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Ilpeomem uccnedoganus: 00HOpa3HbIE 3AMBIKAHUAL HA 3eMII0 8 INEKMPULECKUX Cemsx cpeo-
He20 Kacca Hanpsijicenus.

Lenv uccneoosanus: pazpabomka UMUMAYUOHHOU MOOeIU OJisl AHAIU3A NePEXOOHbLX Npoye C-
€08, BO3HUKAIOWUX NPU «MEMALIULECKOM» 0OHOPDAZHOM 3AMbIKAHUU HA 3eMII0 8 INeKMPUEeCKOll
cemu Hanpsicenuem 35 kB.

Obvekm ucciedosanus: pacnpederumenbhole diekmpuyeckue cemu 6-35 kB, pabomarowue 6
peodscume U30IUPOBAHHOU HeUMpPAlu.

Ocnoguvie  pe3yibmamsl  UCCIE008AHUS:  pA3PAOOMAHA  UMUMAYUOHHASL — MOOelb 8
cpede Matlab Simulink, noseonsowas ananuzuposame ocyuirocpammsl MOKO8 U HANPANCEHULL
npu 00HOpA3HOM 3AMBIKAHUU HA 3eMII0 8 CemsX C U30IUPOBAHHOU Hetimpanvio. Ilpedcmasnen
Memoo onpeoeieHusi Omxoosuell TUHUU ¢ 3AMbIKAHUEM HA 3eMII0, OCHOBAHHBIN HA HANONCEHUU
MOKO8 HenpoOMbLULIeHHOU Yacmomul. Yacmoma ucmoyHuka onpeoensiemcsi UCX00s U3 YClo8usl
BO3HUKHOBEHUSI Pe30HAHCHO20 pexcuma. [Ipedcmasienvl ocyuiiocpammol, U3 KOMopwlx ciedyem,
Ymo MoK 8 nogpexcoeHHol hasze ysenuuusaemcs 6oee yem 8 2 pasa, 4mo No360Jsem CeleKmu 6-
HO Onpeodenums N08Pe*COeHHOe NPUCOeOUHEHUe.

Knrouesvie cnosa: U30IUPOBAHHAA Heﬁmpaﬂb, pacnpedeﬂumeﬂbﬁaﬂ aJleKmpudeckas centvb, 3a-
MbIKAHUEe ¢a3bl HAa 3eMJlto.
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Subject of research: single-phase earth faults in electrical networks of medium voltage class.

Purpose of resarch: the development of a simulation model for the analysis of transient pro-
cesses that occur during a "metallic” single-phase earth fault in a 35 kV electrical network.

Object of research: distribution electrical networks 6-35 kV operating in isolated neutral mode.

Main results of research: a simulation model was developed in the Matlab Simulink environ-
ment, which makes it possible to analyze the oscillograms of currents and voltages during a single-
phase earth fault in networks with an isolated neutral. A method for determining the outgoing line
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with an earth fault is presented, based on the superimposition of non-power frequency currents. The
source frequency is determined based on the condition for the occurrence of a resonant mode. Os-
cillograms are presented, from which it follows that the current in the damaged phase increases by
more than 2 times, which makes it possible to selectively determine the damaged connection.

Keywords: isolated neutral, electrical distribution network, phase-to-earth fault.

BBenenune

Bri6op pexkuma paboThl HEHTpalu B OTEUECTBEHHBIX pAaCHpeeNUTENIbHbIX CETAX peria-
MeHTupyeTcd . 1.2.16 ITYD [1]. Pexxum pa®oTsl HEHTpaau onpeaensieT BEIUUYUHY TOKA B Me-
CT€ TOBPEXKJICHUS, BO3MOXKHBIN YPOBEHb NepeHanpsieHuil Ha dazax, TpeboBanus kK ha3zHol u
JUHENHON H30JALMM 3IEKTPOOOOPYIOBaHUS, YCTPOMCTBO M NPUHIUIIBI JEUCTBUS peIeHHON
3alIUThI, BEPOSITHOCTh BOSHUKHOBEHUS (heppope3oHaHca MPU HEYCTONYUBOM (AyrOBOM) 3aMbl-
KaHUU B MECTE MOBPEXKIACHUS.

