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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 usefuland have been successfully applied in this field. However,
techniques to detect incipient faults in power transformers. How-  there are some intrinsic shortcomings, such as the difficulty of
ever, the identification of the faulted location by the traditional acquiring knowledge and maintaining a database. The NNs can

method is not always an easy task due to the variability of gas data direct] . : f the trainina dat d exhibit
and operational variables. In this paper, a novel extension method Irectly acquire experience irom the training data, and exnibi

is presented for fault diagnosis of power transformers, which is highly nonlinear input-output relationships. This can overcome
based on the matter-element model and extended relation func- some of the shortcomings of the expert system. However, the

tions. Thus, incipient faults in power transformers can be directly  training data must be sufficient and compatible to ensure proper
identified by the degree of relation. The application of this new y4ining. A further limitation of the NN approach is the inability
method to some transformers has yielded promising results. to produce linguistic output. Recently, the combinations of
fuzzy logic and Al approach have yielded promising results in
the field [6], [12]-[15].

In this paper, a novel extension method is presented for fault

I. INTRODUCTION diagnosis in power transformers. Cai [16] originally created the

OWER TRANSFORMERS are essential devices in a tran§"CePt of extension theory to s.olve contradictions and incom-
atibility problems in 1983. In this world, there are some prob-

mission and distribution system. Failure of a power trans- . : »
former may cause a break in power supply and loss of prof gms that cannot be directly solved by given conditions, but the

Therefore, it is of great importance to detect incipient failures moblem may become easier or solvable through SOme proper
power transformers as early as possible, so that we can Swittrfrpsformatmn. For example, the Laplace transformation is one
’ the commonly used techniques in engineering fields and the

them safely and improve the reliability of power systems. 0 . o
oncept of fuzzy sets is a generalization of well-known stan-

A long in-service transformer is subject to electrical an A
thermal stresses, which may form byproduct gases to indic rd sets to extend application fields. Therefore, the concept of

the type of incipient failure. Dissolved gas analysis (DGA) jgn extension Sﬁ.t ;]S tl(l) extend thde ]zuzzy IO%'C vgluehfr?jm [021]
a common practice in the incipient fault diagnosis of pow (=00, 00), which allows us to define any data in the domain

transformers [1], [2]. It tests and periodically samples th%nd has yielded promising results in many fields [16]-[19]. This

insulation oil of transformers to obtain the constituent gases?r"i‘per IS Fhe f|rst_ application of extensmn_theo_ry on pgwer-trans_—
rmer diagnosis. The proposed extension diagnosis method is

the oil, which are formed due to breakdown of the insulatin
sed on a matter-element model and an extended set. Thus, the

materials inside. As study results indicate, corona, overheatitig,, . . : o
and arcing are the three main causes for insulation degrada ({pient faults of power transformers can be directly identified
the degrees of extended relational functions. Results from ap-

in a transformer [2]-[4]. The energy dissipation is the leaSt. = '~
in corona, medium in overheating, and highest in arcing. TR jcations to some transformers show that the proposed method

fault-related gases include hydrogen,jHmethane (Chj), is fast and more suitable as a practical solution.
acetylene (gH,), ethane (GHg), carbon monoxide (CO), and
carbon dioxide (CQ).

In the past, various fault diagnosis techniques have been
proposed, including the conventional key gas method, ratioln the standard set, an element either belongs to or does not
method [2], [5], and recently, the expert systems [6], [7helong to a set, so the range of the standard s, , which
neural-network (NN) [8], and fuzzy logic approaches [9]-[11fan be used to solve a two-valued problem. In contrast to the
The conventional key gas or ratio method is based on expeasiandard set, the fuzzy set enables the description of concepts
ence in fault diagnosis using DGA data, which may vary frowhere the boundary is not explicit. It concerns not only whether
utility to utility due to the heuristic nature of the method an@n element belongs to the set but also to what degree it belongs
no general mathematical formulation can be used. The expertThe range of afuzzy setis[0,1]. The extension set extends the
system and fuzzy logic approaches can take human expertfsezy set from [0,1] to € oo, 00). As a result, it allows us to de-

fine a set that includes any data in the domain. Extension theory
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TABLE |
THREE DIFFERENT SORTS OFMATHEMATICAL SETS

