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ABSTRACT
(] ] ]
Use of statistics opens the door for REfI n I n b u S h I n
enhancing bushing power factor /
capacitance analysis. The tool, in-
6 million tests, tailors the diagnostic p Owe r fa c to r
limits by determining what is sta-
tistically normal for a specific type,
putes deviations of power factor and
capacitance from a benchmark. It .
then determines the probability dis- a n a S I S t ro u
tribution that best fits the resulting
] (]
ically characterized, the mean and
standard deviations are computed. s a I S I cs
In the end, the bushing in question is
assessed based on how it statistical-
KEYWORDS statistical norms for a specific type,
manufacturer, and voltage rating of a
bushing

formed by a database with more than
]
manufacturer, and voltage rating of a n d c a a c I ta n c e
a bushing. More precisely, it com-
dataset. Once the data is mathemat-
ly compares to the rest. DIBgﬂOStIC |ImItS are taI|OI'Ed emp|0ylng
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1. Introduction

Power factor and capacitance are two
types of tests employed in diagnostic
analysis of high-voltage bushings. The
former is mainly used to measure the di-
electric losses of the bushing insulation,
which are related to contamination and
deterioration of the solid and liquid in-
sulating materials. Meanwhile, the latter
is used to detect physical problems such

as shorted capacitance layers and oil
leaks.

Historically, the limits employed in di-
agnostic analysis of high-voltage bush-
ings rely on general rules. They include a
comparison of test results with a bench-
mark value (e.g., the nameplate or the
first measurement), the use of absolute
limits, and trending of empirical data
over time. This approach, while useful,
has its limitations. It relies on similar or
the same limits being applied across dif-
ferent types of bushings. For example,
some manufacturers recommend that

www.transformers-magazine.com
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the power factor value corrected to 20 °C
should not exceed the value of two or
three times the benchmark. Meanwhile,
a limit of power factor < 0.5 % is given in
IEEE Std C57.19.01™-2017 for oil-im-
pregnated paper-insulated bushings. For
capacitance,a 5 - 10 % increase / decrease
in measured values over the benchmark
value is used as an action limit by most
users.

Doble’s bushing statistical analysis tool is
available in the web version of the Doble
Test Assistant (DTAWeb) application,
which uses statistics to open the door to
a significant enhancement of the exist-
ing approach. The tool is used to tailor

Ronald D. HERNANDEZ, Mark F. LACHMAN

Typical approach for the diagnostic
analysis of the high-voltage bushings
uses power factor and capacitance
measurements: obtained values are
then compared with the benchmark

limits by determining what is statistically
normal for a specific type, manufactur-
er, and voltage rating of a bushing. This
is accomplished by having access to the
Dobles database of more than 6 million
tests. More precisely, the tool computes
the deviations of power factor and ca-
pacitance from a benchmark value for a
particular population of specific bush-
ing types based on a DTAWeb query. It
is followed by the determination of the
probability distribution that best fits the
selected test data. Once the data is char-
acterized by probability, the limits can
be applied by using common statistics.
This includes deriving the mean, and
standard deviation followed (if needed)
by zooming in on the region(s) of high-
er data concentration where the latter
depends on the shape of the best prob-
ability distribution. The tool also allows
the determination of the probability (i.e.,
likelihood’) for a given bushing type to
have changes in power factor or capaci-
tance falling within a certain range.

2. Basic concepts of
probability and statistics

Before discussing the statistical treat-
ment of the empirical (observed) data,
it is instructive to revisit the basic prob-
ability and statistical concepts. This, in
turn, allows for a meaningful interpreta-
tion of the observed data as presented in
the case studies.

The variable under study here is the deviation
of power factor / capacitance with respect to
a benchmark value which can be considered
a random variable of a continuous type
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Our approach uses probability density func-
tion to find the probability of bushing's
change in power factor or capacitance to fall

into a particular range

2.1 Random variable

A variable whose values could assume
any of the possible experimental out-
comes of a random phenomenon is
called a random variable. For instance,
this variable could be the current of a
random source or the gain in a game
of chance [1]. In particular, the vari-
able under study here - the deviation of
power factor / capacitance with respect
to a benchmark value - can be consid-
ered a random variable of a continuous
type (ie., its sample space has an un-
countable infinite number of the sample
points).

