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A Novel Extension Method for
Transformer Fault Diagnosis

Mang-Hui Wang, Member, IEEE

Abstract—Dissolved gas analysis (DGA) is one of the most useful
techniques to detect incipient faults in power transformers. How-
ever, the identification of the faulted location by the traditional
method is not always an easy task due to the variability of gas data
and operational variables. In this paper, a novel extension method
is presented for fault diagnosis of power transformers, which is
based on the matter-element model and extended relation func-
tions. Thus, incipient faults in power transformers can be directly
identified by the degree of relation. The application of this new
method to some transformers has yielded promising results.

Index Terms—Dissolved gas analysis (DGA), extension theory,
matter-element model, transformer fault diagnosis.

I. INTRODUCTION

POWER TRANSFORMERS are essential devices in a trans-
mission and distribution system. Failure of a power trans-

former may cause a break in power supply and loss of profits.
Therefore, it is of great importance to detect incipient failures in
power transformers as early as possible, so that we can switch
them safely and improve the reliability of power systems.

A long in-service transformer is subject to electrical and
thermal stresses, which may form byproduct gases to indicate
the type of incipient failure. Dissolved gas analysis (DGA) is
a common practice in the incipient fault diagnosis of power
transformers [1], [2]. It tests and periodically samples the
insulation oil of transformers to obtain the constituent gases in
the oil, which are formed due to breakdown of the insulating
materials inside. As study results indicate, corona, overheating,
and arcing are the three main causes for insulation degradation
in a transformer [2]–[4]. The energy dissipation is the least
in corona, medium in overheating, and highest in arcing. The
fault-related gases include hydrogen (H), methane (CH),
acetylene (CH ), ethane (CH ), carbon monoxide (CO), and
carbon dioxide (CO).

In the past, various fault diagnosis techniques have been
proposed, including the conventional key gas method, ratio
method [2], [5], and recently, the expert systems [6], [7],
neural-network (NN) [8], and fuzzy logic approaches [9]–[11].
The conventional key gas or ratio method is based on experi-
ence in fault diagnosis using DGA data, which may vary from
utility to utility due to the heuristic nature of the method and
no general mathematical formulation can be used. The expert
system and fuzzy logic approaches can take human expertise,
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and have been successfully applied in this field. However,
there are some intrinsic shortcomings, such as the difficulty of
acquiring knowledge and maintaining a database. The NNs can
directly acquire experience from the training data, and exhibit
highly nonlinear input–output relationships. This can overcome
some of the shortcomings of the expert system. However, the
training data must be sufficient and compatible to ensure proper
training. A further limitation of the NN approach is the inability
to produce linguistic output. Recently, the combinations of
fuzzy logic and AI approach have yielded promising results in
the field [6], [12]–[15].

In this paper, a novel extension method is presented for fault
diagnosis in power transformers. Cai [16] originally created the
concept of extension theory to solve contradictions and incom-
patibility problems in 1983. In this world, there are some prob-
lems that cannot be directly solved by given conditions, but the
problem may become easier or solvable through some proper
transformation. For example, the Laplace transformation is one
of the commonly used techniques in engineering fields and the
concept of fuzzy sets is a generalization of well-known stan-
dard sets to extend application fields. Therefore, the concept of
an extension set is to extend the fuzzy logic value from [0,1]
to ( ), which allows us to define any data in the domain
and has yielded promising results in many fields [16]–[19]. This
paper is the first application of extension theory on power-trans-
former diagnosis. The proposed extension diagnosis method is
based on a matter-element model and an extended set. Thus, the
incipient faults of power transformers can be directly identified
by the degrees of extended relational functions. Results from ap-
plications to some transformers show that the proposed method
is fast and more suitable as a practical solution.

II. REVIEW OF EXTENSION THEORY

In the standard set, an element either belongs to or does not
belong to a set, so the range of the standard set is0,1 , which
can be used to solve a two-valued problem. In contrast to the
standard set, the fuzzy set enables the description of concepts
where the boundary is not explicit. It concerns not only whether
an element belongs to the set but also to what degree it belongs
to. The range of a fuzzy set is [0,1]. The extension set extends the
fuzzy set from [0,1] to ( ). As a result, it allows us to de-
fine a set that includes any data in the domain. Extension theory
tries to solve the incompatibility or contradiction problems by
the transformation of the matter element. The comparisons of
the standard sets, fuzzy sets, and extension sets are shown in
Table I. Some definitions of extension theory are introduced in
the next section.
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TABLE I
THREE DIFFERENTSORTS OFMATHEMATICAL SETS

A. Matter-Element Theory

1) Definition of Matter Element:Defining the name of a
matter by , one of the characteristics of the matter by, and
the value of by , a matter element in extension theory can be
described as follows [16], [19]:

(1)

where and are called the three fundamental elements of
the matter element. For example, (John, weight, 80 kg) can
be used to state that John’s weight is 80 kg.

