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Pedepar. B crathe npencraBieHa KOMIUIEKCHass MOJIENb ISl HCCleOBaHUS IHppoBoH mudde-
peHLMATBHON 3alUThl JBYXOOMOTOYHOTO CHJIOBOro TpaHcopmaropa. Mogaens paspaboTana
B cpefe quHaMuueckoro moaenupoBanus MatLab-Simulink ¢ mcnons3oBaHneM makera pacuiupe-
Husg SimPowerSystems u BkiodaeT B ceds ClIeyIomue 3JIEMEHThI: HCTOUYHHUK IMUTaHUs, Tpexdas-
HBII CHIIOBO# TpaHchopMaTop, TpexdasHble IPYyNIbl TPAaHCHOPMATOPOB TOKA i MO HU(PPOBO
nmuddepenpansHoi 3amuTE TpanchopMaropa. Kakaplil S1eMeHT MOJenn OmHcaH B CTEIEHH,
JIOCTATOYHOMH JUTsl TOHMMAHUSI €T0 Peall3allii B cpesie AMHAMUIECKoro MozenupoBanus. Ocoboe
BHHMAaHHUE Y/IEJICHO OMMCAHHIO IPUHIUIIOB 00paboTKH, HU(POBO GuibTpanun u crnocobdam Gop-
MHpPOBaHUs pab09Yero ¥ TOPMO3HOTO TOKOB OCHOBHOT'O 3JIEMEHTA KOMIUICKCHON MOJENH — IA(pPO-
BOH IuddepeHnanbHoi 3amuTel TpaHchopmMaTopa. MeTOA0M BBIYHCIUTENIBHOTO KCIEPUMEHTA
C UCIOJIb30BaHUEM Pa3pabOTaHHOM MOZENH HccleqoBaHo GpyHKIHOHUpoBaHKe 1 poBoii qudde-
PEHIMAIBHON 3aIUTHl TpaHC(GOPMATOPa IPH BHENIHUX M BHYTPEHHHX (II0 OTHOLICHHIO K 3ally-
IaeMoMy TpaHc(OpMaTopy) MOBPEKICHHUAX: BHYTPEHHEE KOPOTKOE 3aMbIKaHUE, BHELIIHHE KOPOT-
KHe 3aMbIKaHHsl 0e3 HACHIMEHUS ¥ C HACHIIICHHEM TPAaHC(HOPMATOPOB TOKA CO CTOPOHBI HU3IIETO
HanpspkeHus. [ KaXJ0ro pacCMOTPEHHOTO Ciydas HpHBEIEHBI OCHILIOrpaMMBI pabodero u
TOPMO3HOTO TOKOB HCCIIeyeMOoil tndpoBoii 3amutel. Ocoboe BHUMaHUE YACICHO aHAIU3y QyHK-
UOHMpOBaHMs LHdpoBoil muddepeHnyanbHOi 3amMTH TpaHCPOpMAaTOpa IMPU AHOPMAIBHBIX
pexuMax paboTHI CHIIOBOTO TpaHc(hopMaTopa: MepeBo30yKACHUH 1 BOSHUKHOBEHHH OpOCKa TOKa
HaMarHU4MBaHusA. [IpUBECHBI OCHMIUIOrPAaMMBbI MIPOTEKAIOIIMX B JAHHBIX PEXHMax TOKOB M MX
rapMOHMYECKUH cocTaB. [IpoaHas3upoBaHbl IPHMYMHBI BOSHUKHOBEHHS JaHHBIX PEKHMOB. Pac-
CMOTpPEHBI ITOPUTMBI OJOKUPOBaHUS PaOOTHl HU(POBOH nudepeHINaTbHON 3aUTHl TPaHC-
(dopmMaropa B aHOPMAIBHBIX PEXMMaX, OCHOBAHHbIE Ha FAPMOHUYCCKOM aHAIN3E NPOTEKAFOLIHX
TOKOB. [TOKa3aHbl HEIOCTATKH JIAHHBIX AITOPUTMOB U OTMEYEHa HEOOXOIHUMOCTh X TEXHHYECKO-
IO COBEPLICHCTBOBAHHSI.
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A Comprehensive Model for the Power Transformer Digital
Differential Protection Functioning Research

Yu. V. Rumiantsev”
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. This article presents a comprehensive model for the two-winding power transformer
digital differential protection functioning research. Considered comprehensive model is developed
in MatLab-Simulink dynamic simulation environment with the help of SimPowerSystems compo-
nent library and includes the following elements: power supply, three-phase power transformer,
wye-connected current transformers and two-winding power transformer digital differential pro-
tection model. Each element of the presented model is described in the degree sufficient for its
implementation in the dynamic simulation environment. Particular attention is paid to the digital
signal processing principles and to the ways of differential and restraining currents forming of the
considered comprehensive model main element — power transformer digital differential protection.
With the help of this model the power transformer digital differential protection functioning was
researched during internal and external faults: internal short-circuit, external short-circuit with and
without current transformers saturation on the power transformer low-voltage side. Each experi-
ment is illustrated with differential and restraining currents waveforms of the digital differential
protection under research. Particular attention was paid to the digital protection functioning analy-
sis during power transformer abnormal modes: overexcitation and inrush current condition. Typi-
cal current waveforms during these modes were showed and their harmonic content was investi-
gated. The causes of these modes were analyzed in details. Digital differential protection blocking
algorithms based on the harmonic content were considered. Drawbacks of theses algorithms were
observed and the need of their further technical improvement was marked.

Keywords: simulation, relay protection, current transformer, transformer digital differential pro-
tection, digital signal processing, Simulink, MatLab, SimPowerSystems

For citation: Rumiantsev Yu. V. (2016) A Comprehensive Model for the Power Transformer
Digital Differential Protection Functioning Research. Energetika. Proc. CIS Higher Educ. Inst.
and Power Eng. Assoc. 59 (3), 203-224 (in Russian)

BBenenue

INaker pacmmpenus SimPowerSystems-cucreMbl AMHAMAYECKOIO MOCIIH-
poanusi MatLab-Simulink sBiseTcss pacnpocTpaHeHHBIM WHCTPYMEHTOM JUIS
MOJICJINPOBAHMS DJEKTPOTEXHUUECKUX YCTpoicTB. Bece moxmenu, Bxonsmue B
JaHHBIA TaKeT, POBEPEHBI B JIA00OPATOPHSIX KaHAJCKOTO MPOU3BOAUTEIS IICK-
TposHeprun — komnanuu Hydro-Québec, rae moaTBepkaeHa aJeKBaTHOCTb MX
peanu3anyuyd ¥ MaTeMaThudeckoro onucanus [1]. B Oubnnoreke maHHOrO makera
HPUCYTCTBYET MOJIETh Tpex(a3Horo AByXoOMOTOYHOTO TpaHc(hopMaTopa, KOTO-
past sBJISIETCS] BaKHEHIINUM 3JIEMEHTOM KakK Ul MOJAEIMPOBAHMS SHEProCUCTe-
MBI, TaK U Ul IPOBEPKH METOAOM BBIUHCIUTEIBHOIO IKCIIEPUMEHTa paboTo-
CIOCOOHOCTH COBpPEMEHHBIX YCTpOHCTB peneiinoi 3ammthl (P3), B wactHOCTH
uudposoit audpdepennranbHoi 3ammTel Tpanchopmaropa (I3T) ¢ Topmoxe-
HueMm [2]. IlpaBunpHOe GyHKIMOHUpPOBaHUE ycTpoicTB P3 Bo Bpems mepexon-
HBIX TIPOLIECCOB B OCHOBHOM 3aBHCUT OT (POPMBI KPHBOH NEPEMEHHOTO TOKa,
MOJIBOJTAMOTO K YCTPOWMCTBY 3allIUTHI dYHEProoObekTa. BenencTBrie HaChIIEHHS
MarHuTonpoBo/ioB Tpanchopmaropor Toka (TT) B aBapuiinom pexume (opma
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BTOPHUYHOTO TOKA MOYET CYIIECTBEHHO OTIIMYATHCS OT (POPMBI €ro MEPBHIHOTO
TOKa, YTO 3HAYUTEIIHFHO BIMSAET HA HAIEKHOCTh cpabareBanus mudposoi 13T,
TaK Kak MPHUHIUI e QYHKIIMOHUPOBAHUS OCHOBAH HA CPABHEHHUH TOKOB CO BCEX
CTOPOH 3alUIIaeMOro 00hEKTA.

OtrcyrctBue B SimPowerSystems craHmapTHBIX MOJEICH H3MEPHTEILHO-
ro TT u mudpoBeix ycrpoiictB P3 3HaunTeNbHO OTrpaHUYMBAET MPUMEHEHHE
JAHHOM CpeJibl MOJICIHMPOBAaHHS B KCCICIOBAHUSX, CBA3aHHBIX C AHAIH30M
(YHKITMOHUPOBAHUS COBPEMEHHBIX ycTpoicTB P3. OmHako nmaHHBIA mporpam-
MHBIH MMaKeT MOXXET OBITh JOIMOJHEH MOJb30BATCIBCKUMU MOJACISIMU, CO3/IaH-
HBIMH C UCIIOJIE30BaHMEM CTaHIAPTHBIX 0I0KOB OnbmuoTeku Simulink.

