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TpaHchopMaTopHi fXXepena XUBNeHHs 38apHoBasbHOT YT 3MIHHOTO CTPYMY MPOMMC/IOBOT YaCTOTU TEHEPYIOTL B XXUBAYY
MepeXxy Ha MopsafoK MeHLW WA piBeHb BULLMX FapPMOHIK CTPYMY 3a 3HaYeHHAM KoediljieHTa 3aranbHWUX rapMOHiiHMX cnoTBo-
peHb, HiXK IHBEPTOPHI AXKepena, Npy LbOMY [OCAraeTbCcs iX BUCOKa eNeKTPOMArHiTHa CYMICHICTb 3 iHLWIMM 061afHaHHAM Mepexi
XXWBIEHHSA, [0 TOMO X BOHW 3HAYHO NPOCTiLLi B 06CNYroByBaHHi i 6inbLl HafiliHi. Po3paxoBaHO rapMOHINHWIA cKnag cTpymy B
npoLieci 3BaptoBaHHA 3MIHHUM CTPYMOM NpW BUKOPUCTaHHI IMNYbCHUX NPUCTPOIB cTabinisalii ropiHHs agyru. MNokasaHo, Lo
3acTOCyBaHHsA CTabinisytounx iMmnynbCeis, NOAAPHICTb AKUX NPOTUNEXHA NOASPHOCTI CTPYMY Ay, Bifbl NepeBaXHa HixX Mo-
NAPHICTb IMMYNbCIB, fKa 36iraeTbCs 3 NONAPHICTIO CTPYMY fAyru. [NepeBara TakoX CNOCTePIracTbCa 3a eeKTUBHICTIO NpoLecis
3BaplOBaHHA | 3a MEHLUOIO reHepavieto BULLMX rapMoHikK cTpymy. Bibniorp. 18, puc. 7.

KntouoBsi cnosa: 3saproBanbHi AyKepena >KuBNeHHs, TpaHcopMmaTopy, 38aploBanbHa fyra, cTabinisytoui imnynscu, BuLLi rap-

MOHIKN CTpymy

BcTyn. B ocTaHHi AecATUNITTA AOCATHYTI BeNnn-
Ki yCMiXn B po3po6Li Ta LWIMPOKOMY 3aCTOCYBaHHI
[Kepen XXWBMIEHHS 3BapOBa/ibHOT AYTrK iIHBEPTOPHO-
ro TMny 3 UyMMPOBMMU CUCTEMAMU YNPaBAiHHSA | pe-
ryntoBaHHAM (POPMU KPUBOT 3BaptOBa/IbHOTO CTPYMY,
OflHaK 3aCcTOCyBaHHS 3BaploBasbHOI AYrn 3MiHHOI0O
CTPYMYy MPOMMC/IOBOT YaCTOTU BCE LUE 3a/IULLAETHCA
3aTpebyBaHum [1-3]. Ayry 3MiHHOro cTpymy 3a6es-
neyyroTb TPAAWLiHI 3BaptoBaNbHI AKepena XUBMeH-
HA, B AKUX OCHOBHUM CU/IOBUM €1eKTPOMarHiTHUM
e/1eMeHTOM € 3BaploBaibHMiA TpaHcdopmaTop. Taki
CyYacHi [JyKepena XMBNEeHHS, OCHaLLeHi 40AaTKOBUMMN
610KamMm ynpasniHHA | BNAMBY Ha 3BaproBabHY Ayry
LLIMPOKO 3aCTOCOBYIOTLCS B MPOMMUC/IOBOCTI.

B AKOCTI NepcneKTMBHUX HanpsiMiB BUKOPUCTaHHS
iMAYNbCHUX BNAMBIB NpY 3BaptoBaHHI 3MiHHUM CTpPY-
MOM € 3aCTOCYBaHHS iMNYNbCHUX MNPUCTPOIB CcTabini-
3auii (MC) ropiHHA gyru, sKi NOeAHYOTLCS 3 Tpagn-
LiHUMK [DKepenamm XXMBMEHHS 3MiHHOIO cTpymy [4,
5]. 3acTocyBaHHS AaHWX NPUCTPOIB [J0O3BONSE 3HU-
3UTW Hanpyry Xo/i0cTOro Xo4y TpaHchopmartopis Ta
3MEHLUMTIN BUTPATK TX aKTUBHUX MaTepianis..

MoKy Hemae €MHOro PiLLEHHs MPO XapakTep na-
paMeTpiB CTabiNiaytoumnx iMnynbCiB, TaKUX K eHepris
iMNynbCy, Yac ioro nogadvi (iHXeKTyBaHHS) LWOAO MO-
MEHTY Mepexojy 3BaproBa/lbHOro CTPYMY Yepes Hy’b,
NoNApHICTL CTpyMy. B poboTax [3, 6] yacTkoBO BAa-
nocs copmMynoBaTy Ta BUPILWMTK Lo 3agady. Kpute-
piemM onTumizaulii 6yno 06paHO MiHIMyM Hanpyru xo-
NIOCTOr0 X04y [XKepena XUBMeHHSA, Npu SKoMy ayra
LWwe cTabinbHO ropuThb, a MapameTpoM, KU BapitoeTb-
cA, CNyXuna pisHuus 3villeHHs das MidK 3BaproBab-

