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TEOPETUYHA EJIEKTPOTEXHIKA TA EJIEKTPO®I3NKA

YK 621.365.51.029.42 DOI: https://doi.org/10.15407/techned2023.04.003
PO3PAXYHOK BUXPOBUX CTPYMIB Y TPUDAZHOM TEIIJIOTEHEPATOPI
THIYKIIMHOI'O TUITY 3 BAKOPUCTAHHAM METOJ1Y BTOPUHHUX JTKEPEJI.
PEXUM CTPYMY

A.B. ’Kniib1oB'*, 1oKT. TexH. Hayk, H.A. 3aenp’**, TOKT. TEXH. HayK,

A.O. Eepeslolcz***, KaHJ. TeXH. HayK, O.B. Faiflz****, KaHJ. TeXH. HayK, B.B. JIHKTei  # %%
'IncTutyT enexrpoaunamiku HAH Ykpainn,

np. [lepemoru, 56, Kuis, 03057, Ykpaina. E-mail: azhilt@gmail.com.

? HauionabHuii yHiBepeuTeT Giopecypcis i npupogokopucTyBanusi YKpainm,

By.1. ['epoiB o6oponu, 15, Kuis, 03041, Ykpaina.

3 uxopucmanHAM Memooy 8MOPUHHUX OXHceper PO3POOIEHO MPUSUMIPHY MAMeMAMUYHY MOOelb Menio2eHepamopa
IHOYKYITIHO20 MUNY 3a JHCUBLEHHI 11020 8i0 MPUPAZHO2O Odcepena CMPYMY I3 3A6AHMANCEHHAM Y 6UeNA0l He38 S3aHUX
Midc cob010 pepomazHimHUX eneKmponpogionux mpyo, 6paxo8ano Xapakmep CUMEMpUyHO20 po3nooiny 2yCmun 6mo-
PUHHUX 0dHCepel eNeKMPOMASHIMHO20 NOAA. AHANI3 PO3N0OiLY GMOPUHHUX Odcepell eNeKMPOMASHIMHO20 NOJsL ma men-
JIOBUX 8MPAM Yy HABAHMAIICEHTI 00360UE 3POOUMU BUCHOBOK NPO MOJICTUBICING HEXMYBAHHS KOMNOHEHMAMU 2YCMUH
BUXPOBUX CIPYMI6 A 2YCIMUH CIMPYMI8 HAMASHIYYBAHHSA 8300804C GiCi cumempii mpy6 ma paodiaibHOMy HANPAMKY, WO
3MEHULYE KibKICMb WYKAHUX 2YCIMUK GMOPUHHUX Odicepell 3 uiecmu 00 mpbox. Ilokasano, wjo ons ananizy enekmpoma-
CHIMHUX NPOYecié y Menio2eHepamopax 3asHaveno20 muny po3nooil 2yCMuH GMOPUHHUX Odcepel 6 Ycix mpybax €
OOHAKOBUM, WO NIO YAC BUKOPUCTNAHHA MemOoOdy 8MOPUHHUX 0dcepell 0d€ 3MO2y 38ecmiu obaacmv NOuwyKy 00 OOHIEl
6a3060i gepomacnimnoi enexkmponposionoi mpyou. bion. 8, puc. 3, Tad. 1.

Knrwowuoei cnosa: tennoreneparop, iHAyKIIHHUA HarpiB, MOJEIIOBAHHS, METOJI BTOPUHHUX JUKEPEI.

Beryn. MaTtematnyHe MOJETIOBaHHS NPUCTPOIB IHAYKIIHHOTO HArpiBy 3 MOB3JOBXKHIM MarHiTHUM
TI0JIEM € KJIACHYHHUM IIPUKIa0M BUKOPHCTAHHS €HEeprii eIeKTPOMAarHiTHOro mojs. st Takoro MoaeroBaH-
HSl BAKOPHCTOBYIOTHCS SIK aHAITHYHI, TaK 1 uncesbHI MeTou. OCOOIMBICTIO BCIX IIMX METOJIB € MPHUHHATTS
YMOB BiCECUMETPHYHOCTI PO3TAIlyBaHHS 3aBaHTAXKEHHSI, 10 3HAYHO CIIPOIIYE MPOLIEC OTPUMAaHHS PO3B’ 3Ky
4yepe3 HeXTyBaHHS JIBOMA CKJIaJOBHMH MarHiTHOTO BEKTOPHOTO MOTEHIiay. Y BHUIIQAKY PO3TallyBaHHS 3a-
BaHTaXEHHS HE Ha OCi CHMETpii iIHIyKTOpa a00 HAsSBHOCTI KUTHKOX HE 3B’s3aHUX MK CO00I0 3aBaHTaKCHB
3aJada po3paxyHKy €JIeKTPOMArHiTHOTO MOJs 3HAYHO YCKJIaTHIOETHCS 1 MOKe OyTH OTpUMaHa MPH YKCellb-
HOMY MojienoBaHHI. KOHCTPpYKTHBHI OCOONMBOCTI 3aBaHTa)KEHHS NPHBOIATH J0 TOTO, IO 3aCTOCYBAHHS
TaKMX METOIB SIK METOJ CKIHUCHUX PI3HHIB a00 CKIHYCHHX EJIEMEHTIB BeC A0 BUKOHAHHS BEIIMKOTO 00Cs-
Ty HaJUIMIIKOBUX OOYMCIICHb Ta YCKIIAHIOE BpaXyBaHHs BKa3aHOi CUMETPIi.

Buxonsuu 3 11b0T0, ONTUMAIBHUM 3 MOTJISAY 3MEHIICHHs 00JIacTi MOUIYKY PO3B’S3KY 1, SIK HACTIIOK,
ONITHUMAJIHFHOTO BUKOPHUCTAHHS PECYPCiB OOUHCITIOBATIBHOI TEXHIKH, IO OCOOJIMBO aKTyaIbHO TN Yac MpoBe-
JIeHHI OaraToBapiaHTHUX PO3PaxyHKIB, € METOJI IHTETPAIbHUX PIBHSHB JUTSA JPKEPEI, sIKi BU3HAYAIOTh €IEKTPO-
MarHiTHe 1oJjie, HalpHKJaJ, TYCTUHH BUXPOBUX CTPYMIB y 00°€Mi, T'yCTHHH MPOCTOTO MIApy CTPyMiB HaMarHi-
YyBaHHs Ta MPOCTOTO MIApy EIEKTPUYHUX 3aps/IiB Ha MoBepxHi pepomarHiTHUX TPYO abo crpmxkHiB [1-6]. Lli
PIBHSHHS TOYHO BPaXOBYIOTh TIOJIST PO3CIFOBaHHS B HEOOMEKEHOMY IIPOCTOPI, Tat0Th 3MOT'Y BpaXyBaTH CHMET-
Pifo €eKTPOMAarHiTHOI CUCTEMH TeIIOreHepaTopa iHAyKIiHoro TUImy [1] 1 MaloTh MiHIMAIBHY PO3PaXxyHKOBY
00acTh: 00’ €MH MPOBITHHUKIB Ta MTOBEPXHI ()ePOMATHITHHUX €JIEKTPOIPOBITHUX TPYO a00 CTPIIKHIB.

Y po6orTi [1] 3 BUKOPHUCTAHHSAM METOIY BTOPHHHHX JDKEPEN po3po0JIeHO TPUBUMIPHY MaTeMaTHIHY
MOJIeNTb TPU(A3HOTO TEIIOTeHepaTopa IHAYKIIHHOTO THITY, SIKa BPAXOBY€E CUMETPil0 MarHiTHOT CHCTEMH, 1110
3MEHIIy€e 00JIACTh MOIIYKY TYCTHH BUXPOBHX CTPYMiB A0 00’€MiB TpyO, 10 BU3HAYAIOTh TpynH TpyO 3 o-
HAaKOBHMM PO3IIOJIIOM TYCTHH BTOPUHHUX JUKepen. Po3poliieHa MaTeMaTHYHa MOJIENb peali3oBaHa y BUIIIAIL
BIJIIIOBIIHOTO allTOPUTMY Ta IMPOTPaMH YUCETHHOTO PO3B’SI3aHHS CUCTEM IHTETPANbHUX PIBHSIHD JUIS TYCTUH
BTOPHHHUX JUKepel B cepenoBullli Fortran. [lonanemunii aHamiz OTpUMaHUX PE3yJIbTaTiB Ta OOTPYHTYBaHHS
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MOXJIUBOCTI 3BE€JIeHHS 00JacTi MOLUIYKY HEBIIOMUX T'yCTHH BUXPOBUX CTPYMIB 337151 BU3HAUCHHs TeHepalii
Teria y TeryIoreHepaTopi 10 00’ eMy ojiHi€l TpyOH 3 BpaxyBaHHSIM CUMETPIl po3TalryBaHHS yCix (epoMarHi-
THHX €JIEKTPOIIPOBIAHUX TPYO Y 3aBaHTa)XCHHI € METOI0 i€l poOOTH.
MartemaTtndna Moaeab TpU(Ga3HOro TemioreHeparopa iHaykmifinoro tumy. Tak camo, gk i B
¥, obMoTKa pobori [1], posrmgaemo TpudaszHUil TerioreHepa-
C c  x . 2 B TOp iHAYKHiHOTO THy (puc. 1). 3amaay 6yz[e1v'10
o o1 & & o] A posB’asyB_am 33 NPUMYIIEHHS, WO Y Tpn.(bamlﬁ
inykropa  QOMOTII IHIYKTOpA MPOTIKAIOTh CHHYCOIHI CTPY-

5 < /x Mu (puc. 1): 8, =8, sin(wr),
(a9 ) 85 =8, sin(wt+271/3), 8 =08 1y SIN(01—271/3) .
(e, =0) Bynemo BBaxkaTH, mo oOMOTKa KOKHOI (a3u mpen-
el 8] o] o] e] CTaBJICHA y BUIUISAI KOAKCIalbHUX Kilelb, a 3aBaH-
8 O =8, =8, B &, Ta)KEHHS 1HAYKTOpa — Y BUIJISAI €IEKTPOIPOBIIHIX
(hepomaruiTHEX TpyO (puc. 1). 3amady po3paxyHKy
BUXPOBHX CTPYMIB Y HaBaHTaXXCHI TEIJIOreHEepaTo-
pa IHOYKIIHHOTO THITy OyJeMO PO3IIISIaTH 3a MPUITYIIEHHS MMOCTIHOT MarHiTHOI MPOHUKHOCTI Ta MTUTOMOI
MIPOBITHOCTI TPyO B KBa3iCTaIliOHAPHOMY HAOJIIKEHI.
3amaua po3paxyHKy BUXPOBHX CTPYMIB y TEIUIOTE€HEPATOpi 1HIYKIIHHOTO THITY 3BOAUTHCS O KOM-
TJIEKCHOT (bopMI/I CUCTEMH iHTerpaJILHI/IX piBHsHb [1, 2]:

Puc. 1

S(Q): j@HYJ' ( )dV ](DMO’Y¢ ( )dSM 4y éG(M)FA;QdSMz j@HOYJ-SW(M)dVM , OV, (1)

T oy rMQ T s Ty gy s Mo T vy Tup
i(0 )+—<]51(M‘ Mol yg o B jS(M)”QfMQdVMz js (MY2 gy, QeS, @)
MQ 21y Tvio rMQ

3 M ’

c's(Q)_ngd(M) folip 2m as,, J(DSOHI Q( )dVM:jmaouojﬁQf(M)dS _ J(DgoHoI 90 ( )
2T VMQ S 27 I"MQ 2T g rMQ iy

Tvo

QeS, (3)
ae S(Q) — KOMIUIEKCHA aMILTTy[a TYCTUHM BUXPOBHX CTpyMiB y Touri Q tpy6 V' S(M ) — Te came y
Toui M ; f(Q) — KOMIUIEKCHA aMIUTITy/la MOBEPXHEBOI T'YCTHHH MPOCTOro miapy cTpymiB y Touri () Ha
rpanuni S Tpyo; Z(M ) —6(Q) — KOMIUIEKCHA aMILTITy/[a TYCTHHH IIPOCTOrO LIApy eNCKTPHYHMX 3apsiliB y
toui O Ha rpanuni S Tpyo; c's(M ) —Te came y Touui M ; j =J-1; ®=21f", f — yacTora eNeKTPUIHHX
CTpyMiB B 0OMOTKaX iHIYKTOpa; L, Y — aOCONIFOTHA MarHiTHa MPOHHUKHICTh, MUTOMA EJIEKTPUYHA TPOBIiJ-
HicTh Matepiany Tpy0; p,=4m107 T'u/M, &,~8,85-107"° ®/mM — MarHiTHa Ta JieNeKTPUUHA MOCTIiHI; 7\, —
paziyc-BeKTop, IO CIPSIMOBAHUI 3 TOYKH iHTErpyBaHHs M y TOuky crmoctepesxenHs (O gW (M ) — KOM-
IUIEKCHA aMILIITY/1a TYCTHHH CTPYMIB y 0OMOTKax IHIyKTOpa V), ; i, — 30BHILIHA HOPMaJb 10 IpaHuui S

TpyO; lz(u—uo ) / (p+ po) — mapaMeTp IHTerpajbHOrO PiBHIHHS (2).

3BeeHHsI BEKTOPHOI cMCTeMU iHTerpajabHuX piBHsAHB (1) — (3) A0 cucTeMH CKAJSIPHUX Y JIOKA-
JBHHUX CHCTEMaX KOOPAUHAT, IO MOB’fA3aHa i3 KO:KHOI0 TPYOo10. Ha puc. 2 HaBeneHO B mepepi3i NpuKiIaz
po3TalryBaHHs TpyO y 3aBaHTa)KeHI TeIUloreHepaTopa inaykiiiinoro tumy [1]. Hexait R, R, — BHyTpiIHi#

Ta 30BHILIHIN pajiyc KOKHOI TpyOu, A — iXHs JOBXKHHA Ta, BIAMOBIAHO, 1 JOBXHUHA 1HAYKTOpa. 3aBaHTaXEH-
. . ~ m,
Hi 3 N, wapiB TpyO (opMyeTbcs HACTyNIHHMM YHMHOM: KOXe€H k -tuil map tpy6 V™, k=1,2,.,N,,

m, =1,2,...6k , pO3TAlIOBaHUI TaKUM YHHOM, LIO TOJOKEHHS KOXKHOI 3 HUX 3aJ[a€ThCs TMOJOKEHHIM iXHIX
reoMeTpUyYHMX HEeHTpiB O* 13 KoopANHATaMH (rk 0L ,Zk) B TJIO0ANBHIN cHCTeMI HMIIHAPUYHUX KOOPIUHAT
Oroz (puc. 3, Bichb z CIpsMOBaHa 3 IUIOLIMHU PUCYHKa 70 Hac). Tyt o =ock (mk —1)n/3k, m, =12,..6k ,

(rk ,a}c,zk) — KOOPIMHATH T€OMETPUYHOTO IIEHTPY Mepioi Tpyou y k -My mapi. [ BUmaaxy, mo 300paxe-
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HO Ha puC. 2 o =7n/3, k=1,2....,N, . B mogansmomy i3 KOXHOI Tpy0OOIO 3B’ SIKEMO JIOKAIbHY CHCTEMY IIHIIi-

HIpHYHHUX KoopauHat O,* ™ oz (puc. 3).

Puc. 2 Puc. 3
3anwmemo cucteMy piBHSIHE (1) — (3) B MpoeKIisSx Ha OPTH B IFUTIHAPHIHINA JIOKATBHIH CHCTEMI KOOp-

JIMHAT, 1110 1OB’sI3aHa i3 TpyOoro, Hanpukiaz, V! (puc. 3) [1], ans iHmumx TpyO 3aBaHTa)KEHHs aHAJIOTiYHE.

KoMmrekcHy aMInTiTy Iy TYCTHHHA BUXPOBUX CTPYMiB S(Q) MPEICTaBISIEMO Y BUIIIAI TPHOX KOMIIO-

HEHT Y JIOKaJIbHill cucTemi koopauHat Ofrfaz)!

8(0)=5,(0)e,(0)+5,(Q)e.(0)+5.2.(0). )
ne &,(0), €,(0), €.(0) — optu umniHAPUYHOI NOKanbHOI cuctemu koopmuHar Ofrfofz! (puc.3), opt

é.(Q) crpsiMoBaHHNiA 3 IIOLMHA PUCYHKA 10 HAC.

BignoBigHO KOMIUIEKCHY aMIUTITYAQy T'YCTHHH BHXPOBHX CTPYMiB S(M )Hpe):[CTaBJ'ISIGMO y BUTTIAAL

TPHOX KOMIIOHEHT Y JIOKaIIbHIA cuctemi koopaunar O)'r,'a” 2 (puc. 3)
3(M)=5, (M6, (M)+,2,(M)+5.(M)e. (M), 5)
ne é,(M), é,(M), é(M) — opru B umnisApuyHiil IOKanbHiK cuctemi koopauHatr O)'r"a)'z;", opt €.(M)

CIIPSIMOBaHUM 3 IUIOUIMHU PUCYHKA JIO HAac.

Cripoexryemo Bektop (M) (ms T(M ) ananoriuno) ua opru ¢,(0), €,(0), é.(Q)nokansHoi cuc-

z

TeMH LUIIHAPUYHUX KoopauHat Ofrfalz! (puc. 3)
S(M)z[Sr (M)cosocMQ +8, (M)sin(xMQ]Er (Q)+[—8r(M)sinaMQ +8, (M)cosocMQ]Ea (Q)+SZ (M)e.(0), (6)
Ie ocMgzocog +a, _ao;," -0, . (7)

AHanorigyHo Bupasy (6) 3amucyemo

Sy (M)=2 (05, (M )sinay, +8,(0)3,y, (M )cosoL,y, , (8)
Jle BpaxoBaHO, 1110 KOMIUIEKCHA TYCTHHA CTPyMY Yy OOMOTKAaX iHIyKTOpa Ma€ TUTBKH O -KOMIIOHEHTY, TOOTO
8y (M)=5,,,(M)e,(M).

Jlani 3HaXOIMMO NPOEKLiI0 BEKTOPA 7y, HA OPTU JIOKAIBHOI CUCTEMH LMJIIHIPUYHUX KOOPIMHAT
¢.(0), ¢,(0), €.(0) (puc. 3)

e ~ ~ 3 o —a )
Fio _(FMQ’er(Q))_roog cos(aQ)+rQ oon cos(ocoz o +(xQ) Yo cos((xaz o=, aM),
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o« (= = _ . . B . o )
"o _(rMQ,ea(Q))_ oot s1n(aQ)+rooz, sm(aoz o +ocQ)+rM sm(aog =0t 0 M) ;
z — e > —
"o —(rMQ €, (Q)) =Zp—Zy -
Taxum guHOM, 3aHHcyeMo piBusHHS (1) B npoeKuiﬂx Ha 0Cl JIOKaJIbHOI cucTeMu koopauHat O/rfolz]

jes M)T* (M Q)aV, + = ja M)T* (M, Q)dV,, +i° [i(M)T* (M ,Q)ds,, +

Sy

f;‘;c [ ()T (0 Q)ds,, +j:’° [ (M)T*(M.Q)ds,, —C" IG )P’ (M .Q)dS,,

| —f—; Sj &,(M)P" (M Q)dS,, :—i—; Vj 8o (M)T*(M,Q)AV,, , QeVy, 9)
SQ(Q)—4—%E Vj 5, (M)T* (M.Q)dV,, +-= Vj 8, (M)T* (M ,Q)aV, 50 sz(M)TC(M 0)ds,, —
_E_;Jiz’(M) *(M,Q)dS,, +i°sji2a(M) (M ,Q)dS,, —=~ Icl M)P*(M,Q)dS,, —
_%S &,(M)P*(M.0)dS,, =2 j 8yu (M) (M.Q)V,, . OV, (10)
5.0 8. 0)av, +§—°gf>az<M)T<M,Q>dsM—
—%IGI(M)PZ M,0)dS,, jcz )P*(M,0)dS,, =0,0eV;. (11)

V pismsasx (9) — (11) mo3naueno: & (Q) 6(1 (Q) , SZ(Q) — KOMITOHCHTH Y JIOKaJIbHIA CUCTEMi KO-
opauHat Ofrfafz]! KOMIUIEKCHOI I'yCTHHH BUXPOBUX CTpyMiB y TpyOax V! ; Sr(M), SQ(M), 8Z(M) -
KOMIIOHEHTH Yy JIOKaJIbHIH cucteMi koopauHat O,'r"o)'z]' KOMIUIEKCHOI T'yCTUHH BUXPOBHUX CTPYMIB Yy TpY-
oax v =Ur; l:m(M), llz(M) Ta 12,,(M), lm(M) — KOMIIOHEHTH Y JIOKaJbHIA CHCTEMI KOOpIMHAT
O;'r"o)'z;' KOMIUIEKCHOI TyCTHHM CTPYMiB HamarmidyBaHHs Ha Ookosux S,=US/, Ta Ha TOpUEBHX

S,=USs;" ', TIOBEPXHSX TPYO; 5y, (M ) — Ol -KOMITIOHEHTA y CBOIH JIOKaIbHIH CHCTEMI KOOPAMHAT KOMIUIEKCHOT

TYyCTUHHM CTPyMy y OOMOTKax TeIJIOreHepaTropa 1HAyKIiHHOro THImy V, ; ©,, G, — KOMIUIEKCHI I'yCTHHH
IPOCTOrO MIapy eIEKTPUYHUX 3aps/iiB Ha OOKOBUX S, Ta Ha TOPLEBUX S, MOBEPXHAX TPYO

E= oMy, &= jouyy» L=t , T°(M,0)= e T‘(M,Q)=Sm””g , T(M,Q):L; (12)
€ Tvio "vo Tvio
. (M’Q):(fMQ f (0) e (MJQ):(fMQ f (0) . (M’Q):(fMQ f (0) | 13
"o "o "o

Hani, aHanoriyHO 3amucyeMo piBHSAHHS (2) B MPOEKIIAX HA OPTH JIOKAIBHOI CHCTEMH KOOPIUHAT
O/rlajz! .3 ypaxyBanHaM cniBBigHOIIEHHS (6) 3HAXOIMMO

i xS(M )XFMQ =e, (Q){Sr (M )nz (Q)rAjQ COS0L +8a (M )nz (Q)rAjQ sin,, —8Z (M )nz (Q)rA;Q} —
5, (M)[nr (Q)(rA‘}Q COSOL ) 70 SINTL )+nz (Q)rio SiIIO.MQ:|+
- 5, (M )[n, (Q)(rAjQ SiNQLy, —7y COSTL )—nz (Q)ripcosa MQ}—SZ (M)n_(Q)rio "
+é. (Q){—Sr (M)n, (Q)rypc080,,0 =0, (M )n,(Q)rpsino,, +5.(M)n, (Q)rA;Q} :

Amnanoriyaui BUTJIA Ma€ BUpa3 JJId an1 (M)X}”MQ .
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Tyt BpaxoBaHo, 110 TPYOU SBISIFOTH COOOIO MOPOXKHI MWITIHIAPHA, TOMY HOPMAaJb 0 IXHBOI TPaHHMIII
Mae JIMIIE F-KOMIIOHEHTY (Ha OOKOBIH MOBEpPXHI) a00 z-KOMITOHEHTY (Ha TOPIEBil OBEPXHI):

iig=n,(Q)e,(Q)+n.(Q)e.(Q), Q€S
ne nr(Q), nZ(Q) — KOMIIOHEHTH HOopMauti y Todii () 10 MoBepxHi TpyO y JIOKalbHIA CHCTEMi KOOPIUHAT
Olrlalz]l.
3anmcyemo piBHAHHA (2) B npoekuiax. SAxmo QeS), S — 60koBi noBepxHi TpyO, TOOTO nr(Q);tO ,

n,(0)=0, n(Q)=0, o

i, (Q)=0 ; Q€S (14)
i (0 ——n 0) i, (M)G.* (M,Q)dS,, ——n jzh M)GE (M ,Q)dS —Zin (0) [ (MG (M Q)dS,, -
S S, n S
_ 7\‘ “ c+s _ s=¢
P n,(0) Vj §,(M)G (M. Q)av,, " _[8 )G (M Q)aV,,
j 8y (M)G (M Q)aV,, , OeSY,; (15)
: 7\4 : s 7\4 : >b : ¢
zlz(Q)—gnr(Q)jzm(M)Gz(M,Q)dSMEn,(Q)Jzu(M)G,.(M,Q)ds —%n (Q)Izz,( )G: (M Q)dS,,
M ; _Aon ' c _
2" (O] ()G (1.0)dS = o (0) I S, (M)G (M. Q)= = (0) 8, (M)G: (MQ)V. +
A S s q .
mo (©)3.(m M=%n,.(Q)V{6WaGZ (M.Q)dV, . 0<Si: (16)

sikimo QeSY,, SY, — Topuesi nosepxHi Tpy6, To6T0 1, (0)=0, n,(0)=0, nZ(Q);tO, TO
: }\4 : c 7» : s 7» : s
b, (Qp+ —.(0) [, (M)G: (M.0)ds,, +2—n2 (0) [, (M)G: (m.0)ds,, an @ J i (M)G:(M.,0)dS, -

A .
—EHZ(Q)SIIZIZ(M) (M,0)ds,, + IS <(M.Q)dV,, + js *(MQ)dV,, -
A : .
27-5 “0 .[8 Vi __%nz(Q)l;[aWa(M) (M Q)dVM , Qe85 (17)
: A : s A :
zza(Q)—EnZ (0) Sj i, (M)G: (M ,0)dS,, +Enz (0) Sj b, (M)G:(M,0)dS,, +—n Sj i (M)GE(M.Q)dS,, -
50116, (4.0)5, L. (0) [5, ()G (.0)aV, 5 ¥, (0) [ 3, (M)G: (.0, -
27'[ z 3 1z J
Ap . . '
_2n“0”z(Q)VJ:6z(M) «(M,Q)d V{SWQ )GE(M.,0)dV,, , QS (18)
5.(0)=0 , Q€Sy,. (19)
V piBasHHAX (14) — (19) MMO3HAYCHO:
GY_C(M Q) Sll’lOLMQ VMQCOSOLMQ : GCH(M Q) COSOLMQ+VMQSII’1(XMQ :
r/SIQ ISIQ
G:(M.0)="1 00 Gi(ng,0)="0 e s G (v.0)="0 ;G (n.0)="
Tvio Tmo Tvg MQ

PiBHsiHHS (3) 3anuIeMo y BHTIISAL
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5(0)——[,(M)K

2ng,

1 .. iOE
(M. Q)dS,, =) [&,(M)K,(M.Q)dS,, +2 2;“ n

(0) LSr(M)T”(M,Q)dVM +

L2, 0) 5, M) (.0, L2, (0), () (.01, L2, (O () 01O,

L
2n

]03801/l
2n

( ).[IZcx( ) X(M
62(Q)_2_I("1 (M)

S

1.(0) 8. (MYT(M.0)a¥, + 1520 (Q)f,(M)T(M.0)5, 0. Qs

1

,0)dS

_ JOg M,

V piBasHHSAX (20), (21) MO3HAYEHO:

G‘(M,Q)=

Tt COSOLy

3 b
rMQ

K,(M.0)=

G’ (M, Q)=

rMQ

n, (Q)FA’/IQ _E
y S

Kz (M,Q)dSM _;_anz(M)

Tl SIna,,

3
rMQ

G(v.0)="2

nr(Q)VI Sye(M)T* (M .Q)dV,, , QS

K_(M.Q)dS,, +

(20)

21)

(22)

(23)

3ammcaHa CECTeMa iHTeTPAbHUX PIBHIHB allPOKCUMYETHCS CHCTEMOIO JIHIHHUX anreOpaidHuX piB-
HsHb (CJIAP) 3 ypaxyBaHHSIM CHMETPUYHOTO PO3TAIlyBaHHS (PEPOMArHITHUX MPOBIAHUX TPYO Yy 3aBaHTa-
JKeHHI Terioreneparopa inaykuiiHoro tumy [1]. Chopmoana CJIAP po3B’s3yeTbcs MOOU(IKOBaHUM Me-
TOJOM ITOCITITOBHUX HAOIMKEHD [2].

IIpukiaang pospaxyHky. PosrimsHemo TennoreHepaTop IHAYKIIMHOrO THITY: BI/ICOTa iHAyKTOpa —

h=1 m; BHyTpilHIA paaiyc Tpy0d — R=14,75- 10 M; 30BHIIIHIA pazaiyc Tpy0d — R,=16,75- 10 M; a0COIIIOTHA
MarHiTHa NPOHHUKHICTh Matepiany Tpy6 — pu=50p,; KuIbKicTh TpyO — 36; mUTOMA MpPOBIJHICTH MaTepialy

3
Tpy6 — y=10" Cwm/Mm; BHyTpimHil pamiyc KoTymku — Ry;=162,5-10 M; 30BHiIIHIH pamiyc KOTYIIKH —

3
Ry»=185-10 wm; ryctina cTpyMmy B 06MoTIi — 1,5x10° A/m® ; gactoTa cTpymiB B 06MoTIi — 50 I,

OpmHHUM 3 pe3yJbTaTiB aHANI3y eJIEKTPOMArHiTHUX MPOIIECiB Y TEIJIOTeHepaTopi IHAYKIIIHHOTO THITY €
PO3paxyHOK IOTYKHOCTI TETUIOBUX BTpAT y TPyOax BiJ] BUXPOBHX CTPYMIB

p=L [ &%V,
2yp

ne & — MOIyJIh aMILTITYJHOTO 3HAYEeHHS TYCTHHHA BUXPOBHUX CTPYMIB y TpyOax.

3am1a mepeBipKH AOCTOBIPHOCTI OTPHUMAHHUX PO3PaxXyHKIB CIOYATKy OyJIO BHKOHAHO PO3PaXyHOK
MOTYKHOCTI B OZIHIH TpyOi, BiCb CHMETpIi SIKOi CIIBIIAJa€ 3 BICCIO CUMETPii MarHiTHOI CHCTEMH TerJIoreHe-
patopa. Po3paxyHOK BHKOHYBaBCS LUIIXOM PO3B’A3aHHS CHCTeMH DiBHsAHB (9) — (21) Ta 3 BUKOPHUCTaHHAM
nporpamaoro npoaykry Comsol Multiphysics [7] y BiceCHMETpUYHIN MOCTAHOBIN, SIKUH PO3B’sA3y€ 3amady
METOJIOM CKIHYCHHHX €JIEMEHTIB. Pe3ybTaTi po3paxyHKiB HaJaHO Y TaOJIHIII.

24)

AKTHBHA MIOTYXKHICTh BTPAT Ha BUXPOBi CTpyMH, BT
. VY dazax oOMOTKH iHuyKTopa MPOTIKa€e Y (hazax 06MOTKH POTIKAE CTPyM
Kinp- OJIHAKOBHII CTPyM O , BIJIMOBIIHO /10 puC. 1.
KiCTBb
Y0 MTOBHA CHIpoIneHa 03paxyHOK| Comsol ITOBHA CIpOIIEHa |[PO3PaxXyHOK Comsol
pottt PO3PaXyHOK Multiphysics potll pospaxy | Multiphysics
MareMaTu4Ha | MareMaTH4YHa |11 0a30BO] (Bice- MareMaTu4HaMaTeMaTuaHajIIs 6a30B0T (Bice-
MOJENb MOJEIb TpyOH cumeTpiHa) MOJEIb MOJEIb TpyOH cumeTpiHa)
1 380 379 - 394 277 277 - 288
6 1991 1987 1987 - 1369 1368 1368 -
18 4278 4302 4302 - 2762 2780 2780 -
36 6361 6422 6422 - 3975 4017 4017 -
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Jani 6yno BUKOHAHO PO3PaXxyHOK aKTHBHOT MOTY)KHOCTI TEIIOTeHepaTopa iHAYKIIHHOTO TUIY s
BHIAAKIB (Tabuuit, puc. 2): 1) 3aBaHTaXEHHs CKJIAJa€ThCs TUIBKM 3 OAHOTO mapy Tpy6o V™, m,=1,2,..,6,
IUIsL yCiX TpyO mpuiiMaBcsi OTHAKOBUH PO3IMOJiN BTOPHHHUX JUKEpEI eJICKTPOMArHiTHOTO IMOJs; 2) 3aBaHTa-
KCHHsI CKJIANIA€ThCs 13 ABOX miapiB tpy6 V™, k=12, m, =1,2,..6k , TyT Gyn0 BHIiNCHO TpU Ipynu TpyoO 3
OZIHAKOBUM PO3IOJITOM KOMIUIEKCHOI I'yCTUHU BTOPMHHHX JUKepen — nepma V™, m =1,2,...,6 , apyra V,™,

m,=13,5,..11, 1 pers V;?, m,=2,4,6,..,12; 3) 3aBaHTaXeHHS CKJIAJA€ThCA 13 TPHOX MapiB TpyO V™,
k=1,2,3, m=1,2,...6k, TyT BUIIIEHO LIiCTh IPyN TPYO 3 OOJHAKOBUM PO3MOIIIOM KOMIUIEKCHOT TYCTHHHU BTO-
PUHHUX JoKepen — nepma V)™ ,m, =1,2,...,6 , apyra V) ,m,=1,3,5,...,11, pers V,;* ,m,=2,4,6,...,12 , ueTBepTa

Ve my=14,7,.16,m’a1a V;"* ,m,=2,58,..,17, imocra V;"* ,m,=3,6,9,..,18 .

BpaxoBytoun reoMeTpryHi 0COOIMBOCTI MAarHITHOI CHCTEMH TEIUIOT€HepaTopa iHIYKIIHHOTO THUITY
(yci Tina € MopoXHIMHU MIJTIHAPAMHE ), PO3paXyHKH MTOKA3aJId, IO 7~ Ta Z-KOMITOHEHTH KOMIUTIEKCHHUX TYCTHH
BUXPOBHUX CTPYMiIB, KOMIUIEKCHHX TYCTHH CTPYMIB HaMarHidyBaHHS 3HEBXXIWBO Maji y MOPIBHSHI 3 O -
KOMITOHEHTaMH THX K€ TYCTHH, TOMY HIMH MOXKHA 3HeXTyBaTH. ¥ TakoMmy Bumanky CJIAP, mo anpokcumye
CHCTEMY IHTEeTpalbHUX PiBHIHB (9) — (21), crpollyeTbcs YCYHEHHSIM 3 HEl CKIaJOBUX F- Ta zZ-KOMIIOHEHT
KOMIIJICKCHUX TYCTHH BUXPOBHX CTPYMiB, KOMIUIEKCHUX I'YCTHH CTPYMiB HAMarHi4yBaHHI.

B Tabnmii Tako HaBEAEHO PE3yJIbTaTH PO3PaxXyHKY 3a CIPOILICHOI MAaTeMaTHYHOK MOAEIIIo. Sk
0auMMO 3 PO3PaXyHKIB TaKe MPHITYIIECHHS JJa€ 3HAYCHHS aKTHBHOI IMOTY>KHOCTI, 110 BiJIPI3HAETHCS Bil BUKOPH-
CTaHHS MOBHOI MaTeMaTH4YHOI Mozeii He Oinbm HiX Ha 1 %. TakuM 4rHOM, IJIs aHATi3y eNeKTPOMAarHiTHUX
TIPOIIECIB Y TEIUIOTEeHePaTopi IHAYKIIHHOTO TUIY i3 3arpy3K0i0 Y BHTIIAL TPYyO MOXKHA KOPHUCTYBATHCS CIIPO-
IIIEHOIO0 MOJIEIIIIO, B SIKi KIIBKICTh IMTYKAHWX BEITMYHWH 3MEHIICHO i3 TECTH JI0 TPhOX, @ TAKOXK 3MEHIITYEThCS
po3Mip ocHOBHOT MaTpuLi cuctemH piBHsHb CJIAP, 110 anpokcumMye cuctemMy iHTETrpaJbHUX PiBHSHB.

AHai3 pe3ynbTaTiB pO3paxyHKIiB PO3IOAUTY BTOPHHHUX JKEPEN eIEKTPOMArHiTHOTO OIS Y TpyOax
MOKa3aB, M0 Y KOXKHIA 3 HUX IEH PO3/ii € MPAaKTUIHO OTHAKOBHM (CepeIHRLOKBAIPATHYHE BIAXUICHHS PO3-
NOJITy Y KOXKHIN TpyOi B IOPIBHAHHI 3 TpyOOI0 y nepiioMy miapi He nepeBuinye 1 %). [Ipumymenss oaHa-
KOBOCTI pO3MOALTYy BTOPMHHHUX JIXKepell y KOXKHii TpyOi 3aBaHTaKEHHS 3BOJUTH PO3PaxXyHOK 0 BU3HAUEHHS
TYCTUHH TUTLKU B OHIN TpyOi (Hampukiaz, y 6a30Bii TpyOi mepIioro mapy), Mo CyTTEBO 3MEHIIye 001acTh
nouryky HepizmomuXx. [Ipu 1iboMy, BIUIMB Bifl iHIIUX TPYO BpPaxoBYeThCs pU (hOpMYBaHHI sifiep CUCTEMH iH-
TerpajbHHUX PIBHAHB 1, BiamosinHo, GopmyBanHi CJIAP, mo ix anpokcumye. Pesynbraty, mo HagaHo y Ta0-
JIUII, TTOKa3yI0Th, [0 aKTUBHA MOTYXKHICTh BTPAT HA BUXPOBI CTPYMHU B IIbOMY BHITJKy BiIPI3HAETHCS Bill
PO3paxyHKy 3a IOBHOK MaTeMaTHYHOIO MOJEJUIIO He Oinblue, sK Ha 1%, 110 fae 3MOry y HOJaIbIIOMY AJIS
aHaJIi3y eJeKTPOMArHITHUX MPOIECIB y TEIUIOICHEPATOpax 3 TAKUM THUIIOM 3aBaHTAXKCHHS 1 MIAKITIOUECHHSIM
JI0 KUBJICHHS BiJ TpU(a3HOi CUCTEMH CTPYyMiB BUKOPHCTOBYBATU TaKe MPHUIyILEHH. Takuil pe3yasTaT 100-
pe Y3TODKYETRCS 3 Pe3yJIbTaTaMH eKCTICPUMEHTATBLHUX TOCIIKEHb [8].

BucHoBok. 3 BUKOPHCTaHHAM METOJy BTOPHHHHX JDKEpeNl po3poOJIEHO MaTeMaTuyHy MOJIENb Tell-
JIoreHepaTopa 1HIYKIIMHOTO THITY 32 KUBJICHHI BiJ TpU(a3HOTO KEpena CTpyMy, sika BPaxoBY€e CUMETPito
po3ranryBaHHs ()epOMATHITHUX EIEKTPOIIPOBITHUX TPYO V 3aBaHTAKEHHI.

3acTocyBaHHS IHTErPATHHUX PIBHSHB /ISl TYCTHH BTOPHHHUX JDKEPEN eNIEKTPOMArHITHOTO TIOJISI A€ 3MOTY
palioHaJIbHO BUKOPUCTOBYBAaTH OOYMCIIOBAIbHI PECYPCH, OCKUIBKH Ll PIBHSHHSA, MO-TIEPIIE, MAIOTh MiHIMAIbHY
PO3PaxyHKOBY 00JIaCTb Ta Jat0Th 3MOTY MaKCHUMAJIBHO BpaxyBaTH CUMETPIiI0 MAarHiTHOI CUCTEMH TEIJIOTEHEepaTopa
THIYKIIHHOTO THITY; TIO-APYTe, TOYHO BPaXOBYIOTh MArHITHI ITOJISI PO3CiFOBaHHS Y HEOOMEKEHOMY TIPOCTOPI.

Jist aHamizy eJIeKTPOMarHiTHUX MPOIECiB y TeruioreHeparopax iHIYKIIHHOTO THITY i3 3aBaHTa)KeH-
HSIM y BUTJISI IMy4YKa TPYO MPUIYCTHUMO JOMYLICHHS OJHAKOBOCTI PO3MOALTY TYCTHH BTOPHHHUX JKEpel B
ycix TpyOax, o y pa3i BUKOPHUCTAHHS METOIy BTOPHHHHX JDKEPEN 3BOJUTH 00JIaCTh TMOMIYKY 0 OMIHIi€l Oa-
30BOi (pepOMarHiTHOI POBiTHOT TPYOH.

[epeBaroro 3amponoHOBaHOi MaTeMaTHYHOI MOAENTI TEeIJIoreHepaTopa iHIAYKLUIHHOTO THITY € MOMKIIH-
BICTh 3a PI3HHX CIIOCO0aX YBIMKHEHHS 4YepryBaHHsS (a3 y OOMOTIII PO3paxoBYyBaTH O€3MOCEPEIHBO T'yCTHHY
BHXPOBHUX CTPYMIB Y TpyOax 3aBaHTAKEHH, 3HAIOYH PO3MOLT SKAX MOYKHA PO3paxyBaTH SK MOTYKHICTH TEll-
JIOBUX BTpaT B LJIOMY, TaK i piBHOMIPHICTb IXHBOTO PO3MOJIUTY Y 3aBaHTakeHi. B pe3ynbraTi BUKIIOUAIOTHCS
Ha/JMIpHI 00YHCIIEHHS, SIKi CTAHOBIIATH BRXKJIMBY YaCTHHY 3aralIbHOTO 00CATY PO3PaxyHKIB y pa3i BUKOPHCTaH-

HS MOJIENIEH, B OCHOBAX AKHX JISKaTh METO/I CKIHUEHHHX Pi3HHIb 00 METO/ CKIHIEHHHX €JIEMEHTIB.
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EDDY CURRENTS CALCULATION IN A THREE-PHASE INDUCTION-TYPE HEAT

GENERATOR USING THE SECONDARY SOURCES METHOD. CURRENT MODE

A.V. Zhyltsov', N.A. Zaiets’, A.O. Bereziuk’, 0.V. Gai’, V.V. Lyktei’

!Institute of Electrodynamics National Academy of Sciences of Ukraine,

Peremohy Ave., 56, Kyiv, 03057, Ukraine. E-mail: azhilt@gmail.com.

National University of Life and Environmental Sciences of Ukraine,

Heroiv Oborony Str.15, Kyiv, 03041, Ukraine.

Using the secondary sources method, a three-dimensional mathematical model of a heat induction type generator was devel-
oped when it is powered by a three-phase current source with a load in the form of non-connected ferromagnetic conducting
pipes, taking into account the symmetrical distribution of the densities of the electromagnetic field secondary sources. The
analysis of the secondary sources distribution of the electromagnetic field and heat losses in the loaded one allowed us to
conclude about the possibility of neglecting the components of eddy current densities and magnetization current densities
along the symmetry axis of the pipes and in the radial direction, which reduces the number of secondary source densities
sought from six to three. It is shown that for the analysis of electromagnetic processes in heat generators of this type, it is
permissible to assume the uniformity of the secondary sources density distribution in all pipes, which, when using the method
of secondary sources, makes it possible to reduce the search area to one ferromagnetic base pipe. References 8, figures 3,
table 1.

Key words: heat generator, induction heating, modeling, secondary source method.
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Y pobomi winsixom Komn’romeprnoco MoOenosants 00CAIONCEHO Npoyec 3apsONHCAHHA AIMIU-IOHHOL aKyMYJIsImMOpHOT
bamapei 011 enekmpomoobins 8i0 6e30pomo8oco 3apsaOH020 NPUCMPOI THOYKMUBHO-pe30HaHcHo2o muny. Ilokasano,
wo y npoyeci MOOen08anHs HeoOXIOHO 8paxo8y8amu OOHOUACHe NPOMIKAHHA 080X DIZHOMACWMAOHUX V Yaci ma
no8 sa3aHUX Midc cobol0 npoyecis, a came KOpOMKOMPUSALo20 GUCOKOUACHOMHO20 NPOYecy 8 IHEepmopi 3apsioH020
npucmporo i3 xapakmepuum uacom 107 ¢ ma 00620mpuganozo npoyecy 3apadNCcanns axymyismopa i XapakmepHum
yacom 107 c. Ipamuii uucenvnuii po3paxynox 0OHOUACHO YUX 080X NPOYecie NOMpPeBye 3HAUHUX KOMN TOMEPHUX
pecypcig. 3aona eupiuienHa yici 3adayi 8 pobomi 3anponoHo8aHo ma peanizosaro & naxemi Matlab/Simulink
KOMN'IomepHy MoOelb ma anecOpumm PO3PAXVHKY, 32I0HO 3 SKUM HA Nepuiomy emani y npoyeci auanizy
BUCOKOUACMOMHUX NPOYECi8 8 [HEepmMOopi 3HAX00AMbCs Moougikosari exeiearenmu Tesenina ma Hopmowna 0ns
npucmpoio 6e30pomoeoi 3apsoKu i3 6PAXYEAHHIM CYMAPHUX GHYMPIWHIX 6Mpam 6 ybomy RPUCmpoi, a Ha Opy2oMy
emani po3paxosyemvpcs 00620MPUBATIUL NPOYeC 3apa0NHCaAHHA aKyMyasmopHol bamapei. 3asHaueHuil po3paxyHox
NnPOBOOUMbBCSL CHOYAMKY 8 pedCUMi Odicepena NOCMIIHO20 CMPYMY, GUKOPUCMOBYIOUU NPU YbOMY NHOOYO008aHUL
exgieanenm Hopmona, a nomim 6 pedicumi ddxcepena Hanpyau, suxopucmosgyouu nobyodosanuli exeisairenm Tegenina.
Takuii nioxio doae 3mo2y 8paxysamu 0CoOAUBOCMI NPOYECi6 3apPAONCAHHSA Ma 00CIOUMU epekmugHicms 6e30pomosoi
nepedaui erekmpuuHoi eHepeii 60 CMayioHApHO20 OJICePena JHCUBNEHHsT 00 AKYMYISAMOpPd, WO PO3MAUlO8AHUll Ha
bopmy enekmpomodina. 3a pe3yiemamamu npo8edeH020 MOOEIIO8AHHA USHAYEHO, WO OJi PO3PODIEH020 NPUCTHPOIO
senununa inmezpanvio2o KKJ] ecboco npoyecy 3apsooicanns bamapei npu 3pocmanni napamempy axymyasmopa SOC
610 20 00 95% cmanosumsv 86%. bi6a. 9, puc. 8.

Kniouosi cnosa: 6e3nporoBa nepeaya eJ1eKTpOCHEPrii, pis3HOMacITaOHI y 4aci MpoLecH, KOMI F0TepHE MO/ICTIOBaHHSI,
e(peKTUBHICTB 3apsKaHHs aKyMYJISITOpHOT Oarapei.

OaHMM 13 Cy4acHUX TPEHJIB CBITOBOI €JIEKTPOTEXHIKHM € PO3BUTOK JOCIIKEHB 1 pO3pO0OK Yy ramysi
CJIEKTPUYHOTO TPAHCIIOPTY Ta aKyMYJIATOPHUX OaTapeil MiIBUIIEHOI eHEProEMHOCTI I iX >KUBJIEeHHS. [Ipu
IIOMY CIiJ BII3HAYWUTH, MO CTAaHOM Ha CHOTOIHI 1H(PPACTPYKTypa 3aco0iB MiA3apsAIKd aKyMyJISITOPHHX
Oarapeil eleKTpoMOOLUTIB mepeOyBae e Ha CTalii CTAHOBJICHHS, 1 YAM MEHIIEC PO3BMHEHA KpaiHa, TUM
Oinbine BiamoBigHMx mpodnem [1, 2]. B Toil xe 4ac CBiTOBI BUPOOHHMKH €IEKTPOMOOLTIB Ta HEOOXiTHOT
3apsiiHol 1HGQPACTPYKTYPH HANOMMKUOK METOI0 BBRXKAIOTH PO3POOKY OE3APOTOBUX 3apAAHUX MPHUCTPOIB
(B3II), ocKimbKH TaKi CHCTEMH JTOCUTH MEPCIIEKTHBHI 3 OTIAIY HA iXHIO PHUBAOIUBICTE HA (POHI 3pOCTAHHS
MOMYJISIPHOCTI €JIEKTPOTPAHCIIOPTHHX 3ac00iB [3 — 5].

3apsKaHHA aKyMYyJIATOPHUAX OaTapell elneKTpOTPaHCIOPTY MOXKE 3/IiHCHIOBATUCS TPhOMA BiIOMHMH
croco0amMu Treperadi eIeKTPOCHEPTil, a came: 3a JTOMOMOT0 TajdbBaHIYHOTO MiAKIIOYCHHS Ta 0E3pOTOBOIO
3apsIIKOI0 IUIIXOM BCTAHOBJICHHSI MarHiTHOTO a00 €MHICHOTO 3B’S3KY MK IEpeaaBajbHOI0 Ta MpUHAMallb-
HOIO KOTYIIKaMHd. 3apa3 BXKe MOXKJIMBE 3A1MCHEHHS MiA3apsAAKH €NeKTpOMOOiTiB 0e3 BUKOpPHCTaHHSA OyIib-
SKUX CTPYMOIIPOBITHUX €JIEMEHTIB 3aBISKM TMOsiBI 0€3IpOTOBUX MPHUCTPoiB. TexHomoris 0e3IpoToBOi
HiI3apsIKK IPOCTa, 3pyYHa Ta Ma€ HACTYIIHI TIepeBari:

e 3axuuleHi 3'egHaHHs 0e3 Kopo3ii, mojami Bix Boau abo KHCHIO B aTMocdepi. MeHIIni pu3nk
CNIEKTPUYHUX HECMPABHOCTEH, TaKMX SIK KOPOTKE 3aMUKaHHS dYepe3 MOPYUICHHS 130Jsiii, 0COOJMBO Ha
3'eMHaHHI PO3'eMIiB 200 B MiCIISIX HAWYACTIIIOI TTOJIOMKH;

® JIOBTOBIYHICTh 0€3 HEOOXiTHOCTI TOCTIMHO MiJKIIOYATH Ta BiJl'€THYBaTH MPHUCTPOI, IO CIIPUYUHSIE
MiIBUIIEHUI 3HOC PO3ETKH Ta KaOemto A MiJKII0OUCHHS;

® IIiBUIICH] 3pYYHICTh Ta €CTETHYHA SKICTh, HeMa€e He0OX1HOCTI B KaOemsX;

© XKapkin A.®D., [Tononsiea O./1., [Tasnos B.b., 2023
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® aBTOMAaTM30BaHa IHAYKTUBHA 3apsjKa EIeKTPOMOOLTIB BHUCOKOi TOTYKHOCTi, HAamNpHKIAL,
eJIeKTpoOyCiB, Ja€ 3MOTY MPOBOJUTH YacTille 3apsiaHi Omepaiii 3 MOJANbIINM PO3IMIUPEHHIM JaTbHOCTI
PYXY €NeKTPOTPaHCTIOPTY;

® iHIYKTHBHA 3apsjKa eJeKTPUYHUX TPAHCIIOPTHUX 3aCO0IB 32 BUCOKHX PIBHIB MOTYXHOCTI J1a€
3MOTY 3apsKaTH SIEKTPOMOO1ITI B pyci (IMHAMITHA 3apsaKa).

Opniero 3 mpobinem 0e3mpoTOBOI 3apsaku padime Oy BimHocHo Husbkmii KKJI mepemaui
enekrpoeneprii. Ilepmi Taki 3apsimHi cTaHmii Oynm 3maTHI mepegatd Mo TOBITpro Tinbku  60%
enexTpoeHeprii. OmHaK, Ha CHOTOIHI y BUPIMICHHI ITi€i MPoOIEMHU € CYTTEBI MMO3UTUBHI PE3YIIbTATH, TaK 3a
nanumu [6] Ha moyatok 2020 poky OyJio nocsarHyTo Haioubiie 3naveHns KKJ y 87,5%.

3anns migBuLIeHHs e()eKTUBHOCTI Mepenadi eHeprii B 0e34poTOBOMY MPHCTPOi BUKOPUCTOBYIOTb, SIK
MPaBUIIO, BUCOKY pobouy dactoTy (20 — 100 k') Ta pi3HI pe30HAaHCHI CXeMH B KOJax IepelaBajbHOI Ta
MpUHMaIbHOI KOTymKH [6]. Y momepemHix podoTax aBTOpIB AaHOI cTarTi [7, 8] Oynu HaBeACHI pe3yinbTaTH
TEOPEeTUYHUX Ta EKCIEPHUMEHTAIFHUX AOCTIDKEHb €(EeKTUBHOCTI mepeaadi eHeprii y 0e3apoToBOMY 3apsia-
HOMY IPHUCTPOI i3 MOCIIIOBHUM PE30HAHCOM y KOJaXx 000X KOTYHIOK. Byio mokaszaHo, mo 1s epeKkTHBHICTh
BU3HAYAETHCS] 3HAYCHHAM Oe3po3MipHOro mapamerpa kjp,Q (100yTOK Koe(illieHTy MarHiTHOro 3B’s3Ky Ta

JOOpOTHOCTI KOTYIIOK) Ta CHIiBBIAHOIIEGHHS AaKTHBHUX OIOPIB aKyMyJsSTOpHOI OaTapei Ta KOTYIIKH.
[TokazaHo TakoX, IO ICHY€ ONTHUMAaJbHE 3HAYEHHSM IBOTO CIIBBIJHOLICHHS, 32 SKOTO €(QEeKTUBHICTH
IPUCTPOI0 € MAKCUMAaNbHOK (32 yMOBH kj,Q =const). IIpu npoMy ii 3HaUe€HHS MOHOTOHHO 3pOCTA€ 13

pocTtom mapametpa ki, Q . Ilpuaomy, s gocsruenns KK/ 6inbme 80%, HeoOXiIHO MaTH CUCTEMY KOTYILIOK
i3 3HaueHHAM ko0 >10. B Toil ke uac ciii BU3HATH, IO B 3a3HAUYEHUX DPOOOTAX aHAJI3yeTbCs JIMILE

CIIpOIIEHa CXeMa MPUCTPOIO, KOJH BPAaXOBYIOTHCS TUTBKH PE3UCTHUBHI BTPATH B 000X KOTYIIKAaX Ta 32 YMOBH,
110 EKBiBaJICHTHI TApaMEeTPH aKyMYJIATOPa BIPOAOBK BCHOTO MPOLECY 3apsIXKaHHs HE 3MiHIOIOTHCSL.

