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Abstract The statistical parameters of phase resolved partial discharge (PD) distribution and ultra-wideband (UWB) characteris-
tics of PD pulse are proposed for aging assessment of large generator insulation. Multi-stress aging tests of the model generator stator bar
specimens were performed and PD measurements were conducted using both digital PD detector with frequency ranging from 40 kHz to
400 kHz and UWB PD detector with bandwidth from 10 MHz to 3 GHz at different aging stages. The test results show that the skewness
and UWB frequency characteristics of PD can be taken as the characterization parameters for aging assessment of generator insulation. Fur-
thermore, the measurement results of real generator stator bars show that these methods based on statistical parameters and UWB charac-
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teristics of PD are prospective for aging assessment and residual lifetime estimation of large generator stator insulation.

Keywords: partial discharge, stator insulation, muiti-stress accelerated aging, statistical parameters, ultra-wideband, aging as-

sessment.

Aging assessment of generator insulation is of
great significance in planning the effective outage and
maintenance. In the last decade, aging assessment of
large generator insulation was a research area of great
interest''™>!. A number of papers have been pub-
lished on the techniques of insulation condition diag-
nosis and aging assessment of generator insulation.
Nearly all these studies rely on electrical measure-
ments and most of them pay much attention to analy-
sis of the characteristics of the partial discharge signal
derived from generator. The most widely used pa-
rameter of partial discharge is the maximum partial
discharge ( PD) magnitude ( qua ).
whether this parameter is specific to some insulation

system and testing condition or not is still controver-
1[6—8]

However,

sia . Therefore, it is important to develop a test
method capable of indicating the deterioration extent
in insulation and finding the meaningful characteriza-
tion parameters to evaluate the insulation condition.
For this purpose, in this paper, aging tests of model
bars under combined electrical, vibrational and ther-
mal stresses are performed and several new character-
istics are measured at different aging stages. Experi-
mental results indicate that the aging of generator in-
sulation may be characterized more exactly by the sta-

tistical parameter and the ultra-wideband (UWB)
characteristics of PD, which is verified by the testing
results of real generator stator bar insulation.

1 Experiment

1.1 Model stator bar specimens and accelerated ag-
ing tests

The model bars used in this work were replaced
by stator coils of a 780 kW/6 kV electric motor that
had served for 5 years. The insulation of the model
bars was made of mica-epoxy with thickness of 3 mm,
and the conductor of model bars was made of copper
with cross section of 14.2 mm X 26.2 mm and length
of 700 mm. For application of electrical stress, the
insulation surface of the ends of the model bar speci-
mens was coated with silicone carbide paint to sup-
press corona. The schematic diagram of the model
stator specimen is shown in Fig.1.

The multi-stress acceleration aging tests were
conducted on the 42 model stator bars mentioned
above by using a new aging testing set—upm, which
was able to provide a 50 Hz voltage up to 100 kV,
heating temperature up to 300 'C, vibration ampli-
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Fig. 1.
mm). 1, HV electrode; 2, copper strands; 3, SiC paint; 4, low

Schematic diagram of the model stator specimen (unit:
resistance paint.

tude of 0—S5 mm, vibration frequency of 0—10 kHz,
thermal cycling temperature ranging from ambient
temperature to 250 C, heating or cooling rate of 3—

5 C/min.

The duration of the multi-stress aging test con-
sists of a number of periods. One period includes a
combination of thermal,
stresses, which was performed at temperature of
155C, electrical stress of 5. 5 kV/mm, vibration
frequency of 100 Hz, and amplitude of 1 mm for

electrical and mechanical

96 hours and several thermal-cooling cycles, which

Power supply

Control unit
Voltage regulator

were carried out with temperature increasing from
ambient temperature to 155 C in 30 minutes by heat-
ing and then decreasing to the ambient temperature in
about 30 minutes by forced air convection for
24 hours. During the thermal-cooling cycling test,
the bar specimens were relieved from the electrical
and mechanical stresses temporarily. The multi-stress
aging tests of stator bar specimens in this study spent
more than 14 aging periods.

1.2  PD measurement system
1.2.1 Digital PD measurement system

The PD measurement system is shown in
Fig. 2. The PD signal from the testing bar specimen
is picked up by the measuring impedance and then fed
through an analog amplifier (AKV572) to partial dis-
charge analyzer (TE571). The measuring instru-
ments are placed in a shielding room connected to the
measuring impedance through high frequency coaxial
cable with the characteristic impedance of 50 Q.

