
Citation: Khan, I.; Guastavino, F.;

Della Giovanna, L.; Torello, E. Partial

Discharge Inception Voltage

Monitoring of Enameled Wires under

Thermal Stress over Time. Energies

2024, 17, 4578. https://doi.org/

10.3390/en17184578

Academic Editors: Adrian Ilinca,

Ahmed Abu-Siada, Nick Tucker and

Nikola Chalashkanov

Received: 8 July 2024

Revised: 20 August 2024

Accepted: 10 September 2024

Published: 12 September 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Partial Discharge Inception Voltage Monitoring of Enameled
Wires under Thermal Stress over Time
Ishtiaq Khan , Francesco Guastavino * , Laura Della Giovanna and Eugenia Torello

Department of Electrical, Electronics and Telecommunication Engineering and Naval Architecture (DITEN),
University of Genova, 16145 Genova, Italy; ishtiaq.khan@edu.unige.it (I.K.);
laura.dellagiovanna@unige.it (L.D.G.); eugenia.torello@unige.it (E.T.)
* Correspondence: francesco.guastavino@unige.it

Abstract: Electrical insulation is a critical component in electrical machines. The performance of the
insulation system can be adversely affected by operating conditions that induce aging. Assessing
the impact of environmental stresses is essential for predicting the failure of electrical insulation.
Predicting maintenance to prevent service interruptions caused by insulation breakdown is a key
objective. For type I insulating systems used in low-voltage and low-power rotating electrical
machines, it has been demonstrated that partial discharges (PDs) are a contributing factor to electrical
insulation breakdown. In fact, these insulating systems are not able to withstand the action of PD
activity. The inception and evolution of PD activity is an indication of the poor conditions of the
electrical insulating system, and this activity can be produced by the electronic power supply. The
progressive reduction in partial discharge inception voltage (PDIV) is attributed to the deterioration
of insulation properties induced by operational stresses. This study aims to evaluate and compare
the effects of thermal stress on various types of enameled wires by collecting the PDIV values over
time. In this paper, the authors analyze some particular effects of thermal stress as an aging factor.
During the tests, an electrical stress was applied, which acted as a conditioning stress rather than
one capable of producing degradation phenomena, as it was not high enough to initiate PD activity.
In this research study, twisted pairs prepared from copper wires were evaluated. These wires were
coated with various types of enamel and belonged to the thermal class of 200 ◦C. The samples were
subjected to thermal aging tests at different temperatures. An electrical conditioning stress was also
applied during all the tests and pertained to the same voltage, amplitude and frequency. The PDIV
value pertaining to each sample was regularly measured to monitor its evolution over time.

Keywords: electrical insulation; nano-filler enamel; partial discharge inception voltage; electrical
aging

1. Introduction

Electrical insulation is the protective barrier of winding conductors of the major power
system equipment that protects against high temperatures. This protective layer provides
electrical insulation and prevents winding conductors from electrical short circuiting. It
provides resilience against electrical, thermal, chemical, environmental and mechanical
stresses during long-term operation [1–5]. The quality and stability of enamel coating is vital
for the efficient functioning and performance of the winding machines. The durability of
insulation depends on its ability to prevent severe temperatures and high electric fields [6].
High-temperature enamels are used in areas such as aerospace, hermetic machines and
automotive electrical machines [7,8]. The wire enamel is composed of inorganic materials
or organic materials with inorganic fillers. These inorganic fillers suffer from the combined
effects of thermal, electrical and environmental stresses [9,10]. PD activity depends on
the surface and environmental conditions together with the material properties [11]. The
failure of an insulating system is due to the partial discharge activity, which causes the
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breakdown of the insulation [12,13]. The most damage done to the insulation was mainly
due to the lowering of the partial discharge inception voltage (PDIV) values. The decrease
in PDIV values can also depend on the applied electrical and thermal stresses [14].

Currently, there is an urgent need to find enamels that are able to cope with the
abovementioned stresses. The behavior of the enamel when subjected to PDIV activity
can be enhanced by the introduction of nano-fillers, as they retard PD erosion [15]. The
nano-filler particles bind densely on the sample surface by providing high surge resistance
against the erosion [16]. There are some other factors responsible for the decrease in PDIV
values that lead to the degradation of insulation. An increase in supply frequency greatly
decreases the life of the insulating materials and is another factor to be considered [17].
Moreover, the relative atmospheric humidity produces a great decrease in the PDIV values
since the surface conductivity increases. Furthermore, the presence of water vapor in
the air boosts the electric field, and the moisture absorption by insulation layer increases
the electric field between the air gaps [18]. Electrical insulation may contain miniature
internal voids due to imperfections introduced during the manufacturing processes. Partial
discharges induced in these voids tend to erode the insulation and start the degradation
process [19].

