HamionanpHuit TeXHIYHUN YHIBEPCUTET Y KpaiHU
KuiBchKHii MOMITEXHIYHUM 1HCTUTYT iMeHi Iropst CikopchKoOro
MiHiCTEepCTBO OCBITH 1 HAYKH YKpaiHU
HamionanpHuit TeXHIYHUN YHIBEPCUTET Y KpaiHU
KuiBcpkuit nonitexHiyHuit iHCTUTYT iMeHi [ropst CikopcbKoro

MiHiCTEepCTBO OCBITH 1 HAYKH YKpaiHU

Ksamnigixkariitna HaykoBa

mpars Ha IpaBax pyKOMUCY

Bypkoscokuii SApocaas IOpiitoBny

YK 621.314.1; 004.94

JUCEPTALIS
BUCOKOE®EKTHUBHI IMIIYJILCHI HITPUI-TAJIIEBI
EHEPTONEPETBOPIOBAUI PYXOMUX BE3MIJIOTHUX
PAJIIOCUCTEM

172 — TenexomyHikarii Ta pagioTexHiKka

[TongaeThcs Ha 3700y TTS HAYKOBOTO CTYIICHS TIOKTOpa (hitocodii

Jucepraliisi MICTUTh pe3yJIbTaTH BIACHUX JOCHTIIKEHb. BHUKOpUCTaHHS 11€H,

pEe3yIbTaTIB 1 TEKCTIB 1HIIMX aBTOPIB MAIOTh MOCWJIAHHS Ha BIJIMOBITHE JKEPEIIO

4. YO. bypkoBcbkuii

HayxoBwuii kepiBHUK: 3iapkoBchkuid HOpiit ®pannesud, mpodecop, TOKTOp

TEXHIYHMUX HayK, akajeMik [IAH Ykpainu

Kuis — 2025



AHOTALNIA

byproscokuu A, FO. «BucokoedeKTUBHI IMOYIbCHI HITPHI — Tali€Bl
€HEprornepeTBOpPIoBaul PyXoMHUX O€3MiIOTHUX paaiocuctem» — Kaamidikariiiina

HayKOBa Mpallsl Ha MpaBax PyKOIUCY

Hucepramiss Ha 37400yTTs HAyKOBOTO CTYyNEHs JOKTopa Qiurocodii 3a
criemianpHicTIO 172  «TenekomyHikaiii Ta pajaioTexHikay. — HaioHansHui
TeXHIYHUHN yHIBepcuTeT YKpainu « KUIBChKUN MOMITEXHIYHUI IHCTUTYT iMeH1 [rops

Cikopcwkoroy, Kuis, 2025.

[IpencraBnena mgucepTallisi MPUCBSYEHA PO3pOOIN, YIAOCKOHAJEHHIO Ta
KOMIUIEKCHIM ~ ONTUMI3allii  Cy4aCHUX  METOMIB  aHajidy, MOJIEJIIOBaHHS,
MIPOEKTYBAHHS Ta BIPOBAHKCHHS €HEPTrONEPETBOPIOBAYIB, CTBOPEHUX HA OCHOBI
HaMBIPOBITHUKOBUX CTPYKTYD 13 LIMPOKOIO 3a00poHeHO10 30H0I0 (WBG), 30kpema
HiTpuay ramito (GaN) ta xkap6imy kpemsiro (SiC). YV 1poMy T0CHTIKEHHI 3HAYHA
yBara mpyaiJieHa MPaKTHYHUM acniekTaMm 3actocyBaHHss WBG-HamiBIpoBIIHUKIB Yy
OopTOBUX cucTeMax (y TOMY YHCII CUCTEMaXxX >KUBJICHHS) JJIsl pal0eIeKTPOHHOIO
obnagHaHHs, MO (QyHKIIOHYE y Oe3minoTHuX JitanbHux anaparax (BILJIA) ta Ha
Ha3zeMHUX Oe3miJoTHUX aBTOHOMHUX Iuiargopmax (BITA). Jlane mociimkeHHs €
BIIMOBIJIII0O Ha 3pocTarody NoTpedy y Oulbll €()EeKTUBHUX, KOMITAKTHUX,
MacITabOBaHMX 1 HAIIWHUX PIIIEHHSX, JIe 0COOJIMBE 3HAYCHHSI MAIOTh CHEPreTHYHA
€(EeKTUBHICTh, TEPMIUYHA CTAOUIBHICTh, HAJIWHICTh, €JIEKTPOMArHiTHA CyMICHICTh
(EMC), piBeHb 3aBajy, aJaNTUBHICTh MapaMETPiB CUCTEMHU JI0 CKJIAJHUX YMOB

eKCIUTyarTallli, BIaCTUBUX OC3MUIOTHUM CUCTEMaM.

Y poGoti Oyao TEOPETUYHO Ta EKCIEPUMEHTAJIbHO JIOBEJICHO, IO
HaMBIPOBIJHUKH 3 HIMPOKOIO 3a00pOHEHO0I0 30HOM0, Takl sk GaN Tta SiC, maroTh
HU3KY BU3HAYHMX IEpeBar MOPIBHSHO 3 TPAIULINHUMU KPEMHIEBUMH NpuUiiaaMu
CWJIOBOI €l1eKTpoHIKH. Lli mepeBaru BKIIOUAIOTH MMiJIBUIIEHY €HEProe(eKTUBHICTD,

MOKJTUBICTh CTaOUIBHOI pOOOTH 3a MIUPIIIOTO Jllalla30Hy TEMIIEpaTyp, 3HAYHO BHIII
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IpaHUYHI YaCTOTH KOMYTAIlll, a TaKOX 3[JaTHICTb IMPOIYyCKAaTh OUIBII CTPyMH Ta
BUTPUMYBATH BUIIl HAmpyrd. Byno BHSBICHO MpsMy KBaJpaTHYHY 3aJICKHICTDH
MIHIMaJbHO MOKJIMBOTO OTMOPY KaHAJIy BiJ MAaKCHUMAaJIbHO JIOMYCTUMOI 3BOPOTHBOI
Hampyru Ta oOepHEHY KyOluHy 3aJIeXKHICTh BIJ KPUTHYHO JOIYCTHUMOI
HaIPY>KEHOCT1 SJICKTPUYHOTO MOJIs Y HAIlIBIPOBIAHUKY, 110 JO3BOJIUIIO aHATITUIHO
oOrpyHTYBaTH BHOIp HAaIIBIPOBIIHUKOBOT OCHOBU CHJIOBOTO €JEMEHTY st

3acTocyBaHb y cuctemi enepromnepetBopenns bITJIA / BITA, a came HiTpHy ramito.

BaxxinuBoro cki1a10BOI0 poOOTH CTaj0 CTBOPEHHS KOMIUIEKCHOTO MiAXOAY J0
aHaJi3y Ta ONTHUMI3aIlil eHEProNnepeTBOPIOBAYIB HA OCHOBI HITPUTY Tajlito. Y Mexkax
IBOTO M1IX0Ty OysI0 pOo3pOOIEHO JiHINKY TEOPETUUHUX Ta KOMIT IOTEPHUX MOJeNen
y cepenoBuniax MATLAB/SIMULINK Tta SPICE, mo BpaXxoBylOTh CTaTH4HI Ta
JUHAMIYHI ~ CKJAJIOBI  Mapa3uTHUX MapameTpiB, TEMIEparypHUX eQeKTiB,
JUHAMIYHUX Ta CTaTUYHUX BTPAT, a TAKOX OCOOJUBOCTI JpalBEepiB 3aTBOPIB.
3aBISIKA UM MOJIEISIM CTJI0 MOXKJIMBHM TIIOUPATH CTPYKTYPHI KOMITOHEHTH Ta
IPOTHO3YBaTH XapaKTEPUCTUKHA CHCTEM Y pI3HOMAHITHUX peXUMax poOoTH,
JeTAIbHO JOCHTIAUTH TEPEeXiJHI MPOIECH, AUHAMIKY BMHUKAHHS Ta BUMHMKAHHS
HaITiBIPOBITHUKOBUX MPUCTPOIB, BUSBUTH Ta OIIHUTH BIUIMB MAapa3uTHUX SBUII HA
CHEPromepeTBOpPIOBavl, a TakKoXK MiAIOpaTH ONTHUMabHI MHapameTpu s
3a0e3IeueHHs MaKCUMAaJIbHOT €eHEeproePeKTUBHOCTI. Y MPOIIeCci MO/ICIFOBaHHS Oylia
OTpMMaHa BOJIT-aMIIEpHa XapakTepucThka oOpaHoro GaN TpaH3ucTtopy Ta ii

TeMIlepaTypHa 3aJIeKHICTb.

3anpoIOHOBaHMM TIJX1J BKJIIOYAE JCTalbHE JOCIIKCHHS (DaKTOpIB, IO
BILJIMBAIOTh HA pOOOTY IMITYJILCHUX MEepeTBOpIoBaviB, moOynoBanux Ha GaN ta SiC.
3okpema, Oyi0 MpoaHaTI30BaHO BIUIMB MAPa3UTHUX €(EKTIB, TAKUX SK €MHOCTI
3aTBOpa, AMHAMIYHI Ta CTaTM4YHI BTPATH MPU BUCOKOYACTOTHOMY KOMYTOBaHI, a
TaKOX AHAJIITUYHO JOBEIACHO IepeBard MOJETIOBAHHS NPOEKTHUX IapameTpiB
€HEPromnepeTBOPIOBaYa, CIPSIMOBAHOTO Ha MiHIMIi3amito nux (aktopis. [loBeneHo,

110 BIJICYTHICTh Mapa3uTHUX A10AiB y GaN TpaH3UCTOpaX CYTTEBO 3HUXKYE BTPATH



3BOPOTHOTO BIJHOBJICHHS Y TaKUX TOMOJOTISAX, K CUHXPOHHUM MOHMXKYBAJIbHUN
NEPETBOPIOBAY 1 JJa€ 3MOTy CTaO1JIbHO MPAIfOBaTH Ha BUCOKMX YACTOTaX KOMYyTallli

3 MIHIMQJIBHUMU BTPaTaMH.

[IpoBenena onTuMizaiis mapamMeTpiB Ta OTpMMaHa  (pa304acTOTHA
XapaKTEepUCTUKA BUXIJHUX (PUIBTPIB MEPETBOPIOBaYA (BPaXOBYIOUHU PI3HI PEKUMHU
po0OTH €JIEKTPOSCHEPIeTUYHUX CHUCTEM), a came pexxkumiB oOesrnepepBHoi (CCM) i
nepepudactoi (DCM) mpoBiTHOCTI, a TaKOXK CIIEHapliB MPUMYCOBOI MPOBIIHOCTI
(FCM). Byno nocaiakeHo BIUIUB MMapa3uTHUX BTPAT, KOHCTPYKIIHHUX OOMEXEHb Ta
napaMeTpiB TEPEeTBOPIOBaYa, M0 Y CYKYINHOCTI JIO3BOJUJIO 3a0€3MeuuTH
CTaOUTBHICTh 1 €(EKTUBHICTh CHUCTEMHM IPH HASBHOCTI pEaTbHUX TEXHIYHUX
oOMeXxeHb. Y pe3ynbrari Baaiocs 30epertu Bucoki nokazHuku KKJI ta crabiipHICT
BUXIJTHUX MTapaMeTPiB 3a MIHIMAIbHUX MYJIbCAlli HAPYTH ¥ CTpyMy. 3aCTOCYBaHHS
METOAMKHU 3HUKEHHS Mapa3uTHUX MapaMeTpiB TOMOJIOTIi Jajgo 3MOTY AOCATHYTH
YacTOTH TEPEMHUKaHHSI CHJIOBOI YaCTHHHM TiepeTBoproBada Onumspko 1,1 MI'm. Lle
MO3UTUBHO BIUIMHYJIO HAa MIHIMI3allil0 pO3MIpiB Ta MacH PEaKTUBHUX KOMIIOHEHTIB
BXIJTHOTO 1 BHUXIJHOTO KacCKaJiB, MIABUIIMBIIN KOMIIAKTHICTh KOHCTPYKIIi Ta

30UTBIIMBIIY TUTOMY MOTY>KHICTh CUCTEMH.

OxpeMy yBary npuaiJIeHO BIIPOBAKEHHIO LIU(GPOBUX METO/IIB KEPYBaHHS Ha
OCHOBI METOZIB OOpPOOKHM CHTHAJIB, 30KpeMa cuCcTeMaM KepyBaHHS 3 LHU(PPOBUMU
KOMIIEHCAaTOpaMH JIaHKW 3BOPOTHOTO 3B’S3Ky Ha 0a3i (LIBTPIB 3 HECKIHUEHHOIO
IMITyJIbCHOIO  XapakTepUCTUKor0. Takuii miaxia 3a0e3rneuynB BHUCOKUN CTYIIHb
aJanTUBHOCTI, TOYHICTh BCTAHOBJICHHS BHXIJHHX IapaMeTpiB Ta CTAOUIBHICTH
po0OOTH MepeTBOpIOBaYa MpHU 3MiHI HABaHTaKE€HHs a00 30BHIMIHIX YMOB. [{udposa
CHCTEMa KepYBaHHS Jlajia 3MOTY JOCATTH MO€JHAHHS THYYKOCT], MacIITabOBaHOCTI
Ta MPOrpaMOBAaHOCTI, MIJABUIIYIOYM HEUYYTIUBICTh KOHTYpPIB KEpyBaHHS 1
KOMIIEHCATOPiB JI0 30BHIIIHIX BIUIMBIB Ta 3MiH Yy BHOpaHiil eneMeHTHIN 0as3i,
yCyBarouu HeoOX1THICTh PO3POOKH aHAJIOTOBUX KiJI KOMITeHcallii. MojentoBaHHS y

MATLAB/SIMULINK niaTBepauio mpaBUIbHICTh pO3pOOJICHOT KePYHOU0i MOJIei



Ta ONTHMaJIbHE HAJAIITYBaHHA KOe(QIlLl€HTIB KoMIeHcalli. Pe3ynpratu mokasanm,
110 MPH 3MiHI 33JJaHO{ HANPYTH BICYTHI CYTTEBI EPEPETYNIOBaHHS i Mybcallii, o
CBITYUTH MPO 3arajibHy CTaOUIbHICTh Ta KOPEKTHY poOOTY peryistopa cucteMu. Lle
BIJIKPUBAE MOKJIMBOCTI 3aCTOCYBAaHHSI TaKMX MIAXOMIB Yy BHCOKOHABAHTAKCHHX
CepelOBUIIIAX, [ THYYKICTh Ta aJalTUBHICTh CUCTEMU >KUBJICHHA € KPUTHYHO

BaKJIMBUMM.

SPICE-cumynsiii miaKpinuin OTpUMaHi TEOPETUYHI BUCHOBKU Ta MOJIEIbHI
pesynbrat. Ilpn MakcuMaabHOMY HaBaHTa)KeHH1 Oyno 3aikcoBaHO KOe]iIlieHT
KOpUCHOI nii Ha piBHI 97,5%, 1m0 Maiike JOPIBHIOE PO3PaXyHKOBOMY 3HAYEHHIO,
OTPUMAHOMY 3a JOIMOMOIOI0 3alpPONOHOBAHOI METOAMKH TEOPETUYHOIO aHaTi3y.
Kpim Toro, SPICE-cumymnsnii miarBepauwin cTabuibHYy poOOTy MepeTBOproBava y
HIMPOKOMY Jlana3oHi HaBaHTaXXEHb Ta BIAMOBIIHICTh BHUXITHUX XapaKTEPUCTHK
BCTAHOBJICHUM TEXHIYHUM BuMoraM. lle 3acBimuye BipHICTH OOpaHMX MPOSKTHHUX
pillIeHb, KOPEKTHICTh 3aCTOCOBAHUX METOJIB MOJCIIOBAHHS Ta PO3pPaxyHKIB, a

TaKOX MPABUJILHICTH M1I00PY €JIEMEHTIB CUCTEMHU.

[lim dYac excriepuMEHTaIbHUX TMPAKTUYHUX JTOCIIDKEHb Ta ampoOariid
KOMIUIEKCHOI ~ METOAMKM  pPO3paxyHKIB,  MOJENIOBaHHSI 1  KEpYyBaHHsA
€HEPrornepeTBOPIOBaYEM HAa OCHOBI IIMPOKO30HHUX HAMiBIPOBIAHUKIB, OTpUMaH1
pe3yNbTaTH MOKa3adu MPAKTHYHY 3aCTOCOBHICTh Ta €(EKTHBHICTH ITUX ITiIXO/IB.
30kpema, OyJI0 MPOJEMOHCTPOBAHO 3MEHIIICHHS CTATHYHUX Ta JMHAMIYHUX BTPAT,
MOXJIMBICTh (PYHKIIOHYBaHHS Ha BHCOKHMX YacTOTaX KOMYyTallll, 3pOCTaHHSA
HAJIMHOCTI 3aBASKM 3MEHIIEHHIO TEIUIOBHAUICHHS. [IpakTudni BUMpOOyBaHHS
N1ATBEPAUIIN MTOXUOKY BCTAHOBJICHHS BUX1HOT Hanipyru Ha piBHi 11,97 B+0,27% Ta
piBHeM mynbcanii 33MB, 1m0 cyTTe€BO mepeBepilye MOYATKOBI TEXHIYHI BUMOTH.
3aBAsSKM BIPOBAKEHUM PIIICHHSM, Y XOJ1 TE€CTyBaHHS OYyJI0 MPOJEMOHCTPOBAHO
nigsuienHs KK/ neperBoproBaua Ha 5%, 3HMKEHHS MOKAa3HUKIB Macu y 1,9 pasw,
3MEHIIEHHS 00’ eMy y 2 pa3u, 3HWKEHHS MyNbCalliil BUX1AHOT HANpyTrH y 2,3 pas3u Ta

MIJBUIIEHHS TOMYCTUMOTO BHUXIJHOTO CTpyMy y 1,5 pa3u MOpiBHSHO 13 paHillie



BUKOPUCTAHUM CEpIHHO JOCTyMHUM pimeHHsAM. OTpuMaHi eKCIepUMEHTAaJbHI
pe3ynbratd  (pakTUyHO (GOPMYIOTh MIATPYHTS I TMOAAJBIIONO MOXKIUBOTO
BIIPOBA/PKEHHSI  HAIMIBIIPOBIJHUKIB 13 I[IUPOKOK 3a00pPOHEHOIO 30HOI Y
BHUCOKOYACTOTHI IMIYJIbCHI IEPETBOPIOBAYl, [0 MAalOTh KPUTHYHI BUMOTH JO

MacorabapuTHUX Ta eHEproe(PeKTUBHUX MapaMeTpiB.

Po3po0iieHi  eHepromepeTBOPIOBaIbHI ~ CUCTEMH  IPOMILIM  YCIHIIIHI
BUIIPOOYBaHHS HAa PEAIbHUX HA3€MHHUX Ta MOBITPSHUX JPOHAX, sIKI 3apa3 aKTHUBHO
3aCTOCOBYIOTBHCSl Y PI3HOMAaHITHUX cdepax, y ToMy uuciai y o0opoHHiit cdepi. Ha
MPaKTUII MATBEPIKEHO, 1110 MOYJBHICTh 1 MacIITAOOBAaHICTh KOHCTPYKIIIHA CUCTEM
KuBIEHHS Ha ocHoBl GaN-TexHomoriii mae 3MOry ajanTyBaTH  Taki
€HEprornepeTBOpPIoBayl JI0 PI3HUX BHUMOT, Y3TODKYIOUM iX 13 XapaKTepUCTUKaAMU
OOpPTOBOTO PalOEIEKTPOHHOTO 00JaAHAHHS KOHKPETHUX OE€3MUIOTHUX IIATHOPM.
B xomi ekcrmyaraniiHux BUIPOOyBaHb PO3POOJICHI  KOHCTPYKINT MiATBEPAWIN
CTIMKICTh JO €KCTpEMalbHUX TeMIeparyp, BiOpaiiil Ta 1HIIMX CKIAJHUX YMOB,
30epirarouu Mpu [bOMY BUCOKY HalIHHICTh, CTA0IIBHICTh BUX1JHUX XapaKTEPUCTUK
Ta eQEeKTUBHICTh. TakoX EKCIIEpUMEHTAIbHO MiATBEPHPKEHO, L0 33 PAXYHOK
nigsuieHHss KK/, 3HMKeHHS MMOKa3HUKIB MAacH Ta 3MEHIIEHHS 00’ €My, TaJIbHICTh

nii TectoBoro 3pa3ka BITJIA 3pocia Ha 17%.

3arajiom, pe3yabTaTd LbOTO JOCTIIKEHHS JTOMOBHIOIOTh HAYKOBO-TEXHIUHE
HIAIPYHTS JUIsl OUTBII HIMPOKOTO BIPOBAIKEHHS HAMBIPOBIAHUKIB 13 IIUPOKOIO
3a00pOHEHOI0 30HOI0 B €HEPrONEepEeTBOPIOBANIbHI CUCTEMU PI13HOTO MPU3HAYCHHS.
3anponoHOBaHI TEOPETHYHI, METOAWYHI Ta I1HKCHEPHI PIIICHHS MOXYTh OyTH
BUKOPHUCTaH1 JJii PO3POOKHM HOBUX BHCOKOC(EKTUBHUX, MAaCIITAa0OBaHUX Ta
HAJIWHUX CHCTEM CHEPIrONEepPETBOPECHHs, IO BIAMOBIAATUMYTh 3POCTAIOYUM
BUMOIraM Cy4acHOI pajiOeJIeKTPOHHOI amapaTrypu Ta 3a0e3neuyBaTUMYThb HUXKYl
BTPATH CJICKTPUYHOT EHEPT1i, BKIIFOYHO 13 BUMOTAMH JI0 KUBJIEHHS OOPTOBUX CUCTEM
BILJIA Ta BITA. Interpamis WBG-HamiBIpoBiTHUKIB TO3BOJISIE MiIBUIIUTUA TATOMY

MOTY>XHICTh, 3MEHIIMTH MacorabapuTHI Ta EKOHOMIYHI TOKa3HUKH, HAO03BOJISIE



MOKPALUTH Ta PO3MMUPUTH Jlalma3oHd poOOYMX MapaMmeTpiB Ta 3a0e3NeUuTH
cTabiibHy poOOTY 3a eKCTpeMalbHUX yMOB. OTpUMaHi pe3yabTaTH MOXYTh CTaTH
OCHOBOIO JJIsl TMOAAJBIIMX KOMIUIEKCHUX TEOPETHYHHX 1 EKCIIEPUMEHTAIbHUX
JOCIIKeHb, CIPSMOBAHMX Ha TIIMOIIE PO3YyMIHHS 1 BJOCKOHAJEHHS TEXHOJOTIi

eHepromnepeTBopeHHs Ha ocHoBl WBG-HamiBpoBiIHUKIB.

Kurouogi cioBa: HiTpun ranio (GaN), iMIyiabe KepyBaHHs, (a304acTOTHA
XapaKTePUCTHUKA, BOJBT-aMIIEpPHA XapaKTEPUCTHKA, JaHKA 3BOPOTHOTO 3B’S3KY,
KOE(IIIEHT KOPUCHOI Jii, 00poOKa curHamis, erekrpoMartiTHa cymicHicTh (EMC),
3aBaJiy, MPOTpaMOBaHe TIOCHJICHHS, BTPATH €IEKTPUYHOI €HEprii, pexxuMu poOoTH
CJIICKTPOCHEPTETUYHUX CHUCTEeM, cKOoHOMIuHI mokazHuku, MATLAB Simulink,

MOACITIOBAaHHA.



ANNOTATION

Burkovskyi Ya. Yu. " High-efficiency switch-mode GaN energy converters for

mobile unmanned radio systems."

Dissertation for the degree of Doctor of Philosophy in the specialty 172
Telecommunications and Radio Engineering. — National Technical University of

Ukraine "Thor Sikorsky Kyiv Polytechnic Institute", Kiev, 2025.

This dissertation focuses on developing, refining, and comprehensively
optimizing contemporary methods of analysis, modeling, design, and
implementation of energy converters based on wide band gap (WBG) semiconductor
structures, particularly gallium nitride (GaN) and silicon carbide (SiC). The study
devotes special attention to practical applications of these semiconductors in on-
board systems (including power subsystems) of radio-electronic equipment
operating in unmanned aerial vehicles (UAVs) and ground-based unmanned
autonomous platforms (UAPs). It addresses the growing demand for more efficient,
compact, flexible, and reliable solutions, where energy efficiency, thermal stability,
reliability, electromagnetic compatibility (EMC), interference mitigation, and the
capacity to adapt system parameters under complex operating conditions are crucial

for unmanned systems.

The research demonstrates, both theoretically and experimentally, that WBG
semiconductors like GaN and SiC offer several notable advantages over
conventional silicon-based power electronics. These benefits include higher energy
efficiency, stable function over wider temperature ranges, much higher switching
frequency ceilings, and the ability to handle larger currents and voltages. A direct
quadratic dependence of the minimal possible channel resistance on the maximum
allowable reverse voltage was identified, along with an inverse cubic dependence on
the critical electric field strength in the semiconductor. These relationships guided
the analytical selection of semiconductor materials for UAV/UAP energy

conversion, leading to the use of gallium nitride in particular.
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A major aspect of the work involves a comprehensive approach to analyzing
and optimizing GaN-based energy converters. The dissertation describes theoretical
and computer models developed in MATLAB/SIMULINK and SPICE,
incorporating static and dynamic parasitic parameters, temperature effects,
switching losses, and gate driver behavior. These models make it possible to select
the converter’s structural elements, predict system characteristics in multiple
operating modes, evaluate transient processes, and identify parasitic effects that
influence power converters. They also help determine appropriate parameters to
maximize energy efficiency. During the modeling process, the current-voltage
characteristic of the selected GaN transistor and its temperature dependence were

obtained.

The proposed approach studies in detail the factors influencing pulse
converters built on GaN and SiC. It covers parasitic phenomena, such as gate
capacitances and switching losses, and provides an analytical rationale for refining
power converter designs to reduce these effects. The absence of parasitic diodes in
GaN transistors proves to significantly lower reverse recovery losses in synchronous
step-down converter topologies, enabling stable high-frequency switching with

minimal energy losses.

Filter parameters were optimized and corresponding frequency response
analysis were made for the converter’s output stage under different modes of
operation of electric power systems, specifically continuous (CCM), discontinuous
(DCM), and forced conduction (FCM) modes. This analysis considered parasitic
losses, design constraints, and converter specifications, leading to both system
stability and high efficiency despite practical limitations. By systematically reducing
parasitic elements in the topology, switching frequencies of around 1.1 MHz were
achieved in the power stage, which reduced the size and weight of the reactive
components. This also increased the system’s power density and overall

compactness.



The work dedicates additional attention to digital control methods based on
signal processing, particularly systems featuring digital feedback links compensators
based on infinite impulse response filters. Such solutions enable precise adaptation
of initial parameters and stable operation under varying load and external conditions.
They also eliminate the need for analog compensation circuits.
MATLAB/SIMULINK simulations confirm the accuracy of the digital control
model and the correct choice of compensation coefficients. Minimal overshoot and
ripple are observed during changes to the set voltage, indicating effective regulation
and overall system stability. This approach is advantageous in high-load
environments where the power system’s flexibility and adaptability must remain

reliable.

SPICE simulations further validate the theoretical findings and modeling data.
Under maximum load conditions, the converter’s efficiency reached approximately
97.5%, closely matching analytical predictions. These simulations also confirm
stable performance across a wide load range and verify that the output parameters
align with stated technical requirements. Such correlation between theoretical
analysis and simulations underscores the suitability of the selected design strategies

and the accuracy of the element base and calculation methods.

Laboratory tests and practical experiments with the proposed methods for
calculation, modeling, and control of WBG-based energy converters support their
practical viability. The study reveals minimized static and dynamic losses, higher
switching frequencies, and improved reliability through reduced heat generation. In
particular, the converter prototype demonstrated an output voltage of
11,97 V +£0.27%, with a ripple of 33 mV, which exceeded initial design goals. As a
result of the implemented solutions, the converter’s efficiency rose by 5%, its mass
decreased by a factor of 1,9, its volume was cut in half, its output ripple was reduced
by a factor of 2,3, and its permissible output current increased by 1,5 times compared

to a previously used off-the-shelf design. These advancements highlight the potential
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for more extensive implementation of WBG semiconductors in high-frequency
converters that face stringent requirements for weight, volume, and energy

efficiency.

The developed power conversion systems were successfully tested on real
ground and aerial drones, which are now widely used in various areas, including the
defense sector. During practical trials, these designs remained functional under
extreme temperatures, vibrations, and other demanding environments, sustaining
their initial characteristics and high efficiency. The tests also showed that the lower

weight and higher efficiency led to a 17% increase in the range of one UAV sample.

Overall, this research expands the scientific and technical foundation for
adopting WBG semiconductors in a wide range of energy conversion systems. The
proposed theoretical, methodological, and engineering solutions may be applied to
creating new high-performance, flexible, and reliable converters that meet ever-
increasing requirements for modern radio-electronic equipment, including powering
UAV and UAP onboard systems. The integration of WBG semiconductors raises
power density, improves economic indicators, reduces weight and size, and enhances
operating parameter ranges, and improves power loss characterization, even in
extreme conditions. These findings can guide further theoretical and experimental
investigations aimed at deepening and refining WBG-based energy conversion

technologies.

Keywords: Gallium Nitride (GaN), pulse control, frequency response
analysis, current—voltage characteristic, feedback links, efficiency, signal
processing, electromagnetic compatibility (EMC), interference, programmable gain,
power loss characterization, modes of operation of electric power systems, economic

indicators, MATLAB Simulink, modeling.

Cnucoxk nmy0Jtikaniii 3100yBava 3a TeMOK0 AuceprTanii
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Hayxkogi npaui, B Axux ommy0/1iKOBaHi 0CHOBHiI HAYKOBi pe3y/IbTaTH

l.
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yuigepcumemy. Cepia: Texuiuni nayku. 2023. T. 327, Ne 5(2). C. 30-35. URL.:
https://doi.org/10.31891/2307-5732-2023-327-5-30-35.

Burkovskiy Y., Zinkovskiy Y. Power loss characterization in compact GaN
transistor-based synchronous buck converters for aerial drone applications.
Herald of Khmelnytskyi National University. Technical sciences. 2023.
Vol. 329, no. 6. P.28-32. URL: https://doi.org/10.31891/2307-5732-2023-
329-6-28-32.

. Burkovskiy Y. Y., Zinkovsky Y.F.  Digital potentiometer-controlled

programmable instrumentation amplifier. Scientific notes of Taurida National
V.1 Vernadsky University. Series: Technical Sciences. 2023. Vol. 34 (73),
no. 6. P. 12—18. URL: https://doi.org/10.32782/2663-5941/2023.6/03.

Burkovskiy Y. Y., Zinkovsky Y.F. Gallium nitride semiconductors:
transforming the telecommunication systems power supply performance.
Scientific notes of Taurida National V.. Vernadsky University. Series:
Technical Sciences. 2024. Vol. 35 (74), no. 1, part 2. P.211-215. URL:
https://doi.org/10.32782/2663-5941/2024.1.2/33.

. Burkovskiy Y. Y., Zinkovsky Y. F. Simplified  shunt  bandwidth

characterization generator for wide bandgap power converters. Scientific notes
of Taurida National V.I. Vernadsky University. Series: Technical Sciences.
2024. Vol. 35 (74), no. 4. P. 359-365. URL: https://doi.org/10.32782/2663-
5941/2024.4/56.
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HEPEJIIK YMOBHHUX ITO3HAYEHD

BITA — Ge3nuyioTHa aBTOHOMHA T1aTdopma;

BITJIA — Ge3ninoTHUI JTiTaTbHUN arapar;

KK/I — xoediiieHT KOpUCHOI i,

AC/DC — Alternating Current/Direct Current converter;
CAN — Controller Area Network;

CCM - pexum 6e3nepepBHOI MPOBITHOCTI;

DC/DC — Direct Current to Direct Current converter;

DCM — pexxum nepepruBYaToi MpoBiAHOCTI;

ESR — Equivalent Series Resistance;

GaN — HiTpun ramio;

HEMT — tpan3ucTop 3 BUCOKOIO MOOITBHICTIO €JIEKTPOHIB;
IGBT — 6inonsipHuii TpaH3UCTOP 3 130JIbOBAHUM 3aTBOPOM;
IIR — Infinite impulse response;

MODBUS — Modicon Bus;

MOCVD — meTanoopranigyHe XiMI4HE 0CaJKEHHS 3 MapoBoi (azu;
MOSFET — Tpan3uctop MeTan-aielIeKTpUK-HaIiBIPOBITHUK;

SPICE — Simulation Program with Integrated Circuit Emphasis ;
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BCTYII

OO0rpyHTyBaHHsI BUOOPY TeMH JTOCJIIZKEHHS

CydacHul pO3BHUTOK TEJIEKOMYHIKAIIH Ta paaioiHKEeHEPii, a TAKOK CTPIMKE
nommpeHHs 0e3nuToTHuX JiTanbHuX anapariB (BIIJIA) Ta 6e3mimoTHUX HAa3eMHHUX
aBToHOMHUX Tutatgopm (BITA), 1m0 HIMPOKO 3aCTOCOBYIOTHCS Yy BIMCHKOBIH,
IPOMUCIIOBIN, AOCTIAHUIIBKIN Ta MUBUIbHIA cepax, MOCTIHHO MiJIBUIIYE BUMOTH
70 CHUCTEM eNeKTpokuBJieHHs. HaniiiHi, BUCOKOE(EKTHBHI Ta KOMIIaKTHI
SHEPronepeTBOPIoBaUl 3 MOXKIJIMBICTIO CTaOUIBHOI POOOTH MpPH PI3HOMAHITHUX
HABAHTAKEHHSAX, YACTOTHUX PEKUMaAX Ta EKCTpEeMaJbHUX TeMIleparypax
HaOyBalOTh BH3HAUAJILHOTO 3HAYEHHS ISl TMIJBUINCHHS €(GEeKTUBHOCTI 1
(GYHKIIOHATBHOCTI Cy4YaCHUX O€3MUIOTHUX CHCTeM. TpaJauuiiiHi KpeMHIEBI
HaITIBIPOBITHUKOBI E€JIEMEHTH JOCITal0Th CBOIX MEX 3a pOOOYOI0 HAIpPyTrolo,
4aCTOTOI0, CHEPTOS(PEKTUBHICTIO Ta PIBHEM TEIUIOBUX BTPAT, 110 CTBOPIOE MOTPEOy

B IHHOBAIIIMHMX IT1IX0JaX JI0 CTBOPEHHSI CHIIOBOI €JICKTPOHIKH.

Ha npomy T HamiBOpPOBIAHUKK 3 IIUPOKOIO 3a00pOHEHOI0 30HOI0 Ta iX
BIIPOBA/PKEHHSI BIAKPHUBAE MOXJIMBOCTI CTBOPEHHS OLIbII €Heproe(eKTUBHUX,
KEpOBaHMX 1 KOMIIAKTHUX IMITyJIbCHUX MEpeTBOPIOBAYIB eHeprii. BpaxyBaHHs
cnernuiuHux BUMOT 110 6oproBux cucteM >kubieHHs BIUJIA/BIIA, ne xpuTudHO
BAXJIMBI MacorabapuTHI TOKa3HHMKHM, THYYKICTb Y HaJallTyBaHHI pOOOYMX
napameTpiB Ta CTIMKICTh JO 30BHINIHIX BIUIMBIB, BU3HAYA€ aKTYaJbHICTH JAHOTO
JOCHTIDKEHHA.  BIOCKOHAJIGHHSI ~ TEOPETHYHO-OOTPYHTOBAHUX  IMIAXOAIB  JO
MOJIETIIOBAHHS, ONTUMI3allli Ta MPAaKTUYHOTO BOpoBakKeHHsT GaN-TpaH3uCTOpIB Y
CKJIaJl IMIYJIbCHUX JDKEPEN KUBJICHHS HaJla€ MOXJIMBICTH CTBOPIOBATH HOBITHI
CJIEKTPOHHI CHUCTEMH, 37aTHI €(PEeKTUBHO (YHKLIOHYBATH y CKJIQAHUX YyMOBax

eKCILTyararfi.
3B's130K po00TH 3 HAYKOBUMHM NPOTrPaMaMu, IJIAHAMH, TEMAMU

Pob6ora BukonyBamacs 3rigHo 3 miaHamu HJIP Ha xadenpi mpukiagHoi

pPamIOCNEeKTPOHIKH paIlOTeXHIYHOTO (akyapTeTy HallloHaaTbHOTO TEXHIYHOTO
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yHiBepcuteTy Ykpainu “KuiBCbKUIl MOMITEXHIYHUH 1HCTUTYT imeHl1 Irops
CiKOpChKOTO” 3T1THO 3 3aTBEPIKEHUM pilleHHsIM Buenoi paau paaioTeXHIYHOrO
daxynsrety (mporokon Nell/2020 Bixg “30” mucromana 2020 poky), HampsIMKY
nocnipkeHb «KoHCTpyroBaHHS paioeIeKTPOHHOI anapaTypy HOBOTO TOKOJIHHS
3TIHO 31 3BITOM BIAMOBIAHOCTI HaykoBoi ckjamoBoi OHII mokrop dinmocodii
HAayKOBUM IIIKOJIaM, HampsiMaM HayKOBOi JISJIBHOCTI Kadenp Ta HayKOBHX
KEpIBHUKIB aCIIpaHTIB PalOTEXHIYHOTO (aKyJdbTeTy Ta 3akoHy Ykpainu «IIpo
NPIOPUTETHI HANPSIMKA PO3BUTKY HAYKH 1 TEXHIKM Ta 1HHOBAIIMHOI AISUIBHOCTD»
VYkpainu  BIONOBIZHO /O  TPIOPUTETHOTO  HampsMKy  «EHepreTmka Ta

eHeproe()eKTUBHICTH.
Merta i 3aBIaHHA J0CTIIKEeHHSA

Metoro poboTu € po3poOka Ta OOIPYHTYBAaHHS METOMIB TEOPETUYHOTO
aHaJli3y, MaTeMaTUYHOTO Ta KOMII IOTEPHOTO MOJICJIIOBAHHS, a TAKOX MPAKTUYHOT
ontumizanii Ta miasuieHHs KK/ BuCOko4acTOTHUX IMIYJIbCHUX MEPETBOPIOBAUIB
eHeprii y 00pTOBUX paJlioCUCTEMAaX PyXOMHUX O€3MIJIOTHUX IIaThOPM, Y TOMY YUCII

13 3aCTOCYBAaHHSM IIMPOKO30HUX HAIlIBIIPOBIAHUKIB.
JIyist mocATHEHHS 3a/1aHOT METH OyJii TTOCTABJICH] TakKi 3aBIaHHS:

1. Po3pobutn aHamiTUYHYy METOAUKY OIIHKKA (PI3UYHUX OOMEXKEHb
kpemHieBuX MOSFET-TpaH3ucTopiB Ta TpaH3UCTOPIB Ha OCHOBI
HaIIBMPOBITHUKIB 3 IIMPOKOI 3a00pOHEHOI0 30HOI0. Ha ocCHOBI
OTPUMAHOI OLIHKH BHUSIBUTH ONTHMAJbHUN BapiaHT IJsi OOpaHOTro
3aCTOCYBAHHS y CUCTEMI EHEProNepeTBOPEHHS.

2. Po3pobuti KOMIT'IOTEpHY €KBIBaJIEHTHY Mojaenb oOpanoro GaN —
TpPaH3HCTOpa, 3 BPaXyBaHHSAM CTATUYHOI Ta AMHAMIYHOI CKJIaJOBO1
Napa3uTHUX [apaMeTpiB, TPAaHUYHO JOMYCTHMUX PEKUMIB Ta 3
MOJIMBICTIO OIIIHKM TOKa3HUKIB TPU 3aCTOCYBaHHI y CHCTEMI

€HEepPronepeTBOPCHHSL.
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3. CrBopUTH METOAMKY OIIHKH BTpaT Ta ONTHUMI3allil I[apamMeTpiB
€HEepromnepeTBOPIOBaYa Ha OCHOBI MTUPOKO30HUX HAITIBIPOBITHUKIB.

4. CtBopuUTH Ta 3MOJEIOBATH JUIsI BKIIOYEHHS B KOHCTPYKIIIO
eHepromepeTBopoBaya MUGPOBY CUCTEMY KEpyBaHHS Ha OCHOBI
M(POBOTO peryisTopa Ta KOMIEHCATOPa JIAHKKA 3BOPOTHOTO 3B’SI3KY.
Taka cuctema mae 3a0e3MEUUTH MPAIE3AATHICTh MMEPETBOPIOBaYa HA
BUCOKMX 4YacTOTax, MOXJIMBICTh ajanTailli, HaJallTyBaHHS Ta
MepeHaNallTyBaHHS TapamMeTpiB 0e3 (i3M4yHOi 3MIHM 30BHINIHIX
KOMITOHCHTIB TIEPETBOPIOBAaUYa Ta KOPEKTHUH IMIYJIbC KEpPYBaHHS
€HEPronepeTBOPIOBAYEM.

5. OTpuMaTu TCOPETUYHY OIIHKY Ta PO3MOILT BTPAT Y MOHUKYBATBHOMY
eHepromepeTrBoproBadi  6opToBoi  cuctemm  kuBiaeHHS — BITJIA
BUIMOBITHO /0 3aJaHUX BXIAHUX MapaMeTpiB, OLIHUTH 3aJICKHICTh
KK]I nepetrBoproBaya Biji CTpyMy HaBaHTa)KCHHSI.

6. CTBOpUTH KOMIT IOTEPHY MOJEIh 3alpOIOHOBAHOIO MEPETBOPIOBAYA,
M0 pe3yabTaraM MOJIEIIOBAHHS MIATBEPAUTH CHIBIAJIHHS PE3yJIbTATIB
3 TEOPETHYHO PO3POOIECHOI0 METOUKOIO OIIHKU BTPAT.

7. CTBOpPHUTH €KCIEPUMEHTAIBHUI MPOTOTUI MIEPETBOPIOBAYA, TOCIIIUTH
HOTO TIapaMeTpH Ta MOPIBHATH 3 PO3PAXOBAHUMH Ta 3MOICIIHOBAHUMHU
3HAYEHHSIMU.

8. IlopiBHATH OTpUMaHi rapaMeTpu po3po0IieHoro,
EHEPromepeTBOpIoBaYa 13 KOMEPIIMHO JIOCTYMHUMHU aHaJIOTaMH,

OLIIHUTH IOCATHEHI MOKPAIIEHHS OTPUMAHUX MapaMeTpiB.
O0’exT n0CaiIKeHHS

CucTeMu eHeprornepeTBOPEHHS Ha OCHOBI IIMPOKO30HHUX HAI1BIPOBIAHUKIB

JUTSI PyXOMHX PaJiOCUCTEM, iX MaTeMaTU4YHI Ta KOMIT FOTEPHI MOJIEIII.

IIpexmet nociixxkeHHs
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Enepretnuni, Termnogi3uyHi, YacTOTHI, MacorabapUTHI XapaKTepUCTUKU
€HepronepeTBOPOBayiB Ha OCHOBI ITUPOKO30HHUX HAIIBIPOBIAHUKIB JJI PyXOMHX

paniocucteM y T. 4. BIIJIA/BITA., Ta MmeTonu iX MOKpaleHHs.
MeToam 10CaiKEeHHSA

Y poOOoTi 3aCTOCOBYETHCS KOMIUIEKCHUM MIAX1J, 110 BKJIIOYAE MOEIHAHHS

JNEKIIBKOX METO/IIB JOCIIIKEHHS, a cCaMe:

1. MaremaruuHe MOJIETIOBAaHHS MPOIECIB Y IIUPOKO30HUX Ta KIACHYHUX
KPEMHIEBUX CHJIOBHX HAITIBIPOBIJIHUKAX, y cepeaopuiiax MATLAB,
MATHCAD, Python (Numpy, Scipy, Matplotlib, Seaborn)

2. Cumynsauiss Ta Bepudikamis poboTH I1UPPOBOro  perynsTopa,
KOMIIEHCATOpa Ta EHEPronepeTBOPIOBaYa Ha IOro OCHOBI Y CEpEOBUIII
SIMULINK

3. Cumynsamis Ta aHajgi3 TepexiJHUX TMPOoIEeCiB Ta EJIeKTPUYHHUX
XapaKTEepPUCTUK PO3POOICHOr0 EHEpPromepeTBoproBaya y MakeTax
BHYTpilIHbOCXeMHOTO MojietoBaHHs (SPICE).

4. Awnamiz BignosigHocti crangapry I[PC (IPC-2221B) pospo6GieHoro
MPOTOTHITY EHEPTONEPETBOPIOBaYa y MpOTpaMHOMY MmakeTi Altium
Designer.

5. CrennoBi BumnpoOyBaHHs A1 Bepudikallli OTpUMaHUX IapaMeTpiB
MPOBOJMJINCS 3a JOMOMOIOI JIaOOPaTOpHOTO JKepesia >KUBJICHHS
Siglent SPS5082X, akTnBHOTO HaBaHTa)keHHs, MyIbTUMETPiB Keithley
DMM6500 Ta Brymen BM-869s. [lunamiuHi mapameTpu
MepeTBOpIOBaYa 1 KOPEKTHICTh KEPYIOUMX CHUTHAIIB OyJld IMepeBipeHi
ocrunorpadom Siglent SDS1202X. Tepmorpamu Oynu oTpuMaHi 3a
nonomoroto Y kamepu InfiRay. Bepudixkaris 3HadeHb BHYTPILIHIX
3MIHHUX Ta BIJJIarO/DKCHHS MIKPOIIPOTpaMHu  MPOBOAMIIOCS 3@
JIOTIOMOTO0  BIJUIarO/KyBaJIbHOTO CTEHJY Ha OCHOBI TrajbBaHIYHO-

po3B’s3aHoro agantepa J-Link PRO.
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6. Ilomironni  (HatrypHi)  BUIpPOOyBaHHS  €HEProlepeTBOprOBaya
npoBoauinck Ha BITJIA- ta BITA- minardopmax BiacHoi po3poOKu.
7. OdopmieHHs Ta TPEACTaBICHHS PE3YJbTATIB 3AIMCHEHO 3aco0aMu

nporpamHoro nakery Microsoft Office.
HaykoBa HOBH3HA OTPUMAHMX Pe3yJIbTATIiB

1. Po3pobneHo aHamiTUYHY METOAUKY OIIHKK (PI3UYHUX OOMEXKEHb
kpemHieBux MOSFET Ta TpaH3uCTOpiB Ha  IIHUPOKO30HHUX
HaMIBIPOBIIHUKAX. BUsBIEHO KBaApaTHUHY 3aJI€KHICTh MIHIMAJIBHOTO
ONOpy KaHally BiJl MaKCHUMaJbHOi 3BOPOTHOI Hampyru Ta KyOiuHY
00EepHEHY 3aJIeKHICTh BiJi KPUTUYHOI HAIPY>KEHOCT1 EJICKTPUYHOTO
nonst y niana3zoni 10 B — 10 kB ta gianazoni onopis 0,1MOM — 10 Owm.
Ha ocHOBI mux pe3yiapTaTiB CTBOPEHO €KBiBaJIeHTHY Mojeiab GaN
TPaH3UCTOPA, 110 BPAaXOBY€ Mapa3uTHI MapamMeTpu (EMHOCTI, CTPYMH
BUTOKY, OIp KaHaIly), X TeMIEpaTypHi 3aJeKHOCTI Ta TIpaHWUYHI
PEXKUMHU pOOOTH B CUCTEMAX €HEPronepeTBOPEHHS.

2. CTBOpPEHO Ta BMPOBAIKEHO TEOPETUYHY METOJUKY OLIHKH BTpaT
napaMeTpUYIHOI onTUMI3aIli napaMeTpiB MOHUKYIOYOTO
eHeproreperBoproBaua cucremu xkubiieHHs BITJIA/BITA wa HiTpua-
rameBiii OocHOBI. JlaHa MeToAWKa JO3BOJNHJIA OTPUMATH PO3TOILT
CTaTUYHUX 1 JMHAMIYHUX BTpar 1:3 Ta TPOBECTH ONTUMI3AIlIIO
napaMmeTpiB, MO JO3BOJMIO JOCSTHYTH PO3PaxXyHKOBOTO 3HAYECHHS
KK y 97,8% npu noBHOMy HaBaHTa)keHHI. OTpuMaHO Ta JOBEIEHO
aHamitTuuny 3anexHicte KKJ[ Bl BHXIIHOTO HaBaHTAKEHHS IO
anPOKCUMYETHCSI €KCIIOHEHIIHHOI (DYHKIIIEI0 HACHYEHHSI Ta OMHUCYE
BIUTMB TUHAMIYHUX BTPAT Ha €()EeKTUBHICTh POOOTH MEPETBOPIOBAYA.

