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Abstract: Ensuring a stable and efficient transformer operation is a very crucial task nowadays,
especially with the integration of modern and sensitive electrical equipment and appliances down
the line. However, transformer maloperation still cannot be completely avoided, particularly with
the existence of inrush current that possess similar characteristics as the fault currents when a fault
occurred. Thus, this paper proposes an enhanced method for inrush current identification based
on a backpropagation (BP) network, optimized using genetic and simulated annealing algorithms.
The proposed method has the ability to find the global optimal solution while avoiding local optima,
with increased solution accuracy and low calculation complexity. Through extensive simulations,
it was found that the inrush and fault currents have differences in their harmonic contents, which
can be exploited for the identification of those currents using the proposed identification method.
The proposed genetic simulated annealing-BP (GSA-BP) algorithm make use of 200 current samples
to improve the detection accuracy of the inrush current from 80% to 97.5%. Comparative studies
performed against the existing identification methods show that the GSA-BP network has superior
efficiency and accuracy while being practical for real-life application to improve the transformer
protection system.

Keywords: inrush current; harmonic components; BP network; genetic algorithm; simulated anneal-
ing algorithm

1. Introduction

Differential protection is a widely used approach for power transformer protection,
the performance of which is constantly challenged by the inrush current [1]. Therefore,
precise differentiation between the inrush and fault currents for a split second is crucial for
the operation of a transformer [2,3].

Although conventional inrush current detectors, such as second harmonic criteria and
gap detectors, can block the influence of inrush current in most scenarios, a lack of precision
in common detection is inevitable [4-7]. These classifications have been integrated into
new methods to improve reliability. However, maloperation still occurs in certain scenarios,
such as energizing with a high initial flux [8-10]. The inrush current is twice or ten times
the normal rated current. Such unnecessary current spikes can damage equipment like
transformers. The inrush current can cause the circuit breaker to trip because it has a
similar amount of current as the fault current, causing the transformer protection device to
mistake the inrush current for a fault and cut the circuit. Therefore, reliable identification
of the inrush current is highly desired. The method proposed in this paper is to reduce or
even avoid these situations as much as possible. To enhance the reliability of differential
protection [11-13], researchers have developed several techniques over the past decades to
address the inrush problem. The well-known methods are as follows:

e  Thediscontinuous angle principle [9]: discontinuous angle principle applied to quickly
recognize the inrush current and fault current. When the discontinuous angle of
current is greater than 65°, it is determined that the transformer inrush current occurs.
The transformer protection may wrongly determine that short-circuit current is caused
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by a power component fault. Discontinuous angle principle aims to avoid tripping
when the inrush current occurs. If the wave width of the current is larger than 140°
and the discontinuity angle is less than 65°, this current will be identified as a fault
current and the relay should quickly switch off. Once the discontinuity angle is
greater than 65°, the relay should be keep locked. However, reverse current will occur
when the current transformer saturates. It will make the discontinuous angle of the
inrush current disappear, which means the protection will wrongly operate. When the
internal fault occurs, saturated current transformer causes the discontinuous angle of
differential current to increase. The protection will lose efficacy. Moreover, accurately
measuring the discontinuity angle remains a difficult problem to overcome. When
an internal fault occurs, transient high harmonics distort the current waveform. The
waveform distortion does not cause discontinuous angle, but it affects the wave width
of the current. If the waveform distortion is so severe that the wave width is less than
140°, it will cause a delay in protection or even a wrong judgment;

e  Second harmonic braking [12,14]: inrush current contains much higher harmonic com-
ponents, especially the second harmonic components. According to this characteristic,
the second harmonic brake was proposed. Once the protective device detects the value
of the second harmonic in a differential current being less than the setting value, the
protective relay will be latched to prevent the maloperation.

The amplitude ratio of the second harmonic and fundamental harmonic is the second
harmonic braking ratio. In a practical application, the inrush current that has been already
ignored by differential protection in operating experience and no-load closing experiments
is selected. The lowest harmonic content of this inrush current can be a setting value.

By detecting the magnitude of the second harmonic content in the three-phase current,
it is judged whether it is an inrush current or not. The criterion of the inrush current is

Iy > Kolp 1)

This method is simple and practical, and there are many valuable experiences in the
actual operation, most of the transformer microcomputer protection adopts this principle.
However, in practical applications, the second harmonic discrimination principle still faces
many problems. The selection of the second harmonic braking ratio K; is more difficult
and there is no uniform standard.

In the power system installed with static reactive power compensation devices or
other capacitive components, the fault current also has a large second harmonic content.
Identification speed and even the accuracy of the second harmonic braking can be affected.