Haubonee mupokoe pacnpocTpaHEHUE B pacHpeAeTUTEIbHBIX CETAX MOIYyUYHJ PEKUM
M30JIMPOBAHHON HEUTpaJId, TOCKOJIBKY B OOJIBIIMHCTBE CIy4aeB TOKH MPU OJHO(PAZHOM 3aMbl-
kanuu (O33) He mpeBhIaOT ycTaHOBIEHHBIX B [1YD mpenenoB. OnHO U3 €€ MPEeUMYIIECTB —
BO3MOXHOCTb paboThl ceTu npu O33, npu 3TOM CHUKAETCA KOJUUYECTBO NEPEPHIBOB B BJIEK-
TpocHabxeHuu norpedureneit. [Ipu O33 peneiinas 3amura 1eMCTBYeT Ha CUTHAN U (PUKCUP Y-
€T HaJu4yue «3EMJIM» Ha CeKUMM WHUH. B nanpHeieM MOUCK MOBPEXKIAEHUSI CBOAUTCS K I1O-
OYepeTHOMY OTKIIOUCHHIO KaXJOTO0 MPHUCOSAUHEHHS, YTO YCJIOXHSAET MOoucK. Peanuzamus
JAPYTrUuX BUJOB 3aLIUT — B OOJIBIINHCTBE CIIy4aeB CIOXKHOE U IOPOrOCTOSIIEE MEPOIIPUATHE.

OnHako HEJOCTATKU M30JIMPOBAHHOM HelTpanu Oonee Becombl. [Ipu HeycroitunBbix 033,
KOTOpbIE COIPOBOXKJAIOTCS IEepeMeXkarolecs ayroil, pe3ko yBEIUYMBAETCS BEPOSITHOCTH
BO3HUKHOBEHUS (peppope3oHaHca, MOSBICHUS MePEeHANPSIKEHUH BHICOKOW KPaTHOCTH, BBIXOJa
U3 CTPOS DIIEKTPOOOOPYAOBAHUS W JAIBHEHIIETO Pa3BUTHS MOBPEKICHHUS U MEPEX0J]a €ro B
nByx$a3Hoe 3aMblKaHUE, WU JBOHHOE 3aMbIKaHHE Ha 3eMIII0 [2].

Ha cerogusimnauii 1eHps pazpaboTaHO MHOXECTBO CIIOCOOOB ONpEAEIeHHS MOBPEXKIEHHOTO
npucoeanHenus [3—6]. Haubonee nepcrnekTUBHBIM HaNpaBIeHUEM SIBJISIETCS NMPUMEHEHHE TO-
KOBBIX HalpaBJE€HHBIX 3aIIUT U 3aLIUT, OCHOBAHHBIX Ha HAJOKEHUHU TOKOB HENPOMBILIUIEHHON
YaCTOTHI.

Pe3y.111>TaT1,1 Hu 06cym11elme

ITpexne yeM NpUCTYNUTh K UCCIEAOBAHUIO MIEPEXOIHBIX IPOLECCOB B CETAX C N30JIMPOBAHHOU
ueiirpansio B MATLAB Simulink, Heo6X01uMO COCTaBUTh PAaCUETHYIO CXEMY M OMPEACTUTHCS C
napamerpamu 0J0KOB. VMccnenoBaHue M pacdeT BBIXOJHBIX MapaMeTpoB MPOM3BOIMINCH C IIOMO-
1IbI0 periaTens 0de45, OKHO HaCTPONKH U BBIOOPA KOTOPOT'O MOKAa3aHO Ha PHCYHKE 1.
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Onpeoenenue mecma nospexicoenuss Npu 00HODA3HOM 3AMbIKAHUU HA 3EMIIO

