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In this research, we create a single-phase to ground synthetic fault by the
simulation of a three-phase cable system and identify the location using
mathematical techniques of Fourier and modal transforms. Current and
voltage signals are measured and analyzed for fault location by the reflection
of the waves between the measured point and the fault location. By
simulating the network and line modeling using alternative transient
programs (ATP) and MATLAB software, two single-phase to ground faults
are generated at different points of the line at times of 0.3 and 0.305 s. First,
the fault waveforms are displayed in the ATP software, and then this
waveform is transmitted to MATLAB and presented along with its phasor
view over time. In addition to the waveforms, the detection and fault
location indicators are presented in different states of fault. Fault resistances
of 1, 100, and 1,000 ohms are considered for fault creation and modeling
with low arch strength. The results show that the proposed method has an
average fault of less than 0.25% to determine the fault location, which is
perfectly correct. It is varied due to changing the conditions of time,
resistance, location, and type of error but does not exceed the above value.
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1. INTRODUCTION

A fault is a physical condition that results in a device, a component, or an element's failure to
perform a required routine. A short or definitive circuit of wire includes this definition. The fault almost
always involves a short circuit between the phase conductors or between the phase and the ground [1]. The
fault may be an open connection or may have some impedance at the fault connection. The terms "fault",
often synonymous with the term "short circuit", are defined in the ANSI/IEEE Std.100-1992 standard [2]-[5].
In fact, methods for determining the fault location for cables are categorized as online and offline. In the off-
line method, a special tool is used to test the cable for failure. In the online method, the voltage and current
are sampled and their processing is used to determine the fault point. The method of online location for
underground cables is different than that used for aerial lines. The two main methods for online location are
based on signal analysis and knowledge-based [6]-[9].
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In the present study, the travelling wave-based method has been used. Travelling waves are
generated by changing the energy stored in the capacitor and the inductor in lines or cables after a fault
occurs. Both the voltage and current propagate along the circuit at a velocity close to the velocity of light,
encountering impedance discontinuities, and then high-frequency waves emanating from the fault are
reflected back to the source and transferred to the other side. What is new in this article is the simultaneous
examination of two single-phase faults to the ground with time intervals of 0.3 and 0.305 seconds, with the
condition that the faults occur at different points. For this, we used three-phase line and network modeling,
fault creation by alternative transient program (ATP) and MATLAB simulator software, and the Fourier and
modal transforms to figure out where the faults were.

2. METHOD

A useful analysis of faults in underground cables was carried out, and the travelling waves generated
by the fault were discussed and in the form of voltage and current equations presented before, and the method
of using these waves was also described in the fault location [10]-[12]. The power cable model is described
and a complete model of three-phase power cables is provided [13]-[15]. Subsequently, the discrete Fourier
transform (DFT) method will be introduced as a powerful method of discrete Fourier transform for the waves
of sampling. Followed by it, the Clarke transform and the transfer of the values obtained from the Fourier
transform to the modal domain will be described in this paper. Lastly, to finish talking about finding faults
and how to find them, indicators are set up based on the parameters that come from the Fourier transform and
how they are moved to the modal domain.

Changes in the amount of stored energy in the inductance and the capacitance of the transmission
lines caused by the fault cause to create the travelling waves, that these waves are transferred from the place
of occurring fault to two sides of the end of transmission line. The frequency of travelling signals generated
by the fault can range from several Hz to several tens of kHz. The path of the traveling wave of travelling
waves is plotted in Figure 1 in the event of fault in the F point [16]-[20].
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Figure 1. Return of the waves in the case of occurring fault

2.1. Fourier transform

Discrete-time Fourier transform (DTFT) or DFT is one type of Fourier transform. Using this
transform, a function (usually defined in the time domain) transmits to another function in the frequency
domain, but with the difference that the input function for the DFT transform must be a discrete function.
This function or input signal is usually generated by sampling a continuous function such as voltage signals
[21], [22]. In general mode, the definition of a discrete Fourier transform is defined as: If x [n], n€ Z is a
discrete function with real or mixed values, then the discrete-time Fourier transform is defined as (1).

X (@) = Ei-—sx[n]e" @)
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The equation (1) is considered as the main definition of DFT, which is expressed in terms of discrete signals.
If time signal is continuous x(t), in order to obtain the DFT formula, a discrete signal x'(kA4t), which
contains N samples of the sampled signal x(t), will first be considered that its value is expressed in terms of
time as (2):

x'(kAT) = x(O)w(t) XFZ_., 8(t — kAT) )

where AT is the sampling period and w(t) is the function that contains the N samples of the sampled signal
x(t) at a time interval To. In other words, this function can be introduced as a function with the sampling
window with length of N. For stable applications, the length of the sampling window is constant, but this
window moves forward over time and samples -c to o enter and exit from the window, respectively, and
thus the sampling process is done during the time domain. But the general form of computing DFT that most
authors of articles use are (3).