MopnenunpoBanne Tpex$a3HoOro 1Byxo0MOTOYHOI 0
CHJIOBOr0 TpaHcdopMaTopa

CranmaptHas Mojaenb Tpex(a3HOro JIBYXOOMOTOYHOTO TpaHchopMaTopa
Three-phase Transformer (Two Windings) u3 oubmnorexku SimPowerSystems
IMOCTPOCHA Ha OCHOBE TpeX OJHO(a3HbIX TpaHcPopMaTopoB [1].

Bripaxenus [3] it pacdeTa B OTHOCHTEIBHBIX eauHHUIAX (0. €.) mMmapa-
METPOB MOJICNI CHUJIOBOTO TpaHCc(OpMaTopa CO CXEMOW COSAMHEHHUS OOMO-
TOK Y/A-11, B KOTOPBIX HCIIOJIB3YIOTCS TOJIBKO KAaTaJOKHBIC JaHHBIC CHIOBOTO
TpaHcopmaropa: S, — HOMHUHAIBHAS MOIIHOCTh CHJIOBOTO TpaHc(hopMaTopa
(BA); Px — momHOCTh TIOTEph KOPOTKOTO 3aMbikaHus (BT); Uy — HampsukeHue
KopoTkoro 3ambikaaus (%); Py — MOIIHOCTH moTeph xojoctoro xona (BT);
lo — Tok xomoctoro xona (%), npuBeneHs! B Ta0n. 1. B Mogenu Taxke HEoOXo-
JIUMO 3aJlaTh 3HAYCHUS HOMUHAIBHBIX HaNpsHKeHUH 0O0MoTOoK BhIciiero (BH) u
nusmero (HH) nanpsbxennii cunosoro Tpanchopmatopa Uiy # Uy, (B) coot-

BETCTBEHHO M HOMHUHAIIBHYIO 9acTOTY fyoy, (T'ID).
Tabauya 1
‘Ynpomennsie GpopMyJibl VISl pacyeTa NapaMeTpoB Mojeu TpancgopmarTopa

Simplified formulas for transformer model parameters calculation

[Tapametp 3HaveHue, o. .
AKTHUBHOE COIIPOTUBIICHHE [IEPBUYHON U BTOPHYHON R = _ 1R
00MOTOK TpaHcdopMaTopa Hoe) =2 S,on
WHAYKTUBHOCTh IEPBUYHOW M BTOPUYHOH OOMOTOK Lo =L = 1U,
Tpancdopmaropa @) = 209 = 5700
SHOM
AKTHBHOE COTIPOTHBJICHHE BETBU HAMArHUYMBAHUSI Rinoe) = P
0
100
WHIYKTUBHOCTH BETBH HAMArHUYHBAHUSI Lie ® 0
0

MopenunpoBanue Tpexdasnoii rpynnsl TT
¢ COeJUHEHHeM BTOPHYHBIX 00MOTOK U HATPY30K
10 cXeMe «3Be3/1a ¢ HyJIeBbIM IMPOBOI0M»

OcHoBHOM TTpoOIeMoit TIpu MoAenupoBaHuM TT SBISETCS OTCYTCTBHE B 00-
IIEJIOCTYHBIX HMCTOYHUKAX TEOMETPUYECKUX IapaMeTPOB €ro MarHUTHOW
CUCTEMBI: CEYCHHMS MArHUTOIIPOBOJAA U CPENHEH JUIMHBI MAarHUTHOW CHJIOBOWM
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TUHUHA. XapaKTepPUCTUKA HaMarHMYUBAHUS DIIEKTPOTEXHUYECKUX CTajel, mpu-
MEHSEMBIX I MPOU3BOJCTBA MarHUTONPOBOAOB paznnuHbeiXx TUmoB 1T, B 00-
meM ciryvae nojgo0Hsl. [loatomy mist cozmanus ynpoineHHow mojenu TT Mox-
HO MIPUHATH, YTO BCE MAarHUTONMPOBOAbI T'T M3rOTOBIIEHBI U3 CTAIM OJTHOW MapKu
¥ IMEIOT OJIMHAKOBYIO XapaKTePUCTUKY HaMarHMYUBAHUS, TPUBEIECHHYIO B [4].
Matemarudeckas Mozenb TpexdasHo rpymmbl TT ¢ coeMHEHHEM BTOPUYHBIX
00MOTOK M Harpy3ok B «3B€3/1y C HYJIEBBHIM IPOBOJOMY COIEPKHUT ypaBHEHHS
Tpex omHodazueix TT [5].

ITocne BBIPpAXKCHUA HCU3BCCTHBLIX T'COMETPHUUYCCKUX IMapaMCTPOB MarHuTHOM
cuctemsl TT yepe3 ero macopTHEIE NaHHBIE U YUUTHIBAS IPUHATYIO XapaKTepH-
CTUKY HaMarHunauBaHus, st T'T co BropuaHO# 00MOTKO# Kitacca TogrocT 10P
Y BTOPUYHBIM HOMHUHAJIBHBIM TOKOM loy0y = 5 A cucTeMa ypaBHEHHUH, OTIMCHIBA-
OIast YIpoOIIEeHHYI0 MoJenb Tpexda3Ho rpymmsl TT, B o0mmeM ciaydae mpuMeT
cnenyromuii Bun [6, 7]:

+R, i + Ry, |
+RH0Mj)

dij _ 83! 34[(01 00041 Lnom

., j=AB,C;
dt K, (0,0004]

1HOM

5i,
i =—>--2,25-10*-K  H,;
1roM

B, = f(H,);

lg =la Tl tlyc,

rae |yyon — HOMHHATBHBIN TIepBUUHBIH TOK TT; Ko, — HOMHHATBEHAS TIpEeTbHAS
kpatHocTh TT; Ry, — HOMHUHANBHOE aKTHBHOE CONMpOTHBIICHUE Harpy3ku TT;
R, — peasibHOE akTHBHOE compoTHBIcHUE Harpy3ku TT; Rq — akTUBHOE COIpo-
THBJIEHHE HYJIEBOTO TPOBOA; ig — MTHOBEHHOE 3HAUYEHHME TOKA, IPOTEKAIOIIETO
B HyseBoM nposoje TT; By, = f(H) — cpennsist xapakTeprcTHka HaMarHHUHBaHMSI
DIIEKTPOTEXHUYECKON CTallH; i1, iy — MTHOBEHHBIE 3HAYEHHUS IIEPBUYHOTO U BTO-
puuHoro TokoB TT cooTBeTCTBEHHO.

MoneaupoBanne nugpoBoi
auddepenunanbHoOl 321U THI TPaHChopMaTopa

Huddepenumanbuas 3ammra SBIsSETCS 3alUTON ¢ aOCOMIOTHON CEIeKTHBHO-
CTBIO, NCUCTBYIOMIEH O€3 BBIACPKKH BPEMEHH M Pearupyromeld TOJIbKO Ha TI0-
BpeKAeHUs B 3amuiaemMoi 3oue [8]. [lpunuun neiictus auddepeHnuaibHOMl
3alIUThl OCHOBAaH Ha CPaBHEHHH TOKOB CO BCEX CTOPOH 3aIUIAEMOT0 0OBEKTa.
Hudposas JI3T obmagaer psaoM MpenMyIIeCTB 10 CPABHEHUIO C BBITOTHEHHEM
ee Ha DIEKTPOMEXaHMYECKOH AJIeMEHTHOW 6ase: MporpaMMHOE BHIpaBHHBaHHUE
BTOPUYHBIX TOKOB M KOMIIEHCAnusi (a3zoBOro CABHra MEXIY TOKaMH BBICIIEH
W HU3LIEH CTOpPOHAaMH TpaHCPOpMaTopa, MpaBUiIbHAs paboTa NpU ONpEAEIEH-
HOH cTeneHn HacwlleHus usmepurenabbix TT u 1. 1. B anoxy anexkrpomexaHu-
YeCKUX peJie JaHHbIE MPOLEAYpHl BBITOJHSIIMCH MPHU MOMOIIM CHElHaIbHBIX
npomexxyroudbix TT. B mudpoBeix yerpoiictBax P3 Takme omeparum ocyIecTs-
JSIFOTCSL IPOTPaMMHO Ha OCHOBAaHMH 33JIAHHOM TIOJTb30BaTeNeM HHPOpMAIHK.



Yu. V. Rumiantsev
A Comprehensive Model for the Power Transformer Digital Differential Protection... 207

Brnok-cxema 1udpoBoii 00pabOTKH U (PUIBTpAIIMK BXOAHBIX CHTHAJIOB TOKA CO
cropons! BH (HV) m HH (LV) 3ammraemoro cumoBoro TpexdaszHoro tpancgopma-
TOpa mpuBe/ieHa HA puc. 1. BxogHsle TOKH ia_py, Ib_pv, lo_pv — BTOPUYHBIC TOKH
Tpex(azHoit rpymmsl TT, pacmonoXeHHOH ¢ BBICIIEH CTOPOHBI CHIIOBOTO TpaHC-
(hopMarTopa; BXOIHBIE TOKH ig_yv, Ih_|v, Ic_|v — BTOPHYHBIE TOKK TpeX(a3Ho# rpyt-
el TT, pacronokeHHOM ¢ HU3IIEH CTOPOHBI CUIIOBOTO TpaHC(hOopMaTopa.

