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HUCTOYHUK MUTAHUA JJIS1 DJEKTPOAYTOBOM CBAPKH
C NOBBIIIEHHON SHEPT O3 ®®EKTUBHOCTBIO

B cmamve pacemompeno srusnue nocmosinnou cocmasnsiiowent ceapouno2o moxa npu TIG
npoyecce Ha 060py00sarue u MexHoA02UI0 ceapku. Paccmompenvt uzeecmmuvie cnocodul ee
xomnencayuu. Tlpeonosicen ucmouHux numanust OJist SAEKMPoOy2080lL CEAPKU NEPEMEHHbIM
MOKOM, NPUMEHEHUE KOMOPO20 NO360JUN YCIPAHUMb NOCIOSIHHYIO COCMAGTISTIOUWYIO 610~
PUMHO20 MOKA C8APOUHO20 MPAHCHOPMAMOPA, NOBLICUNMb KOID@UYUEHM MOWHOCMU C6A-
POUHO20 MPAHCHOPMAMOPA U YAYHULUMb MEXHOIO0SUI0 C8APKU 30 CHEem NOGbLIUEHUsSL CIA-
OuILHOCIU CEAPOUHOU OY2U.

Knrouesvie cnosa: ceapounviti MoK, NOCMOSHHASL COCMAGIAIOWAA, NOCIE008AMENbHbI
AKMUBHBLU UILMp.

I'ynaxoe C.B., bypaaka B.B., Ilooneoenna C.K., Mocmuneuv O.J1. /Dicepeno sncue-
JIeHHA O0NA eNeKmpPooy2068020 38aPIO6AHHA 3 NIOBUUICHOI0 eHepzoeheKkmusHicmio. YV
cmammi po321sHymo eNU6 NOCMIUHOIL cKk1adosoi 36apiosanvroco cmpymy npu TIG npoyeci
Ha 0OJIAOHAHHS [ MEXHONIOZII0 38apiosants. Posensnymo sidomi cnocobu il komnencayii.
3anpononosarne Ocepeno HcusneHHs OaA eneKmpo0ye08020 36APIOGAHH 3MIHHUM CHpPY-
MOM, BUKOPUCIAHHS K020 00380JUMb YCYHYMU NOCMIUHY CKIA008Y 8MOPUHHO20 CIPYMY
38API0BANLHO20 MPAHCHOPMAMOPY, 30iTbUUmuy KoepiyieHm nomy’CHOCHI 36aPI0BATLHO2O
mpanchopmamopa ma NOKpawumu MexHoL02i0 36aPIOGAHHSL 3d PAXYHOK NOKPAUEHHS.
cmabinbHoCmi Cmpymy 36aploSanbHOL Oyeu.

Knrouosi cnoea: 36aprosanvhutl cmpym, NOCHMIUHA CKIA008d, NOCTIO0BHUL AKMUBHUL

Ginomp.

S.V. Gulakov, V.V. Burlaka, S.K. Podnebennaya, O.L. Mostinets. TIG welding power
supply with improved efficiency. In the article, the influence of the DC component of the
welding current during TIG (Tungsten Inert Gas) welding is discussed. Known methods of
DC current cancellation are reviewed, such as capacitor bank or diode/thyristor network
insertion in the secondary circuit of the welding transformer. A new method of controlling
the magnitude and shape of the TIG welding current is proposed. The idea is to insert a
controlled voltage source in the secondary circuit of the welding transformer. This con-
trolled voltage source is realized using a full-bridge voltage source inverter (VSI). VSI con-
trol system design issues are discussed. VSI is controlled by a three-level hysteretic current
controller, while current reference is generated using lookup table driven by PLL (Phase
Locked Loop) locked to the mains frequency. Simulation results are shown. The proposed
topology of TIG power supply allows to provide magnitude and shape control of the weld-
ing current, with the limitation that its DC component must be zero. Thus, some capabilities
of professional AC-TIG welders are obtained using substantially lower cost components:
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VSI built using high-current low voltage MOSFETs with control system based on 32-bit
ARM microcontroller. The use of proposed TIG welding power supply will eliminate the
DC component of the welding current, improve welding transformer’s power factor and
improve welding technology by increasing the welding arc stability.

Keywords: TIG welding, DC current, series active filter, voltage source inverter, current
control.