HMM CTPYMOM i CcTabinisyroumm imnynscom. Ha puc. 1
nokasaHi BM3HaYeHi 3a1eXHOCTi MiHIMa/bHOT Hanpy-
MM X0M10CTOr0 X0y 3BaptoBa/lbHOI0 TpaHcghopmaTopa,
npy AKOMY ropuTb Ayra, Bif pisHUL 3MiLLEHHS (ha3 MiXK
3BaploBa/IbHUM CTPYMOM Ta CTabinisytoumm iMnysb-
COM, KOAW MONSIPHICTL CTabinisyrouoro imnynsey 36i-
raeTbCsa 3 MONSAPHICTIO 3BaPHOBA/ILHOrO CTPYMY i KON
MONSIPHICTb CTabiNi3yoyoro iMnynbcy NPoTUNEXHA
NONAPHOCTI 3BaptOBasIbHOr0 CTPYyMy. 3 aHanisy oTpu-
MaHWX KPpUBKX BUMSIMBAE, LLIO 3a/1EXHOCTI Mat0Thb BUpa-
YKEHI MIHIMYMM | MOXHa PO3B’A3yBaTu 3adady ONTUMI-
3auii. TakoX BUAHO, WO 3aCTOCYBaHHS CTabiniayoumx
iMNy/bCIB, NONAPHICTb AKUX NPOTUEXHA NONSPHOCTI
CTPYMy AyTu, Mae nepesary, OCKifIbKu KpuBa MiHiMasib-
HOT Hanpyrun Xon0CTOro X04y WXMTIMB LibOMY BUNafKy
3HAXOAMTLCS HUXKYe, HIXK NMPU 3aCTOCYBaHHI iMMYNbCIB,
L0 36iracTbCca 3 MONAPHICTIO 3BapHOBAIbHOIO CTPYMY.
[laHO NOSICHEHHS LbOro (haKTy: CTabini3younii iMmynbc
CMPSAMOBaHMIA MPOTUEXHO A0 3BaptOB/IbHOTO CTPYMY,
He MepeLlKoKae poboTi AXKepena XXUBMEHHS | CpUsie
TOMY, L0 NicNs 3aKiHYEHHS IMNYNbCY AXKEPENo XMB-
NEeHHS MpaLtoe K CTabiniayrounii NpucTpiil.
MocTaHoBKa 3afayvi focnigkKeHHsA. IHBEPTOpPHI
[PKepena XWBMIEHHS AN AYrOBOr0 3BaptOBaHHS, Ma-
HOUM THYYKI NMapaMeTpu HafalTyBaHHS, BiKPUBaOTh
LWIMPOKI MepcneKkTUBM TIXHLOI0 BMKOpUCTaHHS. Of-
Hak, SiK NOKa3ye 40CBiJ MPOMWUCIOBOro 3aCTOCyBaH-
HS eNeKTPO3BaproBa/IbHOro 061afHaHHA, TpaguLiiHi
[PKepena >XmB/eHHA Ha 6a3i 3BaptoBasibHUX TpaHchop-
MaTopiB TaKoX Le 3anuwarTbea 3aTpedbysaHumm [1,
4]. Lle nosicHO€ETLCA Hacamnepea HagiliHIcTo X oc-
HOBHOIO CWJ/IOBOF0 €/IEKTPOMArHiTHOIO €/leMEHTY
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Puc. 1. 3anexHoCTi MiHiManbHOT HaMpyrn Xon0CcToro Xo4y 3Ba-
pOBasLHOrO TpaHcopmarTopa, Npu SKOMy ropuTb ayra, Bij pis-
HUL 3MilLeHHA (a3 MiX 3BaptoBaibHUM CTPYMOM Ta cTabini-
3yHUUM iMNYNbCOM: 1 - MOASPHICTb CTabinisytouoro iMmnynscy
36iraeTbCsA 3 NOMAPHICTIO 3BaplOBanbHOro CTpyMmy; 2 - nonsp-
HiCTb CTabini3ytouoro iMnNynbCy NPOTUIEXHA NOAAPHOCTI 3Bapto-
Ba/fIbHOro CTpymy [3, 6]

- TpaHcgopmatopa i TUM, WO iHBEPTOPHI mXepena
TEHEPYIOTb Y MEPEXY XKMBIEHHS 3HAYHWIA piBEHb BU-
WMX rapMOHiK CTPYMY, MalOTb HU3bKY e/eKTpoMar-
HITHY CyMICHIcTb [7] i He HacTinbKK HagiHi. Tpa-
OUUIAHI IXKepena XWBMIEHHA TEeHEPYIOTb B XMBAAYY
MepeXxy 3Ha4yHO MeHLUWIA CnekTp rapmoHik [7, 8]. Ao
TOr0 X TpaguuiiHe obnagHaHHA 3BaptoBasbHOT Ayru
3MIHHOrO CTpyMy Habarato npocTilwe B 06CyroBy-
BaHHI, HXK 3BaploBa/ibHi IHBEPTOPHI AxXepena XuBs-
NEHHS, fKI 4acTO XXMBAATb YTy NOCTIRHWUM CTPYMOM.
Mpwv 3BaptoBaHHI Ha MOCTIMHOMY CTPyMi B3aeMofisl
B/IACHOr0 MarHiTHOrO Mons Ayru Ta nons 3BapoBasb-
HOro KOHTYPY BiAXWNSE Ayry BHAcCNifOK MarHiTHOro
AyTTA, WO Mae BKpaid HeraTMBHi HacnigKu.

