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Ha ocHoBe cxem PAITY

B cratbe paccmMmaTpuBaloTCA TeopeTuvecKne N npakTuvecKkue acrneKkTtbl co3fgaHusa
BbIGOKOSqJCI)EKTIIIBHbIX UMNYJ1IbCHbIX UCTOYHUKOB 3JIEKTPONMUTaHNUA, OCHOBaHHbIX
Ha KBagpatTu4yHom cnocobe HaKkonJeHus 3Heprum, € ICNoJsib30BaHNEM cXxem CIJB3DBOI7I

aBTOﬂOACTpOﬁKIII 4acToThbl.

paHee ory6inKoBaHHOI padore [1] 6puIH IpuU-

BeJIeHbI Pe3yIbTaThl HCCIeOBAHMUI, HAIPAB-

JICHHBIX Ha CO3[aHMe BBICOK0I(b()EeKTUBHBIX
UMITYJIbCHBIX UCTOYHUKOB JJIEKTPONUTAHMS, OCHOBAaH-
HBIX Ha HAKOIUICHUU 9HEPTUH B dJIEKTPHUIECKOM K
MAarHUTHOM II0JIe PEAKTHBHbIX 3JIEMEHTOB B TeUCHIE
HECKOJIbKHX TAKTOB Pa0OTHI KJIIOUeil U MOCIeyoIIelt
ee mepejade Ha Harpy3Ky. YKasaHHas paboTa Obl1a
HOCBSILIIEHA, B TOM THCIIE, U TEOPETHIECKOMY 060CHO-
BaHUIO HeﬁCTBHH KBaJpaTUYHOI'O 3aKOHA HAKOIJICHUA
9JIeKTPUIECKO 9HEPTUH B PeaKTHBHBIX dJIeMEHTAX
B PeXXIMe Pe30HAHCA.
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Puc. 1. AHannanpyemas cxema HaKOMMUTENBHOM 4aCTyW BbICOKO3(MEKTNBHOMO NCTO4HMKA

PexxuM pe3oHaHCa SABISAETCS HEOOXOIMMbIM yCII0-
BHeM QYHKIMOHUPOBAHUS BBICOKO9(DPEKTUBHBIX
UCTOYHUKOB JJIEKTPONUTAHUA. ILOCTI/I}KSHI/IC pexu-
Ma pe30HaHCa BOZMOXKHO PAa3IHIHBIME CIIOCOOAMHU.
Croco6, OCHOBaHHBIH Ha UCIOJb30BAHUU IIOTY-
MOCTOBOY WJIM MOCTOBOH CXeMBbI C CHHXPOHU3HU-
PYIOIINME JHOJAMH, PpaCCMOTPEHHBIH B [1], oTnu-
9aeTCs TEXHUIECKOM IMPOCTOTOM, OJJHAKO UMEET Cy-
IMECTBEHHOE OTPAHUYIECHUE 110 BbIXOILHOﬁ MOIITHOCTH
BCJIEICTBHE OTPAHIYEHUS IAPAMETPOB COBPEMEHHBIX
9JIEKTPOHHBIX KJII0Uell 10 3HAUeHUIO 0OPaTHOTO Ha-
HpspKeHUs. B maHHOM paboTe paccMaTpUBaeTCsi BO3-
MOKHOCTb peain3aliy BICOKOIPPEeKTUBHBIX HC-
TOYHUKOB 3JIEKTPOIIUTAHMS Ha OCHOBE cXeM (ha3oBoil
aBTOHOI[CTpOfIKPI YaCTOTHhI, OTJIUYAIOIINXCA 3HAYU -
TeJIbHOM BBIXOJHOU MOIIHOCTHIO M YIPOIIEHHBIM
CXeMOTeXHHUYECKUM CIIOCOO0M Mepeladn 9JIeKTpH-
9eCKOM 9HepPTUU B HaTPY3KY.

PaccmoTpuM ycoBepIIeHCTBOBAaHHYIO YIPOIIEHHYIO
CXeMy HaKOIHUTEJIbHON 9aCTH BHICOKOI(PEKTHBHOTO
HCTOYHUKA 9JIeKTponuTanus (puc. 1).

