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Abstract: Protection schemes are usually implemented in the planning of transmission line operations.
These schemes are expected to protect not only the network of transmission lines but also the entire
power systems network during fault conditions. However, it is often a challenge for these schemes to
differentiate accurately between various fault locations. This study analyses the deficiencies identified
in existing protection schemes and investigates a different method that proposes to overcome these
shortcomings. The proposed scheme operates by performing a wavelet transform on the fault-
generated signal, which reduces the signal into frequency components. These components are then
used as the input data for a multilayer perceptron neural network with backpropagation that can
classify between different fault locations in the system. The study uses the transient signal generated
during fault conditions to identify faults. The scientific research paradigm was adopted for the
study. It also adopted the deduction research approach as it requires data collection via simulation
using the Simscape electrical sub-program of Simulink within Matrix laboratory (MATLAB). The
outcome of the study shows that the simulation correctly classifies 70.59% of the faults when tested.
This implies that the majority of the faults can be detected and accurately isolated using boundary
protection of transmission lines with the help of wavelet transforms and a neural network. The
outcome also shows that more accurate fault identification and classification are achievable by using
neural network than by the conventional system currently in use.

Keywords: neural network; wavelet transform; signal processing; backpropagation; multilayer
perceptron; fault detection

1. Introduction

During the early years of electricity usage, local communities generated their electricity
on a small scale to provide power for lighting and heat utilities. However, as communities
grew into towns, and towns grew into cities, the demand for electricity also grew at a
steady rate. This demand resulted in the construction of large generating stations away
from cities and closer to sources of fuel. As a result of the more isolated locations of the
generation stations, a means to convey the power generated to the consumer becomes a
necessity. To achieve this, transmission lines were constructed to deliver the power from
the generation station to the distribution center nearest to the consumer at a high voltage.
Unfortunately, these lines are not perfect and are susceptible to faults that can cause high
voltage and current spikes within the system. If these spikes are permitted to travel to
either the generating station or the consumer, severe damage to equipment will occur [1,2].
Protection against faults is of great importance [3,4]. Any interruption across a transmission
line will spread from one point to another across the network [5].

To protect against these faults, protective schemes are implemented along the entire
length of the transmission network. These schemes consist of components that detect fault
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conditions and disconnect the faulted area from the rest of the network. At present, there
are two types of protection schemes in use: unit and non-unit protection. Unit protection
uses information gathered from both ends of the transmission line, resulting in costly
communication links at either end. These communication links cannot be guaranteed to
maintain contact at all times, as every communication network is influenced by external
factors [6]. Non-unit protection schemes only use information gathered from a single end
of the transmission line; thus, no communication network is needed [7,8]. However, these
systems cannot detect faults in the overlapping areas of protection on the transmission
line [6]. According to Mehta, currently, the solution in place to overcome this is backup
protection, resulting in an additional cost for the scheme in the form of extra equipment [1].

This study focuses on a different method of non-unit protection. In this study, the
boundary protection of transmission lines using wavelet transforms and a neural network
was investigated. The proposed technique uses the transient signal generated during fault
conditions to identify faults [7,9,10]. The fault signal is broken down into the frequency
components using a wavelet transform, and the resultant signals are used by a neural
network to classify the fault location according to the faulted line [11-13]. With traditional
methods of fault detection, distortions in relations between voltage and current phasors
may cause false tripping [11,14]. By using a neural network, more accurate fault identifica-
tion and classification are achieved than with systems currently in use [12,14]. A neural
network was found to be the best form of artificial intelligence for this application. The
specific type of neural network is a multilayer perceptron (MLP) with backpropagation.
This network uses multiple layers of classification to sort the provided information and
backpropagation to learn from any error value present at the end of the layer set [15]. The
reason behind this choice of neural network is that the information available to create such
a network is easily available and the creation of the network is not as complex as that of an
adaptive resonance theory network (ART) [11].

Neural networks are usually grouped in layers with neurons or nodes linking varying
layers via an activation function. The input layer is the point at which patterns or data
are introduced into the network. These patterns or data travels via weighted connections
to the hidden layer after which they are processed as the network output at the output
layer [16,17].