3. CTBOpeHO Ta 3MOACIIOBAHO IM(GPOBY CUCTEMY KEpyBaHHS, IO
BKJIIOUa€ B ce0e MUQPPOBHI PETYyIATOp Ta KOMIIEHCATOp JIAHKH

3BOPOTHOTO 3B’SI3Ky Ha OCHOBI 1udpoBoro ¢uisTpy. OTpumana
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cuctema 3a0eslieuye IMpale3daTHICTh MEePeTBOPIOBaYa Ha YacTOTaX
>IMTI'u, aganramnilo pexuMiB poOOTH Ta TMepeHalalliTyBaHHS Oe3
($13uyHOT 3MIHM KOMIOHEHTIB. EKCHepUMEHTAIbHO MiATBEPIKEHI
OTpUMaHi TEOPEeTUYH1 pe3yibraTH. BusBieHo, 10 MaKCUMalbHE
sHaueHHs KKJ[ gocsraetees mnpu  100% HaBaHTaKeHHi, 110
MOSICHIOETbCA 3HAYHMM BHECKOM JIMHAMIYHHMX BTpPAT MOPIBHSHO 3i
CTaTUYHUMHU BTPATAMHU. Jocsarayto excniepumentanbauil  KK/|
neperBoproBada 97,6%. [lokpameno KK/ na 5%, 3MeHmeHo macy B
1,9 pasu, o0’em y 2 pasu, piBeHb MyJibcailiii Hampyra B 2,3 pasw,
JOMYCTUMUNA BUXIAHUN cTpyM 3pic y 1,5 pa3u mopiBHSHO 13 paHilie
BUKOPHUCTaHUM cepiiiHo noctynHuM pimeHHsaM. [liasumenns KK/ ra
3MEHIICHHsS MacorabapUTHUX XapaKTEPUCTUK 3a0€3MeUnsio 3pOCTaHHs

JATBLHOCTI MOJLOTY TecToBOro 3pa3ka bITJIA Ha 17%.
OcolucTnii BHeCOK 3100yBaya.

besnocepennro aBropoM 3MiiCHEHO: 1) JiTepaTypHHMM MOUIYK Ta aHami3
JiTepaTypu 3a TEMOIO0 AMcCepTalii Ta OOIPyHTOBAHO MOLIIBHICTE BHUKOPHUCTAHHS
GaN-TpaH3UCTOPIB Y CHUCTEMaxX KUBJICHHS OC3MUIOTHUX PyXOoMHX Iuiatrgopm; 2)
pPO3pO0JIEHO aHAMITUYHY METOAUKY OLIHKM (PI3UYHUX OOMEXKEHb KpPEMHIEBUX
MOSFET-Tpan3ucTopiB Ta TpaH3UCTOPIB Ha OCHOBI HAMIBIPOBITHUKIB 3 HIMPOKOIO
3a00pOHEHOI0 30HO10; 3) po3pobieHo MaTeMaTudHy Mojenb GaN TpaH3ucTopa, 110
BpaxoBYy€ CTaTUYHI Ta TMHAMIYHI CKJIaJI0B1 Mapa3UTHUX MTapaMeTPiB TPAH3UCTOpa Ta
iX TeMIiepaTypHy 3aJIeXKHICTh; 4) CTBOPEHO Ta BIPOBAKEHO TEOPETUYHY METOIUKY
OI[IHKM EHEepPreTMYHUX BTpaT Ta ONTHUMI3alii MapaMeTpiB MOHMKYIOUYOTO
CHEPrornepeTBOPIOBaYa Ha OCHOBI IMMPOKO30HUX HAIIBIPOBITHUKIB; 5) OTpUMAHO
pPO3MOAIT CTAaTUYHUX 1 JUHAMIYHUX BTpaT Ta BUsABICHO 3ayexHicTh KKJI Bix
BUXIJTHOTO HABAHTAXKCHHS Yy I[IhOBOMY €HEpProlepeTBOPIOBadl Ta IPOBEICHA
OoTNTHMI3aIlis HOTo mapaMeTpiB; 6) 3aMpONOHOBAHO Ta 3MOJIEIIOBAHO Y CEPEIOBHUIIII

SIMULINK mudpoBy cucremy KepyBaHHsS, IO BKJIo4ae B cebOe 1udpoBuit

23



PeryasiTop Ta KOMIIEHCATOp JIAaHKH 3BOPOTHOTO 3B’SI3Ky Ha OCHOBI 1u¢posoro IR
G1IBTPY, 3aBASKH YOMY ITiJIBULITY€THCS alalTUBHICTh Ta 3a0€31euyeThCsl KOPEKTHUI
IMITYJIC KEPYBaHHS €HEPronepeTBoproBaueM; 7) po3po0IeHO KOMIT IOTEPHY MOJIEIb
CWJIOBOI YaCTUHU €HepromnepeTBoproBada; 8) Po3poOieHo Ta BOpoBaIXeHO Yy
IPAKTHUYHE 3aCTOCYBAaHHS EKCIIEPUMEHTAJIbHUNA IPOTOTUIl IIEPETBOPIOBAYA,
IPOBEACHI MOro CTEH0BI Ta MOJITOHHI (HaTypH1) BUIIPOOYBaHHS Ta BUMIPIOBAHHS
mapameTpiB, M0 JO3BOJWJIO OIIHUTH CTYMiHb BIAMOBIIHOCTI MPAKTHYHHUX
pe3yabTaTiB  TEOPETHUYHUM  pO3paxyHKaM Ta JIO3BOJIAE  OXapaKTepH3yBaTH
nepeTBoproBay sk Ounbm Biamosiaauid st BITJIA / BITA (3rigHo 1o copmoBanmx
TexXHIYHUX BUMOT). HaykoBi poO0OTH 0mmy0I1iKOBaH1 y CIiBaBTOPCTBI 3 3iIHbKOBCHKUM
0. @. (HaykoBMUM KEpIBHUKOM). Y HAyKOBHUX TNpalsiX, OMYyOIIKOBaHUX Y
CIIBaBTOPCTBI, TUCEPTAHTY HAJIEKATh EKCIIEPUMEHTAJIBHI 1aHi 1 OCHOBHUI TBOPUUIA

JTOPOOOK.
IIpakTH4YHe 3HAYEHHS OTPUMAHMX Pe3yJIbTATIB.

OtpuMaHi pe3yabTaTH HaJaloTh MOXKJIUBICTh €(DEKTUBHOI pO3POOKH HOBITHIX
IMITYJIbCHUX €HEProlepeTBOpIoBadiB, 10 mNoenHyoTh Bucokuid KKJI, BU3HauHI
MacorabapuTHI TOKa3HUKH Ta aJIallTUBHICTh JI0 3MiH YMOB poOOTH. 3aCTOCYBaHHS
pO3pO0JIEHNX METOJIIB MOZENIOBAaHHS, ONTHMI3alii Ta HHUPPOBOrO KEpyBaHHS
JI03BOJISIE CKOPOTUTH OOCAT BUIPOOYBaHb, MIABUIIUTH TOYHICTH TEOPETHUYHUX
pO3paxyHKIB Ta MOJEJEH, CIHPOCTUTH ONTHUMI3aIl0 MapaMeTpiB, MiHIMI3yBaTH
BTpaTu Ta 3a0e3meuuTH CcTalbUIbHY pOOOTYy MepeTBoproBadiB Ha ocHOBI GaN-
TpaH3ucTopiB. lle mo3Bomsie cTBOprOBaTH BHUCOKOS(PEKTHBHI OOPTOBI CHCTEMH
YKUBJIEHHS! 0€3MJI0OTHUX MIATGOPM, B SIKUX BHUCYBAIOTHCS CYBOP1 BUMOTH /IO MacH,
po3mipiB Ta eHeproedexkTuBHOCTI. Po3polOiieHi y XOomi JOCHTIIKEHHS TMPOTOTUIIH
nepeTBOPIOBaYiB, OyJIM BIPOBAKEH1 y TpakTU4HO 3acTocoByBaHux BIIJIA Ta BITA
y cdepi 000pOHHOI Ta TyMaHITapHOI AisIbHOCTI. CTBOpEHUI €HEPronepeTBOPIOBaY

MOYKHA PEKOMEHAYBaTH Uil 3aCTOCYBaHHS B Tally3fX, Kl MOTPeOyIOTh BHCOKOi
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eHeproe()eKTUBHOCTI Ta KEPOBAHOCTI B YMOBaX OOMEKEHHS I0IyCTUMUX rabapuTiB

Ta MacCH.

Anpobania marepiajiB aucepramii. 3a pe3ynbraTaMu JOCIIKEHb OyiH
OITy0JIIKOBaH1 HACTYITHI Mpalll anpoOaifHoOro XxapakTepy Ta IpOBEIEHO JOMOBI/Il Ha

MDKHApOJHUX HAYKOBO-TEXHIYHUX KOH(DEPEHIIISAX:

Burkovskiy Y. Gallium nitride electronics. "Science and Technology of the XXI
Century" : The XVIII All-Ukrainian Students R&D Conference Proceeding, Kyiv,
7 December 2017. Kyiv, 2017. P. 6-7.

Bypkoscekuii 4. 1O., Apcentok /1. O. 3acTocyBaHHS raylii-HITPUIHUX
tpan3uctopiB (GaN FET) y cucremax >xuBieHHs cydacHoi PEA. «Paodiomexniuni
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ma cucmemuy . mamepianu Kongepenyii : Mi>kHap. HAyKOBO-TeXH. KOH(}., M. KuiB,
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Bbypkorcekuii A. F0. JIBodazHuii MepexeBril KOPEeKTOp KoedilieHTa MOTY>KHOCTI
(PFC) 3 Bukopuctanusm kapo6ia-kpeMuieBux (SiC) criioBuX TpaH3ucTopiB. Tom 1.
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3aKJIAJHUX TPUCTPOIB 3 (PIYyKTYyIOUMMU MapamMeTpamu. «Padiomexuiuni nons,

CUcHaNU, anapamu ma cucmemuy @ mamepianu Kougepenyii : MixHap. HAyKOBO-

TexH. KoH}., M. Kuis, 14-20 6epes. 2016 p. Kuis, 2016. C. 216-218.

Crtpykrypa i 3mict podorm. Pobora ckiamaeTrbcsi 3 BCTYIYy, YOTHPHOX
pPO3ALTIB, 3arajdbHUX BHCHOBKIB, TMEpEIiKy BUKOPHUCTAHUX JDKEpEN Ta TpPbOX
nonatkiB. Jlucepraria BUKIaaeHa Ha 162 cTOpiHKax MAalIMHONHUCHOTO TEKCTY, Ta
MICTUTB 57 pucyHKiIB 1 10 Tabnuie. [lepenik BUKOpUCTAHUX JKEePell CKIIaIa€ThCs 31

84 HalilMEeHyBaHb.

26



PO3/LJI 1. CYYACHUH CTAH IMITIYJIbCHUX JI)KEPEJI )KUBJIEHHS 3
BUCOKHUM KOE®IIIEHTOM KOPUCHOI JIIi TA NEPCIIEKTUBU
3ACTOCYBAHHA HAIIIBITPOBI/THUKIB 3 IIMPOKOIO
3ABOPOHEHOIO 30HOIO

1.1. CyuacHi TeHJeHIIII Ta 00MeKeHH JzKepeJi JKUBJIECHHS eJIEKTPOHHUX

CHUCTCM.

CrpiMKe MiABUIIEHHS €HEPreTUYHOI Ta €KOHOMIYHOI €(DEeKTUBHOCTI CUCTEM
YKUBJICHHS B110yBaIOCS 3aBISKH TPOTPECY Y BUTOTOBJIEHHI IMOJIHOBUX TPAH3UCTOPIB
Ha ocHOBl okcuny kpemHito (MOSFET, MOH—TpaHn3ucTopiB), HOBUX pIllIEeHb Ta
TEXHOJIOT1/ B 00J1aCT1 CUIIOBOT €JIEKTPOHIKH T4 HOBUX TOTIOJIOT1H JXKEPEIT )KUBIICHHS.
I{i po3poOku BimOyBaIOTHCSA MapaieibHO 3 IMOCTIHHO 3POCTAIOUYMM IOIMMTOM Ha
KOMITaKTHI Ta e(peKTuBHI jxepena xuBieHHs. OnHak, Ha noyarky 2000—x pokiB
TEMIIU UX YI0CKOHAJIEHb I0YaJIU CIIOBIILHIOBATHCS, OCKUIBKH ITapaMeTPH CHIIOBUX
MOH-1paH3ucTOpiB Ha OCHOBI KPEMHIIO HAOJMU3UIUCA JI0 CBOiX BJIACTHUBHUX
teopetnunux Mex [1]. CumoBi MOSFET Ha o0CHOBI KpeMmHIIO, BIEpIIe
MPENICTABIICHI SK aJbTEpHATHBA OIMOJSPHUM TPAH3UCTOPAM, 3HAYHO ITiABUIIMIN
e(EeKTUBHICTh BXKE€ ICHYIOUMX IMIYJIbCHUX MepeTBoproBadiB. MOH—Tpan3ucropu
MIPOJAEMOHCTPYBAJIN BUIILY MTBUIKO10, HAMIMHICTH 1 KOS(PIIIEHT MOCUIICHHS CTPYMY

IIPU MEHIIMX BTparax, MHOPIBHIHO 3 iX OIMOJIPHUMU aHajioramu [2].

[Tosea  cumoBoro  MOSFET  tpan3uctopa  3poOuia  CTBOPEHHS
BHUCOKOE()EKTUBHUX IMITYJILCHUX MEPETBOPIOBAYIB €HEPTii KOMEPIIITHO MOKIUBUM.
[Tepmi mmpoko po3moBcromkeHi 3actocyBanHg Bikmodanun AC/DC ta DC/DC
JOKEpesia KUBJICHHSI JUISl €JIEKTPOHIKM BIMCHKOBOTO MPU3HAYEHHS, HACTUIBHUX
KOMIT FOTE€pIB Ta MEPIIMX HOYyTOYKIB, a TOTIM 1 JyUIsl YaCTOTHUX TEPETBOPIOBAYIB,
CUCTEM OCBITJICHHS, KOHTPOJEPIB EIEKTPUYHUX MABUTYHIB, JocTynHux DC/DC
NEPETBOPIOBAYIB Ta IIMPOKOTO CIIEKTPY IHILUX MPUCTPOIB, K1 TENEP € HEB1 EMHOIO

YAaCTUHOIO CYYaCHOI eJIeKTPOHIKH [3].
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[IBuKe MOIIUPEHHS €IEKTPOHHUX MPHUCTPOIB 1 CUCTEM PI3KO ITiIBUILIUIO
mio0anbHE CIOXKMBaHHS eHeprii. IMmynbcH1 ONOKM JKUBJICHHS € KPUTUYHO
BAXJINBUMU KOMIIOHEHTAMM B YCIX €JIEKTPOHHUX CHCTEMaX, (YHKLIOHYIOUHU SK
iHTEepdeiic MK  EIEKTPUYHOI MEpEeXer Ta UIIbOBUMH  MPUCTPOSIMH,
IEPETBOPIOIOYN Ta PEryJIOIUYM EJIEKTPUYHI MapaMmeTpu Uil 3aJ0BOJICHHS
KOHKPETHUX eKCIUTyaTaliiiHux BUMOT. [lo Mipi 3pocTaHHS NOMUTY Ha EHEPriio
norpeba y TOKpalmieHHI e(QEeKTUBHOCTI CHUCTEM JKHMBJICHHS CTa€ BCE OUIBII
aKTyaJIbHOIO, 1110 MOB’S3aHO 3 HEOOXIJHICTIO 3MEHILIUTU BTPATH €HEPrii, 3HU3UTHU
eKCIUTyaTaIiiiHi BUTPATH Ta 3aJIOBOJIBHUTH Cy4YacHI BUMOTH JI0 Baru i rabapuTiB
eNIEKTPOHHUX cucTeM. lle ChoHykajao 10 BCTaHOBJCHHS HOBUX CTaHAApTIB
€HEepProe(PeKTUBHOCTI Ta Tally3eBUX CTaHJAPTIB, PO3POOJCHMX IS IiJIBUIIICHHS
edextuBHOCTI OnoOKiB >kuBieHHsA [4]. Kpim TOro, mporpec y TEXHOJIOTISIX
MEePETBOPIOBAYIB CTaB KPUTHYHO BAXKJIMBUM JIJISI BIJIMOBIIHOCTI IIMM CTaHIapTaM,

[0 CTAIOTh BCE OLIBII BUMOTJIMBUMM.

Y BiANOBiIb HAa TONWUT HA CTBOPEHHS OUIBII  KOMITAKTHOI — Ta
eHeproe(heKTUBHOI ENEKTPOHIKM, IO CTAJI0 MOXJIMBUM 3aBISKH IOSBI HOBHX
HaITIBIPOBITHUKOBUX TEXHOJIOTIH, 3’SBWJIOCS KUIbKa TaJly3€BUX CTaHJApTIB, SKI

BU3HAYAOTh BUMOT'HU Ta IIPOBOIATH OI_IiHKy CYHYaCHUX CUCTCM JKHMBJICHH::

Ceprudikanis 80 PLUS: ceprudikamis 80 PLUS, sika € no0poBULIBHOIO
MPOTPaMOI0 MIPOCYBaHHS eHEProePeKTUBHUX OJIOKIB JKMBJICHHS, BCTAHOBIIIOE P1BHI
e(eKTUBHOCTI — 13 0COOIMBUMH BUMOTaMH JI0 KO)KHOTO PIBHA MpPH PI3HUX PIBHIX
HaBaHTaxeHH (20%, 50% 1 100%). Hanpuxitan, 670K )KUBIICHHS 13 cepTUDIKAITIEI0
80 PLUS Gold nmoBunen gocsraru npunaiimui 87% edextuBrnocti nmpu 20% 1 100%

HaBaHTakeHHs Ta 90% edexruBHOCTI pu 50% HaBaHTaXKEHHS [5].

Energy Star: uneifi MDKHapOAHO BH3HAHMM CTaHIApT, IO BUMAarae
NiJBUIIECHHA €HEProe(eKTUBHOCTI Yy €JIEKTPOHHUX cucTemMax. Y BUIAAKY
IMITyJIbCHUX OJIOKIB JkKHMBJIEHHs, Energy Star BCTaHOBIIOIOTBCA MAaKCHMAaJbHI

OOMEKEHHS CIIOKUBAHHS €HEPrii, 110 MOTUBYE BUPOOHUKIB PO3POOIATH MPUCTPOI,
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AK1 CHOXHBAIOTh MEHILE €HEprii, sSIK MiJ Yac aKTUBHOTO BUKOPHCTAHHA, TakK 1 B

peXHMMax OYiKyBaHHSI.

€Bponeiicbka JUPEKTHBA 3 E€KOAM3aMHY: €BpOICHChKA JUPEKTUBA 3
€KOJM3aliHy BCTAHOBJIOE OOOB’A3KOBI €KOJOTIYHI CTaHAApPTU [JIsi TPOAYKTIB,
MOB’SI3aHUX 3 EHepromnepeTBopeHHsM y €pponericbkomy Coroszi. Llg mupextna
BU3HAYa€ MiHIMaJIbHI BUMOTH JI0 €(EKTUBHOCTI Ta 3000B’s3ye BUPOOHHUKIB

BpaxXOByBAaTHW BIIJIMB HA HABKOJHUIIHE CCPCHOBUIIC IPOTATOM KUTTEBOTO LUKITY

npoaykry [7].

Crannaptu IEC: mixxHaponna enekrporexHiyda komicist (IEC) Bcranoimoe
BKa3IBKM Ta MPOIEAYpH TECTyBaHHS, sKI 3a0€3IMeuyroTh O€3IMeKy 1 CYMICHICTh
CIEKTpUYHOTO oOnagHanHs. JIjist 6JI0KiB »KUBIICHHS Taki ctanmapty, sk IEC 62301,
CTOCYIOThCSI €HEPTOCIOKMBAHHS B PEXXHUMI OYIKYBaHHSI, TOM1 SIK Cepis CTaHAAPTIB
IEC 61000 30cepemxkena Ha enekrpomarHiTHii cymicHocTi (EMC), 1110 BanuBo aist

IMITYJIbCHUX JIKEPEIT KUBJIEHHS, 10 MPAITIOI0Th Ha BUCOKMX YacToTax [8].

EdexTuBHICTE CHCTEM >KUBJICHHS BH3HAYAETHCSA BIJHOIICHHSIM BHXiTHOI

MOTYXXHOCTI (P,,;) 10 BX17IHOT TOTY)HOCTI (P;,), BUpaKeHa y BiJICOTKaX:

n:%xloo%. (1.1)

in
Edextusnicte 100% siBisie o000 i€aibHy CHUCTeMY Oe3 BTpart, aje Taka
JIOCKOHAJIICTh € HEJOCSHKHOIO Ha MPAKTHUIll Yepe3 BHYTPIIIHI BTPATH, TaKl SIK OMIYHI
BTPATH, BTpaTH Ha KOMYTallll0 Ta Mapa3WTHI BTPAaTWU y MacHUBHUX eneMmeHTtax. Lli
BTpAaTU HE TUTBKH 3HIKYIOTh €(QEKTHUBHICTh, ajlé ¥ CHPUYUHIOIOTH HArpiB, IIO

BUMarae JIoMaTKOBHUX PIIIEHb JIJIi OXOJIOMKEHHI Ta pO3CitoBaHHS Teruia [9].

OmuuM 13 OCHOBHHMX (PaKTOpPiB, IO BIJIUBaE Ha €(GEKTUBHICTh OJIOKY
KUBJICHHSA, € BHUKOPHCTaHA TEXHOJOTIS TMepeTBOpeHHs. TpaauuiiiHi JiHIHHI
CTa0LI13aTOPH, HE3BAKAKOYM Ha TE, II[0 BOHU MPOCTI Ta 3a0e3MeuyroTh BUXIIHY

HaIpyTy 3 MIHIMaJIbHOIO KUTBKICTIO 3aBaJl Ta BUCOKHM KOE(]II[i€HTOM TMOIaBICHHS
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cuHdazHo1 3aBajy, € Ty’Ke Hee()eKTUBHUMU, OCOOIUBO KOJIU PI3HUL HAIPYTH MIXK
BXOJIOM 1 BUXO/IOM cTaliii3aTopa € 3Haunoto [10]. Brpara moTyXHOCTI B JIiHIHHOMY

PErynsTOpl BUBHAYAETHCS SIK:

P

loss linear

:Iout(l/in _I/aut)’ (12)

1€ Ploss linear — BTPATH TMOTYKHOCTI y JIHIHHOMY PEryasaTopi, I, — BUXITHUAN
CTpyM perynasitopa, Vi, — BXigHa Hampyra perymstopa, Ve, — BHUXITHA Hampyra

perymnsaTopa.

106 momonatu OOMEXEHHS NIHIWHUX PETYISATOPIB, IMITYJIbCHI JpKepena
KHUBIICHHSI CTAJIM 3aCTOCOBYBATHCh Y Cy4aCHUX OJIOKaX >KUBJICHHS 3aBISKU 1X BUILI
e(eKTUBHOCTI Ta YHIBEpCaJbHOCTI. IMIynbCcHE [Kepeno Mpalioe MUISIXOM
IIBUJIKOTO BMHUKaHHS Ta BHMHUKAaHHS CHJIOBOTO TPAaH3HCTOPA, KOHTPOJIOIOYH
nepeaady eHeprii uepe3 1HIYKTHBHI Ta EMHICHI KOMITIOHEHTH. OCHOBHUMN TPUHITUII
0a3yeThCs Ha MUPOTHO—IMITYIbCHIN Moxyssuii (LLIM) nmst perymioBaHHS BUX1IHOT

HaIpyru.

¥ 6a3oBoMy buck — nepeTBoproBaui, SKUi 3HUKYE HAMPYTY, CIiBBITHOIICHHS
MDK BXigHOO Hampyroio (Vj,), BuximHoi Hampyrow (V,,), Ta koedimieHTOM

3aroBHEHHs (D)) CTAaHOBUTb:

Vou =DV, (1.3)

Oou.

KoedimieHnt 3amoBaeHHs D BU3HAYAETHCS SIK:
D=—, (1.4)

ne t,, — 1€ 4Yac, AKUM NepeMuKad YBIMKHEHO MPOTITOM KOKHOTO IMepiory
nepemukanHs 7. KKJ[ izeanpbHOr0 MOHMKYBAJIBHOTO MEPETBOPIOBAYA TEOPETUIHO

ctaHoBuTh 100%, ane npakTHUuHiI 0OMEXEHHSI BHOCSTh BTPATH.

Owmiuni Brpatu (Pong) y cusoBoMy TpanzucTopi (Hanpukian, MOSFET) uepes iioro

omip y BiIKpUTOMy cTaHi (Rpspn)) BUBHAYAIOTHCS SIK:
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P

cond

:[rzmsRDS(on)’ (15)

1€ s — 1€ CEPEAHPOKBAIPATUYHAM CTPYM YEPE3 TPAH3UCTOP.

KomyTariiitHi Brpat BiOyBalOThCS MiJ 4Yac MEPEXoiB MK YBIMKHEHHM 1
BUMKHEHHM CTaHaMHU 1 0€3MOCepeHbO 3alleXkaTh Bijl 3araJIbHOTO 3apsiay 3aTBOpa
(Qg). Y cmpouieniii Moneni poOOTH B pEXUMI NMEPEMHUKAHHS, TPaH3UCTOp abo
MOBHICTIO YBIMKHEHO, a0O IMOBHICTIO BUMKHEHO. OpHak, OUIBII peaicTUYHA
MOJIENIb TIOBUHHA BPaxoBYBaTH, IO MEPeXiJ MK JBOMA CTaHAMHU HE € MHUTTEBUM.
TpaH3uCTOp KOPOTKOYACHO MPAITIOE B JTHIHHOMY PEXHMI 3 BUCOKUM PO3CIFOBAaHHSIM
MOTY>KHOCTI KO)KHOTO pasy, KOJIM BiH TIepeMHUKaeThes. Lle mpu3BoauTh 10 Apyroro
TUIy BTpaT, BIIOMHX SIK KOMYTalliiH1 BTpaTu. Po3paxyHOK KOMyTalliiHUX BTpar
ABJISIE COOOI0 HETPHUBIAJIBHY 3aj7ady, OCKIIBKM TMepexii MK YBIMKHEHUM 1
BUMKHCHUM CTaHAMHU € JIUHAMIYHUM TPOIECOM, TiJ 4Yac SKOTO OIip KaHaTy

NoCTiHO 3MiHIOEThC. Hactynny hopmyny npononyiote ROHM Semiconductor y
[11].

Enepris, BrpaueHa Ha nepeMukaHHs (Ejsyicn), CTAHOBUTD:

_ VDS]D (ton + tojf) (1 6)

switch — 7 H

ne Vps— Hanpyra CTIK—BUTIK, [p — CTPYM CTOKY, Zon 1 fof— YacC HApOCTAHHS Ta
criaay IpH MepeMUKaHHI TPaH3UCTOpa. 3arajibHi BTpaTH Ha KOMYTAIIIF0 3a OJMHHITIO

qacy:

Ijswitch - switch./ sw > (17)

1€ fsw —11€ YacToTa MepeMUKaHHS.

Btparu 3apsay 3atBopy € 11e OqHUM (aKTOpPOM, SIKUH BUKIUKAE 3POCTaHHS
3aranbHUX BTpaT B MOH-Tpan3ucropi. J[aHi TpaH3UCTOPH MArOTh 130JII0I0UHIA 11ap
3aTBOpa, SIKMH IEPEeIIKOKAE MPOXOIKEHHIO IMOCTIMHOTO CTPyMy uYepe3 KOJIo

3arBopa 1 (hopMmye KOoHACHCATOp MeBHOI eMHOCTI. OpHaK, MiJ 4ac NMEepeMHUKaHHS
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CTPYM IPOTIKA€E, OCKUIBKU €MHICTh 3aTBOpA 3apsAHKAETHCS Ta po3pskaeTbes. Llei
NEPEXITHUNA CTPYM CTBOPIOE PO3CIIOBaHHS MOTYKHOCTI B JaHIIO31 3aTBopa. lLle
SBUIIEC € e OJHUM JDKEPEIOM TUCHIIATUBHHUX BTPAT ISl IMITYJbCHHUX PEXHMIB
poOoTH. VYBIMKHEHHS Ta BHUMHKAHHS IOJbOBOIO TPAH3UCTOpA BUMAarae 3MiHU
HallpyTd Ha 3aTBOPi, a PO3CIIOBaHHS IOTYXXHOCTI BiJIOyBa€ThCcs B pasi, KOJHU

pe3ynbTYIoUl IepexiiHi CTPYMU MPOTIKAIOTh Yepe3 Mapa3uTHI OMOPH KOJa 3aTBOPY:
Pg - QngsfSW’ (1-8)
ne Ve — Hampyra 3aTBOp—BHTIK, O, — 3arajJbHUM 3aps] 3aTBODY.

bazyrouricy Ha 3amponoHoBaHUX (Qopmynax pospaxyHky Brpar MOSFET-
TPAH3UCTOPIB, OJHHUM 13 HAWMBAXJIMBIIIUX OPIEHTUPIB MOJbOBOIO TPAH3UCTOPY €

rioro figure of merit (FOM, noOpOTHICTB):
FOM = RDS(on)Qg 2 (1 9)

ne Rpson) — HomiHanbHuU omip MOSFET y BigkputoMy craHi Ta Qg —

3arajibHAM 3apsijl 3aTBOPA.

Figure of merit 3a0e3neuye koMOIHOBaHY OI[IHKY CTaTWYHHMX 1 JUHAMIYHHX
BTPAT, OXOIUIIOIOUH SIK OIp KaHay, TaK 1 3arajlbHUIA 3apsij 3aTBOPa, 110 POOUTH HOTO

KJIFOUOBUM TapaMeTpOM JJis BU3HaYeHHs 3araiabHoi epextuBHOoCcTI MOSFET [12].

Onniero 3 HaiBigomimux cepiit MOSFET oyna cepis IRF Big xopmnoparrii
International Rectifier Ta ii npencraBuuk IRF150, sxuit MaB HanpyTy nMpoOOO CTIK—
Butik 100 B 1 omip kanany 0,055 Om — ramy3eBuit etajgoH Toro dacy [13]. Ongnak,
yepe3 BUCOKY I[iHY BIH HE BiJpa3y BUTICHHUB OIMOJISIPHI TPaH3UCTOPH, SK1 JOOpe
3apeKOMeHIyBaju cede Ha TOM yac. 3a 1ei nmepioa Kijbka BUPOOHUKIB pO3pOOHIN

HOBI MOKOJIHHS NOTY>kHUX MOH-TpaH31ucTOpiB, BCTAHOBIIOIOYN HOB1 CTaHAapTH.

Ha nmanuit moment, cepen MOSFET 3 po6ouoro nanpyrorwo 100 B, B pa3si
MPOBEACHHS OLIHKH 10 nokazHuky FOM, monens ISZ08ON10NM6 BupoOHHIITBA

Infineon 3aiimae nepmie micue [14]. TlopiBatoroun qo6potHicth (FOM) IRF150 1
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ISZO80ON10ONMO6, MmoxHa BII3HAYUTH, 110 OCTAHHIN IEMOHCTPYE 3HAYHHM MPOTPEC.
IRF150, 3 FOM po3paxoBanum Ha piBHi 8,125 Om-uHKJ, 3Ha4HO mocTymaerbes
ISZ08ON10NM6 3 FOM 0,135 Om-uKu, sikuit neMoHcTpye 60—KpaTtHe NOKpaieHHs
(Puc. 1.1).

MokpalleHHs nokasHuka y 60.2 pasu

ISZ080N10NM6 0.13 Om-HKRn

TpaHaucTtop

IRF150 8.12 Om-HKn

0 2 4 6 8
FoM (Om-HKn)

Pucynok 1.1 I'icrorpama nopiBusinus Figure of Merit (1o6poTHOCTI) 117151
MOSFET Ttpan3ucropis

Ile nmoxpaiieHHsI HaOIMXKA€ TPAHZUCTOP A0 TEOPETUYHOI MEXKI MOKIMBOTO
s kpemHieBux MOSFET. Tum He MeHII, pPO3BUTOK KPEMHIEBHX CHIIOBUX
TpaH3UCTOPIB NpoAoBxkyeThecss. Hanpukian, superjunction MOSFET 1 GinosnspHi
TpaH3ucTopu 3 i13ompoBaHuM 3aTtBopoM (IGBT) mepeBepmmnam TeopeTHuHI MeExi
npocTux BepTukaibHIX MOH—-TpaH3uCTOPIB 3 TOUKH 30py OMOPY MpoBigHOCTI [15].
Taki iHHOBAIT MOXYTh 3 ABJISITUCH IIe TIEBHHI 4Yac, BUKOPUCTOBYIOYH BIJIHOCHO
HEIOPOTY B BUTOTOBJIECHHI CTPYKTypy cuioBux MOH — TpaH3ucTOpiB, a Takox
3HAUHUKN HAKOMTMYEHUI TO0CB1J] pO3POOKH €IeMEHTHOT 0a3H Ta CUCTEM ITePETBOPEHHSI
eHeprii Ha OCHOBI KpEMHIiIO, III0 JIO3BOJIIE TIOCTYIOBO IOKpAIlyBaTH

XapaKTEPUCTUKHU BKa3aHUX MPUCTPOIB.
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[TosiBa HaMiBIPOBITHUKIB 3 IMUPOKOIO 3a00poHeH0t0 30H0I0 (WBG), Takux sk
HiTpua ramio (GaN) 1 kap6ig kpemHito (SiC), 3MIHUIO TEXHOJIOT1F0 BUTOTOBJICHHS
Ta 3aCTOCYBaHHS CHUJIOBUX TpaH3ucTopiB. Lli Marepianyd BUPI3HSIIOTHCS BEJIUKOIO
CHEpri€l0 aTOMHUX 3aB’S3KiB, 3aBISKM YOMY CHJIOBI €JIEMEHTH Ha iX OCHOBI
e(EeKTUBHO TMpaIllOIOTh TMPU BUCOKUX Temmeparypax [16]. Hitpun ramiro craB
NEPCIIEKTUBHUM BapiaHTOM JJIsi CHJIOBUX TPAH3UCTOPIB, JEMOHCTPYIOUM 3Ha4HI

nepeBaru nepej kpemuiem [17].

CriouaTKy HITpH] Tajil0 OTPUMAaB BU3HAHHS 32 MOr0 BUKOPHUCTAHHS B CHHIX
ceimoniogax (LED). 3romom, HITpUJ rajito MoyaB 3aCTOCOBYBaTHCS Y CHJIOBHX
IOPUCTPOSX Y 3B SA3KY 3 MOSBOIO TPAH3UCTOPIB 3 BUCOKOIO PYXJIMBICTIO €JIEKTPOHIB
(HEMT). Ctpyktypa HEMT 0Gyna 3anponionoBana Mimypoto [18] 1 gani po3BuHyTa
B HayKOBHX JOCHiKeHHAX [19]. ¥V gaHux TpaH3ucTopax OCHOBHUM MeEXaH13MOM
dbopMyBaHHS TIPOBIAHOCTI € JBOBUMIPHUN €JIEKTPOHHUN Ta3 3 HaA3BHYAWHO
BHCOKOIO PYXJIMBICTIO €JIEKTPOHIB Ha Mexi rerepocTpyktypu AlGaN/GaN. Ilei
MPOPUB JIO3BOJUB JOCSITTA 3HAYHOTO TIPUPOCTY TMOTY)KHOCTI B YaCTOTHOMY
niara3oni oguHUI [T, mosumionyroun HEMT Ha oCHOBI HITpUAY Talliio SIK HOBE

MOJKJIMBE PIIIEHHS AJisi CTBOpeHHs Tpan3ucTtopis 11 HBY 3acrocyBanb[20].

Y nopanemiomy Oyno mpexactaBieHo deleption mode HEMT HBY
TPAH3UCTOP, IO BUKOPUCTOBYE HITPUJ Tajilo, BHUPOIICHUNH HAa KpPEMHIEBUX
MJIaCTUHAX, Ha OCHOBI TEXHOJOTIi, omucanoi B mareHTi [21]. Biarogi HBY GaN
TPAH3UCTOPH HAOyIu MOMYISPHOCTI B PaJlo4acTOTHUX 3aCTOCYBAHHAX, XOoda iX
IIUPIIOMY BIPOBAIXKEHHIO MEPEITKOHKAIA BUCOKA BapPTICTh 1 MpoOIeMu, TIOB’ si3aH1
3 pobototo B pexkumi deleption mode. L{st TexHOIOT1sI BUMarae Biji’€eMHOI HalPyTH

Ha 3aTBOPI, 100 TPAH3UCTOP 3ATUIIABCS Y BAMKHEHOMY CTaHi.

3HaYHUI PO3BUTOK IHOTO HANPSIMKY OYJIO JOCITHYTO 3 MPEACTaBICHHSIM
HOBOTO TIOKOJNIHHS TPAaH3UCTOPIB, OTPUMAHOIO IIJISXOM BHUPOIIYBaHHS IIapy
HITpH/Ia rajito Ha OypepHomMy mapi HiTpuay amoMinio (AIN) noBepx cTaHgapTHUX

KpeMHieBMX  IuacThH. lLleli mpormec, 10 CcTaB  MOXJIMBHM  3aBISKH
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METaJ0OpraHIiuHOMY XIMIYHOMY OCa/KeHHIO 3 mapoBoi (azu (MOCVD) 3pobus
MOXJIMBUM BUPOOHUITBO GaN TpaH3UCTOPIB 3 BUKOPUCTAHHSIM BXKE 1CHYIOYOi
1H(pacTPpyKTypu BUTOTOBJICHHS KPEMHI€BUX HamiBOpoBiAHUKIB [22]. Ll po3pobka
nojojiana pO3pHUB MDK HOBUMH HAIIBIPOBIAHUKOBUMHU MarepiajamMu Ta
TPaIUuLIMHUMUA METOJaMU BUPOOHMIITBA, MPHU LHOMY 3a0€3Meuylodd €KOHOMIUHY

e(eKTUBHICTh 1 BUKOPUCTOBYIOUM C(hOpMOBaHY BUPOOHHUY 1HPpacTpyKTypy [23].

3aBISKM LHUM JOCSITHEHHsM Oyno npencrasieHo GaN TpaH3ucTopu 3
iHayKoBaHUM KaHajioM (enhancement mode GaN HEMT), sxi Oynmu cmermianbHO
pospob6sieni ais 3aminu cwiioBux MOSFET [24]. Ha BigMiHy BiJ TpaH3UCTOPIB 3
BOynoBaHnuM kaHasioMm (depletion mode), MoabOBI TpaH3UCTOPU 3 1HAYKOBAHUM
kaHaoM (enhancement mode) He BUMararoTh HEraTUBHOI HANIPYTH JJIsl BAMKHEHHSI,
10 POOUTH iX OINbII MPAKTUYHOIO ATBTEPHATUBOIO JJIsl BUTOTOBJICHHS CHIJIOBHX
IMITyJTIbCHUX TiepeTBoproBaviB. Ha mouarky po3sutky, GaN HEMT Bupobmnsucs y
BEIMKUX 00cCATaX 3 BHUKOPUCTAHHSM CTAHIAPTHOI TEXHOJOTIi BUTOTOBJICHHS
KPEMHIEBUX HAIlIBIPOBIAHUKIB (3aBIASKM HU3bKIH COOIBapTOCTI BUPOOHUIITBA).
3rogoM 3’SBUJIMCA 1 1HIII METOJUMKH BUPOOHHUIITBA, PO3pOOJICHI CHEIiajIbHO s

BUroToByieHHs: GaN TpaH3UCTOPIB MPU3HAYEHUX ISl IMITYJIbCHUX TIEPETBOPIOBAYIB.

[Ilo6 HOBa CTpPyKTypa HaMiBIPOBIIHMUKOBOTO MPUCTPOIO Oyna €KOHOMIYHO
KUTTE3ATHOIO, BOHA MOBHMHHA BIAMOBIAATH MEBHUM KpPUTEPISM, BKIIOYAIOUU
e(EeKTUBHICTb, HAJIHHICTh, KEPOBAHICTh 1 EKOHOMIYHY AOLUIbHICTh. He3Baxkaroun
Ha BIPOBA/KEHHS 0OaraTbOX HOBUX MaTepiajiB 1 CTPYKTyp MpPOTATOM pOKiB
JOCIIKEHb, JINLIE JIESK1 3 HUX JOCSIIN IIMPOKOTO €KOHOMIYHOTO YCHIXy, TOMI 5K
1HII 3a]MIIATMCAd B BY3bKMX PHHKOBHX HIIIax, depe3 crHeuu(piyHl TEeXHIYHI

XapaKTEPUCTUKH Ta CKIAJHOCTI y BUPOOHHUIITBI [25].

Y HacTymHOMY MIIPO3JUTT MPOBOJUTHCS MOPIBHSAHHS MDK KPEMHIEM,
KapO1I0M KPEeMHIIO 1 HITPUIOM Talito, JOCTIKYIOUM TEPCIEKTUBU 3aCTOCYBaHHS

[IUX MaTepiajiB y HACTYITHOMY MOKOJIIHHI CUJIOBUX TPaH3HUCTOPIB.
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1.2. AHaJji3 nepcneKTUB Ta NMepeBar 3acCTOCYBAHHS HANIBIIPOBIIHUKIB 3

HIUPOKOIO 3360pOHeHOlO 30HOI0.

3 kinng 1950—x pokiB kpemHii OyB TOMIHYIOYMM MaTepiajaoM JJis CTBOPSHHS
HaIBIPOBITHUKOBUX MPHUCTPOIB 3aBISKH CBOIM (DI3UYHUM BIIACTUBOCTSIM, a TAKOXK
3HAYHUM 1HBECTHIIISIM Y BHpPOOHHUYY 1HGPACTPYKTypy Ta TEXHIKYy BUPOOHHUIITBA
KpeMHiro. KpemHiii MaB KijibKa repeBar nepes] monepeIHiMu MaTepiaiaMu, TaKUMA
SIK TepMaHiii i ceneH, Mo 3poOuII0 HOro OCHOBHUM MaTepialioM JJisi BATOTOBJICHHS
HaMBIPOBITHUKOBUX MPUCTPOiB. OAHAK 13 MOSBOIO HAIIBIPOBIIHUKIB 3 IIUPOKOIO
3a00pOHEHOI0 30HOI0, TAKUX K HITPUJ Taiiro 1 KapOiJ] KPEeMHII0, CTa€ BaXXJIMBUM
MIOPIBHSHHA 1X OCHOBHHX E€JEKTPUYHHUX BIACTHBOCTEU 3 KPEMHIEM JJIsl OLIHKH X

MOYKJIMBOCTEHN Ta MOTEHIATY Y IMIYJIbCHUX CUCTEMAaX >KUBJICHHS.

Tabmuusa 1.1 AeMOHCTpye ISIThb KIIIOYOBUX EJIEKTPUYHHX BIACTUBOCTEH
HACTYITHUX CHOJYK: KPeMHiI0, KapOiay KpeMHIt0, HITPUIY Tajito, apceHIy rajito Ta

dbocdiny iHAIO, MAKPECTIOOYH CHIIbHI Ta C1a0KI CTOPOHHU KOXKHOTO MaTrepiaiy.
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[TapameTpu HamiBOpPOBITHUKOBUX MaTepiasiiB

Taommus 1.1

| Apcenin | @ochin | Kapbin | Hitpun
KpewmHii ' o ' _
XapakTepucTuka On. Si) T IHIII0 | KPEMHIIO | Talliio
i
(GaAs) | (InP) (SiC) | (GaN)
[Iuprna
eB 1,12 1,42 1,35 3,26 3,49
3a00pOHEHOT 30HU
PyxnuBicTh
: 1000-
€JIEKTPOHIB NpHU cm?/(B-c) 1500 8500 5400 900
2000
300 K
Kputnuna
HAIPYXKEHICTb
MB/cm 0,3 0,4 0,5 3 3,3
€JIEKTPUYHOTO
OJIS
TennonposianicTs | BT/(cM-K) 1,5 0,5 0,7 4,5 >1.,5
JlienexTpudaHa
. — 11,8 12,8 12,5 10 9
MOCTIMHA (€r)

OmuuMm 13

MOXJIMBHX METOMIB TIOPIBHAHHA OCHOBHUX T[apaMmeTpiB

HaITIBIIPOBITHUKOBOTO MaTepiajgy € OIlIHKa TEOPETHYHOIrO JIMITY, SIKOTO MOXeE

JOCSTTH KOXKHA 13 TI'SITH CIONYyK — KpeMHid (Si), apcenin ramito (GaAs), dhocdin

iHaio (InP), kap6ix kpemnito (SiC) Ta HiTpua ramito (GaN). Y cuctemax >KUBIEHHS

BUJIIJISIIOTh JIEKUJIbKA XapaKTEPUCTHK, SIKI MOXKYTh OyTH KPUTHYHO Ba)KIMBUMHU B

3aJIe)KHOCTI BiJ1 yMOB poOOTH niepeTBoproBada. OTHaK KIIOYOBUMH € I'SITh (PaKTOPIB:

Omip IpHW BKJIIOUEHHI, Hampyra mpo0or, po3MipHu, BTpaTh Ha TEpPEeMUKaHHS Ta

BapTICTh.
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B xoHTekcTi 1aH01 poOOTH, TpOaHaII30BaHO XapaKTEPUCTUKU MaTepialiB, SKi
BIUTMBAIOTh Ha 11 (PAKTOpH, 1 JOBEJIEHO, IO TaKi HAIMIBIPOBIAHUKHU 3 HIMPOKOIO
3a00pPOHEHOI0 30HOI0 K KapOiJ KPEMHII0, TaK 1 HITPUJ Trajiio € BAaJI0K OCHOBOIO
CHJIOBUX €JIEMEHTIB JJIsl CTBOPEHHS €HEOTPEPETBOPIOBAUIB 3 MEHIIIMMHU BTpaTaMH,
3 BUIIIUMHU HampyramMu MpooOor0 Ta MEHIIIMM 3arajibHUM PO3MIPOM, 1, SIK HACI/IOK, —

31 3HAUHO BHUIIOI0 MUTOMOIO MOTYXHICTIO, TOPIBHAHO 3 KPEMHIEBUMH aHAJIOTaMU

[26].

Kputuunoro  BIacTUBICTIO,  fKa  BIUIMBAE  HA  XapaKTEPUCTUKHU
HaITIBIIPOBITHUKOBUX MaTepiaiB, € IIMpUHA 3a00pPOHEHOI 30HH, sIka O€3M0CEePETHHO
noB’si3aHa 3 ix enekTporposiaHicTio. [Ilupuna 3a00pOHEHOT 30HU TPECTaBIISE
PI3HULIIO €HEPT1 MK BaJICHTHOIO 30HOIO Ta 30HOKO IIPOBIHOCTI B Marepiani. Bona
3HAQYHOIO MIPOI0 BHU3HAYAETHCS MIIHICTIO XIMIYHMX 3aB’SI3KIB MK aToMaMu B
KpUCTANIYHIN penmiTii. MirHinm aToMHi 3B’S3KH, Takl K y KapOiay KpeMmHilo i
HITpUY Tajilo, CTBOPIOIOTh IIUPIIY 3a00pOHEHY 30HY, IO YCKJIaJHIOE

MIEPEMIIIICHHS €JIEKTPOHIB 3 OJJHOTO aTOMHOTO PIBHS Ha IHIITUH.

[{s mmpoxa 3ab0opoHeHa 30HA 3a0e3neduye 3HAuHI IMepeBard, Taki K MEHIII
BJIACHI CTPYMH BHUTOKY Ta MOXJIMBICTh TMpAIIOBATU TMPH OLIBII BHCOKHX
Temrieparypax Ta Hamnpyrax. Ha ocHosi ganux 3 Ta6muui 1.1 HiTpua ramiio mae
mMpuHy 3a60poHeHoi 308U 3,49 eB, a SiC 3aiimae apyre micie 31 3Ha4eHHIM 3,26
eB. lle 3nayHo Oinblle 3HavYeHHs, HIX y kpemHito (1,12 eB). binbma mupuna
3a00pOHEHOI 30HU JI03BOJISIE HITPHUAY Tajilo 1 KapOily KpEeMHII0 MpalioBaTd 3
BUIIMMU HallpyraMu 1 BATPUMYBATH OLTBIIT BUCOKI POoOOUl TeMIIepaTypH MOPIBHIHO
3 TpaguuiiiauMu kpemHieBuMu MOSFET, mo poOuTh iX NEepCleKTUBHUMU IS
3aCTOCYBAaHHA B MOTY)KHUX Pa/Jl04aCTOTHUX Ta IMIYJbCHUX CHJIOBUX HPUCTPOSX.
KpiM TOro, BIamuMm pIilIEHHSIM BUSBWJIOCH BUKOPUCTAHHS TaKUX MarepiajiiB y
OMTOCJEKTPOHHUX CHUCTEMax, JI¢ HaIIBIPOBITHUKH 3 IIAPOKOI 3a00pOHEHOIO

30HOI0 OTPUMAJIA PO3MOBCIOMKEHHS 3aB/ISIKA CBOIM BJIACTUBOCTSM [27].
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[HIIMM Ba)XJIMBUM HACHIIKOM OUIBII MIMPOKOI 3a00pOHEHOI 30HHM € BUIIE
3HAYEHHSI KPUTUYHOTO €JIEKTPUYHOTO MOJIsI, HE0OX1THOTO JIsl 1HILIFOBaHHS YIapHOi
10H13aI11ii, MeXaH13My JIJABUHHOTO MpoOoto. Hanpyry npo6oto Vzg pUCTpoOr0 MOXKHA

HAOJIMYKEHO BU3HAYMTH 32 JIOMTOMOTO0 HACTyIHO1 hopmyiu [28]:

w, E.
VBR — drift crit , (110)
2
1€ Warif — L€ IMpuUHA oOnacti npeildy, Ei; — KpUTHYHA HAIPYKEHICTb

CJIICKTPUYIHOTIO I1OJIA.

Hampyra npo6oto npuctporo (Vzr) mpsimo poropitiitHa mupuHi #oro o0macTi
npenidy (Warin). s MaTepiaiis 13 HIMPOKOIO 3a00pOHEHOIO 30HOM0, TAKUX K KapOin
KPEMHIIO 1 HITPU/J Tajito, o0nacts apeiidy Moxke OyTH B AE€CITh pa3iB TOHILIO, HIXK
y KpPEMHII0, TIpu 30epekeHH1 Ti€l X Hampyru npooOoro. Ile € kiarodoBa meperara,
OCKUTBKM BOHa JIO3BOJISIE CTBOPIOBATHM OUIBII KOMIAKTHI KOHCTPYKINT 0e3
3MEHIIEHHS pPo004Yoi Hampyru. 30aTHICTh 3MEHIIyBaTH JApeidoBy 001acTh,
BOJHOYAC BUTPUMYIOYM BHUCOKI Hampyru, 3a0e3nedye 3HAaYHUNA TMPUPICT
e(eKTUBHOCTI JUId HAIIBIPOBIAHUKIB 13 BHUIIMMH 3HAUEHHSMU KPUTHUYHOI

HaMpy>KEHOCT1 €JIEKTPUYHOTO TOJIS.

