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Abstract: This article performs a thorough evaluation of different environmental and electrical
waveform characteristics affecting PDIV on electric motor winding insulation. Temperature received
special attention, as it clearly affects PDIV. Additionally, the PDIV models found in the literature
were reviewed. Considering that the winding of the electric motor can reach 180 °C during operation,
the experiments were performed at high temperatures in order to evaluate the performance of
PDIV models. Several models were studied regarding their accuracy at high temperatures and the
advantages and disadvantages of each one were identified. Based on the analysis, a simple analytical
model to estimate the PDIV of twisted pairs depending on the temperature was proposed. All in
all, the proposed model was the best compromise between computational requirements and PDIV
estimation accuracy at high temperatures. Finally, future lines were identified. Further studies are
necessary that consider the humidity, rise time, and pulse width effect on PDIV. Moreover, new
models regarding both, environmental and waveform characteristics are necessary to accurately
estimate PDIV. Extended volume-time theory seems to be a good basis for that.

Keywords: electric motors; electric motor insulation; insulation degradation; Partial Discharge (PD);
Partial Discharge Inception Voltage (PDIV); electrical stress; environmental stress; PDIV model

1. Introduction

Nowadays, the interurban and urban mobility of people worldwide is mainly based
on internal combustion engine vehicles. Social awareness of climate change and pollution
in the urban environment, however, has led to electric and hybrid vehicles becoming
increasingly important [1]. In electric vehicles (EV), maximising autonomy is a key factor,
which requires high power density drives. Thus, the volume and weight of the traction
system must be minimised, while maintaining high efficiency levels [2].

In recent years, new power electronic technologies based on Wide-bandgap devices
(WBG) of gallium nitride (GaN) and silicon carbide (S5iC) have caused it to be possible to in-
crease the switching frequency with high efficiency, leading to more compact converters [3].
Additionally, by increasing the switching frequency, it is possible to increase the speed of
the electric machine. This way, for the same mechanical power, the torque requirement and,
therefore, the size of the machine can be reduced. Hence, with the use of electric machines
fed by WBG converters, both, the power converter and electric machine can be reduced in
size and weight, maximising the autonomy of the EV [4]. In this line, SiC MOSFETs and
GaN HEMTs are already being introduced to electromobility [5,6].

This application, however, introduces new challenges, where several are associated
with the insulation of the motor windings [7]. WBG devices can generate short rise and
fall time voltage pulses, which amounts to a higher dv/dt than conventional Si technology
converters. Several investigations have shown that high dv/dt voltage pulses can lead
to, on the one hand, unequal voltage distribution within the motor winding [8,9] and,
on the other hand, overvoltages up to two times the DC-link voltage, due to reflected
wave phenomena [10,11]. Both effects are commonly known as electrical stress factors
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for winding insulation and can cause partial discharge (PD) activity, being one of the
most common fault factors in winding insulation [12]. In particular, turn-to-turn winding
insulation (considered the weakest point of the winding insulation system) is most affected
by PD deterioration [7,13,14].

In order to protect the insulation from the issues caused by WBG converters, different
solutions are proposed in the literature. A possible solution is the use of filters to reduce
the dv/dt [15]. Additionally, the use of multi-level inverters was also shown to lengthen
the lifetime of the insulation due to the reduction in PD amplitude [16]. Even using these
solutions, in the case of the insulation being exposed to higher electric stress than expected
and reaching partial discharge inception voltage (PDIV), a PD event will probably occur
and the deterioration of the insulation system will be accelerated [14,17-19]. In addition to
electrical factors, environmental factors may enhance PD activity and, therefore, insulation
deterioration. For the same application and waveform characteristics, depending on the
surrounding conditions, PD events can appear or not, due to their influence on PDIV [20].

It is known that during service, PDIV decreases because of the mentioned electrical
and environmental factors [21-24]. When the PDIV reaches the operation voltage, there
might be constant PD activity. This will result in even faster deterioration and a probable
insulation breakdown. Thus, the aim of the insulation design should be to ensure that
PD-free service lasts as long as possible. For that, it is important to have a margin between
the initial PDIV and operating voltage. The higher this margin is, the longer the time
required for the degradation to have a PDIV equal to the operating voltage. Therefore, the
PDIV of the turn-to-turn insulation is a key factor in the design of the insulation system.
Accurate models for PDIV estimation regarding different operation factors are necessary.
Although mechanical factors can also be stress factors, they are not easy to consider. These
factors, such as vibrations, may cause defects on the insulation surface, which are difficult
to examine and replicate.

The present article has two main objectives. First, to summarize from the existing
literature how WBG-derived electrical factors (such as waveform and polarity, frequency,
rise time and pulse width), and environmental factors (pressure, temperature, and relative
humidity) affect PDIV. Mechanical factors are not considered in this study. Second, to
analyse whether it is possible to accurately predict the PDIV value considering the analysed
factors. This is intended to offer guidelines for the insulation design process, focusing on
turn-to-turn insulation. For that, the main variables affecting PDIV are reviewed from the
literature. Additionally, the effect of temperature on PDIV is discussed based on experi-
mental results. Then, different models proposed in the bibliography are studied regarding
their performance at high temperature. The advantages and disadvantages of each model
are also exposed. Additionally, a new model is proposed, where experiments and FEM
simulations are avoided. Finally, some guidelines are proposed according to the PDIV
estimation. The contributions of this article include: (1) a comprehensive analysis of the
electrical and environmental variables affecting PDIV, (2) the study of the accuracy of
different models proposed in the literature for estimating the behaviour of PDIV, and (3) a
proposal of an improved PDIV model considering temperature conditions.

This article proceeds as follows. First, Section 2 develops a comprehensive literature
review of several electrical and environmental variables affecting PDIV. Different models
predicting PDIV are also gathered. Section 3 introduces the experimental layout, test
procedure, and sample materials for PDIV measurements at different temperatures. In
Section 4, the effect of temperature in PDIV is analysed. Additionally, the performances of
different modelling techniques regarding temperature are compared and a new model is
proposed. The experiments are developed to perform the studies in Section 4. Section 5 is a
discussion of the technological gaps identified regarding variables affecting the PDIV and
modelling. Finally, Section 6 concludes this article.
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2. Literature Review
2.1. Variables Affecting PDIV

Different variables affecting PDIV are identified and gathered in this section. On the
one hand are environmental conditions, such as pressure, humidity, and temperature. On
the other hand are electrical factors derived from WBG converters (waveform and polarity,
frequency, rise time, and pulse width). Finally, the main points of how each variable affects
PDIV are collected.

2.1.1. Environmental Conditions

Two principal factors affecting PDIV are the surrounding air properties and enamel
properties of the sample. Both of them might be influenced by environmental factors. In
the following sections, the effect of pressure, relative humidity (RH), and temperature on
PDIV/RPDIV (repetitive partial discharge inception voltage) are gathered. The RPDIV is
the minimum peak-to-peak impulse voltage at which more than five PD pulses occur on
ten voltage impulses of the same polarity according to IEC 60034-18-41 [10].

Pressure

The pressure principally affects the PDIV due to its influence on the air breakdown
voltage. As described in Paschen’s law (explained in Section 2.2), the breakdown voltage
for a given gas (air) and electrode material can be defined as a function of the product of
the gas pressure and the gap distance [25]. The PDIV is the minimum voltage at which
the voltage across the air gap is equal to the breakdown voltage of the air. Therefore, the
surrounding air pressure has a significant effect on the PDIV.

Several investigations showed that the evolution of the PDIV has a U shape with an
increase in pressure. L. Lusuardi et al. [26] measured the PDIV of twisted pairs with a 50 Hz
sinusoidal waveform. Starting at 5 mbar, the authors detected that the PDIV decreased
until the minimum was reached at 50-70 mbar. Then, it increased with the increase in
pressure, creating the aforementioned U shape.

In addition, C. Abadie et al. [27] note that the increase in pressure in from 100 to
1013 mbar increases the PDIV for twisted pairs. D. Meyer et al. [28] obtained the same
influence of the pressure in a range of 200-1000 mbar on RPDIV. The results reported in the
mentioned studies [26-28] are compared in Figure 1. The PDIV results are normalised to
1000/1013 mbar and are depicted in a pressure range from 5 to 1013 mbar. In this case, the
characteristic U shape is only seen in the results from [26], as the minimum PDIV value is
at around 50-70 mbar and [27,28] measured above this pressure.
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Figure 1. Comparison of the dependence of PDIV on pressure (L. Lusuardi et al. [26], D. Meyer et al. [28],
and Abadie et al. [27]).

To sum up, starting at a low pressure, the PDIV is inversely affected by the pressure
until it reaches a minimum, followed by an increasing proportional tendency, leading to a
U-shaped evolution.
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Humidity

Regarding the humidity, both air and enamel properties are affected. According to
M. Fenger and G. Stone [29] (at 25 and 50 °C, RH 10-90% and PDIV values above 5000 V),
the PDIV increases with increasing humidity until a peak value is reached. Afterward, the
PDIV decreases with an increase in the humidity. Therefore, they suggest that the PDIV
is affected by two mechanisms, the aforementioned air properties and enamel properties.
The peak value of PDIV relates to the point at which the effect of the first mechanism is
neutralised by the second mechanism (critical RH [20]). Similarly, F. Guastavino et al. [20]
noticed the same effect on voltage levels above 5300 V at 23 °C in a range of RH 35-80%.

According to the first mechanism, before the peak PDIV value, a proportional rela-
tionship between the humidity and PDIV is seen, due to the increase in air breakdown
voltage. When the moisture content is increased (an increase in RH), the electric breakdown
strength of the air is increased. This observation is in good agreement with [30]. The author
explains that the breakdown voltage of the humid air is increased with the increase in RH
from 0% (dry air) to 40%. The water vapour has a higher breakdown strength than air,
therefore, the mixture of water vapour and air (higher RH) has a higher breakdown voltage.
Additionally, the authors of [20] observed that, in this range, when decreasing the RH, the
area of PD activity is concentrated in a small area, deteriorating the enamel more. Even
though no PDIV is studied, reducing the area will result in a lower PD activity probability
and the PDIV will be defined by a higher voltage level [31].

The second mechanism, however, creates an inverse relationship between the PDIV
and humidity. When RH is increased, the condensation of water on the insulation can
enhance the electric field. D. Fabiani et al. [32] measured an increased space charge in the
bulk of polymers with nanocomposite fillers. The same author observed in [33] that the
space charge accumulated in the insulation bulk often has often the same polarity as the
injecting electrode (e.g., a positive charge accumulation near the positive electrode). This
increases the overall electric field in the air gap. Consequently, the PDIV is defined by a
lower voltage value. Similarly, F. Guastavino et al. [20] mentioned that PD activity might
also be affected by the RH.

Other investigations suggested that the relative and imaginary part of permittivity
increase with humidity, which decreases the PDIV as well [34,35]. Y. Kikuchi et al. [35]
analysed the electric field strength in the air gap (Egap), taking into account the relative
permittivity (e;) using a plane capacitor model (Equation (1), with d,;, being the gap length
and fins the insulation layer thickness). The electric field intensity increases with the relative
permittivity and, therefore, the RH. However, based on optical emission spectroscopy (OES)
measurements, the author concluded that not only the increase of ¢, of the enamel wire
increases the Eg,p but also other mechanisms (not specified).