1.1. Boundary Protection Background

In conventional protection systems, an area on either side of a busbar exists where
the time difference between the initial fault and its reflection is too small for the system to
detect and interpret correctly [7]. This may result in incorrect fault operations or failure to
operate completely. In Figure 1, the relay is set to protect lines 2-3. When a fault occurs
on the line, the transient voltage and current signals travel in both directions on the line.
During the transient period, the signals encounter points of discontinuity where reflections
and refractions of the signal occur that travel back to the relay. Taking into account that each
busbar serves as a node for the connection of various power system components. It acts as
a filter that removes high-frequency signals during fault conditions and conducts them to
earth [11]. This characteristic of a busbar is known as bus capacitance. The transmission
lines used in this project are balanced 7-sections with lumped parameters [18]. As shown
in Figure 1, a fault occurring at F1 or F4 will have the high-frequency component of the
transient current signal shunted to earth through the capacitance. This results in the relay
receiving a current fault signal with the high-frequency component removed and a full
spectrum voltage signal [11]. However, if the fault occurs at F2 or F3, the signal does
not pass through a bus before it reaches the relay and does not lose any of its frequency
components for both the transient voltage and current signals [11]. Since the voltage is
obtained at bus 2, using only the voltage signals, it is only possible to differentiate between
fault F3 and F4, but not between fault F1 and F2. However, by combing the voltage and
current signals, it becomes possible to protect the entire line [7].
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Figure 1. Simple multiline system.

1.2. Signal Processing

The importance of studies in the field of artificial intelligence and signal processing
in the past two decades has been on a steady increase [19]. Uddin et al. [20] opined that
signal processing has a broad range of applications and has transformed into a key element
for the analysis of power systems. Signal processing methods are essential in an electrical
power system as they offer the best analysis and characterization of signals that are to be
investigated. In [21], signal processing refers to the science that enables the analysis of
signals. According to a study by German-Sall6 and Strnad [22], fault detection with the
help of signal processing techniques has attracted significant attention. The outcome of
signal processing techniques is assessed via simulations. The techniques used for fault
detection are divided into two key categories, signal processing-based and model-based
approaches. Dastres and Soori [21] classified signal processing methods into five categories,
as shown in Figure 2.

Non-linear signal
processing

Analogue signal
processing

Signal processing
methods

Digital signal
processing

Processing
discrete signals in
time

Continuous
signal processing
in time

Figure 2. Classification of signal processing methods.

Among the numerous electrical power signal analysis techniques, this study adopted
the wavelet transform and a multilayered perceptron neural network method.

Wavelet Transforms

A study carried out by Santoso et al. as well as that of Osman and Malik shows that,
instead of the Fourier transform, wavelet transforms can be implemented in protection
systems [23,24]. Since empirical mode decomposition (EMD) is not used in wavelet trans-
form, mode mixing cannot occur. Where the Fourier transform requires all functions to
be periodical, the wavelet transform requires a mother wavelet for all calculations to be
based on. The selection of this mother wavelet defines the application of the wavelet trans-
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form [11]. A wavelet from the Daubichies family has been found to be the best suited for
power systems transient analysis. This family of wavelet transforms allow for the analysis
of fast decaying, short-duration transient signals [25]. A continuous wavelet transform
(CWT) of a signal x(t) with mother wavelet m(t) is defined by the equation:

CWT(g,h) = 1g/°; x(t)m(t_gh)dt ()

where g is the scale factor, & is the translation factor, and ¢ is time; all three continuous.

In this application of a wavelet transform, it is not possible to use a CWT, as the faulted
signal needs to be detected and resolved as it occurs and cannot be sampled over all time.
To solve this problem, a discrete wavelet transform (DWT) is needed. This means that g, /1,
and t in the previous equation need to be transformed to a discrete form. By implementing
these changes to the CWT formula, a DWT can be represented by:

k —qhogo
DWT(p,q) = V;fop;xwm(‘;og”) @)

In Equation (2) the parameters g and / of Equation (1) were changed to be the functions
of integers p and g, respectively. k is a variable integer and is equal to the sample number
of an input signal [26-33].