Ane NuTaHHA reHepauyii BUWMX FrapMOHIK CTpy-
My TpaguLiiHUMK 3BaprOBalbHUMU IKepenamu Xu-
B/IEHHSA 3MIHHOIO CTPYMY, OCHALLEHWUX MPUCTPOSMU
cTabinizauii 3saproBanbHOT AYrK, 3a/ULLAETLCSA HEAO-
CTaTHbO AOCNIMKEHMM. BupilleHHIO i€l 3agadi npu-
CBAAYEHi [OCNIIXKEHHS, HaBefeHi B faHili cTaTTi.

MeToo pob60TM € pPo3paxyHOK FapMOHINHO-
ro Cknagy CTpymy B npoueci 3BaptoBaHHSA 3MiHHUM
CTPYMOM TpaguLinHUMKN TpaHCHOPMaTOPHUMM XKe-
penamu >XXMBAEHHS NPW BUKOPWUCTAHHI iMAY/TbCHUX
NPUCTPOIB cTabinisayii ropiHHa gyrv i aHani3 reHe-
paui’ HUMW BULLMX FAPMOHIK CTpyMy.

PesynbTaTu 4OCNIAKEHb. Y 4OCKOHaNOBaHHSA Tpa-
ANUIAHNX 3BapOBaNbHUX [IKepen XWUBMIEHHS iae Mo
LUNAXY 3MEHLLEHHS Macy 3BaploBasibHOr0 TpaHcgop-
maTopa. B gaHux pxepenax cTabinbHe 3anantoBaHHS
3BapOBa/IbHOT AyrK, T TOPiHHA i CTIKKICTb Npouecy
3BaptoBaHHA NOB’A3aHi 3 BUCOKUMMW PIBHAMU Hanpy-
rM X0M0CTOro XoAdy. AKLWOo Le 3abe3neyvyeTbecs 3a pa-
XYHOK Hanpyru 3BaptoBajibHOro TpaHctopmaropa, To
NpuU3BOAMTbL A0 CYTTEBOrO MifBULLEHHS Oro macu. B
IHCTUTYTI enekTpo3BaptoBaHHs (IE3) im. €.0. MaToHa
Lo npobaeMy BUPILLXAW B TOMY YKCAI 33 paxyHOK 3a-
CTOCYBaHHS NOMHOXYBauiB Hanpyru [9] abo npuctpo-
B cTabinizauii ropiHHsa gyru [10, 11], ki 4O3BONSHOTH
3HU3UTK BTOPUHHY Hanpyry TpaHchopMaTopa.

36

[ocnigpkeHHA BNANBY CXEMHOrO piLlleHHsa i cro-
co06iB peryntoBaHHA Ha 30BHILLIHI XapaKTepncTuku
TpaguUiiHNX TpaHCHOPMATOPHUX [KEPEN XKUBMEHHS,
aHanis BN/MBY AaHUX XapaKTepPUCTUK Ha CTIKiCTb
rOpiHHS 3BaplOBasibHOT AYrK, a TaKOX AOCAILXKEHHS
AMNHAMIYHWX MPOLECIiB B eNIEKTPUYHMX KOSlaX 3MiHHO-
ro CTpymy npu nogadi ctabinisyroumx iMnynscis f0-
CTaTHbO NOBHO OMNMcaHo B poboTax [3, 6, 12]. 3ynu-
HUMOCS TYT Ha 3HAXOMKEHHI 1 aHani3i rapmMoHiiHoro
CK/afy 3MiHHOrO 3BaptoBaNbHOr0 CTPYMY Mpu Pi3HNX
CXEMHUX PilLEHHAX i cnocobax peryntoBaHHSA Xapak-
TEPUCTUK TPagULINHNX fepen 3BaptoBanbHOI Ayri.

B IE3 im. €.0. NaToHa HaKONMYEeHO BENUKWIA AOC-
Bif, N0 po3pobLi Pi3HMX TUMIB IMNYNLCHUX NPUCTPOIB
cTabinizayii gyrv 3MiHHOro CTpyMy. 3aCTOCyBaHHS Ta-
KMUX NPUCTPOIB Ha NpaKTULi A03BOJISE NOKpaLLyBaTH
AKICTb (JOPMYBaHHSA 3BapHOro LWBa, 36iNbLUyBaTK MNPO-
OYKTUBHICTb NPOLLeCY 3BaptoBaHHSA, CPUATA EKOHOMIT
e/1eKTPOeHeprii Ta HagaBaTW MOX/MNBICTb 3aCTOCOBY-
BaTW GifbLU NPOAYKTUBHI PEXUMU Ta HEJOPOTi efnek-
TPOAW AN 3BaptOBaHHA NOCTIHMM CTpyMOM [5].