[lixg yac BIpoOBamKeHHS MPUCTPOIB Ui OE3IPOTOBOI 3apsiiKM aKyMyJIATOPHOI OaTapei BaXJIMBO Ha
eTari IPOeKTYBaHHS OIIHIOBATH ¢(DEKTUBHICTh TaKOi CHCTEMH HE TITLKH B KOPOTKOYACHOMY PEXKHMI, aje i
IUISL BCHOTO TIPOIIeCy 3apsipKaHHs OaTapei, TpUBaNiCTh SKOTO MOXKE JOCITaTH JieKinbka roquH. [Ipu upomy B
npoueci 3apaKaHHs 3MIHIOIOTHCS IIapaMeTpy aKyMyJIsTopa (B MepIly Yepry, Hanpyra Ha HOoro Kiemax), 1o
HEOOXiTHO BpaxOBYBATH IIiJl Yac MOAETIOBaHHS mporieciB B iHBepTopi B3Il OTxe, mpu KOMIT IOTEPHOMY
MOJIEITIOBaHHI MPOIECy 3aps/PKaHHS akyMyJsiTopHOi Oarapei Bing B3Il HeoOXigHO BpaxoBYBAaTH OJHOYACHE
NPOTiKaHHS ABOX pi3HOMACIITaOHMX Yy Yaci Ta MOB’A3aHUX MiX COOOIO MPOIIECiB, a caMe KOPOTKOTPUBAIOTO
BHCOKOYAaCTOTHOTO TpOINECY B iHBEPTOPi 3apsAaHOTO HPHCTPOIO i3 XapakTepHuM dacomM 10° ¢ Ta
JIOBFOTPUBAJIOTO MPOIECY 3apsA/PKaHHS aKyMyJisATopa i3 XapaKTepHUM 4YacoM 10* c. [Ipamuii yncenbHU
PO3paxyHOK OZHOYACHO KX JABOX MPOIECiB NOTpedye 3HAUHMUX KOMIT IOTEPHHUX PECYPCiB.

BpaxoByroun BuIIecKa3aHe, Memolo podomu € po3poOKa parioHAIEHOI KOMIT IOTEPHOT MOJeNi A
PO3paxyHKy JOBIOTPUBAJIOrO IPOLECY 3apsAKaHHA aKyMyJISITOpHOI OaTtapei Bi 0€3ApOTOBOTO 3apsIHOTIO
IPUCTPOIO 13 BpaxyBaHHSM BHCOKOYACTOTHHX MPOIIECIB B HOrO 1HBEPTOPI Ta JOCIIIKEHHS e()EeKTUBHOCTI
EHEepTONepEeTBOPEHHST BIPOJOBXK BCHOIO MPOLECY 3apsyDKaHHS, BPAaxOBYIOUM NpPU LBOMY BTpaTH SIK B
aKyMyJISITOpi, TaK 1 B akTUBHUX eeMenTax b3I1.

3a3HauuMo, 110 3ai)is JOCATHEHHS Ii€l METH B POOOTI 3alpOIOHOBAHO Ta PEali30BaHO B MaKeTi
Matlab/Simulink HOBWI miaxim, 3rigHO 3 SKMM Ha MNEpIIOMY €Tali NpPU PO3PaxyHKY KOPOTKOTPHUBAIHX
BHCOKOYACTOTHHX TPOIIECIB B iHBEPTOpI 3HAXOAAThCsl MOAM]iKoBaHi ekBiBaneHTH Tepenina ta Hoptona mis
MPUCTPOIO 0E3MPOTOBOI 3apsIIKH 13 BpaXyBaHHAM BHYTPIITHIX BTPAT B IbOMY IIPUCTPOI, a HA IPYyroMy eTarri
PO3paxoBYETbCSl TOBrOTPHUBAIMK TPOLIEC 3apsyKaHHSA aKyMYJSTOpHOi Oarapei. 3a3HaueHHH PpO3paxyHOK
IPOBOAMTECS CIIOYATKY B PEXHMI JKepesa HOCTIHHOTO CTPyMY, BUKOPUCTOBYIOUH IIPH LOMY 1100y 1OBaHUH
ekBiBajeHT HopToHa, a MOTIM B peXuMi JDKepeina MOCTIHHOI HampyrH, BHKOPHUCTOBYIOUH ITOOYIOBaHUI
ekBiBasieHT TeBeHiHa. Takuil MiaXim gae 3MOTy BpaxyBaTH B3a€MOIIOB’s3aHi Ta pi3HOMAcIITaOHI y yaci
NpoLecH B iHBEPTOpI Ta B aKyMyJIATOpHIA OaTapei Ta HOCTHIOUTH €QEKTHUBHICTH 0e3IpOTOBOI mepenadi
€JIEKTPUYHOI eHeprii Bi CTalioOHapHOTO PKEpesa >KMBJICHHS 0 aKyMyJsSTOpa, PO3TAIIOBAaHOTO Ha OOpTYy
EIIEKTPOMOO1IIS.

1. Onuc cucremMu 0e31ApOTOBOI 3apsSIAKM JiTili-iOHHOT aKyMYJIATOPHOL 0aTapei ejeKTPoMoOiJis.
CTpyKTYypHY CXEeMy CTBOPEHOIO IOCTIIHOIO 3pa3Ka Oe3qpOTOBOrO 3apsOHOTO MPHCTPOIO, L0 BKIIOYAE
OCHOBHI Ta JOJIaTKOBI KOMITOHEHTH, ITOKa3aHo Ha puc. 1, a Ha puc. 2 — foro 3oBHIMHIN Bursa. Ha puc. 1
no3HaueHo: JIXK — cramioHapHe perynpoBaHe JKEpeNo OKHBICHHsS IOCTiHHOI Hampyru; I[H —
BHCOKOYACTOTHHI iHBepTOop; Tpl — BHUCOKOWACTOTHHI MOHWXKYIOUHi TpaHchopmaTtop; Tp2 — moBiTpsHui
TpaHchopMaTop, oaHa 3 0OMOTOK SKOTO PO3TAalllOBaHa Ha HEPYXOMiil OCHOBI, a pyra — Ha eJIeKTpoMooOiti; B
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— BucokodacToTHUH Bunpsamisay; Cl, C2 — KoHZEHcaTopH MOCHiZoBHOro pe3oHancy; C3 — ¢inbTpoBuit
KoHeHcaTop; Ab — akymymsTopHa 6arapest, 0 3apsIKaeThCS.

xepeno xuBleHHs mocTidHOi Hampyru JIXK ckmagaeTbcst 3 peryiabOBaHOTO BUOpsSMIAYA Ta
BUXiHOTO (inbTpa (KOHAEHCcaTopa), SKUH 3A1MCHIOE IJIaBHE PETYIFOBAHHS BUTIPSMIICHOI HAIPYTH B Jliala30Hi
0-320 B, mo momaeThcst Ha BUCOKOYACTOTHHH 1HBEPTOP.

Ilepenasamexa Ta
pHITMATE 2 KOTYII
(tpacdopuarcp Tp2)
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IaBeptop IH, 3i0panuii Ha Tpansucropax STW45N60DM2AG, 3a0e3neuye IIaBHE PEryNIOBaHHS
gactotn B Mexax 10-100 kl'm, makcumansauit ctpym — 20 A. Hominmampra wactora pobotu B3II, mo
JOCHipKyeThes aani, Buopana y 100 xI['. BucokouactoTHuii noHmwkyrounii tTpancgopmatop Tpl BHUKOHAHO
Ha ¢(eputoBomy ocepmi E85/44/27 TP4A 3 xoedimienrom Ttpanchopmanii 11:1. Tpanchopmarop Tp2
BHKOHAHO Y BUTJISAMI JBOX KOTYIIOK OJHAKOBOTO 30BHIMMHBOTO miameTrpy 400 MM i 3 OJHAKOBHM YHCIIOM
BUTKIB (I1’51Th). KOTYIIKM BUTOTOBIIEH] 3 IOJIOTO MiHOTO MPOBiAHKKA aiameTpoM 10 MM Ta i3 TpOBiTHHKA
TUILy JiTUeHIpaT. Pe30HaHCHUI KOHTYp CTBOPIOETHCA 3a AomnoMoroio konneHcaropis C1 ra C2 — MKP, 600
B, 0,21 — 0,5 mMx®.

Bunpsimisiu B BukoHaHO Ha BucokouyacToTHUX giogax VS-HF A16PB, 16 A, 600B, Ha Buxoi skoro

Puc. 3

BCTaHOBIIEHO QinbTpyrounii konneHcarop C3 SH NO PCBs 400B 380 pF.

Bumnpsimiena Hampyra mogaethcs Ha Oatapeto Ab 56 B. BenmmuwmHa crpymy B mporeci 3apsy
PETYIIOETHCS HAIIPYTOI0 Ha BXOJ1 iHBEpTOpA.

2. BucokouactorHa Simulink-Moxesib cucteMu 0e3IpOTOBOI 3apsiiKM aKyMYJISITOPHOI OaTtapei
iHAYKTHBHO-P€30HAHCHOIO TUIY. 3311 MOJAENIOBAHHS MPOLECY 3aps/KaHHSI aKyMyJSITOpHOI OaTtapei Ha
BiTHOCHO HEBENMKOMY MpoMixKy dacy (~10 ¢) Gy1o po3pobreso BucokouactoTHy Simulink-monens cucTemu
(puc. 3). CTpyKTypa MOIEIi BiAMOBiAA€ CTPYKTYpi CHCTEMHU Ha puc. 1. Momenb MICTUTH BiATIOBiTHI OJOKH:
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KepOBaHe JDKepesio MOCTIHHOI HAPYTH Ha BXOJIi IHBEPTOpa, MOJIENb iHBEpTOpa, MO0y I0BaHy Ha OCHOBI OJIOKY
«YHiBepcaIbHHUN MICT», TIOBITPSIHUE TpaHc(OpPMaTOp 13 MOCHIIOBHO 3’€THAHUMHU PE30HAHCHUMH €MHOCTSIMHU,
BUNPSIMIISIY Ta aKyMyJATOpHY Oartapero. Ha puc. 3 HaBeneHO KpiM Ha3BaHUX E€JIEMEHTIB CHIIOBOI YaCTHHHU
3aco0u 0OpOOKM BUMIPIOBaHMX CHUTHAJIB JJIs BU3HAYCHHS aKTHBHOI MOTYXHOCTI Ha Bxogi Ta Buxoxi B3I, a
TaKOX BTpaT B AaKTUBHHUX e€JeMeHTax Ili€i cucreMH. BTpatn B €MHICHMX pE30HAHCHUX eJIEMEeHTaxX
PO3paxoBYBAJIKCS 32 YMOBH, 1110 JOOPOTHICTH ITUX €JIEMEHTIB Ha po0ouiii yactoti (100 k') mopisatoe 200.

Sk HaBaHTa)XEHHST BUKOPHCTOBYETHCS MOJENb JiTiH-IOHHOTO akymyJisiTopa i3 0i0mioTekn Monenei

nmakety SimPowerSystems. Cxema 3aMillleHHS Takoro akyMyJisiTopa, IO TOKa3aHa Ha puc. 4, MiCTUTh

MOCITIZIOBHO 3’€JHAHI PE3WCTHBHIN eleMEHT

- . I KepoBaHe JUKEPENo HANPYTH. 3HaveHHA

e HAIpYTH Ha aKyMyJISITOPi pO3PaxoBY€EThCA B

pPeXUMI 3apsIDKaHHS Ta PO3PSMHKAHHSA 3a

EMITIPUYHUMH BUpPA3aMH B 3aJE€XKHOCTI Bij

P 3HAQUEHHSl EJIEKTPUYHOTO CTPyMy Ta e€JIeK-

TPUYIHOTO 3apsiay akymydssropa. st akymy-

) bat JsiTOpa, MO JIOCHIJKYETbCst B poOoOTi,

. 3a7aBanCsl HACTYNHI MapaMeTpHu: HOMi-

«7) HanmpHa Hampyra 50 B, emnicts 10 A-togm,

. napamerp SOC, 10 XapakTepusye CTaH

6) 3apsny (stage-of-charge), npuiimap 3HaueH-

Hi1 B giamazoni 20%+100%. B pobori

Puc. 4 JIOCITIDKYETHCS TIPOIIEC 3aps/DKaHHS aKyMy-

JSITOpa 1 TPU 1[LOMY BIiIOMO [9], 1110 Takwmii

MpOIIeC JIOUIIBHO MPOBOJHUTH HA TOYATKY 3apsIKH B PeXHUMi JDKepenaa CTpyMy, KOJH 3HAUYeHHs Iapamerpy

SOC 3pocrae Bix movyatkoBoro 3HaueHHs (mpuitMaeTbea SOC=20%) mo npubmuzHo 80%, a moTiM B pexuMi

Jokepena Hanpyru, ko 3HaueHHs SOC 3pocrtae 10 100%. Takum unHoM, B3I, 1m0 10CiiKyeThCs, TOBUHEH

NpAalfOBaTH BIAMOBIIHO Ha MOYATKy B PEXUMI JKepesa cTpyMy (pexkuM | B MOJanbIIoMy), a MOTIM B peKUMI
JoKepesia HalpyTH — PeXuM 2.

3. AJroput™M Ppo3paxyHKy pizHOMACIITAOHMX Yy dYaci mpoleciB 3apsKaHHI aKyMyJsTOPHOI
oartapei Bin B3Il. Ha mpakTuui mig yac mpoeKTyBaHHS CHUCTEMH 3aps/pkaHHA akymynsaropa Binm B3I1
HEOOX1THO OIiHIOBaTH €(DeKTHBHICTh €HEPrONEePEeTBOPEHHS BCHOTO MPOIECY 3apsiKaHHS, KU € BiITHOCHO
JOBrO-TpHBAINM, a dac 3apsupkadHs TpuBae ~10" c. Jlms 1poro HeoOXimHO pO3paxoByBaTH mBa
pizHOMAacITabHI MpPOIEcH, IO MPOTIKAITh OJHOYACHO, a caMe, BUCOKOYACTOTHHUH MpoIleC B iHBEPTOpI Ta
noBiTpsHOMY TpaHcdopMaTopi i3 xapaktepHuM uacom 107 ¢ Ta gOBroTpHBammil mpolec 3apsIKaHHS
aKyMyJsiTopHOi GaTapei i3 xapakrepHuM wacom 10* ¢. OmHouwacHHiT po3paxyHOK IMX IBOX IIPOIECIB
notpebye NpH YHCEILHOMY iHTETpyBaHHI BHGOPY 4acOBOro Kpoky mopsuky 107 c. Lle yHeMoxIMBIIOE
PO3paxyHOK BCHOTO MPOLIECY 3apsiIKaHHS.

B poborti 3amns BupimieHHS Iii€l 3amadi 3allpONOHOBAHO HOBHU IINXifd, 3TiHO 3 SKAM BHUCOKO-
YaCcTOTHA YacTHHA CHCTEMH Y pa3i 3apspKaHHS B PEXUMI JDKEpesia IMOCTIHHOTO CTPyMYy 3aMiHIOETHCS
€KBIBAJIGHTHOIO CXEMOIO 3aMillleHHsI i3 JUKEPEIOM CTPyMY, a B PEXKHMMIi 3apsIKaHHs BiJ JuKepena MOCTiiHHOT
HANPyTH — CXEMOI0 3aMillleHHs i3 jpkepenoM Hampyru. [lpm mpomMy B 000X IUX CXeMaxX MiCTHUTBCS
PE3UCTUBHUM €JIEMEHT, SIKHUH BiJIOBiTa€ CyMapHUM BTpaTaM B ycix akTUBHUX enemeHTax b3Il, i mi BTpatn
PO3paxoBYIOThCS 3a JIOTIOMOT0I0 BUCOKOYACTOTHOT MO/JIeNTi, HaBEICHO1 Ha puc. 3.

Bumeckazane MosICHIOETbCA Ha puC. 5. 3 PUCYHKY BUAHO, IO B PEXUMI 3apspKaHHs Bill JKepena
nocriiHoro crpymy B3Il MozemoeThCs MOCHIMOBHO 3’€THAHWMH JDKEPENIOM IOCTIHHOTO CTPyMy Ta
PE3UCTUBHUM €JIEMEHTOM, BTPaTH B SKOMY IOPIiBHIOIOTH CYMapHUM BTpaTaM B yCiX aKTHBHHUX €JIEMEHTax
B3II (puc. 5, a). Taky cxemy 3aMilieHHs] MO>KHa Ha3BaTH MO (]IKOBaHOIO €KBIBAIEHTHOIO cxeMoro HopToHa
Ha BiIMiHY BiJl KIIJaCHYHOI CXEMH, SIKa MICTHTh JDKEPeJOo CTPyMy i3 MapaieiabHO 3’€THAHUM PE3UCTUBHUM
eleMeHTOM. B 3ampormoHoBaHilf cXeMi Pe3UCTUBHHM €JIEMEHT ITiJl €THYETHCS TOCIIIOBHO 1 1€ JTa€ 3MOTY,
3HAIOUM MICIS PO3paxyHKy Ha mozeni puc. 3 cymapi BTpatu B B3Il ski mo3Hauumo sk Pj,g, BUSHAYUTH

e

Model
onfinuous

__@g . =

Intemszl Resistance

B (1

bat? "

a)

BEJIMYMHY PE3UCTOPA 3a CIPOLICHUM BUpa3oM Ry = B, /[ ]2\;
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Mommbikosanuii exBiBanent Hoprona it
MOJICITIOBAHHS NPOLIECY 3aps/UKAHHS B
pekuMi MOCTIHHOTO CTpYMy

R,=B, /I 54
N T Tloss” TN @ my
o I,=10A i
Jlxepeno be3nporosuit a)
XKHBJICHHS 3apsiHuit - - .
npucTpiit MonudikoBanuii exiBaneHT TeBeHiHa I

MOJIE/TFOBAHHS TIPOLIECY 3aPs/DKAHHS B
PEeXIMI TIOCTIHHOT HANIPyTH

my
E,=555B ‘ @

R,=E,/PR 0

loss

Puc. 5

VY 3aragbHOMY BHIIQAKY
3HaueHHs Ry 3alexuTh Bif
napameTpiB  aKkyMmyJjsTopa, SsKi
3MIHIOIOTBCSI B TIpoLleci 3apsi-
IDKaHHS (HaNpHUKJIad, B 3aliex-
HOCTI BiJl 3HAYEHHs NapaMmeTrpy
SOC), ane, Ak IMOKa3aal IPOBE-
JeHI pO3paxyHKH Ha BHCOKO-
YaCTOTHIM MOJEIl 3a pI3HUX
3Ha4eHb  [BOTO  MapaMmeTpy,
BEJIMUMHA CyMapHHUX BTpaT P

crabo 3anexuts Big SOC. 3Bincu
BenmynHa Ry Moxe posrisna-

THCS SIK KOHCTaHTA.

B pexumi 3apskaHHS
BiJ JpKepena MOCTIHHOI Hampyru
B3Il MomemoeThes TapalieIbHO
3’€IHAHUMU JHKEPEIIOM MOCTIHHOT
Hampyrd Ta pPE3UCTHUBHHUM  elle-
MEHTOM, BTPaTH B SIKOMY JODiB-
HIOIOTH CYMapHUM BTpPaTaM B yCiX

aktuBHHX eneMeHtax B3Il (puc. 5, 6). Taky cxeMy 3aMillleHHS MOXXHa Ha3BaTH MOIU(PIKOBAHOIO
EKBIBAJICHTHOIO CXeMOI TeBeHiHa Ha BiAMiHY BiJ KJacH4YHOi cxemHu TeBeHiHa, siIka MICTHTH JDKEpeNo
HaIllpyTH 13 TOCTIAOBHO 3’€IHAHUM PE3UCTUBHAM CJIEMCHTOM. B 3ampoItoHOBaHiM cXeMi pe3NCTHBHUI
€JIEMEHT i’ €HYETHCS MapajelibHO 0 JPKepesia HAPYTH 1 e Ja€ 3MOTy, 3HAIOYM IMICs PO3PaxyHKy Ha

mozeni 3 puc. 3 cymapui Brpatu B B3Il P, BUSHAauMTH BEIMYMHY PE3HCTOpA 33 CHOPOLICHHM BHPAa3’oM

2
Rrn=E7, /Ploss .

4. Komn’ioTepHe MoOAeJTIOBAaHHS A0BrorpuBasjgoro (0ijst 1-i rogunm) mpoiecy 3apsiaKaHHA
aKyMYJISITOPHOI 0aTapei B pe:kMMax MOCTiliHOTo cTpymy Ta moctiiiHoi Hanpyru. Po3po6nena Simulink-
MOJENb AJSl PO3PaxyHKy JOBIOTPUBAJIOTO IMPOLECY 3apsIKaHHA JITiH-10HHOI akyMyJnaTOpHOI Oatapei Bif
0€3/IpOTOBOTO 3apsTHOTO TMPHCTPOIO TOKa3aHa Ha puc. 6. 3a JONMOMOror0 1€l MOJENi pO3paxOBYETHCS TPOLIEC

Continuous

povergul

<Current (AP e A

3apsDKaHHS CIIOYATKy B
pexuMi JpKepena TOCTii-
Horo cTpyMy 10 A (pexum

e N

=i | >
+ ,
Divide1
]
Product!

I

Integratort

2

i =]
|
(]
@}

— A

of~]

Clock1 Fant

Puc. 6

o g veml

1), a moTiM, KOJK Hampyra
LI JIOCSITa€ TPAHWYHO JIOITy-

CTAMOTrO 3Ha4YeHHA 55,5 B,
3MHACHIOETBCS TIEPEXif] JI0
peKUMy  3apsIKH  Bif
JDKepena TIOCTIHHOT Harpy-
ru 55,5 B (pexum 2). Ipu
OpOMy B pexumi 1 s
MOJICITIOBaHHS TIPOLIECIB B
B3Il  BUKOPHCTOBYETHCS
HOro eKBIBAJICHTHA cXxema
3aMILIEHHS, 10 BIAIOBIIAE
Mo u(pikoBaHOMY — EKBiBa-
nenty Hoprona (puc. 5, a)
13 mapamerpamu: [y =10
A, cymapni Brpatu B B3I1

3a pe3yJIbTaTaMM PO3paxyHKy Ha Mozeni 3 puc. 3 P, = 67,4 BT, exBiBanentHuii onip Ry = P /1 ]2\/ =0,674

OM. B pexumi 2 mns moxemtoBaHHS mporieciB B B3Il BHKOPHCTOBYEThCS HOTO EKBIBAJICHTHA CXeMa
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Hanpyra, B

<Voltage [V]>

oPeskmm L.
PREPENOCTPYMY ..

Curent, 4

600

Toryxuicts, Bt

400

200

100

0
TTapamerp SOC, %

1
<SOC (%
—t

]
0

I i i
500 1000 1500

2000

Puc. 7

I
2500

1
3000

i
3600

Yac, ¢

400C

3aMillleHHs], [0 BiAMOBimae MoauikoBaHOMY
ekBiBasieHTYy TeBeHiHa (puc. 5, 6) i3 mnapa-
Mmetpamu: Epy, =55,5 B, cymapHi Brpatu B b3I1 B
IOMY PEXKUMI 3a pe3ybTaTaMU PO3PaxXyHKY Ha
Mmozeni 3 puc. 3 P, = 108,6 Bt, exBiBaneHTHUil

omip Ryp= E#, / Pygs =28,3 Om.

Ha puc. 7 HaBeieHO eNEKTPHYHI XapaKTep-
PHCTHKH BCHOTO MPOLIECY 3apsyKaHHA aKyMyJis-
TOpHOI Oarapei B JBOX TOCIIAOBHO peai30BaHUX
pexxuMmax, a came: Hampyra Ha Oarapei Up, (1),

eNIEKTpUYHUI cTpyM Oatapei 1j,,(¢), enexTpuuHa

MOTYXHICTb Ha KIIeMax aKyMyJIsITopa
Byut =Uparlpes Ta mapamerp SOC, sikuil 3MiHIO-
€TheCs Bl modatkoBoro 3HaueHHs 20% 1 10 TOBHOIL
sapaakn 100%. [3 HaBemeHMX XapaKTEepUCTHK
BUJIHO, 110 B pexuMi | akymymnstop e(exkTHBHO
3apsKaeThCsl 10 3HaueHHs mnapamerpy SOC =
80%. Ham BinOyBaeThCs Tepexif 0 3apsaaKd B
pexnMi 2, mo0 Hampyra HE IepeBHUIIyBaia
TpaHUYHO JomycTUMe 3HaueHHS. llpu w1pomy
MOJATBIINA 3apsi aKyMyJsITopa 3IIHCHIOETHCS 3a
BIJHOCHO HEBEJIUKOI MOTYKHOCTI, 1110

CIO)KUBA€EThCA. 3aralbHUM Yac 3apakaHHsA B IUX JBOX peknMax cknazaae 3600 c.
Sk eHepreTHYHI XapaKTEPUCTUKH, IO BU3HAYAIOTh €(hEKTUBHICTH TIepeaadi eleKTPUIHOIT eHepril Bif
CTaLlIOHAPHOTO JKEpena >KUBJICHHS O aKyMyJSTOpHOi Oartapei, B poOOTI pO3TISIIAETHCS MUTTEBE 77(f) Ta

iHTerpanbHe 3HadeHHS 77, (f) KK]I 3apsaaku. Ilpu npomy 7(t) =

EpatIpat
P

123%

, A€ B YHUCCIIBHUKY HAaBC€ICHO

HOTYKHICTB, 1[0 0e3MOCcCepeIHFO HAKOMIUIYEThCS B OaTapei (BiIpi3HAETHCS BiJl MOTY>KHOCTI Ha BX0oAi OaTtapei
Ha BEJIMYMHY BTpAT B aKyMYJIATOPI IpH HOTo 3apskaHHi). B 3HAMEHHUKY HaBEIEHO MOTY)KHICTH Ha BXOJI

Epoid o » BT

600

500

400

300

200

100

Pesxum 1
Jhxepero nocTiiHoro
cTpyMy

Pesxum 2

Jlxepeso noctiiHol

HAIpyry

16

iHBEepTOpA.
t
,[0 Ebat[batdt
—
Jo Bt

3HaueHHS Ii€l BENUYMHU B KIiHIII TPOLECY
3apsKaHHA  Oylle XapakTepu3yBaTH €Hepro-
e(eKTHBHICTH BCHOT'O I[LOTO MPOLIECY.
Pe3ynpTatn  po3paxyHKy 3a3HauCHHX
CHEepPreTHYHUX XapaKTepUCTUK HAaBEJEHO Ha
puc. 8. 3 PHCYHKY BHJHO, IO MaKCHUMallbHE
3HaueHHs wmurTeBoro KK nmms pexumy 1
cknagae 89%, a B pexuMi 2 BOHO 3MEHILY€ThCH.
Inrerpanbhe 3nadenns KK/ 3anexuts Bij yacy
3aKiHYECHHSl TIpolecy 3apamkaHHs. Tak, mpu
3aKiHYEHHI MpoLecy 3apsIkKaHHA B MOMEHT
gacy 2900c, xomm 3HadeHHT SOC=95%,
3HaueHHs iHTerpaipHOoro KKJI ckiamae 86%.
3a3HayMMoO, IO PO3PaxoBaHi 3a JOHNOMOIOIO
3aIPOIIOHOBAHOTO TAXOMYy €HEepPreTHYHI Xapak-
TEPUCTUKU JAI0Th 3MOTY BHOpATH palliOHANbHI
PEKUMH 3apsiKaHHS aKyMyJsaTopHOi Oatapei
Bix b3II Ha eTami MpoeKTyBaHHA Ii€] CHCTEMHU.

Nint (1) =
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BucHoBku. B po0oTi nuissxoM KOMI'IOTEPHOTO MOJENIOBAHHS JOCHTIPKEHO TIPOIEC 3apsKaHHSI
TTIH-IOHHOT aKyMyJnsTOpHOi Oarapei maisi eneKTpoMoOins Biag 0e3IpOTOBOrO 3apsgHOTO TMPHUCTPOIO
IHAYKTUBHO-pe30HaHCHOrO THmy. Iloka3aHo, 0 miJg Yac MOJIENIOBaHHS LBOTO MPOLECY HEOOXimHO
BpPaxOBYBAaTH OJIHOYACHE MPOTIKAHHS JBOX Pi3HOMACIITAOHHMX Yy Yaci Ta MOB’S3aHHUX MiXK COOOI0 TPOIIECiB:
BHCOKOYACTOTHOTO TIPOIECY B iHBEPTOPI 3apsIHOTO MPUCTPOIO i3 XapakTepHuM dacom 107 ¢ Ta moBro-
TPMBAJOrO IIPOLECY 3aps/KAHHA aKyMylsaTopa i3 Xapaktepuum uacom 10* c. Ilpsmuii umcenbHuii
PO3paxyHOK OAHOYACHO KX ABOX MPOIECiB NOTpedye 3HAUHUX KOMIT IOTEPHHUX PECYPCiB.

3ams BUpIMICHHS ITi€l Tpo0IeMH B poOOTI 3aIIpOITOHOBAHO Ta peajlizoBaHo B makeri Matlab/Simulink
KOMITIOTEpPHY MOJENb Ta AJITOPUTM PO3PaxyHKY, 3TiHO 3 SKUM Ha MEpIIOMY eTami IiJ Yac aHai3zy
BHUCOKOYACTOTHHX IMPOLIECIB B IHBEPTOPi 3HaX0AAThcsl MoaudikoBaHi ekBiBajeHTH TeBeHina Ta HopToHa mis
HPUCTPOIO 0e3apOTOBOI 3apsAIKH i3 BpaXyBaHHSIM CyMapHHX BHYTPIIIHIX BTpaT B I[bOMY IIPHUCTPOi, a Ha
JIPYrOMy €Talli pOo3paxoBY€ThCs JOBFOTPUBAIMI TPOIIEC 3aps/LKaHHS aKyMyJIATOpHOI Oarapei. 3a3HaueHUi
PO3paxyHOK MPOBOJMUTHCS CHOYATKY B PEXUMI JKepesa MOCTIHHOTO CTPyMY, BAKOPHCTOBYIOUH MPH LBOMY
noOynoBaHuii ekBiBaieHT HOpTOHA, a TOTIM — B peXHMi JpKepena MOCTIHHOI Halpyrd, BUKOPHCTOBYIOUYH
moOyoBaHMM eKBiBaJIeHT TeBeHiHAa. Takwii anropuTM Ja€ 3MOTY IPOBECTH BIMITOBITHI PO3PaxXyHKH Ta
JOCHITUTH 1HTErpalibHy e(eKTHUBHICTH Oe3pOTOBOI mMeperayl eJIeKTPUYHOi EHeprii BiJ cTalioHapHOTo
JDKepena )KHUBJICHHS 10 aKyMYJIATOpa, IO PO3TAIIOBaHUI Ha OOPTY €IeKTPOMOOIIIS.

3a pesyibTaTaMd MOJEIIOBAHHS OTPUMAHO 3apsiHI SHEPreTUYHI XapaKTEePHCTHKU aKyMyJSTOPHOI
Oarapei mij yac 1l 3apspKaHHSA BiJ 0€3IPOTOBOIO 3apsHOTO MPHUCTPOr: MUTTeBe 3HadeHHs KKJI 3apsaku
r7(t) Ta inTerpanbHe 3HaueHHA KKJI Bchoro mpouecy 3apsiiké 77, 100 BpPaxoOBY€ CyMapHi BTpaTé K B
3apsHOMY TIPHCTPOi, Tak i B aKyMyJisiTopHiii Oarapei. IlokazaHo, mo it po3poOJICHOTO TPHCTPOIO
MakcuMalbHe 3HadeHHs 77(t) nocsirae 89% , a BeNWYMHA IHTETPATIBHOTO 7); o A1 BCHOTO MPOLIECY 3apsiAKaHHs

Oarapei y pa3i 3poctanns napamerpa SOC Bix 20% m0 95% ctanoBuTh 86%.

Pobomy euxonano 3a  OepoicOrodscemnoro  memolo  «Pozeumok  meopii  pezynioeanns — napamempie
BUCOKOUACMOMHUX HANIGNPOGIOHUKOBUX NEPEemEopiosaiie ma eleKmpomexHiYHux cUcmem Keposanoi inmencugixayii
eHep2emuYHUX [ MexHoN02IuHUX npoyecie » (wugp «Pexcum-1»). Hepocasnui peecmpayitinuii Homep 0122U001494.
KIIKBK 6541230.
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COMPUTER SIMULATION AND RESEARCH OF ENERGY EFFICIENCY
OF PROCESSES OF CHARGING AN ELECTRIC CAR BATTERY FROM A WIRELESS CHARGER

A.F. Zharkin, O.D. Podoltsev, V.B. Pavlov
Institute of electrodynamics National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine, e-mail: mobil 99@ukr.net

In the paper, based on the method of computer simulation, the process of charging a lithium-ion battery for an electric car
from a wireless charger of the inductive-resonance type was investigated. It is shown that when modeling this process, it is
necessary to take into account the simultaneous flow of two processes of different scales in time and interconnected - a
short-term high-frequency process in the inverter of the charger with a characteristic time of 10-5 s and a long-term
process of charging the battery with a characteristic time of 104 s. Direct numerical calculation of these two processes
simultaneously requires significant computer resources. To solve this problem, a new approach is proposed and
implemented in the Matlab/Simulink package, according to which, at the first stage, when calculating high-frequency
processes in the inverter, there are modified Thevenin and Norton equivalents for a wireless charging device, taking into
account the total internal losses in this device, and at in the second stage, the long-term battery charging process is
calculated first in the mode of a constant current source, using the constructed Norton equivalent, and then in the mode of
a constant voltage source, using the constructed Thevenin equivalent. This approach makes it possible to take into account
interrelated and time-varying processes in the inverter and in the battery and to investigate the efficiency of wireless
transmission of electrical energy from a stationary power source to a battery located on board an electric vehicle.
According to the results of the calculations, it is shown that for the developed device, the integral efficiency of the entire
battery charging process when the battery parameter increases from 20% to 95% is 86%. References 9, figures 8.

Key words: wireless power transmission, time-varying processes, computer modeling, battery charging efficiency.
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[NEPETBOPEHHS ITAPAMETPIB EJIEKTPUUYHOI EHEPT I

YK 621.314 DOIL: https://doi.org/10.15407/techned2023.04.019

PO3PAXYHOK HEPETBOPIOBAYIB HNOCTIMHOI HATIPYTH
B PEXKUMAX IEPEPUBYACTOI IIPOBIJIHOCTI 3 BUKOPUCTAHHAM
METOJA YCEPEJHEHHS HA OCHOBI TEOPEM JIAI'PAHXXA

10.B. PyneHko, TOKT.TEXH.HAyK

InctutyT enekrponunamiku HAH Ykpainn,
np. [lepemoru, 56, Kuis, 03057, Ykpaina.
E-mail: rudenko@ied.org.ua

Posznanymo ocobnusocmi pospaxyHky nynvcayii 6uxioHoi Hanpyeu y nepemseoprosayax noCmiuHoi Hanpyau 8 pexcumax
nepepuguacmoi npogionocmi. Iloxkazano, wo 6UKOPUCMAHHA 3AKOHOMIDHOCMEll Npoyecie 3apaoy-po3paoy 8UXiOH020
KOHOeHcamopa O0aiomb MONMCIUGICIb  BUSHAYUMU Napamempu NHYIbcayii Hanpyeu HA HbOMY, 3ACHMOCO8YIOUU
MamemMamuyHy Mooeib Nepemeoplosayd 3 ycepeOHeHUMU 3a 00nomo20io meopem Jlazpanca sminnumu. 3aznayenuil
nioxio Cnpusie 3HAYHOMY CAPOWEHHIO PO3DAXYHKIE Ma 3MEHUeHHI0 IXHboi mpydomicmrocmi. Ompumano aHaiimuyHi i
epagiuni  3anexicHocmi  GenuuUHU RyAbCayii ma Koe@iyienma nyrvcayiil  GUXIOHOI HAnpy2u OCHOBHUX —CXeM
Nnepemeoposaie 6 pejicumMax nepepusuacmoi npogiOHOCMI — NOHUNCYBAILHO20, RIOBUUYBATLHO20 MA IHEEPMYIOU020
munis. Pospobneni ananimuuni 3anexcnocmi 0aroms 3mM02y eQekmuerHo po3paxosysamu napamempu nepemeoposais i
docnioxcysamu iXHi 61aCmMugocmi Ha emani NPOEKMYB8AHHs, BUKOPUCTNOBYIOUU OOCMYNHI Memoou MamemMamuiHo2o
ananizy. Jlocmosipricms ompumManux aHATIMUYHUX CNIBBIOHOWIEHb Ma pe3yabmamie po3pAxyHKI6 niOmeepodceHo 3a
00NOMO20I0 IMIMAYIIHO20 MOOENIOBAHHS Nepemaeopiosayie 3 sukopucmannam nakemy PSim. bion. 14, puc. 4, a6 3.
Kntouosi cnoea: nepeTBoproBadi NOCTIIHOT HAIIPYTH, METOJT YCEpEAHEHHS B IPOCTOPI CTaHiB, TeopeMu Jlarpamka.

3acTocyBaHHS CWJIOBHX HAIIBIPOBITHUKOBUX TIEPETBOPIOBAYIB MOCTIMHOI HAmpyrd B OCTaHHI
JIECATHPIYUS CHPUSIIO BITUYTHIN €BOJIOIIT HOCITHEHb B 00JIACTI €IEKTPOTEXHIKU. Bkl TOrO, TpaauiiliHi
CWJIOBI TIEPETBOPIOBAdYi MOCTIHOI HAmpyrd B 0aratb0X 3aCTOCYBAaHHSX 3aliMalOTh [TOMIHAHTHI MO3UIIi1
3aBJISIKH MOXKITUBOCTI BUKOPHCTAHHS TXHIX YHIKAJIBHUX XapaKTepUCTHK. [lepeTBopioBadi MOCTIHHOT HAPYTH
e(eKTHBHO BUKOPHUCTOBYIOTHCS SIK CUCTEMH >KUBJICHHS €JIEKTPOTEXHOJIOTIYHOTO 001aJHAHHS, BiIHOBIIIOBaHI
JDKepesa eHeprii, CHCTeMU HAKOIMYCHHS €HEPrii, CHCTEMH €JIEKTPOIIPUBO/IIB Ta B 1HIIUX Taly3sX.

OmauM 3 poOOYMX PEKHUMIB IEPETBOPIOBAYIB TIOCTIHHOI HANPYTH € PEXUM IEPEPUBIACTOI IPO-
Bigaocrti (I111), sikuii 3a3BHYail BUHUKAE B X TPUCTPOSX 32 HEBEIMKOTO HaBaHTaxkeHHs. [Ipore, B 6araTthox
BUIIAJIKaX BBAXKAETHCS NOLUIBHIIINM MpaloBaTy 3 nepersoproBaueM y pexumi [1I1 HaBiTh y pasi moBHOTO
HaBaHTAXEHHS, 00 YHUKHYTH ITPOOJIEMH 3BOPOTHOTO BiTHOBIICHHS Ji0/a i 9ac KoMmyTartii [1-5].

BaxxmuBuM 3aBIaHHSIM ITi]] Yac MPOSKTYBAaHHS EPETBOPIOBAYIB I BKa3aHUX Ta IHIINX 3aCTOCYBaHb
€ aHaJli3 Ta PO3paxyHOK €JEKTPOMArHiTHUX MPOILECIB Y HUX, IO A€ MOXIIMBICTh OOIPYHTOBaHOTO BUOODY
napaMeTpiB ixHiX enemeHTiB. Cepelnl HasBHUX YHCENbHUX METOIIB aHamizy [6-10] HailOimbIn MpOIyKTHB-
HUMH € aHATITUYHI METOJIU Yepe3 MOXJIMBICTh 3aCTOCYBAHHS MPOICIYyp MAaTeMaTHYHOTO aHai3y IiJ 4Jac
JOCHIDKEHHsSI Ta po3paxyHKy mporneciB. OnHUM 3 e(peKTHBHUX aHANITHYHHX METOMIB aHalli3y € MeTOo.
yCepeHEeHHsT B TPOCTOPI CTaHIB Ha OCHOBiI BHKOpHcTaHHS TeopeM Jlarpamxa [11-14]. Lleit meron, Ha
BiIMIHY BiJ IHINWX, Ja€ 3MOTYy BH3HA4YaTH HE TUIBKH CEPEIHI CKJIAIOBI Ta MPHUPOCTH 3MIHHUX CTaHIB
YCTaJICHOTO TPOIIECY B MEPETBOPIOBAYI, ajie i TPUBAJIOCTI IHTEpBaIIB ioro komyrairii. [lepeBaramu Takoro
METO/y TaKOX € 3HauHe 3MEHIICHHsS KUIBKOCTI Ta CIPOIICHHS OOYHMCIIOBAILHHUX IMPOLETYP, MOMKIUBICTD
pO3paxyHKy IIepETBOPIOBAYIB 3 MHOXHHHOIO KUTBbKiCcTIO cTaHiB — Multiple-State Converters [1], y sxmx
BUHHKAIOTh 0araToiHTepBaIbHI MPOIECH 3 OLIBIIOI0 HIX JIBA KUIBKICTIO iIHTEpBaJIiB KoMyTamii Ta iH. OxHUM
3 TaKkuX TNPHUKIAIIB IMEPETBOPIOBaUiB, Yy SIKUX BHHUKAIOTh OaraTOiHTEPBaJbHI MpPOLECH, € OAHOTAaKTHI
NEePETBOPIOBAYl MOHMKYBAJIBHOTO, MiABHIIYBAJIbHOIO Ta IHBEPTYIOUOIO THIIB, L0 IMPALIOIOTh B PEXKHUMI
MePEPUBYACTOI MPOBIAHOCTI. Y TAaKOMY pEXUMi MOPSA 3 JBOMAa iHTEpBallaMH KOMYTallii CHJIOBHX IIepe-
MUKAIOUMX €JIEMEHTIB iCHYy€ TpeTii iHTepBal — BiACIKaHHs, KOJH BCi IIEPEMUKAIOY] SIIEMEHTH € 3aKpUTHUMH,
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IO BiJMOBia€ OJHOYACHIM BICYTHOCTI MPOBITHOCTI IUX EJIEMEHTIB, a pexXuM pobOTH CcaMoro
NEepEeTBOPIOBaYa TAKUM YHHOM HaOyBa€e XapakTepy pe:KUMY IIepeprBUACTOT TPOBIAHOCTI.

B po6orti [14] po3pobiaeHo MaTeMaTHUHY MOJENb Ta aHAJTITUYHI BUPA3U AJsl PO3PaxXyHKY cepenHix
CKJIQIOBHX 1 NMPHUPOCTIB 3MIHHUX CTaHIB y Ha3BaHUX IepeTBoproBadax B pexxumi [1I1, a came — BennyuHU
pHUpOCTyY (ITyJIbCaIlii) CTPyMy Y HaKOITUIYBAIBHOMY JPOCEITi, CEPEAHHOT0 3HAUCHHSI HAPYTH Ha BUX1THOMY
KOHJICHCATOPl, a TaKoXX TPUBAIOCTI 1HTEpBaly BiACIKaHHS B Jniama3oHi komytanii. [Ipore, BemuumHa
nyJbcalii Hampyrd Ha BUXiTHOMY KOHJAEHCATOpi NMEpEeTBOPIOBAYiB HE BH3HAYEHA 4Yepe3 HEMOXIIUBICTbH
mpsSMOTO 3acTocyBaHHsA Metona [11, 13] mo po3paxyHKy Ii€i BeIWYWHHU, X04a MOTpeda B i pO3paxyHKy €
JOCTaTHBO aKTyallbHOM. Lle MoB’s3aH0 3 THUM, IO JaHWH METOJ| JIa€ 3MOTy 0e3MoCepeIHbO PO3PaXxOBYBATH
NPUPOCTHU Ta CEPEHi CKIanoBl PYHKIi 3MIHHUX CTaHiB 3 KyCOYHO-JIiHIHHUM XapakTepoM 3MiHeHHs. [IpoTe
(GYHKIIST HampyrHw BHXITHOTO KOHJEGHCATOpPAa y 3a3HAYCHUX IEPETBOPIOBAYaX Mae€ SICKPABO BHPAKCHUIT
napaboigHui XapakTep, MPUUOMY NTPHPOCTH i€l (yHKIII Ha iHTEpBaJlaXx B YCTAJICHOMY pEXHMI HE
BiJINIOBIIAIOTh BEJIMYMHI MYJbCAIlll — PI3HUII MK MaKCHMajJbHHM Ta MIiHIMaJIbHUM Ii 3HAYCHHIM, Ta €
3HAYHO MEHIIUMH 3a Nyjbcamiro. HeoOXimHO 3a3HAa4YWTH, MO0 ICHYIOUI METOAW PO3PaXyHKY ITyJbcarii
BHUXITHOI Hampyrw meperBopioBadiB y pexumi [II1 € mocTaTHRO TpOMI3AKMMH Ta HE MAlOTh IPOCTOTO
aHAJIITHYHOTO pO3B’s3aHHSA. TOMy MeTOW JaHoi pOOOTH € pOo3poOKa aHANITHYHHX CITiBBIJHOIICHD,
HalpaBJieHUX HA 3MEHIICHHS TPYJOMICTKOCTI pO3paxyHKIB MyJbcallii BHXiIHOI HAampyru NepeTBOPIOBAYiB
MOHIKYBAJILHOTO, TiIBHUIYBAILHOTO T4 iHBEPTYIOUOTO THITIB B PEXHMIi IMEPEpUBYACTOI MPOBIAHOCTI i3
3aCTOCYBaHHIM METO/Ia YCepEAHEHHs Ha OCHOBI TeopeM Jlarpanxa.

PosrisiHemo aHanmi3 mpoueciB B cXeMax OJHOTAaKTHHX MEepeTBOpIoBadviB (puc. 1), M0 MpauiomTh B
pPEeXMMI TIepepUBYACTOI MPOBITHOCTI — MEPETBOPIOBAUi MOHIKYBANBHOTO (puc. 1, @), MiIBHITYBaIbHOTO
(puc. 1, 6) Ta iHBepTyIO4YOTO THITIB (pHC. 1, 8).

L . F .
—— X iy —— [ In
T J_ﬁﬂﬂ U: | Ry
U, i Y Upx } =
C-l- €
a 0 ]
Puc. 1

Y mpormeci aHamizy MPHUIYCKAEMO, IO KOMYTAIlid IMEePEMHUKAIOYHX EJIEMEHTIB IEePETBOPIOBAYIB
BiZOyBa€ThCSI MHUTTEBO, iXHI aKTHBHI OTMOPH Y BiIKPHTOMY CTaHi Ta aKTUBHI OIMOpPU OOMOTOK JpPOCEINiB
JOPIBHIOIOTH HYIIIO.

YacoBi miarpamMul CTpyMy APOCEIS i, 3MIHHOI CKJIaJI0BOi HAIIPYTH HAa KOHICHCATOPI Uc Ta CTPYMY B
HBOMY ic Ha MPHKIAAi MOHIKYBaJbHOTO TepeTBoproBada B pexkuMi [II1 300paxeno Ha puc. 2, a. Sk
MOKa3aHO Ha pHC. 2, a, IePIOANYHHUI MpoIleC B MEpeTBOpIOBadi 3 mepiogoM komyTauii 7' BKiIo4ae B cebe
iHTepBaJ HaKONMW4YeHHs eHeprii 7y, ii Bigmaui 7, Ta iHTepBan BiacikanHs eHeprii 7,.. Ha pucyHky Takox
nmo3HadueHo: Al — mpupict ctpymy apocens Ha iHtepBanax; AUc,, AUcs, AUcs, — IPUPOCTH HANIPYTH HA
KOHJICHCATOpl Ha BiANOBIAHUX iHTepBanax; Uy — mynbcalis BUXiAHOI Hampyru (Hampyrd Ha BHXiTHOMY
KOH/ICHCATOPi).

JIi1st po3paxyHKy BEJIUYHHH ITyJIbCallil Ha BUXiTHOMY KOHICHCATOPi HEOOXITHO CKOPHUCTATHUCS PHC. 2,
0, 6. Ha HUX OibII AeTaNbHO 300pakeHO QOopMy CTPYMY ic, KM MPOTIKAE Yyepe3 BUXiTHUI KOHAECHCATOP Y
HNOHWKYBaJbHOMY (pHC. 2, 6), y TiABUIIYBAILHOMY Ta iHBEPTYIOUOMY MEPETBOPIOBaYax (puc. 2, 8).

OdYeBUAHO, IO TEH CTPYM SIBIISIE COOOIO PI3HUITIO MiX CTPYMOM, IO HAAXOIWUTh y BuXimHe R,C-
KOJIO NePEeTBOPIOBAYA, Ta MOCTIHUM (CepeHiM) CTPYMOM HAaBAaHTAKEHHS iy = lycp. JJIS TOHMKYBAJIBHOTO
nepeTBoproBaya cTpyM y BuxigHe R,C-kono € CcTpyMOM HakomWYyBaJbHOTO Jpocens iy, a s
T JBUIIYBAIEHOTO Ta iIHBEPTYIOYOTO — CTPYMOM JIi0Aa iyp 3 aMILTITYA0I0 Alj.

Jlist aHamizy MpoIeciB y KOHAEHCATOPI BHKOPHUCTAEMO BiOMi 3 TeOpii €IEKTPOTEXHIKM 3aKOHO-
MIpHOCTI, IO XapaKTepU3ylThb WOTO TPOLECH 3apsay-po3psay. XapakTep NepioOJUYHOTO 3MiHEHHS
BEJIMYMHU 3apsany KoHzaeHcartopa AQ depe3 3MIHEHHI HAllpyTd Ha HBOMY B MeXax po3Mmaxy mynscamii Upy
BU3HAYAETHCS BEJTMUMHOIO EMHOCTI KoHAeHcaTtopa C

C=40/U,. (1)

B cBoto uepry, BenuurHa cTpyMy 3apsay ic BH3HaYa€ MIBUAKICTh 3MiHEHHS 3apsay KOHAEHcATopa
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i.=dQ/dt .

2

I3 Bupaszy (2) BuTikae, mo cymapHHi 3apsa (po3psa) KoHueHcaropa abo iioro 3miHeHHS AQ B
yCTaJIeHOMY PEKUMI BU3HAYAETHCS IHTETPajIoM QYHKIIT CTpyMY ic B MeXax HOTo MO3UTHBHUX (HETaTUBHUX)
3Ha4YeHb 32 MPOMIXKOK dacy AT

AQ:j%m,
AT

3)

ne AT — TpuUBaJiCTh MPOMDKKY 4Yacy MiX TOUYKaMu t 1 t, (puc. 2, 6, 6). llpuuomy el BU3HAUCHHH Ha
npoMmixkky AT iHTerpan AOpiBHIOE Wion Qirypu, oOMexeHi QyHKUisMH f; 1 f, B MeXax Ha3BaHOTO
inTepBany. Ha puc. 2, 6, 6 moma ¢irypu S BuaiieHa CipuM KOJIIbOPOM.

TakuM YHHOM, 3 Yypaxy-

AL

iy

BaHHsAM (1) — (3) MoxHa mepeiTu
JI0O BU3HAUCHHS ITyJIbCAIlIl HATIPYTH
U Ha KOHIeHcaTopi (SK pi3HUII

MK MakCUMaJIbHUM Ta MiHIMAaJb-

HUM ii 3HaYCHHSM) B YCTaJCHOMY

AUcge

pexuMi
)

Aleg

Bven ™

Uz

Uy =u(ty) ~u(t) = [icdt . (4

t1

Te

Tee

ic

Heo0xinHO BpaxyBaTH,
1110, SIK BUIHO 3 pHC. 2, 6, 6, TUIOIIA
¢irypu S oIHO3HAYHO BH3HAYaA-
€TBCSI 3a JIOTIOMOTOI0 IapameTpiB
Alp, Ty, Ty, Uc. SIx moka3ye aHami3

MPOIIECiB, 1[I MapaMeTpu 3a 3aja-
Horo 7, MO)KHA pO3paxyBaTH 3a

Al

JOIIOMOI'OK0 METOoAa YCEPECIHCHHS

1y P

I

Ha OCHOBI Teopem Jlarpamxa.

Ts

OTpumaHHsS  OMX  [apameTpiB

Puc. 2

npuBeneHo y poboti [14] ans
MEPETBOPIOBAYiB, IO PO3IIIAa-
IOThCSL Yy JAaHifl CTarTi, B pexumi
[II1. ¥V Tabn. 1 HaBexeHO OTpHUMaHi
y nmaHid poOoTi dopMymH I

PO3paxyHKy BHIE3TrafaHux napamerpis y pexxkumi [1I1, ne BukopucTaHo HACTYIHI TO3HAYEHHS:

Tabmus 1 (P1:V1+89/K32_1> (P11:V1+2K32/p+17
Ionwxysaneuuit | IligBuityBansHuil | InBepTyrounii p=1 / T,t=1L / R,,K, =T, /T )
NepeTBOpIOBaY NepeTBOpIOBaY NepeTBOpIOBaY
Buxonmsun 3 puc. 2, 6, auA TOHUKY-
_ Pr THst THUex U,
Al = —— 5% Al AJ =1Zex BaJIbHOTO TIEPETBOPIOBaYA ILIOIIA, MO0 OOMeXeHa
2+9; L L L . .
byHKIiIMA  f; 1 f,, BU3HAYAETHCS HACTYITHUM
K .
U 2 U, U= Qu ¢ Up=—22.U, | ‘MHOM:
S 2 = (-1 Jo )
T T SnHZE(TH_Tl)A]L_IHcp +T2 AIL_IHCp ’(5)
T(;:(P i N T(f:(P]['_ TSZle
! 2 TH P [HCpTH (AIL_]HC]))
e Ty =——, T, = s
Al Al
1 ep = Ue / R, .

[MixcraBnsitoun 3HaUeHHS MapameTpiB 3 Tabu. 1y gopmyny (5), 3anuiieMo B 0OCTaTOYHOMY BHUIJISIII
BUpa3 U1 BU3HAYCHHS IUIOILI, 0OMEKeHO1 QYHKUIAMH f] 1 f>, KA BiANOBiZae BEIMYHHI 3apsay, OTPUMAHOTO
KOH/IGHCAaTOPOM Ha BKa3aHOMY iHTEpBaJi

S

— Uasz . ((pIK3 _Zp)2 .

NH

L
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Jami 3 ypaxyBaHHAM (6) 3anMmieMo BUpa3 /Ul BHU3HAYCHHS BEJIMYMHU ITyJbCallil HApPYrH Ha
BUXIJTHOMY KOHJEHCATOPI MOHWKYBaJILHOTO ITepeTBOpIoBaya B pexxumi [111

S — UﬁxTz . ((p1K3 _Zp)z

NnH (7)
C LC 4o,
Jns TMiIBUIYBAJBHOTO Ta I1HBEPTYIOUWOTO IEPETBOPIOBAdYiB BUpa3 il BU3HAUCHHS IUIOIII,
00MEKEeHOT PYHKIIEIO f, 3TIAHO 3 PUC. 2, 6 3aMUIIEMO B HACTYITHOMY BUTJISL

1

Snni:ET2(A[L_IHCp)' (8)

3 ypaxyBaHHsM (8) Ta BiIMOBITHUX BEJIMYMH IMapaMeTpiB 3 Ta0I. 1 3anmimemMo GhopMyITy s pO3paxyHKy
MyJIbCallii HAPYTH Ha BUXiJHOMY KOHJICHCATOPI IMTiIBUIIYBaIBHOTO TIepeTBoproBaya B pexxumi [111

2
UnT (Pﬂpj
v, =—=—|K, - . 9

Inn ZKjRHC[ 3 2 (PII ()

AHAJIOTIYHUM YUHOM 3aluIieMO BHUpa3 I PO3PaxyHKy MyJbcallii HAMpyrdn Ha BHXiTHOMY
KOHJIEHCATOPi iIHBEPTYIOUOTO MTepeTBoproBayda B pexkmmi [111

U, T°K
Upy == 1-—=| 2p. (10)
2LC \2p
Jiis po3paxyHKy MapaMeTpiB NEepeTBOPIOBAYIB MOPSAN 3 IHPOpPMAIE PO MyJbcallii BUXiITHOI
HaIllpyTH BaXIMBUM € BHU3HAYCHHS i1 KOCQIIIEHTY MyJbCallii sSK BiTHOIIECHHS BEIWYWHHU ITyJbCaIlii 10
CepeIHLOT0 3HAUCHHS HANPYTH

Uﬂnn =

K,=U,/U..

