Fault Diagnosis – Isolation of
Malfunctions in Power
Transformers
10/06/2009

Fault Diagnosis – Isolation of malfunction in Power Transformers

Abstract
Power transformers are designed to transmit and distribute electrical power.
Depending on the size of a transformer, replacement costs can range from a few
hundred dollars to millions of dollars. Performing offline and invasive tests also
add to the replacement cost. Hence, there is an increasing need to move from
traditional schedule-based maintenance programs to condition-based maintenance.
A large number of techniques are available for transformer health monitoring.
However, a focused approach is required for diagnostics. Considering the long
service life of a power transformer and prevalent use of human judgment (expert),
there is a need to structure a knowledge base around expert knowledge while
continuing to create new diagnostic capabilities which can be plugged in. This
paper gives an overview about how fusion of appropriate Artificial Intelligencebased techniques can be used in diagnostics of power transformers.
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Introduction
Reliable and continued performance of power transformers is the key to profitable
generation and transmission of electric power. Their cost of acquisition,
replacement, transportation, installation and repairs are among the highest.
Therefore failure results in unavailability of equipment and loss of revenue.
Catastrophic failures result in substantial costs towards peripheral equipment
destruction, environmental damage, unplanned utilization of human resources, and
alternative power sources. Typical causes include external factors such as
lightning strikes, system overload, short circuit and internal factors such as
insulation deterioration, loss of winding clamping, overheating, presence of
oxygen, moisture, and solids in the insulating oil.
A number of standards have evolved with time on transformer loading and
transformer diagnostics to minimize unplanned outages. For example, Dissolved
Gas Analysis (DGA) is a technique used to assess incipient faults of the
transformer by analyzing ratios of specific dissolved gas concentrations arising
from the deterioration of the transformer insulation. DGA interpretation uses
methods such as IEC / IEEE standard, Roger’s ratio, Duval triangle, etc. [1].
However, there is still no universally accepted interpretation technique for these
tests and ‘expert opinion’ is often sought when any damaging trend is observed as
a result of DGA techniques.
Generally, only online tests such as DGA and moisture analysis are done on a
periodic basis and other tests are conducted as per the expert’s recommendations.
DGA analysis shows the distribution of key gases dissolved in oil1. These gases
are generated due to thermal and electrical faults, and give an indication of the
presence and severity of the fault. Further tests such as thermal imaging (infrared
image of temperature variation) and acoustic emission-based partial discharge
source location are used to detect location of fault. For oil-filled transformers,
thermal imaging is used to observe high and low-voltage external bushing
connections, cooling tubes, cooling fans and pumps, and the surface of critical
transformers [2]. Acoustic monitoring of tap changers detect arcing, contact wear,
and timing and mechanical malfunctions.
However, at times, offline tests (Frequency Response Analysis for voltage signal
frequency change due to core or winding movement) or invasive tests (Degree of
Polymerization for change in polymer chain of insulating paper indicating
degradation) are required to confirm the fault [3, 4, 1].
Huge amount of costs are involved in diagnosing and correcting faults. Hence, it is
important to have better diagnostic procedures or a combination of techniques to
detect probable failure and its root cause. This diagnostic capability will include a
1
Key gasses formed by degradation of oil and paper insulation are hydrogen (H2), methane (CH4), ethane (C2H6),
ethylene (C2H4), acetylene (C2H2), carbon monoxide (CO) and oxygen (O2). Carbon monoxide, carbon dioxide (CO2) and
oxygen are formed because of degradation of cellulose (paper) insulation
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list of probable faults so that preparations for necessary corrective action can be
planned in advanced and executed quickly. Building a Fault Diagnosis (FD)
system to address such issues in power transformers is a complex task. This
whitepaper suggests an integrated framework as a potential solution. In addition,
some Artificial Intelligence (AI) techniques are suggested for specific tests such as
DGA.