IHocTanoBka mpoOJeMsbl. [ cBapKkH allOMHUHHUEBBIX CILIAaBOB HCIIONB3YETCS MPOLEcC, MpU
KOTOPOM CBapO4YHasl Iyra TOPUT MEXKIY HEIUIaBAIIMMCS BOJIb(PPAMOBBIM 3JEKTPOJAOM M aIFOMUHHE-
BBIM u3JienueM. [Ipu 3TOM MuTaHWe CBapOYHON IENH OCYIIECTBIISIETCS OT TpaHCPOpMaTOpa.

Hampsokenue Ha cBapodHO Iyre B OAHOM MOJYIEPHOAE MOXKET 3HAUYUTENbHO OTJIMYAThCS OT
HanpspKEeHUs B IPYTOM IMONYIEpUo/ie U3-3a Pa3HBIX SMHUCCHOHHBIX CBOWCTB 3JIEKTPOJIa U MeTajuia u3-
nenust. I1o 3ToM mpuyuHE B CBApOYHOM LIETIM BO3HUKAET IMOCTOSIHHAS COCTAaBJAIOLIAS TOKA, KOTOPAs
MOKeT cocTaBiaTh 10 70 — 80 % pabouero cBapoYHOro TOKa. 3HAYCHUE MOCTOSHHON COCTABJISIONICH
TJIAaBHBIM 00pa30M 3aBUCHT OT COOTHOIICHHUS HANPSDKEHUH TYTH B OJJHOM W JPYTOM ITOJYIIEPHOAAX U
pacTeT ¢ yBeTHYEHHUEM 3TOr0 COOTHOIIeHus [1, 2]. DTa KOMIIOHEHTa CBapOYHOTO TOKA BBHI3BIBAET I10-
CTOSIHHYIO COCTaBJISIFOIIYI0 MarHUTHOTO TIOJISL B CepJICYHUKE TpaHchopMmaropa, 4To MPUBOAUT K YBe-
JUYEHHIO TOKa HAMarHMYUBaHHUs, TIEPErPEBy TpaHCPOpMAaTOpa U yXYIIICHUIO YCIOBUH TOPEHUS TYTH.
OTO B KOHEYHOM HTOTE€ CKa3bIBAaeTCsd Ha KadyecTBE CBApHbBIX coequHeHuil. [lo 3TMM mpuynHam B uc-
TOYHUKAX MUTAHUS MEPEMEHHOI0 TOKa IS CBApKH HEIUIABALIMMCS AJIEKTPOAOM MPUHUMAIOTCS MEpPbI
10 YCTPaHEHUIO UITH OTPaHMYEHHUIO TTOCTOSHHOW COCTaBIsIoNIel Toka [2].

AHaIU3 MOCJeIHUX HCCIeA0BAHUN M nmyOamKauuid. /[ ycTpaHeHHs MOCTOSHHOW COCTaB-
JSIOIIEH TOKa BO BTOPUYHOMW IIeNU TpaHc(hOopMaTopa B CBAPOUHYIO IETh OOBIYHO BKIIFOUAIOT YCTPOW-
CTBO KOMIIEHCALIH [IOCTOSSHHOM COCTaBIISIFOIIEH.

Hambonee mpocThIM yCTpOMCTBOM KOMIIGHCAIIUH TIOCTOSIHHOW COCTaBIISIONIECH sBIsieTcst OaTa-
pest KOHAEHCAaTOPOB, BKITIOUCHHAS MTOCIENOBATEILHO B CBAPOUHYIO IIeTh (pHcC. 1, a).
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Puc. 1 — BapuaHTbl BKJIIOYEHHUS YCTPOMCTB KOMIIEHCAIIUU TOCTOSHHOW COCTaBIISIOIIEH
CBapOYHOro TOKa: a) — OaTapest KOHJEHCATOPOB, BKIFOUEHHAS ITOCIIE/IOBATEIFHO B CBa-
POYHYIO LIeNb; 0) — THOJHO-TUPHUCTOPHOE YCTPOUCTBO

