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ABSTRACT

ARTICLE HISTORY

The current work aims to propose an adequate thermodynamic model, in addition to propos-
ing and evaluating two composite models for the thermal decomposition of insulating mineral
oil (IMO), considering that the models based on classical diagnostic methods do not have the
ability to satisfactorily reproduce empirical data. The simulation results obtained using the pro-
posed model showed better agreement with the presented data than the results obtained using
classical models. The proposed model was also used in the development of a phenomenolog-
ical based diagnostic method. The characteristics of this new phenomenological proposal and
the classical diagnostic methods of dissolved gas analysis are compared and discussed; the pro-
posed method showed better performance when compared to Rogers, Doernenburg, or [EC and
equivalent performance to Duval triangle method commonly used in this field of knowledge. The
general procedure for applying the new diagnostic method is also described. In order to account
for the event’s dynamics, the suggested model in particular made it feasible to replicate inter-
mediate scenes of equilibrium C(s). Compared to the findings from the classical models found in
the literature, the two-dimensional simulation results generated with this model demonstrated
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a better agreement with the actual data.

1. Introduction

Insulating mineral oil (IMO) is a petroleum derivative
widely used in high voltage power transformers, espe-
cially in power transmission system devices. Due to
the relevance of power transformers to the electrical
system and the risks and high costs involved in their
malfunction, predictive maintenance techniques have
been developed and improved over the last 80 years
[1-5]. These techniques aim to detect defects in power
transformers. The best known of these predictive main-
tenance techniques is dissolved gas analysis (DGA).
The DGA technique consists of collecting IMO sam-
ples from equipment in operation and quantifying
the concentrations of some specific light compounds
(gases) that are produced by the cracking of IMO
molecules and remain dissolved in the liquid phase.
The set formed by the concentrations of these light
compounds is then used to verify the existence of a
defect and, also, to classify this defect through semi-
empirical algorithms, known as diagnostic methods.

This correlation between concentrations of dissolved
gases in IMO and types of defects in transformers is
possible, since the energy dissipated to the oil in the
vicinity of a defective region implies a local tempera-
ture and, therefore, determines which products will be
predominant in the equilibrium of the reaction of con-
sequent cracking [6]. The sensitivity of dissolved gas
analysis makes it possible to identify defects that are
still incipient, difficult to detect using other predictive
techniques.

The effectiveness of dissolved gas analysis is, admit-
tedly, a well-established and consolidated issue. How-
ever, despite the importance of this technique, widely
known and applied DGA diagnostic methods, such as
the classic methods of the International Electrotech-
nical Commission (IEC) and the Institute of Elec-
trical and Electronics Engineers (IEEE), are theo-
retically based on the Halstead’s simplistic compo-
sitional and thermodynamic models for the thermal
decomposition of the IMO, in addition to empirical
data.
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Recently, most research efforts in DGA have been
devoted to the development and improvement of so-
called intelligent diagnostic methods and numerous
articles on the topic have been published over the years
[7-16]. Smart methods attempt to improve the perfor-
mance of classic diagnostic methods, either by com-
bining the responses of two or more classic methods
or by establishing new diagnostic criteria based on
empirical data and/or tacit knowledge of the mainte-
nance specialist. Also recently, new diagnostic methods
have been developed based on the proposal to evalu-
ate new sets of normalized ratios or fractions of dis-
solved gases [17,18]. Therefore, the Halstead model
and empirical data remain the fundamental basis of
DGA, even for the latest and most intelligent diag-
nostic methods. No recent effort for the develop-
ment of thermodynamic and compositional models
more suitable to represent the thermal decomposi-
tion of the IMO could be identified in the technical
literature.

The present work aims to propose a more adequate
thermodynamic modelling, in addition to proposing
and evaluating four compositional models for the ther-
mal decomposition of the IMO, considering that the
models on which the classical diagnostic methods
are based are not able to satisfactorily reproduce the
empirical data [19,20]. In addition, a new diagnostic
method by DGA is presented, with a phenomenologi-
cal basis, developed from the proposed thermodynamic
and compositional models. Finally, the performance of
the new diagnostic method is evaluated and a compar-
ison with the classical diagnostic methods of the IEC
and the IEEE is conducted [21-25].

Despite being the greatest alternative to mineral oil,
vegetable oil has a number of drawbacks, such as a high
dielectric loss factor, poor volume resistivity, and a high
viscosity. Vegetable oil’s electrical characteristics might
be greatly enhanced via nanoparticle treatment. In this
work, Fe3Oy4, TiO,, and Al;O3 nanoparticle-infused
vegetable oil was examined [26-30]. We conducted
thermal ageing tests at 100, 130, and 150 °C. How-
ever this method is not stable when compared to the
proposed method and correctness diagnostics achieved
80% in proposed method.

The flowchart of the proposedT-C method applica-
tion procedure is shown in Figure 1.