TunoBa cunoBa YacTMHa 3BaptOBaNbLHOIO AXe-
pena XWBAIEHHS 3MIHHOIO CTPYMY 3 iIMOY/NbCHUM
NpUCTpPoeEM cTabinisayii ropiHHa gyru. MNpu po3po6-
Ui TpaguLiRnHNX JXKepen XUBNEHHS AOLiNbHO BUGpaTY
3BaproBasibHI TpaHc(opMaTopy 3 PO3BUHYTUMU MarHiT-
HUMM NONSMM PO3CitOBaHHA. PeryntoBaHHs 3BaproBasib-
HOrO CTPYMY MOXHa 3a6e3MeynT KOHCTPYKL e caMo-
ro TpaHcgopmaropa, abo 34iliCHIOBaTW ENEKTPUHHUMU
MeTofamMu, HanpuKnag, 3a 40nomMoror 40LaTKOBOro pe-
aKTopa, AKNA KOMYTYETLCSA €NeKTPOHHUMU KNoYaMu.
MepeBara Takoro cnocoby eneKTPUYHOro peryntoBaH-
HA NoNsArae B TOMy, WO Bif0YBaETLCA XKUBMEHHS 3BaptO-
Ba/IbHOT Ayrn CTPYMOM 6€3 HYNbOBUX Mays3.

Ha puc. 2 HaBefileHa eneKTpMYHa CXema 3Bapo-
Ba/IbHOIO [XXepena XMBNEHHA 3 TUPUCTOPHUM pery-
NOBaHHSAM 3BaploBa/ibHOro CTpymy. [yepeno ckna-
[JaeTbCsA 3i 3BaplOBasnbHOr0 TpaHctopmaTopa Tr,
apocens L, nigkaoyeHnx napanenbHo 40 HbOro ABOX
3yCTpiYHO BKAOYeHUX Tupuctopi VS1li VS2 npu-
cTpoto cTabinizauii ropiHHa gyru MNC, BUXig 9Ko-
ro NigKntoYeHnii 4O AyroBoro Npomixky A. 3sapto-
Ba/IbHWIA TpaHcthopmaTtop Tr Hanivye TpyU 06MOTKM 3
KiNbKiCTIO BUTKIB Wl w w3 BTOpMHHa 06MOTKa W2
BK/IIOYeHa MOCNiJ0BHO 3 gpoceneM L i 3BaptoBasib-
Hoto ayroto A. O6moTka w3xusuTb MC.

KoxeH 3 TupuctopiB VSLi VS2BKAOYAETLCA 3i
3MIiLLLeHHSAM MO (hasi Ha KyT Y 040 Hanpyru Ha 06-
MOTLi 3 KifIbKIiCTIO BUTKIB W2 3MIiHO KyTay 3filic-
HIOETLCS PerynioBaHHA 3BaploBa/ibHOro CTPYMy [Ke-
pena xwusneHHs. Mig yac 3BaploBaibHOr0 npotecy
Be/IMYMHA KyTa 3a/IMLLIAETLCA HE3MIHHOT Y = const.

Mpu NpoXo4XeHHi 3BaplOBa/IbHOI0 CTPYMY Yepes
Hynb MC reHepye iMnynbC CTpyMy, WO NOAAETbCA Ha
eNeKTPUYHY Ayry, nonerwyroym il NOBTOpPHe 3ana-
NtoBaHHA. MC [03BOMIAE 3HU3UTU HANPYTy X0/0CTOro
X04y Ha BTOPWUHHI 06MOTLi 3 KiNbKiCTIO BUTKIB W2
3BaptoBanbHOro TpaHcopmatopa Tr B 3B’A3KY i3 3HU-
YXEHHAM Hanpyru 3anantoBaHHA Oyru.
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Puc. 2. ENeKTpUYHa cxema 38aptoBasibHOr0 [Kepesia XMUBEHHS 3 TUPUCTOPHWUM PErytoBaHHSM 3BaptoBaibHOTO CTPYMY

JocnigXeHHA eneKTpOMarHiTHUX npouecis y
[pKepenax XUBJIEHHS 3MIHHOrO CTPyMY 3 TUPUCTOP-
HUM peryntoBaHHsAM. AHani3 nepexigH1x npoLecis y
IPKEPEeNi XXMBNEeHHS (puc. 2) Npu MOoAeNtoBaHHI 3Bapto-
Ba/IbHOT Ayrn sk NnpoTu-EPC i3 Hanpyroto Ha gysi U
npeacTasneHo y pobori [6]. CKoprcTaemocs Lmmm pe-
3ynbTaTamm Ans TOro, o6 064NCANTM CNEKTP FapMOHIK.

Ha puc. 3 [6] npeacTaBneHa ocumnnorpama CTpymy
AYyTW, HANPYru Ha Hild | HaNpPyry XonocToro xoay.

3aKOoH 3MiHY 3BaptoBasibHOro CTPYMY Ha NnepLuomy
eTani 3 BpaxyBaHHAM TOro, L0 NpW NOYaTKOBIN (hasi
(0= th noyaTkoBuiA CTpym AopiBHIoE Hynto 10= 0

i(t) :Ei“ —\ (costh-cosrat) -

v rar), @
ralb +b)
e ¥ - aMnaiTygHe 3HayeHHs Hanpyrum Ha obmMoTLui
3 KI/IbKICTIO BUTKIB ™ 2 10 - KYTOBa 4acToTa; I'- 4ac;
b - IHAYKTUBHICTb pO3CitoBaHHS TpaHchopmaTtopa.
3 (hopmynun (1) MOXKHA BU3HAYMUTK He TiNIbKN 3aKOH
3MiHM 3BaplOBa/IbHOIr0 CTPYyMY ilHa AinaHui Big 4oy,
ane i NoYaTKoBe Jitoue 3HaueHHs cTpymy | 1ans gpyroro
eTany KomyTauii

u
- -(costp-cosy) --
o (Ls+ L)
3aKOH 3MiHW 3BaploBasbHOro CTPYMY Ha AinsHL
Bify [0 Y + a BU3HAYaeTbCH 3 BUPasy