21,
Xt = (r = DAT =233 x(r + ke v r=1 ©)

In (3), t = (r — 1) AT is the phasor time tag of the sample r. AT equal to 1/fs is the distance between the two
samples of the signal sampled. N is the number of samples in each sampling cycle, which is determined
according to the frequency of sampling (fs) and the frequency of the power system (f) (N = fs/f). In the
above equation x(r + k), the r + k sample is the sampled signal x(n). In real-time applications, there are no
later samples in waveform that can be used to calculate the phasor, but the DFT algorithm uses from previous
examples to a previous cycle, so there will be a second NAT delay, unless the sampling window changes
comparatively with sample variations. In order to adapt to the actual conditions, the phases obtained with the
labels can be considered as much as NAT seconds delay or for the real time application, the equation (4) can
be used.

27 .
XMt = (r = DAT = 23N x[(r — 1+ k = N)AT]e V¥, r =1 @)

In this paper, the (4) is used recursively in calculating the phasor of waveform of current. An AC
wave can be represented by (5).

x(t) = X,,. cos (d) + f_tww(‘r). d‘r) (5)

For a sinusoidal waveform as defined totally, the term phasor is defined, which is expressed as a vector in the
form of a complex number, this complex number includes the size and amplitude of the sinusoidal waveform
and its initial angle which will be written as (6).

X =Xntd (6)

By applying the DFT defined on the sinusoidal signal, its phasor also obtained that the amount of the
Fourier amplitude for the sinusoidal waveform is equal to the amplitude of the sinusoidal signal, but the
angular value obtained for the Fourier complex number examples will not be equal to the initial phase angle
¢ and will change for different times. For the first sample of the phasor, the angular amount of the phasor is
equal to the initial phase @, but at other times, this value will be changed, such that for the time variations, the
periodic variation is between -180° and 180°. In order to eliminate the DFT rotational effect, we use the
recursive DFT (RDFT) in the phasor angle of the waveform. In such a way that the difference of the input
samples multiplies into the sampling window and samples exiting from the sampling window multiply the
amount of fuzzy rotation, /thus, the phase rotation is zeroed over time, and the angle of phasor will be equal
to the initial angle. In this way, the RDFF Fourier transform is expressed as (7), (x(r) sample of rt").

X() =X =D+ 2 +N -1 —x(r— e /N r>2 0
The real time equivalent of the (7) will be as (8).

X(r) = X =D +2[x() —x(r = N)]e 77 r > 2 ®)
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or:

Mt=0C-DAT =X —-1D|t = —2)AT +%[x((r - DAT) —x((r—1 -
NYAT)]e 7" r > 2 ©)

By obtaining the phasor specifications of the voltage and current waveforms in the network,
accurate information can be obtained regarding the characteristics of the voltage and current waves, and
many of the events occurring on the network can be detected and identified through changes detected in the
amplitude and the angles of measured voltages and currents. Calculating waveform phasor by the discrete
Fourier transform as a powerful tool, which can be used in many applications, such as network mode
estimation, and the estimation of aerial and cable transmission parameters (as the voltage and current
components measured in the previous section is described as phasor), calculations of short circuit faults,
sustainability issues, and many cases [21], [22].

2.2. Clarke's transform

The three-phase lines have considerable electromagnetic coupling. In order to eliminate the coupling
effect between phases and using the travelling wave's method, the phase domain signals are converted into
modal components by a modal transform. One of the well-known transforms used for this purpose in this
research is the Clarke transform, which is defined as (10).

M,
34 5
Mpg 0 V3 \/_

In which a, b, and c, respectively, indicate the voltage or current of phase A, B, and C respectively. The
components, Mo, My, Mg, express modal modes. Since the matric coefficients are real numbers, modal
components obtained from phase signals are completely independent of each other. Independence of these
quantities makes the calculations easy for any mode and does not place under the influences of other mods.
Using this transform, you can calculate the fault in any mode and analyze the results based on it. This
transform can also be applied to the three-phase time waves, and to their phasors, in any case, this transform
will cause the independence of three-phase inputs. The result is that Clark's transform only performs the
transition from the fuzzy domain to the modal, and does not in itself do any particular work, but for the
application, other equations should be used to achieve the objectives of the problem. For example, for short
circuit calculations, in this paper, and to identify faulty phases and fault location, it should be defined
indicators based on voltage and current equations in the modal field and used them for this goal [21], [23],
[24]. The general diagram of the comparative detection/location technique based on the Fourier transform
based on the equations described in this section is shown in Figure 2.

