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Abstract: Power transformers are complex and extremely important piece of electrical equipment
in a power system, playing an important role in changing voltage and transmitting electricity. Its
operational status directly affects the stability and safety of power grids, and once a fault occurs, it
may lead to significant economic losses and social impacts. The traditional detection methods rely on
the technical level of power system operation and maintenance personnel, and are based on Dissolved
Gas Analysis (DGA) technology, which analyzes the components of dissolved gases in transformer oil
for preliminary fault diagnosis. However, with the increasing accuracy and intelligence requirements
for transformer fault diagnosis in power grids, the DGA analysis method is no longer able to meet the
requirements. Therefore, this article proposes an improved transformer fault diagnosis method based
on a residual BP neural network. This method deepens the BP neural network by stacking multiple
residual network modules, and fuses and expands gas feature information through an improved
BP neural network. In the improved residual BP neural network, SVM is introduced to judge the
extracted feature vectors at each layer, screen out feature vectors with high accuracy, and increase
their weights. The feature vector with the highest cumulative weight is selected as an input for
transformer fault diagnosis. This method utilizes multi-layer neural network mapping to extract
gas feature information with more significant feature differences after fusion expansion, thereby
effectively improving diagnostic accuracy. The experimental results show that, compared with
traditional BP neural network methods, the proposed algorithm has higher accuracy in transformer
fault diagnosis, with an accuracy rate of 92%, which can ensure the sustainable, normal, and safe
operation of power grids.

Keywords: transformer; fault diagnosis; improved BP neural network

1. Introduction

With the continuous development of our economy and the continuous improvement
in the quality of people’s living standards, people’s daily life, industrial production and
transportation all have a close relationship with power [1,2]. With the development of the
economy, not only is the scale of our power grid expanding, the substation is increasing,
power transmission occurs from west to east, a cross-regional power grid pattern is gradu-
ally formed, and the power system will meet more and more challenges [3,4]. In the whole
power grid system, any failure or accident will have an impact on the operation of the
whole power grid. When there is a large-scale power failure or system failure, it will cause
huge losses to the national economy, and seriously endanger public security and social
stability [5]. The power transformer is the core equipment of the substation [6]. In the
process of power transmission, the power generated by the power plant is transmitted to
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the power grid through the step-up transformer, and each region and system are intercon-
nected through the transformer. On the power side, the voltage is reduced to the required
voltage level through the step-down transformer [7]. Therefore, the running state of the
transformer directly affects the reliable operation of the power grid system, and plays a
vital role in the normal power supply of people’s daily life [8,9].

Due to the defects of the transformer operating environment, transportation and in-
stallation [10,11], there are inevitably some local defects in the transformer, such as bubbles,
cracks, electrode burrs, long-term deterioration, aging insulation and other problems; there-
fore, failures occur from time to time [12]. IEC 60599:2007 The “Interpretation guidelines for
dissolved gas analysis of electrical equipment in operation with mineral insulating oils” re-
duced the original nine typical faults to six, namely, partial discharge, low-energy discharge,
high-energy discharge, low-temperature overheating, medium-temperature overheating,
and high-temperature overheating. Medium-temperature and low-temperature overheat-
ing can be combined into a single category, called medium-to-low-temperature overheating,
resulting in a total of five fault types. When analyzing the types of transformer faults
in domestic scenarios [13], overheating faults have the highest probability of occurrence,
followed by high-energy discharge faults, low-energy discharge faults, and partial dis-
charge faults, with the lowest occurrence rate being related to faults caused by transformer
dampness or partial discharge.

The transformer plays an important role in the power grid system. If failure or acci-
dents occur during operation, they will affect the power quality, damage related equipment,
and cause personal injury and other malignant accidents. For example, in 2005, the winding
insulation of Laiwu Station (110 kV) of Shandong Power Grid was seriously damaged
due to the inter-turn short-circuit discharge fault. With the continuous development of
science and technology, the circuit department attaches more and more importance to
transformer failures and hidden dangers [14], and adopts such methods, such as inspection
and elimination, to reduce the probability of transformer failures, but it is still difficult to
avoid transformer failures. Therefore, it is urgent to study the transformer fault diagnosis
and operation monitoring, so that the power department can find the existing faults and
hidden dangers as early as possible, according to the actual problems, deal with problems
in the bud stage, and extend its service life. With the continuous progress of science and
technology, the capacity of a single transformer is increasing, its internal structure is becom-
ing more and more complex, and the mutual influence and interaction between different
internal components are becoming closer, which increases the difficulty of transformer fault
diagnosis to some extent [15,16]. By improving the accuracy of transformer fault diagnosis
methods, it is possible to promptly detect and repair faults, ensuring the reliability and
stability of the electricity supply.

Currently, the development of Dissolved Gases Analysis (DGA) technology in oil has
become relatively mature [17]. Based on DGA technology, some traditional diagnostic
methods, such as the IEC three-ratio method, modified three-ratio method, and Rogers ratio
method, have been applied in practical transformer fault diagnosis. However, these tradi-
tional diagnostic methods inevitably have certain flaws, such as limited usage conditions
and incomplete ratio encoding [18,19]. With the development of intelligent algorithms,
most researchers have started combining DGA diagnostic results with intelligent diagnostic
methods to improve the accuracy of transformer fault prediction. Common intelligent
diagnostic methods include the BP neural network [20] and the Support Vector Machine
(SVM) model [21], etc.

The literature [22] proposes a method that combines neural networks and the three-
ratio method to convert samples with diagnostic errors from neural networks to the three-
ratio method for diagnosis. However, the accuracy of neural network judgments depends
on the selection of weights and thresholds, and requires a large amount of training data,
making the operation complex and the stability insufficient. Moreover, the optimal thresh-
old is prone to change with different quantities of sample data. Xu Xin et al. utilized locust
swarm optimization to optimize certain parameters of the BP neural network, improving
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its speed and search abilities, but its network performance was poor and the learning rate
was unstable [23]. In the literature [24], a transformer fault intelligent diagnosis method
combining empirical wavelet transform and improved convolutional neural network is pro-
posed. The results show that this diagnostic model can effectively identify the fault states
of transformers. When using the SVM model for fault diagnosis, the kernel function and
penalty factor in the model limit its classification performance. Improper values can lead to
significant prediction errors. Therefore, various bio-inspired optimization algorithms [25]
are introduced to enhance the predictive ability of the SVM model for transformer faults.
In practical applications, the aforementioned methods can solve the cumbersome steps and
absolute diagnosis issues of traditional methods, but the further optimization of training
accuracy and improvements in adaptability are needed.

