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Pa3paboTka ynpouieHHon moaenu TpaHcopmaTopa Toka ans
uccrneaoBaHus paboTbl peneMHoM 3alMThbl B NepexoaHbIX pexumax

© T.C. MyxametraneeBa, [1.C. Pegocos
Upkymckuli HayuoHanbHeIl uccnedosamenbckull mexHudeckul yHugepcumem, 2. ipkymck, Poccus

Pestome: Llenbio paboTbl SBNSETCS CO34aHWE YNPOLLEHHOW MOAENW TpaHcdopmaTopa TOKa Ha OCHOBE AaHHbIX €ro
BOMNbTaMMNEPHON XapakTepucTuku. [laHHas Mogenb NpUMeHuMa Ans UCCNefoBaHus paboTbl peNlefHol 3alwmnTsl B nepe-
XOQHBIX pexumax, korga He TpebyeTcs BbICOKOW TOYHOCTM, B TOM YWCME yyeTa rctepesnca MarHUTONpoBOAa TpaHcC-
topmatopa Toka. Mopgenb paspabotaHa B cpege MATLAB Simulink ¢ npumeHeHuem anemMeHTOB OubnuoTtek
SimPowerSystems 1 Simscape. B Mogenu ucnonb3yoTcs faHHble 0 KoadhduumueHTe TpaHcopmaumy 1 BonbTaMne p-
HOW XapaKTEPUCTUKE, CHATOW MPMW SKCMIyaTaLWOHHBIX UCMBITaHWSX TpaHCopmMaTopa Toka. B xoae pacyeTHbIX aKcnep u-
MEHTOB Ha HENWHEWHOM COMPOTUBAEHUM YCTAHOBMEHO, YTO AN MOAENMPOBaHUS TpaHcdopMaTopa Toka MOXHO UC-
nonb30BaTb BOMbTAMMEPHYIO XapaKTEPUCTUKY HE B MFHOBEHHbLIX, @ B AEWCTBYIOLMX 3HAYEHUSX TOKA U HanpsKeHWs.
CmMopenupoBaHbl PEXUMbI C HOMUHAMNbHLIMK TOKamMu B 06MOTKax TpaHcchopMaTopa Toka Ana NpoBepKX koadduLmeHTa
TpaHcdopMaLnm, PeXUMbl C Pa3OMKHYTON BTOPUYHON OOMOTKOW WM PeXUMbl C HacblLeHMeM TpaHcgopmaTopa ToKa 3a
CYeT yBeSIMYEHNS BTOPUYHOW Harpysku, NOBbILLEHUS KPaTHOCTM NEPBWUYHOTO TOKA U HanWuns anepuogmyeckoro Toka B
HayanbHbI MOMEHT MEepPEeXOAHOro npouecca. YCTaHOBMNEHO, YTO MOAENb TpaHcdopmaTopa Toka NO3BOMSET KOPPEKTHO
UMUTUPOBATb BCE YKa3aHHbIe pexumbl. [1ns BepudukaLum MOAeNM BoINOSIHEHO CHATUE OCLMINOrpaMM BTOPUYHOTO ToKa
Ha peanbHbiX TpaHcdopmaTtopax Toka 10 KB npu N3BECTHOM NEPBUYHOM TOKE M WX CPaBHEHME C pacyeTHbIMM OCLMMNO-
rpaMmamMu Ha mopenu. PacxoxzeHue mexay pesyfbTaTamMu pacyeTHOro M HaTypHOrO 3KCMEPUMEHTOB COCTaBWIIO HE
6onee 10% B aMNIMTYAHbIX 3HAYEHUSAX, NPW 3TOM MONYYEHO KA4YeCTBEHHOE COBNaAeHMe rpadrikoB TOKOB HA MOAENN 1Y
peanbHoro TpaHcdopmatopa Toka. OCHOBHbIM NPEUMYLLECTBOM pa3paboTaHHOW MOAeNnu SBnseTcs To, YTO ANs ee 3a-
AaHus He TpebyeTcs MHGOpPMaLMs O CEYEHWUM MarHMTONpoBoaa, A/IMHE CUITOBOW JIMHWW, MapKe CTanu 1 Yucnax BUTKOB
06MOTOK TpaHcopmaTtopa Toka.

Knro4eenie cnoea: peneliHas 3awmra, TpaHcopmaTop TOKa, BOMbTaMMepHas XapakTepucTuka, HacbllleHWe TpaHC-
topmatopa Toka, MATLAB Simulink, mogenupoBaHue
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A simplified model of a current transformer for studying
relay protection operation in transient conditions

Tatiana S. Mukhametgaleeva, Denis S. Fedosov
Irkutsk National Research Technical University, Irkutsk, Russia

Abstract: We develop a simplified model of a current transformer based on its current-voltage characteristic. This model is
applicable for studying relay protection operation in transient conditions when no high accuracy or consideration of current
transformer magnet core hysteresis is required. The model was developed in MATLAB Simulink using elements of the Sim-
PowerSystems and Simscape libraries. The model uses the transformation ratio and current-voltage characteristic obtained
during operational tests of a current transformer. Calculation experiments with non-linear resistance found that a current-
voltage characteristic of voltage and current values can be used to model a current transformer, rather than instantaneous
values. The following conditions were simulated: for nominal currents in current transformer windings to check the transfor-
mation ratio; for opened secondary winding; with current transformer saturation by increasing secondary loading; increasing
the primary current ratio and presence of aperiodic current at the start of the transition process. It was found that the devel-
oped current transformer model allows for a correct imitation of all the above conditions. To verify the model, secondary
current oscillograms were obtained using real current transformers 10 kV at known primary current, which were compared
with nominal oscillograms in the model. The discrepancy between the results of calculational and real experiments was no
more than 10% in amplitude values, with high-quality matching obtained for current charts in the model and real current
transformers. A significant advantage of the developed model is that its setting requires no information on magnet core
cross-section, power line length, steel grade, and the number of current transformer winding turns.
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BBEOEHUE