When fault happens in the transformer before no-load closing, the fault current is in
the fault term after closing and the inrush current is in the non-fault term. Differential
protection must be on work in this situation, but second harmonic braking may classify
it as an inrush current and keep the protection locked, and the protection cannot operate
normally. In addition, second harmonic decay is very slow and this may cause a long action
time.

e  Wavelet theory [15-17]: the original form of most signals is a time-domain signal,
which means the signal is always a function about time. The most useful information
is usually hidden in the frequency content of the signal. Waveform theory is used to
search such information. The wavelet transform is performed on the time-domain
signal, and the frequency spectrum of the signal will be obtained. It is applied in
power systems for predicting the efficiency of solar power and analyzing [18] the
weak signal under noise interference [19]. It can transform the waveforms of the
current, and makes the difference between the inrush current and fault current be
better reflected. The mutation part of the signal and the singular signal always contain
important information. Wavelet analysis possesses a local refinement on the current
signal, which can satisfy requirements both in the time and frequency domain. When a
transformer fault occurs, the current signal in the operating power system will present
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singularity. Waveform analysis is able to complete a detailed analysis of current signals
at different scales. The components of each scale correspond to different frequency
components in the current signal. The results of wavelet analysis reveal the distortion
points of the current signal. The signal can receive a different local maximum by
varying the waveform at different scales. By observing the trend of the maximum, the
purpose of identifying the type of current can be achieved.

The waveform transform results of the inrush current show distortion in every cycle
periodically. The result of the fault current shows a large distortion in a short time when
fault occurs; then, the waveform is flat and almost with no distortion. These are the most
obvious characteristics of inrush and fault currents in the waveform transform identification.
However, it requires long data windows and is susceptible to noise and unanticipated
disturbances.

e  Multi-criteria decision-making: MCDM is a branch of operations research and it is
used to balance and evaluate multiple conflicting goals for obtaining a satisfactory
result. The most common application is the evaluation of costs and prices. This
method has been applied in power systems such as finding suitable places for solar
power plants [20]. It can also be used for transformer protection [12]. Compared
with the independent decision-making of the original protection of the transformer,
it can cover the blind spots of the protection, such as the restricted earth fault relay
being sensitive in low-level internal earth faults (the faults occurring within 20-30% of
the winding near the neutral point) causing the transformer protection relay to not
work and making the protection more reliable. However, part of the indicators that
are needed to be balanced are vague and cannot be quantified, such as the effects of
weather and the aging of materials. Additionally, there is no common measure or unit
of measure for goals, making them difficult to be compared.

A reliable classifier should have accuracy and efficiency. It is essential to maintain
a high computational efficiency in fresh scenarios, as it is continuously restrained by
various factors [21,22]. Feasibility is also one of the considerations. The genetic simulated
annealing-backpropagation (GSA-BP) network satisfies all these requirements.

In this paper, an enhanced method based on a GSA-BP model and waveform is
proposed to discriminate the inrush current from the fault current in transformers. First,
the waveforms of the inrush and fault currents were simulated in MATLAB/Simulink.
The classification model consists of a BP network and genetic algorithm (GA). Finally,
the fundamental wave and second to fifth harmonics of the inrush and fault currents
collected using fast Fourier transform (FFT) analysis were used as the input of the GSA-BP
network. Numerous training and verification simulations were performed on the GSA-BP
network. Furthermore, the performance of the GSA-BP network was compared with that
of the BP network. GSA-BP can solve the problem of low accuracy of existing transformer
protection methods, and also improves the recognition speed. The results from the simple
three-phase power circuit and IEEE 14 bus test system show that the recognition rate of
GSA-BP for current samples reached 97.5%. In addition, it only takes 0.186 s to recognize a
sample on average. Compared with the original BP network accuracy, the accuracy rate
has increased by 17.5%. Compared with the proposed optimized BP network, such as the
GA-BP recognition method, the accuracy and operating efficiency have increased by 9.5%
and 99.3%, respectively. The proposed GSA-BP model can successfully classify the inrush
and fault currents more quickly with promising accuracy.

The remainder of this paper is organized as follows:

Section 2: The common inrush current identification and existing problems.

Section 3: Simulation and application of the proposed GSA-BP network.

Section 4: Discussion and summary of performance of the GSA-BP method.
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2. Methodology
2.1. Introduction to BP Neural Network

A BP network is a multilayer neural network that can train the weights of nonlinear
differentiable functions.

The basic model of the neurons in the BP neural network is shown in Figure 1. The
inputs are connected to the next layer of neurons through the corresponding weights w,
and the final outputs can be expressed by the following formula:

a= f(wp+0) 2

f is a function of inputs and outputs, w is the connection weight between neurons, and b is
the bias.

b

Figure 1. Single neuron of a BP network.

The structure of the BP network is shown in Figure 2. The number of inputs is R, and
the hidden layer has only one layer with S neurons. Each neuron is a type of sigmoid.

r R
B

Figure 2. BP network structure.

2.2. Learning Rules

The BP network algorithm is a supervised ¢ algorithm. Its principle is to set the
learning samples as inputs and corresponding outputs. The learning process compares the
actual outputs of the BP network with the expected outputs. The quadratic sum of their
errors are used to modify the weight of the neuron in reverse. Finally, the quadratic sum of
the error between the actual and desired outputs reaches a certain range. When the error is
large, its influence on the weight also increases.