In addition, during the daily operation of the transformer, the failure is an accidental
event, and the probability is small, so it is difficult to obtain a large amount of fault
data [26]. The lack of samples and the diversity of faults further increase the difficulties
in transformer fault diagnosis and make it difficult to diagnose and predict transformer
faults only by human experience. Accurate transformer fault diagnosis methods can assist
maintenance personnel in quickly identifying the type and location of faults, thereby
improving the efficiency of troubleshooting. This is crucial for power grids because rural
areas typically have limited human and material resources, and the efficiency of fault-
handling directly affects the normal operation of the grid. When fault diagnosis is carried
out using artificial intelligence, sufficient historical data should be supported. Only with
large and comprehensive data can the accuracy and practicability of the whole diagnosis
system be guaranteed. This method has the problems of low accuracy and low diagnosis
accuracy with limited information [27-29]. Although the diagnostic methods mentioned
above have achieved certain results in the diagnosis of transformer faults, the overall
diagnostic accuracy is still insufficient. At the same time, the above diagnosis method,
based on a traditional BP neural network, still has problems of low diagnostic accuracy in
shallow models and poor diagnostic accuracy when there are few sample data. This method
is based on the residual backpropagation (BP) neural network, and its purpose is to improve
the accuracy and reliability of transformer fault diagnosis, ensuring the stability and safe
operation of the power grid. In this method, each residual network module in this paper
consists of two layers of BP neural networks. Residual learning is utilized to transform the
identity mapping learning in the conventional BP neural network. In addition, the input
information of each remaining network module can be transmitted on one layer of the
network to better extract feature information from transformer fault data. In the improved
residual BP neural network, a support vector machine (SVM) is introduced to evaluate the
feature vector extracted by each layer; the vector with high diagnostic accuracy is selected
and its weight is increased. Finally, the eigenvector with the highest cumulative weight
is selected for transformer fault diagnosis. Therefore, the improved residual BP neural
network model exhibits an excellent diagnostic performance even with few sample data.

In conclusion, the improved residual backpropagation (BP) neural network trans-
former fault diagnosis method proposed in this paper effectively addresses the cumber-
some steps and absolutization issues present in traditional methods, while maintaining
high training accuracy and adaptability. The fault diagnosis based on the residual BP neural
network makes the diagnosis of transformer faults easier, significantly reducing mainte-
nance frequency, minimizing repair costs, shortening planned outage time for transformers,
saving resources in terms of manpower and materials, alleviating maintenance burden,
and enhancing the operational reliability of transformers [30].

Relevant data indicate that implementing fault diagnosis measures under transformer
operating conditions can lead to a reduction in annual maintenance costs of 25-50% and a
decrease in fault-related downtime of 75% [31,32]. A survey conducted in the UK on 2000
state-owned projects showed that adopting fault diagnosis technology could save up to
300 million pounds in annual maintenance costs [33]. Therefore, adopting the residual BP
neural-network-based fault diagnosis method for power transformers can effectively pro-
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mote the implementation of condition-based maintenance and yield significant economic
benefits [34].

2. Transformer Fault Analysis and Detection
2.1. Common Faults of Transformers
2.1.1. Electrical Fault

The phenomenon of the rapid deterioration of the insulation part of the transformer
caused by electrical stress is called “electrical failure”, which has a high level of energy
density. According to the electrical fault in the deterioration process, and the energy and
energy density of the fault location, the electrical fault can be further refined into three
types, namely partial discharge, low-energy discharge, and high-energy discharge. Partial
discharge is the initial stage of the electrical failure of a transformer. If bubbles are present in
the insulating oil in the transformer, it may be that the manufacturing means are incomplete
or the industrial operation is not standardized, resulting in inferior structures such as voids,
impurities, and moisture in the insulation material. Temperature changes may also cause
the paint surface to be unsmooth; when metal parts are not in close enough contact, this can
cause them to loosen and fall off, and partial discharge may occur. The energy density at
the first and last ends of the conductor is not large, but if it is not included in time, it leads
to internal discharge. Low-energy discharge, also known as “spark discharge”, can occur
due to the different manufacturing structures of the transformer, or poor contact during
distribution, assembly and operation, loosening, etc. If elements in the voltage position
(fastening bolts, transverse magnetic barriers, etc.) appear, they are isolated (loose, etc.).
This occurs in the grounding part, causing a high-potential floating discharge between the
grounding potential components, resulting in a low-energy discharge. When high-energy
discharge, also known as “arc discharge”, occurs, the energy density will be quite large,
resulting in a severely insulating oil cracking reaction, producing a fault characteristic gas.
Discharge will cause the insulation between the windings to break down, for example,
through carbonization and the destruction of insulating paper, and even the thermal
deformation and aging of metal parts. It can also cause flashover, breakage and tap-changer
of transformer leads, arc flicker, etc. Table 1 shows the specific faults corresponding to the
transformer fault types.

Table 1. Typical faults of power transformers.

Fault Type Cause

The output of the transformer exceeds the rated value, causing
the core temperature to rise rapidly; The transformer cooling

Low-t t . . .
ow-temperature device does not work properly; The ambient temperature rises or

heati . .
OZEEOSaJ gl)g the ambient temperature around the transformer rises, or the
- environment around the transformer is not conducive to heat
dissipation.
Medium-
t t . .
emperarire Medium-temperature overheating (300 °C-700 °C)
overheating

(300 °C-700 °C)

Insufficient pressure of electric shock; There is an oil sludge film
between the dynamic and static contacts; Burns on the contact
surface; Mechanical damage to insulation during manufacturing;

High-temperature
overheating
(>700°C)

Insulation aging or debris in the oil, blocking the oil passage and
causing high-temperature damage to the insulation;
Through-the-loop short-circuit fault joint heat, due to the
insulation damage of the pressure ring screw or the pressure ring
contact touching the iron core. Due to the circulating current,
magnetic leakage makes the iron parts eddy current larger.
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Table 1. Cont.

Fault Type Cause

The air humidity around the transformer is too large, and
the insulation of some areas of the transformer body is not strong
enough, or the transformer insulation is damaged during
Partial discharge installation, resulting in partial discharge of the transformer; The
oil level of the transformer drops, causing the live parts inside the
transformer to not be covered by the insulating oil, resulting in
partial discharge of the transformer.

There are more impurities in oil-immersed transformer oil that
cause low-energy discharge; The metal parts inside the
transformer are disconnected due to poor manufacturing,
transportation, installation technology, etc., and the levitation
potential causes low-energy discharge.

Low-energy
discharge

Coil-to-turn insulation breakdown; Overvoltage causes internal
flashover; arcing caused by lead breakage; Tap changer arcing
and capacitive screen breakdown.

High-energy
discharge

2.1.2. Thermal Failure

Thermal failure occurs when the insulating oil in a transformer rapidly deteriorates
due to thermal stress, resulting in a relatively low energy density during degradation.

According to fault data statistics, approximately 50% of all thermal faults can be
attributed to the characteristics of thermal stress in transformer faults and the closed
positions of components like tap-changers. About 20% of thermal faults are caused by
short-circuits, magnetized inrush currents, and leakage flux loops. Additionally, faults
arising from core overheating due to short-circuits and discharges caused by multi-point
grounding account for around 30% of all thermal faults.

2.2. Dissolved Gas Analysis in Oil
2.2.1. Principle of Dissolved Gas Generation in Power Transformers

When the power transformer is abnormal, a variety of hydrocarbon gases will be
produced inside the transformer. These gases have different properties in different concen-
trations. We collected the concentrations of these gases and used other data to judge the
transformer failure. These oil-dissolved gases mainly fall into the following three categories.