S
~
2 . =
Eg s
- 5 & 2
= o F
F S i i i i
=| I : - = =
R IR [T U I
) i s O ol s
=1 . I (.
= = | | 2
21| = E Il | = =
§| - |1 I & £
gl R Il Y 'E 5
£l S la E e
2l I I 8 2 S
= 2l I = I a2 ©
iz = = = o
= = | & & |[I& ¥ 3
2 B = € S =28
= L - |le =
= -—
gl &l L | g 2
8 g A | o 5
- B X Y 3 25
==
=
& B
= o
=
2 £
—_— = 2]
I . I " o [%}
Y T Y N ) Lg 3
= = . . = . o
S S} S =S & s
o = R e ,; =
i o . . =) c
T =T fll-- a 2
= || = 5 ¢ - 5 g o
= E = = ©
2 E[| 2 5= 2y S T
E o = = O = =
= = =% —- 3 - D E o
= K = 3 o)
2z 2 + + g 0
= ) - ) -
= @ =9 = = S o
s 2| = % = m = = m LT
A D 2 = 0 g = 0 2 °
= = cog = o 3 = =2
= [= o 2 2
= £ = & T = F M
[ A i ™~
a §
_y
-
< g =
- I 3
2 =
5
A A A A A
[, =R
=~ tl :I ===
e R



1O. B. Pymanyes
208 KommiexcHast MozieIb IS HCCIIER0BaHUS ()YHKIMOHUPOBAHHS IIU(PPOBOH. ...

Biok «®uiaptp HmwxkHHX vactor» (OHY) comepskuT aKTUBHBIN (HIBTP
HIDKHUX YacTOT 2-To mopsaka. HasHadeHune NaHHOTO aHAIOTOBOTO (puibTpa
3aKIII0YaeTCsl B IMOAABICHUHM CHEKTPAIBHBIX KOMIIOHEHTOB, YacTOTa KOTOPBIX
MPEBBIIIACT TOJIOBHUHY YacTOTHl JUCKpeTH3aluH. biok «Anamoro-uudpoBoit
npeoOpaszoBatens» (ALl ocymecTBiseTr nmpeoOpa3oBaHrue BHIOOPOK OTCUETOB
BbIXOoaHOI0O curHana o6;ioka ®HY B mudporoii ko, Urcao BEHIOOPOK K3 aHAIOro-
BOTO HEMPEPBIBHOTO BXOJHOTO CHTHAla HA TEPHOA MPOMBIIUIEHHOW YacTo-
161 (50 I'11) B MaHHOM CTaThe MPUHATO PaBHBIM 24, T. €. 9acTOTa AUCKPETU3AIINN
curHana coctasinser 1200 ['m.

B Onokax «bnokupoBka mpu Opocke Toka HamarHW4duBaHus» (brokupoBka
npu bTH) u «brnokupoBka npu nepeBo30yxaeHun» (HOPMHUPYETCsl CUTHAI OJ10-
KUpOBKK cpabatbiBanusa 1udposoit J3T npu aHOpManbHBIX pekuMax paboThI
3alIMIIAeMOr0 CHJIOBOTO TpaHCchopMaTopa.

biiox «HopManuzanys TOKOB» OCYIIECTBIISIET NPUBEIECHUE BTOPUYHBIX TO-
KOB, MOCTymaromux ¢ Bbixoga Oimoka AIIIl, k omHOMy 0asmcy, T. €. mepeBoi
JIaHHBIX 3Ha4YE€HUH B 0. €. [ 3TOro TOKM ¢ KaKJI0M CTOPOHBI YMHOXAIOTCS Ha
HOpMHpYIONIHE KO3(D(MHUIIMEHTHI, KOTOPbIE IS KaXI0W U3 OOMOTOK CHIIOBOTO
TpaHc(opMaTopa PacCUUTHIBAIOTCS CIEAYIOLINM 00pa3oM:

Jau, 1

K _ 1HoM ~lHOM -
HV — ’

S,

HOM = 2HOM

K — I&JZHOM I 1HoM
sl '

HOM = 2HOM

1€ lioms lonow — HOMUHANBHBIN MEPBUYHEIN U BTopuuHbIH Toku TT ¢ coorBert-
CTBYIOIIIEH CTOPOHBI CHIIOBOT'O TpaHC(hopMaTopa.

biok «Mckmodenne lp» peanm3yer HCKIIOYCHHE TOKa HYJIEBOH IOCIIeI0BAa-
TEJIHHOCTH M3 TOKOB BBICIIEH CTOPOHBI CHIJIOBOTO TpaHc(hopmaropa (IaHHAs
orepanysi NMPUMEHSETCS TOJIBKO B CIy4yae 3a3eMIICHUS HEWTpalld CHIIOBOTO
TpaHchopmaropa), Jis 4ero Toku croponsl BH cumoBoro tpanchopmaropa
JOJDKHBI OBITH YMHOXKEHBI Ha MaTpully kodddurmenros M; [9]

J2 1
M=2-1 2 -1
-1 -1 2

brok «Y4er rpynmsl coequHeHni» (YUET Tp. COSIUH.) OCYIIECTBISCT KOM-
neHcanuio (Ga3o0BoOro CABUTa MEXIY TOKaMH HH3IIEH CTOPOHBI CUIOBOTO TPAaHC-
(dopmaropa U TOKaMu CTOPOHBI BBICLIETO HampsbkeHus. Hampuwmep, mis mone-
JMPYEMOTO CHIJIOBOTO TpaHc(hopMaTopa co cxemoid coeauHenust Y/A-11 Toku co
CTOPOHBI OOMOTKH A OmepekaroT TOKM cTopoHbl 0OMOTKH Y Ha 30°. {11 kKom-
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MEeHCAlUH YKa3aHHOTO ()a30BOTO CABUTA TOKU CO CTOPOHBI OOMOTKH, COSANHEH-
HOM B A, HEOOXOIMMO YMHOXHTH Ha MaTpuity M, [9]

oo
M,=——-1 1 0
Bl oo

Biox «®opmupoBarens auddepeHnnanbHpix TokoB» (DopMm. auddepen-
IUANBHBIX TOKOB) OCYyIIECTBisIeT (popmupoBanue nuddepeHnuaibHbx (pado-

YMX) TOKOB AJISi KaXI0W (a3bl B COOTBETCTBUH C BHIpaKEHHEM Idiff:|iH\, +

FiL {, [9], npu 3TOM 3a MOJIOKUTENBHOE HAINpPaBIEHUE TOKA MPUHATO Halpas-

JIEHUE «K 3amuinaeMoMy oOBeKTy». B Omoxe «®opmupoBaTelb TOPMO3HBIX
TOKOB» (DOpPM. TOPMO3HBIX TOKOB) BBITIONHSCTCS (POPMHPOBAHHE TOPMO3HBIX

. . 1.
TOKOB Ul KaK10# (a3el OJHUM M3 ClleAyromux crnocobos [9]: | = E(|IHV.|+

. . . | 1. . | . .
+|ILV'|)1 Ires - |IHV' - ILV'|' res _|IHV‘ - ILV'|' res max(|IHV' J |ILV'|)’ npuicMm

2
Hau0OoJee TPAJAUINOHHBIM SBJISCTCS MPUHSATHIA B JAHHOW CTAThe CIOCO0 s =
=l i |

Bo Bcex BeimenprBeneHHBIX (HOpMylax omepaTop «| |» COOTBETCTBYET OIe-
pamuy BEIYHCICHUS JCHCTBYIONIECTO 3HaYeHUS. J[aHHAs omepanus BBITOIHASTCS
B Onoke «lludporoit punstp 1-it rapmonukm» (II® 1 rapm.), KOTOphIit coxep-
KUT UQPOBOH (PUIIBTP, TpeTHA3HAYCHHBIA I OMPEACICHUS JCHCTBYIOIIETO
3HAYCHUs] OCHOBHOW TapMOHHMKHU CHUTHAJa, COAEPXKAIIETO BHICIIUE TaAPMOHUKH
W anepuoIMYECKYI0 COCTaBISIIONIYI0. B kauecTBe Takoro GuibTpa B 1aHHOH pa-
0oTe npuMeHeH nu(pPoBOi GUIBTP, PEATU3YIOIIHIA OJHOIEPUOTHOE TUCKPETHOE

Lorc
npeoGpasoBanre Dypbe, B KOTOPOM M0 oTcyeram kocunycuHoi |~(n) u cumyc-
HOM 1%(N) OpPTOrOHAJBHBIX COCTABISIIOIIMX BXOJHOTO CHTHAJA OIPEIENAeTCs

JeMCTBYIONIEe 3HAUEHIE OCHOBHOM rapmonuku curnana |(n) [10, 11]:

1(n) =%S§i(n)cos(2nn/ N):

2N
S = —
Fm=yZ

1
=0

i(n)sin(2an/N);

||(n)|=%¢(|0(n))2+(|C(n»2

rae N = 0...N — 1 — HoMep oTcueTa KOHTPOJIUPYEMOr0 CUTHAjIa B OKHE HaOJIt0-
nenust; i(N) — oTcueThl BXOAHOTO curHaia; N — YHCIo OTCYETOB Ha MEPHOJ MPO-
MBIIIUIEHHON 4aCTOTHI.
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Ha BbIxojie 0J10KOB Ui Kaxk10# a3kl (POPMUPYIOTCS COOTBETCTBECHHO TU-
(bepeHnuanbHble M TOPMO3HbIE TOKH la_ifr, lo_ditr, lc_ditf ¥ la_ress lb_res) lc_res. JlaH-
HBbIC TOKU IMOCTYNarT B OJok «Jloruka cpabaTeiBaHus», rae Gopmupyercs Ko-
MaHJla Ha cpabaThiBaHWe WIH HecpaOaThIBaHHWE 3alllUTHl UCXOJS M3 3aJaHHOU
xapakrepuctuku 1udposoit JI3T (puc. 2) ¢ ydeTrom Haaw4gusi WM OTCYTCTBHSA
CUTHaja OJIOKUPOBKH.

