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MULTIFREQUENCY PROTECTING METHOD AGAINST EARTH-FAULTS OF PHASE
IN THE COMPENSATED ELECTRIC NETWORKS

Introduction. A significant proportion of earth faults in 6 - 35 kV networks is a transient and short-lived process, which is
followed by an electric arc. Problem. In such cases, earth-fault protection that responds to steady-state current and voltage is not
able to operate properly. Also, the use of the Petersen coil to compensate for the capacitive earth fault current complicates the
protection function because it significantly reduces the single phase earth fault current in steady state. Purpose. To develop
selective single-phase earth faults protection algorithm using harmonic components that occur in zero-sequence currents and
voltage in the transient process. Method. A mathematical model of the power supply system is applied to study the frequency
components of currents and voltage of zero sequence in compensated electrical networks with phase-to-earth faults, and a
mathematical model is used to test the operation of the developed protection algorithm. The results showed that, the reactive
power for harmonic components of the frequency greater than 100 Hz, which are separated from the current and voltage of zero
sequence in compensated electrical networks on the damaged feeder, is positive regardless of the degree of compensation of the
capacitive current. That may be the basis of the principle of directional protection. Originality. Phase-to-earth fault selective
protection algorithm has been developed. In that algorithm, first derivatives of currents and voltages of zero sequence are found,
to reduce the influence of aperiodic components. And then, by using of the Fourier transform, a number of harmonic orthogonal
components are extracted from them. Reactive power is calculated for each of frequency component and their total sum is found.
If that sum excess of threshold, the relay will make a decision. The reliability of the developed protection algorithm is confirmed
by the results of mathematical modeling and verification of the test sample at the laboratory stand and by means of field signals
that were recorded by digital loggers at the substations. References 10, table 1, figures 6.

Key words: electrical network, earth fault protection, zero sequence current and voltage, Fourier transform, frequency
spectrum.

3a 0onomozoro mamemamuyHoi mMooeni KOMHEHCOBAHOI eleKMPUYHOT Meperci 6UKOHAHO AHANi3 cmpymié i Hanpyz HYIb06OT
noctioo6HOCMI NPU 3AMUKAHHAX (Da3u HA 3eMal0 | NOKA3AHO, W0 8 HUX Ri0 4ac nepexionozo npouecy GUHUKAIOMb GUUYL
2aPMOHITIHI CKN1A00GI, AKI 00YMOBIEHI PO3PAOOM EMHOCHEN YUIKOOMCEHOT ha3u, 003apAa0oOM EMHOCHENl HeyuKoOcenux a3, a
MAaKod}C 3pOCMAHNAM CIPYMY peakmopa ¢ neiimpaini mepesici. [lokazano, wio ne3aneiicno 6i0 cmynens Komnencayii peakmopom
EMHICHO20 CHIPYMY HPOMUCIO060T HACHIOMU, PEAKMUEHA NOMYNCHICMb 011 2APMOHIYHUX CKIA00BUX Cmpymie | Hanpy: 3
uacmomoio 6 06a paszu i Oinvuie NPOMUCI060T, € 000AMHOI0 0N YULKOOHCEHO20 NPUEOHAHHA | 8i0’EMHOIO ONA HEYUIKOOIHCEHUX.
Ile npuitnamo 3a ocnogy 6 po3podnenomy memooi 3axucmy HaAnpaeneHoi Oii, 6 AKOMY NpU 3AMUKAHHAX (a3u Ha 3emiio
CHOYAMKY GU3HAYAIOMb NOXIOHI cmpymié | Hanpyz HYAb08OI NOCTIOO6HOCHI, WO 3MEHUYE 6NIUE ANEPIOOUYHUX CKIAO0BUX |
nIOCUNIOE CKNAOO0BI GUUUX 2APMOHIK, A ROMIM 3 00NOMO2010 nepemeoperHa Dyp’ec 3HaxX00AMb KOMNIEKCHI 3HAUEHHA ONA PAOY
HauoiNbW 6NIUGOBUX 2APMOHIIIHUX CKIIAO0BUX, Dilbuiux 3a nepuiy. 3a 00NOMO2010 OMPUMAHUX CKIAAO0BUX CMPYMIE | Hanpyz
011 KOMCHOI YACMOMU 3HAX00AMb PEAKMUGHY ROMYNCHICHb, | AKWLO IX CyMa nepesumiyc 3a0amny, mo Cnpaybogye 8UXioOHuil
opean  3axucmy. Jlocmosipuicmo po3pooneHozo mMemoody 3aXUCHLY RIOMEEPONHCEHO Pe3YIbmamamu  Mamemamuinozo
MOOeI06AHHA | NEePeGIPKOI0 pOOOMU 00CIIOH020 3pa3Ka Ha nabopamopromy cmendi. bion. 10, tabn. 1, puc. 6.

