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Abstract: Electrical machines for transportation applications are subjected to harsh environmental
conditions during their operations. Partial discharge (PD), which is one of the main reasons for
insulation failure, is greatly affected by ambient conditions (i.e., temperature, pressure, and humidity).
Countless efforts are made for a comprehensive understanding of the physics of PD under variable
environmental factors. This paper aims to review recent works addressing temperature, pressure, and
humidity impact on PD activity. The main content of the paper is organized into three sections dealing
with each environmental factor. In every section, relevant publications are reviewed considering
the type of samples tested, voltage waveform applied, mutual effects, and the most common PD
modeling strategies used. The applicability of the PD measurements for PD risk assessment is also
discussed. Based on the review, the current progress in understanding the environmental effects on
the PD inception mechanism and PD characteristics is presented and discussed in detail, and future
research trends in this field are outlined.

Keywords: partial discharge; temperature; pressure; humidity; electrical machines; electrical insulation
system; transportation electrification

1. Introduction

In the past three decades, there has been a growing inclination towards the electrifi-
cation of transportation, particularly in the automotive [1] and aerospace [2,3] industries.
The adoption of electric-powered transport presents a significant opportunity to tackle
emissions [4-6] and address concerns related to climate change [7,8]. The core of all these
endeavors and advancements towards electrification lies in the electric drive system, which
consists of an electrical machine (EM) powered by a power electronics converter (PEC)
and regulated through a control platform along with suitable algorithms, as depicted in
Figure 1 [9].

With the increase in DC bus voltage [10-12] and the wide application of fast switching
devices [13-15], partial discharge (PD) has been one of the main issues leading to EM
failures in transportation applications. PD refers to the electrical discharge that incom-
pletely connects the insulation between electrical conductors [16]. Based on past surveys,
environmental conditions (i.e., pressure, temperature, and humidity) have a great impact
on PD activity. EMs for automotive and aerospace applications might operate at a high
altitude and, thus, low-pressure conditions. To provide more precise details, automotive
EMs may work at altitudes of up to 5500 m [17] in worst-case scenarios, while aerospace
EMs might experience low-pressure conditions during the cruise phase. In addition, for
achieving high power density, EMs for transportation are commonly designed to be com-
pact with high current density, which leads to a high winding temperature. Finally, EMs
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could experience up to 85% relative humidity (RH) during the worst-case conditions for
automotive applications, as shown in [17]. As a result, these three environmental factors
must be considered during the PD risk assessment.

-| -| -| Electrical
machine

Power electronics
converter

Figure 1. Illustration of a typical electric drive layout [9].

This paper reviews the recent work dealing with the environmental conditions of PD
activities including partial discharge inception voltage (PDIV), partial discharge character-
istics, etc., and the paper aims to help understand the physics of PD inception and prevent
PD inception during EM operation. It should be noted that environmental conditions could
also affect the electrical aging caused by PD. For example, studies on electrical aging caused
by PD can be found in [18-22], where the pressure effect is evaluated, while a focus on
the temperature effect is given in [23,24], and finally, the humidity impact is investigated
in [25,26]. However, electrical aging induced by PD is commonly considered for Type II
insulation that can withstand PD. For low-voltage EMs insulated via Type I insulation, the
occurrence of PD indicates the end-of-life, thus, the concept of electrical aging does not
apply to Type I insulated EMs.

The PD activities could also be influenced by voltage characteristics including rise
time [27-30], pulse width (determined by switching frequency and duty cycle) [27,28,31-33],
polarity [34-36], and voltage type [27,35-40]. The parameters of the applied stress volt-
age (i.e., rise time, switching frequency, duty cycle, etc.) are also considered in the
presented overview when the impact of these parameters is examined for varying
environmental conditions.

The inception mechanism of PD is significantly influenced by ambient conditions,
and extensive research has been conducted in this area over time. This review aims
to systematically organize and categorize the existing literature, highlighting the key
accomplishments achieved so far, and identifying future research directions.

2. Effect of Temperature on PD Activity

Research dealing with the temperature effect on PD activity is presented and discussed
in this section. EM losses, including copper loss, iron loss, and stray loss, are the main
sources of winding insulation temperature rise. The winding temperature can reach high
levels, particularly in designs with high power density. As depicted in Figure 2, for a typical
aerospace EM, the slot area experiences the highest temperature while the back iron remains
relatively cooler due to forced air cooling through the housing. With a current density
of 9 A/mm?, the winding hotspot temperature can rise up to 193 °C. The temperature
distribution map provides evidence that the winding insulation is exposed to elevated
temperatures, thereby posing a potential risk of premature aging, as well as enhancing the
destructive consequence of the occurrence of PD in EMs.
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Figure 2. Thermal map for forced-air cooled high-power density EMs fed with 9 A/mm?.

Given the multitude of studies conducted on this subject over the years, specific criteria
have been established to systematically organize and categorize the available literature. In
particular, temperature range, PD measured quantities, test sample, test voltage waveform,
and some distinguishing features, such as insulation material, and wire size, are selected to
screen the selected research works. Based on these criteria, Table 1 provides a comprehensive
overview of 33 research papers focusing on temperature-induced variations in PD activities
spanning a significant time frame (i.e., from 2001 to 2023). Considering that the characteristics
of impulse voltage are influenced by the power electronic systems employed and exhibit
variations in real-world scenarios, the specific parameters of impulse voltage utilized during
the conducted tests are also presented in the table.

It should be noted that PDEV, RPDIV, RPDEV, and PRPD are the abbreviations of
partial discharge extinction voltage, repetitive partial discharge inception voltage, repetitive
partial discharge extinction voltage, and phase-resolved partial discharge, respectively. For
the sake of clarity, the definitions of PDIV, PDEV, RPDIV, and RPDEYV are illustrated in
Figure 3. PDIV is the lowest voltage level when PD is first initiated under consecutive
increasing voltage in a test arrangement [16]. As the voltage keeps increasing, the voltage
level when there are more than five PD pulses on ten consecutive voltage pulses with the
same polarity is recorded as RPDIV [41]. Once fewer than five PD pulses are observed,
the RPDEYV is obtained [41]. Once PD is initiated, the PDEV is the voltage level when
PD is extinguished as voltage gradually decreases [16]. The use of PRPD represents a
common approach for PD data visualization and facilitates easy understanding [42]. The
magnitude of the PD pulse is represented on the vertical axis, while the AC cycle’s phase
position is depicted on the horizontal scale [42]. An example of a PRPD plot can be found
in Figure 4 [22].
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Figure 3. Illustration of PDIV, RPDIV, RPDEYV, and PDEV.
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Figure 4. An example of a PRPD plot [22].
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Table 1. Summary of the literature related to temperature impact on PD activity.