1.1. Typical incipient defects

The IEC database consists of 117 sets of volumetric con-
centrations of dissolved gases in IMO of defective elec-
trical equipment, each associated with a type of defect;
this, in turn, assigned by specialists through internal
visual inspection in the corresponding equipment. The
types of defects can be divided, primarily, into two
large classes: thermal defects and electrical defects. In
the IEC database, the class of thermal defects has been

Compare the concentration of each species of interest (Hz,
CHa4, C2Hs, C2Hs and C2H>) with the corresponding
maximum allowable values. It is recommended to take the
90" percentile of concentration as typical maximum value

If at least one of the gas concentration exceeds the
maximum permissible value

l 'Yes

The equipment can be considered “normal” without defect

J.No

Covert the concentration set to a dissolved gas standard by

calculating the normalized approximate mole fractions y; 3
L

follows, where ¢ is the volume concentration of the

substances of interest

i

Solve an optimization problem to find the binary T-C that
minimizes the sum of the squared relative residual network
the pattern predicted by the model and the pattern
calculated in above step. The predictions are obtained by
solving the equilibrium model system of equation with
specification of the amount of C(s)

l

Build the incipient defect map by plotting the lines that
delimit the defect region

—_ G
Yi i

| Plot the T-C torque obtained in the incipient defect map |

| Classify the existing incipient fault |

Figure 1. The flowchart of the proposedT-C method applica-
tion procedure.

subdivided into two types of defects: low/medium tem-
perature thermal defects and high temperature thermal
defects [31,32]. The class of electrical defects was subdi-
vided into three types of defects: partial discharges, low-
energy electrical discharges and high-energy electrical
discharges. In this paper, the same structure of classifi-
cation of incipient defects was adopted. Assuming ideal
gas behaviour for the mixture, for each reported case,
the volumetric concentrations of the dissolved gases of
interest for the diagnostic methods, produced by the
decomposition of the IMO, that is, C;Hg, C;Ha, C;Hy,
CHy4 and H,, were normalized in order to obtain the
respective molar fractions. Then, the lower and upper
limits of the confidence interval, for a 95% confidence
level, were calculated for all species of interest in each
incipient defect type.

2. Compositional modeling

Four systems were proposed to represent the local
structure of the IMO near the initial defect. Since the
contents of the gases C,Hg, C2Hy, C;Hj, CHy and H;



are commonly measured and used by classical diagnos-
tic methods, the presence of these species in equilib-
rium systems was considered the minimum require-
ment for all proposed systems. Systems 1 consist of
6 and 7 species. Therefore, the equilibrium system is
made up of light types that are most interested in detec-
tion methods, i.e. C;Hg, C,Hy, C,H,, CHy and Hyand
C(s). The characteristic decay reaction of system 1 can
be described as follows:

OMI = C,Hg + CyHy + CHy 4+ CHy + Hy + C(s)
(1)

In this system 2, all components of the unreacted
IMO are represented by n-eicosane, which is partially
decomposed into lighter species. Unlike the aforemen-
tioned study, in the present work, the propane (C3;Hg)
and propene (C3Hg) species are suppressed, so that the
decomposition of n-eicosane results in only the light
species of interest. The equilibrium system is composed
of n-eicosane, the light species of interest and C(s). The
characteristic decomposition reaction of System 2 is
listed below:

CyHay = CHg + CyHy + CoH, + CHy + Hy + C(s)
(2)

System 3 is an expanded version of System 2. n-
eicosane, again, represents all components of the unre-
acted IMO, however, when exposed to the local tem-
perature of a defective region, its decomposition leads
to complete series of alkanes, 1- linear alkenes and 1-
alkynes, whose carbon chain sizes vary from 1 to 20
carbons. The equilibrium system consists of 60 species,
namely: 20 alkanes, 19 1-alkenes, 19 1-alkynes, H2 and
C(s). The decomposition reaction is shown below.

CooHyp = CyoHyg + CroHsg + CroHag + CroHsg
+ Ci9H3g + (...) + CoHg + CyH4 + CyH>
+ CHy + H, + C(s) (2)

System 4 assigns 1 representative component to each of
the 15 families of hydrocarbons reported in [32]. Non-
hydrocarbon families have been deleted. The decom-
position of these representative components leads to
the same 5 light species of interest present in the pre-
vious systems and 60 more by-products, in addition to
C(s). It is assumed that the process takes place in two
steps: in the first step, the paraffinic chain of each rep-
resentative component decomposes into C;Hg, CyHy,
CHy, H2 and C(s) and, in the second step, C;H4 decom-
poses into C;Hj, H, and C(s). The equilibrium system,
therefore, consists of 81 species: 15 representative com-
ponents of the unreacted IMO hydrocarbon families, 60
decomposition by-products, in addition to the species
of interest C;Hg, C,Hy, C,;H,, CHy and H, and C(s).
The decomposition scheme proposed in System 4 can
be represented by the following reactions, where CR
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corresponds to a representative component, PD repre-
sents a matrix of decomposition by-products and the
subscript m is an index that identifies each representa-
tive component:

CRyy = (PDy,yn + C2Hg) + (PDyy + CyHy)

+ (PD3,, + CHy) + (PDs, + Hp) + C(s)
(3)

CHy = CHy + Hy + C(s) 4

3. Numerical optimization

In order to allow the qualitative and quantitative eval-
uation of the obtained simulation results, 117 opti-
mization problems were solved to compare each one of
the patterns of dissolved gases from the IEC database
with the patterns from the simulations with each vari-
ation of the proposed model of decomposition of the
IMO. The objective of such optimization problems was
to find the optimal parameters that would lead to the
minimization of the sum of squares of the relative resid-
uals between the predicted molar fractions and the
molar fractions coming from the IEC database. As the
mentioned objective function does not admit empir-
ical molar fractions equal to zero, in such cases, the
lower detection limit of each gas was adopted, accord-
ing to interlaboratory studies conducted by ASTM
International.