In this paper, thermal aging experiments are performed on different twisted pair
samples. Additionally, a conditioning electrical field was applied using a supply voltage
with an amplitude lower than the PDIV at a constant frequency of 500 Hz. As we already
discussed, the degradation of enamel insulation is related to thermal stress. Aging is a
function of time and temperature, as described by Montsinger. According to him, “Every
10 degrees rise in temperature the insulation lifetime decreases by half” [20]. The connection
between temperature and the rate of a chemical reaction was introduced by Dakin and
Arrhenius. According to them, the “rate of chemical reaction is directly proportional to the
applied temperature” [21]. The objective of this study is to evaluate the performance of
various insulating enamel materials under high-temperature conditions, with a specific
focus on their behavior in relation to the PDIV. The twisted pair samples are composed
of copper wire enamel belonging to the thermal class of 200. The polyimide varnish can
sustain severe conditions [22]. The behavior of the insulating material can be checked
using the trends of the PDIV values obtained over time [23]. Each enamel has its own
characteristics and response to the applied thermal stress. Finally, we will select the best
insulating material among the tested ones using the trends of the PDIV values.

2. Experimental Setup
2.1. Test Circuit Configuration

The circuit, depicted in Figure 1, was specifically designed to supply voltage to the
tested specimens placed inside an oven and to measure the partial discharges:

• AWG—Arbitrary waveform generator. It allows the creation of waveforms of different
types, with variable amplitude and frequency. In the case examined here, for electrical
aging, a sinusoidal voltage with an amplitude of 395 VRMS, which was lower than the
PDIV, and a frequency of 500 Hz was used.

• Amplifier—Variable gain amplifier.
• Fuse—It disconnects the system from the power supply in case of a fault or short

circuit currents.
• A step-up high frequency transformer (with transformation ratio KT = 15

5000 and rated
frequency 50–1000 Hz).

• HFCT—High-frequency current transformer with a bandwidth of 5 kHz–80 MHz. It is
used as a sensor to detect PDIV values.

• Oscilloscope—Digital oscilloscope in which the applied voltage and the PD activity are
visualized, and the PDIV values are measured using a voltage divider (VR2/(VR1+R2);
ratio, 1/560).

• RL—Limiting resistor (50 kΩ) that limits the short-circuit currents upon possible
discharge of the specimen.
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• Oven—The chamber where the samples are placed, which is connected in parallel
under electrical and thermal stresses, as shown in Figure 2.

• MCP—Maximum current protection.
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2.2. Twisted-Pair Specimens

The twisted-pair specimens shown in Figure 3 consist of enameled grade 2 copper
wires with a 1.12 mm diameter, and all belong to the thermal class of 200. The enamel
composition is as follows:

• Polyester-imide (PEI) basecoat and polyamide imide (PAI) filled with a TiO2 micropar-
ticle overcoat [24], hereinafter named “micro TiO2”;

• Polyester-imide (PEI) basecoat and polyamide imide (PAI) filled with a SiO2 nanopar-
ticle overcoat [24], hereinafter named “nano SiO2”;

• A basecoat with THEIC-polyesterimide and an overcoat of polyamide imide (PAI), a
conventional enamel (no fillers) [24,25], hereinafter named “Conventional”.
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Figure 3. Twisted-pair specimens.

The specimens were prepared in accordance with the IEC 60851-5:2009 par 4.4.1
standard [26].

Before each test, the twisted pairs were conditioned in an oven at 60 ◦C for 24 h to avoid
any trace of moisture and to standardize their initial conditions. The test configuration
with respect to the applied temperatures and materials involved in test are listed in Table 1.

Table 1. Test configurations.