(a) Decomposition of insulating oil

Transformer oil is a product extracted from petroleum; its main components are
alkanes, naphthenic saturated hydrocarbons, aromatic unsaturated hydrocarbons and
other compounds, commonly known as square shed oil. After the failure of the power
transformer, some C-H bonds, C-C bonds and O-H bonds will be broken, and after the
chemical bonds are broken, hydrogen atoms and a large number of hydrocarbons will
produce free radicals. These hydrogen atoms and free radicals undergo various chemical
reactions to form hydrocarbon gases and hydrogen H. Chemical bonds require different
energies when breaking; C-H and O-H chemical bond fractures require less energy, so most
of the energy generated by the fault is enough to break its chemical bond to form a new
substance. H,, and C=C, C=C chemical bond-breaking requires higher bond energies.
In the event of medium- and low-temperature overheating, low-energy discharge and
high-energy discharge failure will produce enough bond energy to break it, forming a new
gas (CHy, CoHp, CoHy, etc.).

(b) Decomposition of solid insulating materials

There are many types of solid insulation materials for transformers, such as insulating

papet, electrical laminated wood, epoxy glass cloth, low-dielectric-loss laminate, insulating

paint, insulating glue, cotton cloth tape, and mesh weft free polyester tape. These materials
are composed of more C-H keys. After transformer failure, these insulation materials will
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decompose, producing a large amount of CO;, CO gas, and a small amount of water and
hydrocarbon gas.

(c) Other sources

The gas produced by the transformer is not necessarily caused by transformer failure;
there are also some objective reasons for the production of gas, such as the environment,
weather and manufacturing process. When the temperature is high, the trace oxygen (Oy)
dissolved in the oil reacts with the paint of the internal device of the transformer to produce
a certain amount of Hp. Trace amounts of water (H,O) dissolved in the oil react with the
ferrous components inside the transformer to produce a small amount of Hp. During the
later maintenance and repair of the transformer, gases such as carbon dioxide (CO;) in the
air will also be absorbed by the transformer’s insulating oil, and the oil will also produce
certain gases under sunlight.

2.2.2. Gas Generation in Transformer Oil

Power transformer under the action of heat, electricity, magnetism and insulating oil
will produce impurities to deteriorate the transformer insulating oil, or a certain amount
of gas will appear in the insulating oil, according to the type of gas, concentration, gas
production rate, etc. This can be used to judge whether the transformer has failed.

(a) Judge according to gas concentration

When the transformer is working, hydrocarbon gases will be produced. If the trans-
former works normally and under fault conditions, the gas composition and content in the
insulation oil will be very different. We can judge whether the transformer has failed by
detecting the gas content. The limit value of each gas content under the normal working
state of the transformer is shown in Table 2:

Table 2. Gas content limit values.

Gas Ethylene Ethane  Acetylene Methane Total
Composition 2 C,H, C>Hg CH, CH, Hydrocarbons
Critical value 150 65 35 5 45 150

(@) Judge according to the gas production rate

When the transformer fails, in many cases, the dissolved gas content in the insulating
oil is very low, sometimes resulting in the transformer fault diagnosis not eing timely
enough. If this situation is maintained for a long time, the transformer may undergo more
serious failure, leading to damage, shutdown and even explosion. Whether the transformer
has failed can be determined according to the gas production rate in the transformer
oil. Specifically, this can be divided into absolute gas production rate and relative gas
production rate, and the formula is as follows:

_ Cp—Cy m
Ya = AL b 1)
Cpo—-GC 1
= —£ . .100% 2
Ty Ci,l At 007% ( )

Ya—absolute gas production rate (mL/d).

v,—relative gas production rate (mL/d).

C;1—gas concentration in oil at first measurement (uL/L).

C; o—gas concentration in oil (uL/L) on the second measurement.
At—time difference between two measurements (d).
m—transformer insulating oil (f).
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P—transformer insulating oil density (t/m?).
The critical values for the absolute gas production rate of transformer oil are shown in
Table 3.

Table 3. Critical values for gas production rates.

Gas Composition Closed (mL/d) Open (mL/d)
Total hydrocarbons 12 6
Acetylene Co H; 0.2 0.1

2.2.3. Dissolved Gas Composition in Oil

After the transformer fails, the dissolved gas in the transformer oil reaches more than
a dozen, these gas components and content are of great significance to the transformer fault
diagnosis, domestic transformer fault diagnosis, commonly used gases are CO, CO,, Hy,
CHy, CoHg, CoHy, CoHj these seven gases, of which CO, CO; combination is often used to
diagnose whether the transformer solid insulation material fails, Hy, CH4 combination is
often used to diagnose whether the transformer occurs partial discharge fault, Co Hg, Hy
The combination of CpHy is used to diagnose whether the transformer has a thermal fault,
and the different faults and their corresponding gas components are shown in Table 4.

Table 4. Transformer faults and corresponding gases.

Fault Type Main Ingredients Minor Gas Components
The insulating oil is
overheated CHy, CHy Ha, CoHe
Teinsulatin Oylis Ofheited CHy, CoHy, CO H,, CoHg,CO,
Insulating oil and paper arc
discharge CHy, CoHy, CO, Hy CHy, CoHg, CO2
Arc discharge in insulating oil CHy, CoHy, CoHy CHy, CoHg
Akdi Shegin in Suratingil H,, CHy, CO CHy, CoHg, CoH»
Low energy discharge in Hy, CyHy

insulating oil

2.2.4. Dissolution of Gases

The bubble generation comes from cracking, which is generated by the cracking of the
insulating material in the vessel, and the bubbles will disperse after they are generated and
slowly melt into the oil. Differences in oil temperature in the transformer can lead to oil
circulation. When the cyclic movement begins, the gas will slowly move to the rest of the
transformer. When a fault arises, a large amount of fault gas is generated. The Osterwald
coefficient Ki is often used to calculate the solubility of a gas. As long as the concentration
of the gas components in the gas is measured, the Osterwald coefficient, derived from the
equilibrium principle, can be used to calculate the gas dissolution. The concentration in
transformer oil is derived using the Osterwald formula, as shown in (3):

Ki = Co,i/Cg,j (3)

C,,i—component concentration refers to the gas dissolved in oil;
C, j—refers to the concentration of the gas component [; the Oerswald coefficient is K;.
The Oerswald coefficients for various gases in transformer oil are shown in Table 5.
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Table 5. Oerswald coefficient of gases in transformer oil.

Standard Temperature H, CcO CO, CHy CyH, CyHy CyHg

GB/T17623.1998 50 0.06 0.12 0.92 0.39 1.02 1.46 2.3
TEC60599.1999 50 0.05 0.12 1 0.4 0.9 1.4 1.8

When a potential failure occurs in the transformer, gas and bubbles will be generated
when gas is generated at a high speed, and some of the gases and bubbles in the transformer
oil will melt into the oil. The smaller the bubble, the greater the viscosity of the oil and the
slower the bubble floats, meaning that the bubble is in total contact with the transformer
oil, so that the gas replacement is more complete. Of course, some losses occur when the
gas is dissolved in the transformer oil by diffusion and convection. For example, due to
temperature differences, gas will be transferred from inside the fuel tank of the transformer
to the oil level and storage tank. When the transformer is operating, the gases adsorbed by
these solids are redissolved in the transformer oil.

2.3. Transformer Fault Diagnosis Method

The fault diagnosis methods of transformers are summarized into two categories,
namely, the traditional transformer fault diagnosis method and the intelligent transformer
fault diagnosis method, as shown in Figure 1.

