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Abstract— This contribution elucidates the impact of the
fillet radius, a geometric feature of rectangular insulated
wires not commonly considered, on the partial discharge
inception voltage (PDIV) in low-voltage machine turn-to-turn
winding insulation. Initial PDIV tests involve edgewise-
insulated wire samples with a reference fillet radius. These
measurements are performed under constant conditions:
30°C temperature, 35% relative humidity, and atmospheric
pressure (1000 mbar). These tests are carried out under AC
50 Hz excitations, following IEC 60034-18-41 guidelines for
inverter-fed motor insulation system qualification.
Subsequently, a probabilistic PDIV predictive model is
developed based on Schumann’s streamer inception
criterion (SCSIC). This expanded model then analyses and
forecasts the impact of the fillet radius on PDIV and its
associated dispersion level, within the context of the 2-
parameter Weibull distribution and the given environmental
conditions. Furthermore, a novel method is presented to
understand partial discharge (PD) phenomenology and its
destructive potential in rectangular insulated wires with
varying fillet radii. This approach employs SCSIC-derived
streamer inception parameters (SIPs): critical field line length
(CFLL), air effective ionization coefficient (a.¢), PD inception
field (Einc), and firing voltage (Vsring). The developed
probabilistic predictive model enables the selection of an
optimal fillet radius value, facilitating the creation of areliable
insulation system with maximum PDIV and minimal PD-
related damage.

Index Terms— Partial discharges, partial discharge
inception voltage, inverter-fed machines, rectangular wire,
fillet radius.

NOMENCLATURE
B10 10t percentile
CFL Critical field line
CFLL Critical field line length
FEM Finite element method
FLL Field line length
FR Fillet radius
K Schumann constant
PD Partial discharge
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PDIV Partial discharge inception voltage
SCSIC  Schumann’s streamer inception criterion
SIP Streamer inception parameter

|. INTRODUCTION

TRANSPORT ELECTRIFICATION has gained global

attention as a means to decarbonize the transportation

industry while improving air quality and reducing
acoustic noise. Countries annually regulate CO2 emissions
from automobiles due to the escalating concern of global
warming. Consequently, the automotive industry has
advanced electric propulsion options, such as electric vehicles
(EVs) and hybrid electric vehicles (HEVS), to effectively
mitigate CO, emissions [1]. At the core of electric vehicles
lies the drive system, composed of the battery, inverter, and
traction motor. In electric and hybrid vehicles (EVs and
HEVs), traction motor coil windings are increasingly
employing rectangular insulated wires, such as edgewise
wires or hairpin flat wires. This strategic selection elevates
motor efficiency beyond the capabilities of randomly wound
windings [2]. The implementation of rectangular wires further
enhances filling factors, resulting in reduced copper losses and
increased power densities [3]. Additionally, contemporary
trends involve adopting inverters with elevated DC bus
voltages (e.g., 600-1000 V) and high dV/dt in order to
conserve energy and boost power density. However, this
progression introduces substantial electrical stress on the
insulation between winding turns, resulting in notable PD
activity. From an electrical insulation perspective, rectangular
insulated wires are often favoured over conventional round
wires due to their thicker insulation, which contributes to a
higher PDIV. When aiming for a PD-free design, where the
voltage drop across turn-to-turn insulation must remain below
the minimum PDIV [4], the structured placement of
rectangular insulated wires in formed-wound windings
markedly simplifies voltage management in comparison to
random wound configurations. Fig. 1 shows common coil
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windings produced using edgewise-insulated wires.
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Fig 1. lllustration of coil windings manufactured using
edgewise-insulated wires.

The highest electrical stress, induced by PD activity, arises in
the turn-to-turn insulation due to interactions between power
converters and coil windings. Within the electrical machine
insulation system, turn-to-turn insulation is the critical and
vulnerable component for both randomly and formed-wound
windings. Despite the heightened reliability and lifetime of
phase-to-ground and phase-to-phase insulation systems in
formed-wound windings, the turn-to-turn insulation system
remains the most susceptible [5]. PD emerges as the foremost
stress factor confronting turn-to-turn insulation. This becomes
especially critical as the electric field linked to this insulation
surpasses the PD inception field, prompting the onset of PD
activity and accelerating insulation deterioration. This
concern amplifies when winding wires are shielded solely by
organic insulation, where PD can lead to premature failure,
possibly reducing lifetime to days or hours [6]. Consequently,
in the context of formed-wound winding technology,
addressing PD becomes imperative throughout electrical
machine insulation design, winding insulated wire selection,
and manufacturing processes. To this end, three key
considerations emerge. Firstly, a PD-free criterion must guide
the design of inverter-fed machines using Type | insulation
(comprising organic-only insulating materials) [4]. Secondly,
meticulous selection and manufacturing of winding’s wire
insulation properties and geometry must maximize the PDIV,
recognizing the constraints posed by maintaining insulation
thickness without compromising the desired fill factor and
power density. Thirdly, for manufacturing coil windings using
rectangular insulated wires (Fig. 1), selecting an optimal
bending radius is vital to improve insulation performance [7].
Insulation designers for electrical machines and
manufacturers of winding insulated wires can significantly
benefit from tools that facilitate the prediction of the effects
of wire insulation material properties and geometry on PDIV.
This obviates the necessity of constructing and testing
representative insulation models, which can be both time-
consuming and expensive. A strategy to predict PDIV
involves Schumann’s streamer inception criterion (SCSIC),
which relies on the Schumann constant, K. This constant, a
logarithmic representation of the critical electron count that
demarcates the shift from Townsend to streamer discharge,
was introduced in [8]-[13] to forecast PDIV within turn-to-
turn insulation. This method explores how material properties
(e.g., permittivity, insulation thickness), as shown in [8]-[10],
and environmental conditions, as investigated in [11]-[13],
affect PDIV. Yet, an unaddressed research gap persists: the
absence of literature dealing with the modelling and analysis

