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About 80% of faults in the power system distribution are earth faults.
Studies to find effective methods to identify and locate faults in distribution
networks are still relevant, in addition to the presence of harmonic signals
that distort waves and create deviations in the power system that can cause
many problems to the protection relay. This study focuses on a single
line-to-ground (SLG) fault location algorithm in a power system distribution
network based on fundamental frequency measured using the differential
equation method. The developed algorithm considers the presence of
harmonics components in the simulation network. In this study, several
filters were tested to obtain the lowest fault location error to reduce the
effect of harmonic components on the developed fault location algorithm.
The network model is simulated using the alternate transients program
(ATP)Draw simulation program. Several fault scenarios have been
implemented during the simulation, such as fault resistance, fault distance,
and fault inception angle. The final results show that the proposed algorithm
can estimate the fault distance successfully with an acceptable fault location
error. Based on the simulation results, the differential equation continuous
wavelet technique (CWT) filter-based algorithm produced an accurate fault
location result with a mean average error (MAE) of less than 5%.
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1. INTRODUCTION

Due to the problems that remain in locating the exact fault location in the distribution power
network, the utility engineers and researchers have to keep on developing new fault location algorithms to
solve this issue. After the fault, accurate location information helps the utility expertise accelerate the
network’s restoration and reconfiguration, reducing outage time and operating costs [1]-[3]. Because of that,
more efficient methods are required for better supply restoration and high-performance customer service.
In the last decades, the fault location was done naturally, such as night patrolling, visual inspection, and calls
from witnesses or customers of damages to power lines [4]. However, this primitive way does not give a
satisfying result on fault location. Thus, the substation has installed a fault indicator to record the important
information. According to [5]-[6], for determining the fault location in a distribution network, the technique
has been classified into three types; impedance-based measurement, high-frequency components of current
and voltages technique, and knowledgeable-based approaches.
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Nowadays, one of the main concerns for power system engineers is the presence of harmonic signals
that distort energy in the power industry [7], [8]. Nonlinear loads used by the consumer mainly cause
harmonic distortion, such as industrial using large motor speed control appliances, arc devices like the
welder, and static power converters in manufacturers of paper, textiles, steel, and others [9]. The results of
nonlinear loads caused the non-sinusoidal waveforms in the voltage and current of the power system. Thus,
the higher harmonics captured by digital fault recorders (DFR) or digital protective relays (DPRs) will affect
fault location estimation [10].

In the literature, several techniques can treat the harmonic signal. The traditional mathematical tools,
such as the standard fast Fourier transform (FFT), is a theoretical method that quickly transforms the
frequency domain signals from discrete time-domain signals. Apart from that, the FFT can be the correct
analysis tool if the signal is linear and stationary. However, directly applying the FFT algorithm may produce
inaccurate results because of spectral leakage and picket-fence effects. Short-term Fourier transform can
solve this problem by using window functions, but the flexibility of harmonic detection is reduced [11].
The wavelet transform (WT) has been used progressively for several issues in power systems analysis
involving harmonic signals. The WT does not take the fixed sinusoidal wave basis as the transform basis of
the signal compared to FFT analysis. Significantly, researchers widely use WT in signal processing to
analyze non-stationary signals [12], [13]. Identically, the average signal transform in the signal window was
in the form of the time spectrum of the whole signal in the time domain by adding small windows to the
signal waves in the time domain. In Sheng and Rovnyak [14], the modal parameters of power systems were
to analyze the origin of the small-signal oscillations and detect damping and frequency of critical modes.

The continuous wavelet technique (CWT) filter has been suggested in this research as a solution to
the harmonic appearance of fault signals. It can extract the complete time frequency of the fault signal, which
is then used in the fault algorithm to find the fault location. The faulty line with harmonic presence was also
tested with infinite impulse response (IIR) and finite impulse response (FIR) filters (FFT analysis) and
discrete wavelet technique (DWT) filters (WT analysis)as a comparison for the proposed method.
The comparison uses different signal processing with a filtered frequency range close to 50 Hz. These filters
were chosen as signal processing tools because this method is primarily used among researchers and is suitable
for a wide range of frequencies [15]-[17]. Comparative harmonic filters and their influence on estimating the
location of faults have been further addressed in sections 3 and 5. The filtered signal will then be measured
using a differential equation impedance-based technique [18]. This method was chosen because it is
appropriate for analyzing the type of earth fault signal that uses low sampling. The measured fault signal is
assumed to be received via a fault recorder or intelligent electronics devices (IED). Because it requires less
equipment, this approach is affordable and simple. Numerous characteristics, including fault resistance,
various beginning angles, and varying loads, are included in the simulation.

