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Development of fuzzy classifier for technical condition ranking of power transformer

The work aim is to develop a fuzzy classifier for technical condition ranking of power transformer under condition of vagueness and
ambiguity diagnostic information. Methodology. The fuzzy classifier developing for technical condition ranking of power
transformer was based on approach of using fuzzy set theory and optimization methods. The proposed approach for power
transformer rank assessment by using a classifier was developed on the basis of Takagi-Sugeno fuzzy inference system. The input
indicators choice is justified and their efficiency for classifier is evaluated by expert evaluation method. This makes it possible to
formalize expert assessments regarding the development of power transformer defects. Results. The formalization of technical
condition assessment of power transformer in knowledge base form, which implemented in expert system prototype for technical
condition assessment, was carried out. The complex technical condition assessment for each functional unit of power transformer
was determined based on expert evaluations with using the test and measurement parameters results. Originality. The considered
approach to formalization of uncertainty regarding technical condition of power transformer allows building a deterministic
decision-making scheme for further maintenance strategy, in which the ranking and decommissioning procedures for specific objects
are implemented on the basis of objective criteria. Practical value. The proposed fuzzy classifier allows determination with a high
probability degree of technical condition assessment of power transformer based on the test and measurement parameters results.
Thus, an applied aspect of using the obtained scientific result is the possibility to objectively rank of power transformers park based
on the identified possible defects and their development degree. This constitutes the prerequisites for determining the failure
probability evaluation of power transformer at nearest observation period and emergency risk assessment in integrated electric
power systems under power transformer failures. References 36, tables 8, figures 12.
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Pozenanymo numanna o6rpynmyeanns i po3poOKu iHmeneKmyanbhoi cucmemu Oas NIOMPUMKU NPUUHAMMA piuleHb w000
SUSHAYEHHS PAHEY MEXHINHO20 CMAHY CUN0B020 MpAHCcpopmamopa. 3anponoHosano nioxXio O 6CMAHOBNEHHS PAHZY CUTOBO20
Mpanchopmamopa Waaxom 3acmocy8ants Kiacugikamopa, pospobaenozo na 6asi cucmemu Hedimkozo eusedenns Taxazi — CyzeHo.
Tlobyoosano iepapxiuni cmpykmypHi cxemu 6U3HAYEHHs PIGHIE (haKMOpPie MEXHIYHO20 CIMAHY OKPeMUX (DYHKYIOHATbHUX 8V3/i6 ma
cun08020 mpancgopmamopa 8 yinomy. Pospobreno meuwimkuii kaacugikamop 015l pamdcy8anHs MeEXHIUHO20 CMAHY CUTO0BO20
mpancgopmamopa 3a pe3yibmamamu OKpemux eunpobyeansv i eumiplosans. Buxonana adanmayis mewimxux mooeneil OYiHKu
MEXHIYHO20 CMAHY WIAXOM HABYAHHS HEYIMKOo20 Kiacu@ikamopa Ha 6udipkax 3 NpoOmoOKonie 0OCMedCeHHs NAapKy CUNOBUX
mpancgopmamopie pizHux munie i kiacy manpye. BUKOHAHO KOMRIEKCHY OYIHKY MeXHiuH020 cmaHy ma Kiacugikayilo paney 3a
CYKYRHICIIO KOHMPOTbOBAHUX NAPAMEMPI8 CULO8UX MPAHCPopmamopie enepeokomnanii. bidmn. 36, Tadin. 8, puc. 12.

Knrouoei cnosa: HediTkuil kiaacugikaTop, eJJeKTPo0oo1aJHAHHS, OLIHKA TeXHIYHOI 0 cTaHy, 1edeKT, cujioBuii Tpancgopmartop.

Introduction. The current state of the electric power — EE:vinding:
industry in the industrialized countries of the world is
characterized by a significant degree of wear of power Ly iding:
transformers (PTs) as the most common element of the
electric power system. Accelerated renewal of the PT Ml Teping winding
park requires colossal investments in the electric power
industry and determines the need for a comprehensive I ead i
approach to solving these problems, not limited to '
equipment replacement [1-3]. Table 1 presents statistical g wincingtowinding
data on the distribution of characteristic damage of PTs relom236%
110-500 kV by functional nodes [4, 5]. B HV bushings:
Table 1 117
Statistical data on the distribution of PT damage by
functional nodes according to the duration of operation

I LV bushings:
2.36%

[l Core & magnetic
circuit: 6.30%

Flux shunts:
0.79%

Cooling unit:
1.57%

Tap changer:
P g
11.81%

Fig. 1. The main causes of PT failures statistics for voltage more

- than 110 kV
Number of damages according to the

PT fﬁgzt;onal T durlagigg Ofozp(f_gagon ggtgg ST =20 | Total In addition, most of the PT parks retain their

years | years | years | years | years Qperatlonal capacity beyond the~des1gq life. It is urgent to
Magnetic core | 0 0 1 0 0 1 improve the methods of diagnosing the technical
Cooling ) 14 13 ) 0 30 condition of the equipment to determine the possibilities
system of its operation for 2-fold and more than the normative
Windings 23 25 23 28 12 111 terms of operation [7-9].
On-load tap- 12 28 21 10 0 71 Incorrect determination of the rank of the technical
changer .. .
High-voltage condition of the PT can lead to an erroneous calculation
bushings 15 37 38 31 9 |130| of the composition of the necessary volumes of diagnostic
0il leak 2 16 19 11 3 61 tests and measures for further operation [10].
Vandalism 3 6 10 1 1 21 Thus, the economic impracticality of prior
Oil drain 12 22 22 14 5 75 equipment replacement is obvious, as well as the
Total 79 148 147 96 30 |500 importance of timely detection of threatening defects,