of the impact of the fillet radius (FR) of rectangular insulated
wires on PDIV and the harmfulness associated with PD
activity for turn-to-turn insulation. Regrettably, the pivotal
role played by this geometric aspect of rectangular wires in
determining PDIV has been disregarded. The existing research
gap has led to the undervaluation of the effects of FR, which in
turn leads to confusion when ordering or manufacturing
rectangular wires. Electric machine designers, when working
on the fill factor calculation, prioritize minimizing FR in
insulated wires of rectangular shape, aiming at achieving
maximum fill factor and simplifying calculations. Moreover,
the non-sharp edges found in these wires are often attributed
wrongly to inherent manufacturing limitations, sometimes
overlooking the FR impact on PDIV. Conversely, there may
be an awareness that sharp edges could mitigate PDIV,
prompting wire manufacturers to consider maximizing FR.
However, this is frequently done without identifying an optimal
threshold for FR beyond which PDIV no longer increases.
Furthermore, it is advantageous to recognize that while two
distinct fillet radii might deliver a comparable PDIV, the
damage resulting from PD activity at the same overvoltage
with respect to PDIV for these radii might not be the same.

This contribution aims to fill the research gap by
employing the SCSIC through FEM electrostatic simulations
and ionization swarm parameter calculations. Initially, the
goal is to quantitatively investigate how the FR of rectangular
insulated wires affects the PDIV of turn-to-turn insulation.
Subsequently, the study delves into the impact of this
geometric feature on SCSIC-derived SIPs, including critical
field line length (CFLL), PD inception field (Einc), effective
ionization coefficient (oefr), and firing voltage (Vriring). These
investigations not only enhance comprehension of PD
phenomena concerning FR but also shed light on
corresponding damage from PD activity. Based on these
findings, an optimal FR for rectangular insulated wires in
formed-wound windings can be determined—prioritizing
maximum PDIV alongside minimal PD-associated damage.
This contribution introduces another innovation by expanding
the PDIV model proposed in [8]-[13]. This involves elevating
the SCSIC to a probabilistic predictive model that reflects the
true stochastic nature of PD. The approach introduces a
probabilistic predictive model, using derived K values from
varying percentiles of PDIV to estimate PDIV with specified
probabilities and address the PDIV dispersion level as a
function of FR.

To attain these objectives, the approach involves (a)
measuring PDIV for turn-to-turn specimens made from a
reference rectangular wire with a specific FR. Subsequently,
(b) electric field simulations and calculations of ionization
swarm parameters are conducted on the samples across
various PDIV percentiles. (c) The SCSIC is then used to
determine N, the threshold electron count representing the
shift to streamer discharge. Additionally, (d) deriving K as the
natural logarithm of N, is executed with diverse probabilities.
As the fitting parameter, K remains unaffected by material
properties and wire geometry within a given insulation type
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(e.g., turn-to-turn using round or flat conductors) [9], (e) the
derived K percentiles are maintained while only the FR
varied. The obtained probabilistic K values are used to predict
PDIV with different probabilities while the PDIV dispersion
level in relation to the FR of rectangular insulated wires is
derived. Finally, (f) the effect of the FR on SCSIC-derived
SIPs is investigated using two distinct K values. The initial
one, Kgyo, represents a 10% probability within the 2-
parameter Weibull distribution. The second, Kgean ,» 1S
calculated from the mean PDIV values extracted from
measurements. Employing these two different statistical K
values facilitates the identification and validation of trends of
SCSIC-derived SIPs as a function of FR.

Il. METHODOLOGY

A. Test Samples

PDIV tests are conducted on sets of edgewise enamelled
wires enclosed in polytetrafluoroethylene (PTFE), representing
the insulation system found in turn-to-turn windings within
electrical machines, as depicted in Fig. 2. The insulation of the
wire consists of a polyester-imide base and a polyamide-imide
topcoat, both conforming to a thermal classificat‘iggw oj 2390

Fig. 2. lllustration of edgewise insulated wires shown both
before (below) and after (top) being wrapped in PTFE,
representing the test sample.

Fig. 3 presents the dimensions of the bare copper wire,
insulation thicknesses on the flatwise, edgewise, and fillet sides,
as well as the FR of the edgewise enamelled wire.

R = 0.4 mm

Edgewise side

Insulation
Flatwise side

Fig. 3. Dimensions of the cross-section of edgewise
insulated wire.