2.2 Probability distribution function
and probability density function

The behaviour of a random variable is
characterized by its probability distribu-
tion, that is, by the way, probabilities are
distributed over the values it assumes.

A probability distribution function and
a probability density function are two
ways to characterize this distribution for
a continuous random variable. Both of
them are equivalent in the sense that the
knowledge of either one completely sta-
tistically categorises the random variable
[2] asin (1):

P(a<X<b) = Fx(b)-Fs (a) = | fi(x)dx (1)

where P(a<X<b) is the probability of
the random variable “X” falling into the
interval between “‘a” and “b”, with Fx(x)
and fx(x) representing the probability
distribution function and probability
density function of “X”, respectively.

With the determination

Our approach uses probability density
function to find the probability of bush-
ing’s change in power factor or capaci-
tance to fall into a particular range. This
probability is given by the area under the
curve of the probability density function
over the specified range.

2.3. Types of distribution

There are different types of continuous
distribution that can be used to model the
observed data produced by the DTAWeb
query. Our application considers the fol-
lowing types: Gaussian, uniform, Gam-
ma, exponential, chi-squared and Beta.
For each, the probability density function
and probability distribution function are
available in the literature [1, 2].

A hypothesis testing procedure must be
implemented in order to determine the
distribution that best fits the observed
data.

2.4 Chi-squared (x?)
goodness-of-fit test

A statistical hypothesis is an assumption
about the value of one or more parame-
ters of a statistical model. Thus, hypoth-
esis testing is the process of establishing
the validity of a hypothesis. In the bush-
ing statistical analysis tool, the hypothe-
sis does not involve a specific parameter,
but rather the probability distribution
that best describes a population. The
latter is produced by analysing a sample
of data from that population. One of the
most popular and most versatile tests
for this purpose is the chi-squared (x2)
goodness-of-fit test.

of the best proba-

bility distribution, it is possible to obtain a
better estimation of the actual mean value
corresponding to the whole population from
where the sample was taken
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Errors or risks are inherent in deciding
whether a hypothesized distribution
should be accepted or rejected based on a
sample from the population. Tests for hy-
potheses testing are, therefore, generally
compared in terms of the probabilities of
errors that might be committed [2].

2.5 Measures of central tendency
and dispersion

In order to facilitate the analysis of the
data, it needs to be summarized numer-
ically. To that end, we can employ two
broad categories found in descriptive
statistics. The first, measure of central
tendency, describes the center point of
the population with a single value. The
second, a measure of dispersion, de-
scribes how far the individual data val-
ues have strayed from the center point.

The most common measure of the cen-
tral tendency is the mean (m) or average,
which is calculated by adding all values in
the sample and then dividing the result
by the number of observations. However,
with the determination of the best proba-
bility distribution (i.e., the one that matches
the sample data the best as a result of using
hypothesis testing), it is possible to obtain
a better estimation of the actual mean val-
ue corresponding to the whole population
from where the sample was taken.

The best probability distribution is char-
acterized by the shape and scale parame-
ters that define the curve. These, in turn,
are used to calculate the measures of
central tendency and dispersion associ-
ated with that type of distribution.

Now, by describing the population by
a single mean value only, we lose in-
formation that could be useful. This is
addressed through the measure of dis-
persion. One of the most common mea-
surements of dispersion is the standard
deviation (o), which indicates how close
or spread out the data points are with
respect to the mean. The standard devi-
ation is actually a more useful measure
than the variance because it has the same
units of measure as the original data.

3. Power factor and
capacitance deviations with
respect to a benchmark

As stated, the bushing statistical analysis
tool computes the deviations of power
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factor (APF) and capacitance (AC) from
a benchmark value. The benchmark, de-
pending on the choices made, could be the
first measurement (default option) or the
nameplate value, if present in the database.

The deviations are calculated as in (2)

and (3):
APF = /%PFbenchmark - %PF[/ (2)
AC= (|Goendhimark = G [/ Coenchima) X 100%,  (3)

where the subscripts “benchmark™ and
“i” correspond to the benchmark value
and any given test value, respectively.

