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Abstract— Transformers are critical electrical equipment in 

power systems. They are also expensive devices while factoring in 

the initial investment in designing and building an electric power 

system. Several different types of condition monitoring 

approaches and diagnostic methods have been researched in the 

past few decades with a crucial objective of increasing the 

transformer’s operating life and decreasing the chances of 

catastrophic damages to the transformers. However, with the 

growing challenges of the electric grid’s aging infrastructure, 

ever increasing load capacity demands, and the impact of 

extremely severe weather conditions, the stress on the utility 

power grid to operate at near zero downtime is possible only by 

proper planning and by implementing new, efficient, accurate 

monitoring and diagnostic methods. This paper provides an 

overview of the methods used in condition monitoring of 

transformers by reviewing the existing literature, analyzing the 

latest techniques used for monitoring and diagnostics while also 

emphasizing the advantages and disadvantages of current 

methodologies. In the end, some future directions for research in 

this critical topic are suggested. 

Keywords— Condition monitoring of transformers, transformer 

faults, machine learning based monitoring methods, 

computational intelligence, asset management 

I. INTRODUCTION

Transformers are an integral part of the electric grid. Unlike 

most of the equipment connected in the interconnected electric 

grid, the transformers are reliable equipment and can be in 

service for 5 or 6 decades. The repercussions of failure of 

these machines could lead to extensive financial losses to both 

consumers and utilities. Moreover, repairing or replacing a 

transformer would take several weeks to months and in some 

situations, even more than a year. As a result, condition 

monitoring (CM) and asset management should be used to 

keep transformers in good working condition to avoid any 

major losses and outages.  Since the 1930’s, CM of power 

transformers have been performed. Throughout the past 

decades, new methods have been developed and others have 

been continuously studied for monitoring and diagnosis of 

transformers [1][2] [3]. The traditional CM methods are the 

Dissolved Gas Analysis (DGA) method and Partial Discharge 

(PD) method.  Transformers contain oil that surrounds their 

core. Oil contained inside the tank of the transformer is used 

as a coolant to reduce the intense heat produced when a 

transformer is in use for an extended period of time or 

overloaded.  DGA method of testing is performed to 

determine the levels of gas dissolved in the oil.  PD occurs due 

to human error, contamination, poor installation, or 

manufacturing defects. Some causes are environmental such 

as temperature and humidity. Over time, PD can also occur 

due to aging of the insulation. PD method acts as a primary 

indicator in monitoring the weakness of insulation in 

transformers. 

In this paper, the authors have focused on the progress of 

state-of-the-art research on CM of transformers over the past 

couple of decades. A mixture of traditional CM methods as 

well as Computational Intelligence (CI) based methods are 

presented in this literature review. In the past, many methods 

of CM were implemented to adhere to specific transformers' 

structure and to adapt to their external surroundings [4]. A 

systematic review of literature that includes the application of 

CI methods (such as artificial intelligence and machine 

learning) and mathematical techniques in DGA based 

diagnosis has also been performed [5]. The level of PD must 

be continuously monitored to assess the lifespan of electrical 

insulation in transformers to avoid any unexpected 

breakdowns.  The occurrence of PD can directly relate to a 

damaged transformer [6]. The use of frequency response, 

temperature measurement, current measurement, and vibration 

monitoring have been used as forms of CM. With newer and 

recent developments in computers and expert systems, 

Artificial Intelligence (AI) algorithms and Machine learning 

(ML) based methods have become more studied forms of CM

in recent years. AI algorithms take pre-existing data and use a

mathematical model to determine if there is a fault, or even

predict if there could be a fault based on the data [7].

Additionally, advancements in data collecting mechanisms are

providing faster ways of detecting faults and relaying them to

the control centers to take corrective actions. These

mechanisms include automated diagnostic systems that are

capable of issuing a fast alert when a fault occurs. The new

online real time diagnosis tools create user friendly interfaces

that simplify CM as shown by researchers [8]. A detailed

description of online CM of transformers can be found in [9].

