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ABSTRACT This paper focuses on the inception of partial discharges within the insulation system of
electrical actuators used for the More Electrical Aircraft (MEA). Since these machines should operate in
the absence of Partial Discharges (PDs), the dependence of the PD Inception Voltage (PDIV) on voltage
impulses typical of wide bandgap (SiC) devices is investigated at both 1 bar, reduced pressures close to
those typical of aircraft cruising altitudes (150 mbar – 200 mbar) or lower (down to 5 mbar). Propagation
issues are not dealt with here as results were obtained working on insulation models consisting of couples of
wires twisted together (twisted pairs), thus knowing exactly the potential differences between all points of
the insulation model. The results show that the rise times and the switching frequencies associated with wide
bandgap devices have little impact on the PDIV. A model able to predict the PDIV of the turn/turn insulation
of random wound motors (the most vulnerable part of the insulation) at different pressures is proposed. The
model is also able to deal with temperature changes, with limitations that depend on the type on insulation
systems.
INDEX TERMS Partial discharges, more electrical aircraft, MEA, wide bandgap devices, SiC inverter,
qualification.

I. INTRODUCTION

Power converters based on wide bandgap devices (silicon
carbide, SiC, and gallium nitride, GaN) are attractive for
manufacturing the More Electrical Aircraft (MEA) [1]–[4].
Compared to standard silicon devices, SiC switches can operate at higher electrical fields and temperatures. Thanks to
the very short turn on and off times (10-20 ns), they can
attain ×100 kHz switching frequencies. These features allow
to build actuators operating at higher voltages and higher
modulating frequencies, thus achieving large power densities,
something that is highly desirable for the MEA.
The associate editor coordinating the review of this manuscript and
approving it for publication was Jenny Mahoney.
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These advantages come at a cost. The interactions between
power converters and motors raise the electrical stress on the
motor insulation [5], [6]. On one side, the voltage impulses
of the converter get reflected at the motor terminals since
the cable characteristic impedance is lower than the surge
impedance of the stator. In the worst case, the voltage at the
motor terminals can be twice the DC bus voltage. On the other
side, since the windings are a complex inductive/capacitive
network, during the voltage impulses flanks, most of the
line voltage drops on few turns close to the terminals. For
random wound motors, there is a concrete risk that, in the coil
connected to the line terminal, two turns having a potential
difference comparable to the phase-to-ground voltage are
in contact, leading to a high electrical stress. Compared to
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conventional silicon switches, SiC exacerbate these phenomena as reflections can occur with very short cables and the
turn voltage distribution becomes even more uneven [7], [8].
These factors can raise the electrical stress above a critical
field, leading to partial discharge (PD) inception. PDs are
localized discharges that do not bridge the insulation [9].
However, their prolonged activity causes a progressive deterioration which leads to breakdown. The PD repetition rate is
very high under power converters since a PD event is likely to
take place at both flanks of the voltage impulses. Considering
that SiC switching frequencies can be as large as 100 kHz,
failure can occur in short times, e.g. a few minutes, because
of the organic nature of the insulation [10]–[12].
Avoiding partial discharge inception long enough to ensure
the reliability of the drive is sometimes difficult for motors
used in industrial drives [13]. Particularly critical in this
respect is the turn/turn insulation, where winding wires are in
contact and the insulation thickness is only few tens of µm.
This is typically the point where failures occur. When considering aircraft actuators, the challenges are far more pressing as the low pressure at cruising altitudes reduces the PD
inception voltage (PDIV), [14]–[17]. One of the open points
is understanding whether high frequency and high dV/dt
impulses can have an impact on the physics of PDs leading
to a further reduction of PDIV. The impact of atmospheric
conditions typical of the MEA should also be evaluated in
conjunction with high dV/dt impulses.
This paper discusses the relationship between PD phenomena and voltage waveforms typical of SiC inverters considering reduced atmospheric pressures. The focus is on the
turn/turn insulation of random wound motors, which is the
most critical one for this type of machines. Insulation models
used in the investigation are winding wires twisted together
(twisted pairs). The field in these models follows a capacitive
distribution. Thus, the conclusions reached are not related to
propagation in a complex system but to the physics of the
discharge at distinct pressures, temperature, voltage rise time
and frequency.
This paper is organized as follows. Section II presents the
test setup (test cell, high voltage sources, and PD sensors).
The MEA atmospheric conditions and the supply voltage
waveforms affect the detectability of PD [18], [19]. Thus,
Section III reports pros and cons of the different detection
systems depending on the features of the high voltage source.
This discussion could interest in view of monitoring PDs
in aircraft. Section IV presents the experimental results and
introduces an empirical model to predict the PDIV as a
function of both pressure and temperature. Section V shows
that the model holds for a vast class of insulation models.
Section VI concludes summarizing the results and offering
a perspective on the application of the results.
II. EXPERIMENTAL SETUP

