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Kapbiscvka T.O. TlepeTBoproBadi eleKTpoeHepTii 3 MOAYJIbHOIO CTPYKTYpPOIO
Ta 3HWKEHUM piBHEM IyJbcalliil A7l KOHTAaKTHOTO 3BaproBaHHs. — KBamigikariiina
HAyKOBa Ipallsd Ha IpaBax PyKOIIUCY.

Jlucepramiss Ha 3700yTTS HAyKOBOTO CTyINeHS jokTopa dinocodii 3a
criemianpHicTio 171 — Enexktponika. — HarioHanbHUM TexXHIYHUN YHIBEPCUTET
Vkpainn «KuiBcbkuél momiTexHiuHui iHCTUTYT iMmeHi Irops Cikopcbkoro» MOH
VYkpainn, Kuis, 2021.

Jucepraliisi mpucBsYeHa OCITIPKEHHIO TIepeTBOPIOBAYIB eJICKTPOCHeprii 3
MOJYNBHOIO CTPYKTYpOIO Ta 3HI)KEHHM pIBHEM IMyJibcaliidl Jisi KOHTAaKTHOTO
3BaprOBaHHS.

KoHTakTHe 3BaproBaHHs IMPOKO 3aCTOCOBYETHCS ISl 3’€JHAHHS METaJeBUX
JeTaneil B eJeKTPOHHINH MPOMUCIOBOCTI, MpHIago0yIyBaHHI, MalIMHOOYIyBaHHI,
aBTOMOOiJIe- Ta TTaKoOyayBaHHI, KOCMIYHIN TeXHilll, MEIUIMHI Ta 1HIIUX TATy3sX.

KoHTakTHe 3BaproBaHHS 3IIHCHIOETHCS LUISIXOM 3aTUCKaHHS JIBOX MeTalleBUX
JeTaneil MK JBOMa eJIeKTPOaMU 3 HEOOXITHOIO CUJIOI0 CTUCHEHHS Ta MPOITYCKaHHS
Kpi3b HHUX IMIYJbCY EJIIEKTPUYHOTO CTPyMy HeoOXimHOi ¢dopMH, aMIUNTYId Ta
TPUBAIOCTI. Y MicIl TPOXOJKEHHS CTPyMy JeTall HarpiBaloTbCs IO PiBHS
TEeMIepaTypy TUIaBIeHHS Ta 3’ €IHYIOThCS MK coboro. Takuii mporec 3BaproBaHHS €
JOCUTH CKIIQIHUM, OCKIJBKH EeJeKTPUYHHM OIip 30HHM 3BapIOBaHHS Ma€ CKIaIHUH,
HeNHIMHUN XapakTep Ta 3aJIeXKUTh BiJl MaTepiaty, TOBUIMHH 1 MIOPCTKOCTI MOBEPXHI
neTanedl Ta eneKTpoiB. Taki BIacTUBOCTI KOHTAKTHOTO 3BapIOBaHHS yCKIIAIHIOIOTh
npolec MPOeKTYBaHHS Kepesl )KUBICHHS 7S loro peatizarii.

B OinbIrocTi BUNAaKiB OCHOBHOIO 1 €IMHOIO BAUMOIOIO, 1[0 BUCTABISIETHCSA 10
3BapHUX 3’€HaHb — iX MilHICTh. OJIHAaK € ramxy3i MPOMUCIOBOCTI, Jie 3’ €IHYIOThCS
JeTani  BiAMOBITATBHOTO TIPW3HAYEHHS 1 BIJCYTHICTh BHUIUIECKIB YacTOYOK
PO3IUIaBIEHOTO MeTally, a TAaKO)XK BHCOKa IMOBTOPIOBAHICTh BiATBOPEHHS IMapaMeTpiB
3BapHUX TOYOK Ma€ KPUTHYHO BaKIWBE 3Ha4yeHHs. Bumora m0 BigcyTHOCTI
BUIUIECKIB TpY 3BaplOBaHHI MiHIaTIOpHUX JeTajeil, abo nertaneili KOMIIOHEHTIB

BiI[l'[OBi,I[aJ'IBHOFO [MPU3HAYCHHA OB’ s3aHa 3 TUM, IO YaCTOYKHU METAIly, K1 3aCTUIIH
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micasi Mpolecy 3BaplOBaHHSA, MOXYTh BHUKIMKATH KOPOTKI 3aMUKaHHS B
(GYHKI[IOHATbHUX €JeMEHTax eIeKTPOHHUX MPHUJIaJiB, CIIOTBOPEHHS CUTHATIB, IIyMU
i T.11. Bucoka moBTOprOBaHICTh 3’€IHAaHb HEOOXIiHA I11J1 Yac BUTOTOBJICHHS CKJIATHUX
BHPOOIiB, 32 HASIBHOCTI BEJIMKOI KiJIbKOCTI 3BapHUX TOYOK, BiJl SKOCTI KOKHOI 3 SIKUX
3HaYHOIO MipPOIO 3aJIeKUTh SIKICTh TOTOBOTO BHPOOY.