Compared |Standard set Fuzzy set Extension set K(x) A
item
Research |Data variables | Linguistic Contradictory

bj variables probl
Model Mathematics | Fuzzy Matter-element

model mathematics model
model

Descriptive | Transfer Membership Correlation function
Descriptive | Precision Ambiguity Extension
property

Range
set

=]

0C4(x)€{0)| pa(x)l0.d] | Ka(x) e (-0)

A. Matter-Element Theory

1) Definition of Matter Element:Defining the name of a
matter by N, one of the characteristics of the matterdyand
the value of: by v, a matter element in extension theory can be
described as follows [16], [19]: B. Summary of Extension Set Theory

1) Definition of Extension Settet U be a space of objects
R=(N,c,v) (1) andz be a generic element &f, then an extension set in U
defined as a set of ordered pairs as follows:

Fig. 1. Extended membership function.

whereN, ¢ andv are called the three fundamental elements (I)?
the matter element. For example = (John, weight, 80 kg) can A={(u,y)|uelU, y=K)e (-0, )} 7)
be used to state that John’s weight is 80 kg.

2) Multidimensional Matter ElementAssumingR = (N, Wherey = K(z) is called the relational function for exten-

C, V) is a multidimensional matter elemen, = |[ci, c;, Sion setA. The K(x) maps each element éf to a member-

..., ¢ is @ characteristic vector, and = [vy, vs, ..., v,] is ship grade betweeroc and co. The higher the degree, the

a value vector of”, then a multidimensional matter element igloser the element belongs to the set. Under a special condi-
defined as tion, when0 < K(z) < 1, it corresponds to a normal fuzzy

N R set.K(z) < —1 implies that the element x has no chance to be-

» €1, U1 ! long to the set. Wher 1 < K (z) < 0, itis called an extension
R=| @V | _ | (2) domain, which means that the elemenstill has a chance to

""" o become part of the set.
2) Definition of Distance:Let z be a generic point of space
whereR; = (N, ¢;, v;) (i = 1, 2---n) is defined as the sub- (=50, o) andX, = (a, b) a concerned domain which s called
matter element of R, which can be simplified as follows: ~ @classical domain. Then the left-rightside distance fidm.X,,

is calculated as follows:

cn ? /Un R’ﬂ

R=(N,C,V). (3

o, Xo) = ‘x _ . @®)

a+b ‘ b—a
3) Divergence of Matter ElementA matter may have many 2 2

characteristics; the same characteristics and values may also bg) pistance ValuesiLet X, = (a, b), X = (c, d), and

long to some other matter. In extension theory, there are somge ¢ x' whereX, and X are the classical and neighborhood
formulations to express this as follows: S domains, respectively. Then, the left-rightside distance value
Theory 1: If a matter has many characteristics, it can bgom s to X, and X is calculated as follows:
written as
, X)) —p(z, X,) ¢ X
D(x, X, X) = { P@ » o N (¢
N A (N, ) 4{(N, c1, v1), (N, 2, v3), .., (N, cn, va)}- (w, Xo, X) {_1 cex, O

4
@ 4) Primitively Extended Relation Functiorbet X, =

4 0) X = (c, d) andX, € X, the extended relation function
can be defined as follows:

The symbol “4” indicates the mean of the extension.
Theory 2: If some matter has the same characteristic, it ¢
be written as

p(z, X,)
(N7 C, /U) B {(N17 c, Ul)'/ (N27 ¢, U2)7 RS (Nn, c, UTL)} K(:E) - m. (10)
(5) /
Theory 3: If some matter has the same value, it can be writtekhe relation function can be used to calculate the membership
as grade between and.X,. The extended membership function is

shown in Fig. 1. Whet (x) > 0, it indicates and describes the
degrees to which belongs taX,. WhenK (z) < 0 it describes