The molar fraction matrices predicted in the sce-
narios of unrestricted amounts of C(s) and without
C(s) gave rise to one-dimensional optimization prob-
lems, whose parameter is the temperature. On the other
hand, the molar fraction hypermatrices predicted in the
scenario of optimized amount of C(s) gave rise to two-
dimensional optimization problems, whose parameters
are the temperature and the fraction of the unrestricted
amount of C(s) equilibrium.

The mentioned objective function corresponds to
Equation (3.1), whereSOS means sum of squares of rela-
tive residuals and y is the molar fraction. The subscript
| is an index that identifies each of the five species of
interest, the subscript IEC refers to the IEC database,
and the subscript “pred” refers to the data predicted by
the decomposition model. Figure 2 presents the struc-
tures of the one-dimensional and two-dimensional
optimization algorithm.

_ 2
SOS — Z ()/1 yz,pred> 5)

A brute force approach was used to solve these prob-
lems, thus exploring the full range of interest for both
the temperature and the uncontrolled equilibrium level
of C(s), thus avoiding errors related to local minima.
According to Equation (4), the MRE was calculated
as the percentage mean error corresponding to the
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optimal values of the objective function [26-31]. And
“otm” refers to the optimal value.

SOS
MRE = 100,/ T“”“ (6)

4, Development of The T-C Diagnostic Method

The simulation results obtained from the IMO heat dis-
sipation model were used to improve the C(s) magni-
tude and to ethane develop a diagnostic method based
on T-C systematic phenomena. The equilibrium tem-
perature and the uncontrolled equilibrium area of the
C(s) parameters will be used to relate the sample pre-
dictions to the empirical data of the dissolved gases. The
method followed for the development of the method is
described below.

4.1. Defect maps

The results obtained in the solution of the 117 two-
dimensional optimization problems, referring to the
OMI thermal decomposition model composed by the
System 3 compositional model and by the thermo-
dynamic model with specification of the amount of
C(s). The results of the optimization problems used
here refer to the hypermatrix of predicted molar frac-
tions of dimensions 2001 x 101 x 5, that is, the one
obtained in simulations with increments of 0.01 in the
fraction of the unconstrained equilibrium quantity of
C(s). The optimal pairs of equilibrium temperature, T,
and fraction of the unrestricted equilibrium quantity
of C(s), C, obtained as solutions to the optimization
problems, here called T-C binaries, were plotted on a
C vs T graph. Then, regions of incipient defects were
delimited through visual inspection, aiming to maxi-
mize the number of correct allocations of defects in
the corresponding regions on the map. In a first step,
the map of incipient defects was divided into three
regions, each characterizing a class of incipient defects,
namely: (i) partial discharges (DP), (ii) thermal defects
(DT) and (iii) electrical discharges (DE). Then, the map
was divided into five regions, in order to allow a com-
plete representation of the incipient defects listed in the
IEC database, namely: (i) partial discharges (PD), (ii)
low/medium temperature thermal defects (T1/T2), (iii)
high temperature thermal defects (T3), (iv) low energy
electrical discharges (D1) and (v) high energy electrical
discharges (D2). The proposed method consists of clas-
sifying the incipient defect associated with a given set of
dissolved gas concentrations, through its allocation in a
region of the three-region map or the five-region map
in the C vs T diagram.

4.2. T-C method performance analysis

The 117 sets of dissolved gas concentrations from the
IEC database were detected in both the T-C method and

the classical method. The selected criterion for evaluat-
ing performance is the percentage of accurate diagnoses
obtained from the use of each method.

Two performance assessments were conducted: the
first evaluated the ability to classify the initial defects
of each method as PD, TD or ED and the sec-
ond evaluated the classification as PD, T;/T,, T3, Dy
and D;.

Classification into three defects and five defects
required some adjustments to guarantee the quality
of the answers of the different evaluation methods. In
cases where the response of a method is equivalent to
many of the classifications listed in the previous para-
graph, the diagnosis is considered conservatively cor-
rect if at least one of the classifications provided by the
method matches the visual classification reported in
the IEC database. Similarly, in cases where the initial
defect is associated with multiple visual classifications,
the diagnosis is considered correct if the response of
the method corresponds to at least one of these visual
classifications.

Due to the limited size of the IEC database, the dis-
solved gas datasets used in the performance appraisal
of the T-C method were used in its development. How-
ever, the database was randomly divided into two inde-
pendent subgroups to determine the limits of the defec-
tive areas and to evaluate the performance of the sys-
tem, and these gave visually equivalent results without
dividing the database.

5. Results and discussion

The results are divided into central aspects of the prob-
lem, namely: simulation and optimization and the T-C
diagnostic method.

5.1. Simulation and optimization results

This section considers the results obtained in the chem-
ical equation simulations and the solution of the opti-
mization problems according to the methods described
above.

5.2. Equilibrium molar fractions as a function of
temperature

The results obtained in the simulations with the unre-
stricted thermodynamic model are presented as in
Figure 6, in the form of profiles of molar fractions
as a function of equilibrium temperature for Sys-
tems 1-4, respectively. In order to facilitate compari-
son with the typical patterns of incipient defects, the
graphs are limited to presenting the normalized equi-
librium molar fractions of the species of interest for
the diagnostic methods by analysis of dissolved gases,
ie, Hy, CHy, CyHs, C;Hy and CyH,. Each figure
presents the simulation results for the two scenarios of
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Figure 2. Optimization structures. (a) 1-D problem; (b) 2-D problem.

quantity of C(s) proposed in the literature: (i) scenario
with unrestricted quantity of C(s) and (ii) scenario
without C(s).