C kaxabIM rogom MOLLHOCTb anekTpoobopy-
[IOBaHWS 3HEProcucTeM YyBenuumBaeTcs, npwu
3TOM Heu3bexHO BO3pacTaeT KONMYecTBO MNo-
BPEXOEHUNA 1 Oaneknx OT HOPMbl PEXUMOB pa-
60TbI [1]. [0 3TON NpUYMHE NPU PEKOHCTPYKLIUM
W MOZepHM3aumMn OOBEKTOB 3HEpPreTuKu NoBbl-
watoTcs TpeboBaHMsa K YCTPOMUCTBAM penieHon
3awutbl (P3) oT KopoTkux 3ambikaHun (K3) u
APYrvX BUOOB NOBPEXAEHUN.

OCHOBHbIMKM ~ TpeboBaHusmMu Kk paboTe
ycTponcte P3  sABRATCA  CENEKTUBHOCTb,
Ha4EXHOCTb, YYBCTBUTENBHOCTb U BbiCTpOOEN-
cteme [2]. OHM pomxkHbl obecneumBaTbCs He
TONbKO camumm ycTtpouctsamm P3, HO u nep-
BUYHbIMK npeobpasoBaTensMn  U3MepseMbix
BEMWYMH, B NEpBY oyepedb TpaHcgopmaTo-
pamu Toka (TT). MMEHHO OT aHanoroBoro cur-
Hana TT BO MHOTOM 3aBUCKT NpasunbHas pabo-
Ta P3. BTOpWUYHbIN TOK 3neKTpoMarHuTHbIX TT B
NEPEXOAHbIX PEXMMaX MOXET 3HAYMTENbHO UC-
KaXaTbCA MO NPUYMHE HACbILEHUS MarHUTHOM
cuctembl TT [3]. Takas npobnema sBNAeTCS ak-
TyanbHOM Kak Ans paboTbl aHanoroBbIX (3nek-
TPOMEXaHUYECKMX M CTaTUYeCcKuX), Tak u undg-
poBbIX 3awuT [3-5]. M3BecTeH cnyyail Henpa-
BUNbHOM paboTel P3 B 2014 r. Ha opHoW ©3
3NEeKTPOCTaHUMN U3-3a WUCKaXEHUS BTOPUYHOTO
TOKa MO NpUYnHe HacoblweHns TT npu BHELIHEM
TpexdaszHoM K3 ¢ anepuogmyeckon coctaBns-
towen. HekoppekTHoe cpabaTbiBaHue 3awuThl
MPVBENO K PasBUTUIO KPYMHOW CUCTEMHOW aBa-
pun. MogobHble criyyanm oTMevalTCs U B 3apy-
BexHbix nybnukauusx [6-8].

[ns npegotepalleHns nogobHbIX aBapuii B
aHeprocucTemax Heobxoauma paspabotka me-
pONPUATAI MO MOBBLILEHUID HagexHocTn pabo-
Tol P3. TpebyeTca KOPPEKTHO paccuuTbiBaTbh
BTOPWUYHblE TOKM TT B MEPEXOAHBbIX pexumax,
ANS Yero HyHa afekBaTHas MatemaTuyeckas
mogens TT. Cywectsytowme mogenun TT [9-11]

TpebytoT Hanuuna nHpopmMaumn o napameTpax
obmotok TT (4acno BWUTKOB, COMPOTUBIIEHMS
06MOTOK) U MarHWTHOW uenu TT (anuHa cpepn-
HeWl CUNOBOMN NHWUKW, CEYEHe MarHUTonpoBoaa,
XapakTepucTuka HamarHu4MBaHus cTanu), Ko-
Topas He coobliaeTca npov3BOAMTENSMU B
TEXHWYECKON JOKYMEHTaUMWM M B Nyywem crny-
yae [OCTynHa TOMbKO MO YaCTHOMY 3anpocy.
BmecTe ¢ Tem ansa uccnegosaHus pabotbl P3
He TpebyeTcsa BbICOKAash TOMHOCTb MOAENMPOBa-
Hus TT. Hanpumep, B [12] yka3aHo, 4To Ans
MOZENUPOBAHUA MOXHO MPUMEHSATb BNU3KYI0 K
MPSAIMOYrOSIbHOWN XapaKTEPUCTUKY HamarHu4mBa-
HUS, a aBneHune ructepesnca ana TT, npumeHs-
eMblx B P3, MOXHO He y4uTbiBaTb, NpUaEpXu-
Basicb P[] 153-34.0-35.301-02'.