(N7 va) B {(Nh C1s ’U), (N27 C2, U)-/ te (Nn7 Cn,y ’U)}
(6) the degree to which does not belong t&,,.
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TABLE 1l
IEC GASs RATIO CODES
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TABLE IV

FAULT MATTER ELEMENTS OF DISSOLVED GAS

Ranges of Codes of different gas ratios Fault 1 2 3
the gasratio| C,H, CH, C,H, no.
C,H, H, C,Hy Matter- 1;,C1,(0,0.1) 1,5,Cy, {0,0.1) 1,,C1,(0,0.3
element | g =1 C,, (0.1, |Ry={ Cp (0.1,1) }| Ry={ €y, (1,3)
;(1)'.11 (1) (l) 8 cs, (0.1) Cs, (1,3) s (0,1)
" Fault 4 5 6
1-3 1 2 1 o
>3 2 2 2 Matter- 14,C1,{0,0.1) 15,Cy,{0,0.1) 1,Cy,(0,0.1)
element Ry = C2v(|:3) Rs = Cz’(lx:’ ) Rg = C,,(0,0.1)
C3,(13) C3.(3,10) C3.{0.1)
Fault 7 8 9
no.
TABLE Il Matter- 17,Cy, {0.1,3) I5,Cy, (0,13) 19,Cy, (0.[,3)
FAULT TYPESACCORDING TO THEGAS RATIO CODES clement | Ry =i C2,(0.0.01 |Rg={ Cp, (0.1, )}| Ro=1 Ca: (0.1}
Cy, {0.1) Cs, (13) C3, (3.10)
Fault Fault type C,H, | CH, | C;H,
type no. C,H, | H; | CH,
; = ISOS?I;aultalfult O 0 0 Cl — CQHQ/C2H4, 02 — CH4/H2, 03 — C2H2/C2H6. The
3 50T N;ggt 2 0 0 1 value range, classical domains of every characteristic set are ac-
Thermal fault 0 2 0 cording to Tables Il and Ill. The neighborhood domain defined
2 300 C ~700 0 ) 1 as the possible range of every gas ratio is set as
Thermal fault
5 >700 ¢ Thermal 0 2 2
fault P, Cq, (0, 10)
6 Low energy partial 0 1 0 R,=(P,C,V,) = (5, (0, 10) (11)
discharges Cs, (0, 18)
7 High energy partial 1 1 0
3 d’SChazig,esh After the element-matter model of fault diagnosis is formulated,
8 ow energy discharges | Tor2 | 0 ] 1or2 the fault diagnosis of power transformers can be initiated.
9 High energy discharges 1 0 2

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
In DGA, IEC codes have been used widely by the utilities. F@fescribed as follows:

IEC Std. 599, the codes of different gas ratios and fault cIassifi—Step 1: Formulating the matter element of every fault type
cations according to the gas ratio codes are shown in Table@g in Section 111-A) as follows:

and Ill, respectively. Although IEC codes are useful for fault

diagnosis in transformers, the number of code combinations is

I1l. PROPOSEDEXTENSION DIAGNOSIS METHOD

larger than that of fault types. Therefore, “no match” may be in- I, C., V;
dicated in the fault diagnosis. In this section, the extended fault R; = Co, V; i=1,2,9 (12)
diagnosis method is proposed for power transformers. First, we Cs, Vis

need to develop matter-element models of the fault types, and

then incipient faults of tested transformers can directly be idewhereV;; = (ay;, bi;) andV,; = (a,;, b,;) are the classical
tified by the degree of an extended relation function. 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 1V) of the
The first step of the extended fault diagnosis method is to fQgssted transformer as follows:

mulate matter-element models of fault types. For IEC Std. 599
[3], there are nine fault types according to the gas ratio codes.

A. Matter-Element Model of Fault Diagnosis

In Table Ill, R; is the matter element of nine fault types, where T, Cq, vy
I = {[1./ IQ./ I3./ 14, [5, IG./ I7./ Ig, [9} is the fault set/]; is an R, = CQ, () (13)
ith faulttype,C' = {C4, Cs, C5} is acharacteristic setin which Cs3, 43
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TABLE V
TESTED GAS DATA OF TRANSFORMERS ANDDIAGNOSIS RESULTS
Kw) A
BY DIFFERENT METHOD

1__.