Figure 1 shows the statistics of the main reasons for ~ their further control with increasing reliability of
PTs failures according to SIGRE data as of 2015 for the  determining the rank of the technical condition of the PT.
period from 1950 to 2009 [6]. © E.IL Bardyk, N.P. Bolotnyi
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Analysis of literary sources and problem
definition. Modern software and algorithms allow to
significantly increase the reliability of solving such
problems in conditions of uncertainty of diagnostic
information. More reliable decisions regarding the
ranking of the technical condition of PTs can be obtained
when using intelligent decision support systems [11].

Currently, chromatographic analysis of dissolved gases
(DGA) in PT oil is widely used to diagnose PT. Under the
conditions of the occurrence and development of a defect
inside the transformer, the composition and concentration of
gases dissolved in the transformer oil intensively change
both quantitatively and qualitatively [12].

Practically all available methods for evaluating the
results of the DGA do not allow to clearly classify the
technical condition of the PT based on the change in gas
concentrations and, accordingly, cannot be used to assess
the technical condition of the transformer at the
observation time interval [13].

Table 2 presents certain results of some systems
developed for diagnosing transformers based on DGA [14-16].

Table 2
Obtained results for some PT defect diagnosis systems
Number of | Diagnostic accuracy of the developed systems,
PT %
711 90,3 — educational sample
93,81 — test sample
210 95,72 — educational sample
95,34 — test sample
711 96,2
90,91 — Dornenburg method
87,88 — modified Rogers method

33 90,91 — Rogers method
93,94 — IEC/IEEE method
820 90,49 — educational sample

93,54 — test sample

Quantitative indicators of diagnostic accuracy of the
presented systems reflect the need to use methods that
allow minimizing the error in assessing the technical
condition of the PT.

The complexity of solving this problem is
determined by the presence of a number of factors that
simultaneously affect the concentration of gases in the oil:
deterministic factors determined by the design of the PT,
as well as stochastic factors that depend on the operating
conditions of the PT.

A generalization of the results of basic and
promising scientific works was carried out for the
selection of software and algorithms for intelligent
systems that allows obtaining reliable forecasting results
in conditions of uncertainty [8-12].

Based on the results of the generalization, a
technical and economic evaluation of production models
(PM), semantic networks (SN), logical models (LM),
artificial neural networks (ANN), fuzzy logic (FL), fuzzy
neural networks (FNN), etc. was carried out [13-20].

Table 3 shows the -characteristics of knowledge
representation models for intelligent decision support systems.

It is obvious that among the listed models of the
problem to be solved, models based on fuzzy neural
networks are best suited [21]. They combine the
advantages of such models of knowledge presentation as
FL and ANN, which allows to compensate for the
shortcomings inherent in each individual model.

Table 3
Technical and economic assessment of knowledge
representation models

Knowledge representation
Name of the criterion model
LM [PM|SN|ANN | FL | FNN

1. Ability to operate with fuzzy data -+ ] - + [ +] +
2. Universality -l -1+ -]+
3. Clarity of knowledge presentation -+ |+ - + | +
4. Modularity + | + | - + - |+
5. Allowable time spent on building clelol + 1+l +
the model
6. Acceptable value + |+ | - + |+ | +
7. Ability to self-study - - - + - +
8. Efficiency coefficient 0,5/0,7{0,1] 0,9 [0,6] 1

Based on the results of the analysis, it was decided to
use FNN to build a fuzzy classifier based on the application
of the Takagi-Sugeno fuzzy system model [22].

Therefore, the goal of the article is to improve the
efficiency of the assessment of the technical condition of
the power transformer by developing a fuzzy classifier to
ensure the reliability of determining the rank of the
technical condition of the power transformer.

To achieve the goal, the following tasks were solved:

e to develop a hierarchy of fuzzy assessment of the
technical condition of the PT based on the aggregation of
the most significant levels of factors affecting the
technical condition;

e to develop an algorithm for conducting a fuzzy
assessment of the technical condition of the PT based on a
set of controlled parameters;

e to develop a fuzzy classifier for ranking the
technical state of PT;

e to carry out a comprehensive fuzzy assessment of the
technical condition of the PT in the conditions of information
uncertainty in order to make effective preventive decisions
regarding the strategy of further operation.

