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Evaluation of transformer insulation
condition based on cloud matter
element model

RONGSHENG LIU', MINFANG PENG"*, XUN WAN?,
HAIYAN ZHANG', WEI ZHOU?

Abstract. The purpose of this paper is to study the insulation state of transformer. Insulation
system is an important part of the transformer, and it is the basic condition for the normal operation
and operation of the transformer. The insulation condition assessment of transformer is of great
significance to guide the condition based maintenance of the transformer, to enhance the life cycle
management and to save the cost of operation. Based on the cloud matter element theory, a
method for evaluating the insulation state of transformers is proposed. The results show that the
transformer insulation state evaluation model can effectively integrate various state parameters, and
accurately assess the insulation state of the transformer each insulation parts and the whole part.
Based on the above findings, we conclude that the model is suitable for evaluating the insulation
state of transformers.
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1. Introduction

Power transformer is the core of energy-conversion and transmission in the grid
network, it is one of the most important equipment in power system, and it is in
a pivotal position in power system. Its running state directly affects the security
and reliability of the whole power system. For a long time, the maintenance of
transformer in China adopts the planned maintenance mode, but planning mainte-
nance has serious limitations and defects, which may lead to "maintenance excesses"
and "lack of maintenance", causing the equipment effective time utilization loss and
waste of manpower, financial and material resources, and adding new risks. In re-

LCollege of Electrical and Information Engineering, Hunan University, Changsha, 410082, China

28tate Grid Hunan Electric Power Company Electric Power Research Institute, Changsha,
410007, China

3Hunan Rural Credit Cooperatives Union, Hunan University, Changsha, 100101, China

4Corresponding author

http://journal.it.cas.cz



90 RONGSHENG LIU, MINFANG PENG, XUN WAN, HAIYAN ZHANG, WEI ZHOU

cent years, with the gradual improvement of unit condition monitoring technology,
the maintenance mode of transformer has changed from planned maintenance to
predictive maintenance (condition maintenance) based on condition monitoring. It
is to make use of life characteristics of some important parts of the transformer,
through the advanced detection means for data acquisition, to compare and analyze
the transformer operation history and the operation conditions of the same type of
transformer, to evaluate the current operation state of transformers, and to predict
its development trend.

A large number of data show that the main reason for the failure of equipment is
the deterioration of its insulation performance, and most of the failure of electrical
equipment are insulation failure. In consequence, the transformer insulation system
is the basic condition for the normal operation and operation of the transformer.
Evaluate the transformer insulation system condition, determine the insulation state
of the insulation oil, solid insulation and insulation casing and other components.
It not only provides theoretical support and reference data for the life prediction of
the transformer, and provide scientific basis for effectively realizing the transformer
condition maintenance, making reasonable operation, protection, and updating plan.
As a result, it has important academic value and practical significance to study the
insulation condition assessment of the transformer.

2. State of the art

The cloud model is, based on probability theory and fuzzy set theory these two
theories mutually penetrating, by constructing a specific algorithm, to form the
transformation model between qualitative concept and quantitative representation,
and to reveal the internal relationship between the randomness and the fuzziness.

Let U be set to the quantitative domain composed of accurate numerical values,
and A is a qualitative concept on U. For an arbitrary element x on U, there is a
random number p(x) € [0, 1] with a stable tendency, which is called the membership
of X for A, and the distribution of membership in the domain is referred to as the
cloud. Each z is called a cloud.

The numerical characteristics of the cloud are represented by using three val-
ues, respectively, the expectation (Ex), the entropy (En) and the hyper entropy
(He). The expectation indicates the expectation of the domain spatial distribution
of droplet, referring to the value that can most represent the qualitative concept in
the domain space, which reflects the gravity position of the cloud [1]. The cloud at
this position 100 % belongs to the qualitative concept. Entropy is a measure of the
uncertainty of the qualitative concept. In general, the larger the entropy, the vaguer
the concept, and the more difficult it is to quantify the concept. The hyper entropy
is the entropy of entropy, and it is the uncertainty measure of entropy [2]. It reflects
the degree of coherence of all points in the domain space, namely the condensation
degree of cloud droplets, the greater the hyper entropy, the greater the randomness
of each cloud membership, and the greater the thickness of the cloud.

