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ABSTRACT This study investigates the partial discharge inception voltage (PDIV) in turn-to-turn insulation
of form-wound windings in inverter-fed motors under nine different air pressures, ranging from 1013mbar to
10 mbar. The research evaluates three voltage waveform excitations: 50 Hz AC, unipolar positive (UP), and
bipolar (BP) steep-fronted square waves. The pulse width modulation (PWM) excitations are characterized
by a switching frequency of 2.5 kHz, a rise time of 80 ns, and a pulse width of 100 µs. The experimental
analysis focuses on peak and peak-to-peak PDIV values, comparing the variations between 50 Hz AC and
PWM excitations across different air pressures. In addition, a novel predictive PDIV model is developed
using Schumann’s streamer inception criterion (SCSIC) to account for air pressure variations across the three
waveform excitations. As another innovation, the model examines streamer inception parameters (SIPs) in
rectangular turn-to-turn insulation, incorporating factors such as critical field line length (CFLL), effective
ionization coefficient (αeff), partial discharge inception field (Einc), and firing voltage (Vfiring) under varying
air pressures and voltage waveforms. This study provides critical insights into partial discharge phenomena
and their potentially destructive effects on rectangular insulated wires. These findings are vital for insulation
designers seeking to develop PD-free designs by considering the impact of air pressure, voltage waveform,
and variations in SIPs.

INDEX TERMS Aerospace testing, electric machines, finite element analysis, insulation, modeling, partial
discharges, reliability.

I. INTRODUCTION
Partial discharge (PD) is a critical end-of-life criterion for
the winding insulation of electrical machines, especially
when using Type I insulation (organic insulation material)
[1]. Among the various insulation sub-systems, turn-to-turn
winding insulation is the most vulnerable due to interactions
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between the steep-fronted voltage waveforms of the inverter
and the winding. This results in an uneven voltage distribu-
tion, with the most significant voltage drop occurring at the
initial turns. PD can occur if the electric field between the
turns exceeds the partial discharge inception field (PDIF) [2].
This risk is heightened in random wound windings where
the first and last turns may be in close proximity. Therefore,
in automotive applications, Type I insulated windings must
be designed to ensure the maximum possible voltage peak
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across turn-to-turn insulation is below the minimum partial
discharge inception voltage (PDIV) [1]. Type II insulations,
comprising mixed organic and inorganic materials, offer a
viable solution for automotive applications by moderately
withstanding PD activity at ground level [3]. For aerospace
applications, neither Type I nor commercial Type II insulation
can withstand PD activity, leading to breakdown in less than
five minutes [4].

FIGURE 1. Depiction of coil windings fabricated using edgewise-insulated
wires on the university of nottingham’s production line.

This is due to the reduced air pressures in aerospace envi-
ronments, which decrease PDIV and drastically increase PD
activity’s harmful effects [5]. Consequently, for aerospace
applications, inverter-fed motor insulation systems must be
designed to be PD-free, limiting the maximum feasible DC
bus voltage of the inverters well below the targeted levels [4].
One solution to mitigate PD in aerospace applications is

using form-wound winding with rectangular insulated wires,
such as edgewise or hairpin configurations. This approach
offers more manageable inter-turn voltage stress and higher
PDIV for turn-to-turn insulation due to the thicker insulation
of the wires. The thicker insulation does not reduce power
density, as the rectangular wires achieve a higher slot fill
factor. Fig. 1 depicts typical coil windings produced using
edgewise-insulated wiring. However, even in form wound
windings, turn-to-turn insulation remains the most vulnerable
compared to phase-to-phase and phase-to-ground insula-
tion [6]. Inter-turn voltage stress in form-wound windings
can exceed 1 kV [7], promoting PD inception at the reduced
air pressures typical in aerospace applications [5]. Therefore,
addressing PD threats in turn-to-turn insulation is critical in
designing coil windings for inverter-fed motors in aerospace
applications.

Currently, no standards exist for winding insulation design
in aerospace applications. Commonly used standards, such
as [1], pertain only to industrial drives at ground level and
contain discrepancies that need resolution before creating
an aerospace-specific standard. For instance, this standard
reports the peak value of PDIV, whereas the peak-to-peak
value should be used in practice, leading to inconsistencies
in PDIV measurement references. Additionally, electrical
machine designers question the reliability of PDIV values
measured under AC excitations whenmotors are typically fed

by pulse widthmodulation (PWM) excitations from inverters.
The literature lacks consensus on PDIV behavior at reduced
air pressures. Studies such as [8] and [9] report lower PDIV
values under AC excitations than PWM, suggesting using
the peak PDIV value under AC excitations as a conserva-
tive criterion for inverter-fed motors. Conversely, [10] found
lower peak-to-peak PDIV values under PWM excitations,
indicating that using AC excitation values may be risky for
aerospace applications. A fast, accurate predictive model for
PDIV would greatly aid insulation designers in adhering to
PD-free criteria, saving time and money and reducing the
need for extensive PDIV measurements. One effective tool
for modeling PDIV and analysing PD activity is the streamer
inception criterion. Recent research [5] modelled PDIV and
analysed PD behavior for round insulated wires and dry air
with 13% relative humidity, examining air pressure down to
100 mbar under AC excitations.

This study addresses the research gap in PDIV modeling
and PD analysis for rectangular insulated wires under PWM
excitations with varying air pressures. Themain contributions
are:

(1) Experimentally investigating PDIV for rectangular
turn-to-turn winding insulation of inverter-fed motors across
air pressures from 1013 mbar to 10 mbar, comparing AC and
PWM excitations, both bipolar (BP) and unipolar (UP) steep-
fronted square waveforms, and considering both peak and
peak-to-peak PDIV values.

(2) Developing a PDIV prediction model based on the
Schumann streamer inception criterion (SCSIC) for rectan-
gular turn-to-turn winding insulation of inverter-fed motors
as a function of air pressure and under both AC and PWM
excitations (BP and UP).

(3) Investigating and analysing PD phenomenology and
the associated harmfulness under AC and PWM excita-
tions (BP and UP) as a function of air pressure, using
SCSIC-derived streamer inception parameters (SIPs). These
parameters include the Schumann constant (K ), which is the
natural logarithm of the critical electron number defining the
transition from Townsend to streamer discharge, the critical
field line length (CFLL), the effective ionization coefficient
of air (αeff), the PD inception field (Einc), and the firing
voltage (Vfiring).

II. METHODOLOGY
A. TEST SAMPLE
PDIV tests are conducted on pairs of edgewise insulatedwires
wrapped in polytetrafluoroethylene (PTFE), representing the
turn-to-turn insulation system in form-wound windings of
electrical machines, as shown in Fig. 2 [11], [12], [13].
The polyamide-imide insulation of the wires has a relative

permittivity (εr) of 3.3 and a thermal index (TI) of 200◦C.
Fig. 3 depicts the dimensions of the bare copper wire, insu-
lation thicknesses on the flatwise, edgewise, and fillet sides,
and the fillet radius. Detailed information on measuring these
dimensions and εr can be found in [12]. A dataset from five
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FIGURE 2. Illustration of edgewise insulated wires, displaying their
condition prior to (top) and following (bottom) PTFE wrapping,
representing the test sample.

FIGURE 3. Diagram showing the cross-sectional dimensions of the
edgewise insulated wire being studied.

