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Electrical Performance analysis of Enamelled-
Extruded Wires based on Partial Discharges and
Voltage Endurance

Giovana Pereira dos Santos Lima, Sonia Ait-Aavadt Gabriel Vélu

Abstract— This study aims to explore an economically
feasible enamelled wire technology based on sol-gel
offering enhanced performance compared to tradition al
enamelled wire. The evaluation involves assessing
insulation configurations for copper wires designed for high-
temperature applications, with a proposed configura tion
combining sol-gel solution on enamel and PPS extrus ion
resins. Electrical performance is compared across t hese
insulation configurations, building upon their demo nstrated
higher thermal performance in prior research. Exper  imental
data, including partial discharge parameters, diele  ctric
strength, and electrical aging endurance, are colle  cted from
twisted pair samples for each insulation type. Prom ising
results emerge from partial discharge studies, favo ring
hybrid technology (enamelled-extruded wires) over t he
classical approach (PEI+PAI enamelled wires).
Measurements reveal a higher intensity of partial d  ischarges
for classical enamelled wires under 3 kV-50 Hz. Mor  eover,
lifespan models under voltage stress indicate that
enamelled-extruded wires with PPS extruded resin ha ve
advantages, withstanding 1525 minutes compared to 5 30
minutes for classical wires under 3 kV-50 Hz. A cor  relation
between lifespan under voltage stress and partial d ischarge
intensity is observed. Furthermore, microfillers on PPS show
lower results compared to non-filled enamelled-extr uded
wire configurations.

Index Terms—apparent charge, dielectric strength,
electrical aging, enamelled-extruded wires, PDIV, p  hoton
number, partial discharge.

|. INTRODUCTION

OTATING electrical machines and

quality of the final product. The production of emslled
copper can be costly due to the complex manufawuri
process (enamelling) and the special materials ireduo
achieve effective insulation for electrical purpes€urrently,
an annual production of over 100,000 tons of enkadetire
is generated in the northwest region of Europe [1].

This research is conducted within the frameworlthef Hi-
Ecowire project (High Quality eco-efficient Magnire),
funded by European INTERREG funds. The project amns
develop insulated copper wires for electrical windi
applications, focusing on manufacturing process \aimaling
performance improvements. The first involves reipigc
traditional solvent-based enamelling with the esiin of a
polymer-based composite to improve environmentahg
process; the latter is related to improving theraNg@roperties
of these new insulated wires compared to conveationes.

The electrical insulations configurations (enantekstruded
wires) studied in this paper have been previoustdied
concerning their thermal performance [5], [6], [This paper
focuses on their electrical performance evaluatitsnprimary
objectives are to identify potential advantagedraxvbacks of
the enamelled-extruded wires compared to classitaelled
wires and to understand the factors influencingcteteal
properties. The study includes the characterizatibpartial
discharges using electrical (apparent charge) apticab
(number of photons) measurements. This phase enable
comprehensive evaluation of the performance of etiagh
extruded and classical configurations with regavdpartial
discharges. Furthermore, the dielectric strengtradteristics

poweris compared based on breakdown voltage measurenneés

transformers are typically composed of winding§’°th ambient and elevated temperatures. Finalgyreésults of

made of copper or aluminum wire insulated

ifetime under electrical stresses are comparedaaaty/zed for

commonly known as enamelled wire. The improvemdnt (Bhese insulation configurations.

these enamelled winding wires is relevant for wasio

industries such as automotive, aerospace, and reguip
related to renewable energies (for example, wiretgy) [1],
[2], [3], [4]- The manufacturing of enamelled coppequires
special attention to various technical aspectsnsuee the
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Il. METHODS AND MATERIALS

The insulation configurations studied in this wogke
presented in Fig. 1. These configurations incladmd copper
magnet wires with a diameter of 0.95 mm, the cpoading
increases in insulator diameters, as detailed bleTh As the
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insulation coats were applied on a laboratory scateme
differences in thickness have been observed.

Regarding the classical wire, its composition ceisf a first
layer of Polyesterimide (PEI) and a topcoat of patide (PAI).
The insulation diameter of this wire increases pplging 14
coats of varnish during the enamelling process.

The enamalled-extruded wires have 25 % of the atigul
thickness obtained through the enamelling proceégsaéses)
and 75 % obtained by only one pass of the extrusioness.