The concept of selecting parameters affecting the
determination of the rank of the technical state of the
PT. There are a number of diagnostic methods for
determining the state of PT, but it is not easy to integrate
their results into a single comprehensive assessment. The
method based on fuzzy logic for calculating the health
index proposed in [23] allows determining only the
performance indicator of the insulation system. Over the
past decades, various algorithms for diagnosing the state
of PT have been proposed using intelligent information
processing technology, such as the Bayes method [24],
the method of evidentiary argumentation [25], the method
of support vector machines [26], the method of artificial
neural network [27]. When a PT defect occurs, it is often
accompanied by a change in some parameters of the
technical condition [28]. These algorithms have achieved
good results in engineering practice, but there is a lack of
analysis of the correlation of each parameter and the class
of technical state of PT. In [29], when assessing the state
of the transformer, each of the test indices and state rank
corresponds to a separate pair of data sets. But the internal
relationships between each test index were not considered
in these works, so the types of PT damage cannot be
diagnosed. On the other hand, the methods of assessing
the condition of transformers based on the method of
analysis of pairs of sets are the basis for the complex
scoring method of assessing the technical condition by

4
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experts. This makes it possible to construct fuzzy matrices
of expert evaluations using an analytical hierarchical
process to determine weighting factors. However, the use
of a complex scoring method for assessing the technical
condition and analytical hierarchical process do not allow
to completely avoid subjective disagreements of experts
regarding the presence of a defect in the PT [30].

For the above reasons, this article makes an attempt to
overcome the shortcomings of the considered approaches
and methods of determining the comprehensive assessment
of the technical condition of the PT.

The development of a fuzzy classifier involves the
implementation of several main stages. At the initial stage
of creating a classifier, it is necessary to select the factors
that are most significant in determining the rank. Selection
of the main parameters is also important, since the
assessment of the technical condition rank of PT is
characterized by a large number of factors that have certain
differences for different classes of technical condition. The
solution to this problem is possible using the method of
expert evaluations for ranking the compared objects.

The proposed method of expert evaluations is based on
the use of a fuzzy comprehensive evaluation of the object,
the functioning of which is influenced by numerous factors.

The practice of conducting diagnostic tests on PT
shows that when making a diagnostic hypothesis regarding
the presence of a defect, there should be several factors that
are considered and determined in the evaluation process.
Since it is usually very difficult to make a decision using a
classical mathematical method, fuzzy complex estimation is
able to solve the multi-factor assessment decision-making
problem. This assessment method is based on existing
evaluation standards and fuzzy conversion of actually
measured data or data with significant uncertainty,
incomplete information. Compared to other methods, it is a
comprehensive, objective and integrated method of
evaluating results.

The algorithm for conducting a fuzzy assessment of
the technical condition of the PT is as follows.

1. Determination of the set of X levels of factors
influencing the technical condition of the PT, which
requires assessment:

X:{xl,xz,...,xn}; (1)
where x; is the i-th factor that can affect the technical
condition of the PT and has a certain degree of ambiguity;
n is the total number of factors that can affect the
technical condition of the PT.

2. Formation of the set V" of expert evaluations:

where v; is the i-th comprehensive result of the expert's
comprehensive assessment; » is the total number of expert
assessments regarding the technical condition of the PT.

3. Formation of the complex matrix of fuzzy
relations of expert evaluations R:

nr - ny
R=|: . |

Ty

where r; € [0, 1] is the element of the matrix of fuzzy
relations between damage to functional nodes and the
consequences of these damages.
4) Definition of the system of weighting coefficients ¥
n

W:(wl,wz,...,w,,), ZWiZI’ “)
i=1

where w; is the i-th weighting coefficient reflecting the
significance of each assessment factor x;; n is the total
number of weighting coefficients for assessing the
significance of factors with regard to the impact on the
assessment of the technical condition of the PT.

5) Definition of the set B of the fuzzy comprehensive
assessment of the technical state of the PT. The equation of
the fuzzy comprehensive assessment of experts regarding
the technical condition of the PT

B= max{bl, by, ... ,bn} ,

3

(&)

m
where bj :ijn]- ,j=1,2, .., nis the j-th fuzzy
i=l
comprehensive assessment of the technical condition of
the PT; n is the total number of fuzzy comprehensive
assessments of the technical condition of the PT.

An expert group consisting of # highly qualified
specialists in the operation and repair of PTs is formed to
carry out the work on the fuzzy comprehensive evaluation of
technical state using the method of expert evaluations. The
formation of the group began with the selection of candidates
and their further evaluation using the Delphi method [31].

To determine the technical condition of the olive PT,
based on the results of individual tests and measurements,
a linguistic mathematical model was developed, which
includes the rules of fuzzy logical inference, the term-set
and the function of the input parameters belonging to one
or another linguistic quantity. Figure 2 presents a
fragment of a hierarchical structural diagram of a fuzzy
logical inference about the technical condition of an oil
transformer on the basis of defined separate levels of

V= {Vl > V25 s Vy } ; (2)  technical condition factors [32].
B
D(X, ... X))
x11 xI12 x13 eee | XI5 x16 | eee| x45 | ooe | Xy
Oil and Oth
Insulation Loss Wi'nding Leakage DGA cellulose fact::
resistance factor resistance reactance quality level
analysis

Fig. 2. The hierarchical structural scheme of fuzzy logical conclusion for PT technical condition
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The model contains the rules of Takagi-Sugeno fuzzy
logical inference, terms and functions of belonging of the
input parameters to one or another linguistic quantity. The
knowledge base of the prototype of the expert system for
diagnosing the technical condition of the PT is based on a
hierarchical representation and consists of a system of built-
in knowledge bases. An integral assessment of the technical
condition is carried out by aggregating inferences regarding
the type of the PT defect based on individual test results,
using relevant knowledge bases.

