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Introduction

Several statistics have been published dealing failbre causes of high voltage rotating machinegéneral and
power generators in particular [1 - 4]. Some oEthstatistics only specify the part of the machihéch failed without
giving any deeper insight in the failure mechani€ther publications distinguish between the damalgieh caused
the machine to fail and the root cause which efiéd¢he damage. The survey of 1199 hydrogeneratoried out by
the CIGRE study committee SC11, EG11.02 providesxample of such an investigation [5]. It givesailet results
of 69 incidents. 56% of the failed machines shoardnsulation damage, other major types being nechhk thermal
and bearing damages (Figure 1a). Root causes wWhitho these damages are subdivided into 7 diffegeoups

(Figure 1b).
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Figure 1a and 1b. Damages of hydrogenerators (left) and root causes of insulation damages (right) [5]

It may therefore be deduced that insulation failgra significant root cause for the breakdownighhvoltage rotating
machines.

Several authors investigated failure mechanisnthefmica insulation in the laboratory using saniydes or other test
specimen [6, 7]. Their main findings are:

1. Although electric breakdown is causing the fifelure of the electrical insulation, electricdtess is not the
dominating ageing factor. It is rather believedt e ageing mechanism is dominated by thermalattegion of
the binder resin, mechanical stress caused bytiobrand switching pulses and stress caused byifferent
thermal expansion coefficients of the materialohagd.

2. Ageing under thermal, mechanical and electstiadss shows an increase in lifetime at moderatpdeatures up
to approximately 130°C and a rapid decrease iatigng temperature is increased up to 180°C (Figure

These findings are explained on one hand by aea&sing thermal degradation of organic matter antherother hand
by a decrease of internal stress and crack formatithe binder resin at higher temperatures.

Based on these facts, a joint research projectlavasched which included several industrial partnebsctric power
companies and the Swiss Federal Institute of Tdolggoin Zurich. The goal of this study was to depehl failure
model of the power generator insulation dependentttee operating conditions of the power generaidre
investigation covered electrical, thermal and meate ageing of specially developed specimensdstahsample bars
and original generator bars.



Lifetime due to
thermal stress

Lifetime

Lifetime due to
mechanical stre

Total
lifetime

75 100 125 150 175 200 225 250
Temperature (°C)

Figure 2. Schematic graph showing the lifetime of mica insulation as a function of
thermal stress (red curve), mechanical stress (blue curve) and their interaction (black curve).

Investigations and Results

A. Electrical treeing in the needle-plane arrangement

The needle-plane arrangement in epoxy cubes alfingst observation of the phenomenon of electriczsding. Test
samples as shown in figure 3 with an edge length@Epoxy cubes of about 4 cm were prepared. iEbeo§ the mica
tape was 2 x 4 cm. Electrical tree propagation mvasitored with a video camera.
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Figure 3. Needle-plane test sample Figure 4. A small tree (left) and a broader tree channel (right)

which is sufficiently conductive for breakdown

Treeing and the formation of branches started iniately after voltage application. Propagation of trees towards
the grounded electrode was detained by the embeuhitsad tape, trees continued to propagate on thacsuof the
mica tape instead which required most of the totabhkdown time. When the tape edge was reachdddreentinued
rapidly heading for the grounded electrode. Breakddid not occur immediately after the first braeshreached the
ground. More branches were generated and the déamkthe tree channels increased up to 504200At this stage
conductivity and continuity of the tree channelsrevsufficient to cause breakdown (Figure 4). Meeguaverage
breakdown times were around 50 - 100 hours. Ireglleriments trees could only penetrate the mica tag was
damaged, e.g. by bending or folding.

B. Electrical treeing in the mica insulation of bars

1 m long model bars with an insulation thicknes® ehm prepared with VPI and resin-rich technologyrevused for
3U, voltage endurance tests (Figure 5). The voltagdiepwas 32 kV AC. To verify if electrical treeartbe found in
the mica insulation sections of the bars were erathby X-ray methods. Figure 6 shows an exampke ludr section;
the tree is accented graphically. The tree patlidcalgo be traced by burning off the binder redithe mica insulation
in an oven and carefully removing layer by layertted mica tape. Applying both methods it was fotimat the tree
mostly started at the edge of the copper condwsttmk which can easily be explained by the increéadectric field



strength at this point. While the tree was propagait never went straight to the outer groundeecebde, but
followed the edges of the mica tape, at least toesextent.
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Figure 5. 3U, model bar used for voltage endurance Figure 6. Tree path in a 3U,, model bar uncovered by X-
tests. Treeing was investigated in the encircled section. ray methods (left) and traced by burning off the binder
resin and removing the layers of mica tape (right).