FIGURE 4. Diagram illustrating the connection layouts of the PDIV testing
setups for (a) AC and (b) PWM excitations.

unused, non-electrically stressed samples is collected for each
test condition involving various air pressures and applied
voltage waveforms (AC, BP, and UP).

B. PDIV TEST SETUPS: AC AND PWM
Figs. 4a and 4b display schematic diagrams of the PDIV test
setups for AC and PWM excitations, respectively. In both
configurations, the voltage applied to the test specimen is
measured through a high voltage (HV) feed-through of the
vacuum test chamber using a Tektronix THDP0200 HV dif-
ferential probe, which features a 200 MHz bandwidth. The
excitation waveform is monitored via a Tektronix MSO64B
oscilloscope with a 4 GHz bandwidth and a 25 GS/s sampling
rate.

For PDIV measurement under AC excitations, the AC
power supply used is the GW Instek GPT-9802 AC 50 Hz.
The PD sensor is a Techimp high-frequency current trans-
former (HFCT) with a ferrite core and a 1-60 MHz band-
width. A 1 nF PD-free coupling capacitor is connected in
parallel with the test specimen to improve sensitivity and
signal-to-noise ratio. The PD signals generated across the
test specimen are detected through a conventional indirect
circuit where the fast current sensor (i.e., HFCT) is con-
nected in series with the coupling capacitor, as shown in
Fig. 4a. The PD signals are acquired and analyzed by the
Techimp PD BaseII detector, which has a 16 kHz to 48 MHz
acquisition frequency range and a 200 MSa/s sampling
rate.

For PDIV measurement under PWM excitations, the
RUP6-18bip commercial variable pulse generator system
generates UP and BP square voltage waveforms. Three dis-
tinct PD sensors monitor PDIV under PWM excitations: 1)
a Hamamatsu H10493-012 photomultiplier tube (PMT), 2)
a Techimp TEM antenna, and 3) a Pearson 6585 HFCT.
Their operating bandwidths are 0-200 kHz, 100 MHz-3 GHz,
and 400 Hz-250 MHz, respectively. The PMT is directly
connected to the oscilloscope due to its immunity to elec-
tromagnetic noise from the fast pulse generator switching.
High-pass (HP) filters (150 MHz for the TEM antenna and
50 MHz for the HFCT) help distinguish PD signals from
switching noise, as depicted in Fig. 4b.

The measurement of PDIV under PWM using a HFCT is
feasible, as shown in [10] and [14]. Both studies employ a
wide-band HFCT specifically designed to mitigate switch-
ing disturbances from high-frequency power supplies. This
is achieved by performing a fast Fourier transform (FFT)
on the PWM excitation waveform to identify its maximum
frequency content, allowing for the precise selection of a
high-pass filter that isolates PD signals while excluding
switching noise. Here, a high-bandwidth HFCT (Pearson
6585) with a range of 400 Hz to 250 MHz is used, follow-
ing the approach in [14]. Coupled with a high-pass filter
(CHPFL-0050-BNC), this HFCT effectively separates PD
signals from commutation noise, as the filter’s 50MHz cutoff
frequency allows disturbances to be filtered while retain-
ing the higher-frequency PD components. The HFCT’s wide
bandwidth, compared to that used in AC PD setups, further
enhances noise exclusion from pulse generator sources in
PWM contexts.
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To improve measurement sensitivity and reliability, this
setup also integrates a TEM antenna and PMT. The TEM
antenna, optimized for high-pressure conditions, detects PD
signals while the high-pass filter excludes switching distur-
bances, whereas the PMT is particularly suited for reduced
air pressures. Using all three sensors—HFCT, TEM antenna,
and PMT—provides reliable, pressure-independent data, val-
idating the sensitivity of the methodology outlined in [14].
For detailed information on HFCT use under PWM, see [10]
and [14], and for PMT applications at lower air pressures,
refer to [15].
The peak and peak-to-peak values of PDIV are confirmed

and recorded once PD is detected promptly by any sensor.
A detailed explanation of the variation in sensitivity for dif-
ferent sensors, including HFCT, alternative optical, and UHF
detection systems, for PDIV measurements as a function of
air pressure is provided in [8].

C. PDIV TESTING CONDITIONS AND PROCEDURES
The PDIV measurements are conducted at nine air pressure
levels: 1013, 800, 600, 200, 150, 100, 50, 25, and 10 mbar,
all at a constant temperature of 25◦C. Humidity is monitored
and set at an absolute humidity (AH) of 13.84 g/m3, cor-
responding to relative humidity (RH) of 60% at 25◦C and
1013 mbar [4]. As air pressure decreases, RH also decreases
because gas solubility, including moisture content in the air,
reduces with lower pressure, according to Henry’s law [16].
Accordingly, RH values are carefully monitored and recorded
at nine selected air pressures. The recorded values, ranging
from 1013 mbar to 10 mbar, are 60%, 53.4%, 45.5%, 29.7%,
27.7%, 25.7%, 23.7%, 22.7%, and 14%.

The air pressure range from 1013 mbar to 10 mbar is
selected primarily to enable comparison with prior studies,
such as [8], which model PDIV as a function of air pressure.
The choice of 150 and 200 mbar specifically aims to vali-
date the SCSIC method for estimating PDIV at air pressures
corresponding to cruising altitudes in aerospace applications,
across various voltage waveform excitations, including AC
and PWM. Furthermore, investigating lower pressures, down
to 10 mbar with high-resolution intervals, seeks to determine
the lowest pressure at which the SCSIC method remains
effective.

For each air pressure level in the test campaigns, PDIV is
measured under three different voltage excitations: AC 50Hz,
UP, and BP square waveforms. The switching frequency, rise
time, and pulse width duration of the PWM waveforms (UP
and BP) are 2.5 kHz, 80 ns, and 100 µs, respectively.
To measure PDIV, the voltage peak is incrementally raised

by 10 V, with varying waiting times between steps as quan-
tified in Table 1 [5]. The extended waiting times at lower
air pressures are necessary because PD initiation relies on
two conditions coinciding: exceeding the electric field in the
air wedge from the PD inception field and the availability
of a free electron to initiate the PD event through reaching
the critical avalanche size. Lower air pressures reduce the

possibility of this occurrence due to the reduced gas number
density [5], [17]. It is important to note that following the
approach proposed in [8], some results may not be directly
comparable to previous studies that employed a constant
voltage rise rate to detect PDIV across varying air pres-
sures. Using a constant rise rate, without accounting for the
changes in discharge mechanisms at lower air pressures and
the reduced probability of reaching the critical avalanche size
along the CFL, introduces a positive error, resulting in an
overestimation of PDIV at reduced pressures.

Additionally, since one of the objectives of this study
is to analyze SIPs along the actual CFL, the waiting time
between voltage steps has been increased to account for the
reduced probability of reaching the critical avalanche size as
air pressure decreases. The waiting times listed in Table 1
correspond to those reported in [8], with an extrapolated value
for 10 mbar, which was not covered in [8].

TABLE 1. Waiting times between voltage steps in PDIV tests as a function
of air pressure.

