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The Assessment on the Insulation Condition of Generator Stator Windings
by a Novel Parameter PDI(Partial Discharge Index)

LA QA N SR R S AR - S A
{Don-Ha Hwang * Doh-Young Park - Yong-Joo Kim - Jin-Bong Kim - Young-Ho Ju)

Abstract -~ The monitoring and assessment on the insulation condition of generator stator windings have been an
important task of utility companies. The interest for the assessment of insulation condition has been increasing due to
the need to keep old generating equipment reliable in order to extend the equipment life and to increase the generating
capacity. Even though many developments and research activities for the condition assessment of generator insulation
have been performed for decades, the assessment criterion in order to consistently predict the actual insulation condition
is still in question. In this paper, the correlation between the parameters and the insulation condition is analyzed through
the various non-destructive diagnostic tests in order to establish the assessment criterion on insulation deterioration of
generator stator windings. By analyzing the correlation, PDI(Partial Discharge Index) as a novel parameter for the
assessment criterion on insulation diagnosis of stator windings is proposed and verified.
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1. Introduction

Presently, there are many diagnostic tests available,
which may provide important information on the insula-
tion condition of generator stator windings. Some diag-
nostic parameters, such as partial discharge magnitude,
give indication of the relative condition of generator
stator insulation. The parameters indicating the absolute
condition of generator stator insulation have been sought

{11.

Recently partial discharge measurements have been
considered as the most important diagnostic technology
for maintenance of stator windings based on insulation
condition.  Though the partial discharge measurements
are an important diagnostic test, it can not be used as
the only for objectively assessing the actual
For that purpose, a correlation

between the breakdown strength and various combinations

means
insulation condition.
of the results from diagnostic measurements, e.g., partial
discharges, capacitance, and dissipation factor, should be
considered [1-2].

As it is difficult to obtain a single effective diagnostic
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test, the assessment on the condition of generator stator

winding has attracted many discussions. Numerous
experiments have been reported to ensure that old
generating plants continue to be reliable power producers
in-service failures all

and to avoid over the world,

utilizing various diagnostic tests. Many studies have
attempted

eliminating external noise [4] and predicting remaining

to identify new calibration technique (3],

life of machine insulation [5-7]. The absolute magnitude
of partial discharge has been the decision criteria of the
In North America [1],
[10-11], the trend of partial discharge activities over time

insulation condition in Japan [6-8].

with the on/off-line scheme has been the common practice.

‘This paper reports the investigation of factors which
can estimate the insulation condition.
PDI (Partial
realistic

A new parameter,
introduced as the
the of
The ratio between partial discharge
increment and stepwise voltage increment from discharge

Discharge Index), is

diagnostic measure for assessment

insulation condition.

inception voltage at characteristic or resonant frequency
band showed the high correlation between breakdown
voltage and PDI

2. Methods of the diagnostic tests
2.1 Sample bars and windings

Four different types of stator bars are tested to
destruction in order to evaluate the conventional diagnostic
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tests. Three out of four types (generators A, B, and C)
have been operated more than 20 years and the rest of
them (generator G) is aged up to 7,000 [hours] in the
laboratory. In the accelerated aging tests, the new stator
bars are subjected to the enhanced voltage stresses at
420 [Hz]. In addition, three different types of complete
stator windings (generators D, E, and F) are tested
on-site. The details of the bars and windings are outlined

in Table 1.