KinbkicTh HOCIIB 3apsay, 30KpeMa eIeKTpOHIB (y BHUIIQJIKy HAIiBIPOBIIHUKA
N — TUIY), MK IBOMA €JIEKTPUYHUMHU KOHTAKTaMH MO>KHA BU3HAYMTH 32 JOTIOMOTOIO

PIBHSIHHS:

qND=8o€rh, (1.11)

drifi
ne g — 3apsan enekrpona (1,6-107°kJI), Np — 3aranpHa KOHIEHTpAIis
eJIEKTPOHIB B 00nacTi Apeidy, & — MieNeKTpUYHa MPOHUKHICTH BaKyyMmy, IO
nopiBuioe 8.854-10712d/m, &, — BimHOCHA JieNeKTpPUYHA POHUKHICTH Marepiany
MOPIiBHSHO 3 BAaKYYMOM, E,;,— KDUTHYIHA HATIPY>KEHICTh SJEKTPHIHOTO TIOJISL, Wapifi —

mupuHa ooJacti apendy.
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Teopernunuii omip YBIMKHEHOTO TPAaH3UCTOPY 3 €JIEKTPOHAMHU B SKOCTI

ocHoBHUX HOCIIB (N— channel MOSFET) moxHa oniautr popmynoro:

w,.
R =5 1.12
Pt qlLlnND ( )

1€ [y, — PYXJMBICTH €JICKTPOHIB.

Insxom kombinyBanas piBHsHb (1.10), (1.11) 1 (1.12), Mu oTrpumyemo

3aJIeKHICTh MIXK HAIpyTOI0 MPOOOI0 Ta ONOPOM YBIMKHEHHS.

3 piBusinHs 1.10:

2V
Wy =—.
drift E. (1.13)
3 piBHsHHA 1.11:
E .
N, =20 it (1.14)
GWerie

[Toennanns piBasHb 1.13 1 1.14 nae:

e E>
N — 0% r~crit ) (115)
A

[ToeqnaBmm piBHaHHA (1.12) 3 piBHsaHHAM (1.15) 1 piBHsaHsIM (1.13), Oyno
OTPHUMAHO HACTYITHE:

R W

DS(on) — - ™ 808rEC2rit . (116)
crit n ZVBRq

Cnpomuenns piBHsiHHS 1.16 nipu3sBene 10 piBHsSHHS 1.17:

4y,
RDS(on) = ce ILIBREG . (117)
0™r

ncrit
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OTpumaHuil BUpa3 JEMOHCTPY€E KOMIIPOMIC MK Hampyrow mnpo0Oor Ta
OIOPOM YBIMKHEHHSI B CHJIOBUX MPHUCTPOosiX. Lle MosCHIOE SIK BIaCTUBOCTI TaKUX
MaTepiajiB sIK HITPHUA rajiro 1 KapOiJl KPEeMHIIO J03BOJISIIOTH iM JOCSITTH HUXKYOTO
OMopy MpH BUIIUX Hampyrax MpoOO0 MOPIBHAHO 3 TPaJULIHHUMU KPEMHIEBUMU

TPaH3UCTOPaMH.

Matouu Bci HEOOX1H1 JaHi, MOKEMO Bi3yalli3yBaTH TEOPETUYHI OOMEKEHHS
CTPYKTYp MOJIbOBUX TPAH3UCTOPIB, CTBOPEHUX HA OCHOBI KPEMHIIO, apCEeHi/1a rajilo,
docdiny iHmiro, kapbiga KpeMHiro 1 HiTpuaa ramiro. Tabmums 1.1 Hagae ocHOBHI
napamMeTpu i 1ip0ro. Harnpyra npo6oro BuOpaHa y Jiarna3oHi KOMEPIIHHUX JHKEpE

’KMBJICHHS, 1110 oxoraroe 3HadeHHs Big 10 B no 10 kB.

10!

—— Mea ona Si
----- Mexa ona GaAs
Mexa ons InP
—=- Mexa gna SiC
—-= Mexa gna GaN

107 4

10-1 4

Rpsion) (OM - MM?)

1073 4 -

’
1074 +— < L .
10! 102 103 104
Hanpyra npo6ot Vg (B)

Pucynoxk 1.2 3anexHicTh TEOPETUYHOTO JIMITY TUTOMOT'O OIOPY BiA
MaKCHMaJIbHOI HAaIlpyTu MPoOOoI0
Puc. 1.2 mokazye MiHIMalbHE TEOPETHUYHE 3HAYCHHSI MMUTOMOTO OIOpYy Y
BBIMKHEHOMY CTaHi (Rpsion) I 1 MM? KpucCTaldy CHUJIOBHX HamiBIPOBITHUKOBHX

OPUCTPOIB B 3aJIEKHOCTI B MakKCUMalbHOI HAmpyrd NpoOOI0 sl KPEMHIIO,
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apceHiny rainito, ¢ocdigy iHAII0, KapOily KpeMHi0 Ta HiTpuay raiito. ['padik
JIEMOHCTPY€ YITKE Bi3yaJbHE MOPIBHSIHHA LMX MaTepialliB 3 TOYKU 30py BTpar

MPOBITHOCTI B IIIMPOKOMY Jliaria30H1 HAMPYyTH.

Kpemuiéi (cyminpHa CHHS JIiHIS) TpaJAMIIAHUM MaTepian g CHJIOBHUX
IPUCTPOIB, IEMOHCTPY€E 3HAYHO BUIIMI OMIp MPHU HWKYUX HANpyrax MOPIBHIHO 3
apceHioM raiito, dbocdizoMm 1HII0, KapOiIoM KpeMHII0 1 HiTpuaoM Tamito. Kpim
TOTO, MOT0 OMip y BKJIIOYEHOMY CTaH1 PI3KO 3pOCTa€ 31 301IbLIICHHSIM HANpyTH, 110
BKa3ye Ha OUIbII BTpaTy MpH MiABUIICHIN Hanpy3i. Take pi3ke 301IbLIEHHS OTIOPY
pOOUTH KpEeMHI MEHII MPUBAOIMBUM I 3aCTOCYBaHb y MPUCTPOSX 3 BHCOKOIO
Hampyrow KUBJIEHHA. KpemHiil 3amuIIaeTbCsi KOHKYPEHTOCIPOMOXKHUM Y
OIOIKETHUX 3aCTOCYBAaHHAX 13 HU3bKOIO Ta CEPEIHbOIO HAMPYTOI0, ajie HOTO BTPATH
3HAYHO 3POCTAIOTh 31 30UIBIIEHHAM HAMpPYyTH, IO POOUTH MOr0 MEHII MPHUIaTHUM

JUTSL CHCTEM 3 BUCOKOIO POOOYOI0 HAIIPYTOIO.

docdia iHIII0 Ta apceH1 ] rajilo MaloTh TipIIi TapaMeTpH AJs 3aCTOCYBaHHS
y CHUJIOBIM €JICKTPOHIIll Y MOPIBHIHHI 3 HITPUJIOM Tajito Ta KapOiJIoM KPEMHII0 TIPH
BUIIIY BAPTOCTI BUPOOHUIITBA Ta HE 3HANIIUIN IIMPOKOTO 3aCTOCYBaHHS y 111 cepi.
Ha cworognimuiii JeHb, Il MaTepiaid IEPEeBaXHO 3aCTOCOBYIOTHCA B
ONTOCJICKTPOHHIA TEXHIIll Ta CUTHAJIBHUX paJio4aCTOTHUX CHCTEMaxX Ha

HaJIBUCOKHUX YacToTax [29].

Kapbin xpemHito (MyHKTUpHa 3elieHa JIiHIfA) 1 HITPUJ raiito (MyHKTUpHA
YepBOHA JIiHISI) IEMOHCTPYIOTh HabaraTo Kpail rmapaMeTpu HiXK ycCli BHUIIE3rajaHi
HAMIBIPOBIIHUKY. [X Omip y BKJIIOYEHOMY CTaHi 3pocTae HAGAraTo MOBLIbHILIE 3
HaIpyrow, JAEMOHCTPYIOUM 3HAYHO HMXK4Yl BTPAaTH, OCOOIMBO MNpPU BHUCOKHX
Harpyrax. Ll xapakrepuctrka poOuTh 00MJIBa MaTepiaiy Jy>Ke MPUBaAOIUBUMU JJIS
3aCTOCYBaHb, SIKI BHMaraloThb BHCOKOI pobOouoi Hampyru ta KKJI, ne Bonu

3a0€31eYy0Th 3HAaUHO MEHIII BTPATH €HEPrii MOPIBHIHO 3 KPEMHIEM.

[cHyIOTh MpUKIANIM KPEMHIEBUX MPUCTPOIB, M0 MEPEBUILYIOTh IO

TeopeTuuny Mexy. Hanpukinaz, superjunction MOSFET, 6inossipHi TpaH3UCTOPH 3
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13ompoBaHuM 3atBopoM (IGBT) mepeBepmiuian TeOpeTHUHI MEXI MPOCTHX
BepTukaibHuXx MOH—TpaH3uCTOpIB 3 TOYKU 30py MPOBIAHOCTI, 11 BIOCKOHAJEHI
KOHCTPYKIIIi JOCSATAI0Th MOKPAIEHOI MPOBIAHOCTI JIUIIIE 32 PaXyHOK 301IbIICHHS
CKJIaIHOCTI KOHCTPYKLIi, BULIIMX BTPAT MpU KOMYTallii, 1, IK HACJ110K, M1ABUILEHHS
BapTOoCTi BUpOOHUITBA Ta ekcruryaramii [30]. Lli iHHOBamii MOXYTh BHUBECTHU
KpEeMHIN 3a MexXl HOro TpaauliiHOI NMPOMYKTUBHOCTI, aje BOHH HE JOCSTalOTh
ehekTUBHOCTI KapOila KpEeMHII0 1 HITpUAA Tali Y BHUCOKOBOJIBTHHUX

3aCTOCYBaHHSX.

AlGaN 3ambop

Bumik Cmik

!

GaN
Pucynok 1.3 bazosa ctpykrypa GaN TpaH3uctopa 3 BOy0OBaHUM KaHaJIOM

bazoBa ctpykrypa GaN Tpan3uctopa 3 BOyIOBaHHM KaHajoM 300pakeHa Ha
puc. 1.3 Tlogi6bHo Mo Oymap—sikoro cuioBoro nonboBoro Tpausucropa (FET), Bin
CKJIQ/IA€THCS 3 EIEKTPOJIIB 3aTBOPA, BUTOKY Ta CTOKY. Y Iil KOHCTPYKIIii €JIeKTPpOaAn
BUTOKY Ta CTOKY IPOHUKAIOTH Y BepxHii map AlGaN (HITpua raiiro — altoMiHII0),
1100 YTBOPUTU OMIYHUHN KOHTAKT 13 HUKHBOIO 00JIACTIO, 1110 MA€ KPUTUYHE 3HAYCHHS
111 po6oTu rerepoctpykrypu AlGaN/GaN Ta BUKOPUCTaHHS I €30€JICKTPUIHHUX
BJIACTUBOCTEN KpHUCTaiiB HiTpuaa ramito. lleil cnemianpHUII map yTBOPIOE
JIBOBUMIPHUM €JIEKTPOHHUM ra3, SKUM BIAITpa€ KIFOUYOBY pOjib Y (PYHKIIOHATBHOCTI

TPaH3UCTOpA.

[I’e30enekTpuuHuil €PeKT y HITPUAlL Tajlil0 BUHUKAE, KOIU Aedopmariis

BUKJIMKA€ 3MIILIEHHS 3aps/KECHUX YaCTHHOK Y KpUcTaniuHiil peuritii. Komu pemitka
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neopMy€eThCS, HEBEIIMKUI 3CYyB 3apsA/KEHUX YaCTUH CTBOPIOE €ICKTPUYHE IOJIE.
Bupoiiyroun TOHKHI 1Iap HITPHUJ Taiilo — aJlOMiHII0, TOBEPX KpHCTala HITpUAA
rajiro, Ha MeX1 po3/IiIy MDK IIMMHU JJBOMa MarepiajlaMi CTBOPIOEThCS Aedopmariis,
0 MPU3BOAUTH 10 BUHUKHEHHS JBOBHMIPHOI O0OJACTi €JEKTPOHHOIO Trasy 3
HaJ[3BUYaHO BUCOKOIO IIPOBIIHICTIO . EIEKTpoHM B 111i1 00J1acTi 00MEXKEH1 BY3bKOIO
oOnacTio MOOMU3y MEX1 PO3ALTY, 10 CTBOPIOE BHCOKOIPOBIIHUN 3a30p MIXK

BHUTOKOM 1 cTokoM [31].

Opnnak, 6€3 HaJeKHOTO KOHTPOJIO L CTPYKTypa CTBOPUTH IMpsIME KOPOTKE
3aMUKaHHS MK BUTOKOM 1 CTOKOM. II[00 3amoOirtu 1boMy, €JIEKTPOJl 3aTBopa
PO3MIIYEThCS MOBEPX IIApy HITPUJ Tallll0 — aJIOMIHIIO JIJISI KOHTPOJIO MOTOKY
cTtpyMy. Konu HeraruBHa Hampyra NpUKIaIaeThCcsl 1O 3aTBOPA BITHOCHO BUTOKY Ta
CTOKY, KOHIICHTpAIIisl €JIEKTPOHIB Y 30H1 OJI 3aTBOPY PI3KO CIajae, 0 JT03BOJISE
HAIIBI30JIOIOUOMY KpHUCTaly HITpHJa Tajiio ONOKyBaTu MOTIK cTpymy. Lleit tum
TPaH3UCTOPA BIJIOMUM, SIK TPAH3UCTOP 3 BUCOKOK MOOUIBHICTIO €JICKTPOHIB 3
BOynoBanuM kanamom (HEMT depletion mode transistor), y sikoMy MOCTiifHO
NPUCYTHIN KaHaJI MK BUTOKOM Ta CTOKOM, SIKIIIO HA 3aTBOP HE MOJaHa JOCTATHS

HEraTWBHA HANpYyTa.

VY nepmux GaN Tpan3ucropax BuKopucTOoByBaBcs 3arBop Llortki. Llei
3aTBOp OyB CTBOPEHUI IMUISIXOM HAHECEHHSI METAJIEBOTO II1apy 30J10Ta Ha HiKeli a0o
MJIaTUHU Oe3MocepeHbO Ha Iap HITPUJ Talliio — ajlOMIHII0, YTBOPIOOYU Oap’ep
[Hottki. HoBimn nmpuctpoi 3 BOyJ0OBaHUM KaHAJIOM BKJIIOUYAJIM 130JIS11HHI IIapu Ta
MeTaJieBl 3aTBOPH, OUIBII CXOXI Ha CTPYKTypu 3arBOpiB cydacHux MOH -

TPaH3HUCTOPIB.

Xoya TpaH3UCTOpU 3 BOYJOBAaHMM KaHaJioM Oyiu KopucHuMHU (1 J0cCi
3HaXOMAATh CBO€ 3acTocyBaHHa y HBY TexHilli), BOHU CTBOPIOIOTH 3HAYHI MPOOIeMU
B IMIYJIIbCHUX JUKepenax jkuBieHHs. [lin yac 3amycKy CHIIOBOTO NEpEeTBOPIOBAYA
HEOoOX1THO MOAABATH HEraTUBHY HAMpYTy Ha 3aTBOP, 100 BUMKHYTH CHUJIOBI KJIFOUl

IICPCTBOPrOBaia. HeBukonaHnHs OO0 IIpaBUjia IICPCH YBiMKHeHHHM MOKC
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OPU3BECTH JI0 KOPOTKOTO 3aMHUKaHHS, WLI0 TMpu3BeAe J0 KaTacTpogiyHOi
HECIPABHOCTI Ta, MPU BUCOKUX PIBHSAX MOTYKHOCTI — 10 rapid self—disassembly

(kaTacTpoh1YHOTO CAaMO3HUILEHHS) IMITYJILCHOTO JIKEpEIa >KUBJICHHS.

Tpan3ucropu 3 iHIyKOBaHUM KaHajoM (enhancement mode), HaBIaku, HeE
MaloTh 1boro ooOmexeHHs. Enhancement mode TpaH3ucTop 3anumiaerbes
BUMKHEHUM HaBITh 13 HYJIBOBUM 3MIIIEHHSIM Ha 3aTBOPi, 3a0€3Meuyroud 3HAYHO

Oe3neyHimie Ta e()EeKTUBHIIIE PIIIECHHS IS IMIYJIbCHUX JKEPET KUBJICHHS.

Haii6inpm nommvpeHuii KOMepUiiHUA TPaH3UCTOp 3 1HAYKOBAaHUM KaHaJIOM
(enhancement mode), MICTUTb MO3UTUBHO 3apsHKEHUN IIap HITPUIA TaJilo p—THILY
(pGaN), BupoleHuil moBepx 0ap’epy HITPHUJ Tallif0 — aJOMIHIIO, SIK ITOKa3aHO Ha
puc. 1.4. ITozutusHi 3apsau B 1iboMy mapi pGaN “aBroMaTHyHO” T€HEPYIOTh NEBHY
HETaTUBHY Hampyry 3MIIICHHs, “BOyIOBaHYy’ B CTPYKTYpy TpPaH3UCTOpa, sKa
NEPEBUILyE HAMPYTy, BUKIUKAHY I €30€IEKTPUYHUM €(EeKTOM, TaKuM YHUHOM
BUTICHSIIOUM €JIEKTPOHU 3 KaHally, CTBOPEHOIO IIApOM eJeKTpoHHOro razy. lLle
IEPETBOPIOE TPAH3UCTOP 3 BOYIOBAaHMM KaHAJIOM y TPaH3UCTOP 3 1HAYKOBAHUM
KaHaJIOM, KWW 3aJIMIIA€ThCs BUMKHEHHUM, JTIOKM JO 3aTBOpa HE Oyae MPUKIIAICHO

JIOCTATHIO HAMpPYTYy, 10JIalouu “‘BOyI0BaHEe” 3MIIEHHS Ta BMUKAIOYM MPUCTPiit [32].

[losBa  HITpUI-TATIEBUX  TPAH3UCTOPIB 3  1HJYKOBAaHUM  KaHAJIOM
O3HaMEHyBajla BU3HAYHUU TMporpec JUisl IMOYJIbCHUX JiKepen KubleHHs. L1
TPAH3UCTOPH BUTOTOBIISIIOTHCSA IUISAXOM HApOIIYBaHHS LIapy HITpUAA Talil0 Ha
OydepHoMy Imapi HITpUIY aJIOMIHIIO, HAHECEHOMY Ha CTaHJAPTHI KPEMHIEBI
wiactuHu. Llelt mpouec, sIKuii BUKOHY€ETHCS 3a JOMOMOIOI0 METaJOOPTraHIgYHOTO
XIMIYHOTO OCaJI>KEHHS 3 MapoBoi (a3u, 103Bosie BUTOTOBIATA GaN TpaH3UCTOPH 3
BUKOPHUCTAHHSM TI€l K 1HOPACTPYKTYpH, 11O i HAMIBIPOBIJHUKOBI MPUCTPOi Ha

OCHOBI1 KPEMHIIO.

CyMICHICTD 13 ICHYIOUMMH IpolleCaMH BHUPOOHMIITBA KpEMHIIO 3abe3neuye
€KOHOMIYHY €(eKTUBHICTD 1 MIJIBUIIY€E TPOTYKTUBHICTD. L{ei miixi ycyBae po3puB

MK HOBMMH HAaIiBIOPOBITHUKOBUMU MaTepiajaMH, TaKUMU SIK HITPUJA Talliio, 1
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TpaaAuLIHHUMU METOAAMH BUPOOHHUIITBA, 3a0€3MeuyIour OUIbII TUIaBHY 1HTErpalliio

B ycTasieH1 BupoOHuui JdiHii [33].

Meman

AlGaN —

Bumik Cmik

I

GaN
Pucynok 1.4 bazoa ctpykrypa GaN TpaH3uCTOpa 3 1HIyKOBAaHUM KaHAJIOM

ITepeBaru HiTpun ramiro GaN ta kapOiga kpemHito SiC K marepiaiiB s
CWJIOBUX TPAH3UCTOPIB BUXOMATH 32 MEXI iX BH3HAYEHUX MapaMeTpiB MHTOMOI
npoBigHOCTI. OJHIEO 3 X HAWOUIBII MOMITHUX TEpeBar € 37aTHICTh O IBHIKOTO
NepeMUKaHHs, $Ka JO03BOJIIE€ 3HAYHO IMIJBUIIATH YaCTOTH IEPEeMUKAHHS Y
IMITYJIBCHUX JIKEpeNlaX MKUBJICHHS MOPIBHSIHO 3 TPATUIIHHUMH KPEMHIEBUMHU
IOPUCTPOSIMH 3aBASKH MEHIIUM 3HAUYEHHSX MOBHOTO 3apsay 3aTtBopy (Qg tota). LId
OUTBII BUCOKA MIBUAKICTH MEPEMHUKAHHS 3MEHIIY€E MOTpedy y BEIMKUX MACHUBHHX
KOMITOHEHTAaX 1, y JEAKUX BHIIaJKaX, yCyBae moTpe0y B MEXaHIYHOMY pajiaropi
OXOJIOJDKEHHS. Y pe3yabTaTi MOXKHa 3HAYHO 3MEHIIMTH 3arajbHUi po3Mip i
rabapuTH IMITyJILCHUX IIEPETBOPIOBAYIB, 10 MOOY0BaHI HA OCHOBI HITPHUJ TaJli€BUX
Ta KapO11 KpeMHIEBUX HaMiBIPOBIIHUKIB. Lle 3abe3meuye Oe3nperneaeHTHY TUTOMY
MOTY)XHICTh Ta €HEProe(EeKTUBHICTh, 3MIHIOIOYM MiAXIM 0 TU3aHY KIHIIEBHX
IPOAYKTIB JUIsi 0arathb0X 3acTOCYyBaHb IIJISIXOM JOCSITHEHHS MiHIaTIOpH3allii npu

30epexkeHHI BUCOKUX 3HaueHb KKJI.

BaxxnuBuM MOMEHTOM Y poOOTi IpUCTPOrO € po3ciroBaHHs Teria. GaN 1 SiC

TPAH3UCTOPH JEMOHCTPYIOTh 3HAYHO KpaIllll TEIJIOBI XapaKTEPHCTHKH, HaBITh 3
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MEHIIIOI0 AKTUBHOIO TUIOIIEI0 KpucTaiy, Hixk MOH—TpaH3ucTopu 3 eKBiBaJCHTHUMU
3HaYeHHAMU Rpsoon). A1 HITpuA rajieBuX Ta KapOil KpEMHIEBUX TPaH3UCTOPIB
TEPMIYHUM OIIp BiJ mepexoay A0 Kopmnycy (Rgic) HIWKYUH, HIK Yy KPEeMHIEBHX
aHaJIoOriB, a Po0OYl TeMmmepaTypu BUII, IO MPU3BOAUTH N0 OLIbIT e()EKTUBHOT
TEIUIONPOBITHOCTI Ta po3citoBaHHS Tema [34]. Llsg 3gaTHICT, Mae BUpilIabHE
3HA4YEHHS JIJIs 3a0€3MeUeHHs HaIHHOCT1 Ta TPUBAJIOl pOOOTH MPUCTPOIB HA OCHOBI

GaN Ta SiC TpaH3uCTOpiB , 0COOIMBO B 3aCTOCYBaHHS 13 BUCOKOIO IOTY>KHICTIO.

OpHak, MOBHOIIIHHE BUKOPUCTAHHS YHIKAJbHUX XapaKTEPUCTUK CHUIIOBUX
€JIEMEHTIB Ha OCHOBI HaIlIBIPOBIIHUKIB 3 IMIHPOKOIO 3a00pOHEHOI0 30HOI0 BUMAarae
HOBOTO Ta OOIPYHTOBAHOTO MIAXOMy A0 iX 3actocyBaHHs. OCHOBHI MipKyBaHHS
BKIIIOYAIOTh KOHTPOJIb HAJl JUHAMIKOI BMHKAHHS Ta BUMHUKAHHS, CIHeEIiaJIbHI
BUMOTU JO JpaiiBepiB 3aTBopa, ONTUMAJIbHUN BUOIp MIBHUAKOCTI HApOCTaHHS
HaIpyT Ta CTPyMy, BUOIp poOOUYMX Ta MIKOBUX 3HAYCHBb CTPYMY CTOKY, €TaTbHUN
aHaji3 eJeKTPOMAarHiTHOI CyMICHOCTI Ta BHUKOHAaHHS CHEIU(IYHUX BHUMOT 0O
TOTIOJIOTIi APYKOBAHMX TIIAT, SIKI CTAIOTh OJMKYUMU JI0 BUMOT, IO BUCYBAIOTHCS JIS
BHUCOKOIIBHJIKICHOT 1udpoBoi TexHikn Ta HBY mpucTtpoiB, HiX A0 TpaguliiHUX
BUMOT Yy CHJIOBIH enekTpoHiii [35]. [HTerparlis TE€XHOJOTII HaIIBIPOBIIHUKIB 3
IIMPOKOI0 3a00pOHEHOI0 30HOKI Y IMIYJIbCHI JDKEpesla >KUBIICHHS BUMAarae
CKJIQJIHOTO KOMIUJICKCHOTO HAyKOBOTO MJIXOMYy, 100 TIOBHICTIO PO3KPHUTH iX
notenmian. [le# mporiec inTerpaiii Mae Ba)KIMBe 3HAYEHHS JIJIST TOTO, 1100 MOMI0H1
CUCTEMHU 3a0e3leduyBaii MaKCUMalbHy €(EKTUBHICTh, OIHOYACHO YHHUKAIOUU
npoOJeM, MOB’sI3aHUX 3 BUKOPUCTAHHSAM IUX NPUCTPOiB. [IpoekTyroun iMmysabCHI
JDKepelia KUBJICHHS 3 ypaxXyBaHHSIM YHIKaJbHUX BJIACTUBOCTEH HITpUIa Tajiio Ta
KapOijla KpeMHiI0, MOKHA TTOBHOIO MIpOI0 BUKOPHCTOBYBATU iX NEpeBard B CaMHUX

PI3HOMaHITHHUX 3aCTOCYBaHHSX.
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BucnoBku 10 Po3zainy 1

1. TmoGanpHUM MOMUT HA BUCOKY €HEProe(eKTUBHICTh, BUKIMKAHUN IITUPOKUM
BIIPOBA)KCHHAM €JICKTPOHHUX MPHUCTPOIB 1 Aeali CyBOPIIINMHU TraTy3eBUMH
CTaHJapTaMH, MIJAKPECIIOE€ 3pOCTaody BaXKJIMBICTh HAMiBIPOBITHUKIB 3
IIMPOKOIO 3a00pPOHEHOI0 30HO0I0. Taki Marepialiu, K HITPUJ Talliio 1 KapOif
KPEMHIIO MPOIMOHYIOTh 3HAYHI MepeBaru TMOPIBHIHO 3 TPaguliiiHUMU
TEXHOJIOTISIMM Ha OCHOBI  KpPEMHIIO, 30KpemMa 3 TOYKH 30Dy
eHeproeekTuBHOCTI, TeroBuauieHHs Ta KK/ y iMmynbcHUX mkepenax
’KMBIICHHS. IX 31aTHICTh IepeBepIIyBaTH CydyacHi BUMOIM EHEPreTHYHHX
cranaapriB, Takux sik 80 PLUS ta IEC, no3uiiionye iX ik KJIFOUOB1 TEXHOJOT11
JUIS CUCTEM >KMBJICHHS HACTYMHOTO IOKOJIHHS, 3IaTHUX 3a/I0BOJbHUTH
eHepreTUuyHi NoTpedu B MailOyTHHOMY.

2. JlocmipkeHo, 10 OCKUIbKK MoiaboBi Tpan3uctopu (MOSFET) Ha ocHOBI
KPEMHII0 HAONMKAIOTBCS [0 CBOIX TEOPETUYHUX MEX, OCOOIUBO Y
BHUCOKOBOJIFTHUX 1 BHCOKOYACTOTHUX 3aCTOCYBaHHSX, nepexiy o
HAMIBIOPOBITHUKIB 3 LIMPOKOIO 3a00pPOHEHOI0 30HOI0 CTAa€ KPUTHUYHUM.
Hitpun ranito 1 kap6ia KpeMHi0 MPOMOHYIOTh EPCIEKTUBHY aJIbTECPHATHBY,
3a0€e3Meuyour HIKIUH OIip YBIMKHEHHS, BUIIY HAMpyry MpoOoro Ta Kparli
TEIUIOBI XapakTepucTuku. Llell mepexiq Mae Ba)KIMBE 3HAUEHHS IS TAaKUX
rajxysem, sk eJCKTPUYHI TPAHCIOPTHI 3aco0M, BIMChKOBA TEXHIKA, CUCTEMHU
3B’SI3KY Ta PajlOeJIeKTPOHHI CUCTEMHU, JI€ KOMIIaKTHI, eHeproeekTuBH1 Ta
HAJIWHI PIMICHHS IS JKUBJICHHS CTAlOTh BCE OUIBII HEOOXIMHUMH IS
3aJJOBOJICHHSI 3POCTAIOYHX CTIOKHBUYUX 1 HOPMATUBHUX BUMOT.

3. IaTerpamiss HITpUAY ramiro i kapOily KpPEMHII0O B CHUCTEMHU IEPETBOPEHHS
eHeprii 3HaMeHy€ 3Ha4HI TeXHOJOoriyHi mepeBard. LI HamiBOpOBiIIHUKHU
3a0e3MeuyIoTh O1IbII KOMITAKTHI KOHCTPYKIIii, BUIIl YACTOTH MEPEMUKAHHS Ta
3HIDKEHI BTpAaTd €Heprii, mo poOuTh iX HE3aMIHHUMHU JJisi CTBOPEHHS
e(EeKTUBHUX MIHIATIOPHUX PILIEHb ISl KUBJICHHS B HIMPOKOMY Jiana3oHi
3aCTOCYBaHb. Y Mipy TOro, SK IPOMHUCIOBICTh PO3BHUBAETHCA, 11100
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BIJINIOBIIaTH BUIIMM CTaHJapTaM €HEproe(eKTUBHOCTI Ta 3MEHIIYBAaTH K
BUPOOHUYI, TaK 1 €KCIUTyaTalliiHl BUTpATH, HAMIBIOPOBIIHUKU 3 IIUPOKOIO
3a00pOHEHOI0 30HOI0 BIIIIPAaBaTUMYTh KJIIOYOBY poJib Y (opMyBaHHI
MailOyTHHOTO IMITYJbCHUX CHCTEM >KUBJICHHS, 3aBISKUA YOMY HITPUJ TaJiIo 1
KapOiJl KPEeMHII0 CTaHYTh BOXKJIMBUMU KOMIIOHEHTaMH B PO3pOOIll CHUIIOBOT
CJICKTPOHIKH HOBOTO TTOKOJIIHHS.

Po3poOnena anamiThuyHa METOIMKA OLIHKU (DI3UIHUX OOMEXKEHh KPEMHIEBHX
MOSFET-Tpan3uctopiB Ta TpaH3UCTOPIB Ha OCHOBI HAIIBIPOBIIHUKIB 3
IIMPOKOIO 3a00POHEHOI0 30HOI0 BUSIBUJIA MPSIMY KBaJApaTUUYHY 3aJICKHICTh
MIHIMQJIBHO MOMJIMBOTO ONOPY KaHaldy BiJI MaKCHUMaJbHO JOMYCTUMOIi
3BOPOTHBOI HANpPYrd Ta OOEpPHEHY KyOiuHy 3aJiekKHICTh BIJl KPUTUYHO
JOTYCTUMOI HAampy>KEHOCT! €JIEKTPUYHOTO TOJSl y HAMIBIPOBIAHUKY Y
po3misiHyTOMy aiana3oni Hanpyr 10 B — 10 kB ta mianazoni onopis 0,1 MOm
— 10 OMm. Po3pobrnennii MeTos] OIIHKK J03BOJIMB aHAJITUYHO OOTPYHTYBAaTH
BUOIp HAMINPOBITHUKOBOI OCHOBU CHJIOBOTO E€JIEMEHTY JUI 3aCTOCYBaHb Y
cucteMi eneproneperBopenHs BIIJIA / BITA, a came HiTpuay raio.

CunoBi mpuCTpoi HA OCHOBI MIUPOKO30HHUX HAIIBIPOBIIHUKIB BUMAraroTh
KOMITJIEKCHOTO HAyKOBOTO TIAXOAYy, SKHH BKJIIOYaE B cebe TEOpeTUYHH
PO3paxyHOK, MPAaKTHYHUN aHami3 Ta 3HAYHUI EJIEeMEHT KOMIT FOTEPHOTO
MOJICTTIOBAHHSI, 1100 MOBHICTIO PO3KPHUTH iX MOTEHIAd Ta BpaxyBaTh TaKi
napaMeTpH SK AWHAMIKa BMHKAHHS Ta BUMHKAHHS, BUMOTH JIO0 JpaiBepiB
3aTBOpa, ONTUMAIbHUI BHOIp MIBUAKOCTI HAPOCTAHHS HANPYTH Ta CTPyMY,
BUOIp poOOYMX Ta MIKOBUX 3HAYEHb CTPYMY CTOKY, AETAJIbHUNA aHami3
€JIEKTPOMArHiTHOI CYMICHOCTI Ta BHUKOHAHHS CHEHU(PIYHUX BHUMOT 10

TOTOJIOTIi IPYKOBAHUX IIJIaT.
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PO3ALJI 2. KOMII'IOTEPHA MOJEJb EHEPTETUYHUX BTPAT ¥
HAIIIBITPOBI/THUKAX 3 HIMPOKOIO 3ABOPOHEHOIO 30HOIO.

2.1. CTpyKTypa Ta OCHOBHI [zKepesia Mapa3suTHUX apaMeTpiB i BTpary

TPAH3UCTOPAX HA OCHOBI HITPUAY raJiio.

Y upomy posnini pyHgameHTanbHl (Pi3WYHI BIACTUBOCTI HITPUJ TaJi€BUX
TPaH3UCTOPIB, SKI po3nsiHYTI B Po3mimi 1, MOB’A3yHOThCS 3 KIHOYOBUMH
CICKTPUYHUMH  XapaKTEPUCTUKAMH, BaXJIMBUMU JUIA IMITYJbCHHUX  JDKEPEI
YKUBJICHHS Ta 3a0€3MedeHHs ix cTabibHOi poooTu. [lopiBHIEMO 111 XapaKTePUCTUKU
3 XapaKTepUCTUKaMHU HaWCydyacHIIIMX KpeMHieBUX cuioBux MOH-tpaH3ucTopiB,
00 TAKPECTUTH SIK CXOXKICTh, TaK 1 BIAMIHHOCTI. Po3ymiHHA 1Iux momiOHOCTEH 1
BIJIMIHHOCTEH Ma€ BUpilIaabHe 3HAYSHHS 1) OI[IHKH TOTO, SIK TEXHOJIOT1i Ha OCHOBI
HITpUAAQ Tajil0 MOXYTb [MOKpPAlIUTH TOTOYHI CUCTEMU TEPETBOPEHHS

CJIIEKTPOCHEPTi.

Hanpyra npo6Goio (Vpsgr) MK eNeKTpodaMH BUTOKY Ta CTOKY HITPHJ
rajieBOr0  TPAH3UCTOPY 3aJCKHUTh BIJ KUIBKOX (PakToOpiB, BKIIHOUAIOUU
(byHIamMeHTaIbHE 3HAaY€HHS KPUTHYHOTO €NEKTPUUHOTO 1o (Ei) HITPUIY Tajilo,
cnenudpikid BHYTPIIIHBOI OyAOBH TPAH3UCTOPY Ta BJIACTHBOCTEH Marepiaiy
nigknaaku [36]. Komu kputudHe eleKTpHYHe Mojie Oy — SIKOro marepiaily B
TPaH3UCTOP1 MEPEBUIICHO, NMPUCTPIM Mepeie B cTaH mpoOoro, M0 MPHU3BEAE 10
HEKOHTPOJIHOBAHOTO MPOBEICHHS BEIUKOI KITBKOCTI cTpyMy. Lle wacto mpus3BoauTh
70 KaTacTpodIuyHOI MOJIOMKH 1 IIBUAKOTO CAMO3HHUILEHHS SIK TPAaH3UCTOpa, TaK 1

MEpETBOPrOBadYa CUCTCMU KHUBJICHHS, B SIKOMY BIiH BUKOPUCTOBYETBHCA.

Ha puc. 2.1 300paxkeHo cxeMmy TeCTyBaHHS TpaH3UCTOpa Ha mpolbii. Hampyra
MOJJAETHCS BiJl CTOKY /10 BUTOKY, 3MIIIYIOYH TPAH3UCTOP Y BUMKHEHUU CTaH, NpU
BOMY €JIEKTPOJI CTOKY OILIbII TO3UTUBHMM, HIK BHUTOK. Y TpaH3UCTOPl 3
1HIYKOBaHMM KaHAaJOM, KaHaJl BUMHKAEThCS 3aMHUKaHHSIM 3aTBOpa HAa BHTIK. Y
TpaH3UCTOP1 3 BOYJIOBAaHUM KaHaJIOM, JIJIsl 3ar00iraHHs BBIMKHEHHIO TPaH3UCTOPY

HEOOXI1JJTHE HEraTMBHE 3MIILIEHHS 3aTBOP—BUTIK. B 001acTi enekTpoiiB CTOKYy Ta
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3aTBOpa BHUHHMKAIOTh EJEKTPUYHI TMOJIA, 1 KOJAM Toje B Oyab—sKiil dYacTuHI
TpaH3UCTOPY mnepeBuulye E.., BiAOyBaeThcs mpoOiil, B HACIIOK YOTO TPAH3UCTOP

INOYHMHA€ HCKOHTPOJILOBAHO ITPOBOAUTH CTPYM.

VY pasi npoboro yepe3 nepeBuIleHHs E.,;; HalBOPOBiAHUKA a00 130/SAIIHHOTO
[Iapy MOX€ CTaTucsl KaracTpodiuHe pyHHYBaHHS TPaH3UCTOPY. SIKIO 130JALiHHI
mapu HE MOXYTh OJIOKyBaTH Hampyry, Moxe cTatucs (Gi3udHuid pO3pUB
JIENEeKTPUYHOTO MaTepiany. Uum Omrbkde eNeKTpuYHe TMoje HaOIMKaeThCs 0
KPUTHUYHOTO MOPOTY I 130JI5ITOpa, TUM IIBH/IIE MOXKE B1IOyTHCS 11eil po3pus. Lle
aBuie, Bigome sk “time—dependent dielectric breakdown”, Oinbll geTanbHO

BHCBITIIOETHCS B [37].

Konu enextpuyHe mose B mapi HamiBIPOBIAHUKA HITPUIY TaJiio MEPEBUIILYE
E.is 15 HITpUY Talliio, CIPAIbOBYE 1HITUNA MexaH13M BiMOBH. [1po6iii B oOacTsax
HiTpuna ranito abo AlGaN reHepye eNeKTpOHH, SKI MOXYTh MOIIKOAUTH IIap

JBOBUMIPHOTO €JICKTPOHHOTO Ta3y, 3HA4HO 301IBIITYI0UYH OImip TpaH3ucTopy [38].

[Meman

AlGaN —

Bumik Cmik

GaN

Pucynox 2.1 GaN TpaH3uCTOp 3 IHAYKOBAaHUM KaHAJIOM Ta MPUKJIAJEHUM
3BOPOTHIM 3MIIICHHSAM
B Tabnumi 2.1 HaBeaeHO MpUKIAAA KPUTHIHOI HAMPyTW TMPOOOIO Bia ABOX
pi3aux BupooHukiB GaN Tpansuctopi: EPC [39] Ta GaN Systems (Infineon) [40].

OOuaBa BUPOOHMKM BKa3yIOTh JOMYCTUMY HANpyry MEpPeXiTHUX MPOLECIB BHILE
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MaKCUMaJlbHOI HANpyrd CTIK—BUTIK Vps. L9 3maTHICTE 1O BUTPUMYBaHHS
IMITYJIbCHUX TIEPEXITHUX TPOIIECIB 03HAYAE, IO MPOTATOM KOPOTKOTO MEPioay Yacy
GaN TpaH3UCTOpU MOXYTh BUTPUMYBAaTH HaNpyrd BHUILI 3a iXHI BiAMOBIIHI

HOMIHAJIbHI MAaKCUMYMH.
Tabmuus 2.1

[Tapamerpu Tpansucropis moaeneit EPC2302 ta GS61008T

MakcuMallbHO JTOMyCTUMI 3HAYeHHS JiJ1s TpaH3ucTopiB tuiry EPC2302

Io3H. IHapameTtp 3HayeHHA Ox.

Vps Hampyra cTik—BuTiK (IOCTii{HE 3HAYCHHS) 100 B

Hamnpyra cTik—BuTIK (ITOBTOpPIOBaHI
Vbsr) _ 120 B
IMITYJIbCH )

MakcumanbHO JOMyCTUMI 3HAYSHHS Ui TpaH3ucTopiB Tumy GS61008T

Vps Hampyra ctik—BuTik (IOCTiitHE 3HAYEHHS) 100 B

Hamnpyra cTik—BuTIK (ITOBTOpPIOBaHI
Vbsr) . 120 B
IMITYJIBCH)

Jlnst mopiBHsiHHS B Tabnwuii 2.2 HaBemeHO JaHi JIs HAWKPaAIoro B CBOEMY
kiaci kpemHieBoro MOSFET na 100 B (ISZO8ON10NM6). Ha Biaminy Big GaN
Tpau3uctopiB, kpemuieBi MOSFET H©He wMaioTh NOKa3HUKIB JIOMYCTHMOI
NEpPEeHANpPyTrH, a 3aMIiCTh I[BOTO 3JaTHI 10 JABUHHOTO MPOOOI0, IO JO03BOJISIE
TPAH3HUCTOPY, TP TIEPEBUIICHH] JOIMYCTUMOT HANIPYTH, YBIUTH y PEKUM TTOBHOTO
po0O0I0 CTOKY—BHUTOKY 3 MIEBHOIO JOITYCTUMOIO €HEPTIEI0 IMITYIIbCY (3a3HAYEHOIO B
MuTiKoysax). Hespakatoum Ha Te, mo 1 ocobomuBicte MOSFET  piako
BUKOPHCTOBYETHCSI HA TIPAKTHUIll, OYIKYETHCS, IO 3aBASKHA BIOCKOHAJIECHHIO

KoHCTpyKLIi GaN TpaH3UCTOPIB iX MOXKIIUBO Oyle BUKOPUCTOBYBATH B JIABUHHOMY
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pexumi 6e3 kaTacTpo(iYHUX HACTIIKIB HA JOAATOK JI0 MOXKJIMBOCTI BUTPUMYBATH

HepexiiHI epeHanpyr.
Tabmus 2.2

[Tapametpu Tpan3ucropa mozueini ISZ08ONTONM6

MakcuManbHO JomyCcTUMI 3HaYeHHs 17151 TpaH3ucTopa [ISZ080N10NM6

ITo3H. ITapamerp 3HayeHHs On.

Vps Hampyra cTik—BuTiK 100 B

CtpyMm JlaBUHHOTO MIPO0OI0,
Lys ' 20 A
OJIMHUYHUHN IMITYJThC

Enepris maBuHHOTO NIp060}I0,
E AS . 283 MI[)K
OJMHUYHUH IMITYJIBC

JUJIst CHITOBOTO TPaH3UCTOpa NOPOTOBOKO HANPYToro (Vesan) € HaIpyra 3aTBoOp
— BHTIK, HEOOXiJHA IJIi TOYATKy MPOBEACHHS CTPyMy CTOKy. [HIIMMU cioBamu,
[OpOroBa Hampyra BH3HA4Ya€ HAMpyry, HWXKYe $AKOI MPUCTPIM 3amuIlaeTbes
BUMKHEHUM. TpaH3UCTOp 3 I1HIYKOBAaHMM KaHajJOM MAa€ TO3UTHBHY IOPOTOBY

HaIpyry, TOAl K TPaH3UCTOP 3 BOYAOBAHMM KaHAJIOM Ma€ HEraTHUBHY MOPOTOBY
Harpyry.

s cunoBoro GaN TpaH3KUCTOpa MOPOTOBOIO HANPYTOIO € HApyTra 3aTBOP —
BUTIK, TMPU Kl MIap €IeKTPOHHOTO Ta3y IIiJl 3aTBOPOM IMOBHICTIO BHCHaXY€EThCS
eIEKTPOJIOM 3aTBOpa. Ha 110 Hampyry BIUIMBAIOTH JIBI CKJIQJOBi: Hampyra, II0
CTBOPIOETHCS T’ €30€JIEKTPUYHOIO JedopMalli€ro, 1 J0AaTKOBa MOPOTOBA HAMPyTa,
sIKa € pe3yJIbTaTOM 0COOIMBOCTEH KOHCTPYKIIii 3aTBopa. Y Bumaaky 3arBopa [llorTki
1 BOyJOBaHa Hampyra BiamoBizae BucoTi Oap’epy IlloTTki mepexomy meran —
HaMBIOPOBITHUK Ha BepxHiil yactuHi mapy AlGaN. [{ns 3arBopa pGaN 1ie Hanpyra,
CTBOpEHA I0JIeM, BUKJIMKAHUM HaIliBIIPOBIIHUKOBUM MaTepiajioM p—THUITY MOPYY 13

MarepiajaoM n—THILY.
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Pucynok 2.2 HopmanizoBanuii rpadik 3MiHM TOPOTOBOI HANIPYTH TPAH3UCTOPY

B/l TEMIIEpATypH KpUCTATy TpaH3UCTOpa

Ockinbku gedopmariist B 6ap’epi AlGaN 3anuimiaeTbcsi BITHOCHO MOCTIMHOIO
3aJIeKHO B1J] TEMIIEpATypH, SK 1 HaNpyTa, CTBOPIOBAHA KOHCTPYKIIIEK 3aTBOPA, TO
noporoBa Hampyra GaN TpaH3ucTopa € BITHOCHO CTaOLIBHOIO 3aJie’KHO BiJl
TeMIeparypy, sIK II0Ka3aHO Ha puc. 2.2, Ha OCHOBI JaHUX 13 TEXHIYHUX
xapaktepuctuk EPC2302 1 ISZOSON10ONM6. Hasmaku, moporoBa Hampyra
kpemHieBoro MOH-TpaH3ucTopa Mae TEHICHIIO 0 3HAYHOTO 3HUKEHHA 31

30UIBIIICHHSM TeMIIEPaTypH, sIK Moka3zaHo B Tadmuiii 2.3.

Taomuis 2.3

[Toporosa Hampyra Tpan3uctopiB moaeineit ISZ080N10NM6 ta EPC2302

[TapameTpu Tpanszucropa moaeni EPC2302
Io3H. ITapameTtp MiHn. Tun. | Make. On.
Vs [Toporosa Hanpyra 0,8 1,3 2,5 B
[TapameTpu Tpan3ucropa mozueni ISZ08ONTONM6
Vs [Toporosa namnpyra 2,3 2,8 3,3 B
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Omip y BBIMKHEHOMY cTaH1 (Rpspn)) TPAH3UCTOPA € CYMOIO BCIX €IEMEHTIB
OTI0pY, SIKi CKJIa/laloTh TPAH3UCTOP, SIK MMOKa3aHO Ha pHC. 2.3. MeTraneBi KOHTAaKTH
BUTOKY Ta CTOKY MaroTh 3’€JIHyBaTHCS 3 KaHajoMm uepe3 Oap’ep AlGaN, 1 nei
KOMITOHEHT OIOPY HA3WBAETHCS OMIP KOHTAKTY (R onwmc). Jlam Ha 3aranpHUI omip
HOCISIM 3apsily BIUIMBa€ omip kaHany R, [28]. Lleit omip mpsiMo mpomnopiiiiHui
BIJCTaHl, AKy MalOTh NPOWTHU eneKTpoHu (L.,) Ta OOEpHEHO MPONMOPLIMHUN
PYXJIUBOCTI €JEKTPOHIB (i,), KOHUEHTpALli CTBOPEHHUX EJEKTPOHIB y IUIOIIMHI
kaHany (N.;), mupuHi kanany (W) 1 3apsany enekrpona (g). Omip MokHa onucaru

dbopmyIoro:

L
R, =—th 2.1
! qlLlnNchVVch ( )

Sk Oyno 3a3Ha4eHO BHWINE, KIIBKICTh CJIEKTPOHIB y KaHajl 3aJieKUTh Bij
BeIMUMHU JAedopmartii, cnpuunHeHoi Oap’epom AlGaN. OnHak KOHIIEHTpaIis
CJICKTPOHIB M 3aTBOPOM MOXke OyTH HHXYOK TIOPIBHSHO 3 O0OJACTIO MIXK
eJIEKTPOJIaMHU 3aTBOpa Ta CTOKY, 3aJIEKHO BiJ THUIy 3aTBOpa Ta BUKOPUCTAHOTO
TEXHOJIOTIYHOTO TIPOIlecy BHPOOHHITBA. [leli MOKa3HMK TaKOXK 3aleKUTh BiJ
HaMpyTH, 110 MOAAEThCS Ha 3aTBOp. [[OBHICTIO 3apsKeHU 3aTBOP MaTUME BUIILY

KOHILIEHTPAIIIIO €JIEKTPOHIB, HIXK YaCTKOBO 3apsPKEHUI 3aTBOP.

Rcontact v.v’v'vv,'{v{’Y{V’{.V{V’{.v’ Rcontact
SN ONS (OO Htteterels
SXHIIETKRRLS
AR
1 ] ] ]
GaN Rch Rch(gate) Rch

Pucynok 2.3 GaN — TpaH3uCTOp 3 iIHAYKOBaHUM KaHAJIOM Ta OCHOBHI JKepena

OMIYHMX BTpaT Y HbOMY
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HonatkoBuil napasutHuil onip (Rparasiic) BUHUKA€E 4epe3 OIip B METaJIEeBUX
IIMHAX, K1 TPOBOJSATH CTPYM BiJl BUTOKY Ta CTOKY /IO €JIEKTPOJIIB TpaH3HUCTOpa. Y
IMIyTbCHUX TIEPETBOPIOBaYaX BTPATH HA MPOBIAHICTH TPAH3UCTOPA € 3HAYHUMHU,
TOMY TPaH3UCTOp, 3a3BHYall, BUKOPHUCTOBYETHCS a00 TIOBHICTIO BBIMKHECHHUM
(oMiuHMH perioH), a00 MOBHICTIO BAMKHEHHUM. 3 1€l MPUYUHHU OJTHUM 3 KIIFOUOBUX
napaMmeTpiB it OyIb—IKOTO CHUJIOBOTO TPaH3HCTOpA € OMip y BBIMKHEHOMY CTaHI

Rps(on), IKMM MOKHA BUBHAYUTH TAKUM YNHOM:

R

DS (on) =

2 ) (Rcontact + Rch) + Rch(gate) + Rpamsitic 2 (22)

1€ Rcontact — OTIP KOHTAKTY METaJI-HAIIBIIPOBIAHUK, R, — ONIP KAHAIY, Renggare)

— OIIIp KaHaJly y 30H1 3aTBODY.

