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Statistical Health Reasoning of Water-Cooled Power
Generator Stator Bars Against Moisture Absorption

Byeng D. Youn, Kyung Min Park, Chao Hu, Joung Taek Yoon, Hee Soo Kim, Beom Chan Jang, and Yong Chae Bae

Abstract—The power generator is typically maintained with a
time- or usage-based strategy, which could result in a substantial
waste of remaining useful life, high maintenance cost, and low plant
availability. Recently, the field of prognostics and health manage-
ment offers diagnostic and prognostic techniques to precisely assess
the health condition and robustly predict the remaining useful life
(RUL) of an engineered system, with an aim to address the afore-
mentioned deficiencies. This paper explores a smart health reason-
ing system to assess the health condition of power generator stator
bars against moisture absorption based on the statistical analysis
of the capacitance measurements on bar insulators. In particular,
a relative health measure, namely the directional Mahalanobis dis-
tance, is proposed to quantify the health condition of a stator bar.
The smart health reasoning system is validated using five years’
field data from seven generators, each of which contains 42 turns.

Index Terms—Directional Mahalanobis distance (DMD), health
diagnostics, moisture absorption, power generator stator bar, sta-
tistical correlation.

I. INTRODUCTION

THE POWER generator is a critical power element in a
power plant, since an unexpected breakdown of the gen-

erator leads to plant shut down and substantial economic and
societal loss. Recently, tremendous technological advancements
have been achieved in the development and deployment of an
ultrasupercritical (USC) steam generator, which operates at an
advanced steam temperature of 593 °C or above to achieve
a higher energy conversion efficiency, and reduced fuel con-
sumption and waste emission. However, the harsher operating
condition of high temperatures (and pressures) of the advanced
USC generator leads to a much higher risk of catastrophic fail-
ure. To minimize the losses resulting from potential failures, the
reliability of the USC-type power generator must be ensured

Manuscript received August 18, 2014; revised December 7, 2014 and Febru-
ary 17, 2015; accepted June 8, 2015. Date of publication July 5, 2015; date of
current version November 20, 2015. This work was supported in part by the
Seoul National University-Institute of Advanced Machinery and Design (SNU-
IAMD); in part by the Mid-Career Researcher Program under Grant NRF-
2013R1A2A2A01068627, through the National Research Foundation (NRF) of
Korea, funded by the Ministry of Science ICT and Future Planning; and in part
by the Power Generation and Electricity Delivery Core Technology Program of
the Korea Institute of Energy Technology Evaluation and Planning (KETEP)
granted financial resource from the Ministry of Trade, Industry, and Energy,
Republic of Korea under Grant 2012101010001C. Paper no. TEC-00587-2014.

B. D. Youn, K. M. Park, J. T. Yoon, and B. C. Jang are with the School of Me-
chanical and Aerospace Engineering, Seoul National University, Seoul 151-742,
Korea (e-mail: bdyoun@snu.ac.kr; kyungmin@snu.ac.kr; kaekol@snu.ac.kr;
bob1333@naver.com).

C. Hu is with the Department of Mechanical Engineering, Iowa State Uni-
versity, IA 50011, USA (e-mail: chaohu@iastate.edu).

H. S. Kim and Y. C. Bae are with the Korea Electric Power Research Institute,
Daejeon 305-380, Korea (e-mail: saeromy1@kepco.co.kr; ycbae@kepri.re.kr).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TEC.2015.2444873

throughout its life-cycle amidst uncertain operational condition
and manufacturing variability.

Recently, prognostics and health management (PHM) has
emerged as a key technology to evaluate the current health con-
dition (health diagnostics) and predict the future degradation
behavior (health prognostics) of an engineered system through-
out its lifecycle. In general, PHM consists of four basic func-
tions, health sensing function, health reasoning function, health
prognostics function, and health management function, which
are detailed as follows.

1) Health sensing function: The objective of this function
is to ensure high damage detectability and efficient data
management. Designing an optimal sensor network de-
termines sensor types, sensor nodes, and their locations
to maximize the degree of damage detectability, while
designing data acquisition (DAQ) logistics decides the
period and the time duration of DAQ for an optimal data
management.

