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Abstract

The ambitious goals of increasing the efficiency, performance and power den-
sities of transportation drives cannot be met with compromises in the motor
reliability. For the insulation specialists the challenge will be critical as the use
of wide-bandgap converters (WBG, based on SiC and GaN switches) and the
higher operating voltages expected for the next generation drives will enhance
the electrical stresses to unprecedented levels. It is expected for the DC bus
in aircrafts to reach 800 V (split £400 V) and beyond, driven by the urban air
mobility sector and the need for electrification of electro-mechanical/electro-
hydraulic actuators (an essential part of the "More Electric Aircraft" concept).
Simultaneously the DC bus in electric vehicles (EV) traction motors is antic-
ipated to increase up to 1200 V very soon.

The electrical insulation system is one of the most delicate part of the ma-
chine in terms of failure probability. In particular, the appearance of partial
discharges (PD) is disruptive on the reliability of the drive, especially under
fast repetitive transients. Extensive experimental activity has been performed
to extend the body of knowledge on PD inception, endurance under PD activ-
ity, and explore and identify new phenomena undermining the reliability. The
focus has been concentrated on the impact of the WGB-converter produced
waveforms and the environmental conditions typical of the aeronautical sector
on insulation models. Particular effort was put in the analysis at the reduced
pressures typical of aircraft cruise altitude operation.

The results obtained, after a critical discussion, have been used to suggest a
coordination between the insulation PD inception voltage with the converter
stresses and to propose an improved qualification procedure based on the
existing TEC 60034-18-41 standard.



Abstract - Italian Version

Gli obiettivi ambiziosi di aumentare I'efficienza, le prestazioni e le densita di
potenza degli azionamenti per il trasporto non possono essere raggiunti con
compromessi sulla affidabilita dei motori. Per gli specialisti dell’isolamento
la sfida sara cruciale, poiché sia I'uso di convertitori a wide-bandgap (WBG)
basati su semiconduttori SiC e GaN, sia le tensioni operative piu elevate pre-
viste per i prossimi azionamenti, aumenteranno gli stress elettrici a livelli
senza precedenti. Si prevede che il bus DC negli aeromobili raggiunga gli
800 V (split 400 V) e oltre, spinto dal settore della mobilita aerea urbana
e dalla necessita di elettrificare gli attuatori elettromeccanici/elettroidraulici
(parte essenziale del concetto di "More Electric Aircraft"). Contemporanea-
mente, si stima che presto nei motori per trazione di veicoli elettrici il DC bus
aumentera fino a 1200 V.

Il sistema di isolamento elettrico € una delle parti piu delicate di una
macchina elettrica in termini di probabilita di guasto. In particolare, la com-
parsa di scariche parziali (PD) ¢ deleteria per I'affidabilita dell’azionamento,
soprattutto in presenza di transitori veloci e ripetitivi. In questa tesi e stata
condotta un’ampia attivita sperimentale per ampliare le conoscenze sull’innesco
di PD, sulla resistenza dei materiali in loro presenza e per identificare nuovi
fenomeni che compromettono 'affidabilita dell’isolante. L’attenzione si & con-
centrata sull'impatto che hanno le forme d’onda prodotte da convertitori WGB
e le condizioni ambientali tipiche del settore trasporti su modelli di isolamento.
Particolare impegno ¢ stato profuso nell’analisi alle pressioni ridotte tipiche
del funzionamento alle quote di crociera degli aerei di linea.

I risultati ottenuti, dopo una discussione critica, sono stati utilizzati per
suggerire un coordinamento tra le tensione di innesco di scarica e gli stress
del convertitore, al fine di proporre una procedura di qualificazione migliorata
basata sulla gia esistente norma IEC 60034-18-41.
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Objectives, Approach and
Organization

The objective of this PhD Thesis was to improve the reliability of transporta-
tion drives electrical insulation that operate in the peculiar automotive and
aeronautic environmental conditions under fast transient voltage waveforms.
The task is accomplished in a twofold approach: by extending the body of
knowledge on insulation materials (with a focus on partial discharge phenom-
ena) and by deriving prescription for insulation coordination and qualification
in sight of the recent knowledge advancement.
The document is organized in chapters as follow:

[1 - Introduction] Presentation of the sector of transport electrifica-
tion.

[2 - State of Art] Introduction to insulation systems and failure routes,
converter stresses analysis.

[3 - Experimental Methods| Description of the experimental setups,
procedures, and equipment.

[4 - Electrical Endurance] Detail of the results for electrical en-
durance test under partial discharge activity.

[5 - Partial Discharge Inception Voltage| Detail of the results for
partial discharge inception voltage trends under various conditions and

aging.
[6 - Insulation Coordination and Qualification] Discussion from
a broader perspective the experimental results obtained. The insights

gathered are utilized to improve reliability through insulation coordina-
tion and qualification.

[7 - Conclusions| Summary of the achievement obtained.



Chapter 1

Introduction

The urge for a transition to more sustainable transportation systems is
contextualized and the electric vehicle and more electric aircraft concepts are
introduced.

The impact of human activity on the planet is so significant that the geo-
logical era in which we live is defined as Anthropocene, from the Greek word
anthropos, human. The transportation sector accounts between one sixth and
one quarter of the 50 Gt of greenhouse gases yearly human produced emis-
sions, dependently on the estimation methodology [1][2][3]. This happens
despite many regions of the world with enormous or booming population hav-
ing less than 0.1 vehicle per capita and with air travel remaining available
only to 10% of the population. Air travel alone amounts for 11% of the to-
tal amount of CO2 emitted by transport. The world population is expected
to increase from the present 8 billion to around 11 billion according to the
United Nations, primarily from the growth in Africa [4], and hopefully the
standard of living will improve across all the globe. As a consequence, the
number of domestic vehicles will likely increase from 900 million to 2.5 billion,
especially from the growth in the Asian market. The air passenger traffic,
that has grown of more than a 10% yearly in the last 60 years (excluding the
parenthesis of COVID-19), will become accessible to more and more people
[5].

In this increasingly populous, connected, and globalized world, worries
about energy conservation and environmental preservation are growing. Im-
portant measures are needed to avoid the spiraling of the global warming to
irreparable consequences [6]. For that the stabilization of atmospheric green-
house gases concentration to levels lower than two times the pre-industrial
ones is required.

For tackling the climate change, revolutionary technologies are not strictly
required, but revolutionary policies and immediate action are, employing
technologies already developed or in pilot stage, without waiting for dream
solutions [7]. The goal is not achievable with the effort of a single coun-
try/sector/technology. Extensive system-level analysis, effective policy im-
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Figure 1.1: Overview of greenhouse gasses emissions by sector, from [1].

plementation and thorough planning are needed to coordinate investments,
develop technology, and deploy infrastructure [8].

The electrification of transportation is a crucial element in this path [9].
Electrification definition is: the employment of more electrical energy to drive
both propulsion and non-propulsion loads in vehicles.

Electrification of light-duty vehicles will not help in reaching the mitiga-
tion targets alone, requiring extreme electricity demands for the power system
and excessive amounts of critical materials while dropping to zero only the
tailpipe emissions and not the overall emissions [10][11]. It has been demon-
strated through life cycle assessments that during their lifetime EVs will gener-
ate lower amounts greenhouse gasses, but to obtain that result is crucial that
the energy is produced through renewable and sustainable sources [12][13].
Despite the limitations electrification remains one of the most powerful paths
available, especially coupled with a globally reduction of vehicles in favor of
public transportation, and possible innovative routes like implementation of
ride-hailing autonomous fleets. However, this possibly will clash with peo-
ple’s needs, since in the present-being vehicle ownership is a form of freedom,
independence and enabler of opportunities. The social costs that new the
scenarios may bring in should be confronted [14].

For the aviation sector there is the need to produce a radical transforma-
tion as well. By 2050, new technologies are expected to reduce C'O, emissions
by 75% per passenger kilometer, nitrogen oxide emissions by 90%, and noise
emissions by 65%. Since there is no unique solution, the combination of
ultra-efficient aircraft, alternative fuels and alternative propulsion appear as
candidates to reach these objectives [15].
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1.1 Electric Vehicles and More Electric Air-
craft

The advancements in semiconductor technologies, with the production of
switching devices based on wide-bandgap (WBG) semiconductors opened a
new chapter for power electronics. WBG materials like Silicon Carbide (SiC)
and Gallium Nitride (GaN) have an higher band gap compared to silicon (>3
eV vs 1.1 eV), meaning that the energy required to promote a valence electron
to become a conduction electron to make the semiconductor start conducing is
higher. This permits to operate the switch at higher temperature and electric
fields, to increase the doping level and reduce the semiconductor thickness
hence improving the on-resistance and heat extraction enabling higher op-
eration frequencies [16]. While GaN and SiC devices have similar switching
capabilities, GaN outperforms SiC as the frequency increases. Unfortunately,
it is more difficult to manufacture due to the lack of a native oxide, which is
essential for MOS device fabrication.

Converter realized using WBG devices results in smaller footprints and
cooling systems. Motors can be reduced in size and weight thanks to the higher
voltages and frequencies [17]. System level benefits are achieved with the
production of drives with increased efficiency and reduced volumes and weights
(obtained for both the converter and the machine). These characteristics are
powerful enablers for the transportation electrification (TE) sector [18][19]]20].

Electrification of road vehicles follows a straightforward concept, with the
substitution of the internal combustion engine (ICE) powertrains with electri-
cal counterparts (electric vehicle, EV), or alternatively uses both the ICE and
the electrical engine with various configurations and degrees of hybridization
(hybrid electric vehicle, HEV)[9][21]. For a long time, 400 VDC has been the
standard system voltage for EVs, some manufacturers seeking better perfor-
mance lately have begun to adopt 800 VDC (the fist has been the Porsche
Taycan).

Heavy goods and passenger vehicles would especially benefit from voltage
increase above 800 VDC, combining the benefits of electrification with the
ones of a denser transportation, to achieve lower emission per passenger.

Electrification of aircraft is multifaceted, ranging between the concepts
of the all-electric aircraft (AEA) and the more electric aircraft (MEA). The
AEA is a fully electric aircraft comprehensive of an electric propulsion. For
the time being AEA is a dream for the long range airliner but hybrid or
full electric propulsion regional or short-medium haul aircrafts are already
envisioned before the end of this decade [22]. Alongside, urban air mobility
solutions are trending, proposing an innovative mobility system that makes
use of the airspace above cities. Interesting electric aircraft prototypes are
showcased by companies like Lilium, Joby and Vertical Aerospace. Due to
the extreme innovation in this sub-sector it is likely to see disruptive solutions
introduced in this marketplace before significant changes appear in the short-
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haul aircrafts. For this reason, these vertical take-off aircraft may be the first
to operate at 800 VDC level or above.

For the more classical airliner a cornerstone in fuel consumption reduc-
tion can be reached also with the electrification of a larger number of (non-
propulsive) aircraft subsystem. That is the MEA concept, which ultimate goal
is to substitute all the non-propulsive non-electric aircraft systems with elec-
trical counterparts, that are classically pneumatic, hydraulic and to a lesser
extent mechanic. For doing so, the electric generators keyed to the engine
should be designed to withdraw the required power.

Eliminating the pneumatic systems will avoid the extraction of air from
the compressor stage of the gas turbines (namely, tapping the bleed air). The
penalties in extracting bleed air are not proportionate to the power extracted
and the problem aggravates as the engine technology improves (especially as
the bypass ratio of the engine increases, namely as the ratio between the mass
flow rate around the engine core with the one through it increases). Avoiding
pneumatic systems will enable the so called bleedless turbine, greatly improv-
ing the fuel efficiency of the aircraft. Eliminating the hydraulic system will
also contribute to energy savings. Hydraulic systems have good characteris-
tics like robustness and high power densities but the benefits are countered by
the big disadvantages of an inflexible, prone to leaks and very weighty infras-
tructure. Electrification will help reducing the aircraft weight by eliminating
the infrastructure (e.g. pipeworks, centralized pumps, valves) and improving
functionality and maintainability thanks to the de-centralization, modularity
and improved fault detection.

Examples of system to be electrified in the MEA context are [24][25]:

e The main engine starter. It is classically a pneumatic system needed
to spin the engine up to the critical speed needed for start combustion.
Compressed air is obtained using energy from the auxiliary power unit
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(APU) and ducted to the ATS (air turbine starter), placed in the nacelle
of the engine. Alternatively ground carts are used for the task. The
engine electrical generators could be used as motors to electrify the
system.

o The environmental control systems and on-board inert gas generation
system. The first is required to provide air supply, thermal control
and cabin pressurization. The second is required to fill the tank of the
aircraft with the nitrogen (inert gas, to reduce the fire hazard) and uses a
membrane to separate it from the air. Classically both use bleed air from
the engine, electrification is achievable using electric fed compressors.

o The wings anti-icing system. Classically uses hot air bleed from the
engine, can be substituted with heating mats embedded in the wings.

e The engine fuel pumps. Classically have two stages, with the low-
pressure already electrically driven and the high-pressure mechanically
and hydraulically driven. Electrification will help in decoupling the fuel
flow control from the speed of the engine other than improving the main-
tainability and efficiency.

o The actuators. Actuators in the current aircrafts are hydraulically
driven. They may be responsible for moving parts with very different
roles and are nowadays the most difficult part to electrify. Electrification
may be achieved using an electrical drive through two main paths:

— electro-hydraulic actuators (EHA): the electric motor drives a re-
versible pump in a small de-centralized hydraulic circuit

— electro-mechanical actuators (EMA): the electric motor rotational
motion is converted into linear motion by a mechanical mechanism

For now EHA are preferred, permitting a smoother transition by re-
purposing existing components with proven experience and using them
in parallel with regular hydraulic actuator. The limited knowledge in
the jamming probability of EMA concurs to the choice.

10
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Examples of classic hydraulic actuators are the ones in the landing gear
(for the extension/retraction, steering and braking) and for ones that
control the flight surfaces. Flight control surfaces are divided in primary
and secondary. The primary ones (usually elevator, ailerons, and rudder)
control the pitch, roll and yaw and are safety critical in every stage of
the flight. The secondary ones assist in controlling the flight attitude
(examples are flaps, slats and airbrakes).

Other than systems, operations could be electrified as well. One exam-
ple is taxiing. When the aircraft needs to move in the ground, typically tug
vehicles transport it from the terminal gate to the airport apron, while propul-
sion from its engines is used to navigate the airport’s runways. This taxiing
procedure does not provide an optimal operating condition for the engines
(that alternates between idle and maximum thrust), resulting in significant
fuel consumption. E-taxing or green-taxing is the alternative, where introduc-
tion of electric motors integrated in the nose wheel and fed by the auxiliary
power unit permits the autonomous and efficient movement of the aircraft.
The energy savings during taxiing are estimated to be about 97% [26]. Such
scenario will also simplify the airport logistic, possibly eliminating the fleet of
tug vehicles, and reduce the acoustic pollution.

The MEA implementation is continuously advancing, as the electrical
power demand in the aircraft keeps increasing. Both the electrical system
and the power generation require innovations in their architectures to sustain
the progress [27]. Regardless, as the power increases, the voltage levels will
have to increase, to reduce the current in the system. Higher currents are
undesirable because they inevitably cause larger joule losses and require con-
ductors with increased size and weight. The aim to reach higher voltage levels
has to be coupled with the target of producing an equally safe system [28].

Important steps have already be taken. The Boeing 787 "Dreamliner" fea-
tures electrified environmental control, wing anti-icing, main engine starters,
breaking and some of the fuel pumps, requiring 1 MVA of electric power
produced by 4 generators. The B787 has limited air bleed tapping to solely
cowl anti-icing; all other functions previously provided by bleed air has been
replaced with electric technology. In comparison to the B767, the bleedless
architecture reduces fuel consumption at cruising by 2% [25]. To achieve the
goals, the DC-bus of the aircraft was increased to + 270 VDC, substituting the
conventional 115 VAC [29]. On the hydraulic side, Airbus A380 introduced
back-up EHA for some of the flight surface actuators starting the pivotal
transition [25][30]. Currently they operate at voltages below 300 VDC.

Many important targets lie ahead for the EV and MEA sectors, both
looking to increase the power densities of the machines while reducing their
size and weight, without compromising on the lifetimes and reliability.

As an example the use of WBG converters might help reducing the weight
of the EV traction motors. The same is applicable in the MEA, where the
machines needed for the e-taxiing should be able to move an aircraft weighting

11
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hundreds of tons. A peculiar problem of the e-taxiing relies on the need to
keep the converter in the body of the aircraft to avoid the excessive mechanical
stress, interfacing the motor with very long cables, enhancing the voltage
stresses.

Even more ambitious is the complete electrification of the flight surface
actuators, requiring fault tolerant electrical machines with extreme reliability
to operate in the harsh high-altitude environment.

The ultimate challenge is the production of propulsion motors for aircrafts,
where to all the previous requirements are added to the need to deliver the
extreme power (in the megawatt range) needed for the take-off. For that the
aircraft bus voltage has to increase to limit the losses and the weight of the
conductors, likely to values above 1000 V.

12



Chapter 2

State of the Art of Insulation
for Transportation Drives

This chapter provides a very general overview of the machines to be used in
transportation electrification. The insulation system is introduced and its
impact on machine reliability highlighted. The reader is referred to the
extensive literature available if not comfortable with: material/processing of
low-voltage machines, classical insulation failure routes and partial discharge
phenomenon. Converter-produced stresses are discussed and state of the art
regarding partial discharge for the sector is given.

Drives to be used in the transportation sector have to comply to stringent
requirements (governed by standards, regulations and codes). This is espe-
cially true for the aeronautic field, where some of the them may be part of
safety critical systems. For those machines fault tolerant operation is a nec-
essary requirement [31], that if not satisfied intrinsically has to be developed
(e.g. with a multi-phase approach).

These drives are expected to be fed with WBG-converters, to deliver the
benefits of an increased power density to the entire system. Furthermore, it is
clear that the need for a system level weight, volume and loss reduction will
push the request of higher voltages. Current transportation voltages are 800
VDC for automotive and 540 VDC for aeronautic sectors. MEA actuators
capable of operating at 540 VDC have yet to be deployed. Next generation
voltages are thought to be around 1000-1200 V for automotive and 800 V for
aeronautic. The operation might include running the system at different DC
bus voltage levels, because multiple voltage levels are enabled by design or
because DC bus transients (abnormal or not) appear in the drive. Transients
in the systems (e.g. due to important load disconnections in an aircraft) cause
additional over-voltages for short amounts of time.

The design of the electrical drives is drawn starting from the operation
cycles that the machine has to withstand. Operation cycles are a series of
data points expressing the torque and speed required versus time for various
scenarios. For EV the driving cycles are used, a common example is the
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WLTP (Worldwide Harmonized Light-Duty Vehicles Test Procedure) cycle.
Several converter topologies and different control strategies can be employed
dependently on the requirements. Of special interest is the use of integrated
motor drives, where the converter is directly mounted on the motor, option
that is more compact and power dense [32].

In general, the rotating machines design for TE should focus on delivering;:

o High reliability

« High power density (usually through high torque/weight and torque/ampere
ratios)

* Reduced size and weight
o High efficiency for a broad speed range

Electrical motors for EV traction have to deliver power in the range of 30-
700 kW (250 kW is an usual value), while actuators for flight surfaces have
to deliver lower power (nominal output power is usually lower than 5 kW).
Several machine designs may be envisaged for the scopes and in general the
technologies do not vary excessively between the EV and MEA sectors. The
main three design type evaluated for the TE are [9][21][33]:

o Permanent magnet synchronous machines (usually the one featuring in-
ternal permanent magnets), probably the most mature and employed
technology. They are capable of obtaining the best torque density in a
good speed range, with optimal efficiency. Unfortunately the presence
of the rare-earth magnets pose limits in temperature and increases costs
and the possibility of supplying issues.

e Induction machines, employed successfully in the EV sector. Perfor-
mances are reduced compared to PMSM, especially at low speeds be-
cause of the lack of independent rotor excitation, and at high torques
operation because of rotor losses.

o Reluctance machines, today employed marginally in the TE sector, but
with a good potential in the long run thanks to their rugged and cheap
rotor construction. They feature lower power factors and torque densi-
ties than IM and PMSM. Important disadvantages are the torque ripple
and increased vibration and noise.

A detailed comparison and analysis can be found in to the specialized litera-
ture about transport electrification machine design.

Electrical rotating machines used in industrial applications are designed to
have an operative life of at least 20-30 years (20,000 operation hours), while
in road transportation applications the expectancy is relaxed to around 10
years (10,000 operation hours). The value might be similar for non-propulsive

14
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aerospace application with rigorous maintenance and replacement cycles and
significantly higher in aerospace applications related to propulsion probably
sitting around 100,000 hours. When the machines are manufactured to the
highest standards, are operated and maintained properly, as the transporta-
tion sector requires, the failure of the machine is eventually caused by fatigue
and degradation. Failures modes of a rotating machine are generally grouped
in: stator, rotor bearing or other faults. While for larger machines almost half
of the failures are in the bearings, some evidence show that for motors with
nominal power lower than 10 kW the most common faults are in the stator
[34]. Data for transportation drives are not easily and publicly available, but
the use of WBG-converters and the push for higher operating voltages might
skew the failure distribution towards stator failures [35]. This document will
focus on electrical faults of the stator only.

Regardless of the typology of the machine, the stator always comprise
three main components that are: the copper conductors, the iron core and the
electrical insulation system (EIS). While the metallic conductors and core have
an active role in the power conversion, either by that generating or guiding
the rotating magnetic field, the insulation has a passive role. That is to avoid
short circuits between parts at different voltage levels and doing so in the
reduced volumes needed. The EIS has also secondary purposes that cannot be
overlooked, like providing mechanical support, aiding the machine cooling and
avoid the ingress of contaminants. The insulation materials (being polymeric,
mineral and ceramics materials) have reduced capability of enduring common
stresses compared to the metals of the conductors and core. This makes the
insulation system the bottleneck of the reliability of the stator.

2.1 Insulation System

The EIS of low-voltage machines is usually simpler than the one of medium
and high voltage machines. Low voltage machines, from an insulation point
of view can be divided mainly dependently on the types of stator winding
structures: random-wound or form-wound. In the former the conductor usu-
ally consist of round wires that are wound in the stator slot randomly, so that
in principle each turn (loop) could be placed in contact with any other turn
of the coil. In the latter, pre-formed coils are inserted inside the slot, so to
control the coil distribution.

An overview of the materials in the EIS is in Fig.2.1. The functional
materials, namely the ones that have to withstand the full electric stress are:

e Turn Insulation that for transportation motors consist of enamel de-
posited on the conductors (tapes are not used). The insulation is classi-
fied depending on the layers deposited during manufacturing and indi-
cated as "grade'. The enamel is usually composed of a base-coat (typi-
cally polyester-imide, PEI) and an over-coat (typically polyamide-imide,
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Figure 2.1: Overview of the electrical insulation system components for a low-
voltage rotating machine. From: [36]

PAT). The different kind of wires that can be employed are:

— Rounded Wires, used in random-wound configurations. They are
single rounded enameled wires (also called magnet wires), available
in plenty diameter sizes with three insulation grades [37]. They
permit to optimize the slot filling factor at the cost of the random
structure.

— Rectangular and Hairpin Wires, used in form-wound configu-
rations. They are rectangular shaped, with only two grades stan-
dardized, independent from the conductor thickness [38]. Manu-
facturers are starting to provide enamel thicknesses outside of the
standardized grades, to expand the otherwise limited options.

— Litz Wires Consist of many strands wires, with different twisting
configuration (single or bundled twisted round strands, rectangular
transposed wire strands). They represent an interesting approach
for reducing skin effect losses in electrical machine wires, partic-
ularly during high frequency operation. In addition, they feature
an excellent mechanical flexibility comparatively to other winding
types. They are typically used in form-wound configurations but
the application in random ones is not excluded.

o Liners and Separators, both slot and phase ones. They usually con-
sists of papers, films, or flexible laminates with different thicknesses. The
most relevant for the transportation sector where higher performance
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Figure 2.2: Schemes of insulation subsystems for random and form wound
machines. From [39]

are required are: aramid paper (commercially DuPont Nomex™), poly-
imide films (commercial DuPont Kapton™), polyester films (commer-
cially DuPont Mylar™), polyester fleece (commercially DuPont Dacron™)
and laminates of their combination.

« Impregnation varnish/resin, based either on polyester, epoxy, and
polyester-imide chemistry. Crucial for the performance of the impreg-
nation is the processing. It can be dividend in two main typologies:
impregnation and casting. In impregnation, either the stator is im-
mersed in the liquid resin (dipping) or the resin dripped inside the stator
(trickle). In casting, the stator is inserted into a mold. The best per-
formances are usually achieved with impregnation processes performed
in vacuum so that the impregnation materials infiltrates better in the
slot. An example is the VPI (Vacuum Pressure Impregnation) that is
the most expensive process, delivering the best performance. For VPI
after the low pressure phase an high pressure phase is performed in order
to eliminate the remaining cavities.

The other materials not required to withstand the voltage include slot wedge,
adhesive tapes, lead sleevings and bandaging cords.

The insulation system is usually divided in three subsystem, correspondent
to the three voltage level of stresses appearing in the machine:

o T-T subsystem, that has to withstand the voltage appearing between
the turns inside the slot. It comprises the conductor insulation (typically
the enamel) and the impregnation varnish/resin.

o P-G subsystem, that has to withstand the voltage appearing between
one phase and the grounded parts of the machine (e.g. frame). It
comprises all the components of the T-T subsystem plus the slot liners
and separators.
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o P-P subsystem, that has to withstand the voltage appearing between
the phases. It comprises the T-T subsystem plus the phase liners and
separators.

A schematic of the subsystems is in Fig.2.2.
The reader is referred to more detailed and comprehensive literature for
the manufacturing and composition of the EIS in: [40][41][42][36].

2.2 Routes to Insulation Failure

Failure of a machine can arise from improper actions like operating errors, in-
correct installation and maintenance or defective manufacturing. Such faults,
originating from human errors or environmental accidents can only be avoided
with increased care, like standardized and supervised procedures.

Most failures occur due to the progressive deterioration of the insulation
over time, due to the continuous action of the so called TEAM stresses (ther-
mal, electrical, ambient, mechanical) [43]. The unavoidable presence of con-
taminants and imperfections in the EIS may provide the starting point from
where the fail develops. The impact of the aging mechanism in the EIS is
detailed in [44], showing the most important and known routes to insulation
failure.

A critical phenomenon that may appear, is the inception of Partial Dis-
charges (PD). A partial discharge is a localized electrical discharge that only
partially bridges the insulation, hence not determining a sudden failure but
eventually bringing the insulation to failure due to sustained erosion.

In low voltage rotating machines the partial discharges develop in the void
or cavities present inside the slot or on the surfaces of the dielectrics. They
usually appear in the air pockets left by an incomplete impregnation and at
the boundaries between different insulation materials.

The physical discharge mechanisms typical of dielectric bounded systems
involving small air gaps in non-uniform electric fields are not totally clarified
[45]. Nonetheless, the basic principle of any discharge is the generation of an
electron avalanche that transfer the charges from one electrode to the other
[46][47]. Indeed, a minimum electric field capable of causing air ionization is
required to incept it.

The minimum voltage at which PD presents is called partial discharge
inception voltage (PDIV).

The insulation components of low voltage machines are materials of organic
nature, vulnerable to the electronic bombardment, hence eroded after some
time under PD activity. Especially when the machine is fed by power electron-
ics, the onset of PD activity has a profound impact on its lifetime (hence on
its reliability)[48][49][50][51]. For such reason qualification of a machine op-
erating under converter-produced voltages can be accomplished through two
very distinct paths: designing and qualifying the machine to work in presence

18



Chapter 2 — State of the Art of Insulation for Transportation Drives

of partial discharge activity or in absence of such, situation regulated by stan-
dards IEC60034-18-41 [39] and IEC60034-18-42 [52] respectively. Two kind of
insulation types are consequently identified:

o« Type I not expected to experience partial discharge activity within
specified conditions in their service lives

o Type II expected to withstand partial discharge activity in any part of
the insulation system throughout their service lives

A particular focus will be put on the T-T, that is often the weakest subsys-
tem for inverter-fed motors, featuring thinner insulation and being subjected
to stress comparable to the other more robust insulation subsystems (it will be
shown in the next section). Two major failure routes can be envisaged for it:
crack formations and PD inception. Crack formations lead to excessive leak-
age current, that eventually melts the insulation and generate a breakdown.
Cracks may be formed by different thermal expansion coefficients of the wire
enamel and the impregnating resin, after the insulation has been embrittled
by thermal degradation. The mechanism is the typical T-T failure for motors
working under AC sinusoidal voltages, with thermal and mechanical stresses
that are the two most important factors. On the other hand the overshoots,
uneven voltage distribution and high repetition rates make the T-T the single
most critical point of the insulation subsystem and the relative PD inception
the most dangerous phenomena in inverter-fed machines.

2.2.1 Converter Over-Stresses

It is well known and reported [53][54][55][56][57][58][59] that operation under
converter waveforms poses an extra electric stress to the insulation subsys-
tems, over-stress emerging from two phenomena not present under sinusoidal
grid frequency voltages:

1. voltage reflection at the machine terminal, causing overshoots

2. uneven voltage distribution among the coils and turns, increasing the
potential between the first turn and the surrounding ones

To them it is added a further hazard: the increased speed of voltage tran-
sitions. The inverter, employing a PWM technique to obtain the desired
fundamental frequency voltage, alternates the voltage with a frequency up to
the maximum switching frequency of the switches. In case of PD inception,
their repetition rate is greatly increased compared to sinusoidal AC operation.

1 - Overshoots The motor and its feeding cable have different characteristic
(surge) impedance, with the former usually being in the order of thousands of
ohm and the latter of tens of ohm. The characteristic frequencies varies along
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the frequency spectrum and the numbers reported refer to the impedance
seen by pulses typically produced by the inverter stage of a converter. As
the voltage wave produced by the inverter travels along the conductors, meets
the important mismatch of impedance at the machine terminals. Thereby
reflection happens and overshoots are generated.

The overshoot could be theoretically estimated knowing the characteristic
impedance of the cable and motor, resorting to transmission line theory [60].
The reflection coefficient (the parameter represent the complex ratio of the
voltage of the reflected wave to that of the incident wave) at the point of
impedance discontinuity is:

Ly — Ze.

I+ 7,

to be calculated for any of the spectral component of the incident wave (and

is in theory a value between -1 and 1, and since Z,, > Z. is between 0 and 1
in this framework).

When the voltage rise time ¢, at the inverter output is less than half the
time required for voltage pulse to propagate to the motor ¢,, the voltage at
the terminals can be expressed as:

(2.1)

Vmot = (1 + F) * V:inv (22)

often resulting in an overstress factor approaching two, due to the order of
magnitude of difference between Z,, and Z.. The overvoltage is decreased if
t, > t,, resulting in a stress that can be approximated to:

I'xt,

Vmot - (1 + ) * V;m) (23)

,
The overvoltage can be reported using the overshoot factor OF, namely the
ratio between the voltage at the motor and at the converter. Hence OF =
(141).

The rise time impacts both the calculation of the reflection coefficient of
Eq. 2.1 (changing the spectrum of the incident voltage waveform) and the
propagation phenomena of Eq. 2.3. It is important to stress here that is the
rise time and not the slew rate the parameter that determines the spectrum of
the wave and hence the reflection properties. Overall, the overshoot increases
for shorter rise times and longer connecting cables. The standard [39] provides
the Fig. 2.3 as reference for estimating the voltage overshoot.