Ref. Temperature Range (°C) Influencing Factors Measured Quantity Test Sample (Insulation Material) Test Voltage (Impulse Voltage Parameters)
Twisted pairs (Grade II Polyesterimide Bipolar impulse (rise time (tr): 80 ns,
[17] 0t0 200 PDIV, PDEV (PEI) + Polyamide-imide (PAI)) frequency (f): 60 kHz)
Form-winding with Litz wire (Duralco . .
[43] 2510240 PDIV resin, glass fiber, polyimide (PI)) Sinusoidal
[44] 20 to 230 PDIV Twisted pairs (Grade II PAI) Unipolar impulse (tr: 150 ns, f: 2.5 kHz)
[45] 25to 175 PDIV, PD-frequency Twisted pairs PWM (tr: 225 s, £ 16 kHz (pulse) and 0.4 kHz
(fundamental))
PD magnitude, PDIV, . . Bipolar impulse (tr: 40 ns, duty cycle (dc):
[46] 60 to 155 PD delay Twisted pairs 50%, f: 0.05 and 10 kEiz)
[47] 25 to 220 PDIV Twisted pairs Unipolar impulse (tr: 40 ns, dc: 20%, f: 1 kHz)
[48] 20 to 120 PRPD patterns Film (25 um PI with nano-ALO3) Unipolar lmp‘ﬂsle SH“Z;ZO ns, de: 50%, f:
[49] 10 to 60 Different phase RPDEV Motor Impulse
Unipolar impulse
[50] 25 to 155 RPDIV, capacitance Motorette (dv/dt: 50 V/s, pulse width (pw): 50 ps, f:
1 kHz)
Insulation material (100 pm
PAIT, 100 and 130 pm . . . . . .
[51] 23 to 180 Polyetheretherketone PDIV Twisted pairs Bipolar impulse (tr: 80 ns, f: 60 kHz)
(PEEK))

Insulation material (30 um . . . .
[52] 25 to 230 PAT and PEEK) PDIV Twisted pairs Sinusoidal
[53] 25 t0 250 Insulation material (P, P1 PDIV Parallel wire Sinusoidal

with microcellular coating)
[54] 25 to 200 Impregnation status PDIV, dielectric spectroscopy Twisted pairs (35 um .PEI and Sinusoidal

epoxy-based resin)
[55] 20 to 220 Impregnation status PDIV, PDEV Twisted pairs (0.03 mm PEL + PAland Unipolar impulse (pw: 0.2 ms)
silicon resin)

[56] 24 t0 120 Impregnation status PDIV, RPDIV Stator winding Sinusoidal, unipolar impulse (f: 25 Hz)

(polyester, epoxy resin)
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Table 1. Cont.

Ref. Temperature Range (°C) Influencing Factors Measured Quantity Test Sample (Insulation Material) Test Voltage (Impulse Voltage Parameters)
Impregnation status (PEI,
[57] Room te;rr:gelr Sa;ure (RT) three other non-specified PDIV, PDEV Twisted pairs Sinusoidal
resin)

Different wire
[58] 25 to 180 (thermal-bonded, PDIV Adjacent wire in the slot entrance Sinusoidal

impregnated)

Different wire
[59] 25 to 180 (thermal-bonded, PDIV Adjacent wire in the slot entrance Sinusoidal

impregnated)
[60] 20 to 500 Wire diameter PDIV Two wires with a single contact point Sinusoidal

° ¢ (28 um PEI + PAI, 10 pm ceramic) S0
Insulation material (10 um .
[61] 20 to 500 ceramic, 0.1 mm mica PDIV’C;QS;’;?;;; tand, Wire wrapped on a stainless steel Sinusoidal
phlogopite, 3-6 um Al,O3) p
Sample configuration, Crossed wires, wrapped samples on
[62] 20 to 500 impregnation material (air, PDIV, resistance, capacitance > Wrapp op Sinusoidal
silicon, cement) metallic cylinders, coils
[63] 25 to 160 Rise time (50, 250, 700 ns) PDIV, RPDIV Twisted pairs (39 um PEI + PAI) Impulse
Rise time (250 to 1700 ns), . . Sinusoidal, bipolar impulse (f: 2.4 kHz (pulse)
[64] Htol2s voltage waveform RPDLV, PDIV Twisted pairs (0.025 mm PAI) and 0.3 kHz (fundamental), dc: 50%)
[65] 20 and 180 Vog;%:rgi‘:ig)ém' PDIV, PDEV Twisted pairs Sinusoidal, bipolar impulse
Impreenation status. sample Coil sample, specified designed
[66] 24 to 180 p gcon fioura ti01,1 P PDIV sample (Grade II PAI with PEI Sinusoidal, bipolar impulse (tr: 1 ps, f: 800 Hz)
& impregnation resin)
[67] 25 to 150 Wire specifications PDIV Twisted pairs Sinusoidal
[68] 20 to 180 Impreiﬁlg‘&izgﬁ)(ef’oxy PDIV Motorette Sinusoidal
[69] RT to 230 PDIV Twisted pairs Sinusoidal
p
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Table 1. Cont.

Ref. Temperature Range (°C) Influencing Factors Measured Quantity Test Sample (Insulation Material) Test Voltage (Impulse Voltage Parameters)
Insulation material (Kapton
film, Nomex paper,
Nomex-Mylar-Nomex
[70] RT and 180 (NMN) paper), insulation PDIV Motorette, parallel wire Sinusoidal
thickness (190 and 240 um
NMN paper, 125 and 175 um
PI-FEP)
[71] 25 and 150 Wire size PDIV Twisted pairs (16 to 43 pm PAI) Sinusoidal
[72] 25 and 100 Wire size PDIV Twisted pairs Sinusoidal
PDIV, average discharge
[73] 32 to 160 current, quadratic rate, Motor Sinusoidal
accumulative apparent
current, discharge power
[74] 20 to 180 Thermal aging PDIV, PDEV Parallel wire (Grade II PEI) Unipolar impulse (tr: 49 ns, pw: 200us)
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2.1. Influence of Temperature on PD Activity

In general terms, the PDIV reduces monotonically with increasing temperatures up
to 150 °C, as given in [43]. In fact, a higher temperature tends to reduce the required
breakdown voltage of air. However, when the temperature further increases up to 240 °C,
the PDIV value remains almost constant [43]. As shown in Figure 5 [44], a linear relationship
is used to fit the normalized PDIV with temperature T up to 230 °C, as described by
Equation (1).

Normalised PDIV = —0.0009T + 1.0169 (1)
1@

> 0.95 -
Z .
& ¢
2 $
£ 05 =
i 3

08 | y—0.0009T+1.0169 | }

0.75

20 70 120 170 220

Temperature [°C]

Figure 5. A linear function for fitting the trend PDIV with temperature T [44].

The different trends might be attributed to the different test samples adopted during
the test campaign. In fact, the form winding with Litz wire is investigated in [43], while
twisted pairs made of enameled magnet wire are used in [44].

In [45], the increase in PD frequency is observed at higher temperatures when the test
voltage is kept the same. As for comparison, the author reduced the excitation voltage at
higher temperatures, and the PD frequency remained almost constant with the temperature
variation. This finding is reasonable since a lower PDIV is measured at higher temperatures,
and a greater PD frequency would be obtained if the voltage stress is kept the same. Similar
to [45], twisted pairs are employed in [46,47]. A considerable PD magnitude and a longer PD
delay are recorded in [46] when temperature levels ranging from 60 to 155 °C are evaluated.
The theory related to the de-trapping of electrons is used to explain the experiment results.
Special attention is given to the temperature impact on PDIV in [47], where the investigation
is performed on twisted pairs, and the excitation voltage characteristics are also examined.
A significant decrease in PDIV is confirmed over temperature variations compared to the
impact of voltage characteristics, emphasizing the importance of temperature effects on
PD risk.

A more fundamental sample (i.e., PI films) is investigated in [48] using rod-plate
electrode configurations, as shown in Figure 6. The excitation voltage levels are kept
constant while the PRPD patterns are measured under different temperature levels. The
carried-out experiments proved that the number of PD events decreases with the increase
in temperature, and such behavior is caused by the electrons’ boosted mobility.