The test setup was realized for testing insulation models
(twisted pairs) subjected to both AC sinusoidal voltages and
large slew rate (up to 140 kV/µs) bipolar voltage impulses.
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A vacuum cell able to reach pressures down to 1 mbar coupled
with a heating system was used to simulate atmospheric conditions typical of an MEA actuator. Three different detection
systems were used: conventional, optical, and UHF. Under
voltage impulses only UHF and optical detection systems
can be used due to the inverter interference [20]–[22]. Their
relative sensitivities will be discussed in the next section. The
conventional system was used with sinusoidal voltages to test
the relative sensitivities of the alternative detection systems.
A. TEST SAMPLES

Grade 2 round enameled wires having a diameter of 0.63 mm
were used in the experiments. The insulation is in thermal
class 200, and it features a THEIC-modified polyester-imide
basecoat and a polyamide-imide overcoat. According to [23],
the wires were twisted 12 times applying a load of 7 N. For
each test condition, 10 freshly manufactured twisted pairs
were used. After each test, the twisted pair were discarded.
The 10th percentile (B10) of the Weibull distribution fitting
the experimental data is used to synthesize the PDIV values.
B. HV SOURCES

Distinct voltage sources were used for the investigation. The
first voltage source is a step-up 220/3000 V transformer
controlled by a 220:220 V autotransformer on the low voltage winding. This source was used to measure PDIV under
50 Hz sinusoidal voltages. The effect of sinusoidal voltages
having higher frequencies was tested using a resonant HV
source capable of working at frequencies of 40 kHz with a
maximum voltage of 10 kV. The source was manufactured
by the University of Bologna.
A SiC inverter was designed and assembled by the University of Modena. The inverter is based on Wolfspeed
C2M1000170D SiC MOSFETs. These MOSFETs have a
blocking voltage of 1700 V. The lowest rise time of the
MOSFETs is 7 ns corresponding to a gate resistance of 27 .
To test with lower slew rates, gate resistances of 53  and
500  were used to achieve rise times of 15 ns and 150 ns,
respectively. Tests were carried out at switching frequencies
reaching 100 kHz with variable rise times.
The voltage applied to the pass-throughs of the test
cell was measured by Tektronix MDO3054D oscilloscope
(500MHz bandwidth, 2.5GS/s sampling rate) using a Tektronix THDP0200 differential probe (200 MHz bandwidth).
The voltage waveforms provided by the SiC inverter are
shown in FIGURE 1. Only for the lowest rise time the overshoot is significant (67%).
C. TEST CELL

A test cell was manufactured to carry out high voltage tests
in a partial vacuum. The test cell is a sealed cylindrical
vacuum tank (internal diameter 220 mm, height 310 mm),
see FIGURE 2, and is equipped with 20 kV high voltage
pass-throughs on the top lid, three optical windows, four BNC
pass-throughs to monitor physical quantities within the tank
(see FIGURE 3). To make sure an optical path from the
VOLUME 9, 2021
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FIGURE 1. SiC Inverter waveforms having different rise times.
FIGURE 3. Sketch of the test cell equipped with PD detection system.

FIGURE 2. Picture of the test cell.
FIGURE 4. Photon counting head count sensitivity [24].

discharge site to an optical PD detection system (described
below), the windows are placed around the Equipment Under
Test (EUT).
The pressure was reduced using a rotary pump. It was
monitored using a digital vacuum gauge. The tightness of
the cell ensured that the pressure did not raise over 1 mbar
in 20 minutes, long enough to do the measurements.
A custom-made heater was manufactured to carry out
tests at controlled temperature and reduced pressures. The
heater comprises a copper wire coiled on a refractory support
and fed by a high DC current (40 A) supply system. The
heater was calibrated prior the tests by placing thermocouples
10 mm from a twisted pair. For different current magnitudes,
the temperatures on the sample and on the copper wire were
measured. This procedure was carried out at the different
pressure levels chosen for testing (thus under different heat
exchange conditions) and up to 120◦ C. During the tests,
the temperature of the test object was maintained at the
desired level by a PID controller using as a feedback signal
the temperature of the air at 10 mm from the twisted pair.
VOLUME 9, 2021