The PAI + PPS configuration consists of a firstelagf PAI
enamelled coat covered by PPS resin, which cotesitthe
majority of the total thickness.

Regarding the insulation configuration PAI + PAIIRo+
PPS, a first enamel coat of PAI has been appli¢de@opper,
followed by a PAl-silica coat named "PAIl/Sol-2".i$thybrid
PAl-silica composition was obtained via the sol-getthod,
essentially comprising a solution of silica (in gdiolyzed
liquid state) incorporated into the PAI varnish &eqbt at room
temperature for several days. Finally, the siliéd-Rybrid
varnish was used in the enamelling process to eehibe
insulating layer named "PAI / Sol-2". The extrudesat of
Polyphenylene Sulfide (PPS) resin has been apaiectopcoat
and constitutes the majority part of the insulatioickness.

INSULATION COATS OVERDIAMETERS

Primer

2denamel Extrusion Total
Insulation configuration enamel
coat (um) coat (um) (um)
coat (um)

PEI + PAI 48.9 32.6 81.5
PAI + PAI/Sol-2 + PPS filled 3.6 14.2 72.4 90.2
PAI + PAl/Sol-2 + PPS 5.1 18.2 43.8 67.1

PAIl + PPS 18.1 0 73.9 92

I1l. BREAKDOWN VOLTAGE CHARACTERISTICS

A. Measurement of Breakdown Voltage Description

The dielectric strength parameter is evaluated bgsuring
the breakdown voltage. The measurement deviceassaglies
with IEC 60851-5 [8]. This measurement is conductedeven
(7) standard twisted pairs for each type of inadatire. Fig. 2
illustrates the sample within the measurement apsr each
wire of the sample is inserted into two tanks dfesjcal metal,
ensuring contact between the copper conductor & th
enamelled wire and the measuring apparatus. Amnaliag
voltage (50 Hz) is applied to the sample, startn@ V and

The same procedure was followed for the insulatioicreasing until breakdown occurs. The rate of agst

configuration PAI + PAI/Sol-2 + PPS filled. Thetkat differs
by the presence of barium sulfate microfillers casipg 25 %
of the extruded resin, with these particles charazsd by a
mean diameter of 0.4 um.

PAI
PEI Clas_sical
wire
PPS
Enamelled
PAI + Sol — 2 L extruded
wires
PAI
PPS Filled
PAI + Sol — 2
PAI

I

Fig. 1. lllustrative representation of the insulation

configurations.
TABLE |

escalation is consistent and defined by the staiuzsed on the
expected breakdown voltage amplitude. The tesageltmust
be administered between the two conductors ofdhepte at a
rate of 100 V/s for a breakdown voltage rangingveenn 500

V and 2,500 V, or 500 V/s for a breakdown voltagee=ding

2,500 V. Upon breakdown, the voltage is recorddte fest is

subsequently conducted on the remaining samples.

-

Fig. 2. Twisted pair in :Athe breakdown voltage

measurement device.

B. Dielectric Strength Performance Results

The Weibull law was used for the analysis of diglec
breakdown voltages as recommended by the IEC 62539
standard [9]. A measurement was carried out at embbi
temperature (25 °C) initially, and another measun&imhas
been conducted at 200 °C. The latter measuremeist wa
performed to evaluate the dielectric strength unthermal
constraints.

Fig. 3 presents the Weibull distribution of the ldatric
strength of the different insulated wires. Tableshiows the
summary of the dielectric strength collected by hbot
measurements.

Regarding the shape parameter, bgjacélculated from the
breakdown data collected at 25 °C:
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e There is a greater discrepancy between tt * PAI# PAl/Sol-2 + PPS filled

. . Regression PAl+ PAI/Sol-2 + PPS filled
experimental data for the groups of conventione -~ Confidencs inferval AV PAI/Sol-2 + PPS filled
o +
enamelled samples (PEI + PAI). Regression PAI + PPS
i Confidence Interval PAl + PPS
*  The breakdown voltages obtained seem to be closer Syl
each other for the extruded enamelled wires. Regression PAl + PAISoL2 & BPS  vpPS
Concerning the scale parameter, alpdia \Which represents - PEI+ ;R?e rena "
the dielectric strength achievable with a probapilif 63.2 % Regression PEI-+EA

