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Abstract: The current use of health index algorithms is mainly limited to single assessments of the
unit’s condition or the device comparison. The paper focuses on the changes in the health index
values between the consecutive analyses. The algorithm used for this purpose was previously
developed by the authors. The test group included 359 complete oil evaluation results from 86 power
transformers monitored over several years. For each outcome, the influence of the sub-components of
the main score was calculated. Additional health index increase simulations were performed based
on the IEC 60599 standard guidelines. The highest increases and decreases in the total score were
listed and analyzed to determine the main factors behind the changes. The study has shown that
the changes in dissolved gases concentrations have a much more significant influence on the health
index values than the changes in physicochemical properties of the oil and furfural content. Based on
the magnitude of the observed changes and the simulation outcomes, the authors have proposed two
assessment thresholds—the 50th percentile health index increase within a population as an alarm
zone, and the 90th or 95th percentile increase as a pre-failure zone.
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1. Introduction

Power transformers are the most expensive, commonly used power grid assets. Dis-
tribution system operators strive to minimize emergency outages of crucial equipment to
improve the power system availability. Site repair of some transformer faults is possible,
but severe defects require transportation of units to a workshop for internal inspection
or repair involving removal of the active part from the tank, which is time and cost-
consuming. Therefore, system operators carry out periodic maintenance and diagnostics
on transformers to determine their current technical condition and the prospects for further
trouble-free operation. The information on the actual state of operated transformers in a
bigger population allows for effective maintenance and repair planning.

Papers [1–4] describe the diagnostic procedures used in the evaluation of the technical
status of the transformers. Some methods require a switch off of the test object, which
may cause problems with the grid operation in the case of units of high importance
for the reliability of the local power network. Thus, transformer de-energization for
diagnostic purposes is performed, depending on the operator’s capabilities at individually
determined intervals.

The most common diagnostic methods applied during transformer operation are
routine visual inspections and operation history analysis. They are usually carried out
during the general substation inspections when the overall condition of each device is
checked, such as instrumentation readings and the sound assessment. In addition, periodic
thermal imaging of transformer externals (tank, cooling system, and bushings) provides
information on the status of key transformer equipment.

Another activity that can be performed on an operating transformer is oil sampling.
The transformer oil is tested mainly for two groups of parameters. The first one, the physic-
ochemical properties, indicates whether the oil is suitable for operation as an insulating and
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cooling medium within the transformer. The second is the dissolved gas analysis (DGA),
which makes it possible to assess whether internal defects have developed within the trans-
former or the scale of internal faults. These tests are non-invasive except for sampling from
the on-load tap changer (OLTC) compartment, which requires transformer de-energization.
The DGA effects are significant—detecting pre-failure states and indicating the necessity
for more extensive diagnostics with other advanced methods is possible.

A great variety of measurement methods can be used for transformer condition
assessment. They can be divided into several categories:

• Electrical parameters (turns ratio, winding resistance);
• Insulation properties (insulation resistance, dielectric dissipation of windings, and

moisture content evaluation within solid insulation using polarization methods);
• Mechanical integrity (frequency response analysis, leakage reactance);
• Accessory check (on-load tap changer diagnostics, bushing assessment).

The abovementioned methods require the test object to be switched off. The choice
of diagnostic methods shall be based on the unit’s current technical condition, operation
history, or the test procedure provided within the operation and maintenance manual. The
test results are evaluated by taking into account the historical values to identify the changes
in the technical condition of the unit.

Transformer fleet management becomes challenging when the population reaches the
size of several hundred or thousands of units. For such large groups, the simplicity of the
health index method is unmatched, as the technical condition of a device is represented
as a single indicator. This value is usually numerical, which facilitates the observation of
changes in transformer health, comparative analysis between units, and maintenance or
overhaul planning. The assessment techniques vary for each health index, but the most
important ones are described in a review [5].

So far, several health indexes have been developed, which vary in design [6,7]. Some
distribution operators have implemented such methods for transformer population man-
agement, and their experiences are described in [8–12]. The application of an IoT platform
for online fault diagnosis of power transformers based on the dissolved gas analysis is
presented in [13]. An algorithm evaluating transformer oil conditions based on the inte-
gration of multiple assessment techniques is described in [14]. The method may also be
adopted for calculating the device’s apparent age based on the population data [15], which
allows for calculating the remaining life of a transformer [16]. However, the application of
health indexes is mainly utilized for analyzing the individual results, comparative analysis
between devices, or identifying operation prospects [17]. There are limited references to
the use of a health index for long-term monitoring of transformer condition changes, and
there is very little knowledge about the assessment of the magnitude of score variations.