Characteristic gases

Traditional
¥ diagnostic  — There is a coding
methods ratio method
X —» Ratio method —
Transformer
fault ; ¢
T No coding ratio
agnosis |
= method
methods
) BP neural
network
Intelligent
P diagnostic I N Support vector
methods machine

—»  Expert system

Fuzzy theory
algorithm

Figure 1. Transformer fault diagnosis method.

2.3.1. Traditional Transformer Fault Diagnosis Method

(a) Characteristic gas method

According to Table 4, the gas composition of different fault types can be known,
which can be used to determine the category of transformer fault. This method is called
the characteristic gas method. The relationship between transformer fault categories and
characteristic gases is shown in Table 6.
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Table 6. Relationship between transformer fault types and characteristic gases.

Serial Nature of .. . .
Number the Failure Characteristic Gas Characteristics
General
1 overheating Total hydrocarbons are too high, C;H, < 5 uL/L
failure

Severit high total hydrocarbons C, H, > 5 uL./L, However, C, H, did not
y g y

2 overheating  constitute the main component of total hydrocarbons, and the H,
failure content was high
3 Partial Total hydrocarbons are not high, H, >100 uL/L, CH, This
discharge accounts for the main component of total hydrocarbons
4 Patialdi Total hydrocarbons are not high, C; Hy > 10 uL/L, Totahid
Rocabens—Anotte Sea
5 Arcing The total hydrocarbon content is high, the Hy content is high,

and the C, Hj content is high, but it is not the main component

(b) Ratio method
1. IEC triple-ratio method

IEC three-ratio method was originally proposed by the International Electrotechnical
Commission (IEC) in the study of thermodynamic theory. The IEC three-ratio method is
based on the relationship between the fault gas composition and temperature generated
when transformer oil fails. Using the free combination of 0, 1, 2 to express the relationship
between the three pairs of gas ratios, the three pairs of gas ratios are: CoHy /CoHy, CHy/Hj,
CyHy/CyHg. This gas composition and coding combination is used to judge the transformer
fault type, as shown in Table 7.

Table 7. Coding rules of the three-ratio method.

Ratio Encoding Range

Gas Ratio Range

C2H,/CoHy CHy4/H, C,HyCrHg
<0.1 0 1 0
>0.1~<1 1 0 0
>1~<3 1 2 1
>3 2 2 2

As shown in the above table, when the ratio of the three gases is less than 0.1, the ratio
codes of the three gases are 0, 1, and 0, respectively. When the ratio of the three gases is
greater than or equal to 0.1 and less than 1, their ratio codes are 1, 0 and 0, respectively.
When the ratio of the three gases is greater than or equal to 1 and less than 3, their ratio
codes are 1, 2 and 1, respectively. When the ratio of the three gases is greater than or equal
to 3, their ratio codes are 2, 2, and 2, respectively. When using the three-ratio method for
transformer fault diagnosis, it is necessary to obtain the three gas ratio codes according to
Table 7, and then compare the coding combination with the fault type.

2. No coding ratio method

IEC three-ratio method, as a transformer fault diagnosis method, has the character-
istics of being simple and convenient, but the fault code is sometimes missing, and the
coding information corresponding to the fault state cannot be found. In order to solve
the shortcomings of IEC three-ratio method fault diagnosis, many experts and scholars at
home and abroad have proposed the “coding ratio method” by simulating a large number
of actual cases of transformer failure. The troubleshooting of the uncoded ratio method is
shown in Table 8.
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Table 8. Troubleshooting without coding ratio method.

Nature of the Failure CH,/CyHy CHy/H, CyH4/CyHg Typical Example
The winding oil passage
Low—tgmperaturi <0.1 Independent <1 is blocked, and the iron
overheating (<300 °C) - L
core is short-circuited
Medium-temperature Tap changer lead
overheating connector contact
<0.1 Independent 1<ratio<3 Poor, iron core
(300-700 °C) multi-point
grounding bureau
High-temperature o
overheating (>700 °C) <0.1 Independent >3 Local short circuit
Short-circuit
circumference between
High-energy discharge 0.1 < ratio <3 <1 Independent winding turns and cake
rooms, screen discharge,
load tap and switch
High-energy dlsfzharge 0.1 < ratio < 3 <1 Independent The selector switch cuts
and overheating off the current
. Fence dendritic
Low-energy discharge >3 <1 Independent discharge, tap
Low-cnerev discharee The switch is misaligned,
&Y & >3 >1 Independent and the selector switch is

and overheating

not in place

2.3.2. Intelligent Diagnosis Method

In order to quickly and accurately diagnose transformer faults, it is difficult to rely only
on traditional diagnosis methods, because the transformer structure and oil gas production
mechanism are complex, so artificial intelligence algorithms are required for transformer
fault diagnosis. There are many intelligent diagnosis methods for transformer faults,
such as fuzzy theory algorithms, expert systems, support vector machines, and BP neural
networks. The specific characteristics of the four algorithms are shown in Table 9, in these
four algorithms, the BP neural network algorithm has a clear input-output relationship
problem, and transformer fault diagnosis belongs to the multi-classification input and
output problem. While the support vector machine is only suitable for binary classification
problems, the BP neural network can have multiple inputs and outputs, providing it with a
clear advantage in transformer fault diagnosis of the multi-classification problem compared
to other intelligent algorithms. The network is also simpler and convenient, but has the
disadvantage of very easily falling into the local minimum point and a slow convergence
speed. Therefore, in this paper, while selecting the BP neural network algorithm, we
should also optimize the BP algorithm based on the support vector machine classification.
An analysis and comparison of traditional and intelligent diagnostic methods is shown in
Table 9.

Table 9. Comparison of common methods for transformer fault diagnosis.

Algorithm Peculiarity

This can visually determine whether there is a
latent fault, but cannot determine the type and
status of the fault

Characteristic gas method
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Table 9. Cont.

Algorithm Peculiarity

Simple and convenient, but the encoding will
be missing, and the coding information
corresponding to the fault state cannot be
found

Ratio method

This can better deal with the uncertainty and
ambiguity between fault types and symptoms,
but can determine the membership function
based on experience. Rhere is more human
intervention, and there is a lack of a convincing
objective basis

Fuzzy theory

A large amount of experimental data and
monitoring information can be
comprehensively evaluated and analyzed,
but expert knowledge is difficult to express in
rules, and the reasoning of expert systems has
some uncertainties

Expert system

This is mainly used for binary classification
Support vector machine problems, and is not effective for
multi-classification problems

There is a clear input-output relationship,

BP 1 network . : : e
neural networ and it has a good effect in multi-classification

3. Model Construction Based on Improved BP Neural Network

The improved BP neural network model is based on the traditional BPNN. The model
introduces the idea of a ResNet residual network module, and embeds SVM classifiers in
the IV.and V.residual modules, which screens feature vectors that have more influence on
the accuracy of diagnostic results from the perspective of weights.

