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Effect of moisture on breakdown voltage of polyesterimide used in electrical machines

This paper deals with the influence of humidity on breakdown voltage of polyesterimide. The specimens were submitted to an hydrolytic aging, under 90% humidity and 30°C temperature, until 3000 h. The breakdown tests were executed under AC and DC voltage. A statistical analysis of the breakdown voltage data was carried out using Weibull model. The 90% confidence bounds were calculated and plotted. The study shows that breakdown voltage varies versus the aging time. Its increase is allotted to the crosslinking of the material structure. Whereas its decrease is ascribed to the plastificization of the polymer. The breakdown voltage under DC ramp is higher than that obtained under AC ramp. The DC breakdown voltage depends on the polarity.

I. INTRODUCTION

The utilization of polymers in electrical equipments should not missed nowadays thanks to their electrical and mechanical properties as well their availability. However, due to the different stresses to which they are subjected in service, these insulating materials can be degraded and lose their good properties.

A wide variety of solid dielectrics as polyesterimide, polyamide imide and polyimide are usually employed in electrical machines. Their choice is dictated by many factors: working environment, applied voltage, rotating speed, and operating temperature.

Polyesterimide is one of the most polymers used in electrical devices as motors, generators,…etc. It has a greater resistance to abrasion and an excellent resistance to high temperature and good electrical and chemical properties [START_REF] Ueda | Progress of magnet wire technology in Japan[END_REF].

It is generally agreed that degradation of polymers will be speeded up by the presence of moisture. Kamal and Saxon [START_REF] Kamal | Recent developments in the analysis and prediction of the weather ability of plastics[END_REF] point out that water can have three kinds of effects. One is chemical: hydrolysis of the ester or amide bonds. The second is physical: loss of the bond between the vehicle and a substrate or pigment. The third is photochemical: generation of hydroxyl radicals or other chemical species.

Another influence could be the facilitation of ionization and the mobility of ionic entities, an important aspect of corrosion chemistry [START_REF] Kamal | Recent developments in the analysis and prediction of the weather ability of plastics[END_REF].

It was reported that water content in XLPE and TR-XLPE cable increases as a function of aging time and it was shown a decrease in AC dielectric strength versus the water quantity [START_REF] Nikolajevic | Accelerated aging of cross-linked polyethylene (XLPE and TRXLPE) cable insulations in wet conditions[END_REF]. C. Chauvet et al pointed out that the presence of water in XLPE cable slices leads to a development of water tree; the water amount varies from 50 ppm before aging to 400 ppm after aging [START_REF] Chauvet | Influence of wet ageing on the electrical breakdown strength of XLPE cable slices[END_REF]. Many studies were done on the action of water on polymers: concentrations of oxidation or macroscopic characteristics like lifetime for mechanical failure [START_REF] Henry | The kinetics of polyolefin oxidation in aqueous media[END_REF], tensile strain [START_REF] Dörner | Influence of various stabilizer systems on the ageing behavior of PE-MD-I. Hot-water ageing of compression molded plaques[END_REF] or cristallinity percentage [START_REF] Amato | Degradation studies of crosslinked polyethylene[END_REF].

In the polymers, hydrolysis can be summarized as follows [START_REF] David | Aging of polymers[END_REF]: functional groups such as esters, amides, and acetals can be attacked by water to form the parent acid or aldehyde group and the corresponding alcohols or amines. When the hydrolysis-sensitive bonds are part of the polymer backbone chain links, hydrolysis will result in depolymerization and release of the hydrolyzed monomers from the polymer. When the functional groups are attached to the side of the backbone chain, the polymer remains intact but small molecules are released. Penetration of water into many polymers is surprisingly great, but in many cases hydrolysis (like oxidation) may be restricted to surface regions.

This work reports the effect of hydrolytic aging on breakdown voltage of polyesterimide.

II. EXPERIMENTAL METHOD

A. Preparation of samples

The specimens were elaborated according to IEC Standard Publication 172 [9]. The samples are constituted by twists of copper wire covered with a 35 ± 1 μm polyesterimide layer of class H (180°C). The diameter of the wire and the length of the twist are 0.75 mm and 125 mm, respectively. In order to avoid any presence of microscopic cracks which can be the seat of partial discharges, the samples are checked under a microscope before the tests.

B. Hydrolytic aging

The samples were put in an enclosure and exposed to 90% relative humidity (RH) and 30°C temperature. The aging was executed until 3000 h. After a given aging time, a population of 90 specimens was taken and submitted to electrical breakdown.

C. Dielectric breakdown test

The dielectric breakdown test was performed, in air and at ambient temperature, with high voltage generator under alternating voltage, 50 Hz (AC) and direct voltage (DC) of positive and negative polarity. The voltage is uniformly increased with a rate of 4 kV/s.

III. RESULTS AND DISCUSSION

A. Statistical analysis of breakdown voltage

The cumulative probability P(v), generally used to treat values of breakdown voltage, is the two-parameter Weibull distribution. It is given by the expression [START_REF] Stone | Parameter estimation for the Weibull distribution[END_REF]:
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with: α: scale parameter corresponding to the breakdown voltage for a probability of 63.2%. β: shape parameter representing the slope of the straight line of Weibull plot.

