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IIpencraBieHa METOMMKA pacyera MapamMeTpoB MOJAEIN CHIOBOTO Tpex(ha3HOro AByx00-
MOTOYHOrO Tpancdopmaropa u3 Oubnuorexu SimPowerSystems CHCTEMBbI JHHAMHYECKOTO
mozenupoBanus MatLab-Simulink. /lanHas MeTomyka OCHOBaHAa Ha HCIOJIb30BAaHUHM Karta-
JIOXKHBIX JaHHBIX CHJIOBOTO TpaHchopmaropa. Ocoboe BHUMAHKE YACICHO PAcUeTy mapamer-
POB XapaKkTepPUCTHKH HAMArHWYMBaHMS CTajJd MArHUTONPOBOJA [UIsi MOJEIH CHIIOBOTO
Tpancdopmaropa. MeTouka pacyera napaMmeTpoB MOJIEIH CHIOBOro TpexdasHoro IByxo0-
MOTOYHOT'O TPaHCHOPMATOPA € YUETOM HETHHEHHOCTH €r0 XapaKTePHCTHKY HaMarHHIHBaHUs
B IOCTYIHBIX PYCCKO- M aHIJIOA3BIYHBIX UCTOYHUKAX OTCYTCTBYET. B pyKOBOACTBE MOJIB30Ba-
tenst SimPowerSystems paccMaTpUBAIOTCS JIEMOHCTPALMOHHBIE MOJEIH TpaHC(HOPMATOPOB
C y’Ke TOTOBBIMH [TapaMeTpaMH, HO Oe3 CChIIOK Ha HCTOYHHUKH I10 UX omnpeneiaeHno. CHIoBoi
TpaHcOpMATOp SIBIACTCS HETHHEHHBIM 3JIEMEHTOM 3HEPrOCHCTEMBI, MO3TOMY JUISl aHajIn3a
ero paboThl B Pa3iIMYHBIX PEKHMAX HEOOXOIMMO PACIIoaraTh MapaMeTpaMi XapaKTepHCTHKH
HaMarHUYHBAHMUs CTAM MAarHATOIIPOBO/IA.

Oco0blii HHTEpPEC MPECTABIAET aHAIN3 MPOLECCOB MPH BKIKOYCHHH HEHArpy)XEHHOTO
Tpancdopmaropa Mmoj HampsokeHue. JIaHHBIA PEXUM COMPOBOXKIACTCS BO3HUKHOBCHHEM CO
CTOPOHBI IIUTaHHs TpaHc(hopMaTopa OPOCKa TOKa HAMArHHIUBAHHSI, KOTOPBIH 10 CBOEMY 3Ha-
YEHHIO MPEBOCXOIUT B HECKOIBKO pa3 HOMHHAIBHBINA TOK TpaHcdopmaTtopa. Peskoe Bo3pac-
TaHUC TOKAa HaMarHW4yuBaHHWA 06’]>$[CH$[6TC$[ HAaCbIICHUEM CTaJIM MarHuTOIIpOBO/JIA. 1_[03TOMy
yd4eT XapaKTePUCTUKH HaMarHMYMBaHMS NPH MOJCIMPOBaHMU pPaboOTHl TpaHchopMaropa
B IAHHOM PEKHME SIBISIETCS 00S3aTENBHBIM YCIOBHEM. [IpenpHHsiTa OMBITKA IIPUBECTH BCE
pacyeTHbIC BHIPOKCHUS K BHIY, YI00OHOMY JUIsl HH)KEHEPHOT'O MCIOJIB30BaHMUs, a TaKKe 00oc-
HOBaTh PacyeT HEIMHCHHOW XapaKTePUCTHKH HaMarHHYWBAHHSA CHIIOBOTO TpaHchopmaropa.
OcuuorpaMmbl OpOCKa TOKa HAMarHMYIHBAHHSL, OMYIEHHbBIE B X0/ BBIOIHEHHS BEIYHCIIH-
TEJBHOTO IKCIEPUMEHTa C MIPUMEHEHHEM PacCMaTpPUBAaeMOM MOJeIn TpaHchopMaTopa, mo-
TBEP/IHIIN a/ICKBATHOCTh PACCUMTAHHBIX TAPAMETPOB MOICIIH.

KniodyeBble cj0oBa: CHIOBOH TpaHCchOpPMATop, XapaKTepUCTHKAa HaMarHHYMBaHH,
HacBIIIEHNe, pacyeT napameTpos, Simulink, MatLab, SimPowerSystems.
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THREE-PHASE TRANSFORMER PARAMETERS CALCULATION
CONSIDERING THE CORE SATURATION
FOR THE MATLAB-SIMULINK TRANSFORMER MODEL

NOVASH I. V.Y, RUMIANTSEV Yu. V.2

YBelarusian National Technical University,
2RUE “Belenergosetproekt”

This article describes the parameters calculation for the three-phase two-winding power
transformer model taken from the SimPowerSystems library, which is the part of the MatLab-
Simulink environment. Presented methodology is based on the power transformer nameplate
data usage. Particular attention is paid to the power transformer magnetization curve para-
meters calculation. The methodology of the three-phase two-winding power transformer
model parameters calculation considering the magnetization curve nonlinearity isn’t presented
in Russian-and English-language sources. Power transformers demo models described in the
SimPowerSystems user’s guide have already calculated parameters, but without reference
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to the sources of their determination. A power transformer is a nonlinear element of the power
system, that’s why for its performance analysis in different modes of operation is necessary to
have the magnetization curve parameters.

The process analysis during no-load energizing of the power transformer is of special
interest. This regime is accompanied by the inrush current on the supply side of the power
transformer, which is several times larger than the transformer rated current. Sharp rising of
the magnetizing current is explained by the magnetic core saturation. Therefore, magnetiza-
tion characteristic accounting during transformer no-load energizing modeling is a mandatory
requirement. Article authors attempt to put all calculating formulas in a more convenient form
and validate the power transformer nonlinear magnetization characteristics parameters calcu-
lation. Inrush current oscillograms obtained during the simulation experiment confirmed the
adequacy of the calculated model parameters.

Keywords: power transformer, magnetization curve, saturation, parameters calculation,
Simulink, MatLab, SimPowerSystems.

Fig. 8. Tab. 4. Ref.: 17 titles.