---- Confidence Interval PEI + PAI

at 25 °C: 20 200
« Samples of the conventional wire PEI + PAI preser 08 ’ 99
an advantage compared to others. a)
* The extruded enamelled wires, ordered from highe 0 9% R
to lowest alpha parameter, are as follows: = Z
(0] PAI + PAI/Sol-2 + PPS, £ 05 63.2 %
0o PAI+PPS, I
o PAI + PAl/Sol-2 + PPS filled. A 0
Observing the 10th percentile makes the compansore
credible as specified in the IEC 62539 standard{®] possible o i6
to observe in Fig. 3. a) at the 10th percentilat:th
* The difference between the wires PEI + PAI, PAI - P 5
PPS, PAI + PAI/Sol-2 + PPS is not significant as th 05 99
confidence intervals overlap, making it impossitde b)
identify the "best” among them. " e
e The wire PAI + PAI/Sol-2 + PPS filled exhibits the s
lowest dielectric strength compared to the othAts. . :?
the 10th percentile, its confidence interval ovesla = ©5 32 2
with that of the PElI + PAI wire. Therefore, the 3
advantage of the latter in terms of dielectricragté is -1 0 &
not significantly greater than that of the fillegtieided
enamelled wire. 15 10
* The advantage of wires PAI + PPS, PAI + PAI/Sol-i
+ PPS, compared to the wire PAI + PAI/Sol-2 + PP 2 - L 5
filled, is confirmed, as the confidence intervatsrobt Dielectric strength (V/um)
overlap at the 10th percentile. Fig. 3. Weibull distribution of breakdown data: a) at 25 °C
Based on the results from Table I, the sample dsta and b) 200 °C.
sufficiently linear (R > 0.905 for the 7 data pairbllected per
insulated wire type), consequently compatible wifie two- e The conventional PEI + PAI wire and the two extride
parameter Weibull distribution. wires, PAI + PPS, PAI + PAIl /Sol-2 + PPS, exhibit
Previous studies on these extruded enamel wires $taown very similar.
the beneficial effect on thermal properties throtigl use of « The PAI + PAI/Sol-2 + PPS filled wire has the lotes
inorganic particles via sol-gel enamelling and mibarium dielectric strength.
sulfate fillers in extrusion [5], [7]. Thereforey this work, the
breakdown characteristic was observed under thermal TABLE Il
inorganic particles can influence dielectric breakd strength.
For the thermal constraint evaluation of the diglestrength PATS
parameters, the samples were exposed to 200 °@dntdated Insulation PAI/Sol-2
oven Dbefore the measurements. This temperature configuration PEI*PAL s pps
recommended for conventional PEI + PAI wire wittharmal filled
class of 200 °C, according to the IEC 60317-13dsaah[10]. a-25°C (Vium) 109412 66.827  104.581  95.735
Regarding the shape paramefe(Table II): B-25°C 5.876 9.071 10.221 9.961
» The most dispersed results are for PEI + PAI wire{ Correlation coefficient
followed by PAI + PAI/Sol-2 + PPS filled and PAI (R)-25°C SRR b
+ PAI/Sol-2 + PPS. a—200°C (V/um) 89.767 64319 128761  88.154
. The PAI + PPS wire has the hlghest Shape paramet B—200°C 4.256 5.317 6.945 20.338
indicating the least dispersed results among tf correlation coefficient
studied wires. (R)—-200°C 0.975 0.987 0.942 0.961
Regarding the scale paramete(Table I1): e
a—25°C (V/um) and 20 2 24 17

o —200 °C (V/pm)
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The distribution of dielectric strength data presdrin Fig. 3. sample measurement, 1,000 data points are collexted a
b) allows for a comparison of dielectric strengthamg each duration of 20 seconds.
type of wire at the 10th percentile: 1) Electrical measurements
« The PAI + PAI/Sol-2 + PPS wire exhibits higher The apparent charge is measured at the same tinleeas
dielectric strength compared to others. At the 10thhoton number measurement, one measurement point is
percentile, the confidence intervals of this wirecollected per second. For these characterizatiesean value
overlap with those of the PAI + PPS wire. of each parameter was determined from three mehsure
« The PAI + PAI/Sol-2 + PPS filled wire also showssamples. The ICM Compact measures apparent chiages
overlapping confidence intervals with thepartial discharges based on the current generatechérges
conventional PEI + PAI wire starting from the 60thmoving between the electrodes. This representetieharge,
percentile. Therefore, the conventional wire anel thwhich differs from the apparent charge. The reakgh occurs
PAl + PAI/Sol-2 + PPS filled wire cannot beduring the discharge and cannot be measured direttle
differentiated based on their dielectric performafar  movement of the real charge causes a decreast#age@cross
this test, unlike at ambient temperature. Théhe test specimen, which is compensated by chamyement
measurement under thermal stress has showninathe external circuit. These correspond to the@aagnt
negative effect on the results of the conventiovie¢ ~ charges.
compared to others, despite demonstrating suptgriori The measurement device includes an RLC high-plss ti
over the PAI + PAI/Sol-2 + PPS filled wire in termofs  detect rapid pulses from partial discharges. ThalRfevice
dielectric strength at ambient temperature (25 °C). has a bandwidth of 800 kHz, with an RPAI preameiifi
amplifying low-amplitude signals from partial discies,
IV. PARTIAL DISCHARGES STUDY making the phenomenon visible during data collectio