3.1. SVM Classifier

Support Vector Machine (SVM) algorithm is a classic binary classification algorithm,
the core idea of which is to find an optimal hyperplane as the decision boundary, so as
to maximize the distance between the decision-making boundary and the nearest two
types of sample points, and the model based on this idea has been proved to have a good
generalization ability. In the SVM algorithm, the sample point closest to the decision
boundary is called the support vector, and the distance of the support vector from the
decision hyperplane is defined as d, such that margin = 2 x d, as shown in Figure 2.
The core of SVM is the optimization problem of finding the largest margin, i.e., d, under the
qualification condition of effectively distinguishing between two types of samples.

y=1 I
® y--1 |
@ © Support vectors :

L=w'x+b=0

Figure 2. Schematic diagram of a support vector machine.
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According to the definition of the feature matrix, feature vector and sample label, it
is assumed that the sample points are linear and divisible. Using the distance calculation
formula in n-dimensional space, the distance from the sample point x as a support vector
in Figure 2 to the decision hyperplane /1 : w’x +b = 0 is:

)

of which ||w]| = \/ w? 4+ w3 + ... + w? is the modulus of the weight w, and b is the hyper-
plane intercept. Let the sample point label y = 1 be above the decision boundary in Figure 2
and the sample point label y = —1 be below, because the distance of all sample points xi
from the decision boundary should be greater than d, according to Equation (4):

wlx;+b ) o
Wi =4y =1 )
wixi+b _ L
W < ~d Vi =1

Divide the left and right ends of the inequality in Equation (5) by d at the same time;
wT

since |lw | and d are constants, we can make w; = Twla’

by = W then Equation (5) can
be equivalent to transform to:

wg ‘Xi+bg >1LVy; = 1 ©)
WE-Xi—de > —1,Vyi = -1
As can be seen from Equation (6), Figure 21, : ng +b;=11l: ng +b; = —1. Make

the same scaling of both ends of the hyperplane /; expression as shown in Equation (6):
Iy : whx + by = 0. Therefore, we can see that, for the support vector x, maximizing d
is equivalent to maximizing [w! x + b;| = 1, Whether the support vector is in the I, or I3
hyperplane, there is [w] x + b;| = 1, so the optimal index of SVM is to minimize the ||w||,
that is, min||w||. Simplifying Equation (6) yields y; w} x; + b; > 1; in summary, the core
idea of the SVM algorithm is the following conditional optimization problem:

{ min : ||w| ”

subject to y; (wlx; +by) > 1

For the above optimization objective function, the primary task of SVM is to ensure
that the decision hyperplane can completely separate the two types of feature samples,
but the generalization ability of the model under this goal will be limited and the common
problem of linear indivisibility of data samples cannot be solved; therefore, the optimization
objective function of SVM should be transformed into the following form:

{ min : [|w| +CY",

8
subject to y; (wlx; +by) > 1—;and g; > 0 ®)

Its aim is to introduce a loose operator { to shift the hyperplane I, down (I3 up),
thereby increasing the fault tolerance of the model to the training data set and improving the
generalization ability of the model. The loose operator { = [{1,- - , i, - - - {m] corresponds
to m eigenvectors in eigenmatrix X, which are calculated as follows:

{i = max (0, 1-vy; (ngi + bd)) 9)
At the same time, to limit the fault tolerance of the model, } ;" ; ; should be introduced

into the optimization objective function {; As the regularization term, C in Equation (8)
is used as the weight hyperparameter, and the value of C can be dynamically adjusted



Electronics 2023, 12, 3526

13 of 26

by adjusting the value of C through the intelligent optimization algorithm to find the
proportion of ||w|| and Y/ ; {; in the optimization process.

The implementation logic of the linear classifier of SVM is given above; however, for
transformer fault classification, because the distribution of data samples in the feature
space is more complex, the use of linear classifier cannot obtain the best classification effect,
so it is necessary to use the ascending method to map the originally linearly indivisible
data into a higher-dimensional feature space to achieve linear separability. To do this, the
concept of kernel function needs to be introduced.

In Equation (8), by solving the Lagrangian dual problem, the objective function of the
optimization problem can be transformed into the following form:

max : Z?;l Ny — % 221 Z?;l D(ilxl'yiy]'Xin (10)
subjectto 0 < w; < Cand Y ajy; =0
For the paragraph in Equation (10), define polynomial kernel functions:
k
K(Xi, X]) = (Xi “Xj + C) (11)

For n-dimensional eigenvectors, let c = 1,k = 2, and expand Equation (11), which

is equivalent to upgrading the eigenvectors x; and xj to x* = (x%l,..., x%, \@xnxn,l,...,

V2x,,V/2x1, 1), and then multiply them, so the quadratic polynomial kernel function can

n(n—
2

1 . . . .
map the feature space of R, to the R +21+1 dimension, which greatly increases the
data and the probability that a point is linear and divisible. In SVM, commonly used
kernel functions are linear kernel functions: K(x;, x;) = x;x; (equivalent to constructing

linear SVMs), polynomial kernel functions: K(x;, x;) = (x;xj +C )k, and Gaussian kernel

—x||2 . . .
functions: K(x;,x;) = e i =il" when using Gaussian kernel functions, v and C as
hyperparameters of the model, an intelligent optimization algorithm selection can be used.

3.2. Residual Network Module

When the neural network model reaches a certain depth, the diagnostic performance
of the model will tend to be saturated and cannot be further improved; even the diagnostic
performance will decrease with an increase in the number of network layers. The residual
network (Figure 3) can convert the identity mapping of traditional neural networks into
residual learning, which can solve the problems of gradient disappearance and gradient
explosion caused by the increase in the number of network layers.

/I

input x

(.4 (w,.b,)

Figure 3. Residual Network Module.
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The first-layer residual network first weights its input data x, and calculates the ReLu
activation function of its input data x to obtain the output F; (x), and the output of the
second-layer residual network F,(x) is as follows:

Fz(X) = R[w2 -Fy (X) +by + X] (12)

Formula: w,—Layer 2 network weights; b,—Layer 2 network biasing.

By adding the input data of the residual network of the previous layer, the residual
network enables the current layer to obtain the original features of the data that have not
been processed by the previous layer network and realizes residual learning, to ensure that
the model can better extract feature information.

3.3. Improved Model Structure of BP Neural Network

The structure of the improved BP neural network model is shown in Figure 4.

Residual modules V/ Residual modules VI
/! N //

Fys(x:
input s (®) input Fig()
PR

input

X

input x Fup(®)

output
output

output
output

Fag()=01F, (0] Fao®=0lFeg()+12]

T

Weight

Loy (%)= 01F, (9] Fy(x) = 01 () + 0]

Training Sct

Training Set | Training Set I Training Set

(DY) 4 (%))
: Weight
TSVMI TSVM2
update

Figure 4. Improved model of neural network.

A

update

Training setD = {X, Y} = {(x1,¥1),---, (Xm,Ym) }, Xi € Rh,yi eRf,ie {1,2,3,...,m}.
The feature attribute dimension of the training set sample is /, the output vector di-
mension is f, and i represents the training sample group ordinal number in the training set.
Let wj 1 represent the connection weight from the kth neuron of layer (L-1) to the
jth neuron of layer I : b;; represents the bias of the jth neuron at layer | : «; represents
the jth nerve in layer | the activation value of the meta; o is the ReLu activation function.
The training set is divided into F categories, and the specific operation steps are as follows:

(a) The output of the jth neuron of the 1 layer of the hidden layer is
ajp = U(Z Wik 1&,1—1 + bj,l) (13)
S

Formula: S—number of neurons in layer (I-1) of the hidden layer; xj—feature vectors
output by layer 1 in the hidden layer.