3apsau Ta EMHOCTI TPAH3UCTOPA € CYTTEBUM (PAKTOPOM Y BU3HAUEHH1 €HEPrii,
IO BTPAYa€TbCs MiJ 4Yac MEepPeXO/iiB MK YBIMKHEHUM 1 BUMKHEHUM CTaHAMHU.
€maicte (C) Bu3Hauae BenMWuMHY 3apsany (Q), sSkuil HEoOXigHO TOJAaTH Ha
JBOTIOJIFOCHHK, 100 3MIHUTHU Hanpyry Ha Horo BUXOII

(O = CV). Yum mBuIe MOAAETHCS 1IEH 3apsiji, TUM LIBUIIE 3MIHIOETHCS HANPYTa.

€ Tpu OCHOBHI €MHOCTI, MOB’SI3aH1 3 TMOJBOBUM TPAH3UCTOPOM: E€MHICTH
3aTBOP—BUTIK (Cys), EMHICTB Bif 3aTBOP—CTOK (Cyy) 1 eMHICTh CTOK—BHUTIK (Cys). Puc.
2.4 1TI0CTpY€E KOXKHY 3 ITUX eMHOCTed. [HO1 po3poOHUKaM TOTPiOHO BpaxOByBaTu
3arajbHy €KBIBAaJEHTHY €MHICTh Ha BXIAHHUX (Ciss = Cgq + Cgg) 00 HA BUXIJTHUX

CJISKTpOoaax (Coss = ng + Cys).

[{i eMHOCTI 3MIHIOIOTHCS 3aJICKHO BIJ] HANPYTH, IO TOMAETHCS HA BXOIU
TpaH3uctopa. Ha puc. 2.5 mokazaHo, SIK 3MIHIOIOTBCS 3HAYEHHS €MHOCTI IUIs
TPAH3UCTOpPA B PEXHUMI PO3UIMPEHHS 31 30UIBIICHHSAM HAMpyrd BiJl BHUTOKY IO
mxepena (Vps). IlamiaHsS €MHOCTI 31 301IblIEHHAM Vps BiOyBaeThCs uepes
3MEHIIIEHHSI KOHIIEHTpAIlii BUIBHMX HOCIIB 3apsily y 30HI JBOBHUMIPHOTO
eJIeKTpOHHOTO Ta3y. Hampukiaza, moyarkoBe 3HMKEHHS Coss BIOyBA€EThCS depe3

3MEHIIIEHHS KOHIICHTpaIlli BUIbHUX HOCIIB 3apsay Ois rmoBepxHi. Bui 3HaueHHs

56



Vps pO3MUPIOIOTH 00JaCTh BUCHAXKEHHS ONMMXKYE 10 CTOKY, IIe Ta CHUJIBHIIIE

3MEHIIYIOTh €MHICHUI KOMIIOHEHT.

Cds
]
Cgs Cqd
| | | |
| Meman
AlGaN M
Bumik Cmik

!

GaN

Pucynox 2.4 GaN TpaH3uCTOp 3 IHAYKOBAaHMM KaHAJIOM Ta WOTO Mapa3uTHI
€MHOCTI

3apsna (Q), uo 30epiraeTbesi B KOHACHCATOPI, € PE3yJbTaTOM 1HTETPYBaHHS
€MHOCTI M)XK JIBOMA €JIEKTPO/IaMH B Jiana3oHl NpukiaaeHoi Hanpyru. Ockinbku Q
= CV, yacto OyBa€ 3py4HO pO3MIAJATH BEIWYUHY 3apsly, HEOOXIAHY IJis 3MIHU
HaIpyrd Ha PI3HHUX eJeKTpojax TpaH3ucropa. Ha puc. 2.6 mokazaHo BEIUYHHY
3apsiy 3arBopa, (J,, HEOOXIOHY AJIs MiJBULICHHS HANpyru 3aTBOpP — BUTIK 10
oaxxanoro piBHs i GaN Tpanzuctopy EPC2302. Qg — 11e iHTerpoBane 3Ha4eHHs
Ciss AK (QyHKLI{ Bi HAIpyTH 3aTBOP—BUTIK, IPU 3MiHI 3HAYEHb HAIMPYTH 3aTBOP —
BuTiK Big 0 B (Tpan3ucrop 3akputuii) 10 5 B (TpaH3UCTOP MOBHICTIO BIIKPUTHIA).
3riJIHO 3 HIMUMH 3HAUYEHHSIMH, JIJIsl TOTO 100 migHATH Hanpyry 3atBopa 3 0 B 10 5 B,
110 TapaHTye, M0 TPAH3UCTOP Oy/e TOBHICTIO YBIMKHEHO, TOTPIOHO TPpHOIH3HO 25
HK. Skio apaiiBep 3aTBOpa 3a0e3neuye CTpyM 5 A, i1 TOCATHEHHS 111€1 HAIIPYTH

3HAI00UTHCS TPUOIU3HO S5 HC.
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Pucynoxk 2.5 ITapasutHi emHocTi GaN Tpan3uctopy mojaem EPC2302

BaxxinuBo B1A3HAUMTH, 110 €MHICTh 3aTBOP—BUTIK (C,s) 1 3arajbHa BXiJHA
emHICTh (Css) 3a3BUYai OUTBII 3aJI€XKHI Bl HAPYTH 3aTBOPA, HIXK HATIPYTH CTOKY.
€MmHIcHa xapaktepucTtuka nokasye Ciss 3 Vge = 0 B. Xapakrepuctuka Ciss(Vys),
3a3BUYaii, HE HAAAETHCS B TEXHIYHUX XapaKTEPUCTUKAX TPAH3UCTOPY, aie il MOKHA

JIETKO pO3paxyBaTH SIK NOX1HY (KyT Haxuiy) xapakTepucTuku Qg(Vys).

3apsaan Qga 1 Qg (1€ Qg = Qga + Ogs) TAKOXK BKA3YIOTCS OKPEMO, OCKIIbKH
BOHHU BIUIMBAIOTh HAa IIBHJIKICTh MEPEMUKAHHS HANpPyrd Ta CTPYMY BiAOBIIHO.
CniBBIJHOLIEHHS LIUX ABOX 3Ha4€Hb, Oqi/Oys, BIIOME SIK KOCDILIEHT MisIEpa, 4acTo
€ BKJIMBOIO METPHUKOIO JIJIi BUSHAYCHHS TOTO, KOJM MPHUCTPiI MOXKE BBIMKHYTHUCS

yepe3 3MiHY HalpyrH, 0 NPUKIAIa€ThCs IO CTOKY Ta BUTOKY.
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Hanpyza 3amBop-Bumik Vgs, B

0 5 10 15 20 25
3apad 3ambopy Qg, HKn

Pucynok. 2.6 3anexHictsb 3apsaay 3arBopy Ay GaN TpaH3UCTOpY MOJENI

EPC2302 Bix Hanmpyru 3aTBOp — BUTIK

€mnocti ta 3apsau 1 GaN tpanzucropa EPC2302 naBeneno B Tabmuiii 2.4.
3apsiy 3aTBOP — CTIK Ta HOro BiANOBIAHA €MHICTD (Crss @00 Cgy) 3MIHIOIOTHCS Pa3oM
13 HAIpPyTOIO CTIK — BUTOK. Y 1IbOMY MPHKIA/1 3HaUeHHs HaBeneHo mnpu 50 B, mo
CTaHOBUTbH TMOJOBUHY HOMIHAIBHOTO Vps. Ll KOHBEHIIITHO Y3ro/KeHa TOYKa
BUKOPUCTOBYETHCA TOMY, 10 poOOYa Hampyra JUisi TPaH3UCTOPIB y IMITYJIbCHHUX
JDKepelax >KUBJICHHS! CTAHOBUTH MPUOIU3HO MOJOBUHY MAaKCUMAJIbHOI JJOITYCTHUMOT
Hanpyru, o0 3a0e3MeynTH 3amnac Jjisl HEIITaTHUX BUKUAIB HApPyTH, BUKIUKAHUX
NepexiIHUMHU TIpolecaMu nepeMukanna. Kpim Toro, BKa3yeThCsi BHYTPIIIHIN OMip
3arBopa (Rg). Llei omip oOMexye KIHIIEBY IMIBUAKICTh MEPEMUKAHHS TPaH3UCTOPA

paszoM 13 OyJIb—IKHUM JIOIaTKOBUM OIIOPOM Y CXeMi JpaiiBepa 3aTBopa.
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Taomuus 2.4

[Tapametpu napa3uTHUX €MHOCTEH Ta 3apsaiB i Tpan3uctopa EPC2302

YMoBH
ITo3H. ITapametp Tun. | Makc. | On.
TeCTy
Ciss BxigHa eMHICTE Vps =50 B, | 3200 | 4800
Chrss €MHICTh 3BOPOTHOT TIepenadi Ves =0B 7 n®
Coss BuxigHa eMHICTB 1000 | 1200
Ro Ormip 3aTBOpPY 0,5 OMm
Oc [ToBHUit 3aps 3aTBOPY 23 29
VDS =5 0 B,
Ogs 3aps 3aTBOP—BUTIK Ves =5 B, 8,9
[ D — 5 0 A
(0% 3apsi 3aTBOP—CTIK 2,3
i HK
Ogin) [Toporoguii 3apsa 3aTBOpPY 6,3
. VDS =50 B,
QOoss Buxigunii 3apsin 85 94
Ves =08
3aps1 3BOPOTHOTO
Okrer , 0
B1THOBJICHHS

SIKu10 TpaH3uCTOp, HaBedeHU B Tabmuil 2.4 KepyeTbes 11€albHOI0 CXEMOIO
npaiiBepa 3aTBopa 0€3 JOAATKOBOIO OMOPY Ta IPALIOE 3a BKa3aHMX HOMIHAJIBHUX
YMOB, MiHIMaJIbHUH Yac HAPOCTAHHSI HAIPYTH Ha 3aTBOPI1 JI0 PiBHSI, HEOOX1AHOTO AJIs
nepexoly TPaH3UCTOpa y BBIMKHEHUI CTaH MOXHa po3paxyBaTH 3a popMysorw 2.3.
[Ipu 3apsai 3atBopa 23 KL, onopy 3arBopa 0,5 OM Ta Hampy3i Ha 3aTBOpi 5 B,

MiHIMaJbHHUM YaC HAPOCTAHHS tise min CKIAJIE 2,3 HC.

- Lo (2.3)

rise, min
VGS
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Edext 3BOpOTHOTO TMpOTIKaHHS CTPyMy B €IEKTPOJ BUTOKY TPaH3UCTOPA
BBAXKAETHCS 3BOPOTHOIO TMPOBIIHICTIO. SIKIIO Hampyra 3aTBOP—BUTIK JOCTATHHO
BHCOKa, 11100 3a0€3MeYnTH BMUKAHHS, TPAH3UCTOP Oy/ie MPOBOJUTH 1M 3BOPOTHUMN
CTPYM Yy CBOiil OMIuHiif 067acTi poOOTH 3 TAKMM CAMHUM OIIOPOM YBIMKHEHHS, SIK 1 B
npsMoMy HarpsiMKy. OJHaK, SIKIIO Hampyra 3aTBOP—BUTIK HIKYa 3a MOPOTrOBE
3HadeHHs, GaN TpaH3UCTOp TaKOXK MOXE TMPOBOJUTH 3BOPOTHHH CTPYM.
[IpuknageHa y 3BOPOTHOMY HAmpsSMKy Hampyra CTBOPIOE€ edeKT ‘“Tmapa3suTHOTO
niona”, momioHoro g0 MOSFET—tpan3uctopiB. Y kpemuieBux MOSFET
TPAH3UCTOPAX ICHYE p—n—Tepexil, KU yTBOPIOE MIiOf BiJl KOPIMYyCy KaHAIy 0
CTOKY TpaH3UCTOpa, KWW HA3UBaIOTh mapasuTHuM gionoM [41]. Hitpuna ramiesi
TPAH3UCTOPH 3 IHIYKOBAHMM KaHAJIOM HE MAlOTh TaKoi CTPYKTYpPH, ajie¢ MPOBOISATH
nmo/IiI0HO 70 /1i0/1a Y 3BOPOTHOMY HampsaMKYy. Llei mexaHi3m 3BOpOTHOI IPOBITHOCTI
dbopMyeThCS UYepe3 CTBOPEHHS KaHady Yy 3BOPOTHOMY HAmpsSMKY, 3aBISKH
MO3WTHBHIN HAmpy3l 3aTBOP—CTOK, JOCTaTHIM JJisi TIOSBH JBOBHUMIPHOTO
eJNeKTPOHHOTO ra3y [42]. OCKibKM 3BOPOTHA MPOBITHICTH y HITPHUJ TaJTIEBOMY
TPAH3UCTOP1 3yMOBJICHA TTOSIBOIO IBOBUMIPHOTO €JIEKTPOHHOTO Ta3y, MPsSME Ma{iHHS
HaMpyTy 3pOoCTaTUME 3 TEMIIEPaTypor0 MOMIOHO 0 TOTO, K Rpsion) SMIHIOETHCS 3
TEeMIEpaTyporo MijJ 4yac poOOTH B OMIYHIA 30HI MpsiMOi MpoBigHOCTI. Hapmakw,
NMaJlHHS HaNpyrd Ha Ji0Jl B KPEMHIEBUX TPAH3UCTOPAX 3MEHIIYEThCS 3
temrieparyporo. [laginusa manpyru Ha GaN TpaH3UCTOpPi 3 1HAYKOBAHUM KaHAJIOM

EPC2302 mpu npoBiHOCTI y 3BOPOTHOMY HAIPSAMKY MOKa3aHO B Tadiuui 2.5.
Tabmuus 2.5

[Taminas HAnpyTy Ha KaHaji TpaH3ucTopy moaeni EPC2302 mpu

IPUKIIaJIEHOMY 3BOPOTHOMY 3MIILIIEHHIO

ITo3H. ITapametp YMmoBHM TecTy Tumn. | Make. | On.

[TamiHHS HAIPYTHU BUTIK —
Vsp _ _ Is=05A4Ve=0B | 1,5 B
CTIK (3BOPOTHE 3MIIICHHS )
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3apsin 3BOPOTHOTO BiMHOBJICHHS (rp TOB’S3aHUN 13 IIUM MEXaHI3MOM
3BOPOTHOI MPOBIAHOCTI MPEACTaBisie cOO0I0 KUIBKICTh 3apsiy, IO PO3CIIOETHCA,
KOJIM KOPITYCHHMM 10 BUMHKA€THCSA. 3apsa 3BOPOTHOTO BiTHOBJICHHS HE Mae
OpPSIMOTO BIJTHOILIGHHS JIO Mapa3UTHUX €MHOCTeH, siki Oynu omwmcani ans GaN
TpaH3HUCTOpa 3 IHAYKOBaHUM KaHaioM. L{el 3apsi1 moXoanuTs BiJl HEOCHOBHHUX HOCIIB,
IO 3aJUIIAINCS MiJ Yac NpoBigHOCTI mioga B p—n nepexomt MOSFET-
TpaH3ucTopa. OCKUTbKM HEOCHOBHI HOCIT 3apsily HE 3allyueH1 10 CTBOPEHHSI KaHaITy
npoBigHOCTI B GaN TpaH3UCTOpl 3 1HAYKOBAaHWM KaHAJIOM, 3apsiJi 3BOPOTHOTO
BIJTHOBJICHHS JIOPIBHIOE HYIIO, IO € 3HAUYHOIO MEPEBArol0 MOPIBHIHO 3 CUIOBUMHU

MOH —T1pan3ucTopamMu BUCOKOi MTOTY>KHOCTI.

2.2. Po3poOka KoMII’IOTEPHOI MO/IeJIi TPAH3MCTOPA HA OCHOBI HIiTPUAY

raJilo.

J1J1st TO4HOTO BHYTPIIIHBOCXEMHOTO MOJIETIOBAHHSI CUJIOBOTO TPAH3UCTOPY Ha
OCHOBI HITpHUIY Tadito (OKpIM MOJIC/IFOBaHHS OCHOBHHUX MapameTpiB TPAH3UCTOPA)
HEOOXITHO BpPAaXOBYBaTM BHCOKOYACTOTHI Mapa3WTHI €JIIEMEHTH, TakKi sK
IHAYKTUBHICTh 3’€/IHAHb HA JPYKOBaHINM MJIaTi, BKIIOYAOYM CKIH—E(EKT Ta eeKT
HAOMVOKEHHS. BUTBIIICT, IUX Mapa3UTHUX MapaMeTpiB 3aliekaTh BIJ KOPIYCY
TPAH3UCTOpPA Ta IH)KEHEPHUX PIIIEHb, BAOPAHUX MPHU 3aCTOCYBAHHI TPAH3UCTOpPA B
IMITyJIb,CHOMY TE€PETBOPIOBaUl, 1 BOHM HE MOXYTh OyTH JIETKO 3MOJEIbOBaHI B

paMKax 3araiabHoi mozelni GaN TpaH3ucTopa.

Xowya GaN TpaH3UCTOpPH 3 1HAYKOBAaHHUM KaHAJIOM MPAIOIOTh MOAIOHO [0
kpeMHieBUX MOH-TpaH3uCTOPiB, HEKOPEKTHO iX MOJEIIOBATH 3a JOMOMOIOIO
Tpaauiitaux moxeneir MOH-Tpan3uctopiB, OCKUTbKM (i3uuHl edeKTH, 10
BIUTMBAIOTh HA POOOTY HITPUJ TaTIEBUX TPAH3UCTOPIB 3HAYHO BiJIPI3HIIOTHCA.
CranmaptHa Monenbr MOH-TpaH3ucTOpa BUMarae meBHHUX JIOOMPAIIOBaHb, SKIIO
BOHa BUKOpUCTOBYeThcs it GaN Tpamsucropa. B xomi mocmimkeHHs Oyna

3amporoHoBaHa (puc. 2.7) HACTymHa KOMIT'IOTEpHA MOJIEb HITPHUJ TalliEBOTO
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TpPaH3UCTOpa Ha OCHOBI TaOMMYHOI €KBiBaJeHTHOI Mojeni AHrenoBa [43] Ta

aHaJITHYHUX Monelie XanaenBais [44].

R_aux

RG

O
"%
R_aux
1]
il
DS
1]
il
C_DSD

R_aux

RS

SOURCE

Pucynox 2.7 ExBiBajgieHTHa MOJI€Nb JJI HITPUJ, FajJi€BOTO TPAH3UCTOPY

Enexrpoau 3arBopa (GATE), Butoky (SOURCE) i ctoxy (DRAIN) Bu3Ha4eHi
TakK caMo, 5K 1 B KpeMHieBUX cuioBux MOH—Tpansuctopax. [lo3utuBHa Hampyra,
sKa TIEPEBUIIY€ TTOPOTOBE 3HAYEHHS MK 3aTBOPOM 1 BUTOKOM, YBIMKHE MPUCTPIii, a
Hafpyra, HUXK4a 3a TIOPOroBe 3HAUEHHS, BUMKHE TpaH3uctop. Ilicins BBIMKHEHHS

TPAH3UCTOP MOXKE MTPOBOAUTH CTPYM B OyIb—IKOMY HAIIPSIMKY, BiJ] CTOKY /10 BUTOKY

a00 HaBITAKH.

Jlns moOynoBU KOMIT FOTEpPHOI Mojeni aBTopoM Oyino Bukopucrtano GaN
tpausuctop monem EPC2302 Bupobnunra xommnanii EPC. Jlana mozgens Oyna
BUOpaHa y 3B’sI3Ky 3 MOAAJBIINM €KCTIEPUMEHTATBHO—TIPAKTUYHUM 3aCTOCYBaHHSAM

PO3pOOIICHOT KOMIT FOTEPHOT MOJIETI.

Mogens MICTUTh apa3UTHI OMOPH ISl CTOKY, BUTOKY Ta 3aTBopa. Ha Bxomi
3aTBOpa MOJEl TpaH3UCTOpa NPHUCYTHIM omip 3arBopa Rg (0,5 Owm), skwmii
KOHTPOJIIOE CTPYM, IO MPOTIKAa€ y BHYTPIIIHINA By301 3aTBopa. Lleit omip Bimirpae

poib y (hopMyBaHHI HIBUIKOCTI MPOIIECY MEPEMUKAHHS TPAH3UCTOPA, OOMEKYIOUH
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3apsj, 110 HAIXOAUTh y 3aTBOP, MOJEJIOIOYM BHYTPIIIHIN omip 3arBopa. Bin
OIIOCEPEIKOBAHO BILIMBAE SIK HA CTPYM 3aTBOP—BUTIK (/Gs), Tak 1 HA CTPyM 3aTBOP—

cToK (/gp), BILIMBAIOYM HA HANIPYTy Y BHYTPIIIHLOMY BY3J1l 3aTBOPA.

Koo BuTik—CTIK BKIJIIOUA€E B ceOe MOCIII0OBHI ONOpH Rs 1 Rp, 10 MOJIETIOIOTh
BHYTpimHI omopu MK 3o0BHIHIME enekTponamu SOURCE Tta DRAIN 1

BHYTPIIIHIMU By3JaMH TpaH3ucropa. Omip BUTOKY Ry BU3HAYECHO SIK:
Ry =ryr, (1=1,(T =29)). 2.4)
Omip cToky Rp BU3HAYEHO SIK:
Ry =((1=r)r, (1-1(T -29))). 2.5)

Ili omopu 3anexarsb Bia Temmeparypu (7) 1 BKIIOYAIOTh TeMIIEpaTypHUI
KOE(]ILIEHT 7, 1 KOHTPOJIbHE 3HaYeHHs Temneparypu 25°C. [lapamerp 7, BU3Ha4ae
3arajJlbHUM MapasuTHUM OMip, HapaMeTp 7y BU3HAYA€ MO0 PO3MOJILT MIXK BUTOKOM 1
CTOKOM, BILJIMBAIOYH Ha 3arajbHi BTPATH MIPOBITHOCTI Ta MOBEAIHKY TPAH3UCTOPA 3a

3MIHHHUX TEMIIepaTyp.

Kle TOro, A0AATKOBO BBOAATHCA PC3UCTOPHU 3 BCIIMKHM 3HAUCHHSAM OIIOPY

(Raux), 00 3a6e3neun T 301kHICTh Ta yuciIoBy cTabuTbHICTH SPICE cumyrsii.

Monenb BKJIIOUA€ J1Ba KOMITIOHEHTH, IO TPEICTABISIOTH €MHICTh 3aTBOP—
BuTiK. [lepmmit — Cgs 13 (HIKCOBAaHOIO €MHICTIO, 110 MPEACTABIISE BIACHY €MHICTD
M1X eJIEeKTpOoJaMH 3aTBOpa Ta BUTOKY. Lst emHicTh 30epirae 3apsia QOgs 1 BIUIMBA€E Ha
IIBUIKICTh 3MIHH HANpPyTH 3aTBOpa, O€3MOCEPEIHHO BIUIMBAIOYM HA IIBUAKICTH

NepeMUKaHHS TPAH3UCTOPA.

JlpyruM KOMIIOHEHTOM € 3aJie)KHa Big Hampyru eMHICTh Cgsp, SIKa BPaXxOBY€
HENIHIMHICTD Y TIOBEAIHII 30epiraHHs 3apsay 3aTBOp—BUTIK. L{g HemiHiiHA €MHICTD
30epirae 3apsn (Ogsp Ta OIMUCYETHCA 3a JOMOMOTOK JorapupMIuHUX (YHKIIIHN

HAIPyTH 3aTBOP—BUTIK, IO IPEICTABIISAE 3MIHY €JIEKTPOCTATHYHOTO TOJISL, TIPY 3MiHI
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Hanpyru mig yac podotu. Taki koeditienTu, K az, az, a4, ds, ds i a; BU3HAYAIOTH

(dbopMy IILOTO HENIHIKHOTO CIIBBITHOLIEHHS 3aps]l — Hallpyra Ta EMHICTh — HalpyTa.

Ves—a3 Vsp—as

Ocp =0,5a,a,In{ 1+e “  |+aa,In|1+e “ | (2.6)

[Ipu ymoBi mo as = 0 abo a; = (, Bech NIPYrHil WIEH CTa€ HYIbOBUM,
HEe3aJeKHO BIJI 3HAUYEHb ds, @7 IO JO3BOJISIE aAalTyBaTH CHIBBIIHOIICHHS ITiJl

3aJIe)KHOCTI PI3HOTO CTYIEHS CKJIAIHOCTI.

[Toximua Bix Qgsp 10 Vs 1a€ nuHaAMI9HY KOMIIOHEHTY €MHOCTI Cgsp:

CG _ dQGSD (VGS ) .

=00 @.7)
st Cgsp OTpUMY€EMO:
0,5a,e “
CGSD - # . (28)
l+e “

3arajgpbHa €MHICTh 3aTBOP—BUTIK MOXKe OyTH BU3HAYEHA HACTYITHUM YHHOM:

CGS(total) =Cos +Cosp - (2.9)

Koo 3aTBOp—CTiK Mae momiOHy CTPYKTYpy Ta BKJIIOUae B cebe (ikcoBaHy
BiacHy eMHicTh Cgp, IO TPEICTABISE EMHICTh M)XK 3aTBOPOM 1 KJIIEeMaMHU CTOKY.
Howminan nanoi emHOCTI XapakTtepusye edekt Mijuiepa, BIUIMBAIOUYM Ha 3aralibHY
MIBUJKICTh TIEPEMHUKAHHS Ta 3aTPUMKy MEPEeMHUKAHHS TPAH3UCTOPA, 3B’ SA3YIOUH
3MiHy Hampyrd CTOKY 13 3aTBOPOM HEraTMBHHUM 3BOPOTHIM 3B’s3koM. Kpim Toro,
HEJNiHIMHA 3ayexHa BiJ Hanpyru eMHICTb Cgpp 30epirae 3apsaa Ogpp Ta MOACIIOE
3MIHHY MOBEJIIHKY €EMHOCTI 3aTBOP — CTIK B 3aJIE)KHOCTI BiJl HAPYT'H 3aTBOP — CTIK.

Ilefi KOMIOHEHT MOJENIOEThCA SK CyMa KUIBKOX CKJIAJOBHX Ta BigoOpaxae
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JUHAMIYHI 3MIHM €MHOCTI TiJf 4ac TEepPEeMUKaHHS TPaH3UCTOpa 3a JOTIOMOTOIO

napameTpiB b, — by, iK1 BU3HAYAIOTh HOTO (POPMY Ta HENHIKHUHN XapakTep.

Vop—as Vap=bs

QGDD =0,5a,a, log| 1+e “ +b,b, log| 1+e bs +

Vot - (2.10)

+bb,log| 1+e 7 |+bb,log|1+e ™

Hunamiuna emHictb Cgpp MOKe OyTH OTpUMaHa 3 oxiaHo1 3apsany Ogpp 1O

Harpy3i 3aTBOP—CTIK Vp:

C. = 4960 Vep) 211
6D : (2.11)
dv.,
st Copp OTPUMYEMO:
Vep=a3 Vop=bs Vap—bs Vop=by
co 0,5a,e “ N be " N be 7 N be Mo . 2.12)
GD. Vep—a3 Vap—bs Vap—bs Vep—bo :
l+e “ l+e ™ l+e ” l+e ™

3arajgbHa €MHICTh 3aTBOP—CTIK MOX€e OyTH BU3HAU€HA HACTYITHUM YHHOM:
CGD(total) =Cop *+Copp- (2.13)

€MHICTh BHUTOK—CTIK TaKOX CKJIagaeTbesa 3 (ikcoBaHoi eMHOCTI Cpgs 1
HeniHiiHOoT yactuHu Cpgp , 110 30epirae 3apsaa Opsp Ta 3aJIKUTh BiJl TPUKIIAICHOT

HaIIpyTH.

3aranbHU  3aps BUTOK—CTIK (Jpsp MOJICTIOETHCS SIK CyMmMa  KIJTBKOX
koMrnoHeHTIB. Llei HemHIWHMIA 3apsi/] ONMKUCY€EThCS 3a JOMOMOTO0 JIorapu(MIYHUX
(byHKIIIH HAapyTH BUTIK—CTIK, Ta KOE(ILIEHTIB ¢;-C ¢, 10 BU3HAYAIOTH (OPMY I[LOTO

HEJIIHIMHOTO CIBBIHOIICHHS 3apsiA—Hanpyra.
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Vsp—cs Vsp—cs

+csc,logl 1+e

cy cq

Opsp =cc,log| 1+e +

Ve (2.14)

+cycplog| 1+e

HNunamiuna emHicTh Cpsp; MOKe OyTH OTprMaHa 3 MOXiAHO1 3apsaay Opsp 1O

Harfpy3i BUTOK — CTIK Vp:

¢ 400y (Vip)
psp =T : (2.15)
SD
st Cpsp OTpUMY€EMO:
Vsp—¢s Vsp—Ce Vsp—Co
ce ce 7 c.e

Cpp=-2—— 5% 4 & (2.16)

Vsp=c3 Vsp=¢s Vsp=¢o

C7

l+e © l1+e

3aranbHy €MHICTb Cpsfior BUTIK — CTIK BU3HAUUMO SIK CyMy CTAaTH4YHOI Ta

TUHAMIYHOI €EMHOCTEM:
CDS(total) =Cps +Cpgp - (2.17)

KpiM pe3ucTHBHMX Ta €MHICHUX KOMIIOHEHTIB, MOJETb BKJIIOUAE CTPYMHU
BUTOKY 3aTBOpA, 3MOJIEJIbOBAHI 3a JOIIOMOI00 TPOrpaMOBaHUX JKEPEI CTpyMy lgp
1 Igs (KOMIT'IOTepHA MOJIENh A10/1a):

Vas Ves

Ic=K|d|e® —1|+d,| e® —1]]|. (2.18)

AHanoriuHe piBHSIHHS BUKOPUCTOBYETHCS IS IGp:

VGD VGD

I, =K|d|e® —1|+d,|e® —-1]], (2.19)
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ne K ta d;-d, KoHCTaHTH, 1110 BU3HAYaI0Th ()OPMY LILOTO HENIHIHHOTO

CHIBBITHOILIEHHS HANpyTra — CTPyM.

Hnsa Ves > 10 manpyra obmexyerbcss Ha piBHl 10 B, mo6 3amo0irtu
npobjaeMaM MpU 3aCTOCYBaHHI YHMCEIBHUX METOMAIB po3paxyHKy (sk mis Igp, Tak 1
s 1s):

10.0 10.0

Io=1,=K|d|e® -1|+d,|e® —1]|. (2.20)

Buxigni xapakrepuctuku s GaN TpaH3uCcTOpa peasi3oBaHO MOIIOHO 10
SPICE wmomeni MOH-tpan3uctopa. HeniniiiHa XapakTepucTHka CTpyMy
MOJIEITIOETHCA SIK JOOYTOK CTPyMY HACHUCHHSI, SIKUH 3aJIC)KHUTh BiJ HAPYTH 3aTBOP
— BUTIK Ta (QYHKIIII, 10 BU3HAYA€ POPMY 3aJIEKHOCTI, sIKa, B CBOIO YEPry, 3aJIexkKHa

BiJl HAIIPYTH CTOKY — BUTOKY.

bazoBe nepeMukaHHs TPaH3UCTOPA MOJICTIOETHCS TIPOTPAMOBAHHIM JIPKEPEITIOM
ctpymy. lLle mxepeno cTpyMy MOACIIOE CTPYM CTOKY (Ip) sIK (PyHKIIO Hampyru
3aTBOp—BUTIK (Vgs) 1 Hampyru CTik—BUTIK (Vps), ONUCYIOUM TMEepEMUKAHHS
TpaH3ucTopa. Bukopucranns jorapumignoi QyHKIT 3 EKCIOHEHIIAIbHUM YJICHOM
3a0e3reuye TUIaBHUN Mepexi] MK BUIaJAKaMH BUMKHEHOTO Ta YBIMKHEHOTO CTaHy,
TOYHO IMITYIOUM PEAaKI[iI0 MPUCTPOI0 Ha 3MIHM Hampyru 3arBopa. [lapamerpu
3aJIeKHOCTI Bl TeMIepaTrypH, Takl ik A, irc ki, ks, ki rc, ho, hi, ho rc i hi 1o,
pErymIol0Th CTPYM Ha OCHOB1 poOOYOi TeMIlepaTrypu, MOJEIIOIOUN TakKl €PEeKTH, K

3MIIIEHHS TOPOTOBOI HAMPYTH.

Hns Vps> 0:

Vos=V

I, =A(1—iTC(T—25))1n(l+e b Vs

]1+ (ho (1=hy o (T=25))+ (1= B 1o (T - 25))VGS)VDS '

2.21)

Hns Vps<0:
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_VDS
1+(h0(1—h07TC(T—25))+ h(1 —hIJC(T—zs))VGS)(—VDS)’

I, =—A(1-i,(T —25))ln[l+ ek] (2.22)

ne Vi — 3Ha4eHHs MOPOroBOi HANPYTH TPAH3UCTOPA, IO XapaKTEPHU3Y€EThCs

3aJISKHICTIO BiJl TEMIIEpaTypH 3a J0MOMOI0K0 Koe(ILIeHTIB k; Ta k; rc:
Vi=hk(1-k (T -25)). (2.23)

[{to momens Oyno peanizoBaHo Ta mepeBipeHo B cepemoBuii MATLAB

(moBHUM JicTIHT Kony AuB. y Jlogarky b).

TumnoBi BUXIJHI XapaKTEPUCTUKU CTPYMY CTOKY JJii BU3HAYEHUX 3HAYEHD

Harpyru 3aTBOp—BUTIK mpu 25°C:

800 -

700 -

Vgs =20V
VGS =30V
600 Vgg =40V
VGS =50V
Vgg =80V

500 -

= 400t
o]
300

200

100 -

0 0.5 1 1.5 2 25 3
VDS (B)

Pucynok 2.8 Tumnosi 3M0/1e1b0BaH1 BUX1/IHI XapaKTEPUCTHKHU JJISl TPAH3UCTOPA

moneim EPC2302
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Turnosi BUXi/HI XapaKTEPUCTUKHU CTpyMy cTOKY mpu 25°C (rpadik

MOBEPXHI):

1000

900

800

700

600

500

400

300

8 200

6
50 4 100
2 0
Vs (B) 100 0 Vs (B)

Pucynox 2.9 Tunosi 3M0/1e10BaH1 BUX1AHI XapaKTEPUCTUKH JIJISI TPAH3UCTOPA

1200
1000
800
< 600
400 4

200 -

mozneni EPC2302 (6e3nepepBHUii rpadik MOBEpXHI)

Tunosi xapakrepucTuku nepenadi crpymy st 25°C 1 125°C ta npu Hanpy3i
Vps = 3B BimoOpaxkeHno Ha rpadiky:

600 -

T=25°C
T=125°C

500 |

400

I (A)

200 |

100 -

0.5 1 1.5 2 25 3 3.5 4 4.5 5

Ves (B)
Pucynox 2.10 Tunosi xapakrepuctuku nepegaui crpymy (T =25°C 1 125°C)

s Tpan3uctopa mozaeni EPC2302

70



TumoBuii cTpyM BHUTOKY 3aTBopa Ta MpoOiil 3aTBopa HpH IepeHanpysi

OTUCYETHCS HACTYITHUM TpadikoM:

llsg) (A)

10»10 I I 1 I I I

Pucynok 2.11 Ctpym 3aTtBopa aiis Tpanzucropa moaeni EPC2302

TumoBa emHicTh (BXigHA, BUXiIHA, 3BOPOTHOI Tiepenayi (reverse transfer)), y

JorapugMIvHOMY MacIITa0l:

10% . .

EmHictb (pF)

0 20 40 60 80 100
V.. (B)

DS(

Pucynoxk 2.12 Tunosi eMHocTi 1j1s1 Tpanzucropa mojeni EPC2302
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3anexHICTh BII HAIPYTH €MHOCTI 3aTBOP—BUTIK MPEACTABIAETHCS rpadikoM:

-9
397097 . . . .

37 1

36 a

as ()

34+ 8

33 a

Pucynok 2.13 3anexHicTh BiJ HAPYTHW €MHOCTI 3aTBOP — BUTIK TPAH3UCTOPA

moneim EPC2302

3anexHICTh Bl HAPYTH EMHOCTI 3aTBOP — CTIK OMHUCY€ETHCS TpadiKoM:

%1070

1 . . ! ! !
-20 0 20 40 60 80 100

Vap (B)

Pucynok 2.14 €mHicTh 3aTBOp—CTIK A Tpan3uctopa mozaeni EPC2302
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3anexHICTh EMHOCTI BUTIK—CTIK BiJ] HAIIPYTH MPEACTABICHO IpadiKoM:

%107

3.321

3.32

3.319

3.318

3.317

sp (@)

O 3.316

3.315

3.314

3.313

3.312 : : : :
0 20 40 60 80 100

Vgp (B)

Pucynok 2.15 €MHICTh BUTIK—CTIK TpaH3ucTopa mojeiai EPC2302

2.3. Po3poOka MeToaiB aHAJIi3y BTPAT y NePeTBOPOBAYi 3 TPAH3UCTOPOM

HAa OCHOBI HITPHUAY raJiio.

CunxponHi moHmwxKytoul mneperBoproBadi (Buck converter) mmpoxo
BUKOPHUCTOBYIOTHCSL JIJII 3HIDKEHHS HamNpyr, €(OEeKTUBHO MEPETBOPIOIOYM BHIIII
BXIJIHI HaNpyTy Ha HWKY1 BUXiAH1. bazoBa cxema 11i€i cucteMu 300pakeHa Ha puUC.
2.16. Tlpuamun poOOTH TEpPETBOPIOBAaYa OMUCYETHCS HACTYITHUM YHWHOM:
Tpanzuctop Q1, miaKiIroueHuH 10 JpKkepena BXiaHoi Hanpyru. [Ticis BBiMkHeHHS Q1
ctpyMm tede Bix VIN no R load, o npu3Boauts A0 3011bIIEHHS CTPYMY 1HIYKTOpa
L1 1, sx HACTIAOK, HAKOMUYECHHS €Heprii BcepenuHi iHaykropa. [1ig gac i€l dasu
Q2 3anumaerbcs BUMKHeHUM. HaBmaku, konu Q1 BuMkHEHO, a Q2 yBIMKHEHO,
CTpyM mpoxofauTh 4epe3 Q2 y mpoTwiexxHOMy HampsMky. lle mpu3Bomuth 10
3MEHILEHHS CTPyMy IHAYKTOpa, MepeJaloyd YacTUHY €HEeprii, HaKoMU4YeHOl B
IHIYKTOp1, 10 HaBaHTaxeHHs. Puc. 2.17 imocTpye OCHOBHI (popMU CHTHAIY, IO

OB’ 513aH1 3 IIUM TIPOIECOM.
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Pucynok 2.16 ba3oBuii CHHXpOHHUI MOHW)XYIOUHUM IEPETBOPIOBAY.

OcHOBHAa  BIAMIHHICTH MK  HECHHXPOHHMMHU Ta  CHHXPOHHUMH
HNOHWKYIOUMMH MEPETBOPIOBAYaMU IOJIATAE B KOHCTPYKI(IT HWKHBOTO KJIIOYa: 1€
7107 Yy HECMHXPOHHOMY BapiaHTI Ta TPaH3UCTOP y CHHXPOHHOMY BapiaHTi. Y
CUHXPOHHOMY TOHIKYBAJIbHOMY TIE€PETBOPIOBaYl BUKOPUCTAHHS TPaH3UCTOPY
IPU3BOJUTH 10 3HMKEHHS €(EKTUBHOCTI B YMOBAaX HEBEJIMKOTO HABAaHTAXKECHHS
MOPIBHAHO 3 IOro HECHMHXPOHHUM aHaiorom. HaBmaku, B yMoOBax BEJIMKOTO
HaBaHTa)XEHHSI CUHXPOHHI [IOHWKYBaJIbHI IEPETBOPIOBAYIl IEMOHCTPYIOTh Habararo
Bunnii KKJI. Lls mokpamieHa epeKkTUBHICTh MOSICHIOETHCS MEHIIUMHU BTparamu
MPOBITHOCTI B HIDKHBOMY Kitoui. OTKe, 3TiAHO 3 MPOBEACHUM JOCIIHKESHHSIM
CHUHXPOHHI IOHMYBaJIbH1 IEPETBOPIOBAYI € KpallliM BUOOPOM y 3aCTOCYBaHHSIX, /1€
OYIKY€EThCS, 10 MEPETBOPIOBAY IMEPEBAXHO MpPAIfOBaTUME B YMOBAaX BHCOKOTO

HaBaHTa>XCHHAI.
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Pucynok 2.17 Entopu cTpyMy 1HIYKTOpa Ta HalpyTrH 3aTBOPIB y CHHXPOHHOMY

MOHIKYIOUOMY MEePETBOPIOBAY.

KnacugikyemMo OCHOBHI Jkepesia BTpaT Yy CHHXPOHHOMY IOHUKYBaJIbHOMY

NEepPEeTBOPIOBaYl HACTYITHUM YUHOM:

Vbus -

Crarnuni BrpaTu: onip Rpso, Y BBIMKHEHOMY cTaHl TpaH3uctopiB Q1 ta
Q2, akTUBHUI Omip KOTYIIKH 1HAYKTMBHOCTI, BTpaTH B KOHJEHCATOpax Ha

BXO/1 Ta BUXO/II.

JAunamivni BTpaTtu: Jlunamiuni BTpaTu Ha Tpan3ucropax Q1 ta Q2, Brparu

y BUXIIHIN TpaH3uctopy Q1, BTpaTu 3BOPOTHOTO BiTHOBJICHHS.
PosrnsinyTa Metoauka Oysa 3armpornoHoBaHa aBTOpoM y [45].

KoeimienT 3anoBHeHHs Ha BUXO/I1 IEPETBOPIOBAaYa BU3HAYUMO SIK:
V
— t
D=, (2.24)

ne D — xoedilieHT 3amoBHEHHsI, V,,, — BUXiJHA HaNpyTa MepeTBOprOBaya, a

BX1/IHa HampyTa NepeTBOproBaya.

BpaxoBytoun BigoMuil KOe(QILI€HT 3alOBHEHHS, MU MOXXEMO PO3paxyBaTu

CTPYM IIyJIbCALlll THAYKTOPA Lyippre:
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Vs =Vou)D
Iripple: bf L ’ (225)

e fsw — poboya yacTora, a L,,,— IHAYKTUBHICTb L1.

CtpyM 1HAyKTOpa NpU BKIIOYEHHI Ta BUKIOYEHH! (I1 wmon, 11 wmoFF)

BU3HAYAETHCSA 32 JOTIOMOTOI0 CTPYMY IMYJbCAIliH 1 33JaHOTO BUXITHOTO CTPYMY oy

I,

]LiturnON = Iout - ”;ple b (226)
]ri le

ILiturnOFF = Iout + % : (227)

[IpoananizyemMo BTpard Ha MPOBIAHICTH 3a JONOMOTor0 [46] s BiIOMOro
CEPEAHBbOKBAAPATUYHOTO CTPYMY Prongd 01 TA Peona 02
2

Irl' e
Pcond_Ql = ]ozut +1L;l (D _tdtlfsw)RDS(on)_Ql ’ (2.28)

2

]ri e
R)ond7Q2 = Ijut + %zpl (1-D- tdtZﬁw)RDS(on)7Q2 > (2.29)

1€ f4 — 3a/laHui Yac 3aTPUMKH MK TIEPEMUKAaHHAM BEPXHBOTO Ta HUKHBOTO

KJIH04a, @ Rpsin) 01 T4 Rpsion) 02 — OMIP TPAH3UCTOPA Y BBIMKHEHOMY CTaHi.

Brpatu P,,, moB’sizani 3 C,s (BUXIJHA €MHICTh), MOXKHA OILIHUTH 3a
JIOTIOMOTOI0 BUXIJTHOTO 3apsiay TpaH3uctopa ((yss) Ta pododoi yactot (fw)

HAaCTyITHUM YHMHOM:

])oss = »fsw I/busQoss : (230)

3BOPOTHI BTpaTu MPOBIAHOCTI, MOB’sA3aH] 3 Cygs, SIK TPABUIIO, BIAHOCHO MaJli,
10 MOXKHA TIATBEPJUTH HAa OCHOBI BUXigHOI eMHOCTI Tipu 0 B 1 Hanmpyru cToky —

BUTOKY Vpys:
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1
Eoss_SD = E(COSS(QI)_Vbus + COSS(Ql)_OV )Vsi ) (2.31)

I)oss_SD = 2Evoss_SD sw * (232)

Vsa OTpUMY€TbCS 3 BU3HAUEHHSI 3BOPOTHOT XapAKTEPUCTUKU CTIK — BUTIK, Y

TEXHIYHUX XapaKTePUCTUKAX TPAH3UCTOPA.

Yac nepexoay BIIKIIOUEHHS AJIsl CTPYMY PO3PaXOBYIOTHCS TAKUM YHHOM:

— QGS2(RGint + RGext + Rpu)

Vasan Ve (2.33)

drv_on - 2

t

cr

ne Rgine— BHYTPIIITHIHN OTIIp 3aTBOPA TPAH3UCTOPA, R Gex; — 30BHINIHIN PE3UCTOP
3aTBOpa, R,, — BHYTPILIHIM omip HIATArYBaHHs ApaiiBepa 3atBopa. Viw on — L€
HOMIiHaJIbHA HanpyTa aApaiiBepa, Qgs, — MPUOIU3HUM 3apsij 3aTBOPA IS 3a3HAYCHOTO
cTpyMy, Vesan) 1 Vpr— MOpOTroBe 3HAYEHHS 3aTBOpA Ta HAMpyTa IJIaTo AJs 3a1aHOTO

TPAH3UCTODY.