Table 1 The specification of generators

Rating Insulation | Operatin, Quantity
Generator Type (Capacity system pfime ¢ of bars
/Voltage) i (or phases)
Turbine
A Generator 300 MVA Polyester | 25 years 20 ea
. 17 kV
(Fossil)
Hydro 27 MVA . .
B Generator i kv Polyester | 23 years 15 ea
Hydro 226 MVA
C Generator 6 KV Polyester | 22 years 16 ea
Turbine
D Generator 72 MVA Polyester | 20 years 3 phases
138 kV
(Gas)
Pumped } 33 6 Mva
E Storage Epoxy 10 years 3 phases
18 kV
Generator
Nuclear | 500 MVA 5 .
F Generator 22 kV Epoxy New 3 phases
o |oorine |50 MvA . 7000 hours | o
cneraor | op kv POXY Kaged in lab. ca
(Fossil)

2.2 Test methods
2.2.1 Diagnostic test

Prior to the destructive breakdown test, the sample
bars are subjected to a variety of non-destructive
diagnostic tests to assess their insulation conditions. All
the diagnostic tests are performed on the individual bars
of generators A, B, C, and G, which are removed from
the generator and installed into the simulated slots. For
the case of generators D, E, and F, each phase 1s tested
within the stator core, as the normal practice for
diagnostic tests on generator.

Standard test procedures, such as the measurements of
capacitance, dissipation factor, and partial discharge
intensity at several voltages up to 1.25 times the rated
phase to ground voltage (1.25x E/V3 [kV], E ; rated
voltage), are applied.

Tettex 9124 Partial Discharge Measuring System with
both the conventional amplifier of 40 {kHz] to 200 [kHz]
frequency bandwidth and the narrow band amplifier of 30
{kHz] to 2 ([MHz] frequency bandwidth is used to
measure partial discharge.
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2.2.2 Destructive test

After completion of the diagnostic tests on individual
bars of generators A, B, C, and G, the groundwall
insulation of each bar is subjected to the gradually
increasing AC voltages until the insulation failed. The 60
[Hz] AC voltage is linearly increased by about 1
[kV/sec]. AC dielectric test system (100 [kV1, 1 [A},
Hipotronics) is used for the destructive test.

In the case of generator E, the destructive test is also
performed using DC power supply. The test voltage
(2x E [kV]), derived from IEEE standard 95 [12], is
maintained for one minute. For generator F, AC
breakdown voltage (1.5 x £ [kV]) is maintained for one
minute.

3. Results and discussions

3.1 Relationship between the diagnostic parameters
and breakdown voltage

Prior to destructive test, various diagnostic tests are
performed on the bars. In general, the percentage change
in bar capacitance (4C/Co) and the change in dissipation
factor (4tand) are the quality of the insulation system.
A4C/Co versus Jdtand from 1 [kV] to 125 times the
rated phase to ground voltage for generator A is found
Physically, both
parameters are measures of the void content in the

highly correlated as shown in Fig. 1.

insulation, and if the system has a large number of
voids, then dtand and 4C/Co would increase as the
However, as dtand and 4C/Co
measurements are averaging type measurements, they

voltage 1s increased.

will not identify a coil or a bar that has a single large
void.  Partial discharge magnitude (Qm), on the other
hand, will identify this coil or bar as it is a specific
event measurement. Fig. 2 shows that there has been no
correlation between Qm and dtand or 4C/Co.
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Fig. 1 Comparison of diagnostic quantities 4C/Co vs.
dtand measured at 1 [kV] to 12.3 (kVi
(Sample bars of generator Al.



5 T T T ¥
. H . O Atang
: E E a + AC/Co
! H | /
R S SOt AR, S ]
+ '? + V E H
e E s
- . '
L T e A e e g
S . Lot :
2 < + i . .
b o T, : e
1] S S AR DR S PR S. [P —
3 » s : 1o
- + o : : :
. o o i+ : DO
2 "o &
[ | O T A MO A feeeecaeaaas .4
' * =
. . o '
0 i i i ;
0 2 3 4 5
Max. Partial Discharge Magnitude (Qm) [pC] ¢

Fig. 2 Relationship between Qm and dtand, 4C/Co
{Sample bars of generator A).

