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IMITVJIBCHI HHEPETBOPIOBAUI 31 3HMXXEHOIO TTYJIBCALIETO
BUXIJIHOI'O CTPYMY

Tokasano axmyanvricms O00CHIONCEHHS IMNYIbCHUX NEPEMBOPIOAdi6 3 Memol OMPUMANHA BUXIOHO20 CMPYMY 3
HULKUMU NYN6CAYIAMU OJLA HCUBNEHHS WYMIUBUX HABAHMAICEHb | HABEOEHO 021510 MemMOOi8 3HUNCEHHS NYIbCcayitl ma
Haunowuperiuux mononozii nepemsopiosayie. Ilpeocmasneno pesyibmamu npakmuiHo20 3ACMOCY8aAHHA po3pooie-
HO20 eKCnepuUMeHmanbHo20 cmenoa ma nNPOaHaniz308ano OMPUMAHi 3a1eHCHOCMI 8eTUYUHIU NYTbCAYIl UXIOH020 CHpPY-
MY 8I0 00’ €Mi6 CUNOBUX YACUH NEPEMBOPIOBAUiE PISHUX MONON02IU 3d YMOGU 00HAKOBOI NOMYICHOCHT MA 4aACHOMU.
Hagsedeno pexomenoayii wjooo obpanus muny nepemeoprosaid y KOJICHOMY KOHKPEMHOMY UNAOKY 3 MOUKU 30pY 3MeH-
WeHHsL NYIbCayin.

Kniouosi cnosa: imnynochi nepemsopiosaui enekmpoenepeii, nyibcayis GUXIOH020 CIPYMY, 32/1A0CY8AHHSL NYIbCAYill,

MONON02ii nepemeopiosayis, nepemeopioéay 3 KOMNEHCY8AIbHOI (a3olo.

[IepeTBOproBadi, O MPaIiOOTh B IMIYIHCHOMY
pexkumi, 3a06e3medyoTh BUIUN Koe(illieHT KOPUCHOT
nii (KK/) nmopiBHSIHO 3 mepeTBoproBauaMu y B 0e3-
MEePEPBHOMY pPEKHUMi. BUXITHUN CTpyM IMIYJIbCHUX
MEPETBOPIOBAYIB Ma€ HE TIIBKU MOCTIHHY CKJIAIIOBY,
ajyie ¥ 3MiHHY — BHCOKOYACTOTHY ITyJbcariro. J{ist ae-
SKHUX THUITB 3aCTOCYBaHb IMITYJbCHUX IIEPETBOPIOBAUIB,
30KpeMa B CKJIAJi JpKepes JKUBJICHHS Ui KOHTAKTHO-
ro 3BaplOBaHHSA METaliB, 3BaplOBaHHSA 010JOTIYHHX
TKaHHH, €JICKTPOIIi3epiB, J1a3epiB, 0OUNCIIOBAIHHOI Ta
aKyCTHYHOI TEXHIKH TOIO, HEOOXITHO 3a0e3redyBaTu
Jy’)Ke€ HU3BKUH PiBEHBb MyJIbCallill BUXITHOTO CTPyMY.
3abe3nedeHHsT HEOOXiTHOTO PiBHSI IMyNbCalliif 3a3BUYai
3MIIACHIOETHCS IIJISIXOM BUKOPHCTAHHS 311Ky BaIbHUX
(hineTpiB. 3HKEHHS PiBHS MyJbCalliil cTpyMy noTpedye
301IBbIIEHHS] HOMIHAJIIB €JIEMEHTIB 1, BIIITOBIIHO, rada-
PpUTHUX po3MipiB (GinbTpa. B pesynbrari y mxepenax sKuB-
JICHHS, SIKi 3a3BUYall MIPAIIOIOTH K 3aMKHEH1 CHCTEMH 31
3BOPOTHHM 3B’ SI3KOM, HOT1PINYIOTHCS ANHAMIYHI Xapak-
TEPUCTUKU — 301IBIIYEThCS 1HEPIIiS KOHTYPY PETYITO-
BaHHsI 1 3HWKYETHCS CTATUYHA 1 JMHAMIYHA TOYHICTB pe-
TYIIOBAaHHS, 301TBIIY€ThCS BAPTICTh JIEMEHTIB (iIbTpa.
3 iHII0T0 OOKY TiIBUIIICHHS YaCTOTH IMEPEMHUKAHHS CH-
JIOBUX TPAH3HUCTOPIB IMITYJIbCHUX MIEPETBOPIOBAYIB, X04a
1 TO3BOJISIE 3HU3UTH PO3MIPH €JIEMEHTIB (ijbTpa, Mpo-
TE MPU3BOJUTH 10 301IBIICHHS AMHAMIYHUX BTpAT, 1y
BiJIIIOBIIHUX CHJIOBHX TPAaH3HCTOpaX, i B €JIEMEHTaX
¢inbrpa [1].