2) Health reasoning function: This function is the process of
diagnosing health conditions based on sensory signals and
related health measures. Two steps are typically involved:
a) condition monitoring (CM) to extract system health
relevant information with feature extraction techniques;
b) health classification to classify a system health state
into diverse health classes using health classification tech-
niques. Popular tools used for this function include statis-
tical methods [1], artificial intelligence [2], support vec-
tor machines [3], kernel estimation [4], and Mahalanobis
distance (MD) [5]–[7]. CM has been applied to various
engineering applications: machine components [8], [9],
machine tools [10], and power transformers [11]–[13] or
generators [14]–[20].

3) Health prognostics function: This function aims at pre-
dicting the remaining time before an engineered system no
longer performs the required function(s) or the remaining
useful life (RUL) in real time. In general, prognostics ap-
proaches can be categorized into model-based approaches
[21], [22], data-driven approaches [23], [24] and hybrid
approaches [25], [26]. PHM research has been conducted
with various systems [27]–[30].

4) Health management function: This function enables opti-
mal decision making on maintenance based on RUL pre-
dictions and/or field expert opinions. The condition-based
maintenance is mainly involved in this function.

Comprehensive exploration of PHM techniques for power
generator bars enables early anticipation of failure to develop
cost-effective maintenance strategies and to seek opportunities
for life extensions, and effective health reasoning is a crucial
step toward the comprehensive exploration of PHM. Park et al.
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applied the Daubechies wavelet transform to overcome the lim-
its of a conventional discrete Fourier transform approach in
winding-fault detection [15]. Kheirmand et al. developed the
enhanced partial discharge (PD) technique by decoupling PD
pulses using inductive sensors [16]. Stone et al. [17] reviewed
the mechanisms of slot discharge and vibration sparking, and
the methods to detect and repair them. Yue et al. proposed two
health measure of the skewness of PD phase resolved distribu-
tion and the high-frequency crest of PD impulse based upon a
multistress accelerating aging test of stator windings [18]. Fer-
nando et al. found that the frequency-domain spectroscopy and
estimated parameters are informative to assess the generator in-
sulation condition with a laboratory generator bar experiment
[19]. Li et al. used a partial least-square approach and a sta-
tistical parameter skewness to diagnose the stator bar insula-
tion [20]. General electric (GE) suggests the standard outage
test program [31] to indicate the presence of a water leakage
through a water-cooled generator stator bar insulation and pos-
sible avert stator bar insulation failure. This failure can cause
an extensive collateral damage to the generator stator core and
field. This can extend a forced outage several months, depend-
ing upon the extent of the damage. This program consists of
vacuum decay test, pressure decay test, Helium tracer gas test,
and stator bar capacitance mapping. The stator bar capacitance
mapping test developed by GE, measures the capacitance level
on a bar surface and possibly detects the insulation failure due
to moisture absorption. Alternative methods to the capacitance
mapping include the normal probability plot method and the
box plot method, developed by Korea Electric Power Corpo-
ration (KEPCO) [32]. The capacitance-based methods use the
nondestructive capacitance measurements from a generator sta-
tor bar as sensory data. The first technique, known as the stator
bar capacitance mapping test, is a quantitative health reasoning
method that uses the +3 standard deviations of the capacitance
data as a failure threshold. The second one is a graphical health
reasoning method, which determines the health classes of a bar
based on a normal probability plot. It is assumed in both methods
that the capacitance data of healthy bar follow a normal distri-
bution. The last method is another graphical method, so called
the box plot, which graphically depicts the health classes of the
capacitance data through their 1st and 3rd quartiles. The draw-
back of aforementioned methods is that the sensitivity of the bar
health classification is relatively low because of the improper
statistical modeling of the capacitance data and no consideration
of data heterogeneity.

It is noted that the direct use of capacitance measurements
as the health index by the existing methods makes it difficult
to infer the health status easily and precisely, especially when
the measurements are of high dimensionality, high correlation,
and/or high nonlinearity. To this end, this work develops a new
health index through statistical analysis of multidimensional
capacitance measurements for an effective health reasoning of
power generator bars.