Generation of transient over-voltages exceeding double the DC-bus is pos-
sible, with the so-called double pulses phenomenon [61]. It emerges from
the interaction of between the modulation technique and carrier frequency
with cable parameters (natural oscillation frequency, high-frequency damping
losses) and the inverter output rise time. It is duty of the controller designer
to avoid the condition.

The overvoltage generated from voltage reflection causes increased stresses
in all the insulation subsystems.
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Figure 2.3: Voltage enhancement at the terminals of a motor due to reflection
as a function of cable length for various impulse rise times. From: [39]

2- Uneven Distribution In converter-fed machines, the propagation of the
voltage inside the windings cannot be though neither as an instantaneous or
ideal process.

The machine presents a characteristic impedance that is dominated by the
stray capacitances at high frequencies, where the converter-produced voltage
waveform can have significant spectral energy. The turns of a slot can be
modeled as a series of inductances each with a stray capacitance to ground
and to the other turns. When the voltage waveshape featuring an high dV/dt
meets the circuit, a portion of the current (according to I = C * dV/dt) will
flow through those capacitances, generating a voltage drop for the turn under
analysis with respect to ground or the other turns.

Furthermore, as the rise time of the voltage wave becomes comparable to
the time needed for the pulse to propagate in the windings, the voltage ap-
pearing in the first turn might reach its peak while the ones in the subsequent
turns/coils are still rising or worse still to zero.

For both reasons, the voltage drop across the winding distributes unevenly
throughout the turns and coils, with the voltage drop across the first turns,
coils or coil groups being the highest. The phenomenon is accentuated as the
rise time shortens. This generates an overstress in the turn-turn insulation
subsystem, causing the potential between the first turn and the others to be
as high as the jump voltage of the phase to star point voltage. The jump
voltage is the voltage step occurring for each impulse.

The standard [39] provides the Fig. 2.4 as reference for estimating the
portion of jump voltage going to stress the T-T. Very likely the use of WBG-
converters makes the figure outdated.

21



Chapter 2 — State of the Art of Insulation for Transportation Drives

w1
"-.,_._\\
0.8 \\
N~
™~
™~~~
= \\\
~
\

04 ~
02

0

0,05 0,1 0,2 0,5 1 2 5

t; (us)
IEC 0567/14

Figure 2.4: Fraction of jump voltage to stress the T-T in a variety of random
wound stators as a function of the rise time of the impulse. From: [39]

Considerations for Insulation Stresses In a random-wound machine fed
by sinusoidal three-phase symmetrical and balanced voltages, defined V' the
line-to-line voltage in peak the instantaneous maximum worst-case stressing
voltages in each of the subsystems in peak are:

UP—P(peak) =V
UPfG(peak) = Vv/\/g

Ur—t(peary = V/ V/3, as the star point voltage is zero and the phase-
ground voltage is present between the first and last turn of the winding
that can potentially be in contact

As comparative, consider a n-level converter with the same line-to-line
fundamental frequency voltage V' (value in peak) and a reflection factor at
the terminals I". The instantaneous maximum worst-case stressing voltages
in each of the subsystems in peak are:

Up—p(peary = V(1 + %), as the overshoot (applied to a single converter
stage step) enhance the stress

Up—G(peak) can be potentially as high as the Up_p depending on the
common mode voltage of the star point (that is linked to the topology
and the grounding system). In most cases, due to symmetry in the
operation, it is half of that value.

Ur—t(peak) = %(F + 1)%, in case the first and last turn of the winding
are adjacent or in case all the voltage drops on the first turn or in case
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Figure 2.5: Schematic representation (not scaled) for phase-phase, phase-
ground and turn-turn voltages for a 2-level converter waveform. From: [39]

of a combination of distant turn placement and short rise time appear.
More generally, depending on the which turns are in contact and the
rise time of the wave, the value is a fraction a of the jump voltage:
UT—T(peak) =ax* Uj, with Uj = %(1 + F)%

The detailed calculation of the stressing voltages, accounting for the various
topologies and grounding configurations, hence properly evaluating the com-
mon mode voltage can be found in [60]. The standard [39] prefer to express
the stresses in peak-peak in the fundamental frequency cycle for P-P and P-G
and in the impulse cycle for the T-T. Figure 2.5 has their schematic represen-
tation.

For form-wound machines, the contact between the first and last turns/coils
can easily be avoided in the design stage. Nonetheless, as already mentioned,
very short rise times causing strongly inhomogeneous voltage distribution may
generate relevant T-T overstresses also in this context.

The advancement required in the transportation sector, with the increment
of the DC-bus voltages up to 1000 V and the employment of WBG-converters
with rise time as low as 10 ns, aggravate the issues, worsening all the phe-
nomena explained. An example of such increase is reported in Fig. 2.6, from
[62]. That makes the onset of PD more difficult to avoid. Coupled to the
destructive power of the PDs in the context, for the estimation of the entire
drive lifetime are crucial both: (a) the study of the EIS endurance times under
their presence and (b) the study of parameters impacting PDIV and its trend.

2.3 PD in MEA and EV systems

Transportation drives have to operate in rough environmental conditions un-
der the enhanced stress produced by WBG-converters. Here, the service con-
ditions for an EV traction motor (expected to reach operating DC bus of 1200
V) and for a MEA EHA actuator are considered (to operate at DC buses of
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Figure 2.6: Turn-turn worst case voltage as a function of rise time and for
different cable lengths, simulated for a WBG-driven actuator compared to the
maximum curve recommended by [EC 60034-18-41.

540 V nowadays and possibly 800 V in the future). A brief review of the
knowledge on PD (endurance and inception) for the cases is given.

The existence of dedicated standards evaluating the PD inception and
endurance in machine fed by converters demonstrate the importance of the
phenomenon for obtaining reliable motors. For the sake of clarity, the effect
of high voltage gradients shall be separated in macroscopic level and micro-
scopic level. The macroscopic level effects are the changes in overshoot factor
and turn voltage distribution and have been already discussed in the previous
section. For them the theory is established and prediction tools are limited
only by the access to the modeling parameters. The microscopic level effects
refer to the impact of the voltage waveform on the PDIV and PD endurance,
on which the knowledge is more fragmented and often contradictory. The
characteristics of pulse waveform produced by the converters that may im-
pact the PDIV are: the rise time, the pulses repetition frequency (switching
frequency), the polarity and the pulses duration times. The model of the
waveform shapes appearing at the insulation subsystems are in Fig. 2.5. It
should be noted that in the T-T stress the voltage has not the shape of a
train of square pulses but rather the one of surge pulses. That is determined
mainly by derivative behavior of the system, as the intern-turn stress is gen-
erated form the drift of the capacitive current, as previously explained. The
employment of WBG-converters reduces the time scale of all the parameter
illustrated, making the pulses shorter, more frequent and rising faster. Un-
fortunately, the high slew rate makes the electromagnetic PD detection very
difficult, as the PD signal typically lays in the same frequency spectrum range
of commutation noise usually with lower amplitudes. This poses strong limits
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Figure 2.7: PDIV trend, under bipolar waveform from a SiC converter. Data
reported as 10th percentile with confidence intervals of 95%.

to the conventional detection methods and complicates the PDIV measure
[63]. For the same reason, PD on-line monitoring is a troublesome challenge
to solve.

With increasingly short times rise times (typically associated with os-
cillations) and fast switching voltages some authors found increasing PDIV
[64][65][66][67], while others found decreasing PDIV [68][69][70]. Separation
between the overshoots caused by the oscillations and the rise time is difficult
to obtain especially for very short rise times. Previous studies carried out in
our research group showed an increase of PDIV when rise time was reduced
below 20 ns for non-impregnated magnet wires under bipolar square wave-
form if the voltage magnitude was measured relying on the peak of the wave.
Relying on DC bus, instead showed reduced PDIV values, as the waveform
with shorter rise times presented higher overshoots. Differently, for switching
frequency up to 100 kHz no statistical variation of PDIV was observed. The
results are shown in Fig. 2.7 [71]. A detailed discussion on the phenomena is
postponed to 6. An equivalent comparative analysis for P-P and P-G has yet
to be completed.

The impact of voltage waveform polarity on the PDIV is more subtle to
evaluate. In principle, the instantaneous voltage difference applied to the EIS
determines the PDIV, but not the RPDIV, namely the voltage at which at
least one PD is present in 50% of the voltage wave cycles. Indeed, after the
first PD event the space charge from the avalanche is deposited on the surface
of the insulation materials. There, the charge contributes to the reduction
of the effective local field through the charge-produced field opposing the ex-
ternal one (this is called memory effect in classical PD theory). A polarity
reversal or of the external voltage (or a voltage increase in the same polarity)
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can cause the residual local field to exceed the inception one and cause an-
other discharge. Continuous (symmetrical) polarity reversals are needed for
producing continuous PD activity at PDIV. In practice, if testing waveforms
are unipolar, PDIV could be reached with a single PD event that could be
missed. If the voltage is then further increased other discharges may start ap-
pearing and that value mistakenly reported as PDIV. For this reason, bipolar
waveforms ease the estimation of the PDIV, being capable of producing con-
tinuous discharge activity that is easier to be detected. To avoid dealing with
the problem the standards [39][52] prefer to evaluate the stressing voltage as
peak-peak of the voltage (in the time frame of the fundamental frequency for
P-P and P-G, in the one of two commutations for the T-T, obtaining there
bipolar stressing voltages) rather than on the instantaneous peak. Nonethe-
less the latter remains the preferred in this document for its link with the
underlying discharge physics.

The endurance of the samples under PD activity is easier to test, as the
difficulties of PD detection may be avoided and in principle only the simpler
short circuits detection is needed. A richer literature about the accelerated
degradation of motor windings under inverter-produced waveforms is available
for the topic. A review article mainly focusing on the issue is [72]. The results
generally show reduced lifetimes under inverter operation, mainly from the
increased voltage pulse repetition frequency producing more discharges [73].
Some evidence demonstrate that short rise times cause higher magnitude PDs
(more than five times higher), while higher switching frequency generate a
lower number of discharges per cycle (reducing from multiple events per cycle
to a single event per cycle) [74][75]. Overall, the short lifetimes achieved
in presence of PD pose even more importance on the analysis of the PDIV
and its trend under aging. So called corona-resistant solution appear to be
effective in the conditions typical of the industrial drives [76], but the one of
transportation drives need scrutiny.

The non-electrical stresses present in transportation drives strongly de-
pend on the operation environment. EVs have to operate in a wide range of
environmental conditions with: external temperatures ranging from -40°C to
+60°C, the full relative humidity spectrum and altitudes as high as 5000 m
above the sea level. These conditions are never met simultaneously and rather
uncommon for most vehicles, being sustained in few places on the planet and
consequently not met in a single operation cycle (low pressure in high plateau
regions, high temperatures in the deserts, low temperature in sub-arctic re-
gions etc.). Due to the continuous operation at full torque the EV motors
have internal hot spots up to 200-220°C.

Much harsher are the conditions in the aeronautic sector. The current
requirements in EHA/EMA flight control actuators for MEA include the full
torque operation at —40°C and the capability to start up at —55°C . Drives
have to operate in unpressurized areas [30], possibly the most problematic re-
quirements regarding PD inception. Electronic controllers are required to be
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Figure 2.8: Histogram showing the density of air pressure and temperature
outside a commercial aircraft. From: [77]

integrated to the actuators or to be installed nearby. A map illustrating the
probability of the combination of pressure and temperature conditions sus-
tained by a commercial aircraft is in Fig. 2.8 after [77]. Often operating only
for brief times at full torque the typical hot spot temperatures of MEA drives
are lower (150°C), aided by the lower outside temperature. However, they face
rapid temperature changes that might increase the mechanical stress due to
the different expansion and contraction coefficient of the materials. Besides
reduced pressure and temperature, high humidity levels and UV radiation
should also be expected. In all transportation drives the mechanical stresses
are important, as the vibration profile of vehicles is clearly more important
than industrial drives.

The body of knowledge on the impact of ambient conditions is more con-
solidated, despite the limited number of studies carried specifically for each
insulation subsystem of low voltage rotating machines and the condition typi-
cal of transportation. Generally, phenomenological studies that single out the
influence of the ambient conditions on the materials and discharge properties
that drive the PDIV reduction have yet to be performed.

Studies that attempt to determine the impact of environmental factor on
the PDIV are many: [78][79][80][81]. It is well reported that when the tem-
perature increases the PDIV decreases, with the standard [39] suggesting a
maximum decrease around 17%. Temperature impacts the air density (where
the discharge develops) and the materials electrical and geometrical prop-
erties. The impact of temperature on PDIV by air density and insulation
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Figure 2.9: PDIV values obtained using different supply voltage waveforms as
a function of pressure at room temperature. From: [86]

permittivity variation has been modeled together with the impact of the ge-
ometric characteristic on the magnet wires in [82]. The paper constructs and
makes use of a predictive tool using insulation FEM models. Different predic-
tive tools with similar characteristics have been realized by other researchers
[83][84][85]. The presence of impregnating resin changes the scenario, featur-
ing materials less stable in temperature than enamels.

More ambiguous is the impact of humidity, that varies the PDIV in non-
monotonous fashion. Indeed, the humidity impacts the discharge kinetics of
the air mixture, might vary the permittivity after moisture absorption and
alter significantly the surface conductivity.

The impact of reduced pressures has been investigated by various research
groups, e.g. in [87][88]. Identically to temperature increase, pressure reduc-
tion diminishes the air density, increasing the mean free path of the electron
accelerated by the field. Hence, lower voltages are required to reach the on-
set of PDs. The Fig. 2.9 illustrated the PDIV as function of the pressure
reduction [86]. According to [89] PD appearing at lower pressures feature
lower magnitudes, as the PD pulse flattens, while the electronic temperature
increases (kinetic energy of the avalanche electrons). This is concordant with
other results as [90] with the PD amplitude at high frequency reducing sig-
nificantly. These changes contributes to making the PD detection even more
difficult.

So far, the study of EIS behavior under converter waveforms in transport
sector environments remains a research niche, despite its centrality to the
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successful development of electrification motors. A clear and complete phe-
nomenology is certainly lacking, with fragmented knowledge caused by the
complexity of the topic.

29



Chapter 3

Experimental Methods

This chapter illustrates the experimental setups, procedures, and equipment.

3.1 Samples

The samples mainly employed in the experimental activities are the models of
machine insulation like twisted pairs (TP) and motorettes, other than their
constituent materials. The models were produced according to the standards,
for twisted pairs according to [91], for motorettes according to [92].

Twisted Pairs are model of the turn-turn insulation and are simple enam-
eled wires twisted together. They can be impregnated, to account for the resin
influence. Standard [39] states that they should not be used for qualification.
To guarantee the homogeneity of the manufacturing process a custom-made
machine was used for the production of all the TP tested.

Motorettes are complete insulation models that replicate the complete
winding design features using the same materials and geometries, including
the impregnation, creepage distances and clearances.

(a) Twisted pair, model of turn-  (b) Motorette, model of whole in-
turn insulation. sulation systems.

Figure 3.1: Pictures of the typical samples.
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3.2 PDIV and Endurance Tests

3.2.1 Generic PDIV and Endurance Test Setup

The generic setup of Fig. 3.2 allows PD inception and endurance tests to
be performed on twisted pairs and other insulation models like motorettes.
Every test is carried out in a specific test cell where the specimen under test
is located. Voltage is provided by one of the sources later described. Typically
more than one PD detection instrument is connected, to be used in parallel
with others to determine the inception or presence of PD activity.

The voltage was monitored with a Tektronix MDO3054D oscilloscope (four
channel, 500 MHz bandwidth, 2.5 GSa/s of sampling rate) using an Agilent
10076A probe (250 MHz bandwidth, passive probe) for the non differential
sources and a Tektronix THDP0200 differential probe (200 MHz bandwidth,
active probe) for the differential sources. Alternatively, a Tektronix MSO54B
(four channel, 1 GHz bandwidth, 6.25 GSa/s of sampling rate) was employed
when larger bandwidth or sampling frequency were needed in the experiment.

Specimen Connection

The connection schemes of the samples are here explained.

Twisted Pairs The connection of the specimen to the voltage for the tests
is quite straightforward in case of twisted pairs. Therein, in one extremity of
the sample, where the enameled wire is not twisted, the two wires have been

stripped of the insulation materials and connected one to the two poles of the
voltage source.
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Connection name Hv GND FLOAT FLOAT
(surge)
1-2 1 2 3 4
2-1 2 1 3 4
3-4 3 4 1 2
4-3 4 3 1 2

Table 3.1: Connection naming for T-T tests in motorettes.

Pressure Time Step

(mbar) (s)
100 500
150 200
1000 30

Table 3.2: Time waited for each voltage step, as function of pressure.

Motorettes For motorettes, the possible connection schemes are varied,
especially for specimens with two coils in the slot. In this regard, testing
of the P-G was achieved connecting both coils to the high voltage with the
frame grounded. Testing of the P-P was achieved connecting to the high
voltage to the top coil and the ground to the bottom one, while the frame was
insulated from the ground. For specimens featuring only one coil clearly only
P-G testing was possible (e.g. model of pole wounded machines).

For testing the T-T a surge generator is needed. For two coil motorettes
the top coil terminals were termed 1 and 2, the bottom coil 3 and 4, enabling
4 possible T-T tests for each motorette, as illustrated in Tab. 3.1. Single
coil motorettes presented only the 1 and 2 terminals. During the tests, the
motorette frame was grounded, the top coil connected to the surge generator
connectors 1 and 2, the bottom coil to connectors 3 and 4. The coil not
connected to the source was left floating (to limit surge waveform distortions).

3.2.2 PDIV Test Procedure

Each measurement was performed by increasing the peak voltage in steps of
5-15 V every 30 seconds and the PDIV recorded as the first voltage level
where PD activity occurred.

When measured, the PDEV was recorded as the first voltage in which
during the decreasing voltage steps no PD activity was ever incepted along
the whole step.

At reduced pressures the step time was extended inversely proportional
to the air density, as reported in Tab. 3.2. Thus, if a constant ratio of seed
electron generation in the air volume is hypothesized, the probability of having
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Figure 3.3: UV-irradiated PDIV test setup.

a starting electron is constant for all the pressures.

The experimental results obtained for the many samples for each condi-
tion were usually fitted to a 2-parameter Weibull distribution, and the tenth
percentile of the distribution (B10) was used to summarize the PDIV results.

3.2.3 Endurance Test Procedure

Endurance tests were performed monitoring the voltage applied to the sample
and recording the time endured under voltage, in the chosen test cell and with
the selected source. A constant voltage was applied and when a short-circuit
was detected the time elapsed from the switching-on of the voltage was saved.
The sensitivity for the measure of the endurance time is 1 second.

The experimental results obtained for the many samples for each condi-
tion were usually fitted to a 2-parameter Weibull distribution, and the tenth
percentile of the distribution (B10) was used to summarize the endurance
results.

3.2.4 PDIV Tests and Setup under UV-irradiation

Tests with ultraviolet irradiation of the samples were performed in a dedicated
test cell where a UV-lamp was mounted, shown in Fig. 3.3a. The UV-lamp
used is a EG&G Xenonflash nano-pulsed lamp (model FX-247) with UV bulb
envelope, fed by a EG&G PS350 power supply. The flash duration lasts for
around 1 us has an energy of around 5 J and a spectral output that is reported
in Fig. 3.3b. Photons energy is calculated from equation:

he
EF=— 3.1
. (3.1)

where h is the Planck constant and ¢ the speed of light in the vacuum and
A the wavelength of the photon. That means that for the UV-lamp under
consideration (wavelength down to 220 nm) the photon energy tops to around
5.6 eV.
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Figure 3.5: Surge waveform generated by a Schleich MTC2.

Test were conducted raising the voltage in steps as in Sec. 3.2.2, but for
the first second of the step the sample was flashed, having the lamp flashing
500 times per second. The procedure is illustrated in Fig. 3.4a. The flash
was synchronized with the voltage source though a digital delayer (Stanford
Research System DG535), taking into account the cables and probes delays
(shown in Fig. 3.4b). This ensures that the flashing occurs while the voltage
is present and makes the irradiation time per step around 500 us.

PD activity was detected in the time domain with a PMT tube in direct
line of sight with the sample. The photo-multiplier tube is a Philips 56UVP,
featuring a quartz window and suitable for UV detection, with 1.2 ns of rise
time and 0.4 pA of dark count current. PD were simultaneously detected
electromagnetically with an UHF antenna (an 8 cm monopole) connected to a
Tektronix MSO64 2.5 GHz of bandwidth and 25 GS/s of sampling frequency.

3.2.5 T-T PDIV Tests with Surge Generator

Tests requiring a surge generator were carried out using a Schleich MTC2 surge
generator. PD detection is achieved through the UHF detection system of the
system (antenna provided with the Schleich MTC2) according to IEC 61934
[93], measuring both the PDIV and RPDIV. Background noise was below 10
mV (typically around 5 mV). The typical surge waveform is reported in Fig.
3.5. The rise time of the surge was 150 ns. Pre-conditioning was employed to
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Figure 3.6: Custom SiC-converter.

facilitate the inception of the discharges [94].

3.2.6 Voltage Sources

Subjecting the insulation systems to different voltage waveforms is crucial for
understanding the impact of the various features of the stressing voltage on
the insulation materials properties. Various voltage sources have been used
in the experiment carried out. In the spotlight are the ones producing volt-
ages similar to the stresses that new-generation and next-generation rotating
machines can expect in operation, namely the one producing waveforms with
switching frequencies in the order on tens of kilohertz, risetimes faster than
100 ns and pulse width shorter than 1 us.

SiC converter

Wide-bandgap levels of switching frequency and rise times were obtained
through a full-bridge SiC inverter designed and assembled by the University of
Modena, shown in Fig. 3.6. The inverter is based on Wolfspeed C2M1000170D
SiC MOSFETs (having a blocking voltage of 1700 V) and operable with com-
patible MOSFETS like ROHM SCT3160KLGC11 (with a lower blocking volt-
age of 1200 V), sometimes used as backup due to the semiconductor shortage
[95].

The converter can operate with different switching frequencies in the range
of 10 to 100 kHz. The rise time of the output waveform can be modified and
is controlled by the gate driver resistances. The lowest rise time employed
was 7 ns with a gate resistance of 27 ohm, the highest around 240 ns with
500 ohm. Combining the voltages and rise times obtainable the source can
generate exceptionally high slew rates (more than 200 kV /ps). The waveforms
generated present overshoots. Different rise time settings produce different
overshoot factors, as can be observed in Fig. 3.6b. In the low slew rate
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configuration, the overshoot is below 2% while in the high slew rate is around
20%. Due to the presence of overshoots, each result can be expressed by
resorting to either the peak value or the steady part of the wave (often referred
to as “DC” in the following). In this document usually the peak value is used,
unless otherwise specified.

The converter can produce both 2-level and 3-level square waveforms,
achieving the latter short circuiting the sample to ground.The duty cycle of
the waveform can be controlled, with a lower limit for the voltage pulse width
of 1.1 us.

Due to the limitations of the switches maximum peak current, only capac-
itive load smaller than 1 nF could be fed by the converter.

Standard AC Voltage

For producing the 50Hz sinusoidal AC voltage a step up 220/3000 V trans-
former controlled on the primary side by a variable autotransformer was used.
The autotransformer was manually controlled and fed by the grid.

High Frequency AC Voltage

A sinusoidal resonant power supply was used to feed the samples with AC
sinusoidal waveforms with frequencies ranging from 15 kHz to 50 kHz. The
source is a custom-made generator, composed of two parts. The low-voltage
portion generates a square waveform of the selected frequency with a manually
adjustable amplitude. Its output is then filtered and elevated by means of a
high frequency transformer that also provides the inductance for the resonance
with the capacitive samples.

BELKE-Based Full-Bridge

A generator based on a Belke Full-Bridge switch capable of generating square
waveforms with a 100 ns rise time and a frequency up to 300 Hz was employed
for tests on motorettes. The generator can produce up to 10 kV peak voltages.

Industrial SiC inverter

A three-phase inverter was used for feeding stator dummies It features silicon-
carbide (SiC) MOSFET-type switches, working with up to 860V of DC-bus
and implements SVPWM modulation to realize a field-oriented control. The
voltage waveform produced has risetimes of about 60 ns and the switching
frequency is variable up to 22.5 kHz.

3.2.7 Partial Discharge Detection

When fed with AC sinusoidal sources, classical detection of PD is usually
performed, using the prescription of standard TEC 60270 [96].
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Figure 3.7: Sensitivity of the photo-multiplier head.

Under squarewave sources, the voltage pulses of the converter may interfere
with the detection of the PD, as both the noise produced by the commuta-
tion and the PD signals present high frequency content. In this condition
the optimal system should perform a strong suppression of the residual volt-
age impulse and no suppression at all of the PD pulses. Under waveforms
produced by SiC-converter the frequency spectra of supply impulse and PD
pulse overlaps, and detection becomes more and more difficult as rise time
decreases.

In such context, the classical detection methods have been substituted
with optical detection [97]. Electromagnetic detection in the high frequency
domain is still attempted in parallel with the optical methods.

Conventional PD detection

As a conventional PD detection system, a PDBasell manufactured by Techimp
HQ Srl was employed. The instrument has a bandwidth of 40 MHz and a
sampling rate of 200 MSa/s. The detector provides the PRPD pattern, PD
pulse waveform and a T/F map, features particularly useful to distinguish
discharges from noise [98][99].

A conventional ferrite-core high-frequency current transformer (HFCT)
was used to sense PD signals. An external capacitor (1 nF) was connected
in parallel to the twisted pairs to improve the detection sensitivity, down to
3pC.

Optical Detection

Optical partial discharge detection is achieved using a photon-counting sys-
tem. The system consists of two pieces manufactured by Hamamatsu Pho-
tonics: (a) a H11870-09 photon counting head, and (b) a C8855-1 photon
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counting unit. The H11870-09 photon counting head provides a binary signal
(0-5V) per each photon detected. Hence, it is well suited to operate in an
environment with elevated EM noise. Its count sensitivity characteristic is
shown in Fig. 3.7. One of the main reasons for selecting this unit was the
extremely low dark count rate (typically less than 3 pulses/s), to avoid false
positives. The systems requires a complete dark environment and a direct line
of sight between the discharge site and the detector to operate satisfyingly.
The systems provides an information whether PD activity is incepted or not,
thanks to the great signal to noise ratio.

In its basic configuration the system counts the photons in a selected gating
time, therefore is capable of measuring the number of photons released every
selected unit of time but does not provide the pulses time in relation with the
voltage waveform. For such reason, PD amplitude and patterns can not be
evaluated directly with the instrument.

UHF Detection

Emission of electromagnetic signal from PD can be found mainly in VHF and
UHF bands [93][100].

In the setups built usually an antenna was placed in the test cell at around
20 cm from the sample. Given the proximity of the antenna to the test
object, the system often works in the near field region and can be treated as a
capacitive sensor. The signal from the antenna was probed to an acquisition
instrument, like an oscilloscope or spectrum analyzer.

Typically the acquisition instrument was an Rohde& Schwarz FPC1500
spectrum analyzer. The spectrum analyzer was typically set to acquire data
in the frequency range from 0.2 to 3 GHz, with a resolution bandwidth of
3 MHz and a reference level set to -20dBm. The instrument has a typical
sensitivity of -166dBm and an input impedance 50 ohm. The signals were
recorded with a max peak detector and traces were hold to the maximum
value (“max hold” mode).

Various antennas were used, most commonly were used:

« A monopole of various length, usually 8 cm.

o A log-periodic antenna featuring an array of 17 log-spaced dipoles of
increasing length and has been designed to operate in the 0.25 - 3 GHz
frequency range.

3.2.8 Test cells

Different test cells were used for the experiments as tests needed to be carried
out under controlled environment conditions. Each of the cells was able to
withstand the test voltages and has been tested in no-load conditions to guar-
antee the PD absence above the testing levels, generally with sensitivity lower
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Figure 3.8: Low-pressure tank.
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Figure 3.9: Silica windows transmission curve.

than 5 pC. The dimensions of each cell were enough to contain the samples
with the appropriate clearances to avoid spurious discharges from the samples
to the cell walls.

Low-Pressure Tank

To perform tests at reduced pressure a custom-made tank was employed. The
cell consists of a sealed cylindrical tank (internal diameter 220 mm, height
310 mm), and is equipped with 20 kV high voltage bipolar pass-throughs on
the side, three fused silica windows (two on the side and one on the bottom),
other than four BNC pass-throughs. The three fused silica-glass windows are
positioned around the EUT to establish optical paths from the discharge site
to the photon measurement system used for PD detection. The windows have
the transmission curve reported in Fig. 3.9. The selection of the transmission
curve is based on evidence that partial discharges phenomena in the air emit in
the UV range, particularly 300 nm to 400 nm [96]. During the test campaign,
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the cell was upgraded with a purging system able to extract the unconditioned
air with the humidity-controlled one drawn from a climatic chamber.

Climatic Chamber

As tests were performed also at controlled levels of temperature and humidity,
a 206L climatic chamber manufactured by Angelantoni (model 200C) was
employed. The climatic chamber has a temperature range -70°C to 180°C
and a relative humidity range 10-95% (in the 0°C to 100°C range, with some
limitation for very low values of absolute humidity). A reasonable amount of
time was waited to let the sample reach steady state conditions before testing.

Oven

When only a temperature-controlled environment was needed, tests were per-
formed inside forced-convection ovens. Many models are available in the lab,
as the Galli G-Term and Thermo Scientific Heratherm Ovens, typically able
to reach up to 250°C. A reasonable amount of time was waited to let the
sample reach steady state conditions before testing.

Others

Experiments on larger samples (e.g. full stators) were typically carried out
outside of a test cell in the laboratory room environment, that has a fairly
constant temperature around the year (around 20°C) and a variable humidity
depending on the season and the outside weather. Other simple test cells used
consisted of an uncontrolled environment with various degrees of electromag-
netic shielding or enclosed environments where the complete darkness enables
the optical detection of the discharges.

3.3 Supplementary Tests

3.3.1 Surface Temperature Detection

Thermal imaging of the surface of the specimens was possible through a FLIR
System P25 infrared thermo-camera. With the camera the temperature profile
of the sample surface can be recorded.

The thermographic measurement depends other form the temperature also
on ambient factors (distance from the sample, humidity) and the emissivity
of the material under analysis. Calibration has been performed, but to avoid
doubts acquisitions have been performed prior to subjecting the sample with
the test conditions as comparative. Often a sample not subjected to test
condition has been placed near the one under test as comparative. So, while
the absolute values of the temperatures measured could be questioned (e.g.
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different emissivity for the different materials), the generation of heat should
not.

The camera operates in the spectral range between 7.5 and 13 ym and
hence is incompatible with the use at reduced pressure with the windows of
the tank of Sec. 3.2.8.

3.3.2 Dielectric Spectroscopy

The dielectric properties of materials can be investigated in the frequency
range between 1x107% and 1x10°% Hz with a NovoControl Alpha Dielectric
Analyzer, using a voltage up to 3 V rms. To reduce the noise, the instrument
collects an average of three measurements. The instrument can be connected
to a chamber for testing flat specimens or be used for the test of non-planar
specimens.

Flat Specimens

On flat specimens testing is possible at higher voltages and different tem-
peratures. Through the HVB4000 High Voltage Test Interface data can be
collected in the range between 1x 1072 and 3x 10* Hz with a voltage up to 1 kV
rms. Temperature could be set in a range from -50°C to 300°C on the sample
within a nitrogen-filled chamber taking advantage of the Novocool Cryosys-
tem heater. Typically the dielectric permittivity (both real and imaginary
parts) are collected as a function of the frequency and temperature.