Voltage and current measurement units are installed at both ends of the line. The three-phase
voltages and currents measured at both ends of the line are converted by Fourier transform to the phasor
components, the phasors are transmitted in the fuzzy domain by Clark's transform into the modal domain,
and on the basis of which the transmission line parameters are estimated approximately. Then, using the
detection and fault location indicators that are related to the line characteristics, the occurrence and type of
fault and its location will be estimated [25]-[27].

In this section, using the current and voltage samples coincided at the two ends of the transmission
line, an index is provided for estimating the fault location. Consider an optional three-phase transmission line
shown in Figure 3 that includes the phases a, b, ¢ and the ground system. The system shown in Figure 3 is
divided into two parts. The section of the transmission line is drawn in the form of a three-wire to emphasize
the transport structure of the line; other parts of the resource for simplicity are represented as a single-line
diagram.

In a line, transmission of voltages and currents at a distance of x (km) from the receiving end are
interconnected by the differential (11) [28]-[30].

av . ai 9 _ v
E—RL‘FLE,&—GV‘FC‘% (11)
Both v and i are the momentary vectors of 1x3, and R, L, G, and C are similar to the previous one, all are the
matrices of parameters of transmission line. Under the condition of the stable sinus state, the previous
equations change as (12).

Int J Elec & Comp Eng, Vol. 12, No. 6, December 2022: 5821-5839



IntJ Elec & Comp Eng ISSN: 2088-8708 O 5825

v a1
E_ZI’E_YV (12)
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Figure 2. Comparative detection/location system of extra high voltage/ultra-high voltage (EHV/UHV)
transmission lines based on Fourier and modal transforms
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Figure 3. The structure of the three-phase transposed transmission line
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Clarke matrix is used to convert distinct fuzzy quantities.

v, vl [L I,
Vb]zTVa, Iy| =T\ (13)
Ve Vﬁ Iﬁ I

This time, we write this matrix as follows based on the reference article, which does not differ from the
matrix T in the previous section.

1 2 0
T:% 1 -1N2 BA2 (14)
1 -1/V2 —3/V2

0 and a and g presents Clarke's components of the voltages and currents, and T is the Clarks transfer matrix.
By solving the above equations, the equation (15) is presented as a phasor response.

U = exp([)A + exp(— [)B
In = exp([)Z;"A — exp(— [)Z;"B (15)

V. and I,,,, both are phasor vectors of the modal of signals with dimensions 1x3, and the subscribe 0 and o
and B are referred for them. I” and Zc are constant matrices of propagation of modal and linear wave
impedance of line modal in the following form.

r=\1-12YT
Zo =NT-1ZY-T (16)

Since assumed that the transport line is transposed, the displacement property of the multiplication of matrix
was used in the above procedure [31]-[34]. We have the equivalent of the (16) for the single-phase line of the
Zc and y values Z; = /(R + jwL)/(G + jwC) ¥ = /(R + jwL)(G + jwC). Using the data of measuring
phasor (Vs, Is) and (Vg, Ir), the impedance and propagation constant of the transmission line can be
calculated from the two ends of the line inversely. The line parameters are expressed as (17), respectively.

Vom — Vi
Zem = /% m=o,a,f
Sm Rm

VYm = cosh_l(Km)/L m =o,qa,f
Km — ‘?Sm{Sm"‘V:RmI:Rm (17)
VsmIrRm+VRmIsm

The total values listed above are the modal components of the measured signals derived from the
Clarke transform, that subscribe m referring to, o and . In order to avoid the effects of zero modes and the
uncertainty of zero mode parameters, zero mode calculations are not recommended [23]. Constants A and B
are determined by boundary conditions at the end of the transmitter and receiver. Suppose the fault is
occurred in the middle of the line at point F that x=DL km from the end of the receiver R in the transmission
line SR of Figure 3. L is the total length of the transmission line; D is the per unit distance from the receiving
end to the fault and is also used as an index of fault location/detection. In the case of fault at point F, the
transmission line is divided into two sections. One is the SF section and the other is FR. These two sections
of the line can still be considered as a complete transmission line. This means that the voltages at each point
on the two sections of the line can be expressed in terms of the voltage and current measured at the two ends
of the S and R. In addition, at the fault point F the voltages in the expressions of two datasets (Vs, Is) and
(Vr, IRr) is equal. If we placed two measuring datasets (Vs, Is) and (Vr, Ir) on a reference position x=° and
give the boundary conditions at the two ends, the voltage in the fault position x=DL km can be expressed:

Ve = SBZER oyp(IDL) + B2 xp(— IDL) (18)

v, = @ exp(I'DL —T'L) + @exp(n —I'DL) (19)
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By equating the voltage at the fault point, the fault location of the D per unit is obtained by (20).