Top
electrode

PD zone . Specimen

[ Down electrode J

Figure 6. Test layout for PRPD pattern measurements using rod-plate electrode arrangement.
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Several researchers performed the PD test on motors or motorettes to derive data that
could better represent the electrical insulation system (EIS) for the real case instead of using
simple twisted pairs samples. In [49], PD tests are performed on three separate phases
of a motor. There is a large discrepancy of RPDEV at lower temperatures and this seems
to diminish when the temperature reaches up to 60 °C. Similarly, a motorette sample is
used in [50], and phase-to-phase and turn-to-turn EISs are assessed. The capacitance under
different temperature conditions is also measured, and the author interprets the decrease in
RPDIV at high temperatures through the increase in the dielectric constant observed from
the increasing temperature. Therefore, the only phase-to-phase PD inception is examined
in [49], while the turn-to-turn PD inception is also evaluated in [50].

In this subsection, the characteristics of PD activity are assessed solely under varying
temperature conditions. However, it should be noted that the influence of temperature
on PD activity may vary when distinguishing factors (e.g., insulation material) are altered
as well. The comprehensive analysis of the combined impact of temperature and other
influencing factors on PD activity is presented in Sections 2.2-2.4.

2.2. Influence of Temperature on PD Activity Considering Different EIS

The EIS of EMs varies across different applications, and the selection of an appropriate
EIS depends on several elements including voltage rating, cooling capacity, and power
rating of the EMs. Furthermore, the performance of EMs is significantly influenced by the
chosen EIS. Consequently, there has been a recent preference for advanced insulation mate-
rials with high thermal class and improved thermal conductivity to meet the demanding
power density requirements of transportation applications.

Three temperature levels (23, 100, and 180 °C) are tested on twisted pairs made of PEEK
wires and Polyamide-imide (PAI) wires in [51]. From the comparative analysis presented
in [51], monotonic decreases in PDIV with the increase in temperature are observed for
both insulating materials. A similar study could be found in [52], where the PEEK wire
features a slightly higher reduction when the temperature changes from 25 to 230 °C (i.e., a
higher operating temperature).

Aiming at improving the PDIV, new insulation materials are developed by adding
microcells to the insulation film, as discussed in [53]. This methodology enables a PDIV
increment over a wide temperature interval ranging from 25 to 250 °C [53]. On the other
hand, the wire working temperature is also increased by incorporating microparticles.
This characteristic is in line with the requirement of compact design, as higher operat-
ing temperatures allow EM designs with greater current density values. However, the
procedure of adding microparticles results in an expensive EIS due to the challenging
manufacturing process.

Studies on impregnated samples are also available in the literature. The impact of
impregnation on PDIV performance under different temperatures is explored in [54], and
the difference in PDIV caused by the impregnation process is pointed out. A significant
drop in PDIV is recorded at the evaluated temperature when the sample is impregnated
as shown in Figure 7 [55] and a similar trend is verified in [56,57]. The work in [58]
mainly discusses the PDIV improvement of thermo-bonding methods compared to the
traditional impregnation method. Similarly, the performance in terms of PDIV and thermal
conductivity are compared for impregnated winding and two self-bonding wires in [59].
The impregnated winding is manufactured through the traditional vacuum impregnation
method, while two kinds of self-bonding wires (i.e., enameled wire with an additional
coating) are chosen for the comparative assessment. The extra insulating layer employed
in self-bonding wires enables the replacement of varnish. The presented results show that
a higher PDIV but worse thermal performance is detected for self-bonding solutions.

The subsequent focus is directed toward the investigation of PD in insulation materials
that exhibit exceptional performance under extremely high-temperature conditions. Due
to their cost, these materials are often preferred in EMs working at elevated ambient
temperature environments or exhibiting high current density. In [60], the ceramic-coated



Energies 2024, 17, 3980

9 of 32

wires insulated with an ultra-thin inorganic layer for high temperature is investigated and a
temperature up to 500 °C is tested during the PD detection. Analyzing the obtained results,
a linear decrease in PDIV with temperature is recorded until 400 °C, whereas a slight PDIV
increment is measured at 500 °C. In [61], the performance of three wires with different
insulation materials (i.e., ceramic, mica phlogopite, and Al,O3 insulation layer) up to
500 °C is compared. In addition, by performing tests using crossed wires, wrapped wire on
a cylinder, and coils samples, the suitability of ceramic insulated wire for high-temperature
EMs is verified in [62].

6000 -
PDIV (Non-impregnated)
(20,4008.4) PDIV (Impregnated)
4500
—_
2 R’=0.98 (180,2924.6)
> 3000 -
L
a
[-¥]
(20,1568.7) (180,1328.6)
1500 @&— °
R?=0.98 '
0 T T T T T
20 100 140 180 220

Temperature (°C)

Figure 7. The trend of PDIV with temperature for impregnated and non-impregnated samples [55].

2.3. Combined Effect of Temperature and Voltage Characteristics on PD Activity

The interaction between temperature and stress voltage parameters is a crucial research
topic, as different electric drive parameters may result in diverse voltage waveforms for EIS.
Moreover, the appropriateness of employing sinusoidal voltage for qualifying inverter-fed
EMs’ EIS should be further substantiated under elevated temperature conditions.

The combined effect of temperature and rise time is explored in [63]. The results
highlight that the RPDIV is not correlated with rise time under RT. However, the situation
changes when the temperature is above 100 °C. A slightly different trend is observed in [64],
where a lower RPDIV is detected at high dv/dt. This finding holds for temperatures ranging
from 25 to 125 °C.

The combined effect of voltage waveform shape (i.e., pulse and sinusoidal waveform)
and temperature is studied in [65,66]. The results point out the influence of test voltage
waveform on PD results, especially when a high-temperature level is considered. To be
more specific, a lower reduction of PDIV under temperature variation could be observed
when using impulse voltage compared to sinusoidal voltage [66]. Thus, the knowledge of
the actual voltage applied to the EIS is necessary before evaluating the performance of the
EIS. In fact, in transportation applications, EMs are usually inverter-fed, and the winding
insulation is exposed to voltage pulses unless a current-source inverter (CSI) is employed
to feed the EM (i.e., sinusoidal terminal voltage) [75].

2.4. PD Modeling Approach Considering Temperature Conditions

Paschen’s law and Schumann’s inception criterion are two common approaches for PD
modeling to take into account the temperature influence on the PD inception mechanism.
In [67], tests are performed at three temperatures (25, 110, and 150 °C), and different wire
specifications (i.e., wire diameter, insulation thickness, and dielectric permittivity) are
considered. The paper aims to model the PD activity considering the temperature effect
according to Paschen’s law and Townsend’s secondary emission coefficient (i.e., the mean
number of electrons emitted from the cathode for each incident positive ion [76]). A similar
modeling approach using Paschen’s law is employed in [68] based on data collected on
motorette samples, and in [69] where twisted pairs are used as test samples. The motorette
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samples generally exhibit a relatively smaller reduction in PDIV at elevated temperatures
compared to the twisted pairs samples. The analysis presented in [69] also indicates that
the PDIV is reduced by about 40% compared to standard ambient conditions when low
pressure, high temperature, and thermal degradation are considered. Such a reduction is
also reflected by the developed PD model.

Another PDIV modeling approach considering the temperature effect is discussed
in [70,71], where Schumann’s inception criterion is employed, and the PD measurements
are performed at a slightly lower temperature (i.e., 150 °C) [71].

A data-driven method according to the bisected deep belief network (BDBN) is intro-
duced in [72]. The proposed model is devoid of parameter variation, yet it necessitates
substantial computational efforts and exacerbates the challenges associated with model
development due to the requirement of employing BDBN. In addition, the highest tem-
perature considered is equal to only 100 °C, which seems quite low considering modern
high-power density EM.