Fuzzy logic analysis includes three sequential
processes, namely: fuzzification, fuzzy inference, and
defuzzification. Fuzzification transforms, for example, a
clear gas ratio into a fuzzy input set. The selected fuzzy
logic inference system is responsible for obtaining
inferencees from fuzzy rules based on the knowledge of
«if-theny» linguistic statements. Each rule consists of two
components, in which there is the preceding part («if»)
and the following part («then»). With the help of a fuzzy
approach, partial belonging to a certain class of technical
condition (determined by the value of the belonging
function) can increase the number of relevant inferences
compared to the traditional criteria for assessing the
technical condition of the PT, which are regulated by
regulatory and technical documentation [6, 32].

For example, the linguistic rule for determining the
assessment of technical condition indicators based on the
results of the DGA has the following form: if «C2H2/C2H4
is 0, CH4/H2 is 2, and C2H4/C2H6 is also 0, then the type of

defect that corresponds to this combination of ratios is D7»,
that is, a low-temperature defect (overheating) 7<300 °C.

The defuzzification function then transforms the
original values back into crisp values.

All inputs of the fuzzy logical inference system have
membership functions, the basic forms and parameters of
which are presented in detail in [32]. To take into account
the objectively existing tolerance of the recognized defect
to the change of parameters in a certain range, the
trapezoidal membership functions are used.

At the initial stage, each expert was offered
7 indicators according to their significance for ranking the
technical state of the PT:

e x1 — the level of the technical condition factor of the
PT windings (Fig. 3);

e x2 — the level of the factor of the technical condition
of the magnetic core of the PT (Fig. 4);

e x3 — the level of the factor of the technical condition
of high-voltage bushings of the PT (Fig. 5);

e x4 — the level of the factor of the insulation
characteristics of the transformer oil of the PT (Fig. 6);

e x5 — the level of the factor of the on-load tap-
changer switch (Fig. 7);

o x6 — the level of the factor of the technical condition
of other PT nodes (Fig. 8);

e x7 — the level of the factor of other PT operation
indicators (Fig. 9).

O

Fig. 3. The hierarchical structural scheme of PT technical condition assessment

[ 0 | 1] Factor level of
PT technical - . - dielectric loss factor
condition assessment |——] Factor level of windings technical condition J—g— for main windings X1
| D X1 insulation tg5
[ 2 |
Factor level of magnetic core technical Factor level of idle
*— con%ition @— losses for windings | X12
| X2 insulation
é Factor level of
@— windings insulation | X13
5 | resistance R
Factor level of HV bushings technical 60"
[ o e
condition
|X3
Factor level of
@— windings voltage | X14
ratio coefficient
o
| 4 |
- Factor level of insulating oil properties
(Oil and cellulose quality analysis Factor level of
X4| 9] windings leakage |X15
reactance deviation
® “
Factor level of
[ > | . winding defect X16
Factor level of tap changer technical according to DGA
[ o L test
condition eS|
|X5
f Factor level of
polymerization
b degree (DP) for x17
[ | cellulose insulation
- Factor level of technical condition for other
PT functional units
|X6
L 7 |
Factor level of other PT operational
[ o o -
lifetime indicators
|X7
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Fig. 4. The hierarchical structural scheme of factor level

assessment for PT magnetic core

| S |
Factor level of HV bushings technical
condition
X3

aa

Fig. 5. The hierarchical structural scheme of factor level

—1

Factor level of
dielectric loss for HV
bushings insulation

tgd

—

Factor level of
insulation resistance
for HV bushings

—

Factor 1evel of
HV bushings
overheating

according to infrared
c

assessment for PT HV bushings

| 4 |
Factor level of insulating oil properties
(Oil and cellulose quality analysis)

-

Factor level of oil

1

breakdown voltage x4
Umin
Faptor Igvel of X42
oil moisture
M
) Fe_lctor Igvel of X43
oil dielectric losses
tqo
I_:actor Ieve_l of_ X44
discharges in oil
Factor level of
acidity in oil (KOH) | X#°
Factor level of X46

oil color

Fig. 6. The hierarchical structural scheme of factor level
assessment for insulating oil properties (oil and cellulose quality
analysis)

| > |
Factor level of tap changer technical
condition
X5

aSas

Factor level of
tap changer defect
according to
DGA test

X51

Factor level of tap
changer oil quality

X52

—

Factor level of tap
changer visual
technical condition

X53

Fig. 7. The hierarchical structural scheme of factor level
assessment for tap changer technical condition

Fig. 8. The hierarchical structural scheme of factor level

[ 2 | | 6 |
. . . - Factor level of
Factor level of magnetic core technical Factor level of Factor level of technical condition for other .
iti - i i X21 PT functional units - cooling system X61
condition oil flash point technical condition
X2 X6
Factor level of DC )| Factor level of X62
£ windings resistance x22 oilin PT tank
Factlor level of Factor level of PT
magnetic core defect . . X63
[ ¥ X23 tank visual condition
according to DGA
test

assessment for technical condition for other PT functional unit
.

Factor level of other PT operational 7 Factor level of X71

lifetime indicators PT overloading

|X7
) Factor level 'of N x72
Furan content in oil

Factor level of

[ repair and X73

maintenance

Fig. 9. The hierarchical structural scheme of factor level
assessment for other PT operational lifetime indicators

Assessment of the technical condition of the PT by
experts depends on overcoming the uncertainty of
information:

e it is impossible to determine the state by one
measurement, based on one method;

o reliable diagnosis is based on: several types of
diagnosis; dynamics of changes in characteristics;

e impossibility of applying the same diagnosis criteria
for different constructions and voltage classes;

o the reliability of the diagnosis results should be
achieved with minimum costs for obtaining them.