= mA=C)/EBl g (20)

D;
2riL

Ai, Bi, Ci and E; are the elements of vectors A, B, C and E with dimensions 1x3 and i=1, 2, 3 are used to
represent the modal components o, a and S of signals. 7 shows the diametric elements of the propagation
constant matrix of the 3d-3d modal. We write the (20) in the vector form of (21).

D = In[(A-C)/(E-B)] (21)
2rL

The values of these signals used in the (21) are as (22).

1 1
A= E[VR —Zclg]l B= E[VR + Zclg]
C=—ell[Vs—Zcls] E=e Vs + 2] (22)

Finally, in order to test the efficiency of the above method in fault location, the percentage fault of
the distance between the actual location and the calculated location is used and is defined as (23).

actual fault location-calculated fault location

Y%error = x 100 (23)

Totally fault section lenght

The above criterion can be used to compare all methods of locating and determining their accuracy and
provided a proper assessment of the method's performance. Since fault location in three-phase lines is
intended, considering that these lines have significant electromagnetic coupling, in order to remove the effect
of coupling between phases and to use the traveling wave method, we convert the phase domain signals into
separate modal components by a modal transform, which is a relatively new work.

3. RESULTS AND DISCUSSION

In the present study, an EMTP/ATP software is used for simulation example and, according to it, the
cable network is investigated. This is comprehensive software for transient states studies and provides both
models of aerial and cable transmission lines. In this paper, the JMarti model for underground cables is used.
The model of adjacent cable networks is modeled on a tune on equivalent on both sides of the S and R, with
voltage sources of 230<10 and 230<0.

3.1. Fault simulation in locations with different resistances at different times

After modeling the network and line, two single-phase A to ground (AG) faults occur at different
points of the line at 0.3 and 0.305 s times. First, the fault waveforms will be displayed in the ATP software,
and then this waveform will be transmitted to MATLAB software, and will be presented along with its
phasor view over time. In addition to the waveforms, the detection and fault location indicators are presented
in different states of fault. Fault resistances 1, 100, and 1,000 ohms are considered for creating fault and
modeling fault with low arch strength to resistance of high fault. In representing the transient waveforms
generated by fault and DFT function and detection and location indicators, the figures related to the faults
created in phase A are displayed and due to the similarities of other faults, the presentation of the
corresponding figures is avoided and the results in relevant tables are presented.

3.2. Single phase A fault in the middle of cable in 0.3 seconds with a fault resistance 1Q

In this section, a single-phase AG short-circuit fault with a fault resistance 1 ohm is generated at
0.3 seconds in the middle of the cable. It is assumed that the measuring units are installed on both S and R
bus, and the voltage and current signals of both ends are measured at any moment. The measured values of
voltage and current from both S and R bus are shown in the following diagrams, respectively. The voltage
waveform in S bus is shown in Figure 4. As it can be seen in the figure, the voltage is in its stable state before
the fault occurs, by creating short circuit fault at 0.3 s, the voltage drops sharply and, after eliminating the
fault at time 0.5 s, becomes normal. Transient waves at the same moments of fault quickly disappear.

The above waveform is shown in Figure 5 after transferring to the MATLAB environment and
applying the DFT on it. In this paper, the waveform time steps in the ATP software are equal to 105, For
phasor measurement, the ATP waveforms are sampled at 10 kHz and from samples of DFT Fourier
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transform, a frequency of 50 Hz is taken. The sampling window is considered equal to a full power cycle and
the number of samples in this window is N=200. Due to the constant number of samples in the DFT sampling
window, there is a 20 msec delay (a power cycle) after the sudden change of waveform state, which full cycle
DFT will not be able to detect rapidly these changes, although after starting waveform changes, these
changes are detected in the phasor area by DFT, but due to the incomplete sampling window, rapid changes
in voltage waves and short-circuit current are not detected with sufficient speed and accuracy. To increase the
tracing speed of changes of transient waves, the length of the sampling window of sampling can be shortened
so that the tracing accuracy of the fast changes in the waveform to be increased due to fault, but during
normal conditions and slight variations in the amplitude of the waveform, the number of samples and the

length of Fourier transform information window should be reached in a full cycle to prevent non-basic
frequency oscillations.

