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Pedepar. Paccmorpena peanusanus MHGOPMALHMOHHOTO OOECIEUEHUS Uil KOMIBIOTEPHBIX U
amnapaTHO-NIPOTPAaMMHBIX HCHBITaTeIbHBIX KOMIUIEKCOB [UIS IIPOBEPKH pabOTOCIIOCOOHOCTH k(-
POBBIX TOKOBBIX 3alUT JIEKTPOYCTAHOBOK M MX MOJENEH B CHCTEME IHHAMUYECKOTO MOMEIIH-
poBanust MatLab-Simulink. [Toka3aHo, 4To MaTeMaTH4ecKoe MOACIUPOBAHHE YACTH DIICKTPOIHEP-
TeTUYECKON CUCTEMBI — 00OOIIEHHOTO 3IEKTPOIHEPTETHYECKOTO 00BEKTAa — MOXKET CTPOUTHCS Ha
OCHOBE JKECTKHX U THOKMX Mozeineil. JKecTkue Mozenu, pearn3yeMble HA OCHOBE MaT€MaTHIECKO-
IO OIMCAHUS DIEKTPUYECKHX U MArHUTHBIX KOHTYPOB 3JIEMEHTOB JHEPrOCHCTEMBI, MOTYT pac-
CMaTPUBATHCS KaK 3TAJIOH, C KOTOPBIM MOXHO CPaBHUBATH PE3YJIbTAThl MOJCIUPOBAHHS TAKUX XKe
NIEKTPOIHEPTETUIECKUX OOBEKTOB, HO ITOJIYICHHBIX B IPYTHX CHCTEMax MopenupoBanus. [ mokue
Mozenu 0000IIEHHOTO IEKTPOIHEPTETHIECKOTO 00BEKTa MPEUIaracTcsl peaan30BhIBaTh B CHCTE-
Me AnHaMmu4yeckoro monenupoBanus MatLab-Simulink, B coctaB KOTOpPOii BXOIUT MakeT pacuiu-
penust SimPowerSystems, OpUEHTHPOBAHHBII Ha UMHUTALMOHHOE MOZCIUPOBAHUE DIICKTPOTEXHHU-
YEeCKHX YCTpoiicTB. PaccMOTpeHBI 0COOEHHOCTH pacdera IapaMeTpOB OCHOBHBIX OMOIMOTCYHBIX
61o0koB SimPowerSystems, U3 KOTOPbIX (OPMUPYETCSI MOJIENb SHEPIOCUCTEMBI. 13 cTaHAapTHRIX
6nokoB Simulink cocraBieHsl Mozenu Tpex(asHoW IPymImbl TPAaHCPOPMATOPOB TOKA C COCANHE-
HHEM BTOPHYHBIX OOMOTOK M Harpy3oK IO CXeMe «3Be3/a C HYJIEBBIM IIPOBOJOM» U MOJAENb IH(-
pOBOH TOKOBOH 3alIMTHI, OTCYTICTBYIomme B 0Oa3oBoil Ombimoteke. IIpoBeneHo comocraBieHHe
PE3yJIbTaTOB MOJEINPOBAHHS OJHOTO M TOTO )K€ 00OOIEHHOTO 3IEKTPOIHEPreTHYECKOr0 00beK-
Ta, PEAM30BAHHOTO B Pa3MYHBIX KOMIIBIOTEPHBIX MPOTPAMMHBIX KOMIUIEKCaX. PacxoxkieHue
pe3yJIbTaTOB MOJEIUPOBAHUS COCTaBMIO He Ooiee 3 %, 4TO MO3BOJISIET PEKOMEH/IOBATh CHCTEMY
JIMHaAMuueckoro mopenupoBanus MatLab-Simulink i co3manusi mporpaMMHOTO oOecredeH s
alnapaTHO-IIPOrPAMMHBIX UCIIBITATENIBHBIX KOMIUIEKCOB. IIpeasnoskeHa CTpPyKTypa armapaTHo-
TIPOTPaMMHBIX HCIIBITATENFHBIX KOMIUICKCOB Ha OCHOBE IPpoBepouHoii ycranoBkr Omicron CMC 356.
IMponsBeneHo cpaBHEHHE BpEeMEHH CpadaThIBaHUS pealbHOro nudposoro peme tuma MP 801 n
MOJIeNIM, HapaMeTpbl KOTOPOil B TOYHOCTH MOBTOPSIOT IapaMeTphbl YCTPOICTBA MPOTOTHUNA IPH
WJICHTUYHBIX BXOJHBIX BO3JEHUCTBHSX. B pe3ynbrare MpOBENCHHBIX HCIBITAHHN BBISIBICHO ONM3-
KO COBIAJICHHE pe3yJbTaToB (pacxoxkaeHue He Goiee 8 %), 4TO MOATBEPIKAAET BO3ZMOXKHOCTD
HUCIIOJBb30BaHU NPEIIOKEHHBIX HCIIBITATECIIBHBIX KOMIIJIEKCOB ITPHU pa3pa60TKe " OTJIaIKEC HOBBIX
IU(POBBIX YCTPOWUCTB peNIeHOI 3aIUTHL
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MatLab-Simulink Based Information Support
for Digital Overcurrent Protection Test Sets

I. V. Novash?, F. A. Romaniuk®, Yu. V. Rumiantsev?, V. Yu. Rumiantsev”
DBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The implementation of information support for PC-based and hardware-software based
sets for digital overcurrent protection devices and their models testing using MatLab-Simulink
environment is considered. It is demonstrated that the mathematical modeling of a part of the po-
wer system — viz. of the generalized electric power object — could be based on rigid and flexible
models. Rigid models implemented on the basis of mathematical description of electrical and
magnetic circuits of a power system can be considered as a reference model for the simulation
results that have been obtained with the aid of another simulation system to be compared with.
It is proposed to implement flexible models for generalized electric power object in the MatLab-
Simulink environment that includes the SimPowerSystems component library targeted to power
system modeling. The features of the parameters calculation of the SimPowerSystems component
library blocks that the power system model is formed of are considered. Out of the Simulink
standard blocks the models of a wye-connected current transformers were composed as well as the
digital overcurrent protection, missing in the component library. A comparison of simulation re-
sults of one and the same generalized electric power object implemented in various PC-based
software packages was undertaken. The divergence of simulation results did not exceed 3 %;
the latter allows us to recommend the MatLab-Simulink environment for information support crea-
tion for hardware-software based sets for digital overcurrent protection devices testing. The struc-
ture of the hardware-software based-set for digital overcurrent protection device testing using the
Omicron CMC 356 has been suggested. Time to trip comparison between the real digital protec-
tion device MP 801 and the model with the parameters which are exactly match the parameters
of the prototype device was carried out using the identical test inputs. The results of the tests
demonstrated a close coincidence of results (the divergence of not more than 8 %), that confirms
the possibility of using the suggested hardware-software based test set during the development and
debugging of new digital relay protection devices.

Keywords: digital overcurrent protection, software, hardware, mathematical model, current trans-
former, MatLab, Simulink, SimPowerSystems, RTDS, test set, Omicron CMC 356, NetSim, di-
gital filter
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BBenenne

BHenpeHnve HOBBIX TEXHOJOTHA B SHEPreTHYECKOW OTPACIIM, MOCTOSHHBIN
pOCT TE€HEPUPYIOIINX MOIIHOCTEH, YCIOXKHEHHE TOMOJIOTMH CETH MepeAadud u
pacnpeneneHus MEeKTPUIECKON SHEPTHH SBISIIOTCS MPUYMHONM BO3HUKHOBEHHS
HOBBIX, paHee HE XapaKTEPHBIX PEKUMOB PAabOTHI IHEPTETUUECKOH CHCTEMBI.
JlanHoe 0OCTOSTENHLCTBO TPeOyeT OT MPOM3BOIUTENECH HHU(PPOBBIX yCTPOHCTB
peneiinoit 3amuTel (LIYP3) npeasaputenbHOro uCnbITaHUs TUIAHUPYEMBIX K BBI-
MyCKY 3alUT B yCIOBHX, MAKCUMAJIbHO MPHOIMKEHHBIX K peanbHbIM. Hanbo-
Jiee paluoOHAIBLHBIA B 3QQEKTUBHBIA CIIOCOO JaHHBIX UCTIBITAHUI — MOJIEINPO-
BaHUE, MO3BOJISIONIEE MOJYYUTh MEPBUYHBIN OIBIT dKCILTyaTallil BHEIPSIEMbIX
pewenuit [1].

W3BecTHBI AnekTpoanHaMHYecKre ((PU3UUECKUE) H aHAIOTOBBIC BUIBI MOJIe-
neil anexkrposHepreTuyeckoil cucremsl (IC). IIpenmymiecTBa Takux Mojeneit



I. V. Novash, F. A. Romaniuk, Yu. V. Rumiantsev, V. Yu. Rumiantsev
MatLab-Simulink Based Information Support for Digital Overcurrent Protection Test Sets 293

3aKJIFOYAIOTCSl B MacmITabHON TOYHOCTH MOJETHPYEMbIX 00BEKTOB, OHAKO JIO-
pOTOBH3HA, 3aHIMAaEMO€E TIPOCTPAHCTBO, CIIOKHOCTh HACTPONKHU U MEPEeCTPOSHUS
MoJIeJIel OTPaHNYMBAIOT X LIMPOKOE UCIIOIb30BaHHE.