CxeMa COCTOHUT U3 IIEPBUYHOIO UCTOYHUKA HATIPS-
skeHud V1, samurHoro nuopa D1, unnykrusaocru L1,
emkoctr Cl, 00pasyonux nocaenoBare bHblil Komeba-
TeJTbHBIN KOHTYP; CONPOTHBIeHHS R1, XapakTepuayio-
I1eT0 AKTUBHBIE TIOTEPH B I[ETIH; 3IeKTPOHHBIX KIIOTeHt
J1,J2; tparcdopmaropa Toka T1; cxemsr $a3oBoit aBTO-
MOACTPOMKH YaCTOTBI, COBMEIIEHHON C Te€HEPATOPOM
YIIPaBJIAIONIINX UMITYJIbCOB.

[TpuHnuO paboThl AHATUZUPYEMOIT CXEMBI COCTOUT
B IOCTIDKEHHH PeXUMa Pe30HAHCA HANIPSDKEHUH MPH
COBITQJIEHUH YaCTOTBI CBOOOIHBIX KOJTeOAHUIT KOHTY~
pa L1-C1 ¢ gacToToit paboThI 3J€KTPOHHBIX KIIIOYEIL.
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Puc. 2. OCLl,I/Il'IJ'IOFpaMMbI TOK& MHOYKTUBHOCTY M HANPAXEHNA EMKOCTW COOTBETCTBEHHO

3aTyxaroniue KosebaHus. OnepaTopHaH CXeMa 3aMeIlleHunsd AJIs1 9TOTO pe-

JKIMa IIpeJICTaBIeHa Ha PHC. 4.
HavanbHble ycIoBUs KOMMY TalUH1:

KparkoBpemeHHOe cpaGaThiBaHue KiIi04a J1 IPOMCXOMUT B MOMEHT JIeii-
CTBHSL aMIUIUTY/IbI TIOJIOXKUTEILHOM 10Ty BOJIHBI TOKa KOHTYpa L1-C1 1 Hy-
JIEBOTO HAIIPSDKEHHs Ha PeaKTHBHbIX dJeMeHTax (puc. 2), B pesyjbrare
Y€ro IPOUCXOIUT CUH(A3HOE CII0XKEHUE TOKa CBOOOMHBIX KOJIe0aHUTT paHee
HAKOIIJIEHHOU 9HEPTHH C COCTABIISIOIIEN TOKA HCTOYHMKA. Takum obpa- U (0) =0, i,(0) = iy, (1), (4)
30M, IOCTUTAETCS PEKUM KBAIPATHIHOTO HAKOTIIEHNs SHEPTHH, JIEKAIL i
B OCHOBE PaGOThI BbICOKOI(D(HEKTHUBHBIX HCTOYHUKOB DJIEKTPOIIUTAHUL.
OrepaTopHBIM METOIOM IIPOAHAIM3UPYEM [IePeXOIHbIe IIPOLIECChI B aHA-

I7ie t,— BpeMs 3aMKHYTOTO COCTOSHMSA Kimo4a J1.
Tox B KOHTYpe B IIepHOJ, KOMMYTAI[UH KJTI04a J2 U3MEHAETCS B COOT-

HHSpreMOﬁ cxXeme. BETCTBUH C 3aKOHOM:

