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IMPROVING THE EFFICIENCY OF FAULT PROTECTION SYSTEMS OF
ELECTRICAL GRIDS BASED ON ZERO SEQUENCE VOLTAGES AND CURRENTS
WAVELET TRANSFORMS

Introduction. A significant proportion of earth faults in medium voltage networks represents a short-lived and transient process.
Problem. In such cases, earth fault protection that responds to steady-state current and voltage is not able to operate properly.
Purpose. To develop earth faults protection selective algorithm using transient components, that occur in zero-sequence currents
and voltage in the fault process. Method. A mathematical model of the power supply system was applied to study the transient
components of currents and voltage of zero sequence in compensated electrical networks with phase-to-earth faults, and a those
model also is used to test the operation of the developed protection algorithm. The results showed that, the reactive power for
transient components, of the frequency greater by 4-6 times, than fundamental frequency, which are extracted from the current
and voltage of zero sequence by wavelet transform 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
wavelet transform with Morlet mother function, an orthogonal components are extracted from them. Reactive power is calculated
for transient component. If that reactive power excess of threshold, the relay will make a decision. The reliability of the developed
protection algorithm is confirmed by the results of mathematical modelling 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, figures 5.
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Jna enekmpuunux mepexyc nanpyzor 6-35 kB, w0 npayroroms 3 KOMREHCOBAHOI0 AHO [3016b06AHOI0 HEUMPAILIIO, PO3POOIEHO
CceleKMUGHUIL 3aXUcm 6i0 3aMUKaHb asu Ha 3eMI0, AKUI Peazye Ha HANPAM PeaKmMUeHOl ROMYMNCHOCH, AKA GU3HAYAEMbCA 34
00n0OM02010 Koeiyicnmie eeiigiem-nepemeopens cmpymy i Hanpyzu Hynb060i NOCII008HOCHI, A MAKOMC IX NOXIOHUX, 66€0eHUX
ona 3abe3neueHHa Pazo6o2o 3cyey na 90 zpadycie i nidsuwienna yymaueocmi zaxucmy. Koegiyienmu 3naxooamo winaxom
320pmKU OUCKPEMHUX 3HAYEHb CIMPYMY, HaAnpyzu ma ix ROXiOHuUX i3 cuznanamu mamepuncvkoi yynkuii Mopne, oduucnenns
AKUX NPOBOOUMBCA 34 OONOMO2010 KAOpammuoi mampuui, 011 AKol euxnadeHo npasuna it ¢opmyeanna. Peaxmuena
ROMYMCHICMb 6UHAYACMBCA HA KONWCHOMY KPOYI PO3PAXYHKY AK Cyma 000ymKie geilgrem-koegiyicnmie cmpymy i noxionoi 6io
Hanpyau, a maKoyc Hanpyzu i ROXIOHOI 6i0 cmpymy, moomo Koeiyicnmis, w0 maioms 00HaAKoGUIl nopsaokosuii nomep. Ilyck
3axucmy 6i00ysacmuca 3a (PAKmom nepesuuieHHA AMNIAIMY00l0 HANPY2U HYAb060I NOCAI006HOCHI 3A0aH020 3HA4YeHHA. 3a
00NOMO2010 MAMEMAMUYUHOT MOOETI MePelci GUKOHANO 00CTIONCEHHA NOGECOITHKU 3aXUCHY 3d 2TIYXUX I 0Y206UX 3AMUKAHb (ha3u
Ha 3eMJ110, 013 Pi3HO20 CHMYREHA KOMREHCAUil EMHICHUX CMPYyMI8, 0118 PI3HUX 3HAYEHb HANPY2U 8 MOMEHM 3AMUKAHHA. Y écix
pexcumax ompumano HAaoiiiny podomy 3axucmy, Yymaugicms AK020 6 5-8 paszie nepesuuiye uyymaugicme 3axucmy 3a
anzopummom, 3acHoeanum na nepemeopenni @yp’e. bio6n. 10, puc. 5.

Knrouogi crosa: eleKTpUYHA Mepeika, 3aXUCT Bil 3aMHKaHb Ha 3eMJII0, CTPYM, HaNpyra, HyJboBa MOCTiI0BHICTb, BeiiBJieT-
NepeTBOPeHHs, PEAKTHBHA NMOTY KHICTh.