The cross-sectional dimensions of the wire, encompassing
copper length and width, along with insulation thickness on
both the flatwise and edgewise sides, are meticulously gauged
using a micrometre screw accurate to 1 um. The insulation
thickness is ascertained by calculating the variation in
dimensions before and after stripping. Wire stripping is
conducted using a laser wire stripping device, assuring the
removal of solely the insulation while preserving the copper. To
acquire the necessary dimensions, 35 wires are subjected to
measurement, and the averaged values are subsequently
documented. Regarding the FR, it is specified as Rriiet = 0.4 mm
by the wire manufacturer. Subsequently, the insulation
thickness on the fillet side of the wires is determined through

interpolation. This interpolation is accomplished using the
sketch tools available in COMSOL, taking into consideration
the measured insulation thicknesses on both the flat and
edgewise sides. An additional crucial parameter for the FEM-
based model is the relative permittivity, which plays a pivotal
role in determining the electric field distribution within the
electrostatic simulations. The relative permittivity of the
enamel at the testing temperature of 30°C is measured to be 3.3.
This measurement is carried out using a Megger Delta4000.
Detailed information on the methodology used to measure the
relative permittivity of the enamel can be found in [10].

HV Differential
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Fig. 4. Circuit layout and connection configuration for
PDIV measurement setup.

B. PDIV Test Setup and Procedure

For evaluating turn-to-turn insulation in inverter-fed motors,
IEC 60034-18-41 [4] offers the flexibility to measure PDIV
under either sinusoidal or impulsive voltage excitations. AC 50
Hz supply yields a cautious evaluation of turn-to-turn insulation
under 2-level inverter or surge generator waveforms [14]. It's
important to note that the measured PDIV using AC 50 Hz
excitation is generally lower than that obtained from steep-
fronted square waveforms with rise times shorter than 1 ps [15].
It can be attributed to either or both of the following factors: (a)
reduced permittivity due to the higher spectral frequency
content of steep-fronted waveforms, or (b) the low probability
of initiating PD when the rise time is fast [16]. As a result, AC
PDIV tests are carried out under sinusoidal waveform
excitation at 50 Hz in this study, ensuring that conservative
PDIV values are obtained. The PDIV tests are conducted within
a test chamber manufactured by Memmert. This controlled
environment allows for precise regulation of temperature and
humidity levels, enabling the tests to be carried out at a
consistent temperature of 30°C, relative humidity (RH) of 35%,
and atmospheric pressure (p) set at 1000 mbar.

In the PDIV test setup, the AC source employed is the GPT-
9802 by GW Instek. The applied voltage across the specimen is
continuously monitored using a Teledyne LeCroy WaveSurfer
510 oscilloscope featuring a bandwidth of 1 GHz and a
sampling rate of 10 GS/s. This voltage is measured through a
CT4079-NA differential probe characterized by a 50 MHz
bandwidth, a 2000:1 voltage ratio, and a 50 Q impedance. For
PD detection, a conventional indirect circuit, outlined in Fig. 4,
is implemented. To enhance the measurement sensitivity and
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enhance the signal-to-noise ratio, a PD-free 1 nF coupling
capacitor is connected in parallel with the test sample. The used
PD sensor is a high-frequency current transformer (HFCT) with
a ferrite core, designed by Techimp and offering a bandwidth
spanning 1 to 60 MHz. The PD signals are detected by the
Techimp PD Basell detector, which features an acquisition
frequency range extending from 16 kHz to 48 MHz,
accompanied by a sampling rate of 200 MSa/s.

The PDIV test procedure commences with an initial voltage
level that remains well below the PDIV threshold.
Systematically, the peak of the applied voltage escalates
incrementally by 10 V, with each step spanning 30 seconds.
Upon the detection of PD, the peak voltage value at that
moment is meticulously recorded as the PDIV. Conducting the
PDIV measurements involves using five distinct test
specimens, all of which remain previously unused. PDIV
measurements are conducted once on each pristine specimen
to prevent reduced accuracy stemming from residual charges
from prior PD activities [17]. This approach also considers the
potential PDIV reduction caused by insulation damage
resulting from PD activity, especially given the organic nature
of the insulation material. Consequently, five pristine samples
are assessed to form a dataset for analysis. To conclude, the
acquired experimental data is subjected to fitting with the 2-
parameter Weibull distribution to determine the PDIV
percentiles.

I1l. STOCHASTIC SCSIC DEVELOPMENT

The central aspect of the streamer inception criterion lies in
the single-electron-avalanche mechanism. It is generally
postulated that once the number of electrons at the head of the
avalanche reaches a critical number of N., fast-moving
filamentary streamers emanate from the avalanche's head,
leading to the transition from Townsend to streamer discharge
[18]. N, is introduced through an exponential function linked to
the Schumann constant, K, as (1) [19]:

N = exp (K) €Y)

Based on SCSIC [19], a Townsend avalanche undergoes the
transformation into a streamer when condition (2) is met:

K< fxcaeff(x) dx (2)
0

where K is the natural logarithm of N., a dimensionless
constant. Additionally, x denotes the distance passed by a
single primary electron from the cathode where the avalanche
begins, while x. is the critical avalanche length along the
electric field line beyond which the transition from Townsend
to streamer discharge occurs, signifying the earliest discharge
event. Moreover, a.s represents the gas effective ionization
coefficient, derived from (3):

Oeff = Agas — Ngas 3)

where ag,s and ng, are gas ionization and the attachment
coefficients, respectively, depending upon the gas type, electric

field intensity, gas number density or its pressure, temperature,
and humidity [20].