[Taker pacmupenmss SimPowerSystems SBISETCS pacpOCTPaHCHHBIM HWH-
CTPYMEHTOM [l MOZETHPOBAHUS SIEKTPOTEXHHYECKHX YCTPOHCTB B CHCTEME
TUHaMu4yeckoro moaenupoBanus MatLab-Simulink [1, 2]. B cocraB 6ubnuore-
ku Simulink-SimPowerSystems BXoasiT MOJeNny MacCHBHBIX M aKTHBHBIX JJIEK-
TPOTEXHUYECKHX JJIEMEHTOB, WCTOYHHUKOB OHEPrUM, 3JIEKTPOABHUTraTENCH,
TpaHc(hOpPMaTOPOB, JTMHUHN IEKTPONEpPeaaud U APYroro MEKTPOTEXHUYECKOTO
obopynoBanus [3]. B Oubnnoreke maHHOTO TaKeTa UMEETCS HECKOIBKO MOJIe-
nei TpaHc(OopMaTOpOB — JIMHEHHBIX M HEIMHEHHBIX, OJHO- U Tpex(]asHbIX,
NIByX- ¥ TpexoOMOTOYHBIX. OCcOOBI HHTEpEC MPeACTaBISET MOJENb Tpexda3Ho-
T0 HEeJIMHEHHOTO NBYXOOMOTOYHOTO TpaHc(opmaropa, KOTopas SBISETCS Bax-
HEHIIUM SJIEMEHTOM KaK Ui MOACIUPOBAHUS SHEPTOCHCTEMBI JIFOOOTO YPOBHS
CJIOHOCTH, TaK W JUIS TIPOBEPKHA paOOTOCIIOCOOHOCTH COBPEMEHHBIX YCTPOMCTB
3alUTHl W aBTOMATHKH. 3a4acTyi0 MOMOOHBIE 3aJadydl HOCAT WHXEHEPHYIO
HaTpaBJIEHHOCTb, KOT/Ia TPEOyeTCsi CAMOCTOSITENEHO CMOZCITUPOBATh (parMeHT
SHEPrOCHUCTEMBI, HE YTIYOJISISICh B TOHKOCTH MAaTEMaTHIECKOTO MOJIEIHPOBAHUS
caMuX 53JIeMEeHTOB. TIIaTenbHO TOM00OpaHHBIE JAEMOHCTPAIIMOHHBIE MPUMEPHI
nakera SimPowerSystems ¢ mpUMEHEHUEM CHIIOBBIX TPaHC(HOPMATOPOB CO3/1a-
IOT OLIYIICHHE MPOCTOTHI MCIOJIB30BAHUS 3THUX OJIOKOB M B MOJAECIX APYTHX
nosb3oBatesiell. OnHako 000e OTKIOHEHHE MMapaMeTpoB TpaHchopmaTtopa oT
3aJJaHHBIX «I10 YMOJYaHHUIO» MMPUBOIUT K HETPABHIHLHOMY (DYHKIIMOHUPOBAHHIO
MOJIEIH.

Hns Bcex tpanchopmaropoB u3 Ombimorexn Simulink-SimPowerSystems
MapaMeTpsl CXEeMbI 3aMEIIEHHs 33/Jal0TCs B OTHOCHUTENBHBIX eauHuIax (o. e.,
B 3apy0OexHO nuTeparype p. U.). B 6onee mo3naux Bepcusax Simulink umeeTcst
BO3MOXXHOCTh 33/1aBaTh MapaMETPhl KaK B OTHOCHUTEIILHBIX, TAK U B UMCHOBaH-
HBIX eAawHMLaX. [IpemmymiecTBa 0. e. OOIIEM3BECTHBI: HANPUMEp, AJS TpPaHC-
¢dopmaTtopoB momrHOCTEIO 0T 300 KB-A 10 300 MB-A MHAYKTHBHOE CONPOTHB-
JIeHre o0MOTOK Haxomutcs B guamasone ot 0,03 mo 0,12 o. e., a aKTUBHOE
comnpotusieHre 00Motok — ot 0,002 1o 0,005 o. e. Takum oOpazom, eciu napa-
MeTpBI TpaHchOopMaTOpa 3aJaHHOW MOITHOCTH HEW3BECTHBI, TO HE OymeT 0O0Jb-
1I0H OIMOKOM MPHUHATH CPeJHHE 3HAUEHHSI U3 TIPUBEIECHHOTO Iuanazona [3].

Mogens Tpex¢asznoro aByxoOMotouHoro Ttpanchopmaropa Three-phase
Transformer (Two Windings) moctpoeHa Ha OCHOBE Tpex OIHO(A3HBIX TPaHC-
¢dopmaropoB. B Monmenn MOTYT y4YHTHIBaTHCS HETUHEHHOCTh XapaKTEPUCTHKH
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HaMarHUYMBaHUs MaTepHalla Cep/IeuHHKa U rHcTepe3nc. MeTonuka pacyera ra-
paMeTpoB MOAETH TPex(a3HOro IByXOOMOTOYHOrO TpaHC(HOpMAaTOpa C yUETOM
HEJIMHEWHOCTU €ro XapaKTepUCTUKW HAMATHUYMBAHUS B JIOCTYIHBIX PYCCKO- H
AHIJIOS3BIYHBIX MCTOYHHMKAX OTCYTCTBYeT. B [3] mpuBonsTCS AEMOHCTpalOH-
HBIE MOJICJIU TPaHCPOPMATOPOB C YK€ TOTOBBIMU MapaMeTpamu, HO 0e3 CChIJIOK
Ha UCTOYHHKH TI0 MX OTPECIICHUIO.