TakuMm 9UHOM B TpoIieci PO3pOOKH IMITYJIbCHHUX
MepeTBOPIOBAYIB I 3a0€3TCUeHHs] HU3BKOTO PIBHS
nynbcamii BUXiTHOTO CTPYyMy HEOOXITHO IIyKaTh
KOMIIPOMiC MK TaOapUTHHUMHU PO3MipaMu €JIEMEHTIB 1
OPUIHATHUMU BTpaTaMH B HUX 3 ypaxXyBaHHSM JHHA-

MIYHHX XapaKTCPUCTHK IKEPEI *KUBICHHS K 3aMKHCHUX
CHICTEM 31 3BOPOTHHUM 3B’ s13KOM. Bukopucranns 6araro-
(ha3HUX IMITYyTBCHUX NEPETBOPIOBAUYIB MOXKE CIIPHUATH
PO3B’sI3aHHIO 3a3Ha4eHO1 poliieMu, aje He 3a0e3edye
HU3bKUH piBEHb MyJIbCAIlii BUXiJHOTO CTPYMY B IITHPOKO-
MY Jiana30Hi 3MiHN Koe(ili€eHTa 3a1I0BHEHHS IMITYJIbCIB
yIPaBIiHHSA.

Mertoro 11i€i poOOTH € BU3HAYCHHS TOTOJOTIT M-
MyJIBCHOTO MEePETBOPIOBayYa, sika O 3a0e3nedyBaia 3HH-
JKCHHS ITyJIbcallii BUXIJHOTO CTPYMy 3a YMOBH 30epe-
JKCHHSI TTOTYKHOCTI Ta 00’ €My KOHCTPYKIIi.

AHaJi3 HalimomMpeHiMX TOMOJIOTi# iMIyIbCHUX
NMepeTBOPIOBAYIB i LISAXiB 3HUKEHHSA MyJIbcanii
BHXITHOIO CTPpyMY

i nocsArHeHHs 3a3Ha4eHO1 METH MPOBEAEMO aHai3
LUISIXIB 3MEHILEHHS MyNbCcallii BUXiIHOTO CTPYMY B
IMIYJIbCHUX NIEpeTBOpIOBaYax pi3HOro TUIYy Ta obepe-
MO Halle(h)eKTUBHIIINI.

Hapasi mupoke po3noBCIOIKEHHS OTPUMaB 3HUKY-
BaJIbHUI IMITYJIbCHUIA IEPETBOPIOBAY OCTIHHOT HAIIPYTH.
Bin HanexuTh 10 6a30BUX IEPETBOPIOBAYIB 1 CKJIAIA€THCA
3 TPaH3UCTOPA, [110/1a, KOTYIIKH 1HAYKTUBHOCTI Ta KOH-
neHcatopa. Crif 3a3HaYMTH, IO YUM OiJbIIe TpsSIMe
MaJIiHHS HApPyTH Ha JI0Ji, TUM OITBIIMMU € BTPaTH,
TOMY 3a3BU4ail BUKOPUCTOBYIOTH 110/ LIIOTTKI, B SIKOTO
MpsiMe MaiHHS HAIIPYTH € MEHIINM. 3a BEJIMKOTO CTPY-
My HaBaHTQ)XEHHS MOTYXHICTh BTpaT Ha J10[i MOX-
Ha 3HU3UTH, SAKIIO BUKOPUCTATH 3aMiCThb HBOTO CHH-
XPOHHUU TPAH3UCTOP, KUK QyHKIIOHYE B IpoTU(Da3i 3
OCHOBHUM TPaH3UCTOPOM. PeryntoBaHHsS BHXiAHOT Ha-
MPYTH TaKoro MepeTBOproBayua 3I1HCHIOETHCS 3MIHOIO
CHIBBIIHOILIEHHS TPUBAIOCTEH BIAKPUTOTO TA 3aKPUTOTO
CTaHIB OCHOBHOT'O CHJIOBOTO TpaH3uctopa [2]. Ha Buxoni

TexHOJIOTis Ta KOHCTPYIOBaHHS B €JIEKTPOHHIIT amaparypi, 2022, Ne 4-6

ISSN 2225-5818 (Print)
ISSN 2309-9992 (Online)

25



EHEPTETUYHA EJIEKTPOHIKA

TaKoro IMITYJIbCHOTO MepeTBOproBaya (popMyeThesi Ha-
npyray BUIVIAI TOCIiTIOBHOCTI IPSIMOKY THHX 1IMITYJIbCIB,
Ky MOYKHA BUKOPUCTOBYBATH JJISl KHUBJICHHS HEUYTJIU-
BUX JI0 MyJbCallii CTPyMy HaBaHTaXEeHb, HANPUKJIIA]
eJIEKTPUYHUX HarpiBadiB. /[ KUBIEHHS MEpeBa)KHOI
O1IBIIOCTI MPUCTPOIB, IKUM HEOOX1THUI CTPYyM 3 HEBe-
JIMKOIO MYJbCALII€I0, 10 CXEMH IePETBOPIOBaya MOTpioHO
nonatu LC-dinerp [3, 4]. CxeMy onmcaHOro mepeTBo-
proBaua Ta GopMH CTPYMiB Ha HOro eJeMeHTaxX HaBee-
HO Ha puc. 1, 2.

3 npejicTaBlIieHUX Ha PUC. 3 3aJISKHOCTEN BiTHOCHOTO
rabaputHoro posMmipy ¢inerpa (RFS) Bijg mynbcamiii
BUXIJTHOTO CTPYyMY BHJIHO, 110 BiJIIIOBiTHO /IO KOHKPET-
HUX BUMOT JI0 MEPEeTBOpIOBaYa iCHyEe ONTUMAJbHUN
Jliara3oH BiIHOCHUX Ta0apuTHHUX po3MipiB (ijbTpa.
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Puc. 1. Cxema iMITyJIbCHOTO 3HIKYBAJILHOTO TIEPETBOPIOBAYA
MOCTIHHOT HAITPYTH 3 CHHXPOHHHUM TPaH3UCTOPOM [5]
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Puc. 2. ®opma cTpyMy Ha eJIeMEHTax MepeTBoproBaya [5]
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Puc. 3. 3anexHicTh BIIHOCHOTO rabapuTHOTO PO3Mipy (ibTpa
RFS Bin mynbcaiiii BUXiTHOTO CTPyMY JJIsl PI3HUX 3HauCHb
KoedilieHTa 3a0BHEHHSI IMITY/IbCiB ynpaBiiHHs D [6]