Fig. 1 [10] shows the different types of faults occurring in

transformers.
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Figure 1. Classification of Transformer faults 

Given the importance of CM, there is a large volume of 

published research studies describing the role of methods 

regarding both conventional methods and newer CI based 

methods. In this regard, state of the art CM using both 

traditional and newer methods will be comprehensively 

presented in this review paper.  The authors have categorized 

the research articles in this topic into 4 sub sections, DGA and 

its variants-based research articles, PD and its variants-based 

research papers, CI based papers and miscellaneous papers 

that were based on a combination of one or two of the above-

mentioned methods. The paper is organized as follows. 

Section II sheds light on the fundamental concepts of different 

traditional methodologies that have been used for CM of 

power transformers. Section III discusses the research in CM 

of power transformers that has been carried out over the past 

two decades. Section IV provides an overview of the future 

scope and extension of this research work based on the gaps in 

existing research providing technical solutions to some of the 

problems mentioned in literature. Section V summarizes the 

findings and provides concluding remarks for research on CM 

of power transformers. 

II. FUNDEMENTAL CONCEPTS

A. DGA and its variants

Dissolved Gas Analysis (DGA) is a heavily researched and 

well-developed method for CM. DGA is used by analyzing the 

oil in a power transformer for specific chemical gas 

compounds that are produced as a result of the high intensity 

heat inside the power transformer's tank. Gases such as H2, 

CH4, C2H6, C2H4 and C2H2 are all gases that may occur due to 

dissolved gas. These gases pollute the oil as a result of which 

oil shows signs of aging. The concentrations of these 

compounds inform the researchers about the health of the 

transformer and allows them to better understand the power 

transformer's life expectancy and health [11]. DGA is a non-

invasive method that produces high accuracy results compared 

to other CM methods [12]. 

B. PD and its variants

Partial Discharge (PD) occurs when a higher voltage than 

normally expected occurs at a location inside a power 

transformer. When a high voltage is present, high amounts of 

energy are produced in that location. PD allows for a specific 

location of a fault to be determined and analyzed. PD’s 

occurrence is a sign of other problems occurring in the 

transformer. Typically, sensors are used to detect PD 

occurrences in the power transformer and are being 

continuously monitored [6]. Fig.2 [13] shows the experimental 

setup of PD applied to CM of transformers.  

Figure 2. PD applied to CM of Transformers 

C. Computational Intellegence Based Methods

In recent years, integration of AI, ML and web-based CM 

methods are being researched by many researchers. These 

methods include AI based CM, sensor-based detection, ML 

based approaches and internet-based detection interfaces. 

Though not always connected, these methods can be used 

together to build an accurate and efficient CM method. AI 

techniques involve methods like statistical machine learning, 

deep learning etc. that are not only core areas in the field of 

artificial intelligence, but also one of the hot research 

directions in electrical engineering today.  

CI based methods also attempt to improve the existing 

intelligent methods by adjusting a certain parameter in the 

algorithm or combining multiple techniques to enhance the 

robustness of the transformer fault diagnosis methods. 

Intelligent computational techniques have been used by the 

researchers to mine gas data information and to find the 

correlation between gas data and faults, so that early faults in 

transformers can be detected more accurately. Expert system-

based methods like Fuzzy Logic were used to evaluate the 

probability of failure and detect specific defects in 

transformers. Human expertise and the parameters obtained 

from fuzzy logic implementation were used for CM of 

transformers [14]. Sensor based fault detection uses sensors to 

detect, and relay data from the transformer sensor to an online 

CM system. Sensors can be used for a wide variety of 

purposes. Fig.3 [15] shows the subsystems of a power 

transformer and Fig.4 [16] shows a multi sensor monitoring 

system composed of sensors, transmitter, acquisition board 

and display device, which performs the collection, 

transmission, processing, and storage of information through a 

computer program installed in the monitoring computer. DGA, 

PD and frequency measuring methods can all use sensors and 

can be non-invasive. Web based online detection systems 

allow power system operators to remotely access new 

incoming data as well as pre-existing data. These systems 

allow faults to be detected and identified from remote 

locations thereby allowing faster response times.  
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Figure 3. Subsystem of Transformers 

Figure. 4. Transformer CM using a multi-sensor monitoring system 

D. Miscellaneous Topics

Diversity of methods developed for CM of transformers has 

led to many alternative techniques. Not all methods are as 

widely researched as DGA and PD. Those methods will be 

considered under the miscellaneous section. Several key 

methods including Frequency Response Analysis (FRA), 

Thermal analysis, Vibration analysis, etc. fall under this 

category. FRA is based on the deformation of the 

transformer’s windings, causing its frequency to change [17]. 

