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Abstract

Adjustable speed drives for rotating machines have become increasingly popular as they
provide possibilities of smooth and accurate process control as well as for energy savings. In
such systems, due to the fact that the voltage applied at terminals of motor windings is no
longer purely sinusoidal but characterized by a high content of harmonics, the appearing
electrical and thermal stresses yield premature failures of the winding insulation, mainly
because of an increased partial discharge (PD) activity. To tackle the problem effectively, PD-
resistant enamels have been developed, by introducing various inorganic fillers into the base
polymer of the wire insulation, that exhibit an increased resistance to PD activity. The effect
seems, in most of the cases, to be strongly dependent on the dielectric properties of the filler
used and the degree of interactions with the host materials.

In this respect, a recently developed enamel insulation, in which the top layer of the
multilayered coating is filled with micro-particles of chromium (111) oxide (Cr,0s3), has
demonstrated exceptional properties. To elucidate the effect of material properties on the PD
behavior, the presented in this thesis study concentrates on electrical characterizations of the
new enamel insulation by measuring and analyzing its electric conductivity and complex
dielectric permittivity and comparing these parameters with of the properties of enamel
without the filler. In addition, the decay of surface potential induced by deposition on the
enamel wire surfaces electric charges from a corona source is examined.

The performed analyses show that the addition of Cr,O; filler results in a highly conductive
and dispersive material, as compared to the base enamel. As a consequence, the top coating
layer of the enamel wire insulation activates suppression of PD activity, while the insulating
properties of the bulk material are kept unchanged. The presence of chromium oxide results in
enhanced interfacial polarization and low frequency dispersion (hopping conduction) of the
enamel. The material conductivity is increased because of enhancement of charge carrier
mobility as well as a shift of the maximum of trap density distributions towards lower energy
levels. The mechanism of the surface potential decay is analyzed by means of a model in
which the combination of charge injection, dipolar polarization and intrinsic conduction
appears to be the most important contributors to the observed surface charge dynamics.

Key words: enamel wire insulation, chromium oxide, dc conductivity, dielectric permittivity,
charge injection, charge transport, dipolar polarization, partial discharge, twisted pair.
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Chapter 1 Introduction

1 Introduction

1.1 The project

Adjustable speed drives have gained a widespread application due to a number of provided
technical benefits. In particular, the use of fast switching power electronics allows for saving
significant amount of energy. However, the applied voltages containing high frequency
harmonics put winding insulation of electric motors at risk of failure. The continuous
exposure of insulation systems to the distorted voltages increases the risk of enhanced partial
discharge (PD) activity and space charge accumulation, thus causing accelerated aging and
premature failure [1-3]. To deal with the problem, filtering techniques are sometimes
employed for reducing the high frequency content, which are not always the most cost-
effective option. Therefore, the use of PD-resistant enamel insulation is usually the first
priority among all other measures. Such insulations are commonly created by introducing
layered enamel structures and adding micro- or nano-particles of inorganic fillers into a base
polymeric material [4, 5]. The doping degree is not to be necessarily high, an addition of
nano-fillers at few wt% allows for significant lengthening the insulation life time [5].

A possibility of using chromium oxide Cr,03 filler for improving the PD resistance of enamel
insulations was noted in 1990s. Thus, an enamel insulation containing an unfilled base coating
and micro-filled top coating has been created, showing a considerable increase in time to
breakdown as compared to a conventional insulation [6]. The idea has been renewed recently
by combining a nano-filled base coating with the Cr,Os-filled top coating [7]. Since the
former also contributes to the material PD resistance, the synergy effect is anticipated for the
newly developed enamel insulation. The performed accelerated aging tests at high
temperatures revealed that the life time of such insulation is substantially increased as
compared to both the conventional and the early developed enamel with filler in the top
coating only [7]. This outstanding outcome requires a reasonable explanation, which in turn
may aid the production technology of enameled wires.

In this work, instead of focusing on the aging tests as done in most of the investigations
performed in this particular topic, fundamental electrical properties of the enamel insulation
with and without chromium oxide filler are studied. Firstly, the effect of the filler on
conduction and polarization mechanisms in the materials is analyzed utilizing experimental
results on volume conductivity and dielectric permittivity obtained at different temperatures.
Further, surface potential decay measurements are used for exploring the dynamics of charges
on enameled wire surfaces as well as for deriving microscopic material properties. Finally, PD
behavior of the materials is studied and correlated with the obtained dielectric properties.

To simplify insulation structure and to avoid effects of the nanofiller in material properties, on
the present stage of the work, the experiments were conducted for enamel insulation with
chromium oxide added only in the top coating, which is referred to as the filled enamel
throughout the thesis. An enameled wire with conventional insulation has been used as a
reference in the study. The enamel insulation with fillers in both layers is planned to be used
later for PD measurements.
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1.2 Outline of the thesis

The structure of the thesis is as follows.

Chapter 2 presents results of the measurements of volume electric conductivity and dielectric
permittivity of the enamel insulations. At first, a brief overview on the dielectric properties of
all phases in the filled enamel is provided. Further, the measured properties of the considered
materials are presented in terms of their temperature and frequency dependences. Next, the
dielectric permittivity obtained using a master curve derived for a frequency range wider than
the experimental window is discussed. Contributions of dipolar polarization, low frequency
dispersion, and dc conduction in the polarization relaxation process of the studied materials
are examined. Finally, a model of the filled enamel created for verifying the measured results
and for analyzing changes in local electric field distributions is presented.

Chapter 3 focuses on the potential/charge decay process on enamel insulation surfaces. The
chapter starts with an overview of decay mechanisms and theories allowing for deriving
microscopic properties of insulating materials from the measured decay characteristics.
Results of the experiments (distributions and decay of surface potentials and charges)
conducted on winding samples pre-charged by corona from nearby sharp electrodes are
presented. Based on these, possible surface charge decay mechanisms are discussed and
contributions of several processes, e.g. charge injection into enamel, trapping and de-trapping,
dipolar polarization, are analyzed. Finally, characteristics of the studied materials deduced
from the experimental data, such as trap density distributions and charge carriers mobilities,
are discussed.

In chapter 4, preliminary results of partial discharge characteristics are presented for enamel
insulations exposed to PWM voltages at three filtering options. PD inception and extinction
levels as well as PD amplitudes and numbers per cycle are compared for the filled and the
conventional enamels. The influence of the filler on the obtained PD characteristics is
discussed.

The conclusions from the work performed are summarized in chapter 5 and suggestions for
future work are provided in chapter 6.

1.3 List of publications

1. Anh T. Hoang, Yuriy V. Serdyuk, and Stanislaw M. Gubanski, “Electrical
Characterization of a New Enamel Insulation,” accepted for publication in the IEEE
Transactions on Dielectric Electrical Insulation, 2014.

2. Anh T. Hoang, Thomas J. A. Hammarstrom, Tord Bengtsson, Yuriy V. Serdyuk, and
Stanislaw M. Gubanski, “Partial Discharge Behavior of a Newly Developed Enamel
Insulation at Various Voltage Rise Times,” 7" International Symposium on Electrical
Insulating Materials (ISEIM 2014), June 1-5, 2014, Niigata City, Japan, accepted.

3. Anh T. Hoang, Yuriy V. Serdyuk, and Stanislaw M. Gubanski, “Charge Decay on

Enamel Wire Surface,” International Conference on High Voltage Engineering and
Application (ICHVE 2014), September 8-11, 2014, Poznan, Poland, accepted.
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2 Dielectric properties of enamel insulation

2.1 Literature review

This section provides a summary on dielectric properties of components in the filled enamel
insulation.

2.1.1 Properties of enamels

Enamel wire insulation usually has a multilayered structure that consists of at least of two
layers, a base coat and a top coat. The materials used for creating these layers are usually
polyester-imide (PEI) for the former and polyamide-imide (PAI) for the latter. They are both
high temperature materials with stable thermal properties. Chemical structure of the repeating
unit of PAI is shown in Figure 2.1. For both the materials, the glass transition temperature
(Tg) is approximately 270 °C [8, 9].

The dielectric permittivity of PAI has been reported in [8] for a wide range of temperature
(from —100 °C to 400 °C) and frequency (10 *-10° Hz). At temperatures below 200 °C, the
real part of complex permittivity varies from 4 to 4.5, depending on the frequency of the
applied voltage. For the temperature close to Ty, the real part of complex permittivity
increases rapidly with reducing frequency.

The dc conductivity of PAI has been derived in [8] from the ac conductivity measured at the
frequency of 0.1 Hz. At 250 °C, the obtained dc conductivity is ~10** S/m. For temperatures
above Tg, dc conductivity of the material follows the nonlinear temperature behavior.

It should be noted that not much information is available about the thermal and dielectric
properties of PEl. The measurements performed in a frequency range of ~10'-10° Hz [9]
showed that the real part of the complex permittivity increases monotonously from 4.2 to 5
with decreasing frequency and the loss factor (tand) is ~10 and is characterized by two loss
peaks at ~10% Hz and 10° Hz.

0
H
H |‘
{ )T
* \“‘|(|j H .
O 0]

Figure 2.1. Chemical structure of the repeating unit of PAI.
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2.1.2 Properties of chromium oxide

Chromium (111) oxide Cr,O3 is widely used as a pigment in the paint industry due to its
characteristic green color. Being added to enamel insulation it provides the material with the
same hue.

Volume electrical conductivity of chromium oxide has been reported in several works, for
example [10-13]. Crawford and Vest [10] have described two conduction mechanisms of
chromium oxide crystals, namely defect-controlled and intrinsic conduction. The defect-
controlled mechanism occurs below a characteristic temperature (~1000 K), and is affected by
external conditions. It is caused by defects in material crystals that generate charge carriers by
reaction with oxygen. Consequently, the electrical conductivity strongly depends on the
partial pressure of oxygen. On the other hand, the intrinsic mechanism is observed above the
characteristic temperature and it is unaffected by external conditions. In such a case, the
conduction is created by the charge transfer between ions of molecule Cr,O3 through the
formation of either an electron-hole pair or a hole. The experimental results show that in the
temperature range 600-1400 °C, the electrical conductivity is as high as 102-10 S/m for
chromium oxide crystals in oxygen at pressures of 1072 to 1 atm [10]. Further, the volume
conductivity of material in the form of thin films strongly depends on temperature and sample
thickness [11]. The conductivity increases significantly with increasing temperature, whereas
it decreases dramatically with increasing material thickness. For example, at 25 °C the
electrical conductivity of a chromium oxide film with thickness of 125 nm is of ~1 S/m and it
is 10°® S/m for the bulk of Cr,O3 in mm range. Gas medium and gas pressure also affect the
measured volume conductivity of chromium oxide. For instance, it is increased considerably
in oxygen environment as compared with the case of vacuum.

The conductivity measurements reported in [12] have been performed at high temperatures
(200-500 °C) for chromium oxide powder used as a catalyst. Experiments have been
conducted in different gas media and showed that the volume conductivity varied in a range
10°°-10"" S/m for vacuum, 102-10° S/m for hydrogen environment, and it was significantly
higher (10°-1072 S/m) for oxygen medium. Besides, the values 10*-10 S/m were recorded for
porous specimens immersed in oxygen in temperatures 550-1300 °C [13]. The variations in
the magnitudes of the volume conductivity of chromium oxide in vacuum, hydrogen and
oxygen have been explained by differences in conduction mechanisms and types of charge
carriers. Thus, positive carriers (holes) were suggested to be dominant in the material exposed
to oxygen whereas negative charge carriers (electrons) were assumed to be prevalent in
chromium oxide in hydrogen medium.

The relative permittivity (the real part of the complex permittivity) of chromium oxide has
been measured in [14] using a single crystal of 6 mm in diameter and 0.5 mm in thickness at
room temperature (25.5 °C) and frequency of 1 kHz and 2 MHz. Since the material has the
corundum structure (hexagonal system) [10], its relative permittivity is anisotropic and it was
determined for two directions, namely directions parallel to a axis and parallel to ¢ axis. The
relative permittivity value of 13.3 has been recorded at 1 kHz and 13.0 at 2 MHz for the first
direction, whereas it was 11.9 at 1 kHz and 11.8 at 2 MHz for the second direction.
Furthermore, the relative permittivity was found to be weakly dependent on temperature and
the magnitude of the temperature factor was found to be ~10° K™ for the range 25-52 °C. In
summary, the average value of the relative permittivity of chromium oxide can be taken as
approximately 12-13. An increase in the relative permittivity of filled enamel is therefore
anticipated due to the presence of highly dispersive chromium oxide in the conventional
polyamide-imide insulation.
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2.2 Measurements with flat samples

The measurements were initially carried out for flat samples of polyamide-imide (PAI) resin
and resulted in a limited amount of reliable data. The reasons for that seem to be of generic
character for enamel materials and, therefore, are discussed here together with the main
results obtained.

Flat materials samples were created by depositing a thin insulation layer on top of the
substrate that was a copper plate of 1 mm in thickness and having square shape with a side of
100 mm. The insulations used were PAI resin without any fillers and PAI resin containing
chromium oxide filler at 14.3 wt% (equivalent to 4.3 vol%). The insulation thickness was 38
and 19 um for the PAI and Cr,Os-filled PAI layers, respectively. Note that an insulation layer
with an evenly distributed thickness can be hardly prepared from this type of material and this
non-uniformity is considered as the main reason for the limited applicability of flat samples.

The volume conductivity measurements were conducted in accordance with the IEC standard
60093 [15] in a three-electrode arrangement (Figure 2.2). In the test cell, the metallic
electrode was covered by a layer of soft semiconducting resin for assuring a good contact with
the sample surface. Keithley Electrometer 6517A was utilized as a test voltage source and for
measuring the current through the material. During the measurements, it was observed that a
stable steady state current (true conduction current) could be registered after quite long time
after voltage application when the polarization current ceased. The volume conductivities
obtained at time 4x10* s are presented in Table 2.1 together with the electric field applied to
the material. One may notice the increase in the conductivity due to the addition of chromium
oxide, as expected. However, it was also noticed that once the applied electric field was
enhanced, the shape of the polarization current changed drastically. Thus, for the Cr,O3-filled
PAI resin, the time-dependent polarization current was not reducing gradually as expected,
but instead, several peaks were observed in the current trace. An analysis showed that these
might not be attributed to the polarization process in the material and appeared, most
probably, due to the imperfection of the material samples, i.e. their uneven thickness. Hence,
the measurements of volume conductivities with flat samples were found to be unreliable and
the values shown in the table should be considered as indications providing orders of
magnitudes only.

The measurements of complex permittivities were conducted by means of the Insulation
Diagnostic System IDAX 300, which is equipped with an internal ac voltage source and
measures the response current and phase shift, thereafter used for calculation of dielectric
permittivity. To avoid the problem mentioned above, a contact-free technique [16] has been
employed for measuring material permittivity. The idea of the method is to place the sample
on the bottom electrode, while having no contact with the top electrode. The object under
measurement can be represented as a series connection of two capacitors (the sample
capacitor Csample and the capacitor Cy of the air gap between the sample and the top
electrode). Consequently, the sample capacitance can be calculated by using the measured
result and geometric parameters of the arrangement. The method in general allows for
improving the accuracy in dielectric measurements in such cases when samples are
susceptible to deformation due to being pressed between two electrodes or good contact
between specimens and electrodes cannot be achieved. Despite of these possibilities, a
drawback of the method has become evident during the measurements. It is related to the fact
that the samples used in the present study provided the material thickness in um range, which
is in one order of magnitude smaller than the air gap (0.3-0.4 mm), resulting in the
relationship Csampie >> Cair. The total capacitance of the two capacitors connected in series is
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Voltage —

| %y

Picoammeter

\H—

Figure 2.2. Circuit for measuring volume conductivity of flat sample: 1 — voltage electrode, 2
— measuring electrode, 3 — guard ring, 4 — insulation, 5 — copper plate.

