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1 Introduction

Power electronic equipments are the main respandgidal harmonic pollution of AC-electrical
plants. In particular, Adjustable Speed Drives (ASidfect both the AC-supply network and
electrical motor supply voltage. A significant edility reduction of equipment insulation fed by
distorted voltage waveforms has been observed €866, but only recently voltage distortion
effects on insulation have been deeply investigadteavever, it is doubtful that the limit for power
quality fixed by IEEE and IEC standards [1-3], whiegard voltage and current rms distortion, can
really improve electrical insulation reliability. d8tly, emphasis is put on current distortion, since
accelerated aging is related to overheating cabgegubwer loss increase [4-8]. Only recently the
effect of voltage distortion on insulation systesrfprmance has been highlighted [9-12], focusing
on cables and capacitors.

Historically, investigations of the effect of vala and current distortion on insulation degradation
started from the harmonics injected in the AC dstiion network by distorting loads [13]
typically low-order harmonics (from®to 2% order, i.e. having frequency from 3 to 21 times th
fundamental one). Most of the work of the previdesade, in fact, was referred to transformers,
rotating machines, cables and capacitors subjéctedpply voltage distortion [5, 6].

The recent large diffusion of Adjustable Speed BsifASD) has brought significant attention to
another possible cause of loss of insulation rdiigbi.e. the steep waveforms generated by
AC/AC converters using fast electronic switches KOS-FET or IGBT), e.g. [14-23]. These
inverters generate width-modulated pulse train$ wiery high slew rate (up to 50 kV/us) and
frequency (10-50 kHz). Electrical machines withulasion designed for supply frequency (50-60
Hz) have shown premature breakdown due to thesedoeisupply pulses, so that work is being



carried out to envisage design solutions includirgy filters, winding techniques, new materials. In
particular the endurance of the so-called “coroesistant” materials, i.e. materials resisting to
Partial Discharge (PD) activity at high frequenisybeing investigated [14-25].

This paper focuses on the features of harmoniorigh which may affect significantly reliability
of typical AC-power network equipments, such as-lmMage self-healing capacitors used for
reactive power and harmonic compensation. Moreothey, effect of high-frequency pulse-like
voltage generated by ASD on electrical machinelatsn is also investigated, resorting to life sest
carried out on different insulating materials of $tandard and “corona resistant” type, at elettric

field levels able to incept partial discharges (PD)

2 Harmonic distortion and insulation systems

Electronic power converters (AC/DC, DC/AC) are theain responsible for voltage and current
distortion in electrical networks [6, 7]. These werters are now frequently employed also in
electrical machine speed control, so that harmdisiortion can affect motor winding insulation.

An example of a simple electrical network is skettin Fig. 1: an ASD (Adjustable Speed Drive)
is the polluting load, composed by an AC/DC coreerDC-bus-filter and DC/AC inverteg, is

the supply line equivalent impedance. A capacitmibfor reactive power compensati@x, and
non-distorting loads are also connected to the ortlwusbarZc is the equivalent impedance of the
cable connecting the inverter to the motor.

It is known that a DC/AC converter can be considead the supply-bus side, as a generator of
harmonic currents, injected from the point A (Figtowards the network. These harmonic currents
cause harmonic voltage drops along the line impasldn distorting the voltage at bus, B, and,
thus, the supply voltage of every load connectel.t®he extent of distortion is related to theaati
between the distorting load power and the shoaudipower of the equivalent network seen by B,
so that even small power distorting loads can alemificantly the bus voltage if the line short-
circuit power is low [1, 26-28].

Supply-bus voltage distortion can be further on nifegd by the parallel resonances, which are not
uncommon in electrical power networks having povaetor compensation capacitors. An example
of a distorted voltage waveform recorded in antelsad plant is reported in Fig. 2. In this case, a
parallel resonance close td :iarmonic occurred between capacitive and inductigaivalent
impedances, so that the amplitude of harmonic comms near the resonance frequency is

comparable with the fundamental one. It is notelmoithat parallel resonances can commonly



occur in frequency ranges typical of those of tlntonic currents of noticeable amplitude,
generated by converters, i.e. between thark 2% harmonic order.