B 50 — 60-¢ ronsl criocob BKIIOUEHHs OaTaper KOHACHCATOPOB B CBAPOYHYIO IIEMb ITHPOKO HC-
II0JIB30BaAJICA B HCTOYHUKAX IIHTAHUA OJIS1 SHCKTpOﬂyTOBOﬁ CBAapKW HCIUIABAIIUMCA JJICKTPOIO0OM. JI.]'I;I
€ro OCYIIECTBJICHHUS ObUTH pa3paboTaHbl CHCNHANbHBIC DIICKTPOIUTHYECKAE HEMOJSIPHBIE KOHJEH Ca-
Topsl cepurt IC-1000 Ha 1000 mxd, 12 B. B ycranoskax YJIAP-300 u YAI'-301 na Tok 315 A Gata-
pest conepxuT 100 TakMX KOHAEHCATOPOB, COEIMHEHHBIX MapajlieNlbHO; ee Macca cocTapiseT 45-50
kr. B ycranoBkax Y/AP-500 u Y/I'-501 ucnonp3oBanock mo 150 xonaencaropos [2]. [Toatomy, He-
CMOTpS Ha MPOCTOTY, 3TOT CHOcO0 00Ja1aeT U HeAOCTaTKaMH: OOJbIINE MaccorabapuTHbIC TOKa3aTe-
JIM, HU3Kasl HA/ISKHOCTH AJIEKTPOIUTHUECKIX KOHJIEHCATOPOB, CIOKHOCTh PETYIHMPOBAHUSI CBAPOUHO-
'O TOKa.

BMmecto Garapen KOHIEHCATOPOB MOXKET OBITH MPHUMEHEHO AMOTHO-THPHUCTOPHOE YCTPOMCTBO
(puc. 1, 6) [2]. onsprocts muogaa VD1 BeiOupaercst Takoi, 4TOOBI OH MPOIYCKAI TOK B IOIYIIEPHO-
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JIbl 00paTHOM MONSIPHOCTH. B monymneproae npsMoid MOMSPHOCTH A0/ 3allepT U 3HAYEHUE TOKa Orpa-
HUYEHO pe3uctopoM R1, BKIIIOYEHHBIM NapailiedbHO IuoAy. s CHIDKEHHS paccenBaeMOM Ha 3TOM
pe3rcTOpe MOIIHOCTH OH IIYHTHPYETCS TUPUCTOPOM VS1, CHTHAII OTKPBITUSL KOTOporo (Gopmupyercs
cxemoit 3anepkkn C1R2VD2. [lpaktuueckas BenUYMHA 3a€pXKKU COCTaBigeT mopsaaka 1 mc. Ycr-
pOKMCTBO He TpeOyeT mepeHaNagKd MpH U3MEHEHHH PEeKHMa CBApKH M OOCCIICUMBAET OrpaHHYCHHE
MIOCTOSIHHOM cocTapismoniei 10 ypoBHs 10 — 12 % neiicTByrolero 3HaueHus CBApOYHOro Toka [2].

OOmMM HEITOCTATKOM BBIIICONMCAHHBIX CIIOCOOOB SIBJISIETCS HEBO3MOXHOCTH YIPaBJICHUS
(opMoOii CBapOYHOTrO TOKA M OTHOCHTENBbHAs CIOKHOCTH YIPABJICHHs €r0 BEIHMYUHON (HeoOXoanmo
WCIIOJIB30BAaTh TPAHCPOPMATOP € TTOAMATHUYUBAEMBIM ITYHTOM, MOJBHKHBIMH OOMOTKaMH | T.JI.).

dopmyaupoBaHue 1elel cTaThbU. B pe3ynbrare aHanmm3a nepeyrciIeHHbIX CIOCOO0B KOMITEH-
calMy MOCTOSTHHOM COCTaBIISIONICH CBAPOYHOTO TOKA YCTAHOBJICHO, YTO HU OJMH M3 HUX HE SBISACTCS
3G GEKTUBHBIM, KX/ M3 HAX UMEET CYIIECTBEHHbIC HEJOCTATKU. Llenbio uccienoBanus sBISIETCS
pa3paboTka 3P PeKTHBHOrO Criocoda KOMIIEHCAI[MH TIOCTOSHHOM COCTaBIIAIONICH CBAPOYHOI0 TOKA MPH
CBapKe HEIJIaBSIIUMCS AJIEKTPOIOM, TO3BOJISIONIErO 3((GEKTUBHO YIPAaBIATh BETUYUHONW U (HOPMOM
TOKa JYTH, a TAaKXKe UCIoNb30BaTh sl peanmm3anuu T1G-nportecca (TIG — Tungsten Inert Gas — pyd-
Has AyroBas cBapKa HETIaBSIIIMCS DJIEKTPOJIOM B CPEie MHEPTHOTO 3alIUTHOTO T'a3a) OOBIYHBIC CBaA-
pounbie TpanchopmaTopsl it MMA (MMA — Manual Metal Arc — pyunast qyroasi cBapka IITy4-
HBIMH DJIEKTPOAaMH C MOKPBITHEM) CBAPKH HA TIEPEMEHHOM TOKE.

