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MODELING OF A SINGLE-PHASE EARTH FAULT
IN DETERMINING THE LOCATION OF DAMAGE
USING LINEAR ALGEBRA THEORY

The article is devoted to the analysis of emergency modes in a network
with an isolated neutral of 6(10)-35 kV.. The purpose of the work is to
develop a mathematical model of an electrical network with a voltage
of 6(10)-35 kV when calculating a single-phase earth fault to determine
the location of damage using linear algebra theory. Tasks: to analyze
the emergency mode in a network with an isolated neutral; to develop a
methodology for calculating an emergency event taking into account the
parameters of the transient process to determine the location of accidents in
the network. The result of the proposed solutions is a rational determination
of the single-phase earth fault current parameter, taking into account
the values of the longitudinal and transverse components of the network
replacement circuit. The study of the replacement circuit and the calculation
of the circuit parameters using the decomposition theory of the matrix
determinant show good dynamics of accounting for all parameters of the
electrical network in the event of an emergency ground fault. According to
the calculated values of the frequencies under consideration, the intrinsic
resistance «Zy of each of the circuits of the resulting substitution circuit
is determined. After determining the intrinsic resistance of the earth fault
circuit taking into account the transient resistance, the dependence
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Z = f{w) is calculated to determine the distance to the location of the
defect in power transmission lines in remote devices for fixing emergency
events installed in distribution networks of 6(10)-35 kV.

Keywords: Electric power industry, electric grid, isolated neutral,
grounding, damage location, simulation, isolation, reliability, power
quality, emergency mode.

Introduction

Ensuring high-quality and uninterrupted supply of electric receivers is the main
task of energy transmission and energy distribution organizations, since power supply
failures lead to negative consequences in the production process, as well as in the daily
life of energy consumers. Therefore, the speed of disconnection of the emergency
section of the electrical installation, as well as the determination of the defect area in
the event of an accident in the electrical network, seems to be a significant component
of ensuring the quality of power supply to energy consumers.

In distribution networks with a voltage of 6(10) -35 kV, the process of determining
the location of damage (DLD) is associated with the peculiarity of grounding the neutral
transformers and the operating mode of the network as a whole [1, 2].

According to statistics, a common type of defect in the networks under
consideration is a single-phase earth fault, which is approximately in the range of
70-80% of absolutely all other types of defects [3]. The difficulty of the DLD with
a single-phase earth fault (SpEF) in electrical networks of 6 (10)-35 kV consists
in an insignificant value of the fault current, which often leads to failure of the
fixing devices, and, in addition, in a very significant branching of the power grid.
The main method of DLD used in substations of Kostanay region is topographic,
implemented by bypassing the main air line together with the use of additional
location equipment. In this case, the time period to search for damage increases
significantly, and at the same time, the under-supply of electricity to consumers
increases if the network is disconnected or works erratically [1, 2, 3].

Consequently, most of the research should be focused on the formation of
new remote automatic methods and means of DLD in the event of short circuits in
the 6(10)-35 kV network. For this purpose, the task of mathematical modeling of
the emergency mode at the SpEF and determining the most rational mathematical
apparatus, taking into account all influencing factors, is set.

Materials and methods

During the development of the methodology for the remote form of
determining the location of damage in electrical networks with a voltage of 6(10)-
35 kV, the following assumptions must be taken into account [2 — 4]:

1) these power grids have a large branching and length;
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2) the absence in the simplified scheme of the substation of a 10 kV network
and in some cases 35 kV switches at each connection, which significantly
complicates the disconnection of the power line;

3) in the operating mode of the network, there is a time limit for the SpEF, due
to the danger of internal overvoltages that lead to a defect in electrical equipment;

4) the presence of hard-to-reach areas of power lines where it is impossible
to carry out a visual inspection of the line;

5) characteristic modes of operation of the neutral of the distribution network
6(10)-35 kV, types of emergency modes, including the presence of a transient
process at the SpEF.

The principle of the method of equations of state variables when modeling an
electric network in the earth fault mode is to change the energy state of the electric
network, in the event of a process of its transition from one mode to another [5].

In order to create a mathematical model of an electrical network operating in
an isolated neutral mode, when a single-phase earth fault occurs, the implemented
modeling method is used, Figure 1 shows the network replacement scheme [2, 6, 7].

The considered substitution scheme of the electrical network can be described
by a system of first-order differential equations in matrix form, where, after
transformations of the parameters of the substitution scheme, the expression is
obtained:

d C 07[Yc Uc Ug
at L0 L] iL] A[iL]+B[Ic] M

where C — the value of the capacity of the network parameter, F

L — the value of the inductance parameter, Gn;

u.. — voltage at the capacitances of the replacement circuit, V;

i, —the value of the current through the inductance of the replacement circuit, A;

u,, — the value of the EMF voltage of the circuit, V;

J. — the value of the power supply current in the branches of the replacement

circuit, A,

A B, —empirical coefficients depending on the structure of the substitution

scheme [4, 5, 7].