To obtain correlation of Qm, 4C/Co, A4tand, and
breakdown voltage, the destructive tests are performed on
the sample bars of generator A, B, C, and G. The data
of sample bars punctured only at the slot region as
shown in Fig. 3 are selected to compare the relationship
between diagnostic parameters and breakdown voltage.
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punciured reﬂ'orw e

Fig. 3 Punctured region (No. 31 sample bar of generator A).

Fig. 4 & 5 are the plots of AC breakdown voltage
{(Vep) versus some of these measured or derived diagnostic
parameters. The figures clearly show a lack of correlation
between the diagnostic parameters and breakdown voltage
as reported in [111, [13]. The test result is similar to the
ones reported by G. Anders [11), while contrary to the
result by H. Yoshida [14].

In case of generator G, as there is no evidence of
degradation during accelerated aging up to 7,000 [hours],
the destructive test is performed. Only one out of eight
bars is failed and it is concluded that the accelerated
aging only by electric stress can not degrade the
insulation. Therefore, the mechanical or thermal cycling
stress should be applied to cause the progressive
deterioration of stator winding insulation.

Fig. 6 shows Qm measured from the sample bars of
generator A at E/V3 [kV]
criterion {7], four sample bars of generator A (No. 17, 18,

According to a certain
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20, and 21) whose Qms were higher than 30,000 [pC]
should have been in the relatively poor insulation
condition. However, the bars did not fail over 80 [kV],
but only result in surface flashover. On the other hand,
the other sample bars such as No. 31, which did not
have high Qm (28,000 [pC]) and could be judged to be in
the relatively moderate insulation condition, unexpectedly
failed at 15 [kV].
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Table 2 represents similar information as in Fig. 6.
After diagnostic tests are completed, a bundle of phases
of generator E and each phase of generator F are
subjected to breakdown test. In spite of high partial
discharge activities, neither of the insulation of generator
E nor generator F are punctured except one phase of
generator F. In case of punctured phase of generator F,
the groundwall insulation is not punctured, but the end
winding insulation near the slot exit has flashover and it
is concluded that the flashover is caused by poor surface
treatment. From the results shown in Fig. 6 and Table
2, it can be concluded that the condition of insulation can
not be assessed by the single parameter, such as Qm.
Therefore, a novel parameter is needed to judge the
condition of the machine whether it is near to its end of
life or not.

Table 2 Results of diagnostic and destructive tests for
generators E and F.

Generator Phase U \% w
Parameter
Maximum PD
magnitude 60,000 1pC) | 51,000 [pCl | 61,000 [pCl
E (Qm)
Breakdown Not failed
Maximum PD
magnitude 40,000 {pC] | 42,000 [pC] | 41,000 [pC]
(Qm)
F 2 Phases © Not failed
Breakdown

1 Phase : Failed at the end winding
near slot exit

3.2 Novel parameter for condition assessment of
stator windings

Based on the test results of sample bars, it is clear
that the diagnostic tests alone can not judge the absolute
condition of stator windings, especially when the tests are
However, some diagnostic
parameters, such as partial discharge magnitude, indeed
Thus, the
information from such diagnostic tests is very useful

performed only once.

give an indication of relative condition [14].

when it is taken over time, so that a history of winding
can be referred to judge the condition of insulation.

As off-line diagnostic tests are performed at an
interval of four or five years, it is difficult to judge the
condition of insulation of the machine whether it is near
to its end of life or not. Thus, a novel diagnostic
parameter or a criterion is needed to identify the condition
of insulation.

The Partial Discharge Index(PDI) defined by Eq. (1) is
proposed as a novel assessment criterion in order to
overcome the previously mentioned difficulties [15].
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In Eq. (1), V, is the applied voltage, V; is the
voltage when the apparent maximum partial discharge
magnitude is 1,000 [pCl, and Qm is the apparent
maximum partial discharge magnitude at V.

3.3 Criteria for condition assessment of stator
insulation by PDI

The shape of measured partial discharge is dependent
on the coupling impedance between the partial discharge
measurement circuit and the detector. Resonant frequency
of partial discharge pulse is reported to be varying
according to the number of connected coils or windings
[16]. The resonant frequency ( R.F.) can be simplified
as

_ 1
R.F. = m‘ (2)

where I and C are the coil inductance and capacitance.