TDS754

o0 0

Fig. 2.

Schematic diagram of the PD measurement system. LVF, low voltage filter; T, transformer; HVF, high voltage filter; C,,

specimen; C., coupling capacitor; Cy, measurement impedance; MSA, micro-strip antenna; TDS754, high speed digital oscilloscope;
PC, personal computer; AKVS72, analog amplifier; TES71, PD analyzer.

The TE571 PD analyzer, made by the HAEFE-
LY TRENCH Company, is equipped with advanced
hardware and powerful software. Its bandwidth has a
lower limit of 40 kHz and an upper limit of 400 kHz.
According to IEC 270, the PD pulses are integrated,
and the maximum value of the integrated signal is
proportional to the apparent charge. The PD measur-
ing system is calibrated for each specimen before mea-
surement with a standard calibrator.

1.2.2 UWB PD measurement system

The UWB PD detection system is also shown in
Fig. 2. This UWB PD detector may measure the PD
spectrum from 10 MHz to 3 GHz. The UWB PD de-
tection circuit is the same as that for digital PD detec-
tion. However, the signals of PD pulses from the
testing bar specimen are coupled to UWB PD detector
by a micro-strip antenna. The standing wave ratio of

the antenna is measured by using the HP8720C net-
work analyzer with the sweep bandwidth of 20 GHz
and the result of testing is shown in Fig. 3.

It can be found from Fig. 3 that the standing
wave ratio of the antenna is 1.86 at 3GHz and 2.6 at
4 GHz. It is well known that the influence of stand-
ing wave can be ignored when the ratio is less than 2,
so the working bandwidth of the antenna is 3 GHz.
The PD signals are sampled by a digital oscilloscope
(Tektronix TDS 754) with a fast AD converter
(ADC), and then transferred into the computer con-
nected by GPIB bus. In order to ensure the matching
of the system and avoid the oscillation of the pulse,
the 50 £ matching impedance is selected in the UWB
testing system. With the UWB PD detection system,
the waveforms of the PD signals from the testing
specimen in both time domain and frequency domain
can be obtained.
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Fig. 3.
(a) UWB micro-strip antenna; (b) standing wave ratio of the antenna.

UWB micro-strip antenna and its standing wave ratio.

2 Test results

Over the multi-stress aging span, PD measure-
ments were performed on the testing stator bar specimens
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after each aging period and a large set of data has
been collected.

2.1 Phase resolved distribution of PD

By measuring the PD pulse distributions as a
function of phase angle, it is possible to obtain infor-
mation on the phenomena resulting in this distribu-
tion'®11) " Previous studies have shown that the
phase position of a discharge on the power frequency
cycle can indicate the extent and mechanism of insula-
tion deterioration . A typical phase angle spectrum
taken from one of the specimens is shown in Fig. 4.

It can be seen from Fig. 4 that the shapes of the
maximum pulse height phase resolved distribution
Hmx( @), the mean pulse height phase resolved dis-
tribution Hy,(¢), and the pulse count phase resolved
distribution H, ( ¢ ) change with the aging time.
However, it is difficult to quantitatively describe the
changes in deterioration of the specimen insulation ac-
cording to the phase resolved distributions of PD.
Therefore, it is necessary to introduce the statistical
parameters for analyzing the aging of insulation.
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Fig. 4. Phase resolved distributions of PD at different aging stages. (a) Before aging; (b) aged for 480 h; (c) aged for 1200 h; (d) aged for 1680 h.
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2.2 Statistical parameter analysis

There are several statistical parameters used to e-
valuate the insulation condition based on the shapes of
Hmax( @)y He( ) and H( ¢)[10,11,13], such as the
skewness S, kurtosis K, cross-correlation factor c,
discharge factor Q, the number of peaks 7, and so
on. It has been found that S, K and ¢ had a certain
relation with the insulation condition in our aging
tests.