Taking the residual network modules V and VI as an example, when two hidden
layers occur in the same residual network module, the output eigenvector a; is F5(x).
When the two hidden layers are in different network modules, the output eigenvector
a1 = Rl[w3F35(x) + bs + F4(x)]is calculated by Equation (12), that is, the output of the
module [w3, F35(x) + bs], plus the input F4(X) of the module.

The backpropagation of the error is shown in Equation (14), which updates w and b

according to the stochastic gradient descent method.
Aw=—a%, w=w+Aw
{ Jw (1 4)

Ab = —a3E,b=b+Ab

Formula: Aw—weight increment; Ab—bias increment; a—learning rate, « € (0,1);

g—f}—the error is biased to the weight w; g—f—the error derives the bias b.
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(b) Extract the feature vectors a1,a12 of module V and module VI. and their corresponding
category labels in the improved BP neural network to form a new training set(x11,Y),
(“12/ Y) :

(¢) Use the new training set formed in step (b) to train the models TSVM1 and TSVM2
respectively, and the trained models are SVM1 and SVM2.

(d) Input the validation set data (X1, Yyqr) into the network to extract the feature vectors
Ugy; and v, of the V. residual module and V. residuals respectively, and then use
SVM1 and SVM2 to diagnose the feature vectors v,,, and vy,,, respectively, and output
the corresponding accuracy Py and Pi».

(e) If Pj; > Py, calculate the weights of the eigenvectors according to Equation (15).

2
(G2
P12

wpp=e

2
()
_A\Pn )

wipp =e o2

w(Py1,P12) (15)

Formula: wy1,wip;—indicates accuracy. The feature vector weights are Py and Pyp. p
corresponds to the average; ¢ corresponds to variance.

(f)  Update the feature vectors aq; and &y of modules V and VI in step (b) to w},a1; and
w},12, according to the new weights w}; and w/, obtained in step (e).

(g) According to the expected output y; of the i-group sample of the output layer, the cal-
culation error is €; see Equation (16).

= Uy
¢ = gy Llyi—mil (16)

4. Transformer Fault Diagnosis Based on Improved BP Neural Network
4.1. Fault Feature Selection

When the transformer is operating normally, the content of Hp, Hy, CHy, C2Hg, CoHy,
CoH, is very small. When the low temperature is overheated, H, accounts for more than
27% of the total gas content, and when the medium temperature is overheated, the Hp
content decreases. When overheating at a high temperature, the content of C;Hjy is the
highest, there is no C;H, in general partial discharge, and CHjy is increased. Generally,
when discharging with low energy, the characteristic gas content is not much; mainly C, Hy
and H,. Therefore, the content of Hp, CHy, CoHg, CoHy, and CoHy in DGA is used as the
fault diagnosis standard, and the overall operating state of the transformer is divided into
six types: normal (C;), low-energy discharge (C;), high-energy discharge (C3), medium-
and low-temperature overheating (C4), high-temperature overheating (Cs), and partial
discharge (Ce).

4.2. Data Normalization

In order to reduce the difference between different characteristic gas content, the char-
acteristic gas content value and the characteristic gas content ratio are normalized:

Xi — Xinini

Xmax,i - Xmin,i

Xnew,i = (17)

Formula: X; is the original amount of the gas content value or gas content ratio,
i € 1,2,3..,n Xpaxi, Xmini are the maximum and minimum values of gas content or
content ratio in the training set, respectively; X,,.;, ; is the normalized value after reasoning.
Note that test set data also need to be normalized

4.3. Fault Type Code

This article divides power transformers into six categories according to the fault types
in the operation process, and the fault type codes are shown in Table 10.
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Table 10. Transformer Status Codes.

Transformer Status Encode
normal (1,0,0,0,0,0)
Low-energy discharge (0,1,0.0.0.0)
High-energy discharge (0,0,1,0.0.0)
Medium- and low-temperature overheating (0,0,0,1,0,0)
High-temperature overheating (0,0,0,0,1,0)
Partial discharge (0,0,0,0.0,1)

4.4. Filter Training Samples

The ultimate classification ability of a neural network is related to many factors;
however, with other factors being equal, reliable training data can improve the classifier’s
judgment ability. In order to further reduce the difference between different gas content
values, the training data were selected using two metrics, Euler distance and Pearson
coefficient, respectively.

(a) Euler distance is a commonly used metric to calculate the natural length between
vectors and is calculated as follows:

m 2
vep (X0, X5) =4/ ), (Xik - Xjk) (18)
k=1

Formula: ygp (Xi, Xj) represents the Euclidean distance between the k-dimensional
vector Xj and Xj; X; and X; represent data points; m is the dimension of the vector;

(b) The Pearson coefficient is a morphologically similar quantity, which solves the prob-
lem that the covariance is affected by dimensions. Its value range is [0, 2], and the
calculation formula is as follows:

Y (X — Xi) - (X — Xi)

VA 069 T O %)

Formula: ypcca (Xi, X]-) Represents the Pearson coefficients of the k-dimensional vec-
tors Xjx and Xj.

According to Equations (18) and (19), the Euler distance and Pearson coefficient of the
training data are calculated, respectively, and the data with the minimum value of both
types of indicators are taken as the training data for this class.

ecalXiXj) =1 -

(19)

4.5. Data Sampling Block

When training neural networks in distribution, different training sets need to be
assigned to each subclassifier. In this paper, the Hermita polynomial interpolation method
is used to interpolate and expand the original data. The red color in Figure 5 represents
the data points obtained after applying 3 degrees of Hermita polynomial interpolation
to the original data. Hermita polynomial interpolation is a method used to estimate
values between given data points, effectively filling in the gaps and expanding the dataset.
In this case, the original data points were interpolated to create additional data points,
represented by the red color, to increase the size of the training set for each subclassifier in
the distribution of neural networks.



Electronics 2023, 12, 3526

17 of 26

content/ (pL-L1)
I

10 20 30 40 50 60 70 80 90 100

Number

Figure 5. Cubic Hermita polynomial interpolation.

Using the random sampling method, the interpolated and expanded training sample
is divided into three training subsamples, and all the validation sets need to be put into
each subsample, and >, according to < label, data, and type The data format is stored in
HDFS (Distributed File System). “train” indicates training data, and its line begins with a
label of 0 or 1; “val” indicates validation data, whose line prefix label is empty.

Interpolating and sampling the training data, on the one hand, can increase the size
of training samples, provide more feature information yo the neural network, and make
the training data meet the data requirements of distributed learning. On the other hand,
random sampling can alleviate the imbalance in training data to a certain extent and solve
the problem of bias in the training results.

4.6. Distributed Training

Read the training set and validation set required for model training from HDFS,
and the number of subclassifiers is determined by the number of mappers in Spark. Ac-
cording to Equation (13), forward propagation is carried out and the model output is
calculated. Update layers w and b according to Equation (14); When the error value shown
in Equation (16) meets the requirements, the training ends.

Through the distributed training shown in Figure 6, each subclassifier C; can be
obtained. Since each subtraining set is obtained by sampling, the data in each subtraining
set are quite different, resulting in different parameters in each subclassifier. This means
that the diagnostic performance of the final subclassifier is different.