ABTOpaMH TMPEINPHHSATA MOMBITKA TPUBECTH BCE PACUCTHBIC BBIPAKCHHS K
BULY, YIOOHOMY JUISI MH)KEHEPHOT'O UCIIOJIb30BAHMUS, & Takke 00OCHOBAThH pac-
YeT HEJIMHEHHON XapaKTepHCTHKH HAMArHHYMBAHUS CHIIOBOTO TpaHC(OpMATO-
pa. OcHOBBI pacyera cXeMbl 3aMelleHus] Tpex(a3HOro CHUIIOBOTO TpaHChopMa-
TOpa, a Takke OCOOEHHOCTH pacueTa JHMHEWHOW Mojenn B cpene MatLab-
Simulink m3moxens! B [4, 5]. CTOUT OTMETUTH, YTO BETBh HAMAarHUIMBAHHUS CH-
JIOBOTO TpaHchopmaropa B OOJBIIMHCTBE OTEYECTBEHHBIX WMCTOYHHKOB IpEI-
CTaBISAETCS MOCIICIOBATENILHBIM COCAMHECHHEM aKTHBHOTO M MHAYKTHBHOTO CO-
MPOTHUBJICHUH, & B pacCMaTPUBACMOW MOJEITH — MapajlieIbHbIM COCTUHEHUEM
JIAHHBIX 3JIEMEHTOB. MoJiellb JIByXOOMOTOYHOrO TpaHchopMaTopa u3 OuOIHO-

teku Simulink-SimPowerSystems npuseznena Ha puc. 1 [3]. UaxyktuBHOCTS L

YUUTBEIBACT JIEICTBUE OCHOBHOTO MarHUTHOI'O IIOTOKA, a aKTUBHOEC COIIPOTUBJIC-

HHE R SKBUBaJICHTHO MOTEpsAM B CTAJIM MAarHUTOIpPOBOA.

m

Ry Ly L, R.

g L J —2

Puc. 1. Mogens cuitoBoro 1Byxo0MOTOYHOT0 TpaHcdopmaTopa

B kauecTBe mpuMepa MpOU3BEAEM PacUeT CXEMBI 3aMeIIeHUs Tpex(dazHOro
IBYX0OMOTOUHOTO cHiIoBOTO TpaHcopmaropa tuna TJH-16000/110 co cxemoii
coenuHEHHSI 0OMOTOK Y/A (Tad. 1).

Tabruya 1
Kartano:kuble 1annbie Tpancgopmaropa tuna TTH-16000/110 [6]
ITapamerp 3HadyeHue ITapamerp 3HadyeHue
Sioms MB-A 16,0 Ulhom KB 115,0
U, % 10,5 Usuoms KB 10,5
P, kBT 85,0 lo, % 0,7
Py, kBT 19,0 frioms TIX 50,0

B KaTanoXHBIX JaHHBIX HOMHUHaIbHBIC HampsokeHHS Uy, Usuoy 0OMO-
TOK SIBJISIFOTCS JIMHEHHBIMH BETMYMHAMH, 3HAYCHUS MOIIHOCTEH Sy, Py U Po
NPUBOATCST KaKk CyMMapHbie Uit Tpex ¢as. J[Jasi pacdera CXeMbl 3aMeIeHHUs
TpexdasHoro Tpanchopmaropa JODKHBI HCIOMB30BATHCS (Da3HbIC BETUYMHBI.
COOTHOIIIEHHS TI0 ONPEICTICHUI0 aKTHBHOTO W WHIYKTUBHOTO COMPOTHUBICHUI
BETBM HAMArHUYMBAHUS BBITCKAIOT M3 MPHHATON CXEMbI 3aMEeIICHHs TpaHchop-
matopa (puc. 1) [7].

CreyeT OTMETHTh, YTO B O. €. HHAYKTHBHOCTh U MHIYKTHBHOE COMPOTHB-
JICHHEC MMEIOT OJMHAKOBOE 3Ha4YeHHE. PacueTHbIC BBIPAKEHHS ISl BBIYHCIIC-
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HUA MapaMCTPOB CXEMbI 3aMCIICHUA MOACIUPYCMOTO Tpchq)opMaTopa npuBe-

JIEHBI B TA0II. 2.

Tabauya 2
PacueTHble BbIpaXKeHUsT
HanmenoBanue BeIMYUHbI Pacuernoe Beipaskenue
HomuHnanbHast MOIIHOCTB Kax 10 (a3sl Sion 16 .108
Tpancdopmaropa Somom = 3 3 =5,33 MBA
Da3zHoe HANPSIKEHUE IEPBUYHOM Upuon 115 -10°
0OMOTKH NPH COEMHEHNH «3BE371a» Ugp = NG - =66,4 xB
3 B
HomunansHsli (ha3HbIH TOK IEPBHIHON S 533.108
00MOTKH TpanchopMaropa, Coeau- l1gron = SHOM =———==80,27T A
HEHHOII IO cXeMe «3Be31a» 1p  66,4-10
W3 ombITa X0JI0CTOro X072
®Da3HebIif TOK XOJIOCTOTO X0J1a TPaHC- Iy |1¢H0M 0,7-80,27
IOCIJ = = = 0,56 A
topmatopa 100 100
ITosiHOE CONPOTHBIICHHE BETBH Hamar- Uy 66,4- 10
HUYMBAHHS CXEMbI 3aMELICHHS P Zy=—=—"——=118,57 xOm
log 0,56
XOJIOCTOM XO/Ie
MouHOCTh IOTEPh X0JIOCTOIO X04a 108
IIIHOCTb TIOTEPb XOJIOCTOTO X0/ P, :&:19 10 633 kBr
Ha dazy ®~ 3
KoadduipieHT MOIIHOCTH XOI0CTOTO C0S((g) = Pog _ 6,33-10° B
0/ — - — Y
xoza Uiploy 66,4-10%-0,56
AKTHBHOE CONPOTHBIIEHHUE BETBU _Zy 118,57 -10° _
HaMarHU4YHBaHHUsI m = cos(¢g) To017 697,47 xOm
3
WHIYKTHBHOE COMPOTHBIEHNE BETBH X, = Zo _11857-10 ~120,3 xOm
HaMarHU4UBaHUA sin(eg) ., /1— 0,172
W3 ombITa KOPOTKOTO 3aMBIKAHHS
®dazHoe HanpsHKEHHE KOPOTKOTO UgUc 66,4-10,5
3aMbIKaHUS Kp = 100 - 100 =6,97 B
TToIHOE COMPOTHBICHHE KOPOTKOTO 7 Ugp  6,97-10° -86.83 Ou
3aMBIKAHUS K 1 rrons © 80,27
Mo1HOCTh NOTEPHh KOPOTKOTO P, 85 10°
3aMmbikanus Ha (asy Pep = 3 3 28,33 xBr
R, 103
Kos¢durrieHT MOIITHOCTH KOPOTKOTO cos(9,) = K 28,33-10 0,051