PDIV tests are conducted once for each unused sample.
While at ground level, repeated PDIV measurements on the
same sample after short exposure (e.g., one minute) can yield
comparable results, as PD activity over a brief period may
not significantly affect the insulation or subsequent PDIV
values, this approach is not suitable at reduced air pressures.
At low pressures, the lifespan of insulated wires, including
corona-resistant insulation (Type II), under PD activity is on
the order of seconds, as reported in [4]. In this study, the
wire is insulated with polyamide-imide (Type I), an organic
insulation that is more susceptible to damage from PD activ-
ity, particularly at low air pressures [18]. Repeated PDIV
measurements under these conditions result in progressively
lower PDIV values due to insulation degradation. To main-
tain consistency, each specimen is tested only once, from
1013 mbar down to 10 mbar. This approach also prevents any
reduction in PDIV values caused by residual charges from
previous tests, as noted in [19], and [20].

For each case study (i.e., a combination of air pressure
and specific voltage waveform excitation), five pristine spec-
imens are tested to gather data. Using five PDIV values per
case study provides the minimum data points required for
statistical analysis. With nine air pressure levels and three
waveform excitations, a total of 135 samples are tested to
complete the dataset. This selection of five samples per case
study balances the need for sufficient data with the practi-
cal time constraints of PDIV testing, especially at lower air
pressures, where longer waiting times between voltage steps
are necessary. Consequently, the dataset derived from testing
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five unused pairs of PTFE-wrapped edgewise insulated wires
is subjected to post-analysis using a 2-parameter Weibull dis-
tribution. The reported peak and peak-to-peak PDIV values
corresponding to each combination of voltage waveform and
air pressure are the 10th percentile (B10) values extracted
from this distribution, fitted to the measured PDIV peak and
peak-to-peak values. B10 is selected as a reference since
the reliability of the insulation system is typically evalu-
ated by selecting specific percentiles from the distribution
tail [21], [22]. The B10 of the PDIV peak, calculated from
the non-exceedance probability in Weibull distributions, acts
as a benchmark for determining the SIPs.

III. MODELING PDIV AND SIPs USING SCSIC
As a preliminary hypothesis, it is assumed that streamer
discharges are mainly responsible for dielectric degrada-
tion from ground level to cruising altitude [5]. One might
argue that as air pressure decreases, discharges shift from
streamer to Townsend discharges, necessitating two different
inception criteria: one for higher air pressure and one for
lower air pressure. However, it should be noted that the
energy of Townsend discharges is lower than that of streamer
discharges. As experimentally demonstrated in [4], even
corona-resistant insulating materials, which can withstand
PD moderately at atmospheric pressure, cannot withstand
PD at reduced air pressures. This is because the decrease in
air pressure significantly increases the destructive potential
of PD. Therefore, even at reduced air pressures, insula-
tion degradation as a consequence of PD cannot be solely
attributed to Townsend discharges, which have lower energy
content compared to streamer discharges. Thus, the streamer
criterion is accepted as a reliable tool for predicting PDIV at
different temperatures and air pressures [8].
Initially, electrical discharges are of the Townsend type.

When the electron count at the head of an avalanche reaches
a critical threshold, fast-moving filamentary streamers form,
marking the transition from Townsend to streamer discharges
in the air [23]. According to the SCSIC, this transition occurs
when condition (1) is satisfied along at least one electric field
line in the air gap [24].

K ≤

∫ xc

0
αeff (x) · dx (1)

In (1), K is a dimensionless quantity representing the natural
logarithm of the critical electron number that defines the
transition from Townsend to streamer discharge. The variable
x denotes the distance an initial electron travels along the
field line from the cathode to the anode within the air gap.
The critical distance xc is the point beyond which filamentary
streamers rapidly propagate from the avalanche’s head, signi-
fying the transition fromTownsend to streamer discharge.αeff
is the effective ionization coefficient of air along the electric
field lines, as given by (2). The effective ionization coefficient
of air, denoted as αeff, is determined across each field line and
is calculated by (2):

αeff = α − η (2)

In (2), the ionization coefficient (α) and attachment coef-
ficient (η) of air depend on factors such as electric field
intensity, altitude or air pressure, temperature, and humid-
ity [5], [17], [21]. Both α and η are dependent on the electric
field intensity. As an electron moves from the cathode to
the anode along the electric field lines, variations in field
intensity lead to changes in these coefficients. α and η can
be computed as functions of the reduced electric field using
BOLSIG+ software [25], [26].

A. DERIVING SIPs UNDER PDIV
For any insulation subsystem of the electrical machine, such
as turn-to-turn insulation, the electric field distribution in the
air wedge between two adjacent rectangular insulated wires
is computed using FEM simulation with PDIV as the applied
voltage. Then, the effective ionization coefficient of air for
the given environmental conditions (air pressure, tempera-
ture, and humidity) is calculated by considering the electric
field intensity along each field line. Next, the integral on the
right-hand side of (1) is calculated for all the electric field
lines to find its maximum value under PDIV. This maximum
value is identified as the Schumann constant (K ), which
serves as the first SIP and is used to predict PDIV based on
SCSIC. The length of the electric field line that yields the
maximum value of the right-hand side of (1) is defined as the
second SIP, known as the critical field line length (CFLL).
Other SIPs are related to the CFLL, such as the effective
ionization coefficient (αeff), the electric field intensity known
as the PD inception field (Einc), and the voltage across the
CFLL known as the firing voltage.

In this study, SIPs are derived under three different voltage
waveform excitations: AC, bipolar (BP), and unipolar (UP)
steep-fronted square waveforms. The electric field distribu-
tion is governed by the permittivity of the wire insulation in
the air wedge between two adjacent insulated wires under
both AC and PWM excitations. The peak voltage, regardless
of waveform, solely determines the maximum instantaneous
electric field intensity along each field line in the air wedge.
Under PWM excitations, the instantaneous peak of the volt-
age drop in turn-to-turn insulation (i.e., voltage overshoot)
depends on the rise time of the steep-fronted waveform and
the cable length. This peak voltage stress should be consid-
ered lower than PDIV to adhere to the PD-free design of
electrical machines [1]. To calculate the maximum instan-
taneous electric field distribution along each electric field
line resulting from the instantaneous voltage peak, FEM elec-
trostatic simulation is performed using COMSOL software,
as shown in Fig. 5 for a 1 V peak.

It should be noted that these simulations are simplified and
do not account for potential space charge accumulation under
UP square wave excitation, as detailed in [27].

The essential steps for calculating SIPs are outlined
below [5], [11], [12], [17], [21]:

a) Configure the voltage in electrostatic simulations to
match the peak of the measured PDIV for the specific voltage
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FIGURE 5. 2D COMSOL multiphysics® simulation of the electric field
distribution between rectangular turn-to-turn insulation.

waveform under study (AC, BP, or UP), also taking into
account the desired probability, for example, 10% (B10).

b) Under the B10 probability of the PDIV peak, perform
a 2D electric field distribution simulation between the two
insulated wires in the air wedge to calculate the electric field
intensity, E(x,y), along the field lines. Another output of
the simulation is the field line length (FLL) of the electric
field lines extending only in the air. The inputs for the FEM
software (COMSOL) include the wire dimensions (cross-
section and insulation thickness) and the insulation’s relative
permittivity (εr).

c) Convert the electric field intensity obtained in step (b) to
the reduced electric field (E /n). The gas number density (n),
which varies with air pressure and temperature, necessitates
the consideration of the reduced electric field rather than
the absolute electric field intensity. The ideal gas law, (3),
expresses gas number density (n) in m−3.

n = p · V/kB · T (3)

In (3), p denotes pressure in Pascals, V signifies the volume
under test in cubic meters (e.g., the volume of the vacuum
chamber), T stands for temperature in Kelvin, and kB repre-
sents the Boltzmann constant (1.380649 × 10−23 J/K ).

d) Use BOLSIG+ software [25], [26] to derive α and η as
functions of the reduced electric field along each field line,
considering the temperature and humidity of the air obtained
in step (c). Then, use (3) to calculate αeff across each field
line in the air wedge.

e) Using the FLLs obtained in step (b) and αeff from step
(d), compute the right-hand term in (1) for all field lines in
the air wedge.

f) Report the maximum value obtained in step (e) as the
first SIP, denoted as K , corresponding to the specified air
pressure and voltage waveform under investigation.

g) Additionally, report the FLL at which the maximum
right-hand term in (1) is achieved as CFLL, the electric field at
CFLL as the PD inception field (Einc), and the voltage across
CFLL, calculated by multiplying Einc and CFLL, denoted as
the firing voltage (Vfiring).