Hambonee pacmpocTpaHeHHBIM B HACTOAIIEE BpeMsl SBISETCS METOJ MaTe-
Matndeckoro moxenupoBanus OC m I[YP3. CoBpeMeHHBIC HCIBITATCIIBHBIC
komiekcsl (MK) ucmons3yror 3ToT MeTo ISl MOTyYeHHs BXOIHBIX HHPOpMa-
IIMOHHBIX CUTHAJOB, MPEACTABIAIONINX cobor moaBoanmeie k LIYP3 wnm k ero
MOJIETTN TOKH W HaNpsDKEHHS, PaBHBIE TIO BeTMYWHE M (OopME BXOAHBIM CHTHA-
JlaM, COOTBETCTBYIOIIMM peadbHBIM ycnoBusiM skcruryataruu. UK mus [[YP3
Pa3BHUBAIOTCSA W COBEPIIEHCTBYIOTCS IO IBYM OCHOBHBIM HATIPaBIICHHSIM.

[lepBoe HampaBleHwe — MPUMEHEHNUE KOMILIEKCHOTO MaTeMaTHIECKOTO MO-
nenupoBanus JC coBMmectHO ¢ [[YP3, oTkphiBaroiiee BO3MOXKHOCTh OTPa0aThI-
BaTh HOBBIE TPUHITUIIBI IOCTPOCHUS NMU(POBBIX 3aIINUT U MPOBEPATH UX PabOTO-
CMOCOOHOCTh TP aBapUHHBIX PEXXHUMaX, KOTOPHIE HEBO3MOXKHO MCKYCCTBEHHO
MTOBTOPUTH Ha PEabHBIX SHEPTeTUYECKNX O0BEKTaX.

Bropoe HampaBieHne — WCIONB30BaHHE KOMILIEKCHBIX MAaTEMaTHIECKUX
mozeneit DC s monydeHuss WHGOPMAMOHHBIX curHanoB [[YP3 B pabGouunx
Y aBapUUHBIX peKUMAaXx 3amuiaeMoro oorsekrta. st atoit nenu co3parores UK,
COCTOSIIIIME U3 allapaTHON W MporpaMMHoOi yacte. [Iporpammuas 9acte, pea-
TU3yronias KOMIUIEKCHBIe MareMaTtmdeckne Monendn JC W M3MEpHUTENbHBIX
TpaHc(hOpPMATOPOB, BOCIIPOU3BOAMTCS Ha nepcoHanbHoM Kommbrotepe (1K), rae
($opMHPYIOTCSI BpEMEHHBIE MOCIEI0BATEILHOCTH - MI'HOBEHHBIX 3HAUY€HHH BTO-
PUYHBIX TOKOB M HANPSDKEHWH IJIS1 BCEX PEXXMMOB, Ha KOTOpBIE JIOJDKHA pearu-
poBaTh UCIbITYEMAs 3alllkTa. B amnmapaTHoi 4acTH, coAeprKallei MTPOBEPOUHYIO
yctanoBky (I1Y), 3t koapl peoOpa3yroTcst B aHAJOTOBBIC CUTHAIIBI, YCHIINBA-
I0TCS U B pEaJIbHOM MacIiTade BpeMEHH MoAat0Tes Ha ucrnbityemoe L[V P3.

B nacrosmieir cratbe 000CHOBBIBAETCS BO3MOXHOCTH PEaTU3aIlii B CHCTE-
Me auHamudeckoro monenuposanus (CIM) MatLab-Simulink nporpammHo-
MH(GOPMAITMOHHOTO 00ECIIEYeHHS HCITBITATENIbHBIX KOMILIEKCOB JJISI TPOBEPKH
paboTOCIIOCOOHOCTH KaK CEPUHWHO BBITYCKAaeMBIX HHU(POBBIX TOKOBBIX 3aIUT
3IIEKTPOYCTAHOBOK, TaK U UX MOJIEICH.

OcHOBHASl YACTh

OcHoBHBIM TpeboBanueM, npeabsaBiasieMblM K VK, sBiseTcs 10cTOBEpPHOCTD
Pe3yAbTaTOB MOAEIUPOBAHHSA PeXUMOB paboTel DC, nocturaemas B MEPBYIO
oyepesab MPAaBUIIBHBIM BBIOOPOM CTPYKTYpHl M TIOJHOTOH MAaTeMaTH4ecKoro
OIIHCaHMs BCEX AeMeHTOB, BXoaamux B DC. [TockoapKy MONHYI0 MaTeMaTnye-
CKyr0 MoJenb Bceit DC, IO KOTOPOH PacCYUTHIBAINCH Obl BXOJHBIC CHUTHAJIBI
penerHON 3alUThl, COCTAaBUTH HEBO3MOXKHO, TO m3 DC BbImENsieTcss (parMeHT
B BH/Ie TaK HAa3bIBAEMOT'0 00OOIIIEHHOTO MIeKTpodHepreTndeckoro oobekTa (030).
Pacuernas cxema OD0 nomxHaA coAep:KaTh BCE DIEMEHTHI, OKA3hIBAIOIINE 3a-
METHOE KOJIMYECTBEHHOE M Ka4eCTBEHHOE BIIMSHHE HA BXOIHBIE CUTHAIBI (BTO-
PHYHBIE TOKH TPAaHC(HOPMATOPOB TOKA), ITOJIBOJMMBIE K YCTPOHCTBY 3aIIUTHI.

CookymHocTh Mogenu 020 u Monenu TpexdaszHoil TpyIbl TpaHchopma-
topoB Toka (TT) cocraBnseT KoMIbIOTepHBINA MporpamMmmubid kKoMruteke (KIIK)
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BBIPAOOTKH BXOAHBIX cHTHAJIOB 3ammuThl (puc. 1), a KIIK u monens I{YP3 obpa-
3YIOT KOMIBIOTEPHBIH ucnbiTaTenbHbIi KoMiuieke (KUK).
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Puc. 1. KoMnbloTepHBII HCIBITaTENbHbIN KOMILIEKC
Fig. 1. PC-based test set

Crpykrypa matemarndyeckoir Mogenun OO0 MOKET ObITh KECTKOW WU THO-
koil. XecTkass Mozenb XapakTepu3yeTcs HEM3MEHHBIM Ha0OpOM 3JIEMEHTOB
C BO3MOXHOCTBIO U3MEHEHMsI UX NMapameTrpoB. OHa peann3yeTcsl Ha OCHOBE Jie-
TaJIbHOTO MaTEMaTHYECKOTO OMUCAHMS JISKTPUIECKUX U MarHUTHBIX KOHTYPOB
MOJICIUPYEMbIX DJIEMEHTOB ITyTEM pEIICHUs JECATKOB uddepeHInanbHbIX
1 areOpanyecKux ypaBHEHHIA.

Ha xadenpe «Onekrpudeckue cranuun» BHTY Ha mpotsokenun Oonee 40 jer
BeAyTcs paboThl MO MaTEeMaTHYECKOMY MOACIMPOBAHHIO 3JIEKTPOIHEpreThuye-
CKUX OOBEKTOB M/ pa3pabOTKe KOMIMBIOTEPHBIX MPOrpaMM Uil HCCIEA0Ba-
HUSI TIOBEICHUS YCTPOMCTB PENCHHBIX 3alIUT METOAOM BBIYHCIMTEIHLHOTO JKC-
nepuMeHTa [2]. BOIBIMMHCTBO CO3MaHHBIX KOMITBIOTEPHBIX IIPOrpaMM paspa-
OaTpIBaNOCH B Tepuoja MaccoBoro BHeapeHus mnepsbix 1K, pabortaromux mox
yrnpasieHneM onepanuonHoi cuctembl MS DOS. B Hacrosimee BpeMs B CBA3H
¢ ucrnonb3oBanueM B [IK HOBBIX THITIOB MHKPOIIPOLIECCOPOB M COBPEMEHHBIX
MHOTOOKOHHBIX ONEpAalMOHHBIX cucTeM Tuna Windows ¢ pa3BUTBHIM rpaduye-
CKUM M MYyJbTHMEAMHHBIM MHTEp(EHCOM NpPUMEHEHHE MOJOOHBIX PacUETHBIX
[pPOrpaMM CTAaHOBUTCS 3aTPYIHUTENILHBIM, a 3a4acTyl0 U HEBO3MOXKHBIM. Obec-
MeYNTh (PYHKIMOHUPOBAHWE TAKMX MPOTPaMM B COBPEMEHHBIX OINEPalMOHHBIX
cuctemax Bo3MokHO Tipu co3fannu KITK Ha 00beKTHO-OpHEeHTHPOBAaHHBIX S3bI-
Kax MpOTrpaMMHUPOBAHHUS C MCIIONB30BAHUEM Pa3pabOTaHHOTO paHee BBIYHCIIH-
TEJILHOTO sijipa (hopTpaH-NpOorpaMMsi [3].

