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Abstract In this paper, the application of artificial intelligent techniques on condi-
tion monitoring and diagnosis of power transformer has been reported. Enormous
technological innovations have been reported by researchers to quantify the health
assessment methodologies for in-service power transformers such as Artificial Neural
Network, Fuzzy logic, Clustering techniques, and Expert systems for precise diag-
nostics and prognostics tasks. Albeit, numerous reports, and studies, prediction of
accurate health status of an in-service power apparatus like transformer is still a
challenge. An effort has been made in this paper to compile the outcome of various
research tools with practical in-service data to get an overall status of existing techno-
logical breakthroughs in the emerging field of condition monitoring of transformer for
the benefit of utilities and researchers. The prospective of condition monitoring and
diagnosis technologies of a power transformer can be emulated for asset management
and prevent catastrophic failures of power transformers.

Keywords Health index - Artificial intelligence - Transformers + Fuzzy logic
1 Introduction

Transformers are the most important and expansive equipment of power system.
The size of power transformer ranges between a hundred KVA to hundred MVA,
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involves plenty of money as replacement costs in event of a catastrophic failures.
[1]. The power transformer is usually reliable throughout its service with opera-
tional life varying between 30 and 40 years. Practically, the transformer life can
be extended up to 50 years with good conditioning monitoring and maintenance
practices [1]. Failures of these power transformers majorly affect the social life of
utility and also dangerously affect the power system results in loss of revenue. The
health index is a mathematical tool that combines all the information such as results
of operating observation, field test, site, and laboratory test which provide a single
quantitative index that represents overall health index [2]. Initially, the transformer
works satisfactory, but as the transformer aged, some fault occurred due to internal
degradation. Mostly failure happened by a severe condition like short circuit, light-
ning stroke, switching transient or incipient fault. When a transformer is installed it
is sufficient to bear unusual conditions. After some time, the transformer age, their
insulation strength degrades so it cannot withstand these unusual conditions [3]. To
reduce or prevent these types of failures and maintain the transformer to work satis-
factory several studies have to be done and many techniques developed in recent
years. These techniques measure the various technical parameter such as breakdown
voltage (BDV), dissipation actor (DF), partial discharge (PD) thermal imaging, tap
changer test, bushing test, recovery voltage test, interfacial tension (IFT), moisture
content in oil, acidity, dissolved gas analysis (DGA), furan analysis, paper insulation,
winding temperature, sweep frequency response analysis (SFRA), also it includes
economical parameter such as percent of economic life (%EL) and ageing accelera-
tion factor (F_AA) [2, 3]. Traditionally such tests are conducted on a routine basis to
evaluate the health of transformers. Several authors have reported fuzzy clustering
based expert systems for health assessment of transformers [4]. The main advantage
of condition-based management is that maintenance is only done when it is neces-
sary rather than maintenance done at regular time intervals. There is a lot of testing
method and monitoring techniques which are used by the utility. This paper reviews
all those techniques and gives an idea about how to calculate the health index of
power transformer by emerging techniques.

2 Failures and Problems of Power Transformer

Failures of transformer may arise due to different operational conditions. Generally,
transformer failures are classified into three categories.

1. Electrically
2. Mechanically
3. Thermally.

The reason for failure may be external or internal. In view of the main tank failure,
bushing failure, tap changer, or in transformer accessories can also occur. Table 1
shows typical failures in transformer [1] and various failure mechanisms have been
summarized in [5].
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Table 1 Typical cause of transformer failure

Internal External

Insulation deterioration, loss of winding Lighting strike, system switching operation,
clamping overheating, oxygen, moisture, solid | system overload, system fault (short circuit)
contamination in transformer oil, partial
discharge, design and manufacture defects
winding resonance

The failure rate of the transformer can understand by bathtub curve which is shown
in Fig. 1. According to the bathtub curve, the lifetime of power transformer can be
divided into three stages. Correspondingly there are three stages of failure of power
transformer. The first stage denotes infant stage which is not more than one year. The
second stage denotes the normal stage. In both stages the failure rate is constant. The
third stage denotes wear out stage. In this stage failure rate is increased due to wear
and tear.