Table 2.1. Volume conductivity of PAI resin and that filled with Cr,0;

Material Electric field, V/m | Volume conductivity, S/m
PAI 1.05x10° 3.9x107%°
Cr,05-filled PAI 0.53x10° 7.8x107%°

therefore mainly determined by the air capacitor C, leading to inaccuracy in calculating
sample capacitance. In reality, the experiment provided unreasonable results (the real part of
relative permittivity was always close to 1), which is obviously dissimilar to the values
reported in [8]. As it is noted in [16], the accuracy of the contact-free measurement depends
on the filling ratio that is the ratio of the sample thickness to the thickness of the total air gap
between two electrodes. An optimum filling ratio should be larger than 0.7. In the present
study, however, the filling ratio was less than 0.1 that contributed to the large measuring error.
The measurement could be improved by reducing the air gap between the sample surface and
the top electrode to a value lower than 30 pum. However, this will increase the error in
thickness measurement, which in turn also negatively affects the measuring accuracy.

In summary, several problems arising in the conductivity and permittivity measurements for
flat samples of unfilled and filled PAI layers limited their applicability and reduced the
accuracy of the results obtained. As the second alternative, the dielectric measurements were
subsequently performed for the wire samples.

2.3 Experiments with enameled wire samples

Two types of enameled wires, one having a conventional and the other a filled insulation,
were used in experiments. Their cross sections are illustrated in Figure 2.3. The conventional
enamel insulation had three layers (a PEI base coat, a PAI over coat, and a modified aromatic
polyamide (PA) bonding coat), whereas the filled enamel had two layers (a PEI base coat and
a PAI top coat). The top coat of the latter was filled by 26 wt% (equivalent to 8.7 vol%) of
chromium oxide micro-particles, whose size varied between 0.2 and 2 um (the average size
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was 0.74 um). The diameter of the wires in both cases was 1.18 mm, whereas the insulation
thickness was respectively 50 and 40 um for the conventional and the filled enamel layers.

The volume conductivity of the enamel insulations was measured by the standard method
using a Keithley Electrometer 6517A. A three-electrode system was designed, in which the
high voltage was supplied to the wire conductor, whereas the measuring and the guard
electrodes were made of conductive copper tapes attached to the external enamel layer (Figure
2.4). The measuring and the guard electrodes were 4 cm and 1 cm in length, respectively. The
electrode arrangement was placed in a metallic grounded box, which also allowed for
controlling temperature and humidity during the measurements. In particular, tests were
performed at room temperature (22-24 °C), and at 40, 60 and 80 °C, which were achieved by
using a heater and a thermostat. On the other hand, the relative humidity was maintained in
the range of 30-40% by a saturated salt solution. The applied voltage was set at 100 V,
corresponding to the electric stress of approximately 10° V/m. The resulting volume
conductivity o was determined as

I-d

U.A (2.1)
where | is the measured current, U is the applied voltage, A is the area of the measuring
electrode and d is the insulation thickness.

The dielectric spectroscopy measurements were carried out in the frequency range from 1
mHz to 1 kHz by means of an Insulation Diagnostic System IDAX 300. The shielding box
was also employed here for reducing the influence of parasitic capacitances between the
sample and the ground potential on the measured capacitance. In this case, the external
electrodes on wire samples were created by depositing thin layers of silver paint for
eliminating the influence of series capacitances on the determination of permittivity and the

Over coat

Base coat

Bonding coat

a)

p— G}
Voltage T

source Picoammeter

Figure 2.4. Circuit for measuring volume conductK/ity of enamel coating: 1 — enameled wire,
2 —measuring electrode, 3 — guard electrode.
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lossy glue layer in the conductive tape. Temperature and humidity were maintained during the
measurements in a similar range as for the conductivity measurements. Thermal equilibrium
inside the shielding box was achieved by keeping it in an oven for ~2 h. Thereafter the
experiments were carried out by applying the ac voltage of 100 Vrms. The complex
permittivity of a sample was obtained by dividing the measured complex capacitance by the
geometric capacitance of the samples.

2.4 Measurements with Cr,O3 powder

A specialized test cell (Figure 2.5), consisting of two concentric stainless steel cylinders and a
guard ring, was additionally used for measuring the dielectric properties of chromium oxide
powder. The inner cylinder acted as the high voltage electrode, while the measuring and the
guard electrodes were located in the bottom of the outer cylinder. The diameters of the
energized and the measuring electrodes were 30 mm and 13.1 mm, respectively. The
investigated powder was first dried at 120 °C for 24 h, and then poured into the cell to form
after pressing a thin layer (~1 mm thick) between the voltage and the measuring electrodes.
Depending on the type of measurement (dc conductivity or dielectric permittivity) voltages up
to 4 VV were used.

2.5 Experimental results

This section provides the comparison of electrical conductivity and complex permittivity
between the filled and the conventional enamels. Dielectric properties of chromium oxide
powder are also analyzed. Three consecutive measurements were carried out at each of the
test temperatures and a good repeatability of the results was achieved.

> pressing screw

+—>» cap

 E— outer cylinder

£ »  insulator

\

|

|

|

|

|

|

|

! . .
: inner cylinder
|

|

|

|

|

|

(HV electrode)
!
R R > powder
. la 1 E@i > guard ring
|
[ Y
measuring insulator
electrode

Figure 2.5. Schematic diagram of the test cell for measuring dielectric properties of powder.
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2.5.1 Electrical conductivity

Typical measured volume currents for both types of the enamels are shown in Figure 2.6. For
the sake of clarity, only the results obtained at the lowest (22 °C) and the highest temperatures
(80 °C) are presented. One may observe that the measured currents decayed with time. They
were practically independent of the material type and temperature within the first 50 s. This
could be explained by the dominance of a capacitive current during the initial stage, governed
by similar capacitances of the two types of samples. After ~1000 s however, the measured
currents were significantly different and the temperature effect was pronounced. Thus, the
current increased by one order of magnitude as the temperature rose from 22 °C to 80 °C for
both types of the insulation. To find conductivity values, the conductive current component
has to be determined and it can only be achieved after a long measuring time when the
capacitive component of the current ceases. As can be seen in this particular case, the current
decayed even after 10° s (~28 h) and its purely conductive level was hardly achievable.
Therefore, the measurements were stopped after 10° s for practical reasons and the
conductivities were calculated from the corresponding current magnitudes.

As seen in Figure 2.7, the obtained volume conductivities for both the enamel insulations are
in general lower than the values obtained with flat samples (Table 2.1) and obey Arrhenius
relation:

WC
o(T) =0, exp( kTJ (2.2)
where oy IS a constant parameter, W, is the activation energy for the conduction, k is the
Boltzmann constant, T is the temperature. One may notice that the volume conductivity of the
two materials is extremely low, but still higher for the filled enamel than for the conventional
one. The calculated activation energies are 0.33 eV and 0.46 eV for the conventional and the
filled enamels, respectively.

The conventional enamel coating used in this study can be considered as a series connection
of three resistors corresponding to three layers in its structure. The measured volume
conductivity of the conventional enamel is around two orders of magnitude lower than that of
PAI obtained in section 2.2. For the other two materials, the parameter is unknown, but one
can expect PEI to be the most resistive, while modified aromatic PA as the most conductive
among the three constituents of the considered enamel. Thus, the resistance of three
resistors in series will be determined by that of the PEI base coat. In other words, the volume
conductivity of PEI should be close to that of the conventional enamel (~107*" S/m), while
PAI and aromatic PA are characterized by a volume conductivity ¢ > 10> S/m. The volume
conductivity of chromium oxide powder measured at room temperature and at electric fields
~10° V/m is shown in Table 2.2. Note that it is eight orders higher than that of the enamel
insulations. However, its impact on the conductivity of the filled enamel is limited as
exhibited in earlier studies. The reason is that the filler modifies the property of the PAI top
layer only, whereas the resistive PEI base coat remains unchanged.

The electrical conductivity of chromium oxide has been reported in several studies performed
for the material in different physical states such as crystal grown from powder [10], thin film
[11], powder [12] and porous specimens [13]. It is commonly emphasized that the exposure of
the material to oxygen increases the average valency of surface chromium ions, giving rise to
the density of positive charges. The accumulated charges might be reduced at room
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Figure 2.6. Time variations of polarization currents of conventional and filled enamels.

10 :
o Conv.
_ A Filled
£ “
3 -
b> 10-15_
z
S
3
=0
el
5
O -16
o 1077
£
=
(]
>
107" ‘ ‘ - '
2.8 3 32 3.4 3.6
10%T (1/K)

Figure 2.7. Temperature dependence of volume conductivity of conventional and filled
enamels. The conductivity has been calculated based on current value at 10° s after test
voltage application.

Table 2.2. Volume conductivity of chromium oxide powder at room temperature

E,V/m | 0.71x10° | 1.43x10° | 2.86x10°

6,S/m |[050x10"|1.00x10" | 1.24x 10"

temperature, yet they may still contribute to the conduction mechanism. As it is shown in
[12], the conductivity of chromium oxide follows the Arrhenius dependence in the
temperature range from 140 to 450 °C. Thus, an extrapolation using these data can be
performed to obtain the electrical conductivity of chromium oxide at room temperature. This
procedure provided a value 7.2x 108 S/m that is in agreement with the measured results. This
suggests a presence of space charges in the material in our experiments.
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2.5.2 Complex permittivity

2.5.2.1 Complex permittivity of enamels

Real and imaginary parts of the complex permittivity measured at various temperatures are
shown in Figures 2.8 and 2.9 for the conventional and filled enamels, respectively. As it is
seen, at frequencies below 10 Hz, the imaginary part (dielectric loss) increased more rapidly
with reducing frequency, whereas the real part showed a gradual rise in the whole frequency
range. On the other hand, temperature affected those parameters differently: while the
temperature rise reduced the real part at frequencies above 1 Hz, it considerably increased the
imaginary part. It should be noted that coefficients of thermal expansion are low for both
polymeric materials (less than 4x 10> K™ [17, 18]) and for copper conductor (~1.7x 10> K™
[19]), thus causing the thermal expansion less than 0.3% for the enamel layers and the wire
conductor. Apparently, this could not account for the decrement of the real part of the
complex permittivity, which was as high as 10% when the temperature increased from 24 to
100 °C. Localized maxima were observed in the loss curves of conventional enamel (Figure
2.8b). They shifted towards higher frequencies and became more considerable as temperature
rose. However, such localized peaks were not observed in the loss curves for filled enamel
(Figure 2.9b). In general, the magnitudes of the real and imaginary parts of the complex
permittivity were higher for the filled enamel than for the conventional counterpart that can be
attributed to the influence of highly dispersive and conductive chromium oxide filler.

2.5.2.2 Complex permittivity of chromium oxide powder

The real and imaginary parts of the complex permittivity of chromium oxide powder
exhibited a rapid grow with reducing frequency (Figure 2.10). The slopes of the curves for
both parameters are around —0.9 indicating the dominance of the low frequency dispersion
process, which can be attributed to charge accumulation in the volume and its transport due to
hopping between traps [20]. Aside from the low frequency dispersion, the temperature
dependence of the complex permittivity of chromium oxide is noteworthy. Both the real and
imaginary parts initially rose with temperature, reaching their maxima at around 60 °C, and
then decreased again as the temperature continued growing up. This indicates the presence of
a relaxation process with a loss peak at this temperature.

The relative permittivity of chromium oxide has also been measured in [14] for a single
crystal of 6 mm in diameter and 0.5 mm in thickness. The experiment conducted at room
temperature at frequencies of 1 kHz and 2 MHz yielded a practically constant value of 12-13.
In spite of the fact that the test object and the electrical stress utilized in our measurements
differ from those employed in [14], our measured result at frequency of 1 kHz is in line with
that received in [14].

Although chromium oxide is relatively highly conductive and dispersive, its addition into
polymeric insulation does not enhance corresponding properties of the filled enamel
drastically, proving that the percolation level is not reached. In particular, for statistically
distributed spheres in three dimensions the theoretical percolation threshold would be ~15
vol% [21], which is larger than the percentage of the additive in the top coat of the filled
enamel (8.7 vol%). Thus, molecular chains and amorphous state of PAI isolate micro-particles
of chromium oxide one from another; thereby hindering an easy transfer of the space charges.
In addition, chromium oxide fillers only modify dielectric properties of the top coat in the
filled enamel. Consequently, low frequency dispersion should be detected in the
characteristics of filled enamel, but it would not be as strong as that presented in the behavior
of chromium oxide powder.
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Figure 2.8. Real (a) and imaginary (b) parts of the complex permittivity of conventional
enamel at different temperatures.
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Figure 2.10. Real (a) and imaginary (b) parts of the complex permittivity of chromium oxide
powder at different temperatures. Note that measured results at 40, 60 and 80 °C are close.

2.6 Analyzing polarization processes in enamel insulations

2.6.1 Master curve of dielectric response

One can observe that for each of the materials, the shapes of the frequency-dependent
complex permittivities resemble one another when the temperature increased. This is due to
the fact that material properties do not change significantly in the studied temperature range
which was far below the glass transition temperatures of base polymeric materials (which is
~270°C [8, 9]). Hence, the data can be normalized for obtaining a master curve
representation [22]. In terms of complex dielectric susceptibility y*, its frequency dependence
at temperature T, can be achieved by shifting the corresponding characteristic at temperature
T, laterally and vertically:

x*(o:T) =K, y*(Aw:T,). (2.3)
Here, y*(w) = e*(w) — en, €*(w) is the complex dielectric permittivity as a function of the
angular frequency w, ey is the dielectric permittivity at high frequencies, A is the factor of the
lateral translation corresponding to the frequency shift, k, is the factor of the vertical
translation (the amplitude shift). Theoretically, the real part of the complex susceptibility at a
particular frequency can be estimated by using the Kramers—Kronig relation. The obtained
value is then subtracted from the real part of the measured complex permittivity at the same
frequency for gaining the permittivity at high frequencies. However, the data measured in the
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present study (performed within six decades of frequency) do not allow for calculating &y by
this procedure. Therefore, the master curve was achieved for the complex permittivity rather
than for the complex susceptibility. For this, the susceptibility (2.3) was split into the real and
imaginary parts:

7'(@:T)=k, - y'(Aw:T,) (2.4)

7'(o:T) =k, - y"(Aw:T,) (2.5)
which can be further represented as

e(@:T) & =K, [ £'(A0:T) &y, | (2.6)

&"(w:T) =Kk, -&"(Aw:T,). 2.7

Here, enr1 and ens, are the high frequency permittivities at temperatures T, and T, respectively.
Equation (2.6) can be rewritten:

£(@:T) =K, -£'(Aw:T,) +| &4y —K, &y, |. (2.8)

The normalization procedure was initially conducted for the loss part. It should be noted that
the contribution of dc loss aqc/weg (g0 IS the vacuum permittivity) in the measured dielectric
loss ¢”(w) is insignificant (less than 6%). Therefore, the subtraction of dc loss from the
measured total loss before normalization, as described in [20], can be ignored as this
introduces just a minor error. The same translation factors used for normalizing the loss were
subsequently utilized for normalizing the real part of the complex permittivity. This resulted
in a small discrepancy between the curves of the relative permittivity at different
temperatures, which is due to the second component in the right hand side of (2.8). Since this
component is independent on frequency, a vertical shift is to be introduced to compensate the
influence of the permittivities at high frequencies.