The instrument automatically raise the temperature and sweeps in fre-
quency.

Full-Size Samples

On full-size specimens the measurement of dielectric properties is achieved
without a fixture, connecting the sample directly to the instrument, or through
connecting cables. In the latter scenario, calibration is carried out.

Capacitance and dissipation factor are typically measured instead of per-
mittivity values, as the non-controlled geometry of the specimens forbids the
instrument calculation of dielectric permittivity values. Specimens can be
placed in a test cell like an oven to increase the testing temperature range or
a climatic chamber to limit the impact of unforeseen ambient factors.

High Frequency

Alternatively, a Keysight 16451B Dielectric Test Fixture connected to an Ag-
ilent 4294a impedance analyzer enabled capacitance tests up to 30 MHz on
films. The fixture employs the parallel plate method, which sandwiches the
material between two electrodes to form a capacitor.
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3.3.3 FTIR

FTIR (Fourier Transform Infrared) spectroscopy is a non-destructive tech-
nique based on infrared spectrum absorption or emission employed to evaluate
chemical composition of the materials.

A Bruker Alpha was used for the tests.

3.3.4 SEM

The surface of some sample was observed using a Phenom Pro X scanning
electron microscope (SEM). Samples were sputter-coated with gold prior to
the examination.

3.3.5 VNA

A network analyzer was employed to measure s—parameters, transmission and
reflection coefficients, characteristic impedance and propagation constant of
machine models and stators.

The model employed is the Agilent E5061B, working in the frequency range
5 Hz to 3 GHz.

3.4 PDIV Prediction with Schumann Crite-
rion based Models

The tool described in [64][82] for the prediction of the PDIV in twisted pairs
model has been expanded to evaluate the inception of impregnated TP models,
P-P and P-G models. The specimens have been modeled in 2-D, as their cross
sections. Detailed description and theoretical foundation can be found there.
The tool is based on the Schumann criterion for partial discharge incep-
tion [101], that the electronic population n(z) present at a certain distance x
from xq after the avalanche ionization processes described by the Townsend
effective ionization coefficient oy (that accounts also for attachments beside
ionization) is described by [46][102]:
0

n(x) = n(o) exp [ /

Considering the existence of a critical electronic population beyond which
discharge incepts n., that is produced in a length ., whose value is at maxi-
mum the distance in the gap, one obtains the more popular expression:

Qefr(x) dx] (3.2)

/Oxc Qeff der =K (33)

Many problems exist on attributing a physical meaning to the Schumann
constant values K, for the micro-scale gaps here considered. Examples of this
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problems are the non-exponential growth of the discharge in the early stages
or the possible distortion of the electric field where the discharge develops due
to space charge [45][103][104]. The constant is here simply treated as a fitting
parameter, and its physical justification is not addressed.

Starting from the basic theoretical model described the tool predicts the
PDIV in steps that can be divided in two main parts. Prior to the estimation

of the PDIV:

1. The geometry under analysis is selected. The electrostatic problem is
solved for a reference voltage, in the preferred electrostatic solver.

2. The curves for the ionization coefficient (cvsy) as function of the reduced
electric field E/p are calculated in BOLSIG+ [105] (a Boltzmann’s equa-
tion solver) using the LXCat Database [106], considering the environ-
mental conditions. The electronic growth equation typical of Townsend
avalanche growth, at the base of Eq. 3.3 is a particular case of the
Boltzmann’s equation [107].

These data are then imported into MATLAB. Thus, inside MATLAB an it-
erative calculation is performed:

1. The reference field is scaled to a new value (a tentative value for the first
iteration and increasing values for the following iterations), assuming
linearity.

2. The left term of Eq. 3.3 is computed using the values of a.rs(z) and
E(x) previously calculated for any of the electric field lines.

3. It is verified if the Eq. 3.3 is satisfied for at least one field line. If this
happens, the PDIV is found, otherwise the steps are repeated with an
higher voltage (typically increased of 1 V).

This general algorithm has been implemented for modeling impregnated
TP, P-P insulation and P-G insulation.

3.4.1 Prediction of impregnated T-T

The tool for prediction of PDIV of impregnated TP has been realized port-
ing the FEM from COMSOL Multiphysics to FEMM [108], for solving the
electrostatic problem. FEMM is a software free from licensing.

The geometry employed is in Fig. 3.10, is representative of the insulation
of a TP with an extra insulation layer given by the impregnation resin. From
the figure is also evident the limitation of the design of the region where
the wires contact, here modeled with a cusp. Some experiments have been
carried out rounding the cusp, but ultimately this does not impact the field
distribution where typically the critical discharge line appears. The model
has been kept in this version to simplify the geometry import in MATLAB.
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Figure 3.11: Modeled geometries.

Relevant changes start to appear when the curvature radio is increased to
the point where the resin region increases the thickness where the critical line

would appear.
For the PDIV prediction the value K = 6 found in [64][82] has been used.

3.4.2 P-P and P-G

The selection of the geometry is a critical portion of the modeling. While
the selection of the P-G one is quite straightforward, the one for the P-P is
more complicated. After some iteration the geometries of Fig. 3.11 has been
selected, representing the worst case where conductors are tightly packed.
Other arrangements for the P-P considered the wires tangent to a flat paper
surface, and predicted higher PDIV.

The tool has been used in first place to calculate the Schumann constant K,
starting from PDIV values. In this scenario the second part of the algorithm
is substituted with the following:

1. The reference field is scaled to the PDIV.

2. The left term of Eq. 3.3 is computed for any of the electric field lines
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using the proper values of aesp(z) and the values of E(x) calculated
from the PDIV. A set of K values is found, one for each field line.

3. The maximum K is the one that produces the highest number of critical
carriers, hence the candidate for the PD inception. This is justified by
the idea that if a lower K had triggered the discharge, that would have
happened at lower voltages.

In second instance the tool has been used as prediction tool, with the same
procedure described in the previous paragraph.
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Electrical Endurance under
Partial Discharge Activity

This chapter illustrates the investigation on the endurance under partial
discharge activity of turn-turn insulation models in the typical operating
conditions of machines for current and next-gen electrical transportation

vehicles as more electric aircraft and high-performance electric vehicle.

As noted earlier in Chap. 2, the qualification of a machine to operate
under converter-produced voltages can be accomplished through two paths:
designing the machine to work in the presence of partial discharge activity or
in the absence of such, situation regulated by standards IEC60034-18-41 [39]
and IEC60034-18-42 [52] respectively.

With the increase of the stresses in the T-T subsystem stresses due to
the new WBG converters and the push for ambitious DC bus voltage lev-
els the insulation thickness might not be sufficient to operate the machine
above the PDIV and ensure the desired reliability. It is unclear if the quali-
fication through the TEC60034-18-42 is a practical or even feasible approach.
A detailed study of the endurance times under partial discharge activity for
various materials, both corona-resistant and organic only types is crucial for
doing so. Important is the contribution of thermal aging and environmental
factors like pressure and humidity. Furthermore, the study is helpful in pro-
viding the margins of the insulation life if sporadic PD activity appears (e.g.
failure driven transients) even when the qualification is carried out according
to TEC60034-18-41.

The particularly challenging operation conditions of in MEA and EV sector
will be thoroughly explored.

The results will be detailed in the chapter, but their discussion in a broader
perspective will be performed in Chap. 6.
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4.1 Combined Impact of Low-Pressure and Next-
Gen Voltages Level on PD Endurance

The need to operate electrical systems in a reduced-pressure environment is
critical. At low pressure, the dielectric strength of the air is reduced, and pre-
venting PD inception becomes challenging. At the same time, the waveforms
of the converters increase the electrical stresses. As PD activity strongly af-
fects the life of an insulation system, especially if the system is composed of
purely organic dielectrics, it is critical to estimate the performance increase
achievable from these materials.

This section will focus on the feasibility of employing corona-resistant in-
sulation in MEA applications at reduced pressures, exploring the validity of
different materials at various voltage levels. To unravel the withstand capa-
bility of CR insulation systems in the MEA, electrical endurance tests were
carried out above the PDIV and at voltages typical of MEA drive systems,
simulating the atmospheric conditions of a machine operated at sea level, but
also at higher terrestrial elevation and in flight. In addition, PDIV tests were
performed to find any improvement in the inception voltages given by such
materials.

Samples

Tests were performed on freshly manufactured twisted pairs, produced
in accordance with [91]. For the wires dimensions selected the standard
prescribes twisting the winding wires with 12 rotations while applying a
load of 7 N. The wires used in the following experiment are:

« NCRW Non-Corona-Resistant winding wire with enamel composed
of a basecoat in THEIC-modified polyester or polyesterimide and
overcoat of polyamide-imide. It features a diameter of 0.56 mm and
grade 2 insulation, with thermal index of 200°C.

o CRW Corona-resistant version of NCR, containing inorganic nanopar-
ticles. It features a diameter of 0.56 mm and grade 2 insulation,
with thermal index of 200°C.

« CRW2 Corona-resistant modified polyesterimide plus polyamide
imide enamel. It features a diameter of 0.56 mm and grade 2 insu-
lation, with thermal index of 200°C.

o« CRW3 Corona-resistant wire featuring a diameter of 0.63 mm and
grade 2 insulation, with thermal index of 200°C.

The CRW and NCRW wires are from the same manufacturer. The CRW2
and CRW3 from two other different manufacturers.
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Figure 4.1: Weibull plots of the measured values of PDIV various pressures
for neat (NCR) and Corona Resistant (CR) wires, under AC 50 Hz sinusoidal
voltage.

4.1.1 Pressure Reduction Impact

To investigate the endurance of inter-turn insulation under wide-bandgap con-
verters waveforms as ambient pressure decreases, twisted pairs model were
tested in a vacuum chamber with pressures of 1000 mbar, 700 mbar and 100
mbar. They respectively correspond to sea level, 3000 meters and 15000 me-
ters altitude. Those values are representative of different operating conditions:
the standard ground level, the high terrestrial altitudes that also electric ve-
hicles could access (plateaus and mountains), and the maximum altitude for
component qualification of an airliner [109]. Five samples for each test condi-
tion were subjected to the voltage produced by the SiC converter described in
section 3.2.6, with a bipolar 2-level waveform. The switching frequency was
set to 100 kHz and the rise time to 12 ns, causing an overshoot varying from
20% to 30% depending on the voltage level. A stressing voltage of 1080 V
was derived considering the standard DC bus voltage used in the MEA (540 V)
and a reflection factor at the motor terminals of 2. Although this approach is
highly simplified (the actual propagation of the voltage wave with the winding
and the common-mode potential of the star point were not considered), the
same number can be achieved considering future generation DC bus voltages
(800 or 1000 V), a milder reflection factor and proper propagation calculation.

A preliminary measurement of the PDIV under sinusoidal voltage at grid
frequency was carried out to investigate differences in the inception among
the CR and NCR wires (as described in section 3.2.2).
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Life
Q@ g BI10
(mbar) — (s) ()  (s)
CRW 100 6 3.4 3
NCRW 100 1 00 1
CRW 700 765 4.6 471
NCRW 700 414  22.8 375

CRW 1000 9640 2.6 4081
NCRW 1000 045 289 494

Material Pressure

Table 4.1: Endurance times Weibull distribution fitting parameters for various
pressures.
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Figure 4.2: Endurance times of NCR and CR wires under 1080 V 100 kHz
SiC-converter bipolar 2-level waveform for various pressures.

Results of the PDIV, as displayed in the Weibull charts of Fig.4.1, show
little variation between the two versions of the wires. Hence, an improvement
in the inception voltage by the corona resistance might, as expectable ruled
out. Indeed, no macroscopic dielectric property that impacts the inception
voltage is usually altered significantly with the addition of nanoparticles.

The results of five samples per condition for the endurance tests of the
NCRW and CRW wires are illustrated in Fig. 4.2 as boxplots. The test
were conducted as described in section 3.2.3. The data have also been fitted
in a Weibull distribution and the tenth percentile (B10) of the distribution
obtained is summarized in Tab. 4.1.

As the ratio of the stressing voltage and PDIV is the same for the two wires,
the performance boost given by nano-fillers can be easily assessed for any
voltage level without any additional calculation. As expected, a performance
increase can be observed in the endurance times from nano-filled materials at
any pressure level. The striking observation is that as the pressure decreases
to the levels of airline qualification the endurance times drop to values in the
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Figure 4.3: Impact of moisture content (as absolute humidity) on the en-
durance times of wires subjected to bipolar converter waveforms at 150 mbar
for stressing voltages equal to 756 V.

order of seconds, wherein is negligible difference between CRW and NCRW
samples. It must be reminded that the critical condition under exam is the
one representing an approximation of the worst case for real operations for
future bus DC. Otherwise, for terrestrial altitudes, a significant reduction of
the endurance times is recorded at for 3000 m, envisaging problems also for
the automotive sector. At sea level altitudes the reduction is far from the
critical values observed for the aircraft systems.

Additionally, it should be highlighted the increase in the endurance of
CRW samples comes also with a wider variance, showing a larger in-homogeneity
of the corona resistance capability of the wire, for all the pressure levels. This
can also be noticed in the much lower 5 of the Weibull distribution in Tab.
4.1.

A change in the discharge mechanism as the pressure decreases can be
deduced by a simple visual inspection of the samples during the tests. At
room pressure the discharge is visible only in a completely dark environment
and discharges are clustered at some spots. At 100 mbar the discharge is
visible even in daylight and appears to cover the entire length of the specimen.
It is hypothesized that as the pressure drops, the PD mechanism shifts from
streamer-like to pseudo-glow-like discharge.

4.1.2 Air-Moisture Content Impact

The role of moisture content has been singled out clustering results for CRW
samples obtained in different days, when relative humidity was variable. The
endurance tests were conducted as described in section 3.2.3, with 5 specimens
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Figure 4.4: Endurance times of pristine and aged wires under 1080 Vi SiC-
converter bipolar waveform at 1 bar and 100 mbar.

per condition. The pressure was set to 150 mbar and the voltage to 756 Vi
(around 40% higher than the PDIV of the wire). The tests have been executed
under the 2-level bipolar voltage produced by the SiC inverter discussed in
section 3.2.6. The switching frequencies was set to 50 kHz and the rise time
to 200 ns.

What can be clearly seen in the Fig. 4.3 is that moisture content has a
dramatic effect on the reduction of endurance times, reducing the times over
one order of magnitude as the water quantity increases from 8 g/ m? to 12
g/m?, values corresponding roughly to 35% and 50% of relative humidity at
25°C and 1000 mbar.

Likely, the polymer chain physically eroded by the electron bombardment
reacts with the water molecules. The reaction causes polymer chain scission,
further increasing the degradation ratio and explaining the accelerated failures
[110].

4.1.3 Aging Impact

Pristine samples from the NCRW and CRW batches were aged with a single
aging cycle with a duration of 340 h, at a constant isothermal stressing condi-
tion of 230°C (30°C higher than the thermal index of the enamel), placing the
specimen in a ventilated oven. Endurance tests were performed on 5 samples
for unaged and aged samples at pressures of 1000 and 100 mbar, under the
same conditions discussed in the section 4.1.1. The results are reported in 4.4,
as boxplots.

Aging appears to impact the variance of the results, further increasing
the spread of the endurance results. More importantly, the tests at ambient
pressure show that the endurance of the CRW samples drops of 85% after
aging compared to the NCRW that drops of 60%. At 100 mbar, endurance
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Figure 4.5: Endurance times of pristine and aged wires under 810 V. SiC-
converter bipolar waveform at 100 mbar.

Figure 4.6: Picture of the swollen insulation of a thermally aged corona-
resistant wire after PD bombardment.
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is too brief to perform a similar estimation. The results obtained simply
emphasize the ineffectiveness of CR materials in these conditions, especially
after the materials aging.

Reducing the stressing voltage to 810 V, as observable in Fig. 4.5, led to
higher lifetimes in the order of minutes. Unfortunately the values achieved still
remaining incompatible with the operation. Furthermore, strangely longer
failure times were achieved by the thermally-aged corona-resistant materials
compared to its unaged version. The finding could be explained looking at
failed sample (Fig. 4.6), that presents a swollen and dark insulation. It is
possible that carbonized by-products released by the enamel were able to
suppress the discharge in the sites where PD were more active. At any rate,
these conditions of the insulation are too concerning regarding its mechanical
integrity and capability to operate in the motor to consider this behavior as a
positive result. Ultimately, aging seems to play an important role in further
reducing the capability of the materials to resist PD activity.

4.1.4 Converter Voltages Impact

To estimate the impact of the WBG-converter waveforms on the reduction
of the endurance times under partial discharge comparative tests with high
frequency AC voltages, different rise times and various voltage levels have been
carried out at reduced pressure. Eventually, life curves have been computed.

The voltage range explored has been selected to represent a next generation
drive system (800 and 1000 V), or even present 540 V drive systems that allow
for DC bus transients. Indeed, the bus system of an aircraft is sometimes
designed to operate at higher voltage levels for a fraction of its operation
time.

The stressing voltages to be applied to the samples correspond to the turn-
to-turn stresses appearing on a machine where overshoot at the terminals
appears. These tests consider the worst case for a bipolar 2-level converter,
where all the jump voltage (2/3 of the phase-ground voltage) drops on the first
turn of the insulation, and the first and last and turn lay adjacent. Examples
of such set of voltages are:

e 756 Vi, corresponding to the stress produced by a bus DC of 540 V
when the overshoot at the terminals is 100%

« 700, 840 and 1120 Vy, corresponding to the stress produced by a bus
DC of 800 V, when the overshoot at the terminals is respectively 25%,
50% and 100%

« 700, 875, 1050 and 1400 Vx, corresponding to the stress produced by a
bus DC of 1000 V, when the overshoot at the terminals is respectively
0%, 25%, 50% and 100%
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Figure 4.7: Endurance times of CRW corona resistant wires at various voltage
levels (boxplots) and life lines estimations, at 150 mbar.

Fast Switching Waveforms

Comparative measurements with a sinusoidal and square-shaped source were
performed with the same fundamental frequency of 50 kHz at 150 mbar. The
pressure selected corresponds to a cruising altitude of 13.5 km, the typical
maximal working altitude for airliners, despite the qualification altitude being
set to 100 mbar [109][77].

Endurance tests were performed at 700, 756, 875, 1050 and 1400 Vx ac-
cording the procedure of 3.2.3. For tests in AC, a sinusoidal resonant power
supply (described in section 3.2.6) was used. In pulsed conditions, the SiC
inverter of section 3.2.6 was employed, set to generate a bipolar 2-level wave-
form with rise time of 200 ns. The inverter waveform presented an overshoot
factor of 10%. Temperature and humidity were monitored before each test
and the results here shown have been collected for the temperature and ab-
solute humidity ranges of 20-25°C and 8-10 g/m3 (corresponding to 35-45%
RH at 25°C, 1 bar).

Six samples were tested for their endurance in each condition, according
to the procedure of section 3.2.3. For tests longer than 5 h only one point
was collected and for tests longer than 8 h the measure was stopped. A
preliminary measurement of the PDIV was carried out to verify whether the
voltages applied during endurance tests were sufficient to incept PD in the
twisted pairs. A conventional 50 Hz sinusoidal supply was used for this scope.

As illustrated in Fig. 4.7, tests run in AC resulted in longer lifetimes,
when compared to the results obtained when using a pulsed supply, as also
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Figure 4.8: Failure mechanisms typologies.

previously observed by other authors [111]. Tests in AC at lower voltages were
censored after 8 h of endurance, and none of the tested specimens failed within
such period. This confirms that the degradation rate on insulation systems
due to PD activity is increased when voltage waveforms with fast slew rates
are applied.

To extrapolate the time to failures for other voltages than the ones inves-
tigated, results were further processed fitting an inverse power law, often used
to model life of an insulation [40]:

L=AxV™ (4.1)

where L represents the time to failure (the life of the material), V' the applied
voltage, n the Voltage Endurance Coefficient (V EC) and A is a proportion-
ality factor.

As the stressing voltage peak increases, the higher electric field in the air
causes a higher number of ionization and excitation events, generating larger
electron avalanches and higher PD magnitudes. Consequently, the damage
per unit time increases and the erosive power due to DEA process is enhanced
accordingly. A closer inspection of the results seems to indicate that when the
stressing voltage is reduced, the VEC decreases. Depending on the voltage
level, two different regions might be envisaged, corresponding to high and
moderate degradation rates (thus high and low VEC, respectively) possibly
linked to the variation of the discharge characteristics.

A partial confirmation comes from the visual inspection of the failed wires.
Under sinusoidal waveforms the breakdown point is punctual (Fig. 4.8a) up to
1050 V and then at 1400 V the discharge transits to a more dispersed activity
that also appear to thermally degrades the insulation (Fig. 4.8b). Differently,
for the converter waveform the transition occurs earlier, between 756 V and
875 V. This does not match exactly with the variation of the VEC reported in
Fig. 4.7, but shows that above a certain threshold the energy of the discharge
is enough to generate heat to burn the enamel.

An analysis of the surface temperature of the twisted pairs was carried
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Figure 4.9: Weibull plots for PDIV of the CR wires under comparison (under
AC sinusoidal 50 Hz voltage).

out using a thermal-imaging camera (see section 3.3.1) at 1000 mbar. The
procedure was performed only at ambient pressure, since the thermal camera
operates with wavelengths in the range 7.5 yum to 13 pum while the fused
silica windows in the vacuum cell do not transmit radiation with wavelength
above 4 pym. It was observed that below the PDIV the temperature of the
specimens did not increase significantly, while with discharge incepted and the
voltage set to 1080 V, the surface temperature was 62°C, over 40°C above the
ambient one. It is likely that at reduced pressures the phenomenon is greatly
enhanced, the burning is a marker of such hypothesis (temperatures around
300°C can be indirectly assumed). The observation might helps justifying
the short endurance time recorded, as the plasma that compose the discharge
activity clearly increases in energy as the pressure diminishes and the voltage
increases.

Comparative of different CR Materials In the same identical test con-
dition of Fig. 4.7 tests have been performed on CRW2 and CRW3 samples, in
an attempt to generalize the results for different CR technology implementa-
tions by various manufacturers. The two share a similar PDIV to CRW wire,
as Fig. 4.9 shows.

Indeed, as clear from the comparison of Fig. 4.10 with Fig. 4.7, the
discussion made for CRW can be generalized for all wires sharing similar
diameters. The numbers obtained for these wires are similar to the ones of
CRW, suggesting that the findings are a good representation of the current
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Figure 4.10: Endurance times of corona resistant wires (CRW2 and CRW3)
at various voltage levels (boxplots) and life lines estimations, at 150 mbar.

Wire type Pressure Rise time PDIV,y PDIVpce Photons per second

NCRW 1000 12 880 732 (1-2)x10°
NCRW 1000 237 797 780 (1-3)x 104
CRW 1000 12 881 731 (1-2)x10°
CRW 1000 237 787 770 (1-3)x 104
NCRW 100 12 555 424 >1x10°
NCRW 100 237 421 411 >1x10°
CRW 100 12 558 426 >1x10°
CRW 100 237 433 422 >1x10°

Table 4.2: PDIV results for CRW and NCRW, comprehensive of the detected
photons repetition rate.

CR technology.

Rise Time Impact

Under converter voltage impulses, PD pulse magnitude increases as the voltage
pulses get steeper, and their frequency content is shifted to higher frequency
ranges [65], increasing the degradation rate of the insulation system. Besides,
it is possible that the large frequency content has an influence on the PDIV
itself. PDIV and endurance have been investigated when shortening the rise
time for CRW and NCRW wires.

Experimental results of PDIV measurements with different rise times on
NCRW and CR samples can be found in Tab. 4.2 for 1000 mbar and 100
mbar, that also reports the photon repetition rate. Test were carried out
on five samples under the voltage of the SiC converter of section 3.2.6, with
the procedure of section 3.2.2. The experiment were conducted at 100 kHz
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Figure 4.11: Endurance of twisted pairs, NCRW and CRW, for waveforms
with same peak value but different rise time.

of switching frequency. When the rise time is decreased from 237 to 12 ns,
PDIV levels increase from about 790 Vi to 880 Vi for both NCRW and
CRW materials. This positive result, however, can be possibly explained
considering that two conditions must be met in order for PD to incept: (a)
a minimum voltage must be provided that can produce a field greater than
the ionization field in the medium, and (b) a starting electron must become
available. Both conditions may not be met in the very brief time at which
the waveform is at its peak. A thorough analysis of the process is postponed
to the following chapters. Anyway, a higher peak value of the PDIV may be
attained as consequence, as the increase of the DC bus voltage increases the
duration of the periods at which the waveform is above the inception field
level. Indeed, the DC bus voltage at inception has the opposite trend, varying
mildly or worsening as the rise time decreases.

It is worthwhile noting from the results at atmospheric pressure that the
photon count rate is higher for tests with faster rise times, increasing of an
order of magnitude from 10* to 10° photons per second. This finding cor-
roborates the idea that once the discharge is started the number of carriers
released in the avalanche is linked to the peak of the voltage waveform and
not the DC bus level. For this reason, subsequent experiments with different
rise times were performed at the same peak voltage. At reduced pressure the
saturation of the detector does not enables the same comparison.

The following endurance test results shown in Tab. 4.3 uncover the conse-
quences of fast switching on endurance. The data were collected at 100 mbar
according the procedure of section 3.2.3 on five samples per condition, under
the voltage waveform from the SiC-converter of section 3.2.6. The converter
produced 2-level bipolar voltage switching at 100 kHz with a peak of 840 V.
The results demonstrate that, although testing at a lower DC bus voltage,

o8



Chapter 4 — Electrical Endurance under Partial Discharge Activity

Material Pressure Applied Voltage Rise time L
a [ B10
(mbar) (Vo) (Vpe) (ms)  (s) () (s)
NCRW 100 840 825 237 23 25 22
NCRW 100 840 700 12 15 16 14
CRW 100 840 825 237 27 30 27
CRW 100 840 700 12 17 19 16

Table 4.3: Weibull fit parameters for the endurance of twisted pairs under
waveforms with different rise times. Test conducted with same peak value on
NCRW and CRW samples at 100 mbar.

the use of modern WBG semiconductors, reduces significantly the life of the
insulation (in these results by around 50%), exacerbating the problematic.

A life curve at low pressure (100 mbar) for the most extreme converter
conditions achievable (100 kHz of switching frequency and 12 ns of rise time)
has been traced from the experimental data of Tab. 4.4, in Fig. 4.12. In this
regard endurance tests have been carried out at 1120, 840 and 700 V under
bipolar 2-level voltages.

The CRW and NCRW wires share similar values of endurance time within
the voltage range explored, which are too short to guarantee operation in
presence of PD activity. The results clearly show that in the harshest MEA
conditions, considering transient voltages or next-generation DC bus levels
(800 and 1000 V) CR wires can hardly assist the insulation designer.

4.1.5 Summary
Key Findings

o Under combined conditions of higher altitudes and SiC-waveforms
stresses (square waveform, bipolar, 2-level, 12 ns of rise time and
100 kHz of switching frequency, 1080V,x) CR wires behave more
similarly to non-CR ones. At 1000 mbar (0 m) CR endurance is
more than tenfold non-CR, at 700 mbar (3 km) is around the double
at 100-150 mbar (13-15 km) the same.

» Waveform with shorter rise times (higher overshoots) cause higher
degradation rates, at the same peak value. The same happens un-
der converter waveform compared to AC ones (with same frequency
and peak value).

o Three different CR wires showed comparable results.
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Material Pressure Applied Voltage Rise time Life

a S BI10

(mbar) (Vi) (ms) () () (9

NCRW 100 1120 12 1 oo 1
NCRW 100 840 12 16 23 15
NCRW 100 700 12 155 13 131

CRW 100 1120 12 6 14 5
CRW 100 840 12 19 24 17
CRW 100 700 12 192 15 165

Table 4.4: Endurance times Weibull distribution fitting parameters for various
voltage levels and the harshest condition (at 100 mbar stressed by a bipolar 2-
level voltage featuring 100 kHz of switching frequency and 12 ns of rise time).
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Figure 4.12: Endurance times at various voltage levels (boxplots) and life
curves estimation for neat (NCRW) and corona resistant (CRW) wires, for the
harshest condition (at 100 mbar stressed by a bipolar 2-level voltage featuring
100 kHz of switching frequency and 12 ns of rise time).
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Figure 4.13: Picture of the Litz wire sample.

e In the mentioned conditions, the moisture content appears to re-
duce the endurance times of one order of magnitude.

4.2 Partial Discharge Endurance on High Per-
formance Multistrand Wires

In this section the endurance of non-corona-resistant enamels for high perfor-
mance traction motors is tested. The capability for insulation to withstand
PD activity at voltage levels near the PDIV is investigated and quantified,
to understand if a machine featuring organic insulation can allow the pres-
ence of discharges for a limited amount of time (i.e. during transients). Test
featuring waveforms approximating the real turn-turn stress completed the
campaign. The analysis provides the margins that the insulation designer can
expect from the organic materials with thicknesses around 50 pum, typical of
multistrand wires (i.e. Litz wires).

Samples

Twisted samples were obtained twisting two stranded Litz wire together.
The Litz wire is composed of 12 enameled sub-conductors, each with a
diameter of 0.35 mm and featuring a GR3 insulation. A picture of the
specimen is in Fig. 4.13.

4.2.1 Temperature Effect

Endurance tests were performed at room temperature (25°C), 120°C and
180°C for five specimens in each condition, according the procedure of Sec.
3.2.3. The SiC converter of section 3.2.6 was used to feed the samples with a
voltage exceeding the sample PDIV of 5% for each temperature. The bipolar
2-level stressing voltage waveform featured 250 ns of rise time and 50 kHz of
switching frequency.
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Figure 4.14: Endurance at voltages 5% above the PDIV, as
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Figure 4.15: Picture of the failure site, caused by puncturing of the insulation

by PD.
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Figure 4.16: Two-level and three-level waveforms produced by a SiC converter
employed for PD endurance tests.

Figure 4.14 shows the gradual decrease of endurance as the testing tem-
perature increases. What stands out is the overall brief time to failure of the
samples. The material analyzed proved to be very sensitive to the presence
of PD, as the time to failure remains in the range of minutes even at room
temperature with minor overvoltage with respect to the PDIV.

During the tests, temperature monitoring of the specimens using an IR
thermal-imaging camera (section 3.3.1) revealed a gradual increase of sur-
face temperature after PD initiation (e.g. just before the breakdown the
samples tested at 180°C reached a temperature of 195°C). The heat gener-
ated increases more rapidly approaching the failure, possibly indicating an
exacerbation of the discharge degradation ratio. To verify that the leading
breakdown mechanism was electrical rather than thermal, the specimens were
tested with a voltage marginally lower than the PDIV at 180°C. PD absence
was checked though UHF detection. The samples did not reach breakdown
even after hours, as no appreciable increase in temperature was recorded, rul-
ing out thermal instability breakdown mechanisms. Also, after PD erosion,
the failure site of the specimen was easily detectable (see Fig. 4.15).

In light of the measurement it can be asserted that the minor overvoltage
is sufficient to incept the discharge along the whole sample and not only in
the spots corresponding to the weakest points of the insulation.

4.2.2 3-level Waveform Impact

The turn-turn electrical stress generated in the stator of the machine by a
converter reaches its maximum at the flanks of the phase-to-ground square
voltage waveforms, as mentioned in Sec. 2.2.1. The best approximation of
such stress for testing the insulation is a 3-level bipolar square wave voltage,
instead of the typical used 2-level one. The positive and negative parts of the
waveform correspond to the positive and negative flanks, respectively.