MHOroneTHUH ONBIT UCHONBb30BaHHUS TOAOOHBIX MPOTPaMM sl IPOBEACHHUS
HAyYHBIX HCCIICIOBAaHMH, a TAK)KE COMOCTABICHUE PE3yIbTaTOB MOACIHUPOBAHUS
C HaTypHBIMH UCIBITAHUSAMH, IPU KOTOPBIX MOIPEIIHOCTD 110 TOKY HE MPEBbIIIA-
ma 11 % [4, 5], mO3BOJSAIOT yTBEPKIAATh, YTO PE3yIbTaThl KOMIICKCHOTO MaTe-
MaTHYECKOTO MOJIEJINPOBAHUS C BHICOKOW CTETIEHBIO TOYHOCTH M IOCTOBEPHOCTH
BOCTIPOM3BOJIAT MPOIECCHl B pealbHBIX 3HEpPreTH4ecKux o0bekTax. [loaTomy
KIIK ¢ xectkoit cTpykTypoit O90 MOXKHO paccMaTpuBaTh Kak 3TajoH, ¢ KOTO-
PBIM MOXXHO CPaBHHBATh Pe3yJIbTaThl MOJEITHPOBAHUS TAKHUX KE IEKTPOIHEP-
TeTHYECKUX OOBEKTOB, HO BHITIOJHEHHBIX B JIPYTHIX CHCTEMax MOJIEINPOBaHUS,
Harpumep B MatLab-Simulink.


https://ru.wikipedia.org/wiki/%D0%AF%D0%B7%D1%8B%D0%BA_%D0%BF%D1%80%D0%BE%D0%B3%D1%80%D0%B0%D0%BC%D0%BC%D0%B8%D1%80%D0%BE%D0%B2%D0%B0%D0%BD%D0%B8%D1%8F
https://ru.wikipedia.org/wiki/%D0%AF%D0%B7%D1%8B%D0%BA_%D0%BF%D1%80%D0%BE%D0%B3%D1%80%D0%B0%D0%BC%D0%BC%D0%B8%D1%80%D0%BE%D0%B2%D0%B0%D0%BD%D0%B8%D1%8F

I. V. Novash, F. A. Romaniuk, Yu. V. Rumiantsev, V. Yu. Rumiantsev
MatLab-Simulink Based Information Support for Digital Overcurrent Protection Test Sets 295

st tubkoit momenn O30 HabOp AIIeMEHTOB HeorpanndeH. OHa peannu3yeT-
cs B C[IM MatLab-Simulink, B cocTaB KOTOpOW BXOAMT MaKeT PACIIUPEHUS
SimPowerSystems (SPS), opueHTHpOBaHHBI Ha MMHTAIMOHHOE MOJIEIUPOBA-
HUE DJIEKTPOTEXHIUUECKUX YCTPorcTB. B 6ostee mosmumx Bepeusx CJIM MatLab-
Simulink mannsnii maker HasbpBaeTcs Simscape Power Systems.

B CAM MatLab-Simulink mpuHIUIHAIEHO U3MEHEH XapakTep TPeOOBAHMIA
K MaTeMaTU4YeCKOMY OOCCIICUCHHUIO M YIPABICHUIO BCEM XOJIOM BBIYHCIUTEIh-
HOTO TIporiecca. MaTemaTuieckasi MOJICIb MPEICTABISIETCS B BUIE CTPYKTYPHOM
CXEMBI M HEe TpeOyeT HamMcaHus KOoJa IpOrpaMMbl M3-3a HATUIHs OMOIHMOTEKH
TOTOBBIX IPOTPaMM, HCIIOJIB3YEMbIX JUIS PEIICHHUS OTACIbHBIX IMPUKIAIHBIX
3ama4 [6]. 3To 0COOEHHO BaKHO IS 337a4 MH)KCHEPHOMW HaIpaBICHHOCTH, KOTIa
TpebyeTcs CaMOCTOsTEILHO CMOAEIUPOBATh (PParMEeHT 3HEPrOCUCTEMBI, HE YTIIyO-
JISSICh B TOHKOCTU MAaTEMaTHUECKOTO OIMUCAHUsI caMuX 3eMeHTOB. [Ipu 3ToM Tia-
TENILHO TIOJI00paHHbBIE JIEMOHCTPAIOHHBIE TIPUMEphl NakeTa SPS co3maroT ory-
IIEHNE TPOCTOTHI HMCIONB30BaHUS OMONMMOTEYHBIX OJIOKOB, OJHAKO OTKIOHEHHE
MapaMeTpoB OT 3JIAHHBIX «I10 YMOIYAHHIO» YaCTO TPHBOIUT K HENPABUILHOMY.
(hyHKIMOHUPOBaHUIO MOJIeNU. [109TOMY OYEeHB BaXKCH 3TaIl MMOJIFOTOBKH HCXOTHBIX
JTaHHBIX U1 Mojienelt anemMeHToB OO0 U UCClieyeMoro pexuma.

Kpowme toro, B ctanmaptHeix 6nbanorexkax SPS mpucyTCIBYIOT HE BCe HEOO-
XOJIMMBIE MOJISITH JJIEKTPoobopymoBanusa. Hampumep, oTcyTeTByeT Moaens 1T,
a JIJIsl MOJISTIM CHJIOBOTO TPaHC(OPMATOPA U HEKOTOPBIX IPYIUX OJOKOB HE yKa-
3aHBI METOJIMKM pacueTa uX mapameTpoB. llpu 3TOM MMEHHO MOICIMPOBAHUIO
TpaHCOPMATOPOB TOKA, KAK AJIEMEHTOB, CUTHAJIBI KOTOPBIX HEMOCPEICTBCHHO
BO3/ICHCTBYIOT Ha BXOJIHBIC IIEMH 3AIUTHI, CICAYET YACIATh 0c000¢ BHUMAaHUE.

Herounoe 3amanme mapaMeTpoB B JIO00M OJIOKE CTPYKTYPHOM CXEMBI NPH-
BOJIUT K CHW)KEHUIO JOCTOBEPHOCTH PE3YJbTaTOB MOJICIUPOBAHUS, HECMOTPS
Ha TO, YTO BCE MOJEIHU, BXOJSIINE B JAHHBIN MAKET, IPOBEPEHBI B J1abopaTo-
pUsAX KaHAJCKOTO MPOM3BOUTENSI AMEeKTpodHeprin — komnanuu Hydro-Québec,
IJIe TIOJTBEPXkKICHA aJICKBATHOCTh MX Pealu3allid U MaTeMaTUYSCKOTO OIHCa-
Hus [7]. Iloatomy pesynbratsl, momydaemsie ot KIIK, peanmzoBanusix 8 CAM
MatLab-Simulink ¢ ucnoib3oBanrem 010k0B SPS, HEOGXOLUMO COIOCTABUTH
¢ pesynbratamu oT Apyrux KIIK, mpuHSTBIX 3a 3TalOHHBIEC, a TaKXKE C HATYp-
HBIMH WCIIBITAHUSMU. ECm 10ocTUTaeTCs BHICOKOE COBIAJICHHUE PE3yJbTaTOB OT
Pa3HBIX HCTOYHUKOB, 3TO CBUACTEILCTBYET O TOM, YTO MOJEIH, pa3pabOTaHHbBIC
B Simulink-SimPowerSystems, ajexkBaTHO QYHKIIHOHUPYIOT U MOTYT OBITh HC-
MOJIb30BAHBI JIJISI TIOCTPOCHUS JPYTHUX AHAJIOTHYHBIX CHUCTEM, CTPYKTypa KOTO-
PBIX OTJIMYAETCS OT ATAJOHHOW. B KauecTBe mpuMepa pacCMOTPUM peaTH3allfio
WCIBITATEIIBHBIX KOMIUIEKCOB C XKeCTKOU U THOKOH cTpykTypamu OD0 mms mpo-
BEPKHU pabOTOCIIOCOOHOCTH IU(PPOBBIX TOKOBBIX 3AIUT JIUHHUM.

KomnbloTepHbIii MpOorpaMMHBIN KOMILIEKC

€ 7KeCTKOM CTPYKTYPOii 000011IEHHOI'0 3JIEKTPOIHEPreTHYECKOI0 00beKTa
AJ1s McCJIeI0BaHMsI paloTOCIIOCOOHOCTH

TOKOBBIX HH(POBBIX 3T JHUHUI dJIeKTponepeIayn

OO06OOIEHHBINA JIEKTPOIHEPTETHUCCKIN 00BEKT COMEPKUT MaTeMaTHIEeCKOe
OIMCAHNE 3AIUINACMOI JIMHUM, €€ HCTOYHUKOB IHTAHUS W HU3MEPHUTEIHLHBIX
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TpaHcHOPMATOPOB, & TAKKE CMEKHBIX IEMEHTOB, OKa3bIBAIOIINX 3aMETHOE KO-
JIMYECTBEHHOE M KAYECTBEHHOE BIIMSHUE HA XapaKTep MPOTCKAHUS aBapUMHBIX H
nocjeaBapuitHeIX pekMoB [8]. MaremaTndeckoe OrnucaHue CTaI[MOHAPHBIX dJIe-
MEHTOB PacYETHOW CXEMBI BKIIFOUAET B OOIIEM CITydae JIBE TPYTITHl ypaBHEHUH:

o mupepeHIaTbHBIC YpaBHEHUST — 3TO ypaBHeHHUs paBHoBecus DJIC u
ypaBHEHUs OajaHCca TOKOB B y3JIaX PACUETHOW CXEMBI C EMKOCTSIM;

e ayireOpanuecKkre ypaBHEHHS — 3TO yYpaBHCHHs OayiaHca TOKOB B y3iax 0e3
eMKOCTei, a Takke ypaBHeHus Oamanca MJIC B KOHTypax MarHUTOIPOBOIOB
Y XapaKTepUCTUKN HaMarHUIUBaHISL.

OcHoBHbIME pe3ynbratamu pa0boThl KIIK sBISIOTCS MrHOBEHHBIC 3HAYCHHS
BTOPUYHBIX TOKOB TT B IIENU 3aIUIIaeMOW JIMHUH, T. €. BXOJHBIC CUTHABI HC-
neIThIBaeMoi 3amuThl. PaccmaTtpuBaemsrii KIIK paspaboran B cucreme 00BeKT-
HO-OpHEHTHPOBaHHOTO mporpammupoBanust Delphi. s Hero Obiia co3maHa
nmporpamMma-o6oiodka (puc. 2) ¢ HCIONB30BAHUEM PACYCTHOTO MOIUDUIIU-
POBAHHOTO (POPTPAHOBCKOTO MOJYJS, KOTOpas C TMOMOINBI0 WHTEPAKTHBHOTO
rpaduueckoro uHTepdelica No3BoJsSET AKTUBU3UPOBATH OKHA BBOJA U PEIIAKTH-
poBaHuA HUCXOAHBIX OJaHHBIX OTACJ/IBHBIX 3JIEMCHTOB pacquHoﬁ CXCMbI, OCy-
MIECTBISATH BEIOOP JTMHHUH, MECTa M BU/Ia 3aMBIKaHUs, N3MEHATh ITapaMeTphI pac-
YCTHOT'O PCKHMMa U BBINIOJIHATL paCdCT 3aaHHOI0 pCeKUMa JIMHUU. PG3YHI)T3TI>I
pacueta KIIK B BHIe YHCIOBBIX IMOCIEAOBATEILHOCTEH 3HAYCHUI BTOPUYHBIX
tokoB TT 3amuceiBaloTCs BO BHEITHUH (hailyl pe3ylIbTaTOB U MOTYT OBITh CUHTA-
HBI BHEIITHAM TPOTPaMMHBIM 00ECIICUCHUEM.