B cBA3KM ¢ aTUM akTyanbHOW 3afadven SBns-
eTca pa3paboTka ynpolieHHon mogenu TT ans
pacnpoCTpaHeHHON  cpedbl  MOAeNMpOoBaHUA
MATLAB Simulink [13, 14]. B kayectBe ucTou-
HUKa MHOPMaUMKU Ans MogenupoBaHus npej-
naraeTcs MCnonb3oBaTb BOMbTAMMEPHYH Xa-
paktepucTuky (BAX), cHATYi0 npu nepuoaunye-
ckov nposepke TT, U AaHHbIE O KO3 PULNEHTE
TpaHcgopmauuun. NoctpoeHne mogenu TOnbkKo
Ha ocHoBe BAX no3BOnWUT MCKMOYUTbL HEOOXOo-
AMMOCTb MosyyYeHus uHdopmauum o TT, KoTo-
pas He yKa3aHa B €ro nacnopTHbIX AaHHbIX. Ta-
kas mogenb TT ¢ wucnonb3oBaHnem BAX nu
anddepeHunanbHbiX  ypaBHeHWA Byaet  wmc-
nonb3oBaTbCA Af19 PacyeTHOro WCCrnefoBaHuUs
MOrpeLIHoCTeN TpaHCOPMaToOpOB TOKa U U3Y-
YEHUs MX BNMSHUA Ha paboty ycTponcTs P3 B
nepexoaHblx pexumMax. [na npoBepKkn KOppekT-
HOCTU paspaboTtaHHou mogenu TT npeagnaraeT-
CS NPOBECTU MOAeNMpoBaHUe YCTaHOBMBLUMXCS
PEXMMOB U NepexofHbIX NPOLECCOB C anepuo-
[AMYECKOW COCTaBNAKLEN TOKA U CPaBHUTbL pe-
3ynbTaTbl MOAENUPOBAHUS C HaTypHbIMKU OC-
umnnorpammamu peanbHbIx TT.

'P[] 153-34.0-35.301-02. WMHCTpyKUns no npoBepke TpaHchopMaTopoB TOKa, UCMONb3YEMbIX B CXeMax perienHomn 3aiiu-

Tbl M n3mepenus. Beeg. 01.03.2003. M., 2003. 151 c.
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MATEPWUAN U METOAbI UCCNEQOBAHUA
N3BectHa mopenb TT Ha ocHoBe audde-
peHuManbHbIx ypasHeHun [10, 15]:

dB . di
WZSCE=(R2 +R,)i, +(L, +Lﬂ)i;
oy —iw, = HI_: (1)
B=f(H),

roe w,, w, —4ucro BUTKOB NEPBUYHON 1 BTOPUY-
Hoi obmoTok TT; 7, i, — TOKW B MEpPBUYHON K

BTOpUYHOM obmoTkax TT; R,, L, — aKTuBHOE Co-
NPOTUBIIEHNE W WHOYKTUBHOCTb BTOPUYHOW 06-
MoTkn TT; R, , L, — aKTMBHOE COMPOTMBIEHNE U

WHLOYKTUBHOCTb BTOpPUYHOW Harpyskn TT; [, -

ANVHA CpeaHen CUNoBOM NIMHUM MarHUTHOrO Nons
B Maruutonposoge TT; S, — nnowadb nonepey-

HOrO ceyeHust MarHuTonposona TT; B=f(H) —

CPeOHss XapaKTepuCTka HamMmarHU4MBaHUS anek-
TPOTEXHUYECKOW CTanu (3aBUCMMOCTb WMHOYKLMK
B 0T HanpshkeHHOCTWM MarHuTHOro nona H npu
HOMMHarnbHoW Yyactote f =50 I'x) [16].

Ha kadhegpe anekTpuyeckunx CTaHuumn, ceTen
U cuctem MpKyTCKOro HauMoHasrbHOro uccneno-
BaTENbCKOro TexHW4eckoro yHuesepcuteta (UP-
HUTY) Takke paspaboTaHa MMUTALMOHHAs MO-
penb TT B cpege MATLAB Simulink [17] ¢ unc-
nonb3oBaHMeM AuddepeHumnanbHbiX ypaBHe-
HWUIA. YpaBHEHMS ONUCLIBAKOT NapameTpbl pexu-
Ma B MEPBUYHON U BTOPUYHOM 0oBMOTKax TT u

OHepreTuka
Power Engineering

Kupxroha © ypaBHEHWS MarHUTOABUXYLLMX
cun TT.

Kak ynomuHanocb paHee, obwum HepocTat-
KOM [aHHbIX MoJenen sBNAeTca Heobxoau-
MOCTb 3afaBaTb MHGOPMaLUMIO O CEYEHUN Mar-
HUTOMPOBOAA, ONMHE CMUIIOBOW NUHUW, Mapke
CTanu 1 yucnax BUTKOB 0OMOTOK, 4TO y Bonb-
wrHcTBa TT He ykasaHO B 3aBOACKOW [OKYMEH-
Tauum u, 6e3ycrnoBHO, SBNSETCA M3ObITOYHLIM
ANSi NPaKTU4YEeCKMX pacyeToB MpW aHanuse no-
BeaeHus P3.