B MOMEHT 11epBOro 3aMbIKaHHs 3JIEKTPOHHOTO Kitova J1 (ko4 J2 pa-
30MKHYT) TOK IIPOTeKaeT B Iienu conporusierus R1, uanykrusaoctu L1 1 .
y1) P 5 P Ay L,(p)x| R+ pL +—|= Ly, (1),
n emroctu Cl. OnepaTopHast cxema 3aMeIIeHNs IIsE 9TOTO PEeSKUMa Ipef- pC,
CTaBJIeHa Ha pHC. 3.
HadvanbHble yCI0BUS KOMMYTaI[iH: ()= Liy(t)  _ pLCin() pi, (1) _
? 1 LC, +pRC, +1 R 1
. - P LG TPRG 2 kIO
4ci(0) =0, iy (0) =0. 1) ferhg 7L e
Toxk B KOHTYpe B Ileproj IepBoil KOMMYTAIIUN KIo4da J1 u3MeHseTcst _ Piy(2,) (5)
B COOTBETCTBUU C 3aKOHOM: (p—a)yx(p—P) ’
1 E
1,,(p) X[R1 +pL, +_CJ :;,
1 1 >ﬁ R1 pL1 1/pC1
1 [ | [ |
E E T 1 | 1 |
— —xpC,
P P
L,(p)= = =
R1+pL1+L p LC +pRC, +1 x ’ﬁ
C <> Elp 111(p)
E/L E/L
- - I— @)
prapag - (p-o)x(p=p)
Ll LICI
. E/L w o\ E o ol E/L Pue. 3. OnepaTtopHas cxema 3aMeLLeHUs B NEpUOz NEPBOro 3amblKaHus
ln(t)=—><(e —e )=—>< = - —X kntoya J1
a—p L a-p -8+ jo,+3+ 0,
I:e(—é‘»jmw Yo e(—t‘)—jm,,)tj| _ E/ L] « (e—at « ejm(.,,z _e—ét % e—jmmz ): -
2jo, L1xi1(0)
R1 m L4 1/pC1
E e . . E ¥ I > I I
= —x— x(e/‘”f“’ —e’fm‘“'):—x—x sin(w,,t)» (3) N
Ll 2] O)L'ﬁ Ll (Dcs
e O = —3+jm g P = —0—jw 4 & = R, / 2L, — Koo DUIMEHT 3aTyXaHUS; t 112(p)
04 = V02— — 1acTora cBOGOAHBIX Konebaruii B menwn; oy = 1/ VL, C,—
pe30HaHCHas 9acTOTa eI,
CoracHO ypaBHeHHIO (3), B MOMEHT 3aMbIKaHUs KTt04a J1 B KOHTYpe
06pasyIoTcst 3aTyXalomye KoJae6aHus ¢ HaYaIbHOM aMILIUTYIoU E / @ eL,.
B nepuon nocienyoIero pa3MbIKaHus KTf049a J1 1 OTHOBPEMEHHOTO
3aMbIKaHUS KJII04YA J2 B KOHTYPe, 00pa3oBaHHOM KJIIOYOM ]2, COIIPOTUBIIE- Puc. 4. OnepatopHas cxema 3aMeLLieHs B Neprop 3aMblkaHus kitova J2

HueM R1, mapykTrBHOCTBIO L1 11 eMKocThio Cl, TPOAOIKAIOT eHICTBOBATD
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ITepron BTOPOTo 1 MOCTeNYIOIIX 3aMBIKAHHI K094 J1 COIPOBOXKIAETCST
CUHXPOHHBIM CJIO’KEHHEM TOKa CBOOOHBIX KoJIeOaHUI K0oIeOaTeIbHOTO
KOHTYpa 1 TOKa HCTOIHUKA. OIepaTopHas cxema 3aMeIeHus AJIsI 9TOTO
PEeXrMa TpefcTaBieHa Ha puc. 5.

HavanbHble yCIOBHSE KOMMY TallUH:

1y (0) =0, ;,(0) = iy (t,). (7)

Tok B KOHTYP€ B IIEPUOJ] BTOPOTO U IMOCIEAYIOMINUX TAKTOB 3aMbIKa-
HM KJIIO4Ya ]1 HNU3MEHAECTCA B COOTBETCTBUU C 3aKOHOM:

1 . E
L,(p)x| R+ pL, + =Ly, () +—, (8)
rG p
. E E
Lll(n—l)z(tg)"’* Li —
_ p L) p
Inl(p)_ 1 - 1 1 s
R+pL+— R+pL+—— RA+pL+—-r
1 T PLy €, 1+ PLy »C, T pLy 2C,

rme n=1,2...N — 910 TakToB CpabaThIBAHUS JJIEKTPOHHBIX KIIOTEH.

E e—ﬁt
i, (1) = I X ——x8I(0,, 1) + i, ), (1, Je ™ x

1 ce

. -5
i, (2,)0e™

xcos(,,t) — xsin(o,,t)-

c6

AHaJu3 MOJIyYeHHBIX BHIPAKEHUI [TOKA3bIBAET, YTO IPHU KaXKIOM I10-
CIIeAYIOIeM 3aMbIKaHUK KIfo4a J1 cyMMapHOe 3HaueHHe TOKa B Koeba-
TeJIbHOM KOHTYpP€ OIIpeJlesIseTCs IBYMs COCTABJIAIONIUME: COCTaBIIAIONIEN
TOKA HCTOYHMKA U 3HAYEHUEM TOKA CBOOOHBIX KOJIeOaHMI, OIyIeHHO-
rO B pe3ysbTaTe HAKOIICHHUS 9HEPTUH Ha MPeIbIAYIIUX TAKTaX PabOTEI
KJTIO4Yei.