BuxopucroBytoun maHe Bu3HadeHHs, oTpumadi Bupaszu (7), (9), (10) Ta dopMymm CTOCOBHO
CepeqHbOro 3HaueHHs Hanpyru Uc, mojaHi y TaOi. 1, 3anmiieMo CHIBBITHOIICHHS i KoedilieHTa
nyJbcaliil mepeTBoproBauiB y pexumi I111:

— JUTS IOHWKYBAJILHOTO MTEPETBOPIOBAYA

T (e,K,-2p)(2+9,) .

K, = ; 11
IInu 8LC(P1 ( )
— JJIs1 Hi,ZlBHIIIYBaJIBHOFO IEpETBOproBaya
2
— T(ZKg _(Pup) . (12)
Ilnn — 2 >
2K2R.C
— JIA iHBCpTYIO‘IOFO EpETBOprOBavYa
2
2
ey e | (13)

KHm' _E' \/%

B y3aranpHIOI0YOMY BUTJISIAI OTPHMaHi aHATITUYHI CHIBBiIHOLIEHHS CTOCOBHO MyJbCallii BUXiJHOT
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TakyuM YHHOM, B pE3yJNbTaTi NPOBEJACHUX IOCTIIKEHb OTPHUMAaHO TMPOCTI AaHAJTITHYHI CITiB-
BIZJHOILIEHHS I PO3paxyHKy MyJbcalili BUXiAHOI HAampyrn OCHOBHHX CXEM IEpPETBOPIOBAYIB MOCTIHHOI
HaIlpyTH, 10 IPAMIOIOTh B PEXKHUMI IepepuBYacTOi MPOBigHOCTI. Po3po0Ii maHuX BHpa3iB CIPHIE METON
yCepelHeHHsI HAa OCHOBi TeopeM JlarpaHxka, 3a JOIOMOTOIO SIKOTO PO3PaxOBYIOTHCS OCHOBHI IapaMeTpu
nepeTBOpIoBaya, HEOOXiAHI AJIsl BU3HAYEHHS IMyJIbcalildl BUXIAHOT HANPyTH: CepedHi CKIaloBi Ta MPHUPOCTH
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(hyHKIi#l 3MIHHUX CTaHIB 1 TPUBAJIOCTI iHTEpBaNiB KOMYTallii B ycTasieHoMy pexknMi. Came BUKOPHCTaHHS
MaTeMaTHYHOI MOJIENI MEepEeTBOPIOBaYa 3 yCepeJHEHUMH 3a JOTIOMOToI0 TeopeM JlarpaHka 3MiHHUMH JaIlo
3MOTYy 3aCTOCYBaTH CIIBBiIHOLICHHS CTOCOBHO MpOIECIB 3apsay-po3psay BUXiTHOTO KOHIEHcaTopa Ais
BU3HAYEHHS IMyJIbCallii HANPYTH Ha HbOMY.

OTpuMaHi BHUIIE BUpPa3H JaJIM MOKIIHUBICTh PO3paxyBaTH rpadidHi 3a1eKHOCTI BEIHMYNHA ITyJIbCAIlii
BUXIJTHOT HamNpyTH MepeTBOPIOBaviB Ta KoedilieHTa mynbcarii B pexxumi [1I1 y niamazoni xomytarii. J{is
pO3paxyHKy HeoOXiTHO BpaxyBaTu IpaHuli o0xacTi po6oTH meperBoproBaya B pexumi [1I1. Po3paxosani B
po6oTi [14] rpanmmi obmactel mepepuBYacTOi Ta Oe3mepepBHOI MPOBIMHOCTI MOKa3aHO HA puC. 3, a I
NOHWKYyBaJbHOTO (KpuBa /), migBuiryBajdbHOro (2) Ta iHTepryrodoro (3) meperBoproBauiB. OOmacTb
napameTpiB p, LIO 3HAXOMAThCA HIDKYE BKazaHUX TpadikiB, BiAMOBiZae pexumam IepepuBYacTOl
MPOBITHOCTI TepeTBOproBayiB. Po3risiHemMo TpadidyHi 3aleXHOCTI Mmynibcalii BHXIIHOT Hampyru
nepeTBoproBadiB 3a 3Ha4ueHHs p = 0.04 B miama3zoHi koMyTarlii y pa3i 3minenHs K,. 3a BkazaHoro 3Ha4eHHS p
BCi TpW THIIM NEPETBOPIOBaYiB NpalroroTh B pexkumi 1111 y miamazoni 0.1<K,<0.65. fx npukian po3riasHeMo
rpadivHi 3aJIeKHOCTI 3 HACTYITHUMHU TapaMeTpaMH, OJHAKOBUMH JUIS BCIX TPHOX THUIIIB IEPETBOPIOBAYIB:
Ux=300 B, L=1 mI'H, C=10 Mx®, R,=500 Om, T=50 mxc. Ha puc. 3, 6 300pakeHo rpadiku BEIHIUHU
nyJbcallii BUXiHOT HANPYTH, a Ha puc. 3, ¢ — rpadiku BeTMYUHH KoedillieHTa mybcallil BUXiIHOI HAPYTH.
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Sk BHITHO 3 aHAJNITUYHUX Ta rpadiyHuX 3aeKHOCTEH, Hai0inblIe aOCOMOTHE 3HAYCHHS BETHYMHN
nyJbcalii 3a BKa3aHUX MapaMeTpiB HAIEKHThH IiABHIIYBaJIbHOMY IEpETBOPIOBady, HaliMEHILIE 3HAUYEHHS
nyJbcanii — MOHW)KYBaJIbHOMY IEPETBOPIOBAUY, SIKE 3MIHIOEThCS HE3HAYHOI0 MIpOI0 B MEKax [iarna3oHy
komyTallii. BenmuunHa koedilieHTa Mysbcallii BUXiJHOT HAMPYTH B Jiana30Hi KOMYTallii 3aJIeKUTh JIUIIC BiJ
criiBBinHOmenb mocTilinux wacy L/(R,T), L/R,, 1/R,C. Koebiumient myibcanii Buxiaxoi Hampyru e
HallBUIIMM B I1HBEPTYIOYOTO II€PETBOpIOBAda. bulbIl TOro, #oro 3Ha4eHHs € HE3MIHHUM B Jiana3oHi
KOMyTaIii 3a 3aJJaHuX IapamMeTpax.

JIOCTOBIpHICTh OTPUMaHUX Y Wil poOOTI aHANITHYHHUX CIiBBIJHOIIEHb Ta PE3YyJbTATIB PO3PaXyHKIB
HiITBEPUKEHO 3a JOMOMOTOI0 IMITAIlifHOrO MOJETIOBAHHS MPOLECIB y MNEPETBOPIOBaYaX B YKa3aHMX
pexuMax 3 BHKOpHUCTaHHsAM makery PSim. Ha puc. 4 mpoimrocTpoBaHO pe3ynbTaTh OAHIET 13 cepii
MOJIEITIOBAHHS JUIsl BKa3aHUX BUILE TTApaMEeTPiB y pa3i TPUBAIOCTI iHTepBaly HaKomu4eHHs eneprii 7, = 12,5
MKC MEepEeTBOPIOBAYiB MOHMKYBaJIBHOT0, MiABUIYBAILHOTO Ta IHBEPTYIOYOT0 TUIIIB BiIMOBITHO.
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Pesynpratn po3paxyHKy XapakTepHCTHK IEpeTBOPIOBAYIB 3TiHO OTPUMAaHUX AaHANITHYHHX
CHIBBITHOIIICHb Ta BU3HAYCHI B PE3yJIbTATI MOJCIIOBAHHS XapaKTEPUCTUKU HaBeACHO y Tab. 3. PesynbraTu
3TiIHO AHATMITHYHHX PO3PaxyHKIB po3TamoBaHi y croBmumi AP, 3rigHo iMiTaliifHOrO MOZETIOBaHHSA — y
croBmui IM. BoHH imIOCTPYIOTH JAOCTaTHBO BENWKY 301XKHICTH PO3PaxyHKIiB 10 OTPUMAHHUX aHAIITHUIHUX
dhopmynax 3 iMITAIliHHAM MOJEITIOBAHHSM IIPOIECIB B MEPETBOPIOBAYAX, IO CBIMYUTH PO aIeKBATHICTH
PO3pOOIIEHOTO MiIX0Y IO PO3PaXyHKIB.

Taoauus 3 BucHoBku.
[onmxysanpauit | [ligBumryBamsHI IuBepTyrounit B pesybTarti MIPOBEACHUX
MIEPETBOPIOBAY 1 IepeTBOprOBaY MEPETBOPIOBAY JOCIIKEHb OOIPYHTOBAHO MiAXim 0
AP M AP IM AP IM

PO3paxyHKy IyJbcaliidl BUXigHOI Hampy-

Al, A 1,59 1,58 3,75 3,7 3,75 3,72

TH TIePETBOPIOBAYIB IOCTIHHOI HAIIPYyTH

T,Mxc | 9,21 9,24 24,25 24,2 14,15 14,11 . . .
B peXHMMax MepepuBYaCTOi MPOBIIHOCTI,

Uo, B | 17271 | 172,76 | 456,6 | 456,5 | 265,02 | 265,1

Un B 1.06 1.05 2.6 2.65 1.96 1.9 SIKAW CIIPOIIYE PO3PaXyHOK MEPETBOPIO-

Bayda 3aBJAAKH BHKJIIOYCHHIO I’pOMiBI{KI/IX

K% | 061 | 0608 | 057 | 058 | 0,74 0,72

obuncIoBabHUX — mporenyp. Jamwmit
miaxig 0a3yeThCsl HA BUKOPUCTAHHI 3aKOHOMIPHOCTEH MPOIIECIB 3apsiiy-po3psay BHXITHOIO KOHICHCATOpa
Ta JJa€ 3MOTY a/IEKBaTHO BH3HAYATH MapaMeTpH ITyJbcallii Halpyrd Ha HbOMY, 3aCTOCOBYIOUH MaTeMaTHYHY
MOJENh TIepeTBOPIOBaYa 3 YCEPETHEHUMH 3a JOMOMOToI0 Teopem Jlarpamka sminHUMH. OTpuMasi
aHaNMTHYHI (QOPMYIIM JO3BOJSIOTH JOCHI/DKYBAaTH SIK XapaKTEPHCTHKH IIEPETBOPIOBAYiB, Tak 1 ixHi
BJIACTUBOCTI Ha €Tari NPOCKTYBaHHS, 3aCTOCOBYIOYH B TOMY YHMCIIi METOJIM MaTeMaTHYHOIrO aHami3y. Jlanui
miaxig Moxke OyTH y3arajJbHEHHWH TakKOX I PO3paxyHKY ITyJbCallii Ha eJeMeHTaX IHIINX THIIB
MIEPETBOPIOBAYIB 3 MHOKUHHOIO KUIBKICTIO CTaHIB.

Pobomy suxonano 3a depawcorodscemnoro memoro "Pozeumox meopii ma Haykose 0OIPYHMYEAHHS NPUHYUNIE
n06y006U NOMYACHUX IMAYIbCHUX HANIENPOGIOHUKOBUX NEePemeoprO8ayie 3 HeNIHIHUM OUHAMIYHUM HABAHMANCEHHSIM
mooynvnoi cmpykmypu"” ([ocepeno-3), oeparcasnuii peeccmpayiinutl Homep pooomu 0119U001289. KITIKBK 6541030.
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CALCULATION OF DC CONVERTERS IN DISCONTINUOUS CONDUCTION MODE
USING THE AVERAGING METHOD BASED ON LAGRANGE THEOREM
Yu.V. Rudenko

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

The features of calculation of output voltage ripple in dc converters with discontinuous conduction modes are
considered. It is shown that the use of behaviors of charge-discharge processes of the output capacitor makes it
possible to determine the parameters of voltage pulsation on it, using a mathematical model of the converter with
variables averaged using Lagrange's theorems. The specified approach contributes to the significant simplification of
calculations and reduction of their labor intensity. Analytical and graphical dependences of the ripple value and the
ripple coefficient of output voltage of main circuits of the converters in the mode of discontinuous conduction - buck,
boost and buck-boost types - were obtained. The developed analytical dependencies make it possible to effectively
calculate the parameters of the converters and investigate their properties at the stage of their design, using available
methods of mathematical analysis. The reliability of the obtained analytical ratios and calculation results was
confirmed by simulation of converters using the PSim package. References 14, figures 4, tables 3.

Keywords: dc converters, method of averaging in state space, Lagrange theorems.
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EJEKTPOMATI'HITHI IIPOLHECHU Y TPUD®AZHOMY MOCTOBOMY
KOMIIEHCAIIMHOMY IEPETBOPIOBAUI

B.C. Boiiko’, 10kT. TexH. Hayk, O.B. Ilkapayn

Hanionansuuii Texniuynmii ynisepcurer Ykpainu «KIII im. Iropst Cikopcbkoroy,
np. Ilepemornu, 37, Kuis, 03056, Ykpaina.
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Hocridocyromocs  enekmpomacHimui  npoyecu y 080X 6apiaHmax mpughazHoco MOCHOB020 Nepemeoprsayd 3
NOKPAUeHUMU eHepeemUYHUMU XAPAKMEPUCMUKAMU, OOUH 3 AKUX MICIUmMb 0OHY KOMYMYIOUY AAHKY, 4 THWUU — O8I.
Komymyroua nanxa cknadaemocs 3 mpugasnoi kondencamopnoi bamapei ma mpugasnoi epynu noGHicmio KeposaHux
npunadie. Taxe mexuiune piwienHs Oae 3mo2y 3abesnedumu nepe3apsod KOHOEHCAMOPI6 KOMYmMYHUYoi JaHKU ma
Kepy8aHHs eHepeemudHUM npoyecom nepemeoprogaid. OCHOBHUM 3MICIMOM OOCTIONCEHHS € AHANI3 e1eKMPOMASHIMHUX
npoyecie y wacmumni ocoonusocmelt KOMymayitiHux npoyecie ma 008eO0eHHs eHeP2eMmUYHUX MOICIUBOCMEN BAPIAHMIE
peanizayii nepemesopiosaia. Q0csie HAYKOBUX 00CTIONCEHb, HEOOXIOHUX OISl Yb02O, NOOLIEHO HA MPU BAPIAHMU, KONCEH
3 AKUX 8pPAXOBYE OCODIUBOCMI NPOYECi8, NOG SI3AHUX 3 PIZHUMU DeNCUMAMU poOOmU Nepemeoprosavis, 3a piznoi
yacmomu iIMNYIbCI8 Kepy8aHHs MPAH3UCIOPAMU KOMYMYIOUOI JAHKU MaA 3CY8Y MOMEHMY 6KII0UEHHS MPAH3UCHOPIE
BIOHOCHO [HmMep8ary poOOMuU CUNOBUX eNeKMPUUHUX GeHMUNIE. B  pezynbmami 3anpononosano y3azanbHeHy
MaAMeMamuyny Mo0enb, AKA ORUCYE DIHOMAHIMMA eNeKMPOMASHIMHUX NPOYecie y Nepemeopiosauax, 0ae 3Mozcy
pospaxysamu Kymu KOMymayii ma pecynto8anHts, sKi € OCHOBHUMU XAPAKMEPUCMUKY eHepeemuyHo20 npoyecy ma
00800umsb, WO poO3pobNeHi eapiaumu nepemeopr8aid € KOMHEHCAYIUHUMY, mMoOmo 30amHuUMU He Jule
KOMReHCy8amu G1ACHY PeaKkmugHy eHepeito, a U, y paszi HeoOXiOHOCMI, 2eHepy8amu peaKmueHy eHepeilo y mepeicy.
bi6n. 12, puc. 2, Tabm. 1.

Kntrouosi cnoea: xonneHcaropHa 6aTapesi, KOMyTaTop, KOMyTyl04a Hapyra, elNeKTPHIHIA BEHTHIIb.

Beryn. KomyTanist cTpyMy CHJIOBUMH €EKTPHYHUMH BEHTHIISIMH KOMIICHCALIHHOTO MEpEeTBOPIOBaYa
Mae CBOIO 0coONuBicTh. BoHa nomsrae y Tomy, o KOMyTaLHHUM Mpoec 3AiHCHIOETHCS HE JIMILE 32 PaXyHOK
enekrpopymitanx cwin  (EPC) BTOpmHHEMX OOMOTOK ITepPETBOPIOBAIBHOTO TpaHchopMaTopa. IHIIIOIO
CKJIAJIOBOIO IIFOTO MPOIIECY € KOMYTYyI0Ua Harpyra, TOOTO HAMpyTa, SIKa CTBOPIOETHCS B PE3YJIBTATI Mepe3apsiay
KOHJICHCATOPiB KOMYTYIOUOI JIAHKH CKJIAJIOBUMH CTPYMY HaBaHTa)KCHHS Ta KoMyTauii. 3 i€l IpUurHN JesiKi
JOCTITHAKY TaKy KOMYTAIlil0 HAa3WBAIOTh INTYYHOIO. ABTOPHM BBAKAIOTh IICH TEpPMiH HE 30BCIM BIAJIFIM.
KomyraniiiHuii mporec y KOMIEHCAIIHHOMY MEPETBOPIOBAYl TaKOXK € MPUPOAHUM, aie OUIbII CKIAJHUM Ta
BapiaTUBHUM. BiH 3ameXuTh BiI CXeMH KOMIICHCAIIHHOTO MEpPEeTBOPIOBAaYa, KOHCTPYKTUBHOTO BHKOHAHHS
KOMYTYIOUOI JIAHKH, CIIOCOOY MiJKIIOYEHHS ii A0 CHJIOBHX €JIEKTPUYHHMX BEHTWIIB Ta AITOPUTMY KEpyBaHHSI
octaHHiMU. 1Ipy 1bOMy y IESIKMX BUNAAKAX IEPETBOPIOBAY 31aTHUII JIMIIE KOMIICHCYBAaTH BJIACHY PEaKTHUBHY
EHEPTito, 1 TOJIi BiH € MIBHU/IIIE HE KOMIICHCAI[IHUM, a KOMIIEHCOBaHUM. KOMIIeH CaIliiHUM JIOIUTAHO BBaXKaTH
TaKH{ ePEeTBOPIOBAY €JIEKTPUYHOI €HEPTii, IKUi 31aTHUI HE JUIIe KOMIIEHCYBAaTH BIACHY PEaKTUBHY €HEpPIito
a ¥, y pa3i HeoOXiTHOCTI, TeHEPYBATH PEaKTUBHY CHEPTII0 Y MEPEKY.

YV po0oTi DOCTIIKYIOThCS ABa BapiaHTH TpU(a3HOI0 MOCTOBOTO KOMITEHCAIIIMHOTO MEePETBOPIOBaYa
[1]. Ooun 3 HuX (puc. 1) Mae omHy KOMYTYIOUy JNaHKy, a iHmmid (puc. 2) — aBi. KomyTyroua manka
CKJIafaeThes 3 TpruaszHoi KOHAEHCATOPHOI OaTapei Ta Tpruda3HOi IPYIH MOBHICTIO KEPOBAHUX NPUIIALIIB.

3ayBaxxnMMoO, M0 PO3po0OKa Ta JOCHI[KCHHS HOBHMX CXEM 3 BHCOKUMH CHEPreTHUYHUMHU
XapaKTepUCTUKAMH BEAETHCS AK y JalekoMy [2, 3], Tak 1y 6im3bkomy 3apyOixoki [4, 5].

B VYkpaini po3poOka nepeTBOPIOBadiB €JIEKTPUYHOI €Heprii 3 MiABUIICHUMH €HEepreTHYHHUMHU
XapaKTePUCTUKaMH, SIKI OTpUMAaJad Ha3By KOMIIEHCAIIMHUX, NMPUXOJUTHCS HA APYTY IOJIOBHHY MUHYJIOTO
cropivus. Ha Tol 4ac HalOinbII BiJOMOIO OpraHi3amielo 3 po3poOKH Ta MPOMECIOBOTO BIPOBAKEHHS
KOMIICHCAIlIHHUX TepeTBOproBadiB OyB KuiBChbkHii MONITEXHIYHUHA 1HCTUTYT. PoOoTH OdYOMIOBaB BigoMuit
BueHui Ynxenko .M.

IMepmri koMMeHcalliiHI MEPEeTBOPIOBaYl Malld KOMYTYIOWY JIaHKy, sKa ckiajnanacs 3 TpugasHoi
KOHJIEHCATOpHOI OaTtapei Ta TpuGa3HOTro 3piBHOBaXKYBaJIBHOTO peakTopa. OcTaHHii OyB BapTiCHUM eJeMeH-
TOM MEpeTBOpIOBaya Ta MICIEM IOAATKOBHX BTpAaT €JIEKTPUYHOI eHeprii. Pe3ynpraToM momryky ymocko-
HaJCHHSI CXEMH KOMITCHCAIlIMHUX TIePETBOPIOBAYIB Ta IMABHUINCHHS iXHIX €HEPTeTHYHUX XapaKTEPHCTHK
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cTanma ifes 3aMiHM TpU(a3HOTO 3PiBHOBAXYBaJbHOTO PEaKTOpa TPYIOI 3 TPHOX THPUCTOPIB. BuHaxin
3axuuieHuit aBTopcbkuM cBigouTBoM CPCP Ne 1175338 «KommeHcaniliHuid BUNPsIMISY (HOro BapianTH)» 3
npioputeroM Big 07 Oepesnst 1984 poky. ABropamu BuHaxony Oynum YUmxenko [.M. 3 xojeramu, oqHHM 3
SKHX € 1 CIIIBAaBTOP JaHO] Iy OITiKaii.
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Ha croromHi po3poOKy ¥ IpYHTOBHI JOCIHIIPKEHHS MEPETBOPIOBAYiB 3 BUCOKHMH C€HEPTreTHYHUMHU
XapaKTEPUCTHKAMH BEAYTh TaKOX HayKoBIi IHcTHTyTY enektpomuHamikn HAH VYkpaiam Tta iHmI
CICIHAIICTH y Taly3i eHepreTUUHOI eJIeKTPOoHikK. Tak y myOsikaiii [6] HaBEACHO Pe3yJIbTaTH MOCIIKEHHS
€JIEKTPOMATHITHUX TPOIIECIB Y CXeMi MOCTOBOTO IEPETBOPIOBAYA 3 ABOMa KOMYTYIOUHMH JIAHKAMHU, JIe SIK
KOMYTaTOp BUKOPUCTOBYETHLCS TpHQazHa TpyIia THPUCTOPIB. Y pe3yIbTaTi MPOBEICHOTO OCTIIKEHHS aBTOP
JIMIIOB BUCHOBKY, IO XapaKTEPUCTHKK BUIPSAMIISTYA OJNM3BKI 10 aHAJOTIYHHUX 3aJIeKHOCTEH, SIKi He0OX1HO
peamizyBaTd B aBTOHOMHHX €JICKTPOCHEPIeTUYHHX YCTAHOBKAaX 3a CXEMOK: MPUBOJHUA JBUTYH —
ACMHXPOHHHUI TeHepaTop — HaBaHTKEHHS TeHepaTopa Uil MIATPUMKH Ha BUXOJI T€HepaTropa CTalilnbHOI
HaIllpyTH, IO IOPiBHIOE HOMiHaNBHIW. Llg oOcTaBMHA BiAKpPUBa€ XOPOII TEPCIEKTHBU BUKOPHUCTAHHSI
PO3TJIITHYTOTO  KOMITCHCAI[IHHOTO BUNpPSMIISYAa B CHUCTeMi 30Y/DKCHHS aCHHXPOHHOTO TeHepaTopa
aBTOHOMHOTO JDKepelia TOCTiHOi Hampyrw. Taka cucteMa KpiM BHUIPSIMIISTYa MICTUTh TakoX Oarapero
KOHJICHCATOPiB TIOYaTKOBOTO 30yIDKeHHS, sika 3a U=U,, TeHepye TOCTIiiHy peakTHUBHY IOTYXHICTh,
BEJINYMHA SIKOi BU3HAYAETHCS EMHICTIO IIMX KOHACHCATOPIB.

[H1Ie 3acTOCYBaHHS KOMIICHCAIIHOTO IMEPETBOPIOBAYA 33 ISl TOKPAIICHHS YMOB 3aITyCKY MOTYXHHUX
ACHHXPOHHUX IBUTYHIB Ta MiIBUIICHHSI CHEPTCTHYHOI ¢(PEKTUBHOCTI POOOTH TEXHOJOTIYHUX CITOKHBAUiB
HaBezieHe y [7-9]. JocnimkeHHsIMHU aBTOPIB TOBEICHO, 1110 3aCTOCYBaHHS YIOCKOHAJICHOI cXeMHU Tpu(ha3HOTro
MOCTOBOTO KOMIICHCAIIIIHHOTO TIEPETBOPIOBAaYa JIJIsl 3aIlyCKy JBUTYHIB JIa€ 3MOTY 3HU3UTH IYCKOBI CTPyMHU
Maibke yaBivi. KomyTyroda naHka rmepeTBoproBada, KU 3aCTOCOBYBABCS y BKa3aHOMY JTOCIIIKEHHI, TAKOXK
MicTria Tpruda3Hy rpyIry THPUCTOPIB.

[Nonmanpie yaOCKOHAJIEHHS CXeM KOMIICHCAIIHHUX TIEPETBOPIOBAYIB aBTOpH 0ayaTh y 3aCTOCYBaHHI
TEXHIYHOTO PIllIeHHS, SKe IMOJIATaE y 3aMiHl TpU(a3zHUX TPYN TUPHUCTOPIB KOMYTYIOUOI JIAHKHA TpU(Da3HUMU
TpyIiaMy TTOBHICTIO KEPOBaHUX NpwiafdiB. Jleski JaHi MO0 MTOCATHYTOTO MPH IEOMY €(PEKTy BHKIAICHO Y
JaHii myosikartii.

SKmo y mepeTBOproBayi eJIeKTPUYHOI €HEeprii, peani3oBaHOMY 3a HOBOIO CXEMOIO, HEMa€ MOKIIHU-
BOCTi CTBOPUTH KOMYTYIOUYy HaIpyTry, 3AaTHY 3a0€3IeYUTH BHIIEPEIDKAIOYNN KYT PETYJIIOBAaHHS CHUJIOBUX
CJIEKTPUYHUX BEHTHIIIB, TO BiH HE MOXKE PO3IJISLIATHCS SIK BapiaHT peajizaiii y BUIIIAAI KOMIEHCAIIIHHOTO
HepeTBOpIoBaya.

Jesiki pe3ynmbTaTH MONEPEeTHBOTO JOCHIIPKeHHS YMOB (DOpMyBaHHS KOMYTYIOUOi HampyTu
omyOmikoBaHo y TexHIUHi# mitepaTypi [10, 11]. ¥ crarti [10] po3rasmaeTsest OMUH i3 0araTboX MOMKIMBUX
peXUMIB POOOTH MOCTOBOI'O KOMIIEHCAIIMHOTO BHIpsmisiua. JlOCTi/KEHHS MpOBEACHE 3a yYMOBH, IO
4acTOTa TMPOXOJDKEHHs IMITYJBCIB YIPAaBIiHHSA TPaH3UCTOPAMHU KOMYTYIOUOI JIAHKH JOPIBHIOE YacTOTI
MEpeKeBOi HaNpyTW, a pEeryJIOBaHHS TPAH3UCTOPAMHU 3IIHCHIOETHCS B MeXax pPOOOTH CHIIOBOTO
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€JIEKTPUYHOIr0 BeHTHJIS cBoel das3u. [Ipu npomy cTpyM ¢a3um KoHAEHCATOPHOI OaTapei KOMYTY04Oi JTaHKH
i B IHTEpBaJIl KOMyTalil JOPIBHIOE

i =-2i, /3, (1)
1€ i, — CTpyM KOMYTallii CHJIOBOTO €JIeKTPUYHOTO BEHTHII.

Hani nocimkenb, HaBeaeH y [11], Ae po3rsaaroThCs YMOBH mepe3apsiay 0arapei KOHIEHCATOPIiB
3a MiIBUIIEHOI YaCTOTH iMITyJIbCIB KEPYyBaHHS TPAH3UCTOPAMH KOMYTYIOUOi JaHKH, TOKa3yl0Th, IO TaKa X
3aKOHOMIPHICTh 3MiHU CcTpyMy (ha3u KOHAEeHcaTopiB Oye i 3a 16-kpaTHOI 4acTOTH.

SkI1mo gacToTa MpOXOMHKEHHS IMITYJIBCIB YIIPaBIiHHSA TPAH3UCTOPAMU KOMYTYIOUO1 JIAHKH JOPiBHIOE
4acTOTi MEpPEeKeBOl HANPYTH, a PEryJIOBaHHA TPAaH3UCTOPAMHU 3AIMCHIOETHCS B MeXaX poOOTH CHIIOBOTO
€JIEKTPUYHOI0 BEHTHJISI HAcTynmHoi (azu, cTtpym ¢a3um KoHaeHcaTopHOi Oarapei KOMYTYyrOuoi JIaHKH B
IHTEepBaIi KOMYTAIIii TOPiBHIOE

i.=1,/3-2i /3, (2)
ne [, — BUIIpSAMIIEHHH CTPYM TpHU(a3HOTO MOCTOBOTO EPETBOPIOBAYA.

Taka 3akoHOMipHiCTh (2) BiAIOBiJac KEPyBaHHIO TPAH3UCTOPAMH KOMYTYIOYOi JIAHKH 32 4acCTOTH
IMIyJIbCiB 2-, 4- 1 32-KpaTHil.

SIkmo dYactora KepyBaHHS TPAH3HCTOpPaMH KOMYTYIOUOi JIAaHKH 8-KpaTHa, CcTpyM ¢asu
KOHJICHCATOPHOT OaTrapei KOMyTYI04O01 JJAHKH B THTEpBaJli KOMYTaIlii JOPIBHIOE

i.=1,/2-i, /2. 3)
Buknaznene 3acBiguye, Mo CTBOPEHHS y3aralbHEHOI MaTeMaTUYHOT MOJIeNi TPU(a3HOTO MOCTOBOT'O
KOMIICHCALIITHOTO MepeTBOpIoBaya MoTpedye NOCHiHKEHHS eIEKTPOMAarHiTHUX MPOLECIB Y Pi3HUX peKUMax
poboTH, 3a Pi3HOT YACTOTH IMITYJIECIB KEPyBaHHS TPAH3HCTOPAMH KOMYTYIOYOI JJAHKH Ta 3CYBY MOMEHTY
BKJTFOUCHHS TPAH3UCTOPIB BITHOCHO 1HTEPBAIY POOOTH CHIIOBHX €ICKTPUIHIX BEHTHIIIB.
Meta po6oru. CTBOpPSHHS y3arajbHEHOI MaTeMaTH4HOi Mojeli Tpua3HOr0 MOCTOBOIO KOMIICH-
caliifHOro nepeTBoproBava. AHaIII3 0COOIMBOCTEH €IEKTPOMArHiTHUX HPOLECIB Y Pi3HUX pPEKUMax Horo poOoTH,
3a PI3HOI YaCTOTH IMIIyJbCIB KEPyBaHHS TPAH3UCTOPIB KOMYTYIOUOi JJAHKA Ta 3CYBY MOMEHTY BKITIOUCHHS
TPaH3UCTOPIB BITHOCHO IHTEpBAly POOOTH CHJIOBHX CJICKTPHYHMX BEHTHIB. Ha OCHOBI aHamizy 3poOuTH
BHCHOBOK I1I0/I0 HEPTeTUYHHX TIOKa3HHUKIB IEPETBOPIOBAYIB, Peali3oBaHUX 3a JOCIIHKYBAaHUMH CXEMaMH.
Pe3yabTaTu gociaigxeHb. BXiTHUM NpUCTpOEM JOCITIKYBaHUX BapiaHTIB Tpr(a3HOTO MOCTOBOTO
KOMITCHCAIIIHHOTO TepeTBoproBava € Tpudazauii Tpanchopmatop (TTp). Jani Mepexi >KUBICHHS, 10 SKOI
BiH MiAIMKHEHHUH, € CYKYNHICTIO BiJOMHUX BXIJHHX XapaKTE€PUCTHK. Y JOCITIDKEHHI BOHa BBaXKAa€ThCS
CTaH/IAPTHOIO CUMETPHYHOIO TPU(PA3HOI CHCTEMOIO NPSIMOTO YepryBaHHs (a3
e,=E sin(8+n/6+vy);
ey, =E sin(8—n/2+vy); 4)
e. =E, sin(8+51/6+vy),

ne E, — ammulityaa BropuHHOI ¢a3Hoi EPC nepeTBoproBaibHOTO TpaHchopMaTopa; 3 — MOTOYHA 3MiHHA;

— mo4aTkoBa (asza HaNpPyTH M1l 4ac BKIFOUEHHS BEHTHIIS.

VY TtpudazHoMy MOCTOBOMY KOMIICHCAIliIHHOMY MEpEeTBOPIOBAYi 3 OJHIEI0 KOMYTYIOUOIO JIAHKOIO
(puc. 1) y KOMIIEHCAIITHOMY pEXHMI TPAIIOIOTh JHUINE CHIIOBI €JIeKTPUYHI BEHTHIII KAaTOMHOI TPYIIH.
KowmyTarttis cTpyMy BEHTHIIIMA aHOXHOI TPYITH 3MIHCHIOETHCS TAK, 5K 1 Y OyIb-IKOMY (HEKOMIIEHCAIITHOMY)
TpruazHOMy MOCTOBOMY TepeTBOproBayi. Tok CIIOYaTKy PO3IIITHEMO LIeH KOMYTaIiifHU mporec.

Hexail posrnsgaeTbcs KOMyTalisi 3 CHJIOBOTO ejekTpuyHoro BeHTHnast VD6 Ha VD4, Kontyp
KOMyTaIlii ckinanaerses 3 ¢az 4 i C mepeTBOprOBaILHOTO TpaHchOopMaTopa, A0 SKUX MiAKITIOYCH] 3a3HadeHI
BEHTHII, 1 CAMUX BEHTWIB. [layii NpUHAHATI HACTYIHI IPHUITYICHHS:

. cucrema EPC BTOpHHHOT 0OMOTKH TpaHC(OpPMATOpa CHMETPUYHA Ta CHHYCOI/IHA;
. CHUJIOBI €JIGKTPUYHI BEHTHJII — i7IeaibHI KITFOYi,

o AKTUBHUM OIOPOM 00JIaIHaHHS Ta OIIMHOBKU HEXTYEMO;

o HEXTY€EMO CTPYMOM HaMarHidyBaHHS TpaHcopMaTopa;

o CTPYM HaBaHTKEHHS 17€aTbHO 3TIIaKCHHH.

VY aHOmHIM Trpymi BEHTHJIIB KOMYTAllisl CTPyMy 3HIHCHIOETHCS HANMpyror BTOPHMHHOI OOMOTKH
MEPETBOPIOBAIBHOTO TpaHchopMaTopa. ToMy piBHSHHS KOHTYpPY KOMYTAIlii CTPyMY BEHTHISIMU ITi€l TPYITH
Ma€e BUTJISI
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di, di
e, —X ——e.+Xx

6
"d9 "d9
i) xy — y3araJlbHCHUU PCAKTUBHUU OIIIP (1)331/1 KOJIa 3SMIHHOT'O CTpyMYy.

0, (%)

Ile BimoMe y TexHiuHIK nitepaTypi [12] piBHSHHA KOHTYpPY KOMYyTaImii Tpru(a3zHOTO MOCTOBOTO
MEpETBOPrOBaya, sIKe HiCJ'IS[ JACAKNX MaTEMAaTUYHUX NIEPETBOPCHDb 3AITUIIICMO TaK
di,

2x, &= BE, sin(8+v).

B pesymprari #ioro po3B’s3Ky OTPUMAEMO 3aKOHOMIPHICTh 3MiHM CTpyMy KOMYTallil BEHTHIIIB
aHOJHOI TPy JIOAHOTO IEPEeTBOpIOBaYa
3E

~(1-cos9). (6)

i, =
2x,
KomyTartiiss cTpyMy CHIOBUMH €JICKTPUYHMMU BEHTWISIMU KaTOIHOI YacTUHU TPU(PA3HOTO MOCTO-
BOTO KOMIICHCAI[ITHOTO TepeTBOPIOBaYa 3 OJHICI0 KOMYTYIOUOK JIAHKOK 1 o0oMma TpubazHUMHU TpylaMu
CHJIOBUX €JIEKTPUYHHUX BEHTHIIIB MEPETBOPIOBaYA 3 TBOMA KOMYTYIOYHMH JIAHKAMH 3TIHCHIOETHCS OJTHAKOBO.
Le#i komyTarifinuii mporuec € Ol ckiIaaHuM. Hexall po3risiiaeTbCsi KOMYTaIlisl 3 CHIIOBOTO €ICKTPUIHOTO
BeHTWIsI VD3 Ha VD1. KoHTyp KoMyTauii cknanaerscs 3 ¢a3 A i C mepeTBoproBanbHOro Tpanchopmaropa,
JIO SIKUX TAKJIFOYCHI 3a3HA4YCeHI BEHTHII, CAaMUX BEHTHIIIB 1 (a3u KOHACHCATOPHOI OaTapei, BKIIFOUEHOT MiXK
KOMYTYIOYMMU BEHTHIAMHU. TOMY PiBHSHHS KOHTYPY KOMYyTAIlil CTPYMY IIMMH BEHTHJIIMU Ma€ BUTJIS]
2x % —U, = \/gEm sin(8+vy) .

v

Ile piBHSHHS KOMYTAIil CTPyMY CHJIOBUMH CIIEKTPUYHUMH BEHTHISIMU OYyb-SIKOTO MEPETBOPIOBAYA
KOMITCHCAIIIHHOTO THITY, JI&

1§
U, :R-([lcd8+uc(0) .

®DaKkTHYHO YCSI CYKYMHICTh MOMJIMBHUX PEKUMIB POOOTH MEPETBOPIOBAYIB CIEKTPUYHOI CHEPTii,
peanizoBaHuX 3a TPU(A3HOI0 MOCTOBOIO KOMIICHCAIIMHOIO CXEMOIO, OMHUCYETHCS OTHUM y3aralbHEHUM
IuQepeHIiaTbHIM PiBHIHHSIM
dik 1 9_ \/— .
2XYE_R icdS—u.(0)=+3E, sin($+vy). (7
0
JlaHi, HaBeleHI y BCTYIHIM YacTWHI myOJjikarii, TOKa3yloTh, IO yCE PI3HOMAHITTSA €JIeKTpoMar-
HITHUX TPOIIECIB Y IOCIIPKYBaHUX MEPETBOPIOBaYax MOTPeOyEe TPhOX BapiaHTIB PO3B’SI3Ky OCTAHHBOTO
PIBHSIHHS

di. 1 %2
2x —k 4~ (27 d9—u . (0)=+3E sin(S+v). Ta
s ®C£3zk (0)=+3E, sin(8 +y) (7a)

di 1 ¢1, 2
2x —k —— [(FL_Zi)d9—u .(0)=3E sin(9+v). 76
s mC£(3 $i)d9 - uc(0) ,Sin(8 + ) (76)

di, 1 ¢1, 1. ~ .

X, 79 —E.([(E—Elk)d\g—uc(()) = \/gEm Sll’l(8+\|1) . (76)

Bapianm a. Po3paxyHOK 3a UM BapiaHTOM BiJIOBIZa€ peXUMy poOOTH II€pPETBOPIOBaYa, 3a SIKOTO
IMITyJIbCH  K€pyBaHHS TPAH3UCTOpPAaMH KOMYTYIOUOi JIaHKM MAalOThb YacTOTy MEpexi JKUBICHHS, a
peryJItoBaHHS 3IIMCHIOETHCS B MeXax poOOTH CHIIOBOTO €JIEKTPUYHOro BeHTWIs cBoel dasu. Taka x
3aKOHOMIPHICTh 3MiHH CTpyMy (a3u KoHIeHcaTopHOI Oarapei (1) Oyzae i 3a 16-kpaTHOI 4acTOTH IMITyJIbCiB
KepyBaHHS TPAH3UCTOPAMU KOMYTYIOYO1 JIAHKH.

[MponudepenuitoBaBum (7a), OTpUMaEMO JIiHiIHHE TUQepeHIliaTbHe PIBHSIHHS APYTOTO CTYIECHS

d’i, 2i
20, —E + =k = /3E cos(3+ ). 8
T R V3E, cos(9+ ) ®)

Horo po3B’s30K BiTHOCHO CTPyMy KOMyTallii Ma€ Bl CKJIal0B1: BUMYILEHY Ta BUIbHY, TOOTO i, =i, +i, .

PiBHSIHHS 111 BU3HAYEHHS KOPEHIB XapaKTEPUCTUYHOrO PiBHIHHA Oyze
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20L,p° + 2 0, seimkn  p’ =—(30’L,C)".

30C
TakuM 4UHOM P, =%jB’LO)"? =t jo, /o, )
ne ®, =(3L,C)""* — BiacHa yacToTa KOHTYpY KOMyTalIlii. (9a)

BinmosigHo 10 Xapakrepy KopeHiB, BiJ‘ILHy CKIIQZIOBY CTPYMY KOMYTAIlii 3aIAIIIEMO TaK

=K, cos—9+K sm—OS
® ®

He Bmarouuch 10 aeTajiedl moalibIioro po3B’si3Ky, sKi MPeACTaBieHo y [6], HaBeAeMO OCTaTOYHUMN
BUpa3 CTPyMy KOMYTallii CHJIOBUMH €JICKTPUYHUMH BEHTHISIMU KOMIICHCAIIIIHOT YaCTUHU TIEPETBOPIOBAYIB

; _\/gEmCOS(S-f-\V)_ \/gEm coso @D ® x/gEmsinoc sin 20 g (10)
Y 2/3wC-20L,  2/30C-20L o o, 2/30C-20L  ©

Bapianm 6. Po3paxyHOK 3a IIUM BapiaHTOM BiJIOBiZae pexkuMy poOOTH IepeTBOPIOBaYa, 3a SKOTO
IMIOYJIbCH KEpPYBaHHS TPAH3UCTOPaMH KOMYTYIOUOi JIaHKH MAalOTh YacTOTy MeEpexXi JKWUBJICHHS, a
peTyJItOBaHHS 3AIMCHIOETHCS B MEXaxX pPOOOTH CHIIOBOTO €JIEKTPUYHOTO BEHTHJI HacTymHOI das3u. Taka x
3aKOHOMIPHICTh 3MiHU CTpyMy (a3u KOHIEHCATOpHOI Oarapei (2) BiANOBiae KepyBaHHIO TPaH3HCTOPaMU
KOMYTYI04O] JIJAaHKH 32 YaCTOTH IMITYJIbCIB 2-, 4- 1 32-KpaTHiil.

Po3B’s130k (76) MPOBOAMMO 32 THM XK€E alTOPUTMOM, HIO 1 y MONepeTHHOMY BapiaHTi.

[Ticns nudepenIitoBaHHS OTPUMAEMO

2. . .
20L, d %oy 2i__ 1, E,cos(8+y) un 20L, a by 2i; (11)
dy” 3oC 303C dd

Ha BigmiHy Big TONEpeIHHOTO MOCTIDKEHHS (BapiaHT @), BUPIMICHHS I[HOTO HEOIHOPIITHOTO
TUu(EpeHIiaIbHOTO PIBHSHHS IIOJ0 3aKOHOMIPHOCTI 3MIHM CTPYyMy KOMYTAIlil CKJIAJA€ThCcsl 3 JBOX
BUMYIIEHHUX CKJIQJIOBUX Ta OJHI€T BUIbHOT

i, =iy +ig, i (12)

AJte CiBBIAHOIIICHHS /ISl BU3HAYCHHS KOPCHIB XapaKTePUCTUIHOTO PIBHSIHHS 3aJUIIAETHCS TAKUM

Ke, AK 1 y TMomnepegHboMy JociimkeHHi. Tox 1 KOpeHi XapaKTepUCTHYHOTO PIBHSHHS MOXKHA pPO3paxo-
ByBaTH 3a BupazoM (9). BianosigHo 3a3HaueHOMY, BUIbHY CKIIQJIOBY CTPYMY KOMYTalii 3allMIIEMO TaK

= B, cos 08+B sin 20 g, (13)
o
Tepie okpeme pillleHHS OTPHMAEMO, posB ’S3aBIIN PiBHAHHS
dzikl + ikl — Id .
d9’ 3(02LYC 6032LYC
IIpy IbOMY OTPHMAEMO i=1,/2. (14)

Jlpyre okpeme pillieHHs] BU3HAYMMO 3 HACTYITHOTO PiBHSIHHS:
d’i, . i, _B3E, cos(8+ V)
dy  30’LC 20L,
Momy BixmnoBinae apyra BUMyIIeHa cKiIagoBa Bupasy (12)
B \/gEm cos(S+vy)
© 2/30C-20L,

VYpaxysasmmu (12) — (15), 3akoHOMIpHICTH 3MiHH CTPYMY KOMYyTaIlil y 3arajJbHOMY BHIJISALI Oyne
TaKOIO

(15)

Ly

i =lld + \/gE”’ cos(9+v) + B, cos—~ Do 8+B sin20g, (16)
2 2/303C—2(;)LY o)

VYMOBHY BU3HAUCHHS CTAJIUX iHTCprBaHHH.

1. Y momeHT nouaTky KoMyTanii 3a 3 = 0, ctpyM koMyTauii i, =0, 3BiIKH OTpUMaEMO
1 V3E, cosa

B=—nl —— 17
b2 2/30C-20L, (17
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2. Komyramist cTpyMy MOYMHAE€THCS B MOMEHT, KOJHM JiHiliHA Hampyra BTOPHHHOI OOMOTKHU
IepETBOPIOBAILHOTO TpaHC(HOPMATOpa 3pIBHAETHCS 3a BEJIMYMHOIO 3 KOMYTYIOUOI HAmpyrow ¢asu
KOHJIeHCaTOpHOi OaTapei, BKIIOUYEHOI MK KOMYTYIOUMMH BEHTWISIMH, 1 PI3HUIS 3a3HAUCHUX HAMpPYT MPH
BOMY JOPiBHIOBaTHME HYJI0. ToMy

® \/gEm sin o
B=—— (18)
®, 2/30C-20L,
YpaxoByrour TPU OCTaHHI CIiBBiJIHOIIEHHS, OCTATOYHWUI BHpa3 CTPyMy KOMYTaIlil eJIeKTPUIHUX
BEHTHJIIB KOMIIEHCALiIHHOT YaCTUHH JOCITIIKYBaHOTO IEPETBOPIOBAaYa 32 BapiaHTOM O Ma€ BUTIISA

1 3E 9+ 1 3E .
i =—1,+ 3 n COSO+ ) —(=1, +m)cos—8——-—sm&8. (19)
2 2/30C-20L, 2 2/30C-20L, ® ®, 2/30C-20L, ®
Bapianm 6. Po3paxyHoK 3a ITUM BapiaHTOM BiAIOBigTae pekuMy poOOTH IepEeTBOPIOBaYa, 3a SKOTO
IMIOYJIbCH KEpYBaHHS TPAaH3UCTOPaMH KOMYTYIOUOi JIAaHKH MAalOTh 8-KpaTHy dYactoTy. Tox, 3rifHO

BUKJIAICHOT'O BUILE, pO3B’ 3Ky Mijusrae cuiBBigHomeHHs (76). [IpoandepenuitoBaBum HOoro, OTpuMaeMo

di i I
2oL~k yk _ _Td _ [3E cos(9+
49 20C 20C n C0S(3+y)
abo
d’i i I
20L —E£ +—* _=/3E cos(9+w)+—. 20
"dy 20C ncos(3+y) 20C (20)

Ak 1 mocmipkeHHi Buiie (BapiaHT 6), BUPINIEHHS IbOTO HEOJHOPIAHOTO audepeHIliaIbHOTO
PIBHSIHHS IIIOJI0 CTPYMY KOMYTAIlii CKJIaIa€ThCs 3 ABOX BUMYIIICHUX CKIIQJOBUX Ta OJHI€T BUTbHOT

i, =i, +i, +i. 21
PiBHSHHS 1711 BU3HAUCHHS KOPEHIB XapaKTEPUCTUIHOTO PIBHSIHHS

1 1
2oL, p* +——=0, 3BIIKH S . E—
P 6 g 40°L,C
TakuM 9UHOM P, =+j(A0’LC) " =% jo, /o, (22)

ne o, =(4L,C )""> — BmacHa 4acTOTa KOHTYpY KOMYTalLIii.

BinnoBimHO 10 XapakTepy KOPEHIB XapaKTePUCTUYHOTO pPIiBHSHHS, BUIbHY CKIQJ0BY CTPyMY
KOMYTAIli] 3aIUIIEeMO TaK

) N0
i, =D, cos—93+ D, sin—9. (23)
) )
[Tepme okpeme pimeHHS OTPUMAEMO, PO3B’A3aBITH PIBHSIHHS
2. K
d’i, + ba  _ 1,
d9® 40’LC 40’LC

I[IpH IbOMY OTPHMAEMO i=1,. (24)
JIpyre okpeme pillleHHS BU3HAYMMO 3 HACTYITHOTO PiBHSIHHSL:
dzi];Z + ZII(Z _ \/gEm COS(3 + W)

d¥  40’LC 2oL
. , 3E 9+
Horo po3s’s30k aae i, = 3 i CO8( W). (25)
1/20C -20L,
[Tpu 1pOMY 3aKOHOMIPHICT 3MiHU CTPYMY KOMYTallii y 3aralbHOMY BUTJIAAI OyAe TaKoro
E + .
i =1,+ 3 n COS(+ V) + D, cos20 9 + D, sin 209, (26)
1/20C -20L, ® ®

VYMOBH BHU3HAUCHHSI CTAIMX IHTETPYBAHHS Taki K, SIK 1 y MOMEPENHIX BapiaHTax IOCIHIDKEHB. Y
MOMEHT No4aTKy koMmyTauii 3a 9=0 ctpym komyrauii i, =0, a KOMyTallisi CTpyMy IIOUYHHAETHCS B MOMEHT,

KOJIM JIiHIHA Hampyra BTOPUHHOI OOMOTKHM IEpPETBOPIOBAIBHOTO TpaHChopMaTopa 3pIBHIETHCA 3a
BEIMYMHOIO 3 KOMYTYIOUOIO Hampyrow (asd KOHAEHcATOpHOI Oartapei, BKIIOYCHOT MiX KOMYTYHOUUMHU
BeHTWIAMH. [Ipu 11bOMy OOMABI CTaJi IHTETPYBaHHS 3AITUIITY THCS HACTYITHUM YHHOM:
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1 d

2

1/20C-20L, 0, 1/20C-20L,

BpaxoByroun (26) Ta (27), ocTaTOYHM BHpa3 CTPyYMy KOMYyTallii eIEeKTPUYHUX BEHTHIIIB
KOMIICHCAI[ITHOT YaCTUHU JO0CHIPKYBaHOTO ITEPETBOPIOBaYa 3a BapiaHTOM ¢ Ma€ BUTJIS

\/gEm cosal pD__©® \/gEm sino 7

E E E si
=1, V3 ”’C()S(‘%-W)—(Id+—\/g n €O )cos&é)—ﬁ-—\/5 nSY nPog, (28)
1/20C -20L, 1/20C -20L, ) 0, 1/20C-20L, ®

Y3azanvnenuii nopmosanuii eupas cmpymy komymauii CUIOBUMHU CIECKTPUYHHMH BEHTHIISIMU
oTpuMaemo HacTymHuM duHOM. [lomimmmo (10), (19) ta (28) Ha BUNpAMIICHUN CTPyM [; JOCIHIDKYBaHUX
NEPETBOPIOBAYIB 1 3CTOCYEMO HACTYITHY CHCTEMY 0a3MCHUX BEIHYMH:

o 0asucHa Hampyra: U, = \/gEm;

. OazucHuil cTpym: I =x/§Em /2x,, ne x, — IHOYKTUBHUN OIIp (pa3su MepeTBOPIOBAIBHOIO
TpaHcopMaTopa, MPUBEACHUN 10 HOr0 BTOPMHHOT OOMOTKH;

o 0a3ucHa yacToTa: ; = =314

. 0a3ncHa PeaKTHBHICTh KOJIa 3MIHHOTO CTPYMY: X; = \/gEm /21,.

[Micng mesxkux MaTeMaTHYHUX MEPETBOPEHb y3aralbHEHUI HOPMOBAHHM BHpA3 CTPyMy KOMYTaIlii
BEHTIIIB KOMIICHCAITIHHOT YaCTHHH AOCIIHKYBAHOTO BHIPSIMIIIYA Y OyAb-IKOMY PEXHMi HOTO POOOTH
3almMImeMoO HAaCTYITHUM YWMHOM:

cos(S—oc)_(N+ cosa )c05 .8 — sinol

=N+ sin ;.. (29)

2 2 2
X, (0 —1) X, (0p —1 X, (@ — 1)
KopucTyrounch OCTaHHIM CITIBBIIHOIIICHHSAM, HEOOXITHO TaM’sATaTH MPO 3aJeKHICTh YHCIOBOTO
3HaYeHHs KoedimieHTa N Big pexuMmMy poOOTH NepeTBOpIOBada Ta YMOB Iepe3apsay KOHICHCATOpiB

KOMYTYIOUO{ JTaHKH:

o N =0y pexumi poOOTH 32 BapiaHTOM a;
o N=0.5y pexxumi poboTH 3a BapiaHTOM 0;
o N = 1.0y pexxuMi poOOTH 32 BapiaHTOM 8.

OKpiM TOTO TaKOXX 3BEpPHIMO yBary Ha Te, IO y PEXUMi POOOTH 3a BapiaHTOM 6 BIIaCHA YacTOTa
KOHTYPY KOMYyTaIlil pO3paxOBY€ThCS 3a CHIBBigHOMIEHHSIM (22a), a B pexuMax poOOTH 3a IHIIUMHU
BapiaHTaMH — 3a CIiBBigHOIIEHHM (9a).

V Bupa3 cTpymy komyTaiii (29) BXoauTs BenmnuuHa 0. Lle KyT perymtoBaHHS CHIIOBUX CICKTPUIHHUX
BEHTHJIIB, SKi y JOCTIKYBaHUX BapiaHTax TPU(a3HOr0 MOCTOBOTO KOMIICHCAIIHHOTO MEPEeTBOPIOBAYA €
mionamu. KyT peryiroBaHHS BCTaHOBIIOETHCS JOBUIBHO Ta 3aJCKHTh BiJl HU3KH (PAKTOPIB: CTPyMy
HABaHTa)XCHHS MEPETBOPIOBaya, KyTa KOMYyTallii CTpyMy CHJIOBUMH €JIIEKTPUYHHMH BEHTHIISIMH Y, EMHOCTI
(ha3m KOHIIEHCATOPIB KOMYTYIOUOI JIAHKH, CIIOCO0Y KepyBaHHS TPAaH3UCTOPAMH KOMYTYIOYOi JIAHKW Ta iH.
AJe y3araiabpHIOIOUUM (PaKTOPOM JUIs yChOTO MEPEepPaxoBaHOro € KOMYyTalliiHa HanpyTa.

