z /Req(pri) (f‘s)*
’ max Pmax ’

2)
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ne Vi — nirode 3Ha4eHHS MepIioi rapMOHIKM MEaHApa 3 aMIUITYA0I0 Hanpyru Vye; R — IPUBEACHUM 110

eq(pri)

nepBuHHOI 00MOTKM TpaHcdopmaropa T omip R.; P, — MakCUMalbHa BHUXIJHA IOTYKHICTb

max

nepeTBoproBaua, P, =max{Pl,Pz,P3} (6a3oBa onMHWYHA BeNWYHMHA). SIK TPUKIAN, 32 HAaBEIEHUX BHUIIE

max

. . . *
HacCTOT Ta 3aJIC)KHOCT1 CKBIBAJICHTHUX IMAPaAMCTPIB HABAHTAKCHHS P cknapatume

=0.574 [pu] I cCTpyMy Ha 4acToTI f,;

¢

Pl*
P =<P =1[pu] JUIS CTPYMy Ha YACTOTi £ ; 3)
P, =0.89[pu]  ayisicTpyMy Ha 4acToTi f;,

JIe pu — «per unity, € BUPaXCHHSIM CHCTEMHHUX BEJIMYUH y 4YacTKaX BH3HAUEHOI 0a30BOi OAMHUYHOI
BEJINYHMHU.

OcTaHHIM 4YacoM i3 PO3pOOKOI0 HOBUX MIKPOKOHTPOJIEPIB 1 MU(GPOBUX CHUTHAIBHHUX IPOIECOPIB
BOHU CTalld JyXe MNPHIATHUMH 3aJUIs BUKOPHCTAHHS B NPOMHUCIOBOMY OONagHAHHI, 10 OOYMOBJICHO
TXHBOIO HHU3BKOIO BApTICTIO Ta BUCOKOIO HIBUAKOJIEI0, 30KpeMa nepudepiiinux npuctpois [7]. Sk npaBuio,
HOB1 MIKPOKOHTPOJIEPH Ta IUPPOBI CUTHAIBHI IIPOLIECOPH MAIOTh TaMEPH BUCOKOI pO3AITLHOT 3aTHOCTI Ta
3maTHI reHepyBatu Outbiie 10 cHHXpOHHUX cuTHaMB [7, 8]. Taki MOXJIHBOCTI MPOIECOPIB JAIOTh 3MOTY
CTBOPUTH CHUCTEMY KEpyBaHHS TPaH3MCTOPHOTO IEPETBOpIOBava, 300pa)keHoro Ha puc. 4, Ha 0asi jwuiie
OJTHOTO MIKpPOKOHTpOJIepa. A peryioBaHHs BUXIAHOTO CTPyMYy iHBEpTOpa Hampyru Moxe OyTH 3AiliCHEHO i3
BUKOPHUCTAHHSIM IIMPOKOTO CIEKTPY METOJIB KePYBaHHS, SKi MOXYTh OyTH JIETKO pealli3oBaHi MPOrpamMHO
0e3 0co0IMBOT MOTPEOU B 3aCTOCYBaHHI JOJATKOBUX Mikpocxem [8 — 10].

BucHoBKH. 3anponoOHOBAaHO CTPYKTYpPY TPaH3UCTOPHOTO MEPETBOPIOBaYa B CKIIAAl iHAYKLIHHOTO
HArpiBaJbHOTO OOJAJHAHHS i3 TPHYACTOTHUM BUXITHHUM CTPYMOM, IO JAJI0 3MOTY 3a0€3MeUnTH AUCKPETHE
pETyJIIOBaHHS BX1JIHOI HATIPYTH 1HBEPTOPa HANPYTH IHOTO MEPETBOPIOBAYA 3 METOI0 Y3TOJKCHHS IMIIeJaHCy
HABAHTKEHHS IHAYKI[IHOIO HArpiBajJbHOrO OOJIQJHAHHSA 3a MOCIIIOBHIA Jii CTPyMIB PI3HUX YacCTOT.
3anporoHoBaHe pilleHHS MO)XXe OyTH BUKOpPHCTaHE 1 A IHAYKIIHHOTO HArpiBadbHOTO OONaTHAHHS i3
JIBOYACTOTHUM BUXIZHHM cTpyMoM. llepeBaroto BuxopuctanHs DC/DC mneperBopioBada Ha OCHOBI
KOMYyTallii KOHJEHCAaTopa B CKJIaAi IHAYKIIHHOTO HarpiBaJibHOro oOOJaJHAHHS € Te, M0 KOro
HAIBIPOBIJHUKOBI  €JIEMEHTH TPAIIOIOTh B PEXKUMI OJU3BKOMY JI0 CTATUYHOTO, IO Ja€ MOXIHUBICTh
3MEHIIIMTH JWHAMIYHI BTPATH MOTYXKHOCTI Ta 3arajbHUN PIBEHb CICKTPOMATHITHHX 3aBaJ] FCHEPOBAHHX
00 HaHHAM, TIOPIBHSHO 13 BUKOPHUCTAHHSAM IMITYJIBCHOTO PETYIISATOPA UM KEPOBAHOTO BUIIPSMIIIYA.

Jocnioocenns nposederi 6 pamrax 0epacoroddicemnoi memu « Pospobumu memoou ma 3acobou nioguujerus
ehexmusHocmi ma HAOTUHOCMI THOYKYIIHUX YCIMAHOBOK eleKmMpomepmiyHoi 06poOKu Memanegux po3niaeie
i 0emaneii ckaaonoi popmuy (wugp “Enino — 117, oepacasnuii peccmpayivinuii nomep 02230001944 ).

A TRANSISTOR CONVERTER WITH LOAD IMPEDANCE MATCHING OF INDUCTION HEATING
EQUIPMENT WITH TWO/THREE FREQUENCY OUTPUT CURRENT

O.M. Yurchenko, V.K. Gurin, Yu.O. Tverdokhlib

Institute of Electrodynamics National Academy of Science of Ukraine,
Beresteyskyi Ave., 56, Kyiv, 03057, Ukraine.

E-mail: yuon@ied.org.ua.

This paper presents a schematic solution of a transistor converter for induction heating equipment featuring two/three-

frequency output current. The proposed solution enables discrete adjustment of the input voltage of the inverter within
the converter, facilitating alignment with the load impedance of the induction heating equipment through the sequential
modulation of currents at different frequencies. Detailed descriptions of the operational modes of the DC/DC converter
are provided, highlighting its unique characteristic of operating semiconductor elements in an almost static mode with
minimal dynamic losses. This innovative approach not only enhances energy efficiency but also elevates
electromagnetic compatibility in converters designed for induction heating equipment with two/three-frequency output
currents. References 10, figures 4.

Key words: transistor converter, resonant inverter, voltage doubler unit, half-module unit, impedance matching.
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KEPYBAHHSA ITUHAMIKOIO IMIIYJIBCHOI'O HIEPETBOPIOBAYA 3 M’SIKUM
INEPEMUKAHHSAM, 1O IPAIIIO€ HA IYT'OBE HABAHTAKEHHSA

€.M. Bepemaro xami. TexH. Hayk, B.I. Koctiouenko  kan. TexH. Hayk, €.B. CTormienko
A.IO. T'pemnos”™™

HanionansHuii yHiBepcuTeT kopadae0ynyBanHs imeHi agmipana Makaposa,

npoci. ['epoiB Ykpainu, 9, Muxkouais, 54007, Ykpaina. E-mail: vikmkua@gmail.com.

Po3zensdaromovca numanua npoekmyeanus ma OOCHIONCEHHA eHepeoepheKmuUeHUX ma HAOIUHUX HANIBNPOBIOHUKOBUX
nepemeopiosauie Hanpyau ROCMINHO20 CIMPYMY Ol WUPOKO20 3ACMOCYBAHHS 8 NPUCTPOAX eNeKMPONCUBTEHHS OY208UX
NIAZMOMPONIS, WO BUKOPUCTOBYIOMbCA 8 YCMAHOBKAX OISl NAA3MO6020 pizantsa memanis. 1106ydosano po3paxynkogy
CMPYKMYPHY OUHAMIYHY MOOeNb Nepemeoprosaya NOoCMitiHol Hanpyeu 3 MAKUM NEPeMUKAHHAM i3 3AMKHYMOIO
CUCMEMOIO KePYBAHHSL, WO NOEOHYE CUNO8Y YACMUHY MA CUCeEMY KepYBaHHsl, NPUSHAUEHY OJid 3aCMOCYBAHHS Y CKAAOI
OCManuboi K yu@posuti mMooyas. Busnaueno cnocobu KepysanHs nepemeopiosauem, AKi 3abe3neuyiomv 3a0aHy
mpuganicms nepexioHux npoyecis, OOnycCmume 3HAYeHHs: NYAbCayitl CMpymMy HABAHMANCEHHS 8 KBA3IBCMAHOBIEHOMY
pexcumi i acmamusm BUXiOHO20 CIMPYMY, WO NIOMEEPONHCYE KOPEKMHICb 3anpONOHO8AHOT Memoouku. Buecomosnerno
O00CTIOHULL  3pA30K  IMNYIbCHO2O cmabinizamopa 3 yupposum Kepysanuam. Pesymbmamu excnepumenmanvrux
00CNiOXNCeHb 3pa3Ka NiOMeepodHCyIoms eqheKMUBHICMb po3POOIEHO020 NPUCHPOIO KePY8AHHA, d came OOCASHEHHs
3a0anoi mpusanocmi nepexionux npoyecis, GUKIUKAHUX CIYRIHYACMOIO 3MIHOI0 CIPYMY HABAHMANCEHHS, OIUZLKOI0 00
10-12 nepiodie nepemeopenns ma acmamusmy 6uxionoeo cmpymy. Iloxazano, wjo 3acmocy8amHs iMNYIbCHO2O0
cmaobinizamopa, y AKOMY SUKOPUCMAHO YUDPOSUL KOHMYP KePYBaHHA, MA€E 3HAYUHI nepesazu NOPIGHANHO 3 AHANO208UMU
sapianmamu ma Mae nepesazu cmpameziunozo niany. Buxopucmanus kombinosano2o xepysanua 0ae 3mo2y Cymmeso
SHUBUMU 8UMO2U 00 3A2ATbHO20 KoepiyicHma NOCUNEHHs OCHOBHO20 KAHATY KePYBAHHA, W0 3HAYHO None2ulyec eudip
nocniooeHoi yu@poeoi kopexyii. Pesyrvmamu 00CHiONCEHb MONCYMb CMAHOGUMU [HMepec Oas Qaxieyie y 2anysi
CUNOB0I eNeKMPOHIKU, CUCIEM eNeKMPONOCMAYAHHI A8MOHOMHUX 00'exmis ma cucmem kepyeanus. bion. 14, puc. 11.
Knwowuoei cnoea: cucrema aBTOMaTHYHOIO KepyBaHHS, LM(QPOBHH peEryJsTOp, 30BHINIHE 30ypeHHs, IUIa3Ma,
pOOaCTHICTH, ONITUMI3aILis.

Beryn. EnexkTpoTexHONOTiYHI MpoIecH 3 BUKOPHCTaHHSAM [yTrOBHUX IUIa3MOTPOHIB B JaHMH 4ac
HIMPOKO 3aCTOCOBYIOTBCS SIK y HAIild KpaiHi, Tak i 3a KopJoHOM. Ha OCHOBI IMX MpPOIECiB CTBOPEHO
TEXHOJIOTIi TTA3MOBOTO HAHECEHHsI ITOKPHUTTIB, 3BapIOBaHH, pi3aHHS MeTamiB Ta iH. [IpakTnyna peamizartis
TEXHOJIOTiH MOTpeOy€e CTBOPEHHS €PEKTUBHHUX MIPUCTPOIB EICKTPOKUBICHHS TIa3MOTPOHIB.

Hatikpaiiie cxeMOTeXHIYHE PIllICHHS Ha ChOTOIHIIIHIN JeHb Mg yac moOya0BU eHeproe(h)eKTUBHUX 1
HaliHHUX HAMiBOPOBITHUKOBUX MEPETBOPIOBaYiB (i3 3MEHIIEHHWMH JAWHAMIYHMMH BTpaTaMd IpH
NepeMHUKaHHI Ta 3HIPKEHUMHU BHYTPIIIHIMHU 3amacaMy €Heprii) Ui MHPOKOTO 3aCTOCYBAaHHS B IPOMUCIIOBIH
TEXHIIll — peajizamis M'sIkol KOMyTarllii, sika MOXJIHBa ¥ ($a303CyBHUX oAHO(A3HUX iIHBEpTOpax HAMPyTH [1-
3]. 3abe3neueHHs PyHKIIOHYBaHHS KIIOYIB Y PEXXHUMi IEPEMHUKaHb 33 HYJIbOBUX 3HAUCHHIX HANPYTH HA HUX
(ZVS) nns BchOro niama3zoHy 3MiHM HAmpyTrd Mepexi Ta HaBaHTaxeHHs 30imbinrye KK/ i moBropiuHicTh
MIPUCTPOIO, SIEKTPOMATrHITHY CyMICHICTh TIEPETBOPIOBAYA.

AHaJji3 pociigxedb. CHHTE3y CHCTEM KepyBaHHS IMITyJIbCHUMH IepeTBOPIOBaYaMM INPHUCBSIYEHO
OaraTo poOiT B YkpaiHi Ta 3a KOpJAoHOM [4-6]. ¥V mmux poOOTax PO3MNIIHYTO CHOCIO MiIBUIICHHS SKOCTI
crabimizarlii BUXIIHOI HANPyTH IMIYJGCHOTO IIEPETBOpPIOBaYa IOCTIHHOTO CTpyMy, IO 0a3yeTbcs Ha
NO€/THAHHI KEPYBaHHS 32 OCHOBHUM 30ypeHHsIM AU,y 3 KepyBaHHSM [0 BiIXWJICHHIO BUXIJHOT HATIPYTH BiJ
3aJaHOTO 3HAYCHHSI.

Y po6orti [5] po3risHyTO MOOYIOBY CXeMH KOMOIHOBAHOTO IMITYJIbCHOTO CTa0iii3aTopa Hampyr# 3
acTaTU3MOM JIPYTOro MOPSAAKY, 0 BUKIUKAETHCH AUy.

OnHi€0 3 Cy4yacHHWX TEHJEHIH PO3POOKH IMITYJNIbCHHUX JKEPEN €IEKTPOXKHBIICHHS € Tepexia o
¢ poBoro kepyBaHHs [6]. OCHOBHUMH HEJIONIKaMHU IIUX POOIT € He BpaXyBaHHS 1HIIUX OLTBIT HeOE3MeYHNX
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30ypIOOYMX BIUIMBIB, BiJICYTHICTh ONTHUMI3allii JMHAMIYHHAX MapaMeTpiB crabisizaTopa 3a/yisl 3a0e3neYeHHs
MaKCHUMaJbHOI MPOAYKTHBHOCTI 1 BHCOKOi SKOCTi KIHIIEBOTO IPOAYKTY, peajizalii MpsMoro Mikpo-
IPOLIECOPHOTO KEPYBaHHSI.

Metoro po6oTH € moOyaoBa MUHAMIYHOI MOJEINi MEepeTBOPIOBada, BUPIMIECHHS TEOPETUYHHX Ta
MPaKTUIHUX 3aBAaHb MIOA0 3a0e3medeHHs UG POBOTO KEPYBAHHS IMITYJIECHAM IIEPETBOPIOBAYEM 3 M'SKIM
MEPEMHUKAHHSIM Yy peXXUMi cTadiTizamil BUXiIHOTO CTPYMY i3 3a0e3NeUeHHSIM 331aHO01 TPUBAIOCTI TIEPEXiTHUX
NPOLIECiB, BUKINKAHNX 301MBLICHHSIM CTPYMY HaBaHTa)KEHHS Ta aCTaTH3MOM BXiJHOTO CTPyMY.

Y mpomoHOBaHIN CTAaTTI PO3MIIANAETHCS CHHTE3 KOMOIHOBaHOI ITMGPOBOI CHCTEMH POOACTHOTO
KEepPyBaHHA 3 TapalielIbHOI KOPEKIi€l0 MO Hampy3i BHXOJY IEpeTBOpPIOBavYa IOCTIHHOTO CTPyMY, IO
3abe3mneuye HeoOXiHy IMOMHY Bi’€MHOTO 3BOPOTHOTO 3B'SI3KY B 3afjaHiil CMy3i 4acToT y pasi 30epekeHHs
palioHaNbHUX 3alMaciB CTIHKOCTI MO aMIuTTyAi Ta (a3i, BUCOKY TOUYHICTh KEpyBaHHS 3a IHTEHCHUBHHUX
3/TaF0YHX 1 30ypIOI0YNX BILTUBAX IMUPOKOTO CIIEKTPY YacTOT.

Hnst cunTesy mudpoBoro KOMOIHOBaHOTO PEryJIITOPa BUKOPUCTOBYEMO HACTYIIHY METOIUKY:

— MPEeICTaBICHHS CHIIOBOTO JIaHItora crabimizaropa 3 LLIIM B pexxumi Manux BiIXWiIeHb aAeKBaTHOI
IMITYJ IbCHOI MOZIEITi 32 PEryILOBAaHUMH CKJIQJOBHMH IIPOTICCIB;

— niHeapu3aiis Oe3nepepBHOI HENMiHINHOT MOJIeNi Y MOTOUHIM poOoUill TOUNI 3a JIOIIOMOTOI0 MAKETy
MATLAB Linear Analysis Tool Ta mobynoBa niHiiiHOT Mozeni 00'ekTa 3 moctiiinuMu nmapametpamu (LT7);

— CHHTE3 KOMOIHOBaHOTO KEPYBaHHS 3 BUKOPUCTAHHSIM Y TOMY YUCIHi Tiporpamu «PID Tuner» [5];

— pearizallisi CHHTE30BaHOT'O 3aKOHY KepyBaHHS B IMIyJbcHOMY crabimizatopi ctpymy (ICC) 3
ypaxyBanHsaM crenudiku LIM.

s mMeronuka nana MOIJIMBICTH CHHTE3yBAaTH 3aKOH KEpyBaHHS, 110 3a0e3leduye 3aJaHy peakiilo
3amkHeHO1 cuctemu B ICC i3 CHJIOBHM JIAHITIOTOM THUITY, HaBeIeHUM B [1], 3a Manux aMIDTITYIaX BXiIHOTO
CHUTHAIY.

Po3paxyHkoBa quHaMidyHa MoJIeJIb iMITYJIbCHOTO TEPEeTBOPIOBAaYA. 32 BiJOMOIO METOAUKOIO [7, 8]
pO3pO0IICHO JIiHEApHU30BaHy IMIYJILCHY MOJENh 3aMKHYTOI CHCTEMH pETYJIIoBaHHSA cTpyMy (puc. 1), mo €
e(eKTUBHIM 3acO00M aHaJi3y Ta CHHTE3y CUCTEM KepyBaHH: [7, 8] i, 30KkpeMa, IMITYJIbCHHUX MePETBOPIOBAYIB 3
MSIKUM TiepeMuKaHHAM. CTpYKTypHa cXeMa TaKoro iMITyJbCHOTO IEPETBOPIOBAaYa 13 3aMKHYTOIO CHCTEMOIO
KepyBaHHsS B pEeKMMi O€3MepepBHOrO CTpyMy IOKa3zaHa Ha pHc. 1. Moxens 3acTOCOBHA 3a JOCHTh BUCOKIH
4acToTi KoMyTamii (4actota 3pi3y 3 Oe3lepepBHOI CTPYKTYpHOI MOJENi PO3IMKHYTOTO KOHTYpPY
NepeTBOpIOBada BHOMpaeThesl NMpuHaiiMHI B 5—10 pa3iB MeHIIe 4acToTH mepemukaHb o =2mf [7, 8]). Lle
OOMEXEHHsI HE € 3aHaATO >KOPCTKHM, OCKLIBKM HEPETBOPIOBAYl CaMe CTBOPIOIOTHCS Ul BUKOPHCTAHHS
Oe3nepepBHOI (TIaBHOT) CKIIaIOBOI (ha30BO1 KOOPIMHATH CUCTEMH IPH MaJIUX ITyJIbcartisx [7, 8].

kK,
~ t
_ nu,
U ~ o IE i
3¢ =l o L TE 4 - " -
kR S e i u
—>(> R ¥ K W )| Kuns 3 [52] 2 U, G(s) -9 -Rugo
T Ugirc ﬁPC 4 TEZO
Puc. 1
Ha puc. 1 BBEIEHl IO3HAYEHHSA: Uy, U — BXigHA Ta BHXIZHA Harpyru MoctoBoro DC-DC

MEPETBOPIOBAYA 3 M'SIKMM MEPEMHUKAHHAM Ta (a30BUM KEPYBAHHSM,; Uy pc, Upc — BXIJHA Ta BUXIJHA HAPYTH
perynsTopa cTpymy; Rpc — Omip mepeiadi AaTduka CTpyMy Apocens (KpyTH3Ha JaT4hKa CTPyMy, IO Mae
PO3MIpHICTB OTIOpY); i, — 33Ial0YHi CUTHAJI CTPYMOBOTO KOHTYDY; ki, k, — BITHOCHI KOE(IIEHTH MOCHICHHS
curHanie patumka crpymy JIC Tta wHampyru [IH BiamoBigHO; #; — 4Yac BKJIIOYEHOTO CTaHy CHJIOBOTO
tpanzucropa; D = 2t; / T, T — nepiop 3agarodoro reaeparopa, W(s) = Wpc(s).

Ha Buxo/i He3MiIHHOT YaCTHHH TOKa3aHa MPOMOPIIiiHA JaHKa 3 KoedilieHToM nepenadi k, IijbHUKA
BUXI1/IHOT HAIIPYTH.

V wiii cxemi nepeaaToyHa onepaTopHa MPOBIIHICTE CHIIOBOTO JaHIora G(s) BU3HAYAE€THCS BUPA30M

- 1 Ry =1 —Ry)

Z,+R, sL—(R, —1)+R, s —1
ne L i rs — ekBiBaJIEHTHA CyMapHa 1HAYKTUBHICTh CXEMH 3aMIllICHHS aHAJIi30BaHOTO MEPETBOPIOBAYA 1 OMip,
IO B 3araJibHOMY BUTIAJIKY BKIIFOYA€E BCi AKTUBHI BTPAaTH B cxeMi. [IpH koMY OTip BTPAT MOXKE 3aJIeIKATH Bij

G(s) =

2

22 ISSN 1607-7970. Texn. enexmpoounamira. 2024. Ne 6



YaCcTOTH. Z, — BXIMHMH ONIp CHJIOBOrO JIAHIIOTA 3aJaHOrO IIEPeTBOpIOBaYa Ha 3MIHHOMY CTpyMi;
Ry=4n’(Ly+ L)f — bikTuBHMiI omip, SKMil MOXHA NPUPIBHATH 110 3HMKEHHIO BUXiJHOI HANpyru 10
aKkTUBHOTO [9]; L, L, — iIHAYKTUBHOCTI po3citoBaHHs TpaHchOpMaTopa Ta 10JaTKOBa BiAMOBIIHO; f — 4acTOTa
HepeMUKaHHs. [HIYyKTUBHICT L BKIIIOYAE 1HAYKTHBHICTD CHJIOBOTO JPOCENS Ta iHAYKTUBHOCTI PO3CIFOBaHHS
TpaHchopMaTopa Ta IOMAaTKOBY, IPHBEACHI 0 BTOPUHHOI OOMOTKH TpaHChopMaropa. 3HAKOM «~»
MO3HauYEeHI BIJXUIICHHS 3MIHHUX BiJl IX CTal[lOHAPHUX 3HAYCHb.

Crnig 3a3HaYUTH, IO B CXEMi, IO PO3TIINAETHCS, €PEKTUBHUN POOOUYMI UK dL_,ﬁ, =D‘,ﬁp +deﬁ ,

d, =d+d; +d, BUXiIHOT HAIPYTU NEPETBOPIOBAYA 3AIEKUTH HE TUIBKH Bill pOOOYOro UMKy d NEPBUHHOT

HaIIPYyTH, ajie 1 Big cTpyMy (UIbTpa i, CyMH iHAYKTHBHOCTEH pO3CifOBaHHS TpaHChOpMaTopa i JOJaTKOBOI
IHAYKTUBHOCTI, IO MiIKIIOYAETHCS B MEPBUHHMI JIAHIIOT TepeTBopioBada L, + L,, HANPYTH U, YaCTOTH

komyTanii f. HeoOXiqHO MigKpecIuTH, II0 di " du MOPOJKEeHI caMor0 cxemoro PS-PWM xoHBepropa

(30YpECHHSIMU [ Ta Uyy) 1 HE PETYJIIOIOTHCS CXEMOI0 KEPYyBaHHS.

Mopnenp BiIpI3HAETHCS BiJl BIJIOMHX HE JIHMIIE YTOYHEHHSIM aKTHBHOTO OINOpPY JIAHIIOra
HABAHTAXKCHHSI, ale ¥ THM, MO (QIKTUBHUI aKTHUBHUN OMip 3aJCKHUTh B KIHIIEBOMY paxyHKY BiJl YacTOTH.
Kpim TOrO, V BUXiZHOMY JIaHIFO31 MOZENI 3'IBUIUCS JpKEepena HampyTH, M0 3aJIeKaTh Bil CHTHATY
KepyBaHHS du, di. Jliss ocTaHHIX BUSBISETHCS AYKE BOKIUBOIO JUIs IOBEIHKU PETYJISTOPA B TUHAMIIII.

BBakaemo, 1110 HABaHTKEHHSAM € IUIa3MOBa Jyra 3 Bill’eMHUM audepeniiinum onopoM (Uy; —Ryg0) [10].

Bignicmm xoediuientu nepenaui Ryc, ki, kunm, 7Usx 10 HE3MIHHOI YaCTHHU CHUCTEMH, BUKJIIOYAIOUU
CHUMBOJI «~» HaJ 3MiHHMMH, IO3HAYAI0YH BHUXiJ 00'€KTa yepe3 y, 30BHIIIHII BIUIMB — f, 3aJaf0UNil CUTHAI —
g 1 3amiHo0un iMnynscHuid enement [I1E nponopuiiiHoro gankoro 3 koedinientom nepemavi 1/ T, ne 1/ T —
4yacToTa JUCKPETHU3allil, OTPUMYEMO CTPYKTYPHY YCEpeIHEHY MOJeNb IMepPEeTBOPIOBAYa Il PEKHUMY
HeriepepBHoro crpymy (PHC) nmnst cuHTesy cuctemu crabimizamii cTpyMmMy JAyrd 3a KOMOiIHOBaHOTO
KepyBaHHs. B ycepenHeHiii Mojeni nepeadavyaeTscs, M0 3MiHU 3MIHHHX g, ¥ 1 e 3a 4ac T maii 1 MoxHa
BBAXKATU, WO Zop X g, €p~e, Vo ~y. loml nepenarouna ¢ynkuis (IIdD) HesmiHHOI (HECKOpEroBaHOi
HelepepBHOT) YaCTUHH BU3HAYAETHCS BUPA30M

W, (s) = ky /(s 1),

ne ko =[Ryc (R =75 — R)VeynknU,, =1281T  —  koediuienT nocuieHHs HE3MiHHOI 4YacTHHHU

TepeTBopioBaya (KOHTYpY perylioBaHHS CTpyMy Oe3 ypaxyBaHHs (aktopa myibcariif) [1]; ©=625-10°¢;
ko = T/ U, — xoedimienr mepemaui IIM; U, — Hampyra cxeMmMu; n = wy(Wx)/ w; — KoedillieHT
tpanchopmanii; Wi(s) = Wpr(s). YV TID Wy(s) BKIOUAIOTHCS KOC(DIIIEHTH MOCHICHHS CHUJIOBOI YaCTHHH,
JaT4yrKa cTpymy, miacwmosada curHany JC ta LIIM.

z-neperBopeHHss [ID po3IMKHYTOI CHCTEMH CHUIBHO 3 JIiHEaApW30BaHUMH IIEPETBOPIOBaYaAMU
(HaBemeHOT HENIEPEPBHOI YaCTUHU) 0€3 KOPEKIIii Ma€e BUIJISII

k,/ 1° - z+d—d° ~
W (z0)=(1—2 "z, d—R /T L _ @2 =Dztd=d” =5 o (1)
s(s—1/7) z—d
e CHUMBOJN Z; O3Hayae Monau(ikoBaHe z-TiepeTBOpeHHs, k;=1/0; — koedimieHT mepemadi BXiTHUX

neperBoproBauiB (ALlI); k, = 6 — xoedirienT nepenaui BuxigHoro neperpopioBaua (LIAIT); 6 ta &; — wiHK
po3psaiB ALIT Ta LAIL; &= kod /8, — 3aranpHuil KoeillieHT NOCUIICHHS; G — BiAHOCHUH (0e3po3MipHHMii)
yac (BiTHOCHUH 3CYB MOMEHTY crioctepexkeHHs ¢ =nT + oT),0<oc < 1.

Huckperna I1® po3iMkHyTOI crcTemu 3a ¢ = 0

Wy(z)=k(d-1)(z-d)".
[lizcTaHOBKA YKCIOBHX 3HA4YeHb [1] mae
W,(z)=0,2066(z-1,016)".
Obnix 3anizHenHs. 3a HasBHOCTI 4yuctoro 3amizHeHHA [ID posimMkHyTOl cucTemmu Oe3 Kopekiii
(perynarop BiacyTHIH, ToOTO R(s) = 1) BU3HAYAETHCS K

npu o=1-¢ >

/4 e
W(z)= SE(I -zNZ, {ﬁe TO’} abo W(z)=W,(z)=z"'W,(z,0)
| s
ne to = €T — vacoBe 3ami3HenHs, 0 <g < 1.

Takum unHOM, BpaxoBytouH (1), oTpuMaeMo
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d°-Dz+d—-d° K[(d"™ ~Dz+d—d"™*]
= oole @00 W(z)= ~ .
z—d z(z-d)

Cra0inizanis BUXiIHOro cTpymMy y pasi kepyBaHHs 3a 30ypOHYMMH BIUIMBaAMH. BBaxaemo
Wpc(s) = kpc perynsaTop cTpyMmy mponopiiidauM. Po3risHeMo 3aBaaHHs BHOOPY pEryisTopa 3a BIIACTUBICTIO
iHBapiaHTHOCTI: R, ,r— inf, TOOTO 3amady Ha MiHiMi3alil0 Mipy HEiHBapiaHTHOCTI (PEaKTHBHOCTI) R, /s
BUXOJy ¥ CHCTEMH II0JI0 BXOAY f-

Crabimizamist BUXiTHOTO CTpyMy /, siIka 3aCHOBaHa Ha KepyBaHHI TUTBKHM 3a WOTO BIIXWUJICHHSM Bij
3a7aHOro 3Ha4YeHHs [,: § =i— 1, He 3a0e3mnedye OaxaHOi KOCTI i3-3a PaHUYHOTrO KOe(illi€HTy MiJCUICHHS,

W(z)=z"k

0 pPOOUTH PO3MNISIHYTHH BapiaHT MOOYJOBH CTa0LIi30BaHOTO IMEpeTBOpIoBaua Hee(heKTUBHUM. Tomy
BUDILICHHS 3aBIaHHA (OPMYBaHHA HAaJe)KHOTO KEpyBaHHS JOPYYaeTbCs MNPUHIMIY PO3IMKHYTOTO
pETyIIoBaHHs, SKui dhopMye u(f) y BUTIISII BU3HAYCHOI (DyHKIIIT Hacy.

OcHOBHHMH 30ypeHHsIMHU JJIsl cTabiiizaTopa CTpyMy € Hamlpyra Ta Omip HaBaHTaKEHHS Ta Hampyra
*KuBJeHHA. [Ipy IbOMY Hampyra HaBaHTa)KEHHS € aAUTUBHUM 30YPEHHSM, a HalpyTa >KUBJICHHS HE TUIBKU
BIUIMBA€E HA KEPOBaHYy 3MiHHY SK KOOpAWHATHE 30YPEHHs, a i MyJbTUILTIKATHBHO Ha Koe(illieHT mepemadi
MPSIMO] JIAHKH (SIK ITapaMeTpuIHe 30yPeHHS).

KepyBannst 3a 30yproro4nM BIUIMBOM 1, (YCYHEHHs BIUIMBY IIapaMETPHYHOI CKJIAI0BOI)

pealizyeTbcs TIPHU 3MiHi d BiNNOBiZHO 10 3MiHU 4, . OYeBHAHO, IIO JOJATHOMY u, Ma€ BiIIOBigaTH
Bix’eMHe d i HaBIAKH (dN =—ku, ).
3p0o3yMilIo, TOBHA KOMITCHCALLs BixmieHs i (1 = 0 ) ZOCATaeThCs 32
W.(s)=D/U,,, d(s)=-W,(s)-U,(s).
[Ipu 1bOMY BHKOPHUCTOBYETBCS MOIYJISIIis 3pi3y iMITynbCy (BiAJIIK Bif moyatky iMmyibcy M = 1).
Sxmo npu upoMy 3poOuTH KpyTu3Hy mnumiakonoaionoi Hampyru M — m=u_/(R.C,), R.C,>T

BX ?

MIPOTIOPIIIHOIO Uy, KOS(IIIEHT TOCHIICHHS TPAH3UCTOPHOTO TepeTBoproBaya ciiiabHo 3 LM mo mocriiiHii
cknanoBit k, =R C, /T (He3anexHICTb k, BII U) 3aIMIIAECTHCS IOCTIHHUM Yy pasl 3MIHH ugy. Lle

NPaKTUYHO YCYBA€ BIUIMB 3MiHHU Uy, HA BEJIHMYMHY CEPEIHBOTO 3HAUYEHHS CTPyMy NepeTBopioBada. OCTaHHE
O3Hauae, mo el crabimizaTop iHBapiaHTHUHA 0 3MiHM BXITHOI HANPYTH — MPHUKIAN MOOYIOBH CHCTEMHU
KepyBaHHS 32 PO3IMKHEHUM HMPUHIIUIIOM.

[HmMu Ta Oinbmn HeOe3neuyHMMH 30YPIOIOUMMH BIUIMBAMH € pi3Ke CKUJIaHHS HaBaHTa)KEHHS
IIepEeTBOPIOBaYa, TOOTO CTPHUOKONOAI0OHE 301IbIIEHHS ONOPY K40 Ta 3MEHIIEHHS HAIIPYTH HABAHTAXKECHHSL.

KoMmmneHncyBaTn BIUIMB Hampyr'n HaBaHTaXEHHS (BHXIOHOI HAmpyrH II€peTBOPIOBAdYa) 3a
npomnopuiiinoro PC Ha cTpyM HaBaHTaXEGHHS — HOTO CEpelHIO BEJIMYMHY MOMKHA UIISIXOM BBEICHHS
JOJaTHOTO 3BOPOTHOrO 3B's13KY (/133) mo BuxiaHiN Hanpy3i.

3a/1s1 KOMITeH Al KOJIMBaHb CTPYMY BiJl HAIPYTH HABAaHTA)KEHHS IOTPIOHO BUKOHYBATH YMOBY

O(s)=—1+ W, (s)- ”5 ,

m

3ginku [I®D perymstopa no 36yprotodomy BBy W (s)=U, /nU, ®isndHo peanizoBaHa, i 3B'I30K 110

30ypeHHIO pealli3yeThCs MPOMOPINIHHOI0 JaHKo (Oe3iHepIiiHIM TMiACIIoBadeM). Y IbOMY BHIIAIKY
3a0e3MevyeThcsi adCONMIOTHA IHBAPIaHTHICTh MOMWIIKH CHCTEMH INOJO 30YpPIOI0YOTO BIUIHBY Uo(f), TOOTO
R, /=0, ne R, ,; — Mipa HEIHBapiaHTHOCTI (PEAKTUBHOCTI) BUXOJIy y CUCTEMH ILIOJI0 BXOLY f.
OueBnaHO, MO y pa3i BUKOHAHHI yMOBH (HEOOXiMHHMHA HOOYTOK KOEMIIIEHTIB IEepPETBOPECHHS
CUTHAITy 3BOPOTHOTO 3B'sI3KY 32 HAMPYTOIO)
kukﬂ =1 /(knkpc),
cTabiIi3aTop Ma€e acTaTU3M MEPIIOro MOPsIKY, TOOTO BiANPAIbOBYE 3a/1aHE 3HAYCHHS CTPYMY
13 = Uzc / (kiRzlc),
U,. — 3aBaaHHs1 110 cTpyMy 0e3 momMuiiku (puc. 1).
1,(s) _ k;
O.(s) T+l
ne ky=1/(kiRy), T;=L/ (kpcknkiR,) — koedilieHT mepenayi Ta TMOCTiiHA Yacy 3aMKHYTOi CHUCTEMH
crabimizaTopa.

Toni DO(s) =
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Hapemrri, 30inbIneHHs kpc 3HWKYE I1HEpIIHHICTH cTabimizaTopa cTpyMy B JiHIAHIA 30HI, aine
HabmmKae Horo 1o Mexi 00JIacTi CTIMKOCTI SIK 3aMKHYTY iMITyJIbcHY cuctemy 3 [IIM.

3a HagBHOCTI iH(opMawii 1M00 3MiHH ONOPY HABAHTAXKEHHS TAaKOK MOKHA BHKJIIOYUTH BUKIIHKAHY
HUM ITIOMUIIKY cTa0ini3allii 6e3 3aMKHYTOT0 KOHTYDY.

Bsaoicatouu  pezynamop nponopyiliHo-inmezpanbHuM, MOKHA TIABHIIUTH TOPSIOK acCTaTH3MY
crabinizaTopa CTpyMy 3 MEPIIOro 0 APYroro 3a JOTMOMOIOK BBEICHHS KOMIICHCAIIHHOTO PO3IMKHYTOTO
3B'SI3Ky MO 30ypIOIOYOMY BIUIMBY (BXiAHIA Hampysi), NpOMOPLIHHOrO mepmiii MmoXigHii LBOTO BIUIMBY
~dugy / dt. Y po3rIsIHyTOMY KOMOIHOBAaHOMY CTa0iIi3aTopi CTPyMy HaIlpyra HEY3TOMKEHOCTI (ITOMHIIKA) BiJl
3MiHU AUjy 3a JIIHIHHUM 3aKOHOM JIOPIBHIOE HYJIIO, 1[0 BJACTHBO CHCTEMaM 3 aCTaTU3MOM JIPYroro HOpSKY.

Bubip tumy Ta po3paxyHOK peaJbHOIO KOMIEHcaTopa B LU(POBi cHcTeMi KepyBaHHS B TaKOMY
BUIIAJIKy MOJKE 3/[IICHIOBATHCS 32 ITOPUTMOM, HaBeeHUM Y [15], 3a TOTpUMaHHI TAKHX YMOB:

W, (jO)-W/(j0O)=0, W,(jo,)-W/(jo,)=0,
ne W), WP(-) — awmmitynHo-pa3oBa XapaKTepHCTHKA BIANOBIAHO IfCAIBHOTO Ta pPEAILHOTO

KOMIIEHCATOopa; ®, — poboYa yacTora.

HaiiGinpmmii BrumB Ha ToYHICHI Xapaktepuctuku CAK MaoTh BHUMIpIOBaIbHI OpraHU.
BumMiproBanHst BXifiHOT Ta/ab0 BHXiJHOI HANpYrw TNEpeTBOPIOBavYa CYNPOBOKYEThCS MOXHOKamH. SKIIo
MOXUOKa BUXOJUTH 32 JOMYCTHMI MEXi, OJJHUM 13 METOJIB ii KOoMIeHcalii € BUKOpUCTaHHs Kopekiii J133.
Moro BBeneHHs BifOyBaeThCs depe3 MHOKHHK, APYTHM BXOJIOM SIKOTO € BHXiJ iHTErpaTopa CHTHAIY
HEy3ro/KeHOCTI (po3banancy). Llel iHTerpartop crmovaTky iHiriami3oBaHui «1» 1 3MIHIOE CBOE 3HAYCHHS
3aJIe)KHO B1Jl TOMHIIKH 32 CTPYMOM.

Cra0inizaniss BUXiZHOI0 CcTPyMy i3 BHUKOPHCTAHHAM 3aMKHEHOI0 KOHTYpPY. Y Cy4yacHHUX
0araTOKOHTYPHUX MIKPOIIPOIIECOPHUX CHCTEMax CTabumizamii cTpyMy IITHPOKO 3aCTOCOBYIOTHCS ITU(HPOBI
PETYIATOPU HHU3BKOT'O MOPSAKY PI-THITy uyepe3 MpocTOTy i e(eKTHBHICTh. AJie Ha MPaKTUI[l BH3HAYCHHS
napameTpiB k, 10 XapaKTepU3yIOTh ONepaTop KOOPAWHATHOTO 3BOPOTHOTO 3B's13Ky (K33) R,(k), € cknamgnum
3aBmaHHsAM. TpanuiiitHo PI-perynsTopy HaJallTOBYIOTH BPYYHY (METOIOM CHpoO Ta MOMHIIOK) abo 3a
JIOTIOMOT010  ()OPMaTi30BaHUX ITEPaTUBHUX Mpolenyp. Hibkdye BHKOPHCTAEMO aITOPUTM aBTOMATHYHOTO
HaJaIITyBaHHs KoedilieHTiB P/-perynsTopa i3 3acTOCYBaHHSIM H0AaTKOBOi mporpamu «PID Tunery» [11]y
cepenoBuitti MATLAB / Simulink, mo Bxonuts o 6i6miorexu System Identification Toolbox.

3a3HaunuMoO, MO CIOYaTKy HEOOXiHO BUKOHATH MPOEKTYBAHHS IH(PPOBOTO 3BOPOTHOTO 3B'SI3KY B
IMIYJIBCHOMY JDKEpeJli BTOPUHHOTO ENEKTPOXKUBIICHHS 3 YPaxyBaHHSIM YHCTOI 3aTPUMKH, 110 BHOCHUTBCS
AUII Ta nudposum [HIM (L{LIIM).

Haramaemo, mo mixg 9ac TpPOEKTyBaHHS JDKEpEN >KUBIEHHS EIeKTPUYHOI IyTW 31 3BOPOTHUMHU
3B'sI3KaMU Kpallle BAOUPATH CXEMH, 110 0a3yIOThCs Ha JKEPENli CTpyMy, sKe KepoBaHe Hanpyroro [12].

3anma BUpIIEHHS LBOTO 3aBAAaHHS BHUKOPHCTOBYEMO pO3pOOJIEHY BHUIIE IMIiTalliiHy MOJenb
TIepPEeTBOPIOBaYa 3 BUKOPUCTAHHSM BUXITHUX JMaHUX i3 [1] y BUTTISAAI OKpeMoro OJIOKY Ta MeTOX clamping nis
MOJOJAHHS IHTETPAIIGHOTO HACHMYCHHS — KOPEKTHOI poboTm perymisatopa. I[logaTkoBi HaOMMKEHHS
mapaMeTpiB HaJAITyBaHHS PO3PaXOBYeEMO Oe3mocepeaHhO 3a 3HAYEHHSMH MapaMmeTpiB kg, T Ta Top 3a
meTonoMm L{urnepa-Hikonbca mjis TunoBoro Pl-peryistopa

kp=0,91 / (koto) = 4,391; k; = 0,31 / (koto”) = 146070,
1e 1o = 107 ¢ — yac 3ami3HeHHs.

PosrnsiHeMo 3ajady BU3HAuUeHHS MapaMeTpiB peryisaropa s cuctemu, mo wictuts M,
CTPYKTypHa cXxeMa SKOi HaBeleHa Ha pHc. 1, Takux, mo0 3a0e3neuyBaincs MOKa3HUKH SKOCTI TepeXiHOTo
PEKUMY — fper < 0,38 Mc, nepeperymoBanss — 6 < 20 %.

Pesynprar moOmIyKy pillleHHS 1TIOCTpYeThCs  (OPMOIO TEpexXigHOro TPOIecy: IepexigHa
XapaKkTepucThKa MU(GPOBOI CHCTEMH KEpyBaHHSI Ta ONTHMANbHI 3HA4eHHS IMapaMeTpiB peryisropa
(puc. 2, a) Ta 3MiHa B 4aci CHTHAJIB KEpyIHOUYOro Ta MOMHIKH (puc. 2, 6). 3 puc. 2 BUIHO, IIO MepeximHa
XapaKTEPUCTUKA MOBHICTIO BiJIIIOBIIA€ 3a/IaHUM OOMEIKESHHSIM.

[yxana (6axana) [1® mikpoEOM abo auckpeTHOro (inbTpa Ma€e BUTIISA

R(z)=A(l—-cz") (1-z7")", 2)
ne A=2,4807, ¢c=0,9521. Skmio xoedilieHT nepenavi HemepepBHOi YacTHHU BHOpaTH Tak, mob 4 =1, To
OCTaHHIN BHpa3 CIIPOCTHTHCS

R(z)=(-cz) 1=z,
3Bi/IcH MOYKHA OTPUMATH TIporpaMy poootu MikpoEOM
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Xoln]= ep[n] = ceg[n—1]+x,[n 1],

ne eo[n], xo[n] — BXigHa Ta BHXimHa rpardacTi (hyHKIil mpouecopa; eo[n] = go[n] - vo[n]; go, Yo — mudPOBI
BUPA3H 33/1al090T0 BIUIMBY Ta KEPOBAHOT BEJTMUNHH.
Step Plot: Reference tracking !!'(f‘fn.. {!(;\'T)_ B

”

Amnaityaa

06Fif i i -0,15 -
] P 24807

I 11880.1695

ot D 8.7595e-06

02| § N 146660.1356

0 05 1.0 15 20 25 30 tx10%¢ 0 1,0 2.0 3.0 % 10% ¢

Puc. 2

Ha puc. 3 300paxeHi orapu¢mMiuHi 4acTOTHI XapaKTEPUCTUKU PO3IMKHYTOI CHCTEMHU 3 KOPEKIIEIO,
nepe0y/I0BaHi B KOOpAMHATAX aMILTiTya-(a3a ChiibHO 3 miarpamoro Hikonbca. 3a MUMH KPUBHUMH JIETKO
BH3HAYAIOTHCS 3alacH CTIMKOCTI 3a MoxyieM L = 6,12 nb Ta ¢aszow ¢, =32,5°, 3Ha4eHHSA PE30HAHCHOTO
niky M,<1,2, pe3oHaHCHa uYacToTa ®,= 1,01-10° Ty Ta cMmyra mHpomycKaHHS 3aMKHYTOi CHCTEMH
BW=2-10"Tu.