We assume that the tree was able to "take shottatifslaces where the mica insulation had impeidest or defects
such as voids, cracks, delaminations, resin acatiook at tape overlaps and wrinkled or damagea haigers. Such
defects abet the formation and propagation of tieeshe mica insulation and thus reduce its lifetinThese
assumptions could be confirmed by micrographs ef tfica insulation showing many defects (Figure These
findings are in good agreement with the resultthefneedle-plane experiments, where we observedhbaelectrical
tree is not able to penetrate the mica tape # itndamaged, but can easily break through if the bead been bent or
kinked before embedding in the needle-plane testisgen.

Figure 7. Perfect mica insulation (left) and mica insulation showing various defects (two micrographs on the right)
such as voids, wrinkled and folded mica tapes

It is therefore obvious that the manufacturing dyaif the mica insulation has an influence on lifetime of the coll
or bar. Several voltage endurance tests were aoderhonstrate this using different bar types asveha figure 8. The
resulting Weibull plots are given in figures 9 -.1Higure 9 compares the lifetimes of bars manufactwnder
industrial conditions and bars made in the laboyatépplying the mica insulation carefully on modedrs in the
laboratory results in a slight increase of the abtaristic lifetime. Figure 10 shows the lifetimebars which were
manufactured applying a poor and a correct VPI @gpation process. Poor impregnation gave a miadatisn with
lots of voids, the characteristic lifetime of trengple bars investigated was reduced by a factoFigdre 11 gives the
difference between bars with and without wrinkieshie mica insulation. Again, the difference irfime is significant.
Manufacturing defects and treeing paths in the rmsalation of the different bars were analysediescribed above.
We conclude that these defects enhance the formatid propagation of electrical trees and thusaedie lifetime of
the insulation.



Figure 8. Different types of model bars used for voltage

endurance measurements
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Figure 10. Influence of the VPI impregnation quality on
voltage endurance
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Figure 9. Voltage endurance of industrially made bars
and model bars made in the laboratory
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Figure 11. Voltage endurance of generator barswith
and without wrinkled mica tape layers

C. Thermal and mechanical ageing

In the introduction it was stated that thermal arethanical stress are the dominating ageing faofdfse insulation in
high voltage rotating machines. Therefore a larngeler of voltage endurance tests was performedviestigate the
two stress factors. Figure 12 shows the influencéhe ageing temperature on voltage endurance figedsd in a
combined thermal / electrical ageing test. Resiitav that the lifetime of the insulation is higla¢r160°C than at 20°C
which is in accord with the statements cited abf@ver]. This can be explained by a higher flexililof the binder
resin at elevated temperature which minimises igleaf crack formation, but also by the reductidrinternal stresses
coming from the curing reaction which usually takgsaces at temperatures around 160°C. It may adsthat the
longer life at 160°C is due in part to a post cgraffect that occurs at the higher temperature. él@y at 180°C
thermal degradation of the binder resin is the datimg ageing factor and lifetime of the model baes considerably
reduced. According to T. Weiers [8] the optimal iagetemperature for maximum lifetime of epoxy baseita
insulations is about 90°C, which is within the Usayerating range of large power generators.
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Figure 12. Influence of the ageing temperature on
voltage endurance
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Figure 13. Influence of mechanical stress (vibration)
and type of insulation on voltage endurance
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Figure 14. Vibration test equipment. Voltage was applied to the model bars by embedded el ectrodes.

Mechanical stress is exerted on the insulationigh lvoltage rotating machines due to vibrationfed#nt thermal

expansion coefficients of the materials involvedvadl as transient and centrifugal forces. Vibratexperiments were
conducted on 1 m long sample bars using a vibragunipment which allowed 100 Hz vibrations withamnplitude of

= 0.5 mm (Figure 14). Insulation life was measur@gplying vibrational and electrical stress simultaumgly and

compared to bars exposed to electrical stress dallyage was applied to the bars by embedded eldet. They were
set directly into the insulation in order to avaidy surface discharges. The sharp edges of thiraaes initiated tree
inception immediately after voltage applicationsutation thickness and voltage applied were theesasnfor the 3Un
model bars (2 mm, 32 kV AC). The advantage of te& method is that up to four breakdown measurésrem be
performed with one bar. R. Vogelsang [9] proved tlutage endurance results obtained with the neetifembedded
electrodes agree with lifetimes measured accoringEE 1043.

Two different insulating materials were used fae thibration tests: Insulation A, a combination ajlass-backed mica
tape and an epoxy based VPI resin which is mosthg dor large power generators, and insulation &rabination of

a polyesterfilm/-fleece backed mica tape and agmibr based VPI resin. Results show that therifenf insulation B

was reduced through vibration by a factor aroundwltereas the lifetime of insulation A was not @tk (Figure 13).