The obtained master curves for the reference temperature of 24 °C are shown in Figure 2.11.
The frequency shift A of the response can be described as a function of temperature [23]:

A(T) = A exp —Vﬁ (2.9)
woel )

where Ag is a constant parameter, W, is the activation energy for polarization, which is 0.60
and 0.63 eV for the conventional and filled enamels, respectively.

The contribution of different processes (dielectric relaxation, dc conduction, low frequency
dispersion) to the dielectric properties of the materials can be identified by analyzing the
curves. One can observe that for both materials, the studied frequency range can be divided
into three intervals limited by characteristic frequencies, at which the behaviors of the curves
change. The first characteristic frequencies (f;) are ~10* Hz and ~3x10™* Hz for the
conventional and filled enamels, respectively, while the second ones (f,) are ~70 Hz for both
materials. Three intervals are marked in Figure 2.11 by vertical lines. In the first interval, the
slopes of the loss curves are respectively —0.34 and —0.47 for the conventional and the filled
enamels, whereas the slopes of the relative permittivity curve are less than —0.08. Hence, as
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Figure 2.11. Master curves of complex permittivity for both enamels at the reference
temperature of 24 °C. The indexes c and f represent conventional and filled enamels,
respectively. A line with slope of -1 is introduced for comparison with the slopes of the
dielectric loss curves at low frequencies.

the slopes of the loss curves are far from —1, dc conduction is not the prevalent process in the
considered frequency interval [20]. In addition, as the slopes are different for the real and the
imaginary parts of the complex permittivities, low frequency dispersion is also not the sole
process in both studied materials [20]. This suggests that a dielectric relaxation process with a
loss peak at some frequency below f; should be present in both enamels, which is
superimposed in the above-mentioned processes. In the second interval, a localized loss peak
apparent at frequency of ~10 2 Hz in the characteristics of the conventional enamel may be
attributed to the existence of a relaxation process. At the same time, the loss curve of the filled
enamel shows a power-law behavior (with the slope —0.2) without a loss peak that could be
owing to the change in the properties of enamel insulation brought about by chromium oxide
fillers. In the third interval, an increase in the imaginary part is observed for both materials.
This possibly implies the existence of yet another relaxation process with a loss peak at
frequencies outside our experimental window. A detailed analysis on the origin as well as the
contributions of different relaxation processes is discussed in the following section.

2.6.2 Modeling dielectric susceptibility of enamels

The dielectric susceptibility can be modeled by considering the contributions of dielectric
relaxation, dc conduction and low frequency dispersion [23]. By assuming that three
polarization relaxation processes take place in the studied materials, the complex dielectric
susceptibility as a function of the angular frequency can be expressed as

3 .
@)=Y — TR SNRE (2.10)

H (L or) )" 18 g (o)

Here, the dielectric relaxation (the first term) is described by the Havriliak—Negami
expression, the index j represents relaxation processes (j = 1, 2, 3), xs is the dielectric
susceptibility at o = 0 Hz, 7 is the relaxation time, oy is the dc conductivity, a;, f;, ¢, y are
constant parameters, 0 < @, £, y < 1. The dc conductivity obtained in section 2.5.1 was used

15



Chapter 2 Dielectric properties of enamel insulation

as an input parameter of the model. The obtained master curves were fitted using a nonlinear
least-square method, which is achieved by minimizing the relative error 6 between the
experimental (index exp) and modeled (m) values of the real and imaginary parts of the
complex susceptibilities:

922 {Zexp_;(m] +(Z'elxp_z;1] . (211)

X exp X exp

The results of the fitting are shown in Figures 2.12 and 2.13 for the conventional and filled
enamels. As seen, the low frequency dispersion (hopping conduction) and the third relaxation
process appear to be the main contributors to the real part of the dielectric susceptibility for
both materials at low and high frequencies, respectively. On the other hand, three polarization
relaxation processes and low frequency dispersion contribute mostly to the imaginary part of
the dielectric susceptibility.

The behavior of the first relaxation process is similar in both enamels, yielding peak
frequencies ~10° Hz that allows for suggesting their identical origin. By considering the
multilayered structures of the two insulation systems (Figure 2.3), one may suggest that
Maxwell-Wagner-Sillars (MWS) polarization between the PAI and the PEI layers is the
mechanism most likely acting in the materials. The loss peak frequencies of the interfacial
polarization can be calculated by using dielectric properties of two polymers reported in [8, 9]
as well as electrical conductivity measured in this study. The calculated results are ~10~> Hz,
which are close to the values gained by the fitting, approving our assumption.

The second relaxation process is obviously different in the two enamels. The relaxation
process arising in the conventional enamel is characterized by a broader response (« = 0.81,
B = 1) than the Debye relaxation with the loss peak frequency of 2x 102 Hz. It could be
associated with the interfacial polarization between the PAI over coat and the aromatic PA
bonding coat. Note however, that available data on the electrical conductivity of aromatic PA,
PAI, PEI used in enamel insulation are limited and it is assumed that aromatic PA is more
conductive than PAI and PEIL. This may lead to a shift in the loss peak due to MWS
polarization between PAI and PA layers to higher frequencies as compared to that of the
MWS polarization between PAI and PEI layers. In the filled enamel, the second relaxation
process (a = 0.30, £ = 1) is much broader than that corresponding to Debye relaxation, which
yields the dielectric response without a localized peak. It could be due to the introduction of
chromium oxide fillers into the PAI matrix. As their dielectric properties are clearly distinct,
charges accumulate in their interfacial regions resulting in a MWS polarization. The highly
conductive property of the additives, as shown in the section 2.5.1, leads to a higher frequency
of the loss peak. It should be noticed that the accumulated charges may be trapped in localized
traps inside the insulation and transferred by hopping between them, thus giving rise to the
hopping conduction of the filled enamel [20]. Accordingly, the hopping conduction is the
strongest component at frequencies between 10~ and 10 Hz for the filled enamel, whereas
the interfacial polarization between PAI and PEI layers is the main contribution to the
dielectric loss at frequencies between 107 and 10 Hz for the conventional enamel. Besides,
as the interfaces in the investigated systems are shortly apart, the interaction of charges
accumulated due to MWS polarizations affects both of the relaxation processes.

Further, the third relaxation process in both materials dominates at high frequencies and
provides the loss peak at frequency ~10° Hz, which is possibly owing to the dipolar relaxation

16



Chapter 2 Dielectric properties of enamel insulation

Real part, y'

Imaginary part, "

10
10°
107
107}
10-3 -6 I-4 ‘-2\ ‘0 l2 I4
10 10 10 10 10 10
Frequency (Hz)
10° A
-2 “-‘ v exp
107 “.‘ m
--------- HN1
. HN2
4 R HN3
10 '+ . >, ho
(b) N e
10°  10* 10® 10° 10 10

Frequency (Hz)

Figure 2.12. Real (a) and imaginary (b) parts of the complex susceptibility of conventional
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in polymeric materials. Besides, the contribution of dc loss in the measured dielectric loss
becomes considerable only at frequencies as low as 10 ° Hz.

In summary, the complex dielectric permittivity of the conventional enamel seems to be
determined by the dipolar relaxation at high frequencies and MWS polarizations at the two
interfaces in its multilayered structure at lower frequencies. The addition of chromium oxide
fillers to enamel insulation gives rise to hopping conduction and MWS polarization at
interfaces between the fillers and the base polymeric material. In addition, three relaxation
processes present in the investigated enamel might have different activation energies, yet their
value should be close to the results calculated in section 2.6.1. Otherwise, largely diffused
master curves may be achieved [20]. Investigations should be further conducted to obtain
more experimental evidences of relaxation processes in the insulation coating of the enameled
wires.

2.7 Computer simulations

The influence of chromium oxide on dielectric properties of enamel insulation was studied
using simulation tool Comsol Multiphysics®. A 3D model was created, representing the
composite dielectric structure in Figure 2.3b. It consists of two layers corresponding to the
base coat and the top coat, whose thickness is 25 and 15 um, respectively. The top coat
contained chromium oxide fillers of 8.7 vol%. Filler particles were considered as spheres of a
diameter of 0.74 um, regularly distributed in the base polymer. The size of the spheres was
chosen as a statistical average based on the particle size distribution provided by the
manufacturer. Since the dielectric properties of PAI and PEI differ slightly [8, 9], their
characteristics could be ascribed to those of the conventional enamel. The measured complex
permittivity of chromium oxide was also utilized for the simulations. All the input parameters
for the model were taken from the experimental data obtained at 24 °C. The complex
permittivity of filled enamel insulation was then calculated by the method proposed in [24].

The simulated and measured complex permittivities of the filled enamel are compared in
Figure 2.14. A good agreement can be noticed in the losses, while a deviation ~7% is
observed for the relative permittivity. The discrepancy may be attributed to the simplifications
adopted in the simulations, e.g. considering fillers as spheres with identical diameters as well
as their regular distribution in the polymeric insulation. It is notable that the measured and
simulated relative permittivities are close to the values corresponding to Wiener’s lower
bound [25]. This fact reflects the similarity in physical processes in the considered layered
system and in composite dielectrics containing series connection of their components.
However, a substantial difference is that the top layer of the enamel insulation is a composite
material itself. Although the significance of interfaces between fillers and polymeric matrix
becomes less noticeable when the size of filler particles increases [26], their role cannot be
ignored in microcomposites. The simulation results showed that relatively high localized
electric fields appear inside the material at interfaces perpendicular to electric field lines.
Surface charges are also accumulated in these locations as the continuity of the ration of &/o is
violated. Thus, electrical stress is enhanced at the interfaces, while it is weakened in the
remaining part of the dielectric. This suggests that if PDs occur on wire surfaces of twisted
pairs of the filled enamel, they are likely to erode the stressed interfacial regions close to the
surfaces rather than the polymeric material. In other words, PD performance of twisted pairs
is governed by the behavior of interfacial regions and the filler. Additionally, highly
conductive fillers may allow for rapid dissipation of charges that limit damaging effects of
PDs [27]. In contrast, the electric field is quite homogeneously distributed in the conventional
enamel and PDs might erode any locations on wire surfaces, which results in enhanced
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Figure 2.14. Simulated (solid line) and experimental (circles) complex permittivity of filled
enamel. Dashed line is for Wiener’s lower bound of relative permittivity of laminar mixtures.

deterioration and thus to premature failure of the insulation. In summary, the alternation of
electric field distribution in the filled insulation can be considered as the dominating factor
contributing to the increase of its life time as reported in recent investigation [7].

2.8 Summary

The dielectric properties of chromium oxide filled enamel were experimentally studied in a
wide range of temperature and were compared with that of conventional enamel. Introducing
relatively highly conductive and dispersive chromium oxide into the base polymeric material
marginally increased the electrical conductivity of the enamel insulation. Furthermore,
increasing temperature resulted in higher dc conductivity and dielectric loss; whereas it
yielded lower relative permittivity. The use of the master curves allowed for analyzing the
contribution of polarization relaxation processes in the investigated materials. The complex
dielectric susceptibility of the conventional enamel was found to be primarily governed by the
interfacial polarizations at low frequencies and dipolar relaxation at high frequencies. The
presence of chromium oxide fillers in enamel insulation resulted in the appearance of
interfacial polarization at their interfaces with the base polymeric material as well as in the
increase of hopping conduction.

The simulated results of complex permittivity of filled enamel were consistent with the
experimental data. It was noticed from the simulations that chromium oxide additives greatly
altered the electric field distribution in the filled enamel, which might contribute to the
improved PD resistance of filled enamel insulation.
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3 Surface potential decay measurements

3.1 Surface potential measurements as a tool for material property
characterization

Surface potential decay measurements have emerged as a powerful tool for characterizing
properties of electrical insulating materials. Charges pre-deposited on material surfaces can
decay due to several mechanisms such as charge injection followed by their transport in the
bulk governed by volume conductivity (valid predominantly for electrons), dipolar
polarization, surface charge leakage, charge neutralization by gas ions. A comprehensive
review of the decay mechanisms can be found in [28, 29]. Specific mechanisms, which may
be activated during the potential decay, depend strongly on material properties as well as
experimental conditions. Thus, material properties can be revealed by analyzing the
experimental results of surface potential decay.

For disorder solids, the evolution of surface charge/potential is largely controlled by the
trapping and de-trapping of charges in localized states in material bulk. Traps existing in the
materials may be occupied by charge carriers injected into the bulk. The energy depth of each
trap controls the time duration that charges spend in the trap. Basing on this, Simmons and
Tam [30] have proposed, and subsequently, Watson [31, 32] has developed the time-
dependent de-trapping model by using the concept of demarcation energy level — the border
between the filled and emptied localized states in disorder materials. Accordingly, the gap
between the demarcation energy level E and the extended state E, (the mobility edge for
disorder states) is proportional to time passage t since the injection event:

E,—E_ =KT In(v,t) (3.1)

where k is the Boltzmann constant, T is the absolute temperature, v is the attempt-to-escape
frequency. The release of charge carriers from traps to the transport states results in the decay
of surface potential dV/dt, and hence, the trap density at energy level E, is proportional to the
product tdV/dt. Therefore, the plot of tdV/dt versus log(t) provides the image of trap density
distribution in polymers that has been shown for e.g. polystyrene [31, 32] and polypropylene
[33].

For insulating materials exposed to high electric field (~107-10% \V/m), charge injection and
transport has been considered as the main mechanism responsible for the decay of surface
potential [34-39]. Numerous models based on charge injection and transport have been
extensively employed for explaining experimental results of the decay process on thin films
including the cross-over phenomenon firstly observed by leda and coworkers [40].
Sonnonstine and Perlman [35, 36] have proposed a model by making use of the concept of
instantaneous partial injection or time dependent injection coupled with field-dependent
mobility. Mathematical formulation of the model is based on Poisson’s equation, continuity
equation, and Ohm’s law. Theoretical results derived by the proposed model show a good
agreement with the experimental results previously obtained in [40]. In addition, the model
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allows for obtaining charge carrier mobility in polyethylene. Further, von Berlepsch [37] has
considered charge trapping and de-trapping in the early developed model by introducing a rate
equation describing the variation of free charges and charges in deep traps. Hence, the model
has been formulated by the transport equations consisting of Poisson’s equation, continuity
equation, and the rate equation in combination with the boundary conditions of electric field.
Based on this, an analytical expression of time-dependent surface potential has been derived
and utilized for fitting the experimental data. The model allows for revealing several transport
parameters e.g. effective mobility in disorder states, hopping distance, trap concentration, and
trap depth as well as trapping parameters e.g. the trapping rate and the release rate. In [41], the
computer simulation utilizing the similar model has been implemented for analyzing the
potential decay process on surface of polypropylene films. It has been shown that the
simulated results are in good agreement with the experimental data only in case that the de-
trapping of charges from traps is considered in the model.

Under certain circumstances, the removal of charges from insulation surface has been
attributed to the intrinsic conduction [42]. Thus, the total effect of charge trapping and de-
trapping can be summarized in term of the bulk conductivity of materials. The obtained bulk
conductivity may exhibit the field-dependent behavior, thereby can be described by Poole-
Frenkel model [43, 44]. The model has been utilized for characterizing electrical properties of
several polymers such as EPDM and silicon rubber, whose thickness is in mm range. It has
been noted that surface potential decay can be considered as an alternative method for
evaluating material conductivity [45, 46].