3aMbIKaHUsA

Uephiguow  6,97-10%-80.27

AKTHBHOE CONIPOTHBIICHUE KOPOTKOTO
3aMBIKAQHUS

R = Z, cos(¢,) =86,83-0,051=4,43 Om

I/IHIIyKTPIBHOC COIIPOTUBJICHUE KOPOTKO-
T'O 3aMBbIKaHH

X, =2Z,sin(¢p,)=86,83-41-0,051% =86,72 Om

Basucusle ycnous [3]

basucHoe 3HaueHNE TOKa

loas = |1¢)H0M =80,27 A

basucHoe 3HaucHUE COIIPOTUBJICHUSL

Uiy 66,4-10°

=827,2 Om
80,27

Reas = |
6a3
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Okonuanue maobn. 2

HaumeHnoBaHve BETHUYHHBI | PacueTrHoe BbIpaskeHue

ITepeBox noy4EHHBIX 3HAYECHHUHA B 0. €. (MHAYKTHBHOCTb 1 aKTHBHOE CONIPOTHBIICHHE
TIEpBUYHON ¥ BTOPUYHOM OOMOTOK B 0. €. OyIyT paBHbI)

AKTHBHOE CONPOTHUBIICHHE BETBH Rn 697,47 10°
HAMarHHYMBaHUS Rm(oe) = R.. 8272 =843.2
0a3 '
Xm 120,3-10°
WHayKTMBHOCTb BETBY HaMarHUYMBaHUs Lin(oe) = Xy _1203-107 145,4
Réas 827,2
AKTHBHOE CONPOTHUBJICHUE IEPBUYHON 1 Rk 4,43
¥ BTOPHYHOI 0OMOTOK TpaHcdopma- Ri(oe) = Ra(oe) = 2 Rs ) 827,22 - 00027
TOpa “
I/IHII}:KTI/IBHOCTB TIepBHYHON ¥ BTOPUY- Litoe) = Lacoe) = 1 Xy _ 86,72 —0,0524
HOM 00MOTOK TpaHchopMaTopa 2 Rsyy 827,22

BrruncnieHHble 3HaUEHHS HE MPOTHBOPEYAT BEIMYUHAM, NIPUBEACHHBIM B [3]
B Ka4€CTBE OPHCHTUPOBOYHBIX 3HAYCHUI COMPOTUBIICHUH OOMOTOK TpaHChOp-
Maropa B 0. €. IIpeoOpa3oBaB mpuBeAcHHBIC B Ta0l. 2 pacueTHBIE BHIPAKEHUS,
MOJYYHM YIPOICHHBIC BBIPAXECHHUS JUIS pacueTa MmapaMeTpOB CXEMbI 3aMellie-
HUS1, B KOTOPBIX UCTIONB3YIOTCS TOJBKO KaTaIOKHBIC TapaMeTphl (Tadi. 3).

Tabauya 3
Yupouiennbie popMyJibl pacyera NapaMeTpoB cXeMbl 3aMeleH sl
[Tapamerp 3HayeHue, 0. €.
1 P 1 8510°
Ri =R, Ritoe) = Ragoe) =53 = 5 5 = 0.0027
HOM 16-10
1 U 1 10,5
L =L Lyoe) = Logge) = =K = === 20,0525
1 Hoe) = 720000 75 100 ~ 2 100
6
R Rm(oc) = SHOM = 16 103 =842,1
Py 19-10
100 100
L Lin(oe) = T, 07 142,9

Kak BugHO U3 Tabm. 2 u 3, paccunTaHHBIC 3HAYCHUS MAPaMETPOB CXEMBI 3a-
MEIIeHHUS JBYXOOMOTOYHOTO TpaHc(hopMaTropa OTIMYAIOTCS HE3HAUNTEIBHO.

CunoBoii TpancopmarTop SBISIETCA CYIMIECTBEHHO HETMHEWHBIM 3JI€MEHTOM
sneprocuctembl (JC). [lng anamm3a moBeaeHus TpaHchopmaropa HpU €ro
BKJIIOUCHUHM Ha XOJIOCTOM XOJ] HEOOXOIUMO pacItojiaraTh HEJIMHEHHOH XapakKTe-
PUCTHKOW HaMarHWYUBAHUS, KOTOpas B OTEUYECTBEHHOW MPAKTHKE MPEICTABIIS-
€TCS 3aBUCUMOCTBI0O MarHUTHON WHAYKImHU (B, Ti1) OT HANPsSKEHHOCTH MarHuT-
Horo nons (H, A/m). OnHako B 3apy0eHON MpaKTUKe HETMHEHHOCTh CTAIEHOTO
CepJIeYHNKa OMHCHIBAETCS 3aBHCHUMOCTBIO ToTokocueruienus: (¥, B6) ot Toka
HamarHnuuBaHus (l,, A). OTuM u oOwscHsIETCA TOT (aKT, YTO I 3aaHHS He-
JIMHEHHOCTH B CIICIUAIIM3UPOBAHHBIX KOMIIBIOTEPHBIX MPOTpaMMax aHaliu3a
nepexonHeix mporieccoB B OC [3, 8, 9] ncmonms3zyercs MMEHHO JaHHAs 3aBH-
CHUMOCTS.

[NoTokocuennenre U NOTOK MMEIOT OJJMTHAKOBBIE 3HAUYEHUs B 0. €. J{i1st mepe-
Boza xapakrepuctuku B(H) B ‘P(l,) HeoOxoaumo pacronaraTe reOMEeTpHICCKH-
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MU IIapaMeTpaMu TpaHcopMaTopa (YMCI0 BUTKOB OOMOTOK, CEUeHHE MarHUTO-
MPOBOJA, UTMHA MAarHUTHOW CHJIOBOW JIMHKH), KOTOPBIE 3a4acCTyl0 OTCYTCTBYIOT
B JIOKYMEHTAIIMH OT 3aBOJIOB-M3TOTOBUTEIEH.