To gain a clearer understanding of the methodology used
for calculating K , which acts as the initial SIP serving as a
reference for deriving others, refer to Fig. 6. This figure illus-
trates the process of determining the maximum right-hand
term in (1), denoted as K . It illustrates the K values obtained
under BP excitation at air pressures of 1013 mbar, 200 mbar,
100 mbar.

FIGURE 6. A typical representation of the K determination process under
BP excitations, at 1013, 200 and 100 mbar, and room temperature (25◦C).

In Fig. 6, the field line numbering progresses from shortest
to longest. Consequently, it is observed that as air pres-
sure decreases from 1013 mbar to 100 mbar, the field line
where the maximum value of the right-hand term in (1)
occurs extends. This indicates that at reduced air pressures,
PD events transpire along longer field lines. Consequently,
electrons within the avalanche gain heightened kinetic energy
as they traverse a longer discharge path, intensifying PD
destructive potential at lower air pressures [5], [17]. More-
over, Fig. 6 highlights a critical zone where αeff, and
consequently, the right-hand term in (1), experience a notable
increase. This critical region significantly influences the
determination of K , as the maximum value of the right-hand
term in (1) is attained within it [5], [11], [12], [17], [21].

B. PDIV ESTIMATION APPROACH
PDIV estimation is conducted using the derived K values via
the SCSIC for three different voltage waveform excitations
(AC, BP, and UP) at nine different air pressures (1013, 800,
600, 200, 150, 100, 50, 25, and 10 mbar). The main steps of
the iterative algorithm for predicting PDIV are summarized
below:

a) Allocate the K value corresponding to the designated
voltage waveform and air pressure. This K value corresponds
to the targeted probability. For instance, if the chosen K
value originates from the 10th percentile of the measured
PDIV values fitted to the Weibull distribution, this K will
yield a PDIV occurrence probability of 10%, as used in this
study [11].
b) Under a unit voltage peak, determine the electric field

distribution within the air wedge between two rectangu-
lar insulated wires, extending from the near fillet side to
the far fillet side, as illustrated in Fig. 5. For the electro-
static FEM simulation, consider the cross-sectional geometric
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dimensions of the wire (e.g., insulation thickness and cop-
per dimensions) and the insulation relative permittivity (εr),
which governs the electric field distribution in the air gap.
Configure the COMSOL settings to arrange the electric field
intensities from strongest to weakest, corresponding to the
shortest to longest field lines, and document this field dis-
tribution as Edatabase(x, y) [5], [11], [12], [17], [21].
c) Start the iterative algorithm with an initial voltage sig-

nificantly below PDIV, such as 50 V.
d) As voltage increases, the electric field intensity along

each field line rises linearly. Therefore, for the selected volt-
age peak value as PDIV, calculate the electric field intensity
across each field line (E(x, y)), using the principle of linearity
as given by (4), and revise the database obtained from step (b).

E(x, y) = PDIV · Edatabase (x.y) (4)

FIGURE 7. Flowchart illustrating the iterative procedure for constructing
the PDIV predictive model under varied AC and PWM voltage waveform
excitations across various air pressures.

e) Deriving αeff along each field line requires converting
the output from step (d) to the reduced electric field. This
involves (3) ascertaining the gas number density (n) at the
investigated air pressure and temperature. Next, the obtained
electric field intensity database from step (d) is divided by (n)
to deduce the reduced electric field along each field line, thus
E(x, y)/n.

f) Upon determining the reduced electric field along each
field line, αeff can be computed using the BOLSIG+ soft-
ware. This software provides α and η as functions of the
reduced electric field at the investigated temperature and
humidity [25], [26]. Using (2), αeff as a function of the

reduced electric field can be calculated. As a result, αeff can
be derived across each field line concerning E(x, y)/n.

g) Using the chosen PDIV value and the predetermined
K value from step (a), evaluate if condition (1) is fulfilled
for at least one electric field line in the air wedge. If so,
designate the selected voltage as the estimated PDIV, with the
probability linked to K corresponding to the assigned voltage
waveform type and air pressure.

h) If condition (1) from step (g) is not met, it indicates
that the selected PDIV value is insufficient. In this case,
increment the voltage by, for example, 0.5 V, and repeat the
procedure starting from step (d) until the condition (1) in
step (g) is satisfied, ensuring the attainment of PDIV with the
desired probability under the specified voltage excitation and
air pressure.

It is important to clarify that while using two distinct data
sets for derivingK and predicting PDIV appearsmore reason-
able, in practice, one would logically select two comparable
data sets for these calculations. In other words, for a spe-
cific environmental condition, using pristine and identical test
samples ensures that the statistical distribution from different
data sets would be comparable. This means that even if sep-
arate data sets are employed, as long as they are comparable,
the PDIV error derived from one will be similar to that from
the other. Therefore, this study employs a single data set for
both K calculation and PDIV prediction, consistent with the
approach used in other references such as [28] and [29].

Fig. 7 depicts a flowchart outlining the iterative process
of developing the predictive model for PDIV under different
AC and PWM excitations across varying air pressures. In the
iterative process depicted in Fig. 7, it’s crucial to consider
the optimal number of electric field lines in the air wedge,
denoted as nFL, to ensure a separation distance of no more
than 1 µm between lines. This value varies with factors
such as the conductor diameter, insulation thickness, and
fillet radius at the corner side of the rectangular wire. The
determination process, as outlined in [5] and [30], involves
conducting FEM simulations with an extremely fine mesh
size to accurately assess the configuration.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. MEASURED PDIV
Figs. 8a and 8b present the 10th percentile of measured PDIV
peak-to-peak and PDIV peak values, respectively. The PDIV
peak-to-peak value is used for insulation qualification testing
and determines the end-of-life of insulation systems through
accelerated thermal aging. Conversely, the PDIV peak value
is crucial for the PD-free design of electrical machines, allow-
ing for the computation and comparison of the peak voltage
with the PDIV peak. Therefore, both peak-to-peak and peak
PDIV values are reported here (Figs. 8a and 8b).