[i HopMoBaHuii BUpa3 y pasi 3°€lHaHHSA KOHIEHCATOPHOI 6aTapei TPHKYTHUKOM M€ BUTIIS

3 ‘.
Uy :Exy*u)é* [iced9+uc.(0) . (30)
0

3a/u1s po3paxyHKy JBOX OCHOBHHX XapaKTEPHCTHK KOMYTaliiHOTO mporecy (KyTa KoMmyTamrii y Ta
KyTa peryJIIOBaHHS (1) HeoOXiTHO MaTH 1Ba piBHAHHA. [lepmmm 3 HUX € cmiBBizHOWEHHA (29), 3amucaHe
IUIE MOMEHTY 3 = y. SIk Biomo, y Iieii MOMEHT KOMYTallisi CTPyMy CHJIOBUMH €JIEKTPUYHUMH BEHTHIISIMH
3aKIHUY€TBCS, CTPYM KOMYTallil Ha0yBa€e yCTaleHOro 3HaueHHsI, HOpMOBaHa BEJTMYMHA SIKOTO JIOPiBHIOE 1.

Jpyrum piBHSHHSM € BHpa3, 3a SIKUM PO3PaxOBYEThHCS 3HAUCHHSI KOMYTYIO4Oi Hampyrd y MOMEHT
komyTanii u..(0). Jus Oynp-aKoro pexumy poOOTH TpH(a3HOr0 MOCTOBOIO KOMIIEHCAIIHOIO MEPETBO-

proBava I1e piBHIHHSI OTpUMYEThCS 3 (30) micist po3paxyHKy KOMYTYIOUOi HAIIPYTH 110 OKPEMUX 1HTepBaIax.
3 OCTaHHBOT'O BUILIMBAE, IO BapiaHTIB APYroro piBHSAHHS Oyae 3HaYHO OiNblIe, HiX MEPIIOr0, OCKIIBKH
JOCITIIPKYBaTH TOTPIOHO ycCi peXuMU poOOTH 3a YCiX 4YacTOTaX IMITYJIbCIB KEpyBaHHS TpPaH3HCTOPaMU
KOMYTYIOUO]1 JIJAHKH. Y HIBEpCaIbHICTh ITLOTO PIBHSIHHS MOJIATAE Y TOMY, IO 33 OYIb-IKOTO PEKUMY POOOTH
KOMITCHCAI[ITHOTO TNEepeTBOPIOBaYa HOPMOBAaHA BEIMYMHA MOYATKOBOTO 3HAYEHHS KOMYTYIOUOI HAmpyru
JIOPIBHIOE Sina.
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SIK mpHKIax TaKOTO PO3paxyHKY PO3TITHEMO PEXHUM POOOTH MEpeTBOPIOBaYa 3a BapiaHTOM d MiX
yac KEpPYBaHHsS TPAH3UCTOPAMU KOMYTYIOUOi JIAaHKM B Mexax cBO€l (a3u. KilbKicTh AUISHOK KpPUBOI
KOMYTYIOUOi HanpyTH (IeB’ATh) TaKa K, K 1 KUIBKICTb AIISTHOK KPUBOI CTPyMY:

9
nepwa: i =-2i. /3, 0S8y 5 Uy, = —xy*wé*fik*dS +u.(0).
0

T
B KiHIi MinsSHKA 38 8 =7, Upye), = —xy*o)é*.[ik*d\(} +uc.(0).
0
9 Y

Tpyra: ic.=-2/3, 0<8<0; upp = %xy*cog*_[ic*dS Fllgpoqyi = X009 = X,o 00 [ 1. d 9+ 11 (0)
0 0

T
B KiHui ginsHku 32 8 =0, Uppun) = xy*cof,* (-0- Iik*dS) +u.(0).
0

v
Tpets: ic=0, 0SO<Q2n/3=0-7); ey = X0 (-0 [1,ed9) + 110 (0) = Ugyopsy-
0

1 S 1 9 Y
Yersepra: ic. =i /3, 0S8<y 5 Uppuy, = xy*wg* Ejik*dS Flpnay = xy*(of)* (Ejik*ds -0- Iik*dS) +u..(0).
0 0 0
oo 2 1¢.
B KiHII DUISHKK 328 8 =7,  Uppugy = X,:00:(—0 — E,[lk*dg) +uc.(0).
0
9 ¥

; . 3 : 1 1¢.
sta: i, =1/3, 0<9<0;  upps = Exy*mé*.[zc*d\(} F oo = X200 (58-0-= [i1:d9) +c.(0).
0 0
L ,, 0 17
B xinmi ginanku 3a 8 =0, Ugpuis) = X,0p (—5 _Ejik*dg) +uc.(0).
0
. », 0 1t
IMocra: i =0, 0<9<(21/3-0-7); Uppue =X Op (_5 —Ejlk*dS) + 1. (0) = g
0
9

. Lt 7 0 1f.
Cooma: i, =i /3, 0<8<y ; uppy = xy*o)é* Ejzk*d\(} + Uepney = xy*mé* (Ej.zk*dS 3 —Ej.zk*dS) +uc.(0).
0 0

0
o 2 0
B KiHII AUSHKA 38 8 =7,  Uppuigy = —X, 0 5 +u.(0).

3 h 1, 6
Bocbma: i =1/3, 0<3<0;  uppug = Exy*coé*jic*dé) Flepegy = xy*wﬁ* (58 _E) +u..(0).
0
B kinui ginsaku 32 8 =0, uqpug), = U (0).

Hew’sta: i =0, 0<3<(2n/3-0-7); Uppuo) =Uc(0).

BuzHaurnMo mOouYaTKOBE 3HAUEHHS KOMYTYIOUOi HANpyTH, BHUXOASYM 3 YMOBH, IO KpHBa
KOMYTYIOUOi HallpyTrl He Ma€ TOCTIHHOI CKIIa0BO1, TOOTO 11 cepesiHe 3HAUCHHS 3a Mepiof] TOPiBHIOE HYJIIO.
BukoHaBIIM po3paxyHOK, MOJPOOHIIL SKOTO TYyT HE HABEACHO, OTPUMAEMO

2 9 1 ! .
U (0) = x .07, (5+5jzk*d9). (31)
0
VY BUpa3W KpUBOI KOMYTYIOUOI HalpyTH Ha OKpPEeMHUX AUISHKAX Ta y (31) BXOOWTH iHTEerpajgpbHa

GyHKLIS cTpyMy KOMyTamii

9 9 .
[i.d9=[( cos-) | oS i 9o SN% Gho,.8)d9 =
0 o %00 —1)  x. (0 —1) ©gs X, (@ — 1 32)
(9 — o) 4 si . .
_ sin(9 Oi) sino. cosc: Sin w0y, 8 + — smozc (cos .8 —1)
X, (@ —1) ®gs X, (@5 — 1) X, (@5 — 1)
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3 BUKJIAICHOTO BUILUIHBAE, IO y3arallbHEHa CHCTEMa PIBHIHD JJIsl PO3PaXyHKY KYTiB PEryTIOBaHHS
Ta KOMYyTallii Mae OyTH 3aIMcaHa HACTYITHUM YHHOM:
cos(y —a cosa. sino
r-o) (N + )COS .Y —

1=N+ > >
X, (@ —1) X, (@5 — 1)

sin®,.y ;
X0 (0. —1) o

¥
sina, = xy*mg* (M +%Iik*d8) .
0

ToOTo, AN pO3paxyHKY KyTiB PETryJIOBaHHS Ta KOMYyTalii MOTPiOHO PO3B’s3aTH CHUCTEMY JBOX
HENIHIHHUX PiBHAHB. Y poOOTi Iyg LBOro BHKOpHcTaHO MeToi H’iorona. Ilpudomy as pexxumy poOoTH
HepeTBOPIOBaYa 3a BapiaHTOM @ y pa3i KepyBaHHS TPAH3UCTOPAMH KOMYTYIOUOI JJAHKH B MEXaX CBOE€T (a3u
y HaBeICHIH BHUINE CHCTEMi pIBHSHb, SKHHA PpO3TINAETHCA SIK IPHKIAA 3aCTOCYBaHHS METOJHUKH
po3paxyHky, N=0,a M =0/2.

Cama k cHcTeMa piBHSIHB, SIKa MIIJISATA€ PO3B’S3KY, MICHSA JESKUX MAaTEeMATUYHHX TIEPETBOPEHb
HaOyBae BUTIISAY

F(o,y) =cos(y —a) — cos oL - CoS @,y — (SN0 - Sin ®y.y) / ®ps — X... (5. —1);

G(a,y)=0-x,. (o5, —1) +sin(y — ) — sin o + sin a(cos .y +1) / o, — (COS O - SN ®y.Y) / Oy -

) " v Y Tabmuili HaBEIEHO pe3yJbTaTh HHCJIOBOTO

O Xy pagiann | rpanycn | rpagycu | PO3PAXYHKY OJIHOTO 3 MOMUIMBHX PEKHMIB pobotu

1 31 0.1 0.2 10.5 28.4 TpH(a3HOTO MOCTOBOTO KOMIIEHCAI[IITHOTO MepeTBOPIO-
2 31 0.1 0.4 16.2 785 Baya, SIKI OTPUMAHO IUISIXOM 3aCTOCYBaHHS METOIY
3 3.1 0.1 0.6 22.0 288 H’rorona. [ani Tabnuii TMOKa3ylOTh MOXKIHBOCTI
4 3.1 0.1 0.8 28.2 293 Tpu(a3HOTO MOCTOBOTO KOMIICHCAIIMHOTO TIEPETBO-
5 3.1 0.1 1.0 34.8 30.1 ploBaya IIOA0 PETYJNIOBAHHA TPOIECy TeHeparil
6 3.1 0.1 1.2 42.1 313 peakTHBHOI €Heprii 3a paxyHOK KEepyBaHHS TpaH3U-
7 3.1 0.1 1.4 50.5 33.4 CTOpaMHU KOMYTYIOYOi JJaHKU. 31 301IbIIEHHSIM MOMEH-
8 [3.1 0.1 1.6 61.6 37.3 Ty 3aTPHUMKH BCTYIIy B POOOTY TPAH3MCTOPa KOMYTYIO-

4oi TaHKH cBOEi pa3u O, y po3paxyHKOBOMY pPexkHMi KyT perymoanus o 3poctae Bin 10.5° no 61.6°. B
IHIINX peXrMax poOOTH 3a3HAa4YeHI YHUCIOBI TMOKAa3HUKW OYyIyTh IHIIUMH, ajie 30ibIIeHHS ® 3aBxIu
IPU3BOANUTH A0 3POCTAHHS KyTa PEryIIOBAHHS (.

Takox 3BepHIMO yBary Ha EHEPIeTHYHY XapakTepUCTUKY TpH(PAa3HOTO MOCTOBOTO KOMIIEHCA-
LilfHOTO TepeTBOpIoBayda. Y poOOTi JOCHIIKYIOTHCS 1Ba BapiaHTH IEPETBOPIOBAYA: 3 OJHIEI0 KOMYTYIOUYOIO
JIAaHKOIO Ta 3 ABOMa. Pi3Ha TexHiuHa peasnizalis NepeTBOPIOBAYIB 3a 3a3HAYCHUMH CXeMaMHU HakJIagae MeBHI
00OMEXEHHS Ha MOKJIMBOCTI IeHepallii peaKTUBHOT CHEePril HUMH y PI3HUX PeKUMaX POOOTH.

CuyoBi eNeKTpUYHI BEHTHJII aHOAHOI YAaCTHHHU IEPETBOPIOBAYa 3 OJHIEI0 KOMYTYIOUYOK JAaHKOIO
BCTYIIAIOTh B POOOTY Y MOMEHT Iepexoly Yepe3 HyJIbOBE 3HAUCHHsI KPUBOI JIIHIHHOI HApyrd BTOPHUHHOL
OOMOTKH TIepeTBOpPIOBANLHOTO TpaHchopMmaTopa. KyT KomyTamii WX BEHTWIIIB OOYHCITIOETHCS 3a
CHIBBIAHOWEHHAM (6), 3 HOPMOBAHOIO BHPA3y SKOTO BHIUIMBAE, WO €OSY=1—x,.. JlIs po3paxyHKOBOro

peXKHMY, JaHI SKOTO HAaBEIEHO Yy TaONuIl, X

+=0.1, TOK KyT KOMyTalii CUIOBHX €IEKTPUYHUX BEHTHIIIB

aHOJIHOT YaCTHUHM MepeTBOPIOBaYa y PO3PaXyHKOBOMY PexHMi JopiBHIoe | = 25.8°.

Sxmo nami 36inpmyBati KyT ©, yMOBH KOMYTaIii CTPYMy CHJIOBUMH €IEKTPUYHUMH BEHTHIAMH
aHOIHOI IPYNHU HE 3MiHATHCA. MOMEHT BCTYIy iX y pO6OTY Ta BElTMYHHA KyTa KOMYTAIlii He MOMiHAIOTHCS.

VYMOBH KOMyTalii CTpyMy CHIOBHMH €JIeKTPUYHMMH BEHTHIAMH KaTOZHOI IPyMH 3ajexkaTh Bil
kyTa @. [IpuuMHOIO IILOTO € 3POCTAHHS HANPYTH HA KOHAEHCATOpPaX KOMYTYIOUuoi MTaHKH. AJje 36iIbIIeHHs
BEIMUMHHI KyTiB KOMYTaIlii Ta PeryjioBaHHs Mac oOMeXeHHsA. BOHO Tonsrae y ToMmy, IO B pe3ylbTari
30iNbITeHHs KyTa PeryjlioBaHHS MOYATOK KOMyTAllil CTPyMy CHJIOBMMH €NeKTPHYHHMHU BEHTHIAME (hasu
KAaTOJHOI YaCTMHHU ITIepPeTBOPIOBAYA MOKe 30irTHCS 3 KiHIEM KOMYyTAlii CTpyMy BEHTHJIAMH Ti€i x (asu
AHOJHOI YACTHHM IIepeTBOpIOBaYa. Taka CHTyallis Mae Miclle, KOIM CyMa KyTa KOMYTallii CHJIOBHX
eNeKTPUYHNMX BEHTHIJIB AHOAHOI YACTHHH MepPeTBOPIOBAYAa Ta BHIIEPEIKAIOUOTO KyTa PEryTIOBaHHS
BEHTHIIIB KATOIHOI YaCTHHH MEePeTBOPIoBayda aopisHioBaTuMe 60°.

Jlnst Toro pobouYoro pekuMy, SKHH PO3MIANAETHCA SK MPHUKIA[ UYHCIOBOTO PO3PAXYHKY, 3a
y=25.8" Mexker MakCHMalIbHOTO 3HAYEHHs KyTa peryioBanns € o =60 —y=60"—25.8" =34.2"  Ile

3HAYCHHS MPHUOIU3HO BiAMOBIMAE IT'ATOMY PAIKY JaHUX TaOJHIIL.
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VY mocniipKyBaHOMY IEpETBOPIOBAUi 3 JBOMAa KOMYTYIOUHMMH JIAHKAMH CHJIOBI €EKTPUYHI BEHTHIII
000X TpyIl MPAIIOI0Th Y KOMIICHCAI[IHHOMY PEXHMi, TOMY TaM 3a3Hau€HOr0 BHUIIle oOMexeHHs Hemae. [Ipo
e CBiayaTh AaHi Tabnuui, AKi AalOTh MiACTaBU U BHCHOBKY, LIO MEPETBOPIOBAYl €NEKTPUYHOI E€Heprii,
pealti3oBaHi 3a cXxeMaMH 3 OJTHIEIO Ta IBOMa KOMYTYIOUHMH JJaHKaMH, € KOMIIEHCAIITHIMH.

BucnoBku. IlinTBepmkeHo, MmO y TEpPETBOPIOBAaYax, peali30BaHUX 3a o00OoOMa BapiaHTaMU
JOCHIJKYBaHUX CXEM, € MOKITUBICTh 3a0€3MeUeHHs PEeryIb0BaHOT0 KOMIICHCOBAHOTO Y KOMIICHCAIIITHOTO
pexxumiB poboTtu. Toxx o0MaBa BapiaHTHM CXEMHOI peamizamii Tpu(pazHOrO MOCTOBOTO MEPETBOPIOBAYA €
MIEPCTIEKTUBHUMH TSI 3ACTOCYBAaHHS Y BHIJISIII €HEpProeeKTUBHUX MPUCTPOIB €HEPTETHIHOI eNEeKTPOHIKH
JUTSI )KUBJICHHS TEXHOJIOTIYHHMX CIIOYKUBAYIB MOCTIHHOTO CTPYMY.

CTBOpeHHsI y3aralbHEHOI MaTeMaTH4HOI MOZeNi Tpru(a3HOro MOCTOBOTO KOMIIEHCALIHHOTO Tepe-
TBOPIOBAYA € MiIPYHTSAM IS TOCIIHPKEHHS €JIeKTPOMArHiTHUX MPOIECIB Y HhOMY Ta PO3POOKH METOTUKU
pO3paxyHKy WOTO BUXITHHX XapaKTEPUCTHK. Y IyOIiKallii, 3TiTHO MeTH PoOOTH, JOCTIIHKEHO JIUIIE OIHY
XapaKTEepUCTHKY — €HepreTHuHy. TOXX HAyKOBi pe3yNbTaTH MyOJiKalil MaroTh MEPCIEKTHBY MOJANBIIOTO
3aCTOCYBaHHSI ITiJl 9ac JOCIiIKEHHS IHIINX BUXITHAX XapaKTePUCTHK NMEPETBOPIOBAYA.
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THE FEATURES OF COMMUTATING PROCESSES IN A THREE-PHASE
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Electromagnetic processes are investigated in two versions of a three-phase bridge converter with improved energy
characteristics, one of which contains one switching link, and the other two. The commutating link consists of a three-
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phase capacitor battery and a three-phase group of fully controlled devices. This technical solution makes it possible to
ensure the recharging of the capacitors of the commutating link and the control of the energy process of the converter.
The main content of the study is the analysis of electromagnetic processes in terms of the features of commutating
processes and the proof of the energy capabilities of the options for implementing the converter. The amount of
scientific research required for this is divided into three options. Each takes into account the peculiarities of
electromagnetic processes associated with different modes of operation of converters, at different frequencies of control
pulses of transistors of a commutating link and a shift in the moment of switching on transistors relative to the interval
of operation of power electric diodes. As a result, a generalized mathematical model was created. She describes a
variety of electromagnetic processes in converters, allows you to calculate the commutating and adjustment angles.
They are the main characteristics of the energy process and prove that the developed versions of the converter are
compensation. They are able not only to compensate for their own reactive energy, but also, if necessary, to generate
reactive energy to the grid. References 12, figures 2, table 1.

Keywords: capacitor battery, commutating, commutating voltage, electric diod.
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®LJIbTP HUKHIX YACTOT» 3A JIIi BACOKOBOJIbTHOI IMITYJIBCHOI 3ABAJIA
3 MEPEXKI EJJEKTPOKUBJIEHHS
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Y pobomi nposedeno meopemuunuil ananiz nPoOXoONCeHHs BUCOKOB8OIbMHOL iIMnynbcHOL 3a6adu (BI3) 3 mepeoici enexm-
PDOJICUBTICHHSL Yepe3 MPAKm «o0OMedncysay Hanpyau — QIIbmp HUNCHIX YACHOMY 3 MemoK KiIbKICHOI OYIHKU Nusy
@inompa Ha 3meHuenHs amnaimyou 3anuukosoi BI3 na erexkmpomepesicnomy 6xo0i enekmpomexuiunoi ma/abo paodio-
enekmpounoi anapamypu. 3a giremp nudicnix uacmom (PHY) eubpano I'-nodiony nanky ®HY muny k. Hasedeno
munogi 3acobu oomedxcenus amnaimyou BI3 (2azoHanogueni po3psaoHuKu, eapucmopu, cynpecopu) ma noKazaHo ixwi
HeOosiKu. [[aHo 0OTPYHMYBAHHS eK8i8ANeHMHOI cxemu 015 NPOo8edeHHs meopemuynozo ananizy. Ilposedenutl ananiz
8UABUE NPAMULL 368'30K Midc yacmomoro 3pisy ®HY, ska susHauacmoca HOMIHATAMU U020 efleMeHmis, i amMnaimyoor
sanuuko6oi BI3 na enexmpomepesicnomy 6xo0i anapamypu, a makoic niomeepous epexmusHicmo ygimknennss OHY
MIdHC 8UXO0OM MUN0B020 0bMexcysaua Hanpyau BI3 ma enekmpomepedscHum 6xo0om 32a0anoi anapamypu 3a01sa nooa-
JIbUO020 3MEHUEeHHA aMnaimyou 3anuukosoi BI3 y pasi neobxionocmi. bibm. 18, puc. 6.

Knrwouoei cnosa: BUCOKOBOJIBTHA IMITyJIbCHA 3aBajia, PO3PSIHKUK, BAPUCTOP, CYIPECOP.

Beryn. CTifiKicTh eleKTpOTEeXHIYHOI Ta palioeIeKTPOHHOI anapaTypu A0 Jii BUCOKOBOJIBTHUX IMITY-
nabcHUX 3aBajx BI3 3 Mepexi eneKTpOXHUBICHHSA € BaKJIMBHM ITOKa3HUKOM HAAIHHOCTI Ta SKOCTI 3rafgaHoi
anapatypu. Kpim Toro, 1ieii OKa3HHK PerjaMEeHTY€EThCS HU3KOK MIXHAPOJIHHUX 1 HAI[IOHAJIBHHUX CTAaHAAPTIB
3 eJIeKTPOMAarHiTHOI cymicHocTi [1-4].

CknanHicts 3MeHIIeHH aMIutiTyau BI3 mo piBHS, 3a siKoro anmaparypa «He BiIdyBae» IXHIO Ail0, HO-
JsTaE B TOMY, o amiutityna BI3 Moxke csaratn 2-X KiJTOBOJIBT i OLTbINIE, @ TPUBATICTh PPOHTIB 3HAXOIUTHCS
B MEXax BiJl IECATKIB HAHOCEKYH] JI0 NEKTBKOX MiKpoceKyHA. ToMy OCTaHHI ACCATHIITTS (axiBIli MpHIi-
JSI0Th LIbOMY MUTAHHIO CEpO3HY yBary [5—13].

Tak B pobotax [10, 14, 15] moka3ano, mo eHeKTUBHUM 3aco0oM 3MeHIIeHHS BI3 € 1BomomocHUKY 3
HEJHIIHOIO BOJBT-aMIIEpPHOIO XapakrepucTukoio (BAX) — Bapucropu, cynpecopu Ta ra3oHanoBHEHI po3psi-
JHHKH; 1X BKJIIOUAIOTh Ha €IEKTPOMEPEKHOMY BXOi anaparypu. KoxHoMmy 3 nux 3aco0iB mpuTamMaHHi Ti YU
IHII HEJONIKHU: JUIsl TA30HAIIOBHEHHUX PO3PATHUKIB 1€ iHEPIIHHICTh CIpAIlbOBYBaHHS, IS BapHCTOPIB Ta
CyIIpecopiB — BUCOKHIT 3anumKkoBuii piseHb Hanpyru BI3 (500...800 B) Ha Buxoxi cxemu ii 0OMeKeHHS.

106 momaTkoBo 3MeHIIUTH aMIuTiTyny BI3 Ha enekrpomepexHoMy BXOZi anmapaTypu, B poboTi [15]
3aMpoNIOHOBAaHO BKIIFOYATH OJHY-/ABI JIaHKK ¢inbTpa HIKHIX YacToT (PHY) Mixk oOMexyBaueM aMILTITyad
BI3 ta enexTpoMepekHIM BXOJIOM amapaTypu. Pazom 3 TUM Take iH)KEHEpHE PINICHHS HE ITiIKpilUieHe aHa-
mi3oM mpoxomkeHHs: BI3 3 Mepeski eIeKTpOKHUBICHHS Yepe3 TPaKT «00MeKyBad HaNpyrH — GUIbTP HUKHIX
Y4acTOT», 10 3MEHINY€ eEeKTUBHICTH Ta YHIBEPCAJIbHICTh BUKOPUCTAHHS 3TaJaHOr0 iH)KEHEPHOTO PillIeHHS.

MeTa Ta moctaHoBKa 3axaui. [IpoBectn anamiz nmpoxomkennas BI3 depes Tpakt «oOMexyBad Ha-
npyrd — QUIBTP HIDKHIX 9acTOT» 3 METOI0 KibKicHOi omiHku BrumBy ®HY Ha 3MeHINEHHS aMILTITyAd 3a-
numkoBoi BI3 Ha enexTpoMepexxHOMY BXO[II amaparypH.

Ha puc. 1 mokasaHo eneKTpu4Hy NPUHLUIIOBY CXEMY Ry
JOCIIIDKYBaHOT'O KOJIa.

Immynee BI3 Bin jpkepena HANmpyru ugs(f) 3 BHYTPI- . )

IIHIM OMOPOM R TTOCTyTae Ha oOMexxyBad Hanpyru VR 1 gami

. Cp —— Rnu
gepe3 [-moni6ny manky ®HY 3 enemenramu Ly, Cy Ha €JIEKT- U VR -1
pOMepeXHUH BXiJ amaparypd (Ha puc. | 1ei BXia mpencras-

Ly

JICHUI PE3UCTOPOM Ry;).
Puc.1
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Jus cnporieHHs aHanizy npuiiaaTto, mo ®HY e waiinpoctimmM GinbTpoM THITY A, TpUYOMY Tapa-

MeTp k =, /ch /C, [16].

TunoBy BAX oOMexxyBada HanpyTH TIOKa3aHo Ha pHC. 2.
Hampyra BI3 sBisie co60t0 iMITyJIbC 3 aMILTITYZOI0 Bill COTEHb BOJBT MO NEKUTHKOX KUTOBOJIBT Ta
(hpoHTOM 1 3pi3oM eKkcroHeHIiiHOT Gopmu. Hanpukian, BI3 MikpoceKkyHIHOTO Aiana3oHy TpUBaiIoCcTei [1]

Mae QPOHT Ty = 1 MKC, TPUBAIICTh iMITYJIbCY Ha MOJOBUHI AMILTITYM Tiy, = 50 MKcC (puc. 3).
600 2,4

500¢ // 2 \

— Q N
m 400 —— 16 .
- |1 [0]
¢ (1 g ™~
2300 212 <
cC ®
= / - \“\
200 0,8
\\
100/ 0,4
0 0 B
gt g fs <3 320858 83885 88¢E
S = S § ~ - ‘8 - - 2 - R & & & I N N N N N 8N
- Ctpym Yac, mc
Puc. 2 Puc. 3

Hanpyry u,eu(?), 110 mocTymae 3 oOMexxyBaya Hanpyru Ha Bxigx ®HY, naBexeHo Ha puc. 4. Bona siB-
751 co0010 IBOMOJSIPHE KOJMMBaHHSA (OPMHU, OIU3BKOI 1O MPAMOKYTHOI, 3 «XBOCTOMY» Y BHIVISAL 3aracarouoi
CHUHYCOIH. AMIUTITYTM MMO3UTUBHOI Ta HETATUBHOI MIBXBWIII MPUOJIU3HO OJHAKOBI Ta JOPIBHIOIOTH HAMpPYy3i
obmesxeHHs. Lle qae 3Mory cipocTUTH cxeMy Ha puc. 1 i 171 MpoBeAeHHS MOAANBLIOT0 aHANi3Y BBaKATH, IO
Ha Bxoai ®HY yBiMKHEHE JKEpeo HAPYTH Uysy(?) (puc. 4). Taky cxemy moka3aHo Ha puC. 5.

V 1iit cxemi MOTPiOHO 3HAUTH HAMPYTY Upyux(?) HA
Buxoai ®HY, skmio 3amaHa BXigHA HaMNpyra Uegy(f), a
TaKoX BiloMi eneMeHTH L4, Cp Ta R,. PimeHHs Ttakoi
3a/1a4i € TUTIOBUM PO3PaXxyHKOM IEPEXiTHOTO TPOIECy Y
JMHIHHOMY €NIEKTPUYHOMY KOJIi, BHUKJIMKAHOTO OIi€I0 Ha-
NPYTHU Ugsy(?). TOMy 115 11 BUpILLIEHHSI TOTPIOHO CKOPHC-
- 200 TaTHCS OJHHUM 3 TPbOX METOIIB PO3PAXYHKY — KIIACHYHUM
METOAOM 31 CKJIaJaHHAM IHTErpoau(epeHIliiHNX piB-
-400 HSIHB, OTIEPATOPHUM METOIOM 200 METOJIOM PO3PaXyHKY 3
BUKOpHCTaHHAM iHTerpana Jroamens [16, 17]. Ilomans-
MU aHaji3 OoKa3aB, MO M1 TAHOTO BHUIAAKY, KOJH BXi-
JTHA HAIPYTa Uggy(?) SIBIsSIE COOOI0 KOJIWBAHHS CKJIQJTHOT
¢dopmu (puc. 4), HAMOIBII 3pYYHUM € TPETiH 31 3rafaHux
MeTOMIB po3paxyHKy [17], ToOTo inTerpan Jroamens.

3riHO 3 OCHOBHOIO (hOPMOIO 3aMHUCy LOTO IHTE-

\ rpajia HampyTa Uy, (?) Ha Buxoai ®HY (puc. 5) nopisHioe

Hanpyra, B

U06M (t)

Cp —— Ru Usux (1) u,, (1) =u(0)h(t)+ I;u/(r)h(t -7)dr, (1)

<—/ ne u(0) — cTpubOK HANpyru 3 HYIHOBHUM (PPOHTOM Ha
Bxomi ®HY B momeHT wacy ¢ = 0; h(t) — mepexinHa QpyHK-
1ist 3a Harpyroio [17] eneKTpUYHOro Koja 3 eJeMEeHTaMu
Ly, Cy T2 Ry; u/(T) — mepIua MoXiHA HANIPYTH Uosy(?) = Uesu(T) Ha BxOAI DHU; A(f-T) — mepexinna dyHKIis 3a
HaTpyToIo /(f), B SIKil apryMeHT ¢ 3aMiHeHO Ha (Z-7).
B namomy Bunazaky crpudka Hanpyru u(0) Ha Bxogi ®HY Hemae, ToMy MOKEMO 3aIicaTH

ty (1) = [ (A( — D). @)

Hampyry na Bxoxai @HY (puc. 4) MoXHa almpOKCUMYBAaTH KyCKOBO-JaMaHOIO JiHi€r0 a0o, iHIIUMU
CJIOBaMH, CyKYITHICTIO JIHIHHO 3pocTarouux ado JiHiiHO cragHux (GparMeHTiB Hanpyrd. Tomi Ha KOXKHOMY

Puc. 5
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IHTepBaJIi JIHIHHOTO 3pOCTaHHs a00 CIaxy HANPYTH Uogy(?) T 3aIEKHICTD Bi 4aCy Ma€ BUTIIAL Uooy(f) = £ At
+ b, ne A — KoeiieHT HAXWITY TPSIMOT Uosy(?); b— KOSOIIIIEHT 3MIMEHHS 1i€T TPAMOi.

3Hak nepes KoeilieHTOM Haxuily 4 3aeXHTh Bifl TOTO, 3pOCTA€ HANPYTa Uqey(?) B AAHOMY iHTEpBa-
Ji 9acy 9u 3MEHIIYETHCS.

[epiira OXi/HA TAKOI HATIPYTH JOPIBHIOE [1osy(f)]= £ A. IlincTaBusimm neii Bupas y (2), 0IepKiUMO

u, (t)=+A4- j;h(t —1)dt. 3)

3 Bupazy (3) BUAHO, IO IS TOTO, 00 3HAWTH HANIPYTY Uyux(f) Ha Buxomi ®HY, noTpiGHO onepkaTH
BUpa3 I MepexigHoi (YHKIIT 32 HAnmpyToo /(f-T) 3raaHOTO BHIIE €NEKTPUYHOrO KOJIA i MOTIM MPOIHTET-
pyBaTH Horo 1o 3MiHHIK T B iHTepBaii gacy (0, t).

Y poborti [18] mpoBeaeHo anani3 peakiii ['-noaionoi manku ®HY, 300pakeHoi Ha puc. 5, 3a 1ii Ha
HOro BXOJi OJJMHOYHOTO CTPHOKA HANIPYTH Ta MOKa3aHo, 110 38 YMOBH, KOJIH

R, =k=L,/C,, 4)

nepexijHa QyHKI[s 3a HAmpyrorw /(?), ToOTO HApyra Ha BUXO/1 3TaJaHoro SJIEKTPUYHOrO Kojia y pasi Jii Ha
HOT0 BXO/Ii OMMHOYHOTO CTPUOKA HATIPYTH, JOPIBHIOE

h(t)=1- e_%t {cos(ﬁ%t} + %sin(ﬁ%tﬂ =1- e_%t -%sin{g + (ﬁ%tﬂ , Q)

ne Q =(L,-C,)™"”.

VMoBa (4) 1erko BUKOHY€EThCA 1 HE HAKJIAJae JOAATKOBUX OOMEXeHb Hi Ha Ry, HI Ha Ly Ta/abo Ha
Cy. ToMy 114 IOJATIBIIOTO aHATI3y MOYKEMO CKOPUCTATUCS BUPa3oM (5). 3aMiHMBIIN y HbOMY apI'yMeHT ¢ Ha
(¢ - 1), omepxkuMO

h(t—z')zl—e_f(’_r) -%sin[g-{-ﬁ%(t—t)} (6)

i migcrasumo (6) y (3)

3

[Ticns npoBeneHHs HEOOX1IHMX IEPETBOPEHD OJIEPKHUMO

u, (t)=+A4- . 1—e’%t-isin f—ﬁ%t t>0 (7
6Ux - QS \/§ 3 2 b —_— .

SAxmo intepBan vacy (0, f) y Bupasi (7) po3outnii Ha nexinbka migiatepBaniB (0...7, #...H, ...t
TOIIIO), TO B 3araJIbHOMY BHUITQIKY

u, (H)=xA4- (l—a)—QL<l—e_%(l_u)-%Sin[%—ﬁ&(t—a)p . ()

t —%(t—r) 2 |z Q3
vtr=1:[ 1= 5 Tl £ L)

2

TyT oL — HHXKHS TPAHULSL KOKHOTO MiIIHTEPBATY Yacy.

Bupas (8) cipaBeyinBuii 11 KOKHOTO Bipi3Ka 4acy, 3 IKUX CKIaJaeThes 3aranbHuii inTepsan (0, 7)
HATIPYTH Ugeu(?) (pHC. 4). BiH Ma€ MOXKIMBICT BUBHAYUTH HATPYTY Ugux(?) 1011 OyABb-IKOTO MOMEHTY 4acy,
0 BXOJUTH IIO 33JIaHOTO iHTEpBay, 32 BIJOMHM a0o 3amaHuM 3Ha4YeHHsM mapamerpa ®HY Q.. 3 mporo

BUpasy BUAHO, o napamerp ®HY Q, = (L, -C, )" 6GesmocepeHBO BIUIMBAEC HA 3HAYEHHS HATIPYTH Uy (1):

yuM Oinbmnil mapamerp €, (ToOTO MM MeHIIl 3HayeHHs Ly i Cy), THM MEHIIA Pi3HULSA MiXK BXIIHOK Ta
BuxinHOIO Hanpyrow ®HY, i HaBnaku. SKmo Q; — 00, TO Ugux(?) — Uoeu(?).

i1 HaouHOCTI Ha OCHOBI BUpasy (8) moOynoBaHO rpadiKul HATIPYTH Uyx(f) VIS TPHOX 3HAYEHb Ma-
pametpa Q, (puc. 6) Ta HacTynHux napamerpis BI3: ammiityna U,=2 kB, Tpusanicts BI3 Ha nojoBuHI ami-
JTYAU Tivy = 50 MKc, 4ac HapocTaHHs Hanpyru Ty = 1 Mkc. Ha Bxoai ®HY ammnityna BI3 o6mesxena 3Ha-
yeHHsM rpubam3Ho 500 B.

[Tapametp k y ®HY npuiinaruii pisHUM 75 OwMm, ommip pe3ucTtopa R, 3rigHO 3 YMOBOIO (4) ITOpiBHIOE
75 Om, 110 BIJTIOBI/Ia€ YCTAHORBJICHIN MOTY)KHOCTI HaBaHTaxkeHHs Py = 650 BA.

3HaueHHs mapamertpa Q, npuitHaTi Takumu: Q= 3,1 k[, Q,~ 1,6 k', Q3= 0,63 x[.

3 KpuUBHX HA puc. 6 BUIHO, IO HAMOUTBINI cIieck HanpyTu Ha Buxoni @HY, 3ymoBneHmii peakiti-
eto ®HY Ha niro BI3, npubnuzHo nponopuiiiHuii napamerpy €2,: YMM MEHIIWH Led mapaMeTp, THM MEHIIa
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aMIUTITYAa CIUIECKY HalpyrH Ha eJIeKTPOMEpPEKHOMY BXoAi amapaTtypu. Tak, skmo, Hampukiaaza, 2,=0,63
k['1, To HalOINbIM creck Hanpyru Ha Buxoai @HY we nepesuirye 80 B; npu upomy ammuityna BI3 go-
piBHIoe 2 kB, a ammiityaa Hanpyru Ha Bxoni ®HY csarae 550 B (puc. 4). Lle cBiguuTth mpo Te, 1m0 yBi-
MKHEHHS HaBiTh oaHO1 I'-moxi6Hoi nanku @HY mixk BUX0I0M 0OMeXyBaua HAIPYTH Ta €IEKTPOMEPEKHUM
BXOZIOM anapaTypy 3Ha4HO 3MEHIIY€ OCTaTOYHMH CIIJIECK HAIPYTH Ha BXOJI 3raAaHoi anapaTypu.

Pa3oM 3 THM HEOOXiHO 3a3HAYUTH, IO 3MEHIIEHHS NapameTpa (2, 03Hauae 30UIbIICHHS 3HaYeHb Ly 1
Cy (puc. 1). Tomy nmij yac BUOOpPY 1bOTO NMapameTpa
HEOOX1THO TOTPHUMYBATHUCS PO3YMHOTO KOMITPOMICY.

BucHoBok. TeopeTnunuii aHaji3 mpoiecy
NPOXOJKEHHSI BUCOKOBOJIBTHOI IMITYJIbCHOI 3aBaju
3 MEpEeXi eJIEeKTPOXKHUBIICHHS Y BUTTISIAI OAUHOYHOTO
IMITYJIbCY HAPyTH 3afaHuX (OPMHU, aMIUIITyId Ta
TPUBAJIOCTI, a TaKOX TpUBaJIOCTeH ioro QGpoHTy i
3pi3y 4epe3 TpakT «0OMeKyBad Hampyra — QimbTp
HIDKHIX YacTOT» JaB MOXIJIMUBICTH BCTAHOBUTH Ki-
TBKICHI CITIBBIJHOIIEHHSI MK MapamMeTpaMu BXil-
HOTO IMIYJIbCy HampyrH 3 MeEpexki eNeKTPOKHUB-
JICHHS, TapaMeTpaMu elleMeHTIB (iTbTpa Ta MUTTE-
BUMH 3HAYCHHSMH CIUIECKY HANpyTH Ha eJNeKTPo-
MEpPE)KHOMY BXOJl EJNEeKTPOTeXHIYHOi abo pamio-
eJIeKTPOHHOI anapartypu. Lle, B CBOrO 4epry, Jaio MOXKIIHMBICTh KUTBKICHO OIIIHUTH BILTUB (iIbTpa Ha 3MEH-
IIEHHS aMILTITYIA 3THIITKOBOI 3aBay Ta BCTAHOBUTH MPSMHH 3B'SI30K MK eJleMeHTaMu (PiIbTpa 1 HalOLTh-
HIMM CIUIECKOM HANpPyTH Ha eIEKTPOMEPEKHOMY BXOJ1 anaparypH, a TaKoK 00’ €KTHBHO OI[IHHTH IIKiJJIUBY
IiI0 3raJlaHoTo CIUIECKY HAmpyTH Ta noOyIyBaTH NPaBUIIBHY CTPATETilo 3a/JIs 3MEHIIEHHS aMILTITyIU 3aJI1-
IITKOBOT IMITyJTECHOT 3aBajiyt 0 OE3MIEYHOTO PiBHSL.

Pobomy euxonano 3a 6100xcemnoio memoio. «Pozeumox meopii’ 6UCOKOUACMOMHUX MPAHIUCTIOP-
HUX Nepemeopro8ayié Ha OCHOGI Pe30HAHCHUX IHEePMOPIE Ol CUCEM eNeKMPONCUBTEHHS TNEXHOTIO2IYHO20
obnaonanus (Yacmoma-3)», KIIKBK 6541030.

,Hanpyra, B

1. EnexrpomarHitHa cymicHicTh. YacTuHa 4-5. Meronuku BunpoOyBaHHs Ta BUMiploBaHHs. BunpoOyBan-
HS Ha HECTIPUHHATIINBICTE N0 CIutecKiB HampyrH Ta ctpyMmy. ACTY EN 61000-4-5:2019. Kuis: ATT YxkpH/IHILI, 2020.
2. EnextrpomarsitHa cymicHicTs. YactuHa 4-4. Metonuku BUlpoOyBaHHS Ta BUMipioBaHH:S. BunpoOyBaH-

HS Ha HECHPUIHSTIMBICTH 0 CIICKTPUYHMX IIBUAKHX IEPEXigHuX mporecis/makeTiB immynbsciB (EN 61000-4-4:2012,
IDT; IEC 61000-4-4:2012, IDT). ICTY EN 61000-4-4:2019. Kuis: JI1 YxpHHLI, 2020.

3. Electromagnetic compatibility (EMC). Part 4-5: Testing and measurement techniques - Surge immunity
test. IEC/SC 77B - IEC_SC 77B. EN 61000-4-5:2014/A1:2017.
4. Electromagnetic compatibility (EMC) - Part 4-4: Testing and measurement techniques - Electrical fast

transient/burst immunity test. IEC/SC 77B - IEC_SC_77B. EN 61000-4-4:2012.

5. Radasky W.A., Koepke G. Considerations of high power electromagnetics (HPEM) transients with re-
spect to Smart Grid. US National Committee of URSI National Radio Science Meeting (USNC-URSI NRSM). Boulder,
CO, USA, 09-12 January 2013. DOLI: https://doi.org/10.1109/USNC-URSI-NRSM.2013.6525041.

6. Tao Liang, Spadacini G., Grassi F., Pignari S.A. Coupling of Wideband Radiated IEMI to Wiring Har-
ness: A Statistical Analysis of the Main Influencing Parameters. IEEE Symposium on Electromagnetic Compatibility,
Signal Integrity and Power Integrity (EMC, SI & PI). Long Beach, CA, USA, 30 July - 03 August 2018. DOI:
https://doi.org/10.1109/EMCSI.2018.8495256.

7. Tao Liang, Yan-zhao Xie. Maximizing Radiated High-Power Electromagnetic Threat to Transmission
Line System Under the Constraints of Bounded Bandwidth and Amplitude. [EEE Transactions
on Electromagnetic Compatibility. 2021. Vol. 63. Issue 3. Pp. 840-847. DOI:

https://doi.org/10.1109/TEMC.2020.3040271.

8. Qiwei Li, Wen Cao, Jun Ding, Jinyong Fang, Jing Sun, Chenjiang Guo. Research on High-
Power Electromagnetic Effect and Protective Technology of Electronic Equipments. IEEE 9th International Symposium
on Microwave, Antenna, Propagation and EMC Technologies for Wireless Communications (MAPE). Chengdu, China,
26-29 August 2022. DOI: https://doi.org/10.1109/MAPE53743.2022.9935158.

9. Marzieh Amirkhani, Abdollah Amirkhani, Alireza Karimian. Reducing the effect of high
power electromagnetic waves on electrical equipment. International Congress on Technology, Communication and
Knowledge (ICTCK). Mashhad, Iran, 11-12 November 2015. DOI: https://doi.org/10.1109/ICTCK.2015.7582721.

40 ISSN 1607-7970. Texn. enekmpoounamira. 2023. Ne 4



10.  Ott H-W. Electromagnetic Compatibility Engineering. New Jersey: John Wiley & Sons, Inc., 2009. 843
p. DOLI: https://doi.org/10.1002/9780470508510.

11. Radasky W.A., Hoad R. Recent Developments in High Power EM (HPEM) Standards With Emphasis
on High Altitude Electromagnetic Pulse (HEMP) and Intentional Electromagnetic Interference (IEMI). IEEE Letters on
Electromagnetic  Compatibility  Practice and Applications. 2020. Vol. 2. Issue 3. Pp. 62-66. DOI:
https://doi.org/10.1109/LEMCPA.2020.3009236

12.  Lanzrath M., Suhrke M., Hirsch H. HPEM - Based Risk Assessment of Substations Enabled for the
Smart Grid. IEEE Transactions on Electromagnetic Compatibility. 2020. Vol. 62. Issue 1. Pp. 173-185. DOL:
https://doi.org/10.1109/TEMC.2019.2893937.

13.  Giri D.V,, Hoad R., Sabath F. Implications of high-power electromagnetic (HPEM) environments on
electronics. [EEE Electromagnetic Compatibility ~Magazine. 2020. Vol. 9. Issue 2. Pp. 37-44. DOL:
https://doi.org/10.1109/MEMC.2020.9133238.

14.  Tlaenoscwkwuii B.O., I'ypin B.K., IOpuenko O.M. IlinBuiieHHs: eheKTUBHOCTI 3aXUCTY €IEKTPOTEXHIY-
HOI Ta pajlioeNIeKTPOHHOT anaparypy BiJi BACOKOBOJBTHHX KOPOTKOYACHUX CIUIECKIB HAIPYTH B MEPEXi ENEKTPOKHB-
nenns. Texuiuna enekmpoounamixa. 2022. Ne 5. C. 34-37. DOI: https://doi.org/10.15407/techned2022.05.034.

15.  Puxerc JLY., bpumxkec Jx.3., Maiinerta . D1€KTpOMarHuTHLIM UMITYJIbC U METOJbI 3allUThL. M.:
Aromuzpgart, 1979. 328 c.

16.  ArabekoB I'.11. Teoperndyeckne ocHOBBI AneKTpoTeXHUKH. YacTh I: JIuHeWHbIE dNEeKTpUYECKHE LEMH.
M.-JI.: Oueprus 1966, 320 c.

17.  BecconoB JI.A. TeopeTuueckue OCHOBBI JIEKTPOTEXHUKH. DeKTpuueckue nenu. M.: Briciias mkona,
1978. 528 c.

18. Tonoposckwmii U.C. Pagmotexanueckue nenu u curHansl. M.: Cos. Pagmo, 1964. 693 c.

ANALYSIS OF ELECTROMAGNETIC PROCESSES IN THE "VOLTAGE LIMITER - LOW-FREQUENCY
FILTER" CIRCUIT DURING THE INFLUENCE OF HIGH-VOLTAGE SURGE
FROM THE POWER SUPPLY NETWORK

V.0. Pavlovskyi, V.K. Gurin, O.M. Yurchenko

Institute of Electrodynamics National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine.

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

In the work, a theoretical analysis of high-voltage surge (HVS) passing from a power supply network through the path
"voltage limiter - low-pass filter" is carried out, with the aim to evaluate the effectiveness of the filter on reducing the
amplitude of the residual HVS at the input of electrical and/or radio-electronic equipment. As a low-pass filter (LPF),
an L-shaped filter was chosen. Typical means of limiting the amplitude of the HVS (gas-filled arresters, varistors, and
suppressors) are analyzed, and their shortcomings are shown. The justification of the equivalent scheme for theoretical
analysis is given. The analysis revealed a direct relationship between the cut-off frequency of the LPF, which is deter-
mined by the nominal values of its elements, and the amplitude of the residual HVS at the mains input of the equipment,
and also showed the effectiveness of inserting the LPF between the output of a typical HVS voltage limiter and the
mains input of the mentioned equipment from the point of view of additional reduction of the residual HVS amplitude.
References 18, figures 6.

Keywords: high-voltage surge, gas arrester, varistor, suppressor.
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PI3BHUX THUIIIB CUHXPOHHUX TAI'OBUX EJIEKTPOABUI'YHIB
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Memooamu mamemamuuHo20 MOOeN08AHHA NPOBEOEHO NOPIGHANbHUL AHANI3 XAPAKMEPUCTNUK eNleKIMPOMASHIMHO20
MOMEHmMY ma NOMYHCHOCI MPbOX 8aApPiAHMIE MA208UX CUHXPOHHUX OBUSYHIB: CUHXPOHHO20 PEaKmueHoz20 O0B8UYHA,
2I6PUOHO20 CUHXPOHHOZ0 PEAKMUBHO20 0BUSYHA 3 O00AMKOBUMU NOCIILIHUMU MAZHIMAMU HA POMOPI MA CUHXPOHHOZO
08USYHA 3 6CTNAHOBNIEHUMU HA NOBEPXHI pomopa nocmitnumu maeuimamu. TlopigusnoHuil ananiz npogeoeHo 3a ymos
00HAKOBUX 2abapuUmMie O8USYHIE, HOMIHALHUX GEIUYUH CIPYMY 0OMOMKU CMAmMopa ma WeuoKoCcmi 06epmanHs pomo-
pa. Bcmanoeneno, wo 3a 3a0anux ymoe Haubinbuly ROMYNHCHICIb | MOMEHM PO36UBAE CUHXPOHHUL O8USYH 3 NOCMIUHU-
MU MASHIMAMU HA NOBEPXHI, Ajle 8 HbOMY ChOCmepiearmvcs i Haubibwi nyavcayii momenmy. KoHcmpykmugHi 3axo0u
U000 3MEHUEHHS NYTbCaYill MOMEHMY 0OHOYACHO NPU3600SiMb 00 NOMIMHO20 3MEHUEHHs HOMIHATIbHOI ROMYAICHOCTE
osuzyHie. Ompumani pe3yiemamu MOXCyms Oymu UKOPUCMAHI Ri0 Yac 8U6Opy OOYLIbHO20 MUNY CUHXPOHHO20 MA20-
6020 08UZYHA 3 YPAXYBAHHAM 3A0AHUX KOMAPOMICHUX 8UMO2 00 XAPAKMEPUCUK O8USYHIG I YMO8 eKCnyamayii mpanc-
nopmuoeo 3acoby. bion. 12, puc. 5, Tadm. 2.

Kntouosi cnosa: TAToBUI CHHXPOHHUH JBUTYH, IOCTIIHI MarHiTH pOTOpa, €NEKTPOMATHITHUI MOMEHT, IyJIbCallii eleK-
TPOMAarHiTHOTO MOMEHTY.

IMocTanoBka 3axavi. PO3BUTOK i CTBOpEHHS HOBHX CyYacCHHX €JIEKTpOTpaHCIOPTHUX 3aco0iB (ET3)
BHMarae IoajIbIIoro IMiABUINCHHS ¢eKTUBHOCTI Ta HamiHHOCTI TATOBHUX enekTpoasuryHiB (TE), mo Bxo-
ISTh 10 iXHBOTO ckiaay. ToMmy HayKoBO-TeXHi4Ha mpobieMa ynockoHaideHHs kKoHcTpykuiii TE ta BuGopy
ixHix onTuManpHUX THIIB A ET3 3 ypaxyBaHHSIM 0coOiIMBOCTEH IXHBOTO (PYHKI[IOHYBAaHHS 3aJUILAETHCS
aKTYyalbHOIO.

Cepen 3Ha4HOT KiNBKOCTI BigoMux THMiB TE (IOCTIHHOTO CTpyMy, aCHHXPOHHUX, CHHXPOHHHX peakK-
TUBHHUX, CHHXPOHHUX 3 CJIEKTPOMATHITHUM 30yIKEHHAM a0 3 MOCTIHHUMM MarHiTaMd Ha pOTOpi TOLIO)
NEePCIEeKTUBHUMH JIsI IKpoKoro BukopucTanHsa B ET3 pisHoro Tumy Ta npusHaueHHs € OE3KOHTAKTHI CHH-
xponHi TE. Ile oOymoBieHo ixHIMH HOOpHMH Maco-rabapUTHHMH TOKa3HWKaMH Ta JOCTaTHHO BUCOKHAM
piBHeM HanidHOCTI. Ayle B Mexkax kiacy cMHXpoHHUX TE iCHyIOTh KOHCTPYKTHBHI Pi3HOBHIH, SKi CyTTEBO
BiJIPiI3HAIOTHCS TEPII 32 BCe KOHCTPYKIliero poropa [1]. ¥V poborax pi3HUX aBTOPIB JOCIHIKYIOTECS OKpeMi
BapianTH cHHXpOHHUX TE, 6arato 3 HUX NMPHUCBSIYCHO CHHTE3Y ONTHUMAIBHHX METONiB KepyBaHHSI TE mis
MOKPAIICHHS IXHIX XapaKTEepPUCTUK [2-5]. AJie XapaKTepUCTUKH JABUTYHIB, TOJIOBHUM YHHOM, BU3HAYAIOThHCS
0COOIMBOCTSAMH iXHIX KOHCTPYKI[ii. TOMy aKkTyalbHUM € MTOPiBHAJIBHUM aHaTi3 HOMiHATBHUX €HEPreTUIHHIX
XapakTepUCTUK CUHXpOHHUX TE pi3HOro THmy 11 OLIHKY IXHBOI KOHKYPEHTHOI CIIPOMO’KHOCTI Ta IepCIeK-
TUB BUKOpHcTanHs B ET3 pizHoro mpusHauenHs [6-8]. YV nmanili poOOTIi BUKOHAHO MOPIBHSJIBHHN aHai3
TPbOX BapiaHTIB NOTYX)HOT0 cuHxpoHHoro TE. Ilepwuii — ne cuaxponnuit peakruHuil neuryHd (CP/l) (anr-
miiiceka Ha3zBa — synchronous reluctance motor (SRM)). JIoOpe BioMi ioro mepeBaru — mpocToTa KOHCTPY-
KIIil, BUCOKa HANiHHICTh, HEBEIUKA BAPTICTh — POOJATH HOTO KOHKYPEHTOCIIPOMOKHHUM CEpel iHIMUX MOXK-
JMBUX BapiaHTIB Oe3koHTakTHHX cMHXpoHHUX TE. EnexTpomarniTHuii (peaktuBHUi) MoMeHT B CP/l BuHU-
Ka€ BHACNIJIOK CHJIOBOI B3a€MOJIii SBHOTOJIIOCHOTO (PEpOMArHITHOTO POTOpa 3 MarHITHUM ITOJIEeM OOMOTKH
craTopa. 3a BEIMYMHOIO eJleKTpoMaraiTHoro MmoMeHnTy CP/] 3a iHIuX piBHHX yMOB, 3a3BHYai, HOCTYIAETHCS
TE, B IKHX MOMEHT CTBOPIOETHCSI BHACIIZOK CHIJIOBOT B3a€MOJI1 MarHiTHOT'O MOJISI OOMOTKH cTaTopa i MarHi-
THOTO NoJst mocTiiHuX MarHiTiB (IIM) poropa. Tomy Opyeutl po3risiHyTHil y craTTi BapianT — ue CP/ 3 no-
JaTKOBO BcTaHOBIeHUMH B poTopi IIM (CPAIIM) (permanent magnet assisted synchronous reluctance motor
(PMSRM)). Lleit BapianT siBIsie coGot0 “mizcmeny” 3a paxyHok IIM xonctpykuito CPJI [9, 10]. Moro mosx-

© BacekoBebkuii FO.M., [Taemiok B.B., 2023
ORCID ID: * https://orcid.org/0000-0003-1262-0939

ISSN 1607-7970. Texn. enexmpoounamixa. 2023. Ne 4 43



Ha PO3IIIAAATH SIK TIOPUIHY KOHCTPYKIIIO, B AKil €JIeKTPOMArHITHUA MOMEHT CKJIAIA€ThCS 3 CYMU PEAKTUBHOTO
MoMmeHTy CPJ] 1 MOMEHTY, YTBOPEHOI'O B3a€EMOJII€r0 MarHiTHUX ToniB [IM i cTpymiB 0OMOTKU cTatopa. Tpemiii
BapiaHT — CHHXPOHHHUI IBUT'YH 3 30BHilIHIMU nocTiiHiMu MarHitamu (C/3IIM) (permanent magnet assisted
synchronous motor (PMSM)), siki BCTaHOBIIEHI Ha MOBEPXHI POTOpa Ta MAIOTh PaJialbHUNA HAMPSIMOK BEKTOpa
HaMarHigyBaHHS. SIK CBiAUaTh pe3yabTaTH TOCIIKEHD, TAKHA TBUTYH YV TIOPIBHSIHHI 3 IHIITMMA KOHCTPYKTUBHH-
MU BapiaHTaMK Ma€ OLIbII BUCOKI TEXHIKO-SKOHOMIUHI Mmoka3HUKH [1]. 3a3HaueHi BapianTi TE Binpi3HsAOTHCS
JIIIIE KOHCTPYKIIEIO POTOpa, a CTAaTOPH € OJHAKOBUMH 1 MalOTh PO3MOiNieHy TprdasHy 00MOTKY, sIKa >KUBUTHCS
CHUHYCOiTHIM cTpyMoM. Bci 3a3Haueni Bapianti TE € 6e3koHTakTHUME. X04a 00paHi BapiaHTH CHHXpOHHUX TE
HE BHYEPITYIOTh YCi MOMJIMBI KOHCTPYKTHBHI BapiaHTH iXHBOTO BHKOHAHHS, ajie MOPIBHIHHS 1X XapaKTepPUCTHK
HaJa€ KOHKPETHY MPaKTHYHY 1H(pOpMaLiio 00 JOIUILHOCTI IXHBOTro BUKOpHCTaHHS B ET3.