PDIV measurements are conducted once on each non-
electrically stressed specimen for two primary reasons: (a) to
prevent any potential reduction in PDIV caused by residual
charges from prior PD activities, and (b) to account for the
organic composition of the wire insulation (polyamide-imide),
thereby averting the potential decrease in PDIV due to
insulation damage resulting from PD activity [10], [11], [12],
and [13]. In addition, to mitigate the potential influence of space
charge accumulation on both the electric field distribution
within the air wedge and the PDIV readings, it is recommended
to employ bipolar excitations featuring polarity reversals (e.g.,
AC). This approach is favoured instead of using voltage
waveforms that include a DC component (e.g., unipolar
excitations) [16], [21], [22].

A. Electric Field Simulation between Wires with Different
Fillet Radii

The non-uniform electric field distributions in the air wedge
between two rectangular insulated wires, featuring nine
different fillet radii, are simulated based on FEM using the
electrostatics interface of the AC/DC module of COMSOL
Multiphysics® software. The two-dimensional (2D) model is
used to compute the electrostatic simulations. Table | reports
the wire's cross-section dimensions (insulation thickness, bare
copper dimensions, and FR) and relative permittivity (e/) which
comprise the input parameters for the electrostatics interface.

TABLE |
WIRE’S CROSS-SECTION DIMENSIONS AND RELATIVE
PERMITTIVITY
R Insulation thickness (um) Copper Copper
(n“fllrl:flt) Flatwise | Edgewise | Fillet width length | &
side side side (um) (um)
0.4 51.5 64 82.1 1.2 5.5 3.3

These parameters are measured using the methodology
detailed in Section Il. Considering the 2D wire's cross-section
geometry, the FR is the only variable that varies, ranging from
0.05 mm to 0.52 mm. The initial electrostatic simulations are
performed with a unit voltage (i.e., 1V), [8]-[13], for every FR
under consideration. These simulations yield reference
databases that correspond to each specific FR.

The simulation output corresponding to each FR referred to
as the reference database, comprises two essential components:
1) The list of FLLs exclusively located in the air wedge between
the wires. These FLLs are sorted in ascending order based on
their lengths, ranging from the shortest to the longest. 2) The
corresponding electric field strengths associated with each FLL,
consequently, featuring a decreasing trend. After conducting
electrostatic simulations using COMSOL software, the lengths
of field lines, which exclusively extend through the air, are
computed, and illustrated in Streamline plots, forming part of
the 2D plot group. These results are then exported to MATLAB
for further analysis [10]-[13]. It is crucial to highlight that the
electric field strengths are the ones that increase with higher
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applied voltages, and these values are recalculated for each
voltage level to keep the reference database up to date.
However, the first component, i.e., the list of FLLs, remains
constant and does not change with the increase in voltage levels.

The optimal number of electric field lines in the air wedge
is chosen to maintain a distance not exceeding 1 pum between
lines. This quantity varies with fillet radius, depending on
conductor diameter and insulation thickness at the fillet side.
The determination employs a function outlined in [12], with
FEM simulations employing an extremely fine mesh size in this
study. Further details on field line number determination were
provided in [12].

Fig 5 illustrates the simulated electric field distribution
between two edgewise insulated wires, showcasing two distinct
fillet radii as examples: (a) Riiet = 0.2 mm and (b) Rsiner = 0.52
mm. Fig. 5 illustrates, under a constant applied voltage, an
increase in Rrier enhances the range of electric field intensity
variations between two rectangular wires. This can be attributed
to the larger range of FLLs that the air wedge can accommodate
when Rf|||et is larger.
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Fig. 5. Simulation of electric field distribution between two

edgewise insulated wires using 2D COMSOL
Multiphysics® with varying fillet radii, representing two
examples (a) Riet = 0.2 mm and (b) Rsilet = 0.52 mm.

B. Air Effective lonization Coefficient Calculation

The right-hand term in (2) should be computed along the
length of each field line generated by FEM. To achieve this, it
is imperative to determine the effective ionization coefficient of
air (a.¢r) along each field line, specifically where the discharge
event occurs, using (3). This involves obtaining the gas

ionization (ag,s) and attachment (n4,s) coefficients, which can
be derived using BOLSIG+ software. The approach detailed in
[10]-[13], is summarized succinctly as follows:

(@) Load ionization swarm parameters for dry air from the
LXCAT database into the software [23], [24].

(b) Determine the composition of moist air as a percentage (%)
under the specified test conditions (T=30°C, RH=35%, p=1000
mbar) and input these values into the software [10]-[13].

(c) Set the gas temperature in Kelvin within the software.

(d) Calculate and input the range limit of the reduced electric
field, corresponding to the longest and shortest field lines in
Townsend, into the software. The detailed methodology can be
found in [10]-[13].