The endurance time under such waveform was surveyed and the result
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Figure 4.17: Comparison of the endurance times obtained for 2-level and 3-
level waveforms.

compared to the one obtained for a more standard 2-level waveform. The SiC-
converter of section 3.2.6 was employed, operating with a switching frequency
of 50 kHz and around 250 ns of rise time for both configurations and a pulse
width of around 1.5 pum for the 3-level configuration. A snapshot of the
waveforms is recorded in Fig. 4.16. Tests were performed raising the voltage
up to the PDIV, monitoring the discharge presence with an UHF detector
(using a log-periodic antenna and the spectrum analyzer of Sec. 3.2.7). When
PD incepted the voltage was further increased of 5% and the timer for the
endurance time to PD was started, according to section 4.2.1. Test were
conducted at 180°C temperature on 5 specimens per condition.

The PDIV in the two experimental conditions differs, with the 3-level
waveform inception taking place at 37 V higher than the 2-level (703 V vs
740 V). A detailed investigation regarding the phenomenon is postponed for
later chapters (Chap. 5, Sec. 5.1.1). Despite this difference in the stressing
voltage, no great difference was recorded between the endurance times for
the two scenarios. At voltages in proximity of the PDIV the repetition rate
and magnitude of the discharges is the lowest, as the field is just sufficient to
generate the electron avalanche [112]. Thus, the mere mild variation of the
stressing voltage might not be sufficient to cause any appreciable difference in
the endurances.

For square-shaped waveforms most discharges tend to appear at the volt-
age flank of the voltage reversal, while their occurrence on the voltage plateau
is limited by the residual charge of the previous discharge activity, as the
charge diffusion processes take some time [113]. The combination of this phe-
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nomenon with the aforementioned one, provides a framework for understand-
ing the similarity between the results for the 2-level and 3-level voltages.

4.2.3 Summary
Key Findings

 Litz wires (non-CR) fail in minutes under PD activity produced
by SiC-waveforms (square waveform, bipolar, 2-level, 250 ns of rise
time and 50 kHz of switching frequency) at voltages slightly above
the PDIV (+5%).

« PD activity at operating temperature (180°C) reduce the endurance
to 1.5 min (one third of room temperature values).

o Employment of 3-level waveforms more similar to real T-T stresses
do not significantly change the lifetimes recorded.
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Chapter 5

Partial Discharge Inception
Voltage

This chapter illustrates the investigation on the partial discharge inception
voltage in various models of a rotating machine. The impact of the new
generation converter waveforms on the discharge inception will be explored.
The contribution given by the impregnation resin in this new context will be
assessed. The evolution of the inception voltage of the insulation subsystem
will be evaluated as the degradation of the material progresses due to aging.

Designing a machine so that it never presents partial discharges during its
lifetime appears to be the best choice in the MEA and EV contexts, also in
light of the results of Chapter 4. This approach follows the philosophy of the
standard TEC 60034-18-41. The failure criterion of the insulation becomes the
inception of discharges, and consequently the inception voltage becomes the
most important parameter to ensure the reliability of the machine.

In this context, it is crucial to know what factors influence the PDIV and
its trend under aging stresses. Experimental tests were carried out on models
of T-T, P-P and P-G insulation in an effort of expanding the current body of
knowledge and determine which phenomena originate PDIV changes.

The results will be detailed in the chapter, but their discussion in a broader
perspective will be performed in Chap. 6.

5.1 Turn-Turn Insulation Models

The reliability of the rotating machine is oftentimes dominated by the prob-
ability of inter-turn insulation failure. The voltage surges produced by power
electronics converters increase the electrical stress due to overvoltages associ-
ated with reflections at motor terminals and uneven turn voltage distribution.
Accordingly, the factors that impact the PDIV value in the inter-turn must
be unveiled to achieve the maximum reliability of the system.
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In this section the effect on the microscopic level of WBG-converter wave-
forms on T-T sample is analyzed. By impact at the microscopic level is
meant how the characteristics of these waveforms (e.g. frequency, duration,
rise time) impact the inception voltage. The investigation was carried out also
for thermally aged specimens.

Moreover, in this scenario the evaluation of the impregnation resin/varnish
performance becomes critical. The classical functions of electric motor impreg-
nation resins are to improve the mechanical stability of the winding, enhance
heat exchange, and protect the stator from the ingress of contaminants. In
the past, due to the mild electric stress they had to withstand, they were
designed having a variety of targets besides electrical withstand properties
including e.g. viscosity, heat exchange, safety, and environmental protection.
For long, this was not a problem, as they were subjected to limited electri-
cal stress levels. Today, the new context is pushing the need for improved
dielectric properties, especially in ways to improve the PDIV.

5.1.1 Real Turn-Turn Stresses Impact

As previously mentioned, the stress generated in the stator of a machine by
a converter reaches its maximum at the flanks of the phase-to-ground square
voltage waveforms (Chap. 2). These voltage waveforms can be approximated
by a 3-level square wave voltage; with the positive and negative parts of
the waveform corresponding to the positive and negative flanks, respectively.
Silicon inverters have rise times in the order of hundreds of nanoseconds, SiC
can be as short as tens of nanoseconds. Correspondingly, the 3-level voltage
waveforms that approximate the turn-to-turn voltage can have an extremely
low duty cycle and differ largely from the square wave voltage normally used
to infer the PDIV.

It is crucial to investigate the PDIV of insulation models as the T-T stress-
ing voltage approaches the real in-operation one, to take into consideration
possible further PDIV reduction that undermine the machine reliability or
possibly to take advantage of higher PDIV to increase its performances. Thus,
test were carried out according to section 3.2.2 using optical PD detection and
a SiC-converter (sec. 3.2.6).

Three-Level and Short Width Waveforms
Samples

Both twisted pairs of round enameled wires and litz wires were used for
the tests:

» Twisted pairs produced in accordance with [91] were used for the
tests, out of 0.56 mm grade 2 round enameled wire. To guarantee
the homogeneity of the process a custom-made machine was used.
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Figure 5.1: Weibull chart of the PDIV of twisted pairs under 2-level and 3-
level waveforms.

For the wires dimensions selected the standard prescribes twisting
the winding wires with 12 rotations while applying a load of 7 N.

o The same specimens of Sec. 4.2 were employed. They are twisted
samples obtained twisting two stranded Litz wire together. The
Litz wire is composed of 12 enameled sub-conductors, each with a
diameter of 0.35 mm and featuring a GR3 insulation.

First, the analysis of the impact of a 3-level waveform compared to a 2-
level one was performed. PDIV tests were carried out on five twisted pairs
for each condition. The two voltage waveforms employed share the same rise
time (around 20 ns) and switching frequency (100 kHz). The duty cycle set
for the 3-levels waveform is 50 % so that the voltage is applied for 2.5 us each
half-period, compared to 5 us for the 2-levels. The results are reported in a
Weibull chart in Fig. 5.1, that shows that the PDIV of the 3-level waveform
is 60 V higher than the one for 2-levels and that the shape parameter (3) of
the distribution is similar indicating homogeneity in the measure for the two
cases. During these tests, two different kinds of PD activity were recorded:
an intermittent one and a continuous one where PD activity is never stopped
once incepted and characterized by a higher number of photons released. An
example of such photon activities is given in Fig. 5.2.

A similar kind of intermittent PD activity was already reported for unipo-
lar waveforms [114], with PD activity coming in burst. During this campaign
the phenomenon has been observed for 3-levels waveform. An intermittent
behavior might be facilitated by space charge deposition due to undetected
PD of low magnitude. After the first PD pulses, a residual charge is left in the
local point of discharge on the enamel surface. The deposited charge diffuses
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Figure 5.2: Intermittent and continuous PD activity regions as voltage was
increased, for 3-level waveforms.
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Figure 5.3: Three-level waveform voltages, with different duty cycles of 12%
and 88% (pulse width of 1.2us and 8.8us respectively each semi-period).
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Figure 5.4: Weibull chart of the PDIV of twisted pairs under 3-level waveforms
with different duty cycles (pulse widths of 1.2us and 8.8us).

in the proximity and alters the local field distribution which may suppress
the next discharges, especially in presence of small surface defects or dust-like
particles. As such, the surface diffusion and conductivity properties play an
important role. Additionally, tests repeated 24 h and 48 h after the first ones
for some of the already tested specimens (not reported here for the sake of
brevity) revealed that the intermittent activity could not be incepted again,
and the only one recorded was the continuous. This latter finding reinforce
the idea that small defects on the surface of the material may be the sites
of the early discharge activity and that during the discharge such defects are
smoothed or removed so that the following inception happens at higher volt-
ages. It is likely that the continuous activity appears at a different location
on the sample than the intermittent one, with the latter that disappears ac-
cording to the processes already discussed [115][113]. The larger voltage jump
present with a 2-level converter may explain the absence of intermittent dis-
charge behavior in such condition, as the probable increase in the magnitude
of the PDs may already eliminate in the first discharges the defects and trigger
directly the continuous activity. A detailed comparison of the two kind of PD
activity at the inception level between 2-levels and 3-levels waveform was not
performed.

Following the findings, it has been chosen to record the inception of both
kind of activities. The goal was to understand if the difference noted is at-
tributable to the halved jump in the voltage or the shorter pulse width, so
a waveform sharing the same jump voltage has been used. Eight samples
were tested with two 3-level voltages sharing the same rise time (around 70
ns) and switching frequency (50 kHz), but with different duty cycles, respec-
tively of 12% and 88% (voltage is high for 1.2 us and 8.8 us respectively each
semi-period). The waveforms are illustrated in Fig. 5.3.
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Figure 5.6: PDIV for different waveforms, in Weibull charts.

Figure 5.4 report the Weibull charts for the PDIV recorded for the inter-
mittent and continuous activity. In both, discharges are incepted at lower
voltages for the waveform characterized by a longer impulse width. Specifi-
cally, by 30 V for the intermittent activity and by 55 V for the continuous
activity (considering the 10th percentile of the PDIV probability). In sight of
this outcome, the higher PDIV values recorded for 3-level short width pulses
(lower that 2.5 us) are almost certainly attributable to the short time under
voltage. The shape of the voltage waveform seems less important since both
2-levels and 3-level waveforms with longer on-times reveal PDIV up to 7%
lower.

The results were confirmed with tests on litz wires. The PDIV was mea-
sured under four different waveforms on four batches of ten samples. The
waveforms employed are: AC sinusoidal 50 Hz, 2-level SiC-produced wave-
form 50 kHz with a rise time of 10 ns, 2-level SiC-produced waveform 50 kHz
with rise time of 250 ns and 3-level SiC-produced waveform 50 kHz with rise
time of 250 ns and pulse width of 1 us. The three waveforms produced by the
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Figure 5.7: PDIV for different waveforms, in boxplots. Same results of Fig.
5.6.

converter are illustrated in Fig. 5.6. Waveforms with 250 ns of rise time have
a minor overshoot (making the Vy and Vp¢ similar) while the one with 10
ns of rise time has an overshoot of around 15%.

The PDIV data collected are represented in two Weibull charts of Fig.
5.6 and in the boxplot of Fig. 5.7, with the results expressed relying on the
peak of the waveform or its plateau (DC bus). The 2-level waveform with 10
ns of rise time had the highest inception voltage in peak, 30% higher than
AC, but much more similar to all the others when the DC bus voltage is
considered. The 3-level waveform (on-time of 1 us) compared to the 2-level
(on-time of 10 ps) had a PDIV around 20 V higher. The two waveforms share
the same rise time and hence same overshoot, excluding the effect caused by
fast oscillations. As general framework, in terms of peak, the faster are the
voltage transients the higher is the PDIV recorded.

From first principles PD events can appear when (a) the field in the air
gap between the wires is high enough to ionize the air molecules and (b) a
seed electron is present to initiate the electron avalanche process.

Regarding (a), a reduction in the electric field for shorter-width pulses or
fast oscillating voltages of the overshoots may be attributed to delays in the
field transfer to the surface of the enamel (and the air between the wires) due
to polarization processes in the solid insulation. Regarding (b), a lower prob-
ability of having a starting electron during short duration pulses causes higher
recorded inception voltage as the voltage is not kept constant indefinitely but
is raised after a given time step. This means that the PDIV of longer and
shorter pulses would eventually coincide statistically only for the lowest per-
centiles of the recorded values distribution. A statistical delay time of some
microseconds is in line with results in literature for spark gaps [116][117].
The results obtained must be explained in light of these mechanism. A more
detailed analysis will be presented later on, in section 6.2.1.
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Figure 5.8: PDIV, intermittent activity, for standard (left) and irradiated
(centre, right) tests under 3-level pulse. PD detected excluded inside the UV
flashing time window (centre) and included (right).

5.1.2 PDIV in Presence of Artificially Generated Seed
Electron

While both the reduction of field in the air and the absence of a seed electron
can appear simultaneously, the latter can reasonably happen in times shorter
than 5 ps. Instead, for the higher PDIV obtained for waveforms with large
overshoots than for waveforms free from oscillations, the explanation might
come from dielectric phenomena, as the time scale of the overshoots is a few
ns which might be comparable with the relaxation time of the dielectric.

Experiments were carried out trying to generate artificially the first elec-
tron by means of UV light, similarly to what has been done in [118][119] with
X-rays in an effort to distinguish the two contributions. A nano-pulsed ul-
traviolet lamp, with wavelength down to 220 nm, was used to irradiate the
samples while subjected to voltage and measure their PDIV, as explained in
section 3.2.4. It is very likely that such irradiation source is not able to gen-
erate any electron by photoionization in the air, but is anyway capable of
exciting the molecules of the gas and polymer, possibly generating an elec-
tron in proximity of the polymer surface (photo-emission in polymers has a
threshold of 3 to 3.5 eV [120], while the photons energy from the UV lamp
tops to 5.6 eV).

The results are shown in Fig. 5.8. PD intermittent activity was measured
in two detection scenarios, excluding the PD signals collected while the lamp
was flashing and including also those pulses. PDIV differs slightly, being
a little lower for the latter. The most important insight gained from the
data collected is that when irradiating the samples, the inception voltage
under short width pulses becomes almost identical to the one subjected to
longer pulses. This value is in turn equal to the one under longer pulses
not irradiated. This is good evidence in favor of the seed electron absence
hypothesis. The same result is obtained if the continuous PD activity is
monitored, with only the low percentile values following the trend (Fig. 5.9).
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Figure 5.11: PD pulses collected after UV-irradiation, optically and electri-
cally.

A comparison in boxplots instead of Weibull charts is in Fig.5.10, for easier
comparison (but less statistical detail).

Locate the first ever PD pulse was not possible. Nonetheless, locating
some of the consecutive PD pulses or their envelope was attempted. From
their observation (Fig. 5.11) it is clear that when the discharge appears, does
so in the first part of the waveform, further dismissing hypothesis on delays
of field transfer and excluding that time lag for discharge formation play any
role.

A similar approach was followed to explore the behavior of the insulation
during the fast oscillations that occur during overshoot. In this case, PDIV
under the same waveform with rise time of 7 ns and switching frequency of
50 kHz was compared in the presence and absence of UV radiation. The
lamp flash was tuned to appear at peak voltage. The results show that there
is no difference, not even statistical, between the two conditions, suggesting
that the role of the first electron is not determinant in this case. However, it
should be taken into account that in this experiment the time under radiation
is reduced compared with that previously, with only 50 us of irradiation time
per step above the Vpo (compared to 500 ps of the previous experiment),
leaving room for further investigation with longer times.

Overall, the results seem to indicate that higher values of PDIV recorded
for short width pulse (with a time scale in the order of microseconds) could
be attributed the time-lag for the seed electron appearance, while the higher
values for highly overshooted waveforms (time scale of tens of nanoseconds)
should be attributed to some different phenomena. Dielectric polarization is
considered and discussed as the cause in Sec. 6.2.1.

While in these experiments the voltage differences recorded are in the or-
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Figure 5.12: PDIV under UV irradiation and not, for a highly overshooted
2-level waveform.

der of 30-60 V, much larger values could be expected when transitioning to
waveforms with pulse widths in the tens of nanoseconds (rather than mi-
croseconds), such as those produced in the interturn of a machine fed by a
SiC-converter. This emphasizes the importance of the study.

5.1.3 Temperature Impact on Impregnated Samples

Experimental analysis of twisted pairs is required to assess whether impreg-
nating resin work as intended when PDIV improvement is the target.

Samples

Tests were performed on twisted pairs and their impregnated version. The
samples were produced in accordance with [91]. For the wires dimensions
selected the standard prescribes twisting the winding wires with 12 rota-
tions while applying a load of 7 N.

Three different enameled magnet wires were used (denominated Wire
A, Wire B, Wire C), all of them featuring polyester/polyester-imide basecoat
and a polyamide-imide overcoat, grade 2 insulation and a diameter of 0.56
mm. The impregnated version of the samples was manufactured with dip
and bake technology using a resin suspected of having problems at high
temperatures. The resin is undisclosed due to confidentiality agreement.

A fourth enameled wire (Wire D) and its impregnated version were
used for comparative tests. Wire D is a grade 2, 0.63 mm diameter with
polyester /polyester-imide basecoat and a polyamide-imide overcoat. It
was impregnated using a different resin based on polyester-imide.
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Figure 5.13: Weibull chart of the PDIV for impregnated wire with undisclosed
resin suspected to have problems at high temperature, and correspondent not
impregnated wires. Measurements at room temperature and 155°C.

All the materials are suitable for class 200 insulation systems.

Test of PDIV and PDEV were carried out on ten samples of the Wires A,
B and C at room temperature (RT) and high temperature (155°C). Measure-
ments were performed at 50 Hz with an AC sinusoidal source (Sec. 3.2.6) and
conventional PD detection system (Sec. 3.2.7).

Whatever the wire among A, B, C the impregnation resin helped improve
the PDIV and the PDEV at RT, as it can be observed in the Weibull charts
of Fig. 5.13 and in Fig. 5.14. The results show that the PDIV of impregnated
wires (circular markers) are substantially larger than the ones measured on
conventional non-impregnated wires (diamond markers). However, the better
performance is not consistent, with some samples having PDIV and PDEV
1.7 times the base value and others only of some percent points, indicating
a large variance of the results. Furthermore, for the impregnated samples a
regression line does not fit properly the Weibull distribution. In sight of this,
the minimum value recorded for a group of 6 to 10 samples is often a better
indicator, being around the value of the 10th percentile of the distribution.
This might be the best option for evaluating the performance of the resins
and summarizing the results found.

The Weibull distribution not being able to properly model the PDIV data
of the impregnated wires indicates the in-homogeneity of the sample manufac-
turing, that causes the formation of two macro categories of specimens, better
and worse impregnated TPs with different PDIV distributions. Impregnation
in TPs is a process where the thickness of the resin layer covering the sample
is not easily controlled, contrary to the deposition of enamel on the magnet
wire. This may explain the bimodality of the collected distribution.

When the same samples are tested at elevated temperature (155°C), the
non-impregnated TPs perform better than the impregnated ones. Impreg-
nated samples not only have a mean drop in the PDIV larger than the non-
impregnated, but the drop is so large that the actual PDIV is sometimes lower
than the non-impregnated sample. Tests at RT were repeated after the ones at
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Figure 5.14: PDIV and PDEV of the three wires impregnated with a resin
suspected to have problems in temperature, impregnated and not, at room
and high temperature.

high temperatures, obtaining the same results as before. Thus, it was assured
that the chemical structure of the resin did not suffer a permanent change.

As comparative, 6 samples of the Wire D were tested for the PDIV at
RT and 140°C. The results are reported in Fig. 5.15. A comparison of the
trends under temperature of this resin with the previous one highlights that
the resin used for D is better: when the temperature grows the impregnated
samples still outperform the non-impregnated ones. However, the PDIV drop
in percentage remains larger.

Wire D, Weibull Plot
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Figure 5.15: Weibull chart of the PDIV for a wire non-impregnated and im-
pregnated with a non problematic resin. Measurements at room temperature
and 140°C.
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5.1.4 PDIV and Dielectric Parameters Correlation

Manufacturers of electric motors need guidance in the selection of the im-
pregnation resin that guarantees a PDIV high enough for their application.
Comparison of different resins is a steppingstone in the design of machine insu-
lation and critical behaviors already observed for some resins must be avoided.
Also, combination of enamels with nano-additives and resins could lead to un-
foreseen effects. This section explores the results of combining three enamels
and resins and endeavors to evaluate (a) possible effects of nano-filled wires
and resins combinations and (b) the impact of the dielectric permittivity of
such resins on the PDIV of impregnated samples. Particular attention is paid
to PDIV when the operational temperature rises and exceeds the glass transi-
tion temperature (Ty) of resin. Dielectric spectroscopy measurements, PDIV
measurements, and FEM simulations have been performed in this attempt.

Samples

Three different enameled wires with the same diameter were impregnated
each with three different resins. The wires, featuring grade 1 insulation
and a diameter of 1 mm were manufactured twisting the wire 10 times ac-
cording to [91]. All of them have thermal index of 200°C and an estimated
T, above 240°C. The wires have been name coded as:

STD Enameled wire featuring a polyamide-imide overcoat.
CR1 Nano-filled version of STD.
CR2 Alternative nano-filled version of STD.

The dip and bake technology was used for the impregnation of the sam-
ples. The three resins used have been name coded as:

UP Single component unsaturated polyester-imide resin, volatile or-
ganic compounds free. Thermal index of 200°C. The resin has a
viscosity in the range 900-1500 mPa * s and estimated glass transi-
tion temperature below 110°C.

EP Single component modified epoxy resin, with thermal index 180°C.
The resin has a viscosity in the range 2500-3500 mPa * s and esti-
mated glass transition temperature around 120°C.

HD Single component epoxy resin, with thermal index 180°C. The resin
has an estimated glass transition temperature around 90°C. The
resin has a viscosity in the range 1300 mPa * s
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Figure 5.16: PDIV results in boxplots for non-impregnated wires (gray) and
impregnated (colored) with three enamels for each resin at different temper-
ature (25°C, 120°C and 200°C).

The resins have an estimated coefficient of linear thermal expansion of
70x107% K~! below the glass transition temperature and 180x1076 K1
above it.

Flat samples of each resin were obtained from a 1 mm thick slab, to
be used for dielectric spectroscopy measurements.

PDIV measurements were performed at room temperature with controlled
humidity (25°C, 40% RH) inside a climatic chamber and at high temperature
(120°C in climatic chamber and 200°C in oven) without a humidity control.
A conventional PD detection method (section 3.2.7) and AC sinusoidal source
(section 3.2.6) were employed, carrying out the test as described in Sec. 3.2.2.

The results from Fig. 5.16 show that for any temperature the PDIV of
impregnated samples is always higher than the corresponding PDIV of non-
impregnated sample. The combination of different resins with enamels featur-
ing different CR technologies did not raised any issue, as no critical behaviors
were recorded, even above the thermal index of some of the materials. More
so, from the cross analysis between all the resins it appears a clear hierarchy of
them, that is independent from the testing temperature. EP performs better
than the UP, while HD is the worse performing one.

The difference of PDIV recorded for re-tests carried out on samples in the
same conditions and of the same typology (e.g. test on non-impregnated TP)
raised some doubt on the descriptive potential of the results. This is thought to
be caused by an uncontrolled hidden parameter, possibly the moisture content
in the air. The moisture could impact the results affecting the avalanche
formation in the discharge mechanism or by changing the surface conduction
of the solid dielectric and its permittivity, as different resins have different
hygroscopicity characteristics. Pre-treatments in a vacuum oven (6 h at 50°C
and low pressure) or in ventilated oven (2 h at 150°C) have been attempted
to single out the phenomena in play, without success. Also, due to samples
fragility, manipulation and re-test may play a role in the PDIV variations.

The general hierarchy of the resin highlighted is unlikely affected by the
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limitations drawn, while a finer comparison becomes problematic. Given so,
another set of less secure observation may be traced. In absolute values, both
the samples having CR enamels seems to perform slightly better than the
STD, having slightly higher inception voltages for both impregnated and not
samples. Normalizing the results to the values at 25°C enables to observe
that across all the resins, the PDIV drop in percentage at 200°C seems larger
for the CR2 wires (range from -27% to -36%) compared to CR1 (range from
-8% to -28%) and STD (range from -5% to -26%). At 120°C the drop is more
homogeneous for all the wires typologies (from no reduction to around -20%).
The outcome is difficult to interpret, especially in sight of the uncertainty of
the results.

Overall, larger drops of PDIV have been recorded for the impregnated
samples than for the non-impregnated ones as temperature increased. The
reduction of PDIV at high temperatures can be explained by two phenomena
(a) the reduction of the air density and (b) the modification of the electric
field distribution in the air gap surrounding the insulation [64][121]. Consider-
ing (a), increasing the temperature at constant pressure reduces the number
density of the gas, leading to larger mean free paths for collisions between
free electrons and gas neutral molecules. Electrons can thus be accelerated
over longer distances and gain more energy. As a result, for the same volt-
age, the number of ionization events per unit length increases. Alternatively,
lower voltages are required to incept PD. The modification of the electric field
distribution, (b), can be caused by the variation of the real part of the permit-
tivity and/or the thermal expansion of the solid insulation. Due to the large
range of possible values for both the permittivity and the thermal expansion
coefficient, the variation of the field distribution may have different intensi-
ties: from negligible effects to major alterations of the field, possibly altering
the site of the discharge events. Preliminary tests have been carried out at
reduced pressure, to achieve an air density equal to the one at higher temper-
atures. This ensues that the pure density-reduction effect can be evaluated
and then compared to the combined one appearing when the temperature is
increased. The examination has been performed at 120°C and 750 mbar that
is the equivalent pressure, calculated keeping constant the p/T ratio. For un-
impregnated TPs, PDIV did not differ significantly. For impregnated samples,
with any of the resin under evaluation, the PDIV drop at the equivalent pres-
sure was milder than the one at 120°C, indicating that the processes of (b)
are very likely adding up and further reducing the measured values. Hence,
the non-impregnated sample PDIV decrease may be attributed entirely to the
air density reduction, as the permittivity of the enamel hardly changes in the
temperature range (Tg>240°C) and thermal expansion of the enamel may be
considered negligible (0.3%, with an estimated enamel thickness variation of
0.1 um). For impregnated twisted pair, the analysis is more difficult.

Figure 5.17 reports the real and imaginary parts of the resins permittivity
at different temperatures, from dielectric spectroscopy results. Due to the
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Frequency (Hz)

(a) UP resin (b) EP resin (c) HD resin

Figure 5.17: Dielectric spectroscopy results for the permittivity (real and
imaginary part) of 1 mm thick resin sample.

considerable sample thickness, a voltage of 100 Vrms was applied to the 10
mm diameter circular sample to increase the dielectric analyzer sensitivity (as
described in section 3.3.2). At room temperature the relative permittivity of
the three resins is quite stable in frequency, with values of 3.7 for UP, 3.8
for EP and 4.5 for HD. As the temperature approaches the glass transition
temperature of each of the resins a rapid increase of the permittivity is noticed.
This change occurs more gently for the polyester resin (UP), starting at 100°C.
The change occurs strongly for the epoxy resins, between 60°C and 80°C
for HD and between 100°C and 120°C for EP. The temperatures values at
which the transition occurs are coherently with the estimated T, from the
manufacturer. Some doubts remain on the measurement procedure above the
T,, since the sample softens, and its thickness can be reduced due to the
mechanical actions of the electrodes. Indeed some of the extreme permittivity
values reached seem unrealistic.

Nonetheless, similar PDIV and permittivity trends have been found by
other authors [122], confirming that the observations are not limited to ma-
terials here under exam.

Figure 5.18 reports the sample capacitance and dissipation factor for twisted
pairs manufactured out of CR1 wire (impregnated and not). The samples were
connected to the dielectric analyzer (measured as described in section 3.3.2)
to measure the capacitance between the two twisted wires, applying a 3V
rms voltage waveform. The measurement was performed inside an oven and
the dielectric parameters were recorded after 30 minutes from temperature
stabilization. For the non-impregnated ones, it can be observed that the ca-
pacitance is scarcely influenced by the temperature. Contrarily, for all the
impregnated samples important changes in the capacitance are detectable, es-
pecially above the T, of the resin. For all the materials the trends are like
the ones observed for the permittivity, as the dielectric response is apparently
dominated by that of the resin. Even if doubts may be raised on the ex-
act value of the permittivity of the resins due to the mentioned spectroscopy
measurement limitations, the high correlation between capacitance and per-
mittivity values visible in Fig. 5.19 demonstrates that the values recorded on
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flat samples are not far from the real ones, at least for the grid frequency and
that the capacitance change is almost fully attributable to the variation of
resin permittivity (even if expansion phenomena are likely happening).

So, considering the thermal expansion coefficients provided by the manu-
facturer, the resin should thermally expand up to 3% when the temperature
reaches 200°C. The conductors’ thermal expansion is an order of magnitude
smaller (0.3-0.4%). Considering a 1 mm diameter wire and hypothesizing a
resin thickness of 40 pm, the resin layer thickness increases to 42 um and
the copper diameter to 1.004 mm. Using a 2-dimensional FEM model of the
twisted pair, if the only change associated with temperature is the material
expansion, hence keeping both the relative permittivity of the enamel and the
resin equal to 4 the estimated increase of the capacitance is negligible (<1pF).
Expansion is negligible for the capacitance variation.

In an attempt to correlate the PDIV results with the permittivity of the
resin, PDIV tests have been performed following dielectric spectroscopy tests
on a single specimen for each resin. The results are reported in Fig. 5.20.
The graph clearly shows that is not possible to find a single regression line
across all resins and for temperatures above and below the T,. Anyway, the
thickness of each resin is unknown and is very likely the factor that clusters
the results of different resins in different regions. The previously mentioned
resin hierarchy, here observable again, is very likely caused by the thickness
of material deposited in the impregnation phase. This is partially coherent
with their reported viscosity, having the EP as the most viscous and as con-
sequence the one where the material deposited is thicker. Furthermore, if the
temperatures above and below the T, are treated separately, two different
regression lines might be traced. Indeed, above the T, as the capacitance of
the sample varies largely the PDIV keeps varying with a slower ratio. This
is clearer for the epoxy resins, that present a bigger variation of permittivity
values. Overall, the investigation shown that resin thickness is the major con-
tributor to the PDIV and that variation of the permittivity appears to modify
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Figure 5.22: 2D model of a twisted pair section. Difference of the electric field
distribution when the resin permittivity is increased from 3 to 50 (thickness
of resin layer 30 pm, enamel permittivity 4). The critical line of the discharge
(solid line) moves to the left (dashed line).

the results only marginally.

Finally, a modeling of PDIV trend as function of temperature was at-
tempted. Using a simple air density proportional model PDIV (T') = PDIV (Tj)x
To/T, the predicted reductions are 24% at and 37%, greatly overestimating
the measured ones (for a non impregnated samples are 10% at 120°C and
14% at 200°C). Prediction using a more sophisticated tool based on the Schu-
mann criterion (K=6) and using ionization swarm parameters derived using
Bolsig+ was applied, its description is in Sec. 3.4. Eventually this approach
led to inconclusive results for impregnated samples, as too many parameters
including the thickness of the resin were unknown. Nonetheless, the model
was employed to carry out a sensitivity analysis to the thickness and per-
mittivity, to better understand the impact of both parameters. Results are
in Fig. 5.21, obtained considering a constant air density (1 bar and 25°C).
The results reinforce the idea that the resin thickness is the most impactful
parameter in determining the inception voltage. In Fig. 5.22 can be observed
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Figure 5.23: Sample holders, for aging samples of the Litz wires avoid me-
chanical stresses.

how the substantial change of the resin permittivity mostly varies the field
inside the solid enamel insulation and marginally the one in the air. During
the attempt it was highlighted the extreme importance of the geometry of the
point in the wires’ contact proximity. From the figure is evident the limitation
of the design of the region where the wires contact, here modeled with a cusp.
Some experiments have been carried out rounding the cusp, but ultimately
this does not impact the inception voltage, unless the curvature starts to cover
the area where the critical discharge lines appear. Geometrical variations in
the area, possibly coming from thermal expansion, could alter significantly
the PDIV.

