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ABSTRACT

The stator windings of large air-cooled rotating
machines are mainly insulated with mica-glass tabri
impregnated with epoxy resin. In service, these
materials are submitted to thermal, mechanical and
electrical stresses. A specific aging arrangemers h
been set-up allowing artificial thermo-oxidativeirag

of samples, thanks to the application of a dry O
pressure at a controlled temperature. Three differe
materials, one reference material and two candidate
materials, of different thermal classes or différen
thermal conductivity, have been aged and compared.
Partial Discharges (PD) analysis of the samples has
been conducted and correlated with samples’
morphology. Because of the small size of the saspple
a specific PD measurement arrangement has also been
set-up. After only a few hundred hours aging,
delaminations of a few tens of pum were observed
within the samples. PD measurements revealed a
decrease of the PD Inception Voltage (PDIV) on ¢hes
aged samples. The PDIV on samples with specific
cavity thickness were also in good agreement with
Paschen law. PD measurements, especially the PDIV,
seem to be a good indicator of the progress of the

aging.
INTRODUCTION

Mica-glass fabric impregnated with epoxy resin is
commonly used as insulator in 20KkV rotating
machines. Once the voltage is rated, the power
generated by the rotating machine is limited by the
temperature that the machine is able to withstand
without damaging its insulation. In order to ingea
the power provided by the generator, two ways are
commonly used: increasing the maximum temperature
withstand by the insulation (its thermal class
temperature, in accordance with IEC 60216 and IEC
60085), or increasing its thermal conductivity to
improve the evacuation of heat. These two solutions
will be considered and compared hereafter with two
specific materials.

Since the mechanical stress is not taken into axtdau
this work, and since the sheets of mica provid®adg
protection against the propagation of possibletetat
trees, temperature-enhanced oxidation is considered
here as the main aging factor of these insulating
systems, at least in the first steps of aging. @Rryg

pressure has shown itself relevant to acceleratentbr
oxidative aging [1,2]. Then, samples of the two
materials are submitted to highly thermo-oxidative
aging, in order to accelerate their degradatione Th
samples have been followed in mass, Dynamic
Mechanical Analysis (DMA) and dielectric
spectroscopy [3,4]. The purpose here is to invattig
their behaviour in terms of Partial Discharges (RDJ
morphology.

EXPERIMENTAL PART
Materials

Materials are composites of mica paper and epoxy
resin reinforced by glass fibre. A ribbon of gléabric
covered with mica paper is wrapped around the aoppe
bar of the generator. Then the bars are impregraatdd
cured following a VPI process. Cross-linking is
generally incomplete, and is achieved during thst fi
uses of the generator.

Three different materials, one reference matenmal a
two candidate materials are considered in thisystud
both candidate materials are still prototypes.tFire

is a High Conductivity Tape material, which is asd
155 (F) insulation, filled with Boron Nitride powde
which increases significantly the thermal conduttiv
of the material, so called “HC-F". In the seconcepn
the epoxy resin is formulated to fulfil thermal £3a180
(H), so called “Class-H". The reference materiglso

a class 155 (F) insulation, so called “Ref-F".

Sampling

Insulation plates are cut and pulled up from their
copper bars, then sanded down to smooth theircasfa
and remove the conductive coating. Samples are then
cut using a diamond saw. Two types of sample shapes
have been used: rectangular samples (85x10x3 mm
and square samples (60x60x5 fim

Diamond saw is cooled by water; samples are then
dried during one week at 50°C to remove a largeé par
of the water. Drying ends during post-curing.

As the epoxy cross-linking is not completed durihg
manufacturing process, samples are post-curedn@uri
temperature is chosen above glass transition
temperature (120°C for the class 155 materialsy@55



for class 180 material). Efficiency of drying andgriag
are respectively checked by following the evolutafn
mass and the evolution of glass transition tempegat

Aging arrangement

A test arrangement has been designed to submit
samples to both thermal and oxidative stressesi(&sgy

1, 2 and 3). Samples were laid in glass plateschvhi
were set inside a stainless steel rack standirepah
pressure chamber (a to d). Two similar ovens (12nd
contain each two chambers connected to the gas tank
The two chambers of a same oven can be isolated
thanks to a gate. A vacuum pumping is applied teefor
filling the vessel with oxygen. The gas is supplizd

Air Liquide with less than 3 ppm of gaseous impasit
and water. This device allows an aging temperatpre

to 200°C and a pressure up to 10 bars.

All three materials have been compared during agtng
their thermal class temperature, under oxygen press
(2.3 bars) or under air at atmospheric pressure. Fo
more details on the aging procedures see refef8hce

Figure 1: Aging arrangement

| — —

Figure 2: Oven 1 with pressure chambers a and b

Figure 3: Stainless steel rack with glass plates
and samples

Aging characterisation

In order to characterize the aging of the materials
different measurement techniques have been tried. T
most sensitive techniques to evaluate the aginthef
samples have proven to be:

- Mass loss measurements,

- Dynamic Mechanical Analysis, in order to measure
Glass Transition temperature (Tg) and Young
modulus,

- Dielectric Spectroscopy Analysis, and

- Partial Discharge (PD) measurements.