C. Deriving K from Different PDIV Percentiles

The algorithm described in [10]-[13] is implemented in
MATLAB and developed to determine the K value from
various PDIV percentiles. To obtain these PDIV percentiles,
experimental data from the reference rectangular wire with Rijjet
= 0.4 mm is fitted to the Weibull distribution. The step-by-step
K calculation procedure is as follows:

1) The first step involves importing the reference database
obtained from FEM electrostatic computations simulated with
a unit voltage (i.e., 1 V), which includes the FLLs as a function
of the electric field intensity.

2) In the second step, the electric field magnitude across each
field line obtained in step 1 is updated by employing linearity
through (4) considering the effect of PDIV. As PDIV is a
stochastic variable, it is essential to treat PDIV in (4) as a
statistic derived from the measured experimental PDIV values.
Thus, (4) can be applied to various statistics of PDIV, such as
the mean value, median, or other percentiles of the Weibull
distribution fitted to the measured PDIV values as shown in Fig.
6.

E(x,y) = PDIV - Eqatapase (x. ¥) (4)
99.9
99 =
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Fig 6. 2-parameter Weibull distribution fitted to the
measured peak value of PDIV. The scale parameter (a),
shape parameter (B) and correlation coefficient R are
reported in the label.
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3) In the third step, a.s is calculated as a function of electric
field intensity across each field line obtained in step 2 using the
BOLSIG+ software [23], [24].

4) The next step involves computing the right term in (2) for all
the field lines present in the air wedge formed between the two
rectangular wires.

5) Finally, for different PDIV percentiles applied in (4), record
the maximum value obtained in step 4. This maximum value is
considered as the derived K associated with the selected PDIV
percentile, which is then used in the SCSIC to predict PDIV
with the required probability. For more clarification of the used
approach, Fig. 7 provides an illustrative example of the
procedure to determine Kg,,, representing the K value obtained
under the B10 of PDIV. Additionally, record the field line along
which the maximum value of K is obtained as CFL, and report
the length of the field line as CFLL [10]-[13].

8 . ‘
Right term in (2)
~ 7 =—==Derived K under B10 of PDIV: K__ ||
=) B10
L e
50
=4
@%3>
><L> 2>
o
— 1 L
0 | | I | J
0 500 1000 1500 2000 2500

Field line number
Fig 7. Visualizing the K determination method for PDIV
estimation using SCSIC.

Fig. 7 reveals a critical region concerning the field line
number, which significantly impacts a.¢ and subsequently, the
right term in (2), leading to a substantial increase [10]-[13].
Consequently, the maximum values of the right term in (2), thus
K, are consistently located within this crucial region. This
critical zone decisively determines K, and subsequently, it
plays a significant role in defining the CFL along which the
maximum of K occurs.

Highlighting a key finding, it's essential to note that in the
case of turn-to-turn insulation using rectangular insulated wires,
the fillet side consistently hosts the maximum K value, distinct
from the edgewise side. This finding essentially signifies that
the occurrence of PD is steadily rooted in the fillet side. This
insight holds profound implications for our approach. That's
exactly the reason for exclusively focusing on the field lines
tied to the fillet side during the electrostatic simulations, as
depicted in Fig. 5. This newfound understanding underscores
the paramount role of the fillet side, with specific emphasis on
the FR, in determining PDIV for rectangular wires. This should
not be underestimated. It is worthwhile to mention that the
insulated wire's length and width outside the fillet radius do not
affect the PDIV. These dimensions have no impact on the
electric field intensity in the air gap between adjacent insulated
wires. PDIV is directly influenced by crucial factors such as

insulation thickness, permittivity, and fillet radius, determining
the electric field distribution within the gap. Thus, whether we
aim to design PD-free insulation for electrical machines or
produce rectangular insulated wires, such as edgewise insulated
wires, the fillet area demands concentrated attention. This
entails not only optimizing the FR but also meticulously
determining the insulation thickness at the fillet side, with a
priority surpassing that of the edgewise side. By following the
procedure outlined earlier, Fig. 8 illustrates the derived K
values from 16 distinct PDIV percentiles (ranging from 0.1% to
99.9% probability), spanning from 5.11 to 6.24.
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Fig 8. Obtained K from different percentiles of measured

PDIV.

D. PDIV Probabilistic Predictive Model

It has been observed in [9] that the fitting parameter K
remains unaffected by the wire's geometry and insulating
material properties within a specific insulation type (e.g., turn-
to-turn using either round or flat conductors). As a result, the K
values obtained in Fig. 8 can be fed to the FEM-based model
for the prediction of PDIV with the desired probability,
specifically for turn-to-turn insulation composed of rectangular
wires featuring varying fillet radii under predetermined
environmental conditions.

Considering this perspective, the iterative algorithm
introduced in [10]-[13] is expanded to predict PDIV across
various probabilities, taking into account the FR as a variable.
The following steps elucidate the outlined procedure:

1) Select a value for K that aligns with the desired probability
(see Fig. 8).

2) Choose the preferred FR and perform a simulation of the
electric field distribution using a unit voltage (1 V) to generate
the database (see Fig. 5).