OcHoBHe 3aBiaHHs (hOpMyBaHHS HEOOXITHUX MJIS 3BapIOBaHHS MapameTpiB
MOKJIaAa€ThCsl Ha JKEpeno JKMBIEHHS (TakoXX Bimome K (opMyBad IMITYJbCIB
CTPYMY), siKe 3a0e3nedye HeoOXinHYy (hopMy, aMIUNITYIy Ta TPUBAIICTh IMITYJIbCY
3BApHOIo CTpyMy. Ha mpakTuilli BUKOPHUCTOBYIOTh Pi3HI () OPMU IMITYJIECIB 3BAPHOTO
CTpyMy, HaNpUKIaJ IMIOYJIbCH TMOCTIHHOTO YW 3MIHHOTO CTPyMY, IMITyJbCH
MyJIbCYIOUOTO CTPyMy, abo X KomOiHalii BUIle3rajanuxX (HopM iMITYJbCIB CTPyMY.
Buxopuctanus iMIynbCiB MOCTIHHOTO CTPyMy JO3BOJIIE€ MOKPAIIUTH SIKICTh
OTPUMaHMX 3’ €JHaHb, OCOOJIMBO y BUIAJIKaX 3BapIOBaHHS MiHIaTIOpHUX JeTajeil. Psaa
JOCIIIKEHb TOKa3ye, 110 MPHU 3BapIOBaHHI JieTajeil ToBUMHOW 10 0,5 MM, Ba)KIUBY
ponb Bifirpae piBeHb MyJbcalliii 3BapHOTO CTpyMy. Manmii po3max myJbcarliii
JTIO3BOJISIE OTPUMATH 3BapHI 3 €JHAHHS BHUCOKOI MIIIHOCTI 0€3 BHIUIECKIB MeTaly.
Takoxx momaTkoBi eneMeHTH (INbTPIB sl 3HM)KEHHS MyJbcaliil CTpyMy BHOCSATH
3HaYHy IHEpUIWHICTh B KOHTYP 3BOPOTHOTO 3B’S3KY, IO MOYE MOTIPIIUTH SKICTbH
poboTH cHUCTEMU KepyBaHHS Ta BiJOOpa3UTUCS HA TOYHOCTI BIITBOPEHHS CTPYMY.

Ha cporomuinmHili eHs BijoMa BeJMKa KITBKICTh CTIOCO0IB TTOOY0BU JIKepet
’KUBJIEHHSI JJI1 KOHTaKTHOro 3BaproBaHHs. HailOinpll mepcrnieKTMBHUM BOAdaeThCs
noOyzoBa JKepena >KUBJIEHHS Ha 0a3l TPaH3UCTOPHOTO MepeTBOproBaya, SKHi
3MaTHUM 3a0e3MednTH BUCOKY TOYHICTH (OPMYyBaHHS CTPyMy B HaBaHTaKEHHi, a
TaKOXX BUILIUNA piBEHb eHeproe(@eKTUBHOCTI MOPIBHSIHO 3 IHIIUMU BUIAMH JKepel
KUBJICHHs. Bimomo, 110 TpaH3UCTOPHI MepeTBOproBadi 3 Oe3nepepBHUM KepyBaHHSIM
JO3BOJISIIOTH  OTPUMATH BHCOKY TOYHICTH BIJTBOPEHHS KPUBOI 3BaplOBAJIbHOTO
CTPYMY, OJIHaK 3a0e3NeuyroTh JOCUTh HU3bKY eHeproedeKTUBHICTh. TpaH3UCTOpHI
IepeTBOpIoBadl 3 IMIYJbCHUM KepyBaHHSM 3a0e3neuyloTh OibIl BHCOKHUN
Koe(illieHT KOPUCHOI [ii, OJIHAK TOYHICTh (OPMYBaHHS CTPYMYy Ha BHUXOJI