The algorithm derivation process of the BP neural network is as follows: If P is the
input of the network, there are R input neurons, sl is the number of hidden layer neurons,
and s2 is the number of output neurons. F1 is the hidden layer activation function, f, is the
output layer activation function, A is the actual output, and T is the expected output.
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The forward propagation process of information is represented by Equations (3)—(5).
The output of the i-th neuron in the hidden layer is

.
aly = f1()_ wlijpj+b1;) (i =1,2...,51) 3)
j=1

The output value of the kth neuron in the output layer is

sl
a2 = f2() " w2al; +b2) (k= 1,2,...,52) 4)
i=1

The error of the network is expressed as follows:

52

E(W,B) = ;kZ (b — a2;)? 5)
=1

The process of neuron weight modification and error reverse transmission is as follows:
The weights from the i-th input to the k-th output are

Ny — g P OE  da
s L Y5 R Y B ©)

=n(ty —a2) - f2'-al; =17 - 6 - al;

Oni = (b — a2;) - f2' = e - f2 )
ey = b — a2y (8)
From this, it can be derived

JF JE a2
A2 = =3 = N 3m b, )
=1n(ty —a2) - f2' =n -0y

The process of using the gradient descent method to modify the weights of the hidden
layer neurons, for the weights from the i-th input to the k-th output, is as follows:

oE JoE aazk aali

Awl;j = _Wawlij = _Waazk ' oal; ’ awli]'

” (10)
. ’7;21 (te — a2) - f2' - w2y - f1'- pj =17 655 - pj
s1
Sij=ei- f1,e; =) w20y, 0k = e - f2', e =t — a2 (1)
k=1
Therefore,
Abli = 77511 (12)

2.3. Introduction to Genetic and Simulated Annealing Algorithms

A GA is a global search heuristic algorithm used to solve optimisation problems
in the field of artificial intelligence. It overcomes the limitations of conventional algo-
rithms, which can easily fall into local minima. GA is originally developed based on
evolutionary phenomena in biology, including heredity, mutation, natural selection, and
hybridization [23-25].

The GA is a search algorithm with an iterative process of ‘generate and test’. First,
solutions to the problem are encoded to function as suitable expressions for genetic opera-
tions. Subsequently, the fitness function is established based on the objective function of the
optimisation problem. When the fitness function is certain, natural selection determines the



Energies 2023, 16, 2340

6 of 22

chromosomes that are suitable for survival based on the fitness value. Finally, the surviving
individuals form a population that can be reproduced (Figure 3).

Start

Code and generate initial population

Calculate the fitness value of each
dye

——
P —

No — M.eet the —

~——__ requirements _——

Selection, crossover and mutation

Output

End 1

Figure 3. Genetic algorithm flow chart.

2.4. Design of the GSA-BP Algorithm
2.4.1. Coding

The BP network includes connection weights between input layer and implicit layer,
implicit layer threshold, connection weights between implicit layer and output layer,
and output layer threshold. When GSA-BP classifies currents, it is necessary to find out
the appropriate weights and thresholds that can guarantee the accuracy of the current
classification. GA has the most important role in figuring out this problem.

The first stop of the GA-optimizing neural network is to represent the weights and
thresholds as strings of real numbers. Each string is a chromosome. [26-29]

The parameter gene adopts real number encoding. The weight and threshold of the
network can be negative, and the learning rate must be positive. Therefore, parameter
genes should be divided into two parts: weight and rate genes. The coding length of the
weighted gene is equal to the total number of weights and thresholds in each layer of the
neural network. The coding length of the rate gene is 1. The coding length of the parameter
gene is the sum of the length of the weight and rate genes, and the total coding length of a
chromosome is the sum of the coding length of the connecting and parameter genes.

2.4.2. Decoding

Assuming that 1101 ... 1 is the code of the connecting gene in a chromosome and the
length of the code is K, the structure of such a three-layer BP neural network is shown in
Figure 4. In the figure, i, is the input layer neuron, /i is the hidden layer neuron, o, is
the output layer neuron, X, is the input sample, and Y}, is the network output. During
decoding, the weights w, \ and wy,, from the input layer to the hidden layer and from
the urgent layer to the output layer, and the value 6 of the hidden layer are shown in
Equations (13)—(15).

wn,k = [w111w1,20w1,4 N wl,Klewz,szZA e wZ,K ...... lele,ZOwNA N wN,K] (13)
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Wi m = [wl,lwl,z e W MW 1W2 D .. an,MOO . 0(4]4,1(4]4’2 e WM WKI1WK?2 - - - wK,M] (14)
O = 016,00, . .. 0k] (15)
by ~

i1 —— — L —_ — N ———— 01
i hs 0z

hy
Figure 4. Neural network structure.

The learning rate has no effect on the network structure. It does not participate in the
decoding.

The connection gene is binary-coded, and the number of nodes in the hidden layer
is the same as that in the code string. The network structure is clear after decoding. The
parameter genes are encoded in real numbers. The weights, thresholds, and learning rates
of the network are obtained without complicated decoding.