2.5. Application of PD Test Results under Different Temperature Levels

The work summarized in Sections 2.1-2.4 primarily aims to comprehend the physics
of PD under varying temperature conditions. However, certain literature is available
to enhance PD risk assessment by considering PD test results at different temperature
levels, such as evaluating enhancement or correction factors for implementation in the
assessment process.

In [17], the PDIV and PDEV measurement results are used for temperature enhance-
ment factor derivation. The factor of 1.15 is derived considering the worst-case temperature
of 200 °C for automotive applications. Similar work can be found in [55], where exper-
imental tests are performed on both impregnated and non-impregnated samples, and
two temperature enhancement factors are determined.

A failure risk assessment relying on PD measurement at different temperature levels
is addressed in [73]; a 1.6 times discharge power boost is revealed when the temperature
increases from 32 to 160 °C.

Elevated temperatures can also induce long-term degradation of insulation (i.e., ther-
mal aging), and a decreased PDIV is observed for an aged sample. In [74], the combined
effect of temperature and thermal aging is investigated, and the results are used to develop
an accurate model for determining the hotspot temperature margin. In Figure 8 [74], the
trend of the maximum allowable inter-turn voltage as a function of the thermal aging is
shown for several operating temperatures (i.e., aging temperature). These results prove
that thermal aging exposes the insulation to an increased PD risk due to the degradation of
the dielectric properties. The proposed methodology supports the achievement of higher
power density EM design, while ensuring safe operations in terms of PD inception risk.

880 |10,000 hours linel |20,000 hours linel

800 Jl=—=—140°C
==o=—150 °C
780 4—160°C
1j=+—165°C

|
!
170°C I
|
|

172.5°C |
[=—175°C
~———180°C I

T T T T T
0 5000 10,000 15,000 20,000

3 N J
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(=] (=] o
! !

Maximum allowable inter-turn voltage (V)
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Figure 8. Maximum winding hotspot temperature considering lifetime constraint and PD risk [74].
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3. Effect of Pressure on PD Activity

Another ambient factor affecting the PD activity is represented by the pressure, and
its impact on the PD inception mechanism and PD characteristics is reviewed in this
section. EMs for transportation applications might operate under a fairly low pressure
level according to the data reported in In-Service Aircraft for a Global Observing System
(IAGOS) [77], and presented in Figure 9 [11]. It can be seen that quite a large number
of flights operate under low-pressure environments, thus highlighting the necessity for
considering the associated PD risk.

AN
40 20
1
18
20 i6
~
kj 1A
~ 14 =
£ =
50 17 =2
= iz g
8 g
g 3 10 2
g 20 5
L 3 =
& =
A
_40 U

S

YN

MEEENEEEEET

<

200 300 400 500 600 700 800 900 1000
Pressure (mbar)

Figure 9. The temperature and pressure conditions during flight [11].

Since the impact of pressure on PD might change according to the considered ambient
temperature, the literature review is performed on investigations at constant temperatures
(i.e., the content of subsections A to D). To provide further clarification, Section 3.1 presents
the role played by pressure on the PD inception mechanism according to the EIS, while
Section 3.2 discusses the combined influence of test voltage characteristics and pressure.
Section 3.3 critically examines the PD modeling approach considering various pressure
conditions, whereas Section 3.4 succinctly summarizes the application of PD test results
across different pressure levels. The research on the combined effect of temperature and
pressure on PD activity is separately discussed in Section 3.5. The review outcomes are
summarized in Table 2, where pressure range, measured quantity, test sample, and stress
voltage waveform are pointed out along with some influencing factors, like the analyzed
insulation material.



Energies 2024, 17, 3980

12 of 32

Table 2. Summary of literature related to pressure impact on PD activity at constant temperature.

Test Voltage (Impulse Voltage

Ref. Pressure Range (mbar) Influencing Factors Measured Quantity Test Sample (Insulation Material)
Parameters)
[17] 200 to 1000 PDIV, PDEV Twisted pairs (Grade II PEI + PAI) Bipolar impulse (tr: 80 ns, f: 60 kHz)
Insulation paper (0.3 mm Sinusoidal, bipolar impulse (tr: 100 ns, f:
(221 400 to 1013 PDIV, PRPD Nomex-polyimide-Nomex) 50 Hz)
Rise time (7, 15, 150 ns), . . . . . .
[27] 5to 1013 frequency (10, 50, 100 kHz) PDIV Twisted pairs (Grade II PEI + PAI) Sinusoidal, bipolar impulse
[32] 200 to 1000 Frequency PDIV Twisted pairs Sinusoidal
[43] 51 to0 1013 PDIV, PDEV Form-winding with Litz wire (Duralco Sinusoidal
resin, glass fiber, PI)
[44] 50 to 1000 PDIV, PDEV, RPDIV Twisted pairs (PAI, Grade II) Unipolar impulse (tr: 150 ns, f: 2.5 kHz)
Insulation material (100 um . . . . . .

[51] 590 to 1000 PAI, 100 and 130 um PEEK) PDIV Twisted pairs Bipolar impulse (tr: 80 ns, f: 60 kHz)
53] 470 t01013 Insulation material (PI, PI PDIV Parallel wire Sinusoidal

with microcellular coating)
[55] 200 to 1000 Impregnation status PDIV, PDEV Twisted pairs (0.03 mm PEI + PAland Unipolar impulse (pw: 0.2 ms)

silicon resin)
[69] 200 to 1013 PDIV Twisted pairs Sinusoidal
PDIV, average discharge
[73] 100 to 1750 current, quadratic rate, Motor Sinusoidal
accumulative apparent
current, discharge power

Insulating gases (air, CO,, PRDIV, PDIV, discharge . . Sinusoidal, unipolar impulse (tr: 10 ns, pw:

[78] 200 to 1000 SF,, CF31, CsH,F,, C3F,CN) magnitude Twisted pairs 15 ms)
Twisted pairs, stator, motorette (0.15 . . . . . )
[79] 100 and 1013 PDIV, PDEV mm Nomex-410, 0.5 mm ISOVALFR4, ~ nusoidal, blpda;sg‘;’“lse (F 1kHz, dc:
0.065 mm Intertape, 0.2 mm Siligaine) ?
[80] 100 and 1013 Insulation thickness PDIV, PRPD patterns Twisted pairs (28, 53, 80 um PEI + PAI) Sinusoidal
. . Twisted pairs, insulated wire wound

[81] 100 to 1000 PDIV, discharge magnitude, with a plain metallic conductor (0.04 Sinusoidal

PRPD patterns

mm Kapton®FCR PI film)
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Table 2. Cont.