Temperature Micro TiO2 Nano SiO2 Conventional Applied Voltage

200 ◦C A1 B1 C1

Sine, 500 Hz
395 VRMS

220 ◦C A2 B2 C2
230 ◦C A3 B3 C3
240 ◦C A4 B4 C4
250 ◦C A5 B5 C5

2.3. Test Procedure

Tests were conducted on nine samples in parallel (S1, S2, S3. . .S9, depicted in Figure 1
and shown in Figure 2) that were placed inside the oven. Five different temperature levels
were considered: 200 ◦C, 220 ◦C, 230 ◦C, 240 ◦C and 250 ◦C. The twisted pairs placed in
the oven were continuously subjected to the selected temperature level and to a sinusoidal
voltage with a frequency of 500 Hz and an amplitude of 395 Vrms. As already stated, this
voltage amplitude was chosen based on preliminary tests and was lower than the lowest
PDIV. To measure the PDIV of each specimen, only one twisted pair was energized at a
time, and the power supply was temporarily disconnected from the other specimens. An
increasing sinusoidal voltage with a frequency of 500 Hz was applied to the specimen until
partial discharges appeared on the oscilloscope screen and were detected by the HFCT.
Each PDIV measurement was repeated three times per specimen. After completing the
PDIV measurements on all nine specimens, they were all powered on again to continue the
aging process. The PDIV was measured regularly over time.

3. Results

The obtained PDIV values are summarized in the following plots. Each reported point
is computed as the average of the results obtained for the three samples of each material
and test condition. Figures 4–6 illustrate the temporal evolution of the average PDIV for
three types of enamel: Conventional enamel, enamel micro-filled with TiO2 particles, and
enamel nano-filled with SiO2 particles, respectively.
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The data indicate that for both Conventional and micro-filled TiO2 enamels, there
is a transient period of approximately 40–50 h under all test conditions. By contrast, the
nano-filled SiO2 enamel exhibits a transient period of about 20 h. Figure 7, which focuses
on the transient stage at 200 ◦C, shows an initial increase in PDIV values and an unstable
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trend for the Conventional enamel. However, for the micro-filled TiO2 and nano-filled SiO2
enamels, the PDIV values remain quite constant over time.
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The trend lines in Figures 4–6 were traced for each material and the different tempera-
tures considering the inverse power law shown in Equation (1).

PDIV = Kt−n
ex (1)

The average PDIV is related to the experimental time tex, and K and n are two co-
efficients. The inverse power law coefficients, obtained via the best fitting of trend line,
were reported for each material and each temperature in Tables 2–4 together with the
determination factor R2. The results indicate that the Conventional enamel exhibits higher
PDIV values compared to the other two materials for all considered temperatures. The
nano-filled SiO2 enamel had the lowest PDIV amplitudes. These behaviors were confirmed
over time during the degradation process.

Table 2. Inverse power law coefficients and coefficients of determination for Conventional enamel.

Temperature K n R2 PDIVexp
(1000 h)

PDIVexp
(1 Year)

200 ◦C 685.8 0.032 0.922 538.51 512.91
220 ◦C 650.7 0.025 0.98 547.50 518.58
230 ◦C 622.44 0.023 0.88 531.00 505.15
240 ◦C 654 0.035 0.94 513.54 475.98
250 ◦C 647.4 0.051 0.96 455.17 407.48

Table 3. Inverse power law coefficients and coefficients of determination of micro-filled TiO2 enamel.

Temperature K n R2 PDIVexp
(1000 h)

PDIVexp
(1 Year)

200 ◦C 606.85 0.013 0.91 554.73 539.30
220 ◦C 621.87 0.024 0.98 526.87 500.13
230 ◦C 631.48 0.033 0.74 502.76 468.01
240 ◦C 631.42 0.047 0.97 456.36 412.10
250 ◦C 615.54 0.054 0.93 423.87 376.99



Energies 2024, 17, 4578 7 of 13

Table 4. Inverse power law coefficients and coefficients of determination for nano-filled SiO2 enamel.

Temperature K n R2 PDIVexp
(1000 h)

PDIVexp
(1 Year)

200 ◦C 541.23 0.015 0.91 487.96 472.33
220 ◦C 553.9 0.024 0.95 469.28 445.46
230 ◦C 577.5 0.037 0.94 447.25 412.74
240 ◦C 561.8 0.045 0.96 411.71 373.40
250 ◦C 532.7 0.041 0.98 401.31 367.15

The obtained coefficients allow for an extrapolation of the expected partial discharge
inception voltage values (PDIVexp) pertaining to 1000 h and 1 year, which are reported in
Tables 2–4.