Analyzing Figure 3(a), Figure 4(1), Figure 5(a) and
Figure 6(a), it is observed that the results of the simula-
tions with unrestricted amount of C(s) are practically
the same for the four systems, independently of the
different compositional modelling of the OMI and the
presence of heavier species. Furthermore, the compar-
ison of these same figures with the typical patterns of
incipient defects reveals that the proposed systems are
not able to represent the OMI decomposition when an
unrestricted amount of equilibrium of C(s) is admitted:
while the simulation results present, virtually, only the
hydrogen and methane species in the systems in equi-
librium, as the results of the study by Halstead (6), the
typical patterns show significant contents of all species
of interest. Such findings are in agreement with the
observations of Shirai et al. (23).

On the other hand, when comparing the typical pat-
terns of incipient defects with Figures 3(b)-6(b), it is
immediately observed that the proposed systems have
the potential to represent the decomposition of the
IMO when there are no C(s) in the equilibrium sys-
tem, considering that the simulation results, this time,
present significant amounts of other gases of inter-
est, in addition to hydrogen and methane. However,
the hypothesis of total absence of C(s) in equilibrium
systems contradicts the empirical observations.

Systems 2 and 3, in the scenario without C(s), appar-
ently present the best performances, since Figures 4(b)
and 5(b) are the only graphs to present significant
amounts of ethane, albeit in smaller molar fractions.
than expected by analyzing typical patterns of incipient
defects. A more detailed evaluation of these two systems
reveals that System 3 is probably better suited to repre-
sent the OMI decomposition than System 2, given that
the latter 4 (b) presents a abrupt compositional change
around the equilibrium temperature of 300 °C. Such
an abrupt change is probably related to the absence
of relevant species of intermediate molar masses in
the system. As it is a more complete compositional
model, System 3 allows a better representation of the
range of decomposition products generated at specific
temperatures.

It is also observed that, despite being developed
based on compositional information, System 4 did not
present, in this first qualitative analysis, the best perfor-
mance when representing the thermal decomposition
of the OMI. In addition to the absence of ethane in
the entire temperature range studied, 5 (b) shows that
methane is the only species of interest observed at equi-
librium temperatures below 500°C, and also that the
maximum amount of ethylene at equilibrium does not
correspond to what is expected in typical patterns of
defects incipient. Such observations are also valid for
System 1, as shown in 2 (b).
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Figure 6. Normalized molar fractions of System 4 in equilibrium as a function of equilibrium temperature in two scenarios of amount
of C(s). (a) - Scenario with unrestricted amount of C(s); (b) — Scenario without C(s).

5.3. Equilibrium molar fractions as a function of
the amount of C(s)

The simulation is performed and the results are found
with a model indicating the C(s) size for systems 1-4,
respectively. The results were obtained at constant equi-
librium temperature and the specified C(s) magnitude
would vary from 0 to 1 based on the uncontrolled equi-
librium area of C(s). Each simulation result is obtained
for equilibrium temperatures of 0, 400, 800, 1200, 1600
and 2000 °C. Again, the figures cover only the molar
fractions of the five types of interests for the purpose
of comparison with the conventional forms of initial
defects.

For all proposed compositional samples, the molar
fractions of some species in the intermediate sequences
of C(s) sizes differ significantly from those of the basic
phenomena with C (the uncontrolled equilibrium mag-
nitude of 0 and 100% indicating s.) Above the maxi-
mum temperature range studied. Therefore, the ther-
mal decomposition of IMO is best represented in the
intermediate displays of the C(s) magnitude, i.e. by the
sample with the specification of the C(s) magnitude. In
other words, the molar compounds derived from these
intermediate scenarios may be more relevant than those
derived from the absence of C(s), but with the advan-
tage of presenting some amount of C(s) formation as
empirical observations. It is also worth noting that at
low temperatures, this behaviour is unique to System 2.

Molar fractions of interested species in all systems
except ethane are highly sensitive to C(s) size varia-
tion at equilibrium temperature. In System 2 and 3, the
variation of the molar fraction of hydrogen from zero
to C(s) is found to be approximately 0.95, while C(s)

is uncontrolled.. The molar fraction of hydrogen, as a
function of the C(s) scales, in System 2 and 3, at cer-
tain temperatures, gives a pronounced non-monotonic
behaviour.

Finally, the two systems exhibit similar behaviour
at equilibrium, high temperature, consisting almost
entirely of hydrogen and acetylene, whose molar frac-
tions vary in line with the size of C(s). By analyz-
ing the complete loops of the simulation results, such
behaviour can be observed in both systems at tempera-
tures above 1400 °C.

5.4. Performance evaluation of IMO thermal
decomposition models

Table 1, Table 2 and Table 3 present descriptive sta-
tistical measures of the distribution of the optimal
mean comparison errors calculated from the respective
optimal values of the sum of the squares of compar-
ison residues between the proposed models and the
molar fractions and molar fractions coming from IEC
database. Statistical measures that have provided grants
for the quantitative evaluation of the performance of
various proposed composite and thermodynamic equi-
librium models. Tables refer to simulations in scenarios
with optimal magnitudes of C(s) and C(s) without C(s),
respectively.