Vibration analysis is performed by monitoring the vibrations 

induced in the windings of the power transformer. Under 

steady state conditions, any abnormal changes in vibration 

help extract diagnostic information and indicate the presence 

of faults [18].  Thermal CM works by monitoring the top oil 

temperature, hot spot temperature, oil interfacial tension, total 

amount of combustible gases etc. The heat generated by 

components allows for a diagnosis of their health. As loading 

and line disturbances frequently occur, thermal condition 

becomes an important marker of transformer capability and 

performance [19]. 

III. CONDITON MONORTING OF TRANSFORMERS

A. DGA Based Methods

In 2007, the dissolved oil compounds and moisture were 

tested in transformer Kraft insulation paper. Testing indicated 

the ability of dissolved oil compounds and moisture to show 

faults in power transformers [20].  Oil Impregnated Paper 

(OIP) test showed that oil and moisture have correlations with 

the health of power transformers [21]. As of 2011, different 

DGA techniques were used to determine a range of faults in 

transformers. CM methods can depend solely upon gases or 

the concentration of a particular gas present in the 

transformer’s oil tank [22]. In later years, sensors were used to 

detect the presence of hydrogen in the oil tank. A fiber Bragg 

grating sensor was able to detect hydrogen in transformers oil 

which showed that compound detection in transformer oil was 

possible [23]. The importance of transformer bushings in 

DGA was also further explored. The Periodic manual bushing 

test gave the best results in DGA. Manual checks help with 

proper assessment of the health of the bushings and overall 

transformer, compared to remote web based online checks 

[12]. A study in 2020 dealt with the uses of spectral analysis. 

This method measured the frequency of the oil to determine its 

viscosity. Simultaneously, this method was used by 

researchers to determine the health of the transformers oil 

[24]. More faults occurring in bushings were examined and 

chromatography was used to determine specific compounds 

located in the transformer oil. Infrared was utilized to 

determine bushing heat, and to give a better idea of the health 

of the bushings [25].  

B. PD Based Methods

For online measurements, a detection-based method that uses 

Ultra-High Frequency (UHF) signals emitted by the 

discharging source was used to detect faults in power 

transformers [6]. Three different types of PD sources using 

three different defect models (HV corona, floating part, and 

surface discharge) were tested in transformer oil.   There is a 

distinction between the three types of PD issues which shows 

this method can be used practically.  Finite Difference Time 

Domain (FDTD) and Numerical Electromagnetic Code (NEC) 

were used to find the partial discharge in a power transformer 

[26]. This method can isolate the location of the discharge. 

Another PD study found that the sensors inside and outside 

differ in response and the results vary because of the 

difference. It was concluded that this method is only accurate 

at a certain range for different sensors [27]. More research was 

done on a new type of antenna sensor to measure UHF [28]. 

This antenna is called the microstrip-fed planar elliptical 

monopole antenna. The research concluded that this antenna 

was able to monitor properly and is suitable for CM. 

C. AI and Sensor Based Methods

(i) Methods using AI: The methods that use AI encompass

many methods used in traditional CM. In many research

papers, DGA data, PD data, and other miscellaneous data were

collected to be used in the AI based model for CM. This

section reviews research on AI and Sensor based methods that

utilize data collected from online sources, data collected from

DGA, data collected from PD, and data collected from other

miscellaneous methods.

1) Data Collection from Online sources:  Researchers used a

design modeled after the Hidden Markov Models (HMM).

This model received signals from the transformer and used

them to predict and identify where the fault was located at.

The researchers found this method of CM to be very

effective [29]. Ontology Reasoning was also used where a

multi agent system helped determine the fault and relate it to
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other data [30].  Later, soft computing techniques were 

used, but those methods were not capable of producing a 

precise measurement, other than the general idea that there 

was a fault [31]. Another method considered the CM of 

power transformers as a health index rating based on its age. 