A
Lgifs

NO TRIP

Lgitt_min

| res_b | res_bl I res

Puc. 2. Xapakrepuctuka uudposoit 3T
Fig. 2. Transformer digital differential protection characteristic

Otimune mogean uugposoii 1updepeHINATBLHOM
3alIMThI TPaHC(POPMATOPA OT PeATLHOI0 YCTPOicTBA

Hudposas 006padoTKa 1 GUIBTPAL BXOAHBIX CUTHAIOB B PEaJbHBIX IH(D-
pOBBIX ycTpoiicTBax P3 TpanchopmaTopoB pasnuuHBIX MPOU3BOAUTENEH B Lie-
JIOM COOTBETCTBYIOT Oiok-cxeme Ha puc. 1. Omindme MOXET 3aKH04aThCs B
cniocobe GpopMHUpPOBaHUS TOPMO3HOTO TOKA W THIAX HUCHOIB3YEMBIX HU(PPOBBIX
¢ueTpoB [10, 11]. Kpome Toro, B HekoTopbIX HUdpoBbIX ycTpoiictBax 3T
OJIOKMPOBKA CpabaTBIBAaHUS IIPH aHOPMATLHBIX PEKHUMaxX paOOTHI 3alIHAIIaeMOTO
TpaHchopMaTopa OCYIIECTBISIETCS] HA OCHOBE aHaim3a Au¢epeHIHaNbHBIX TO-
KOB, a HE TOKOB, MpOTEKaromux co cropoHsl BH (cTopona momaum Hampsike-
HUS1), KaK 3TO MPUHATO B JaHHOW cTaThe. B mpencTaBieHHON MOJIENN TaKkKe He
paccMmarpuBaeTcs (yHKIIMOHUpOBaHue TupHepeHInaIbHON TOKOBOM OTCEUKH.

B oTnuume OT peanbHBIX YCTPOWCTB HU(MPOBOWM 3alUTHl MX MOAETH HE
HaKJIaJbIBAIOT HUKAKUX (DU3NYECKUX OTPAHUYCHHM, CBSI3aHHBIX C TEXHUYECKUMHU
napaMeTpamMy HCIOJIb3yeMOW anmapaTHOM dvacTu. lloaTomMy peanu3oBaHHas
B Cpelic TUHAMHYECKOTO MOJenupoBanus mojaensb mudposor 3T orinuuaeTcs
OT pEalbHOI0 YyCTPOWCTBA 3aILUTBI OTCYTCTBHEM HWKEIIEPEUUCIICHHBIX amma-
pPaTHBIX CPENICTB.

B peanbHbix ycrpoiictBax JI3T mpomcxomuT mpeoOpa3oBaHHE BXOIHOTO
BropnyHoro Toka TT B IponopHUOHAaNbHOE HAIMpPSDKEHWE 3aJaHHOTO YpOB-

s [11]. JlaHHBIe BXOAHBIE MMPeoOpa3oBaTely, MpeACTaBIsIONIIE co00i Masora-
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OaputHbie poMexxyTounbie TT, pacnonararorcs mo 6imoka ®HY u obecreunna-
0T TaJbBAaHMYECKYIO Pa3BA3KYy MEXIy BHEINIHUMHA M BHYTPEHHUMH IIETISIMH
nugpoBolt 3amutkl. B peanbubix ycrpoiictBax JI3T Takke nmpumeHsieTcst orpa-
HU4HTENh BXomHOTO curHana AlIll, ocHOBHOe Ha3HadeHHe KOTOPOTO 3aKIoda-
€TCsl B OTPaHUYEHHUH yPOBHS BXOJHOTO CHTHANA IO 3HAYSHHH, COOTBETCTBYIO-
X TEXHUYECKUM XapakTepuctukam ucrnoiszyemoro ALII [11]. DtoT orpanu-
guTens pacronaraercs mocie omoxka @HY. Cnemyer oTMETHTB, YTO HEy4YeT B
MOJIETIN TaHHBIX allapaTHBIX CPEICTB MPAKTHIECKH HE BIUSAET HA TOYHOCTH I10-
Jy4aeMbIX pe3yIbTaTOB MOJCIUPOBAHUSI.

XapakTepucTuka nuudpoBoii
auddepeHIHATBLHON 3aIIUTHI TPaHcPOPMATOPa ¢ TOPMOKEHHEM

Paboty muddepeHinalbHOR 3alUTHl ¢ TOPMOXKCHHEM YI00HO aHAIU3UPO-
BaTh C MOMOIIBIO IWArpaMMBbl, OCh aOCIICC KOTOPOH COOTBETCTBYET TOKY TOP-
MOKEHHS |res, @ OCH OpAUHAT — nU(PepeHInaTBHOMY TOKY lgi (puc. 2).

Xapakrtepuctuka JI3T ¢ TopMoxkeHHEM OOBIYHO TPEACTaBISAET COOOH TpH
ydacTka (30HbI) C pa3HBIMH YIJIlaMH HakJoHa K ocH abcuucc. O0nacTb 1uarpam-
MBI, PacIlOJIOKECHHAs! BBIIIE JIOMaHOW KpUBOW, 00pa30BaHHOW TpeMs OTpe3KaMH,
COOTBETCTBYeT Hanmmuuio BHyTpeHHero moBpexaenus (TRIP); obmacts, pacmo-
JIOKCHHAs] HIKE NAHHOW KPHBOH, COOTBETCTBYET OTCYTCTBUIO HOBPEKACHUS
B 30He (NO TRIP).

CrnenoBaTensHO, KaK TOJBKO TPAEKTOpHUS pabodeil TOYKH, OIpenenseMast
MrHOBeHHbIMU KoOpAMHATAMH (lyes, lgiff), KOTOpBIE paccCUMTHIBAIOTCS B OJIOKAX
(hopMupoBaHus pabo4KMX U TOPMO3HBIX TOKOB (puc. 1), mepemeniaercs u3 obna-
ctu NO TRIP B obnacts TRIP, muddepennmanpraas 3ammura GUKCUPYyeET MOBpe-
XKJIECHUE B 3alllMIIaeMOl 30He. YcJoBHE (UKCAMU MOBPEXKIACHUS I KaXKAOH
(ha3pl MOXKHO ONKCATh CIACAYIOLICH CUCTEMON YpaBHEHHI:

Laie > Vaite min

Idiﬁ‘ >S|0pe(|res - Ires_b);

Idiff > Slopel(lres - Ires_bl)’

r1e lgitt min — MUHUMAJIBHBIA Opor cpabaTeiBaHus 1UddepeHnnaibHoi 3aInThl;
slope, slopel — Hak/IOH BTOPOTO M TPETHETO YYACTKOB XapaKTEPUCTUKH IH(PO-
Boi JI3T COOTBETCTBEHHO; lyes b, lres b1 — KOOPAMHATBHI TOUKU HEPECEUEHUS OCU
a0CIIKMCC CO BTOPBIM U TPEThUM HAKJIOHHBIMH YYaCTKAMH.

HccnenqoBanne padorsl nudposoi
auddepeHunaabHOl 321U THI TPaHcopMaTopa

Ha ocHoBaHuM BBINICH3JIOKEHHBIX TONOkeHui B cpeae MatLab-Simulink
C WCIIONIb30BaHWEM MakeTa pacimpeHus SimPowerSystems pa3zpaboTana KoM-
IJICKCHAsl MOJEIb uccienoBanus padotel nmudposoit J3T. CtpykTypHas cxema
MO/JIEJIN IPUBEICHA Ha pHC. 3.
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TRIP TRIP

Diffarential protection

i2a
14 N Ha 122

° 126
2c
B b nE i pfcom A
S A s TP
ne e

[ —

T CTLY Braaker LV I Load
< o <@ O <@ o

Internal fault 1 \ Internal fault 2| X External fault “n.\

¢ ._,—- [ c -1 B
Breaker HV He

Eq. system

Puc. 3. CtpykrypHas cxema MoJenn uccinenosanus uudposoii 13T B MatLab-Simulink
Fig. 3. Digital differential protection research scheme in MatLab-Simulink environment

Cxema Mojenad BKIOuYaeT B ceOs: mcrounuk nuranus (EQ. system), Tpex-
¢azuerit cunoBoit Tpancdopmarop (T), Tpexdasznpie rpynmnsl TpaHCHOPMATOPOB
toka co croponsl BH (CT HV) u HH (CT LV) cunooro Tpancopmaropa, mud-
posyio nuddepenrmanpuyo 3amury (Differential protection), tpexdasusie cu-
JoBbIe BeIKIFOYarenu co cropoust BH (Breaker HV) u HH (Breaker LV) cuito-
Boro tpancopmaropa, Harpy3ky (Load), 6moku co3manust Tpexgasnoro K3 B
3one neiictBus 3T (Internal fault 1 u Internal fault 2) u 610k co3manus Tpex-
¢asnoro K3 Bue 30ubl aeiicteust 3T (External fault). Cneayer ormeruts, 4to
BCE MPUBEJICHHBIC Jlajiee OCIMIUIOTPAMMBI, JHArPaMMbl U (POPMYIIBI OTHOCSTCS
K Qasze A; BpeMs BO3HUKHOBEHHUs noBpexaeHus t = 0 ¢; paccMaTrpuBaeMoe Io-
BpexneHne — TpexdaszHoe K3 ¢ Hanmmumem amepuonndecKoi COCTaBIIAIOLIECH.
[Mutanue Tpanchopmaropa OCyIIECTBIACTCS TOIBKO co cToponbl BH. s Bo3-
MOKHOCTH TIOJIY9€HHUSI OCHMILTOrpaMM Tu¢epeHIIMaTbHOTO U TOPMO3HOTO TO-
KOB, a TaK)Ke TPACKTOPHUHU MepeMelleHus pabodyell TOUKH Ha MPOTSHKEHUH BCETO
BPEMEHHM MOJeUpoBanus aeicteue 1udporoi 3T Ha OTKIIOYCHHE CHIIOBBIX
BoIKItoUareneil co cropon BH u HH BeiBeneno. bynem cuuraTth, 4To0 KOMaHaa
Ha OTKJIIOYCHHE BBIKJIIOYATENICH HAauWHAeT (OPMHUPOBATHCS JIOTHKOW 3allUThI
B MOMEHT TiepemMenieHus padoueit Touku u3 obmactu NO TRIP B ob6acte TRIP
C YYETOM HaJM4Hs WA OTCYTCTBHUS CUTHAIA OJIOKUPOBKH.