Construction of a fuzzy classifier for ranking the
technical condition of the PT. After determining the
levels of factors of the technical state of the PT, the
operating conditions of the PT are classified in order to
establish the assessment of each factor for a
comprehensive fuzzy assessment [33]. The operating
conditions of the PT are classified as good, acceptable,
requiring caution and risky in this article expressed as a
set of expert assessments V = {vi, v,, v3, v4} = {good,
acceptable, requiring caution, risky}.

The operating condition «good» means that the test
sample of transformer operation data is normal, and each
technical condition parameter deviates slightly from the
monitored values. The probability of a defect occurring is
low and long-term operation within the limits of permissible
deviations of the monitored parameters is available.

«Acceptable» operating conditions mean that the PT
has been operated for a certain period of time, and
satisfactory test data or reliability of a certain individual
monitored parameter of the technical condition is slightly
less than the limit of acceptable deviations. Since the data
is reliable, the operation of the PT can be continued, and
the probability of failure is low.

The operating condition «Requires caution» means that
the test data deviates from the normal state during the test
period. Some parameters of the technical condition indicate

Electrical Engineering & Electromechanics, 2023, no. 5
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that a defect may exist, thus the probability of damage is
increased, and although the transformer may continue to
operate, the operating interval must be shortened.

The operating condition «risky» means that the
overall operational properties of the PT are below
average. Most of the obtained monitored parameters
exceed the values regulated by the Standards, and the
probability of failure is high.

Table 4 presents the semantic definition of the ratio
of the rank of the technical condition and operating
conditions of the PT.

Table 4
Semantic definition of the range of changes in the rank of the
technical state of the PT

Range of
change of
value B

Semantic definition of assessment of the
technical condition of the PT

Good technical condition of the PT. Continuation
of operation without restrictions. Very low
failure rate (VL)

A low degree of deterioration of the technical
condition of the PT. Continuation of operation
without restrictions. Low failure rate (L)
The average degree of deterioration of the
technical condition of the PT. A slight degree of
development of the defect. More frequent
monitoring of parameters of technical state of the
PT. Medium failure rate (M)

The technical condition shifted from a state of
deterioration to a state of failure. A significant
degree of defect development. High failure rate (H)

0...0,25

0,25...0,5

0,5...0,75

0,75...1,0

Linguistic variable B «fuzzy comprehensive
assessment of the technical state of the PT», presented in
Table 4 is represented by the basic term-set 7= {Ty;, T},
Ty, Ty}, where Ty, T, Ty, Ty are the terms
corresponding to very low, low, medium and high levels
of deterioration of the technical condition of the PT.
Graphs of membership functions of the term-set of the

linguistic variable B are shown in Fig. 10.
w(B)
1 0/\ TVL TI, TM T”

0,8 F

0,6
0,4

02 F

B
0 0,25 0,5 0,75 1,0
Fig. 10. The membership functions of linguistic variable B

Thus, the results of each type of diagnosis are
classified independently, and then the final inference is
made taking into account all expert assessments.

To determine the rank of the technical state of the olive
PT, a linguistic model of the classifier based on the use of the
fuzzy logic apparatus was developed [32, 34, 35].

The fuzzy model of the classifier of the
comprehensive assessment of the PT state is built on the
basis of the adaptive neuro-fuzzy network ANFIS
(Adaptive Network-based Fuzzy Inference System), which
is a hybrid multilayer artificial neural network of a special
structure without feedback and allows implementing
system models in the form of fuzzy production rules.

The fuzzy classifier for ranking the technical
condition of the PT is presented in the form
B=FX,V,C, W), Q)
where X = {x|, x5, ... , x,,} is the input vector of rank
estimates of indicators of factor levels of the fuzzy model
of the classifier; V = {vi, v,, ... , v} is the vector of
parameters of the membership functions of a
comprehensive assessment by an expert of indicators of
the levels of factors of the fuzzy model of the classifier;
C = {c1, ¢ ... , ¢4} is the vector of parameters of fuzzy
terms from the knowledge base of the fuzzy classifier
model; W = {wy, wy, ... , w,} is the vector of weight
coefficients of fuzzy rules of the fuzzy classifier model; 7 is
the total number of fuzzy rules in the knowledge base of
the fuzzy classifier model; g is the total number of terms of
the fuzzy model of the classifier; F' is the «input-output»
communication operator of the fuzzy classifier model.

The values of inputs, outputs and synaptic weights
of the hybrid neural network are in the range [0, 1].

Figure 11 shows an example of a neural network
representation of the rules of a fuzzy classifier for 2 levels of
influencing factors on the technical condition of the PT.

The ANFIS network wuses a hybrid learning
algorithm. Neurons in the ANFIS network have a
different structure and purpose, which correspond to the
fuzzy inference system and implement the main

subsequent stages of its operation.

Input Layer1 | Layer3 |
dataset (fuzzification) } !

}(ncrmalizi(ion)‘
ul (x1)
®< M2 (x1)
13 (x2) H
®< 14 (x2)

Layer2 |
(rules)

Layer 4 |

Layer 5
(accumalation) !