2) Multidimensional Matter Element:Assuming
is a multidimensional matter element,
is a characteristic vector, and is

a value vector of , then a multidimensional matter element is
defined as

(2)

where is defined as the sub-
matter element of R, which can be simplified as follows:

(3)

3) Divergence of Matter Element:A matter may have many
characteristics; the same characteristics and values may also be-
long to some other matter. In extension theory, there are some
formulations to express this as follows:

Theory 1: If a matter has many characteristics, it can be
written as

,
(4)

The symbol “ ” indicates the mean of the extension.
Theory 2: If some matter has the same characteristic, it can

be written as

(5)
Theory 3: If some matter has the same value, it can be written

as

(6)

Fig. 1. Extended membership function.

B. Summary of Extension Set Theory

1) Definition of Extension Set:Let be a space of objects
and be a generic element of, then an extension set in
is defined as a set of ordered pairs as follows:

(7)

where is called the relational function for exten-
sion set . The maps each element of to a member-
ship grade between and . The higher the degree, the
closer the element belongs to the set. Under a special condi-
tion, when , it corresponds to a normal fuzzy
set. implies that the element x has no chance to be-
long to the set. When , it is called an extension
domain, which means that the elementstill has a chance to
become part of the set.

2) Definition of Distance:Let be a generic point of space
and a concerned domain which is called

a classical domain. Then the left-rightside distance fromto
is calculated as follows:

(8)

3) Distance Values:Let , , and
, where and are the classical and neighborhood

domains, respectively. Then, the left-rightside distance value
from to and is calculated as follows:

(9)

4) Primitively Extended Relation Function:Let
, and , the extended relation function

can be defined as follows:

(10)

The relation function can be used to calculate the membership
grade between and . The extended membership function is
shown in Fig. 1. When , it indicates and describes the
degrees to which belongs to . When it describes
the degree to which does not belong to .
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TABLE II
IEC GAS RATIO CODES

TABLE III
FAULT TYPESACCORDING TO THEGAS RATIO CODES

III. PROPOSEDEXTENSION DIAGNOSIS METHOD

In DGA, IEC codes have been used widely by the utilities. For
IEC Std. 599, the codes of different gas ratios and fault classifi-
cations according to the gas ratio codes are shown in Tables II
and III, respectively. Although IEC codes are useful for fault
diagnosis in transformers, the number of code combinations is
larger than that of fault types. Therefore, “no match” may be in-
dicated in the fault diagnosis. In this section, the extended fault
diagnosis method is proposed for power transformers. First, we
need to develop matter-element models of the fault types, and
then incipient faults of tested transformers can directly be iden-
tified by the degree of an extended relation function.

A. Matter-Element Model of Fault Diagnosis

The first step of the extended fault diagnosis method is to for-
mulate matter-element models of fault types. For IEC Std. 599
[3], there are nine fault types according to the gas ratio codes.
In Table III, is the matter element of nine fault types, where

is the fault set, is an
th fault type, is a characteristic set in which

TABLE IV
FAULT MATTER ELEMENTS OFDISSOLVED GAS

C H C H , CH H , C H C H . The
value range, classical domains of every characteristic set are ac-
cording to Tables II and III. The neighborhood domain defined
as the possible range of every gas ratio is set as

(11)

After the element-matter model of fault diagnosis is formulated,
the fault diagnosis of power transformers can be initiated.

B. Extension Fault Diagnosis Methods

The proposed extension diagnosis method has been success-
fully implemented using PC-based software for fault diagnosis
of power transformers. The extension fault diagnosis method is
described as follows:

Step 1: Formulating the matter element of every fault type
(as in Section III-A) as follows:

(12)

where and are the classical
and neighborhood domains of fault gas ratio, respectively. The
ranges of domains can be directly obtained from the IEC-de-
fined range of gas ratios. It also can be determined from pre-
vious experience.

Step 2:Formulating the gas matter element (Table IV) of the
tested transformer as follows:

(13)
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Fig. 2. Proposed extended relation function.

Step 3: Calculating the relation degree of the tested trans-
former with the faulted characteristic by the proposed extended
relation function

if

if

(14)

The proposed extended relation function can be shown as Fig. 2,
where corresponds to the normal fuzzy set. It
describes the degree to whichbelongs to . When ,
it indicates the degree to whichdoes not belong to .

Step 4: Setting the weights of the fault pattern,
, depends on the importance of every gas ratio in the fault

diagnosis process. In this paper, all three of the weights are set
at 1/3.

Step 5:Calculating the relation indexes for every fault type.

(15)

Step 6: Normalizing the values of the relation indexes into
an interval between 2 and 1 as Eq. (16). This process will be
beneficial for fault diagnosis.

(16)

where

(17)

(18)

Step 7: Ranking the normalized fault indexes to detect the
fault type of the tested transformer. The fault diagnosis rule is
shown as follows:

If THEN (the fault type is ).