Biig k.3 |T|:IE:-:¢'E|3HDE ﬂ Lk, kr|2 Rz, Ora (O

i % nZ %
L1 — .
e [ §] — KZ
Pa,0n La, km —= PH1,0H1 Ln, kra|100

B . Hun 4 wun (0.4
PeH,[BH PHH,(JHH  Ru D.?42—® Fys |0.742

[]

=

Puc. 2. IntepaxkTuBHBII rpaduueckuil HHTEpeiic KOMIBIOTEPHOTO MIPOTPAMMHOTO KOMITJIEKCa

Fig. 2. PC-based software package interactive graphical interface

KoMnbroTepHbIil HCIBITATEIbHBII KOMILIEKC

¢ rH0KOii CTPYKTYpPOii 0000111eHHOT'0 3JIEKTPOIHEPreTHYECKOro 00beKTa
IJISl MCCJIeA0BAHMSA PA00TOCIIOCOOHOCTH TOKOBBIX LM (PPOBBIX 3ALIUT
JIMHMI JJIeKTponepeaaYn

B cootBerctBum ¢ puc. 2 B C/IM MatLab u3 6mokoB makeroB Simulink
u SPS cozmansl mozmens O30 u Monens UUPPOBOM TOKOBOW 3alUTHI JIU-
uun JI1 (puc. 3) [8]. Hecomuennnm mocromnctBom Simulink-SimPowerSystems
SIBIISICTCSL TO, YTO CIIOXKHBIC DJICKTPOTEXHUYECKUE CHCTEMBI MOXKHO MOJICIHPO-
BaTh, COYCTad METOALI HMMHUTAIIMOHHOIO M CTPYKTYPHOroO MOACIUPOBAHUA.
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Hampumep, nepBUYHYIO 9acTh 9HEPTOCUCTEMBI MOKHO BBHITIOJIHUTH C HUCTIOIB30-
BaHMEM MMHTAIMOHHBIX O010K0B SPS, a I[YP3 — ¢ momoIsi0 00BIYHBIX OJI0KOB
Simulink, oTpaxaroImuX JIHIIb AJTOPUTM pabOTH, a HE €ro JIIECKTPHUYECKYIO

CXEMY.
L i2a
com HA 2b

12¢

Al—selA a A m
et S oo™ Ay s
Bl— B-WI-WE |BJM—WB| { n2

FeY ey
4

c Cvy-d ot 1~ £ HC ¢l—le c <l
3HeprocucTeMa Cunoeoi BuiknioyaTens T m m
TpaxcdiopMatop °
A
K3 qﬂﬂLlw-a

Ci
Harpyaka ACHHXPOHHEA MAWHHA
Puc. 3. KoMIIBIOTepHBIIT NCIIBITaTEIbHBII KOMILIEKC
B CHCTEMe JrHamuueckoro Mozaenuposanust MatLab-Simulink-SimPowerSystems

Puc. 3. PC-based test set implementation
using MatLab-Simulink-SimPowerSystems environment

MatemMaTHudecKue MOJICNU DICKTPOIHECPTETUICCKUX OOBEKTOB MPEACTaBIIs-
FOTCs OMONMmoTeYHpIMA OJIokamu Tlaketa SPS, ompenenenue OONBIMAHCTBA TIa-
paMeTpoB KOTOPBIX OOBIYHO HE BBI3BIBACT 3aTpynHeHHUH. OJHAKO MPaKTUYECKU
B KQXJIOM OUOIMOTEYHOM OJIOKE MPUCYTCTBYET HECKOIBKO KIIFOUEBBIX MMapaMeT-
POB, TPEOYIOMIMX JOMOTHUTENBHBIX PACUYETOB JJISI IPABUIILHOTO QYHKIIHOHUPO-
BaHUs Mozieny. [lanee B cTaThe MPUBEICHBI OCHOBHBIE OJIOKH, U3 KOTOPBIX (hop-
MUPYETCS MOJISNIb PACTIPECIUTEIILHON CETH € YKa3aHUEM 0COOCHHOCTEH pacue-
Ta WX MapaMeTPOB.

JHeprocucremMa Moxaenupyercs 6mokom 3-Phase Source (TpexdasHbiii uc-
TOYHUK HanpsiokeHus) u3 oubnuoreku SPS. K oCHOBHBIM mapaMerpam, TpeOyro-
IIMM JIOTIOJTHUTEILHOTO pacdeTa, OTHOCATCS: COOCTBEHHOE COTPOTHBIICHUE HC-
ToyHMKa R (source resistance), OM, u coOOCTBEeHHAs] WHIYKTUBHOCTh MCTOYHU-
ka Lg (source inductance), ['n. UHAYKTHBHOCTh mHTarOMmIel CUCTeMBI Lg MOXeT
OBITH OTpeJieNieHa M0 3aJaHHOMY TOKY KOPOTKOTO 3aMbBIKAHHS 1) Ha mmHax
y3J1a Harpy3Ku HanpsikeHueM U, Ha KOTOPOM MPOU3BOISATCS UCITLITAHUS:

U

HOM

Li=—"5—
T 31,

rac wo — HOMUHAJIBHAA YIrjioBas 4acToTa.

Ecnu 3aaHa MOLIHOCTL CUCTEMBI S, €€ OTHOCUTEIBHOE COMPOTHBIEHHE X,
n HanpstkeHne Us, TO MHIYKTHBHOCTh CUCTEMBI

us

L, = X.

S(DO

AKTHBHOE COIMPOTHUBIICHHE MOXHO ONPENCIIUTh, UCXOSI U3 CPEIHEr0 3HaUe-
HUSI TOCTOSIHHOW BPEMEHHU 3aTyXaHWs amnepuoandeckoil cocramistornei (T =
= 0,05) ToxoB kopotkoro 3ambikanus (K3): Ry = 20Ls.
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CunoBoii TpancdopmaTop. CtanmgapTHas MoJIenb Tpex(azHoro 1ByXoOMo-
touHoro TpaHcpopmaropa Three-Phase Transformer (Two Windings) 3 6ub-
nrnotekn SPS mocTtpoeHa Ha OcCHOBE Tpex OAHO(A3HBIX TpaHCHOPMATOPOB.
Mertoanka pacuera Moaenu moapodHo pacemoTrpena B [9]. B tabin. 1 mpuBeneHbI
BBIPKEHHS JUIS pacueTa B OTHOCUTENBHBIX eANHUNAX (0. €.) MapaMeTpoB MOJie-
JM CHJIOBOTO TpaHcdopmaTopa co cxemoii coenuHeHus 00MoTok Y/A-11, B koTo-
PO MCHONB3YIOTCS TONBKO KaTaJOXHBIE JaHHBIE CHJIOBOTO TpaHchopMmaTopa:
Siom — HOMHUHAIIBHAsE MOLIHOCTH cujioBoro Tpanchopmaropa (BA); P, — mom-
HOCTb MOTEPh KOPOTKOTO 3aMblkanus (BT); U, — HanpspkeHHe KOPOTKOTO. 3aMbl-
kanus (%); Py — MomHOCTh TOTEPh X0ocToro xoxa. (Bt); lp — Tox xomocro-
ro xonaa (%).

Tabauya 1
®opmyJibl A5 pacyeTa NapaMeTpoB MoJeu TpaHcdopMaTopa
Formulas for transformer model parameters calculation
ITapamerp 3HadeHue, 0. €.
AKTUBHOE CONIPOTHBJICHUE NIEPBUYHON 1 BTOPHYHON 0OMOTOK R -R _ 1 . R
1 -2 -
TpaHchopmaTopa (ce) S ) Sion
WHIyKTHBHOCTE IIEPBUYHOM U BTOPUYHON 00MOTOK TpaHC(Op- Ly = L _ 1 U,
maropa (0e) = 2(02) 7 5 100
SHOM
A Rinoe) =
KTUBHOC CONIPOTHUBJIIECHUE BETBU HAMarHN41uBaHUA m(oe) P
0
100
I/IHZ[yKTI/IBHOCTL BCTBUM HaMarHun4uBaHUA Lm(oe) d T
0

JIunuu saexrponepenaun JI1 u JI2 (6mok 3-Phase Series RLC Branch —
Tpex¢asHas mocienoBarenbHas RLC-menp). 3amuimaeMas JHHHS XapakTepH-
3yercsl JUIMHOM L, yZenbHbIMHM aKTHBHBIM Iy, U PEAKTHBHBIM Xy, COIPOTHBIIC-
HHUSIMU:

R,=r,L; L, =Xx,L, /0,

Harpyska (61ok 3-Phase Series RLC Load). CraumonapHsie Harpy3ku 3a-
nmarotcs aktuBHBIMEU (Three-Phase Active Power) u peaktusasimu (Three-Phase
Inductive Reactive Power) morHoCTIMU.