N3no:xenue ocHoBHOTo Matepuana. [loctosHHAs COCTABIISIONIAs CBAPOYHOI'0 TOKa Oy/ET OT-
CYTCTBOBATb, €CIIH CpEJHEe HANpPsDKEHHE Ha BTOPUYHOM 0OMOTKE CBaApOYHOro TpaHchopmaropa Oyaer
PaBHSTHCS HYJIIO. DTOr0 MOKHO JIOCTHYb, €CITK BO BTOPHYHYIO 1€ BKIIOYUTH YIPABISEMBIH HCTOY-
Huk JJIC (puc. 2). [Ipx 5TOM HEOOXOIUMO PElINTh CIEAYIONNE 3a1a4yn: 1) YyCTpaHUTh TOCTOSIHHYIO
COCTAaBIISIIONIYIO HAIPsDKEHHUS Ha BTOPUYHOW OOMOTKE; 2) 00ecneuuTh peryarupoBaHUE aKTHBHOU
MOIIIHOCTH yIpaBiisieMoro ucTouHrnka 3J{C — 3T0 MO3BOIHT BBIOIHUTH 3TOT HCTOYHUK O€3 BHEIIHEr O
nuTaHus; 3) 00ecrevnTh YIpaBiIcHUE CBAPOUYHBIM TOKOM U €r0 CTAOHMITH3AIIHIO.

T N e
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Puc. 2 — Brurouenune ynpasisiemoro uctounrka J{C B CBapOUHYIO IIeTb

B kagectBe ympansemoro uctounuka 3J[C MOXXHO HCIOIB30BaTh TOCIEAOBATEIBHBIN aKTHUB-
HbI GUIBTP (AD), KOTOPBIH BKIIIOYAETCS B Pa3pbiB CBAPOYHOM 1erH [3].

A® npencraBisier co00i MOCTOBOW HMHBEPTOP HANPSIKEHUS, TIOAKIIOYEHHBINH K HAKOMUTEILHO-
My koHzieHcaTopy Cpe OonbInoit emkocty (puc. 3).
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Puc. 3 — Cxema BKITIOUEHHS MTOCIIEOBATEIHLHOTO aKTHBHOTO (PHIIBTPA B CBAPOUHYIO IIETTh
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@unbTp MOIYJISLHUOHHBIX COCTABIIOIINX BBIXOJAHOIO TOKA HHBEPTOPA B SIBHOM BUJE OTCYTCT-
BYET — B €r0 POJH BBICTYNACT MHIYKTUBHOCTH PACCESHHs CBApPOYHOTO TpaHCPopMaTopa (KOTOPBIH
CIIEMAILHO BBHITIONHEH C IMOBBIIICHHBIM PaccessHUEeM ISl 00ecIieueHus MaJaroneil BOIbTaMIIePHOH
xapakrepuctuku (BAX), Heobxoaumoii 1t MMA mporiecca).

Jnist perieHust 3a1a4y YIpaBJieHUs] BEMUYHMHON U (HOPMOIT CBAPOYHOI'0 TOKA MPUMEHEHO THUCTe-
pesucHoe TokoBoe ympasieHue uaBepropoM AD. Ilpu stom ympasnsemsiit uctounuk SC (puc. 2)
MO>KHO 3aMEHUTh HA 3KBUBAJICHTHBIM MCTOYHUK TOKa. [lomyuaromasics cxema 3aMelieHNs] CBapOYHON
1enu Oy/ieT UMEeTh BHJI, TPEACTaBICHHBII Ha puC. 4.

iq(t)
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Puc. 4 — Cxema 3amelnieHust CBApOYHON HEMH