The main results of the Mass loss measurements,
Dynamic Mechanical Analysis and Dielectric

Spectroscopy Analysis have already been presented i
[3] and [4]. So here only the PD measurement
arrangement and results will be presented and
discussed.

Partial Discharge measurement arrangement

The aging of an insulation system may lead to the
formation of voids, cracks or delaminations insitle
material or the increase of their sizes. The ares

of PDs is then a natural consequence of thoseiesvit
To a certain extend, the Partial Discharge Inceptio
Voltage (PDIV) and the PD patterns (number and
magnitude of PDs versus test voltage phase) may be
associated to the type of default and the geonsatdy
size of the voids [5-6].

Due to the samples small size and rigidity, a d$meci
PD measurement arrangement had to be developed
(figure 4). The sample is clenched between twosras
electrodes. In order to avoid surface discharges, t
samples, as well as the electrodes, are immersed in
cell filled with a dielectric liquid. The cell itHeis
made of PTFE (Teflon) and watertight, except
openings at the top for the liquid filing up and
degassing under vacuum.



The samples are square, 60x60mifo minimize the
risk of flashover issued from creeping dischardkbs,
electrodes have a diameter of 35 mm (figure 5).
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Figure 4: PD measurement cell
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A J
Figure 5: Sample and electrode sizes

In order to minimize interferences, several elattro
devices have been used (figure 6): a voltage gtera
associated to a power amplifier instead of an
autotransformer directly connected to the grid, an
adjustable resistance, a filter and a capacitivider.
Furthermore, the high voltage part of the circut i
located in a Faraday cage.

The PD measurer is an ICM system from Power
Diagnostix. For each voltage level, the recording
duration is 100 s. Between each voltage level the
recording is stopped for 20 s in order to adjustriext
voltage level. The “dead time” after each PD is
adjusted to 15 ps. The apparatus is calibrated aith
calibrator of 10 pC. In order to reject the backogd
noise, the lower detection limit is adjusted to @fthe
maximum scale. In order to avoid damages to the PD
electronics in the case of sample breakdown, aentirr
loop detector is placed between the sample an@he
preamplifier. The purpose is to cut off the germarita
breakdown current is detected.

could penetrate the samples and inhibit the DPt. i§h
the reason why a silicone gel has been used insfead
dielectric liquid or gas. Afterwards, for more sty
the edges of the samples have been varnished.t@ace
edges are varnished, and since the cleaning ofele
filled with silicone gel revealed tedious, theilne gel
has been abandoned in favour of a vegetable adlaiGr
care has to be taken in the filling and the degagssf
the cell to avoid and eliminate the bubbles. Indeed
these bubbles may be sources of parasitic DPs.
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Figure 6: PD measurement electrical circuit diagram

The validation of the PD measurement arrangement ha
been achieved in two stages. In a first stage, anly
reference capacity of 100 pF able to withstand ap t
100 kVims has been used. With this reference capacity,
the background noise remained low (about 0.3 pC) up
to 20 kVi,s In @ second stage, the reference capacity
has been replaced by a Plexiglas sample with Jaedis
edges and having the same size as the real savoles.
PD has been measured below 18,V The PD
measurement arrangement, cell and electrical ¢jnsui
thus validated up to 18 k), with a background noise
of about 0.3 pC.

RESULTS
PDIV measurements

The PD measurements have been first carried ott wit
a HC-F sample. This sample has been aged during
4250 h, at 155°C and under a @essure of 2.3 bar. To

make the measurement of the PDs easier, the thiskne
of the sample has been reduced from 5 mm to 2 mm.
As the first measured PDIV was rather low, about
3.8 kVins the following PDIV measurements have

been made with samples with their full thickness
(5mm). The table 1 summarizes the results for

As the aged samples presented many cracks at the different non-aged and aged samples

edges (see figure 7, 10 and 11) the dielectricidiqu



Sample (aging time) PDIV
(KV rms)
Ref-F (805 h) 8
HC-F (new) 14
HC-F (4250 h) 2 mm thick 3.8
Class-H (new) 10.7
Class-H (740 h) 8

Table 1: PDIV measurements
PD patterns
Only few PD pattern have been made at PDIV and

above PDIV. The most interesting patterns are
presented in figure 7, figure 8 and figure 9.
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Figure 7: PD pattern at 8 kV (PIDV) for a new Ref-F
sample
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Figure 8: PD pattern at 15 kV for an aged Ref-Fgam
(805 h, 155°C, 2.3 barp
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Figure 9: PD pattern at 4.6 kV (PIDV) for an aged-H
F sample (4250 h, 155°C, 2.3 ba)) O

Visual inspection of the samples

To better understand the PDIVs and PD patterns, the
presence of voids or delaminations at the edges and
also inside the samples has been checked. The eampl

have been cut as shown in figure 10. The remaining
part of the sample, less than 1 mm thick, is then

translucent. To check the presence of voids, the
surfaces of the remaining parts have been scanned,
directly or by back lighting.