Cloud generation algorithm is called cloud generator, which establishes the map-
ping relationship of qualitative and quantitative inter-connection, inter-dependence,
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and inter-transformation. Cloud generator, according to the calculation direction,
can be divided into positive direction cloud generator and reverse cloud genera-
tor; according to the different dimensions of the cloud, it can be divided into one-
dimension cloud generator and two-dimension cloud generator. The clouds involved
in this paper are one-dimension clouds. Normal cloud generator is the most ba-
sic cloud generator, with universal applicability. The following will focus on the
generation rules and related algorithms of normal cloud.

Positive normal cloud generator is a mapping from qualitative to quantitative,
achieving the scope and distribution regular of quantitative data obtained from
qualitative information expressed by the language value, which is a forward and
direct process, as shown in Fig. 1.

Ex —
En —> CG L3 drop(xi, ui
He —>]

Fig. 1. One-dimensional positive cloud generator

For the one-dimension normal cloud, three digital characteristics (Ex, En, He) of
cloud are given, and the generated required cloud drop(z;, i;) algorithm is shown in

Fig. 2.
‘ Start ’

A
Generate normal random number

En’ , whose expectation is En, and [«
standard difference is He.

A
Generate normal random number X,

whose expectation is Ex, and
standard difference is En’

calculate y = exp[—{(x— Ex)?/ B(E"')zl ’

and generate the cloud (x,y)

Fig. 2. Algorithm flow of one-dimensional normal positive cloud generating droplet

Reverse normal cloud generator effectively converts a certain number of accurate
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numerical to the qualitative concept represented by digital features (Ex, En, He),
which is a reverse and indirect process, as shown in Fig. 3.

——» Ex
Drop(xi, ui) ——P CG - 1 ——>En
> He

Fig. 3. One-dimensional reverse cloud generator

Reverse normal cloud generator algorithm is based on the principle of statistics,
including using the membership information and not using the membership infor-
mation these two basic algorithms, and the reverse cloud generator by using the
membership information is shown in Fig. 4.

Calculate the average value of xi, and take it
as the estimated value of expectation Ex

v

Calculate the standard difference of Xi, and
take it as the estimated value of entropy

2

|x, - E‘xl
Calculate g © = :
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: n ..
According to & = I En; — £nF, calculate the
estimated value of He

End

Fig. 4. Algorithm flow of reverse cloud generator by using membership information

For a given thing, represented by the name N, N has the characteristics of c,
and its value is v [3]. The names, characteristics and values of things are orderly
combined to form R = (N, ¢,v) as a basic element to describe things, referred to as
matter element.
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If the matter N has n features ¢y, ca, ..., ¢,, then, using these characteristics and
corresponding values of vy, vs, ..., v,, the description of thing N can be expressed
as

N, ca, wu N, e «a(N)
S N = B B (1)
Cn  Up cn  cn(N)

Here, R is called a multidimensional matter element, in which R; = (N, ¢;,v;), (i =
1,2,...,n) is called the sub matter element of R.

3. Methodology

3.1. Establishment of evaluation index system of trans-
former insulation

Transformer insulation system is a system composed of insulating oil and solid
insulation. There is no standard index system used to evaluate the insulation con-
dition of the transformer [4]. In this paper, according to the different classifications
and compositions of insulation, the index hierarchy evaluation system is established,
as shown in Table 1.

3.2. Determination of index weight

In the evaluation process, the weight is an objective reflection of the index status
and subjective measurement of relative importance of each index. According to the
advantages of cloud model in expressing the fuzziness and randomness of natural
language, this paper introduces the cloud model into the traditional analytic hier-
archy process, and improves the analytic hierarchy process to make the evaluation
result more objective.

In the improved analytic hierarchy process, the scale of the element importance is
represented by the following 9 cloud models: Cy(Fz1, Eny, Hey), Co(Exa, Eng, Hes),
C3(E],‘3, E?’l3, I’I€3)7 C’4(E$47 E’TL47 H€4), C5(El‘5, E’I’L5, Hes), 06(E336a Eng, H@G),
C7(Ex7, Eng,Hey), Cs(Exg, Eng, Heg), Co(Exg, Eng, Heg). Among them, the ex-
pectations Fx; to Exg were 1 to 9. For the cloud model of each scale, use the
following assumptions: since that the meaning that 1, 3, 5, 7, and 9 these 5 grades
express is relatively clear, expert’s judgment about them is relatively clear[5]. While
the judgment for other language value is relatively vague, so the cloud model used
will not be the same. According to the principle of the golden section method, the
entropy and the entropy of each cloud model are obtained in the form