L1xii1(0)
Rq pLq 1/pCq
| I— | @ | I— | | I— |

Puc. 5. OnepatopHas cxemMa 3aMeLLeHUs B NEpVOf BTOPOro U NOCNEayHoLLNX
3aMblKaHWi1 kntoda J°1

MNcTouHnkun nuranusa

Jnsa anamusupyemoir cxempl ipu C; = 1 Mx®, L; = 1 MmI'm, R; = 1 Om,
E=12 B, t,= 10 MKC ocliIIorpaMma ToKa KoyieGaTeTbHOTO KOHTYpa IS
25 TakTOB pabOTHI KIIFOUEN IpecTaBIeHa Ha puc. 6.

Taxum 06pasom, cyMMapHOe IOTpebIeHHOe 3HAYeHNe SHEPTHU OT HC-
TOYHHKA 32 1 = 25 TAKTOB PabOTHI KIIFOYEN COCTABHT:

e < sino_ )t = 25x122 y
“ 1x107 x3,162x10*

4
W, = nEJEX
OLI

3

10x107
% ‘[ P $in(3,162 x 10% x t)ydt =1,779 x 107" Jx .

0

HaxomenHoOe ske 3HaYeHNe 9HePTUH B MaTHUTHOM II0JIe HHIYKTHBHO-
cru L1 Ha 25-M TakTe paboThI KJIIOYEH IPU 3HAYCHUH JEHCTBYIOIIEro TOKa
1,414 A cocraBuT:

LY 1x107x1,4147
2 2

w, =9,997x107* JIx.

OCHOBHBIM ITPEHMYIIIECTBOM BBICOKOI((HEKTHBHBIX HCTOYHIKOB dJIEK-
TponuTaHus Ha ocHoBe cxembl OAIIY, B oT/IMYMe OT paHee ONMUCAHHBIX
B paboTe [1] MOTyMOCTOBBIX X MOCTOBBIX CXeM C 9JIeMEHTAMH CUHXPOHU-
3allUHY, SBJIETCSI pabOTa TPAH3UCTOPHBIX KIIIOUEll B TAK Ha3bIBAEMOM TO-
koBoM pexxume. braromaps cxeme PATIY cpabaTpiBaHMe TPAaH3UCTOPHBIX
KJTI09ell IIPOMCXOHUT B MOMEHT BPEMEHH, KOT/Ia HAIPsUKeHKe Ha PeaKTHB-
HBIX 9JIEMEHTaX K0Je6aTeIbHOr0 KOHTypa HHAYKTHBHOCTH L1 1 eMKocTH
Cl1 ctpemutcst k Hysio. [ImaBHOe e yBenndeHre TOKA B KOJIeOaTeIbHOM
KOHTYpe B pe3yJIbTaTe CHHXPOHHOTO CJIOKEHHUS TOKa CBOOOIHBIX Koteba-
HHII C TOKOBOH COCTaBJIAIONIEN MCTOYHUKA SABJIAETCS Ui TPAaH3UCTOPOB
IITaTHBIM pe;kuMoM. CoBpeMeHHbIe TPAH3UCTOPHbIE KIIOYH PACCIYUTAHBI
Ha 3HAUUTeIbHBIe pabodne TOKA U OMHOBPEeMEHHO OTpaHHIeHBI B Pabo-
Te 110 3HAUEHNIO 0OPaTHOTO HaNpssKeHHs. [IpakTrka IpUMeHeHHs CXeM
®AITY B cocraBe BBICOK0I(PHEKTUBHBIX HCTOTHUKOB I€KTPOIUTAHUS
[I0Ka3aJla BBICOKYIO HalIeKHOCTh PabOTHI 9IeKTPOHHBIX Kiodeit. Cpenu
cxeM OAITY aBTOPOM Ha CerofHs IPaKTUIeCKH OIIPOOOBAHEL 1B U3BECT~
HbIe CXeMbl [2, 3].