D. PARTIAL DISCHARGE DETECTION SYSTEM

To detect PDs, the test cell was equipped with optical, UHF,
and conventional (based on conducted currents, [9]) PD
detection systems as sketched in FIGURE 3.
Optical partial discharge detection is achieved using a
photon-counting system. It comprises two pieces manufactured by Hamamatsu Photonics: (a) a H11870-09 photon
counting head, and (b) a C8855-1 photon counting unit. The
H11870-09 photon counting head provides a binary signal
(0-3.5V) per each photon detected. Hence, is well suited to
work in an environment with elevated electro-magnetic noise.
Its count sensitivity is shown in FIGURE 4. One of the key
reasons for selecting this unit was the low dark count rate
(15 pulses/s), to avoid false positives.
As the photon counting head is not to suitable for working
in a partial vacuum, three fused silica windows were inserted
in the body of the vacuum tank to allow the UV to be
radiate from the EUT to the photon counting head that was
placed outside the vacuum tank. The transmission curve of
27487
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FIGURE 5. Fused silica window transmission curve [25].

FIGURE 7. Comparison of PDIV values obtained by the standard method
based on conducted signals (baseline) and alternative optical and UHF
detection systems. Tests performed at 200 mbar, 500 mbar and 1013 mbar.

FIGURE 6. Principle of PD detection under inverter voltage impulses
using UHF systems (after [26]).

the windows is reported in FIGURE 5. Its choice is based on
the evidence that PDs in air emit in the UV range, from 300nm
to 400 nm [9].
The use of UHF systems for PD detection is supported
by the fact that, in the UHF frequency range, the spectral
content of the PD signal exceeds that of the interference
from the supply system [20]. This principle is sketched in
FIGURE 6, taken from [26], By selecting a UHF sensor with
the proper lower cutoff frequency, it is possible to remove
the interference while preserving a significant part of the PD
signal energy. For the experiments reported in the following,
the UHF PD sensor was a Surface Mounting Device (SMD)
pass-through, employed as a monopole inside the vacuum
cell [27]. The output of the sensor was sent to a Tektronix
RSA306B (9 kHz → 6.2 GHz) spectrum analyzer.
For conventional PD detection, a ferrite-core highfrequency current transformer (HFCT) was used to couple
the PD signals. An external capacitor (1 nF) was connected
in parallel to the twisted pairs to improve the detection sensitivity (better than 5 pC). The PD detector was a Techimp
PDBaseII. The PDBaseII has bandwidth 40 MHz, sampling
rate 200 MSa/s, and provides the PD pulse waveform [28].
This feature is useful to understand the behavior of PDs at
reduced pressure.
III. PD DETECTION SENSITIVITY

Tests were performed to compare the sensitivity of the PD
detection systems. Using a high voltage transformer ensures
27488

the lowest interference possible between PD signals and the
source. Therefore, all detection systems operate with the
highest sensitivity [29].
Under repetitive voltage impulses, due to the interference from the high voltage source, detection of conducted
signals is impossible. UHF sensors are employed for this
purpose [20]. But, depending on the atmospheric pressure,
detection using UHF sensors might be unfeasible as the PD
pulses lose frequency content [18], [19].
To compare the sensitivity of the different sensors,
the baseline is the PDIV obtained using conducted signals under 50 Hz sinusoidal voltage waveforms (highest
sensitivity). It is important to note that:
• Reducing the gas pressure might improve the detection sensitivity of the optical sensor due to the lower
absorbance of the air.
• At low pressures, the frequency content of the PD pulse
is low [18], hampering PD detection in the UHF range.
This is related to the discharge typology. At high pressure, PD are streamer discharges having large frequency
content. At low pressures, PD are Townsend discharges
with low frequency content [30].
FIGURE 7 indicates that the optical and the conventional
detection systems provide the same PDIV values at all pressures. Indeed, decreasing the pressure the optical detection
system improves its sensitivity. FIGURE 8 highlights that the
number of photons observed per unit time at 1.2 × PDIV
increases at low pressures [31]. This indicates that detecting PDs becomes easier at low pressures, probably due to
the reduced absorbance of the air. In the tests reported in
FIGURE 8, the minimum pressure is 25 mbar. This value is
much lower than those typical of aircraft cruising altitudes: it
was selected to emphasize the results.
The detection sensitivity of the UHF sensor is affected by
low pressures. This is not hampering measurements under
sinusoidal waveforms as shown in FIGURE 7 but can be an
issue under inverter voltage waveforms. FIGURE 9 shows the
spectrum of the inverter interference in the absence and in the
VOLUME 9, 2021
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FIGURE 8. Photon count rate in the presence of PD activity as a function
of pressure (50 Hz sinusoidal voltage, constant overvoltage ratio). Since
the PDIV is correlated with pressure, tests were carried out keeping
constant the ratio of the applied voltage to the PD inception voltage
(120% in the experiments).