Eny = Eng = Ens = Eny = Eng = 0.382(Xmax — Xmin)/6 = 0.437, (2)

Eny = Eny = Eng = Eng = En,/0.618 = 0.707 (3)
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Table 1. Index hierarchy evaluation system

Insulation
state of
transformer X

Item layer

Sub item layer

Index layer

Qil insulation
state X1

Oil chromatographic
analysis X11

Ho content X111

CoHs content X112

Total hydrocarbon
content X113

Oil test X12

Micro water X121

Acid value X122

Breakdown voltage
X123

QOil dielectric loss
value X124

Solid
insulation
state X2

Aging index X21

CO+CO2
X211

content

Furfural X212

Polymerization de-
gree X213

Insulation test X22

Insulation resis-

tance X221

Absorption ratio
X222

Winding leakage
current X223

Dielectric loss factor
X224

Casing
insulation
state X3

Casing oil
chromatographic
analysis X 31

Ho content

CHsz content X312

CoH total content
X313

Casing electrical test
X32

Capacitance X321

Dielectric loss X322

Main screen insu-
lation resistance
X323

End shield to
ground insulation
resistance X324

Hey = Hes = Hes = Her = Heg = 0.382(Xmax — Xmin)3/3 = 0.073,

(4)



EVALUATION OF TRANSFORMER INSULATION 95

H62:H64:H66=H€8=H€1/0.618:0.118. (5)

According to the characteristic number of each cloud model, the cloud model
of each scale grade can be obtained by using the generating algorithm of forward
normal cloud.

The analytical hierarchy process method based on cloud model scale judgment
matrix starts from its determination. The judgment matrix of the comparison of the
elements importance in a certain layer after the aggregation of the experts group is
as follows:

€11 C12 Cin

C21 €22 Can

Cnl Cn2 Cnn
C11(E$117 Enqy, H€11) C12(E$127 Enqo, H€12) <o Chin
Co1(Exo1, Enoy, Hegr)  Cao(Exog, Enge, Heas) -+ Cay ©)
Cnl(EwnlvEnnlaHenl) Cn2(Exn27Enn2;H€n2 e Cnn

In the above equation, the entropy and hyperentropy of diagonal elements of
the cloud model is equal to 0, that is, Cy;(Ex;, Eng, He;) = C(1,0,0), element
ci; represents the importance degree of element ¢ relative to element j, and for its
reciprocal ¢;;, it is obtained by cloud reciprocal computing method [7].

After obtaining the judgment matrix, according to the multiplication operation of
the cloud model, the relative weights W;(Ex;, En;, He;) of the expectation, fuzziness
and randomness of elements in the matrix are obtained.

After getting the weights of each index element, it is necessary to carry out
consistency validation of the expectation. When it meetsCR = % < 0.1, through
consistency validation, CI = )“’7‘;‘%1_”, RI corresponding random consistency index
can be acquired from the table.

According to the different reflections of each item layer and index on the insu-
lation state and performance of transformer, make use of the improved hierarchical
analysis method based on cloud model to determine the weight of each factor. The
specific method is: invite 5 industry or technical personnel, according to the com-
parison angle, compare the element of the target layer, that under the same item
layer, and the index importance, and build the original A — U judgment matrix.
This paper takes the oil test sub project level as an example, the A — U judgment
matrix of 5 experts is:

1 2 1/3 1/2 11 1/3 1/2
/2 1 1/4 1/3 11 1/3 1/2
) — (2 —
w 3 4 1 2 | W 3 3 1 2 ’
2 3 1/2 1 2 2 1/2 1
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1 1 1/4 1/2 11 1/3 1
11 1/3 1/2 11 1/3 1/3
(3) — @ _
Wo=1y3 1 3 W33 1 2 |
2 2 1/3 1 13 1/2 1
1 2 1/3 1/2
s | 1/2 1 1/3 1/3
=13 3 1 1
2 3 1 1

For each judgment matrix, the element importance scale is represented by the
cloud model, and the judgment matrix of the element importance by the experts is
obtained, in which the judgment matrix of expert 1 is shown as follows [§]:

(1,0,0) (2,0.707,0.118)  (1/3,0.049,0.008) (1/2,0.177,0.030)

W _ | (1/2,0177,0.030) (1,0,0) (1/4,0.442,0.007)  (1/3,0.049,0.008)