Kniouosei cnosa: enekTpu4Ha Mepeska, 3aXMCT Bil 3aMHKaHb Ha 3eMJII0, CTPYM i Hampyra HyJbOBOI IOCHiIOBHOCTI,
neperBopeHHst Dyp’e, 4acTOTHUH CHEKTP.

C nomouwbio mamemamuueckoi MoOenu KOMREHCUPOGAHHOU INEKMPUYECKOU Cemu 6bINOJIHEN AHANU3 MOKO8 U HANPAXHCEHUl
HYJ1e601l NOCNE006AMEIbHOCIU NPU 3AMBIKAHUAX (PA3bl HA 3eMI0 U NOKA3AHO, YMO Y HUX 60 6PeMs NEPeXoOH020 npouecca
603HUKAIOM 6GbICWIUE 2ADMOHUYECKUE COCMAGNAIOU{Ue, KOMOopble 00YCN06EeHbl PA3PAOOM EMKOCHEll NO08PeHCOeHHON da3bl,
003apA0OM eMKOCmell HenoepeycOeHHbIX (a3, a makdce pocmom moka peakmopa 6 Heiimpane cemu. Ilokazano, umo
He3a6UCUMO Om CHeneHu KOMREHCAUUU pPeaKmopoM eMKOCHHO20 MOKA 01 NPOMbIMIEHHOU YACMOMmbl, PeaKmueHas
MOUWHOCIb, PACCHUMARHAA 0115 6bIOETEHHBIX 2APMOHUYECKUX COCMAGTAIOULUX MOKOG U HANPANCEHUN C YACMOmOil 6 06a pa3a u
bonee nPOMBIUNIEHHOT, NOJIOHCUMEIbHAA 0TI HOBPEHCOCHHO20 NPUCOEOUHEHUA U OMPUUAMENbHAA 0N HENO0BPEHCOCHHBIX. DMmOo
HPUHAMO 3a OCHOBY 6 PA3PAGOMAHHOU 3aujUme HANPAGIEHHO20 Oelcmeus, ¢ KOMOpoil npu 3aMbIKAHUAX (azel Ha 3emiio
cHayana onpeoensiom RpPOU3B00HbIE MOKO8 U HANPANCEHUI HYNe60l NOCe006AMENbHOCIU, YMO YMEHbUAem 6aUAHUE
anepuoOuUecKuUx cOCMAasIAIOWUX U YCUTIUGAEH 2APMOHUYECKUE COCMAasnaiouue, a 3amem ¢ NOMowbio npeodpasosanusn Dypve
HAax00Am KOMNIEKCHble 3HAUEHUA ONA pAOa Haubonee 6IUAMENbHBIX 2APMOHUYECKUX COCMAGAAIOWUX, dobuux nepeoi. C
HOMOWbIO NOYUEHHBIX COCMAGNAIOUUX MOKOE U HANPAICEHUI] ONA KAXCOOU YACMOMbl HAX00AM PEAKMUBHYIO MOUIHOCHb, U
ecnu ux cymma npesvliiaem 3A0aHHylo, mo cpabamvleaem GvIXOOHOU opzan 3awiumol. /Jocmosepnocms pazpadomanno
3auiumbl NOOMBEPIHCOEHA Pe3YIbMAMam MAMeMAmuiecKoz0 MoOeIUpoOSaHUA U RPOGEPKON PAGOmMbl ONLIMHOZ0 00pa3ya Ha
nabopamopruom cmende. bubn. 10, tad:m. 1, puc. 6.