S describes the asymmetry of a distribution with
respect to a normal distribution. S =0 means sym-
metric, S >0 means asymmetric with the left side
large, and S <0 means asymmetric with right side
large. S is defined as

N N

S = E(Qi - #)3131'/(732?1', (1)
i=1 i=1

is the recorded PD value and p; is the

probability of frequency of appearance for that value
g; in the time window i, g is the mean value

®= Z(Ii . pi/zpi, and o is calculated by

o = Z(Qi ‘#)2 . Pi/ZPi-

K indicates the increased sharpness or the
amount of concentration of the distribution with re-
spect to the normal distribution. K =0 means a nor-

where g;

mal distribution, K >0 means a sharp distribution,
and K <0 means a flat distribution. K is defined as

N N
K = Z(Qi—#)4P5/042P5‘3- (2)

¢ is used to evaluate the difference in shape be-
tween the distributions both in the positive and nega-
tive half cycles. ¢ =1 means 100% shape symmetry
and ¢ =0 means total asymmetry. The following for-

mula is used to calculate ¢
N N

N
Dl - Zq?ZIqF/N

i=1 ix}

c =

i=1
3
where ¢ f and g, are the mean discharge magnitudes
in the 7 phase window in the positive and negative
half cycles, respectively, and N is the number of
phase window per half cycle.

Fig. 5 shows the changes of skewness of
Hmax(9), Hen(p) and H (@) distributions in both
the positive and the negative half cycles during the

f[éw—( iq?)Z/N][g@:)Z—( éq;)Z/N]’

aging test. Each point in Fig. 5 represents the skew-
ness obtained at the applied voltages of 6 kV. It is
quite obvious that the skewness decreases with the
aging time in the positive half cycle or in the negative
half cycle, and the skewness decreases to the negative
value of —0.1——0.2 after 1680 h of aging.
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Fig. 5.
of PD with the aging time. (a) In the positive half eycle; (b) in the
negative half cycle.

Change of skewness of the phase resolved distributions S

The relations between the kurtosis of the
Homax(9)y Hga( @), and H, (@) distributions and
the aging time are shown in Fig. 6. No linear corre-
lation between the kurtosis of PD distributions and
the aging time is found.
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Fig. 6. Change of kurtosis of PD phase resolved distributions K
with the aging time. (a) In the positive half cycle; (b)in the nega-
tive half cycle.
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Fig. 7 shows the change of the cross-correlation
factor of the PD phase resolved distributions with the
aging time. It can be seen that the cross-correlation
factor of the Hymax( @), Hg( @) and H, () distri-
butions decreases non-monotonously with the aging
time. In other words, the asymmetric degree of
H e (@), Hy(@) and H, (@) distributions increas-

es with the aging time.
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Fig. 7. Change of ¢ of the phase resolved distributions of PD with

the aging time.
2.2 Discharge magnitude analysis

The changes of the discharge magnitude with the
aging time of 5 stator bar specimens are represented
in Fig. 8. It can be seen that the maximum magni-
tudes of PD in the positive half cycle are very similar
to that in the negative half cycle. The maximum
magnitude of PD of the stator bar specimens increases
with the aging time.
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Fig. 8. Change of maximum magnitude g, of PD with the aging
time. {a) In the positive half cycle and (b)in the negative half cy-
cle.

2.3 Change of the UWB characteristics of the PD
pulse

A typical example of the UWB PD pulse in the
time domain of the stator bar specimens at different
aging stages is shown in Fig. 9.
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Fig. 9. The UWB characteristics of the PD pulse in the time do-
main of the stator bar specimen at different aging stages (A is the
voltage amplitude of the PD pulse). (a) Before aging; (b) after
1200 h of multi-stress aging; (c) after 1680 h of multi-stress aging.

From Fig. 9, it can be seen that the rise time of
the UWB PD pulse is between 200 ps and 35 ns with
the pulse duration of about 400 ns, and both the rise
time and duration of the UWB PD pulse decrease with
the aging time. The PD pulse at the early aging stage
is stable, whereas the pulse after long aging time, es-
pecially at the final aging stage, contains abundant
high frequency components.

Although some changes of the UWB pulse in the
time domain appear at different aging stages, it is dif-
ficult to analyze quantitatively the information on ag-
ing. Therefore, it is necessary to analyze the charac-
teristics of the UWB PD pulse in the frequency do-
main.

As is well known, the frequency representation
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of the no-period signal = () is
x(t) = ij_mX(w)exp(jwt)dw, (4)

where

o0

X(w) =j & (©)exp(jor )dr (s)

Equation (5) is named the continuous time
Fourier transform. X(w) is the measure of the simi-
larity between the signal z(¢) and the complex sinu-
soidal functions.

The UWB PD signals were detected by digital
oscilloscope and transformed simultaneously to the
frequency spectrum in the frequency domain based on
Eq. (5). The frequency waveforms corresponding to

the UWB PD pulses in the time domain are shown in
Fig. 10.
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Fig. 10. Frequency spectrum of UWB PD pulse at different aging

stages (B is the amplitude of the frequency spectrum of the PD
pulse) . (a) Before aging; (b) after 1200 h of multi-stress aging;
(c) after 1680 h of multi-stress aging.