By analyzing the data from the three tables, it can be
observed that the reported optimal errors are generally
higher. This is mainly due to the contribution of excess
relative residues in cases with very small molar frac-
tions in the IEC database. Nevertheless, as mentioned
above, relatively high errors should be expected because
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Table 1. Descriptive statistical measures of the distribution of
the optimalmean relative errors representing a scenario with
uncontrolled magnitude C(s).

Standard
System Average Median deviation 90th percentile
System 1 8.74E 408 92 8.20E + 09 642
System 2 8.72E 408 92 8.17E+409 642
System 3 8.71E4 08 92 8.15E+409 642
System 4 8.71E408 92 8.15E4-09 642

Table 2. Descriptive statistical measures of the distribution of
mean relative errors referring to the scenario without C(s).

Standard
System Average Median deviation 90th percentile
System 1 2.03E+ 11 81 2.18E+12 1165
System 2 6.99E+ 12 75 7.57E+13 1948
System 3 8.29E+12 76 9.70E+13 1240
System 4 4.76E+10 80 5.66E + 11 894

Table 3. Descriptive statistical measures of the distribution of
mean relative errors referring to the scenario with optimized
amount of C(s).

Standard
System Average Median deviation 90th percentile
System 1 94 65 107 135
System 2 66 56 45 75
System 3 73 57 60 85
System 4 79 58 85 101

empirical data are derived from operational equipment
and not from planned tests.

The data in Table 1 confirm the simulated results
provided, considering that the two proposed set mod-
els provided identical error operations. Measurements
show that the errors associated with simulations are
much higher in situations where the C(s) level is uncon-
trolled. Although the mean and the minimum are rel-
atively small, the largest errors obtained have been
proven to be the highest, as illustrated by the mean and
the maximum. Even in the 90s, a measure that excludes
the largest errors from the spread was shown to be high,
indicating the occurrence of significantly higher errors.

Contrary to the reported expectations, the measure-
ments given in Table 2 show that the errors associ-
ated with simulations in the absence of C(s) are gen-
erally higher than the errors in the situation with
uncontrolled magnitude compared to the measure-
ments given in Table 3. C(s), indicated by very high
mean and 90 percent values, although in some cases
low errors were obtained, as revealed by the comparison
of minima. Such observation reinforces the observation
that although the Molar fraction profiles as a function of
temperature are not intuitively derived from the quality
rating, in fact both scales (s) are poorly suited to model
thermal decay. IMO.

As expected, Table 3 shows that an optimally sized
display of C(s) leads to significantly lower average cor-
responding errors than those associated with other
scenarios. Therefore, the proposed statistical measures

Compressibility Factor

0 100 200 300 400 500

Equilibrium Temperature (*C)

——C=00 e c=01 C=02 =+=C=03 —--C=05 c=10

Figure 7. System 3 compressibility factors as a function of equi-
librium temperature at constant fractions of the unrestricted
equilibrium amount of C(s).

confirm that controlling the C(s) level in the equation
indicates an improvement in the IMO heat dissipa-
tion model. It should be noted that although the model
with the optimal size C(s) introduces an additional
parameter for problem solving, it also offers quality
and fundamental improvements compared to the unre-
stricted size of the C(s) and C(s)equals zero, i.e. it gives
equilibrium molar compounds comparable to conven-
tional forms of initial defects and respects empirical
observation of C(s) formation.

The data in Table 3 show that Systems 2 is the most
adequate set of models with the most similar average
error correlations to represent the IMO breakdown in
the proposed models. The composite model of System
2, whose simulations provide very low average asso-
ciated errors. Nevertheless, assuming that the small
difference between the error distributions of System 2
may be the result of higher errors associated with the
empirical data, and as a more complete set model, Sys-
tem 2 has more potential to adequately represent the
error. IMO, moving forward from this point, decided to
focus on the development of research on the chemical
equilibrium of System 2.

5.5. Evaluating the validity of the ideal gas
hypothesis

Figure 7 gives the estimated values for the compression
factor of the system 3 equilibrium at different fractions
of the constants C(s), C, and the latter, as a function of
equilibrium temperature.

The best gas compression factor is approximately
equal to one, and the best gas behaviour hypothesis is
approximately valid for the closest compression factor.
Therefore, it can be safely assumed that the correlation
between the composite model proposed in IMO Ther-
mal Decomposition Model 2 and the thermodynamic
model that enhances the C(s) magnitude is valid for
temperatures above 200°C for the full range of C, C. The
validity of the hypothesis is that at low temperatures, C
is greater than 0.2.



At low temperatures, it is not possible to distin-
guish the thermal decay of the IMO relative to the
normal operating temperature of the transformer from
the decay associated with the initial fault. Defective
classification, very reasonable

5.6. Comparison between predicted and reported
molar fractions

Figure 8 presents the optimal molar fractions predicted
by System 3 with the optimal size of C(s) as a result of
reducing the sum of the squares of comparative residues
compared to the 117 cases in the IEC database. The
diagrams show the optimal molar fractions as a func-
tion of the reported molar fractions for each type of
interest. Corresponding types of initial defects are iden-
tified using different codes. Therefore, the IEC provides
grants to assess the adequacy of the proposed model for
the data, species of interest and type of defect.