One of the implementations of a DWT is known as multiresolution analysis. In
Figure 3, the process of multiresolution analysis is shown. Firstly, the signal x(n) is passed
through both high and low pass filters. The outputs from each filter are then decimated
by two, this gives the detailed (D) and approximate (A) coefficients at that level (L). The
approximation obtained at level 1 is then used as the input signal for level 2, where the
process is repeated. This carries on until the desired level is reached [11].

Detail 1

Detail 2

. . Detail 3
] . . Approximation 3

Furthermore, in Figure 3, if the sampling rate is H, the data obtained at D1 is between
H/4 and H/2 of the signal frequency. D2 will obtain the information between H/8 and H/4,
where D3 will obtain the information between H/16 and H/8. The remaining information
between H/16 and 0 will be in A3. By decomposing a signal using this method, it is easier
to process information found in different frequency ranges while still keeping the data in
the same period. A sampling rate of 200 kHz is used as it offers the best resolution against
processing power.

Figure 3. Multiresolution analysis.

1.3. Neural Networks

In traditional protection systems, hard calculation of certain electric values is used
to set a threshold on the protective equipment. These thresholds are then continuously
compared to actual readings obtained in real time. When an imbalance occurs in the
system, the protective equipment is activated to isolate the fault. The determination of
these threshold values requires a deep understanding of the transmission network and
complex calculations to allow for protection against the worst fault conditions [11]. To
avoid the problems posed by hard calculation of fault conditions, a soft protection method
can be used. This soft method uses artificial intelligence in the form of a neural network
to identify and classify numerous input signals and determine the best course of action
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for the protection of the system. The study of neural networks for the use of protection of
transmission systems is not a new concept and has been ongoing for decades [34]. The use of
neural network models finds application in several fields of research in engineering [35,36].
Kadam et al. [37] opined that machine learning offers a broad range of algorithms that can
be adapted to help with fault detection. There are numerous types of machine learning and
artificial intelligence structures to choose from when implementing an automated decision-
making program. However, a neural network structure was chosen for this application
as it is best suited for pattern recognition in data sets [38]. A typical example of neural
network architecture is shown in Figure 4. The input data is accepted by the input layer
and passed to the hidden layer. Data transformation does not occur in this layer. At the
hidden layer, one or more transformations are carried out on the input data in order to
generate an output close to the expected output. Furthermore, the final output is produced
at the output layer and is usually compared with the expected output [39,40].

Hidden layer

()

SN2

Input layer

Figure 4. Neural network architecture.

1.3.1. Adaptive Resonance Theory

The adaptive resonance theory according to Silva et al. [41] is a learning theory that
has inspired the architectures of several neural networks. This type of neural network
operates by grouping similar data points together and spacing the groups apart according
to their differences. When a new data point has to be classified, the network places the new
data point within or near a group with similar characteristics [11]. It has the potential to
perform quick, incremental, and steady supervised and unsupervised learning regarding a
changing condition [42,43].

Training for this type of neural network consists of two phases: supervised learning
and unsupervised and reinforced learning. During unsupervised learning, the training
data is used to create an initial grouping according to the similarity of the data points.
These groupings and their spacing are then updated until there are no more changes in
the grouping size or spacing [11,44]. Next is supervised learning, where an output is
assigned to each group. This allows the network to separate the groupings according
to the correct output. Once all the data points in a group provide the same output, it is
considered homogenous and is no longer used for training. The size and position of the
remaining groups are changed and reiterated through the training process. When all the
groupings are homogenous, training is complete [11,45]. When a new data point falls near
a grouping, it is allocated to that groupings output. However, if the data point falls in an
area with no known outputs, fuzzy K-nearest neighbor (K-NN) is used to find the best
fitting grouping [46]. This type of neural network is extremely powerful, as the number of
groupings and their sizes are continuously updated throughout the training process [11].
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This allows large data sets to be processed accurately with no incorrect labeling. A visual
representation of how an ART network classifies data is presented in [12]. A simplified
version of this is shown in Figure 5.