Hcrounuk Toka obecrieunBaet TpeOyeMyto BEMUUNHY U OPMY TOKa AYTU C HYJIEBOW MOCTOSH-
HOM cocTaBismomeii. Tak Kak 3TOT HCTOYHHUK MpecTaBicH nHBepTopoM AD, Bo3HUKAET 3a1a4a odec-
nedeHns OanaHca akTHBHOW MoIHOCTH AD. D10 HEOOXOAUMO ISl CTAOMITM3AIMK HAMIPSDKEHUS Ha €ro
HAaKOIUTEIbHOM KOHJIEHCATOpE. YKa3aHHas 3aJaya pellecHa IyTeM BBEICHUS KOHTYpa YIPABJICHHS
(ha30BBIM CIIBUTOM KPHBOW TOKa UCTOUYHHKA OTHOCUTEIHHO TIEPBOI TapPMOHUKHY HAIIPSDKEHUS CETH.

[Mosicaum 310. CunTas HaNPSHKEHNUE CETH CHHYCOUIANIbHBIM, H ITpeHeOperasi TOKOM HaMarHAYH-
BaHUs TpaHchoOpMaTopa, IS CXeMbl 3aMEIeHHs CBApOYHOU Lenu (puc. 4), morpedisieMasl akTHBHAsS
MOIIIHOCTh P; MOXKET OBITh paccUiTaHa Kak:

P,=U-1, -cosep, (1)

rne U — cpenHekBajpaTHYHOE HAmpspKEHHE CETH, NMPHUBEICHHOE KO BTOPUYHOW OOMOTKE CBa-
pouHoro Tpanchopmartopa, B; I,; — cpenHekBaapaTHUHOE 3HAYCHUE TIEPBOM TapPMOHUKH CBAPOYHOTO
TOKa, A; @ — cIBUT (a3 MeXTy HUMH.

C nmpyroii CTOpOHBI, aKTUBHAS MOIIHOCTh CBapOYHOW Ienu (P;) COCTOMT W3 CIENYIOUINX CO-
CTaBJIAIOIIUX: NOTEPh AKTUBHON MOIHOCTH B AD AP,, , NOTEPh aKTUBHOW MOIIHOCTH BO BTOPUYHOMN

oOMoTke TpaHchopmaTopa AP, M aKTMBHOI MOIIHOCTH CBapOYHOH AYTH P, :
Py = AP + AR + P e (2)
Mommnoctu AP, u P,,.3aBUCAT TOJBKO OT YCTAHOBJIEHHOIO TOKA JyTH. DTO €T BO3MOXKHOCTh

YIPaBIATh MOITHOCTEIO AD 3a cueT n3MeHeHus yria ¢ cornacHo (1), 4To v Hy>KHO JUIsl CTa0MITU3aIiH
HanpsDKEHUS] HAKOMUTENLHOTO KOHIeHcaTopa nHBepTopa AD.

CrtpykTypHas cxema cucTeMbl ynpasieHusa AD npuBeneHa Ha puc. 5.

Perynsatop toka (CC, Current Controller, puc. 5) — rucTepe3ucHbIi TpexXypoBHEBbIi. Ero BbI-
XOJIHOW CHUT'HAJ UCIIONB3YETCS JJIsl CUTHAJIOB YIPABIICHUSI CUIIOBBIMH KiIfouamu mHBepTopa AD (610k
Deadtime, puc. 5, o0ecreqrBaroIInii MepeKTIOYeHNE CHIIOBBIX KITF0Uel ¢ OECTOKOBOH May30ii).

Tox 3amanust must CC 3amaercst B BUAE NMEPUOTMUECKON KPUBOM C YAaCTOTOM CETH M C HYJEBBIM
CpeIlHMM 3HaueHreM (TIoCIieTHEeE YCIIOBHE O0YCIIOBINBACT OTCYTCTBHE MOJMATHUUMBaHK TpaHCchopma-
topa). CurHan 3aganus Toka ¢popmupyercs 1o tabmuie (Lookup table) ' cHHXpOHU3HUpYETCS ¢ HAIpsi-
JKEHHEM CETH C UCIIOJIb30BaHHEM TeTin (a3oBoi aBTonoacTpoiku yactotsl (PLL, Phase locked loop).

da3o0BbIii caBur (A@) KPUBOH TOKA 3aJaHWs OTHOCHUTEIBHO HAMPSIKCHHs MTEPBUYHON OOMOTKH
CBapOYHOro TpaHcdopMaTopa ycraHaBiuBaercs ¢ nomoinsio [IU-perynsitopa (Pl-controller) nanps-
KEHUS Ha HAKOMUTEIBHOM KOoHeHcaTope AD.