BHyTpeHHe noBpeskieHne cuj0Boro Tpancgopmaropa
npu orcyrcrBuu Haceimenns TT

Pexxum paboTer Mmomenu (puc. 3) sl paccCMaTPUBAEMOTO CTydast: BEIKITIOYA-
temu cropoH BH (Breaker HV) u HH (Breaker LV) Bkito4eHbI, OBpEKICHHE
3amaeTcss OmokoM co3manus Tpexdasznoro K3 B 3ome neticteus J3T (Inter-
nal fault 1).

[Ipu BHYTpEeHHEM TOBPEXKICHWUU BCIEJICTBHE OTCYTCTBHS TMOJIHUTKA MeCTa
K3 co croponst HH (i = 0) Toku mpoTeKaroT TONbKO co croponsl BH, mosTo-
My BeNWYUHBI lgif U lreg IMEIOT OJIMHAKOBBIC 3HAUCHUS, YTO M OTOOpaXKaeTCs
Ha puc. 4b. MrHOBEeHHbIC KOOpAMHATHI paboyell TOYKH PaBHBI MEXIY COOOM:

Ly = |iHV. +0| =1, = |iHV.|+|O|, a TPAaeKTOpHUEl ee TepeMEILCHHs SBISeTCS Ie-

pexoxasimas u3 oonactu NO TRIP B o6nacte TRIP npsimast HakiioHHast JInHUS,
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n300pakeHHass Ha pucC. 4a. DTO CBHAETEIBCTBYET O TOM, uTO Iudposas 3T
MPaBWILHO OTpadoTana B pacCMaTpUBaeMOM pEXHME, T. €. cpopMmupoBaia Ko-
MaHAy Ha OTKJIIOYEHNE CHIIOBBIX BBHIKIFOYATEIICH.

Ha puc. 4b Taxke MoxHO HabmMIOmaTh XapaKTEPHBIA KoJaeOaTeIbHBIN IIPO-
IIECC TIPU YCTAHOBJICHUH JCHCTBYIOIIETO 3HAUCHUS TOKOB lgir M |y, CBA3aHHBIM
C HEJJOCTATOYHBIM COBEPIICHCTBOM MU(POBOTO (PUIIETPA, PEATH3YIONIETO OTHO-
MepHoOAHOE ANCKpETHOE MpeodpazoBanue Oypbe MpHu Noave Ha ero BXO Helle-
puoauieckoro curaana — toka K3 ¢ Hanuumem 3aTyxaroliei arnepuoaudecKoi
cocrasisitomieit [10, 11].

8F ‘ : : : -
Laite/ I 1
6
5
41 TRIP 1
3
2 NO TRIP
1
0 i i L i i i
0 2 4 6 8 10 12 14 16 I/,
b
150 ! ! ‘
it - : 1 Lair_
50
0 | IR
150 |
Ires |_|res J
50‘, 5 H .|
Ow

002 006 010 014 018 tc

Puc. 4. TpaexTopus nepeMerieHus pabodeil TOuky pu BHYTPEHHEM MOBPEKICHUH (a);
ocruiutorpamma TokoB g 1 | s Tpu BHYTpeHHEM noBpexacHuu (b)

Fig. 4. Operating point trajectory during internal fault (a);
lgifr and |5 currents waveform during internal fault (b)

BHenrHee noBpeskieHne ¢o CTOPOHBI HU3IIET0 HANPSKEHUS
cUJI0BOro TpancopMaTopa npu orcyrcTBuM Hachimenus TT

Pexxum paboTer Mmomenu (puc. 3) sl paccCMaTPUBAEMOTO CTydas: BBIKITIOYA-
temu cropoH BH (Breaker HV) u HH (Breaker LV) Brito4eHbl, OBpEKICHHE
3amaeTcs 61okoM coznanus Tpexdasznoro K3 Bue 30nb! aeiicteust 3T (External
fault). IIpu manHOM BHe MOBpeXxaeHHs TOKU co cropod BH u HH paBHBI Mek-
Iy co0OH, HO MMEIOT pa3HOEe HalpaBiIeHHE NMPOTEKAHMS 10 OTHOLICHHUIO K 3a-
MIMIIAEMOMY TpaHC(HOPMATOPyY: Iy MPOTEKAET «K 3aIIUIIACMOMY OOBEKTYY,
YTO MPHUHATO 32 MOJIOKHUTEIBHOE HAINIPABICHHE, a I\ MPOTEKAET «OT 3alHiiae-
MOTo 00BEKTay», YTO MPHUHATO 3a OTpUIATEIbHOE HampasieHue. Ilostomy ang-

depenunanbubiil Tk |y = |iHV. - iLV.| =0, uyTo u oTOOpaXkkaercs Ha puc. 5b.
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Puc. 5. Tpaextopus nepemereHus paboueii TOuku
IIpY BHEIITHEM NOBpexaeHnH O0e3 Hacwimenus TT (a);
OCHMILTOrpamMma TOKOB |gigs U | e IpH BHeIIHEM mOBpesxaeHuU 6e3 Hackienus TT (b)

Fig. 5. Operating point trajectory during external fault without CT saturation (a);
lgirr and 1,5 currents waveform during external fault without CT saturation (b)

Crenyer OTMETHTH, YTO JIOKHBIN Aud(epeHIHaTbHbIA TOK, MOSBISIOIIMNACS
BCIJICCTBUE M3MEHeHus noioxkeHus ornaek PIIH u nmpu mporexkaHuum Hamar-
HUYMBAIOIIETO TOKa TpaHchopMmaropa, Ha OCHWIUIOrpaMMax M jJHarpammax He
nokazaH. TpaeKkTopusl TMepeMelIeHHs TOYKH C MIHOBEHHBIMH KOOpAWHATa-
MH (les, lgiff), TPUBEZEHHAS Ha PHIC. 5a, IPEACTABIIAET COOOH MapaIebHyI0 OCH

abcmce a0, Kak u oxxumanocs, cpadareiBanms JI3T B gaHHOM pekume He
MPOU30IILIO, T. €. KOMaHJa Ha OTKIIOYCHHE CHJIOBBIX BBIKIIFOUATENeH HEe ObLia

chopmMupoBaHa.
BHemnee noBpeskienne co CTOPOHbI HU3LIET0 HANPSKEHU S
CHJI0BOr0 TpancgopMaTopa, conposo:kaawineecs Hacbimenuem TT
Jst uckimouenus jgoxuo# padots! 3T nmpu Hacemmennn TT ycTaBka cpaba-
THIBAHUS YBEIMUYUBACTCS MIPOIOPLUOHATIBHO IPOTEKAIOIIEMY CKBO3HOMY TOKY,
YTO MO3BOJIIET UMETh BBHICOKYIO UyBCTBUTENBLHOCTH HPH MOBPEXKICHUSIX, COMPO-
BOXKJAIOLUXCS] HEOOJNIBIIMMHU TOKAMH, a TAKXKe HUCKJIIOYaeT U3JIHUILHEeEe cpadaThl-
BaHHUe npH BHemHeM K3 u3-3a HachlllleHMs] MAarHUTHOM CHUCTEMBI U3MEPUTEIIb-
Heix TT. BrlmeckazanHoe cripaBeyiiBO IPU MPAaBUIBHOM BBEIOOPE M3MEPUTEIIh-
Horo TT u mpaBuiIbHO 3aJaHHON XapakTepucThke nudposoit [13T.
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Pexxum paboter mogenu (puc. 3) s pacCMaTpUBAEMOTO CITydasi: BBIKITIOYA-
temu cropon BH (Breaker HV) u HH (Breaker LV) BkitoueHsI, TOBpeXIeHNE 3a-
naetcst 6;okoM cosianus Tpexdasnoro K3 Bue 3o0mbl neiicteus JI3T (External
fault). B stom ciyuae mpomsonuio w3nummiHee cpadatbiBanue J[3T mpu BHemr-
ueM K3. IIpuunnoii cpabatsiBaHus sBisieTcs auddepeHimaibHbIii Tok (puc. 6b),
MOSIBUBIIMKCS BCIEACTBUE HachllieHHs TT cO CTOPOHBI HU3IIETO HANpPSHKEHUS
cuioBoro tpanchopmatopa. Haceimenne TT mpuBoauT K HENMOIHOW TpaHChOp-
MaIllid TIEPBUYHOTO TOKAa BO BTOpHYHbBIC menmd TT, 4TO W JaeT HapylIeHHE
paBencTtBa TOokoB co cropoH BH um HH, T. e. muddepeHunansHbii TOK

Idiﬁ :|iHV'
MEHU TMPaKTUYEeCKH PAaBHO HYINIO, U pabodas TOYKa MepeMeIIaeTcsi BIPaBo IO
ocu abcruce. OnHako 1o Mepe HachieHus TT mpoucxoauT nepeMelieHue pa-
0odeil TOukK B 00JaCTh CpabaThIBAHUS, ITPH ITOM €€ TPACKTOPHUS MMEET XapaK-
TEPHYIO NETIEBUAHYIO (hOpMy, UTO OTOOpaKEHO Ha puc. 6a.