Test Voltage (Impulse Voltage

Ref. Pressure Range (mbar) Influencing Factors Measured Quantity Test Sample (Insulation Material)
Parameters)
Rise time (12, 237 ns),
insulation material (Grade II . . . .
[82] 100 and 1000 PEI + PAI + with /without an PDIV Twisted pairs Bipolar impulse
inorganic nano-filler)
. Form-wound winding (Duralco . .
[83] 203 to 1013 Insulation defects PDIV, PRPD patterns . . Sinusoidal
128 resin, glass fiber, PI)
Twisted pairs, shielded wire samples
(Polytetrafluoroethylene (PTFE)),

[84] 67 to 1013 PDIV, PDEV, RPDIV mot(.)re.tte (200 pm Sinusoidal, bipolar impulse (tr: 150 ns, pw:
Nomex-polyimide-Nomex, Nomex 180 ms)
phase separator, impregnation resin

and PEI), PCB board
[85] 116 and 1000 PDIV, PDEV Twisted pairs, stator, motorette Sinusoidal, impulse (dv/dt: 2500 V/us)
PDIV, average discharge
[86] 10 to 1000 Frequenc amplitude, total discharge Twisted pairs (0.025 mm PI) Sinusoidal
q y amplitude, discharge p ’
repetition rate, PRPD

87] 116 to 1013 Rise time (55, 130, 200 ns), PDIV, PRDIV, PDEV, RPDEV Wire wrapped on a stainless-steel Unipolar impulse

pulse number mandrel

[88] 200 to 1000 Frequency (5 to 200 kHz) RPDIV Twisted pairs Unipolar impulse

[89] 12 to 750 EIS PDIV Motorette (Dophon 1105/LV) Impulse (f: 5 kHz)

[90] 116 and 1000 Voltage type, pulse width (50 PDIV, PD time delay Twisted pairs (75 um PI) Impulse

ns to 50 ms)

[91] 100 to 1013 Sensor type PDIV, PD spectrum Twisted pairs Sinusoidal, PWM

[92] 100 to 1000 PDIV Twisted pairs (28.5 um, PEI + PAI) Sinusoidal

[93] 100 to 1013 PDIV Insulating paper set-up (125 um, PI) Sinusoidal
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3.1. Influence of Pressure on PD Activity Considering Different EIS

The enhancement of PDIV by adopting different insulating gases for high-voltage
aerospace applications is examined in [78], and pressure levels ranging from 200 to
1000 mbar are evaluated. The findings indicate that fluorinated gases can greatly improve
the PDIV for twisted wires in comparison to air. In actual applications, EMs employing
fluorinated gases must be encapsulated in order to contain the insulating atmosphere.
However, the encapsulation process leads to increased costs and manufacturing complexity.
Additionally, there is a potential compromise in the thermal transfer capability. There-
fore, insulating gases represent a promising solution for minimizing the PD risk, although
practical challenges need to be further investigated and properly addressed.

A comprehensive PD test campaign under two pressure levels (i.e., atmospheric and
100 mbar) is performed in [79], where different samples (i.e., twisted pairs, stator, and
motorette) and test voltages are considered. Motorette and whole stator samples allow
one to evaluate the phase-to-phase and the phase-to-ground EISs, while investigations
performed on twisted pair samples provide information on the only inter-turn EIS, which
is commonly considered the weakest EIS. Referring to the results presented in [51], a
monotonic decrease in PDIV with pressure is found for wires with different insulation
materials (i.e., PAI and PEEK) and insulation thicknesses (i.e., 100 and 130 um). Referring
to the different insulation thicknesses, three insulation grades (i.e., Grade I, II, and III)
with insulation thicknesses of 28, 53, and 80 um are tested in [80] under atmospheric
pressure and 100 mbar. The improvement of PDIV values by adopting thicker insulation
(i.e., higher insulation grade) seems to decrease at a low-pressure condition. Focusing on
the characteristics of PD activity, the occurrence of PD intensifies in tandem with a decrease
in air pressure, both in terms of magnitude and frequency [81]. This outcome is confirmed
on both twisted pairs and insulated wire wound with a plain metallic conductor.

Aiming at boosting the capability to withstand PD activity, corona-resistant (CR) wires
are available on the market. These wires were developed for high-voltage applications,
but they are becoming widespread in low-voltage inverter-fed EMs. CR wires are coated
with special insulating materials, like varnish, or polymer resins, that enhance their PD
resistance. Although the improvement is achieved through CR wire employment, there
is not much difference between CR and non-corona-resistant (NCR) wires when different
pressure levels are analyzed, as shown in [82]. According to the results presented in [82]
and reported in Figure 10 for convenience, the probability of failure is almost unchanged at
1000 and 100 mbar. This observation also holds when stress voltages at several rise time
values are applied to the samples. The PDIV enhancement by adding microcells to the
insulation film is studied in [53], and an obvious increase in PDIV value is measured in the
range from 470 to 1013 mbar.
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Figure 10. Comparison of PDIV for both CR and NCR wires at 1000 and 100 mbar [82].
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The combined effect of insulation defects and pressure levels on PD activity is dis-
cussed in [83]. In particular, the investigated defects encompass delamination, surface
defects, voids, and corona defects. Voids or delamination commonly occur in the main-wall
insulation of stator windings as a result of manufacturing processes and/or operating
stresses. Surface discharge is caused by exposed Litz wire, while corona defects are induced
by broken wire tips [83]. A monotonic decrease in PDIV with decreasing pressure is found
for all four defects, as shown in Figure 11 [83]. In addition, the PRPD patterns could be
used for defect discrimination. Similar test samples carried out on a 1 MW motor are given
in [43] where both PDIV and PDEV are measured.

i3 Normalized PDIV with respect to pressure

I delamination
1 b | surface e b b
[ void a2
08k I corona 0.80.790:82 0.8
: -winding
0.6

04r

Normalized PDIV

02

L] L1 |

202.6 607.8 1013
Pressure (mbar)

Figure 11. The trend of normalized PDIV with pressure for four different types of defects [83].

3.2. Combined Effect of Pressure and Voltage Characteristics on PD Activity

Numerous studies have highlighted the influence of pressure levels on the impact of
voltage characteristics on PD activity. Therefore, it is imperative to investigate the combined
effect of pressure and voltage characteristics on PD activity, which is comprehensively
reviewed in this subsection.

In [44], the authors perform PD tests by applying both sinusoidal and impulse excita-
tion voltages on the same sample type, and the study results prove that a simple sinusoidal
test voltage could be used during the preliminary PD investigation, although the EM is
driven by PWM voltage in the real application. Such an outcome is crucial because PD
tests using sinusoidal stress voltage are easier to perform in terms of equipment, and the
associated results are less affected by noise interferences compared to PD measurements
involving impulse voltage. These findings are also confirmed by the results published
in [22], and shown in Figure 12, where the insulating paper is investigated. In [84], it
is argued that for low-pressure conditions, PD tests under 60 Hz are preferred due to
their high consistency. A similar conclusion is found in [85], where the round-robin test
is recommended for quality control purposes, in case of PD measurements with impulse
excitation voltage.

4 T T T T

—— NHN SINE
=== NHN PULSE
35F

PDIV(KV)

400 600 800 1013

Air pressure (mbar)

Figure 12. The trend of PDIV with pressure for two different voltage waveforms [22].
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The role played by the impulse excitation voltage’s switching frequency as a function
of the pressure is analyzed in [86]. The impact of switching frequency on PDIV is not
significant considering the range of 50-1000 Hz. However, the amplitude and number of
discharges are greatly affected by both air pressure and switching frequency, as shown in
Figure 13 [11]. A consistent trend is also found in [27], where PDIV is not much influenced
by the switching frequency and rise time when 110 and 1013 mbar pressure conditions are
evaluated. On the contrary, shorter rise times boost the PD risk in [87].

10 T T T T
I 50 Hz

400 Hz
800 Hz

I 1000 HZ

0 |I lI | | I II
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100 300 500 800 1010
Pressure (mbar)

=]

e =)

N

Total discharge amplitude (V/s)

Figure 13. The trend of total discharge amplitude vs. pressure under different test voltage frequen-
cies [11].