In addition to the AC-supply side harmonics, the/BC converter generates impulsive voltage
waves, whose characteristics depend on the swgdkthnique, the motor design, the length of the
cable connecting the ASD with the motor [14, 17,28, 29, 30]. For example, a typical waveform
generated by a PWM inverter with MOS-FET or IGBTheology at the motor terminals is
reported in Fig. 3. The voltage is modulated adogrdo sinusoidal law, by square pulses at high
frequency (up to 50 kHz) with very high slew ratg to 50 kV/us), so that high order harmonics
only, related to the switching frequency, are pnése the supply network. Very large spikes, even
two times larger than the square-wave amplitudeyelsas ringings in the correspondence of rise
and fall fronts could be observed at the motor teats, even if the inverter generates purely-square
pulses. As mentioned above, the magnitude of theseshoots depends on the length of the cable
connecting inverter and motor, through the impedamismatches between inverter, cable and
motor [29, 30]. The overshoot amplitude is relassb to the rise time of the pulsed supply: the
smaller the rise time, the larger the overshootfixed cable length. Another problem is that éhes
impulses will give rise to voltage potential dibtrtions along the motor coils that, due to the high
frequency content, tend to concentrate the maxinwattage drops on the first turns of the
windings. If, due to random winding, the first ath@ last winding of a coil are in contact, the wire
insulation will experience an electric field mua@rder than that expected under 50 Hz AC supply
voltage. Hencefrom, and in combination with thetagé overshoots, accelerated insulation aging
can be promoted. Even the degradation mechanisnshage, since PD on the insulation surface
(or in insulation cavities) can be triggered dueuteeven potential distribution and overshoots.
These PD would have not been expected accorditigetaesign, or have much larger amplitude
and repetition rate with respect to the design ttmms.

Contrarily to the sinusoidal case, where only oammeter, e.g. the RMS or peak value, is able to
identify the voltage stress, the distorted regiraquires more complex stress definitions, since
infinite waveforms may have, for example, the saRMS but different shape or peak values.
Appropriate parameters, characterizing the distiovtdtage waveform, are, thus, needed in order to
correlate the distorted waveform stress with th@eg@cceleration process. In [11, 12] it is shown
that RMS and peak voltage, shape and steepnebs @faveform can be used successfully for this
purpose.

The next Section will provide the results of accatied life tests performed on low-voltage self-
healing capacitors and samples of motor wires,twested pairs, subjected to AC-supply voltage

distortion and ASD output voltage distortion, regpely. The discussion will point out those



parameters useful to identify the aging stress unadtage distortion and the correlation of

distortion with accelerated aging.

3 Effect of Voltage Distortion on Insulation Accelerated Aging

3.1 Low Frequency Harmonics on self-healing capacitors

Multistress life tests were performed on self-heglicapacitors with different combinations of
harmonics and temperature levels, according tc@bed “screening experiment” of the Design of
Experiment (DOE) procedure [31, 32].

In order to understand which features of the vatagaveform could prevail in promoting

degradation acceleration, three shape parameteesdeéned [11, 12]:
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where V1" is the reference voltage (e.g. the rated capadibrHz voltage:Vims = 250 V,
Vip =V2 250 V), Ve andVims are peak and rms value of the considered waveflristhe amount

of harmonic components of noticeable amplitude @ioed in the voltage wavefornay is the
angular frequency of the fundamental components 314 rad s-1 is the angular frequency of the
reference 50 Hz sinusoil,is the harmonic ordegh=Vi/V1.

It is noteworthy that the three parameters thusnddftend to 1 for a purely-sinusoidal supply-
frequency (50 or 60 Hz) waveform.

The first coefficient is proportional to the RMSrgative of voltage waveform, thus to voltage
steepness or current, the others are related togrehrms voltage values, respectively.

The system employed for life tests, sketched in Bigis fully automated and controlled by a

Personal Computer. It can generate, under highagejtany kind of waveform with harmonic



components up to 1000 Hz, which is a frequencyelagough to investigate the effect of AC-

power network distortion.