In this paper, the authors aim to contribute to the know-how of health index application
by evaluating score changes over time using field and simulated data. The analysis was
carried out using a previously created health index based on periodic oil diagnostics. A
selected group of transformers working in different operating conditions and of various
ages was used for this study. The paper’s contributions are as follows:

• Simulations of the algorithm output based on different criteria to determine the
magnitude of typical internal faults detectable through oil analysis;

• Evaluation of the score changes observed within the population;
• Recommendation of alarm and pre-failure thresholds based on the observed and

simulated results.

2. Materials and Methods

The basis of this study was the algorithm developed by the authors [18]. A concise
description of the population and the algorithm’s structure is presented in the following
subsections.
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2.1. Study Group

The study group included power transformers installed in Polish power grids. The
devices were characterized by upper voltages from 15 to 220 kV and rated power between
5 and 270 MVA. All units had mineral oil as liquid insulation, and most were equipped
with an on-load tap changer. To ensure the presence of units with various load levels, the
study group included generator step-up (GSU), electric arc furnace (EAF), distribution, and
industrial transformers. The distribution of the operation type of the transformers in the
study group is shown in Figure 1.

Energies 2022, 15, x FOR PEER REVIEW 3 of 15 
 

 

2. Materials and Methods 
The basis of this study was the algorithm developed by the authors [18]. A concise 

description of the population and the algorithm’s structure is presented in the following 
subsections. 

2.1. Study Group 
The study group included power transformers installed in Polish power grids. The 

devices were characterized by upper voltages from 15 to 220 kV and rated power between 
5 and 270 MVA. All units had mineral oil as liquid insulation, and most were equipped 
with an on-load tap changer. To ensure the presence of units with various load levels, the 
study group included generator step-up (GSU), electric arc furnace (EAF), distribution, 
and industrial transformers. The distribution of the operation type of the transformers in 
the study group is shown in Figure 1. 

 
Figure 1. The operation type distribution of the transformers included in the study group. 

The study group included transformers aged less than a year to 50 years in operation. 
The authors decided not to include older units due to the non-conclusiveness of their re-
sults in population analyses, as described in [18]. The distribution of transformers’ age is 
presented in Figure 2. 

 
Figure 2. The age distribution of the transformers included in the study group. 

Initially, the study population consisted of 620 complete oil analyses from 220 power 
transformers. The criteria introduced for long-term observations (equal or more than three 
measurements within at least two years) resulted in a population size drop. Then, for each 
transformer, the first record was reduced due to the transition from individual analysis to 
the score change between the subsequent analyses. Ultimately, the population consisted 
of 359 records from 86 power transformers. 

  

Figure 1. The operation type distribution of the transformers included in the study group.

The study group included transformers aged less than a year to 50 years in operation.
The authors decided not to include older units due to the non-conclusiveness of their
results in population analyses, as described in [18]. The distribution of transformers’ age is
presented in Figure 2.
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Initially, the study population consisted of 620 complete oil analyses from 220 power
transformers. The criteria introduced for long-term observations (equal or more than three
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measurements within at least two years) resulted in a population size drop. Then, for each
transformer, the first record was reduced due to the transition from individual analysis to
the score change between the subsequent analyses. Ultimately, the population consisted of
359 records from 86 power transformers.

2.2. The Health Index Adopted for the Study

The algorithm used for the analysis is a health index based on routine diagnostics
of the electrical insulating oil. The primary consideration in the design was to allow
regular condition checks without the need for transformer de-energization. The inclusion
of additional offline diagnostic methods would significantly increase the cost of a single
health index analysis and decrease the condition evaluation frequency. The procedure steps
are indicated in Figure 3, and the parameters included in the algorithm are presented in
Table 1.
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Table 1. The parameters included in the presented health index with the subindex breakdown.

Physicochemical Properties
HIOIL

Dissolved Gas Analysis
HIDGA

Solid insulation Evaluation
HIISO

Breakdown voltage (BDV) Hydrogen (H2) Furfural (2-FAL)
Water content (WC) Methane (CH4) Carbon monoxide (CO)

Acidity Ethane (C2H6) Carbon dioxide (CO2)

Dissipation factor Ethylene (C2H4)
Acetylene (C2H2)

n index consists of three subindexes, which are a weighted sum of all the parameters
included. The individual functions for each component have been determined based on
the recommendations of IEC [19], IEEE [20,21], and CIGRE [22,23]. The choice of weighting
factors for the parameters is important as it can significantly affect the efficiency of the
evaluation [24]. The general relationships are given in Equations (1)–(4), where Fx(j) are
the individual functions for each parameter included in the health index, with W(j) being
their respective weighting factors, and Wx are the subindex weighting values. The exact
mathematical functions, the philosophy behind their design, and the selection of weighting
factors are described in detail in [18].