Bce 6110k crCTEMBI yIIpaBIEeHHsI pealTn30BaHbl MPOrPaMMHO.

Ha puc. 6 npuBeneHsl auarpaMMbl HANPsHKEHUH M TOKOB CBAPOYHON MM MPH BKIFOUCHUU B
Hee ynpasisiemoro uctounnka DJIC ¢ TOKOBBIM YIIpaBIICHHEM: (1) — HaNpsDKEHHE BTOPHYHON 00-
MOTKHM CBapOYHOrO TpaHCcopMaTopa, B; u,(?) — maneHne HanpsDKeHUsT Ha CBApOYHOU ayre, B; e(?) —
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S/ C ympasnsemoro ucrounuka DJIC, B; i4(?) — cBapounslit Tok, A. Cienyer oTMETUTh, YTO B TOK JIy-
r'v J00aBJieHa TPEThsl TApMOHUKA — 3TO OOJeryaer rnepe3a)kuraHue JyTH MPH CMEHE MOJIIPHOCTH, a
TaKKe yMEHbIaeT KOd(QPUIMEHT aMIUIUTYbI TOKA, YTO IMOJOXKHUTEIHHO CKa3bIBACTCS HAa CTOMKOCTH
HETUIaBSIIIErocs dJIEKTPOIA.

A
CcC 4

Uj PLL + 3 f
—

Deadtime [A—
Lookup tabl .
ookup table i I: VTI VT4

A
&TM

A

— PI-controller

Ubc

Puc. 5 — Cucrema ynpasnenus

1000 1061 /

| 1, 9J1. 2pao.
L) 1l
33(1__..-"’360

Puc. 6 — /lnarpamMmMbl HarIpspKEHUI U TOKOB CBapOYHOM IIeTIH

B skcnepumenTanbHOM oOpasie AD B KadecTBe CHIIOBBIX KITIOUEH HCIONB30BAHBI IMOJICBHIC
tpanzuctopsl IRFS4010-7 (o aBa B mapasiens) A cBapouHoro Toka 10 200 A. KonnencaTtop 3BeHa
MTOCTOSIHHOTO TOKa nMeeT eMkocTh 82000 Mk® u MakcumanbHoe padouee Hampspkenue 100 B. Cxema
yIpaBiIeHHs] HHBEPTOPOM BBITIOIHEHA C MPUMEHEHHEM CIENMaTN3UPOBaHHBIX apaiiBepoB FOD3184 u
MukpokoHTpoiiepa STM32F100C6T6B.
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HYBRID VAR COMPENSATOR WITH IMPROVED EFFICIENCY

In modern electrical networks thyristor-switched capacitors (TSC) are most used devices
for VAR compensation. These devices don’t contain rotating parts and mechanical con-
tacts, provide a stepwise control of reactive power and no generation of harmonics to the
network. However, with the help of TSC it’s not possible to ensure smooth control of reac-
tive power and capacitor banks (CB) are exposed to the negative impact of higher har-
monic components of the network voltage. Hybrid VAR compensator don’t have such
drawbacks. It consists of active filter (AF) and capacitor bank with discrete regulation. The
main drawback of such systems is the necessity of accessing all six terminals of CB, while
most of them are manufactured with three terminals, internally delta-connected. In the arti-
cle, the topology and control system of hybrid VAR compensator free from beforementioned
drawback, is proposed. The control system provides operating modes of overcompensation
or undercompensation reactive power. VAR distribution regulator performs redistribution
of reactive power between active filter and capacitor banks with the condition to minimize
active filter’s power. Scheme of the hybrid VAR compensator, which includes a three-phase
three-terminal delta-connected capacitor banks, is shown. Proposed approach allows to
provide smooth control of reactive power, isolate the capacitor bank from harmonic cur-
rents and use a more effective low-voltage power components.

Keywords: VAR compensator, capacitor, active filter, thyristor switching capacitors,
voltage source inverter (VSI).
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