Here it is useful to recognize that “%” as
a unit of measure carries a different sig-
nificance for APF and for AC. The APF
is an absolute value of the change where
PFis already in “%", while ACis a change
in “%” with respect to the benchmark.
It should be noted that before applying
(2) and (3), the raw data is subjected to
a rigorous filtering process, reducing the
presence of bias that could impact statis-
tical conclusions. It includes getting rid

The raw data is subjected to a rigorous
filtering process, reducing the presence of
bias that could impact statistical conclusions

of negative test results along with erro-
neous PF / capacitance and temperature
values introduced by the users when up-
loading the data into DTAWeb.

4. Applying statistical
analysis to bushing data

The following discussion offers exam-
ples of the tool’s application.

4.1 Case study 1: Comparing
bushings to the population as part
of the asset management strategy

In seeking guidance in their asset man-
agement, the utility compared two
Trench, 25 kV, type COTA bushings
to similar bushings on their grid (same
manufacturer, type, voltage), as well as to
the entire Doble’s database population.

After running the statistical analysis
using the utilitys database, the results,
which include the C1 insulation power
factor data - nameplate, 1* test, last test,
APF with respect to the 1 test - along
with other calculated parameters, are
shown in Table 1. Of particular interest
is the last column “Out StdDev Region”,
where the tool identifies the bushings
with APF that fall outside the standard
deviation regions (m+1o, m+20 and
m+30). We have highlighted the two
bushings the utility wanted to focus on:
S/N 04F0213-17 has been identified to
be outside the APF region of m+30 =
0.2057 % (given its APF = 0.24 %), while
S/N 08F0211-33 is outside the APF re-
gion of m+20 = 0.1517 % (given its
APF = 0.17 %). Statistical data inform-
ing statistical conclusions from Table 1 is
shown in Fig. 1.

Table 1. Bushing statistical analysis for case study 1 using utility's database population (tabulated results extract)

BushinasN NPPF 1#PF  Last APF NPC 1C LastC AC Out StdDev
J [%] [%]  PF[%] [%] [pPF1  [pF1  [pF] [%] Region [%]

61794-41 0,32 0,21 044 | 023 | 1107 | 1112 | 1109 | 0,31 m+30 (0.2057)

04F0213-19 0,25 0,25 046 | 0,21 421 423 422 0,37 m+30 (0.2057)

04F0213-20 0,24 0,26 0,55 0,29 421 425 422 0,70 m+30 (0.2057)
04F0213-02 0,25 0,23 0,57 0,34 398 400 401 0,27 m+30 (0.2057)
04F0213-03 0,25 0,24 0,58 0,34 404 406 404 0,46 m+30 (0.2057)
04F0213-01 0,25 0,24 0,46 0,22 395 398 396 0,44 m+30 (0.2057)
04F0213-04 0,25 0,24 0,48 0,24 402 404 404 0,01 m+30 (0.2057)

05F0211-06 0,26 0,26 0,44 0,18 429 432 431 0,22 m+20 (0.1517)
04F0213-08 0,25 0,25 0,42 0,17 405 408 410 0,52 m+20 (0.1517)
05F0211-07 0,25 0,27 0,42 0,15 431 434 433 0,34 m+1c (0.0978)
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Figure 1. Bushing statistical analysis for case study 1 using utility's database population (APF)

There is a case that illustrates how a
potential bushing failure could have been
flagged should the tool had been used
earlier to analyze this utility’s population of

bushings

The figure shows the probability density
function for APF of the C1 insulation
for the family of bushings of interest. The
red curve corresponds to the selected
sample (observed) data, while the blue
curve corresponds to the beta distribu-
tion. This distribution has been found by
the tool as the best fit for the data under
review. The two bushings of interest have
been identified (note the green circle and
brown diamond markers along X-axis)
as well as listed with their serial num-
ber and the Ist and last test results (note
legends on the right). Clearly, the iden-
tified bushings, even though they might
meet traditional limits (e.g., PF < 0.5 %),
deserve attention given their deviation
from the bulk of the population. This
is especially relevant for bushing S/N
04F0213-17, which is outside the region
of m+30 where the probability of ex-
ceeding this value (i.e., m+30 < APF) is

114

2.09 %, representing only 14 data points
out of 667 (Fig. 1).