Using this method, current health score, future health score 

(after 2 years), current and future Probability of Failure 

(PoF) and end of life (EoL) for each transformer were 

calculated. A simple spreadsheet was used to calculate the 

health of the transformer based on observed measurements 

[32]. 

2) Data collected from DGA Based Methods: Some

researchers used temporal characteristics to identify faults

[33]. For continuous online analysis, the sliding window

model was used. The use of Fuzzy Logic to detect faults

was considered. But, the disadvantage of a fuzzy logic-

based approach was that if the interface system was not

provided with good data, it would not perform accurately

[34]. Consequently, Feed Forward Artificial Neural

Network (FFANN) was applied for fault detection. This

network was fed preexisting data to be able to find the

health index [35]. Another method proposed was the Neuro-

Fuzzy technique (NFS) method that was based on the DGA

of windings. Researchers found that this method had better

accuracy than other methods as it combined fuzzy logic and

ANN [36]. A new Fuzzy Logic method combined Roger,

IEC, Doernenburg, key gas, and Duval techniques into one

functioning fuzzy logic analysis. This analysis was able to

detect many preexisting faults [37].  Another ML based

approach called the Random Forest (RF) analysis was

studied, where the algorithm was adjusted to pick from a

pool of faults in order to identify a specific fault prediction

[38]. Then a General Regression Neural Network (GRNN)

method was used for CM of transformers. Data was

collected via an external source to use as a reference for the

newly collected data. The technique used a scoring system

to detect faults [39]. Another research used a computer

program that was built using MATLAB to detect

deterioration in oil health. This research paper developed a

standalone system for CM that was able to yield successful

results [40].

3) Data Collected from PD Based Methods: In 2006, a

Numerical Electromagnetic Code (NEC) was created where

the simulation environment was a box of electromagnetic

response of antennas and other metal structures. PD effects

were simulated in a current transformer [26]. A new method

was then developed by researchers, that combines PD and

DGA (that fuses their data) to develop a more reliable and

accurate way to detect faults in transformers. The model

was based on D-S theory which is an extension of

probability theory [41]. A practical CM method based on

multi source information fusion was proposed using an

assessment index system and a text preprocessing technique.

This assessment was based on real time operation data and

was proven to be helpful in early diagnosis and alerting of

transformer’s emergent faults [42].

4) Miscellaneous Methods:  In some newer methods, transfer

functions were used that utilized frequency response to

determine faults [43].   An analytic model using Internet of

Things (IoT) was created to measure the vibration signals in

power transformers [44]. In this method, algorithms were

created to predict faults and ultimately identify them. This

method was able to detect winding turn-to-turn short circuit,

transformer under- and over-excitation and also predict

short-circuit currents. ML algorithms were proposed to

model the transformer thermal behavior, to monitor the

health of transformers. Here the thermal models were built

using the data consisting of load profile, tap position,

winding indicator temperature (WTI) measurement, ambient

temperature, wind speed and solar radiation [45]. The

researchers then built a new ML method that combined an

evolutionary clustering method and dissolved gas subset

analysis [46]. The first step was to cluster the data using an

evolutionary k-MCA using Genetic Algorithm and then

propose a traditional diagnosis sub models to separate the

different faults related to the subsets.

(ii) Methods using Sensors: Sensors have been used in CM

of transformers based on what type of data was needed for

monitoring. The data collected from sensors was from one

of the following methods viz., DGA based methods, PD

based methods or miscellaneous methods based on their

applications.

1) Data collected from DGA Based Methods: A dual sensor

method was proposed for DGA based CM of transformers

[47]. The method was composed of two parts. First the CO

and H2 were filtered and separated. The gas concentration

measurement analysis of this research used two sensors to

measure the CO and H2. Another sensor system was

developed that used a heat sensor inside the oil tank, loading

monitors, noise monitors, and a human machine interface

(HMI) interface using which data was accessed [48].

2) Data Collected from PD Based Methods: A sensor system

using PD measurements was proposed for Ultra High

Frequency (UHF) [49]. Four Radio frequency current

transducers (RFCT) were used with an antenna on each.

This allowed more frequency irregularities to be captured by

the antennas. A new design for the UHF probe was

developed [50]. The probe was described to have several

key features that make it better than the commercial

counterpart.  This probe was able to withstand harsh

environments while being more sensitive to PD frequencies.