[1® pozimMkHyTOI cuctemu kepyBanHs 3 [1I-perynsTopoM BU3HAUAETHCS BUPA30M

T(z)= R()W (2)=0,5125—— 0’2521 .
z—=2.016z" +1.016z

BuxopuctoByroun 1e, HEBaXKO BCTAHOBUTH, II0 XapaKTEPUCTUYHHUN TTOJIHOM 3aMKHYTOI CHCTEMHU
Ma€ BUTJIAT

2’ =2.016z% +1.016z +0.5125p(z — 0,9521) =0,
Jie p — AoJaTHUH (BapiioOBaHHI) TapameTp.
Ha puc. 4 mokazasi rogorpadgu KOpeHiB 3aMKHYTO1 ITH(DPOBOI CUCTEMHU KEPYBaHHS 3 KOPEKITIEIO MTPH
R(z) (2). Kopenesuii ronorpad Ha puc. 4 mokasye, o KpUTHYHE 3HA4eHHS p nopiBHioe 2,15. Toxai, skimo
OpUAHATH p = 1, yHUKHEMO PE30HaHCHUX €(DEeKTiB 1 BOAHOYAC MAKCHUMI3Y€EMO p.

Nichols Chart Root Locus
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Puc. 3 Puc. 4

Bnaue 30ypens ma 3min napamempis 06'ekma Ha cucmemy KepyeauHs cmpymom oyeu. JlocainuMo
BIUIMB 30ypeHb Ta HEBMU3HAUEHOCTI y mapamerpax o0'eKkTa Ha sKicTh crabimizaumii AMCKpPETHOI cHCTEMH
kepyBaHHA. J[1s ommcy BIUMBY 30ypeHb Ha CepefHE 3HAUYEHHS KBaJpaTa MOMIJIKH Yy CHCTEMi KOPHCHO
3anpoBaauTH (QYHKIIiI0 3BOPOTHOT pi3HHMLI J(Z).

3BOpOTHA Pi3HUI 3aMKHYTOI CUCTEMH, SIKa JOPiBHIOE

J(2)=1+R(2)W,(2)

MO>Ke OyTH MPEACTABICHA Y BUTIISAII
2> =2.0162° +1.5282—0.488

2> =2.016z° +1.016z

J(z) =
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Ha puc.5 mokasana miarpama bome mms ¢ymkmii 3Bopotsoi pisammi |J(e’*”)|. Buamo, mo
3MEHIICHHS YyTIMBOCTI JOCATAETHCS 32 HU3BKHX 4YacToT — a0 ~ 6 K[, anme ak HisIK He JUId BCIX YacToT.
OnHak y pasi 3HaYHHUX 30ypeHb Ta 3MIHM MapaMeTpiB y cMy3i 4acToT A0 6 K11 O4iKy€eTbCsl BigIOBIAHOTO
3MEHIICHHS 9y TIHBOCTI.

Haouna mopiBHsiITbHA OIIHKA 338 KPUTEPiEM

J = juz(t)dz 3)
0

IBOX cucteM. HmkHs rpanuns ¢yHkiionany (3) Ha ONTHMANBHO HAJIAITOBAHOMY PEryIsATOpi, migiOpaHomy
aBToMaTHuno, mopiBHioe Jy=infJ=2,412-10" B’ (puc.6), a 3maucHHs QyHKIioHamy (3) s
HEHACTPOEHOT0 PeryJsTopa (3a MOTOYHHUX MapaMeTpax peryisropa [2]) J; = 9,667-10° Bc.
3navyeHHs J; MeHIle, Hixk Jy, BUTpall CTAHOBUTH
& 1J,=(J,=J,) ! J, =300% .

Bode Diagram Ex 107, B'c
! Gm = 28,9 dB (at 467 Hz), Pm = 96 dog (at 5.980403 Hz) 25
2500 ; .
\ 2,0
Z 2000 H |
c \ 1.5
> 1500 -\ |
E 1,0
= 1000 \ ..
< 0.5
= 5 \ .
< 500 | < !
0 e : ] 0
) 2 3 4 .
10 10 10 10 S Tu 0 ¥ 25 = e
Puc. 5 Puc. 6

Pe3yabTaTn iMiTaniiiHOro Moe/II0BAHHS Ta eKCIIEPUMEHTANBHI qocaimkenns. OxaogacHo /133
N0 Hampy3i Ha [Iy3l NPU3BOAWTH J0 30UIBIICHHS MOAYJS BHUXIJHOTO ONOPY TIepeTBOpIOBavya Ta
BUPIBHIOBaHHIO HOTO YaCcTOTHOI XapakTepucTuku [1, 2]. YacToTHi xapaktepucTuku BuxigHoro omopy IITH 3
Bil’€MHUM 3BOPOTHIM 3B’S3KOM 3a BHXiZHMM cTpymMoM Ta JI33 3a mampyroro i 6e3 Hporo — k,=0,5;
k, = 0,0005, po3zpaxoBaHi B iIMIyJIbCHIll MOJIENI METOIOM 3aMKHYTOT0 KOHTYpY [1, 2], moka3aHi Ha puc. 7.

Sk BUIUIMBAE 3 pUC. 7, cepeAHE 3HAUCHHS Zy AJsl ABOKOHTYPHOI CUCTEMH IMIYJbCHOI cTadimizamii B
3-5 pasziB Oinblie, HiXK OJHOKOHTYPHOI, TOMY

S YacTOTHA 3aNekKHICTh Zy(f) 11 6araTOKOHTYPHHUX
5 CHCTEM PeryJIIOBaHHs OiBLI CHIPUATIMBA IIOJIO0
JIUHAMIKH, HIXK OJTHOKOHTYPHUX.
=0 k,=0.0005 30UTBIIIEHHST BUXITHOTO OTIOPY JIA€ 3MOTY
30 MOMITHO 3MCHIIMTH (BHACTIJIOK HEPiBHOCTI
20 k=0 Zy>> R,¢0) CIUIECKM Ta NPOBAJIM CTPyMy y pasi
pi3KO1 3MiHH OIIOPY HaBaHTaKEHHs. [limBuimeHe
. ‘ 3Ha4eHHs BuXigHOTO ornopy [IE HeoOXiaHO Takox
0.1 1,0 10 fixl'n

Puc. 7 JUTSL TIapaJIeIbHOTO 3'€IHaHHS CTaliIi3aTOpiB, 10
€ BLOKIMBAM IS ONTHUMAIBHOI TOOYIOBH
CUCTEMH eJIEKTPOKUBIICHHS.

Ilynvcayis ¢pazoeoi koopounamu nepemeopiosaua. IMIyJIbCHUN XapaKTep KepyBaHHS 3YMOBIIIOE
HAsBHICTh MyJbCalliii CTPYMy B HaBaHTaKEHHI Ta 3a0e3MedeHHs iXHBOTO 3aJ[aHOTO PIBHSA € OJHIEI0 3
HaWBXJIMBIIITNX BEMOT JI0 JoKepena cTpymy 3 LM,

3a iHAyKTUBHOCTI BuXimHoro apocens L = 0,3 M['H, yacToTi immynbcHOT Momymsmii 52 k[ Ta
cepenHboMy 3HaueHHi ctpyMmy / = 100 A po3max myinbcaiiii ctpymy Al 'y cTaTHUHOMY PEKUMI BU3HAYAETHCS
BHPa30M Al = Lyax — Inin=nUyx (1 —=D)DT/ L,
3pimku (3a D=0,5) AI=4 A, a MakcHUMajibHE Ta MiHIMaJlbHE 3HAYCHHS CTPYMY JOPIBHIOIOTH: [, =102 A,
Lnin=98 A.

PesynbraT MOJIENTIOBaHHS PEeXKUMY: YacOBi JliarpaMu IMyJIbCalliii HArpyTy Ha my3i (puc. 8, a) Ta cTpymy
nyra (puc. 8, 6) maroTh MOXJIMBICTH BH3HAUMTH BimmoBimHi 3HadeHHs [=70,02 A, U=184,1 B, AI=7,5A.
JloOpuii 30ir pe3yJsibTaTiB pO3paxyHKy PEXKHMY, IO BCTAHOBHBCS, MO TPaHMYHIA Oe3lepepBHIM Momen 3
pe3yJbTaTaMy MOJIEITIOBAHHS PeabHOI CUCTEMH CITYKUTh TiITBEPHKEHHSIM KOPEKTHOCTI MTOO0Y0BaHOT MOIETI.
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Benmuunna xoedimienta mynbcamiit (K, = I, / ly) BUXITHOTO CTPYMy B CTaIliOHAPHOMY pPEXUMI
cranosuth 0,04571 (puc. 8), a Hanpyru Ha xy3i — 0,02446, pu IbOMY pealibHI MyJIbCcallii BUXITHOTO CTPYMY
IMIYJIbCHOTO PEryJsTOpa, HAaBaHTaXKEHOTO Ha TUIa3MOTPOH, He Buile (puc. 11) 3HaYeHHS MyJbcaliid CTpyMy
Y CTalliOHAPHOMY PEXKHMI.

Um B | | 1 171 T 1T | I3 | ?4 {O’IB | [ ] | | | | [ [ | | |_
188+ 111 ' ' i | .
186 ¢ 72 .
184 | | 70 ¢
182 | : 68 |
180 [ (1) ittty A ARRASA RN RANARARARRARRRRANR)

1,3 1.4 1,5 1.6 1.7 t= 107 ¢ 1,3 1.4 1,5 1,6 1,7 1% 10° ¢

a 0
Puc. 8

OcuunorpaMu npoLecy HOBITPSHO-IIA3MOBOTO pi3aHHA: CTpyM pisanHs 50 A, u — Hanpyra xyru (my
=50 B/nin), i — crpym nmyru (m; =10 A/ain) mnokazani Ha puc.9. Ha puc.9,a mokazanmii mporiec
3aMaJTFOBaHHs MUTOTHOI IyTH 1 aii mepexia 40 OCHOBHOI IyTH; Ha puc. 9, 6 MOKa3aHUH MpoIec 3aKiHUeHHS
Ppi3aHHs 3 TOBHUM MpOIUIaBIeHHIM. J{71s1 BuMiproBaHb BUKOpHCTOBYBaBcs USB-ocumiorpad /RIS.

XapakTepHOI 0COOJIHBICTIO TPOIIECY € BiJICYTHICTh KOJIMBaHb HANIPYTH HA Ay3i SIK Ha MOYATKY, TaK i
MICAS BUXOMY Ha peXuM pizaHHsA. s 3akiHUYGHHS pi3aHHS 3HIDKYETHCS CTPYM, PEKHM TOPIHHS CTae
HecTiHKuM, i ayra racae. OcuiiorpamMu JUis IIbOT0 BHIIAJIKY IIOKa3aHi Ha puc. 9, 0.

i
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a8 T SN
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0 | 100 200 300 400 500 f mc 0 100 200 300 400 500 1 mc
a 0
Puc. 9

JyroBuii mpoMi>KoK caM 1o cobi € HeCTalliOHApHUM HaBaHTaXeHHAM. [Ipu oMy Uil OBITPSHUX

TUTa3MOTPOHIB XapakTepHi nepioanyHi mpo6oi [13]. O6ik MuX YMHHKUKIB TOTpeOy€e JOAATKOBOTO aHAMI3y.
U B 3aNeXHICTh IyIbCalliil HAPYTH Ha Iy3i Bij
1 yacy (pecTpaiiKy) AJsl TOBITPSHOTO IJIa3MOTPOHA
NOCTiHOTO CcTpyMy mnokazaHo Ha pwuc. 10 [13],

/‘f 1 IJ'\ ﬂk ,,‘”h f 'ﬂl\ ﬂ j\ Hampyra KOJNUBAETBCS  Bifg  MIiHIMAIbHOI 110
/ W Lh‘,i/j k\“ﬂ!ﬁf i\w’jl\

| rhfl MakCHUMaJbHOI 3 mepiogom ~ 1 mc. 3 puc. 10 BugHO
lf‘r HasIBHICTh TYpOYJIEHTHUX NyJbcaliil, sIKi MaloTh
Wl KkBazinepiognuHuii  xapakrep. CtpuOKomomiOHi
= OpOBajlM HANPYTW MpU MIyHTYBaHHI MOXYTh

Puc. 10 nocsiraty 20-30 % [13].
Hecranionapuuit XapakTep onopy

MIa3MOTPOHY MOXe OyTH BpaxoBaHWH BUpa3oM [14]
R(t)=R,(1-he™),
nea=10%0<hr<03.

XapakTep MepexifHUX MpPOLECiB, BUKIMKAaHUX MPOOOSIMH y IUIa3MOTpPOHI, MMOKa3aHWH Ha puc. 11
(pe3ynbTaTé YHCEIFHOTO MOJIETIOBAHHS Ta KCIIEpUMEHTAaNbHI JaHi): maJiHHs Hanpyru Ha aysi (puc. 11, @)
Ta cTpyM™ nyru (puc. 11, 6). Crutecku ctpyMmy npu cTpudkax HaBaHTakeHHs 10 30% — He Oinbine 2 A (3%).
TpuBainicTs nepexigHux mnpouecis He nepesuiye 0,33 mc.

[TpoBeneHmii aHai3 MOCTY)KUB OCHOBOIO JJISl IPOSKTYBAHHS JKEpEa eIeKTPOKHUBICHHS IUIa3MOBOT
IyTH, MO0 peali3ye TEXHOJIOTII0 «M'SKO1» KOMYyTallii KIIOYiB i3 NHPPOBUM KEepyBaHHAM. Armapar
po3poOuieHuii Ta BHroTOBIeHHWH y HamionanpbHOMY yHiBepcHTeTi KopabieOyayBaHHsS iMEHI agmipana
MakapoBa Ta HaropoJLKEHHH 30JI0TOF0 MeTaLTIo Ha BUCTaBLi «Kpammuii ToBap poky».
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Puc. 11
BucHoBKH.

1. PesynpraTi aHamizy npoueciB y nociinHoMy 3pasky ICC 3 M'SKMM NepeMHKaHHSM Ta 3amporio-
HOBaHUM LU(POBUM PETyJIATOPOM TOKazalu Horo eekTuBHE (QYHKIIOHYBaHHS 3a 3aJaHUMH YaCOBHUMHU
MOKa3HUKaMHU Ta HEOOXiTHOIO TOYHICTIO Y BCIX MOYKIIMBHX PEeKUMax poOOTH.

2. Onucanuii mpolec NPOEeKTyBaHHs NU(POBOTO 3BOPOTHOTO 3B'A3KY 3 YpaxyBaHHSAM 3aTPUMKH, IO
BHOcUThCs ALl Ta I[IIIM, Moke cTaTH OCHOBOI NPOCKTYBAaHHS IMIYJIbCHHX JDKEPET BTOPHHHOTO
€JIEKTPOKUBJICHHS 3 TU(POBUM KEPYBAHHSIM.

3.3aga"y TOYHICTH cTa0imi3amii BHXIIHOTO CTPYMYy IMITYJIbCHOTO IIEPETBOpPIOBaYAa B CTATHII Ta

MUHaMiIi 3a0e3redye moeqHaHHs TU(POBOTO KEpyBaHHS IO BiIXMIEHHIO BXiTHOI HAPYTH ﬁBX , J1OJIaTHOTO
3BOPOTHOTO 3B'A3KY 32 HANPYroK 1 HAa BHUXOI 3 MPOMOPIIHHO-IHTErpabHUM 3BOPOTHUM 3B'SI3KOM IO

BiJIXUJICHHIO BUXIJHOTO CTPYMY [ .

4. BuaHo, IO CHCTEMa Mae€ 3aJaHy peaki[ifo i 3 MEHIIMMH aMIUTITYJAaMH BXIiJHOTO CHTHATY.
IHTerpanbHa KBajJpaTHYHA OIIHKA 3MEHIIYETHCS HA JIBA TIOPSIKU TOPIBHSHO 3 BUITAJIKOM, KOJH BUKOPH-
CTOBY€TBCSI HEONITHMAIBHUI PETYIISTOP.

5. Hamani mnanyeThest IOMIyK MeTOiB Ta crioco0iB kepyBanHs ICC, mo 3a0e3nedytoTs MiHIMaIIbHO
MO>KITUBY KIHIIEBY TPHBATICTh MEPEXiTHOTO MPOIIECY, IO CTAHOBUTH 3-4 TIepioIn MepeTBOPEHHS, HEOOX1THY
JUISL IMITYJIECHO-TyTOBOTO 3BapIOBAHHS.

1. Vereshchago E., Kostiuchenko V., Novogretskyi S. Analysis of dynamic characteristics of the inverter operating on a
complex load. Eastern-European Journal of Enterprise Technologies. 2020. Vol. 5/5(107). Pp. 23-31. DOI:
https://doi.org/10.15587/1729-4061.2020.215145.

2. Vereshchago E., Kostiuchenko V., Hrieshnov A. Calculation and Analysis of Dynamic Properties of a Soft Switching Converter
under Operation on the Arc Load. 2020 IEEE 40th International Conference on Electronics and Nanotechnology (ELNANO), Kyiv,
Ukraine, 22-24 April 2020. Pp. 820-825. DOI: https:/doi.org/10.1109/ELNANO50318.2020.9088776.

3. Vereshchago E.M., Kostiuchenko V.I., Novogretskyi S.M. Analysis of a DC converter working on a plasma arc.
Electrical Engineering & Electromechanics. 2023. No 5. Pp. 31-36. DOI: https://doi.org/10.20998/2074-272X.2023.5.05.

4. Kunenckuii A.B., Kopons E.M. Ananu3 Ha KOOPAMHATHOHN INIOCKOCTH PETYJIHPOBOYHBIX XaPaKTEPHCTHK HUMITYIIECHBIX
npeoOpa3oBaTenell MOCTOSHHOTO HANPSDKEHHS C PETYIATOPAMH 110 BXOIHOMY BO3MYyIIEHUIO. Becmuux Hay. mexu. yn-ma
"XITH": c6. nayy. mp. Temam. vin.: [Ipobremuvl agmomamuzuposannozo snekmponpusooa. Teopus u npakmuxa. 2015. Ne 12
(1121). C. 425-429.

5. Typoscbkuit OJI., JIucenko J.O. [lunamiuHa Mojenb KOMOIHOBAHOTO IMILYJILCHOTO CTabiii3aTopa HAlpyrd >KUBICHHS
TeJIeKOMYHIKAI[IHHOTO O0ONafHAHHA 3 acTaTH3MOM Jpyroro mopsaky. Haykosi sanucku [lepicasnozo yHisepcumemy
ingopmayitino-komynikayiunux — mexwonozit.  2024.  Ne 1(5). C.120-129. DOI: https://doi.org/10.31673/2786-
8362.2024.011515.

6. Kpacno6aes 10.B., Henomusmmit O.B., UBanuypa B.M., Iloxapkoa W.H., S6monckuii A.Il. VmMmynbcHbIiA
CTabMIM3aToOp HANPSDKEHHS C MUGPOBBIM YIPABICHUEM IS aBTOHOMHOW CHCTEMBI 3IeKTPONHTaHuA. M3eecmus Tomckozo
noaumexHuueckozo  yHueepcumema.  Huowcunupune  2eopecypcos.  2018.  T.329. Ne 11. C.61-73. DOLI:
https://doi.org/10.18799/24131830/2018/11/210.

7. benos I'.A. CtpyKTypHbIe MOJIENH U UCCIEIOBAaHUE TUHAMUKH UMITYJIbCHBIX IIpeoOpaszoBateneil. nexmpuuecmeo. 2008.
Ne 4. C. 40-49.

8. Menemmn B.U1. Tpan3uctopHas npeodpaszosarenbHas TexHuka. Mocksa: Texnocdepa, 2005. 632 c.

9. Giulia Di Capua, Seyed A. Shirsavar, Michael A. Hallworth, Nicola Femia. An enhanced model for small-signal analysis
of the phase-shifted full-bridge converter. I[EEE Transactions on Power Electronics. 2015. Vol. 30. Issue 3. Pp. 1567-1576.
DOIL: https://doi.org/10.1109/TPEL.2014.2314241.

10. BonkoB U.B., I'yoapesuy B.H., Cnupun B.M. YcToW4MBOCTH CHCTEMBI HCTOYHHUK TOKa—3JIGKTPUYECKas Jayra c
OTpULATENbHBIM AU((epeHInalbHbIM CONPOTUBICHUEM. Texniuna enexmpoounamixa. 1998. Ne 4. C.43-45.

11. dpsxonoB B.I1. MATLAB. Ilonusrit camoyuntens. M.: IIMK Ilpecc, 2012. 768 c.

12. Cunopery B.H., Ilenteros M.B. JleTepMUHUpPOBaHHBIA Xa0oC B HENUHEHHBIX LEMSIX C 31eKTpuueckoil nyroil. Kues:
Mexnynapoanas accouuanus «Csapkay, 2013. 272 c.

13. Komapos H.C. YcrpoiicTBa 31€KTpONUTaHMs MOIIHBIX TYTOBBIX HarpeBaTeiei JJIs yCTAaHOBOK rasuuKanuy OTXOJOB.
Texniuna enexkmpoounamixa. 2009. Ne 1. C.70-76.

ISSN 1607-7970. Texn. enexkmpoounamira. 2024. Ne 6 29



14. Mypamos 10.B., ®ponos B.fl. Hccrnenopanue HEyCTOMYMBOCTH U TypOyJIEHTHOCTH IOTOKA IUIA3Mbl B JYyIOBOM
IIa3MOTPOHE JUIss HaHeceHus NOKpbiTHid. Henens wayku CIIOITIY: maTepuanbl HaydHO-TPAKTHUECKOW KOH(EPEHIMH C
MEXAYyHapOIHBIM ydyacTUeM. MIHCTUTYT SHepreTUKkH U TpaHcnopTHeIX cucteM CIIOITIY. Y. 1.— CII6.: U3n-Bo IlomurexH. yH-
Ta, 2014. C.102-104.

CONTROL OF THE DYNAMICS OF A PULSE CONVERTER WITH SOFT SWITCHING OPERATING
WITH ARC LOAD

E.M. Vereshchago, V.I. Kostiuchenko, Ye.V. Stohniienko, A.Yu. Hrieshnov

Admiral Makarov National University of Shipbuilding,

Ave. of Heroes of Ukraine, 9, Mykolaiv, 54007, Ukraine, e-mail: vikmkua@gmail.com.

Issues of design and research of energy-efficient and reliable semiconductor DC voltage converters for wide application in
power supply devices of arc plasmatrons used in plasma metal cutting installations are considered. An estimated structural
dynamic model of a sofi-switching DC converter with a closed-loop control system combining the power part and the control
system, intended for use as part of the latter as a digital module, was built. A technique is proposed and methods of
controlling the converter are found, which provide the specified duration of transient processes, the permissible value of load
current pulsations in a quasi-steady mode and the astatism of the output current, which confirms the correctness of the
proposed technique. A prototype of a pulse stabilizer with digital control was made. The results of experimental studies of the
sample confirm the effectiveness of the developed control device, namely the achievement of the specified duration of transient
processes caused by a step change in the load current, close to 10-12 periods of conversion and astatism of the output
current. It is shown that the application of a pulse stabilizer, in which a digital control loop is used, has significant
advantages compared to analog options and has the advantages of a strategic plan. The use of combined control allows you
to significantly reduce the requirements for the overall gain of the main control channel, which greatly facilitates the choice
of sequential digital correction. Research results may be of interest to specialists in the field of power electronics, power
supply systems of autonomous objects and control systems. References 14, figures 11.

Key words: automatic control system, digital controller, external disturbance, plasma, robustness, optimization.
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3ACTOCYBAHHSA YMOBHO ABAHA/IUATUP®AZHOI'O KEPOBAHOI'O
KOMIIEHCAIIMHOT'O NEPETBOPIOBAYA JIJISI IOCJIIJOBHOI'O IIPSIMOI'O 3AITYCKY
BIJI ETEKTPUYHOI MEPEKI HOTUPHLOX MOTYXXHUX ACAUHXPOHHUX MAIIIUH

O.1. Umkenko*, nokT. TexH. Hayk, O.b. Pubina, kauj. TexH. HAyK
InctutyT enekrponunamiku HAH Yxkpainn,
np. Bepecreiicbkuii, 56, Kuis, 03057, Ykpaina, e-mail: alivchizh@ukr.net; rybina@i.ua.

Posensoaemoca nocrnioognuii npsamuii 3anyck 4omupbox acuHxpoHrux mawur (AM) nomyocnicmio 8 MBm kooicna 6i0
enexmpuuroi mepedxci 6 kB. Jlocnioocyromucs nyckoei nepexioni pesxcumi, Ki BUHUKAIOMb )y Mepedxici 6HACTIO0K MaKo2o
sanycky AM, i modxcauei npu ybomy Hacrioku O mepedxci. 3a0ns nonecuieHHs npamozo 3anycky AM nomyowcnicmio 8
MBm npononyemuscs 3acmoco8ysamu YMOGHO 08AHAOYAMUDAZHUL KePOBAHULL KOMNEHCAYIliHULL nepemeoprosay, AKul
0bMedHcyE 8eUUUHY NYCKOBUX HAOcmpymis y mepedci. biom. 10, puc. 6.

Knrouosi cnosa: enextpuuHa Mepeka, NpSMHUN 3allyCK aCHHXPOHHUX MAallIWH, IYCKOBI IEPEXiJHI PEeXHUMH, MyCKOBI
HaJICTPYMH.

B enexrpoenepreruni icHye nmpobiemMa NpsMOro 3aIlycKy BiJl eJIeKTpHYHOI Mepexi 6 kB acMHXpoH-
HUX MamuH (AM) motyxHicTIo 8 MBT. AM Takoi HOTY>XKHOCTI BUKOPHUCTOBYIOTHCS, 30KpEeMa, Y PE3epPBHUX
Hacocax cucreM oxonomkenHss TEC i AEC. IIpoGiema nonsrae y Tomy, oo MpH MPsIMOMY 3aITyCKy MOTYX-
HUX AM y Mepexi BUHHMKAIOTh ITyCKOBI HAaACTPYMH, SIKi MOKYTh MaTH HACTUIBKH 3HA4YHY BEIMYHHY, IO
3IaTHI HAHECTH CYTTEBY IIKOAY BCTAaHOBJICHOMY y Mepexi oOnamHaHHO. Lli HaacTpymu, MpoTiKarouu 1o
ninii enekrponepenadi (JIEIT) Ta posnoxinsaoMy TpanchopMaTopy Ha 1i BXOZi, CIPHYNHSAIOTH Ha 1X OImopax
naninas Hanpyrd [1]. Taki BTpaTu Hampyru, B CBOIO Yepry, MPU3BOAATH OO MPOCiAaHHs ii Ha BXiTHHUX Kie-
Max AM [2, 3] iHOAI A0 TaKoro piBHS, KM YHEMOIIHMBIIIOE YCHIIIHUHN mpsimuid 3amyck AM. 1ls mpoGiema
e TTOTTTNOIOETHCS, KOJU BiJ MEpeki 3aIlyCKaeThCsl HE OJHA TOTYXKHA €JICSKTPOMAIINHA, a 3MiHCHIOETHCS
MOCTIJOBHUM MPSIMHUH 3aIlycK JEeKiIbKOX MOTY)XHUX AM. Tomy po3poOiieHHS e(peKTHBHUX 3aco0iB, sIKi J0-
NIOMAararoTh 3iHCHIOBATH NPSAMHI 3aycK AM, € aKTyaJIbHOIO 1 Cy4acHOIO 3a/1a4el0 eIEKTPOCHEPIeTUKH.

VY BUmazaKy 3aIycKy pe3epBHUX HacociB cucteMm oxonomkeHHs TEC 1 AEC HeoOXigHuM € came Tps-
MU IX 3alycK, TOMY III0 BiH BOAYa€ThCs OLIBIN IIBUAKICHHM 3a €KCTPEHOTO BBOJY IIMX HACOCIB 3 METOIO
3amo0iranHs neperpiBy obJagHaHHS eJIeKTPOCTaHLiN, TOOTO 33/l YHUKHEHHsSI MOXIIUBUX aBapiiHUX CUTY-
arfiii, moB’s3aHMX 3 MeperpiBoM. 3 MpaKkTUKH eKcruryatamii peanbHux AEC Bimomi cuTyallii, HalpuKiIaj, Ha
oonrapcekiit AEC y micti Kosnmomy#, komu He3HAYHE 3BOJIIKAHHS 3 BBOJAOM PE3CPBHUX HACOCIB CHCTEMH
OXOJIOMKEHHS TIPU3BEJIO JI0 MPUMYCOBOTO BiAKIIOUeHHsS peakropy 1iei AEC, mo ¢axiBusgmu po3risnanocs
K 3arpo3JIMBa aBapiiiHa CUTYyallis Ta oAepKalo MibKHapoIHui posrojoc. Illock cxoxe cTamocs i BHACHIIOK
3atomeHHs OykyciMcbkoi AEC — BTpaTa KUBIECHHS MUPKYIAIIHHAMA HacocaMH. TOMYy y TaKUX BHITaIKax
came MpsIMUH 3aIyCK HACOCIB € OiIbIl Oa)KaHUM, Hi’K BUKOPHCTAHHS CUCTEM 3aITyCKy MOCTYIOBOTO PO3TOHY
00epTiB Baty AM, sSikuii BUKOPHCTOBYETHCSI Y YAaCTOTHUX 3aco0ax (3 KEPOBaHOIO MOCTYMOBO 3POCTAIOUOI0
4acTOTOI 00epTiB Bally i BUBOJIOM iX Ha HOMIHAJIFHY YacTOTY), copcTapTopax Ta iHImX [4].

3aj1s TIOJIETHICHHS TyCKOBUX PEXKUMIB MEPEKi, sIKa )KUBUTH MOTYXKHE €JEKTPOMEXaHiYHEe HAaBaHTa-
JKEHHs, HAHOUTbII e(peKTUBHUM € 3aCTOCYBaHHS BEHTHJIPHMX HaIliBIIPOBIAHUKOBHX KOMIICHCAL[IHHUX Iepe-
TBOPIOBauiB [5—8], KOTpi y MMyCKOBOMY MepeXiTHOMY PEKUMi MEpEeKi FeHepYIOTh Y Hel KOJIMBAIbHUN €MHIiC-
HHUH 3a XapaKTepoM CTPYM, BEJIMYMHA SIKOI'O KEPYETHCS KyTOM YIPABIIIHHS O TUPUCTOPIB II€PETBOPIOBAYA.
Leit xonmuBanpHUN €MHICHUI CTPYM KOMIIEHCYE Yy MEPEkKi KOJMBAILHUMA 1HIYKTUBHHM 32 CBOIM XapaKTepoM
CTPYM, SIKUH CYNIPOBODKYE MPSIMHIA 3ammyck AM i THM caMHM 3MEHIIy€E iHIYKTHBHI HaACTpyMu Oesmnocepe-
JHBO Y CaMil eJeKTPUYHIA Mepeski, YUM CYTTEBO TOJIETTITYE B Hill Ba)KKi ITyCKOBI TEPEXiTHI peKUMHU.

[Mpuknan mocmiJOBHOTO MPSIMOTO 3aITyCKy Bif Mepexi 6 kB wotupbox AM motysxHicTio 8§ MBT pos-
[IIIHYTO Y po0oTi [9], Ae sk 3aci® monermeHHs pexuMy IpsMoro mycky AM BHKOpUCTOBYBABCSl JBOMOCTO-
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BUI KOMIICHCALIITHUI THPUCTOPHUI MEPETBOPIOBAY, Y SIKOMY KOXKHHH 3 THPHCTOPHUX MOCTIB BUKOHYBABCS
3a IIECTUIYJILCHOI cxeMoro JlapioHoBa, a cami 1i MOCTH 4depe3 (a303CcyBHUI TpaHcopMaTop NMpUeETHYBa-
JIMCsl IapalielbHO BiJHOCHO Mepexki. Y ¢a3o3cyBHOMY TpaHcopMaTopi 3IilicHIOBaBCS 3CyB (a3u Hapyru
YKHMBJICHHS OJTHOTO THPHCTOPHOT'O MOCTA BiZTHOCHO Jipyroro Ha 30 ey.rpamyciB, 3aBAsSKH YOMY ITOKpAIyBaBCs
TapMOHIMHHAN CKJIAJ BXiTHOTO CTPyMy IIepeTBOpIOBava (BiH ke CTPYM MEpeXi) B MIUJIOMY — MiHIMi3yBaJUCh
aMILTITYAH 5-01 1 7-01 TApMOHIK BOT'O CTPYMY.

VY po0oTi 3aMicTh JBOXMOCTOBOTO IIEPETBOPIOBaYa BUKOPUCTOBYETHCS YMOBHO JABaHAALSATH(A3HUT
3a JBaHAIIATHITYIECHOIO CXEMOIO, JIe THPUCTOPHI MOCTH BBIMKHEHI MiX CO00I0 TIOCIiJOBHO BiJHOCHO KOJia
BUTIPSIMIICHOTO CTpyMy. 301IbIIEHHS YBIYi YACTOTH ITYJIbCAIIN Y KOJi BHIPSIMIICHOTO CTPYMY BHIIPSIMHOTO
MOCTa Ja€ MOJIMBICTh CYTTE€BO 3MEHIIUTH 1HAYKTHUBHICTH 3TJIa[DKYIOUOTO APOCENs, SKUH € HEeBiA €MHOIO
YaCTHHOIO IOTO KoJia. TakuM YMHOM 3MEHINYIOTHCS MacorabapHTHI, TPYAOMICTKI Ta BapTicHi (B mporeci
BHPOOHHUIITBA IIHOTO HEOOXITHOTO Yy CXEeMi €JIeMEHTAa) IMOKa3HUKH TepeTBOpIoBava. SIk HACIiIOK, BHIE3Ta-
JaHa 3aMiHa JBOXMOCTOBOTO Ha YMOBHO JBaHaAUATH(Aa3HUN MEepeTBOPIOBaY MPHU3BOJUTH O IMOKPALICHHS
TEXHIKOEKOHOMIYHHMX MOKa3HHKIB 3ac00y Uil MOJETHIeHHs HOCIiJOBHOTO INPSMOTO ITyCKy YOTHPhOX AM
nmoTyXkHicTio 8 MBT Big Mepexi 6 kB, TOOTO miABHIIYy€e HOTO eEKTUBHICTD, 30KpEMa ITiIBUIYETHCS MITBU/I-
Kozist mpucTporo. OKpiM 1BOTO, SIK OyJe MOoKa3aHO HUXKYE, y 3alPOIIOHOBAHOMY JI0 BUKOPUCTaHHS TIEPETBO-
PpIOBadi CIPOILY€EThCS KOHCTPYKIisA KoHAeHcaTopHux Oatapeit (Kb), sMenmyetses kinbkicts Kb, siki opco-
BaHO ITIJKJIIOYAIOTHCS B MOMEHT IycKy nepioi AM. IIpu mboMy 3BICHO 3MEHIYEThCS Y/BiUi il YMCI0 3ac0-
0iB s komyranii Kb — st iX npueaHaHHs 1 BiJi’€qHaHHS, a iXHS €EMHICTh 3MeHInyeTbes Ha 100 Mrd i, sk
CIIIICTBO, 3MEHINYIOThCSl MacorabapiTHi Ta BapTicHi moka3Huky uux Kb.

Jis mocmimpkeHb peXHMIB TOCTIIOBHOTO MPSMOTO MYCKY BiJ Mepexki 4OoTHphoX AM MOTYKHICTIO
8MBT 0y0 CKIIaeHO KOMIT I0TepHY MOJENb, CTPYKTYpOBaHA CXeMa KO HaBelIeHa Ha pucC. 1, Ie Mepexka,
siKa MozientoeThes TpudasHoto cuctemoro EPC — Eqy (y HamoMy Bunajky aitoue 3HadeHHs EPC Ej,, =6 xB),
3 BHYTPILIHIM ONMOPOM Zgy, KU Moaemoe omnopu JIEIT Ta BXimHOro po3mnoinsdyoro tpancdopmaropy Ha

2-X MOCTOBHIi BXOJIl Mepexi. Y BHIAIKy PexXu-

TTKKB My, IO PO3IJIAJAETHCS, AKTUBHA

A A CKJIa0Ba OHOPY Zgg NOPIBHIOE
N@’g = B Fsys~0.002 Om, a iioro peakTHBHA

{ o < CKIIAZI0BA — Xgys=0Lgys=0.055 Om
4 Eou Zsyst DBI (Leys=17.4 MI'H) XKHUBUTH BY3IOBE
- — KOMIUIEKCHE HAaBaHTAXXEHHS, SKE
CKIIAA€ThC 13 CTaIlioHapHOI

ckinanoBoi H. Bono 3Moaen»oBaHo
napajelbHUM 3’ €IHaHHSIM aKTHUB-
HOTO 7y Ta PEaKTUBHOTO Xy OITOPiB
(y BUIaAKy pexuMmy, IO pO3TJIs-
nmaetbca, rp=1.5 OMm, xg=wly =2

Zload
= Om (Ly=6.2 mI'H)) i enexTpomexa-
Tarl. . 19
H HIYHOTO OIOpy, SKAH 3MOJIENhO-
BaHO 4OTUpMa apajeibHO

3’€lHAHUMU AaCHHXPOHHHMH Ma-
mmHamMu AM1, AM2, AM3 Ta
AM4 notyxHicTio 8 MBT KoXxHa.

Y po06oTi NpUAHATO BiAJiK
Jyacy Big MOMeHTy ¢ = f; = 0, B
SKUH 10 MEpEeXl MiIKII0YaEThCs
CTalliOHapHEe HaBaHTaxeHHs H.
[psmuii 3amyck 4otupbox AM 3IiHCHIOETBCS Y Yaci MocIigoBHO uepe3 50 Mc, a came BiATIOBITHO 3 MIPHITHS-
TAM BiUTIKOM 9acoBOi 3MiHHOI ¢ ¥ MOMeHTH Jacy: fam1=0.11 ¢, tamp=0.16 ¢, tam3=0.21 ¢ 1 £4m4=0.26 c. Sk
MOJIEJTh KOXHOI 3 YOTUPhOX AM B351TO MOJIE/b, ONKCaHy y poooTi [10].

TupucTopHHii IepeTBOPIOBaY — MOTYXHUH KepoBaHmii KomreHcariitauii Bunpsmisd (ITIKKB), sxwit
BHKOPHUCTOBYETHCS JJII KOPUTYBAHHS ITyCKOBHX CTPYMIB 1 HAIIPyTH MEpeXi — y MOJEN puc. | BUKOHAHO T10
YMOBHO IBaHamusatudasHiii cxemi, HaBeneHiid Ha puc. 2. Ha puc. 1: ®BI' — ne ¢QinbTp BUIIMX TapMOHIK
CTpyMy, AKuii yocobiroe co6oro Tpu ¢instpu G@BI'1, ®BI2 i ®BI',, cxemu Ha puc. 2.

Puc. 1
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B cxewmi puc. 2: TP®3 — tpudazauii TppoXx0OMOTKOBHIA (a303CyBHHUN TpaHCHOPMATOD, KU 3a0e3-
neuye 3cyB Ha 30 en. rpax ¢asu Hampyrd Ha BXOJi MocTa M2 BiIHOCHO Hampyru Ha Bxoji mocta M1. Ilpu
notpebi el ke TpanchopMaTop MOKE BUKOPUCTOBYBATHCS TaKOX IJISl Y3TOMKEHHS BEJIMYMH Hampyr Ha
BX0Jax MOCTiB M1 i M2 3 HampyTrolo eleKTpUIHOI Mepexi, sKa iX KUBUTh. MiXX BXOJaMU THPUCTOPHUX
MocTiB M1 Tta M2 i BropuHHUMH 00MOTKaMu (ha3o3cyBHOTO TpaHchopmaropy TPD3 BBIMKHEHI KOHIEHCA-
topHi 6arapei Kb1 1 Kb2. V Bunaaky pexxumy, 1o po3risgacThCs, y KOXKHINA CTOPOHI TPUKYTHHUKIB IIMX KOH-
JeHCATOpPHUX Oarapeill BcTaHOBIEHO KoHAeHcaTopu eMHicTio Cy=50 Mk®. Ille onHy KoHOeHCATOpHY Oara-
peto KBy, criinibHy Ut 060X MocTiB M1 1 M2, BBIMKHEHO nepes nepBUHHOI 00MOTKO0 TP®3 y KoxHii
CTOPOHI TPUKYTHHMKA KOHJIEHCATOPIB 1€l 6aTapei, €MHICTh AKUX Cayep CKIATAETHCS 3 JBOX YACTHH — CTALlio-
HapHOI Cayepi T Cayepr. OCTaHHSA NPUETHYETHCS 10 MEPEXi CUTYaTUBHO B 3aJI€KHOCTI Bifl KOH(iryparii
€JIEKTPOMEXAHIYHOI CKJIaZ0BOI HaBaHTaKEHHA. TakuM UYUHOM, Cavepy=CavepiTCamep2r. EMHICTD Chayepr MPUEN-
HYETBCS Y MOMEHT t=tp¢popm1=0.1 €, POpCyroun 3pocTaHHs EMHICHOTO CTpyMy IIEPETBOPIOBAYA MEPE MPSIMUM
nyckoM AM1 y momeHT =ty =0.11 ¢, Ta BiI €IHYETHCS BiJl MEPEXKi 1O 3aKiHYCHI IyCKOBOTO MEPEXiTHOTO
peKUMY.

A B C
o 0]
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B namomy BUNaAKy Cpyepi=50 MKD, Cayepn=1500 Mx®. 3 xkonnencaropamu C, (6arapeii Kb1 1 Kb2)
1 Chacexn1 IS TX 3aXUCTY BBIMKHYTO IOCIIZIOBHO JIPOCEIi 3 IHAYKTHUBHICTIO La=Lacexi=10 MK BimmoBimHo, a
MOCIIIOBHO 3 KOHACHCATOPOM Chcerapp — APOCEITH 3 THIYKTUBHICTIO Lpcer=50 MKI'. 3rnamkyrounii npocens Ly
y xoii Bunpsimieroro crpymy [IKKB 3 meroro 3abe3neueHHs Kpaloi CUMeTpii BUPSIMIICHOTO CTPYMY iy TEX
BUKOHYETKLCS 3 IBOMa CKJIAIOBUMH, TOOTO L, =Lj+Lp. Y BUNAAKY PEKUMY, MO PO3TASAAETBCS, L= Lp=
=0.25 I'n, akTuBHUI omip apocens L, ckianae r;=0.02 Om. [lapameTpn eneMeHTiB THPUCTOPHUX MOCTIB M1
1 M2 Taki x cami, SIKi BAKOPHCTOBYBAIIUCS Y MOJIEINI, PO3TIIAHYTiH y poboTi [9].

MeTo10 po0OTH € IOCITIDKEHHS €JICKTPOMArHITHUX MEPEXiTHUX PEKUMIB Y CIIEKTPUIHIN Mepexi 6
kKB mig dac mocnmigioBHOTO MPSMOro MyCKy BiJ HEl YOTHPHOX ACHHXPOHHUX MAlIMH MOTYXHIicTIO 8§ MBT,
3’SCyBaHHS IMapaMeTPiB MyCKOBOTO PEKHUMY .
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3ans MOCATHEHHS MOCTaBICHOI METH sl MOjeli, 300paxeniit Ha puc. 1, B cepenoBuii MATLAB
SIMULINK po3po0ieHo nporpaMy po3paxyHKiB €JICKTPOMArHiTHUX MEPEXiTHUX MPOIIECIB, 10 BUHUKAIOTh
3a TIOCJIIJOBHOTO MPSIMOTO MycKy Bix mMepexi 6 kB yotuprox AM motyxkHicTio 8 MBT. PesynbraTu po3pa-
XYHKIB HaBeZIEHO HWX4e (puc. 3—5) y BUIIIA/I YaCOBHX JiarpaM MepexXiTHUX CTPYMIB 1 HAPyTH Ha eJIeMEH-
Tax mMojeni puc. 1.

x 10*

Puc. 3

Ha puc. 3 Ha nepruiii (BepxHiif) niarpaMi HaBeIeHO KOJIHMBAJIbHI ITYCKOBI (a3Hi CTPYMH igyep MEPEXKI
(’KMpHHMM Ha Lili liarpami BUALIEHO CTPYM i4yep Da3u A); Ha ApyTill (3BepXy) Aiarpami — iHIyKTHBHI 3a Xapa-
KTEPOM KOJIMBAJIbHI MEPEXifHi (a3Hi CTPYMH ipsam+n (KUPHHM BHUILUIEHO CTPYM issam+n $asu A) Ha BXomi
KOMIUIEKCHOTO HaBaHTAXEHHSI €NIEKTPUYHOI MEpeXKi, eIeKTPOMEXaHidHa CKIIaI0Ba SIKOTO a caMe CTPYM Iaam
(mpubNIM3HO came Takuii CTPyM TiK Ou y Mepexki puc. 1, konu y niit Mmoaeni 0yB 6u BiacytHim [IKKB), a fioro
IHIIa CKJIaJIOBa, caMe CTpyM iy — 4epe3 r—L omip cramioHapHoro HaBaHTaxeHHs H. Lli ckiamoBi paszom y
CyMi 1 YTBOPIOIOTb CTPYM Ig4am+H—laaamHin; HA TPETIH miarpami iymxxp+ks 300paKEHO €MHICHI 32 XapaKTepoM
KOJIMBAJbHI (a3Hi CTPYMU ignkkp+ks (KAPHUM BHIIIEHO CTPYM Iqnkks+ks Pasu A) IIKKB (sxwuit TyT posris-
JTAETHCS K €MHE IJIe Pa30M 3 epeIBBIMKHEHUMU riepea MoctaMu M1 1 M2 KoHJIeHCAaTOpHUMU OaTapesiMu,
BimmoBigHo KB1 1 Kb2 — nmuB. cxemy puc. 2); Ha 9eTBepTid miarpami Imoka3aHo IyCKOBY KOJHMBAIBHY (a3zHy
Hanpyry Mepexi U syep Ha BXOAI, TOOTO MiXK (pa3010 4 1 HyJIbOBHM JIPOTOM.

3anns 3a0e3meyeHHs OUTBIN SKICHOT KOMITCHCAIT 1HIyKTUBHOTO 32 XapaKTePOM CTPYMY Igqam+H €EM-
HICHUM CTPYMOM i, rxkp+ks YIPABIIHHS THPUCTOPAMH Y CXeMi pHC. 2 3MiHCHIOEThCS HACTYITHUM YHHOM: Y
MOMEHTH IIepe]l 3allyCKaMu nepmux ABoX AM, a came Y fyopami=0.1 € 1 Zpopamz=0.145 ¢ BinOyBaeThes dop-
coBaHe 301TbLICHHS 3HAYEHb KyTa YOPAaBNiHHS TUpUCTOpaMHu y MocTtax M1 i M2. Lli kytu HaOyBaroTh 3Ha-
YeHb BIAMOBIIHO Ogopami=90 e1.rpaj i dgopam>=81 en.rpan. Ha eramni cnagaHHs 3Ha4EHb CTPYMY 41KKB+KE
Y MOMEHT {=tyy1e1=2.5C BCTAHOBIIIOETHCS KYT YIIPABIIHHS O =0lsyer;=—85 €ILTPAI, 8 Y MOMEHT [—f3ep=3.3 C —
KYT YIPaBIIHHSA 0=0serp=—92 enrpaa. Ha iarepsani 0<¢<0.1 ¢ [IKKB ¢yHKIliOHY€E y peKuUMi OUiKyBaHHS
nycky AMI1 3 kyToM 0=0,;,=—104 en.rpajn, SKOro JOCTaTHBO JUIsi KOMIICHCAIlil iHIYKTHBHOI CKIJIaI0BOI

CTPYMY ip.
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Ha pmiarpamax puc. 3 po3paxyHOK Iepexil-
HUX ITyCKOBHX CTPYMIB 1 Halpyru 3I1HCHIOETBCS Ha
inTepBaii yacy 0<t<4 c, sKuil OXOIUIIOE BECh Iepe-
XITHHH PEeXHUM — BiJ] HOrO MOYATKy /0 BCTAHOBJICH-
HS yCTAJICHUX 3HAYCHB CTPYMIB 1 HAIIPyTH.