Figure 8(a) refers that except for high-temperature
thermal defects, the predicted hydrogen molar frac-
tions show good agreement with the reported empirical
data. Figure 8(b) indicates that the predicted methane
molar fractions also showed good agreement with the
reported data, however, in many cases the predicted
values were higher than the reported data for thermal
defects. Figure 8(c) indicates that the ethane molar frac-
tions show little agreement with the reported data for
all types of initial defects: all values predicted by the
model were much lower than the reported experience
data, which is consistent with the observed behaviour
in practice Ethane molar fraction profiles. The ethy-
lene molar fractions estimated in Figure 8(d) generally
show some agreement with the reported data, although
the model overestimates the molar fractions for ther-
mal defects and underestimates the molar fractions for
electrical faults. Figure 8(e) indicates that the predicted
acetylene molar fractions with less than 0.45 molar frac-
tions showed good agreement: for all data reported
above this value, the sample predicts that the molar
fractions will be close to 0.45. It is noteworthy that
all the predictions, except for the predictions of acety-
lene molar fractions, showed poor agreement with the
reported empirical data in the case of high-temperature
thermal defects.

The relatively low compliance of predicted molar
fractions with molar fractions in the IEC database is
due not only to the errors associated with the mod-
elling of the event, but also to the errors associated
with the empirical database as already mentioned. In
the case of acetylene in particular, it is noteworthy that
the behaviour shown in Figure 8(e) is similar to that
expected from the accumulation of dissolved gases over
time in IMO, i.e. the empirical molar fractions may be
higher time, reaching higher values than the maximum
value predicted by the heat dissipation model.
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5.7. Evaluation of results of the two-dimensional
optimization problem

In order to expose the characteristics of the two-
dimensional optimization problem, the Figure 9
presents the mean relative errors of randomly selected
cases, grouped by their defect classifications, accord-
ing to the IEC database, as a function of the percentage
of the unrestricted amount of C(s). In each case, the
temperature was kept constant at its optimum value.

It is possible to observe that the objective func-
tion can present different profiles, including the occur-
rence of local minima. Thus, the application of a brute
force optimization method provided greater security in
the identification of global minima, without, however,
demanding a prohibitive computational effort, in view
of the relatively small search intervals.

It is also interesting to note that the minimum error
was not obtained in the scenario of unrestricted C(s) in
any of these cases. In most cases, the minimum error
was obtained in the intermediate scenario of amount
of C(s), as expected., and, in some cases, the minimum
error was obtained in the scenario with a quantity of
C(s) equal to zero. Extending this analysis to all117
cases presented in the IEC database, the optimization
of the amount of C(s) resulted in smaller errors in
71.8% of the cases, when compared to the errors asso-
ciated with scenarios with amounts of C(s) unrestricted
or equal to zero. In the other 28.2% of the cases, the
minimum errors were obtained in the scenario with a
number of C(s) equal to zero. In none of the 117 cases,
the minimum error was obtained in the scenario of
unrestricted amount of C(s). As previously stated, the
scenario with an unrestricted amount of C(s) leads to
an equilibrium system where, essentially, only hydro-
gen and methane species are present, which, generally,
does not reproduce the reported empirical data. For this
reason, the scenario with an optimized amount of C(s)
is a more suitable option compared to the scenario with
an unrestricted amount of C(s), for all cases in the IEC
database.

5.8. T-Cdiagnostic method

This section includes the results obtained in the stages
of development of the phenomenologically based diag-
nostic method, the T-C method.

5.8.1. Defect maps

Figure 10 shows the map of incipient faults, before
being divided into regions, where DP means partial
discharges, D1 means low energy electrical discharges,
D2 means high energy electrical discharges, T1/T2
means low/medium temperature thermal defects and
T3 means high-temperature thermal defects. This
defect map was obtained from the adjustment, through



742 (&) AMANJULAETAL.

1.0
gc 210
g A
2038 2 ] B0
‘S F O.S 5
= g 74| ‘A
= (=] "'&‘
£ 06 £ ¥ YL
—
% 04 = - O X
% S04 |
= 0.2 E B
= =02
0.0‘ 5 1 1 1 1 1 " 1
00 02 04 06 08 10 Poo 02 04 o6 08 10
Reported Molar Fraction of Hydrogen Reported Molar Fraction of Methane
, 10 . 10
g E
= z
=08 = 08T
(=] S
= =
206 £o61
- £ 000 %0 €
e = | B Fa
S047 g 04 A
E E 02| ) E‘C}
g 02 f 3
= <
- a O ﬁ } 7 10 M 1 N 1
ﬁ" . 1 1 1 P W | 1 U ‘0'0‘
<00 CpLA

0.0 0.2 04 0.6 0.8 1.0
0.0 0.2 04 06 08 1.0

Reported Molar Fraction of Ethylene
Reported Molar Fraction of Ethane

10

08 |
06 |
HF++ +
04 |

02|

A A 1 A 1 i 1

s
gt

Calculated Molar Fraction of Acetykene

0.0 0.0 02 04 0.6 0.8 1.0

Reported Molar Fraction of Acetylene

Figure 8. Predicted molar fractions versus reported molar fractions. (a) — Hydrogen; (b) — Methane; (c) — Ethane; (d) — Ethylene; (e)
- Acetylene.