The model of the studied electrical network with a voltage of 6(10)-35 kV
using the method of differential equations of state variables, can take the following
characteristics:

- the values of the active and reactive resistances of the damaged phase of
the electrical network at SpEF;

- the values of the active and reactive resistances of the intact phases of the
electrical network at SpEF;

a
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- the values of the active and reactive resistances of power transmission lines
that are not damaged;

- the values of the capacitances between phases in the electrical network at
the SpEF;

- the values of mutual induction between phases in the electrical network
at SpEF;

- types of suspension of wires on the power line.

es Lawm Run  Lapn Rap g Lasn Rasn

I
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Figure 1 — Replacement diagram of a three-phase overhead power
transmission line in the mode of a single-phase earth fault using the method of
differential equations of state variables [2]

In addition, when modeling a network with a voltage of 6(10)-35 kV, taking
into account a single-phase earth fault, it is necessary to take into account the
parameters of the secondary winding of the network transformer and the value of
the active longitudinal resistance of the power line as a parameter of the transient
process. This conclusion is due to the fact that the parameters under consideration
can significantly affect the values of the natural frequency of the current and the
voltage level when a transient process occurs in the SpEF mode. In this type of
accident, the capacity of the damaged phase is discharged to the resistance of the
longitudinal part of the power line, and the discharge currents are closed to the
low voltage winding of the communication transformer [6].
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Results and discussion

During the development of a mathematical model of a 6(10)-35 kV network,
when a ground fault mode occurs in one of the phases (for example, phase A), it
is necessary to take into account all the longitudinal and transverse components
of the replacement circuit, and additionally specify a power transformer, in the
form of a T-shaped replacement circuit, and a power transmission line, which can
be displayed as two T-shaped replacement circuits of each phase of the network.

The model of the line and elements of the entire network contains the
following independent boundary initial values:

- eA, eB, eC — the values of the phase EMF of the primary winding of the
communication transformer;

-R1, X1 —the values of the active and inductive resistances of the longitudinal
part of the branch of the primary winding of the transformer;

- RO, X0 — the values of the magnetizing active and inductive resistances of
the transverse part of the branch of the primary winding replacement circuit of
the transformer;

- the values of the active and inductive resistances of the longitudinal part
of the branch of the substitution circuit brought to the secondary winding of the
transformer;

- R, XL, XC — values of active, inductive and capacitive resistances of the
power line of the replacement circuit.

The method of contour currents is used to calculate the parameters that make
up the transient process for SpEF in a network with a voltage of 6(10)-35 kV with
an isolated neutral.

Figure 2 shows the scheme for determining the initial conditions of the
transient process by the method of contour currents, compiled in accordance with
the original substitution scheme.

When forming the resulting circuit, the restriction is accepted that with a
single-phase earth fault, the fault current does not extend beyond the secondary
winding of the communication transformer.

The value of the single-phase earth fault current of phase A in case of its
damage must be calculated using the operator method of analyzing transients in
emergency situations of the network using the Laplace transform.

The idea of the proposed method is to replace the resulting replacement
scheme of network elements with their equivalent operator backgrounds and
images:

- computational operator calculus of complex EMF and network voltage of
the replacement circuit;

- Li(0) — computational operator calculation of inductance voltage;
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- —the calculated operator calculation of the voltage on the capacitance of
the circuit;

Jo o 3 3
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Figure 2 — The resulting network replacement scheme for determining the
initial conditions of the transient process without taking into account the load
power parameters

- Lp — calculated operator function of inductive resistance;

- the calculated operator function of the capacitive resistance of the circuit.

Figure 3 shows the transformed operator substitution scheme for calculating
the parameters of the transient process in case of accidents in the electrical network

The matrix of parameters of the operator substitution scheme shown in the
figure includes:

— operator EMF function outline;

— the function of the operator current of the circuit circuit;

— the operator resistances of the branches between the contours, as well as
the intrinsic resistances of the contours in the operator form.
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Figure 3 — Operator replacement circuit of the electrical network

Expression for determining the current value for each circuit:where

- the value is the determinant of the initial matrix of boundary values of the
scheme without the i-th vector column,;

- the value is the determinant of the initial matrix of boundary values of the
circuit without the EMF vector.

The value of the single-phase earth fault current is determined based on the
values of the current of the eighth circuit of the operator matrix: where

- the numerator polynomial of the substitution scheme operator;

- the value of the denominator polynomial of the substitution scheme operator.