Another method used power transformers, secondary cables

and voltage dividers [51]. These were used to measure

discharge, and to measure discharge against each other.

Some researchers used a special oil-immersed antenna as a

sensor [52]. The antenna was placed inside epoxy resin

which is used as an insulator for the internal antenna. A

method of using online algorithms to monitor PD was

developed, that used sensors attached to all substations [53]

and a waveform classification algorithm was used to

classify the waveforms by comparing the signal magnitude

detected by each sensor. This method was able to identify

the insulation status from the outside in a live hot line

condition using the sensors.
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3) Miscellaneous Methods: A winding monitoring method was

proposed in which a Distributed optical fiber Raman

temperature sensing technology technique was proposed

[54]. In this method Optical fiber OTDR technology is

employed to measure the temperature of the winding via

sensors.  A new approach to measure leakage flux was

developed [55] where the researchers created a device using

FEM software and sensors to measure the current and

leakage. The sensors were of low quality and were only

used to measure the flux.   Another researcher used the

method of optic fiber-based PD monitoring with the Fiber

Bragg sensor [56]. This sensor is mounted on top of an

acrylic sheet instead of on the tank directly.

(iii) Web Based Methods: In 2006, a data storage system

was implemented using Oracle 9i database that stored all the

data in tables [57].  Later, a Computer Supported

Collaborative Work (CSCW) technology system was

developed. This system allowed for the data to be stored and

viewed from all around the community. The community can

collaborate on the direction of ideas [58]. A web-based

platform was used to test a new method in a high voltage lab

[59]. The new method is called Transmission Line

Diagnostics (TLD). The researchers found that this method

was just as sensitive to the windings as other methods. In

this method, tests were taken from transformers and data

was collected online to find similarities. Later, a C++

interface was created using Windows CE [60]. This

interface stores data as well as shows vibration graphs.

Methods such as Photo-Acoustic Emission Spectroscopy

(PAS) and Gas Chromatography (GC) were able to relay

data online with alarms if faults or irregularities were

detected [61]. Zigbee technology was used as an interface

for short range communications [62]. It’s low power and

low cost made it viable. An online web-based interface was

created using UHF in a hydro power plant. This method

incorporated online pulse recognition to identify the pulses

and determine the pulse type [63].  Some techniques were

proposed for online and on-site PD diagnosis of

transformers in service, to detect defects in coil insulation

[64].

Researchers examined a newly created method of PD [65] for

the capacitance and dissipation factor measurement. Several

techniques were described in this paper to differentiate

between internal and external noise. The proposed method

relayed all data back to a computer via optic lines which

allowed the data to be examined. LabVIEW software was

used to store large quantities of data. There were alarm codes

embedded in datasets [66].  Later, an Online Monitoring of

Distribution Transformer (OMDT) system was created. This

system also used Zigbee technology. This method used an

LCD monitor at transformers to relay the data [67]. A review

of the precision 6 power transformers using online PD

discharge method was conducted [68].  In 2017, a GSM

system was proposed [69]. A Global Service Mobile (GSM)

System accounts for nearly all types of CM methods

including DGA and load currents. This method used a

modem to relay error messages to mobile devices so that the

engineers could detect and repair the problem.  A

Supervisory Control and Data Acquisition (SCADA) system

was developed where this system monitors, as well as 

predicts abnormalities in real time [70] In addition, it can also 

estimate down time for repair. An IoT based transformer 

monitoring method was developed using open-source 

software using a Arduino Mega 2560 microcontroller and a 

ThingSpeak web interface was proposed [71]. This method 

was able to store data in a cloud device and was able to 

display that data. In another research, Wi-Fi was used as a 

form of data transfer in an IoT based CM system [72]. A 

design based on a Radio Frequency Identification Device 

(RFID) was proposed by researchers [73]. This system 

includes an energy management module, signal acquisition 

module, signal processing module and RF module. The RF 

module was fed by a power supply. Another method 

proposed a remote online monitoring system for transformer 

winding deformation using a cloud-based system [74].  The 

main data used was a current–voltage characteristic graph. 