In summary, the results achieved through a combination of PDIV tests,
dielectric spectroscopy tests and FEM-simulation appear to indicate that resin
design should aim at maximizing its coating effectiveness by controlling the
viscosity, adhesion, and thermal expansion coefficient.

5.1.5 Converter Stresses on Thermally Aged Samples

In a previous section (Sec. 5.1.1) it has been shown that different features of
the voltage waveform cause different values of PDIV. It is not clear if when
aging start to degrade the insulation the effects recorded get exacerbated,
mitigated or remain in place with the same magnitude. Especially, the impact
of very fast transients on impregnated samples could vary as function of time
under thermal stress.

Impact of Waveshape on Enameled Aged Samples

The first step in understanding the combined impact of converter waveshapes
and aging is to the study of the trend of PDIV for enameled only sample, the
simplest model of the turn-turn insulation. For this reason, specimens were
fed with different voltage waveforms.

Samples
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Figure 5.24: PDIV results for the Litz wires in boxplot as the aging progressed,
for three different testing waveforms.

Samples of twisted litz wires, identical to the one produced in section 4.2,
were arranged on holders for being aged. Five holders, ten samples per
holder, were realized to be isothermally aged in a ventilated oven at +30°C
of their thermal index (220°C). Each was aged for a different time. The
longest aging time was 56 days corresponding to around 1350 h. Half of
the specimens in each holder was tested under AC voltages first and then
all the specimens were tested under SiC converter produced waveforms.

The samples were subjected to AC 50Hz sinusoidal voltage and SiC-converter
produced waveforms. The two converter weaveforms used had a 50 kHz of
switching frequency and no overshoot, with rise times of 200 ns and 100 ns for
a 2-level and 3-level one respectively. The three level waveform had a pulse
width of 1.5us.

The results, illustrated in Fig. 5.24 show a steady decline of the PDIV, sim-
ilar for all the waveforms under exam. The PDIV decline remains contained
under the 10% even for the longest aging time. Comparison of the PDIV of
samples for the different waveforms shows that no particular variation takes
place across the three voltage waveforms.

Impact of Waveshape on Impregnated Aged Samples

It has been shown that a well-designed resin can help increasing the PDIV.
Yet, the evolution of the electrical withstand properties under converter volt-
ages as the resin-enamel insulation materials degrade due to aging could de-
viate from the trend under industrial AC voltages. Indeed, dielectrics are
dynamic systems and their dielectric permittivity shows a dependence on fre-
quency as polarization contributions cease to occur above some critical fre-
quencies, where the converter voltage could have significant energy.
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Figure 5.25: Sample holders, for aging samples of the impregnated enameled
wires, to avoid mechanical stresses.

Samples

Two TP sets (non-impregnated and impregnated) manufactured using a
grade 2 polyester/polyester-imide basecoat and a polyamide-imide over-
coat wire were realized. The wire featured a diameter of 0.56 mm, so the
specimens were twisted with 12 rotations while applying a load of 7 N;,
in accordance with [91]. The impregnation was performed through dip
and bake process with an unsaturated polyester resin. Each set was aged
up to 56 days (1300 h) in sub cycles of 7 or 14 days at a temperature of
230°C (430°C than the thermal index of the materials), as suggested by
92].
Two main aging cycles were carried out:

e On single TPs not held by any structure, both impregnated and
not-impregnated versions, 10 samples each, subjected to consecutive
thermal aging and diagnostic cycles. The same samples underwent
the tests with different voltage source at all the aging times, up to
56 days of aging.

e On impregnated TPs, hold in a structure (Fig. 5.25) to limit the
mechanical stress. Four holders with 14 TPs each were manufac-
tured, seven to be tested for each voltage source. Three holders
underwent 10, 20 and 30 days of thermal aging respectively and the
fourth was kept unaged. After the aging the diagnostic cycle was
performed. No sample has been tested more than once, thus exclud-
ing the possibility of PDIV drops caused by damage of previous PD
activity.

In the diagnostic cycle, PDIV on the same samples was tested under AC
sinusoidal voltage with conventional PD detection (Sec. 3.2.7) and under
converter-generated bipolar square voltage waveform (Sec. 3.2.6) at a fre-
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Figure 5.26: PDIV results for the non-impregnated and impregnated TP in
boxplots as the aging progressed, in AC and under SiC-converter waveform.
Results are reported scaled to the values of non-impregnated un-aged AC
samples. The number of cumulative fails is reported below each graph.

(a) Cracking of aged sample, embrit-  (b) Burnt region after short circuit
tled by the aging. due to PD erosion.

Figure 5.27: Pictures of failures of impregnated twisted pairs.

quency of 10kHz and rise time of 8 ns.

The results collected for the PDIV have been illustrated with boxplots in
Fig. 5.26, with all the values scaled to « of the Weibull distribution for the
un-aged non-impregnated set. The figure also provides the cumulative number
of samples failed. Indeed, it was not possible to continue the tests after 42
aging days for the impregnated samples due to their failure. After only 7 aging
days, insulation adhesion problems and embrittlement were already observed.
Figure 5.27a is an example of that, the enamel is missing at the terminal parts
of a twisted pair. The sample was not subjected to any specific mechanical
test but just handled to connect it to the test fixture for PDIV measurements.
A moderate mechanical stress was enough to crack the insulation and expose
the copper, indicating the extreme brittleness.

For non-impregnated TPs the PDIV (peak voltage) values under SiC volt-
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Figure 5.28: PDIV trend in boxplots as aging progresses for impregnated
samples fed by AC and SiC-converter waveforms.

age are greater than the ones in AC, for any aging time, result coherent with
previous studies and is related to the large overshoot of the SiC impulse volt-
age (Sec. 5.1.1). Contrarily, impregnated TPs perform better under converter
voltages only when they are pristine. As aging progresses, the PDIV obtained
using the SiC converter becomes lower than the one using AC voltage wave-
forms.

To exclude the impact of handling and the impact of damage from previous
PD activity, the investigation was carried out on a second set of impregnated
wires. The same frequency of 10 kHz and rise time of 8 ns were employed.
Ambient conditions inside the test cell were monitored and kept controlled to
minimize the impact of ambient conditions on the PDIV. Temperature and
relative humidity were set to 25°C and 40% with an accuracy of 1°C and 5%
respectively.

Figure 5.28a illustrates the PDIV drop under the two stressing voltages.
It should be highlighted that at 30 days of aging the distributions of PDIV
for sinusoidal and converter waveform starts to overlap, whilst this does not
happen earlier. The results have been normalized to the mean of the unaged
samples, in Fig. 5.28b, in the effort of highlighting the sole effect of the
aging. So, while it is difficult to highlight a precise trend of the decline for the
mean value, the decline of the minimum value recorded for each distribution
is clearer. Because the weakest link of the chain determines the reliability
of the whole system in insulation systems, a selected percentile in tail of the
distribution should be used for comparisons.

Let us define with the term high frequency the region of the spectrum above
50 Hz where the spectral energy of the converter voltage waveform is non-
negligible. With thermal aging, de-polymerization and oxidation phenomena
might vary the resin real permittivity so that it is larger at high frequencies
compared to 50 Hz. Therefore, for SiC voltage waveforms, the permittivity
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Figure 5.29: IR imaging of TP fed with 100 kHz converter waveforms.

mismatch between air and solid would be larger, leading to comparatively
higher electric field in the air. This would eventually lower the PDIV, as
lower voltages are needed to produce the same electric field in the air and
explain the difference recorded. Other possibilities such as the change of
the sample geometry (chance caused by a shrinking of the insulation) or the
increase hygroscopicity of the resin would likely affect the PDIV in the same
manner for the two waveform types and do not set up a valid description
[121][123]. Factors like the sample mechanical fragility, relative humidity and
impact of previous discharge activities have been limited by the latter test
design. Indeed, this test with specimens supported in a frame shows lower
PDIV drop for both AC and square waveform.

Alternatively, an increase of the resin imaginary permittivity in the high
frequency region could increase the temperature of the sample and reduce the
PDIV by temperature effect. This was investigated indirectly with IR camera
acquisitions. Samples were subjected to voltages lower than PDIV and the
surface temperature recorded, measurements were repeated for three speci-
mens. The temperature of non-impregnated TPs subjected to 100 kHz square
waveform did not rise above the ambient temperature. On the contrary, the
temperature of impregnated TPs increased 4°C above the room temperature
(stressed at 540 Vpe) and 9°C (stressed at 825 V), independently from the
aging time. Acquisitions are reported in Fig. 5.29. Since doubts existed on
the reflectivity of the resin in the IR range, acquisitions were repeated for a
lower switching frequency (10 kHz). In these latter tests, none of the samples
displayed a significant temperature increase. Thus, a convincing explanation
is that the heat is generated by the dielectric losses, that at a given frequency
they can be estimated per unit volume as:

p=2nfE*"(f) (5.1)

The phenomenon was found to be observable even for pristine samples, so
contributing from the start to the reduction of the PDIV and in a wider view
the aging and lifetime of the machine.

Samples of the un-aged and aged resin have undergone preliminary Fourier
Transformer Infrared Analysis (FTIR) tests, to roughly estimate the chemical
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Figure 5.30: FTIR of unaged and aged samples or resin.

changes of the resin, Fig. 5.30. The acquisitions hints the formation mainly
of anhydrides (peak at 1752 cm™!) and carboxylic acids (peak at 2971 cm™1)
other than an increased moisture absorption (large band at 2300-3700 cm™!)
According to literature, the formation of anhydrides comes from the oxidation
of methylene in the a-position of ester groups, most likely due to a radical
attack of the C-H bonds [124]. Radicals at high temperatures like the one
of the accelerated thermal aging (230°C) originate from the thermolysis of
the polymer backbone, while at lower temperatures much more similar to
the operating ones (150°C), the thermal degradation of hydroperoxides is the
radical source [125]. Unfortunately, the analysis does not provide enough
information to complement the treatment of the mechanisms discussed.

As a side note, in all the charts of the impregnated samples can be observed
that the results are quite dispersed, especially if compared to what is usually
found in non-impregnated samples. As mentioned earlier the impregnation in
TPs is a process where the thickness of the resin layer covering the sample
is not easily controlled. Manufacturing technique and viscosity of the resin
impact the process. Unfortunately, this factor partially hinders the trend
analysis.

Combined Impact of Aging and Pressure Reduction

The same kind of twisted pair wires were impregnated with a different polyester-
imide resin (Voltatex 4201) and were tested at reduced 100 mbar pressure and
compared to the values at standard atmospheric pressure (1000 mbar), under
the same test conditions as before. The results, shown in Fig. 5.31 are this
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Figure 5.31: Twisted pairs PDIV drop as function of aging, reported for at-
mospheric and reduced pressure (100 mbar).

time illustrated using both Vi and Vpc for the SiC-converter voltage. The
results at atmospheric pressure reaffirm what has already been mentioned.
But comparing the data with those obtained at reduced pressure shows that
the percentage reductions in PDIV due to aging at low pressure are smaller.
While at high pressure the PDIV drops over 20% at 1000 mbar, the drop is
10% under AC and 15% under converter at 100 mbar. This can also be evi-
denced by the ratio of the two PDIVs, shown in the graph below of Fig.5.31,
that increases as the samples age. An explanation of the phenomenon will be
given in Sec. 6.2, complement with other results.

5.1.6 Summary
Key Findings

o 3-level waveforms with short-width pulses (<2.5 us) shown PDIV
up to 7% higher than longer width ones.

o PDIV (in peak) under converter generated waveform has been
recorded to be always higher than under industrial 50 Hz voltages
(even up to 30%).

« In presence of artificially generated electrons (by UV-irradiation)
the PDIV differences for short-width pulses has been canceled. The
same did not happen for high-overshoot waveforms.

o The existence of resins causing PDIV lower than un-impregnated
samples at operating temperature has been recorded.

o Combination of PDIV tests, dielectric spectroscopy tests and FEM-
simulation appear to indicate that coating effectiveness is the most
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important parameter for PDIV maximization.

o PDIV tests at temperatures higher than the glass transition tem-
perature of resins (where permittivity greatly increased) did not
reveal enhanced PDIV drop.

o Impregnated T-T models (but not enameled-only ones), showed
accelerated PDIV drop if measured under SiC-waveforms (-24% vs
-16% after 700 h at +30°C of thermal index). Nonetheless they did
not drop below the values measured in AC.

« Significant dielectric losses were recorded only for impregnated T-T
samples under square waveforms (+9°C on the surface at 100 kHz,
no increase at 10 kHz).

o PDIV drops after aging were lower when measured at 100 mbar
(-10% compared to -20% after 1300 h at +30°C of thermal index).

5.2 Complete Insulation Models

The action of the various stresses that contribute to the deterioration of a
stator windings is certainly not new, as extensive literature exist on the aging
processes. However, in the new context brought by WBG converters, parts
previously subjected to only moderate stresses now have to withstand signifi-
cant electric fields. On these portions of the insulation, the effect of converter
electrical stresses material on degraded materials is unclear. In addition, the
established accelerated aging test processes need to be supplemented with
stresses representative of operating conditions for the automotive and espe-
cially MEA sectors to properly model the useful life of the materials. An
analysis of the PDIV behavior under (a) WBG-converter waveforms and (b)
degradation cycles typical of transportation sector on models of machine in-
sulation would be essential to understand the peculiar critical issues.

The study permits to understand what knowledge gained in the study of
T-T systems is transferable to P-P and P-G systems.

Motor insulation models (motorettes) complete of all the insulation mate-
rials and representative of the geometry of the stator, were employed in the
attempt to study both the converter impact and MEA characteristic aging
on the P-P and P-G. These models are representative not only of turn-turn
isolation but also of phase-to-phase and phase-to-ground isolation.

Samples

Motorettes with two coils have been manufactured. Their insulation sys-
tem, in thermal class 200°C is composed of:
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AC 50 Hz Converter 300Hz
3 BIO a B BIO

VM 6 v M 6 M
P-G 1779 18 1576 2340 9 1848
P-P 1264 13 1065 1794 24 1642

Subsystem

Table 5.1: Weibull fitting parameter for the PDIV results of motorettes under
AC and converter stresses.

Rounded wires enamel: grade 2 insulation on a 0.56 mm of diame-
ter. The insulation is composed of a basecoat in THEIC-modified
polyester or polyesterimide and overcoat of polyamide-imide.

Slot insulation and phase insulation in the slotted region: NKN,
Nomex-Kapton-Nomex with thickness of 250 pum

Phase insulation in the end-winding: Nomex 110 pm

Impregnating resin: Voltatex 4201 polyester-imide, monocompo-
nent

Bandaging: Nomex AA 52083-C-A

In an attempt to better understand the PDIV mechanisms for the P-P
and P-G systems, also un-impregnated slot mockups have been manufactured.
Their inception voltage has been measured and the tool of Sec. 3.4 has been
used to analyze the inception values.

5.2.1

Converter Waveforms Impact

An analysis of the motorette PDIV behavior under converter waveforms is
essential to understand the critical issues peculiar to subsystems containing
layers and liners and to understand if the knowledge gained in the study of
turn-turn systems is transferable to phase-phase and phase-ground ones.

Samples

The motorettes described in the chapter introduction have been used.
Testing of the P-G was achieved connecting both coils to the high voltage
with the frame grounded. Testing of the P-P was achieved connecting to
the high voltage to the top coil and the ground to the bottom one, while
the frame was insulated from the ground.

The test were carried out with a full-bridge Belke source (Sec. 3.2.6),
with a rise time of 100 ns, overshoot factor of 16% and switching frequency
of 300 Hz, the waveform is visible in Fig. 5.32. Five samples were tested
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Figure 5.32: Bipolar 2-level waveform with 100 ns of rise time and 300 Hz of
switching frequency used for the PDIV tests of motorettes.
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Figure 5.33: PDIV of P-P and P-G insulation subsystem for motorettes
stressed in AC and under 2-level bipolar converter voltages.
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per condition following the procedure of section 3.2.2.The PD were signal was
detected with an HFCT and probed to an oscilloscope. High pass filtering was
used to eliminate the converter noise. Optical detection was also attempted,
using the same PMT described in Sec. 3.2.4. The results are reported in Fig.
5.33 and Tab. 5.1.

Again, the PDIVx under converter waveform is higher than for AC wave-
forms. If instead the DC bus of the converter is taken into account similar
values are obtained for AC and converter voltages for the P-G. Of all the
measurements, only one sample out of five for the P-G and two out of five for
the P-P were detectable optically, as discharges here can happen inside the
slot, out of the photo-multiplier line of sight.

Despite fewer experimental activities carried out on P-P and P-G models,
it appears that similar conclusions to those obtained for T-T models can be
derived. The phenomena identified as responsible for the increase in PDIV in
the T-T (i.e. statistical lag of first electron and field reduction from dielectric
relaxation) continue to have a physical role in this context as well. One
difference lies in the fact that in P-P and P-G pulse widths hardly are expected
to go below few microseconds, as that would mean that the corresponding
switching frequencies are approaching the megahertz. On the other hand,
overshoots are ever-present and the possible effect of electron absence and
air field reduction seem enough to explain the results obtained also in this
context.

5.2.2 Phase-Phase and Phase-Ground Inception Pre-
diction

In an attempt to better understand the PDIV for the P-P and P-G systems,
un-impregnated slot models have been manufactured. Their inception voltage
has been measured and the tool of Sec. 3.4 has been used to analyze the
inception values.

Samples

Two types of samples were designed, observable in Fig. 5.34, for modeling
the phase-to-ground and the and phase-to-phase insulation respectively.
Different insulation layers have been used for manufacturing the samples.

o P-G models Metal frame and polyamide enameled wire separated
by an insulation layer. The wire used features a grade 2 insulation
and 0.63 mm outer diameter.

o P-P models A PVC frame hosted two coils of polyamide enameled
wire separated by an insulation layer. The wire used features a
grade 2 insulation and 0.63 mm outer diameter.
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Figure 5.34: Un-impregnated motorette samples and their connection
schemes.

Four types of insulation layers were used in the tests: Kapton polyimide
film with a thickness of 50 um, Nomex insulation paper with a thickness
of 80 pum, and two Nomex-Mylar-Nomex (NMN) insulation paper with
thicknesses of 190 pm and 240 pm.

The coils were manually wounded in the slot mockup. To ensure a
tight contact between the wires and the insulation layers and between the
insulation layers and the slot mockup, each set of magnet wires was wound
at least 40 times in the phase-to-ground model and at least 20 times in
the phase-to-phase model. Insulation strips (PVC at room temperature,
and insulation papers with a thickness of 1100 pm at high temperature)
were used to compress the coils between them or against the slot mockup.

Their simulation models are in Sec. 3.4.2.

PDIV tests were carried out at room temperature, with relative humidity
ranging between 35% and 40%. Test were carried out also at 180°C for the
P-G models only. Three samples were tested in each condition, according
to Sec. 3.2.2 using the sinusoidal source of Sec. 3.2.6 and conventional PD
detection (Sec. 3.2.7). The connection scheme can be observed in Fig. 5.34,
and the results in Tab. 5.2.

Fitting the distribution for a set of only 3 experimental values would not
be statistically accurate, so the lowest recorded value was chosen to represent
each of the conditions. This choice is also in line with the selection of the
lowest percentiles to summarize the properties of insulation, as the reliability
of the insulation chain depend on the one of the weakest point. For each
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PDIV, (V)
S1 S2  S3

Kapton Film (50 pm) 25 1175 1200 1175
Nomex paper (80 um) 25 1275 1275 1275

Types Insulation Layer T (°C)

Pto-P g paper (190 pm) 25 1700 1700 1700
NMN paper (240 pm) 25 1950 1925 1925
Kapton Film (50 pm) 23 950 925 950
Nomex paper (80 pm) 23 1000 975 975
Poto.Cl NMN paper (190 pm 23 1350 1375 1350

)
NMN paper (240 pm) 23 1525 1450 1450
Kapton Film (50 pm) 180 800 775 775
Nomex paper (80 um) 180 800 800 800
NMN paper (190 pm) 180 925 925 925
NMN paper (240 pm) 180 1150 1150 1125

Table 5.2: PDIV experimental results for P-G and P-P models, in AC for

various insulation film typologies and thicknesses.
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Figure 5.35: Correlation between the PDIV and average field in the insulation,
as function of the total insulation thickness.
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Figure 5.36: Constant K value along the field lines, at PDIV.

experimental condition the total insulation thickness D; (sum of wires and
layers insulation) and the average field

E., = PDIV,,/D, (5.2)

were calculated, to obtain a series of fitting curves, in Fig. 5.35. The average
field E,, and total insulation thickness relationship appears to be non-linear.
Otherwise, the PDIV seems to be linear function of the thickness. The curves
show that a direct prediction of PDIV starting from the only insulation thick-
ness could be possible. Although, these curves can be used only to some
extent as criteria for insulation design, having a significant deficiency in their
applicability for different materials, sizes and especially geometries. Indeed,
they don’t share the same slope coefficient.

It has been thought to improve the prediction using a tool based on Schu-
mann criterion, described in Sec. 3.4. Previous studies showed that prediction
of twisted pairs PDIV with a vast range in insulation thickness and wire di-
ameter was possible through the Schumann criterion, relying on a single value
for Schumann constant (K = 6) [64][82].

A calculation of the constant K of the phase-to-ground and phase-to-
phase insulation models was performed for the room temperature values, us-
ing the procedure described in Sec. 3.4.2. Values obtained from dielectric
spectroscopy tests have been used for the permittivity values used in the sim-
ulation.

Starting from the PDIV, the field distribution was calculated a value K has
been found for any of the field lines, like Fig. 5.36 represents. The maximum
of those values is the one that produces the highest number of critical carriers,
hence the candidate for the PD inception.

The values obtained are in Tab. 5.3. Figure 5.4 illustrate those values as
function of the total insulation thickness. The constants K of insulation mod-
els made of insulation papers (Nomex papers and NMN papers) is relatively
stable, and in average 3.58 for the P-G and 4.76 for the P-P, across the ma-
terials and the thicknesses. The values for Kapton films are much larger than
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Types Insulation Layer Dt (um) K

Kapton Film (50 pm) 110 8.65
Nomex paper (80 pm) 140 4.91

PAo-P NMN paper (190 pm) 250 4.67
NMN paper (240 pm) 300 4.69
Kapton Film (50 pm) 80 7.79
Pto.C Nomex paper (80 pm) 110 3.54

NMN paper (190 pm) 220 3.51
NMN paper (240 pm) 270 3.70

Table 5.3: Constants K of different models at room temperature, obtained
starting from PDIV experimental data.

9 o -O;' . O Phase-to-phase

8.t P O Phase-to-ground;
\ _o_ .ﬁg\\\ K=4.76

T - = K=358

6

5 Q C o

4t

M - hiah -

100 150 200 250 300

D, (um)

Table 5.4: Constant K value along the field lines, at PDIV.
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Predicted Measured

Insulation Layer Dt PDIV,,, PDIV,,, Error
(nm)  (kV) (kV) ()

Nomex paper (80 pm) 110 0.74 0.80 -7.50
NMN paper (190 pm) 220 0.92 0.925 -0.54
NMN paper (240 pm) 270 1.03 1.125 -8.44

Table 5.5: Prediction of PDIV for the same sample geometries at 180°C.

those of other models. This may be due to the fact that the Kapton film is
thinner and softer, which could lead to the difference between the simulation
model and the actual geometries. Since insulation papers are more often used
in the manufacture of motors, the high values of constants K of insulation
models with Kapton films can be ignored.

The value K = 3.58 has been used to predict the PDIV, for the samples
tested at high temperature, as recorded in Tab. 5.5, with errors inside the
10%. Clearly, this set of measurements is insufficient to evaluate the goodness
of fit, being too small and not differentiated. However, it is the first step on
which a more detailed study can be built.

The analysis performed shows that a simple predictive approach for the
PDIV of P-P and P-G is possible, capable of modeling different insulation
materials and thicknesses with a single value of the Schumann constant. The
method presents some limitation, relying on a model of the geometry that
could be not fully representative of the reality (e.g. for the Kapton films).
Moreover, the wire thickness has been kept constant to exclude a factor from
the analysis. Further tests should be carried out including various enamel
thickness to prove that the calculated K remain constant. Nonetheless, given
the encouraging results, the values presented can be used as first evaluation
tool for the occurrence of discharges in these two types of insulation models
and the described methods used as starting point for a more detailed study.

5.2.3 Thermal Aging Cycles for MEA Application

The goal of the experiments was to understand the PDIV trend for motorette
models undergoing aging cycles, with a particular focus for the MEA condi-
tions.

The procedure mimics a qualification procedure for a single aging tem-
perature under IEC standards ([92] and [39]), with modification relevant for
the MEA sector. To the classical aging technique described in the stan-
dards a special temperature-shock procedure and airliner vibration stresses
were added. The temperature-shock procedure implemented is simulating the
motor startup at high altitude temperatures (-65°C), causing a fast thermo-
mechanical variation. The vibration profile applied to motorettes is the one
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typical of airliner missions. Also, to understand the performance degradation
of the insulation in a more realist scenario the evolution of the PDIV at 100
mbar as aging progressed was monitored.

Samples

The motorettes described in the chapter introduction have been used.
Testing of the P-P was achieved connecting to the high voltage to the
top coil and the ground to the bottom one, while the frame was insulated
from the ground.

Motorettes sets underwent an aging cycle, until failure. The aging cycle
used is divided in two sub-cycles:

1. Aging sub-cycle, subdivided in:

(a) Thermal aging, carried out at 230°C (+30°C of the lowest thermal
index among the materials) in a ventilated oven. The thermal

cycles last 7 or 14 days. Initially, shorter cycles are used to monitor
closely the reduction of PDIV.

(b) Moisture absorption, where motorettes are exposed to 60°C/80%
RH in a climatic chamber for 48 h, similarly to what prescribed by
[92].

(c) Vibration stressing, for duration of 1 hour, with a vibration profile
characteristic of aircraft stress. The motorettes are mounted so
that the motion occurs at right angles to the plane of the coils so
that the coil ends are excited to vibrate as they would under radial
end-winding forces in an actual motor, according to [92]. A modal
shaker is employed to generate the vibration profile.

(d) Thermo-mechanical shock, subjecting the samples to a quick tem-
perature jump of 185°C. Motorettes are positioned in the climatic
chamber at -65°C, a 40 A current is fed for 30 s, until the copper
reaches 120°C.

2. Diagnostic sub-cycle, where diagnostic test are performed. Partial dis-
charge tests were performed raising the voltage up to the PDIV. This
differs from the standard [39], that prescribe a PD proof test rather than
a PDIV test. In the P-P and P-G the PDIV was tested in AC, in the
T-T through a surge generator (Schleich MTC2). Pre-conditioning was
applied to the T-T of the motorettes to stabilize the PDIV/RPDIV [94].
The specific test setup for each subsystem are described in Sec. 3.2.

Two different sets of motorette underwent different versions of the aging cycle:

Set A Underwent the full aging-cycle, but with only a subset of 3 motorettes
undergoing the vibration testing.
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Figure 5.37: T-T PDIV trend as aging progressed. Dramatic drop detected
after only 7 days of aging.

Set B Skipped the moisture absorption, vibration and thermo-mechanical shock,
underwent the thermal aging only. PDIV was also measured at reduced
pressure (100 mbar) in addition to the ambient pressure. Turn-turn
PDIV detection was not possible at reduced pressure for the limitation
of the instrument.

Turn-Turn

PDIV and RPDIV tests were performed at each aging cycle through a Schleich
MTC2-6kV (Sec. 3.2.5). Figure 5.37 shows a sharp decline of the PDIV (for
the motorettes Set A). Very similar results are obtained if the RPDIV is
plotted instead. This decline was not an artifact of testing, as PD could be
heard and often visually observed in the sample end-winding. Despite the
different aging cycles, motorette Set B behaved in a very similar way:.

The drop is incompatible with any operation and could not be explained
solely by effect of thermal aging, as the results of Sec. 5.1.5 are obtained for
the same wire and impregnation resin of the one here analyzed and show a
moderate decrease of PDIV. Pre-conditioning (subjecting the motorettes to
10 pulses at 2.6 kV just before the test) was ruled out, as control specimens
undergoing the test without it did not show any improvement.

It was suspected that the interaction of the thermal degradation by-products
of the different dielectrics composing the insulation system of the motorettes
could lead to accelerated degradation of the wire insulation (enamel and/or
resin) due to chemical incompatibility. To prove that, a thermal cycle (14
days at +30°C of the minimum thermal index among the materials, according
to [92]) and consecutive PDIV tests on twisted pairs were carried out using
sealed tubes (the same kind used for UL testing [126], Fig. 5.38) containing
different materials. Two different tubes were used:

o Tube containing impregnated and non-impregnated twisted pairs with
the liners, bandages and sleeving used to assemble the motorettes.
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Figure 5.38: UL Tube used for the chemical compatibility analysis, with ma-
terials to be tested inside.

Breakdowns (out of 5)

Tube Impr. Non-Impr. Tot:
w/ Materials 3 4 7
w/o Materials 1 0 1

Table 5.6: Failures of TP aged in sealed tubes with or without other materials,
for chemical compatibility analysis.

o Tube containing impregnated and non-impregnated twisted pairs only.

The PDIV of both the impregnated and not-impregnated twisted pairs
from the two tubes were comparable. However, the samples aged in the pres-
ence of liners, sleeving and bandaging reported a staggering breakdown ratio,
as almost every sample short circuited immediately after PD inception. On
the contrary, those aged without other materials did withstand PD activity
without breaking down. A comparative table is Tab 5.6.

This phenomenon was further investigated with optical analysis at the
Scanning Electron Microscope (Sec. 3.3.4). The twisted pairs aged in the
presence of the other dielectrics did present increased degradation (Fig. 5.39)
and cracks (Fig. 5.40).

It is speculated that aromatics solvents (as benzene and toluene) were
released during thermal aging from the sleeving pipes (SIGI - Favier 15C,
silicone-braided fiberglass, class 250°C) used to protect the terminals of the
motorettes. The sleeving was blamed for the damage, as it presented an
acrid smell after thermal aging. Thus, the drop in PDIV and RPDIV could
be ascribed to a chain of events, starting from the release of solvents that
weakened the insulation during the thermal aging, followed by crack formation
due to voltage conditioning and handling of the terminals. This consequently
caused the strong PDIV reduction. The experience shows that it is crucial to
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(a) Without materials. (b) With materials.

Figure 5.39: SEM picture of the surface of impregnated samples aged with or
without other materials.

Figure 5.40: SEM picture of a crack on the surface of an impregnated sample
aged with a chemical incompatible material.
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Figure 5.41: Comparison of PDIV values for the stator and its models (mo-
torettes), before any aging.

screen out those material that are not able to work properly together, possibly
by thermal tests performed in a sealed environment.

Furthermore, the experiments shows that the T-T PDIV of more complex
samples like motorettes do not differ much from the simplest one, like twisted
pairs samples. The PDIV range recorded for the unaged motorettes with the
pulse generator match with the peak-peak value of the PDIV recorded for the
impregnated TPs with the same wire and resin (Sec. 5.1.5).