2. PROPOSED METHOD

The flow research design of the proposed fault location algorithm is given in Figure 1. From the circuit
model of the power system network, assume that a single line to ground fault at one of the feeders has been
detected. Three-phase voltage and current signals will be collected and sampled in the distribution substation.

G

Modelling circuit by using ATP

Draw and simulate the circuit Determining every parameter for
* each technique
Recorded the voltage and *
current
* Reduce the
harmonic or not?
Extract the result from ATP
Draw to MATLAB
Filtering the result using ) X
MATLAB coding and signal Run fault location algorithm
processing tools

®

Figure 1. The flow of research design
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The recorded signals were extracted and analyzed in a Matlab environment for further analysis.
The recorded three-phase voltage and current signals comprise fundamental frequency and harmonic
components. Then, signal processing is made using filtering techniques, as described in section 3.2. Once the
harmonic has been reduced, the filtered faults voltage and current signals are used for fault location
estimation based on the differential equation method. The method of the fault distance estimation algorithm
is discussed in section 4.

3. MODELING AND SIMULATION OF POWER DISTRIBUTION NETWORK

The network was modeled and simulated by using an ATPDraw, and the result was filtered using
Matlab. This section discussed the parameters of power distribution network modeling and several types of
harmonic filters in the following subsections. After that, the filtered result will use in the next section.

3.1. Power distribution modeling

The network was modeled in ATPDraw software, and the fault location was tested at a 33 kV
distribution network with the same cable parameter. Figure 2 shows a simplified power network model
constructed using ATPDraw. This power network consists of a source, transformer, transmission line, feeder,
and harmonic load [19]-[21].
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Figure 2. Simplified power distribution network model in ATPDraw

3.2. Harmonic filter

The harmonic filtering is applied to obtain the generated fault signal with the fundamental frequency
to eliminate the harmonic effect. The captured fault signals from the ATPDraw simulation were recorded and
tested with IIR, FIR, DWT, and CWT. The following sub-section discusses this work’s filtering techniques
and processes.
a) IR filter

An IR filter’s impulse response has an indefinite duration. An IIR digital filter’s general equation is:

y(n) = —Zayy(n — k) + Zbhpx(n — k) Q)

IIR filters compare fewer numbers than FIR filters, and because of that, IR filters are excellent for high-speed
designs. The frequency response of an IIR filter can also be configured to be a discrete version of the
frequency response of an analog filter. However, IIR filters do not have a linear phase and might be unstable
if not built properly. IR filters are also particularly susceptible to filter coefficient quantization errors
because a finite number of bits represents the filter coefficient [22]. The IIR Notch single filter has been used
for filtering the 50 Hz signal.
b) FIR filter

A FIR digital filter is one whose impulse response is of limited duration. The general difference
equation for an FIR digital filter is:

y(n) = Ebxx(n — k) O]

The essence of the FIR filter is to weigh and sum the values of the past time. Compared to the IIR filter, there is
no need to feedback on the output, so the structure is simple and easy to implement in programming [23].
The FIR lowpass filter signals below 50 Hz and FIR bandpass in the 50-51Hz range were used in this research.
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c) DWT

The DWT is a multi-resolution wavelet analysis where the signal analysis decomposes in multiple
bands [24]. The DWT provides each frequency in octave scale and two spatial-temporal arrangements in the
analyzed signal to solve and treat more advanced problems. However, the disadvantage is that it depends on
the total energy of the moving wavelet signals on several scales in signal shifting downwards [25]. This
technique employs two sets of functions, called scaling function @ and wavelet function ¢. The mathematical
expression for DWT is given by [26].

DWT(m,n) = =% f (K)p (P 3)

The recorded signals were filtered in a series of two type types of digital filtering techniques: the high pass filter
and the low pass filter. Thus, the signal is decomposed into component approximation (A) and detail (D)
coefficients [25]. The decomposition process can be iterated, called the wavelet decomposition tree, as shown in
Figure 3. Figure 3 shows four levels of DWT filter were used by filtering the signal between 0 and 62.5 Hz with
Daubechies 4 of the family type of DWT in this research.

Details Coefficient

Original 250-500 Hz 125250 Hz  62.5-125 Hz
signal dl a2

Fs=1kHz

c3

0-125 Hz Approximation Coefficient

Hd?t: High Pass Filter}
Ld|: Low Pass Filter |
1 Levell

Level 2 Level 3

Figure 3. Wavelet decomposition tree

d CwWT

The CWT is useful for assessing non-stationary objects’ dynamic features. The CWT is also an
excellent tool for determining whether or not a symptom is stationary in the global sense. In a non-stationary
signal, CWT is utilized to identify stationary data signals [25]. The wavelet generally is a complex value
function that is accurate for only one or a few cycles of the oscillating waveform. Wavelet is used in an
integral transform as a kernel function. The signal s(t) shows as [27]-[29].