After interpolation, optimal

Training set
random sample
v v v
Training subset 1 Training subset 2 Training subse3
Input Input Input
Improve the BP network Improve the BP network Improve the BP network

generate generate generate

v

Subclassifier 1 Subclassifier 2 Subclassifier 3

Figure 6. Training process of the improved BP neural network.
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4.7. Model Diagnosis

This paper introduces the idea of Adaboost, which votes on the classification results
of Ci for the same new data, and takes the results of the subclassifier with the most votes as
the final classification results. The model diagnosis process is shown in Figure 7.

Validate the dataset
hlf“ it
¥ v )

Subclassifier] Subclassifier2 Subclassifier3
generate generate generate
Diagnostic Finding 1 Diagnostic Finding 2 Diagnostic Finding 3
generate
generate v generate

Majority voting

Final diagnosis

Figure 7. Diagnostic process of the improved BP neural network.

5. Experimental Testing and Analysis
5.1. Data Sample Selection and Preprocessing

The residual BP neural network used in this paper has a total of seven residual
network modules. At the time of training, the learning rate is 0.0001, the activation function
is ReLU, there are a total of 250 rounds of training, the initial weight w follows a Gaussian
distribution with a mean of 0 and a standard deviation of 0.1, and the initial value of bias
b is 0.01. A total of 415 transformer datasets [35] were used in this paper, of which 56,
67,121, 47, 104, 20 are normal, low-energy discharge, high-energy discharge, medium—
low-temperature overheating, high-temperature overheating, and partial discharge states,
respectively. The data set was set up in the ratios of 6:4, 7:3 and 8:2 to establish the
corresponding training set R1—R3 and the test set Tj—T3. In addition, in order to verify the
effectiveness of the transformer fault diagnosis method proposed in this paper with few
sample data, 112 pieces of data in the transformer dataset are taken as the training set S in
the middle proportion of each fault category, and 56 (S1), 112 (S3), and 168 (S3) pieces of
data are taken as the test set in the remaining datasets.

5.2. Analysis of Transformer Fault Diagnosis Results

To evaluate the accuracy and reliability of the proposed transformer fault diagnosis
method, we employed the confusion matrix as a crucial tool for results’ analysis, as shown in
Figure 8. The confusion matrix provides an intuitive graphical representation, showcasing
the classification performance of our proposed method across different fault categories
and demonstrating a good diagnostic effectiveness for all six types of transformer fault.
Through the confusion matrix, we can clearly observe a relationship between actual and
predicted categories, enabling the further computation of various evaluation metrics to
comprehensively assess the method’s performance.

To thoroughly investigate and evaluate the impact of different components on the pro-
posed transformer fault diagnosis method, we conducted a series of ablation experiments.
In these experiments, we enhanced the BP neural network model by introducing residual
modules and integrating them with support vector machines (SVM). Through the ablation
experiments, we compared and analyzed the effects of these variations on the diagnostic
performance and presented the experimental results in tabular form. Table 11 displays the
experimental outcomes for different model configurations, aiding in a better understanding
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and interpretion of the contributions of these components to transformer fault diagnosis.
These experiments allow for us to comprehensively assess and validate the effectiveness
and robustness of the proposed method.

Confusion matrix

(o] 12 13 0.8

(]

0
W

E C4 40
cs -
k20
€6 33
: : : : . Llg
c Q c ca s 6
Predicted Labels
Figure 8. Confusion matrix.
Table 11. Ablation experiment results.
Model SVM Residual Network Precision/%
Module
x x 87.2
v X 91.3
BP neural network 9 v 89.8
v v 92.7

“x” means that this module is not added to the network model, while “v"” means that this module is added to the

network model.

Table 12 shows the diagnostic results of transformer fault data on the corresponding
training and test sets of the improved residual BP neural network model, the traditional
deep BP neural network model and the traditional shallow BP neural network model in
this paper. As can be seen from Table 11, the improved residual BP neural network model
maintains a high fault diagnosis accuracy under different test sets, with an average accuracy
of 92.51%, and the diagnostic effect on each test set is relatively stable, with all remaining
at 91.52% and above. The diagnostic accuracy of the traditional shallow BP neural network
model is higher than that of the traditional deep BP neural network model, and the results
show that the diagnostic performance of the traditional BP neural network decreases to a
certain extent after an increase the network depth. In addition, the results shown in Table 11
show that the transformer fault diagnosis accuracy based on the improved residual BP
neural network model is higher than that of the traditional shallow BP neural network and
the traditional deep BP neural network model under different test sets, and the diagnostic
results show that, after stacking multiple residual network modules, the number of layers
of the deepening BP neural network not only does not decrease diagnostic performance
compared with the traditional BP neural network, but leads to a significant improvement.
Compared with the traditional shallow BP neural network and the traditional deep BP
neural network, the diagnostic accuracy of the improved residual BP neural network model
is improved by an average of 2.57% and 5.66%, respectively.

Table 13 shows the transformer fault diagnosis results based on an improved residual
BP neural network model, traditional deep BP neural network model and traditional
shallow BP neural network model with few sample data. It can be seen from Table 13
that, when there are few sample data, although the diagnostic accuracy of the improved
residual BP neural network model decreases slightly with the increase in the number of
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test sample sets, the overall average diagnostic accuracy remains at 90.38%, which is 5.76%
and 7.15% higher than that of the traditional shallow and deep BP neural network models.
Furthermore, it is shown that the improved residual BP neural network model still has a
good diagnostic performance with few sample data.

Table 12. Diagnostic accuracy of different models.

Test Set Diagnostic Accuracy/%

Model Average Diagnostic Accuracy/%
T 1> T3
Improved residual
BP neural network 91.52 92.26 93.75 92.51
Traditional shallow 87.94 88.69 90.18 89.94
BP neural networks
Traditional deep BP o/ ¢ 86.90 87.50 86.85

neural networks

Table 13. Diagnostic accuracy of different models with few sample data.

Test Set Diagnostic Accuracy/%
Model s S s Average Diagnostic Accuracy/%
1 2 3

Improved residual

BP neural network 91.07 90.18 89.88 90.38
Traditional shallow

BP neural networks 85.71 84.82 83.33 84.62
Traditional deep BP 83.93 83.03 74 6303

neural networks

Figure 9 shows the improved accuracy of the residual BP neural network and the
traditional deep BP neural network for the specific fault types of transformers in test set
T;. As can be seen from Figure 9, among the six fault types of diagnosis, the diagnostic
accuracy of the improved residual BP neural network model proposed in this paper is
higher than that of traditional deep BP neural network.

0.91 0.92 0.915

1.82 0.91 0.905 0918

1.72
1.62

.52

g Residual BP neural
network

=0~ Traditional BP neural
networks

cul
S
<}

I
[+

iagnostic ac

Figure 9. Diagnostic results of transformer fault types.