The same analysis was performed with
the entire Doble’s database population
(Table 2 and Fig. 2). As expected, the
total number of tests is higher (1,839
versus 667). There is also a change in
both the mean and standard deviation
values. As a result, the two bushings of
interest have moved from their previ-
ous probability region positions. Bush-
ing S/N 04F0213-17 is now identified
outside the APF region of m+20 where
the probability of exceeding this value

(ie, m+20 < APF) is 4.69 %, represent-
ing 87 data points out of 1,839 (Fig. 2). It
demonstrates the impact the sample size
has on the results of statistical analysis.

The analysis tool provided further guid-
ance by identifying the three additional
bushings outside the m+30 region (first
three bushings in Table 2), where the
probability of exceeding this value (ie.,
m+30 < APF) is 2.40 %, representing
45 data points out of 1,839 in the entire
Doble’s database population (Fig. 2).

4.2 Case study 2: Investigating
bushing failure

The case illustrates how a potential
bushing failure could have been flagged
should the tool had been used earlier to
analyze this utility’s population of bush-
ings. Another bushing failure investi-
gation using the tool can be found in

[3].

The tool identifies the bushings with APF or
AC that fall outside the standard deviation
regions (m+10, m+20 and m+30)

TRANSFORMERS MAGAZINE | Volume 7, Issue 3 | 2020
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Figure 2. Bushing statistical analysis for case study 1 using entire Doble's database population (APF)

Table 2. Bushing statistical analysis for case study 1 using entire Doble’s database population (tabulated results extract)

BushingsyN NPPF 1%PF  Last ~ APF NPC 1%C LastC AC Out StdDev
[%] [%]  PF[%] [%] [pPF1  [pF1  [pF] [%] Region [%]

04F0213-20 0,24 0,26 055 | 0,29 421 425 422 0,70 m+30 (0.2544)

04F0213-02 0,25 0,23 057 | 0,34 398 400 401 0,27 m+30 (0.2544)
04F0213-03 025 | 024 058 | 0,34 404 406 404 0,46 m+30(0.2544)

61794-41 0,32 0,21 044 | 023 | 1107 | 1112 | 1109 | 0,31 m+20 (0.1815)

[ owemenr [ oa [ om | o [om [ wn [ a2 | 4w | om0 | marowm |
04F0213-19 025 | 025 046 | 0,21 421 423 422 0,37 m+20 (0.1815)
04F0213-01 025 | 0724 046 | 0,22 395 398 396 0,44 m+20 (0.1815)
04F0213-04 0,25 0,24 048 | 0,24 402 404 404 0,01 m+20 (0.1815)

[ s [ oz [ om | o [ o [ o [ | om | om0 | mecomen |
05F0211-07 0,25 0,27 042 | 0,15 431 434 433 0,34 m+10 (0.1085)
05F0211-06 0,26 0,26 044 | 0,18 429 432 431 0,22 m+10 (0.1085)
04F0213-08 0,25 0,25 042 | 0,17 405 408 410 0,52 m+10 (0.1085)
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BUSHINGS

Assigning significance to the placement of
the data should be supported by examina-
tion of the shape of the probability distribu-

tion curve

A recent report by a utility described a
catastrophic failure of an ABB, 69 kV,
type O+C bushing S/N 3634XXXXXX.
The event produced a fire resulting in a
transformer failure (Fig.3). The statistical
analysis was performed using the utility’s
population of bushings combined with
that of their immediate neighbors.

The analysis was initially run for CI
insulation power factor data using the
bushing’s 1* test as a benchmark (ie.,
PFoenchmark = 0.22 %) as shown in the
highlighted row of Table 3. It was found
that while the bushing’s latest test, pri-
or to the failure (i.e., PF = 0.42 %), was
within traditional limits (e.g., PF< 0.5 %
and PF < 2 x PFyenchmark), the tool has
placed the bushing’s APF to be outside
the region of m+10 as noted in the last
column of Table 3.
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Figure 3. Investigated ABB, 69 kV, type 0+C bushing failure for case study 2

It should be noted that, in general, when
the data is placed outside the region of
m+ 10, this does not necessarily suggest
a reason for concern. Assigning sig-
nificance to the placement of the data
should be supported by examination of
the shape of the probability distribution
curve (Fig. 4).