(defuzzification

| and sumation)

Fig. 11. The neural network representation of fuzzy classifier
rules for two factors levels affecting PT technical condition

Layer 1. Fuzzification using membership functions of
input variables. The first adaptive layer of the ANFIS
network contains neurons that calculate the values of the
membership functions of the input variables z4(x;) and
H(x2), where x; and x, are the input variables, i=1, 2 and
j=3, 4. The adaptability of the layer is achieved by selecting
the type of membership functions of the input variables.

Layer 2. Aggregation (determining the degree of truth
of conditions) by processing the basis of fuzzy linguistic
rules. The second fixed layer of the ANFIS network contains
neurons that calculate the products of the values of the
membership functions obtained on the first layer:

Wi= pix1) - p(x2), (7N
where W; are the synaptic weights of the network.

Layer 3. Activation (determining the degrees of truth
of statements) by normalizing the activation levels of
fuzzy rules. The third fixed layer of the ANFIS network
contains neurons that calculate the normalized activation
levels of the fuzzy rules:

Wi =W; [+ Wy + Wy +Wy). (8)

8
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Layer 4. Accumulation (combination of degrees of
truth) using membership functions of the output variables.
The fourth adaptive layer of the ANFIS network contains
neurons that calculate the values of the membership functions
of the output variables, as well as the product of the values of
the synaptic weights and the membership functions:

Wiy =Wi-yiln.x,c), )
where y; are the values of the membership functions of
the output variables; ¢; are the parameters of fuzzy terms
of membership functions from the knowledge base.

Layer 5. Defuzzification (transition to clarity) with
obtaining a clear value of the original variable. The fifth
fixed layer of the ANFIS network contains a neuron that
calculates the sum of the product of the values of the
membership functions of the output variables and
synaptic weights

M __
Wiy, (10)
i=1

Layer 6 consists of elements that determine the
maximum value of belonging among all the rules that
specify the rank label of the technical condition of the PT.

Layer 7 consists of one element containing the rank
index of the technical condition of the PT with the
maximum value of belonging.

Figure 12 presents the general structure of the neural
network built for the fuzzy classifier for assessing the
technical condition of the PT. Neurons corresponding to
the rules, which set labels of a specific rank, are placed in

separate groups.

Layers 1-5 Layer 6 Layer 7
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Fig.12. The fuzzy classifier architecture for identification of PT
technical condition rank

Criterion values of the parameters used in the fuzzy
model are statistically averaged over a large set of operating
PTs. The actual modes of operation of each specific PT may
differ. This requires adapting fuzzy models to real operating
conditions by adjusting parameters.

In full, the input arguments are unknown, that is,
there is uncertainty in the assessment of the technical

condition of the PT. In this case, it is recommended to use
machine learning algorithms in which there are no
obvious logical relationships between parameters, but it is
necessary to have a training sample. The study was
conducted using statistical information on PT failures and
the results of diagnostic procedures from functioning PTs
that were registered in the energy system of Ukraine.

Tuning a fuzzy model consists in finding such
parameters that minimize the deviation between the
desired and actual behavior of the model. The algorithm
for setting up the adaptive neuro-fuzzy network ANFIS
consists of two stages [32, 35].

Stage 1 (direct flow of the algorithm). We set the
initial values of the parameters of the first adaptive layer,
make calculations on the second and third layers,
determine the parameters of the fourth adaptive layer and
calculate the value of the identification error function. If
the value of the identification error function is within the
acceptable limits, then the training of the adaptive neuro-
fuzzy ANFIS network is finished, otherwise we proceed
to the second stage.

Stage 2 (reversal of the algorithm). Using the
method of backpropagation of the identification error, we
refine the parameters of the first adaptive layer.

It is assumed that the parameters of the membership
functions should be selected in such a way as to preserve
the linear ordering of the terms.

It is planned to improve the developed system by
adjusting the weighting coefficients for assessing the
significance of factors regarding the impact on the
assessment of the technical condition of the PT. The
adjusting here means the solution of the problem of
optimizing the weighting coefficients for assessing the
significance of factors with regard to the impact on the
assessment of the technical condition of the PT.

The task of adjusting a fuzzy classifier model is
performed in [32]:

. 2
RMSE = |- Z[B”—F(X’,V,C,W)] — min .
M A=

where X" is the input vector in the r-th row of the fuzzy
sample; B" is the output vector in the 7-th row of the fuzzy
sample in the form of a fuzzy number; » is the row
number in the fuzzy sample used in the process of
optimizing the parameters of the fuzzy classifier model,

and »r=1LM ; where M is the number of data pairs
representing the fuzzy sample.

For this, the fmincon function of the Optimization
Toolbox package of the MATLAB system is used [32].
That is, a sample is taken from the protocols of diagnostic
measurements and tests of the investigated PT of
electricity supplier companies with a clear conclusion.

After training a fuzzy classifier model, its
performance is analyzed using a test sample. Comparison
of the results of the fuzzy classifier model with the actual
defect justifies the high efficiency and accuracy of
identification of the proposed model.