Several life tests were carried out on samplesivéd $elf-healing capacitors. In each test the
waveform parameters defined in equations (1)-(3jewaried superimposing to the fundamental
one or more harmonic components, with differentsghshifting. Most of the tests were carried out
considering the worst case, i.e. when the harmamaplitudes sum to the fundamental

arithmetically.

The life tests were performed at three levels oifgerature, i.e. 20, 60 and 90 °C, in order to obtai

information on the multistress behavior of the @ajoas. Therefore, besides the voltage waveform
parameters, another one, derived from temperaivae, needed to take into account also thermal
aging,T [33]:

T=1&-1/6 (4)
where®o = 293 K is the reference (room) temperature @nsl the test temperature.
During the tests, the inner temperature, loss fafi@nd) and capacitance were continuously
monitored. Having observed in all the tests a coatus capacitance decreases with aging time (due
to self-healing effect), the time elapsed for 108tating from the nominal value was considered as
failure time. The life test results are summarizedable 1, which provides the voltage waveform,
the test temperature, the electrical stress pammand the mean failure times (life) with theiP®5
confidence intervals.
In order to single out the parameter having thgdaeffect on aging acceleration, the failure times
reported in Tab.1 were correlated statisticallyhvitie aging factors defined in (1)-(4) by means of
multivariate regression techniques [12]. The Maife& Plot (MEP) of Fig. 5 shows the effect on
failure times of the four considered aging factdrse lines represent the estimated effect of each
factor: the higher the slope, the larger the effactlife of the relevant factor. In the case here
considered it can be argued that the prevailingadactor is the peak voltagé, followed, in
descending order of importance, by rms voltd§ed, thermal stressTj and voltage slopeK§).
Regarding the thermal stress increase due to hacnecarrents it has been shown in [34] that the
harmonic currents constitute a secondary agingcteffe should be reminded, in fact, thiét is
related also to the rms current which flows throtly capacitor and it is the least significantdact
for aging, among those here considered. A thernmehis presented in [34], which provides the
relationship among the rise of joule losses onciygacitor plates and heads, dielectric losses and
temperature increase. It is shown that only foyuarge distortion levelsk>20) joule losses are

not negligible with respect to dielectric lossesl dne temperature increase is, in the worst case,



about 10-15 °C. This variation is able to causeihglof life (see, e.g., [33, 35]), while even smal
Kp variations can cause failure time reduction of tieves or more [33, 34]. The temperature rise
during a life test in a capacitor subjected to $ymoltage indicated as sample #1 in Table 1 is
reported in Fig. 6. Figure 6A shows the temperahgkeavior in the first 7h, with a rapid rise, the
achievement of steady conditions at about 26°Q) #yain a steep increase. The weak temperature
rise in the capacitor with respect to room tempeeatan be attributed to ohm and dielectric losses
due to current and voltage distortion (in agreenveitit [34]). On the contrary, the considerable
increase of temperature starting from 4.5h can $soa@ated more to electrical features, i.e.
inception of significant PD activity at capacitagdds and self-healing discharges, than to Joule or
dielectric losses. The PD activity causes a rapid large temperature growth, which can affect
considerably degradation and stops once the capaapes interested by PD are detached from the
heads due to temperature and mechanical effedsnidgchanism can explain the rapid temperature
rise and falls in Fig. 6B (till the end-point usieddetermine the failure time), and, at the vergl,en
capacitor breakdown. Hence, it can be concludedddyaacitors can actually break due to thermal
effects, but these effects can be activated byhHrenonic overvoltage, rather than by harmonic
currents.

These results confirm further on that, among tletofa reported above describing electrical aging,
the peak voltage is the main cause of capacitatatisn degradation.

On the basis of this approach and of the resultsoofelation algorithms, a life model can be

provided, involving all the significant aging facso
Intr = Intro - Ns INKs - Np INKp — Nrms INKims - hT (5)

where, for the specific capacitors tested, theeslof the coefficients aretro=72500 h;ns =0.56;
np=6.2;Nrms=1.8;h=1552 K.