3HMKY€ETbes. J[eo 3HU3UTH MOTYKHICTh BTPAT OAHOYACHO 31 30epekeHHSIM BHUCOKOI



4
TOYHOCTI (POPMYBaHHS CTPyMYy JO3BOJIsIE BUKOPUCTAHHS TEepeTBOPIOBAYiB  3i
CHITFHUM BHKOPUCTAHHSIM Oe3MepepBHOrO Ta IMIYJBCHOTO PEXHMIB KepyBaHHS
TpaH3uctopamu. OpHak IJs MOAIOHWUX pIllleHh MUTAHHS MOJIIIICHHS TOKa3HUKIB
eHeproeeKTUBHOCTI  Bce Ie  3aJMIIAEThCS  aKTyalbHUM. BUKOpHCTaHHA
MOHMKYIOUOTO TIepeTBOpIOBavYa 31 3HIKEHWM piBHEM ITyJbcalliid, 10 TpaIroe B
IMITYJIb,CHOMY pE€XHMi, JO03BOJUTh 3a0e3MeUYUTH BHCOKY TOYHICTH (OpPMYBaHHS
3BapIOBAILHOTO CTPYMY OJHOYACHO 3 HHU3BKOIO TMOTYXKHICTIO BTpAT, BJIACTUBOIO
TPaH3UCTOPHUM MEepeTBOPIOBaYaM 3 IMIIYJIbCHUM KEPYyBaHHSIM.

BukopucTtanHs MoIyJbHOro croco0y MoOyIoBU JKepesa >KUBJICHHS 3 7
yHIpIKOBaHUMH MOZYJISIMH TI€PEeTBOPIOBAYiB, IO MiAKIIOYEHI mapajelbHO Ta
MpaIlOI0Th Ha CIiJIbHE HABAaHTAXKEHHSI, I03BOJIUTH MOKPAIIUTH TOUHICTh (POPMYBaHHS
CTpyMy, WIiABUIIUTHA piBeHb TMOTYKHOCTI B HaBaHTa)XeHHI 0e3 BUKOPHCTaHHS
IPOMI3JIKMX KOMITOHEHTIB, a TaKOX TEXHOJOTIYHICTh, THYYKICTh IepeOyJaoBH Ta
piBeHb yHidikarii nepeTBoproBaya.

Y Berymi  OOTpYyHTOBaHO — aKTyalbHICTH OOpaHOI TeMH  JOCIIiKEHHS,
chopMyTbOBaHO METY Ta 3a/aul HaAyKOBHUX JOCIIJKEHb, HABEJIEHO JIaHi MPO 3B'S30K
poOOTH 3 HAYKOBHUMH IIporpamMamMH, BHUKIJIAJIEHO HAyKOBY HOBHU3HY, IpaKTUYHE
3HAYeHHS Ta HaBeJCHO JaHi Ipo anmpoOallito pe3yabTaTiB JUcCepTaIlii Ta myOTiKaIii.

VY mepuomMy po3Jisii pO3KPUTO OCOOJIUBOCTI Mepediry Mmpouecy KOHTaKTHOTO
3BapIOBaHHsI, MPOBEACHO AaHANITHYHHUNA OTJS] HAyKOBUX IyOJiKarmiii 3 MeToro
JTOCITIDKeHHSI ICHYIOUMX TEeXHIYHUX pIllleHb Ta MPUHIUIIB TOOYyI0BU JHKepel
’KUBJIEHHS! /i1 KOHTAaKTHOTO 3BaplOBaHHs, OOIPYHTOBAHO BUOIp TPaH3UCTOPHOTO
mepeTBopioBada 3  BHKOPUCTAaHHSIM  IMIIYJIbCHOTO  CHoco0y — KepyBaHHs
TpaH3uctopamu. Takok pPO3KPUTO OCOOJMBOCTI TOOYAOBH MEPEeTBOPIOBAYIB 3
MOJYJTBHOIO  CTPYKTYpPOIO, SIKi  JIO3BOJISIIOTH ~ BUKOHATH  TOOYAOBY  OiJIbII
eHeproe()eKTUBHUX Ta HAJIWHUX JKepes >KUBJIeHHS Uil KOHTAaKTHOTO 3BaprOBaHHS,
0OTPpYHTOBAHO BUOIp MOJIYJILHOI TOMOJIOTIT TIepeTBOprOBaya.