OauH 31 NUISXiB MiHIMI3AIll MyJabCaIlid BUX1JHOTO
CTpyMy TOJISITA€ y 301JbIICHH] KIIBKOCTI BUTKIB KO-
TYIIKH 1HIYKTHBHOCTI, IO CBOEIO YEPTOI0 MPH3BOAUTD
70 30inbIIeHHS 11 rabapuUTHUX PO3MIpiB 1 MiABHIIYyE
co01BapTiCTh MepeTBOprOBavya B miyiomy [6]. [HmuMn
IT1JIX1J1 TIOJISATA€E y 30UIBIIIEHH] YaCTOTH KOMYTAIlil CHJIO-
BHX TpaH3HUCTOpiB. HeoOXinHO BiA3HAUNTH, IO CHIIOBI
TPaH3UCTOPH, SIKi PO3Pax0OBaHi Ha POOOTY 3 BEIIUKUMH
CTPYMaMH, MalOTh BEJIUKY EMHICTb 3aTBOP — BUTOK, 1 JUIs
X TIepexo/Ty 13 3aKpUTOTO Y BIIKPUTHH CTaH 1 HABMAaKH
BUTPAYaETHCS OLIbLIE Yacy, IPH IIbOMY TaK0X HEO0OX1HO
BHUKOPHCTOBYBATH NOTY>KHI ApaiiBepn 1151 3a0e31eUeHHS
BEJIMKOTO CTPYMY Tiepe3apsity IUX eMHOCTeH. B mporeci
Mepexoy 13 3aKpUTOTO CTaHy y BIAKPHUTHIl 1 HaBHAKH
TPaH3HUCTOP MepedyBaTuMe Y JTIHIHHOMY PeKUMI i CHITh-
HO HarpiBarucs. ToOTO HAcC/iIKOM 30UIBIIEHHS YacTo-
TH IMITyJIbCIB YTIPaBIiHHSA Oy/e 301IbIICHHS BiTHOCHOTO
yacy niepeOyBaHHS TPAH3UCTOPA B TIHIHHOMY PEXHMi Ta
301IBIIEHHS TMHAMIYHHUX BTPAT.

OnHOMa3H1 3HWKYBAIBHI IMITYJIBCHI IIEPETBOPIOBAYI
MOCTiHOT Hampyru Ao0pe HmpamioTh 31 cTpyMa-
MH HaBaHTaXXEHHS MPUOJM3HO N0 25 A, momaiblie
30UIBIIICHHS 3HAYCHP [IUX CTPYMIB MPU3BOIHUTH JI0 3HU-
s»eHHs koedimienTa kopucHoi il (KKI). Oxanm 3 Moxk-
JIUBUX PINICHb € BUKOPUCTaHHs OarartodasHoro mepe-
TBOpioBaya. Ha puc. 4 HaBeneHo cxemy Oararogas-
HOTO 3HIKYBAJIHHOTO iMIYJIBCHOTO TEPETBOPIOBAYA
MOCTIHHOT HAIPYTH 3 TPHOMA ITapaJeIbHUMU (DazaMi, a
TaKOXX IMITyJIbCH YHPABJIIHHS CHJIOBUMH TPaH3UCTOpA-
MU BIAMOBITHHX (a3.

Bararoazunii nepeTBoproBay sABJIsI€ COOOIO AEKITbKa
CHHXPOHHHUX NEPETBOPIOBAYIB, 3’ €IHAHUX MIX CO-
0or0 mapasesbHo. Bei pasu QyHKIIOHYIOTh 3 OJHA-
KOBUM KO€(IiIli€eHTOM 3alOBHEHHS IMIIYJbCIB, aje 3
BIJIMOBIIHUM YaCOBHM 3CYBOM, SIKHH 3aJIeKUTh BiJI
kinpkocti (az. CTpyM y Beix (aszax € OTHAKOBUM, a Yy
CIUJTBHOMY BUXIJHOMY BY3Ji CTpyMH (Da3 JOHAIOTHCS,
IO JI03BOJISIE B TaKWX IEPETBOPIOBAYAX HAPOIIYBATH
MOTY>KHICTB /1O HEOOX1THUX 3Ha4eHb. YacToTa Mybcartii
BHXITHOTO CTPYMY BH3HAUA€THCSI IEPEMHOKCHHIM da-
CTOTH IMITYJIbCIB YIPABIiHHS Ha KiJIbKICTh BUKOPUCTO-
ByBaHHX (a3, a IIe CBOEIO UEPrOI0 JO3BOJISIE MIEPETBO-
pIoBady IMpaimroBaTH Ha BIIHOCHO HU3BKHX YACTOTaX,
TOOTO AMHAMIYHI BTPATH B IEPETBOPIOBaUi OyayTh MEH-
mumu [1].

HaBeneni Ha pue. 5 aiarpamu mynbscanii cTpymy B
TpudasHOMY MEPETBOPIOBAYI LTIOCTPYIOTh CUTYAIIIo,
KOJIM BUXIJTHUH CTPYM Y TPH pa3u OLTBIIHHN, HIX Y KOKHIH
okpeMiii (a3, a mynmbcariii npUOIN3HO y TPU pa3d MEHIIII.