2.4.3. Fitness Function

In the GA, the fitness function value is used to measure the closeness of each individual
to the optimal solution in the optimisation calculation. The fitness function should generally
satisfy two requirements: it should not be negative and it should be as simple as possible
to reduce the complexity of the calculation [29-32].

The fitness function of the GA-BP algorithm is based on the total error of the neural
network; that is, the fitness function of each chromosome is

f=1/(1+E) (16)
I&EE ke ’
15w o

where E is the total error in the neural network, T]k is the ideal output, Y]-k is the real output,
and K is the number of samples.

Higher fitness means that the individual is more suitable for the current environment.
From the perspective of current identification, the current samples left with high fitness will
be very close to the conditions that have been set, making it more accurate to distinguish
the current type.

2.4.4. Genetic Operator

Selection: The selection operation of the GSA-BP algorithm combines the optimal
individual preservation and fitness ratio. Optimal individual preservation is implemented
on the chromosomes in the current population. In this method, individuals with the highest
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adaptability do not participate in crossover and mutation and are directly replicated to
the next generation [33]. After optimal individual preservation, a fitness ratio is adopted
for the contemporary group. Assuming that the population size is 7, the probability of
individual i being selected is

Py, = fi / Zif] (18)
=

In this formula, f; represents the fitness function value of the first chromosome. In
this method, the probability of each chromosome being selected is P;;, which reflects the
proportion of an individual’s fitness to the total individual fitness.

The combination of optimal individual preservation and fitness ratio enables individ-
uals with high fitness to be selected directly for the next generation. Individuals with low
fitness also have chances. The diversity of individuals can ensure that their fitness is close
to the optimal solution and prevents the algorithm from falling into the local optimum.

Crossover: The one-point crossover is also called the simple crossover [34]. A crossover
point is randomly set among individuals. When crossover is performed, the partial struc-
tures of the two individuals before or after the point are exchanged to generate two new
individuals.

Arithmetic crossover generates a new individual from a linear combination of two
individuals. If an arithmetic crossover is performed between two individuals, x; and x»,
then the two new individuals x’ and x’; after the crossover are

{ x:1 =ax1;+ (1 —a)xp (19)
o =ax)+ (1 —a)x;

Among them, « is a real number of 0-1.

Mutation: The basic mutation randomly selects one or more loci in the individual
coding sequence and changes the gene in these loci based on a probability value.

Uneven mutation is a random perturbation of the original gene, and the result after the
perturbation becomes the new gene after mutation. The mutation operation is performed
on each locus with the same probability.

Crossover and mutation work simultaneously to ensure the diversity of individuals.
Assuming that there is only crossover, the new solution generated in the iterative process
can only come from the existing current samples in the initial generation. If the key feature
for constructing the optimal solution is missing in the initial population, the optimal
solution cannot be obtained only by crossover.

2.4.5. Annealing

The annealing algorithm is used to optimise and adjust the new individuals generated
by the GA, and the results are considered the individuals of the next generation group.
The annealing algorithm adds the optimal local solutions as new individuals to the GA
and uses them to adjust the search range. The cooling method adopted in this paper is
T = Ty-0.98'. T is the initial temperature and i is the times of evolutions.

2.5. Operating Principles of GSA-BP Network

Currently, to select the appropriate population size N, crossover probability P, and
mutation probability P, many scholars have conducted research, but the settings of these
parameters have not yet been unified. The optimal parameter ranges recommended by
Schaffer are N =20 ~ 30, P = 0.75 ~ 0.95, and P, = 0.005 ~ 0.01. The optimal parame-
ter ranges suggested by Xi Yugeng are N = 20 ~ 200, P. = 0.5 ~ 1.0,and P, = 0.0 ~ 0.05.

P - {<fmax = )1 G = o) (2 £

1.0, (f' < fo) (20)
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Pm _ {0.5* (fmax _f)/(fmax _fv)r (f > f'U) (21)

(fo = f)/(fo — fmin), (f < fo)

When the fitness values of individuals in the population tend to be optimal, P, and
Py, increase, and when the population fitness values are relatively scattered, P; and Py,
decrease. When P, and Py, are low, individuals with a fitness value higher than the average
fitness value of the group can be protected into the next generation. When P, and Py, are
high, individuals with a fitness value lower than the average fitness value of the group
will be eliminated. Therefore, the GA ensures convergence while maintaining population
diversity (notation table is in Appendix A).

The formula to determine the acceptance probability of changing from the current
solution Xj to the new solution X, using the Metropolis criterion is [28]

b LX) 2 £(X2) )
exp[f(X1) — f(X2)/Ti], f(X1) < f(Xz2)
The GSA-BP algorithm steps are shown in Figure 5:
[ Build BP neural network } [ Genetic code }
Initialize the range of network Input and preprocess data
weight and threshold P prep
Get the optimal threshold and Th;:g?;gogtz;szal:};thﬁrgzg:rk
weight value
Error calculation Selection, crossover and rrfutation
of the current population
NO .
Change weights and thresholds YES Annealing operator
NO
Fulfil Calculate fitness value
requirements
YES

) Fulfil
Test and get the result requirements

Figure 5. Training process of the GSA-BP network.