HIOIL =
n

∑
j=1

FOIL(j)·W(j) (1)

HIDGA =
n

∑
j=1

FDGA(j)·W(j) (2)
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HIISO =
n

∑
j=1

FISO(j)·W(j) (3)

HI = HIOIL · WOIL + HIDGA · WDGA + HIISO · WISO (4)

Once the final health index value has been calculated, the importance of the trans-
former in the power system must first be determined to establish the device condition. The
criticality is related to operating conditions and is determined once for each unit during the
first health index calculation. The criticality of the device can be changed after considering
factors such as the nature of the customer, lack of redundancy, or restricted maintenance
possibilities. The classification is based on the division established in the Polish national
guidelines for transformer operation [25]. The criticality division is presented in Table 2.

Table 2. The division of device criticality levels for the condition assessment in the presented health
index.

Level “0” Level “1” Level “2” Level “3”

Group I as per [25] Group I as per [25] Group II as per [25] Groups III and IV as
per [25]

Crucial importance Significant
importance Standard importance Minor importance

For each criticality level, individual evaluation criteria were assigned. These were
based on the analysis of the observed values in each group of the transformers. The
thresholds presented in Table 3 are shown in percentage values of the maximum obtainable
score, 10 points. A value of 0% should be considered as 0 points, which corresponds to a
condition of a new device, and 100% is 10 points, which indicates the end-of-life condition
of the unit.

Table 3. The percentage thresholds of health index score for the condition assessment of devices of
all criticality levels.

Condition Level “0” Level “1” Level “2” Level “3”

Good 0–5% 0–10% 0–15% 0–15%
Fair 5–15% 10–20% 15–25% 15–30%
Poor 15–30% 20–40% 25–50% 30–55%
Risky 30–100% 40–100% 50–100% 55–100%

The algorithm was designed for routine diagnostics to detect even minor changes in
oil parameters. Therefore, the individual functions were linear instead of the step functions
typically used for other health indexes, which makes it much more suitable for analyzing
changes in performance due to the much higher sensitivity to parameter changes than
other methods.

3. Study Considerations

Since the presented algorithm has three main components—oil physicochemical prop-
erties, dissolved gas analysis, and 2-FAL concentration, the influence of each should be
discussed separately.

The physicochemical properties used in the algorithm are characterized by a mixed
rate of change in the parameters. Breakdown voltage and water content levels are often
related, and the changes can be dynamic—between successive measurements, a significant
deterioration of both parameters can occur due to overheating of the solid insulation
or moisture penetration from the atmosphere. The remaining parameters: acidity and
dielectric loss factor, are not subject to rapid changes, and the observation of trends takes
place over several years. The authors assumed that significant changes in the value of
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the HIOIL subindex might occur between successive tests, which indicates a substantial
deterioration in the prospects of failure-free operation of oil as a liquid insulating medium.

The values of dissolved gases in oil vary considerably over time. The rate of increase
indicates an active defect within the transformer, and the gas ratio methods allow us to
determine its nature. The results of DGA tests are one of the most critical determinants for
undertaking broader diagnostics of the unit’s technical condition. Authors believe that the
fluctuations in dissolved gas concentrations are the main factor affecting the health index
due to the magnitude of the changes.

The furfural concentration is associated with solid insulation degradation, as the cellu-
lose’s degree of polymerization (DP) can be approximated from the 2-FAL concentration
using several calculation methods with various accuracy, as indicated in [26]. However,
the observation of changes in this parameter is impossible during the initial years of op-
eration due to its undetectable laboratory levels. Considerable increases are recorded for
service-aged equipment or when the DP is below 400 [27]. Therefore, the authors assumed
that significant changes in the health index values from 2-FAL may occur mainly for old
transformers, and they warn about the decreasing mechanical strength of the cellulose
insulation.

In technical standards and manuals, it is possible to find the average parameters
change over time for devices in-service only for the dissolved gas analysis. Due to the lack
of reference data for other groups, it is impossible to simulate the impact of average pa-
rameter changes on the health index outcome. Therefore, the study focused on performing
simulations for different guidelines of 90th percentile changes in dissolved gases between
successive measurements and on the general observations of trends in the study group.

4. Results

This section is divided into four parts. In the first one, simulations of the influence
of concentration changes in gases dissolved in oil on the overall HI value were conducted
using data from various sources. The second part analyzes health index variations across
the whole population. The remaining parts present the highest recorded increases and
decreases in the health index value over time.

4.1. The Simulation of Changes in Dissolved Gas Content

The 90th percentile values for DGA changes were adopted as it is considered that the
values below this threshold are considered typical during normal operation. Failure is also
possible, but the risk is much lower than for the values above this limit.

This paper used the reference values included in the IEC standard [19] and the publi-
cation [28]. The authors have also calculated the 90th percentile changes in the study group
and used them for simulations. The reference values provided in the IEEE guide [20] were
given for 95th percentile results, so they were not used in this study. A summary of typical
yearly 90th percentile increases is presented in Table 4. In the IEC standard, the values were
presented as a range, so the upper and lower limits were separated and presented as “low”
and “high” scenarios.