A. Measurement of Partial Discharge Parameters B. Partial Discharges Performances Results

The partial discharge (PD) measurement device sigded Table 1ll shows the PDIV measurements obtained fthen
and implemented according to the IEC 60270 stanfiatfi three samples per insulated wire type. The classica PEI +
The ICM Compact allows for the measurement anBAlexhibited the lowest value of PDIV comparedtte others.
visualization of partial discharge apparent chamngiees on the ~ Among the enamelled-extruded wires, those withdledf
sinusoidal signal when a voltage is applied [12]fteA extrusion resin exhibited higher PDIV values, which
connecting the sample to be tested, the controinehks consistent with the breakdown results that alsonshawer
powered on, and the sample is energized. The wigagjowly performance for this type of insulation compared the
increased until repetitive pulses characteristic pErtial enamelled-extruded filled wires.
discharges appears on the ICM Compact softwarehen t Fig. 5. a) presents the collected photon countedeh set of
computer. This way, PDIV is collected, thereafter voltage is samples of each wire type. In this case, the rankinwires
increased up to 3 kV for the number photons andapiparent  €xhibiting partial discharge activities from mosteegetic to
charge measurements. The setup of the photomattinibe least energetic based on photon count charactsrissi as
(PMT) is integrated into the same power systemhagartial follows:

discharge device, as shown in Fig. 4. e PEI + PAI, with photon counts ranging between 2,000
and 3,000.
l i \ « PAI + PAI/Sol-2 + PPS, with photon counts mostly
T : between 1,500 and 2,000.
= e e PAI + PPS, with photon counts between 1,000 and
3 b - 1,500.
- i compac « PAI + PAI/Sol-2 + PPS, with photon counts between
HV

400 and 600, thus characterizing the least energeti
partial discharge activities.

e PAI + PPS exhibits a lower average photon count
compared to the PAI + PAI/Sol-2 + PPS wire.

supply

) )

Fig. 4. Partial discharge measurement devices - Fig. 5. b) allows to observe the values of apparkarges for
Photomultiplier. each type of wire. The following assumptions hagerbdrawn:
. e The classical wire (PEI + PAI) exhibits significhnt
1) Optical measurements ) . , higher apparent charge values, reaching up to 2,000
The use of the PMT enables optical detection ofptheial pC.

discharge phenomenon, due to the light emittednduthe
occurrence of partial discharges. The collected a dat
corresponds to the amplitude of the discharges. ther
measurements conducted in this study, the photgheittube
R943-02 is connected to a photon counter unit C&B55
combined with a photon counting unit C9744 [13]r lBach

e« The apparent charge values of enamelled-extruded
wire samples are maintained at less than 500 p€. Th
enamelled-extruded wire shows an advantage over the
apparent charge parameter relative to partial diggh
energy at 3 kV.