[opiBHsIbHMI aHai3 TPOBOAUTHCS 3a OJHAKOBHX HACTYNHHUX yMOB: 1) rabaputu Ta reoMeTpHyHi
XapaKTEPUCTUKHU ABUTYHIB, Y TOMY YHCIIi 30BHIIIHIHN AiaMeTp cTaTopa Ta BHYTPINIHINA IiaMeTp poTopa, aKTH-
BHa JOBXXHHA, BUCOTA MOBITPSHOTO MPOMIKKY; 2) cxeMa Ta KOHCTPYKLis OOMOTKH cTaTopa; 3) BelIMYHMHA
CTpyMy OOMOTKH CTaTOpa B HOMiHAJHHOMY PEXHMI, 110 3a0e3ledye OJHaKOBUW HArpiB IBUTYHIB; 4) HOMi-
HaJbHA YacToTa 00epTaHHSA poTopa; 5) KyT HaBaHTaKeHHsA. OCTaHHS yMOBa O3HA4Ya€, 110 BHACTIIOK PI3HUX
KyTOBUX XapaKTEPUCTHUK KOKEH 3 JIBUTYHIB 32 OJJHOTO i TOTO X KyTa HaBaHTaXXCHHs OyJie CTBOPIOBATH Pi3-
HUH €J1eKTPOMarHiTHUH MOMEHT i, BiATIOBIIHO, MaTu Pi3Hy MOTYXHICTh. 3a3HaueHa MOpPiBH;IbHA 0Oa3a nae
MOXJIUBICTh YiTKO BH3HAYUTU BIUIMB HA BEJHMYMHY €JIEKTPOMAarHiTHOrO MOMEHTY Ta IOTY)KHICTb ABHIYHa
0CO0JIMBOCTEH KOHCTPYKIIIT poTOpa.

Meta po60oTH — NOPIBHIIBHUN aHAaJi3 XapaKTEPUCTHK €JIEKTPOMAarHiTHOrO MOMEHTY 1 MOTYKHOCTI
TPbOX 3a3HaueHUX BapiaHTiB TE 3a11s BU3HAUCHHS iXHbOT KOHKYPEHTHOI CPOMOKHOCTI Ta MOXIIUBHUX cep
3actocyBaHHs B ET3.

O0’exT nocaigxenHs. J(ocmiKeHHs MPOBEACHO HA MPHUKIAAi TOTy)HOro TE, sikuii € nepcrekTus-
HUM 711 BUKOpHUcTaHHs B pisHux ET3 i Mae HacTymHi XxapakTepucTuku: (ha3sHuid HoMiHaIbHUHN cTpyMm 310 A
(mirode 3HAYCHHS); YUCIIO TIap ITOJIOCIB poTopa 2; HOMiHAJIbHA YacToTa oOepraHHsa poropa 1500 06/xB. Ak-
TUBHA MOTY>KHICTh JIBUTYHIB 1 HANpyTa >KUBJICHHS BU3HAYAIOTHCA 32 pe3yJibTaTaMH po3paxyHkKiB. ['abaputHi
Ta reOMETPHUYHI JaHi: 30BHIIHIN HiameTp ctaropa 0,46 M; niameTp po3rouku cratopa 0,3 M; akTUBHA JOB-
xuHa ctaropa 0,3 m; noBiTpsauii mpomixkok 0,002 M; KinmbKicTh ma3iB craTopa 36; 0OMOTKa cTaTopa — TpH-
(a3Ha nBOmIAPOBA; KUTBKICTh e()eKTUBHHUX MPOBIIHUKIB y Ma3y 6; KUIBKICTh MapajelbHUX TUIOK 1; BUCOTa
na3y 0,04 m; mupuna naszy 0,0145 m. [ocriiini maraiTn — NdFeB (3anumkoBa inaykist 1 Ti; koepuutueHa
cua 850 kA/m). OCKITbKA aHANI3YIOTHCS CTalli HOMIHABHI PEKUMH, a MTyCK 1 KepyBaHHS MIBHIKOCTI IBUTY-
HiB BUKOHY€TbCS YaCTOTHUM IIEPETBOPIOBAaYEM, TO AeMI(hepHa cUCTeEMa poTopa He po3risinaeTscs. Ha puc. 1
300pakeHo IMOMEepeyHi po3pi3u akTHBHOI 30HH BapiaHTiB TE. SIBHOmomrocHa koHCTpykuis poropa B CPJI
YTBOPIOETHCA LUIIXOM BUKOHAHHS B POTOPI HEMAarHiTHUX MOTOKOBUX 0ap’€piB, sIKi 3a3BHYall € MOBITPSIHUMHU
npomixkkamu (puc. 1, a). B CP/IIIM B moTokoBi Oap’epu nomaTkoBo BkiamaroThes [IM (puc. 1, 6). B
CA3IIM (puc. 1, g) [IM ykmnanaroThcsl Ha MOBEPXHi POTOpa Ta MalOTh paliaJbHAN HANIPSIMOK HAMAarHidyBaH-
Hs. O6’em [IM B CPZITIM i CAA3IIM € omHakoBuM, 1o 3abe3mneuye it onHakoBi Benmmurnaun MPC poropa.

IToToKkoBi dap'epH

a 0 6
Puc. 1
MartemaTnuHa Moaeib. KiHIleBUM pe3ysibTaTOM MaTeMaTHYHOI'O MOJCIIOBAHHS € YacOBI 3aJICKHO-
CTl €JIEKTPOMArHITHOrO MOMEHTY. [l aHalli3y CTanoro pexkuMy poOOTH JOCTATHBO PO3paXyBaTH 3a3HaueHI
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YacoBi 3aJIe)KHOCTI 32 OJUH MOBHUI ob6opot portopa [11]. Ctpymu B dazax tpudaszHoi 0OMOTKH cTaTopa €
CHUHYCOIHUMH 1 3MIHIOIOTBCS 3T1THO HACTYITHUX (OPMYII:

I,=1,cos(ot+0); I,=1I COS[(Dt-i—%-l-ej; I.=1, cos(mt+?+6), (1)

ne I,,, ® — aMIUIiTy1a Ta KyTOBa 4acToTa CTPyMY BIIIMOBITHO; 6 — KyT HABaHTAXKCHHS IBUTYHA. 32 JOTIOMO-
roro kyta 0 B popmynax (1) hopMyeThes 3¢yB 0Ci MATHITHOTO TOJISl, YTBOPEHOTO CTPYMaMu OOMOTKH CTaTO-
pa, o BiIHOIIIEHHIO JI0 OCi TIOJIOCIB pOTOPA, 110 BigoOpaxkae piBeHh HABAHTAXKEHHS CHHXPOHHOTO JIBUTYHA.

AHaji3 ToJis T0CTaTHRO BUKOHATH B IBOBUMIpHOMY HaOMMKeHHI. BpaxoByro4n, 0 MarHiTOIPOBO-
IIM cTaTtopa 1 poTopa muxToBaHi, a [IM € mpakTHYHO HEeNeKTPONPOBIIHUMH, PUIAMAEMO, IO EIEKTPOIPO-
BIZIHICTh YCiX CEpelOBHIL B aKTHBHI{ 30Hi ABUTYHIB JOPIBHIOE HYJIO, TOOTO HEXTYEMO iHIYKOBAaHHMHU BH-
XPOBUMH CTpyMaMH. TOMy Ui IBOBHMIPHOTO MAarHiTHOTO TIOJIS B JIEKApTOBUX KOOPJMHATAX OTPHUMAEMO
HACTYIIHE HEJiHIHE CTalioHapHe PiBHAHHS BiTHOCHO BEKTOPHOTO MarHiTHOTO MOTEHIIANy A,

0’4, 0’4, 5
e +ay—2——Wzmpa ()
A€ J-crop — TYCTHHA CTPYMY B I1a3aX CTaTOpa, AKa 3a[a€ThCs y BIIMOBIAHOCTI 10 piBHAHB (1) 3 ypaxyBaHHAM
HasIBHOT IJIONII MONIEPEYHOro TMepepidy masiB craropa. MarHiTHa MPOHUKHICTE L Ha JISTHKaX (epoMarHir-
HHUX OCepAb ABUTYHA BH3HAYA€THCS 3a JOIMOMOIOI0 BIIMOBIJHUX KPUBUX HaMarHidyBaHHA. J{JIsi OTpUMaHHS
YaCOBHUX 3aJICKHOCTEH MOMEHTY PIiBHSHHA (2) pO3B’A3Y€ThCA 3 YpaxyBaHHIM 3MiHH Yy 9aci CTPYMIB 3TiTHO
(1) i KyTOBOTO TIOJIOKEHHS POTOPA, AKUH 00epPTAETHCS 3 HE3MIHHOIO KYTOBOO IIBUAKICTIO (.

Takum 9UHOM, TIUIIXOM YHCENIBHOTO PO3B’SI3aHHA 33/1adi MTyKaHI 9acoBi 3aJICXKHOCTI €JIeKTPOMarHi-
THOTO MOMEHTY Mpm(?) 3HaXOAATHCS y BUTIISIII CYKYITHOCTI AUCKPETHUX 3HAYEHb MOMEHTY, OTPUMAaHUX ITi[|

4ac po3B’sI3aHHs PIBHSAHHA (2) B MOMEHTH 4acy f, =t, , +At, k=1, N 3 3aganuM kpokoMm mo uacy At. Ilpu
IOMY KO’)KHOMY MOMEHTY 4acy Bi/IITOBiZa€ MEBHA KYTOBAa KOOPJMHATA POTOPA

Yi =Yi + @zA7
1 MUTTEBI 3HaYCHHS CTPYMIB (ha3 cTaTopa

I, =1,cos(ot, +0); I, =1, cos(mt,( +%+6J; I,=1, cos(cotk +%+9).

PiBHsiHHS (2) pa3oM 3 OAHOPIAHMME IPAaHUYHUMH YMOBAaMH Ha 30BHIILIHIIM MOBEPXHI ocepas cTaropa
PO3B’SI3y€THCS METOAOM CKIHYEHHUX €JIEMEHTIB B cepenoButi nmporpamu Comsol Multiphysics. Otpumana B
TaKHi Crocid CyKyIHICTh 3HA4€Hb BEKTOPHOTO MarHiTHOTO MOTEHINaAly B MOMEHTH Yacy f; BimoOpakae ¢y-
HKI[IOHAJIbHY 3aJISKHICTh BEKTOPHOIO MOTEHITIANY Bix Yacy A.(f).

MuTTEBE 3HAYCHHS €IEKTPOMAarHITHOTO MOMEHTY 3HAXOAUTHCS 33 JOMOMOTOI0 HACTYIHOI (hopMyH,
SIKa TPYHTY€ThCSl Ha BUKOPUCTaHHI TEH30pa MarHiTHOTO HATATHEHHS Ha MOBEPXHI pOTOpa

2pRil, ¢+
My () === ("B B dl. (3)
By °°
e p, T — YUCIIO Map TOJIFOCIB 1 MOJIIOCHA MOJUIKA BiAMOBIAHO; /[, Ry — akTUBHA NOBKHHA Ta Pajiyc poTopa.

Bekrop MarHiTHOT iHAYKIiT E B OyIb-sIKiii TOYII TOBEPXHI pOTOpa MOXKHA MPEJCTABUTH Y BUTJLII CyMHU
HOpMaJIbHOI B, (HampaBiieHOT Y3/I0BXK BEKTOpa HOpPMaJIi 0 TOYKH MOBEPXHi) 1 TaHTeHIliansHO1 B, (Hampas-
JICHOT Y3JI0BXK TOTUYHOTO BEKTOpa) MPOEKIii. MOMEHT TakoX MOXKHA pO3paxyBaTd 4epe3 MUTTEBI 3HAUCHHS
TaHT€HI1aJbHOI CKJIaJ0BOI TEH30pa MAarHITHOTO HAaTArHEHHs 7, abo Woro npoekuiil 7, 7, B JeKapTOBIii cHC-
TeMi KOOpAWHAT

Moy (6)=2plyR; [ Tdl =2pl, [ (T, =T, )dl, (4)

ne T, = B,B_ /| ; |\ — MarHiTHa IPOHUKHICTB.

CepenHe 3HaUEHHS €EKTPOMArHITHOTO MOMEHTY 3HaXOIUTHCS IHTETPyBaHHIM MUTTEBOTO 3HAYECHHS
MOMEHTY B MeXax mepiony 4acy 7 OBHOTO 00OpOTY poTopa

1 ¢
Minco =7 J, Muni (D 5)
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MHUTTEBE MarHiTHE MOTOKO3YEIJICHHS (a3u, IO CKIAMAEThCS 3 ¢ MOCHIOBHO 3’€THAHUX KOTYIIOK,
KOXKHA 3 SIKHX Ma€ Wy BUTKIB, 3HAXOUTHCSI IHTEIPYBAHHSAM BEKTOPHOTO MArHiTHOTO MOTEHIlANY 10 cyMap-
Hili mIomi Sy, HONEPEYHOro Nepepisy CTOPIH YCiX KOTYIIOK (a3u, IO MAIOTh CTPYMH OJTHOT'O HANPAMY

2w,l
_ k°I1
W, (1) =" j A(t)ds , (6)
Sl SZq
q
ae Sy, — ToIa mepepisy OJHi€l KOTYyIIKU. 3HalineHe 3a GopMylow (6) MOTOKO3YEIIeHHs (a3 0OMOTKH
BpaxoOBYy€ CyMapHe TOTOKO3YEIUICHHSI BiJl YCiX MAarHiTHHUX IOTOKiB, SIKi B KJIACHYHIN Teopii eNeKTPHIHUX
MAIllUH MPURHATO PO3TIISAATH OKpeMOo (IIOTOKH B3a€EMOIHIYKIIIT, Ta30BOro Ta AudepeHLiiHoro po3citoBaH-
Hsl, BUIUX rapMoHiK). He BpaXxoBYIOThCS JIMIIIE MOTOKH JIOOOBOTO PO3CitOBaHHS. AJie B CHHXPOHHHX Mallld-
Hax 3 [IM poTopa BILUTUB JIOOOBOTO PO3CiIOBAaHHS HE3HAYHHUH, a Bpa3i HEOOXIMHOCTI HOTO MOYKHA BpaxyBaTH
okpeMuM noaankoM. MutteBe 3HaueHHs: EPC B ¢a3i craTopa 3HaX0IUThCA 3riHO HopMyiH
_dY (1) 2wl ¢ 0A.(2)
e, () =— =— ds .
dt S SZq 8t

HampyxeHicTs eneKTpuaHoro 1o £,(f) 32 yMOBH BiICyTHOCTI HE3MIHHHX €JIEKTPHUYHUX 3apsIiB B aK-
24, (1)
ot

(7)

1q

THBHI} 30Hi1 eJIEKTPUYHOI MallIMHK BU3HAYaeThes popmyioro E (1) =— . Tomy EPC Mo3xHa 3HaliTH 5K

2wl
S,

SIkI10 HEXTYBATH MAIiHHAM HANPYTH HA aKTUBHOMY OIOPi 0OMOTKH CTaTopa, TO IMPHUKIaAeHA 10 00-
MOTKH CTATOpa Hampyra Mepexi )KUBJICHHS YPiBHOBaXKy€eThcs BHYTpiIHbo10 EPC aBuryna u, (1) = —e, (1) .

ey (1) = jsz E.(t)ds . (8)

KoedirmieHT mOTY>KHOCTI IBUTYHA MOKHA 3HAWTH B HACTYMHMIA crioci6. Maroun ABi Bigomi mepionu-
gHi (yHKII 9acy — ctpymy 3a popmymnoro (1) 1 mHanpyrn 3a popmyroro (8) Ta BimoOpa3uBIH ixHi rpadiku
pa3oM Ha oci yacy, MOXXHa 3HaUTH KYT ()a30BOTO 3CYBY (p MK HUMH 1, BIIMOBiTHO, KOE(ILliEHT MOTYKHOCTI
COSQ.

Jliroue (cepeiHe) 3HAUCHHS aKTUBHOI MOTYXKHOCTI JBUTYHA 3HAXOMUTHCS MICIs PO3PAXYHKY Cepe-
HBOT'O 3HAYCHHSI €JICKTPOMArHiTHOIO MOMEHTY 3a hopmyioro (5)

P = MEMcepO‘)R ‘ (9)
3 iHImIoro OOKy akTUBHA MOTYKHICTB, SIKY CIIO)KUBAE JBUTYH 3 MEPEXKi
P=./3/21, U, coso. (10)

3 dopmyn (9), (10) MmoxHa 3HANTH NitoYe 3HAYCHHS JIIHIHHOT HANPYTH KUBJICHHS, SKa IMOTPiIOHA JIJIs
MPOTIKaHHS 33/1aHUX CTPYMIB B (hazax OOMOTKH CTaTOpa JBUTYHA

Uy :\/2/_3MEMcep0‘)R/(Im COS(p). D

Jis OWiHKY IyNbcalii MOMEHTY BHUKOPHCTOBYETHCS KOE(DIieHT MyJbcamiid, IKUi BigoOpaxae Bif-
HOIIICHHS Pi3HUIII MaKCUMAaTbHOTO MEMpee 1 MIHIMATEHOTO MEN;,, MOMEHTIB JIO IXHBOTO CEPEIHHOTO 3Ha-
YeHHS

M -M.,,
K, = W ‘ (12)
EMcep

Po3pobnena komiiekcHa MaTeMaTHyHa Mozenb (1) — (12) gae 3Mory BU3HAUYMTH Ta MPOAHAJI3yBaTH
YCIO CYKYITHICTh HOMIHAJIbHUX €HEPreTHYHNX XapaKTePUCTHUK 3a3HAYEHUX THIIIB ABUTYHIB.

[yascanii e1eKTPOMarHiTHOro MOMeHTY. 3Ha4HI IyJbcallii eIeKTPOMArHiTHOTO MOMEHTY B CHH-
XPOHHUX JABUTYHAX JAHOTO THITY € TOJIOBHUM iXHIM HeMoJIiKoM. ToMy MOTpiOHE YiTKe OOTPYHTYBaHHS KOHC-
TPYKTHBHHUX pillleHb, HAIIPABJICHUX HA 3MEHIICHH: MyJIbCalliii MOMEHTY, Ta BU3HAUYEHHS BILUTUBY KOKHOTO 13
HuXx. L1 mpobnema posrisganacs B podoTax pi3HUX aBTOpiB, Hampukiay [9, 12].

[IpoananizyeMo mpuIuHN BUHUKHEHHS ITyJbcarliii MoMeHTy Ha mpukian C/I3I1M.

Ha puc. 2 nmokasano 3miny kaptunu noiiss CJI3IIM depe3 3mMiHy HaBaHTakeHHs Mariuuad. Ha puc. 2,
@ HaBEJEHO KapTUHY IOJIS1 B PEXKHUMi YMOBHOI'O XOJOCTOTO X0y (32 BiICYTHOCTI CTPyMiB B OOMOTILI cTaTo-
pa); Ha puC. 2, 6 — KapTHHY TOJISl B peXHUMi pOOOTH 31 CTpyMaMH CTaTopa, SKi JOPIBHIOIOTH MTOJIOBHUHI HOMi-
HAJILHOTO CTPYMY; Ha PHUC. 2, 6 — KAPTHHY IOJIS 32 HOMIHAJILHUX CTPYMIB B 0OMOTIII cTaTOpA.

OueBuiHI CyTTEBI BIIMIHHOCTI PO3MOIITY MarHiTHOTO HOJsI B 3a3HaYEHUX peXUMax poOOTH ABHTY-
Ha. 3a XOJIOCTOTO X0y BiCh CUMETPIi TOJIA 0. CITIBITAJIa€ 3 MOB3IOBXXHBOIO BICCIO d MONIOCY POTOpPA, 1 MarHiT-
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HUl MOTiK 3aMuKkaeThes Big [IM omniel monsipHOcTi A0 1M iHIIIOT MONSIpHOCTI Yepe3 ApMo cTaTopa Ta 3HaYHI
3a BEJIMYMHOI0 HEMArHITHI MPOMIDKKH, SIKi JOPiBHIOIOTH TOBIIMHI [IM. ITif yac HaBaHTa)KEHHS MAIlIUHH 3a-
BISIKM peakiii cTpyMiB OOMOTKH cTaTopa pe3yJibTYIOUHid MarHiTHHN MOTIK MOCTYIOBO 3MIIIY€THCS B 30HY
(hepomarniTHUX mpoMixkiB Mix [IM (1o momepeuHoi oci g). [IpyuoMy OCHOBHA YacTWHA TOTOKY KOXKHOTO
TIOJTEOCY TETep 3aMHKAEThCS B Mekax omgHoro I[IM depes BiTHOCHO HEBEJIHKI TMOBITPSHI MPOMIKKH MiX CTa-
TOpPOM 1 poTopoM. Mix Biccio d 1 BicCI0 CUMETPil pe3yIbTYIOUOTO IMOJIS 0L YTBOPIOETHCS KYT HaABaHTaXKeHH 0.

_,_.—'—"'/
a 7] 6
Puc. 2

[lig gac oOepTaHHs poTopa 3aBISKH 3yOIIEBO-TIA30Biil CTPYKTYpPi OCep/sl CTaropa MepiogudHo 3Mi-
HIOETHCS MAarHiTHHH OMip Ha MUIAXY Mar"iTHOTO MOTOKY, IO BHUKIWKAE MYJbCAIlii TIOTOKY i, SIK HACIIIOK,
nyJbcallii eNeKTPOMarHiTHOTO MOMEHTY. Y JaHoMy BapiaHTi KOHCTpyKIii poropa CJI3IIM Han dpepomarHiT-
HUMH npoMikkamu Mix [IM uepe3 oOepTaHHs poTOpa NMepiogUYHO 4epryroThes 2 1 3 3yOus cratopa. [lpu
[IOMY MarHITHHUH Orip 3yOIIeBO-11a30BOi 30HU CTaTOpa 3MIHIOETHCS MPUOIHU3HO B 1,5 pasu. ToOTO HasABHICTH
3y0I1eBO-T1a30BO1 CTPYKTYPH CTATOPa € OJTHOIO 3 TOJIOBHUX IMPUYINH BiOpaIliii MOMEHTY JIBHUTYHA. [HITIOI0 TpH-
YMHOI0 € JUCKPETHICTh PO3TallyBaHHS KOTYLIOK OOMOTKM CTaTopa Mo mnazax. PesynbpraTm MoOJeNOBaHHS
MOKa3aJId, IO B i7ieaTbHOMY BUTIAIKY O€311a30BOi KOHCTPYKIIil CTaTopa, KoM Ha TIIaaKid BHYTpIlIHIN TOBe-
PXHI cTaTOpa YKIaIaeThCs HENepepuBHA ifcalbHa (CHHYCHA) OOMOTKA, ITyJIhCallii IOTOKY Ta MOMEHTY 3HH-
Kal0Th. TakKMM YHUHOM IyJibCallii MOMEHTY BUHHUKAIOTh BHACIIZOK 00EPTaHHS POTOpa BIIHOCHO HEOIHOPII-
HOI CTPYKTYpH CcTaTopa. AHAJIIOTIYHUMH € 1 IPUYMHY myibcaniid momenty B CPl i CPATIM.

B psini ommyOirikoBaHMX poOIT 3aITPOIIOHOBAHO 3aX0IH IOI0 3MEHIIIEHHS ITyJIbCallii MOMEHTY B JIBH-
TyHaX JaHOTO THITY. BidbmIicTh IMX 3aXO0JiB 3al03WYEHO 3 TEOpii CHHXPOHHUX EJIEKTPUYHUX MAIlWH. 3HU-
JKEHHS MyJIbcallil MOKHA JOCSTTH 3MEHIIEHHSIM HEOIHOPI1IHOCTI 3yOIIeBO-11a30BOi 30HH CTATOPa Ta ONTHMi-
3amier0 KOHCTPYKIii potopa. Cepell Takux 3axoJliB BiAMITHMO: a) 3MEHIICHHS BIAKPHUTTS Ia3iB cTraTopa —
YUM MEHIIE BiAKPHUTTS MMa3iB, THM OLIBIN “TIAKOI0” € BHYTPIITHSA MOBEPXHS Oocepis cTaropa. 3 ypaxyBaH-
HSIM iICHYIOYOi TEXHOJIOTIT YKJIaJaHHSIM MPOBITHUKIB B Ma31 CTATOPAa AJISl MAIIMH CePEeIHbOT OTYKHOCTI Ta3H
JOLIBHO BUKOHYBATH HAMiB3aKpUTHUMHM; O) BUKOHaHHS OOMOTKHM CTaTopa JBOLIAPOBOIO 3 BKOPOYEHUM KPO-
KOM; B) 30UIBIIIEHHS BHCOTH MOBITPSHOTO TIPOMIXKY. AJie BUOIp BHCOTH IIPOMIKKY ITOTPiOHO y3TODKYBaTH 3
BUMOTaMH 1010 HEOOX1HOT BEJIMUYMHU MArHiTHOTO TOTOKY B3a€MOIHIYKIIi1, IIOTY>KHOCTI JBUTYHA Ta IHIIIH-
MU YUHHUKAMH.

VY pasi onTuMizanii KOHCTPYKLii pOTOpa 3HIKEHHS MyJbCalliil TIOTOKY MOXIIHMBO 32 PaXyHOK 3MEH-
ureHHs mupuan [IM 1 BiamoBigHOTro 301NbIIEHHS IIMPUHU (PepOMarHiTHUX nmpoMmikkiB Mix [IM. Hanpuknan,
SIKIIO KUTBKICTH 3YOLIB cTaTopa Hax (epOMarHiTHUMH MPOMIKKaMH YepryeTbesi B Mexkax 4 1 5 3yOuis, To
MarHiTHUH omip 3yOIeBO-1a30BOi 30HU cTaropa 3MiHIOEThCS B 1,25 pa3u. Aje 3MeHmIeHHs mupuHd [IM,
HaBITh 3a MPOIOPIIIITHOTO 301IBIICHHS IXHBOI TOBITUHH (TOOTO 0€3 3Miam 00’ emy 1IM), MpU3BOIUTE A0 3pO-
CTaHHS MarHiTHUX MOTOKIB po3citoBaHHs [IM 1 3HWKEHHS KOPUCHOTO MarHiTHOTO IMOTOKY B3a€MOIHIYKIII.

Ha puc. 3 nokazano po3nozAisl MarHiTHOI iHAYKLIi B TOBITPSHOMY HPOMIXKY Y3JOBX MOJIOCHOI MO-
JIJIKA T I ABOX BapiaHTIB poropa: puc. 3, a — mmpuHa [IM gopiBaioe 2/31; Ha puc. 3, 6 — 1/21. Xova y
JPyroMy BapiaHTi IHIYKIIisl B OBITPSHOMY IPOMDKKY zemo 3poctae (Ha 10 %), ajie KOpUCHUI MarHiTHUN
MOTIK 32 PaxyHOK MEHIIO1 00epHEeHO1 10 MOBITpsiHOrO mpoMikKy turonti I[IM 3menmyetses B 1,5 pasu. Llei
pe3yibTaT MiAKPECIIOE MPOTHPIYYS, MPUTAMaHHI MAlIMHAM 3 MarHiTOCNEKTPUYHUM 30y DKEHHSIM — KOHC-
TPYKTHBHI PIIIEHHS 110 3MEHILIEHHIO IIyJIbCallii MOMEHTY OJHOYAaCHO NPHU3BOJISATH 10 3MEHUIEHHS CEPEIHbBO-
r'0 eJIeKTPOMarHiTHOro MOMEHTY 1 MOTY>KHOCTI ABHUTYHiB. Lle BuMarae oOrpyHTYBaHHSI KOMIIPOMICHUX OITH-
MaJBHUX TEXHIYHUX pimieHb. EQEeKTUBHUM pIlIeHHSAM MIOAO 3HWKEHHS MyJbCallii MOMEHTY € CKiC Ia3iB
poropa abo craTopa (IIpocTimre BUKOHYBATH CKic Mma3iB poTopa). Uepes ckic oci ma3iB cTatopa i poTopa Io-

ISSN 1607-7970. Texn. enekmpoounamira. 2023. Ne 4 47



BEPHYTI OJ{HA IO iHIIOi HA TIEBHHUN

B, Ta B, Tn kyT. CKic ma3iB 3a3BUYail BUKOHY-
L4/ 14 N .
A g €ThCSI HA BEITUYMHY 3yOIIeBOI MO/~
i . JKW cratopa. B pesynbrari amroii-
08 0.8 TyAd CKJIAJJOBUX MOMEHTY, YTBO-
0,6 0,6 PEHUX HA PI3HUX AUISHKAX JOBXU-
0.4 0.4 HU MAaIIWHH, 3CYHYTI MK CO0OIO
0.2 02 1o 4acoBiii ¢asi i yepe3 ixHe Ha-
HOTO  PE3YJbTYIOUOIO MOMEHTY

4 p 3MeHmyThesa. [lig gac momento-
BaHHS 6 pAMKAX OB08UMIPDHOT

Puc. 3 P P

noab08oi MOOeni BIUIMB CKOCY Ma-
3iB poTOpa BpaxoByBaBCs MpUOIM3HO. POTOp 10 TOBXKKHI PO3IIISABCS Ha 4 YACTHHU 1 711 KO)KHOTO MOMEHTY
gacy CKJIamaiucs 4 KpUBi €JIEKTPOMAarHiTHOTO MOMEHTY, 3MEHIIICH] B 4 pa3u, IPHIOMY KO’KHA KpHBa MOMEH-
Ty PO3paxoBYBajacs IPH MOBOPOTI POTOpA BiXHOCHO cTaTopa Ha KyT 3,33°, mo Biamosimae 1/3 3yGreBoi
MOJIJIKA CTAaTOPA.

Pesyabratn nocaimkenns. Ha puc. 4 Ha iHTepBami
00U B gacy 0...0,02 ¢ (20 Mc) 3006pakeHo po3paxoBaHi 3a BUPA3OM
(8) gacosi 3anexnocti EPC B ¢azax A craropa CPAIIM
(xpuBa 1), C/3IIM (xpuBa 2) i 3amanoro 3a BupazoMm (1)
cTpyMy B (a3i 4 craropa (kpuBa 3) B HOMIHATEHOMY PEKAMI
poboTH. 3a 3a3HaueHHX YMOB TOpIBHSHHS JIBUTYHIB Oifoue
3raueHHs EPC ¢a3u CHA3IIM cxmanae 310 B, mo B 1,44 pasu
Bume, HiX B CP/IIIM (215 B). EPC B CP/] ckmamae 185 B. 3
-200 puc. 4 MOXHa BU3HAUUTH COS(() B HOMIHAIBHUX pPEXUMAaX.
3okpema, B CPAIIM cos(p;) = 0,96 (iHIyKTHBHUI XapakTep
-400 — cTpyM Bifcrae no vacosiii ¢asi Bixm EPC), a 8 CA3IIM
cos(py) = 0,94 (emuicuuii xapakrep). B CPJl cos(p) = 0,87
-600 (impyktuBHUIT). ToOTO 32 OAHAKOBOTO CTPyMy cTaTopa i ol-
HakoBoMy 00’eMi [IM koHctpykiis C/3IIM edexTusHimia,
Hixk CPJII[IM.

Ha puc. 5 300paskeHO 4acoOBi 3aJIEXKHOCTI eJIEKTpOMa-
THITHOTO MOMeHTY. Ha puc. 5, a nokazano 3anexuicts ans CP/l, na puc. 5, 6 — nnsa CP/IIIM, na puc. 5, 6 —
st CHA3IIM. bimeim ckinamauii criektp myibscartii MomenTy B CPJl i CPJIIIM o0yMoOBIeHO HAsBHICTIO TIO-
TOKOBHX 0ap’€epiB poTopa.
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HaBeneni 3anexHOCTI BiAMIOBIAaOTh BUXiTHUM BapiaHTaM ABUTYHIB. B Ta0m. 1 Ta 2 HaBeneHo xapa-
KTEPUCTUKA MOMEHTY 1 ITOTY>KHOCTI IBHTYHIB J0 Ta Micis ixHBO1 onrtuMizartii. Koedimient mynbscariid (12)
XapaKTePU3y€e amniinmydy KOJUBaHb MOMEHTY BIHOCHO MOTO CEPEAHBOrO 3HAYCHHS, PUUOMY IIiJ] Yac HOro
PO3paxyHKy pO3TIISIAA€ThCS Halibinbuie 3a aMILTiTy 1010 KonuBaHHs. Hanpuknax, nns CPAIIM (puc. 5, 0)
MaKCHUMaJIbHHHA TIeperia; MOMEHTY MK ToukaMu A 1 B mopiBHIoe 456 HwM, mo mpu cepemHboMy MOMEHTI
1240 Hwm Bianogigae amiutityai konuBanb 228 HM 1 koedimienty myinbcartiii 0,184,
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YacTkoBa ONTUMI3aLlis ABUTYHIB BUKOHYBAJIACs 3 METOIO 3MEHILCHHS IyJIbCalliii MOMEHTY, 30KpeMa
OyJM 3aCTOCOBaHI Taki KOHCTPYKTHBHI 3aX0/I1: BUKOHAHHS HAaIliB3aKPUTHX I1a3iB CTATOpa 3aMiCTh BIAKPUTHX
(BiZKpUTTS Ma3iB cTatopa y HamiB3aKpUTHX Ma3ax AopiBHIOBano 50 % BiA MIMPUHM BIIKPUTHX Ma3iB); BUKO-
HaHHS OCHOBOTO CKOCY Ta3iB (MarHiTiB) poTopa Ha BEIMYUHY 3yOII€BOI MOJUIKH CTATOpPa; CKOPOUYEHHS KPOKY
CeKIIiit 0OMOTKHM cTaropa (Kpok 1o ma3am jopiBaioe 7). B C/3IIM nis 3MeHIIeHHS MyJIbCalliii MOMEHTY TIe
3aCTOCOBYIOTH MPOQiIIOBaHHS (epOMarHiTHUX MPOMIXKKiB (TomociB) Mixk [IM — mif cepenquHOI0 MOJIOCIB
NOBITPSAHUI TPOMIXXOK Ma€ MEHIIY BUCOTY, HiXK Ha Kpasx moitociB. Ane ockinbku anst CPJI i CPAIIM Take
poiTFOBAHHS € TEXHOJIOTIYHO CKJIATHAM 1 HEIOIUTHHIM, TO 3 METOIO aIcKBAaTHOTO TOPIBHSUIBHOTO aHAI3y
IBUTYyHIiB Take npodimoBants B CA3IIM He posrisiaanocs.

Taoauna 1
JBuryn CepenHiii MOMEHT, Koedgimient AKTHBHA TIOTYX- ®da3Ha HampyTa
Hwm myJbcaliin HiCTB, KBT JKUBJICHHS, B
CPJ 955 0,114 150 185
CPAIIM 1240 0,184 195 215
CA3IM 1720 0,213 270 310
Taoauns 2
JBuryn CepenHiii MOMEHT, Koediuient AKTHBHA TTOTYX- ®dasHa Hampyra
Hwm nyJbcalin HiCTB, KBT JKUBJICHHS, B
CPJ 860 0,068 136 168
CPIIM 1130 0,117 178 200
CA3IM 1590 0,156 250 289

3 HaBeIeHWX JaHUX BUAHO, IO HAHOULIBIII MOMEHT i TOTYXHicTh yTBOproe CJI3IIM — fioro MoMeHT
B 1,84 pa3iB nepesuirye moment CPJI ta B 1,4 pasu moment CPATIM. CytreBo Oinbmmii Moment CA3IIM y
nopiBasHHI 3 CPAIIM nosicHioeThes OmmkanM posramryBanHsaM [IM 10 MoBITPSHOTo MpOMIXKKY, IO 3MEH-
1Iye IXHI MardiTHI MOTOKU po3citoBaHHA. L5 pi3HUIS 3aexuTh Bix Mapku ta 06’ emy [1M, po3mipiB moTOKO-
BUX 0ap’€piB poTopa, AiaMeTpy pPOTOpa TOIIO, ajie y IIIIOMY TaKe CIiBBIJHOIIECHHS € XapaKTepHHUM IIiJ] 4ac
NOPIBHSHHS ABUTYHIB 1uX THMIB. CyTTEBO Pi3HUMH € (a3Hi HANPYTH KUBJICHHA, TOTPiOHI A5 3a0e3neueHHs
OJTHAKOBOT'O CTpyMy ctaTopa. Lle mos’s3aHo 3 HeoOxinHicTIO nononanHs npotu-EPC B oOMoTHi cTaTopa, sika
IHIyKOBaHA MarHiTHUMHU TTotokamu [IM depe3 obepTaHHs poTopa. B Takmx ke Mexax BiIpi3HAIOTHCS 1 TT0-
TY>KHOCT1 JBUTYHIB, TOOTO HalKpamii mutoMi maco-rabaputHi nokasHuku (kBt/kr) mae CI3IIM. 3amns
orpumanss B CP/l i CP/IIIM Takoi  MOTYyXHOCTI MOTpiOHO 301IbIIyBaTH iXHI rabaputi abo CTpyM cTaro-
pa, o BUMAarae IiACHICHHS CUCTEMH OXOJIO/DKCHHS IBUTYHIB. Pa3oM 3 TMM HaiOUIBII MyJIbcallii MOMEHTY
BUHHKAIOTh TakoK B C/I3[IM — MakcumanbHa aMIUTITYJa KOJMBaHHS MOMEHTY JOpiBHIOE (Tabdm. 2) 248 Hw,
B CPJIIM — 132 Hwm, B CP/ — 59 Hwm. Lle npoTupiuus Mk JOCSIKHOIO TOTYXHICTIO ABHI'YHA Ta PiBHEM
MyJIbCaIliii MOMEHTY TOTpe0ye KOMIPOMICHHX DIillleHb 3 YpaxXyBaHHIM iHITUX yMOB (DYHKI[IOHYBaHHS JIBH-
TyHIB (ormmycTuMi rabapuTH, piBeHb IIyMy Ta BiOparliii Tomro). 3a3HadeHi 3aX0au 31 3HIKCHHS MyJIbcallii
MOMEHTY Aal0Th 3MOTY 3MEHLIMTH KoediuieHT mynscaniid B 1,3...1,5 pa3u. Ajne npu upomy BigOyBaeThCs
noMitHe — Ha (8...10) % — 3MeHIIEeHHs cepeJHHOI0 MOMEHTY 1 MOTY>KHOCTI ABUTYHIB. Lle MOXHa MOsICHUTH
3meHmeHHEs M EPC B 0OMOTIII cTaTopa BHACTIIOK CKOCY Ta3iB poTOpa, 30UTBIMICHHSM MarHiTHHX ITOTOKIB
Ma30BOTO PO3CIIOBaHHSI CTATOpA TOIIIO.

BucnoBku. 1. Po3po0ieHo KoMIUIEKCHY MaTeMaTHYHY MOJENb i TIPOBEJEHO IMOPIBHSIBHUI aHami3
HOMiHAJIBHUX BEJTMYMH MOTYKHOCTI Ta €JIEKTPOMAarHiTHOIO MOMEHTY TPbOX BapiaHTiB CUHXPOHHHX [IBUTY-
HiB, IPU3HAYEHHX JJISl BUKOPUCTAHHS B €IEKTPOTPAHCIIOPTHHUX 3aC00aX: CHHXPOHHOTO PEaKTHBHOTO JIBUTY-
Ha 3 TacuBHUM poTopoM — CJIP, CHHXpOHHOTO PEaKTUBHOTO ABUTYHA 3 MMOCTIHHUMHU MarHiTaMu Ha poTopi —
CPJIIM i cuHXpOHHOTO ABUTYHa 3 PO3TAlIOBAHUMH Ha TOBEPXHI pOTOpa MOCTIHHUMH MarHiTamu —
CJI3IIM. IlopiBHSHHS MPOBOAMIIOCS 32 3aJaHUX OJHAKOBHX Tra0apWTiB, HOMIHAJLHOTO CTPYMY OOMOTKH
CTaTopa Ta IMIBUIKOCTI 00EPTaHHS POTOpA.

2. BcTaHoBneHO, 0 3a BKa3aHUX OJHAKOBHX yMOBaX HaHOUIbIIY MOTYKHICTB 1 €I€KTpOMarHiTHUR
MomeHT mae CJI3IIM — y mopiBastHHI 3 CPJ] #fioro moTyxHICTh 1 MOMeHT Outbmmi B 1,84 pasiB. Bapiant
CPAIIM vy nopisusiaHi ¢ CPJ] Mae Ginblny nOTy»HicTh 1 MOMeHT B 1,3 pasu, To0TO noxaBanus [IM B poTtop
CPJ 36inbmrye #oro motyxHicts Ha 30%. 3amns 3a0e3nedeHHsT 0OJHAKOBOI BEJIMUYUHHU CTPYMy B OOMOTII
cTaropa Harpyra ii >KUBJICHHS Ma€ 3MiHIOBAaTHUCS MPUOIU3HO B TAKUX K€ MeKax. 3a[ulsl OTPUMAaHHs OJHAKO-
BOI MOTY)KHOCTI MOTPiOHO 306imbmTyBaTH a6o radaputu CPJl i CPAIIM, abo ctpym cratopa. Pazom 3 Tum
HaWOUIBII MyNbcanii MOMEHTY BUHHKaIOTh Takoxk B C/I3[IM — makcuMaibHe KOJTUBaHHS MOMEHTY Maike B
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4 pasu 6unbmie, Hixk B CP/] 1 B 1,8 pasiB Oinbme, Hixk B CP/IIIM. UnM kpammM € ABUTYH 32 IUTOMHMHA €HEP-
TEeTUYHUMH MTOKa3HUKAaMH, TUM TIpIINM BiH € 32 pIBHEM MyJIbCAIliii MOMEHTY .

3. 3acrocyBaHHS KOHCTPYKTMBHHMX 3aXOZiB 3 METOI0 3MEHIICHHS ITyJbCalili eJIeKTPOMarHiTHOTO
MOMEHTY JIal0Th 3MOTY Y BCiX BapiaHTax JBHUTYHIB 3HU3UTH KoeQillieHT mynbcarii B 1,3...1,5 pa3u. Ane npu
npoMy Ha (8...10) % 3MeHIIyeThCsA OTYXKHICTD 1 cepeIHii MOMEHT IBUTYHIB.

4. OTpuMaHi pe3yIbTaTH MOXKYTb OyTH BUKOPUCTaHI IiJ] 4ac BUOOPY JOLITBHOTO THITy CHHXPOHHOTO
TSATOBOTO JIBUTYHA 3 ypaxyBaHHSIM 33aJaHUX KOMIIPOMICHHX BUMOT J0 XapaKTEPUCTHK JBUTYHIB 1 yMOB eKc-
TUIyaTalii TpaHCIIOPTHOTO 3aco0y: ISl OTPUMAaHHS HaWKpaIux Maco-TadapuTHHUX 1 eHEPTeTUIHHNX IMOKa3HU-
KiB Moxe Oytu 3acrocoBanuii C/I3[1M; nns 3menuienns BioOpaui — CPAIIM. [Ing orpumanHs HalOimbIIOT
HaIIHHOCTI eKcIUlyaTalii 3 ypaxyBaHHSIM HETaTMBHOTO BIUIMBY 30BHILIHIX (paKTOpPiB (BOJIOTICTh, HArpis,
BiOparii) morineHNM € BukopuctanHs CPJl, He3BaXkatoun Ha IXHi CYyTTEBO TipIIi €eHePreTHIHI TOKa3HUKH.
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COMPARATIVE ANALYSIS OF ENERGY CHARACTERISTICS OF DIFFERENT TYPES

OF SYNCHRONOUS TRACTION ELECTRIC MOTORS
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Using the methods of mathematical modeling, a comparative analysis of the electromagnetic torque and power charac-
teristics of three versions of traction synchronous motors was carried out. a synchronous jet engine, a hybrid synchro-
nous jet engine with additional permanent magnets on the rotor, and a synchronous engine with permanent magnets
installed on the rotor surface. The comparative analysis was carried out under the conditions of the same dimensions of
the engines, the nominal values of the stator winding current and the speed of rotation of the rotor. It was established
that under the given conditions, the synchronous motor with permanent magnets on the surface develops the greatest
power and torque, but it also has the largest torque pulsations. Design measures to reduce torque pulsations at the
same time led to a noticeable decrease in the nominal power of engines. The obtained results can be used when choos-
ing an appropriate type of synchronous traction motor, taking into account the given compromise requirements for
engine characteristics and vehicle operating conditions. References 12, figures 5, table 2.

Key words: traction synchronous motor, rotor permanent magnets, electromagnetic moment, pulsations of electromag-
netic moment.
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EJJEKTPOMATHITHI MOMEHTH YIIPABJIHHS NPELHECIMHAM PYXOM
TPUCTYINEHEBOI EJEKTPUYHOI MAILLIMHA

I.C. IleTyxoB¥*, TOKT. TEXH. HAYK
Incturyt eaexrpoannamiku HAH Ykpainn,
np. [lepemoru, 56, Kuis, 03057, Ykpaina.
E-mail: igor petu@ukr.net

Posznanymo ocnosui gidomi cmpykmypu ma npuHyuny (QyHKYIOHYBAHHA eleKMPUUHUX MAWUH 3 MPbOMA CHYNEHAMU
€60600uU 0bepmanvHo2o pyxy pomopa. Buodineno mun maxux mMawiut, 8 AKUX MONCIUBO Peanizy8amu UCOKY YACMOMY
obepmanms pomopa, wo Haoae im eracmugocmi zipocmabinizayii. Hagedeno cmpyxmypy macnimnol cucmemu Mawunu
PO32NAHYMO20 MUNY Ma GUCYHYMO 2INome3y npo adeK8amHicmy GUPA3ie KIACUYHOI aHAIiMUuYHOl MameMamu4noi mo-
Oelli, ane BIOMIUeHO HeOOXIOHICMb MOYHO20 OOYUCIEHHS 30CePe0NCeHUx napamempis, wo i ckradaioms. Ha ochosi
YUCENbHOT MamMeMamuyHol MOOeNi MPUBUMIPHO20 MACHIMHO20 NOJISL NPOBEOCHO AHAII3 PO3NOOLTY MASHIMHOL IHOYKYIL,
00YUCIEHO 3ANEAHCHOCMI CKAAO0BUX €eNIeKMPOMASHIMHO20 MOMEHMY Md NOMOKO3UENIeHHs 00MOMKU YNpAGLiHHA B0
Kymie opienmayii oci pomopa ma Kyma tio2o obepmanisi. 3po6ieH0 BUCHOBOK NPO A0EK8AMHICIb 3ANIeHCHOCMEN, WO
CKIA0aroms KiaCUyYHy AHALIMUYHY MAMEMAmuyHy Mooelb, 3a YMO8 00UUCTIeHHS KOepiyieHmis, uo 6xo0sams 00 Hel, Ha
OCHOBI pe3yibmamis po3paxyHKy mpUSUMIPHO20 MASHIMHO20 NOJIA 8 AKMUGHIL 30HI MAWUHU MA OMOYYIOYOMY HPOCHO-
pi. Tax amniimyoy eekmopa nomoKo3uenieHHs 00OMOMKYU YNPAGIIHHA | KOIUBAHDb 1020 CKAAO08UX 05l BUKOPUCTHAHHS 8
MoOeni 3 30cepedHceHUMU NApamMempamy. HeoOXiOHO 00UUCTIO8aAMU 3 BIONOBIOHUMU 3SHAYEHHAMU AMNIIMYO CKIAO008UX
e1eKMPOMACHIMHO20 MOMeHmY. BpaxysanHs pe3ynibmamie ananizy mpusumipHo2o noasi 0eMOHCMPYE 3HAYHI 3MeHUeH-
HA WeUOKocmi KeposaHoi npeyecii ma 3pocmanna posmaxy Hymayii. bion. 9, puc. 10, Tadi. 2.

Kniouosi cnosa: tpuctyneHeBa eneKkTpUYHAa MalllMHA, ripocTalili3oBaHU pOTOp, Mpeuecis, elIeKTPOMAarHiTHUH Mo-
MEHT, 0OMOTKa YIIPaBJIiHHS, TOTOKO3YCIICHHS, TOYHICTb.

Beryn. Enextpuuni MammHu 3 TpuctyneneBuM poropoM (EMTP) sBisitoTs Okpemuii Kiac eneKTpo-
MEXaHIYHHX MTePETBOPIOBAYIB, BICh pOTOpa SKHUX 3/1aTHA 3MIHIOBATH CBiil HAIPSM Yy IBOX B3a€EMHO OPTOTOHA-
JHHUAX KYTOBHX KoopaumHarax. JIyisi peanmizaiii MOMJIMBOCTI TPhOX CTYIEHIB CBOOOIM PyXy BHKOHaBYOTO
OpraHy BHKOPHCTOBYIOTBbCS PI3HOMaHITHI €JIEKTPOMArHiTHI CTpyKTypH. Y po0Goti [1] mocmimkeno EMTP,
sIKa TPAITIOE 33 MPUHIIUIIOM IHAYKTOPHOI MamrHu. BoHa MICTHTE /1Ba MOETHAHUX CTATOPH I 00epTAIBLHO-
T0 Ta XUTaJBLHOTO PYXY BIAMOBIAHO 3 CUCTEMOIO 3 BOCBMH OOMOTOK JIJIST KOJKHOTO 3 11’ SITH MOKITUBUX (DiKCO-
BaHMX KYTiB HaXwily oci poropa. MoxHa BIAMITUTH HU3KY IOCTIKEHb TaK 3BaHHX JIBUTYHIB C(HEPUUHOTO
TUTY, A€ JUTst 30yPKEHHSI MarHiTHOTO TIOJIsl BUKOPHUCTOBYETHCS MIOCTIMHHUN MarHIT, a PETyJIIOBaHHS 32 TPhOMa
KOOpJIMHATAMH PEalli3ye€ThCs 3a MPHUHIIMIIOM KPOKOBOTO IABUTYHA, IO MICTHTH Yy CBOIH CTPYKTYpi 0OMOTOK
12 a6o 24 cekii. Lli TexHi4HI pillIeHHS OMUCAHO BiAMOBIAHO B poboTtax [2, 3]. KoxeH 3i 3rajaHux MpHUHIIU-
[iB — OPUHIUI i1HIYKTOPHOI MalllMH{ Ta MPUHLUI KPOKOBOTO JBUTYHA — JUIS CBOE] peanizauii morpedye
JIOCUTH CKJIaTHOI KOHCTPYKIIii MAarHiTHOT CHCTEMU 1 He MOXe OyTH BUKOPHCTAHUM Y BHIIAJKY, KOJIH BHHUKAE
HEOOXI1IHICTh MIBUIKOOOEPTOBOIO PyXy pOTOPA.

Ha Biaminy Big BumieposrisiHyTux TumiB EMTP HaOyB meBHOTO pO3BHTKY THI TaKHX MAIlWH, B SKUX
MOJKJIMBO peaji3yBaTH BUCOKY 4acTOTy oOepTaHHs poTopa. Taki CTPYKTypH MarOTh BIACTHUBICTh TiPOCKOIY —
30epiraTé HampsM Oci 0OepTaHHS Ta 3MIHIOBATH IIEH HAMpsAM IIiT TI€0 30BHINIHIX MOMEHTIB 3aBISKH SBUIILY
nperecii. [{s BnacTuBicTh BusHauae cepu 3acrocyBanHss EMTP B MOOIIBHUX €IEKTPOMEXaHIYHUX CHCTEMAax
cTabimizallii, CriocTepexeHHs Ta cTexeHHs [4—6]. BiqnoBigHo, 10 X CHCTEM BHCYBAIOTHCS BUMOTH TOYHOCTI
Ta MIBUAKOCTI BIMNPAITIOBAHHS 3aBIaHHSI CUCTEMH YIpaBiliHHSA. KOHCTPYKTHBHO MOMIIMBICTH 3MIiHIOBAaTH Ha-
IpsiM OCi 00epTaHHs JOCITAEThCs 32 PAXYHOK MiHIaTIOPHOTO KapAaHOBOTO MiJBICY, pO3TAIIOBAHOTO Y BHYTpI-
mHi nopokHuHI poTopa [4]. Taka KOHCTpyKis 3a0e3medye HEBENUKY IHEpUiMHICTh CHCTeMH MiBiCy, IIO
TIO3UTUBHO TIO3HAYAETHCS HA MIOKa3HUKaX MpUCTporo. [1maToro 3a BiIMOBY BiJl KITACHYHOI KIHEMaTHYHOI CTPYK-
TypH TPUCTYIICHEBOTO TiPOCKOITY € MEHII IPUITYCTAMI KyTH BIIXHJICHHS BUKOHABYOTO MPUCTPOIO, SIKi 0OMe-
KYIOTbCSI KOHCTPYKTUBHHMH MOKITMBOCTSIMH KapAaHOBOTO MiJIBiCy, pO3TAIIOBAHOTO B CEPEAMHI pOTOpa.