Acunxponnas mammua (6;10x Asynchronous Machine SI Units). TToapo6-
HBIM pacueT mapaMeTpoB aCMHXPOHHOM MamuHbl u3noxkeH B [10]. Kpome toro,
B OKHE 3aJ[aHHs [TapaMeTPOB MOKHO BBIOpaTh roToByI0 Mojeib (Preset Model)
MAaIlIMHBI U3 KaTajora, B KOTOPOM YKa3aHbl CIEAYIOUINE apaMeTphl: MOITHOCTb
B 1. ¢. (HP), HampspbkeHune, 4acToTa CeTH U YacToTa BpaieHus B 00/MuH (PRM).
st Toro 4To0OBl HAYATH pacyeT CXeMbl, COAEPIKAIICH AIIEKTPUIECKAE MAIINHBI,
C YCTaHOBHBIIETOCS PEXHUMA, MPEIBAPUTENFHO HEOOXOANMO HHUIUATU3UPOBATh
CXeMy C IMOMOIIBI0 Tpaduyeckoro naTepdeiica moyp3oarens Powergui.
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Boikiaouarens (6iokx 3-Phase Breaker). Yopasienne uM MOXKET ITPOU3BO-
JUTHCS! BHELTHUM BXOJHBIM CUTHAIOM (1/0 — BKIIIOYHTB/OTKITIOUNT ).

K3 (6n0k 3-Phase Fault). MogenupyeT TpexdasHoe ycTpoiicTBO, 3aMBIKaI0-
mee (a3pl MeXIy co00M, a TaKKe Ha 3eMITIO.

Tpexdazunasa rpynna TT ¢ coenuHeHneM BTOPHUYHBIX OOMOTOK M Harpy3ok
M0 CXeMe «3Be3/la C HyJIEBBIM MPOoBOIOM». [lockonbky 6nbnuoreunsiit 610k TT
B Omnbmmoteke SPS oTcyTCTBYET, TO M3 cTaHAApTHBIX O610K0B Simulink Ha ocHO-
BaHUM TeX K€ YpaBHEHHH, UTO W JJIs )KECTKOM MoJenu, Oblia co3/laHa U OTJia-
KeHa ynpolueHHas Moaenb TT co BTOpHYHBIM HOMUHAIBHBIM TOKOM 5 A, BTO-
pudHO#T 00MOTKOH Kiacca TouHocTH 0P W ycpemHeHHOW XapaKTEepPHCTHUKOMN
HaMarHMYMBAaHUSl CTajdd MarHUTONPOBOAA. Bce reomeTpuuecKkue mapaMeTphl,
HeoOxonumble Ut MozenupoBadus 1T, paccunThIBarOTCA MO €ro HaclOPTHBIM
nanabeM [11]. Cucrema ypaBHEHWIA, ONHMCHIBAIOIIAS YIIPOUICHHYIO MOJENb
TpexdaszHoi rpynmsl TT, B 001ieM ciryyae MpUHUMAET CIIETYIOIUIA BU:

1HoM

dB,, 83,34-[(0,0004

mj

dt K., (0,0004]

+ R, ia; + Ryl |
+R

, J=A B, C;

IHOM HOM | )

5i,.
iy =——-2,25-10" K, H;;
1lnom

ij = f(Hj);

lg =lha t g+,

e |0y — HOMUHaANBHBIHA epBuuHbI TOK TT; K\, — HOMUHANBHAS TIpeenbHAS
kpatHocTh TT; Ry, — HOMHHAIBHOE AKTUBHOE COMPOTHBICHHE BTOPUYHOM
Harpy3ku TT; R, — melCTBUTEIHLHOE AKTUBHOC COIMPOTHUBICHWE BTOPHYHOMN
Harpy3ku TT; Ry — akTHBHOE CONPOTHBICHNE HYJIEBOTO MPOBO/IA; g — MTHOBEH-
HOE 3HaueHHE TOKa, MpoTekarouiero B HyseBoM nposoxe TT; By = f(H) — cpen-
HSISL XapaKTepPUCTHUKA HAMAarHWYMBAaHHs DIICKTPOTEXHUYECKOH cTamu; iy, I —
MI'HOBEHHBIE 3HAaU€HHS IEPBUYHOIO U BTOPUYHOTO TOKOB TT.

[Ipu pacuete cxembl, coAepskaliell HelnnHeHbIe OJI0KH, PEKOMEHIYeTCs HC-
MOJIb30BaTh CIIEAYIOIIME METOAbl pelleHus AupdepeHInaIbHbIX YpPaBHEHHM:
ode23t (MeTox Tpamenuii ¢ nHTEepnoysinueit) u ode23tb (uesBHBIN MeTox PyH-
re — KyTra B Hauaje pemieHus U METOA, UCHONB3YIOMHUN (HOPMYIBI 0OpaTHOTO
muddepeHInpPOBaHus 2-TO MOPSIIKA B MOCIEAYIONIEM), KOTOPbIe MAl0T HaMITyd-
HIMe pe3yNbTarThl Mo ObicTpoaeicTamo [6, 10].

st comocraBnenust pesynbratoB mojenupoanus 090 ¢ KecTKol u rud-
KOH CTpyKTypamu ObUIO cMojenupoBaHo Tpexdasznoe K3 B Havane muaum JI1,
MpAYEeM MapaMeTphl MOAeTeH, N300paKeHHBIX Ha pHc. 2 U 3, 33/1aBaKCh HUCH-
TUYHBIMU.

Ocuumorpammsl BTopudHOro Toka TT ¢aser A npuBeneHs! Ha puc. 4, U3 KO-
TOPOTr0 BUIHO, YTO UMEET MECTO OJIM3KOE COBMAACHHE (PACXOKICHUE pe3yIbTa-
TOB MozenupoBaHus He Ooinee 1-3 %). DTo moaTBEep)KaaeT BO3MOXKHOCThH HC-
nonb3oBanust CIAM MatLab-Simulink anst peanuzanmu KIIK, ¢opmupyromux
BXOJHBIE Bo3aercTBus 1 LY P3.
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Puc. 4. OcuniuiorpaMMbl BTOPHIHOTO TOKa (asbl A st IByX MOJieliel TpanchOopMaTopoB TOKa:
KpacHasi JIMHKS — B CHCTEME JMHAMHYECKOro MoaenupoBanust MatLab-Simulink;
YepHast JIMHUS — B KOMITBIOTEPHOM MPOTPAMMHOM KOMILUIEKCE, TIPEACTABICHHOM Ha pHC. 2

Fig. 4. A-phase secondary current waveforms from the different current transformers (CT) models:
red — CT model in MatLab-Simulink; black — CT model in PC-based software package
represented in fig. 2

MoaeanpoBanue nu¢poBoii TOKOBOI 32U THI

ITo crenenu nocroBeprocTH Moeu [[YP3 MoxxHO KimaccudummupoBaTh Ha:

o IETATM3UPOBAHHYIO MOJIENb, BKIIOYAIOINIYIO B ce0s MOAPOOHOE MaTeMaTH-
yeckoe onucaHue Bcex y3imoB LIYP3. Takas monmenb MoXeT OBITH MOCTpOCHA
TOJIEKO TIPOM3BOIUTENIEM YCTPOHCTBA;

¢ 0000IIEHHYI0 MOJIEb, JEHCTBYIONIYIO MOJO0HO PEalbHOMY YCTPOWCTBY,
HO C Y4€TOM NPHUHATHIX JOMyLIICHUH.

B ocHOBY mocTpoeHurs 06001eHHON MOIETTH TOKOBOH 3aHTHI (pHC. 3, 6JI0K
ToxoBasi 3alIIUTA) TTOJOXEHA MOJIENb ITU(PPOBOTO N3MEPHUTEIHHOTO OpTraHa To-
ka (MOT), peanmmszanus koroporo aias (a3el A OHOTHMOTEYHBIMH OJIOKAMU
Simulink npencTasnena Ha puc. 5.

t
rmsph. A OC pickup —»|S QF» —— (2 )

0=Hz S
> |—> —»{In rms Myck Bbigepxka
N J_LL BpeMeHm

OHY AUn Ludposoit
¢uneTp

rms ph. A OC drop out —»R !Qp

Boaepar

RS-tpurrep

Puc. 5. Ctpyxrypa Mozenu mudpoBoro n3MepuTeIbHOTO OpraHa Toka Juist (aser A

Fig. 5. The structure of the model of a digital current measuring element for A-phase

OuiabTp HUKHUX yacToT (OHY) 2-ro mopsaka mpencraBusercss OI0KOM
2nd-Order Filter. HazHaueHne MaHHOTO aHAJOrOBOrO (HIBTpa 3aKIFOYAETCH B
MOJIaBJICHUH CTIEKTPAIBHBIX KOMITOHEHTOB, YaCTOTa KOTOPBIX MPEBBIIIAET MOJIO-
BUHY 4acToThl auckperusaimu fy = foN, rme N — ymcno BeiGopok 3a mepuox oc-
HoBHOM 4vacToTHl fy = 50 T'm. Takum 0Opa3oM, I OCHOBHON TapMOHHKH Tpa-
HuuHas dactoTa fy; = 25N nomkHa OBITH MOAaBIEHAa KaK MUHHUMYM Ha MOPSJIOK,
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T. e. ko3dunment nepemaun K Ha 3T0# dactoTte moimkeH ObITh MeHbIe 0,1.
JlaHHOE yCII0BHE MO3BOJIAET U3 BBIPAXKEHUS VISl aMIUINTYAHO-4aCTOTHON Xapak-
TEPUCTUKH 3BEHA 2-TO MOpsAKa BeIOpaTh yactoty cpe3a f, GHY

f, = f,W/K =25NVK.

[Ipu annpoxcumanun yactoTHoM xapakrepuctuku ®HY mo barrepBopty c

napamerpoM 3atyxauus ( =0,5¢2 AIUTENsHOCTH MEPexXOoAHOTO IMpolecca Co-

cTaBiseT t, = T
G

Ananoro-uudposoii npeodpasoBateasr (AIIIl) (6mox Zero-Order Hold)
OCYIIECTBIISIET NMpeoOpa3oBaHUE BBIXOJHOTO HEMPEPHIBHOTO CHTHaja - 0JoKa
OHY B nudpoByro mociIemoBaTeIFHOCTh NUCKPETHRIX 3HAUcHWH. B KauecTBe
napameTpoB OJIOKa yKa3blBaeTCsl 4Mcio BbIOOpok N curHama 3a mepuof TMpo-
MBIIIIEHHON YaCTOTBHI.