Bkitouenue cuioBoro Tpancgopmaropa moj HamnpsDKEHHE BBI3BIBAET HACHI-
LICHWE €ro CepJeyYHHKa, YTO, B CBOIO OYepellb, MPUBOAUT K BO3HHUKHOBEHHIO
3HAYUTENBHBIX OpPOCKOB TOKAa HAMarHMYMBAaHUA. AMIUINTYZA JaHHOTO TOKa 3a-
BUCHUT OT HECKOJIbKUX (akTOpoB: (a3bl BKIIOYECHHUS, OCTATOYHONH HaMarHW4eH-
HOCTH CEpJIeYHMKA, 3HAYCHHUsS MOTOKOCLEIUICHUS] B TOYKE H3JIOMa XapaKTepH-
cTuky HamarHnuuBaHUsS (knee-point) W HaKIIOHa XapaKTEPUCTUKHA HaMarHUYH-
BaHUs B 00JacTH HachlmleHHs: Ls, KOTOPBI B OCHOBHOM 3aBUCHUT OT 3HAUCHHSA
HHIYKTHBHOCTH air-core inductance L,. (mpu IONHOM HACBHIIIEHWH MarHHTO-
MPOBOJIA €r0 MarHWTHAs IPOHHIAEMOCTh CTAHOBUTCS OJM3KOH K MarHUTHON
MPOHHUILIAEMOCTH BO3AyXa). 3HaueHue Lg cBsizaHO ¢ L, criemyromeii 3aBucu-
MOCTEIO [3]:

Ls = Lac - Lil

riae Ly — MHIyKTUBHOCTH IEPBUYHON OOMOTKH.

He pacnonaras KOHKpeTHBIMH T€OMETPHUYECKUMH TapaMeTpaMu TpaHchop-
MaTopa, OJHO3HAYHO OLEHHUTh 3HaueHue L., HeBo3MoxkHO. OIHAKO W IpH
MPEIOCTAaBICHNH TPOU3BOIUTENEM KOHKPETHOTO 3HaueHWs L, wimu Lg Hemp3s
YTBEPXKAATh, YTO OHO OMPEAETICHO C JOCTATOYHON TOYHOCTBHIO, TaK KakK B MpO-
Lecce CTaHAAPTHBIX 3aBOACKHUX HMCIBITAaHUK TpaHchopMaTropa ero MarHUTONpPO-
BOJ HE BBOJST B PEXHUM TITyOOKOTO HACHIIICHUS, 2 HETOYHOCTD 3aJ[aHHs HAKJIO-
Ha yJacTKa KpMBOM HAMAarHMYMBaHUS B 00JIACTH TITyOOKOTO HACKHIIIEHUS TTPUBO-
JIUT K TIOJTY4EHHUIO HEBEPHOTO 3HaueHus Opocka Toka [10].

Ananm3 3apyOeXKHBIX U OT€YECTBEHHBIX MCTOYHHKOB [8, 9, 11-16] mo nman-
HOW TeMaTHKEe MOKa3al, YTO OJHO3HAYHOCTH B OIEHKE MapaMeTpoOB KPUBOH
HaMaronimBaHUsd OTCYTCTBYCT, OJTHAKO MOXKHO YKa3aTb AMWAIla30HbI W3MEHEHHUH
3THX TapaMeTpoB. Tak, BHE 3aBUCUMOCTH OT MOIIHOCTH TpaHc(opmMaropa,
WHAYKTHBHOCTH L, = 0,16-0,20 o. e., Ly pexomenayercss MpUHUMATh PaBHOM
yIBOCHHOMY 3HAa4YCHUIO HampsDKeHUsl (MHIYKTHBHOCTH) KOPOTKOTO 3aMbIKa-
Hus (0. €.), a TOYKA W3JIOMa XapaKTEPHCTHKH HamarHmdamBauus (knee-point)
nmexuT B mpenenax 1,1-1,2 o. e. XapaktepucTuka HaMarHUYUBAHUS B MOJICITH
3aJaeTCcsl KaK KyCOUHO-JIMHEHHAs! 3aBUCUMOCTb MEKAY MOTOKOCHETIICHUEM cep-
neunrka ‘¥ (B 0. €.) ¥ TOkoM HamarHu4yuBaHus |, (B 0. e.).

Kax mokazano B [8], anmmpokcumariiss KpUBOW HaMarHWIWBaHUs Oojiee deM
JIBYMS OTPE3KaMH NPAMBIX JHHUNA HE IPUBOIUT K CYIIECTBEHHOMY MOBBIIICHHUIO
TOYHOCTH TOJIy4aeMbIX PE3YJIbTATOB [0 CPABHEHHUIO C alllPOKCUMAINEN TOM Ke
KpUBOW TOJBKO JByMs oTpe3kamu. [loaToMy B paccmaTpuBaeMoid MoOIEIU
TpaHcopMaTopa 3Ta 3aBUCUMOCTD 3a/1a€TCs ABYMS MPSIMBIMH, KaXaas u3 KOTO-
PBIX XapakTepu3yeTcsl CBOMM 3HaueHHEeM MHIYKTUBHOCTH B 0. €. [lepBas npsimast
COOTBETCTBYET XapaKTEPHCTUKE HAMArHWYMBAHWS B JIMHEHHOW 0oONacTw, T. €.
pabote TpaHcopmaropa B HOMHHAIBFHOM peXnMe (HAKJIOH JaHHOW MPSIMOM
ompenenseTcst 3HaueHueM L,,), Bropast — paboTe Tpanchopmaropa ¢ BOLICALINM
B PEXHUM TIIyOOKOTO HACHIIIEHUS MAarHUTONPOBOAOM (HAKJIOH JAHHOW MPSMOM
ompenensieTcs 3HaueHueM Lg). Touka uznoma xapakTepuCcTUKA HaMarHUIHBaHUS
(knee-point) — nayano HacelmeHus (Ha puc. 2 JaHHas TOYKa 00O3HAYCHA Kak
Point2).
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Paccuntaem KOOpAWHATBI Xa-

A SlopeLs =L, —L; N
¥ I_ AKTCPHbIX TOYCK KPHBOM HaMar-
o— paktep p

Poynt2 + Poynt3 HUYMBaHUA (pHC. 2) MPUMEHUTENb-
"""""" ] HO K paccMaTpHBaeMOMY TpaHC-
i SlopeL, dopmaropy TAH-16000/110 mpu
/ YCJIOBHHM OTCYTCTBHUSI OCTATOYHOU
{ Poyntl HAMarHM4€HHOCTH MarHUTOIIPOBO-
| na. B atom ciyuae st touku Pointl
C 5 P MMEEM CIEAYIOIIKNEe KOOPAHHATHI:

Puc. 2. 3anauue xapakrepucruky Hamaranuusanus  Wpoing = 0 0. €., Ipging = 0 0. €.
MarHuTonpoBoaa Tpanchopmaropa [3] HpI/IMeM 3HAUYCHUE TMOTOKO-

cuerieHust Wpginy B TOUKE H3JI0Ma
XapakTepucTuku HamarunurBaHus (knee-point) paBusm 1,15 o. e. Torna 3naue-
HHUE TOKa HaMarHU4YMBaHUs OyJeT PaBHO

¥ poine2 — £ =0,0079 o.e.
145,4

i, .
Point2
Lm

Benmuunny L, paccunTacMm Kak yIBOESHHOE 3HAUYCHHUE HAIPSHKEHUS KOPOTKO-
T0 3aMbIKaHuUs [17]
U 10,5

=2—+*X=2.—/—=0,21 o.e.
100 100

ac

Takum o0Opa3oM, HAKIOH XapaKTEPUCTHKHA B O0JIACTH HACHIIICHHUS OyIeT
paBeH
SlopeL, =L, — L, =0,21-0,052=0,158 o. e.

3HaueHWe MOTOKOCIEIUIEHHS TPH HACHIMICHHH CTAId MarHUTONPOBOJA
(ipoinz = 1 0. €.) CocTaBwr:

Yooz = ¥ poimrz + SlOpEL, =1,15+ 0,158 =1,308 o. e.

Point Point

BrIpazuB BBINICIPUBE/ICHHBIC PACUYETHBIC BBHIPAXKCHUS 4Yepe3 KaTaloKHBIC
TaHHBIe TpaHcPopMaTopa, MOTyIHM OoJiee yaoOHbIe (DOPMYIIBI AT pacueTa KO-
OpJVHAT XapaKTEPHBIX TOUCK KPUBON HAMarHWYMBAHUS MOCIUPYEMOTrO TPaHC-
dbopmatopa (Tabm. 4).

Tabauya 4
@opmyJibl pacyeTa KOOPAWHAT XapaKTePHbIX TOYEK KPHUBOH HAMATHUYHBAHUSA

Xapaxrep- Y,o.e. I, 0.¢e
Has TOYKa
Pointl Wpoinu =0 ipoints = 0

. . Yool 1,15-0,7
Point2 Wooinz = 1,15 i poin2 = ”fggz 0_ 00 =0,0081

15U
‘PPoim3 = \pPointZ + =

. 100 ; -

Point3 Ipginis = 1
15-10,5
=115+——"—=1,308
100
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OTiuYre BEMYHH | poine (PACCUNTAHHBIX 1O TEKCTY U B Ta0J. 4) 00BsACHSIECTCS
WCIIOJIb30BAaHUEM B IIEPBOM CiIydae 3HaYeHus Ly, u3 Tadm. 2.

OKHO 3a7aHMs 3HAUYCHUU MMapaMeTpPOB MOJCTH Tpex(a3zHoro AByXOOMOTOU-
Horo TpaHcdopmaropa (Bkiaaka Configuration) mpruBeneHo Ha puc. 3.

E! Block Parameters: TV X

Three-Phaze Transformer [Two 'Windingz] [maszk)] (link)]

Thiz black implements a three-phaze tranzformer by uzing three single-phaze transformers. Set
the winding connection to Yn' when you want ko access the neutral point of the ‘Wye.

Click the Apply or the OK. button after a change to the Units popup to confirm the conversion
of parameters.

Configuration Farameters Advanced
Wwinding 1 conmection [AEC terminalz): |Y'g
‘winding 2 conmection [abc terminals] ;| Delta [D11)
Saturable care
[ Simulate hysteresiz
[ Specify initial fluxes

Measurements |&ll measurements [ | Fluxes] v

l Ok, ” Cancel “ Help I Apply

Puc. 3. OxHO 3a7aHus 3HaYCHUI TapaMeTPOB MOJIENIU TpaHChopMaTopa
(Bxmaaxa Configuration)

Ha Bxmanke Configuration (puc. 3) B momsax Winding 1 connection (ABC
terminals) u Winding 2 connection (abc terminals) u3 BeImagaromero crucka
MOJKHO BBIOpaTh CXEMY COCJIMHEHHS IEPBUYHON  BTOPHYHONH OOMOTOK:

o Y — «3BE31a;

e YN — «3Be3/1a» C HEUTPAJIBIO;

e YJ — «3Be3/1a» C 3a3eMJICHHON HEHTpabIo;

« Delta (D1) — «rpeyronbHHK» EPBO TPYIIIHI;

« Delta (D11) — «TpeyroasHHUK» OAMHHAIIATON IPYIIIIHL.

ITpu ycranoBke duakka B moie Saturable core (Haceimarommuiicst cepaed-
HHMK) HMCIOJIb3yeTCsI MOJIeNb TpaHC(hopMaTopa, yYUTHIBAIOIIAS HACBIIICHHE €ro
MarHuTomnpoBoja. B srom cimyuae Ha Bkmamke Parameters (puc. 4) 3amaer-
Csl TOJBKO AaKTUBHOE COMPOTHBJICHUE IENM HAMarHHYMBaHUS B 0. €. (IoJje
Magnetization resistance Rm (pu)). IIpu ycranoBke ¢uaxkka B mone Simulate
hysteresis B xapakTeprcTHKe HaMarHHYMBAHUS MArHUTONPOBOJA TpaHc(opma-
TOpa yYUTBIBACTCS THCTepe3nc (Mpy Opocke TOKa HAMAarHUYMBAHUS OTHOCUTEIh-
Hasl IIMPYHA METJIM THCTEPE3Uca CTOJIb MaJia, YTo €0 MOXHO npeHeOpeus [17]).
ITpu ycranoske ¢uakka B mose Specify initial fluxes B momenu umeercst BO3-
MOXXHOCTh 3aJlaTh HayaJIbHbIC IMOTOKU I Kaxaod (as3el TpaHchopmaTopa
(B maHHOM cTaThe BOMPOC 3aJaHUS OCTATOYHON HaMarHWYEHHOCTH HE paccMarT-
puBaeTcs).
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B none Measurments (M3mepenusi) uMeeTcsi BOSMOXKHOCTB BBIOpPATh U3 BBI-
MaJalouIero CIMCcKa IepenaBaeMble B OJIOK M3MEpEeHHH MEepeMEeHHbIE, KOTOphIe
3aTeM MOXKHO YBHJEThH C IIOMOIIbIO BHPTyanbHOro ocummiorpada. OcranbHble
napameTphl 3a1al0Tcsl Ha BKiIaake Parameters (puc. 4).

a 0

=] Block Parameters: Tv b4 I= Block Parameters: Tv x

Three-Phase Transfomer [Two Wwindings) (mask) fink] Thiee-Fhase Transformer [Two Windings] (mask] (link]

This block implements a three-phase transformer by using thiee single-phase transformers. Set

Thiz block implements a three-phase ransformer by using thiee single-phaze transformers. Set
the winding connection to Yn' when you want to access the neutral point of the Wye,

the winding connection to n' when pou want to access the neutral point of the Wye.