3 YacoBHX JiarpaM puc. 3 MOXKHa MO0AYNTH,
10 Ha BCboMY iHTepBami 0.5 ¢<t<4 ¢ CTPYM i yep HE
nepebinpmrye 15000 A, npu mbOMy aMITTITYIH ITiB-
NepioNliB KOJNMBaHHS IHAYKTHBHOTO 32 XapaKTepoM
CTPYMY Z44am+H, @ CAME BIH O MPOTIKaB y MEpexi 3a
BigcytHocti TIKKII, ma iHTepBami 0.3¢c <1< 25¢
nopieHIOIOTE 30000 A, ToOTO y mBa pasu OLIBIIIIL.
TakuM 4YMHOM, 3aBISKH HAasABHOCTI y Moneni puc. |
[IKKB Ha inTepBani 0.5 ¢ < ¢ < 2.5 ¢ Braerbcs CyT-
TEBO 3MEHIINTH ITyCKOBHH CTPYM MEpeXi, MPaKTHI-
HO y nBa pa3u. Takoxk, xo4a i B MEHIIUX MEXaX, y

he Mepexi BiIOYBa€eThCsl 3MEHILIEHHS 1 yJapHUX TyCKO-

Puc. 4 BUX HAJICTPYMIB 0€3MOCepeIHhO Y MOMEHTH NPSIMO-

ro mycky AM. Ilpu npoMy amILTITYAM MiBIIEPiOiB

KOJIUBaHHSI EMHICHOTO CTPYMY i4nkkp+ks Ha 1HTEpBami 1.5 ¢ <t < 2.5 ¢ nocsAraioTh CBOiX MaKCHUMaJIbHUX 3Ha-
yeHb — npaktuyHo 20000 A.

ITix gac mpsIMOTO MYCKY MOTYXKHOTO eIEKTPOMEXAaHIYHOTO HABAHTAKEHHS CYTTEBHM (haKTOPOM HOTo
yemimHoro 3aiicHenHs € mBuakoais [IKKB, To6To mBUAKICTE 3pOCTaHHS Ta CHAJaHHS Y HbOMY CTPyMY
isnkkp+ks HA BIMMOBIMHUX MUISTHKaX HOTO 3MiHEHHS 3 METOO 3a0e3IeueHHs HaJIe)KHOT KOMITeH CAIlil iHAYKTH-
BHOI CKJIAJIOBOI CTPYMY igqam+n. 1aKa IIBUAKOMIS Ha MPAKTHUIl O0€3MOCEePETHBO OB’ A3aHa 3 MBUIKICTIO 3MiH
CTpyMYy i, y Ko BunpsimiieHoro ctpymy [IKKB, a came i3 cranoto vacy T = L,/ 7, IbOTO KOJa.

Ha wacosiit giarpami puc. 4 mokaszaHo, K y nepexigHoMy pexumi Ha iHTepBami 0 < ¢ < 4 ¢ 3MiHIO-
€TBCSL Yy dYacl NepexiHWH BUNPSAMICHUH CTPYM i/~is=i;p. 3 Wi€i IiarpaMu BHUIHO, IO Y MOMEHTH
popam1=0.1 C, I=tyyent 1 =tayen1 Y KPUBIH CTPYyMY iy BiIOYBarOThCS 311aMH (TOOTO CTPHOKONOIIOHO 3MIHIOETHCS
noxifgHa diy /df), 10 € HACIHIIKOM CTPUOKOMOAIOHOTO 3MEHIIICHHS Y 11i MOMEHTH KyTa YIPAaBIIiHHS 0, a caMe
710 3HA4Y€Hb OlgopAM1, Olsmenl 1 Olsyen2 BIATIOBIIHO.

Hamnpukinami 1iei miarpami, Je CHOCTepiraeTbess HAOYTTS MEPEeXiTHUMH CTPyMaMH 1 HAIpyromw ix
yCTaJIeHUX 3HAa4eHb, TOOTO Ha iHTEepBami 3.6 ¢ <t < 4 ¢, CIIOCTEPIraeThCsl TAKOK ACSIKE 3POCTAHHS CTPYMY ig.
Le 3pocTtanHs BigOyBa€eThcsl BHACHIAOK TOTO, IO B IeH e Yac BiAOYBAETbCS 3pOCTaHHS MO Mipi i1 BcTaHOB-
JIEHH NePeX1AHOI HAIPYTH MEPEKI Uayep, @ BIATIOBIIHO, K CIJICTBO LIHOTO, 1 3pOCTAHHS MEPEXiTHOI BUIIPS-
MJICHOI HaNlpyTH Uy, IO MOXKHA 1MOOAYNTH HA OCTaHHIH Jiarpami puc. 3.

e [Jiarpamu puc. 5 € NIpUKIHLIEBOIO YaCTUHOIO Jia-

/’\NW\/\/\/\/\N\/\/\/\/WW\/\ rpam puc. 3. Ha HuX mepexifHi IMyCKOBi CTpyMH i1 Ha-

A= . TpyTa JOCATIIA CBOIX yCTalleHUX 3HadeHb. Ha inTepBani
: 3.6 c <t <4c 3 mepuoi Ta OCTaHHBOI JiarpaM MOXHa

/\/\/VW\/\/WWW\/\/W mo0avynTH, IO BXE YyCTaJeHWH Ha I[bOMY IHTEpBai

: CTPYM ivep 3@ (DA3010 CHIBNANAE 3 YCTAJICHOIO K€ Ha

WWWWW\/WWW\/\/\ HbOMY IHTEpBaJi HANPYTOO Uyyep. 1l€ CBIAYMUTH PO Te,

IO YCTaJ€HUH CTPYM ijyep 3@ XAPAKTEPOM HA IBOMY
' ' IHTEpBaJli € YUCTO aKTUBHUM. ToOTO y Mozeri, o po3-
{V\A/W/\N\N\/\M/\/\N\ [IAIAEThCS, BiI0OYBA€THCS TTOBHA KOMITEHCAIIISl 1HAYKTH-
3 i %+ BHOTO CTPYMY isam+n (3 MaKCHUMaJbHOIO aMILTITYyIOO
Puc. 5 miBrepioniB kommBaHb Omu3bko 30000 A) eMHiCHUM
CTPYMOM IrxkB+ks (3 MAKCHMAJILHOIO aMILIITYyIOIO ITiB-
nepiofiB koiuBaHb 01m3bk0 20000 A), SIKUIT TeHEPYETHCS MOTYKHUM KEPOBAaHMM KOMITCHCAI[ITHUM BHIIPSI-
misiueM TTIKKB paszom 3 konnencaropaumu 6atapesmu Kb1, KB2 i KByep. 3 puc. 5 BUIHO, IO yCTalleHl Ha

IIOMY IHTE€PBAJIi CTPYMHU igqam+H 1 i4nkkB+Kks 3HAXOMATHCS Y TIPOTH(A31, TOOTO OCTaHHS KOMIICHCYE TICPIITY.
Ha BchoMy 11bOMY iHTEpBaNi PO3PaxXyHKIB MEPEXiTHOTO MYCKOBOTO PEXUMY 3a0€3MeUy€eThCs JOCTAT-

Hs CTaOLIBHICTh 3HaU€Hb aMILIITY/ MiBIEPioliB KOJHMBAaHb HAIIPYTH MEPEXKI Uyep HA BXOJ1 ITKKB.
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BaxmmBUM NUTaHHSM ITi]] Yac PO3TIISAAY MPAaKTUIHOTO 3aCTOCYBAHHS MEPETBOPIOBAYA MO CXEMi pHC. 2

Ta peajbHOro 3a0e3MeueH s HOTro peXkuMy TOJIETIIeHHs PSMOTO ITYCKY BiJl eeKTpUYHOT Mepexki 6 kKB nekinb-
k0X AM mnotyxHicTio 8§ MBT € HasBHICTh HEOOXIAHUX ISl BOTO CEPIMHUX JOCTYIHUX HAIiBIPOBITHUKOBHX
TIPUITAJIB, 10 BUPOOISIOTHCS CYYacHOK €IEKTPOHHOIO MIPOMHUCIIOBICTIO, SIKi 3[1aTHI HAa MPAKTHUII 3a0€3IIeYUTH
et pexknM. ToOTO eKcruTyaTarliiiHi XapakKTepUCTHKH PeasbHO ICHYIOUMX HaTelnep NprJilajiiB MTOBHHHI 3a710BO-
JIBHATH 1 3a0e3meuyBaT poOOTy NIEPETBOPIOBaYa HA HAMBAXKYMX AUISHKAX MEPEXiTHOI MyCKOBOI KOIHUBAIBbHOT
KPHUBOi EMHICHOTO CTPYMY i4mxkp+ks (TPETA YacoBa Aiarpama Ha puc. 3), SKHH came 1 TeHEpYEThCsl [IUM Tiepe-
TBOpPIOBaYeM TI0 cXemi puc. 2. HallBa)kumM MOMEHTOM € MOMEHT ! = fpaxarkki+ks — 2.4 C, Y IKOMY KpHBa
i4nkkB+ks HaOyBae cBoro Makcumymy 15770 A. Y HeBeMKii OKONHUII IbOTO MOMEHTY Ma€ Miclie HalBYKUni
IHTEpBaJ, KOIU 0 3aMKHYTOTO THPHCTOpa MPHKIANA€Thcs Bif’€MHa 3amipHa AJsl HBOrO Hampyra. TUM He
MEHIII, Ha [IbOMY iHTE€pBaJli TOBUHHO BiAOYTHCS TapaHTOBaHE 3alMpaHHs I[LOTO THPUCTOpA. 3a IIe cepel] Xapa-
KTEPUCTUK THPHCTOPA BIANOBIIA€ MAapaMeTp Ty, IKMI BU3HAYAE IHTEPBANI 4acy rapaHTOBAHOTO 3aKPUTTS TUPHC-
Topa. ToOTO iHTepBa, MO3HAYUMO HOro AK Aty,,, Ha IKOMY JI0 3allEpTOr0 TUPUCTOPA NPUKIAJAEThCA BiJl’€MHA
Hampyra, 1o MOBUHHA HOro 3anepTH, Mae nepeOiIbLUIyBaTH IApaMETP Tq, IHAKIIE MOKINBE TaK 3BAHE «IIOBTO-
pHE 3alajgoBaHHI» THPUCTOPA, TOOTO HECAHKITIOHOBAHWH HOTo BXim y poOOTY, IO IS IepeTBOPIOBAvYA TIO
. cxeMi puc. 2 € aBapiiHuM pexxumoM. Ha vacosiii miar-
15012 - T pami puc. 6 OKa3aHO Ha iHTEepBaji, HAHOMKIOMY HO
MOMEHTY =l yyax ANIKKIT+KE, HANPYTy (Y KUIOBOIIbTax) Ha
1 3alepToMy THUPUCTOpi. 3 Ii€i miarpamMy BUILTHBAE, IO
Aty =54 MKc, TOOTO TMOBMHHO BUKOHYBAaTHCS Tq<54

05 1 wxkc. lluM BUMOTram BigOBiZalOTh CEpiliHi IIBUIKOI-
B, toui Tuprctopu SSTF18F1210 (y sixux mapamerp t4=10
0 {1 MKc, 3BopoTHa Hampyra U,,p=1200 B, a Makcumanb-

HUH psMuii cTpyM 1,z =1779 A) Ta X ITOCIIiIOBHO-
0.5 napanenbHi 30ipku. OcTaHHI 3a0€3MEe4yIOTh HANCKHY
BennunHy cTpymy (16 KA) y muiedi MOCTiB IepeTBOpIO-
-1 Baya Ta JgomyctuMmy BenuumHy Hampyru (1.2 xB) Ha
THUPUCTOPAX, PO3TAILIOBAHUX Y [IbOMY ILIEYi.

BucHoBok. 3acTOCyBaHHsS YMOBHO ABaHAALS-
Tr(]a3zHOTO MTepeTBOPIOBaYa I KOPUTYBAHHS TEpeXi-
JTHHUX TYCKOBHX PEXHMIB €JICKTPHYHOI Mepexi 6 kB,
BiJl SIKOT 3/MIMCHIOETHCS TOCHIIOBHUHA MPSAMUMA 3aITyCK YOTHPHOX aCHHXPOHHHX MAIllMH MOTYXHIcTI0O 8§ MBT
KOXKHA, Ja€ MOKJIMBICTh 3MEHIIHUTH 1HAYKTHUBHICTH 3TJIAPKYIOUOTO IPOCEisd y KOJi HOTO BHIIPSMIICHOTO
CTPYMY, 1, BIATIOBIIHO, 3MEHIIIUTH CTAIy Yacy IIbOTO KOJa, BHACIIIOK YOTO Y OPiBHSAHHI 3 aJIbTepHATUBHUM
CXEMO-TEXHIYHUM pIilIEHHSIM (3 ABOMOCTOBMM IEPETBOPIOBaYEM) IMiABHIIYETHCS IIBUAKOMAIS MPHCTPOIO Ta
MOKPAIIYIOThCS HOro MacorabapuTHI Ta BapTiCHI MOKa3HUKH, TOOTO TOCITAETHCS HOTO Oibina e(heKTUBHICTH
MIPY BUKOPUCTAHHI HA TPAKTHII JUISI KOPUTYBAHHS MapaMeTPiB MEPEXiJHOTO IyCKOBOTO PEKUMY. €EMHICTh ¥
Kb, npuznaueHoi ans GopcyBaHHS 3pOCTaHHSI €MHICHOTO CTPYyMY, K4 IPUETHYETHCS TONEPEKYIOUH Tpsi-
MUl 3amyck nepuoi AM y mpuctpoi, sikuit mpononyetbes, Ha 100 Mmx® menma. JloBeneHo, mo ueu mnepe-
TBOPIOBAaY MOKE OyTH peaiizoBaHO Ha MOCTYITHIA CyJacHii 0a3i HamiBIPOBIIHUKOBHUX MPHIIAIIB, SIKi CEPIHHO
BHUPOOJIAIOTHCA.

Pobomy eurxonarno 3a 6r0dxcemnoro memoro "Modeni ma 3acobu 3ano0ieants NO2ipuIeHHs AKOCME eleKmpono-
cmauanHs npomucnosux cnoxcusauie”’ (Monimop 4) (KIIKBK 65410).

L L
2.3838 2.3838 2.3839 tc

Puc. 6
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CONDITIONALLY TWELVE-PHASE CONTROLLED COMPENSATION CONVERTER
FOR FACILITATING DIRECT START FROM THE ELECTRICAL NETWORK

IN SERIES OF FOUR 8 MW ASYNCHRONOUS MACHINES

0O.1. Chyzhenko, O.B. Rybina

Institute of Electrodynamics National Academy of Sciences of Ukraine,

Beresteiskyi Ave., 56, Kyiv, 03057, Ukraine. E-mail: alivchizh@ukr.net; rybina@i.ua.

The sequential direct start-up of four asynchronous machines (AM) with a capacity of 8 MW each from a 6 kV electrical net-
work is considered. The start-up transient modes that arise in the network as a result of such an AM start-up are investigated,
as well as the possible consequences for the network. To facilitate the direct start of AM with a capacity of 8 MW, it is pro-
posed to use a conditional twelve-phase controlled compensating converter, which limits the amount of starting overcurrents
in the network. References 10, figures 6.

Keywords: electric network, direct start of asynchronous machines, starting transient modes, starting overcurrents.
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CONTROL OF A CAPACITOR EXCITED ISOLATED INDUCTION GENERATOR ASSISTED
BY A MULTI-MODULAR POWER ELECTRONIC CONVERTER

L.I. Mazurenko'', O.V. Dzhura!", M.O. Shykhnenko‘***, S.M. Korotin?"""

! Institute of Electrodynamics National Academy of Sciences of Ukraine,
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The principles of multi-level output voltage control of an autonomous power supply system implemented on the basis of
a three-phase constant speed self-excited induction generator with a regulated source of reactive power connected to
the stator terminals and containing both a multi-modular electronic power converter and excitation capacitors are
proposed. To regulate the voltage of the specified system, a stator voltage oriented vector control algorithm has been
developed. Using the developed dynamic simulation model, numerical investigations of electromechanical processes in
the system supplying RL-load of the local consumers were carried out to verify the effectiveness of the proposed
principles of voltage control and the proposed vector control algorithm of the generator. The main advantages of
applying multi-module electronic power converters in autonomous power supply systems using a self-excited induction
generator with a short circuited rotor winding and an electronic power converter connected to the stator terminals for
reactive power control are noted. References 10, figures 3, table 1.

Keywords: multi-modular power converter, induction generator, multi-level voltage control.

Introduction. Most of the mini- and small hydropower plants (HPPs) built in Ukraine can operate
only in grid-tide mode. During the construction of new and modernization of existing small-capacity HPPs, it
is often required from the designer to provide the option of autonomous or backup power supply as needed,
which is relevant in times of acute shortage of energy resources.

Asynchronous (induction) generators (IGs) with squirrel-cage rotor and wound rotor IGs are used in
fixed speed and variable speed wind turbines, in small power (up to 10 MW) HPPs, in development of
autonomous electric power sources supplying technological processes, such as welding, etc. [1-5].

Capacitor banks (CBs), synchronous compensators and voltage source (power electronic) converters
(VSC, PEC) are used to compensate for the reactive power drawn by IGs. For small and mini hydroelectric
power stations with available option of emergency power supply to temporarily de-energized consumers, the
presence of CBs, in addition to compensating the reactive power of IGs, is needed to generate voltage
waveform with distortion limits acceptable to consumers. The voltage distortion limits are highly affected by
the operation of generator-side PECs used for active and reactive power control. In fixed-speed off-grid
HPPs, the torque of the IG can be controlled by switched dump loads, if available, or by a VSC with a DC-
side resistive dump load.

Currently there is a practice of developing various high power PECs according to a modular
structure. This allows to design PECs of different power ratings using identical electronic components [6]. In
such PECs, the number of operating modules is determined by the load, which allows them to be operated
close to the nominal mode with high efficiency. The failure of a separate module does not lead to a stop in
the operation of the entire PEC and due to this an increased operational reliability is achieved. And finally,
the production of PECs using a modular structure makes it possible to abandon the parallel connection of
power switches and thus escape the problem of uneven current distribution between paralleled elements. It is
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advisable to use this approach in the development of both CB and PEC-based combined systems for
excitation (CSE) of IGs operating in autonomous low-power HPPs and hydro-wind power systems [7].

The aim of this work is to develop principles of multi-level output voltage control and a control
algorithm for an autonomous power supply system implemented on the basis of a three-phase constant speed
self-excited induction generator with a regulated source of reactive power connected to the stator terminals
and containing both a multi-modular electronic power converter and excitation capacitors.

The schematic diagram of the autonomous power supply system considered in this article is shown
on Fig. 1. The system is built using an IG driven by a regulated hydro turbine (HT), a CB of compensating
capacitors and a multi-modular VSC developed with n parallel-operated modules VSCI1...VSCn. The
modules are implemented based on the schematics of autonomous voltage source inverter operated in current
source inverter mode. The CB power rating is sufficient for the self-excitation of the generator. The system
provides power to the local residential load and an auxiliary equipment of the HPP.
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Fig. 1

The following principles of multi-level voltage control of an autonomous fixed speed IG with CSE
and multi-modular VSC (Fig. 1) are proposed:

1. The CB power rating must be set to the value providing the IG no load voltage magnitude
approximately equal to the voltage reference of the 1st VSC module (VSC1);

2. The first VSC module has the highest voltage reference and can both generate ("capacitor" mode)
and consume ("inductance" mode) reactive power;

3. Other modules operate in reactive power generation mode, and their voltage references are
decreased as their number increases;

4. Each subsequent module is connected when the previous one enters saturation (reaches its reactive
power rating in generation mode) or the system voltage magnitude decreases lower than the voltage
reference of this module by a certain value. The order of connection is sequential, in order of increasing
module number;

5. Each module, except for the first one, is turned off if the system voltage magnitude increases
higher than the voltage reference of this module by a certain value or if its reactive power value decreases to
zero. The order of disconnection is sequential, in decreasing order of the module number.

To verify the proposed principles of multi-level voltage control of a self-excited 1G, a dynamic
simulation model of the Fig. 1 system with the number of VSC modules n=2 was developed. The
asynchronous machine was simulated by the 4th order model [8]. The IG fixed speed operation was
assumed. The VSC was modeled by idealized switches "transistor-reverse diode" with possibility of current
conduction in both directions.

To control the RMS voltage value of the system, an IG stator voltage oriented hysteresis current
vector control technique of the 1G was developed. The technique provides simultaneous control of the 1G
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stator voltage and DC-side voltage magnitudes of the VSC modules (Fig. 2). The voltage oriented vector
control technique has been used heretofore for a single-module converter control [9, 10].
The control signals of electronic switches for i-th VSC module are formed by hysteresis controllers

. . . . . K
as a result of subtraction the instantaneous actual currents i, ;,i, ;,i- ; and phase current references i, ;,

i;_i , iz_l. of this module. The voltage vector angle of the system is evaluated by the PLL (phase locked
loop) block using instantaneous values of the system phase voltages u,, up, u.. The operation of each
module, except the first one (VSC1), can be blocked if the value of the p.u. system voltage amplitude u,,,,,

is higher than the value of the switching threshold of this module, which is equal to
u,, . are the AC system voltage reference amplitudes of the 1st

m_ 1> %m _n

%

u

m_1 _(”;71 —u,*,,f,,x -1. 5)/n where u

and nth module, i — module number, n — total number of modules. Equations of AC and DC voltage
controllers of the modules are of the following form:
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where k,, k,, ky, k,, ks are constants; saf is a signal saturation function limiting input signal to lower and
upper limit; I/d ik is the upper limit level of the AC voltage controller of the VSCi module; Id 1/ <0 is
the lower limit level of the AC voltage controller of the VSC1 module; Ig ik, Ig il are the upper and
lower limit level of the DC voltage controller of the VSCi module.
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The main specifications and parameters used in the simulation are as follows.

Induction generator. Pole pairs number — 2; rated power/voltage/frequency (connection): 275
kVA/400 V/50 Hz (Y connected); stator/rotor resistance: 0.016/0.015 p.u.; stator, rotor leakage inductance:
0.06 p.u.; inertia constant (combined IG and WT): 2 s; friction factor: 0 N'-m-s/rad. The magnetization
characteristic of the IG is given in the table below (397 A = 1 p.u. of phase current; 400 V=1 p.u. of line
voltage).

Phase current [p.u.] 0.13 | 0.25 | 034 | 0.46 | 0.7 1.02 | 1.43 | 2.03 | 2.76

Line voltage [p.u.] 0.67 | 0.86 | 096 | 1.05 | 1.15 | 1.25 | 1.34 | 144 | 1.5

AC capacitors. Rated power/voltage (connection): 115 kBA/400B (Y, connected).
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Load. Power factor of the local (main) load: 0.707. Rated power/power factor of the HPP auxiliary
load: 2.5 xkB1/1.

PEC. Number of modules — 2. Inductance/resistance of inductors: 0.0004 H/0.024 Q. Capacity of DC
side capacitors: Cy;=C,,=10 F. Parameters of controllers: k, =1156, k,=52000, k,=20, k,=100, ks=1.5,

ld_U=T0A, Id_1h=10A, Id_2h=70 A, u], ,=1.04 pu., u,, ,=1 p.u.

The electromechanical processes shown in Fig. 3 demonstrate the system's response to a step up
power demand increase of the local (main) load.
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Fig. 3
Until the moment of time 1.82 s, the HPP supplied electric energy to the auxiliary load of 2.5 kW

power rating, and total power of the main load was close to zero value. Accordingly, the value of the p.u.
electrical frequency of the system was somewhat lower (by 0.03%) than the p.u. value of the IG rotor speed

(1.01 p.u.). The value of the RMS voltage of the system was equal to “;71 =1.04 p.u. with no steady state
error observed. The operation of the VSC2 module was stopped due to the value of the current i, ;= -0.01

p.u. being lower than the Id 14 value. As the VSC2 switches were turned off, the VSC2 DC side voltage

magnitude was a bit lower that the VSC1 DC side voltage magnitude.

At the time of 1.82 s, the active and reactive power consumption by the local (main) load was
increased by 67.5 kW and 67.5 kVA, respectively. As a result, the IG active power value increased and a
decrease in both the frequency and voltage magnitude of the system was observed. The i, , current

component value reached the upper limit level of 0.129 p.u.=70 A, however, since the nominal value of the
VSCI reactive power was not enough to compensate for the reactive power demand of the load, the system
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voltage fell below of the 1.02 p.u. value. This, in turn, caused the start of the operation of the second PEC
module (VSC2). Upon the transient time due to the increase in the i, , current component to 0.09 p.u. value,

the RMS voltage in the system settled at the 1 p.u. value, and the electric frequency — at the value of 1.0058
p-u. The VSC1 and VSC2 DC voltage magnitudes settled at the 1 p.u. value. On Fig. 3 oscillograms, 1 p.u. of
speed = 157.08 rad/s; 1 p.u. of electrical frequency = 314.16 rad/s; 1 p.u. of the IG phase RMS voltage =

400/+/3 V; 1 p.u. of DC side voltage=770 V; 1 p.u. of the VSCI1 and VSC2 current components=543 A.

It can be seen from the Fig. 3 that at the end of the simulation time, a 90° positive phase shift
between the VSCI phase current curve and the IG phase voltage curve is settled in agreement to the theory
of electromechanical systems.

Conclusions. The results of numerical investigations confirmed the effectiveness of the proposed
principles of multi-level voltage control of the autonomous power supply system developed using a three-
phase fixed speed IG, a CB and a multi-modular VSC connected the IG stator winding. The proposed
algorithm of stator voltage oriented hysteresis current vector control of IG connected to multi-modular VSC
provides a multi-stage drooping external characteristic of IG with no static error within every load range with
a fixed number of operating modules. The main advantages of using multi-modular VSCs and the proposed
principles of multi-level voltage control of autonomous IG are as follows:

1. The possibility of using converters of standard power ratings;

2. Due to the different voltage references, there is no coupling (disrupting interactions) between
voltage controllers of VSC modules and a highly effective generator voltage control is achieved;

3. Due to the variable number of functioning modules, their life time is extended.
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Experimental research of the processes of magnetization and demagnetization for the motionless vector-controlled
induction motor was performed, according to a linear law with a variation in the duration of these processes. The
methodology of research during which the orthogonal components of the stator and rotor currents were recorded in the
rotor flux reference frame, the rotor flux module and the energy of the total losses in the stator and rotor copper is
described. The main characteristics and parameters of laboratory equipment and facilities are given. From the point of
view of minimizing copper losses, the existence of the optimal duration of the investigated transient processes has been
experimentally proven. The results of experimental studies with high accuracy coincide with calculations based on
previously obtained analytical dependencies, which confirms the admissibility of the assumptions made during
theoretical studies. References 10, figures 7, tables 2.

Keywords: induction motor, magnetization, demagnetization, power losses, optimization, experiment.

Formulation of the problem. Reducing unproductive losses of electricity in electric drives due to
the optimization of their control systems is an actual problem, which is discussed in many sources [1]. In
vector control drives for induction motors (IM), the processes of controlling the motor's electromagnetic
field and its movement coordinates (speed, position) are separated in time. In single-zone speed control and
in position control, the rotor flux linkage is changed, as a rule, before the start of the motor movement and
after it ends, that is, when the rotor is at standstill [1]. In some cases, the flux linkage of the rotor is also
changed during the IM movement at low loads in order to increase the efficiency [1]. When implementing
energy-efficient optimal control algorithms, power losses in steady-state modes are usually minimized [2—4].
In this case, losses due to magnetization and demagnetization of IM are not taken into account. Taking into
account these losses in the optimization process, it is possible to achieve even better results in terms of
energy saving by minimizing the energy losses during the change of the rotor flux, which is accompanied by
current transients in both the stator and the rotor.

The scientific papers [5-9] present the research results of various searching [5] and analytical [7-10],
structural [7-9] and parametric [7—10] methods of optimal control of the rotor flux of the IM rotor, based on
loss models. The article [10] shows that the most rational, from the point of view of ease of implementation
and minimization of total electricity losses during magnetization (magnetization) and demagnetization
(demagnetization), is the linear law of changing the rotor flux as follows:

VEEO=wa(1-0/0) . WEO=valt, .
with slope
dv, |, W (2)
dt Ly opt lin
tfopt lin = \/g ) 7\'1” ’ (3)
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where vy, is a rotor flux in no-load mode; 1t=L/R, is a rotor time constant;

k:\/(Rs+kr2R,.)/RS :\/1+kfR,/Rs >1; k,=L, /L, is a coefficient of magnetic coupling of the rotor; L , L are
the rotor inductance and mutual inductance; R, R, are the rotor and stator resistance, respectively;

trs o are the time of changing the rotor flux coupling from 0 to the no-load flux coupling and the

optimal value of this parameter during magnetization and demagnetization of the motor according to the
linear law.
The minimized losses are

3 Ry
AW = AW (203 -1), AW =AW (203 +1), A, :5-%. 4)
If the rate of change of flux is not optimal, then the energy losses are determined by the formulas:
) A At A At
AW A | Ko 20 A A | Zle 414 2L | (5)
t 31, { 31,

where 1, =AT,.

Formulas (3)—(5) were obtained analytically while neglecting some features of IM, for example, the
phenomenon of steel saturation. Therefore, they should be tested experimentally.

The purpose of the work is an experimental confirmation of the theoretically determined fact that
during magnetization and demagnetization of a vector-controlled induction motor according to a linear law by
variation of the magnitude of the rotor flux linkage, it is possible to achieve minimization of the total losses in
the copper of the stator and rotor, as well as a comparison of the optimal time of magnetization and
demagnetization and minimized thermal losses, calculated according to analytical formulas, with the results of
experimental studies.

Materials and research results. The experiment was performed in the electric drive laboratory of
the Otto-von-Guericke-University Magdeburg at the rapid test station of the IM vector field-oriented control
(FOC) system. Technical data and parameters of the investigated Siemens motor are given in the table 1
(parameters of induction motor Simens 1LE10011CB021AA4-Z).

Table 1
Technical data Parameters

Rated power P, 5.5 kW Stator resistance R, 0.735 Ohm
Rated voltage (line-line) Ui 380 V rms Rotor resistance R 0.42 Ohm
Rated stator current J 11.9 A tms Leakage stator induction I 0.0066 H
(operating) " ) 5 )
No—loac.l current I, 6 A rms Leakage rotor inductance L. 0.0066
(operating)

Nominal electromagnetic T 35.87 Nm Mutual inductance 0118 H
torque " ' " '

Rated rotor speed n, 1465 rpm Loss resistance in steel R,, 340 Ohm
Rated rotor flux V., 0.97 Wb Inertia J 0,0201 kg m*

The same loading machine is installed on the same shaft as the machine under study. Both motors
are powered by individual frequency converters embedded compatible with the control system in the digital
processor EP1C12Q24017N with Vector Linux 5.8 operating system and real-time extension: RTAI 3.4.
Information is displayed on a regular monitor. Current and voltage sensors are included into the frequency
converters. The inverters are based on 50 A 1200 V IGBT power modules, driven with space vector PWM,
operating with a switching frequency of 5 kHz. The DC-Link is supplied with 560 V. The motors are
equipped with 1XP8012-20 1024 encoders.

The general view of the experimental technological installation, the view of the digital processor and
the visualization panel are shown in fig. 1, 2 and 3 respectively.
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Control of the flux coupling of the rotor is carried out indirectly by the PI controller of the flux-
forming component of the stator current closed loop. Therefore, the structural diagram of such a control
channel in the orthogonal rotational coordinate system d-¢, oriented along the rotor flux coupling vector,
looks like fig. 4.

=r,/rfT %,
i\[l*o * * ]
* r . _ 1
v 1|y 1] i, ] 1 1L, |v.|1 d
e P R e | ot | |L

- lys L, T,5+1 | ba | T8+ .

Flux-current reference transformation I, closed loop
Fig. 4

Rotor reference . formed on the flux-current rate transformation, and its transformation into a

reference for the d-component of the stator current i, is carried out in accordance with the transfer function
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i,(s) ts+1
v,(s) L,
The derivative of the flow coupling task is formed at the output of the integrator of the dispensing
device. In the scheme of fig. 4, the following designations are used: d- component of the stator current under
the condition of compensation of the internal feedbacks of the dg- model IM; v is a reference for a fixed

: (6)

value of the rotor flux coupling; i, i, are the flux-forming components of the spatial vectors of the stator
and rotor currents; y.*, i,* are the reference signals for the rotor flux coupling and the flux-forming
component of the stator current; t, is a integration time constant of the open current circuit. The time
constant of the closed current circuit of the experimental setup is t, = 0.2 ms, which is significantly less than
the time constant of the rotor t, =0.3 5. Therefore, the functions and their derivatives are almost non-

discontinuous.
For the investigated IM

L
Lr :Lm +Lr6 :0’125 H’ i.de :\/Elxdo :8749 A; WrO =LmlSO:1,0013 Vba T, = Rr 20’3 S5

r

»

3. 2 L k'R
AW, =ZR, (T, 23550,k =—m=0047; h= [l4=c2 =123 1, =31, =0.63s;
AW s = AW, (24143 1) = 9,89 J; AW, =AW, (24133 +1)=56,99.J.

In order to check the presence of an extremum and the correctness of formulas (3)—(5), we will
gradually magnetize the stationary IM from 0 to v, and demagnetizing it from v, , to 0 according to the

linear law for 3 time values of these processes: ¢, =[1, 0.5, 2] =[0.63, 0.315,1.26] s. We will measure

Sopt lin
currentsi, i , . Based on this information, we will calculate the flux coupling of the rotor, assuming that the

flux varies as linearly ratio with the current and calculate the energy loses for magnetization and
demagnetization.

The graphs of the obtained transient processes are shown in fig. 5 (¢ £ = lin opt)’

6ty = 0.5 f1inop) and 7 (t g =2 pyip g, )
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The main numerical results of the experiment and calculations based on analytical expressions are
summarized in the table 2 (results of comparison of mathematical modeling and experiment).

Table 2
Electricity losses in copper AW /AW, , ]
Mode \ Research | Analytical | Experimental
ty =t opim = 0,635
Demagnetization 9,92 9,92
Magnetization 57,19 57,19
Total (mag.+demag) 67,11 67,11
ty =t !2=03s
Demagnetization 18,31 18,32
Magnetization 65,57 65,56
Total (mag.+demag) 83,88 83,88
ty =2 = 1,228
Demagnetization 18,31 18,31
Magnetization 65,57 65,57
Total (mag.+demag) 83,88 83,88

the experiment is 0.1 %.

Therefore, the assumptions made when deriving the formulas for calculating the optimal and current
indicators of transient processes during demagnetization and magnetization of IM according to the linear
law, practically do not affect the accuracy of numerical calculations.

48

From the examination and comparison of these
graphs, it follows that indeed the smallest heat losses of
electric power due to magnetization and demagnetization
of the motor are observed at linear change of rotor flux
coupling from 0 to idling flux coupling in the forward and
reverse directions in a time of 0,63 s. Both a decrease and
an increase in the rate of change of the rotor flux coupling
lead to an increase in losses. It is characteristic that both
the increase and decrease of the parameter 7, in the same

number of times relatively ¢ give the same result in

fopt lin
terms of increased losses in copper.

The difference between the values of losses
obtained in the calculation according to the formulas
derived in [8] and the same values obtained as a result of
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Conclusions. The result of experimental research of the magnetization and demagnetization processes of
a motionless vector-controlled induction motor were performed using indirect control of the rotor flux according
to the linear law. As a result of research, the possibility of minimizing losses in copper by change the magnitude
of rotor flux and analytically obtained formulas for determining the optimal time of magnetization and
demagnetization for IM has had approbation. Consequently, the experimentational result minimization of energy
losses in copper and calculation by formulas have been confirmed. The high accuracy of the coincidence of the
results of analytical and experimental results indicates that the factors not taken into account during the
performance of analytical studies (for example, the effect of magnetization of steel) are really not significant and
practically do not affect the energy indicators.
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IIpogedeno excnepumenmanvre OOCHIONCEHH NPOYECI8 HAMASHIYYBAHMA MA POIMASHIUYBAHHS HEPYXOMO20 ACUHXPOHHO2O
08U2YHA 3 BEKMOPHUM KEPYSAHHAM 34 JIMIUHUM 3aKOHOM 3i 3MiHOIO mpuganocmi yux npoyecie. Onucano memoouxy
00Cni0CeH s, Ni0 Yac AKoi IKCY8aNUCs OPMOLOHANLHI CKIAO08I CMPYMI6 CIamopa ma pomopa 8 cucmemi GiONiKy HOMoKy
pomopa, MoOyib NOMOKYy pomopa ma eHepeis Nnoenux empam y mioi cmamopa ma pomopa. Hasedeno ochosHi
Xapaxmepucmuky ma napamempu 1abopamopHo2o 0OIaOHAHHS. 3 MOUKY 30py MIHIMI3ayil empam Midi eKChepUMeHmaibHO
008€0€eHO ICHY8AHHA ONMUMATILHOI MPUBANOCMI OOCIIONCYBAHUX NepexiOHuX npoyecie. Pesynomamu excnepumeHmanoHux
00Ci0dCEHb 3 BUCOKOIO MOUHICTNIO 30i2Al0MbCSA 3 POPAXYHKAMU HA OCHOBI paHiuie OMPUMAHUX AHATIMUYHUX 3a71eACHOCME,
o niomeepodcye 0onyCmumicms 3pobaeHux npunyujers nio yac meopemudnux oocaiodxcens. biomn. 10, puc. 7, Tabi. 2.
Kniouogi cnoea: acHHXpOHHUI IBUTYH, HAMarHi4yBaHHs, pO3MarHiuyBaHHs, BTPATH MOTY>KHOCTI, ONTHUMi3allisl, eKCIIEPHMEHT.
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YHIBEPCAJIBHA MATEMATHUYHA MOJAEJIb ABTOHOMHOI'O ACUHXPOHHOI'O
I'EHEPATOPA 3 KOHIAEHCATOPHUM CAMO3BYIKEHHAM
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3anpononosano ymisepcanvHy mMamemamuiny mMooenb asMOHOMHOZ0 ACUHXPOHHO20 2eHepamopd 3 KOHOEHCAMOPHUM
Camo30y0CceHHaAM Yy 3A2ANbMOBAHUX (DA3HUX KOOPOUHAMAX 3 YPAXYBAHHAM eNeKMPOMASHIMHUX 36 SI3Ki@ MIdiC
obsumkamu az cmamopa i pomopa, HACUYEHHs 20N06HO20 MACHIMHO20 KOJd, 6Mpam aKMUGHOI NOMYICHOCMI 8
eflemMenmax MazHimonposoody. Modenv HA0AE MONCIUBICIb AHANIZY YCMALEHUX NePIOOUYHUX PedCUMIB I nepexioHux
€/IeKMPOMACHIMHUX MA eNeKMPOMEXAHIUHUX NPOYECI8 Y ABMOHOMHUX eNeKMPONOCMAYAIbHUX CUCTEMAX 3 00LIbHUMU
cxemamu 6MUKauHa ii enemenmie i acuHxpouHux ecemepamopis. Mooenb 3abe3neuye MOACIUGICML YPAXYEAHHS
3aMUUIKOBO20 HAMASHIYEHHS MAZHIMONPOBOOY ACUHXPOHHO20 2eHepamopa ma 3MiHU WEUOKOCMI pomopa Ha nepeodiz
npoyecy camo30y0H#CeHHA ACUHXPOHHO20 2eHepamopa 3 Y3eMAeHOI0 Helmpaino CcmamopHoi o068umku ma
Hecumempuunum Haeanmasicennsm. bion. 10, puc. 2.

Knrouosi cnosa: aBTOHOMHUY aCHHXPOHHU TEHEPATOP, KOHICHCATOPHE CaM030yIXKCHHS, MATEMaTHYHA MOJICITb.

Beryn. CydwacHi TexHOJNOTIl NAlOTh MOIIMBICTH CHOXKHMBadaM eJIEKTPOCHEpPril BUKOPHUCTOBYBATH
ABTOHOMHI T€HEpaTOpH, SKi MOXYTh KOHKYPYBAaTH 3 IIEHTPaTi30BaHUM BUPOOHHUIITBOM enekTpoeHeprii. Taki
JoKepeTia eNeKTPoeHeprii, 00'eqHaH] B iHTENEKTyallbHI MIKpOMEPEXKi, € OCHOBOIO TEXHOJIOTIH PO3ITOAIICHOTO
BUPOOHUIITBA, IO AKTHBHO BIPOBA/DKYIOTHCA B JaHWW dYac. 3a JIOIIOMOTOI0 3aco0iB PO3MOALICHOTO
BUPOOHHMIITBA €IEKTPOCHEPTii MOXKYTh €(DeKTUBHO BUPINITYBATUCS MHUTAHHS HANIHHOCTI €IEKTPOIIOCTauYaHHs
Ta €KOJIOTIYHI TIPOOIEMH MUITXOM BUKOPHUCTAHHS HETPAIUITITHIX ITOHOBIIOBAHUX JDKEpel eHeprii [1, 2].

3 nornsaay crnenudiyHuX OCOOMUBOCTEH (YHKIIOHYBaHHS aBTOHOMHHX MIKpOMEpEX MOPIBHSHO 3
TPagULIHHIMU €JEeKTPONOCTavYallbHUMU CHUCTEMaMH TaKi MIKpOMEpeXi MaroTb HU3KY OCOOJIMBOCTEH, IO
BIUIMBAIOTh HA IXHI CTaTWYHI XapaKTepPUCTUKHA Ta JWMHAMIYHI TIepexigHi Mpouecu, sfKi HeoOXiaHO
BpaxOBYBATH IIiJ] Yac iXHbOTO MPOEKTYBaHHS W ekcruryaTamii. Lle 3yMOoBIIeHO MIBUAKUMU 3MiHAMH HANpYTH
Ta YACTOTH IIiJ] YaC BMUKAHHS Ta TNEPEMUKaHHS CJCKTPONpUIMAadiB, BMUKAaHHS Ha TapajleiabHy poOOTY
reHepaTopiB Ta KOPOTKMX 3aMuKkaHHsAX. CHiBMipHa MOTY)XKHICTh TNPUBOIHUX ABUTYHIB Te€HEPATOPHUX
arperaTiB Ta JMHAMIYHOTO HAaBaHTAXEHHS aCHHXPOHHHUX EJICKTPOIBUTYHIB 1 IMBUAKOMISI IXHIX aBTOMAaTHYHUX
CHCTEM KepyBaHHS CyTTEBO YCKIATHIOIOTh TUHAMIKY €JICKTPOMArHITHUX Ta €JIEKTPOMEXaHIYHUX TIepeXiaHuX
NpOLECIB y TakuX cucTemax [3]. Y MaJonoTyXHHX aBTOHOMHHX einekTponoctadansHux cuctemax (EIIC)
3aCTOCOBYIOTh acHHXpOHHI TeHeparopu (Al') 3 KOHIEHCATOPHUM CamMO30YDKCHHIM 0€3 3B’S3KiB 3 IHITUMHU
JoKepesiaMu cTablibpHOT HanpyTH [ 1-5].

MaremaTu4yHi MOJENI AaCMHXPOHHOTO TIeHepaTropa Haivactime (QOpMYIOThCS A acHHXPOHHOT
MaIllMHA 31 CIIOJIYYeHHSM OOBHTOK CTaTopa 3ipKOI0 3 i30JIbOBAaHOK HEWTPAJUTI0 B OPTOTOHAIHHHX
HEPYXOMHUX O, 3 4 00epTOBUX d, ¢ OPTOroHaIbHUX KoopanHaTax [1—4] abo B GasHux koopauHaTax [5, 7-9]
3 HaOMIKEHUM YpaxXyBaHHSIM HETIHIHHOCTI BeOepaMIlepHOi XapaKTepHUCTUKHA TOJOBHOTO MAarHiTHOTO KOJIA.
Henmonikom nux Mojeneii € CKIaaHiCTh aJIeKBATHOTO BpaxyBaHHS BIUTUBY HACHYEHHS TOJIOBHOTO MarHiTHOTO
KOJIa, WOTO 3aJMIIKOBOTO HAMarHiYeHHs Ta BTPAaT aKTHUBHOI MOTYXKHOCTI B MarHitompoBomi Al Ha
napaMeTpu KOOPIWHAT HOr0 YCTaJIEHUX PEXHUMIB, €IEKTPOMArHITHUX 1 €NeKTPOMEXaHIYHHX MEePexiTHuX
nporeciB y aBroHomHii ETIC.

Merta po0oTH TMONSTaE Yy CTBOPEHHI YHIBEepCalbHOI MaTeMaTHYHOI MOJENi acHHXPOHHOTO
reHepaTopa 3 KOHJIEHCATOPHUM CaMO30Y/KEHHSM, 0 3a0e3MeUy€eThCsl YPaxyBaHHSAM CXEMHHUX PEXKUMHUX i
nmapaMeTpUIHUX 0COOIMBOCTEH reHeparopa i enementiB EIIC, i cipsMoBaHa Ha 3aCTOCYBaHHS B CHCTEMax
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KOMIT'FOTEpHOi MaTeMaTHKH Ta TPOTPaMHUX KOMIUIEKCAaX aHali3y MepeXiTHUX eINeKTPOMAarHiTHUX i
€JIEKTPOMEXaHIYHHX MIPOIIECIB EIEKTPOTEXHIYHUX CUCTEM.

MartemaTuyHa MojeJib ACHHXPOHHOrO TeHepaTopa. MaremMaTHyHy MOJENb AaCHHXPOHHOTO
reHepaTopa GopMyeMO B HEPYXOMHUX (pa3HHX KOOpIWHATAX CTATOpa Ta 3arajJbMOBaHUX KOOPJUHATAX POTOpPA
SIK TIPOEKITii IPOCTOPOBUX BEKTOPIB (pa3HUX HAIPYT, CTPYMiB, MOTOKO3UCIICHD 1| HAMArHiqyBaJbHUX CHI Ha
(da3Hi Bici Ta BTpPAaT aKTHUBHOI IOTYKHOCTI B MAarHITONPOBOJAI Ha IIJACTaBl MigXOAy O CTBOPEHHS
MaTeMaTHYHOI MOJIEN ACHHXPOHHOTO ABUTYHA, SIKi BKa3aHO B mpausx [6—9].