Group 3 O

Output 2

o O
Group 4

Output 1

Figure 5. Representation of data grouping by an ART neural network.

1.3.2. Multilayer Perceptron

Many types of neural networks exist, but the one that has largely been used in power
system studies is a multilayer perceptron (MLP) neural network with backpropagation
(BP) for learning. This network is used since it is easier to design than other certain
types. However, the problems faced with an MLP neural network include selecting the
correct number of hidden neurons and the ability to handle large data sets. The purpose
of neural network training is to ensure that the network allocates the input data to the
correct hidden neurons (or nodes) and provides the correct output. Once training is
complete, unsupervised learning commences. During this phase, the network is not told
into which category to classify the data but rather attempts to group the data into nodes
with similar characteristics. If the data runs through the entire hidden node group, it enters
the backpropagation algorithm with an error value. This algorithm then assigns a weight
to the error data and runs it through the network again for classification. The process is
repeated until the error value reaches a preset allowable value [11,47-49].

In MATLAB, a built-in function called patternet is available. This function creates
an MLP neural network with backpropagation according to user-specified layers and
perceptrons [50,51]. Figure 5 shows a flow diagram of a simple two-layer MLP with
perceptrons 4 and 3. This network uses five inputs to obtain two outputs and shows how
the training algorithm factors into the network as shown in Figure 6.
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Figure 6. MLP architecture.

1.4. Relevance of the Study

The current methods of transmission line protection employed in most countries,
including South Africa, either use costly communication links or backup protection systems
to operate reliably. This study aims to provide further information and reassurance on
current research suggesting that boundary protection using non-unit information is a viable
replacement of unit protection and an improvement on non-unit protection systems. One
of the biggest benefits of a theoretical study before practical implementation is that most
scenarios can be tested without the possibility of causing damage to expensive switching
and protection equipment if the system were to fail in its operation.

2. Materials and Methods

Four (4) major research paradigms exist: positivist/postpositivist, interpretivist/
constructivist, transforming, and pragmatic. The positivist/postpositivist, also referred to
as scientific research paradigm, was adopted for this study. This is because the study is
experimental [52]. The deduction research approach was also adopted for the study as it
requires a quantitative research method [53,54]. The quantitative research method is made
of three major research techniques, namely field experiments, simulation, and surveys.
The simulation technique was adopted for the study. Data gathering was achieved via
simulation using the Simscape electrical sub-program of Simulink within MATLAB.

2.1. Simulation Design

A sub-program of the Simulink software within MATLAB was used for the simulation
of the transmission line. The output of the simulation is then used as input into a MATLAB
program for pre-processing before a neural network is used for fault classification. The
explanation of each of the components involved and the flow chart of the neural network
is provided below.
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2.1.1. Transient Fault Signal

In order to simulate a transmission line with various faults, the Simscape Electrical
sub-program of Simulink was used. With this software, it is possible to simulate three-
phase transmission lines and a variety of faults at chosen locations. After running the
simulation, the fault is introduced at a specific time, and Simscape puts out the transient
waveforms in a format readable by MATLAB scripts. To simulate busbars under fault
conditions, a three-phase load to ground with a pure capacitive value was used, these loads
were rated at 100 VAr. Each transmission line had a length of 100 km and a frequency of
50 Hz. Although in Figure 1 a relay is shown in the single line diagram, for simulation
purposes, no operational relay was used to isolate the transmission line. In place of the relay,
a three-phase voltage and current measuring device was used to measure the transient
signals as they would be experienced by the relay pick-up in practice.