300
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>$ 0 AN AN AN AV AV NN
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(file CableFaultTransient.pl4; x-var t) v.SA t(S)
Figure 4. The waveform of the measured voltage of phase A at the bus S
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Figure 5. Display the waveform of the A phase voltage in the MATLAB environment and its DFT diagram

To avoid the phase rotation due to moving the DFT information window along the waveform, we
use a recursive DFT, so that the phasor angle of the sinusoidal waveform remains constant during steady
state. The result of this operation is shown in Figure 6. Figure 6 shows the phasor angle of the measured
voltage at the bus S. After the fault occurred at time 0.3 s, in addition to changing the size of the phasor, the
angular value also changes, within 0.5 seconds after the fault is resolved, the value of the phasor returns to
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the initial value before the fault. As it is seen, due to the recurrence property, fuzzy rotation is not observed at
the phasor angle.

Angle Of Phasor With DFT
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Vsa Angle(deg)
n
o
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0.1 0.2 03 04 05 0.6 07 0.8
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Figure 6. Phasor angle of phase A voltage at bus S

Obviously, during short circuiting, the current through the line will increase suddenly and the
voltage of bus connected to it will drop sharply. The simulation result for measured current of phase A at the
bus S is shown in Figure 7. Depending on the short-circuit occurrence, in the DC waveform, a decline view
with different amplitudes can be created. In Figure 7, the DC component present in a waveform is small. The
sampled waveform of the phase A current at the S bus and its phasor size in the MATLAB environment is
plotted in Figure 8. Figure 9 shows the phasor angle of the phase A current at the bus S.
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(file CableFaultTransient.pl4; x-vart) c:SA -SLA t(S)

Figure 7. The waveform of the measured current of phase A at the bus S

Due to the fact that single phase fault occurred in phase A, there is strong changes in phase A, but
phase B and C are only affected by the induction of phase A variations. However, variations in phase A
current have little effect on phase B, and C currents, and this effect is small in the case of the voltage
amplitude, which is not visible, but a change is seen at phasor angle of voltage that is not too high. The
waveforms of the phases B and C during the phase A fault are stable and uniform. The time waveforms of the
phase B and C voltages and phasor amplitude of phase B voltage are shown in Figures 10 and 11,
respectively.
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Figure 11. Phasor amplitude of phase B voltage in bus B

Figure 12 shows the variation in the angle of B phase voltage due to fault in phase A, which,
according to the figure, it can easily be seen that this change is 0.84 degrees and is negligible. This change
shows coupling and the effect of the variations of a phase in the two other phases and states the dependence
between them, given the figures of simulation; this dependence can be easily detectable. Figure 13 also
shows the waveforms of the phase B and C current. With a little more detailed observation of the time
waveform, it is possible to detect the change in the current of phases B and C at moments to start and resolve
the fault. The phase B current and its phasor amplitude are shown in Figure 14. Changes in the actual
waveform and its phasor amplitude are more evident in this figure.

Angle Of Phasor With DFT

-121.8
121,85 (M
-121.9
()
=
o 12195
®
i=
<
p
£ az L }
122,05 [
1221 =
122,15
0 01 02 03 04 05 06 07 08

t(s)

Figure 12. Phasor angle of phase B voltage at bus S

Similarly, the phasor angle of the phase B current is shown in Figure 15. The variations in the
phasor angle of the current are about 0.3 degrees and have a small amount. It should be noted that the values
of voltage and current in the bus R are also similar to these parameters in the bus S. For fault detection and
location, their phasor calculations are required using the Fourier transform in both buses, so to refuse the
excessive increase of figures, showing of the actual time-wavelength and phasor on bus R is avoided because
the process of variations and appearance of the figures are similar to the parameters of the measurement at
bus S.
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Figure 13. Current of phases B and C at the bus S

Figure 15. Angle of phasor of phase B current
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After obtaining and displaying the waveforms of the size and angle of phasors of voltage and current
of phases, calculations related to the transfer of voltages and currents from the fuzzy domain to the modal
domain using the Clarke transform, and then the calculations related to the detection indicators of type of
fault and its location during the power cable are performed, and thus the type of fault and its location are
identified and the corresponding figures are gradually displayed. Although in almost all articles related to the
calculations of identification and classification of fault location using impedance methods and the use of
indicators of fault location, calculations in the modal domain have been proposed. In this paper, we use the
calculations of M and N fault detection indices in the fuzzy domain, along with the calculations of the
detection indicators in the modal field. But about the location indicators, we only use the D location index in
the modal domain. All calculations for fault detection indices in the fuzzy and modal domains are the same,
but the only difference is the use of Clarke's transform.