Jna anekmpuueckux cemeit nanpaycenuem 6-35 kB, pabomaioujux ¢ KOMREHCUPOGAHHOI UNU U3OAUPOBAHHOU HEUMPATIbIO,
pazpadbomana cenekmueHaa 3QWUMa Om 3aMbIKAHUI (Pa3bl HA 3eMI10, KOMOPAA peazupyem HA HANPAGIEeHUE PEeaKmueHoll
MoOwiHOCmuU, onpedensiemoe ¢ NOMOWLI0 KoIppuuuenmos geiieiem-npeodpasoeanuit. moKa U HANPAINCEHUA HYNeB0l
nocnedosamenvHocmu, a mMaKxyce UX HPOU3BOOHBIX, 66€0CHHBIX 01 obecneuenusn Gazoeo2o cosuza na 90 zcpadycoe u
noeviwienua uyscmeumenvnocmu 3auumel. Kosgpuuyuenmor naxooam nymem ceepmru OuCKpemHvIX 3HAUEHUIl MOKA,
HANPAJCEHUA U UX NPOU3BOOHBIX C CUZHANAMU MAmepuHckoil @ynkyuu Mopne, @viuucieHue KOmMOpbIX NPOU3600UmMCA C
nOMOWBIO KEAOPAMHOU Mampuyvl, 011 KOMOPOU U3N0XdCeHbl npasuna eé ¢opmuposanus. Peaxmusenaa mowpocmo
onpedenaemca HA Ka}coom uiaze pacuema KAK CyMMa RPou3eedeHuil, co6naarnuwux no gasze u umerwuwjux 00UHAKOBbLI
nopsA0Koewlil HoMep @elleem-KoIhpuyuenmos moxka u nPouU3BOOHON OM HANPANCEHUA, A MAKHCE HANPANHCEHUA U NPOU3BOOHOIL
om moka. B kauecmee nycko6ozo opzama 3auiumbl UCRONBL3YEMCA NPEEbLULEHUE AMNAUMYOOU HANPANCCHUA HYNeB60Il
nocneooeamenvuocmu 3a0annozo 3uauwenus. C nomMowblo mMamemamu4ecKkoi MoOenu cemiu 6blNOJAHEHbl UCCIE006aAHUS
noeedeHus 3au{umol NPuU 27IYXUX U OY206bIX 3AMBIKAHUAX (Pa3bl HA 3eMJII0, NPU PA3TUYHOU CHENEeHU KOMNEHCAUUU eMKOCHIHbIX
MOK06, NPU PA3IUYHBIX 3HAYEHUAX HANPANCCHUA 6 MOMEHm 3amblkanua. Bo ecex pescumax nonyuena nadexcnas paboma
3auqumeol, 4YECMEUMEILHOCHY KOMOpPOU ¢ 5-8 pa3 eviuie uyscmeumenvHoCmMu 3au{Uumbyl, 0CHO6AHHOI HA NPeodPaA308aAHUAX
®@ypyve. bubdn. 10, puc. 5.

Kniouesvie crosa: 3neKTpuuecKas ceTb, 3allIUTA OT 3aMbIKAHMII HAa 3eMJII0, TOK, HANPsIKEHHe, HyJIeBasl 10C/1eJ0BaTeILHOCTD,
BeiiBjeT-npeodpa3oBanne, peaKTHBHAsS MOIIHOCTb.

The urgency of the problem and its connection
with the applied tasks. In medium voltage power supply
systems, damage to the phase insulation leads to single-
phase earth faults. In this case, the load current is usually
significantly higher than the steady-state earth fault
current, which complicates the operation of protection
against such faults. Nevertheless, a single-phase earth

fault can be extremely dangerous. It can cause fires,
damage to electrical equipment as a result of overvoltages
or heating by fault current, electric shock to people and
animals. According to regulations in force in Ukraine, a
section of the electrical grid with a single-phase earth
fault must be immediately disconnected if it is located in
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high-risk areas, such as coal mines or enterprises
processing fire-hazardous raw materials. The use of a
resonantly grounded neutral further complicates the
operation of protection devices, as it significantly reduces
the already insignificant current of a single-phase earth
fault. Another important consequence of a small current
of a single-phase earth fault is that such a fault is often
unstable, the electric arc at the site of insulation damage
can be repeatedly extinguished and ignited again, which
gives a single-phase earth fault a permanent transient
nature.

