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Table 2. Application of DGA gas ratio for various fault detection.

Fault Type CH4/H2 C2H2/CH4 C2H2/C2H4 C2H4/CH4 C2H4/C2H6 C2H6/C2H2 CO2/CO

Thermal Faults [1]-[4]* [1]† [1]-[4]* [3] [1]-[4]‡ [1]†

Partial Discharge [2]-[4] [1]†,[2] [1]‡,[3],[4] [3],[4] [1]‡,[2] [1]†

Arcing [2],[4] [1]† [1],[4] [1]‡,[4] [1]†

Discharges of Low Energy [2],[3] [2],[3] [2],[3]

Discharges of High Energy [2],[3] [2],[3] [2],[3]
Ref.: [1] Doernenburg Ratio & Rogers Ratio (IEEE PES Transformers Committee et al., 2019), [2] IEC Ratio (Duval, 2008), [3] Kim et al. (2013), [4]

NBR7274 Method (IEEE PES Transformers Committee et al., 1992);
* Not significant for thermal faults < 300oC in [2] IEC Ratio (Duval, 2008);
† Only Doernenburg Ratio in [1] Doernenburg Ratio & Rogers Ratio (IEEE PES Transformers Committee et al., 2019) included; ‡ Only Rogers Ratio in

[1] Doernenburg Ratio & Rogers Ratio (IEEE PES Transformers Committee et al., 2019) included.

Figure 5. Word cloud of author keywords extracted from
publications retrieved from Scopus using the search crite-
ria ’Keywords: Power Transformer’ AND (’Keywords: Ar-
tificial Intelligence’ OR ’Keywords: Machine Learning’ OR
’Keywords: Deep Learning’). The searched keywords in the
criterion are not included in the word cloud. The size of each
phrase corresponds to its frequency of occurrence among the
author keywords.

their corresponding citations, thereby indicating the extent to
which they have been cited. Notably, we observe a clear and
significant increase in the number of studies on power trans-
formers with AI-related keywords, particularly after 2015. It
is to be noted that as more citations are expected with increas-
ing years of exposure, it may take longer time to show the
actual trending of citations for publications in recent years.
Nevertheless, the trend underscores the growing importance
of AI in the domain of power transformers, and the increas-
ing emphasis on harnessing AI-based solutions to address the
challenges associated with these systems.

Figure 5 presents a word cloud generated from the keywords
of the same set of AI-related publications, which reveals the
most frequent keywords found in relevant studies. It can
be noticed that fault diagnosis and dissolved gas analysis
emerge as the most frequently included terms. The applica-
tion of AI in traditional diagnostics has been widely adopted

thanks to advances in data collection and storage techniques.
Meanwhile, DGA data are easy to collect within power utili-
ties, which has prompted researchers to apply diverse AI/ML
methodologies to obtain insights for diagnosis and to under-
take more comprehensive analyses (Lu et al., 2018; Lin et
al., 2018; Zeng et al., 2020). Table 2 summarizes the most
commonly used gas indicators from DGA for checking health
conditions at a general level, which can serve as the reference
for feature selection when applying AI with DGA data.

4. CHALLENGES FOR TRANSFORMER DIAGNOSTICS

4.1. Limited Failure Data for Statistical Analysis

The lifespan of a transformer typically ranges from 20 to 50
years. As a result, there are limited failure data available
within a fleet of transformers, which can be noticed from Ta-
ble 1. This poses significant challenges for researchers in
building feasible survival models. Therefore, for the fore-
seeable future, a major focus and challenge will be on the
treatment of highly censored and unbalanced data. Although
Monte-Carlo simulation methods have been proposed for pre-
liminary assessments of data usability (Zhou et al., 2014),
techniques for data augmentation and optimizing statistical
model estimation are expected to handle cases with poor data
quality and limited failure data.

4.2. Study on Critical Components Besides Winding

The windings, bushings, and tap changers are widely con-
sidered the most critical components of power transformers
and are responsible for a significant portion of failures, as
shown in Figure 1. Research on windings and associated di-
agnostic techniques have been developing with the research
on power transformers, but less attention has been paid to
bushings and tap changers, as presented in Figures 2 and 3.
It also worths focusing more on other critical components,
such as the bushings, which are more vulnerable due to their
unique structure (Johnson & Iliev, 2012). To closely monitor
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the health condition of bushings, diagnostic techniques in-
volving capacitance, dissipation factor, and thermal analysis
can be further studied (Stih & Mikulecky, 2013; Mariprasath
& Kirubakaran, 2018).

4.3. Feasible Application of Artificial Intelligence (AI)

The use of AI holds promise for condition monitoring of
transformers. Recent research demonstrates that advanced
ML techniques have already been applied in various areas,
including survival analysis, DGA, etc. Traditional methods,
e.g., Weibull distribution for survival analysis, can provide
reliable insights with the ability to handle truncated and cen-
sored data, while advanced techniques, especially end-to-end
methods, require further development and validation to gen-
erate more interpretable outcomes. Rather than replacing tra-
ditional methods, ML techniques can also serve as auxiliary
tools to improve the performance of conventional techniques.
For instance, they can aid in data pre-processing and dimen-
sionality reduction. Therefore, it is essential to explore the
potential benefits of ML techniques while also acknowledg-
ing the strengths of traditional methods.

5. CONCLUSION

This paper provides a review of the relevant work on fail-
ure analysis and diagnosis of transformers. From survival
analysis to component-level diagnostics, the health profiles of
transformers can be illustrated from various aspects. Poten-
tials can be seen that the condition information from different
diagnostic techniques can be combined with the traditional
way of statistical modeling, to help utilities operators moni-
tor the health condition of individual assets more accurately.

Challenges remain for both improvements on conventional
methods and implementation of advanced techniques as dis-
cussed in the previous section. Some possible future work is
provided below:

1. The questions remain for statistical analysis of trans-
formers including how various models perform for dif-
ferent cases; how to select the best model for a given case
with clear criteria; how to properly define the remain-
ing useful life based on the estimated models; and how
the models help make better maintenance or replacement
plans for transformers;

2. Advanced condition-based monitoring techniques can
be combined with semi-parametric statistical models to
achieve a clear view of how different condition variables
impact the lifetime trending of transformers;

3. The AI/ML techniques can potentially be applied to
many tasks including early prediction of failure rate, data
processing for modeling, analysis of the data obtained
from different diagnostic techniques, etc.
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