The paper is organized as follows. Section II describes the
sensing function for a power generator health monitoring and
the analysis of bar capacitance data. Section III discusses
the feature extraction and health diagnostics for smart health

Fig. 1. (a) Power generator stator and (b) cross-sectional view of a bar.

Fig. 2. Diagram of the crevice corrosion mechanism [31].

reasoning. Section IV presents the validation study using five
years’ maintenance history from seven generators. The paper is
concluded in Section V.

II. DESCRIPTION OF SENSING FUNCTION AND DATA ANALYSIS

The health condition of a power generator can be moni-
tored by analyzing the capacitance of a bar insulator properly.
This section discusses the fundamentals of capacitance mea-
surements, locations of capacitance measurements, and charac-
teristics of measurement data.

A. Fundamentals of Capacitance Measurements

When a power generator is water-cooled, coolant water flows
into the water channels of a bar (see Fig. 1). When leakage
occurs in insulators caused by failure mechanisms, i.e., crevice
corrosion (see Fig. 2), the water or moisture remains in bar
insulators. The remaining moisture degrades the bar insulation,
which can cause an insulation breakdown and the power genera-
tor failure. For this reason, electric companies or manufacturing
companies, such as KEPCO, GE, and Toshiba, assess the health
status of the bar insulators using the moisture absorption detec-
tor [see Fig. 3(a)] [31]–[33]. The moisture absorption detector
infers the moisture of the insulators by measuring an insulator
capacitance. Because the relative static permittivity (or the di-
electric constant) of the water (εwater(20◦C) = 80.4) is higher
than that of the mica (εmica = 5.6 − 6.0) which is used as a
material for insulator generally, wet bar insulator has higher
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Fig. 3. (a) Capacitance measurement using detector and (b) the basic principle
of detector.

Fig. 4. Structure diagram of a water-cooled power generator with two-path
cooling system and four brazed locations.

capacitance C based upon the following (see Fig. 3(b) for a
schematic representation):

C =
Q

V
= εrε0

A

t
(1)

where Q is the charge on each conductor, V is the voltage be-
tween the plates, A and t are, respectively, the measurement area
and the thickness of the insulation, ε0 is the electric constant
(ε0 ≈ 8.854 pF-m-1), and εr is the relative static permittivity of
the material between the plates. Capacitance as health data pro-
vide valuable information that can be used to infer the amount
of the moisture absorption of a stator bar and from which the
health-relevant information of the bar can be extracted. It is
noted that various uncertainty factors, such as measurement lo-
cation, ambient humidity, and bar surface condition contribute
to uncertainties in the capacitance measurements, which should
be taken into account in the health reasoning process.

B. Capacitance Data Acquisition

This study employs seven power generators (ten datasets over
five years) with the same specifications: 500-MW output, two-
path cooling system, and 60-Hz frequency. The employed power
generators have 42 turns and slots with a water-cooled cooling
system. As shown in Fig. 4, the cooling water flows from the

top bar inlet at the turbine end, through the top and bottom bars
at the collector end, and back to the bottom bar outlet at the
turbine end. At the turbine or collector end, an assembly slot
with both the top and bottom bars contains totally ten measure-
ment points graphically illustrated together with the generator
structure diagram in Fig. 4. For the top bars, there are three
measurement points (TOP, IN, and OUT), whereas since only
an extremely small gap exists between the top and bottom bars,
the capacitance on the top side of the bottom bar cannot be mea-
sured, resulting in two measurement points for the bottom bar. In
Table I, a unique identification (ID) code is assigned to ten mea-
surement points based on the stator side (collector end/turbine
end), bar location (top bar/bottom bar), and measurement point
(top/out/in). For example, the ID code “CET-TOP” indicates
that the measurement point is located on the top side of the
collector end top bar. The capacitance data were acquired from
the ten measurement points of the entire 42 slots of the power
generator. The capacitance data measured at each measurement
point can be modeled as a random variable (X).