The computed PDIVexp values were calculated in relation to the test temperatures
using Equation (2). This equation is written in accordance with the Arrhenius law with a
consideration for the PDIVexp values instead of the aging hours. The ln(PDIVexp) values
pertaining to 1000 h and 1 year versus each considered temperature were plotted in
Figures 8 and 9, respectively. The coefficients A and B can be obtained by means of linear
regression techniques. The obtained coefficients, together with the relevant determination
factor R2, are reported in Tables 5 and 6.

ln
(
PDIVexp

)
= AT + B (2)
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Table 5. Coefficients of Equation (2), considering the PDIVexp after 1000 h.

Enamel ID A B R2

micro TiO2 −0.0054 7.435 0.923
nano SiO2 −0.0042 7.047 0.932

Conventional −0.0030 6.929 0.605
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Table 6. Coefficients of Equation (2), considering the PDIVexp after 1 year.

Enamel ID A B R2

micro TiO2 −0.0073 7.283 0.938
nano SiO2 −0.0055 7.279 0.943

Conventional −0.0041 7.114 0.627
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The PDIVexp values pertaining to the micro-filled TiO2 and nano-filled SiO2 enamels
are well-fitted using the relationship in Equation (2). By contrast, the Conventional enamel
does not exhibit Arrhenius behavior, as it shows an increase at 220 ◦C compared to 200 ◦C,
followed by a decrease, deviating from a linear trend. Nevertheless, at the thermal class
temperature, the micro-filled TiO2 enamel shows the best behavior, but the Conventional
enamel has the highest PDIVexp values when the temperature increases, as shown in the
Figures 8 and 9. It is necessary to remember that in the presence of partial discharges,
the Conventional enamel has a much shorter lifetime than the micro- and nano-filled
enamels [27,28].

4. Discussion

To better interpret the obtained results, DC capacitance measurements were conducted
at ambient temperature on three parallel-connected samples for each material and aging
temperature, following the aging process. For reference, the capacitance of three unaged
twisted pairs connected in parallel were also measured. Table 7 shows the obtained results,
which demonstrate that the Conventional enamel has the lowest capacitance and the nano-
filled SiO2 enamel has the highest capacitance. This is consistent with the obtained PDIV
values, since the highest PDIV values correspond to the highest capacitance and the lowest
PDIV values correspond to the lowest capacitance value. In fact, as shown in Figure 10a,b,
the electric field in the discharge area depends mainly on the ratio Ce/Co (Figure 10a) or
C1/C2 (Figure 10b) as well as on the distance between the two wires. With the increase in
the y value, Co decreases, and the corresponding electric field also decreases [29]. Therefore,
the higher the Ce or C1 value, the higher the electric field in air and the lower the PDIV
value. The higher capacitance values of micro-filled TiO2 enamel and nano-filled SiO2
enamel compared to the Conventional enamel depends on the nature of the two fillers and
on the material structure.
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Table 7. DC capacitance values, measured at 25 ◦C, of three twisted pairs connected in parallel
after aging.

Temperature [◦C] Conventional Micro TiO2 Nano SiO2

Aged C [pF] Aging Time
[Hour] C [pF] Aging Time

[Hour] C [pF] Aging Time
[Hour]

Unaged 32 0 46 0 50 0
200 ◦C 30 427 41 405 47 405
220 ◦C 28 382 39 382 45 382
230 ◦C 27 398 36 398 43 398
240 ◦C 26 382 35 398 42 382
250 ◦C 25 300 34 408 41 405
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Some research studies [30,31] suggested that the thickness of the enamel layer de-
creases over time with thermal aging. Other authors showed that the permittivity (εr)
increases slightly over time at a constant temperature [32,33]. Also, the conductivity (σ)
and the dissipation factor (tanδ) increase over time [34].

To clarify the behavior of the enamels studied here, the DC capacitance of 15 twisted
pairs connected in parallel was measured over time during aging at 230 ◦C. The obtained
DC capacitance values are graphed in Figure 11. For the nano-filled SiO2 enamel and the
micro-filled TiO2 enamel, there was an initial rapid decrease in capacitance, probably due
to the presence of inorganic fillers, which results in a different surface behavior compared
to Conventional enamel. Additionally, the initial decrease in capacitance may be attributed
to the release of absorbed moisture.