Takxke Ha Kadhegpe daNeKTPUYECKMX CTaHLMN,
ceten n cuctem MPHWUTY paspabortaHa ynpo-
LWeHHas mogenb TT ¢ ucnonb3oBaHMeMm Gnoka
Saturable Transformer B cpene MATLAB Sim-
ulink [18]. Ons gaHHOM Mogenu B KayecTBe UC-
XOAHbIX AaHHbIX UCMOSMb3yeTcs MHOpPMauUms o
Ko3abpuumeHTe TpaHchopmaLumm, HOMUHaNLHON
mowHocT TT n ero BAX. OgHako OCHOBHOM
npobnemoi npu NPUMEHEHUM TakKoW MOAENM
SBNAETCA OTCYTCTBME MHopMmauum 06 ypaBHe-
HUAX, npumeHsiemblx B 6noke  Saturable
Transformer aons  MOAENMpPoOBaHMS  KPUBOW
HamarHu4ymBanus TT.

OTUMK NpuYnHaMu n obycnoBneHo cosga-
HMWEe HOBOW YNPOLLEHHOW MaTeMaTu4yeckon Mo-
penn TT Ha ocHoBe BAX. PaspaboTaHbl gBa
™mna mogenen TT B MATLAB ¢ npuMeHeHnem
pasHblx BMBMNOTEK 3NEMEHTOB ANt MOAENUPO-
BaHUS.

MNepBas mogenb co3gaHa B cpege MATLAB
Simulink npy nomowm o6wmx 6nokos Simulink n
oubnunotekn SimPowerSystems [14, 16]. B ka-
4YeCcTBE OCHOBbl AN NMOCTPOEHUS MOAenn uc-
nonb3yeTca T-obpasHas cxema 3amelyeHuns TT

opmupyloTCH  Npyv NOMOLWM  2-r0  3akoHa  Ha puc. 1[19].
! !
R L R L
O—: YN | YO T
- —> :":':
L e T iR,
U RS w|
y 3L,
y v/ y X
o o

Puc. 1. T-o6pa3Hasi cxema 3aMeujeHUss mpaHcgopmamopa moka
Fig. 1. T-shaped equivalent circuit of a current transformer
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B ynpouweHHon Mogenu TT npuHATO, 4TO
COMNPOTUBNEHMSI NEPBUYHON U BTOPUYHON 0BMO-
TOK TT BBMAOY MX ManocTu paBHbl HYMK. Takum
obpa3om, OOLEKTOM MOOENMPOBAHUS CTaHO-
BUTCS TOMbKO BETBb HAMarHW4MBaHWS C Henu-
HEWHON MHAOYKTUBHOCTbLIO L,. Mo paHHOW BETBU

NpoTeKaeT TOK HaMarHuymBaHug i ABNALO-

/u’
LWMINCA Pa3HOCTbIO NPUBEAEHHOTO MepPBUYHOTO
i W BTOpWUYHOro i, TokoB TT. ConpoTuBneHve

BETBM HaMarHW4MBaHWsA Npyu CUHycomaasibHOM
TOKE HamarHu4iuBaHus (pabota Ha NUHENHOM
yyactke BAX) MoxeT ObiTb HalgeHO No MrHo-
BEHHbIM 3HAYEHWAM TOKa W HanpsXeHWs, CaBU-
HYTbIM OTHOCUTENBHO Apyr Apyra Ha yron 90°:

X =22-0L, 2)

roe w=27f - uuknMyeckas 4actota nepe-
MEHHOro Toka. [ockonbKy B AaHHOW paboTte uc-
CrnefyeTcs pexuMM C HacbllWeHnemM MarHuTonpo-
Boda, T.€. PEXUM HENMUHEWNHbIX 3NEeKTPUYECKUX
Lenen, To BblpaxeHue (2) Henb3s NMPUMEHUTb
ans scen BAX. Bmecte ¢ TeM aneKkTpoaBuXy-
was cuna (34C) BTopu4HON 0OMOTKU, YUCIEH-
HO paBHasi Mpu OTCYTCTBMW COMPOTUBIIEHMUS
BTOPUYHON OOMOTKM HanpshKeHUo u,, OMUCbI-

BAETCS YpPaBHEHWEM MO 3aKOHY 3MEKTPOMArHmT-
HOW MHAYKLMW:

di,
62=u2=LﬂE, (3)
u2 .
rge L,u =—— — HeNMHenHaa WHAOYKTUBHOCTb
L@
"

cepaevHuka TT, onpegensemasn BAX.

B paspabotaHHon mogenu ¢ obwwmmn 6no-
kamu Simulink n SimPowerSystems (puc. 2)
NEPBUYHLIN TOK MPMBOAMTCA KO BTOPUYHOM 00-
MOTKE C NOMOLLBI0 [eNleHns Ha Ko3aUUMEHT
TpaHcopmaumm TT 6nokom Gain. 3atem npu-
BEEHHbIN NePBUYHLIN N BTOPUYHBIN TOKN BblYK-
TaloTCs, YT0Obl NONYYNTb TOK HAMArHNYMBaHKS:

i, =i —i,. (4)