Hocnimxenasim EMTP, mo MarooTh BIacTHBOCTI TipOCKoOITy, IPUCBsUeHi podotu [4, 5], B SKuX Tpo-
aHaJII30BaHO CTPYKTYpPH TaKMX MAIIMH Ta PO3pPOOJIEHO 3acagl IXHROTO MaTeMaTHYHOTO MojaemoBaHHg. Og-
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Hi€0 3 epEKTUBHUX CTPYKTYp B LIMX pOoOOTaxX BU3HAHO CTPYKTYpPY 3 IBOMa MarHiTOIIPOBOJAMH, L0 MEXaHi-
YHO KOPCTKO 3’€JTHaHi i TOMy 00EepTarOThCS CHHXPOHHO, IIPUUOMY CHUCTEMY 30Y/DKCHHS PO3TAIIOBAHO Ha
30BHIIIHBOMY MAarHiTompoBoi. PilieHHS 3 CHHXPOHHMM 0OepTaHHSIM 000X MarHiTONPOBOJIIB Ja€ 3MOTY
1n030aBUTHCS BTPAT Ha BUXPOBI CTPYMH BiJ 00€pTaIbHOrO MOJIsI, BHACTIIOK YOIO 3MEHLIYIOThCS Mapa3uTHi
MOMEHTH, SKi BUKIUKAIOTh HEOaKaHy Mperecito. [HmuM pilreHHsIM, 10 HaJIa€ MOXIIUBICTh 3MEHIITUTH Pi-
BEHb IOJIIB PO3CIIOBAaHHS, € NEPEHIC MArHiTiB CUCTeMH 30y/KEHHS Ha 30BHIIIHIM MarHiTONmpoBii, IO, Y
CBOIO Yepry, 3HIKY€ BTPaTH Ha BUXPOBi CTPYMHU Y METAJIEBUX €JIEMEHTaX KapJaHOBOTO MiJBIiCY, pO3TallIo-
BaHOTO BCEPEAMHI BHYTPIIITHHOTO MarHITOIIPOBOY.

PosrisHyTi y poboTtax [4—7] MaTeMaTH4HI MOJei 0araTOCTyNEeHEBUX CICKTPUYHUX MAIIUH 3aCHO-
BaHI Ha KIACHYHUX MPHUHIUIAX, Y BiANOBIAHOCTI IO SIKMX €IEKTPHYHY MAIIWHY MPEICTaBICHO CXEMOIO 3
30CepeKCHUMH IapaMeTpaMi y MPUITYIIEHH], 10 iHAYKTUBHOCTI Ta MOTOKO3YETJICHHS 3MIHIOIOThCS 3 00e-
pTaHHSAM pOTOpa 3a TAPMOHIYHUMH 3aKoHaMH. L{e maBamo 3Mory oTpuMaTH HAaOIMKECHI aHATITHYHI PIilTEHHS
a00 3Be3TH HecTallloHapHY 3aJady 10 CUCTEMH 3BUYaliHUX JudepeHuialbHuX piBHAHB, B sikux EMTP mpen-
CTaBJICHA 30CEPEAKCHUMH NapaMeTpaMu. AJle B IESKUX BUIAIKaX IOBOAMIOCS POOUTH AOCHUTH BiJIbHI MPH-
MyIIeHHS, KOPEKTHICTh SIKUX TIEpeBipsuTacs BXKE€ HA CTalii MakeTyBaHHS MamuHU [4]. Y 3B’S3Ky 3 TOSBOIO
HOBUX TPOTPaMHHX 3aC00IB Ta 0OYHCITIOBAIBHUX TOTYKHOCTEH 3’ SBISE€THCS MOKIIMBICTH OIIIHUTH aJIeKBaT-
HICTh PO3POOJICHUX MAaTEMaTUYHUX MOJIEeIICH a00 BUBHAYMTH 001aCTh Ta MEXIi X IPUIATHOCTI.

EnextpomexaHidyHa MaTeMaTH4HA MOJENb OyIb-sIKOi €JEeKTPUYHOI MALIMHU YM BUKOHABYOIO IIPH-
CTPOIO CKJIAJIAETHCS 3 PIBHSHB, 1[0 ONMCYIOTH €JIEKTPOMArHiTHE NoJje (PiBHAHB SNEKTPUYHUX KiJT K TpaHHY-
HUH BUIMAA0K), Ta PIBHAHb MEXaHIKH, [II0 MOJEIIOIOTh IEPEMIILIEHHsI PYXOMHUX YacTHH. Pe3ynpTaTom enexT-
POMAarHiTHOI TPYIH PiBHSAHB € €NEKTPOMATHITHI 3yCHIUISI TA MOMEHTH, SKi € BXITHUMHU JaHUMH TSI MeXaHI4-
HUX piBHSIHB. B kiacwunmx (aHamitmaaux) moaenssx EMTP chpomenHio Ta miHeapu3arii MigIAraoTh sSK
nepia, TaK 1 Jpyra CKJIagoBa MaTeMaTHYHOI Mojeli [§8]. AJie SIKIIO pIBHSAHHSA MEXaHIKU € 3BUYaHUMU JIH-
(hepeHLiaTbHUMA PIBHSHHSAMH, TO €JEKTPOMArHiTHa CKJaJ0Ba MAaTEMaTHYHOI MOJENI OMHCYE TPUBUMIipHE
MarHiTHe 10JjI€, AJIs1 YOr0 BUKOPUCTOBYIOTHCS PIBHSAHHS B YACTUHHMX NMOXiAHUX. EneKkTpoMarsitHa ckiazoBa
B 3HA4YHO OUIBLIIA Mipi BpaxoBye 0CcOONMBOCTI KOHCTPYKIIil MarHiTONPOBOMAIB Ta OOMOTOK, 1 JOCIHiKEHHS
MeX 11 aleKBaTHOCTI € HalOUIBII HaraJbHUM ITUTAHHSM.

Pyx poropa EMTP Bu3nauaetbcst 1BOMa, X04a U MOB’SI3aHAUMH MiXK COOO0, TIPOIECAMH, aJie TAKUMH,
IO /Iy’Ke BIAPIZHSAIOTHCS 3a MIBUIKICTIO Ta XapakTepoM MepeMinieHb. Tak o0epTaabHul pyX poTopa € go0pe
BiJJOMHM 1 BUBYCHHUM TIporiecoM, sikuii it EMTP Binpi3HA€TbCS BiJ] KIACHYHUX €IEKTPHYHUX MAIIUH Tillb-
KH JIEI0 He3BUIHOI0 (popMoro 0OMoToK. [Ipobiiemu, 1110 OCTaroTh Y TOCIiKEHH] B IbOMY MTUTaHHI, € TilIb-
KH 3a0e3TedeHHs MOTPiOHOTO Yacy Po3TroHy i MiATPUMAaHHS HOMIHAJIBHOI MIBHIKOCTI, sIka OyBa€ JOCHUTH Be-
JIMKOIO 3aJUlsl JOCSTHEHHS MOTPIOHOTO piBHS iHepuiiiHOi crabinizamii poropa. B Toll ke yac mpeueciiiHuit
PYX HE3piBHSHHO NOBLIBHINIMK, 1 camMe BiH BH3Ha4ae MIBUAKICTh Ta TOYHICTh BiANpPAallOBaHHS CHUTHAJIB
yrpasmiaHs. [lopsn 3 HebakaHOIO TIpereciero Bif Jii Mapa3uTHUX MOMEHTIB IIKIJINBUM SBUIIEM € HyTAaITisl.
BoHa mpu3BOaUTH 10 HEUITKOI OpieHTallii O0ci 00epTaHHS POTOpa Ta PO3MUTTS 00pa3y 00’€KTy crocTepe-
JKeHHs. 3MEHIIEHHsI HyTamii 10ocATaeThCsl 301TbIIEHHSIM YaCTOTH 00epTaHHs Ta 3a JOMOMOTOI0 KOHCTPYKTHU-
BHUX AeMIi(pyrodnx 3aco0iB, ki TeX HeoOXimgHO MojemtoBaTd. OCKUIBKH MPUITyCTUMA aMIUTITyAa HyTarii
pi3HA IS PI3HHUX 3aCTOCYBaHb 1 JJIS ii 3MEHIIEHHS 3aCTOCOBYIOTHCS, BIAMOBIMHO, Pi3HI 3aXOIM, BUBYCHHS
03Ha4YeHOI PoOJIeMHU € CAMOCTIHHUM 3aBJaHHSIM.

Tomy MeTor0 KociaigkeHHs: Oyio oOpaHO aHaIi3 aJeKBAaTHOCTI BUPA3iB ISl 3HAXOKEHHS EJIEKTPO-
MarHiTHUX MOMEHTIB YIIpaBJIiHHSA B KIacW4Hilf MaTemaTwuHii moxeni EMTP Ha ocHOBI OOYHMCIEHHS ITHX
MOMEHTIB 3a JIOTIOMOTOI0 YUCETHHOTO PO3PaxyHKY TPUBHUMIPHOTO MarHiTHOTO MOJs. [Hakime Kaxydu, 4u
OpUIYCTUMO 0€3 3HaYHOI BTpaT TOYHOCTI BUKOPUCTOBYBATH TapMOHIYHI 3aJIe)KHOCTI TTOTOKO34eIIeHb (i K
HACITiJJOK — iHIyKTUBHOCTEH) BiJl KyTiB MIOBOPOTY Ta HAXUJIY POTOpA.

3a 00’€KT HociaigKeHHss 00paHo ixeanizoBaHy cTpykrypy EMTP, marnitHa cucrema sikoi € cumer-
PHUYHOIO BITHOCHO TPHOX IUIOIIMH, 1 B SIKif BiACYTHI OyAb-sIKi CHIIH, IO POOJISITH MEXaHIUHY CUCTEMY HEKOH-
CEpBaTHBHOIO.

Ctpykrypa EMTP 1a marematnuHa moaeanb. Ha puc. 1 300paxkeHo momepeyHuil mepepis 1o
TUTOII CHUMETPIT MOJIFOCHOTO TOAITY CTPYKTYpH MarHiTHOI cuctemu EMTP, mo 3ragana sumie [4]. Pyxomy
YaCTHHY Ii€i CTPYKTYPH CKJIAJAI0Th MATHITOIIPOBOIM: 30BHIMIHIN (3 MarHiTaMu, 10 HaMarHideHi pagiaibHo)
Ta BHYTpIilmHIA. EmeMenTn craropa mpencraBieH0 0OMOTKaMH, IO PO3TAMIOBAHI B MPOMIKKY MiK MarfiTo-
NpPOBOAAMH. 32Ul OTPUMAHHS 3arajlbHUX PE3YNbTATiB i BiIKMJaHHS BTOPUHHHX (hakTopiB HE OymemMo po3-
[NIAAaTH B CTPYKTYPi KOHCTPYKTUBHI €JI€MEHTH, 10 HE BXOIATH A0 aKTUBHOI 30HM MallvHU (KapJaHiB Mia-
BiC, TOIIO), Ta OOMEKHUMOCS PO3TILIIAHHIM CUMETPHUYHOI Y TPhOX B3a€MHO OPTOTOHAJIBHUX IUIOLIMHAX Mar-
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HiTHOI cucremu. BinmmoBa posrisnatu
3rajlaHi KOHCTPYKTHBHI €JIEMEHTH B aHa-
731 MarHiTHOTO TMOJs OOIPYHTOBaHA TUM,
0 Kap/JaHiB IiJIBiC PO3TAIIOBAHO BCEpe-
IIWHI BHYTPIITHEOTO MAaTHITONPOBOIY 1
3HAYHOIO MIPOIO €KpaHyeThCs iM Bi Mmar-
HITHOTO MOl cHCTeMH 30yIUKeHHS Ta
= 00MOTOK, a 30BHIIITHI eIeMEHTH (30KpemMa
KOpIyC TPUCTPOIO) BUKOHYIOTBCS, SIK
NpaBuIIo, 31 Clab0eNeKTPONPOBITHUX a0
JieneKTpudHUX MatepiamiB. Ha puc. 1
HaBEJICHO CHCTEMY KOoopawHaT (x, y, z),
NOB’S13aHy 31 CTaTOPOM, a TAaKOXK BKa3aHO
BIJUTIK KyTy HaXxwiIy oci 00epTaHHS POTO-
pa P (kyr HyTalii) Ta KyTOBHHA pPO3Mip
oOMoTKH yrpaeniHHag Pc. Byaemo BBaxka-
TH TaKOX, IO KapjaHiB MijBic 3a0e3re-
4yye 00epTaHHA BiTHOCHO BCiX TPHOX Ocei
KOOpIUHAT. TaKuM YHHOM, MaEMO Mexa-
Puc. 1 HIYHy CHUCTEMY, POTOp SIKOI 00epTaeThCs
HABKOJIO CBOTO LIEHTPY Mac [1].
Iopsin 3 po3rasIIOM CUMETPUYHOL

Ob6MoTKa ynpaBniHH;I| MarsiTorposig BHyTpimHip”I|

O6moTka (asu B |

MarsiTorpoBiz 30BHIMIHIN |

MarHiTHOI CHCTEMH MIPUIMEMO TaKi IPHUITYIIICHHS.
1. Ientp mac poropa EMTP € Hepyxomum.
2. BB 00MOTOK 0OepTaHHS HA MOMEHT OOMOTKH yIPAaBIIiHHS BiICYTHIH.
3. Ha poTop HitoTh TiABKH €IEKTPOMATHITHI MOMEHTH YIPaBIiHHS, a OyJb-IKi MOMEHTH, IO YH-
HSTh MEXaHIYHUH OMip, HE BPaXOBYIOTHCH.
Jns pyxy Tila BiTHOCHO HEPYXOMOi TOYKHM OCi CHCTEMH KOOPAMHAT € TOJIOBHMMH OCSMH iHEpLii,
SIKIIIO BOHU JISKATh Y IJIOMIMHAX CUMETPIi, 1 AMHAMIuHi piBHsAHHSA Eiinepa MaroTh Burisiz [ 8]

Ixx(bx - (]yy - IZZ )O)yOJZ = M ;

Iyyd)y_(lzz_lxx)(’ozcox :My; (1)
I o —(, —Iw)oaxcoy =M

ae Ly I, I.. — MOMEHTH iHepLii Tila BIJHOCHO BIAMOBIIHUX OCEH; M., ®,, ®, — KyTOBI MIBUIKOCTI BiTHOCHO
BIJIMOBIZIHUX OCEH, TOYKA HaJ 3MIHHOIO [T03HAYa€ MOBHY MOXiAHY 3a 4acoM; M,, M,, M. — eneKTpoMarHiTHi
MOMEHTH BiJTHOCHO BiIIOBiIHUX ocell. Po3B’a3anHs piBHAHB (1) peanizoBano B iHTepdeiici «Multibody Dy-
namics» nakety «Comsol Multiphisics», B SKOMy BpaxOBYIOTECSI BCi 0COOJIHMBOCTI, MpUTaMaHHi TipOCKOMiy-
HOMY e(eKTy, i Jie BXi/IHUMHU JaHUMH € TEOMETPis Tija, BIACTHBOCTI MaTepialliB Ta BUINE3TaIaHi eIeKTpOMa-
THITHI MOMEHTH, 1110 BXOJISATH JIO MPaBOi YaCTHHU PiBHSHG (1).

B teopii EMTP [4, 5] Bu3HaueHHS MOMEHTIB 0a3yeTbcs Ha YSIBICHHI MPO TAPMOHIYHUI PO3MOALT
KOMIIOHEHTIB BEKTOPIB MAarHiTHOT'O MOJISl B3IOBX KyTOBOI KOOpAMHATH. Take NPEACTAaBICHHA A€ 3MOTY
MIEPEUTH IO aHATI3y EIEKTPOMAarHiTHOI B3aEMO/I1 y BUTIIAI BEKTOPIB, IO 300pakarl0Th aMILIITYIH IIOTOKO3-
YeryieHb Ta cTpymy, a0o MPC oomotku. Takoxk BekTopHe npeacraBieHHss MPC i moToko3uerieHb 1a€ Mo-
JKIIUBICTD, SIK 3ragyBaJlocs BUILE, 3OIHCHUTH Hepexil 40 30CepeKEHUX MapaMeTpiB MallMHU Ta 3BE3TH 3a-
Jlady MOJICTIOBAHHS HECTaIllOHAPHOTO €JIEKTPOMArHiTHOTO TIPOIECY 0 CUCTEMH 3BUYANHNX AUQEPEHINaTb-
HUX PiBHsIHB. JIJIsl aHaJi3y TOJIOKEHHS pOoTOopa OyAeMO BUKOPHCTOBYBATH KYTH IIOBOPOTY CUCTEMH KOOPIH-
HaT B MOCHIOBHOCTI (Z-Y-Z) (MOCHiJOBHICTh OCEil, HABKOJIO SKUX BimOyBaeThcs oOepTraHHS 00’ekTy). Ha
pHC. 2 TIOKa3aHO MarHiTHy CUCTeMy (30BHIIIHIA MarHiTOMPOBiJ pOTOpa MO3HAUYEHO KOHTYypaMH, BHYTPIIIHIN
HE TIOKa3aHO) Ta OOMOTKY YTpaBIiHHA, KOTpa € HEPYXoMor. PoTop 300pakeHO TMOCTIIOBHO MOBEPHYTHM
HaBKOJIO OCi z Ha KyT mperecii a~45°, fioro Bich HaXuJIeHO Ha KyT HyTauii § = 20° HaBKoJO Oci ¥, Ta B IbOMY
TIOJIOKEHHI POTOP JlaNi MOBEPHYTO Ha KyT wf=y~=30° (kyT oOepTaHHs). B pe3ynpraTi [BOX MEPHIUX MOBOPO-
TiB OTPUMAEMO CHCTEMYy KoopawmHaT (X, Y, Z), mo BKIIOYA€E Bich oOepTaHHS Z, a B Pe3yJIbTaTi TPETHOTO TI0-
BOPOTY — CHHXPOHHY cucremy (D, O, Z), 1o 1moB’si3aHa 3 pOTOPOM.

zo
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B cucremi koopamHaT cTaTopa BEKTOp
CTpYMy OOMOTKH YNPaBJIiHHS CHPSIMOBAHO B3IOBX
ociz

i=(0,0,i.), (2)
a Bektop ¥p 63acmH020 nomokozuenienns Hamae-
HIYEeHO020 pomopa 3 0OMOMKOW YNPAGNiHHA CIIPS-
MOBaHO B37I0BX oci D (BiCh TIOJIST MarHiTiB, puc. 2)

¥, =(v,.v,.v.). 3)

EnexkrpoMarHiTHHII MOMEHT, NMPUKIAICHUA 10 CTa-
TOpa, TPEACTaBUMO SAK JETEPMIHAHT BEKTOPHOTO
T00YTKY BEKTOPiB OTOKO3UYECIUICHHS Ta CTPYMY

i j Kk
M=—det| ¥, ¥, V.| (4)
0 0 i

OCKUTBKH MW 3HEXTYBaJIH BIUTHBOM OOMO-
TOK 00epTaHHS Ta B MarHiTONpPOBOAAX BiJCYTHI
BHUXPOBI CTPYMH, BEKTOPHHUI T0OYTOK (4) € eTUHUM
BHPA30M TSI OOYHMCIICHHS €IeKTPOMAarHiTHOTO MO-
MeHTy. B pesynbrari 3 (4) OTpUMAaEMO KOMIIOHEHTH E€JIEKTPOMAarHiTHOTO MOMEHTY B CHUCTEMi KOOpPIMHAT
cTaropa

Puc. 2

M, ==Y i
M, = ¥i.

y

VY pobori [1] mpencTaBieHi MOBHI BHpPa3H CKIAIOBUX €ICKTPOMArHITHUX MOMEHTIB IS 3arajibHOTO
BUNAJIKy IpeuleciiiHoro pyxy poropa EMTP, oOMOTKH SIKOi >KHUBJSTBCS CHHYcCOinanbHUMH cTpyMamiu. Lli
PIBHSIHHSI OCHOBaHI Ha MPHUITYLIEHH] PO TapPMOHIHHY 3aJIe)KHICTh OTOKO34EIUIEHb BiJl KyTOBHX KOOPIMHAT,
[0 BU3HAYAIOTH IPOCTOPOBE IMONOXKEHHS poTopa. OCKUIBKH CTPYMH MOXYTh OyTH Oymb-skoi Gopmu (Ha-
NPUKJIaJ, 32 YMOB JKUBJICHHS Bijl iHBEpTOpa), TOOTO 3HAYHO BIJIPI3HATUCS BiJI CHHYCOiNALHUX, 3a0e3eueH-
HSI TOYHOCT] allpOKCUMYIOUMX BUPA3iB IS CKIaJOBUX EIEKTPOMAarHiTHOr0 MOMEHTY (5) BU3HAYa€eThCs aJeK-
BaTHICTIO KyTOBHX 3aJISKHOCTEH CKIIaJOBUX MOTOKO3YETIJICHHSI.

VY cunxpoHHil cuctemi koopauHaT (D, O, Z) BEKTOp TOTOKO3YCIUICHHS Ma€ OJHY CKJIalOBY
¥Yp=(¥p, 0, 0). Bupasu mis ckinagoBux MOTOKO3YEILIEHHS y cucTeMi koopauHar (X, Y, Z) (Ha puc. 2 He
MIOKa3aHO) BOYEBUb MAIOTh BUTIISA

)

Y, =%, cosy ©)

[1{o6 oTpyMaTH CKIaa0Bi NOTOKO3YEIJIEHHs (3) B CHCTEMI KOOPAMHAT CTAaTOPa BUKOHAEMO IIEPETBO-

PeHHs CKJIaJoBHX (6) IMIIAXOM JIBOX 3BOPOTHHX NOBOPOTIB Ha KyTH [} Ta a. B pe3ynbrati nepexofy ckiao-

BHX NTOTOKO3YEIUIEHHs 710 CUCTEMH KOOPAUHAT (Xy, Y, Z) Y TOPU3OHTANIbHIN MIONIMHI CUMETpii cTaTopa M-

XOM 3BOPOTHOTO ITIOBOPOTY CHCTEMM KOOPJMHAT BIJHOCHO Oci Y Ha KyT B oTprMaemo
Y =¥, cosBcosy

¥, =W, siny

o g (7
y = 1psmy
[Momanemmii mepexia 10 CUCTEMH KOOPIAMHAT cTaTopa (X, V, z) IUISIXOM 3BOPOTHOTO MOBOPOTY Ha KYT O Y
wIoMHI z=0 Ja€ 3HAYeHHS U1 CKJIaJOBUX OTOKO3YEIUICHHS Y CUCTEMI KOOpJMHAT cTaTopa (pHc. 2)

Y =¥ ,coso—Y¥,sina ®)
. b

Y, =% ysina+¥,cosa
10, HAPEIITi, MPU3BOJNTH 0 IIYKaHUX BUPA3iB CKJIAJOBHX IMOTOKO3UEIUICHHS OOMOTKHM YIPaBJIiHHS depes3
aMILTITYAy B3aEMHOT'O IIOTOKO3YEIUIEHHS 3 CHCTEMOIO 30y IPKEHHS

Y =Y ,(cosacosBcosy—sinasiny)

©)

¥, =¥ ,(sinacosBcosy+cosasiny) ’
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KyT o 3MiHIOETBCS B IIpoLIECi MPELEeCcifHOro pyxy poTopa, ane Ul BU3HAUYEHHS aJeKBAaTHOCTI 3aJe-
)HOCTeH (9) Horo MoKHa TIOKJIACTH HYJILOBUM, OCKUIBKH BiH BU3HAUAE JIMIIE HATIPSM HaXHITy OCi 00epTaHHS
poTopa Ta, 3a BU3HAUYEHHSIM, BUKJIMKAE JIMIIE TAPMOHIYHY 3MiHY CKJIaJOBUX MOTOKo3uerieHHa. KyTu x f ta
Y BU3HAYaIOTh B3a€MHE IOJI0XKEHHs MarHiTiB CUCTEMH 30yIKeHHS Ta 0OMOTKU YIpaBIiHHS i BIJIMBAIOTh HA
PO3MOIIT MAarHITHOTO OIS, 3a3HAYMMO, 110 BHACIIIOK OOHYJIHHS KyTa IMperecii o BiCh Xy CIIBIAIAE 3 Bic-
cto x. Takox crniBmagaroTh oci y ta Y. Tomy Haoani 3amicme xy 6y0emo 8UKOPUCTIOBYBAMU HO3HAYEHHS X.
[IpokmnaBux KyT 0 HyJIbOBHM, OTPUMAEMO

Y =Y, cosBcos
Y, =Y,siny
Hapeurri, Bupasu (1) uis cki1aoBUX MOMEHTY, IO Ji€ Ha CTaTop, OyAyTh BUIVISIATH TAKUM YHHOM:
M =-Y,i.sin
x plcSmMy 11

M, = W, i.cosPcosy’

y
Xoua 3anexxraocti (11) mpocti At aHaATi3Y 1 32 YMOB HYJILOBOTO KyTa HyTallli € CHHYCOiTaMH, BOHH, SK
Oy/ie MmoKa3aHo HIDKYE, BCE JK TAKH HE 3aBXKIU € 3PYYHUMH JIJIsl aHAI3Yy TTOXHOOK BH3HAYCHHS €JIEKTPOMAarHiT-
HUX MOMEHTIB. Bijbll 3py4yHMMH i TaKMMH, IO JAFOTh 3MOTY IMiJBHIIUTH TOYHICTh MOJETIOBAHHS, € KPHUBI
CKJIQJIOBUX MOMEHTY B cHcTeMi KoopauHAT (d, ¢, z), O 00epTaeThCs HABKOJIO OCI z 3 KYTOBOIO IIBHAKICTIO
potopa, sik i cucrema (D, Q, Z). J1ns uporo Bupasu (11) 3:miBa MOMHOXHMO Ha MaTPUIIO IOBOPOTY Ha KYT -y

M, .| cosy siny —siny | —sinycosy +cosfcosysiny
ple| . =¥,ic .2 2 . (12)
M, —siny cosy || cosPcosy sin” y +cosPcos” y

Jlerko moGaunTH, 0 BUPA3HU I CKIIAJOBUX BEKTOpa MOTOKO3uernieHs (10), moMHOXKEHI Ha MaTpH-
110 TIOBOPOTY B CUCTEMi KOOpIUHAT ctatopa (d, g, z), MaloTh cuMeTpuyHuii 10 (12) BUTIISII, a came:

v, _w cosPcos’ y+sin’y . (13)
v, b —cosfPsinycosy +sinycosy
[puunna 3py4HOoCTi [UIs aHanizy BupasiB (12), (13) momsirae B ToMy, 10 32 YMOB HYJILOBOTO KyTa [3
OJlHa CKJIaJIOBa € TIOCTIHHOI0, a Apyra — JOPIBHIOE HYIIO. Lle 1ae 3MOry OLIIHUTH B LIMX 3aJISKHOCTSIX HOXHO-
KU YHCENBHOTO PO3PaxyHKy.
B teopii enekTpUIHMX MAalIMH TPAAULIHHO MPUHHITO BU3HAYATH IOTOKO3YEIUIEHHS OOMOTOK, €JIeK-

TPOMAarHiTHUII MOMEHT Ta MOTYKHICTh 32 3HAUCHHAM

Tadauus 1 N . - . S

Poswiip NePIIOT FapMOHIKH HOPMAJIBHOT CKJIa/I0BOT MarHITHOT

Mapamerp BiHOCHO IHAYKIIT B3JIOBXK CEPEHBOT JIiHIi MOBITPSHOTO MPO-

nomocHoro | MDKKy. Y 0e3na3oBiii KOHCTPYKIii 0OOMOTKH po3Ta-

oy II0BaHO 0E3MOCEPETHBO Y MOBITPSHOMY MIPOMIKKY, 1

TToBHMIA TIOBITPSHMIT POMIKOK Mix 0,104 TOMY IIJIKOM PE30HHO 3a[UIs JOCSTHEHHS TOYHOCTI

Marsitonposonamu 4,5 Mm O0YHCIIEHHSI TOTOKO3YETICHHS BU3HAYATH MarHITHY

TosumyHa wapy 06MoToK 3,5 MM 0,081 IHIYKIIIO Y370BXK cepexHboi JiHii BiAmoBinHOI 006-
Bucota sipmMa BHYTpilIHBOTO 0,035 MOTKH.

MarHiTonposoay 1,5 Mm Po3paxyHKOBE JOCHIJUKEHHSI IIPOBOAMIOCS

Brcora spma soBHimmHboro marmironpo- | 0,045 Uit (hi3uHOT MOJIENT, aHi AKoi HaBeleHo y Tao. 1.

Eoﬂy 2 My — 016 PesynpTati po3paxyHKy pO3MOJiTy MOIYJIIO MarHiT-
coTa MarHi , .o .

K;Togn;pz;i}]]) ermy (mmommma X 1) | 120° HOT iHYKIL B((I?R) B3JIOBXK TOJFOCHOTO TIOJILTY B TLIO-
KyTroBuii po3Mip 0OMOTKH yIpaBIiHHs ’ 70° cKocti - cuMeTpii  2=0  MOCHIILKYBAHOT  CTpYKTyph

(wonmsa X, 7) EMTP nmns aexinpkox maTepialiiB MOCTIMHOTO MarHi-

KyToBHIi KpOK CeKIlii OOMOTKH 0bepTanss | 154° Ty HaBeJleHO Ha puc. 3. Tam ke HaBeeH pe3ybTaTH
(nnomuma X, Y) I’ATH TECTOBHX BUMIPIOBaHh MaKCHMAIBFHOTO 3Ha-
bl . ven .
KyToBa muprHa akTHBHOI 9acTHHHU cekiil | 13° YeHHS IHAYKII] B 30HI pO3TAllyBaHHS OOMOTKH
0OMOTKH 0BepTaHHs yrpaBiHHS. 381 Bi3yallbHOT OLIHKK BMICTY rapMo-
CriBBiIHOLIEHHST TOBLIMHY MIapiB oomo- | 8/3 HIYHUX CKJIaJJOBUX Ha pHC. 3 HaBEJIEHO KOCHHYCOima-
TOK YIPaBJIiHHS i 00epTaHHs JbHY KpUBY. 3 OMJISAY Ha PO3MOMALT MarHiTHOI iHAYK-
Koeoiuient 3anopnenns oobmorok mimmo | 0,34 i1 MOXKHA 3aKIIIOYHTH, [0 B HOPMAIBHIN CKJIAJOBIi
Martepian nocriiiHoro mMarsiry KC37A MIPUCYTHIN MOMITHUI BHECOK HETapHUX rapMoHiK. Yu

[oBiTpsiHmii mpoMixkok Mixk pyxomumu i | 0,0116
HEPYXOMHMH yactTuHamMu 0,5 MM

BIUIMBAIOTH BOHU HA MOTOKO3UEIJICHHsI OOMOTKHU Ta B
MiICYMKY Ha €JIeKTPOMAarHiTHUH MOMEHT MOYKHa 3a-
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KITIOYUTH T10 YUCEIIBHOMY PO3paxyHKY IIOTOKO34YEIUICHh 0OMOTKH, 1110 BXOASATH JI0 CITiBBiTHOLIEHH (5).
PesyabTatu MoneaoBaHHs. Sk Bxke Bigmiua-
' ' ' Jocsl, BHACTINOK BiCYTHOCTI BHUXPOBHX CTPyMiB B

—— JOH12JK24 . .
e A (4 MarHiTONpPOBO/Ii BU3HAYEHHS TOTOKO3YEIUIEHh MOYKHA
A —o— nas | TPOBOAWMTH Ha OCHOBI PO3pPaxyHKy CTaTUYHOTO MarHi-
© KC37A (test-1) THOI'O moJIsI. MoaenroBaHHs BUKOHYBAJIOCS B CEpelo-
¢ KC37A (test-2) . . . . o .
ol * Kcaracest n|| B MAKeTy «COMSOL Multiphysics» y iHTepdetici
E + KC37A (test- 4) «Magnetic fields». Ha puc. 4 MmapkoBaHUMH KPHBHUMH
@ .
- ““37;\ (test -5) HaBEICHO 3aJIEXKHOCT1 PO3PaXyHKOBOI'O 3HAYEHHS I10-
cos( §) . .
ot 1 TOKO34YCIUICHHsS OOMOTKM ympasiinas ¥, Bix kyrta [ Ta

fioro anmpokcuMarnii cunycoinoro ~¥, 3a ymoBu 0bep-
TaHHA HaBKOJIO oci y (Y). YopHUM TPAMOKYTHHKOM
MOKA3aHO PEalbHO JOCSKHUI Jiara3oH KyTiB HyTarlii

-60

oo 80 s koHCTpykiii EMTP, mo BHKOpUCTOBYE KapaaHiB
MiaBiC Yy BHYTPIIIHIN TOposkHWHI poTtopa. I came B
Puc. 3 BOMY Jialla30Hi anpoKCUMylo4a KpHBa IOBHHHA 3

HaHOUTBIIIOI TOYHICTIO BioOpakaTH KYTOBY 3aJICikK-
HICTh MOTOKO34erieHHs. [[ificHO, 3MiHHa YacTHHA eHepril MarHiTHOTO MO 30yKeHHS Wy e, O 34erieHe 3
0OMOTKOIO yIPaBIiHHSI 1 3MIHIOETHCS 3 HAXUIIOM POTOPA, BU3HAYAETHCS BUPA30M

WMC (B) = \Pd (B)ic . (14)

A eNeKTpOMarHiTHUIl MOMEHT BU3HAYAEThCS Yepe3 MOXiMHY M0 KOOPAHMHATI, SKOK B JTaHOMY BUIA]I-
Ky € KyT 3, TOOTO

M, =P ¥ B, (15)
P op

TakuM 4WHOM, ampOKCHMAIisl 3aJISKHOCTI MOTOKO3UYEIICHHS BiJ KyTa [3 MOBHHHA 3a0e3MedyBaTH
TOYHICTh y BU3HAUEHHI 1oXigHOi (15) B okomi Touku =0. Tomy anpokcumyroua Kpusa He € nepuior eapmo-
HiKOMW, | amnaimyoa il HiAK He noe s3ana 3 ekcmpemymom oiticnoi 3anescnocmi ¥ (B). IlpuamHOIO € Te, MO
00MOTKa yHpaBlIiHHSA Ta 00MIBa MarHITONMPOBOIW — 30BHIIIHIM Ta BHYTPILIHIH — MalOTh CKiHYEHI KYTOBI
po3mipu (puc. 1, Tabm. 1).

' ITomryk 'al'IpOI(CI/IMYIO‘IO'l' CHHYCOIIH, a (I)aK”l.“I/I‘IHO"I—I' am- 160
IUTITYTM, € TPUBIAIbHOO 3a/auero. Hampukinan, y BilnoBigHOC- 140 —=—yqg
Ti 70 TIMOTE3H MPO CHHYCOIAalbHY 3aJIEKHICTh IMOTOKO34el- 120 | O~y
NeHHs Bifl KyTa [ (puc. 4) 3aNeXHICTh TMOXiITHOI MOTOKO3Yer- £ 100
neHHsA y Gopmyi (15) Oyae KOCHHYCOinaIbHO. 3 MHOTO BUTI- %
Ka€, 10 pO3paxyHKOBE 3HAUYEHHS MAaKCHMAIbHOTO MOMEHTY £ 807
M, max(B=0) Tpeba moiIUTH Ha aMILITYyAy CTPyMy OOMOTKH > %01 !{
yOpaBaiHHS (SIKAH MPUPOIHO 3aJaTH MOCTIMHHUM M 4Yac Po3- 40 @ v, | @
PaxyHKY) 20 @{ \‘!-‘
\Pd,max = Mq,max /lC : (16) 9 ‘
. 0 60 120 180
BinmiTu- B ()
o _
IOXMOKa annpoKkcuMadlll N0TOKO34enneHHA MO TIHLKH, ]_HO
22 BiJTHOCHA TMOXHO- Puc. 4
20 Ka Takol ampokx-
15 cuMallii cuHycoinoro 3 aMIutiTyaow 150% Bix peanbHOro Mak-
10 . .
R . o CHMYMy [OTOKO3YEIIEHHS (puc. 4) HEBEIHKA i 151 KOHKPETHOT
o, |l o— reoMeTpii He nepeBuInye 4% 3a yMOB KyTa BIIXHJIEHHS pOTOpa
-5 1o 30°, mo nokaszaHo Ha puc. 5.
-10 OO04rCIIeHHS €JIeKTPOMAarHiTHOTO MOMEHTY, IO BXO-
-15 . . . .
20 ‘ ‘ TUTH J10 @opMynn (16), B 1¥1Tep<1.)e1/101 «Magnetic ﬁelds» BUKO-
0 10 20 30 40 HY€TbCA IHTETPYBAaHHAM BiJINOBIAHUX EJIEKTPOMATHITHHUX 3Y-
B () cunb. B maniit 6e3nazosiit ctpykrypi EMTP mis oGuncienHs
€JIEKTPOMArHITHUX 3YCHJIb JIOLITBHO BHKOPUCTOBYBAaTH (Op-
Puc. 5 myay Jlopenuna [9]
F=JxB, (15)
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ae J — BEKTOp TYCTUHHU CTpyMy; B — BekTop MarHiTHOI iHAYKIi1. B CBOIO Yepry KOMIIOHEHTH eeKTpOMarHi-
THOTO MOMEHTY B CHCTEMi KOOpAMHAT cTaropa (X, Y, z) MOXHa OTPHMATH IHTETPYBaHHSM IPOCTOPOBHX
CKJIaJIOBHX €JIEKTPOMArHiTHOI CHIIH f, .- TI0 00’ €My V¢ 0OOMOTKH yIpaBiiHHs 3a BUPa3aMH

M=, (foz=fx)ar (16)
M, :jw(—fv z+ foy)dV

PosrisiHeMo npuaaTHICTh apOKCHMAIi] 3aJI€KHOCTI

1 cxiamoBoi ¥, moTokozderuieHHS OOMOTKH YTPaBITiHHS Bif
KyTa oOepTaHHA Y TapMOHiIYHOIO QyHKIi€er0. Ha puc. 6 npen-
CTaBJIEHO 3aJIEKHOCTI ITOTOKO3YEIUIEHHS Lii€l OOMOTKH Bif
| KyTa obepTaHHA JUI1 YOTUPHOX 3HAYEHb KyTa HAXUIY POTOpa
{1 B (0° 10°, 20°, 30°). Tam >xe MapKepaMu MO3HAYEHO BiIIIO-
1 BiAHI ampoKCUMYIOYM 3aleKHOCTI. BIM3BbKICTh HaBeneHHX
3aJIeKHOCTEH [0 CHHYCOINanbHOi HE BHKIMKAE CYMHIBIB.
AnpokxcuMaltiss BAKOHYBaJIacs MPOCTHM MiAOOPOM aMILIITY-
| mm mng xyra B =30°, a ans kytiB 10° ta 20° xpusi oOumc-
{1 moBanucs mpomnopLUifHuM mepepaxyHkoM. Jlogamo, mo am-
1 IUTiTYH KpUBUX Ha pUC. 6 CHIBNAAIOTh 3 TJAHUMH KPHUBOI Ha
puc. 4, Ae BIATIOBIIHY 30HY POOOYMX KYTiB HyTaIlii ToMide-
p oo e o0 HO YOPHHUM NPSIMOKYTHUKOM. AHAJIOTIYHUM XapakTep, Bode-
Y BUJb, MatOTh 3anexHocTi W,(y). Takum unHOM miaTBEpIKE-

Puc. 6 HO, [0 B poO0OYOMY Jiama3oHi KyTiB HaXWIy poTopa [3 3aie-

JKHOCTi TTOTOKO34YEIUIEHh OOMOTKH YTpPAaBIiHHA Bil KyTa

70+
60
50+
a0+
30+
20+
10

W, (%)
=

10+
20+
30+
_40}+
50}
-60
“JO}+

oOepTaHHs Y OJHM3bKi 0 CUHYCOIIaIbHUX.

I'padiku ckmamoBUX MOMEHTY Ta MMOTOKO3YEINICHHS B cHCTeMi KoopawHar (d, g, z), o04ncieHi B ma-
keti MatLab Bimnosigao no Bupasis (12), (13), HaBeaeno Ha puc. 7. HaitGinbn HarysiqHO NOBEAIHKY rpadi-
KiB MO’KHA ITPOCTEKUTH 33 XapaKTePOM KPUBHX JUId CKJIag0Boi MOMeHTy M,. Ilg cknanoBa crnajae 10 MiHi-
MyMy 3a yMOB kyTa obeprtanns y = (0°, 180°), konu Bich D poTopa HaxwieHa HAa MaKCHUMAaJIbHUHA KyT (BiH
JIOPiBHIOE KyTY P), 1 BiAHOBIIIOE MaKCUMaIbHE 3HAYEHHS, KOJIU KYT Y € KpaTHUM 110 90°, a Bick D mepeTnHae
mwionuHy z = 0.

CriBsignomenns (12), (13) orpumMaHi y MpHITyIIEHH] PO TAPMOHIYHUI PO3IMOIi MarHiTHOTO TTOJIS.
Are Ha PO3MOMIN TOJS BIUTMBAIOTH T€OMETPHYHI OCOOJUBOCTI CTPYKTYPH MAarHiTOIPOBOIIB Ta OOMOTOK,
30KpeMa O0OMeXeHi KyToBi po3Mipu Iux eneMeHTiB (Tadiu. 1). Ha puc. 8 HaBeneHo ananmoriuHi rpadiku ckia-
JI0BOI MOMEHTY M, n7s psAay 3HayeHb KyTiB HyTalii Ta CKnagoBoi My (14 3HadeHb KyTa HyTauii = 30°,
40°), obuncneni B iHTepdeiici «Magnetic fields» cepemouma «COMSOL Metaphysics» (TOYkH TOMideHO

120 ; ; ; ; ; 120 ‘
100 t=t—t==s g 100 0o Q.0 ~ = Q ~Mq (y=10°)
7 ‘% MM_W Mg (y=20%)
80 ] 80 rﬂ/ﬁ/ﬂm\ﬁ\ﬁ\xﬁ/ ——=Mq (y=30°)

' /‘Z'/E j\‘s\ B "Mar=40%)

~ 6071 Y, M, 1 5 60 O Mgq(y=10°
i 40 22/ Erz/u UE\U/Q/# <& Mg (y=20°)
I . 0° o ) o o | 40 A Mq (y=30°)

v M, [B: 0°, 10°, 20°, 30°, 40 O Matra0)

201 1 20 B Md(y=40°)
—— ~Md(y=40°)

0 W [

0 A Md(y=30°)

NSss= / / == — w20

20 : : : : :

0 60 120~ 180 240 300 360 -20 ‘ ‘

5 0 ) 180 270 360
v(7) v ()
Puc. 7 Puc. 8

MapKepaMH), Ta alpOKCHMOBAaHI 3aJIE)KHOCTI, 0 300pa)keHi TIaJIKiMU KpUBUMH. Bci 3anexHocTi € moaio-
HAMH 10 BIAMOBITHUX aHATITHYHHUX 3aJeKHOCTEH (puc. 7), moOymoBaHUX 3a BHpazamu (12), MICTATH Ipyry
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TapMOHIYHY CKJIAIOBY, ajie MOCTiHA CKJaJoBa Ta €KCTPEMYMH 3MEHIIYIOThCs HabaraTto MIBHIMIE i3 3poc-
TaHHAM KyTa 3.

Hnst anpokcuMytodoi QyHKIIl OTpUMaHuX 3ajJeKHOCTeld Oyyo oOpaHO KOCHHYCOImy 3 MOCTiHHOIO
cknagoBoro. IloctiliHa ckiagoBa M, miq Ta aMILTITYAa 3MIHHOI CKIaoBO1 M, , OOUMCIIIOBAINCS Yepe3 eKCT-
pemymu M,(B,90°) Ta M,(B,0°) BignosiaHo 3a GopMyaaMu

M, 0 (B)=(M,(B,90°) + M, (B,0))/25 M,,(B)=(M,(B.90)-M,(B.0M)/2. (17),(18)

TaxuM 9UHOM, 3aJICKHICTH CKIIAA0BOI MOMEHTY B30BXK OCi ¢ allpOKCUMYBaIacs 3a GopMyJIoi0

M, B.v)=M,,,B)-M, ,(B)cos2y. (19)

Kommonenta MomeHTy M, He Ma€ TOCTiHOT ckanoBoi (puc. 8) i ans i anpokcuManii TOCUTh BU-
3HAYMTH aMIUTITyly CHHYCOiJj1 N0/Bi}iHOT yacToTH. OCKIIbKY KOMIIOHEHTA €JIEKTPOMArHiTHOro MOMeHTy M,
Ma€e HalHOUTBIINI BIUIMB Ha MPEIECito pOTOpa PO3IIITHEMO MOKIIMBUI BapiaHT OOUMCIICHHS alpOKCUMYIOUHX
¢yskuiid. Buxoastum 3 npuitasaroro Burisny (19) anpoxcumytodoi ¢yHKii, st i1 moOynoBu MOTpiOHI 3Ha-
yeHHs ekcTpemyMiB M,(B,0°) Ta M,(B,90°) y Bupazax (17), (18).

Ha puc. 9 HaBeneHO po3paxyHKOBI JaHi, 004n-
cieri B cepemoBumli «COMSOL Multiphysics», 1o
0.014 MO3HA4YEeHI MapKepoM, Ta KPHBi, IO alpOKCHUMYIOTh

Gap=ap s 3aJIeKHOCTI €KCT i i M,
PEMYMIB CKIaJ0BOi MOMEHTY M(y)
0.012 (puc. 8). Hna anpoxcumytodoi QyHKIIT 000X eKCTpe-
001 - MyMiB Oyiio obpano ¢ynkiiro @prorixa (Frohlich)
Q "
g 0.008 | M, ..(B)=M,(0)/ 1+[B£] ; (20)
E 05
= 0.006 71 © Mq(y=0°) D ne xoeimieHT [os BU3HAYAETHCSA 32 aOCIMCO0 IOJIO-
= 0.004 O Mq (y=90°) BUHHOTO 3HA4YCeHHS IIyKaHoi (DYHKIT; KoedilieHT m
——~Mgq (y=0°) BU3HAYAE€ KPYTiCTh cnagaHHs (yHkmii. 3HaueHHs na-
0.002 —— Mq (y=90°) HUX KOeQIIiEHTIB IS IIyKaHUX 3aIeKHOCTEN eKcTpe-
0 | | | MyMiB Bix kyTa [ (puc. 9) HaBeaeHO B TaOI. 2.
Yucenbnuii exkcnepument. [[s mepeBipku
0 10 020 30 40 BIUIMBY PO3IVISIHYTHX BHILIE KOJHMBaHb E€JIEKTPOMArHIT-
B HOTO MOMEHTY 3 TOJBIHHOIO (II0 YaCTOTH OOCpTaHHSI)
Puc. 9 94acTOTOI0 OyJI0 MPOBEACHO PO3PaxXyHOK ITUHAMIUYHOTO
npouecy. Po3rmsHyTO CcTapT KOpekmii HampsMKy oci
TaGamus 2 o0epTaHHs 3 KyToBUX KoopauHaT a=180°, f=20° B HampsMKy HYyJIHOBOTO
Bos M 3HAYCHHS KyTa HyTallii. 3Ha4uHa BEJIMYMHA MMOYATKOBOTO KyTa HyTallii 00pa-
M,(0°) 39 3,7 Ha, MO0 «IIOTPAUTH» Y 30HY HaWOUIBIIOI MPUCYTHOCTI APYTOi TapMOHIKH
M,(90°) 59 3 Y CKJIaZOBHUX €IEKTPOMAarHiTHOIO MOMEHTY.

OCKUTBKH pyX OCi poTopa HEOOXiTHO 3IHCHIOBATH y ILIOMIWHI
y =0, Tpeba 3a0e3neUnTH MO3UTUBHUI NpeneciiHuil MoMeHT 1o oci Oy. [l bOro mpuKiIanaBcs MO3UTHUB-
HMH eeKTpoMarHiTHUi MoMeHT 1o oci Ox. IIpoananizoBaHo nBa Bumajaku: 1) ckiagoBa MOMEHTY M, Imyib-
Cy€ BIAMOBIMIHO 0 aHATITHYHOTO pimeHHs (puc. 7); 2) sl CKJIaioBa MyJIbCY€E BIAMOBIIHO 0 ampoKCHMAarlil
yrcenbpHOro pimeHHs (puc. 8). CkianoBoo MOMEHTY M, HEXTYBaIOCs, OCKUIBKH 11 aMILTiTy1a AJsl TaHOTO
3HAYeHHd KyTa HyTallii B CK/ajae MeHIIe IecaTH BiICOTKIB BiJl HOCTiiHOI cknanoBoi MomeHTy M, (puc. 8).

Pesynpratn po3paxyHKy, Mo BHUKOHYBaBcs B iHTepdeiici «Multibody dynamics», HaBeneHo Ha
puc. 10, ne romorpad I YUCETHLHOTO PO3PAXyHKY 3a allPOKCUMOBAHUMU 3aJICKHOCTAMH (puC. 8) mo3Hade-
HO M, = var (BepxHiii rpadik), a HuXKHil rpadik, nozHadeHuit M, = analitic, BiNOBiZla€ BUKOPUCTaHHIO aHa-
miTnaHUX 3anexHocredt (12) (puc. 7). s OMiHKK MIBUIKOCTI MPOIECY MpeIecii, a TaKOXK aMIUTITYy ! HyTa-
1Tii, peecTpyBaBcs rogorpad oci poropa Z 3a nepiox dacy 0,3 ¢ Bit MOMEHTY CTapTy.

[NopiBHIHHS OTPUMaHUX KPUBHX MOKA3ye, IO 32 YMOB ypaxyBaHHS Pe3yJbTaTiB YMCEIBLHOTO po3pa-
XYHKY 3aJIeKHOCTI €JIeKTPOMarHiTHOro MOMEHTY BiJl KyTa HyTauii  mpouec mpeuecii mpoTikae NpudIn3HO
Ha 15 BiZICOTKIB MOBiNBHIIIE, a po3Max (MoABiiiHA aMmIutiTyAa) HyTarii Ha 30% Oinemmid. Leit dpakT cBigunTh
PO MEHIIY, HiX Mependaydae KIacuuHa aHaJiTHYHA MOJE/b, IIBUIKICTh BiANpPAIfOBaHHS 30ypeHHS Ta MCH-
Iy YiTKiCTh 300paskeHHs 00 €KTY crocTepekeHHs. EkcriepuMenT Ha (isuyHii Mozeni npouecy appeTyBaH-
HS POTOpA J1a€ CTapTOBE 3HAYCHHS MakcHMaibHOI amrmuiityxu HyTamii 0,050°, mo 01mM3bKk0 10 BiAMOBiTHOL
amroritynu (puc. 10, BepxHiit rpadik), OTpIMaHOi B YUCETFHOMY €KCIIEPUMEHTI. TaKuM YHMHOM, TTiIBUTIICHHS
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aIeKBAaTHOCTI MAaTEMATUYHOI MOJE — OUIBII
TOYHE BPaxyBaHHS KOJHMBAaHb €JICKTPOMArHIT-

tmax=0.3s

ggi —# Tomorpad oci Z, Mg—var |: HOT'O MOMEHTY (pHC. 8) — a0 3MOry OoTpHUMa-
0.01- { TH OLIBIIY TOYHICTH MOJICITFOBAHHSI.

— -0‘02: | 'BI/ICHOBKI/L 1) B po6oq'14x Z[i?.HaSOHaX
£ oo} | KyTa BiIXWJIEHHs OCi poTopa Bia oci cratopa
T -oo3f ' 4 1 (mo 30°) 3ame)HOCTI KOMIIOHEHT eJIeKTpoMar-
S | 1'; l " ' | HITHOrO MOMEHTY Ta IIOTOKO3YEIUICHHSI 00MO-
0.06f | TKM ympaBiiHHS BiJl KyTOBUX KOOPAWHAT MO-
-0.07 1 JKHa 3 JOCTaTHHOIO TOYHICTIO alPOKCUMYBATH
ggz :2:23 J , , | ] rapmoniunmmu Qynkmismu. lle Biamosimae
001k 20 e alosey KJIACHYHIA aHATITUYHIA Mozemni. Aye BU3HA-
or . YeHHs aMIUNTYy]l 3raJjaHuX KOMIIOHEHT Heo0-
< :g‘gi: il ] XiTHO MPOBOJUTH HA OCHOBI YHCEIHLHOIO MO-

i .03H|1[| ] JIEIMOBAHHSI TPUBUMIPHOT'O MarHiTHOTO TIOJS.
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32: [ ] [0 apPOKCUMYE 3aJIeKHICTh MOTOKO3YEILICH-
-0.07} 1 HS OOMOTKM yNpaBliHHS BiAg KyTa HyTauii B
0.08f | Fororpa oci Z. Mg = analitic || KJIACUYHIN aHAMITUYHIM Monenl HeoOXigHO
09950 18 N a:’éf(o) 1a pO3paxoByBaTH TiTbKH 33 MaKCHMAJTbHUM
Puc. 10 3HAYCHHSIM EJIEKTPOMArHITHOTO MOMEHTY I10

MOTIEpEYHiN OCi y BIIMOBIAHOCTI 10 (hOPMYITH
(14) 3a yMOB HYJTBOBOTO KyTa HyTaIii Ta pea-
JBHOTO CTPyMy OOMOTKM YNpaBiiHHA. 3a 3HaUY€HHSM L€l aMIUTITyIM MOXHa OOYMCIIIOBATH KOMIIOHEHTH
MOTOKO3YCIICHHS 1 IHAYKTHBHICTE OOMOTKH YTPAaBIIHHS IS BUKOPHUCTAHHS y MOJENI 3 30CEpeHKCHIMH
napameTpaMu.