From Fig. 10, it can be seen that the high fre-
quency components contained in the UWB PD pulse
concentrate on the frequency bands from S to 25 MHz
at the early aging stage, and the high frequency com-
ponents increase with the aging time. And at the final
aging stage, the high frequency components are dis-

tributed over the frequency range of 5 MHz to
250 MHz. However, it should be pointed out that the
UWB frequency response will be strongly modified
and the pulse shape may change due to the pulse
propagation in a real winding. So the pulse shape and
frequency response of the real stator winding may be
different from those of model stator bar specimen to
some extent.

2.4 Relations between S, g,.. and the breakdown
voltage ( Ugp)

After PD measurements, breakdown tests of 6
stator bars specimens were carried out at the end of
each aging period. The relations between the skew-
ness and breakdown voltage and between the maxi-
mum magnitude of PD and breakdown voltage are
shown in Figs. 11 and 12, respectively.
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Fig. 11. Relation between S and Ugp.
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Fig. 12. Relation between g, and Ugp.

3 Discussion

The experimental results of digital PD measure-
ments indicate that the statistical analysis of the ac-
quired PD distributions is meaningful for aging assess-
ment of the stator bar insulation. Compared with K
and ¢, the skewnesses of the Hyp, (@), Hy,(9) and
H,(¢) distributions both in the positive and negative
half cycles are more sensitive to the change of PD ac-
tivities occurring in the insulation of the stator bar
specimens during the aging testing process. Fig. 5
shows that the phase distribution of PD is skewed to
the left (with positive value of skewness) at the early
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aging stage. As aging develops to a certain extent,
the skewness approaches zero. Further aging makes
the distribution skewed to the right (with the nega-
tive value of skewness). Therefore, the skewness
may be taken as a characterization parameter of the
aging of the stator insulation. Figs. 6 and 7, howev-
er, indicate that other statistical parameters such as
the kurtosis and cross-correlation factor do not exhibit
linear relation to the aging of the stator insulation.
Fig. 8 demonstrates that the maximum magnitude of
PD (gms) increases with aging. However, the g,
value of each stator bar'specimen scatters largely, es-
pecially at the later stage of aging. Because of the
scatteration of q.., in our experiment, it seems that
Qmax 1S Inappropriate to evaluate the aging status of
the model stator bar employed in this paper. Howev-
er, more experiments and data are needed to verify
whether this conclusion is suitable for other types of
stator bar.

In order to develop a method for estimating the
residual lifetime of stator insulation, breakdown tests
were also performed on the stator bar specimens. It is
found that the skewness decreases continuously with
the aging time (aging extent), and the electrical
strength decreases to 7—10 kV/mm when the skew-
ness decreases to the negative value of —0.1—
—0.2. Usually, the insulation of the large generator
stator bar is required to have electrical strength higher
than 6 kV/mm—7 kV/mm in the preventive mainte-
nance test. Therefore, skewness of —0.1—~ 0.2
may be adopted as a criterion of serious aged stator in-
sulation.

According to Eq. (1), the decrease of the skew-
ness indicates that the phase resolved distributions of
PD skews to the right, that is to say, a large propor-
tion of PD takes place at the larger phase position cor-
responding to higher instantaneous voltage. In addi-
tion, this kind of phase distribution of PD implies the
increase of the cavity number and size along the elec-
tric field, which can result in the decrease of the ef-
fective thickness of the stator bar and the increase of
the breakdown probability when discharge takes place
in cavity. Therefore, the theoretical analysis demon-
strates that the decrease of skewness indicates the ag-
ing of the stator bar, which is in agreement with the
experimental results.

The PD pulse of the generator stator insulation is
a fundamental event with a duration of as short as a
few ns, which has a very wide frequency spectrum up

to GHz. Compared with the conventional PD detec-
tion with narrow bandwidth from 10 kHz to 1 MHze,
PD detection with UWB method may provide more
information on the aging of stator bar insulation.
Fig. 9 indicates that the UWB PD pulse has the rise
time between 200 ps and 35 ns, and the pulse duration
of about 400 ns, which are different from the conclu-
[1a] 14 probably results from dif-
ferences in the measurement environments and testing
specimens. From Fig. 9, it can be seen that the rise
time and duration of the UWB PD pulse decrease with
the aging time. Although the PD pulse at the early
aging stage is stable, PD pulse contains more and
more high frequency component as the aging becomes

sion of Stone et al.

more and more serious.