3. Results and Discussion
3.1. Simulation Model of Magnetizing Inrush Current

This section describes a simple power system with a dual-sided power supply and
dual-winding transformer. The model parameter settings and simulation circuit are pre-
sented in Figure 6.
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Figure 6. Transformer simulation.

The power component models used to build the simulation circuit in this study were
selected from a power system module library. Table 1 provides a brief introduction of the
components used.

Table 1. Waveform information of inrush current.

Initial Phase Angle/° Residual Flux/pu Peak Value/mA

0 0.5 1347
0 0.64 1471
0 0.8 1629
45 0.5 1274
45 0.64 1443
45 0.8 1609
90 0.5 651

90 0.64 778

90 0.8 924

3.2. Simulation of No-Load Energized

Inrush current is the power surge at the input of a power supply. It occurs during a
short time period, when the input capacitors charge up after the input voltage is applied.
In order to obtain the inrush current sample, the simulated circuit is required to be built in
a no-load energized state. The frequency of the power source was 50 Hz and its voltage
was 35 kV. The wiring form of the transformer winding was Yd11. In order to analyse
the effect of the switch angle on the inrush current, the voltage switched at 0°, 45°, and
90° [4]. Meanwhile, three residual fluxes, 0.5, 0.64, and 0.8, were set in every switching
under different angles [35].

In Figure 7, the variety of the initial phase angle not only affects the peak value of the
current waveform, but also effects the form of the current waveform. Some information can
be obtained from the graph. It presents that residual flux change will cause the difference
of the peak value of the current. A small switching angle will lead to an intense inrush
current. Additionally, the large residual flux has the same effect on the inrush current.

3.3. Simulation of the Fault Current

In order to find the common points and differences between inrush and fault currents,
fault currents were simulated. This study on the fault current is based on three-phase
transformers and simulates three common faults that may occur on them [36].

Figures 7 and 8 present both fault and inrush currents being much larger than normal.
Table 2 details the data in Figure 8. The large magnitude of the current will cause a
differential protective system, which should operate rapidly when faults occur and should
not be interrupted by the inrush current. This is what they have in common and why a
reliable method is required to differentiate them. Figure 9 shows that the waveform of the



Energies 2023, 16, 2340 11 of 22

inrush current is not a continuous waveform, and there are dead angles in every circle,
while the fault current is continuous and close to a sine wave.

(8) (h) (H)
Figure 7. Inrush current under no-load energized with different initial phase angle and residual flux:
(a) 0°, 0.5 pu; (b) 0°, 0.8 pu; (c) 0°, 0.64 pu; (d) 45°, 0.5 pu; (e) 45°, 0.8 pu; (f) 45°, 0.64 pu; (g) 90°,
0.5 pu; (h) 0°, 0.8 pu; (i) 90°, 0.64 pu.

Figure 8. Waveform of fault current: (a) Short circuit between turns; (b) Single phase-to-ground fault;
(c) Three-phase short circuit.
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Table 2. Waveform information of fault current.

Fault Type Peak Value/mA
Short circuit between turns 4723
Single phase-to-ground fault 2919
Three-phase short circuit 5291

FFT analysis

Fundamental (50Hz) = 647.3 , THD= 30.22%

(a)

(b)

Figure 9. Waveform comparison: (a) Inrush current; (b) Fault current.

3.4. Harmonic Analysis

FFT analysis can convert a signal into individual spectral components, and thereby
provide frequency information about the signal. Therefore, it can be used for analysis of
current waveforms. In this section, FFT analysis was used to analyze every order of the
harmonic content of the inrush current and short current.

Total harmonic distortion (THD) is one way to gauge power supply quality. It indicates
how much of a harmonic component the voltage and current waveforms contain. In
Figure 10 and Table 3, the THD of fault current did not exceed 20%, while that of the inrush
current was above 40% and even reached 80%. The information demonstrates that there is a
large difference between the inrush current and fault current on the fundamental harmonic
and THD. In addition, the same phase angle and residual fluxes are used in the inrush
current samples, respectively. The data in Table 3 show that phase angle and residual flux
can affect the fundamental harmonic and THD of the inrush current.