Hudepentiiiai piBHIHHSA €JIEKTPOMarHiTHOro crany Al 3amumemMo NUIIXOM PO3IiUICHHS MarHITHAX
MOTOKIB Ha MOTIK T'OJIOBHOTO MAarHITHOTO KOJIA 1 MOTOKK PO3CISTHHS OOBUTOK, 1[0 B CBOIO YEPry PO3IiJicHI Ha
BJIaCHUH 1 B3aemuid Mixk¢azuuid. Takuii minxin 3abesneuye GopmyBanHs MaTeMaTiuHOi Moaeni A’y dasnux
(hi3MYHUX KOOpAHMHATaX sl OOBUTKH CTaTOpa, CHPOIILYE ypaxXyBaHHS 3alUIIKOBOTO HaMarHideHHS
MarHiTOIPOBOY, 0 HEOOXITHO IS JOCTIKEHHS TIPOIECy caM030yIKEHHS, i aleKBaTHO BPaXOBY€E BILIHB
CTPYMIB HYJIBOBOi HOCHIIJOBHOCTI Ha TapaMeTpu KOOpAMHAT pexuMiB i mpoueciB aBroHomHoi EIIC 3a
HEOOX1THOCTI y3eMIIEHHSI HEUTpaJli aCHHXPOHHOT'O TeHepaTopa.

Hudepenriiiai piBHAHHA eleKTpudHUX Kin Al 31 crmomydeHHS OOBUTKH cTaTropa 3ipKoIo 3
y3eMIICHHSM HEUTpai NPOMOHY€EThCSI JOPMYBATH B TAKOMY BHTIISAI

u,=R i +L di,/dt+M_di,/dt+M_,di_/dt+dds, /dt, @))
uy,=Ryi, +L,di,/dt+M_,di, /dt+M_,di, /dt+ddy/dt, )
u,=Ri +L di, /dt+M_di, /dt+M_di,/dt+do, /dt, 3)
ne ug ug, u, — hasni Hanpyru o6BUTOK cTaTtopa; I, ,I,, I, — (hasHi cTpymu 00BUTOK cTaTopa; ¢y, g, 9.,

— ¢azHi poboui MOTOKO3YeTUIeHHS OOBHTOK CTaTOpa BiJ OCHOBHOTO MArHITHOTO MOTOKY MOBITPSHOTO
npomixky; R ,R,,R_.,L_. L ,,L . — pe3UCTaHCH H IHIyKTUBHOCTI pO3Cil0OBaHH:S 0OBUTOK (ha3 cTaropa.

sa’ " sb? " tse ) Hosa? Tosh » Hosc

Hudepenuiitai piBHIHHS POTOPA 3 KOPOTKO3aMKHEHOIO OOBUTKOIO (YOPMYIOTHCS B TAKOMY BUTIISII

0=Ri, +L,di, /dt+dds, /dt+(L, (i, i)+ 05 )0, /3, 4)
0=Ri,+L,di,/dt+ddy /di+(L, (i, ~i,)+ s —bs )0, /3, (5)
0=Ri, +L,di, /dt+do, /dt+(L, (i, —i,)+ds, —0z), /3, (6)

ne [, ,I,,I — 3BeleHi 10 oOBUTKM cTaTopa (asHi CTPyMH POTOpa; , — 3BEJEHA [0 MOIIOCHOI JIiNSAHKH

cTaropa KyToBa HIBHAKICTH oOepTaHHs poropa; R,, L, — 3BeleHi 0 OOBHTKHM cTaTopa €KBiBaJICHTHI
pe3UCTaHCH H IHAYKTUBHOCTI po3CitoBaHHS (a3 OOBUTKH POTOPA.

Brpartu akTHBHOI TOTYXKHOCTI B MAarHiTOIPOBOJI BPaxOBYIOTHCS BBEICHHSM Yy 3aCTYIHY CXEMY
eNeKTpUYHUX Kin A’ 1omaTKOBOTO KOHTYpPY 3 PE3UCTOPOM, KibKiCHE 3HaueHHS SKOTo BimoOpakaTume IIi
BTpaTH 3a aHAJIOTIEI0 3 ypaxyBaHHSAM BTPAT B CTPIKHAX MarHiTompoBoay Tpanchopmaropa [10].

3anucani Ha migcrtaBi Apyroro 3akoHy Kipxroda ans eNeKTpUYHOTO KOHTYPY 3 PE3UCTUBHUM
ormopoM i 3akoHy Awmrmepa (IMOBHOTO CTpyMy) IUisi MarHiTHHX Kin Al nudepeHmiliHi piBHSHHS Aus
BU3HAYEHHS POOOYOT0 NOTOKO3YETUIEHHS MAalOTh BUTIIS

d(l)&z _ . : _Z im (d)?i)
dt - Rsr (d)éa ) lsa + lra 3 ¢5 ¢¢Sa ’ (7)
d(l)éb _ . . _2 lm (¢b)
a R, (d)éb ) Ly Tl 30, s |5 ®)
d(l)&, _ . s g lm ((I)b)
dt - Rst (d)ﬁ ) lsc + lrc 3 ¢5 ¢5c H (9)

ae R, (¢5) — Pe3UCTHBHUU omip, SIKMH BpaxoBye BTPaTH aKTUBHOI MOTYXXHOCTiI B MarHiTONPOBOAI cTaropa

ATl Big ricrepesucy i 00epTOBOr0 MarHiTHOTO MOJIS; I,(As) — MOAYJNH 300pa)KaIBEHOTO BEKTOpa CTPYMY
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HaMal"HiLIGHHH, SIKU BH3HAYAETHCS 3 Be6epaMnepH0'1' XapaKTCPpUCTUKU T'OJIOBHOTO MarHiTHOrO KoJla AF,

Ay = \/ 2(l§a +AL, + AL ) / 3 — MOMTyJh 300pakKaTbHOTO BEKTOPA POGOUOro MOTOKO3YETIEHHS.

PiBHsiHHS MexaHI4YHOTO pyXy poTopa Al Mae BUIIIS
-1
Jpydo, /dt=M (o,)-M (10)
Ie po, J — BIONOBIAHO KUTBKICTh Map MOMIOCIB i MOMEHT iHepuii potopa Al 3 MpUBOAHMM MEXaHi3MOM;
M, =—p0(¢5a(isb —i )+ s (i =i, )+ s (i —isb))/\/g — emekrpoMarHitHmii Moment Al M (o,) -

em >

MeXaHIYHMI MOMEHT MPUBOIHOT'O MEXaHI3MY .

Jnst popmyBaHHS IMOPOBUX MOJIENICH, OPIEHTOBAHMX HA 3aCTOCYBAHHS CHCTEM KOMII IOTEPHOI
MaTeMaTHKH, PIBHSAHHS EJEKTPOMAarHiTHOTO W eJeKTpoMexaHiuHoro ctany Al 3anmmeMo B MaTpHYHO-
BEKTOPHii ()OpMi B TAKOMY BUTJISII

L, 0 1| |di/dt| |u R 0 0 i| |0

oS s s s

0 L. 1)x|di/dt|=|0|- 0 R 0 x[i, [—|E,|, (1D

0 0 1 d‘l’a/dt 0 (¢a) Rsr(q)a) _R;(¢5)Rst(¢5) Vs 0
1

RSI‘
M, =—=pV; A, (12)
\/g 05

ne \|15=(¢5a,¢5b,¢56)t— BEKTOp pobounx mnoTtokosdemnaeHb ¢a3; E =o, / \/g-A(L i, +y;) — BekTOp

or-r

eNIEKTPOPYIIIMHUX cuil 00epTanHsa portopa; L, —niaroHanbHa MaTpHLs 1HIYKTUBHOCTEH PO3CISIHHA OOBUTOK

¢a3 poropa; L_ — KkBagpaTHa Marpuisl BilacHUX (a3sHUX 1 B3a€EMHHX MDK(a3HMX IHIYKTUBHOCTEH
PO3CitOBaHHS OOBUTOK CTAaTOPA, SIKa MA€E BHUTJIST
Lcs'a M cba M cca
Lo, =Mz Loy Mgy,
M cac M cbc Lcsc
e L, :diag(Lcr,LGr,Lm, )— JiaroHaJbHA MAaTpPUL IHAYKTUBHOCTEH pO3CiITHHA OOBUTOK (a3 poTopa;
R ((1)8 ) =2/3i (¢a ) / ds —  CTaTMYHUM  MAar”HiTHUH  OHIp  TOJOBHOTO  MArHITHOIO  KOJa;

RS,(d)S):diag(Rm (ds). R (05). R (05 ))— JiaroHajbHa MATpPHULA PE3UCTOPIB, IO BPaXOBYIOTh BTPaTH

AKTHBHOI MOTY>KHOCTI B MarHiTornpoBoi Al'; A — gonomixkHa MaTpuLs KoedillieHTIB, SKa Ma€ BUIIIA
0o 1 -1
A=|-1 0 1
1 -1 0

CdhopmoBana cucrema audEpeHIIHUX pIBHSHb EJIEKTPOMArHITHOTO cTaHy 3abesnedye 0e3-
npoOiieMHe BpaxyBaHHS 3aJIMILIKOBOIO MarHiTHOIO IIOTOKY, CTPYMiB y OOBUTKaxX 1 HAlpyT Ha EMHOCTSIX.

Marpuns Sko6i gudepenmiitaux piBHsab crtany EIIC AT (11), (12) e mecumerpuuHnoro. lle
3YMOBJIIO€ CKIIQJHOIII CTBOPEHHS ajrOpUTMYy aBTOMAaTHYHOTO (opmyBaHHs mudposux Mmogneneit EIIC 3
ACHHXPOHHUM T'€HEPATOPOM.

Ha mincraBi miakonTtwku AaudepeHIiiHnX piBHAHB craHy Al, sika TPyHTYETbCS Ha TPHITYIIECHHI
CTaJIOCT] KOJIOBOT IIBUAKOCTI OOEpTaHHS pOTOpa Ha KPOI iHTErpyBaHHs, eJIEKTPOPYIIIHHI CHIIM 00epTaHHs
poropa B mm¢posiii mozxeni EIIC gonineHO dopMmyBartd y BUIMNIAAI KEPOBaHMX HAMpYT, IO 3aJIEKaTh BiJ
CTpYMIiB poTOpa Ta poOOYHX IMOTOKO3UYEIUIEHb TOJIOBHOTO MAarHiTHOTO KoJia 3TiHO 3 piBHAHHAME (4) — (6).
KepoBaHi HanpyTH peami3yoThCs Y BUTIIAII CIIeianbHUX GYHKITIH 3 BHKOPUCTAHHSIM B3a€EMHHUX 3B'SI3KIB MiXK
BITKAMH 3aCTYITHUX CXEM €JIEKTPUYHUX 1 MarHITHUX KLJ1 CTaTOpa Ta poTopa eJIeKTPHUYHOI MaluHu [7-9].

Hns aBromatruHoro ¢opmysanus nudposux mozaeneid EIIC 3 Al rononoriunumu meronamu [7, 8]
HEOOXITHO CTBOPUTH 3acTymHy cxemy Al, mpumatHy mis ¢bopMyBaHHA ITUGPOBOI MOJENI y KOHTYPHUX
koopauHarax. CTBopeHy Ha miacTasi piBHsIHB (1) — (12) eneKTpOMarHiTHOTO W eNeKTPOMEXaHIYHOTO CTaHy
AT #ioro 3acTynHy cxeMy HaBeJIeHO Ha puc. 1.
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Ha puc. 1 Bemmumna K,=1 BiAmoBigae B3a€EMHOMY IHIYKTHBHOMY 3B’SI3Ky MK CJICKTPHYHHUMH i
MarHiTHUMH Konmamu Al (32 (i3MyHMM 3MicTOM BiH € aHanoriero KoedimieHTy TpaHcdopMmarii
TpaHcopMaTopa 3 OAHAKOBOIO KiJIbKICTIO BUTKIB 00BUTOK). KepoBani EPC obepranHs poropa € uieHaMu

piBHAHBb ioro crany (4) — (6) Ta MawoTh Takuil BunA: E =(L6r (i,b —i.)+0g —d)&)cor /3,

Erb:(LGr(- _ira)+¢6c‘_¢8a)(’or/\/§’ Erc:(Lcr(ira_irb)+¢8a_¢6b)0‘)r/\/§'

ZI”C

Puc. 1

TectyBaHHS MaTeMaTW4YHOI MoOHENi 37iHiCHEHO mnsi acuHXpoHHOI MamwHH 4A180M1 3 Takumm
napamerpamu: U,=380 B, P,=30 xBrt, cos¢=0,91, /=50 Hz, p,=1, s, =0,02, J=0,34 kGm?, L, =0,002 T,
Mg, =0,0009 I'n, R=0,16 Om, L;=0,0016 I'n, R, =0,078 Om.

Bebepamriepra xapakTepUCTHKa TOJIOBHOIO MAar”iTHOro kosia Al ampokcumoBaHa MOJIHOMOM
inz(¢6):17’42¢8 +1,8¢] +0,74¢,, Ha mifcTaBi AKOi OTPUMAHO XapPaKTEPUCTUKY CTATMYHOIO MATHITHOTO

omnopy y Burisaai R, (¢5 ) =17,42+9¢; +6,7¢; . 3aIMIIKOBE NOTOKO3YEIIEHHS TOJIOBHOTO MAarHITHOTO KOJIa:

ds, (0) =0,2 B0, ¢, (O) =0,, (0) =-0,1 B6.

Xapaxrepuctuka R, (¢;) omopy, sikuil BpaxoBye BTpaTH aKTHBHOI IOTY>KHOCTI B MarHiTOIPOBO/I,
NPUIHATO KBAJAPATUYHOIO, OTKE LeH Oomip MokHA NpUHHATH cTamuM. st nocmimpkyBanoro Al 3HaueHHS
WX OMOPIB R, (s, )= R,y(sy )= R, (95, ) =3000n.

Pe3ucTrBHI omopy HaBaHTAKEHHS, CTIOIYYCHI 3iPKOI0 3 Y3eMJICHOIO HEHTpPAJUTIO, TIPUHHITO TAaKUMHU:
R,=R, =R, =440M. J/lna xomneHcalii peakTUBHOI IOTY>KHOCTI 3aJUlsl CTBOPEHHs MarHitHoro nonus Al
BUOpaHO KOH/IEHCATOPHY OaTapero 31 CHOoyYeHHSIM KOHAEGHCATOPiB (a3 TPUKYTHHKOM 3 eMHicTio C=3*80 pF.

Ha puc. 2 HaBemeHo ocumiorpaMd KOOpAMHAT mpouecy 3amycky Al 3 KOHOEHCAaTOpHUM
caM030yIKEHHM, IO 3MIHCHIOBAJIOCS B JBa €TAaIH: IUIABHUM PO3TiH pOTOpa TeHepaTopa 0e3 HaBaHTAKCHHS
J0 KOJIOBOI IIBHIKOCTI oOepTaHHs potopa o, =314,16pan/c, mo Bignosizae vacrori 50 I'm. Y MomeHT
JOCSTHEHHS (a3HOI0 Hampyrow craropa HOMiHanbHOro 3HadeHHs 220 B 3xilicHIOETBCS BMHMKaHHS
HaBaHTaXeHHA. Ha puc. 2 y BikHax a 1 6 HaBe#AE€HO KpuBi 3MiHM (a3HOi Hampyru u, 1 pobOo4oro
IOTOKO3YEIUIEHH (5, , @ y BIKHAX 6 1 ¢ — CTpyMy CTaTopa i, Ta 3BEJEHOr0 10 OOBUTKH CTaTopa CTpyMy
poropa i, .

Ilix gac BMUKaHHS HaBaHTKEHHS Ma€ MicIie TIpoBaji Hanpyrd Al 3 HaCTymHUM 11 30UTBIIICHHSAM 110
HOMIHAJIFHOTO 3HauYeHHs (puc. 2, a). JlocnipkeHHsT Ha CTBOpeHid martematuuHid moxem Al mokasanw, 1o
3a/u1s1 3a0e3MeueHHs] CTaHAaPTHUX IMOKa3HUKIB AKkocTi Hanpyru B aBToHOMHiM EIIC Tineku 3 A" HeoOxinHa
MIBUIKOMIMHA THHAMIYHA KOMITEHCAIliSI PEaKTUBHOI MTOTYKHOCTI.
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BucHOBKH. CTBOpCHO yHiBCpC&J’ILHy MAaTeéMaTU4Hy MOJACJIb AaBTOHOMHOI'O ACHMHXPOHHOI'O

reHeparopa 3 KOHJICHCATOPHHM CaMO30YKeHHSIM y (a3HUX 3arallbMOBaHMX KOOpPAWHATAX 3 ypaxyBaHHSIM
€JIEKTPOMAarHiTHUX 3B’S3KiB MiX 0OBUTKaMH (Da3 cratopa i poTopa Ta HACHYEHHS TOJIOBHOTO MAarHiTHOTO
KoJla W BTpaT aKTHUBHOI MOTY>KHOCTI B €JIEMEHTaX MarHiTompoBoxy. Mojens 3a0e3leuye MOIIUBICTD
aHaITi3y YCTAJICHUX MEPIOANYHUX PEKHUMIB, €JIEKTPOMATHITHUX 1 eIEKTPOMEXaHIYHUX MEePEeXiJHUX MPOIECIB
y aBTOHOMHHX EJICKTPONOCTAYaIbHUX CHCTeMax 3 JOBUIBHHMH cxeMamu BMHKaHHS enemeHTiB EIIC Ta
ACHHXPOHHHUX T'€HEPaTOpiB 3 ypaxyBaHHSIM CXEMHHUX, PSKUMHHUX 1 MapaMeTpHYHHX OCOONMBOCTEH IXHIiX
eneMeHTiB. Monens 3a0e3neuye MOXKIHMBICT YpaxyBaHHS 3aMIIKOBOTO HAMarHiYeHHS MarHiTONPOBOIY
ACHHXPOHHOTO Te€HepaTopa Ha mepedir mpouecy caMo30yIKEeHHS aCHHXPOHHOTO T'eHepaTropa 3 y3eMIICHOO
HEWTPaJIo CTaTOPHOI OOBUTKH 1 HECUMETPHYHUM HaBaHTKECHHSM.
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A universal mathematical model of an autonomous asynchronous generator with capacitor self-excitation in retarded
phase coordinates is proposed, taking into account the electromagnetic connections between the windings of the stator
and rotor phases, saturation of the main magnetic circuit, and active power losses in the magnetic circuit elements. The
model provides an opportunity to analyze stable periodic modes and transient electromagnetic and electromechanical
processes in autonomous power supply systems with arbitrary switching schemes of its elements and asynchronous
generators. The model provides the possibility of taking into account the residual magnetization of the magnetic circuit
of an asynchronous generator and the change in rotor speed during the course of the self-excitation process of an
asynchronous generator with a grounded neutral of the stator winding and an asymmetric load. References 10, figures
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In this work, a computer Simulink model of a wind power plant has been developed, which uses a magnetic gearbox
instead of a mechanical gearbox and also contains a synchronous permanent magnet generator. A separate Simulink
model of a magnetic gearbox built on the basis of a modulated magnetic field in the air gap was developed, which al-
lows to study the stability of its operation both in steady-state and transient modes. Calculations of various dynamic
modes of the wind power plant’s operation were carried out, based on the developed model, such as the starting mode,
an instantaneous increase in the wind speed acting on the wind turbine, and an increase in the load of the electric gen-
erator. According to the results of the calculations, it is shown that in transient modes, when short-term overloads oc-
cur, both rotors of the magnetic gearbox can fall out of synchronous motion for a certain period of time and then, de-
pending on the parameters of the gearbox (as well as its other elements), the electromechanical system either reaches a
certain operating steady-state mode or loses the ability to transfer mechanical power from the wind turbine to the gen-
erator. It has been shown that the use of a more powerful magnetic gearbox, with an increased value of the maximum
magnetic torque, allows of a more overload-resistant operation of both: a gearbox and the wind plant as a whole. Ref-
erences 9, figures 10.

Keywords: wind power plant, magnetic gearbox, permanent magnet generator, computer modeling, plant operation
modes, stability of magnetic gearbox.

1. Introduction. Nowadays, the use of renewable energy sources is becoming more widespread due
to the increasing obstacles to the use of energy obtained from the combustion of natural substances. The use
of wind energy is a solution that helps to generate electricity in a rational way [1]. Any wind power plant
consists of two parts: mechanical and electrical; the mechanical part includes a wind turbine and a mechani-
cal gearbox, and an electric generator with a semiconductor converter and a load make up the electrical part.
As is known [2], the presence of a mechanical gearbox containing the contacting surfaces of two rotors rotat-
ing at different angular speeds significantly complicates the maintenance of such systems and prompts the
search for other alternative circuit solutions for the structure of modern wind power plants.

Over the past decades, experts in the field of electrical machines have paid much attention to the
creation and research of magnetic gearboxes (MG) [3, 4]. The peculiarity of their design is the absence of
contacting surfaces, and the transmission of mechanical power between two rotors is carried out due to the
contactless interaction between permanent magnets. At present, the best design is considered to be the MG
design with a modulated magnetic field in the air gap, which was proposed in [5]. To determine the possibil-
ity of using such MG in wind power plants, it is necessary to conduct preliminary researches of the operation
of such systems both in steady-state and transient modes. It should be noted that although electromechanical
processes directly in the MG have been considered in many works, for example, [6, 7], the dynamic proc-
esses in the MG which is as an element of a complex electromechanical system - a wind power plants - have
not been sufficiently researched.
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Considering the above,the purpose of this work is to develop a computer model and research the
related mechanical and electrical dynamic processes in the main elements of a wind power plant, which uses
a magnetic gearbox instead of a mechanical gearbox.

2. Computer model of the wind power plant. Fig. 1 shows the structure of a wind power plant
containing a wind turbine with a shaft connected to a low-speed rotor (LS) of a magnetic gearbox, a perma-
nent magnet synchronous generator connected to a high-speed rotor (HS) of a magnetic gearbox. The genera-
tor winding is connected to a rectifier with an active load. The developed Simulink model of such an installa-
tion corresponding to the above structure is shown in Fig. 2. Further, we present the mathematical models
and show the internal structures of the main blocks of this model.

 f&h rTI
Load s ] =y

—_— Generator with Rectifier —__;_'-' i _

Magnetic
ot permanent magnets
gearbox -

Wind mrbine

Fig. 1

2.1. Wind turbine. The mechanical power and mechanical torque of a wind turbine are calculated
based on the following expressions [1]:

P, =C,(\B)0,5pA4V

turbina wind °

Trbina = Burvina | Prarpina » (1, (@)
where p is an air density; 4=nR’ (R is a outer turbine radius); ,,,,. is angular speed of the turbine shaft,
dimensionless coefficient C, calculated as

1 0,035

A+0,088 B2+1

CP OHB) = Cl (Cz / 7‘;‘ - C3B - C4 )e—cs/xi + Cs}\': ?‘i = ( )71 5

where A=, R/ V,.a s B 1s an angle of the turbine blades, degrees.

turbina w

The results of calculating the mechanical torque of the turbine according to expression (2) as a func-
tion of the angular speed of the turbine ® at different wind

Turbine power, relative units_ - turbind
Max_ power a basé wind speed (12 m/5) and befg = 0 deg . speeds V., and at =0 R=2,8 m, which corresponds to a
nominal power of the turbine of -10 kW, are shown in Fig. 3.

b - This figure shows that for each value V,,,, there is an optimal

1
08

0.6

when the mechanical power of the turbine reaches

turbina *

—96ms value ®
0.4 |

B4 mis : max
o L o _ the maximum value P, ;. . .

e On the basis of expressions (1), (2), a Simulink block was
o T NN | developed, shown in Fig. 2 in blue, which allows the input val-
02 : ues located on the block on the left to calculate the output values

04 o - T P located on the right. This block is further used

turbina’* turbina >

T _0:? 06 08 1 12 as an element of the integrated model of the entire wind turbine.
urbine rotation speed, relative units . .

Fig. 3 2.2. Magnetic gearbox. The schematic structure of the

magnetic gearbox is shown in Fig. 4 and consists of a low-speed

rotor / connected to the wind turbine shaft, a high-speed rotor 2 connected to the electric generator shaft, and

a magnetic flux modulator 3. The rotors of the magnetic gearbox are equipped with permanent magnets 4.

The mathematical model describing the dynamics of the rotational motion of the magnetic gearbox rotors is
as follows [8]:
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do ;
d_ll_'_ klml = ];urbine _]:nax Sln(plel _pheh) >
do Tmax :
Tth"'khmh - G sin(p,0, - p,0,) T, , (3)

a6, a6,
— =0, — =0,
dt dt

where J, , is the moment of inertia of the LR (denoted by the index / is a low

speed) and HR (denoted by the index # is a high speed); w;;, 6, are the angu-
lar speed and angular position of both shafts; p,, is a number of pairs of

poles; k,, is a coefficient of viscous friction; 7,,,. is a maximum value of the magnetic torque acting on the

LR; G = p,/ p, is areduction ratio of the magnetic gearbox.
The developed Simulink model of the magnetic gearbox that implements the system of equations (3)

Lowveocts =

Fig. 5

is shown in Fig. 5. This model is
constructed as an  equivalent
mechanical circuit consisting of a
circle for the R and a mechanical
circuit for the HR, which are
interconnected by an information
signal corresponding to the
| expressionsin(p,0, - p,0,) in the

P mathematical model (3) and depends
Lo on the instantaneous position of both
rotors. Two torques are used here as
input values — 7,47, and the

angular rotation speeds ®;; of both
rotors are used as output values.

2.3. Model of an electric generator and rectifier. The basic model from the Simscape library of a

Induction, T

0 025 05 075 1 1,3 L5 18

Fig. 6

permanent magnet synchronous generator and a model of
a rectifier, built on the basis of the Universal bridge
block, were used in this work (Fig. 2). In the design and
calculation of the permanent magnet electric generator
(Fig. 6), the stator of a mass-produced AIR132MBS8
induction motor was used, the main technical
characteristics of which are as follows: rated power P, =
5.5 kW, rated voltage when the stator windings are
connected in a "star/delta" U, = 380/220 V, rated current
1, =8/14 A, rated speed n = 710 rpm, efficiency = 78.5%.
The stator has the following dimensions: outer diameter
D, =225 mm, inner stator diameter D; = 158 mm, number
of slots Z, = 48; height of slots 4, = 17.6 mm, length of
the active part of the core /r, = 160 mm. The air gap
between the stator and rotor is equal to & = 1.5 mm. The
rotor with permanent magnets has an outer diameter equal
to D,, = 155 mm, in which 8 permanent magnets of size

(160 x 40 x 10 mm) are placed. The magnets in the rotor have a tangential arrangement. Such an arrange-
ment of magnets in the rotor makes it possible to obtain the best specific characteristics [9]. Fig. 6 shows the
general view and pattern of the magnetic field at a current density of J = 8 A/mm’.

3. Calculation of steady-state and transient modes of operation of a wind plant with a magnetic
gearbox. The developed Simulink model of the plant as a whole, shown in Fig. 2, consists of a model of a
wind turbine, a magnetic reducer, a permanent magnet synchronous generator, and a rectifier connected to
the generator output and to a resistive load. The following initial data were used for the calculations.

— Wind turbine: rated power — 10 kW, rated speed — 400 rpm;
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— Magnetic gearbox: T, =406 N'm, k, =k, =0,008 N-m-s, p, =17, p, =3,J, =J, = 0,001 kg:m’, re-
duction ratio G = p,/ p, =5,67. To calculate these MG parameters, we used the finite element method of the

field problem in the Simcenter Magnet package;

— Generator: active phase resistance — 0,022 Q, phase inductance — 26.7 puH, number of pairs of
poles — 4, flux cohesion from permanent magnets — 0.26 V-s. To calculate these generator parameters, we
used the finite element method of the field problem in the Simcenter MotorSolve package. The active load
impedance is 20 Q. The following are the results of calculating the operation of the plant with the specified
parameters in different modes.

3.1 Startup mode of the wind turbine and steady-state operation. In this work, the starting mode
of the wind turbine under the condition that the wind speed slowly increases from zero to 12 m/s and then the
turbine operates in steady-state

<T Low[H*'m]> <T_High{H*m]> <P L Jocity[W]> = X
400 = N o sy mode was calculated. The active
1, Nm wt Iy Nm 10000 [ P\ .
300 wl 1 load of the generator is 20 Ohms.
20 " e ' The results of calculation the time
100 ' " ° characteristics of the MG — angu-
0 ' . 5000 lar wvelocity, mechanical torque,

and mechanical power for the LR
and for the HR are shown in Fig.

w, ; rad/ 10000
° - i 8000 B, W 7. It can be seen that at the begin-
. 0 s00 ning of the process (time interval
o o | | 2.3+3 s), all characteristics on the
50 - 0 0 LR shaft connected to the wind
4 1 2

' Yime,ss ? “Time, § turbine have oscillations that re-
flect the process of entering the
synchronism of the HR. After
reaching the steady-state mode, the
mechanical power on the turbine shaft and the LR shaft is 10 kW, and on the AR shaft and the generator shaft
is 9.5 kW (average value). Hence, the calculated

<w_Low[rad/s]> <w_High[rad/s]> <P_High velocity[W]>

Fig. 7

=

TN 500 i S value of the gearbox efficiency is 95%. This

abe | 20— { 1 figure also shows that the ratio of speeds and

’ ’ 0 mechanical powers of the LR and HR is equal to
W:

500 | ool ] d al A a reduction ratio of 5.67. The electrical charac-
_____ — 1 / teristics of the generator in this mode of opera-
Tape A ® f tion are shown in Fig. 8. It can be seen that

R ’ I | wrp when the HR is drawn into synchronism, the

5000

0

three-phase voltages and currents at the genera-

©Eg) ‘Time, s T Ry T 0 T o)lme. s tor output increase to the steady-state value (Fig.
Fig. 8 8, a). The shape of these curves on an increased

time scale is shown in Fig. 8, b, and Fig. 8, ¢
shows the electrical characteristics of the resis-
tive load.

3.2 Operation of the system in the event of a wind gust. The preliminary mode of operation of the
wind plant is calculated with the difference that at a time point of 4 s, when the system has reached the
steady-state mode of operation, the wind speed increases from 12 m/s to 20 m/s. The results of calculating
the time characteristics of the MG are shown in Fig. 9, a. Here, all graphs show the same values as in Fig. 5.
It can be seen that when a wind gust occurs (at a time point of 4 s), both MG rotors fall out of synchroniza-
tion and the gearbox loses the ability to transfer mechanical power from the turbine to the generator. At the
same time, in the steady-state mode, the HR starts to rotate at a relatively high speed as a reaction to a strong
wind, and the LR rotates at a low speed, which is not the normal mode of operation of the MG.

To analyze the effect of the maximum torque of the MG on the stability of its operation, Fig. 9, b
shows the results of similar calculations at a doubled value of the maximum MG torque, equal to 812 N-m.
As can be seen from this figure, when a wind gust occurs, the MG falls out of synchronism for a certain pe-
riod of time after the startup, but then the gearbox returns to normal operation. Thus, according to these cal-
culations, it can be noted that in transient modes, when an overload occurs, both rotors of the MG can fall out
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of synchronous motion for a certain period of time and then, depending on the MG parameters, the system
either reaches a certain operating mode or loses the ability to transfer mechanical power from the turbine to
the generator. It should be noted that the process of falling out of synchronism is also affected by magnetic
losses in the MG, but this issue is not sufficiently researched and presented in the scientific literature and will
be investigated by the authors in the future.

E

<T_LowfH'm}> <T_HighH'm]> ot <P_Lowvelociyivl> & STlawtmp w T HighlH'm}>_ gt <P Low velocity[W]>

<P_High velocity[W]> <w_Low(rad/s]> <w_Highjradis]> L4t <P_High valocity (W=

Fig. 9

In order to establish the general conditions for the stable operation of the MG in dynamic modes, let
us consider the system of equations (3). From the analysis of the first and second equations, which reflect the
balance of moments on the shaft, respectively, of the LR and HR, it can be assumed that for stable operation,
two conditions must be met simultaneously:

do T
, J—r+ko, +T, <o 4
max h d 1 h="h G ( )

turbine gen

79O e <T
dt

From these two expressions, in the absence of the first components corresponding to the moments of
inertia, the following conditions for the operation of the MG power plant in steady-state mode can be ob-

tained: T

turbine

Tmax
ko, +T,, < G

As noted in [3, 4], the use of a more powerful MG with an increased value of the maximum magnetic
torque to Tiax = (1.2+1.5)Tuwine allows for a more stable operation of both the MG and the wind power plant
as a whole.

3.3 Operation of the wind power plant with increasing electrical load. This mode was calculated
for the variant described in Section 3.1, pro-

Sl o L L bl 2 <P_Low velocityWI¥  vided that at a time of 4 s the active resistance
i of the generator's load decreases from 20
Ohm to 10 Ohm. The results of calculating the
time characteristics of the MG are shown in
Fig. 10, where all graphs show the same val-
<w_Lowfrad/s]> <w_Highlrad/s]> <P Highvelocitywp  Ues as in Fig. 7. It can be seen that the MG
P 20000 does not lose its stability under such an in-
creased load, while the rotational speeds of
the LR and HR decrease monotonically, and

-ko, <T,

max ?

0o
10000

200 5000

-5000

50
200

100 10000

50 . 0 0 — the mechanical moments of both rotors in-
o 2 4 & 8 0 2 4 & 8 g g u crease. This leads to an increase in the me-
Fig. 10 chanical power consumed from the turbine

and transmitted to the electric generator in
normal operation. Such a stable operation of the MG in this mode is associated with the fulfillment of condi-
tions (4) in the dynamic mode.

Conclusions. In this work, the computer Simulink model of the 10 kW wind power plant has been
developed, in which the magnetic gearbox instead of a mechanical gearbox, was used in pair with a synchro-
nous generator with permanent magnets. The Simulink model of the magnetic gearbox was developed, which
allows to research the stability of its operation in dynamic modes. On the basis of the developed model of the
wind power plant, researches of the related mechanical and electrical processes in its main elements, in dif-
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ferent operating modes, were carried out - starting mode, instantaneous increase of wind speed acting on the
wind turbine and increase of the load of the electric generator.

According to the results of the calculations, it is shown that in transient modes, when short-term
overloads occur, both rotors of the MG can fall out of synchronous motion for a certain period of time and
then, depending on the parameters of the MG, the system can either reach a certain operating steady-state
mode or lose the ability to transfer mechanical power from the turbine to the generator. It has been noted that
using a more powerful MG with an increased value of the maximum magnetic torque to
Tmax = 1.2+1.5) Tiuwine allows for a more stable operation of both the MG and the wind power plant as a
whole.
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Y pobomi pospobneno komn'tomepry Simulink-moodens simpoenepeemuynoi ycmaHosKu, 6 AKUL 3aMiCMb MEXAHIYHO20 PeOYK-
Mopa GUKOPUCMOBYEMBCA MASHIMHUL, A MAKOIC MICMUMbCS CUHXPOHHULL 2eHepamop i3 nocmiinumuy maenimamu. Ilpu yoomy
oKpemo po3pobnero Simulink-mooens macnimnozo pedykmopa, nobyo008aH020 Ha OCHOBI MOOYIbOBAHO20 MACHIMHO20 NOJISL 8
NOGIMPAHOMY NPOMIJICKY, AKA OAE MOACTUBICMb 0OCIOUMY CMILKICMb 11020 pOOOMU AK 8 YCMANEHOMY, MAK i 8 Nepexionux
peoicumax. Ha ocHo8i Modeni ycmaHo8KY NPoseoeHo PO3PAXYHKU PISHUX OUHAMIYHUX PeXCumis ii pobomu — nycKkoeo2o, Mum-
mego2o 30INbUenHA WMBUOKOCMI 8IMpY, o 0i€ Ha 6IMpogy mypoiny, ma 30iNbUeH A HABAHMAICEHHS eNeKMPUUHO20 2eHepa-
mopa. 3a pesyromamamu npo8edeHUX pO3PAXYHKI8 NHOKAZAHO, WO 68 NEePEXIOHUX PedCUMax y pasi GUHUKHEHHS KOPOMKOUACHUX
nepesaHmanicenb 0bUO8a pomopu MAsHIMHO20 PeOYKMOpa Ha NEGHUL NPOMINHCOK HACY MOXCYMb UNAOAMU 3 CUHXPOHHO2O
PYXy i 0ani, 6 3a1edcHOCmi 8i0 napamempis pedykmopa (a maxkoxc iHwux ii enemenmie), eiekmpomexaniyna cucmema abo
docsizae nesHo20 poboH020 YCMANEHO20 PEXCUMY, AO0 8MPayac MOMCIUBICMb Nepe0asaHHsi MeXAHIYHOI NOMYHCHOCMI 8i0
8impo6oi myp6inu do eenepamopa. Ilokaszano, wo 6UKOPUCIAHHA OibUL NOMYHCHO20 MAZHIMHO20 PedyKmopa i3 30L1buleHUM
SHAYEHHAM MAKCUMAILHO20 MACHIMHO20 MOMEHMY 0d€ 3M02y ompumamu Oiibul CMIUKY 00 NepeHasaHmadxz#ceHb pobomy 5K
Yb020 pedyKkmopa, max i gimpoenepeemuynoi ycmanosxu 6 yiromy. bion. 9, puc. 10.
Knrouosi cnoea: BiTpoBa €IEKTPOCTAHLIS, MATHITHUI pELyKTOp, T€HEpaTOp 3 MOCTIHHUMH MarHiTaMu, KOMIT'IOTEpHE Mojie-
JIIOBaHHS, PeKUMH POOOTH YCTAHOBKH, CTIHKICTh MAarHITHOTO PEeIyKTOpA.
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PO3PAXYHOK TA MATEMATHUYHE MOJEJIIOBAHHS EJIEKTPOMAT'HITHUX
TATOBUX XAPAKTEPUCTHUK TIPUBOJA POBOYOI'O OPTAHY YCTAHOBKH
JIJISI BATIOBYBAHHS HA®TH HA BA3I KOAKCIAJIbHO-JITHIMHOT' O
ACHUHXPOHHOI'O IBUI'YHA

I''M. I'osienkoB*, kaH. TeXH. HayK, A.B. Bepemienko

KuiBcbknii HanioHaIbHUH yHiBepcHTeT OyAiBHMITBA Ta apXiTeKTypH,
np. Hositpsinux Cua, 31, Kuis, 03037, Ykpaina,

e-mail: gmgolenkov@ukr.net.

Ha cbo20o0Hi nepcnexmugHum HanpsmKom po3gumiy chepu 3acmocy8anhs TIHIUHUX OBUSYHIB € IX GUKOPUCTNAHHSA Y
KOHCMPYKYISAX c8epOnoguHHux Hacocie. Lle oae 3moey 3nauno 30inbuwiumu Xio pobo4020 opeany ma NOKpawumu
epexmusHicms 6UO0OYMKY HADMU NOPIGHAHO 3 MPAOUYITIHO GUKOPUCIOBYBAHUM WMAH20-C8EPOTIOBUHHUM AHATIOZOM.
1Tio uac eupiwenna maxoi 3a0aui CKIAOHUM NUMAHHAM € NPOSHO3VBAHMA MA 3a0e3ne4eHHs MA208020 3VCUILIL
npomsazom poboyoi mpaekmopii pyxy, Ha wjo i HanpPasieHo npPosedeHi y pobomi 00CHiOHCeHHs. 3anponoHO8aHO HOBUI
nioxio w000 NOKPAWeHHS NYCKOBUX XAPAKMEPUCMUK JIHIUHO20 O08USYHA WIAXOM 30L1bUEHH KOHCMPYKMUSHUM
CHOCObOOM aKMUBHO20 ONOPY 11020 Oi2yHA HA NoYamKosiu OianYi 1lo2o pozeony. Hasedewi pesyromamu ananimudnux
PO3DAXYHKIE NOKA3YIOMb MOXNCAUBICMb Y pasi peanizayii maxozo nioxody 30inbuumu niOUOMHY CUly O08ueyHd
npubausno 6 4 pasu — 3 5000 kH oo 20000 kH 3a tioco nominanrbnoi nomyscnocmi P = 90 kBm. Po3pobnena Simulink-
MoOenb 01 aHaNi3y eNeKMpOMeXaHiuHuxX npoyecie npu nycky JNiHilHO20 08u2yHa i3 OicyHOM, AKMUBHUL ONIp AKO20
BMIHIOEMbCSL 8300824C 1020 O0BIUCUHU 3A 3AKOHOM cmynenesoi (yuxyii. Ilpu yvbomy na novyamrosii OiissHyi NycKy
Oosoicunoro 1,5 m yeu onip mae 36invuiene 3HAUeHHs, A HA [HWUX OUISHKAX, WO 6i0nogioaroms pyxy OicyHa 6
VCMANEHOMY PENCUMI, — MIHIMATILHO MOJCIUGE 3HAYEHHSL. 30 pe3yIbmamam npoeedeHux KOMn'iomepHux po3paxyHKie
nepexiono2o eneKmpoMexaniuno2o0 npoyecy NOKA3aHO eheKxmusHicmb 3anponoHOBAHO20 NIOX00Y w000 NOKPAUWEHHS
NYCKOBUX Xapakmepucmux ninitiHo2o 0guzyna. bioim. 5, puc. 6.

Kntouosi cnoga: niHiiiHUN acCHHXPOHHHUU IBUTYH, OITyH, CBEp/UIOBHHHUI HACOC, TATOBE 3yCHIUIA, CIEKTpOMEXaHiuHa
TATOBA XapaKTEPUCTUKA.

Beryn. Ha croromuimmHiit neHs YkpaiHa € OfHi€r0 3 TMEpCIeKTUBHUX KpaiH CBITY y IDIaHI PO3BUTKY
HaQTOBHI00YBHOI MPOMHUCIIOBOCTI, 110 BUKJIMKAE MEBHY 3alliKaBJICHICTh Y YHCENbHUX iHBECTOPIB. | 1oKu iX-
Hi iHTepecH OOMEXYIOThCS BEJICHHSM aKTUBHUX OOMOBHX Iiif Ha TEpHUTOpii KpaiHH, OCHOBHUM HAIPSIMKOM
JTOCITIKEHb BOAYAETHCS PO3pOOKa HOBUX Ta BIOCKOHAJIICHHS ICHYIOUHMX YCTaHOBOK BUI0OyBaHHS HadTH [1].
Ha Teputopii Ykpainu icHye Tpu HadTOra3oHOCHHX perionu: 3axiguuid, Cximauii 1 [TiBgennuii. [Tpu upomy
nepeBakHa YacTUHA PO3BIJaHMX 3amaciB HATU Ta Ta3y 30CepeKeHa B MaCHBHO-IIACTOBHX IMOKJIAAAX Mif
perioHabHOK KOMOIHOBaHOK (TIMHUCTO-XEMOTEHHOIO) MMOKPHIIKOIO, a TIIHOWHA 3aISITaHHS TPOTYKTUBHUX
TOPHU30HTIB 3MiHIOEThCs Big 680 10 4050 M [2].

Po3poOka pomoBui HaQTH MPOBOAUTHCS LUIAXOM OyNiBHUITBa HAQTOBHX CBEPAJIOBUH Ta LIAXTHUM
METOJIOM. 3a Croco0aMM BWIIYYCHHS PiJVHHM 13 CBEPIJIOBUHHU CydYacHI METOJIN HapTOBUIOOYTKY PO3PIi3HA-
10Th: (poHTaH, KON BUXiA (Qiroimy BinmOyBaeThbes 3a paXyHOK Pi3HHUIl THCKIB Y MPOAYKTHBHOMY IUTACTI 1 Ha
THPJIi CBEPIUIOBUHH; epitiT (Ta3midT); HACOCHO-KOMIPECOPHUH BUAOOYTOK 3 BUKOPUCTAHHSM Pi3HUX BHIIB
HacociB: enektposinueaTpoBoro (EBI[H), reunToBoro (I'BH) um mranro-ceepamosurnoro (LLICH). Haii-
OLTBIIT TTPOTYKTHBHAM i3 3a3HAUCHUX Y PEATbHUX YMOBAX € HACOCHO-KOMITPECOPHHUNA BHIIOOYTOK, a HAMOLTBITT
BUKOPUCTOBYBaHMM Ta ehekTUBHUM TUTIOM Hacocy — LIICH, sikuit mae psix HenoMiKiB Yyepe3 oOMexkeHy Bill-
CTaHb XOAYy LITOKA, BEJIMKY METAJOEMHICTh, HEAOCTATHIO HaAilHICTh [3]. KommeHcyBaTu Taki HEJOMIKH MO-
JKJIMBO Y Pa3i 3aCTOCYBaHHS SIK MIPHUBOJ JIIHIHHIX acHHXpOHHUX ABHUTYHIB (JIA /).

CxeMatniHe 300paKeHHS eJIEKTPOMEXaHIYHOI YCTaHOBKHY ISl BU0OYBaHHS Ha)TH Ha 0a3i JiHiiHO-
IO aCHHXPOHHOTO JBUT'YHA [TOKa3aHO Ha puc. 1, ne / — niHiiHUNA acCHHXPOHHUH ABUTYH; 2 — OiryH JiHIHHOTO
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ACMHXPOHHOTO JIBUTYHA; 3 — OIOpHA Bexa; 4 — Tpanchopmarop; 5
. — TUPJIO CBEPAJIOBHUHU; 6 — CBEpJUIOBHHA; / — Hacoc; § — dhyHmaa-
= MeHT; 9 — npotuBara; /(0 — tpoc; 11 — cuctema ONOKiB.

Ha puc. 2 Ta 3 mokazaHo OCHOBHI KOHCTPYKTHBHI €IIEMEHTH

KOaKCiaJbHO-JIIHIHHOTO JBUTYHA 3 TATOBUM €JIeMEHTOM (OIryHOM)

Ta Hacocy Ha ¥oro ocHoBi [4]. Ha puc. 2 no3Haueno: / — OiryH; 2 —

MarHitorpoBin 6iryHa; 3 — ooMotka GiryHa; 4 — kopmyc JIALL; 5 —

Ly, xpimtenHs JIAJL; 6 — crarop; 7 — oOMOTKa craTopa; 8§ — Marfito-

MIPOBIJ cTAaTOpa, a Ha puc. 3: / — TsAroBa mTanra; 2 — 3BOPOTHI Kiia-
.  maHu; 3 — KOpIyC CBEpAJIOBUHU; 4 — KOPITYC Hacoca; 5 — ITyHXKepP.