-(y-9).()

o (Ls+ L)

i2(t) =—m-(cosy-cosrat) - —i-(rat-y) +1;. (3)
raL raL

OueBUAHO, L0 B MOMEHT Yacy, KON CTPYM i CTae
PiBHUM |  CKiHUYETbLCA AiNAHKa TPMBaNicTIO HOr' = a.
[opiBHABWIM BUpa3 AN CTPYMY i Y MOMEHT yacy
y + a o 3HadeHHA | L(hopmynu (2) i (3)), oTprmaemo
PIBHAHHSA 4N19 BU3HAYEHHSA TPMBANOCTI KOMyTauil a

L la =cosy -cos(y+a). ()

Micns 3anupaHHA BignoBigHoro Tupuctopa (Y$li
VS2, noYnHalum 3 MOMEHTY Yacy y + a, 3aKOH 3MiHK
3BaploBa/IbHOr0 CTPYMY OMMUCYETLCS BUPA30M

()= _ [cos(y +a) - cosrat] -
' AL, +L)
Y frat(a )l i ©)
ra™> ")

BugHo, wo npasi yactuHu gopmyn (1) i (5) T0-
TOXHI, TOMY A1 NONIErLIeHHs NoAanbLINX 06UNUCEHb
OyfleMO KOpUCTYBaTUCS OCTAHHBLOHD.

3Hatoum cTpymu il i2 i3 a Takox 4acoBi iHTepBa-
NN TXHLOTO NPOTIKAHHA i 3a4alunCb KyTOM BK/IO-
YeHHs TupucTopis Y31i Y32 BM3HauMMo BUpas gns
3BaprOBa/IbHOr0 CTPYMY Ha Hanisnepiogi

ig(r), ®<rar<y;
i()=y 2(r), y<rar<y +a; (6)
i (), y+a<rar <n.

Bun3HauMBLWIM 4YacoBi 3aneXHOCTi CTPYMiB Ha
TPbOX eTanax KomyTauii (puc. 3), MOXHa 3HaNTK rap-
MOHIAHWIA CKNaf, 3BapoBasibHOIO CTPyMY

Puc. 3. Yacosi 3aneXHOCTi CTPYMy AyrK i, Hanpyru Ha Hiin M i Hanpyru xonoctoro xoay E
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i(t)=" [ahcos (iot) +bnsin(htot)] , @)

h

fe h - HoMep rapmoHiKu; KoegilieHTH

a
ah= 1+ (-1)h —li(t)cos(hat)dt;

n

K = 1+(-Dh =Ji(hsin(hat)dt, ®)

a MOAy/b CTpyMy
l41=Vai +bi . )

Ha puc. 4, a nokasaHo rapMoHiiiHWiA cknag 3Ba-
ptoBanbHOro CTpymy |iH Npy XXMBAEHHI AYTX 3MiHHUM
cTpymom (gyra sk npoTu-EPC). 3 pucyHKy BUAHO,
L0 NapHi rapMOHIKN CTPYMY BiACYTHI.

KoehilieHT 3arafibHMX rapMOHIAHUX CNOTBOPEHb
THDi (Total Harmonics Current Distortion [13]) Bu-
3Ha4aeTbCA 3a (HopMyoH

ZbP
THD = ™ (10)
1

Pe3ynbTaT 36iracTbCcs 3 OTPUMaHMUM paHille B po-

60Ti [14] MeTo40M rapMOHINHOro GanaHcy.
AHani3 CTIAKOCTI rOpiHHS AYry 3MiIHHOTO CTPYMY
i MogentoBaHHSA Ti guHamikun. INpoeegemo f0CNiAKeH-
Hs BNAUBY CTabini3youmnx iMnynbCiB Ha ropiHHA 3Ba-

proBasibHOT fyrn. OCo6MMBICTb LbOro fOCAILKEHHS, B
OCHOBI SIKOT0 NIeXXWTb METO/, MaTeMaTUYHOIO MOJENto-
BaHHs, nonsrae y BMbopi gMHamivyHOi Mogeni 3Bapto-
Ba/ibHOI Ayrn. Mogenb 3BaptoBasibHOT Ayru y BUrNA4i
npoTu-EPC, 1o BMKOpUCTanacs BuLLe, 419 fOCIAKeH-
HA AUHaMiYHUX NPOLLECIB B €NeKTPUYHMX KoNax 3 Ay-
o HenmpuaaTHa, TOMY Lo MO CBOilA CYTi € CTATUYHOLO.