A simple probabilistic investigation can be carrmd in order to quantify the loss of reliability o
capacitors as a function of peak amplificatiét)( For this purpose, the two-parameter Weibull
probability distribution, which is mostly used tmpess data from electro-thermal life tests ondsoli

insulation, can be employed [33]:
Ft.) ﬂ—ex{— (%F)ﬂ} ©)

wheretr is the failure time for a given probabilif(tr), a is the scale parameter, i.e. the failure
time corresponding to probability 63.2% afids the shape parameter. The generalization of the

failure time statistics can be obtained substituim (6) a with tr from expression (5). As a first



approximation, we can consider only the predomirfantor Kp, so that the simplified model
derived from (5) and (6) is:

F(tF,KP)=1—ex;{—(tt%)ﬁ:l=1—ex;{—(tt—FK:)ﬁ} (7)

FofN, FO

The application of eq. (7) to the tested capacipoosides the plot of Fig. 7 (the valuestaf n and
Lare:tro = 66000 hn = 8.5, =1). Each curve represents the failure probabi#tyaging time at
different Kp values. It can be observed that the failure priibalncreases considerably witke.
The effect ofKe on reliability reduction may be singled out betbsr Fig. 8, which shows the
behavior of the cumulative failure probability agsponding to a life of sixth monthts € 4380 h)
as function of the peak amplification. As can bensehe failure probability increases steeply with
Kp: for example, the probability of failure becomdmat 50% with peak amplification of 30%,
while it is only 6% withKp=1.

Even if largely approximate, a model like that pd®d by eq. (7) is useful to infer the reliabiliy
insulation systems connected to a distorted powewark. However, more complex models can be
achieved, taking into account also the random eattiharmonic amplitude (see e.g. [36]).

3.2 High Frequency Harmonics on twisted pairs

When a step-fronted voltage waveform is applietheomotor terminals, the first windings filter the
signal, so that its slew-rate and magnitude deesegeing to the end of the winding. Therefore, a
pulse-like potential drop arises between the fast the last coil windings, whose amplitude
increases with the slew rate of the PWM supplyhéf winding is random wounded, as often occurs
in low voltage AC-motors, the first coils may bgamgnt to the last ones. In this way, the turn-to-
turn insulation is stressed by bipolar pulses tuwatld reach the amplitude of several hundred volt
[29, 30]. The turn-to-ground insulation is stresdgda bipolar square wave as well, while the
phase-to-phase voltage is typically unipolar (itasistituted by a series of pulses, modulated aith
sinusoidal law, which reverse their polarity evar2, where 1/T is the fundamental frequency of
the output voltage [24]).

As mentioned before, standard electrical machisalation, imide-amide based, suffers largely for
PWM supply, while it withstands well 50-60 Hz sioidal voltage. In order to understand this
behavior, life tests were carried out on four materused for electrical machine windings: one
standard (#A) and three belonging to the categbmhe so-called “corona resistant”, designed for
ASD (#B, #C, #D). The insulation of #B, #C, #D ikefd by inorganic (metallic) additives, with the

7



purpose of improving endurance to PD insulatiorsiem Samples of 5 specimens were used for
each life test. The specimens were realized bydmameled wiresl =120 mm,® =1 mm, mean
insulation thickness = 0.13 mm), wound in a stadidead way as a twisted pair [37].

The test apparatus is composed by a low-voltagersguave generator, PC-controlled via
IEEE488 bus. The output signal is then amplifiegpawer and voltage by means of a static high-
voltage switch, built by MOS-FET technology. Thi®ngponent can reach, in a push-pull
configuration, a slew rate up to 100 kig/and voltage amplitude &b kV, providing both unipolar
and bipolar square-wave. The voltage waveform isitoced by an oscilloscope through a
compensated HV probe. The maximum capacitancevdach can be connected to the generator is
about 150 pF, which allows simultaneous testingipfto 5 specimens of the twisted pair type
(about 25 pF each).