TeopeTHuHi KpHBi Ha pUC. 6 BKa3ylOTh Ha Te, IO 3a-
JIEKHO Bij KinbkocTi (a3 Ta koedilieHTa 3allOBHEHHS
IMITyJIBCIB iICHYIOTH TOYKH, A€ MYNbCAIlil CTPyMy 3HH-
JKYIOTBCS JIO HYJIS, OCKIJIBKH OKpeMi IMyJibcallii CTpyMiB
KOXKHOI (pa3y MOBHICTIO KOMIEHCYIOTh OJHA OJHY.
OjiHaKk peaizyBary Iie Ha TPAKTHUI 3aBAKAIOTh IITYMH,
nepexiiHi npouecy Ta iHii (PaKTOpH, i1 BILTUBOM SIKUX
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Puc. 4. Cxema Tpu(a3HOro MOHMWKYBATEHOTO MEPETBOPIOBA-
ya Ta JiiarpaMy IMITyJIbCiB YIIPABIiHHS CUIIOBUMH TPAH3UCTO-
pamu BignoBiaaux das [7]

MOYKE 3MIHIOBATHCh 3HAYCHHS KOCQIIIEHTa 3aIllOBHEH-
Hs1 IMITYJIBCIB.

Ha mpakTui 9acTo BUHUKAIOTh CHTYAIIil, KOJIU CITO-
JKUBaHa MOTYXKHICTh CYTTEBO 3MEHIIYETHCS BiIHOCHO
HOMIHAJBHOI. B Takux BHIIaJKax KUIBKICTh (a3 MOXKe
CTaTd HaAMIPHOIO, a BHACIIOK pOOOTH TPAaH3UCTOPIB,
norpeba B sSKUX 3HHKaE, 3HIKyeTbess KKJI. Jist Toro
o0 HOro MiJBUINKUTH, 3aCTOCOBYIOTH BiIMOBIIHI Me-
TOAM YIPaBIIHHs, HAPHUKIAZ ONTHMaibHe abo asar-
THUBHE YIPABIiHHA KIJBKICTIO (a3, MO MPU3BOIUTH JI0
pekoH(piryparii cxemu MnmepeTBOprOBadYa BiIMOBIIHO
JI0 CTPYMy HaBaHTaXeHHs. Takuil miaxig Moxke OyTH
HE3aMIHHUM, KOJIM HeoOXiHO oTpuMary Bucokuid KKJI y
BCHOMY Jliara3oHi 3Ha4eHb CTPyMy HaBaHTaKEHHS (PHC. 7).

PO3BHTKOM PO3IISIHYTHX CXEM € CXeMa IEPETBOPIO-
Baya 3 JOJATKOBOIO (a30l0, SIKYy HABEICHO Ha pHC. 8.
i ocHOBOIO € cxeMa CHHXPOHHOTO TIE€pEeTBOPIOBAUA
JI0 sIKOi omaeTbest (pasa kommeHcanii. B pesynbrari
OTPHUMYEMO CXEMY, CXOXY Ha KIIACHYHHH IBOda3-
HUH TEpeTBOPIOBaY, alie 3 JOJaTKOBUM KOHJIEHCATO-
pom C. OOuaBi JJaHKM NEPETBOPIOBAaYa MPALIOOTH
B npotudasi, TOOTO KOIU JAPOCEIIb Lp mia’eqHa”Ho 10

LA

4.6 t, MKC

Puc. 5. [liarpamu ctpymiB y kackagax (/, 2, 3) Ta BUXigHUI
ctpyM (4) 6ararodasnoro nepersoproBaya [7]
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Puc. 6. 3anexHicTsb mynbcauiil crpymy Al BiJ koedilieHTa 3a-
TTOBHCHHS IMITYJIbCIB KEPYBaHHs JJIsl pi3HOT KUTBKOCTI a3 7 [§]
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Puc. 7. 3anexnicts KKJI 6ararodasHoro nepersoproBaya BiJ
CTPYMY HaBaHTaXEHHs [, [ Pi3HOT KiIbKOCTI (a3 n
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Puc. 8. Cxema nepeTBOproBaua 3 KOMIICHCYBaJIbHOI (Pa3oro
[9, 10]
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Puc. 9. [liarpamMu curHaiiB yrnpaBiIiHHs IepeTBOPOBada
3 KOMIICHCYBaJIbHOO (hazoro [9, 10]

BXiJIHOTO JDKEPENa, IPOCENDb L M1’ €HAHO JI0 IHHH 3
HYJTBOBUM TIOTEHIIIaJIoM, 1 HaBnaku. Ha puc. 9 HaBene-
HO TIOCJIJIOBHOCTI IMITyJbCIB yNPABIIHHS EPETBOPIO-
BaueM S1 Ta S2, 3 AKMX BHJHO, 10 HOTO (ha3u mparo-
I0Th 13 pi3HUMH Koe(]illieHTaMH 3aIIOBHEHHS IMITYJIbCIB.