In [31], the behavior of the electric field in the air gap
between two insulated wires under UP and BP excitations
was explained in detail. When PDIV measurements are refer-
enced to the peak-to-ground value, the PDIV peak under UP
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excitations is higher than that under BP and AC excitations.
It is important to note that, in practice, steep-fronted wave-
forms like UP and BP are not overshoot-free. For example,
under positive UP excitation, a negative voltage overshoot
occurs during the falling edge, as shown in [27]. Conse-
quently, the peak-to-peak PDIV value exceeds twice the peak
PDIV value. Additionally, space charge accumulation influ-
ences both the peak and peak-to-peak voltages across the air
gap, varying with exposure time [27]. For BP excitations,
if the inverter produces a perfectly symmetric waveform,
the peak-to-peak PDIV should be approximately twice the
peak value. However, asymmetry in BP excitations can lead
to unequal positive and negative peak voltages. In contrast,
AC excitations, being symmetric, result in a peak-to-peak
PDIV that is exactly twice the PDIV peak.

FIGURE 8. Measured B10 of (a) PDIV peak-to-peak and (b) PDIV peak
under three distinct excitations (AC, BP, and UP), as a function of air
pressure. Confidence intervals with a 95% probability are also provided.

Fig. 8a shows that at ground level (1013 mbar), the mea-
sured PDIV peak-to-peak varies slightly with the type of
voltage waveform excitation, being highest under BP and
lowest under AC. The lower PDIV peak-to-peak under UP

compared to BP at 1013 mbar aligns with findings in [32]
and is attributed to space charge accumulation under UP
excitations [27]. The ratios of PDIV peak-to-peak under BP
and UP to AC are 1.15 and 1.04, respectively, at 1013 mbar.

From 1013 mbar down to 10 mbar, AC consistently shows
the lowest PDIV peak-to-peak, suggesting its use as a con-
servative reference for insulation qualification compared to
PWMexcitations.While PDIV peak-to-peak in AC decreases
steadily from 1013 mbar to 10 mbar, under PWM excitations,
it decreases only to 150 mbar before increasing at lower
pressures. The increase in PDIV under PWM excitations at
reduced air pressures is due to the combined effects of lower
gas density and rapid voltage rise times. For PD inception
to occur at low pressures, three conditions must be met: 1)
the electric field must exceed the PDIF, 2) a free electron
must be present, and 3) a critical electron avalanche must
form as the electron travels from cathode to anode. For the
third condition, two key factors are necessary: the electric
field must stay above PDIF long enough, and sufficient gas
molecules must be available along the electron’s path to
sustain ionization and allow the avalanche to reach a critical
size, thus triggering a PD event.

At pressures below 150 mbar, under PWM excitations,
the first two conditions cannot occur simultaneously at the
same voltage peak, as they do at higher pressures. This
necessitates a higher voltage to achieve the critical avalanche
size. For instance, at 10 mbar, if the PWM voltage peak is
set to the PDIV level observed at 150 mbar, the fast rise
time and reduced gas density prevent the electron avalanche
from reaching the critical size required for PD. Therefore,
the applied voltage at 10 mbar must be increased to keep
the electric field above PDIF for long enough and ensure
sufficient ionization to reach critical avalanche size. As a
result, PDIV increases under PWM excitations at pressures
below 150 mbar.

In contrast, with AC excitations, the longer rise time allows
the electric field to remain above PDIF for a more extended
period compared to PWM excitations at the same peak field.
Consequently, PDIV under AC excitation decreases consis-
tently as air pressure drops from ground level to 10 mbar.

Consequently, at the lowest air pressure (10 mbar), the
PDIV peak-to-peak in AC is significantly lower than in
PWM, with a ratio of 0.55. At 200 mbar, equivalent to a cruis-
ing altitude of 38.6k ft, the PDIV under AC is comparable to
PWM, with a ratio of 0.9.

Fig. 8a shows that at reduced air pressures below 800mbar,
the measured PDIV peak-to-peak under BP and UP excita-
tions, with the same switching frequency and rise time, are
comparable. This indicates that PDIV is less affected by space
charge accumulation under UP excitations in this pressure
range. This can be attributed to the higher concentration of
the electric field in air rather than in solid insulation at lower
pressures. Consequently, the role of the solid dielectric and its
characteristics, such as space charge accumulation, becomes
less significant at reduced air pressures [5], [33].
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It is important to note that in real-world applications,
higher altitudes result in increased electron availability due
to natural radiation, a condition that is challenging to repli-
cate in ground-based laboratories. Furthermore, space charge
accumulation at reduced air pressures may differ from that
observed at ground level under the same peak applied UP
excitations.

As expected, Fig. 8b displays that the measured PDIV peak
under UP excitations is higher than under BP excitations
with the same rise time and switching frequency and under
AC 50Hz [34]. Similar to PDIV peak-to-peak, the PDIV peak
under PWMexcitations decreases with air pressure reduction,
reaching its lowest value at 150 mbar, and then increasing
at lower pressures. Under AC excitations, PDIV consistently
decreases with air pressure reduction.

Interestingly, at ground level (1013 mbar) and air pressures
of 200 mbar and 150 mbar (cruising altitudes of 38.6k ft
and 44.3k ft), the measured PDIV peak under BP and AC
excitations are comparable, though slightly lower for BP.
Between 200 mbar and 1013 mbar (600 and 800 mbar), the
PDIV peak under BP is lower than that under AC 50 Hz, with
ratios of 0.91 and 0.87 at 800 and 600 mbar, respectively. It is
important to note that these ratios are derived using the B10
values of PDIV as the reference, although the B10 values
lie outside the 95% confidence interval. Furthermore, these
ratios are based on datasets consisting of five data points
for each case study, defined by a specific combination of
air pressure and voltage waveform. Fig. 8b also shows that
below 100 mbar, the difference between PDIV peaks under
AC and BP excitations becomes more pronounced. At these
low pressures, while PDIV under AC continues to decrease,
PDIV under BP starts to increase, resulting in lower PDIV
under AC than BP at 10 mbar, with a ratio of 0.67.

Figs. 8a and 8b demonstrate that PDIV peak-to-peak under
AC excitations can be used for conservative testing and insu-
lation qualification in aerospace applications. However, for
PD-free design at air pressures such as 800 and 600 mbar,
relying on the measured PDIV peak under AC excitations
to design inverter-fed motors would be risky. Therefore, for
air pressures between ground level and a cruising altitude of
38.6k ft (200 mbar), it is recommended to use the measured
PDIV peak under the same PWM excitation as used in prac-
tice as the reference for PD-free design of inverter-fed motors
in aerospace applications.

At air pressures of 200 mbar and 150 mbar (cruising alti-
tudes of commercial aeroplanes) and 1013 mbar (automotive
applications), the PDIV peak under AC is very close to that
under BP. Therefore, for aerospace and automotive applica-
tions, the measured PDIV peak under AC excitations can
be used as a reference to consider the PD-free criterion in
designing inverter-fed motors.

B. SCHUMANN CONSTANT (K)
Fig. 9 presents the obtained maximum K values under PDIV
as a function of air pressure for various voltage waveform

excitations, including AC 50 Hz, BP, and UP. The results
show a direct correlation between the PDIV peak (Fig. 8b)
and the K values, where higher PDIV peaks correspond to
higher K values. For example, across all air pressures, K
values under UP excitations are consistently higher than those
under BP andAC excitations due to higher PDIV peaks in UP.
This indicates a larger avalanche size under UP excitation
compared to AC and BP. However, the difference in the
obtained K values under AC and BP excitations from ground
level to 50 mbar is so subtle that it may be obscured by
experimental errors.