~ | (3,0437,0.073)  (4,0.707,0.118) (1,0,0) (2,0.707,0.118)
(2,0.707,0.118)  (3,0.437,0.073)  (1/2,0.177,0.030 (1,0,0)

After getting the expert’s cloud model judgment matrix, the clouds in the same
position are assembled by using the group decision method, and the comprehensive
judgment matrix of the 5 experts is obtained [9]:

(1,0,0) (1.391,0.563,0.094)  (0.320,0.048,0.008)  (0.571,0.209,0.034)

w— | (0.718,0.291,0.049) (1,0,0) (0.327,0.484,0.008)  (0.356,0.062,0.010)

= | (3.125,0.470,0.079) (3.063,0.454,0.076) (1,0,0) (1.371,0.547,0.088)
(1.750,0.640,0.104)  (2.813,0.488,0.079)  (0.730,0.291,0.047) (1,0,0)

The index weight of the sub item of oil test is [10]
W° =[(0.157,0.161, 0.162), (0.119, 0.116, 0.117), (0.420, 0.409, 0.409), (0.304, 0.313, 0.313)] .

And then it is necessary to carry out the consistency test of the expectation, as
shown in Table 2.

Table 2. Consistency validation results

Name Amax CI RI CR
Value | 4.0167 | 0.0056 | 0.9 | 0.0062

From Table 2, we can see that the test result is CR = 0.0062 < 0.1, which meets
the requirement of consistency. By using the method mentioned above, carry out
weight calculation of other indexes in the index system and the item layer, and the
index weight distribution is shown in Table 3.
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Table 3. The weights distribution chart of each index

97

Transformer
insula-

tion
condition

Item layer Weights| Sub item | Weights| Index layer Weights
layer
Oil chro- Ho 0.188
matographic | 0.364
TA‘ra.nsformer analysis Ca2Ho 0.392
oil insu-
lation 0.301 Total hydro- | 0.420
state carbon
Micro water 0.157
. 0.636
Oil test Acid value 0.119
Breakdown 0.420
voltage
Oil dielectric | 0.304
loss
Furfural 0.360
Aging index | 0.485 .
Solid in- Polymerization| 0.538
sulation 0.563 degree
state CO+CO, 0.103
content
Insulation re- | 0.139
Insulation 0.515 sistance
test -
Absorption 0.170
ratio
Winding 0.254
leakage cur-
rent
Dielectric loss | 0.436
factor
Casing oil H- 0.250
Casi chromato- 0.381
“asing graphic CHy 0.222
insula- .
tion 0.136 | analysis CoH  total | 0.528
state content
Capacitance 0.419
Casing 0.619 - -
electrical test Dielectric loss | 0.297
Main screen | 0.154
insulation
resistance
End shield | 0.130
to ground
insulation
resistance
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4. Result analysis and discussion

4.1. Steps for evaluation of transformer insulation state
based on the cloud matter element model

The insulation condition of power transformer is comprehensively reflected by
all the indexes in the index system, and different indicators tend to have different
magnitude and dimension, cannot adopt a uniform measurement standard for the
analysis of all indexes. Therefore, before the evaluation, each characteristic state
should be quantified [11]. This paper uses the relative deterioration degree to mea-
sure the insulation status degree of deterioration, the range of degree of deterioration
of [0, 1], with 0 suggesting insulation in good condition, 1 indicating the insulation
in the fault state. The greater the value, the more serious the deterioration.

In this paper, with reference to "Oil immersed transformers (reactors) state as-
sessment guide", considering the state development trend of the transformer, the
transformer insulation condition is divided into excellent, good, general, attention,
and serious these five state levels, and the deterioration degree of each index partition
on the state level is shown in Table 4.

Table 4. Level division of transformer insulation state

Deterioration degree range 0-0.15 0.15-0.35 | 0.35-0.6 0.6-0.8 0.8-1

State levels Excellent Good General | Attention | Serious

The specific steps for evaluating the insulation of the transformer are shown in
Fig. 5.

Construct the D_e termine t_he Determine the
classical domain and

evaluation matter [ ode domain of the —»| weights of each |—p

element index
model

Determine Calculate the

—> membership between membership of

matter element and matter element M
state level to the state level

Determine the state
—»| level of matter
element

Fig. 5. Specific steps for transformer insulation state evaluation

4.2. Case analysis

Tested was a 240 MVA, 220kV transformer, model for SFPSZ1-240000,220, in
2014 and 2015. Some parts of the number of preventive test values after its building
are as shown in Table 5 [12]. The two spectrum tracking data in 2015 are shown in
Table 6.