The presence of electric field created by charges deposited on insulation surfaces may result
in polarization relaxation processes in materials. This includes interfacial polarization as well
as reorientation of dipoles existing in insulating materials. The interaction of the created
bound charges inside the bulk and trapped surface charges results in the decay of surface
potential. Dipolar polarization has been noted as the governing factor of surface potential
decay for epoxy resin of 7 mm thick [47] and for thin films of high density polyethylene
(HDPE) and polypropylene (thickness ~10 um) [48]. The efficiency of the mechanism has
been proved by showing a correlation between the decay rate of surface potential and the
polarization displacement current. Additionally, Frederickson et al. [46] have developed a
model based on dipolar polarization for fitting measured surface potential by using five
parameters including the initial permittivity (at t = 0) and the permittivity at t — oo of
materials taking into account the effect of the bound charges at corresponding time instants.

3.2 Samples and experimental setup

3.2.1 Samples

Material samples used were created by winding enameled wires closely (turn to turn) around a
wooden plate (100 mm x50 mmx 6 mm) to form a winding of 40 turns, whose surface area is
of 50 mm x50 mm (Figure 3.1a). The use of winding samples in the present study allowed for
emulating dynamics of charges deposited on motor winding surfaces due to PD activity.

Owing to the complicated geometry of the sample used, the effects of surface charges i.e.
electric field in materials and the potential induced by deposited charges were calculated and
compared with those corresponding to a flat sample (Figure 3.1b). The calculations were
performed for samples of the conventional enamel utilizing Comsol Multiphysics software. It
was assumed that in both systems, a surface charge with the of density of 10° C/m? was
deposited on the gas-insulation interfaces, while the insulation-metal interfaces were
grounded. As dielectric properties of layers of materials differ slightly, the enamel coating
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was simulated as a single layer of 50 pum in thickness and having relative permittivity of 3.5
(close to the value measured at 1 kHz for the conventional enamel). Thus, the average
calculated electric fields in the insulation were ~3.3x10* V/m in both cases. The electric field
profiles along straight lines perpendicular to the gas-insulation interfaces are provided in
Figure 3.2. As can be seen, a small deviation (max. ~8.5%) was observed. In addition, the
induced surface potentials were respectively 1.680 and 1.613 V for the winding and flat
samples, yielding a discrepancy of 4.1%. Hence, the samples used in the present study (Figure
3.1a) can be considered using equivalent flat samples (Figure 3.1b) with the same insulation
thickness. Therefore, experimental results obtained can be analyzed in the same way as for
data received in an experimental setup with flat samples.

Charged surface
~

\ Copper

Figure 3.1. Sample used in the experiments (a) and its equivalent representation by a flat
layer of insulation on top of a grounded copper plate (b). The winding cross section is
enlarged for clarity.
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Electric field (V/m)
w

et
o

2 s L s L
0 10 20 30 40 50
Distance from charged surface (um)

Figure 3.2. Electric field in insulation of the winding and flat samples having a surface
charge density of 10°° C/m?. The inset shows two samples as well as the directions along
which electric field was calculated.

23



Chapter 3 Surface potential decay measurements

3.2.2 Experiments

The experimental setup is shown schematically in Figure 3.3. The winding surface was
charged by dc corona of either polarity created by a needle electrode kept at 4 mm above the
winding center. The charging level varied from 3 to 4.5 kV. The sample was placed on a
grounded copper plate (550mm x800mm) and the wire conductor was always grounded
during the experiments. Potential induced by charges deposited on winding surface was
measured by a non-contact technique using Kelvin probe (vibrating reed probe) in connection
with an electrostatic voltmeter (Trek 347). The probe (model 6000B-7C) was kept at 2 mm
above the winding surface for optimizing the measurement ability. The obtained data were
recorded using LabVIEW® software and stored for further analysis. A computer controllable
motor system (XY Arrick Robotics) was utilized for positioning the needle and the probe. The
experiments were conducted at room temperature (22 °C) and a stable level of relative
humidity (30-35%).

A pre-scan was performed before each experiment to assure that the residual surface potential
of the sample used was negligible. The experiment was initiated by corona charging the
sample surface during two minutes. After charging, the needle electrode and the probe were
relocated to the predefined positions for starting surface potential measurement. The potential
distribution on the sample surface was obtained by moving the probe along the surface and
across its center. After the measurement, the winding surface was grounded for a long period
of time for neutralizing the remaining surface charges, thus preparing it for the next
measurement. Each experiment was repeated three times and good reproducibility was
achieved.

3.3 Surface charge density

The surface potential distribution for the conventional enamel obtained at 30 min after
charging is shown in Figure 3.4a (charging voltage +4 kV). The scanning time was ~3.5 min.
The bell-like shape of surface potential distribution was observed: the highest potential was at
the sample center, where the charging needle was located, and it decreased gradually as the
distance from the center increased. The potential distribution indicated the absence of back
discharges which might develop from the deposited charges to the grounded needle
immediately after completing the charging process [29].

dc Electrostatic

source voltmeter

- Controlled by a motor system

Sample Needle U Probe

\ |
L Grounded copper plate

Figure 3.3. Schematic arrangement of the experimental setup.
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Figure 3.4. Measured surface potential distribution (a) and calculated surface charge density
(b) for conventional enamel at 30 min after corona charging of +4 kVdc.

The obtained profiles of the surface potential can be converted to corresponding distributions
of densities of surface charges assuming that the charge injection into the bulk is insignificant
and, thus, the induced potential is mainly caused by surface charges. In case of homogeneous
surface potential distribution, the surface charge density o can be directly derived from the
measured surface potential V by using Gauss’s law as

o, =Sy (3.2)
d

where g is the vacuum permittivity, &, is the relative permittivity of material, d is the sample

thickness. In this study, however, the corona charging from the needle electrode resulted in

inhomogeneous potential distribution on sample surface, thus leading to the appearance of

tangential electric field component. Hence, equation (3.2) is not applicable and charge density

distributions can be obtained by employing ®-matrix method [49]. For this purpose, the
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sample surface was divided into 10x10 square elements with the side of 5 mm. The probe
voltage Vijj at position (i, j) was expressed as [49]

10 10

Vi :ZZ%(XV)'GW (3.3)

y=1 x=1

where ¢;;(xy) represents the response function of the probe at position (i, j) to charge density
oxy at position (X, y), 1 <X, Y, i, j < 10. Equations (3.3) established for all probe positions (i, j)
constituted an equation system that can be rewritten in the matrix form:

V =®q, (3.4)

where V and o5 denote vectors of surface potential and surface charge density, @ is a matrix
containing all the response functions ¢;; of the probe. Consequently, the surface charge density
can be found as

6, =@V (3.5)

The matrix ® was obtained by means of computer simulation using Comsol Multiphysics®,
similarly to that in [50]. A 3D model was created to simulate the measurement system, in
which the winding structure was replaced by a flat sample, as pointed out in the previous
section. Surface potential at each square element was gained by averaging the experimental
results obtained by scanning. In the simulations, surface charge density of a certain square
element at position (X, y) was assigned to a non-zero value, while surface charge density was
zero at all remaining elements. At the same time, the probe was located above a specific
position (i, j). The non-contact measurements in the experiments utilized so-called field
nullifying technique (the potential of the probe body is the same as the potential at the
measuring point on the surface). This was implemented in the simulation by varying the probe
potential unless the electric field between the probe and the surface below was equal to zero.
For this, the probe potential was assigned to a set of values in the parametric sweep option
provided by the software, which was run continuously until the zero-field condition was
achieved. The last value of the probe potential obtained in this procedure was used for
calculating the corresponding response function ¢;(xy) of the probe by utilizing (3.3). The
variation of parameters x, y, i, j from 1 to 10 was achieved by employing additional
parametric sweeps. After attaining all the probe’s response functions in the matrix ®, surface
charge density was obtained from expression (3.5). The results of the calculations are
demonstrated in Figure 3.4b. The bell-like shape of surface charge distribution was also
obtained, even though two localized peaks were observed. The maximum surface charge
density was ~1.0 mC/m? whereas the total amount of surface charges was ~740 nC in this
particular circumstance. The obtained results of surface charge density were then compared to
that calculated by equation (3.2), which is shown in Figure 3.5 for a line across the center. As
the discrepancy between results obtained by the two methods was small (max. 12%), equation
(3.2) provides an acceptable approximation of surface charge density. Thereafter, instead of
obtaining 2D potential distribution on the whole surface, the 1D potential profiles along two
straight lines (parallel and perpendicular to wires) across the surface center will be sufficient
for presenting the potential distribution for the considered samples.
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Figure 3.5. Surface charge density along the direction parallel to X axis (Y = 2.5 cm) and
across the sample center calculated by @-matrix method and by equation (3.2).
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Figure 3.6. Total surface charges recorded at 3 min after charging by negative corona.

The total amount of surface charges at 3 min after charging, obtained by surface integration of
the calculated charge density, is shown in Figure 3.6 for negative corona charging. A larger
amount of surface charges was recorded for the filled enamel than for the conventional one,
which might be due to the difference in the intensity of corona charging for two materials.
Enhancing the charging voltage magnitude from 3 to 4 kV led to a rapid increase in the
amount of deposited charges, thereafter the rate of rise was slower.

3.4 Surface potential decay

3.4.1 Initial surface potential

As will be revealed in section 3.4.2 the surface potential distribution is symmetrical about the
sample center, hence it can be represented by the potential profile in direction along the wires
and across the sample center. Surface potential distribution measured at 3 min after charging
for the filled enamel at different charging levels is shown in Figure 3.7. The bell shape of the
distribution was always observed, in which the potential was highest at the sample center
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where the corona needle was located during charging. The radius of the charged spot
increased with the charging voltage, indicating more charges deposited on sample surface. A
polarity effect is also notable in the characteristics. For example, the lowest charging level for
negative polarity at —3 kV yielded a charged spot of 1.5 cm in radius and maximum potential
of —1500 V. Meanwhile, the charging conducted at the same voltage magnitude for positive
polarity did not result in charge deposition. By increasing the charging level to +3.5 kV, a
similar amount of surface charges deposited as for the charging voltage of -3 kV was
achieved. In addition, at the other two charging voltages (4 and 4.5 kV), the maximum surface
potential obtained was higher in case of negative polarity than for positive polarity. This can
be attributed to a known fact that corona discharges in a needle-plane configuration are
stronger at negative polarity as compared to that at positive polarity [51].

3.4.2 Decay on winding samples

As the surface potential and the surface charge density are approximately correlated by
equation (3.2), the decay of the latter can be demonstrated by that of the former. Figure 3.8
illustrates the surface potential decay of the filled enamel for the charging voltage of —4 kV in
two directions (perpendicular to enameled wires and along them). The difference in sample
geometry in the two directions suggests that surface charge leakage is more likely to appear
along wires rather than in direction perpendicular to them (the turns of the wires in the sample
are separated by small air gaps). However, as can be seen from the figure, similar shapes of
surface potential distribution are observed for the two directions and lateral spreading of
surface potential is not observed, implying a weak charge transport along insulation surface.
In other words, surface charge leakage did not play an important role in charge decay. Apart
from surface leakage, surface charges could decay through bulk transport and charge
neutralization by gas ions available in air volume nearby [43]. Taking into account that the
experiments were conducted in such a way that zero field was maintained between the probe
and the charged surface, negligible gas neutralization can be assumed for the surface part
underneath the probe (note that the radius of the probe body was ~11.2 mm). Consequently,
bulk neutralization can be suggested as a main process causing surface charge decay. Note
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Figure 3.7. Surface potential distribution at 3 min after charging. The charging needle was
placed at 2.5 cm.
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Figure 3.8. Surface potential distribution for the filled enamel charged by negative corona
(-4 kV) in two directions across the surface center: perpendicular to wires (a) and along
wires (b).

also that surface potential decayed faster at the sample center (where the potential was higher)
than at its edges that indicates a field-dependent decay behavior. Finally, the surface potential
distributions were similar for the both investigated enamels and, therefore, the results for the
conventional enamel are not presented, but all the above remarks are also applicable.

3.4.3 Decay process at sample center

The results of potential decay at the sample center for both insulating materials are shown in
Figure 3.9 for negative charging voltage. Note that the initial magnitudes of the surface
potentials were recorded at 10-20 s after charging. Data presented here are normalized by
dividing the measured results to their initial values. As can be seen, the potential decay
process was faster for the filled enamel than for the conventional alternative. For example, at
charging level of —4 kV, the decay of surface potential to 50% of its initial level required
~3x 10* s for the filled enamel, while it took ~3x 10° s (ten times longer) for the conventional
enamel. In general, the decay process was accelerated as the charging voltage increases,
showing the dependence of the decay rate on the surface potential magnitude. The decay of
the normalized surface potential was slightly differed when the polarity of the charging

voltage changed, but the main features were preserved, therefore that of positive polarity is
not shown here.
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The dependence of the decay rate on surface potential is illustrated in Figure 3.10 for the
charging voltage of —4 kV. As seen, the rates were almost equal at the beginning of the decay
process (high potential values) and it was around one order of magnitude higher for the filled
enamel than for the conventional enamel at the end of the decay process. The observed
difference in the decay rate could be due to the properties of chromium oxide filler. From the
figure, it is evident that for both materials the decay rate exponentially reduced with
decreasing surface potential (the experimental data can be fitted by a straight line in the semi-
logarithmic scale used). Recalling for the analysis of the possible decay mechanisms above,
this implies a field dependence of the “apparent bulk conductivity” which has to be accounted
for in the decay model based on intrinsic conduction.
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Figure 3.9. Decay of normalized potential at the center of winding surfaces. Charging
voltages are indicated in the legend.
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Figure 3.10. Decay rate of surface potential at the center of winding surfaces at charging
level of —4 kV.
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Time dependencies of the decay rate can be treated differently. Thus , Figure 3.11 presents the
normalized decay rate dV/Vodt as a function of time in the log—log plots for the filled enamel
charged by positive corona (+4.5 kV). Here, the time derivative was calculated for the
normalized surface potential V/V,. An important feature on this plot is that the normalized
decay rate dV/Vodt can be fitted by two straight lines with different slopes, thereby it can be
described by the power-law dependence on time as

V() _ {Ml 13 t<t, (36)

Vodt | M, -t ) t>t,

Here M; is a constant, a; is a power factor, tr is the characteristic time corresponding to the
knee point of the curve. The factors «; obtained at different initial potentials are provided in
Figure 3.12. As seen, these parameters varies within narrow intervals and their weak
dependences on the field strength are illustrated by the fitting curves. This observation is
similar to that reported in [37] for the surface potential decay on thin HDPE films. The
characteristic times tr vary between 1000 and 2000 s, and no field dependence is noted for
this parameter.

For the conventional enamel, the normalized decay rate also obeys the power-law
dependence. The factors «; obtained by curve fitting are presented in Figure 3.13. It should be
noted that the tendency of the field dependences of «; is different for the two materials. For
example, a; is higher at stronger initial electric fields for the filled enamel, while the opposite
tendency is observed for this parameter in case of the conventional enamel. Furthermore, the
characteristic time tr varies in a wider range, between 3000 and 10” s.
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Figure 3.11. Decay rate of normalized surface potential for filled enamel charged by positive
corona (+4.5 kV).
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Figure 3.13. Decay parameters a as functions of initial electric field for conventional
enamel.