- iLV.| #0. B maHHOM pexxnme 3HaueHHE lgi B MEPBBIII MOMEHT Bpe-

8,

Lt /1 -

NO TRIP

2 4 6 8 10 12 14 16 lll,

Lgitts IresT

1- Ires
2 = lgits

H
x

0 0,02 0,06 0,10 0,14 0,18 t,c

Puc. 6. Tpaexropus nepemerienus paboueii Toukn
[IPY BHEIIHEM MOBpPEexIeHHH ¢ HackieHneM TT (a);
ocuuiuiorpamma TokoB |y ¥ | e ipH BHEIIHEM moBpeskacHHH ¢ Hackimenunem TT (b)

Fig. 6. Operating point trajectory during external fault with CT saturation (a);
lgir and |5 currents waveform during external fault with CT saturation (b)
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N36exaTh M3MMIIHEro cpabaThIBaHUs B JAHHOM ClIydae MOXHO CJIEIYIOLIH-
MU cIriocobamu:

1) ucnonpzoBars TT ¢ Goxbleidi HOMUHAIBHOW KPaTHOCTBIO M (Min) 60Ib-
el HOMHHAIIFHOM MOIITHOCTBIO;

2) yBEJIMYHMTH YroJ HAKJIOHA TPETHEIO Y4YaCTKAa XapaKTEePHCTHUKU LH(PO-
Boit JI3T;

3) “CHoIB30BaTh CIELUANIBHBIC ANTOPUTMBI PACIIO3HABAHUS PEXHUMa HACHI-
menns m3MeputenbHeIX 1T, kKoTopsie OokupytoT padory mudposoit 3T nmm
AaBTOMATHYECKH YBEIMYMBAIOT HAKIOH TPETHEro ydyacTKa XapaKTEPUCTHKH [0
MomeHTa Beixona TT u3 pexxuma HackimeHus [ §].

PexnM nepeBo30y:kaeHus1 CHIIOBOTO TpaHcgopmaTopa

PexxuM niepeBo30yKIeHUsS] CHIIOBOTO TpaHc(hopMaropa BO3HUKAET TIPH OIpe-
JICJICHHOM YPOBHE TIOBBIIICHUS HANPS)KCHUS MUTaHUS (OTHOCHTEIBHO HOMHU-
HAJIBHOTO) WX TP OINPEIEICHHOM YPOBHE CHIKEHHS €r0 4acTOTHI (110 OTHO-
IIEHUIO K HOMUHAITBHOMW ), VT TIPY COYETaHUH JABYX JNAaHHBIX (PakTopoB. J{aHHBIHA
PEXUM COMPOBOXKAACTCA YBEIUUCHUEM TEMIEPATypPhl KOHCTPYKTUBHBIX YacTen
TpaHc(opMaTopa, MOBLIIICHHBIM YPOBHEM IIyMa B BUOpaIny.

YcnoBre BO3HUKHOBEHHS MTEPEeBO30YKIEHHS cO CTOPOHBI 0OMoTkn BH Mmo-
JKET OBITh OMKCAHO CJICIYIONIUM BhIpakeHueM [12]:

B > UlHOM K,
f f

HOM

rae U — tekymiee HanpsbkeHue nutanus ooMotku BH tpanchopmaropa; f — ga-
CTOTa TEKyILIEero HanpsbkeHus: nutanus oomotku BH; K — 3Hauenue B otHOCH-
TEJNBHBIX EIUHMLAX MAarHUTHOIO IIOTOKAa B TOYKE H3JIOMA XapPaKTEPHUCTUKU
HaMarHUYUBaHUS.

BrinonHeHne NaHHOrO YCIOBHS NPUBOIAUT K MOBBIMICHUIO MAarHUTHOIO IO-
TOKa [0 3HAYEHHUH, BBI3BIBAIOIIMX HACBHIIIEHWE CTAJIBHOIO MAarHUTONPOBOJA
TpaHcopMaropa, 4To, B CBOIO OYepelb, OOYCIOBIMBAET PE3KOC YBEINYCHHUE
TOKa HaMarHn4uBaHus, BocnpuauMaemoro 13T B kauectBe nuddepeHnmampHO-
ro (pabouero) Toka. YKa3aHHOE OOCTOSTENECTBO MOXET MPUBECTH K JIOKHOMY
cpabaThIBaHUIO 3AIUTHI, TAK KaK MepeBo30ykaeHre TpaHchopMaTropa B TeUEHHUE
OIIPEICIICHHOTO BPEMEHH HE SIBJIACTCS aBapUMHBIM pekuMoM. CliezoBaTeIbHO,
pab6ota JI3T npu BO3HMKHOBEHNH JAaHHOTO PeKHUMa JOJDKHA OBITh 3a0JIOKUPOBa-
Ha, a OTKJIIOYEHHE TpaHcPopMaTopa IOIDKHO MPOUCXOIUTH OT CIEHHaTbHOM
3aIuThl ¢ 3aBucuMoii ot U/f BeIaepKKOii BpeMeHH.

PaccmoTpuM citydyail TIOBBIIIEHHOTO HAMPSHKCHUS MUTAHUS TIPU HOMHHAIIb-
HO¥ yacTtoTe. Pexxum paboTel Momenu (puc. 3) I pacCMaTpUBAEMOrO CITydast:
BoIKJTIOUarennb cropousl BH (Breaker HV) BkitrodeH, a BBIKIIOYATENh CTOPOHBI
HH (Breaker LV) ortkmtoden. [[yis XxapakTepUCTUKH HaMAarHUYMBaHUS MOJICIIH-
pyeMoro TpexdasHoro tpanchopmaropa, 3aaHHON B COOTBETCTBUU C [3], pe3-
KO€ yBeTMUEHHE TOKa HAMAarHWYMBAHHUS OyAET MPOUCXOIUTH MPU MPEBBHIICHUH
HanpspkeHueM nuTanus 3HadeHus 1,15U 0y, pu koTOpoM K = 1,15. Ocrmmio-
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rpaMMa BTOpu4HOTo Toka (azel A Tpexdasnoit rpymmsl TT Ha cropone BH mpu
nutannd oOMoTku BH Tpexdasznoro cuioBoro Tpanchopmaropa TpexdazHbIM
HanpsbkeHueM BenuauHoi 1,35U,, IpencTasieHa Ha puc. 7.
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Puc. 7. Octmnorpamma BropuaHOro Toka ¢aser A Tpexdasnoii rpymmst TT Ha cropone BH
HpH 11epeBO30YKACHUH TPpeX(a3HOTO CUIIOBOTO TpaHc(hopMaTopa

Fig. 7. A-phase secondary current waveform of the HV wye-connected CTs during three-phase
power transformer overexcitation

CrnemyeT OTMETHTh, YTO PEXHUM TNEepeBO30YKIECHUS HE COMPOBOXKIACTCA
HaceilenneM TT, Tak Kak NpOTEKaIoMUN Yepe3 HUX TOK UMEET MaJIyl0 aMIUIH-
TyAy U HE COIEPKUT anepuoandeckoil cocrapistomieil. [loatomy TT He BHOCAT
JOTIOJTHUTENIBHBIX TAPMOHUYECKHUX COCTABIIAIONINX BO BTOPHYHBIN TOK.

I'apmonuyeckuit cocrap BropuyHOro Toka TT HMeeT ApKo BbIpaKEeHHOE
MPOIICHTHOE COJCPKAHNE HECUCTHBIX T'apPMOHUK IO OTHOIICHUIO K OCHOBHOM.
Kax BugHO M3 Tabm. 2, MOMUHUPYIOUINMH SBISIFOTCS 3-, 5- U 7-5 TApMOHHKH.
OpHako B 3aBUCUMOCTH OT CXEMBI COEIMHEHHUS 0OMOTKH CHIIOBOTO TpaHc]op-
MaTopa B MPOTEKAIOIIEM CO CTOPOHBI MOJA4U HAMPSHKEHUS TOKE MOXKET OTCYT-
CTBOBAaTh 3-5 rapmonuka [ 13].

