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ABSTRACT

S

WSTER

As part of a program funded by the United States Department of Energy and

New York State ERDA covering an investipation ot advanced concepts for gas-
insulated power transformers, cexperimental studies have been made on model turn-
to-turn insulatijon structures comprised of sheet aluminum conductors insulated
with two sheets of polymer film and imprcgnated with compressed SFg gas. Pre-
cautions were taken to eliminate particles using electrostatic techniques during

winding of the models.

Partial discharge inception and breakdown measurements

have been made at 60 liz applied voltages and room temperature; the effect of
polymer f£ilm thickness has been investigateih

INTRODUCT TON

A program funded by the United States Department of Energy and New York State
ERDA has been addressing the following concepts for a gas-insulated power

transformer (1):

e Sheet aluminum conductors for the windings.

e Polymer film* turn-to-turn insulation.

¢ A system of sealed, self-contained, annular cooling duct

*. circulating fluid to cool the windings.

s containing

e Comprcssed gas insulation (which fills the space in the film-
insulated windings and also insulates all the major gaps). -

*The polymer film used throughout these investigations has been the polyethylene
terephthal late (polyester) film, MylarR (R Registered trademark of the 1. T.

du Pont Jde Nemours and Co.).

Whether Mylar or some other polymer film will pro-

vide optimum performance under the combined clectrical, mechanical and thermal
requirements of this application will be determined in future studies of these

technologies.
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As part of this program, a study of the diclectric strength performance of the
proposed turn-to-turn insulation system -- polymer film impregnated with SFg gas--
was made using a test coil built on a new winding apparatus incorporating features
to minimize the air space within the winding and to climinate the presence of
foreign particles. Comparisons were made of the partial discharge inception and
breakdown voltage -at 60 Hz applied voltages of model samples wound concentrically
on the test coil using two sheets of 0.0125 mm thick polymer film as the "turn-
to-turn” insalation and samples wound with two sheets of 0,0233 mm polymer film,

EXPERIMENTAL

Coil Construction

A\

The test coil consisted of two scts of '"capacitor type' samples wound concentri-
cally onto a fiberglass-reinforced cpoxy cylinder, approximately 50.8 c¢m 0.D.
and 1.9 cm wall thickness. Lach of the samples was constructed by winding a

six layer sandwich (Fig. 1): aluminum sheet (the high voltage electrode), two
layers of polymer film, aluminum sheet (the ground clectrode), then finally two
more laycrs ol polymer film.
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Fig. 1, Schemutic drawing of the winding of a
"capiacitor type' test sample
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Wwinding of the coil was performed on the apparatus shown in ¥Fig. 2. In order to

minimize the air space within the winding, the coil was wound under tension using
a combination of electromagnetic brakes, to apply tension to the sheet aluminum
conductor, and a 12.7 cm-diameter pressurce Kiss roll, which exerted scveral
hundred pounds force at the point of contact between the webs of aluminum sheet
and polymer film and the cpoxy-fihorglnss cylinder. Stringent precautions were
taken during the winding to oliminate particles from heing introduced into the
capacitor samples:  As cach sheet of film was unwound rom its supply roll it was
discharged using cither a polonium y-source or 4 corona charge generator; then,
jets of jonized air were dirccted over hoth the aluminum sheet and polymer film
webs to blow of f any particles. Twelve test samples were constructed

e Six samples (#s 1-6) constructed with 5 turns of 0.076 mm i
thick, 61 cm wide aluminum sheet + 2 layers of 0.0125 mm
thick, 62.5 cm wide polymer film.

e Six samples (#s 7-12) constructed with 5 turns of 0.076 mm
thick, 61 cm wide aluminum sheet + 2 layers of 0.0233 mm
thick, 0.0 cm wide polymer tilw.
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Fig. 2. New winding apparatus

The leads were 5.1 cm wide, 0.076 mm thick aluminum, attached at the start of
cach conductor. Additional layers of 0.05 mm polymer £ilm were cmploycd over
the leads at the start of the test coil and hetween conductors at the finish.
To prevent breakdown damage in a given sample from affecting i1ts neighbors,
protective pads of vhuf fer' insulation, cach comprised of cight layers of
0.127 mm polymcr film, werc wound between successive capacitor samples.