FFT analysis
Fundamental (50Hz) = 568 , THD= 58.84%

FFT analysis
Fundamental (60Hz) = 727.4 , THD= 44.67%

@ g 60 I_!:
= = < 60
(0] L)
£ 60 £ £
3 I 3
[= c = 40
L 40 = &=
s 1] k]
R 20 2 g2
= o o
® ] b
=R =) )
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
(a) (b) (c)
FFT analysis FFT analysis FFT analysis
= Fundamental (50Hz) = 1734 , THD= 15.55% Fundamental (50Hz) = 3083 , THD= 14.88% Fundamental (50Hz) = 2732 , THD= 13.82%
5 i) § 60
(= c E
() 15 L5
E 40 E E
S S 40 S 40
= c =
= 5 S
fing - =
o o= =
L 22 <2
g g g
=2 9 = =9
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5

Figure 10. Harmonic analysis on current samples: (a) Inrush current under 0° phase angle and 0.5 pu
residual flux; (b) Inrush current under 45° phase angle and 0.5 pu residual flux; (c) Inrush current
under 45° phase angle and 0.8 pu residual flux; (d) Single phase-to-ground fault; (e) Three-phase
short circuit; (f) Short circuit between turns.
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Table 3. Analysis data of current samples.

Fundamental THD
Inrush current 1 384.7 44.11%
Inrush current 2 324.8 83.65%
Inrush current 3 661.2 50.60%
Fault current 1 1734 15.55%
Fault current 2 3083 14.88%
Fault current 3 2732 13.82%

3.5. Input of the Network

In the simulation of the current, various characteristics, such as dead angel in Figure 9,
can be used to distinguish between the inrush and internal fault currents. However,
extracting all features when modelling the network is not necessary. Too many eigenvalues
being input will cause a slow converge or even failure of converge. The input should have
features with strong regularity and high sensitivity to establish a network easily. Meanwhile,
the computational efficiency and timeliness of the features must also be considered.

Figure 10 and Table 3 have shown that numerous high-order harmonics are generated
when an inrush current occurs in a transformer, particularly the second harmonic. In
contrast, the proportion of high-order harmonics in the fault current is small. Therefore,
the percentage of harmonics can be selected as the input.

The proportion of high-order harmonics in the inrush current and fault current can be
obtained through FFT analysis. The FFT analysis is shown in Figure 11. The inrush current
contains a large number of high-order harmonics. However, the harmonic content above
the fifth order is exceedingly low and can be ignored. Therefore, only the DC component
and first to fifth harmonics were selected as inputs. The percentage of the first harmonic is
always 100%; therefore, this item does not have any effect on identification. Finally, the
input of the GA-BP network was determined as follows:

H = [Hy, Hy, H3, Hy, Hs] (23)
Selected signal: 24.99 cycles. FFT window (in red): 2 cycles 0 Hz (DC): 65.41% 90.0
T 25 Hz 8.72% 1.8
soo | | | 50 Hz (Fnd): 100.00%  -86.6
o (|| 75 Hz 3.63%  186.5
E oolll | | 100 Hz  (h2): 34.86%  98.6
T ‘ H 125 Hz 0.95%  178.4
2 ool | 150 Hz  (h3): 13. 55% 85.1
. 175 Hz 1.20% 9.8
. UL J mm MMMMMMMMMM 200 Hz  (hd): 21.11%  -86.7
225 Hz 0.86% 0.8
0 005 01 015 02 025 03 035 04 045 250 Hz (h5) - 5.97% 91 3

Time (s)

Figure 11. The proportion of harmonics in current presented by FFT analysis.

Hj is the DC component, its range is 0 < Hy < 2, and Hp—Hj5 are the second to fifth
harmonic components with a range of 0-1. The number of output neurons in a neural
network is related to its function of the neural network. To classify the inrush and fault
currents, the output contained one node. When the input sample was an inrush current,
the output was 1; otherwise, it was 0.

Different inrush currents could be obtained by changing the initial flux in the trans-
former and the initial phase of the power supply. Different fault currents could be obtained
by changing the parameters of the circuit elements. Thus, a total of 200 samples was
obtained. A portion of the sample is presented in Table 4.
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Table 4. Part of training samples.
Current Type H, H, H; Hy Hs Output
0° 0.654 0.349 0.136 0.211 0.06 1
30° 0.582 0.626 0.256 0.054 0.047 1
Noload 60° 0.54 0.789 0.511 0.243 0.061 1
noraiaed 90° 0.145 0.737 0.411 0.869 0.413 1
& 120° 0.533 0.795 0.538 0.281 0.085 1
150° 0.571 0.65 0.282 0.04 0.068 1
180° 0.656 0.345 0.137 0.208 0.055 1
Single-phase short 0.503 0.062 0.041 0.031 0.025 0
circuit
Internal fault Two-phase short 0.328 0.037 0.026 0.019 0.015 0
circuit
Three-phase short 0.543 0.059 0.039 0.029 0.024 0
circuit
Turn-to-turn short 0.509 0.049 0.033 0.025 0.019 0
circuit
Faultbetween Aphase ) ) 0.223 0.147 0.111 0.088 0
and B phase
Bus 8 fault  Faultbetween A phase 0.254 0.181 0.119 0.089 0.071 0
and C phase
Ground fault 0.387 0.223 0.147 0.110 0.088 0
Turn-to-turn short 0.038 0.116 0.083 0.042 0.034 0
circuit
Single-phase short 0.077 0.009 0.006 0.004 0.004 0
circuit
Two-phase short
External fault nase 0.421 0.022 0.021 0.014 0.013 0
circuit
Three-phase short 0.221 0.023 0.016 0.012 0.009 0
circuit
Faultbetween A phase -\ 0.182 0.126 0.094 0.075 0
and B phase
Inrush current
occurred in
Busl when  aultbetween A phase 0.197 0.147 0.096 0.071 0.057 0
and C phase
fault occurred
in Bus6
Ground fault 0.354 0.188 0.123 0.092 0.073 0