VY npyromy po3niii po3rJsiHyTO TOMOJIOTIT TPaH3UCTOPHUX MNEPETBOPIOBAYIB,
AKI MOXYTb OYyTH BUKOpHCTaHI sIK 0a30BUM MOMIYJb JKepesa >KUBJICHHS 3

MOJIyJIbHOIO CTPYKTYpPOIO [iJii KOHTAaKTHOTO 3BaproBaHHs. [IpoBeneHO OIIHKY



5
eHeproeeKTUBHOCTI TPAH3UCTOPHUX NIEPETBOPIOBAUIB ITi/1 Yac pOOOTH Ha IMITYJIbCHE
HAaBaHTKEHHS 3 BHUCOKOI aMILTITYJOI0 CTPYMY, XapaKTePHOI Jisi KOHTAKTHOTO
3BaproBaHHs. Y po3niai  HaBeAeHO (GOPMYJHM, SKi ONUCYIOTh TIpOLeCH Y
TPaH3UCTOPHUX TEePeTBOPIOBauax, a TAKOXX MPOLTIOCTPOBAHO Hiarpamu ix poOOTH.
OO6rpyHToBaHo BuOip mepeTBOprOBaya 31 3HM)KEHUM piBHEM ITylbcaliil gk 6a30BOro
MOAYJIS JKepesa KUBJICHHS IS KOHTAKTHOTO 3BaplOBaHHS, B SKOMY BHUKOPUCTaHHS
JOIATKOBOTO ~ KOHJEHcATOpa JI03BOJISIE 3HM3UTU  pIBEHb IMyJbcalllii  CTpymy
HaBaHTaKEHHS.

VY TperboMy poO3AlI MOOYJOBaHO MaTeMaTHU4HI Mojeli 0a30BOro MOAIYJs
repeTBOprOBava 3i 3HIKEHUM piBHEM IyJIbCalliif Ta epeTBOPIOBaya, 1Mo CKIATAEThCs
3 n YHI(IKOBaHMX MOJIYJIIB TEPEeTBOPIOBAUiB 31 3HWKEHUM piBHEM IIyJibcallild.
[TokasaHo, 10 MOJIEIb MEPETBOPIOBaYA 3 MOIYJIBHOIO CTPYKTYPOIO JIJIsl KOHTAKTHOTO
3BapIOBaHHs Ta 3HWKEHUM piBHEM IyJbCalllili € yHiBepcajlbHOI Ta MOXe OyTH
BUKOpHUCTaHA Mg #-1 KUIBKOCTI 0a30BMX MOJYJIB, IO TMPAIfOIOTh Ha CITUJIbHE
HaBaHTaXeHHsA. Kpim Toro, HaBeneHo jorapupMidHi aMIUTITyAHO-(a30BI YacTOTHI
XapaKTEePUCTUKK TepeTBOPIOBayiB, IO JAEMOHCTPYIOTh I1X pPOOOTY Ta 3amacu
CTIAKOCTI.

VY d4erBepTOMY pO3IiJi HaBeJGHO IMITAIliiHy Mojaelnb 0a30BOro MOMYJsS
nepeTBOproBaya 31 3HUKEHUM PIBHEM ITyJbcalliii Ta miarpamMu doro pobotu. Takox
HaBEJIEHO CXeMy eJIeKTPUYHY MPUHIIUIIOBY Ta (i3MYHY MOJIe]h 0a30BOTO MOJIYJIS
NepeTBoproBaya 31 3HWKEHUM piBHEM TyJbcalliid. ImiTaniliHe MoOJerOBaHHS Ta
pe3yibTaT MPaKTUYHUX AOCHiHKeHb MiATBEPDKYIOTh BUCYHYTI MPUIYILIEHHS PO
3HaYHe 3HWKEHHS PIBHS MyJbcallii CTpyMy Ha BHXOI TMepeTBOproBada. Takox y
pO3IJIi  HaBeIeHO peKoMmeHfalii 3 BUOOpPY KOHJEHcaTopa BTOPUHHOI TiIKU
nepeTBOpIOBava, IapaMeTpu SIKOTO BIUIMBAIOTh Ha pPiBeHb ITyJbcalliil CTpymy
HaBaHTa)KEHHS.