FIGURE 9. Derived K under B10 of PDIV peak for three distinct excitations
(AC, BP, and UP), with respect to air pressure.

From 1013 mbar to 150 mbar, KAC is slightly higher than
KBP because of the marginally higher PDIV peak in AC
within this range (Fig. 8b). Below 100 mbar, KBP surpasses
KAC as the PDIV peak for BP overtakes that for AC. Addi-
tionally, Fig. 9 reports the average K values from 10 mbar to
1013 mbar for AC, BP, and UP excitations, which are 5.43,
5.67, and 9.4, respectively.

The lower average K values under AC excitations com-
pared to PWM excitations from 10 to 1013 mbar suggest
that using KAC for PDIV predictions under PWM excitations
would result in conservative estimates. The comparison of K
values from 1013mbar to 10 mbar for each voltage waveform
reveals that the highestK is achieved at different air pressures
depending on the excitation type: 600 mbar for AC, 10 mbar
for BP, and 100 mbar for UP.

As demonstrated in [28], the variation inK across different
magnet wires at ground level is negligible, leading to the
proposal of an average K value of 5.98 for PDIV prediction.
This finding suggests that the stability of K can be a useful
feature for PDIV prediction. IfK were to change significantly
with environmental conditions (such as air pressure), the
SCSIC would be ineffective for PDIV prediction. However,
as shown in Fig. 9, K remains relatively stable, especially
during polarity reversals in excitation (e.g., AC and BP), even
as PDIV varies with air pressure. This quasi-stability of K
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supports the reliability of the SCSIC for predicting PDIV
across different air pressures.

When comparing the SIPs results from [5] with those of
the current study, it is important to note that [5] focused on
dry air (13% relative humidity), cylindrical wires, and AC
excitations only. In [5], it was shown that for dry air, the K
value increases as air pressure decreases to 100 mbar, indi-
cating a larger avalanche size at lower pressures. However,
the present study demonstrates that for more humid air—
more representative of conditions at cruising altitude—the
K value remains relatively stable over a broader range of
air pressures, from ground level down to 50 mbar. This is
particularly true for excitations involving polarity reversals,
such as AC and BP waveforms. This result supports the use
of a single fitting parameter, K , for predicting PDIV based on
SCSIC in aerospace applications.

In comparison with [29], the presented study advances
PDIV modeling by extending the SCSIC approach to varying
air pressures and three distinct voltage waveforms, including
both AC and PWMexcitations, whereas [29] restricts its anal-
ysis to ground-level conditions under AC excitation alone.
Additionally, this work uniquely examines SIPs and their
variation across different air pressures, absent in [29]. A crit-
ical difference also lies in the treatment of the critical region
of αeff which significantly influences K values according to
waveform type—a factor not addressed in [29]. This omission
may lead to similar PDIV predictions across AC, BP, and UP
excitations, introducing potential inaccuracies. Furthermore,
the current study offers novel insights into PD localization
in rectangular insulated wires, particularly emphasizing the
significance of fillet radius and insulation thickness, aspects
overlooked in [29]. The results underscore that the K values
derived in [29] are specific to ground-level AC conditions and
cannot be directly applied to the conditions analyzed here.

C. PDIV PREDICTION BASED ON SCSIC
In this section, two K selection methods are compared for
predicting the PDIV peak as a function of air pressure to
identify the most reliable approach. Fig. 10a shows PDIV
predictions using the averageK values for each voltage wave-
form excitation, while Fig. 10b uses unique K values specific
to each air pressure and voltage waveform as reported in
Fig. 9.

Figs. 10a and 10b show that using a simple average K
increases estimation errors. For UP excitations, the maximum
error is 35.34% at 10 mbar, and for AC excitations, it is
33.23% at 25 mbar. BP excitations exhibit a maximum nega-
tive error of -16.09% at 50 mbar. Despite these discrepancies,
PDIV prediction accuracy using average K values remains
reasonable at other pressures.

In contrast, Fig. 10b demonstrates PDIV predictions using
pressure-adapted K values, which fit very well with the
experimental results. The maximum PDIV prediction errors
for AC, BP, and UP excitations are −2.16% (at 800 mbar),
−2.54% (at 50 mbar), and −3.06% (at 600 mbar), respec-
tively. Using real or pressure-adapted K values yields highly

accurate predictions, with consistently negative errors reflect-
ing a conservative approach.

To clarify, the aim of predicting PDIV using two
approaches—(1) the average K values across different air
pressures for a specific excitation (Fig. 10a), and (2) the
pressure-adapted K value for each voltage excitation—is to
highlight the differences in prediction accuracy. While using
an average K value results in higher prediction errors, apply-
ing the pressure-adapted K value for specific air pressures,
such as those corresponding to cruising altitudes in aerospace
applications, significantly improves accuracy. The remaining
errors in Fig. 10b stem from inherent limitations in the math-
ematical model.

Numerous factors influence PDIV, making it impractical
to model each one individually, as this would overcomplicate
the prediction model and reduce its reliability.

FIGURE 10. PDIV prediction evaluation using (a) average K values
obtained from 1013 mbar to 10 mbar, and (b) pressure-adapted K under
three distinct excitations (AC, BP, and UP) as a function of air pressure.

Instead, their combined effects are captured in a single
fitting parameter, like K . For instance, the fast rise time
of steep-fronted voltage waveforms, together with electron
firing delay, can lead to higher PDIV. However, once PD
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occurs, rapid voltage rise limits charge diffusion, allowing
deposited charges to trigger stable PD activity, potentially
lowering PDIV with faster rise times. Similarly, high switch-
ing frequencies reduce charge dissipation time, sustaining
PD activity and lowering PDIV, though extremely high
frequencies may suppress orientation polarization, reduce
permittivity, and increase PDIV by weakening field intensity
in air gaps. Environmental factors like air pressure, humidity,
and temperature also affect PDIV by influencing air ion-
ization, permittivity, and the surface conductivity of solid
insulation, further altering field intensity and PDIV.

Thus, when PDIV values are used to derive K under
specific conditions, all these influences are inherently con-
sidered. As PDIV is a multiphysics parameter, using K
simplifies the complexity of its prediction. DifferentK values
obtained for sinusoidal or square waveforms at various air
pressures lead to distinct PDIV predictions using the SCSIC
method.

The fundamental differences in modeling PDIV under
AC and PWM excitations, primarily attributed to varying
K values. It is demonstrated that K values differ not only
between AC and PWM but also among BP and UP exci-
tations. Specifically, the relationship KAC < KBP < KUP
highlights that using KAC for PWM predictions may lead to
conservative estimates, while KUP for AC or BP conditions
could yield significant overestimations. The findings under-
score the necessity of distinct K values for accurate PDIV
modeling across different excitation types. This difference
arises from the correlation between PDIV values and the
dispersion of the critical region of αeff. As shown in Fig. 6, the
critical region of αeff becomes less dense and broader, shifting
towards electric field lines with lower intensity as the air
pressure reduces. Consequently, the PDIV variations between
AC and PWM excitations result in distinct K values as air
pressure changes. Although the model structure may appear
similar for both excitations, the key factor is the relationship
between the dispersion of αeff due to air pressure variations
and the different PDIV values under each excitation.