Yac HapocTaHHs HaNpyrH (,,), DaAiHHS HANPYTH (%), Yac MallHHA CTPyMY Y
KaHaJl TpaH3ucTtopa (fy), MaAlHHA HANpyTd Ha KaHall MiJ 4ac IepeMHKaHHA
(AVps ¢f) OOUUCITIOIOTHCSI BUKOPUCTOBYIOUM HANPYTry BUMUKaHHS apaiBepa (Vam of
3a3Buuait 0 B), emuicTs 3B0poTHOTO TIepeHeceHHS (Cy) 1 KOEDIIEHT MPOBITHOCTI
(g5), pO3paxoBaHMii 3a TOIOMOIOO NEPENATHOI XapaKTEPUCTUKHU:

_ QGS2 (RGint + RGext + de)
o

b

Voo + Vs | (2.34)
2 drv_off

_ Qoss7Q1 + QossiQZ 1 + 2(]zGint + RGext + Rpu )Crss(Ql)_OV
v V

drv_on

) (2.35)
- Vpl g5 Coss(Ql)_OV + Coss(QZ)_Vbus
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1

2 CfILzumOFF (2 3 6)
Aos o= iC ! '

oss(Q1) 0OV 0ss(Q2) Vbus

Qoss 1 + Qoss 2 tc "
tvr = = = __f (237)
[L,turnio/f 2

Ha ocHOBI po3paxoBaHUX TPUBAJIOCTEN MEPEMUKAHHS OLIIHUMO BTPATH MPU

BKJIFOUEHH1 Pon overiap TA BUKITIOUEHH] PoFF overlap TPAH3UCTOPY:

1
PONioverlap = fjvwEONioverlap = .fsw 5 VBUS]L,WON (tcr + t\_f/') ’ (238)
1
POFF_overlap = f;wEOFF_overlap = f:vw g tchL,lurn_oﬁ‘A Vds_cf . (239)

Yac 3BOpOTHOI POBIAHOCTI (¢5p;, £sp2) Ta BTPATH 3BOPOTHOT MPOBIIHOCTI (Psp)
MOXKHA OIlIHUTH HACTyIMHHUM YWHOM, BHUKOPHUCTOBYIOUM 4Yac TIEPEMHUKaHHS

CUHXPOHHOTO BUIIPAMIISYA (Zon SR, Loff SR):

_ QGS(th) (RGint + RGextion + Rpu)

Z,, = s

-5 v _ ( VGS(th) + Vdrv_off J (2-40)

drv_on 2
taﬂ‘_SR _ 2QGS(th)(RGint + RGextioff + de) , (2.41)

VGS(th) - Vdrv_qﬁ
1

Lspr =ty — 1y — 1, _E ) ton_SR > (2.42)

1 1
Lspr =lyn — 1y _E'tcr _E'tqﬁst > (2.43)
IDSD = ((IL,turniOFFVSDtSDl) + (]L,turn70NVSDtSD2)).fsW : (2'44)

Brparu 3apsny 3arBopa mjis 000X TpaH3UCTOPIB MOXKHA PO3paxyBaTH

HAaCTYIITHUM YHMHOM:
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PG_QI = QG_QI(Vvdrv_on - Vdrv_oﬁ‘ )f:vw’ (245)

PG_Q2 = QG_Q2 (Vdrv_on - Vvdrv_ojf)f;‘w' (246)

Brpatu B 0oOMOTKax, CIpUYMHEH! 33JlaHUM OIOPOM MOCTIMHOMY CTpyMy

KOTYIIKHU (Rj,¢) IHAYKTUBHOCTI, MOKHA pO3paxyBaTu Ha OCHOBI PiBHSIHB 3 [47]:

2

I,
P, _R | 1| e || (2.47)

_winding — *Vind” out 120 1

out

Brparu, no’si3ani 3 BXiTHUMH Ta BUX1THUMU KOHEHCATOPaMH, MOYKHA OI[IHUTH Ha

OCHOBI €KBIBaJICHTHOTO MOCI1A0BHOTO onopy koHneHcatopiB (ESR), Takum ynHOM:

P. =ESR. I, D(1-D), (2.48)

Cin~ out

1

out E ripple *

P

Cout

— ESR, (2.49)

3aranbpHi BTpaTH B TPAH3UCTOP1 MOXKHA OMUCATH HACTYITHUM YHMHOM:

PQ] = Pcond_Ql + R)ss + PON_overlap + POFF_overlap + PG_Q] ’ (250)
PQ2 :Pcond_QZ +Poss_sd +Psd +Pg_Q2' (251)

Brparu B meperBoproBaui MO>KHA OI[IHWUTH, BpaxXoByouM sk BTpatu B GaN

TpaH3ucropax Pp;, Pp; Tak 1 B TaCUBHUX KOMIIOHEHTAX Ppugsive:

passive = })L_Winding + PCin + PCout 4 (252)
Ptot = PQ] + PQ2 + Ppassive : (253)

VY HaBeneHOMY cleHapii MOHUXKYIOUMH MEePEeTBOPIOBAY OCHOBHOTO JpKepesa
xuneHHs1 BITJIA npamroe Ha wactoTi 1 MI ', MakcuMasbHIM CTpyM ckiamgae 15 A
1 HaBaHTaxkeHHs 12 B Bin mxepena »xupieHHs 24 B. Mopenb TpaH3ucTopa
EPC2302 Oyna BukopucTaHa sk Ans TpaHizuctopa QIl, Tak i1 AJii CHHXPOHHOTO

Bunpsvisiua Q2. IlepeTBoproBad BUKOPUCTOBY€E BUXIAHY KOTYIIKY 1HIYKTHBHOCTI
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10 mxI'H, 10 XapaKTepU3yEThCS MOCHTIIOBHUM OTOPOM IMOCTIHHOTO CTpymy 4,15
MOM. OOuaBa TpaH3UCTOPU KEPYIOTHCSA BiJA JKepena KuBIeHHS 5 B 1 marorhb
30BHIIIHIN ommip 3aTBOpa 1,5 OM, sk 17151 ha3u BMUKAHHS, Tak 1 7151 a3y BAMHKAHHS.
JpaiiBep 3aTBOpa Mae BHYTPIILIHINA omnop BBIMKHEHHs Ta BuMkHeHHs 0,7 Om 1 0,4
Owm BignoBigHo. KpiM Toro, a1t KoxkHOTO (POHTY MEPEMHUKAHHSI BCTAHOBIIIOETHCS

deadtime 20 Hc. Pe3ynbraTu po3paxyHKiB HaBe/eH1 B TaOauIl 2.6

Tabmuus 2.6

Po3paxyHkoBHi1 pO3MOLT €HEPreTUYHUX BTpAT y MEPETBOPIOBAYi

Tun BTpatu 3HayeHHA
Brpatu nposigHocTi B Q1 (Peond 01) Ta Q2 (Peond 02) 0,152 Bt
Brpatu nos's3an1 3 Cpgs (Poss) 2,04 Bt
Brpatu, noB’s13aH1 3 yBIMKHEHHAM (Pon_overiap) 0,3 Bt
Brpartu, nos's3aHi 3 BiAKmoueHHAM (Pog overiap) 0,005 Bt
Brpatu 3apsany 3atBopa B Q1 (P 1) 0,115 Bt
Brpatu 3apsany 3atBopa B Q2 (Peond 02) 0,115 Bt
3BOPOTHI BTpaTH NPOBIAHOCTI, NOB'sI3aH1 3 Coss (Poss 5a) 0,01 Br
3BOpPOTHI BTpaTH MPOBITHOCTI (Pyy) 0,381 Bt
Brpatu 06MoTKM 1HAYKTOPA (PL svinding) 0,698 Bt
Brpartu BxigHoro konaeHcartopa (Pcix) 0,042 Bt
Brpartu Buxignoro kounaercatopa (Pcou) 0,00009 Bt
3aranbHi BTpaT (Piy) 4,01 Bt

3rigHO 3 OTPUMAHUX aHAJITHYHUX PE3YJbTATIB PO3PAXYHKY PO3MOALI
CTaTUYHUX 1 JUHAMIYHUX BTpPAT y €HEPronepeTBOPIOBayi 3HAXOIUTHCS Y
criBBiiHOIIEHHI 1 710 3. [le MosSICHIOETHCS HU3BKKUM OIIOPOM KaHaiy oOpaHoro GaN
TPaH3UCTOPA, a TAKOK 3HAYHUM BHECKOM JMHAMIUYHUX BTpaT Ha 0OpaHiil poOoyiit

4acTOTI1 I TaHO1 KoH(iryparllii eHepronepeTBoproBaya.
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Po3nozin po3paxyHKOBHUX BTpaT Bi3yasli30BaHO Ha puc. 2.18:

101 F T T T T T T T T T T

3aranbHi sTpatu: 4.01 W

Brpatu (BT)
S

10
L PRSI F S PR S
&(\ Qs N ¢ / N CP
Qs & R4 O/ X7 @ O/ Qs g7 Ww
S S &S ol s ¢ S R
Q Q Q V 05&/
Qs
Pucynoxk 2.18 I'ictorpama po3mnoiiiay BTpaT CHHXPOHHOTO MOHKYBAJIBHOTO
NepeTBOproBaya.

3aranbHy e€()eKTUBHICTh IEPETBOPIOBAYA AOULIBHO OLIHUTH SIK:

LJ,
=X 100% = 97,8% . (2.54)

out” out

Posrsinemo orpumany 3anexnicts KKJI eneproneperBoproBava Bij
MIPUKJIaJICHOTO HaBaHTa)kKeHHs B AianaszoHi 10-100% Bijg MakcuManbHO

nonyctumoro (puc. 2.19) :
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KMA [%]
8 €

91

90

89 1 1 1 1 1 1 1 |
10 20 30 40 50 60 70 80 90 100

HasaHTaxeHHs [%]
Pucynok 2.19 I'padik 3anexxnocti KK/| eneproneperBopioBaua Bij

IIPUKIaJCHOI'O BI/IXiI[HOI‘O HaBaHTaXXCHH:A

OTtpumana 3anexuictb KK/ Bij BUX1THOTO HABAaHTAKEHHS XapaKTEPU3Y€EThCS
¢yukuiero Bunsany y(x)=L-(1-e™)+C, ne k, L Ta C — KOHCTaHTH, 1[0 BU3HAYAIOTh
dbopmy orpumanoi 3anexHocti (puc. 2.20). [Ipu npoMy BH3HA4YEHO, IO
makcumanbHe 3HaueHHs KKJI mgocsraerscs mpu 100% HaBaHTa)XeHHI, IO
MOSCHIOETHCS 3HAYHUM BHECKOM JUHAMIYHUX BTpAaT Ha IJIbOBIA poOOUiil 4yacToTi

po6oTH TIepeTBOPIOBaYa MOPIBHSHO 31 CTATHYHUMHU BTpaTaMU MIPOBITHOCTI (J10aTOK

B).
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97 r

TO4KN pO3paxyHKy
Anpokcumauis

96

Kna [%]

89 1 1
0 5 10 15

CTpym HaBaHTaxeHHs [A]

Pucynok 2.20 Anpokcumariis KKJ[ enepronepeTBoproBadya KpUBO BUTIISITY

y(x):L-(l—e_k”)+C

Otpumani 3HaueHHs1 KodimieHTIB L, k, C, a Tako)X MOXUOKH armpoKcumariii

HaBeneHo B Taomuil 2.7:
Taomuns 2.7

OTpuMaHi 3HaYeHHS KOQIIIEHTIB Ta MOXKUOKA anpOKCUMallii pO3paxyHKOBHX

3HaueHb KKJ]

XapakrepucTuKa 3HayeHHA
Koedirient L 16,27
Koediuient £ 0,518
Koegiuient C 81,47
CepennbokBajipaTU4Ha TMOXHUOKA Yy  BIJICOTKax 0,11%
(RMSPE)
Cepenns aOcomoTHa TOXMOKa Yy  BIJICOTKax 0,087%
(MAPE)
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BucnoBku 10 Po3miny 2

l.

Hoseneno nepeBaru GaN TpaH3UCTOPIB y CUCTEMax MEPETBOPEHHS €HEprii,
BKJIFOUAIOYM BHUCOKY TOJIEPAHTHICTH JO TPOO0O0iB, CTabUIbHY TOPOTOBY
HaMpyTry, HU3bKI BTpaTd Ha MpPOBIAHICTh (OMIp KaHaly, KOHTAaKTIB) Ta
MOJKJIUBICTh KOMIIAKTHOT'O KOHCTPYKTUBHOI'O BUKOHAHHS, 110 TPU3BOAUTH J10
HIABUIICHHA MUTOMOI MOTYKHOCTI INEPETBOPIOBaYa, 3HUKEHHS BTPAT Ha
NEePEMUKAHHS Ta 3MEHIIIEHHS] BAMOT JI0 CHCTEMH OXOJIOJI>KEHHSI.
[IpoanainizoBaHO MOBEAIHKY Mapa3uTHUX eMHocTed y GaN TpaH3ucTopax,
BKJIFOYAIOUM €MHOCTI 3aTBOP-BUTIK, 3aTBOP-CTIK Ta CTiK-BUTIK. [loka3aHo, 1110
HU3bKI 3HAYECHHSI MTapa3UTHUX €EMHOCTEW MPU3BOIATH 0 3HUKEHHS BTpAT Ha
NEpPEeMUKAaHHI Ta MIABHUILEHHS TPaHUYHOI poO0UY0i YaCTOTH, 110 pOOUTH TakKi
TPaH3UCTOPH ONTUMAIbHUMU JJI1 BUCOKOYACTOTHUX 3aCTOCYBaHb.
[IponeMoHCTpOBaHO, IO BIACYTHICT, mapasuTHux jgioniB  y GaN
TPaH3UCTOpaxX YyCyBa€ BTpPaTH 3BOPOTHOTO BIJHOBJIECHHA Ta 3a0e3ledye
MOXJIMBICTh POOOTH Ha BHUCOKHMX YacTOTaX IPH MIHIMAJIbHUX BTpaTax, IO
BaJIMBO JIJIS1 3aCTOCYBAaHHS B KOMIAKTHUX CHHXPOHHHX IEPETBOPIOBaYaXx.
Po3pobnena komm’rorepHa Monens obopanoro GaN-TpaH3uCTOpa BpaxoBY€
CTaTUYHI Ta JUHAMIYHI CKJIQJIOBI Mapa3UTHUX MapaMeTpiB, iX TeMIeparypHy
3aJIe)KHICTh, a TaKOX TMOBEAIHKY MpPU TPAaHUYHUX 3HAYCHHSX 4YacCTOTH
nepeMuKaHHs, poOoYoi TeMIleparypH, HApyry 3aTBOPY Ta CTPYMY CTOKY B
yMOBax poOOTH B CUCTEMI €HEPronepeTBOPEHHSI.

Po3pobnena MeTonuMka TEOPETUYHOTO aHali3y BTpPAT MOHUXKYIOUOTO
NepeTBOpIOBaYa BUSBUIIA NIEPEBArv HITPUI-Talli€eBUX HaMiBIPOBIAHUKIB MPU
3acTocyBaHH1 y OoproBomy mxkepeni sxuBneHHs: BIUJIA/BITA. ¥V xoni anamizy
CTaTUYHUX 1 JUHAMIYHUX BTPAT BU3HAYEHO 1X PO3MOALUT y CHiBBIIHOIIECHH]
1:3, mpoBeAeHO ONTHUMI3alli0 TapaMeTPIB CUCTEMH, 1110 JO3BOJIMIIO JTOCITTH
po3paxynkoBoro 3HaueHHS KKJ[ 97,8% mpu moBHOMY HaBaHTa)XeHHi, Mpu
npomy MakcumaibHe 3HadeHHs KK]I nocsraerscst mpu 100% HaBaHTa)KEHHI.

[le mOSICHIOETHCSI 3HAYHUM BHECKOM JTMHAMIYHHUX BTpAT Ha PoOOYid 4acTOTI
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NepeTBOpIOBayYa y MOPIBHAHHI 31 CTATHUHUMHU OMIYHMMH BTparamu. Brepie
HAyKOBO JIOBEACHO, L0 JUJIsl PO3MISIHYTOTO €HEprorepeTBoproBada rpadik
sasieskHocTi KKJI Bi BUX1THOTO HaBaHTaXKEHHS alPOKCUMYETHCS (DYHKIIIEIO

BUrIsALy y(x)=L-(1-e™)+C, ne k, L Ta C — KOHCTaHTH.
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PO3JILI 3. AHAJII3 TA PO3POBKA KOMI’FOTEPHO-MATEMATUYHOI
MOJIEJII AHAJIOI'OBOI TA IMU®POBOI CUCTEM KEPYBAHHSA
MNEPETBOPIOBAYEM EHEPI'II HA OCHOBI HAIIIBIIPOBIJHUKIB 3
HINPOKOIO 3ABOPOHEHOIO 30HOIO

3.1. IlpuHumn noOyaoBM CHCTEMHU KePYBAHHS iMITyJ1bCHUM

NepeTBOPIOBAYEM eHepril.

[Tonmxyrounii meperBoptoBad (buck) € ogHUM 3 HAWOLIBIIT IUPOKO
BUKOPHUCTOBYBAHUX IE€PETBOPIOBaUIB HaNpyru. Po3misiHyTO MareMaTuuHUil anapar
JUISL pO3paxyHKy Koe(illieHTa MiJACUJICHHS JIAaHKH 3BOPOTHOTO 3B’SI3KYy Ta (ha30BUX
XapaKTePUCTUK TIOHIKYIOYOTO TIEPETBOPIOBAYa, IO TPAIOE, SIK Yy PEKUMI
oe3nepepBHoi npoigHOCTI (CCM), Tak 1 B peXHUMI MEepEepUBYACTOI MPOBITHOCTI
(DCM). BpaxoByrouu Te, 110 Cy4acHi CUCTEMU KUBJICHHS BUKOPHUCTOBYIOTH KiJTbKa
THUITIB BUXITHUX KOHJCHCATOPIB, 1110 MOTCHIIHHO BIJIMBAE HA CTAOUIBHICTh CHCTEMHU
KepyBaHHsI TeperBoproBaueM [48], Oyaum 3amponoHOBaHI  pIlIEHHS A

KOH(}ITYpaIlii, o0 BKJIIOYAIOTh TPU PI3HUX THUITU KOHJIEHCATOPIB.

OCHOBHa CTPYKTypa KepyBaHHs OHIKYIOUUM MTEPETBOPIOBAaUEM IMOKa3aHa Ha
pucynky 3.1. CwioBa yacTWHA CKJIQJA€ThCs 3 TEHEpaTopa IMMYNbCIB (3a3BHUaid
HAIIBMOCTA) 1 TAaCUBHOTO (iIbTPA, SKi pa30M 3a0€3MeUyI0Th IEPETBOPEHHS BX1THOT
HaIpyry B 3HW>KEHY BUXiAHY Hanpyry. [loniOHy cructeMy AOUUIBHO MpoaHaii3yBaTu
K BHCOKOC(EKTUBHUI T€HEpaTOp IMITYJLCIB (3a3BUYail MOOyJOBaHUI HA OCHOBI
kpeMHieBuX MOH a6o GaN TpaH3ucTopiB) Ta (UIBTp Ha OCHOBI PEaKTUBHHUX
MACMBHUX €JIEMEHTIB, N[0 3a0e3ledye BHCOKY €(EKTUBHICTh NEPETBOPEHHS

HaIIpyTH.

Jlost peryimroBaHHS BHXITHOT HANpyTW B CXEMY BBEIICHA OTOpHA Hampyra i
MiJCHIIOBadY MOMWIKH. [li TpU KIIFOYOBI KOMIIOHEHTH — TEHEpaTop IMIYJbCiB,
BUXIJTHUM (DUIBTP 1 MiJACHIIIOBaY TOMUJIOK — YTBOPIOIOTH 0a30By mojaens DC/DC

neperBoproBaya. bararo 1HIIMX MojeNed NEepeTBOPIOBAYIB €HEprii, Takux sK
86



IPSIMOXOJIOB1 TEpEeTBOPIOBaYl (OJHOTPAH3UCTOPHI, HAIIBMOCTOBI 1 KOH(piryparii

MOBHOTO MOCTY), TOXOASATH BiJI Ii€1 0a30BOT TOMOJIOTTI.

M ) )
Voot 5 > odynsmop (2eHepamop iMnyAbcib + > Ginmp HUIBKUX Yacmom L 5 v,

cunoba yacmuHa)

chnrr‘ul

A

KoMnexcamop

Pucynok 3.1 ba3oBa 6;10k-cxema Mo/ieli KEpYBaHHS IMITYJIbCHUM

EPETBOPIOBAYEM.

CyuacHi cucTeMH yHpaBIiHHS MEPETBOPIOBaYaMU MOXKYTh OyTH peali3oBaHi
pi3HUMHU cTIOCOOaMM, BUKOPHUCTOBYIOUH IIIMPOKUH CIIEKTP TEXHOJOTIH. Sk mpaBmiio,
MiJCUIIOBaY TIOMUJIKA, TEHEPaTop OIOPHOI HAmpyrd IHTETPOBaHI pa3oMm 13
TEHEepPaTopoOM IMITYJbCIB, KEPOBAHUM HAMpyror, abo MOAYISTOPOM, Y MOHOJITHY
IHTerpajbHy cxemMy abo peai3oBaHl B  MpOrpaMHOMY  3a0e3redeHHI
CIEI[iai30BaHOTO MIKpOKOHTpoJepa [49]. Buxigumii cTpyM mepeTBOpIOBaya,
3a3BUYail, BHUMIPIOETHCA 3a JIOMOMOTOI IIyHTa a0o TMajiHHSA Hampyrd Ha
IHIYKTUBHOCTI BuXigHOro (insrpa [50]. IMmynbcHUN BuXia 13 MOIyIATOpa B
MOJIATBIIIOMY Oy(pepHu3y€eThCs CHIIOBUMHU KITFOUaMU, SIKI MOXKYTh OyTH 30BHIIITHIMU
JUCKPETHUMU KOMIIOHEHTaMH abo OyTu BOYJIOBaHMMH B MIKpocxeMy. Y
MepPEeTBOPIOBAYl, MmO Oyne PO3TISHYTUW Najli, CHJIIOBUMH €JIEeMEHTaMHU € 30BHIIIHI
GaN tpansucropu. Buxigauii GuibTp, SK mnpaBuiio, (GOPMYETHCS KOTYIIKOIO

1HIYKTUBHOCTI Ta OTHUM a00 OLIbIIIe KOHIEHCATOPOM.

[Ipomec mpoekTyBaHHS MEpPETBOpIOBaYa BKIIIOUAaE B ceOe aHami3 BIUIMBY
pobounx mapaMeTpiB 1 3HAUCHb KOMIIOHEHTIB, sIKl, B OCHOBHOMY, BU3HA4YarOThCS
TEXHIYHIMH BUMOTaMH JI0 CHCTEMH, TAKUMH SIK J1ara30H BXiTHOT HAIIPYTH, BUX1/IHA

Hampyra, Jiama3oH BUXIJHOTO CTpyMy, poboda dactora Toio. BukopructoByroun 1ii
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napameTpy KOHCTPYKIIii, PO3paxOBYIOThCS BIAMOBIIHI 3HAYEHHS JJIsi KOMIIOHEHTIB
¢i1pTpa Ta BUOMPAIOTHCS CUIJIOBI €JIEMEHTH. Y BHIIQJKy aHAJOrOBOTO KOHTpPOJepa,
nicyigs BUOOPY MEPBUHHUX KOMIIOHEHTIB, HACTYITHUM KPOKOM € BHOIp BKJIIOYCHHS
M1JICUITIOBa4a ITOMUJIKY Ta TeHEepaTopa OMOpPHOI HAMPyTH JIJIs PETYIIIOBAHHS BUX1THOT
Hanpyru. Y BUIaAKy HUGPOBOro IMIYJABCHOTO IEPETBOPIOBaYa CTBOPIOETHCSA
nporpaMHa MOJIENb KEPYIUOTro KOHTYpY Ta KOMIEHcaropa. Xoua KOHCTPYKIIis
KOMITEHCATOPa BUCBITIIOETHCSA B PI3HUX JDKEPEIIax, Il PIIIICHHS 4aCTO OOMEXYIOThCS
KOHKPETHUMHU YMOBaMH, TaKUMU SIK Oe3MEpepBHUI PEXHUM MPOBIAHOCTI 3 OJHUM
TAIIOM BHXIJIHOTO KOHAcHcaropa. KomrmuiekcHi MareMaTthdHi Mojem, o
CTOCYIOThCSI PEKUMY MEPEPUBUYACTOT MTPOBITHOCTI, KUIHBKOX THIIIB KOHJIEHCATOPIB 1

napa3uTHUX BTPAT, 3a3BUYal, HenocTynHi [51].

Xo4a KOHCTPYKITiS BUXITHOTO (PLIBTpa MOXKE CyTTEBO BIIPI3HATUCS 3aJICKHO
BiJl KUIBKOCTI Ta TUIIB BUX1JITHUX KOHJEHCATOPIB, 5IKi (OPMYIOTH 0€3J114 MOXKIIMBUX
MPaKTUYHUX KOH(DIrypailiif, HABEICHO PINICHHS, K € MPUAATHUM JJISl KUTHKOX
TUTIOBUX  KOHCTPYKIiM  (inbTpiB.  Momenb  KepyBaHHS  MOHWKYIOUUM
nepeTBOproBaueM, 300pakeHy Ha pUCyHKY 3.1, MOXKHA KOHIIENITyasli3yBaTH sIK TaKy,
1110 CKJIAJIA€ThCA 3 TPhOX OCHOBHMX OM0KIB. [lepenarny gynkuiro cucteMu Hyygem(S),

300pakeHy Ha pUCYHKY 3.1, TOIIIBHO MPEACTABUTH HACTYITHUM PIBHSIHHSIM:

Hmod (S)HFilter (S) Hmod (S)HFilter (S)

() Hyner () H, T 0 GD

V.
H s) = out _
system( ) V . 1+ H

re mod

Filter ompensator (S )

ne Huoa(s) — nepenatHa QyHkIis 010Ky Moxynsatopa, Hrier(s) — nepenaTHa
GyHKLIA OIOKY MOIYIATOPa, Hcompensator(S) — TepenatHa QyHKLIA OJIOKY

KOMIeHcaTopa, Hi.0p(S) — epenaTHa (PyHKIIIsE KOHTYPY 3BOPOTHOTO 3B S3KY.

3HaMeHHUK (yHKUIT nepenadl cucteMu [ + Hioop(S) - € XapaKTepUCTUYHUM
PIBHSHHAM CUCTEMHM, A€ Hi,qp(S) TpencTaBiisie Koe(ilieHT MIJICWIEHHS KOHTYpY,
KM BKITIOYA€ BILUTUB MONIYJSTOpa, GinsTpa Ta komreHcaropa [52] . [licns anamizy

BUPA3y MOXHa MOOAYUTH, IO SKIO Hionp(S) NOpiBHIOE -1, mepenarHa (DyHKIIS
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cucTeMH OyJie HaOMMKaTUCS 10 HECKIHYEHHOCTI, 10 MpU3Bee 10 HeCTa0lIbHOCTI

BCBHOT'O IICPCTBOPOBAIA.

CraOuUIbHICTh CHUCTEMHU JOIIBHO OIIIHUTH 3a JIOIIOMOIOK KPHUTEPIIo
Haiikgicta [53]. BpaxoByioun BiIHOCHY CKJIaJHICTh THIIOBOTO MOHHUYBaJbHOTO
nepeTBoproBaya, rpadiuyHi METOIM YacTO € HAW3PYyUHIIIUM MiAXOIOM JJIsl aHalli3y
crabinpHoCcTl. Oxpemuii Bumagok Kputepito HaiikBicta mepeabadae moOynoBy
rpagika nocwieHHs Ta $azu Hionp(s) Ta aHami3zy ¢asu, no3HaueHoi sIK PHiop(S),
KOJIM BEJIMYMHA MOCUJICHHS KOHTYPY KepyBaHHs JA0piBHIOE onunuili. Lleit kpurepiid,
BIJIOMUIL SIK (pa30BUI 3amac, BU3HAYAETHCS AK PI3HULS MK -180° 1 PH0p(s) + 180°.
MaremaruuHo 3anac a3y MoKHa BUPA3UTU SIK PHi,.,(s). buibmmii 3amnac no ¢asi
BKa3zy€e Ha OUIbII CTaOlIbHUM KOHTYp KEpyBaHHSA, MPU LIbOMY 3Ha4YeHHS y 45°
3a3BUYall BBaXKAEThCSI MIHIMAJbHO NPUMHATHUM 3HAUEHHSM JJIS KOHCTPYKLIi
JoKepesta KuBJIeHHS [54]. Takoxx Oylb-sIKUM MO3UTUBHUM 3amnac ¢a3u mpusBee 10

cTab1IpbHOT pOOOTH CHUCTEMH.

[Tincunenns KoHTYpPY Hioop(S) € 10OYTKOM NepenaBaibHUX (PyHKIIH KOXKHOTO

OJI0OKY B KOHTYpP1 3BOPOTHOTO 3B’ SI3KY:

HLoop (S) = Hmod (S)HFilter (S)HCOmpensator (S) . (3 2)

Koxxna 3 miux QyHKIIIN niepeaadi MoBUHHA OyTH BU3HAUCHA JJIsi 0OYMCIICHHS
Hioop(s). Came TOMy KOK€H OJIOK aHaji3yeTbCsl OKpemo. ONUIIEMO CKJIaJ0Bi
KOKHOTO OJIOKY, 1100 TMOJETHIIUTH MOPIBHSHHSA MIXK 3arajibHOI0 OJOK-CXEMOIO Ta
dbakTnuHOIO cXxeMmor mnepeTBoproBada. I1[00 YHMKHYTH 3aliBOTO YCKJIATHEHHS,
BUKOPHCTAEMO Yy3arajibHEHY CIpoIieHy cxemy. Ha mpakrturi ¢aktuuHa cxema
BKJIFOYaTUME JTOJIATKOBI KOMIIOHEHTH, HAlPHUKIIAJ, TaKi, K Kepyloda iHTerpajbHa
cxema (IC) abo MIKpPOKOHTpONEpP, CHCTEMH 3aXHCTy TONIO. Xo4ya JesKi
KOHCTPYKIIIMHI OCOOJMBOCTI MOXYThb BIIPI3HATUCS 3aJ€XHO B BHOOPY

KOHTpOJIEepa, 3arajbHi 3alIPOINIOHOBAaH] IPUHIUIIN 3aTUIIAI0ThCS HE3MIHHUMM.
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3.2. AmHaJji3 cuCTeM yNpaBJdiHHS iIMIIYJIbCHUM NEePeTBOPIOBaYEM i3

3BOPOTHHUM 3B'SI3KOM.

AHasi3 BIUIMBY BJIACTHBOCTEH Ta XapaKTEPUCTHK KOHTpoOJiepa Ha poOOTy
IMITYJIbCHOTO TIEPETBOPIOBAUA, A€ 3MOTY pO3poOUTH €(PEeKTUBHI METOMU OI[IHOK
CHUCTEM KepyBaHHS CHEPromnepeTBOPIOBAYEM Ta BHUKOPHUCTATH JaHI METOIU B
pO3paxyHKaxX CUCTEM >KUBJIEHHs. {71 oTpuMaHHS PiBHSIHBL CTa0lILHOCTI KOHTYPY
KEepyBaHHS PpO3IITHEMO HACTYMHY OJIOK-CXeMy, IO TMPEACTaBIsie€ COOOK0

HE130JIbOBAaHUH MTOHUKYIOUHI TIepeTBOpIoBay (puc. 3.2):

A_filter (f, L, C, Rload)

Modynamop

Y Y\ °
Kepytuud Amod(Vin, Vecontrol)
cuzHan

GND  GND

Vout

Pinbmp HU3bKUX 4acmom

Vref

MidcunwBay noMunku ma kKoMneHcamop

Pucynok 3.2 CropoilieHa cxema NOHMXYBaJIbHOTO MEPETBOPIOBaYa

SIxk MokHA 1TOOAYUTH, 3 TPHOX OJIOKIB CXEMH, 110 YTBOPIOIOTH MOHIKYIOUUIA
NEPETBOPIOBAY, MOIYJISATOP — €UHUM OJI0K 6€3 4acTOTHOT 3aleXHOCTI. MoaymsiTop
(GyHKLIOHYE SK T€HEepaTop MNPSIMOKYTHUX IMIYNbCIB, KEPOBAHUX HAMPYIOIO: Y
BIJNOBIIb Ha KEPyIOUy HANpyry MOAYJSATOpP TE€HEpye MOBTOPIOBAHMN BUXITHUN
CUTHAJ PSMOKYTHO1 popmu, oOmexeHuit y aianazoni 0 B 1 V.. lleit npsamokyTHu

CUTHAJI CTBOPIOETHCS LIISXOM [TOYEProBOIO MIAKIIOUEHHS BUXOAY a00 0 BX1IHOI
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Hanpyru (V.), abo mo 3emisiHOTO TpoBimHMKa neperBopioBada (0 B). Koedirient
3alIOBHECHHSI BUX1JTHOTO CHUTHATY BH3HAYAETHCA SIK 9ac, MPOTITOM SIKOTO BHIXITHUN
CUTHAJl 3HaXOJIUTHCS Ha PiBHI V., MOAUICHUN Ha 3arajbHUN TEpiOja MOBTOPEHHS
IMIy/IbCIB. TakUM YHMHOM, f,, SIBJI€ COOOI0 Yac MIJKIIOUEHHS BUXOAY N0 Ve, tof
SBJIsIE COOOI0 Yac MiAKIOYEHHS 10 3eMJI1, a KoeilieHT 3armoBHEHHs D BU3HAYa€ThCS

SAK:

t

D=—s— (3.3)
t,+ toﬁ

HaitnpocTimuii  aHajmoroBuii  MOIYJIATOP CKJIQJAEThCA 3 KOMITaparopa
HaMpyTy Ta reHeparopa NMuwikonoAiOHoro cuurana. Lli 61oku KoMOiHYIOTbCS AJIs

OTPUMAaHHA KePYIOUUX NPSIMOKYTHHUX IMITYJIbCIB, SIK TOKAa3aHO HA pPUCYHKY 3.3.

ramp

Vv

T A
LI

Pucynox 3.3 Entopu kepyrounx HanpyTr aHaJoroBOr0 MOAYJIsTOpa

31 30UTBIICHHSIM KEPYIOYOi Hampyry 301UIbIIYEThCS 1 BUXIAHUN KOEDIIi€HT
3aroBHeHHs. Konmu kepyroua Hampyra gocsrae (abo TEepeBHIIy€) MIKOBY HAMpyTy
MTAJIKOIIOAIOHOr0 CMHTaIa, BUX1IHUM CHUTHAJ 3aJIMIIA€THLCS MOCTIHHO BUCOKHUM, IO
03Hauae Z, (4ac BUMKHEHHs) = 0 1 koediwieHT 3anoBHeHH: 1 (abo 100%). HaBnaku,
AKIIO KEpyroua Hampyra JOpIBHIOE MIHIMAJIbHOMY 3HAYEHHIO IHJIKOIOAIOHOTO

cuHraja ab0 HWXK4Ye, BUXIIHMHA CHUTHAJ KOMIapaTopa 3ajUIIA€ThCs MOCTIIHO
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HU3BKUM, 110 MPU3BOIUTH JI0 t,, (dac BMUKaHHA) = 0 1 10 KOe]iIi€HTY 3aIOBHEHHS
=0 (a6o 0%). Yacrora nmUiIKomnoaAiOHOTO CUTHATY BU3HAUA€ YaCTOTY MPSIMOKYTHHUX
IMITYJIbCIB  HAa BUXOJl MOIYJIATOpa, sIKa TaKOXX € YacTOTOK IepeMUKaHHS

IEpeTBOPrOBAYaA.

Buxinnuiéi curHan MomynATropa € TNPSMOKYTHMM CUTHAJOM, SIKHi
H1JCUITIOETHCS CUJIOBUMH TPAH3UCTOPAMHU, YCEPEIHIOETHCS M0 HAmpy3l BUX1IHUM
(b1IBTPOM 1 PUKIAIAETHCS JO HABAaHTAXKEHHS SIK MOCTilHA Hanpyra. OTxe, BUX1/IHA
Hampyra IepeTBOpIOBadYa € CepeaHIM 3HAYeHHSM NPSIMOKYTHUX IMITYJbCIB

MOZYJISATOPA:

17 1 e
Vo = |, Vows Ot = [V, (3.4)

ne T npencrasise nepion iMmynbey MonyasTopa (T = ton + tofr), TAKUM YHHOM:

V.t
— n_on _V D. (3-5)

- " 7in
ton + toff

out

[lepenatna GyHKIIA MOIYAATOPA Apmos BUBHAYAETHCS SIK CEPEIHE 3HAYCHHS

BUXITHUX IMITYJIbCIB MOAYJISATOPA, MOLIEHE HA BXIJHY KEpPYIOUy Hampyry:

AV

mod AV : (36)

control

@OyHKuisT onHCcye 3MiHY BHUXITHOI HAmpyrd B pe3yabTari 3MIHH Kepyro4oi
Hanpyru. OCKUIBKM Kepyloda Hampyra oOOMEXYeThCs J1ala30HOM Hanpyru
MUJIKOTIOAIOHOTO CUHTaNa (SIKU € YaCTUHOIO MOIYIISITOPA), Alana3oH V,,; CTAHOBUTD

B1g1 0 B o Vi,
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dV. d V V:
A — out _ V control | _ in , 3 7
moee d I/control d I/control " I/ramp I/ramp ( )

ne Amod-ccu — KoedilIeHT MOCWICHHS Moaynaaropa. Ha miarpami bone
(JiorapudMidHIN aMILTITYIHO-YaCTOTHIA XapaKTepUCTUI) Amodccy € TOCTIMHUM
HiACUJICHHSM, SIKeé HE BHOCHUTH (pa3oBOro 3cyBy. Ha mpakTuill iCHYIOTH 4acoBi
3aTPUMKHA B I[bOMY OJIOIl, SIKI MOXYTh CIPUYMHUTU 3CYB a3u, aje BOHH, SK
IPaBUJIO, HE3HAYHI 1 HUMU MOKHA 3HEXTYBATU MPU PO3PaXyHKY IiJICHICHHS METIl

3BOPOTHOTO 3B’SI3Ky Ta 3armacy (asm.

Komnu cTpym iHIyKTHBHOCTI HETIEpEPBHMUIA, IEPETBOPIOBAY MPAIIOE B PEXKHUMI
oe3nepepBHoi mpoBigHOCTI (CCM). Skmo crpyMm iHAyKTOpa Magae A0 HyIs
IPOTITOM KOXKHOTO ITMKJTY, TIEPETBOPIOBAY 3HAXOAUTHCS B PEKKMI MEPEPUBYACTOT
nposigaocTi (DCM). Ha 6mok-cxemi, 300pakeHiit Ha pUCyHKY 3.1, 6ioku ¢iasrpa
Ta KOMIIEHCATOpa JEMOHCTPYIOTh JiHIMHI (QyHKLIT epenadl, ToAl K MOAYJSATOP €
HeJHIMHUM. MoaynsaTop pearye Ha Oe3lepepBHY BXIAHY Kepyrody Hampyry Ta
CTBOPIOE CEPIt0 IMITYILCIB HA BUXO/I1 3 HEOOX1HUM KoedirieHToM 3anoBHeHHS. [Ipn
HEBEIMKUX HABAaHTAXCHHSAX, KOJIM CTPYM HABaHTAKEHHS HIDKYE KPUTUYHOTO
3HAQUCHHS, MOAYJIATOP MOXKE€ TE€HEPYBaTU IMIYJIbCH 3 MEHIIUM KOoeilliEHTOM
3allOBHEHHS, HUK MOTPIOHI B pexkuMi Oe3mepepBHOi mpoBiaHOcTi. Komm ctpym
1HYKTUBHOCTI JIOCSITa€ HYJISI, BUX1JIHA CTYIIHb IIEPETBOPIOBAYa BiJI’€IHYETHCS BiJl
BuxigHoro ¢uisrpa. Pucynok 3.4 imoctpye CCM, KpUTHYHY TOYKY NMPOBIAHOCTI, 1
pexxuMm npumycoBoro CCM, e MOTy sTop 3MYILIEHUH 3a0e3MeuyBaTu CTiK CTPYMY.
[IpumycoBuii pexxumi 6e3rmepepBHOI MPOBIAHOCTI € MOXKIIMBOIO XapaKTEPUCTUKOIO
KOHTpOJiepa Ta Ma€ IepeBaru Iepea IMEepexoJoM IEepeTBOPIOBaYa B PEKUM
nepepuBdyacToi mnposigHOCTI. Ha pucynky 3.5 mnokazaHo BHXiJA MOAYISATOpa
nepeTBoproBaya, 1o npamroe B DCM. Konu ctpym iHAyKTOpa qocsrae Hyss, BUXi
MOJIYJISITOpa TMIEPEXOIUTh y CTaH 3 BUCOKUM IMIIETAHCOM, 1 MOYKHA CITOCTEPIraTH, siK

Hampyra Ha [IbOMY BY3J11 3pOCTa€ 0 Vo IO TIOYATKY HACTYTTHOTO IUKITY.
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Vmod

(a)

3

(8)

Pucynok 3.4 Ctpym ingykropa B (a) CCM, (0) kpuTHUHIN TOYI MPOBIIHOCTI Ta
B (B) mpumycoBomy CCM

[Tpu anamizi cTabLIBLHOCTI KOHTYpPY HEOOXITHO BH3HAYUTH, UM MPALIOE
nepetrBoptoBad B CCM, DCM a60 B 060X pexxumMax, OCKUIbKH IEPETBOPIOBAY MOXKE
MpaIoBaTH B 000X peKUMax y Jliarna3oHi CTPyMiB HaBaHTaKEHHs. SIKIIIO KOHTpOJIep
Ipalioe B MPUMYCOBOMY O€3MEpPEpPBHOMY pEXHMI, TO IEPETBOPIOBAY 3aBXKIU
npaittoe B CCM pexxuMi, He3aJIeKHO BiJl CTpyMy HaBaHTaKeHHS. B iHIIoMy BUIaaKy
HEOOX1THO BU3HAYUTH poOOUNi PeKUM, 11100 3aCTOCYBATH MPAaBUIBLHUIN KOe(]illieHT
MOCUJICHHS MOAyisiTopa Ta (yHKIii nepenadi ginprpa. Poboda Touka, sika JISKUTH

To4HO Ha 1opo3i Mixk DCM 1 CCM, € KpUTHYHOIO TOUKOIO MPOBIAHOCTI.
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Pucynok 3.5 CtpyM iHAyKTOpa y peXXUMI ITepEepUBUACTOI MPOBITHOCTI

[Ipy KpUTHYHIA MPOBIAHOCTI BUXIAHMM TOCTIMHUNH CTPYM JOPIBHIOE

MOJIOBUHI aMILUTITYTHOTO CTPYMY ITyJIbCAIlli 1HAYKTOpa:

[ - — [ripple ~ (I/m B I/out)I/out — I/out (I/m B I/out)
out _ critical 2 2Lf V 2I/mLfsw

sw' in

: (3.8)

1€ Lippie — CTpyM nynbcaniil inaykTopa. Komut Loy < Lous critical, TEPETBOPIOBAY
npaioe B DCM (sikiio BiH He niepeOyBae B pexkuMi mpumycoBoro CCM, sik onucaHo

paHie), a KO Loy > Lout criticat, BIH TIpattoe B CCM.

Komu mneperBoproBau mpaimoe B CCM pexumi, KoeilieHT 3allOBHEHHS
CTaHOBUTh NPUOAN3HO V,,/Vip. OpHak, KOAM BHUXIIHUA CTPYM HUXKYUK 3a
KPUTHUYHUN CTpyM, HaBEACHUU y PIBHSHHI 3.8, 1 mepeTBOproBauY HEe mepedyBae B
npumycoBomy pexumi CCM  (to6To KoHTposiep mo03Bojisie DCM  pexum),
KOE(IIIEHT 3aTIOBHEHHS MOAYJSATOPA 3MEHIIYETHCS Ui MIATPUMKHU PETyIIOBaHHS
Hanpyru. Koe@ilieHT 3amoBHEHHS MOIYJISATOpa B PEXKUMI IEpepUBUACTOI
MPOBITHOCTI TAKOX 3aJICKUTH BiJ] IOCIIIIOBHOTO OMOPY KOTYIIKH 1HAYKTUBHOCTI K.
BpaxoBytoun, mo R; << Ry pexumi DCM, 3HaueHHsIM R; MOXXHa 3HEXTYyBaTH.

BI/IXO,Z[H‘{I/I 3 ObOTO, KOC(I)iI_IiEHT 3alIOBHCHHA MOAYJIATOPA BU3HAYA€THCA SK:
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8L1..

sSw

Dpey = >
%_1 2_1 3.9)

out

ne R — omip HaBaHTaXeHHs, L — 3HAUYCHHS 1HAYKTUBHOCTI, V;, — BXIJIHa

Harpyra Vou;—BI/IXiI[Ha Harpyra, fsw —44acTora ICPCMHUKAHHA IICPCTBOPOBAYaA.
b

Bimznauumo, mo Dpcy € QyHKII€I0 Onopy HaBaHTakeHHS R. Sk Haciimok,
MOYKEMO 3pOOUTH BUCHOBOK 110, Dy TAKOXK 3aJICKHUTH BiJl CTPyMY HaBaHTAKCHHSI.
Ile xonTpactye 3 CCM, ne koedimieHT 3arIOBHEHHS € BUKITIOYHO (DYHKITIEIO BX1THOT
(Vin) 1 BuxinHoi (V,,,) Hanpyru. Ha pucynky 3.6 rnmoka3aHo KoedillieHT 3allOBHEHHS

MOJIYJISITOpPa, KOJIM CTPYM HABaHTAKEHHSI 3MEHIIY€EThCS, BUKIIMKAIOUU TIEPEXi]T Bijl

CCM o DCM.

0.6 F m—— KOeilUieHT 3anoBHEHHA
= = = CTpPyM HaBaHTaXeHHs

0.5 Vin=24B —
= Vout = 12 B <
_ 'y
%04_\ ., = 1000 KTy 10 %
o "I R .. =40.00 Om %
\ critical o
© =
ool :
5T 3
E| \ z
k=3 \ =
02F \ a
= \ 5
A
01} AN
* el
- - o
0 1 e B 0
10° 10° 102 103

Onip HaBaHTaxeHHs (Om)

Pucynok 3.6 KoedilieHT 3a110BHEHHSI MOAYJIATOpA K QYHKIIISI OTIOPY

HaBaHTa)XeHHA Ta nepexija neperBoproaya Mk CCM 1 DCM pexumamu
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VY pexumi nepepuBYaTOi MPOBITHOCTI MOIYJISATOP HE CTBOPIOE Oe3MepepBHUI
NoTiK iMmynbceiB. HaroMmicTe BiH Mae Tpu BuxiaHi cranu: Vi,, 0 B (3emms) abo
PO3IMKHEHE KOJI0 (BUCOKUM IMIIEAAaHC), sIK TTOKa3aHO Ha pUCYHKY 3.6. [Ipu npomy,
nepenaBanbHa (yHKIS MoaynsaTopa Ta ¢uisTpy y DCM cTae ckinaaHimo, HIX Y

CCM. KoedirieHT mocuiIeHHS MORYIATOPA A moqd-pcyr BUBHAYAETHCS SIK:

oy, [ 1= Lo
A L/ i (3.10)
mod-DCM dch - ; b 5 Q ’ .
ramp— DCM
v

ne Dpcy — 1ie xoeditieHT 3anoBHeHHs y DCM 3 piBHsHHS 3.9

PiBusuus 3.9 niticue nmumre 8 DCM, To0TO:

y
R>—— (3.11)

out _ critical
B inmomy Bunaaky nepetBoproBad rnpaiiroe B CCM, a koedilieHT MOCHICHHS

MOJIYJISITOpA BU3HAYAETHCS PIBHAHHSM 3.7.

AHaJIOroBUN MOIYJSTOP CTBOPIOE CEPII0 IMIYNIbCIB, OOMEKEHUX BXITHOIO
HAINpyroio, KoeQilieHT 3alIOBHEHHS SIKUX BU3HAYAETHCS MPUKIAZACHOIO KEPYHOYOIO
Hanpyroo. Buxiguuil GpinsTp BUKOHYE (QYHKIIIO YCepeIHEHHS, Ka IEPETBOPIOE L0
Cepilo IMITYJIbCIB y BUXIJHY Hampyry neperBopioBada. Ockinbku metoro DC/DC
IepeTBOPIOBAYA € IEPETBOPEHHS HAIPYTH 3 HAWBUIIIOI0 MOXKIIUBOIO €(hEeKTUBHICTIO,
TO BUXITHUH (QUIBTP CKIAIAETHCS 3 PEAKTUBHUX KOMIIOHEHTIB, SIKi (Y MEpIIOMY
HaOIM)KEHH1) HE PO3CIIOI0Th MOTYXHOCTI. el ¢inbTp npartoe 1K GiabTp HU3BKUX
4acTOT y 4YaCTOTHIM 007acTi, NPUTHIYYIOUM KOMIIOHEHTH 3MIHHOTO CTpyMYy

MOCJIITOBHOCTI IMITYJbCIB MOJYJISTOpA 1 MPOIMYCKAalOuM MOCTIMHY CKIaIoBYy. Sk
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npukian — mpocta cekmis LC, axa peanizye LC ¢ineTp apyroro mopsiaky 3

IIPUETHAHUM OITIOPOM HaBaHTaxxeHH: (puc. 3.7).

Vin

<
1
||
I
m/
|
[
X

Pucynox 3.7 Haitinpocrimra cxema LC ¢dinbrpa 3 omopom HaBaHTaKEHHSIM

Came TOMY OIlip HABAHTaXXCHHS € KPUTHYHMM KOMIIOHEHTOM (inbrpa. Moro
3HAYEHHS MNPSAMO BIUIMBA€ HA €(PEKTUBHICTH POOOTH (PUIBTpa, XapaKTEPUCTHUKY
KOHTYpPY KepyBaHHS Ta, SK HACJIJOK, CTaOUIBHICTh IepeTBoproBada. BuximHuii
GIIBTp € TPOCTOI0 MACHBHOIO CTPYKTYpPOIO Jpyroro mnopsiaky. OmHak ams
OTPUMAaHHS TPAKTUYHUX Pe3ylbTaTiB HEOOXIJHO BPaxOBYBaTH JESKI BaXKJIMBI
0CcOONMUBOCTI, sIKl po3misanaroThesa Aam. IlepemaBanbHa ¢dyHkmiss LC ¢iasrpa 3

OIOPOM HaBAHTAXKEHHA R MOke OyTH OXapaKTepu30BaHa SK:

R
R+sL+s’RLC

Hy o (s)= (3.12)

Yacrora 3pi3y B IbOMY MPHUKIIA/I, B3ATOMY 3 pealbHOTO MepeTBOproBaya (L =
10 mxln, C = 940 mx® 1 R = I Om) cranoBuTh npubmm3Ho 2,5 k['11, a KiHIIEBUI
¢dhazoBuii 3cyB cTaHOBUTH -180°, Toal K Haxuj rpadiKy MOCUIECHHS CTAHOBUTH -40

nb Ha nexany Bumie yactotu 3pizy LC koHTYpY (puc. 3.8).
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Pucynok 3.8 JlorapugmiuHa aMIiiTy IHO-4aCTOTHA XapaKTepUCTUKa (Aiarpama

bone) naiinpocrtimoro LC-dinsTpa

VY Oararbox BUMAaJIKax Mapa3uTHI €PeKTH KOMIIOHEHTIB (PUIBTPY MOXKYTh OyTH
npoirHopoBaHi 0e3 HachiakiB. KoHaeHcaTopu Ta KOTYMIKH 1HAYKTUBHOCTI MarOTh
napa3uTHUH OITip, 1110 BKJIFOUEHUH B 1IeH aHasi3 QPyHKIT nepeaadi GuabTpy Nepiioro
nopsky. Bkimouenns nesixoro nociinoBHoro onopy (ESR) sik B iHIyKTHBHOCTI, Tak

1y BUXIJTHOMY KOHJIEHCATOP1 J103BOJISIE OTPUMATHU cxemy (puc. 3.9):

Vin I

Pucynok 3.9 Cxema peanbHoro LC-dinbTpa
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[lepenatna ¢ynxuis ans LC-¢inasrpa 3 BTpaTaMu 3alUCY€THCS SK:

1+ (CR.)s

1+RL+(L+RCC+RLC+W)S+£R+RC)LCS2 (3.13)
R R R R

HFilter (S) =

Y upomy BuManKy ngiarpama boge mokazaHa Ha pucyHky 3.10 (Takox
MOKa3aHO BaplaHT 0e3 BTpart, HaKJIaJACHUN JJIsl HOPIBHAHHSA). [ mopiBHSIHHS Oynu

B3SIT1 3HAYEHHS 31 CIPOEKTOBAHOTO Y X0 TOCIIIKEHHS IIepeTBOPIOBaya.

50 T T T

[==]
1

RLC-thinbTp 6e3 BTpar

= == = RLC-thinbTp 3 BTPaTAMU
50 o - 1

Mipcunenns (ob)

Il 1 L 1 Il
109 10" 102 10% 10% 10° 108
YactoTa (l'u)

0 T
. N
g
g -50 §
3 100 - RLC-thineTp 6e3 BTPAT — = =
© - = == =RLC-thinbTp 3 BTPaTAMM PR
i -
o) -
>-150 N - .
™
_200 1 1 | 1 1
10° 10 102 103 104 10° 108

YactoTa (lu)

Pucynoxk 3.10 IlopiBusinns aiarpam bone peansHoro Ta ineansHoro RLC-

¢iapTpa

BrmB mapa3suTHUX OMOPIB 3aJIEKUTh BIJ iX 3HAUY€Hb BIJHOCHO IHIIHMX
napameTpiB cxeMH. TakuM YMHOM, HEMOXKJIMBO 3pOOUTH OTHO3HAYHUN BHCHOBOK,
110 GIIBTP 13 BTpaTaMu CTBOPIOE 3pOCTar0uy abo crajarody ¢(ha3oBy Ta aMILTITYIHY
XapaKTEepUCTUKY Y BCIX BUMaakax. [liarpama boje dinbTpa Moxe 3MIHUTHCS JOBOJTI
pI3KO IIpH 3MiHI CHIBBIJHOILIEHB Mapa3uTHUX onopis. [loaioumii edexkt Moxe OyTu

Henepea0auyBaHUM, B HACIIJOK YOrO HAKJIAJA€TbCsl OOMEXEHHS Ha IPUHLIUIIOBY
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CXeMy 1 BUKOPUCTaHHS MEBHUX KOMITIOHEHTIB B KOHCTPYKIIii epeTBopioBada. Came
TOMY Ba)KJIMBO 3a37aJIeTiib BPaXxOByBaTH Mapa3uTHI MapaMmeTpu Ta BUPILIyBaTu

II0ZI0 MOXKJIMBOCTI iX BKJIFOUEHHS Yy PO3PAaXyHOK CXEMHU MEPETBOPIOBaYA.