Phase-Ground and Phase-Phase

The P-P and P-G of the motorettes were tested under AC voltage, in each
diagnostic sub-cycle. A comparison with the values before aging obtained for
the complete stator (featuring an inaccessible star point, so that only P-G can
be tested) shows that the motorettes results tends to be centred around the
value found for the stator, as illustrated in Fig. 5.41. The results obtained
for the motorettes after each aging cycle are summarized in Fig. 5.42a and
Fig. 5.42b, reported as peak of the voltage. For Motorettes A, the tests
were stopped after the coils started to move within the slots, at 84 days of
aging. For Motorettes A, the tests were stopped at 70 days as the P-G of all
motorettes was short circuited.

The P-G PDIV does not exhibit a monotone trend, as after a first decre-
ment starts to increase (both sets, A and B). This phenomenon could be
attributed to a reduction of the permittivity of one of the components of the
P-G subsystem. Since the impregnation resin has been tested with twisted
pairs (Sec. 5.1.5) and did not show the same behavior, the Nomex paper
is the most probable candidate for such variation. On the other hand, P-P
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Figure 5.42: PDIV trends (P-P and P-G) and cumulative sample fails for
motorettes subjected to different aging cycles.
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Figure 5.43: Dielectric spectroscopy of the P-P and P-G subsystems of a
motorette, prior and after aging.
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Figure 5.44: PDIV trends (P-P and P-G) at atmospheric pressure and reduced
pressure (100 mbar) as the aging progresses, and their ratio below.

insulation shows a monotone decline, with a PDIV that is much lower than
P-G. The lower values recorded are not surprising as the thickness of the in-
sulation is much lower compared with the P-G one. Dielectric spectroscopy
tests performed on the entire samples, show that after aging the capacitance
of the motorette decreased, more for the P-G than for the P-P, as illustrated
in Fig. 5.43. Although the change in capacitance reflects both the geometry
and dielectric proprieties variation, this result seems to be in agreement with
the hypothesis that it is the permittivity that changes, especially in light of
the results in section 5.1.4.

Comparing the results obtained for the two motorettes sets, A and B,
shows that the extra conditioning steps (moisture and thermal-shock) did
not impact significantly the PDIV. This result must be taken with care. It
indicates that these stresses do not cause degradation of the insulation in
the short times they are applied at any stage of the model’s life. However,
they have not been applied continuously as aging factors, and it is very likely
that applied continuously they contribute to system degradation or PDIV
reduction. Dedicated tests are needed to demonstrate the magnitude of their
impact.

The cumulative number of short circuits recorded as aging progresses, illus-
trated in Fig. 5.42a and Fig. 5.42b, stands out. The suspicious high number
of failures could be linked to the previously described chemical compatibility
issues. Anyway, it is interesting to observe that tests at reduced pressure
led to a higher failure rate for both insulation sub-systems. Indeed, only
motorette set B underwent tests at both atmosphere and reduced pressure.
This observation is further evidence for the increased danger of low-pressure
discharges.

A comparison of the PDIV results for 100 mbar and 1000 mbar is in Fig.
5.44. The PDIV drop at reduced pressure is about 50%, with the P-P being
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constantly higher (56%) and the P-G starting from a lower value and increase
continuously. The outcome is very interesting for two different reasons. First,

this number is similar to the value measured and modeled for T-T in [64][82].

This indicates that despite the differences in the field distribution for the
geometries of the different subsystem, general rules of technical interest may
be found. Second, what has been reported in section 5.1.5 for twisted pairs
seems to hold also in P-P and P-G insulation systems, where the ratio of the
PDIV at reduced and atmospheric pressure overall appears to increase as the

aging progresses. This peculiar result will be further discussed in Sec. 6.2.1.

5.2.4

Summary

Key Findings

Similarly to T-T models, in P-P and P-G of motorettes the peak
PDIV under converter waveforms was found to be higher than the
value under AC voltages.

A single modeling Schumann coefficient (K) for each P-P and P-G
geometry was found to fit different materials and insulation thick-
nesses, similarly to what done in other studies for T-T models. This
is the first step towards the creation of dedicated PDIV simulation
tools.

Materials incompatibilities caused a dramatic T-T drop and break-
down ratio. The event likely originates from the creation of cracks
from aromatics solvents release.

Extra conditioning steps to simulate aeronautic stresses (moisture,
thermal-shock and plane-vibration profile) did not impact signifi-
cantly the PDIV.

PDIV drops after aging were reduced when measured at 100 mbar
(milder than for T-T models).
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Chapter 6

Insulation Coordination and
Qualification

This chapter discusses from a broader perspective the experimental results
obtained and uses the insights garnered to improve reliability through
insulation coordination and qualification.

Insulation coordination is the practice of designing the various insulation
system components, in a coordinated manner and in relation to the stresses
and the environmental conditions [127] [128][91]. The challenge can be met
with varying degrees of depth, dependent mainly on the degree of the research
maturity.

Ultimately the goal of the insulation specialist would be to design the
system with a statistical /probabilistic approach, where a quantitative evalu-
ation of the failure risk is assessed through the knowledge of the subjected
stresses and the related degradation processes as a function of time. In such
way, the insulation systems of the rotating machines is designed with a given
statistical failure probability (hence also a given reliability), both for the in-
tended life and for a given single mission profile. In the best case scenario
the equipment is designed with predictive maintenance in mind, having its
condition monitored during the operation or at certain check-points by means
of non-destructive diagnostic tests.

Unfortunately this approach is far from being implemented and before
the challenge could be met, many research gaps should be tackled. Rotating
machines life prediction has a significant level of complexity, caused by the
vast variety of stresses and the possible defects in materials or manufacturing,
even for the classical AC stresses and industrial environments [129]. Such
complexity makes difficult to isolate the single phenomena and create multi-
stress degradation models.

Furthermore, electrification in automotive and aeronautic sectors is rela-
tively immature. The sectors strive for maximum performances with reduced
weight and size, pushing for higher power density in the motor-converters
chain. Simultaneously they present challenging mission profiles and critical
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environments. In the race of next-gen bus DC voltages, customers’ needs are
often above manufacturers’ capabilities, and only a comprehensive multidis-
ciplinary design approach avoids production of complete unreliable machines
or costly oversize ones. Nowadays, the target for the insulation design is to
minimize the risk of failure mainly improving the weakest point of the insula-
tion and demonstrate that a machine can operate as intended with sufficient
margins under a defined mission profile within the specified lifetime. This
latter task is satisfied with a representative qualification [44]. In the path
to meeting these demands, new knowledge is built that could be used in the
future for a more statistical design approach.

Several are the recognized routes to failure for a machine [44]. To reduce
the complexity of the goal, the most important design and environmental
factors governing the failures specific from the use of WBG-converters and
in the MEA environment have to be isolated. This methodology, historically
embedded in the dielectric community, is called elsewhere physics-of-failure
and relies on the idea that the dominant failure site and mechanism drive the
entire machine reliability, since in the failure probability chain is the weakest
link that determines the overall reliability [130][131].

For low-voltage rotating machines to be used in electrification of trans-
portation it is clear that the PD inception is the main phenomenon that
determines a drop on the insulation reliability [132][48], and it is more so ev-
ident after the test campaign performed. The weakness of T-T; the extreme
voltage rise times, on-times and switching frequencies; and the reduced pres-
sure are the main contributing factor to the unreliability of motors in the
electrification sector. This justified the set of measurements performed.

The life estimation of the equipment then comprises two clearly separable
stages, before PD inception and after PD inception. For the first, to compute a
life estimation means to evaluate the PDIV evolution as the aging takes place.
When the electrical stress overcome the PDIV threshold, the life estimation
transitions to the second and becomes a matter of endurance time under PD
estimation. Hence, in this study was pivotal to evaluate both, how the PDIV is
impacted by the peculiar voltage stress features of WBG-converters and by the
aging processes, and as secondary instance evaluate the degradation processes
that take place while the discharge is active in the real operating conditions.
That has been done in Chap. 5 and Chap. 4, respectively. The results
obtained are discussed within a comprehensive framework in this chapter,
and are used to establish a conduct to design and qualify a transportation
motor with reliability as core requirement.

6.1 Lifetime in Case of PD Inception

When PD are incepted a series of physical and chemical phenomena contribute
to the polymer degradation. Corona resistant (CR) winding wires feature
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polymeric materials filled by inorganic micro- or nano-particles, able to with-
stand PD degradation for some time are sometime presented as a solution.
While they proved their efficacy in the more standard industrial application,
findings of Chap. 4 should be a wake-up call for insulation designers of next
generation aircraft.

The endurance times at low pressure and next-gen bus DC voltages showed
values incompatible with operation, with lifetimes in the order of seconds the
most extreme conditions (100 mbar, 1000 Vi, 100 kHz). The reason of this
behavior is ascribed almost entirely to the reduction of the pressure. During a
discharge process, electrons gather their energy by accelerating through their
mean free path, A , which is the average distance that an electron can travel
without collisions with neutral particles. With mean free path increasing of
a factor of ten from the pressure reducing from 1000 mbar to 100 mbar, the
average energy of the electron population (w) increases by a factor of ten as
well, according to:

(w) = AeE (6.1)

When the electron energies are in excess of the bond energies of the insula-
tion (typically 3-4 eV for C-C and C-H bonds), the electron bombardment on
dielectric surfaces causes erosion by Dissociative Electron Attachment (DEA).
Accordingly, the damage sustained per unit time increases with the number
of impacting electrons (N, proportional to the magnitude of the discharge)
times the fraction of electrons with kinetic energies above the bond energy
(F). Hot electrons having energies of 10-15 eV can cause both dissociative
electron attachment and ionization, those with energies in excess of 15 eV
ionize the molecules of the solid and propagate within the solid losing about
9 eV at each ionization [133]. This leads a single electron to break multiple
bonds resulting in a superlinear dependence of the degradation rate on N x F'.

The energetic levels of the electrons population of the PD, w, which is
effectively a non-equilibrium cold atmospheric plasma, approximately fit to a
Druyvesteyn distribution function [134][135]:

Flw) = 1.23 % ((;‘;3> -, exp <—0.55 x <:j>2> (6.2)

This means that even a population characterized by a value of (w) lower
than the minimum energy necessary for DEA degradation is capable of induc-
ing some damage, since a fraction of its population is going to have a sufficient
energetic content to trigger DEA. As the pressure reduces, the distribution
flattens, as is shown in Fig. 6.1. Electrons having larger energies increase.

The shift toward higher energies for the electron as the pressure reduces
has been observed using optic emission spectroscopy [89] and provides a partial
explanation for the very short PD endurance time observed at low pressures,
for both standard and CR winding wires. It is unclear whether this mechanism
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Figure 6.1: Distribution of the electrons’ energetic content, for different mean
energies. The lines are solid in regions where the energy is enough to start
DEA events, dashed elsewhere.

leads to a highly accelerated etching of the polymeric matrix only or if also the
chemical bonds of the inorganic materials or the inorganic-organic interphase
that are too strong to be broken by high-pressure PD are now accessible
(energy bonds in mica are above 100 eV).

A clue comes from the recorded variation of the voltage endurance coeffi-
cient for higher values of voltage and lower levels of pressure. The increased
degradation recorded might be an indication that an energy threshold (de-
pendent both on the field and the pressure) has been crossed, beyond which
extra degradation processes of inorganic materials are activated. The hypoth-
esis is that above this pressure-voltage threshold, the average electron energy
is so large that energetic electrons capable of breaking the inorganic chem-
ical bonds (or the bonds between the inorganic nanoparticles and the host
polymeric matrix) are abundant. These highly energetic electrons justify the
comparable breakdown times of CR and non-CR materials.

The experiments showed that also environmental factors play a major role,
with humidity decreasing the endurance times by one order of magnitude
probably by the addition of chemical degradation, worsening the scenario.

It appears, therefore, that the only way to design a machine to operate in
an MEA (non-pressurized) environment is to have the equipment operate in
the absence of discharge for its entire life (i.e., with a Type I design).

The context is less problematic for the automotive sector. CR technologies
may help the designer, even if a more detailed analysis of their efficacy under
WBG-converter waveform has to be assessed. Indeed, it was observed also by
other authors [111], that PD activity under converter voltages is harsher than
the one under AC, even if voltage and frequency are the same. Measurements
of endurance times of non-CR Litz wires at atmospheric pressure and various
temperature under modeled T-T converter pulses reminded that operation
with PD activity incepted for organic only materials is not possible, even for
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DC Bus Perc. Time Operation ref. RTCA DO-160

(V) (%)

564 79.6

620 19.9

692 0.27 abnormal transient
795 0.08 normal transient
842 0.03 abnormal transient

Table 6.1: Reference Voltage Levels for a MEA actuator.

the transients that may appear in the system. At voltage levels barely above
the PDIV, the insulation system failed in matter of minutes.

Hybrid 60034-18-41/42 Design Approach For systems that present a
non-constant voltage profile, like the one of Tab. 6.1, an hybrid design ap-
proach could be followed, designing the machine to be PD free for the nor-
mal operating voltage (the lifetime is determined by the time needed for the
PDIV drops below the normal operating voltage or other degradation phe-
nomena bring the insulation to failure) and to operate with PD incepted for
the transients only.

The design for the insulation should be split in two separate branches. The
overall lifetime of the machine becomes the lower between the one obtained
under PD activity and the one assessed as usually.

The estimation of the lifetime under PD can be executed relying on cumu-
lative damage laws, of which Miner’s law is the simplest version. Cumulative
damage laws sum the damage sustained at each stress level, provided that the
percentages of time at the various stress levels are known.

The Miner’s law, for k-levels of a given stress factor S can be expressed
as:

iAti/Li = ipz’L/Li =1 (6.3)

where At; is the time under each stress level S; and L; the lifetime that
would be achieved if only S; is applied continuously, so that At;/L; is the
fraction of damage caused by S; only. Then, p; is the probability that S = S;
(for the sake of simplicity, S is assumed to be a discrete random variable but
could be a continuous one as well). The unknown term to solve for is L, the
total life result of multiple stress levels application.

The life L; can be obtained for all the stress levels from the experimental
life curves of the insulation system, i.e., curves having the form L = ¢(S)
where ¢ is an appropriate function. It is important to highlight, that several
simplifications are necessary to apply Miner’s law since the stress is not only
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electrical (the PD erosion) but also thermomechanical: a unique model ac-
counting for electrical, thermal, and mechanical would be necessary, but the
testing costs and times for developing such a model are often prohibitive. In
other words, determining the ¢ function for accounting all the combination
of conditions (e.g. environmental, degradation stage), that may also present
synergies, is problematic.

Miner law could help assess roughly the lifetime achievable under PD-
inception, while the design of the machine regarding the PDIV keeps following
its own design rules. The g functions may reduce to:

o [ = oo for all voltage levels where PD are not incepted.

o L=AxV""(Eq. 4.1), the inverse power law, for all the voltage levels
where PD are incepted. If the environmental factors have a significant
impact on the degradation processes, then different life curves with their
respective coefficients should be employed (e.g. temperature, pressure,
humidity) for each major operating point.

Given the probabilities of each operating environmental point combined with
the probabilities of each voltage level, the maximum lifetime achievable with
the selected materials can be calculated resorting to the respective life curve
model for each of those conditions.

Let us make an example considering a single life curve model. Consider
an actuator for the MEA that operates with the voltage reported in Tab.
6.1 at 150 mbar, featuring in the T-T one of the CR enameled wire studied
in Chap. 4, like the one with the life curve of Fig. 4.7. The wire has an
AC PDIV around 520 V, and for the sake of the example we can consider
to operate without PD activity incepted for all the non-transient voltages
and PD incepted for all the transient voltages. An overshoot factor of 1.5 at
the machine terminals and an important uneven voltage distribution of the
voltage (70% of the jump voltage is considered, see Sec. 2.2.1), reasonable for
the use of a SiC-converter. If the actuator is operated with a bipolar converter,
Eq. 6.3 predicts a lifetime of 200 hours', surely lower than the time needed
for the PDIV to drop below the nominal voltage due to aging. This lifetime
is much less than the goal for transportation machines, even if the example
considers current-generation voltage levels and sub-critical voltage stresses.
The example demonstrate that this design approach is hardly employable at
the lower pressures of MEA aircraft, at least for un-pressurized machines.

Conversely, the one described could be a feasible approach for motors
in the automotive sector, relying on the longer endurance times of corona

known the life curve, that for the wire under discussion is L(V) = 62.53 x V ~13:169 "and
the stress levels of Tab. 6.1, considering PD incepted only for V > 620 V then Eq. 6.3

becomes
0.27 % L 0.08 * L 0.03 * L

= 6253962 15169 | (2.53 + 795 18169 | (2.53 x 842 13169
that has to be solved for L
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resistant materials at sea level pressure. Here the lifetime obtainable consid-
ering the life curves of CR-wires (e.g. [75][76][136][137][138][139]) and voltage
swings/transients in the range between 800-1000 V appearing for less than
1% of the service time results in values greater than the typical design of
10000 hours, thus operation in mixed PD regime may be evaluated. Due to
the endurance times depending on the voltage with an inverse power law, the
lifetime estimated is very sensitive to the variation of the voltage stresses to
the predicted ones, both in terms of probability than in terms of voltage lev-
els estimation. If this lifetime prediction method is applied, it is crucial to
remember the uncertainty margins it carries.

Moreover, all the lifetime regression line estimation should be performed
relying on the lowest percentiles for the endurance times collected, represen-
tative of the weakest portion of the insulation, to guarantee a conservative
design.

6.2 Major Contributors to PDIV

The quantities that contribute to determining the value of PDIV become
primary when its maximization is sought. An in-depth discussion following
the results obtained is addressed here, divided mainly into three macro topics:

o The impact of converter waveforms on PDIV, with a theoretical analysis
of the physical mechanisms that justify the findings.

o The importance of resin and the properties to be pursued for guarantee
good performances.

o The peculiar characteristics of discharge inception in low-pressure envi-
ronments and potential PDIV control measures.

6.2.1 PDIV under Realistic Converter Stresses

The (microscopic) effect of converter waveforms on the insulation has been
explored more than once in literature, inquiring how the characteristics of
these waveforms (e.g. frequency, duration, rise time) impact the inception
voltage. The results are some times contradicting, as with increasingly short
times rise times (typically associated with oscillations) and fast switching
voltages some authors found increasing PDIV [64][65][66][67], while others
found decreasing PDIV [68][69][70].

In Chap. 5, extensive measurements have been performed on many spec-
imens, using waveform originating from fast switching sources. Tests were
carried out on models of T-T in Sec. 5.1.1 and P-P, P-G models in Sec.
5.2.1. Of particular care was the approximation of the real T-T stress, us-
ing a short-width 3-level bipolar pulse. The results obtained are confirming
and expanding the body of evidence supporting the findings of authors that
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recorded higher PDIV for faster voltage phenomena (measuring voltage re-
sorting to the peak of the waveform). The analysis performed here hopes to
show how the results obtained are the most convincing, being justified by a
theoretical description.

Discharge mechanisms typical of the inter-turn insulation system involve
small air gaps, electrodes covered by dielectrics and mildly non-uniform elec-
tric fields. Today the criteria for determining the voltage levels leading to PD
inception are not entirely understood [45]. Despite this, from first principles
PD events can be incepted only when (a) the field in the air gap between
the wires is high enough to ionize the air molecules and (b) a seed electron is
present to initiate the electron avalanche process.

Larger inception voltages for the short-width or fast oscillating overshooted
pulses (like the one recorded in Chap. 5) may be caused by the impossibility of
fulfilling either or both of these conditions. These might imply that the electric
field in the air is lower when using "fast" voltages or that the probability of
starting electrons is so low that the PDIV is largely overestimated. On the
other hand, lower inception voltages (recorded by other authors) indicate that
some phenomenon is inhibiting discharge for the slower waveforms or aiding
the discharge for the faster ones.

The results obtained under UV irradiation in Sec. 5.1.1 bring concrete
and important evidence, to settle the argument and single out the phenom-
ena affecting the PDIV inception. It is unlikely that many electrons would be
produced by photo-ionization in the gas from the UV source employed, as its
energy is not compatible with the ionization of gas molecules?. Anyway, UV-
irradiation has been used successfully to reduce the time lag of the discharge
in sphere gaps, irradiating the metallic electrodes [46][142][143][116]. In the
emitted range of the UV lamp selected, photo-emission from polymer surface
is possible (energy threshold is 3 to 3.5 €V) [120], hence electron can be gen-
erated directly on the material surface, available for being accelerated by the
electric field, similarly to the experiments for the sphere-gap. Summarizing
the observations from the test performed, square-shaped 3-level waveforms
with 1 pus and 9 us of pulse on-time respectively were recorded to have dif-
ferent PDIV, the former (shorter) up to 7% higher than the latter (longer).
While irradiated, their PDIV drops to the same level of the non-irradiated
longer-pulses case. This might be enough to demonstrate that the short times
under voltage lead to a time lag for the first electron appearance.

When the seed electron is not artificially originated on the surface of the
sample, it is unknown which process brings to its generation. The electron
might be generated by background radiation in the air volume or on sample
surface. If the electron is considered to appear in the air volume estimation

2Tonization of air requires energies higher than the ones developed by the lamp used,
that tops to 5.6 eV. According to [140] the first ionization potential for molecular nitrogen
and oxygen are 15.6 eV and 12.5 eV, respectively, corresponding to limit wavelenghts of 79
nm and 99 nm. Absorption of air in the UV range is reported in [141]
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of its generation probability might be performed with Volume-Time theory,
as performed in [144]. Alternatively, the electron could be freed from the
surface of the polymer by de-trapping processes. Below the onset of field
emission processes, the physical mechanisms that provide the seed electrons
are unclear. Electrons on the surface of the material could be trapped electrons
from previous events or could be provided by the electrode. Electron transport
mechanisms within the bulk of the insulation material are not incompatible
with the sourcing of the starting electron?.

In addition, it is very likely that before the inception of the PD events,
ionization takes place in sub-critical phenomena, perhaps Townsend-like PDs
[146]. Such events do not cause significant degradation of the polymer surface,
differently than streamer (or streamer-like) PD discharges which manifests
important energy transfer. Nonetheless, the carriers so generated can reach
the surface and cause different phenomena depending on the surface trap-
ping mechanisms and the recombination speed. If the charges gets trapped,
they can contribute to the enhancement of the field at the next field polarity
reversal. Some evidence for charge deposited after PD inception show that
deposited charge may remain present for up to 24 hours [113]. Indeed, both
bulk or surface space charge accumulation can distort the field distribution
[147]. Also, themselves can become the source for the seed electron. The pres-
ence of accumulated space charge does not helps to discriminate the difference
of PDIV reported, neither explain the results of other authors.

Unfortunately, the time scale of all the mentioned phenomena are hard to
estimate. In all these cases, an accurate prediction of the statistical fluctu-
ations of PDIV is hindered by the limited knowledge of the discharge mech-
anism (consequently, of the most accurate criterion for streamer inception
calculation), as discussed in [45].

Contrarily to what observed for the short-width pulses of 1 us of duration,
UV-irradiation did not provide any help in reducing the PDIV for waveforms
with fast oscillating overshoots where the peak of the voltage was reached
only for few nanoseconds. For this scenario, additional phenomena could take
place. First, the formation time lag of the discharge may start play a role,
depending on the length of the discharge path. In this instance the time
needed for the discharge to become critical may be too slow, and the field

3Carriers mobility in the bulk of polymer materials is limited by the inter-molecular
mobility (orders of magnitude lower than the intra-molecular one), due to the presence of
traps [145]. Inter-molecular mobility is typically in the range 10~7-10~!* m2V~1s~1. From
the mobility p definition (concept not completely transferable to the polymers containing
traps), the time ¢ required for migrate a distance s under the electric field E is:
s
t=— 6.4
" (6.4)
Considering the figures of the inception of the discharge in a twisted pair (voltage of 800 V
applied on an insulation thickness of 70 ym that has to travel for 35 pum) the electron can
migrate from the electrode to the surface in times as short as 25 us.
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Figure 6.2: Electric field appearing in a selected point of the air gap for shorter
and longer pulses in case of an ideal or real (Debye-modeled) dielectric.

removed before the gap short circuits.

An alternative and more sounding explanation could come from the polar-
ization physics. When a voltage is applied to the dielectric (in this case the
enamel or the enamel and resin compound) the buildup of polarization takes
a finite time, that is the time needed for the dielectric dipoles to get aligned
in the field-orientation opposing its direction. This is the basic description of
the dielectric relaxation. Let us model the dielectric relaxation in its simplest
manner, with a single relaxation phenomenon having a relaxation time 7 and
following the Debye polarization model.

Before the dielectric polarization takes place, the field inside the dielectric
is higher, and so is the voltage drop inside the solid insulation. Of the total
voltage drop from the metallic electrodes, in this scenario a smaller portion
drops in the air. After the polarization takes place, the opposite happens, with
the electric field in the solid reduced and higher voltage drop in the air. Figure
6.2 illustrates, for explanatory purposes only, the ideal value of the electric
field that would appear in a selected point in the air considering instantaneous
polarization phenomena for two pulses, one with duration much shorter than
7 and the other comparable with it. The two pulses may represent a very
short width square pulse of overshoot portion of the wave. If real polarization
is accounted, the field would increase gradually in the selected point, reaching
a maximum value of £ for a long pulse (identical to the value reached for
ideal polarization, but reached in a longer time) and a smaller value E for
the short pulse. Only for pulses lasting longer than 3 times 7 the same field
as the ideal condition is reached.

Another way to describe the phenomenon is in the frequency domain. The
dielectric permittivity drops as the frequency increases and if the same De-
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Figure 6.3: Dielectric spectroscopy of polyamide films in a broad frequency
range, up to 15 MHz
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Figure 6.4: Converter waveform and its fast Fourier transform.

bye model is used with a single polarization, a single drop is centered at the
characteristic frequency f., = 1/7. Two regions may be individuated with
different ¢ values, above and below this characteristic frequency. Consider the
interface between the solid dielectric and the air gap, without space-charge de-
position. The field at the interface can be written (from Maxwell’s Equations,
especially from Gauss’ Law V x D = p) as:

VD =0— gsolidEsolid = 50Ea7;r (65)

that results in
Eai?“ = <£:1"Ewsolid (66)

For the high frequency harmonics of the voltage waveform (the ones describing
the short rise time and following fast oscillations, f > f.) the e, = ¢ is lower
and not contributing at the reinforcement of the field in the air as much as the
frequency component. Evidence exists that such relaxation happens for the
materials under investigation. Dielectric spectroscopy in a broad frequency
range was performed with the instrument of Sec. 6.3 for polyamide films.
Results are in Fig. 6.3 and shows a drop of permittivity starting from around
2 MHz, where the converter waveforms with overshoots have a significant
energy (see Fig. 6.4).

If any space charge is present the description has to include the field gen-
erated by the charges, nonetheless, the principle of the phenomenon remains.
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Concluding, transitioning to faster voltages (both in terms of rise time,
oscillations, overshoots and frequency) appears to increase the PDIV, perhaps
as a result of multiple phenomena. First of all, the statistical time lag for the
seed electron appearance and then possibly the time required to transfer the
field on the surface of the material due to dielectric phenomena. Thus, for
testing an apparatus, if the voltage is reported with its peak, the sinusoidal
grid-frequency testing voltage is likely the worst case for PD inception and no
extra safety factors should be employed for considering the converter waveform
features during the PDIV-oriented design. Testing with shorter pulses, similar
to those generated in the T-T by WBG-converter with rise times down to tens
of nanoseconds might provide even higher PDIV levels. However, the increases
reported might not be fully exploitable by the insulation designer, due to their
statistical nature.

6.2.2 Critical Role of the Impregnation Resin

As the reliability of the machine is oftentimes dominated by the probability
of inter-turn insulation failure, impregnating resins play a key role, filling the
cavities between the enameled wires in the slots and increasing the insulation
thickness in the end-winding. Therefore, the reliability of the electric drive
chain becomes dependent on the performance of the impregnating resins. This
context is pushing the need for improved dielectric properties of varnishes and
resins, able to improve the PDIV of the machine at all operating conditions.

The results of Sec. 5.1.4, obtained through a combination of PDIV tests,
dielectric spectroscopy analysis and FEM modeling indicate that a variation
of PDIV as temperature changes in impregnated samples of the turn-turn
insulation is the result of several phenomena acting simultaneously. Both the
air density reduction, the thermal expansion of the resin, and the modification
of the field distribution from the permittivity change could impact the final
value of the PDIV. Conversely, for non-impregnated samples only the air
density reduction is deemed to play a role, due to the negligible variations of
permittivity and thickness with temperature.

The impact of these phenomena is not equally important, as better per-
formances in terms of PDIV increment for a selected resin can traced back to
the thickness of the coating layer deposited on the enamel, with permittiv-
ity having an ambiguous effect and thermal expansion probably a negligible
one. Indeed the comparative experimental activity between three resin was
able to determine that despite all of the them were operating above their re-
spective glass transition temperature, some with strongly increased dielectric
permittivity compared to the one at room temperature, the PDIV reduction
was not correlated to that increment. The results obtained in [121], where
a correlation between PDIV and change in capacitance during thermal aging
is present, are probably caused by a change in insulation thickness [148] and
not by a change in permittivity. Therefore, not knowing a priori the trend of
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the two parameters, the use of capacitance as a diagnostic parameter could
prove problematic. The simulations performed for the composite enamel-
resin system predict that when resin permittivity increases up to 2 times the
enamel one, the PDIV diminishes. If the permittivity further increases, the
electric field in the air is weakened, eventually leading to higher PDIV. For
the enamel-resin composite, the resin permittivity variations appear to affect
the PDIV to a lower extent than the enamel permittivity for the enameled
only model [82][64]. Insulation thickness, on the other hand, keep its primary
role. To improve the prediction model other steps are necessary. First, the
section geometry of the sample obtained from sample sectioning is needed,
with special care for the portion of insulation close to the contact of wires,
were the resin layer is thicker and modeling is more complex. Second, a better
understanding of the interaction between geometry and dielectric variations
when the temperature exceeds the glass transition is required.

Moreover, some resins may present critical behaviors at higher tempera-
tures. The results of Sec. 5.1.3 illustrate that some impregnating resins affect
the PDIV at operating temperatures in a unfavorable way. In the worst case,
the PDIV of the impregnated wires can be lower than that of the bare wires.
This result can be partially explained in light of the analysis just carried out,
but is unclear if the variation of the sole dielectric parameters can fully jus-
tify this behavior. The compound impact of permittivity increment and air
density reduction have been estimated to reduce the PDIV about 15% ac-
cording to preliminary simulation (with resin thickness of 50 um and relative
permittivity going from 3 to 5), while in this experimental scenario the drop
is about 25%. More complex thermo-mechanical interaction should be inves-
tigated to understand the result. The observations mandate to screen out
resins having a poor performance at high temperatures, for that simple tests
on insulation models can be performed, comparing the PDIV of impregnated
and non-impregnated specimens at room temperature and at elevated tem-
peratures. The resins with unsatisfactory behavior should not be considered
for WBG-converter-fed applications, like in automotive and MEA sectors.

The results of Sec. 5.1.5 suggest that as thermal aging progresses, the
PDIV drops with an accelerated ratio under overshooted SiC impulse testing
voltages compared to classical AC sinusoidal voltages. Indeed, while larger
PDIV values were achieved for converter voltages for new samples, values
recorded after 30 days at +30°C of the resin thermal index show that sample
tested under AC and SiC waveforms share comparable values. Considering
the absolute values of the measurements, the peak for AC still remains inter-
mediate between the bus DC and the peak of the converter, with the latter
approaching the AC values. This is illustrated in Fig. 6.5. An unsaturated-
polyester resin was employed.