Second cut"_\
First cut ’—\

Initial sample 1

Translucent
remaining part

s

Figure 10: Cutting out of a sample

For the aged Ref-F sample, a single large delaiomat
can be seen inside the sample (figure 11). Busit i
impossible to know if this delamination has been
created during the cutting or if it is the resulttbe
propagation of an existing crack. In any case,sit i
probably the result of an initial defect. It is als
interesting to note that only one delamination @f6n
thick is present at the edge of the sample (zoom in
figure 12), but this delamination goes deep ingluke
sample.

Inside (back lighting)

Figure 11: Scan of an aged Ref-F sample (805 h,
155°C, 2.3 bar §

= S R, SN R

Figure 12: Zoom of the aged Ref-F sample (805 h,
155°C, 2.3 bar ¢

The aged HC-F sample presented an important
delamination of about 200 um thick at the edgesThi
oxidised path and delamination is also presendesi



the sample with a similar thickness (figure 13 and
zoom in figure 14). This delamination is not onhet
result of the aging. Indeed, it occurred on a gacul
sheet which separated two zones of different aspect
already present on the reference sample.

- -
Figure 13: Scan of an aged HC-F sample (4250 h,
155°C, 2.3 bar §

Figure 14: Zoom of the aged HC-F sample (4250 h,
155°C, 2.3 bar ¢

For the aged Class-H sample (figure 15 and zoom in
figure 16), and contrary to the aged Ref-F sanmipie,
edges present many voids, voids that doesn’t gp dee
inside the sample. The largest voids are aboutut0
thick. Nevertheless, some local defects are alssgmt
inside the sample.

Inside (back lighting)

Figure 15 : Scan of an aged Class-H sarhple (740 h,
180°C, 2.3 bar @

Figure 16: Zoom of the aged Class-H sample (740 h,
180°C, 2.3 bar

DISCUSSION
Aged HC-F sample

The aged HC-F sample presented an important
delamination of about 200 um thick going througé th

entire sample. With basic dielectric equations sit i
possible to estimate the electrical field;jEn a cavity
as shown in figure 17, where the width is muchdarg
than the thickness (equation 1).

2 o le, o

v

Figure 17: Simplified representation of a cavityain
sample
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Equation 1 applied to the case of the aged HC-F
sample, and with:
V = 3.8 kVims (PDIV)

d=2mm
Xair = 200 pm (delamination)
Ear=1

€4 = 3.4 (measured)
Then:
Eair = 5.2 kVjmemm*

For an air film of 200 um, at a pressure of 1 atme,
Paschen law [7-8] shows that the breakdown streisgth
about 5 kVmemm®. For this sample, the estimated
electrical field in the delamination using equatiois
rather in good agreement with the calculated etadtr
field, using the Paschen law.

From this example, where the delamination of 200 um
is present through the entire sample, it seemsilgess
to evaluate the thickness of the largest voidsiaged
samples thanks to a PDIV measurement.

Ref-F samples

For the new Ref-F sample, many PDs are present from
PDIV on (figure 7). Nevertheless, the triangulaash

of the positive half-period and the asymmetry betwe
the two half-periods suggests that those PDs aren’t
coming from the sample but probably from a bubble
trapped between the sample and the electrode.oc®o, f
this sample, it was not possible to estimate the
maximum void size by the mean of the PDIV
measurement.

For the aged Ref-F sample, only one “rabbit earf ca
be seen on this pattern (figure 8). That seemsdaanm
that there is a predominant single void in the damp
This is confirmed by the visual inspection of the
sample, as only one delamination of 60 um thick has
been observed at the edge of the sample, delaoinati
that goes deep inside the sample (figure 11). Using
equation 1 and the Paschen law, the calculatiafslea



a void size of 80 um thick, larger but of the sader
of magnitude than the observed void size.

Aged Class-H sample

For the aged Class-H sample the calculation gives a
void size smaller (60 um) than the largest voick siz
observed (100 um) at the edges of the sample.i$his
not surprising since, contrary to the aged RefiRda,

the voids at the edges don't go deep inside thepam
(figure 15). Nevertheless, some local defects dse a
present inside the sample which may explain this
PDIV.

Summary

We saw that the PDIV (or PD inception field for the
HC-F) decreased during the samples aging. This is
explained by the fact that, when the resin is aging
voids are appearing and are becoming larger ageérdar
due to the thermo-oxydation. Table 2 summarizes the
main results for the different samples: void sizes
calculated using the Paschen law and the maximum
void sizes observed at the edges of the samples.

basis of the relative evolution of PDIV and the
observation of delaminations on aged samples.
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