A survey report shows the main cause of failure of power transformer (51% in a
5-year period) due to the following problem [6].

e Transformer internal dielectric strength weakening due to moisture contents, oil
contamination, and ageing of oil.

e Winding short circuit or damage to the winding by decompression.

e Bushing problem due to loss of internal dielectric strength.

A survey conducted by CIGRE group on power transformers failures. On the
basis of the survey, they conclude that 41% of failures happened due to on-load tap
changer, and 19% happened due to windings. Figure 2 shows that the percentage
failure of power transformer distribution with on-load taps changers.

Fig. 1 Failure of bath tub
curve
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Fig. 2 Percentage power Core
transformers failure Terminal

On Load Tap | Accessories
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3 Monitoring and Diagnostic Method

Generally, the term “monitoring” means supervising activities in progress which
means to ensure they are on course and on schedule in meeting the objectives and
performance target. The term “diagnostics” means to assess the health with the
help of an expert system and suggest taking some action if anything is not in good
condition. There are so many tools that evaluate the health of transformers [1-4].
They can be divided into two types, one is traditional and another is nontraditional.
Former has been widespread use for many years and later still in the research stage.
Monitoring and diagnosis of a transformer play a critical role in deciding the financial
aspects and risk assessment of an industry. A proper condition monitoring and an
appropriate preventive or corrective timely action enable sound maintenance of the
transformer. This also ensures proper health monitoring and enables the long life of
the transformer. Condition monitoring of the transformer may also avoid premature
ageing of the transformer and avoids catastrophic failures.

4 Diagnostic Method

4.1 Oil Testing

The transformer oil is the most important parameter to evaluate the health of power
transformer. Thermal fault as well as electrical fault is the main cause of degradation
of oil. Recently, various oils based on esters and mixed oils are laid due emphasis by
the researchers [7-9].
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Table 2 Key gases generated Key gases Characteristic fault

by particular fault
H» Partial discharge
CyHg Thermal fault <300 °C
CyHy Thermal fault 300—<700 °C
C,H,, CoHy Thermal fault >700 °C
CoH», Hy Discharge of energy

1. Dissolved gas analysis

Dissolved Gas Analysis (DGA) is among the most important technique for the deter-
mination of incipient faults on oil-filled transformers. Due to thermal and electrical
stresses the hydro-carbon chains breakdown causing the formation of gases [10].
Various DGA methods like Gas Chromatography and Photo Acoustic Spectroscopy
extract information about the concentrations of various dissolved gases. Then DGA
techniques like Key Gas Method, Ratio Methods, or Graphical Methods are used to
analyze these data to predict nature of incipient fault developing in the transformer.
The major fault gases are H,, C,H,, C,Hy, C,Hg, and CHy. Table 2 shows the key
gases generated by a particular fault.

To determining the health index of transformer DGAF is calculated as follows
which is based on IEEE and IEC standards.

>ii S x Wi

YW

DGAF = ey

where i denote dissolved gases, S; is the score value based on the volume of dissolved
gases, and w; is the weighing factor of each gas.

2. Oil insulating quality

Oil is the most important characteristic of the life of transformer. Insulation of oil
greatly affects the life of transformer. There are so many ways that reduced the
insulation level of transformer oil. That’s why many tools and tests are used to
determine the insulation quality of oil [11]. There are so many tests perform for
transformer oil. The tests, method/standard, and effects which are usually performed
are listed in Table 3.

From the observation of testing of transformer oil by the various methods, one
single parameter is defined called oil quality factor which is further used to calculate
the health index of transformer.