Although some changes of the UWB PD pulse in
the time domain appear in Fig. 9 at different aging
stages, it is difficult to quantitatively analyze the ag-
ing. On the contrary, the changes of the UWB PD
pulse in the frequency domain may reflect the aging of
stator insulation. As is shown in Fig. 10, the high
frequency component contains UWB PD pulse con-
centrated on the frequency ranging from 5 to 25 MHz
at the early aging stage. The frequency components
increase with the aging time, and the frequency com-
ponents are distributed over the frequency ranging
from 5 to 250 MHz at the final aging stage. There-
fore, the UWB {requency characteristics of PD may
be used for aging assessment of stator insulation.

The relation between the aging and the frequen-
cy spectrum of PD has been intensively studied. Both
the increase of the size along the electric field and the
connection of small defects with aging will result in
increase of the inception discharge voltage. And at
the same time, the ablation of the discharge tip and
the formation of semi-conductive layer at the cavity
wall will also result in the increase of the discharge
voltage, which will correspondingly reduce the wave
front of the PD pulse. Moreover, the inactive gas
produced during the discharge process will result in
the increase of pressure and the dielectric strength of
the cavity which can shorten the width of the dis-
charge wave front. Consequently, these factors men-
tioned above will lead to the occurrence of high fre-
quency components in the PD frequency spectrum.
Our experiment results are consistent with the above
theoretical analysis.

In order to clarify the availability of the skew-
ness of PD distribution and UWB frequency charac-
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teristics for aging assessment of real generator stator
insulation, PD testes were performed on several stator
bars taken from four real generators of 300 MW/
18kV, which had severed for 0, 16, 18 and
23 years, respectively. The real stator bars are shown
in Fig.13. The test results are shown in Figs. 14 and
15.

Fig. 13. Real generator stator bar specimens.
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Fig. 14. Skewnesses of PD phase resolved distributions S of the

real stator bars of generators serving for 0, 16, 18 and 23 years,
respectively. (a) In the positive half cycle; (b) in the negative half
cycle. -

From Figs. 14 and 15, it can be seen that the
longer the service time of the stator bar is, the small-
er the skewness and the higher the frequency of the
high frequency components contained in the UWB
frequency spectrum are. The variation trend of the
skewness and UWB characteristics with service time
is consistent with the experimental results of model
stator bar specimens. The skewness of stator bar
serving for 23 years lowers down to — 0.1 and its
high frequency components appear at about 250 MHz.
According to the criterion of aging assessment men-
tioned above, the insulation of this stator bar is aged

seriously. The criterion of aging assessment is proved
highly effective by the breakdown testing results.
The breakdown voltage of this bar lowers down to
30 kV, which is much lower than the test voltage of
preventive maintenance test (45kV). Therefore, the
results verify that the skewness of the phase resolved
distributions of PD and the UWB frequency charac-
teristics of the PD pulse signal are useful for aging as-
sessment of generator stator insulation.
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-140
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Fig. 15. The UWB characteristics of PD pulse of the real stator
bar of generator serving for 23 years. (a) In the time domain;
(b) in the frequency domain.

4 Conclusion

Based on the statistical parameters of the PD
phase resolved distributions and the UWB frequency
characteristics of the model stator bars and real stator
bars, the following conclusions can be drawn.

(i) The skewnesses (S) of the Hgp,(9),
H(¢) and H,(¢) distributions decreases from pos-
itive to negative value and the maximum PD magni-
tude (gme) increases with the aging time.

(ii) When the skewness lowers down to —0.1—
—0.2, the statar bar insulation is seriously aged.

(iii) It is difficult to assess the aging of the mod-
el stator bar specimen based on the g, value alone
due to the large scatters of different specimens in our
experiment. However, more experiment and data are
needed to verify whether the conclusion is suitable for
other types of stator bar.

(iv) The relations among K and ¢ of the
Homax(@)s Ho(9) and H, (@) distributions and the
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aging time are not suitable for aging assessment of
large generator stator insulation according to our ex-
periment results.

(v) The change of the UWB PD pulse in the fre-
quency domain may reflect the aging status. The high
frequency components contained in UWB PD pulse
increase with the aging time. The appearance of the
higher frequency component (for example, 250 MHz)
indicates that the stator insulation is aged seriously.
However, it should be pointed out that the conclusion
about UWB {requency spectrum and pulse shape
would be strongly modified by pulse propagation and
distortion in a real stator winding.
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