Unipolar impulse voltage is applied to stress the test samples in [88], and the collected
results indicate a consistent decline in RPDIV as the switching frequency increases. How-
ever, the recorded RPDIV reaches a stable level at 100 kHz. A similar methodology is chosen
in [32], where the AC test voltages (i.e., intrinsically bipolar) are adopted instead of impulse
voltages. Despite the different excitation voltage waveforms, analogous deductions are
reached. Nevertheless, the conclusions outlined in [32,88] are in contrast with those in
these two papers and might go against the conclusions given in [27] and [27,86]. In fact, a
non-monotonic trend of PDIV as a function of pressure is highlighted in [27] and shown in
Figure 14. The experimental results in [27] compare PDIV measurements performed using
both sinusoidal and bipolar impulse excitation voltages applied to twisted pair samples,
and the minimum PDIV value is detected within the range 50+70 mbar. A similar trend is
reported in [89], where motorette samples are used as test objects.
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Figure 14. The trend of PDIV vs. pressure measured on twisted pairs [27].
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The mutual impact of pressure, voltage polarity, and pulse duration on PD character-
istics is examined in [90]. A significant difference between the PD test under the square
wave and pulse with short duration is pointed out by the measurements, which highlight
the necessity of knowing the voltage waveform applied to the EIS in the actual service for
extrapolating accurate findings.

As proved by [91], the PD detection method might affect the test results when the
impact of pressure on PD is investigated. The test results underline that the choice of
the sensor (i.e., Rogowski sensor, Jack-SMA sensor, and Jack-SMA sensor with additional
capacitive effect) might lead to different PDIV values, and cut-off frequency influence
becomes evident at 100 mbar.

3.3. PD Modeling Approach Considering Pressure Conditions

A PD modeling approach including the pressure effect based on Schumann’s streamer
inception criterion is discussed in [92]. The model is implemented relying on the rough
expression of the cavity’s inception field proposed by [82], and the pressure effect is
accounted for through the expression given by Equation (2) [94].

8.6 v

where E; represents the inception field in a cavity, p and [ are the pressure level inside the
cavity, and the diameter of the cavity (or delamination thickness), respectively. However,
the limitation of this method considering both pressure and frequency is pointed out
in [32]. Indeed, a quite large mismatch between predictions and experiments is obtained.
Conversely, a PD modeling approach based on Paschen’s law is presented in [69], whose
predictions are in good agreement with the experimental results. A similar modeling
methodology (i.e., Paschen’s law) is employed in [44], where the predictions at two specific
pressure levels, i.e., 1013 and 500 mbar, are determined.

A comparative analysis between Schumann’s and Paschen’s models is presented
in [88], where it is concluded that the PD model, according to Paschen’s law, should be
avoided when attempting to forecast RPDIV values in repetitive surge scenarios. On the
other hand, neglecting the change in the Schumann constant K with pressure represents a
limitation of the streamer inception criterion.

3.4. Application of PD Test Results under Different Pressure Levels

The applicability of the PD test results at several pressure conditions for PD risk
assessment purposes is discussed in this subsection. The PD risk for aeronautical EMs is
addressed in [93] based on PDIV tests under pressure levels ranging from 100 to 1013 mbar.
Similarly, a failure risk assessment relying on PD measurements at different pressure levels
is presented in [73]. In particular, an eightfold increase in discharge power is observed
when the pressure decreases from 1750 to 100 mbar.

In [17], the pressure enhancement factor of 1.25 is derived considering the worst-
case of 500 mbar for automotive applications. The pressure enhancement factor is also
determined in [55], where both impregnated and non-impregnated samples are considered.

In [44], the normalized RPDIV reduction for EMs operating at different altitudes is
outlined, as shown in Figure 15 [44]. Considering an EM meant for the primary flight
control surface actuator, the most critical flight phase is represented by the cruise one due
to the low-pressure environment.
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Figure 15. Variation of normalized RPDIV during different flight phases [44].

3.5. Influence of Pressure on PD Activity under Variable Temperature Level

As mentioned earlier, the EIS of EMs is simultaneously affected by temperature and
pressure; thus, it is important to study this combined effect on PD activity. The trend of
PDIV with the variation in temperature and pressure is commonly interpreted through
Paschen’s curve together with Dunbar’s correction [17], as expressed by Equation (3):

E(T,p) = In(A-p-Ty/T-d) —In(1 —1/7) o

The breakdown field of the air, denoted as E(T, p), is affected by the temperature T
and pressure p. The room temperature is represented as Ty, while the distance between
two electrodes is indicated by d. Parameters A and B are specific to the gas being studied
(normally air if the EM is not encapsulated). The coefficient 7y for secondary electron
emission depends on the material used for the cathode. Referring to Figure 16 [47], a higher
temperature and a lower pressure would shift Paschen’s curve towards the bottom right,
and thus, a lower voltage is required to trigger the PD.
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Figure 16. The impact of temperature and pressure on the PD inception voltage.

The results in [47] are collected on twisted pairs, while tests on whole stators are
performed in [95]. In either case, the samples are excited through a sinusoidal voltage, and
both PDIV and the number of PD are examined. However, the maximum temperature level
considered is relatively low compared to the actual EM operating temperature.

In [96], a total of 25 different test conditions are considered, and Equation (4) is used
to fit the trend of RPDIV(T, p) with temperature T and pressure p:

RPDIV(T, p) = <Ir1(;:;9—b + c) (293;5);1 4)
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where 4, b, ¢, and d are parameters determining the shape of the fitting curve. An R?
of 0.9639 is obtained for the curve fitting using Equation (4). On the contrary, a linear
relationship is adopted in [97] as shown in Figure 17, and a reasonable goodness of fit
correlation is still achieved, i.e., R? equal to 0.955.
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Figure 17. A linear model for fitting the trend of PDIV with temperature and pressure [97].

In addition to the curve fitting approach, PDIV modeling based on Schumann’s in-
ception criterion is adopted, as chosen in [98], where both temperature and pressure
effects are considered. In fact, these models or test results are mainly used to evaluate the
PD risk of EMs for aerospace applications (e.g., propulsion motors [99] and aerospace
actuators [100]), since these EMs suffer from both high service temperature and low
pressure simultaneously.

Litz wire is a preferred choice for EM design working at high frequency due to its
reduced AC copper losses, albeit at a higher cost. Since Litz wires are gaining attention in
some applications, their behavior in terms of PD is studied. PD tests on Litz wire reveal that
the air pressure impact is more pronounced compared to standard enameled, as discussed
in [101].

Similarly to Litz wire, CR wire is also becoming popular, as mentioned earlier. A
comparative analysis between CR and NCR wires is given in [102], where not much
difference in terms of PDIV and PDEV is detected. The effect of rise time on PDIV is
also examined in [102], and stress voltage with rise time in the range of 30 + 200 ns has
less impact on PDIV. The literature discussed in this subsection is summarized in Table 3,
including both pressure and temperature ranges.
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Table 3. Summary of literature related to pressure impact on PD activity under variable temperature.