First, life tests were performed on the four maiderconsidered by a 50 Hz sinusoidal waveform, at
three voltage levels, with the specimens eithett kegir or immersed in silicon oil, in order to
promote aging in the presence and in the absenB®pfespectively. The purpose was, indeed, to
single out the effect of PD on aging accelerati®reliminary measurements of Partial Discharge
Inception Voltage (PDIV) were performed on the tets pairs both in oil and in air, in order to
establish test voltage levels above and below Pit\life tests in air and in oil, respectively. The
PDIV measured at 50 Hz, sinusoidal wave, was 90Gfthd& 700 V for twisted pairs immersed in
silicon oil and in air, respectively.

Then, life tests at 10 kHz under both sinusoidal sguare-waves (the latter unipolar or bipolar),
were carried out in air. Three or four voltage lsvevere applied, while other square-wave
parameters were maintained constant (duty cycle, 58% time 0.75 kV/us), with the purpose to
achieve information on the on the effect of voltagek and frequency on acceleration of insulation
aging in the presence of partial discharges, fimddird and corona resistant materials. The effect o
rate of voltage rise (slew rate) and duty cyclegady partially discussed in literature [15, 16}, 38
are still under investigation through a DOE procedu As for the 50 Hz life tests, PDIV
measurements were performed under high frequemys(sinusoidal and square wave), in order
to choose the voltage levels for the life testbéoperformed above PDIV. Figure 9 shows PD
signals measured by a digital oscilloscope on atéali pair supplied by unipolar square-wave
voltage (2.0 kV peak-to-peak (pp), slew rate = k¥3us, duty cycle = 50%). For this kind of
measurement the PD signal coming from the specismappropriately filtered in order to separate
the noise due to switching frequency from the usefd signal. We can observe in Fig. 9 that the

maximum PD activity is reached just after the dtept, with a very short time lag.



For each life test, the failure times were stat#ly processed by the 2-parameter Weibull
distribution (eq. (6)).

An Inverse Power Model (IPM) was used to fit the288 failure times at the different test stress
levels. In a log-log plot, this model provides eamght line with slope inversely proportional teeth
Voltage Endurance Coefficient,(VEC) [33]:

tr = KV 8)

whereV is the peak voltage andn are the parameters of the model. Figures 10-1@rtrepe
results of life tests (and the relevant regressioes) at 50 Hz, in oil and/or in air, and at high
frequency, only in air, with sinusoidal waveforms 8an be seen, experimental data fits to a linear
log-log relationship mostly with very good approstion.

The results of life tests at 50 Hz and 10 kHz simde in air and in oil for material #A (Fig. 10)
emphasize the effect of frequency increase on agguogleration of conventional insulation, both in
the presence and in the absence of PD activitykingaoat the life lines, it comes out that the fedlu
times and the VEC relevant to the life tests penkat in silicon oil are larger than those derived
from tests in air, so that the electric stress setenaccelerate aging much more in air (where D ar
active) than in oil. Of course, failure occurs aisothe absence of PD but at longer times.
Moreover, it can be observed that the failure tifioeghe life tests in air at 10 kHz are severalesr

of magnitude shorter than at 50 Hz. The increasérezfuency to 10 kHz causes even larger
differences in failure times between the specimaged in oil and in air with respect to 50 Hz
supply, further on confirming the dramatic effe¢tRD for aging acceleration (PD, in fact, will
significantly increase with frequency [39-40]). Hewer it is noteworthy that frequency-accelerated
aging is considerable even in the absence of Pdis(te silicon oil), and the endurance coefficient
is reduced noticeably (VEC decreases from 11.7p 8

The four different materials tested are companedyrder to evaluate their behavior with different
kinds of supply waveforms, in Figures 11-14.

Figure 11 reports the life test results obtaine@imunder 50 Hz sinusoidal voltage for the four
materials #A to #D. It is interesting to observattmaterials #B e #D present significantly shorter
life than #A, the reference material, at the saoleage level, while #C shows the longest life times
and best endurance coefficient (VEC=10.6). Theegfosome corona resistant materials,
manufactured specifically for motors supplied by M\Wverters, show a worse performance at 50

Hz than the standard insulating material, #A.