The experimental data plot must be a straight line whose slope is β in the coordinate system:
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The cumulative breakdown probability P i is calculated for each breakdown voltage v i using the relationship [START_REF]IEEE Guide for the statistical analysis of electrical insulation voltage endurance data[END_REF]:
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with: N: total number of samples tested. i: value rank of the breakdown voltage v i .

On the graph, the best linear fit of Weibull plot was determined by an estimate based on the maximum likelihood method. The scale parameter (α) and the shape parameter (β) were deduced. The 90% confidence bounds were calculated by the method described by J.F. Lawless for a Weibull distribution [START_REF] Lawless | Confidence interval estimation for the Weibull and extreme-value distribution[END_REF]. A computation was used to carry out the various calculations: α, β and confidence bounds. Only the Weibull plots before aging and after 3000 h were presented. 

B. Variation of the breakdown voltage versus the aging time

The evolution of breakdown voltage in function of aging time (t) is presented in Figure 7. The results can be summarized as follows:

-At the beginning of aging, breakdown voltage under AC ramp (V ac ) decreases from 14.7 kV to 13.1 kV, then increases and reaches a maximum of 14.8 kV after 510 h. Beyond this time, V ac decreases slowly until 14.7 kV and grows up to 15.9 kV after 910 h. After this peak, Vac lowers abruptly till 12.3 kV and raises up to 13.9 kV for t = 1620 h. At the end of aging, V ac decreases to 13.2 kV after an aging time of 3000 h. -At the first, the breakdown voltage under DC ramp of positive polarity (V dc+ ) decreases from 20.1 kV to 19.4 kV, then raises and reaches a peak of 20.0 kV for t = 500 h. After this time, V dc+ diminishes slowly until 18.8 kV corresponding to t = 910 h. Beyond this time, it raises up to a maximum of 19.8 kV, then lowers to 18. Breakdown voltage (kV)
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C. Discussion

1. The results show that the breakdown voltage of polyesterimide, under AC and DC electric field, varies as a function of aging time. Its increase is attributed to the crosslinking and the rearrangement of the material structure which lower mean free path of charge carriers and leads to a decrease of their mobility. Whereas its decrease is ascribed to the plasticization of the material expressing a weakening of the molecular bonds and an increase in the free volume.

The breakdown voltage under AC electric field decays

between 1000 h and 1250 h. Beyond this time, it increases and reaches a maximum corresponding to 1500 h. Its reduction is due to the increase of moisture amount within the material which facilitates the initiation of water trees. This latter leads to shorten breakdown voltage. While, between 1250 h and 1500 h, breakdown voltage grows resulting to a decrease of humidity ratio. 3. The breakdown voltage under AC ramp is 1.37 orders of magnitude smaller than that under DC ramp. The phenomenon is attributed partly to the different dissipated energy under the two types of field and partly due to the fatigue induced by the alternating stress [START_REF] Crine | AC and DC electrical aging of polyethylene[END_REF]. 4. It is clear that the breakdown voltage under DC ramp depends on the polarity. The maximum variation is of 4.6%. This phenomenon can be explained by the fact that the amplitude and the repartition of space charge between the electrodes vary with the polarity.

IV. CONCLUSION

The study shows that the breakdown voltage of polyesterimide vary as a function of hydrolytic aging time. Its increase is allotted to the crosslinking and the rearrangement of the material structure. Its decrease is ascribed to the plasticization of the material expressing a weakening of the molecular bonds and an increase in the free volume. The breakdown voltage under AC ramp is 1.37 orders of magnitude smaller than that under DC ramp. This phenomenon is due partly to de different dissipated energy under AC and DC voltage and partly due to the fatigue induced by the alternating stress. Under DC ramp, the breakdown voltage depends on the polarity. The variation is equal to 4.6%. This phenomenon is attributed to the fact that the amplitude and the repartition of space charge between the electrodes depend on the polarity of the applied voltage.
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  Figures1-6show the Weibull graphs with 90% confidence intervals corresponding to AC and DC applied voltage (positive and negative polarity). The width of the tolerance intervals is more important for the lower probabilities. The values of the shape parameter vary from a distribution to another one.
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	Figure 1: Weibull plot of the breakdown voltage with 90% confidence intervals under AC ramp before aging. 14.140<v =14.817< 15.517 3.953<α= 4.789< 5.556. Y = 4.789 x -5.606.	Figure 4: Weibull plot of the breakdown voltage with 90% confidence intervals under DC ramp of positive polarity for an aging time of 3000 h. 18.102<v=18.816< 19.549 4.776<α=5.786< 6.712 Y = 5.786 x -7.374.

  2 kV for t = 1170 h. At the end, V dc+ increases slowly until 19.0 kV and decreases up to 18.8 kV after an aging time of 3000 h. -During the first hundred hours of aging, the breakdown voltage under DC ramp of negative polarity (V dc-) increases from 19.8 kV to 20.1 kV, then decreases slowly until 18.7 kV corresponding to t = 780 h. Beyond, it grows and reaches a maximum of 20.4 kV for t = 1410 h. After this peak, V dc-lowers until 17.6 kV and grows slowly up to 18.8 kV after 3000 h.
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