Kniouesbvie cnosa: 371eKTpUYecKas CeTh, 3aIIMTA OT 3aMbIKAHUI HA 3eMJII0, TOK M HANPSIZKeHU e HYJIEBOI 110C/1e10BATEeIbHOCTH,
npeodpazoBanusi Pypbe, 4aCTOTHBINH CHEKTP.

The relevance of the problem and its relation to
the applied tasks. 6-10 kV electrical networks operating
in the grounded neutral mode are the basis of power
supply systems for industrial enterprises, power plants,
cities. Given the large length and widespread of such
networks, the problem of protecting networks from the

most common damage of insulation — single-phase earth
faulting — is urgent. A large proportion of earth faults is a
transient and short-term process that is accompanied by
an electric arc. In such cases, a ground fault protection
device that responds to steady-state current and voltage is
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not able to operate properly. Also, the use of the Petersen
coil to compensate for the capacitive earth fault current
complicates the operation of the protection devices as it
significantly reduces the single-phase earth fault current
in steady state.

Review of publications and shortcomings of
known solutions. The problem of the analysis of
transients in networks with earthed neutral in order to
create an effective algorithm for protection against
unstable earth faults is being actively investigated in
Europe and around the world [1-3]. In particular, the work
[3] investigates the aperiodic component of the transient
of a single-phase earth fault and analyzes its influence on
the work of known methods of protection against such
earth fault. Much attention is paid to the peculiarities of
mathematical modelling of the electric arc in the place of
damage and methods of classification of different types of
damage [4, 5]. In [6], methods of filtering the signals of
current and voltage sensors are investigated, and attention
is paid to testing them using real signals recorded by the
logger at an operating substation. In [7], methods for the
identification of single-phase earth faults are developed
and the sensitivity of such methods under conditions of
high resistance at the fault location is analyzed.
Mathematical models of electrical networks are studied,
which also include models of relay protection devices
[8, 9]. The search for optimal parameters of mathematical
methods of signal processing of primary sensors and
settings for the operation of systems of protection against
single-phase earth fault [6, 10] is carried out. There are
also known attempts to use different types of neural
network-type «black box» methods to protect against
single-phase earth-faulting, but in our opinion, the simpler
approaches are not exhausted, the most attractive being
the analysis and use of different frequency components in
currents (3i) and the voltage (3uo) of the zero sequence.

The goal of investigation. Using a mathematical
model to study the harmonic composition of currents and
voltages of zero sequence in compensated electrical
networks at phase-to-earth faults and to develop a method
of selective protection by using harmonic components
that occur in currents and voltages of zero sequence in
transients.

Main material and results obtained. In works
[8, 9], for selective protection against phase-to-earth short
circuits, it is proposed to use frequency filters to select
from the zero sequence current 3i, and zero sequence
voltage 3u, components of one of the frequencies, for
example, 200 or 300 Hz and to provide selectivity of the
protection operation in the direction of the calculated
reactive power the effect on which of the reactor at these
frequencies is significantly attenuated. In this paper, to
increase the sensitivity of the protection, we consider the
possibility of the simultaneous use of currents and
voltages for several frequencies found through the Fourier
transform.

To study the harmonic composition of the currents
3iy and the voltage 3u, of the zero sequence, we use the
mathematical model described in [8]. We apply it, for
example, to a compensated electrical network consisting
of a 110 kV transmission line, a step-down transformer,
which is connected to a 6 kV section with three cable