C. Statistical Characterization of the Capacitance Data

The capacitance data acquired at physically isolated measure-
ment points can be modeled as statistically independent random
variables (i.e., X1 and X10). Otherwise, the data can be modeled
as statistically correlated random variables. For example, a phys-
ical gap between two different bars is one reason which makes
the related random variables statistically independent. More-
over, different bar locations (CET, CEB, TET, and TEB) in one
bar are also physically distant. This implies that the related ran-
dom variables could be statistically independent as well. On the
other hand, the moisture absorption occurs concurrently at ad-
jacent measurement points, such as CET-TOP (X1), CET-OUT
(X2), and CET-IN (X3) in the same bar. Checking statistical de-
pendence between two random variables could confirm whether
our intuitive observation is true or not.

In general, the correlation coefficient is used as a measure to
imply statistical correlation. One of the most famous measures is
the Pearson product-moment correlation coefficient. It is a quan-
titative measure of a linear dependence between two variables.
Mathematically, a correlation coefficient can be calculated from
the following form:

ρXi ,Xj
=

Cov (Xi,Xj )
XiXj

=
E

[
(Xi − μXi

)
(
Xj − μXj

)]

σXi
σXj

(2)
where Xi and Xj are random variables, Cov(Xi,Xj ) is the
covariance between Xi and Xj , μ and σ are the mean and
standard deviation of a random variable, respectively, and E[•]
is the expectation of a random variable.

Table I summarizes the correlation coefficients for ten random
variables, ρXi ,Xj

for i, j = 1 to 10, in a matrix form. The
highlighted values in Table I are the coefficients between the
correlated random variables in the same group. One can observe
two features from the highlighted values: 1) statistically positive
correlation, and 2) higher degree of correlation within the same
group. These features indicate that the two or three capacitance
data from the same group tend to behave (remain unchanged



YOUN et al.: STATISTICAL HEALTH REASONING OF WATER-COOLED POWER GENERATOR STATOR BARS AGAINST MOISTURE ABSORPTION 1379

TABLE I
CORRELATION COEFFICIENT MATRIX (SYMMETRIC) FOR TEN RANDOM VARIABLES IN A MATRIX FORM

CET CEB TET TEB

Correlation Matrix TOP (X 1 ) OUT (X2 ) IN (X 3 ) OUT (X 4 ) IN (X 5 ) TOP (X 6 ) OUT (X 7 ) IN (X 8 ) OUT (X 9 ) IN (X 1 0 )

CET TOP (X1 ) 1
OUT (X2 ) 0.4761 1
IN (X3 ) 0.4194 0.5503 1

CEB OUT (X4 ) 0.0849 0.1572 0.1354 1
IN (X5 ) −0.039 0.1686 0.0765 0.3445 1

TET TOP (X6 ) 0.3341 0.1553 0.1868 0.0343 −0.052 1
OUT (X7 ) 0.1972 0.2506 0.2729 0.0879 0.0171 0.4377 1
IN (X8 ) 0.2295 0.1423 0.3296 0.0082 0.0457 0.4269 0.4900 1

TEB OUT (X9 ) 0.0438 −0.128 −0.097 0.0186 −0.114 0.0887 −0.010 −0.003 1
IN (X1 0 ) 0.0354 −0.040 −0.004 0.0457 0.0870 −0.048 0.1084 0.0215 0.3385

or grow) with linear dependence. This confirmed the intuitive
observations about the statistical correlation and independence
aforementioned.

We note that several correlation coefficients between the mea-
surement points in the CET group and those in the TET group
are positive and of significant values (e.g., 0.3341 between CET-
TOP and TET-TOP). It appears to be counterintuitive to have
a significant positive correlation between two measurements
points at two opposite ends (i.e., CE and TE) of a generator. A
possible explanation of the phenomenon is a leakage of coolant
water into the mica insulator (see Fig. 1) due to initial brazing
defects at both ends (i.e., CE and TE) of the generator. The braz-
ing defects could be caused by a misalignment (at TE) between
the coolant hose and bar end of the generator (see Fig. 4). As the
bar is highly stiff, the misalignment at one end (i.e., TE) of the
generator would lead to a similar misalignment at the other end
(i.e., CE), which would then cause an initial brazing defect at
CE. This common-cause scenario, if it occurred, would produce
relatively high-capacitance values on both ends of the genera-
tor, even though the two ends are physically distant from each
other. It is also noted that compared to the top bars (i.e., CET
and TET), the bottom bars (CEB and TEB) exhibit in general
smaller correlation coefficients. This is possibly due to the fact
that as the bottom bars are farther away from the coolant inlet
than the top bars, the former carry lower pressure water coolant
than the latter. As a result, the bottom bars are less likely to have
coolant leakage into the mica-epoxy insulator, in the presence
of the brazing defects, than the top bars.