Framework for Overall Fault Diagnosis System
The core of this framework is an Expert System shell that drives the diagnosis. It
forms the high-level diagnostic layer and includes the flexibility to use tools that
form the low-level diagnostic layer as well as capability to examine various
contexts under which the diagnosis needs to be carried out. Such an FD system
comprising of automated tools built using AI will enhance the users’ ability to
make decisions efficiently. The system can add intelligence to existing systems to
enhance problem solving ability and maintain a broad range of knowledge about a
particular domain. It can be used for capturing, organizing and reapplying
knowledge including decision rules with specific criteria. An integrated framework
will include flexibility to allow different forms of tools to exist and be maintained
individually under one common roof.
A low-level AI tool uses a set of rules to categorize numeric data (such as sensor
readings), to perform analysis limited to an individual diagnostic test or a part of
the equipment. Enhanced tools such as Artificial Neural Networks (ANN) can
approximate any unknown input-output relation. These can use specific history
data and can also adapt to new data. In contrast a higher level expert system takes
into account plant design information and functionality of specific units and
diagnostic tests, conditions to trigger the tests and also the weighting criteria for
combining results from various test procedures. Diagnostic algorithms can be used
for automatic modeling and hierarchical reasoning. The Expert system takes into
account symbolic information issues which are poorly handled by tools such as
ANN. There can also be multiple layers defined for the low level tool, which can
be based on complexity required.
See Figure 1 for a candidate integrated hierarchical FD system for power
transformers. Note that the figure includes both – low level AI toolset and high
level expert system, and a fusion of various transformer tests based on reasoning
and importance. The high level expert system is used when the low level AI model
fails to give a clear fault resolution (CFR). It also shows that the expert system
seeks additional test information if a clear resolution is not reached. Such a system
will develop a life cycle profile of the transformer object.
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Figure 1: Candidate Structure of Integrated FD System for Power Transformers

The FD system for Power Transformers considers the integration of various phases
for diagnosis:
1. Live transformer
• Frequently monitored data (DGA, temperature, moisture data)
• Data generated as part of the diagnosis ‘on request’ (Furan analysis
for assessing degradation of cellulose, Thermal imaging, Partial
discharge monitoring)
2. Transformer under outage
• Data generated with the transformer offline but not opened
(Recovery Voltage Measurement test to measure winding moisture
content, Impulse test for insulation integrity, Frequency response
test for detecting winding movement due to loss of clamping
pressure or by short circuit forces)
• Data generated with transformer open (Visual,
Degree of
Polymerization test)
AI methods can be used for enhancing resolution of fault identification from each
of the above tests. This helps to make necessary decisions and take corrective
actions by fusion of information from multiple tests and including other available
information. Development of such a knowledge base involves different forms of
models depending on the depth of knowledge required. Depending on the type of
diagnostic procedure and the available knowledge, appropriate tools from the
following list can be used for different scenarios:
1. Shallow Models
• Diagnostic Rules ( Empirical models/ Use of standards)
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• Data Driven Models: (ANN, FUZZY, SVM )
2. Deep Process Models
• Thermal process models
• Transfer function models
• Equivalent Circuit models
3. Case History Data Base

The following sections explain how the framework described earlier is used to
build low-level and high-level layers.

Case Use of Framework
Consider a scenario where ANN is used as technique of choice in the low-level
diagnostic layer. A hierarchical ANN diagnostic structure trained on DGA can
provide useful fault detection information, even though it cannot determine the
location or cause of the actual fault. Output from low level diagnosis can be a list
of possible (multiple) faults where CFR has not reached. The expert system (highlevel diagnostic layer) then analyses the output and confirms one of the ANN
diagnosis as fault or offers an alternative action.
In another sample scenario, two different ANN models (low-level diagnostics) are
used–one for DGA to confirm the fault and another for thermal imaging (for fault
location determination). Assume that DGA network provides an indication of a
‘severe thermal fault’. The expert system (high-level diagnostics) will then
combine the two results from both ANN models along with the structural
information of the transformer to indicate location of the fault. This can be made
flexible to handle even new (unknown) faults. Embedding ANN (or any other form
of lower level diagnostic tool) within an expert system is an effective architecture
for a fault diagnostic system.

Need for Building Higher Level FD Layer
Failure Mode and Effect Analysis (FMEA) is required to compile information on
faults and possible ways to detect them. Additionally, typical problems faced by
operators also need to be addressed. Consider the following example, where the
transformer is gassing and the cause needs to be determined. The sources of gas
generation in a Power Transformer include:
• Dielectric system (Moisture/particles contamination)
• Electromagnetic system (Local core overheating/sparking associated
with the main magnetic flux or that associated with stray flux)
• Current carrying circuit (Progressive rise of contact resistance)
• Mechanical system (Loosening of clamping , Winding distortion)
Hence the final step will be to zero-in on any of the above sources correctly.
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Using this logic, a DGA analysis is done first classify faults as thermal or
electrical. The next step is to determine the involvement of different areas that can
produce this fault. Depending on DGA fault type, thermal, electrical faults are
assessed. See Figure 2 and Figure 3 for details.