The researchers observed that the tested model performed as 

it should. An IoT CM method was developed by researchers 

[75] to monitor the temperature of transformer oil and detect

various gases like Methane, Carbon monoxide, Hydrogen,

Acetylene, Ethane etc. In this method, the communication

system sends data through Wi-Fi and SMS, if faults are

detected. Another IoT based online program that updates and

alerts in real time was developed [76]. It used sensors to

gather data and utilizes AI algorithms to detect faults. This

method used preexisting data to test against new data and the

system was updated when a fault was detected.

(iv) Some other miscellaneous methods are discussed in this

section.

1) Frequency Response Analysis (FRA): In 2005, a new type

of FRA analysis using a synthetic spectral analysis was used

to conduct research on a test transformer. This new analysis

was 90% accurate [77].  A method that simplifies the graphs

of FRA was introduced. The proposed approach used polar

plot to try and simplify the graphs so that it is easier to

interpret. The researchers used already existing FRA

analysis to base the creation of polar plots on. They found

that the polar plot method may become useful for FRA data

[78]. Sweep Frequency Response Analysis (SFRA) was

introduced. This technique relied on assessing mechanical

movements in power transformers. The researchers used a

transformer to conduct their test on this method and found

SFRA was a viable method for CM. A lumped parameter

model was introduced that could consider different

transformers at different health levels and allow FRA to

analyze them [79].

2) Thermal Analysis: The thermal monitoring approach [80]

used heat around the transformer to anticipate faults. There

are temperature sensors, load probes, fan probes, a remote

monitoring data system, and an Intelligent Electronic

Device (IED) to read the data. This approach was able to

make a model of the transformers heat at any given time in

the recorded data.  In another approach, a thermal imager

was used to show hotspots in power transformers [81]. The

drawback of using thermal imagery is that this method had

to be manually done.
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3) Vibration Analysis: The use of vibrations for power

transformer monitoring was researched on and was found to

be helpful in ensuring the transformer's health in systems

influenced by adjacent HVDC lines also [82].  A Laser

Doppler Vibrometer was used to make measurements of the

winding vibration. Researchers investigated the winding

vibration of a live transformer to characterize the changes in

spatial and frequency features of vibration under conditions

of mechanical faults in the transformer winding [83].

Vibration research also focused on the vibration of the

transformer tank [84]. It was observed that the vibrations of

the core directly affected the health of the power

transformer. In another method, researchers created a

database using a Health and Usage Monitoring (HUM)

system [85]. It was concluded that this method could

distinguish the transformer operating conditions.

4) Other Methods: Prony’s method- a non-invasive

monitoring technique was used to monitor the transient

vibration signals of the (OLTC) or On Load tap Changer

[86]. But this method was unable to distinguish a new

contact from an aged one. Another method analyzed OLTC

measurements using a vibration signal interpretation

algorithm and a waveform-based vibration signal

comparison method [87]. The results improved the visibility

of OLTC’s mechanical operation. A polymerization method

was developed to identify moisture content in the oil and oil

insulation paper [88]. This research found that this method

was very effective in identifying moisture levels. This

research also found that a key role in moisture content is the

environment itself [88]. Another method was researched to

assess insulation condition, their responsiveness to aging

and how their status can be correlated to transformer age

and condition [89].  The results showed some correlation

between transformer aging, paper aging and oil aging. Two

types of techniques were applied by the researchers to solve

CM in power transformers [89]. The first being Transformer

Inrush Current (TIC) and Transformer Internal Faults (TIF).

This method was found to yield efficient results for

blocking tripping signals during external faults.

IV. FUTURE SCOPE

Based on the literature review, condition monitoring of power 

transformers is a vital part of keeping our power grid intact. 

With such importance, power transformers must be monitored 

in a precise, and intuitive manner. In order to accomplish this, 

there must be a mixture of well-established technological 

methods and newer artificial intelligence/machine learning 

methods. Such a newly developed framework for CM of 

power transformers should include techniques that can 

increase the lifespan and reliability of the power transformers. 

Newer online condition monitoring methods must be 

developed to manage the maintenance cycle and increase the 

life of a transformer.  