Y3arasbHeHa maTemaTU4yHa MOAeNb AUHAMIYHOT
ayru [15, 16] po3pobneHa B IE3 im. €.0. MaToHa, Haii-
6inbLU afieKBATHO OMNUCYE ANHAMIKY eNeKTPUYHOT AyrK
AK e/leMeHTa efleKTPUYHOro Kosia. BoHa BpaxoBye He
TiNbKW HENiHIAHICTb CTATUYHOT BOIbT-aMMNEPHOT Xa-
PaKTEPUCTUKK, ane 1 TepMiYHy iHepLiiHicTb cToBMa
ayrn. Came TepMiYHi npouecu, i B MepLly Yepry npo-
Lec ioHi3auii-geioHi3auii, BNAMBatOTb Ha NPOBIAHICTb
nnasmu ctosna gyru. CToBn Ayru 3miHHOro CTpymy
yacToToro 50 'L, Npu KOXHIl 3MiHI NONAPHOCTI BCTK-
rae feiHisyBaTucs, WO BUMarae nNigBuLLeHol Hanpyru
AN NIATPUMKN po3psAdy. AKLLO IKEPESO XKMUB/EHHA He
MOXXe 3abe3nevyBaT HeobXifHY Hanpyry, Ayra racHe.

Po3rnsiHemo enekTpuyHe Kono (6e3 nigKntoUeHHs
iMMNynbCHOro cTabinizatopa), Lo 306paXkeHe Ha puc. 5
i ABNA€ CO60I0 CMNPOLLEHY CXeMy CUI0BOI YacTu-
HY TpagULiRHUX 3BaptOBaNIbHUX [XKEPEN XMUB/IEHHS
3MIHHOMO CTpyMy, MigKAtoYeHy fo ayru A. Cuctema
AndepeHuianbHNX PiBHAHb, SKi ONUCYIOTH Lie KONO,
CKNafaeTbea 3 PiBHAHHA Kupxroga it piBHAHHSA y3a-
rafibHeHOI MaTeMaTUYHOT MOAeNi AUHaMIYHOT Ayru

2
.é: |A

=e(t);e”- (1)

L - +Ri
dt

Puc. 4. FapMOHIiliHWIA cknag 3BaptoBa/lbHOr0 CTPYMY [ NpK XXMBAEHHI AYTY 3MIHHUM CTPYMOM: Ayra Ak npoTu-EPC (a); AuHamivHa
Mogenb 3BaproBanbHOT ayru (6); ayra 3i ctabinisytounumu iMnynbcamu, Koam NOASPHICTb iMNybCy 36iraeTbecsi 3 NONSPHICTIO CTPYMY
Ayru (B); NONSPHICTb iMAYNbCY NPOTUNEXHA NONSPHOCTI cTpymy ayru (r): a- THO. =91 %; 6- 9,2;8- 157;r- 74

3a
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Puc. 5. CnpouieHa cxema CUI0BOT YaCTUHU TpaauLiiHnX 3Bapto-
Ba/IbHUX [)Kepen XXUBNEHHS 3MIHHOIO CTpyMy

[ie i - CTpyM peakTopab ipesnctopa d; E(r) - Hanpy-
ra [AXKepena XuB/EHHs, Y 3araibHOMy BMNaAKy Mae
surnag E(i) = £/°1(107 - ¢); M- amnnityga Hanpyru
X0NOCTOro XxoAy; ¢ - KyT 3MiWeHHs as; i - CTpym
CTaTUYHOro ctaHy ayru; 0 - xapakTepHuin yac (no-
CTiliHa yacy gyru); in- CTpym ayru.

[na 3HaxoMpKeHHs rapMOHINHOro cknafy 3Bapio-
Ba/IbHOTO CTPYMY CKOPUCTAEMOCA pe3y/nbTaTtamu po-
60TK [6] i NOCNifOBHICTIO Aiil NO BMPILLEHHIO CUCTE-
MW piBHAHb (11).

Ha puc. 6, a [6] npeacTaBneHi pesynbTaTu Moje-
NHOBaHHSA, 3 AKMX BMAHO, WO (hopMa Hanpyru Ha gysi
Ma€ SCKpaBO BMPadKEHI MiKK 3anajitoBaHHA Ha KOXKHO-
My Hanisnepiogi, AKi NepeBULLYOTb Hanpyry Ha aysi.
MigBuweHa Hanpyra 3abe3nevyeTbcs K HafABHICTIO
iHOYKTUBHOCTI, TaK i (0a30BMM 3MiLLEHHSIM MIX CTpY-
MOM [yT1 i1 HANPYTOoK JyKepesa XXUBIEHHS.

3HaouM 4acoBi 3a1eXHOCTI CTPYMY, MOXHa ofep-
XKaTu Moro rapmoHiiHuiA cknag (ame. puc. 4, 6). Xoua
Lieli cneKTp rapMOHIK Bifpi3HAETLCA Bif CnekTpa, oT-
PYMaHOro npu MogentoBaHHI ayru sk npotu-EPC
(nopiBHAHO 3 puc. 4, a), KoedilieHT CNOTBOPEHb
THD. NpakTU4YHO He pO3pPi3HSAETLCS.

OauH 3 BapiaHTiB cTabinisayii gyrn imnynbca-
MW CTpyMy, AKi NogalTbCcs Bif A0AATKOBOr0O fXe-
pena XWBNEHHS, NOKasye puc. 5 Npu npuegHaHomy
iMmnynbcHOMY mxepeni ctpymy MC. Cuctema gude-
peHyianbHUX PiBHAHbL, WO ONUCYe nepexigHi npo-
Llecn Ha eTani iMnynscy, BUXOAUTL i3 cuctemu (11),
AKLO CTPYyM ayru [3, 6]

in=i+-40=i+ oi, (12)

fe/ 10 - amnniTyga ii yacToTa iMNynbCiB CTPYMY.