14

Egap B dair + 2ting /&x (1)

For lower voltage values (<3450 V), F. Guastavino et al. [20] defined the critical
RH value below the analysed RH range (35-80%). This suggests that the second mech-
anism is apparently dominant in the whole range of humidity for low voltage. This
agrees with the observation of several authors at lower voltage levels at room temperature
(25 °C) [35-38], 60 °C [35], 80 °C [35], and 90 °C [39]. W. Hassan et al. [39], on the contrary,
noted at 30 °C an increase in the PDIV with an increase in RH. This is explained by the
surface discharge predominating, due to the semiconductive layer generated in the insula-
tion with the interaction between moisture and byproducts formed at PD. Therefore, the
influence of the RH depends on the exposure temperature. Moreover, D. Muto et al. [38]
concluded that, after washing the samples with pure water, there was no effect of humidity
on PDIV in a range of 50-95%. In this case, the decreasing effect of the PDIV (in samples
before washing) was due to a change in surface conductivity because of contaminant (Na,
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K, C], etc.) adhesion with touching by bare hands, which indicates that the other impact
factors considered previously are negligible.

To summarise, generally speaking, two main mechanisms result from an increase in
the relative humidity. At low RH values, the PDIV increases with the increase in the RH
due to the increase in the air breakdown strength and decrease in the PD activity surface,
until a peak PDIV value is reached. Then, the PDIV is inversely affected by the RH. The
increase in the space charge accumulation in insulation bulk and relative and imaginary
part of permittivity, resulting from the increase in RH, decreases the PDIV. At high voltage
levels (>5300 V), both mechanisms could be developed, whereas, at low voltage levels
(<3450 V), the second mechanism is predominant. Even so, some authors found an inverse
effect of conductivity on PDIV, or no effect of RH, if samples cleaned with pure water are
measured. Further investigation is necessary, considering the voltage level, temperature,
and cleanness of the samples when the RH effect on PDIV is studied.

Temperature

As in the case of humidity, temperature impacts both air properties and insulation
properties. Referring to the former, an increase in temperature inversely affects the air
density, decreasing the electric breakdown strength of air [38,40]. Additionally, W. Hassan
etal. [39] and L. Lusuardi et al. [26] explain that the electron mean free path is increased
with a decrease in air density. Consequently, electrons gain more energy and generate
electric discharges by crossing a greater distance between collisions [39]. As a result, an
increase in temperature decreases the PDIV [26,38—41].

Moving to the insulation properties, D. Muto et al. [38] observed that an increase
in relative permittivity with temperature (in the range 25-230 °C) decreased the PDIV.
Different insulation materials (Polyamide-imide (PAI) and Polyetheretherketone (PEEK))
with different permittivity—temperature relationships that (increase the relative permittivity
with temperature) are analysed. It is shown that not only are changes in air density domi-
nant but also the evolution of permittivity with temperature must be considered. These
conclusions are in good agreement with [42]. It must be kept in mind that, depending on
the material, the relative permittivity can increase or decrease with temperature. Therefore,
depending on the relative permittivity evolution, the PDIV will increase or decrease with
the temperature. On the contrary, L. Lusuardi et al. [26] did not notice a considerable
dependency on PAI in the range of 25-140 °C. They explained that the analysed temper-
ature is well below the glass transition temperature (275 °C), so the dependency of the
relative permittivity on the temperature is limited. In insulation materials with lower glass
temperatures, the temperature dependency could be enhanced.

Considering these studies, it is clear that there is an inverse relationship between
temperature and PDIV due to air electric breakdown voltage decrease. However, in view
of relative permittivity, the PDIV evolution can be analogous or inverse to the temperature.
Thus, when the relative permittivity decreases with the temperature, both factors, air and
permittivity, have an opposite effect on the PDIV. In this case, it is necessary to decide
whether air properties or relative permittivity is the predominant factor to define the
evolution of the PDIV with temperature.

2.1.2. Electrical Factors

In the following sections, the effect of the main electrical waveform properties on the
PDIV is discussed: waveform and polarity, frequency, rise time, and pulse width. The
conditions necessary to develop PD activity are two key factors for the comprehension of
the following sections: (1) the applied voltage must be higher than the ignition/inception
voltage and (2) a free electron should be available [26] or a critical number of electrons
should be reached [43]. It is worth mentioning that, when the following lines refer to a
free electron, the Townsend discharge mechanism is considered. When a critical number
of electrons is mentioned, the Streamer mechanism is considered. The differentiation is
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based on what the author of the corresponding article uses. More information regarding
the Townsend and Streamer mechanisms is provided in Section 2.2.1.

Waveform and Polarity

The differences between the use of sinusoidal and square waveforms, either unipolar
or bipolar, to define the PDIV of twisted pairs have been studied by different authors. It is
worth mentioning that, in the studied cases, the PDIV is defined by increasing the voltage at
a constant rate until the PD activity is detected. In [26], after observing PDIV experimental
data for sinusoidal and bipolar square waveforms, it is concluded that only the peak value
of the applied voltage is important for the definition of the PDIV, whereas the waveform
does not affect the PDIV. It is explained that an error in the definition of the PDIV could
arise when measuring using impulse bipolar voltages due to overshooting. Figure 2 depicts
a situation where the peak voltage exceeds the ignition voltage (Vinc) and the PD could
happen in any voltage level of the overshoot, as long as there is a free electron available to
start the avalanche.

Two different cases are distinguished for the definition of PDIV. (1) If the peak voltage
of the waveform is defined as PDIV, a higher value than the inception voltage could be
considered, resulting in a positive error. (2) If the DC voltage is defined as the PDIV, as
the DC voltage is lower than the ignition voltage, a negative error arises. The error in the
definition of the PDIV considering either peak or DC voltage is enhanced with a larger
overshoot. This could also happen in sinusoidal waveforms; the author remarks that,
due to its low derivative at 50/60 Hz (generally used), this error could be neglected. The
authors of [33,44] came to the same conclusion after measuring the PDIV for sinusoidal
and repetitive impulse waveforms.

A
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/ \U/\ v
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>
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Figure 2. Sketch of PD inception using impulse voltages with overshoot. Image based on [26].

In addition to the waveform, D. Fabiani et al. [33] compared the PDIV for unipolar and
bipolar square impulses. It was observed that the PDIV value measured using the unipolar
waveform is around double that measured with the bipolar waveform, which also suggests
that PDIV depends on the peak-to-peak value of the applied voltage. Finally, observing the
influence of the polarity in the PDIV measurements using unipolar waveform, the author
of [45] shows that the polarity has little impact on the PDIV measurements under unipolar
voltages in twisted pairs. In fact, no polarity dependence is expected for twisted pairs
because of the symmetry of the electrode configuration.

It is of particular interest that, under a unipolar waveform, there is a considerable space
charge (in the insulation bulk) and surface charge (in the insulation surface) accumulation
compared to a bipolar waveform (either sinusoidal or square). D. Fabiani et al. [33] exposed
twisted pairs to unipolar and bipolar waveforms with a 0.5 PDIV voltage level at 50 Hz.
The PDIV is measured at different exposure times (defined as the poling time). It is shown
that, for a unipolar waveform, the PDIV value increases and then decreases. The increase
in the PDIV at the initial stage is due to the surface charge accumulation. The accumulated
charge generates an internal electric field in the opposite direction of the applied field.
This way, the overall electric field in the air gap is reduced, consequently increasing the
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PDIV. The latter decrease in the PDIV during the poling time is related to the insulation
bulk charge (Section 2.1.1), which prevails during the time. In a bipolar waveform, there
is no effect on the PDIV, since very small charge accumulation is noticed in the insulation
bulk and surface. This phenomenon is also known as the memory effect. According to
several authors, the memory effect can influence the PDIV and RPDIV when consecutive
measurements are collected [41,43].

Recapitulating, the PDIV is not affected by the waveform (bipolar or unipolar) and
polarity (negative or positive), but the peak-to-peak applied voltage value is the main factor
that defines the PDIV. Nonetheless, the waveform and polarity can affect the space charge
accumulation if the sample is subjected to PD for a prolonged time, which has an effect on
the PDIV. Hence, the memory effect must be considered in consecutive PDIV measurements.

Switching Frequency

Different conclusions are obtained regarding the effect of the switching frequency on
the inception voltage. On the one hand, in [26,46] it is stated that, for a square waveform
with constant rise time (8 ns), the PDIV is independent of the switching frequency in the
range of 10-100 kHz as long as the real permittivity of the insulation material is as well.
If real permittivity depends on the frequency, above a critical frequency, which depends
on the material, the dipole orientation will not occur, resulting in a dielectric loss peak
and a decrease in the real permittivity. This could increase the PDIV [38]. Moreover, the
heat generated by dielectric losses could increase the temperature, reducing the air density
and, therefore, the PDIV. As a result, in case the fundamental frequency and the harmonic
distribution of the waveform are above the mentioned critical frequency, the PDIV could
be affected by the switching frequency.

Z. Wei et al. [47] came to the same conclusion. They detected that the PDIV slightly
increases by about 6% with an increase in the frequency in the range of 1-10 kHz for a
square waveform with a fixed rise time (100 ns) and duty cycle (tested at 0.2, 0.5, and
0.8 duty cycles). Nonetheless, they assumed that the effect of the frequency on the PDIV is
negligible. S. Matsumoto et al. [37] did not perceive any effect of the frequency on PDIV in
a range of 20-200 kHz for sinusoidal waveforms at different humidity conditions.

On the other hand, several authors confirmed that the frequency (2-2000 Hz) can
affect the PDIV if a repetitive waveform is considered, that is to say, RPDIV. In [48,49], it
is mentioned that the larger the frequency, the stronger the influence of charges left by
the previous discharge (i.e., less time to relieve the charge). This could help the extraction
of electrons, leading to the discharge occurring at a lower voltage level since the time
lag (the time necessary to generate a free electron once the ignition voltage is reached) is
reduced [50]. The increase in free electrons due to the charge accumulation is presented in
discharges occurring in the same half-cycle (homo-discharges) [51]. The RPDIV follows
the definition of homo-discharge, as subsequent PDs in the same half cycle are necessary.
This is demonstrated in [52], where PD patterns are shown for 100 Hz and 1 kHz. For
high frequency, charge promotes PD events reaching high PD magnitudes, whereas, at low
frequency, the PD magnitudes are lower, especially in the positive flank, due to the absence
of a charge. Additionally, S. Akram et al. [19] conducted PD experiments under repetitive
impulse voltages at higher voltage values than PDIV. The authors observed that, for higher
frequencies, the PD activity was triggered earlier during the rising edge. It is concluded
that this effect is caused by the charge accumulation left by the previous discharges, similar
to [48,49].

Similarly, in [28,53], it is observed that, for unipolar PWM waveform, the RPDIV (defined
by the peak-to-peak impulse voltage) decreases with an increase in the switching frequency in
the range of 20-200 kHz, being stabilised at around 75-100 kHz. It is mentioned that, above
10 kHz, the memory effect can be considered perfect, so its effect at higher frequencies should
be constant. Aside from the charge accumulation, these researchers studied two main factors
to explain this effect, the relative permittivity of the insulation and the oscillation of the wave
forms in the frequency range used. After measuring the relative permittivity at different



Appl. Sci. 2023,13, 2417

8 of 38

frequencies, they concluded that its variation is not considerable enough to have an effect on
the RPDIV. Alternatively, they examined the instantaneous frequency spectrum of the pulse.
They found that the largest frequency content corresponds to the overvoltage and does not
change for different switching frequencies. Consequently, they confirmed that the RPDIV
is not dependent on the different instantaneous frequency contents of the applied voltage
overvoltage. Finally, they concluded that the average amplitude of the overvoltage changed
with the increase in the frequency, even maintaining the peak voltage. Thus, the probability
of developing the PD is higher and the RPDIV can be detected in lower voltage levels at
increasing voltage tests (generally used to determine PDIV and RPDIV).

To summarise, the PDIV is not affected by the switching frequency, as it is defined
when the first PD is developed. The RPDIV, however, is affected by the enhancement of
free electrons due to charge accumulation at frequencies below 10 kHz, which decreases
the RPDIV. Moreover, the overshoot average amplitude also increases the probability of
developing the PD in switching frequencies up to 75-100 kHz. Finally, over 100 kHz, the
RPDIV tends to stabilise.