OcHoBHa (a3a mepeTBOpIOBaYa MPAIIOE K Kia-
CUYHUN CUHXPOHHMI nepeTBoproBad. Yepes KoTylI-
Ky L, mpoTikae NOCTIiHUIT CTPYM 31 3MIHHOIO CKJIaz0-
BOIO — IMITYJIb,CHUMH TyJIbcallisiMu. OCKiJIbKU KOH/ICH-
carop C, 1011aHO B CXeMY SIK PO3/ILIOBHI, TO Y€pPE3 HBO-
IO B YCTAJICHOMY PEXUMI MPOTIKA€ JNUIIIE 3MiHHA CKIIa-
JI0Ba CTPYMY, TOOTO IMITyNbCHI MyJbcallii. 3 onisay Ha
T€, 10 TPAH3UCTOPH OCHOBHOI i KOMIIEHCYBAJIBHOI (pa3
MEepeTBOPIOBAYA MPANOIOTh B MPOTH(A3i, BiAMOBIAHO
i iMImysbCHI Mynbcanii KOMIIEHCYBAJIBHOI (ha3u TaKoX
(dhopmyroTbest B ipoTrdasi. TeopeTuyHo Takuil miaxina
JI03BOJISIE 3/IICHUTH MTOBHY KOMIICHCAIIII0 MyJIbCcamiil y
cTpyMmi HaBaHTaxeHHs (puc. 10). OxHak Ha MpaKTHIL
BOHHM, X04Ya ¥ JAyX€ CHIILHO MOCIA0IIOITHCS, MPOTE iX
ITIOBHOI KOMITEHCAIIIT JOCATTH HE BJAETHCS.

['onoBHOIO TIEPEBAro0 CXeMH IMEePETBOPIOBAYA 3 JI0-
JIaTKOBOIO (ha3010 Y TIOPIBHSAHHI 31 CXEMOIO KJIIACHYHOTO
OararogazHoro nepeTBOproBaya, Jic TOBHA KOMIICHCAITIs
mynbcaiiil Bi0yBa€eThCsl TUIBKU 3a MEBHUX 3HAYEHb
Koe(imieHTa 3aOBHEHHS IMITYJIbCIB yHpPaBIiHHSA, €
CyTT€Ba KOMIIEHCAIIS MyJbCAallii HE3aJIeKHO BiJ 3Ha-
YeHb KOC(]ili€HTa 3aIOBHEHHS IMITYJIbCIB yIIPABIIHHS.
BukopucTanHs BCbOro ABOX (hax CTBOPIOE MEPETyMOBH
JUIS OTITHMI3aIli{ 00’ eMy KOHCTPYKIIi] IIepeTBOpIOBaya 3a
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Puc. 10. I'padiku cTpymiB, sIKi MPOTIKAIOTH B KOTYIIKAX (@)
Ta HaBaHTaxeHHi (6) [10]
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yMoBH 3a0e3mnedeHHs 6axxanoro KK/ i piBHs mynbcariit
cTpymy. OCKiTBKH Yepe3 KOMIICHCYBaIbHY (ha3y mpoTikae
JIUIIIEe 3MiHHA CKJIaJI0Ba CTPYMY, MOTYKHICTh BTpar Ha
i enmeMeHTax € HabaraTo MEHIIOIO HiXK B €IEMEHTaX
oCcHOBHOT (a3u. BiamosiaHo 115t Hel MOKHA BUKOPHCTO-
BYBATH CHJIOBI TPAH3UCTOPH MEHINOT ITOTYKHOCTI, a Ta-
KOX KOTYIIKY iHIYKTHBHOCTI ¥ KOHJEHCATOp MEHIINX
po3mipiB. B cuTyartii, KoJiu elleMeHTH KOMITEHCYBAJIbHOT
(hazu BUXOJATH 3 Jajly, cCXxeMa MOXe OyTH IepeBe/icHa B
PEXUM POOOTH KIIACHIHOTO IMITYJIbCHOTO TIEPETBOPIOBA-
4a TIOCTIHHOT HaNpyTH, 1110 3HWXKYE. Y podoTtax [9—11]
aBTOPH BUKOPHCTOBYIOTh KOTYIIKH L, Ta L 3 OHAKOBH-
MH 3HAYEHHAMH IHIyKTUBHOCTI, & 3HAYE€HHs €MHOCTI C,
PpeKOMEHy0Th 00upary B 10 pa3iB MEHIIIE B MOPIBHAHHI
3C s U131 TOTO, o0 KoMIieHcaliliHa (hasza B pa3i BUXOLY
3 JaJly HE BIUIMBaja Ha poOOTy OCHOBHOT (ha3H.

[cHY!OTB iHIII CXeMHI pillIeHHS, sIKi TO3BOJISIFOTH 3MEH-
IIUTH ITTyIbCaIlil BUXIAHOTO CTPyMy Ta IOAATKOBO TO-
KpAIUTH 1HIII XapaKTepPUCTUKU TiepeTBoproBada. OnHe
3 HUX — miepeTBoptoBau Uyka 3 riOpuaauM Tpanchop-
MaTopoM, CXeMy SIKOTO 300pakeHO Ha puc. 11. B pasi
HEOOX1THOCTI ITTMOOKOTO PETYIIFOBAHHS BUXIIHOT HAIpYy-
v (5—7 pa3iB i OlbIIIe) KIACHYHI CXEMH TIOTPEOYIOTh
BKITFOUCHHS JICKITBKOX MTOCTTIIOBHUX JIAHOK 3 IMITYJTBCHUX
MEePETBOPIOBAYIB, M0 MPU3BOANUTE 10 3HWKeHHS KKJI.
[TepetBoproBau Uyka 3 riOpuaHuM Tpancdopmaro-
POM IT03BOJISIE 3IMCHIOBATH PETYNIOBAHHS HANPYTH HE
TUTLKH 3MIHOIO Koe(illi€HTa 3aITOBHEHHS, a i Koe(irieHTa
TpaHchopMalii, Mo B CYKYIHOCTI JUIsl OJHI€T JTAHKH
JI03BOJISIE 3MEHIUTH Hanpyry y 50— 100 pazis [13].