The PAI+PAI /Sol-2 + PPS filled wire also exhibits
higher apparent charge characteristic, in the aséler
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TABLE Il
PDIV MEASUREMENTS

PDIV PDIV PDIV PDIV
Standard Standard
(\)] (V) (V) Mean
Samples deviation deviation
Sample Sample Sample Value
V) (%)
1 2 3 v)
PEI + PAI 663 678 664 668.3 8.39 1.3
PAlI + PPS 876 847 830 851.0 23.26 2.7
PAI +
PAl/Sol-2 779 772 793 781.3 10.69 1.4
+PPS
PAI +
PAl/Sol-2
+PPS 700 732 734 722.0 19.08 2.6
filled
a) 4000
——— PEI+PAl
PAI+PPS
3500 - PAl +PAl/Sol-2+ PPS
PAIl +PAl/Sol-2+ PPS filled
2 3000
£
2
£ 2500 kg
S
°
S 2000 _M»M»MWW“"’"““M
k]
4 ar
S 1500 -
®
>
e
@© 1000 -
o
=
g6 ] haach ao U R ,AWWFMMM'M‘M”“A.M‘ e acosssa
o T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20
Time (s)
b) 3000
e e e PEI+PAI
2750 o PAl +PPS
= . PAI +PAl/Sol-2+PPS
%2500- e o o PAI+PAI/Sol-2+PPSfilled
© 2250
o0 l
(]
£ 2000 - ° .
2 1 e ¢ ) ° °
£ 1750 4 .
§. 1500 |
o o *
d .
%5 1250 o - .
@ ]
€ 1000 -
E 750 | . . . .
H .
£ 500
250—'.........0..0.. ¥ =
0.0 T T T T T T T T s T
0 2 4 8 8 10 12 14 18 18 20
Time (s)

Fig. 5. Partial discharges parameters collected during 20
seconds at 3 kV (50 Hz): a) Photons number and b)
Apparent charge.

200 pC during most of the collection. However, the
three enamelled-extruded wires are very close, mgaki
it difficult to assert a difference between thentdrms
of apparent charge.

Measurements at 3 kV showed a correlation betwéetop
number and apparent charge data based on thensirkafion
material. The wire observed with the highest apptacbarge
also exhibited the highest photon count, namelydhssical
wire PEI + PAI.

V. ELECTRICAL AGING PERFORMANCES

A. Electrical Aging Test Protocol

The electrical aging test is set up for three \gdtdevels
between the PDIV and the breakdown voltage, aslatigd by
the IEC 600034-18-32 standard [14].

The accelerated electrical aging test conductdticnphase
of the study allows for qualitative analysis of fdient
insulation configurations. The tested voltagesraueh higher
than those applied in actual use conditions, with of them
being 3 kV.

The most commonly used model that describes theetedff
electrical stress on lifetime is expressed as ¥l ¢l):

L=cXE™ Q)
Where:
. L represents the insulation lifetime,
expressed in units of time (hours, minutes, sedonds
. E represents the electrical stress, which can

be the electric field (kv/imm, V/ium, etc.) or the
voltage (in kV or V).
. ¢ andn are constants.

The voltage amplitude has been chosen to obtaiffiesahce
between the three voltages, aiming for sufficientgried
lifetimes (in the order of hours, minutes, and sel).
Measurements are collected from 7 samples of ewthation
configuration. The Weibull distribution was obtaifer one of
the aging tests (3 kV — 50 Hz) to compare the gtmdt
endurance of the different wires. Three voltageleé®sts were
carried out, allowing us to obtain the lifetime nebdinder
voltage stress for each type of insulated wire.

The same breakdown voltage measurement device segk u
to power each twisted pair (sample). This devicduitles a
feature that allows programming a voltage amplitiade
counting the time until breakdown, thus enabling d¢bllection
of the lifespan of each sample. The voltage was kepstant
until breakdown occurred, and the duration was nreas
B. Electrical Aging Endurance Results

Table IV shows the Weibull parameters for the eieat
aging test at 3 kV. The correlation coefficient fdr sample
groups is close to the critical value indicatedtry IEC 62569
standard [9] for this sample size.

Regarding the shape paramef {t is observed that:

¢ The enamelled-extruded wires exhibit smaller
values, representing more scattered data.

e« The samples of the classical wire PEI + PAI show
significantly higher values.

e The B parameters are very close among the
enamelled-extruded wires, which does not allow
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assuming the influence of the presence of inorgan
particles on the dispersion of results.

Regarding the scale parametew),( the wire samples
corresponding to lifetimes at a 63.2 % failure @obty are
ranked in descending order of this lifetime:

PAI + PAI/Sol-2 + PPS

PAI + PPS

PEI + PAI

PAI + PAI/Sol-2 + PPS filled

Two enamelled-extruded insulation configurationspags
the classical enamelled wire. The insulation coriijprs PAI
+ PAI/Sol-2 + PPS and PAI + PPS have the highestlues,
respectively. Once again, the presence of inorgparticles
weakens the insulation's endurance to electridabaat 3 kV-
50 Hz. This is also evident in the distributiorlitéspan data in
Fig. 6. From this graph, is apparent that:

overlapping confidence intervals and almost idexhtic
regression lines. Thus, determining the 'bestlatigun
configuration between the two is not possible.