Micrographs of insulation B show delaminations fiat&o the mica layers which are supposed to &igand accelerate
treeing; but the formation of cracks perpendictitathe mica layers could not be observed. Polyestens are known
to give a lower adhesion and a higher shrink dugagng compared to epoxies. This effect is enhdrinethe mica

tape used for insulation B; polyesterfilm as aiearmaterial results in a lower mechanical strengjtithe insulation

than glass fabric.

The vibration experiments did not include mechdrataasion of the slot corona protection as theptarars were not
placed in a slot model. Abrasion of the conductaseer in the slot by the sharp edges of the larethatator core is an
additional factor damaging the insulation and réaydts lifetime, especially if the wedging of thear in the slot

becomes loose. As a consequence partial dischamesy adding chemical degradation of organic atsuh materials

to the mechanical erosion caused by vibrationitémdture, this vicious circle is considered onghaf main causes of
premature failure of high voltage rotating machif2g Figure 15 shows the impact of vibration, tslet corona

protection is worn except for the positions of #ireducts.

Figure 15. Abrasion of the slot corona protection due to Figure 16. Discoloration of the mica insulation due to
vibration leakage of cooling water [10]



D. Investigation of original generator bars

Used and new original hydro generator bars of difieorigin were available for investigation. Vgieaendurance tests,
visual and microscopic inspection were carriedtoutompare results with the findings of the labonatest samples.
Figure 17 gives micrographs of bar sections inedéfit phases of ageing showing delaminations aiuts.vo

Examining bars originating from hydro generatorthve vertical shaft alignment we detected bars déteriorated or
detached slot corona protection. The reason ferdafect was found to be the lubricant of the Imggrpenetrating into
the stator slots if the sealing had become leakye TBaked lubricant had a detrimental impact ondleé corona
protection.

Leakage of cooling water in directly cooled generais also known to deteriorate the main wall latan [10]. This
type of damage could be detected in cross sectibtise affected mica insulation by a distinctiveatiloration (Figure
16).

Figure 17. New hydro generator bar with
delaminations in the mica insulation (top left). Hydro
generator bar after 37 years of service showing
delaminations and voids (top right). Hydro generator
bars after 40 years of service: The binder resin has
largely been degraded (two pictures on the left).

The depletion of lifetime through ageing is shownfigure 18 comparing the voltage endurance of ubed still
functional generator bars with new ones. The remagilifetime of the used bars is drastically rediice
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Figure 18. Comparison of new with used, but still functional generator bars

All experimental work was conducted at the hightagé laboratory of the Swiss Federal Institute etfinology
Zuerich. A more detailed description of the testipment and the specimens is given by T. Weiersaia] R.
Vogelsang [11].



Conclusions

If we exclude any abnormal or faulty operating dtods, premature power generator insulation faucan be
classified as:

Design failures
Material failures
Manufacturing failures
Maintenance failures

The final failure of the insulation is usually cadsby electric breakdown through a tree channetmition and
propagation of trees in the insulation thereforifiect the ageing process of the insulation. We tbtimt treeing is
accelerated by defects in the mica insulation sisctielaminations, cracks, voids and wrinkled oraigad mica layers.
Such defects are either manufacturing failuresey tesult from ageing.

Ageing is not dominated by electrical stress btheaby the combination of different stress factafswhich thermal
and mechanical wear are the most important. Thestnass of epoxy based insulation systems is retai/# exceeds
the optimal temperature range substantially, ilova 135-140°C. Mechanical stress of the insulatordue to
vibration, different thermal expansion coefficienfshe materials involved, rapid changes in loadvell as centrifugal
forces. Insulation systems mostly used for large@gyogenerators are composed of glass backed npea tnd epoxy
based binder resins. Surprisingly we found thatatibn alone had no negative effect on the vol@ggurance of this
type of insulation system, whereas other insulasigstems showed a considerable reduction of litetiBut if wedging
of the bars becomes loose, vibration will causeasibn of the slot corona protection by the shargeedof the
laminated stator core and partial discharge wiltuscirrespective of the insulation system used.e®tinsulation
damages observed in used hydro generator barsdwert leakage of bearing lubricant or cooling wate

Insulating systems used for large power generatmrsmature products and will last for decades éf/thre applied
properly. We found that early breakdown of the lagan can very often be attributed to manufactyirfailures and
therefore we conclude that good workmanship andecbrselection and application of the insulatingterials are
important factors for the lifetime of power generat We also think that the experimental study rafividual
deterioration factors is essential for future elsaiment of residual life estimation of the generainsulation and
further work in this field is necessary.
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