Table 4. The 90th percentile values of gas level increase between successive sampling in ppm/year.

Criteria H2 CH4 C2H6 C2H4 C2H2 CO CO2

IEC 60599 low 35 10 5 32 21 260 1700
IEC 60599 high 132 120 90 145 37 1060 10,000

Bustamante et al. [28] 97 15 8 20 37 223 1477
Study group 25 23 53 15 8 145 1510

The values provided in Table 4 were used to calculate the effect of each parameter
change on the health index outcome. These results are given in Table 5.
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Table 5. The impact of the 90th percentile gas level increase between successive sampling on the
health index score.

Criteria H2 CH4 C2H6 C2H4 C2H2 CO CO2

IEC 60599 low 0.14 0.05 0.00 0.11 0.41 0.20 0.14
IEC 60599 high 0.52 0.59 0.05 0.49 0.72 0.57 0.57

Bustamante et al. [28] 0.38 0.07 0.00 0.07 0.72 0.17 0.12
Study group 0.10 0.11 0.03 0.05 0.16 0.11 0.14

Since single gas increases are rarely observable, simulations were performed for typical
faults [29] determined by the Key Gas Method (overheated oil, overheated cellulose, partial
discharges in oil, and arcing in oil) and the Duval Triangle 1 (D1: discharge of low energy,
D2: discharge of high energy, DT: a mixture of thermal and electrical faults, PD: partial
discharges, T1: thermal faults of less than 300 ◦C, T2: thermal faults of between 300 ◦C and
700 ◦C, and T3: thermal faults of over 700 ◦C) on an annual basis. The simulated results for
the Key Gas Method (KGM) are presented in Table 6, and for the Duval Triangle 1 (DTM 1),
they can be found in Table 7.

Table 6. The calculated increases in health index score for faults determined by the Key Gas Method
for 90th percentile gas increases.

Criteria Overheated
Oil

Overheated
Cellulose PD in Oil Arcing in Oil

IEC 60599 low 0.08 0.19 0.13 0.21
IEC 60599 high 0.42 0.57 0.52 0.57

Bustamante et al. [28] 0.06 0.18 0.33 0.45
Study group 0.06 0.11 0.10 0.12

Table 7. The calculated increases in health index score for faults determined by the Duval Triangle 1
for 90th percentile gas increases.

Criteria D1 D2 DT PD T1 T2 T3

IEC 60599 low 0.41 0.43 0.36 0.05 0.07 0.10 0.22
IEC 60599 high 0.72 1.23 1.03 0.64 0.82 1.24 1.00

Bustamante et al. [28] 0.72 0.72 0.23 0.08 0.10 0.15 0.14
Study group 0.16 0.24 0.18 0.12 0.16 0.15 0.13

In the case of KGM, the values determined are the minimum impact on the health
index value when the key gas value reaches a 90th percentile increase. However, for DTM 1,
the local extrema were calculated for each sub-area considering the increase in the 90th
percentile value of one of the gases, and the impact on the health index score should be
interpreted as for the Key Gas Method.

The health index variations resulting from the 90th percentile gas increases are sub-
stantially higher for the faults identified by DTM 1. The IEC 60599 “high” criteria feature
the most significant HI score changes, constituting notable variations in the overall value.
This effect is not as significant for the study group results, indicating the need for applying
lower observation thresholds.

4.2. The Health Index Score Changes in the Population

Different sampling intervals characterized the majority of the calculated HI changes
in the population. To enable the comparison, each result had to be recalculated to change
over one year. This part of the study did not consider changes recorded within less than
90 days, as the observation period was too short. The standardized results of the health
index variations versus device age are presented in Figure 4.



Energies 2022, 15, 6078 8 of 15Energies 2022, 15, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 4. The annual changes in the HI score between successive tests in the study group. 

Figure 4 shows a significant concentration of results around value zero. The mean 
score was 0.057, which, on a sample of several hundred devices, confirms that the average 
change in the HI value over time is positive. In addition, the calculations of each subindex 
contribution were performed, and the results versus transformer age are presented in Fig-
ure 5. 

  
(a) (b) 

 
(c) 

Figure 5. The annual changes in the subindex values between successive tests: (a) HIOIL; (b) HIDGA; 
(c) HIISO. 

Figure 4. The annual changes in the HI score between successive tests in the study group.

Figure 4 shows a significant concentration of results around value zero. The mean
score was 0.057, which, on a sample of several hundred devices, confirms that the average
change in the HI value over time is positive. In addition, the calculations of each subindex
contribution were performed, and the results versus transformer age are presented in
Figure 5.
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The mean annual change of 0.057 consisted of 0.004 for HIOIL, 0.043 for HIDGA, and
0.010 for HIISO. The mean changes in values of all subindexes are positive, which indicates
that gradual aging changes are notable across the population. Compared to the assessment
thresholds presented in Table 3, the mean annual change does not pose a threat of major
condition change, allowing for safe maintenance planning.