KpiMm Toro, kxoHcTpykuiro (GiuabTpa YCKIaJHIOE HECKIHYEHHA KUIbKICTb
napasuTHUX CTPYKTYP, JXKEPEJIOM SIKUX € ApyKoBaHa Iiata. Ha Benukiit npykoBaHii
IUIaTi MOKJIMBI TpU @00 YOTUPH Pi3HI TUIHM BUXITHUX KOHIAEHCATOPIB, MIAKIIOYCHUX

y PI3HHMX TOYKaxX Ha IUIOIIMHI kuBJeHHS (puc. 3.11).

Pucynoxk 3.11 Buxiguuii ¢iaeTp 13 BTpatamu B CCM 13 1BOMa TUIIaMu

KOH/JICHCATOPIB
[lepematna dyukmists Hriger-comu(s) BUXigHOTO (inbTpa 13 JBOMA THUIIAMHU

BUXI1JIHMX KOHJIEHCATOPIB MpecTaBieHo hopmyioro 3.14:

1+ (RCICI + Rczcz)s + (RczczRaCl )S2 (3.14)

5

H ) (S) =
Filter-CCM 2
e 1+a,s +a,s’ +a,s’

Iie:

L R
a, :E"‘ (R,C + R,C) +FL(C1 +G,),
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L
a, = [L(q +C)+ R CC(Rey +Re,) + RczRaCzCl] + E(Racl +R,C,)

L
a; = ECICZ [R(Ra + Rcz) + RCIRCZ] .

[Ilo6 3momemioBaTH OLMbII CKIAAHI BHUXITHI CTPYKTYpH, MepeaaBajibHa
¢yHKLisE MOke OyTH OTpUMaHa Ta BUKOPHUCTaHA Ui OOUMCIIEHHS MOCWICHHS Ta
¢azu, AK MPOAEMOHCTPOBAHO B JaHOMY JOCIikeHHI. OHAK, B ACSIKUX BUIIAAKAX,
Moxe Oytu 3pyuHimmM BukopuctoByBatH SPICE cumynsrop (koM ioTepHY
YUCEJIbHY MOJICJIb) JIJIsl MOJICJIFOBAHHS Ta aHaII3y OUIBII CKJIAJHUX CTPYKTYD, uepes
picT anre6paiuyHOi CKJIAIHOCTI OTPUMYBAHHUX aHAIITUYHUX BUPA3iB, 10 pOOUTH iX

CKIIaJHUMM OJIA OOUYMCIICHHS Ta He,Z[OHiJ'IbHI/IMI/I AJI IIPaAKTHYHOTI'O BUKOPUCTAHHS.

VY pexumi nepepuByaToi MPOBIAHOCTI XapaKTEPUCTUKA BUXITHOTO (iIbTpa
3MIHIOETbCA 4Yepe3 IMEepepuBUYACTUN XapakTep EKBIBAJIEHTHOTO OIMOpPY CHIIOBOI
YaCTUHU MOIYyIATOpa (Reoy). Y pekuMmi NMOCTIMHOI MPOBIIHOCTI, €KBIBaJEHTHUN
BUXIJIHUN OIIp MOIYISATOpA BIAHOCHO HU3bKUH, opiBHAHO 3 DCM. EkBiBanentHa

cxema ¢iapTpa 3 Brpatamu B DCM nokaszaHa Ha pUCYHKY 3.12.

Ry = R(1-Vout/V

EQV in)

Reqv RL L

Vin

Pucynoxk 3.12 Cxema BuxigHoro ¢iibtpa 3 BTpatamu B DCM

[lepematna QyHKITiS €KBIBAICHTHOI CXeMU HFijer-pem(s), 300pakeHol Ha puc.

3.12 npencrasiena popmyioro 3.15:
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1+ sR.C (3.15)

9

H

Filter-DCM (s)=

2
l+as+a,s
ae:

L |4
EJFRC I—I;WJ+C(RC+RL)

2_@ ,
”

in

- = =R=100 x R

crit

-50

Mincunexns (a6)

-20

-40

-60

3cye hazu (rpan)

-80

71 00 1 L 1 L L
10° 10" 102 10° 10* 10° 108
YacroTa ([u)

Pucynox 3.13 Jliarpama boxe nst ABOX 3Ha4€Hb ONOpY HaBaHTaXeHHS (R = R

=40 Om, R = 100R.,s = 4 kxOm) B DCM

Monynsarop 1 BUuXxiiHui GuIBTp (BKIIOUAIOUYH OMip HABAHTAKEHHS ) CKJIa/1al0Th

CHUJIOBY 4YaCTHHY IIOHMXKXYBAJIbHOI'O0 IICPETBOPIrOBAaYA. I_[e JBa CICMCHTH, K1
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TeHEPYIOTh MOCTIMHY BUX1JHY HAMpPYTY 3 MOCTIHHOI BX1AHOI HAIIPYTH Ta MOCTIHHOTO
ctpymy. Ilo0 3aMKHYTH KOHTYp 3BOPOTHOTO 3B’SI3Ky, BHXIJHA Hampyra
HOPIBHIOETHCA 3 OMNOPHOI0 HAIpPyrow, MOMWIKA MOCHIIOETHCSA, 1 LI MOMMIIKA
MOJAEThCS HA MOAYJSATOP SK MOro BXiJHa Hampyra kepyBaHHsa. Komu BuxinHa
Harpyra HaOIMKA€eThCSl 10 OMOPHOI HAalpyry, CTBOPEHAa IMOMWJIKA CTAa€ MAJIOHo, 1
CHUCTeMa JIOCSira€ TOYKM pIBHOBaru: TUMYacoBe 30uiblieHHS V,, CTBOpIOE
BIJINOBIIHE 3HIDKEHHSI KEPYIOUOi HAINpPYTH, 110, 3HMKYE KOC(IIIEHT 3arlOBHEHHS
MOJYJISITOPA, 1 B HACIIAOK TAaKOTO 3HUKEHHSI CUCTEMA ITOBEPTAETHCS 10 HOBOT TOUKU

piBHOBarwu.

s toro, mo6 1 JiHIAHA cucTeMa Oyna cTabiabHOIO, (ha3oBa 3aTpUMKa
JIAHKW 3BOPOTHOTO 3B’SI3Ky Ma€ OyTH MeHIoIo 3a 360°, a Koe]illieHT MOCUJICHHS
netrini — Bume oaUHULI (|Azoop(s)| = 1 a00 20log|Aroop(s)| = 0 0b). Xoya KOHTYD
CcTaOUTbHUM 11 OyAb-sSKOTO 3CyBY (hasu MeHmie 360°, cuctemMa 3 KPUTUUYHUM
nemrndyBaHHAM (JOCTaTHRO INBHJAKA BIAMOBIAb KOHTYpPY 3 MiHIMaJIbHUM
NepeperyIloBaHHsIM) MaTUMe 3amac 1Mo (a3l (BU3HAYAETHCS SK PISHUIT MK
(bakTUYHOIO 3aTpUMKOI0 (ha3u KOHTYpYy Ta 360°) mpubimszno 60°. byas-skuii 3amac
1o ¢a3zi BUILIE HYJSA IPalyCiB € TEXHIYHO CTAOUIbHUM, ajie HUKYl 3HAYCHHS 3amacy
no (a3l CympoBOKYIOThCS OUIBIIOK KUIBKICTIO BUKHAIB Ta NEPEPErylIOBaHb Y
KOHTYpI MICJIS TOTO, K KOHTYP 30ypIO€ThCs (Hanpukiam, 3MiHOW Vi, ado 1,,). [Ipu
IPOEKTYBaHHI CHJIOBUX MEPETBOPIOBAUiB 3HAUCHHS y 45° 3a3BUYail mpUiMaroTh SIK

MIHIMaJBHO JOMYCTUME 3HAYEHHS JIJIs 3anacy ¢asu [55].

OCKUTBKH MIEPETBOPIOBAY € CUCTEMOIO 3 HEraTUBHUM 3BOPOTHIM 3B’ SI3KOM, TO
i ACHITIOBaY TIOMUJIKU Mae ¢azoBuii 3cyB y 180°. Lle o3Hauae, 110 CUIIOBHIA KacKaj
(MomynaTOp 1 BUXIIHUM (UIBTP) Y CUCTEMI 3 KPUTHYHUM JeMII(YBaHHSAM MOXKE
noxaty Tinbku 120° 3aranbHOro 3cyBY a3y npu KOeIIieHT] MiACUICHHS KOHTYPY
B IJIOMY BUIIE OAUHHIN. MOAyIsSTOp MPaKTUYHO HE BHOCUTH (Pa30oBOTrO 3CYBYy B

KOHTYD, aJie Ha/Ia€ MTOCHUIICHHSI.
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Buxigauii piastp, Oyaydn CTpyKTYpOIO APYToro MOpsaKY, MOKE B KIHIIEBOMY
niCyMKy cTBOpuTH moHaiimenme 180° ¢azoBoro 3cyBy. da3zoBuii 3cyB (inbTpa
JIpyroro Tmopsaky pocsrae 180° nume Tomi, Kojiu Moro pobOoda dYacTora
HaOJIMKA€ThCA 10 HECKIHUEHHOCTI, OJTHAK, 3aJIE)KHO BiJl 3HAYEHb €JIEMEHTIB CXEMH,
BiH MOXE MIBUAKO JOCATTH 3HaueHHS 120°, Kojiu TPOXOAUTH 4YEpe3 CBOIO
pe3oHaHCHY 4acToTy. JlomaBaHHS TMOCUJICHHS MOIYJSTOpa JO I[HOTO IMACHBHOTO
dinsrpa 30uBITYyE (hazoBuit 3cyB Ha yacToTi KpocoBepa (0 nb). Lle BinOyBaeThcs HE
TOMY, 1110 (ha30BUH 3CyB (PAKTHUUHO 301TBITYETHCS, @ TOMY, 1110 I0IATKOBE TTOCUJICHHS

BHUKJIMKA€E 301IBIIICHHS YaCTOTH KPOCOBEpa.

[Ilo6 3aMKHYTH KOHTYp 3BOPOTHOTO 3B’SI3Ky Ha I[bOMY I[E€pPETBOPIOBaul,
MIJCUIIOBAY TOMMJIKM TIJIKJIIOYAEThCS, SK OINKMCAHO paHille, MDK BHUXOIOM
peryisitTopa Ta BXOAOM KepyBaHHS MomynsTtopa. lle mo3Bosisie mimcuiitoBavdy
MOMMJIKM KOHTPOJIFOBATH KOE(QILIEHT 3allOBHEHHS MOAYJIATOpA Ta MIATPUMYBATU
BUXIHY Hampyry mocTidHoro. [limcumoBad TOMHIKH MOAU(DIKYEThCS A
dbopmyBaHHS KoedillieHTa MiICUIeHHS Ta a3y NEeTI1 KepyBaHHS TAKUM YHHOM, 100
MOXKHa OyJ0 JOCATTH 0a)kaHOi YacTOTH KpocoBepa Ta 3amacy ¢asu. IlimcuiroBad
NOMUJIKA B OUIBIIOCTI BHUMAJKIB peati3ye€TbCs 3a JOMOMOTOI0 ONepaiiHOro
nigcuioBada. Llelt 610k MOKHA BUKOPUCTOBYBATH JIJIsl 3a0€3MEUEHHST HEOOX1THOT
KOMIIEHCaIlll MocuJieHHs Ta (a3u B KoHIryparli, Sk IOKa3aHO Ha pUCYHKY 3.14

[56].

1 || | — || Vout
Il I I

Vcontfrol

Vref

GND  GND

Pucynok 3.14 Cxema KoMIieHCaTOpa MiICUIIOBaYa MOMUIKU
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[TepenaBanbHa (yHKIIS KOMIEHCATOPA MIACUIIOBaYa TOMWIKH Heompensator(S)

BUPAXKAETHCA SK:

— I/control _ HOL (S) (3 . 1 6)

H (s = ’
compensator ( ) |4 1+ HOL (S)ﬂ(s)

sense

Ie:

RR.Cs| s+ L

RC
IB(S): 23 >

(R+R)s+—— P
RZCZ (Rl + R3)C3

ne Apc — MJACUIEHHS MO MOCTIHHOMY CTPyMY OIEpaliifHOrO MiJACHUITIOBAYa,

Jpole— 4ACTOTA BHYTPIIIHBOTO KOMIEHCALIHHOTO MOMIOCA MiCUITIOBAYA.

KoMmmeHncatop cCKIamgaeTbcss 3 OMNEPAIifHOTO  IMiJICHIIIOBada,  SKHUH
HAJTAIITOBAHUN SIK CKJIAagHUN (DUIBTp HUIIIXOM MiAOOpPY 30BHIMIHIX MaCHUBHUX
KOMIOHEHTIB. OCKUIbKM OIepaliiiHui MiJICHIIOBaY € HEBIJI'€EMHOK YaCTHHOIO
CXeMH, WOTr0 XapaKTepUCTHKH MOXYTh BIUIMBAaTH HA 3arajibHy poOOTY
NepeTBOPIOBaya, TOMy HOTO OCHOBHI MapaMmeTpu BKJIIOUeH1 B aHami3. KoedirieHt
M1JICUJICHHSI OTIepaIlIfHOTO M1JCHUITI0BaYa Y BIIKPUTOMY KOHTYP1 IMTOCTIMHOTO CTPyMY
(DC) noznauaerbes sIK Apc, @ Wpole MO3HAYAE KYyTOBY YacTOTy BHYTPIIIHBOTO
KOMITCHCAITIHHOTO TIOJIF0ca MIJACUIIOBa4Ya. Y BHUIAJKY TUCKPETHOTO OMEpPAIliitHOTO
MIJICUIIIOBaYa JaHl MapaMeTpyd MOKHA BH3HAYUTH O€3M0CEepeIHbO 3 YaCTOTHOI

XapaKTEePUCTUKHU PO3IMKHEHOTO KOHTYPY, IpHUBeneHo0i B fokyMmeHTauii [57]. Oxnak
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s koutposepiB DC/DC nepeTBoproBayiB 4aCTOTHA XapaKTEPUCTUKA M1ACUITIOBaYa
NOMUJIKA Y PO3IMKHEHOMY KOHTYpl 4acTO HE BKa3zaHa Yy JOKyMeHTarii. [Hmmii
croci0 BHU3HAUUTH 10 BEJIMUMHY — BUKOPHCTOBYBAaTH JOOYTOK IIJICUJICHHS Ha
cmyry npornyckanas (GBW) omepartiitHoro mificiiiroBada Ta MiJCHUJICHHS HAPYTH

MOCTIMHOTO CTPYyMY.

GBW
@0 =27 . (3.17)

dc

KoedimieHT miacuieHHs oOmepamiiHOro MiACHIIOBaYa B PO3IMKHYTOMY
KOHTYp1 MIOBUHEH MEPEBUILYBaTH OakaHW! KOe(DILI€HT MiJCUICHHS KOMIIEHCATopa
Ha BCIX BIINOBIAHUX dYacToTax. B 1HIIOMY BHIIAJAKy Ha XapaKTEPUCTUKY
KOMIIEHCATOpa MOXYTb HETaTHBHO BIUIMHYTH 3MIHM B XapaKTePUCTHKaX
omeparlifiHoro mijcuiaoBada. Y koutposiepax DC/DC nepeTBoproBadiB MOCUICHHS
MiCUIIOBaYa MOMHJIKU 3a3BUYail CTPOTO HE KOHTPOIIIOETHCS — YaCTO BKAa3yeThCs
JMILIEe TUIOBE 3HAUEHHS. TOMy JOLIIBHO PO3POOIATH KOMIIEHCATOP TaKUM YHHOM,
1100 HOro XapakTepUCTUKU OYyJIM BIJHOCHO HEUYTJIMBUMU JI0 KOJIMBaHb Koe(ilieHTa

[MICHUJIEHHS IT1CUJIF0BAYa ITOMUIIKH.

CrymeHi MoaynaTopa Ta (iabTpa CTBOPIOIOTH 3HAYHY (a30BY 3aTPUMKY, KA
noripmrye ¢pa3oBuil 3amac KOHTypy. TakuMm 4MHOM, KOMIICHCATOp MPU3HAYECHUH AJIs
OpoTHAIl LIl 3aTpUMII, rapaHTye, M0 3arajJbHUN 3amac ¢as3yu MeTii 3BOPOTHOTO
3B’SI3Ky BiAMOBIa€e OakaHUM crierudikalisaM rnepersoproBada. Kommnencarop tumy
3 3maTHMii 3a0€3MeunTy JBa MOJIIOCH Ta JIBA HYJI1 B MEXaX CBOE€1 Mepe1aTHOi (PyHKITI.
s xoudirypaiis, SK TpaBUiIO, JOCTaTHS MJIsg JOCSTHEHHS KPUTUYHOTO

neMiipyBaHHs, SIKE BIJMOBIAae Gpa30BOMY 3aracy npuonu3Ho 60°.
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3.3. Po3po0ka KOMII’IOTEPHO-MAaTEeMAaTHYHOI MO/IeJli CHCTeMH KePYBaHHA

po00TOI0 MepeTBOPIOBAYA.

Po3ramryBanHss Ta TIOBEJiHKA TMOJIOCIB 1 HYJIB MepenaTtHoi (yHKIl
KOMITEHCATOpa B3a€EMHO MOB’si3aHi. SIK MpaBuiio, He MOTPIOHO PO3MILIYBATH MOJIOCH
W HyJl JOCTaTHBO JIaJieKO OJMH BiJl OJIHOTO, 0O YCYHYTH iX B3aemojiro. YUepes
CKJIQJIHUN B3a€MHUI BIUIMB, Oa)KaHUX PE3YJIbTaTiB MOXKHA JOCSITH, 1TEPAaTUBHUM
MozenoBaHHsAM 3a jgonomororwo SPICE cumynmsATopa Ta BHECEHHSM JESKHX
KOpuryBaHb. Ha mpakTuill moaut MK MOJFOCAaMH Ta HYJISIMA MOXKe OyTH HE TaKuM
YITKUM, aji¢ 3arajJlbHUX IIIed CTaOlIbHOCTI MOXHA JIOCATTH 1HXXCHEPHUMU

PIILICHHSIMU.

Opnak, peamizaifis NOAIOHUX KOMIIEHCATOPIB 3a JOMOMOTOK aHaJIOTOBOTO
KOMIIEHCATOpa Ta MIJCHIIOBada MOMMJIOK Ma€ CBOI 3HA4YHI HEAONIKH, a CaMe:
HEMOXJIMBICTh MEpEeHANAIITyBaHHs 0e3 (DI3UUHOI 3aM1HU €JIEMEHTIB KOMIIEHCATOpa,
XKOPCTKI BHUMOTH [0 TOYHOCTI, TEMIIEpaTypHOro mapeddy Ta 3alekKHOCTI Bix
MPUKIAJACHOI HampyTW, 3pOCTAaHHSA CKJIQJHOCTI PO3POOKM Ta BiJJIATOKEHHS
KOMIIEHCaTopa Mpu HEOOX1AHOCTI KOMIEHcAlli TPbOX Ta OLIbIIE MOJIIOCIB Ta HYJIB
JorapuMivyHOT aMIUTITYJHO-YaCTOTHOI XapaKTePUCTHUKU TepeTBoproBada [58]. 3
MOSIBOIO JIOCTYITHUX CHEI1aJi30BaHUX MIKPOKOHTPOJIEPIB, OJHMM 3 MOXKIJIMBHX
pillleHb JaHoi TPOOJEMU € TIOBHHM TEPEHOC YChOrO KOHTYpPY KepyBaHHS
nepeTBoproBayeM y UGPOBUN BUIVISA. 3HAYHUMU TME€peBaraMu Takoro METONIy €
aIalITUBHICTh KOHTYpPY KEpyBaHHs Ta KOMIICHCATOPIB Ta iX HEUYTIUBICTH MO
30BHIIHIX BIUIUBIB, BHOOPY e€JIeMEHTHOI 0a3u, MpOCToTa peamizamii OakaHoi
jgorapuMivyHOT  aMIUTITYAHO-4YaCTOTHOI ~ XapaKTePUCTUKH  Maibke  Oyab-sKoi
CKJIAJTHOCTI Ta 1H. Y XOJ1 IPOBEIECHOTO JOCIIHKEHHS MPOMOHY€EThCS MPOrPaMHUN
JITOPUTM KEpyBaHHS CUHXPOHHHMM MOHWKYBaJbHUM IEPETBOPIOBAYEM Ha OCHOBI

HaMBIPOBIJHUKIB 3 HIMPOKOIO 3a00pOHEHOI0 30HOIO.
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Po3rmisiHemo 3amponoHoBaHy 0a30By cxemy IHH(PPOBOTO MOIYJsSl KepyBaHHS
CUHXPOHHUM MOHWXXYBaJbHUM IEPETBOPIOBAYEM Ha OCHOBI HAMiBIIPOBIIHHUKIB 3

IIUPOKOIO 3a00pPOHEHOI0 30HOI0 (puc. 3.15):

| Modynsmop iMyACid +
7 cunoba yacmuHa)

> Pinbmp HubKUX Yacmom >

Veontrol | @0, 8 NoBimoBud 3cyd - NodinbHuk
» pramydans | ¢ 0BimoBud 3cy ¢
| danux Kornencamop niBopyy Aun (Macwmadybanua Vo) €

leHepamop
onopHoT
Hanpyau (Vi)

Pucynoxk 3.15 Po3po6iena cxema 1iupoBOro Mo tyJisi KepyBaHHS
B ocHOBI po3p06eHO0i KOMIT’ FOTEPHOT MOIEITI CUCTEMHU KEPYBAHHS JISKUTD JCKITbKA

MOJTYIIB.

e [lominbHuK Ta aHamoroBO — 1M poBwHii neperBoproBad (ALIIT). Januit Moxynb
3abe3reuye KOpPEKLII0 BUXIJHOI HANpyrd 10 JIOMYCTUMOIO Jlana3oHy JIs
kopekTHOi pobotu AIIIl, a TakoX NEepeTBOPEHHS 3HAUEHb HANPYTH Yy
BIIMOBITHUM iM LIUGPOBUI KOJI.

e [ligcumroBay NOMUIIKK Ta TeHepaTop onopHoi Hanpyru. Lleit Onok 3a0e3neuye
MOPIBHSHHSA BUMIPSHOTO 3HAYEHHS HANpPYTH 13 3aJJaHUM, 110 30€piraeThCs B
nam’sTi KoHTposiepa. OOuUMCIIeHa NMOMMUJIKA MIJICUIIOETHCS 3@ JTOMOMOTORO
JIOMHO>KEHHS Ha BIINOBIIHUN O6e3p0o3MipHHI KoeiieHT miacuieHHs. Jlanuit

mpouccC MOXXHaA NPEACTABUTH SK:
A= A(Vref —Vine) (3.18)

ne A — 3amaHuil KOeQIUIEHT MiACUICHHS, Vs — 3aJaHe 3HAuUCHHS

Hanpyru, ¥V pc— BUMIpSIHE 3HAUEHHS HAIIPYTH.
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e Kommencarop. Jlanuit Mmonynp peainizoBano 3a gomnomororo IIR (dinerpa 3

HECKIHUEHHOIO IMITYJIbCHOIO XapaKTEPUCTUKOI0) (UIBTpa MpsAMOi peatizamii

Nel (puc. 3.16).

z(n)

)

Pucynok 3.16 Mogaens IIR ¢insTpa

Januii Gi1eTp Ma€e HACTYNHY NepeAaTHy QyHKIIIO:

by+bz"'+bz7 + b3z_33 , (3.19)

H(z)= - = =
a,+az +a,z +az
e z* — 3aTpUMKa CUTHAJly Ha X CEeMIUIB, by, b;, b, b; — xoedimienTu
YIEPEIKYBAIBHOTO 3B’SI3KY, dg, d;, d2, a3 — KoepiIieHTH 3BOpOTHOTO 3B’ 13Ky, [Ipn
peaizalii y JMCKpeTHi ¢opmi y TporpaMHOMY KOJI1 KOHTpoJiepa, JaHa repeaaTHa

XapaKTepUCTUKA MOXKe OyTH MpecTaBieHa sk [59]:

a, - yln]l=b, - x[n]+b, -x[n—-1]+b, - x[n—2]+ b, - x[n—3]—

—a,-y[n—1]-a,-y{n-2]-ay-y[n-3] (320)

JlaHuii Momyib J03BOJIE€ MPOTPAMHO peajizyBaTH (DYHKIIO aHAJIOTOBOIO
KOMIIEHCATOpa TPeThOro TUHY. Y  XOII JIOCHI/DKEHHS y  CepeloBHIIi
MATLAB/SIMULINK  Oymu  po3paxoBaHi HeOOXinHI  KoeilieHTH  ais

3MO/IeJIbOBAHOTIO nepeTBoproBayda [60].
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o [IIMM wmonynstop. 3abe3medye IEPETBOPEHHS KEPYHOUOro CHHTaly B
nianasoni [0-1] y IUM curnan 3 koedimientom 3anoBHeHHs [0-100%].

o OibTp HU3BKUX YACTOT. 3abe3neuye ycepeaqneHHs Buxignoro MM curnamy
Ta NpUYIIy€e 3MIHHY CKJIaJJOBY CUTHalTy. KpiM TOro, onocepeikoBaHO BIIMBA€E
Ha CTAOUTBHICTH KEPYIOUOTO KOHTYPY MEPETBOPIOBAYA.

Ha puc. 3.17 mnpencraBieHa po3poOiieHa Ta 3alpoNOHOBAaHA peajizallis

BUIIIEONMCcaHoi Moaeni neperoproBaya y cepenonuii MATLAB/SIMULINK.

©]
.
=

. ) :
s >{:
@4—.—» nc PWM L + . Darunk 1
Ratuvk 6 =

Tepeparop LVM imnynicis

=

= —0 -0 ~0

BIX inetp Rarunk 4 Paruvik 3 Raruk 2

OBMexysay Ne2 Mincuniosay 2 n 4 OBmexysas Net

T 1.926-1.8552-11.9252°21.8552°3
1-1.637240.446220.1912°3

Cymartop 1 AvickpeTHuii nepets. PericTp yTpumarts ATeHioatop

leHepaTop oAUHWYHOrO iMNynbey 1

TeHEPaTOP OAMHUMHOTO iMMYbCy 2

I_‘

Pucynoxk 3.17 Peanizaitis MoJieli mepeTBoproBaya y cepeI0BHIII
MATLAB/SIMULINK.
Y xomi MojentoBaHHs Oynu OTpuMaHl Tpadiku 3aleKHOCTI peakili
NEPEeTBOPIOBaYa Ha IMIYJIbCHY 3MiHY 3a/laHOTO 3HAYEHHS BUXIJAHOI HANpyTH, L0

30epira€eThes B maM’sATi KoHTpoJepa (puc. 3.18):
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UBm
T, c

Pucynok 3.18 Peaxiiisi nepeTBoproBada Ha iMITyJIbCHY 3MiHY 3aJIaHOTO
3HAaYEHHS BUX1JIHOI HANPYTH, 110 30€piraeTbcs B aM’ siTi KOHTPOJIEpA.
3agana wHampyra 3MiH0OEeTbCs Big 12B nmo 18B Ta HaBmaku 0e3
NEPeperyaoBaHb Ta MyNbCalliif, M0 CBIJYUTH MPO NPABWIBHICTH MiA00PY
Koe(DIIIEHTIB KOMIIEHCATOpa Ta KOPEKTHY pOOOTY 3ampoONOHOBAHOI MaTeMaTHYHO-

KOMIIT TOT€PHOI MOJICIII.

Ha puc. 3.19 300pakeHa peakiiisi KoMIeHcaTopa Ha 3MiHy 33J]aHOTO 3HAUEHHS
BUX1HO1 Hanpyru. [ padik BigoOpakae MBUAKUI MEpexig NEpeTBOpIOBaya y CTalIui

CTaH, HC3BaXKarO4" Ha 3HAYHUU HepCXi,IIHI/Iﬁ Imponec:

Kr Oa_
h T' C

Pucynok 3.19 Peaxiisi komneHcaTopa Ha 3MiHY 33aHOTO 3HAYEHHS BUX1THOI

HaIpyTu.
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BucnoBku 10 Po3niny 3

1. 3aificuena ontumizarisa GuisTpiB g pexumie CCM 1 DCM, 1o BpaxoBye
BIUIMB MMapa3uTHUX MapaMeTpiB Ta JO3BOJSE 3a0€3MEeYUTH CTAaOUIBHICTH Ta
e(eKTUBHICTD €HEPEronepeTBOPEHHS,  JO3BOJISIIOUU IMITyJILCHOMY
NepeTBOPIOBaYy IpaloBat y pexxumi oe3nepepBHoi (CCM), nepeprByacToi
(DCM) ta mpumycoBoi (FCM) mpoBigHOCTI, 10 € KPUTUIHO BaXKIHBOIO
BJIACTUBICTIO JIJISl 3aCTOCYBaHb MPU HEOOX1THOCTI THYYKOCTI HaJaIllTyBaHb Ta
aJIalTUBHOCTI 10 YMOB POOOTH 32 peaIbHUX KOHCTPYKIIMHUX OOMEKEHb.

2. Po3pobriena KOMII'IOTEpHO - MaTeMaTW4yHa MOJIE]b CUCTEMHU KEpyBaHHS Ha
OCHOBI 3BOPOTHOTO 3B’SI3KY 110 BUX1/IHIM Hanpy3i 3 KOMIIEHCATOPOM Ha OCHOBI
[IR-dinbTpa, mo BpaxoBye mnepenatHi (PyHKIIi OCHOBHMX KOMITOHEHTIB,
3aBISIKM YOMY MOJIEJb 3a0e3meuye poOOTy CUCTEMHU €HEPEronepeTBOPEHHS B
PI3HUX KOHQITYpaliiax 1 poOoYux pexumax.

3. IlinTBepmKEeHO KOPEKTHICTH pO3pOOIEHOT MOIEII Y TPOrPAMHOMY KOMITJIEKCI
MATLAB/SIMULINK, a came: odiKkyBaHa peakilisi CUCTEMHU Ha 3MIHY
3a/1aHOi Hampyru 0e3 3HAYHUX IMepeperyatoBaHb 1 MyJbCalllid MiITBEpANIIa
ONTHUMAJBHICT, BHOOPY KOE(]IIIEHTIB KOMIIEHCATOpa Ta  3arajibHy
CTaOUIBHICTh MEPETBOpPIOBauYa, IO 3a0e3leyye BUCOKY aJalTHUBHICTh Ta
HEYYTJIUBICTH JI0 30BHIIIHIX BIJIMBIB 1 Bapiailiii HOMiHaJIiB KOMIIOHEHTIB.
OTpumaHa mporpamMHa MOIEIbh MPAKTUYHO 3aCTOCOBAHA [JIsl KEpyBaHHS
BUCOKOE(EKTUBHUM IU(PPOBUM IMIYJIBCHUM NEPETBOPIOBAYEM CHUCTEM

€JICKTPOKUBJICHHS HA OCHOBI HITPHI-TaTIEBUX HAIlIBIPOBIIHUKIB.
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PO3I1JI 4. PO3POBKA TA IPAKTUYHE 3ACTOCYBAHHSA
OIITUMI3OBAHOI'O IMITYJIBCHOI'O KEPEJIA ’KUBJIEHHA HA
HITPUJI-TAJIIEBIIA OCHOBI

4.1 CxemoTexHiYHe MPOEKTYBAaHHA MEPETBOPIOBAYA TA aHAJI3

eKCIIePHMMEHTAJBbHOI KOMII'IOTEPHOI MO/ eJIi.

VY X0/l MPOBEICHOTO TOCIIIPKEHHSI CUCTEM >KUBJICHHS OC3IMUIOTHUX arapariB
Oynu chopMoBaHi THUMOBI BHUMOTH JO OJIHOTO 3 OJIOKIB CHUCTEMH >KHBJICHHS
0€3MIJIOTHOTO JIITAJILHOTO amapaty nanbHboro paaiycy nii (BILJIA), a came mo

MOHM)KYIOYOT0 nepeTBoproBayda (tadbmuusd 4.1):
Tabmuus 4.1

Bumoru no neperBoproBada cucremu xkuBieHHs bIIJIA

Ha3zsa napamerpy Bumora

HowminansHe 3HaueHHs BXigHo1 HanpyTH (6S), Viy 24 B
MaxkcumanpHe 3HaueHHsI BXIAHOT HAllpYTH, Viy amax 28 B
MiHiMasbHe 3HauY€HHS BX1IHOI HANpyTH, Viv wmiv 21 B
HowminanpHe 3HaYeHHS BUX1IHOI HANpyTH, Vour 12 B £1,5%
MakcumanbHe 3HaYSHHS! BUXITHOTO CTpyMmy, lour 15 A
JlonmycTumuii piBeHb IyJibcalliid BUXiiHoi Hanpyru, AVour 1,5%
Koediuient xopucHoi aii, 7 He menme 94%
JlonycTumuii pobounii iama3zoH poOoYux TemMnepaTyp -40°C ~ 105°C

Yepe3 0coOIMBOCTI YMOB €KCIUTyarTarlii eIeKTPOHHUX CHCTEM Ha aBlalliiHUX
maTdopmax Ta 3 METOr0 3a0e3neueHHs BiamoBiaHocTI cranaapry IPC-2221B [62],
a TakoXK I TIABUIICHHS  BIOPOCTIMKOCTI  HUJIBOBOTO  BUPOOY 110
CHEPromepeTBOpPIOBaYa BUCYHYTI BHUMOTH JO MiHIMI3aIlli MacorabapuTHHX
MOKa3HUKIB Ta MOXJIMBOCTI MOKpUTTS KoMmiayHaoM (Low Pressure Overmoulding)

[61]. KpiM TorO, TEXHIYHUM 3aBIaHHSIM BHUMAra€ThCsl HASBHICTH 3aBaJI0CTIAKOTO

114



nudpoBoro iHTepdeiicy KepyBaHHsS MEPETBOPIOBAaYEM ISl 1HTErpauii 3 1HIIMMHU
monymsimu Ta cuctemamu BIIJIA, y TomMy uwMciai 1 3 OCHOBHUM MOJBOTHUM
KOMIT'toTepoM. MOXXIMBUMH BapiaHTamu 1HTepdelicy kepyBanHa € CAN 3

npotokosioM DroneCAN [63] ta RS-485 3 npotokonom MODBUS [64].

3 oy Ha MOCTaBIIEHI BUMOTH, a TAKOK BBa)KAIOUM HA BIJICYTHICTH BUMOT
JI0 13011111 BUX1JTHUX K1J1 TIEpEeTBOPIOBayYa BiJ BX1IHUX, ONITUMAIHHOIO TOIOJIOT1€I0
TaKOTO TIEPETBOPIOBAYA € TOTIOJIOTISI CHHXPOHHOTO TOHIKYIOUOTO MEePETBOPIOBaYa

(synchronous buck converter). OcHOBHIMHU ITepeBaraMu JaHOi TOIOJIOTII €:

e 3MEHIIICHHSI BTpar IPOBIJHOCTI 3aBISKH 3aMiHI Jl10Ja Ha TPaH3UCTOp 3
HU3BKUM OMOPOM BBIMKHEHHSI.

e Bucokuii koedilieHT KOPUCHOI il MpHU HU3BKIH BUXITHIA Hampy3l depes
MIHIMI3allll0 TMaJiHHA Hampyru (MOpiBHAHO 31 3BHYaiiHUM  buck
MIePETBOPIOBAUECM ).

e CrpormieHe 3a0e3MeUeHHs HEOOXIIHUX TEMIIEpaTypHUX PEXKHUMIB, IO
3MEHIIIy€ TabapuTh CHUCTEMH OXOJOMKCHHS 1 TWIJABUINYE HAIINHICTh
NepPETBOPIOBAYA.

e [IllBuaka peakiiis Ha MEPEXIiHI MPOILECH Ta 3HUKEHA IMyJbCallisl HalpPyTu
(ocobmuBo B Oararoda3sHUX KOHCTPYKIIISX, e poOdoTa (a3 4epryroThes, 10
MIIXOAUTH JUIS 3aCTOCYBaHb 13 MIBUJIKMMH 3MIHAMHU HAaBaHTaKCHHS )

e  MOXIMBUN PEKUM 3BOPOTHOTO 3B’ SI3KY 1O HAMPY31 3 aIalITUBHUM ITU(DPOBUM
(GITETPOM-KOMIIEHCATOPOM, PEXKHUM 3BOPOTHOTO 3B’SI3KY MO CTpyMmMy abo
PEXKUM 3 TOCTIMHMM YacoM BBIMKHEHHS, 110 3a0€3Me4yIOTh MOKpaIleHHS
CTaOUIBHOCTI POOOTH Ta peakilil0 NEPETBOPIOBaYa HA 3MIHY HaBaHTAXEHHS
[65].

e MoxnuBa OaratoasHiCTh TEpPETBOPIOBaYa, IO JI03BOJSE €(PEKTUBHO
HapOIIyBaTH BUXIJHY MOTY>XHICTh 10 HEOOX1IHOTO PiBHA (Ha BIAMIHY BIJ

3BOPOTHOXO/IOBUX OJTHOTAKTHHUX MEPETBOPIOBAYIB)
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e [leBHi MeTOaM KepyBaHHS, HampuKiIajg Taki sk spread spectrum frequency
modulation  MOXyTb  3MEHIIMUTH  €JIEKTPOMArHiTHE  BUIPOMIHEHHS
MepeTBOPIOBaUa, IMOKPAIIUTU eJieKTpoMarHiTHy cymicHicth (EMC) Ta

3HHU3UTH PIBEHB 3aBaj [66].

KpiMm TOro, 3acTocyBaHHsS CHJIOBUX €JIEMEHTIB 3 HIMPOKOIO 3a00pPOHEHOIO
30HO1O (Takux sk GaN Ta SiC TpaH3UCTOpH) 3aMICTh KJIACHYHOTO pIllIEHHS Ha
ocHoBI kpemHieBuX MOSFET Tpan3ucTopis, 103BOJIsI€ 3HAYHO TOCUJIUTH TIepeBaru

TaKOTO TUITY MEPETBOPIOBAYIB.

[Ipomec  CXEMOTEXHIYHOTO TIPOCKTYBAaHHS TMEPETBOPIOBaYa  JIOIIILHO
MOYMHATH 3 BUOOPY MOXKIIMBOTO KEPYIOUYOTO KOHTPOJIEPY, IO BiNIOBi1a€ HACTYITHUM

BHUMOI'aM:

e MOXIUBICTh POOOTH B PEKUMi CHHXPOHHOTO MTOHIKYIOUOTO TIEpETBOPIOBaYa.

e HasBHicTs HE0OX1HOTO IHTEp(PEICY KEpyBaHHS.

e MoxuBicth pobotu sk 3 GaN, Tak 1 3 kpemnieBumu MOSFET
TPaH3UCTOPaMH Ta 3aCTOCYBAaHHS 30BHIITHIX CUJIOBHX €JIEMEHTIB.

e TemmeparypHuii fiama3zoH poOOTH Ta Aiana30HU poOOUNX HAPYT KOHTpoOJIepa
BIJITOBITHO TEXHIYHOMY 3aBIaHHIO.

o HasBHicTh HEOOXITHOI JOKyMEHTAIil, MOCTYMHICTh /I TpUAOAHHS Ha

MOMEHT MPOEKTYyBaHHS Ta TApaHTOBaH1 TEPMIHU BUPOOHUIITBA.

[IpoBegemMo TEpBUHHHUI pO3paxXyHOK KOMIIOHEHTIB, HEOOXIAHMX IS
KOpPEKTHOT po0OOTH NepeTBOpIOBaya 3TiTHO 3 TEXHIYHMM 3aBlHaHHAM. CepemHe
3HaYCHHS KOE(QIIIEHTYy 3allOBHEHHS KEPYIOUOTO CHTHAIy pPO3PaxOBYEThCS 32

dbopmyroro 4.1:

D~ (4.1)
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3rigHo 31 3HaYeHHsAMH 3 Tabnuii 4.1, po3paxoBaHe 3HaYCHHSI KOEQILIEHTY

3al0BHEHHS Kepyrodoro curnaiy D ckiano 0,5.

3ri1HO 31 3HaYeHHSMH 3 Ta0nuil 4.1, po3paxoBaHe MiHIMAJIbHO JIOMYCTHME

3HAUEHHS 1HIYKTUBHOCTI L CHUJIOBOTO APOCeisi MepeTBOproBaya 3a (popmyioro 4.2:

> (Vuv_MAX B VOUT)VOUT
I/INiMAXfSWAIOUT

(4.2)

Po3paxoBane MiHIMaJbHO TOMYCTUME 3HAYECHHS 1HIYKTUBHOCTI L CHIIOBOTO

nIpoceitst ckianio 2,3 Mkl H.

Y naHOMy BHITaJIKy MPOBOIUTHCSA PO3PAXYHOK HEOOXITHOTO MIHIMaJbHOTO
3HAYEeHHA IHAYKTMBHOCTI B HAWTIpIIOMY BHUMAJAKYy, a CaM€ MpPH MaKCHMaJbHO
JOTyCTUMOMY 3HAUEHHIO BX1AHOI Hampyru Vv mux. KpiM TOrO, Ayt po3paxyHKy
HEOOXIJTHO 3aJaTh JIeKIIbKa JIOAATKOBUX MapaMmeTpiB, a came JONMyCTUMHUUN
KOE(IIIEHT MyJbcalliii CTpyMy B 1IHAYKTOPi 4 1 poO0dy 4acTOTy NMEepPEeTBOPIOBaya fsjy.
OcCKUIbKM B SIKOCTI ILUJIOBOTO KPUTEPIIO ONTHUMI3allli BKazaHa MiHIMI3aIls
MacorabapuTHUX MMapaMeTpiB MEPETBOPIOBAYA, TO JOIUIBHUM 3aBAaHHSIM PO3POOKH
€ TMiABUIICHHS po0O0Yoi dYacTOTH IIepeTBOproBadya. B Xomi  aBTOPCHKOTO
EKCIIEPUMEHTAJILHOTO JIOCHI/KEHHS Oyia0 oOpaHO BiAHOCHO BHUCOKE (K s
IMITyJIbCHHUX MI€PETBOPIOBAUIB) 3HAUYE€HHS poOoyoi yactotu B 1MI 11, 1110 103BOMHIIO
3MEHIIIUTH 3HAYEHHsSI 1HAYKTUBHOCTI Ta HEOOXiJHY €MHICTh Ui PpoOOTH
IEepeTBOpIOBayYa, 1 SK HACIIIOK I[bOTO MacorabapuTHI MapamMeTpu CHCTEMHU

ZKHUBJICHHA.

be3posMipHuii koe(ilieHT mynbcalid CTpyMy B I1HAYKTOpi A MOXKHa
BU3HAUUTH SIK BITHOUICHHS CTPYyMY MYJbCAUIN [y 1O HOMIHAJIBHOTO 3HAYECHHSA

BUXIJTHOTO CTPYMY Ipy
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1.

le
A== (4.3)

out
Jlanuii  koedilieHT oOUpaeThCsl PO3POOHUKOM 1 TMPEACTaBIsSE COOOIO
1HKEHEPHUI KOMIIPOMIC MIDXK pO3MipaMH BHXIJAHOI 1HIYKTUBHOCTI 1 piBHEM
BUX1IHUX ITyJIbcalliil. 3a3Buyaii, TaHuil koeiieHT oOupaeThes B Aiama3oni Big 0,15
no 0,5. YV nanomy Bumanky Oyno oOpaHo 3HaueHHs 0,2 3 METOI 3a0e3Ne4eHHs

3HIYKEHOTO PI1BHS BUXIJIHUX MyJbCAIll HAIPYTH MEPETBOPIOBaYa.

Po3paxoBane 3HaueHHS 1HIYKTUBHOCTI 3a (opmynoro 4.2 € MiHIMaJIbHO
MOJIMBUM JJI 33JaHUX YMOB POOOTH. 3a HAsSBHOCTI TEXHIYHMX MOXKIJIMBOCTEH
JOIIJILHO Tepea0auuTy TIeBHUN 3amac 3HAYeHHS 1HAYKTUBHOCTI IOPIBHSHO 3
PO3PaxXyHKOBHUM, TaK SK MPHU JESIKUX 3HAYCHHSX BXIIHUX Ta BUXITHUX HAMPYT Ta
CTPYMIB IEPETBOPIOBAY MOKE TMIEPEXOUTH B PEIKUM TIEPEPUBUATOI TIPOBITHOCTI 00
B PEXXHMM IPUMYCOBOT IPOBITHOCTI. B X011 eKCIiepuMEeHTaTbHOTO JIOCIIKEHHS OyI10
oOpaHo 3HaueHHs I1HAYKTUBHOCTI B 10MKkIH, SK TEeXHIYHHUNA KOMIIPOMIC MIXK

rabapuTaMu MepeTBOpIoBaya 1 piIBHEM IyJIbcalliii CTPyMy Ta HapyTH.

BukopucroBytoun oOpaHe 3Ha4eHHS iHAYKTUBHOCTI L, MOXHA pO3paxyBaTH
3HAUEHHs CTPyMy MyJbCalli 1HAYKTOPA Lippe 1 MAKCUMAIBHUM CTPYM 1HAYKTOpPA

yf peak:

V= Vour)D
ipple =~ (4.4)
fowL
SW
Iri e
Ipeak =1 out + ;Pl . (45 )

3rigHo 31 3HaueHHSAMH 3 Tabmumi 4.1 po3paxoBaHE 3HAYEHHS CTPyMY
nynbcaliil IHAYKTOPA Lyppie ckitano 0,6 A, a MaKCUMaJIbHUN CTPYM 1HAYKTOPA peak

ckimaB 15,3 A
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BuxopucroByioun oTpumaHi 3HaueHHs, OyJ10 00paHO BiANOBIAHUNA 1HAYKTOP
mozaem FX1.2213-100-M 31 ingykrusnictio 10 MxI'H, ctpymoMm Hacuuenns 20 A ta
onopoM mocTiiHOMYy cTpymMy 4,15 MOwM, 5K BIANOBIAHMN 10 OTPUMaHHX

PO3paxyHKOBHUX 3HaYE€Hb Ta BUMOT [67].

Yepes Bucoki BUMOTH 10 MacorabaputHux napamerpiB ta KKJI, BinHocHO
BUCOKYy po0OOYy YacTOTy TII€peTBOpIOBaYa Ta BIAMOBIZIHO JO MPOBEICHOTO
TEOPETUYHOI0 aHamizy Oylo NpUUHATO pilleHHS oA0 BukopuctanHs GaN
tpan3uctopiB moxeni EPC2302 B sKOCTI OCHOBHUX CHJIOBUX €JIEMEHTIB
MepeTBOPIOBayUa, II0 J03BOJISLE€ 3a0€3MeUUTH HEoOXigHI poOOYl YaCTOTH, CTPYM

CTOKY Ta MOXKJIUBICTH OXOJIOJIXKEHHSI Yepe3 BEPXHIO KPHUILIKY TPAH3UCTOPA.

BukopucroByroun po3paxoBaHUii MIKOBUI CTPyM NEPETBOPIOBAYA peqr, CTPYM
nynbcalil 1HAYKTOPA lipple, KOE(ILIEHT 3allOBHEHHS KEpyrodoro curHaity D Ta
3Ha4eHHs 3 Tabnuili 4.1 po3paxoBYIOTHCS MiHIMabHI HEOOX1/THI 3HAYCHHS BX1THOT

(Civ) Ta BuxigHoi (Coyr) EMHOCTEH Ta mMapaMeTpu KOHJICHCATOPIB, a CaMe:

o LeD0=D)

> 4.6
T (4.6)

VY nanomy Bumnauky AV;y— nomyctume 3Ha4€HHs MyJIbCalliil BX1HOT HAIIPYTH
mo cknanae 0,2% Big HOMIHAJIBHOT BX1aHOT Hanpyru V. Po3paxyHkoBe 3HaueHHs

Civ y 1aHOMY BUIAAKY CKJIANIO 77 MKdQ.

BpaxoByroun ckiagHi yMOBU pOOOTH TEpETBOpIOBada, HECTaOUIBHICTD
OOpPTOBOI HAMpyTH, EJIEKTPOMATHITHI 3aBaJM TIO JIHISAM >KUBJICHHS, BIUIMB
Napa3uTHOTO OMOPY KOHACHCATOPIB Ta MOXKIIMBUN JEPEUTHHT y XO/1 BUKOPUCTAHHS
B OoproBux ymoBax BIIJIA, Oyno mpuiHSTO pillieHHs 3aKJIACTH 3HAYEHHS BXI1JIHOI
emHocTi B 400 Mk( Ta 107aTKOBI KepaMiyH1 KOHAECHCATOPH ISl 3SMEHIICHHS P1BHS

CJICKTpOMaI‘HiTHI/IX 3aBaljl.
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B sxocTi 0CHOBHOTO BXiJIHOTO KOHJIeHcaTopa Oyno oOpaHo 4 mapajielibHO
3’€IHAHUX TMOJIIMEPHUX KOHAeHcaTopa 3 eMHIcTIO 100 Mk Ta po6OUOI0 HANPYTOIO
100 B mozeni 1011001013R00 [68]. 3Haroun 3Ha4YE€HHS Mapa3UTHOTO OMIOPY OJTHOTO
KOHJIeHCaTopa Ta 4-X mapajesbHO BKIIOYEHUX KOHAeHcaTopiB (~ 8,75 MOM) a Takox
ESR o0panux kepamidyHUX KOHJEHCATOPIB Ha poOOdiil 4acTOTI MEepeTBOpIOBava,
pO3paxoBaHUil MIKOBUI CTPYM NE€PETBOPIOBAYA ey, , 3HAUEHHS IMyJIbCALlil BX1IHOT

HanpyTH Ay OIIIHIOETHCS SIK:

Ay =1

peak

ESR, . (4.7)

VIN

PospaxyHkoBe 3HaueHHS Ayy y JaHoMy BUNIaaKy ckiaio 0.13 B.