The case studies used to validate the proposal is taken from the FFT analysis. The
input of network is [Hy, H», H3, Hy, Hs), which means 1st~5th order harmonic content of
current. Output 1 presents means that the current is regarded as an inrush current and
Output 0 is regarded as fault current.

In order to make the experimental results better reflect the performance of GSA-BP
in practical applications, 100 current samples were taken from IEEE 14 bus system case
(Figure 12) [37]. The simulating system represents an approximation of the American
Electric Power system. It can simulate the possible fault conditions in real situations.

3.6. Samples Classification through the BP and GSA-BP Networks

The samples obtained using the Simulink simulation functioned as the input for the
neural network. The maximum number of network cycles was 1000, and the target error
was 0.0001 [38]. The structure of the BP network and transfer function is listed in Table 5.
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Figure 12. IEEE 14 bus system case.

Table 5. Structure and function of BP neural network.

BP Neural Network Parameters
Number of input layer nodes 5
Number of hidden layer nodes 11
Hidden layer transfer function Sigmoid function
Output layer transfer function Linear function
Expected error 0.00001
Training function Levenberg-Marquardt

The training results and test outputs are shown in Figure 13. The BP network reached
convergence at 110 epoches.
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Figure 13. Testing results and test outputs of the BP network.

The fitness curve and training results of GSA-BP are shown in Figures 14 and 15.
According to the results, the GSA-BP network converged at 20 epoches.

Fitness curve of GSA-BP

T T

| —8— Optimal fitness

10 20 30 40 50 60 70 80
Iteration

Figure 14. Fitness curve of the GSA-BP.
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Figure 15. Testing results and test outputs of GSA-BP network.

The same test samples were input into the GSA-BP network. The outputs are shown
in Figure 15.

4. Comparative Study

The current simulation was executed using a simulating model in MATLAB 2017a.
The current simulation involved various possible fault currents, including internal faults
and no-load, energized on internal faults in different scenarios to bring it closer to reality.

Actually, the BP neural network has been applied in transformer fault diagnosis.
However, the accuracy and diagnosis speed of the basic BP network are not enough
because the optimal state of the mis-operation does not occur. It is necessary to combine
different algorithms to deal with the application of different scenarios. In this study, the
proposed algorithm was based on a BP network. A normal BP algorithm is not sufficient
for the current examination because the experimental results indicated that its recognition
ability is unreliable. GA and SA algorithms were used to optimise the BP network for a
more accurate and stable recognition.

The comparison of waveforms and the statistics of harmonics show a sharp difference
in the high harmonic content between inrush and fault currents. Therefore, the fundamen-
tal and 2nd-5th harmonics contents of current are used as characteristic values to input
network. Further, the current generated in the simulation under no-load energized trans-
former fault in a different situation, and the no-load energized when the transformer fault
occurred. All the samples, 200 in total, are classified by the optimized neural network and
original network. This section shows the recognition speed and accuracy of the network.
In addition, BP-related algorithms that have been proposed by other researcher are also
presented for comparison in order to highlight the advantages of the proposed algorithm.

After the simulation, the performances of the BP and GSA-BP networks can be clearly
observed. A comparison is presented in Table 6.
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Table 6. Comparison of BP and GSA-BP networks.
BP Network GA-BP Network GSA-BP Network
Number of epoches
required to reach 85 27 15
convergence
Current classification 77 59 929% 97.5%
accuracy

Output ~= 0.8*Target + -0.11

Table 6 shows that the current classification models established by the BP networks
had identification accuracies of 80% for all samples. The accuracy of the GSA-BP network
identification model was 97.5%. All training samples and test samples are taken from
different parameters and scenarios, and the eigenvalues of each sample are different, so
GSA-BP does not have overfitting in the test. In order to better reflect the ability of GSA-BP
to respond to different situations, the regression curves under different conditions are listed
(Figure 16).

. R=0. Test: R=0.89773 2
Test: R=0.93013 S - S Test: R=0.91637
o o
O Data + O Data s 1
Fit ® 05 Fit s )
Y=T 9 Y=T 8) 0.5 o
= o Y=T
= < y
o 0 5
o % le
Y .05 =1
= ?
= 5
= -1 (o),
0 1 O 4 o5 0 05 1 g 1
Target Target Target
(a) (b) (©

Figure 16. Regression of test on different types of samples: (a) Inrush current; (b) Fault current;
(c) Inrush current and fault current happen at the same time.