3) UncenbHe MOZETIOBaHHS Ha OCHOBI aHaNli3y TPUBHMIPHOTO MarHiTHOT'O HOJS Ja€ MOXIIHUBICTD 3
ypaxyBaHHSM KOHCTPYKTHBHUX OcoOiuBocTel akTuBHOI 30HH EMTP 3 OinbLIor0 TOYHICTIO BU3HAYUTH 3a-
JISKHICTh CEpEIHBOT0 3HAUYEHHS Ta aMILTITYAU MyJbCalliil eeKTPOMarHiTHOro MOMEHTY Bij KyTa HyTalii. 3a
YMOB 3HauHOi BEIMYMHHU KyTa HyTamii (61m3pk0 30°) BUKOPHCTaHHS alpOKCHMOBAHUX 3aJ€KHOCTEH CKIla-
JIOBUX €JIEKTPOMArHIiTHOTO MOMEHTY BiJl KyTiB HyTallil Ta 00epTaHHs, OTPAMAaHUX HAa OCHOBI YHCEIHHOTO
PO3paxyHKy, 3aMiCTh IXHIX aHATITHYHUX aHAJIOTIB JAa€ MeHITy Ha 15% MmBUAKICTH mpemecii Ta OLTbIINI Ha
30% po3mMax HyTallii.
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ELECTROMAGNETIC MOMENTS OF CONTROLLING THE PRECESSION MOVEMENT
OF A THREE-DEGREE-OF-FREEDOM ELECTRIC MACHINE

L.S. Petukhov
Institute of Electrodynamics National Academy of Sciences of Ukraine,
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The main known structures and principles of functioning of electric machines with three degrees of freedom of rotational
motion of the rotor are considered. The type of such machines in which it is possible to realize a high frequency of the
rotor rotation is highlighted, which gives it the property of gyro-stabilization. The structure of the magnetic system of the
machine of this type is presented and a hypothesis is put forward about the adequacy of the expressions of the classical
analytical mathematical model, but the need for accurate calculation of the concentrated parameters that make up it. The
distribution of magnetic flux density is analyzed based on a numerical mathematical model of a three-dimensional mag-
netic field. The dependences of electromagnetic torque components and flux linkages on the rotor axis orientation and the
angle of its rotation are calculated. It was concluded that the classical analytical mathematical model are adequate pro-
vided that the calculating of its coefficients is based on the results of the modeling of three-dimensional magnetic field in
the machine active volume and the surrounding space. It is underlined that, the amplitude of the flux linkage vector of the
control winding and the fluctuations of the vector components to use in lumped parameter model must be calculated from
the corresponding values of the electromagnetic torque components. Taking into account the results of the analysis of the
three-dimensional field demonstrates a significant decrease in the speed of controlled precession and an increase in the
amplitude of nutation. References 9, figures 10, tables 2.

Key words: three-degree-of-freedom electric machine, gyro-stabilized rotor, precession, electromagnetic moment, con-
trol winding, flux linkage, precision.
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MODELING OF A CONTROLLED ELECTROMAGNETIC VIBRATION DRIVE
WITH A VARIABLE RESONANT FREQUENCY
0.0. Cherno’, A.Yu. Kozlov
Admiral Makarov National University of Shipbuilding,
Heroiv Ukrainy Ave, 9, Mykolaiv, 54007, Ukraine.
E-mail: alextcherno@gmail.com.

The technology for the production of high-quality concrete products includes the vibration of the concrete mixture at
various frequencies. For this, an electromagnetic vibration drive can be used, which has high reliability, durability and
controllability. For its effective application, it is necessary to adjust the resonance frequency of the oscillating system in
order to ensure the near-resonance mode of operation at different frequencies. This is possible by using devices with
adjustable stiffness, in particular, controlled dynamic vibration absorbers with nonlinear elastic elements. In the article
the electromagnetic, electromechanical, mechanical, and energy processes in a controlled vibration system, which
includes an electromagnetic vibrator and a vibration absorber with conical springs, the stiffness of which is regulated by
compression using a press, have been investigated. Using the circle-field method, a mathematical and simulation model of
electromagnetic and electromechanical processes in the vibrator has been developed. For this purpose, numerical
calculations of the magnetic field in the vibrator have been performed and, based on the obtained results, the functional
dependences between the electromagnetic force, magnetic flux, magnetomotive force and the size of the air gap have been
determined. A model of the mechanics of the oscillating system, processes in the vibration absorber press drive and
processes in the control system has been also developed. The built simulation models were combined into a general model
in the Simulink environment, by means of which the time diagrams of the processes have been obtained. The modeling
results show that the system provides a smooth transition from one vibration frequency to another while maintaining the
specified amplitude of the working body oscillations and near-resonance mode with high energy efficiency. References 12,
figures 10, tables 3.

Keywords: electromagnetic drive; vibrating device; controlled vibration absorber; automatic control.

Introduction. Vibrating equipment is used for many technological processes, in particular, for
compaction of concrete mixtures. One of the ways to improve the quality of concrete products is to apply
sequential vibrations at different frequencies. This makes it possible to improve the compaction of stones of
different sizes in the concrete mix: large crushed stone fractions are better compacted at low frequencies and
the small ones — at high frequencies [1]. Today, regulation of the vibration frequency is implemented mainly
with the help of a frequency-controlled unbalanced vibration drive [2, 3]. But when working at high
frequencies, it has rapid wear of mechanical components, particularly of bearings [4]. The electromagnetic
drive, which is able to work in a wide range of frequencies and has high reliability and durability [4, 5], is
devoid of this drawback. But, for its effective use, it is necessary that it works in a mode close to resonance
[6]. To ensure such a mode at different frequencies, it is necessary to use elements with adjustable stiffness,
by means of which the resonant frequency of the system can be changed according to the vibration
frequency. This can be done by the controlled dynamic vibration absorbers installed on the intermediate
mass of the vibration devices [6], in particular, it can be vibration absorber with conical springs [7]. To
provide the operation of such a system, it is necessary to ensure compatible control of the frequency and
amplitude of the electromagnetic drive and the stiffness of the vibration absorber springs, which requires
taking into account the peculiarities of electromagnetic and mechanical processes during their interaction.
Therefore, the study of these processes in order to control them is an actual problem.

Analysis of previous studies. In different works the processes in vibration devices were investigated
when applying various algorithms for the simultaneous control of an electromagnetic drive and an
electromagnetic dynamic vibration absorber. In [6] a control algorithm that can be used to implement
sequential vibration at different frequencies is considered. That is, when the vibration frequency is not
adjusted to the resonant frequency of the device, but is set by an external signal, and the task of controlling
the vibration absorber is not to achieve anti-resonance of the intermediate mass, but to ensure resonance
mode of the drive operation. When modeling electromagnetic and electromechanical processes in the
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vibrator, the circle-field method was used in [6], and the method of conformal transformations was used for
the vibration absorber modelling.

The use of non-linear elastic elements to change mechanical stiffness makes it possible to use larger
values of the reactive mass than with electromagnetic control [7], which expands the scope of application of
such systems to larger vibrating devices. However, vibration absorbers with nonlinear elastic elements, in
particular, with conical springs, unlike electromagnetic ones, have a significant adjustment time. This is due
to the necessity of the elastic elements compression to achieve the necessary value of their stiffness [7].
Therefore, the processes for the simultaneous control of vibration absorbers of this type and the vibration
drive can fundamentally differ from those described in [6], where only electromagnetic devices are
considered.

The goal of the work. The purpose of this work is the research of electromagnetic, electro-
mechanical, mechanical and energy processes in a resonant vibration system, which contains a frequency and
amplitude controlled electromagnetic drive and a controlled dynamic vibration absorber with conical springs,
which operates in the mode of sequential vibration at different frequencies.

The general structure of the vibrating device. Let's take as a basis a vibrating device for
compacting concrete mixtures, which is used as an experimental stand in the laboratory of the Admiral
Makarov National University of Shipbuilding. Its functional scheme is shown in Fig. 1. Notations defined in
this scheme: 7 is the working body of the vibration device; 2 is the electromagnetic vibrator; 3 is the
intermediate mass; 4 is the controlled dynamic vibration absorber with conical springs; 5 is the relay device
for commutation of the motor coils of the vibration absorber press electric drive; 6 is the a transistor
converter with PWM powering the coils of the electromagnetic vibrator; 7 is the control system; & is the
vibrator coil current sensor; 9 is the accelerometer installed on the working body.

The device works as follows. As a result of
processing the signals of the accelerometer and the
9 current sensor in the control system, the amplitude
) \ of the working body oscillations and their phase
7 | N relative to the electromagnetic force are

jlj i % i\l determined. This information is used to control the

— —

| -
0 |
( |

? Ln—lé \2 vibration absorber press is set in motion. It changes
e " ~ the value of initial compression of the conical
iy /_D_ " 4 springs, changing their stiffness and, accordingly,
5 é H g

‘_‘

~1
(=]

amplitude and frequency of the current in the
vibrator coils, providing oscillation with given

2 amplitude at the resonant frequency. If it is

6

[
necessary to change the vibration frequency, the

the resonant frequency of the system. In response
to this, the frequency control system changes the
Fig. 1 frequency of the forced oscillations, adjusting to
the new resonance. Thus, the vibration amplitude and frequency are controlled while maintaining the energy-
efficient resonant mode of operation.
Model of electromagnetic and electromechanical processes. The parameters of the
electromagnetic vibrator are listed in Table 1.

Table 1

Number of the electromagnets #ejmqgn 2 Electrical steel 3413

Number of the electromagnet coil turns W 612 The shape of the core and of the U
armature

Connection of the coils parallel Length of the core and of the 45
armature, mm

The initial value of the air gap size §, mm 1.9 Core height, mm 76

Active resistance of the electromagnet coil R, Ohm 2 Armature height, mm 75

Parameters of the electromagnet equivalent circuit [6], R, 14.7 Pole width, mm 25

characterizing losses in steel, kOhm R, 34 Distance between poles, mm 39
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Let's use the circle-field method to simulate processes in the electromagnet. It is based on the
approximation of the dependences of the flux coupling and the electromagnetic force on the magnetomotive
force and the size of the air gap, obtained by numerical calculations of the magnetic field [8, 9]. To do this,
we build a model of an electromagnet in the specialized Ansoft Maxwell program, in which for a number of
combinations of magnetomotive force values and the size of the air gap, we calculate the flux coupling and
the electromagnetic force using the formulas:

4 1 1

y=> .[andeWj ; F, =—§[(Bn)B ——ande,
=S, Ko s 2

where S, ; is the area of the j-th turn of the coil; B is the magnetic induction vector; n,,; is the normal to the

plane of the j-th coil turn; S is the armature surface; n is a the normal vector to the surface of the armature.
The resulting dependencies are presented in Fig. 2.

mWb [V KN[F JMS= 3 —— ]
21— > p—
/ ~ 4.5 5 "]
—'-""'-.——-
\3 35 L
25 -
2 ;
1 L6
12 S
0.8 g
0.6
04
o P 6=0.3mm w
0 2 4 6 8§ kA

Fig. 2

In order for the dependences between magnetomotive force /W and flux coupling y to be used for
modeling dynamics, they must be reduced to /W(y) functions [6]. For this purpose, let's use the method used
in [10]. We approximate the obtained dependences (/W) by hyperbolic functions:

2
(x -X, j + bj2
_ _ _ J
yj(x) - (ycj krjxcj 1 xz n bz
<

+k. x
7

b

where j is the dependency number corresponding to a certain value of the air gap size; (x., y.) are the
coordinates of the hyperbola center; b is the value specifying the focal length; %, is the rotation ratio.

For the dependence y;(/W) which corresponds to the size of the air gap 6 = 1.6 mm, we determine
the coefficients of the approximating function by the method of least squares by sorting through four nested
loops and find the slope coefficient of the upper asymptote:

kx —y.
k,=—2e Y0 Lk =2.465-10° WH/A.

a
X2 +b
7

This coefficient will be the same for all hyperbolas y;(x). Therefore, for other values of j, we perform
an enumeration of only the values of x., y. and b, and the coefficient £, is determined by the formula:

e = (ve G2+ 017 kg ) (ke (62 #6772 +1)71 .

As a result, we get the coefficients of the approximating functions listed in Table 2.

Table 2

J 1 2 3 4 5 6 7 8 9 10 11 12 13 14
6, mm 0.3 0.4 0.6 0.8 1 1.2 1.6 2 2.5 3 3.5 4 4.5 5
X., KA 0.829|1.037| 1.53 | 195 | 234 | 275 | 344 | 407 | 474 | 53 | 586 | 634 | 68 | 7.18
V., mWb 21132116 2.118 | 2.116| 2.116| 2.116| 2.11 | 2.105| 2.093 | 2.077 | 2.071 | 2.052 | 2.043 | 2.027
b, kKA 0.355] 0.440| 0.506 | 0.567| 0.63 | 0.67 | 0.764| 0.790| 0.919| 1.01 | 1.105]| 1.065| 1.115| 1.084
k., mWB/KA | 1.234] 0.991 | 0.687| 0.544| 0.457 | 0.392| 0.316| 0.269 | 0.231| 0.207| 0.188 | 0.173 | 0.162| 0.153
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For a range of fixed flux linkage values ¥ =0, 0.1 ... 2.5 (mWb) we create the equation:
y,(w)=Y,,

where £ = 1..26. Using the bisection method, we obtain a

number of magnetomotive force values W, which

correspond to the set values of flux coupling ‘¥, at the values

of the air gap §;. By interpolation we get a family of functions

IW(y), the graphs of which are shown in Fig. 3.

Derived dependencies /W(y,8) and F.(IW,5) enter in
the appropriate blocks "IW" and "Magnetic force" of the
W] simulation model of the electromagnet in the Simulink

0 10 20 kA environment (Fig. 4).
Fig. 3 Using the electromagnet equivalent circuit [6], which
takes into account the influence of eddy currents and hysteresis, we create the equations of electromagnetic
processes:

i) = O30+ 0+ 0 S =ul0)- i), M@
0= )= RO i10)= e )~ i), oxt

where i, =i, /W i,=i,/W ; R, =R, W*; R,
is a magnetomotive force, which is created by eddy currents; i, is a magnetomotive force, which determines
the reactive component of magnetization; R, . is a equivalent resistance of eddy current circuit; R is a
fictitious resistance characterizing hysteresis losses at standard current frequency f;, for which loss
reference data is provided. Based on these equations we create a simulation model of electromagnetic and
electromechanical processes, shown in Fig. 4.

2. . . . .
s =R, W7 iis a coil current; f; is a current frequencys; i,

2-D
\_. 2D Ul T
d vt Y Tw)
y . > u2 | g
a 1 >u2 | g | F
u Y i IW Magnetic n elmagn
1A force
-—D{H(M_?*WAS}
1/Re™
1/Rh_st*
GED, > 2 »(Z2)
wl 1. | I
Delial ‘.\EJ- n elmagn
0.0019 R
Delta
=

Fig. 4

The model works as follows. The instantaneous value of the coil voltage is applied to the "u" input,
the voltage drop across the active resistance is subtracted from it and determined electromotive force, which
is divided by the number of coil turns to obtain the time derivative of the magnetic flux. Then it is integrated
to determine the magnetic flux, which enters the input of the "IW" block, where the interpolation of the
dependence IW(®, 6) is performed. The second input of the "IW" block receives the value of the air gap, and
at its output we get the magnetomotive force, which enters the input of the "Magnetic force" block, which
calculates the electromagnetic force. According to the equation (1), the current in the electromagnet coil is
determined. Then it is multiplied by the active resistance and the voltage drop across it is determined. The
value of the armature movement relative to the core enters the input "x". It is subtracted from the initial value
of the air gap and the current value of 3 is determined. It enters the second inputs of the "IW" and "Magnetic
force" blocks.
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The model of the oscillating system mechanics and processes in the drive of the vibration
absorber press. Figure 5 shows the mechanics diagram of the oscillating system, the diagram of the
vibration absorber with conical springs, and the stiftness characteristic of the spring. Notations defined in the
figure: my...m;, are the mass of the working body, the intermediate platform and the moving part of the
vibration absorber; cy...c; are the stiffness of shock absorbers, springs in the suspension of the intermediate
platform and springs of the vibration absorber; by...b, are loss coefficients in the corresponding springs; i3,
c; and b; are the parameters reflecting the inertial, elastic and dissipative properties of the concrete mixture
[11]; 1 is the DC motor; 2 is the reducer; 3 is the moving part of the vibration absorber; 4 is the conical
springs; 5 is the press; 6 is the helical gear; x,, x», x,. are the moving the intermediate platform, vibration
damping mass and the press; F,(Ax) is a reaction force of a conical spring depending on its deformation.

kN | F

§ c1. by *Fl § L-n -~ 2
Fl* 3 = lx
| om | s C

co, bo

% ¢, by 4 i ¢xL:Txpr _,/
2 L 1 -"
i { D ‘

10 15 20 25 30 mm
Fig. S5

The values of the mechanics diagram parameters and the characteristics of the vibration absorber
press drive are given in Table 3.

Table 3
Parameters of the mechanics diagram
my | nm; | my | ns Co | C| | C | C3 bo | b1 | b2 | b3
kg MN/m N-s/m
1499 | 41 [ 10 | 10 145 | 896 [05.15] 1 435 | 610 | 48 | 1700
Characteristics of the vibration absorber press drive

. Electrical time | Mechanical time Motor voltage Motor torque . Screw

Type of drive constant constant constant constant Gear (riatlo O.f the pitch
motor T, s T, S K, (V-s)" K, (N'm-s)’ reducer i, h, m
VJI-042-18 0.01 0.09 9.615 1202 741 0.005

For the convenience of modeling, the characteristic of the conical spring can be approximated in the
working area Ax = 0.013..0.03 m by a polynomial [7]:
5

Frpr(Ax) = Zai (A'X’.IO3)Z >
i=0

)

where ap = —1.02-10* N; @, = 2.842-10° N/m; a, = —302.762 N/m’; a3 = 16.086 N/m’; a, = —0.422 N/m";
as=4.479-10" N/m’.
Based on the diagrams in Fig. 5 we create the equations of the oscillating system mechanics:

dv,

dv

dv,
dt
At om,
1
_(Fz (t) - b2
m,

dt

66

1

0

— X () =, - (x (6) = x, () — ¢, - (x, () = X, (1)));

(O =, (1)

dV3 _L(
dt _m3

(F,(6) = byvy (1) = b, - (v, () = v, (1)) = by - (v, (1) = v, (1)) —

: :mL(_Fl(t)"'bl '(vo(t)_vl(t))_bz '(Vl (t)—Vz(t))-l-Cl '(xo(t)_xl(t))_Fz(t));

b3 : (Vo (*) - Vs, (1) + Cy (xo (t) - X3 (t))),

(6)
(7

),
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dx.
—=v(?),i=0.3; 10
7 (1) (10)

F,(1)=4F,, (xl (0)—x,(0) + %x (z)j _4F, (x2 (0) = x, (1) + %x (z)j . (11)

Based on these equations, we build a simulation model of mechanical processes in the oscillating
system in the Simulink environment (Fig. 6).
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Fig. 6

The press drive of the vibration absorber with conical springs, which is used in the considered
system, contains a direct current motor ¥YJI-042-18, reducer and helical gear (Table 3).
The motor speed without load ®,, ;; is determined by the differential equation:

d’o,, do
2Z1Jdl + Tm Oz;;'dl + O‘)m.idl (t) = kmum (t) s (12)

TB Tm

where u,, is the input voltage.
The reaction force of conical springs when they are compressed by a press:

1
Fr(t)=4FW[§xp,. (f)j- (13)
This force creates a resistance torque acting on the motor rotor:
M, (2)=- £, (14)

r lgear
where 1. 1S the efficiency of the mechanism, which takes into account losses in the reducer and helical gear.
When the press moves, the resistance torque causes a decrease in the rotation frequency by the value
of Aw,,, which is determined by the differential equation:
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2
rr ¢ Aoy r O, | Ao, (6)=k, .[Tm M, m (:)j. (15)
dt dt dt
A peculiarity of helical transmission is a sliding friction, which at low speeds has a significantly
nonlinear characteristic [12]. But in this model this nonlinearity can be neglected. It is enough to take into
account only the fact that the reaction force of the springs cannot cause the screw to rotate in the direction
opposite to the torque created by the motor. That is, the movement of the motor, screw and press occurs
when the frequency ®,, ;s exceeds the value Aw,,, or when they are directed in the same direction (during the
reverse movement of the press). Thus, the motor shaft rotation frequency will be determined by the
following equation:

©, ()= {wmw (1) = A0, (I (010 (0) > A )V (0 (1) <~ ) (16)

0 otherwise,

where @, is the minimum angular velocity sufficient to overcome the force of viscous friction.
On the basis of equations (12) — (16), we build a simulation model of the vibration absorber press
drive in the Simulink environment in the form of the "Vibroabsorber drive system" subsystem (Fig. 7).

12.025+1202 '@ 4
_ l=Mesrlats =
0.0009s2+0.09s+1 =

Motor forque transfer fon 1 gear Gear ratic
o )
If
COfi>s 22 N MIN R R (=
0.0009s2+0.09s+1 s

On_Off . . X press
Motor input Motor transfer fon If Action Gear ratic  Integrator
Subsystemn

¥

voltage
Fig. 7
A control signal is sent to the "On_Off" input, which can take the value —1, 0 or 1. The output of the
subsystem is the calculated value of the movement of the press x,,, taking into account the resistance force
and the characteristics of the drive.
Model of processes in the control system. The simulation model of the electromagnetic vibration
drive control system was developed in [6]. In [11] it is represented by a separate Control system subsystem.
We add to this subsystem the control circuit of the vibration absorber press (Fig. 8).

/
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The input signal of the press control circuit is the assigned value of the vibration frequency f..s
which is compared with its real value f. If the difference between them (error) exceeds the value of the
insensitivity zone specified by the "Dead zone " block, 1 or —1 is applied to the "On_Off" input, depending

on the sign of the error.

Xw.ref
u
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fi ref »a
wi Xl in2
—»fl T |
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—» Fr P1in3
| xpr v
P f ref o Ind
Tref Control system

of vibrator
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Mechan

oscillation system

ical

Fig. 9

Simulation results. The complete
simulation model of the controlled
vibration system is shown in Fig. 9. It
consists of three subsystems: "Control
system", "Electromagnetic system of
vibrator" and "Mechanical oscillation
system". The structure of the first one is
shown in Fig. 8, the second one — in
Fig. 4, the third one — in Fig. 6.

The input signals are the reference
values of the working body oscillation
amplitude X, ,.; the vibration frequency

Jrr and the phase shift between the electromagnetic force and the movement of the working body ¢,.. To
maintain the resonant mode, the value @,,r = —90° is set.

The Figure 10 shows the result of the simulation: the time diagrams of the working body vibration
amplitude X, (the reference value and the real one), the frequency of vibration f, the phase shift between the
electromagnetic force and the movement of the working body ¢, the movement of the press x,,., the output
(mechanical) power of the vibrator P,,,, the efficiency of the vibrator 1.

X, mm
of o

B
T

10

15
Fig. 10
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The graphs show the following processes. The drive starts with a frequency of 41 Hz. The reference
amplitude value X,, s increases linearly to 0.5 mm within 1 s and then remains at this level. At a time of 1 s,
the automatic frequency adjustment system is turned on, at a time of 3.2 s it sets a frequency of 41.4 Hz,
which corresponds to resonance (¢ =~ —90°). At the moment of 3.3 s, the oscillatory transient process of
adjusting the vibration amplitude is finished, the amplitude value reaches the reference one and does not
deviate from it by more than 5%. At a time of 5 s, a new reference value of frequency f,.,,= 61 Hz is set. The
difference in frequencies f.r and f goes beyond of the dead zone +1 Hz, and the press movement drive is
turned on. The movement of the press is accompanied by compression of the conical springs, an increase in
their stiffness and the resonant frequency of the oscillating system. In response to this, the automatic
frequency adjustment system increases the frequency of forced oscillations f. As a result, the frequency
increases smoothly and after a small overshoot is set at the level of 61.05 Hz. The press drive corrects the
frequency error, after which it stops. This is also accompanied by a single fluctuation of the vibration
amplitude within £0.4 mm for 2 seconds. After that stationary vibrations are established at a new frequency
with given amplitude.

The output power and efficiency of the vibrator have been calculated according to the method
described in [6]. The simulation results show that the drive maintains high energy efficiency when switching
between frequencies. An increase in the frequency at an unchanged vibration amplitude leads to an increase
in the output power and, as a result, to an increase in the efficiency of the vibrator from 0.62 to 0.78.

Conclusions. The processes in the controlled electromagnetic drive of the vibration device, which
contains an autoparametric vibration absorber with nonlinear elastic elements, have been investigated by
means of simulation modeling. It was established that the simultaneous control of the electromagnetic
vibrator and the dynamic vibration absorber ensures the consistent operation of the vibration device at
different frequencies while maintaining the energy-efficient near-resonance mode. The transition from one
frequency to another occurs smoothly, the transition time is determined by the dynamic properties of the
absorber press drive. For the considered drive the transition speed is about 1.5 Hz per second.
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Texnonoeiss 6upoOHUYMBA BUCOKOAKICHUX OEMOHHUX 8Up0DI8 8KIIOYAE 6 cebe 8IOpY8aHHs OemOHHOI cyMiui HA PI3HUX
yacmomax. [na yvbo2o Modce Oymu GUKOPUCMAHUL eNeKMPOMASHIMHUL i0payitiHull npueoo, AKull Mde BUCOK)
HAOIUHICMb, 008206iUHICMb MA Keposanicmb. s 1020 ehekmusHo20 3acmocy8antss HeobXIOHO 30MCHIO8amu
PecyNoBanHsa pPEe30HAHCHOI 4acmomu KOIUBANbHOI cucmemu 3 Memor 3abe3neyeHHs OiNAPe30HAHCHO20 PeNCUMY
pobomu na pizHux uyacmomax. Lle MONMCIUBO WNAXOM GUKOPUCMAHHA NPUCMPOIE 3 PecyIbO8AHON HCOPCMKICMIO,
30KpemMa, KepoBaHux OUHAMIYHUX GIOPO2ACHUKI6 3 HENHIUHUMU NPYJICHUMU elleMenmamu. Y pobomi 0ocniodicero
CeKMPOMACHIMHI, eNeKMPOMEXAHIUHI, MEeXAHIYHI A eHepeemuyHi npoyecu y KeposaHil 8lopayitinitl cucmemi, ujo
MICIMUmMb e1eKmpoMasHimHuil 8i6pamop ma GiOPO2ACHUK 3 KOHIUHUMU NPYICUHAMU, HCOPCKICMb AKUX PE2YI0EMbC
WASAXOM CIMUCKAHHA 34 00NOMO2010 npecd. 3a 00NOMO20I0 KOJO-NOIbOB020 MEMOOY PO3POOICHO MAMEMAMUYHY ma
iMimayiuny MoOenb eleKmpOMAacHIMHUX MA eIeKMPOMEXaHIYHUX npoyecie y eibpamopi. /[ii yboeo 6UKOHAHO YUCLO8I
PO3DAXYHKU MASHIMHO20 NOJA Y 6ipamopi ma HA OCHOBI OMPUMAHUX Pe3YIbMamié GU3HAYEHO (QYHKYIOHAIbHI
3QNeAHCHOCE MIJIC eNIeKMPOMACHIMHOIO CUNOI0, MACHIMHUM NOMOKOM, MASHIMOPYWIHOIO CUTOI0 MA BeNUYUHOIO
nosimpsanoeo 3azopy. Pospobreno maxooic modens mexaniku KOAUBANbHOI cucmemu, npoyecie y npusoodi pyxy npeca
sibpoeacHuxa ma npoyecig y cucmemi Kepysauts. Ilobyodosani imimayitini mooeni 06’ €OHAHO 8 3a2albHY MOOelb Y
cepedosuwi Simulink, 3a 0onomoezor axoi ompumaro yacosi diazpamu npoyecie. Pezyriomamu modenosantsa nokazanu,
wo cucmema 3abesneuye NAAGHUL nepexio 3 0OHIEi uacmomu 8ibpayii Ha iHWLY, NIOMPUMYIOUU NPU YbOMY 3A0AHY
amnimyody KOIUSaHb poboyoeo opeana ma OLIAPE30HAHCHULL PEXCUM 3 BUCOKOIO eHepeemuyHoIo epekmusnicmio. bion.
12, puc. 10, Tabun. 3.

Knwwuoei cnosa: enexTpoMarHiTHUH TpHBOA; BIOpauiiiHWiIT npUCTpil; KepoBaHMH BiOpOracHUK; aBTOMAaTHYHE
KepyBaHHSI.

Hamiiiia 16.02.2023
Ocrarounwuii Bapiant 23.03.2023
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The Integrated Energy System (IES) of Ukraine functions as part of the European Union (EU) electric power system
ENTSO-E. Each country whose IES operates in the ENTSO-E structure must ensure the presence of a full-fledged fre-
quency and power automatic control system (AFPCS, AFPC system) in the national IES. The only exception is the IES
of Ukraine, because its inclusion in the ENTSO-E happened during martial law and in the absence herewith of a full-
fledged AFPC system. It violates the cornerstone requirements of the ENTSO-E structure formation. In the post-war
period, the IES of Ukraine will be obliged to complete its own, full-fledged AFPCS as soon as possible. Three structures
of the AFPC system development of the Ukrainian IES were studied: according to the traditional principle (on the
basis of generators-regulators), on the basis of heat consumers-regulators with the involvement of heat pump installa-
tions and on the basis of heat consumers-regulators using electric heat generators that provide energy for the central-
ized heat supply system. Calculations and analysis of technical and economic indicators showed that the traditional
structure of AFPCS extremely loses to both structures built on consumers-regulators. Significantly better of these two
systems is the AFPCS, built on consumers-regulators in the form of electric heat generators. It provides an annual net
profit of more than 1.8 billion USD, with a payback period of about 0.5 years, reduces by 2.7 billion m’ of natural gas
consumption, reduces by 13.9 billion USD needs capital investment, has short construction deadlines. References 20,
tables 5.

Keywords: automatic frequency and power control system, electric heat generator, heat pump installation, capital in-
vestment, profit, payback period.

Introduction. The reliable and efficient functioning of the integrated energy system is ensured by
the simultaneous coordinated interaction in its structure of several complex and diverse technological sys-
tems. One of them is the automatic frequency and power control system.

In normal modes, the reliable operation of the IES is supported by the dispatching control. However,
in emergency situations (unscheduled shutdown of a large power unit, a powerful power transmission line
(PTL), or a large power consumer), the dispatching staff is not able to independently ensure the balance of
production and consumption of electricity in the system, because under such conditions, transient electrome-
chanical processes occur in it within parts of a second. Therefore, today, all over the world, the problem of
the reliability and stability of the operation of IES in emergency modes is solved by building in their struc-
ture special AFPC systems [1]. The power deficit/surplus that appears is eliminated by increasing/reducing
the power of generators covered by the AFPCS. In theory, generators of HPP, pulverized coal (PC) and gas-
oil fuel (GOF) thermal power plant (TPP) can be used in the structure of AFPCS. One of the main require-
ments for such generators is to ensure the necessary velocity and have a sufficient range of regulation. In the
conditions of the IES of Ukraine, as the analysis shows, the AFPCS, built on regulator-generators, can only
use new or reconstructed PC units, since in Ukraine the regulation of NPP units is very limited, GOF units
are unprofitable due to high fuel prices, and HPP are not can provide sufficient power.

In addition to this significant limitation concerning the choice of AFPCS regulating equipment there
was a negative circumstance in the Ukrainian power system during the entire period of the country's inde-
pendence up to and including 23.02.2022, namely, there were actually no self-sufficient reserves of auto-
matic secondary regulation of frequency and power in its structure. During the specified period, the IES of
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Ukraine used the services of the AFPCS, which was general to the Russian, Ukrainian and Baltic energy
systems. This AFPCS used Volga’s HPP as regulating power plants on very favorable economic conditions
for Ukraine. Starting from 23.02.2022, the Ukrainian AFPCS was disconnected from the specified general
AFPCS and joined to the AFPCS of the European Union energy system ENTSO-E. At the same time, the
IES of Ukraine was unable to provide regulatory sources for its AFPCS in the necessary volume. In the cur-
rent state, their deficit is compensated by the capacities of the AFPCS of the ENTSO-E power system. Under
such circumstances, the key technological parameters (frequency, power, etc.) in both energy systems will
conform the current regulatory requirements. Thus, during almost the entire period of independence, the IES
of Ukraine imported the necessary volumes of regulatory capacities to ensure the functioning of its own
AFPCS. The exception was several months of 1997, when the IES of Ukraine operated in an autonomous
mode, but then the system experienced large frequency deviations and so-called "rolling blackouts".

However, such a situation cannot be considered acceptable and cannot exist in modern conditions for
a long time due to a number of factors, among which the following are the most important.

In accordance with the requirements of the ENTSO-E, only power systems, that are technologically
capable of working in autonomous mode provided that the ENTSO-E requirements for the mode parameters
of the connected power system for at least one year, can be connected to parallel operation with the ENTSO-
E. This strict requirement was not applied to the energy system of Ukraine due the Russian invasion of
Ukraine, but in the post-war period it will become relevant and will have to be fulfilled.

In the period until 2022, Ukraine received system (auxiliary) services from the Russian energy sys-
tem in the form of regulating capacities almost free of charge for the reliable functioning of its own AFPCS.
Settlements between these energy systems were based on the “zero balance” principle, when the parties
agreed that during the day the volume of imported electricity of each party should be equal to the volume of
electricity exported by it, without taking into account the cost of electricity. That is, the fact was not taken
into account that in order to ensure the reliable AFPCS operation of the Ukrainian energy system, Russian
power plants had to constantly keep a million kilowatts of additional highly maneuverable capacities in a
state of circulating reserve. The Ukrainian party had the right to compensate for the volume of imported Rus-
sian energy at any time of the day. Such conditions were extremely beneficial for Ukraine, since it practically
did not pay for the mentioned auxiliary services, as it paid for very expensive energy from hydroelectric
power plants, in particular, energy from nuclear power plants.

An important factor that also needs to be taken into account is that in order to connect to parallel op-
eration with ENTSO-E, the connecting power system must, when operating in the autonomous mode, ensure
the mode parameters (frequency, power, voltage levels, stability reserves and etc.), which are maintained in
the ENTSO-E power system. According to documents [1, 2], frequency and power regulation must be en-
sured for the following modes: the frequency must be within the normal limits of 50 £ 0.2 Hz without ex-
ceeding the maximum allowable 50 + 0.4 Hz when the IES of Ukraine operates separately from the energy
systems of other countries; parallel operation of the IES of Ukraine with the ENTSO-E power association
with a standardized frequency within the regulation zone of 50 + 0.02 Hz; parallel operation of the IES of
Ukraine with the energy systems of other countries with provision of a standardized frequency within 50 +
0.05 Hz (normal level) and within 50 £+ 0.2 Hz (acceptable level). During the construction of the AFPC sys-
tem on PC power units in the IES of Ukraine the normalized frequency values can be provided only in the
isolated mode of its operation (the corresponding calculations are given below). To ensure a fourfold in-
crease in frequency accuracy in normal mode during the parallel operation of the Ukrainian IES with the
energy systems of other countries, and even more so to ensure a tenfold increase in its accuracy during paral-
lel operation the Ukrainian IES with the ENTSO-E power association in the conditions of even reconstructed
or new equipment of the Ukraine’s IES will be not only technological difficult, but also extremely expen-
sive. It will be not only technologically difficult, but also extremely expensive to provide such a large in-
crease in frequency accuracy in the conditions of even the reconstructed equipment of the Ukrainian IES.
The way out of the situation is the creation of a fundamentally new system of AFPC, built on the basis of
innovative principles and the most effective newest technologies.

There is reason to believe that the current settlements between IES of Ukraine and ENTSO-E on the
export/import of regulatory energy for their AFPC systems during the period of martial law in Ukraine are
based and will be based until this state is removed, on the principle of “zero balance." After its cancellation,
settlements will certainly be carried out on market principles based on the criteria of lost profit.

It should be noted that in the current state 6 hydro units of the Zaporizhia HPP and thermal power
plants with a total installed capacity together of no more than 800 MW are included to the AFPC system of
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the Ukraine’s IES , which is clearly insufficient for the construction of a full-fledged AFPC system in the
IES of Ukraine (shown below).

The capacity currently available in the AFPC system of Ukrainian IES is about 11% of the required
capacity. That is, the construction of the Ukrainian AFPC system will have to be carried out practically from
scratch, which makes it possible to use new approaches and advanced technologies for automatic regulation
of frequency and power in IES.

The purpose of this work is the construction and detailed study of a fundamentally new structure of
the frequency and power automatic regulation system of the Ukraine’s IES through its technological interac-
tion with the systems of centralized heat supply (CHS) using heat consumers-regulators (HCR).

Requirements for the functioning of the AFPC system. Primary, secondary and tertiary regulation
is used during the operation of the AFPC system. Each of them has its own reserves. Primary regulation [2]
provides automatic stabilization of frequency in the range of 50Hz + Af in normal (quasi-stationary) modes,
while secondary and tertiary regulation are almost not used. In the event of an emergency situation, for ex-
ample, when a large power unit or a powerful transmission line is turned off, the primary regulation is acti-
vated at first in the system and its reserve is used for about 30 seconds. After about 20 sec. from the moment
of the disturbance, the secondary regulation [3] is automatically activated, which, depending on the power of
the disturbance, may exhaust its reserve after 15 min. after disturbance (Table 1). At this moment, the load of
the primary regulation is completely transferred to the power of the secondary regulation.

Table 1

Beginning
Type of regula- | (from the mo- End
tion ment of distur-
bance)
Primary 1 -2 sec 30 sec
Secondary ~ 20 sec 15 min
Not normalized.

. . Depends on the

Tertiary § =12 min conditions of the
power system

The interval of
displacement of
the primary 30 sec 15 min
regulation by
the secondary
Interval of
displacement of
secondary regu- 8 — 12 min 40 min

lation by terti-
ary

Tertiary regulation [4] can be carried out by
the dispatcher or automatically. With dispatch control,
the tertiary regulation is activated after about 8§ min.
and with automatic control — after 12 min. after dis-
turbance. After about 40 min. from the moment of
disturbance, the entire load of the secondary regula-
tion must be transferred to the power of the tertiary.
At this time, secondary regulation reserves must be
fully restored.

The received values of the primary reserve in
the IES of Ukraine in the mode of its parallel opera-
tion with ENTSO-E are £190 MW,

To compensate for the largest emergency loss
of generation in the IES of Ukraine (according to the
N-1 principle, it is 1000 MW), or loss of consump-
tion, the estimated range of secondary regulation is
determined for loading — 1000 MW and for unloading
- 500 MW.

The estimated reserve of tertiary regulation

should be: for loading - at least 1000 MW, for unloading — at least 500 MW.

For the implementation of primary and secondary regulation in the IES of Ukraine, separate methods
have been developed, focused on TPP units [5], on HPP [6] and on NPP [7].

Study of the AFPC system construction options. All of the above-mentioned features of the cur-

rent state and functioning of the AFPCS as part of the Ukraine’s IES demonstrate its vulnerability to the
action of (especially) external factors, in particular, the breaking of connections with the energy system of
the European Union due to certain factors. Under such a scenario, the IES of Ukraine, as noted, will be prac-
tically inoperable. In such situation the country's energy security becomes the most important factor. In order
to prevent an economic collapse, the energy industry must urgently develop and build, as part of the Ukrain-
ian IES, its own full-fledged AFPC system, which is capable of meeting the requirements for the accuracy of
frequency support and speed in emergency modes, which are developed and implemented for of the Euro-
pean energy system ENTSO-E.

In modern conditions, the construction of the AFPC system as part of the Ukraine’s energy system
can be carried out according to the following basic options. According to the first of them, it is implemented
according to the traditional structure using generator-regulators as [1-4]. At the same time, it should be taken
into account that in the current state until 2022 in the functioning AFPCS, the primary and tertiary regulation
was built on Ukrainian equipment and can meet the requirements of the Guidelines [1] on speed and accu-
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racy for these phases of regulation. That is, in the new Ukrainian AFPC system, it is necessary to complete
its part, which must carry out secondary regulation. The function of secondary regulation according to [1, 3]
can theoretically be organized using the capacities of hydroelectric power plants, pulverized coal and gas-oil
fuel thermal power plants. However, as mentioned, the use of gas-oil fuel thermal power plants for this
purpose is impractical, taking into account their economic indicators and the energy security factor
(additional large volumes of natural gas are required for GOF thermal power plants). Ukrainian HPP are flat,
low-water and low-power, their capabilities are not enough even to cover the variable part of the electric
loads schedule (ELS) of the Ukrainian IES. Over time, this situation will only worsen, since the possibilities
of the hydroelectric power stations capacity increasing are practically exhausted, and the amount of
electricity consumption in the country will increase with the simultaneous decompression of ELS [8]. Thus,
in the conditions of Ukraine, when trying to build a subsystem of secondary regulation in AFPCS according
to the traditional scheme, the only possible option is the use of reconstructed pulverized coal power units in
the role of generator-regulators.

Let's evaluate of the number of such power units necessary for the construction of a traditional
subsystem for AFPCS secondary regulation according to the requirements of the Guidelines [5]. Wherein the
change rate indicators in the power of power units turbines of 200 and 300 MW are decisive. Such power
units in the conditions of IES of Ukraine can serve as the main equipment in the construction of the
subsystem of secondary regulation of AFPCS on regulator-generators.

In the Table 2 shows the indicators of the initial change and the rate of further power change for the
turbines of the specified power units [1, 3].

Table 2

Type of turbine Initial change The rate of further It is advisable to divide total regulation
AP,MW/% | change dp/dt, MW/min | range P,=1000 MW into two: the range

K-210-130 20/10 1,0 P100=555,5 MW, which is provided by 200 MW

K=300-240 20/6,67 0.8 units for 15 min., and the range P;o=444,5 MW

for 300 MW power units during the same time. The values of these ranges are determined in proportion to
the speed of power units dP/dt (Table 2). Then the number of installed power units N,y with a power of 200
MW, which is required to cover the range Py, can be determined from the dependence

Py =Ny - ct+(AP+dp / dt(200)-T,),

where o = 0,8 is the coefficient that relates installed power and operating power, AP=20 MW is the power
change (Table 2), dRyg0) / dt=1 MW/min is the turbine power change rate of the 200 MW power unit (Table

2), T, =15 min is the time allocated for secondary regulation in the AFPC system.

A similar equation is valid for establishing the required number of power units with a capacity of
300 MW.

The given dependence makes it possible to determine the installed power units number needed to
ensure the necessary regulating power P, and regulation time 7,, namely, N,p =20 and N3 = 18 with the
total number of regulating generators in the AFPC system N = Ny + N30 =38 (which meets the
requirements of [3]) and with a total installed power of 7,400 MW. Such a large installed power (5.9 times
more than required) is due to the insufficient speed of coal-fired power units. A rotating (hot) reserve of 1000
MW should provide the total number of units N, = o N =31, of them N,o,=16 and N3y,=15. The average
volumes of the secondary regulation reserve on each 200 MW block are 34.7 MW, and on the 300 MW
block are 29.6 MW. The total power that Np power units can provide for output to the electric network is
6700 MW, i.e. about 15% of the operating capacity of 31 power units, which should operate as part of the
AFPC system, is in the rotating reserve.

In the modern conditions of technological development in the energy sector, there is an opportunity
to create AFPC systems on a fundamentally another basis, which is expedient to implement, first of all, in the
energy system of Ukraine. Unlike the traditional approach, the construction of such a AFPCS is not based on
the introduction of additional regulating capacities in the event of a deficit/surplus of active power in the
IES, but strictly on the contrary, on the reduction/increase of energy consumption by a special structure of
heat consumers-regulators (HCR). The technological processes of these consumers have such a feature that
they allow a significant reduction (up to termination) of electricity supply for the necessary time (tens of
minutes) at any time of the day and year.
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The possibilities of using such consumers as part of the AFPC system were not sufficiently justified
due to their power and speed limitations. Not so long ago, technologies appeared on the energy equipment
market that can be successfully used in the role of HCR in the structure of the AFPCS. We are talking about
compression heat pump units (CHP) and electric heat generators (EHG) of high power, which can work as
part of CHS. Such thermal energy generators, being installed on the territory of powerful boiler plants, have
the opportunity to use the special heat storage devices available on them. In addition, the system of
centralized heat supply has significant opportunities for the accumulation of thermal energy in its own
structures, in the soil, in buildings and constructions of consumers, as well as by regulating its temperature
regime [9, 10]. The specified features of CHS make it possible to use CHP in modes of short-term (15-30
min.) termination of their operation without worsening of heat supply to consumers. Installations of the
specified function are large consumers of electricity. The totality of the above features makes it possible to
use CHP and EHG in the role of consumer-regulators in the construction of modern AFPCS.

In the publications [11, 12], a detailed analysis of the AFPCS technological indicators on generator-
regulators and on consumer-regulators in the form of CHP was performed. A comparison of their main
technical and economic characteristics demonstrates that the organization of AFPCS on the basis of CHP has
a set of important advantages [13]:

— a large amount of TPP generating equipment (38 power units with a capacity of 200-300 MW) is
freed from the need to operate in the rotating reserve mode, which significantly increases their efficiency and
competitiveness;

— the amount of capital investments required for the construction of the AFPCS is decreasing;

— the AFPCS quickness and accuracy of frequency regulation are significantly improved,

— system reliability increases;

— the payback period of the necessary capital investments is reduced several times and the overall
economic efficiency increases;

— the time required for the construction and commissioning of the AFPCS is significantly reduced.

The main reason for such advantages is obvious. The AFPCS according to the traditional structure is
activated within 15 minutes several times a year, and at other times it works in idle mode, using additional
equipment and fuel resources throughout the year. In contrast, AFPCS on the basis of CHP generates thermal
energy throughout the year, except for a few stops per year during 15 minutes each giving it exceptional
economic advantages.

Other important factors leading to the mentioned state are that the appropriate modernization of energy
facilities and energy-intensive technologies, the introduction of new energy-efficient materials are based, first
of all, on the measurement, control, diagnosis of physical characteristics and regulation of the physical
processes parameters [14]. Monitoring and optimization of such processes ensure effective implementation of
resource-saving and energy-saving measures, which, of course, has economic and social significance. The use
of mathematical models of physical signals and fields of functioning of energy facilities, algorithms and
programs for the determination and statistical evaluation of their characteristics is the basis of information
support for the operation of monitoring and diagnostic systems [15]. Monitoring of real characteristics of
energy facilities can be ensured taking into account the capabilities of measuring units [16, 17].

Qualitative analysis of the capabilities and indicators of the AFPCS, built on the basis of EHG,
demonstrates that, compared to the traditional structure, it has almost all the advantages of the AFPCS
structure developed using CHP. However, it is far from obvious which of the AFPCS structures built on
HCR technology (CHP or EHG) will have better technical and economic indicators. CHP technology has, in
particular, the specific costs of electricity during heat production several times lower than this indicator for
EHG technology. On the other hand, specific capital investments for EHG are several times smaller than this
indicator for CHP. In addition, some indicators of CHP (in particular, specific heat consumption for
defrosting the soil and installations, etc.) have considerable uncertainty. Therefore, a comparison of the three
AFPCS structures effectiveness is made as follows. The comparison of the effectiveness of the specified
HCR technologies is made in this paper by means of calculations and a comparative analysis of the AFPCS
technical and economic indicators of the Ukraine’s IES, calculated for the traditional structure in the prices
of 2013 and for the EHG technology in the prices of 2021. The main indicators of the AFPCS according to
the CHP technology, that are necessary for comparison, were taken from the publication [13], considering
changes in exchange rates.

When calculating the indicators of AFHCS, built according to the traditional structure and based on
EHG, the same initial data were used. The installed regulating capacity is assumed to be 1250 MW to ensure
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the operating regulating capacity of 1000 MW, which is determined by the requirements of the European
power system ENTSO-E (N-1 reliability principle). The fee for auxiliary services is defined as the lost
benefit when 1,000 MW of power is operated in the "hot reserve" mode during 1,500 hours/year at a tariff of
1.35 UAH /kW-h. At the same time, it is taken into account that the indicated power could be used in the
peak mode [18]. The average exchange rate of the US dollar in 2013 was 8.02 UAH/$ and in 2021 was 28.8/
UAH $. Corporate income tax was equal to 21% in 2021.

The initial data and the results of the technical-economic indicators calculation of AFPCS secondary
regulation subsystem based on generators-regulators are shown in the Table 3.

Table 3
No Indicator Unit Value
measurement
1 Installed power for the AFPC system MW 7400
5 Investment 2.1 in total, incl. $ USA 13,9510°
2.2 on the equipment $ USA 10,73:10°
3 Annual capital investment (item 2.1/35) $ USA 398,5'10°
4 Annual capital investments for the AFPCS (item.3x0,17) $ USA 67,8°10°
5 Auxiliary services $ USA 96,3-10°
6 Number of personnel person 960
7 Salary of staff with accruals $ USA 8,57°10°
8 Other expenses (materials, etc.) - 2% of item 4 $ USA 1,3510°
9 Tptal annu.al costs f(?r the construction and operation of the AFPCS $ USA 77.72:10°
(item 4 + 1item 7 + item 8)
10 | Gross profit (item 5 — item 9) $ USA 18,6:10°
11 | Net profit (item 10x0,79) $ USA 14,7°10°
12 Payback period of the project (item 9/ item 11) year 53

When determining the necessary capital investments for equipment (item 2.2, Table 3), it is provided
that 20 power units with a capacity of 200 MW and 18 power units with a capacity of 300 MW will be
reconstructed with the installation of cleaning equipment with specific capital investments of 1,450
$ USA/kW, and total capital investments (item 2.1) exceed equipment costs by 30%. Annual capital
investments (item 3) are determined based on the total service life of the subsystem of 35 years. Annual
capital investments for AFHCS (item 4) are 17% of the indicator of item 3, since this system consumes such
a part of the installed capacity (item 1). The number of service personnel is determined (item 6) by the
relevant norms for TPP. The salary with accruals (item 7) corresponds to the average data of the Ministry of
Energy for 2021. Other costs (item 8) are calculated according to methodical recommendations for the
designing of energy facilities (2% of the equipment cost). Total annual costs (item 9) are obtained as the sum
of costs for items 3, 7, 8, gross profit (item 10) — as the difference between the fee for auxiliary services
(item 5) and total annual costs (item 9).

The technical-economic indicators of the AFHCS secondary regulation subsystem, built on electric
heat generators, are given in the Table 4. The installed capacity of the EHG (item 1) is determined by the
working capacity for electricity consumption by the AFHC system. The installed capacity of the EHG for heat
production (item 2) is determined taking into account the EHG coefficient of efficiency (98%). Capital
investment for equipment (item 4) considers that the specific capital investment for EHG is $35/kW, and the
total capital investment (item 3) exceeds the costs of item 3 by 30%. Capital investments according to item 5
correspond to the period of EHG use namely 25 years. Item 13 takes into account the average salary for the
industry and the 21% charge on it. The indicator of item 17 is determined by the Europe’s market price of natu-
ral gas in the second half of 2021. The fee for auxiliary services (item 18) is taken from [18] with changes due
to the exchange rate, since this indicator is more justified in compared with similar ones given, in particular, in
[19] and other sources. The average market price of electricity (item 8) is determined by [20].

In the conditions of the full technological integration of the Ukrainian IES into the European Union
energy system, which took place in February 2022, Ukraine, as noted, should have a full-fledged AFHC
system in the structure of its own IES. However, this requirement was not fulfilled due to the introduction of
martial law in Ukraine during this period. As a result, in the current situation, the AFHC system in the IES of
Ukraine is provided with the necessary regulatory capacities by only 10 — 11%. It is clear that in the post-war
period the AFHCS of the Ukraine’s IES should be fully developed. But the question of what structure of the
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AFHC system should be implemented remains relevant. In order to answer this question, it is necessary to
make a comparative analysis of the technical and economic characteristics of AFHCS according to the
following principles of organization: traditional structure based on generator-regulators; a system built on the
interaction of IES of Ukraine and centralized heat supply systems using electric heat generators; a structure
synthesized by organizing the connections of the power system and CHS on the basis of heat pump
installations.

Table 4
No Indicator Unit Value
1 | The EHG installed capacity for electricity consumption MW 1250
2 | The EHG installed capacity for the production of thermal energy MW 1225
3 | Capital investment for equipment $ USA 43,75:10°
4 | Capital investment, all (item 3x1,3) $ USA 56,88'10°
5 | Annual capital investment $ USA 2,275:10°
6 | Working hours of the EHG complex hours/year 8760
7 | Electricity consumption by the EHG complex kW-h 8,939:10°
8 | The market price for electricity by item 7 2/ kW-h 2,717
9 | The cost of electricity by item 7 (item 7x2,717/28,8) $ USA 843,3:10°
10 | Heat produced at the EHG complex Gcal 7,39-10°
11 | The tariff for produced heat by item 10 2/Gceal 2047
12 | The cost of heat by item 10 $ USA 525,6:10°
13 | The number of personnel at the EHG complex person 1200
14 | Staff salary with accruals (item 13x608x12x1,21) $ USA 10,54:10°
15 | Other expenses (2% Bin item 4) $ USA 1,1-10°
16 | Natural gas replacement volumes (item 7x0,345:10°/1,15) billion cubic m 2,68
17 | The cost of replaced natural gas (item 16x0,95:10%) $ USA 2,55'10°
18 | Fee for auxiliary services $ USA 96,3°10°
19 | Gross income (item 12 + item 17 + item 18) $ USA 3171,9:10°
20 T(?tal annual costs for the EHG complex (item 5 + item 9 + item 14 $ USA 257108
+1tem 15)
21 | Gross profit (item 19 — item 20) $ USA 2314,9:10°
22 | Net profit (item 21x0,79) $ USA 1828,8:10°
23 | Payback period of the project (item 20/ item 22) year 0,47
24 | Economic effect (item 22— item 11 table 3) $ USA 1814,1-10°
Table 5 The characteristics necessary for a
No Indicator Unit Value comparative analysis of the first two variants of the
1 | Installed capacity of CHP MW 1250 AFHCS are given in the Tables 3 and 4 respectively.
2 | Investment $USA | 469.6-10° | The same detailed indicators of the AFHC structure
3 | Gross income SUSA | 14163-10° bullt. on.the basis of heat pump units are given in the
2 | Total annual expenses for ) publ}canon [13]. The main ones, necessary for. the
the CHP complex $ USA 388,2:10 spemﬁ@d comparative analysis, haYe b.een. clarified
< according to the monetary and price indicators of
5 | Net profit $USA | 812,510 2021 and are listed in the Table 5.
6 | Payback period of the year 0.48 Conclusions. 1. A number of important
project i factors (energy security, economic efficiency,
7 | Economic effect $ USA 798-10° joining the European energy system ENTSO-E)

make it necessary to develop a modern, full-

fledged system of automatic frequency and power regulation in the structure of the Ukrainian IES .

2. A comparison of the technical and economic indicators of the considered variants for the
construction of the AFHCS secondary regulation subsystem demonstrates the undoubted advantage of the
structures used by heat consumers-regulators.
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3. The construction of AFHCS based on electric heat generators requires 13.9 billion dollars USA
less capital investment compared to the traditional option using regulator generators.

4. The AFHC system based on EHG provides a net annual profit of 1.83 billion dollars USA and the
payback period of capital investments is 0.47 years, while these indicators for a system with a traditional
structure amount to 14.7 million dollars USA and 5.3 years, respectively.