lines, phase capacities in each of which are respectively
3.8 uF and 12 pF. The network neutral is grounded
through a reactor with a resonant inductance of 0.142 H.
The results of simulation of deaf and arc single-phase
earth fault (SEF) under different modes of reactor tuning
showed that the currents 3i, and voltage 3u, at the
beginning of the transient contain aperiodic and periodic
components with different damping constants which are
caused by discharge of capacities of damaged phases,
recharge of capacities of intact phases as well as an
increase in reactor current in network neutral. The
duration of this transient is approximately the period of
power frequency (20 ms). Comparison of the Fourier
spectra for the currents 3i, and voltages 3u,, as well as for
their derivatives p(3ig) and p(Q3u,), showed that the
harmonic amplitudes and the calculated values of the
reactive power by means of the derivatives are almost an
order of magnitude greater and are expedient to use their
in protection. The nature of the change in time of the
derivatives of the current and the voltage of the zero
sequence at SEF is shown in Fig. 1. The differentiation
operation significantly reduces the aperiodic components
and enhances the higher frequency components. The
numerical calculation of the orthogonal component of
signals using the derivatives p(3i;) and p(3ug) is
performed by (1) for three discrete instantaneous values
of current (voltage) x,.,, x,..1, x,, for the step of calculation,
for example A = 0.625 ms and for frequency w =314 5.

d 1
E(x):pxzﬂ(3xn_2—4xn_l+xn). (N

The Fourier spectrum (Fig. 2) is calculated for the
data shown in Fig. 1 and from which an array of N = 32
discrete elements is formed over time of 0.02 s.
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Fig. 1. Nature of the change in time of the zero sequence current
and the derivative of this current (@), the voltage of the zero
sequence and the derivative of this voltage () at SEF

From the numerical data obtained using the ffi(y)
function of MathCAD and shown in Fig. 2, it follows that
the most influential harmonics are in the frequency range
of 150-500 Hz.
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multiplicities 3, 4, 5, 6, for which the reactive power
values are maximum. Calculations for reactor
overcompensation modes have shown that the reactive
power for harmonics 1, 2 can be negative and therefore it
is undesirable to use these harmonics.

Table 1
Results of the calculation of reactive and active powers and
amplitudes of harmonic components for derivatives of currents
and voltages

0
0 100 200 300 400 500 600 700 800

Fig. 2. Fourier spectrum for current and voltage derivatives
of the zero sequence at SEF

The calculations for each k-th harmonic of reactive
power using the complex values of currents and voltages
obtained by the Fourier transform are performed
according to the expressions (2):

D = ok "Upk —Ipe Uk

Plio) g =ik = Jipks (2)
p(uo)k = Uy +juﬂk.

The results of the calculation using the Fourier
transform of the amplitudes of currents and voltages,
reactive and active powers for the harmonics of multiples
of the first one (f, = 50 Hz) in the range from 1 to 9 are
shown in Table 1.

The data (Table 1) are shown for the reactor
resonance tuning mode. According to these data, it is
advisable to use for the protection harmonics with

fo I, A U,V 0,kVA P, kW
1 66.15 5196 226 259
2 106.6 1715 182.8 3.058
3 181.3 1957 354.5 11.22
4 277.0 2234 618.8 6.941
5 360.0 2287 8227 —37.46
6 367.4 1900 692 9531
7 324.0 1406 441 “11.32
8 280.0 1044 273 —104
9 246.0 796 177 —85.48

Based on the obtained calculation data, a method of
selective protection was developed, the block diagram of
the algorithm of which is shown in Fig. 3 and in which
there are: analog-to-digital converters — ADC, Fourier
transform units — FFT, units of determination of
derivatives — d/dt, multiplication units — X, summation
unit %, comparators for comparison of voltage
amplitudes 3u, with set value for frequency 50 Hz and the
total reactive power Qr for selected harmonics with set
value Ur, logic elements OR, AND, as well as the output
organ Relay.

N YES
- >U _| AND > Rel >
pu IR = cut off
3U0 el
o—» ADC > ddt FFT OR 4
B
””)))Ji/////// _— - \\\\\ T — YES
a2 Y/ Uy y Uaiy Ups y Uas Ugs y
X X X X T X jy X jv 0>0r
. f i A o + . . 4 K A
1p2 ***%———flgi a2 "‘*r———x,if]%& g3 — 3+ la3 q3' lﬂ/‘f q4j:/ —— g4 q4-
T 11—
3% .
oI apc | g [P FFT 0
|
T T S R S

Fig. 3. Block diagram of the multifrequency method of selective earth-fault protection in compensated networks

The actuation organ is triggered if the voltage
amplitude 3u, exceeds the set value Uy which is 10-15%
of the nominal value. The amplitude of this voltage is
calculated from the orthogonal components that are
obtained from the ADC and d/dt units and then calculated

as wluﬁ +(pu,1)2 .