%3 Configuration Parameters: izolirovanaya/Configuration (Active) — O *

Ql

Solver Simulation time
Data Import/Export

Math and Data Types Start time: 0.0 Stop time: (1.5
» Diagnostics
; Solver selection
Hardware Implementation
Model Referencing Type: |Variable-step - | Solver: |ode45 (Dormand-Prince) -
Simulation Target
» Code Generation ¥ Solver details
» Coverage
» HDL Code Generation Max step size: |auto Relative tolerance: |1e-3
Simscape . .
. Min step size: |auto Absolute tolerance: |auto
Simscape Multibody 1G
» Simscape Multibody Initial step size: auto Auto scale absolute tolerance
Shape preservation: Disable All -

Number of consecutive min steps: |1

Zero-crossing options
Zero-crossing control: |Use local settings ¥ | Algorithm: Adaptive -
Time tolerance: 10*128%eps Signal threshold: auto

Number of consecutive zero crossings: | 1000

Tasking and sample time options

Automatically handle rate transition for data transfer

Higher priority value indicates higher task priority W

OK Cancel Help Apply

Pucynok 1 — OkHo HacTpoiiku u Beibopa pemarens B MATLAB Simulink

OOb1yHO TUHUM HanpspkeHueM 35 kB saBistorcs orxonsamumu ¢ noactanuuit 110/35/6 kB.
Torna paccMOTpUM TpaHCPOPMATOPHYIO MOACTAHIUIO C OTXOASAIMMME puaAepamMu, Ha KOTOPOH
yCTaHOBJIEH TPEXOOMOTOUHBIN TpaHchopMmaTop HampspkeHuem 110/35/6 kB. Umuranuonnas
MOJIEIb TaHHOM CETH IPEJCTABIEHA HAa PUCYHKE 2.

Jlns Hayana HE0OXOIMMO BHECTH MapaMeTphbl JIEMEHTOB CETH B OJIOKM U PaCCMOTPETh MX
HACTPOMKHU.

[Meprriit ucnoas3yemserii 610k — Three Phase Source. Dto Tpexda3Hbiii HCTOYHUK MUTA-
HUS, KOTOPBIH MMHUTHPYET BHELIHIOK JJIEKTPUUYECKYIO CETh C HOMUHAJIBHBIM HaNpsIKEHUEM
110 kB. [Tapamerpsl 6110ka TpeCcTaBICHB HA PUCYHKE 3.

Crenyromuii ucronb3yembiid 610k — Three Phase Transformer (Three Windings). [lanssrit 6ok
MIPEACTaBIsAET COOOM MOJEIb TPEXOOMOTOUHOrO TpaHchopMmaropa ¢ HOMUHAJIBHBIM HamNpsHKEHHUEM
110/35/6 kB moncraHiuu, KOTOpble YCTAHOBJIEHBI B KOJMYECTBE JBYX LITYK M UMEIOT OJMHAKOBbIE
napameTpsl. KoHduryparust 6510ka rnpeicraBieHa Ha pucyHke 4, a mapaMeTphbl Ha pUCYHKE 5.

B kagectBe nposona it JIDII nanpsokenuem 35 kB BeiOpan nposox mapku AC 120/19. Okno
HACTPOEK MapamMeTpoOB IS OJHOTO M3 MPUCOCTUHEHNUH MTOKa3aHo Ha pucyHke 6. J[7s kaxmoi ¢assl uc-
MOJIb3YETCS OTNENbHBIA OJOK € OJMHAKOBBIMU MapameTpamu. [IpoTsHKeHHOCTh OTXOAIINX JIMHUM
OIpeJIeNsIeT BEIMYMHY EMKOCTHOTO TOKa ceTd U Toka O33. B xoae MoznennpoBaHus BO3MOXKHO H3Me-
HEHHUE TTapaMETPOB CETH MPU OTKIIFOUSHUH OTAEIbHBIX MPUCOEANHEHUH 1 U3MEHEHUH KOH(UTYPALHH.

Bozayinyio JIMHUIO 3JIEKTpoIiepeiadll ¢ pacipeieIeHHbIMU TapaMeTpaMu UMUTHpYeT 0ok Pi
Section Line. /lannsrii 6ok npeacrasisier u3 ceds RLC anemenT.