The small variations in the values of the power factors «; as well as of the parameters M; for
each material suggest that the normalized decay rate tends to be a unique function of time,
irrespectively of the initial surface potential Vo and the polarity of the charging voltage. Thus,
it may be related to the polarization displacement current as described by the model based on
dipolar polarization [47]. Besides, the power-law dependence of the decay rate indicates that
charge injection may contribute to the decay process [37, 38]. Accordingly, the results on
surface potentials obtained in this experimental study are examined further (section 3.5)
utilizing corresponding models.

3.4.4 Potential decay process on single-layer insulation

This section provides results of surface potential decay measurements conducted with single-
layer enamel insulation. The obtained data are then used for comparison with the decay
process on the multilayered enamel coatings reported above. The experiments were conducted
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for the two flat samples previously used for the dielectric measurements presented in section
2.2. Surface charging (positive corona, +4 kV) and surface potential monitoring were
performed according to the procedure described in section 3.2.

For the PAI layer, the bell-like shape of surface potential distribution was obtained. The initial
surface potential recorded at the sample center was 1.3-1.5 kV. The density of the deposited
surface charges, estimated by equation (3.2), was on the same level as for the winding
samples. The measured potential decay characteristic and the decay rate at the sample center
are provided in Figures 3.14 and 3.15, respectively. As seen, the decay process was very fast
for the single-layer of PAI: the potential dropped to 50% of its initial value just in ~150 s. The
decay rate shows a power-law dependence with a knee point at ~70 s.

In contrast, a saddle-like shape of the surface potential distribution was observed for the filled
PALI insulation as shown in Figure 3.16. This indicates the appearance of a back discharge,
which is probably due to overcharging. However, reduction of the charging time to 90 s and
60 s (for avoiding overcharging), did not change the appearance of the distribution. One may
also notice much lower magnitudes of the surface potentials as compared to the previous case.
It is not meaningful to compare surface potential magnitudes for these samples as their
thicknesses and dielectric properties are different. Instead, the surface charge density should
be reconstructed utilizing equation (3.2) prior to performing any comparison. For this, the
value of relative permittivity of the filled PAI insulation has been estimated by computer
simulation using the model of composite dielectric similar to that described in section 2.7.
The simulation showed that the increase in relative permittivity of the Cr,Os-filled layer (with
filler content of 4.3 vol%) compared to the PAI sample was not significant (~13%) as the
filler content is far below the percolation level. The maximum surface potential measured at
90 s after charging for both the flat samples and the corresponding surface charge density are
provided in Table 3.1. As seen, the maximum surface charge density recorded for the Cr,Os-
filled PAI insulation at that time instant amounts to 75% of that for the PAI layer. The
observation may be attributed to the faster decay of surface charges of the filled material as
compared to that of the PAI layer (which will be exhibited in Figure 3.17). It should be noted
that the localized peaks in potential distribution of the filled PAI were observed at locations of
~1 cm apart from the surface center, whose charge density is expected to be lower than that at
the center in case of absence of back discharge.
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Figure 3.14. Decay of surface potential at the center of PAI layer.
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Figure 3.15. Decay rate of normalized surface potential at the center of PAI layer.
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Figure 3.16. Surface potential decay for the single layer of Cr,Os-filled PAI (charging time
90 s).

Table 3.1. Maximum surface charge density on flat samples at 90 s after charging

Sample Thickness, um | Max. surface potential, V | Charge density, C/m?
PAI 38 989 0.8x10°°
Cr,0s-filled PAI 19 332 0.6x 1072

The results obtained for single layers of the materials (flat samples) are found to be quite
different from the results measured on the filled insulation of the enameled wire. The latter
consists of a PEI base coat and a top coat of PAI filled with Cr,03 at 26 wt%, whose thickness
is of ~25 and ~15 um, respectively. The material of the base coat (PEI) was not available for
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Figure 3.17. Potential decay at the center of sample surface for the filled enamel and single
layers of PAI and Cr,0Os-filled PAI resins.

doing surface potential measurements, however as discussed in chapter 2, electric
conductivity of PEI is in two orders lower than that for PAI, therefore, the decay of surface
potential should be slower for the former as compared to that of the latter. In contrast,
similarity should be considered in the potential decay process for top coat of the filled enamel
and the Cr,Os-filled PAI layer used owing to the closeness in their thickness and filler
content. Thus, a plot providing comparative results of potential decay for the filled enamel
and the two single-layer insulations used (Figure 3.17) might be helpful for explaining the
decay mechanism, even though the flat samples used do not have the same filler content as for
the constituents of the filled enamel. Note that the surface potential at sample center was
strongly reduced for the Cr,Os-filled PAI due to the appearance of back discharge. Therefore,
the data should be normalized by dividing the measured results to the potential at 15 s after
charging. As can be seen, the potential decay process was far slower for the filled enamel than
for the single-layer samples used. For instance, the surface potential decay to 50% required
less than 300 s for the single layers, while it appeared at ~3x 10 s for the two-layer filled
insulation. For the PEI insulation (with an identical thickness as for the PAI layer used), the
time to half of the initial potential is assumed less than the corresponding for the filled
enamel. The slow decay process of the filled enamel could only be explained by the
contribution of the interface between two layers to the decay process, which will be discussed
in the following section.

3.5 Surface potential decay mechanisms
The decay of charges deposited on insulation surface is usually measured in an open circuit
configuration by means of non-contact technique. Neglecting the influence of the free ions in

gas surrounding charged surface, the decay of the induced surface potential can be analyzed
based on a current continuity equation, which can be represented in the form [28]

2 0B+ L upE =0 3.7)
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The first term represents the polarization of material exposed to the electric field E induced by
deposited charges, where D being the displacement field. The second term is related to the
intrinsic conduction ¢ of material due to the field E. The third term takes into account the
dynamic of charges injected into the insulation, where p; and p; are the mobility and charge
density, respectively. The contribution of each mechanism on the total decay of surface
charges depends on several factors such as dielectric properties of materials as well as the
magnitude of electric field in the sample.

In order to understand the physical mechanism of surface charge decay, numerous models
have been proposed. A brief analysis of potential decay models accounting for intrinsic
conduction, dipolar polarization, and charge injection is provided here and is utilized further
for examining the experimental results of surface potential decay.

3.5.1 Intrinsic conduction

The dominance of the intrinsic conduction is found in case when polarization becomes
stabilized and the effect of injected charges is insignificant. Hence, the third component in the
continuity equation can be ignored, and the apparent bulk conductivity can be derived as

_ € dv(y)
cM=Vo a (38)

where V(t) is the surface potential as a function of time, ¢ is the of material permittivity
(which is a constant value for stabilized polarization). Note that (3.8) is obtained assuming
that the field in the material bulk induced by the surface charges is uniform E = V(t)/d, where
d stands for the sample thickness.

For insulating materials, the bulk conductivity can be attributed to hopping transport of charge
carriers between trapping centers existing in the bulk. Such conduction model has been used
for characterizing the electrical properties of several insulating materials such as EPDM and
silicon rubber. Since the apparent bulk conductivity appears to be field-dependent [44], it can
be introduced in terms of Poole—Frenkel model as a function of VV:

o(V) =0, exp(Bor W) (3.9)

where the theoretical Poole—Frenkel coefficient g is defined as

q q
=— |— 3.10
Per kT \ 7zed ( )

Here, o is a constant parameter, k is the Boltzmann constant, T is the absolute temperature, g
is the elementary charge.

In the present study, field-dependent behavior is observed for the apparent bulk conductivity
for both the enamels (Figure 3.18). The obtained conductivity was higher for the filled enamel
than for the conventional one, which is associated with the rates of the decay processes on the
sample surfaces. The addition of conductive chromium oxide into the top coat obviously gave
rise to the bulk neutralization of charges in the filled enamel. As the slopes of the volume
conductivity curves changed, the obtained characteristics can be separated into two regions,
parameters of which are provided in Table 3.2. In region I, the strong field dependence of the
apparent volume conductivity is observed for both enamels and it is underestimated by Poole—
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Frenkel model (8, > fpe). Since thin layers of enamels used in experiments were exposed to
strong electric fields (~4x 10’ V/m), charge injection and transport as well as dipolar
polarization can be suggested as dominating mechanisms contributing to surface charge decay
on the studied materials in the initial stage [28]. In region II, as the surface potential reduced,
the field dependence of the volume conductivity weakens in both materials, and it is
overestimated by Poole-Frenkel model (8 < Bpr). The conductivity at surface potential of
100 V can be extrapolated by assuming that it follows the field dependence with a constant
slope (By) at low surface potentials. As seen from Table 3.2 for both materials, the results
calculated by this procedure are in two orders lower than the volume conductivities measured
by the standard method (recall, however, that in the latter case transient currents measured at
10° s were utilized as discussed in chapter 2). The volume conductivities of enamels might
appear to be field-independent even in weak electric fields (region II), as shown by the
horizontal dashed lines in Figure 3.18. Thus, the field-independent conductivity can be
attributed to the intrinsic conduction, whereas the strongly field-dependence behavior could
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Figure 3.18. Field-dependent volume conductivity of enamels derived from surface potential

decay measurements (SPD) at charging voltage of 4 kV. Dashed straight lines with different

slopes are added in two regions. The volume conductivities measured by the standard method
(SM) are also provided for comparison.

Table 3.2. Parameters of field-dependent model for the studied materials

Conventional enamel | Filled enamel
Slope in region |, f 1.013 0.390
Slope in region I, 0.169 0.182
Poole—Frenkel coefficient calculated by (3.9), frr 0.245 0.254
Extrapolated volume conductivity at 100V, S/m 1.08x107* 1.81x107%®
Measured volume conductivity at 100V, S/m 5.80x 107" 1.33x 1071
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be due to space charge limited current. One may argue that surface potential decay
measurements should also be carried out at lower initial potential levels (several hundred
volts) for obtaining the apparent volume conductivity. Those experiments, however, yielded
an unstable potential decay process and poor reproducibility, which might be due to the
winding structure of the samples used. In summary, the electrical conductivities of the studied
materials are strongly field-dependent, but they do not obey the Poole—Frenkel model.

If the decay process is mainly governed by intrinsic conduction of material, a single value of
conductivity should be obtained for a certain surface potential, independently of the data used
for calculations. In other words, the curves of the apparent bulk conductivity derived from
different charging voltage magnitudes must overlap each other. As can be observed in Figure
3.19, it is not the case for the present study. This suggests that the third component in the
equation (3.7) cannot be ignored and intrinsic conduction is not the major contribution to the
decay process.

Discrepancies in the apparent bulk conductivity of the studied materials can also be found if
surface potentials measured at different locations on sample surface are utilized. Thus, the
results shown in Figure 3.20 present the bulk conductivity obtained from decay characteristics
for three different locations apart from the sample center. As seen, the deviations from the
data corresponding to the central point increase with increasing distance from the center that
can be correlated with the reduction of the magnitude of the surface potential and, hence, the
induced field.

The obtained results imply that the apparent conductivity includes contributions of several
mechanisms to the bulk neutralization, such as intrinsic conduction, dipolar polarization as
well as charge injection and all of them cannot be ignored. The contribution of intrinsic
conduction becomes important only at later stages of the decay process when polarization is
stabilized and the dynamics of injected charges is weakened. This argument is supported by
the fact that the bulk conductivity derived at this stage is comparable to the parameter
measured by the standard method provided in chapter 2.
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Figure 3.19. Field-dependent bulk conductivity of the conventional enamel derived from

results of surface potential decay for three charging levels marked in the legend. The bulk
conductivity measured by the standard method is marked by the horizontal line.
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Figure 3.20. Field-dependent bulk conductivity of the conventional enamel derived from
results of surface potential decay at charging voltage of —4 kV for the sample center and three
locations on the surface (distances from the center are indicated in the legend).

3.5.2 Dipolar polarization

3.5.2.1 Background

Charges deposited on insulation surface create an electric field inside the material that may
stimulate the alignment of dipoles existing in polymer as well as interfacial polarization in the
material, thus causing the formation of bound charges inside the insulation. Even though the
density of free surface charges is constant [28], the interaction between bound charges and the
deposited charges may result in the decay of surface potential. As can be noticed from the
current continuity equation, the contribution of polarization to decay process largely depends
on material properties. If the intrinsic conduction in a material is extremely weak and the
injected charges are negligible, polarization relaxation processes may become the main factor
affecting surface potential decay. One should note that the contribution of dipolar polarization
to surface potential decay has not been commonly reported in literature. A possible reason for
that might be either the use of materials with relatively high electrical conductivity in
experiments thus increasing the role of intrinsic conduction, or the use of very thin samples
(thickness is in um range) within which high electric fields are induced thus promoting the
role of charge injection and transport in the decay process. The role of dipolar polarization
was systematically evaluated by Molinie and coworkers [28, 47, 48]. The authors derived [47]
mathematical expressions relating the decay rate of surface potential and the polarization
current. In [48], similarity was observed for the behavior of the time derivative of surface
potential and the absorption current described by Curie — von Schweidler law, thus providing
a theoretical support for the model based on dipolar polarization. In this work, we follow the
mathematical treatment proposed by Molinie and coworkers to discuss the contribution of
polarization to potential decay.

The applied electric field E(t) and the displacement field D(t) = goE(t) + P(t) (where P(t) is the
dielectric polarization) in dielectric materials can be related by a convolution [28]:
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t

D(t) = & j E(r)d, (t—7)dz (3.11)

—00

E(t) =gi j D(r)¢. (t—7)d7 (3.12)

Here, ¢p and ¢e are dependent functions, the product of their Laplace transforms being 1. By
noting that E = V/d, the current and the decay rate of surface potential have been derived from
(3.11) and (3.12) as [28]

i(t) = CoVido 1) (3.13)
O Ly (3.14)
&

where Cy being the geometrical capacitance of sample, V; is the applied voltage in the
polarization current measurement, d is the sample thickness, qo is the amount of surface
charges deposited. By assuming Vi = d-qo/eo, equation (3.14) can be rewritten as
dv (t)
vV, dt

=4 (0). (3.15)

In literature, the dielectric response function f(t) is commonly employed to link the dielectric
polarization P(t) and the electric field E(t) through a convolution relationship [52]:

P(t)=50;(mE(t)+goj. f(t—7)E(r)dr (3.16)

Comparing (3.11) and (3.16) and recalling D(t) = &E(t) + P(t), one may obtain a correlation
between the function ¢p(t) and the dielectric response function f(t):

@) =A+x)oM)+ () =¢,0(0)+ f(t) (3.17)

Here, x., and &, are the dielectric susceptibility and permittivity at high frequencies, ¢, = y» +
1, o(t) is the Dirac function. Equation (3.17) implies that the shapes of ¢p(t) and f(t) are
identical, as noticed in [28]. Since it is assumed that materials have zero conductivity [28], the
current i(t) referred to in (3.13) is the displacement current. In reality, the current i(t) can be
obtained by subtracting the component due to intrinsic conduction ¢ from the measured
polarization current.

To verify the hypothesis that dipolar polarization is deterministic in the decay of surface
potential, we rely on the correlation between the Laplace transforms of the functions ¢p and
¢e. One can derive the following expression from (3.13) and (3.15):

i(t) dv (t)
L{C O L{o(t)}=L—-L 3.18
{Co o (O} L ()} {Vz} {Vldt} (3.18)
where operator L denotes the Laplace transform. Equation (3.18) can be rewritten:
1. .. dv (t)
C,=—L{i(t)}-L 3.19
o)L YY) 19
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In summary, if the relationship (3.19) is fulfilled for the decay rate of surface potential dV/dt
and the displacement current i(t), dipolar polarization can be considered as the main reason
for the decay of surface potential.