FIGURE 9. Spectra of the signals received by the UHF sensors at
300 mbar, 200 mbar and 100 mbar.

presence of PDs. PD can be detected easily above 250 MHz
at 300 mbar. At 200 mbar detection becomes more difficult.
At 100 mbar PD detection is no longer possible.

FIGURE 10. PDIV values obtained changing the rise time at 1013 mbar
and 110 mbar. Switching frequency: 10 kHz. Sensor: optical. All
measurements performed at room temperature.

FIGURE 11. PDIV as a function of frequency. The measurement was
carried out using voltage impulses with rise time 7 ns. The readings are
expressed in terms of the peak voltage, corrected by a factor equal to
0.75 inferred from FIGURE 10. Sensors: optical. All measurements
performed at room temperature.
TABLE 1. Duration of voltage steps used for PDIV measurements.

IV. RESULTS

In the following, tests at various pressures will be discussed.
The pressures were selected to get a thorough picture, reaching values well below those experienced by commercial
aircraft. Before discussing the results, it is important to highlight how PDIV tests were carried out and the influence
of pressure on PDIV measurement. The voltage was raised
in steps of 25 V, whose durations increase as the pressure
decrease (see Table 1). This choice comes from the fact that
two conditions must be met to start a PD: (1) the voltage
should exceed the PDIV and (2) a free electron should be
available. Free electrons are created by photoionization of
the gas molecules [32] and might appear after the PDIV has
been reached. Thus, there might be a significant (positive)
error in the measured PDIV if the rate of voltage raise is
VOLUME 9, 2021

too large. This is likely to happen at low pressures, as the
photoionization probability scales with the number density
of the gas.
A. DEPENDENCE OF PDIV ON VOLTAGE IMPULSE
REPETITION FREQUENCY AND RISE TIME

The PDIV depends on the voltage waveform in two ways.
On one side, the voltage waveform influences the distribution of the voltage within the test object. On the other side,
the waveform of the potential difference between two points
of the insulation might influence the physics of the discharge
at a microscopic level.
27489
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Since the first problem has been addressed several times
in literature (see e.g [33]–[35]), focus will be given here to
the second problem, which can be summarized as follows.
Let two points of the winding be subjected to voltage waveforms having the same peak voltage but different rise times
or frequencies. Will one waveform be able to start PD activity
at a lower peak voltage level?
To answer empirically to the above question, the PDIV was
measured with different repetition frequencies and rise times.
Tests were carried out at two different pressures (1013 mbar
and 110 mbar), at room temperature.
The first test was performed keeping a constant frequency
of 10 kHz and variable rise times. Three rise times were
selected, the two shortest ones (7 ns and 15 ns) are representative of WBG devices, whereas the largest one (150 ns) is
representative of devices using conventional silicon switches.
Results from tests using 50 Hz sinusoidal voltages were used
as a baseline.
The experimental results are depicted in FIGURE 10,
which reports both the peak voltage and the corresponding
DC bus voltage. Inspecting FIGURE 10 one can conclude
that the measured PDIV values are centered around the values
observed at 50 Hz, thus that the rise time has a negligible
effect. The larger fluctuations associated with the shortest rise
time (7 ns) can be explained considering the large overshoot
of the voltage waveform (see FIGURE 1) through the reasoning exposed in Appendix A.
Since the results in FIGURE 10 were obtained with a
single switching frequency (10 kHz), PDIV measurements
obtained with the minimum rise time (7 ns) and increasing
the switching frequency up to 100 kHz were carried out as
well. FIGURE 11 shows that the PDIV is independent of the
switching frequency. A simple framework to interpret and
justify these results is reported in Appendix B.
It is worthwhile to observe that [17] reports a marked
dependence of PDIV on frequency. However, the results
reported in [17] are based on experiments performed on
a point/plane configuration in air. For this type of setup,
the diffusion of ions in proximity of the point plays a very
important role, and its effects are highly dependent on the
ratio between the diffusion time constant and the period of the
voltage.
B. DEPENDENCE OF PDIV ON PRESSURE AND
TEMPERATURE