AI algorithms continue to prove themselves as a key 

technology in the ever-growing field of CM. An AI algorithm 

combined with human intuition can make for a sound method 

of condition monitoring of power transformers. Newer 

intelligent machine learning methods were proposed [90] for 

diagnosing both power and distribution transformers. The 

authors listed several disadvantages of intelligent diagnostic 

techniques and provided possible solutions and future 

directions. The major challenges that were listed are (a) 

possibility of high error (b) algorithm selection (c)small 

dataset (d) imbalanced dataset and (e) real time capabilities. 

Future trends in application of ML techniques for CM of 

transformers can be categorized into 2 areas. One of the 

critical challenges in using ML for CM of transformers is the 

insufficient failure data that ML needs for its training phase. 

Power transformers operate under normal conditions most of 

the time and so acquiring relevant data corresponding to faulty 

operating conditions becomes difficult. Even if data were 

collected, there would not be any big variations in the data for 

the ML to differentiate between normal operations and faulty 

operations. For the ML algorithm to work effectively, there 

needs to be diverse sets of transformer fault and failure data 

under various disturbance conditions. But availability of 

diverse datasets is scarce compared to normal operations 

datasets. Due to the scarce availability of trustworthy datasets, 

additional efforts must be made to build reliable mathematical 

models/experimental methods to obtain the necessary datasets 

for training ML algorithms. It was observed that several 

factors must be considered while deciding on the most 

effective ML model for a particular task [91]. A tradeoff 

between problem constraints and the performance of every 

monitoring and diagnostic technique were compared 

quantitatively to determine the optimal solution for the given 

problem.  Other researchers also reviewed using a health index 

to assess transformer insulation systems based on oil quality, 

DGA and condition of the paper and handling the data 

uncertainty arising due to data unavailability [92]. Even 

Though AI methods exhibit strong data mining capability, 

when AI is being used in classification problems, due to its 

inherent nature of comparing new events with past data, the 

resulting diagnosis would have a lower accuracy [93]. A 

comprehensive review of ML methods used for CM of 

transformers is given in [94]. The authors had presented a 

state-of-the-art review on ML based intelligent diagnostics 

applied for PD detection, localization, and pattern recognition. 

It was observed that Deep Learning (DL) based methods were 

yet to be explored for PD localization and there was not a 

mathematical foundation to DL methods compared to 

traditional ML methods. Some potential solutions to overcome 

problems of insufficient data, lack of consistency between 

training and testing data, real time capability, unbalanced data, 

complexity of the model were proposed. The real challenge to 

solve the above-mentioned problems in CM and diagnostics of 

transformers would be to develop ML methods that would 

yield accurate and practical results even if (1) the datasets are 

imbalanced and (2) CM is expected to provide results about 

the health of the transformer under real time.  Newer faster 

intelligent ML methods must be developed to handle these 

challenges so that the lifespan of the transformer can be 

increased by reducing the possibility of catastrophic failures in 

transformer health. 

V. CONCLUSION

In conclusion, this paper significantly contributes to the field 

of CM of transformers through an extensive literature review. 

In this regard, the traditional methods used in CM such as 
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DGA and PD were analyzed first along with their 

disadvantages. Then the newer methods using AI and machine 

learning were discussed along with their challenges. Among 

them, several authors attempted to improve the accuracy and 

robustness of CM by using intelligent algorithms and 

modifying a certain section of the algorithm or building a 

hybrid method combining corresponding approaches of other 

intelligent methods. The key components that are essential for 

practical CM of power transformers have been identified, 

including data collection and processing, analysis and 

dissemination. It was observed that machine learning based 

methods can provide a paradigm shift in the status where the 

conventional analytical approaches and model-based 

approaches fail to yield accurate results especially in the 

presence of large quantities of data.  Considerable effort is 

needed to build reliable and accurate models that are capable 

of outputting the much-needed data for the training part in 

ML. Also due to significant differences in volume of oils used,

different types of insulation materials used, different classes of

voltages and the unpredictability of the CM process itself,

obtaining near perfect accuracy on the forecast of transformer

faults is impossible.  In such instances, the intelligence

provided by newer and smarter machine learning techniques

can provide predictions and decisions that are based on the

data collected, resulting in accurate health monitoring of

transformers.
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