After the initial decrease in the case of the micro-filled TiO2 enamel, a slight increase
in capacitance was observed. Conversely, the nano-filled SiO2 enamel showed a slight
decrease over time. The Conventional enamel exhibited a relatively constant behavior.
Moreover, the variation in capacitance over time for all the materials considered does not
justify the PDIV decrease during aging.
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To better understand the PDIV trend over time, DC and AC measurements of electrical
resistance and capacitance were performed on unaged and aged samples. The samples
consisted of 15 twisted pairs connected in parallel. These samples were preconditioned
at 60 ◦C for 24 h to remove any absorbed moisture. The measurements were performed
on the samples placed inside the oven, which was set at 230 ◦C. The DC resistance values
were measured by means of a high-resistance meter that applied 250 VDC to the samples.
The AC capacitance and loss factor were measured using a Schering bridge that applied a
50 Hz sinusoidal voltage waveform with a 350 VRMS amplitude. The relevant results are
reported in Table 8.

Table 8. Resistance, capacitance and loss factor measured at 230 ◦C.

Enamel ID Status RDC [GΩ] Tanδ CAC [pF] CDC [pF]

micro TiO2 Unaged 3.15 0.0445 230 221
micro TiO2 Aged 14.8 0.0341 193 198
nano SiO2 Unaged 3.05 0.0313 250 231
nano SiO2 Aged 125 0.0163 196 190

Conventional Unaged 45.5 0.0194 218 160
Conventional Aged >200 0.01 153 162

Table 8 shows that both the DC and AC capacitance measurements indicate a decreased
value of the aged samples. The DC measurements of resistance show higher values for
the aged twisted pairs, while the Tanδ presents lower values for the aged materials. This
means that, in general, the capacitance decreases with thermal aging, while the resistance
increases.

A decrease in the PDIV value can depend on an increase in the electrical field and/or
the increased probability that a first electron initiates the discharge process. In the case
considered here, an increase in the electric field could be related to an increase in the
enamel capacitance, whereas an initial decrease in capacitance was identified, followed by
a quite constant trend over time (Figure 11 and Table 8). The increased probability that
first electrons start the discharge activity could be related to an increase in the conductivity
of the insulating materials, while the aged samples have higher resistance and lower
Tanδ values, as shown in Table 8. Both capacitance and conductance decrease. However,
considering the complex permittivity, ε’ decreases more than ε’. Therefore, the obtained
experimental results cannot justify the PDIV decrease during thermal aging. A possible
explanation could be that the aging of the first layer of the enamel surface in contact with
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the air leads to an increase in the surface conductivity, resulting in an easier emission of
first electrons trapped in the insulating surface. This surface conductivity increase was
not measured since its effect is negligible with respect to the measured capacitance and
resistance values, but it seems to be the only possible explanation of the PDIV decrease over
time. The possibility that the first electron initiating the discharge process can be emitted
by the surrounding air was taken into account by the authors. However, they did not find
any justification for the PDIV reduction, since the surrounding air characteristics do not
change considerably over time.

5. Conclusions

This study monitored the variation in partial discharge inception voltage (PDIV) over
time during thermal aging tests on twisted-pair samples. The twisted-pair insulating
systems, which belonged to the thermal class of 200, were Conventional enamel, enamel
with a PEI basecoat and PAI, enamel with a PEI basecoat and PAI micro-filled with TiO2
particles (“micro TiO2” enamel), enamel with a PEI basecoat and PAI nano-filled with SiO2
particles (“nano SiO2” enamel). Different temperature values were considered for the aging
process, and applying a sinusoidal voltage of such amplitude prevented the occurrence
of partial discharges. The inverse power law was applied to fit the experimental data,
establishing relationships between PDIV and aging time. These relationships allowed for
the extrapolation of the expected PDIV values, which corresponded to 1000 h and 1 year.
The decrease in PDIV values over time was justified by supposing that it was due to an
increase in the conductivity of the enamel surface, which was not measured since its effect
is negligible with respect to the measured capacitance and resistance values. Nevertheless,
the results of the measurements of the DC and AC capacitances and resistances cannot
explain the decrease in PDIV values. The capacitive effects, which increase the electric
field, and the resistive effects, which increase the conductivity, were not the primary factors
that influenced the PDIV decrease. Further research is necessary to fully understand the
underlying mechanisms.
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