To derive an analytical model to predict PDIV as a function of
pressure, several pressure levels were tested, including levels
lower than those experienced by commercial aircraft. All tests
were performed at room temperature using both 50 Hz AC
and inverter voltages (using the shortest rise time).
The curves obtained using sinusoidal voltages show a minimum in the range 50÷70 mbar (see FIGURE 12). Despite the
resemblance, the Paschen curve is not apt to perfectly reproduce the dependence of PDIV data on pressure. In particular,
the minimum is higher than what predicted using the Paschen
curve. This was observed already in [14].
27490

FIGURE 12. PDIV values obtained using different supply voltage
waveforms as a function of pressure. The inverter rise time in these tests
was 7 ns, the switching frequency 10 kHz. Sensors: optical for tests using
inverter waveforms, hfct and optical for tests using sinusoidal waveforms.
All measurements performed at room temperature.

FIGURE 13. PDIV values obtained using different supply voltage
waveforms as a function of pressure (semi-log axis). The inverter rise
time in these tests was 7 ns, the switching frequency 10 kHz.. Sensors:
optical for tests using inverter waveforms, hfct and optical for tests using
sinusoidal waveforms. All measurements performed at room temperature.

If the same data are plotted as a function of the logarithm of
the pressure, a nearly quadratic behavior can be observed (see
FIGURE 13). Using linear regression, an empirical model
based on the logarithm of the pressure (in bar) was fitted to
the data measured under AC 50 Hz sinusoidal voltages:
PDIV (p) = 813 + 243 ln p + 36.3 (ln p)2


= 813 1 + 0.299 ln p + 0.0446 (ln p)2

(1)

The model provides a good approximation of the measured
data at all pressure levels. The curves obtained using the
bipolar inverter have a behavior like the curves obtained using
sinusoidal voltages. Similarly to FIGURE 10, if the peak
voltage is reported, they are constantly above those relevant
to the sinusoidal voltage. Otherwise, if the DC bus voltage
is reported, they are below indicating that the PDIV is not
influenced by the voltage waveform features.
VOLUME 9, 2021
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C. DEPENDENCE OF PDIV ON BOTH PRESSURE AND
TEMPERATURE

To evaluate the dependence of PDIV on both pressure and
temperature, additional tests were carried out at 120 ◦ C,
at different pressure levels. Since ionization processes depend
on the mean free path which is inversely related to the number
density (number of gas molecules per cubic meter), the results
of the tests can be reported as a function of the number
density nP,T :
P
(2)
1.38066 × 10−23 T
where P is the pressure (in Pa) and T the temperature (in K).
If nref is the number density, corresponding to the pressure
(Pref ) and temperature (Tref ) at which PDIV measurement
were carried out in the lab, (1) can be normalized as follows:




nP,T
nP,T 2
PDIVP,T
= 1 + 0.299 ln
+ 0.0446 ln
PDIVref
nref
nref
(3)
nP,T =

where PDIVref is the PDIV measured in the lab at the reference pressure and temperature, PDIVP,T is the estimate of the
PDIV at the desired temperature and pressure.
To assess the effectiveness of model (3), the number density was normalized to that at 25◦ C, 1013 mbar and all
experimental data (at 25◦ C and 140◦ C) were reported in
FIGURE 14. As can be seen, there is a very good agreement
between the experimental data and the prediction achieved
by (3), indicating that, for the considered insulation system,
the dominant factor for PDIV is the density of the gas.

FIGURE 15. Flowchart to evaluate the PDIV at operating conditions
starting from lab measurements.

FIGURE 16. Capacitance of a coil at 25 ◦ C and 140 ◦ C as a function of
frequency.

FIGURE 14. PDIV values obtained using 50 Hz sinusoidal waveforms at
25◦ C and 120 ◦ C. The solid line represents the line fitting both data sets
as a function of the air number density. The predictions achieved through
the quadratic model (3) are also reported. Sensor: hfct and optical.