Note that the proposed method can determine the main fault
severity compared to other types, and identify the fault likeli-
hood by the fault indexes. It is most helpful in the diagnosis of
multiple fault transformers.

TABLE V
TESTED GAS DATA OF TRANSFORMERS ANDDIAGNOSIS RESULTS

BY DIFFERENTMETHOD

Step 8:Go back to step two for the next transformer when the
diagnosis of one has been completed, until all have been done.

The main advantage of the proposed method is that it can
provide more detailed information about the fault inside a
transformer by relation fault indexes. Moreover, the proposed
method does not need to learn or to tune any parameters, and a
simple software package can easily implement it.

IV. CASE STUDIES AND DISCUSSIONS

To demonstrate the effectiveness of the proposed extension
fault diagnosis method, 22 sets of field DGA data from the
power transformers in China [8], [9], Australia [10], and Taiwan
were tested. The detailed gas data are shown in Table V, where
the AFN expresses the actual fault-type number, and the IEC
and EXM are the diagnosis results of the IEC method and the
proposed extension method, respectively. In Table V, numbers
10, 19, and 22 had no matching codes for diagnosis by the IEC
method, but the results of the proposed method showed excel-
lent agreement with actual faults in the transformer. The actual
faults were a low-energy discharge, a 300C 700 C thermal
fault and high-energy partial discharges, respectively.

The transformer number 20 was diagnosed by the IEC
method to have a fault-type number four [i.e., a thermal fault
of medium temperature (300700 C)]. The actual fault of
transformer number 20 was that two locations of overheating
damage were found due to eddy currents and a bad contact
[10]. In comparison, the proposed method indicated that high
( 700 C) and medium temperature (300700 C) faults
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TABLE VI
RELATION DEGREES� BY THE EXTENDED DIAGNOSIS METHOD

(PARTIAL RESULTS)

existed. The extended fault indexes indicating the likelihood
of each fault are 0.944 and 1, respectively, in Table VI. The
fuzzy logic method [10] also can diagnose the two faults. These
two methods were capable of pointing toward multiple faults,
but the proposed method did not need to learn or to tune any
parameters, and it could be easily implemented by computer
software.

The partial relation degrees of tested transformers are shown
in Table VI. It is very easy to diagnose the fault types in power
transformers from Table V. For example, in transformer number
one, the relation degree with the fault-type number one is equal
to one (or maximum value), which is indicative of fault-type
number one, or no faults. In comparison, the relation degrees
with other fault types are very small. Therefore, transformer
number one does not need to be checked in the future. Moreover,
the proposed method cannot only diagnose the main fault types
of power transformers. It can also provide useful information
for future trend analysis by the relation degree. For example,
transformer number 13 was diagnosed to have main fault-type
number five ( 700 C thermal fault). On the other hand, the
relation degree, approximately 0.56, also shows that this trans-
former had a medium possibility of fault-type number four (i.e.,
300 C 700 C thermal fault). Conversely, because of a nega-
tive relation degree, transformer number 13 had a very low pos-
sibility of fault-type number seven.

Taiwan Electric Research and Testing Center (TERTC) sup-
plied the data for transformer number 21 and 22. The informa-
tion included the transformer number, the sampling data, the
amount of TCG, and past remedies of transformer. The pro-
posed method agreed well with the actual fault, where trans-
former number 21 is an overheat (slight) fault and transformer
number 22 is high-energy partial discharges in the bare metal.

To test the diagnosis performance of the proposed method,
diagnosis accuracy with different noise percentages is shown
in Table VII. The sources of error include measurement, instru-
ments, human mistakes, etc., which could lead to data uncertain-
ties. To take into account the errors and uncertainties, a set of the

TABLE VII
DIAGNOSIS PERFORMANCES OFDIFFERENTMETHODSWITH DIFFERENT

PERCENTAGES OFERRORSADDED

testing data was created by adding5% to 30% random uni-
form-distributed samples to test the robustness of the proposed
method. As shown in Table VII, the proposed method in both
cases of relation degree has a significantly higher diagnosis ac-
curacy of 96% and 100%, respectively. In comparison, the diag-
nosis accuracy of the IEC method is only 83% due to a missing
one of multifault cases and three no-matching codes. Moreover,
the proposed method shows good tolerance to add errors, and
has a high accuracy of 81% in an extreme error of30%.

V. CONCLUSIONS

This paper presents a novel fault diagnosis method based on
the extension theory for power transformers. Compared with
other traditional AI methods, the proposed method does not re-
quire particular artificial parameters and learning processes. In
addition, the calculation of the proposed diagnosis algorithm is
fast and very simple. It can be easily implemented by PC soft-
ware. Test results show that the proposed method cannot only
diagnose the main fault types of power transformers; it can also
detect useful information for future trends and multifault anal-
ysis by the relation degrees. Moreover, the proposed method
has a significantly high degree of diagnosis accuracy and shows
good tolerances to errors added.
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