First, the line parameters for the stable conditions before the fault are estimated using the equations
described in the previous section based on the DFT phasors on the voltage and current of the three- phase of
the primary and terminal two-bus and then using the values of the estimated parameters of the coefficients of
distribution and impedance of the cable characteristic and equations related to the calculation of the
indicators, their values are calculated in the fuzzy and modal domains. We use the o mode about location
index, because it has the least computational fault in detecting the location of the transmission lines and
cables in different types of faults, in other words, in the types of single-phase, two-phase and three-phase
faults, this index is more successful than the beta and zero mode indicators. In this study, we use this index to
determine the fault location in cable. In terms of performance, the fault detection indicators operate both in
the fuzzy domain and in the modal domain, so that, with the occurrence of the fault, the values of both the M
and N indices increase from the very low value almost zero to a great value more than 10° order, as soon as
the fault is resolved, it decreases again to a value of zero, even if it the network becomes unstable. However,
the more the fault of the short circuit is occurred with the lower fault resistance, the value of these indicators
will be greater, and vice versa, with increasing the fault resistance, their values decrease. Therefore, the
condition for increasing these indexes more than a certain value, which in this paper is greater than 500 for
the index Na, b, ¢, and for the index Mg to detect single-phase fault of AG greater than 1,000 and for other
faults is selected greater than 700, the choice of the type of N indices in the fuzzy domain and the M in the
modal domain is based solely on decision making on the interference of both indicators in decision making
and has no other basis and it is possible to arbitrarily select each combination of the two N And M indicators
in the phase and modal domains that have no effect on the result. The choice of the above numerical values is
also based on the characteristics of the network studied and can be chosen differently for different networks;
only it should be paid attention to this issue that the selected boundary numbers should be chosen in such a
way that for different fault resistances from zero to high values to be given a correct answer. The values in
this network have been selected after trying and fault for different fault and values of different fault
resistance. Regarding the use of fuzzy indicators to detect the type of fault, it should be noted that although
the three-phase parameters are not independent and mutually influential, but the ratio of the effect of changes
in a phase on the two other phases is not such that the induced variations to be influential as much as the
intensity of phase (fault) and its effect is small, on the other hand, in the fault indicators, because the voltage
and current information of both buses is used, and the corresponding parameters differently from each other
according to the characteristic impedance are reduced, the indices of detection act like the method used in
differential relays and their values in faulted phases is much more than faultless phases. In faultless phases,
although there is a disturbance due to the negative effect of the fault phase, but because of having the
difference property of the parameters of the two primary and terminal buses, their values will be little, it can
be deduced that the detection indices in the fuzzy domain can also be used to identify the type of fault, which
is confirmed by repeated simulations and its results.

Figure 16 shows the detection indicator of fault N b, ¢. It is seen from the figure that all three fault
detection parameters in the moments before the fault are equal to zero, but after fault in the phase A at
0.3 seconds, the Na value increases from zero value to a large value, if values Nb and Nc are still equal to
zero and do not change, and will always be equal to zero. After removing fault, the fault detection value of
the phase A (Na) decreases again to zero. Simultaneously, Figure 17 shows the values of the fault detection
index in the three modes o, B and 0, as it can be seen that all three fault indices Na, N and NO are zero
before the fault and as soon as the fault occurs, simultaneously increase to a large value and after removing
fault in phase A, they return to zero. By observing this situation, it can be easily understood the result.
Although the modal detection indicators are suitable for detecting the fault state, but the type of fault cannot
be correctly identified with these indices, in short circuit fault of single-phase B and C, the same situation
occurs (changing all three modal indicators), and so in this study, we use the fuzzy detection index
calculations to determine the fault type and the fault phase, which also obtains a correct result.
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In the case of the fault location index, the situation is different, so that due to the small amount of
this indicator, both in fault and in other circumstances, from normal to the state of the existence of
disturbances other than fault in the system, modal values have sufficient citing and required accuracy to
identify the fault location in the modal area, and in the fuzzy field, according to the citing articles are not
used. Also, since this index is obtained by dividing the two N and M fault detection indicators, the
disturbances and the effects of the fault in the healthy phases also make relatively significant changes.
However, according to various papers and repeated experiments, the result is obtained that the use of the D
index in o mode has the highest success among other mods, and therefore, in this simulation, this parameter
is used to determine the location of fault, and as the next results will show, this parameter correctly shows the
fault location.