Using the above information, the concrete steps for evaluating the insulation
condition of the transformer are as follows: According to the transformer insulation
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condition assessment system established in the previous paper, the condition index

of each sub item layer constitutes the element to be evaluated [13].

Table 5. Prediction test data

Test items 2014 2015
Absorption ratio 1.48 1.28
Winding leakage current change 23.1 122.7
Winding dielectric loss 0.275 % 0.59 %
Capacitive casing dielectric loss 0.57% 0.72%
Capacitance casing -1.2% -14%
Water content in oil 16 mg/1 21mg /1
Oil dielectric loss 1.57% 2.41%
Oil breakdown voltage 52kV 48 kV
Furfural content in oil 0.27mg/1 | 0.32mg/1
Table 6. Oil chromatographic data
Test date CcO CO2 Ho CHgy CoHo CoHy CoHg Total
hydro-
carbon
2015.5.25 | 30.6 | 310 64 7.7 1.1 1.0 2.5 21.3
2015.8.02 197 | 2481 | 92.1 28 3.2 73.6 9.1 113.9

Using the above information, the concrete steps for evaluating the insulation

condition of the transformer are as follows:

According to the transformer insulation condition assessment system established
in the previous paper, the condition index of each sub item layer constitutes the

element to be evaluated [13]:

Oil chromatographic analysis of matter element MX11:

RMXll -

Mx11 exin

CX112
CX113

Qil chemical test matter element MX12:

Ry, =
Aging index matter element MX21:

RMX21 =

Mx12 cxi121

CXx122
CX124

Mxa1  cxo11

CXx212 0.8

0.518
0.64
0.722

0.6
0.675
0.47

0.812
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Insulation test matter element MX22:

Mxo2  cxo202 1
Ry, = Cx223 1
CXxX224 0.738

Casing electrical test matter element MX32:

Mx32 cx321 0.68
CX322 0.9

RMX32 =

The weights of each index are determined according to the index weights intro-
duced in the previous paper, and the results are shown in Table 7.

Table 7. Weights of each index

Indexes Objective indexes | Indexes | Objective indexes
X 0.301, 0.563, 0.136 X12 0.292, 0.383, 0.325
X1 0.364, 0.636 X21 0.376, 0.625
X2 0.485, 0.515 X22 0.163, 0.406, 0.430
X11 0.161, 0.345, 0.493 X31 0.529, 0.471

The evaluation results show that the insulation index of the transformer is in the
"attention" state, the deterioration trend is obvious, especially the winding insula-
tion absorption ratio and leakage current exceed the value of attention. In the face
of various insulation parts of the transformer, the insulation oil is in the "attention"
state, solid insulation and casing insulation are in the "serious" state [14]. On the
whole, the transformer insulation is in the "attention" state, close to the "serious"
state, the aging phenomenon is more serious, and the possibility of failure is high,
supposed to strengthen the monitoring of the transformer, to pay close attention to
the development of insulation condition, to arrange the repair as soon as possible,
and to timely process insulating oil degassing and filtration.

In 2015, after 1 month of test running, we examined the transformer. We found
that the casing cap did not seal the tank completely. Thus the insulation part of
the transformer was damp. The insulation oil was dissolved with large amount of
air. The above description fit the evaluation model built in the study.

5. Conclusion

Insulation system is an important part of the transformer, and it is the basic
condition for the normal operation and operation of the transformer. The insulation
condition assessment of transformer is of great significance to guide the condition
based maintenance of the transformer, to enhance the life cycle management and
to save the cost of operation. According to the composition and characteristics
of transformer insulation system, a state evaluation model based on cloud matter
element theory is established. The evaluation results show that the transformer
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insulation index is in a dangerous state, and the trend of deterioration is obvious.
In particular, the insulation absorption rate and leakage current of windings are
more than the attention value. On the whole, the insulation aging of transformer
is more serious, and the possibility of failure is very high. The government should
strengthen the monitoring of transformers, pay close attention to the development of
insulation status, arrange maintenance as soon as possible, and timely deal with the
degassing and filtration of insulating oil. After a month’s pilot work on transformer
maintenance, we found that the lid was not sealed, causing insulation to damp. The
insulation of the transformer is seriously degraded. It is consistent with the model
evaluation conclusion. As a result, the model is proved to be correct and reliable
according to the analysis of the case.
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