3BAPIOBAHHA OBJTAAHAHHA

AK BUAHO 3 puc. 6, 6 [6] LoAaTKOBI IMMYNbCU 3HU-
XYITb HaNpyry Ha Aysi, aka Maixe He 3MiHIOETbCS
NpoTAroM Hanienepiogy 3MiHHOIO CTpymy.

Mpwn 3MiHi napameTpiB iMNynbCciB CTPyMy Ii na-
paMeTpiB OCHOBHOIO AXXepena XUBMEHHSA MOXHa f0-
CNipKyBaTW CTIKICTb CUCTEMU. Y KOMM’OTEPHUX Ma-
TeMaTUUYHUX NakeTax € Npoueaypu 4ns iHTerpysaHHs
CUCTEM 3BUYAHMX ANdepeHLUianbHMUX piBHSAHb. Of-
Hak Ui npoueaypun 3abesneuytoTs 6e3nepepsBHe iHTe-
rPyBaHHsA i He NPUCTOCOBaHI ANs iHTerpyBaHHS cuc-
TeMm, Npa.i YaCTMHMW SKUX Pi3HI Ha Pi3HMX iHTepBanax
yacy. besnocepefHe 3aCTOCYBaHHSA X HEMOX/MBO.
MoTpibHa fopobka, MoaudikaLis 1 aganTtayis ix gns
3aga4y nogibHoro knacy. OnNuWemMo MeTOAMKY, L0 3a-
CTOCOBYBanacs npu Lux SOCNiAXEHHAX.

IcHye MoanikoBaHWIA MeToA CTPINLOU i MeToA
6aratopasoBoi CTpinb6bM 4N ogep>KaHHA nepiogny-
HUX pilleHb B aBTOHOMHUX €1eKTPUYHUX Konax 3
ayroto [17], KWl MOXXHa 3aCTOCOBYBaTW 40 HEaBTO-
HOMHMX Kin 3 gyroto. [ocsig po6oTu [6] nokasas, Wo
3BefeHHs 3atadi Kowi fo KpainoBoT 3afadi 3 ymoBamu
3LWMBKY Hanisnepiofa Ha pisHi | 110

ilo,-,I,L I=-1;LI10,-,1,L |=h (13)
a a
€ HEeBUMNPaBAaHO rPOMI3AKUM | BUMArae MOTYXXHOI
obuncnoBanbHOT TexHikn (TyT i(fQ 1, 1, 10 i iQ(ig T, I,
10 ¢opmanbHe Mo3HaYeHHA piLleHHS 4OCNIgXKYBaHOI
Hamu cuctemmn). MOSACHIOETLCS Le HEOOXIAHICTIO 4O~
[laTKOBOr O piLlleHHs BapialiinHoT 3agaui.

[eaki KoMM’loTepHi MaTeMaTUYHI NakeTun, Hanpu-
knag, MathCAD, 03B0onstoTb PopManbHO 3anucy-
BaTW YMOBW 3LUMBKW Ha HaniBnepiogi i BupiwysaTu
OTpMMaHi piBHAHHA 6€3 3any4YeHHs BapialiiHUX Me-
TOAIB. PiBHAHHA 414 3LUMBKMW NPU HYNLOBOMY CTPYMI
BUMNAAOTb HACTYMHUM YAHOM:

i(p,ma0,/e) =0; [d,ra,0,10) =10. (14)
TyT 10i (h- HeBifOMi, LLO NiANAral0Tb BUIHAYEHHIO.
Came Uit Wwnsx, Yepes Moro NpocToTy, € Nepcrek-
TUBHUM MPU 3aCTOCYBaHHI Oro pesynbTatiB Ans rap-
MOHIHOr 0 aHanisy.

Puc. 6. YacoBi 3aneXHOCTi CTpyMy Ayru m, Hanpyru Ha Hiin M i Hanpyrm XonocToro xoay E, oTpumaHi B pe3ynbTaTi MOAENOBaHHS:

a - 6e3 iMnynbcCiB cTpyMy; 6 - 3 iMAybcaMmn CTpymy
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Puc. 7. YacoBi 3anexHOCTi CTPyMIB i Hanpyru 'y mxepeni XWBAeHHS 3i CTabifi3yrounmMmn iMnynbcamu: NOASAPHICTb iIMNYNbCy 36iragThes
3 NMONAPHICTIO CTPyMy AyrK (a); NONSPHICTb IMNYNbCY NPOTUNEXHA NOAAPHOCTI CTPYyMy Ayru (6)

FapMOHIAHWIA aHani3 pexxumie ctabinisauyii. Ha
puvc. 7 NOKa3aHi 4acoBi 3a/IEXXHOCTI CTPYMIB i Hanpyru
Y IKEPENi X1BNEHHS 3i cTabiniaytoummm imnynscamm
[3, 6], ofepxaHi No HaBefeHVM BuLLEe (hopMynaM, Ki
[oCcUTb fobpe 36iraloTbCs 3 ocumMnorpamamn, oTpuma-
HUMKU eKcnepumeHTanbHo [5]. Puc. 7, a Bigobpaxae
BMMaAO0K, KOAM NOAAPHICTL IMMY/bCy 36iraeThes 3 No-
NAPHICTIO CTPYMY AYIW, a puc. 7, 6, Konu NONspHICTb
iMNY/bCY NPOTUNIEXHA NONSPHOCTI CTPYMY AyTW.