3.5.2.2 Examining experimental results by the model based on dipolar polarization

To confirm the influence of dipolar polarization on surface potential decay, the right hand side
of (3.19) is calculated for measured data. Since Vi = d-golep being the induced surface
potential at the instant immediately after charging (t = 0) is hard to attain experimentally, the
initial measured potential Vy is used instead of Vi. This introduces some error due to a
discrepancy between these two quantities which depends on time needed for obtaining Vi. It is
obvious that the measured data being used in (3.19) would result in variations of the right
hand side of (3.19) due to the experimental errors.

As noted in section 3.4.3, the normalized decay rate obeys the power-law dependence:

_dV(t) :{Ml'tnl t<t (3.20)

Vodt (M, -t t>t

Polarization displacement current measured for the filled enamel (chapter 2) is illustrated in
Figure 3.21. Recall that the experiments were carried out at room temperature and the applied
voltage V, was 100 V. Also, the current component due to intrinsic conduction ¢ has already
been subtracted from the measured results. As seen, the current curve has two regions with
different slopes close to —1. The knee point is observed at time tx ~10° s, which is close to the
characteristic time of the normalized decay rate dV/V,dt (see Figure 3.11). Hence, one writes
for the curve in Figure 3.21:

_ B, -t t<t,
i(t)= (3.21)
B, t™® t>t,

Laplace transform of the power-law function t“ (« is a positive value but not integer) can be
expressed as

L{r“}:r(llf @) (3.22)
o

where the gamma function is defined by
I'(a)= j x“ e~ dx (3.23)
0

Therefore, the right hand side of (3.19) becomes:

_B-M I'd-a)Td-n)_ E

R
V2 . pZ—(a,-Jrni) pei (324)

Here, Bi, M, a;, n; are defined in (3.20) and (3.21),i=1, 2.
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Figure 3.21. Displacement current i(t) obtained at room temperature for the filled enamel.
Straight lines are introduced for fitting the experimental results.

Calculated results of the numerator E and the exponent e are illustrated in Figures 3.22 and
3.23 for the studied materials. Results are shown separately for two time intervals in either
side of the knee point. Each experimental result is represented by a point in the coordinate
system, in which the ordinate presents the ratio between the numerator E and the geometric
capacitance Coy of the sample used in polarization current measurement, whereas the abscissa
presents the exponent e. The horizontal dashed line corresponds to the equality E = Co, and
the vertical dashed line — the equality e = 0. The intersection of these dashed lines is marked
by the point DP corresponding to both equalities E = Cy and e = 0. In other words, the point
DP shows the fulfilment of the experimental data to the relationship (3.19), meaning that
surface potential decay is due to dipolar polarization. Note that the geometrical capacitance
used in the polarization current measurement is 34 pF and 27 pF for the samples of the filled
and the conventional enamels, respectively.

For the filled enamel, the experimental results obtained for instants longer than the
characteristic time (t > ty) are represented by points close to the point DP (indicated by the
region limited by dotted line in Figure 3.22): the numerator E varies within less than one order
of magnitude around the geometric capacitance C, and the exponent e is close to zero. This
indicates that dipolar polarization may contribute effectively to the decay of surface potential
during this period. For the time less than the characteristic time (t < ty), the experimental
results are illustrated by points that are far from the point DP: the exponent e is larger than it
is in the previous case, while the numerator E is far below the value of the geometrical
capacitance Cy, suggesting that other mechanism may be dominating. For the conventional
enamel, similar verification suggests that dipolar polarization is not dominant in the decay
process at either time duration (Figure 3.23). It should be noted that a more complicated
mechanism may act in the conventional enamel due to the presence of two interfaces in its
multilayered structure.

3.5.3 Charge injection

The relaxation and transport of charges in insulation with multilayered structure has not been
fully understood yet. For single-layer insulation, on the contrary, various models based on
charge injection and transport have been proposed to explain the experimental data on surface
potential decay. One of these models is described here and used for analyzing the decay
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Figure 3.23. Calculated results for the numerator E and the exponent e in (3.24) for the
conventional enamel.

process in PAI layer firstly. A hypothesis of surface potential decay for the multilayered
insulation is discussed afterwards.

3.5.3.1 Background

Von Berlepsch [37] has proposed a model making use of the concepts of instantaneous partial
injection and hopping transport of charges between traps in the insulation bulk. Considering
the positive polarity of the charging corona as an example, when positive ions are close to the
insulation surface, hole-electron pairs are formed in the material bulk. While electrons may
neutralize positive ions deposited, holes can transport further in the bulk in the field direction
[53]. Dynamics of the created charges largely depends on the energy distribution of localized
states in insulating materials. In general, surface traps are considered as deeper than bulk
traps. Thus, a part of charge carriers is trapped in deep surface traps and will not be released
within the measuring time, whereas the remaining part of charges can be injected in the bulk.
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The bulk is characterized by both shallow and deep traps. The equilibrium of charge carriers
in shallow localized states results in the transport with a shallow-trap-modulated mobility ,
which is assumed to be field-dependent:

1= 1E"(x,1) n>1 (3.25)

where o is the low-field mobility, n is the fixed exponent. In general, charge transport is
characterized by a transit time t; corresponding to the arrival of charges in the leading front at
the grounded electrode. On the other hand, the deep bulk traps can capture charge carriers
with a trapping rate , associated with the life time of charges before being captured = .
Charges captured in traps can be then released back to transport with a certain release rate r.

The following analytical formula has been derived for describing the evolution of the surface
potential with time for t <t [37]:

0 VO " n+l l —Rt
V(t):VO—n’lil(F) [1-(1-p,) ]E(rtJrg(l—e )j t<t, (3.26)

Here, Vy is the initial surface potential, d is the sample thickness, po is the partial injection
parameter (0 < pp < 1), R =r + w. The author [37] has highlighted the identity of the life time
of charge carriers 7 and the characteristic time tr corresponding to the knee point in the decay
rate curves. In other work [38], the characteristic time tr is elucidated by the transit time t.
The mentioned model is successful in interpreting the cross-over phenomena observed in
experimental results for several polymers such as HDPE.

3.5.3.2 Surface potential decay mechanism for the PAI layer

The model proposed in [37] was utilized in the present study for fitting the measured surface
potential decay characteristic for PAI layer provided in section 3.4.4. The results are shown in
Figure 3.24 where very good agreement between theoretical and experimental data can be
observed (the deviation is less than 0.18%). Parameters attained from the fitting are provided
in Table 3.3. It should be noted that the obtained life time of charges before being captured by
traps (t = 40 s) is lower than the characteristic time defined by experimental results (tr = 70 s).
Therefore, the parameters shown should be considered as intermediate results rather than final
results. A model containing a system of transport equations provided in [37] should be
developed for verifying them.

3.5.3.3 Hypotheses of potential decay mechanisms on insulation coating of the
enameled wires used

The analysis shows that the relation between the decay rate of surface potential and the
displacement current of the filled enamel partially supports the decay model based on dipolar
polarization. This implies the contribution of charge injection and transport to the decay
process. The common feature for the charge injection is the presence of electric field as high
as 10’-10% V/m in the insulation. In the present study, the initial field inside the samples
varied in the range of (2.8-6.8)x 10’ VV/m depending on the charging voltage magnitudes and
the thickness of enamels used. Therefore, charge injection might take place being followed by
the hopping transport of charges between traps within the insulation bulk. It is important to
note that the role of interfaces between polymeric layers in the studied enamels cannot be
ignored when considering the decay mechanism. As it is exhibited by the space charge
measurements in the bulk of a two-layer insulation [54], the interface acts as a barrier
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Figure 3.24. Fitting experimental results of surface potential decay of PAI layer by the model
developed in [37].

Table 3.3. Parameters obtained from fitting surface potential on PAI insulation by the model
proposed in [37]

Low-field mobility po,(m?V's™) 3.90x107

Mobility of the leading front, p ,(m*V *sY) | 2.73x10

Exponent of the field-dependent mobility n 1.3747

Partial injection parameter po 0.3515
Release rater, s 1.19x10°2
Mean capture time before release 1/r, s 84.3
Trapping rate w, s * 2.53x10°2
Life time t = 1/w, S 39.6
Transit time ty, S 35.3

hindering charge transport through the bulk insulation. Hence, the model based on charge
injection and transport discussed above for the single layer insulation may not be suitable for
analyzing the decay process in the multilayered insulation. Modifications should be
introduced in the model to account for the effect of the interface(s).

Based on the provided analysis, one can suggest that the surface potential decay on the filled
enamel is controlled by a combination of charge injection, hopping transport, and slow
polarization. The charge injection and transport seem to be the dominating mechanisms
during the first stage, starting immediately after corona charging up to the characteristic time.
When charges reach the interface between two layers in the enamels, the charge transport
becomes limited. This could be due to the existence of a high energy barrier that a majority of
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charge carriers cannot overcome in order to be injected into the second layer. As a result,
charges arrived at the interface would be mostly captured in the deep traps existing in the
interfacial regions. A minor part of charge carriers able to inject into the bulk of the second
layer continues the hopping transport until reaching the grounded copper wire. The effect of
the interface can cause the rapid reduction of the potential decay rate observed after the knee
point, see Figure 3.11. Meanwhile, the electric field created by charges at the sample surface
and at the interface between layers may account for the molecular orientation as well as
interfacial polarization in the insulation. The formation of bound charges modifies the electric
field in the bulk that finally results in the decay of surface potential. While the effect of
charge injection and transport in the total decay process weakens, the contribution of
polarization relaxation processes gradually increases. As a support for the proposed
hypothesis, the interfacial polarization between two insulation layers of the filled enamel has
been characterized by a loss peak frequency as low as ~10~> Hz corresponding to a relaxation
time of ~10* s (see chapter 2). Subsequently, as the polarization is stabilized, the potential
decay is mainly due to intrinsic conduction. This can be attributed to the closeness of the
calculated apparent bulk conductivity at the end of the decay process and the material
conductivity obtained by the standard method (see Figure 3.19).

Another hypothesis for the decay mechanism of the filled enamel accounts for a contribution
of the bipolar charge injection [55]. Under high electric field, charges can also be injected to
the bulk from the metal-insulation interface between the conductor and the insulation. Here,
charge injection appearing at the metal-insulation interface can be described by Schottky’s
law. The transport of charge carriers after injection is similar to that proposed in the previous
hypothesis. The validation of suggested decay mechanisms should be proved experimentally,
where the use of advanced measuring techniques such as pulsed electro-acoustic (PEA) [56]
that allows for resolving space charge distribution in the bulk, is highly appropriate. Besides,
computer modeling can also be an effective tool for this purpose.

A mechanism of surface potential decay similar to that described above may act in case of the
conventional enamel. Charge injection is likely to take place in the initial stage after corona
charging. The knee point was observed at the time of ~ (3x10°-10% s after which the
contribution of polarization relaxation process dominate. However, polarization is still not the
main reason for potential decay afterward, as shown in section 3.5.2. The presence of the two
interfaces in the material structure may give rise to a more complex decay mechanism of
surface potential. This topic, however, is out of the scope of the present study. Experimental
investigations of charge distributions in the insulation bulk are required for elucidating the
actual decay process.

3.5.4 Examining the decay mechanism for the sample surface

The normalized decay rate dV/V,dt obtained in section 3.4.3 demonstrates the integral effect
of all mechanisms acting during the decay process. This quantity was always calculated for
the sample center as the probe was kept at this location for continuously monitoring surface
potential during the decay process. The normalized decay rate can also be calculated for other
positions on winding surface by utilizing the decay of surface potential shown in Figure 3.8;
however the obtained results may suffer from a large error as few data are available due to the
limited number of scans. Thus, the decay mechanism for the sample center has been analyzed
so far. The computer simulation provided in the present section aims at proving that the
discussed mechanism of potential decay is also applicable for the surface area, at least where
the charge injection is possible.
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The decay of surface potential was modelled by solving equation (3.27) for the decay rate of
the normalized surface potential in the simulation tool Comsol Multiphysics

dv (t) _
Vit %O (3.27)

The measured surface potential distribution in the direction along wires and across the sample
center was selected for comparing with the simulated results. Thus, the simulation was
performed for the one-dimensional domain representing the gas-insulation interface. The
function ¢g(t) taking into account the effect of all mechanisms acting during the decay process
was obtained by fitting the curves for the decay rate measured at the sample centers shown in
Figure 3.11. The surface potential distribution measured at 3 min after charging was set as the
initial condition for the simulation since it is the first experimental data obtained for the
selected direction.

An example of simulated results is shown in Figure 3.25 for the filled enamel charged by
positive corona at 4 kV. The simulated results agree fairly well with the experimental data,
especially for positions between 2 and 3 cm, i.e. the surface area around the sample center
which has a diameter of 1 cm. Outside this region, the simulation shows a faster decay than
the experiment. This could due to the field-dependence of charge injection [35, 37]. In the
model, an identical normalized decay rate was used for the whole surface implying that a
constant proportion of charges is injected into the bulk, regardless the level of the initial
potential. In reality, the reduction of the initial surface potential when going from the center to
peripheral area decreases the proportion of charges injected into the bulk [37], resulting in a
slower decay process as exhibited in the measured results. Nevertheless, the developed simple
model demonstrates that the discussed mechanism of surface potential decay is applied not
only for the sample center, but also for other part on the surface.

20007

— 3 min
— 10 min

Surface potential (V)

2 3
Position (cm)

Figure 3.25. Simulated results of surface potential for filled enamel charged by positive
corona. The experimental results are provided by markers for comparison.
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In summary, the decay of surface potential of the filled enamel used in this study is likely
governed by the injection of charges into the bulk at the initial stage immediately after corona
charging and charge transport during the following ~10° s. The subsequent stage is dominated
by dipolar polarization until ~10° s after charging due to the dielectric properties of the
insulation. Thereafter, intrinsic conduction is responsible for the decay process, as the
polarization becomes stabilized. Similar potential decay mechanism is also applied for the
conventional enamel used, yet it seems to be more complicated due to the presence of two
interfaces in its three-layer structure.

3.6 Material properties deduced from surface potential
measurements

3.6.1 Trap density distribution

Assuming that a slow decay of surface potential is due to a long de-trapping time of charges
from localized states in materials, one can employ a demarcation energy model [30, 32] for
analyzing the decay process. Demarcation energy is the energy level below which all
localized states are filled by the charges, and above which all localized states are emptied. The
depth of traps E; or the gap between the mobility edge E, and the demarcation energy level En,
is determined by the time duration that charges are captured by the traps as indicated in (3.1):

E, =E,—E,_ =KT In(ug).

The attempt-to-escape frequency vy has been evaluated for polystyrene (vo ~ 10'* s [32]. On
the other hand, it is accepted that vo ~ 4x 10" s for low density polyethylene and
polypropylene [57]. In this study, we assume that vo ~ 10'® s*. The trap density at a certain
energy level E; can be expressed by a quantity proportional to tdV/dt [57]:

EyE, tdv

N = — 3.28

(&) KTf,(E,)odg dt (3.28)

Here fo(E:) is the rate of initial occupancy of traps (fo = 1/2), ¢ is the thickness of injected

charge layer, d is the sample thickness, g is the elementary charge. The distribution of hole

traps can be found in case of positive charging voltage, whereas the distribution of electron
traps is obtained by applying negative charging voltage.