3) Begin with an arbitrary initial PDIV value lower than the
actual PDIV (e.g., 50 V).

4) Enhance the electric field intensity along each field line
within the imported database in step 2 through linearity, as
described in (4).

5) Based on the electric field strength computed in step 4,
determine a.¢ for each field line using the BOLSIG+ software
[23], [24].
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6) Consider the chosen probabilistic K value from step 1, the
computed FLLs from step 2, and the derived a.¢ from step 5
for all the field line numbers, ng; . Ascertain if the condition (2)
holds true for at least one electric field line. If (2) is not met,
elevate the applied voltage (e.g., by 0.5 V) and return to step 4.
7) The conclusion point for the iterative process emerges when
the condition specified in (2) is guaranteed for at least one field
line. Upon achieving this condition, halt the iteration and record
the applied voltage as the anticipated PDIV with the desired
probability for the chosen FR. For each FR, this process is
repeated for all the 16 K values illustrated in Fig. 8 to calculate
the 16 PDIV percentiles (ranging from 0.1% to 99.9%
probability). Fig. 9 presents a flowchart that briefly summarizes
the iterative approach employed to develop the PDIV
probabilistic predictive model.

Finally, for each FR, a linearized Weibull probability
distribution as (5) is fitted to the predicted PDIV percentiles:

In(=1In(1 = F(PDIV}))) = B - In(PDIV;) — B - In () (5)

where PDIV; represents one of the PDIV percentiles obtained
through the probabilistic predictive model, and F(PDIV;)
stands for the cumulative probability corresponding to PDIV;.
This approach allows us to determine both the scale parameter
a (representing the 63.2% percentile of PDIV) and the
shape/slope parameter g (where larger S values indicate lower
PDIV dispersion levels) for the Weibull distribution associated
with PDIV concerning a specific FR. The detailed method for
estimation of « and g8 from the linearized Weibull distribution
(5) can be found in [5].

K selection for desired
PDIV probability

et

Simulate unit voltage
electric field distribution:
(Egatabase> FLLs)

!

| PDIV initialization (e.g., 50 V) |

Increment PDIV
by (e.g.. 0.5 V) | —E(x,y) = PDIV - Edatauase(x-}’)l

Ji=

i=i+1

Stop iterations,
report PDIV with
desired probability,

Calculate a .
for E(x,y)

Fig. 9. Flowchart illustrating the iterative approach for the
PDIV probabilistic predictive model.

IV. RESULTS AND DISCUSSIONS

A. PDIV

Table Il presents the predictions for the reference FR (Riitiet
= 0.4 mm). It outlines both the measured and modelled B10, a,

and B of the PDIV peak, as determined through the method
detailed in section I1l and (5). Table Il clearly illustrates the
close alignment between predicted values and test data,
affirming the model's effective ability to forecast measurement
dispersion by deriving g of PDIV. This extends the model's
applicability beyond the validated scope discussed in [10]-[13].

TABLE Il
MODELLED VS MEASURED WEIBULL PARAMETERS
Parameter Measured Modelled Error (%)
B10 (V) 937 923 -1.52
a (V) 965 954 -1.15
B (a.u.) 74.4 68.1 -9.25
P LET '
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Fig 10. Estimated percentiles of PDIV peak for different
fillet radii.

Therefore, as illustrated in Fig. 10, it is possible to predict
PDIV with various probabilities corresponding to the 2-
parameter Weibull distribution using the experimentally
derived K values presented in Fig. 8 and the PDIV prediction
algorithm detailed in Section Ill. Fig. 10 indicates the impact of
FR on the PDIV of turn-to-turn insulation in rectangular
insulated wires. The graph depicts both the PDIV value and its
probability of occurrence. It is evident that increasing the FR
leads to an initial increase in PDIV up to a certain point, Rijet =
0.3 mm. Beyond this saturation point (i.e., Rsiet = 0.3 mm), the
change in PDIV becomes negligible. Furthermore, Fig. 10
demonstrates that as the FR decreases, the slope of the Weibull
chart increases, indicating a reduction in PDIV dispersion. The
PDIV dispersion follows an almost similar pattern as the PDIV
magnitude with respect to the FR, reaching a threshold level
where the slope of the Weibull chart or the PDIV dispersion
stabilizes and shows minimal changes.

To provide a quantitative view and enhance clarity, Fig. 11
presents the predicted PDIV using two different K values,
along with the shape/slope parameter of the 2-parameter
Weibull distribution (i.e., 8), as a function of FR. One K value
(Kmean = 5.95) is derived from the mean of the measured
PDIV at Ryiier = 0.4 mm, while another K value (Kg,, = 5.73)
is obtained from the B10 of PDIV after fitting the measured
values for Rsee = 0.4 mm to the 2-parameter Weibull
distribution as shown in Fig. 7. This implies that, even though
the chosen K values may appear relatively close, they exhibit
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notable differences from a probability perspective. Fig. 11
clearly demonstrates that PDIV increases by approximately
28% as the FR grows from Ryijer = 0.05 mm to Riiier = 0.3 mm,

reaching a saturation point at Reijer = 0.3 mm.
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Fig 11. Estimated mean, B10 and B of PDIV peak as a

function of FR.