This study examines the feasibility of PDIV modeling
using a single fitting parameter, K , derived from the average
values obtained under AC, BP, and UP excitations (Fig. 10a).
The results demonstrate significant PDIV estimation errors at
air pressures below 50 mbar, particularly for UP excitations
at 10 mbar. K is shown to be dependent on the voltage wave-
form, with unipolar excitations yielding higher K values than
AC and BP excitations. As illustrated in Fig. 9, the variation
in K with air pressure is subtle for waveforms with polarity
reversal (AC and BP) down to 50 mbar. However, at lower
air pressures, the differences in K values between AC and
BP excitations become more pronounced. Thus, K exhibits
noticeable variations at pressures below 50 mbar, depending
on the voltage waveform.

In [28], it was demonstrated that the variation in K across
different magnet wires is negligible at ground level. Although
K values differ among various magnet wires, these differ-
ences are minor, permitting an average K value of 5.98 for

PDIV prediction. This finding suggests that negligible vari-
ations in K imply that the SCSIC could be an effective
approach for predicting PDIV.

In contrast, this study shows that K remains relatively
stable from ground level to 50 mbar, particularly for exci-
tation types with polarity reversals (e.g., AC and bipolar),
despite variations in PDIV with changing air pressure. This
quasi-stability of K confirms the robustness of the SCSIC for
predicting PDIV across different pressures.

Notably, [28] focused on cylindrical insulated wires at
ground level, while this study examines rectangular insu-
lated wires at varying air pressures. Additionally, [28] did
not analyze SIPs and primarily concentrated on AC exci-
tations, whereas this study investigates two types of PWM
excitations—UP and BP—in comparison with AC excita-
tions.

Compared to the analytical approach in [8], which predicts
PDIV as a function of air pressure, the PDIVmodel developed
in this study, based on SCSIC, demonstrates higher accuracy.
While the model in [8] is limited to AC excitations, the
model presented here accounts for both AC and PWM excita-
tions, including BP and UP waveforms. Importantly, [8] does
not provide a quantified estimation error for PDIV, making
a direct quantitative comparison between the two models
impractical. Another key difference between the two studies
is the behavior of AC PDIV under decreasing air pressure.
In this study, AC PDIV consistently decreases as pressure
is reduced to 10 mbar. However, [8] reports an increase in
PDIV when the pressure is lowered from 20–30 mbar to
10 mbar. A possible explanation for this discrepancy is the
extended 30-minute waiting time between voltage increments
applied in this study at 10 mbar, which likely increases the
likelihood of PD inception at low pressures. This extended
waiting time was introduced to improve accuracy, though it
remains a hypothesis, as the waiting time at 10 mbar was not
reported in [8], preventing direct comparison.

The combined effects of temperature and humidity on
K and PDIV modeling at ground level using SCSIC were
thoroughly investigated in [21] and [35]. Key findings from
this study indicate that K varies with humidity, exhibiting
distinct patterns at low and high temperatures. Additionally,
it was observed that at elevated temperatures, a transition
phase occurs as a function of relative humidity, resulting
in significant changes in SIP due to the disappearance of a
critical region in αeff at specific electric field intensities.

D. CFLL
Fig. 11 shows the CFLL values under PDIV as a function of
air pressure for different voltage waveform excitations. CFLL
is the length of the electric field line where maximum K val-
ues are obtained under PDIV. Fig. 11 demonstrates that CFLL
increases consistently with decreasing air pressure. A longer
CFLL results in higher kinetic energy for the electrons at
the head of an avalanche, leading to more harmful PD activ-
ity. This damage can reach levels that even corona-resistant
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insulating materials cannot withstand for more than one hour
at reduced air pressures [5].

The ratios of CFLL at 10 mbar to 1013 mbar for AC,
BP, and UP excitations are 157.6, 173.17, and 125.72,
respectively. This indicates that as air pressure decreases,
the harmfulness associated with PD activity increases more
rapidly for voltage excitations with polarity reversal (i.e.,
AC and BP). Fig. 11 shows that at each air pressure, the CFLL
values for AC and BP excitations are almost comparable,
while the CFLL for UP excitations is longer.

FIGURE 11. CFLL variations as a function of air pressure for three distinct
excitations (AC, BP, and UP).

FIGURE 12. Typical CFLL (discharge) locations: (a) Close fillet for AC and
BP excitations from 1013 mbar to 50 mbar, and UP excitations from
1013 mbar to 100 mbar; (b) Edgewise side for UP excitations at 50 mbar;
(c) Far fillet for all voltage waveform excitations at 25 mbar and 10 mbar.

However, the CFLL promotion rate for UP excitations
from 1013 mbar to 10 mbar is lower than for AC and BP
excitations, with a ratio of 125.72 at 10 mbar to 1013 mbar.
Thus, at the lowest air pressure (10 mbar), the CFLL values
for UP and BP excitations become comparable.

For PD localization, Fig. 12 depicts the typical CFLL
(discharge site) positions in rectangular wire turn-to-turn
insulation under different voltage waveforms and air pres-
sures. CFLL is typically found at the fillet sides—either the
close fillet at higher air pressures (Fig. 12, filed line (a)) or

the far fillet at lower air pressures (Fig. 12, filed line (c)). For
AC and BP excitations, from 1013 mbar to 50 mbar, CFLL
is found at the close fillet (Fig. 12, filed line (a)). The same
applies to UP excitations, except at 50 mbar, where CFLL is
found on the edgewise side between the close and far fillets
(Fig. 12, filed line (b)). For all voltage waveform excitations,
CFLL is found at the far fillet at 25 and 10 mbar, reflecting
a longer CFLL (Fig. 12, filed line (c)). When the maximum
K values (i.e., avalanche size) and CFLL often occur at the
fillet sides, this highlights the important role of the fillet
side in PD characteristics and PD phenomenology for rect-
angular insulated wires. Consequently, wire manufacturers
should consider optimizing the fillet radius and insulation
thickness at the fillet sides in the design and manufacturing
of rectangular insulated wires [11], [36].

E. EFFECTIVE IONIZATION COEFFICIENT
Fig. 13 indicates the effective ionization coefficient (αeff)
corresponding to the CFLL, where K reaches its highest
value under PDIV. Fig. 13 reports αeff values as a function
of air pressure for different voltage waveform excitations.
As shown, αeff decreases as air pressure reduces, displaying
an opposite trend compared to CFLL variations concerning
air pressure. The ratios of αeff at ground level (1013 mbar)
to 10 mbar under AC, BP, and UP excitations are 203.08,
156.34, and 131.19, respectively. This indicates that the rate
of αeff reduction from 1013 mbar to 10 mbar depends on the
voltage waveform excitation, with the most significant reduc-
tion under AC excitation and the least under UP excitation.

FIGURE 13. The variations of effective ionization coefficient as a function
of air pressure for three distinct excitations (AC, BP, and UP).

Fig. 13 shows that the obtained αeff value at each specific
air pressure is almost independent of thewaveform excitation,
giving comparable values for AC, BP, and UP excitations.
However, from 50 mbar down to 10 mbar, αeff values change
with the voltage waveform excitation. For example, at the
lowest air pressure (10 mbar), αeffis higher for PWM exci-
tations than for AC. It should be noted that a higher αeff for
PWM excitations does not result in a lower PDIV compared
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FIGURE 14. The variations of PD inception field as a function of air
pressure for three distinct excitations (AC, BP, and UP).

to AC; conversely, PDIV at 10 mbar is higher for PWM
excitations. This can be attributed to the fast rise time of PWM
excitation and the reduced probability of the first electron
availability to initiate PD at lower air pressures, where the
gas number density is lower, limiting the avalanche size from
reaching its critical value to incept PD.