VY 3araJbHUX BHUCHOBKaxX aBTOPOM IIpeACTaBJieHI HayKOBI Ta MpaKTUYHI
pe3yNbTaTH TUCePTAIliHHOTO AOCTiHKeHHS Ta peKOMEH Iallii 010 1X BUKOPUCTAHHS.

HayKOBa HOBH3HA OTPUMAHHX pe3y.m>TaTiB noJjisira€ B HAaCTyITHOMY:
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1. Bmepuie mnokasaHo, [0 BHUKOPHCTAaHHS TOIOJIOTII IepeTBOproBava MJis
KOHTaKTHOTO 3BaplOBaHHs B SKOMY 3a paxyHOK J[OJaBaHHS JaHKU KOMIIeHcallii
nyJbcalii  CTpyMy HaBaHTaXEHHS Ta BUKOPUCTAHHS MOJYJBHOI CTPYKTypHU
3a0e3nevuyeThcsi OTPUMaHHS BUCOKHX MOKa3HHUKIB eHeproe(eKTUBHOCTI Ta TOYHOCTI
dbopMyBaHHS IMIYJIBCIB CTPYMY.

2. Bmepmwe no0ynoBaHO ~MaTeMaTW4yHY  MOJElb  OJHOTO  MOJYJIO
nepeTBOproBavya 3 MOAYJIBHOIO CTPYKTYPOIO Ta 3HIKEHHUM piBHEM ITyJbcallid, sKa
BpaxoBy€ Iapa3uTHI ONOPHU €JEMEHTIB CXEeMHM, J03BOJII€ BUKOHYBAaTH aHali3
JUHAMIYHUAX XapaKTEepUCTUK Ta BU3HAUYEHHS MPUHHATHUX 3 NMPAKTUYHOI TOUKU 30pY
napaMeTpiB HaJALITyBaHb PerysTopa.

3. Brepize no6y1oBaHO MaTeMaTUYHY MOJIeJb NepeTBOpIOBaya s 10BLIbHOI
KUTBKOCTI MOJIYJIiB, sIKa JJO3BOJISIE BUKOHYBATH aHalli3 11 AMHAMIYHUX XapaKTEePUCTUK
Ta BU3HAUEHHS MPUNHATHUX 3 NMPAKTUYHOI TOUKHU 30py MapaMeTpiB HalallTyBaHb
perynsropa.

4. BpockoHaleHO METOIUKY CHHTe3y peryisTopa, ska 0a3yeTbcs Ha
3aMpornoHOBaHIM MoJesll OJHOro MOJIyJis NepeTBOproBaya Ta J03BOJISIE OTpUMAaTH
OTNOPHI  HaNAIITYBaHHS peryjsitopa 1 LUISAXOM TMOCTYIMOBOTO  HaOJIMKEeHHS

3a0e3neynT HOro NPUHHATHI 3 MPAKTUYHOI TOUYKH 30py MapaMeTpu.

IIpakTHYHe 3HAYEHHS] OTPUMAHHUX Pe3yJbTaTIB IUCepTAaIlil:

1. Po3pobnena cxema eleKTpU4YHa MPHUHIIMIIOBA OJHOTO MOJYJIS Ha OCHOBI
3ampOMOHOBAHOI TOMOJIOTII TMepeTBOpIoBada 3 JO0JAaTKOBOIO JIAHKOKO KOMIIeHcAIlil
nmyJbcalliii  cTpyMy HaBaHTaKEHHs, a TaKOX eKCIIepUMEHTaIbHUN  3pa3ok
nepeTBOprOBava 3i 3HIKEHUM PiBHEM IyJIbCalliid JJIsi KOHTAKTHOTO 3BapIOBaHHS, SKi
MOXYTh OyTH BUKOPHCTaHI NpHU TOOYIOBI JKepen >KUBIEHHS JJIsl KOHTaKTHOTO
3BapIOBaHHs, @ TAKOXK IHIIHUX 3aCTOCYBaHb, KOJW Ba)JIMBE 3HAUEHHS MAa€ TOUHICTb
BUXIZIHOTO CTPyMYy 3a YMOBHM MiHIMi3alil TMOTY>XHOCTI BTpaT. Binxunenns
c(hopMOBaHOrO CTPyMy HaBaHTaKEHHS BiJ] 3aJJaHOTO He TepeBUIiIo 3%.