This implies that by increasing the FR from 0.05 mm to 0.3 mm
taking into account the PD-free design for inverter-fed motors,
the DC bus voltage can be raised by 28%, ensuring less risk for
PD inception between the turn-to-turn insulation. Regarding
PDIV dispersion, Fig. 11 reveals that beyond Rgijer = 0.2 mm,
the change in PDIV dispersion becomes negligible.
Specifically, when using fillet radii less than Ryijer = 0.075 mm,
the g of PDIV exhibited a notable increase, signifying a
considerable reduction in PDIV dispersion. For instance, at
Riitet = 0.05 mm, the 8 of PDIV is nearly 6 times higher than at
Ryiee = 0.2 mm. The increase in § of PDIV at a 0.05 mm fillet
radius occurs because this critical radius reduces the air gap
between the insulated wires, accommodating fewer field lines.
This reduction in field lines decreases the dispersion of FLLs
and their corresponding electric fields. Consequently, the
probability of PD inception increases when the applied voltage
and, subsequently, the electric field in the air gap reach a certain
level. This leads to a lower dispersion level of PDIV at smaller
fillet radii, as indicated by a larger g of PDIV.

B. CFLL

Fig. 12 illustrates the relationship between CFLL and the
FR, normalized to the reference value of Rfiee = 0.4 mm.
Overall, an increase in the FR results in a shortening CFLL. For
example, in the case of Kg;o, CFLL decreases by nearly 2.5
times from Ryinee = 0.05 mm to 0.52 mm. However, the
sensitivity of CFLL to FR varies depending on the range of fillet
radii. For instance, within the range of Rsijer = 0.075 mm to 0.3
mm, CFLL remains constant, and the same applies to the
obtained CFLL from K,.,, Within the range of Rsiler = 0.4 mm
to 0.52 mm. Comparing the obtained CFLL from K., and
Kg10, they are generally similar except for the cases of the
smallest and largest fillet radii. As the fillet radius decreases,
the air gap between adjacent wires shrinks, necessitating an
increase in CFLL to boost ionization events per unit length.

This establishes conditions essential for PD initiation along the
field line. It is important to note that a longer CFLL associated
with the shortest FR implies a greater potential for harmful
effects or damage due to PD activity.
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Fig. 12. CFLL vs FR obtained from Kmean and Kauo,
normalized to CFLL of Riilet = 0.4 mm.

This is because a longer CFLL results in a single electron,
starting an avalanche, travelling a longer path, and acquiring
more Kkinetic energy. Consequently, there is a higher likelihood
of having hot electrons with energies exceeding the bond
energies of the insulation (typically 3-4 eV for Carbon-Carbon
and Carbon-Hydrogen bonds), leading to an increased risk of
Dissociative Electron Attachment (DEA) and causing more
damage on the insulation surface due to PD activity [11]-[13].
To emphasize, even a slight reduction in the FR, for example,
from 0.4 mm to 0.3 mm, results in a 1.5 times longer CFLL.
This implies that while both fillet radii have almost the same
PDIV as shown in Fig. 11, PD activity at Rsiier = 0.3 mm leads
to higher damage, thus a longer lifetime is predicted at the same
overvoltage with respect to PDIV for Rsnee = 0.4 mm,
representing an optimum FR.

Therefore, when the edge of the rectangular wire is sharp
enough (e.g., Rrnee = 0.05 mm), there are two significant
disadvantages. First, it results in a lower PDIV (see Fig. 11).
Second, it increases the destructive potential of PD. This means
that at the same overvoltage with respect to PDIV, comparing
Reiler = 0.05 mm and Rsier = 0.52 mm, more damage would be
plausible when the edge of the rectangular wire is less rounded
(i-e., Rsinee = 0.05 mm). These considerations are crucial in the
manufacturing of rectangular insulated wires, especially when
moderate PD activity is anticipated, such as in the case of
corona-resistant insulation. It will help prevent undesirably
short lifetimes of the wires and ensure their reliable
performance.

C. PD Inception Field

Fig. 13 depicts the variations of the PD inception field (Einc)
plotted as a function of the FR, which has been normalized to
the reference value of Rsiee = 0.4 mm (2.8 kV/mm). The PD
inception field, assigned along the CFL under PDIV conditions,
may differ from the maximum electric field between two
insulated wires. The highest electric field occurs across the
shortest field line, which may not coincide with the CFL. It is
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essential for the field line to be sufficiently long and possess a
significant electric field for the initial electron to generate the
required ionization events per unit length, ensuring conditions
for the avalanche to reach its critical size.
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Fig. 13. Einc vs FR obtained from Kmean and Kagio,
normalized to Einc Of Riilet = 0.4 mm.