AUTOMATIKA (&) 743

100 100 100
. T|=105%C . T\ 1096°C T|= 1065°C
S X °
5 5 5
o 70 - o 70 o 70
g & &
z z z
40 L 40 T 40 ;
94 97 100 85 94 100 60 80 100
Quantity of C(s), % Quantity of C(s), % Quantity of C(s), %
Partial Discharges
o - 100
T|= 1232°C < Tf=1260°C L[ =G
® s 5
5 S 2
W Y 65 ‘5 65
g g g
oy 2 g
z < e
30 r 30 T 30 y
0 50 100 0 50 100 0 50 100
Quantity of C(S), % Quantity of C(S), % Quantity of C(S), %
Low Energy Electrical Discharges
. - 100
= T|= 1179°C
T|=1316°C ° = 1Bare =S
® ) =
s S 2
2 i w i
75 o 751 o 7°
5 g :
o) ® o g
S < = ,
30 i 30 L 50 !
0 30 60 0 50 100 0 40 10
Quantity of C(s), % Quantity of C(s), % Quantity of C(s), %
High Energy Electrical Discharges
100 o0
T|= 434°C
® T|=\1060°C 100
2 S T|= 1060°C
5 5 =
& g .
75 I g
B o 751 7
© o] o 751
9] © S}
z g s
E z o
50 1 50 . “ .
g = e S0 S0 10 98 99 100
Quantity of C(s), % Quantity of C(s), % Quantity of C(s), %
Low/Medium Temperature Thermal Defects
1= zezc = 150 4
e U= . T[=esrc <4 fp—
S 5 =
i = o
= w =
g 143 o 650 % 100
o o 1)
[} — ©
g : :
< E
120 8 450 L 50 4 L
0 50 10 0 . o & - 35

Quantity of C(s), %

Quantity of C(s), %

High Temperature Thermal Defects

Quantity of C(s), %

Figure 9. Mean relative errors as a function of the percentage of the unrestricted equilibrium amount of C(s) at constant temperature.



744 A.MANJULA ET AL.

1.0
0.9
08 | K
07
06 +
05 F ©
04 t ;
X
03 Y
02 f X
0.1 )) X 3
X X%
00 o0 SO : 2Ly :
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Fraction of the Unrestricted Quantity of C(s)

Equilibrium Temperature °C

DP -D1 XD2 ATIT2 ©T3

Figure 10. Map of incipient defects without subdivisions.

the solution of two-dimensional optimization prob-
lems, of the decomposition model to the 117 patterns
of dissolved gases from the IEC database. It is worth
mentioning that the decomposition model mentioned
consists of the application of System 3 to the thermody-
namic model with optimization of the amount of C(s).
For the elaboration of the defect maps, the most refined
hypermatrix of predicted molar fractions was used, that
is, the hypermatrix with dimensions 2001 x 101 x 5,
with increments of 0.01 in the fraction of the unre-
stricted amount of equilibrium of C(s).

It is observed that the empirical data are well dis-
tributed in the graph and that the T-C binaries cor-
responding to the incipient defects of the DP types,
thermal defects, DT (T1/T2 and T3), and electrical dis-
charges, DE (D1 and D2), are grouped together, which
indicates the potential of the proposed method to clas-
sify incipient defects by AGD. It is also observed that
most of the partial discharge data were plotted in a
region of the graph corresponding to high fractions
of the unrestricted equilibrium amount of C(s), the
thermal defects data were plotted in regions of low
temperatures and the electrical discharges were plot-
ted in regions of high temperatures, which qualitatively
corroborates the characteristics of the defects (4,5).

A visual inspection of Figure 10 enabled the ide-
alization of delimitations to separate the plotted data
into 3 triangular regions, aiming at maximizing cor-
rect diagnoses of the T-C method: (i) The DP region
corresponds to the triangle with vertices at (830; 1),
(830; 0.6) and (1218; 1), (ii) the region of DT corre-
sponds to the triangle with vertices at (1218;1), (250;
0) and (900; 0) and (iii) the region of DE corresponds
to the triangle with vertices at (900; 0), (1570; 0) and
(1218; 1). Furthermore, unlikely T-C binary regions,
that is, low temperature-high fraction of C(s) and high
temperature-low fraction of C(s), which correspond
to theoretically unlikely patterns of dissolved gases,
proved to be unpopulated and not provide defect clas-
sification. From these observations, Figure 11 presents
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Figure 11. Map of incipient defects subdivided into three
regions of defects.
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Figure 12. Map of incipient defects subdivided into five
regions of defects.

the map of incipient defects divided into DP, DT and
DE regions.

Figure 11 shows the map of incipient defects divided
into regions DP, T1/T2, T3, D1 and D2, according to
the types of incipient defects listed in the IEC database.
Again, the procedure for delimiting the regions on the
map was performed aiming at maximizing the perfor-
mance of the T-C method.

In Figure 12, the DT region of Figure 11 was sub-
divided into the T1/T2 and T3 regions by a straight
line passing through the points (250; 0) and (950; 0.16).
Likewise, region DE was subdivided into regions D1
and D2 by a straight line passing through points (1218;
1) and (1300; 0).

5.8.2. Performance analysis of the T-C method

Table 4 presents the percentages of correct diagnoses
given by the T-C method and by the Rogers, Doer-
nenburg, IEC and Duval methods, resulting from the
classification of cases in the IEC database into the three
types of defects in the less refined division.