XapakTepHOK OCOOIHMBICTIO POOOTH TaKOTO JIBUTYHA € PO-

0oTa 3a mocTiHHUX myckaX. [Ipu 1poMy BioMo i3 3araiapHOI Teopil

CJICKTPUYHUX MAIIHH, 10 331 MOKPAICHHS MyCKOBUX XapaKTe-

PUCTHK aKTHUBHHI omip OiryHa MOBHHEH MaTH BIJHOCHO BEIHKE

3HAYCHHS, B TOW 4ac SK MICISI HOTO PO3TOHY BiH MOBHHEH OYTH

MaKCHUMaJIbHO MaJlUM JIJIsl 3MEHIICHHS eIIEKTPHYHHUX BTpaT y Oiry-

Hi. Taki ymMOBH edeKTUBHOI pOOOTH JIHIMHOTO JBUTYHA caMme B

YCTaHOBKaX Ui BUAOOYBaHHS HaQTH 00yMOBIIOIOTH IOIIBHICTh

moOy0BU OiryHa i3 3MIHHMM B3JIOBX HOTO JIOBKMHU aKTUBHUM

'3 omopoM [4]. JIns nIpakTHYHOTO 3aCTOCYBaHHs TaKUX CHCTEM HE0O-

X1THO TIPOBECTH TOTEPEIHI TOCIIPKEHHS eeKTPOMEXaHIYHUX TsI-

ER TOBHX XapaKTePHCTUK KOAKCiabHO-TIHITHOTO aCHHXPOHHOTO

IBUTYHA 13 3MIHUM OIIOPOM KOPOTKO3aMKHEHOI 0OMOTKH OiryHa,

Puc. 1 BpPaxXOBYIOYH OCOOJIMBOCTI HOTO pOOOTH B yCTaHOBKAX BUIOOYTKY

HadtH (puc. 1).
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BpaxoByroun BHILECKa3aHE, Me-
TOI0 POOOTH € OOIPYHTYBaHHS METOMIY

4 5 6 1
1 2 8
\ \ i \\ / PO3PaxyHKy Ta JOCII/PKEHHS eIeKTpoMa-

e

s THITHUX TITOBHX XapaKTEePUCTHK JIiHiH-
Moo, HAX JIBUTYHIB €TEKTPOMEXaHi9HIX ycTa-
e/ HOBOK JUIS BUIOOYTKY HAaTH 32 3MiIHHOTO
.| B3JIOBX JOBXHHH aKTHBHOTO OIOpY Oiry-
= T Ha Ta BpaxyBaHHI CKJIAIHOI TPaeKTOpii
Puc. 2 pPyXy pobouoro opray.
Po3paxyHok ejekTpomMexaHiy-
Hux xapakrepuctuk KJIA/I npuBoay ycTaHOBKHU 11 BUTOOYBaHHSI HA(PTH 32 rpadoaHATITHIHHM Me-
TOIOM. 3317151 PO3paxyHKy eJeKTpoMexaHiuHoi TsAroBoi xapakrepuctuku KJIA ] 3actocoBano Bupas [5]
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\ aKTHBHUH oIip 0OMOTKH OiryHa, MpuBeAEHUH 10 0OMOTKH iHAYyKTOpa ctatopa KJIA/;
X, — IHIYKTHBHHI OIip PO3CIIOBaHHS OOMOTKH OiryHa, IPHBEICHUH 10 OOMOTKH iH-
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v, ((R1 FR/s+ER,) +(X, + X} /s +EX,) ) ul((R1 F R s+ R (25 =1)) + (X, + X}) )
(K" -"‘T)~\ ! Tyt m,— dncno ¢a3; v,— MWBUIKICTH OIry4oro MarHiTHOTO IOJIA CTAaTOPA;
5N }f& R, — akTuBHHI omip 0OMOTKH cTatopa; X, — iHAyKTUBHHIA Omip 0OMOTKH cTaTopa; R)—
%A
N

4 S nykropa cratopa KJIAJl; R, — akTuBHuUI onip KOHTYpY HaMarHiuyBaHHS MarHiToNpo-
\ = > Boay craropa KJIAJI; X, — iHAyKTUBHUII onip KOHTYpy HaMarHiuyBaHHsS MarHiTompo-
oy cratopa KJTAJT; s = (v, —v)/v, — koBsauns, ae v = (1-s)v, — WBHAKICT MEpe-

\E;{" MIIICHHS IBUTYHA; & = ‘7112‘ / ‘Zz‘ =(2p)"" — xoedimieHT HECHMETPii CTPyMy KOHTYDIB

\

.

J'I
\w

oiryna KJIAJl; H — Bucora niniiomy OiryHa.
[Momanpmri po3paxynku nposenaeHo it KIIA/] 3 HacTymHUMYU napaMeTpaMu:
yucio ¢a3z m; =3, uyncmo map mnomociB  p=7, v, =84m/c, R =0,2120Mm,
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X,=0,72210m, R;=0,19240m, X;=0,0470m, R =0,6670m, X =12,250m, &=0,07143,
H=10m.

Ha ocnogi (1) 3 Bukopuctanusm Microsoft Excel po3paxoBaHo 3HAUYEHHS MMapaMeTpiB eJIeKTpoMar-

HITHAX TSTOBUX XAapaKTEPUCTHK KOAKCiaJbHO-TIHIHHOTO JBUTYHA U= f (Fem) 3a 3MiHM KOB3aHHS

s=1..—0,1 Ta pi3HMX omopax BTOpHHHOTO KOHTYypy (Oiryna) KJIAJl, mo 3MiHIOIOTbCS B Aiama3oHi
R =0,19...1,20Mm.

3a pe3ynbTaTaMu po3paxyHKiB 00yI0OBaHO CIMEHCTBO €IEKTPOMEXaHIYHHUX TATOBUX XapaKTEPUCTHK

v=f (Fem) 3a pi3HuX 3Ha4YeHHsIX R) =0,19...1,20m (puc. 4). AHai3yr04u BUI OTPUMAHUX €IEKTPOMEXaHi4-

HUX TSATOBUX XapaKTEPUCTUKV = [ (Fem ) , IUI IPaKTUYHOI peanizanii BuOpaHo TAroBy xapakrepuctuky KJIAJ]

3 onopoM R, =1,20M , st sIKOT IyCKOBE TATOBE 3yCHILIsl CTaHOBUTH F, =26,8KkH , a MiHiManbHe TATOBE 3y-

cuis 3a koe3aHHa s=05 — F

N o, e ER] —o.19 Fuon = F, /1,3=20,1kH, HOMiHaIbHA

=26,8xkH. [l 1ux yMOB HOMIHAJIbHE HABAHTAXKCHHS JOPIBHIOE
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MIBUAKICTb — L, =8, 1M/C.
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TEPUCTHKH Ha pHC. 4 OTPUMAHO 3a JI0-
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o~ TMOJIFOCIB, SIKE JIOPIBHIOE

TELe 14, nae MOXIJHBICTh He

oS BpaxoByBaTH  KiHIIEBi

K epextn. B poboti mo-

Puc. 5 JICITFOETHCS PEXKUM ITiJI-

oMy OiryHa BiJl HFDK-
HBOT'O TMOJIOKEHHS 10 HAHBHUILOTO IiJ] €0 SJICKTPOMArHITHOT CUJIM, 10 CTBOPIOE JIIHIMHUN JBUTYH. 3ais
BpaxyBaHHsI HASBHOCTI 3MiHHOI'O B3JIOBXK JIOBXKHMHHU OIr'yHa MOr0 aKTMBHOTO ONOPY BUKOPUCTOBYBAIACS MO-
JIeJIb aCHHXPOHHOTO JBUTyHA i3 (pa3HUM OIryHOM, aKTHMBHHU OIIip SIKOTO 3MIiHIOETHCS B 3AJICKHOCTI Bij IMO-
JIO’)KEHHS OiryHa 3a 3a31ajeriasr BUOpaHuM 3aKOHOM. B Mozeni Ha puc. 5 omip 6iryHOBOi OOMOTKH B peKUMI
IyCKY i3 HIKHBOT'O MOJIOXKEHHs ckianae R/ + R2, mo Bianosigae 3HadeHHIO R =1,20M (auB. nonepeaHii

aHANITHYHAN po3paxyHOK). B MomeHT dacy 0,5 ¢ Bix mouaTky mimiioMy OiryHa, KOJU BiH MiIHIMAEThCS Ha
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BUCOTY 1,5 M, 3aMHKAIOThCS 32 TOTIOMOTOFO Kitoua K pe3ncTuBHi eneMeHTH R1, i eKBiBaJIeHTHHH orrip OiryHa
3MEHIIY€ETHCS 10 BEJIMYMHY, 110 BiANOBigae 3HaueHH0 R; =0,19 Om.

Ha puc. 6 HaBeneHO pe3ynbTaTH PO3pPaxyHKY MEPEXiTHOTro Mpolecy, KOau OiryH MiJl yac BKIIOUCHHS
JIBUTYHA MTOYMHAE PyXaTUCS 13 HUKHBOTO MOJIOKEHH. Ha iboMy puCYHKY HaBeneHO (a3Hi CTPYMH JBUTYHA
B 3aJICKHOCTI BiT yacy (puc. 6, a), MBHUAKICTH Ta TOJIOKCHHS OiryHa (BHCOTa HOTO MIHOMY), a TaKOXK 3Ha-
YEeHHs! eJIEKTPOMArHITHOI CHITH, IO i€ Ha 1el OiryH (puc. 6, 6). BuaHo, mo 36iibl1eHuii onip 6iryHa Ha mo-
YaTKOBIH JUISHKY JTa€ 3MOTY 3MEHIINTH ITyCKOBi cTpyMu. B MomeHT vacy 0,5 ¢ omip OiryHa 3MeHITy€eThCS 1
Il IPU3BOJNUTH 10 BUHUKHEHHS HOBOTO ITyCKOBOTO pekuMy. IIpu 1iboMy, OCKUIBKH OIryH BXKE Mae IIBHUI-
KicTh 4 M/c, 11i HOBI "ITycKOBi" CTpyMH MaroTh B 1,75 pa3u 3MeHIIIeHe 3HaueHHs. 3a myckoBuii yac 0,5 ¢ OiryH
mpoxoauTh musx 1,5 M. OTke, 11 TAKOTO PO3paxyHKY 1€ O3HAYae, 10 Ha MOYaTKOBiH AUIsHLI OiryHa J10B-
KHHOIO came 1,5 M KOHCTPYKTHBHO BUT'OTOBJICHO Oir'yH 3 IiBUIEHUM oropoM. [Ticis mepexony Ha AiIsTHKY
i3 3MEHIIIEHNM OTIOPOM 30UIBIIYETHCS ENEKTPOMArHiTHUH MOMEHT 1 301IbIITYEThCSl BUAKICTE pyXy OiryHa i3
MOJANIBIINM BUXOJIOM Ha YCTaJCHUH peXuM (IUB. pHc. 6, 0). 3 IbOr0 PUCYHKY TAaKOX BHAHO, IIO JABUTYH
Mae MiABUIICHE 3HauYeHHs ITycKoBoi cuiu — npubnuzHo 20 kH (cepenne 3HauenHs). OTxe, yTOYHEH] pe3yib-
TaTH PO3PaxyHKY MEPEXiTHOTO EIECKTPOMEXAHIYHOTO IMPOIECY 3a JOMOMOTOI0 pO3p00JIeHOI KOMITIOTEPHOT
MOJIeNTi TTOKa3yIoTh e(heKTUBHICTh 3alIPONIOHOBAHOIO IMi X0y OO0 MOKPAIEHHS ITyCKOBUX XapaKTEPUCTHK
JHIHHOTO ABUTYHA.
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BucHoBku.

B po6oTi 3anponoHoBaHO HOBHI Mi/IXiJ HIOAO0 MOKPAIIEHHS ITyCKOBUX XapaKTEPUCTUK JTIHIHHOTO JABH-
T'yHa, SIKHil BUKOPUCTOBYETHCS B yCTAaHOBKAX JJISl BUKaUyBaHHA HA(TH, IIISIXOM 301IbIICHHS KOHCTPYKTUB-
HUM CIIOCOOOM aKTHBHOTO OMOpPY OiryHa Takoro ABUTYHA Ha JUISHINI HOTO PO3TOHY i3 HAWHMKYOTO TOJO-
JKeHHs. HaBesieHO pe3ynbTaTi aHANITHIHUX PO3PaxyHKiB, IO IMOKA3yIOTh MOMIIMBICTE 3a peaiizallii Takoro
miAXoay 30UTBIIMTH MiAHOMHY CHJTy JBUTYHa MpuOmu3Ho B 4 pasu — 3 5000 xH mo 20000 kH 3a itoro HOMI-
HaNBHOI moTy)HocTi P = 90 kBT.

Po3pobero Simulink-mMomens Tt aHATIZY €IEKTPOMEXaHIYHUX TPOIIECIB MPH ITYCKY JIHIHHOTO ITBU-
r'yHa i3 OIryHOM, aKTHBHHI OIIp SKOTO 3MIHIOETBCS B3JIOBXK HOTO JOBXKWHH 32 3aKOHOM CTYTICHEBOI (YHKIIII.
[Ipu upoMy Ha MOYATKOBIH INSHKM IMycKy JOBXUHOIO 1,5 M 1iei omip Mae 30ibllIeHe 3HAYEHHS, a Ha THIINX
IiISHKAX, 10 BiANOBiAAIOTH pyXy OiryHa B yCTaJCHOMY PEXHMi, — MiHIMaJIBHO MOXKJIMBE 3Ha4deHHs. 3a pe-
3yJIbTaTaMU TPOBEAICHUX KOMI'IOTEPHHUX PO3PAaXyHKIB IEPEXiJHOTO EIEKTPOMEXaHIYHOTO MPOIECY MOKa3aHO
e(eKTUBHICTH 3aIIPOMIOHOBAHOTO MiIXOIy 100 MOKPAILEHHS ITyCKOBUX XapaKTePUCTHK JiHIHHOTO IBUTYHA.
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CALCULATION AND MATHEMATICAL MODELING OF ELECTROMAGNETIC TRACTION
CHARACTERISTICS OF THE DRIVE WORKING AUTHORITY OF OIL EXTRACTION
INSTALLATIONS ON THE BASE OF A COAXTAL-LINEAR INDUCTION MOTOR

G.M. Golenkov, A.V. Veremienko

Kyiv National University of Construction and Architecture,
Povitrianyh Syl Ave., 31, Kyiv, 03037, Ukraine,

e-mail: gmgolenkov@ukr.net.

Today, a promising direction in the development of the field of application of linear motors is their use in the
construction of well pumps. This makes it possible to significantly increase the stroke of the working body and improve
the efficiency of oil production compared to the traditionally used rod-well analog. When solving such a problem, a dif-
ficult issue is forecasting and ensuring the traction force during the working trajectory of the movement, which is what
the research conducted in the work is aimed at. As the main result, the application of the grapho-analytical method in
the calculations and modeling of the characteristics of linear motors with complex trajectories of motion is substanti-
ated. In the course of calculations with its use, the possibility of a four-fold increase in the traction force with a general
improvement in the static characteristics of the engine in a given range of movement at the permissible speed of the
working body was proven. References 5, figures 6.

Key words: linear motor, runner, well pump, traction force, electromechanical traction characteristic.
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EJIEKTPOEHEPT'ETMYHI CUCTEMU TA YCTAHOBKU

YK 621.311 DOI: https://doi.org/10.15407/techned2024.06.067

EKCHEPUMEHTAJILHO-MOJIEJIbHI JOCJIJKEHHSI BILIMBY
PO3OCEPE/JKEHOI TEHEPALIi HA BUHUKHEHHSI ACHHXPOHHHUX PEXXKUMIB
B OB’€JTHAHIN EHEPTOCUCTEMI YKPATHH
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Haseoeno pesynomamu excnepumeHmanoHO-MOOENbHUX O0CHIOHMCEHb GNIUBY PO30CEPEONCEHUX OdHcepel 2eHepyB8aHHs
(PAT) Ha sunukHenHs 8 06 €Onanili enepeocucmemi (OEC) Vrpainu acunxponuux pesxcumise (AP) enacniook asapiii 6 it
cucmemomsipriil enekmpuyriti mepedxci. Cyenapiamu modenosants nepeddayanocs, wo nomyxcnocmi P/ esedeno 6
PO3N00INbHI eleKmpuyHi Mepedxci 3amicms eHepeobnokie mennosux erekmpocmanyiti OEC Vkpainu, 3pyiiHogaHux éHa-
Ci0OK paxkemuux obcmpinie pociswamu. 3a eiocymuocmi ingopmayii wodo P 3pobneno nesni yzacanvhenHs ma
NPUNYyWeHHs Wooo Moxcaugocmi mooentoganns epyn PII y euenadi mypbocenepamopie 3 pisHUMU CMaiumu iHepyii.
Pozensaoanucs pisni cyenapii 6unuknenHs aeapiii ma QYHKYIOHY8AHHS NPUCMPOIB PENEUHO20 3aXUCTY A NPOMUABa-
pitinoi asmomamuxu. Pezynemamu euxonanux 0ocniodicens cgiouams, uwjo 66e0eHHs 6 PO3NOOLIbHI eIeKMPUYHT MePediCE
P/TI ne cnpusie sunuxnenuio AP 6 cucmemomsipniti enexkmpuuniti mepexci OEC Vkpainu. bion. 11, puc. 10, Tadm. 3.
Knrwowuoei cnoea: 00’ enHana eHepreTuyHa cucreMa YKpaiHH, po3ocepekeHa reHepallis, cTaja iHepllii, MoJelb, aBapis,
ACHMHXPOHHHUH PEKUM €HEPIOCHCTEMH.

Beryn. Benuuesni BrpaTh, sikux 3a3Hana i 3a3Hae 00’enHaHa eneprocucrema (OEC) Ykpainn BHa-
CIIIOK MacOBaHUX PaKETHO-IPOHOBUX aTakK POCii 3yMOBIIOIOTH TOTPEOy Meperisiny HassBHUX IUTaHIB BiTHO-
BJICHHS Ta TIOBOEHHOTO PO3BUTKY €HEPreTHKH YKpaiHu [1], ockinbkH e cTaHOM Ha >koBTeHb 2023 p. Bxke
Oyno BTpaueHo 78% motyxHocteit TEC, BkIrouaroun po3TalioBaHi Ha OKYIIOBaHUX TEPUTOPIsLX, 66% eHep-
roomnokiB TELL, 44% AEC, 12% T'EC Tta 32% I'AEC, 45% posocepemxenux mkepen renepysanus (P,
ajie BOPOT MPOAOBXKYE PaKeTHI OOCTPUIN i BTPATH, 30KpeMa 1 TeHEpYIOUUX IMOTYKHOCTEH, 301IbITYIOTHCS.
BpaxoBytoun HaOyTuil ripkuidi AOCBiA Ta OUBISAYHCH Y MaiOyTHE, JOXOIUMO BHCHOBKY, II0 BHCOKa HaMmil-
HICTh eNeKTpo3abe3nedyeHHs ycix cdep IOACHKOI AisTBHOCTI Mae OyTH HAaWIpPIOPUTETHIIINM 3aBIAaHHSIM
BiTHOBJICHHS Ta PO3BUTKY CHEPreTHKU YKpainu [2]. HeonMiHHOIO YMOBOIO 3a0e31edeHHS BUCOKOI HaIIHHO-
cTi € cytreBe 30inpumeHHst yacTku P/II' B cTpykTypi reepyrounx notyxunocreii OEC Ykpainu. Beenenus
notyxHocter P/II" 3amicTh motykHOCTEH 3pyitHOBaHUX BoporoM TEC € pyxom no deyenmpanizosarnoi OEC
Ykpaiau i TaKOXK y3TODKYETHCS 3 «BEKTOPOM JIeKapOoHi3allii» eHepreTukn YKpainw, 3 ii mpueaHaHHIM IO
«EBpOMEHCHKOT 3eNIeHO0T YyroaW» — HOBOI CTpaTerii po3BHTKY €BpOCOIO3Y, IO peaizyeThCsl Ha MPaKTHI,
ockinbky A0 ckaany P BxonsaTs, Hacammepen, BizHOBIIOBaHI mkepena eHeprii (B/IE) (B kpainax €Bponu
y 2023 p. 44% enextpoeneprii BupobneHo BJIE). Pazom 3 He3anepeyHnMu IUTIOCaMH, SIKi 3’ SIBIISIIOTHCS BHA-
CIIJIOK 3a3HAYCHOro pyXxy 1o deyenmpanizoeanoi OEC Ykpainu, BUHHKae ToTpeda BXXKMBAHHS JOJATKOBHX
3ax0fiB 331715 3a0e3medeH s HaaiiHOTO (QyHKIIOHYBaHHS enekTpuuHux Mepex (EM), ockinbku 3i 3pocTaH-
HsaM notykHocTi PAI" B EM 3011bLIyIOTECSI CTPYMH KOPOTKHX 3aMHKaHb, MOXYTh BUHHKATH PEBEPCHBHI
MMOTOKH TIOTY>KHOCTI, TIPU3BOASIYH IO TIOPYIICHb (PYHKITIOHYBAaHHS PEJICHHOrO 3aXHCTy (SK 10 HECEICKTHB-
HOTO, TaK 1, B3araii, 0 XMOHOTO CIpPAaIllbOBYBaHHS [3], 10 MOSIBM «MEPTBUX 30H» [4] Ta iHIIUX HErapasiB),
110 3yMOBJIIOE NOTPeOy MepeHaNalITyBaHHs! HassBHUX Ta, B OKPEMUX BUIAAKaX, BCTAHOBJICHHS J0JATKOBUX
MPUCTPOIB peleiHOTO 3axucTy Ta aBroMaTuku (P3A). PesynbpTatm MoenroBaHHS XapaKTepHUX aBapiii B
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posnogineHux EM (no sixux Hanexats i EM HominansHOI Harpyru 110 kB) 3 P/II" He cBiguaTh mMpo BUHUK-
HEHHS 1epeoOTsHKeHb TPaHCPOPMATOPHUX 3B’S3KIB 3 CHCTEMOTBipHOIO EM Ta mpo BiI4yTHI 3MIHH PEXKHMY
takoi EM. Onnak, po3nogineai EM 3 P/II" MoxyTh MaTH CBOI OCOOJIMBOCTI, SIKi CJiJl BpaXOBYBAaTH IIiJ 4ac
monenroBanHs. Hanpuknan, skmo P/ — ne dotoenexrpuuni cucremu (OEC) un ixae noeqnanns (CEC), To
y pa3i BUHUKHEHHS aBapii B Takux EM 31 3HmkeHHAM Harpyru 10 0,9 1 HmKde BiJl HOMiHATBHOT BiIKITIOUCH-
us iHBepTopiB DEC (CEC) Moxe BinOyTucs 3 BunepemkeHHsM (GyHkionyBaHHs npuctpois P3A EM. Hac-
JIKOM IBOro Moke OyTH PO3BUTOK aBapii, BIUIMBAIOYM Ha CTaH 3B’SI3KiB 3 cuCTeMOTBipHOIO EM Ta ii pe-
*kuM. Skmo x gactka BJIE B posmogineanx EM 3pocTtatriMe, TO HACTIAKOM IIBOTO MOXKE OYTH 3MEHIIICHHS
inepuii EEC 3 ouikyBanuMm 30inbmieHHsIM uyTauBocti EEC 10 aBapiitHux 30ypeHb pekumy. Tomy Imij yac
JOCHIDKEHb aBapiiHUX MepeXiTHuX MmpoleciB B enekrpoenepretnyaux cucremax (EEC) cmin takox Bpaxo-
ByBaTH 0coOnmBoCTi po3nogineaux EM 3 P/II.

OnHe i3 BOKIUBUX MMUTaHb, IO MOTpeOye 3’ sicyBaHH, 11e muTanHs BIuBy P/, 3HauHI 00CsTH TI0-
TY>KHOCTI KX OyJie iHTerpoBaHo B po3noAiibHi EM B oBo€HHMIA TIepio]], Ha MPOTiKaHHSA B CUCTEMOTBIpHIN
EM OEC Vkpainu aBapiiiHHX elIeKTpOMEXaHIYHUX TepeXiJHUX IPOLECiB 3 BUHUKHEHHSIM ACHHXPOHHHX
pexumiB (AP). Lle mutanHs Oe3rmocepeIHb0 OB’ sI3aHe 3 KOMIUIEKCHOIO TIPOo0JIeMOto 3a0e3neYeHHS HaTiiHO-
ro ¢pynkmionyBanast OEC Ykpainu ta BuMoramu a0 (yHKIiIOHYBaHHS 3ac00iB MPOTHABAPIHHOI aBTOMATHUKU
B HOBHX YMOBAaX, 30KpeMa a8momMamuxy Jikeioayii acunxpounozo pescumy (AJIAP).

Merta po6otu — orinute BB PJII, mo BBoasiTECs B po3noaiibHi EM 3aMicTh eHEproOIoKiB 3pyi-
HoBanux TEC, Ha BuHukHEeHHs AP BHachifok aBapiii B cuctemotBipHiit EM OEC Ykpainu.

Buxinni ymoBu Ta moaeini. 3a norounoro crany OEC Ykpainu Ta yMOB BiffHU MPaKTUYHO HEMOXK-
JMBO Tepen0aynTu ycix 3MiH, skux 3a3HaBaTiMe OEC YkpaiHu Ha pi3HUX eTanax IOBOEHHOT'O BiTHOBJIECHHS
Ta PO3BUTKY, 30KpeMa i THX, IO CTOCYBAaTUMYThCSI BBEJACHHS 3HAYHUX 00CSTiB MOTYXHOCTI PJII", OCKIIBKH
JUTS 1IbOTO TTOTPIOHA BiAMOBIHA iH(GOPMAILis, @ HATOMICTh € JIMIIE «KOHIENTyalbHe OaueHHS» Ta €KCIEPTHI
OIIIHKM 3arayibHOro Xapakrtepy. Hampuknaz, 3a oninkamu [IpAT «HEK «Yxkpenepro» Ykpaini HaiOmmx4an-
MU pokamu Oyne motpiono 9,4 I'Bt motyxkuocti BJIE, 3 sxux 4,5 I'Bt BiTpoBuX enekrpocranmiii (BEC), 3,8
I'Bt constunux enexrpoctanuiii (CEC) ta 1,1 'Bt TEC na Oionanugi [5]. Ciif 3ayBaXKUTH, 1110 TaKi OI[IHKH 3
TUIMHOM 4Yacy MOXYTh 3a3HaBaTH 3MiH. BpaxoBytoun MeTy IOCHTIKEHb Ta BiICYyTHICTh BiAMOBITHUX MPOTHO-
3HUX JJaHMX, OYyJIO B3STO 3a OCHOBY oauH i3 pexkumiB OEC Ykpainu B MUHYJIOMY (PEXUM MakCUMyMy HaBa-
HTaxeHb 2016 p.) Ta HOTO «IOBENEHHS» 10 TPAHUYHO JIOIyCTUMOTO B ACTEKTi 3aBaHTaKEHHS KOHTPOJIbOBA-
Horo nepetuny OEC Ykpainn «3axin — Binaums» (31 30epexxennsm Oanancy notyxnocteit OEC Ykpainuy,
OCHOBHUX 3B’SI3KiB Ta pexxumy cucteMoTBipHOi EM). Takuit pexum nani HazuBatuMeMo Oazosum. Ha puc. 1
MmoKazaHo (pparMeHT omHOMIHINHOI cxemu 3aximHoi yactmanm OEC YkpaiHu, 9aCTKOBO «3TOPHYTOI» (YMOB-
HUI eKBiBaJIeHT) O KOHTpodboBaHoro nepetnny OEC Vkpainu «3axix — BiHHUISY», A€ NiHIT exekTponepe-
naudi (JIEIT) ta mman Hanpyroto 750 kB mokaszaHo notoBmeHumy niHisimu, JIEIT MikaepkaBHUX mepeTHHIB
He moka3zano, a pemry OEC YkpaiHu mo3HaueHo 300pakeHHsIM TeHepaTopa, moiMeHoBanoro «OECy i mpu-
€IHAHOTO JI0 IIMH 32 HoMepoM 356. EnemenTtn posnoainsanx EM He nokazaHo. Y IbOMY peXUMi BAMKHEHO
JIEIT 750 xB «Binnunpka — 3axigHoykpaincbka» (Ha puc. | mmuu npueanands JIEII BiamoBiaHo mo3HayeHo
Binnuya-750 ma 3ax.Yxp.-750). Yci HaBeneHI HUXK4YE PE3yNbTATH MOJEIIOBAHHA CTOCYIOTHCS BHITA[IKIB,
ko 3a3HaueHa JIEII 3anumanacs BUMKHEHOIO.

3a pi3HUMH CLEHapisMH MOJENIOBaHH:I, OKpiM 0a30BOTr0 pexxuMmy, mepeadadanocs, o 3aMicTh MHO-
TyXHOCTel OJ0KiB Tphox momkomkeHnx TEC (tabm. 1) BBomsaThes motyxHocTi P/II. 3a 6a3oBoro pexumy
nependavanocs BBeneHus He PJII, a typboreneparopiB (TI') TEC, BinmoBigHO 10 JaHWX, HaBESACHUX B Ta0II.
1, ne P, — 1ie aKTHBHA MOTYXHICTh reHepyBaHHs TI'. B Tabn. 1 Takox 3a3HaueHo «Ne BapiaHTa 3HA4eHb Ma-
pametpiB mozemi APIIOT», a cami 3HaueHHs mapaMeTpiB MOJeNi aBTOMaTUYHOTO PETYJSTOpa MIBUIAKOCTI
obepranus Typ6inu (APIIOT) HaBeneHo B Tabu. 2.

Buxopucrany i uac gociimpkens moaenb APIIOT moxHa nmoxatu y Burisfi (1)-(3)

LI G
di —( G+HO H)/TR’ (1)

“’0 =Mxx +I)0/})HOM ’ (2)
RI‘ZP (H_Mxx)’ (3)

HOM

Ie W, Lo — 3MiHHI, [0 XapaKTepU3yIOTh BIAMOBIIHO MOTOYHE Ta IMOYATKOBE (32 J0aBAPiHHOTO PEXUMY) TO-
JIOKEHHS PETyIIIOBANBHUX KJIaNaHiB MapoBuX TypOiH (OS psl); S — KOB3aHHSI; G — CTaTU3M DPETYJIFOBAaHHS;
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Tk — crana gacy cucremu APIIOT; Py, Po — BIATIOBIAHO HOMiHAIEHA aKTHUBHA MTOTYXHICTh CHHXPOHHOTO
rereparopa (CI') Ta #ioro akTUBHa TOTYXHICTh 32 J10aBapiifHOTO pexkuMy; Pr — TOTYXHICTh TypOiHU; Myy —
CTBOPIOBaHUH TypOiHOK MEXaHIYHMI MOMEHT 3a XoyiocToro xony CI' (y BIIHOCHHUX OJMHHUISX — 6.0.), 3Be-
JIEHHUI 10 TTOBHOI HOMiHaNBbHOI OTYy>kHOCTI CI'.
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NagwxuHceka
| | | TEC ~
905 I | I @— [Axinpo MEC-1
|B.-OpaHKiacek v 344 MoBysorn
@ IHETAEC
B11 Benayi 530 KoToecek
Puc. 1
Taoaunsa 1
Hazsa TEC (mmo3Ha4ueHHS Ha CXEeMi)
ITapameTpu Tpuninsceka (TnTEC) Jlagmxuuceka (JIanTEC) Ho6potsipcrka (AO0TTEC)
010K 3 010K 4 6ok 1 | Omok2 | Gmok3 | Oiok 4 0JI0K 5 0JI0K 6
Usion» KB 20.0 20.0 20.0 20.0 20.0 20.0 10.0 10.0
Puow, MBT 300 300 300 300 300 300 100 100
COS Qriom 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85
T, c 6.9 6.9 7.1 7.1 7.1 7.1 7.85 7.85
Xp, 8.0. 0,3 0,3 0,3 0,3 0,3 0,3 0,2 0,2
P, MBT 230 225 245 253 260 236 82 80
Ne BapianTa 3Ha- 14 14 12 12 12 12 15 15
YeHb MapaMeTpiB
moxeni APIIIOT
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Taoaunsa 2

Ne BapiaHTa 3Ha4YeHB MapaMeTpiB Cratusm ExBiBaneHTHa 3oHa I'pannni SHAYCHHA
mozeni APLIIOT (0), % cTana acy newyTmmBocti, | MOMEHTY TYpOiHH, 6.0.
(TR); c % Mmin Mmax
12 4,0 0,1 0,0 0,0 1,0
14 4,5 0,1 0,0 0,0 1,0
15 3,0 0,3 0,0 0,0 1,0

B tabn. 1 HaBeneHo naui, mo crocyioTbes auiie Tprox TEC, siki 3a3HanyM 3HAYHUX IMOIIKO/HKEHB
BHACIIIOK pakeTHUX o0cTpiiiB BoporoM. CymMapHa akTHBHA MOTYXHICTh reHepyBaHHA 3a3Hayenux TI° TEC
cranoBmia 1611 MBT. Taky *k akTHBHY IOTYXHICTh TeHepyBaHHsA cyMapHO Manu PJII" 3a koxHHMM i3 cIleHa-
piiB mozaemoBanus. Jis Beix CI' Oyiio BUKOpuCTaHO MOACTbL cmanoi enexmpopywitinoi cuau (Er = const) 3a
oeaxum peakmancom x; [2] (Taka MoJzieInb, SIK 3a3HA4YEHO B [6], € «KITaCHYHUM MOAAHHIM CHHXPOHHOI Mallli-
HU i 9ac AOCTiKEHDb CTIHKOCTI).

ITepm HiK TepeldTH M0 PO3MIISIAY CIIEHAPIiB Ta BIMITOBITHUX PE3yIbTATIB MOACITIOBAHHS aBapiiHUX
pexumiB B OEC Ykpainu 3 P/II" B posnoainsHux EM, BBeIeHUX 3aMiCTh MOTYXKHOCTEH €HEProOIOKIB TPhOX
3pyiiHoBanux TEC, HaBeneMo JesiKi BiIOMOCTI, 3 SIKHX CTalOTh 3pO3YMIIMMH NPUYMHHA BUKOPHUCTaHHS 00pa-
HOTO TiAXOAY A0 MOJETIOBaHHS 3a3HAYCHUX TPOIIECIB.

Hasenena sume orinka [IpAT «HEK «Ykpenepro» notped Ykpainu Matu B HaiiOmkui poku 9,4 Bt
notyxHocti B/IE He 3MiHIO€ HasBHOTO cTaHy iH(OpMaliifHOI HEBH3HAUYEHOCTI M0N0 «reorpadii» posramry-
BaHH pisHOBHIIB Takux BJIE, He kaxxyuum Bxke mpo IXHI THIH, 3HAYEHHsI TIapaMeTpiB Ta iHIII JaHi, HeOOXimHI
JUTSI peatizallii BIAIMOBIAHUX MOEJeH I BUKOHAHHS JOCIiKEHb, 3yMOBIEHIX METOI0 JaHOI poOoTH. Buko-
pucranns B EEC takux B/IE, sx ®EC 3 neHTpanbHHUMHU iHBEpTOpaMH Ta BiTpoBi TypOoreHeparopu (BTI) 3
CHJIOBUMH EJIEKTPOHHMMH NEPETBOPIOBAYaMH, 3yMOBIIOE MOTpeOy 3a0e3MedeHHs BipTyaabHOTO iHEPLiHHOTO
Binryky Takux B/IE, «miarsaryroumy iXHIO MOBEAIHKY B ITbOMY acmekTi o perynboBanHux CI'. Jlo Takux «miars-
rayTux» BJIE MoxHa BigHecTu, Hanpukinan, BTI' Ha 6a3i MamuHu moABIHHOTO KUBJICHHS 3 TIEPETBOPIOBAYECM
vacTKoBOi (Ha piBHI 30%) notyxHocTi (Taki BTI" nasuBatote BTI" 3-ro Tumny um 3-i renepauii) Ta BTT" 3 nos-
HomacitabHuM (100%) meperBoproBadeM notyxHocTi (ix HaszuBaoTe BTI' 4-ro tumy). Ilig yac cTBOpeHHS
mopeneit quaamiku EEC 3 Benukoro kinbkicTio B/IE B po3noainbaux EM HeMuHyue BUHHKae moTpeda CTBO-
PEHHS Ta BUKOPHCTaHHs eKBiBasieHTIiB rpyn Takux BJ/IE, mo notpedye meranbhoi iHdopmauii. Hampukiazn, B
[7] mokazaHo, 1110 i 9Yac CTBOpEHHs eKkBiBajieHTa reBHoi rpynu BTI pi3HuX TUMiB citig BpaxoByBaTy HE JIHIIE
ocobmBocti BTI™ koHOTO THITY, a 1 po3ranryBanas BTI™ Ta enexktpudHy Biamanb Mk HUIMH, PEKAMHA Ta OUi-
KyBaHi notii (30ypeHHs1 pexXuMy), 3 ypaxyBaHHSIM SKUX MarOTh BiIOYBaTHCS HajallTyBaHHA. Ta HaBiTh 3a Ta-
KX YMOB CTBOPEHHI €KBiBaJICHT MOXe «HiBemoBaTH» BIUIMB okpemux BTI rpymu Ha pexkxum EM. Taki exsi-
BaJICHTH HE € HE3MIHHUMH: BOHH Yac BiJl 4acy MmOTpeOyIoTh Bepudikallii Ta yTouHeHHs. ['a30TypOiHHI ycTaHO-
Bk (['TY) pisHux THMIB Ta enekTpudHoi motyxHocti — e Texx PJII. Hanpuxnan, T «HaykoBo-BHpOOHUUMIA
KOMIUIEKC Ta30Typ0o0yayBaHHs «30psi»-«MalmpoekT» BUTOTOBISIE il eHepreTuk [ TY HOMIHaNbHOI enek-
TPUYHOT OTYXHOCTI Bix 4,87 MBT no 32 MBrT (iiHiiika i3 1T’ STH pi3HUX 32 MMOTY>KHICTIO €HePTETUYHHX YCTa-
HOBOK IPOCTOTO IHKIY) Ta Big 20,6 MBT no 62 MBT (iiHilika i3 I’ATH pi3HUX 32 TOTYKHICTIO YCTaHOBOK
KoMOiHoBaHOTO 1MKIY) [8]. Ase, Ha Biaminy Big ®EC ta BTT, nHacammnepen 1-ro ta 2-ro tumis, s I'TY He
noTpiOHO 3a0e3MedyBaTy BipTyalbHUH iHEPIIHHAN BiATYK.

Pazom 3 BigminHOCTAME P/II" pi3sHMX BHIIB Ta THITIB 3 00EPTOBUMH YaCTHHAMH, BOHH MAlOTh 1 CIIi-
JBHUHA TapameTp, 0 XapaKTepu3ye MUHaMiuHi BIacTHBOCTI Takux PJII— crany iHepiii. OpHak 3HA4YCHHS
CTalux iHepuii HaBiTh B Mexkax oaHoro Buay P/l 3anexkars Bif pizHUX YMHHHKIB. Hanpukiaz, 3a KiIbKICTIO
BayiB I'TY mopinsroTs Ha OqHOBANIBHI Ta OararoBaibHi. s omHoBanpHUX ['TY cramni iHepIlii MOXYyTh MaTH
3Ha4YeHHS Bix 5 ¢ 10 15 ¢, Toxi sik juis GararoBanbHux (0€3 peaykropa) — Bin 1,5 ¢ no 3 ¢. st BTT Tex mae
MiCIle 3HAYHHUM PO3KH]l 3HAYCHb CTaiux iHepiii, Hanpukian, st BT nmoryxuictio no 3 MBT 3HaueHHs
CTanuX iHepIii 3HaXoAAThcsl B Mexkax Bif 2 ¢ o 6 ¢ (BTI motyxwictio Bix 3 MBT no 9 MBT BukopucToBy-
10Th g ctBoperrss BEC). OminroBanuto cranmmx iHepmii P/, 30kpema i B pexxumi on-line, IpUCBSIICHO
3HA4YHY KiNbKIiCTh Tpallb, OTJIA] ACSKUX HAaBEAEHO, Hanmpukiaz, B [9, 10], ane mist BU3HaYeHHS cTaNol iHepil
EEC (T)gec) B pexxumi off-line 3a3Bu4ail BHKOPUCTOBYIOTH BUpa3 (4)

i=n

T e :§Tji Si!S gEcs “4)
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ne T,, S, — BiIMOBiNHO cTana iHepwil 00ePTOBUX Mac Ta HOMiHAIbHA MOBHA IOTYXXHICTB i-TO T€HepaTopa,

enektpudHo npuenHaHoro 10 EM EEC, «yBiMKHeHOTO»; 1 — 3arainbHa Kinbkictb npueaaanux 1o EM EEC
reneparopis; S rpc — CyMapHa IIOBHa HOMiHaJIbHa NOTYXHICTh npueananux 1o EM EEC reneparopis.

Sxmo BBaxkaTH, mo cuctemu kepyBanHs BTT ta ®EC cipoMoskHi 3a0e3MeYnTy BipTyallbHUHA iHEp-
uiitHui Bigryk, to Taki BAI' OynyTh «miaTsArHyTUMU» B HBOMY aciiekTi A0 perynboBanux CI' i Tex MOXYTb
XapaKTepU3yBaTHCS CTAJIOK iHEPIIii, X04a i BipTyalIbHOIO.

OdeBuaHO, 1O 3a peaTbHUX YMOB ekciuryaTarii EEC y pa3i 3Ha4HHX KUTBKOCTI Ta CyMapHOI TOTYX-
Hocti P/II, BUKOpHCcTOBYIOUM (opmyny (4), MOXKHA pO3paxoBYBaTH JIUILE HA NEBHY OPI€EHTOBHY OILIHKY
T)eEc, OCKIIBKU TOCTEMEHHO HE BiloMa KiJbKiCTh BUMKHEHHX (Bin emHanux Bijg EM) PJII" pizHoro Buay Ta
turry. ToMy B TaHUX JOCTIPKEHHIX BUXOIMIN 3 TOTO, III0 3HAYEHHS CTAJI0] 1HEPIIil IEBHOT «3MIIaHO0I» TPy-
i P/II" ogHOYACHO € 1 IeBHUM y3arajibHEHHM SKICHUM MOKa3HUKOM i1 CKJIaJy B acIeKTi TUHAMIYHUX BJIAC-
TUBOCTEH: 3MEHIIEeHHs cTanoi inepuii rpynu P/II" 3a He3MiHHOT cyMapHO1 MOTY>KHOCTI CBIIYUTH HPO 301J1b-
IIEeHHS YaCTKHU MaloiHepuiiHuX uu Oe3inepmiitaux P/ B rpymi.

Ockinbku 3aMiaa oguHUIHOTO TI™ BiXMOBIAHOIO HOMY TPYIIOIO JKEepen TeHepyBaHHS, 30CEPEIHKEHUX
B TOMY ) CaMOMY MiCIli, HE IPU3BOAMTE A0 3MiHU AnHamivyHuX BractuBocteil EEC [11], To cnpaBenimuBum €
1 3BOpoTHE TBepUKeHHs. lle mae miacTaBum I MPUIYIIEHHS HPO MOXIIMBICTH HaOIUdCEH020 BPaxXyBaHHS
JIeSTKIM YMOBHO exgigarenmuum CI BimmoBimuoi rpynu P/, po3TamoBanux B IEBHOMY OKOJIi (32 €JIEKTpHU-
YHOI BIJICTAHHIO) IIMH MPHUETHAHHS Takoro exsigarenmruozeo CI° (rpymy PIIT 3aMiHIOeEMO exgiganeHmHum
CT’, ockinbku 3a iHepuiHuM Biarykom PII" maroTh «migTsryBatucs» ao peryiasoBanux CI). Tomy cienapi-
SIMHA MOJIETIIOBaHHS Tiepe0oavanocs Sk BiTHOBIEeHHs eHeprooiokiB Tppox TEC, Tak i 3aMiHa akTUBHOI MOTY-
)HOCTI eHeproouokiB (P;) mux TEC (tabn. 1) Takoro * TMOTYXHICTIO T€HEPYBaHHs, PO3MOJLUICHOI cepel
exsisarenmuux CI'. KoxeH i3 Takux exsisarenmuux CI” OyJi0 TOJIAHO 3a3HAYCHOIO BHIIE MOJACIUIIO CMAIOL
enexmpopyuitinoi cunu (Er = const) 3a deskum peakmaucom X, (HOMiHaJIbHA aKTUBHA TIOTYKHICTh KOXXHOTO
takoro CI" cranoBuia 100 MBT, a cosp = 0,85). I[loryxnicts renepyBanns 01okiB TnTEC (tabn. 1) Oyrno
posmonisieHo cepen 22 eksiearenmuux CI, mpueaHannx depes tpanchopmaropu THAII-125000/110 mo 22
mMH HoMiHaiIbHOT Hanpyru 110 kB takux enekrpuynmx mifgcranuii — [1C (mani 3a3Ha4eHO BUKOpPHUCTaHI B
mndposiii moaeni OEC Ykpainu na3su I1C Ta HoMepu 3a3HayeHux muH): bposapu (736), XKutomup (713),
H.KwuiBceka (708), MuponiBka (718), bpoeku (768), TnTEC-3 (720), JlanTEC-3 (822), JlJanTEC-1 (823),
Binaumeka (802), bap (818), [Tooyxxs (345), Tepuomins (814), Xmenpaumbka (811), Uepnipmi (820), IBa-
Ho-®pankisebka (906), K.Iloginscekuii (839), Ykpainka (352), Llesuenko (750), A6TEC (927), PaguBunis
(930), H.Bonuachkuii (928), Kosens (956).