Tabauya 2
I'apMoHuueckuii cocTaB BTOPMYHOro Toka asbl A Tpexdasnoii rpynnsl TT
Ha cropoHe BH npu nepeso30y:xaennn tpexdasHoro cuiiosoro rpancgopmaropa

A-phase secondary current harmonic content of the wye-connected CTs
on the HV side during three-phase power transformer overexcitation

Howmep rapmonuxu 1 2 3 4 5 6 7 8 9
Coneprxanue, % 100 | 0,26 | 3533 | 0,17 | 42,09 | 0,18 | 1154 | 0,22 2,2

[IpuHNMas Bo BHUMaHHE TaHHYIO OCOOCHHOCTD, IMMOBBIIIIEHHOE MPOLIEHTHOE
coJiepKaHue S5-H TapMOHUKH SIBIIIETCS HaMOOJee JAOCTOBEPHBIM IOKa3aTelIeM
BO3HHKHOBEHHS pexuma TepeBo30yxaeHus. [lostomy OmoxmpoBaHme padOTHI
J3T mpu nepeBo30yKIESHUM CHIIOBOrO TpaHcopmaropa B MU(POBBIX YCTPOH-
CTBaX 3allUThl OCHOBAHO HA CPABHEHUU MPOIICHTHOTO COACP)KAHUS S5-U rapMo-
HUKH C 33JaHHOW yCTaBKOH. XapaKTEpPUCTUKA U3MEHEHHUS MPOLIEHTHOIO COAEp-
sxanus aToi rapMOHUKH (l5/14 1a0,%) BO BpeMeHu mpuBezicHa Ha puc. 8. [Tocie
BBLICTICHUS ITUPPOBBIMH (PHIBTPAMHU 32 BPEeMsl, pABHOE OJHOMY IEPUOIY IpO-
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MBIIIJIEHHOW YacTOThI MPOIEHTHOTO COJEpKaHUd S5-i1 TapMOHMKH, YCTaHaB-
JMUBAETCSl €e WCTHHHOE 3HadeHHe, KOTOpPOe MPEBHIAeT 33JaHHYI0 YCTaBKY
(threshold), uro mpuBoauT k GokupoBanuto [3T.
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Puc. 8. XapaxkrepucTuka U3MEHEHHUs IIPOLIEHTHOIO COAEPKAHUA 5-1 FapMOHUKU
BO BTopuuHOM ToKe (a3bl A Tpexdasnoii rpymmsl TT Ha cropone BH
IIpU HepeBo30yKIeHUH Tpex(a3Horo cHI0BOro Tpanchopmaropa

Fig. 8. A-phase secondary current fifth harmonic content (per cent of fundamental)
of the HV wye-connected CTs during three-phase power transformer overexcitation

EpOCOK TOKA HAMAarHU1uBaHUA

JlaHHBIN pEeKUM, KaK U PEKUM NEepeBO30YKACHU, CBSI3aH C PE3KUM BO3pac-
TaHHMEM TOKAa HaMarHWYMBaHHUSA CHJIOBOTO TpaHC(hOpMaTopa BCIEICTBHE HACHI-
IIEHHUsI €T0 MAarHUTONpPOoBoAa. [ [puYrHBI BOZHWKHOBEHHSI OpOCKa TOKa HaMarHHu-
yuBanusi (BTH) B ocHOBHOM clienyromiye: NOCTaHOBKa HEHArpyKEHHOTO TpaHC-
(dopmaropa moj HanpsLKEHHE, BOCCTAHOBIICHHE HANPSDKEHUS [TOCTIe TMKBU AN
BHemHero K3, BKIIFoUeHHE TTapaJielbHO padoTaromero Tpancdopmaropa.

PaccMoTpuM pexuM MOCTAaHOBKH HEHArpyKEHHOTO TpaHcopMaTopa IMoJ
HarnpsbkeHue co ctoponsl BH: Beikirouatess ctoponst HH (Breaker LV) otktio-
4eH, BeIKIoUaTes b ctoponsl BH (Breaker HV) Bkiroyaercss B MOMEHT 1oauu
HanpspkeHus (puc. 3). B maHHOM ciyyae IpOMCXOAUT CKauKoOoOpa3HOe M3MEHe-
HUE HaMpsDKEHUS Ha 32KMMaXxX CHIIOBOTO TpaHc(OpMaropa, YTO BBI3BIBAET Iepe-
XOJTHBIN TPOIIECC YCTAHOBICHNS HOMHHAIBFHOTO MarHUTHOTO MOToKa. [Ipu aToM
PE3yIBTUPYIOUIMH MAarHUTHBIN TOTOK OYZET SIBISTHCS CyMMOH JIBYX COCTABIISIIO-
VX YCTAHOBUBIIEHCS U allepUOAMYECKOM, 3aTyXaroIel ¢ ONpeAerIeHHON MOCTO-
STHHOW BpeMeHH. /[0 MOMeHTa 3aTyXaHHs arepruoIUuecKoil cocTapisromei (ycra-
HOBJIEHHE HOMHHAJIBHOIO MAarHUTHOT'O IMOTOKA) 3HAYEHHE PE3yJIbTUPYIOIIEro Mar-
HUTHOTO TIOTOKA MOXKET IPEBOCXOJWTH €ro HOMHHAILHOE 3HAYeHHWe, YeM |
00yCIJIOBJIEHO pe3K0oe BO3PACTaHUE TOKa HAMATHUUMBAHHA B JAHHOM PEXUME.

MakcumansHoe 3HaueHre BTH moskeT npeBpliaTh HOMUHAIBHBIA TOK CHJIO-
Boro Tpanchopmaropa B 5—10 pa3 [8]. JJaHHOe 3HaueHHE 3aBHCHUT OT MHOTHUX
(haKTOpOB: MOIIHOCTH TpaHCPOpPMAaTOpa, MOCTOSIHHONW BPEMEHHU NUTAIOMICH CH-
cTeMbl, (a3bl BKJIIOYEHHsS, OCTATOYHOW HAMArHWYEHHOCTH MAarHHUTOINPOBOJA
TpaHchopMmaropa, HaKJIOHa XapaKTEpPUCTHKM HaMarHMYMBaHUs B 00JacTu
HacblmeHus. OcuuIorpaMmMa IepBUYHOTO (CIUIOLIHAS JTHHUS) U PUBEICHHOTO
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BTOPUYHOrO (IITPUXOBas JUHMS) ToKa (a3sl A TpexdaszHoii rpymnnsl TT Ha cro-
pore BH mpu tpexdaznom BTH npencraBnena Ha puc. 9. Cieayer 3aMeTHTh,
YTO B OTVIMYKE OT pexkuma nepeBo30yxaenus bTH B xaxnoit u3 a3 Oyner pas-
JUYEH U3-3a OTIN4Msl (a3 HANpsHKEHUs B MOMEHT BKITIOYCHUS U, KaK CIICJICTBHE,
pa3HOro 3HAYCHUS ANCPUOJUUECKON COCTABIISIONICH BOSHUKAIOIIETO MArHUTHO-
T'O TIOTOKA.

T
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Puc. 9. Ocrmnorpamma epBUYHOTO TOKa (CIUIOIHAS JINHHUS)
U IPUBEICHHOTO BTOPUYHOTO ToKa (uITpruxoBas nuHus) dassl A Tpexdasuoii rpynnst TT
Ha cropoHe BH npu tpexdaznom BTH

Fig. 9. A-phase primary current (solid line) and scaled secondary current (dashed line) waveform
of the HV wye-connected CTs during three-phase magnetizing inrush

Jlis paccMaTpuBaeMoro Ha puc. 9 pexxuma B CBS3U C HAJIMYMEM [UINTEIHHO
3aTyXawnien anepuoJuYecKord COCTaBJISIONIEH XapaKTepHO HACHIILIEHUE H3Me-
putenbHbIXx TT, 9TO M sABIsETCS NMPUYMHON HCKaXXEHUS TPaHCPOPMHUPYEMOTO
MEPBUYHOTO TOKa. [laHHBIN (hakT 00yCIOBINBACT HEKOTOPOE pa3iIuiHe B rapMo-
HUYECKOM COCTaBe MEPBUYHOTO M BTOPUYHOTO TOKOB TT.

B pexume BTH, xak u npu nepeBo3Oyxnenud, /3T BocnpuHUMaeT BO3HH-
KaloUIUH TOK HAMAarHW4MBaHUs Kak TOK BHyTpeHHero K3, Tak kak Opocok Toka
BO3HHUKAET TOJILKO CO CTOPOHBI UTaHusA. OXHAKO OTKITIOYEHUS TpaHchopMaTopa
B JAHHOM PEXXHME IPOUCXOIUTH HE JTOJKHO.

lapmonndecknii coctaB 1-To meproaa MpeacTaBICHHOr0 Ha pUC. 9 BTOpUY-
Horo Toka (asbl A Tpexdaznoii rpynnsl TT Ha cropone BH npusenen B taba. 3.
Kak BumHO 13 Tabin. 3, mpeo0nagaronMHy 10 OTHOIICHHIO K OCHOBHOH SIBJISIOT-
Csl UeTHas 2-s1 1 HedeTHasl 3-51 TapMOHUKH.