4.3. The Highest Recorded Increases in the Health Index Values

Significant increases in the health index score were identified within the population,
and further study was required to analyze the causes. An increase of a minimum of
0.5 points between successive tests was adopted as a criterion for major positive HI value
changes. The group consisted of 28 results, including four analyses after an emergency
shutdown of the transformers. The results are shown in Figure 6, and selected details can
be found in Appendix A.

Energies 2022, 15, x FOR PEER REVIEW 9 of 15 
 

 

The mean annual change of 0.057 consisted of 0.004 for HIOIL, 0.043 for HIDGA, and 
0.010 for HIISO. The mean changes in values of all subindexes are positive, which indicates 
that gradual aging changes are notable across the population. Compared to the assess-
ment thresholds presented in Table 3, the mean annual change does not pose a threat of 
major condition change, allowing for safe maintenance planning. 

4.3. The Highest Recorded Increases in the Health Index Values 
Significant increases in the health index score were identified within the population, 

and further study was required to analyze the causes. An increase of a minimum of 0.5 
points between successive tests was adopted as a criterion for major positive HI value 
changes. The group consisted of 28 results, including four analyses after an emergency 
shutdown of the transformers. The results are shown in Figure 6, and selected details can 
be found in Appendix A. 

 
Figure 6. The major positive changes in the health index value between the successive measure-
ments. 

To interpret the results, it is necessary to refer to the CIGRE analysis of the pre-failure 
states [30]. The pre-failure daily increases in individual gases are shown in Table 8, and 
the recalculated HI values for these thresholds considering the KGM and DTM 1 outputs 
can be found in Tables 9 and 10. 

Table 8. The pre-failure gas increase rate in ppm/day. 

Criteria H2 CH4 C2H6 C2H4 C2H2 CO CO2 
CIGRE 3 5 11 5 0.5 N/R * N/R * 

* N/R means that the pre-failure gas values are not reachable during operation. 

Table 9. The calculated monthly increases in the health index score for faults identified by the Key 
Gas Method with the use of daily pre-failure gas increase rates indicated by CIGRE. 

Criteria Overheated oil Overheated Cellulose PD in Oil Arcing in Oil 
CIGRE 0.46 - * 0.39 0.35 

* CIGRE did not specify the pre-failure daily increase rate for CO, so the calculation is impossible. 

Table 10. The calculated monthly increases in the health index score for faults identified by the 
Duval Triangle 1 with the use of daily pre-failure gas increase rates indicated by CIGRE. 

Criteria D1 D2 DT PD T1 T2 T3 
CIGRE 0.29 0.74 0.79 0.65 0.88 1.33 1.10 

Figure 6. The major positive changes in the health index value between the successive measurements.

To interpret the results, it is necessary to refer to the CIGRE analysis of the pre-failure
states [30]. The pre-failure daily increases in individual gases are shown in Table 8, and the
recalculated HI values for these thresholds considering the KGM and DTM 1 outputs can
be found in Tables 9 and 10.

Table 8. The pre-failure gas increase rate in ppm/day.

Criteria H2 CH4 C2H6 C2H4 C2H2 CO CO2

CIGRE 3 5 11 5 0.5 N/R * N/R *
* N/R means that the pre-failure gas values are not reachable during operation.

Table 9. The calculated monthly increases in the health index score for faults identified by the Key
Gas Method with the use of daily pre-failure gas increase rates indicated by CIGRE.

Criteria Overheated oil Overheated
Cellulose PD in Oil Arcing in Oil

CIGRE 0.46 - * 0.39 0.35
* CIGRE did not specify the pre-failure daily increase rate for CO, so the calculation is impossible.

Table 10. The calculated monthly increases in the health index score for faults identified by the Duval
Triangle 1 with the use of daily pre-failure gas increase rates indicated by CIGRE.

Criteria D1 D2 DT PD T1 T2 T3

CIGRE 0.29 0.74 0.79 0.65 0.88 1.33 1.10
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Several individual results were in line with the guidelines from the CIGRE publication.
The calculated values of health index variations in Tables 9 and 10 may result in a significant
condition change in a short period. Due to the magnitude of these changes, each major
positive result shall be carefully investigated.

4.4. The Highest Recorded Decreases in the Health Index Values

Similar to the results presented in the previous paragraph, significant decreases in
the HI values were also distinguished. The criteria were almost identical as in Section 4.3;
however, a careful selection of results had to be made to identify the interference to
the transformer’s health improving its technical condition. Therefore, transformers that
underwent processes such as oil regeneration or de-gassing were not included. The group
consisted of 21 results that were unaffected by human interference. The results are shown
in Figure 7, and selected details can be found in Appendix B.