Onsa 3agaHus BAX wucnonbsyetcs 6nok
Lookup Table. 3 Toka HamarHuumBaHus i, Ha

Bxoge 6nok Lookup Table nossonset nonyynts
Benuuuny SAC TT (HanpsxeHWs Ha BTOPUYHOM

obmoTke u, ). [peobpasoBaHue Toka B Hamps-

XeHne BeaeTcs no 3agaHHon B 6noke Lookup
Table BAX B MrHOBEHHbIX 3HAY€HUSX TOKa W
HanpsbkeHusi. Tak Kak Mo BblpaxeHuo (3)
HanpsbkeHne CBA3aHO C TOKOM HamarHu4nBaHus
yepes npom3BoAaHyko, nocne 6rnoka Lookup Ta-
ble BbINoNHseTCA onepauus auddepeHunpo-
BaHus ¢ nomollbto 6noka Derivative. Tak kak
npov3BodHas Toka CBOEN Pa3MepHOCTbI OTNN-
4yaeTcs OT HanpsKEHWs, ANs NpUBeaeHUs BENU-
YMHbI NPOM3BOAHON B BOSbTHI BbINOSHAETCS Ae-
neHue curHana Ha BennumHy @ B Bnoke Gain.
MonyyeHHOe HanpshkeHne (INeKTPoABMXKYLLAN
cuna TT) nogaeTtcs Ha ynpaBnsieMbl UCTOYHMK
HanpsbkeHust Controlled Voltage Source, Bknto-
YEHHbI BO BTOPUYHYIO OOMOTKY.

Bropas mogenb TT B cpeage MATLAB aHano-
r’MYHa NEPBOW C TEM OTNNYMEM, YTO ANS NOCTPO-
eHMs  ucronb3ytTcs  6rnokn - GubnuoTeku
Simscape (puc. 3). g HaxoxaeHns npouns3soa-
HOM MCNosb30BaHa LeMb C UHAYKTUBHOCTLIO. ITO
BbI3BaHO OTCYTCTBMEM B cpefe Simscape wrat-
Horo 6noka Ans HaxoXAeHWst NPOW3BOAHON Cur-
Hana. brnok PS-Simulink Converter Heobxoaum
Ans nepeeBoda uanyeckoro curHana Simscape
B curHan ansa Simulink n ero otobpaxeHus.

MNpencraBnseT oTAenbHLIN UHTEPEC BONPOC
O KOppeKTHOCTW 3afaHus BAX B gencTBYOLLMX
3HAYEHUSAX TOKa M HanpsXXeHus (B COOTBETCTBUM
c npotokonom nposepkn TT) Bmecto BAX B
MrHOBEHHbIX 3HaYeHusIX, Kak aToro TpebyeT Bbl-
paxeHue (3) ANS HaxOXOeHWs MPOU3BOAHOM
Toka. CpaBHeHne pesynbTaTtoB cHATMS BAX B
MrHOBEHHbIX W OECTBYIOLWMX 3HAYEHUSIX BENu-
YMH NPOBEdEHO Ha MOAENW HENMHENHOro Co-
npoTUBNEHNs (puc. 4 a), KOTopoe 3afaHo 3aBW-
CUMOCTbIO HanpsixeHus oT Toka B 6rioke Lookup
Table.

B mopenu Ha puc. 4 b, rae cHumaetcs BAX
B MFHOBEHHbIX 3HAYEHUSX TOKA U HanpsKeHus,
B LeMb C HENWHENHbIM COMPOTUBIIEHNEM BKITHO-
yeH 610K ynpaBnseMoro MCTOYHMKA ToKa, KOTO-
pbiii NO3BONSET PerynmpoBaTb 3HaYeHus nopa-
BaeMOro nocTosiHHOro Toka. B mogenu Ha puc.
4 ¢ HENWHENHOE CONPOTUBIEHNE BKIIOYEHO B

ISSN 1814-3520

BECTHUK UPKYTCKOIO rOCYOJAPCTBEHHOIO TEXHUYECKOIO YHUBEPCUTETA 2021;25(4):450-462

453

PROCEEDINGS OF IRKUTSK STATE TECHNICAL UNIVERSITY 2021;25(4):450-462




OHepreTuka
Power Engineering

i1i2

Discrete,
Ts = 5e-05 s.
4

L1

—n

utu2

1/Kt

1-D Lookup
Table

K (z-1
Tsz

)

-

1/100/pit

L2

Discrete Derivative

b
Puc. 2. Modenb mpaHcghopmamopa moka (a), pabomarouw,e2o Ha akmueHo -UuHAyKmueHyIo Hazpy3Ky, u nodcucmema ¢
Modenbr0 mpaHchopmamopa moka e cpede MATLAB Simulink (b)

Fig. 2. Model of a current transformer with active and inductive loads (a) and a subsystem with a model of a current
transformer in MATLAB Simulink environment (b)

PS Subtract IL_t‘

N
k

Puc. 3. Modens mpaHcghopmamopa moka e cpede MATLAB Simscape
Fig. 3. Model of a current transformer in MATLAB Simscape environment
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Puc. 4. Modenb HenluHeliHO20 conpomueJsieHus (a), nonyyeHue eoibmamnepHol Xxapakmepucmuku

8 M2HOBeHHbIX 3HaYeHusix (b) u e delicmeyrowux 3Ha4eHusx (c)
Fig. 4. Model of nonlinear resistance (a), obtaining of current-voltage characteristics in instantaneous (b)
and effective values (c)

B pesynbTate pacyeTHbIX 3KCMEPUMEHTOB
nonyyeHsl BAX B MIHOBEHHbIX U AENCTBYIOLLMNX
3Ha4yeHusX Ha puc. 5. YctaHosneHo, 4yto BAX B
MrHOBEHHbIX 3Ha4yeHusX oTnnyaeTca B Gornb-
Wyt cTopoHy ot BAX B gencTBylOLWMX 3Hade-
HUSIX OPMEHTMPOBOYHO B 1,14 pasa.

uenb C CUHycouZanbHbIM MCTOYHUKOM nepe-
MEHHOro TOKa, a pe3ynbTaTbl M3MEePeHun nepe-
BOOATCS B AEWCTBYIOLLME 3HAYEHUS C MOMOLLbIO
mMoZynen pacyeta cpedHeKBagpaTWUuHbIX 3Ha-
YeHUn ocHoBHoW Yactotel RMS (HomMuHanbHas
MaKkcumarnbHasi CUHYCOMAANbHOCTb, OT aHrf.
Rated Maximum Sinusoidal) [20].