Rise Time

There is no agreement about the effect of the rise time on the PDIV in the literature.
There are two main conclusions: (1) the PDIV is not affected by the rise time, but by the
overshoot and its characteristics, which are enhanced at low rise times. (2) The PDIV is
decreased with a decrease in the rise time when there is an absence or low overshoot.

Referring to conclusion (1), several authors agree that the rise time does not affect
the PDIV, but the overshoot resulting from the low rise time used in WBG devices is the
main factor affecting the PDIV [26,45,46,52,54]. Therefore, different results are obtained
depending on whether the PDIV definition is determined by selecting DC voltage or peak
voltage (explained in Figure 2). The results reported in the literature for PDIV peak and
PDIV DC are summarised in Figure 3. The PDIV values are normalised to the highest rise
time (which is also the lowest overshoot) in each study.

O P.Wang et al. unipolar positive L.Lusuardi et al. bipolar square
* P.Wang et al. unipolar negative + H.Naderiallaf et al. unipolar positive
< P.Wang et al. bipolar square * H.Naderiallaf et al. unipolar negative
1.2
1.6 15
—_ — 1 & 3 * . <
S 144 13 2] ¥
=9 s x
> 12 1> 0.8 %4
2 5.
| [-Bep b 3 : % . $& 06t
0.8 . . . ) 0.4 . . ) )
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(b) (d)

Figure 3. Bibliography results (P.Wang et al. [45], L. Lusuardi et al. [26], and H. Naderiallaf et al. [54])
of (a) PDIV peak vs. rise time; (b) PDIV DC vs. rise time; (c) PDIV peak vs. overshoot; (d) PDIV DC
vs. overshoot.

In Figure 3 the, peak and DC PDIV are collected depending on the rise time and overshoot
percentage. Focusing on Figure 3a, it can be seen that, independent of the waveform and
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its polarity (bipolar or unipolar positive and negative), for a rise time above 20 ns, constant
peak PDIV values were obtained. On the contrary, for lower rise times, there was a general
increasing effect. For some researchers, this inflexion point was below 20 ns [45], whereas
for others it was below 15 ns [26]. Moving to Figure 3b, the DC PDIV showed a similar effect
but with a decreasing tendency. The change from a constant to an increasing/decreasing
effect of the PDIV comes with a considerable increase in overvoltage. The relationship
between the PDIV and the overshoot is depicted in Figure 3c,d. At low overshoots, there
is no considerable effect on the peak and DC PDIV, as there is at high overshoots, which
correspond to 7 ns [26], 20 ns, [45] and 80 ns [54] rise times.

Figure 4 summarises the relationship between the peak and DC PDIV, depending on
the overshoot. A linear relationship is evident. The difference between the peak and DC
PDIV value increased with the waveform overshoot.

P.Wang et al. unipolar +

P.Wang et al. unipolar -

P.Wang et al. bipolar > |

L.Lusuardi et al. bipolar

H.Naderiallaf et al. unipolar +

H.Naderiallaf et al. unipolar - y =0.0098 x +0.997
. R”=0.983

A x O

+

*

PDIV peak/ PDIV DC [p.u.]
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Figure 4. Relationship between PDIV peak and DC as a function of the voltage overshoot based on
the literature results (P.Wang et al. [45], L. Lusuardi et al. [26], and H. Naderiallaf et al. [54]).

After observing the impact of overshoot on the PDIV, N. Hayakawa et al. [31] proposed
an extended volume-time theory based on the Streamer discharge mechanism, which deals
with the generation probability of starting electrons considering temporal and spacing
changes in electric field distribution (Section 2.2.4). With this theory, the PDIV can be
discussed as the sum of starting electrons generated and is defined as the voltage level
where the generation probability exceeds 50%. Accordingly, with surge voltages, the
available starting electrons’ quantity is the dominant factor used to define the PDIV. Several
waveforms with rise times between 60 and 3000 ns and overshoot between 150% and
180% are analysed in [31] to validate the theory. It is worth mentioning that the highest
overshoot corresponds to the lowest rise time, whereas the lowest overshoot corresponds
to the highest rise time. It is noticed that peak PDIV increases with high overshoot, similar
to in the previously mentioned studies [26,45,54]. In this case, however, peak PDIV is
further increased for lower rise times, despite having a similar overshoot of higher rise
time waveforms. It can be said that not only does the overshoot level influence the peak
PDIV, but also the rise time. For the same peak voltage level, the higher the rise time, the
higher the discharge generation probability. The time the voltage is maintained above the
inception value is higher, increasing the starting electron availability. Hence, the studies
concluded that the PDIV increases with a decrease in rise time due to the characteristics in
the time range of the inverter surge voltage.

Moving to conclusion (2), several authors conducted PDIV measurements without
or with an inconsiderable overshoot (<10%) in order to separate the impact of the rise
time from the overshoot [43,47]. Z. Wei et al. [47] showed that the PDIV (measured in
peak) is reduced by 28% if a square unipolar positive voltage with a rise time of 150 ns is
used instead of a 60 Hz sinusoidal waveform. Moreover, by decreasing the rise time from
150 ns to 60 ns, the PDIV is decreased by 21%. The study concluded that the AC PD test
does not correctly evaluate the insulation capability of electrical apparatus subjected to
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impulse voltage stress. Similarly, the authors of [43] stated that the DC PDIV decreases by
23-38% when the rise time of a unipolar waveform is decreased from 1000 ns to 150 ns.
However, its influence is not so evident in the rise time range 100-150 ns. In [26], a low rise
time bipolar square waveform without overshoot (150 ns and 1%, respectively) measuring
the PDIV (measured in peak and DC) results were compared with sinusoidal waveform
measurements; these were found to have a negligible difference. Hence, it supports using
sinusoidal waveforms to test the winding insulation.

To explain how the rise time influences PDIV, the authors of [43] observed, based on
the extended volume-time theory, that for different rise times, the number of electrons (Np)
necessary for PD to happen is stable. For a fixed pulse width, with a shorter rise time, the
electron generation can start earlier, as long as the applied voltage exceeds the inception
voltage. However, it must also be considered as the initial electron generation rate in the air
gap and the enamel surface, which depends on the electric field. As shown in [31], the electron
generation rate from the air gap and enamel surface is increased with an increase in electric
field intensity and as a result of applied voltage. Moreover, the author of [43] mentions that,
under different rise times, the space charge influencing the electric field may be different and
could influence the electron generation rate. Therefore, not only the rise time but also the
electron generation rate are important factors for the PDIV in waveforms without overshoot.

Based on the theoretical explanations provided by the authors of [43], a simplified
schematic representation is depicted in Figure 5. For a fixed pulse width, two rise times
are represented. For a lower rise time, the ignition voltage is reached earlier and electron
generation starts earlier (¢y;). The electrons have enough time to reach a critical value and
develop the PD activity. On the contrary, for a higher rise time, in addition to a later electron
generation starting (fgy,), the generation rate is slower and, therefore, by the time critical Ny
is achieved, the applied voltage can be at a lower level than at inception, thereby avoiding
PD, and the PDIV can be set to a higher voltage level.

Voltage 1 PD
V|-l \
Y \%) PD
¥ Timé
N(J A i : E
NOcritical ; E
tor ton Timé

Figure 5. Simplified sketch of the effect of rise time on PDIV.

Overall, when the PDIV is measured with high overshoot, the main factor influencing
it is the overshoot level rather than the rise time. In this case, it is not possible to correctly
measure the ignition voltage as error results if the peak or DC value of the applied voltage
is considered as the PDIV. Higher overvoltage will result in higher error results. However,
if the measurement is carried out without overshoot, there is no consistent answer in the
literature. Considering that the rise time influences the PDIV, with a lower rise time, the
initial electron generation starts earlier (as long as ignition voltage is overcome) and a lower
voltage is sufficient to achieve PD, resulting in a lower PDIV value (even considering peak
or DC applied voltage values).

Pulse Width

Generally speaking, researchers agree that a longer pulse width increases the proba-
bility of a starting electron occurring, as long as the applied voltage is maintained above
the inception voltage. Once the ignition voltage is reached, if the pulse is maintained for
a long time, there is more time to obtain a critical initial electron number, favouring PD
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activity [48]. However, the effect of the pulse width on the measurement and definition of
the PDIV is not so clear.

Some authors state that the PDIV is not dependent on the pulse width as long as the
rise time is sufficiently high [52]. Cavallini et al. [52] concluded that there is no effect on
the PDIV for unipolar 50 Hz and 300 ns rise time pulse in a range of 0.5-50 ps pulse width.
This is similar to in [54], where it is perceived as having an almost constant but slightly
increasing effect on the PDIV with a pulse width for unipolar (positive and negative)
2.5 kHz and a 160 ns rise time pulse in a pulse width range of 40-100 us (duty rate 10-25%).
The slight difference in the results is mainly related to the measurement uncertainty. At
a lower pulse width, the variance of the results is higher, due to the higher impact of the
firing electron delay.

On the contrary, Wei et al. [43] noticed a dependency of the PDIV on pulse width, with
a 1000 ns rise time for unipolar waveform (1-100 kHz). They came to the conclusion that the
PDIV is reduced with an increase in the pulse width (2-800 ps), following, approximately,
an inverse power law. The authors deduced that, for a defined rise time, the number of
initial electrons was maintained for different pulse widths. For a longer pulse width, the
electrons can be generated within a longer period (as long as the applied voltage is higher
than the ignition voltage), and a lower applied voltage is enough to reach the necessary
number of electrons to derive a PD. Therefore, the increase in the pulse width decreases
the PDIV, with a smaller effect for longer pulse widths. Similar results are presented for
formed wound samples [55] and plate-point analysis [56].

Considering lower rise times, Wei et al. [43] also observed the same tendency that they
observed for higher rise times (1000 ns) in the range of a 100-150 ns rise times. However,
with a 70 ns rise time, L. Benmamas et al. [57] identified an increasing effect of PDIV
(9%), with a pulse width in the range of 1000-9000 ps for unipolar 100 Hz waveforms.
The authors explained that the increase in PDIV is mainly related to a decrease in the
nonconduction duration (when the voltage is 0 V) over a period of time (9000 and 1000 ps
nonconducting duration for 1000 and 9000 ps pulse widths, respectively). The application
of the voltage generates the displacement of the surface charges, creating an electric field
in opposition to the applied electric field and reducing the total electric field. During
nonconduction periods, these charges are redistributed. When the nonconducting time slot
is low compared to the exposure time, only a fraction of charges are redistributed, resulting
in a charge accumulation, which decreases the total electric field. The PDIV can be defined
at a higher voltage level (the case of 9000 us pulse width and 1000 us nonconducting
duration). When the authors developed the same analysis with a 1 kHz waveform (pulse
width 100-900 ps), the influence of the pulse width on the PDIV was reduced. In these
cases, the nonconducting duration was higher than the pulse width, leading to a lower
influence of the charge accumulation between consequent pulse widths. This would agree
with the results reported in [52,54] as the nonconducting interval of the different pulses
are high compared to the voltage exposure so that the resulting PDIV remains practically
constant. It has to be mentioned that, in [57], the variance of the measurements is high and
the maximum difference of the PDIV with a duty cycle is not higher than 10%.

To sum up, a higher pulse width enhances the PD appearance, as there is enough time
to achieve the critical initial electron number. However, the influence of the pulse width
on the PDIV is not clear. For high rise times, the effect of the pulse width appears to be
negligible, as the critical initial electron number is reached during rising. For lower rise
times, the authors of [43] stated that the pulse width decreases the PDIV, assuming that
there is more time to reach the electron number. Other researchers concluded that the PDIV
increases if the nonconduction duration is short compared to the exposure time (pulse
width) due to charge accumulation.