GSA-BP maintains a high degree of fitting in the testing of different data sets, which
indicates that GSA-BP has a sufficiently stable performance in response to changes. In
terms of accuracy, GSA-BP has an overwhelming advantage. In terms of convergence speed,
GSA-BP also requires the least number of steps to reach convergence. The GSA-BP network
achieved excellent results regardless of the convergence speed or accuracy of identifying
the current. The simulation also showed that the algorithm can reduce the search range at
a faster rate. The algorithm also provides a high local search efficiency. The classification
model achieved an excellent performance improvement after the optimisation of these
capabilities.

While BP-related identification is compared with the GSA-BP network, the algorithm
proposed in the related articles is also listed in Table 7 for comparison on the accuracy and
recognition speed [39,40].

These are similar current identification methods that have been proposed, and the
table shows their accuracy in identifying an inrush current. Although they all have their
own strengths in different fields, compared to GSA-BP, they all have lower accuracy. While
ensuring high accuracy, GSA-BP takes only 0.186 s to identify a current sample on average.
Compared with BP-related recognition methods, such as BP-Adaboost PNN, the recognition
time is reduced by 34.5%. Additionally, the accuracy increased by 9.5%. It is unique to
achieve such a recognition speed at the same level of accuracy. A comparative analysis
indicated that the current classification based on BP and other proposed methods can
discriminate between the inrush and internal fault currents. However, the high training
speed and discrimination precision of GSA-BP are not available in other classification
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methods. The GSA-BP network has broad application prospects for the classification of
inrush currents.

Table 7. Comparison with different classification method proposed by related paper.

BP- BP-Adaboost

PNN Adaboost PNN GA-BP GSA-BP
Current
classification 72% 81.5% 89.5% 87.5% 97.5%
accuracy
Improvement
achieved by 25.5% 16% 8% 10% 0%

GSA-BP network
The average time
required to identify 0.003 0.038 0.284 28.94 0.186
a sample(s)

5. Conclusions

In this paper, a BP neural network was enhanced through optimisation based on
simulated annealing and genetic algorithm, which improves the learning efficiency and
global optimisation. GA has excellent global search capabilities, whereas the annealing
algorithm has the ability to avoid premature convergence of the genetic algorithm. They
significantly improve the structural performance and computing speed of the original
network. The inrush and fault currents are simulated with different initial phase angles
and remanence. Comparing the current waveforms shows that the initial phase angles
and remanence can influence the peak and harmonic distortion rate of the inrush current.
In addition, the current waveforms of the inrush current have intermittent angles, while
the waveforms of the fault current are relatively smooth. The harmonic contents of the
inrush and fault currents were used as the inputs to the neural network focusing on the
second to fifth harmonics. Both inrush and fault currents were generated to provide
experimental samples for the identification of neural networks. Compared with BP and
GA-BP networks, the GSA-BP network has a higher iteration speed and improved accuracy
with the recognition rate for all current samples is achieved at 97.5%. The application of
the method requires the adjustment to the number of layers and neurons to be used.
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List of Symbols and Abbreviations

BP Backpropagation

GA Genetic algorithm

FFT Fast Fourier transform

Ip Second harmonic current in differential current
In Fundamental current in differential current

K> Second harmonic braking factor

MCDM Multi-criteria decision-making

a Output of neuron
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w Weights
p Input of neuron
b Deviation
t Expected output
n Learning rate
K Length of the code
iy Input layer neuron
hy Hidden layer neuron
Om Output layer neuron
Xu Input sample
Yo Network output
w Weights
6 Threshold
E Total error in the neural network
T]l‘ Ideal output
Y}‘ Real output
K Number of samples
P, Probability of each chromosome being selected
fi Fitness function value of the first chromosome
x Individual
N Population size
P, Crossover probability
Py Mutation probability
fmax Maximum fitness value in the current population
frmin Minimum fitness value in the current population
fo Average fitness value of the current population
, Fitness value of the chromosome with larger fitness between two
f chromosomes participating in the crossover
P, Crossover probability
Py Mutation probability
fmax Maximum value of the fitness value in the current population
fmin Minimum value of the fitness value in the current population
fo Average fitness value of the current population
, Fitness value of the chromosome with larger fitness between two
f chromosomes participating in the crossover
Appendix A

Table Al. Introduction to electrical components.

Power Components

Function

Parameters

Three phase sourse
Three-phase sourse RLC load

Three-phase VI measurement

Three-phase breaker
Three-phase transformer

Three-phase Fault
Scope

Provide continuous and stable
sinusoidal AC voltage

Simulate the parallel load

Detect the voltage and current
across the transformer

Cut off the faulty circuit

Simulate transformer

Simulate failure

Show the results

Voltage, phase angle,
resistance, inductance, etc.
Load rated voltage, frequency,
active power, reactive
power, etc.

None

Cutting off initial time, circuit
breaker parameters, etc.
Iron core, winding connection
method, transformer capacity,
frequency, etc.
fault, fault resistance
parameters, etc.

None
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