Using (2), the model (3) can be simplified introducing the
reference pressure and temperature:


PDIVP,T
P Tref
= 1 + 0.299 ln
PDIVref
Pref T


P Tref 2
+ 0.0446 ln
(4)
Pref T
VOLUME 9, 2021

The procedure to estimate the PDIV as a function of pressure
and temperature starting from measurements performed at the
reference condition is synthetized in FIGURE 15
The good performance of model (3) seems to rule out
other factors that might affect the PDIV. One of these factors,
is the dependency of the permittivity of the solid dielectric on temperature [36]. To test whether the permittivity
could be influenced by the temperatures used in these experiments, the winding wire was wound on a copper support
to create a coil. To minimize inductive effects, two layers of wire were wound around the support: clockwise and
counterclockwise. The coil was placed in the oven and connected using silicone unshielded cables to a Novocontrol
alpha-beta analyzer. FIGURE 16 shows the coil capacitance
as a function of frequency and for two different temperatures:
27491
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25◦ C and 140◦ C. As can be seen, the difference between
the capacitance values is negligible, confirming the previous
hypothesis.
This result could be expected for a winding wire since the
polyamide-imide enamel have glass transition temperature
well above the test temperatures used here (e.g. 275 ◦ C
for Solvay Torlon, [37]) and, therefore, the dependence of
the relative permittivity on temperature is limited. Insulation
systems with lower glass temperatures, based e.g. on epoxies, can have a much marked dependence on temperature,
as observed in [16].
D. IS IT POSSIBLE TO GENERALIZE THE MODEL?

Demonstrating in an analytical way the generality of the
model presented in the previous Section seems to be very
complicated. The form of the model (equation (1) or (4))
does not suggest that it can be obtained analytically in a
straightforward way. One should bear in mind that the model
fits data coming from discharges that shift from streamer
to Townsend discharges as the pressure is reduced (thus,
two different inception criteria are needed). In the following, an indirect proof of its generality will be presented
for the range of air densities that is typical of commercial
aircraft.
In [38], a software for estimating the PDIV in twisted pairs
is presented. The model is based on the application of the
streamer inception criterion. Thus, it does not work at very
low pressures where Townsend discharges dominate. The
streamer inception criterion assumes that there exists a critical
number of electrons in the head of an avalanche (Ncr ) that
will turn the avalanche into a streamer. Using the Townsend
effective ionization coefficient αe one obtains [39]:
l

Zcr
Zlcr
exp  αe (E (x)) dx  = Ncr → αe (E (x)) dx = K
0

0

(5)
where lcr is the length of the field line where the discharge
develops. In practice, assuming that K is known, one should
evaluate equation (5) for all field lines in the geometry at
different voltages. The lowest voltage that permits to satisfy
equation (5) is the PDIV.
The software proposed in [38] resorts to the FEM software package COMSOL to solve the electrostatic problem
(calculation of E(x) and field lines), and on the Bolsig
software [40] to determine αe as a function of the electric
field and the pressure. Since K depends on the length of
the field line [41], the model was trained fitting PDIV values measured on several different wires. The PDIV tests
to determine K were carried out in the lab, at room temperature and pressure. It was proven that, using K = 6,
the model can predict, with an error lower than 10%,
the PDIV of the same wires at different temperatures and
pressures [38].
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To check whether the model (4) can be generalized, simulations were carried out using the software to predict the PDIV
of wires of different diameters and thicknesses. The results
are reported in FIGURE 17. As can be seen, the software
shows some fluctuations that are associated to the estimate
of the electric field lines lengths provided by CONSOL (the
software is currently being ported under FEMM to achieve
a better control of the electrical field lines). Despite that,
the quadratic model in equation (4) can predict in a good way
the trend of PDIV as a function of the air density. Therefore,
it can be considered a simple yet effective way of estimating
the behavior of the insulation at cruising altitudes, at least for
simple geometries with mildly divergent electrical fields as
those existing in the turn/turn insulation.

FIGURE 17. PDIV simulations for wires having various diameters and
dielectric thicknesses compared with results provided by model (3).