The behavior of these insulating materials is catgly different, however, when the supply
frequency increases. The data plotted in Fig. 1@ mehevant to life test results under 10 kHz
sinusoidal supply, performed in air, show that mate #B and #C have better endurance than #A,
contrarily to what happens at 50 Hz. In fact, fife of #C may be at least 100 times that of #A at
the same voltage. In this case, #D and #A haveeclo®gs, so that #D seems to have bad
performance both at 50 Hz and at high frequentys noteworthy that the endurance coefficient of
#C is considerably high (VEC=12.8), as it occurS@Hz.

The strong dependence on frequency, displayed bgtarial as #B with respect to #A, might be
explained through the effect of space-charges ataripation losses. At 50 Hz #B, doped with
inorganic oxides and, thus, affected by an inceaseount of internal interfaces, may accumulate
much more space charge and present larger dieldosses than #A, which can worsen life
performance of such material. On the contrary,(akliz space-charge accumulation, as well as
interfacial and dipolar polarization losses, cooddsignificantly reduced (literature shows evidence
of a decrease of space charge build up as frequanmases [41]), while PD (corona) activity is
largely increased with respect to 50 Hz. Henceprmamresistant materials may last longer than the
standard one. Similar results are shown in [42]eneha relationship between PDIV decrease and
space charge build up is hypothesized. Coronataesisnaterials, in fact, exhibit a lower PDIV,
even if they show a better PD endurance.

The effect of 10 kHz unipolar square and bipolausoidal waveforms for the four tested materials
is summarized in Figure 13, which collects the whdéta set obtained by the life tests discussed
above, as function of rms voltage. It is noteworttgt 10 kHz sinusoidal (bipolar) life tests prawid
failure times one order of magnitude shorter, aste than those provided by the unipolar
squarewave performed at the same rms. Partial aligeb are much more active, in fact, with
bipolar rather than unipolar supply voltage. Howevfethe data collected in Fig. 13 are plotted as
function of peak-to-peak voltage it can be obsemed all the high frequency data fits quite well
the same straight line, for each material, indepatig of the voltage waveshape. This confirms
that the peak-to-peak voltage is the most sigmfi¢deature of the voltage waveform which causes
the acceleration of the degradation process inabpely of the voltage waveshape. According to
literature, [16], it can be expected that the psls&v rate will affect significantly aging acceltoa
only at very high values (this aspect, as well las influence of the duty cycle, is under
investigation). The acceleration effect of frequeptays also a fundamental role, particularly for
aging under an intense PD (corona) regime [18f hHoteworthy that the frequency increase does
not reflect in the same way on the different testeaterials, being capable to accelerate aging of

materials as #A and #D, but also able to improedife performance of #B and #C.
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4 Conclusions

The analysis here carried out points out that tléage peak is the prevailing factor accelerating
degradation of insulation systems fed by both loggd@iency and high frequency harmonics. The
other factors are voltage rms, shape and thermmaksstfor low frequency harmonics, while
frequency plays a prevailing role for high frequeri@armonics. Regarding the latter case, the
investigation of the effects of sinusoidal and squaaveforms on standard and corona resistant
coating materials subjected to life tests undetigdadischarges, reveals that life reduction is
considerably larger with bipolar waveforms, forigeg rms value, with respect to unipolar pulses.
However, if the peak-to-peak voltage is considetied failure times do not differ considerably, at a
given frequency, from bipolar sinusoidal to unipotguare waveforms. The different materials
tested do not provide consistent information reig@rdhe capability to withstand PD aging at
different frequencies and with different waveformist all the tested corona resistant materials, in
fact behave well at high and at low frequency, whaould be related with the different role played
by space charge accumulation as function of frequen

11
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Table 1: Summary of life test data and results:\¥4, .., Vi are fundamental,8, ..., H" harmonic
components of test voltage waveform. Their rms eab250 V. Voltage shape coefficierks, Kp,
Krms and test temperature®,, are reported. The mean failure timés, are given with their 95%

confidence intervals. The superscripts',°? indicate a phase shifting between fundamental and
harmonic component of 0°, 180° and 111.5° respelgtiv = V1+1/3V3°+1/5V5°+1/7V7°.