Cuenapii Ta pe3yJbTaTH eKCIEPUMEHTAJBLHO-MOJEJBHUX IOCTiIKeHb. [HbOpMariro momo
OKpEMHX CIIEHApiiB Ta pe3ysIbTaTiB MOJIEIIOBaHHS aBapiifHuX npoueciB B cucteMoTBipHiii EM OEC Ykpainu
3 BUHUKHEHHSIM 4H BincyTHicTI0O AP HaBeneHo B Ta0xn. 3. Hagamo HeoOXinHi noscHeHHs. KoxxeH psimok Tab-
JUII TOYMHAETHCS 3 IPOHYMEPOBAHOI XapakTepucTuku (onucy) 30yperns pexumy (Ne X3P) OEC Ykpainm.
[Mouarok ycix 30ypens — 0,1 ¢ MozaenboBaHOTO TMporecy. Apyruil Ta HaCTYMHI psAKH TabiHIli OB’ s3aHi 3
MoienoBaHHIM 3-(hasHoro kopotkoro 3amukanHs (3-¢.K3) na JIEIl HominansHOi Hanpyru 330 kB, mo no-
ennye mmmHU 901 (PiBHe) Ta 902 (PAEC), nobnu3y mua 902. B Tabn. 3 tpuBamnicts 3-¢.K3 noznaueHo Afygs.
[1ig yac MoaemOBaHHS aBTOMAaTUKU NMoBTopHOro yBiMkHeHHs (AIIB) mepen ysimkuenusim JIEIT BpaxoByBa-
nacs 3arpumka (0,5 ¢) Ha geioHizarrito moBiTps B Micii 3-¢.K3. V pasi aeycmimuoro AIIB 3H0BY MoenioBa-
nocst QyHKIIIOHYBaHHS peeiHoro 3axucty 3 BUMkHeHHsAM JIEIT 901-902. JIns Busisienns AP B cucteMoTBi-
pHiit EM B Toukax yacoBoi AMCKpETU3aLlil MpoLecy MOJAENTIOBaHHS BU3HAYAJIICS TapaMeTpH, 3a SKHUMH JiIOTh
nyckoBi npucTpoi AJIAP (KpoK YMCeTbHOro iHTErpyBaHHs 3aMMIIABCS He3MiHHMM i craoBuB 107 ¢). Vci
MoaenpoBaHi momii Ta Bumaakyd BussieHHS Ha JIEIT cucremotBipHOi EM enexmpuunoco yenmpy xumans
(ELIX) BiaTBOpIOBaJKCA B XPOHOJOTIYHOMY MOPSAKY B IMPOTOKOIMI MPOIECY MOJENIOBaHHS (IIPOTOKOI IMO-
nit). B xmituHax Tabm. 3 CUMBOJIOM « — » MO3Ha4eHO (akT BimcyTHOCTI AP, a y pa3i #ioro BHHUKHEHHS
BKa3aHO 4ac (BiJ MOYaTKy MOJEITHOBAHOTO TIPOIECy) Ta Miciie (3a3HadaeThest Ha3Ba JIEI]) BusBneHHS numie
nepiroro (3a yacom) EIIX (3 mmurom wacy EIIX BusiBnsiersest 1 Ha inmmx JIEIT). [agopmarniro mono AP 3a
pi3HUX 30ypeHb pexXUMY HaBEACHO sIK Ui Bunaaky BimHoBneHHs O0nokiB TEC, Tak i a7 BUNagKiB BBEACHHS
P/II" 3 pi3HUMM 3HAYEHHSAMH CTaNHX iHepmii. Pe3ynmpTatn, oTpuMaHi 3a pisHUX 30ypeHb PEKUMY ISl BUTIAJI-
Ky BBeneHHs OyiokiB TEC, BUKOPHCTOBYIOTBCS ISl IOPIBHSHHS 3 pE3yJibTaTaMH, OTPUMaHUMH y pa3i BBe-
nenss PIT.
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Taoaunsa 3

CueHapii MOJCTIOBaHHS
( JIEIT 750 xB Binnuupka — 3axigHOyKpaiHCbKa BHMKHEHO )
Yac Tta micne (3a Hassoro JIEIT) BmsBienns EIIX
XNC:IQP XapaxTep MCTHK;;?)ypeHHH Beeneno 6oku Bseneno P/I', | Beeneno PIII', | Beeneno P/T,
PeAUMY ( ) TEC, TJTEC = 7,1 C ijgr: 6,0 C TJpgr: 3,0 C TJpgr: 1,5 C
1 BuMkHeHHs e e e .
JIEIT 901-902 (Piae-PAEC)
) 3-0.K3 na JIEIT 901-902, 2,90 ¢
Atz = 0,08 ¢, 6e3 ATIB (IIeneTtiBka- - — —
JKuromup)
3 3-0.K3 na JIEIT 901-902, 2,38 ¢
Atz =0,12 ¢, 6e3 AIIB (IlIeneriBka - - - —
Kutomup)
4 3-¢.K3 na JIEIT 901-902, 1,87 ¢
Atz = 0,08 ¢, Heycnimme (IIeneriBka- - - —
AIIB Kuromup)
5 3-¢.K3 na JIEIT 901-902, 1,41 ¢ 2,40 ¢
Atys = 0,12 ¢, Heycnimne (IIeneriBka- — — (IlIeneriBka-
AIIB Kurtomup) Kutomup)
6 3-0.K3 na JIEIT 901-902, 0,85 ¢ 1,09 ¢ 1,07 ¢ 1,07 ¢
Atz = 0,20 ¢, HeycminHe (PiBre-PAEC) (IIeneriBka- (IIeneriBka- (IlIeneriBka-
ATIB XKuromup) Kuromup) Kuromup)
7 3-¢.K3 na JIEIT 901-902, o o o o
Atz = 0,12 ¢, ycnimmae ATIB

[IpoananizyeMo criouaTKy BIUTHB 30ypeHHs pexxkumy (3rigao 3 X3P, HaBeneHumu B Tabi. 3) Ha BU-

HUKHEHHS! AP U1t BUIIa/IKy, KOoJu BBeJeHO (BinmHOBIEeHO) Oioku TphoX TEC (pesynbryroua crana inepuii TI
ux TEC cranoButh Tjrec = 7,1 ¢). 30ypenns pexumy y Burisai sumkHerHas JIEIT 901-902 (PAEC — Pisre)
HE MPU3BOIUTE 10 BUHUKHEHHS AP B cucremotBipHiii EM (He BusBieno EI[X), ane 31 301IbIICeHHSAM 1HTCH-
CHBHOCTI 30ypeHHs (Hampuknan, y Burisai 3-¢.K3, 3i 30inbleHHsM HOTO TPUBAJIOCTI) 3MEHIIYETHCS 4Yac
BUHUKHEHHS AP, T006T0 AP BuHUKae panime. Lleli oyeBHOHHMI HAcTiIOK MiATBEPIXKYETHCS MOPiIBHAHHIM
pe3yibTaTiB, OTPUMAHMX, HANPUKIaA, [UId BUNAAKiB, onucanux X3P Ne2 ta X3P Ne3, sixi mpoimocTpoBaHo
BIJINIOBITHO HA pHC. 2 Ta 3, Jie MOKa3aHO 3MiHY Pi3HHMIII KyTiB Hanpyru (delta kytiB Un-k) va muHax [1C 330
kB Illenerika (803) ta XXuromup (712) 3 BunukHeHHAM AP (Y HWKHBOMY Ta BEPXHBOMY «BIKOHLISIX» (hop-
MU rpadigHoro iHTepdeicy 3a3HaYeHO BIAMOBIAHO MiHIMallbHE Ta MaKCHMalbHE 3HAYSHHS TakKoi Pi3HUIL
KYTIB, IO CTOCYIOTHCS YChOTO YaCOBOTO IHTEPBAIY MOJCITIOBAHHS ).

deltak: v | _

Wenerie3 XKutomup3

179.37

delta xyvie Un-k,rpan

-179.9

e

Puc. 2

f

J ’#Jl
N ora S ans
AGANN

deltare »| |
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Wenetis3 Kutomup3

178.74

17881

delta xytis Un-k,rpan

Puc. 3
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Braciinok nopiBHSHHS pe3yJsbTaTiB, OTPUMaHUX MojentoBaHHsAM HeycrimHoro AIIB srigao 3 X3P
Ne5, 3 pesynbratamu, ogepkanumu 3a BifgcyTHocTi ATIB (X3P Ne3), minrBepmkyeThest Tol (akT, Iio i 4ac
BmukanHs JIEIT 6e3 ycynenns 3-¢.K3 BinOyBaeTbes nogatkoBe 30ypeHHs pexxumy, ToMmy AP BuHUKae mBU-
mure y Bunaaky Heycrimaoro AIIB (vac Busenensst ELIK cranosuts 1,41 ¢) Hixk 3a BigcytHocTi AIIB, xommn
gac BusBlieHHs EIIK cranoButs 2,38 c.

Ha puc. 4 Ta 5, mo Bignosigarote X3P Ne 5, nmokazano ¢pparMeHT NpOTOKOJY MOl (3 BUSBICHHSIM
ELIX) Ta 3MiHy y uyaci pi3HHULI KyTiB BEeKTOpiB Hanpyru (delta kytiB Un-k) Ha muHax npueananus JIEIT 803-
712, To6T0 Ha mmHAax 330 kB I1C llenerika (803 — mouarok JIEIT) ta I1C XXuromup (712 — kinens JIEID).

B ' Mpotokon

T=010¢c B lenemied Xuromupa
YeiMk k3 yeyani 902 (FAEC3 )
T=022¢c
BurkreHo rinky ( 901 -902 ) Piened -PAEC-3 179.976 delta KYTiEI ’JI‘I—I(,F baa
Bume 3 k3 yeysni 902 (FAEC3 ) »

T=072¢ [ 100 / 1 ]
YeimeHeHo rinky (901 -302 ) Piened -PAEC3 delia xu _(_‘_/ /
= Jedl |1 ® ’

=z} : pAWAY,

YeimMk. ez yeyani 902 (FAEC3 )

T=084c 4 fj 'E
BumMk. 3.z yeyani 902 (PAEC-3 ) ,(/ i
BurkHeHo rinky ( 901 -902 ) PieHed -PAEC-3 L.100 'r

T=141c EN UEHTPXUTAHb: Bitka (803-712) WenaTied -KuToMup3
Unou = B3 KB (kyT = 208.8 rpan) Ukin = 29 kB (kyT = 28.8 rpan) -173.87

Puc. 4 Puc. 5

VY pasi yemimaoro AIIB (X3P Ne7), ma BimMiHy Bix HeycmimHoro, AP He BUHHKAE, IO BUIHO 13 TI0-
MapHOTO MOPIBHSAHHS PE3YNIbTaTiB, OTPUMAHUX, HAPUKIIAL, A5 BunaakiB X3P Ne5 ta Ne7.

PosrisiHeMo pe3ynbraTi MOJEMIOBAaHHS, OTpUMaHi y Bunaakax BBeaeHHs P/l 3amicTh MOTyXHOCTEH
3aszHaueHux eHeprooiokiB TEC. Sk Bumuo 3 Ta0:1. 3, mix gac monemtoBanus rpyn P exsisarenmuumu CI,
npuenHanumMu 1o 22 muH [1C HoMiHanbHOT Hanpyru 110 kB, y OinbmiocTi Bunazakis (BianosizHo 10 X3P)
AP ne BuHMKae (Ha Bigminy Big BBelneHHs 0nokiB TEC) HaBiTh y pasi 3MeHwIeHHs cTanux iHepuii P, dns
UTFOCTparii Ha puc. 6 Ta 7 BiAMOBIAHO MMOKa3aHO (parMEeHT MPOTOKOITY MOJIN Ta 3MiHY Y 4Yaci pi3HUII KyTiB
BeKkTOpiB Hanpyru Ha muHax npueanansas JIEII 803-712 (IleneriBka-Kutomup) aia Bumagky X3P Ne 5 ta
cranux iHepuii P Tp7= 3,0 c.

®) Mpotokon B | leneris3 Xnromnp3
T=010c . .
Ygirk. p 3 yBY3ni 902 (PAEC3 ) 31283 | delta KW;, an
T=022c
BurkHeno rinky (901 -902 ) Pisnel -PAEC-3 : !-/
Burk 3~ k3ysyani 902 (FAEC-3 ) daltapy *| |- f
T=072¢c ¢ J \,
YeimeHeHo rinky (9071 -902 ) Fiene3 -FAEC-3 ;
Yeimk. I3y eyan 302 (FAEC-3 ) \
T=08B4c -#0 \
Burk 3~ k3.4 BYysni 902 (PAEC-3 ) i X
BurkHeHo rinky (901 -902 ) Piene3 -PAEC-3 14905 | : i \“"w

Puc. 6 Puc. 7

SAxmo ans nonosunu PAI (11 exsisanenmuux CI') 3anumunt 3Ha4eHHs 1jpyr = 3,0 ¢, a Ans pewmru
B3aTU Tpyr = 0,1 ¢ (3HaueHHs ctanoi inepuii ycix PI" ctanoButume 1,55 ¢), To EIIX BusiBngerscs o 1,68 ¢
Ha it xe JIEIl 330 kB LleneriBka-)Kutomup, To0TO mi3Hime HiX y pa3i BBeaeHHS eHeproonokie TEC
(3nauenns cranoi iHepuii BBexenux TI' TEC cranoButs 7,1 ¢).

3a tux xxe ymoB (X3P Ne 5), ane y pasi 3miau ais ycix P/AL 3nauens cranoi inepuii Ha 7pqr= 1,5 ¢,
ELX BusiBnsteTses Ha 2,40 ¢ MOAEIBOBAHOTO MPOLIECY, 110 BUIAHO HA pHC. 8, e KPIM Pi3HUII KYTiB BEKTOPIB
Hanpyry Ha muHax npuenHands JIEIT [lleneriBka-’Kutomup Takok MmokasaHo 3MiHYy Yy 4aci CTpyMy Ta HOTO-
Ky aKTHUBHOI oTy>HOCTi 1iero JIEIL.
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= Ao el

i

Wenetied Kutomup3 O *

17874 | delta kyTie Un-k,rp3n

F100

elka kL v

T
[
[

Puc. 8

PosrisiHeMo pe3ynbTaTH MOAEIIOBAHHS eIeKTpoMexaHiyHux nepexignux nponecis B OEC Ykpainu,

3YMOBJICHUX 3HAYHO iHTEHCHBHIIINM aBapiiHUM 30ypeHHIM pexumy — 3rigHo 3 X3P Ne 6. V pasi BBeneHHS
eneproosokis TELI, Ha BimMiHY Bia BXe PO3TIAHYTHX BHNAAKiB, AP BuHHKae parimre: EI[X Oymo BusBiIeHO
0 0,85 ¢, ane ne na JIEIT lleneriBka-Kuromup, six 1e Oyno 3a posriastaytux X3P, a na JIEIT 330 kB PiBHe-
PAEC (901-902). V Bunankax xe BBeaeHHs P/II" Bunukae AP, Ha yac BUHHUKHEHHS SKOTO BJKE HE Ma€ BH-
3HAYAJIGHOTO BIUTMBY 3MiHa 3HaueHb cramux iHepmii P/II’ (wac BusBnenns EL[X na JIEII IllemeriBka-
JKutomup B ycix BHIIQJKax 3aJHINAETHCS, MPAKTUYHO, HE3MIHHUM). 3a3HAa4YeHi Pe3yJbTaTd € CBIIYCHHSIM
TOTO, IO I MOJAEIBOBAHUX CTPYKTYPHO-PEXKUMHHUX YMOB 30ypeHHs 3rigHo 3 X3P Ne 6 € 30ypeHHsM Hao-
KpumuuHoi inmencueHocmi [2], 0 Ma€ TOMIHAHTHUH BIUIMB HA MPOTIKaHHS €JIEKTPOMEXaHIUHUX Mepexia-
aux npoueciB B EEC. Ha puc. 9 ta 10, mo Bixnmosimatore X3P Ne 6 ta T)pyr = 3,0 ¢, mokazano ¢parmMeHt
npotokony mofiit (3 BusBieHHsiM o 1,07 ¢ ELIX) Ta 3MiHy y 4aci pi3HHII KyTiB BeKTOpiB Hampyru (delta
kyTiB Un-x) Ha munax npueananss JIEIT 330 kB Lleneriska-Kuromup (803-712).

B | MNpotokon

B! llenetis3 Xaromup3

T=010c :
- D.?DBICMK. Fpkayeyani 902 (PAEC3 ) 170765 | delta Ky', ia Un-K.rFIaA

j |
T=072¢c ] ; | J
YgiMkHeHO rinky (901 -902) PieHe3d -PAEC-3 detaky v I)""—/J /]I[/ /1 / ;‘I kAT /.-'J fl/

T=084c

T=1.07c ENUEHTPXMTAHE: gitka (803-712) WeneTied -KutoMup3 179611

BumkHeHo rinky (901 -902 ) Pieneld  -PAEC-3
Bumk.3-¢.k.2.y eyzni 902 (PAEC-3 )

—

Yeimk. I-p.k.z.yeyzni 902 (PAEC-3 ) /'

Bumk.3-g.k.2.y eyzni 902 (FPAEC-3 ) | o ’
BumkHeHo rinky (901 -902 ) Pienel  -PAEC-3 = |

Unow= 81 kB (kyTt = 191.9 rpan) UkiH = 31 kB (ky1 = 10.6 rpan)

Puc. 9 Puc. 10

BucHoBku. Pesynpratu ekcreprMMEHTAIbHO-MOACIBHUX JOCTIKEHh OTPHUMAHO 3a YMOB 3HAuHOL

HEBU3HA4YEHOCTI, Hacamriepen moao PJIIT (ixHiX BWAIB, THIIIB, XapaKTEPUCTUK, PO3MIIICHHS Ta IHIIOrO), 3
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BUKOPHUCTAHHSIM NE€BHUX NPUIYLIEHb Ta y3arajJbHEHb, TOMY BOHHM MAlOTh OYIiHHUI XapaKTep 1 CTOCYIOThCS
BUTIAJIKIB, KOJIM 3aMiCTh YaCTHHH BTpaueHHX reHepyrounx notyxnocreii TEC Oyzae BBeneno P/, siki 3a
iHepyitiHuM 8i02yKoM «IIATATYIOThCS» 10 perynpoBanux CI.

I3 pe3ynbpTariB MOAENMIOBaHHS aBapiiHUX eJIeKTpOMeXaHIYHUX repexigHux nporecis B OEC Ykpainu
Ta aHaJi3y 3MIHU IMapaMeTpiB, Ha sKi pearyroTh npuctpoi AJIAP, BuIMBae, Mo BBEICHHS B PO3MOIIILHI
EM P/II" 3amicTh yacTHHH BTpaueHHX reHepyrounx notyxHocteid TEC He cripusie BUHUKHEHHIO AP BHacTi-
JIOK aBapiiiHuX 30ypeHb pexuMy B cucTeMOoTBipHii EM. [leskuii BIJIMB HA MPOTIKaHHS €IEKTPOMEXaHIYHUX
MePEXiTHUX MPOIIeCciB B KOHKpeTHIN dacTuHi cucteMoTBipHOI EM OEC VYkpainu Mae posramryBanHs B EM
rpyn P/l 3 BigNOBIAHUME CTAIMMHU 1HEPIIii, 0 MOXKE CBIIYUTH MPO «TEPUTOPIaTbHUI PO3MOALT IHEPIIi.

Pobomy eurxonano 3a depaicoOiodicemnor memoio «3abesneyentsi cmitikocmi ma HadiuHOCmi Hayio-
HAIbHOI efleKmpoenepeemuxy 8 ymosax cunxpornoi pooomu OEC Ykpainu 3 KOHMUHEHManibHOW €8PONeich-
Kot enepeemuunoro cucmemoio ENTSO-E» (wugp « PEXXUM-2», KIIKBK-6541230).
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The results of experimental and modeling studies of the distributed generation sources (DG) influence on the occur-
rence in the Interconnected Power System (IPS) of Ukraine asynchronous modes (AM) caused by accidents in its main
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electrical network are presented. According to simulation scenarios it was assumed that the DG power was introduced
into electrical distribution networks instead of the power units of thermal power plants of the IPS of Ukraine which
were destroyed as a result of missile attacks by the Russians. In the absence of information about DGs, certain gener-
alizations and assumptions are made regarding the possibility of DG groups modeling of in the form of turbine genera-
tors with different inertia constants. Various scenarios of the accidents occurrence and the functioning of relay protec-
tion and anti-emergency automation devices were considered. Conducted studies results show that the DG introduction
into distribution electrical networks does not contribute to the AM occurrence in the main electrical network of the IPS
of Ukraine. References 11, figures 10, tables 3.

Key words: Interconnected Power System of Ukraine, distributed generation, inertia constant, model, accident, power
system asynchronous mode.
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BU3HAYEHHS BEJIMUUHU €EMHOCTI CUCTEMU HPOBIA-I30JIATOP-IITUP
B MMOBITPAHUX JIHIAX HAIIPYT'OIO 6-10 kB JJIs1 ONIHKHU MOKJIUBOCTI
PAHHBOI JJIATHOCTUKHA CTAHY 1301111
P.O. Byiinuii’, kauz. Texs. Hayk, B.M. Be3pyuxo , kauz. exs. Hayk, A.FO. Crporiii™
HanionansHuii yHiBepcuTeT «YepHiriBcbka moJiirtexHikay,
ByJ. llleBuenka, 95, Yepniris, 14035, Ykpaiuna.
E-mail: buinyiroman@gmail.com.

Ipoananizosano necamusHuti 6NaU6 0OHOPAZHUX 3AMUKAHD HA 3EMIIO 8 MePeNCax 3 i301b08AHOI0 HEUMPALNIo, WO GU-
HUKQioms uepe3 npooitl wmupogsoi i301ayii nogimpsnux ainiti 6-10 kB. 3anpononoeano KoOHYenyiio paHHLO20 GUAGNICHHS
NOUWIKOOIICEHb WMUPOBUX I301IAMOPIE, WO O6A3VEMbCA HA BUMIPIOBANHHI 3MIHU CIMPYMY BUMOKY Yepe3 i30Amopu, GUKIU-
KaH020 3MIHOK EMHOCMI CUCmeMU «npogio-izonamop-uwimupy. /i Yyb02o 6 NpogedeHo iMimayiiine MOOENO8AHHS CUC-
memu. Y npoepamuomy naxemi AutoCAD cmeopero ceomempuuny modens izonamopa mapru LIID-201" 3 ypaxysanHam
KOHCMPYKMUBHUX 0CcobIUBoCcmell KpinieHHs npogoody. Bouwa oana moxciusicms oyiHumu eieKmpuyHy EMHICIMb cucme-
MU «nposio-izonamop-wmupy y npoepamuomy naxemi Comsol Multiphysics 5.6 na 6asi po3nodiny erekmpuyHo2o nois.
Ipoananizosaro 3anedxicHicms ompumanoi erekmpuynoi emrocmi izonsmopie mapxu LLUD-201 6i0 dienexmpuunoi npo-
HUKHOCMI Mamepiany i301amopa, oiamempis i Mapoxk npoeoodis, ujo 8UKOpUcmogyiomscs Ha niniax 6-10 kB, ma eapia-
Hmig 8 A3Ku npoeody. OMpUmMano YucenvHi 3Ha4eHHs EMHOCI CUCTNeMU «NPOGIO-i30AAMOP-UMUpy» OAA PI3SHUX 8apiaH-
mie kougicypayiu. I[lokazano, wo cman mamepiany i3049Mopa MA€ SUPIUATbHUL 6NUE HA eMHicmb cucmemu. Bi0m.
11, puc. 2, Tabmn. 2.

Kniouoei cnosa: 3amykaHHs Ha 3eMJIIO, 130J1TOP, EMHICTb, TOBITPSIHA JIiHis, 130JIbOBaHA HEHTPAIIb.

Beryn. B Vipaini enektpuuHi Mepexi Hanpyroto 6-10 kB mpamioroTs B pexxumi 130160BaHO{ HEHT-
pauti, o J1a€ 3MOTy 3[iHCHIOBATH JIOCTATHHO HAJiifHE eJIeKTPOINOCTadYaHHs CIIOXKHMBAdYiB HABIThH MiJ Yac OJ-
HOoda3HUX 3aMuKaHb Ha 3eMiaio (O33) B enekTpuuHiit Mepeki. Haitbimbnry mpoTsSKHICTE MalOTh HOBITPSHI
ninii (TTJI) enekrponepenaBaHHsi, uepe3 MOIIKOIKCHHS SKHX BiOyBaeThcs 3HauHa KijbKicTh 033, B OCHOB-
HOMY 4Yepe3 AeeKTH IMTHUPOBOI 1307l Ta i1 3a0pynHeHHs. MeHIIa KilbKiCTh MOIIKOIKEHb NPUTagae Ha
00pHWBH MPOBOTY Ta OOPUBH B’SI3KH TPOBOAY IO i30i1sATOpa. B manuii yac momkomkeHHs Ha Takux [1J] BusB-
JSIFOTBCS IIUISIXOM aHalli3y eJIeKTPOMArHiTHOTO TOJIsl B3JIOBXK TPacu MOBITPsHOI dinii. s mporo omneparus-
HO-BUi3Ha OpUraja ormeparopiB CHCTEM pO3MOALTY BUTpadae nyxke Oarato yacy [1], ocobamBo Ha momryk
MOIITKO/KEHB MTHPOBOT 13011111, SIKi HE MiAAI0ThCS «Bi3yalbHii» AiarHOCTHIII.

VY poborax [2, 3] aBropamu OyJI0 3alpONOHOBAHO CHCTEMY ineHTUdiKalii Micisi BuHUKHEeHHsT 033,
sIKa J]a€ MOKITUBICTH BifcTexkutet O33 3 TOUHICTIO JIO ONOPH T4, SIK HACIIAOK, MiBUIIUTH HAJAIMHICTh €ICKT-
porocTayaHHs CokuBauiB. IIpoTe Taka cucTeMa 1ae 3MOTy BUSIBIIATH MOLIKOJUKEHHS Ha crafii, komu 033
B)K€ BHHHKJIO, 1 MepeKa Iepeinia B HCHOPMAIBHIHN PeKUM poOOTH, 3a SIKOTO JBI HETIOITKOKEHI Ga3nu Mo-
JKYTh 3HAXOIUTHCS MiJ JiHIIHOIO Hanpyroro. Takuii HCHOPMAIBHUHN PEXXUM MOKE TIPU3BECTH 10 YTBOPEHHS
3aMHKaHHA Ha iHOI# ¢a3i Ta nepexony 033 y mikdazHe KOPOTKE 3aMUKAHHS i3 MMOJATBIINM BiTKIFOYSHHSIM
SIK MiHIMyM oxHOTO (inepa. [lifBUIIeHHIO HAIIHHOCTI caMe TaKUX CJICKTPUYHUX MEPEX IMPHUCBIICHO Oarato
poOiT, 30kpema [4—6], siki HampaBlieHO Ha OOPOTHOY 13 HACIIKAMH, a He 13 IXHBOIO TPUIHUHOIO.

Tomy Oyiio O TOIIBHO PO3POOKTH MiAXOIH 11010 BUABICHHS He camux O33, a neekTiB, sKi 10 HUX
MPHU3BOJIAATh, HA PAHHIX CTamisx po3BUTKY [7]. Taki miaxoau MOBHHHI MaTH MaTeMaTW4YHE OOIPYHTYBaHHS
MO>KIIMBOCTI IXHBOI peaizallii Ta eKCIepuMEHTAIBHE TiATBEPIKCHHS PE3yIbTATIB.

Hnst oOrpyHTYBaHHSI MOKIJIMBOCTI BUSIBIEHHS AedekTiB mrupoBoi i3omsuii [1J1 6-10 kB Ha panHix
CTaIisiX HEOOXiJHO CTBOPUTH MOJENb CaMOTO IITHPOBOIO i30JI1TOPA, KA JAaCTh 3MOT'Y BUKOHATH MaTeMaTu-
YHE MOJICTIOBAHHS MPOTIECIB PO3BUTKY Ae(PEKTIiB 13 mMoganpmuM yTBOpeHHsM O33.
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MeTo10 po60TH € OCTiIKEHHS BIUIMBY KOHCTPYKTHBHHUX ITapaMeTpiB MITUPOBOI 130IIAIlii OBITPS-
HUX JIiHII Hanpyroto 6-10 kKB B Mepexax 3 1301b0BaHOI0 HEUTPAILITIO HA EMHICTD CHCTEMH «IIPOBI-130JIATOP-
LITUP» VIS TOAAJBIIOTO BUSIBICHHS Ae(DEKTiB Ha PaHHIX CTaisIX IXHBOT'O PO3BHUTKY.

OcHoBHI MaTepiaan JocaimKeHHs. 3a3BUYail i Yac JOCIHIHKEHHS BIACTUBOCTEH 130JAIil BUKO-
PUCTOBYIOTh YHIBEpCAIbHY CXEMY 3aMilleHHS (MaTeMaTHYHy MOJENb), sSKa BPAaxOBYE HACTYHHI (i3udHi
CKJIaJIOBI 130JIsIMIii: TeOMETpHYHY Ta abcopOLiiHYy €MHOCTi, aOCOpOIIHHUI Ta OMIUHUI onopu cTpymy [8].
[IpoTe Taka cxema He Ja€ MOMIJIMBOCTI pPO3paxyBaTH (BUSABHUTH) MOSBY MOIIKOHKEHBb B 130JIALi1 Ha paHHIX
cragisx. [Touryk Momenelt mTHPOBOI 130SIIIi1 Ha TEPeHAX IHTEPHETY HE MPHU3BIB O MO3UTUBHOTO PE3yiIbTa-
Ty, ane OyJIo 3HAHIEHO MOJIEN JUIsl PO3PaxyHKY TipisHI MmiABicHUX i3omaTopiB [9, 10]. Takox ogHuM i3 da-
KTOpiB, MiAOYPIOIOYHX 10 CAMOCTIHHOTO CTBOPEHHS MOAENI IITHPOBOTO i30JIATOpA, € BiACYTHICTH y NOBiJ-
HUKOBHUX JDKEpellaXx Ta y BHUPOOHUKIB JAaHOTO THITY i30JATOPIB iHQoOpMamii moa0 BETHYUHU OYIb-SIKOI i3
KOMITOHEHTIB €JICKTPUYHOI EMHOCTI.

3amaua CTBOpEHHS MaTeMaTHYHOT MOZE 130J1ATOpa € CKIaAHOIO 1 MOTpe0y€e HETPUBiaNbHUX PILLICHb.
B nmanmit yac juia BHUpilIeHHS MOMIOHUX 3a7a4 MO>K€ BHKOPHCTOBYBATHCS IMiTaIlifHE MOJEIIOBAHHS METO-
JIOM CKiHUCHHHUX €JIEMEHTIB, HAIIPUKJIAd, 13 BUKOPHUCTAHHAM porpaMmHoro makety Comsol Multiphysics 5.6,
110 J1a€ 3MOTY PO3paxoByBaTH (Di3HUHI IPOIECH B CKJIAJHUX MPOCTOPOBUX KOH(piryparisax [11].

Hns uporo y mporpamuomy naketi AutoCAD ctBopeno imitauiiiny 3D-moaens (IpocTOpoBy) IITH-
poBoro i3omsaTopa tumy [1Id-20I" 3 ypaxyBaHHSM HOT0 NaCIOPTHUX TEOMETPUIHHUX PO3MIpPIB Ta MaTepiay.

B VkpaiHi B enexTpuuHux mepexax 6-10 kB BUKOPHCTOBYETHCS J1Ba BapiaHTa KPIIJICHHS TPOBOIY
J0 WTHpoBOTO 30mmsaTopa (Mapku LLI®D-20I): 1) «B’s3ka Ha TONOBKY»; 2) «B’s3Ka Ha MIMHKY» i30JsTOpa. Y
BUIAJKY «B’S3KHM Ha IIUIKY» 130JI1TOpa BUKOHYIOTh OJATKOBY HiAMOTKY Ha ()a3Hi MPOBOIY MiAMOTYBaJlb-
HAM IpoToM niameTrpom 2,8-3,8 MmMm. 3araipbHa TOBXKHHA IIJMOTKH 3 B’S3KOI0 HE MOBHHHA IEPEBUITYBATH
JBOX JiaMeTpiB IMUHKH 130JsTOpa. 3TiJHO MACIOPTHUX NAHHWX JiaMeTp IMUHKH i3oisTopa Mapku [ID-200
cTaHoBUTh 80 MM, IO BKa3ye Ha Te, 110 3arajbHa JOBXHHA MIAMOTKH HE MOXke OyTH Oinbiie Hix 160 Mm.

Jst aHAmi3y PO3MOILTY SIEKTPUIHOTO OIS Y CHCTEMI «IIPOBII-i30JIATOP-IITHPY 3a 3a3HAYCHUX BH-
11e 0COOIUBOCTAX y mporpamHomMy nakeTi AutoCAD crBopeno imMirtaiiiiny 3D-mMoens Takoi cucteMu. Mo-
JeNb BpaxoBye pi3Hi Mapku mpoBofiB Ha [1JI 6-10 kB, mo 3yctpivatoThesa B ekciuryaranii (AC-35/6,2; AC-
50/8, AC-70/11), MoXxNHBi B’SI3KM TTPOBOAY («HA TOJOBKY», «Ha MIMHAKY») T4 MOXKJIHMBI AiaMeTpH MiIMOTYBa-
JILHOTO B’SI3aIBHOTO JpoTy (2,8 MM Ta 3,8 MM). B iMiTamiiHiii MO CUCTEMHU MPUUHATE OOMEIKSHHS: JTOB-
JKMHA MIPOBO/Y 1 IOBKHHA IITUPS JTOPIBHIOIOTH 250 MM.

[IpoctopoBy koHDiryparito i3omaropa [LID-201" 3 pisanMu Bunamu B’s3KH 300paxkeHo Ha puc. 1, a4, 0,
a MTHPOBI 130JIATOPH PO3MIIITYIOTHCS Ha MeTaleBiii TpaBepci (puc. 1, 6), me / — mpoBia, 2 — MITAPOBHI 130715-
TOp, 3 — WTHP, 4 — TpaBepca, 5 — CTiiKa ONopH.

a 0 6
Puc. 1

Jnst uncenbHUX PO3paxyHKIB TEOMETPHUYHOI €EMHOCTI CHCTEMHU «IpOBiA-izomarop-mtup» B Comsol
Multiphysics 5.6 3aBaHTa)keHO BHIIleONTMCcaHy iMiTalliitHy 3D-monens Takoi cuctemu (puc. 2).

Ha puc. 2 mokazaHo po3MOAT TOTEHITATy €IEKTPHIHOTO IOJISI HaBKOJIO Ta BCEPEIUHI CHUCTEMH
«TIPOBIA-130JIATOP-IITUPY» ISl BapiaHTIB B’SI3KH MPOBOAY «HA TOJIOBKY» Ta «HA HIMHAKY» 3 MPOBOJOM MapKH
AC-70/11 3a giameTpa miAMOTYBaJIBLHOTO IPOTY 2.8 MM Ta AieIeKTPUIHOI MPOHUKHOCTI (apdopy — 5. Buxo-
pucToByrouH oTpuMani maHi y makeri Comsol Multiphysics 5.6, po3paxoBaHo YHceTbHE 3HAYEHHS TCOMET-
PHUYHOI eJIEKTPUIHOT EMHOCTI CUCTEMH IIPOBI-130JIATOP-IITHPY IS YCiX MOKIMBHX KOH(ITyparlii.
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Muitislice: Electric potential (V)
10! Multishice: Elettric potential (V)
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Puc. 2

Uepes BiACYTHICTD JaHWX BiJl BUPOOHHKA 130JIALIT PO JiENEKTPUIHY MPOHUKHICTE Gapdopy mix yac
po3paxyHkiB aHanizyBaBcs dapdop B miana3oHi IieleKTPUIHUX TPOHUKHOCTEH Bix 5 mo 7 [8].

Otpumani y nporpamaomy maketri Comsol Multiphysics 5.6 3HaueHHsS] TeOMETPUYHOI €NEKTPUIHOL
€MHOCTI JUTsl BA3HAUCHHX BHIIEC KOH(Irypaliid CHCTEMH «IPOBiJI-130JSTOP-IITHP» AJISl BapiaHTIB B’ A3KH MPO-
BOJly «Ha TOJIOBKY» Ta «Ha IMIMHKY» 3BeleHi 10 Tabu. 1 Ta Tabm. 2 BiAmOBiIHO.

Taoannsa 1
Enexrpuyna emHicTh cucteMH ''mposia-izonsarop-mrup", n@®
. BapiaHT B’I3KN MPOBOJY «HA TOJOBKY)
Alenexrpiria AC-35/6,2 AC-50/8 AC-70/11
NPOHMKHICTB &£
3 NiAMOTYBAJBLHUM IPOTOM diaMeTpoM A,,, MM
2,8 3,8 2,8 3,8 2,8 3,8
5 8,0122 8,1475 8,0574 | 8,1850 | 8,1175 8,2385
7 9,8857 10,028 | 9,9302 10,068 | 9,9940 10,125
Taoauns 2
Enextpuyna eMHicTh cuctemu '"'npoBin-izonasitop-mtup', n®
. BapiaHT B’SI3KH NPOBOAY «HA NIUHKY»
Aienrextputina AC-35/6.2 AC-50/8 | AC-70/11
INPOHUKHICTB &
3 MiIMOTYBAaJBLHHUM IPOTOM TiaMeTPOM A,,, MM
2,8 3,8 2,8 3,8 2,8 3,8
5 7,9438 | 8,1812 | 8,0236 8,2578 8,1420 8,3741
7 9,6020 | 9,8917 | 9,6977 9,9860 | 9,8427 10,135

3 tabn. 1-2 BUAHO, IO 3i 30UIBIICHAAM JiaMeTpa MiIMOTYBaJIBHOTO APOTY 3 2,8 MM 10 3,8 MM €eM-
HICTh CHCTEMH «IIPOBIJI-130JITOP-IITHPY Y BapiaHTI B I3KH «HA TOJOBKY» Oyae B CEpeIHEOMY 301JIbITyBaTH-
cs Ha 1,48%, a y BapiaHTi B SI3KH «Ha IIHHKY» — Ha 2,95%. 1le Bka3ye Ha Te, 10 AiaMeTp MiJMOTYBaIbHOTO
JOpOTy Maiie He BIUIMBAE Ha €EMHICTh CUCTEMH «IIPOBIA-130JATOP-IITUP». 31 301IBIICHHSIM TieNeKTPUIHOT
MIPOHUKHOCTI MaTepialy 130l 3 5 10 7 €MHICTh CUCTEMH «ITPOBII-130JIATOP-TITHPY» Oyae 301TBITYBaTHCS
Ha 23,1% nans BapiaHTi B’S3KH «Ha TOJOBKY» Ta Ha 20,9% JUis BapiaHTy B’SI3KH «HA IITUAKY.

VY Bunanky nosiBu IeeKTiB B cepearHi 1301sTopa a00 Ha HOro MOBEPXHi, a TAKOXK y BUMAIKY HOTO
3a0pyJHEHHS Ta 3BOJIOKEHHS IMPOCTOPOBA [iENEKTPUYHA POHHUKHICTP 1301511 Oy/1e 3MiHIOBATHUCS, IO Ja€
3MOTY TIPUITYCTHUTH, III0 EMHICTh CHCTEMHU «IIPOBIiA-130JIATOP-IITHPY» Oy7e 3MIHIOBATHCS B JOCTATHHO IIHPO-
KOMY Aiana3oHi. BennunHa eMHOCTI BUKIMKae 3MiHy CTpYMiB BUTOKY uepe3 i3ossuito [1J1, 3a BennumHOO
SKAX MOKHA BUSIBIITH JepeKTH Ha paHHIX cTamigx. JlaHy 3MiHy MOJKHAa BHKOPHCTATH Ul CTBOPEHHS CHC-
TEMH PaHHBOTO BUABJICHHS Ae(EKTiB MTHPOBOI 1307s11ii. Lle macTh MOXIHMBICTS, YHUKHYTH TOSBU OiIBIIOCTI
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033 B Mepexax 3 130Jb0BaHOI0 HEHTPAJUII0 Ta YHUKHYTH repexony Oinmbrrocti O33 y mikdaszHi KOpOTKi 3a-
MUKaHHS Ta, SIK HACIJOK, TIIBUIINTH HAAIHHICTD EIEKTPOIIOCTaYaHHs CIIOKUBAYIB.

ExcriepuMeHTanbHe MiATBEpIKEHHS MOTpeOye BEMMKOI KUTBKOCTI CTATUCTHYHOI iHpopMmauil. Ha nanuit
4yac BUKOHAHO TUIbKM YACTHHY €KCIEPUMEHTAIBLHUX AOCTIIKEHb CTPYMiB BUTOKY 4epe3 i30JsrTropy Mapku LIID-
20I", sixi MaroTh pi3HOTO poay AedekTr Ta 3a0pyaHeHHs. Taki JOCHTiKEHHS BKa3yloTh Ha Te, 0 EMHICTh CHUCTE-
MU «IPOBIA-130JIATOP-IITHP 3 MOIIKOMKCHHIM Ta 3a0pyTHEHHSIM 30UIbIIYETHCS Y 3-6 pa3iB, a CTPYM BHTOKY
yepe3 130JILiI0 — Bix 5 10 12 pasiB, 1o 00yMOBIEHO, 30KpeMa, 1 3MiHOIO TOBEPXHEBOI aKTHBHOI MPOBIAHOCTI.

DETERMINATION OF THE CAPACITANCE VALUE OF THE CONDUCTOR-INSULATOR-PIN SYSTEM
IN 6-10 kV OVERHEAD POWER LINES TO ASSESS THE FEASIBILITY OF EARLY DIAGNOSTICS

OF THE INSULATION CONDITION

R.O. Buinyi, V.M. Bezruchko, A.Yu. Strogii

Chernihiv Politechnic National University,

str. Shevchenka, 95, Chernihiv, 14035, Ukraine.

E-mail: buinyiroman@gmail.com.

The negative influence of single-phase-to-ground faults in networks with an isolated neutral, resulting from a break-
down of pin insulation, is analyzed. A concept for early detection of damage to pin insulators is proposed, based on
measuring changes in leakage current through the insulators caused by changes in the capacitance of the “pin-
insulator-wire” system. For this purpose, a simulation of the system was done. A model of the geometric dimensions of
the insulator is created with taking into account the design features of the installation of the line wire in the AutoCAD
software package and the distribution of the electric field is simulated in the Comsol Multiphysics 5.6 package, which
makes it possible to estimate the electrical capacitance. The dependence of the calculated electrical capacitance of
ShF-20G insulators on the dielectric constant, diameters and grades of wires used on 6-10 kV overhead power lines
and options for wire bundles is considered. Numerical values of the capacitance of the “pin-insulator-wire” system
were obtained for different configuration options. It has been shown that the state of the insulator material has a deci-
sive influence on the capacity of the system. References 11, figures 2, tables 2.

Key words: earth fault, insulator, capacity, overhead line, isolated neutral.
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Ipoananizosano memoou amnepocmamuyHoi Kyionomempii I nodyoosa icHylo4020 001AOHAHHA O IXHbO2O
3ACMOCYBAHHA. 3anponoHO8AHO HOBUll NiOXi0 00 noby0o8u KYIOHOMEMPUYHOL cucmemu OA HAYIOHANBLHOZ0
eeKMPOXIMIUHO20 emanoHy KilbKocmi pedosunu. Bin nonseae 6 00 ’eOnanui 3aco6i@ GUKOHAHHSA OCHOBHUX Oonepayill
Memooy NepeUHHOI aMnepoOCmamudHoi KYIOHOMempii 6 E€OUHOMY anapamHo-npocpamMHoOMy 6a0yi, wo 30IUCHIOE
MUMPYAHHA A AGMOMAMUIOBAHE YNPABTIHHA YUM NPOYECOM, d MAKOHC 00ePHCAHHA A 0OPOOKY SUMIPIOSATLHUX
cueHanie, HeoOXiOHux 01 yvozo. Po3pobneno cmpyxmypny ma @QYHKYiOHATbHY CXeMU BUMIDIOBATLHO20 ONOKY
nPpeyusitiHo20 agmoMamuyHo20 MUmMpamopa-KyioHoMempa i3 3acmocy8antam Hosimuboi enemenmnoi 6asu. Haseoeno
308HIWHIT 8USNAO | KOPOMKO ONUCAHO CMBOPEHY KOMNAKMHY SUMIplosanviy cucmemy. Onucano 3anponoHosawuil
aneopumm ineepcii uUMipIosanoi Hanpyau, wo 0an0 MOHCIUGICL CYMIMEED NOKPAWUMY MOYHICING UMIPIOSAHHS CIPYMY
mumpyeanns. [lpedcmasneno nosuii eapianm mediannoi inempayii GUMIPIOBATbHO20 CUSHATY, AKULL 0A8 MOMCIUBICMY
nioguwumu mounicmes Qikcayii 3MIH NOMEHYIANy pPO3YUHY [ BUSHAYEHHS. MOMEHMY 3aKIHUEHHS eleKmpOXiMiuHOT
peaxyii. Epexmugnicmv po3poOieHux mMexHiYHUX pilieHb niomeepodtceHO pe3yIbmamamu MIZCHAPOOHUX 38IpeHb, Hd
AKI Haoano nocunanns. bioin. 18, puc. 4.

Kntouosi cnosa: eranmoHHa 0a3za, METpOIOTiS, aMIIEPOCTATHYHA KYJIOHOMETpis, MOXHOKa, IudpoBa ¢imbTparis,
TUTPYBaHHS.

Beryn. 3a g0mmoMOror0 €IeKTPOXIMIYHAX METOIB BHUMIPIOBAaHHS MOXKHAa OTPHMATH Pi3HOOIYHY
iHpopMamito mpo XiMiuHi, Oioximiyai Ta (isnuHi 00’ekTH. Uepes me Taki METOIM 3aCTOCOBYIOTH SIK IS
MPOCTOTO MIOACHHOIO JIA0OPATOPHOTO BUMIPIOBAHHS Y Pi3HUX Taly3sX MPOMHUCIOBOTO BUPOOHHIITBA, OXOPOHU
JTOBKIUJUISI, OXOPOHH 3/I0POB’sl, KOHTPOIIFO OE3MEYHOCTI YMOB TIpalli, KOHTPOJIO SKOCTI XapUOBHX MPOIYKTIB i
JIKIB TOWIO, TaK 1 JUIs CKIaJHUX HAYKOBUX JOCIIIKCHb. 3a0e3MeUeHHsIM JJisi BUMIPIOBaHHS KUIBKOCTI
PEUYOBMHHM Ha HaWBHIIIOMY METPOJIOTIYHOMY PiBHI 3aiiMatoTbesi Hanionanbsai Metponoriudi Inctutytn. Omaum
3 OCHOBHHUX €JIEKTPOXIMIYHHX METO/iB BUMIPIOBAHHS, III0 B HUX 3aCTOCOBYIOTH JIIsi CTBOPEHHSI HAIlIOHAIBHUX
€TaJIOHIB, € aMIlepOCTaTHYHA KyJIOHOMETPis (200 KyJTOHOMETpis 3 ITOCTIHHIM cTpyMoMm) [1-12].

AMIiepocTaTiYHa KyJIOHOMETPiS — II¢ MPSMHI METOJ, SKUH BUKOPHCTOBYETHCS IJI BH3HAUCHHS
KUTBKOCTI pPEYOBWHH, TPHUCYTHHOI B IOCIHIIKyBaHOMY pO3YHMHI y BUMIPIOBAIBHIA KOMIpI, NIITXOM
MIPOIYCKAaHHS Yepe3 PO3UMH ENEKTPUIHOTO CTPYMY 3a ISl 3[MIHCHEHHS eJeKTPOXIMIYHOI peakIiii 3a yJacTio
i€l pedoBuHHU. KiTbKiCTh JOCHIKYBaHOI PECUOBHHHM BU3HAYAETHCS KIIBKICTIO €ICKTPHKH, Ky HEOOXiTHO
BUTPATUTH JJIs TIOBHOTO, HaOmmxkeHoro 10 100 %, 3aBepreHHs BKa3aHOi peakiii [5, 6]. B ocHOBi meTtoxy
TISKUTH 3aK0H enekTporizy dapanes
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B meroni ammepoctaTHdHOI KYyJOHOMETpPil TUTPYBaHHS PO3YHHY 3HIHCHIOETHCS TPOITYCKAHHIM
gepe3 HbOTO IOPIiM ENeKTPUKH A0 MOCSITHEHHS TOYKH eKBiBasieHTHOCTI EP (ckopodeHHs Bim aHrI —
equivalent point). 3amns 1i TouHoi (ikcalii 3HAYCHHS CTPYMy B IMOPIIAX PEryarEThCs (ITOCTYIOBO
3MeHIIyeThes). [yii  KOHTpoiro mepediry enekTpoximiuHOoi peakuii Ta Bu3HaueHHsa EP 3a3Buuait
BUKOPHCTOBYIOTh METOJ] JIPYroi MOXiJAHOI 3MiH TMOTEHIiady PO3YHHY, IO BHU3HAYAETHCSA 32 JOMOMOTOIO
IHAMKATOPHOTO eNeKTpoAay, adbo meton JleBenOGepra-Mapksapara [3].