MiHiManbpHO JOoMycTHMa BUXiAHA €MHICTh Coyr OLIHIOETHCS SIK:

I,
Copyp = ——22 (4.8)
8AI/OUTJ(‘SW

s po3paxyHKy OyJI0 BHKOPHCTAHO JONMYCTUMHUW pPiBEHb BHXIiJHHUX
nynbscaiid AVoyr 3 TexHiudoro 3apnanns, a came 1,5% (0,18 B). Po3paxynkose

3HaueHHS Coyr Y JaHOMY BHUIIAJIKY CKiano 77 M.

BpaxoBytoun ckiagHi yMOBH pOOOTH TEpETBOPIOBAYa, HECTaOLIbHICTDH
OOpPTOBOI HAMpyTH, EJEKTPOMATHITHI 3aBajd TIO JIHISAM >KUBIICHHS, BIUIMB
Mapa3UTHOTO OIMOPY KOHACHCATOPIB Ta MOXKIIMBUN JEPEUTHHT y XO/1 BUKOPUCTAHHS
B 60pTroBuX ymoBax BIIJIA, Oyno mpuilHATO pilleHHS 3aKJIacTH 3HAYEHHS BX1THOI
eMHOCTi B 880 Mk Ta T0JaTKOBI KepaMiuHi KOHAEHCATOPH JJIsl 3MEHILICHHS P1BHS

CJICKTPOMArHiTHUX 3aBajl.

B sKxocTi OCHOBHOTO BHXIJIHOTO KOHJIeHcatopa Oyino oOpaHo 4 mapayiesibHO
3’€HAHUX TMOJIIMEPHUX KOHJAEHcaTopa 3 eMHICTIO 220 MK} Ta poOOUOI0 HAMPYTOIO
25 B momeni HV1IH227M1010PZ [69]. 3natoun 3Ha4eHHS Mapa3sUTHOTO OIOPY

oxHoro koHaeHcaropa (32 MOM) Ta 4-X mapasenbHO BKIIOYEHUX KOHACHCATOPIB, a
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takok ESR kepamiunux KoHJeHcaropiB Ha poOouiii yactori (~ 5 MOwm)

NepeTBOPIOBaYa MOXKHA OILIHUTH 3HAYCHHsI MyJbcalllid BX1AHOI Hanpyru (popmyna

4.9):

AVOUT = I rippeE SRout : (49)

[Tpu Buximniit Hanpy3i 12B pospaxyHkoBe 3HaueHHS Apoyr B 3MB cknamae
~0,03% BiJ HOMIHAQJIBHOI HAIPyTH, 110 3HAYHO MEHIIE 3aJaHOTO B TEXHIYHOMY

BaBI[aHHi 3HA4YCHHI.

OrriHKa OMTOPY OCHOBHOTO TTYHTA Ry, IO BUMIPIOE BUX1THUNA CTPYM:

_45uB

shunt ™ I

(4.10)
peak
Yy JaHOMY BHUIIAJKY IIPpHU HaprBi OIIOPHOTIO IKECpPCiia HiI[CI/IHI'OBaLIa y 45 MB,

PO3PaxXyHKOBHM OMIp MIYHTA Rgjyn CKIIaB 3 MOM.

BuxopuctoByoun po3paxyHKOBUH OMIp IIYHTA Ry, TPOBOAUTHCSA OLIIHKA
HEOOX1JHOTO MiIHIMAJIBHOTO 3HAYEHHS PO3CIIOBAHOI HUM MOTYKHOCTI:

’R

P shunt * (41 1)

>
shunt — © peak

VY nmaHoMy BHUIIAJIKy pO3paxyHKOBE 3HAYEHHS MIHIMAJIbHOI PO3CIFOBAHOL

MOTY>KHOCTI MIYHTA Ry ckitasio 0,7 BT.

B saxocti mynTta Oyno oOpaHo crerianizoBaHuii metal-core pesuctop 31
3Ha4eHHAM oropy 3 MOM, Ta 3HaYEHHSIM JOMYCTHUMOI PO3CIFOBAHOI MOTYXHOCTI 3
Bt, a came wmomemrs HoGS2512-3mR-3W [70]. Jlane pimenHs 3a0e3nedye
HEUYYTJIMBICTh BUMIPIOBAJILHOTO €JIEMEHTA JI0 IMITYJIbCHUX IEpPEHAaNpyr, a TaKoX

MOKPAIIEHUH TETJI0O0OMIH 3 HABKOJIIUIITHIM CEPEIOBHILEM.
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VY xonBeprepi Oyno oOpaHo yactory mepemukanHs 1MIm. +/- 10%, mo

CHIBIAJA€E 3 MONEPEAHIMHI PO3PAXYHKOBUMH 3HAYCHHIMH.

JUIs  TiATBEp/DKEHHS 3HAYEHHS OTPUMAaHUX TapaMeTpiB  IPOBEICHO
koM 'otrepae  SPICE-mozentoBanHss poOOTH  TepeTBOpioBadya 3 0OpaHUMHU
KOMITOHEeHTaMu y cumyaiatopi [71]. Tlpu gocmimkenHi 6ys10 3aCTOCOBAHO MPUHITUTIN
MOJICTIOBaHHSI €HEepronepeTBOPIOBaYiB Ha OCHOBI IITUPOKO30HHUX
HaIBIPOBITHUKIB, 0 po3missHyTO Yy [72]. I'padik Hampyru Ha KOMyTarliiHOMY
By311 (switch node) meMoHCTpy€e KOpEeKTHE MEePEeMHUKaHHS CHJIOBUX €JIEMEHTIB Ha

gactoti 1,06 MI'1 (puc. 4.1).

a7v V(n009)

24V

21V

18V

15V

12v+

6V

3v+

a

-3V- T T T T T T T T T
5.9964ms 5.9970ms 5.9976ms 5.9982ms 5.9988ms 5.9994ms 6.0000ms 6.0006ms 6.0012ms 6.0018ms 6.0024ms

Pucynoxk 4.1 I'padik Hanpyru Ha KOMyTaIliiHOMY BY3JIi

VY TecToBiil cuMyJssIil Ha MepeTBOpIOBad Oyno moaaHo Hampyry 24B Bin
JoKepena 3 BHyTpimHiM ortopoM 0,1 OM (cumyssiis BHYTPIIIHBOTO Onopy Oarapei
xuBieHHa BIIJIA Ta omopy 3’enHyBaldbHHMX NpPOBITHHUKIB). BXimHa Ta BuxiaHa
€MHICTh 3MO/IENIbOBaH1 €KBIBaJICHTHUMU KOHJIEHCATOPAMHU JIBOX THUIIIB (KEpaMidHUM
Ta MOJIMEPHUM) 3 BIJAMOBIIHUMHU 3HAUYEHHSIMHU Tapa3suTHOTO omopy. B skocti
HaBaHTAKEHHS B3ATO pe3uctop 3 onopom 0,81 Owm ( 3 po3paxynky 12 B/0,81 Om =
14,814, mo Oau3pKO A0 MaKCUMaJbHOTO BHUXIAHOTO CTPYyMY 3a TEXHIYHUM

3aBIaHHSM).
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KopexTHicTh poOOTH po3paxoBaHOTO TEPETBOPIOBadYa IMEPEBIpEHA IIITXOM
BUMIPIOBAHHS 3HA4Y€Hb BXIJIHOI Ta BHUXIJHOI HANpyTrH TiJi MaKCUMaJbHUM
HaBaHTaXeHHAM (puc. 4.2 1711 BUX1THOI HAIIPYTH)

13V V(out)

12v+
11V+
10V—

9V

7V
6V—
5V
4V
3v+
2V

oV- T T T T T T T T T
Oms 1ms 2ms 3ms 4ms 5ms 6ms 7ms 8ms 9ms 10ms

Pucynok 4.2 I'padik 3HaueHb BUX1AHOI HAIPYTH

3a pe3ynbraTaMu CUMYJISIT 3HAYeHHS BUX1HOT HanpyTu ckiano 12,04 B mig
MaKCUMaJTbHUM HaBaHTKEHHSM, IO BIJIMOBIAA€ TIOCTABICHOMY TEXHIYHOMY

3aBJaHHIO.

Ha puc. 4.3 300paxkeHo Trpadik BXITHOI HaANpyrd IEepeTBOprOBaya.
CriocTepiraerbcsi MEBHE 3HIDKEHHS HANpyTrd 10 cepeAHboro 3HaueHHs 23,1 B, a
TAaKOX BHMCOKOYAaCTOTHA CKJIa/J0Ba 3 CEPENHIM 3HAUYEHHSM aMIUIITYyAH IyJIbCallii
Hanpyru 0,12 B, BukiukaHa NEpPEeMUKAHHAM IMITYJbCHOTO TEPETBOPIOBAYA.
Buxoasun 3 1ux 3Ha4€Hb, MOXXEMO MPHUUTH J0 BHCHOBKY LIOAO JOCTaTHOCTI

00paHMX 3HAUYCHB Ta TapaMETPIB BXITHUX EMHOCTEH.
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V(in)

23.9V

23.8V-

23.7V4

23.6V-

23.5V

23.4V-

23,3V

23.2V

23.1V

23.0V-

22,9V

228V T T T T T T T T T 1
Oms 1ms 2ms 3ms 4ms 5ms 6ms Tms 8ms 9ms 10ms

Pucynoxk 4.3 I'padik 3HaueHb BX1AHOI HAIIPYTH

3MozenpoBaHa Hampyra Kepyrouoro cuHraiga Ha 3atBopi GaN TpaH3ucropa
300paxeHa Ha puc. 4.4.

V(n011)

N ( ( 1 (1 ][]

4.8V

4.2V
3.6V
3.0v+
2.4v4
1.8V
1.2V

0.6V

0.0V- \ | L L L L L L

V- T T T T T T T T T T
6.3938ms 6.3945ms 6.3952ms 6.3959ms 6.3966ms 6.3973ms 6.3980ms 6.3987ms 6.3994ms 6.4001ms 6.4008ms 6.4015ms

Pucynoxk 4.4 I'padik ¢popmu curnany Ha 3atBopi GaN TpaH3UCTOPY

[IpogemMoHCTpOBaHO, 110 Yac HAPOCTAHHS HAMPYTd CUTHAILY CKJIAaB OJHM3BKO
30 HC, a yacToTa epeMUKanHs TpaH3ucTopy — 1,06 MI'ti mpu 36epeskeHH1 KOPEKTHOT

dbopmu curHaATY Ta He3HaAYHOMY T1aro Mimepa (puc. 4.5).
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V(no11)

5.4V h

4.8V

4.2V
uuuuu

3.6V Voo
Hore ms Ve

3.0V

2.4V

1.8V

1.2V
0.6V \
0.0V-

-0.6V- T T T T T T T T T T T T T T
6.3966ms 6.3967ms 6.3968ms 6.3969ms 6.3970ms 6.3971ms 6.3972ms 6.3973ms 6.3974ms 6.3975ms 6.3976ms 6.3977ms 6.3978ms 6.3979ms  6.3980ms

Pucynok 4.5 I'padix ¢popmu ogHOTO nepioay curHainy Ha 3arBopi GaN

TPaH3UCTOPY

CepenHe 3HaYEHHS BX1THOTO CTpyMy CKiiano 7,6A, 110 MOXHa MOOaYUTH HA

puc. 4.6:
W Waveform: Ix(UT:VIN)+Ix(UT:RUN... X
Interval Start. | 3ms |
Interval End: ‘ 9ms ‘
Average: ‘ 7 6423A ‘
RMS: ‘ 10.711A ‘

Pucynok 4.6 Cepenne 3HaueHHS BX1THOTO CTPYMY

ITo pesynsraram SPICE cumynsnii, 3amnanoBanuit KKJ[ meperBoproBada
ckmamae ~ 97.5% mnpu poOOTI B pexkUMI MAKCUMAJbHOTO HABAHTAXKCHHS, IO

3aJ0BOJIbHAEC BUMOI'aM ITOCTAaBJICHOI'O TEXHIYHOTO 3aBJaHHA.

Ha puc. 4.7 mpencraBneHa OlOK-CXema IEpETBOPIOBaYa, CTBOPEHOTO Ha

OCHOBI CUMYJISIIIT Ta MONIEPETHBO MPOBEAECHUX PO3PaXyHKIB.

125



EnepromneperBopioBau CKJIaJa€TbCsl 3 OCHOBHOTO KOHTPOJIEPY, IO peaii3ye
JITOPUTM KEePYBaHHS Ta KOMYHIKAIIiIO 3 30BHIIIHIM 1HTep(dericom, mporpaMoBaHOTO
MiJCUIIIOBaYa, JpaiBepy 3aTBOpPYy, CYMICHOTO 3 piBHAMU KepyBaHHsA GaN
TPaH3UCTOPIB, 10 3a0e3nedye HeoOXiTHUI CTPYM KepyBaHHs, CUIOBOT YaCTUHU Ha
GaN Tpanzuctopax moaeni EPC2302, sxignux (C;,) Ta BuxigHux (C,,;) EMHOCTEH,
BUX1THOTO 1HAYKTOPA (Lsy), CTPYMOBUMIPIOBATEHOTO TIYHTA (Rgjyn;), TIONUTHHUAKIB

BX1IHO1 Ta BUXI1JIHOI HAaIIpyT'H Ta JOMOMIKHUX €JIEMEHTIB.

Bxi7H1 1 BUXI1IHI KOJIa )KUBJIEHHS 3axuIeH] 3amooixaukamu Ha 10 A ta 16 A
BIJIMOBITHO, 1110 3a0e3meuye Oe3rneuny poOoTy pu MaKCUMalbHOMY HaBaHTa)KEHHI,

IO MiITBEPIKYETHCS CUMYJISIIIEIO.

o+

Wi

=1

Cin

1
I

BxigHa Hanpyra |:T;

P — CTpYMOBMMIPKIBANEHWIA
LLIAM LLIAM Lout LLIYHT
curHan st aey ssman s cWrHan Cunoea yactiHa
(GaM)

KoHTponep BMXigHMiA CTpym

Rshunt Cout

A

MporpamosadHui
BcranoeneHHA nigcunerHA nigcunoeay Rd3

A

BuxigHa Hanpyra

A

Pucynox 4.7 brok-cxema po3po0JieHOTO TIEpeTBOprOBaYa

Pe3uctop Rguun pa3oM 3 MOAYJIEM MPOrPaMOBAHOTO MiACHIIIOBaYa 3a0e3mneuye
BUMIPIOBAHHS BUX1THOTO CTPYMY Ta 3aXHUCT BiJl IEPEBUIIICHHS IOy CTUMUX 3HaY€Hb

BuxigHoro crpymy (OCD) [73,74].
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Kono Rg3-R4s 3abe3mnedye BUMIPIOBaHHS BHUXIIHOI HANpyrd Ta 3BOPOTHIN

3B'SI30K JJIs1 pOOOTH CUCTEMHU KEpPyBaHHSI.

Kono Rz-R4> 3abe3niedye BUMIPIOBAaHHS BX1IHOI HANPYTW Ta BCTAHOBJICHHS

HEOOX1JTHOTO PiBHS 3aXUCTY BiJl 3HMkKeHO1 Hanpyru xkujieHHs (UVLO).

4.2 TonmoJsiorivHe NMPOEKTYBAHHS MEPEeTBOPIOBAYA.

BianoBigHO 0 TEXHIYHUX BUMOT JI0 €HEPTONEepEeTBOPIOBaYa Ta MPOBEICHOTO

aHaJ3y JpKepes, OyJiu CTBOPEH1 HACTYITHI PEKOMEH Il 10 CTBOPEHHS JPYKOBaHOI

IJIaTH TOII0HOTO BUCOKOYACTOTHOTO IMITYJIbCHOTO MEPETBOPIOBAYA;

Tpacu npaiiBepy 3arBOpy MarOTh MNPOKJIATATHCS pPa3oM 1 MiIKIHOYATHCS
sKOMOra OJvK4e JO 3aTBOPY BUIMOBIIHOTO TpaH3UcTopa. SKio
BUKOPUCTOBYIOTHCSI PE3UCTOPH 3aTBOPA, iX CIIA MIAKIIOYATH SIKHAHOIIKYE
110 3aTBOpa TpaH3ucropa [75].

Tpacu MiX BEpXHIM TPAaH3UCTOPOM Ta BXIJHUM KOHJEHCATOPOM ITOBHUHHI
OyTH sIKOMOTa KOpOTIIUMH. HeraruBH1 BUBOIM BUX1THUX KOHICHCATOPIB CII1T
pO3TalloOByBaTH SIKOMOTAa OJM)K4€ JO HETaTUBHUX BHUBOJAIB  BXIJHHUX
KOHJIEHCATOPiB, PO3MIIIYI0OUH KOHAEHCATOPU MOpyd MDK €000 1 Mmo3a
nemiero crpymy [76].

Pe3ncTuBHI OUIBHUKW MOBHHHI IIAKIIOYATHCS OO0 IO3UTHBHUX BHBOIIB
BUXIJTHOTO KOHJIEHCATOpa 1 CUTHAJBHOTO 3EMJITHOTO MPOBiTHUKA. JIUTBHUK
¢y po3MiinyBatyd nmoonu3y koHTakty ALl mo6 MiHIMI3yBaTu HaBEICHHS
3aBajJ] Ha Iedl By30J. Pe3ucTtopu 3BOPOTHOTO 3B'SI3KY HE MarOTh OyTH
po3MillieH1 0111 MOJIrOHY 3 BUCOKMMH IMITYJbCHUMH CTPYMaMH, TAKUMH K
BXITHUH MOJIITOH >KUBJICHHSL.

Tpacu BUMIPIOBaHHS CTPyMy MalOTh MPOKJIAATUCS TMapajeibHO 3
MIHIMQJIBHOIO BIJICTAHHIO MK HHMH, BHUKOPHCTOBYIOUM IIIKIIFOUEHHS
KenbBiHa 10 cTpyMoBuMiptoBaiibHOTO 1yHTY [77]. 1li Tpacu cmig
PO3TAIIOBYBaTH SIKOMOTA JIaJli BiJl BUCOKOYACTOTHUX BY3/11B MIEPEMHUKAHHS, a

SKII0O MOXJIMBO, TO HAa BHYTPIIIHBOMY Iapi JPYKOBaHOi IJIaTH.
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®inpTpyBaibHUIA KOHJIEHCATOP KOJIa BHUMIPIOBAHHSA CTpyMy Mae OyTH
po3TaloBaHui mopy4 i3 BXojoM miacuiatoBaya adbo AL [78].

- KoHtyp, yTBOpeHUI CHUJIOBUMHM TPaH3UCTOPAMH, 1HIYKTOPOM 1 BHUXITHUM
KOHJIEHCAaTOpOM  CJiJi PO3TAlllOBYBaTH Ha BIACTaHI BIJ UYyTJIUBUX
MaJIOCUTHAJIBHUX BY3JiB, 30KpeMa BY3JIIB 3BOPOTHOTO 3B’SI3Ky HANpPYTd Ta
ctpymy. Lli By3nu omepyiooTh 3 BHCOKOYAaCTOTHHUMH CTPyMamH BHCOKOi
1HTEHCUBHOCTI, TOMY ILIOIILY JIaHOTO KOHTYPY Tpac CJIiJ MiHIMizyBatu [79].

- PexomMeHz0BaHO BUKOPHUCTOBYBATH TEXHIKY ‘“MOIM(]IKOBAHOI 3IpKH”~ s
3a3emiieHHs. LleHTpanbHy TOUYKY 3a3eMJICHHS CIIiJi BUKOHATH Yy BUIJISAIL
HU3BKOIMITEIAHCHOTO TIOJIITOHY BEJIMKOI TUIONII Ha TiM caMiii CTOPOHI ILJIaTH,
mo ¥ BXIJHI Ta BHUXIJHI KOHJeHcaropu. Jlo 1iei Toyku MarTh OyTH
M1KITI0YEH] HIDKHI KOHTAKTH PO3B’ A3yBAIBHUX KOHJIEHCATOPIB, PE3UCTUBHUX

JUIBHUKIB HAPyTH 3BOpOTHOTO 3B’ 513Ky Ta GND koHTakT koHTposepa [80].

Po3poOka npykoBaHOI MjaTyu MEepeTBOPIOBAaYa, a TAKOXK JOMOMIKHUX CHCTEM,
IO PO3MINIYIOThCSA Ha I[iil myari Oyna BUKOHAHA 3 ypaxyBaHHSM BHUIIEBKa3aHOTO

PO3pO0JIEHOTO AJTOPUTMY .

[Inata meperBoproBada ckiagaeTrbes 3 4 1mapiB. BepxHiil Ta HWXHINA 1mIap
MICTATh OUIbIIY KUIBKICTh CHUTHAJIBHUX MPOBIJHUKIB. 3T1IHO 3 pEeKOMEHAAIsIMU
BUIIE, APYTUHN LIap CKJIAJAETHCS 3 CYLUIBHOIO 3€MIJIIHOTO MOJIroHy. Tpetidt map
JPYKOBaHOI TUIaTH TEpEeTBOpIOBaua 3ade3rneduye mepenady >KUBJICHHS 3 Pi3HUMH
pIBHSIMU Hampyr A0 CHoKuBauiB. JI[pykoBaHa IulaTa BUTOTOBJIEHA 3 TEKCTOJITY
Mapku FR-4, TOBIIMHOIO MiJTHOTO IMMOKPHUTTS B 35 MKM Ta MICTUTb 2 CUTHaJIbHI Ta 2

CWJIOBI 1IapH (ychoro 4 mapu).

4.3 ExcniepuMeHTAJIbHA NepeBipKa po3po0JieHOro nepeTBoprBaya.

[Io pesynpraram mpoBeneHOT pO3poOKM Oya0 CTBOPEHO peBizito A

PO3pOo0JICHOI IIJ1aTH TIepeTBOPIOBaya, 300pakeHy Ha puc. 4.8:
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# Extender ‘board
‘ rev. A

Pucynox 4.8 30BHIIHIN BUTIIST PO3POOICHOTO MEPETBOPIOBaYa

Pesynbratn TECTyBaHHS NOKa3aJin pPOOOTO31ATHICTH nepIoi
eKCIIepUMEHTANIbHOI peBi3ii KoHBepTepa. Ha puc. 4.9 300pakeHa ocruiorpama
Hanpyru Ha 3arBopi GaN Tpan3uctopa. Yactora mepeMuKaHHs ckjiajga OJIU3bKO
[,IMI'u, mo 3HaXOOUTHCS Yy MeXax MOXHOKM BHYTPIIIHHOIO TeHeparopa

KOHTpOJIEpa.
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Samm—

Pucynok 4.9 Ocumnorpama Hanpyru Ha 3atBopi GaN TpaH3uctopa

BusiBneno, 110 ¢opMa Kepyrodnx CUTHaIIB BiMOBIIa€ KOMIT IOTEPHIi Mofeni,
a aMIUTiTyJla BUCOKOYACTOTHUX BHUKHUJIB, SIKi YAaCTKOBO BHKIIMKaHI Mapa3uTHUMU
napaMeTpamu MiAKII0YEeHOr0 30BHIITHHOTO BUMIPIOBAJILHOTO IITyTIa, HE TIEPEBUIIY€E

~ 1B, 0 3HaXOAUTKCS y OE3MEUHOMY, JOITYCTUMOMY Jiana3oHi.

Hanpyra na Buxozai meperBoproBada ckijaia 11,97 B, mo 3Haxomautbes B

JIOIyCTUMOMY Jliara3oH1 3T1IHO IO TEXHIYHOTO 3aBaaHHs (puc. 4.10):

ad ll:l'l
I

l Il

0n|0|||1|:|0|||2|||0|||3|||H||4|||0|||5

RANGE JA HOLDE®

Pucynok 4.10 Hanpyra Ha BUXoi nepeTBoproBaua
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AMILTITY/Ia TyJbCaliil Ha BUXOA1 EpeTBOpIoBaya ckiaia ~ 33 MB, 1110 3Ha4HO
Kpale MoCTaBJICHOI B TeXHIYHOMY 3aBaani Bumoru B 180mB 1 ckmagae 0.27% Bin
HOMIHAJIbHOI BUX1JIHOI Hanpyru. YacTtoTa moBTOpeHHs nyibcarii ckiana 1,1 MI'n

(nmepiox 905 Hc), 110 BiAMOBiAa€ poOOYiil UACTOTI IEPETBOPIOBAYA.

M 200ns

Edge
E3 DC

L -800uy

Pro[1=805.0ns

Clear

Pucynok 4.11 Ilynbcariii Ha BUXO/I1 IepeTBOprOBaya

Ha puc 4.12 300pakeHO TepMorpamMa IMepeTBoproBadya y iHGpauepBOHOMY
CIIeKTpi mpu poOOTI Ha aKTHMBHE HaBaHTaXeHHsA. OTpuMaHI TepMorpaMu
pPO3pOOJICHOTO E€HEpPromepeTBOPIOBaYa BUSBWIHM, IO TeMIEparypa CHJIOBHUX
enemeHTIB ckiana 35°C mpu TeMreparypi HaBKOJUIIHBbOTO cepenoBuiia 21°C 3a

YMOB MACUBHOTO KOHBEKIIHHOTO OXOJIOMKEHHS (open-air test).

MaxkcumanbHa TemmepaTypa CHJIOBHUX eJeMeHTIB ckimana 42°C npu
TeMreparypli  HaBKOJUIIHBOTO cepenoBuma 21°C  3a  yMOB  IAaCHBHOTO

KOHBEKIIIHHOTO 0X0JIokeHHs (closed-box test).
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Pucynok 4.12 Tepmorpama noHMKyI0UYOro rnepeTBoproBaya (open-air test)

3a pe3yiapraramMu TECTYBAHHS CUCTEMY >KHBJICHHS OyJI0 BCTAHOBJICHO Ha
BITJIA kontepHOTro THUIY (-OKTO Ta KBaJPOKOIITEP NAIbHHOTO PaAlycCy ii), 4uM Oyiio

1TBEPKEHO MPaIe31aTHICTh y CKIaHUX yMoBax (puc. 4.13):

Pucynox 4.13 TectoBa mnatdopma — BaKKHI KBaIPOKONTEP JATHHBOTO PAIyCy

i
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Kpim TOro, cucrema >xuBieHHs Oylia mpoTecToBaHa Ha HazeMHoMy BITA
BIJITAJICHOTO PO3MIHYBaHHA, J¢ 3a0e3mneunsia HEoOXilHE KUBJICHHS OOpPTOBOI

CJICKTPOHIKM Yy CKJIAJIHUX yMOBaX €KCIUTyaTallli 3 BUCOKMM PIBHEM PHU3UKY (pHC.

4.14):

Pucynox 4.14 TecroBa mnatdopma — cucteMa po3MiHyBaHHS 3 BiATaICHUM

KEpYyBaHHSM y POOOYOMY PEKUMI

byno mnpoBeneHo TMOPIBHSAHHSA PO3pOOJICHOTO €HEepronepeTBoproBada 13
paHille BUKOPUCTAaHUM KOMEPIMHHUM pimeHHsM, a came Victron Energy Orion
24/12 [81], a Takox nogioOHMMU eHepromnepeTBoproBauamu Traco Power TEP 150WI
[82] 1 Bel Group (CUI) VHK150W [83]. /lani eHepromepeTBoproBadi Oyau oOpaHi
K Taki, mo 3a0e3meuyroTh BiAMOBiAHICTE cTaHAapty MIL-STD-810 [84] a6o
MO3UIIIOHYIOTECS BUPOOHUKOM SIK TIPOMMCIIOBE PIIIEHHS ISl BIAMOBIJATBHUX
3acTocyBaHb Ta Oymu panime 3actocoBaHi y tuarpopmax BIIJIA ta BIIA.
EneproneperBoptoBau Victron Energy Orion Oyno oOpaHo £K e€TaloH s
NOpIBHAHHA SIK HAWOUIbII KOMIAKTHHUM Ta eHeproe(eKTUBHUN BapiaHT 13

nepepaxoBanux. OTpuMaHi1 XapaKTEepUCTUKU 3BEJICHO B TaOnuIio 4.2.
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Taomuns 4.2

[TopiBHSIHHS TapaMeTPiB €HEPTONEePETBOPIOBAUIB

Traco Bel Victron
Po3pobnenuii .
Power Group | Energy 3MmiHa
. C€HEPTONEePETBOPIOBAY _
[TapameTp TEP (CUI) Orion (TOpiBHSHO
(aBTOpCHKMIA
150WI | VHK150 | 24/12V . 3 Ne 3)
BapiaHT)
(Nel) | W(Ne2) | (Ne3)
HominanrpHa
. 24 B 24 B 24 B 24B —
BX1JTHA HampyTa
IToxubOxa
BCTAHOBJICHHS 12B +/- | 12B +/- 12B
12B +/- 0,24% -1250%
BHUXIJTHOT 1% 1,5% +/-3%
Hanpyru
MakcuMaibHUN
BUXI1IHUN 125 A 12,5 A 10 A 15A +150%
CTpYyM
PiBenn
BUXI1IHUX 100mB | 150MB | 75 MB 33MB -227%
My JIbCallii
KKJI 89% 86% 93% 97,6% +5%
Maca 300r 502 300r 158r -190%
3aiimaeMuii 217 643 175,2
82,5 cM™3 -212%
00'eMm cM3 cM™3 cM3

Po3pobnennii erepronepeTBoproBay MpoaeMOHCTPYBaB Ta 3abe3neunB KKJ|
97,6%, mo BianoBigae po3paxyHkoBoMy 3HadeHHI0O KKJ[ 97,8% Ta orpumano

nigsuiieHHs KKJI neperBoproBada Ha 5%.
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JloCSATHYTO 3HMKEHHS MOKa3HUKIB MacH y 1,9 pas3u Ta 3MeHIIeHHs 00’eMy
MEepPEeTBOPIOBaYa y 2 pasu, M0 J03BOJISIE 301IBIINTH KOPHUCHE HABAaHTAXCHHS Ta

noctynHuit 06’em BITJIA.

OTpuMaHe 3HWKEHHS IMyJbcallli BHUXIAHOI Hampyru y 2,3 pa3su Ta
MBUIIEHHS TOMYCTUMOTO BUXITHOTO CTpyMy Y 1,5 pasu 103BoJIsi€ pO3MIIITyBaTH B
BIIJIA OGoptoBy panioenektponny anaparypy (BPEO) 3 Ouibm KopcTKkuMu

BHUMOT'aMH J10 CIICKTPOXKUBJIICHHA Ta HOro SIKOCTI.

3a paxynok nigsuiieHass KK/, 3HIKeHHSI TOKa3HUKIB MacH Ta 3MEHIICHHS
00’emy Oyn0 €KCIIEpUMEHTAJIBLHO MIATBEP/HPKCHO TMIABUIIEHHS MaIbHOCTI i
TectoBorO 3paszka BIIJIA Ha 17% (3a paxyHOK 3MEHIIIEHHS] €HEPreTUYHUX BTPAT Ta
BCTAHOBJICHHSI OaTtapei KHUBJIEHHS OUIBIIOI €MHOCTI Y BUBLIbHEHOMY 00’€Mi Ta

Mact).

BucnoBku 1o Pozainy 4

1. IpoBeneni cumynsuii 3acBiqumiau, mo KKJ[ po3pobnenoi cucremu mnpu
MaKCHMaJIbHOMY HaBaHTa)KE€HHI CTaHOBUTD OJM3bKO 97,5%, 110 ciiiBnaaae 3
PO3paxoBaHUM 3HAYEHHSM IMPY BUKOPUCTAHHI 3aIIPOITOHOBAHOT TEOPETUIHOT
METOMUKH pPO3paxyHKy Ta MiATBEPAWIA BIAMOBIAHICTH  BUXITHUX
XapaKTEePUCTHK MEePETBOPIOBaYa 0 TEXHIYHIX BUMOT.

2. JloBeneHo, MO0 BHUKOPUCTaHHS IU(POBOTO KOHTPOJIEpA IMITYJIIbCHOTO
neperBoproBada y koMOiHamii 3 GaN TpaH3ucTOopamMu 3a0e3mnedye
CHPOIICHHS CUCTEMH OXOJIOJKCHHS, IIBUIKOII0 Ta aIallTUBHICTh KOHTYPY
KepyBaHHS, M0 TMIIBUILYE YaCTOTy TEPEMHUKAHHS CHUJIOBOi YAaCTHHH
neperBoproBaya A0 piBHA ~1,1 MIT Ta m03BOMsIE 3HAYHO 3MEHIIUTH
IHAYKTUBHICTh 1 €MHICTh Ha BXOMI Ta BHXOJl NEPETBOpIOBaYa IS
TIOKpAIEHHS MacorabapuTHUX MapaMeTPiB KOHCTPYKIIi.

3. 3amponoHOoBaHa Ta CTBOPEHA 3TiAHO J0 PO3pOOJEHUX PEeKOMEH/ Al

TOTOJIOT1s 3a0e3neunsia KOpEeKTHY poOOTy NmepeTBOproBaya HE3aJleKHO Bij
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[ITFOBUX MapaMeTpiB cuctemu. OTpuMaHa MOAYJIbHA apXiTEKTypa J0BeIa
a/IalITUBHICTh CHCTEMHU EHEPronepeTBOPEHHS, 3a0e3Meuyour THYUKICTh Y
301IbIIIEHH] HEOOX1THOT TOTY>KHOCTI.

3a pe3yapraraMd TEOPETUYHOIO PO3PaXyHKYy Ta  KOMII FOTEPHOIO
MOJIETIIOBAHHS CUJIOBOI YACTUHU MEPETBOPIOBaUa CTBOPEHO Ta BIIPOBAIPKEHO
eKCIIepUMEHTaIbHUIMA MPOTOTHUI NIEPETBOPIOBAYA, IIPOBENICHO
EKCIIEpUMEHTAIFHUNA BUMIp HOro TmMapaMeTpiB Ta TIOPIBHSHHSA 3
pO3paxOBaHUMHU Ta  3MOJEIbOBAaHMMH  3HAYCHHSIMH. Y  TIpoleci
eKCIepUMEHTadbHOI  Bamijamii  Oylo  JOBEAEGHO  Mpale3AaTHICTh
MepeTBOPIOBaYa, a TAaKOXk EKCIEPUMEHTAJIBHO TIATBEPKEHO OTpHUMaHI
TEOpPETUYHI pe3yJIbTaTH. Po3pobiennii €HEPIOIEPETBOPIOBAY
npogeMoHCcTpyBaB Ta 3abesmeunB KKJ[  97,6%, mo Bignmosigae
po3paxynkoBoMy 3HaueHHIO KKJ[ 97,8%. Otpumano minsumieHHs KKJI
nepeTBoproBada Ha 5%, JOCSITHEHO 3HIKCHHSI MOKa3HUKIB Macu y 1,9 pasw,
3MEHILIEHHs 00’ eMy y 2 pa3u, 3HI>KEHHS MyNbCcalliil BUX1AHOI HanpyTu y 2,3
pa3u Ta MiJIBUILIEHHS JOIYCTUMOTO BUXIJTHOTO CTPYMY y 1,5 pa3u mopiBHSHO
13 paHile BUKOPUCTAHUM 1CHYIOUUM aHAJIOTOM.

ExcnepuMeHTanbHO MiATBEPIKEHO, M0 3a paxyHok minBumeHHs KKJI,
3HUKEHHS TOKA3HUKIB MacH Ta 3MEHILICHHS 00’ €My, TaJIbHICTB J11i TECTOBOTO
3pa3ka BIIJIA 3pocia Ha 17% 3a paxyHOK 3MEHILIEHHS] €HEPTE€TUYHHUX BTPAT
Ta BCTAHOBJIEHHs Oarapei *UBJEHHS OUIbIIOT €MHOCTI Y BHUBUIBHEHOMY
o0’emi Ta wMmaci. B Xoml mpakTHYHUX ~ICOUTIB, MEPETBOPIOBAY
MPOJEMOHCTPYBAB CTIMKICTh A0 €KCTpEMaJIbHUX TeMIeparyp, BiOpauiid ta
IHIIMX BaXXKUX YMOB po0O0TH, XapakTepHux s ekcrutyaramii BIIJIA/BITA.
JloBeneHo, 110 3ampONOHOBAHUM KOMIUIEKCHUM T1IX1/1 3a0€3MeUnB CYyTTEBE
migBuiieHHs edektuBHOCTi  BIIJIA, 3aBnskd 3MEHIIEHHIO BTpar 1
KOMITAaKTHOCTI KOHCTPYKIIil TP 3aCTOCYBaHHI HaIIBIPOBITHUKIB Ha OCHOBI

HITPUIY Talifo.
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BUCHOBKHA

1. Po3pobnena aHamiTU4HA METOAMKA OIIHKUA (P13UYHUX OOMEKEHb KPEMHIEBUX
MOSFET-Tpan3ucTopiB Ta TpaH3MCTOPIB Ha OCHOBI HAIlIBIPOBIIHUKIB 3
HIMPOKOI0 3a00pOHEHOI0 30HOI0 BUSIBWIJIA MPSMY KBaJIpaTHUUHY 3aJI€AKHICThH
MIHIMQJIBHO MOMJIMBOTO ONOPY KaHaldy BiJI MaKCHUMaJbHO JOMYCTUMOIi
3BOPOTHBOI HAampyru Ta OOEpHEHY KyOiuHy 3aJIeKHICTh B KPUTHYHO
JOMYCTUMOI HAIPY>KEHOCT! €JIEKTPUYHOIO MOl y HamiBIPOBIAHUKY Y
po3msiHyTOMY nianaszoni Hanpyr 10 B — 10 kB ta miamazoni onopis 0,1 MOm
— 10 OM. Otpumanuii METOA OLIHKHK JO3BOJUB aHAJIITUYHO OOTPYHTYBaTu
BUOIp HaMIMPOBIIHUKOBOI OCHOBH CHJIOBOTO €JIEMEHTY JIJIsl 3aCTOCYBaHb Y
cucteMi eneproneperBopents BIIJIA / BITA, a came HiTpuay raio.

2. Po3po0neHo HOBY KOMIT'IOTEPHY €KBIBAJICHTHY Mojeib obpaHoro GaN —
TPaH3UCTOPA, 10 BPaXOBYBYE CTATHUHI Ta JUHAMIYHI CKJIaJ0BI Mapa3UTHUX
napameTpiB TPaH3UCTOpa, iX TEMIEPaTypHY 3alleKHICTh Ta BIJITBOPIOE
poOOTy TpH TpPaHWYHO MAOMYCTUMUX 3HAYCHHAX YacTOTH TEpEMHUKaHHS,
po6oyoi TeMIiepaTypu, Halpyru 3aTBOPY Ta CTPyMY CTOKY IPH 3aCTOCYBaHHI
y CHUCTE€M1 €HEpPronepeTBOPEHHs, IO JO3BOJIMJIO 3MOEIIOBATH BXIJAHI Ta
BUXIJIHI XapaKTePUCTUKU 0OPAHOTO TPAH3ZUCTOPY.

3. Po3pobnena wmeTomMka TEOPETHYHOTO aHAII3y BTPAT MOHIKYIOYOTO
NepeTBOPIOBaYa BUSBUIIA NIEPEBArv HITPUI-Talll€eBUX HAMiBIPOBIAHUKIB MPU
3acTocyBaHH1 y 6opToBomy jkepeni kuBieHHs BITJIA/BITIA. V xomni ananizy
CTaTUYHUX 1 JAUHAMIYHUX BTPAT BU3HAYEHO IX PO3MOALT y CIiBBIIHOIIECHH]
1:3, mpoBeAeHO ONTHUMI3aIlil0 TapaMeTPIB CUCTEMHU, 1110 JO3BOJIMIIO JTOCITTH
po3paxyHnkoBoro 3HadeHHa KKJ[ 97,8% npu moBHOMYy HaBaHTaxkeHHI. Ha
OCHOBI 3aIIPOIIOHOBAHOI METOJIMKHU PO3PaxyHKy oTpumMaHa 3anexHicTb KK
Bl BHUXIJIHOTO HaBaHTAXCHHS JJII IIepeTBOpIOBaya OOPTOBOi CHCTEMH
)kuBiiecHHs BIIJIA Ta BusBiaeHo, mo MakcuManbHe 3HaueHHS KK
nocsaraetbest mpu 100% HaBaHTakeHH1. L{e MOSCHIOETHCS 3HAYHUM BHECKOM

JUHAMIYHUX BTpar Ha poOouiii yacToTi meperBoproBada (1.1 M) y
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NOpIBHAHHI 31 CTaTUYHHMHU OMIYHMMHU BTpaTamH, IO MIATBEPIKYETHCS
TEOPETUYHUM PpO3paxXyHKOM. Bmepine HaykoBO [IOBEACHO, IO JUJIA
PO3TIISIHYTOTO €HepronepeTBoproBada rpadik 3anexxnocti KK/ Big BUxigHOTO

HAaBaHTaXXEHHs allPOKCUMYEThC (DYHKIE BUMISALY y(x)=L-(1-e™)+C, ne

k, L Ta C — KOHCTaHTH.

CrBopena nudpoBa cucreMa KepyBaHHs, 110 BKJIIOYA€E HUPPOBUN PETYIATOP
Ta KOMIIEHCATOpP JIAHIIOTY 3BOPOTHOTO 3B’si3Ky Ha OcHOBI nu@posoro IR
GbUIBTpY, 10 BpaxoBye mepenarHi (QyHKIII OCHOBHHUX KOMIIOHEHTIB Ta
3abe3mnedye KepyBaHHS MEpPETBOpIOBaYeM Ha dacTtotax >IMIm B pi3zHUX
KOHpiryparisax 1 pobounx pexumax. [liATBEpPIHKEHO  KOPEKTHICTh
pO3po0JIeHOI  CHCTEeMH  KEpyBaHHA Yy  IPOrpaMHOMY  KOMILIEKCI
MATLAB/SIMULINK, a came: odiKyBaHa peakilis CHCTEMHU Ha 3MIHY
3a/1aHOi Hampyru 0e3 3HaYHUX MepeperyitoBaHb 1 MyJbcalliil MmiaTBepauia
ONTUMAaJIbHICTh BUOOPY KOe(IIli€EHTIB KOMIIEHCATOPA.

3a pe3ynbTaTaMH  TEOPETUYHOTO  PO3PAXYHKY Ta  KOMIT IOTEPHOTO
MOJIETIIOBAHHS CUJIOBOI YACTMHM NEPETBOPIOBaYa CTBOPEHO Ta BIPOBAIHKEHO
eHepronepeTBoproBay cucremu xuBieHHs1 BIIJIA nanpHBOTO pamiycy aii Ta
HazeMHoro BIIA cucremu po3miHyBaHHSI, MIPOBEIEHO €KCIEPUMEHTAIbHUM
BUMIp HOro mapamMeTpiB Ta TMOPIBHAHHS 3 PO3PAXOBAHMMH  Ta
3MOJICIbOBAHMMH 3HAUYCHHSIMH. Y TIPOIECi EKCIIePUMEHTAIBLHOT Basligarrii
Oy710 TOBEIEHO MpaIle31aTHICTh IEPETBOPIOBaYA, a TAKOK EKCIIEPUMEHTAIHLHO
OIATBEP/PKEHO  OTpUMaHl  TEOpeTUYH1  pesynsraTd.  Po3pobneHwuii
EHEepromnepeTBopIoBad MpoaeMoHcTpyBaB Ta 3abe3neunB KKJ[ 97,6%, mo
BiJIMOBIJ1a€ po3paxyHkoBomy 3HaueHHI0 KK/ 97,8%. OTpumano nigBULIEHHS
KKl meperBoproBaua Ha 5%, NOCATHEHO 3HMKEHHS TOKa3HUKIB Macu y 1,9
pasu, 3MEHUIEHHS 00’ €My y 2 pa3u, 3HUKEHHS MyJIbCalllil BUX1HOI HAIPYTH
y 2,3 pa3u Ta MOiJBUILECHHS AOMYCTUMOTO BHXIIHOTO cTpymy y 1,5 pasu

MOPIBHSHO 13 PaHiIlIe BUKOPUCTAHUM ICHYIOUMM aHAJIOTOM.
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6. ExcnepuMeHTanbHO MIiATBEpAXKEHO, 10 3a paxyHok migBuieHHs KK,
3HIKEHHS TOKa3HUKIB MacH Ta 3MEHUICHHsI 00’ My, JaJIbHICTb [Iii TECTOBOTO
3paska BIIJIA 3pocna Ha 17% 3a paxyHOK 3MEHILICHHS] EHEPTETUYHUX BTPAT
Ta BCTAHOBJIEHHS Oarapei *KUBJIEHHS OUIBIIOI €MHOCTI y BHUBUIBHEHOMY
o6’emi Ta wMaci. B Xoal NOpakTUYHUX  ICOUTIB, TIEPETBOPIOBAY
MPOAEMOHCTPYBaB CTIHKICTh /10 €KCTPEMaJbHUX TeMIieparyp, BiOpailiil Ta
THIITMX BaXKKUX YMOB poOoTH, xapakTepHux s ekcruryaramii BIIJIA/BITA.
VY Xofi mpoBeeHNX eKCIIEPUMEHTAILHUX BUMPOOYBaHb B PEATbHUX YMOBaX
OyJ0 JOBENEHO, IO 3ampOMOHOBAHUN B POOOTI KOMIUIEKCHUM HAyKOBUM
MIJIX17 10 BIPOBA/KCHHS HAIMIBIIPOBIIHUKIB Ha OCHOBI HITPUAY Talil0 B
koHCTpyKuii cuctem BIIJIA/BITA 3abe3neunB CyTT€BE MOKpPAILIEHHS
e(eKTUBHOCTI 1X 3aCTOCYBaHHS Ta 3HAYHE IIIJIBUIICHHS TEXHIYHUX

XapaKTEPUCTUK.

139



HEPEJIIK BUKOPUCTAHUX /IZKEPEJI

. On the performance limits for St MOSFETs: a theoretical study / F. Assad et
al. IEEE Transactions on Electron Devices. 2000. Vol. 47, no. 1. P. 232-240.
URL.: https://doi.org/10.1109/16.817590 .

. The Trench Power MOSFET: Part I-History, Technology, and Prospects /
R. K. Williams et al. IEEE Transactions on Electron Devices. 2017. Vol. 64,
no. 3. P. 674—691. URL: https://doi.org/10.1109/ted.2017.2653239.

. Wu Y. Evolution, Challenges and Applications of Modern MOSFETs. Applied
and Computational Engineering. 2023. Vol. 24, no. 1. P.294-301. URL:
https://doi.org/10.54254/2755-2721/24/20230724 .

. McAllister P., Nase I. The impact of Minimum Energy Efficiency Standards:
Some evidence from the London office market. Energy Policy. 2019. Vol. 132.
P. 714-722. URL.: https://doi.org/10.1016/].enpol.2019.05.060 .

. 80 PLUS certification specifications and ratings | CLEAResult. CLEAResult |

Energy  efficiency and  energy  sustainability  services. URL:
https://www.clearesult.com/80plus/program-details .

. About ENERGY STAR. ENERGY STAR. URL.:

https://www.energystar.gov/about.

. Establishing a framework for the setting of ecodesign requirements for
energy-related products : Regulation of the European Parliament and of the
Council of 13.06.2024 no.2024/1781 : as of 11 December 2024. URL:
https://eur-lex.europa.eu/legal-

content/EN/TXT/?uri=CELEX:32024R1781&amp;qid=1719580391746.

. Household electrical appliances - Measurement of standby power :
International Electrotechnical Commission Standart of 27.01.2011 no. [EC
62301:2011.

. Emerging Trends and Challenges in Thermal Management of Power
Electronic Converters: A State of The Art Review / S. M. Imrat Rahman et al.
IEEE Access. 2024. P. 1. URL: https://doi.org/10.1109/access.2024.3385429.

140



https://doi.org/10.1109/16.817590
https://doi.org/10.1109/ted.2017.2653239
https://doi.org/10.54254/2755-2721/24/20230724
https://doi.org/10.1016/j.enpol.2019.05.060
https://www.clearesult.com/80plus/program-details
https://www.energystar.gov/about
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32024R1781&amp;qid=1719580391746
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32024R1781&amp;qid=1719580391746
https://doi.org/10.1109/access.2024.3385429

10.Current Context and Research Trends in Linear DC-DC Converters / K.
Gunawardane et al. Applied Sciences. 2022. Vol. 12, no. 9. P. 4594. URL.:
https://doi.ore/10.3390/app12094594.

11.Calculation of Power Loss (Synchronous). Kioto : Rohm Semiconductor,
2016. 4 p.

12.Shenai K. The Figure of Merit of a Semiconductor Power Electronics Switch.
IEEE Transactions on Electron Devices. 2018. Vol. 65, no. 10. P. 4216-4224.
URL: https://doi.org/10.1109/ted.2018.2866360.

13. IRF150 - Infineon Technologies. Semiconductor & System Solutions -
Infineon Technologies. URL:

https://www.infineon.com/cms/en/product/high-

reliability/defense/power/hirel-mosfets/single-channel-high-reliability-

power-mosfets/irf150/ .

14. ISZ080ON10NM6 - Infineon Technologies. Semiconductor & System

Solutions - Infineon Technologies. URL.:
https://www.infineon.com/cms/en/product/power/mosfet/n-

channel/isz080n10nmé6/.

15. Udrea F., Deboy G., Fujihira T. Superjunction Power Devices, History,
Development, and Future Prospects. IEEE Transactions on Electron Devices.
2017. Vol. 64, no. 3. P. 713-727. URL:
https://doi.org/10.1109/ted.2017.2658344.