For the fault, a three-phase fault block was used. This block allows for a combination
of all the fault types to be simulated and the reaction of the system monitored. Both the
ground resistance (Rg) and fault resistance (R¢) were left at their default values of 0.01 Q)
and 0.001 (), respectively. The neural network created in MATLAB, its flow chart, and the
model used in Simscape to simulate the three-phase faults on the transmission lines are
as shown in Figures 7-9 respectively. Located at each end is a three-phase source with
phase-to-phase voltage of 500 kV, with three transmission lines as connections. Between
each transmission line is a three-phase load to the ground. These loads represent busbars
under fault conditions as they will also conduct any high-frequency components to the
ground. Located between lines 1 and 2 at the same location as the relay is a three-phase
voltage and current measuring device. From this device, the current is measured and
written to the workspace for further processing.

2.1.2. Wavelet Transforms

The transient fault signal obtained from the simulation program is used as input into a
sub-program written in MatLab. This program uses the wavelet toolbox within MatLab to
perform a five-level decomposition of the sample signal with Daubichie’s wavelet family as
the mother wavelet. By decomposing the signal into five frequency bands, a better image
of the fault can be obtained by studying the various waves. The wavelet transform of each
phase is obtained with the MatLab command wavedec. This command allows a five-level
decomposition to be made using Daubichies’s db5 as the mother wavelet.

2.1.3. Neural Network

The specific type of neural network used in this simulation is a multilayer perceptron
neural network, with backpropagation for learning. Backpropagation was adopted in the
study instead of feedforward. This is because in [55], it provides us with a comprehensive
understanding of how the entire behavior of the neural network changes with changing
weights and biases. It aims to help with training the network. Inputs into the neural
network are the six outputs from the wavelet transform of the transient signals. To train
the network, known cases and the results are used to build a database for the network
to refer new cases to. When training is complete, the network can classify new cases
according to what has been learned already. The architecture of the neural network is three
hidden layers with perceptron’s 5, 10, and 5, respectively. This architecture was chosen
as it produces the most accurate output and is the maximum that the available hardware
can compute. A representation of the neural network produced by MATLAB is shown in
Figure 7. To obtain the neural network in MATLAB, the Deep Learning (DL) toolbox was
used. Available within the DL toolbox is a function to create a pattern recognition neural
network called patternnet. In Figure 7, w represents weights while b represents biases.
The figure represents the input and hidden and output layers of the neural network in
MATLAB.

The flow chart of the neural network and the simulation of the transmission line
system are shown in Figures 8 and 9, respectively.
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Figure 8. Flow chart of the neural network [56].
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3. Results
3.1. Simulation Results

For training purposes, 44 different cases were simulated and classified under one of
the three fault locations. To ensure sufficient training within the capabilities of the hardware
available, the number of validation checks was set to 44. A graph generated by the training
tool to show the progress during neural network training is shown in Figure 10.

Best Validation Performance is 0.049953 at epoch 590

10° |

Train
Validation
Test

Cross-Entropy (crossentropy)

102t . . , , . 2,
o 100 200 300 400 500 600
634 Epochs

Figure 10. Graph of performance during training.

From Figure 9 it can be seen that the training completed 634 epochs before 44 consecu-
tive correct validations were obtained. It is important to note that one epoch in terms of
a neural network is when the entire training dataset is passed through the network once.
After the dataset is passed forward and backward through the network, the initial weights
are updated, and the process runs again. This cycle continues until one of the parameters
within the training tool is met. At each of the four (4) fault locations, as shown in Figure 1,
eleven (11) fault scenarios were created. These faults are shown in Table 1.

Table 1. Breakdown of the simulated faults.

Single-Phase-to-Ground Double-Phase-to-Ground Phase-to-Phase
Phase A-Ground Phase A-Phase B-Ground Phase A-Phase B
Phase B-Ground Phase A-Phase C-Ground Phase A-Phase C
Phase C-Ground Phase B-Phase C-Ground Phase B-Phase C

Aside from the nine faults shown in Table 1, a fault between all three phases and all
three phases to ground was simulated, bringing the total number of faults per location
to eleven (11). For the phase-to-phase faults, a fault resistance of 0.001 () was used, and
for faults including a ground, the grounding resistance was set to 0.01 (). After a five-
level wavelet decomposition was performed on each phase of the transient fault signal,
600,132 data points were obtained per fault. The network was then trained using these
data points to classify fault locations. The signals generated from a single-phase-to-ground
fault and double-phase-to-ground fault are as shown in Figures 11 and 12, respectively.
These are examples of the transient signals used to train the neural network. These two
graphs only show the wave shapes.
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3.2. Accuracy of Neural Network

To test the accuracy of the neural network, 34 faults were simulated at different
fault locations and classified by the neural network. The result of the network was then
compared to the fault location, and an accuracy rate was calculated to determine the
viability of the system, see details in Table 2.