The graph illustrates that Ei,c experiences a reduction of 1.3
times when transitioning from Reijiet = 0.4 mm to Rsijier = 0.3 mm,
emphasizing the superiority of the former to the latter.
However, within a broader range of FR variations, from Ryijiet =
0.3 mm to Riier = 0.05 mm (where PDIV reduces as shown in
Fig. 11), Einc remains relatively steady. Moreover, from Rijiet =
0.4 mm to Rfnee = 0.52 mm, Einc exhibits almost constant
behaviour, similar to PDIV (see Fig. 11). Furthermore, it
becomes evident that, except for the largest FR (Riiner = 0.52
mm), both K ean and Kz, deliver the same Einc values.
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D. Air Effective lonization Coefficient

Fig. 14 displays the variations of a.¢ across the CFL as a
function of the FR, which has been normalized to the value
obtained at Rfiner = 0.4 mm. In general, a decrease in the FR
leads to a lower a.¢. This decrease can be attributed to either a
lower PD inception field (Einc) or a longer CFL at a constant
avalanche size. For instance, with Kgio, @es decreases by
nearly 2.5 times when moving from Rsier = 0.52 mm to 0.05
mm, which is in contrast to CFLL. However, similar to CFLL,
the sensitivity of a.¢ to the FR varies depending on the range

of fillet radii. For instance, a.¢ remains constant within the
range of Rsier = 0.075 mm to 0.3 mm, and the same applies to
the obtained ag from Ky ean Within the range of Ryilee = 0.4 mm
to 0.52 mm. Comparing the obtained a.g; from Kpe., and
Kg10, they are generally similar except for the cases of the
smallest and largest fillet radii. When a.¢ is low, it indicates
that air molecules are less likely to undergo ionization.
However, this low a.¢ does not result in a higher PDIV when
the FR is the smallest (see Fig. 11). This suggests that, at a
constant avalanche size, the impact of a longer CFL in
delivering a lower PDIV outweighs the effect of a lower a s
when the FR is smaller. In fact, for ionization to occur, air
molecules must be exposed to a certain amount of energy, and
a longer CFL corresponding to a lower FR can provide this
necessary energy, resulting in a lower PDIV.
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Fig. 15. Viing VS FR obtained from Kmean and Kauo,
normalized to Viiing Of Riitet = 0.4 mm.

E. Firing Voltage

Another parameter linked to streamer inception is the firing
voltage, Viiring, Which is determined by multiplying Einc with
CFLL, as reported in Figs. 13 and 12, respectively. Fig. 15
illustrates the variations of Viiring cOncerning the FR, which has
been normalized to the value obtained at Ryine = 0.4 mm. The
graph clearly demonstrates that Vsiring reaches its peak when the
FR is at its smallest. For instance, at Rfier = 0.05 mm, Viiring iS
approximately 1.81 times higher than at Reiie: = 0.52 mm. At the
smallest FR, both Ei,c and CFLL reach their lowest and longest
values, respectively. Consequently, the impact of CFLL on
Viiring OUtweighs the effect of Einc, leading to the highest Vsiring at
the smallest FR.

It is important to highlight that a clear linear relationship
exists between the firing voltage and PD charge amplitude, as
demonstrated in [25]. Furthermore, there is a well-established
linear relationship between the PD charge amplitude and the
harmfulness associated with PD activity, as indicated in [26]-
[28]. Consequently, it logically follows that there is a linear
relationship between the firing voltage and the harmfulness
associated with PD activity. In summary, Fig. 15 provides
compelling evidence that as the FR decreases, the firing voltage
increases, indicating a higher level of damage for smaller fillet
radii. This observation is consistent with the findings obtained
from CFLL calculations presented in Fig. 12, where higher
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damage is linked to the longest CFL at the smallest FR.
Consequently, the destructive potential of PD is greater at a
smaller FR due to both the longer CFL and higher Viiring. A
noteworthy observation emerges from comparing Rriner Values
of 0.3 mm and 0.4 mm. Even a slight 0.1 mm increment in FR
leads to nearly a 15% decrease in firing voltage, indicating
reduced damage and an extended lifetime under the same PDIV
overvoltage for Rier = 0.4 mm. This aligns with findings from
CFLL and Ejnc analyses, thus introducing Rsiet = 0.4 mm as the
optimal fillet radius. It is important to note that selecting
different K values from both Kye., and Kgqg, as illustrated in
various values in Fig. 8, does not result in a different optimal
fillet radius from the identified value of 0.4 mm.

V. CONCLUSION

This contribution presents a probabilistic PDIV prediction
model rooted in SCSIC, providing valuable support for
insulation designers in electrical machines and coil winding
wire manufacturers. The model aids in the optimal selection of
FR for rectangular insulated wires, achieving maximum PDIV
while minimizing damage, thus enhancing insulation reliability.
The model emphasises the decisive influence of the FR on the
PDIV since the fitting parameter K consistently peaks at the
fillet site. It demonstrates that PDIV increases with larger fillet
radii, reaching a saturation point where further increases do not
affect PDIV value. Moreover, the probabilistic PDIV model
shows that reducing FR leads to lower PDIV and reduced
dispersion. Associated with PD activity, SCSIC-derived SIPs
like CFLL and Vsiring also decrease with increased FR, even
post-PDIV saturation. This guarantees reduced damage and
increased lifetime. The approach developed in this study
simplifies the selection of the optimal wire geometry,
specifically FR. It eliminates the need for extensive, time-
consuming, and costly insulation qualification tests, including
accelerated life tests.
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