Jlns UMHTAIMK 3aMbIKaHUK B CETH HCmojb3yercs 0ok Three — Phase Fault. Jlanubiii 6510k
MO3BOJISIET CO3/1aBaTh 3aMbIKaHUs JII000H KoHurypauuu, Hanpumep: O33, aByxda3zHoe KOpOTKOoe
3aMBbIKaHUE, 3aMBIKaHHS Tpex (a3 Ha 3eMIIio U T. 1. HacTpoiiku O510ka nmpeacTaBiIeHbl Ha PUCYHKE 7.

87



JI. B. Braoumupos

Taxoke naHHBIA OJOK MO3BOJISIET UMUTUPOBATh 3aMbIKaHUS C MEPEXOAHBIM conpoTusieHueMm. Ilo
CYTH JaHHBIA OJIOK IpeAcTaBisieT u3 ceds Tpexdas3Hblil 60K BBIKIIOUATENCH, HCIIONB3YIOMUN TPH
OTAENbHBIX (ha3HBIX BBIKJIIOYATENS], KOTOPbIE MOT'YT OBITh MHIAMBHYyaIbHO BKJIIOUEHbI/BBIKIIIOUEHbI
I MOJICTTUPOBAHMSI PA3JINYHbBIX 3aMbIKAHUH.

st mopenvupoBanust peskuma O33 BbICTABIISIETCS BpeMsl MOACIMPOBAaHUM 1,5 CEKYH/IbI, TOCKOJIBKY
B Onoke Three — Phase Fault ykazan npomexxyTok BpeMeHH 3aMbikanust oT 1 110 2 cekyHn. Eciu HeoO-
XOJIUMO CMOJIETIMPOBATh PEKUM pabOThI CETH Ha 0oJiee AIUTEIBHOM ITPOMEXYTKE BPEMEHH, TO HY>KHO
YBEJIMYMBATh MPOMEXKYTOK BPEMEHHU 3aMBIKaHHS M YBEJIIMUUBATH BPEMSI MOJICITMPOBAHUSL.

L L& F -

3 e

dn ]

Beper?
Load]|

= 36—

Beper!
Loadh)

N[NIN
A
Z

Kapsep?
Loags

H [
iy
=

Kapsept
Load|

Pawye

Paxmial

wdou
AHk
il
=

Berop?
Load

TATH - 40000 1103676

Cucreua

|
i
S

Seds.

TATH - 40000 1107358 |

Pucynok 2 — Cxema MoJCTaHIUK dIIEKTPHYECKON CeTH ¢ n3oaupoBanHoi Heirpaipto B MATLAB Simulink
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Onpedenenue mecma nospexncoerust npu 0OHODA3HOM 3AMBIKAHUU HA 3eMII0

Block Parameters: Cuctema Y
Three-Phase Source (mask) (link)

Three-phase voltage source in series with RL branch.

Parameters Load Flow
Configuration: | ¥g -
Source

[ specify internal voltages for each phase

Phase-to-phase voltage (Vrms): |11093 | :

Phase angle of phase A (degrees): | 0 | :

Frequency (Hz): |5L‘l | g

Impedance

Internal [ specify short-circuit level parameters

Source resistance (Ohms): |0.0001 | :

Source inductance (H): |1e—5 | :

Base voltage (Vrms ph-ph): |11093 | :

Cancel Help Apply

Pucynok 3 — ITapametpsi Giioka Three Phase Source

Block Parameters: T1 TATH - 40000 110/35/6 X
Three-Phase Transformer (Three Windings) (mask) (link)

This block implements a three-phase transformer by using three single-phase
transformers. Set the winding connection to "Yn' when you want to access the neutral
point of the Wye (for winding 1 and 3 only).

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

Configuration = Parameters = Advanced
Winding 1 connection (ABC terminals)
Yg -
Winding 2 connection (abc-2 terminals) :
Delta (D11) -
Winding 3 connection (abc-3 terminals) :
Yn =~
Core
Type: Three single-phase transformers hd

[ simulate saturation

Measurements | None i

Cancel Help Apply
PucyHnoxk 4 — Kondurypanus tpancdopmaropa 110/35/6 kB 8 MATLAB Simulink
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Block Parameters: T1 TATH - 40000 110/35/6 X
Three-Phase Transformer (Three Windings) (mask) (link)

This block implements a three-phase transformer by using three single-phase
transformers. Set the winding connection to "Yn' when you want to access the neutral
point of the Wye (for winding 1 and 3 only).