Mo UMM 4acoBUM 3a/1eXXHOCTSAM CTPYMy no qop-
mynam (8) i (9) ogepXkaHO MOro rapMoHINHWIA cKnag,
nokasaHwin Ha puc. 4, B, r. Ha puc. 4, B HaBefeHO
rapMOHINHWIA CKNag CTPyMy B [XKepesi XXMBNEeHHS 3i
CTabini3ytoummMm iMnynscamu, Koau nonspHicTb iM-
nynbcy 36iraeTbCs 3 NOAAPHICTIO CTPYMY AYrK, a Ha
puc. 4, I, KOAW NOAAPHICTb iMNYNbCY NPOTUNEXHA
NONAPHOCTI CTPYMY LyTU.

AK 6yN10 CKasaHO BULLE, KPALLUM € PEXUM, KOS
MONAPHICTb CTabiNi3ytyoro iMnynbcy NpoTuaex-
Ha NONAPHOCTI 3BaplOBa/LHOIO CTpymy [3, 6]. Moro
TEXHONOriYHa ePeKTUBHICTb MiATBEpAXKEHA B po6o-
Ti [18]. MopiBHAHHA puc. 4, a, 6, I 4EMOHCTPYE, WO
3aCTOCYBaHHS TaKOro peXxxumy € 6inbll NepcrnekTuBs-
HVM LUe # 3 nornagy enekTpoMarHiTHOT CyMIiCHOCTI.
PiBeHb BULLMX rapMOHiK 3 TUBI= 7,4 % MeHLUe HiX
piBeHb 3 TUBI= 9,11 9,2 % Ana LXKepen KUBNEHHS
6e3 cTabinizaTopiB ropiHHS 3BaptoBasibHOI Ayru.

40

BucHoBKMu

1. OgHUM i3 NepcrneKTUBHUX HanpsMiB 3acToCy-
BaHHS iMMYNbCHMX BN/MBIB NPW 3BaptOBaHHI 3MiHHUM
CTPYMOM € BMKOPWUCTaHHS IMMY/IbCHUX MPUCTPOIB
cTabinisayii ropiHHA Ayru y noegHaHHi 3 TpaHcgop-
MaTOpPHUMU [IKepenamm XUBMIEHHSA 3MIHHOIO CTpyMmy.

2. 3acTocyBaHHSA cTabinisyroumx iMnynscis, no-
NAPHICTb AKMX MPOTUNEXHA MONSPHOCTI CTPymy
ayru, 6inbl nepeBaxkHa. Mpu LbOMY MOXINBO 0fep-
»KaTu MiHimManbHi MacorabapuTHi NOKa3HMKK mXKepe-
Na XWBMEHHA Ta AOCATTU BUCOKOT €/1EKTPOMArHiTHOT
CYMICHOCTI 3a paxyHOK HW3bKOro pPiBHA BULLMX rap-
MOHIK, L0 FreHepyeTbCA Y MEPEXY YKUBJ/IEHHS.

3. OTprMaHe 3Ha4YeHHs1 CyMapHOro KoedilieHTa He-
NiHIAHMX CMOTBOPEHb CTPYMY HMDKUYE 3a iCHYHOUi CTaH-
[apTu Ha AKiCTb enekTpoeHeprii. Lie Bigkpusae nep-
CMeKTVBY MOAEPHi3aL,iT ICHYOUMX | CTBOPEHHSA HOBMX
KOHKYPEHTOCMPOMOXHUX MKEPEN XKUBNEHHS Ha 6asi
3BapHOBa/IbHMX TPaHCHOPMATOpIB 3 iIMMNY/bCHOK CTabi-
nizauieto 38aptoBaIbHOI Ayru.
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HIGHER CURRENT HARMONICS IN TRANSFORMER POWER SOURCES WITH
PULSED DEVICES OF WELDING ARC STABILIZATION

A.M. Zhernosekovl O.A. Andrianov2 S.V. Rymar] O.F. Shatan] A.O. Mukhal

E.O. Paton Electric Welding Institute of the NAS of Ukraine. 11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine.
E-mail: office@paton.kiev.ua
AUkrainian National Committee of International Chamber of Commerce (ICC Ukraine). 19B, Reitarska St. 01034, Kyiv.
E-mail: office@iccuqg.org
Transformer power sources of welding arc of industrial frequency alternating current generate into the mains the level of higher
current harmonics, which is by an order of magnitude lower by the value of the coefficient of general harmonic distortion, than
that ofthe inverter power sources. Here, their high electromagnetic compatibility with other equipment of the mains is achieved.
Moreover, they are much easier to maintain and more reliable. Harmonic composition of current during a.c. welding was calculated
at application of pulsed devices of arc stabilization. It is shown that application of stabilizing pulses with the polarity opposite to
that of arc current, is more advantageous that the use of pulses with the polarity coinciding with that of arc current. Advantages as
to welding process effectiveness and smaller generation of higher current harmonics are also observed. 18 Ref., 7 Fig.

Keywords: weldingpower sources, transformers, welding arc, stabilizing pulses, higher current harmonics
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