Because the propagation modes and attenuation rates of
partial discharge pulse cause difference in the
measurement of its magnitude, the choice of detector
important in partial discharge
It is reported that the detection of series
mode pulses leads to the accurate measurements of
partial discharge [17].

Fig. 7 shows the frequency response of partial
discharge of the sample bars of generators A, B, and D.

frequency range is

measurement.

The resonant frequency for each sample of generators A
and B is 057 [MHz]. On the other hand, the resonant
frequency is lower than 100 [kHz] for each phase
winding of generator D which has 26 windings per
phase.
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Fig. 7 Frequency response of Qm ( E/V3 [kV].

The partial discharge is measured with two different
amplifier to identify the influence of the detector’s



frequency range : conventional amplifier (40 [kHz] to 200
[kHz]) and narrow band amplifier (30 [kHz] to 1 [MHzD
at resonant frequency (0.57 [MHz]l) with two bandwidths
{4f © 4 [kHz) and 30 [kHz)).

voltages up to E/V3 [kV].

It is measured at stepwise
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Fig. 8 Correlation between PD! and breakdown voltage.
(C.A. ; Conventional Amplifier, N.B.A. ; Narrow
Band Amplifier)
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The maximum PDI is used to judge the condition of
sample bar. The voltages which produce the maximum
PDI are 0.5x E/V3 [kV] for the bars of generator A
and E/V3 [kV] for the bars of generator B.

Fig. 8 shows the linear relationship between PDI and
breakdown voltage.
them in the whole frequency range.

It shows a strong correlation among
The vertical dashed
line( 2E+1 [kV]) in the each plot means the endurance
voltage. The breakdown voltages of No. 31 bar of
generator A and No. 9 bar of generator B are lower than
the endurance voltage, and their PDIs are higher than
those of any other bars in the whole frequency range.

Table 3 shows the PDI level which the winding can
not withstand the voltage over 2E+1 [kV]. From the
results, it can be suggested that the windings, whose
PDIs at each frequency band are above the critical level,
are judged not to withstand the endurance voltage and to
be in severely deteriorated condition.

In addition, PDI level for deteriorated insulation is not
unique for every insulation but depends on the rated
voltage of insulation or other factors. Therefore, further
study is needed to apply PDI parameter to assess the
various types of insulation system.

Table 3 PDI criteria for deteriorated insulation of generators

A, B, and C.
PDI criteri v
Amplifier criteria [pC/kV]
(F @

requency range) Generator A Generator B Generator C
Conventional

amplifier = 7,500 2 7,500 = 60,000
(40~200 kHz)
Narrow band

amplifier = 20,000 = 20,000 = 70,000
(570+ 30 kliz)
Narrow band

amplifier = 20,000 = 20,000 = 70,000
(570F4 kilz)

4. Conclusions

A novel method on assessing the insulation condition of
generator stator windings has been investigated. Even
though only a limited number of sample bars with
specific systems have been under investigation, it 1is
shown that PDI has strong correlation with breakdown
voltage and it has been successfully applied to three
types of stator bars. The conclusions can be summarized
as follows ;

(1) 4C/Co versus dtand, which represents the void
content in the stator insulation, is highly correlated.

(2) Qm, dtand, and 4C/Co show a lack of correlation
with breakdown voltage.
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(3) A novel diagnostic parameter PDI is highly correlated
with breakdown voltage. It can be used as a reliable
criterion in order to assess the condition of windings.

(4) As resonant frequency of partial discharge pulse of
generator windings is lower than 100 [kHzl, the low
frequency measuring system with noise elimination is
needed.

(5) PDI level for deteriorated insulation is not unique for
every insulation but depends on the rated voltage of
insulation or other factors.
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