Energies 2022, 15, x FOR PEER REVIEW 10 of 15 
 

 

Several individual results were in line with the guidelines from the CIGRE publica-
tion. The calculated values of health index variations in Tables 9 and 10 may result in a 
significant condition change in a short period. Due to the magnitude of these changes, 
each major positive result shall be carefully investigated. 

4.4. The Highest Recorded Decreases in the Health Index Values 
Similar to the results presented in the previous paragraph, significant decreases in 

the HI values were also distinguished. The criteria were almost identical as in Section 4.3; 
however, a careful selection of results had to be made to identify the interference to the 
transformer’s health improving its technical condition. Therefore, transformers that un-
derwent processes such as oil regeneration or de-gassing were not included. The group 
consisted of 21 results that were unaffected by human interference. The results are shown 
in Figure 7, and selected details can be found in Appendix B. 

 
Figure 7. The major negative changes in the health index value between the successive measure-
ments. 

The results above indicate that the health index values may fluctuate significantly 
over time. The natural decreases in the content of gases dissolved in oil occur after periods 
of high thermal loads, which may be related to the operation conditions and occur natu-
rally at certain times of the year. 

5. Discussion 
The 90th percentile values calculated in Section 4.1 for the study group are not sig-

nificantly different from those indicated in the IEC standard. These values are unique to 
each population and will vary depending on the group size, the equipment design, and 
the operating conditions. 

The results presented in Section 4.2 indicate that both substantial increases and de-
creases in the HI values can be observed over the entire age spectrum of the population. 
The mean change (0.067) in the study group is lower than the calculated variations in the 
health index resulting from the 90th percentile increases in gas concentrations for DTM 1 
and most of the faults classified by KGM except for oil overheating. 

The impact of the HIOIL was found to be the smallest of all the subindexes. This is 
because the parameters with slow variability—acidity and loss factor, do not show suffi-
cient fluctuations to significantly influence the total health index score despite their 
weight factor. In contrast, the dielectric breakdown voltage and water content show 
greater variability, confirmed by the individual cases found during the analysis of the 
highest increases and decreases in the HI value. 

The HIDGA subindex was, as anticipated, both the most significant contributor to in-
creases and decreases in the health index output. Changes in the concentration of each of 

Figure 7. The major negative changes in the health index value between the successive measurements.

The results above indicate that the health index values may fluctuate significantly over
time. The natural decreases in the content of gases dissolved in oil occur after periods of
high thermal loads, which may be related to the operation conditions and occur naturally
at certain times of the year.

5. Discussion

The 90th percentile values calculated in Section 4.1 for the study group are not sig-
nificantly different from those indicated in the IEC standard. These values are unique to
each population and will vary depending on the group size, the equipment design, and the
operating conditions.

The results presented in Section 4.2 indicate that both substantial increases and de-
creases in the HI values can be observed over the entire age spectrum of the population.
The mean change (0.067) in the study group is lower than the calculated variations in the
health index resulting from the 90th percentile increases in gas concentrations for DTM 1
and most of the faults classified by KGM except for oil overheating.

The impact of the HIOIL was found to be the smallest of all the subindexes. This is
because the parameters with slow variability—acidity and loss factor, do not show sufficient
fluctuations to significantly influence the total health index score despite their weight factor.
In contrast, the dielectric breakdown voltage and water content show greater variability,
confirmed by the individual cases found during the analysis of the highest increases and
decreases in the HI value.

The HIDGA subindex was, as anticipated, both the most significant contributor to
increases and decreases in the health index output. Changes in the concentration of each of
the five gases included in the subindex impact the overall HI, which is particularly visible
in the detailed information provided in Appendices A and B.
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The influence of the HIISO subindex was noticeable mainly due to the variations in the
concentration of carbon monoxide and carbon dioxide. A high increase in the HI score from
the 2-FAL concentration was noticed for two units; however, in most cases, this parameter
greatly influences the long-term observation of the changes in technical conditions.

The calculated standard deviation was 0.725, which indicates a significant scatter of
results in the population compared to the mean change. If the DGA criteria (90th percentile
increase) for the changes in the HI were adopted, the alarming increase would be a change
of more than 1.192. As the analysis of the highest score increases has shown, many of
the alarming results do not meet this criterion despite the laboratory recommendations
to shorten the diagnostic intervals. In addition, this value differs significantly from the
calculations presented in Tables 4 and 5 for the study group. This suggests separating the
thresholds into alarm and pre-failure zones.

Due to individual features and various operating conditions, the authors propose an
alarm threshold at the 50th percentile of the HI score variation (for the study group, it is
0.18 per year). Adoption of such value means that almost all types of defects (except D2
in DTM 1) indicated by the DGA at the 90th percentile increases in the gas concentrations
may exist, which shows the need for future observation of the unit’s technical condition
with greater care.