CxeMOTeXHMKa IIOCTPOEHHUS KaCKaloB CheMa HAKOIUIEHHOH 9HEepIuH
Ha HarpysKy B HCTOTHHUKAX JJIEKTPONIUTAHMs Ha 6ade cxem PAITY Taxxe
ObLIa yCOBEPIIEHCTBOBAHA. B MOCTOBOI 1 TOIyMOCTOBOII cxeMe [1] cheM
HAKOIUICHHOU 9HEePTUH IPOU3BOIUTCS C KOHIEHCATOPA KOIe6aTeIbHOTO
KOHTYPa B MOMEHT JIeHCTBHS MAaKCUMaJIbHOHM aMIUIATY bl HAI P KEHUs
(puc. 7). HemocTaTKOM JaHHOTO IOAXO0MA SIBILIETCSI HEOOXOMMMOCTD TOU~
HOI CHHXPOHM3AI[IHX 3a1AI0IIIero FeHepaTopa 1 reHepaTopa yIpasIAioniuxX
HMITYJIbCOB KJII09a cheMa. CII0co0, HCII0Nb30BAHHBII B YCOBEPIIEHCTBO-
BAHHOIT CXeMe, OCHOBAH Ha JaCTHIHOM OTOOPEe SHePIUH C JOIIOIHUTEIbHOIM

Puc. 6. Ocuunnorpamma Toka konebaTensHoro KoHTypa ans 25 TakToB
pabaTbl KnroYen
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cpeMHOIT eMKocTH C2, KOTOpasi BKIIOYEHA B COCTAB PE30HAHCHOTO KOHTYpa
(puc. 8). HomuHan creMHOI eMkocTH C2 OJDKEH ObITh, OPUEHTHPOBOYHO,
B 10 pas 6onbire pesonancuoit emkoctu Cl. [Ipu aToM 9KBHBaIeHTHOE
3HaYeHMe II0CIeIOBaTeIbHO COeTUHEHHbIX eMKocTert C1 u C2

raiide |
GG, ¢ x10C,

= = ~0,9C, %)
C+C, C +10C

sy ah, WA SRR, AT

He3HAaYUTeIbHO MeHbIe eMKOCTH Cl ¥ B He3HAYUTEIbHON CTEleHHN il

U3MeHseT Pe30HAHCHYIO YaCTOTY. Y MeHbIIIEHHE HAIPSDKEHHS Ha Pe3o-
HAHCHOII eMKOCTH IIPU 9TOM Takke He mpesbimaer 10%. IIpu no6por- rw— Ei."q. s .
HOCTU Pe30HAHCHOTO KOHTYPa CBbIie 10 e[MHUI SHEPTUsl, CHUMaeMast s s i
Ha HarpysKy, [IpeBbIIIaeT NOTpebIeHHOe OT EPBUYHOTO UCTOTHHUKA
3HAYEHMUeE.

Takum 06pasom, BbICOK0dGbDEeKTUBHEIE UMITYIbCHBIE HCTOTHUKH
9JIeKTPONUTAHUS HAKOIMUTEIbHOTO TuMa Ha ocHoBe cxeM OAITY ¢ yco-
BEPIIEHCTBOBAHHBIM CIIOCOOOM Iepeladrl 3HEPIUU B HATPY3KY 00IaatoT Puc. 7. [VcKpeTHbIN CbeM SHEPrM B MOMEHT AENCTBYS Ha KOHLEHCaTope
CYIIeCTBEHHBIMH IIPEUMYIIIECTBAMU 110 CPABHEHHUIO C paHee MpeCTaB- MaKCVManbHOM aMMANTYALI HAMNPSXKEHUS
JICHHBIME cXeMaMHu. [To00HbIe HCTOYHUKH MOTYT OBITh H3TOTOBJICHBI
Ha GOIBIIYIO BBIXOMHYIO MOIITHOCTD NPH OJHOBPEMEHHOM CHIDKECHHUH
CTOMMOCTH U3JeJINI 32 CYET MEHBIIIEN CTOMMOCTH JIEKTPOHHBIX KIIIOYEH,

PacCIMTAHHBIX HA MeHbllee 0OpaTHOE HANPSDKEHUE, U YIPOIIEHHS Ka- L1 c,:,1
1
CKaJIOB CheMa OHEPTUH. |
2 D1
V1
C3 RN
Jiutepartypa GD ::Cz 4 1 = []
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