D. Data Grouping

It is important to define a group of capacitance data with ho-
mogeneity prior to data modeling and health reasoning process.
Based upon the measurement location and correlation charac-
teristic obtained in Section II-C, the measurement points with
high correlation can be conceived as individual data groups,
such as CET, CEB, TET, and TEB. It implies that one entire
dataset for ten random variables (or from ten-dimensional mea-
surement points) would be split into four data groups (CET,
CEB, TET, and TEB) with two or three random variables. This
data grouping will be used for the health reasoning process in
the subsequent section, which defines a health index and models

it in a statistical form. The data grouping makes the health rea-
soning process easier through the dimensional reduction of the
capacitance data.

III. STATISTICAL HEALTH REASONING SYSTEM

Although the capacitance data are relevant to the health sta-
tus of the stator bar, its high dimensionality and nonlinearity
make it difficult to infer the health status easily and precisely.
This section introduces a new health index, referred to as the
directional Mahalanobis distance (DMD).

A. Review of MD

The MD is a relative health measure that quantifies the devia-
tion of a measured data point from a clustered data center, which
is generally a populated mean (μ) of a dataset. The MD degen-
erates multidimension data (X) to 1-D distance measure, while
taking into account the statistical correlation between random
variables. Mathematically, the MD measure can be expressed as

MD (X i) =
√

(X i − μ)T Σ−1 (X i − μ) (3)

where X i = (X1,i , X2,i , . . . , XN,i)
T is an N-dimensional ca-

pacitance data vector of the ith bar unit, which belongs to a
group having the mean μ = (μ1 , μ2 , . . . , μN )T and the covari-
ance matrix Σ. Fig. 5(a) plots 2-D samples randomly drawn
from two random variables with a positive correlation. Essen-
tially, the MD transforms an ellipsoid in the original random
space [see Fig. 5(a)] to a circular shape in the standard Gaussian
space [see Fig. 5(b)]. Since the distance (D1) of the faulty point
to the clustered data center is much shorter than that (D2) of the
healthy point [see Fig. 5(a)], one could have concluded based
on the Euclidean distance that the faulty point is more likely
to belong to the cluster. This misleading conclusion is mainly
caused by not taking into account of the correlation coefficient
of the two random variables.

As compared to the Euclidean distance, the MD measure
possesses a few unique advantages listed as follows.

1) The MD transforms a high-dimensional dataset that is
complicated to handle into a 1-D measure capable of easy
comprehension and quick computation.
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Fig. 5. Healthy and faulty points located in (a) the original space and (b) the
normalized space.

2) The MD is robust to the differing scales of the measure-
ments, as the MD values are calculated after normalizing
the data.

3) By taking into account the correlation of the dataset, the
MD is sensitive to intervariable changes in multivariate
measurements.

B. New Concept of Statistical Distance: DMD

This section introduces a new MD-based distance measure
that implies the health condition of a power generator stator bar.

1) Data Projection: The MD, as a relative health measure,
provides very useful information to characterize the health con-
dition of a power generator stator bar. According to (1), the mea-
sured capacitance values from a dry stator bar with a negligible
amount of moisture on the insulation should be smaller than
the mean value of the measurement population. It means that
the measured values smaller than the population mean should
be treated as of no relation to the moisture absorption by an
insulator. However, the MD, as a scalar distance measure, is
a direction-independent health measure in the random capac-
itance space [see Fig. 6(a)]. In other words, two capacitance
measurements with the same MD value but in two opposite di-
rections are treated equally, although they most likely imply the
different levels of the moisture absorption.