Table 2. Results of the study.

Location
Description
F1 F2 F3 F4
Number of tests 8 8 8 10
Number correctly classified 8 8 8 0
Success rate (%) 100 100 100 0

From Table 2 it may be observed that the network was able to correctly classify all
the faults in locations F1, F2, and F3. However, at location F4, the network was unable to
correctly classify the location. Each fault condition at location F4 was classified as a main
line fault, which corresponds to a fault at location F2 or F3. This resulted in an overall
success rate of 70.59%. Since the requirement of the network was to correctly classify faults
in the different boundaries of a multiline transmission network, it can be regarded as partly
successful. The network was able to correctly classify both back line and main line faults.
However, it was unable to correctly classify forward line faults and continuously classified
forward line faults as main line faults.

3.3. Simulating Different Parameters

After testing was completed on the ability of the program to classify faults at different
locations, further investigation was done on the effect that changes to certain simulation
parameters have on the outcome.

3.3.1. Different Line Lengths

The line lengths were changed to 50, 100, and 200 km, and the simulation was run
for each length. The fault was kept the same for each length, and the transient signal was
classified by the neural network. In Figure 13, a comparison of the level five detail of
phase A during phase A and C to ground fault on the main line for each length can be
seen. Only a few of the faults were correctly classified when the lengths were changed to
50 and 200 km. In Figure 12, it becomes clear why. By changing the length of the line, the
wavelet transform of the current changes drastically, and the neural network is no longer
able to classify it using the training data. A diagram that shows the comparison between
the different line lengths is shown in Figure 13.
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Figure 13. Comparison of different line lengths.

3.3.2. Changes in Bus Capacitance

As stated at the start of the study, a busbar is connected to various client equipment.
This results in the busbar filtering high-frequency components of the transient signal. In the
simulation, this was represented as a capacitive load to ground, and the capacitance left at
a comparatively low value. However, no two busbars have precisely the same equipment
connected. This results in different characteristics forming at each busbar under fault
conditions and the filtering effect changing. To see the effect of a change on the capacitive
load to ground on the fault current, the transmission line lengths were set to 100 km again,
and the capacitance of each load increased by 20% and then 40% of the original value. In
Figures 14-16, the effect of these changes can be seen. It is important to note that these
figures only show the waveforms and not values. After obtaining the transient signal of
the changed bus capacitance, it was classified by the trained network. The network was
not able to correctly classify any of the faults. This is to be expected as it was never trained
with data that includes different bus capacitances.
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4. Conclusions

The outcome of the study shows that the simulation correctly classifies 70.59% of
the faults when tested. This implies that the majority of the faults can be detected and
accurately isolated. Since the protective scheme was unable to identify and isolate all faults,
it is proposed that further studies be conducted until the system is able to detect and isolate
all faults. One of the causes of inaccuracy in this study is that only the current signals
could be used. Using both voltage and current signals would provide a better chance of
classifying all faults. A practical design is not shown or proposed in this study, but it is
assumed that existing microprocessors can be trained with a neural network specific to
certain transmission lines.
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Glossary

Nomenclature

G Scale factor

h Translation factor

p &g Integers

x Signal

k Variable integer

m Mother wavelet

H Sample rate

D Detailed coefficient

L Level

R Ground resistance

00 Infinity

Acronyms

CWT Continuous wavelet transform
DWT Discreet wavelet transform
MATLAB Matrix laboratory

MLP Multilayer perceptron
ART Adaptive resonance theory
NN Neural network

K-NN k-nearest neighbour

DL Deep learning

EMD Emperical modedecomposition
Subscripts

g Ground

f Fault
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