Figure 17 shows the values of fault location indices in the modal domain for the three modes o, 8
and zero Dgpo. It is noticeable that the values of this index in three modes before the fault have different
values greater than one. As the error occurs in phase A in 0.3 seconds, all three location indexes of D,, Dy
and Dg reaches to 0.5. If the value of this index reaches a number between zero and one, and in addition, the
fault detection indices is a large number, then it can be stated that fault occurs between the two buses R and
S, and the result of the multiplication of the fault location in the total length of the cable, the distance from
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the fault location is obtained from the bus R. With this description, it is clear that in the case of a single-phase
fault AG in the middle of the cable, the D, index presents the middle position of the cable as the fault
location, which is a perfectly correct result, and this value is observed in simulated figures.

After the error occurred, the value of these indicators were changed from 0.5 to an undefined
amount and over time, different values are obtained, sometimes the value of this index reaches a number
between 1 and zero, but since the value of the detection index is zero, it cannot be stated that fault has
occurred, while at the time of occurring fault, this number remains in the specified value between zero and a
constant after a few moments, but in turbulence conditions or in other conditions such as the oscillation of
power, if the index value reaches a number smaller than one, it does not remain constant. The irregular
behavior of the index D after the fault in Figure 18 is because, since the M and N values are very small and
zero at non-fault conditions, the smallest variations in them, due to their division, can cause large, rapid and
irregular changes in D index. Before the fault occurs, the calculation fault is related to the entire sampling
process and the DFT application is zero, due to the recursive property of the DFT, the TVE fault of the
phasor samples is accumulated over time, after the error occurred because in addition to the main frequency,
other frequencies appear in the waveform; these frequencies, which are located within the Fourier transform,
are not completely eliminated and cause fault in calculating the base frequency phasor (while non-known
frequencies near the main frequency will also appear in the waveform) that these faults will be due to the
recursive DFT within it. Although the DFT itself eliminates many of the frequencies due to inherent filtering
properties and the error value is low, it shows its effect in calculating the values of the M and N indices in the
mode after removing short-circuit fault. Therefore, it can be seen that after removing fault, fluctuations in the
D index are updated.
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Figure 18. Dyp fault location indicators

Among the many simulations carried out, in this section, the simulation of single-phase faults of AG
for 1, 100, and 1,000 ohms resistances at 0.300 and 0.305 s times at different points of the cable at intervals
of 50, 25, 10 and 2.5% of the power cable length from the bus R is shown in the Tables 1 to 4 respectively,
and the type and locations of the calculated faults and their time and calculation fault are presented.
Calculations of other faults in different places and times can also be done and see the results. In this section,
this simulation is satisfied and, of course, the calculations are available in other conditions such as the present
modes. First, the calculations of fault in the fault location created in the middle of the cable are shown in
Table 1. According to the classification, the generated faults are AG type, respectively, that fault resistances
are considered 1, 100, and 1,000 ohms. For each fault resistance, the times 0.3 and 0.305 s are considered in
the next row. Afterwards, the performance of the fault detection index and the time of detection are shown in
the subsequent rows. In the case of fault detection time, it can be seen that by increasing the fault resistance
value according to the constant numerical criteria 500 and 700 for the fault detection index for all faults, the
fault detection time also increases, because the changes in the fault detection indicator in mode of high
resistance fault is less than low resistance fault.
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Table 1. Types of faults in the middle of cable and index of detection and location and its detecting time

Time of finding fault Percentage Fault Value of Time of Time of Fault Type Distance of
location with of fault of  location  fault location detecting type occurring  resistance  of fault  fault from
percentage fault location (km) index of fault (s) fault source

0.3263 0.0062%  20.0025 0.49993 0.3006 0.3s 1 AG 20 km 50%
0.4298 0.0805%  20.0322 0.49919 0.307 0.305s
0.3327 0.0117%  20.0047 0.49988 0.3017 0.3s 100
0.3382 0.0022%  20.0009 0.49997 0.3083 0.305s
0.3415 0.0007% 20.003 0.49999 0.3115 0.3s 1000
0.3425 0.006% 20.0024 0.49994 0.3187 0.305s

Table 2. Fault in 25% cable relative to bus R and index of detection and location and its detecting time

Time of finding fault Percentage Fault Value of Time of Time of Fault Type Distance of
location with of fault of  location  fault location detecting type occurring  resistance  of fault  fault from
percentage fault location (km) index of fault (s) fault source