Let us take the data point marked with a dashed circle in
Fig. 5 as an example. In this example, the data point is a healthy
one since this point falls into the lower tails of the marginal
distributions of the random capacitance variables. However, the
MD declares this point to be in the failure because it is simply
out of the data cluster. For the very reason, it becomes necessary
to redefine the measure that is better suited for this application.

Fig. 6. Scatter plots (a) before projection, (b) after projection, and (c) after
transformation.

In order to rebuild the measure, this study employs a projec-
tion process, which first identifies absolutely healthy variable(s)
(capacitance value less than its populated mean, say Xi < μi),
and, then, projects it onto the corresponding mean value(s),
e.g., (Xi,Xj ) and (μi,Xj ) shown in Fig. 6(a) and (b). Through
this projection process, the absolutely healthy data would be ig-
nored in the subsequent MD transformation. The data projection
underscores the consideration of the direction in the health rea-
soning process of the measurement data and leads to the unique
capability of a new approach that makes use of the distance and
degradation direction as a health measure.

After the data projection, the capacitance data X̃n,i (n =
1, . . . , N ) can be processed as

X̃n,i =

{
Xn,i , if Xn,i > μn

μn , otherwise
(4)

where Xn,i denotes the raw capacitance data at the nth mea-
surement location of the ith bar unit, μn is the mean of the
capacitance data at the nth measurement location, and X̃n,i

denotes the processed capacitance data.
2) MD Transformation: A proposed health index, namely

DMD, assesses MD along the degradation direction of a stator
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Fig. 7. Data points located in (a) the original and (b) the normalized space.

bar insulator after the data projection. Mathematically, DMD
shares a similar formula with MD except the data projection,
expressed as

DMD
(
X̃ i

)
=

√(
X̃ i − μ

)T

Σ−1
(
X̃ i − μ

)
(5)

where X̃ i =
(
X̃1,i , X̃2,i , . . . , X̃N ,i

)T

is an N-dimensional

vector of the capacitance data from the ith bar unit after the
data projection μ = (μ1 , μ2 , . . . , μN )T and Σ are the mean
vector and covariance matrix of the reference dataset before the
projection. Fig. 6(c) shows the scatter plots of DMD dataset af-
ter the projection and MD transformation where the difference
between MD and DMD can be clearly observed.

One question still remains in the sequence of the data projec-
tion and MD transformation. We found that the former should
be done prior to the latter. This is because the projection maps
healthy data located lower than a data mean onto the mean is
physically meaningful and valid only in the original space not
in the transformed space.

C. Comparison of MD and DMD

Fig. 7 shows the scatter plots of MD and DMD with three
highlighted data points, two of which represent a healthy state
and the other a faulty state. In the case of MD, the 1st and
2nd data points (the two “healthy” points) are located in the
2nd (top left) and 3rd (bottom left) quadrants of the 2-D space
composed of by two Euclidean distances [see Fig. 7(a)], while

Fig. 8. (a) Best case and (b) the worst case of health index ranking and
maintenance history and corresponding score metric ranking.

the 3rd data point, the “faulty” point, is located in the 1st (top
right) quadrant. The MD values of the 1st, 2nd, and 3rd points
are, respectively, 4.73, 5.71, and 3.80. In the case of DMD, the
squared distances of the three points from the origin are 0.076,
0.100, and 3.80. Without the projection before transformation,
the MD incorrectly treats the “healthy” data points as “faulty,”
while with the projection before transformation, the proposed
DMD correctly identifies these two points as “healthy” (with
relatively small distance values). Therefore, the proposed DMD
achieves better performance than the MD by accounting for
the degradation direction in the health reasoning process of the
capacitance data.