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

Configuration Parameters  Advanced

Units: | pu A

Nominal power and frequency [ Pn(VA) , fn(Hz) ] | 40e6 , 50 ] |

Winding 1 parameters [ V1 Ph-Ph{Vrms) , R1(pu) , L1(pu) ] m

Winding 2 parameters [ V2 Ph-Ph(Vrms) , R2(pu) , L2(pu) ] m i

Winding 3 parameters [ V3 Ph-Ph(Vrms) , R3(pu) , L3(pu) ] m

Magnetization resistance Rm (pu) |5000 |

Magnetization inductance Lm (pu) |5000 | i

Saturation characteristic [ i1 , phil; i2, phi2; ... J(pu) ; 0.0024,1.2 ; 1.0,1.52 ]

Initial fluxes [ phi0A , phi0B , phi0oC ] {pu): [0.8 -0.8 0.7]

Cancel Help Apply
Pucynok 5 — ITapamerpsl Tpanchopmaropa 110/35/6 kB 8 MATLAB Simulink

Block Parameters: Pi Section Line X
Pi Section Line (mask) (link)

PI section transmission line. RLC elements are computed using
hyperbolic corrections at specified frequency.

Parameters

Frequency used for rlc specification (Hz):
50 IE

Resistance per unit length (Ohms/km) [ r ]:
0.244 IE

Inductance per unit length (H/km) [ | ]:
1.32¢-3 IE

Capacitance per unit length (F/km) [ c ]:
8.6e-9 IE

Line length (km):
|13.85 IE

Number of pi sections:
1 [E

Measurements | All voltages and currents -

Cancel Help Apply

PucyHnok 6 — [Tapamerps! Bo3ayIiHO# tuHuu dnekrpornepenad B MATLAB Simulink
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Onpeoenenue mecma nospexicoenuss Npu 00HODA3HOM 3AMbIKAHUU HA 3EMIIO

Block Parameters: Three-Phase Fault >
Three-Phase Fault (mask) (link)

Implements a fault (short-circuit) between any phase and the
ground. When the external switching time mode is selected, a
Simulink logical signal is used to control the fault operation.

Parameters

Initial status: | 0

Fault between:
Phase A [ Phase B [ Phase C Ground

Switching times (s): |[1 2] | i| [ External

Fault resistance Ron (Ohm): |0.001.

Snubber resistance Rs (Ohm): | 10e6

B
Ground resistance Rg (Ohm): ‘0.001 ‘ 8
i
B

Snubber capacitance Cs (F): |inf

Measurements None w7

Cancel Help Apply

Pucynok 7 — Ilapametpsi 6;10ka Three Phase Fault

C uCHnonab30BaHUEM MPEJCTAaBICHHON MOJEIU BBIIOJHEHO HMUTAILMOHHOE MOJEINPOBAHUE
«vetauyeckoro» 033 ¢aszel A B cetu. OcruuiorpaMma JJaHHOTO peskuMa paboThl MpeJICTaBlIeHa
Ha PUCYHKE &, a JaHHBIE [10 TOKaM U HanpskeHUsM Qa3 — B Tabnuue 1.

<107 Hanpsxenue, B =
T

i
N |J_ Tivee-Phase V-1 Measurementisignal A
N \ \ |_r Three-Phase V- Measurement/signal:B

Three-Phase V- Measurementisignal:C
LY

. [V NN S NN S N
) / / / /

Tok, A

0 PR, IRy e e e
AR A — —_— —

0.86 o087 098 099 1 101 1.02 1.03 1.04 105 106

Ready Sample based |T=1.500

Pucynok 8 — Ocunutorpamma «verannndaeckoro» O33 B ceTu

MOoO’KHO 3aMETUTh, YTO HANpsHKEHUE HA TOBPEKACHHON (pa3e YMEHBUIMIIOCH 10 HYJIS, a HA He-
TIOBPEXKICHHBIX (pa3ax YBENMUHIOCH B \3, T. €. 10 nuHeHHoro. Ha HemoBpexIeHHbX (a3ax mpu
033 BcrencTBHE MEPEeX0THOTO MpoLecca BUIHBI KOJIeOaHuUs HANPsHKEHUsI, KOTOPBIE 3aTeM 3aTyXakoT.