2. PospobisieHa imiTalriiHa MoOJAENbh OJHOTO MOJIYJIS TiepeTBOproBaya 3i
3HIDKEHUM pIiBHEM ITyJbcallii s KOHTAaKTHOTO 3BaplOBaHHsS, SKa MOXKe OyTH

BHUKOpPpHUCTaHa pO3p06HI/IKaMI/I Impu HpOCKTYBaHHi JOKEPECII )KUBJICHHSA OJIA KOHTAKTHOI'O
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3BapIOBaHHS 3 M-MOZYJISIMH, KOJIM BaKJIMBE 3HAYeHHS MAa€ TOYHICTh BUXIJHOTO
CTpyMy 3a YMOBHM MiHiMi3allii MOTYXHOCTI BTpaT, a TaKOX THYYKICTh NMpH 3MiHI
KOHirypaliii Jkepena *KUBJICHHS.

3. BpaockoHameHO METOOUKY pO3paxyHKy BTpaT B  IMIYJbCHOMY
MOHIKYIOUOMY TIepeTBOPIOBayi JJisi KOHTAKTHOTO 3BaplOBaHHs 3 BpaxyBaHHIM BTpatT
Ha IHOYKTUBHUX eJIeMEHTaX CXeMH, siKa MoXe OyTM BHUKOpHUCTaHa TiJ dac
POEKTyBaHHSI.

Kniouosi  cnosa: miepeTBOproBaud  eJEKTPOCHEprii, MOIyJIbHa CTPYKTYpa,
nyjibcanii cTpyMy, KOHTAakTHE 3BaploBaHHS, (GopMyBad IMIYJIbCIB CTpyMY,

MareéMaTudHa MOJECJIb.



SUMMARY

Tetiana Karbivska Modular Power Converters with Low Ripple Level for
Resistance Welding Application. — Qualifying scientific work on the rights of the
manuscript.

Thesis for the degree of Philosophy Doctor, in specialty 171 “Electronics”. —
National Technical University of Ukraine "[gor Sikorsky Kyiv Polytechnic Institute",
Ministry of Education and Science of Ukraine, Kyiv, 2021.

The thesis is devoted to the research of electric power converters with modular
structures and reduced ripple levels for resistance welding.

Resistance welding is widely used for joining metal parts in the electronics
industry, instrumentation, mechanical engineering, automotive and aircraft
construction, space technology, medicine, and other industries.

Resistance welding is carried out by clamping two metal parts between two
electrodes with the required compression force and passing through them a pulse of
electric current of the desired shape, amplitude, and duration. At the point of current
flow, the parts are heated to the melting point and connected to each other. The
welding process is quite complex because the electrical resistance of the welding
zone is complex, nonlinear, and depends on the material, thickness, and surface
roughness of parts and electrodes. Such properties of resistance welding complicate
the process of designing power supplies for its implementation.

In most cases, the strength of welded joints is the main and only requirement.
However, there are industries where precision miniature parts have to be connected,
and the absence of splashes of molten metal particles, as well as the high frequency
of reproduction of weld point parameters, is critical. The requirement to avoid
splashes when welding miniature parts or parts of responsible components is due to
the fact that metal particles that have hardened after the welding process can cause
short circuits in the functional elements of electronic devices, signal distortion, noise,
etc. High repeatability of joints is necessary for the manufacture of complex products
while performing a large number of welds, which predominantly affects the quality of

the finished product.
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A power supply (also called current pulse shaper) is supposed to provide the
necessary parameters for welding — the required shape, amplitude, and pulse duration
of the weld current. In practice, various shapes of weld current pulses are used, such
as DC or AC pulses, pulsating current pulses, or a combination of the above-
mentioned current pulse shapes. The use of DC pulses can improve the quality of the
connections, especially in the case of welding miniature parts. A number of studies
show that the level of weld current ripples plays a significant role when welding parts
up to 0.5 mm thick. The small amplitude of the ripples allows obtaining high-strength
welded joints without metal splashes. Also, additional filter elements to reduce
current ripple bring significant inertia to the feedback loop, which can degrade the
quality of the control system and affect the accuracy of current reproduction.

To date, there are many ways to build power supplies for resistance welding
equipment. The most promising is the construction of a power supply based on a
transistor converter, which is able to provide high accuracy of the current generation
in the load, as well as a higher level of energy efficiency compared to other types of
power supplies. It is known that transistor converters with continuous control allow
obtaining high accuracy of the reproduction of the welding current curve, but provide
fairly low energy efficiency. Pulse-controlled transistor converters provide higher
efficiency, but the accuracy of the output current is reduced. The use of converters
with the joint use of continuous and pulse transistor control modes allows reducing
the power loss at the same time while maintaining the high accuracy of the current
generation. However, for such solutions, the issue of improving energy efficiency
remains relevant. The use of a step-down converter with low ripple, operating in
pulse mode, will provide high accuracy of welding current generation at the same
time with low power loss, inherent in transistor converters with pulse control.