As seen in Table 4, the T-C method presented a
much superior performance, in the classification in
three regions, compared to the performance of the three
classic methods based on ratios: Rogers, Doernenburg
and IEC. In comparison to the Duval method, the T-C



Table 4. Performance of methods in classifying into three types
of defects.

Diagnostic method Correct diagnoses (%)

T-C (proposed method) 96
Rogers 57
Doernenburg 63
IEC 76
Duval 99

Table 5. Performance of methods in classifying into five types
of defects.

Diagnostic method Correct diagnoses (%)

T-C (proposed method) 80
Rogers 53
Doernenburg 63
IEC 69
Duval 89

method presented a very close performance, although
a little lower.

Table 5 presents the performance of the methods in
classifying the cases in the IEC database into the five
types of defects in the most refined division.

A generalized performance loss is seen in Table 5
compared to Table 4, as expected from a more refined
classification. The inspection of Figure 12 reveals that
the DE data could not be satisfactorily separated into
D1 and D2, which certainly impacts the percentage of
correct diagnoses. Such an observation may indicate
that parameters other than temperature and fraction of
the unrestricted equilibrium amount of C(s) are nec-
essary for a more adequate separation of this type of
defects.

In addition, the previously cited conservative stan-
dardization of diagnostic method responses has led to
the relatively small differences between the 3-region
and 5-region ranking performances observed for some
of these methods. The most extreme case was observed
for the Doernenburg method, for which the perfor-
mance in the classifications in 3 and 5 regions is the
same.

In both classifications, in 3 and in 5 regions, the per-
formance of the Rogers, Doernenburg and IEC meth-
ods, the methods based on ratios, clearly showed infe-
rior when compared to the Duval and T-C methods,
not based on ratios. As the selection of reasons is based
on the Halstead model (6), the performances presented
may be an indication that the low agreement of this
model with the empirical data impairs the quality of the
diagnostic methods or that relevant information is lost
during the transformation. of dissolved gas concentra-
tions in ratios.

The Duval diagnostic method, in turn, presented
the highest performances. However, it is an empirical
method and, therefore, the quality of its predictions is
limited to the quality and scope of the base empirical
data. The Duval method does not identify regions of
unknown or unclassified classification, which implies
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that any set of dissolved gas concentrations will be clas-
sified as a defect, even a theoretically unlikely set. Fur-
thermore, this method discards two dimensions of the
problem, the concentrations of H, and C,Hg, and it is
possible that relevant information is lost in this process.

On the other hand, the T-C diagnostic method is
based on more adequate thermodynamic and compo-
sitional equilibrium models, when compared to Hal-
stead’s, and all the information on dissolved gases pro-
vided is explored, considering that the method applies
the concentrations of the 5 species of interest to calcu-
late the corresponding T-C binaries. The phenomeno-
logical basis of the method makes it possible to estab-
lish useful inferences, namely: the regions, already
described, corresponding to theoretically improbable
concentrations of dissolved gases can be used to ver-
ity the validity of the results of a dissolved gas test,
since valid data do not should be observed in these
regions. Regarding performance, it should be noted that
the results of the T-C method were negatively impacted
by the lack of regions of multiple defects, given that
the conservative criteria adopted benefited the diag-
nostic methods that present such regions. Still, the
T-C method exhibited performance close to the perfor-
mance of the Duval method. Finally, the procedure for
applying the T-C method may seem more complex than
those of the classical methods, but this issue is easily
overcome if the T-C method is implemented through a
computational routine or even a spreadsheet.

Finally, it is worth remembering that the IEC
database was built from information from equipment
in operation and the calculated standards are subject
to intrinsic errors. Therefore, it is possible that some
empirical data have been misclassified, which in turn
would contribute to the incorrect location of some T-
C binaries in the incipient defect maps and, ultimately,
to a reduction in the performance of the proposed
diagnostic method.

6. Conclusion

This work presented and evaluated various thermo-
dynamic and compositional modelling proposals for
the thermal decomposition of insulating mineral oil.
A new diagnostic method for DGA, the TC method,
was developed from a more appropriate model than the
options in the literature, and was improved and evalu-
ated with the contribution inspired by the dynamics of
the thermal decomposition phenomenon of the min-
eral oil. The comparison between the new diagnostic
method and the classic method was successfully con-
ducted and led to discussions about the basic principles
of these methods. The profiles of the molar fractions as
a function of temperature, obtained from the equilib-
rium C(s) quantity scenarios available in the literature,
show that, at initial evaluation, there is little agreement
for the display with the uncontrolled magnitude of C(s).
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Experimental data and a scenario with a C(s) equiva-
lent to zero would have a high potential to adequately
represent the thermal decomposition that protects the
mineral oil. However, on subsequent quantitative evalu-
ation, it was proved that both quantities of C(s) in equi-
librium were not sufficient to represent the event. The
heat dissipation model with the C(s) size specification,
i.e. the equilibrium size of C(s) in addition to the tem-
perature, could be modified according to two hypothe-
ses in the literature to the extent of C(s) in equilibrium.
Furthermore, the proposed model, in a particular way,
made it possible to simulate intermediate scenes of
equilibrium C(s) with the aim of taking into account
the dynamics of the event. The two-dimensional simu-
lation results obtained with this model showed greater
agreement with the empirical data than those obtained
from the classical models available in the literature.
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