Bwmict peuoBHHM B aHaNi30BAaHOMY PO3YHMHI MOXKHA BH3HAYaTH HAIpPSIMYy (EJICKTPOAKTUBHO) abo
[UISXOM  €JIEKTPOIIEPETBOPEHHS  BIATIOBITHOIO JOMOMIXKHOTO peareHTy, CIeliaJbHO BHECEHOTO B
EJIEKTPOXIMIYHY KOMIPKY Y TOCTaTHRO BENHKiH KOHIEHTpaIlii [4]. Lle po3muproe MOKINBOCTI 3aCTOCYBaHHS
JTAHOTO METO.Y .

3 BUKOPUCTAaHHSIM METOAY aMIIEPOCTATUYHOI KYJIOHOMETPii MOKIMBO BH3HAYUTH KOHICHTPALIO
ITUPOKOTO CIIEKTPy XiMiuHMX eneMmeHTiB (Be, Mg, Al, Si, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As,
Y, Zr, Nb, Mo, Pd, Ag, Cd, In, Sb, Te, W, Re, Os, Ir, Pt, Au, Hg, T, Pb, Bi, La, Ce, Pr, Nd, Sm, Eu, Th, U,
Am, Hs) i cionyk (amigocynbghaTHa KUCIIOTa, OCH301HA KUCIOTA, ABJICBa KUCIIOTA, COJITHA KUCIOTA, Kalii
rizpodranar, 60pHa KUCIOTa, TPUC(TIIPOKCUMETHII)aMiHOMETaH, HATpiii KapOOHAT, HATPIA XJOPHI, Kalii
XJIOpUA, HATpiki Opominm, kamiii Homun, Hatpidt mepokcun, EDTA, Tpuokcua Mumr'sky, kajiii Oixpomar,
amodHiii nepii(IV) Hitpar).

Han3euvaifHO akTyanbHUM € METOJ] IEPBUHHOI aMIIepOCTaTHYHOI KyJoHOMeTpii. MeTox nepBHHHOT
aMITepOCTaTUIHOI KYJOHOMETpii — IIe peami3ailis METOAYy aMIIepOCTaTHIHOI KyJOHOMETpii 3a YMOB,
MaKCHUMaJIbHO HaONMKEHUX N0 ileaNbHUX (eNEKTPOIEPETBOPEHHS NOCHTIHKYBAaHOI PEYOBUHH Mae OyTH
npaktuaHo 100 %; HasBHICTD HagiliHOTO cmocoOy BH3HAYCHHS 3aBEpPUICHHS IMepediry eneKkTpoxXiMidHol
peakmii — YyTIMBUN 1HAWKATOPHWUH €NeKTPOHA 1 HU3bKHWH BIUIMB 3aBaj; TOYHE BH3HAYEHHS KiJIBKOCTI
eJIEKTpUKU (), IO MPOUILIA KPi3h KOMIPKY 10 MOMEHTY 3aBEpILICHHS €JIeKTPOXIMIYHOI peakiii; BiIHOCHA
BUIMAJKOBa cKianoBa moxuOku — meHmre 0,025 %). PedepentHi marepianu, oep:kaHi 3a JOMOMOTOI0 IIbOTO
METOJTY, JAIOTh MOKJIMBICTh 3a0€3MEeUNTH MPOCTEKHICTh PE3yIbTATiB MOCTIIOBHUX BUMIPIOBaHb B 0araThox
BOXIMBUX Tamy3sx [7, 8]. Meron 3abesredye HaWKpamly BiATBOPIOBAHICTh pE3yJIbTaTiB BHUMIipIOBaHb,
6mm3pky 1o 0,001 % ang cronmyk 3 yrcToToro moHaa 99,9 %, 1mo BUKOPHUCTOBYIOTHCA JJISl BUTOTOBIIEHHS
pedepenTHHX MarepianiB. MoXIIHBa po3IIMpeHa HETeBHICT Y IbOMY BUNAIKy CTaHOBUTH MeHIe 0,01%.

[Ipuknagom 3acTocyBaHHS peEepPEHTHHX MaTepialiB, OJepKaHKX 3a JOITIOMOTOI0 METO/a IEPBUHHOT
aMIIePOCTATUYHOT KYJIOHOMETpIi, MOKe OyTH HH3Ka €KOJOTIYHHMX IpOrpam, IO 3MIMCHIOITHCS MiJ eriI0r0
EURAMET B pamkax FEuropean Partnership in Metrology (EPM) Green Call Deal, 30kpema,
okeaHorpadiuamnii poekT Metrology for a consistent measurement of the parameters of the inorganic
carbonate system in ocean observation. MeTOIO IILOTO TPOSKTY € 3a0e3MeUeHHS MEeTPOJIOTIgHOT
NPOCTEXHOCTI B Mpoleci KoHTpouto/BumiptoBanHs pHr (Big anrn. «fotal pH» — 3aransne pH), myxHOCTI,
3araipHOTO HeopraHiyHoro Byriemwo i Bmicty CO, B okeaHiuHiiH Ta MOpchKid Bomax. llepmr Tpum
JOCITIJIKYBaHI TTapaMeTPH MPOCTEKHI 10 METOy IIEPBUHHOIT aMIIEPOCTATHIHOI KYJTOHOMETPii.

OOnamHaHHST Ui TIEPBUHHOT aMIIEpOCTaTUYHOI KYJIOHOMETpii HE BUIYCKAaeTbesi cepiiiHo. KokHa
iCHyIOUa BHMIpIOBaJbHA CHCTEMa IMPEICTABIIIE COO0K KOMIUICKC MPUIIAJiB, SKi 3a0e3Meuyl0Th BUKOHAHHS
omepariii maHoro Meroxy: ¢GOpPMYBaHHS OIOPHOI HANpyTH JKWBIEHHS BHMIPIOBAJIFHOIO KOJa Ta
PETyIBOBaHOTO CTPYMY Y BUMIpIOBaJIbHINA KOMIpIIi; BU3HAUYEeHHs pH po3unHYy Ta TOYHOTO 3HAYEHHS CTPyMY B
HbOMY; BHKOHAHHS TUTPYBaHHS PO3YUHY 1 YIPABIIHHS IIUM MPOIECOM; TOYHE BH3HAYCHHS KUIBKOCTI
EJIEKTPUKH, TPOMYIICHOT Yepe3 PO3YMH Ha KOKHOMY IHTEpBalli TpoIecy TUTPyBaHHS 3 (HiKCOBaHUM
3HAYCHHAM CTpyMy. Taki KOMIUIEKCH € YHIKQIbHHMH, HE3BaKAIOYM HA CXOXKICTh MPHHITUMIB i, sKi
peanizyrots aaHuii Meton [9-12]. BoHM po3pobisiroTbess OKpeMo Al MOTped KOHKPETHOI BUMipIOBaJIbHOT
naboparopii. BaxymBuM € 1 Te, MO 33 OJEpKaHHS BHUCOKHUX METPOJIOTIYHUX XapaKTePHCTHK, KpPIiM
BIZIITOBITHOTO OOJIaAHAHHS, EKCIDTyaTaIlis TAKHX KOMITIEKCIB TTOTpeOy€e BUCOKOKBATi(iKOBAHOTO TIEPCOHAITY,
SIKICHOT'O JIOTTIOMIDDKHOTO YCTaTKYBaHHS 1 HAJIGKHOTO MPUMIILIEHHS, SIKE TTIOBUHHO BIAMOBIAATA BUMOTaM 100
YHCTOTH/3aMUIICHOCT], TEMIIEPATYPH 1 BOJIOTOCTI MOBITPSL.

MeTor0 po60oTH € BiIIpaIfOBaHHS BXITUBUX PUHIIAIIB TOOYAOBH KOMIIAKTHOTO, aBTOMATH30BAHOTO
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BUMIPIOBAJIBHOIO OJIOKY Ha OCHOBI METOAY IEPBHHHOI aMIIEpOCTATHYHOI KyJOHOMETpii, po3podka ioro
CTPYKTYPH, HOBUX METO/IIB MiJBUIIICHHS 3aBaJI0CTIHKOCTI, TOYHOCTI, aBTOMATH3aIlil BUMIPIOBAJILHUX OMEpalliid,
10 320€3MeUyI0Th JOCKOHAICTh PO3POOKH 32 METPOJIOTIYHIMH Ta TEXHIKO-eKOHOMIYHUMH XapaKTePHUCTHKAMHU
1 TaI0Th MO>KJIMBICTB 3aCTOCOBYBATH ii B IPELU3IHUX Ta €TAIOHHUX CHCTEMaX.

3araabHuii nigxixa 10 npUHUKMNIB N00YI0BU KYJIOHOMETPUYHOI CHCTeMH Ta ii peaJizauis.

HaykoBoro 3amauero poOOTH € pO3BUTOK MPHUHIUIIIB MOOYIOBH KyJIOHOMETPHUYHOI amapatypu. Llei
PO3BUTOK 0a3zyeThCsl HA HOBOMY IiIXOJi JO LBOTO MUTAHHS 3 YpPaxyBaHHSIM BaXKIIMBUX AacCHEKTIB TaKHX
PO3pO0OK, SKI BUILTUBAIOTH 3 IXHBOI KOMILIEKCHOCTI Ta MDKAUCIHUILUTIHAPHOTO XapakTepy (3arajbHa XiMifd,
@JIEKTPOXiMisl, €IeKTPOHIKAa Ta BUMIPIOBAHHS EJIEKTPUYHUX BEIMYUH, METPOJIOTis), a TaKOXK 3 CyYacHHMX
notped y Takux BHMIpPIOBaHHSX Ta BUMOI O HHUX B yMOBax Hamloi KpaiHu. 3okpema, A pO3ILUpPEHHS
00J1acTi 3aCTOCYBaHHS BKIMBO 3a0e31eunTr (PyHKIIOHAIBHY THYUYKICTh 1 CEpiHOCIIPOMOKHICTh TPUIIAIiB,
iXHIO IPUIHATHY BapTiCTh, aBTOMATH3AIlII0 BUMIPIOBaHb Ta BiJICYTHICTh OCOOIMBUX BUMOT JIO €KCIUTyaTarii
(crienianpHi MpUMILIEHHS, BUCOKA KBatidikalis nepcoHay, crelianizoBaHa TeXHiYHa MiATPUMKa CKIaJOBUX
YaCTUH BUMIPIOBAIBHOTO KOMIUIEKCY). Bkasanuil Buie miaxia 10 noOyJoBU €TaJOHHUX KyJIOHOMETPHUYHHX
CHCTeM, IO 3TiHO HAIMX JaHUX BUKOPHCTOBYIOTH B KpaiHax EC, B cyyacHUX yMOBax, 0COOJMBO B YKpaiHi,
HE MOXe 3a0e3MeYUTH 0JTHOYACHO ONITUMANIbHICTh XapaKTEPUCTHK Ta €KOHOMIUHY €(pEeKTHBHICTH PO3POOOK.

3acTocoBaHui B JaHii poOOTI MiXiJl MOJISATaE B 00’ €HAHHI BUKOHAHHS OCHOBHHX OTI€pAIliii METOy
aMIIEPOCTaTUYHOI KYJIOHOMETpii B €IMHOMY amapaTHO-IPOrpaMHOMY OJIOIL, MIO0 BKIIOYAE 3aco0M s
TUTPYBaHHS 1 aBTOMAaTH30BAHOTO YIPABIiHHS IIUM ITPOLECOM, a TAKOX JUIsI BUKOHAHHS (YHKIIT oJiepKaHHs
Ta 00pOOKH BHUMIpIOBAJILHUX CHUTHAIIIB, HEOOXITHUX AJS LbOro. Takuid miaxia morpedyBaB po3poOKH HOBHX
OPUHIMIIB NOOYJOBH BHUMIPIOBAIGHOTO KaHATy KyJOHOMETPHYHOi cucTeMH. OCHOBHUM 3 HHX €
3aCTOCYBaHHS TPHUHITUIY OaJTaHCYBaHHS 10HHOTO CKJIaAy IOCIHIDKYBAHOTO PO3YHHY y BHUMIPIOBaIBHIN
KOMIpIl NUISIXOM THUTPYBaHHS [0 JOCSTHEHHS HeltpampHoro 3HaueHHs pH ~ 7,0. B pesynbrari
€JIEKTPOXIMIYHOT OKHCHO-BIJHOBHOI peakiii y BOJHOMY pO3YHMHI BifOyBaeThCsAd HEHTpamizalis i0oHIB
JIOCITIIKYBaHOI PEYOBHHH, TOMY KOHIICHTpAIlil i0HIB BOJHIO 1 TiIPOKCHIIA Y CEPEIOBHUIII BHUMIiPIOBAIHLHOT
KOMIPDKH CTalOTh OJHAKOBMMH. B I[bOMy CTaHi CHIBBIJHOIICHHS MK KOHILIEHTPAI[IIMU 1OHIB BOJHIO 1
TiIpOKCHIIa Ta MOJIEKYJ BOIM € AWHAMIYHO-PIBHOBaXHHMM, L0 MOKHa BimoOpasutu Bupazom: n(H,O)
n(H + OH)).

TutpyBaHHS 3IIHCHIOETHCA CHEMialbHUM EJIEKTPUYHUM BHUMIPIOBAJbHAM KOJIOM 3 aBTOMATHYHUM
KEepYyBaHHSM, B SIKMI BKIIIOUEHO KOMipKy. EnemMeHTH uporo Kosa 3a1atoTh rpy00 HOPMOBaHU 32 BETUYHHOIO
CJIEKTPUYHUHN CTPYM B KOMIpI Ta KOHTPOJIIOIOTh Yac HOro npotikaHHs. TouHe 3HaUYeHHS CTpyMy B KOMipIii
BUMIPIOETBCS CIICMIAIEHOIO TPEIU3iHHOI0 cxXeMoro. [loTounmii cTaH 00’€KTy peryioBaHHA (PO3YHHY)
BU3HAUYAETBCS Oe3MepepBHUM KOHTposieM piBHS pH. B komi 37ifiCHIOETBCS aBTOMATHYHE YINPaBIiHHS
OKHCIIOBAJILHO-BiIHOBIIIOBAHOIO PEAKLIEI0, sIKa MPOTIiKa€ B PO3UYMHI MiJ AI€I0 CTPyMY 3 THOCTIHHUM OOJIiKOM
KIJIBKOCTI €JIEKTPUYHOrO 3apsify, IO NPOIYLIEHUH uYepe3 pO3uMH Ha MOTOYHMH 4ac. 3a[uii JOCATHEHHS
BHUCOKOI TOYHOCTI IIbOT'O O0JIIKY HEOOXIJHE TOYHE BU3HAYCHHS 3HAYCHb CTPYMY B KOKHUH MOMEHT Yacy Ta
ToyHa (hiKcalisi MOMEHTY JOCSTHEHHS HelTpanbHOro 3HadeHHs pH. Lle Bumarae cTBOpeHHS B X0l pO3poOoK
BiJINIOBITHUX METOIIB ITi/[BUIICHHS TOYHOCTI 3aC00iB OTpUMaHHS Ta 00poOKH iH(opMaTUBHUX curHATIB. [l]e
OJIMH TIPUHITUI, SIKOTO JOIIIFHO MPUTPUMYBATHCS Il 9ac PO3pPOOKH armapaTHO-IIPOTPaMHOrO OJIOKY, €
YHIBEpCaJbHICTh BUMIPIOBAILHOIO KoJia: Horo Oa3oBa KOH(Qirypamis Ta ajJropuTMH YHOpaBliHHSI HUAM
MOBUHHI MaTH MOXIIMBICTh NMPUCTOCOBYBATHCS 0 peanmizaimii CyMDKHHUX MeTOAiB KynoHometpii. lle mae
3MOTY JIETKO 3MiHIOBaTH (DYHKITIOHAIEHICTD KYJIOHOMETPUIHOI CHCTEMH 1 PO3IMIHPATH TAKMM YHHOM 00JIacTh
3aCTOCYBaHHS.

B mpoueci mocmimxkeHb 1 po3po0OK, MPOBEACHUX aBTOPaMU 3 BHKOPHCTaHHSM BHKJIQJACHUX BUILE
NPUHIMIIIB, CTBOPEHO BUMIpPIOBAIbHY YCTaHOBKY IJIsl peaji3alii MeToxy NEepBHHHOI aMIEpOCTaTUYHOI
KYJIOHOMETpIi, 1[0 € OCHOBOIO HAIIOHAJILHOTO EJIEKTPOXIMIYHOTO ETAIOHHY KiJIbKOCTi peuoBuHU B [I1
"Vkpmerprectcranaapt”. Ii ¢poro HaBeneno Ha puc. 1. Pospobka nposoaunacs y cmisnpani 3 1EJ] HAH
VYkpainu ta HBL] "Eneproimmynec” IEJ] HAH Ykpainu.

KymoHoMeTpriHa yCTaHOBKa CKJIANAEThCA 3 BuUMiproBaibHOTO 050Ky BIIKT-145 y xomrutekTi 3
omokoMm ympapiniHasg Ta 3B’s3Ky BYKT-145 (TuTpaTopa-KyJnoHOMETpa), TOPH30HTAIBHOT KyJIOHOMETPUIHOT
KOMIpKH, 1HIUKaTOPHOTO KOMOiHOBaHOTOo pH-emekTpona, miuaTmHOBOTO poOOdYoro (aHom) enekTpona i
cpiObHOTO TTPOTHBOETIEKTPOIa (KaTox). Jlami po3rissHeMO OCHOBHI IPHHIIMITH iXHBOT TTOOY IOBH.

Jnst cTBOpeHHsT KOMIAKTHOI 1 €KOHOMIYHOI BHUMIpIOBAIBHOI amaparypd OCTaHHIM 4acoM OTPUMAIH
HINPOKE 3aCTOCYBaHHS iHTErpajibHI TBEPAOTLIbHI NEKTPOHHI KOMIIOHEHTH (LM(pO-aHATIOTOBI EpEeTBOPIOBaYl
— LIAII i ananoro-mudposi meperBoproBadi — ALIIT). Cxemu Ha miii eneMeHTHi# 0a3i 3 yCIixoM IpalforoTh 1 Ha
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3MIHHOMY, 1 Ha TIOCTIHHOMY CTpyMi.
Ha ixHiff OCHOBI MNPHUHIIUIIOBO
MOJJIMBO CTBOPUTH CIICIiali30BaHi
OJIOKM BUMIPIOBAJIBHOTO KoOJla 3
HeoOXiganMu  pyHKIisMA. OgHAK
BKa3aHi KOMITOHEHTH HEJIOCTATHBO
TOYHI 3a[UI1  3acCTOCYBaHHS B
METPOJIOTIUHIH amaparypi
(3a3BMuail BiHOCHA TOXMOKa HE
kpaute 10 — 107%), mo oGymoBmeHo
TEXHOJIOTIYHUM PiB-HEM CyYaCHHX
HAIT i ANIl. Pasom 3 Tum
MOXIIMBI pillleHHS 3 IXHIM BHKO-
puctanHsaM [16], siki maroTh 3Mory
OTpUMAaTH JIyxKe BUCOKY
CTaOUIBHICTh  (QYHKIIi IepeTBO-
peHHs (Bapiamii mapameTpiB B
mexax 107-10° %) na BimHOCHO
KOPOTKOMY 4YacOBOMY iHTepBai
(mo oguHMLB TOAUWH). 30KpeMa, Iie
peanizyeTbCsd LUISIXOM  PO3POOKH
BIJIOBITHUX METOJIB aBTOMATHYHOI CaMOKaJiOPOBKH, SIKUMH MOXKHA JOCSTTH IyX€ BHCOKOi TOYHOCTI
BUMIPIOBaHHsI B YaCTOTHOMY Jiara3oHi BiJl MOCTIHHOTO CTPyMy J0 COTEHb Tepl 3MiHHOTO CTpyMy. Takox
3apa3 JISTKOAOCTYIHI BHCOKOMPOIYKTHBHI MU(PPOBI KOMIIOHEHTH (MIKPOTIPOLIECOPH), SIKi TalOTh MOXIUBICTD
peamizyBaTh JOCHTH CKJamHI alrOpuTMH OOpOOKM MJaHWUX 1 KepyBaHHS TIPOLIECOM BHMIpIOBAaHHS.
Bukopucranns 1i€i eneMeHTHOI 0a3u, sk Oyjae IOKa3aHO HWXKYE, Ja€ 3MOTY CTBOPHTH KOMITAKTHHH 1
€KOHOMIYHHH anapaTHO-NPOrpaMHUiA OJI0K KyJIOHOMETPHYHOI CHCTEMH.

Hwxue po3risgaroThecsi HOBI TEXHIUHI PILICHHS HA OCHOBI 3a3HaYCHUX BUILE MiIX0AY Ta MPUHLUIIB,
mo Oynu 3acTocoBaHi JUIs TOOYAOBH TPEIHM3IMHOTO THUTpaTOpa-KyJoHOMeTpa. Takuii KyJIOHOMETp,
peaizoBaHUil y BHUIVIAAI TOTOBOTO [0 BHKOPHUCTaHHS MpWIafy, 3JaTHUH 3aMiHUTH KiuIbKa OJUHHIb
CTaHIAPTHOI amaparypu, IO CIPOCTHTH KYJIOHOMETPHYHHH KOMIUIEKC 1 JAIOTh MOXJIMBICTb HiIBUIIUTH
piBeHBb aBTOMAaTH3aIlli BUMipIOBaHb. PO3TIITHEMO CTPYKTYpY Ta ajITrOpUTM POOOTH pO3pOOIIEHOTO MPHITAy 3a
JIOTIOMOT00 (DYHKI[IOHATILHOI CXeMH Ha pHcC. 2.

Puc. 1

RS232 -
MK | uph | V1
C/SwWl.1
I{O Ux 1 "2
SW1.2 Uof
sw2 D S N DA2 |
T | | T ) A
V3 +
Ue r s1 Ky.nououe'rp

KYJIOHOMETPMYHA
xoMipka

Puc. 2

TuTpaTop-KyJIOHOMETP CKIAAETHCS 3:
* peryJib0BaHoOro reieparopa U, Hanpyryu NOCTIHHOTO CTPyMY;
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» koMyTaropa SW1;

* po3muKayda ctpymy SW2;

* BosieT™MeTpa V1 (ALIT), mo npusHavueHuit 11 BUMipioBaHHA Hanpyru pH-cenextuBHOTO cercopa S1;

* BombT™MeTpa V2 (ALIIl), mo mpu3HaveHW#d IS BUMIPIOBaHHS MaJliHHS HANpPYTH HAa BHYTPIIIHIN
3pa3KoBil Mipi omiopy Ro;

» BompTMeTpa V3 (AULIl), mo mnpusHayeHWd [UIi BHUMIPIOBAaHHS HAaNpyrd Ha EJIEKTpojax
KYJIOHOMETPUYIHOT KOMipKH;

* BHYTPIMTHIX €TaJOHHUX PE3UCTOPIB Ry;

* BHYTpIIIHIX 0a1acTHUX PE3UCTOPIB R), VIS 3aJaHHS CTPYMY KOMIPKH B HEOOXITHUX MEkKax;

* 3axucHUi migcumoBay DA2, sikuii 3a0e3neuye eKBINOTCHUIHHUN 3aXUCT TPAKTy BUMIPIOBaHHS CTPYyMY;

* MikpoKoHTpoJnepa MK;

* MOIyJIA iHaWKaIii i kmaBiatypu MIK;

* MoBTOpIOBaua Harpyru 3axucty DA1 pH-cenextuBHoro cencopa S1;

* inTepdeiica RS-232 (RS-485).

Habip eramoHHMX pe3ucTOpiB Ry Ja€ MOXKIWUBICTP TOYHO BHUMIPIOBATH CTPYMH THUTPYBaHHS B
HIMPOKOMY Jiana3oHi BiJ| OJUHUIL MIKpoamIiep 10 aMIep HUISIXOM BH3HAYCHHS MaliHHS HANPyTH Ha IHX
pe3ucTOpax, BUKIMKAHOTO CTPYMOM 4Yepe3 KyJIOHOMETPUYHY KOMIpKY.

MikpoKOHTpoJIep 3AiIICHIOE TIEPETBOPEHHSI KOMaH/I, 110 BBOASATHCS 3 KJIaBiaTypH KyJIOHOMETpa ado 3
MK, B curHamu ynpaBiiHHS MOJYJISIMU i OJIOKaMH KyJIOHOMETpa, pO3paxoBYe 3a BiAJIIKAMH 3 BOJBTMETPIB
V3, V1 i V2 3HaueHHs BU3HAUCHHUX BEJIMYMH, IIPEACTABISE X HA AUCIUICT KYJIOHOMETpPA, & TAKOXK Iepenae B
komm'totep (I1K) xymoHOMETpHUYHOT cCCTeMHU BUMIpsIHI 3Ha4YeHHS: cTpyMy TuTpyBaHHs (V2); Hanipyru Ue Ha
€JIEKTPOJIaX KyJIOHOMETPUIHOI KoMipkH; Hanpyru Uph, mo dopmyeTrhes pH-cenektuBHEM ceHcopoM S1, a
TaKOK YaCOBI MITKM ISl IPUB'SI3KK 110 IIKAJIW 4Yacy OTpuMaHuX BimtikiB. B3aemomis 3 I1K 3milicHoeThCs
yepes iHTepdeiic RS-232.

VYci ckimagoBi 9acTHHU KyJIOHOMETpa pO3pOo0JICHO Ha OCHOBI BKa3aHOI BHUINE €JIEMEHTHOI 0a3u Ta
pealizoBaHO y BUIIISII iHTETPOBAHOTO alapaTHOTO OJIOKY, MIKPOKOHTpoJiepa 3 po3poOIeHUM MpOrpaMHUAM
3a0e3MeYeHHsIM, 0 Ja€ 3MOTy BHKOHYBAaTH OIEpauii TUTPYBaHHS JOCIHiIKYBaHOTO pO3YHHY Ta
OOMIHIOBATUCSI JAHUMH 3 KOMII IOTEPOM KyJIOHOMETpUYHOI cuctemu. OmnmcaHe pillIeHHS Ja€ MOMJIUBICTbH
JIOCSTTH CITPOIICHHS I[i€] CUCTEMH 1 MiJBUILCHHS CTYIICH 11 aBTOMaTH3allii.

3a0e3nevyeHHs] HEOOXiTHOI TOYHOCTiI BUMIPIOBaHb.

PosrnsiHeMo e nBa HOBHMX TEXHIUYHHMX PIIICHHSA, COPSAMOBAHUX HA JOCATHEHHS METH poOOTH, IO
MOJIATAIOTh B YCYHEHHI JBOX BaXJIMBHUX DKEPEN MOXHOOK, SKi MIFOTHh I 4Yac BUKOHAHHS THUTPYBAHHS
pO34MHY.

Ha nepriomy erami TUTpyBaHHS 3a JONOMOIOIO PEryJloBaHHsA Hanpyru U, reHepatopa MocTiiHOro
CTpyMy 1 BeJMYMHHM 0anacTHOTO Onopy R, BCTAHOBJIIOETHCS MAKCHUMAJIBHUM CTPYM THUTPYBaHHS, SKUI
BUKJIMKA€E BiJNOBiHE MaAiHHS Hanpyrd Ue Ha KyJOHOMETPUYHIN KOMIpI (KOHTPOJIOETHCS BOJIBTMETPOM
V3). 3a3Buuaii, B KyJIoHOMeTpax poOoya Hanpyra JISKUTh B Mexkax 5-25 B. 3HaueHHs cTpyMy TUTpYBaHHS [,
PO3paxoByeTHCs 3a HOPMYIOI0

IX:UX+UQ/=&+&, 2

R, R, R,
ne U, — BUMIpsiHE BOIBTMETPOM V2 MaiHHS HANPYTH Ha OMOPi BHYTPIIIHBOTO €TATOHHOTO pe3ucTopa Ro;
U,y — Hampyra 3MilleHHs [0Ka3iB BOJbTMETPA.

U Uot VY ¢dopmyni (2) npucytHs noxudka U,/R, BUMIpIOBaHHS CTPyMY
TUTPYBaHHS [, BUKJIMKaHA HAsBHICTIO MapasuTHUX TepMo-EPC B TpakTi

Usct BuMiptoBaHHS (puc. 2). 3amis yCyHEHHS LBOro Kepesa IOXUOKH
Ux PO3po0JIeHO alIropuT™M iHBepcii BUMIpIOBAaHO! HANpyrd 3a IOTOMOTOIO
£ komyTtaTtopa SWI1. Sk moka3zaHo Ha puC. 3, BHUMIPIOBAaHHS ITaliHHS

HaNpyTH Ha ONOPi Ry IPOBOAUTHCS B IBA TAKTH:
Ux- — BHUMIPIO€TbCS NafiHHA Hanpyru Uy, ske € cymoro U U,y
Ux (xomyTtatop SW1 Ha puc. 1 3HaXOIUTHCA Y BUXITHOMY CTaHi);
] — BUMIPIO€TbCS NMafiHHs Hanpyru Uy, ske € pisaunero U, — Uy
Uof (xomyTtaTop SW1 nepekiroueHuii y MpOTUIeKHHUN CTaH).
Puc.3 Jaui, BUpaxyBaBIIM HAMiBPi3HHUIIO BUMIPSHUX MaIiHh HAIMPYT
uc.

Ux+ 1 Uy-, 3HaX0AMMO JificHE 3HAYCHHS CTPyMY TUTPYBaHHS [,
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I, - Uy, =Uy 1 _Ux+Uy+U Uy 1
2 R, 2 R,

Crmin 3a3Ha4YMTH, M0 YacoBi iHTepBaimw BuMipioBaHHSI Uyx: 1 Uy- ctporo ¢ikcoBaHi i MarTh
tpuBamicts 0,5 ¢, a yac iHBepcii HANPYrH CTAaHOBUTH He Oinbiue 25 He. TakuM 4MHOM, BIIHOCHA TOXHOKA
PO3paxyHKy KUIBKOCTI €JIEKTPOCHEprii 3a JBOMa TaKTaMH BUMIDIOBAHHS CTPyMYy TUTpPYBaHHS [, He BHILE
5%107.

OnwucaHuii anropuT™M KoMIleHcalii Jo0pe Mpalloe 3a HasIBHOCTI CTATUYHUX Napa3uTHuX TepMo-EPC.
VY pazi, skmo TtepmMo-EPC 3MiHIOETECS B Tpoleci BUMIpPIOBaHHS, 3'SBIAETbCA OUHAMIYHA TOXHOKa
KoMmreHcauii. Yepes Te, 10 yac mpouecy BUMIPIOBaHHS CTaHOBUTH He Oinbiue 1 ¢, a BennunHa tepmo-EPC,
MIPOTIOPIIiHA PI3HUIII TEMIIEPATyPH 1 MBUAKOCTI 3MiHH TEMIIEPATYPH HABKOJHUIITHHOTO CEPEIOBHUIIA, HU3bKa
(mecsATKU XBWJIMH), OYEBUIHO, IO BITHOCHA MOXHOKAa KOMMeHcalii quHaMivyHoi moxubku He Bumie 0,001 (e
BEJIMYMHOIO APYToro (TPEThOro) MOPSAKY MallOCTi) i HEF0 MOKHA 3HEeXTyBaTu. Lle mkepeno moxuOku Takum
YUHOM € KBazicratmgHuM. OHAK, B KYJIOHOMETPI Ta 11032 HUM € JDKepelia TIOXHOOK 3 MTHPOKUM JacTOTHUM
cnekTpoM. Posrnsgaemo 3aco6u 60poTHOHM 3 HUMH, 110 3aIPOIIOHOBAHI B ITiii poOOTi.

VY mpoueci TUTpyBaHHsI MapajeqbHO 3 BUMIPIOBaHHSAM CTPYMYy TUTPYBaHHS [, TaKOX BHUMIipIOETHCS
KHCJIOTHICTh pO34MHY 3a gomnomoroto pH-cemekruBHOro cencopa S1. IloBroproBau Hampyru DA1 BukoHye
(GyHKIIT y3ropKeHHsT BUXiqHOTO onopy pH-cenekTiuBHOTO ceHcopa S1 3 BXiIHUM onopom BoJbTMeTpa V1, a
TaKkoK 3a0e3neuye eKBIMOTCHIIAJbHUH 3aXWUCT CHTHAJBHOTO JpPOTYy CaMoro ceHcopa. Pesynpratn
BUMIipIOBaHHsI MoTeHLiany pH-cenekTuBHOrO ceHcopa S1 croTBOPIOIOTHCA AI€10 IIyMY Ta iMITyJIbCHHUX 3aBal.
Uepes Te, 10 KUCIOTHICTh PO3UYMHY HOCUTH IWHAMIYHMH XapakTep, NPU3HAYMTU KJIACHYHE yCEpPEeTHEHHS
pe3ynbTaTiB BUMipy norteHiiiany pH-cenektuBHOro cencopa S1 3 BiAKWAaHHSM MPOMaxiB HE MOXKHA, TOMY
110 LIe IPUBEE 10 NEePETUTPYBAHHS.

IadopMaTHBHUM CHTHAIOM, IIIO BH3HAYA€ MOMEHT 3aKiHUCHHS MPOIIECY TUTPyBaHHS (i, BIATIOBIIHO,
3aKiHUEHHS OOJIIKY KIUJIBKOCTI €JICKTPUKHU, 10 BHTpauCHa Ha IMPOXOPKEHHS peakilii B JOCHIHKYBaHOMY
po3uuHi), € BuxinHa Hampyra pH- cenexTuBHOrO ceHcopa. TouHicTh ii BUMipioBaHHS OOMEXeHa piBHEM
mrymiB. OueBHIHO, 110 331 11 HiABUIIEHHS NOTPIOHO CTBOPUTH BHMIPIOBAJIbHY amaparypy, siKa 3a Majoro
PiBHS KOpHCHOTO iH()OPMATUBHOTO CHTHAITY 3a0e3Ieuye JOCTaTHIO HOro (inbTpaiito Ha (OoHI 3aBaj i MyMmy,
IO MPHUCYTHI Ha BUXO.i pH- celIeKTUBHOTO ceHCcopa Y BUTIIsIII HeiH(POPMAaTUBHUX (QIYKTyamil.

IndopmaTuBHMIA CcUTHAN y 4Yaci € 3MIHHOIO BEIMYMHOK 1 HWOro 3MiHM MOXYTh OyTH JOCHUTh
MIBUIKAMH. 3aCTOCYBAHHS OUTBII IIMPOKOCMYTOBOI a00 BYy3bKOCMYTOBOi ONTHMAILHOI (DITBTparlii Moxe
MPUBECTH, BIAMOBIJHO, a00 10 HE3aJOBUILHOTO MPUIYIICHHs MIyMiB (i, OTXKe, A0 HEIOCTATHHOI TOYHOCTI
BUMIpIOBaHb), a00 110 3pOCTaHHs AMHAMIYHOI MOXWOKH BUMipoBaHHA. OJHOYAcHE 33J0BOJICHHS BUMOTaM
3a0e3neYeHAs MiHIMaIbHOI TTOXHOKH BUMIPIOBaHE SK 3a JUHAMIYHHX, TaK i 32 CTATUYHUX BHUMipIOBAIBHIX
CUTHAaJaX, MOXe OYTH JOCATHYTO 3acTOCYBaHHSM IXHbOI HeliHiHHOI mmdpoBoi ¢imerpamii [13]. Lix
(binpTparis MoXXe TaKoXK 3a0€3MeYUTH 3aXUCT Bifl IMIYJIbCHUX 3aBajl.

3amna gocsrHeHHs QinbTpamii 3 BIACTUBOCTAMH, ONM3BKUMHM A0 ONTHMAJIBHOI, 3aCTOCOBaHO
napaJieJbHe BKIIFOUCHHS MUPPOBUX HENMHINHOTO 1 JiHIHHOTO (BinbTpiB. Heminifinuit GimeTp 3aiHCHIOE KiJTbKa
(GyHKOil: posmi3HaBaHHS 1 BHUKIIOYEHHS BHKHIIB, PO3Mi3HABaHHS 1 MPOIYCK Ha BHXiA MIBUIKAX 3MiH
CUTHAJy Ta JIeAKy JiHIHHY (iIbTpallilo CUTHAITY 3 HEBEIUKOIO TMOCTIMHOIO Jacy. Sk Takuii Moxe, 3 IesSKOI0
J0pOOKOIO, BUKOPHCTOBYBATHCS it MeiaHHuMiA (GinpTp. Moro mis moscHIOEThCS Ha prc. 4.

Po3pobiiena nporeaypa MemianHoi (iabTpallii BKIHOYAE JIOKAIbHY 00pOOKY BXiJHOT MOCIIiTOBHOCTI
pe3ybTaTiB BUMIPIOBAaHHS B KOB3HOMY BiKHi, SIKE BKIJIIOYA€ MEBHY KUIBbKICTh BiAJIKIB CHUrHamy (y HaIIoMy
BUTIAAKY TpH). Y KOXHOMY TIOJOKEHHI BiKHa (amepTypw) BHIUICHI Y HROMY BIJUTIKH PaHXHUPYIOTHCS 3a
3pOCTaHHSM, 1 CepeAHill BiIUIiK BUAAeThcs Ha BUXiA Qinbrpa. TakuM 4uHOM, miponec GuIbTpalii 34iiHCHIOE
3aMiHy 3HAa4YeHb BHUXIJHUX BIJUTIKIB MEJiaHHMMHU 3HAYCHHSIMH BXiJHOi IOCIIiJJOBHOCTI pPe3yJbTaTiB
BUMIpIOBaHHS. Y cepeAnHi KBaAPaTUKiB (PO NO3HAYAETHCS YMOBHA BEJIMUMHA CUTHAITY.

Ha puc. 4 mHaBemeno mpukiax oOpoOku (PULIBTp 3 amepTyporo, IO IOPIBHIOE TPHOM) BXiTHOI
MOCITITOBHOCTI Pe3yJIbTaTiB BUMIPIOBaHHS 3 IMITYJIbCHUMHU 3aBafiaMu 1 mymamu. Ha rpadiky BUIHO, 10
MemiaHHuH QinbTp mo0pe MPUTHIYye IIyMH Ta iMITyJIbCHI 30BHIIIHI 3aBaJIH.

VY 3B'sI3Ky 3 THM, IO HENHIHHICTH MeIiaHHO1 (QinbTpallii (3aMiHa BEIMKHAX BIIXWICHb CEPEIHIMH 3a
paHroM y BiKHI aHaji3y) MPU3BOAUTH JO MiIBUIICHHS PiBHS HU3bKOYACTOTHUX CKJIAJIOBHX CIIEKTPY LIyMY
[14], curHan mpomycKaeThCsl AOAATKOBO Yepe3 aJanTUBHUM HemiHidHMHA (insTp. Lledt ¢inbTp mpencrasise
PEKypCUBHUI (ITBTp MEPIIOTO MOPSAIKY 3 BaroBUMHU Koe(illieHTaMH, M0 NepeOyIOBYIOTHCS, 32 METOIOM
MaKCHMI3allii CITiBBiTHOMIEHHS CUTHAJ/TITY M.

UX
5 3)
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Heniwninna uuppoBa dinepTpanis
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BXigHa nocnimoBHicTe pesysnbTaTiB BMMipHBaHHS

U U “ nicns o6pobxm MemianumM ¢ineTpomM 3 Basow = 3
L 4
/ *
. ’ o0
4 / [ (304
® 9 (3 90000
| | | : | T | :
> |
BxigHi BenmumHu BUXigH1 BenuuuMHM
Cllelefrfelrfelels s [eeefefe oo fs 2 s ]e]  [efefefelfefefs[s]sfsfsfefe]o]a]a]a]o]s]z]
AdAAAddAAALAAAALI
|5 3 |4 = S e 3 |4 |5 |— susrexa ceeEmEbOrO 3HAUE 4
3[4 |6 | e — {3 |4 |6 [—mmmac ° |«
4 [6 [7 | e e gt 4 | 6 |7 |— susteia crPEmHROTO SHAUEMEE—— {6
6 (7 |6 | i e e gl 6 |6 |7 |— susteia ceeEmmporo shaummms—— 6
7 6 |7 = e e gl 6 |7 |7 |— pusteKa cEPmmROrO sHAWEEEA— gl 7
6 |7 [4 | C e el 4 6 |7 |— mumteia cermmmoro shaummme— jl 6
7 |4 |6 [— "o srocmamm — 4 |6 [7 [— wmmEmc 0 > s
4|6 |5 — "o ssocrammm — {4 [5 [6 [— mmremac ° ) 5
6 5 [3 = e gl 3 |5 |6 |— Bustexa cEPEmEROro sHAEEEE—— gl
5 3|7 _C""gf;gx;f,’;'f,;,“"“_» 3 |5 |7 |— BBIPKA CEPEAHBOTO BHAUEHHS———Ji 5
3 (7 [3 S gl 3 |3 |7 |— eusiexa cepmmmoro smaummma—— {3
7 (3 |2 e gl 2 |3 |7 |— eusieka cermmmnoro shaummma—— {3
3|21 _C°P;KE3‘;§ZT§H”$”H—> 1|2 |3 |— BUBIPKA CEPEHBOTO 3HAUEHHS— ] 2
2|14 _C°P;%$Tmm‘—> 1|2 |4 |— BUBIPKA CEPENHBOTO 3HAUEHHS— ] 2
KoesHe BikHO 1 |4 |2 | cormprmmmnen gl 12 [4 | mrera o P
3 Basow = 3 w2 |3 | ormmm e (T e ° -3
2 |3 |3 = e e — | 2 |3 |3 |— susrexa crpEmmroTO sHAGERRA— gl 3
3 (3]s _°°P§XE::£T:§$"H—> 3 |3 |5 |— BuBIPKA CEPENHBOTO BHAUEHHS———Ji] 3
3 (s [2 | S gt 2 |3 |5 |— musieka cepmmmoro shaummma— {3
5 (2 ]3 _°°P;f:ﬁoﬂngm—> 2 |3 |5 |— BMBIPKA CEPENHEOTO 3HAYEHHG— el 3

COPTYBAHHA BEJMYMH
23 |4 |— 3a seocramma — 12 [ 3 |4 |— BYETPKA CEPETHBOTO SHAUEHHS— i 3

Puc. 4

3a Manux 3MiH CHUTHaJlly HeJiHiiHA Tinmka GiIbTpa BiAKIIOYAETbCA, LUPpoBa QimbTparis
3MIACHIOETHCS JTIHIHHUM PEKYpPCUBHUM (DITbTPOM, BUKOHAHMM Y BUTJIsII KOB3HOTO BikHa [15]. Onucanuii
anropuTM (insTpalii CUrHany OyJio 3aCTOCOBAHO Y PO3POOJICHOMY KYJIOHOMETPI.

ExcnepuMeHTanbHi  TOCHIIKEHHS aBTOMATUYHOTO TUTPATOpa-KyJOHOMETpa MOKa3aid, LIO0
BUKOPHCTaHHS HeliHiiHOT rdpoBoi (imbTparii (3 anepTyporo piBHOI I'STH) Ja€ 3MOTY 3HU3UTH Yy 3-5 paziB
BITUB 3aBaj] Ha pe3yJbTaTH BUMIPIOBaHHS CUTHAJIIB iHAMKATOPHOTO pH-ceIeKTHBHOTO ceHcopa i 0THOYAaCHO
3MEHIIUTH BUTPATH Yacy Ha IXHE OTpuMaHHs. LlMM 3MeHIIYIOThCS TUHAMIYHI TOXUOKH BUMipIoBaya y pasi
MIBUAKOI 3MiHM Hampyrn Ha BHXOJI LBOIO CEHCOPA, LI0 MOXYTb BHHUKAaTH HiX 4Yac aBTOMAaTHYHOTO
taTpyBaHHsI. TakuMm duHOM, IMdpoBa HeNiHINAHA (GUTBTpaIlis Tae MOXIIHMBICTH aBTOMATH3YBaTH OOPOOKY
pe3yabTATIB y pealbHOMY 4aci Ta CyTTEBO MOKPAIIUTH METPOJIOTIUHI XapaKTEPUCTUKU KyJIOHOMETPHYHOI
BUMipIoBanbHOI amapatypu. Lls mepeBara pa3om i3 MigBUIIEHHAM CTYICHIO aBTOMATH3allil KOMIUIEKCY
3MEHIITy€ BUTPATH Yacy Ha BUMIPIOBaHHS Ta 3HIKYE BUMOTH JI0 KBamiQikallii nepcoHary.

BucHoBku.

3ampornoHOBaHO HOBHMU MiAXiAg 10 MOOYyJOBH KyJOHOMETPHUYHOI CHUCTEMH MJisl HaliOHaJbHOTO
€JIEKTPOXIMIYHOTO €TaJIOHY KUTBKOCTI pedoBHHHU. BiH mossirae B 00’e€qHaHHI 3ac00iB BUKOHAHHS OCHOBHHX
omepariii MeToay MEPBHHHOI aMITepOCTaTUYHOI KYJIOHOMETpPii B €IMHOMY amapaTHO-IPOTpaMHOMY OJIOIT,
IO 3IIHCHIOE TUTPYBAHHS 1 aBTOMATH30BaHE YIPABIiHHS UM MPOIIECOM, a TAKOX OJEPXKaHHS Ta 00poOKy
BUMIpIOBaJIbHUX CHTHAJIB, HEOOXiAHMX sl IbOro. 3a/uis peaiizalii Takoro MiIXoay po3poOSieHO HOBI
OPUHIMIN [OOYJOBH  BUMIPIOBAJBHOIO KaHAIy KyJIOHOMETpUYHOI cucremMu. OCHOBHHUM 3 HHX €
3aCTOCYBaHHs aBTOMAaTHYHOTO OallaHCYBaHHS iOHHOT'O CKJIAAY IOCIIKYBAaHOTO PO3UMHY Y BHUMipIOBAIIbHIH
KOMIpIIi IIJISIXOM TUTPYBaHHS O NOCATHEHHs HeWTpanbHoro 3HaueHHs pH ~ 7,0. Lleit mponec peamnizyeTscest
MIKPOKOHTPOJIEPOM 3 BHMKOPHUCTAHHSIM [aHMX BHCOKOTOYHOTO BHMIpIOBaHHSI IOTOYHOro 3HadeHHs pH
PO3YMHY 1 peaTbHOTO 3HAYEHHS CTPYMY B KOMIpIIi.