Hudposoii puasTp 1-if rapmoHuku copepkutr nudppoBor ¢uistp (D),
NpeJHa3HaYeHHBINA JUIS BBIYMCICHUS JICHCTBYIOIIEr0 3HAYEHUS OCHOBHOM rap-
MOHHUKHU CHTHAJa, COJEPIKAIIEro anepuoUUecKyl0 COCTABIISIONIYIO W BBICIIUC
rapMoHUKH. Peannzamust 1{® ocHOBaHa Ha MCTIOIB30BaHUU AUCKPETHOTO MPE00-
pazoBanus Oypre ([AI1D) u MoxeT OBITH peACTaBICHA:

o OubnmoTeunsM OsokoM Discrete Furier (B xauecTBe mapaMeTpoB yKasbl-
BalOTCA YaCTOTa OCHOBHOM TapMOHUKH, HOMEP BBIIENSIEMOI TAPMOHHUKH H TIEPH-
OJ1 TUCKPETH3all1 CUTHANA);

 OubmmoTteunsM O5okom Digital Filter, mapameTpaMu KOTOpOro SIBISIOTCS
MpeBapUTENHHO pacCUUTaHHbIE KOI(PPHUIHMEHTH! TSI CHHYCHOW W KOCHHYCHOM
OPTOTOHAJIBHBIX COCTABIAIOIINX CUTHANIA OCHOBHOM 4acTOThI [12].

B mpaktuke mocTtpoeHusi airOpuTMOB (PYHKIMOHMPOBAHHS COBPEMEHHBIX
UUPPOBBIX TOKOBBIX 3aIIMT HaWOoOJee MIMPOKO HCHOIb3YETCS KOCHHYCHBIH
¢unbTp [13], koadduieHTs KOTOporo A, OIpenensroTcs Mo JeHCTBUTENbHON

2 2nkn
="co0s ,
Ao = mcos| 20

roe N =1... N — memoe 4McI0, COOTBETCTBYIOIIEE HOMEPY BBIOOPKH; K — HOMEp
BBIJICTISIEMO TAPMOHUKHY.

Tornma KocHHYCHasi OPTOTOHATIbHASI COCTABJISIONIASI CHTHAJA Yy, SBIISIONIASCS
BBIXOJTHBIM curHajoM Ooka Digital Filter, paccuntbiBaeTcst U3 BRIpaKCHHS

(xocunycHoi) yactu AI1D

N

u, :ZynA:n,

-1
n=0

Hacnenys Bce npenmymecta 11D, KocuHYCHBIN QUIBTP MPaKTUUECKHA He-
YYBCTBUTEJICH K allEpUOANYECKON COCTABIISIIONIECH B KOHTPOJIUPYEMOM CUTHAJIE.
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Jlns BRIYMCICHHUS BTOPOW (CHHYCHOW) OpPTOTOHAIBHON COCTABIIIONICH ITO
M3BECTHOW MEPBOA MOKHO MCIOIB30BaTh JIBE BHIOOPKH — TEKYIIYIO Uy M IPEIbI-
IyIIyro Uy_1, 3a)UKCUPOBAHHBIC Yepe3 MEepuo/J| JUCKPETU3alH. Toraa aMIuId-
TyIly CUTHaJIa MOXXHO OTIPEIEIIUTH 10 BHIPAKEHHUIO

27kn
uZ+ul, -2u.u,, cos( N

maxkn = . (annj
sin
N

OnHako Mpu OTKJIOHEHHH 4YacTOThl f KOHTPOIMPYEMOro CHrHaja OT HOMH-
HaneHOU fy ompenenenue ero ammuTyasl mo (1) compoBoXkmaeTcs MOrper-
HOCTBIO, HE MPEBBIIAIONICH BEIUYUHBI:

@)

Epex ~[150-3f], %.

Hnsa wagexxHoro QynkuuonupoBanus MOT neobxoammo, 4TOOBI yciioBHE
ero cpabaTbIBaHMs (BO3BparTa) BBIIOIHAIOCH B TE€UCHHE BPEMEHH, PABHOTO TPEM-
ISITH  TIOCIIEIOBATENIbHBIM BBHIOOPKAaM KOHTPOJIIMPYEMOrO CHUTHaja. DTH YCIOBHSA
npoBepstoTcst B cocTaBHBIX Onokax Ilyek 1 Bo3par, peain30BaHHBIX € IIOMO-
nipto 61okoB Simulink. Ecim ycimoBust mycka (Bo3BpaTa) BBIIONHSIOTCS (HE BbI-
HOJIHSIOTCS), TO Ha BBIXOJE COOTBETCTBYIOUIEro OJ0Ka (OPMHUPYIOTCS JOTHYe-
ckue currainsl 1 (0). Curnan ¢ Beixona 6yoka Ilyck mocrymnaer Ha S-Bxon (ycra-
HOBUTB), @ CUTHaJI € BbIxo/a 0j10ka Bo3Bpar — Ha R-Bxox (cOpocuth) RS-TpHrrepa
(oubmmoreunstit 6ok S-R Flip-Flop). IIpsimoii Beixon Tpurrepa Q moakiodaet-
csl K oprany 0yoka Beinep:aka Bpemenn (6ubimoreunsiii 6ok Discrete On/Off
Delay), koTopsIii HAYMHAET OTCYET BBIACPKKU BpEMEHH (IIPpU YCIIOBHUU €€ 3a/a-
HUSI), €CJIM Ha ero BXOJe NPUCYTCTBYeT jJorudeckas 1. Takoe ycnoBue Bo3HMKa-
€T TOIJIa, KOT/Ia KOHTPOJIUPYEMBI CHI'HAJ MPEBBIIIACT YCTaBKy cpadaThIBaHUSI.
Ecnu 910 yenoBue OyneT BBIMOTHATHCS B TEUEHUE BCEH BBIICPIKKH BPEMEHH, TO
Ha BBIXOJIe OJioka Bblep:kka BpeMeHW yCTaHOBUTCS JOrmdeckas 1, sBIsto-
IasICSl TPU3HAKOM cpadaThIBaHUsI TOKOBOH 3alllUTHI B KOHTPOJIUpyeMoi a3ze.
Ecnu 3a BpeMsi oTcueTa BBIACPKKH BPEMEHU CHUTHAJ CTaHET MEHBIIEC YCTaBKU
cpabateiBanusi, T0 MOT BepHETCS B HCXOIHOE COCTOSIHME, Ha BBIXOZAE TPUITEpa
ycTaHOBUTCA Jtorndeckuii 0 v cpabaThiBaHUE 3aLIUTHI HE TPOU3OUACT.

TecTnpoBanue nM(ppPOBHIX 3aLUT
¢ MOMOIIBI0 ANNAPATHO-NPOrPAMMHBIX HCNIBITATEJbHBIX KOMIIJIEKCOB

Ecmu curnansl, cmonenupoBannbie KIIK, mpennaszHaueHbl UIs MPOBEPKU
pabortocnocobHocTH peanbHoro I1[YP3, To Takoii kommuiekc OyneM Ha3bIBaTh
anmapaTHO-TIPOTrpaMMHBIM UcTbITaTenbHbIM KoMiuiekcoM (AIINK). Mcnbitanue
IYP3 ¢ momomisto AIIMK MOXXeT MPOBOAWUTHCS ONHHM W3 JBYX CIOCOOOB:
B pexkuMme 3aMKHyTOro Koutypa (closed-loop) mmm B pesknMe pasoMKHYTOTO
KoHTypa (open-loop).
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TectupoBaHue B peKUMe 3aMKHYTOI'O KOHTYypa IOjpa3yMeBaeT HalIu4yue 00-
paTHOM CBA3M MEeXIy (PYHKIMOHHMPYIOLIEH B PEXUME PEaIbHOI'O BPEMEHHU MO-
nenbto 020 u ucneityeMeiM LIYP3. Mogens O90 Bocpou3BOAUTCS B peXKUME
peanbHOro BpeMEHM Ha MNPOrpaMMHO-ANIAPaTHOM MOJAEIHMPYIOLIEM KOMILIEK-
ce. AnmapaTHas 4acTh AAHHBIX KOMIUIEKCOB OOBIYHO COJEPXHUT MHOIOIPOIIEC-
COpPHYIO BBIUMCIHUTENBHYIO CHCTEMY M pa3iMuYHbIE IJIaThl BBOJA-BBIBOJA aHa-
JIOTOBOW W JTUCKPETHOW WH(OpMAanuu, yIrpaBiseMble MPOTPAMMHON YacThIO.
B kayectBe mocnenHed HCHONB3yeTCs CIEHUATU3UPOBAHHOE NPOTrPaMMHOE
obecrnieuenue (I10), peanusyrolee YeIOBEKO-MANIMHHBIN UHTEpEHC U peaak-
top mogenu OD0. AnmapaTHas 9acTh JaHHBIX KOMIUIEKCOB T€HEpUpPYeT HU3KO-
YPOBHEBbIE aHAIOTOBBIC CUT'HAJIBI, KOTOPBIE YCUIMBAIOTCS M TIOAAIOTCS HA COOT-
BerctBytomue Bxoanl L[YP3. Breixognsie pene ucmbithiBacmoro L[YP3 3ampo-
IrpaMMHpPOBaHBl Ha 3aMbIKaHHE IO (akTy cpabaThIBaHHS TECTHPYEeMOH 3a-
muTHON (yHKuMu. OHM MOJKIIOYAIOTCS K COOTBETCTBYIOIIMM IUIaTaM BBOZAA
JUCKPETHON HMH(pOpPMAllMU MOJEIHPYIONIEr0 KOMIUIEKCa, YeM 00ecreunBaeTCs
BO3/ICHCTBHE Ha W3MEHEeHue Tonosoruu Mojenu DC npu padore 3auThl. Takum
00pazom hopMUpyeTcsl 3aMKHYTHI KOHTYP TECTUPOBAHUS, KOTJa KaXIblli 00b-
€KT, BKITFOUEHHBIN B KOHTYD, MOXKET BO3/ICHICTBOBATH HA APYTOH 0OBEKT, MpHYEM
BCE JTO OCYILIECTBISETCS B PEKMME PEATBHOIO BPEMEHM, T. €. MAKCUMAaJIbHO
MPUOIIMKEHO K TOMY, KaK 3TO POUCXOIUT B IEHCTBUTENBHOCTH [ 1].