Yo i x Wi
> Wi

When paper ages, a number of furan compounds are present in the transformer oil.
The availability of these furan compounds is directly related to the paper insulation

OQF = @)
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Table 3 Insulation oil test

Test Method/standard Effects

Breakdown voltage (BDV) | D877, D1816 (ASTM) | Dielectric strength reduced

Acidity D644, D974 (ASTM) | Sludge formation

Interfacial Tension (IFT) D971 (ASTM) Formation of soluble polar contaminants
and products of degradation

Color D1500 (ASTM) Color changes indicate deterioration

Water D1533 (ASTM) Influence ageing tendency of liquid and
solid insulation

Power Factor (PF) D924 (ASTM) Condition of capacitive insulation

Table 4 .Guideline for paper Furfural in ppm DOP Paper degradation
degradation
0-0.1 850-1150 Normal
0.1-0.25 750-600 More than normal
0.25-0.5 500-400 Poor
>10 <300 End of life

strength through its degree of polymerization (DOP) [4]. Transformer oil samples
must be tested for furan analysis when one of the conditions follows [1, 8]:

Transformer overheating

Transformer overloading

Level of carbon monoxide (co) or carbon dioxide (co;) is very high
Reduction in interfacial tension with a constant acidic number
Change in color of oil

Increase in moisture content.

Furan compounds are produced in transformer oil as cellulose material. These
cellulose materials are used in solid or paper insulation. Measurement of furan
compounds of oil also used for measurement of degree of polymerization of the
paper insulation [6—8]. Ranges and paper degradation are listed in Table 4.

4.2 Hot Spot Temperature and Load Index

The life of the transformer estimated by the manufacture, real age, weather condition
is taken into account to determine the health condition. As the transformer load
current flow in the winding heat is dissipated so the winding temperature is also used
to estimate the expected life of the transformer [9].

Another parameter related to winding temperature, i.e., load history also considers
evaluating the health index which is very useful. Instead from average load, the peak
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Tabl.e S Temperature Class Temperature range (°C)
classification

Normal 0-10

Moderate 11-20

Serious 21-50

Critical >50

load should be considered in certain time periods [9]. As the winding temperature
increases, mostly paper insulation degraded. So, for the protection of paper insulation,
it must be recognizing accurately where the hot spot occurring. The main work to
estimate the health indices adding with this concept is described in the following
methodology [4, 9].

e The winding temperature or hot spot temperature is determined by thermal
imaging camera or software based on the finite element method.

e Subsequently, spotting the hot spot winding visually and calculating the circu-
lating current in the winding. These values are ranged between optimal loads to
full load.

e An equation is proposed relating the hot spot and load index with the help of the
above two steps. Therefore, ageing acceleration factor of insulation system relate
to the transformer health condition.

The severity of overheating from the thermal imaging camera can be categorized
as shown in Table 5.

4.3 Economic Analysis

It is also very helpful in assessing the health condition of power transformer. Basi-
cally, it includes the capital cost, running cost, depreciation factor, or interest rate to
help assessing the condition of the transformer [2].

Economic analysis is done with the help of bathtub curve. At the time of starting
or initial time period transformer faults are more so it needs more inspection but this
time period is not more than one year. This time period is called infant time period.
After this time period transformer working normally and faults occur less than infant
period. The third and last time period is wear and tear stage in which faults occur
more than other two-time periods. The fault rate is equal in both infant and normal
time periods whereas in wear and tear stage fault rate is higher. From the bathtub
curve, we decide the failure rate as follows [6, 8]:

Modeling of failure rate of power transformer

Modeling of outage probability distribution of power transformer
Modeling of annual cost disturbance

Modeling of annual operational cost.

NS
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Once failure rate decided, Model the economic lifetime of power transformer
annually by modeling equivalent annual cost which also includes the investment
cost. In wear and tear time period maintenance costs should be increased due to more
failure rate to maintain the transformer work satisfactory [2]. So, for the evaluation
of economic life, operating and maintenance costs are taken into account to calculate
the minimum annual cost (AC) of the transformer.

AC(n) = PW(n) + OC(n) 3)

where n is the no. of year which is studied. Present worth (PW) includes initial
purchase cost (PC) and salvage Value (SV). The present worth is usually decreased
[2].

Operating cost (OC) include the interruption cost, cost of maintenance, diagnostic
test cost, and cost of labor. The operating cost (OC) is usually increased [2]. The
year in which the annual cost occurring its lowest value is the economic life of the
transformer. Then, percent of economic life is defined as given below.