Po3pobiieHo CcTpykTypy 1 (YHKIIOHAJIBHY CXEMH Ta KOHCTPYKIIIIO BHMIPIOBAJIBHOTO OJIOKY
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NPELU3iiHOr0 THUTpaTOpa-KyJIOHOMETpa 13 3acCTOCYBaHHSAM HOBITHBOI eleMeHTHoi ©0a3u, 0o Jaio
MOXIIUBICTh CTBOPUTH KOMIIAKTHY KYyJIOHOMETPUYHY CHUCTEMY 3alUlsl 3aCTOCYBaHHS B HaI[lOHAILHOMY
€JIEKTPOXIMIYHOMY €TaJIOHHI KiIBKOCTI PEYOBUHH.

Anroput™m iHBepcii BHMIpIOBaHOi HAampyrd HaJaB MOKIMBICTH CYTTE€BO IOKPALIUTH TOYHICTh
BUMIPIOBAaHHSI CTPYMY TUTPYBaHHSI.

Hudpose nudepeHiitoBaHHS AyKe YyTIUBE JO MOXMOOK, BUKJIMKAHMX BHITAIKOBUMH BapialisMu
BUXIJHHX JaHuX (HeiHpopMaTHBHI 3MiHM Hampyru pH-cenektuBHOro cencopa). Po3poOka HOBoro BapiaHTy
MenianHoi (iTbTpaIii Jana MOXKIIUBICTh 3aCTOCYBAaTH METOJT IPYToi MOXiAHOT 3MIH IMMOTEHITIATY PO3YNHY IS
KOHTPOJTIO NIepediry eeKTPOXiMiuHOT peakilii i Bu3HaueHHs ToukHu EP.

CrBopena y cmiBnpani JI1 «YkpMmerprectcTanaapT», Incturyty enextponunamiku HAH VYkpainu
ta HBL| «Eneproimmynsc» IHcTHTyTy enmektpomuHamikn HAH VYkpainu KyloHOMETpUYHa YCTaHOBKa
3a0e3medye SKiCTh BHMIPIOBAHHS KUTBKOCTI PEUYOBHMHHU JJIA MOTPeO YKPATHCHKOI MPOMHCIIOBOCTI, 3aKJIaiiB
OXOPOHH 3JI0pOB’Sl ¥ JOBKIJUIS, HAYKOBUX YCTAHOB Ha HAJIC)KHOMY PiBHIi, 110 MiATBEPIKEHO pe3yJbTaTaMu
MiXHapoIHUX 3BipeHs [17, 18].

Pobomy euxonano 3a paxynox 6100cemnoi memu "CmeopenHs 0epicasHo20 NePEUHHO20 eMAaloHd OOUHUYbL MACOBOT
(monsipHOL) yacmku (KOHyeHmpayii) KOMNOHEHmI8 8 piOKux ma meepoux pevosunax i mamepiarax” (31.37.00.10) 3a
Hanpsmom "Buxonanus Haykoe0-00caioHux ma 00CHIOHO-KOHCIMPYKMOPCHKUX poOIm 3i CMEOPeHHs: ma 600CKOHAIeHH S
0epoICAGHUX emailoHie, YMPUMAHHA MA eKCHIyamayii 0epicaeHux NepeUHHUX emanioHis, 3GIPeHHs O0epHCAGHUX
NEePBUHHUX eMAIOHIE 3 HAYIOHATbHUMU emanloHamu inwux oepaicas i miscuapoonumu emanonamu” (KIIKBK 1201220) y
Mmedicax  Haykoeoi mpoepamu "Haykoea i Haykoso-mexuiuna OiAnvHicmb Y cgepi eKOHOMIUHO20 pPO3BUMKY,
cmanoapmuzayii, memponozii ma memponoeiunoi Oisnenocmi” 6 Il «Ykpmempmecmcmanoapmy, a MmMaxoxc
o100ocemnoi memu "Po3wupents QYHKYIOHATbHUX MONMCIUBOCMEN A NIOSUWEHH MemPONOSIYHUX XAPAKMEPUCTIUK
3ac00i6 BUMIPIOBAHHSA 8 CUCEMAX MOHIMOpuUH2Y i diaznocmyeants 6 enexkmpoenepeemuyi” (wugp — "IIAPAMETP-/")
(KIIKBK 6541030).

3asiBa Mpo aBTOPCHKHUIi BHECOK.

O.J1. Jlameko: KOHIENITYyaJli3allist 1OCIDKEHb, pO3PO0Ka TEXHIYHUX PIllIeHb, OJIEPKaHHS EKCIIEPUMEHTAIBHUX
JIAaHWX, BIIOPSIIKYBAaHHS JaHMX, (OpPManbHUH aHalli3, 3aJdydeHHs (QiHAHCYBaHHS, METOJOJIOTIS EKCIEPHMEHTY,
nepeBipKa, MPEeACTaBICHHS PE3YJIbTaTiB, HAIIMCAHHS — OPUTIHAJIBLHNHN TEKCT, HAMCAHHS — IIEPeryIsi/l 1 pellaryBaHHs.

A.B. TlerpeHko: KOHIENTYyasi3alis CTBOPEHHS KyJIOHOMETpa, pO3pOOKa, BHIOTOBJIEHHS Ta JIOCIIPKEHHS
amapaTypu, OJIEp)KaHHS Ta aHali3 eKCIePUMEHTAIFHUX NaHWX, (OpMaJIbHHAN aHali3, METOHOJOTIS OCIiIKEHb,
niepeBipKa, NpeCTaBICHHS JaHNUX, HAIMCAHHS — OPUTiHAIBHUI TEKCT, HAIIMCAHHSA — IIepPeTJIsi 1 pearyBaHHs.

B.I'. MenpHUK: HayKOBE KEPIiBHUIITBO MiATOTOBKOIO CTAaTTi, aHAJi3 Pe3yibTaTiB AOCIHIIKEHb, IEepeBipKka Ta
y3arajlbHeHHsI MaTepiaiiB J0CIIKEeHb, HAMCAHHS — OPUTIHAJIBbHUIT TEKCT, HAIIMCAHHS — MEPErJIsi 1 peJaryBaHHs.

O.Jl. Bacunenko: BIOpPSAAKYBAaHHS EKCHEPUMEHTAIBHUX IAHWX, IMIATOTOBKAa Ta OGOPMIICHHS IOTOMIKHUX
Marepiaiis, epeBipKa Ta MiIroToBKa MaTepialiiB CTATTi 0 APYKY, HAMCAHHS — MEPErJIs] i pearyBaHHs.

0.0. MenbHHMKOB: KOHIENTYyalli3allis CTBOPEHHsl €TAJIOHY, 3ailydeHHs (iHaHCyBaHHS, METOJOJOTis poOiT,
HATKMCaHHS — MEePErJIsA 1 pelaryBaHHs.
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DEVELOPMENT OF APPARATUS CONSTRUCTION PRINCIPLES
FOR THE IMPLEMENTATION OF THE AMPEROSTATIC COULONOMETRY METHOD
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The methods of amperostatic coulometry and the design of existing equipment for their application are analyzed. A new
approach to the design of a coulometric system for the National Amount of Substance Electrochemical Standard is
proposed. It consists in combining the means for performing the main operations of the primary amperostatic
coulometry method in a single hardware and software unit that performs titration and automated control of this
process, as well as receiving and processing the measuring signals required for this. The structure and functional
diagram of the measuring unit of a precision automatic coulometry titrator using the latest element base are developed.
The appearance and brief description of the created compact measuring system are given. The proposed algorithm for
inversion of the measured voltage is described, which made it possible to significantly improve the accuracy of titration
current measurement. A new version of median filtration of the measuring signal is presented, which made it possible to
increase the accuracy of recording changes in the solution potential and determining the moment of end of the
electrochemical reaction. The effectiveness of the developed technical solutions is confirmed by the results of
international comparisons, to which references are provided. References 18, figures 4.

Key words: measurement standard, metrology, amperostatic coulometry, error, digital filtering, titration.
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USING THE MONTE CARLO METHOD FOR CALCULATING
THE ERROR OF THE MEASUREMENT SYSTEM
Ye.l. Baida*, M.G. Pantelyat**

National Technical University «Kharkiv Polytechnic Institute»
2, Kyrpychova Str., Kharkiv, 61002, Ukraine. E-mail: baida.kpi@gmail.com, m150462@yahoo.com

The article considers the Monte Carlo method as one of the possible techniques for calculating the error of a measuring
system, which consists of several elements, each of which measures some quantity with its own independent error. Due
to its features, the method can be extended to modeling any process affected by random variables. The simplicity of
application and the calculation algorithm makes it possible to easily calculate the total error of the system and the
probability of its occurrence, while avoiding inflated and unlikely values. The article substantiates the application of
the Monte Carlo method for calculating the error of the measuring system, reveals the nature of the distribution of
errors, and calculates the value of the error depending on the probability of its occurrence. It is shown that with
probability of 0.95 the total error of the system can be taken to be 3 times smaller than the maximum possible error.
References 8, figures 2, table 1.

Keywords: Method Monte Carlo method, calculation of system’s error.

Introduction. Monte Carlo methods are used to solve many problems by modeling random
processes. The theoretical base of such methods was developed long ago, and mathematicians J. von
Neumann and S. Ulam [1] are considered the founders of the method. Since the basis of the method is the
generation of random values with a given distribution (which is a rather difficult task), the method became
widespread only after the appearance of electronic computers.

Features of the method: 1) simple structure of the calculation algorithm; 2) the calculation error is

proportional to ~D/ N , where D is the some constant that has the value of the root mean square deviation;

N is the number of tests.

That is, it is problematic to obtain a high accuracy of calculation by this method, but where there are
random values, and the accuracy of the result of (2-5)% is satisfactory, and therefore the method can be
successfully applied [2, 3].

The general structure of the calculation is as follows:

* a computer code is compiled to calculate one random event, the distribution of which depends on
the type of specific problem, namely, uniform distribution, distribution subject to the normal law, etc.
Usually it is desirable to use standard codes that are already built into most software products, for example
MAPLE. Note that an open access software product MAPLE is currently one of the most powerful intelligent
computer algebra systems. The computational core of this system is used in another well-known system such
as MATLAB. Both systems have been repeatedly tested and validated over the years, the reliability of their
components, including the random number generator, is confirmed by long-term experience of use;

» then the test is repeated N times, and each individual event is independent of other events (the final
number of events NV is set based on the error calculated later);

* test results are combined and averaged.

That is why the Monte Carlo method is sometimes called a statistical testing method.

The range of problems that can be solved by Monte Carlo methods is quite wide because this method
allows modeling any process that is affected by random variables and not only that.

These are: 1) tasks of mass service, when a stream of information, distributed with a given probability
density, enters the channels of its processing; 2) tasks for calculating the quality and reliability of products; 3)
calculations of the most likely measurement error; 4) nuclear physics; 5) calculation of complex integrals, etc.
[4-7]; 6) modelling of the joint distribution of several correlated quantities with an arbitrary distribution law [8].
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Problem definition. When measuring any quantities, there is always a measurement error that
depends on the error of measuring devices and random values. Therefore, it is always necessary to know
Uo what kind of error it is and what is the probability that the error will

w — measurement in the electrical network, which consists of a current
transformer 7C, a voltage transformer 77 and a power meter W
(Fig. 1). Moreover, the process can be complicated if current and
Fig. 1 voltage fluctuations in the network are taken into account.

Suppose that each of the devices measures a value with a
relative error that does not depend on the errors of other devices, and then we can write:

U=K, Uy-(1te); I1=K;-1I)-(1te,), (N
where U, [ are the output voltage and current, respectively; Uy, [, are the input values of voltage and current,
respectively; K, K; are the voltage and current transformation coefficients, respectively; e, e, are the relative
errors in voltage and current, respectively.

Then for power:

U
—» TV take one or another value.
| P As an example, consider the diagram of power
Io / |

P=U-I-(Ite;) =P, -(1te)-(1£ey)-(1+e;), ()
where P is the output power; Pi=K, -U,-K; -1, is the basic power; e; is the relative error of the counter

(power meter).

It follows from (2) that the value of the total error has a complex nature, so the question arises: how
to estimate the range of power change?

It is possible to estimate the range of power change by choosing the "worst" or "best" parameter
values. But, firstly, it is not always known which combination of parameters will be the "worst" and which
will be the "best"; secondly, such an estimate may be significantly overestimated, because it is unlikely that
all parameters will be the "worst" or "best" at the same time [2-4].

In this connection, the questions arise: 1) what will be the maximum possible value of the error? 2)
what is the most likely error and what is the probability of getting it? 3) what will be the value of the error if
the probability of its occurrence is given? 4) how much will the error change from the value of the
probability of its occurrence?

The answers to all these questions can be obtained using the Monte Carlo method, which allows to
model any process that is affected by random variables.

The goal of the article and task of the research. The goal of the article is to substantiate the
technique of calculating the error of the measuring system (see Fig. 1) by the Monte Carlo method. The task
of the research is to calculate the error of the measuring system using the Monte Carlo method, to identify
the nature of the distribution of errors and to calculate the value of the error depending on the probability of
its occurrence.

The scientific novelty of the work consists in obtaining new useful research results that allow more
accurate calculation of the error at the output of several measuring devices, if the error is distributed
according to the normal law.

Calculations carried out, results obtained and their analysis. Let us assume that all the studied
parameters (e, e;, e3) are random variables. It is impossible to analytically calculate the distribution of these
values. It is also difficult to do this in practice: for this we need to examine a large batch of finished products.

Therefore, for the application of the Monte Carlo method, we assume that the measured power is a
random variable, and the errors are distributed according to the normal law with a mean value (mathematical
expectation) of 0 and a variance equal to

c,=e /3, 3)
where o; is the variance; i=1,..,3.

Formula (3) is based on the central limit theorem [2-5], which states that under fairly general
conditions, the distribution of a random variable with a sufficiently large number of tests approaches the law
of normal distribution.

In practice, this means the following: with a normal distribution of a random variable in one test, it is
practically impossible to get an error value greater than 3-o; =¢; .

Without losing the generality of the calculation, we assume that the base power K,-U,-K;-1,is
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equal to one. That is
P=K, U, K,-1I,=1. 4

Then the algorithm for calculating the possible error will be as follows:

1) we determine the number of test V;

2) we calculate with the help of a random number generator three independent random variables
subject to the normal distribution law vi, y2, 723

3) we calculate the errors %-71 ,%2-7/2 ,%3~}/3 ;

4) we calculate the power (2);

5) if the process is not finished, go to item 2; if it is finished, the end.

The generator calculates random numbers subject to the normal distribution law based on the
equation for which the mathematical expectation is zero and the variance is one:

g 7
@my " [e? di=y. 5)

The results of calculations for N=50000, ¢;/=0.1, where i=1, 2, 3.

From calculations were made using MAPLE code, it follows that the values fluctuate with respect to
the mathematical expectation of power, which is equal to one, and the maximum estimated deviations are
0.78 and 1.26 (relative values minus 0.22 and 0.26). The maximum theoretical deviation can reach the value
+0.331. That is, even for a very large number of tests (50,000), the error does not reach its maximum value.

It also follows that even with a large number of tests, the error of the measuring system (if it is
distributed according to the normal law) is less than the predicted error (maximum error is 0.331, root mean
square error is 0.173). From the analysis of data obtained (1 is the base value) it also follows that the smallest
error of 0.173 is improbable.

€y = (14 €

)-(+eg,,,.) Q+e;,, )—-1=0331

Imax 2 max

(6)

_ 2 2 2 _
8(5 - \/Slmax + 8Zmax +83max - 0173’

where where ¢;

rmax

is the maximum possible relative error of each of the three measuring devices (in the

article, according to the conditions of the formulated problem, it is equal to 0.1); &, is the maximum

max

possible relative error; &, is the relative root mean square error.

In this connection, the question arises: "What will be the value of the error, if the probability of its
occurrence is given?"
To solve this issue, a computer code was developed, the algorithm of which is given below.
Calculation algorithm:
1) we set the initial error value and the required probability value;
2) we set the initial power interval (initial error);
3) we count the number of

P/ probability | 0.9 092 1094 1096 | 098 | 099 |0.995 | random hits in the specified power

&/ error 0.08 10.09 |01 ]0.11 ]0.13 |0.14 | 0.16 interval ratio to the total number of tests;
4) if the calculated hit probability is greater than the predetermined one, then the calculation is
ey o finished;
] 5) if not, then we set a new power interval, increase the
0154 initial value of the error and go to item 2.
n_.q: The calculation results are shown in Table and in Fig. 2

in the form of a graph of the dependence of the value of the
] measurement error on the given value of the probability of its
'y occurrence.

From Fig. 2, we can draw a conclusion: with given
probability p=0.95, the error value can be assumed to be three

0,134

0L+

0o ] times smaller (0.1) than the maximum possible error (0.331),
1o ] which significantly increases the accuracy of the obtained
" p results.

1105
8 T T T T T T T T T
0sl 0P 082 0F2 o084 05 0% 057 0FE o089

Finally, it should be noted that if we assume that the
errors are uniformly distributed over the interval, then in this

Fig. 2
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case, with probability equal to p=0.95, the error value will be 0.17, which is 1.7 times greater than for the
law of normal distribution.

Conclusions.

1. A technique for calculating the error of the measuring system using the Monte Carlo method,
which, using a fairly simple algorithm, allows to estimate the errors of complex measuring systems with high
accuracy is substantiated.

2. Using a random number generator, it is possible to get the error distribution depending on the
number of measurements and estimate the real error ranges.

3. The value of the measurement error depends on the value of the given probability of its occurrence
and at probability of its occurrence p=0.95 it is three times smaller than the maximum possible one (with the
normal law of its distribution).

4. The value of the error at given probability of its occurrence depends on the law of its distribution.

1. Metropolis N., Ulam S. The Monte Carlo methods. J. Amer. Statistical Assoc. 1949. Vol. 44. No. 247. Pp. 355-341.
DOI: https://doi.org/10.1080/01621459.1949.10483310.

2. Sobol I.M. The Monte Carlo Method. Moskva: Nauka, 1986. 80 p. (Rus).

3. Sobol I.M. A Primer for the Monte Carlo Method. Roca Raton: CRC Press, 1994. 126 p.

4. Liang X., Yang Sh., Cotter S.L., Law K.J.H. A randomized multi-index sequential Monte Carlo method. Statistics
and Computing. 2023,. Vol. 33. Article No. 97. Pp. 1-17. DOI: https://doi.org/10.1007/s11222-023-10249-9.

5. Bendat Ju.S., Piersol A.G. Random Data: Analysis & Measurement Procedures. Wiley-Interscience, 2000. 594 p.

6. Baida Ye.l. Fundamentals of Mathematical Statistics and Probability Theory. Kharkiv: NTU KhPI, 2020. 37 p.
(Ukr).

7. Saulis L., Valakevicius E., Aksomaitis A.J., Janilionis V., Navickas Z. Application of the Monte Carlo Method of
Markov Chains to Modeling Stochastic Systems. Kaunas: Lithuanian Academic Libraries Network, Kaunas University
of Technology, 2011. 91 p. (Lit).

8. Zakharov I.P., Vodotika S.V. Application of the Monte Carlo simulation for evaluation of the measurements
uncertainty. Information Processing Systems. 2008. Issue 4 (71). Pp. 34-37. (Rus).

YK 621.317.2

BUKOPUCTAHHA METOAY MOHTE KAPJIO JJIs1 OBYNUCJIEHHSA TIOXUBKN
BUMIPIOBAJIbHOI CHCTEMHA

€.1. Baiina, noxT. Texs. Hayk, M.I'. [lanTeanT, kana. ¢i3.-Mart. HayK

Haunionaabuuii TexHiuyHUI yHiBepenTeT «XapKiBchbKUI MOTITEeXHIYHMIA IHCTHTYTY,
ByJa. Kupnunuosa, 2, 61002, XapkiB, Ykpaina.
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Y cmammi poszenadaemuvca memoo Moume Kapno ax 00uH 3 MONCIUBUX MemMOOi8 PO3PAXYHKY NOXUOKU SUMIDIOBANbHOT
cucmemu, SIKA CKIAOAEMbCSL 3 OEKLIbKOX eleMEHMIG, KOJCeH 3 SIKUX GUMIDIOE OesKY GelUYUHY 31 CBOEH) HE3ANeNCHOIO
noxubxo. 3a80aKuU c60IM 0COOIUBOCIAM MEMOO MOdCe OBYMU NOULUPEHO HA MOOETIO8aHHS 0)0b K020 Npoyecy, Ha KUl
BNIUBAIOMb  GUNAOKOSI Geauduny. I[Ipocmoma 3acmocyeants ma ancopummy PO3PAXYHKY O0A€ MONCIUBICIb Ne2KO
Po3paxyeamu CymapHy noxuOKy cucmemu ma UMOGIpHICMb i NOA6U, YHUKAIOUU NPU YbOMY 3A6ULEHUX Md MATO
tmosiprux 3nauenv. ObIpynmosano sacmocyeanns memody Moume Kapno 0na po3paxyHky noxXubKu GUMIp6anbHol
cucmemu, 8UBNIEHO XApaKmep Po3nooiny NOXUOOK ma pO3PAX06AHO 3HAYEHHS NOXUOKU 6 3ANe)HCHOCI 8i0 UMOBIPHOCI iT
nosisu. Ilokaszano, wo 3 umosipricmio 0,95 cymapry noxuOKy cucmemu MOJICHA NPUUHAMU 6 3 pa3u MEHULOK, HIHC
MAaKcumManbHo moxcausa noxuoxa. biomn. 8, puc. 2, tadm. 1.

Knrouosi cnosa: meron Monte-Kapiio, 004rCIIeHHS ITOXHOKH CHCTEMH.
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JOCJIIKEHHS IU®PO-AHAJIOTI'OBOI'O ITIJICUJIIOBAYA CUT'HAJIY
3 MIHIMAJIbHUMHU HEJIIHIMHUMU CIIOTBOPEHHSIMUA

10.D. Tecmcl*, JOKT. TexH. Hayk, O.JL. KapaCiHCbKHﬁl**, KaHJ. TeXH. Hayk, P.M. M0p031***, KaH[. TCXH.
Hayk, C.1O. Hp0H3eneBa2****, KaHJ. TeXH. HayK, M.B. 3aﬁx031*****, O.M. Borpau> ™"

"TncruryT enexrponnnamvikn HAH Yikpainu,

np. bepecreiicbkuii, 56, Kuis, 03057, Ykpaina. E-mail: luckyposhta@gmail.com.

2HBO TOB «EJIBIH, JITI»,

np. Bepecreiicbkuii, 56, Kuis, 03057, Ykpaina.

Ilpeocmasnerno memoo yugpo-ananioeo8020 nNiOCUIeHHs CUHYCOIOANbHUX CUSHALIB, AKULL 0AE€ 3MO2Y 3MEeHWUmu Koegiyi-
EHM HENIHIIHUX CNOMBOpeHb KanibpysanvHozo cuenany oo 0,003 % & poswuperomy pobouomy dianasoni. Ilpusedero
CMPYKMYPHY CXeMY AHAL020-YUPPOBO2O NIOCUTIOBAYA 6XIOHO20 CUSHALY Y BUXIOHUL, 5IKA 3a6e3neyye MiHIMATbHI Heli-
HITIHI cnom@openHsl 8Uxionozo cuenany. Onucano npunyun 0ii niocumosaua. Hasedeno diazpamu 3anesicnocmi koegiyi-
€Hmig nepeodadi 6xXiOH020 MACUMAOYI0HU020 NIOCUNIVBAYA MA BUXIOHO20 BUCOKOBOILINHOZ0 YUPPO-AHATO208020 nepe-
meopiosaya 6i0 amuaimyou 6XiOH020 CUSHATY, Ma Pe3VibMmamu eKCNEePUMEHMANbHUX O00CTIONCEHb MempPOIOSIUHUX
xapakmepucmuk 00CliOH020 3paska niocumosaya. biomn. 10, puc. 2.

Knrouosi cnosa: xaniopyBaHHs, MiCHICHHS, KOe(illi€HT HENIHIHUX CIIOTBOPEHb, Mlialla30H, aBTOMATH3AIlis.

[IpoGiiema 3a0e3meyeH sl eIeKTPOCHEPTETHKH 3ac00aMy BUMIPIOBaHHS MapaMETPiB SKOCTi €IeKTPO-
eneprii (IISIE) icHye Bxke monan 50 pokiB. 3a me¥ 9ac 3MIHIIIOCH IT’ATh CTAHIAPTIB, MOYMHAIOYH 3 PAITHCH-
koro 'OCT 13109-67 i 3akiHUyroud Cy4yacHUMH cTaHaapTamu [1, 2] 3 MigBHILEHHSM BUMOT J0 TOYHOCTI
BuMiproBaHHs i BinTBopeHHs [ISIE. 3aranpae 3poctanHs BuMor ctaHoBuTh 10 pasis. [lpuitaaruit B Ykpaini
craggapt JACTY IEC 61000-4-7:2012 Bumarae 3a0e3rmeuntn BuMipioBanss [ISIE 3 moxmbOkoro He HIKYe
0,1 %. Ha xanb, B Ykpaini BiacytHi nepeunHuil ertanon (ITSE) i aBromaTn3oBaHi 3acodu iX BiqTBOpEHHS,
sIKi O JaBaji MOXKJIMBICTh aTECTOBYBATH NPHIIAAN KOHTPOIIO AKOCTi enekrpuyHoi eneprii (EE) 3 Takoro Tou-
HICTIO.

€nuna y cBiti mipa [1AE, ctBopena sycumuisamu [E/] HAH Ykpainu, 3a6e3nedye cepiiiHuii BUITyCK po0o-
4ypx 3aco0iB BuUMiproBaHHA 3 TouHicTio 0,1 %, ame BoHa 3abe3medye BiATBOPEHHS HEOOXITHHX METPOJIOTTUHHX
XapaKTEPUCTUK TUIBKK Y PYYHOMY PEKHMIi, IO BUMAarae BEJIMKHX BHUTpAT 4acy y Mpoleci arectauii poOounx
3aco0iB koHTpoIo [ISIE. B Tol ke yac KUTBKICTh TaKHUX 3ac00iB, sIKi 3aBO3SATHCSA B YKpaiHy 1 MOTPeOyIOTh Iep-
BUHHOI 1 NIepioINYHOI MepeBipKH, HEYXMILHO 3pOCTaE i CTAaHOBUTH Ha 11eit yac 6im3bko 100000 onuamk. Bincy-
THicTh eTanioHy [ISE rageMye BiTun3HsIHE cepiliHe BUPOOHUIITBO 3aCO0IB KOHTPOITIO SIKOCTI €TIEKTPOCHEPT .

Y CBITOBI# MPaKTHITI HAWKPAIITi METPOJIOTIUHI XapaKTEpUCTHKH 100 BinTBopeHHs [ISIE mae kamibparop
Fluke 6105A [3] ¢ipmu Fluke (CIIA), sikmii 3abe3nedye cepiiHUi BUIyCK poOOYHMX 3ac00iB BUMIPIOBaHHS 3
tounictio 0,15 %, 1110 He BiAMOBiAaE BUMOraM cTaHAapTy. KpiM Toro BiH Takok He aBTOMAaTH30BaHMH 1 KOIITYE 4
MJIH. TpuBeHb. ['0Jl0BHa MeTponoriuHa ycranoBa Ykpainu Il «YpmerprecTcTaHmapt» Mae y CBOEMY PO3IOpS-
mokerHi kaniopatop [TSE pociticekoro BupoOHuITBa THITY Pecype - K2 [4], sakuit qae 3Mory aTecToByBaTH 3ac0-
ou BumiproBanHs [IAE kiaci Tounocti 0,5 i 1,0, mo TuM Oiiibilie He BiATIOBIAa€ BUMOTaM CTaHAApTY.

He MeHII BayKIMBUMH € XapaKTEPHUCTHKH KamiOpaTopiB aus mepeBipku 3aco0iB obmiky EE, Bumoru
MO0 TTapaMeTPiB KaliOpyBAIbHUX CHTHAIIB SIKUX TaKOXK BECh Yac 3pocTaroTh [5—7]. Ilepemik BuMor no xapa-
KTEPHCTHK TECTOBUX CHI'HAJIIB METPOJIOTTYHOTO YCTATKYBaHHS JOCUTh IIMPOKUA. Po3ristHeMo OLIbII AeTambHO
B 1Iili po0OTi MeTo 6OPOTHOU 3 HECHHYCOIAANBHICTIO BUXiJHUX CHT'HAIIB METPOJIOTTYHOTO YCTaTKyBaHHSI.

CrangaptoM [1] BCTaHOBJIEHO MOXHOKY BHUMIpIOBaHHs Koe(illi€HTY HECHHYCOiTAIBHOCTI Ha PiBHI
0,05 %. SIkmo HemiHilHI CIIOTBOPEHHSI CaMOro KaliOpyBaJbHOTO CHUTHAIY CTaHOBISATH Takoxk 0,05 %, To B
pe3ynbTati aTecTalii BUMipioBaua HEJMiHIHHUX CIIOTBOPEHB 3a JAOIMOMOIOI0 TaKOTO CUTHAIYy OyIeMO MaTu Io-
xubky arectanii 100 %. 3nauenns KHC Buxigaux curnanis mig Fluke cranosuts 0,00 3% nummie 3a makcuma-
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JHHOTO BUXIJTHOTO CHUTHAIY KajiOparopa. 3MEHIIICHHS PiBHS BHUXiHOTO CUTHAY KaJjlibpaTropa MpHU3BOAUTH JIO
3poctanns KHC 10 0,0 3%, 1110 Takox He T03BOJISIE IPOBOAMTH METPOJIOTIYHY aTeCTallil0 3aCO01B BUMIPIOBaH-
Hsl PiBHS HEJIIHIMHUX COTOBPEHb CUTHAJIB MEPEKi, OCKIIBKU HE BiNOBiJa€ BUMOTaM CTaHIAPTY.

Merto1o podoTH € po3poOKa MeToAy LH(PO-aHaJIOroBOI0 MiJCHICHHS CHHYCOiJaJbHUX CUTHAJIB 3
MiHIMAJEHAUM KOe(DIIIEHTOM HENHIMHUX CIOTBOPEHb Y PO3MIMPEHOMY Jiana3oHi BUXIIHUX CHUTHAJTIB Ta
CTBOPEHHS Ha HOTO OCHOBI KaniOparopa mapamMeTpiB eNeKTpOeHeprii 3 KoeQilieHTOM HENiHIHHUX CIIOTBO-
penb Ha piBHi 0,003 %.

Cranmaptamu [1, 2, 5-7] Ha eNEKTPONIYMIBHUKN, TIPHIIATH KOHTPOJIO SKOCTI €IEKTPOEHEPTii, ITH-
TOBI NPWJIAZH Ta 1HIII HOPMYIOTHCS MEBHI BUMOTH J0 METPOJIOTIYHOTO OOJaHAHHS, 32 SAKUX JOIMYCKAEThCS
npoBelieHHs arectanii. [lepenik BUMOT 1O TECTOBUX CUTHANIB METPOJIOTIYHOTO YCTaTKyBaHHS JOCUTH BEH-
Kuid. Po3rnsiHeMO BIDIMB HECHHYCOINATLHOCTI HA METPOJIOTIYHI XapaKTePUCTHKH 3acO0IB BUMIpIOBaHHS i
METOJIH TTOKpaIIeHHsI KoedirienTa HeniHiiAnX cnotBopeHs KHC.

Bucokoro piBHS cHHYCOiZalbHOCTI MOKIIHMBO JOCSATTH, BUKOPUCTOBYIOUM aHAJIOTOBI KaniOpyBasbHI
CUTHalu. AJe arnaparypa, 3aCHOBaHa Ha BUKOPHCTaHHI aHAJIOTOBUX Kijl, Ma€ HU3bKY MIBUAKOI0. Kpim Toro,
YIPaBIIiHHS aHATOTOBUMHU KOJIAMH IS BIATBOPEHHS OaraToKaHaJIbHUX aHAJIOTOBUX CUTHAJIIB 3HAYHO YCKJIa-
JTHEHE. 3 METOO MiABMIICHHS IIBUIKO/MIT 1 CTYIIEHIO aBTOMATH3aIlll METPOJIOTIYHUX CTCHIB (ipMHU CBITOBO-
r'0 piBHSI BAKOPHCTOBYIOTH CUTHAIU, IPpeACTaBiIeHi y nudposiii Gpopmi i 3 undpoBoro 06podKoio.

VY cydacHuX 3aco0ax BHMIipIOBaHHS i BiATBOPEHHS KalliOpOBaHMX CHUTHAJIIB 3aCTOCOBYIOTHCS MUDPO-
Bi MeToI1 0OpOOKH 1 ynpasiniHHs. [lepexiz BiJ aHAIOTOBUX CUTHANIB 0 NH(POBUX BiAOYBa€ThCS HMIISXOM iX
KBaHTYBaHHS 32 PIBHEM i AucKpeTu3alii y daci. yHKIiI0 KBaHTYBaHHSI BUKOHYE aHaloro-uudpoBuii nepe-
tBOoproBau (ALIIl), HemonmikoM sKOTO € ToOTripmieHHs (GOPMHU AOCHTIIKYBaHHUX 1 BiITBOPIOBAHWX CHTHAIIB.
Oco6a1BO 1ie MPOSIBISETHCSA B TUX BUIMAIKaX, KOJIU AJISI IEPETBOPEHHS aHAJIOIOBOI'O CUTHAIY BUKOPHCTOBY-
€ThCsI HE BECh TMHAMIYHUE Aiana3oH po3psais ALIII, a nuine Horo HeBeIMKa YaCTHHA.

BuxopucroByroun 16-po3psmauit AL i BiqnoBigHuil piBeHs AUCKpPETH3AIlil aHAJOTOBOTO CHTHAITY
y 4aci, JOCSHKHUM € OTPUMaHHA KoedimieHTy HecuHycoiganpHocTi Ha piBHI 0,003 %. Ane 1ei piBeHb miiic-
HUI JIUIIE 32 YMOB BUKOPUCTAHHS BCHOTO Jiana3oHy po3psanocti ALII. I3 3HMKEHHSM aMILTITYAH CHHTAITy
KiJbKicTh po3psaiB AL, HeoOXigHUX ATl IepeTBOPEHHs BUOIPOK aHAIOTOBOIO CUTHAILy B Koj Oyne 3MeH-
LIyBaTHCS, B PE3yNbTaTi yoro OyJe 3pOocTaTH piBE€Hb HETiHIMHUX CHOTBOPEHb BiITBOPIOBAHOTO CHUTHANY y
BHUCOKOBOJBTHOMY HH(po-aHanoropomy nepersoproadi (BLJAIT). Koedinient 3pocranns KHC BuxigHoro
CUTHally 004HCIIOETHCA 33 (POPMYJIIOO

K=N_ /N, (1)

max

ne N, — MaKCHMalbHa KiTbKicTh po3psaiB ALIL; NV, — muHHA KinbkicTh po3psais ALLL

Taxum 4rHOM 31 3MEHIIEHHIM aMIuTiTy i curHany y 10 pasis THD 3pocre mo 0,03%, mro He Biamo-
BiJla€ BUMOTaM CTaHaaprty [1].

Binomuit meTon amanTarii 3aco0iB BUMIpIOBaHHS €JIEKTPOEHEPTIi 0 aMILIITY A1 BUMIpIOBaHOTO CHT-
Hay [8, 9] 3 MeTOI0 3MEHIIICHHS BIUIMBY KBAaHTYBaHHS Ha HENiHINHI YITKODKCHHS CHUTHAY i, BIATIOBIIHO,
NOXHOKY BUMIPIOBAHHS. 3alO3WYeHHS IIbOTO METONY Jajo 3MOTY aBTOpaM BUPIIIMTH 3BOPOTHY 3a/ady, a
came, 3MEHIIUTH HEJiHilHI CIIOTBOPEHHS BiITBOPIOBAHOTO CUTHaNy KaniOparopa [10], skuii BUKOPHCTOBY-
€THCS [T KalliOpyBaHHS 3ac00iB BUMipIOBaHHS KOE(IIiEHTIB HENiHIHHUX CITIOTBOPEHb.

ABTOpaMH CTBOPEHO HOBHH METO] LU(PO-aHAIOTOBOTO MiJACHICHHS CHHYCOINAIBHHX CHUTHANIB,
SIKMH TIOJISITA€ y BBEJCHHI IO HOTO adropuTMy (YHKIIOHYBAaHHS ABOX CHHXPOHHHX IEPETBOPEHD: IMiJCHIICH-
Hs 1 TOCTa0NICHHs] CUTHATY Ha OJHY 1 Ty caMy BEJIMYHHY, IO Ja€ 3MOTY TaKUM YHHOM CYTTEBO 3MCHIINTH
piBEHb HENHIHHUX YITKOIKEHD IiJACIICHUX CHTHATIB B yChOMY ITWHAMIYHOMY Hmiama3oHi. Ileit MeTon BUKO-
PHUCTaHO B MiJICUITIOBAYI, SIKHH PO3IJISAAE€THCS HIKYE,

Ha puc. 1 mokazaHo cTpyKTypHy cxeMmy HH(pO-aHAJIOTOBOTO mMifcuiroBada. BoHa ckiamaeTscs 3
Mac-mrabytoyoro mincwioBada (MII), ananoro-mmdpoBoro meperBoptoBada (ALIIl), mikpokoHTpoiepa
(MK), BHCOKOBOJIBTHOTO IU(PO-aHAJIOTOBOTO TEPETBO-

proBaua (BLIAII) i mudposoro kommnaparopa (LIK). Uex ——©
3ams Manoro BXiJHOTO CHUTHANY KUIBKICTBH pO3- . MIT = AU!I—' BLI'AHLOBW

psanis AL, HeOOXimHUX IS TIEPETBOPECHHS aHAJIOTOBUX m
BUOIpOK y Kol 3MeHIIyeThes. Lle mpu3BoanuTh 10 3poc- fz
tanHs KHC xamiOpyBansHOTO curHamy. s yHUKHEHHS No
I[bOTO SBHIIA aBTOPaMM 3aIPOIIOHOBAHO CHUHXPOHHO i3 MK e UK oo
3MEHIIEHHSM aMILUTITYId BXiTHOTO CHT'HATY 301/IbIIyBaTh I o

Puc. 1
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koedimient mepemadi MII 1o Toro MoMmeHTy moku KinbkicTb po3psaniB ALl HeoOximHux mms nudpoBoro
NEPETBOPEHHS CHTHATY, HE JOCSTHE MAaKCHMAJIBHOTO 3HA4YCeHHS. 3BHUYANHO, IO BBEJCHHS Takoi (QyHKIiT
NPU3BOIUTH 10 HEBIAMOBIAHOCTI aMIUIITY M BUXIHOTO CUTHAITY 10 HOTO peaibHOrO 3HaueHHs. ToMy micis
AUII BcranosmotoTh perynsoBannii BIIAIL koedimieHT mepenadi sKOro 3BOPOTHO-IPONOPIIIOHANBHAN 10
koedimienty nepemadi [IAIL

CuHycoinaNbHUI CUTHAT TIOAAeThest Ha BXig MIT, ae fioro amruiitya 3pocTae 0 3Ha4EHHS, SIKE Bi/IMOBI-
nae MakcuManbHii pospsaHocti AU Buxigauii curnan AL y Burmsn mapaneapHOrO KOAY HAIXOOWTh HA
mdpori Bxomu BIIAIL 1e mepeTBOPIOETHCS B CHHYCOINATBHIN BUCOKOBOJIBTHHI aHAJIOTOBUI CHTHAJ. 32 YMOBH
3pOCTaHHs aMILTITY i1 curHainy Ha Buxoai MIT no pieus, kox ALIIT sikoro BimoBigae Ny, CipaiiboBye U(POBHIA
xommapaTop LIK i popmye Buxinnuii curaan Ha mopt MK, npunuHstoun 3pocTaHHs BuxigHoro curnany MIT

Crix 3a3HauuTH, WO 10 TOYHOCTI KoedimieHTa mepenadi MII He BHCOBYETHCS OCOONHMBHX BHMOT.
T'omoBHUM € 3a0e3nedeHAS CHHXPOHHOI 3MiHM KoedimieHTiB nepenadi MII i LIAII, mo 3a6e3meuyerbes MK,
i ixHto crabinbHicTh. o cknaxy MII BXoaaTe onepauiiiHui migcuiIioBay, eNeKTPOHHI KITIOYi, sSIKi yIpaBiis-
I0ThCSl BUXITHUM KogoM MK, i pe3ucTtopw, siki KOMYTYIOTBCS KIFOYaMH TaKHMM YHHOM, 1100 3a0e3nmednTH
BimmoBigHUH KoedimieHT mepemxadi MI1. MacmTabyrounii iacHTIOBad CKIAAA€ThCS 3 HACTYITHIX KOMITOHEH-
TiB: pe3ucTUBHOI MaTpuii tuiy PGA 206, sika BKIIOYAaE KIFOYi 1 PE3HCTOPH, ONEpamiiHOTO MiJCHIIIoBaYa
tuny TL 071 i mikpokoHTposepa, pyHKII akoro 3abe3neuye mikpocxema STM 32F 407.

Ha puc. 2 mokazano giarpamu 3anexHocTeil koedirienTtiB nepeaadi MIT
M i BIIAII Bix piBHSI BXiIHOTO CUTHAY, 3 SIKHX BHJHO, 110 32 YMOBH MiHIMaJbHO-
2 H ro cursany xoedimienT nepenadi Kj;,;; Ma€ MaKCUMalbHe 3HAUeHHS 2" 3 METOI0
BUKOPHUCTAHHS MakCHUManbHOI KijbkocTi po3psniB ALIL, B Toit 4yac 5Kk Kipran
L, Mae MiHiManbHe 3HAYCHHS 2, 3aBISIKH 4OMy KOMIICHCYETHCS HEBiIMOBiIHICTS
> —|_‘ BuxigHoro koay AL ammtiTy i BXiTHOTO CUTHATY.
0 : - Sxmio 3minHMA KoedimieHT nepenaui MII nopiBHIOE K ,=2N , TO 3MIHHUH
[/ A— | Uex koedimienT nputnymienns BLIAII mae nopisrioBatn K, =2"". ®ynkiiito ympas-
1 : JiHHA 3HaYeHHsIMU Koedinienta migcunenns MII 1 xoedinieHTa NPATITYMIICHHS
5 r,i BLAII Bukonye MK. B pe3ynbraTi Beix MmepeTBOpPEeHb BUXIAHWH CHUTHANT HiACH-
JOBaYa MaTHMe MiHIMaJIbHHHA KOe(]ili€eHT HeNMHIMHUX CIIOTBOPEHbD i KOe(illieHT
e ’_,—' nepeaadi, IKAid 00UUCTIOETHCS 32 (HOPMYIIOH0
% - K=KK,=2".27" =1, )
Usx . .
Puc. 2 I3 3menmenHsM BuxinHoro koxy ALIl mo BiZHONIEHHIO A0 OMOPHOTO
Koxy curHana N, 3a komaHaow LK, 3HOBy MOYHHAETHCS 3pOCTaHHS KOMY Ha
Buxonai MK i mudposomy Bxomi ALIIL

3a pe3ynbTaTaMu JOCITIKEHb CTBOPSHO NOCTIIHUHN 3pa30K nu(po-aHAIOTOBOIO IMiICHITIOBaYa, MET-
POJIOTIYHI XapaKTePUCTUKHU SIKOTO HACTYIHI: diama3oH BuXigHux Hanpyr — 1 MB-300 B, mianason po6ounx
gactoT — 45 ['m—5000 I'1;, ocHOoBHA moxnOKa BinTBopeHHs (a3zaux Hampyr — 0,005 %, xoedimieHT HECHHYCO-
imampHOCTI — 0,003 %, 9ac BcTaHOBIEHHS poO0U0i TOUKHM mepeBipku — 0,5 c.

TakuM 4MHOM, 3aCTOCYBaHHS aJanTUBHOTO METOAY A0 (opMyBaHHS KanmiOpyBalbHUX CHTHAJIB Ja€
MO>KJIMBICTh BHPIIIMTH HU3KY MPOOJIEMHHX MUTAaHb: 3MEHIINTH MTOXHUOKY BinTBOpeHHs ¢azHux Harpyr, KHC
BHUXITHOTO CHTHAJIY, PO3IIUPHUTH POOOUYWI JMdialla30H BHXIJHOTO CHTHAIY BHCOKOBOJIETHOTO THQPO-
aHaJIOTOBOTO MifcKiIroBaya. [Ipy mpoMy 3pocTae CTYyHiHb aBTOMAaTH3alii METPOJIOTIYHOIO yCTAaTKyBaHHS,
T IBUIIY €THCS TEXHOJOTIYHICT TIPOIIECy aTrecTallii 3aco0iB BUMIpIOBaHHSI.

BucnHoBku. Pe3ynprati METpOIOTIYHIX BUIIPOOYBaHb MH(PPO-aHAIIOTOBOTO ITiICHIIIOBaYa, BUTOTOB-
JICHOTO Ha OCHOBI 3aITPOITIOHOBAHOT0 METOAY, CBITYaTh MPO CBITOBHI PIBEHb OTPUMAHUX PE3YJIbTATIB 100
TOYHOCTI BiITBOpEHHS (a3sHUX HAMpPYT Ta HENiHIHHUX CIIOTBOPEHb BHXIIHUX CHTHANIB KamiOpaTopiB mapa-
METPIB €JIeKTPOCHEPTIi 1 BKa3yIOTh Ha MEPCIEKTHBHICTh 00PAHOTO HAMPSAMKY TOCIiKEHb.

CepiiiHe BNPOBaKCHHS PE3yJIbTATIB JOCIIDKEHb J03BOJMTH HE TUIBKM YHHUKHYTH 3aKyIiBElb 3a
KOPJIOHOM Ha/I3BUYaWHO JOPOTMX BHCOKOTOYHHUX 3aC00iB BUMIPIOBAILHOI TEXHIKH, aje 1 3a0e3Me4nTy He3a-
JIEXKHICTh YKpaiHU B Taly3i METPOJIOTIYHOTO 3a0e3MeYeHHS elIeKTPOCHEPTETUKHU Ta CIIPUSITHME PO3IIHPEHHIO
eKCIIOPTHOI HOMEHKJIATypH 3ac00iB BUMipIOBaHHS.
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THE DIGITAL-ANALOGUE SIGNAL AMPLIFIER WITH MINIMUM NONLINEAR DISTORTIONS RESEARCH
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A method of expanding the operating range of the amplifier is presented, which allows reducing the coefficient of nonlinear distortions
of the calibration signal to 0.003%. The structural diagram of the analog-digital amplifier of the input signal to the output, which pro-
vides minimal nonlinear distortion of the output signal, is given. The principle of operation of the amplifier is described. The input scal-
ing amplifier and output highvolt digital-to-analog converter transmission coefficients dependens diagrams on the input signal ampli-
tude are given. The results of experimental studies of the metrological characteristics of the experimental sample of the amplifier are
given. References 10, figures 2.

Key words: calibration, amplification, coefficient of nonlinear distortions, range, automation.
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