The training of the fuzzy classifier was carried out
on a test sample of 250 PTs examination protocols, which
included 100 protocols with no defects and 150 protocols
with signs of defects of various types. The results of
testing the reliability of the fuzzy classifier on training
samples showed that the classifier correctly identified 241
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out of 250 technical states of the PTs. The error of
classification of the technical state of the PTs RMSE was
1.6 %, which is an acceptable result.

Table 5 presents a fragment of the results of
determining the assessment of the technical condition of

the PTs according to the results of the DGA on the control
sample. The developed fuzzy classifier system showed a
fairly high accuracy during testing. The classification
error did not exceed 5 %.

Table 5
The results of the assessment of the technical condition of the oil PT according to the results of the DGA on a control sample
by a group of experts
No. Transformer type Identification of the state of the PT according to the results of the measurement of DGA
SOU-N EE 46.501-2006 A classifier based on the theory of fuzzy sets
1 TDCG-400000/330 Thermal defect 7> 700 °C Thermal defect 7> 700 °C. x”(B)=1,00
2 TDCG-10000/110 Not specified Low power discharges. 1"'(B)=0,6
3 TDTG-10000/110 Not specified High power discharge. 4”(B)=1,00
4 TDC-400000/330 Not specified Thermal defect 7> 700 °C. ,uH(LB)=1,00
o Thermal defect 7=150-300 °C. u"(B)=0,24;
5 TRDCN-63000/110 Thermal defect 7= 300-700 °C Thermal defect T'= 300-700 OC.A;IS’(g):O,%
6 | ATDCTG-240000/220 Thermal defect 7> 700 °C Thermal defect 7> 700 °C. 4"(B)=1,00
7 TDTN-63000/110 Not specified High power discharge. 1”(B)=1,00
8 | ATDCTN-250000/500 Thermal defect 7> 700 °C Thermal defect 7> 700 °C,L 17(B)=1,00
. . Low power discharges. u"(B)=0,30;
9 | TDCG-315000/110 High power discharge Higlll’ bower disch agrge.‘; ,\(4( ;)20’7
10 TDTN-40000/110 Thermal defect 7> 700 °C Thermal defect 7> 700 °C. x”(B)=1,00
11 ODTGA-80000/220 High power discharge High power discharge. 1”(B)=1,00

Modelling of a comprehensive fuzzy assessment
of the technical condition of the PT under conditions
of information uncertainty. During the next test and
measurement of the parameters of the technical condition
of the PT TDC-400000/330 according to the results of the
DGA, the concentrations of gases dissolved in the
transformer oil were registered. Exceeding the limit
values of concentrations and relative growth rates of
dissolved gases by more than 10 % per month recorded in
several recent measurements indicates the presence of a
progressive defect in the transformer.

To carry out work using the method of expert
evaluations based on a fuzzy comprehensive evaluation, an
expert group of 5 highly qualified specialists in the operation
and repair of PTs was created, each of whom was assigned
his/her own number (E1,...,.ES). The formation of the group

began with the selection of candidates and their further
evaluation. Based on a subjective assessment, the expert
chose a set of parameters of each functional node of the PT.

At the initial stage, each expert was offered 33
indicators according to their importance to determine the
assessment of the technical condition of the PT. The method
presented in [34, 35] was used to evaluate experts.

At the next stage, the experts assessed the technical
condition of functional nodes and operating conditions with
the corresponding determination of the weighting
coefficients of indicators of the technical condition of the PT.

According to the developed algorithm for conducting a
fuzzy assessment of the technical condition of the PT, the
results of determining the set B of the fuzzy comprehensive
assessment of the technical condition of the PT are
summarized in Table 6-8.

Table 6

The results of determining the technical condition indicators of the oil PT based on the results of a comprehensive examination
by a group of competent experts

Expert code Rank assessments of indicators of the technical condition of the PT X
X1 X11 X111 X12 X121 X13 X131 X16 X17 X2 X3
El 1 2 3 1 2 1 1 1 1 1 2
E2 1 1 2 1 3 1 1 1 2 1 2
E3 1 2 2 1 2 1 1 2 1 1 1
E4 1 3 5 1 3 1 1 1 2 1 2
E5 1 1 3 1 2 1 1 2 1 1 1
Expert code Rank assessments of indicators of the technical condition of the PT CT X
X4 X41 X42 X43 X5 X6 X61 X7 X71 X73 X731
El 1 1 3 2 3 3 1 1/3 1 2 1
E2 1 1 3 3 1 5 1 1/4 1 2 1
E3 1 1 3 3 2 4 2 1/3 1 2 1
E4 1 1 3 2 3 5 1 1/3 1 2 1
ES5 2 1 3 3 2 4 1 1/4 1 1 1
Expert code Rank assessments of indicators of the technical condition of the PT CT X
X7311 X7312 | X7313 | X7314 | X732 | X7321 X7322 | X7323 | X7324 | X733 | X734
El 1 1 5 1/2 3 4 1/4 3 2 1 2
E2 1 2 4 1 3 1 1/4 2 2 1 1
E3 1 1 4 1/3 3 3 1/4 2 1 1 2
E4 1 1 5 1 3 3 1/5 3 2 1 1
E5 1 2 3 1/2 2 5 1/3 3 3 1 1
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Table 7

The results of determining the weighting coefficients of indicators of the technical condition of the oil PT based on the results of a
comprehensive examination by a group of competent experts

Weight coefficients of indicators of factor levels of the technical condition of the PT W