Haunbonee wn3BecTHbIE MOJIENUPYIOIINE KOMIUIEKCHL B PEXHME pPEaNbHOIO
Bpemern — RTDS [14] u eMEGAsim [15]. Ux ocHOBHbIMU HEIOCTaTKaMH SB-
JSIIOTCS YPE3MEPHO BBICOKAs CTOMMOCTb, 3aHHMMAaeMOE€ IPOCTPAHCTBO M, Kak
CJIEZICTBUE, MaJlasi MOOUIIBHOCTD.

TectupoBanue B pekuMe pa30OMKHYTOTO KOHTYpa — 3TO (HU3HUYECKOE BOC-
[IPOM3BEICHUE 3apaHee MOIY4YEHHBIX IU(PPOBBIX OCLUUIOTPAMM C IIOMOIIbIO
IIPOBEPOYHOMN YCTaHOBKH, K aHAJIOLOBBIM BBIX0JIaM KOTOPOIl IOJKIFOUEHb! aHa-
JIOTOBBIE BXOJbl TOKAa M (WJIM) HampsokeHus: ucneityemoro LIYP3. Ymnpasienue
ITY o6sryaO OcymiecTBisieTcs mpu oMo 11K ¢ ycraHOBIEHHBIM Ha HEM CIle-
nuanm3upoBaHHbeM 110 mpom3BonnTens mpoBepodHOW ycTaHOBKH. IIporpam-
MHOE OOecredeHre OTBEYACT 3a 3allyCK WJIM OCTAaHOB TECTUPOBaHUS, KOH(DU-
I'YpUpOBaHHE NPOBEPOYHOM YCTAHOBKH, BBIOOP MPOTrpaMMbl TECTUPOBAHUS,
IIPOCMOTP, aHAIN3, & TAKKE BEIOOP aBapUIHBIX OCLHMILIOTPaMM ISl AajibHEHIIe-
ro ux BocnpousBenenns. Takum oOpazom, [1Y B TeueHue BpeMeHH BOCTIpOU3BE-
JeHVsI aBapUHHON ocnuiutorpaMMbl oToOpaxkaer 020 u mpoTekaronue B HeM
NEPEXOAHBIE MIPOLECCHl B PEXKUME PEaIbHOTO BpeMeHH. TeCcTHpOBaHUE B PEXU-
Me Ppa3OMKHYTOTO KOHTypa sBiseTcsi 5((EKTUBHBIM METOAOM TPOBEPKH
YCTPOMCTB 3alIUTHl B Cly4ae, €ciau He TpeOyeTcsl MpOoBEpKa B3auMOICHCTBUS
YCTpOUCTB peneitHoi 3anuThl (P3) Mexmy coboit.

Kak crnexgyeTr u3 npuBeAEHHOTO ONMMCAHMS, TECTUPOBAHHUE B PEKUME Pa3oM-
KHYTOTO KOHTYpPa HPEABSBISIET CYLIECTBEHHO MEHBIINE TPEOOBAaHUS K COCTaBY
AIIHK. [lns ero peanmuzanuu HeoOXoauMa MPOBEPOYHAs YCTAHOBKA, YIIpaBIisie-
mas IIK, x xotopoit monkmiodaerca wucmeityemoe L[YP3. IlepconanbHsrit
KOMIIBIOTEP NoAKkIt04aeTcs kK [1Y u ucnonp3yercs Kak yHnpapiIsSONINi KOMIIbIO-
TEp, ¢ TOMOIIBIO KOTOPOTO OCYIIECTBISIFOTCS CIeAyIore QyHKIMU: MOACTHPO-
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Baane 020, npeobOpa3zoBaHne pe3yIbTATOB MOJCIUPOBAHUS UCCICAYEMBIX aBa-
puitHbix pesxkumoB OO0 B yHHUPHUUMPOBaHHBINA (QopMaT HUQPPOBBIX OCIMIIIO-
rpamm COMTRADE [16] u 3arpy3ka mapopmammu u3 COMTRADE-daiina
B IPOBEPOYHYIO YCTAaHOBKY Ui JAajbHEHIIEro ee (U3UUIECKOro BOCIIPOMU3-
BEJCHUSI.

B kauectBe 1Y mIHMpPOKO MCHONIB3YIOTCS YCTPOMCTBAa aBCTPUMCKOTO MPOU3-
Bogutenst Omicron. HeoTbemiieMoil 4acTbi0 NMPOBEPOYHON YCTAHOBKH THIIA
Omicron CMC 356 seasiercs I10, koTopoe oOecrieunuBaeT €€ yNpaBlICHUE H
HACTPOMKY, BU3yaJIM3aLH1IO [TOJyYEHHBIX Pe3yJbTaToOB, aBTOMATH3aLHUIO [IPOLec-
COB TECTUPOBaHHUs M Mpouure mosiesHsie pyHkuun. B coctas [1O takxke BxomsT
CHeNMANIM3UPOBAaHHBIE TPOrPaMMBbl, 00ECTICUMBAIOIIIE BHIOOP, BOCIIPOU3BE/IE-
HHUE U MPOCMOTP 3apaHee MOArOTOBICHHBIX OCIMIUIOTPAaMM aBapUHHBIX MpoLec-
coB B popmare COMTRADE — TransPlay u TransView COOTBETCTBEHHO.

B na6op IO mnst ITY Omicron CMC 356 Takke BXOAAT CIEUaI3UpOBaH-
Hble Moy MmoxaenupoBanua OD0 — NetSim, RelaySimTest u RelayLabTest.
Bce onn 0051a1a10T CXOKUMH BO3MOXKHOCTSMH M rpad)MuecKUME HHTepdericamu
MOJIH30BATENS U HATPSMYIO OCYIIECTBISIOT KOHTposib [1Y. OcHOBHBIM HesO-
CTaTKOM JAaHHBIX MIPOTPaMM SBJSIETCS OFPAHUYEHHBIH U MaJOAOKYMEHTHPOBaH-
HBIH HA0Op MaTEeMaTHYECKUX MOJIEJICH CHIIOBOTO 000pYIOBaHUS, YTO HE TIO3BO-
JSeT CyAUTh 00 aJeKBATHOCTH HMX PeajHM3allid U MaTeMaTHYECKOTO OMHCAHUS
U B MOJIHOW Mepe MOJAEIUPOBaTh CIOXHbIE peskuMbl 1 Tonosioruu DC. Taxoke He
MpeTyCMOTPEHa BO3MOKHOCTh CO3JaHHS MOJB30BATEIFCKUX MOJIETIEH CHIIOBOTO
000pyIOBaHUS.

[Ipennaraemsiii AIIMK, npencraBneHHslii Ha puc. 6, MO3BOJSAET M30eXKaTh
YKa3aHHbIX HEJOCTATKOB U OTPaHUYEHUH, NPUCYIIUX TECTUPOBAHUIO B PEKUME
pPa3oMKHYTOTO KOHTypa. Moaenupoanre O20 MpOBOIUTCA C TIOMOIIBIO pac-
cmotpenHoro Beimie KIIK ¢ rubkoit cTpykrypoii, peannzoBanHoro B MatLab-
Simulink-SimPowerSystems.

MATLAB SRS R— iV
'4\ SIMULINK gy -

f—l MK } ~ 1ypr3

KK | % e o
=/ ey = )
E | View |¢:@—7—

"

\ J

Puc. 6. AnmapaTHO-TIPOrpaMMHBbIT HCIIBITATEIbHBII KOMILIEKC

Puc. 6. A hardware-software based test set

B kauectBe 0ObeKTa MccieAoBaHUs BbIOpaHa MaKCUMajlbHAs TOKOBasl 3allly-
ta (MT3) MraHOBEHHOTO NEWCTBHS, BXOIAIIAS B COCTaB MU(POBOTO YCTPOHCTBA
samutel Ta MP 801. [Togaya tectoBbix BozaetictBuii k LIYP3 ocymectBisiiach
B peXXHMMeE Pa30MKHYTOT'O KOHTYpa.
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MuUKponpoIecCOpHOE  YCTPOHCTBO ——
MP 801 mpomsBoactea OAO «ben- : o B s
ANIEKTPOMOHTKHAIAKA»  SBIISETCS - =
COBPEMEHHBIM ITU(PPOBBIM YCTPOUCT-
BOM peJICHOM 3alUThI U MpeHaA3Ha-
YEeHO ISl 3allUTHl JABYX- M TPexo0-
MOTOYHBIX CHJIOBBIX TpaHC(hopMaTo-
poB. B HeM peann30BaHbI OCHOBHBIC
TOKOBBIC 3aIUThI TPAaHCHOPMATOPOB:
muddepeHnmanbHas TOKOBas OTCEUKa
6e3 TopmoxkeHus, auddepeHHaTD-
Hasl TOKOBasl 3allliTa C TOPMOXKEHHUEM,
a TaKKe HarpaBJIeHHas/HEeHaIpaBJeH-
Hag MT3 u np.