2.1.3. Summary of Variables Affecting PDIV

Several investigations regarding the effect of environmental conditions and electric
variables on PDIV definition are summarised in Table 1. The most relevant variables are
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summarised and the effect of an increase in each variable on the PDIV is categorised as
increase, decrease, or negligible. The measuring conditions are specified only in the cases
that they are considered relevant. For instance, the differences in the effect of humidity on
high and low voltage levels.

Table 1. Summary of variables affecting PDIV.

Affecting Effect on Measuring
Variable PDIV Range Conditions Reason Notes Ref.
Pressure Decrease 5-50/70 mbar - |} air breakdown V Range depends on air [26]
Increase 100-1013 mbar - 1 air breakdown V gap and material [26-28]
o V<5kV
Decrease >50% Tamp < 50 °C 1 insulation permittivity [20,29,34]
070, V<35kV and bulk space charge =
10-97% Ty = 25,90 °C [20,36-39]
V >5kV 1 air breakdown V, |
0, 7
Humidity Increase <50% Tymp <50°C  area of PD activity ) 20,291
V <35kV Surface discharge more
| 00 —
50-97% Tamp =30 °C prominent than internal (3]
<
1‘{ - 3_'52?({ C PDIV dependency due
Negligible 50-95% amb = to bare hand - [38]
Pure water .
. contaminants
washing
Temperature Decrease 25-230 °C - | air breakdowr.l V a.nd [26,38-40]
change of permittivity
Sinusoidal Under absence of [26,33,44]
overshoot
After prolonged PD
It is defined by i
Waveform and L. . . exposition PDIV
polarity Negligible Bipolar square - pealak-to-peak applied increased by memory [26,33,44]
voltage effect
Unipolar Consecutive PDIV
p measurements increased  [26,33,44]
square +/— b
y memory effect
1 space charge due to
2-10,000 Hz homo-discharge [48,49,52]
Decrease * _ memory effect _
o 10-75 kHz 1 average amplitude of [28,53]
Switching overvoltage
frequency If permittivity of the
. No memory effect on insulation is
Negligible 1-200 kHz ) the detection of first PD  independent on [26,57,46,47]
frequency
Increase 60-1000 ns No overshoot | time ff)r initial electron [43,47]
generation
o Overshoot in Resulting from
Rise time 7-1000 ns low rise time overshoot rather than - [26,45,46,52,54]
Negligible waveforms rise time c o6t
150 ns No overshoot Jompared to “ [26,46]
sinusoidal
Rise time 1 time for initial electron ~ Change frequency and
Decrease 2-800 ps 100-1000 ns generation duty rate [43,55,56]
. non-conducting
Increase 1000-9000 ps Rise time 70 ns, duration > conducting Same frequency, change [57]
100 Hz i duty rate
Pulse width me
Rise time > Critical initial electron
0.5-100 us 160 number during rising [52,54,57]
Negligible ns edge Same frequency, change
ise ti - ing ti of duty rate
100-900 ps Rise time 70 ns,  Non-conducting time > ty [57]

1kHz

conducting time

* for RPDIV.



Appl. Sci. 2023,13, 2417

13 of 38

2.2. PDIV Modelling

With the purpose of ensuring that PD-free service lasts as long as possible, it is crucial
to consider the PDIV during the preliminary design stage of the insulation system. As
previously mentioned, the turn-to-turn insulation is the weakest point of the insulation
system and has a higher probability of developing PD activity. Therefore, to design an
insulation system adapted to the application preventing PD, it is necessary to develop
accurate models for the estimation of turn-to-turn PDIV.

Several models are developed in the literature and can be separated into three cate-
gories: analytical equations, FEM (Finite Element Method) simulations, and probability
models. Among them, several models are based on Paschen’s law, which defines the break-
down voltage of a gas between two electrodes. Hence, first, Paschen’s law is introduced
and some notes on its use in twisted pair PDIV estimation are gathered.

2.2.1. Paschen’s Law

Paschen’s law describes the breakdown voltage for a given gas and electrode material
under uniform electric field conditions, as a function of the product of gas pressure and gap
length. This law is developed under constant pressure and temperature conditions [25]. The
analytical expression derived for the breakdown voltage (V) is described in Equation (2):

Vg = Bipj;; )
l;’l( kalr)
1
k=1In 1+> 3
(! .

where A and B are experimental constants and depend on the gas composition (for air:
11.25 Pa—'m~! and 273.75 VPa 'm~!, respectively, [58]), P is the air pressure, d,;; is the
path followed by the electronic avalanche (the electric field lines) , and <y is the Townsend’s
secondary electron emission coefficient, which describes the average released electrons
from the cathode per incident positive ion [25]. It is important to note that this voltage is
considered as peak to peak [59].

Despite Paschen’s law being widely used in the literature for the estimation of the
PDIV [38,53,59-68], its application to the case of enamelled twisted pairs presents some
limitations that must be taken into account.

1. In the general use of Paschen’s law (using parallel plate electrodes), for a given
pressure, the first ionisation phenomena (') is considered constant in the distance
dair, defining d,;; as the perpendicular distance between electrode surfaces. Several
authors have used the same definition to model the PDIV on twisted pairs with FEM
simulations [60,68,69] or analytical models [59]. Indeed, the difference between the
real and straight field length has been shown to be lower than 1% for small distances,
while it is about 7% for distances larger than 50 pm [69]. Adversely, Gémez de la
Calle et al. [70] stated that this simplification of assuming a constant effective first
ionisation phenomenon is not correct for this specified geometry. In twisted pairs, the
path defined by the perpendicular distance between wires does not match with the
path followed by the electric field lines. Therefore, this approach is questioned.

2. Paschen’s law is based on Townsend’s ionisation mechanism. Although several au-
thors used Paschen’s law for the definition of the PDIV [59,60,62,63,70], in [70], the
author notes that some works have proven that the streamer inception mechanism is
more effective. Additionally, L. Lusuardi et al. [71] argued that, as enamelled twisted
pairs, electrodes are covered by an insulation film, so the emission of secondary elec-
trons from the insulated cathode by positive ions is extremely unlikely. Accordingly,
Paschen’s law can not be used to estimate the PDIV and should be replaced by the
streamer criterion. The main concept of this criterion is the single-electron-avalanche
mechanism, which defines the breakdown voltage of the air when the number of
electrons reaches a critical number. The relationship between the number of electrons
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along a field line and the critical electron number is defined by the Schumann criteria
(Equation (4)):

dair
ks = / degr(x) dx = InN (4)
0

where . is the effective ionisation coefficient of the anode, N is the critical number
of electrons for the breakdown, and k; is a dimensionless constant, generally taken as
18 for air.

3. Independent of the use of Paschen’s law or Schumann’s criteria, there is no consensus
in the literature regarding the definition of the value -y for Paschen’s law and ks for
the Schumann criteria. Concerning -, although it is well defined for metal electrodes,
there is uncertainty about its value for different kinds of enamel materials [62,70].
Regarding the Schumann constant kg, although it is generally defined as a constant
value (18 for air), the prediction of the PDIV using this value seems not to be very
accurate [71].

4. Itis well known that the breakdown voltage of the air is affected by atmospheric condi-
tions such as temperature, pressure, and humidity. Several authors [26,30,38,53,65,72]
stated that Paschen’s law is not valid for certain atmospheric conditions and proposed
corrections for Equation (2).

Different kinds of solutions are proposed in the literature to overcome the issues related
to the definition of Townsend’s secondary ionisation coefficient (y) and the Schumann’s
criteria constant (ks ), as well as to consider the influence of the temperature on the Paschen’s
law. These solutions are collected in the following lines.

Townsend’s Secondary Ionisation Coefficient () and Schumann’s Criteria Constant
(ks) Correction

As mentioned before, researchers do not completely agree about the value of the y
coefficient. v = 0.01 is a well-known value for metallic electrodes. Several researchers have
obtained good accuracy in the estimation of PDIV by applying this value to polymeric
enamelled twisted pairs [63,69]. On the other hand, others have adjusted the 7y value in
order to achieve good accuracy in the estimation of the PDIV compared to the experimental
results. For instance, M. Szczepanski et al. [59] adjusted = 0.001, which best fits their
experimental measurements using a PEI (Polyester-imide) and PAI enamel combination.

Bearing this in mind, P. Collin et al. [62] proposed a method to predict the y value
by iterations, based on a mixture of numerical and FEM calculations and comparing with
the experimental results. Firstly, a FEM model is built by using a precise enamelled profile
with the help of a microscope and representing the true experimental configuration. Then,
the 2D electrostatic problem is solved using FEM, with the experimental PDIV value being
the input of a high voltage conductor (see Section 2.2.3), to calculate the voltage drops
along straight field lines between the wires. The computed voltage drops are compared
to the Paschen’s curve and the 7 is iterated until the Paschen’s curve intersects with the
voltage drops. Using this method, 7 = 0.0006 is proposed by [62] for PAI overcoat samples.
Moreover, negligible differences are observed for different diameters, meaning the same y
value can be used.

A similar methodology was proposed by M.Gomez de la Calle et al. [70] but by
considering constant electric field lines to define d,;,. In this case, the v value is defined
as 0.0078 based on the arithmetic mean of the value estimated for different diameters and
relative permittivity values (the materials have different epoxy resins, not specified). It is
shown that using this mean value, the maximum error achieved in the estimation of PDIV
for different wire diameters and permittivity values at room temperature is about 5%. The
same process for the estimation of -y is developed at 100 and 150 °C, showing that vy tends
to decrease with an increase in the temperature. Nonetheless, after analysing the errors
and variations in the estimation, the author concludes that the changes in the material type
and manufacturer are more important than those in the temperature.
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Finally, Y. Kemari et al. [73] proposed a different method for 7y estimation. In a
similar way to [70], the electric field lines and scalar potential were computed using FEM.
Then, the results were integrated into self-developed software to predict the PDIV using
Townsend’s theory in a range of y from 107° to 102, The y was interpolated for the
defined experimentally PDIV. This way, 7 = 0.00065 was proposed for the PI (Poly-imide).
In this case, the dependency on the temperature was also studied, showing an increasing
tendency, contrary to [70], but with a negligible variation. Moreover, using v approximated
at 20 °C for temperatures up to 200 °C to predict the PDIV did not lead to an appreciable
difference, which is in agreement with [70].

Concerning the Schumann criteria constant (k;), as mentioned before, it is generally
established at 18 for air. However, L. Lusuardi et al. [71] showed that this value must
be adjusted depending on the specific electric field. Indeed, they proposeed an iterative
method to define this value. Firstly, a FEM analysis was carried out in a similar way to [70],
defining the measured PDIV as the input voltage to determine the electric field across
each field line in the air wedge between the wires. Then, they imported gas ionisation
parameters as a function of the specific electric field. Finally, the integral described in

Equation (4) was evaluated. Starting with ks = 18, if ks > fodai‘ aegr(x) dx for at least one
electric field line, ks is defined. Otherwise, ks is reduced and the last step repeated. Using
this process, ks = 5.98 was defined from the mean value of the different wire diameters
and enamel permittivity, with a maximum error of 9% for room and high temperatures.

Temperature Correction

Two main corrections were applied to Paschen’s Equation (2) in order to consider the
influence of the temperature. On the one hand, the Peek correction was based on the gas
density, considering the ideal gases law with constant volume. The air density was adjusted
from reference conditions to new pressure and the temperature as in Equation (5). The ex-
pression described by Paschen’s law (Equation (2)) was corrected as in Equation (6) [65,72]:

Prew Tref
= 5
Pref Thew ( )
VB (Pnew/ Tnew) =pVg (Pref/ Tref) (6)

On the other hand, the Dunbar correction, based on the Gay-Lussac law, consists of
obtaining an equivalent pressure considering the surrounding air as a perfect gas (Equation (7)).
Then, Paschen’s Equation (Equation (2)) is solved with this equivalent pressure [65,70-72]:

Tret
P equivalent — Pref T = @)
new

According to [65,72], the Dunbar correction correlates better to their results than the
Peek correction at atmospheric pressure. Nonetheless, for Sili et al. [65], when the tempera-
ture and pressure were combined, both corrections no longer followed the behaviour of
the experimental points. In the manner of [70,71], good results were achieved using the
Dunbar correction.