as follows:
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In both sets of six samples, 5 turns were wound for cach sample: the approximate
capacitance of samples #1-6 was 12 u¥, that of samples #7-12 was 6 yF. The area
of dicleetric material under clectric stress was vlo me. A schematic drawing of
the finished coil is shown in Fig. 3. .. :

1 MM “BUFFER" INSULATION
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\ :
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Fig. 3. Schematic drawing of dielcctric test coil
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Test Procedure

After assembly (Fig. 4), the test coil was installed in & pressure vessel,
Specially-shaped connectors, scen in Fig. 3, were constructed in order to

provide corona-free connections between the sheet aluminum taps from the capacitor
samples and the 3.2 mm 0.D. tubing leads used to make contact with the pressure
vessel bushings. Connections to six capacitor samples were made simultaneously
through these bushings so that the pressurc vessel needed to be opened only three
times in testing all twelve samples. L ~ : » , e

After the test coil was mounted in the test vessel and the six bushing connec-
. tions were made, the vessel was sealed and evacuated to a pressure of less than
100 ym for at least 24 hours. The time required to rcach this pressure level
varied considerably in subsequent test vesscl cvacuations, and seemed to depend
on both the initial state of the test coil and the pumping apparatus and proce-
dure. The 24-hour period under vacuum was necessary to insurc that impurities
and moisture has hcen removed from the capacitor samples before back-filling
with SF(’. - :



After the period of evacuation, the vessel was filled with SFg to a pressure of .
6 atm abs and the samples werec allowed to impregnate in this condition for at
least 48 hours prior to testing. The test civcuit shown in Fig. 5 was developed
for making partial discharge and breakdown measurements. The elements of the .
circuit included a large kVA transformer which was required because of the high
capacitance of the samples. The tuning reactor was placed on the low voltage
side of thc transformer to act as a resonant elcement in order to limit the
current-carrying duty of the control circuitry. The teést circuit contained two
parallel arms, onc with the diclectric test sample and the other with a balancing
capacitor., A differential measurcement of partial discharges was uscd in order to
obtuin as hx&h a sensitivity as possible for determining the corona inception
level.. Additional elements of the circuitry included protective resistors. and
detecting impedances. The final oscilloscope display sensitivity that was
achieved - 50 pC/cm - appears rather low compared to partial discharge measure-
ments made on typical electrical equipment. However, this sensitivity is con- -
sidered to be quite good, considering the high capacitance of the samples, and
was deemed to be adequate for i reasonable interpretation of the dlscharge
phcnomcnn. The minimum detectable discharge was about 30 pC.

RLSULTS
Three.test series were performed on the capacitor samples:
Test Series #1. Corona inception measurcments were made on the

outer six (6 uF; #s 7-12) capacitor samples up to and 511ghtly
beyond inception but not to brcakuown

-Test Series #2. Corona inception measurements were made on the .
innexr six (12 uF; #s 1-6) capacitor samples, followed by break- -
down tests on these samples.’ o o I

Test Serles #3. D]scharge 1ncept10n measurements were remade on-
the outer six samples, followcd by brenkdown measurements on :
" these samples e : - .

','The results for both dlscharge 1nccptxon and breakdown measurements ‘are given

in Table 1. In Table 1, only final values for discharge inception are presented,
since it was generally found that discharge inception voltages increased when
the measurcments were repeated. For example, on sample #12, partial discharges
were obscrved at 1650 V during test scries #1, but later, in series #3, were
not detected until 3000 V. This type of '"conditioning' may result from
‘additional SF6 impregnation or from a "burning out" of discharge sites. These
effects require additional study. Tt should be noted that the voltage was
increased in 100 V steps, and was held at cach level for at lcast one minute.
Discharge extinction levels ranged as low as 80% of the inception levels..
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Fig. 4. Diclectric test coil mounted in the pressure vessel
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TABLE 1 L
PARTIAL DISCHARGE INCEPTION AND BREAKDOWN MEI\SUR.EMENTS*
ON DIELECTRIC TEST COIL X

_ Partial Discharge Partial Discharge Breakdown e 'Breakdown"

Inception Voltage Inception Stress Voltage < . Stress .
Sample volts pecak kV peak/mm volgs peak kV peak/mm
# (volts rms) A(kV rms/mm) (volts rms) (kV rms/mm)