Review of publications and shortcomings of
known solutions. There is a significant array of sources
that investigate the protection of power supply systems
against single-phase earth faults. A large number of
reviews of publications on the considered problem [1-4]
are evidence that the topic of protection against single-
phase earth faults today remains a serious challenge for
both scientific and theoretical research and engineering
and practical developments. In particular, the new
methods of signal processing and analysis that have been
developed in connection with the development of modern
communication systems remain not fully implemented.

Since it is very difficult to obtain information about
such a fault from the steady-state current of the zero
sequence of the feeder in a single-phase earth fault, much
attention is paid to the transient current.

In particular, in [5] it is proposed to use digital filters
with infinite pulsed response to extract the information
parameter from currents and voltages of zero sequence. In
[6], it is proposed to use the Fourier transform to obtain
the phase and amplitude characteristics of the voltage and
current of zero sequence. In [7], the properties of Fourier
transform and wavelet transform are compared on the
example of electric arc detection. In [8], it is proposed to
detect faults based on the coefficients obtained by wavelet
transform. In [9], single-phase faults in a grid with an
unearthed neutral are simulated using ATP/EMTP
software, and an algorithm for detecting such a fault using
wavelet transform is also proposed. But the characteristics
of protection algorithms in [7-9] are not considered.

The goal of the paper is to increase the sensitivity
and speed of selective protection systems of electrical
grids with isolated or compensated neutral based on the
use of wavelet transforms of transient components of zero
sequence voltages and currents that occur when a phase-
to-earth faults occurs during discharge and recharge of
grid capacities.

The main material and the results obtained. The
study of transients in single-phase earth faults (SEFs) and
analysis of the protection operation is performed using a
mathematical model, the description of which is given in
[10]. Consider a typical two-transformer substation for a
6 kV power supply system, which consists of two
110/6 kV step-down power transformers T1 and T2,
busbars of the first CIII-1 and the second CIII-2 sections,
which supply cable lines @1-®3, on each of which zero-
sequence current transformers (ZSCTs) are installed.
Measuring voltage transformers TH1, TH2 are connected
to busbars. The earth fault protection of the phase is

connected to the secondary circuits of ZSCTs and THs.
The neutral of the grid of the first section is grounded
through a reactor with resonant inductance of 0.161 H,
and the phase capacitances to ground for feeders ®1-®3
connected to this section are 1, 8 and 12 pF, respectively,
interphase capacitances are 2 pF, steady-state earth fault
current is 72.3 A. The solution of differential equations in
the mathematical model is performed by the implicit
method with a calculation step 2 = 0.667 ms. The
calculated values in the simulation are presented in per-
unit (p.u.) values to the basic:

_ /26000
NE)

Iy =2 Iy, =+/2-72.36=102.33 A;

U, = 4899 V;

0y =U, -1, =501-10° VA,

where U,, I, O, are the basic voltage, current and power,
respectively; /o is the single-phase earth fault current.

The frequency [5] and multifrequency [6]
protections against SEFs proposed in recent years are
based on the use of higher harmonics in currents and
voltages that occur in the first moment of the fault and
therefore depend on the instantaneous value of the phase
voltage on the damaged phase. The degree of distortion of
sinusoidal voltages and currents depends on this voltage,
which can be seen, for example, from Fig. 1,a,b, which
shows the results of modelling the SEF at the initial
voltage on the damaged phase, equal to the amplitude one
(Fig. 1,a), as well as to zero one (Fig. 1,b). In the first
case, there is a fairly long-term coincidence in the phase
of current and voltage, while in the second one, the phase
coincidence in phase of these signals is much shorter. The
sensitivity of the protection algorithm, which is based on
the use of the product of these signals, which is
proportional to the reactive power, depends on the
indicated initial conditions, which must be taken into
account when developing new methods of protection.