In the future, when implementing the transition from the operator image of
the SpEF current in the form of to the actual value of the current in the form of ,
the decomposition theorems of operational calculus are applied: where

- the current of a single-phase earth fault, which passes at the beginning of
the damaged phase, taking into account the value of the transient resistance R;

- the roots of the equation
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When solving equation (4), its roots are determined, which, in the network
substitution scheme, represent the natural frequencies ® of the contour currents.

According to the values of the frequencies under consideration, the intrinsic
resistance Z of each of the circuits is determined. After determining the intrinsic
resistance of the earth fault circuit, the dependence is constructed in order to calculate
the distance to the defect location in power transmission lines in remote emergency
event recording devices installed in distribution networks of 6(10) -35 kV.

Conclusions

The construction of a mathematical operator model of an electrical network
with a voltage of 6(10)-35 kV with an isolated neutral in the event of a single-phase
earth fault, using the integral Laplace transform as an element of linear algebra
theory, helps to take into account the influence of the following parameters of the
electrical network:

- the value of the inductance of the power transformer, which affects the
values of the current and frequency of the transient process;

- the value of the active resistances of the phases of the power line.

Taking into account the considered values effectively affects the accuracy of
determining the current of a single-phase earth fault and in the future, searching
for an accident site in the electrical network.
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CBI3BIKTBIK AJITEBPA TEOPUACBIH KOJITAHA OTBIPBIII,

3AKBIMJIAHY OPHBIH AHBIKTAY KE3IH/IE BIP ®A3AJIbI )KEPTE

TYHBIKTAJYbI MOJEJILAEY

Maxana 6 (10) — 35 kB oxwaynanzan 6eiimapanmol dicenioezi asapusiiblk
pedcumoepdi manoayea apHaneat. Kymvicmoiy makcamol - kepreyi 6 (10)
— DIEKIMP JHCENICIHIY MAMEMaAMUKaIbIK MoOein xcacay. 35 kB 6ip gazanvl
JKcepee myublKmanyObl ecenmey KesiHoe Cbl3bIKMbIK aieebpa meopusiCobiH
nauoanaHvin 3aKbIMOany OpHblH anvikmay. Minoemmepi: oxwaynanean
betimapanmel Jicenioezi agapusiivik pexicumoi manoay, gvcenioeei
asapusanapobly OPHbIH AHBIKMAY YUlin omneni npoyecmiy napamempiepin
eckepe OmbIpbln, MoOmeHule Hcaz0aiiovl ecenmey 90icmemecin 93ipiey.
Yevinvinean wewimoepoin Homuoiceci dceniniy IKeUSaIeHmmi miz0e2iniy
OOLUILIK, JCOHE KOIOEHEH KYypamOacmapulibly MOHOEPIH ecKepe Omulpbin,
6ip hazanvl cepee MyubIKmMany mo2viHoly NApaMempin ymulmMobl AHLIKINAY
6onvin madwvLiadbl. IKEUBAIEHMMI CYI0AHbI 3ePIMMEY HCOHE MAMPUYAHBIY
AHBIKMAYUBICLIHBIY bIObIPAY TEOPUACLIH KOIOAHA OMbIPbIN, Mi36eK
napamempiepin ecenmey gicepee myublKmanryobly aapUsiblK PedtCUMI
natioa 6012an Ke30e IIeKMp HCeNiCiHIY OapavblK napamempiepin ecenKke
anyovly JHcaKcvl OUHAMUKACHIH Kopcemedi. Kapacmuipvlivin omuipean
JcuinikmepOiy ecenmeiieen MOHOepiHe COUKeC ANbIH2aH AIMACHbIPY
CXeMACHIHbIY KOHMYPAAPLIHBIY SPKAUCHICHIHbIY Z KeOep2ici aHbIKMAanaobi.
Ayvicnanel kedepeini ecenke aia OmMulpuln, dcepee MYUblKMAaLy
KOHMYPbIHbIY MEeHWIKmi Kedepeicin anvikmazannan Keiin 6(10) -35 kB
mapamy Jiceniiepinde OpHAmvli2al A8APUSIbIK OKU2ALapobl MmipKeyoin
OUCMAHYUATBIK, KYPbLIZbLIAPbIHOA2bL dlekmp bepy diceninepinoei akay
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OPHBIHA OClliHel KAUILIKMbIKMbL AHLIKMAY Yuiih moyenoinix z=F(w)ecebi
Jlcypeizineoi.

Kinmi co30ep: Dnexmp snepeemuracsl, 3J1eKmp H#cerict, OKUMAYIaHeaH
belimapan, scepee myuslKmaiy, 3aKbiMOaHy OPHbL, MOOeIbOey, OKULAYIaY,
CEHIMOLNIK, 3/eKMpP IHePSUSICHIHbIH CANACHL, MOMEHULE HCAZ0AU PEeHCUML.