C@ab) = [17s(). Pp(D)dt 4)

The (5) represents CWT, where a and b are continuous parameters [29]. Wavelets with different ‘a’, ‘b’
parameters create a family with an essential mother wavelet function ¥ (¢t).

Yap(t) = 7= (52) dt 5)

The mother wavelet ¥ (t) must be short and oscillatory, and it must have zero average and effectively limited
duration. The (4) has the location ‘b’ as a position scale and duration scale (duration shifting factor) as the
scale ‘a’. The ¥ in (5) is known as the complex conjugate of ¥, and the output of CWT would be the
wavelet coefficient denoted as C(a, b). CWT is used to extract the 50 Hz filtered signal.

4. FAULT LOCATION ALGORITHM

The filtered voltage and current signal are used in the fault location algorithm to estimate the
distance of the fault location. In a single-phase-to-ground fault, the fault loop represents by a series of
connections of the line’s symmetrical component impedances [19]. The fault inductance of a faulty line is
composed of positive, negative, and zero sequences in series connection as [29], [30].

Differential equation fault location algorithm with harmonic effects in power system (Izatti Md. Amin)
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1
Ly =~ (Lep+ Lo + Lio) - L (6)

The differential equation method is chosen to estimate the fault location in this study. The impedance
measurement from a different algorithm is developed from a simple model of the fault loop, the faulted line
from a typical R-L circuits series. The current and voltage samples extracted, for example, recorded from
digital fault recorder (DFR) installed in the power system substation, can be applied to this model for a
calculated parameter. The differential equation from a basic equation form as in (7).

u(t) = Ri(t) + L% @)

From voltage and current samples, the unknown R and L were solved by using the following:

R = [("k+1+vk)(ik+z—ik+1)—(vk+z+vk+1)(ik+1—ik) (8)
(+1+i) U2 —ik+1) — (42t ik+1) (k+1— k)

L= At [(ik+1+ik)(vk+2+Vk+1)—(ik+2+ik+1)(vk+1+’7k) 9)
2 | (1400 Gtz =ikt 1)~ (2 +Hie+1) (k+1—ik)

In this work, only the inductance given in (6) and (9) was used to estimate the fault distance. The mean
average error (MAE) equation calculates the fault estimation error. Based on the result, the lowest MAE
represents a good result. It shows that the estimated fault location is near the exact fault location.

5. RESULTS AND DISCUSSION

This section discusses the result of using the differential equation-based fault location technique
described in the previous section. Figure 4 shows an example of the harmonic and without harmonic current
signal captured during the simulation. A nonlinear load causes the harmonic at the end of this system.
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Figure 4. The current signal: (a) without harmonic and (b) with harmonic having nonlinear loads

As shown in Figure 4(a), the current signal shows a pure sine waveform. In contrast, in Figure 4(b),
the harmonic current signal shows a distorted waveform and produces a non-sinusoidal waveform.
The waveform will be filtered with several filter types to eliminate the harmonic current for accurate fault
location estimation. The result will be discussed in the following subsection.

5.1. The effect of harmonic filter

Figure 5(a) illustrates the FFT of a harmonically generated fault signal current. The fault distance is 5 km
with 100 HP of nonlinear loads. The present signal was then filtered with a different type of filter. The figure also
represents the FFT of filtered results obtained using several types of filters, including IR (Figure 5(b)), lowpass
FIR (Figure 5(c)), bandpass FIR (Figure 5(d)), DWT (Figure 5(e)), and CWT (Figure 5(f)). Figure 5(a) indicates
the outcome of the current signal with the third, fifth, seventh, and ninth harmonic components. The result
demonstrates that the harmonic component was successfully filtered out using FIR in Figure 5(d), and CWT in
Figure 5(f). In contrast, the IIR filter in Figure 5 (b) shows a worse result than other filtering techniques.
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Figure 5. FFT result of fault current signal: (a) without filter, (b) with IR filter, (c) with FIR lowpass,
(d) with FIR bandpass, (e) with DWT, and (f) with CWT
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Table 1 shows the MAE result of fault distance estimation. It shows that the lowest MAE is recorded
as 0.0061 km, while the highest is 0.5503 km. For 1 km fault distance estimations, with fault resistance (Rf) of
50 ohms, fault distance estimation using CWT analysis shows the lowest MAE value, which is 0.0471 km.
For 3 km fault distance estimations, with Rf of 50 ohms, fault distance estimation using CWT analysis shows
the lowest MAE value, 0.1348 km. For 5 km fault distance estimations, with Rf of 50 ohms, fault distance
estimation using CWT analysis shows the lowest MAE value, which is 0.2254 km. Overall, we can see that the
results show that when the harmonic signal was filtered, the average error was decreased compared with the
unfiltered signal. Also, based on the result observation, most MAE with CWT-filtered result shows the lowest
average error compared with other techniques.