16. Review on Wide Band Gap Semiconductor / A. Das et al. 2022 [/EEE

International Conference of Electron Devices Society Kolkata Chapter
(EDKCON), XKolkata, India, 26-27 November 2022. 2022. URL:
https://doi.org/10.1109/edkcon56221.2022.10032898.

17.Burkovskiy Y. Y., Zinkovsky Y.F. Gallium nitride semiconductors:
transforming the telecommunication systems power supply performance.

Scientific notes of Taurida National V.. Vernadsky University. Series:

141


https://doi.org/10.3390/app12094594
https://doi.org/10.1109/ted.2018.2866360
https://www.infineon.com/cms/en/product/high-reliability/defense/power/hirel-mosfets/single-channel-high-reliability-power-mosfets/irf150/
https://www.infineon.com/cms/en/product/high-reliability/defense/power/hirel-mosfets/single-channel-high-reliability-power-mosfets/irf150/
https://www.infineon.com/cms/en/product/high-reliability/defense/power/hirel-mosfets/single-channel-high-reliability-power-mosfets/irf150/
https://www.infineon.com/cms/en/product/power/mosfet/n-channel/isz080n10nm6/
https://www.infineon.com/cms/en/product/power/mosfet/n-channel/isz080n10nm6/
https://doi.org/10.1109/ted.2017.2658344
https://doi.org/10.1109/edkcon56221.2022.10032898

Technical Sciences. 2024. Vol. 35 (74), no. 1, part 2. P.211-215. URL:
https://doi.org/10.32782/2663-5941/2024.1.2/33.

18. GaAs microwave MOSFET's/ T. Mimura et al. /[EEE Transactions on
Electron  Devices. 1978. Vol.25, no.6. P.573-579. URL:
https://doi.org/10.1109/t-ed.1978.19139 .

19. High electron mobility transistor based on a GaN-AlxGal—xN
heterojunction / M. Asif Khan et al. Applied Physics Letters. 1993. Vol. 63,
no. 9. P. 1214-1215. URL: https://doi.org/10.1063/1.109775 .

20. Mass-Production of High-Voltage GaAs and GaN Devices / E. Mitani et al.
CS MANTECH : International Conference, Vancouver, 24 April 2006 — 27
April 2024. Vancouver, 2006. P. 183—186.

21. Gallium nitride materials and methods : patent US6617060 United States :
B32B 9/00. No. 10/188,814 ; applied on 02.07.2007 ; published on
12.12.2002. 24 p.

22.Williams J. O. Metal Organic Chemical Vapor Deposition (MOCVD)
Perspectives and Prospects. Angewandte Chemie International Edition in
English. 1989. Vol. 28, no. 8. P. 1110-1120. URL:
https://do1.org/10.1002/an1e.198911101.

23.MOCVD grown AlGaN/AIN/GaN HEMT structure with compositionally
step-graded AlGaN barrier layer/ Z.Ma et al. 2006 8th International
Conference on Solid-State and Integrated Circuit Technology Proceedings,
Shanghai, China, 23-26 October 2006. 2006. URL:
https://doi.org/10.1109/icsict.2006.306571.

24. Enhancement-mode AlGaN/GaN HEMTs with high linearity fabricated by

hydrogen plasma treatment / B. Lu et al. 2009 67th Annual Device Research
Conference (DRC), University Park, PA, USA, 22-24 June 2009. 2009. URL.:
https://doi.org/10.1109/drc.2009.5354885 .

142


https://doi.org/10.32782/2663-5941/2024.1.2/33
https://doi.org/10.1109/t-ed.1978.19139
https://doi.org/10.1063/1.109775
https://doi.org/10.1002/anie.198911101
https://doi.org/10.1109/icsict.2006.306571
https://doi.org/10.1109/drc.2009.5354885

25.A Survey of Wide Bandgap Power Semiconductor Devices / J. Millan et al.
IEEE Transactions on Power Electronics. 2014. Vol. 29, no. 5. P. 2155-2163.
URL: https://doi.org/10.1109/tpel.2013.2268900 (date of access: 11.12.2024).

26. A Survey of Wide Bandgap Power Semiconductor Devices / J. Millan et al.
IEEE Transactions on Power Electronics. 2014. Vol. 29, no. 5. P. 2155-2163.
URL: https://do1.org/10.1109/tpel.2013.2268900.

27. Wide bandgap semiconductor-based integrated circuits / S. Yuvaraja et al.

Chip. 2023. P. 100072. URL: https://doi.org/10.1016/1.chip.2023.100072 .

28.Sze S. M., Lee M.-K. Semiconductor Devices: Physics and Technology. Wiley
& Sons, Incorporated, John, 2013.

29. A 130-GHz Power Amplifier in a 250-nm InP Process with 32% PAE/
K. Ning et al. 2020 IEEE Radio Frequency Integrated Circuits Symposium
(RFIC), Los Angeles, CA, USA, 4-6 August 2020. 2020. URL:
https://doi.org/10.1109/rfic49505.2020.9218351 .

30. Kang H., Udrea F. Theory of 3-D Superjunction MOSFET. [EEE
Transactions on Electron Devices. 2019. Vol. 66, no. 12. P. 5254-5259. URL:
https://doi.org/10.1109/ted.2019.2947332 .

31.Piezotronic effect on two-dimensional electron gas in AlGaN/GaN
heterostructure / F. Huang et al. Nano Energy. 2022. Vol. 96. P. 107098. URL.:
https://doi.org/10.1016/j.nanoen.2022.107098 .

32.Enhancement mode AlGaN/GaN HFET with selectively grown pn junction
gate / X. Hu et al. Electronics Letters. 2000. Vol. 36, no. 8. P. 753. URL:
https://doi.org/10.1049/el:20000557 .

33. Juergensen H. MOCVD technology in research, development and mass
production. Materials Science in Semiconductor Processing. 2001. Vol. 4,
no. 6. P. 467-474. URL: https://doi.org/10.1016/s1369-8001(02)00004-5 .

34. Thermal Analysis and Operational Characteristics of an Al1GaN/GaN High

Electron Mobility Transistor with Copper-Filled Structures: A Simulation
143


https://doi.org/10.1109/tpel.2013.2268900
https://doi.org/10.1109/tpel.2013.2268900
https://doi.org/10.1016/j.chip.2023.100072
https://doi.org/10.1109/rfic49505.2020.9218351
https://doi.org/10.1109/ted.2019.2947332
https://doi.org/10.1016/j.nanoen.2022.107098
https://doi.org/10.1049/el:20000557
https://doi.org/10.1016/s1369-8001(02)00004-5

Study / K.-W. Jang et al. Micromachines. 2019. Vol. 11, no. 1. P. 53. URL:
https://doi.org/10.3390/mil1010053 .

35. PCB Layout Optimization of High-Frequency Inverter for Magnetic Coupled
Resonance Wireless Power Transfer System / D. Yang et al. [EEE Access.
2019. Vol. 7. P. 171395-171404. URL:
https://doi.org/10.1109/access.2019.2944972 .

36. Meneghesso G., Meneghini M., Zanoni E. Breakdown mechanisms in
AlGaN/GaN HEMTs: An overview. Japanese Journal of Applied Physics.
2014. Vol. 53, no. 10. P. 100211. URL:
https://doi.org/10.7567/jjap.53.100211 .

37. Time-Dependent Dielectric Breakdown of 4H-S1C/Si02 MOS Capacitors /
M. Gurfinkel et al. [EEE Transactions on Device and Materials Reliability.
2008. Vol. 8, no. 4. P. 635-641. URL:
https://doi.org/10.1109/tdmr.2008.2001182 .

38. Analytical Model for Two-Dimensional Electron Gas Charge Density in
Recessed-Gate GaN High-Electron-Mobility Transistors / S. Sharbati et al.
Journal of Electronic Materials. 2021. Vol. 50, no. 7. P. 3923-3929. URL.:
https://doi.org/10.1007/s11664-021-08842-7 .

39. EPC2302 — Enhancement Mode Power Transistor. El Segundo : EPC, 2024.

13 p. URL: https://epc-
co.com/epc/Portals/0/epc/documents/datasheets/EPC2302 datasheet.pdf.

40. GS61008T Top-side cooled 100 V E-mode GaN transistor. Neubiberg :
Infineon Technologies, 2020. 19 p. URL.:
https://www.infineon.com/dgdl/Infineon-GS61008T-DataSheet-vO1 _00-
EN.pdf?fileld=8ac78c8c8d2fe47b018e5160eb52522a.

41.Ferreira A., Simas M. I. C. Power MOSFETSs reverse conduction revisited.
PESC '91 Record 22nd Annual IEEE Power Electronics Specialists
Conference, Cambridge, MA, USA. URL.:

https://doi.org/10.1109/pesc.1991.162709 (date of access: 27.12.2024).
144



https://doi.org/10.3390/mi11010053
https://doi.org/10.1109/access.2019.2944972
https://doi.org/10.7567/jjap.53.100211
https://doi.org/10.1109/tdmr.2008.2001182
https://doi.org/10.1007/s11664-021-08842-7
https://epc-co.com/epc/Portals/0/epc/documents/datasheets/EPC2302_datasheet.pdf
https://epc-co.com/epc/Portals/0/epc/documents/datasheets/EPC2302_datasheet.pdf
https://www.infineon.com/dgdl/Infineon-GS61008T-DataSheet-v01_00-EN.pdf?fileId=8ac78c8c8d2fe47b018e5160eb52522a
https://www.infineon.com/dgdl/Infineon-GS61008T-DataSheet-v01_00-EN.pdf?fileId=8ac78c8c8d2fe47b018e5160eb52522a
https://doi.org/10.1109/pesc.1991.162709

42. Conduction, reverse conduction and switching characteristics of GaN E-
HEMT / C. Sorensen et al. 2015 IEEE 6th International Symposium on Power
Electronics for Distributed Generation Systems (PEDG), Aachen, 22-25 June
2015.2015. URL: https://doi.org/10.1109/pedg.2015.7223051 .

43. An empirical table-based FET model / I. Angelov et al. IEEE Transactions
on Microwave Theory and Techniques. 1999. Vol. 47, no. 12. P. 2350-2357.
URL.: https://doi.org/10.1109/22.808981 .

44. Khandelwal S. Advanced SPICE Model for GaN HEMTs (ASM-HEMT).
Cham : Springer International Publishing, 2022. URL.:
https://doi.org/10.1007/978-3-030-77730-2.

45. Burkovskiy Y., Zinkovskiy Y. Power loss characterization in compact GaN
transistor-based synchronous buck converters for aerial drone applications.
Herald of Khmelnytskyi National University. Technical sciences. 2023.
Vol. 329, no. 6. P.28-32. URL: https://doi.org/10.31891/2307-5732-2023-
329-6-28-32.

46.Efficiency of Buck Converter. Kioto : Rohm Semiconductor, 2022. 16 p.

47. Determining Inductor Power Losses. North Cumbernauld : Coilcraft, 2018.
1 p. URL: https://www.coilcraft.com/getmedia/236a5602-fc7f-432a-9bdb-
30fd09b63837/doc486 _inductorlosses.pdf.

48. Bogatin E. Signal and power integrity — Simplified. 2nd ed. Upper Saddle
River, NJ : Prentice Hall, 2010. 992 p.

49.Patel J., Sood V. K. Review of Digital Controllers in Power Converters. 2018
IEEE Electrical Power and Energy Conference (EPEC), Toronto, ON, 10-11
October 2018. 2018. URL: https://doi.org/10.1109/epec.2018.8598434 .

50. Burkovskiy Y. Y., Zinkovsky Y. F. Simplified shunt bandwidth
characterization generator for wide bandgap power converters. Scientific

notes of Taurida National V.I. Vernadsky University. Series: Technical

145


https://doi.org/10.1109/pedg.2015.7223051
https://doi.org/10.1109/22.808981
https://doi.org/10.1007/978-3-030-77730-2
https://doi.org/10.31891/2307-5732-2023-329-6-28-32
https://doi.org/10.31891/2307-5732-2023-329-6-28-32
https://www.coilcraft.com/getmedia/236a5602-fc7f-432a-9bdb-30fd09b63837/doc486_inductorlosses.pdf
https://www.coilcraft.com/getmedia/236a5602-fc7f-432a-9bdb-30fd09b63837/doc486_inductorlosses.pdf
https://doi.org/10.1109/epec.2018.8598434

Sciences. 2024. Vol. 35 (74), no. 4. P. 359-365. URL:
https://doi.org/10.32782/2663-5941/2024.4/56

51. Kaur R., Kumar S. Stability and dynamic characteristics analysis of DC-DC
buck converter via mathematical modelling. 2015 International Conference
on Recent Developments in Control, Automation and Power Engineering
(RDCAPE), Noida, India, 12-13 March 2015. 2015. URL:
https://doi.org/10.1109/rdcape.2015.7281405 .

52. Erickson R. W., Maksimovi¢ D. Fundamentals of Power Electronics.
Springer, 2020. 1117 p.

53. Nyquist Stability Criterion and its Application to Power Electronics
Systems / M. Amin et al. Wiley Encyclopedia of Electrical and Electronics
Engineering. 2nd ed. Hoboken, 200. P. 1-28. URL:
https://doi.org/10.1002/047134608X.W1026.pub2 .

54. Overview and Comparison of Power Converter Stability Metrics / J. Hartman
et al. Signal Integrity Journal. 2018. URL.:

https://www.signalintegrityjournal.com/articles/834-overview-and-

comparison-of-power-converter-stability-metrics .

55.Zhang H. Understand Power Supply Loop Stability and Loop Compensation—
Part 1: Basic Concepts and Tools. Wilmington : Analog Devices, 2022. 7 p.

URL: https://www.analog.com/media/en/technical-documentation/tech-

articles/understand-power-supply-loop-stability-and-loop-compensation.pdf.

56. Huang Y.-T., Lian J.-C. Design of Type-III Compensator for Fast Dynamic
Performance in Buck Converters. I[EEE Access. 2024. Vol. 12. P. 167426—
167435. URL: https://doi.org/10.1109/access.2024.3496698 .

57. Carter B. Understanding Op Amp Parameters. Op Amps for Everyone. 2009.
P. 189-229. URL.: https://doi.org/10.1016/b978-1-85617-505-0.00013-2 .
58.Buso S., Mattavelli P. The Test Case: a Single-Phase Voltage Source Inverter.
Digital Control in Power Electronics. Cham, 2006. P.7-32. URL:

https://doi.org/10.1007/978-3-031-02495-5 2.
146



https://doi.org/10.1109/rdcape.2015.7281405
https://doi.org/10.1002/047134608X.W1026.pub2
https://www.signalintegrityjournal.com/articles/834-overview-and-comparison-of-power-converter-stability-metrics
https://www.signalintegrityjournal.com/articles/834-overview-and-comparison-of-power-converter-stability-metrics
https://www.analog.com/media/en/technical-documentation/tech-articles/understand-power-supply-loop-stability-and-loop-compensation.pdf
https://www.analog.com/media/en/technical-documentation/tech-articles/understand-power-supply-loop-stability-and-loop-compensation.pdf
https://doi.org/10.1109/access.2024.3496698
https://doi.org/10.1016/b978-1-85617-505-0.00013-2
https://doi.org/10.1007/978-3-031-02495-5_2

59. Precision Analysis for an Optimal Parallel IIR Filter’s Implementation /
M. Zelmat et al. Circuits, Systems, and Signal Processing. 2022. URL:
https://doi.org/10.1007/s00034-022-01988-7 .

60. Tan L., Jiang J. Infinite Impulse Response Filter Design. Digital Signal
Processing. 2019. P.315-419. URL: https://doi.org/10.1016/b978-0-12-
815071-9.00008-7 .

61.Useful Guide to Low Pressure Overmoulding PCBs, Parts & Connectors.

Overmould. URL: https://www.overmould.com/guide-to-low-pressure-

overmoulding/ .

62. Generic Standard on Printed Board Design : of 15.03.2003 no. IPC-2221B.
URL: https://www.ipc.org/TOC/IPC-2221B.pdf.

63. DroneCAN. DroneCAN. URL: https://dronecan.github.i0/.

64. MODBUS application protocol specification : Application Protocol of
12.04.2012 no. V1.1b3. URL:

https://modbus.org/docs/Modbus_Application_Protocol V1 1b3.pdf.

65. Buccella C., Cecati C., Latafat H. Digital Control of Power Converters—A
Survey. IEEE Transactions on Industrial Informatics. 2012. Vol. 8, no. 3.
P. 437-447. URL: https://doi.org/10.1109/t11.2012.2192280 .

66. Spread-Spectrum Frequency Modulation in a DC/DC Converter with Time-
Based Control / M. Leoncini et al. IEEE Transactions on Power Electronics.
2022. P. 1-5. URL: https://doi.org/10.1109/tpel.2022.3227954 .

67. cjiang (Changjiang Microelectronics Tech) FXL2213-100-M. LCSC

Electronics. URL: https://www.lcsc.com/product-detail/Power-

Inductors_cjiang-Changjiang-Microelectronics-Tech-FX1.2213-100-
M_C22378757.html .
68. NJCON 1011001013R00. LCSC Electronics. URL:

https://www.lcsc.com/product-detail/Polymer-Aluminum-

Capacitors NJCON-1011001013R00_C2887236.html .

147


https://doi.org/10.1007/s00034-022-01988-7
https://doi.org/10.1016/b978-0-12-815071-9.00008-7
https://doi.org/10.1016/b978-0-12-815071-9.00008-7
https://www.overmould.com/guide-to-low-pressure-overmoulding/
https://www.overmould.com/guide-to-low-pressure-overmoulding/
https://www.ipc.org/TOC/IPC-2221B.pdf
https://dronecan.github.io/
https://modbus.org/docs/Modbus_Application_Protocol_V1_1b3.pdf
https://doi.org/10.1109/tii.2012.2192280
https://doi.org/10.1109/tpel.2022.3227954
https://www.lcsc.com/product-detail/Power-Inductors_cjiang-Changjiang-Microelectronics-Tech-FXL2213-100-M_C22378757.html
https://www.lcsc.com/product-detail/Power-Inductors_cjiang-Changjiang-Microelectronics-Tech-FXL2213-100-M_C22378757.html
https://www.lcsc.com/product-detail/Power-Inductors_cjiang-Changjiang-Microelectronics-Tech-FXL2213-100-M_C22378757.html
https://www.lcsc.com/product-detail/Polymer-Aluminum-Capacitors_NJCON-1011001013R00_C2887236.html
https://www.lcsc.com/product-detail/Polymer-Aluminum-Capacitors_NJCON-1011001013R00_C2887236.html

69. Honor  Elec = HVIH227M1010PZ. LCSC  Electronics. =~ URL:
https://www.lcsc.com/product-detail/Polymer-Aluminum-Capacitors_Honor-
Elec-HVI1H227M1010PZ_(C5246564.html .

70. Milliohm  HoGS2512-3mR-3W-1%.  LCSC  Electronics.  URL:

https://www.lcsc.com/product-detail/Current-Sense-Resistors-Shunt-

Resistors_Milliohm-HoGS2512-3mR-3W-1_C2903992.html .

71. Asadi F. Simulation of Power Electronics Circuits with LTspice®. Essential
Circuit Analysis using LTspice®. Cham, 2022. P.391-543. URL:
https://doi.org/10.1007/978-3-031-09853-6 4 .

72. bypkoBcbkuii f., 3inpkoBchkui FO. MoaentoBaHHs MEPEKEBOTO KOPEKTOpa
koedimienta notyxkHocTi (PFC) 3 BukopucTaHHSM HamiBOPOBIAHUKIB 3
IMIMPOKOIO 3a00POHEHOI0 30HOK0. Bicnux XmenvHuybko2o HAYIOHATLHOZO
yuigepcumemy. Cepisa: Texwuiuni nayxu. 2023. T. 327, Ne 5(2). C.30-35.
URL: https://doi.org/10.31891/2307-5732-2023-327-5-30-35.

73. Burkovskiy Y. Y., Zinkovsky Y.F. Digital potentiometer-controlled

programmable instrumentation amplifier. Scientific notes of Taurida National
V.1 Vernadsky University. Series: Technical Sciences. 2023. Vol. 34 (73),
no. 6. P. 12—18. URL: https://doi.org/10.32782/2663-5941/2023.6/03.

74. IlporpamoBanuii nudepeHiiianii migcuwioBay . nat. 144848 VkpaiHa :
HO3F3/45, H03G3/00. Neu202003477; 3asBn. 09.06.2020; omy06.
26.10.2020, bron. Ne 20/2020. 4c. URL:
https://sis.nipo.gov.ua/uk/search/detail/1460754/.

75. FEA-Driven Solutions to Minimize Driving Loop Inductance and EMI in
MHz PCB Designs/ A.Hussain et al. 2024 IEEE Sixth International
Conference on DC Microgrids (ICDCM), Columbia, SC, USA, 5-8 August
2024. 2024. P. 1-4. URL:
https://doi.org/10.1109/icdcm60322.2024.10665225

148


https://www.lcsc.com/product-detail/Polymer-Aluminum-Capacitors_Honor-Elec-HV1H227M1010PZ_C5246564.html
https://www.lcsc.com/product-detail/Polymer-Aluminum-Capacitors_Honor-Elec-HV1H227M1010PZ_C5246564.html
https://www.lcsc.com/product-detail/Current-Sense-Resistors-Shunt-Resistors_Milliohm-HoGS2512-3mR-3W-1_C2903992.html
https://www.lcsc.com/product-detail/Current-Sense-Resistors-Shunt-Resistors_Milliohm-HoGS2512-3mR-3W-1_C2903992.html
https://doi.org/10.1007/978-3-031-09853-6_4
https://doi.org/10.31891/2307-5732-2023-327-5-30-35
https://doi.org/10.32782/2663-5941/2023.6/03
https://sis.nipo.gov.ua/uk/search/detail/1460754/
https://doi.org/10.1109/icdcm60322.2024.10665225

76. Ferdiansyah 1., Hanamoto T. Design and Implementation of Improved Gate
Driver Circuit for Sensorless Permanent Magnet Synchronous Motor Control.
World Electric Vehicle Journal. 2024. Vol. 15, no.3. P.106. URL:
https://doi.org/10.3390/wevil5030106 (date of access: 27.12.2024).

77. Two-Wire vs. Four-Wire Resistance Measurements: Which Configuration
Makes Sense for Your Application?. Test- und Messgerdte | Tektronix. URL:

https://www.tek.com/en/documents/technical-article/two-wire-vs-four-wire-

resistance-measurements-which-configuration-makes-s .

78. Effects of conducted electromagnetic interference on analogue-to-digital
converter / F. Wan et al. Electronics Letters. 2011. Vol. 47, no. 1. P. 23. URL.:
https://doi.org/10.1049/el.2010.2988 (date of access: 27.12.2024).

79. DC-DC Buck Converter EMI Reduction Using PCB Layout Modification /
A. Bhargava et al. IEEE Transactions on Electromagnetic Compatibility.
2011. Vol. 53, no. 3. P. 806-813. URL:
https://doi.org/10.1109/temc.2011.2145421 (date of access: 27.12.2024).

80. Grounding in PCBs. Signal Integrity and Radiated Emission of High-Speed
Digital  Systems.  Chichester, UK, 2008. P.355-407. URL:
https://doi.org/10.1002/9780470772874.ch10 (date of access: 27.12.2024).

81. DC-DC  converters - Victron Energy. Victron Energy. URL:

https://www.victronenergy.com/ .

82. DC/DC converters | Traco Power. Traco Power | tracopower.com. URL:

https://www.tracopower.cony/.

83. Dc-Dc Converters | CUI Inc. Ac-Dc Power Supplies and Dc-Dc Converters |
CUI Inc. URL: https://www.cui.com.

84. MIL-STD-810G. Department Of Defense Test Method Standard:

Environmental Engineering Considerations And Laboratory Tests. Effective

149


https://doi.org/10.3390/wevj15030106
https://www.tek.com/en/documents/technical-article/two-wire-vs-four-wire-resistance-measurements-which-configuration-makes-s
https://www.tek.com/en/documents/technical-article/two-wire-vs-four-wire-resistance-measurements-which-configuration-makes-s
https://doi.org/10.1049/el.2010.2988
https://doi.org/10.1109/temc.2011.2145421
https://doi.org/10.1002/9780470772874.ch10
https://www.victronenergy.com/
https://www.tracopower.com/
https://www.cui.com/

from 2008-10-31. Official edition. Arlington : United States Department of
Defense, 2008. 804 p.

150



JIOIATOK A

Cnucok nyoOutikaniii 3100yBaya 3a TeMOI0 AuceprTanii

Hayxkogi npaui, B AsKuX 0my0/1ikOBaHi 0CHOBHI HAYKOBIi pe3yJibTaTu

l.

bypkoBcekuit f., 3iHbkoBCchkHi FO. MopenoBaHHs MEpPEKEBOro KOpeKTopa
koedimieara motyxHocTi (PFC) 3 BuKOpUCTaHHSM HAamBIOPOBIIHHUKIB 3
IIMPOKOIO 3a00POHEHOI0 30HOK. Bicnux XmenvHuybko2o HAYIOHATLHOZO
yuigepcumemy. Cepia: Texuiuni nayku. 2023. T. 327, Ne 5(2). C. 30-35. URL:
https://doi.org/10.31891/2307-5732-2023-327-5-30-35.

Burkovskiy Y., Zinkovskiy Y. Power loss characterization in compact GaN
transistor-based synchronous buck converters for aerial drone applications.
Herald of Khmelnytskyi National University. Technical sciences. 2023.
Vol. 329, no. 6. P.28-32. URL: https://doi.org/10.31891/2307-5732-2023-
329-6-28-32.

. Burkovskiy Y. Y., Zinkovsky Y.F.  Digital potentiometer-controlled

programmable instrumentation amplifier. Scientific notes of Taurida National
V.1 Vernadsky University. Series: Technical Sciences. 2023. Vol. 34 (73),
no. 6. P. 12—18. URL: https://doi.org/10.32782/2663-5941/2023.6/03.

Burkovskiy Y. Y., Zinkovsky Y.F. Gallium nitride semiconductors:
transforming the telecommunication systems power supply performance.
Scientific notes of Taurida National V.. Vernadsky University. Series:
Technical Sciences. 2024. Vol.35 (74), no. 1, part 2. P.211-215. URL:
https://doi.org/10.32782/2663-5941/2024.1.2/33.

Burkovskiy Y. Y.,  Zinkovsky Y.F.  Simplified shunt  bandwidth

characterization generator for wide bandgap power converters. Scientific notes

of Taurida National V.I. Vernadsky University. Series: Technical Sciences.
2024. Vol. 35 (74), no. 4. P. 359-365. URL: https://doi.org/10.32782/2663-
5941/2024.4/56.

151


https://doi.org/10.31891/2307-5732-2023-327-5-30-35
https://doi.org/10.31891/2307-5732-2023-329-6-28-32
https://doi.org/10.31891/2307-5732-2023-329-6-28-32
https://doi.org/10.32782/2663-5941/2023.6/03
https://doi.org/10.32782/2663-5941/2024.1.2/33
https://doi.org/10.32782/2663-5941/2024.4/56
https://doi.org/10.32782/2663-5941/2024.4/56

6. [IporpamoBanuii audepeHuiinuil miacwoBay : nar. 144848  VYkpaina :
HO3F3/45, HO03G3/00. Neu202003477; 3asBia. 09.06.2020; omyO.
26.10.2020, Bron. Ne 20/2020. 4c. URL:
https://sis.nipo.gov.ua/uk/search/detail/1460754/.

HaykoBgi npaui anpo0auiiiHOro xapakrepy

7. BypkoBcekuii A. FO., 3inuenko M. B. MojentoBaHHSI MacMBHOTO iMiTaTtopa
3aKJIaJTHUX TPUCTPOIB 3 (QIYKTYIOUMMHU MapaMeTpaMu. «PadiomexHiuni nous,
cucHanu, anapamu ma cucmemuy . mamepianu KoHugepenyii : MixHap.
HAyKOBO-TeXH. KOH(}., M. KuiB, 14-20 Oepes. 2016 p. Kuis, 2016. C. 216-218.

8. Burkovskiy Y. Gallium nitride electronics. "Science and Technology of the XXI
Century” : The XVIII All-Ukrainian Students R&D Conference Proceeding,
Kyiv, 7 December 2017. Kyiv, 2017. P. 6-7.

9. bypkoscekuii A. FO.,  Apcentok JI. O. 3acTtocyBaHHA  Talid-HITPUIHUX
tpan3uctopiB (GaN FET) y cucremax xuBneHHs cydacHoi PEA.
«Paoiomexniyni nons, cuenanu, anapamu ma cucmemuy . mamepianu
KOH@epenyii : MiKHaAp. HAYKOBO-TEXH. KOH)., M. KuiB, 18-24 nuctomn. 2019 p.
Kwuis, 2019. C. 79-81.

10. Apcentok /1. O., bypkoBcbkuii . FO. 3BOpOTHOXO0BUI MEPETBOPIOBAY
(flyback) 3 ramitnitpumaoBum (GaN) TpanzuctopoMm. «Padiomexuiuni noas,
cucHanu, anapamu ma cucmemuy @ mamepianu Kougepenyii . MixHap.
HayKOBO-TeXH. KOH®., M. KuiB, 18-24 nucrton. 2019 p. Kuis, 2019. C. 76-78.

11. BypkoBcekuii f. FO. JIBodasznmii mepexkeBuil  KopeKTop KoedirieHTta
notyxkHocTi (PFC) 3 Bukopuctanusm kapOig-kpemuieBux (SiC) cumoBux
Tpan3uctopiB. Tom 1. Konghepenyis « Enexkmponna, iazepra ma 0iomexHiyHa
iHoicenepisy : XXV Mixnap. monofixk. popym «PamioenekTpoHika Ta MOJIOIb
y XXI cronitti, M. Xapkis, 20-22 ksiT. 2021 p. Xapkis, 2021. C. 9-10.

12. bypxoscokuit . 0., 3inpkoBcbkuii 0. @. MopenioBaHHS MepekeBOro

KopekTtopa koedimienta mnotyxkHocti (PFC) 3 BukopuctanHsm kap0Oin
152


https://sis.nipo.gov.ua/uk/search/detail/1460754/

kpeMHieBuX (SIC) cuimoBUX TpaH3UCTOPIB. «Padiomexuiuni noas, cueHaiu,
anapamu ma cucmemuy : mamepianiu KoHgepenyii : MixkHap. HAyKOBO-TEXH.
KoH(., M. KuiB, 1622 nucromn. 2020 p. Kuis, 2020. C. 151-153.
JOOJATOK b
3anmponoHoBaHa komIl oTepHa Moaenb GaN TpaH3ucTopa:

% --- Begin MATLAB code

clear;

close all;

params.Wg=2720000;
params.aWg=params.Wg*le-3;
params.A=1.698e-02*params.aWg;
params.k1=2.138e+00;
params.k2=9.000e-02;
params.i_TC=3.6390e-03;
params.k1Tc=3.7300e-4;
params.h0=2.269¢+00;
params.h0_TC=-1.6300e-03;
params.h1=-2.000e-12;
params.hl_TC=-8.5200e-7,
params.al=1.188e-12*params.aWg;
params.a2=4.370e-13*params.aWg;
params.a3=1.899e+00;
params.a4=2.039¢-01;
params.a5=0.000e+00*params.aWg;
params.a6=7.480e+01;
params.a7=1.055e+01;
params.d1=4.3e-07;
params.d2=2.6e-13;

params.d3=0.8;

params.d4=0.23;
params.b1=1.940e-15*params.aWg;
params.b2=5.890e-14*params.aWg;
params.b3=-7.500e+00;
params.b4=2.157¢+00;
params.b5=7.790e-15*params.aWg;

params.b6=-1.726e+01;
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params.b7=1.529¢+01;
params.b8=0.000e+00*params.aWg;
params.b9=-3.326e+01;
params.b10=8.900e-01;
params.c1=3.599¢-13*params.aWg;
params.c2=6.070e-13*params.aWg;
params.c3=-1.035e+01;
params.c4=1.086e+00;
params.c5=2.540e-13*params.aWg;
params.c6=-2.500e+01;
params.c7=5.616e+00;
params.c8=0.000e+00*params.aWg;
params.c9=-8.125e¢+01;
params.c10=5.665e+00;
params.Temp=25;

function I D=drain_current(V_GS,V_DS,params, Temp)

A=params.A;i_TC=params.i_TC;kl=params.k1;k1Tc=params.k1Tc;k2=params.k2;hO=params.h0;h0_TC=params.h0_TC;hl=params.hl;hl TC=
params.hl_TC;

A_T=A*(1-i_TC*(Temp-25));
k1_T=k1*(1-k1Tc*(Temp-25));
h0_T=h0*(1-h0_TC*(Temp-25));
h1_T=h1*(1-h1_TC*(Temp-25));
exponent=(V_GS-kl_T)/k2;
exponent=min(max(exponent,-100),100);
log_term=log(1+exp(exponent));
denominator=1+(h0_T+hl T*V_GS).*V_DS;
denominator=max(denominator, l1e-12);

I D=A T*log_term.*V_DS./denominator;

negative V_DS=V_DS<=0;

if any(negative V_DS)

V_DS neg=V_DS(negative V_DS);
V_GD=V_GS-V_DS neg;
exponent_neg=(V_GD-kl T)/k2;
exponent_neg=min(max(exponent neg,-100),100);
log_term_neg=log(1+exp(exponent_neg));

denominator neg=1+(h0_T+hl T*V_GD).*(-V_DS neg);
denominator neg=max(denominator neg,le-12);

I D(negative V_DS)=-A T*log term neg.*(-V_DS neg)./denominator neg;
end

end

function C_GS=gate source capacitance(V_GS,params)

al=params.al;a2=params.a2;a3=params.a3;a4=params.a4;a5=params.a5;a6=params.a6;a7=params.a7;
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C_GS fixed=al;

exponent1=(V_GS-a3)./a4;

exponent2=(V_GS-a0)./a7;
exponent]=min(max(exponentl,-100),100);
exponent2=min(max(exponent2,-100),100);
exp_exponentl=exp(exponentl);
exp_exponent2=exp(exponent2);
dQ_dV1=(0.5*a2.*exp_exponentl)./(1+exp_exponentl);
dQ_dV2=(a5.*exp_exponent2)./(1+exp_exponent2);

C GS=C GS fixed+dQ dV1+dQ dV2;

end

function C_GD=gate drain_capacitance(V_GD,params)

bl=params.bl;a2=params.a2;a3=params.a3;ad=params.a4;b2=params.b2;b3=params.b3;b4=params.b4;bS=params.b5;b6=params.b6;b7=params.
b7;b8=params.b8;b9=params.b9;b10=params.b10;

C_GD _fixed=bl;

exponent]=(V_GD-a3)./a4;

exponent2=(V_GD-b3)./b4;

exponent3=(V_GD-b6)./b7;

exponentd=(V_GD-b9)./b10;
exponent]=min(max(exponent1,-100),100);
exponent2=min(max(exponent2,-100),100);
exponent3=min(max(exponent3,-100),100);
exponent4=min(max(exponent4,-100),100);
exp_exponentl=exp(exponentl);
exp_exponent2=exp(exponent2);
exp_exponent3=exp(exponent3);
exp_exponentd=exp(exponent4);

dQ dV1=(0.5*a2.*exp_exponentl)./(1+exp_exponentl);
dQ_dV2=(b2.*exp_exponent2)./(1+exp_exponent2);
dQ_dV3=(b5.*exp_exponent3)./(1+exp_exponent3);
dQ_dV4=(b8.*exp_exponent4)./(1+exp_exponent4);

C _GD=C _GD fixed+dQ dV1+dQ dV2+dQ dV3+dQ dV4;
end

function C_DS=source_drain_capacitance(V_SD,params)

cl=params.cl;c2=params.c2;c3=params.c3;c4=params.c4;c5=params.c5;c6=params.c6;c7=params.c7;c8=params.c8;c9=params.c9;c10=params.c
10;

C_DS fixed=cl;
exponent]=(V_SD-c3)./c4;
exponent2=(V_SD-c6)./c7;
exponent3=(V_SD-c9)./c10;
exponent=min(max(exponent1,-100),100);

exponent2=min(max(exponent2,-100),100);
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exponent3=min(max(exponent3,-100),100);
exp_exponentl=exp(exponentl);
exp_exponent2=exp(exponent2);
exp_exponent3=exp(exponent3);
dQ_dVI1=(c2.*exp_exponentl)./(1+exp_exponentl);
dQ_dV2=(c5.*exp_exponent2)./(1+exp_exponent2);
dQ_dV3=(c8.*exp_exponent3)./(1+exp_exponent3);
C_DS=C_DS_fixed+dQ_dV1+dQ_dV2+dQ_dV3;

end

function I_GS=gate_source leakage current(V_GS,params)
aWg=params.aWg;d1=params.d1;d2=params.d2;d3=params.d3;d4=params.d4;
factor=0.125*aWg/1077,

I_GS=zeros(size(V_GS));

idx=V_GS<=10;

V_GS_idx=V_GS(idx);
I_GS(idx)=factor*(d1*(exp(V_GS_idx/d3)-1)+d2*(exp(V_GS_idx/d4)-1));
I_GS_clamped=factor*(d1*(exp(10/d3)-1)+d2*(exp(10/d4)-1));
I GS(~idx)=I_GS_clamped;

end

V_GS_vals=linspace(0,7,50);

V_DS vals=linspace(0,100,1000);

I_D vals=zeros(length(V_GS_vals),length(V_DS_vals));
Temp=25;

for i=1:length(V_GS_vals)

V_GS=V_GS_vals(i);

for j=1:length(V_DS vals)

V_DS=V_DS vals(j);

I D wvals(i,j)=drain_current(V_GS,V_DS params, Temp);

end

end

V_GS_caps=linspace(-5,7,200);
C_GS_vals_caps=zeros(size(V_GS_caps));
I_GS_vals=zeros(size(V_GS_caps));

for k=1:length(V_GS_caps)

V_GS=V_GS_caps(k);

C_GS vals_caps(k)=gate source capacitance(V_GS,params);
I_GS vals(k)=gate source leakage current(V_GS,params);
end

[V_DS grid,V_GS grid]=meshgrid(V_DS vals,V_GS vals);
figure;

surf(V_DS grid,V_GS_grid,I D vals,'EdgeColor','none");
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xlabel('V_{DS} (B)");

ylabel('"V_{GS} (B)");

zlabel('l_D (A)");

title('Crpym ctoky I D Bix Hanpyru crik-Butik V_{DS}, 3arBop-Butik V_{GS} npu T = 25°C','FontSize',10);
colorbar;

view(45,30);

selected V_GS=[2,3,4,5,6];

figure;

hold on;

for V_GS_sel=selected_V_GS

[~,idx]=min(abs(V_GS_vals-V_GS_sel));
plot(V_DS_vals,I D vals(idx,:),'DisplayName',sprintf('V_{GS} = %.1f V',V_GS_sel),'LineWidth',2);
end

xlabel('V_{DS} (B)");

ylabel(' D (A)");

title('Ctpym croky I_D Big Hanpyru crik-utik V_{DS}, 3arBop-Butik V_{GS} npu T = 25°C",'FontSize',10);
legend('Location','best');

grid on;

xlim([0 3]);

hold off;

figure;

plot(V_GS_caps,C_GS_vals_caps,'LineWidth',2);

xlabel('V_{GS} (B)");

ylabel('C_{GS} (®)");

title("3anexuicts emHocri 3aTBOp-BuTik C_{GS} Bix Hanpyru 3arBop-Butik V_{GS}','FontSize',8);
grid on;

figure;

semilogy(V_GS_caps,abs(I_GS_vals),'LineWidth',2);

xlabel('V_{GS} (B)");

ylabel(Jl_{GS}| (A)");

title("3anexHicts cTpymy BuTOKy 3atBopy I {GS} Bix Hampyru 3arBop-BuTik V_{GS}','FontSize',8);
grid on;

V_GS_IdVgs=linspace(0.5,5,200);

V_DS fixed IdVgs=3;

Temps=[25,125];

I D Vgs=zeros(length(Temps),length(V_GS_1dVgs));

for t=1:length(Temps)

Temp=Temps(t);

for k=1:length(V_GS_IdVgs)

V_GS=V_GS_IdVgs(k);

V_DS=V_DS fixed IdVgs;
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I D Vgs(tk)=drain_current(V_GS,V_DS,params,Temp);
end

end

figure;

hold on;

colors=['b",'r'];

for t=1:length(Temps)
plot(V_GS_IdVgs,I D Vgs(t,:),'Color',colors(t), DisplayName',sprintf('T = %d°C',Temps(t)), LineWidth',2);
end

xlabel('"V_{GS} (B)");

ylabel('l D (A)");

title(sprintf('3anexnicte  ctpymy croxy I D Big mHampyrm 3arBop-Butik V_{GS} mpm mHampy3i crik-eutik V_{DS} = %.1f
B.V_DS_fixed IdVgs),'FontSize',8);

legend('Location','best');

grid on;

hold off;

V_GD_vals=linspace(-5,100,500);
C_GD_vals=zeros(size(V_GD_vals));

for k=1:length(V_GD_vals)

V_GD=V_GD_vals(k);

C_GD _vals(k)=gate_drain_capacitance(V_GD,params);
end

figure;

plot(V_GD_vals,C_GD_vals,'LineWidth',2);
xlabel('V_{GD} (B)");

ylabel('C_{GD} (®)");

title("3anexuicts emHocTi 3arBOp-cTik C_{GD} Bix Hanpyru 3arBop-ctik V_{GD}','FontSize',8);
grid on;

V_SD vals=linspace(0,100,500);

C_DS vals=zeros(size(V_SD_vals));

for k=1:length(V_SD_vals)

V_SD=V_SD_vals(k);

C_DS vals(k)=source drain_capacitance(V_SD,params);
end

figure;

plot(V_SD vals,C_DS_vals,'LineWidth',2);
xlabel('V_{SD} (B)");

ylabel('C_{DS} (®)');

title("3anexuicts emuocri Butik-cTik C_{DS} Bix Hanpyru Butik-ctik V_{SD}','FontSize',8);
grid on;

V_DS vals=linspace(0,100,1000);

V_GS_fixed=0;
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C_GS_vs_VDS vals=zeros(size(V_DS_vals));

C_GD_vs_VDS vals=zeros(size(V_DS_vals));

C_DS vs_VDS_vals=zeros(size(V_DS_vals));

for idx=1:length(V_DS_vals)

V_DS=V_DS vals(idx);

V_GS=V_GS_fixed;

V_GD=V_GS-V_DS;

V_SD=-V_DS;

C_GS vs VDS vals(idx)=gate source capacitance(V_GS,params);
C_GD_vs_VDS vals(idx)=gate_drain_capacitance(V_GD,params);
C_DS vs_VDS vals(idx)=source_drain_capacitance(V_SD,params);
end

C_ISS vals=C_GS_vs_VDS vals+C_GD vs VDS vals;

C_RSS vals=C_GD _vs_VDS vals;

C_OSS_vals=C_GD_vs_VDS vals+tC_DS _vs VDS vals;

C_ISS vals pF=C_ISS vals*lel2;

C_RSS vals pF=C_RSS vals*1el2;

C_OSS vals pF=C_OSS vals*1el2;

figure;

semilogy(V_DS vals,C_ISS vals_pF,'b-','LineWidth',2);

hold on;

semilogy(V_DS vals,C_RSS vals pF,'--''Color',[1,0.5,0],'LineWidth',2);
semilogy(V_DS vals,C_OSS vals pF,'g-.",'LineWidth',2);

hold off;

xlabel('"V_{DS} (B)");

ylabel('€mnicts (pF)');

title("3anexHicTh TUIIOBUX EMHOCTE TPAH3UCTOPA BiJ NPHKIaaeHoi Hanpyru cTik-Butik V_{DS}','FontSize',8);
legend('C_{ISS}','C_{RSS}','C_{OSS}','Location','best');

grid on;

JIOJATOK B

3anporioHOBaHa KOMIT FOTEPHA MOJIENIb PO3paxyHKy Ta ampokcumarrii KK/

CHCPIOIICpCTBOPrOBAvaA:

% --- Begin MATLAB code
clear; clc; close all;

Rds= 1.4e-3;

Rg_int=0.5;

Rg ext=2;
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Rg pu=0.7;

Rind =4.15¢-3;

Resrl =7.5¢-4;

Resr2 = 3e-3;

Vbus =24,

Vout =12;

Lout = 10e-6;

fsw= 1¢6;

Vsd=1.5;

Qgs=23e-9;

Qoss = 85e-9;

Vgs th=1.3;

Vpl=2.1;

Vdrv_on =5;

Vdrv_off=0;

tdt= 18e-9;

CossOv=3200e-12;

CossVbus = 1300e-12;

Id_spec =50;

gfs=102;

Crce =T7e-12;

Qgs_th=(Qgs/ Vpl) * Vgs_th;

Qgs_spec = Qgs - Qgs_th;

D = Vout/ Vbus;

loadPercents = 10:100;

num_points= length(loadPercents);

I max =15;

efficiency= zeros(1, num_points);

for idx = 1:num_points

loadPct = loadPercents(idx);

Tout = (loadPct / 100) * I_max;

Iripple = (Vbus - Vout)*D / (fsw*Lout);

IL_on=lout - 0.5*Iripple;

IL_off =Tout + 0.5*Iripple;

Qgs2 = Qgs_spec * IL_off /1d_spec;

PcondQ1 = (Iout"2 + (Iripple”2)/12) * (D - tdt*fsw) * Rds;
PcondQ2 = (Iout"2 + (Iripple”2)/12) * ((1 - D) - tdt*fsw) * Rds;
Poss = fsw * Vbus * Qoss;

Poss_sd = 2*fsw*0.5*%(CossVbus + CossOv)* Vsd"2;
ter = Qgs2 * (Rg_int + Rg_ext + Rg pu)/ (Vdrv_on - (Vgs_th + Vpl)/2);

tvf=((2 * Qoss)/(Vdrv_on - Vpl)) * ((1/gfs) + 2*(Rg_int+Rg_ext+Rg pu)*Crcc/(CossOv+CossVbus));
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tef =2*Qgs2 * (Rg_int + Rg_ext + Rg_pu) / ((Vgs_th + Vpl)/2 - Vdrv_off);
tvr =2*Qoss/IL_off - (tcf/2);

dvef = 0.5*tct*IL_off/(CossOv + CossVbus);

Pon_overlap = fsw*0.5*Vbus*IL_on*(tcr + tvf);

Poff overlap= fsw*(1/6)*tcf*IL_off*dvcf;

ton_sr = Qgs th*(Rg_int + Rg ext + Rg pu)/(Vdrv_on - (Vgs_th + Vpl)/2);
toff sr=2*Qgs_th*(Rg_int + Rg_ext+ Rg pu)/(Vgs_th - Vdrv_off);
tsdl = tdt - tef - tvr - 0.5%ton_sr;

tsd2 = tdt - tvf - 0.5*tcr - 0.5*toff sr;

Psd = ((IL_off*Vsd*tsd1) + (IL_on*Vsd*tsd2)) * fsw;

Pg_Q1 =Qgs*(Vdrv_on - Vdrv_off)*fsw;

Pg Q2 =Qgs*(Vdrv_on - Vdrv_off)*fsw;

PL_winding = Rind*Iout"2*(1 + (1/12)*(Iripple/Iout)"2);

Pcin = Resr1*Iout"2*D*(1 - D);

Pcout= Resr2*(1/12)*Iripple”2;

Pql=PcondQl + Poss + Pon_overlap + Poff overlap + Pg_Ql;
Pq2=PcondQ2 + Poss_sd + Psd + Pg_Q2;

Ppassive = PL_winding + Pcin + Pcout;

Ptot =Pql + Pq2 + Ppassive;

if Iout >0

Pout = Iout * Vout;

efficiency(idx)= 100 * (Pout / (Pout + Ptot));

else

efficiency(idx)= 0;

end

end

figure;

plot(loadPercents, efficiency, 'LineWidth',2);

grid on;

xlabel('HaBantaxenus [%]');

ylabel('KII [%]");

title("3anexuicts KI1/] mepeTBOproBaya BiJ HABAaHTaXKEHHST');
disp('Load% lout [A]Efficiency [%]');

for iTest = [10, 25, 50, 75, 100]

idxMatch = find(loadPercents == iTest);

if ~isempty(idxMatch)

fprintf('%8d%8.2f %8.2f\n', ...

iTest, (iTest/100)*1_max, efficiency(idxMatch));

end

end

Iout_vec = (loadPercents/100)*I_max;% in Amps
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eff vec = efficiency; % in %

fitModel = fittype('L*(1 - exp(-k*x)) + C/, ...
'independent','x','coefficients', {'L",'k",'C'});

initGuess = [30, 0.2, 50]; % [L, k, C]

options = fitoptions('Method','NonlinearLeastSquares',...
‘Startpoint', initGuess);

xData = Iout_vec(:);

yData = eff vec(:);

[curveResult, gof] = fit(xData, yData, fitModel, options);
disp('--- Fit results ---');

disp(curveResult);% shows L, k, C

disp(gof); % goodness-of-fit metrics

yFit= curveResult(xData);

residuals = yData - yFit;

rmse_val = sqrt(mean(residuals.”2));

mae_val= mean(abs(residuals));

relErrors = (yData - yFit)./ yData; % now dimensionless
mape_val = mean(abs(relErrors)) * 100;% in %
rmspe_val = sqrt(mean(relErrors.*2)) * 100; % in %
fprintf('--- Deviation from curve ---\n");

fprintf('RMSE = %.4f %%\n', rmse_val);

fprintf(MAE = %.4f %%\n', mae_val);

fprintf('--- RMSPE, MAE ---\n'");

fprintf(MAPE = %.4f%%\n', mape_val);
fprintf('RMSPE = %.41%%\n', rmspe_val);

figure;

plot(xData, yData, 'bo','MarkerSize',5, 'DisplayName',' Touku po3paxyHky');
hold on;

xFine = linspace(min(xData), max(xData), 200);

yFine = curveResult(xFine);

plot(xFine, yFine, 'r-','LineWidth',2, 'DisplayName',' Anpokcumaris');
grid on;

xlabel('Ctpym naBanrtaxenus [A]');

ylabel('KTI [%]");

title(' Ampokcumartist 3anesxuocti KK/ Bin HaBanTaxenus kpusoio Buay L*(1 - e*{-k x}) + C', FontSize=8);

legend('Location','best');
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