F. PD INCEPTION FIELD
Fig. 14 illustrates the electric field intensity across CFLL
(Einc), where maximum K values are achieved under PDIV,
as a function of air pressure for various voltage wave-
form excitations. Einc weakens with decreasing air pressure,
showing a direct correlation with αeff (Fig. 13) and an
inverse correlation with CFLL (Fig. 11). The ratio of Einc at
1013 mbar to 10 mbar is 88.07, 63.2, and 46.96, under AC,
BP, and UP

FIGURE 15. The variations of firing voltage as a function of air pressure
for three distinct excitations (AC, BP, and UP).

excitations, respectively. This suggests that the rate of Einc
reduction from 1013 mbar to 10 mbar is highest and lowest
under AC and UP excitations, respectively. For instance,

under AC, Einc decreases from 3.02 kV/mm at 1013 mbar
to 0.03 kV/mm at 10 mbar, while under UP excitations, Einc
decreases from 3.02 kV/mm at 1013 mbar to 0.06 kV/mm at
10 mbar. From 1013 mbar to 200 mbar (cruising altitude of
38.6k ft),Einc decreases by 4.65, 4.22, and 4.23 under AC, BP,
and UP excitations, respectively, indicating a larger reduction
rate in AC and a comparable reduction rate under PWM exci-
tations. Similar to αeff, from 1013 mbar down to 100 mbar,
Einc is nearly independent of voltage waveform excitation.
However, at lower air pressures, from 50 to 10 mbar, Einc
varies for different voltage waveform excitations.

G. FIRING VOLTAGE
Fig. 15 depicts the variation of the firing voltage (Vfiring),
the voltage corresponding to CFLL, as a function of air
pressure for different voltage waveform excitations. Vfiring is
calculated by multiplying CFLL (Fig. 11) by Einc (Fig. 14).
A linear relationship exists between Vfiring and PD charge
amplitude, where higher Vfiring implies a larger PD charge
magnitude [12], [37].

Fig. 15 shows that Vfiring remains relatively stable from
1013 mbar down to 150 mbar, with average values of
160.54 V, 152.17 V, and 255.65 V under AC, BP, and UP
excitations, respectively. However, below 100 mbar, Vfiring
increases with air pressure reduction. For air pressures lower
than 100 mbar, both Vfiring and CFLL (Fig. 11) increase
considerably, resulting in a significant rise in harmfulness
associated with PD activity. Longer CFLL implies higher
kinetic energy of electrons at the avalanche head, while higher
Vfiring implies a larger avalanche size, highlighting significant
damage associated with PD activity below 100 mbar.

To quantify the promotion of Vfiring from 150 mbar down-
wards to 10 mbar, the ratio of Vfiring at 10 mbar to 150 mbar
can be calculated. This ratio is 2.12, 3.24, and 2.53 for AC,
BP, and UP excitations, respectively. Thus, from 150 mbar
down to 10 mbar, the highest promotion of Vfiring or PD
charge amplitude is attributed to PWM, particularly BP exci-
tations.

Fig. 15 also shows that at each air pressure, Vfiring values
under UP excitations are higher than those under BP and AC
excitations, indicating a higher PD charge amplitude under
UP excitations. Comparing Vfiring in ACwith Vfiring under BP
excitation, they are comparable from 1013 mbar downwards
to 150 mbar, with Vfiring in AC slightly higher. However,
below 100 mbar, Vfiring under BP becomes higher than Vfiring
under AC excitations. The difference between Vfiring under
BP and AC excitations becomes significant at the lowest air
pressure (10 mbar). The ratio of Vfiring under BP to AC is
1.11 at 100 mbar, increasing to 1.48 at 10 mbar.

V. CONCLUSION
This study presents a novel investigation into the partial
discharge (PD) behavior in rectangular turn-to-turn insulation
of inverter-fed motors under varying air pressures, utilizing
both AC 50 Hz and PWM (BP and UP) excitations. A key
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contribution of this work is the development of a predic-
tive PDIV model based on Schumann’s streamer inception
criterion (SCSIC), which uniquely accounts for air pressure
variations across different voltage waveforms.

The first major novelty of this study is its demonstration
of how PDIV peak and peak-to-peak values under PWM
excitations differ from AC PDIV values as a function of air
pressure. The experimental findings provide crucial insights:
for insulation testing in inverter-fed motors, using PDIV
peak-to-peak as the test voltage shows that AC excitations
offer more conservative reference criteria across air pressures
from 1013 mbar to 10 mbar, consistently resulting in lower
PDIV values than PWM excitations. At air pressures below
800 mbar, PDIV peak-to-peak values for BP and UP exci-
tations, with the same switching frequency and rise time, are
comparable. Under AC conditions, both PDIV peak and peak-
to-peak values decrease steadily with pressure, whereas for
PWM excitations, the values decrease only down to 150 mbar
before rising again at lower pressures.

For PD-free design, where PDIV peak is used instead
of peak-to-peak values, the study reveals that at 200 mbar,
150 mbar, and 1013 mbar, PDIV peak values under AC and
BP excitations are comparable, though slightly lower for
BP. However, relying solely on AC excitation PDIV peak
values for aerospace and automotive applications is shown to
be risky, especially at 800 and 600 mbar, where AC PDIV
peak values are significantly less reliable. Hence, for air
pressures between ground level and 200 mbar, PDIV peak
values under the same PWM excitation as used in practice are
recommended. The study also reveals that PDIV peak values
under UP excitations are higher than those under BP and AC
across all air pressures, indicating that using AC excitation
values for design could result in overly conservative designs,
particularly in automotive and aerospace contexts.

Another important contribution of this work is the intro-
duction of the pressure-adapted K values in the PDIV
predictive model, which closely match experimental results.
The model achieves low PDIV prediction errors: -2.16% at
800mbar, -2.54% at 50mbar, and -3.06% at 600mbar for AC,
BP, and UP excitations, respectively, whereas higher errors
are observed when using a simple K average.
A further novelty of this research is the detailed analysis of

SIPs as a function of air pressure for AC, BP, and UP excita-
tions. The study demonstrates that as air pressure decreases,
the CFLL increases more rapidly for voltage excitations with
polarity reversal (AC and BP). Furthermore, maximum K
values, indicating the highest avalanche size, and CFLL often
occur at the fillet sides, highlighting the importance of opti-
mizing the fillet radius and insulation thickness in rectangular
insulated wire designs. Additionally, αeff and Einc decrease
with air pressure, with αeff showing the most significant
reduction under AC excitation and the least under UP. Mean-
while, Vfiring remains relatively stable down to 150 mbar but
increases below 100 mbar, significantly raising PD charge
amplitude and discharge energy, indicating a heightened risk
of PD damage at very low pressures.

These findings offer important insights for the design
and testing of insulation systems in inverter-fed motors,
especially in aerospace environments where air pressure is
reduced. The novel PDIV model and SIP analysis provide
practical guidance for developing robust PD-free insulation
designs that can withstand varying pressure conditions.
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