Performance evaluation of health indices requires an evalua-
tion metric that assesses the effectiveness of a health index in
quantifying the health condition of a generator bar. The evalu-
ation metric considered here employs a score function with the
health index value and true health condition of a generator bar
as the inputs and a normalized score metric (ranging between
0 and 100) as the output. The proposed score function can be
used as the evaluation metric, expressed as

SF = 100

×

∑N

j=1 xj yj −
(∑k

j=1
xj −

∑N

j= k+1
xj

)

︸ ︷︷ ︸
W(∑N

j=N −k+1
xj −

∑N −k

j=1
xj

)

︸ ︷︷ ︸
B

−
(∑k

j=1
xj −

∑N

j= k+1
xj

)

︸ ︷︷ ︸
W

(6)

where xj denotes the health index value of the jth bar unit, yj

denotes the maintenance index of the jth bar based on the true
repar history (yj = 1 if the unit was maintained and yj = −1
otherwise), N denotes the number of bar units, k denotes the
number of bar units with maintenance histories, and B and
W denote the best and the worst score metric values, respec-
tively. Fig. 8 illustrates various combinations of the health index
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TABLE II
TOP TEN SCORES OF MD AND DMD IN EACH GROUP

Rank CET group CEB group TET group TEB group

MD2 DMD2 MD2 DMD2 MD2 DMD2 MD2 DMD2

1 33.64 33.64 21.14 21.14 18.93 18.93 11.65 11.92
2 28.41 28.41 14.36 14.36 17.93 17.93 9.97 8.08
3 21.96 21.96 14.27 12.68 15.88 15.88 9.64 7.37
4 16.42 16.42 13.24 11.16 14.65 14.65 8.67 6.86
5 16.39 16.39 12.68 6.75 14.11 13.57 8.08 5.74
6 12.55 9.51 11.05 6.70 13.98 13.15 7.66 5.49
7 11.47 9.41 10.85 6.08 13.55 9.33 7.48 5.48
8 11.46 9.36 9.67 5.19 13.15 8.91 7.37 4.74
9 11.43 7.97 9.51 5.03 11.56 8.09 7.19 4.64
10 10.85 7.31 3.97 4.87 11.11 6.80 6.86 4.53
Score 96.32 99.96 97.47 100 94.10 95.50 91.26 100

ranking and the maintenance history and the score metric rank-
ing of these combinations. The best and worst scenarios (rep-
resented respectively by B and W in (6)) are depicted by the
left-most and right-most plots, respectively.

Table II summarizes the top ten distances and scores from
the assessment results for health condition of bars using MD
and DMD, respectively. As one can see in Table II, both MD
and DMD can find maintained bars easily when the capacitance
of maintained bar’s insulator is relatively larger than others.
However, the MD cannot find all maintained bars in top ten
health indices in CET group, as well as some unrepaired bars’
health indices have higher value than those of maintained (e.g.,
5th, 6th and 7th health indices in TET group).

IV. VALIDATION STUDY WITH MAINTENANCE HISTORY

This section is designed to demonstrate the effectiveness of
the proposed health index by assessing the health condition
of bars and compare the DMD health reasoning results with
historical maintenance data in Section IV-A, and, then, the MD
results in Section IV-B.

To verify the effectiveness of the proposed health index, it
is important to validate the DMD health reasoning results with
maintenance history for the generators of interest. The field ex-
perts collected the health information of generator bars with
maintenance records, and identified their health conditions us-
ing the stator bar capacitance mapping test method that was
developed by GE [31].

As aforementioned, the capacitance data were grouped into
CET, CEB, TET, and TEB. Based upon this grouping, the main-
tenance histories can also be divided. Table III summarizes the
histories of the generators over five years, which are related to
the moisture absorption. The maintained bar history is named
with its own ID code (“a” to “n”). For example, the CET group
in one bar of the first generator in the power plant A was main-
tained in 2009 for preventive maintenance, and this history is
indexed with ID code “a.” The TET in the same bar was main-
tained twice in 2009 and two indices (“b” and “c”) appear in
Table III.