Itis observed that the bushing of interest
(highlighted with the green dot on the
graph) is located farther to the right with
respect to the region with the concentra-
tion of APF data (i.e., 0 — 0.15 % APF).

In other words, the bushing of interest is
located in a region where the probabili-
ty density function is very low with the
probability of APF > 0.15 % being only
3.08 %.

The AC analysis is similar to APF in
terms of the shape of the probability dis-
tribution curve (Fig. 5). It was performed
for C1 insulation capacitance data using
the bushing’s 1*'test as a benchmark (i.e.,
Cbenchmark =266.6 pF)

The results show that while the bush-
ings latest test, prior to the failure
(ie, C=270.97 pF), met traditional limits
(eg.JAC|< 5 %), its resulting AC= 1.64 %
islocated in a region where the probabil-
ity density function is very low with the
probability of AC > 1.5 % being only
2.46 %. The concentration of AC values
is occurring in the region of 0 - 1.5 %
AC.

Statistical tool can be employed for per-
forming the comparison of bushing(s) un-
der consideration to a population with the
same type, voltage rating and manufacturer
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Table 3. Bushing statistical analysis for case study 2 using several utility databases (tabulated results extract)

Bushingsyy NPPF 1%PF  Last ~ APF  NPC 1C LastC AC Out StdDev
[%] [%]  PF[%] [%] [PF1  [pF1  [pF] [%] Region [%]
1ZUA1000065240 | 0,23 3,06 024 | 2,82 244 249 241 3,26 m+30 (0.4231)
8C01241902 0,30 0,21 076 | 0,55 265 262 264 073 m+30 (0.4231)
3092620293 0,26 0,26 113 | 087 262 259 260 0,46 m+30 (0.4231)
0502848109 0,30 0,28 1,07 | 079 277 277 275 0,56 m+30 (0.4231)
1000058992 025 | 0722 197 | 175 240 239 241 0,64 m+30 (0.4231)
3092020393 0,30 1,69 058 | 1,12 263 263 265 0,94 m+30 (0.4231)
3092020293 0,31 0,38 09 | 0,58 257 256 257 0,41 m+30 (0.4231)
3092020193 0,27 0,38 094 | 0,56 267 266 261 1,88 m+30 (0.4231)
1ZUA1000065236 | 0,24 2,73 024 | 249 242 247 239 3,23 m+30 (0.4231)
1503867924 0,28 0,24 059 | 035 266 262 262 0,08 m+20 (0.2925)
1ZUA1000060875 | 0,25 0,64 026 | 0,38 313 522 521 0,08 m+20 (0.2925)
3063010190 0,26 0,29 0,71 0,42 322 322 324 0,62 m+20 (0.2925)
60
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Figure 4. Bushing statistical analysis for case study 2 using several utility databases (APF)
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Figure 5. Bushing statistical analysis for case study 2 using several utility databases (AC)

Conclusion

In summary, a bushing statistical anal-
ysis tool has been developed. The avail-
able functionality can be employed
for:

(2] T. T. Soong, Fundamentals of Prob-
ability and Statistics for Engineers,
John Wiley & Sons, Ltd., 2004

[3] R. D. Hernandez, M. F. Lachman, E.

J. Quintana, Enhancing high-voltage
bushing diagnostics through power
factor / capacitance statistical analysis,
86™ International Conference of Doble
Clients, Sec. BII'T-6,2019

« Performing statistical comparison of
bushing(s) under consideration to a
population with the same type, voltage
rating and manufacturer. This popula-
tion can come from either utility’s own
or significantly larger power indus-
try-wide database.

« Tailoring acceptable diagnostic limits
for PF/C for a given bushing.

« Examining the probability of bushing
exhibiting a given change in PF/C.

« Prioritizing asset management deci-
sions by identifying bushings requir-
ing urgent attention.

« Identifying bushing problems that oth-
erwise may go undetected with the tra-
ditional approach to limit selections.

« Detecting trends associated with in-
dustry-wide bushing issues.
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