Tabauya 3
I'apmonuyeckmii coctaB 1-ro nepuoaa BTOpHYHOro Toka ¢asbr A
Tpexdasnoii rpynnsl TT Ha cropone BH npu tpexdgasnom BTH

A-phase 1% cycle secondary current harmonic content of the
wye-connected CTs on the HV side during three-phase magnetizing inrush

Homep rapmonuku 1 2 3 4 5 6 7 8 9
Copnepxanue, % 100 | 20,2 | 10,7 | 1,74 2,6 1,28 1,2 0,6 0,02
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[IpuHuMas BO BHUMaHHE, YTO IPOLIEHTHOE COJEp)KaHUE 2-I FapMOHUKU —
JOMHUHMPYIOIIEE MO OTHOLICHHIO KO BCEM OCTAJIbHBIM BBICIIUM I'apMOHMKaM,
COJIep KaIMMCS B pACCMaTPUBAEMOM BTOPUYHOM TOKE, U yUUTHIBAs, YTO B 3aBH-
CHUMOCTH OT CXEMbI COeIMHEHUSI OOMOTKHM CHJIOBOTO TpaHchopMmaropa co CTOpo-
HBI TMTaHus 3-9 TAPMOHHUKA MOXKET OTCYTCTBOBATh [13], To MMEHHO MOBHIIIICH-
HOE colepKaHue 2-i TapMOHHKH SIBIISETCSI HanOosee JOCTOBEPHBIM IOKa3aTe-
JleM BO3HUKHOBeHMs pexkuma BTH mpu Heucnosp30BaHHU B alrOPUTME MHBIX
MPU3HAKOB AaHHOTO pexxuma. llostomy OmoxupoBanue padotsr 3T npu BTH
CHJIOBOTO TpaHcdopmaTopa B U(POBBIX YCTPOWCTBAX 3aIIUTHl OCHOBAHO HA CpaB-
HEHUU NPOLIEHTHOIO COAEPXAHUS 2-d TapMOHMKU C 3aJaHHOW YCTaBKOW. Xapak-
TEPUCTHKA W3MCHECHHs MPOIEHTHOro comepxanusi 2-ii rapMOHUKU (1o/11 raio, %0)
MpeNCcTaBIeHHOro Ha puc. 9 BropuuHoro Toka ¢assl A Tpexdasnoii rpymnms! TT Ha
cropore BH npu tpexdaznom BTH mpuBenena ua puc. 10. Beraucmsemoe mpo-
[IEHTHOE COZIEp)KaHue MpeBbIIaeT 3amanayo ycrasky (threshold), uro mpuBomut
k 6nokxupoBanmto JI3T B pexxume BTH. Crnenyetr oTMeTHTb, YTO IO Mepe 3aTyXaHHsI
BTH niponieHTHOE Cconeprkanme 2-if TApMOHHUKY YBEITMIHBACTCS.

100
1,/1;, %|
80

|?/|1 ratiny %

30! Threshold
20! e
0 0,05 0,10 0,15 0,20 0,25 tc¢ 0,30

Puc. 10. OcunniorpaMma U3MEHEHUs! IPOLICHTHOTO COJIEP KaHus 2-if TApMOHUKHI BO BTOPUYHOM
Toke ¢a3bl A Tpexdasnoii rpynmnsl TT Ha cropone BH npu tpexdaznom BTH

Fig. 10. A-phase secondary current second harmonic content (per cent of fundamental)
of the HV wye-connected CTs during three-phase magnetizing inrush

Henocratku aJaropuTrmMoB 6J10Kl/lp0BKl/I,
OCHOBAHHBIX HA TAPMOHMUYECKOM aHAJIU3E

CTOUT OTMETUTH, YTO HAJMYHE BHICIIMX T'apPMOHHMK HE BCETAa CBUAETEIIb-
CTBYET O BO3HHKHOBEHHH pexkuma repeBo30yxaenus wiu bTH. Tak, npu K3,
COIPOBOXIAIOMINXCA HachlieHueM TT, B MX BTOPHYHOM TOKE MOSIBISIOTCS
BBICIIIME TAPMOHUKHU (HeueTHble — npu Toke K3 6e3 aneproanyeckoii coctapisi-
IOLIeH, YeTHBbIE M HEYEeTHbIE — MpH ee Hanuuuu). [loaroMy anroputmsl O10KHU-
POBKH, OCHOBaHHBIC Ha FApMOHHYECKOM aHAJIN3€ TOKa, MOTYT BBI3BIBAThH 3aMe/I-
nenne cpabateiBanus JI3T npu BHyTpenHux K3. OcmumiorpaMMa BTOPHYHOTO
Toka ¢a3el A tpexdasznoit rpynnsl TT Ha cropone BH 3ammmaemoro Tpanc-
(hopMaTopa NpH WX HACBIIICHUU BCIIEJICTBUE MpoTeKaHus Toka K3 ¢ anepuosu-
YyecKol cocTapJstomiel mpu BHyTpenHeM K3 npuseaena Ha puc. 11.
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Pexxum paboTer Mogenu (puc. 3) sl paccCMaTPUBAEMOTO CTydast: BEIKITIOYA-
tenmn cropon BH (Breaker HV) u HH (Breaker LV) BkiroueHsI, TOBpexe-

HHe 3a/aeTcs 0J10koM cosanust Tpexgasnoro K3 B 3one aevicteus 3T (Internal
fault 1).
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Puc. 11. Ocuusnorpamma BropudHoro Toka ¢aser A Tpexdasnoit rpynmst TT Ha croporne BH
HPH MX HACBIIICHUH BCJIECTBHE MPOTeKaHus Toka K3 ¢ aneproguueckoii coctapistomneit

Fig. 11. A-phase secondary current waveform of the HV wye-connected CTs in case
of their saturation due to DC component presence in the short-circuit current

XapakTeprucTHKa N3MEHEHHUs! TIPOIIEHTHOTO COJICPIKaHUs 2-i TAPMOHUKH BO
BTOpUYHOM TOKe (ha3el A Tpexdaznoii rpynnsl TT Ha cropone BH B paccmatpu-
BaeMoM ciiyuae (puc. 11) npuBenena Ha puc. 12. Kak BuaHO u3 puc. 12, naHHbIi
PEXKHM COIMPOBOXKIACTCS JIOKHBIM OJiokupoBaHueM 1mudposor /13T paccmor-
pPEHHBIM airopuT™MoM ompenencHus pexuma bBTH. Bpems GnmokupoBaHus co-
crasysieT okono 0,155 ¢, uiau 7,75 nepruo 0B OpOMBIIIICHHOW YaCTOTHI.
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Puc. 12. Jloxxnoe 6roxupoBanue padots! 13T npu BHyTpennem K3,
conpoBoxaaromumcs HaceluienueM TT, anropurmom onpenenenus pexuma bTH
Fig. 12. False transformer differential protection operation blocking
by “second harmonic blocking” algorithm in case of internal fault along with CT saturation
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JIJis TOBBIIICHUST HAASKHOCTH cpabarbiBanus nudposoit 3T ciemyer uc-
MOJIL30BaTh JIOMOJTHHUTEIBHBIE CIIOCOOBI MACHTU(DUKAIINN aHOPMATBHBIX PEKH-
MOB CHIJIOBOTO TpaHc(opmaropa, OCHOBaHHEIE, HarpuMep, s pexuma BTH Ha:
OIICHKE OTHOIICHUS TOKA 2- TAPMOHHKH MPSMOU MOCIEIOBATEILHOCTH K TOKY
OCHOBHOW TapMOHHMKH OOpaTHOHN TOCIeNoBaTeabHOCTH [14], OIleHKE pa3sHOCTH
(a3 MexXIay TOKaMH OCHOBHOW M 2-W rapMoHUK [15] winm uaeHTHUKAIIUN pe-
xuma 1o popme Toka [16]. [TepeunciieHHbIe BAPHAHTHI B COYETAHUH C TPAIUIIN-
OHHBIM CIOCOOOM OJIOKHPOBKH MO TaPMOHHYECKOMY COCTaBY ITO3BOJISIT MOBBI-
CHUTh OBICTPOICHCTBHE 3alIUTHI TP BHYTPEHHUX MOBPEXKICHUAX, COMPOBOXKIA-
IOIUXCS HACBIIIICHHEM U3MepHuTenbHbIX TT.

BbIBO/IbI

1. IlpuBeneHo neTanbHOE OMHCAHUE BCEX CTagui LUPPOBOH 0OpabOTKH
U (QUIBTpAIMM BXOJHBIX CHTHAJIOB B IU(poBoH anddepeHuansHoil 3ammre
CHJIOBOTO TpaHCc(opMaTopa.

2. Pa3paborana KOMIUIEKCHAsI MOJICIh, ITO3BOJISIONIAS HCCIIEHOBATH OOJb-
IIMHCTBO XapaKTEPHBIX PEKUMOB (YHKIIMOHUPOBaHUS LU(PPOBOi quddepeHiu-
JIHOM 3aIIUTHI CUJIOBOTO TpaHcdopmaropa.

3. IIpoeMOHCTPHPOBAaHO BIMSHUE HACBILICHUS M3MEPHUTENBHBIX TpaHchop-
MaTOPOB TOKa Ha (YHKIMOHUpOBaHUE HUPPOoBON AuddepeHIHaTIbHON 3aIUThI
CHJIOBOTO TpaHcopMaTopa.

4. PaccMOTpeHBI aNrOpuTMbl OJOKHPOBKM LUGpoBOH TudQepeHInaIbHON
3alIUTHI CHJIOBOTO TPpaHCPOPMATOpa MPH aHOPMAIBHBIX PEKUMAax ero paboThl,
OTMEYEHBI MX HEJOCTATKH.

5. lony4yeHHble pe3yNbTaThl MOAEIHPOBAHUS CBHJCTEIBCTBYIOT O BO3MOXK-
HOCTH TIPUMEHEHHUS Cpeasl TUHaMudeckoro mopeaupoBanus Matlab-Simulink
Kak Jjs aHanu3a (QYHKIMOHHMPOBAHHS CYLIECTBYIOIIMX LU(PPOBBIX YCTPOUCTB
peneitHoi 3aIuThl, Tak U A7 pa3paOOTKU U MPOBEPKH aJrOPUTMOB (YHKIIHO-
HUPOBAHUS HOBBIX YCTPOMCTB LU(POBON pelelHON 3alMThl Ha 3Tane BHEIpe-
HUS B IPOU3BOJCTBO.
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