Test Voltage (Impulse Voltage

Ref. Pressure Range (mbar)  Temperature Range (°C) Influencing Factors Measured Quantity Test Sample (Insulation Material) Parameters)
[95] 200 to 1000 20 to 80 PDIV, number of PD Stator Sinusoidal
. . Unipolar impulse (tr: 100 ns, f:
[96] 200 to 1000 20 to 180 RPDIV Twisted pairs (50 pm PI) 5 kHz, dc: 50%)
N . . Unipolar impulse (tr: 50 ns, f:
[97] 200 to 1000 20 to 220 Rise time (20 to 200 ns) PDIV Twisted pairs (Grade II PEI + PAI)
1 kHz, dc: 20%)
[98] 200 and 1000 20 to 120 PDIV Twisted pairs (28.5 um PEI + PAI) Sinusoidal
Form-wound winding (0.013 mm
[99] 203 to 1013 30 to 210 PDIV PI, 0.127 mm Nomex, 0.178 mm Sinusoidal
Glass fiber, Duralco 128 resin)
[100] 200 to 1000 20 to 200 PDIV Twisted pairs (PEL + PAI + Bipolar impulse
inorganic layer)
[101] 200 to 1000 20 to 140 PDIV Litz wire Sinusoidal
Rise time (30 to 200 ns),
[102] 200 to 1000 20 and 180 insulation material (PEI PDIV, PDEV Twisted pairs Unipolar impulse

+ PAI + with /without
inorganic layer)
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4. Effect of Humidity on PD Activity

The last ambient factor, i.e., humidity, is reviewed in this section. In practical terms,
EM'’s windings are often protected from humidity by increasing the protection degree of
the EM enclosure. Similarly to the air pressure, the humidity is also affected by the ambient
temperature. Indeed, compared to cold air, warm air has the capacity to hold a greater
amount of water vapor (moisture). Consequently, when the absolute humidity remains
constant, cooler air will exhibit higher RH, while warmer air will display lower RH. Thus,
the research conducted at a fixed temperature is reviewed in Sections 4.1 and 4.2, while the
experiments performed under a variable temperature are discussed in Section 4.3. The main
contributions dealing with constant temperature investigations are listed and categorized
in Table 4, whereas the literature addressing the humidity effect on PD activity considering
variable temperature is listed in Table 5.

4.1. Influence of Humidity on PD Activity under a Fixed Temperature

The present subsection groups the investigations where only humidity variations are
evaluated, while Section 4.2 addresses the combined impact of humidity and distinguishing
factors, such as insulation material and rise time, on PD activity.

A monotonic decrease in PDIV with RH is found when different test samples are
considered. A test object of polyimide film is used in [25], while twisted pairs are adopted
in [45]. Although different test samples are employed, the PD tests are performed by
applying impulse voltage. Assuming a fixed terminal voltage of 0.9 kV, a clear increase in
PD frequency with humidity is noted in [45]. The stator coil winding samples are adopted
in [103,104], and a linear function is used to fit the trend of RPDIV with humidity [104].
Finally, the test performed on a whole motor is performed in [49], where a discrepancy
between the RPDIV value of phase U and the other two phases is pointed out, which is
caused by the time taken by the humidity to spread out.

In addition to investigating the inception mechanisms of PD under varying humidity
conditions, it is imperative to pay special attention to the characteristics of PD activity
across different humidity levels. The results in [105] show a good correlation between PD
characteristics with humidity. To be more specific, lower PDIV, smaller PD magnitude,
higher PD pulses, and shorter PD time lag are observed for a greater humidity level. These
results are collected under sinusoidal voltage excitation, while a similar study is carried out
in [106], where the measurements are performed under impulse voltage. By changing the
excitation source, the highest PD magnitude and the shortest discharge time are detected
under 90% of RH [106].

The previous paper’s results rely on the direct detection of PD inception, while an
indirect method could be also employed via a dissipation factor test. The dissipation
factor tip-up test is introduced to explain the humidity impact on PDIV [107]. In fact, by
observing different trends of dielectric properties under different RH levels, the formation
of water film is deduced and electrostatic field simulations are used to validate the water
film presence. Similarly, in [108], the electric field distribution is simulated using finite
element analysis considering rectangular wire samples. The obtained results indicate that
variations in the moisture layer’s positioning led to peculiar electric field distributions,
which subsequently affect the PDIV value.
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Table 4. Summary of literature related to humidity impact on PD activity at constant temperatures.

Ref. RH Range % Influencing Factors Measured Quantity Test Sample (Insulation Material) Test Voltage (Impulse Voltage Parameters)
[25] 40 to 95 PDIV Bar-plate electrode (0.1 mm PI film) Sinusoidal
. . PWM (tr: 225 ns, f: 16 kHz (pulse) and 0.4 kHz
[45] 5t0 70 PDIV, PD-frequency Twisted pairs (fundamental))
[47] 30 to 90 PDIV Twisted pairs Unipolar impulse (tr: 40 ns, dc: 20%, f: 1 kHz)
[49] 10 to 90 Different phase RPDEV Motor Impulse
Insulation material (100 um PAI, . . . . . .
[51] 55 to 100 100 and 130 ym PEEK) PDIV Twisted pairs Bipolar impulse (tr: 80 ns, f: 60 kHz)
[52] 50 to 95 Insulation material (40 Hm PATand PDIV Rectangular wire Sinusoidal
Polyphenylene-sulfide)
. Twisted pairs (0.03 mm PEI + PAI and . . .
[55] 30 to 90 Impregnation PDIV, PDEV silicon resin) Unipolar impulse (pw: 0.2 ms)
[103] 18 to 70 RPDIV Stator coil winding Bipolar impulse (pw: 2.6 ms,
tr: 0.14 ps)
S Bipolar impulse
[104] 30 to 90 RPDIV Stator coil winding (pw: 7.6 s, tr: 0.14 pis)
PDIV, surface resistivity, average
[105] 33 to0 98 PD magnitude, number of PD CIGRE method II type (1 mm Sinusoidal
. polymethylmethacrylate (PMMA))
pulses, time lag
[106] 30 to 90 Discharge time, PD magnitude Twisted pairs (PI) Unipolar impulse (%Ol gsr;s, voltage duration:
[107] 30 to 90 PDLY, d15$1pat10n factor, Twisted pairs (Grade II PEI) Sinusoidal
capacitance
[108] 20 and 90 Pre-discharge time, insulation PDIV Rectangular wire Sinusoidal
thickness (40 and 160 um PAIT) &
[109] 30 to 90 Pulse repetition frequency (60 to PDIV, RPDIV Twisted pairs (0.036 mm PAI) Unipolar impulse
10° pulse per second (pps))
[110] 39 to 89 Rise time (514, 967 ns) PDIV Twisted pairs Impulse
[111] 30 to 60 Thermal aging PDIV, capacitance Twisted pairs (Grade II PEI) Sinusoidal
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Table 5. Summary of literature related to humidity impact on PD activity at variable temperatures.

Test Sample (Insulation

Test Voltage (Impulse Voltage

Reference Number  RH Range %  Temperature Range (°C) Influencing Factors Measured Quantity Material) Parameters)
Twisted pairs (Grade II Bipolar impulse (tr: 80 ns, f:
[17] 30 to 85 20 to 80 PDIV, PDEV PEI + PAI) 60 kHz)
[112] 40to 95 30 to 80 PDIV, light intensity Twisted pairs (PEI) Sinusoidal
PDI1V, surface Twisted pairs (Grade II . .
[113] 20 to 95 25t0 90 conductivity PEI + PAI) Sinusoidal
PDIV, discharge current,
[114] 50 to 97 30 and 90 accumulated charge, Motor Sinusoidal
cumulative energy
Insulation material
(PEI + with/without PDIV, PD charge,
[115] 30 to 80 30 to 80 nano-sized inorganic relative permittivity, Twisted pairs Sinusoidal
material of layered dielectric loss
silicate)
[116] 30 to 90 30 t0 90 PDIV, dissipation factor,  r 1104 pairs (0.035 mm PEI) Sinusoidal
capacitance
[117] 20 to 90 25 t0 90 PDIV Twisted pairs (28.5 um Sinusoidal

PEI + PAI)
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4.2. Combined Effects of Humidity and Other Factors on PD Activity under a Fixed Temperature

The investigation of multiple factors poses challenges due to the significant interaction
effect, particularly when considering the impact of humidity. Unraveling the intricate
interplay among these factors is crucial for achieving a comprehensive understanding of
PD physics.