14 T - :

12

10 F 3

' u, B

114U =f (1,14
— u=f(i) ]

/

T

i, A

20 25

Puc. 5. BonbmamnepHbie xapakmepucmuku HesluHeliHo20 COMPoMUeeHUsl, CHsimble 8 M2HOBEHHbIX U delicmeyouwux
3HayeHusx (a), U me e xapakmepucmuKu NocJie yMHOXeHUsl 80JIbmaMnepHoLl Xxapakmepucmuku e delicmeyoujux
3Ha4yeHusix Ha koagppuyueHm 1,14 no moky u HanpsikeHuro (b)
Fig. 5. Current-voltage characteristics of nonlinear resistance taken in instantaneous and effective values (a), the same
characteristics after multiplication of the current-voltage characteristic in effective values by a factor of 1.14 for current and

voltage (b)
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Tak kak Toukn nepernda y ABYX Xapakrepu-
CTUK Ha pucC. 5 b OTIMYaKTCH HECYLLECTBEHHO,
10 BAX B mogenn TT MOXHO 3agaBaTtb B AeW-
CTBYHOLIMX 3HAYEHUAX (KaK MX OObIMHO U CHU-
MatoT B 3KCNIyataumm), YMHOXeHHbIX Ha 1,14.

PE3YINbTATbl UCCIIEOOBAHUA
N UX OBCYXOEHUE

Ob6e paspaboTtaHHble Mmogenun TT nposepe-
Hbl MPW UMUTALUM PA3NNYHBIX PEXUMOB pabo-
Tbl: NPW HOMUHANbLHOM MNEPBUYHOM TOKE U 3a-
MKHYTOW BTOPWYHOM OOMOTKE; MpW HOMMWHANb-
HOM NEPBUYHOM TOKE 1 PA3OMKHYTOW BTOPUYHON
0OMOTKE; NPV HOMUHANBHOM NEPBUYHOM TOKE U
BTOPUYHOW Harpyske, npeBblllaoLed HOMU-
HanbHYK; MPWU NEPBUYHOM CUHYCOMAANbHOM
Toke K3; B nepexogHom pexume K3 ¢ anepuo-
AMYeckon cocTaensawowen toka. [ns mopenu-
poBaHus npuHat TT Tuna TMJ1-10. Ha puc. 6
npeacTaBneHbl  OCUMNIIOrpaMMbl  HaNPSHXEHNS
Ha BTOpWYHOM OBMOTKE MpW €e pa3MblKaHun U
NPOTEKaHUN HOMWHAMNBHOIO TOKa NO NEePBUYHON
obmotke TT.

Mpy pa3oMKHYyTON BTOPWUYHOW OBMOTKE Ha
ocuunnorpamme (CMm. puc. 6) BUAHbI NepeHa-
NPSHKEHWST Ha Pa3OMKHYTOW BTOPUYHON OOMOT-
K€, YTO COOTBETCTBYET peanbHbiM (hU3NYECKAM
npoueccam BO BTOPUYHOW OBMOTKE Npu Takom
pexume.

OHepreTuka
Power Engineering

Ha puc. 7 npeacrasneHbl ocumnsiorpaMmel
MePBUYHOrO M BTOPUYHOrO TOKOB TT npu TOKe B
nepBuyHOM 0OMOTKe, MpeBbIWAWMNe HOMU-
HanbHbIN.

Ha puc. 7 o4eBMOHO, 4TO MpW NEPBUYHOM
TOKE, 3HAYUTESIbHO MPEBbILLAKLWEM HOMUHAmMb-
Hbln, HabnogaeTca HacbiweHne TT, a Ha oc-
umnnorpaMmme BTOPUYHOIO TOKa BUAHbLI CpPe3bl.
AHanornyHble 3@eKTbl NONyYeHbl NPU MeHb-
WMX NEpBUYHbIX TOKax B Cryvyae 3afjaHus BTO-
pU4HOM Harpysku TT, npeBblwaOWwen HOMU-
HasbHY!0.

Ha puc. 8 nokasaHbl ocuunnorpaMmbl nep-
BWYHOrO 1 BTOPMYHOTO TOKOB TT npu nepexoaHoM
npoLecce ¢ anepuoanN4eCcKon COCTaBNSIOLLEN.

3aTyxaHue anepuoamMyeckoro Toka BO BTO-
pUYHON O0OMOTKe npoucxoauT bbicTpee, Yem B
nepBu4yHOM KoHType TT (cm. puc. 8), Takxe
HabnJanTCA UCKaXeHUs (opMbl BTOPUYHOIO
TOKa BO Bpemsi NpoTeKaHWs anepuoamyeckoro
TOKa 3a cyeT adpeKkTa HaCbILLEHUSs MarHUTo-
nposoga TT.