Sample #| Supply Voltage| ©. Vims Vo Ky Kp Krms fF
ecl | M | V] Ih]

1 Vi+2V3 ™ 20 560 1060 6.08 3.00 2.24 9.1+24
2 Vi+3V3 ™ 20 760 1414 9.06 4.00 3.04 0.3+0.2
3 2.24\n 20 56( 792 1.0C 2.24 2.2¢ 115 + 3.¢
4 Vi+1.5Vs ™ 20 450 884 4.61 2.50 1.8( 22+55
5 Vi+2V ™ 20 560 1060 22.0 3.00 2.24 29+24
6 3Vi 20 75( 106( 1.0C 3.0C 3.0C 14 +5.;
7 Vi1+2.4V1" 20 650 1202 26.4 3.40 2.6 1.7+0.6
8 2.6V1 20 65( 91¢ 1.0C 2.6( 2.6( 29 +1.¢
9 2.24Vs 20 56( 79z 3.0C 2.24 2.2¢ 46 + 31
10 Vi+1.5V ™ 20 450 884 16.5 2.50 1.8( 24 +13
11 2.24Vy, 20 56C 79z 11.C 2.2¢4 2.2¢ 30 + 12
12 2V1+1.14Vs? 20 575 1060 3.02 3.00 2.30 10+ 3
13 3Vs 20 75( 106( | 5.0C 3.0C 3.0C 3.9+
14 1.52(Mi+V5°) 20 537 107 | 5.1C 3.04 2.1 8.1+1.c
15 3V 60 75( 106( 1.0C 3.0C 3.0C 5.6 +1.¢
16 2.24V; 60 56C 79z 3.0C 2.2¢4 2.2¢4 23 £5.(
17 2.24V; 90 56C 79z 3.0C 2.2¢4 2.2¢4 16 +2.¢
18 r 20 560 680 2.00 1.92 2.24 166 + 15
19 r 60 560 680 2.00 1.92 2.24 142 +12
2C 2.24\v; 60 56C 79z 1.0C 2.2¢4 2.2¢ 89+ 8.2
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Figure Captions:

Fig. 1. Example of an AC-power network with distogtand non-distorting loads.

Fig. 2: Example of voltage waveform recorded in eactrical plant, where 5 harmonic is
amplified by a parallel resonance.

Fig. 3: Typical voltage waveform at PWM-controllecbtor terminals.

Fig. 4: Scheme of the system for life tests on-Betling capacitors. PC = personal computer; CT =
current transformer, VT = voltage transformer.

Fig. 5: Main Effect Plot (MEP) obtained from thet@l@f Table 1, reporting the estimated effect on
logarithm of failure times of the four aging faco6elf-healing capacitors.

Fig. 6: Inner temperature behavior for a capadtdjected to the voltage waveform #1 of Table 1:
first 7 h (A) and whole test (B). Room temperatar22°C.

Fig. 7: Failure probability vs. aging time for difentKr values. Self healing capacitors.

Fig. 8: Failure probability corresponding to lifd eixth months as function of peak value
amplification,Kp. Self healing capacitors.

Fig. 9: PD pulses measured for a twisted pair se@gdby unipolar square-wave at 2.0 kV, 0.75
kV/us of slew rate, 50% of duty cycle.

Fig. 10: Life test results of 50 Hz and 10 kHz sioidal supply in air and in oil for material #A.
The life lines plotted according to eq. (8) areomted. The VEC is indicated for the life lines.

Fig. 11: Life test results of 50 Hz sinusoidal slypp air for all the four tested material. Theelif
lines plotted according to eq. (8) are reportece VEC is indicated for the life lines.

Fig. 12: Life test results of 10 kHz sinusoidal wiorm in air for all the four tested material. The
life lines plotted according to eq. (8) are repdrfEhe VEC is indicated for the life lines.

Fig. 13: Summary plot in which all the data obtaireom life tests on the four materials and the
relevant life lines are reported as a functionno$ voltage.

Fig. 14: The same of Fig. 13 plotted as functiopexdik-to-peak voltage.
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Fig. 6A
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Fig. 11
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