AGE
PE% =

x 100% “4)

5 Health Index of Transformer

The conventional transformer health assessment needs information such as deteri-
oration of insulation system, load characteristics, winding temperature, and many
other factors to evaluate the life of transformer. Final health index is calculated as
follows:

Y KHIF,
Yio1 4K,

where ‘n’ is the number of input parameters.

K is the coefficient of multiplication.

HIF is the number from the evaluation of each testing parameter.

The health index value obtained from equation no (5) is categorized into five
divisions from 0 (zero represent the poorest value) to 1(one represents very good
value).

HI (5)
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6 Different AI Techniques

This paper also reviews the different Al techniques which determine the health assess-
ment of power transformer. There are following Al techniques which usually used
by the utility.

1. Aurtificial neural network (ANN)
2. Fuzzy Logic
3. Adaptive neuro-fuzzy inference system (ANFIS).

6.1 Artificial Neural Network Technique

ANN is an Al technique that is motivated by human behavior of brain. An ANN is an
information processing paradigm that is inspired by the biological nervous system
such as the human brain’s information processing mechanism. ANN is an efficient
method that assess the health condition of the power transformer by observing the
relationship between inputs (transformer parameter which affects the health condi-
tion) and output (HI). ANN consists of three layers, i.e., input layer, hidden layer,
and output layer. ANN models are shown in Figs. 3 and 4 as in [10]:

Fig. 3 Schematic of ANN Hidden
model

Fig. 4 Schematic of ANFIS Layar 1 Layor 4
model
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Fig. 5 Schematic of ANFIS 4
model 1.0
MEDIUM
Low HICH
0.5 —
0.0 >

Value (measured variable)

6.2 Artificial Neural Network Technique

Fuzzy logic is a superset of Boolean logic that handles the concept of partial truth,
which is a truth value between “completely truth” and “completely false”. Fuzzy
logic is multivalued. It deals with degree of membership function and degree of truth.
Fuzzy logic uses the continuum of logical values between 0 denotes completely false
and 1 which denotes completely truth [11]. The membership function of fuzzy logic
is shown in Fig. 5.

6.3 Adaptive Neuro-Fuzzy Inference System

Adaptive neuro-fuzzy inference system is a kind of Artificial Neural Network that
combines both neural network and fuzzy logic principal. The ANFIS is a very strong
technique that helps in predicting test score and simulating the complex nonlinear
system. This model has five layers as follows in [4, 6].

7 Discussion on Various Research Tools

Many researchers are evaluating the health index of transformer with different
methodologies or used different kinds of tools to analyze their results to compare
with conventional methods. A few of results of researcher is shown below to get
an overall status of existing technological breakthrough in this field for benefit of
utilities and researcher. Results of health index evaluation using industry standard
and health index evaluation using ANN and ANFIS models are given in Tables 6 and
Table 7 respectively.
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Table 6 Health index evaluation using industry standard

No. of trans. Determining the health index based on industry Expert judgment

standard

DFAF OQF PIF HI
1 1 1 1 1 1
2 1 1 1 1 1
3 1 2 2 2 2
4 2 1 2 2 2
5 5 1 1 3 3
6 4 1 2 3 3
7 5 1 4 4 4
8 5 1 4 4 4
9 5 5 3 5 5
10 5 4 4 5 5

8 Conclusion

A review of the application of Al techniques on condition monitoring and diagnosis
of power transformer has been reported. In the health assessment part, the actual age,
environmental conditions of transformer location, and life expected by manufacturer
are taken into account to determining the health index. The winding temperature is
also used to estimate the life of the machine. The load history of the transformer
could be very useful for the health index. Another group of practical data that has
been considered for the health evaluation is the leakage reactance, state of bushing,
electrical resistance, ground isolation, focusing on oil leaks, and the level and color
of oil. The physical and dielectric properties of oil are the most common variables
mentioned by industry. Some other group of data reported includes the economical
parameter to monitor the life of power transformer.
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