Tabmuua 1 — ITapameTpsl «metammyeckoro» 033

PeskuM paGoThi ®a3Hble TOKH, A | Da3Hble Hanpsi:KeHusi, B Hanoskenne neiiroanm. B
P A [B]C]|A B C P pas,
«Merammmuaeckoe» 033 5,2 0 0|0 35020 35040 20230

Jlnst onpezierneHns TOBPEXKICHHOTO TPUCOSIMHEHHS TIPEUIAracTcsl OCYIIECTBUTh HATIOKEHHE TOKOB
HETIPOMBIIUICHHOW YaCTOTHI, TIPH STOM MCTOYHHK HANPsDKEHUS JOJHKEH MMETh BO3MOXKHOCTh HACTPONKH
B PE30HAHC C CEThI0. Pe30HaHCHAs YacToTa ONpeessieTcs mapaMeTpamMy OTXOISIIMX prcoeTHeHni. Ha
pHCyHKe 9 Tpe/icTaBlIeHa OCIMIIIOrpaMMa TOKa B IOBPEXKICHHOH (Da3e 1 HampspKeHU.
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o= T T T I ]

I~ Thee-Phase | Measurement/signatA |-

a- £ X < T Thee-Phase V. Measurement/signals | |
A / \ Three-Phase V-l Measurement/signal.C

096 0.98 1 102 104 106

Ready Sample based |T=1.500

Pucynoxk 9 — OcummnorpamMma O33 npu HaJIOKEHUH TOKOB HETIPOMBIITUICHHON YaCTOTHI

Kak MOXXHO 3aMeTUTh, IPU HAJIOKEHUH TOKOB HEMPOMBIIIICHHON YaCTOThl TOK B TIOBPEKICHHOMN
(aze Gonee yeM B 2 paza BbIIIE TOKA B MOBPEXKICHHON (pa3e B CETH C M30JIMPOBAHHON HEUTpalIbio 0e3
HaJIOXKEHUs U cocTaBisieT 11,2 A. DTo mO3BOJISIET BBIIEIUTE MOBPEKIACHHOE ITPUCOSTNHEHHE.

3aKJ04YeHne H BbIBOALI

B pesynbrate monenupoBanus mpouecca O33 B ceTH ¢ U30JIMPOBAHHOW HENTpaJIbiO YCTAHOBIIEHO,
YTO HAJIOXKEHNE BBICOKOYACTOTHOW COCTABIISIONIEH NPUBOAUT K YBEINYCHUIO JCHCTBYIOIETO 3HAUCHUS
TOKa B HOBpG)KI[CHHOfI (1)3,36 JIMHWUHU, YTO IO3BOJIACT BBIACINUTD MMOBPCIKACHHOC ITPUCOCIUHCHUC.
[IpumeHeHne MeToJa HAJIOKEHHUSI TOKOB HETTPOMBIIIUIEHHOH YacTOTHI UMEET PsIJ IPEUMYIIECTB!
— BO3MOXHa padoTa 3aIIUTHI HA CUTHAJ 0€3 OTKITIOYEHUS TIOBPEKACHHOTO MTPUCOCTUHECHNUS
— HE OKa3bIBAaeT BIMUSAHUS Ha pabOTy ApPYrHMX yCTPOWCTB pesIeHHOM 3allluThl U aBTOMAaTUKH, OC-
HOBaHHBIX Ha OIPEEICHUH BEINYNH TOKOB M HANPSDKEHHI OCHOBHON TapMOHUKH,
— TpeUIaraéMblii METOJ TO3BOJIIET CEJIEKTUBHO ONPENCINTh MECTO MOBPEKICHHS, YTO MOJ-
TBECPKAACTCA pE3YyJIbTaTaMU UMUTALIMOHHOT'O MOJACIIMPOBAHUS.
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