Click the Apply ar the 0K, button after a change ta the Urits popup to confirm the conversion

Click the Apply o the OK button aiter a changs ta the Units popup to confim the conversion
of parameters.

of parameters.

Canfiguration Parameters | Advanced Configuration | Parameters | Advanced

Unrits | pu v Uriits|SI w
Nominal power and frequency [ Priva) . fnHz) ] Mominal power and frequency [ PnlvA] . fnlHz] ]

[16e6.50] [16e6.50]

‘Winding 1 parameters [ %1 Ph-Phivms) , R(pu) , L1{pul ] winding 1 parameters [Y1 PhePh(Vims) , BT (hm] L L1H] |

[1.15e+005 0.0027 0.052] [1.15e+005 2.2317 0.13681]

winding 2 parameters [ V2 Ph-Phvims] , R2(pu] , L2[pu] ] winding 2 parameters (Y2 PhePh(Vims) , R2(0hm] , L2H] |

[10500 0.0027 0.052] [10500 0.055814 0.0034216]

Magnetization resistance Rm [pu] Magnetization resistance Rm (Ohm)
2375 6.9225e+005

Magnetization ieactance Lm [pu] Magnetization reactance Lm (H]
1445 38018

Saluration characteristic [ i1 , phil ; 2, phi2 ;.. [pu] Saluration charateristic [11(4) . phillV.s]. 2, phiZ; ]

[00:0.0079 1.15;1 1.308] [00;0.89744 242.72,112.6 290.94]
Initial flasess [ phild, . phill . phidC 1 (pul: Inutial fluxes [ phillé , phill . philC | [V s}
1000] [
[ ok [ comel J[_Heb [ ook [ o J[ conce [ Hep ][ ape

Puc. 4. OkHo 3agaHus MapaMeTpoB MOAENHU TpaHchopmaropa B 0. €. (a)
Y B UMCHOBaHHbBIX eUHHILIAX (0)

B mosne Units u3 BeIMamaromiero Cnmucka MOKHO BBIOpaTh CIOCO0 3aqaHus
3HA4YeHUI mapaMeTpoB TpaHcopmaTopa:

epu-BoO. €,

e S| — B UMCHOBaHHBIX €IUHUIIAX.

HasBanue cieyromux noseil mpuBeaeHo Mpy yCTaHOBJIEHHOM B mosie Units
3HaYeHUH PU.

B mosme Nominal power and frequency [Pn(VA), fn(Hz)] samarorcst Homu-
HaJIbHAs TOJHAas MOIIHOCTH TpaHcdopmaropa (BA) m yacrora mepeMeHHOTO
toka (T'r). B momax Winding 1 parameters [V1 Ph-Ph(Vrms), R1(pu), L1(pu)]
u Winding 2 parameters [V2 Ph-Ph(Vrms), R2(pu), L2(pu)] 3amatotcs mapa-
METpBl MEPBUYHOH W BTOPUYHOW OOMOTOK TpaHcopmaropa: JHHEHHOE aei-
cTByMOIIee HanpsbkeHne (B), paccunTaHHOe aKTHBHOE CONPOTHUBIEHHE OOMOTKH
(0. €.) u paccunTaHHas UHIYKTUBHOCTH 00MOTKH (0. €.). B mome Magnetization
resistance Rm (pu) (AKTUBHOE CONPOTHBICHUE IICTTH HAMArHUYUBAHUS B O. €.)
BBOIWTCS PAaCCUYNTAHHOE 3HAUYEHHE aKTUBHOTO COMPOTHBIICHHUS BETBH HaMarHU-
YHBaHUSI.

[Tone Magnetization reactance Lm (pu) (MuayKTHBHOCTb IIETIH HAMArHUYH-
BaHUS B 0. €.) JIOCTYITHO TOJIBKO MPY MOAEITUPOBAHUY JIMHEHHOTO TpaHchopMa-
topa (drmaxxok B mose Saturable core ma Bxmaake Configuration ne ycramos-
neH). B JgaHHOEe TmoNe BBOAWTCS PACCUUTAHHOE 3HAYCHUE HHIYKTUBHO-
CTH BETBM HamarHuumBaHus. B mome Saturation characteristic [il, phil;
i2, phi2;...] (pu) (XapakrepucTika HaMarHMYMBaHHUS MAarHUTOIPOBO/A) 3a1a-
IOTCSl KOOPJIMHATHI XapaKTePHBIX TOYCK KPHBOM HAMarHWYMBaHWS — Mapbl 3Ha-
YeHUI HAMarHUYMBAIOIIETO TOKA U IIOTOKOCLEIUICHHS B O. €.
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[Tosne Initial fluxes [phiOA, phiOB, phiOC] (pu) mocTymHO TOIBKO NpH yCTa-
HoBiieHHOM ¢uaxkke B mosie Specify initial fluxes na Bxmagke Confi-
guration. Bxiamka Advanced B 3amaHuu mapaMeTpoB TpaHcopMaTopa He
y4acTBYeT.

OKHO mapaMeTpoB B MIMEHOBAaHHbBIX eJMHUIAX (puc. 40) aBTOMAaTUYECKH I1e-
pECUNTHIBAET BCE IMapaMeTpsl B MMEHOBAaHHBIC CIUHUIBI (M3 BBINAJAIOLIETO
coucka mojst Units meooxoaumo BeOpath 3Hauenue Sl). Takoii BUI OKHA YI0-
OeH 11l IPOBEPKH PACCUUTAHHBIX MApaMeTPOB B COOTBETCTBUY C BHIOPAHHBIMH
0a3MCHBIMH yCIIOBHSMHU.