5. The AFHC system with EHG provides a reduction the natural gas using in boiler houses by 2.7
billion m® at a cost of 2.6 billion dollars USA, because EHG uses electricity produced without the use of
natural gas. This factor ensures not only the high economic efficiency of the specified version of the AFHCS
structure , but also a significant increase in the level of energy security of the state.

6. The economic effect of the EHG-based AFHC structure exceeds that of the traditional structure
by 1.81 billion dollars USA annually.

7. The economic advantages of the structure of AFHC based on EHG in comparison with its
structure based on CHP (as economic effect) amount to 1.02 billion dollars USA annually.
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MOXJINBOCTI TA IEPCIIEKTUBH 3ACTOCYBAHHS CITIOKUBAYIB-PEI'YJISITOPIB
Y CUCTEMAX ABTOMATHYHOTI O PEI'YJIIOBAHHSA YACTOTHU I HOTYKHOCTI
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06’conana enepeemuyna cucmema (OEC) Vkpainu ¢ynkyionye y ckiadi enexmpoenepzemuunoi cucmemu €eponetico-
xozo Corw3sy (€C) ENTSO-E. Kosxcna kpaina, OEC axoi npayioe y cmpykmypi ENTSO-E, nosunna 3abe3neyumu y
cknadi nHayionanvnoi OEC nasenicmv no6HOYIHHOL cucmemu a8mMoMamui4Ho20 pe2yiio8anHts Yacmomu i ROMYNCHOCMI
(cucmema APYII, CAPYII). Bunamxkom € muue OEC YVxpainu, ockinoku it exodicents 0o cknady ENTSO-E 6iobynocs
nio Yac 60€EHHO20 CMAHY Ma 3a 6I0CYMHOCMI Y Hill npu ybomy nosHoyinkoi cucmemu APYIL Ile nopywye napiscui
sumozu gpopmyeanns cmpykmypu ENTSO-E. V nosoennuii uac OEC Vkpainu 30606 ’s13ana 6y0e 00b6ydysamu 61aCHY,
nosnoyinny CAPYII y naiikopomuwi mepminu. JJocniooceno mpu cmpykmypu po3oyoosu cucmemu APYII OEC Vkpai-
HU: 30 MPpAOUYItiHUM NPUHYUROM (Ha 6a3i ceHepamopie-pe2yiamopie), Ha OCHOGI MENI0BUX CHOICUBAUIB-PecYAMOpi6
i3 3amyueHHsIM MeNnIOHACOCHUX YCHAHOBOK MA MENI0BUX CHONICUBAYIG-PE2YNIIMOPIE 3 GUKOPUCTIAHHSM eLeKMPUYHUX
Mmenio2eHepamopis, wo 3a0e3neuyions eHepeiclo CUCmeMU YeHmpPariz08ano2o menionocmayanist. Pospaxynku i ana-
Ji3 MeXHIKO-eKOHOMIYHUX NOKA3HUKIE nokasanu, wjo mpaouyitina cmpykmypa CAPYII Oes3nadiiino npozcpae obom
CMpYKmMypam, noby0os8anum Ha cnoxcusadax-pezyramopax. Iomimuo xkpaworo i3 yux 0gox cucmem € CAPYII, nobyoo-
BAHA HA CROJICUBAYAX-PESYIANOPAX Y BUTSOL eNeKMPUYHUX MeNlo2eHepamopis. Bona nadae piunuil yucmuii npudymox
oinvwe 1,8 mapo oon. CLIA, mepmin oxynnocmi 6ina 0,5 p., smenwiye na 2,7 Mapo KyO. M CNOMCUBAHHA NPUPOOHO20
eazy, smenuye Ha 13,9 mapo oon. CLIA Heobxioui kanimanoexkiadenHs, mae mani mepminu 0yoisnuymea. biomn. 20,
Tabi. 5.

Knwuogi cnosa: cucrema aBTOMaTUIHOTO peryIroBaHHs 4aCTOTHU 1 HOTy)KHOCTi, eJ'IeKTpPI‘IHPIﬁ TCIJIOreHEPaTOp, TCILIO-
HAaCOCHa yCTaHOBKa, KaHiTaJ'IOBKJ'Ia,HCHHSI, HpI/I6yTOK, TepMiH OKyHHOCTi.
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EJIEKTPOTEXHOJIOI'TYHI KOMIUJIEKCHU TA CUCTEMU
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B3AEMOY3TOJI’KEHHSI TAPAMETPIB JIXKEPEJIA )KUBJIEHHS TA POBOYOI KAMEPH
JJIs1 OBPOBKH BOM IMITYJIbCHUM BAP'€EPHUM PO3PA10OM

B.O. Bepeka’, LB. Boxkko , kauz. TexH. Hayk, O.M. Kapaos™, kanj. TexH. Hayk,
LIL. Kongpatenxo , wi.-kop. HAH Ykpainu

Incturyt eaexrpoannamiku HAH Ykpainn,

np. [lepemoru, 56, Kuis, 03057, Ykpaina.

E-mail: ws77@ukr.net

3a0na eusHaueHHs 83AEMOY3200JCEHUX napamempie 6uxioHoi nauku zcenepamopa xopomxux (~100 HC) imnynvcie 3
pobOUOIO Kameporo, 8 AKIU IMNYIbCHUM 6ap'epHuM po3padom 6i00ysaecmbcs 06poOKa 600U 8 KpANeibHO-NIIBKOBOMY
cmai, po3poOneHo HAOIUNCEHY MAMeMamuyHy MoOelb, Wo Onucye nepexiouwi npoyecu 6 cxemi. Ilpuiinamua Ons
NPAKMUKU MOYHICMb MOO0eni NiOmeepodiceHd excnepumenmanvHumu oawumu. Pospaxosano napamempu emuocmi
OleneKmpuyHo2o bap'epy ma MacHIMHUX K046, 3a AKUX eghekmueHicms nepedaui enepeii 8 pobouy Kamepy nepesuuye
60%. Bcmanosneno, wjo egekmueHicmo y SUHAYALLHIL MIpI 3a1excums 6i0 IOHOWEHHST EMHOCTI OleleKMPUUHO20
bap'epy pobouoi kamepu 00 GUXIOHOT EMHOCMI 2eHepaAMOpPa IMNYIbCIB, ONMUMATbHE 3HAYEHHS K020 CMAHO8UMb ~2,0.
Obrpynmoeano 6ubip eenruduHu IHOYKMUBHOCMI DPO3CIHO8AHHA MAZHIMHO2O KIO4d, uepe3 SAKUll uode pOo3psoNCAHHSA
bap ’epnoi’ emHoCmi nicas 3aKIHYeHHS NpAMo20 Imnyavcy cmpymy. Bcemanoeneno, wjo yszeoooicenicms napamempis
BUXIOHOI JIAHKU 2eHepamopa IMnYIbCie ma pobouoi Kamepu OAE MOJICIUBICMb CYMMEBO 3MEHWUMU Menioee
HABAHMANCEHHS HA WBUOKOOIIOYUL POZMUKAIOYULL 0100 8 8UXIOHIN 1aHyi cenepamopa imnyvcis. biom. 15, puc. 8.
Kntrouosi cnoesa: imnynbcHUi Oap’epHUIA po3psia, 00poOka Boau, eheKTUBHICT Iiepeaadi eHeprii.

Beryn. bap'epuuit pospsin 3minHoro crpymy (BP) mMae maBHIo icTopito Ta momupeHe BUKOPHCTaHHS
Ha mpaktuni [1]. Bin 3acTocoByeThcst miisi reHepamii 030HY, OOpOOKM BOAW, MOBEPXHI TBEpPIUX Tif,
ouutieHHs ra3iB Tomlo [1-3]. Imnynscanii 6ap'epauii po3psin (IBP) € BimHOCHO HOBUM HampsMoM B 00JacTi
enekTpodi3uKu ra30Boro po3psALy [4, 5] 1 3a octaHHI necaTupidus chokycyBaB Ha co0i 3HauHy yBary [6—10].
Inrepec mo IBP 3ymoBieHuit TuM, 1m0 31 3pOCTaHHSAM IMIBUIKOCTI MiAHOMY HAmpyru du/dt Ha po3psmHii
kamepi (PK) monan ~0,01 xB/Hc mounHae 30inpiryBatucs oro eneproedekruBHicts. Hanpukian, ms IBP
3a du/dt ~0,3 xB/HC eneproedektuBHicTh TeHepamnii IBP 030Hy 3poctae BaBiui [4, 5] y mopiBHsHHI 3 BP.
HocnimkeHHst 00poOKH BOJIU TaKOXK TTOKA3aNH, 0 €Heproe(heKTUBHICTh IMITYJILCHUX Oap’€pHHUX PO3PSIiB Ha
MOBEPXHIO BOJAM Ha0araTo BUILE, HDK 3a IHIIMX BHIIB €IEKTPHYHHX DPO3psAdiB [6—9]. 3a3Buuaii eHepro-
e(eKTHBHICTh TOTO YHM IHIIOTO THITy PO3PSAY NPUHHATO OLIHIOBATH BEIMYMHOI HOro €HEepreTHYHOTO
Buxony Y [6-9], KOTpHil € MATOMUM IapaMeTpOM, SKHH TOPIBHIOE Maci PO3KIaACHOrO 3abpyaHIOBada B
rpamax, mo npunanae Ha 1 kBt-rox Butpauenoi B PK eneprii. Ilig yac o6po6ku IBP Boau, mo MicTHTB
JIOMIIITKKA OpTaHivHO PEeYOBHHHU (METHIIEHOBA CHHB), KOTPa BaXKKO IMiJIA€THCSI 00pOOI APYTUMH METOIAMH,
aBTOpaMu OyJI0 MOCATHYTO  BENMWYMH Y, SKi 3HAYHO (MECATKH BIACOTKIB) MEPEBUINYIOTh Ti, IO
XapaKTepU3yOTh 1HIIN BUIU po3psis [10].

OpHak IUpPOKE MPaKTUYHE BIPOBAIKEHHS ENEKTPOPO3PSAHUX METONIB OOpOOKM BOAM B 3HAYHIH
Mipi CTPUMYETHCSI BUCOKUMH ITUTOMHMHU €HEPrOBUTPATaMH, IO MOB'A3aHi 3 HUMU. BoHM BH3HAYalOThCS HE
TIIBKH BHJOM DPO3psiIy, a W BTpaTamu eHeprii uepe3 ii mepemady Bill eNEKTpUYHOI Mepexi N0 pododoi
Kamepu. ToMy Ui HpakTHYHOTO BrpoBamkeHHA IBP okpim BHOOpY BHOY pO3psay BaXKIMBHMH € TaKOXK
napaMeTpy reHeparopa KOPOTKMX IMITYJIbCIB Ta y3TOMKEHICTh CYMICHOTO (DyHKI[IOHYBaHHsS TeHepaTropa Ta
pobodoi kamepH, ae BimOyBaeThcss 00poOKa BOJIH.

Hanocekynani reneparopu imMmyibciB (I'l) 3 Benukumu pecypcoM poOOTH Ta YaCTOTOK TOBTOPEHHS
IMITYyITBCiB OYAYIOTBCS Ha OCHOBI iIHAYKTHBHHUX HAKOITUYIYyBadiB €HEPTii 3 IIBUAKOJIIOYNMH MIepeMUKadyaMH Ha
PO3MUKAaHHS Ta €MHICHMX HAKONMYyBadiB 3 MIBUIKOAIIOYMMHU IIepeMUKadaMu Ha 3aMukaHHs. [T 3
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IHAYKTUBHAMH HAaKONHMYyBadaM{ 3ajJMIIAIOTHCS A0 LBOTO Yacy TPOMI3AKMMH Ta AOPOTMMH 1 Oiibin
HiAXOSTh JJIsl reHeparii iMmysbeiB 3 Hanpyroto ~100 kB Ta pumie. EKOHOMIYHAM pillIeHHSIM [Tl CTBOPEHHS
iMIynbciB TpuBanmicTio 01m3pko 100 HC cepennboi Hampyru (Kinbka gecsTkiB KB) € Bukopuctanus I 3
MAarHiTHO Komrpeciero immynbciB [11]. Hemomikom Oinbmmocti Takux [T € GaraTtocTymneHeBe CTHCHEHHS
IMITYJIBCIB, SIK€ TIOTPeOye MPH IbOMY HAsSBHOCTI IIIAXIB IJIS IIEpeMarHidTyBaHHs OCEpIb MarHITHUX KJTFOiB.
BukopucranHs koMmOiHaIlii €MHICHOTO Ta IHJYKTHBHOTO HAKOIHMYyBadiB CHEprii jgae 3Mmory (opMyBaTH
(bpOHTH IMITYJIECIB 3 KpYTH3HOW du/dt ~1 kB/HC 3a Manoi kiumbkocTi (2—3) CTyIEHIB MarHiTHOTO CTUCKaHHS
[11]. Lle 3menmrye Brpatu eHeprii B '] Ta MiHIMI3y€e 00'eM HAKOTTUIYBAIBHUX KOHACHCATOPIB, IPOITOPIIIHHAN
YHCITYy CTYIEHIB CTUCHEHHSI.

EdexTuBHa nepenava eIeKTpUYHOI eHeprii B podouy kamepy Bix ['l € oqHieo 3 OCHOBHUX 3amad mif
Yyac TMPOEKTyBaHHS KoMIulekcy aist o0pooku Boau IBP [11-13]. dopmyBaHHs Ta mepenada iMIyJIbCciB MiX
JAaHKaMH B TeHepaTopax 3 MarHiTHOIO KOoMIpecito qo0pe BuBdeHi [14]. TpyaHOI BHHUKAIOTH TOMI, KOJH
HABaHTQKEHHSIM BHUXIAHOI JIaHKM TEHEpaTopa CTa€ Ta30BUHM ENeKTPUYHUN pPO3pAn, BoJbTaMIepHa
XapaKTePUCTUKA SKOTO 3aJeKHUTh Bif 0araTbox (pakTopiB: TUCKY Ta TeMIIEpaTypH rasy, GOpMH eNeKTPOLiB,
BJIACTHUBOCTI IieJIEKTPUIHOTO Oap'epy, mepemioHizamii Ttomo [5, 11-13]. B mocmimkenHi Ta omTuMizamii
3arajJlbHAX XapaKTEePUCTHK eNEKTPOPO3PSAHOTO TMPHUCTPOIO J00pe JormoMara€ MOJCTIOBAHHS PO3psIy B
noeanandi 3 ['l. € kinbka miaxomiB O MOJETMIOBaHHSA po3psay. HalOinpIl KOpEeKTHI pe3yibTaTH MOKHA
OTPUMATH, SKIIO 3MiHY B Yaci omopy po0Oouoi Kamepu OOYHCIIOBATH NUISIXOM PIIlIeHHS Ju(epeHIiitHmX
PIBHSHBb PyXy 3apsyDKCHHUX eJIeMEHTapHUX YAaCTHHOK, L0 YTBOPIOIOTbCS BHACIIIOK KUIBKOX JECSATKIB
IUIa3MOXIMIUYHMX peakwid, siki BimOyBaloThCsl B TazoBoMy pospsai [5]. Takox mig yac po3paxyHKiB
BUKOPHUCTOBYIOTBCSI MOJZENI PyXy HE OKPEMHX 3apA[DKEHHX YacTHHOK, a iXxHi aHcaMOmi B audysHO-
npeiidoBomy HaOmmwkeHHI [15] Tomro. Arne Il TUIAXH Ay)Ke CKIAAHI Ta OUTBIN MiAXOmITh y pasi
eJIeKTPO(I3UIHUX JOCHIPKEHb po3psiaiB. s mpakTHYHHX pO3poOOK MijJ Yac MOJACTIOBaHHS SIK poOouoi
KaMepu, TaK 1 IHIIMX HETiHIMHUX €JEeMEHTIB eJeKTPUYHOTO KOJa, BHKOPHCTOBYIOTHCA, SIK IIPAaBUIIO,
ampokcumariiiiai  piasaHEsA [11, 12]. Ili piBHAHHS BHWBOIATHCS HA OCHOBI EKCIIEPUMEHTAIBHUX Ta
po3paxyHkoBuX naHux. PoooTy I'l 3 HaBaHTa)keHHSIM Y BUTJISII KOPOHHOTO PO3PSILY PO3TISIHYTO B poOoTax
[11, 12]. B Hux mig yac po3paxyHKiB B CKBiBaJECHTHIH €JEKTPUUHIN cXeMi po3psd MpeACTaBiIsBCA SK
HEJNiHIMHUN omip, BOJbTaMIIEpHA XapaKTEPUCTHKA SKOTO MOZEIOBalacs Ha MiACTaBl eKCIEpUMEHTATbHUX
nanux. Ane y punaaky IBP HasBHICTH B pO3pSIHOMY KOJI €MHOCTI AieJEKTPHUYHOTO Oap'epy YCKIAJHIOE
3aady Ta moTpedye 3MiH B MOZAETI.

[lin vac po3poOKU EIEKTPOPO3PSITHOTO KOMIUIEKCY Asl OOpOOKHM BOXM TOJOBHUMH BHXITHUMH
YMOBaMH € IapaMeTpH po3psily Ta NMPOAYKTUBHICTH KOMIUIEKCY, KOTPI BU3HAYaIOTh XapaKTEPUCTUKU POOOUO1
KaMepH Ta TeHeparopa IMIYJbCiB. BpaxoBylouM Iie, TIPOEKTYBaHHS Tependauac 63aemHe y3200MHCceHHs
napaMeTpiB IMX YaCTHH KOMILIEKCY TaKUM YMHOM, 100 KoeillieHT mepeaadi eHeprii BiJi 30BHIIIHBOT Mepexi
Io pobodoi kamepu OyB sSIkoMoTa OUTHIIM. BUXOIST4IH 3 yCHOTO BHINECKA3aHOTO, MEMOI0 podomu € PO3podKa
Ha OCHOBI €KCIIEPUMEHTAITBHUX JJaHUX MAaTEMaTUIHOI MOJIEN, IO a/IEKBATHO OIICY€E CYyMiCHY pOOOTY BUXiZHOT
JIaHKY TeHepaTopa iMIyJIBCIB 3 MiKII0YEHOI0 10 Hel po3psAAHOI0 KaMeporo, B sIKii BigOyBaeThcsi 00poOka Boxu
IMITyJIECHUM Oap'€epHUM PO3pAIOM, Ta BU3HAYCHHS Ha i1 OCHOBI ONTUMAaJIbHUX B3a€EMOY3TO/DKEHUX MapaMeTpiB
BHX1THOT JJAHKHU Ta PO3PAIHOT KAMEPH.

MopenoBanust po6otu BuxigHoi ganku ['l, mo mae HaBantaxkennam PK 3 IBP. Ilig uac
po3podku Moneni Oynu Bukopucrtai napamerpu I'l ta PK, mo # B po6oti [10]. Kamepa, B sikiit mpoxoania
00pobka Bomu IBP, Oyna KoakciaapbHOTO THITY 3 Ta30BHM IPOMDKKOM, BeIMYWHA skoro 0 =3,2 MM. Boxa B
HBOMY PYXa€ThCS y BUTIISAL Kpamenb 3 XapaKkTepHUM JdiaMeTpoM | MM Ta IUTIBOK MO HOTO CTiHKam
ToBIMHOIO ~0,1 MM. €EMHICTD JieneKTpu4HOro Oap'epy (3 BIAHOCHOIO AiENEKTPUYHOIO MPOHUKHICTIO € ~4)
Cs =360 n®. €MHICTP MIDXKEIEKTPOJHOTO ra3oBoro mpomikky B PK, mo pospaxoBana 3rigHo Horo
reOMEeTpHYHHUX po3MipiB, cTaHoBuTh 50 md. OmHAK MPUCYTHICTH B HHOMY Kpareib BOAW MPHUBOAUTH O il
3poctanHs a0 Beauunau C. =120 nd.

I'eneparop iMItysbciB HOOyIOBaHHUHN 32 MPUHLMIIOM iXHBOT'O MAarHiTHOTO CTUCKaHHS 3 BUKOPUCTAHHIM
B HOro BUXINHIN JIaHIIl IIBHUIKOMIIOYOTO TEPEPUBHUKA CTPYMY Ha OCHOBI JIBOX IMapajellbHUX JIAHOK 3
MIOCITIIOBHO BKJIFOUCHMMH B KOXHiM 30 miogaMu, 110 MarOTh MaJIMid Yyac BiHOBJICHHS 3BOPOTHOrO onopy (~40
Hc). Cxema BHcokoBoibTHOI yactuHa I'1 (puc. 1) dyHkuionye HacrynHuM unHoM. Konm Brcoka Hampyra Ha
kouaeHcatopi Co, SIKAN 3apsKAEThCS Bill IMITYyJIECHOTO TpaHchopMaropa (Ha cXemi He TOKa3aHWil), JocsaTae
NEBHOTO piBHsA, crpanboBye MarHiTHHH Kimod (MK) Lo. Ilicms mporo uepe3 nmioxm VD 3apsixaeTbest
KoHAeHcatop 3 emHicTio Ci, sika popiBHIoe Co. Komm Ci moBHicTIO 3apsauBesi, BkIrodaeTbess MKI
(iHmyKTUBHICTE L1) 1 BiH Yepe3 mel Kirod Ta fgioa VD modnHae po3pspKaTics 0 MOMEHTY dacy (~20 Hc, micis
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SKOTO CTPYM 4epe3 Ai0Jl CTPIMKO 3MEHIIY€EThCS 3aBISKH BiTHOBJICHHIO HOT0 3BOPOTHOTO Omopy. B 1ieit MomeHT
Harpyra Ha L1 3MiHIOE CBiif 3HaK, micis 4oro cymapHa Hanpyra Big C; ta L; npukinagaerbes o PK, cxemy
3aMillleHHs SKOi Ha puc. 1 MoKa3aHO eMHOCTAMH HienekTpuyHoro Oap'epy Cs i razoBoro mpomixky Cr, omip
AKOTrO R Mae HemiHiiHMHA Xapakrtep. [licis mpoxomkeHHs po3psaHOro iMITyIscy ctpyMmy depe3 PK emHicts Cs
3aIMIIAEThCS  3apskeHoo. Mt 1 pospsmkanHs, mo0 mninrorysatu PK 1o HactymHoro immysscy,
BUKOPUCTOBYETHCSI MK2 (iHAYyKTUBHICTD L;), SIKHH BKIIIOYAETHCS B IEBHUI Yac 7 micist nogadi Ha PK immynbsey
(B [10] 7= 80 Hc). 3a neii yac ocepust L, cTae HACHUEHUM, ii IHIYKTUBHICTD PI3KO 3MEHITY€EThCs i mryHTye PK.
3aBISKH ITHOMY PO3PSAIKAETHCS Oap'epHA €MHICTh, @ YaCTHHA HAKONHMYCHOI B HI €HEprii yTHIII3YEThCS B
ra30BOMY IPOMIXKKY.

Amnaniz cymicHoi pobotu I'l 3 PK Ha ocHoBi manux [10-13] moka3as, mio y BH3Ha4albHIi Mipi Ha
e(eKTUBHICTh TIepe/avi eHeprii Bill eNeKTPHUYHOI Mepexki B pPO3psIAHYy KaMmepy BIUIMBA€E Y3TOJHKEHICTh
nmapaMeTpiB KaMepH Ta BUXIIHOI JIAaHKH TeHEepaTopa, JO SIKO1 BIAHOCATHCS YacTHHA cXeMH Ha puc. 1 (6e3
BkitoueHHst 70 Hei Cy Ta Lo). ToMy came 110 4acTHHY €JEKTPUYHOI CXEMH BHOpaHO Ui MOZAETIOBAHHSI.
[TocainoBHICTE MOTOHKEHHS MOMEPEAHIX JAaHOK I'eHepaTopa 3 MarHiTHUM CTHCKAHHSM iMITYJIBCIB JETaJbHO
omnmcano B MoHorpadii [14] i B mi poOOTI HE po3TIsIAaeThCsa. MOIETIOBaHHS CIIILHOI POOOTH BHXiTHOI
JIaHKH JKEpena KUBJICHHS 1 pO3PAJHOT KaMepH BUKOHAHO B MPOrpaMHOMY NPpoAyKTi Micro-cap 12 y pexumi
PO3paxyHKy mepexigHux npoiieciB. HemiHiliHI eIeMEHTH 3a/laBaIiCs KyCOYHHUM METOJIOM B 3aJICKHOCTI BiJ
yacy 3a normomororo (yHKIii XeBicaiiga, GyHKIIT 3HaKy a00 YMOBHOTO omnepaTtopa «sIKiio». MoaenoBaHHs
npoxoawno s iHTepBany yacy 0 — 400 Hc 3 kxpokom 0,01 Hc. Ilapamerpu cxemMu 3amillieHHS i
anpoKkcuMaliiHi  ¢opMynM Ui HeNiHIMHUMX eJeMeHTiB Oyfnd BH3HA4YeHI HA OCHOBI  aHalizy
eKCIEPUMEHTAIbHUX OCLMIOTPaM Hampyr i CTPYMiB B eJleMeHTax KoMIuiekcy [17].

[Tix yac MomeIOBaHHS BUKOPHCTOBYBAJIACS CXeMa 3aMillleHHs, IKy HaBelIeHo Ha puc. 2. B Hilf 3MiHa
B vaci ¢ inayktuBHocTi MK1 mpescraBieHa iHAYKTUBHOCTSIMA HamarHidyBaHHs L;; = 3 MkI'H 1 HacU4eHHs
L, =1 mMxI'H Ta ormopoM Ry(?), 110 3MIHIOETHCS 32 3aKOHOM

R(t) = $<20-10%¢, 10° -(1-5-107 -£) + 0,001 Om
£220-10%¢, 0,0010M,

K ¢,
11
L, C, _><_|_1[ T
[ R, (1) | VD | [
IM 1| L | | R;m|
Lo §L g NI | | B3
T MK — -
Puc. 1 " Pue.2

Takum ke unHOM MOJEIoBaIacs 3MiHa B yaci inaykruBHocti MK2. Ha puc. 2: Ly = 2,5 MIH, Ly, =

5 mxI'H, omip
t<t, 200-(1-¢/7)+ 0,001 Om
Ry(1)= )
ter, 0,0010M,

e 7 — 4yac BKiIroyeHas MK2.

B po3paxyHKkoBiit cxemi (puc. 2) TOCIIIOBHO 3 iHAYKTUBHOCTSIMU I BpaxXyBaHHSI B HUX OMIYHHX
BTpaT eHeprii BKIo4eHi onopu R, ta R, mo 1 Om. [dion VD (puc. 1) mogentoBaBcst 61okom [] (puc. 2), B
SIKOMY € JIBl MapaJieibHi JJaHKW. B mepiry naHky BXoAaTh VD — ifealibHUHM Ai0f, IO Ma€ HECKIHYEHHO
BEJIMKHUH OIIip 7151 3BOPOTHOTO CTPyMYy, Ta Ry=2 OM — omip I[p0T0 Iioxy AJs IpSIMOTo cTpymy. Jpyra nanka
CKIajaeThest 3 iHIyKTHBHOCTI miona L;=0,6 Mx['H Ta omopy Ri(f), SIKWil B 3aJIe)KHOCTI BiA 4acy f¢ Ticis
3amuKaHHA Kitoda K mopiBHIoe

1<20-10%¢, 10+0,65-10°-rOmM
Ry(1)=1 20-10° <£<30-10% ¢, 23+12,2-10°(t—20-10"") Onm 3)
£230-10"¢, 145+ 60-10°(#—30-10) Om.

Ha puc. 2 mapamerpu PK, mo BukopucroByBanacs B [12]: C2 = Cs = 360 nd, C3 = Cr = 120 nd, a
OITip Ta30BOTO MPOMIXKKY ITiJ] 4aC PO3PSIAY CUMYJIIOETHCS BUPA30M
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1<20-10%¢, 10° Oum
20-10° <£<25-10° ¢, 10°-exp[-1,1043-10 - (t—20-10°)]On

25-10” <1 <35-10” ¢, 400-exp[-2,3026-10" - (r—25-107)] Oxt
t>35-10 7 ¢, 400m.

Po3paxynku npoBomgunucs 3a mouatkoBoi Hampyru Uc=29 kB Ha xonmencartopi Ci=1,1 a®d. Ili
BEJIMYMHH BIAMOBITAM yMOBaM eKcrepuMeHTy [12], B sskomy Oynu 3amucaHi OCIHIIOTPaMH CTPyMYy I.(f)
(puc. 3, kpuBa 3) yepe3 PK Ta nanpyru u.(f) (kpuBa 4) Ha Hiil. IMITyibe CTpyMy CKJIaZA€ThCS 3 TBOX YACTHH:
OpPSIMOTO CTPYMY 3 aMILTITY 010 /1 = 240 A TpuBainicTio 7; =70 HC Ta 3BOPOTHOTO 3 BeIHYMHAMH [, =~ 160 A

i A 1, kB 1 7, =100 HC. AMIITITY1a HANPYTH U(¢) i 9ac NPAMOTO
200 o - - - — o o R - 20 IMmynbcy ctpymy gocsrae U, =25,6 kB, a enepris, mo
BUJIUISIETBCS. B Ta30BOMY NPOMDKKY 3a OJHMH IMITyJIbC,
W=93 m/Ix [12]. [lopiBHSIHHS pe3yNbTaTiB MOJIEIIOBAHHS
ocmorpaM cTpymy i(f) (kpuBa /) Ta Hampyru Ha PK
u(f) (xkpuBa 2) moOKa3ye iXHii SIKICHO OJHAKOBHUU 3
0  eKCHepUMEHTaJbHHMHU XxapakTep. Po3paxoBaHuili cTpym
i1(f), AK 1 eKCHepUMEHTANbHUN i.(f), MalOTh MpAMY Ta
3BOPOTHY YaCTHHHU, MPUUOMY IXHI aMIUTITYAHI 3HAYCHHS
Ta TPUBAJOCTI 7|, 7, BIAPI3HAOThCA ymme Ha ~4—10%.
Takoxx Omm3pki Mik co0OW0 po3paxyHKoBa u;(f) Ta
-20  ekcnepumeHTanbHa u(f) 3MiHM B 4aci Hampyrd Ha PK.
OOuncnena eHepris IMIOyJbCy, LIO BUAUTSIETHCS B
.30 TrasoBomy mnpomikky, W; = 91,9 wm/bk npaktndso
{ He CHIBIAJa€ 3 eKCIEPUMEHTATIbHNUM 3HAYCHHAM W,.
[Ilo6 J0MaTKOBO TEPEBIPUTH  JOCTOBIPHICTH
Puc. 3 pO3pOOJEHOTO  ATOPUTMY  PO3PaxyHKiB, BUKOHAHO
AHAJIOTIYHI OOYMCIEHHS /IS 1HIIOI, CYyTTEBO BiIMIHHOI 3a
cBoiMn mapamerpamu PK1 3 MeHIOO BeNMMYWHOIO Ta30BOro MpoMmikky (6,=0,7 mMm), Ha sky Bim Il
noJlaBaiucs iMIyinbcH 3 ammutitygoro 13 kB. Ili oOuucieHHS TakoX IOKa3aid TNOJIOHE KiTbKiCHE
Y3TOKEHHSI Pe3yJIbTaTiB MOJCTIOBAaHHSA 3 EKCIEPUMEHTAIbHUMH NaHuMH. OCKUIBKH MOZETIOBaHHS Aa€
33[J0BIJIbBHE [UI1 IPAKTUYHOTO BHMKOPUCTAHHS Y3TO/DKEHHS PpO3PAaXyHKOBUX Ta EKCIEPHUMEHTAIbHUX
pe3yIbTATIB 32 OCHOBHUMH IMapaMeTpaMu po3psny (aMIUTITYJH CTPyMy i Hampyrd Ta eHeprii iMImyJbCey), ii
OyJI0 BUKOPHCTAHO Ui OLIHKM BIUIMBY €JEMEHTIB CXeMHU Ha e()eKTHBHICThH Iepeladi eHeprii BiJ BUXiZHOI
nagku I'l no PK.

BusHayeHHsI ONTHMAJBHUX B3a€EMOY3IO/UKEHMX NapaMeTpiB BHXIIHOI JIAHKH TreHepaTopa
iMmyJsibciB Ta po3psianoi kamepu. Exepris, mo Buginserscs B PK (W, = 91,8 m/Ix), cranoButs aume 20 %
Bijf Ti€i eneprii, mo Oya HakomudeHa B KoHAeHcaTopi C; mepes modaTkoM immymbey (Wei=0,5C, U ¢ =462
MJ[x). 3amia BU3HAYEHHS ONTHMAIBHUX TapaMeTpiB €JIEKTPUIHOI CXEMH, 3a SKHX Koe]iIlieHT mepemadi
eneprii n =100(W1/W¢,), % Bin BuxigHoi ganku I'l no PK Oy Ou MakcuManbHUM, CIIOUATKy OyJIM BUKOHAHI
PO3paxyHKH BIUIMBY Ha HBOTO €MHOCTI aienekrpuuyHoro Oap'epy C,. Ha mpaktuni Benmmuuny C,, sika
mporopmiiiHa €S,/05, MOJKHa 3MIHIOBAaTH 3a PaxXyHOK BITHOCHOI II€JIEKTPHUYHOI MPOHUKHOCTI € MaTepiary
Oap'epy, HOro TOBIIMHU O Ta IUIOMII EJIEKTPOMiB S,. AJie MOXIHUBOCTI pEryJIOBaHHA 3a PaxyHOK
MIPOHUKHOCTI € Ta TOBIIUHU Oap'epy 05 oOMexkeHi. Lle mosicHIoeThCs THM, 110 3a € >10 3HMKYEThCS 3AaTHICThH
IBP remepyBatu okucmroBaui [4], a HIDKHS MeXa TOBIIMHU Oap'epy O BHU3HAYAETHCS HAMPYTOK HOTO
€JICKTPUYHOTO TTPo0or0. ToMy HaHOUIBIT MPUAATHUM METOJOM PETYIIIOBaHHS €éMHOCTI C) € 32 paXyHOK IO
enextponiB PK. Came Taki oOumcneHHs T y pasi BapiloBanHsA Iuiomi S, mpoBeneno. Ilpm mpomy
BPaxoBYBaJIOCs, 110 4epe3 3MiHy BenuuuHH C, TIPONMOPLIHHO 3MIHIOETHCS €MHICTH I'a30BOro MpoMikky Cs.
Pesynpratn po3paxyHkiB y BurisiAi 3anexHocti (K1), ne K, =C,/360=C3/120, emuocti C,, C3 y BITHOCHHX
OJIMHHMIISAX, TIOKAa3aHO Ha puC. 4 KpuBoio /. Po3paxyHku mokaszanu, 1o 3a K; = 8 (y pasi 30UIbIICHHS TUIOLII
CJIEKTPOAIB B BiciM pa3) edekTuBHicTh nepenaui eHeprii B PK mocsrae makcumymy mn =57 %, ToOTO
30LIBIIYEThCS Maibke BTpUYi. TakuM YHHOM, ONITUMAJIbHE CIIBBITHOIIICHHS €MHOCTI JIIETEKTPUIHOTO Oap'epy
po0oY0i Kamepu 10 BHXIJIHOI €MHOCTI reHeparopa immyisciB k = 8Cy/Cy = 2,6. Cnig BiA3HAYUTH, L0 1S
3HAUEHHSl CYTTEBO BIiPI3HSETHCSA BiA THUX, KOTPlI € ONTUMAaJbHI Mil Yac Tepenayl eHeprii B MarHiTHUX

R,(5)= 4)

100 10

-100

-200
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reHepaTopax iMIyJbCiB, 10 MalOTh pe3UCTUBHE HaBaHTaKeHHA (k=1 [14]) uu HemiHIlHE Y BUTJISIII KOPOHHOTO
po3pany (k=1,2 [11]).
7, % Ha ysromkenicts I'l Ta PK Takox BrumBawTh
BeJMYUHH Ly, 1 Lyp. e migTBepmkytoTh 3anexHocTi 1(K3)
Ta N(K3), AKi HaBeJAEHO HA pHUC. 4 BiIMOBITHO KPUBUMH 2
ta 3. [lepmia 3 HUX BiJJ3EepPKATIOE BIUIUB iHAYKTUBHOCTI
poscitoBaHHsT MarHiTHoro kimoda MK2. Bemnumna K>
MMOKa3y€e KpaTHICTh 3HAYCHb [22 IO BiTHONICHHIO JO 5
MK 'H. Takum xe unHOM K3 € iHIYKTUBHICTD PO3CIIOBaHHS
Li2 y BigHOCHUX OfuHMISX (TI0 BimHOMmIEHHIO 10 1 MK['H).
3anexHicts M(K3) po3paxoBano 3a K =8, K5=1, a n(K3) —
3a K=8, K>=3,5. Kpusi n(K;) Ta n(K;) cBig4arh, 110
ONTUMAILHUMU 3HAaueHHIMH € K> =3,5 1 K3 = 2, 3a sSKux
(ta K;=8) xoedimieHT 1 csrae 62%. OnmHak mig dYac
BuOOpYy BenmunH K), K3 ciIig BpaxoByBaTH Taki (akTopwu.
[Mo-mepimie, ockiibku B gianma3oHi 3miH  Ky=1-4
KoeiieHT 1 MPaKTUYHO OJMH 1 TOH K€, TO 3 METOI0
0a)kaHOTO 3MEHIIEHHs 4acy po3psny Oap’epHOI €MHOCTI
Puc. 4 Cs [13] omouimpHO BHOWpPATH  MCEHINI  3HAYCHHS
iHAYKTHUBHOCTI L22, ToOTO K>=1. [To apyre, 3poctaHHs L,
NPUBOIUTE 10 HEGAKAHOrO 3MEHIIEHHs TponopuiiHo (Li,)"” MBHAKOCTI HAPOCTaHHS Hanpyru du/dt Ha
dpouTi iMITynbey. Tomy, BpaxoByroun 1o 3a K3=1 — 3 iHIYKTHUBHICTH L, Majo BIUIMBAE Ha BEITUYHHY 7],
OINTUMAJIbLHUM CJiJ BBakaTu Ks=1.

B3aemoysromkenictp mapametpiB BuximHoi ianku ['1 ta PK Takox cTBOproe Kpamii ymMoBH st
30UThIIeHHsT e(EeKTHBHOCTI po3psaay Ta (QYHKIIOHYBaHHS €JIEMEHTIB cxeMd. Ha pwuc. 5 mokaszaHo
ocLuIIOrpaMu cTpyMiB i Ta Hanpyr u Ha PK st nepmoro (HeysromkeHoro) iy, ¢ (BiInoBigHo KpuBi /, 2) Ta
apyroro (y3roIKeHOro) i, U, (BiAMOBiZHO KpuBi 3, 4) BapiaHTiB. Ik BUIHO 3 PUCYHKY, 3a Y3TOMXKEHOI
pOOOTH aMILTITYZa PO3PATHOTO CTPYMY 30UTBIIYETHCS BABIYI. 32 PaXyHOK IBOTO, SIK MIOKa3aJl0 OOYHCICHHS,
BEJIMYHMHA 3apsily, IO MEPEHOCUTHCS CTPYMOM IMiJi Yac MPSIMOTO IMITyJbCY CTpyMy, 3pocrae BTpudi. Llei
pe3yAbTAT € BaKIMBUM TOMY, IO HPU LBOMY 301IBLIYETHCS KIIBKICTH YTBOPEHHX aKTUBHHX YacTHHOK B
PO3PSIIHOMY MIPOMIXKKY, KOTpa IMIPONOpLiliHA EOMY 3apsmy.

Ilepenada eneprii B po3psATHUN MPOMIKOK TPOXOTUTH I Yac MPSAMOi Ta 3BOPOTHOI UYACTHHHU
iMynscy ctpymy. Ha puc. 6 mokasano 3anexxHocti eneprid wl(f) ta w2(f), 1o BUALISIOTHCS B PO3PSITHOMY
NPOMIKKY B mepuiomy (kpuBa /) Ta apyromy (kpuBa 2) Bapiantax. [lods eHeprii, 0 BHIINSETBCS 3a
npsMoro (¢ <65 Hc) Ta 3BOPOTHOTO (¢ 265 HC) iMITynIbcax, B MEPUIOMY BapiaHTi BiIMOBIAHO CTaHOBUTH ~ 60 %
ta 40 %, B mpyromy —90 % (mpu ¢ <90 ) ta 10 % (¢ 290 Hc). Po3nozin eHeprii B y3romkeHiil cxemi w2(f)
Kpamuii, 00 B HhOMy MEHIIIa JI0Jis HENPOAYKTUBHUX BUTpatr eHeprii B PK mix wac nmpoxomkenHs uepes Hel
3BOPOTHOrO cTpyMy. Lli BTpaTH MaroTh TEIIOBUN XapakTep, sIKMi 0OyMOBJIEHUI THM, IO 3BOPOTHUH CTPyM
HiATPUMY€ETBHCA €NEKTPUYHUM II0JIEM B TAa30BOMY IPOMIXKKY, KOTpE HEIOCTATHbO CHIIbHE AJs €(eKTHBHOI
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reHepauii B HbOMY OKHCHIOBJIBHMX YacTMHOK. OKpiM LBOTO, SIK IOKAa3aJl0 MOJENIOBAHHS, y IPyromy
BapiaHTI BTpaTH €Heprii Ha aKTUBHOMY OIOpi Ry, IHAYKTUBHOCTI L, craHoBiATh jume 2 Mk, mo B 7,5
pasiB MeHIe, HiX B nepimomMy Bapianti. Clifi TaKOK CKa3aTd, IO OCKUIBKH IiJ Yac 3BOPOTHOTO IMITyJIbCY
CTPYMy MAarHiTHHH K04 L, BXOIOUTH B PO3PSAHE KOJO, TO AJISL TOTO, MO0 BTpAaTH €Heprii B HbOMY, SKi
nporopiitHi (R;,)/R,, OyIW HECYTTEBUMH, OIIp Ta30BOTO MpOoMiKKY PK, KOTpuii 3aneXuTh BiJ CTpyMy Ta
BEJINYHMHU ra30Boro npoMixkky B PK, moBuHen OyTu Takum, mo6 Bennuuna (R;;)/R, Oyiia He3HAYHOIO.

OCHOBHMM MpHU3HAYEHHSIM MarHiTHoro kirodya MK2, sk yxe BigMmiuanocs, € po3psaKaHHA
JETICKTPUIHOTO Oap'epy TMICHA 3aKiHUYEHHS TMPSMOTO IMIYILCYy CTpyMy. TOMY ONTHMaJbHHM YacoM st
BKJIFOUEHHSI [IbOTO KJIFOYa € MOMEHT 7, KOJIM NpsAMUH cTpyM uepe3 PK 3MeHmyerbesa 1o Hyns. st nepioro
Ta JIPYroro BapiaHTiB PO3paxyHKIB, SIK BUAHO 3 PUC. 5, el MOMEHT BiANOBiAae = 65 Ta = 85 HAHOCEKYHaM.
Came B 1IbOMY Jiaria3oHy 3MiH 7 3HAXOAATHCSA (puc. 7) MakcuMyMu eHepriit Wi(t) ta W,(T), o BUALIAIOTECS
B PO3PSIIHOMY TPOMDKKY I 9ac iMIyJbCy, KOTpi OOYHCIICHI BIAMOBIMHO mis mepmioro (kpuBa /) Ta
apyroro (KpuBa 2) BapiaHTiB.

OpHi€ero 3 cepilo3HUX MPOOIIEM TeHepaTOPiB IMIYIIBCIB 3 MIBHIKOAIFOYAM TEPEPUBHUKOM CTPYMY B
HOTO BUXIJHIN JIAHINI € BENWKI BTpaTH eHeprii B HboMY [11]. Y3romkeHICTh eIeKTPHIHOI CXeMH 3HAYHO
MOKpaIye yMoBU pobotu niona VD, 60 pi3ko 3MEHIIIYE Ha HROTO TEIJIOBE HaBaHTaxeHHs. [le miaTBepmxye
MOJENIOBAHHA CTPYMY i, IO MPOXOIWTH uYepe3 MioJ, Ta BTpAaT B HBOMY €HEprii w, Mil Yac iMITyJbCy.
Pesynpratn po3paxyHKiB Ha puC. 8 TOKa3ywOTh, IO B y3TO/KEHiN cxemi amrmuityna i, (kpuBa 2) BABidi
MEHIIa HiX B HEY3TOJKeHil (KpuBa ), a BTpaTh w, — Maike BTpUYi (BiAMOBIIHO KpuBi 4 Ta 3). 3MEHIICHHS
TEIJIOBUX BTPAT B IOl 1a€ MOXKJIMBICTh PO3IIUPUTH Jiama3oHu HOTo JOMYCTUMUX HaBAaHTAXEHb MO CTPYMY
Ta 4acToTi.
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BucHoBkHu.

1. Po3poGnieno Mozenb, Mo 3 MPUHHATHOIO IS MPaKTUKH TOYHICTIO A€ 3MOTY IPOBOAWTH PO3PAXyHKU
MepexiTHIX TPOLECIB Y BUXIIHIN JIaHIl TeHepaTopa IMITYJIkCIB, Ka Mac HaBaHTaXXEHHSM poOody Kamepy, e
IMITYJIHCHIAM Oap'epHUM PO3psIIOM 00pOOIISIETHCS BOMIA B KPAITeIbHO-TUTIBKOBOMY CTaHi.

2. Y3roKeHicTh MapaMeTpiB BUXiAHOI JJAHKH TeHEpaTopa IMIyJbCiB Ta poOOY0i KaMepH B TOH ke
Mipi, SIK 1 BUA PO3psAy, BH3HAYAIOTh €HEProe()eKTHUBHICTH BCHOTO EIEKTPOPO3PATHOIO KOMIUIEKCY A
00po0OKHM BOAM. 3a ONTHMAIEHHUX MapaMeTPiB CXeMH €(PEKTHBHICTh Mepenadi eHeprii B podouy kamepy, 1e
MPOXOAMTh IMITYJIbCHUH Oap'epHuil po3psia, nocsrae 62 %. B HailOiibmid Mipi Ha eEKTUBHICTh Hepeaayi
eHeprii BIUIMBA€ BiIHOLIEHHS €MHOCTI HielIeKTPUYHOTO Oap'epy poOovoi Kamepw IO BUXIAHOI €MHOCTI
reHepaTopa iMIrynbciB. ONTUMAIEHUM 3HA4eHHSM [BOTO BiJHOIICHHS € BelW4YuHa ~2,6, sika B ~ 2,5 pasiB
OLbINa, HiX Y BUMMAIKy HaBaHTaXEHHS TeHEpaTOpa aKTHBHHUM JIiHIHHUM Y1 HEJIIHIHHAM OTIOPOM.

3. Y3romkeHicTe mapaMeTpiB BHXiTHOI JIaHKM TeHepaTopa IMIyJbCiB Ta poOouoi Kamepu aae
MOJKJIMBICTh CYTTEBO 3MEHIINTH TEIUIOBE HABAHTAXKEHHS Ha IMIBHIKOMIIOUMN MEPEPUBHUK CTpyMy (miom) B
BUXIHIH JIaHIII TeHEpaTopa.

Pobomy euxonano 3a paxymox Oepocoroddncemnoi memu «Poseumox meopii ma MoOenosanHs
HeCMAayioOHAPHUX eleKmpo@Ii3utHUX Npoyecie 6 eleKmponposioHUx i OIeIeKMPUUHUX CepedoGUIYAX IMNYIbCHUX

enexmpomazHimuux cucmem (wu@p: bap'ep-3)», wo euxonysanacs sa Ilocmanosorw bropo BOTIIE Ipesudii HAH
Yrpainu, oepoicasnuii peecmpayivinuti vomep memu 01230100671, KITKBK 6541030.
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COORDINATION OF PARAMETERS OF THE POWER SOURCE AND THE WORKING
CHAMBER FOR WATER TREATMENT WITH PULSE BARRIER DISCHARGE

V.0. Bereka, 1.V. Bozhko, O.M. Karlov, I.P. Kondratenko
Institute of Electrodynamics National Academy of Sciences of Ukraine,
pr. Peremohy, 56, Kyiv, 03057, Ukraine.
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To determine the mutually agreed parameters of the output link of the generator of short (~100 ns) pulses with a
working chamber, in which water is treated in the droplet-film state by a pulsed barrier discharge, an approximate
mathematical model was developed that describes the transient processes in the circuit. The reliability of the model is
confirmed by experimental data. The optimal parameters of the capacitance of the dielectric barrier and magnetic keys
were calculated, according to which the efficiency of energy transfer to the working chamber reaches 62%. It is shown
that it largely depends on the ratio of the barrier capacity of the working chamber to the output capacity of the pulse
generator, the optimal value of which is =2.6. The selection of the value of the dissipation inductance of the magnetic
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key, through which the discharge of the barrier capacity occurs after the end of the direct current pulse, is justified. It
was established that the consistency of the parameters of the output link of the pulse generator and the working
chamber makes it possible to significantly reduce the thermal load on the fast-acting opening diode in the output link of
the pulse generator. References 15, Figures 8.

Key words: impulse barrier discharge, water treatment, energy transfer efficiency.
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1O 60-PIYYSI YJIEHA-KOPECIIOHJAEHTA HAH YKPATHA
H.A. LINJJIOBCBKOI

HIupnoBeska Haranis AmuatodiiBHa Hapomuiacs
21 nunasa 1963 poky B M. Kuesi. [licna 3akiHdeHHSI cepenHbOi
mkonu y 1980 pori moctymmna 10 KuiBcbKOTro moJiTeXHIYHOTO
iHctuTyTy (HEHI — HTY VYipaiaun «KIII im. 1. Cikopcbkoroy),
SIKMI 3aKiH4YMIIa 3 Bia3Hakowo y 1986 poui. [Totim mpaifroBana Ha
nocami imkeHepa Kadeapu IHhopmaniiHO-BUMIpIOBAIBHOT
TexHiku. Y 1987 porri BoHa BCTymuiIa 10 acmipanTypu [HCTUTYTY
enekrponuHamiku AH Ykpainu. Bigroni i gorenep ii )KUTTEBUI
Ta TBOPYMH LUIAXM HEPO3pUBHO NOB’s3aHi 3 IHCTHTYyTOM
€JIeKTPOIMHAMIKH.

Y 1989 pomi Haramis AmgaromiiBHa 3axXUCTHIIA
KaHJUIATChKY JUCEPTAIlil0 3a CHeIialbHICTIO iH(opMamiiHO-
BHUMIPIOBaJIbHI cUCTEMH, a B 1997 p. — NOKTOPCHKY IHUCEPTAILiIO
3a CHEIIIBHICTIO TEOpeTHYHa enlekTpoTrexHika. Y 2000 porri
obpana wieHoMm-kopecrongerToM HAH VYkpainu 3a 1mieo x
crerianeHicTio. Y 2018 poui orpumana 3BaHHs mpodecopa 3a
CIICIIaNIFHICTIO  ENIEKTPOCHEPIeTHKa,  CIeKTPOTEXHIKa  Ta
eJIeKTPOMEXaHIKa.

Ha renepimniii wac H.A. IllumioBcbka — TONOBHHI
HAyKOBHH CITIBPOOITHUK BiIJITy TEOPETUYHO! EJIeKTPOTEXHIKU
Ta IarHOCTUKH EJEKTPOTEXHIYHOTO oOnmagHaHHsI [HCTUTYTY
enektponuHamiku HAH VYkpaian. OCHOBHMMH HampsMKam# ii

HAYKOBOI JTisTBHOCTI €:

— PO3BUTOK TEOpii HENHIMANX, MapaMETPUYHUX Ta HEMHIHHO-TTAapaMETPUIHUX CIEKTPUIHUX KIT y
HaNpsIMKY CTBOPEHHsI MOJIeJIel TX eJIEMEHTIB Ta eJIeKTPOMArHiTHHUX MPOIIECiB B HHX;

— PO3BHUTOK TeOpii €JIEKTPOMATHITHUX MPOLECIB y KOJIaX 3 HENIHIHHMUMHU eJleMEHTaMH, MapaMeTpH
SKMX 323HAIOTh MIBUJIKUX CTOXaCTHYHUX 3MiH;

— TOCTIJKEHHS! eJIEKTPOMArHITHIX MPOIIECIB y KOJaxX, HENiHIHHICTh XapaKTePUCTHK EIEMEHTIB KX
3YMOBJIIOETECS SIK €NEKTPUYHUMH (CTPYM, Hampyra), Tak i HEeeJeKTPUUYHUMHU (TeMIIepaTypa, OCBITICHICTS,
TOII0) BEJIMYNHAMU,

— PO3pOOIICHHS HOBUX aHAJITHIHUX METOMIB, €EKTHUBHUX MIPH ITOCTIHKEHH] TIEPEXiTHUAX MPOIIECIB Y
EJIEKTPUYHUX KOJIaX, 10 MICTATh €IEMEHTH 3 HEelliHITHUMU Ta MapaMeTPUIHUMH XapaKTePHCTHKAMH;

— IOCTIIKEHHS €JIeKTPOMarHiTHUX MPOLECIB y KoJiaX 31 3MiHHOIO CTPYKTYPOIO Ha OCHOBI Cy4acCHHX
MaTeMaTHIHUX METOMIB (Y TOMY YHCII TUdEpEeHITIATbHIX PIBHAHB 3 IMITYJILCHOIO JTI€I0);

— ajanTaiis HOBITHIX MaTeMaTUYHUX METOJIB N0 3aJady aHaji3y eJIEKTPOMArHITHUX IMPOLECIB Y
HENiHIMHNX Ta MapaMeTpUYHUX KOJax, a TAKOXK CHHTE3Y KiJl 13 3alaHMMHU BIIACTHBOCTSIMHU.

HayxoBy mistmeHicTh Haramiss AmnartoniiBHa moemHye 3 mnemaroridyHoto. Ilim ii kepiBHUIITBOM
3aXHIeHo 3 Auceprallii. BoHa € 4jeHoM MOCTIHHOT creriai30BaHoi BUSHOI pay 3 MPUCYHKSHHS HAyKOBOTO
CTYNEHS JOKTOpa HayK, a TaKOX CIIBaBTOPOM TPUTOMHOTO MiIpyYHHUKA IJIsi BHIIMX y4YOOBHX 3aKIIaiB
«TeopeTndHi OCHOBH €NEKTPOTEXHIKI».

H.A.lllumnoscrka — aBTop noHas 130 HayKOBUX Tpalib, 3 AKUX 5 MoHOTpadiil Ta 1 miapyIHuK y 3-X
YacTUHAX.

Haykogi nocsraenns H.A.llluanoBckkoi oTpuMany BUCOKY OLIHKY. Bona — maypear mpemii HAH
VYkpainu st Mostoaux yuenux (1994 p.) ra maypear npemii HAH Ykpainu im. B.M. Xpymosa (2005 p.).

Hayxosa cninonoma, xonezu, pedaxyia owcypuany "Texuiuna enexmpooumamixa', yuuni ma Opy3i

cepoeuro gimaromv Hamanito Anamoniieny 3 rweineem i 6asicaioms il MiyHO20 300P08 S, WACHISL, MBOPUO2O
3a63AMMsL Ma HAMXHEHHsL OJisl HOBUX 36EePUIEHD.
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