Tr. |H, |CH, |GHs [CH, |CH,|AFN|EC [ExM
a No.

! 1 (14.7 |13.7 |10.5|2.7 0.2 1 1 1

E 2 (345 |112.3]27.5|51.5 |58.8] 8 | 8 8

! 3 (181 262 |41 |28 0 313 3

-1 — 4 (173 |334 (172812.5137.7] 5| 5 5

5 (127 |107 |11 (154 [224]| 9 | 9 9

6 160 |40 69 (110 |70 919 9

7 1220 |340 (42 |480 |14 515 5

Fig. 2. Proposed extended relation function. g ;;0 3(2)0 Z; 250 ?)i Z Z Z
Step 3: Calculating the relation degree of the tested trans- :(]) 225 326 32 338 (7) 2 I;I g
former with the faulted characteristic by the proposed extended 121200 148 14 1117 11311 9] 9 | 9
relation function 13 {78 161 (86 (353 [10 515 5
—plvg;, Vi ) 14 (32.4 |5.5 14 1126 132 9| 9 9

%7 if vj € Vij 15(980 (73 58 (12 0 61| 6 6

Kij(vtj) — 16 {160 (130 |33 (96 0 212 2
p(vij, Vij) it s ¢ Vis 17(650 (53 (34 (20 [0 | 6|6 | 6

’ tg (¥

p(vij, Vi) = p(ves, Vij) 1895 [110 [160(50 [0 | 3|3 |3
i=1,2,....9j=1,23 (14) 19300 {490 (180|360 (95 | 4 [N | 4

20 (200 |700 {250 (740 |1 45| 4 | 4

The proposed extended relation function can be shownas Fig. 2, 21625 |130 |47 |2 0 31313
where0 < K(v) < 1 corresponds to the normal fuzzy set. It 22(56 |61 |75 |32 |31 | 7| N | 7

describes the degree to whictbelongs td/. WhenK (v) < 0,
it indicates the degree to whiaghdoes not belong td,.

Step 4: Setting the weights of the fault patteij;;, W,
W3, depends on the importance of every gas ratio in the faultStep 8:Go back to step two for the next transformer when the
diagnosis process. In this paper, all three of the weights are di@&gnosis of one has been completed, until all have been done.
at 1/3. The main advantage of the proposed method is that it can

Step 5:Calculating the relation indexes for every fault typeProvide more detailed information about the fault inside a
transformer by relation fault indexes. Moreover, the proposed

3
) method does not need to learn or to tune any parameters, and a
Ai = Z; Wi Kij, 1=12...,9. (15) simple software package can easily implement it.
J:
Step 6: Normalizing the values of the relation indexes into IV. CASE STUDIES AND DISCUSSIONS

an interval betweer-2 and 1 as Eq. (16). This process will be
beneficial for fault diagnosis.

_ 3\ — )\min - 2)\max

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

/ .
A Amax — Amin t=12...,9 (16) were tested. The detailed gas data are shown in Table V, where
where the AFN expresses the actual fault-type number, and the IEC
and EXM are the diagnosis results of the IEC method and the

Amax = max {\;} (17) proposed extension method, respectively. In Table V, numbers

1<i<9 10, 19, and 22 had no matching codes for diagnosis by the IEC

Amin = 122129{/\i}' (18)  method, but the results of the proposed method showed excel-