In 6-35 kV electrical grids operating with neutral
isolated or grounded through a Petersen coil, the
transients in arc phase-to-ground faults are transient, and
therefore there are questions about the correctness of the
application of protection algorithms based on the use of
frequency [5] and multifrequency [6] components in
currents 3, and voltages 3u, of zero sequence obtained by
means of Fourier spectral transforms. For such processes
it is more rational to use wavelet transforms (WTs), which
allow to decompose the input, time-varying signal x(z)
into frequency-time components in the form of
coefficients CW(a,b,t) which depend on the selected
mother function g(a,b,t) as well as on the coefficients of
frequency scale a and time shift b [8]. The study of the
characteristics of WTs of currents and voltages and the
possibility of using the phase spectrum (phase shift angle)
or resistances to build a group protection against phase
faults to earth is considered in [1-4]. However, an
important task is to develop a stand-alone protection for
each feeder, which operates at both arc and steady-state
faults, uses the ratio between currents and voltages and
has a higher sensitivity.
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Fig. 1. Results of simulation of SEF which occurred at the
maximum (a) and zero (b) instantaneous voltage value on the
damaged phase u,

As shown in [8], the continuous wavelet transform
of signals is performed using an integral expression
containing the product of this signal and some basic
function called the mother wavelet:

CW(a,b)= % [x) g(%jdt .

The input signals, in our case, are arrays of
dimension N, consisting of discrete values of voltages and
currents recorded by analog-to-digital converters during
the fundamental frequency period (50 Hz) with
discreteness with frequency f;, as well as values derived
from current pi = p(3i,) and voltage pu = p(3uy). They are
used to compensate the angular phase shift of 90 degrees
between the signals of current and voltage of zero
sequence (Fig. 1). Numerical determination of
derivatives, for example, by three instantaneous values of
current (voltage) is performed by expressions that also
use the calculation step and the angular frequency w,
which in our case were taken equal respectively 0.667 ms
and 314 5™

(1)

_dx 1

I 2
P T 2an @

(Bx, —4x,_1+x,_7).

As a mother wavelet, we take the complex Morlet
wavelet [8], which is a plane wave modulated by the
Gaussian curve

2

gt)= exp[—%} -exp(j27z-t) . 3)

To write (1) and (3) in discrete form, we substitute
in (3) instead of time ¢ the expression (¢ — b)/a which
contains the coefficients of frequency scale a and time
shift 5. From the obtained expression we select one of the
components of the mother function g(f), for example,
imaginary (sine) gS(n). Then the expressions for
determining the k-th values of the coefficients of wavelet
transforms will look like:

N
CW(k.a.b) = —— x(k—n)-g(n_b}
Yo ¢ &)
a:ﬁ; p=24.
In 2

o2

b)? 2 b ©)
= exp(— T (n _2 ) -sin( 7(n = )B

a a

As an example, Fig. 2 shows the nature of the
change of the mother wavelet gS(n) and its amplitude
component J(n) at a = 8, b = 15, N = 30, f, = 250 Hz,
f; = 1500 Hz. Note that the frequency scale coefficient a is
used to set the wavelet duration in the region of the
desired frequency range f,, the value of which we take
equal to 250 Hz, which corresponds to the preferred
harmonics at arc faults [6].
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Fig. 2. Nature of the change of the mother wavelet
28(n) and its amplitude J(n)
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As can be seen from (4), the wavelet transform is a
convolution of the values of the input signal (current,
voltage and their derivatives) with the same number of
values of the mother wavelet function. Here, the
convolution is defined as the mutual correlation of one of
these sequences with the other one inverse in time. To
calculate the convolution, we use the matrix form of
representation the inverse in time sequence of values
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calculated by (5) in the case of n = 1,..,N. The matrix of
the convolution core is a square one with dimension
NxN and on its main diagonal there are the elements
251 = gSu - 1), on the diagonal above the main one —
gSN—l = gS(n =N-1) then — gSN,z = gS(n =N-2) etc. On the
diagonal below the main one there are the elements
25, = g8, = 2), then — accordingly gSs, ..., gSy. For an array
of N elements, the matrix will look like:

851 &5y gSna g5
g5 g5 &Sy - 8%
G(gS)=g5; g5 g5 gS4.  (6)

85y &Sn-1 8&n-2 - &5
Vectors of wavelet transforms of voltages W, and
currents W; of zero sequence, as well as derivatives of
voltages W, and currents W, can be found as:
W,=G(gS)xu, W;=G(gS)xi;
Wou=G(gS)x pu; W, =G(gS)x pi.