X1 X11 X111 X12 X121 X13 X131 X16 X17 X2 X3
0,2658 0,6167 0,3790 0,3833 0,3105 0,1337 0,5 0,35 0,1768 0,5 0,3233

X4 X41 X42 X43 X5 X6 X61 X7 X71 X73 X731
0,3039 0,1524 0,4571 0,3905 0,43 0,4285 0,2467 0,0803 0,1171 0,1822 0,1036
X7311 X7312 X7313 X7314 X732 X7321 X7322 X7323 X7324 X733 X734
0,1390 0,1948 0,5770 0,0892 0,2858 0,3391 0,0295 0,2916 0,2227 0,4333 0,5667

Table 8

The results of determining the rank of the technical condition of the oil PT based on the results of a comprehensive examination by a
group of competent experts

Term-sets of a linguistic variable B
Indicator name Indicator designation Very low| Low | Medium | High
B | 4B | B B
Electrical tests Bxi 0,0824220,405655(0,511922| 0
Insulating properties X11 0,133658] 0,39363 |0,472712| 0
tg 6 of insulation X111 0 0,258 0,742 0
Electrical strength X12 0 0,425 0,575 0
Leakage current X121 0 0,725 0,275 0
Insulation resistance level X13 1 0 0 0
Direct current resistance X131 0 0,025 0,975 0
DGA X16 0,195 0,495 0,31 0
Degree of polymerization of paper insulation DP X17 0 0,4 0,6 0
Condition of the magnetic core By, 0 0,825 0,175 0
High-voltage bushings Bx; 0,1 0,65 0,25 0
Condition of transformer oil Bx4 0,030476|0,487505(0,482019| O
Qil breakdown voltage X41 0,2 0,8 0 0
Oil moisture X42 0 0,4 0,6 0
tg & of oil X43 0 0,468 0,532 0
On-load tap-changer Bys 0,2 0,8 0 0
Other nodes By 0,167667|0,726833| 0,1055 0
Cooling system Bxei 0,2 0,7 0,1 0
Other factors By, 0,151045]0,651077|0,197878| 0
Overload Bx7 0,2 0,6 0,2 0
Repairs and technical inspection of the PT Bx73 0,086667(0,556667 [0,356667| 0
Environmental factors Bx731 0,249115(0,600815| 0,15007 0
Ambient temperature X7311 0,15 0,6 0,25 0
Air humidity X7312 0,1 0,65 0,25 0
Aggressive gases X7313 0,3 0,6 0,1 0
Wind speed X7314 0,4 0,5 0,1 0
History of operation Bx73» 0,131613| 0,61589 [0,252497| O
Oil temperature X7321 0,15 0,7 0,15 0
Extraneous noises X7322 0,2 0,6 0,2 0
Number of short circuits X7323 0,1 0,5 0,4 0
The number of relay protection trips X7324 0,1 0,65 0,25 0
The records of the PTs similar in power and construction X733 0,2 0,5 0,3 0
Inspection and repair protocols X734 0 0,6 0,4 0
General evaluation of the technical condition of the PT QuallFatlye assessment of B_| 0,1115 | 04815 | 0.4069 0
Quantitative assessment of B 0,279

According to the results of the calculations for
determining the assessment of the technical condition of the
PT, the rank is characterized as «Low degree of deterioration
of the technical condition of the PT. Continuation of
exploitation without restrictions» with a degree of 0.279.

Based on the results of the inspection, a technical
report was sent to the power company, which includes an
expert opinion on the technical condition of the PT,
recommendations on the scope of necessary diagnostic,
preventive, and repair measures, protocols based on the
control results, as well as maps and diagrams that clearly
illustrate the current technical condition.

Conclusions.

1. The task of assessing and ranking the technical
condition of power transformers by using a classifier
developed on the basis of fuzzy set theory is formulated.
Hierarchical structural schemes for determining the levels of
factors of the technical condition of individual functional
nodes and the power transformer as a whole have been
developed.

2. An algorithm and a fuzzy classifier of the results
of the assessment of the technical condition of the power
transformer have been developed, which are based on
multi-parameter aggregation of the states of individual
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functional units, which allows to increase the efficiency
of the assessment of the technical condition of the power
transformer. This, in turn, makes it possible to plan
financial costs for the performance of a certain amount of
repair work and minimize the risk of failures at the stage
of the life cycle of power transformer operation in
conditions of uncertainty of diagnostic information.

3. In order to increase the efficiency of recognizing
classes of the technical condition of power transformers,
the fuzzy classifier developed on the basis of the ANFIS
adaptive neural network and the Takagi-Sugeno fuzzy
inference system was adapted to real operating conditions
by adjusting the model parameters using statistical
information about the failures of power transformers and
the results of diagnostic procedures of functioning power
transformers, which were registered in the energy system
of Ukraine. The relative error of identifying the technical
state RMSE is 1.6 %, which is no more than 5 % and can
serve as an acceptable result of increasing the reliability
of determining the rank of the technical state. Avoiding
the subjective disagreements of experts regarding the
presence of a defect in a power transformer is achieved by
harmonizing expert assessments using the Delphi method.

4. A comprehensive fuzzy assessment of the
technical condition of the power company's actually
functioning power transformers in conditions of
information uncertainty was carried out, and a list of
recommendations regarding the strategy for their further
operation was formed [36].
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