*4. U. Ozapxosa’, B. I1. Mapxosckuii’, K. B. Tammviuesckuii’, A. b. Ymezynog?,
HU. B. Kowxun’

'KocTaHaiicKuii perHOHABHBINA YHUBEPCUTET UMeHU A. BaiiTypchiHoBa,
Pecnyonuka Kaszaxcran, r. Kocranaif;

*TopaiirsipoB yHuBepcuTeT, Pecriyonuka Kaszaxcran, [TaBnozap;

* BnamuMHUpCKHil rocynapcTBeHHbIi yauBepeutet umenn AL u H.I.
CroneroBsIx, Poccuiickas ®enepanus, . Bnagumup;

*Kaszaxckwuii arporexuuyeckuit yausepeutet umenu C.Celidpyminna,
Pecnyonuka Kaszaxcran, Hyp-Cynras;

SKocTaHalickuii perHOHAbHBIN YHUBEPCUTET HMEHH A. BaiiTypchiHOBa,
Pecnyonuka Kaszaxcran, r. Kocranaii.

Marepuan noctynui B penakiuto 13.06.22.

MOJEJNPOBAHUE OJHO®A3ZHOI'O 3AMBIKAHUSA HA
3EMUJIIO ITPU ONTPEJEJIEHUUN MECTA ITOBPEXXKJEHUSA C
MCHOJb30BAHUEM TEOPUU JIMHEMHOM AJITEBPBI

Cmamusinocesiuyena aHamu3y aBapULIHbIX PeICUMOB 8 CENU C U30TUPOBAHHOLL
Heumpanvto 6(10)-35 kB. Llenv pabomer — paspabomka mamemamuyecKkou
Mooenu dnekmpudeckol cemu Hanpsicenuem 6(10)-35 kB npu pacueme
O0OHOPAZHO20 3AMBIKAHUSL HA 3eMITI0 OJIs1 ONPEOeICHUs MECA NOBPENCOCHUS
€ UCNONb306AHUEM Meopul JUHelHol aneebpvl. 3adauu: nposecmu
AHANU3 ABAPUUHO2O PedCUMA 8 Cemu C U30NUPOBAHHOU HEMPAbIO,
paspabomams MemoOUKy paciema asapuiino2o coovimusi ¢ y4emom
napamempos nepexooH020 npoyecca Oiisi OnpedeieHus Mecma agapuil 6
cemu. Pe3ynbmamom npeoiazaemvix pewlenuil 618emcs payuoHaIbHoe
onpeodenienue napamempa moka 0OHOPAZHO20 3aMbIKAHUS HA 3EMII0 C
VUEMOM GeNUYUH NPOOONbHBIX U NONEPEUHBIX COCMABNIOUUX CXEMbl
3amewerust cemu. Mcciedosanue cxemvl 3ameiyeHus U paciem napamempos
CXeMbl C UCNOTb30BAHUEM MEOPUU PA3TOICEHUSI ONPEOETUMENsi MAmPUybl
NOKA3bIBAIONT XOPOULYIO OUHAMUKY YHema CeX NApaMempOo8 JieKmpU4ecKoul
cemu npu BO3HUKHOBEHUU ABAPULIHOZO PENCUMA 3AMbIKAHUS HA 3eMIO.
Ilo pacuemnviym GeIUUUHAM PACCMAMPUBAEMBIX HACMOM ONPEOEAIOMm
cobcmeentnoe conpomusienue Z Kaxicoo2o U3z KOHMypos pe3yibmupyroulei
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cxemul 3amewenusi. Tlocne onpedenenus cobCcmeeHHo20 cOnpomusienus
KOHMYpPa 3AMbIKAHUSL HA 3€MI0 C YHemOM Nepexo0H020 CONPOMUGTCHUS,
NPOU3BOOUMCSL pACYem 3A8UCUMOCHb  OJil ONPeOeieHUs PACCMOSHUS
00 mecma Oeghekma 8 AUHUAX IJIeKMpPonepeoaiu 8 OUCMAHYUOHHBIX
yempoucmeax ukcayuu agapuiinblx coObimuil, YCMAaHOGIEHHBIX 6
pacnpederumenvrulx cemsx 6(10)-35 kB.

Knwouesvle crnosa: snekmposnepeemura, 31eKmMpuiecKas cemb,
U30NIUPOBAHHASL HEUMPATIb, 3AMbIKAHUE HA 3eMIII0, MECIO NOBPEINCOEHUs],
MoOenuposanue, U30AIYUsL, HAOEHCHOCMb, KAYEeCME0 dNEKMPOIHEPSUU,
aABAPULIHBLLL PedCUM.
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