2.2.2. Analytical Equations

It is necessary to take into account the fact that some assumptions and simplifications
might be used to estimate the PDIV. Due to these simplifications, analytical models generally
are less precise than the FEM simulations. The main advantage is that a much lower
computational load is required.

Dakin Model

Dakin et al. [74] measured the PDIV value on a wide range of insulating materials and
thicknesses and presented an empirical equation, Equation (8), based on the relationship
between the insulation thickness and its relative permittivity:
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£ 046
PDIV = 163 (ms> 8)
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where the PDIV is provided in Vins, tins is the total insulation thickness in um , and &,
is the relative permittivity of the insulation. In the twisted pairs, ting is twice the enamel
thickness (as there is one layer in each conductor) and, in the case of using different enamel
materials, the mean value of the relative permittivity should be used (&;).

Despite this equation fulfilling a wide range of insulation thicknesses and relative per-
mittivity values, the environmental conditions of the measurements, such as temperature,
are not considered.

Parallel-Plate Capacitor Model

M. Szczepanski [59] proposed a PDIV prediction model for twisted pairs based on
two well-known equations. On the one hand, it simplifies a twisted pair as a parallel-plane
capacitor with two copper conductors separated by an enamel-air-enamel layer. It assumes
that the thickness of the enamel (in um) is significantly lower than the diameter of the
copper wire (in mm), so its curvature can be neglected. Therefore, the series capacitor
simplified insulation model from Equation (9) proposed by [75] can be used. On the other
hand, bearing in mind that the PDIV is the minimum voltage at which the voltage across
the air gap is equal to the breakdown voltage of the air, defined using Paschen’s law [25]
(Equation (2)), it concludes that the PDIV is the lowest total voltage V, where V,;, = V5 for
different air gap sizes (Equation (10)).

Vai t t
V= alr><d.+1nsl+ msZ_'_“') 9
<dair o €r1 SV ( )
PDIV—min[(VB><dair+thl+tir152+...ﬂ (10)
dair €r1 &r2

where V is the voltage between conductors, Vj;; is the voltage in the air gap, d,; is the
thickness of the air gap, Vp is the air breakdown voltage defined by Equation (2), and tj,g;
and &,; are the thickness and the relative permittivity of each insulation layer, respectively.

As Paschen’s law is used to develop Equation (10), the limitations described in
Section 2.2.1 are directly derived in this model. Firstly, as mentioned, the author assumes
that the twisted wire can be simplified to a parallel plane capacitor neglecting the curvature
of the enamel and, thus, the air gap distance is defined as the straight distance between
electrodes. Secondly, Townsend’s criteria are used, with difficulties adjusting the 7 (as
mentioned by the authors). Finally, the temperature dependence of the Paschen’s curve is
not considered.

Lusuardi Model

Based on the experimental results from measuring the PDIV at different pressure levels
using 50 Hz AC, L. Lusuardi et al. [26] proposed an analytical model for the estimation of
the PDIV at different pressure and temperature levels. First, they defined a new empirical
model using linear regression based on the PDIV measured values as a function of the
logarithm of pressure (in bar). Then, since the ionisation process depends on the mean free
path, which is inversely proportional to the number density (number of gas molecules per
cubic meter), they reported the results as a function of the number density. The number
density is dependent on the pressure and temperature, so Equation (11) can be deduced as
normalised to reference values.

PDIV Poew T, Prew Tret \?
T2 VPhew, Tnew _ +o,2991n<“ewref> +0.04461n(“ewref> (11)

PDIVref ref ‘new P, ref ‘new

where PDIVp T, is the estimated PDIV value at the desired pressure and tempera-
ture, PDIV s is the experimentally measured PDIV value at the reference pressure and
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temperature, Pof and Ty are the pressure and temperature at which experimental PDIV
measurement is collected, respectively, and Prew and Thew are the pressure and temperature
at which the PDIV is estimated, respectively.

The author’s reasoning for the use of this model is that the Paschen’s curve is not able
to adequately reproduce the dependency of the measured PDIV on pressure. However,
the author mentions that it is not valid if the relative permittivity has a considerable
dependency on the temperature. The maximum temperature analysed is far from the glass
transition temperature and the permittivity change is negligible within this temperature
range for the used samples. Hence, this model might not be valid for insulations with glass
transition temperatures close to the operating temperature. In this kind of insulation, the
contribution of the permittivity increases at high temperatures, so the permittivity should
be considered as a separate variable.

Estimation Considering Rise Time and Pulse Width

Based on the extended volume-time theory, explained later, Wei et al. [43] proposed
a model to estimate the PDIV for a single pulse based on the experimental results, where
the rise time and pulse width are considered. Assuming that the initial electron generation
probability (defined using the Extended Volume-Time theory) can be approximated as
the accumulated PD probability, the authors stated that this probability can be obtained
from the experimental PDIV value and time delay value (the time period since the applied
voltage meets the ignition voltage until the PD is developed; see Figure 5).

P(t) =1—e Alt-h) (12)

V;

incfr

P(t)=1— Ao ) (13)

where A is the equivalent initial electrons from the air volume and enamel layer surface and
to is the time when the ionisation process starts. Under the same environmental conditions,
to corresponds to the instant at which the applied voltage (V,pp1y) is equal to the inception
voltage (Vinc). In this case, the authors considered that the ignition voltage is the measured
PDIV in the test sample under a constant DC voltage. As the rise time (f;) is defined
between 10% and 90% of the applied voltage, a 0.8 factor is used. Therefore, Equation (12)
can be rewritten as Equation (13).

With the aim of simplifying the acquisition of the equivalent initial electrons, the
authors propose Equation (14) for the quantification of A, considering Equation (13) and
experimental PDIV (defined when the probability is 50%) and delay time data.

AV,

tr) = aVippr, lct? (14)

pply’ pply

where a = 1.038 x 1074, b = 7.542, ¢ = 2114, and d = —1.149 with a goodness R?
fitting of 0.9409 based on 100 ns data. Vapply and t, are in kV and ns, respectively. The

term (ct,%) is a correction function that equals 1 when the rise time is 100 ns. In order to
introduce the impact of the pulse width, the authors conclude that the critical number of
electrons necessary to trigger the PD is relatively stable regardless of the pulse width and
rise time. Hence, the number of critical initial electrons generated can be described by the
Equation (15). The term (Vinctr/ O.8Vapply) is negligible compared to the pulse width (in ps).
Thus, based on Equations (14) and (15), the relationship between PDIV, pulse width t,, (in
us) and rise time ¢, (in ns) can be defined as in Equation (16):

Vinct
N, (ty) = Al tp — =2 15
o(tw) (”’ o.svapply> (15)

1
b
PDIV = (N"(tw)> to B b (16)
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Intending to simplify the model, the authors also propose an alternative considering a
reference value (Equation (17)), being n = —0.1142 and m = 0.01818 with a goodness R?
fitting 0.9484.

tw N/ \"
PDIV—PDIVthloous,tr=12Ons(18]0) (12ro) (17)

This model is suitable only for cases in which there is neither an overvoltage in the
applied voltage waveforms nor space charge accumulations. Indeed, the authors mention
that the space charge distribution can be different depending on the rise time, due to the
fact that the rise time can impact the electron generation rate. Moreover, as the model
is developed for a specific insulation enamel material at room temperature, the constant
values (a,b, ¢, and d) would possibly not fit other insulation enamels and temperatures,
so new experiments would be necessary to adjust the model. The temperature will most
likely change the A values, as Vi would be reduced with the increase in temperature.
Nonetheless, the main benefit of this model is that it offers a good approximation for the
estimation of PDIV in a relatively simple way, considering rise time and pulse width at
ambient temperature for a specific enamel.

2.2.3. FEM Simulations

Two different approximations have been identified in the literature for the estimation
of the PDIV based on the FEM simulations. In all of them, the FEM simulations are devel-
oped in order to determine the electric field or potential difference across two insulated
wires [38,60,62,63,69,70]. The geometry used is defined as in Figure 6. Then, the results
are evaluated by applying different methods to define the PDIV value (Paschen’s law or
Schumann criteria).

The FEM model attempts to simulate the most critical situation of turn-to-turn in-
sulation, where one conductor is subjected to high voltage (HV, defined as peak-to-peak
voltage) and the other to 0 V (GND) and there is no impregnation. dj, is the conductor
nominal diameter, t;,s is the insulation thickness, dj is the minimum distance between
wires, d is the horizontal distance between the wires, and d is the length of the electric
field line. Using this model, the voltage distribution of the air gap is computed in the range
of the gap distance (defined as d or d).

d

(6]

insulation conductor

Figure 6. FEM model geometry.

FEM and Paschen’s Law

In order to define the PDIV value using a combination of FEM and Paschen’s law, FEM
simulations for different voltage level inputs are developed. The voltage distribution of the
air gap in the range of gap distance is calculated using FEM and subsequently compared to
Paschen’s law (Figure 7). If the FEM curve crosses the Paschen’s curve, there is PD activity.
If the FEM curve does not cross the Paschen’s curve, there is no PD activity. Thus, the PDIV
is defined as the point where the FEM curve is tangential to the Paschen’s curve, as shown
in Figure 7.

The main idea behind this method is included by different authors. Nevertheless,
as described in Section 2.2.1, there is no agreement in the literature as to whether d,;; is
defined as the horizontal distance between the wire surfaces (defined as d in Figure 6) or
the path followed by the electric field lines must be used (defined as d. in Figure 6) to
define the distance followed by the electrons (d,i, in Equation (2)).
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The straight-line distance between the two surfaces is used to define the electric field
in [38,60,62,69]. Indeed, when using a straight distance, an error of around 2% [69], less
than 5% [60], and less than 3% [38] is reported in the literature in the estimation of the PDIV.
Additionally, of the cited studies, [38] obtained PDIV values for different temperatures
by considering the permittivity dependence on the temperature and the Paschen’s curve
temperature correction. In the case of [62], this method was used to obtain the  value as
described in Section 2.2.1.

However, other authors [63,70] used constant electric field lines to estimate the PDIV
and defined the 7y value based on the reasons stated in Section 2.2.1. For that, the electric
field in the air gap between the wire surfaces is first computed using FEM. Then, constant
electric field value points are identified and a function based on a second-order polynomial
is defined. Finally, the d. is calculated using the integral of polynomial between two points.

Paschen's curve

- - -FEM VHV=910V
FEM VHV =1000V| PD activity

S
W

.z

Air breakdown Voltage [Vp-p]

[
(=
S

No PD activity

107 107!
Gap distance [mm]

Figure 7. Schematic description of PDIV definition using FEM and Paschen’s law.

FEM and Schumann Criteria

As explained in Section 2.2.1, L. Lusuardi et al. [71] reported that, in twisted pairs,
there are nonuniform electric fields. Moreover, the emission of secondary electrons from the
insulated cathode is unlikely, so Paschen’s law cannot be used to predict the PDIV and must
be replaced by the streamer inception criterion. With this criterion, the PDIV is defined as
when the number of electrons of an electric field line fulfils the Schumann criteria.

The method proposed by L. Lusuardi et al. [71] uses FEM simulation and Schumann
criteria to define the PDIV, considering the effect of the temperature. The Schumann
constant is defined as 5.98, as explained in Section 2.2.1. The method consists of the
following steps:

1. Define an initial voltage for the 2D FEM simulation model and compute the electric
field and the constant electric field line length, similar to in [70].

2. Import a database of gas ionisation parameters as a function of the specific electric
field aeft(E/ Pequivalent)- Where Peguivalent is defined as in Equation (7).