B uenom xapakTepucTuku BTOPUYHOTO TOKa
B Mogenax Simulink n Simscape NonHOCTbIO
coBMajatT, TeM He MeHee MOfenNb C UCMOSb30-
BaHnem 6nokos MATLAB Simscape Ha puc. 3
nokasana 6onee crabunbHyio paboTy BO BCex
pexummax.
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Puc. 6. Ocyunnozpamma HanpsixeHus Ha eMoOpPUYHOl 06MomKe mpaHcgopMamopa moka npu Pa3oMKHymol eMopuYHoU
o6momke u nepeuyHom moke 50 A
Fig. 6. Oscillogram of voltage on the secondary winding of the current transformer with an open secondary winding and a
primary current of 50 A
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Puc. 7. Ocyunnozpammbl mokoe mokoe e nepeuyHol u emopu4Hol o6Momkax mpaHcghopmamopa moka npu nepeuyHom
moke 750 A u emopuyHol Hazpy3ke R, = 0,48 Om, L, = 1,146 m'H
Fig. 7. Oscillograms of currents in primary and secondary windings of the current transformer at a primary current of 750 A
and a secondary load R = 0.48 Ohm, L, = 1.146 mH
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Puc. 8. Ocyunnozpammbl mokoe e nepeuyHoli u emopu4Holi o6Momkax mpaHcghopmMamopa moka 8 nepexoGHOM pexume ¢
anepuoduyeckoli cocmasssiloujeli moka npu nepeuyHoM moke 75 A u emopuyHol Hazpy3ke Rz = 0,96 Om, L, = 2,292 MIH
Fig. 8. Oscillograms of currents in primary and secondary windings of the current transformer in the transient mode with an
aperiodic current component at a primary current of 75 A and a secondary load Rz = 0.96 Ohm, L, = 2.292 mH

Ons nposepku paspabotaHHon mogenu TT  TpaHcdopmauuu 75/5. Ha gaHHbix TT Bbinon-
npuayMaHbl ¥ BHeOpeHbl MOAenu ABYX peanb-  HeHO cHATUe BAX ¢ NOMOLbI MCMbITAaTENbHOMO
HbiX TT: TIJ1-10 ¢ koadpdpuumeHTom TpaHcdop-  komnnekca PETOM-21 u noctpoeHsl BAX Ha
maumn 50/5 n TBJIM-10 ¢ koadbcuumeHTOM  MaTemaTudeckon mogenm (puc. 9).
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4r U B 1

XapakrepucTuka, nony4yeHHas
Ha moaenu B MATLAB

35r \ 3KCMIEPUMEHTANBHO

CHATas XxapaKkTepucTuka

25 1
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70 F T T T T T 7]

60 b
3KCMEepUMEHTanLHO

CHATas XxapakrepucTuka

50 b

40t 1

XapakTepucTtuka, nony4yeHHasa
Ha mogenu B MATLAB
30 E

Puc. 9. CpasHeHue aKkcnepuMeHmasnabHO cHamol u nony4eHHol Ha Modesiu 80/lbMaMnepPHbIX Xapakmepucmuk
mpaHcghopmamopa moka muna TI1J1-10 50/5 (a) u TBJIM-10 75/5 (b)
Fig. 9. Comparison of current-voltage characteristics of TPL-10 50/5 (a) and TVLM-10 75/5 (b) types of the current transformer
taken experimentally and obtained on the model

Ha puc. 9 BugHo, uto BAX, cHATbIE C nOMO-
wbto PETOM-21 Ha oboux TT, coBnagaioT C
BAX, nOCTpOEHHbIMX HA MOAENN.

Takke Ona sepuuKauMm CHATbI OCLUINIO-
rpaMmbl BTOPUYHOTO TOKa Ha TpaHcopmaTope
Toka TIMJ1-10 B pas3nunyHbix pexumax (puc. 10):

1) npu nepsuyHom Toke 50 A B ycTaHOBMB-
LeMCs pexume CUMHycoMaanbHOro Toka M BTO-
puyHou Harpyske 9,6 Om (puc. 10 a);

2) npu nepsuyHom Toke 10 A ¢ anepuoamnye-
CKOW COCTaBnsAoLLen U BTOPUYHOW Harpyske 9,6
Owm (puc. 10 b);

3) npu nepsuyHom Toke 10 A ¢ anepuoaunye-
CKOW COCTaBristoLLEe M BTOPUYHON Harpyske 39
Owm (puc. 10 ¢).

Mpn nomoww cneumanbHoOW nporpammel B
MATLAB nonyyeHbl ocumnnorpammel B hopma-
Te COMTRADE, koTopble nogasanucb Ha TT ot
ucnblTatensHoro  yctponctea  PETOM-51.
COMTRADE sBnsietcs obwenpuHateiM  op-
MaTOM perucTpaummn ocuuniorpamm nepexon-
HbIX MPOLIECCOB (aBapui) B 3Heprocuctemax
[21]. BTOpuyHblE TOKM npu 3TOM MKCUPOBA-
muce ocumnnorpadgom Fluke 190 ¢ TokoBbIMU
Knewiamm.