In the case of the pre-failure zone, a criterion of 90th or 95th percentile of the population
increases is suggested (1.192 and 1.507, respectively). The four evaluations after the device’s
emergency shutdown were above the 95th percentile. The choice of threshold level should
depend on the operator and be dictated by the risk tolerance—with a more conservative
approach, a 90th percentile level is recommended.

As far as the criteria for the natural decreases in the HI values are concerned, it is
impossible to establish unambiguous criteria. Small drops in gas concentrations over time
are a natural phenomenon associated with the so-called “transformer breathing” and the
internal defect activity. Large decreases in the gas concentrations have been observed
after the significant HI score increases, and in some cases, such situations would repeat
regularly. This may be due to the operating conditions (thermal cycling) or seasonality (e.g.,
higher average operating temperatures during summer). Similar to the alarm threshold
for HI value increases, the 50th percentile change, a decrease of less than −0.07 should be
investigated.

The study was conducted using the algorithm developed by the authors, so the scoring
guidelines do not apply to other health indexes. The alarm and pre-failure thresholds
proposed above can be calculated for any numerical health index regardless of design.
However, this requires commitment and initiative from their users to maximize the use of
data provided by these tools.

6. Conclusions

In this paper, the variations in health index scores between successive measurements
were investigated on a test group of 359 individual results from 86 transformers operating
in various conditions using an algorithm developed by the authors. During the analysis
of the health index value in the study group, it was found that each group of parameters
could be a significant factor causing large fluctuations in the total score. The results have
confirmed the assumptions that the changes in the dissolved gas content influence the
variability of the overall results.

During the population analysis, alarm (50th percentile population increase—more
than 0.18 per year) and pre-failure (90th or 95th percentile population increases—higher
than 1.192 and 1.507, respectively) thresholds were proposed to determine the values that
signal potential defects or increased operational risk. For the negative changes in the health
index score, any decreases above the 50th percentile of the population changes (less than
−0.07 per year) should be investigated individually to determine the nature of changes
occurring in the unit.
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However, it should be added that due to the size of the study group, further research
on a larger group of devices of various diversity is required to confirm the reliability of
the recommendations. The future study may concern the individual fleets with the same
operating principles to identify specific relationships within such populations and inves-
tigation of health index score variations for transformers filled with alternative dielectric
fluids (e.g., ester-based).
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Appendix A

This appendix provides selected details of the individual results presented in Section 4.3,
which were the highest observable increases in the HI value within the study group.
Table A1 lists the age of the device, details regarding the variation in the health index
and the respective subindexes, the interval between successive tests, and the main factors
responsible for the increase in the health index output. For the latter, increases in the greater
than 90th percentile values specified by IEC [19] were considered significant changes for
the DGA, and for the other parameters, major changes were listed.

Table A1. The detailed information concerning the major increases in the health index score in the
study group.

Object Age HI
Change

HIOIL
Change

HIDGA
Change

HIISO
Change

Testing Interval
in Days Significant Changes

T1 8 0.98 0.00 0.98 0.00 326 DGA (CH4, C2H6, C2H4)
T2 27 1.20 0.00 1.23 −0.03 167 DGA (CH4, C2H6, C2H4)
T3 50 2.18 −0.56 2.69 0.05 255 DGA (H2, CH4, C2H6, C2H4, C2H2)
T4 16 0.85 0.80 0.00 0.05 358 BDV and WC
T5 41 0.86 0.00 0.34 0.52 118 DGA (CH4, C2H6, CO, CO2)
T6 35 1.29 0.00 1.29 0.00 126 DGA (H2, C2H2)
T7 36 1.07 0.08 0.73 0.26 203 DGA (H2, C2H6, C2H4, C2H2, CO2)
T8 37 0.70 −0.04 0.70 0.04 175 DGA (C2H6, C2H4, C2H2)
T9 41 0.92 0.00 0.92 0.00 118 DGA (H2, C2H6, C2H4, C2H2)
T10 12 0.94 0.09 0.58 0.27 175 DGA (CH4, C2H6, CO)

T11 35 0.89 0.16 0.56 0.17 63 DGA (H2, CH4, C2H6, C2H4, C2H2,
CO, CO2)

T12 37 0.53 0.05 0.45 0.03 190 DGA (C2H6, C2H4, C2H2, CO2)

T13 37 1.42 0.05 1.20 0.17 36 DGA (H2, CH4, C2H6, C2H4, C2H2,
CO, CO2)

T14 35 0.88 0.12 0.47 0.29 88 DGA (H2, CH4, C2H6, C2H4, C2H2,
CO, CO2)

T15 22 1.89 0.00 1.38 0.51 486 DGA (H2, CH4, C2H6, C2H4, CO,
CO2)



Energies 2022, 15, 6078 13 of 15

Table A1. Cont.