3. Verify if the Schumann criteria are satisfied (4) for at least one electric field line. If not,
repeat the process, increasing the voltage.

With the proposed method, the author obtains the maximum error of 9% between the
experimental and model data for different wire diameters at 25 and 150 °C. M. Gomez de
la Calle [76] exposes the comparison between the use of Paschen’s law and Schumann’s
criteria for the definition of the PDIV using a combination of each criterion with FEM
simulations, as defined in [70] and [71], respectively. At room temperature, Paschen’s law is
chosen, since the prediction error is reduced from 4.19% using Schumann’s to 2.36% using
Paschen’s. However, the difference between the methods is reduced at 150 °C, where a
7.16% and 7.05% error is reported for Schumann’s and Paschen’s, respectively. Moreover, if
the PDIV for humid environments (not considered in both models) is desired, the estimation
error increases to 15%. Thus, it is concluded that using one model instead of the other is
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not so relevant, as long as external uncertainties, not considered in the models, have greater
error values.

2.2.4. Probability Model

Both analytical and FEM-based models refer to a deterministic approach and, when
certain conditions are met, PD will occur. However, this assumption is not always fulfilled.
As mentioned several times in Section 2.1, the time when the applied voltage is maintained
above the ignition is a key factor in the initial electrons’ availability. If the applied voltage is
maintained during too short a period, for example in overshoots, even though the applied
voltage is higher than ignition, it is unlikely that initial electrons will be available. Therefore,
probabilistic PDIV estimation models combining the probability associated with the initial
electron availability and the inception voltage condition are developed considering the
applied voltage evolution over time. Within these models, the volume-time theory deals
with the air gap initial electrons’ generation probability in consideration of temporal and
spatial change in electric field distribution, to estimate discharge inception at bare electrodes.
Based on this theory, N. Hayakawa et al. [31] proposed the extended volume-time theory,
where, in addition to the number of electrons detached in the air gap, it also considers
the number of electrons generated using electronic emission from the enamel coating of
electrodes. The probability of initial electrons can be computed as described in Equation (18)
and the PDIV is defined as when this probability is 50%.

P(t) = 1 — e (Rv(+Rs()dt a8)
Ry()= [ (1= T)av (19)
Rs(t) = [ rs(1-1)as (20)

where Ry (t) (Equation (19)) is the air gap initial electrons and Rg(t) (Equation(20)) rep-
resents the initial electrons on the enamel surface. V. and S, stand for the critical air
gap volume and enamel surface, respectively. ry and rg are the initial electron generation
rates per unit time for the unit volume and unit surface. « is the electron impact ionisation
coefficient and # the electron attachment coefficient.

On the one hand, Vi and S, are calculated using electric field analysis using FEM,
where Schumann’s Equation (Equation (4)) should be satisfied. Accordingly, V.. is defined
as the volume comprising the air gap points where, for the specific electric field, the
Schumann criteria is met. Similarly, S, is defined for the enamel surface points. The
authors do not specify the definition of the Schumann criteria constant, which is a key
factor, as explained in Section 2.2.1. The critical surface and volume increase with the
enhancement of the electric field. ry and rs depend on the instantaneous electric field
strength, as defined in Equations (21) and (22), respectively.

rv = kqn~ (21)

rg = aEze_% (22)

where 1™ is the O, density, a constant irrespective of time and space, and k4 is the expected
electron impact ionisation frequency, which depends on electric field strength. a and b are
experimentally provided based on the Fowler-Nordheim Equation [77]. As shown by the
author of [31], ry tends to stabilise with an increase in the electric field, whereas rg sharply
increases even at high electric fields, which can generate initial electrons in the air gap with
enamel-coated electrodes.

Several observations were recorded by the authors in [31]. First, both Ry (¢) and Rs(t)
increased with the applied voltage. This behaviour was also noted in [43] based on the
experimental results. On the other hand, the authors concluded that Rs(t) can be more
useful for PDIV estimation, as it has a higher increase rate and a higher value. That means
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that the initial electrons would mainly originate on the enamel coating rather than in the air
gap. Secondly, the PDIV decreased with an increase in the sum of provided initial electrons
independent of the applied voltage waveform. The higher the sum of the provided initial
electrons, the higher the probability of ignition. Finally, with the use of the probabilistic
model, the PDIV can be estimated for different waveform characteristics, independent of
having to overshoot or not.

Using this model for PDIV estimation provides the opportunity to calculate the PDIV
in the case of overshoot or fast rise time and narrow pulse width waveforms. Consequently,
it can be a key point for the PDIV estimation of turn-to-turn insulation feed using WBG.
However, the authors do not analyse how the model behaves in different environmental
conditions, for example, at different temperatures.

2.2.5. Summary of PDIV Estimation Models

The most relevant matters of the models analysed in this section are summarized
in Table 2. For each model, the data used, changing ambient and electrical variables
considered, pros and cons, and studies where the models are used are collected.

Table 2. Summary of PDIV estimation models.

Changing Variables

Model Use Data T P HR i by Pros Cons Ref.
Simple and | computational
Dakin V' X X X ‘COSt' In.dependent on - Room conditions [38,59,74,
insulation enamel material 78]
and diameter
Simple and | computational
cost. Independent on Room conditions. Difficult
Parallel plate erting A B,y daie - X X x X insulation enamel material to define y (5]
and diameter
. . Not valid for high ¢, change
Lusuardi Trefs Pref, PDIV g vV*Yoox x X S(l)r;ple and | computational with T. Neccesary [26]
experimental PDIV
Room conditions and
Considering t, and ] Simple and not high possibly necessary
tw v finsy PDIVret xoxooxo v computational cost adjustment with [43]
experiments
FEM and . Independent on insulation + computational cost. [38,60,62,
Paschen’s straight &, tins, A, B, ¥, dair v vV X X X enamel material and ificul fi
distance diameter Difficult to define 7 6]
FEM and Independent on insulation +4 computational cost
Paschen’s cte. E e, ting, A, B, 7, dair vV VX X x  enamel material and Difﬁcull: to define ’ [70]
field lines diameter v
FEM and Independent on insulation TDTl éﬂﬁf?ggﬁgﬂ :(i):t'
Schumann cte. E €r, tins, Oeft, ks, dair v VX X X enamel material and [71]
field lines diameter property database and
define kg
Independent on insulation
Extended enamel material and .
volume-time &r, tins, dair, Ry (1), X X X v v diameter. Temperature and 1T computational cost, FEM [31,43,61]
Rs(t) . used.
theory pressure correction can be

implemented

v considered. x not considered. * Only consider change in ¢;. ** Only consider change in air properties. ¢,: relative
permittivity; tjns: insulation thickness; A: experimental constant for Paschen’s curve (for air 11.25 Paflm’l) , B:
experimental constant for Paschen’s curve (for air 11.25273.75 VPa 'm™1), 4: Townsend'’s secondary electron
emission coefficient, d,;;: path followed by the electronic avalanche, Ty: temperature for a reference PDIV
measurement, P pressure for a reference PDIV measurement, PDIV,: reference PDIV measurement, a:
effective ionisation coefficient of the anode, ks: Schumann criteria constant, Ry (t): air gap volume initial electrons,

and Rs(t): enamel surface initial electrons.
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3. Materials and Methods

The experiments are developed to analyse and contrast the performance of several
PDIV modelling techniques from the literature at different temperatures. In this section, the
samples, set up, and PDIV definition procedures employed to obtain our own experimental
results are explained.

3.1. Samples

Twisted pair samples are widely used in order to reproduce the most demanding
conditions of turn-to-turn insulation, where the first and last turn of the coil can be adjacent
to each other [26,33,61]. For the experiments developed, Grade 2 enamel circular wires
complying with UNE-EN-IEC 60317-0-1 [79] were used to prepare twisted pairs as specified
in IEC 60172 [80].

Three different enamel wires were prepared for the experiments; their specifications
are summarised in Table 3. Figure 8 illustrates the evolution of the relative permittivity of
each sample group for different temperatures at 1 kHz provided by the manufacturer.

Table 3. Sample specifications.

Group Name Wire Copper Insulation Base Base Coat Insulation Surface Coat Thermal Class
P Diameter (mm) Coat Percentage (%) Surface Coat Percentage (%) (We)
B 0.8 Polyester (PE) 72 PAI 28 200
C 0.9 - - PI 100 240
5 T T T T T

N
N W

T T

1 1

f

Relative permittivity
(98]
()]

=¥ Sample group B
——E— Sample group C

2 1 1 1 1 1
0 50 100 150 200 250 300

Temperature [°C]

N
[

Figure 8. Permittivity evolution of the temperature measured at 1 kHz. Provided by the manufacturer.

3.2. Set Up

Figure 9 a represents the set-up for the PDIV measurement. It consisted of LT400W
commercial PDIV measurement equipment from EDC (Electrical Dynamic Company , Mi-
lan, Italy) (UNE-EN 60270 [81]). One side of the sample was connected to the high-voltage
(HV) lead of the equipment and the other to the grounded lead (GND). The sample was
placed in an industrial oven with temperature control (Nabertherm 30-3000 °C) (Figure 9b).
Before proceeding with the measurement, the sample was conditioned for 10 min after
the desired temperature was reached. The samples were stored in a laboratory with an air
conditioning system at room temperature conditions before the PDIV measurements. The
relative humidity range in this type of room is 45-60% according to [82].
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Industrial oven

GND
e.d.c LT400W |
HV lead

Sample

(a) (b)
Figure 9. Experimental set-up for PDIV measurement at different temperatures: (a) schematic; (b) real
layout.

3.3. PDIV Measurement Procedure

To define the PDIV, the 50 Hz sinusoidal voltage was increased by 10 V/s from 0 until
the first PD was detected. The minimum PD charge to be considered as PD was defined
at 0.05 nC. As specified in UNE-EN 60270:2002 [81], this value should be defined as at
least twice the background noise in pC before the measurements; 0.05 nC showed good
agreement between surrounding noise avoidance and PD detection for all the developed
experiments. Therefore, the first voltage level at which a PD with a charge equal to or
higher than 0.05 nC occurs was defined as the PDIV. For each condition, the average of five
freshly manufactured sample data points were used to define the PDIV value [24,36,83].
Each sample was measured three times with an interval of 60 s between measurements,
in order to avoid the memory effect [41,43], and the average value is used. The results are
represented by the average, maximum, and minimum measurement values.

4. Analysis of PDIV and Modelling Tool Performance for Variable Temperature

From the literature review (see Section 2), it was clear that the temperature affects
the PDIV. Considering that an electric machine’s winding can reach up to 180 °C during
operation [84], it is of major importance to regard high temperatures during the design.
This section studies the effect of the temperature on the PDIV and the performance of
several PDIV modelling tools at high temperature.

4.1. The Effect of Temperature on PDIV

As mentioned in the literature review, the temperature largely affects the air properties
and enamel permittivity. To distinguish between the effects of the two factors, two models
(explained in Section 2.2), which consider air properties or relative permittivity to estimate
the PDIV, were used. The first model, Dakin model, proposed in [74], can consider the
change of the relative permittivity. The second model, Lusuardi model, proposed in [26],
takes into account the effect of the air density on the evolution of the PDIV. In the analysis,
room temperature PDIV measurements of sample group C (624.5 Vrms) and sample group
B (627.2 Vrms) were collected as a reference, where the permittivity was more stable with
the temperature (variation: 7%) or varied by 16%, respectively, (Figure 8).