In the diagnosis of different fault types, the improved residual BP neural network
model has strong diagnostic stability, and the diagnostic accuracy of each fault type is
maintained at above 90.9%. Table 14 shows the test results of some test data on the trained
model. It can be seen from the table that the data of different fault types are tested, and the
improved residual BP neural network model accurately predicts the type of corresponding
fault data.
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Table 14. Shows some of the test data tables.
Gas Content /(uL/L)
Serial Number The Actual Failure Type Predict the Result (Ours) IEC_60599 Duval Triangle Rogers Methods
H, CH,y C2Hg CHy CH,
1 14.67 3.68 10.54 2.71 0.2 normal C Cq Cy Cq
Medium and low
2 27 %0 42 63 0.2 temperature overheating G Ca Ca G
3 73 12.3 3.33 27.1 479 Partial discharge Cs Cs Cq C
4 135 466 70 502 9 High temperature Cs G, Cs Cs
overheating
5 119 25 12 55 84 High energy discharge Cs Cs Cs Cs
6 80 20 6 20 62 Low energy discharge Cq Cq Cq Ce
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However, if IEC 60599 code, Duval triangle, and Rogers methods are used for diagno-
sis, there will be an incorrect diagnosis. Analyzing the error results, due to the different
fault severities, occurrence points and causes, for transformers belonging to the same fault
type, the dissolved gas content in the oil was shown to have a large difference, causing
the samples to be classified into other fault types. The diagnostic model in this paper
has a high diagnostic accuracy in the diagnostic results of the several transformer states
shown above. At the same time, these methods have a limited ability to diagnose complex
or multiple faults. Interpretation of the results requires expertise and experience. It is
also relatively complex, requiring a lot of data collection and analysis. Interpretation may
be subjective and depends on expert judgment. Therefore, the method used in this paper
has certain advantages.

In order to comprehensively measure the superiority of the model proposed in this
paper and avoid errors caused by the data, each model uses the same training set and test
set to conduct 20 experiments; the actual diagnosis results are shown in Table 15. According
to the diagnosis results of different models on the same data set, the diagnosis accuracy
of the model is as high as 92%, which is higher than other algorithm models. Therefore,
the model proposed in this paper can judge the state of the transformer very well.

Table 15. Comprehensive accuracy of each algorithm.

Algorithm Correct Rate (%)
SVM 85
Bi-LSTM 89
Traditional BP neural network 87
Our method 92

During the process of data collection, there may sometimes be missed sampling or
incorrect sampling. In order to prove that the model proposed in this paper still has a high
diagnostic accuracy in the case of sampling errors, part of the data set was set to 10% wrong
sampling. In this paper, the method of setting data to 0 was used to simulate the sampling
error, and the fault diagnosis results are shown in Table 16.

Table 16. Comparison of comprehensive accuracy under the data set with errors.

Model Diagnostic Accuracy (\%)

Algorithm Dataset Is Error-Free  Dataset Error Average Percentage (%)
SVM 85 73 12

Bi-LSTM 89 72 17

Ereatwdi(t)irinal BP neural 87 71 16

Our method 92 86 6

Table 16 shows that the diagnostic accuracy of the model proposed in this paper
declined when the sampling error of some data sets was considered, but the rate of decline
was only 6%, while the diagnostic accuracy of other algorithms was lower than that of other
algorithms. This significant drop indicates that the proposed model has strong robustness.

6. Discussion and Conclusions

This paper proposes a transformer fault diagnosis method that combines the residual
backpropagation (BP) neural network with support vector machines (SVM), demonstrating
an excellent performance in experiments. The aim was to enhance the reliability, operational
efficiency, and energy utilization efficiency of the power grid, promote technological up-
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grades, provide a stable and reliable power supply, and contribute to sustainable economic
and social development.

The method has the following characteristics: (a) After stacking multiple residual
network modules, this method does not deepen the network layers, resulting in more
accurate transformer fault diagnosis based on the residual BP neural network model.
(b) Experimental results show that the proposed transformer fault diagnosis method,
based on the improved residual BP neural network, outperforms the traditional deep BP
neural network and shallow BP neural network diagnosis methods, and the proposed
method maintains a good diagnostic performance with few sample data. (c) Interpolation
methods are used to expand the positive and negative samples in the training and test sets,
meeting the training requirements of the neural network, and enhancing the robustness
and generalization performance of the network. By using the Euler distance coefficient
and Pearson coefficient, as well as random sampling and data partitioning, the problem
of insufficient learning with few sample data and excessive biased learning for with a
large amount of sample data due to data imbalances can be alleviated. (d) The model is
trained on a distributed computing platform, making it suitable for transformer fault type
diagnosis with larger datasets.

Our research method employs a combined approach, using the residual backpropaga-
tion (BP) neural network and support vector machine (SVM) for transformer fault diagnosis.
Many recent studies by experts in the field have also explored methods for diagnosing
faults in power transformers. For instance, Liu Chang et al. [36] applied the bee algorithm
to optimize the BP neural network for transformer fault diagnosis; Fu Baoying et al. [37]
used the particle swarm algorithm to optimize the BP neural network for transformer fault
diagnosis; Han Qingchun [38] proposed a transformer fault diagnosis method based on
the cuckoo algorithm, optimizing the BP neural network; Zeng Zhi et al. [39] developed a
transformer BP neural network fault diagnosis system based on the ant algorithm.

Researchers have employed various swarm intelligence algorithms, such as the bee
algorithm, genetic algorithm, particle swarm algorithm, cuckoo algorithm, artificial fish
swarm algorithm and ant algorithm, to optimize the BP neural network in studying trans-
former fault diagnosis techniques. These approaches have achieved results, but they also
suffer from limitations and deficiencies in the iterative optimization process, including high
computational complexity, a slow convergence speed, and susceptibility to local optima.
As a consequence, these algorithms often lead to misdiagnoses when a transformer fault
occurs, affecting the accuracy of transformer fault diagnosis.

Compared to these methods, the transformer fault diagnosis approach presented
in this paper, which combines the residual backpropagation (BP) neural network with
support vector machines (SVM), offers several advantages. The residual BP neural network
enhances diagnostic accuracy by introducing residual learning. The improved combination
of the residual BP neural network with SVM, through feature vector selection and weighting,
demonstrates a better generalization performance under small sample data. Leveraging
the deep feature learning ability of the residual BP neural network and the feature selection
ability of SVM, our method can effectively handle complex fault scenarios, including low-
probability faults and cross-impacts. By optimizing the model and adjusting parameters,
our approach possesses high real-time and practical capabilities for practical applications.
In the real-time monitoring and fault handling of power systems, rapid and accurate fault
diagnosis is crucial, and our method meets this demand, ensuring the stability and safe
operation of the power system.

However, when using our method, the acquisition of transformer fault data may be
limited by the actual collection process and the frequency and types of transformer faults.
Insufficient fault samples may affect the model’s generalization ability and robustness.
The quality and scale of the dataset are critical to the method’s performance. Future research
can explore the expansion of more real and diverse datasets and share these data with the
academic and industrial communities to promote research and progress in this field.
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When using SVM for feature vector evaluation and weight allocation in our method,
appropriate parameter tuning may be necessary. Different parameter choices can impact
the model’s performance; hence, further optimization and adjustments are required.

In the future, further research and applications of this method are necessary to con-
tinuously improve transformer fault diagnosis technology and drive the modernization
of power systems. While this paper primarily focuses on fault diagnosis, in the future,
the proposed method can be extended to the long-term operational health monitoring of
transformers. Through real-time monitoring and diagnosis, potential faults can be better
predicted, and preventive maintenance measures can be taken, thereby extending the life
of transformers and increasing their reliability.
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