Object Age HI
Change

HIOIL
Change

HIDGA
Change

HIISO
Change

Testing Interval
in Days Significant Changes

T16 6 1.35 0.00 0.45 0.90 614 DGA (CH4, C2H4) and 2-FAL
T17 * 42 1.78 0.00 1.78 0.00 242 DGA (H2, CH4, C2H6, C2H4, C2H2)

T18 * 12 2.48 0.00 2.48 0.00 71 DGA (H2, CH4, C2H6, C2H4, C2H2,
CO)

T19 * 8 1.58 0.26 0.14 1.18 226 DGA (H2, CH4, C2H6, C2H4, CO,
CO2), WC and 2-FAL

T20 * 23 3.20 −0.01 3.76 −0.55 521 DGA (H2, CH4, C2H6, C2H4, C2H2)

T21 14 1.14 −0.05 0.54 0.65 147 DGA (H2, CH4, C2H6, C2H4, CO,
CO2)

T22 6 0.69 0.11 0.58 0.00 174 DGA (H2, CH4, C2H6, C2H4)
T23 4 0.91 0.63 0.28 0.00 174 DGA (H2, CH4, C2H6)
T24 5 1.22 0.10 1.14 −0.02 191 DGA (H2, CH4, C2H6, CO)
T25 4 0.70 0.48 0.17 0.05 174 DGA (H2, CH4, C2H6, CO2)
T26 5 0.81 0.05 0.65 0.11 191 DGA (H2, CH4, C2H6, CO)
T27 5 0.57 0.00 0.27 0.30 118 DGA (H2, CH4, C2H6, CO, CO2)
T28 6 0.53 0.00 0.32 0.21 485 DGA (H2, CO, CO2)

*—means that the analysis was performed after the emergency shutdown from transformer protections.

Appendix B

This appendix provides selected details of the individual results presented in Section 4.4,
which were the highest observable decreases in the HI value within the study group.
Table A2 lists the age of the device, details regarding the variation in the health index
and the respective subindexes, the interval between successive tests, and the main factors
responsible for the decrease in the health index output. For the latter, decreases in the
greater than 90th percentile values specified by IEC [19] were considered significant changes
for the DGA, and for the other parameters, major changes were listed.

Table A2. The detailed information concerning the major decreases in the health index score in the
study group.

Object Age HI
Change

HIOIL
Change

HIDGA
Change

HIISO
Change

Testing Interval
in Days Significant Changes

T1 24 −0.52 0.00 −0.58 0.06 375 DGA (H2, CH4, C2H6, C2H4)
T2 35 −1.04 0.00 −1.04 0.00 104 DGA (H2, CH4, C2H4, C2H2, CO)
T3 12 −0.48 0.00 −0.39 −0.09 196 DGA (H2, CH4, C2H4, C2H2, CO)
T4 35 −0.61 0.00 −0.59 −0.02 402 DGA (CH4, C2H6, C2H4)
T5 36 −1.24 0.05 −0.98 −0.31 176 DGA (H2, CH4, C2H6, C2H4, CO, CO2)

T6 37 −1.01 −0.05 −0.92 −0.04 98 DGA (H2, CH4, C2H6, C2H4, C2H2,
CO2)

T7 34 −0.50 −0.05 −0.13 −0.32 211 DGA (C2H6, C2H4, C2H2, CO, CO2)
T8 35 −0.56 0.00 −0.46 −0.10 283 DGA (H2, C2H2, CO)
T9 50 −0.81 −0.82 0.00 0.01 291 BDV and WC
T10 2 −0.55 0.00 −0.55 0.00 283 DGA (CH4, C2H6)
T11 7 −0.75 −0.04 −0.54 −0.17 191 DGA (CH4, C2H6, C2H4, C2H2, CO2)
T12 6 −1.08 0.00 −1.01 −0.07 184 DGA (H2, CH4, C2H6)
T13 6 −0.68 0.00 −0.50 −0.18 184 DGA (H2, CO, CO2)
T14 47 −0.55 −0.10 −0.15 −0.30 361 DGA (CH4, C2H6, CO)
T15 47 −0.54 −0.09 −0.41 −0.04 427 DGA (CH4, C2H6)
T16 15 −1.34 0.10 −0.56 −0.88 357 DGA (H2, CH4, C2H4, CO, CO2)
T17 16 −0.75 −0.76 0.00 0.01 233 BDV and WC
T18 27 −0.58 0.00 −0.25 −0.33 349 DGA (C2H6, C2H4, CO, CO2)
T19 36 −0.55 0.00 −0.40 −0.15 520 DGA (CH4, C2H6)
T20 39 −1.65 0.00 −1.32 −0.33 522 DGA (H2, CH4, C2H6, CO)
T21 31 −0.68 −0.08 −0.34 −0.26 521 DGA (CH4, C2H6)
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