V. CONCLUSION

Considering its practical implications, the most important
result of the experiments presented in this paper is that
the PDIV of winding wires is the same using SiC voltage
impulses or 50 Hz sinusoidal waveforms. This implies that
only the peak value of the turn/turn voltage is important,
whereas the impulse voltage rise time and the switching frequency do not affect PDIV significantly. This is a key finding,
as it supports using 50 Hz sinusoidal waveforms or impulse
voltages with moderate slew rates to test insulation
systems.
The paper has also presented an analytical model to predict
the PDIV as a function of both temperature and pressure.
The model can be used to predict the turn/turn insulation
PDIV starting from measurements performed at standard
conditions (1013 mbar and 25◦ C, for example) and evaluates
the evolution of PDIV in operation (150 mbar and 120◦ C,
for example) as a function of the gas number density only.
This model might not be valid for insulation systems having
a glass transition temperature close to the operating temperature. In that case, the contribution of the permittivity increase
at high temperatures should be accounted for as a separate
factor.
.
VOLUME 9, 2021
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APPENDIX A EFFECT OF VOLTAGE OVERSHOOT ON PDIV
MEASUREMENT

PDIV is the result of the measurement of the minimum voltage able to ignite PD (Vinc ) in an insulation system. Explaining the differences between PDIV measured using sinusoidal
voltages and impulse voltages having a large overshoot factor
starts from recalling the conditions for PD ignition: (a) the
instantaneous voltage, v(t), exceeds Vinc , and (b) a free electron is available to start the avalanche. Consider FIGURE 18,
if the peak voltage of the waveform is equal to Vinc (dashed
line), the PD inception probability is zero since the probability that a starting electron is available at the time v (t) = Vinc
is also equal to zero. If the peak voltage exceeds Vinc , the
discharge can happen at all voltages satisfying v (t) ≥ Vinc
(highlighted by the shaded area). The larger the overvoltage,
the larger the probability that, in a single cycle, the PD is
ignited. If the peak voltage is reported, the measured value
is always larger than Vinc . Otherwise, if the DC bus voltage
is reported, it is always lower than Vinc .

FIGURE 18. Sketch of the process of PD inception using repetitive
impulse voltages. The shaded area highlights the voltage levels above
PDIV, where PD can take place if a starting electron is available.

The same type of error affects measurement with sinusoidal waveforms. However, considering the low derivatives
of sinusoidal waveforms at industrial frequency (50/60 Hz),
the error is much less important as, for a given overvoltage,
the voltage stays above Vinc . for a much longer time. Thus,
50 Hz AC measurements were considered as the baseline for
comparison.
APPENDIX B THEORETICAL CONSIDERATIONS
REGARDING THE EFFECTS OF VOLTAGE WAVEFORM ON
PDIV

Despite the fact that the results reported in FIGURE 10 and
FIGURE 11 show that the effects of voltage waveform rise
time and switching frequency on PDIV are negligible, it is
worth trying to analyze in general terms the physics of the
underlying phenomena. One must thus consider the relationship between the applied voltages and the corresponding
electric field waveforms, which can be best appreciated in the
frequency domain.
The solid insulation and the gas can be regarded as two
capacitors in series. If the permittivity of the solid insulation
VOLUME 9, 2021

(wire enamel) does not depend on the frequency, the system
is algebraic and the field in the gas is a scaled replica of the
applied voltage waveform.
However, dielectrics are generally dynamic systems and
their permittivity shows a dependence on frequency as
dipole orientation will cease to occur above some critical
frequency, fc , [36]. If the fc of the winding wire insulation
is in the range of frequencies where the spectral energy of
the voltage waveform is non-negligible, above the critical
frequency the permittivity mismatch between air and solid
decreases. Compared with the ideal case of constant permittivity, the electric field will not be a scaled replica of the
voltage waveform but, since at higher frequencies the field
in the air will be lower, one can expect that the peak of the
field will be lower and the PDIV higher.
The distortion of the electric field waveform might be
visible going from long rise times (low frequency content)
to short rise times (low frequency content) as an increase of
PDIV. This was not observed in the experiments discussed in
Section IV, using state-of-the-art SiC inverters with a spectral
content of the voltage up to 30 MHz for the shortest rise
times [21]. However, the field distortion might be observed in
the future when more performant devices (based e.g. on GaN)
will become available.
Regarding the effect of frequency, one can approach the
problem mathematically. The Fourier series of a periodic
signal corresponds to the Fourier transforms of a single period
(aperiodic signal) sampled at frequencies multiple of the repetition frequency (the switching frequency in this case) [42].
Thus, changing the switching frequency, the ratio of the
spectral energies in different frequency ranges might change,
but only in a very limited way. This reasoning is confirmed
by the empirical evidence that switching frequency does not
alter appreciably the PDIV
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