3aBIsSKH 3aCTOCYBAaHHIO TIOPUIHOTO METONIY Tiepe-
MUKaHHS Ta BITHOCHO HHU3BKHM YacTOTaM KOMYTaIii
(50—200 xI'm) KK/I nepetBoproBaua Uyka 3 riOpuHIM
TpaHcpopMaTopoM Moxke mocsrata 99%. BinmosigHo,
3HUKA€E HEOOX1THICTh BUKOPHCTAHHS 3BOPOTHOTO 3B’ SI3KY
JUTS PETYITIOBAHHS BUX1THOT HAIIPYTH Ha BIIMIHY BiJ KJia-
CUYHHUX MIEPETBOPIOBAYIB.

Jlis 3MeHIIeHHS MyJIbcalliii BUX1THOTO CTPyMy Iie-
peTBoproBava Uyka 3 riOpuHuM TpaHc(hOopMaTopoM J10-
CTaTHBO BKJIFOYMTH JIBI I7ICHTHYHI JJAHKH [TEPETBOPIOBAYA
B IapaJiesb i 3a0e3neuuTr podoTy 31 3cyBoM (ha3 Ha MoJIo-
BHHY Iepiony komyTartii. L{e 103Boisie 3HU3UTH BUXITHY
aMIDTITYyId MyIbCaliil 10 TyXe HU3BKUX 3HAYCHb, BU-
KOPHCTOBYIOUH HA MOPSIIOK MEHIITY EMHICTh BHX1THOTO
KOHJIGHCATOpPa B IIOPIBHIHHI 3 KIIACHYHOIO CXEMOIO CHH-
XpOHHOTO TiepeTBoproBaya [ 12].

Puc. 11. TleperBoproBau Uyka 3 riOpuaHuM TpaHchopMaTo-
pom [12]
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Pe3ynbraTn ekcnnepuMeHTAJILHUX T0CTiIKEHD

J11s IOpIBHSHHS XapaKTEPUCTHK CXeM IMITYJIbCHUX
MEePEeTBOPIOBaUIB aBTOPaMHU OYJI0 PO3POOJICHO EKCIIepH-
MEHTaIILHUH cTeH T, hoTorpadii CKIaI0BUX YaCTHH SIKO-
TO HaBeZICHO Ha puc. 12.

OCHOBOIO CTEHIY € cXeMa JIBO(a3HOTO IMITYJILCHOTO
MepeTBOPrOBaUa MOCTIHHOI HANPYTH, 10 3HIWKYE. J[o
CXEMHU JIOJIaHO TIepeMUKadi, sIKi JJO3BOJISIOTh 3MIHUTH ii
KOH(QITypalrlito i OTpUMAaTH KJIACHIHUH 0THO(hA3HMIA 3HU-
JKYBAITbHUH IMITYJIbCHUH TIEpPETBOPIOBAY MOCTIHHOT Ha-
MIPYTH Ta IMITYJILCHUH IIePEeTBOPIOBAY 3 KOMIICHCAIIHHOO
¢dazoro. Takox mepe0aYeHO HASIBHICTH MEpEMHUKAUIB,
SKi JTO3BOJSIOTH 3MIHIOBATH 3HAUCHHS €MHOCTI Ta
IHAYKTUBHOCTI BUX1JTHOTO (LIBTpA.

CucreMa ympapJiHHS IIEpEeTBOPIOBaYaMH TIOOYIOBa-
Ha Ha 0a31 HaJtaroKyBaibpHOI uratk Black Pill 3 mikpo-
koHTposiepoM STM32F401CEU6. MikpoKOHTpoep
3niiicHioe popmysanHs LIIM-curaany 3 amrutitynoro 3 B
Ta 3 BUXITHUM CTPYMOM B ME¥KaX JICCATKIB MiJliamIiep,
9OT0 HE TOCTATHBRO IS YIPABIIHHSI KOMYTAII€I0 CHIIO-
BUX TPaH3UCTOPIB, TOMY IJISI Y3TOUKCHHS MapameTpiB
CUTHAJTIB HAJIAro/KyBaJIbHOT TUTATH W BX1JTHUX KLJT CHIIO-
BUX TPAaH3UCTOPIB BUKOPUCTAHO MIKPOCXEMH JApaiiBepiB
IR2104. Jlns peasnizamii KepOBaHOIO HaBaHTaKCHHSI
BUKOPUCTAHO CHJIOBHH TPAH3UCTOP, SKUU IMPAIIOE Y
JIHIHHOMY PEXHUMI, 10 J03BOJISIE MJIABHO 3MIHIOBATH
Horo orip.

[TapameTpu cTeHIa Ta XapaKTEPUCTHKHA KOMITOHSHTIB
CUJIOBOI YaCTWHU HaBeICHO y Ta0J. 1, 2.