Table 1. The MAE fault distance estimation for different types of filters

Fault distance g No With IR filter I FIR filter

(actual) harmonic harmonic (notch) (lowpass) (bandpass) DWT cwt
1km 0 0.0001 0.0061 0.5437 0.0036 0.0042 0.0636  0.0050
25 0.0008 0.0531 0.3588 0.0238 0.0312 0.0652 0.0227

50 0.0210 0.7823 0.4931 0.0505 0.0632 0.0841 0.0471

3km 0 0.0001 0.0205 0.5617 0.0093 0.0312 0.1892 0.0142
25 0.0004 0.1670 0.4177 0.0748 0.0978 0.1961 0.0648

50 0.0007 0.3222 0.5988 0.1547 0.1939 0.2533  0.1348

5km 0 0.0002 0.0378 0.5760 0.0143 0.1793 0.3186  0.0209
25 0.0007 0.2911 0.4753 0.1301 0.1703 0.3278 0.1105

50 0.0012 0.5503 0.7577 0.2634 0.3303 0.4235 0.2254

5.2. The effects of different parameter

Next, the simulation test result considered the following variation of fault parameters: harmonic
loads, fault distance, fault resistances, and fault inception angles. In the simulation, six pulses adjustable
speed drive used as a nonlinear load at the end of the line to see the effects of harmonic loads. Table 2 shows
the result of fault location estimation with a different horsepower of nonlinear loads.

Table 2. The result of fault location estimation with the different horsepower of nonlinear loads
Fault distance (estimation, km)
No nonlinear load 25HP  50HP 100 HP 200 HP 500 HP

Fault distance (actual) RF

1km 0 0.0001 0.0015 0.0030 0.0061 0.0122  0.0289
25 0.0008 0.0131 0.0264 0.0531 0.1078  0.2612
50 0.0010 0.0259 0.0520 0.7823  0.2138  0.4146
3km 0 0.0001 0.0051 0.0102 0.0205 0.0409  0.6595
25 0.0008 0.0413 0.0829 0.1670 0.3395  0.8327
50 0.0017 0.0795 0.1597 0.3222 0.6595 1.3303
5km 0 0.0001 0.0095 0.0189 0.0378 0.0755  0.1694
25 0.0008 0.0719 0.1444 0.2911 05929  1.4743
50 0.0016 0.1356 0.2725 0.5503 1.1296  2.2858

The result in Table 2 shows the highest MAE was during 5 km and 50 ohms fault resistance, which
was 2.2858 km. The result indicates that the fault estimation error was also increased when the nonlinear load
was increased. Due to this issue, the harmonic must be filtered to reduce the error of fault location estimation.

Next, shows the results for different fault estimations with fault resistances such as 5, 10, 25, and
50 ohms. Figure 6(a) shows the bar graph of MAE of fault location versus fault resistance. This result shows
the effects of resistance to fault location estimation tested with 100HP nonlinear loads and at different fault
locations with CWT filter. Figure 6(a) indicates that the MAE increased when fault distance and resistance
increased. The highest error estimated was 0.2254 km.

After that, the effect of fault distance on the fault estimation was tested with 100HP nonlinear loads
and different fault resistance with the CWT filter. Figure 6(b) shows the bar graph of MAE of fault location
versus fault distance. As shown in Figure 6(b), during fault with harmonic, the MAE increased when the fault
distance was raised, with the highest error estimated was 0.2254 km.

Furthermore, this circuit has also been tested with different fault inception angles of 0, 90, and
180 degrees. This effect of fault inception angle is tested with 100HP loads and different fault distances with a
CWT filter. Figure 6(c) shows the bar graph of MAE of fault location versus fault inception angle. As shown in
Figure 6(c), the MAE of every different fault distance estimation does not show much difference, which was
between 0.01 to 0.03 km. Because of that, the fault inception angle does not affect fault location estimation
accuracy much.
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Figure 6. The bar graph of MAE of fault location estimation versus: (a) fault resistance, (b) fault distance,
and (c) fault inception angle
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6. CONCLUSION

Overall, it can be concluded that using the differential equation CWT filter-based algorithm
produced the most accurate fault location result compared with three other filter techniques tested in this
work. The result shows that using the proposed fault location algorithm, the mean average error (MAE) gives
a result accurately with an error of less than 5%. Furthermore, suppose the fault-generated signal having a
harmonic component is used for fault location estimation. In that case, the fault distance, resistance, and
nonlinear load can significantly affect the fault location estimation.
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