Examples of the trap density distributions obtained for the studied materials are shown in
Figure 3.26. As seen, the profiles show field-dependent behavior and the trap density
increases rapidly with the charging level. This could be attributed to the increased amount of
charges injected in the insulation bulk with increasing charging voltage magnitude. For the
conventional enamel, the trap depth corresponding to the maximum density remains
practically unchanged with increasing charging level. On the other hand, this observation is
only applicable for two charging voltages (4 kV and 4.5 kV) for the filled enamel, whereas
the characteristic corresponding to 3.5 kV is shifted towards higher energies.

The density distribution of electron and hole traps for both enamel insulations are compared
in Figure 3.27. One may observe that the trap distributions in the conventional enamel are
similar for both the hole and the electron traps and they are characterized by a peak at ~1.03
eV. On the other hand, for filled enamel the trap distributions are shifted towards lower
energy level and the peaks are observed at 0.97 and 1.0 eV for the hole and the electron traps,
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Figure 3.26. Trap density distributions of enamels derived from surface potential
measurements. Charging level is indicated in the legend.

respectively. In addition, trap density is higher for the filled enamel than for the conventional
one. Accordingly, the addition of chromium oxide filler gives rise to shallow traps, probably
appearing in the interfacial regions between the fillers and the polymeric insulation, thus
mitigating the hopping transport of charges in the filled insulation.

It has been noted in [29] that the obtained trap distribution does not have physical meaning if
the potential decay process is solely governed by dipolar polarization mechanism, where the
density of free surface charges is constant and the potential decay is due to the interaction of
bound charges created in the insulation bulk and the free charges deposited on insulation
surface. However, as analyzed in the previous section, it is not the case here.
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Figure 3.27. Trap density distributions of conventional and filled enamels derived from
surface potential measurements at charging level of 4 kV.
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Figure 3.28. Charge carrier mobility as functions of the initial electric field. The lines
indicate tendensies of the variations.

3.6.2 Charge carrier mobility

Charge carrier mobility p can be evaluated from results of surface potential decay
measurements using the approach presented in [36] where the following expression was

suggested:
2
_£d_Vj :E(\LJ (3.29)
dt ), 2\d)._

Here, V is surface potential, d is the sample thickness, and the left hand side represents the
initial decay rate. The experimental data for positive and negative charging provide the drift
mobility of holes and electrons, respectively. The calculated charge carrier mobilities are
shown in Figure 3.28 as functions of the initial electric field. As can be seen, the mobility of
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both charge carriers is higher for the filled enamel than for the conventional one. For both
enamels, the electron mobility tends to increase with enhancing initial electric field. On the
other hand, the mobility of holes does not show field-independent behavior. Particularly in
case of the conventional enamel, any dependence is hard to establish due to the fact that only
few data points were obtained.

The calculated charge carrier mobility is in the order of 10® m*v's*. The obtained values
can hardly be verified because experimental data on mobilities of charge carriers in enamel
insulation are not available in the literature. Therefore, an experimental study needs to done,
e.g., by utilizing the time-of-flight method [58].

3.7 Summary

Surface potential measurements were conducted for characterizing the electrical properties of
the enamel insulations. Experiments were performed for the winding samples of enameled
wires as well as for the flat samples of PAI resins with and without filler. Experimental results
show that the potential decay is mainly due to bulk mechanisms rather than due to surface
leakage and/or gas neutralization. The main processes contributing to surface potential decay
on the enamel insulations are charge injection, slow polarization and intrinsic conduction. For
the filled enamel coating used, charge injection and transport took place on early stages (just
after charging), followed by slow polarization process which dominate at intermediate times,
and, finally, intrinsic conduction became crucial at long instants. The involvement of slow
polarization might be due to the presence of the interface in the insulation structure that
hinders the charge transport through the bulk. For the conventional enamel used in the present
study, a more complicated decay mechanism may act as two interfaces are present.

Furthermore, the distribution of trap density was derived, showing the increase of shallow
traps brought about by the introduction of chromium oxide into enamel insulation. The charge
carrier mobility was similar for both hole and electron for the considered materials and a weak
field-dependent behavior was observed.

51



Chapter 3 Surface potential decay measurements

52



Chapter 4 Partial discharge characterization at fast rising voltages

4 Partial discharge characterization at fast rising voltages

4.1 Literature review

This section provides an overview of ongoing studies on PD measurements and analyses in
enamel insulations exposed to fast rising voltages. First, a background concerning the impact
of distorted voltages on motor insulation is presented. The next section analyzes results of
investigations on the PD activity in enamel insulations. The final section focuses on the
development of PD-resistant enamel insulation.

4.1.1 Increased stresses in insulation systems exposed to distorted voltages

4.1.1.1 Enhanced electrical stress

Windings of electrical motors are made of enamel insulated wires. Typically, the impedance
of a motor winding is much higher than that of connecting cables and, hence, voltage
reflection during propagation between voltage source and the motor is unavoidable. This may
result in voltage overshoot in the waveform front transmitted to motor terminals. The
maximum value of voltage overshoot is determined by the length of a connecting cable and
the rise time of the applied voltage. Particularly, the combination of a short rise time and a
long cable may lead to unacceptable overvoltage on motor insulation [59, 60]. Thus, due to a
high rate of voltage rise, first turns of motor windings experience a major part of voltage drop
on the entire winding [61]. Additionally, voltage distribution is extremely uneven along the
winding due to different values of turn-to-turn and turn-to-ground capacitances of winding
insulation [61]. Furthermore, it is noteworthy that in motor windings, the first turns are
adjacent to the last ones, and hence, the insulation between these turns is exposed to a
significantly increased electrical stress. As an example, for low power motor with random-
wound windings, the voltage drop on the first turns may amount up to 90% of a maximum
voltage on the insulation of entire winding at a rise time of 50 ns [62]. Such strong electric
stress on turn-to-turn insulation gives rise to PD activity, which aggravates the thermal stress
in the insulation. Finally, it can lead to a premature breakdown of the winding insulation.

4.1.1.2 Enhanced thermal stress

The thermal stress on insulation systems due to distorted voltage shapes has been a subject of
several investigations, see for example [63-65]. When a sinusoidal voltage is applied to a
conductor, a capacitive current appears in the insulation, resulting in the dielectric loss

P(w) = oC (o) tan S(o)U> (4.1)

where w being the angular frequency, C(w) is the capacitance, tand(w) is the loss factor and U
is the rms value of the applied voltage.

In reality, the insulation system may be exposed to a non-sinusoidal voltage that can be
presented as the sum of a number of sinusoidal components (harmonics) at different
frequencies. Therefore, the total dielectric loss will be [64]:
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P => na,C(nw,)tan 5(ne,)U? (4.2)

n=1

where wy is the angular frequency of the fundamental component, and U, is the rms voltage of
n™ harmonic at frequency newo.

If the capacitance C(nwo) and the loss factor tand(nwg) are independent on frequency, the
dielectric loss is directly proportional to the sum of frequencies. High frequency components
are usually at relatively lower amplitude as compared to that of the fundamental component,
but they produce dielectric losses in several times higher than that of the latter. For
polyethylene terephthalate (PET) and epoxy resin that are usually used in motor insulation,
the rate of rise of the loss factor tand(w) with increasing frequency is higher than the rate of
reduction of the capacitance C(w) [64]. Consequently, the product of the capacitance and the
loss factor will rise with frequency and the dielectric loss will be enhanced. In particular, the
power loss of PET under semi-square waveform with a voltage rise time of 50 us is 4-8 times
higher than that under power frequency voltage with the same amplitude [64]. High dielectric
losses increase the surface temperature of motor insulation and the higher frequency and the
shorter rise time make the surface temperature of electrical motor higher [63]. The resulting
thermal stress accelerates insulation degradation, especially being combined with PD activity.

4.1.2 PD activity

The enhanced electrical and thermal stresses lead to strengthening of PD activity in motor
insulation systems. In turn, PDs in air gaps between enameled wires heat and radiate the
insulation as well as create mechanical and chemical energies that erode the insulation [66].
The erosion on insulation surface due to PD activity can be analyzed by using images
obtained from Scanning Electron Microscopy (SEM). The method has been used e.g in [4]
and showed different erosion patterns for conventional enamel and PD-resistant enamels that
reveal the role of fillers in PD resistance of materials.

The effect of distorted voltages on enamel insulations have been investigated utilizing several
voltage waveforms: sinusoidal voltages, square-like voltages (both unipolar and bipolar), and
PWM voltages; all of them are at frequencies higher than the power frequency. It has been
shown that PD behavior is strongly affected by the voltage waveform [2]. For sinusoidal and
bipolar square-like voltages, PDs at low amplitudes appeared frequently at the rise front,
whereas fewer PDs occured but at higher amplitudes in case of unipolar square-like voltage.
Another observation was that the peak-to-ground value of PDIV under square-like voltage
was two times higher for the unipolar than for the bipolar waveforms. Hence, the peak-to-
peak value of the applied voltage has been suggested as the most influential factor affecting
PD activity [2]. In recent work [67], the presence of voltage overshoot in the applied
waveforms was considered, and thus, the PD patterns and insulation life times were compared
for the sinusoidal, square-like, triangular, PWM voltages, as well as PWM voltage with
superimposed overshoot. Thus, the shortest insulation life time has been found for the last
applied waveform.

PD extinction voltage (PDEV) has been considered as the governing parameter once PDs
appear in the insulation systems. A method for accurately determining PDEV has been
introduced in [68]. For several test objects, PDEVs were strongly affected by voltage rise
times. In case of twisted pairs of enameled wires exposed to square-like voltage, PDEV was
found to be 25% lower for the voltage with 2 s rise time as compared to that of 100 ps rise
time [68].
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Numerous works [1, 2, 69] have reported the influence of high frequency harmonics and short
voltage rise times on insulation life time. For example, aging tests have been conducted by
using square-like voltages at a frequency range from 60 Hz to 20 kHz and rise times of 40-
100 ns [69]. It has been noted that the number of cycles to breakdown (the product of time to
breakdown and the pulse frequency) was constant for frequency lower than 5 kHz and
decreased for frequency higher than 5 kHz. Consequently, the failure time was inversely
proportional to the frequency below 5 kHz, whereas it was inversely proportional to the
square of frequency above 5 kHz. In other words, insulation life time decreased dramatically
with frequency. Similar results have also been obtained in [1], where the insulation failure
time at 10 kHz was in several orders of magnitude lower than the corresponding time at 50
Hz. Additionally, insulation life time was generally decreasing with reducing voltage rise
time.

It is worthwhile to notice the contribution of space charge accumulation due to PD activity in
accelerating insulation degradation. Two types of space charges exist in enamel insulation,
namely interfacial charges accumulated on insulation surfaces and trapped charges inside
insulation bulk [2]. The amount of space charges accumulated is strongly affected by the
frequency of applied voltage, i.e. higher frequency corresponds to lower charge density. The
reason for this is a quick variation in electrical field preventing charges from penetrating
inside insulation and, thus, charges remained on insulation surface may recombine with
charge carriers of opposite polarity arising after voltage inversion. The impacts of interfacial
charges and trapped charges on PD activity are different. The interfacial charge may decrease
the electrical field in the air gap of a twisted pair, thus increasing PDIV. Meanwhile, charges
trapped inside the insulation bulk enhance the electrical field, thus reducing PDIV.
Furthermore, space charges also give rise to PD amplitude. As the applied frequency
increases, charges created by PDs cannot leave the interface before polarity reversal. The
residual charges intensify electrical field in the air gap, thereby increasing PD amplitude. This
was illustrated by the increase of PD amplitude with frequency up to 500 Hz [2]. In contrast,
the effect of space charges on PD amplitude was not observed for frequencies from 500 Hz to
10 kHz [2], which might be due to the fact that the space charges built up could not keep up
with the high rate of polarity reversal.

In addition, lower PD amplitudes have been recorded for materials with higher surface
conductivity [2]. This property has been explained by a dissipation of surface charges
accumulated due to PD activity. Higher surface conductivity resulted in larger surface leakage
current that reduced the residual surface charges and thereby the electric field in the air gap
affecting the PD amplitude.

4.1.3 PD-resistant enamel insulations

Various measures have been proposed for avoiding the detrimental impact of distorted
voltages on insulations of rotating machines. These include reinforcing insulation of first turns
of the windings; impregnating wire insulation with resin or varnish for increasing PD
inception voltage and restricting PD activity [66]; creating cables that can dissipate high
frequency energy for connecting PWM inverters and motors [70]; developing PD-resistant
materials [4-6, 27, 71]. Among the above mentioned methods, the PD-resistant insulation
seems to be the most effective method for low-voltage induction motors.

The use of several inorganic micro-particles in the outer layer of two-layer enamel insulations
has been considered [27]. Among the fillers used, Fe3O, and talc additives resulted in the
most considerable increase in insulation life time, as well as the reduction in PDIV and
PDEV. The result was attributed to the increase in electric conductivity of the filled
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insulation. The simulation revealed that the increase in enamel conductivity gave rise to
electric field in the space close to both wires, which lowered PDIV and PDEV. On the other
hand, according to the experimental results, the PD repetition rate remained constant, while
the discharge magnitude reduced. This decreased the total energy produced by PD activity,
consequently lengthening insulation life time.

Recently, nanocomposite insulating materials were proposed for enameled wires, which
brought about even more fascinating results [4, 5, 71]. Aging tests at severe voltage stresses in
combination with thermal stress were commonly conducted. The results showed that
increasing the nanofiller contents up to 10 wt% exponentially lengthened the time to
breakdown up to several hundred times as compared to that of conventional insulation. There
are, however, challenges in producing such materials. Thus, the shearing force in the kneading
process must be high in order to evenly disperse nanofillers in insulation. In addition, there
exists a threshold of filler content, over which the flexibility of developed materials decreases,
thus weakening the electrical and mechanical properties [5].

Numerous hypotheses have been proposed, e.g. [4, 71], for explaining the improvement in PD
performance of the filled enamel insulation. Most of the theories suggest the role of fillers in
suppressing insulation erosion. Charges created by PD activity seem to focus on the organic
polymeric base materials, while tend to avoid collisions with the inorganic fillers. Thus, the
creeping distance (path of charge carriers) is lengthened and the energy produced during the
erosion is reduced. This erosion mechanism is supported by the obtained SEM images. As the
filler size decreases, the homogenous dispersion of fillers is more easily achievable and an
improvement in PD performance may be more pronounced. Therefore, noticeable PD
resistance is usually anticipated for nanocomposites rather than for microcomposites.

4.2 Experiments

This chapter presents a comparative analysis on PD behavior under PWM voltages with
different rise times for the conventional and the filled enamels.

As for the test objects, twisted pairs of enameled wires were prepared following the IEC
60851-5 standard [72]. The twisted pairs were connected to a voltage supply as illustrated in
Figure 4.1. A bipolar PWM voltage (carrier frequency of 1 kHz, modulation frequency of 50
Hz, duty cycle of 34%) was utilized in the experiments. The applied voltage was adapted to
different rise times by introducing a smoothness filter, whose component parameters are
provided in Table 4.1. The ratio between the rise times of the applied voltage and the
sinusoidal voltage at power frequency was used as a measure of the filtering level as
introduced in [73]:

S =Tr_applied /Tr_sin ' (43)

The first step of each test was to determine a PDIV level. Subsequently, the PD measurements
were performed at two voltage levels (2.5 and 3.5 kV,p), which well exceeded the magnitude
of PDIV. The peak-to-peak value of the applied voltage was used as it was the governing
factor of PD activity [2]. Note that there was a challenge of detecting PDs at fast rising
voltages such as PWM waveform, as the high frequency content of the PWM voltage is
difficult to distinguish from a PD signal. This challenge was overcome by using the time
domain technique that was recently introduced in [68, 73]. For this, a PD decoupler was
connected to point A of the test circuit (Figure 4.1). The PD signal was amplified by
resonances due to impedance mismatch at the terminal of a coaxial cable. Since PDs have a
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Figure 4.1. Experimental setup.