Thermal faults
indicated in DGA?

Is the current flow
system involved?

Is main magnetic
flux involved?

Magnetizing current and
no-load losses, Ratio test

Is load effect
involved?

Heat Run Test

Design review
Thermo-scanning zones of leads disposition & LTC compartment
Measurement of winding resistance (transient contact resistance)

Figure 2: Steps when thermal fault indication in DGA

Electrical discharge faults
indicated in DGA?

Main flux ?

Stray flux ?

Operative Voltage
(floating potential,
bad contacts) ?

Acoustic technique, PD electric technique ………….

Figure 3: Steps when electrical fault indication in DGA

Using these techniques, a flowchart can be compiled (within Figure 1 architecture)
for possible steps to rectify gassing. This logic is used to build the expert system
to provide appropriate suggestions for further tests to be conducted or integrate
results from different levels of tests for detailed diagnosis.

Low Level AI Techniques
The low-level AI toolset consists of techniques that provide analysis limited to an
individual diagnostic test or a part of the equipment [5]. These can be techniques
such as ANN, fuzzy and SVM to address a particular test. Use of such adaptable
techniques allows for continuous incorporation of new information, and these also
take into account aging of the equipment. As an example, use of AI for improving
traditional rule base/standards of DGA is discussed here.
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The limitations of a traditional DGA analysis are as follows:
• Currently different methods such as IEC/ IEEE/ Duval/ Rogers Ratio
based on various standards are followed. .
• Each rule base results in ambiguity when determining the actual fault
for certain ranges. There is also approximately 20% chance that
results these different methods do not converge to a particular fault
type.
• The rules do not result in any probability measure for fault detection,
giving rise to ambiguity in case of multiple faults.
• An Expert is required to pin-point the fault (that is, convergence issue
to identify the correct fault). The Expert in turn examines additional
parameters and test results to arrive at a final conclusion.
The above limitations are solved in multiple steps by AI. First, individual methods
are made adaptable by changing the boundaries of fault classes. By doing this,
most ambiguity is removed from the results. Also, results from different tests are
combined together to arrive at a single output based on probability and
significance. Expert knowledge is also added in the form of a rule base.
The proposed solution to improve individual methods includes use of techniques
such as Extended NN [6], evolutionary fuzzy logic [7] and support vector machine
(SVM) [8]. For example, IEC standard for DGA interpretation uses a range of
ratios (3 gas ratios are used) to classify faults. An obvious approach to improve
the prediction accuracy is to write fuzzy rules by using fuzzy membership
functions to make the boundaries of different classes of faults adaptable to the
individual transformer. Instead of using crisp boundaries, fuzzy reasoning scheme
invokes adaptable fault class boundaries. Evolutionary fuzzy logic method thus
allows for updating membership functions by adapting to new test data. It also has
a provision to update the probability of fault identification to be implemented in
fault identification [9].
On the other hand, Extended NN uses the concept of extension set to extend
fuzzy logic values from limited range of [0 1] to an infinitely wide range. It allows
for simpler definition of the NN that has no hidden layer. The output fault
classification is directly related to the input nodes, where associated weights are
in the range of the 3 gas ratios. This method has been found accurate to detect
multiple faults along with associated probability of fault detection.
SVM is based on statistical learning theory and works using feature space of the
measured data. Unlike ANN, SVM can learn the non-linear high dimensional
space of variables using small number of samples to classify them or to find the
multivariate relation between them using regression.
In summary, a hierarchical AI structure for DGA (embedded in low-level
diagnostics) can provide useful fault detection information, even though it cannot
determine the location or cause of the actual fault. The expert system (high-level
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diagnostics) activates the AI diagnosis to generate the potential fault list by
combining various test results.

Conclusion
Use of AI offers the potential of reducing manpower and financial overhead
required by utilities to assess transformer condition. Today, utilities are willing to
invest in conditional monitoring equipments such as sensors and connectivity
devices. Therefore, manufacturers are under pressure to design fault diagnosis
techniques that allow remote monitoring. A need has been felt to structure and
maintain these equipments effectively for large plants.
In addition, the ideas presented in this paper can be used by transformer
manufacturers to build an FD system for more complex analysis. This can also
include the field performance of transformers from its different factory outlets to
cater to design and performance improvements of poor performing transformers.
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