3a IOrMoMOTror po3po0IICHOTO CTeHAA IS KOXKHOI
3 TPHOX OMHCAHUX CXEM IMITYJIbCHUX IIEPETBOPIOBAYIB
OyJ10 3IHCHEHO BapilOBaHHSI HOMIHAJIIB 1HIYKTHBHOCTI
Ta EMHOCTI BUXIJTHOTO (PUIBTPY W BUMIPSHO aMILTITYIH
myJbcanii BUXTHOTO cTpymy Al. Jlis 3icTaBieHHS Be-
JUYUHE ITyJAbCaliid 3 00’€MOM CHIIOBOI YaCTHHHU CXe-
MU B IEPIIOMY HaOIMIMKEHHI OyJI0 po3paxoBaHO 00’€M
KOHCTPYKIIH BiJIOBIIHUX IepeTBoproBadiB. [Ipu 11p0-
MY HEOOXiJHO 3a3HAYUTH, IIIO ITiJ] Yac CTBOPEHHS CTCHIA
HE BUpINIyBajach 3a1a4a MiHiMi3alil KOHCTPYKTHBHUX

Puc. 12. ExcniepuMeHTanbHANA CTEHT:

1 — mxeperno xusnenns 12 B; 2 — cxema ynpasiinus; 3, 4 — nepiua ta apyra $asu; 5 — HaBaHTaKESHHs; 6 — aMIepMeTp;
7 — mudposuit ocumtorpad FNIRSI-5012H

Tabmmms 1
Iapamempu cmenoa
Bxinna nanpyra, ¥V, 12B
Buxinua nanpyra, V, 0—12B
Buxinnuii ctpym (Ha noBHOUIHHY Gasy), [, 2A
YacTora komyTariii, f 20 xI'g
Tabmms 2
Xapaxmepucmuku komMnonenmie cuno8oi yacmuHu
Komnonent | Howminan (Ha3Ba) Po3mipu (koprryc)
Tpanzucrop IRFZ44 TO-220
Kotymka 100 Ml
d=13 MM, h =7 Mm
Kotymka 220 mx['H
Konnencarop 10 Mmx®
d=4wmm, h=8,5 Mm
Konnencarop 22 Mx®D

PO3MIpiB MEPETBOPIOBAYiB, TOMY OTPUMAaHa MOTYKHICTh
MEepPETBOPIOBAYIB HA OAMHHUITIO 00’ €MY € TOCUTH HU3BKOIO
MOPIBHSHO 3 CyYaCHUMHU MPOMUCIIOBUMH 3pa3KaMu. Ajie
K OYEBUIHO, IO 11¢ HE MA€ 3HAUCHHS IS OPIBHSIHHS
peanizoBaHUX Ha CTEHII CXeM Mix co0ot0. J171st BpaxyBaH-
Hs1 00’ €My HepeTBOpIOBaYa 3 KOMIIEHCALIIHOIO (ha3oro
OyJ10 OLIIHEHO HasIBHE 3HAYEHHS CTPYMY KOMIICHC AL itHOT
(ha3u 3aJIe:KHO BiJT HOMiHATY BIATIOBIHOT IHAYKTUBHOCTI
KOTYIIIKH, BiTHOCHA BEJIMIMHA SKOTO cKiajgana 10—25%
BiJl CTPYMY OCHOBHOI (pa3u Ta He 3aJeKana BiJl Omopy
HaBaHTaxeHHA. OTxke, U OIIHKK 00’ €My 3a3Ha4eHOl
CXEMH MePETBOPIOBaYa MOJKHA BUKOPHCTATH KOMITOHEH-
TH MEHIHX po3MipiB. Lle i Oyno 3pobneHo: 3aMiHEHO
Tpau3ucTopu B kopryci TO-220 na TO-92 ta Bukopucra-
HO KOTYIIKH 1HTYKTUBHOCTI A1aMETPOM 8 MM 1 BUCOTOIO
5 mM. B pesynbrati 00’ eM KoMITeHCaIiiHO1 (ha3u Baaio-
Cs1 3MCHILIUTH B 4 a3y B IOPiBHSIHHI 3 0CHOBHOIO (a3010.

Ha puc. 13 HaBeneHO 3aMCKHOCTI aMILTITYIN MyJIb-
caliif BUXiJHOTO CTPyMy iIMITyIbCHHX IEPETBOPIOBAYIB
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Puc. 13. 3anexxHOCTi aMIUTITYIU MyJIbcalliid BUX1THOTO CTPyMY BiJ 00’eMy KOHCTpyKIii ogHodaszHoro (/) Ta aBodaszHoro (2)
IMITYJILCHUX [IEPETBOPIOBAYIB, @ TAKOXK [IEPETBOPIOBAYA 3 KOMIIEHCaLilHOI0 (a3oto (3), 0TpUMaHi JUlsl pi3HUX 3HaYEHb KoedillieHTa
3aIIOBHEHHS IMITYIbCIB yIpaBIiHHg D Ta BUXigHOT Hanpyru Ut

a—D=53%,U=5B;6—D=233%, U=3B

OIHAKOBOT BUX1THOT MOTY>KHOCTi, BUKOHAHHX 32 PI3HUMHU
cXeMaMH, BiJ 00’e€My KOHCTPYKLIi AJIS PI3HUX 3HAUCHb
Koe(illieHTa 3alOBHEHHS IMIIYIbCiB YIpPaBIiHHS Ta
BUXIJTHOT HATIPYTH IIEPETBOPIOBAUIB.