Table 4.1. Parameters of filter components and corresponding characteristics of the applied
voltage

Level | Rs, kQ [Rs, kQ | Cy, pF | Ty, s | Smoothness

1 0 - - 1.1 0.0002

2 200 | 100 - 70 0.0119

3 | 2300 | 100 | 100 | 1000 0.170

stochastic nature whereas the applied voltage is more stable, the latter could be subtracted
from the acquired signal, providing random signal of PD activity. Experimental data from 200
cycles were stored by means of a data acquisition card with sampling rate of 100 MS/s.
Finally, PDEV was noted to accomplish each test. The experiment was repeated two times for
each type of enameled wires at a specific voltage amplitude and rise time. Good
reproducibility was observed in the measurements. More detailed information on PD analysis
and the measuring system can be found in [73].

4.3 Preliminary results

The results of the measurements show that the PD inception and extinction voltages (Figure
4.2) were lower in case of filled enamel that can be considered as the effect of the filler. The
addition of highly dispersive chromium oxide (relative permittivity ¢ ~ 30 at 1 kHz) into the
base insulating polymer (¢ ~ 3.6 at 1 kHz) provides an enhanced electric field localized on
wire surfaces close to fillers particles. The critical electric field for PD inception is therefore
more easily achievable for the filled insulation, thus resulting in lower PDIV level. On the
contrary, such an enhanced electric field does not appear in the twisted pair of the
conventional enameled wire, thus higher PDIV level can be observed.

The measured PD patterns are shown in Figures 4.3 and 4.4 for both insulation systems for
two voltage rise times. As seen, at the rise time of 1.1 us, PDs mainly occurred at each
voltage flank (Figure 4.3), where the voltage steepness dV/dt was as high as 2-3 kV/us. PDs
with high amplitudes (above 8 V) accounted for approximately half of the total PD number in
case of conventional enamel, whereas a few PDs at similar amplitudes were recorded for the
filled material. This suggests lower average PD amplitude for the filled enamel. It should be
noted that the PD pattern does not alter significantly when the rise time was increased from
1.1 to 70 ps, therefore the latter is not shown here. Further, the applied voltage with the rise
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time of 1000 ps can be considered as a superposition of a sinusoidal waveform at power
frequency (50 Hz) and a triangular component at frequency close to the carrier frequency (1
kHz). As a result, the PD pattern is governed by the high frequency component characterized
by high voltage steepness. Accordingly, PDs with amplitude as high as 10 V still appeared in
this case as seen in Figure 4.4, but less frequently as compared to the case of voltage rise time
of 1.1 ps. In addition, a majority of PDs at high voltage smoothness are of low amplitude
(below 0.5 V), which may be less damageable for the insulation surface compared to PDs
with high amplitude appearing at low smoothness level.

An analysis on the PD characteristics was conducted, in which the average PD amplitude and
number of PDs per cycle were determined and compared for the investigated materials. As
seen in Figure 4.5, the average PD amplitudes were 2-3 times higher for the conventional
enamel than for the filled one at the voltage rise time of 1.1 ps. At the same time, the numbers
of PDs per cycle were at the same level. The average PD amplitudes were substantially
diminished at two longer voltage rise times and were similar for both enamels indicating that
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Figure 4.2. PD inception and extinction voltages for both enamels.
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voltage of 3.5 kVy, at rise times of 1.1 ps.
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Figure 4.5. Average PD amplitude (a) and number of PDs per cycle (b) for both enamel
insulations when exposured to PWM voltage at different smoothness levels (note
corresponding voltage rise times in Table 4.1).

PD amplitude might become stabilized after the applied voltage has reached a certain
smoothness level. It can be noticed from the figure that the addition of chromium oxide does
not change the number of PDs per cycle at the applied voltage of 2.5 kV,. However, it tended
to increase their number and to lower the PD amplitude at 3.5 kVyp. In addition, the
dependence of the number of PDs per cycle on smoothness level is characterized by a
pronounced maximum, similarly to the case of PDs in cavities reported in [73], where the
maximum was achieved at smoothness level of ~0.002.

To characterize the PD resistance of insulating materials, measures of erosion depth have
been commonly employed [4, 26]. The erosion is presumably caused by the cumulative effect
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of large PDs as the energy produced by them may be sufficient to destroy insulation surface.
Consequently, the impact of large PDs cannot be ignored even if only few of them occur. In
the present study, “large PDs” are classified as those having amplitudes exceeding 1 V, which
is 2-3 times higher than the average PD amplitude at voltage rise times above 70 ps. The
properties of “large PDs” observed in this study are illustrated in Figure 4.6 for both enamels
at different voltage rise times. As seen, a majority of PDs occurred at the shortest rise time of
1.1 ps can be considered as larger PDs, whereas only 3-10% of PDs at the other two rise times
belonged to the same category. At the applied voltage of 2.5 kV,, the number of large PDs
reduced with increasing voltage rise time (smoothness level in the figure). However, for the
applied voltage of 3.5 kV,, @ maximum is observed at the rise time of 70 ps. Although the
number of large PDs was high in this particular case, their average amplitude was smaller
(e.g. 2.5 V at 70 ps versus 6.5 V at 1.1 ps for the conventional enamel), thus lowering the
total PD exposure at this rise time. These observations emphasize the influence of high
voltage steepness in PD characteristics. It is important to note that the parameters of large PDs
are not strongly distinguishable for the two enamel insulations, apart from the shortest rise
time. In other words, the improvement in PD characteristics of the filled enamel became less
noticeable when enameled wires were exposed to the filtered PWM voltages.

The observed PD characteristics can be elucidated by considering the development of PDs in
a twisted pair. Starting with positive polarity as an example, increasing voltage magnitude
gives rise to the electric field in air gap between the wires until it reaches a critical value at
which PDs may occur. The corresponding applied voltage level is defined as PDIV. As the
applied voltage exceeding PDIV, more PDs gradually occur. Discharges appearing in the air
gap between two wires of the twisted pair result in charge deposition on insulation surfaces as
shown in Figure 4.7a. Part of the deposited charges will remain on the surfaces even though
charges decay due to an injection into the bulk or a transport along wire surface. The electric
field created by the surface charges has an opposite direction as compared to that of the
external field, thus leading to a reduction of the total field magnitude (Figure 4.7a). When the
applied voltage changes its polarity, the surface charges may still remain. The electric field
induced by the charges has the same direction as the external field, thus magnifying the total
field in the air gap (Figure 4.7b). Therefore, PD characteristics will be affected by existing
layers of surface charges as well as by their relaxation and decay. As it has been shown in
chapter 2, the addition of highly conductive chromium oxide to enamel insulation has
considerably accelerated the decay of charges deposited on insulation surface. Thus, charges
created by PD activity on wire surfaces of the two enamels should have different relaxation
times. In particular, more charges can remain on the surface of the conventional enameled
wire than on the surface of the filled enameled wire. Due to this, the PD activity in twisted
pair at different voltage rise times can be affected differently.

At the voltage rise time of 1.1 ps, the polarity reversal causes an extremely rapid increase of
the total electric field in air gap between two wires that leads to the appearance of PDs with
large amplitudes along the voltage flank. As the polarity reversal happens after ~1 ms, large
amount of charge may still remain on wire surfaces. Since more charges remain on the
conventional enamel, the PD amplitude is higher for this material than for the filled one. For
the voltage rise times longer than 70 us, the magnification of the total electric field in the air
gap after polarity reversal would happen more slowly than in the previous case and, therefore,
fewer PDs with high amplitude occur and the average PD amplitude is reduced.

The influence of interfacial charges on PD activity in twisted pairs requires further
investigations. In particular, the clear understanding concerning mechanisms of charge
relaxation and decay on enamel surfaces is important. In [2], a correlation between the
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Figure 4.6. Number of PDs larger than 1 V per cycle for both enamel insulations exposured
to PWM voltages at different smoothness levels (corresponding voltage rise times are
provided in Table 4.1).

Figure 4.7. Schematic representation of charge deposition on wire surfaces of a twisted pair
due to PDs at positive polarity (a) and after polarity reversal (b). Here, Es, Ecx, and E;
denote the electric field due to surface charges, the external, and total electric fields,
respectively.

reduced PD amplitude and relatively high surface conductivity of the enamel insulation has
been discussed. This indicates the role of surface charge leakage in the decay process.
However as shown in chapter 3 for the enamels used in the present experiments, the decay of
charges deposited on wire surfaces is mainly due to the bulk neutralization rather than due to
surface leakage.

4.4 Summary

PD activity was investigated for the conventional and Cr,Os-filled enamels exposed to PWM
voltage with different rise times. The inception and extinction voltages, average amplitudes
and numbers per cycle were utilized as PD characteristics. The rise time of PWM voltage was
found to be the most influential factor affecting PD performance of the enamel insulations.
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The average PD amplitudes were extremely high at the rise time of 1.1 us and they were
significantly reduced when the rise time exceeded 70 ps. Furthermore, a majority of PDs
appearing at the shortest voltage rise time could be considered as being capable to erode
insulation surface, whereas only a minor part of PDs at longer rise times might be
damageable. The addition of chromium oxide filler to conventional enamel insulation
provided lower PD inception and extinction voltages. It also decreased PD amplitude at the
shortest voltage rise time while the effect was not observed at longer rise times. This property
is presumably related to the decay of charges on wire surface. Experimental study should be
further conducted to properly elucidate the role of the filler in PD activity of enamel
insulations.
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5 Conclusions

5.1 Dielectric properties

Dielectric properties have been measured for the PD-resistant enamel filled with chromium
oxide and the conventional insulation. The conventional enamel used in the present study as
the reference consisted of a PEI base coat, a PAI overcoat and a modified aromatic PA
bonding coat. It is characterized by a dc volume conductivity as low as 6x10Y" S/m. The
measured dc volume conductivity of the PAI layer was ~10 "> S/m, whereas the property of
the other two materials was unknown. One may expect that PA layer is relatively more
conductive than the PEI and PAI layers, whereas PEI is the most resistive material having dc
conductivity at the same order as for conventional enamel coating. On the other hand, the
chromium oxide filler is much more conductive than the polymeric insulation. The
introduction of chromium oxide into the base polymeric material marginally increased the dc
conductivity of the filled enamel as the modification was only in the PAI top layer and the
percolation level has not been reached.

The use of the master curves allowed for analyzing the contribution of polarization relaxation
processes in the investigated materials. The complex dielectric susceptibility of the
conventional enamel was found to be primarily governed by interfacial polarization at low
frequencies (~10 ° Hz) and dipolar relaxation at high frequencies (~10° Hz). Chromium oxide
is a strongly dispersive material, its dielectric response is dominated by the low frequency
dispersion. Hence, the additive gave rise to both the real and imaginary parts of the complex
permittivity of the filled enamel as compared to those of the conventional one. Further, the
presence of chromium oxide fillers in enamel insulation resulted in the increase of low
frequency dispersion as well as the appearance of interfacial polarization at their interfaces
with the base polymeric material. Note that for both the studied materials, measurements were
conducted in a wide range of temperature, showing the increase of dc conductivity and
dielectric loss and the decrease of the real part of relative permittivity with temperature.

5.2 Surface potential decay measurements

Surface potential decay measurements were performed with the primary aim of
characterization of material properties for the used enamel insulations. The decay process was
found to be considerably accelerated for the filled enamel as compared to that for the
conventional one. For both the considered materials, charge transport through the bulk was
the dominant way of charge decay, whereas surface charge leakage and charge neutralization
by gas ions were found to be insignificant. The potential decay behavior was initially
attributed to the distinctive dc conductivity of the materials. The conduction model was
utilized for characterizing the decay process, and the apparent bulk conductivity was derived.
The strong field-dependent behavior was found for the bulk conductivity which could be due
to non-linear mechanisms such as Poole-Frenkel or space charge limited current.
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A detailed analysis revealed that not only intrinsic conduction but also charge injection and
transport as well as dipolar polarization contributed to the surface potential decay of the filled
enamel. Charge injection and transport were likely dominated at the initial stage (right after
charging). Once mobile charges reach the interface between the base and the top coats, charge
transport might be hindered due to the presence of deep localized states existing at the
interface. At the same time, the presence of high electric field in the material activated the
polarization relaxation processes, and their contribution to the potential decay gradually
increased. Polarization was shown as the main factor contributing to potential decay in the
subsequent stage (at 103-10° s after charging). Finally, intrinsic conduction became prevalent
in the decay process. The decay mechanism for the conventional enamel used was not fully
understood, but it was expected to be more complicated that the mechanism proposed above,
owing to the presence of two interfaces in its structure.

Results of surface potential decay measurements allowed for deriving the trap density
distribution and the charge carrier mobility of the insulations. The addition of chromium
oxide gave rise to the shallow traps, probably appearing in the interfacial regions between the
fillers and the polymer. The charge carrier mobility was ~10° m®v s for both hole and
electron for the consider materials and a weak field-dependent behavior was observed.

5.3 Partial discharge measurements

Measurements of PD characteristics have been carried out for the conventional and Cr,O3-
filled enamels exposed to PWM voltage with different rise times. The filled enamel was
characterized by lower levels of both PD inception and extinction, which might be related to
the enhancement of electric field at wire surfaces due to the presence of the highly dispersive
filler. The PD exposure was reduced for the filled enamel, but only at the shortest voltage rise
time, while the effect was not observed at longer rise times. This property could be due to the
decay of charges on wire surface. As it was found by surface potential measurements in
chapter 2, charges could remain on the conventional enamel surface for longer time duration,
thus, they might enhance the electric field in the air gap between the wires after polarity
reversal. As a result, the field strength could be reduced that led to the improved PD
performance of the filled enamel. The PD performance of both the enamels at filtered voltages
requires further investigations.

In addition, the preliminary results showed the substantial decrease of PD amplitude with
increasing voltage rise time. This indicated the significance of using filters for reducing the
applied voltage steepness in order to lengthen insulation life time. This measure should be
considered in compromise with the use of new PD-resistance enamel insulations.
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6 Future work

Suggestions for future work include the developments of mathematical description and
computer simulation for the surface potential decay process of the enamel insulations with
multilayered structure. The transport equations introduced in [37] should be extended to
consider the effect of the interface in the particular enamels used, and based on this, a
computer model can be developed taking into account the contributions of charge injection,
dipolar polarization, and intrinsic conduction in the potential decay process. The simulated
results are to be compared with the experimental data for model validation. The hypotheses of
the decay process proposed in the present study need to be proved by the developed model.

Continuation of the PD measurements for the enameled wires is necessary. From the
statistical point of view, the use of experimental data collected from an increased number of
voltage cycles would provide a better representation for the PD performance of the materials.
In relation to this, the erosion patterns on wire surfaces would be interesting to monitor by
using a microscope. Several carrier frequencies of PWM waveforms and more filtering levels
should be applied. The obtained trap density distribution and the interaction of charges with
the insulations revealed by the computer simulation might be useful in interpreting the
measured PD characteristics.
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