2 x 0.012% mm thick ;u)lynu~r film

' |

1 | — L e 1420 (1000) <. 55.7 (39.4)
272120 (1500) | 83.4 (59.0) 2260 (1600) . 89.0 (63.0)
3 Ae == 1555 (1100) 5612 (43.3)
4 - <212 (<150) 1?;‘25.3~k{§T§3f7f
5 -— L - o 566 ( 400) f~{zg.éi(;s§7)“
6 2120 (1500 - 83.4 (59.0) . 2260 (1600) | 89.1 (63.0)
.anﬁ ' _ 2 on{bz33 mm thiékApolymer film g : S L
7 3960 (2800) 84.6 (59.8) 5020 (3550)  107.0 (76.0)
3820 (2700) 82.0 (57.9) 5510 (3900) 118.0 (83.5)
1960 '(2200) 84.6 (59.8) 2280 (3100) .93.7 {G&.3}
10 . 4525 (32000 97.1° (68.5) 2260 (1600)  : 48.5 (34.3) :"
1157 . 4240 (3000) 90.8°(64.2) . 5660 (4000)  '121.0°(85:§).
1?ﬂ;¥' 34é4o=(3000)'5f3." 190.8 .(64.2) - 4670 (33ooi4]';‘ioo 05(5§i5§75

*Since 1t is the peak voltage that initiates dlscharges, partlcularly in a gas -
dielectric, the partial discharge inception and breakdown stresses are given in’
peak values. "However, it is normal design practice for the transformer industry
to refer to rms values, hence the cquivalent rms values are given in brackets.

DISCUSSTON

Two observations can be made from Table 1. First, the thin (2 x 0.0125 mm)
samples show a relatively wide dispersion in breakdown stress and a lower mean
stress than the thicker (2 x 0.0233 mm) samples. Second, with the exception of
onc test, all the thicker samples have a brcakdown stress in excess of 93 kV
peak/mm. In Fig. 6, the discharge inception and breakdown stresses are shown

for all the 2 x 0.0233 mm samples together with the data for two of the 2 x
0.0125 mm samples with highest discharge inception and breakdown. It is signifi-
cant that one sample (#10) with a low breakdown stress had an initial corona
inception level which was far higher: we suggest that in this case breakdown

may have been influenced by the breakdown of an adjacent uamplc.
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Fig. 6. Plot of the 60 Hz partial discharge
- * inception and breakdown stresses for
selected samples from dielectric test
coil. Discharge inception and breakdown
" values on given samples uare connected.

. After the coil was removed from the pressure vessecl, post mortem analyses were
performed on the individual test samples. These revealed that failure sites

were removed from the conductor edge and were randomly distributed. This ‘

"+ suggests that thc breakdovns werc generally caused by particles randomly intro- .’
duced during winding. The brecakdown site for sample #10 was located directly ..
opposite ‘that of the adjacent sample, #9. This supports the view that the e
. breakdown voltage of sample #10, which was lower than the discharge.inception':-~-‘
voltage, was probably lowered by breakdown in the adjacent sample. PR

The . resuits shown in Fig. 6 are considered to be encouraging for the proposed - - .
application of this (SFg-impregnated polymer film) insulation system to a sheet- . .
wound transformer. Two rcasons for this optimism follow. First, the 60 Hz
breakdown stress is at least 5 times higher than the assumed operating stress

of 18.4 kV/mm, uscd as the basis of a preliminary design of a 500 kV, 500 MVA
generator step-up transformer (2). Second, cven if the impulse ratio is as low

as 1.0, the results in Fig. 6 indicate that the minimum impulse breakdown -stress
of the 2 x 0.0233 mm insulation system would be on the order of 93 peak kV/mm.

. This is to bc compared with a BIJ of approximatcly 67 kV/mm which has been assumed
in the preliminary design estimates for a conceptual 500 MVA, 500 kV generator
step-up transformer (2). - - :



Although the number of samples tested above is insufficient to suggest a statisti-

cally acceptable design stress, the data lead to considerable optimism about the
maximum stresses which can be achicved in the proposced turn-to-tam insulation
system.  llowever, it is acknowledpged that other tactors, such as the area under
test and the conductor edge length, could reduce the attainable stress levels in
SFg-impregnated polymer film insulation significantly from those reported in

Fig. 6. In other insulation structures, such-as the oil-paper structure of large
power transformers, it is known that in noinu from tests on small models to large
coil studies the diclectric strenpth is decreased considerably.  The influence

of such luctors requires conside nhlc 'HlUIL study in order to ohtaln uppropriato

design information. '
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