Figure 10 shows the comparison between the effect of the relative permittivity (using
the Dakin model presented in [74]) and the air density (using the Lusuardi model proposed
in [26]) on the PDIV with the increase in temperature. In Figure 10a, the difference in
the air density and both materials’ permittivity with the temperature is depicted. The
evolution is normalised for each variable value at room temperature. It is clear that the
air density is the major factor affected by temperature. Accordingly, it is expected that the
PDIV evolution is more affected by the Lusuardi model [26] than by the Dakin model [74].
This is clear in Figure 10b. The PDIV is more affected due to the air density than the
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permittivity. It can be concluded that the predominant factor affecting the PDIV due to the
temperature is the change in air properties. Consequently, even if the relative permittivity of
the insulation material is reduced with the temperature, the combined effect will generally
tend to decrease the PDIV with temperature. This is reinforced by the experimental results
shown later in Sections 4.2.1 and 4.2.2.

1.2
1 -
E)
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Figure 10. Comparison of the effect of temperature: (a) proportional evolution of air density and
relative permittivity; (b) proportional evolution of the PDIV based on the Dakin and Lusuardi models
(Relative Permittivity (RP)).

All in all, the PDIV is affected by temperature due to the decrease in air electric
breakdown strength and the dependence of relative permittivity on temperature. Despite
the temperature decreasing the relative permittivity for some enamel materials (sample
group C, for example), which can increase the PDIV, the effect of temperature on the air
density is more significant to define. It can be said that, generally, a temperature increase
has the inverse effect on the PDIV. For instance, at 180 °C, the relative permittivity of sample
C (er = 2.89 at 180 °C) should decrease by around 25% in order to neutralise the effect of
the air. Nonetheless, the air properties and relative permittivity should be considered to
evaluate in what proportion the PDIV decreased with temperature.

4.2. Performance of PDIV Models for Variable Temperature
4.2.1. Dakin Model

The Dakin model was proposed in [74] and defined as Equation (8) (see Section 2.2).
In spite of the relative permittivity being adjusted to the specified temperature, the depen-
dency of the breakdown voltage on the temperature is neglected, which can result in a less
accurate PDIV estimation at high temperatures.

In Figure 11, the comparison between the PDIV values estimated using the Dakin
model (considering the evolution of the relative permittivity with temperature) and the ex-
perimental PDIV measurements for sample group B at different temperatures is illustrated.
It is shown that the PDIV calculated using the Dakin can fit the experimental value at
temperatures below 60 °C with a maximum error of around 10%. Above this temperature,
the error keeps increasing with the increase in the temperature and can produce values up
to around 27% at 180 °C.
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Figure 11. Comparison of experimental measurements and Dakin PDIV estimation for different

temperatures (sample group B).

It could be concluded that only considering the evolution of permittivity with tem-
perature is not enough to accurately predict the PDIV. The effect of the temperature on air
properties must be considered, especially at high temperatures. Thus, the Dakin model is
not suitable for PDIV estimation during operating conditions for electric motors, where the
winding temperature can reach 180 °C. Even so, the Dakin model was widely used in the
literature [38,59,78] due to its accuracy and simplicity at ambient temperature.

4.2.2. Parallel-Plate Capacitor Model

Parallel-plate model as described in [59] was used (see Equation (9), Section 2.2).
Figure 12 shows the comparison between the experimental results (sample group C) and
the use of the parallel-plate model for different temperatures. The permittivity of the
corresponding temperature and y = 0.001 were used.
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Figure 12. Comparison of experimental measurements and parallel-plate model (sample group C).

On the one hand, it can be seen in Figure 12 that the use of v = 0.001 results in an error
of around 5% at room temperature. On the other hand, at higher temperatures, the error is
increased by around 25%. Similar to the Dakin model, the parallel-plate model can provide
accurate results at low temperatures. However, not considering the air properties results in
a considerable error at temperatures higher than 140 °C. Therefore, this model could not be
used to accurately estimate the PDIV at operating conditions of an electric motor.

4.2.3. Lusuardi Model
In contrast to the Dakin and parallel-plate models, the Lusuardi model considers
the effect of the temperature on the surrounding air properties. The Lusuardi model was
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proposed in [26] and defined as Equation (11). In Figure 13, the experimental results
compared to the Lusuardi model for sample groups B (greater change of permittivity with
temperature) and C (lower change of permittivity with temperature) are illustrated.
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Figure 13. Comparison of experimental measurements and Lusuardi model: (a) sample group B
(higher dependence of the permittivity on temperature); (b) sample group C (lower dependence of
the permittivity on temperature); and (c) error of the model.

It can be seen in Figure 13 that the model best fits to sample group C, whose permittiv-
ity is less dependent on the temperature. In this case, the model results remain inside the
uncertainty range of the measurement, with a maximum error of around 10%. Adversely,
due to the higher influence of the permittivity on sample group B, the calculated values
for the PDIV at high temperatures are outside of the measurement uncertainty. However,
the accuracy could be considered acceptable as the maximum error is around 12%. As the
author of [26] mentions, the difference between the obtained results for both sample groups
may be attributed to the influence of the relative permittivity. Therefore, the estimation
error is higher when the permittivity variation with the temperature is increased.

The main drawbacks of the Lusuardi model are the requirement of an experimental
PDIV value and the non-consideration of the relative permittivity. All in all, this model
could accurately estimate the PDIV at operating temperatures.

4.2.4. FEM and Paschen’s Law

The combination of FEM and Paschen’s law was widely used in the literature to
estimate the PDIV [38,60,62,63,69,70]. However, there was no consensus on the definition
of d,ir in Paschen’s law (Equation (2)) for twisted pairs. Therefore, the use of both d,j,
definition methods identified in the literature (see Section 2.2) was evaluated. When
considering the straight line, the model was defined as in [38,60,62,69]. In the case of the
constant electric field, the lines were considered and the model was defined as in [70].

The experimental and model results for different temperatures are depicted in Figure 14.
Sample groups B and C were used and the specifications for the models are defined in
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Table 4. tjns was defined as the minimum insulation thickness according to IEC 60317-
0-1 [85]. The selected dy value was widely used in several studies [38,60,69]. Finally, v
for group B was defined as the value that best fitted the experimental room temperature
results, based on the method explained in [62]. For group C, the value proposed in [73]
was selected. In all cases, the permittivity dependency on the temperature and Dunbar
Paschen’s law corrections were applied as defined in [38,70].

Table 4. FEM and Paschen’s law model specifications.

Group Name di, (mm) tins (Mm) dy (mm) 0%
B 0.8 0.28 0.001 0.0002
C 0.9 0.2975 0.001 0.00065
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Figure 14. Comparison of experimental measurements and FEM and Paschen’s law models: (a) sam-
ple group B; (b) sample group C; and (c) error of the model.

As observed in Figure 14, the results for the PDIV estimation using straight lines or
constant electric field lines do not vary from each other. Indeed, as mentioned by [69],
the difference between the length of the straight lines and constant electric field lines is
not higher than 1%. With both methods, the maximum error for the analysed range of
temperature is lower than 15%. In the case of sample group C, the estimation is into the
uncertainty limits of the measurements, whereas the estimation for sample group B is not.
This difference could be due to the effect of moisture (not considered in the models) or the
uncertainty in sample thickness and geometry due to temperature [73]. Based on the lack
of difference in the PDIV estimation, considering the straight distance between conductors
might be more convenient for twisted pairs. The computational load necessary to develop
constant electric field lines analysis in comparison with straight lines is higher.

Overall, the FEM and Paschen’s law model can provide accurate results for the esti-
mation of the PDIV at high temperatures. Additionally, the model takes into account the
changes in permittivity. Nevertheless, it requires a high computational load, especially if
constant electric field lines are used.
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4.2.5. Proposed Model

Within the previously analysed models (Dakin, parallel-plate, Lusuardi, and FEM and
Paschen’s law), Lusuardi and FEM and Paschen’s law models were the ones capable to
obtain good accuracy on the estimation of the PDIV at high temperatures. However, the
Lusuardi model needed an experimentally measured PDIV value and did not consider
the insulation permittivity, while the FEM and Paschen’s law model required a high
computational load. Hence, in order to avoid the experimental tuning of the model and
reduce the computational load, a new model was proposed.

The proposed model was based on parallel-plate model (Equation (10)) [59]. In the
parallel-plate model, Paschen’s law is used (Equation (2)). As explained in Section 2.2.1,
this equation does not consider how the temperature changes the air properties. As a result,
it is not accurate at high temperatures. However, it is possible to apply Peek (Equation (6))
or Dunbar (Equation (7)) corrections to solve this issue. Thus, the use of these temperature
correction methods in a parallel-plate model was proposed.

Firstly, it was necessary to adjust 7. In Figure 15, a comparison of the experimen-
tally measured data (sample group C) and parallel-plate model, evaluated for different «y
values proposed in the literature at ambient temperature, is depicted. v = 0.01 is a well-
known value for metallic electrodes, which was also used in insulated twisted pairs [63,69].
v = 0.001 is the value used by [59] to develop the parallel-plate model (the one that best
fits their experimental data). v = 0.0006 was proposed by [62] for PAI overcoat samples,
v = 0.00065 was proposed for PI insulation by [73], and v = 0.0078 was reported by [70]
for epoxy resin. It can be seen that the y values proposed for PAI and PI best fit the experi-
mental results. The PDIV estimation in both cases does not differ, due to close y values and
the error for both being around 1%.
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Figure 15. Comparison of experimental measurements and parallel-plate model for different -y values
at room temperature (sample group C). Crosses represent the error.

Once y was adjusted, the Peek and Dunbar corrections were applied to Equation (10).
This way, the parallel-plate model was corrected as Equation (23) with Peek correction
(based on Equations (2), (6), and (10)) and Equation (24) with Dunbar correction (based on
Equations (2), (7) and (10)).
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where A and B are experimental constants and depend on the gas composition (for air:
11.25 Pa~!m~! and 273.75 VPa 'm !, respectively, [58]). dqi, is the straight distance
between surfaces. k is defined in Equation (3). Pyef and Tyf are the pressure and temperature
at room conditions, respectively, and Prew and Thew are the pressure and temperature at
which the PDIV is estimated, respectively. t;,s; and €,; are the thickness and the relative
permittivity of each insulation layer, respectively.

The results obtained using the correction of temperature using Equations (23) and (24)
are illustrated in Figure 16 in comparison with the experimental measurements (sample
group C). In this case, v = 0.00065 was used, as defined by [73] for PI. In comparison with
the results observed in Figure 12, using the correction of the Dunbar for the Paschen’s
curve, the maximum error developed by the model decreases from 25% to around 12%. On
the contrary, the Peek Paschen’s correction does not provide such good accuracy, as stated

in [65,72].
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Figure 16. Comparison of experimental measurements and proposed new model for different
temperatures (sample group C): (a) PDIV; (b) error.

Thus, it can be concluded that the proposed new model (Equation (24)) with the
implementation of the Dunbar correction for Paschen’s law can lead to a good estimation
of the PDIV for different temperatures. The resulting error was in good agreement with
that reported in [70] for the estimation of the PDIV using FEM and the corrected Paschen’s
curve with ¢y and Dunbar correction, where a maximum error of 11.15% was achieved. This
way, the experiments and high computational load could be avoided.
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4.2.6. Comparison of Models

The analytical and FEM-based models are compared in order to provide some guidelines
regarding the selection of a suitable model for PDIV estimation at variable temperatures. The
Dakin model [74], Lusuardi model [26], FEM and Paschen’s law model [38,60,62,69], and
the proposed model are compared. Among them, the Dakin model suggested in [74] can
only consider the evolution of permittivity with the temperature, whereas the Lusuardi
model [26] only considers the effect of air temperature and pressure. The FEM and
Paschen’s law model [38,60,62,69] and the new proposed model consider both the evolution
of relative permittivity and air properties with temperature. It is necessary to specify that
only the FEM and Paschen’s law model, with the straight distance between wire surfaces,
is represented in this comparison.