[TpoBepky aleKBaTHOCTH PACCUMTAHHBIX MMapaMeTPOB MPOBOJMIM Ha MOjIe-
JIY, IPEeJICTaBJICHHOM Ha puc. 5.

Puc. 5. Monens npoBepku Tpanchopmaropa

Mogenb COAEPKUT CHUIIOBOM TpaHchopMmaTop T ¢ mapamMeTrpamu, pacCUMTaH-
HBIMH BBIIIIE, SHEPTOCHCTEMY OSCKOHEYHONW MOIIHOCTH S U CHJIOBOM BBIKIIIOYA-
tens CB. JlnurensHocTh pacueroB coctasiisieT 0,60 c. B momenT Bpemenu 0,02 ¢
MIPOMCXOIMT MPOLIECC BKIFOUEHHUS TpaHChopMaTopa Ha X0I0cTol Xoa. Bo Bpems
JKCTIEpUMEHTa (PUKCHPOBAIH TapMOHUYECKUN cOcTaB ToKa B (pase A ¢ MoMeHTa
Bpemenu 0,02 ¢ ¥ ¢ IIUTEIHHOCTHIO OJUH MEPHOMA MPOMBIIUICHHOW YacTOTHI.

Pe3ynl>TaTBI OKCIICPUMECHTA IPUBCICHBI HA PUC. 6-8.
Phase A inrush current

Phase A inrush current
300 T T T T
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Puc. 6. BpoCcok 1 rapMOHHYECKHH cocTaB ToKa ((aza A)
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Phase B inrush current
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Puc. 7. Bpocok Toka (¢haza B)

Phase C inrush current
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Puc. 8. Bpocok Toxka (¢aza C)

Ha puc. 6 rapmonundeckuii coctaB Opocka Toka B (pase A mpuBeleH B mpo-
LIEHTax OT NE€PBOM FrapMOHUKH.

Kak u oxxujanocs, mpu BKIIFOUEHUH TpaHChopMaTOpa Ha XOJIOCTON X0 BO3-
HUKAeT 3HAYUTEIbHBIA OPOCOK TOKa. B MOMEHT BKJIFOUEHUS OH B HECKOJIBKO pa3
MPEBBIIIAeT HOMUHAIBHBIA TOK TpaHC(OpPMAaTopa W COMPOBOMXKAAETCS BBHICOKHM
YPOBHEM anepuoJUYECKON COCTABIISIOIENH U BTOPOM TAPMOHUKH.
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UIEKTPONPHUBOJAA OLPEACIICTCS €ro IMUPOKUM IPUMEHEHUEM B PEIbCOBOM JJIEKTPHYECKOM
TpaHCIOpTe. B cTaTbe BBINOIHEH aHANIM3 JBYXJIBUTATEIBHOIO TATOBOIO 3JIEKTPOIPHBOAA
C IMTAaHUEM JBYX INApaJlJIeIbHO BKIIOYEHHBIX ACUHXPOHHBIX DJIEKTPOJBHUIrareied OT OJHOIO
npeoOpa3oBaTesst 4aCTOTHI ¢ BEKTOPHBIM YIPABICHHEM M JATYMKAMH CKOPOCTH KaXJOTO M3
JJIeKTpoABHUraTesiei. MeTo oM 1ab0paTOpHBIX MCCISAOBAHUA ¥ HMHTAMOHHOTO MOJEIIHPO-
BaHMs NPOBEJEH aHAIU3 JBYXJBUIATEIbHOIO ACHHXPOHHOI'O 3JIEKTPOIPHUBOJA C YYETOM IIa-
PaMETPUYECKUX BO3MYIICHUM, a TAKXKe C YY€TOM OTPaHMYEHHOIO MOMEHTA CLEIUIEHHs KOJec
¢ penscamu. Tak kak ABUraTtend OJHOM CEpUU MOTYT UMEThb OTJIMYMSA B IapaMmeTpax, It
BKJTIOYEHHS Ha MapaJUIeIIbHYI0 paboTy HeoOX0ANM 1MoA00p MAIINH ¢ HAUMEHBIINM OTIHYHEeM
COMPOTHUBIIEHHH M MHIYKTUBHOCTE 0OMOTOK. [IJIst 3TOr0 MCTOIB30BaIu METOJ MapaMeTpuye-
CKOM HACHTU(HUKAINYN KaXKIOTO U3 JIEKTPOJBUTATENEH, a TakKe IEKTPOABUraTells, JKBUBa-
JICHTHOTO JIByM, BKJIIOYEHHBIM ITapajuleNbHO. Pe3ynmpraT maeHTHUKAIMU OBUT NPHMEHCH
B HACTPOMKE yNpaBJICHUS.

Ananus pexxuma OyKCOBaHMS TATOBOTO UIEKTPONPHBOAA B CBA3M C TPYAHOCTSIMU €ro
BOCIHPOU3BEJICHUS] B JTAOOPAaTOPHBIX YCIOBHSAX NMPOBOAMIN MAaTeMAaTHISCKHMM M MMHTAIMOH-
HBIM MOJEJIUPOBAHUEM C Y4ETOM OIPAHUYECHHS CHIIBI CLCIUICHUS, XapaKTEPHOIO U1 PElb-
cOBOro TpaHcnopTa. [IpeuioskeHHas UMUTAIIMOHHAST MOJIENb IIOCTPOCHA C YUETOM YNPYIHX
nedopmanyii B KHHEMaTHYeCKOM Lieny, Iepearollell Taropoe ycunue. Mozens mo3Bossier
MIPOAHATU3NPOBATh ANHAMHKY CHCTEMBI B PA3INYHBIX YCIOBHUIX IMPU OYKCOBAHUH.

TIpencraBnens! pe3ynbTaThl TaOOPATOPHBIX UCCIENOBAHUA M MMUTAIHIOHHOTO MOJIEIHPOBA-
HUS IMHAMUYECKHX PEXUMOB JIBYXABUIaTEIbHOTO 3JIeKTponpuBoaa. Ha ocHOBaHMY MOTydeHHBIX
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