In [51], three RH levels (55, 80, and 100%) are considered, and the tests are performed
on twisted pairs. Two PEEK wires with different insulation thicknesses, and an enameled
wire coated with PAI insulation are investigated. A much higher drop in PDIV is recorded
for the PEEK wire when the RH changes from 80% to 100%.

Twisted pair samples are also used in [55], where a comparative analysis between
impregnated and non-impregnated samples is presented. The impregnated sample is
more influenced by humidity variation due to the porosity of the impregnation varnish.
Additionally, the collected results feature a higher level of discrepancy caused by the
different degrees of moister absorption.

Apart from twisted pair samples made of round enameled wire, investigations on
rectangular wire samples are also available in the literature, since wires with rectangular
cross-sections are becoming attractive in the automotive sector. An example is found in [52],
where the dependence of PDIV on humidity is affected by contamination, as shown in
Figure 18. For a clean wire, the PDIV is almost irrelevant to the humidity level. However,
for a contaminated wire, a decrease in PDIV at higher humidity levels is measured. In fact,
contaminants facilitate the occurrence of PD on the insulation surface.
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Figure 18. The impact of contaminants on the humidity dependence of the PDIV [52].

The mutual impact of testing voltage parameters (e.g., stress voltage rise time) and
humidity on PD activity is also examined. The findings in [109] indicate that the impact
of humidity on RPDIV is less pronounced at high pulse repetition frequencies (PRFs)
exceeding 10 kilo pulses per second (kpps) compared to low PRFs. The study demonstrates
that a pulse generator operating at a high PRF (i.e., above 10 kpps) can effectively assess
reliable RPDIV in insulation tests conducted on real motor coils, where controlling ambient
humidity is challenging. In [110], two rise time values (i.e., 514 and 967 ns) are considered,
and the monotonic trend of PDIV with humidity still holds regardless of humidity level.
However, a large drop is found when RH changes from 39 to 50% for voltage featuring
967 ns rise time.

The paper previously analyzed performed the experimental tests campaign on brand
new samples, although the insulation aging and the resulting decay of the dielectric
properties might affect the PD inception mechanism in a relevant humidity environment.
This aspect is dealt with in [111], where the impact of thermal aging is experimentally
investigated at different RH conditions. From this investigation, the trend of PDIV as a
function of the RH is drawn after thermally aging the samples at 250 °C for 96 h.
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4.3. Influence of Humidity on PD Activity under Variable Temperature

As already mentioned, the impact of RH on PD is influenced by the ambient tempera-
ture, and in this subsection, a comprehensive review of the research conducted at variable
humidity and temperature values is presented.

In [112], the utilization of optical emission spectroscopy (OES) is employed to examine
the PD inception on twisted pairs. The findings indicate a correlation between humidity
and an increase in the electric field within the air gap, which serves as compelling evidence
for a reduction in PDIV when operating in high-humidity conditions. While the electric
field strength determined by the OES data is influenced by both humidity and temperature,
the temperature has a minimal impact on the calculated electric field within the air gap
between wires.

The measurement of surface conductivity is conducted at various conditions in [113],
and the increase in surface conductivity caused by higher temperature and humidity levels
may lead to a decrease in the electric field within the air gap, thereby potentially reducing
the occurrence of PD. An opposite trend of PD characteristics with RH is observed in [114],
when 30 °C and 90 °C are evaluated as ambient temperatures. The corresponding results
are reported in Figure 19, highlighting both inception voltage and discharge current values.
These results are primarily explained by the interaction between the byproducts of the
discharge and the molecules present in water, leading to the creation of a conductive path
on the insulation’s surface [114].
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Figure 19. Trend of inception voltage and discharge current with humidity at (a) 30 °C and
(b) 90 °C [114].

Considering the advancements in insulation materials, the impact of ambient humidity
and temperature on the PD properties in twisted pairs using conventional and nanocom-
posite enameled magnet wires is investigated in [115]. In particular, PDIV and apparent
PD charge are measured when a 60 Hz AC sinusoidal waveform voltage is applied to stress
the samples. The obtained PDIV trend is attributed to variations in the dielectric constant
of the enameled wires caused by moisture absorption and changes in surface wettability.

In [17], a humidity enhancement factor is introduced, and its value is equal to 1.24
at 85% RH (i.e., worst-case scenario). The humidity enhancement factor is determined by
measuring PDIV and PDEV on twisted pairs at three temperatures (i.e., 20, 50, and 80 °C)
and RH levels ranging from 30 to 85%.

The reciprocal humidity and temperature impact on PDIV is also studied by means of
indirect PD measurements via the dissipation factor tip-up tests. A study employing indi-
rect PD measurements is found in [116], where the different trends of dielectric properties
at several RH and temperature levels as shown in Figure 20 denote the formation of water
film on the insulating material surface.
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Figure 20. Dissipation factor with applied voltage at different RH under (a) 30 °C, (b) 60 °C, and
(c) 90 °C [116].

The PDIV modeling approach for humidity variation considering the temperature
effect is addressed in [117]. The proposed PDIV model is based on the Schumann inception
criterion and the Schumann constant is derived as a function of both RH and temperature.

5. Discussion and Conclusions

According to the performed review, the temperature impact on PD activity was exten-
sively studied considering a wide range of temperatures from 0 to 500 °C (ceramic coated
wire). Pressure plays a significant effect on PD activity and its impact is not negligible in
EMs meant for transportation applications. The combined effect of pressure and temper-
ature on PD activity is well-studied, and accurate PDIV prediction models are available.
The data collected under the combined influence of both temperature and pressure are
extremely important for the PD risk assessment of transportation EMs. Indeed, these
EMs are prone to experience higher temperatures and lower pressure levels during ser-
vice. Considering the current research progress, a future step in developing more accurate
and comprehensive PDIV models would consist of extending the model by including the
influence of the stress voltage parameters (i.e., rise time, waveform polarity, etc.).

The impact of RH on PD activity remains the key difficulty considering the complex
mechanisms. In fact, the trend of PDIV with RH differs from paper to paper especially
considering the temperature effect. One possible reason is that the effect of RH on electrical
field distortion caused by water film formation varies from sample to sample. In addition,
the RH environment provided by the humidity chamber might differ from lab to lab. For
example, distilled water or non-distilled water used during the experiment might cause
a significant variation in the collected results. Thus, more work aiming at understanding
the physics of PD under humidity influence is required and more fundamental research
should be performed in the frame of standardized recommendations.

From a test sample point of view, twisted pairs are the most frequently adopted
samples, according to Tables 1-5, due to their easy structure and affordable cost. In terms
of the stress voltage waveforms, sinusoidal voltage is the preferable choice for PD tests,
although most EMs for transportation are driven by PWM voltage. Indeed, sinusoidal test
voltage is often chosen for research purposes and even for insulation qualifications, referring
to the IEC 60034-18-41 [16]. The reason behind the dominance of PD tests performed under
sinusoidal excitation is the simplicity of the equipment arrangement and the mitigated
impact of voltage parameters. Further, the PD tests carried out under sinusoidal excitation
often serve as references for future studies where the impulse voltage with different rise
times, polarity, and pulse widths are investigated. Considering the measurement quantity,
(R)PDIV is mostly employed, because it is directly related to the PD risk, which is the
primary source of failure in Type I EIS.
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Summarizing, recent works dealing with the environmental conditions effect on PD
activity were reviewed with the purpose of providing a global overview of the current
status of the research on the subject. Several aspects, including phenomenon discussion,
modeling approach, and results applications, were included. The main details about
all the analyzed publications are summarized into separate tables for other researchers’
convenience, in order to make available an index of content for scholars approaching this
research field.
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