The results of the calculation by expressions (7) of
the coefficients of WT with the ordinal number » = 3 are
presented in Fig. 3,a,b, from which it follows that in the
initial section of the transient at the SEF there is a close
coincidence in phase of the vectors W; and W,,, as well as
W, and W,. Here, by means of their product for signals
with identical serial number it is possible to define value
and a sign of reactive power (Fig. 3,a,b). The resulting
reactive power QO can be defined as the sum of the
products for all N coefficients, which significantly
increases the sensitivity of the protection

N N
0= Y Wi < Wi =3 Wy < W ®)
k=1 k=1

(7

The block diagram of the developed protection
algorithm is shown in Fig. 4. It contains analog-to-digital
converters (ADCs) to obtain discrete values of voltages
3uy and currents 3iy, blocks d/dt to calculate by (2) the
derivatives from these signals, the calculation unit for (5)
of the mother wavelet function g(S) , unit for forming by
(6) of the matrix G(gS) of convolution nucleus, units W,
Wi, Wy, W, for calculation by (7) of the wavelet
transform of voltages, currents and their derivatives,
respectively, units of products for calculation by (8) of
components of reactive power O, = Q,,; = W, xW,; and
0> = Oipu = Wy, xW,;, as well as an adder to determine the
power O = Q; — O,, at the exceeding which of the
positive threshold value Q; in the comparator, the
corresponding signal enters the output relay through a
number of logic elements AND, OR. The protection
algorithm uses the voltage amplitude exceeding of the
threshold value U, as the starting body. The amplitude is
determined in the unit U, by its orthogonal components

such as \/(3u0)2 +(p3u0)2 . After the protection has

tripped, the relay is self-holding for the duration of its
existence U, > U, that provides reliable operation of
protection after transition of an arc fault in a steady-state
one.

Wi,

0.485

1.409 1413

1416 142

Fig. 3. Coefficients of wavelet transforms of current and voltage
derivative (@), current derivative and voltage (b) and the
component of reactive power obtained with their help
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Fig. 4. Block diagram of the «wavelet-protection» algorithm
against phase-to-ground fault
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During the development of protection, the issue of
increasing its speed by reducing the computational costs
of wavelet transform was considered. It is established that
for this purpose it is possible to use only fixed values
a =8, b= 15 for calculations by formula (5).

The results of the calculation of the resulting
reactive power at the SEF with different initial voltages
are shown in Fig. 5. From the given data it follows that
the sensitivity of the developed protection in this case
is 8 times higher than the sensitivity of the protection
built on the basis of Fourier transforms, and the operation
time of the protection is about 5-7 ms. The threshold
value of reactive power is taken equal to the base
value Q.
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Fig. 5. Reactive power at the SEF determined by wavelet
transform and Fourier transform at different initial voltages on
the damaged phase:
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Using a mathematical model, the behavior of
protection at different modes of occurrence of SEFs was
studied: at resonant tuning of the reactor, over- and under-
compensation, at different values of the initial voltage on
the damaged phase and different resistances at the fault
place. In all these modes there is a clear operation of the
output body of the relay.

The lowest sensitivity of protection takes place
(Fig. 5,c) at zero initial voltage. Compared to
multifrequency protection based on Fourier transform [6],
the developed protection has sensitivity almost an order of
magnitude higher.

Positive results of protection operation were also
obtained when the emergency files of the SEF recorded in
the real operation were given to the input, as well as
during the tests on the laboratory stand.

Conclusions.

1. The method of protection of electric grids with
isolated or compensated neutral from phase-to-ground
faults is improved and a new algorithm of realization of a
method on the basis of use of wavelet transforms (WTs)
of transient components of voltages and currents of zero
sequence is developed that have experimental
confirmation and allows to increase the efficiency of
operation of electrical grids.

2. Using the coefficients of wavelet transforms, which
are found by convolution of discrete values of current,
voltage and their derivatives with the signals of the
mother Morlet function, the reactive power is calculated,
the positive value of which determines the damaged
connection.

3. The efficiency of the protection algorithm is
confirmed by the results of mathematical modelling and
full-scale tests on a laboratory stand.
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