AHaJi3 OTpUMaHMX 3aJICKHOCTEH MOKa3aB, 10 IS
KoedilieHTa 3al0BHEHHS IMIYyabCiB 53% ammiitTyna
ImyJbcaniii mepeTBopIoBaya 3 JOAAaTKOBOIO (ha30i0 MEH-
ma Big 4 o 20 pasiB, HiXk KJIaCUYHOTO 0JJHO(A3HOTO, Ta
B cepeaHbomy Ha 35%, Hixk aBodasznoro (puc. 13, a).
g xoedinieHTa 3anmoBHeHHs iMIyabciB 33% cepenHe
3MEHIIeHHs ckianae 4,5 paza (puc. 13, 6). [Ipu upomy
00’eM mepeTBOproBada 3 KOMIIEHCAIIHOIO (a30r0 BUSI-
BUBCSI BCHOTO Ha 25% O1IbIIMM B HOPIBHSAHHI 3 KJIACHY-
HUMH OiHO(a3HUM 1 ABO(A3HUM.

BucHoBkn

TakuM 4YMHOM, OTPUMAaHI Pe3yabTaTH JTOCIHIKCHb
JIO3BOJISIIOTH ChOPMYITIOBATH peKOMEH il 1moao 00-
paHHS THUIY IMITYIBCHOTO TIEPETBOPIOBAYa y KOXKHO-
My KOHKPETHOMY BUNAAKy 3 TOYKH 30py OTPHMAaH-
Hs Oa)kaHUX MyJbcalid BUXiIHOTO cTpyMy. OTxe, y
pasi MOpiBHIHHOTO 00’€My KOHCTPYKIT W BUXiTHOT
MOTYXKHOCTI ITePeTBOPIOBayUa KJlaCHyHa cxema ojtHo(as-
HOTO TIEpETBOPIOBaYa Ma€ OUTBIII IMyIbcarlii, HiX 1HIII
CXEMH, TOMY 11 TOIITLHO 3aCTOCOBYBATH JIHIIIE B MAJIO-
MTOTYKHUX Ta HEBUMOTJIMBUX JI0 MyJIbCALiil BUXiTHOTO
cTpyMy a00 00’ €My KOHCTPYKIIii pitieHHsIX. J[BodazHmii
MIepEeTBOPIOBAY, KU € OKpeMHM BHIIAJKOM OaraTo-
(ha3zHOTO TIEpeTBOPIOBAYa, JIOIIJIFHO BUKOPHUCTOBYBA-
TH U TOTY)KHUX HaBaHTaXXEHB, IO CIIOKHBAIOTH Be-
JUKHA CTPYyM Ta MOTPEOYIOTh HEBEIUKUX IMyIbCaIlii
i3 (ikcoBaHUM KOe(DiIiEHTOM 3alOBHEHHS IMITYJbCIB
YIpPaBIIiHHS, TOOTO 0€3 MOYJIMBOCTI 3MIHM BHUXITHOT
HaIpyry B MIMPOKOMY Jiana3oHi. B pa3i BUKOpUCTaHHS
OUTBIIOT KITbKOCTI (ha3 QYHKINIS peryTrOBaHHS BUX1THOT
HAMPYTH 1 HU3bKI MyJIbCAIlil BUXITHOTO CTPYMY MOXYTh
OyTH pealli3oBaHi, aje I[IHOK CYTTEBOTO YCKIIaTHCHHS
CUCTEMH yNpaBTiHHA. HallHKYI TOKA3HUKH Iy IbCallii

BUXITHOTO CTPYMY B IIMPOKOMY Jiama3oHi 3MiHH
BUXIJIHOI HAIPYTW JIO3BOJISIE OTPUMATH MEPETBOPOBAY
3 KOMITEHCYBAJIBHOIO (pa3oro. O6’eM KOHCTPYKIIii ITHOTO
[epeTBOPIOBaYa MOYKHA 3MEHIIUTH, SIKIIO BUKOPUCTATH
¢ineTp MeHIUX rabapuTHUX po3MipiB. HeoOxinHO 3a-
3HAYHUTH H TPOCTOTY HOTO CHCTEMH YTIPABITIHHS, & TAKOX
Te, M0 y pa3i HeoOXiAHOCTI OTPUMAHHS BETUKOTO CTPyMY
ICHY€ MOXKITMBICTB MTapajIeIbHOTO 3’ €JHAHHS KIJIBKOX Ta-
KHX IePETBOPIOBAYiB 0€3 JIOIATKOBUX elleMeHTiB. Tomy
MIEPETBOPIOBAY 3 KOMIIEHCYBAIBHOIO (Pa30r0 MOXKHA pe-
KOMEH/IyBaTH ATl 3aCTOCYBAHHS KHMBJICHHS TyTIUBHX
HaBaHTAXK€Hb, KOJIH BUPIIMIAIBFHOI € BUMOTa HU3BKHX
MyJIbCalliii BUXiTHOTO CTPYMYy B IIUPOKOMY Jliana3oHi
pEeryIroBaHHS.
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PULSE CONVERTERS WITH REDUCED OUTPUT CURRENT RIPPLE

When developing pulse converters, in order to ensure a low level of output current ripples, one should seek a compromise between
the overall size of the elements and acceptable losses in them, while taking into account the dynamic characteristics of power sources
as closed systems with feedback. Using multiphase pulse converters can help solve the said problem, but will not ensure a low level
of output current ripples in a wide range of the duty cycle of the control pulses. This study aims to find a pulse converter topology
capable of ensuring the reduction of the output current ripples, while maintaining the power and volume of the structure. The paper
demonstrates the relevance of the study of pulse converters aimed at obtaining a low-ripple output current for powering sensitive
loads and gives an overview of ways to reduce the ripples and the most common topologies of converters. The authors describe
the results of the practical application of the developed experimental stand and analyze the obtained dependences of the output
current ripples on the volumes of the power sections of the converters of different topologies under the same power and frequency.
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