The data from the samples of wires insulated with P
+ PAI/Sol-2 + PPS are shifted to the left compaed
all other configurations. However, the

It is apparent that the wires PAI + PAI/Sol-2 + PP¢
and PAlI + PPS have very close data sets, wil

lower,

* PAI+ PAI/Sol-2 + PPS filled
Regression PAlI+ PAI/Sol-2 + PPS filled
Confidence Interval PAl+ PAI/Sol-2 + PPS filled
PAl + PPS
Regression PAl + PPS
Confidence Interval PAI + PPS
» PAl + PAI/Sol-2 + PPS
Regression PAI + PAI/Sol-2 + PPS
Confidence Interval PAI + PAl/Sol-2 +PPS
PEI + PAI
Regression PEI + PAI
Confidence Interval PEI + PAI

1E+00 1E+01 1E+02 1E+03 1E+04

05 99

e Pt
i
A |

95

05 ,'(///, A4/ 63.2

i

30

Probability (%)

-15

Lifetime (minutes)

Fig. 6. Weibull distribution of 3 kV (50 Hz) electrical by
lifespan data.

to confirm which is the best configuration.
Based solely on the results of this test, the megat

confidence intervals of PAl + PAl/Sol-2 + PPS andnfluence of inorganic particles on the aging resise of the

PAI + PPS overlap with the confidence intervalthef
PAI + PAI/Sol-2 + PPS filled wire for percentiles
lower than 5%. However, at the 10th percentileyth
differ, suggesting that the PAI + PAI/Sol-2 + PP
filled configuration is the least performing.

The classical wire shows lifetime values shifted t

lower values compared to PAI + PAI/Sol-2 + PPS an

e
dhat withstood longer during this initial electrieaing (PAI +

insulation configuration remains a hypothesis RY3%0 Hz.
Two additional voltage tests were applied to obsdhe
endurance behaviour and confirm this hypothesisthiewires

PPS, PAI + PAI/Sol-2 + PPS, PEI + PAI), additiomaltage

6ests were conducted at 4 kV and 5 kV. Since tleakuown

Itage of the filled-extruded wire (PAI + PAI/SBI+ PPS

PAI + PPS, although from the 30th percentil illed) is close to 5 kV, the applied voltages west at 3.5 kV

onwards, the confidence intervals overlap. Thussta
with a larger number of samples would be necessar

TABLE IV
WEIBULL PARAMETERS OF THE ELECTRICAL AGING
LIFESPAN DATA OBTAINED AT 3KV —50 Hz

Wires Weibull parameters
Beta B 5.078
Alfa a (minutes) 529.729
PEI + PAI - —
Correlation coefficient (R) 0.923
10th percentile 340.075
Beta B 2.231
Correlation coefficient (R) 0.932
Beta B 2.347
Correlation coefficient (R) 0.914
Beta B 2.569
PAI + PAI/Sol-2 + PPS Alfa a (minutes) 265.238
filled Correlation coefficient (R) 0.900

10th percentile 110.449

and 4 kV. Fig. 7 presents the mean values of tiperaxental

)I,ifetimes and the extrapolated curves obtained frioem.

According to the lifetime curves, it can be notedtt
Enamelled-extruded configurations have an advantage
over the classical configuration at voltages belw
kv.

At voltages below 1 kV, the enamelled-extruded wiire
with the longest lifetimes are PAI + PAI/Sol-2 +®P
filled, followed by the PAI + PAI/Sol-2 + PPS, and
lastly the PAI + PPS.