Puc. 10 noka3sblBaeT, 4TO CHATbLIE OCLMNIIO-
rpaMmbl BTOPUYHBIX TOKOB Ha peasnisHoM TT Tu-
na TIMNJ1-10 ngeHTnYHbI rpadpukam, NosyYeHHLIM
Ha ynpoLLeHHon mogenu. PacxoxaeHne no am-

nnuTygam TokoB cocTtasnset He 6onee 10%.
BeposiTHasas npuumHa pacxoxgeHuss — HeydyeT
aKTUBHOTO COMPOTUBIEHUS U UHAYKTUBHOMO CO-
NPOTMBIEHNS paccesHUs BTOPUYHOM OBMOTKM
TT B ynpoLyeHHOW Mogenu.

3AKJTIOMEHUE

B cratbe npeactaBneHbl pesynbTatbl UC-
crnefoBaHust No paspaboTke YnpoLLeHHOW Ma-
TemaTtuyeckon mogenu TT Ha ocHoBe ero BAX B
cpegax  MATLAB  Simulink wn MATLAB
Simscape. lNpeanoxeHHas mogenb NO3BONSET
uccnegosatb paboty TT B pasfiMuHbIX yCTaHO-
BMBLUMXCS M NEPEXOAHbLIX pexmmax paboTbl.
Ona mopenupoBannss TT TpebytoTcs OaHHble
TONMbKO O KO3(hdmUmeHTe TpaHcdhopmaumm n o
BAX, 4To ynpoliaeT MogenmpoBaHue B cpaBHe-
HUM C M3BECTHbIMW Mogensmu TT Ha OCHoBe
AnddepeHumanbHbIX ypaBHEHNUIA.

PaspaboTtaHHble Mogenu npoBepeHbl B pas-
NNYHBbIX pexumax pabotel TT. Mogenb ¢ uc-
nonb3oBaHumem 6nokoB MATLAB Simscape no-
kasana 6onee ctabunbHylo paboTy BO BCeEX pe-
XUMax. YCTaHOBMEHO, 4YTO npu 3agaHum BAX B
mogenu HeobxoaMmo [OelCTBYIOLWME 3HAYEHUS
HaNpPsXKEHUs 1 TOKa YMHOXaTb Ha KO3(uL M-
eHT 1,14 ons nepexoda K MrHOBEHHbIM 3Haye-
HUAM HaNPSHKEHUIA U TOKOB.
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Puc. 10. OcyunnozpaMMbl 8MOPUYHO20 MOKa NPpuU nepeuyHoM moke 50 A 8 ycmaHosueweMcsl pexxume U 8mopuyHou
Haepy3ke 9,6 Om (a), npu nepeu4yHom moke 10 A ¢ anepuoduyeckoli cocmaensrowel u emopuyHol Hazpy3ke 9,6 Om (b)
u npu nepeu4Hom moke 10 A ¢ anepuoduyeckoli cocmaensiouieli u emopuyHoli Hazpy3ke 39 Om (c): 1- pacyemHbie
ocyunnozpammbl 8 MATLAB Simulink; 2 — ocyunnoepammbl, 3anucaHHble ocyunnozpagpom Fluke 190
Fig. 10. Oscillograms of the secondary current at a primary current of 50 A in the steady state and a secondary load
of 9.6 Ohm (a), at a primary current of 10 A with an aperiodic component and a secondary load of 9.6 Ohm (b) and
at a primary current of 10 A with an aperiodic component and a secondary load of 39 Ohm (c):

1- calculated oscillograms in MATLAB Simulink, 2 - oscillograms recorded by a Fluke 190 oscilloscope

Ons Bepudukaumy MOLENM npu NOMOLLM
yctponcts PETOM-21 u PETOM-51 cHsatbl BAX
c TT tuna TrMJ1-10-50/5, TB/IM-10-75/5. Cpas-
HEHWe akcnepumeHTanbHblX BAX ¢ xapaktepu-
CTUKamu, NOCTPOEHHBIMM Ha MOAenu, nokasano
MOYTU NOSIHOE CoBNadeHne AaHHbIX.

[ns npoBepku paspaboTaHHON Moaenu pac-
CMOTpPEHbI pexuMbl HacbiweHns TT Tokom K3 ¢
anepuoguyeckon coctasnstowen. [JaHHble pe-
XUMbl BOCMPOM3BEAEHbI MPY NOMOLLM CreHepu-
poBaHHbIX rannos ocumnnorpamm COMTRADE
Ha yctponctee PETOM-51, cHATbl ocumnno-
rpammbl BTOpUYHOro Toka Ha TT Tuna TIJ1-10-

50/5. CHsiTble ocumnnorpaMMbl Ha peanbHbiX TT
WOEHTUYHbI MOMYYEHHbIM Ha MOAESNN, PacXox-
[l€HNE B MFHOBEHHbIX 3HaYeHWsIX TOKOB He npe-
BolwaeT 10%.

Takum obpasom, nonyvyeHHas ynpoLleHHast
mogenb TT no3BonseT aHanM3nMpoBaTb PEXUMbI
pabotbl P3 npu HacbiweHun TT u [OBOMBHO
KOPPEKTHO yyuTbiBaTb BMUsiHWME Ha paboty TT
anepuoguyeckoro Toka. [naHupyetca gopaboT-
ka MOZEnn Ans BO3MOXHOCTM y4yeTa oCTaTou-
HOW MHOYKUMM MarHuTonposoda W npubnmxeH-
HOro y4eTa MoHOro CONPOTUBNEHNS BTOPUYHOM
06MOTKM.
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