0.3388 0.0782%  30.0313 0.2492 0.3009 0.3s 1 AG 30 km 75%
0.4689 -0.0767%  29.9693 0.2508 0.3069 0.305s
0.3326 0.0087%  30.0035 0.2499 0.3016 0.3s 100
0.3391 -0.006%  29.9973 0.2501 0.3082 0.305s
0.3407 0.0039%  30.0012 0.2500 0.3114 0.3s 1000
0.3429 0.019% 30.0076 0.2498 0.3193 0.305s

According to the table, except for a single-phase fault 1,000 ohms in phase A, in the rest of the
cases, the definite detection time of fault has been less than 5 ms after occurring fault. For example, for
single-phase fault AG, the fault resistance of 1 ohm after the fault in 0.3 s, only 0.6 ms, after which the
single-phase fault AG was detected, and in the fault generated at 0.305 s, after 2 ms, type of fault is detected.
The maximum detection time also belongs to the AG fault at 0.305 s with a resistance of 1 ohm, which is
0.4289. It should be considered that the time of detection and removing fault should be less than the critical
time to resolve the fault in the study network. The more the time is less, the necessary measures are taken
place to prevent network instability and repairs faster and the network undergoes less stress. In almost any
article, the time of detection of fault location is not referred, and then this time is mentioned in this research.
This time is very important in online methods for locating fault. However, in this case, absolute optimization
was not carried out and the purpose was to find the fault location with a percentage of less faults. If it is
necessary, this time is as small as possible, phasors with an adaptive window length can be used, or
considered the criterion as the average of the maximum and minimum values after two consecutive
maximum values and two consecutive minimum are within a specified range that in this situation, even
before the index D reaches to a stable state and to be stable, it can be accurately expressed the value as the
index of the output location of program. It is emphasized again in this paper, as in all previous articles [23],
[25], [28], [31], that the accuracy of the location index is preferable to the time required to find it (albeit to an
acceptable level).

Table 3. Fault in 10% cable relative to bus R and index of detection and location and its detecting time

Time of finding fault Percentage Fault Value of Time of Time of Fault Type Distance of
location with of fault of  location  fault location detecting type occurring  resistance  of fault  fault from
percentage fault location (km) index of fault (s) fault source

0.3588 0.1367%  36.0539 0.0987 0.3012 0.3s 1 AG 36 km 90%
0.4889 -0.0370%  35.9852 0.1004 0.3078 0.305s
0.3326 0.0691%  36.0277 0.0993 0.3016 0.3s 100
0.3394 0.0495%  36.0198 0.0995 0.3081 0.305s
0.3403 0.0627%  36.0251 0.0994 0.3114 03s 1,000
0.3468 0.0626 %  36.0251 0.0994 0.3193 0.305s

Table 4. Fault in 2.5% cable relative to bus R and index of detection and location and its detecting time

Time of finding fault Percentage Fault Value of Time of Time of Fault Type Distance of
location with of faultof  location fault location detecting type occurring  resistance  of fault fault from
percentage fault location (km) index of fault (s) fault source
0.3488 -0.0063%  38.9975 0.0251 0.3012 0.3s 1 AG 39 km 97.5%
0.4888 -0.0026%  38.999 0.02502 0.3082 0.305s
0.3326 0.128% 39.0512 0.0237 0.3017 0.3s 100
0.3395 0.1055%  39.0422 0.0229 0.3083 0.305s
0.3402 0.1205%  39.0482 0.0238 0.,3114 0.3s 1,000
0.3467 0.1192% 39.0477 0.0228 0.31192 0.305s
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4. CONCLUSION

In this paper, the problem of fault detection and its location in underground three-phase power
cables has been investigated. The use of detection and fault detection indices in the fuzzy field is based on the
Fourier transform of voltage and current signals, which provides a correct answer in identifying the type of
fault. In addition, the fault detection modal indices prove the fault occurrence, but they cannot be used to
accurately detect the type of fault, and fuzzy detection indices should be used. The fault location index in the
modal domain in o mode is considered as the basis in determining the fault location. The use of the above
indicator in the determination of the fault location is less than 0.25%. This fault is quite appropriate in the
references according to the value of the fault, although the location of the fault is varied for changing the
conditions of time and resistance and the type of fault and its location, but not exceeding the above value.
From the results mentioned in this paper, we will conclude that the use of Fourier transforms and modal
transforms with the use of fault detection and location indicators is very effective in determining the type and
location of fault, and this subject is repeatedly expressed in various sections of this paper and shown.
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