Regarding the higher PDIV values obtained for waveforms with the peak
reached with fast oscillations the same considerations made in the previous
section can be traced. In this scenario the analysis tends to favor explana-
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Figure 6.5: PDIV trends under SiC-converter and AC waveforms as the aging
progresses. The values are reported both for peak and bus DC for the con-
verter waveshape.

tion through dielectric relaxation phenomena taking some time. Under this
assumption, it may be conjectured that with thermal degradation, the per-
mittivity variation is not constant along all the frequency spectrum. After
aging, in the high frequency portion of the spectrum where the converter
has the frequency content associated to the fast oscillations, the permittivity
could be greater than at low frequencies. That could be caused by oxidation
processes not homogeneous along the frequency spectrum and chain scission
processes that might reduce the low frequency permittivity. This could jus-
tify the trend, as more high frequency field would be pushed in the air in
aged samples compared to pristine ones. However, the process would require
a first electron available at the peak of the waveform for those fast transients,
hypothesis conflicting with the other results obtained. In [149] thermal degra-
dation of the resin showed an increase of permittivity and DC conductivity
for the lower temperatures, that are the test condition here applied. The in-
creased DC conductivity may help sourcing the starting electron. Possibly,
investigation should be performed at higher temperatures, similar to the oper-
ating ones, where according to [149] the resin behavior reverses, with a strong
degree both in terms of dielectric permittivity and DC conductivity.

The PDIV reductions obtained for unframed specimens are greater, with
PDIV under converter waveform lower than under AC waveform. Samples
were subjected to mechanical stress by handling (when already embrittled
by thermal aging), and tested repeatedly after each thermal cycle (with AC
being the first test). The failure rate of the specimen after the onset of PD
activity was also higher. The outcome should not be attributed to the test
voltage, as both handling and previous discharge activity deteriorated the
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insulation. The result, however, is a reminder of the mechanical brittleness
of unframed impregnated specimens, a condition similar to the one present at
the end-winding of a stator. During the same campaign, a noticeable increase
of temperature due to dielectric losses was recorded for all the samples fed
by converter waveforms with frequencies of 100 kHz. The phenomenon was
active also on pristine samples, contributing to the thermal aging from the
beginning of the machine life.

Concluding, evaluating the performance of impregnating resin is a chal-
lenging operation. Testing impregnated twisted pairs remains an elusive task,
with results that need be evaluated carefully and on statistical basis. Two ma-
jor issues are indeed typical of these tests: a large variance of the experimental
data associated with the randomness of resin deposition, and the brittleness
of the insulation that demands for a very careful handling to prevent cracking
the insulation. Overall, the thickness of the resin layer is the most impor-
tant parameter to improve the PDIV. Hence, the material designers should
concentrate effort maximizing its coating effectiveness by controlling the vis-
cosity, adhesion, and thermal expansion coefficient. However, the two resin
requirements (a) to fill the slots completely avoiding the formation of cavities
and (b) reduce the flow of the resin in the end-winding when the stator is
extracted from the autoclave for the curing in the oven, are at odds. On one
hand, the viscosity of the resin should be low to avoid the first issue (a), on
the other larger values helps the latter (b). Trade off solutions are needed.
A possible solution is to use a low-viscosity epoxy resin suitable for double
impregnation. Alternatively, it is possible to encapsulate the end-winding.
This solution however increases the weight of the actuator.

Operating the resin above its glass transition temperature did not en-
visaged problems, and in light of the results obtained it is yet unclear how
important is to control of the dielectric permittivity of the material. Anyhow,
it becomes crucial to screen out materials that at operating condition perform
worse than their un-impregnated counterparts.

6.2.3 Systems Operating in Aeronautical Conditions

Partial discharge inception voltage is greatly reduced in low-pressure condi-
tions, typical of the aeronautic environment [88]|[150]. The drop of PDIV at
150 mbar from standard ambient condition has been measured to be around
50%, while the pressure reduction is about 85%. The reason for the PDIV
reduction is that as the pressure decreases the mean free path traveled by
the electron accelerated by the electric field is increases. Accordingly, the ki-
netic energy acquired by an electron in its path between collisions is greater
and a smaller field is required to reach the ionization energies of the neutral
air species [46]. The same mechanism drives also the PDIV reduction for
higher temperatures, as both the temperature increase and pressure decrease
determine a reduction of the air density, associated with the mean free path
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Figure 6.6: Experimental data fitted with a quadratic regression line [64] and
with the Paschen law, for three discharge lines lengths.

increase. This leads to decreased inception voltages, in a Paschen-like fashion.

To this regard, Paschen Law cannot be used as direct tool for fitting the
PDIV of the specimens, as a definite discharge length is not defined. Some
tools have been realized to predict the PDIV using Paschen law, searching
for the minimum voltage that satisfies the Paschen breakdown criterion for
each of the field lines of a TP geometry [83][84][85]. The fit of the model
to the experimental data depends on the selection of the coefficient for the
Paschen law, that in turn depend on the gas material and the secondary
emission coefficient of the electrodes. The Paschen law is founded on the
Towsend breakdown mechanism, where electric field is constant, electrodes
are not covered by any dielectric and secondary electron emission from cath-
ode is fundamental to sustain the discharge mechanism. Despite some claims
can be issued in favor of secondary electron generation from polymer surfaces
[151][152][153], the knowledge on the topic is limited and it is unlikely that
discharge events in dielectric bounded conditions are produced with a cath-
ode feedback mechanism. Furthermore, studies show that the Paschen law
deviates for gaps with lengths in the order of ten micrometers [104]. For these
reasons its application might be less straightforward than expected.

It is worth understanding to what extent the mentioned PDIV reduction
with pressure can be limited with the insulation coordination. For each wind-
ing wire diameter, three different insulation grades (grades 1-3) with increasing
insulation thickness are available on the market [37]. Grade 3 wires are often
the most suitable for inverter duty in a standard industrial environment. The
increased performance in partial discharge prevention come with the cost of
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Figure 6.7: PDIV performance difference of GR1 and GR3 wires compared to
GR2 wire, for the pressure range of interest for MEA applications.

a reduced slot fill factor, worsening the power density of the drive, that is
oftentimes the main target to be achieved. Simulation of wires with the same
diameter (0.56 mm) but different grades with the software of Sec. 3.4 were
performed with variable pressures. The results are reported in Fig. 6.7, with
values obtained with GR2 as the baseline. As the pressure decreases, the
dependence of PDIV on the enamel thickness becomes less significant, PDIV
at 150 mbar increases to 473 V with a GR3 wire starting from 438 V with a
GR2 wire. The increase is limited to 38 V (8.7%) and might not be a turning
point to improve the design.

This behavior can be explained inspecting the electrical field lines where
PDs takes place (here indicated as critical field lines, CFL). The lengths of
the CFLs as a function of the pressure are reported in 6.8. The CFLs follow
approximately the reciprocal of the pressure. Assumed that the electric field
is constant and normal both inwards and outwards the dielectric surface, then:

V= V;]as + Vtsolid - Egas * lgas + Esolid * lsolid (67)

where E,,s and Egqiq are the electric fields in the gas and in the solid
respectively; l4qs and [y are the lengths of the CFLs in the gas and in the
solid respectively.

The electrostatic partition of the voltage between the air and the solid
insulation the voltage drop in the solid can be evaluated as:

[
Viotia = V * (1 — —222 6.8
tid i ( lsolid/gr) ( )
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Figure 6.8: Evolution of critical field discharge line length as function of the
pressure.

where ¢, is the permittivity of the enamel.

Known that l,,s =~ k/p, while the same does not happen for lsyiq, the
voltage drop in the solid insulation form Eq. 6.8 gets reduced as the pressure
decreases, because the critical lines lengthen. Consequently, the role of the
solid dielectric becomes less important at reduced pressures.

Sensitivity curves of PDIV to the enamel parameters have been traced
from the same software and are illustrated in Fig. 6.9. The sensitivity to
thickness and permittivity marked in the legend were evaluated respectively
at the values of 2.7 of relative permittivity and 35 um of thickness. Seemingly,
the reduced sensitivity of PDIV to the enamel parameters makes less attractive
using Grade 3 magnet wires. However, at the same time, it de-emphasizes the
impact of aging on the reduction of PDIV over time, both in case of thickness
reduction (as recorded in [148]) or as permittivity increases.

This analysis completely matches the experimental results obtained on
aged T-T models (twisted pairs, both impregnated and not) in Sec. 5.1.5 and
in aged P-P and P-G models in Sec. 5.2.3. The ratio between the PDIV at
lower pressures and ground pressure increases as the aging progresses, deter-
mining an improvement for the insulation designer.

The remarks here noted demonstrate that in the typical aircraft operating
condition, the insulation designer has even less tools to control the PDIV than
usual. In this scenario, the stress reduction solutions are more effective than
the ones that try to improve the insulation systems.
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Figure 6.9: Sensitivity curves of PDIV for a 0.56 mm wire with GR2 insulation.

6.3 PDIV-Based Design Approach

The summary discussion carried out, reaffirms the impossibility of operating
the transportation drives in presence of partial discharge activity (with a
possible exception for transient voltages at ground-altitude, with the already
described hybrid approach). Therefore, the design approach to be followed is
to make a PD-free EIS for its entire lifetime.

The Reference Operating Condition (ROC) is the set of operating condi-
tions prescribed for evaluating the performance of a machine. The ROC for
the insulation system should be the most challenging combination of environ-
mental condition (usually temperature, pressure and moisture). For automo-
tive sector an exemplifying ROC might be the operation in plateau regions
of 3000 m altitude [154]. There representative operating condition might be
a 700 mbar pressures, temperatures up to 180-200°C with relative humidity
up to 60%. For the aeronautical sector the worst condition experienced is the
one during the cruising, at altitudes where the pressure is about 200 mbar
external temperatures from -60°C and -40°C with typically lower absolute hu-
midity than ground condition. The hot-spot temperature inside the machine
can be as high as standard industrial drives. Clearly the definition of a ROC
is typical for each machine and its relative use case or mission profile. The
target for the design of transportation motors drives would be maximizing the
PDIV at the ROC while reducing the electrical stress applied. As previously
discussed, the action is most critical for the turn/turn insulation.

PD inception might occur in service even if the new insulation system
is PD-free. That is because as the materials are continuously subjected to
the TEAM stresses, degradation phenomena alter the materials properties,
typically worsening them. The relevant degradation phenomena acting on the
PDIV have to be taken into account.

Summarizing the results of the tests campaign carried out on PD inception,
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it has been observed that:

1.

The features of converter waveforms do not reduce the PDIV compared
to the more standard AC 50 Hz voltages, in fact at least for pristine
samples they appear to raise them. Nonetheless, very likely the increase
is not exploitable due to its statistical nature, originating from multiple
phenomena including the time lag for first electron appearance.

. Resins presenting poor performance in temperature (lower PDIV than

non-impregnated samples) exists and should be screened out.

Operating a resin above its glass transition temperature, where the per-
mittivity significantly increase did not lead to a critical PDIV drop.

Resin thickness appears to be the dominant parameter for PDIV im-
provement in the end-winding.

Resin cracks and embrittlement are common, due to different thermal
expansion coefficients of the wire enamel and the impregnating resin.
Also, chemical incompatibilities of materials may be the trigger of such
degradation.

Thermal aging on impregnated samples causes larger PDIV percent
drops under convert waveforms than under AC 50 Hz ones, but the ab-
solute PDIV values of the former remains always larger than the latter.
The phenomenon is not observed for non-impregnated samples.

Dielectric losses not detectable at 50 Hz may appear at converter fre-
quencies, contributing to thermal aging from the start of the machine
lifetime.

In low-pressure environments the role of solid insulation is de-emphasized.
Increasing the insulation thickness might not provide significant im-
provements. Simultaneously materials aging phenomena are less rele-
vant.

Rapid temperature variations (simulation of the start up at reduced
temperatures, with a step of 185°C in 30 seconds) and subjection to
aircraft vibration profile did not reveal issues when applied in aging
subcycles (as a conditioning phase). Nonetheless, their contribution as
aging factors has yet to be quantified.

They add to the previously known conditions that:

10.

11.

High-overshoots factors increase the magnitude of the stressing voltage.

Uneven voltage distribution in the windings, causes high potential dif-
ference between the turns (both inside the slot and at the end-winding)
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12. Cavities between conductors can be present due to incomplete filling of
the slots by the impregnation resin.

13. Delamination of the slot liners or phase separators might appear due to
thermal stress and/or chemical incompatibility.

14. Misplaced or missing insulation films in the phase insulation (allowing
winding wires from different phases to come in contact) can reduce the
usual P-P PDIV to the T-T levels.

resulting in a framework where the combination of unprecedented challenging
stresses, harsh environment and impossibility to operate with PD activity, set
up PDIV targets difficult to meet.

Some of the findings are easing the constraints on the PDIV (1, 3, 6,
somehow 8 concerning aging, and 9). Unfortunately the majority of them
can still affect reliability. The issues that have been observed and should be
mitigated or avoided can be mainly divided in four categories. Issues related
to the choice of materials (e.g. 2,4, 5, 7, 13), related to processing (e.g. 12), to
manufacturing (e.g. 14) and outside of the sole insulation design control (e.g
10, 11, and 8). The first two should be tackled in the design phase. Differently,
manufacturing problems should be solved by screened out by quality control
on the complete stators.

The PDIV maximization can clearly be achieved by selecting optimal ma-
terials and geometries. Unfortunately that might not be enough, and a good
design is not limited to that. The design of the insulation should be conducted
in a comprehensive framework where the insulation properties (especially the
PDIV) are coordinated with the voltage stresses and solutions are sought from
both directions to achieve the best performances. Due to the challenging sce-
nario, this comprehensive design approach is considered for the design route of
the insulation. Some solutions identified to further improve inception voltage
are then covered in the following sections (divided in two categories depending
on whether they are applicable on the machine or the converter), while the
steps to be performed during qualification will be discussed later on.

6.3.1 Proposed Insulation Coordination Route

A tentative preliminary electrical drive design is produced from the require-
ments of torque, speed, efficiency, heat dissipation and weight/dimensions
(starting from the machine operation cycle or mission profile). The DC bus
selection is part of this stage but oftentimes it is not a free parameter, being
imposed by the system architecture. From the preliminary design of the drive,
PDIV targets values should be assessed for any of the insulation subsystems
(T-T, P-P, P-G).

A first design attempt for insulation material and geometries is performed,
after the estimation of the voltages that will occur on each of the insulation
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subsystems and the hot spot temperatures to be sustained. Materials and ge-
ometries should be selected to guarantee the proper PDIV margins compared
to the qualification requirements and the specific environment and stresses to
be undergone. For doing so, the recommendation of the standards (e.g. [127])
combined with the experience and up-to-date knowledge on the topic should
be used. The designer should try to foresee this PDIV decrease with aging,
by the knowledge of the relevant degradation processes.

Simulation tools might be extremely useful. In particular the most relevant
might be:

« Voltage stress prediction tools, able to estimate the voltage in any of
the insulation subsystem by modeling the overshoots at the machine
terminals and the voltage distribution in the windings. Example of
tools developed are: [62][155][156][157][158][159][160].

o PDIV prediction tools, for the estimation of the inception values starting
from the geometries and material properties. Examples of such tools are
the one illustrated in section 3.4, and the many that can be found in
literature like: [82][83][84][85].

This is an iterative approach, where different materials and geometries can be
evaluated until the PDIV targets are met. In case the requirements on the
insulation system are excessively demanding, the overall drive design might
be revised. The stress mitigation solutions of the following sections may be
employed to increase the PDIV or reduce the stresses.

Once a satisfying design is obtained, pre-qualification of the materials to
screen-out possible bad performing or incompatible materials is recommended.
Then the qualification of the system can be performed, to prove that the
design is able to withstand the voltage and environmental stresses for its
entire lifetime. The recommendations for performing the qualification will be
fully described in the section 6.4, addressing also the current limitations.

In case the qualification is not passed, a revision of the design can be
carried out with the same methodology described, addressing the issues that
caused the qualification failure.

In general, deriving a model that is suitable to describe the propagation
of voltage surges within the winding needs tuning the simulation parameters
by trial and error. Determining parameters like stray capacitances, dielectric
permittivity and skin effect, especially at high frequency, is challenging. In a
more advance stage of the design, a dummy stator with accessible connections
between the coils would enable the direct observation of the stresses appearing
on the machine, allowing for revisions if necessary. It is worth noting that
the tests to measure the voltage propagation should be performed using a
signal generator having the same rise time of the inverter, not the same slew
rate. Since the system is linear, changing the magnitude applying a waveform
with the same rise time will simply scale the response of the system in an

133



Chapter 6 — Insulation Coordination and Qualification

P-G Voltage (V)

reference, 500V
-200 1000V, Same Rise Time (30ns) .
1000V Same Slew Rate (16kV/us)
-400 C 1 1 1 1 1 1 1 1 1 |

1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6
Time (s) %108

Figure 6.11: Simulated response of the drive system, when the voltage is
doubled keeping constant either the rise time or the slew rate. Only keeping
constant the rise time maintains the proportionality of the waveforms.

algebraic way. On the contrary, keeping the same slew rate will impact on the
spectrum of the applied voltage, leading to incorrect values. Fig. 6.11 shows
the difference between these two cases achieved using the propagation model
of [62].

6.3.2 Machine-Level Solutions

To improve the T-T reliability on the machine side one option is to revise
its winding design. As explained in Sec. 2.2.1, for randomly wound wind-
ings the first and last turn might be in contact, setting up the worst-case
scenario. If instead the conductors are placed in an orderly way, the worst-
case conditions can be avoided, immediately lowering the turn/turn stress. If
this is achieved, the PDIV requirements could be relaxed, possibly avoiding
the need of reinforcing the insulation. The solution is less effective for very
fast rise times, where the inhomogeneity of voltage distribution is maximized.
Achieving ordered structures for the winding is possible with:

o Use of sub-coils, where the line-side coil is realized putting three coils
in series. The worst case is avoided at the cost of a more complex
manufacturing procedure. The solution is an intermediate approach
between random wound and form windings.

o Use of form-wound winding, with conductor of rectangular cross section
(i.e. hairpin machines). The advantages come from (a) the deterministic
control of the turn-turn voltage, which is selected by design and (b) the
possibility of feature thicker insulation layers. In this regard, PDIV tests
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were performed on flat wires with insulation thickness around 125 pm
that provided a PDIV of 1814 Vi at room temperature (1596 Vi at
120°C). In comparison, the value of PDIV for a GR2 0.56 mm rounded
wire (around 35 pm of insulation thickness) is around 830 V. The
use of form windings has been already widely adopted for high voltage
machines, whereas the application to low voltage motors is limited to
certain sectors, where a high level of automation in the manufacturing
process is required, such as in the automotive industry, and electrical ma-
chines are supplied with a low fundamental frequency. In the aerospace
sectors, the supply frequency of the electrical machines is in general
higher than in automotive, since, for a given target power, a higher elec-
trical speed implies a reduced torque and reduced volume and weight for
the machine. Conventional hairpin windings do not perform well at high
frequency, as electromagnetic effects, such as proximity and skin effects,
contribute to increase the equivalent winding resistance (AC resistance)
and thus power losses, preventing their use in such applications. How-
ever, innovative hairpin solutions, which minimize power losses at high
frequency, have been proposed in [161][162], with promising result also
for the aerospace sector. A further solution to look at with interest
is the use of form-wound Litz wires windings, surely more costly and
sophisticated but capable of combine the advantages of form windings
stress control with optimal performances at high frequencies [163].

An alternative and simpler solution is based on increasing the thickness
of the first turn only, without affecting the winding structure. The first turn
is the only turn that is certainly exposed to a high potential difference with
respect to the other turns during the commutations of the inverter and se-
lectively increase its PDIV is a smart option. This could be achieved using
sleeving tubes typically used to protect the wires from mechanical abrasion or
heat shrink tubes. The solution has the drawback of increasing the manufac-
turing costs. Some preliminary tests have been performed on silicone sleeving
pipes and demonstrated that PDIV increased satisfactorily under AC and
WBG-convert waveforms, both at ambient and reduced pressures. Long-term
performance of the sleeving need be proved. Sleeving pipes were very likely
the origin of chemical incompatibility of Sec. 5.2.3. For such reason, the use
of solventless pipes (UV cross-linked) is recommended.

Resins that both present good dielectric withstand properties and are able
to fill the gaps should be preferred. These requirements should not jeopar-
dize the other properties that remain critical. Vacuum pressure impregnation
(VPI) should be preferred, to minimize the presence of voids in the inter-
turn region. Low-viscosity epoxy resins suitable for double impregnation may
be an option to not sacrifice the layer thickness in the end-winding. Alterna-
tively, encapsulation may be a strategy, accepting the compromise of increased
weight and reduced thermal conductivity in the end-winding. Industry has
an experience in producing potting resins able to manage the large swings in
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Phase/phase:

Upiejpe = 2(Uge + Up) =
= 2(Uye + (OF — 1) x o)

(n—1)

Pk/pk fundamental frequency

Phase/ground:

Upkjpk = (Uge + Up) =
= (Uge + (OF — 1) x Jis.)

(n—1)

Uj = 07(Udc/(n - 1) + Ub) =

Udec
=0.7x OF x (nfn

Pk/pk fundamental frequency

Jump voltage

Table 6.2: Voltages appearing in the insulation subsystems, depending on the
number of converter levels n, adapted from [39] for a split bus system +Uy./2
(see Sec. 6.4).

temperature of the MEA sector (from -55°C to 4+155°C are common in the
automotive sector, developed for the Russian market), therefore it would not
be a technological problem. If the main issues are present at the end winding,
a partial encapsulation of the end-winding only may be envisaged.

6.3.3 Converter-Level Solutions

Matching the converter design with the insulation requirement is an often
overlooked solution, resulting from poor integration of the power electronics
design to the one of the machine.

The first option that should always be considered to reduce the stresses is
to select very short cables between the converter and the machine, so to reduce
the overvoltages. Also, increasing the number of levels of the converter n is
beneficial to the insulation subsystem, especially for the T-T as the stressing
voltage is proportional to the jump voltage:

UT—T X Uj X Udc/(n — ].) (69)

With the sole use of a multilevel converter instead of a 2-level one, the stress
on the T-T might be halved. The table 6.2 from [39] summarizes the voltage
stresses appearing in each subsystem as function of the number of converter
levels n, adapted for a split bus system +U,./2. OF' is the overshoot factor
and U, the magnitude of the peak voltage in excess of the steady state im-
pulse voltage. Whilst able to reduce overvoltages at the machine terminals,
multilevel converter feature an higher number of devices in series, decreasing
the converter reliability, shifting the bottleneck point from the winding insu-
lation to the power electronics. Their employment has to be considered with
a reliability analysis of the entire system.

Another option is to employ passive filters at the inverter output, prob-
ability the most common solution adopted nowadays. With the insertion of
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RLC filters, a damping action is forced on the voltage overshoot ensuring a
smooth variation. The rise time of the waveform is increased and the voltage
distributes more uniformly in the windings. The drawbacks of this solution
are multiple: an increased complexity of the system, increased volume and
weight of the drive, increased component count and thus reduced reliability,
and increased power losses [164][165].

More innovative approaches have been attempted, with novel inverter ar-
chitectures and the so called active filtering. Innovative inverter architectures
has been proposed to minimize the voltage overshoot at the motor terminal
maintaining the advantage of fast devices’ commutations [166][167]. This is in
general counterbalanced by an increase complexity, and an increment in the
number of components. Active dv/dt filtering, may involve the use of active
gate drivers, which basically slow down commutation speed to maintain the
voltage overshoot below a given threshold [168][169]. This comes at the price
of increased switching losses and a reduced efficiency of the converter but has
the advantage to tailor the converter dv/dt to the specific application layout.

In case the DC bus is subjected to transients, DC bus transients control
systems might be employed to block the voltage under a certain threshold,
fixing a defined expected maximum voltage at which the design of the machine
can be carried out. That implementation is called crowbar circuit. Compo-
nents as simple as Voltage-Suppression-Diodes might fulfill the scope [170],
possibly on the DC-side [171].

6.4 Qualification

The qualification goal is to ensure that a given machine, comprehensive of its
design, materials and manufacturing processes is able to operate within the
requirements for its entire design lifetime. Qualification of the insulation is
usually achieved performing accelerated ageing tests on relevant samples.

The recommended qualification path, in light of the recent knowledge gath-
ered for WBG-driven transportation motors, is to follow TEC 60034-18-41 [39],
realizing machines that have to be PD-free for their entire lifetime. Despite
the fact that IEC 60034-18-41 is part of the set of standards written by the
IEC TC 2 and is thus valid for industrial drives, the absence of universally
recognized standards in the transportation sector led to their extensive appli-
cation for both electric vehicles and the more electrical aircraft.

Currently the IEC 60034-18-41 assign an IVIC (impulse voltage insulation
class) to each machine, that similarly to the thermal class determines the
maximum voltage severity allowable for that machine (the IVIC is based on
the magnitude of voltage overshoots and duration of the impulse rise). The
compliance is guaranteed by qualification tests, performed on machine mod-
els and subsequent acceptance tests (type tests), performed on new complete
windings. If qualification is carried out on complete winding or full stators,
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acceptance is already reached and no additional type test is required. Qualifi-
cation investigates the capability of the EIS to withstand various stresses and
is performed with accelerated thermal aging tests coupled with mechanical
and moisture conditioning. The EIS is deemed qualified if endures the same
or more cycles than a reference system with proven service experience without
PD occurring below the specified test values. Type tests demonstrate that the
machine is indeed PD-free and assign the IVIC.

If the thermal class hasn’t already been determined, the qualification ac-
cording IEC 60034-18-41 can be performed integrating the necessary tests
with the ones for thermal class qualification (in IEC 60034-18-21 [92]), that
are performed with aging cycles for at least three different aging temperatures.
Otherwise, if the thermal class has already been determined it is only neces-
sary to perform aging and PD tests at one of the appropriate temperatures.

In the standard enhancement factors (EF) are used to represent phenom-
ena not included in the testing conditions that may reduce the PDIV. Those
factors are multiplied to the operating voltage to increase the peak/peak volt-
age of the testing voltage.

6.4.1 WBG-Converter and Transportation Drives in IEC
60034-18-41

The IEC 60034-18-41 was first published in 2006, 16 years ago. Since then IEC
TC2 MT10 (Maintenance Team) recognized that the recent novelties in the
power electronic changed the framework and is planning to publish its second
edition, transferring the content related to testing into the recently-published
IEC 60034-27-5 [172]. It became clear that the advent of wide-bandgap (SiC)
semiconductors, with their slew rates easily reaching 60 kV/us, had changed
drastically the scenario, with previously established limits being probably not
able to protect the machines fed by inverters with SiC MOSFETs. An example
of such increase is reported in Fig. 2.6, from [62].

With the next-generation voltages, the stresses might become very difficult
to deal with. A possibility that is currently discussed is the introduction of a
multi-IVIC approach. The phase-phase, phase-ground and turn-turn insula-
tion systems can each be assigned a separate impulse voltage insulation class,
to avoid over-design of the other subsystems or meet the high voltage stress
requirements only where needed, so to improve performance and efficiency.
Even better would be the definition of the maximum tolerable stress for each
insulation subsystem instead of dividing these stresses into classes.

The next standard revision should also embed various drive topologies
typical of transportation electrification, today not excluded but neither made
explicit, so that oftentimes the stress calculation is performed with the worst-
case equation causing insulation over-designed, leading to a sub-optimal power
density. It is obvious that the producing a complete list of possible topologies
is not convenient and a compendium of all of them may be impractical. The
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Figure 6.12: Dielectric losses recorded for a complete stator before and after
a 1000 h aging cycle, for various temperatures.

standard should provide a way to differentiate them. For the most common
ones, formulas for calculating stresses might be made explicit, for the less
common ones it could simply provide a reference to the manufacturers on
how to calculate them. For instance, TE drives are operated by batteries,
differently than industrial drives that usually feature a rectifier to obtain the
DC voltage. Many of the TE drives employ split bus configurations +U,./2
where the DC bus is solidly connected to the mass at its central point. This
is common in the MEA sector [29][33] and less common for EVs that prefer
instead a floating DC bus [173].

The standard does mentions that different earthing systems lead to dif-
ferent P-G stresses, but to improve the coordination these difference need be
made clear. For drives in normal operation the two poles of the DC bus will
be at +Uy./2 and —U,./2, either from symmetry in an un-referenced system
or from the reference at the central point in a split bus configuration. Thus,
in the P-G a voltage equal in peak to Up_g = (Uge/24+ (OF —1)Uq./(2(n—1))
appears (in peak to peak, Up_g = (Ug. + (OF — 1)Uy./(n — 1)). In case the
system is grounded at one of the two poles, the ground voltage is doubled.
The standard currently considers 2/3 of such voltage as the one appearing at
the P-G, confusing the P-G voltage with the phase to star point voltage and
should be revised. In case of operation during a fault, different conditions ap-
ply. If an industrial drive system is distributed with insulated neutral, in the
event of an earth fault on one of the phases of a system where the neutral star
point is not grounded, the machine may be permitted to run until a suitable
outage can be arranged for repairs. In this scenario the poles of the DC bus
will swing from +U,. to —Uyg. and for such reason the P-G insulation have
to be designed to withstand in peak the full DC bus voltage plus overshoots
and not half of it. For TE drive configurations typical of the EV sector, the
scenario is exactly the same and the same design rule applies, unless opera-
tion in fault condition is not enabled. For TE drive configurations typical of
the MEA sector, where a split bus is used, such operation is not possible by
design.

The practice of testing new machines with an overvoltage and declaring
them good or bad depending on the inception of PD during the tests has been
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established has a common praxis. However, there are some doubts that alone
it can ensure the reliability of the insulation. Some of the concerns can be
dealt with pre-qualification procedures. Pre-qualification tests might help to
exclude:

o Chemical incompatibility, like the one shown in Sec. 5.2.3 for motorettes
samples. Dielectric producers have rarely the complete insulation sys-
tem including winding wires, liners, interphase separators, impregnating
resin, bandaging, and sleeving. Very often, machine manufacturers pur-
chase different parts of the insulation from different producers. This
might lead to problems associated with the chemical compatibility of
the different parts. Electrical (PDIV) and mechanical (Young modulus)
tests can be carried on simple insulation model before and after thermal
aging in a sealed environment, to demonstrate that no compatibility
issues are present between the materials selected.

o Impregnating resin critical PDIV reduction in temperature, like the one
reported in Sec. 5.1.3 where the PDIV at service temperature dropped
below the one of un-impregnated samples. PDIV test should be per-
formed at operating temperature to identify resins that cause a PDIV
drop incompatible with operation.

« High dielectric losses under converter operation, like the one recorded
in Sec. 5.1.5 for impregnated TP. High dielectric losses were recorded
in other occasions, for example feeding a complete stator with the SiC-
converter of Sec. 3.2.6. The dielectric losses coefficient is illustrated in
Fig. 6.12. As it is shown, dielectric losses vary with temperature and
also as the materials age. The pre-qualification should be performed at
service temperature, with thermocouples placed inside the slot of a full
stator or by means of thermal imaging. The test of aged samples might
be evaluated.

Furthermore, the results of Sec. 5.1.5 demonstrated that with aging the PDIV
drops faster under converter waveforms. This evidence is at odds with the
current standard, since the testing frequency is considered not important for
PDIV tests and the same enhancement factor is considered for qualification,
independently of the test voltage waveforms. For the time being, it seems
that the higher decline recorded under converter never falls below the absolute
values recorded in AC. Hence, if the turn-turn tests are carried out in AC,
which is the most conservative condition as discussed in Sec. 6.2.1, there
is no need to change the enhancement factor relative to aging for converter
operation. Generally, testing the PDIV using AC 50 Hz waveforms appears
to be a conservative approach, provided that the relevant stressing voltage is
generated in the insulation subsystem. For testing in AC the T-T a dummy
unconnected wire might be inserted in the slot of motorette models or the
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dummy stator. When testing the wire should be connected to the voltage
source and the machine windings grounded.