B kauecTBe BXOJHBLIX BO3JEHCT-
BUW WCHOJIH30BAIUCH CUTHAIBI BTO-
puudoro toka TT. IlomydeHHsle B

H

Puc. 7. AnmapaTHO-TIpOrpaMMHBII

pe3yipTare MOJACIMPOBAHUA CHTHA- UCIIBITATENbHbIA KOMILIEKC JJIsl IPOBEPKH
ne1 BTopudHOTO ToKa TT mpeobpaso- pabotocnocobHocTH 1UppoBoro pene MP 801
BeiBaiuch B (popmar COMTRADE Fig. 7. The hardware-software based set

¥ J1ajiee BOCIPOM3BOAMINCH C TTIOMO- for the MP 801 digital relay protection
mpio ITY tuma Omicron CMC 356, UREE Ping

AQHAJIOTOBBIM BBIXO/aM KOTOPOH IOIKJIIOYEHbl aHAJIOTOBBIE BXObI TOKA HCIIBI-
tyemoro L[YP3 (puc. 7). YnpapiieHne mpoBEPOYHON YCTAaHOBKOW OCYIIECTBIIS-
noce npu nomoutu I[1K ¢ ycranoBieHHBIM Ha HeM cnenuanu3upoBaHHbIM [10
TransPlay, oGecrnieuuBaroniuM BBIOOP. M BOCIPOM3BEACHUE 3apaHee IMOATOTOB-
JICHHBIX OCIIMJIIOrpaMM aBapuiHbIX TiporieccoB B popmate COMTRADE.

[locne momaun B yctpoiictBo MP 801 kaxgoro TecToBOro BO3AEHUCTBHS OCY-
LIECTBIIUIOCh COXPAaHEHHE 3alliCell ero aBapuHHOIO PEerucTpaTopa, B KOTOPBIX
3a(hMKCUPOBAHBI BpeMsl cpabaThIBaHUSI MCIIBITYEMOW TOKOBOM 3aIuTHl U (opma
MOJBOANMBIX TECTOBBIX BO3ACHCTBHUIA. AHANM3 3alMCE aBapUHHOTO PErucTparo-
pa ocyImiecTBIsIICS pH noMota criermanmsupoBadHoro [10 TransView (puc. 8).
Bbruto chopmupoBano 18 TeCTOBBIX BO3AEHCTBHIA, KOTOPBIE OTpaXKaJld HanboJee
xapaxTepHble Gopmbl BTopuuanoro Toka TT nmpu K3 B OC.

[IpoBeneHHbIE SKCHEPUMEHTHI MO3BOIMIN OOHAPYKUTh HEKOTOpPBIE OCOOCH-
Hoctu (pyHKimonupoBanus MT3 B coctase pere MP 801, koTopsie HE TPOsBIIS-
JIUCH TIPU TapMOHHUYCCKUX TCCTOBBIX BO3I[CI710TBI/IHX. TaK, IIpyu HaJIW4YHUKU B TOKC
MOBPEXKIACHHUS allepHoAnYecKoil coctapistronei, korga TT BxoauT B riyOokoe
HaChIIIEHNE, KPHBasi BTOPUYHOIO TOKA B IIE€PBbIE HECKOJBKO IEPHOAOB IOCTE
KOPOTKOT'O 3aMbIKaHHsI OKa3bIBAETCS] 3HAYMTEIBHO UCKKEHHOM, ee aMILTUTY 1,
a CJe0BaTEeNIbHO, U BRIYHCIsIEMOE HU(PPOBBIM (QUIBTPOM JEHCTBYIOLIEE 3HAUE-
HUE — CYIIECTBEHHO 3aHM)KEHBI IO CPAaBHEHMIO C MCTUHHBIM 3HAYEHUEM, YTO
MPUBOJIUT K 3aTSATUBAHUIO cpabaThiBaHMs pelnie. Hy)XKHO OTMETHTB, UTO JaHHAs
0c0OEHHOCTh XapakTepHa He Tojibko ais pene MP 801, Ho u mnst pene apyrux
MPOU3BOIUTEINCH.
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Puc. 8. BusyansHas untepnperanuss COMTRADE-daiina aBapuitHON 0CLIILIOrPaMMBbI
uudpoBoro ycrpoiictsa peneiiHoii 3amurst MP 801
(mporpamMMHoOe obecrieueHue s mpocMoTpa — TransView)

Fig. 8. Visual interpretation of the emergency waveform COMTRADE-file from the MP 801
digital relay protection device (TransView software being used for visualization)

ITapannensHo ¢ ncnpiTanneM MT3 B cocTaBe peanpHOro ycrporictea MP 801
ObuIa HcIbITaHa MosieTh MT3 MTHOBEHHOTO JEHCTBUS, pealn30BaHHAS HA OCHO-
BE MOJENH paccMoTpeHHoro Bbie mudposoro UOT (puc. 5), mns yero 3Hade-
HHE mapaMeTpa 0610ka Beliepskka BpemMenu Obu10 ycTaHoBieHo paBHbIM 0. [1a-
pamMeTpel MOZAENN — TaKHe Kak HYacToTa TUCKPETHU3AIlUH, THIl HFCIIOIB3YEeMOTO
L®, yacToTa cpe3a u nopsagok aHajgoroporo ®HY, mnMtenbHOCTs NPOTPaMMHO-
ro IUKJIa — B TOYHOCTH NoBTopsiu napameTpsl MT3 pene MP 801. [Tomaua Te-
CTOBBIX Bo3zeHCTBUl B Moaenb LIYP3 u perucrpanus BpemeHu ero cpadartsiBa-
HUg ocyuecTBIsucs HemocpeactBeHHO B KUK, peanuzoBannom B CAM
MatLab-Simulink-SimPowerSystems.

B pesynbrate mpoBENEHHBIX HCHBITAHWM yCTAaHOBIEHO, 4TO Mojaensr MT3
cpabaTthIBacT B cpeqHeM Ha 8 % ObICTpee CBOETo peajbHOro MpoToTuna. JaHuoe
pacxoxmenue OOBACHSIETCS HEBO3MOXKHOCTHIO TIOJTHOIEHHOTO y4deTa B MOJIENH
BCEX OCOOCHHOCTEH peann3alii KOHKPETHOTO ycTpoicTBa. ClieayeT OTMETUTD,
YTO MPU CUHYCOUAAIBHBIX TECTOBBIX BO3JECHCTBUAX, B OTIMYHME OT MCIOIB30-
BaHHBIX, TPOIIEHTHOE PACXOXKJIEHHE IO BPeMEeHH cpabaThIBaHHUA 3HAYUTEIHHO
YMEHBITIAeTCsl.

Yka3aHHbIC HE3HAYUTENIbHBIC OTJIMYUS B (DYHKIIMOHUPOBAHWUU 00OOIICHHON
Mo/ieTH U(POBOTO peJie U PEaTbHOTO YCTPOWCTBA TIO3BOJISIIOT PEKOMEHIOBATH
Ha HAYaJIbHOW CTaauu pa3padoTku HOBBIX [[YP3 oTka3aThcs OT MCHOIB30BAHMS
JIOPOTHX almnapaTHO-MPOTPAMMHEIX HUCIBITATEILHBIX KOMIUIEKCOB, a IPUMEHSITh
OoJee nermieBbie U Oe30MacHbIE KOMITBIOTEPHBIE UCTIBITATEIbHBIE KOMITIEKCHI.

BbIBO/IbI

1. Cuctema nuHammudeckoro monenupoBanus MatLab-Simulink no3Bosser
CO3/1aBaTh ¢ MHHUMAJIBHBIMH 3aTpaTaMH BpPEMEHH KOMIIBIOTEpPHBIE MpOrpam-
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MHbIE KOMIUICKCHI JUISl HCIBITAaHUSA MoJeNneil MU(POBBIX 3aIIUT HIEKTPOYCTAHO-
BOK, a Taioke (JOpMHUPOBATH IS IIPOBEPSAEMBIX YCTPOHCTB 3aILUTHI MIEKTPOOOO-
PYAOBaHHS TECTOBBIC BO3ACHCTBHS, OTIIMYAIOLINECS OT PeajbHBIX CHTHAJIOB HA
MIPUEMIIEMYIO AJIS1 MH)KEHEPHBIX PAacUeTOB BEJIHUYHUHY.

2. Pa3paboTaHbl KOMIBIOTEPHBIM MPOTPAMMHBEIN KOMIUIEKC W amlmapaTHO-
MPOTPaMMHBIA MCHBITATENEHBIH KOMIUIEKC C HCIIOIb30BaHUEM MPOBEPOUYHOI
ycranoBku Tra CMC 356 ¢upmbr Omicron, npeiHa3HaYeHHbIC ISl IPOBEPKU
paboTocrmocoOHOCTH MHU(POBBIX TOKOBBIX 3aIUT W MX MOHeJed B paboumx u
ABapUIHBIX PEKUMAX.

3. ComocTaBreHue pe3yIbTaTOB UCIBITAHUI MOJIEIH TOKOBOM 3aIIHTHI C TO-
MOIIBI0 KOMIBIOTEPHOTO HNPOrPaMMHOIO KOMIUIEKCA M peaJbHOr0 YCTPOMCTBA
3allIUThI IMMOCPCACTBOM alllapaTHO-IPOTrPpaMMHOI'0 HMCHBITATCIBHOI'O KOMIIJIEKCA
MOKa3bIBAET, YTO OHU OTJIMYAIOTCS He Oojee yeM Ha 8 %0.

4. Ha cragun pa3paOOTKH HOBBIX LU(POBBIX YCTPOMCTB 3alIUTHl MOXKHO
OTKa3aThbCA OT MCIIOJB30BaHUA AOPOTUX alllapaTHO-IPOrpaMMHBIX HUCIIBITATCIIb-
HBIX KOMIUIEKCOB U NMPOBOJIUTH UCHBITAHUS METOJOM BBIYHCIUTEIIBHOTO KCIIe-
PpUMEHTA C IOMOIBI0O KOMIIBIOTCPHBIX ITPOrpaMMHBIX KOMITJICKCOB.
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