The constants of the lifespan model under voltdagess are
presented in Table V. The higher the constangndn, the
greater the influence of electrical stress on iasoh lifetime.
Considering that, the wires whose lifetime is mafé¢cted by
the voltage increase are respectively:

PAI + PAI/Sol-2 + PPS filled
PAI + PAI/Sol-2 + PPS

PAI + PPS

PEI + PAI

It suggests that at lower voltages, such as thgseally used
in operational machines, the PAI + PAI/Sol-2 + RR&d wire
may be less affected by electrical aging compaveti¢ other
wire configurations. This is consistent with thevést voltage
range in the graph (< 1 kV), which shows highestiihes for
the enamelled-extruded wires compared to the calssine
(PEI + PAI), particularly the PAI + PAI/Sol-2 + PRitled wire.
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TABLE V PAl+
CALCULATED CONSTANTS OF THE ELECTRICAL STRESS PAl/Sol-2 + + ++ + + b+
(VOLTAGE) LIFETIME LAW PPS filled
Samples n c
PEI+PAI 635 7% 10%* The second advantage could be that extrusion iegoho
PAI+PPS 10.34 2 % 10%° solvent and therefore does not generate any sobveporation
p that could create micro-cavities as in classicaheglling . This
PAI + PAI/Sol-2 + PPS 1257 1x10 characteristic of the process could explain theaathge in
artial discharges and, consequently, in the agaréprmance
PAI + PAI/Sol-2 + PPSfilled 1444 6 10%2 P 9 q y apertp

of the insulation of enamelled-extruded wires.

VI. ELECTRICAL PERFORMANCE SUMMARY VIl. CONCLUSION

Table VI summarizes the results of insulation ogurfations  The breakdown voltage evaluation at room tempesatur
from the electrical tests presented in this wolsifve points favored the classical wire, while the filled resiire showed
are highlighted in green, intermediary points inlgw, and the lowest performance. Under thermal stress, elietne
negative points in red. It was observed that: extruded wires had higher dielectric strength ttrenclassical

+ The wire that combines a greater number ofvire, which performed poorly below 200 °C. The Piitigd
advantages is the PAl + PAI/Sol-2 + PPS wirewire maintained consistent performance at elevated
followed by the PAlI + PPS wire and the PAI +temperatures.

PAIl/Sol-2 + PPS filled wire. The classical PEI + PAI wire consumed more energy i

* The least energy-intensive partial discharges la¥ 3 apparent charge and photon count during partiathdiges
were observed for samples of the PAI + PAI/Sol-2 €ompared to all enamelled-extruded wires, with PRIAI/Sol-
PPS filled wire. The most energy-intensive onesewer2 + PPS filled showing the lowest photon count. fitesslight
observed for the classical PEI + PAI wire. composition and thickness differences, PAI + PP& RAI +

« The dielectric strength was higher for the PAI +PAl/Sol-2 + PPS exhibited similar performance.

PAI/Sol-2 + PPS wires. The degradation of this Electrical aging results, analyzed with the Weibulbdel,
characteristic under thermal stress was more ewidervealed that the filled resin wire underperformedijle the
for the classical PEI + PAI wires, while others dist  enamelled-extruded wires without fillers demonsuiat
show significant variation in their performanceendurance comparable to the classical wire. PAR¥I®I-2 +
compared to their results at ambient temperature. PPS had the highest voltage aging endurance, ares wiat

« The PAI + PAI/Sol-2 + PPS wire demonstrated greatdasted longer under aging tests showed lower palisaharge
resistance to electrical aging than others. activity, suggesting a link between discharge isitgnand

Enamelled-extruded wires have significantly —morelectrical endurance.
advantages compared to classical wires in termsleattrical ~ The results suggest that mineral particles inrtsalation may
characteristics. The fact that extrusion is cared with a reduce electrical performance under high stresssiply due to
single application of the insulation layer reduesposure to cavities accelerating dielectric breakdown. Howgetee exact
impurities compared to classical enamelling, whicholves —cause remains to be confirmed.
the application of multiple layers (more than 15athieve its Enamelled-extruded wires without fillers outperfednthe
thickness). classical PEI + PAI wire, especially in PDIV measuent, PD
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behavior, and electrical aging at 3 kV. This tedbgp shows
promise for electrical properties and offers a kmvent, energy-
efficient alternative for wire insulation in windjrapplications.

The enamelled-extruded wires presented in this wame
composed of materials that do not exceed the d¢dsaditional
materials used in conventional wires. Additionadigplying the
maximum insulation thickness in a single-pass sitruprocess
is economically advantageous, as it reduces primfutine and
simplifies the manufacturing process comparedaettamelling
process. The study of a 100 % extruded insulat@uatien is
promising, given its environmental and economicefién This
method would be completely solvent-free and mudieedo
implement, despite the challenge of ensuring pragbesion to
copper.
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