Many manufacturers complain about the excessive amount of resources to
perform qualification tests, which often have to be performed after modifica-
tion of an already qualified insulating system that is already in production. A
complete qualification procedure indeed is costly and time consuming. Under
certain circumstance its superfluous to carry out a complete qualification, as
minor changes or conservative changes in a machine with successful service
experience are unlikely to decrease the reliability. Such changes may be:

1. Geometry conservative variations, when the geometry of the machine
is changed but the maximum electric field in the different subsystems
remains unvaried or is lowered.

2. Materials and/or processing changes for insulation system parts that are
not responsible for withstanding high electrical fields (bandaging, lead
sleeving, coil-nose tape, connection tape, cables, tie cord, bracing).

A discussion is ongoing to enable the possibility of performing only type tests
for the changes of (1) and type tests coupled with a "quick-scan" procedure
in case of (2). The "quick-scan" can be based on the comparison of electrical
and mechanical properties for the new design and the reference one, with
tests similar to the one discussed for the test of chemical incompatibility in
pre-qualification.

Lastly, under the current version of the standards the proposed EIS is
always qualified by comparing it to a reference one, with proven service expe-
rience. In some circumstances operational records are not available, because of
an innovative design approach or because unique/unusual stresses are present
(the latter is very likely for the MEA systems). Also, a new company could
be established and not have any internal records. This qualitative approach
could be substituted with a more quantitative one, where a target reliability is
set to be met for the insulation system at any given age time, practically set-
ting a reliability target at the desired lifetime. This approach is described in
[174][148]. The end of life criterion of an insulation subsystem in this context
is the inception of partial discharges, hence the life value is the time required
for the PDIV to drop below the target PDIV under a given aging stress. The
most important aging stress factor is the temperature, which is the only one
employed in current qualification. Nonetheless, a multi-factor approach might
be integrated if needed. Later in the chapter an electro-thermal qualification
bench will be described. Considering the thermal stress only, the qualifica-
tion procedure would require to obtain the life value of a series of samples for
different aging temperature, through accelerated aging tests. A life statistical
distribution is built for each aging temperature, with a population equal to
the number of samples. Then regression lines can be traced from the points at
any selected reliability percentile and the reliability of the subsystem at the
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design lifetime can be estimated. The reliability of the entire motor can be
derived from the ones of the subsystems, taking advantage of scaling factors if
needed. The methodology enables the creation of hierarchies of insulation sys-
tems, producing a number (reliability at the target lifetime) that can be easily
compared to other EIS, providing an universal metric to manufacturers. The
limitation of the proposal is that if qualification is not carried out together
with thermal class qualification, PD qualification tests must be re-performed
for at least three aging temperatures rather than a single one. Moreover, the
calculation might appear cumbersome to whom is not expert in the insulation
reliability field.

Qualification for Aeronautic Conditions

Compared with industrial drives, actuators for the MEA have different ROC.
In order to adapt the standard to fit the high altitude conditions, the pressure
variation has to be accounted. The use of such parameter can be envisaged
also for EV operating at very high altitudes. Pressure is the single parameter
that mostly affects the PDIV, and such variation could be accounted with
an enhancement factor. The enhancement factor for temperature could be
modified to account also for the pressure, as both reductions are mostly caused
by air density reduction. This is possible assuming that the eventual changes
in the dielectric permittivity of the materials under aging and at elevated
temperatures does not cause important extra PDIV decrements, hypothesis
that is in general in agreement to the experimental results. The model of [86]
can be used to estimate the PDIV value when pressure is p and temperature
T, given the PDIV at standard atmospheric conditions, using the number
density n(p, T'). The number density is proportional to the air density. Then,
the enhancement factor takes the form:

PDIVy,p1)

E,r =
p PD[Vn(pStdyTstd))

(6.10)

The possibility of testing at reduced pressures without the use of enhance-
ment factors should be evaluated, following the idea that testing in realistic
conditions is better than testing using artificially increased voltages. The main
problem relies on the fact that discharge changes as the pressure reduces and
the detection with electromagnetic methods becomes nearly impossible. Fig.
6.13 illustrates the emission spectra of PD activity at the inception and at
voltages well above inception for low pressures. It can be observed that as
pressure decreases the PD spectrum amplitude is reduced. This is an impor-
tant issue for the development of monitoring systems, making the qualification
even more important for achieving a good reliability of the machine.

For type tests, an extra aging enhancement factor is needed, as the machine
is tested when new. The standard suggests that, for an insulation system op-
erating always at its class temperature, FFyginy = 1.2, implying a maximum
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Figure 6.13: Amplitude of PD emitted signal reduced as pressure decreases.

reduction of the PDIV over time of 1/1.2=83%. In case the service tempera-
ture T is lower than the class one T, the EF g, = max(1.2(T,/T.),1). As
the role of solid dielectrics is de-emphasized at lower pressures, the enhance-
ment factor for aging should be reduced, reducing the burden on the EIS. A
10% PDIV decrement is the value obtained in Sec. 5.1.5 for aged TP tested
at 100 mbar, when the same samples at ground pressure reported a reduction
of 20%. Considering that the driving mechanism of PDIV reduction is the
insulation shrinking and permittivity increase, simulations using the tool of
Sec. 3.4 with 20 pum thickness reduction and permittivity variation of around
1 point produce the exact same figure. The tests on motorettes of Sec. 5.2.3
reported similar drops.
Therefore, the aging enhancement factor can be reduced to:

EFaging = max(1, k= (T5/T.)) (6.11)

where k is the drop expected at low pressure if the system is operated at
its class temperature. At 100/150 mbar that value can be estimated around
1.1. As the machine has to withstand the same voltage at potentially different
altitudes, until the aging factor is less relevant than the pressure one (condition
always met for the range of variations observed under aging), the aging factor
considered for the design could be the less restrictive one (hence the one of
the highest altitude).

Ultimately, the standard considers a safety factor EFpp = 1.25 that relates
to the hysteresis effect by which PDEV is usually 25 % below the PDIV (figure
derived from practical experience, also in line with the results for impregnated
T-T samples of Sec. 5.1.3). Its usage is relevant if PD activity is initiated
in a transient over-voltage exceeding the normal peak voltage, since the PDs
must extinct once the voltage returns to normal operation levels. For MEA
applications, in sight of the endurance results, PD activity is not acceptable

143



Chapter 6 — Insulation Coordination and Qualification

even in transient over-voltages and the coefficient can be dropped in favor of
more restrictive PDIV requirements.

6.4.2 Working Case

A case study for the calculation of voltage stressing values for type tests ac-
cording to the modified IEC 60034-18-41 and their comparison with measured
PDIV is presented. Different drive types and two scenarios of cable length and
rise time are considered. The four drive topologies considered are: two-level
inverter with ground connection to the negative DC rail or in split bus con-
figuration and three- and five-level inverter with the split bus configuration.

The drive analyzed is an high-performance electric drive intended for a
EHA in the MEA, described in [62]. The basic structure of the system con-
sists of an inverter connected to the motor via a three core cable having wires
with a diameter of 8AWG, twisted triple, single shielded (Nickel-coated cop-
per), single jacket. The electrical machine is an interior permanent magnet
rotor rated for a continuous power of 5.7 kW, featuring an 8-poles, 36-slots
stator, with a double-layer, integer-slot, three-phase winding comprising 3
coils-per-pole-per-phase, each consisting of 12 turns. The reference PDIV
levels of the EIS were derived based on measurements performed on twisted
pairs (810 V peak) for the T-T and motorettes (1160 V peak) for the P-G, in
sections 5.1.5 and 5.2.3 respectively. One of the assumptions made to derive
the analysis reported in the following is that the PDIV increment conferred
by the impregnation process should not be considered in the design phase.
The reason behind this choice is twofold: the measurements performed on im-
pregnated twisted pairs show that a large dispersion and the PDIV increment
in impregnated at operating temperature is significantly lower than what ob-
served at room temperature. Furthermore, the results obtained for the T-T
of motorettes are comparable to the results obtained in TP. The use of the
un-impregnated sample T-T is conservative choice (unfortunately condition
likely not far from the real case).

The total enhancement of the DC voltage to be used for type test qualifi-
cation is:

EF,y = (WFE % OF) % EFpp * EF, 7 % EF 44, (6.12)

where the enhancements are the one produced according to the recommenda-
tion of the previous section. In particular: EFpp = 1 as no voltage transients
are allowed, EF, 7 = 1/0.55 = 1.8 (combined impact of pressure and temper-
ature reduction of 45%) and E'F g, = 1.1 (operation at thermal class, with
aging causing 10% PDIV drop at low pressure) coherent to the experimental
results on the models.

The combination of OF and W F' (dependent on cable length and rise time)
was calculated for the specific design of the random-wound machine under
investigation through simulation. The propagation model of [62] predicts the
electrical stress levels acting on a stator in an accurate fashion in the T-T and
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Drive type Levels Insulation Upc WF*OF EFpp EF,r FEFuun, Total Viyess PDIV Vpouim

0V 2 T/T 1.12 222 1198 810 365
bc 2 P/G 1.28 253 1369 1160 458
Vo2 2 T/T 1.12 222 1198 810 365
be 2 P/G 540V 0.78 1 1.8 1.1 1.54 834 1160 751
Vo2 3 T/T 0.56 111 599 810 731
ba 3 P/G 0.64 127 684 1160 915
Vo2 5 T/T 0.28 055 299 810 1461
be 5 P/G 0.32 0.63 342 1160 1831

Table 6.3: Estimation of type tests stressing voltage value and limit DC bus
voltage level for a EHA. Cable length = 2 m. Rise time = 90 ns.

Drive type Levels Insulation Upc WZF*OF EFpp EF,p EFaum, Total Viyess PDIV Voo

0V 2 T/T 1.37 271 1465 810 299

be 2 P/G 1.7 3.37 1818 1160 345
Vo2 2 T/T 1.37 271 1465 810 299
bo 2 P/C 540V 1.2 1 1.8 1.1 2.38 1283 1160 488
Vo2 3 T/T 0.685 136 732 810 597
be 3 P/G 0.85 1.68 909 1160 689
Vo2 5 T/T 0.342 0.68 366 810 1196
be 5 P/C 0.425 0.84 454 1160 1378

Table 6.4: Estimation of type tests stressing voltage value and limit DC bus
voltage level for a EHA. Cable length = 15 m. Rise time = 20 ns.

P-G systems, accounting for both the overvoltage at the machine terminals
and the voltage distribution within windings. Those stress values exceed the
maximum stressing value in the curve of the standard, due to the extremely
short rise times.

From the PDIV values the maximum permissible DC bus voltage can be
estimated as:

Voctim = PDIV/EF,, (6.13)

The results of these calculations are reported in Tab. 6.3 for a 2 meter
long cable and a 90 ns rise time and in Tab. 6.4 for a 15 meter long cable
and a 20 ns rise time (more challenging scenario). The results show that for
the materials selected under a DC bus voltage equal to 540 V can operate
reliably only when using three- or five-level inverter with split DC bus if no
additional stress mitigation solutions are employed. If higher DC bus voltage
levels are sough (800 V) only five-level inverter topology can withstand the
stress generated.

6.4.3 Combined Electro-Thermal Stress

Regarding the qualification on full stators, the application of testing voltages
that are produced by testing generators introduce the need to model the volt-
age distribution and adjust the testing level to apply the proper stresses to
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each of the subsystems. Also, they add the need to understand how the fea-
tures of not only the real operating voltage impacts the PDIV, but also how
the testing voltages specific to the generator impact the EIS.

If a testing system able to employ the converter that is used in the op-
eration is realized, the problem of producing relevant qualification testing is
completely removed. Also, an appropriate cable should be used to have the
proper stresses at the machine terminals.

If the concept is pushed further, such system might be used to subject the
materials with the real electrical stress as part of the aging cycle, either as
sequential stress to the thermal aging, or even better in a simultaneous multi-
factor stress, capable of capturing degradation synergies [175]. As mentioned
earlier, the current standard do not envisage any tests in which thermal and
electrical stress conditions are applied simultaneously; indeed, only thermal
aging cycles alternated with electrical diagnostic tests are carried out, that
are supposed to not provide any electrically aging to the system and only ver-
ifying its state. The introduction of multi-factor aging stress might be very
important in light of the contribution of the electrical stress to aging.

The possibilities for thermo-electrical aging stress cycles are many, but can
be carried out in two main methods, both of them at temperatures according
to [92] to perform accelerated thermal aging tests:

o With voltage stressing levels equal to the service ones.

« With voltage levels higher than the service ones, making up additional
accelerated electrical degradation. The stressing voltage should be any-
how lower than the PDIV of the pristine stator, to avoid the transition
from intrinsic electrical aging to extrinsic one, that have completely dif-
ferent aging phenomenology and impact on the material degradation.

The first approach will be explored, as enables a very useful simplification
in the qualification process. Since the machine is constantly fed with a volt-
age corresponding to the in-service one, if the insulation does not feature CR
materials, the diagnostic sub-cycle can be avoided. Indeed, if PD activity is
incepted the machine will fail in a time that is negligible to the test times.
So, the lifetime under the accelerated life tests is recorded easily as the time
elapsed between and the failure of the machine and no PD detection instru-
ment is needed. The procedure would greatly ease the proposed qualification
methodology employing the reliability target instead of the reference operat-
ing system described in Sec. 6.4.1 and provide better distributed life values
(otherwise discretized to the aging cycles).

A full machine, comprehensive of the rotor might be used and left rotating
in the no-load condition or connected to a test bench able to provide the
braking torque desired. This approach makes the realization of the setup a
quite complex problem, having a machine rotating at high speed inside a close
environment where temperature is artificially increased. Typically an oven is
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used. The system produces vibration that must be controlled, is noisy and
requires extra safety measurements. In case the machine is operated in loaded
condition, the energy consumption may be considerable if the bench doesn’t
feature an energy recovery system. Furthermore, the accelerated degradation
should be applied only on the electrical subsystem of the machine. It is
very likely that the mechanical parts like bearings and their lubricants cannot
operate at the temperatures required for the insulation accelerated thermal
test.

Alternatively, the machine can be fed in absence of the rotor, connect-
ing the inverter to the stator alone and avoiding any moving part and the
aforementioned problems. This way, without the counter-electromotive forces
generated by the rotor rotation, the currents flowing through the windings
are limited only by their impedance (too small to cause an important voltage
drop). In the absence of the electro-mechanical power conversion of power
both the heat dissipated in the stator windings from joule losses and the cur-
rent magnitude withdrawn from the converter would be unacceptable. The
solution to this issue is to limit the stator currents using resistors whose po-
tential drop can be compared to that caused by the presence of the counter-
electromotive force. They can be inserted in series to the windings, before the
star point (an accessible star point is assumed, otherwise a custom dummy
with connections suitable for this test or a dummy with at least three adja-
cent windings should be realized). The addition of this resistors alters the
voltage profile that the winding experiences, an undesired effect that shall be
limited. First, the steady state voltage will drop more on the resistor than the
windings, increasing the steady state voltage on the intermediate coils of the
P-G. Secondly, voltage reflections between the windings and the resistor may
appear, changing the transient voltage profile, a more important issue. An-
other important drawback is that joule losses (and eventual dielectric losses),
despite reduced, cannot be eliminated. Hence, the set temperature of the
oven must be carefully chosen so that the hotspot temperature inside the slot
reaches the aging value selected. For that the use of thermocouples in the
machine slot is strongly advised. Due to those joule losses, in the slot the
temperature gradually decreases outward, recreating a profile akin to the ser-
vice temperature but less appropriate for the scopes of an accelerated thermal
test. The temperature gradient is stronger for higher absorbed currents (lower
resistors values). This approach requires much lower powers to operate, equal
to the mentioned joule losses, enabling the use of much smaller and cheaper
high voltage generators.

A setup was realized as demo of the system. The stator features concen-
trated windings in the tooth-coil winding type (Fig. 6.14), with 6 windings
per phase connected together in parallel, for a total of 18 teeth making 12
magnetic poles. Litz wires are employed as conductors. The converter used,
described in Sec. 3.2.6 presented specific criticalities. The control system is
based on the field oriented control (FOC) which through current measure-
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Figure 6.14: Open and short circuit impedance, obtained from s-parameter
(S11) acquisition though a VNA as function of frequency.

ment adjusts the voltage modulation (SVPWM-type modulation). In absence
of the rotor the current sensor would read very high current values and would
attempt to provide an almost null voltage reference. This makes the control
to switch simultaneously to the ON state all phases (there will be very short
delays that cause voltage spikes to occur anyway) so that the line-line voltage
is set to zero, repeating the process each switching period in an attempt to
obtain average zero currents. This abnormal operating regime of the inverter
should be avoided because it is not representative of service conditions. Fur-
thermore, the speed control is not possible, as the encoder or resolver assigned
to measure angular speed clearly does not receive any signal. For this reason,
the "measured" speed value will have to be fixed fictitiously in the control
system, effectively bypassing the control loop.

Regarding the propagation of the voltage wave on the system, the tar-
get would be to alter the wave shape of the voltage across the first coil as
little as possible by the insertion of the resistor. The resistor should be in-
serted after the windings and ideally they should share the same characteristic
impedance so to not to generate reflections and cause voltage wave distortions
(to be avoided particularly on the first coil). For this reason, the characteristic
impedance of a wound tooth was calculated through reflectometry measure-
ment with a VNA (described in Sec. 3.3.5) in the frequency range 50 Hz
to 150 MHz. Knowing the characteristic impedance spectrum, the resistor
impedance could be matched with that of the winding, mitigating reflections.

The machine can be considered as first instance a propagation line. This is
an approximation, as the characteristic impedance of a rotating machine varies
along the voltage wave path, meeting different stray parameters in different
location, especially from inside the slot to the end-winding. To perform the
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Figure 6.15: Open and short circuit impedance of a stator tooth, obtained
from s-parameter (S1;) acquisitions though a VNA as function of frequency.

calculation of the characteristic impedance, the theory of propagation has to
be briefly reviewed. From the Telegrapher’s equations, the input impedance

Zrn of a line of length d is:
A Z 1+T —2
V(d) _ 72" + Zotanh(~d) _ 7 + I'pexp(—27d) (6.14)
I(d) Zy + Ztanh(vd) 1 —T'pexp(—2~d)

Z]N(d) =

where v is the propagation constant of the line, while Z; and Z are the
characteristic impedance of the line and the load at the end of it, respectively.
Considering the equation Eq. 6.14 for a load:

Zo
tanh (vd)
ZL =00 — ZIN = ZO tanh('yd) = ZSC’ (616)

Z; =0—> Ziy = :ZOC (615)

and then re-substitute them into Eq. 6.14 one obtains:

1 1 |Zsc
— “tanh (/222 1
v 7 tan ( Zoc) (6.17)
ZO —\/ ZSCZOC (618)

The short-circuit and open-circuit impedance can be calculated resorting
to s-parameter theory, from the reflection coefficient:

Su=Tmiv=T¢ (6.19)

knowing that the measurement instrument has a characteristic impedance of
50 €2, finally obtaining:

1+5

Zoo = 50 % —21L0C (6.20)
1 - Si0c
1+ 8

Zoo = 50 % ~—21LSC (6.21)
1—Susc
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Figure 6.16: Characteristic impedance of a tooth, as function of frequency.
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Figure 6.17: Values of the potential difference at the ends of the stator tooth
for different values of resistance after it.

Before the measurement of the reflection coefficient, the instrument was
calibrated and the fixture compensated. The results obtained were used to
calculate through Eq. 6.21 the open circuit and short circuit impedance, that
are in Fig. 6.15. From them, using Eq. 6.18 the characteristic impedance of
the tooth Z; (Fig. 6.16) is calculated. The characteristic impedance exhibits
a large region where the impedance is constant around 1000 €2 with a null
phase.

The selection of the resistor value is a compromise between the needs of
reducing the distortion (achievable only matching its value to the one of the
windings, task impossible to meet accounting also the phase angle with a
pure resistor) and increase the resistance so that the current is reduced to
values that enable the employment of the converters. As the voltage wave
goes through the entire phase winding before reaching the resistor, lower fre-
quency components are likely more relevant than the high frequency one for
the matching, as the latter gets reduced following stray capacitive paths. Fig.
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Figure 6.18: Resistor connection configurations.
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Figure 6.19: Comparison of the voltage appearing under the two configura-
tions.

6.17 shows the voltage on the stator tooth as function of the resistor after it.
A value around 880 €2 for the resistor is deemed to generate an acceptable
voltage reflection (hence distortion) at the interconnection between the resis-
tor and the tooth producing acceptable voltage ringing and at the same time
reducing the current to values bearable by the converter in use.

To compare the voltage with a different resistance value, two configurations
were used. They are shown in Fig. 6.18. Configuration "a" is using the
value estimated from reflectometry measures for each tooth, configuration "b"
connecting all the tooth in parallel before the connection to the same resistor,
resulting in a resistance value six times higher than the estimated one for each
tooth. Acquisition of the voltages appearing on the resistor and the tooth are
in Fig. 6.19. The measurements were performed using 60V of DC bus and
low-voltage low-inductance resistors. In configuration "b" it can be seen that
the voltage on the tooth is subject to a voltage ripple that is not present on the
phase voltage and that the peak is reduced compared to the "a" configuration,
reducing the turn-turn stress that instead should be preserved. Nonetheless,
the great difference in the resistor value affects the voltages in a modest way,

151



Chapter 6 — Insulation Coordination and Qualification

800

600

V)

S 400

200

Voltage

-200

(a) Comparison of voltage ap-

3 4 5 6 7 8 9 10 11 12

pearing for different resistance Tme ) ot
values at 60 V. (b) Full 860 V operating voltage.

Figure 6.21: Voltage appearing on one stator tooth.

giving a good margin for the selection of the resistor.
Considering configuration 'a", the current circulating can be estimated
from the equivalent impedance for each phase. The impedance is:
s (Ztooth + ZO)

Ty = 6.22
g " (6.22)

where ng is the number of windings connected in parallel and n, the number of
the ones connected in series. Hence, an active power will be dissipated (mainly
on the resistors, which will have to be capable to withstand both voltages,
currents and temperature). Installing the resistors on a suitable heatsink
with a cooling system to keep the temperature contained is probability the
best approach. Heat recovery systems or direct installation in the oven permits
to avoid the waste of the thermal energy and employ it as support of the oven.
The latter requires very high operating temperatures for the resistors and is
likely difficult to exploit.

In Fig. 6.20 is a picture of the setup realized. Due to strong limitation
on the maximum current withdrawable from the available generator and the
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limited range of available resistors an insertion identical to configuration "b"
had to be employed. In Fig. 6.21a it is shown how varying the resistor value
does not affect strongly the wave shape, as already observed. In Fig. 6.21b
are the final waveshapes obtained for the demo setup. An important portion
of the phase voltage is not present on the tooth, as consequence of the limi-
tations faced. Yet, preliminary measurements for 300 hours of aging showed
that the electro-thermal aging reduced the PDIV of 10% while comparative
thermal-only aging caused no PDIV reduction in the same time frame. Reli-
ability issue of the SiC-converter forced the interruption of the investigation.
The lack of temperature monitoring inside the slot, estimated from modeling
and measure on the stator frame raised some doubts on the real slot tem-
perature and highlighted the need of installing temperature sensors for this
kind of qualification. Anyhow, the promising results obtained push for a more
complete investigation performed with the most appropriate equipment.

When proposing a qualification methodology, its simplicity and straight-
forwardness are key aspect to evaluate. The complexity (and cost) of the re-
flectometry measurements and the need for their verification is something that
inhibits the realization of the proposed setup. However, in light of the results
obtained a more detailed analysis should be carried out to understand if re-
flectometry measures are needed at all. In addition, the resistor might feature
a set of characteristics not easy to find on the market. Beside the resistance
value equal to the selected one, other properties are crucial: low parasitic
parameters, sufficient maximum operating voltage and current, proper tem-
perature range and power dissipation. Meeting these characteristics might
not be feasible at reasonable costs, with the most critical aspect being the
low parasitic, as they tend to increase proportionally to the resistance and
dissipated power values.

Furthermore, the specific characteristic of a machine winding topology
might increase the difficulty of this methodology. The machine analyzed has
single wounded teeth, an optimal configuration for the analysis. Machines
with many windings in parallel will feature lower Z,, requiring higher cur-
rents and consequently dissipating more heat (requiring more power from the
generator). As already mentioned, for designs without the star point accessi-
ble, an ad-hoc stator for this qualification approach should be realized. The
modification might be costly or difficult to perform, and important variation
from the stator original structure can make the qualification less meaningful,
nullifying the benefits that would be obtained.
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Conclusions

The pivotal changes in the transportation sector require careful scrutiny of in-
sulation materials properties to provide the desired reliability. Aeronautic and
automotive environments, in conjunction with unprecedented stresses gener-
ated by WBG-converters require for advancement in ensuing the reliability of
modern systems, obtained by deriving prescription for insulation coordination
and qualification.

Extensive experimental activity has been carried out to extend the body
of knowledge on insulation materials, with focus on partial discharge phenom-
ena. The danger of sustained PD activity in motors have been reaffirmed in
light of new empirical results. Experimental results show that purely organic
materials of enamels present in the T-T insulation system can not sustain
PD activity in the current conditions of the automotive sector, enduring volt-
ages comparable to the PDIV only for some minutes. Life under PD activity
is even worse at low pressures (100—150 mbar), which are characteristic for
cruise and qualification altitudes of unpressurized equipment in airliners. Even
organic nano-filled corona resistant materials designed to withstand some PD
activity are insufficient to design a reliable insulating system operating above
PDIV. The major contributor to the increased degradation rate is the higher
kinetic energy that discharge electrons are able to reach when the pressure
is decreased. Indeed, results hint the presence of a threshold in the degrada-
tion mechanisms above a certain electron energy, depending on both voltage
and pressure (roughly situated at 700 V peak at 150 mbar). It is likely that,
above such threshold, the enhanced etching of the polymeric matrix, or the
breaking of previously inaccessible chemical bonds are able to rapidly bring
the insulation to failure (within tens of seconds). The effect is so dramatic
that little difference is found comparing the performance of wires insulated
with standard or CR materials. Additionally, an increase of degradation rates
were observed when converter waveforms are used, in comparison with AC
sinusoidal supplies with the same voltage and frequency. This phenomenon is
also aggravated by moderate air moisture level. Thus, operation of any trans-
port electrification drive in the presence of continuous PD activity is likely
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not feasible when discharges are incepted in the T-T subsystem.

Estimation of lifetimes performed through simple models of cumulative
damage opened the door (strictly at sea-level pressure levels) for operation in
mixed PD regime, where PD are incepted only during transients or anomalous
operating conditions for a percentage of service time lower than 1%. This is
clearly more relevant for EV than for aircraft systems. However, since the
possibility of having sustained converter generated PD activity in subsystems
including nano-filled or completely inorganic liners is yet to be scrutinized,
the most appropriate strategy for motors manufacturers would be to prefer a
PD-free design for those applications. This goal is achievable by coordinating
the inverter voltage stress with the PDIV level of the stator insulation. The
selection of the insulation system must be carried out prioritizing the maxi-
mization of PDIV and dielectric performance, also at elevated temperature.
Since the inception of PD proved to be a turning point in machine reliability,
understanding which factors reduce an insulating system’s PDIV, and to what
extent, becomes critical.

A reassuring result is that features of converter waveforms appear to not
reduce the PDIV to values below the one recorded for AC 50 Hz sources.
Higher PDIV peak reported for fast oscillating waveforms in previous studies
have been confirmed with experiments in presence of UV-irradiation sources
on T-T samples. With no UV irradiation, higher PDIV (+7%) was obtained
with pulses of shorter duration (lower than 2 us), possibly due to the sta-
tistical delay of seed electron appearance. Introducing UV radiation (hence
free electrons on the surface of the samples) uniformed PDIV values for short
pulses to the ones obtained with pulses of longer duration. The increase of
PDIV recorded for fast oscillating waveforms (with a time scale of tens of
nanoseconds) remain to be fully explained, and the contribution of dielectric
relaxation phenomena is hypothesized for this case. Regardless, it would be
implausible to be able to exploit this effect to reach higher voltages in rotating
machines.

Impregnating resin has a critical role in defining the PDIV level of a ma-
chine. This has been investigated on T-T impregnated samples. The results
achieved through a combination of PDIV tests, dielectric spectroscopy and
FEM-simulation appear to indicate that more efforts should be put on in-
creasing coating effectiveness. The requirement might be at odds with the
need for the resin to fill every void in the slot, as opposite viscosity values are
required to effectively fulfill the two tasks. Operation of resins above their
glass transition temperatures did not reveal critical PDIV drops, despite the
important permittivity variation recorded. The effect of thermal aging on
PDIV of impregnated samples was found to be increased when testing with
converter waveforms, compared to AC sinusoidal voltages. On the other hand,
non-impregnated specimens did not yield similar results. This phenomenon is
mainly attributable to the different variation of the dielectric permittivity of
the resins along the frequency spectrum, and the relative dielectric losses.
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In aeronautic conditions (i.e., in low pressure environments), the role of
the solid insulation was found to be de-emphasized, due to the elongation
of discharge field lines. Using thicker insulation has a mild impact in im-
proving the PDIV at reduced pressures, making stress mitigation techniques
preferable than insulation over-design. The same phenomenon has a positive
effect reducing the aging contribution to PDIV decrements, typically caused
by insulation shrinking and permittivity increase, improving the scenario in
comparison to sea-level conditions. The addition of aging sub-cycles including
high-moisture exposition, aircraft-typical vibration profile, and thermal shock
to the standard aging process did not reveal particular influence on results.
Unfortunately, it is too early to rule out these factors as contributors to insu-
lator degradation, as their continuous application as aging stresses may play a
role in mechanical degradation. Importantly, during the same aging cycles an
unexpected chemical incompatibility was discovered, raising concerns about
the use of materials from different manufacturers without a prior compatibility
analysis.

These results and their critical discussion are another important step to-
wards gaining a comprehensive and cohesive understanding of the subject.
Integrating the current body of knowledge with the mentioned experimen-
tal findings enabled the proposal of a PDIV coordination route to assist the
insulation designer in making more secure decisions. Stress mitigation solu-
tions were illustrated on both the machine and converter sides, to be used in
conjunction with traditional insulation design techniques aided by PDIV pre-
diction tools (of which novel advancements for systems of impregnated T-T
samples and P-P/P-G were presented). At the present time, it is not possible
to identify an optimal single solution for easily coordinating the insulation to
the converter stresses, whereas a combination of them would most likely re-
sult in the best performance in terms of drive system reliability and efficiency.
The use of ordered winding structures and multilevel converters is probably
the most technologically mature path to achieve the reliability level desired
by the transportation sector.

Finally, the discussion has been completed with recommendations for an
updated qualification under WBG-converter stresses based on a modified
IEC 60034-18-41, accounting for the requisites of transportation sector. The
enhancement factors have been revised to account for aeronautical condi-
tions. Simple pre-qualification tests are suggested to eliminate underperform-
ing resins and reveal potential chemical incompatibilities. The ideas of using a
"reference system with proven service experience" and a single IVIC coefficient
have been challenged, with a reliability target method proposed for the former
and a more flexible multi-IVIC alternative proposed for the latter. Finally,
an electro-thermal aging bench was prototyped to simplify qualification and
achieve a more representative solution.
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