The relay input signals — the current 3, and voltage
3u, after ADC and d/dt differentiation units are fed to the
Fourier transform units in which for given frequencies f, —

58

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.1



f» complex values of harmonic components for currents
(sine ig, igs,... and cosine iy, i4,...) and for voltages
(sine wug, ups,... and cosine u,, u,;3,...) are calculated.
Based on these values for each of the frequencies, in the
respective units of multiplication X the positive (¢") and
negative (¢ ) values of the reactive power are calculated.
For each frequency they are found as:

q" =upig; g 9=9"—q .

In the general mathematical model of the
compensated electrical system and the protection relay, a
software module for the implementation of the Fourier
transform and the determination of the total reactive

power of the higher harmonics f (the third through the
sixth ones) are shown in Fig. 4.

:ua.lﬁ;

Fur(FI,FU) = |I < FI
U« FU
N <« rows(U)
for fe3..6
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Fig. 4. MathCAD software module for Fourier transform
realization in the protection relay against SEF

The results of the mathematical modelling of the
protection method in the case of SEF show that the total
reactive power of the harmonics depends on the
instantaneous value of the phase voltage at the time of the
fault. The highest value of reactive power occurs when
the phase voltage (u,) reaches the amplitude value
(Fig. 5,a,c), and the least one — when reaching the zero
value (Fig. 5,b,d). These power values (Fig. 5,c,d) are more
than an order of magnitude and to be taken into account
when selecting the set value for the comparator Qr.

The results of the mathematical simulation of the
relay operation at arc short circuits to the ground, the first
of which arose at the amplitude value of the phase
voltage, and the second one at zero, are shown in Fig. 6.
Character of change of voltage 3u, — in Fig. 6,a, of the
current 3i, and its derivatives p(3iy) — in Fig. 6,b and of

the contacts of the relay output organ — in Fig. 6,c. In both
cases, a clear relay operation was obtained.
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Fig. 5. Results of calculations of reactive power (c, d) at
occurrence of SEF at maximum (a) and minimum (b) values of
phase voltage

1.327 1331 1336 134

The simulation of the operation of the protection
relay under the conditions of five-fold undercompensation
and overcompensation of the capacitive current, as well as
at SEF in the protection zone and outside the protection
zone, confirmed the correct and reliable operation
of the relay.
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Fig. 6. Results of modelling the behavior of the protection relay
at SEF with different aperiodic components in 37,

The prototype of protection according to the
algorithm shown in Fig. 3 was implemented on the basis
of microcontroller STM32F4Discovery. Its satisfactory
operation in the case of SEF was obtained on the physical
model of the compensated electrical network with voltage
of 0.4 kV, as well as inputting current and voltage signals
of zero sequence which were recorded by digital loggers
in the real network at SEF.

The results of simulations and experiments confirm
the possibility of implementation of the developed
protection in the operating electrical networks.

Conclusions.

1. The results of mathematical modelling show that in
compensated electrical networks at phase-to-earth fault, the
reactive power of the damaged connection, which is found
using harmonic components extracted from the current and
voltage of zero sequence for frequencies greater than 100-
150 Hz, is positive regardless of the degree compensation of
the capacitive current by the reactor, which can be the basis
for the operation of selective protection.

2. A method of selective protection of the electrical
network against phase-to-earth fault has been developed,
using which, in order to reduce the influence of aperiodic
components, first the derivatives of currents and voltages
of the zero sequence are obtained, and then by means of
the Fourier transform, a number of harmonic orthogonal
components are extracted from each of them. which the
reactive power is calculated and their total sum is found,
and if it exceeds the specified one, the output organ is
triggered.

How to cite this article:

3. The reliability of the developed method of selective
protection is confirmed by the presented results of
mathematical modelling and verification of the prototype
operation at the laboratory stand, as well as by means of
field signals recorded by digital registrars at SEF at
operating substations.
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