The use of a modular topology of a power supply with #» unified converter
modules connected in parallel and working for a common load will improve the
accuracy of the current generation, increase the power level in the load without the
use of bulky components, as well as increase manufacturability, flexibility, and

unification of the converter.
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In the introduction the relevance of the chosen research topic is substantiated,
the purpose and tasks of scientific researches are formulated, data on connection of
work with scientific programs are resulted, scientific novelty, practical value is stated
and data on approbation of dissertation results and publications are given.

The first section reveals the features of the process of resistance welding, an
analytical review of scientific publications to study existing technical solutions and
principles of constructing power supplies for resistance welding, the choice of a
transistor converter using the pulse control method of transistors is substantiated. The
construction features of converters with a modular structure, which allows building
more energy-efficient and reliable power supplies for resistance welding, are also
revealed, the choice of the modular topology of the converter is substantiated.

The second section considers topologies of transistor converters that can be
used as a basic module of power supply with modular structure for resistance
welding. The energy efficiency of transistor converters during operation on pulse
load with high current amplitude, typical for resistance welding, is estimated. The
section presents formulas that describe the processes in transistor converters, as well
as illustrate diagrams of their operation. The choice of the converter with the reduced
ripple level as the basic module of the power supply for resistance welding in which
use of the additional capacitor allows to reduce the ripple level in load current is
substantiated.

In the third section, the mathematical models of the basic converter module
with the reduced ripple level and the converter consisting of » unified modules with
the reduced ripple level are built. It is shown that the converter model with a modular
structure for resistance welding and low ripple is universal and can be used for the »
number of basic modules operating for a common load. In addition, the Bode plots
for the converters are demonstrated, showing their operation and stability margins.

The fourth section presents a simulation model of the basic converter module
with a reduced ripple level and diagrams of its operation. The circuit diagram and
physical model of the basic converter module with the reduced ripple level are also

shown. Simulation modeling and the results of practical research confirm the
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assumptions about a significant reduction in the level of current ripple at the output of
the converter. The section also provides recommendations for choosing a capacitor in
the secondary branch of the converter, the parameters of which affect the level of
load current ripple.

In the general conclusions, the author presents the scientific and practical
results of the thesis research and recommendations for their use.

The scientific novelty of the obtained results is as follows:

1. It is shown for the first time that the use of the topology of the converter for
resistance welding in which by adding a link to compensate for load current ripple
and the use of a modular topology provides high energy efficiency and accuracy of
current pulses.

2. For the first time, a mathematical model of one converter module with
modular structure and low ripple level was built, which takes into account the
parasitic resistances of circuit elements, allows to analysis dynamic characteristics
and determine acceptable from a practical point of view parameters of controller
settings.

3. For the first time, a mathematical model of the converter for any number of
modules was built, which allows to perform the analysis of its dynamic
characteristics and to determine the practically acceptable parameters of the
controller settings.

4. The technique of synthesis of the regulator which is based on the offered
model of one module of the converter and allows to receive basic settings of the
regulator and by gradual approximation to provide its parameters acceptable from the
practical point of view is improved.

The practical significance of the results of the thesis:

1. The electrical circuit of one module based on the proposed topology of the
converter with an additional link to compensate load current ripple, as well as an
experimental sample of the converter with low ripple level for resistance welding,
which can be used in the construction of power supplies for resistance welding and

other applications, when the accuracy of the output current is important provided that
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the power loss is minimized, was developed. The deviation of the generated load
current from the set did not exceed 3%.

2. The simulation model of one converter module with low ripple for resistance
welding, which can be used by developers in the design of power supplies for
resistance welding with #n-modules, when the accuracy of the output current is
important while minimizing power loss and flexibility in changing the power supply
configuration, was developed.

3. The technique of calculation of losses in the pulse step-down converter for
resistance welding taking into account losses on inductive elements of the circuit
which can be used during designing is improved.

Key words: electric power converter, modular structure, current ripple,

resistance welding, current pulse shaper, mathematical model.
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