As shown in Table III, 14 maintenance histories (a–n) are
found in total over five years—five (a, d, e, i, l) in the CET

TABLE III
MAINTENANCE HISTORY RELATED TO MOISTURE ABSORPTION

Power plant Generator Measurement
year

Measurement
group

ID code (number
of maintained

bar)

A 1st 2007 – –
2009 CET a (20)

TET b (11), c (20)
2nd 2009 CET d (3), e (40)

CEB f (31)
TET g (40)

3rd 2010 TEB h (23)
4th 2006 – –

2007 – –
2008 CET i (23)

CEB j (20)
TEB k (31)

B 1st 2010 CET l (18)
TET m (18)

2nd 2009 – –
C 4th 2010 CEB n (11)

group, three (f, j, n) in the CEB group, four (b, c, g, m) in the
TET group, and two (h, k) in the TEB group. Fig. 9 shows the
scatter plots of the health index (DMD2), where a black-square
labels the health index of a bar unit right before the maintenance,
a gray circle labels the health index of that unit one year before
the maintenance, and a black triangle labels the health index of
a bar unit with no maintenance history but with a relatively high
ranking. As shown in Table III, three maintained bar units (with
ID codes a, b, and c) of the 1st generator in the power plant A
and three units (with ID codes i, j, and k) of the 4th generator
in the same power plant possess the health index data one year
prior to the year of maintenance and are labeled with both red
and orange circles.

Overall speaking, most of the high-ranked values are labeled
with the red squares in all groups. This indicates that the pro-
posed health index in this paper assesses the health condition of
the generator bars consistently, as compared to the maintenance
history. An interesting example worth further elaboration here
is the 1st ranked bar unit (i) in the CET group. This bar unit was
burned in 2008 because none of the conventional inspection and
maintenance techniques (leak test, capacitance mapping test,
normal probability plot method, and box plot) were able to de-
tect the moisture absorption. This bar unit has a 98th ranked
health index (= 3.05) in 2006, a 2nd ranked one (= 28.41) in
2007, and a 1st ranked one (= 33.64) in 2008 among all the
bar units in the CET group. According to the proposed health
index (DMD2), the substantial increase of the health index was
found from 2006 to 2007. This increase would have suggested
by DMD2 that a preventative maintenance action be taken the
year (2007) before the failure. This is a critically important ob-
servation since the proposed health index is capable of detecting
abnormal health degradation and enabling health prognostics for
failure anticipation and prevention.

It can be observed that some health indices with no mainte-
nance history hold relatively high rankings (see the black trian-
gles in Fig. 9). One case is the 7th ranked health index (= 9.41)
in the CET group, and the other is ranked at the 5th ( = 13.57) in
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Fig. 9. Scatter plots of the health index DMD2. (a) CET group. (b) CEB group.
(c) TET group. (d) TEB group.

the TET group. Let us take a close look at these two cases care-
fully. The capacitance of the 7th ranked bar at the measurement
point CET-TOP (X1) reads 16.5 pF. Given the sample mean and
standard deviation being 14.9 and 0.6 pF, respectively, 16.5 pF
indicates that the winding is highly moisture absorbed and prone
to failure. The same analysis can be reached for the 5th ranked
bar in the TET group of which the capacitance reads 15.5 pF
with the sampled mean and standard deviation being 12.8 and
0.9 pF, respectively. It can be concluded based on the proposed
health index (DMD2) that maintenance should be carried out on
these bars.

V. CONCLUSION

This paper explores the health reasoning function to assess
the health condition of power generator stator bars by extracting
the health-relevant features from the capacitance measurements
on the bars in a statistical manner.

This assessment is based on the fact that it is intuitive to
use the capacitance value to infer the moisture absorption in
a stator bar, and the change in the capacitance value and the
rate of change in this value are good predictors for anticipat-
ing the stator bar failure due to the moisture absorption. First,
the correlation analysis of the capacitance measurements helps
to understand the statistical features of the data and divide the
variables into four groups. Second, a statistical health index,
the DMD, is proposed to quantify the health condition of the
bar unit, while taking into consideration both the correlation
between multivariate measurements, and the degradation direc-
tion. The effectiveness of the proposed health index is verified
using the five years’ maintenance records from seven genera-
tors. A good agreement between the health index ranking and
the maintenance history suggests that the proposed health index
is capable of precisely assessing the health condition of power
generator stator bars. Future research will investigate the in-
tegration of the proposed health index with advance machine
learning techniques in order to realize failure prognostics and
prevention for power generator stator bars.
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