Figure 17 shows the comparison for sample group B. On the one hand, it is shown that
the Dakin model, which is unique in that it does not consider the effect of temperature on
the air properties, differs considerably from the experimental results. The other models all
provide similar results. The Lusuardi model proposed by L. Lusuardi et al. [26] returns
a slightly higher error, as a constant relative permittivity is considered. The FEM-based
model [38,60,62,69] returns a much smaller error value. In all cases, at temperatures higher
than 150 °C, the estimated values are not inside the measurement uncertainty range. Y.
Kemari et al. [73] considered a similar case. In order to understand where this difference
comes from, they analysed the -y estimation for different temperatures. They noticed that
the y value calculated for high temperatures did not considerably differ from the room
temperature values. Therefore, they concluded that the difference could be due to the
impact of the moisture, which is not considered in the models, or the uncertainty in the
sample thickness and geometry changing with temperature.
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Figure 17. Comparison of PDIV models and experimental measurements for different temperatures
(sample group B): (a) PDIV and (b) error.
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Figure 18 illustrates the comparison for sample group C. Similar to sample group B,
the Dakin model is not good enough to predict the PDIV at elevated temperatures. For the
rest of the models, the difference between them is not appreciable. Compared to sample
group B, the relative permittivity of group C is almost constant for the studied temperature
range and, hence, similar results were obtained for these models.
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Figure 18. Comparison of PDIV models and experimental measurements for different temperatures
(sample group C): (a) PDIV; (b) error.

5. Discussion
5.1. Variables Affecting PDIV

Starting with environmental conditions, there is a consensus that PDIV’s dependency
on pressure has a U shape, where the PDIV decreases and then increases with an increase
in the pressure. In spite of the decreasing PDIV tendency with pressure being clear, the
decrease perceived by L. Lusuardi et al. [26] and D. Meyer et al. [28] is slightly higher than
that found by C. Abadie et al. [27] (Figure 1). This difference may result from the use of
different insulation materials, which are not specified in the articles.

Moving on to relative humidity, at high voltage (>5300 V) there are two main mech-
anisms related to an increase in the humidity. On the one hand, there is the increase in
the air breakdown strength and decrease in the PD activity surface. On the other hand,
there is the increase in insulation bulk charge accumulation and relative and imaginary
part of permittivity. At low RH values, the first mechanism is predominant and the PDIV
increases until a peak value with the increase in RH. Then, the PDIV decreases due to
the predominance of the second mechanism. At voltages lower than 3450 V, however, the
second mechanism seems to be predominant in the whole range of RH. Still, some authors
describe an inverse effect on the PDIV or even no effect of the RH on cleaned samples.
Thus, further investigation is required.
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For environmental conditions, all the authors in the literature review agree that an
increase in temperature decreases the PDIV due to the air electric breakdown strength
decrease and the change in the relative permittivity of the enamel. Air breakdown strength
always decreases with temperature, decreasing the PDIV. The relative permittivity, con-
versely, can increase/decrease with temperature depending on the material and its effect
on the PDIV can change. If the relative permittivity decreases, air and relative permittivity
may affect the PDIV in opposite ways. In this article, we studied whether air properties or
relative permittivity prevail in the PDIV. We concluded that changes in the air properties
are the dominating factor affecting the PDIV. The relative permittivity should decrease
by around 25% of the current value at 180 °C to neutralise the decreasing effect of the
air breakdown strength on the PDIV. Hence, in spite of both air properties and relative
permittivity being considered to evaluate how the PDIV changes with the temperature, the
temperature always has an inverse effect on the PDIV.

For the electrical factors, the PDIV is not affected by the waveform (sinusoidal, square
bipolar, or unipolar) and polarity but the peak-to-peak applied voltage value is the main
factor to define the PDIV. Nevertheless, it is important to consider both the waveform and
polarity in the case of consequent PDIV measurements, due to the charge accumulation
(the memory effect). The authors agree that the frequency does not affect the PDIV as
long as the permittivity of the insulation material does not depend on the tested frequency
range. The negligible difference observed by Z. Wei et al. [47] (was that the PDIV changed
by 6% at 1-10 kHz), which could be because the pulse width changes while the duty is
maintained for different frequencies. According to [43], the pulse width could affect the
PDIV. Frequency affects the RPDIV by the enhancement of free electron availability due to
charge accumulation at frequencies below 10 kHz, decreasing the RPDIV while increasing
the switching frequency. Additionally, the increase in overshoot average amplitude has an
analogous effect on PD provability and, therefore, decreases the RPDIV at frequencies up
to 75-100 kHZ. Over 100 kHz, the RPDIV tends to stabilise with the increase in frequency.

Regarding the rise time, when the PDIV is measured with high overshoot, the over-
shoot level and ringing are the major factors affecting the PDIV. The measurement of an
accurate PDIV value is not possible, as the error is due to the overshoot, whether DC or
peak voltage is considered as the PDIV. Nonetheless, it is noteworthy that, in [54], there is
no effect at the peak PDIV for 56% overshoot (Figure 5). This difference from other studies
could be related to the availability of the starting electron. The author of [46] explains that
the higher PDIV resulting from high overshoots is due to the low probability of having a
starting electron due to the short time above the inception level in each overshoot. Hence,
the peak PDIV value is increased, as in [26,45]. Conversely, the author of [53] notes that,
with high ringing (several oscillations/overshoots before achieving DC voltage), the in-
crease in the average voltage (even maintaining peak voltage) increases the probability
of starting the electron availability, as the inception level is surpassed several times. In
this way, the PD provability increases and the PDIV decreases. As a consequence, the
results [54] suggest that there is a high ringing in the used waveform. As the inception
voltage is surpassed with a high starting electron probability, the peak PDIV would be
defined by a similar value of inception voltage and the DC PDIV will be defined by a lower
voltage level. It could be said that, for high ringing, a high overshoot affects the DC PDIV
but not peak PDIV, as shown in [54]. However, this hypothesis cannot be verified as there
is no information about waveform ringing in [54].

In cases where measurements are developed without overvoltage and avoiding charge
accumulation, there is no consistent answer in the literature. Some conclude that there is
no effect of rise time on the PDIV, whereas others observed a decrease in the PDIV when
decreasing the rise time. Considering that the rise time does affect the PDIV, with a lower
rise time, the initial electron generation starts faster, reaching the critical electron number
earlier, so the PDIV can be defined by a lower applied voltage, as long as the inception
voltage is overcome. Further study is still necessary.
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To end with electrical variables, the influence of the pulse width on the PDIV is not
clear. For high rise times, the effect of the pulse width appears to be negligible, as the
critical initial electron number is reached during rising. For lower rise times, the authors
of [43] stated that the pulse width decreased PDIV, whereas, in [57], it increased or did not
change (depending on the voltage nonconducting duration).

The main difference between [43] and the rest of the mentioned studies [52,54,57] is
that the pulse width is achieved from different conventions of switching frequency and
duty rate. Consequently, the nonconducting duration could vary from the maximum to the
minimum pulse width, affecting the PDIV results, as explained in [57]. For example, if a
100 kHz switching frequency and 0.2 duty ratio and 1 kHz switching frequency and 0.8
duty ratio are used to acquire 2 us and 800 us pulse widths, respectively, the nonconducting
duration could vary from 8 to 200 us. Hence, it could be rather difficult to distinguish
whether the pulse width or the charge accumulation is influencing the PDIV. Nonetheless,
the influence of the nonconducting duration cannot be distinguished, as there are no
data [43].

Overall, it could be concluded that the effect of the pulse width cannot be studied
independently of the rise time and duty. As far as we know, the effect of the pulse width
considering the nonconduction duration has not been studied for a short pulse width with
a short rise time. Further investigation is necessary to achieve more consistent conclu-
sions in this area. A multifactorial study could be used to analyse the real effect of the
waveform characteristics.

5.2. PDIV Estimation Models

Analytical, FEM-based, and probability-based models are collected in this article. This
resulted in a summary where the used variables, considered changing variables, and the
pros and cons of each model, are gathered. Within the models, two considered rise time
and pulse width (group 1), whereas six considered environmental conditions, whether
pressure, temperature, or both (group 2). This summary can help with the selection of the
best model that fits some specific requirements.

In order to evaluate models from group 2 at high temperature, experiments were
performed in a temperature range of 20-260 °C for two different enamel twisted pairs.
To estimate the PDIV based on temperature evolution, the proposed new model offers
the best compromise between accuracy and computational cost. The FEM-based mod-
els [38,60,62,69] require FEM software and a large amount of computation time. In the
Lusuardi model [26], it is necessary to measure the PDIV at least at a reference temperature.
Moreover, the relative permittivity must not vary with the temperature. In the proposed
new model, the changes in the relative permittivity with the temperature can be considered
and FEM analysis and experiments could be skipped. However, it is true that the correct
definition of y value is a key factor and could be difficult to define. If i for a specific mate-
rial is not defined in the bibliography, the experimental measurements might be necessary
for its definition. This issue is presented in all models using Paschen’s law.

It has to be mentioned that the models analysed in Figures 17 and 18 do not consider
electrical waveform characteristics, such as overvoltage, pulse width, or rise time, which
can influence the PDIV, as presented in Section 2.1. Despite their use for predicting the
PDIV, when it is measured with a sinusoidal waveform, it is shown to be accurate (with
different limitations regarding environmental conditions, depending on the model) and it
is still not clear what their accuracy is in the estimation of PDIV in cases where waveforms
with different characteristics are used. For instance, waveforms with overvoltage may
be more difficult to predict. To consider these characteristics, the models proposed by
Z. Wei et al. [43] and N. Hayakawa et al. [31] should be used. The former only considers the
rise time and pulse width, whereas the latter considers overshoots as well. However, neither
of them consider environmental conditions for twisted pair PDIV estimation. So, although
the extended volume-time theory proposed by N. Hayakawa et al. [31] provides a good
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basis to consider most relevant electrical waveform characteristics, it is necessary to develop
more studies regarding the models considering both environmental and electrical variables.

6. Conclusions

In this paper, a thorough analysis of different electrical waveform factors and environ-
mental conditions affecting PDIV was performed. In addition, different PDIV estimation
models from the literature were reviewed identifying the pros and cons. Given the im-
portance of temperature on the PDIV and the high temperature of the winding during
operation (180 °C), several models were studied at high temperature. For that, the ex-
periments were performed at the range of 20-260 °C. The advantages and disavantages
of the Dakin, parallel-plate, Lusuard,i and FEM and Paschen’s models were identified in
comparison to the experiments. Based on the drawback of these models, a new model
avoiding experiments and computational simulations is proposed. The proposed model is
based on the parallel-plate model, where Dunbar correction was implemented in order to
consider the effect of the temperature on air properties. The proposed model showed the
best compromise between computational requirements and estimation accuracy at different
temperature levels. Furthermore, the effect of permittivity was also considered.

Even though there is a general agreement regarding how variables such as pressure,
temperature, waveform, and polarity or frequency affect the PDIV, further studies are
necessary in terms of humidity, rise time, and pulse width. Independent analysis of the
pulse width in the literature does not provide consistent results. Therefore, a multifacto-
rial analysis of the rise time, pulse width, and duty is recommended, with and without
overshoot waveforms.

Additionally, a model that is able to consider the overshoot and ringing resulting
from WBG-based converters, where environmental conditions are also considered, is still
necessary. The extended volume-time theory seems to be a good basis to consider different
waveform characteristics, but the effect of environmental conditions should be added.

The present article can form a basis to continue developing the PDIV estimation
models for turn-to-turn insulation systems. It provides an overview of the different factors
affecting the PDIV, together with different models to estimate it. It also offers a simple
PDIV estimation model considering the temperature evolution.
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Abbreviations

The following abbreviations are used in this manuscript:

EV Electric Vehicle

RH Relative Humidity
AC Alternating Current
DC Direct Current

PD Partial Discharge

PDIV Partial Discharge inception Voltage

RPDIV  Repetitive Partial Discharge inception Voltage
RP Relative Permittivity

FEM Finite Element Method
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