) . . lent agreement with actual faults in the transformer. The actual
Step 7:Ranking the normalized fault indexes to detect the, its were a low-energy discharge, a 3@~700°C thermal
fault type of the tested transformer. The fault diagnosis rule gt and high-energy partial discharges, respectively.
shown as follows: The transformer number 20 was diagnosed by the IEC
If (\, = 1) THEN (the fault type is/},). method. to have a fault-type number four [i.e., a thermal fault
of medium temperature (36700 °C)]. The actual fault of
Note that the proposed method can determine the main fauw#tnsformer number 20 was that two locations of overheating
severity compared to other types, and identify the fault likeldamage were found due to eddy currents and a bad contact
hood by the fault indexes. It is most helpful in the diagnosis ¢10]. In comparison, the proposed method indicated that high
multiple fault transformers. (>700 °C) and medium temperature (30800 °C) faults
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TABLE VI TABLE VII
RELATION DEGREESA! BY THE EXTENDED DIAGNOSIS METHOD DIAGNOSIS PERFORMANCES OFDIFFERENT METHODS WITH DIFFERENT
(PARTIAL RESULTS) PERCENTAGES OFERRORSADDED
Tr. Fault type no. Diag- Noise Proposed Method IEC
no. || 1 2 3 4 5 6 7 8 9 | nosis Percentage (%) Only using Ist | Using Istand 2nd| Method
results relation degree relation degree
1 044] 032 ] -1.75 | 200 02 + 0% 96% 100% 83%
T -0. -0321]-1. -2, .201 | -0.54 -118 -1.43 1 ¥ 5% 91% 95% 60%
-0.84 | 0.056 -1.?3 -1.04 | -2.00 | -1.57 | -0.62 | 1:00 | 0.037( 8 + 10% 91% 95% 48%
3 (o011 |-1.12] 100 [-023 | -1.11 | 037|037 |-112| 200 3 + 15% 83% 95% 43%
11]-021-0.10] 0.05 [0.162] 100 | 029 | -2.00 | -1.80 |-0.966] 5 + 20% 74% 95% 26%
12]-088 | -0.78 | -2.00[-190 | -1.14| -1.52 [ 050 | 023 | 100 | o +25% 61% 90% 17%
13]-0.65|-040] 031 | 0.56 | 1.00 | -082 | 200 |-1.57| -1.13 ] 5 1 30% 52% 81% 17%
19-1.62 [-009|-053 | 100 |-053 | -200[-1.19 [0713]| 082 4
20]1-0.19 | 052 |0.207| 1.00 | 0944 | -032 | -2.00 | -1.17 | -1.23 || 4,5*
22]0273|-1.68 | 0.508 | -1.45 | -2.00 | -0.51 | 1.00 [-017 | 073| 7 testing data was created by addii§% to+30% random uni-

Note: the * means the second likelihood fault type. 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-

. i o ~_ curacy of 96% and 100%, respectively. In comparison, the diag-

existed. The extended fault indexes indicating the likelihogghsis accuracy of the IEC method is only 83% due to a missing
of each fault are 0.944 and 1, respectively, in Table VI. The,e of multifault cases and three no-matching codes. Moreover,
fuzzy logic method [10] also can diagnose the two faults. Thegg, proposed method shows good tolerance to add errors, and

two methods were capable of pointing toward multiple faultg,,¢ 4 high accuracy of 81% in an extreme errot-80%.
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 showd Nis paper presents a novel fault diagnosis method based on
in Table VI. It is very easy to diagnose the fault types in powdfe extension theory for power transformers. Compared with
transformers from Table V. For example, in transformer numbgther traditional Al methods, the proposed method does not re-
one, the relation degree with the fault-type number one is eq@aqire particular artificial parameters and learning processes. In
to one (or maximum value), which is indicative of fau|t_typ@ddition, the calculation of the proposed diagnosis algorithm is
number one, or no faults. In comparison, the relation degre@st and very simple. It can be easily implemented by PC soft-
with other fault types are very small. Therefore, transform&are. Test results show that the proposed method cannot only
number one does not need to be checked in the future. Moreo$gnose the main fault types of power transformers; it can also
the proposed method cannot on|y diagnose the main fau|t tywect Useful information f0r future trends and mult|fau|t anal'
of power transformers. It can also provide useful informatiaysis by the relation degrees. Moreover, the proposed method
for future trend analysis by the relation degree. For exampfas a significantly high degree of diagnosis accuracy and shows
transformer number 13 was diagnosed to have main fault-ty$@od tolerances to errors added.
number five &700 °C thermal fault). On the other hand, the
relation degree, approximately 0.56, also shows that this trans- REFERENCES
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